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ABSTRACT 

A study was made of the diurnal 
changes in liver microsomal desaturation 
of labeled steafic, linoleic and a-linolenic 
acids to oleic, 7-linolenic and octadeca- 
6,9,12,15-tetraenoic acids, respectively. 
C3H-S mice were used and were exposed 
to light-dark cycles. A circadian rhythm 
was observed for stearic acid desatura- 
tion, and a different one for linoleic acid. 
Linoleic and a-linolenic desaturation had 
similar responses in the day cycle. This 
would indicate that different mechanisms 
control the oxidative desaturations of the 
fatty acids in the 9 and 6 carbons. The 
fatty acid composition of  the whole liver 
and liver microsomes also showed varia- 
tions. Remarkable oscillations were ob- 
served for steafic and oleic acids. Neither 
the total protein synthesis nor the free 
fatty acid concentration in the micro- 
somes followed a rhythm parallel to the 
desaturation of the studied fatty acids. 
The injection of cycloheximide 4 hr 
before measuring the desaturation modi- 
fied the circadian variation of both the 9 
and 6 desaturations. The modification 
induced by cycloheximide was considered 
to indicate that both variations are re- 
lated to the synthesis of specific proteins 
but not to that of a degradative or 
inhibitory protein. 

saturase, according to the position in which the 
new double bond is formed (3). 

Several factors influence the oxidative desat- 
uration, contributing to the regulation of the 
production of unsaturated fatty acids. (2). 

In the present work, and in order to con- 
tribute to the clarification of the regulation 
mechanisms, studies were made on the cir- 
cadian rhythm of the oxidative desaturation of 
stearic, linoleic and a-linolenic acids by mouse 
liver microsomes. At the same time, the daily 
variations of the microsomal free fatty acid 
(FFA) content, the composition of the fatty 
acids of whole liver and liver microsomes, the 
synthesis of liver proteins and the effect of 
inhibitors on the protein synthesis, were also 
investigated. 

METHODS 

Treatment of Animals 

Female C3H-S mice of 6 weeks of age were 
used. They were maintained since birth at 25 C 
+ 1 C on water and Purina chow ad libitum, and 
exposed to illumination (fluorescent white light 
40 W) from 06:00 to 18:00 hr alternating with 
12 hr of darkness. The fatty acid composition 
of the diet was: 2.6% myristic acid; 19.4% 

Fatty acid olefination is one of the funda- 
mental reactions in the biosynthesis of unsatu- 
rated fatty acids in the animal and is produced 
by an oxidative desaturation. The substrate of 
the reaction is acyl-CoA. The enzymes that take 
part in it are linked to the endoplasmic reticu- 
lure and catalyze the formation of a double 
bond in saturated and unsaturated fatty acids in 
the presence of NADH and 02 (1). Apparently 
there are various desaturases, and the informa- 
tion gathered up to the present indicates that 
the same enzyme desaturates oleic, linoleic and 
ol-linolenic acid, while stearic acid is desaturated 
by a different one (2). These enzymes are 
called, respectively, 6 desaturase and 9 de- 
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FIG. 1. Circadian changes of the desaturation of 
linoleic acid to 3,-linolenic acid and stearic to oleic 
acid. Curve of 18:0/P between 00:00 hr vs. 16:00 
hr<0.001; curve of 18:2/P between 04:00 hr vs. 
08:00 hr <0.005 >0.001; between 08:00 hr vs. 
16:00 hr<0.001; between 16:00 hr vs. 00:00 
hr <0.001. 
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FIG. 2. Circadian change of linoleic and 0t-linolenic 
6 desaturation. Curve of 18:2/P between 08:00 hr vs. 
12:00 hr<0.001; between 00:00 hr vs. 20:00 
hr ~0.001; between 12:00 hr vs. 16:00 hr (0 .001;  
between 16:00 hr vs. 20:00 hr ~0.005 >0.001 ; curve 
of o!-18:3/P between 08:00 hr, 12:00 hr and 16:00 hr 
vs. 20:00 hr ~0.001. 

palmitic acid; 2.7% palmitoleic acid; 3.2% 
stearic acid; 26.7% oleic acid; 45.4% linoleic 
acid; and traces of a-linolenic acid. 

All the experiments were performed ac- 
cording to a transversal design (4). The animals 
were killed at 4 hr intervals during a 24 hr 
period, and each experiment did not last more 
than a week. To measure the fatty acid-desatu- 
rating capacity of liver microsomes, four pools 
of two mice each were used each time. To 
study the microsomal FFA content,  the compo- 
sition of the fatty acids of whole liver and liver 
microsomes, and the incorporation of leucine- 
C14 in liver proteins, six animals were analyzed 
independently. When the effect of cyclo- 
heximide on the desaturation of fatty acids was 
studied, male mice of 4 months of age were 
used under the same conditions. Four pools of 
two normal animals each were killed at 4 hr 
intervals. Likewise, 4 similar pools were intra- 
peritoneally injected 4 hr before being killed 
with 0.5 mg cycloheximide in physiological 
solution per 100 g of weight. 
Determination of Per Cent De~turation 

Stearic, linoleic and c~-linolenic acids, labeled 
with 14C in the carboxyl carbon were used. 
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FIG. 3. Diurnal oscillations of leucine-1 14C 
incorporation in the liver proteins and FFA content of 
liver rnicrosomes. Curve of leucine-1 14C incorpora- 
tion: P between 00:00 hr vs. 12:00 hr ~0.001. Curve 
of FFA content: P between 00:00 hr vs. 08:00 
hr~0.005~0.001;  between 08:00 hr vs. 16:00 
hr <0.001. 

They were purchased from The Radiochemical 
Centre, Amersham, England, and were 98% 
radiochemically pure. The acids were diluted 
with the same unlabeled acids (Hormel Insti- 
tute, Austin, Minn.) to obtain a specific activity 
of 7.26 /.tC//lmol, 5.60 /aC//amol and 4.15 

/~C//amol respectively. 
After killing the animals, the livers were 

immediately excised and cooled at 0 C. They 
were homogenzied in the cold with a solution 
of 0.15 M KC1, 5 mM MgClz, 1.5 mM gluta- 
thione, 62 mM phosphate buffer (pH 7.0) and 
0.25 M sucrose in 0.1 mM EDTA 3:1 v/w. The 
homogenate was centrifuged at 10,000 x g for 
30 min, and the supernatant was recentrifuged 
at 110,000 x g for 1 hr. The pellet was 
resuspended in homogenizing solution (2:1 v/v) 
and proteins estimated by the buret method 
(5). 

The desaturating capacity of the liver micro- 
somes was determined by incubation of 10 
nmol labeled acid at 35 C and pH 6.8 in air 
with 5 mg microsomal protein during 20 min. 
The incubation medium contained in /~mol: 
ATP, 2.5; CoA, 0.2; NADH, 2.5; MgC12, 15: 
glutathione, 4.5; nicotinamide, 1; NaF, 125; 
phosphate buffer (pH 7.0), 125; in 0.15 M KC1 
and 0. 25 M sucrose. The total volume was 3 ml. 
The 10 nmol acid were dissolved in 10 /.tl 
propyleneglycol. The incubation was stopped 
by the addition of 2 ml alcoholic 10% KOH. 
After saponification at 80 C for 45 rain, the 
fatty acids were extracted and esterified with 
methanolic 3 N HC1 for 3 hr at 63 C. The per 
cent of fatty acid desaturated was measured by 
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gas liquid radiochromatography in a Pye ap- 
paratus with proportional counter, using 10% 
diethylene-glycolsuccinate on Chromosorb W 
(80-100 mesh) at 180 C, as has been described 
previously (6). All determinations were per- 
formed in duplicate. 

Incorporation of 1-14C-Leucine in Liver Proteins 

The animals received an intraperitoneal in- 
jection of 0.2 ml DL-leucine-1 14C in physio- 
logical solution (25 mC/mM) in a dosage of 10 
pC/mouse 1 hr before being killed. Each of the 
excised livers was homogenized with 0.25 M 
sucrose 3:1 v/w. In an aliquot of the homoge- 
nate, proteins were precipitated with 10% 
trichloroacetic acid v/v. The precipitate was 
washed twice with 5% trichloroacetic acid v/v 
and then twice with 96% ethanol. It was stored 
overnight at 37 C and then dissolved in 1 N 
KOH. The concentration of proteins was deter- 
mined by the buret method (5). Radioactivity 
was measured in a Packard scintillation counter. 
The results were expressed in dpm/mg protein. 

Evaluation of FFA in Liver Microsomes 

The livers were homogenized in 0.25 M 
sucrose 3:1 v/w. The microsomes were sepa- 
rated by differential centrifugation by the 
method already described. Each one of the 
pellets was resuspended in 2 ml 0.25 M sucrose, 
and the FFA were estimated in aliquots of 400 
p l  by the method of Dole and Meinertz (7). 
Then 2.5 ml of the Dole mixture (isopropanol- 
hexane-I N H2SO 4 4:1:0.1 v/v/v) was added, 
and after shaking, 1.5 ml hexane and 1 ml H20 
were added. After shaking and decanting, the 
upper phase was separated and an aliquot of it 
was titrated with 0.1 N NaOH. The results are 
expressed in nmol/mg protein. 

Composition of Fatty Acids of Whole Liver and 
Liver Microsomes 

Both 50 mg of the whole liver and 50 mg of 
microsomes of the previous experiment were 
separated and saponified in 10% KOH at 80 C 
during 45 min under N 2. After acidification, 
the total fatty acids were extracted with petro- 
leum ether. After evaporation to dryness, they 
were esterified with methanolic 3N HC1 during 
3 hr at 63 C. The methyl esters were analyzed 
by gas liquid chromatography on diethylene- 
glycol-succinate on Chromosorb W (80-100 
mesh) at 174 C, in a Pye chromatograph with 
an argon ionization detector. 

Statistical Analysis 

In all the figures the results are expressed as 
the mean + standard error. The analysis of 
statistical significance of the results was made 
by Student's t test. 

FIG. 4. Circadian changes of the fatty acid 
composition of the whole liver. Curve of 16:0/P 
between 00:00 hr vs. 16:00 hr(0.001.  Curve of 
18:0/P between 00:00 hr vs. 12:00 hr ~0.001. Curve 
of 18:1 : P between 00:00 hr vs. 16:00 hr ~0.001. 
Curve of 18:2/P between 00:00 hr vs. 04:00 
hr(0.001.  Curve of 20:4/P between 04:00 hr vs. 
08:00 hr ~0.01. 

RESULTS 

The changes in the microsomal desaturation 
of stearic to oleic acid and of linoleic to 
~/-linolenic acid in the course of the day are 
shown in Figure 1. In this figure the dark and 
light are indicated. As has been demonstrated 
repeatedly (8), the period of activity of mice is 
at night and they feed preferentially during this 
period, resting during the day. It can be 
observed that both studied acids undergo cir- 
cadian rhythms in the desaturation. The stearic 
acid curve exhibits its maximal peak (38% 
desaturation) in the dark period (between 
20:00 and 04:00 hr) and the minimum (15.5% 
desaturation) at the end of the light period. The 
linoleic acid curve, on the other hand, shows 
two maxima with 32% desaturation at different 
times than the stearic (at 04:00 and 16:00 hr) 
and minima at 08:00 and 00:00 hr with 15% 
and 23% desaturation, respectively. 

The following experiment was to study 
simultaneously the diurnal changes in the desat- 
uration of linoleic and o~-linolenic acids. Figure 
2 illustrates that the desaturation of ot-linolenic 
acid to octadeca-6,9,12,15-tetraenoic acid also 
undergoes circadian oscillations. ~-Linolenic 
acid showed a higher desaturation than linoleic 
acid in the whole day cycle. However both 
cycles were rather similar. While the first 
experiment was done in winter, this experiment 
was done in summer. Therefore, although a 
general pattern of the rhythm of linoleic acid 
desaturation was similar to that shown in 
Figure 1, there was a displacement in the 
position of the maxima and minima of the 
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FIG. 5. Circadian changes of the fatty acid 
composition of liver microsomes. Curve of 16:0/P 
between 16:00 hr vs. 20:00 hr~0.001; curve of 
18:0/P between 12:00 vs. 20:00 hr ~0.001. Curve of 
18:l/P between 00:00 hr vs. 12:00 hr (0 .001;  curve 
of 18:2/P between 12:00 hr vs. 16:00 
hr~0.010 ~0.005; curve of 20:4/P between 16:00 
hr vs. 20:00 hr ~0.001. 

curve. The existence of seasonal influences on 
circadian rhythms has already been described 
by other authors (9,10). 

There may be several causes of a circadian 
rhythm in fatty acid desaturation that can be 
related to variations o f  enzymatic acitivy or 
changes in the microsomal composition, or 
both. Several experiments were performed to 
investigate this possible mechanism. 

Figure 3 shows the incorporation of leucine- 
1-14C in liver proteins in the course of the day. 
It may be considered that the curve presents 
the variation of the synthesis of liver total 
proteins. The incorporation of the radioactive 
amino acid changes according to the hour of 
the day in which the experiment is performed, 
showing a clear circadian rhythm. The maximal 
values are reached between 08 : 00 and 16: 00 hr, 
during the light period that corresponds to the 
resting time of the animals. The minimum is at 
00:00, during the period of active feeding. 
These results agree with those found by 
Rebolledo and Gagliardino (9) in muscle of 
mice of the same strain and age, but does not 
correlate with the curves of fatty acid desatura- 
tion. 

Figure 3 also exhibits the changes of the 
microsomal FFA content in the course of the 
day. The FFA content increases during the dark 
period, reaching its maximal value at 00:00 and 
the mimimum at 08:00 hr. Then it begins to 
rise again during the light period up to 16:00 
hr, when a new decrease begins. Nevertheless 
this curve is not correlated to those of desatura- 
tion (Fig. 2). 

The changes in the fatty acid composition of 
the whole liver and liver microsomes in the 
course of the day are shown in Figures 4 and 5. 
This experiment was simultaneous with that 
described in Figure 3. For the sake of accuracy, 
only the most abundant acids were measured: 
palmitic, stearic, oleic, linoleic and arachidonic. 
The curves of Figures 4 and 5 illustrate rather 
similar variations in the fatty acid composition 
of whole liver and microsomes, although the 
oscillations are more pronounced in micro- 
somes. Rather important  and opposite changes 
for stearic and oleic acids are found. The stearic 
acid maximum is found in the dark period, 
whereas oleic acid is higher in the light period. 
In the whole lives there is a correlation between 
linoleic acid and arachidonic acid that is only 
partial in the microsomes. 

The next step was to investigate the influ- 
ence of cycloheximide-an inhibitor of protein 
synthesis-on the diurnal variations of the 
desaturation of stearic acid and a-linolenic acid. 
The animals used in this experiment were of a 
different age than those used in the other 
experiments, as indicated in Methods. Figure 6 
shows the results for a-linolenic acid desatura- 
tion. In this experiment the desaturation curve 
for normal animals does not  exhibit a very clear 
rhythm. In spite of  this, the effect of cyclo- 
heximide at different moments of the day can 
be observed. In the rising parts of the curve, the 
cycloheximide diminishes or nullifies the in- 
crease. In the descending parts, the effect is seen 
in an accentuation of the decay. In Figure 7 the 
effect of cycloheximide in the desaturation of 
stearic acid proves to be similar, except for the 
increase produced at 00:00 hr, which is not 
inhibited by the cycloheximide. 

DISCUSSION 

Several works published during the last years 
have demonstrated the existence of circadian 
changes related to different biological processes 
(11,12). Within the lipid field, Shapiro and 
Rodwell (13) and Hickman et al. (14) have 
studied the diurnal variation of the hepatic 
synthesis of cholesterol. Scott and Potter (15) 
have demonstrated that circadian rhythms are 
produced in the incorporation of CH3COO- 
into CO2 and in lipids of different rat tissues. 
The changes in the lipogenesis in the course of 
the day were investigated by Kimura et al. (16). 

The results of  the present work (Figures 1 
and 2) demonstrate that the oxidative desatura- 
tion of the stearic, linoleic and a-linolenic fatty 
acids is also modified in the course of the 24 hr 
of the day. The data were obtained with low 
substrate concentration. Consequently the de- 
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FIG. 6. Effect of cycloheximide on t~-linolenic 
desaturation, o o Normal animals; ~_._A animals 
injected with cycloheximide. 

saturating capacity of the cellular endoplasmic 
reticulum was measured, but not necessarily the 
enzymatic activity. Besides, since the oxidative 
desaturation of linoleic acid and ~-linolenic acid 
constitutes the first step in the synthesis of the 
fatty acids of the corresponding families (2,17) 
and is probably the critical step in the sequence 
of reactions (18-19), the results could be 
correlated with a circadian variation of the liver 
biosynthesis of the respective polyenoic fatty 
acids at the microsomal level. 

As shown in Figures 4 and 5, the fatty acid 
compositions of whole liver and liver micro- 
somes are also changed in the course of the day. 
However no apparent correlation was observed 
when comparing, for example, the oxidative 
desaturation of linoleic acid (Fig. 2) with the 
per cent of linoleic and arachidonic acids in 
liver (Figs. 4 and 5). Both curves of desatura- 
tion and fatty acid composition are apparently 
a consequence of the feeding rhythm of the 
animals that, besides the incorporation of die- 
tary components, provokes a general rhythmic 
variation in hormonal secretion and enzymatic 
activity. They agree with those of Scott and 
Potter (15), who pointed out that the diurnal 
variations of lipogenesis depend mainly on the 
feeding period of the animals. Besides, the 
effect of different diets and fasting on fatty 
acid desaturation has already been proved 
(3,20,21). 

The acceptable resemblance between the 
rhythms of linoleic and a-linolenic acid desatu- 
ration (Fig. 2) would also agree with the results 
that demonstrate that both acids are desatu- 
rated by the same enzyme, the 6 desaturase (2). 
Likewise, the remarkable difference between 

FIG. 7. Effect of cycloheximide on stearic acid 
desaturation, o o Normal animals; ~ - . - ~  animals 
injected with cycloheximide. 

the curves of stearic and linoleic acid desatura- 
tion (Fig. 1) would confirm the existence of 
two different enzymes, 9 desaturase and 6 
desaturase (2,3) regulated by at least partially 
different mechanisms. 

The mechanism that evokes the diurnal 
change in the fatty acid oxidative desaturation 
is difficult to discern. The desaturation of fatty 
acids may be modified by competition with 
other fatty acids of the same or different series, 
by hormonal effects probably through enzy- 
matic induction and by changes of related 
metabolites and cofactor concentrations (2). 
Therefore a possible cyclical change in the 
amount of endogenous microsomal FFA com- 
peting with the desaturation of the assayed 
substrate could produce an apparent circadian 
rhythm of tile oxidative desaturation of this 
substrate. 

In Figure 3 there is a clear evidence of the 
existence of circadian variations in the FFA 
content of liver microsomes. They may be 
correlated to the feeding of the animals, since 
the greatest increase is produced during the first 
part of the dark period, in which they feed 
actively. Besides, the peak observed at 16:00 hr 
is probably related to the nonesterified fatty 
acids released by the adipose tissue during the 
light period of rest and fasting (22). However 
the curve of Figure 3 is apparently not  corre- 
lated with any of the desaturation curves. 
Consequently the microsomal FFA concentra- 
tion does not  seem to be a direct cause of the 
circadian changes of the desaturation. Neverthe- 
less, if the activity of the desaturating enzyme 
is really related in some way to the concentra- 
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t ion  of  l iver F F A ,  the  resul ts  o b t a i n e d  ind ica te  
t ha t  i ts  e f fec t  would  be c o m p l e m e n t e d  by  o t h e r  
fac tors  t h a t  m a k e  b o t h  cruves ( F F A  and  desatu-  
r a t ion )  noncor re la t ive .  

Acco rd ing  to the  resul ts  in Figure  3, the  
p ro t e in  syn thes i s  does  n o t  fo l low the  same 
r h y t h m  as e i the r  Stearic or  l inoleic  acid desatu-  
ra t ion .  This  indica tes  t ha t ,  if  the  changes  
observed  in the  de sa t u r a t i on  d e p e n d  on  the  
synthes i s  of  the  c o r r e s p o n d i n g  enzymes ,  the  
la t te r  may  have a pa r t i cu la r  r h y t h m  t h a t  does  
no t  exac t ly  co r r e spond  to  t h a t  of  the  c i rcadian 
changes  of  to ta l  pro te ins .  

The  e x p e r i m e n t  w i t h  cyc lohex imide  pro- 
vides more  i n f o r m a t i o n  on  the  re la t ionsh ip  
be tween  p ro t e in  syn thes i s  and  desa tu ra t ion .  In  
the  de sa tu r a t i on  of  a - l ino len ic  acid, the  previ-  
ous in j ec t ion  of  cyc lohex imide  p roduces  a 
decrease  in the  d e s a t u r a t i o n  levels (Fig. 6). 
Cons ider ing  t h a t  cyc lohex imide  inh ib i t s  pro- 
te in  synthes is ,  these  resul ts  would  ind ica te  t ha t  
the  changes  of  de sa tu ra t i on  are s o m e h o w  de- 
p e n d e n t  on the  synthes i s  of  the  re la ted  en- 
zymes.  Besides, the  fac t  t h a t  cyc lohex imide  
does n o t  p reven t  the  decay in the  desa tu ra t ion ,  
and  even accelerates i t ,  is interpreted, by  
Shap i ro  and  Rodwel l  (13)  and  o t h e r  au tho r s  
(23 ,24)  in s imilar  s i tua t ions ,  to  m e a n  t h a t  the  
var ia t ions  o f  the  de sa t u r a t i on  are n o t  a f fec ted  
by  the  synthes i s  of  a degradat ive  or i n h i b i t o r y  
p ro t e in  of  the  enzymes .  F o r  s tear ic  acid the  
i n t e r p r e t a t i o n  may  be similar.  However  the  
increase p r o d u c e d  at  0 0 : 0 0  hr  is n o t  i n h i b i t e d  
by  cyc lohexarn ide  an d  c o n s e q u e n t l y  is p rob-  
ably n o t  re la ted  to e n z y m e  synthes is .  

The  e n z y m e s  re spons ib le  fo r  the  observed 
changes  in the  f a t t y  acid desa tu ra t i on  m a y  be 
specifically the  desaturase ,  acyl-CoA syn the ta se  
or even o the r  enzymes  t h a t  m ay  c o m p e t e  w i th  
the  desaturase.  However  the  c o n t r i b u t i o n  of  the  
acyl-Co A syn the t a se  m a y  be discarded,  since 
Lippel  (25)  has shown  tha t  acyl -CoA syn- 
the tases  are u n a f f e c t e d  by  fas t ing  and  has 
suggested t ha t  they  are n o t  adapt ive  enzymes .  

The re fo re  the  p re sen t  e x p e r i m e n t s  suggest 
t h a t  the  f a t t y  acid de s a t u r a t i on  fol lows cir- 
cadian  changes  re la ted  to  the  food  in take  and 
governed by  p ro t e in  syn thes i s  and  o t h e r  fac- 
tors.  Moreover  c i rcadian  changes  are also f o u n d  
in the  liver f a t ty  acid c o m p o s i t i o n ,  mic rosoma l  
F F A  c o n t e n t  and  p r o t e i n  synthes is .  These 
c i rcadian changes  mus t  be t a k e n  i n to  cons idera-  
t ion  when  compara t i ve  s tudies  are m a d e  on  
fa t ty  acid me tabo l i sm.  
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Ascarosides of the Ovaries and Eggs of 
Ascaris lumbricoides (Nematoda) 
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ABSTRACT 

Nearly all ascarosides in the ovaries of 
A. lumbricoides occurred as esters. 
Among 15 identified esters, 13 occurred 
at concentrations exceeding 0.1% of the 
total ascarosides. Each ester consisted of 
one or two moles of glycone (ascarylose) 
and several homologs of long chain agly- 
cone. The acid residues consisted of 95.6 
tool % acetate and 4.4 mol % propionate. 
When present, propionate occurred only 
at the 2' position of the glycone, which 
was always esterified. Esters with more 
than one free hydroxyl group were 
scarce, 89 wt % of the ascarosides being 
completely esterified. Monol aglycones 
contained 25-32 carbon atoms. The C29 
homolog was most abundant,  and ca. 25 
wt % of these aglycones were branched 
and even-numbered. Diol aglycones were 
unbranched C29.35 homologs, C31 and 
C33 being about equally abundant in diol 
ascarosides and C33 most common in diol 
diascarosides. Within each ascaroside class 
the proportions of different homologs 
were correlated with the extent of esteri- 
fication. Fr~e ascarosides of the ascar- 
oside layer of the egg shell, which are 
formed from the ovarian esters, consisted 
of 12% monol ascaroside, 10% diol ascar- 
oside, 8% diol diascaroside and 70% diol 
ascaroside containing an acetylated agly- 
cone. The absence from ascaroside esters 
of the a-methyl butyrate and a-methyl 
valerate residues which are plentiful in 
ovarian triglycerides and waxes suggests 
considerable biosynthetic specificity. 

I NTRODUCTI ON 

Lipids from the ovaries and egg shells of 
Ascaris lumbricoides and Parascaris equorum (= 
A. megalocephala) contain large amounts of 
high molecular weight glycolipids known as 
ascarosides (1,2). The unsaponifiables of P. 
equorum adults, which live in the intestine of 
the horse, were found to contain three related 
ascarosides (Fig. 1) in which one or two moles 

1present address: Department of Physiological 
Chemistry, University of Wisconsin Medical School, 
Madison, Wis. 53706. 

of the glycone (ascarylose; 3.6-dideoxy-L- 
arabinohexose) were linked with long chain, 
secondary monols or diols (3,4). Ascarosides in 
A. lumbricoides, a parasite of the pig, resemble 
those ofP. equorum (5,6). 

Following a suggestion made by Faur~- 
Fremiet, Fouquey et al. (3) discovered that 
ascarosides in unsaponified lipid extracts con- 
sisted at least in part of acetate and propionate 
esters. Similar esters from A. lumbricoides were 
said, to be esterified in addition to a-methyl 
butyric and a-methyl valeric acids (6). These 
branched chain fermentation acids had previ- 
ously been shown to occur as high molecular 
weight esters in the neutral lipid fraction which 
consists chiefly of ascaroside esters and triglyc- 
erides (7,8). In ovarian ascarosides, both gly- 
cone and aglycone hydroxyl groups may be 
esterified, whereas ascarosides in the ascaroside 

Ascaroside A, or 
Monol ascaroside (MS) CH 

H3 O--CH--CHOH 
(C H2)23_27 0 / )CH 2 
CH3 %CH--CHOH 

CH 3 

Ascaroside B, or 
CH3 Diol ascaroside (DS) 
! H ~  O---')CH-- CliO H 
CH~ 0 \CH 2 
~H~ \CH--CHOH 
CH--OH 

(CH2)24 CH3 
CH 3 

Ascaroside C, or 
Diol diascaroside(DSS) 

C, H 5....~..-~ 0 "--~C H - -  C H 0 H 
CH 0 \.CH. 
,cH2 \CH--C OH" 
C, H2 CH 3 
CH , 2 
CH~o--CH--CHOH 

(CH2)24 0 / ~*CH 2 
CH3 \CH--C~OH 

CH 3 

FIG. 1. Ascarosides in the unsaponifiable fraction 
of Parascaris equorum lipids (4). 
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29MH 

br30MH 

B 2 9 M S - A C  2 

br3OMs-AC2 

2 9 M S - T M S 2  

i , i ~ , ~ i ~ i q i i t i , 
4 MtN 

FIG. 2. Gas liquid chromatography on 3% octa- 
decyl silicone of derivatives of the rnonol ascarosides 
occurring in Ascaris lumbricoides ascarosides. (A) 
Alkanes derived by reduction of the aglycones, chro- 
matographed at 240 C and N 2 flow rate of 70 ml/min. 
(B) Naturally occurring rnonol ascaroside diacetates, 
chromatographed at 290 C and N 2 flow rate of 66 
ml/min. (C) Monol ascaroside trimethylsilyl ethers, 
chromatographed at 280 C and N 2 flow rate of 70 
ml/min. In each chromatogram the three peaks pre- 
ceding the 29M derivatives are C27, Cb~28,, and C28 
homologs; the small peak following theerJoM deriv- 
ative is the C30 isomer; and the succeeding two peaks 
are the C31 and Cbr32 homologs, respectively. Two 
contaminants that may be chlorides are present with 
the alkanes. In the beeswax hydrocarbons (lower left) 
that served as standards, the peaks preceding C31 and 
C33 are the unsaturated analogs. 

layer of the massive egg shell (9) behave 
chromatographically like the free ascarosides 
described by Fouquey et al. (3). Some of these 
nevertheless contain an ester linkage which was 
thought to consist of long chain fatty acids 
linked to an aglycone (6). 

In the present report we describe details of 
the composition and structure of the ascaroside 
esters occurring in A. lumbricoides. 

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

Isolation and Degradation of Ascarosides 

Female Ascaris lumbricoides were severed at 
the genital pore, the protruding uterus pulled 
out with forceps, and the ovary expressed by 
squeezing the remaining carcass. The ascaroside 

layer of the egg shell was isolated from the 
infective eggs (10) that had been shaken with 
sodium hypochlorite (Clorox) for 24 hr at 4 C 
in order to dissolve the external, chitinous 
layer. After thorough washing, the ascaroside 
layer was ruptured by shaking with aluminum 
oxide (Alundum, 60 mesh/in.) and separated 
from the hatched larvae (11). 

Total lipids (12) or fractions thereof were 
saponified with 0.5 N methanolic NaOH for 30 
min at 100 C. If the unsaponifiables alone were 
to be recovered, the digest was extracted with 
chloroform-water 1:1 v/v, and the chloroform 
phase containing the unesterified ascaroside was 
washed free of soaps with 2 N aqueous ammo- 
nia. When the saponifiables were also needed 
for analysis, e.g., in the examination of natu- 
rally occurring ascaroside esters, methyl esters 
formed during saponification were hydrolyzed 
by heating the digest with 1 volume of water, 
after which 1 volume of chloroform was added 
and the volatile acids removed with the upper 
phase as sodium salts. Both upper and lower 
phases were then dried at 100 C under nitrogen. 
Fully esterified ascarosides could be partially 
saponified by heating the saponification solu- 
tion for 30 sec at 100 C. 

The glycosodic linkages in ascarosides were 
broken by heating in 1.0 N methanolic HC1 for 
30 min at 100 C, and partially disrupted by 
heating for 3 min. Aglycones and partially 
degraded ascarosides were recovered by adding 
water and extracting with chloroform. Methyl 
ascarylose, together with aglycones, was recov- 
ered by drying the digestion mixture. 

Aglycone hydroxyl  groups were reduced by 
conversion to mesylates and treatment of the 
mesylates for several hours, at 40 C under 
nitrogen, with a large excess of a saturated 
solution of lithium aluminum hydride in tetra- 
hydrofuran (13). The mesylates were formed 
by treatment with methanesulfonyl chloride- 
pyridine 1:2 for 10 min at 22 C. Following the 
reduction, excess reagent was decomposed by 
addition of ethyl acetate. Several volumes of 
0.1 N aqueous HC1 were added and the alkanes 
extracted into hexane. Hydroxyl groups of the 
glycone were largely regenerated rather than 
reduced by this procedure (14). 

Synthesis of Ascaroside Acetates 

As shown by IR spectra, all hydroxyl groups 
in unesterified ascarosides were converted to 
acetate esters by heating at 100 C for 10 min 
with acetic anhydride-pyridine 1 : 1. Heating for 
ca. 2 min produced a mixture of partially 
acetylated ascarosides. Propionate, butyrate, 
valerate and caproate esters were prepared from 
the anhydrides by heating for somewhat longer 
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times. Formate esters were synthesized by 
heating for 5 min at 100 C with a suspension of 
5% sodium methoxide in methyl  formate, and 
mixed esters were synthesized from purified 
partial esters (see following section) by treat- 
ment with selected acid anhydrides. The 
synthetic esters were extracted into chloroform 
after diluting the reaction mixture with water. 

Thin Layer Chromatography (TLC) 

Glass analytical plates (80 x 100 mm) were 
coated with 0.2 mm Adsorbosil 3 (Applied 
Science Labs., State College, Pa.). Preparative 
plates (200 x 200 mm) were coated with 0.5 
mm Silica Gel G (Merck). 

Hexane, hexane/2-propanol 7:1 and chloro- 
form-methanol 47:3 were used for the frac- 
tionation of alkanes, lipids of the ascaroside 
layer and unesterified ascarosides, respectively. 
Total lipids, ascaroside esters and aglycones 
were fractionated by gradient elution TLC (15) 
in which a volatile, relatively polar trough 
solvent is gradually replaced on the thin layer 
plate by a nonpolar solvent saturating the tank. 
Such a system is represented as atmospheric 
benzene/ethyl solvent. Although the system 
most frequently employed was solvent/trough 
acetate, some separations were achieved with 
benzene/benzene-butanone 1:2 and hexane/2- 
propanol. When desirable the gradient range 
was decreased by adding atmospheric solvent to 
the trough or vice versa. All plates were 
developed at ca. 22 C. 

Lipids on analytical plates were detected by 
spraying with sulfuric acid-formaldehyde 97:3 
and heating at 200 C. The ot-naphthol, anisal- 
dehyde-perchloric acid and diphenylamine 
sprays for carbohydrates and glycosides were 
also used (16). Diol aglycones, their volatile 
acid and sulfonic acid esters, and their glyco- 
sides gave blue to violet stains when sprayed 
lightly with sulfuric acid and exposed for 5-10 
min to iodine vapor. The reaction was reversible 
and was not evident when comparable amounts 
of other lipids were present in the same area of 
the plate. 

Gas Liquid Chromatography (GLC) 

All analyses were carried out in a Barber- 
Colman Series 5000 chromatograph equipped 
with a flame ionization detector. Column mate- 
rials were obtained from Applied Science Labs. 
Ascarosides and their derivatives were fraction- 
ated on a 1 .2m or 1 .8m x 6 mm diameter 
column packed with 3% octadecyl silicone 
bonded to Chromosorb W, 80-100 mesh. This 
packing was prepared according to Aue and 
Hastings (17), except that the octadecyl trichlo- 
rosilane was polymerized for 16 hr in a refluxed 

TABLE I 

Aglycones Occurring in the 
Ascarosides of Ascar i s  l u m  bHcoides  Ovaries a 

Wt % aglycone 

Carbon no. MS b DS b DSS b 

25 Trace 
br26 Trace 

26 Tr ace 
27 4.4 

br28 3.6 
28 1.8 
29 61.8 

br30 20.5 
30 1.3 
31 6.0 

br32 0.58 
32 Trace 
33 
35 

0.59 Trace 

41.9 14.3 

56.2 81.9 
1.29 3.8 

aAglycones were liberated by acid methanolysis of 
the  unsaponifiables, and reduced to alkanes. Chain 
lengths were assigned by comparison with the gas liquid 
chromatography retention times of dotriacontane and 
purified beeswax hydrocarbons. Branching was inferred 
from values for equivalent chain length and mass spec- 
trometry. The aglycones were quantified by gas liquid 
chromatography of their trimethylsilyl ether deriva- 
tives. Blank spaces indicate concentrations less than 
0.1% 

bSee Nomenclature. 

and stirred toluene suspension of the support. 
Free hydroxyl groups were then reacted with 
dimethyl dichlorosilane, and the chloro groups 
displaced by 1-butanol. Columns packed with 
3% OV-1 on Gas Chrom Z (100-120 mesh) gave 
similar results, but at higher temperatures and 
with inferior resolution. 

Alkanes and completely esterified ascar- 
osides were chromatographed as such. Alcohols 
were first converted to trimethylsilyl (TMS) 
ethers by treatment for 10 rain or more at 22 C 
with pyridine-hexamethyldisilazane-trimethyl- 
chiorosilane 9:3:1. This reaction mixture was 
then injected directly into the column. Column 
temperatures varied from 240-330 C and nitro- 
gen flow rates from 40-70 ml/min, according to 
the volatility of the compounds, which was 
greatest for derivatives of monol aglycone and 
least for those of diol diascaroside. Dotriacon- 
tane (C32) and beeswax hydrocarbons isolated 
by TLC (18) served as standard alkanes. Peaks 
were quantified by cutting and weighing. Car- 
bons bonded to two oxygens were considered 
not to contribute to the response, and the TMS 
group was counted as two carbons. 

Sodium salts of  volatile acids, dissolved in 
95% formic acid, were injected into a 1.8 m 
column of 80-100 mesh Chromosorb 101 oper- 
ated at 180 C and a N 2 flow rate of 60 ml/min. 
Standard volatile acids were obtained comrrer- 
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cially. Peak heights were proportional to 
amounts except for acetic acid, in which the 
relative volume of formic acid affected the 
response and made the use of a correction 
factor necessary. Formic acid was substituted 
for aqueous acid because of its superior solvent 
power for the longer chain acids, and for other 
solvents because the flame ionization detector 
was insensitive to it. 

Plots of log retention time vs. carbon num- 
ber were employed as aids in the identification 
of homologs. Equivalent chain lengths (ECL) 
for unknowns were read from graphs prepared 
for known materials. 

RESULTS 

Nomenclature 

Fouquey et al. (3) isolated one monol-con- 
taining and two diol-containing ascarosides 
from the unsaponifiables of Parascaris equorum 
(Fig. 1, ascarosides A, B, and C, respectively). 
Although the ascaroside layer of the egg shell 
has been thought to consist primarily of these 
unesterified ascarosides, its major component is 
now known to be an ester that in most solvent 
systems cochromatographs with ascaroside A 
and has been referred to as such (6). The terms 
ascaroside A, B and C also make no provision 
for naming the numerous ascaroside esters to be 
described below. 

In the nomenclature we have employed, M, 
D and S represent the monol aglycone, diol 
aglycone and glycone, respectively (Fig. 1). MS, 
DS and DSS are then the generic descriptors of 
ascarosides in which the aglyeone chain lengths 
in each group may be variable. A particular 
chain length may be specified by a prefix, e.g., 
29MS, but as this does not appear to be 
generally useful each group will be referred to 
in the singular. Esters are designated by adding 
subscripts and superscripts, representing the 
acid, to the basic descriptor. For DS the 
positions by carbon number  (3) are D6S2~, and 
diol ascaroside triacetate is DAc SAc, which 
may be shortened unambiguously to DAcS-Ac 2 
or DS-Ac 3. A class of isomers is indicated with 
parentheses: DS-(Ac,Pr). Unless it is stipulated 
that the first S in DSS stands for the carbon 2 
sugar, no distinction will be assumed. Indeed, 
such distinction might be invalid if, as suggested 
below, the diol aglycone is actually a symmetri- 
cal molecule. Ascaroside derivatives such as 
mesylates (Ms), trimethylsflyl ethers (TMS) and 
alkanes (H) are described in the same manner as 
the esters, as are derivatives of the aglycone or 
glycone alone, e.g., MeS refers to methyl 
ascarylose. 

It will be shown that all of the ovarian 
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ascaroside esters are absent from the ascaroside 
layer of the egg and possess at least one ester 
group on the glycone. Conversely, none of the 
ascarosides of the fully shelled egg are found in 
appreciable amounts in the ovaries, and in none 
is the glycone esterified. To emphasize this 
distinction and to conform as far as possible 
with past usage, "ascaroside" will be used as a 
collective name; "ester" will refer to any 
derivative with that implied structure; "unester- 
ified ascarosides" will be the products of 
complete saponification; and a "free ascar- 
oside" will be any ascaroside lacking ester 
linkages on the glycone. Reference to naturally 
occurring mixtures may be made in terms of a 
particular tissue, e.g., "egg ascarosides." 

Structure of Unesterified Ascarosides 

Thin layer chromatographic analysis of the 
unsaponifiables obtained from the total lipids 
of A. lumbricoides ovaries showed that three 
major, nonacidic components were present. 
These migrated on TLC plates as described 
previously (6) and stained with all three spray 
reagents for glycosides. In order of increasing 
polarity, they were designated MS, DS and 
DSS. 

Gas liquid chromatography of MS-(TMS)2, 
naturally occurring MS-Ac2, and alkanes de- 
rived from M gave patterns of peaks that were 
essentially the same and identifiable without 
ambiguity with reference to standard alkanes 
(Fig. 2). Similar identifications were obtained 
in the analyses, of derivatives of DS and DSS. A 
quantitative summary is set out in Table I. 
Several minor monol peaks were tentatively 
identified as branched because their retention 
times did not  correspond with the normal 
homologs and no unsaturation was found. 
Equivalent chain lengths for these peaks were 
ca. 0.4 carbons less than for the presumed 
normal isomer. 

Preliminary evidence from mass spectrom- 
etry supported the chain length assignments 
and suggested that a methyl group occurred on 
either carbon 2 or 4 of the two major branched 
monols. In the diols, as in monols, only 
hydroxyl groups in a carbon 2 position were 
detected, which would seem to require that the 
C31 and C33 homologs be symmetrical 2,30- 
and 2,32-diols, respectively. Although this 
would account for the failure of Kirrmann and 
Wakselman (19) to corroborate, by synthesis 
and mass spectrometry, Fouquey's  placement 
of the second hydroxyl group on C6, conclusive 
information has not yet been obtained. 

Acid methanolysis of unesterified ascar- 
osides yielded a pair of glycosidic bands chro- 
matographing on TLC plates above methyl 
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FIG. 3. Thin layer chromatography characteristics of synthetic ascaroside esters and esters isolated from 
Ascaris lumbricoides ovaries. An 80 x 200 mm plate was coated with 0.2 mm Adsorbosil 3 and developed by 
gradient elution with benzene/ethyl acetate. Synthetic acetates were prepared from the lowermost spot in each 
column (identified below the column number) except for column 6, which is a reference chromatogram of the 
ovarian ascarosides of A. lumbricoides, and column 10, which was prepared by propionylation of sample 11. Ac 
appearing on the left of a spot identifies an esterified aglycone; Ac or Pr to the right of a spot identifies a 
glycone (S) or glycones (SS) esterified in the 2' position (superscript) or 4 '  position (subscript). Naturally 
occurring esters are designated by e. The lowermost band in column 6 has some properties of ascarosides, but 
was not otherwise identified. In this figure only the lower two-thirds of the original chromatogram is 
reproduced. All triglycerides occurred above the uppermost, naturally occurring ascaroside ester. Sterols and 
diglycerides between DS-Ac 3 and DSS-Ac4, monoglycerides essentially cochromatographing with DAcS, and free 
fatty acids at the origin were all minor bands. 

L-rhamnose (a monodeoxyhexose) in the region 
of  DS and  DSS. TMS derivat ives of  b o t h  
glycosides had  iden t ica l  r e t e n t i o n  t imes  w h e n  
ana lyzed  by  GLC.  The  bands  were p r e s u m e d  to  
be  those  of  a -  and  H-methyl  ascarylose.  

Structure of Synthetic Ascarosifle Esters 

All syn the t i c  ace ta tes  and  m a n y  m i x e d  
ace t a t e -p rop iona t e s  of  MS, DS and DSS were 
prepared ,  and  the  pos i t ions  of  the  ester  groups  
d e t e r m i n e d  as fol lows.  

Part ial  a ce ty l a t i on  of  MS p r o d u c e d  two  
well-spaced bands  c h r o m a t o g r a p h i n g  b e t w e e n  
MS and  MS-Ac 2 (Fig. 3, c o l u m n  11), w h i c h  
clearly d e m o n s t r a t e d  the  separabi l i ty  of  the  
two i somers  of  g lycone  m o n o e s t e r s  by  TLC. 

Similar t r e a t m e n t  of  DS (Fig. 3, c o l u m n  1) 
p r o d u c e d  six bands  c h r o m a t o g r a p h i n g  b e t w e e n  
DS and  DS-Ac a. There fo re  the  theore t i ca l  and 
observed  n u m b e r s  of  par t ia l  ace ta tes  of  DS 
were also ident ica l .  As the  n u m b e r  of  h y d r o x y l  
groups would  be expec t ed  to be the  main  
d e t e r m i n a n t  of  c h r o m a t o g r a p h i c  mobi l i ty ,  the  
lower  th ree  par t ia l  es ters  shou ld  be monoace -  
tates,  and  the  u p p e r  th ree ,  diacetates .  Part ial  
es te r i f ica t ion  or  s apon i f i ca t ion  of pur i f ied  
esters,  fo l lowed by TLC analysis ,  s u p p o r t e d  this  
suppos i t i on  and  moreove r ;  d e m o n s t r a t e d  the i r  
s t ruc tura l  re la t ionships .  Fo r  example ,  the  
h ighes t  and  lowes t  d iace ta tes ,  b u t  n o t  the  
midd le  one,  were o b t a i n e d  by  ace ty l a t i on  of 
the  lowes t  m o n o a c e t a t e .  
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H3C'~ H ~ H  
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FIG. 4. Chair conformations of ascarylose in L-~- 
ascarosides. In conformation II, reactions at the 2' 
hydroxyl may be sterically hindered by the aglycone. 

The partial acetates of DS were sorted into 
two categories of absolute configuration on the 
basis of aglycone esterification. Each partial 
ester was converted to its mesylate and reduced 
with lithium aluminum hydride. Mesyl groups 
became -H, while acetate groups became-OH,  
so aglycones obtained by acid methanolysis 
were monols if the aglycone was originally 
unesterified or diols if originally esterified. 

The two diacetate mesylates with acetylated 
aglycones were further employed to distinguish 
the two glycone esters. Rupture of glycosidic 
bonds is generally inhibited by a sulfonyl group 
on C2 of the glycone, although sometimes by 
this group at other positions as well (14). 
Sulfonyl groups themselves were found to be 
resistant to acid methanolysis, so that there are 
two modes of degradation for the isomers 

Ac DAcSAMc s and DAcSMs. Removal of acetate 
produces  monohydroxy,  then dihydroxy- 
ascarosides, whereas rupture of the glycosidic 
linkage produces monoacetylated, then unester- 
ified, aglycones. All of these could be separated 
by TLC. Because of its 2' mesyl group, DAc SMs 
would be expected to show more acetate 
removal than glycone removal relative to 

Ac DAcSMs. This property was possessed by the 
mesylate of the lower chromatographing 
DAeS-(Ac), which is therefore DAeSAc. Com- 
parison of relative rates was necessary, as a 

continuum of inhibition in these experiments 
was evident. A mesyl group in either position 
inhibited rupture of the glycosidic linkage more 
than did acetate, which was itself inhibitory. 
Complete configurations are given in Figure 3. 

Saponification of DS-Ac 3 confirmed these 
structures. Partial saponification produced sig- 
nificant quantities only of esters in which the 
aglycone remained esterified. This was presum- 
ably because the reaction of glycone esters was 
accelerated by the electron-withdrawing groups 
in adjacent carbon atoms (20). The concen- 
tration of the higher chromatographing sugar 
ester in each pair of isomers was considerably 
less than that of the lower isomer. As partial 
esterification gave the same, rather than oppo- 
site, relative concentrations, it is clear that the 
rates of hydrolysis and esterification are not 
controlled by the same factors. An explanation 
may be found in the L-~-configuration of 
ascarosides (4) which permits two chair confor- 
mations for ascarylose (Fig. 4). In each con- 
formation there are two equatorial and two 
axial substituents, and no distinct preference 
for either would be expected. Steric effects 
should be of major importance in esterification, 
while both polar and steric effects should affect 
saponification (20). In conformation I the 
aglycone is oriented away from both hydroxyl 
groups and steric effects should follow the 
axial-equatorial difference. Esterification of the 
4' carbon should therefore predominate. Con- 
formation II should also favor esterification of 
the 4' carbon, as reaction at the 2' carbon is 
now hindered by the aglycone. In contrast, 
polarity is greater at carbon 2' in both confor- 
mations, and 2' esters should be preferentially 
saponified. 

If the aglycones of DSS are symmetrical (see 
Nomenclature) there are eight partial acetate 
configurations; if asymmetrical, there are 14 
such configurations. Eight bands appeared on 
TLC plates, suggesting either that the aglycones 
are symmetrical, or that the mobility of mono- 
esters of DSS is independent of the particular 
glycone that is esterified. It was expected that a 
pair of ester bands nearly cochromatographing 
with DS would be a mixture of 4 monoacetates. 
Partial acid methanolysis of the lower, more 
abundant band produced mainly DSAc and 
smaller amounts of DSS and D. The upper band 
produced DS Ae. The lower band was therefore 
a mixture of DSSAc and DSAcS , if these are 
indeed different isomers. In any case, the 
results indicated that if the aglycones of DSS 
are asymmetrical, 6 of the 14 theoretical esters 
would not be expected to appear separately on 
the chromatogram and that the observed and 
expected number of esters was identical. 
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TABLE II 

Ascaroside Esters Occurring in Ascaris lumbricoides Ovaries a 

13 

Wt % total Mol % parent 
Structure ascaroside ester ascaroside 

Esters of monol ascaroside 

MS~c 1.37 14.8 
MS-Ac 2 7.64 84.9 
MS Ac 0.03 b 0.3 
Total (9.0) (10.5) c 

Esters of diol ascaroside 

D ,Pr  AcaAc 8.18 10.1 
DS-Ac3 68.0 84.8 
DS P r  0.60 0.54 
DS-Ac2 3.26 4.4 
DS Ac 0.074 b 0.10 
Total (80.1) (80.9) c 

Esters of diol diascaroside 

Dr OAcOAc 0.92 8.6 
DSS-Ac4 3.04 28.8 
DSAACsPr + DsACS~c 2.06 17.4 
DsAcs Ac 4.58 45.2 
Total (10.6) (8.6) c 

Unknown ascaroside 0.26 b 

aOvarian lipids were fractionated by gradient elution thin layer chromatography with 
benzene/ethyl acetate. Esters were identified (Fig. 3) and except where indicated, quantities 
were calculated on the basis of analysis for volatile acids, and average molecular weights. M, 
monol aglycone; D, diol aglycone; S, glycone; Ac, acetate; Pr, propionate. The subscript after 
D refers to an esterified aglycone and other subscripts and superscripts refer to glycone posi- 
tions 4 'and 2 ', respectively. 

bCalculate d from gas liquid chromatography analysis of the saponified ascaroside. 
CMol % total ascaroside. 

By analogy w i th  o t h e r  pairs  of  esters,  the  
u p p e r  b a n d  of  the  t r i ace ta te  pair  is DSAcoACqAc 
(no  sugar d i s t inc t ion)  and  the  lower  is 

Ac DSAcSAc. It was not immediately apparent 
which  of the  four  d iace ta te  bands  co r r e s ponded  
to  the  theore t i ca l  esters  DSAcS Ac,  DSAcSAc , 
DSACSAc, and  Ac DSSAc. Again,  par t ia l  acid 
m e t h a n o l y s i s  resolved the  p rob lem.  The  h ighes t  
and  least  a b u n d a n t  d iace ta te  lost  ace ta te  to  give 
only  DSS Ac,  while  the  m o s t  a b u n d a n t  and  
second  m o s t  polar  d iace ta te  gave on ly  DSSAc. 
Each  of  the  o the r  d iace ta tes  y ie lded  b o t h  
DSSAc and  DSS Ac,  bu t  the  lower  (and  lowes t  
of the  four)  also gave a cons iderab le  q u a n t i t y  of  
DS-Ac 2. The four  ace ta te  diesters  (Fig. 3, 
co lumn  9, D S S - [ A c 2 ] )  are the re fo re ,  top  to  
b o t t o m ,  D S A c s A c ,  DSAcSAC , D SA cS~c  ' and 
D s A c s .  The low TLC mobi l i t ies  of  DS~cS  and 
DAcS suggests an " a n o m a l o u s l y "  great adsorp-  
t ion  of  the unes te r i f i ed  g lycone to  the  silica gel. 
This  s t r e n g t h  was m a i n t a i n e d  in a lcohol ic  sol- 

vents ,  wh ich  reversed the  mobi l i t ies  of  i somer ic  
g lycone esters.  

These  analyses of  ascaroside aceta tes  by  TLC 
were suf f ic ien t ly  c o n s i s t e n t  to  p e r m i t  the  as- 
s ignmen t  of  conf igu ra t ion  to  o t h e r  esters  by  
analogy.  The  mobi l i t i es  and  s t ruc tu res  of cer- 
ta in  mixed  ace t a t e -p rop iona t e  esters  t h a t  are 
re levant  to  the  analysis  of  na tu ra l ly  occurr ing  
ascaroside esters  are i nc luded  in Figure 3. 

Structure of Naturally Occurring Ascaroside Esters 

The neu t r a l  l ipids of  A.  lumbr ico ides  ovaries 
gave a b o u t  n ine  bands  t h a t  s ta ined  pos i t ive ly  
wi th  glycoside sprays,  and  m o s t  of  these  also 
reac ted  posi t ively  to  the  diol specif ic  sulfuric  
acid- iodine reac t ion .  Two major  t r ig lycer ide 
bands  did n o t  react ,  n o r  did several bands  
occur r ing  at  c o n c e n t r a t i o n s  be low those  needed  
for  de t ec t i on  by specific reagents .  Bands corre- 
spond ing  to  free ascarosides were bare ly  de tec t -  
able. 
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In determining the structures of the ovarian 
ascaroside esters, preparative TLC plates were 
developed with benzene/ethyl acetate. Appro- 
priate bands were re-examined by analytical 
TLC and if impure, were rechromatographed. 
Adequate fractionation of a mixture occasion- 
ally required an alternate solvent system such as 
benzene/benzene-butanone 1:2. The pure frac- 
tions were then saponified and the acidic and 
alcoholic components analyzed. The kind and 
quantity of the volatile acid(s) recovered, the 
parent ascaroside (only one or none was recov- 
ered from each fraction), and comparison by 
means of TLC of the natural ester with syn- 
thetic standards determined a unique formula 
for each of 15 naturally occurring ascaroside 
esters (Fig. 3). A specific search for DAc SAc, 
whose presence might have been obscured by 
DS-Ac2, was unsuccessful. Molecular weights 
were calculated and used in conjunction with 
moles of volatile acid to calculate the relative 
weights of esters in the ovaries (Table II). One 
ester was not identified. It stained with the 
glycoside sprays and when saponified yielded 
acetic acid and a band chromatographing be- 
tween DS and DSS. 

Quantification by volatile acid analysis was 
confirmed by GLC of the TMS derivatives of 
intact or saponified esters, although some dif- 
ferences were noted in relative quantities, par- 
ticularly for esters of DSS. Volatile acid anal- 
ysis was in general the more reliable method. 
The presence of a propionyl group in DAc Spr  
and the absence of hydroxyl groups in this and 
the two other major esters was confirmed by IR 
spectrometry. 

Although 12.3 tool % of the ovarian ascar- 
oside esters contained propionate, none of the 
esters contained more than one mole of this 
acid. As a result, acetate accounted for 95.6 
tool % of the total ester groups. Because the 5 
and 6 carbon acids that are abundant in ovarian 
triglycerides and waxes (Tarr and Fairbairn, 
unpublished results) were previously reported 
to be constituents of ascaroside esters (6) a 
number of esters of the form DAcS~c (where x 
equals butyrate, valerate and caproate) were 
synthesized. These were homologous with the 
naturally occurring propionyl esters. TLC bands 
corresponding to such esters were not present 
in ovarian esters, and the conflict with previous 
observations is undoubtedly due to the im- 
proved techniques devised for use in the present 
investigation. 

The aglycone composition of the 10 most 
common ovarian esters (Table III) shows that 
the enzyme(s) synthesizing these esters are 
sensitive to aglycone chain length. For example, 
diesters of DS contain 23 wt % of the C31 
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aglycone, and triesters, 43%. Similarly, triesters 
of DSS contain 11% of the C31 aglycone, and 
tetraesters, 20%. The conversion of ovarian 
diesters of DS to DS of the ascaroside layer, 
and of triesters of DS mostly to DAeS , is 
reflected in aglycone compositions. 

Ascarosides of the Ascaroside Layer of the Egg Sh~ll 

Although neutral lipids of the ascarosi,le 
layer chromatographed in chloroform-methanol 
95:5 gave three bands corresponding to MS, DS 
and DSS, the MS was judged to be impure, as 
saponification left a residue of MS and pro- 
duced a large increment in DS (6). The ascar- 
oside layer therefore contains an ester cochro- 
matographing with MS. When the two 
compounds were fractionated by use of solvent 
systems containing an alkane and a ketone, 
alcohol or carboxylic acid, the ester component 
cochromatographed with DAcS , DFoS and was 
barely separable from DprS. GLC analysis of 
the TMS derivatives of all four esters identified 
the unknown ester as a monoacetate of DS. 
U p o n  sapon i f i ca t ion  this ester yielded 
0.90-1.06 tool acetate per mole DS, and less 
than 0.5 mol % of higher acids. Its 1R ester 
absorption band at 8.05 bt corresponded exactly 
to that of synthetic acetate esters. Formate and 
propionate esters absorbed at distinctly longer 
wavelengths. The identification of the ascar- 
oside layer ester as DAc S was therefore un- 
equivocal. 

Relative quantities of the four ascaroside 
layer ascarosides were determined by gravim- 
etry, GLC of TLC fractions, and by GLC of the 
TMS derivatives of the total lipids of the 
ascaroside layer. Each method gave similar 
results. Weight percentages were MS, 12; DAcS, 
70; DS, 10; DSS, 8. Significant amounts of 
other lipids were not observed in the ascaroside 
layer, although several minor bands were pres- 
ent on TLC plates. Three of these corresponded 
to acidic degradation products of ascarosides 
and may have been artifacts formed during the 
embryonation of the eggs in 0.1 N sulfuric acid 
solution. Ascarosides in the total lipids of fully 
shelled, one-celled eggs taken from the lower 
part of the uterus were the same as those of the 
ascaroside layer from infective eggs, and only 
traces of ovarian-type esters were found. There- 
fore fertilization and shell formation are associ- 
ated with profound changes in the ascaroside 
esters of the ovaries. 

DI SC USSI ON 

The present work establishes the chain 
lengths and relative quantifies of the odd-num- 
bered aglycones occurring in the three major 

ascarosides of A.  lumbr ico ides .  Modest amounts 
of branched chain, even-numbered aglycones 
were tentatively identified (Table I). In tile 
ovaries, where the ascarosides occur almost 
exclusively as esters, 15 esters were identified in 
terms of their acetyl and propionyl residues 
(Fig. 3, Table II). This number would be 
considerably larger if variability in the aglycone 
residues was included (Table III). Ovarian tri- 
glycerides and waxes are now known to be 
esterified with the a-methyl butyric and a- 
methyl valeric acids that were previously 
thought, owing to incomplete resolution on 
TLC plates, to occur also in the ascaroside 
esters. Although the results presented here were 
based on analyses of pooled lipids from several 
animals, analyses of individuals has indicated 
that ester and aglycone compositions are quite 
constant. 

Three fully substituted and 22 partially 
substituted ascaroside esters of any given acid 
are possible. Among the esters identified, ca. 
91.5 mol % were fully substituted, and 80% of 
these contained only acetyl residues, a propi- 
onyl residue having replaced an acetyl residue 
in the remainder (Table II). Partially esterified 
ascarosides with only one free hydroxyl group 
comprised nearly all the remaining esters. Pro- 
pionyl groups accounted for only 4.4 mol % of 
the total ester linkages, and always occurred at 
the 2' position of the aglycone. 

Esters of the DS class of ascarosides ac- 
counted for 80% of all the ovarian ascaroside 
esters. Most of these contained an acetyl group 
on the aglycone, which was more resistant to 
saponification than the other ester linkages (6). 
As the amount of ovarian ester having unester- 
ified aglycone is sufficient to account for 40% 
of the ascaroside layer DS, only ca. 9% of the 
more resistant acetate is hydrolyzed during 
shell formation. A comparison of the aglycone 
composition of the ovaries and ascaroside layer 
ascarosides (Tables I, III) leads to the conclu- 
sion that the aglycones are not significantly 
modified during ascaroside layer formation. 
From other results (Tarr and Fairbairn, unpub- 
lished) it is known that the only function of the 
ovarian esters is to contribute to egg shell 
formation. Some 75% of the ascaroside layer 
consists of ascarosides, and it is this layer that 
provides an extraordinarily effective barrier 
between t h e  embryo and the external environ- 
merit (21). 

Previous work supported the conclusion that 
the ovaries synthesized ascarylose from glucose, 
and aglycones by a Claisen-like condensation of 
higher fatty acids, the glycosidic linkage then 
being formed in the usual manner (22). As it is 
also known that the in vitro incorporation of 
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labeled acetate into ascaroside esters is exten- 
sive (23), the ovaries contain complete facili- 
ties for their synthesis. Condensation of 2 
tool of even-numbered fatty acids, with elimi- 
nation of 1 tool carbon dioxide, satisfactorily 
accounts for the predominantly odd numbered 
aglycones (C29,Cal ,C33), but does not  explain 
the presence of minor amounts of branched 
chain, even-numbered aglycones unless, for 
example, these are formed by condensation of 
an even numbered acid with a branched chain, 
odd-numbered acid. Only one branched acid 
(br l5 :0)  has been found in the ovaries (8,24). 
The possibility that the aglycone carbon chain 
may also be synthesized by chain lengthening 
of acids must be considered, since there is 
evidence for the presence of a malonyl-CoA 
pathway in ovaries, and 14C from acetate has 
been found in GLC eluates corresponding to 
C28 and higher acids (23). Branches could be 
produced from methyl malonyl CoA, which 
may be present in significant concentrations 
(25). Whatever the synthetic scheme, the ab- 
sence of branching in diols may reasonably be 
ascribed to interference by the methyl branch 
with the introduction of a second hydroxyl 
group. 

The presence of acetyl and propionyl groups 
only in ascaroside esters, and a-methylbutyryl  
and a-methylvaleryl groups only in the triglyc- 
erides and waxes of the same organ, suggests 
either that highly specific kinases are present or 
that the steric configuration of ascarosides 
excludes all but C2 and C 3 acids. The former 
possibility seems to be the more likely. In any 
event, the highly developed preference for the 
acetyl group may be biologically significant, as 
egg shell formation requires large amounts of 
acetate for the synthesis of chitin, and chitin 
synthesis occurs at the time that the ascaroside 
esters are being hydrolyzed (presumably by a 
hydrolase) and the ascaroside layer formed 
(9,21). Both the chitinous layer and the under- 
lying ascaroside layer are synthesized from yolk 
materials tha t  are secreted almost immediately 
after the egg is fertilized, in a closely coordi- 
nated sequence of events. 

G.E. TARR AND D. FAIRBAIRN 

AC KNOWLEDGMENTS 

This work was supported by Research Grant 
AI-08491 and Training Grant 5 T01 AI-226, National 
Institute of Allergy and Infectious Diseases. Ascaris 
lumbricoides was supplied by the Tobin Packing Co., 
Albany, N . Y . I .  Fagerson provided advice and assist- 
ance in mass spectrometry. 

REFERENCES 

1. Flury, F., Arch. Exp. Path. Pharmak. 67:275 
(1912). 

2. Faurb-Fremiet, E., Arch. Anat. Microsc. 15:435 
(1913). 

3. Fouquey, C., J. Polonsky and E. Lederer, Bull. 
Soc. Chim. Biol. 39:101 (1957). 

4. Fouquey, C., J. Polonsky and E. Lederer, Ibid. 
44:69 (1962). 

5. Fouquey, C., Thesis, University of Paris, France, 
1961. 

6. Jezyk, P.F., and D. Fairbairn, Comp. Biocbem. 
Physiol. 23:691 (1967). 

7. Fairbairn, D., Can. J. Biochem. Physiol. 33:31 
(1955). 

8. Beames, C.G., Exp. Parasit. 16:291 (1965). 
9. Foor,W.E., J. Parasit. 53:1245 (1967). 

10. Kaulenas, M.S., and D. Fairbairn, Exp. Cell Res. 
52:233 (1968). 

11. Fairbairn, D., and B.I. Passey, Can. J. Biochem. 
Physiol. 33:130 (1955). 

12. Folch, J., M. Lees and G.H. Sloane-Stanley, J. 
Biol. Chem. 226:497 (1957). 

13. Gaylord, N.G., "Reduction with Complex Metal 
Hydrides," Interscience Publishers, Inc., New 
York, 1956. 

14. Ball, D.H., and F.W. Parrisb, Adv. Carbohydrate 
Chem. Biochem. 23:233 (1968). 

15. Tart, G.E., J. Chromatogr. 52:357 (1970). 
16. Kirchner, J.G., "Thin Layer Chromatography," 

Interscience Publishers, Inc., New York, 1967. 
17. Aue, W.A., and C.R. Hastings, J. Chromatogr. 

42:319 (1969). 
18. Tulloch, A.P., Lipids 5:247 (1970). 
19. Kirrmann, A., and C. Wakselman, Bull. Soc. Chim. 

Fr. 1967:937. 
20. Gould, E.S., "Mechanism and Structure in Or- 

ganic Chemistry," Holt, Rinehart and Winston, 
Inc., New York, 1959. 

21. Fairbairn, D., Exp. Parasit. 6:491 (1957). 
22. Jezyk, P.F., and D. Fairbairn, Comp. Biochem. 

Physiol. 23:707 (1967). 
23. Beames, C.G., B.G. Harris and F.A. Hopper, Ibid. 

20:509 (1967). 
24. Jezyk, P.F., Can. J. Biochem. 46:1167 (1968). 
25. Saz, H.J., and A. Well, J. Biol. Chem. 237:2053 

(1962). 

[ Received September 11, 1972] 

LIPIDS, VOL. 8, NO. 1 



Effects of Acyl Chain Hydroxyl Groups and Increasing 
Unsaturation on the Autoxidation of Cholesteryl Esters 
in Aqueous Colloidal Suspension 1 
L.N. NORCIA, Department of Biochemistry, Temple University School of 
Medicine, Philadelphia, Pennsylvania 19140, and V. MAHADEVAN,2 Radioisotope 
Service, Veterans Administration Hospital, Minneapolis, Minnesota 55417 

ABSTRACT 

Aeration in aqueous collodial suspen- 
sion results in oxidation of the sterol 
moiety of cholesteryl linoleate, lino- 
lenate, arachidonate and O-tetrahydro- 
pyranylricinoleate. The extent of such 
oxidation is different for each compound, 
and the O-tetrahydropyranylricinoleate 
ester oxidizes relatively slowly. Choles- 
teryl 12-hydroxystearate and ricinoleate 
are resistant to this oxidation. Factors 
that may contribute to autoxidative sus- 
ceptibility of cholesteryl esters are dis- 
cussed briefly. 

INTRODUCTION 

In a previous study (1) in this laboratory it 
was found that esterification of cholesterol 
with linoleate did not  inhibit the susceptibility 
of the cholesteryl residue to autoxidative attack 
in an aqueous colloidal suspension, which is in 
contrast to the lack of autoxidative suscepti- 
bility of the more saturated fatty acyl choles- 
teryl esters. Since autoxidation can occur 
concurrently in the acyl chain and in the sterol 
ring system of cholesteryl esters, we shall refer 
in this report to autoxidation at these two 
molecular sites as "acyl chain oxidation" and 
"sterol oxidation." In order to obtain addi- 
tional information, which might prove helpful 
in elucidating the mechanism of the sterol 
oxidation of cholesteryl linoleate under the 
prescribed conditions, we undertook to study 
autoxidation of several types of cholesteryl 
esters. 

Since acyl chain oxidation of cholesteryl 
linoleate would result in introduction of oxy- 
gen-functional groups into the acyl chains, with 
changes in the polarity of the ester molecule 
and possibly conformational or orientation 
changes in the colloidal system, we studied two 
hydroxy-fatty acyl cholesteryl esters. With one 
of these compounds, a tetrahydropyranyl (OH 

1presented at the AOCS Meeting, Atlantic City, 
October 1971. 

2present address: Supelco, Inc., Supelco Park, 
Bellefonte, Pa. 16823. 

protected) derivative was also prepared and 
studied. Cholesteryl linolenate and cholesteryl 
arachidonate were studied to observe the effect 
of introduction of additional double bonds in 
the acyl chain. It would be of interest to study 
cholesteryl esters of fatty acids with cis-trans 
unsaturation. As yet we have not studied such 
compounds. Our findings concerning the sus- 
ceptibility to sterol oxidation of the several 
additional esters we have studied are presented 
in this report. 

MATERIALS AND METHODS 

Cholesteryl Esters 

Cholesteryl linoleate: 99% pure, Applied 
Science Labs., State College, Pa.; mp 41 C 
uncorr., lit. value, 42 C (2). 

Cholesteryl linolenate: Analabs, Inc., North 
Haven, Conn. 06473, mp 34-35 C, uncorr., lit. 
value, 32-33 C (2). 

Cholesteryl arachidonate: 90% pure, Analabs 
Inc. 

Cholestdryl 12-hydroxystearate: This ester 
was synthesized by the interesteriflcation pro- 
cedure of Mahadevan and Lundberg (2) and 
purified by silicic acid column chromatography. 
Thin layer chormatography (TLC) of the prod- 
uct showed a single spot, free of the starting 
materials and cholesterol; the IR spectrum of 
the compound was identical to that of choles- 
teryl esters of saturated fatty acids (2) but in 
addition showed a free hydroxyl absorption 
band at 3610 cm -1. 

Cholesteryl  O-tetrahydropyranyl (THP) 
ricinoleate: Methyl O-THP ricinoleate was pre- 
pared by reaction of methyl ricinoleate with 
dihydropyran in the presence of concentrated 
HC1. The product, dissolved in petroleum ether, 
was washed with saturated sodium bicarbonate 
solution and water and dried over anhydrous 
Na2SO 4. Evaporation of the solvent under 
reduced pressure yielded methyl O-THP ricin- 
oleate. This was interesterified (2) with cho- 
lesteryl acetate. The reaction product, ex- 
tracted with petroleum ether, was a syrupy 
residue. This was purified by separation as a 
noncrystalline phase from 95% ethanol at 10 C 
(four times). Removal of solvent, drying under 
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FIG. 1. Fraction of cholesterol remaining (1.0-0.0) during aeration of cholesteryl esters in aqueous colloidal 

suspension at 85 C; A, cholesteryl arachidonate; B, cholesteryl linolenate; C, cholesteryl linoleate (values from 
three separate experiments are plotted; and D, cholesteryl O-tetrahydropyranylricinoleate. 

vacuum, fo l lowed by chromatography  on a 
column of Florisil y ie lded the final p roduct ,  
cholesteryl  O-THP ricinoleate,  which was 
shown to be free o f  cholesteryl  acetate,  O-THP 
ricinoleate and cholesterol  by TLC. 

Cholesteryl ricinoleate: Cholesteryl  ricin- 
oleate was prepared by removal  of  the THP 
group f rom cholesteryi  O-THP ricinoleate by 
acid hydrolysis.  The residue obtained fol lowing 
this react ion was dissolved in pe t ro leum ether  
and washed with  a saturated solut ion of sodium 
bicarbonate  and then with water  and dried over 
anhydrous MgSO 4. The pe t ro leum ether  solu- 
tion was passed through a co lumn of silicic 
acid. By appropria te  e lut ion of the co lumn and 
removal of  solvent f rom the eluate, pure cho- 
lesteryl r icinoleate was obtained.  TLC of the 
c o m p o u n d  showed a single spot  free of  the 
unhydro lyzed  compound .  [o~]D -- -21.0 ~ (C, 
5% in CHC13). 

At  the t ime of  the au tox ida t ion  experi- 
ments,  the esters used were again studied for 
the absence of  free cholesterol  by digitonin 
precipi ta t ion and by TLC. 

A u t o x i d a t i o n  C o n d i t i o n s  

The procedure  of  au tox ida t ion  was similar 
to that  of  Bergstr(;m and Wintersteiner (3). The 
contents  of  the react ion vessel at the outset  of 
each exper iment  included:  1000 ml distilled 
H 2 0  , 30 ml of  1% (w/v) sodium dodecyl  sulfate 
in repurif ied absolute e thanol  and 10 ml of 
M/15 phosphate  buffer  of  pH 7.0. The pH of 
the combined  flask conten ts  was then adjusted 
to pH 7.0 -+ 0.2 with the addi t ion of dilute HC1 
or NaOH as needed.  

In most  of the exper iments ,  100-400 mg 
cholesteryl  ester in 60 ml repurif ied absolute 
e thanol  was added to the react ion flask. In a 
few of  the early studies, up to 120 ml e thanol  
was used to in t roduce  the ester. The mole  ratio 
of  sodium dodecyl  sulfate to cholesteryl  ester 
in the react ion flask varied f rom ca. 1.7-6.8, 
depending on the type and amoun t  of choles- 
teryl ester used in the part icular  exper iment .  I t  
may be calculated f rom data published by 
Hartley (4) that  the dodecyl  sulfate concen-  
t rat ion in the react ion flask did not  exceed 
one-eighth the critical micelle concen t ra t ion  at 

L I P I D S ,  V O L .  8 ,  N O .  1 



AUTOXIDATION OF CHOLESTERYL ESTERS 19 

85C.  
The reaction flask was maintained at 85 + 

2 C in a water bath, and the flask contents were 
constantly stirred. After introduction of the 
ester with stirring and removal of the zero time 
aliquots, aeration of the suspension through a 
fli t ted glass gas-washing tube was begun. The 
air used was bubbled through successive towers 
of 35% KOH, concentrated H2SO4, and dis- 
tilled water before passing into the reaction 
vessel. Then 25 ml aliquots of flask contents 
were removed from the reaction flask at appro- 
priate time intervals for chemical analysis for 
unoxidized sterol. Four drops concentrated He1 
and 10 ml acetone were added to the aliquot in 
a glass-stoppered flask to stop the reaction, and 
the flasks were then placed in a refrigerator at 
4 C until extracted and analyzed. 

Analysis for Sterol Oxidation 

The aliquots from the autoxidation reaction 
vessel were extracted and analyzed as described 
previously (1,5). More recently Horvath (6) has 
compared the chemical assay method we are 
using with a TLC method of studying the 
extent of autoxidation of cholesterol. In studies 
having widely varying amounts of autoxidized 
cholesterol, Horvath's results show reasonably 
good agreement between the TLC method and 
the procedure we are using. 

RESULTS 

Data for the autoxidation of the cholesteryl 
esters that were susceptible to sterol oxidation 
are presented in Figure 1. The time courses of 
sterol oxidation of the linoleate (Fig. 1C), 
linolenate (Fig. 1B) and arachidonate (Fig. 1A) 
esters are similar, in that autoxidation occurs in 
a period of several hours and then the reaction 
stops. The extent of sterol oxidation for each 
of the above three esters was different. Con- 
version to autoxidation products was 81% for 
linoleate, 54% for linolenate and 21% for 
arachidonate. Data from three separate experi- 
ments are plotted for linoleate (Fig. 1C), 
primarily to obtain data beyond 5 hr. 

The O-tetrahydropyranyl cholesteryl ricin- 
oleate (Fig. 1D) underwent extensive sterol 
autoxidation but at a much slower rate. Sterol 
oxidation began early and proceeded at a 
regular rate for 16-18 hr with a subsequent 
leveling off of the reaction. The extent of 
conversion to sterol autoxidation products was 
in excess of 80%. 

Two of the cholesteryl esters studied were 
completely resistant to sterol oxidation during 
an 8 hr period of aeration under the specified 
conditions. These esters were cholesteryl ricin- 

oleate and cholesteryl 12-hydroxystearate. 

DISCUSSI ON 

The differences observed in the extent of 
sterol oxidation of the several polyunsaturated 
fatty acyl esters studied are of some interest, 
but they have no obvious explanation. Two 
factors possibly related to these differences are: 
(a) extent and time course of free-radical 
formation in the acyl chain with resultant 
intramolecular propagation of sterol oxidation, 
and (b) extent and time course of introduction 
of oxygen-functional groups in the acyl chain 
with resultant changes in conformation or 
orientation of the ester molecules, such that 
sterol oxidation is influenced. With regard to 
factor (a), free radicals in acyl chains may both 
form and then terminate more quickly in the 
more highly unsaturated fatty acyl cholesteryl 
esters. This would account for the diminishing 
extent of sterol oxidation observed for choles- 
teryl linolenate and arachidonate, compared to 
linoleate. With regard to factor (b), oxidative 
introduction of an oxygen functional group 
into the acyl chain might inhibit subsequent 
sterol oxidation. This might also explain inhibi- 
tion of sterol oxidation of arachidonate and 
linolenate compared with linoleate. Oxygen 
functional groups would be expected to be 
introduced more quickly into arachidonate and 
linolenate acyl chains than into linoleate acyl 
chains. Our observation of the resistance to 
sterol oxidation of the ricinoleate and 
12-hydroxystearate esters may be taken "as one 
piece of evidence that autoxidative intro- 
duction of an oxygen-functional group into the 
acyl chain of cholesteryl linoleate, for example, 
does not by virtue of a polarity change cause 
enhancement, and may cause inhibition, of 
susceptibility of the molecule to sterol oxi- 
dation. 

Another hypothesis relating to the suscepti- 
bility to sterol oxidation of diethenoyl and 
polyethenoyl esters, as opposed to mono- 
ethenoyl and saturated acyl esters, has to do 
with the curved conformation of acyl chains 
having several methylene-interrupted cis double 
bonds. The bending of these chains might serve 
to prevent packing of the steryl esters and thus 
allow sterol oxidation. It would be necessary 
here to invoke involvement of another factor, 
such as inhibition of oxidation by introduction 
of an oxygen functional group into the acyl 
chain, to account for the diminished extent of 
sterol oxidation of say the arachidonate ester 
(more acyl chain bending) vs. the linoleate ester 
(less acyl chain bending). Our results with 
O-tetrahydropyranyl ricinoleate ester may be 
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i n t e r p r e t e d  as favor ing  this  hypo thes i s ,  since i t  
seems possible  t h a t  the  i n t r o d u c t i o n  of  the  
bulky ,  h y d r o p h o b i c ,  t e t r a h y d r o p y r a n y l  group 
o n t o  the  acyl chain  may  al ter  the  c o n f o r m a t i o n  
or o r i e n t a t i o n  of the  choles te ry l  ester ,  such  tha t  
pack ing  is p r e v e n t e d  and  the  ester  becom es  
suscept ib le  to  s terol  ox ida t ion .  In  the case of  
the  O-THP ester,  the  absence  of i n t r o d u c t i o n  of  
oxygen  f u n c t i o n a l  groups i n to  the  acyl chain  by  
a u t o x i d a t i o n  may  then  p e r m i t  extens ive  sterol  
ox ida t ion ,  as we observed ,  w i t h o u t  i n h i b i t i o n  
secondar i ly .  

Yet  a n o t h e r  e x p e r i m e n t a l  c o n d i t i o n  needs  to 
be cons ide red  in assessing p e r t i n e n t  factors .  
Dur ing  ae ra t ion  of  the  col loidal  suspens ion ,  a 
b u b b l e  or f oam layer  ca. 1 in. th ick  persists at  
the  t op  of  the  l iquid  phase.  In the  foam layer  
the  cho les te ry l  es ter  is p r o b a b l y  p resen t  in a 
film, as opposed  to be ing  in a col loidal  part ic le  
in the  l iqu id  phase.  P robab ly  the  ester  mole-  
cules are in  exchange  b e t w e e n  the  foam and  
l iquid  phases,  and  i t  is n o t  k n o w n  at wh ich  site 
mos t  of  the  ox ida t ion  occurs.  

A t  t h i s  stage of  our  s tudies  i t  appears  t ha t  
several factors ,  as discussed above,  m ay  be 
opera t ive  in the  au tox ida t ive  p h e n o m e n a  ob- 
served. Studies  wi th  add i t iona l  esters and  em- 
p loy ing  o t h e r  approaches  m ay  provide  answers.  

The  f indings  we have r epo r t ed  r ep resen t  an 
ex tens ion  of  our  knowledge  c o n c e r n i n g  au toxi -  

da t ion  suscept ib i l i ty  of  cho les te ry l  es ters  to  
sterol  ox ida t ion  in aqueous  suspens ions .  How- 
ever the  reason(s)  why some of these  es ters  
have a un ique  suscept ib i l i ty  is still u n k n o w n .  I t  
seems possible  t h a t  more  knowledge  a b o u t  the  
fac tor(s)  c o n t r i b u t i n g  to  this  suscept ib i l i ty  may  
be useful  i n f o r m a t i o n  which  may  be applied to  
the  s tudy  of  cho les te ry l  esters  in  l ipid aggre- 
gates, e.g., at  b i o m e m b r a n e s  or r eac t ions  of 
s teryl  esters w i th  m e m b r a n e - b o u n d  enzymes .  
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ABSTRACT 

A fatty acid amounting to several per 
cent of the acids in various samples of the 
liver oil of  the ocean sunfish Mola mola 
was isolated and characterized as 7-meth- 
yl-7-hexadecenoic acid. This acid and the 
previous ly  reported 7-methyl-6-hexa- 
decenoic acid are believed to be chiefly 
responsible for the 7-methylhexadecanoic 
acid observed in many fatty acid mixtures 
of marine origin after hydrogenation. 

INTRODUCTION 

The ocean sunfish Mola mola is a morpho- 
logical curiosity. Among major pelagic fish 
species it is also unusual, in that it is reputed to 
feed on jellyfish (1). It therefore seemed logical 
to extend to this species our interest in marine 
animals originating or accumulating trans-6- 
hexadecenoic acid (2-6). Fortunately the ocean 
sunfish is usually obtainable in Nova Scotian 
waters in the late summer or early fall, and a 
suitable specimen for lipid study was procured. 
Unexpectedly it was found that the anticipated 
trans-6-hexadecenoic acid was accompanied by 
another unusual component  fatty acid, possibly 
present in trace amounts in other marine lipids, 
which has now been identified as 7-methyl-7- 
hexadecenoic acid. 
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FIG. 1. Part of gas liquid chromatographic chart 
from the analysis of methyl esters of fatty acids from 
the liver oil of the ocean sunfish Mola mola on a 
BDS-coated open-tubular gas liquid chromatographic 
column. 

EXPERIMENTAL PROCEDURES 

The lipid investigated came from an ocean 
sunfish (no. Hx-2) caught thirty miles south- 
west  of Halifax, N.S., on July 30, 1971. The 
specimen weighed 90 kg, was 125 cm in length, 
75 cm in depth and 20 cm in thickness. It was a 
female, but the gonads were not ripe. The liver 
(4.5 kg) yielded 55.6% lipid, a clear yellow oil, 
when extracted by the method of Bligh and 
Dyer (7). The Wijs iodine value of this oil was 
161, and the percentage of unsaponifiable 
material 5.3% by AOCS Method Ca-6b-53. 
Fatty acids recovered after removal of the 
unsaponifiable material were esterified for ana- 
lytical gas liquid chromatography (GLC) by 
refluxing for 10 min with 7% BF 3 in methanol. 
For preparative scale studies esters were pre- 
pared by refluxing the acids for 3 hr with 
methanol containing 1% H 2 SO 4 . 

Sunfish liver oil fatty acid methyl ester 
mixture (2.47 g) was heated with a saturated 
solution of urea in methanol (70 ml). This was 
cooled to room temperature for 1 hr and 
filtered. Addition of water to the filtrate and 
extraction with petroleum ether yielded 0.74 g 
non urea-complexing esters. These were frac- 
tionated by preparative thin layer chromatog- 
raphy (TLC) on plates impregnated with silver 
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FIG. 2. Gas liquid chromatographic chart of the 
analysis of the hydrogenated methyl esters of fatty 
acids from the liver oil of the ocean sunfish Mola mola 
on a BDS-coated open-tubular gas liquid chromato- 
graphic column. 
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FIG. 3. Mass spectra of derivatives of 7-methyl-7-hexadecenoic acid. Top: methyl 7-methylhexadecanoate. 
Center: methyl ester of 7-methyl-7-hexadecenoic acid. Bottom: di-trimethylsilylether of methyl 7,8-dihydroxy- 
7-methylhexadecanoate. 

nitrate. After development in n-hexane-benzene 
1:1 the band a t  Rf 0.6 was scraped off and 
extracted three times with hexane-diethyl 
ether. It contained a major unknown compo- 
nent with equivalent chain length (ECL) (8) of 
16.88 on butanediol succinate (BDS) and 16.40 
on Apiezon-L (AP-L) with a purity of >95% as 
determined by open-tubular GLC. Part of the 
total fatty acid methyl esters from sunfish liver 
oil was hydrogenated, treated with urea- 
methanol to remove straight chain components,  
and the major residual component with ECL of 
16.30 (on BDS) or 16.33 (on AP-L) isolated by 
preparative GLC. 

Analytical GLC was carried out on stainless 
steel open-tubular columns 150 ft (ca. 50 m) in 
length x 0.01 in. (ca. 0.25 mm) ID coated with 
BDS, diethyleneglycol succinate (DEGS) or 

AP-L. These were operated in a Perkin-Elmer 
Model 900 with the injection port at 270 C. 
Operating conditions were, respectively, helium 
carrier gas at 40 and 60 psig (AP-L); and 
respective column temperatures of 170 and 
180 C (AP-L). 

Preparative GLC was performed using a W.G. 
Pye Series 105, Model 15, instrument fitted 
with a glass column 2 m in length x 1 cm OD, 
packed with 3% OV-17 on 100/200 mesh 
Gas-chrom Q (Applied Science Lab., Inc.). This 
was operated isothermally at 180 C. Other 
conditions were: injection port 300 C, detector 
oven 200 C, nitrogen carrier gas 200 ml/min 
and a 25:1 split between the collector and 
detector. 

TLC was used to examine the liver oil and 
also to fractionate methyl esters of fatty acids 
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for identification purposes. Prekote plates 
(Adsorbosil-5, Applied Science Labs.) were 
developed in petroleum ether-diethyl ether- 
acetic acid 85:15: 1. Plates coated with silicic 
acid impregnated with silver nitrate were pre- 
pared from Supelcosil 12D (Supelco, Inc.) and 
developed in n-hexane-benzene 1 : I. 

Ozonolysis of isolated unknown (ECL on 
BDS 16.88) was carried out with oxidative 
work-up (9). The products were examined on a 
glass column 6 ft in length x 0.3 mm ID packed 
with 5% SE-30 on Gas-Chrom Q, operated in a 
Varian Hi-Fy at 150 C. Authentic standards for 
comparison included di- and monocarboxylic 
acids, normal hydrocarbons (for Kovats Index 
determinations) and methyl ketones such as 
2-nonanone, etc. 

The unknown fatty acid methyl ester was 
converted to the dihydroxy derivative and 
thence to the di-trimethylsilylether (di-TMSE) 
derivative by the method of CapeUa and Zorzut 
(10). Mass spectra of the unknown, the dihydro 
form and the di-TMSE derivative were recorded 
on a DuPont CEC21-110B double focusing 
mass spectrometer at 70 eV. Samples were 
inserted into the source at 30 C using a variable 
temperature probe. 

The NMR spectra of the unknown fatty acid 
methyl ester and reference materials were run 
on a Varian A-60 spectrometer in deuterated 
chloroform. 

IR spectra of the unknown fatty acid, as the 
i-w~ :3"~ ester, and of squalene were run on a 
Uni(:am SP 100 as a fi]m on a salt block. 

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

The liver oil was shown by TLC to be 
virtually pure triglyceride with a fatty acid 
composition similar to most marine oil triglyc- 
erides (8,11). Qualitatively, two unusual fea- 
tures were apparent in the 16:0-17:0 region of 
the chromatogram on BDS (Fig. 1). These were, 
respectively, the anticipated peak ahead of the 
16:1co7 peak (shorthand for chain length: 
number of double bonds and position of double 
bond closest to the terminal methyl group 
[ 12] ), which could be expected if trans-6-hexa- 
decenoic acid were present, and another peak 
ahead of the 17:0, with ECL of 16.88, in a 
position commonly occupied by minor and 
trace components usually tentatively identified 
as 16:2co4, 16:2co6, etc., depending on the 
polarity of the column. On hydrogenation this 
component disappeared and a peak of equiv- 
alent size was found at ECL 16.30 in the 
hydrogenated product (Fig. 2). On Apiezon-L 
open-tubular columns the ECL values were, 

CH31 0 
II I I I 

C H 3 - O - C - ( C H z ) ~ - I  I CH T (CH2)o -CH3  
I I 
I I 

role 1 2 9 " (  J [ 

m / e  157' < i 

Scheme 1. 

respectively, 16.40 for unhydrogenated mate- 
rial (after isolation) and 16.30 fo r  hydrogen- 
ated material (a single peak in the total esters or 
also after isolation). 

Initially it was thought that the unknown 
component at ECL 16.88 would be the methyl 
ester of 7-methyl-6-hexadecenoic acid isolated 
by Sano from the blubber oil of an arctic 
finwhale (Balaenoptera physalus) and also 
shown to occur in blubber oil of the sperm 
whale (Physeter catodon) (13). The GLC prop- 
erties agreed with this view, and in the initial 
step in the identification, TLC on AgNOa/silica 
gel, the unknown had the same Rf value as 
trans-6-hexadecenoic acid, this corresponding 
approximately to the Rf position found by 
Sano. The ECL for the unknown after hydro- 
genation, 16.30 on both BDS and AP-L col- 
umns, indicated a methyl branch in the Cs, C6, 
C7, C 8 or possibly the C 9 position, but 
eliminated all other positions for a monomethyl  
branch, and also ruled out most possible iso- 
prenoid structures (8,14,15). 

The NMR spectrum showed the presence of 
only one olefinic proton (65.10, triplet, J = 6 
Hz), thus indicating that the methyl branch was 
located on the double bond. Moreover, the 3 
proton signal at 61.57 is consistent with a 
methyl group allylic to a double bond. 

The IR spectrum showed absorption bands 
typical of a fatty acid methyl ester with 
absorption at 840 cm -1 due to C-H out of plane 
deformation of a trisubstituted ethylenic dou- 
ble bond, a weak absorption at 1670 cm-] due 
to C=C stretching and a doublet at 1380 cm -1 , 
characteristic of a methyl branching. These 
three bands were also found in the spectra of 
squalene run as reference standard. 

The hydrogenated compound isolated (ECL 
on BDS of 16.30) (Scheme 1) gave a molecular 
ion at m/e 284 and typical methyl ester details 
(Fig. 3). There were intense fragment ions at 
m/e 157 and 129. These ions are consistent 
with cleavage a to a branched methyl group as 
described by Ryhage and Stenhagen (16). 

The mass spectra of the original unsaturated 
unknown (ECL on BDS of 16.88) gave a 
molecular ion at m/e 282 tentatively suggesting 
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the C 17 mono-o le f in i c  m e t h y l  b r a n c h e d  struc-  
ture  f o u n d  by  Sano. Moreover  the  spec t rum 
(Fig. 3) s t rongly  r e sembled  t h a t  pub l i shed  for  
m e t h y l  7 - m e t h y l - 6 - h e x a d e c e n o a t e  in m a n y  de- 
tails, giving in tense  peaks  at  m / e  138, 167, 115 
and  155, as also r epo r t ed  by  Sano (13) .  Due to 
the labi l i ty  of  the olef inic  b o n d  u p o n  e lec t ron  
i m p a c t  (17 ,18) ,  the  l oca t i on  of the  unsa tu-  
ra t ion  could  n o t  be d e t e r m i n e d  di rect ly  f rom 
the u n s a t u r a t e d  acid m e t h y l  ester ,  and  an 
i somer ic  s t ruc tu re  would  l ikely give m a n y  
co r r e spond ing  spect ra l  fea tures .  The  mass spec- 
t ra  for  m e t h y l  3 ,7 ,11 - t r ime thy ldodeca -6 ,10 -d i -  
enoa te ,  and  an isomeric  f o r m  wi th  the  cen t ra l  
doub le  b o n d  in a vinyl ic  side chain  (19)  b o t h  
show m a n y  fea tures  in c o m m o n ,  and  these  are 
also similar to  the  lower  molecu la r  weight  
f r agments  of  the  original  m o n o e t h y l e n i c  un-  
k n o w n  (Fig. 3). This  is a f u r t h e r  i nd ica t ion  of 
the  d i f f icul ty  of assigning the  l oca t ion  of 
e thy len ic  u n s a t u r a t i o n  by  mass spectra .  

The  d i - t r ime thy l s i ly le the r  of  the  d i h y d r o x y  
derivative (Fig. 3)  typ ica l ly  exh ib i t ed  s t rong 
M-15 (m/e  445)  and M-31 (m/e  429)  peaks.  The 
m o s t  in t ense  ions appea red  at m / e  243-245 
co r r e spond ing  to cleavage b e t w e e n  the  two 
t r ime thy l s i l y loxy  g roups  (16) .  This resul t  un-  
expec ted ly  showed  the  doub le  b o n d  to  be in 
the  C7-C 8 pos i t ion  and  n o t  in the  an t i c ipa t ed  
C6-C 7 pos i t ion  ( compare  [ 13] ). 

Ozonolys is  c o n f i r m e d  t h a t  the  s t ruc tu r e  had  
a 7 -me thy l  s u b s t i t u e n t  and  u n s a t u r a t i o n  in the  
C7-C 8 pos i t ion .  Of  the  two majo r  ox ida t i on  
p roduc t s ,  n o n a n o i c  acid was ident i f ied  as the  
m e t h y l  es ter  by direct  compar i son  of  r e t e n t i o n  
t imes w i th  m e t h y l  n o n a n o a t e .  The o t h e r  ma jo r  
p r o d u c t  had  a Kovats  Index  (20)  of  13.10 on 
an AP-L coa ted  o p e n - t u b u l a r  co lumn .  The  value 
ca lcula ted  for  m e t h y l  7 - ke t o - oc t anoa t e  f rom 
r e t e n t i o n  da ta  for  m e t h y l  esters  of n o r m a l  acids 
and  of  2 -ke tones  was 13.14. I f  adipic acid or 
2 - u n d e c a n o n e  ( f rom the  i somer ic  acid isola ted 
by Sano)  were i nc luded  in the  p r o d u c t s  the  
p ropo r t i ons  were m i n o r  ( < 5 % ) ,  a l t h o u g h  the i r  
absence  could  no t  be posi t ively  d e m o n s t r a t e d .  

Most  of  the f a t ty  acids in samples  of mar ine  
lipids e x a m i n e d  in our  l a b o r a t o r y  are conve r t ed  
to m e t h y l  esters  and  h y d r o g e n a t e d .  Many such  
samples  have been  n o t e d  to c o n t a i n  small  
p r o p o r t i o n s  of  a peak co r r e spond ing  to  m e t h y l  
7 - m e t h y l h e x a d e c a n o a t e  (11 ,21-25) ,  a l t h o u g h  
this  was in the  pas t  always t h o u g h t  to  arise 
f rom the  m e t h y l  7 - m e t h y l - 6 - h e x a d e c e n o a t e  re- 
p o r t e d  by Sano.  The  l a t t e r  acid has been  
t en ta t ive ly  iden t i f i ed  in th is  l a b o r a t o r y  in a 
sperm whale  oil sample in a p r o p o r t i o n  similar 
to  t h a t  of  the 7 - m e t h y l - 7 - h e x a d e c e n o a t e  
isomer.  The  origins and  reasons  for  specific 
a ccumula t i ons  in  some samples  of  e i the r  or 

b o t h  the  7 -me thy l -6 -hexadeceno ic  and 7-meth-  
y l -7 -hexadeceno ic  acids r emain  obscure ,  al- 
t h o u g h  the l a t t e r  may be in some way l inked  to 
the coe len tera tes ,  specif ical ly je l lyf ish,  sus- 
pec t ed  to  fo rm a par t  of  the  diet  of  the  ocean  
sunf i sh  (1).  This  view is s u p p o r t e d  by  the  
def in i te  p resence  of  the  trans-6-hexadecenoic 
acid in the sunf i sh  liver oil, as th is  acid has now 
been  c o n f i r m e d  as a c o m p o n e n t  fa t ty  acid in 
je l lyf ish  (4). 
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ABSTRACT 

Ceramides and cerebrosides isolated 
from P h y c o m y c e s  blakesleeanus and Fu- 
sarium lini together comprise ca. 0.2-0.3% 
of the cell dry weight, which is ca. 7-8% 
of the wet weight. The long chain bases 
obtained from these sphingolipids are (A) 
16-methyl-4-hydroxy heptadecasphinga- 
nine; (B) 4-hydroxy octadecasphinganine; 
(C)  1 7 - m e t h y l - 4 - h y d r o x y  octadeca- 
sphinganine; (D) 18-methyl-4-hydroxy 
nonadecasphinganine; (E) 19-methyl-4- 
hydroxy eicosasphinganine; (F) 20-meth- 
yl-4-hydroxy heneicosasphinganine; (G) 
2 0 - m e t h y l - 4 - h y d r o x y  heneicosa-X 1 - 
sphingenine; (H) 20-methyl-4-hydroxy- 
heneicosa-X2-sphingenine; (I) 4-hydroxy 
docosasphinganine; (J) 4-hydroxy docosa- 
Xl-sphingenine; and (K) 4-hydroxy do- 
cosa-X 2-sphingenine (The position, geom- 
etry and nature of unsaturation are 
unknown. The subscripts indicate the 
presence of two different unsaturated 
bases.) The occurrence in biological mate- 
rials other than mushrooms of bases (D), 
(F), (G), (H), (I), (J) and (K) has not 
been previously reported. (The nomen- 

clature used is that recommended by 
IUPAC-IUB Commission on Biochemical 
Nomenclature. The configurations at car- 
bon atoms 2, 3 and 4 are unknown in all 
cases.) The major normal fat ty acids are 
palmitate, stearate, octadecenoate and 
octadecadienoate in P. blakesleeanus and 
stearate in F. lini. The predominant  
hydroxy fatty acids are hydroxypenta-  
decanoate and hydroxypalmita te  in P. 
blakesleeanus and hydroxy stearate in F. 
lini. The hexose from the cerebrosides of 
both fungi is glucose, except cerebroside 
II of P. blakesleeanus which contains 
glucose and galactose. 

INTRODUCTION 

The isolation and partial characterization of 
the sphingolipids from cultivated edible and 
wild mushrooms was reported previously (1). 
Since mushrooms occupy the highest class, 
Basidiomycetes, of the order Eumycophyta  
(true fungi), it  was decided to investigate for 
comparative and classification purposes the 
sphingolipids of the lowest, most primitive class 
of true fungi, Phycomycetes,  and fungi of 
uncer ta in  classification, Fungi imperfecti .  

T A B L E  I 

I so l a t ion  P r o c e d u r e  a n d  Yields  o f  S p h i n g o l i p i d s  f r o m  Phycomyces blakesleeanus a n d  Fusarium lini 

Phycomyces Fusarium 
P r o c e d u r e  blakesleeanus, g linL g 

1. Cell w e t  w t  a 6 7 1 . 0  1 5 5 0 . 0  
2. Cell d ry  w t  4 7 . 2  1 2 4 . 0  
3. A c e t o n e  so lub le  m a t e r i a l  12 .3  13 .7  
4. C h l o r o f o r m - m e t h a n o l  2 :1  so lub le  m a t e r i a l  7 .7  10 .9  
5. L ip ids  a f t e r  F o l c h  dia lys is  o f  3. a n d  4. c o m b i n e d  12 .8  14 .3  
6. Silicic ac id  c h r o m a t o g r a p h y  

Neu t r a l  l ip ids  5.9 10 .8  
Po la r  l ip ids  3 .2  2 .5  
Po la r  l ip ids  a f t e r  N a O H  2 .0  1.7 

7. Silicic ac id  c h r o m a t o g r a p h y  o f  p o l a r  l ip ids  
C e r a m i d e s  0 , 1 7 0  0 . 1 7 0  
C e r e b r o s i d e s  0 , 0 8 0  0 . 1 5 0  

8. Flor is i l  c h r o m a t o g r a p h y  
C e r a m i d e  I 0 . 0 7 3 6  0 . 0 9 4 5  
C e r a m i d e  II 0 , 0 2 2 1  0 , 0 7 5 1  
C e r e b r o s i d e  I 0 , 0 2 2 0  0 . 0 3 1 4  
C e r e b r o s i d e  II 0o0413  0 . 0 3 8 5  

aSee t e x t  f o r  deta i ls .  
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TABLE II 

Long Chain Bases and Alcohols Derived from 
Sphingolipid Fractions of Phyeomyees blakesleeanus 

Long chain 
Fraction Phytosphingosinea, b Per cent alcohola, c Per cent 

Ceramide i17:0 3.7 i14:0 1.2 
n18:0 21.8 nlS:0 22.8 
i18:0 14.0 i15:0 14.8 
i19:0 8.0 i16:0 11.7 
i20:0 8.5 i17:0 15.6 
i21:0 39.0 i18:X 1 2.4 

i18:X 2 21.8 
i18:0 4.5 

n22:0 5.0 nl9:X 1 2.0 
n l9 :X 2 3.2 

Cerebroside i17:0 3.1 i14:0 4.0 
n18:0 31.'7 n15:0 9.2 
i18:0 i15:0 1.2 
i19:0 19.6 i16:0 25.4 
i20:0 32.5 i17:0 32.6 
i21:0 7.3 i18:X 1 3.7 

i18:X 2 9.2 
i18:0 3.6 

n22:0 5.8 rtl9:X 1 2.8 
n l9 :X 2 6.0 
hi9:0 2.3 

aCeramides I and II and cerebrosides I and II obtained from Florisil chromatography, 
Table I, were analyzed for long chain bases, derived long chain alcohols and fatty acids. The 
values obtained for each component from each of the sphingolipid pairs were averaged and 
presented in the appropriate tables. 

bBases were obtained from sphingolipids hydrogenated over platinum by acid hydrolysis 
and analyzed by gas chromatography as trimethylsilyl derivatives. 

Clntact sphingolipids were degraded with periodic acid, and the isolated aldehydes were 
reduced with sodium borohydride to alcohols which were determined by gas chromatography 
as trimethylsilyl derivatives. The subscripts represent different alcohols of unknown unsatu- 
ration. See text for details. 

Phycomyces  blakesleeanus and Fusarium lini 
were chosen  as representa t ives  of the former  
and lat ter  classes, respectively.  

METHODS AND MATERIALS 

Column (CC), th in  layer  (TLC) and gas (GC) 
chromatographies  and IR spec t roscopy  were 
pe r fo rmed  as described previously (1). Column 
fract ions were analyzed for  long chain bases 
(LCBs), serine and e thano lamine  (H.L. Meltzer,  
unpubl i shed  results),  hexose  (2), phospha t e  (3) 
and ester  groups (4). Ascending  TLC with 
s o l v e n t  sys tems c h l o r o f o r m - m e t h a n o l - H 2 0  
100:42:6  (5) and ch lo ro fo rm-methano l -28% 
NH4OH 65:35:5  (6) was used to mon i to r  the 
puri ty  of  f ract ions ob ta ined  by CC, and prepar-  
ative TLC with  the fo rmer  solvent was em- 
p loyed  when fur ther  pur i f ica t ion was necessary.  
C o m p o n e n t s  were de tec ted  by a variety of 
reagents (7) but  preferably  by iodine vapor.  A 
6.0 ft ,  0.25 in. ID glass co lumn  packed with 3% 
SE-30 on Gas Chrom Q was used for  the GC 
de te rmina t ion  of  LCBs, long chain alcohols and 
simple sugars as their  t r imethyls i ly l  (TMS) 

derivatives (8-10);  fa t ty  acids were de te rmined  
as me thy l  or e thy l  esters and h y d r o x y  fa t ty  
acids as me t h y l  esters-TMS ethers.  Column 
tempera tures  of  195 C and 240 C were em- 
p loyed for de te rmin ing  bases of chain length up 
to C-18 and b e y o n d  C-18, respectively.  The 
lower  and uppe r  ranges of  the  series of normal  
and iso alcohols of  chain l eng th  C-14 to C-21 
were analyzed at 150 C and 165 C, respectively.  
Fa t ty  acids and sugars were analyzed at co lumn 
tempera tures  of  165 C and programing f rom 
100-210 C at 2 C/rain, respectively.  

Reference  c o m p o u n d s  were ob ta ined  as fol- 
lows: Cerebrosides were prepared  f rom bovine 
brain (11)~ sphingosine was isolated as the 
sulfate salt after  acid hydrolys is  of  cerebrosides  
(11);  d ihydrosphingos ine  was obta ined by 
reduct ion  of  sphingosine free base in e thanol  
over p la t inum;  O-methyl  e thers  were isolated as 
descr ibed earlier ( 12,13); phy tosph ingos ine  was 
ob ta ined  f rom the yeast  HansenuIa ciferri (14);  
the ceramides  N-myr is toylsphingos ine  and 
N-pa lmi toy ld ihydrosphingos ine  were synthe-  
sized (15); psychos ine ,  fa t ty  acid esters and a- 
and/3-methyl  glycosides were e i ther  commerc ia l  
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T A B L E  II I  

L o n g  Chain Bases a nd  Alcohols  Der ived  f r o m  Sphingol ip id  Frac t ions  of  Fusarium lini 

Long  chain 
Frac t ion  Phy tosph ingos ine  Per cent  a lcohol  Per cent  

Ceramide  i17 :0  15.5 i 114 :0  19.6 
n 1 8 : 0  63.4 h i 5 : 0  43 .8  
i 18 :0  1.6 i 1 5 :0  3.3 
i19 :0  9.1 i16 :0  14.8 
i 20 :0  8.8 i17 :0  14.8 
i 21 :0  1.6 i18 :X  1 2.3 

i18 :X  2 0.3 
i 1 8 :0  0.3 
n l 9 : X  1 0.3 
n l 9 : X  2 0.5 

Cerebros ide  i17 :0  10.5 i 1 4 :0  10.6 
n 1 8 : 0  20 .9  n 1 5 : 0  10.9 
i18 :0  16.3 i15 :0  10.6 
i 19 :0  2.8 i16 :0  10.9 
i 20 :0  38.4 i17 :0  30.2 
i21 :0  11.1 i 1 8 :X  1 2.3 

i18 :X 2 19.4 
i 1 8 :0  5.1 

products or prepared; normal alcohols were 
purchased, and branched chain iso and anteiso 
alcohols were prepared from their corre- 
sponding branched chain fatty acid mixtures 
BC-1 and BC-L from Applied Science Labs 
(1,5). 

The logarithms of the retention times of 
standard LCBs vs. their carbon numbers were 
plotted to obtain equivalent chain lengths 
(ECL). This plot was used to calculate the ECLs 
of unknown LCBs. Due to the lack of several 
LCB standards, the retention data presented by 
Carter and Gaver (9) was adapted for our use. 

Isolation of Sphingolipids 

Nine 2.5 liter Erlenmeyer flasks, each con- 
taining 1 liter of modified Czapek-Dox medium 
(16), were inoculated with a spore-mycelial 
suspension of NRRL 2204 F. lini and shaken at 
constant temperature of 28 C for 2 weeks. The 
mycelia were removed by filtration on a Buch- 
ner and washed on the funnel with several liters 
of distilled water. Phycomyces blakesleeanus, 
ATCC 6200, was grown, also, on a defined 
medium (17,18), and the mycelia were treated 
in the same manner as that used for /~: lini. 
After homogenization of each washed fungus in 
500 ml acetone in a Waring blender and 
filtration, the cells were treated two additional 
times with the same volumes of acetone and 
three times with chloroform-methanol (C/M) 
2:1. The combined acetone and C/M filtrates 
were concentrated separately to dryness under 
reduced pressure. To the combined acetone and 
C/M residues from each fungus were added 160 
ml chloroform, 80 ml methanol and 60 ml 

water for a Folch dialysis (19); the upper phase 
was discarded, and the same amount of fresh 
upper phase was added. After mixing and 
centrifugation, the lower phase was concen- 
trated to dryness. The residue was loaded from 
chloroform on a 60 g silicic acid column, the 
neutral lipids were eluted with 1500 ml chloro- 
form and the polar lipids with 1 liter methanol. 

After removal of methanol, the polar lipids 
were subjected to mild alkaline hydrolysis 
followed by a Folch dialysis (1,5). The residue 
from the lower phase was reapplied from 
chloroform to a 30 g silicic acid column. After 
passage of 1 liter chloroform (discarded), the 
column was developed successively with 750 ml 
each of C/M 96:4 and C/M 80:20 to remove 
ceramides and cerebrosides, respectively. The 
ceramide and cerebroside fractions, after re- 
moval of solvent, were loaded on separate 10 g 
Florisil columns (20,21). The ceramide-con- 
taining column was treated successively with 
100 ml chloroform (discarded) and 175 ml each 
of  C/M 96:4 and C/M 42:4 to give ceramide I 
and ceramide II fractions, respectively. Simi- 
larly, the column containing cerebrosides was 
developed successively with 100 ml C/M 96:4 
(discarded) and 175 ml each of C/M 42:4 and 
CM/ 2:1 to yield cerebroside I and cerebroside 
I1 fractions, respectively. 

Hydrolysis of Sphingolipids 

Fractions, 2-5 mg, were hydrolyzed in 2 ml 
concentrated HC1/methanol/water 3:29:4 in a 
heating block at 78 C for 18 hr, and the fatty 
acids and LCBs were isolated (1,5) and" ana- 
lyzed as described above. A separate sample of 
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TABLE IV TABLE V 

Fatty Acids of Phycomyces blakesleeanus Fatty Acids of Fusarium lini 

Fatty acid Ceramide, % Cerebroside, % Fatty acid Ceramide, % Cerebroside, % 

n12:0 1.4 0.2 n12:0 0.2 
n13:0 1.4 1.4 HO-nl2:0 0.4 Trace 
n14:0 2.5 1.5 n13:0 0.I 0.2 
i14:0 0.5 0.6 HO-nl 3:0 0.1 Trace 
n lS :0  3.2 2.3 n14:0 0.4 0.2 
HO-15:0 9.8 1.3 i14:0 0.8 0.1 
n16:0 21.0 17.9 HO-n 14:0 Trace 0.1 
n16: l  2.9 0.6 nlS:0  0.8 0.2 
HO-16:0 1.0 41.5 HO-nlS:0 0.1 0.4 
n18:0 11.8 7.6 n16:0 2.0 0.2 
n18: l  31.2 15.0 i16:0 0.1 0.1 
n18:2 6.8 7.1 HO-n 16:0 12.4 2.3 
n18:3 0.5 0.4 n iT:0  0.4 0.1 
HO-18:0 0.7 1.0 n18:0 6.4 0.4 
n19:0 2.9 n18: l  1.2 0.4 
n19: l  0.7 n18:2 1.1 0.5 
n 2 0 : O  1.1 1.2 HO-n 18:0 71.1 94.2 
i20:1 0.6 0.4 n19:0 0.2 0.3 

n20:0 2.4 0.1 

cerebros ide  was m e t h a n o l y z e d  in a n h y d r o u s  IN 
HC1/methanol  for  sugar analyses (1 ,10) .  

Reduction of Sphingolipids 

I n t a c t  lipids, 3-5 mg in 2 ml e t h a n o l  con ta in -  
ing 3 mg p l a t i n u m  oxide,  were h y d r o g e n a t e d  at  
35 C for  2 hr  accord ing  to  the  p rocedu re  
descr ibed previously  (1). The  reduced  lipids 
were h y d r o l y z e d  in the  same m a n n e r  as t ha t  
used  for  the  u n r e d u c e d  lipids. 

Periodate Oxidation Sodium Borohydride Reduction 

I n t a c t  u n r e d u c e d  and  r educed  lipids,  1-3 mg, 
were suspended '  in 2 ml m e t h a n o l / w a t e r  9:1 
fo l lowed  by the  add i t i on  of  0.15 ml of 0.2 N 
aqueous  per iod ic  acid. Af te r  warming  the  reac- 
t ion  m i x t u r e  at  40  C for  15 min  and  s t and ing  at 
r o o m  t e m p e r a t u r e  for  2 hr ,  the  long  chain  
a ldehydes  were isola ted and  reduced  to alcohols  
(1,5) .  

Partial Fractionation of Neutral Lipids 

Afte r  r emova l  of c h l o r o f o r m ,  3.0 g neu t ra l  
l ipid f rom F. lini were loaded  on a 30  g silicic 
acid c o l u m n  wh ich  was successively deve loped  
wi th  500  ml po r t i ons  of  h e p t a n e  and  chloro-  
fo rm.  The residue f rom the  h e p t a n e  e luate  
c o n t a i n e d  long  chain  f a t ty  acid e thy l  esters 
which  were ana lyzed  by  GC. A po r t i on  of  these 
e thy l  esters were h y d r o l y z e d  w i th  mi ld  alkali  at  
r o o m  t empera tu re ,  and  the  free f a t ty  acids were 
rees ter i f ied  w i th  d i a z o m e t h a n e .  

RESULTS 

A p p r o x i m a t e l y  92-93% of each  fungus  is 
wate r  (Table  I). The neu t r a l  and po la r  l ipids of  
P. blakesleeanus are 12.0 and  6.0% respect ively ,  

of  the  cell dry  weight ,  whereas  in F. lini t he  
neu t ra l  and  po la r  f rac t ions  are 9 .0  and  2.0%, 
respectively.  The final  c o m b i n e d  ceramides  and  
cerebros ides  f r o m  P. b lakes leeanus  and F. lini 
represen t  ca. 0.4 and  0.2% of the  dry weight ,  
respect ively.  Ceramides  compr i se  ca. 60% in P. 
blakesleeanus and  70% in F. lini of the  to ta l  
sphingol ipids .  

Af te r  hydro lys i s  of  the  ceramides  and  cere- 
brosides  f rom P. b lakes leeanus  and F. lini, t he  
bases o b t a i n e d  are all p h y t o s p h i n g o s i n e  h o m o -  
logs ranging in l eng th  f rom C-17 to C-22 
(Tables  II, III) .  Excep t  for  the  presence  of  
n o r m a l  18:0  and  22 :0 ,  all of  the  bases are of 
the  iso series. In the  ceramides  and  cerebros ides  
of  P. blakesleeanus,  the  ma jo r  bases are n 1 8 : 0 ,  
i 2 0 : 0  and  i 2 1 : 0  (Table  II).  The d o m i n a n t  bases 
of  F. lini are n 1 8 : 0  and  i20:0 .  The  a lcohols  
o b t a i n e d  f rom per ioda te  ox ida t i on  of the  i n t ac t  
lipids fo l lowed by sod ium b o r o h y d r i d e  reduc-  
t ion  of  the  i so la ted  a ldehydes  disclosed two  
u n k n o w n  u n s a t u r a t e d  c o m p o n e n t s  each in the  
i18 and  n 2 2  series (Tables  II, III).  These bands  
d isappear  in to  the i r  co r r e spond ing  analogs af te r  
s imilar  t r e a t m e n t  of  ox ida t i on  and  r e d u c t i o n  of  
the  r educed  i n t a c t  lipids. In those  cases where  
all th ree  a lcohols  are p resen t  in e i the r  the  i 18 or 
n19  series, the  ma jo r  c o m p o n e n t  is the  corre-  
spond ing  i 18/X~ or  n 19/X~,  respect ively.  

Palmit ic ,  stearic,  oleic and  l inoleic acids are 
the  major  n o r m a l  f a t t y  acids in P. blakesleeanus 
(Table  IV);  the  d o m i n a n t  h y d r o x y  fa t ty  acids 
are h y d r o x y p e n t a d e c a n o a t e  in ceramide  II and  
h y d r o x y p a l m i t a t e  in cerebros ides  I and II. The  
ma jo r  fa t ty  acid of  the  sphingol ip id  f rac t ions  of  
F. lini is h y d r o x y s t e a r a t e .  

The  sugar p resen t  in the  cerebros ides  of  b o t h  
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fungi is glucose, except for cerebroside II of P. 
blakesleeanus, which contains equal amounts of 
glucose and galactose. 

The free fatty acid ethyl esters from the 
neutral lipid fraction of F. lini are n14:0,  
n l 5 : 0 ,  n l6 :0 ,  n l 6 : l , n l 8 : 0 ,  n l 8 : l  and n18:2;  
their percentages are 3.1, 3.1, 25.5, 2.0, 10.2, 
30.6 and 25.5, respectively. These esters were 
confirmed by the similar retention times of 
authentic ethyl esters and by comparison with 
known methyl esters, after conversion of thy 
unknown ethyl esters to methyl esters before 
and after hydrogenation. 

DISCUSSION 

In recent studies of the total lipids of the 
cultivated mushroom, Agaricus bisporus (22) 
sphingolipids Were not found; nor were they 
reported in the polar lipids, which comprised 
ca. 40% of the total lipids, of the thermophilic 
fungus Humicola  grisea (23). In the current 
investigation, it is firmly established that sphin- 
golipids, as ceramides and cerebrosides, are 
present in fungi of the most primitive class, 
Phycomycetes, as well as in the most complex 
class, Basidiomycetes (1). Since these lipids 
represent ca. 0.003% of the wet weight, they 
may have been easily overlooked if insufficient 
amounts of material were processed. The over- 
all pattern of base composition, which has no 
obvious symmetry, in P. blakesleeanus and F. 
lini resembles generally, with some base omis- 
sions, that of the mushrooms (1). 

The divergence in some cases between the 
percentages of LCBs and their corresponding 
alcohols is attributed mainly to differential 
destruction of bases, primarily the unsaturated 
compounds of the i21 and n22 series, during 
hydrolysis of the sphingolipids. As a result of 
this variable degradation, the LCB data are 
presented in the tables in their reduced form. 
Similarly, the alcohols obtained from the free 
bases, after periodate oxidation and sodium 
borohydride reduction, do not  correspond to 
the complete pattern of alcohols which is 
obtained by treatment of the intact lipids with 
these reagents. The superiority of the Carter 
and Hirschberg procedure (5) for the identifi- 
cation of LCBs by degradation to identifiable 
alcohols is due to the mild conditions em- 
ployed. Had identification of the LCBs been 
sought via oxidation of the derived long chain 
aldehydes to their corresponding carboxylic 
acids by present methods, the unsaturated 
components of the i18 and n19 series would 
probably not have been observed. One possible 
difficulty in employing the alcohol procedure 
for routine identification may be in the occur- 

rence of LCBs of low molecular weight; these 
may yield partially volatile alcohols which 
would be lost during processing. Thus the most 
reliable and reproducible data regarding the 
composition of phytosphingosines in the sphin- 
golipids of fungi are those derived from the 
alcohols after appropriate treatment of the 
intact lipid. No dihydroxy bases were found 
after hydrolysis of either the unreduced or 
reduced lipids. 

The bases previously found in other bio- 
logical materials (24) and present in P. 
blakesleeanus and F. lini are: (A) 16-methyl-4- 
hydroxy heptadecasphinganine; (B) 4-hydroxy 
octadecasphinganine; (C) 17-methyl-4-hydroxy 
octadecasphinganine; and (D) 19-methyl-4- 
hydroxy eicosasphinganine. The new bases, 
which have not been previously reported other 
than in mushrooms, are: (E) 18-methyl-4-hy- 
droxy nonadecasphinganine; (F) 20-methyl-4- 
hydroxy heneicosasphinganine; (G) 20-methyl- 
4 - h y d r o x y  heneicosa-Xl-sphingenine; (H) 
2 0 - m e t h y l - 4 - h y d r o x y  heneicosa-X2-sphin- 
genine; (I) 4-hydroxy docosasphinganine; (J) 
4-hydroxy docosa-X 1-sphingenine; and (K) 
4-hydroxy docosa-X2-sphingenine. 

The general structure strongly indicated for 
the phytosphingosines in the various sphingo- 
lipid fractions is 1,3,4-trihydroxy-2-amino-n-or 
i-alkane; the unsaturated members may contain 
single or multiple olefinic or acetylenic bonds, 
or both. The arguments for this conclusion are 
the same as those presented earlier (1). Prob- 
lems to be completed regarding the bases are 
determination of: (a) the configuration of 
carbon atoms 2, 3 and 4; (b) position, geometry 
and nature of unsaturation in bases of the i21 
and n22 series; and (c) anomeric configuration 
of the glycosidic linkage in the cerebrosides. 
Similarly, the position and configuration of the 
hydroxyl groups and double bonds of the fatty 
acids also remain to be determined to establish 
their structures unequivocally. 
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Addition Compounds of Oxidizing Tocopherol and 
Soybean  Lecithin 1 
W.L. PORTER, A.S, HENICK and L.A. LEVASSEUR, Food Laboratory, 
U.S. Army Natick Laboratories, Natick, Massachusetts 01760 

ABSTRACT 

Evidence is p resen ted  for  the for- 
mat ion  of  addi t ion c o m p o u n d s  f rom to- 
cophero l  and soybean  leci thin,  when  
adsorbed  in mono laye r  on silica f rom a 
mixed  solut ion in ch lo ro fo rm and oxi- 
dized at 80 C for 72 hr. Tocophero l  was 
p resen t  at 7 mol % of the leci thin in the 
monolayer .  The c o m p o u n d s  p roduced  are 
analogous to  l inoleic ac id- tocophero l  ad- 
ducts  previously r epor ted  by us. UV 
spectra  of the mixed  leci thin  and tocoph-  
erol monolayers  while in silica gel slurry 
in a solvent  were ob ta ined  by the m e t h o d  
previously r epor ted  by us for  oxidized 
linoleic acid a n d t o c o p h e r o l  monolayers .  
The mono laye r  spectra  show no evidence 
for  t ocophe ro l  dimer.  A minor  amoun t  of  
qu inone  is indica ted ,  but  the spec t rum 
has a m a x i m u m  at 287 nm with  no  o the r  
major  peaks. The p roposed  addi t ion  com-  
pounds  have been character ized by trans- 
es ter i f icat ion and hydrogena t ion ,  UV, IR,  
thin layer ch roma tog raphy  and gas chro- 
ma tography  re t en t ion  behavior,  mass 
spec t rome t ry  and e lementa l  analysis. IR 
spectra  of  tw ice -ch romatographed  addi- 
t ion c o m p o u n d s  show specific leci thin 
absorp t ion  bands (5.75 /~; 10.3 g)  to- 
gether  with.  m u c h  enhanced  3.4-3.5, 6.8, 
7.25 and 9.14 /~ peaks, the lat ter  two  
being character is t ic  of a - tocophero l .  The 

1paper No. TP-1225 in the U.S. Army Natick Labs. 
Series. 

TABLE I 

Yields of Lecithin-Tocopherol Adducts 

UV spec t rum of  the adducts  showed  
CHCI 3 ~'max 287 nm,  wi th  shoulders  at 276 

and 300 nm.  Hydrogena t ion  removed  the 
peaks at 287 and 276 nm,  leaving a peak 
at 300 n m  similar to  tha t  of  the linoleic 
ac id- tocophero l  adduct .  Esters of the 
adducts  p repared  by t ranses ter i f ica t ion 
and hydrogena t ion  were similar by all our  
chemical ,  ch romatograph ic  and spectral  
tests to  the previously character ized 
esters o f  the linoleic ac id- tocopherol  
adduct .  

aFrom a monolayer of 200 mg lecithin and 8 mg 
tocopherol adsorbed on l g silica. See text for source 
of C l and C 2, 

INTRODUCTION 

Skinner  and Parkhurs t  ( l )  have summar ized  
the main ox ida t ion  p roduc t s  of a - tocophero l ,  
o ther  than the well k n o w n  dimers and trimers.  
Adduc t s  wi th  o the r  molecules are seldom 
s h o w n .  5 -Benzoyl -oxymethy l -d l -~- tocophero l  
and the 5 -a lkoy loxymethy l  derivatives have 
been prepared.  A s tyrene  adduc t  was prepared  

TABLE II 

Comparative Thin Layer 
Chromatography on Silica G 

System Concentration Rf 

HEX/EE/HAc 95 : 5 : 1 0.31 
HEX/EE/HAc 80:20:1 0.59 
PE/EE/HAc 30: 70:1 0.92 

TABLE IIl 

Tocopherol Adsorbed on Silica from 
Chloroform Solution a in the Presence of Lecithin 

Experiment 

Tocopherol adsorbed, mg/g silica 

Ethanol extraction and 
Silica UV Emmerie-Engel a s s a y  

Experiment Yield, mg a Per cent C 1 Per cent C 2 1 13.4 --- 

2 8.3 7.2 1 2.7 . . . . .  
2 4.0 24 76 3 8.5 6.7 
3A 3.7 47 53 4 6.8 --- 

5 7.6 --  3B 2.4 . . . .  Mean 7.8 +- 0.8 b 7.0 + 0.3 c 4A 3.1 34 66 
4B 3.8 39 61 
5 3.4 42 58 aAdsorbing solution contained for each experiment, 

Mean -+ SD 3.3 -+ 0.6 200 mg each of tocopherol and lecithin in 20 ml chlo- 
roform with 1 g acid-washed Silica G. 

bMean and standard deviation of last four experi- 
mental values. 

CAverage error -+2[d]/n. 
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FIG. 1. Oxygen uptake during oxidation of a 
mixed lecithin and tocopherol monolayer at 80 C. 
Tocopherol, 7 mol %. Shaded area includes data of 
three experiments with at least two samples each. 
Circles show data from one experiment. 

by Nilsson et al. (3). Skinner and Parkhurst (4) 
have prepared adducts with dihydropyran and 
tetracyanoethylene. Cyclic 5-methyleneoxy-6- 
oxy-7,8-dimethyl tocol phosphate has been 
prepared (1). Komoda and Harada (5 )have  
reported an adduct of tocored and soybean oil. 
Gardner et al. (6) have found an adduct of 
a-tocopherol and linoleic acid hydroperoxide. 

We have reported the formation of an 
adduct of linoleic acid and tocopherol (2), 
when these compounds are adsorbed from a 
mixed solution containing 5 mol % tocopherol 
in a monolayer on activated silica gel and 
oxidized in air at 80 C for 72 hr. We report 
herein evidence for the formation of adducts of 
oxidizing tocopherol and soybean lecithin simi- 
lar to the reaction reported for linoleic acid and 
tocopherol. 

EXPERIMENTALPROCEDURES 

Materials 
Silica Gel G for monolayer adsorption, 

column chromatographic silicic acid, Sephadex 
LH-20 and Silica G for thin layer chromatog- 
raphy (TLC), petroleum ether (PE) and nitro- 
gen were procured, purified and treated as 
reported (2,7). 

Chloroform, ACS reagent grade (Allied 
Chemical, Morristown, N.J.) was used for the 
adsorbing solutions and for chromatography. It 
was redistilled before use. Benzene, ethyl ether 
(EE, Merck and Co., Inc.) hexane (HEX), and 
methanol, ACS reagent grade (Allied Chemical) 
and 2,2-dimethoxypropane (Aldrich Chemical 
Co.) were used as received. Alumina (Fisher 
Scientific Co., Alumina Adsorption, for chro- 

o i  
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ol  

b 22 213 2~ 2Is 216 . . . . . . . . . . .  '2 3~ ~ 3's 3~ 3r ~'1 ~'9 
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FIG. 2. UV absorption spectra in silica slurry of 
adsorbed mixed lecithin and tocopherol monolayer. 
Postoxidation sample withdrawn after 48 hr at 80 C. 

matographic analysis, 80-200 mesh) was slur- 
fled in chloroform and washed on the column 
with 3 volumes of chloroform before use. 
Palladium, 10% on powdered charcoal (Mathe- 
son, Coleman and Bell), was used as received. 

Soybean lecithin (Alcolec gum) was pro- 
cured from American Lecithin Co. The lecithin 
was dissolved as a 5% (w/v) solution in chloro- 
form and purified by three repetitions of 
chromatography on alumina (8). The resulting 
material gave a single spot on TLC (Silica 
G-chloroform-methanol-water 65:25:4). Fatty 
acid analysis of the purified lecithin was by 
transesterification with BC13/MeOH at reflux 
temperature for 50 min and gas chromatog- 
raphy (GC) on a diethylene glycol succinate 
column (HI-EFF-1BP, 15% adsorbed on Gas- 
Chrom P, Applied Science Labs.). Average mol 
per cent of the major fatty acids were stearic, 
6.2; palmitic, 21.7; oleic, 13.4; linoleic, 53.6; 
and linolenic, 5.1. Calculated molecular weight 
based on this analysis: 770. Analysis: Calcu- 
lated for C43.1HTa.2OaPINI:  C, 67.2; H, 
10.2; P, 4.0. Found: C, 67.05, 66.92; H, 10.75, 
10.80; P, 3.97, 3.90. 

The d-ol-tocopherol was procured and puri- 
fied as in (2). UV, IR and silica slurry UV 
spectrophotometry were performed as de- 
scribed before (2,9). 

Adsorption and Oxidation Methods 
The method of anaerobic adsorption of lipid 

monolayers was reported in (7). In the present 
study, however, the adsorbing solution con- 
tained 200 mg purified soybean lecithin and 
200 mg of d-c~-tocopherol in 20 ml redistilled 
chloroform, contained in a 25 ml flask with 
ground glass stopper. One gram of quadruply 
acid-washed Silica Gel G activated at 110 C for 
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1 hr was used as adsorbent. Amounts of 
tocopherol adsorbed were determined by eth- 
anol extraction and Emmerie-Engel assay (10), 
by silica-UV spectrophotometry (9), and con- 
firmed by solution-UV spectrophotometry on 
the supernatant solutions at adsorption equilib- 
rium. Gravimetric measurements on the latter 
were used to determine lecithin adsorption by 
difference. 

The oxidation of the lipid monolayers at 
80 C and monitoring of oxygen in the head- 
space by gas partition chromatography was 
carried out as reported (2). 

Column Chromatography 

Chromatography of oxidized products was 
done in two stages (1). In the first stage, silicic 
acid and the eluants benzene, chloroform and 
chloroform-methanol were used. Since the oxi- 
dized products exist in monolayer on the silica, 
they may be eluted by benzene directly from 
the dry coated silica used as a support for 
oxidation, onto the silicic acid-benzene column 
for chromatography (2). Dimensions of the 
silicic acid column bed were 2.5 x 9 cm. 

Three relatively nonpolar products derived 
only from tocopherol are eluted by benzene at 
0.75, 1.25 and 2.0 bed volumes, respectively. 
They are well separated and are, in order of 
increasing elution volume, compounds X, Y and 
authentic tocopherol. The IR and UV spectra 
and behavior in TLC and gel filtration chroma- 
tography of compounds X and Y are similar to 
those of the two tocopherol trimer isomers 
(11). About 1.4 mg of each of these com- 
pounds is obtained from the 200 mg lecithin 
and 8 mg tocopherol present in the monolayer. 
Minor amounts of other tocopherol-derived 
compounds are eluted in later benzene frac- 
tions, one having a quinone moiety by TLC, IR 
and UV spectral evidence, but not identical 
with c~-tocopherol quinone. 

Adducts of tocopherol with lecithin appear 
only after prolonged elution of the silica 
column with chloroform-methanol mixtures. 
Typically, about two to three bed volumes of 
chloroform-methanol 2:1 are required. The 
adducts appear just ahead of authentic lecithin 
and are merged with it in later fractions. 

The second stage of chromatography was gel 
filtration of the above adduct fractions on 
Sephadex LH-20 in chloroform. This cleanly 
separates the adducts from authentic lecithin. A 
Chromatronix 1 in. chromatography column 
with Teflon injection valves and tubing (Chro- 
matronix Inc., Berkeley, Calif.) was used. The 
bed had dimensions of 2.54 x 44 cm. The 
relevant collected fractions from the silicic acid 
column were dissolved in 2 ml chloroform and 
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FIG. 3. UV spectra of: (A) ester of linoleic 
acid-tocopherol adduct; (B) ester of lecithin-tocoph- 
erol adduct. Solvent CHC13. 

passed through a sintered glass filter before 
column injection. The adduct products, of 
which there seem t o  be at least two species (C 1 
and C2) , appear at total bed volumes of ca. 0.6 
and 0.8, compared to 1.0 for lecithin. The two 
species are not completely separated by the gel. 
Table I shows the yields of adduct obtained. 

Characterization of Products 

TLC of the adducts on Silica G with 
chloroform-methanol-water 65:24:4 after suc- 
cessive separation on silicic acid and gel filtra- 
tion columns showed a single spot for one of 
the adduct species, C2, and a somewhat 
streaked spot for C 1. Mean Rf's of three runs 
were: C 1 0.46; C2 0.36; lecithin 0.30. The 
shape of the spots in two dimensional TLC 
suggested that C2 may be a single compound, 
while C 1 may be a mixture of adduct species; 
but neither can be regarded as a pure com- 
pound, as will be seen below. 

The adducts were pale yellow oils with UV 
xCHC13 287 nm; IR (bt) phosphatide.carbonyl, max 
5.75; methyl bend 7.25 (s); aromatih ether 
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TABLE IV 

IR Absorbance Ratios a of Critical Peaks for Lecithin and Adducts 

5 CH2/vCO vCH2/vC 0 5 CH3/vCO 
Compounds 6.84p SD b 3.45/.t SD 7.25p SD 10.3/.t/vCO SD 

Lecithin 
(soybean) 0.45 --  1.13 --- 0.08 --- 0.34 --  

C 1 0.67 +0.05 1.51 +-0.11 0.17 +-0.02 0.19 +-0.03 
C 2 0.69 -+0.05 1.64 +-0.26 0.23 +-0.02 0.30 +-0.03 

aAbsorbances were calculated by the tangent base line method of Potts (13). 
bstandard deviation. N = 4. 

s t re tch  and phospha t ide  P = O bend ,  8.00; 
phospha t ide  C-O-C, 8.58; phospha t ide  C-O-C 
and tocophe ro l  ch roman  C-O-C, 9.14; phospha-  
tide C-O-P, 9.37; leci thin (CH3)3N , 10.3. 

Analysis: F o u n d  (for  adduc t  species C2): C, 
68:23, 68.23; H, 10.85, 10.69; P, 3.39, 3.26. 

Calculated for  C72 .1H126P1010N1 (adduct  
o f  oxidized tocophe ro l  wi th  m o n o m e r  of leci- 
thin:  C, 72.2; H, 10.6; P, 2.6. 

Calculated for  C 11 s H 2 0 4 P 2 0 1 8 N 2  (adduct  
o f  oxid ized  tocophe ro l  wi th  dimer  of  leci thin):  
C, 70.3; H, 10.5; P, 3.2. 

Calculated for  C l s s H 2 8 3 P 3 0 2 6 N  3 (adduct  
o f  oxidized t ocophe ro l  wi th  t r imer  of  leci thin):  
C, 69.4; H, 10.4; P, 3.4. 

Calculated for  C43.1 H78.2 P108  N1 (average 
molecule  of  leci thin,  based on our GC fat ty  
acid analysis): C, 67.3; H, 10.2; P, 4.0. 

Since the lecithin adduc t  species were in- 

comple te ly  separa ted  f rom each other ,  they 
were t ransester i f ied by a mild p rocedure  to 
permi t  charac ter iza t ion  of  the adduc t  moie ty  
(12). First  9.3 mg of  the leci thin  adduct  C2 was 
dissolved in a mixture  of 2 ml MeOH and 5 ml 
2 ,2 -d ime thoxypropane  (DMP). Then the solu- 
t ion was f lushed 5 min wi th  dry N2, 0.2 ml of 
concen t ra t ed  HC1 was added  and the  flask 
s toppered .  Stirring was con t inued  at r o o m  
tempera tu re  for  20 hr. Next  15 ml H 2 0  was 
added to the react ion mix ture ,  which  was 
ex t rac ted  three t imes wi th  20 ml pe t ro leum 
ether.  The ex t rac t  was washed twice wi th  10 ml 
H 2 0  , once wi th  sa tura ted  NaC1, and dried over 
Na 2SO 4. Af te r  gel f i l t ra t ion of  the ext rac t  on 
Sephadex LH-20 (CHC13) , 3.0 mg of  a pale 
yel low oil was e lu ted  at 0.33 bed volumes 
( theoret ical  yie ld  f rom an adduc t  of one to- 
copherol  molecule  wi th  d imer  leci thin,  37%; 

TABLE V 

Comparison of the Number Ratio of C-Methyl to Carbonyl Groups 
and Relative IR Absorbance for Adducts and Adduct Esters 

Ratio of numbers Observed IR 
of expected groups absorbance Relative IR 

Compound C-CH3/CO ratio a absorbance ratio e 

Lecithin 2:2 = 1.0 0.08 1.0 
Proposed adduct of 

tocopherol with 
trimer of lecithin 13:6 = 2.2 0.17 b 2.1 

Proposed adduct of 
tocopherol with 
dimer of lecithin 11:4 = 2.8 0.23 c 2.9 

Lecithin fatty acid 
esters 1:1 = 1.0 0.044 d 1.0 

Proposed ester adduct of 
tocopherol and monomer 
of lecithin fatty acid 8:1 = 8.0 0.31 7.0 

Proposed ester adduct of 
tocopherol and linoleic 
acid monomer 8:1 = 8.0 0.33 7.5 

aC-CH3 bending mode at 7.25p and ester carbonyl at 5.72p. 
bAbsorbance ratio for adduct C 1" 
CAbsorbance ratio for adduct C 2. 
dprominent absorbance at 7.34/.t is from an c~-CH 2 wagging mode and not C-methyl 

bending (14). 

eAbsorbance ratio relative to lecithin or lecithin fatty acid ester before adduct formation. 

LIPIDS, VOL. 8, NO. 1 



TOCOPHEROL-LECITHIN ADDUCT 

TABLE VI 

Molecular Weight and Gas Chromatography Retention Times 
of Adduct Esters and Reference Compounds 
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Mean relat ive 
Compound Mol wt retention time a SD b N c 

Methyl  oleate  296.5 1.00 . . . . . .  
Choles tero l  386.6  2 .18  +-0.07 3 
Linoleic  acid 

adduc t  es ter  722 .6  d 3.65 0.02 e 2 
Leci th in  a d d u c t  

es ter  722 .6  d 3.68 0 .13  4 
Choles te ry l  o leate  651 .0  3.79 0.15 e 2 
Triolein 885 .4  4 .83  0.25 4 

aSee text for conditions. 
bStandard deviation unless specified. 
CNumber of runs. 
dMass spectrometry. 
eMean deviation of two runs. 

actual yield, 32%). Simple lecithin fatty acid 
esters were eluted closely following the adduct 
esters (TLC and IR identification). TLC on 
Silica G (PE/EE/HAc 75:25: 1) gave Rf, adduct 
esters, 0.79; simple fatty acid esters, 0.75. 

Comparative TLC on Silica G in three other 
solvent systems (Table II) showed that the 
lecithin adduct ester had the same Rf as the 
linoleic acid-tocopherol adduct ester (4). 

Neither the linoleic acid-tocopherol nor the 
lecithin-tocopherol adduct ester reacts with 
Emmerie-Engel spray reagents at concentrations 
that would give a strong positive reaction for 
tocopherol. 

IR (/J): 5.72, ester carbonyl; 7.25(s), tocoph- 
erol methyl bend; 7.99, tocopherol aromatic 
ether; 8.55, ester C-O; 9.10, tocopherol chro- 
man; small absorption at 10.1 in the region of 
conjugated polyene. 

Hydrogenation of the adduct esters was 
carried out in order to remove a persistent 
impurity in the IR and UV spectra corre- 
sponding to ca. 1% conjugated triene. Typi- 
cally, 10 mg adduct ester and 5 mg Pd (10% on 
charcoal) in 25 ml hexane were stirred under 
hydrogen at 20 psi for 3 hr. The mixture was 
filtered, the charcoal washed with solvent and 
the solvent removed at reduced pressure. Yields 
of a pale yellow oil are quantitative if the 
charcoal is carefully washed. Either the adduct 
ester in hexane or the lecithin adduct in CIIC13 
may be hydrogenated successfully. The product 
has a UV spectrum similar to the linoleic 
acid-tocopherol adduct ester (2). UV ;~CHCI3 

" ' m a x  
300 nm. 

The unhydrogenated adduct ester was sub- 
jected to GC on a Hewlett Packard 700 
Laboratory Chromatograph modified for on- 
column injection and using a flame-ionization 

detector. Stainless steel columns (18 x 1/8 in.) 
were packed with 3% JXR on 100/120 mesh 
Gas-Chrome-Q (Applied Science Labs.). Injec- 
tion port was maintained at 250 C and detector 
at 325 C. Carrier gas was helium at a flow rate 
of 60 ml/min. Temperature was programed 
from 100-325 C, at 10C/min.  Standard lipid 
reference mixtures used were K-108 (Applied 
Science Labs., methyl esters of fatty acids) and 
TLC-1 (Hormel, cholesterol, cholesterol oleate, 
triolein, oleic acid and methyl oleate). One / l l  
of ester adduct solution was typically injected 
at a concentration of 20 /~g//~l. One ~tl of a 
five-component standard mixture was injected 
at a total concentration of 5/Jg//21. 

Adduct esters derived from lecithin appeared 
at an average relative retention time (RRT) of 
3.68, compared to the peak for methyl esters of 
18 carbon unsaturated fatty acids. 

Linoleic acid-tocopherol adduct esters ap- 
peared at an average RRT of 3.65. The differ- 
ence was not significant. 

Peak matching mass spectrometry was per- 
formed on the unhydrogenated lecithin-tocoph- 
erol and linoleic acid-tocopherol adduct esters 
using a CEC Mass Spectrometer, Model 
21-110B, using perfluorokerosene as internal 
standard as reported (2). The molecular ions for 
both were very prominent and for the lecithin 
adduct ester gave a value of  722.621, while the 
linoleic acid adduct ester gave 722.617, the 
latter confirming results reported before (2). 
These values are uniquely compatible with an 
elemental composition of C 48 H82 04,  based on 
a computer  program search. The fragment ion 
peaks were much less prominent than those 
found by Gardner (6) for his addition com- 
pound, which has a simple ether linkage. 
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FIG. 4. IR spectra of: (A) addition compound C2; (B) addition compound c i ;  and (C) soybean lecithin. 
Solvent CC14. 

R ES U LTS 

Five 72 hr oxidation experiments were 
carried out with reproducible results in: (a) 
lecithin and tocopherol adsorption; (b) oxygen 
uptake; (c) silica-UV spectrophotometry; and 
(d) oxidation products. 

Lecithin and Toeopherol Adsorption 

It was found that lecithin was almost quanti- 
tatively absorbed from a chloroform solution 
containing both lecithin and tocopberol at 
concentrations of 10 mg/ml each and a total 
content of 200 mg each. Tocopherol, on the 
other hand, was largely retained in solution at 
equilibrium, and the amounts adsorbed in the 
monolayer were those contained in the ca. 2 ml 
trapped in the gel after decantation of super- 
natant. Table III shows the values for tocoph- 
erol adsorption in the five experiments, as 
determined by two methods. That the tocoph- 
erol aromatic moiety is actually adsorbed on 
the silica surface is proved by the maximum 

wavelength of the silica slurry spectrum prior to 
oxidation (8). 

The mean value for tocopherol adsorption is 
equivalent to 7.0 mol % of the 200 mg lecithin 
adsorbed. 

Oxygen Uptake 

Mixed monolayers of soybean lecithin and 
tocopherol, when oxidized for 72 hr at 80 + 
5 C, showed an immediate uptake of oxygen 
(Fig. 1), which at 25 hr (1500 min) was ca. 29% 
and at 48 hr (2880 min) ca. 45% of the 
available oxygen. Oxygen content  per flask had 
been planned as approximately one equivalent 
of the polyene fatty acids in the lecithin, the 
rapidly oxidizing acids. These constituted 42 wt 
% of the soybean lecithin by GLC assay. Under 
these conditions, a pure soybean lecithin mono- 
layer takes up an equivalent of oxygen within 
two hours. 

Except for the lack of a rapid phase, the 
oxygen uptake is similar to that of mixed 
linoleic acid and tocopherol monolayers at 
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FIG. 5. IR spectra of: (A) esters of soybean lecithin fatty acids; (B) mixture of adduct esters and simple 
esters from transesterification of lecithin-tocopherol adduct; (C) ester of lecithin-tocopherol adduct after gel 
filtration; and (D) ester of linoleic acid-tocopherol adduct. Solvent CC14. 

comparable loading ratios (2). 

S i l i c a  S l u r r y  S p e c t r o p h o t o m e t r y  

Silica slurry spectra (9) of oxidized mono- 
layers of lecithin plus 7 mol % tocopherol (Fig. 
2) showed no pronounced change in wavelength 
of maximum adsorption (Xmax 287 nm) from 
that of the unoxidized system, 288 nm. This is 
the Xmax of a-tocopherol on silica. There is 
about a two-fold increase in absorbance over 
the unoxidized system. Slight inflections occur 
in the 272 and 320 nm regions. 

Since tocopherol quinones and tocopherones 
have molar absorptivities which are four to six 
times as great as tocopherol,  it is clear that 
there has not been extensive conversion to 
these forms. The spectrum shows little evidence 
of selective absorption at the dimer wavelength 
(370 nm on silica [9]).  Absorption at the 
quinone wavelength (272 nm on silica) is low. 
Thus the silica slurry spectrum suggests that 
oxidation of tocopherol in a lecithin matrix on 
silica produces oxidation products generally 
different from those reported previously by 
workers with other oxidants in more fluid 
media (1). 
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FIG. 6. Gas chromatogram of: (A) ester of lecithin- 
tocopherol adduct (23 min) and reference mixture of 
simple esters (5-7 min). Unknown peak at 12 min is an 
artifact of DMP esterification procedure and occurs 
also with simple lecithin esters (12); (B) ester of 
linoleic acid-tocopherol adduct and reference mixture 
of simple esters. See text for gas chromatography 
conditions. 
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Spectrophotometry of the Adducts in Solution 

UV spectra of the two adduct species C1 and 
C2, after silica chromatography and gel filtra- 
tion, were nearly identical, with )~CHCI3 287 "-max 
rim, shoulders 275,263 and 300 nm. 

The spectra have no resemblance to those of 
oxidation products of lecithin alone. Hydrogen- 
ation of either of the adduct mixtures or the 
esters of the adducts derived by transesterifi- 
cation removes the inflections at 263, 275 and 
287 nm, leaving a peak at 300 nm (Fig. 3). The 
peaks removed have the same wavelength and 
solvent shifts as fl-eleostearic acid and appear to 
be due to ca. 1% of a conjugated trienoic acid 
impurity. 

IR spectra in CC14 of both adducts, C 1 and 
C2, were highly reproducible for each of four 
experiments. Figure 4 shows the spectra, and 
Table IV some absorbance ratios of critical 
peaks with reference to the carbonyl stretch 
peak at 5.75/a. 

It is clear that in the adducts the absorbance, 
in the CH 2 stretch (3.4 /3) and CH 2 defor- 
mation (6.8/J) regions and in the CH 3 deforma- 
tion region (7.25 #), is much increased relative 
to the carbonyl stretch absorbance as compared 
to the ratios in lecithin. 

The 10.3 /1 peak characteristic of the 
(CH3)3N-grou p of lecithin (14) is present, but 
its relative absorbance is less in the adducts 
than in lecithin. 

The absorption at 9.15/a, which is present in 
both the lecithin (P-O-C) and tocopherol 
(C-O-C) spectra, is also noticeably increased in 
the adducts relative to the 9.37/2 (P-O-C) peak 
of lecithin. The increase can be ascribed to the 
chroman group of tocopherol. 
IR Evidence for Oligomeric Adducts 

The integrated IR absorption in the C-meth- 
yl symmetric bending region (7.25 /~) has been 
proved dependable by Francis (15) for the 
determination of the number of C-methyl 
groups present in a compound. Although there 
are four types of these in the adducts, Table V 
shows that the relative IR absorbance in this 
region is compatible with a formulation of C-1 
as an adduct of tocopherol with a trimer and 
C-2 with a dimer of lecithin. The IR absorbance 
of the ester adducts from either lecithin fatty 
acids or linoleic acid is consistent with a 
monomer adduct. 

After transesterification and gel filtration, 
which separates monomers and presumed 
dimers of simple fatty acid esters from the 
adduct ester, an IR spectrum of the latter is 
nearly indistinguishable from that of the lino- 
leic acid-tocopherol adduct ester (Fig. 5). The 
intermediate ester mixture before gel filtration 

has an IR whose tocopherol peaks (7.25, 9.10) 
are of intermediate absorbance, as expected. 
Figure 5 also shows the great difference be- 
tween the IR of simple lecithin fatty acid esters 
and the adduct esters. 

Gas Chromatography and Mass Spectrometry of the 
Adduct Esters 

Figure 6 and Table VI show the GC results. 
The lecithin adduct ester peak is not as pure as 
that of the linoleic acid adduct ester, but the 
relative retention times of  the major peak for 
each are not significantly different as Table V1 
shows. Table VI also shows that this GC liquid 
phase separates these compounds approxi- 
mately on a molecular weight basis. 

Mass spectrometry on the prominent molec- 
ular ions yields the same molecular weight and 
predicted elemental analysis from each of the 
two adduct esters derived from different 
sources. Thus the two adduct esters are indistin- 
guishable by all chemical, chromatographic and 
spectral evidence so far available. These data 
confirm the IR evidence that the adduct esters 
are 1 : 1 addition compounds. 

DI SC USSI ON 

The above data are consistent with forma- 
tion of adducts of oxidized tocopherol with the 
fatty acid moieties of intact lecithin, as has 
been shown for linoleic acid (2). 

The results of both the IR and the elemental 
analysis of the lecithin adduct C 2 (before 
transesterification) reveal a CH 3 absorbance 
and a phosphorus content  which are, respec- 
tively, too low and too high for a simple 
one-to-one adduct of  lecithin and tocopherol. 
They are, however, more consistent with a 
formulation as an adduct of oxidized tocoph- 
erol with a dimer or trimer of lecithin, the 
tocopherol moiety having added to one of the 
fatty acids not  involved in the polymerization. 
Thus the ester adduct freed by transester/fica- 
tion would be identical by all tests so far used 
with that from linoleic acid and tocopherol. 

The most likely intermediate in the pre- 
sumed radical addition is a transitory ortho- 
quinone methide species similar to that 
suggested for the tocopherol dimer ( I ,3 , I6) .  
Sprengling (17) suggested such a quinone meth- 
ide in the reaction of an o-hydroxymethyl  
phenol and oleic acid at 180 C and under CO 2 
to give a chroman ring adduct analogous to that 
suggested here. 

ACKNOWLEDGMENTS 

Mass spectrometry was done by M. Bazinet, Pio- 
neering Research Lab., U.S. Army Natick Labs. 

LIPIDS, VOL. 8, NO. 1 



TOCOPHEROL-LECITHIN ADDUCT 39 

Elemental analysis of lecithin adducts was performed 
by S. Nagy. 

REFERENCES 

1. Skinner, W.A., and R.M. Parkhurst, Lipids 6:240 
(1971). 

2. Porter, W.L., L.A. Levasseur and A.S. Henick, 
Ibid. 6:1 (1971). 

3. Nilsson, J.L.G., J.O. Branstad and H. Sievertsson, 
Acta. Pharm. Suecica 5:509 (1968). 

4. Skinner, W.A., and R.M. Parkhurst, J. Org. Chem. 
31:1248 (1966). 

5. Komoda, M., and I. Harada, JAOCS 47:249 
(1970). 

6. Gardner, H.W., K. Eskins, G.W. Grams and G.E. 
Ingiett, Lipids 7:324 (1972). 

7. Porter, W.L., L.A. Levesseur, J.E. Jeffers and A.S. 
Henick, Ibid. 6:16 (1971). 

8. Singleton, W.S., M.S. Gray, M.L. Brown and J.L. 
White, JAOCS 42:53 (1965). 

9. Porter, W.L., A.S. Henick, J.l. Jeffers and L.A. 
Levasseur, Lipids 6:9 (1971). 

10. Parker, W.E., and W.D. McFarlane, Can. J. Res. 
18B: 405 (1940). 

11. Skinner, W.A., and P. Alaupovic, J. Org. Chem. 
28:2854 (1963). 

12. Radin, N.S., A.K. Hajra and K. Akahari, J. Lipid 
Res. 1:250 (1960). 

13. Ports, W.J., "Chemical Infrared Spectroscopy," 
John Wiley & Sons, Inc., New York, 1963, p. 168. 

14. Chapman, D., "The Structure of Lipids by Spec- 
troscopic and X-Ray Techniques," John Wiley & 
Sons, Inc., New York, 1965, p. 113. 

15. Francis, S.A., J. Chem. Phys. 18:861 (1950). 
16. Turner, A.B., Quart. Rev. Chem. 18:347 (1964). 
17. Sprengting, G.R., J. Amer. Chem. Soc. 74:2937 

(1952). 

[ Revised m a n u s c r i p t  
rece ived N o v e m b e r  30, 1972]  

LIPIDS, VOL. 8, NO. 1 



Effect of Soy Sterols on Cholesterol Synthesis in the Rat 
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ABSTRACT 

Soy sterols increased the incorporation 
of acetate into cholesterol by rat liver 
slices and prevented the depression of 
cholesterogenesis caused by dietary cho- 
lesterol. Acetate incorporation into cho- 
lesterol by intestinal slices was not 
affected by soy sterols but was decreased 
by cholesterol. The results with liver 
slices agree with the view that soy sterols, 
by interfering with the intestinal absorp- 
tion of cholesterol, prevent the feedback 
inhibition of hepatic cholesterogenesis. 

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

Dietary plant sterols, given in large amounts, 
prevent the increase in tissue cholesterol caused 
by ingestion of cholesterol, as first reported by 
Peterson (1) for chicks, and confirmed since 
then for many other species. This effect has 
been ascribed to interference with cholesterol 
absorption, but recent studies with lymph- 
fistulated rats have failed to reveal any effect of 
plant sterols on cholesterol absorption (2,3). 
Konlande and Fisher (4) reported that paren- 
terally administered phytosterols had a choles- 
terol-depressing effect in chicks and postulated a 
nonabsorptive action on cholesterol metabo- 
lism. 
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FIG. 1. Effect of dietary sterol supplements on 
hepatic sterol synthesis in rats of different ages. 
Supplements were given for 8 days. Height of columns 
represents means for five rats; vertical lines at top of 
columns are standard errors of the mean. []No 
supplement; []cholesterol 1%; []soy sterols 2%; and 
[] cholesterol 1% + soy sterols 2%. 

The purpose of this study was to examine 
the effect of dietary soy sterols on hepatic 
cholesterogenesis and to interpret the results in 
the light of the negative feedback mechanism 
operating in the liver. Intestinal sterol synthesis 
was also investigated. 

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

Male Wistar rats were maintained on a 
balanced stock diet (Ambar Ltd., Hadera, 
Israel) and were given the experimental diets at 
the ages indicated, for a period of 8 days. The 
experimental diets were prepared by adding 5% 
oieic acid and the sterol supplements to the 
ground stock diet. The sterols were first dis- 
persed in the oleic acid by heating, and the oily 
mixture was then added to the stock diet while 
still warm. Mixed soy sterols contained 89% 
sterols and ca. 5% steryl esters. Gas liquid 
chromatographic analysis showed that 54% of 
the total sterols were/3-sitosterol, 25% campes- 
terol and 22% stigmasterol. The gas liquid 
chromatographic results and procedural details 
for the analysis of the mixed soy sterols were 
given in a previous paper from this laboratory 
(5). 

Rats were killed by a blow on the head, and 
livers and distal ileal halves were excised. 
Preparation of slices and measurement of incor- 
poration of Na 1-14C-acetate into digitonin- 
precipitable sterols (DPS) were as described by 
Dietschy and Siperstein (6), using 500 mg 
samples and 1 /2Ci of Na 1-14C acetate (The 
Radiochemical Centre, Amersham; specific ac- 
tivity: 62 mCi/mmol).  Incorporation, deter- 
mined in this manner, is not  specific for 
cholesterol, and strictly speaking, "sterogene- 
sis," rather than "cholesterogenesis," was mea- 
sured. Nevertheless, with this qualification in 
mind and in view of the vast body of evidence 
concerning the incorporation of acetate into 
cholesterol, we have used the above terms 
interchangeably. 

Radioactivity was measured in a TriCarb 
Liquid Scintillation Counter. Cholesterol was 
determined colorimetrically as described by 
Katz et al. (5). 

RESULTS A N D  DISCUSSION 

The results of a feeding test carried out on 
rats aged 9 weeks are presented in Table I. The 
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TABLEI 

Effec tofDie tarySterolSupplementson Hepatic 
andIntest inalSterolSynthesis in  Vitro  a 
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Supplements 

Liver Intestine 

Acetate Acetate 
DPS content, incorporation, DPS content, i n c o r p o r a t i o n ,  

mg/g m#moles/g/2hr mg/g m#moles/g/2hr 

None (control) 3.47 • 0.12 "79.9 +- 6.1 3.03 + 0.14 70.5 -+ 8.1 
Cholesterol 1% 5.52 + 0.43 b 10.3 + 2.6 b 2.81 + 0.26 40.5 + 14.1 b 
Soy sterols 2% 3.17 + 0.54 149.6 +- 21.6 b 4.04 +- 0.61 c 66.4 +- 8.0 
Cholesterol 1% 

+soysterols 2% 3.54+-0.47 46.8+ 11.4 b 3.21+ 0.14 29.3 + 7.8 b 

aRats weighing ca. 192 g were given the supplements for 8 days. The daily food intake was 21 g per 
rat, without significant differences between treatments. Figures are means and standard errors for  11 
livers and 9 intestines. 

bHighly significantly different from control value (P<0.01). 
CSignificantly different from control value (P<0.05). 

resul ts  i l lus t ra te  the  well k n o w n  i n h i b i t o r y  
ef fec t  of  d ie ta ry  cho les te ro l  on  hepa t ic  choles-  
terogenesis  and  also show tha t  this  ef fec t  was 
par t ly  offse t  by the  s i m u l t aneous  adminis t ra -  
t ion  of  soy sterols.  On the  o the r  h a n d ,  d ie ta ry  
s u p p l e m e n t a t i o n  w i th  soy s terols  a lone caused 
an increase  in s terogenesis  to  near ly  twice the  
value of  the  cont ro ls .  The  oppos i te  ef fec ts  of  
choles te ro l  and  soy s terols  were also re f lec ted ,  
in a less s t r ik ing  fashion,  in the  hepa t ic  s terol  
concen t r a t i ons ,  w i th  the  soy s terols  coun te r -  
ac t ing  the  increase  i nduced  by  d ie tary  choles-  
terol .  Table  I also shows t h a t  the  s terogenic  
response  of  ileal slices to  d ie tary  s terol  supple-  
m e n t a t i o n  di f fered f rom tha t  of  the  liver; 
choles te ro l  feeding again caused  a s ignif icant  
decrease in ace ta te  i n c o r p o r a t i o n ,  b u t  soy 
sterols,  fed alone,  were w i t h o u t  ef fec t  and did 
no t  p reven t  the  i nh ib i t i on  due to d ie tary  
choles tero l .  

I n c u b a t i o n  expe r imen t s  s imilar  to the  above 
were carr ied ou t  w i th  l iver slices f rom rats  of 
d i f fe ren t  ages (Fig. 1). A l t h o u g h  the  s terogenic  
capac i ty  of  the  l iver decreased wi th  age, soy 
sterols  always caused  e n h a n c e d  ace ta te  incorpo-  
r a t ion  i n t o  s terols  and  also par t ia l ly  or com- 
p le te ly  suppressed  the  i n h i b i t o r y  ac t ion  of  
d ie ta ry  choles te ro l .  

The  observed  ef fec ts  of  soy sterols  on 
hepa t i c  choles terogenes is  in v i t ro  are cons i s t en t  
w i th  the  general ly he ld  view accord ing  to wh ich  
p lan t  s terols  in te r fe re  wi th  the  n o r m a l  absorp-  
t ion  of  choles te ro l :  this  i n t e r f e r ence  shou ld  
offset  the  p r o n o u n c e d  negat ive  f eedback  inhi -  
b i t i on  in choles te ro l - fed  animals .  Moreover ,  
i n t e r r u p t i o n  of the  e n t e r o h e p a t i c  c i rcu la t ion  of 
e n d o g e n o u s  choles te ro l  in  ra ts  on  a low choles-  
terol  diet  wou ld  be expec t ed  to  cause an 
increase in hepa t i c  choles te rogenes i s  above  t h a t  

of  con t ro l  animals.  The e f fec t  of  soy sterols  on 
hepa t ic  s terol  syn thes i s  in rats  observed in the  
p resen t  s tudy ,  is s imilar  to  t h a t  r epo r t ed  by  
Cayen (7)  for  t o m a t i n e ,  wh ich  fo rms  a non -  
absorbab le  c o m p l e x  w i t h  choles te ro l .  G r u n d y  
et al. (8),  on the  basis of s terol  ba lance  
expe r imen t s  w i th  h u m a n s ,  conc luded  t ha t  in- 
gest ion of  large a m o u n t s  of  p lan t  s terols  caused 
increased syn thes i s  of  choles te ro l .  

The  p r o n o u n c e d  i n h i b i t i o n  of  in tes t ina l  ster- 
ogenesis by  d ie tary  cho les te ro l  indica tes  t ha t  a 
negat ive f eedback  also opera tes  in the  in tes t ina l  
cells. Dietschy (9),  in r epo r t i ng  a s imilar  choles- 
terol  e f fec t  earlier,  imp l i ca t ed  the  increased 
f o r m a t i o n  and  entero]aepat ic  c i rcu la t ion  of bile 
acids, wh ich  are k n o w n  to  suppress  cho les te ro l  
synthes is  in the  in tes t ine .  However  the  lack of 
ef fec t  of  soy s terols  is d i f f icul t  to  reconci le  
wi th  th i s  view, since the  i n t e r r u p t i o n  of the  
exogenous  choles te ro l  supply  to  the  liver by  
soy s terols  wou ld  be e x p e c t e d  to  re-establ ish 
n o r m a l  hepa t i c  bile acid synthes i s  and n o r m a l  
choles terogenesis ,  wh ich  is clearly no t  the case. 
The possible  d i rec t  i n v o l v e m e n t  of cho les te ro l  
in the  regula t ion  of  in tes t ina l  choles te rogenes is  
was recen t ly  envisaged by Cayen (7),  who  
r epo r t ed  increased synthes i s  of  cho les te ro l  in 
the in tes t ine  of  to rna t ine - fed  rats ,  w i th  n o  
change in bile acid excre t ion .  

While the  i n t e r p r e t a t i o n  of  the  results  ob- 
t a ined  w i th  in tes t ina l  slices hinges on a b e t t e r  
u n d e r s t a n d i n g  of  the  regu la t ion  of in tes t ina l  
sterol syn thes i s  and  the  na tu re  of the  in ter -  
ac t ion  be tween  cho les te ro l  and  p lan t  sterols,  
the  l iver resul ts  o b t a i n e d  in the  p re sen t  s tudy  
lend suppo r t  to  the view t h a t  soy sterols  
decrease the  a b s o r p t i o n  of  e n d o g e n o u s  choles-  
terol  f r om the  in tes t ine ,  thus  caus ing the  release 
of  the  negat ive f eedback  con t ro l  of  hepa t ic  
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cho le s t e ro l  syn thes i s .  
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SHORT COMMUNICATIONS 

Effects of Parathion on Lipolysis in Isolated Rat 
Adipose Tissue Cells1 

A B S T R A C T  

The effects of the pesticide, Parathion 
(0,0-diethyl 0-p-nitrophenyl thiophos- 
phate) and various lipolytic and antilipo- 
lytic agents on lipolysis in adipose tissue 
were studied with isolated fat cells from 
rat epididymal fat pads. Lipolysis was 
measured as the release of free fatty acids 
into an albumin-bicarbonate medium. 
Parathion depressed lipolysis in a linear 
manner at concentrations ranging from 
10 -9 to 10-3M. At a concentration of 
10-SM, Parathion depressed the lipolytic 
response to epinephrine (0.15/~g/ml) and 
slightly to cyclic 3',5'-adenosine mono- 
phosphate (10-3M) and enhanced the 
antilipolytic response to nicotinic acid 
(33 gM). It is possible that Parathion may 
interfere with adenyl cyclase activity. 

from male Wistar rats (150-220 g). These were 
placed in cold (4 C) isotonic saline. The right 
pad was routinely used for experimental trials 
and the left pad for controls. Isolated fat cells 
were prepared essentially according to the 
procedure of Rodbell (1). Half the stated 
concentration of calcium was used in these 
experiments. 

The isolated fat cells were distributed with 
disposable plastic pipets (Biopette, Schwarz), 
0.1 ml per polyethylene vial containing 1.4 ml 
Krebs bicarbonate-albumin buffer, pH 7.4 
gassed with 95% air -5% CO 2 prior to use. 
Ethanol was employed as a carrier to aid in the 
solution of Parathion in the aqueous medium. 
The ethanol-Parathion solution was sonicated in 
the albumin buffer to assist dispersion. Ethanol 
was also added to the basalqipolysis control 
vials. The final concentration of ethanol was 

2.00 

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

The development of the isolated fat cell 
technique (1) has prompted considerable re- 
search into the mechanism of lipolysis in 
adipose tissue as well as into the site of action ~ 1.5o 
of a spectrum of lipolytic and antilipolytic 
substances (2-9). Catecholamines and peptide 
hormones act upon adenyl cyclase, which in- ~- 
creases cyclic AMP. This in turn activates the 
lipase. Nicotinic acid stimulates phosphodiester- O 

ase hydrolyzing cyclic AMP with a resultant ~1.0o Q 
decrease in lipolytic activity. The two enzymes, 
adenyl cyclase and phosphodiesterase, are thus ~, 
key factors in controlling lipolysis. In this paper _~D 
evidence is presented for the inhibition of 
lipolysis in isolated rat adipose tissue cells by ~o.m 
the pesticide, Parathion. 

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

The adipose tissue was obtained from the 
thin distal portions of the epididymal fat pads 

1Scientific Contr ibut ion No. 400. Agricultural  
Exper iment  Station, University of Connecticut ,  Storrs, 
Conn. 06268. 
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FIG. 1. Inhibition of lipolysis in isolated rat adi- 
pose cells by Parathion. 
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3%. Three trials were done at each level of 
Parathion. 

Incubations were carried out for 60 min in a 
water bath shaker at 160 rpm at 37 C with the 
vials capped. Parathion or nicotinic acid was 
added before the distribution of cells in the 
medium. Activators of lipolysis, epinephrine 
(Mann) or cyclic AMP (Nutritional Biochemi- 
cals) were added to the fat cell suspension after 
30 min of incubation. 

Incubation was terminated by transferring 
0.5 ml of the fat cell suspension to CHC13 or 
5% TCA for fatty acid and protein determina- 
tion, respectively. Free fatty acid release was 
determined by the method of Duncombe (10) 
and protein by the procedure of Cleland and 
Slater (I 1) as modified by Blecher et al. (4). 
The protein bound triglyceride was saponified 
with 1 N NaOH at 100C instead of 0.1 N 
NaOH (11) for 3 min, because of the high fat 
concentration in the cell preparations. Palmitic 
acid (Hormel) and bovine serum ambumin 
(Calbiochem) were routinely employed as stan- 
dards. 

RESULTS AND DISCUSSION 

The inhibitory effect of Parathion on lipol- 
ysis is depicted in Figure 1. The inhibition was 
linear, increasing as the concentration of Para- 
thion was raised and, in general, confirms the 
results of others noted below. 

Several other experiments were done to 
study the interaction of Parathion with known 
stimulators and inhibitors of lipolysis. The 
results were as follows: (name of drug, con- 
centration used and rate of lipolysis expressed 
as /~ Eq of free fatty acids/mg protein/hr 
underlined.) Experiment  1." Control, 3._._21; epi- 
nephrine, 0.15 mg/ml, 9.__._22; epinephrine, 0.15 
mg/ml + Parathion, 1 0-5M, 5.__/1. Experiment  2: 

Control 0.__7; cAMP, 10-3M, 1.____99; cAMP, 10-3M + 
Parathion, 10-SM, 1.7. Experiment 3: Control, 
2.0; Parathion, 10-SM, 0.9; nicotinic acid, 33 
/~M, 1.1; nicotinic acid, 33 /JM + Parathion, 
10-SM, 0.6. 

Since Parathion inhibited the action of 
epinephrine on lipase activity but not the effect 
of cAMP, our data suggest that Parathion acted 
at the level of adenyl cyclase rather than 
directly on the lipase. The action of Parathion 
at the site of the first messenger (epinephrine) 
rather than at that of the second messenger 
(cAMP) is consistent with the extremely low 

concentrations of Parathion required to inhibit 
lipolysis. 

However other evidence suggests that Para- 
thion and other organophosphates inhibit 
lipases directly. Parathion was reported to be an 
inhibitor of partially purified pancreatic, Geo- 
trichum candidum and Vernonia anthelmintica 
lipases (12). Several similar organophosphates 
reduced the activity of rat heart diolein hydro- 
lase and rat brain acetylcholine esterase (13). 
P a r a o x o n  ( die t hyl-p-nitrophenylphosphate, 
10-6M) inhibited lipolytic activity in eggs from 
the southern root cornworm (14). The organo- 
phosphates may bind the enzymes at a serine 
hydroxyl residue as they do with acetylcholine 
esterase (15). 

If further studies establish the site of action 
of Parathion at the level of adenyl cyclase, this 
drug may prove useful in elucidating the mecha- 
nism of action of various lipolytic agents. 

RICHARD M. CALEY 
ROBERT G. JENSEN 
Department of Nutritional Sciences 
University of Connecticut 
Storrs, Conn. 06268 
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Effect of Double Bond Position in Octadecenoates upon 
Hydrolysis by Pancreatic Lipase 1 

ABSTRACT 

F i f t e e n  triacylglycerols containing 
12:0, 14:0, 16:0, 18:2 and one positional 
isomer of cis-18:l were hydrolyzed by 
pancreatic lipase (EC 3.1.1.3, glycerol 
ester hydrolase). The fatty acids in the 
products of lipolysis were identified and 
measured by gas liquid chromatography. 
The substrates containing the A2 through 
A7 isomers of 18:1 were resistant to 
pancreatic lipolysis. These isomers accum- 
ulated in the di- and residual triacylglyc- 
erols and were diminished in the free 
fatty acids. The discrimination was 
greatest against the A5 isomer. 

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

A double bond near the carboxyl ester in 
straight chain fatty acid esterified to glycerol at 
a primary hydroxyl has been found to inhibit 
the activity of pancreatic lipase. Bottino et al. 
(1) noted that eicosapentaenoate and docosa- 
hexaenoate resisted pancreatic lipolysis. They 
attributed the resistance to the location of a cis 
double bond near the esterified carboxyl group 
or to the many cis double bonds in the chain 
placing the terminal methyl group in a position 
near the ester bond, thereby causing steric 
hindrance. Kleiman et al. (2) observed that 
esters of trans-3-enoic acids in various seed oils 
were resistant to pancreatic lipolysis. Mattson 
and Volpenhein (3) similarly found that cis-6- 
octadecenoate resisted lipolysis. Brockerhoff 
(4), observing resistance of esters of both cis 
and trans unsaturated acids to pancreatic lipase, 
postulated that the inhibition was due to steric 
hindrance during the formation of the activated 
complex. However there has been no systematic 
investigation of the effects of positional isomer- 
ism in long chain unsaturated fatty acids on 
pancreatic lipase activity. We have recently 
completed a study of the specificity for cis- 
9-18:1 of the lipase from the microorganism 
Geotrichum candidum in which individual tri- 
acylglycerols containing one each of the posi- 
tional isomers of cis-18:l were used as sub- 
strates (5). Each of  these fifteen triacylglyc- 
erols, which were nearly random mixtures of 
triglycerides 12:0, 14:0, 16:0, 18:2 and one 
positional isomer of 18:1, was also hydrolyzed 

1Scientific Contr ibution No. 504. Agricultural 
Experiment  Station, University of  Connect icut ,  Storrs, 
Conn. 06268. 

by pancreatic lipase. The products of lipolysis 
were recovered and the fatty acids identified. 
The results are reported herein. 

METHODS 

The procedures for incubations have been 
described in detail (5). They were modified 
slightly, in that the amount of porcine pancre- 
atic lipase (Mann Biochemical, extracted three 
times with diethyl ether) was 30 mg and the 
length of lipolysis was reduced to 10 min. The 
products of hydrolysis and the residual triglyc- 
eride were analyzed by gas liquid chromatog- 
raphy, and the composition of each fraction, 
with respect to the 18:1 and other acids, 
indicated whether there was discrimination of 
fatty acids by the enzyme. The compositions, 
reported as mole per cents, were normalized 
with respect to an internal standard of 17:0, a 
constant amount of which was added to each 
fraction before conversion to methyl esters. 
The quantity of 17:0 was set at unity, and the 
resultant values calculated as mole per cents are 
therefore comparable between substrates. The 
degree of hydrolysis was 50-60% in all cases. 

RESULTS A N D  DISCUSSI ON 

If a double bond near a carboxyl group of an 
esterified acid inhibits the activity of the 

63 
PANCREATIC LIPASE 

18: I ISOMERS 

i 

2 3 4 S 6 7 8 9 I0 II 12 13 14 15 16 
DOUBLE BOND POSITION 

FIG. 1. The degree of discrimination against 
isomeric cis 18:1 acids present in random mixed 
triacylglycerols, each of which contained one isomer. 
Ordinate values are the per cent of isomeric 18:1 in 
diacylglycerols minus the per cent of isomeric 18:1 in 
free fatty acids. If an acid is neither discriminated for 
nor against, the difference should be zero, 
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TABLE I 

Content (mol %)a of Isomeric eis 18: I Acids in Esters Formed from Products of 
Hydrolysis of Random Mixed Triglycerides after Action by Pancreatic Lipase 

Positional Residual Original 
isomer Fatty acid Monoglyceride Digly ceride triglyceride trigly ceride 

2 0 4.5 10.2 3.8 3.6 
3 6.2 9.9 25.5 11.2 9.2 
4 17.3 23.2 41.4 24.6 23.4 
5 12.2 35.0 45.3 29.5 23.9 
6 14.2 20.9 39.7 18.5 22.2 
7 1'7.2 21.5 24.9 22.4 22.5 
8 21.8 21.9 21.3 26.0 22.8 
9 20.1 19.6 23.7 20.5 22.1 

10 20.0 23.'7 21.7 22.1 26.4 
11 21.4 19.9 21.6 20.2 22.5 
12 18.6 20.8 21.0 21.7 22.6 
13 20.9 20.9 20.6 21.7 21.9 
14 16.9 18.2 1'7.3 18.7 18.9 
15 23.0 24.4 24.0 25.9 25.1 
16 13.3 14.4 15.1 15.2 14.9 

aRefers to the content of each isomer in the total fatty acids after hydrolysis of MG, DG 
or TG. 

enzyme,  tha t  fa t ty  /tcid should  there fore  occur 
in the diacylglycerol  and monoacylg lycero l  
p roduc t s  in higher p ropo r t i on  than in the 
original t r iacylglycerols ,  and in lower  p ropor -  
t ion in the l iberated fa t ty  acids. The cont ras t  
should  be greatest  be tween  its c o n t e n t  in the 
initial fa t ty  acids hydro lyzed ,  and the initial 
residual p roduc t ,  the diacylglycerols.  The com-  
posi t ions (mol  %) of the p roduc t s  of  hydrolys is ,  
wi th  respect  to  the 18: I i somers ,  are l isted in 
Table I. The accumula t ion  of A2 th rough  
A7-18:1 isomers in the residual t r iacylglycerols  
was no t  as marked  as expec ted ,  wi th  only the 
A-5 showing any appreciable  d i f f e r e n c e - 2 9 . 5  
compared  t o  23.9 mol  % in the original 
substrate.  The 18:2 c o n t e n t  of  the residual 
t r iacylglycerols  was less in every case than in 
the original t r iacylglycerols ,  o f t en  less than 
half, suggesting discr iminat ion during lipolysis 
or perhaps  relatively s lower acyla t ion by 18:2 
of  secondary  hydroxy l s  during synthes is ,  or 
both.  

In Table I the con ten t s  of  A2 th rough  A7 
isomers in the hyd ro lyzed  acids were lower  in 
every case than  those  in the mono- ,  di- and 
residual t r iacylglycerol  p roduc t s  of  l ipolysis,  
indicat ing resistance to lipolysis. The propor -  
t ions of  A8 th rough  A16 isomers in fa t ty  acids 
and in the o the r  p roduc t s  were about  the same, 
indicat ing no  discr iminat ion against these 
isomers.  

The diacylglycerols  con ta ined  relatively large 
amoun t s  of  the A2-6 isomers .  These data are 
the mos t  s tr iking ind ica t ion  of inh ib i t ion  by a 
cis double  bond  in p rox imi ty  to the carboxyl -  
ester.  

Figure 1 shows the  per cent  of  each isomer  

in the diacylglycerols  minus  the per cent  of  
i somer  in the free fa t ty  acids. These data 
indicate  the degree of  d iscr iminat ion  against 
hydrolys is  of  the m o n o e n o i c  acids. In those  
isomers in which  the double  b o n d  is close to  
the carboxyl  group,  the hydrolys is  o f  the 
i somer  was inhibi ted .  These results conf i rm and 
ex tend  the observat ions  tha t  a double  b o n d  
near  the carboxyl  group of  an acid inhibi ts  its 
hydrolysis  f rom a tr iacylgiyccrol  (1-3). The 
discr iminat ion is greatest  against the A5 i somer  
in the 18:1 series, and when  the double  b o n d  is 
beyo n d  carbon 7 the d iscr iminat ion approaches  
exper imenta l  error.  
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Sulfated Bile Acid in Urine of Patients with 
Hepatobiliary Diseases 

ABSTRACT metabo l i sm,  we f o u n d  the  presence  of  a new 
fo rm of bile acid con juga te ,  su l fa ted  t au r ine  or  

The  presence  of su l fa ted  bi le acid in g lyc ine-conjuga ted  bile acid, in ur ine  and  serum 
ur ine  of  pa t i en t s  w i th  hepa tob i l i a ry  dis- 
eases was r ecogn ized  by us ing  an A m b e r -  
lite XAD-2 c o l u m n  for  e x t r a c t i o n  of bile 
acid and  a Sephadex  LH-20 c o l u m n  for  
separa t ion  of  su l fa ted  (sulfa te  of  e i the r  
t aur ine  or glycine con juga te )  and  nonsu l -  
fa ted  bile acid ( t aur ine  and  glycine conju-  
gate).  Sulfa ted and  n o n s u l f a t e d  bile acid, 
o b t a i n e d  af te r  a Sephadex  LH-20 c o l u m n  
of u r ina ry  ex t r ac t  of  the  pa t i en t  wi th  
acu te  hepat i t i s ,  was iden t i f i ed  by th in  
layer  c h r o m a t o g r a p h y .  Sul fa ted  bile acid 
s h o w e d  a spo t  w i t h  d i f fe ren t  Rf  value  
f rom t h a t  of  t au r ine -con juga ted ,  glycine- 
con juga ted  and  free bile acid, and solv- 
olysis of su l fa ted  bile acid resul ted  in a 
c o m p o u n d  wi th  the  same Rf  value as 
g l y c o d i h y d r o x y c h o l a n o i c  acid. A large 
a m o u n t  of  bile acid sulfate  was f o u n d  in 
u r ine  of  pa t i en t s  w i th  hepa tob i l i a ry  dis- 
eases. The  su l fa ted  bile acid in these  ur ine  
samples  occup ied  f rom 57.1 to  93 .3% of  
to ta l  bile acid,  and  cons is ted  of  b o t h  di- 
and t r i h y d r o x y c h o l a n o i c  acid (major  par t ,  
c h e n o d e o x y c h o l i c  acid).  As no  solvolysis 
was carr ied o u t  in previous  works,  bile 
acid sulfate  in ur ine ,  as descr ibed in this 
paper ,  was n o t  d e t e r m i n e d  at all. 

of  pa t i en t s  w i th  hepa tob i l i a ry  diseases. 
In this  paper  the  presence  of  su l fa ted  bile 

acid in u r ine  of  pa t i en t s  wi th  hepa tob i l i a ry  

I t  is well k n o w n  tha t  c o n c e n t r a t i o n  of  serum 
bile acid increases,  and  large a m o u n t s  of bile 
acid are exc re ted  i n to  ur ine  of  pa t i en t s  wi th  
hepa tob i l i a ry  diseases (1-6).  However  the  infor-  
m a t i o n  on bile acid m e t a b o l i s m  in previous  
papers  has been  res t r i c ted  to aspects  of  taur ine-  
and  g lyc ine-conjuga ted  and  u n c o n j u g a t e d  bile 
acid, and  l i t t le  work  has been  done  a b o u t  o t h e r  
fo rms  of  bile acid con juga tes  in h u m a n  biologi-  
cal mater ia ls  (7,8).  

In  the  course  of  our  s tudies  on  bile acid 

FIG. 1. Thin layer chromatography of nonsulfated 
and sulfated bile acid in urine of the patient S.S. 1. 
Nonsulfate fraction; 2. sulfate fraction; 3. sulfate 
fraction after solvolysis; 4. Standard bile acids. GD = 
Glycodihydroxycholanoic acid; GC = glycocholic acid; 
TD = taurodihydroxycholanoic acid; and TC = tauro- 
cholic acid. Silica Gel G provided the layer. Solvent 
system was n-butanol-acetic acid-water 10:1:1. SuP 
phuric acid was the spray. 
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Sulfated Bile Acid in Urine of Patients with 
Hepatobiliary Diseases 

ABSTRACT metabo l i sm,  we f o u n d  the  presence  of  a new 
fo rm of bile acid con juga te ,  su l fa ted  t au r ine  or  

The  presence  of su l fa ted  bi le acid in g lyc ine-conjuga ted  bile acid, in ur ine  and  serum 
ur ine  of  pa t i en t s  w i th  hepa tob i l i a ry  dis- 
eases was r ecogn ized  by us ing  an A m b e r -  
lite XAD-2 c o l u m n  for  e x t r a c t i o n  of bile 
acid and  a Sephadex  LH-20 c o l u m n  for  
separa t ion  of  su l fa ted  (sulfa te  of  e i the r  
t aur ine  or glycine con juga te )  and  nonsu l -  
fa ted  bile acid ( t aur ine  and  glycine conju-  
gate).  Sulfa ted and  n o n s u l f a t e d  bile acid, 
o b t a i n e d  af te r  a Sephadex  LH-20 c o l u m n  
of u r ina ry  ex t r ac t  of  the  pa t i en t  wi th  
acu te  hepat i t i s ,  was iden t i f i ed  by th in  
layer  c h r o m a t o g r a p h y .  Sul fa ted  bile acid 
s h o w e d  a spo t  w i t h  d i f fe ren t  Rf  value  
f rom t h a t  of  t au r ine -con juga ted ,  glycine- 
con juga ted  and  free bile acid, and solv- 
olysis of su l fa ted  bile acid resul ted  in a 
c o m p o u n d  wi th  the  same Rf  value as 
g l y c o d i h y d r o x y c h o l a n o i c  acid. A large 
a m o u n t  of  bile acid sulfate  was f o u n d  in 
u r ine  of  pa t i en t s  w i th  hepa tob i l i a ry  dis- 
eases. The  su l fa ted  bile acid in these  ur ine  
samples  occup ied  f rom 57.1 to  93 .3% of  
to ta l  bile acid,  and  cons is ted  of  b o t h  di- 
and t r i h y d r o x y c h o l a n o i c  acid (major  par t ,  
c h e n o d e o x y c h o l i c  acid).  As no  solvolysis 
was carr ied o u t  in previous  works,  bile 
acid sulfate  in ur ine ,  as descr ibed in this 
paper ,  was n o t  d e t e r m i n e d  at all. 

of  pa t i en t s  w i th  hepa tob i l i a ry  diseases. 
In this  paper  the  presence  of  su l fa ted  bile 

acid in u r ine  of  pa t i en t s  wi th  hepa tob i l i a ry  

I t  is well k n o w n  tha t  c o n c e n t r a t i o n  of  serum 
bile acid increases,  and  large a m o u n t s  of bile 
acid are exc re ted  i n to  ur ine  of  pa t i en t s  wi th  
hepa tob i l i a ry  diseases (1-6).  However  the  infor-  
m a t i o n  on bile acid m e t a b o l i s m  in previous  
papers  has been  res t r i c ted  to aspects  of  taur ine-  
and  g lyc ine-conjuga ted  and  u n c o n j u g a t e d  bile 
acid, and  l i t t le  work  has been  done  a b o u t  o t h e r  
fo rms  of  bile acid con juga tes  in h u m a n  biologi-  
cal mater ia ls  (7,8).  

In  the  course  of  our  s tudies  on  bile acid 

FIG. 1. Thin layer chromatography of nonsulfated 
and sulfated bile acid in urine of the patient S.S. 1. 
Nonsulfate fraction; 2. sulfate fraction; 3. sulfate 
fraction after solvolysis; 4. Standard bile acids. GD = 
Glycodihydroxycholanoic acid; GC = glycocholic acid; 
TD = taurodihydroxycholanoic acid; and TC = tauro- 
cholic acid. Silica Gel G provided the layer. Solvent 
system was n-butanol-acetic acid-water 10:1:1. SuP 
phuric acid was the spray. 
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TABLE I 

Daily Excretion of Nonsulfated and Sulfated Bile Acid 
in Urine of Patients  with Hepatobiliary Diseases 

Patient  N.K.  Pat ient  Y.I.  Pat ient  S.S. 
(male, 51 years) (male, 53 years) (female, 27 years) 

Carc inoma o f  Carc inoma of 
gallbladder Papilla Va ter  

Acute 
hepatitis 

E x c r e t i o n  of bile acid in urine, mg/24 hr 
Nonsulfated bile acid 

Deoxycholic (-) (-) 
Chenodeoxycholic 0.06 0.14 
Cholic 2.34 5.53 
Tota l  2.40 5.6"/ 

Sulfated bile acid 
Deoxy cholic (-) (-) 
Chenodeoxycholic 4.79 6.2 l 
Cholic 4.06 1.33 
Total  8.85 7.54 

Total bile acid 11.25 13.21 
Per cent of sulfated to  
to ta l  bile acid 78.7 57.1 

Liver function test  a 
Kunkel, units 12.3 3.5 
T. bilir., mg/dl 22.9 27.0 
AI-Ph, units 19.1 76.0 
SGOT, units 78 147 
SGPT, units 50 88 

0.03 
1 .08  
2.97 
4.08 

1.33 
53.53 

2.16 
57.02 
61.10 

93.3 
Normal 

6.1 (3-10) 
14.5 (0.3-1.0) 

9.4 (2.7-10.0) 
348 (5-40) 
243 (3-35) 

aT. bilir. = total serum bilirubin concentration; AI-Ph = serum alkaline phosphatase (in 
King-Armstrong units); SGOT = serum glutamic oxalacetic transaminase; and SGPT = serum 
glutamic pyruvic transaminase .  

diseases is descr ibed.  
The th ree  pa t i en t s  wi th  c a r c i n o m a  of  gall- 

b ladder  (N.K.),  c a r c inoma  of  Papil la Va te r  
(Y.I.)  and  acute  hepa t i t i s  (S.S.) were s tudied .  
Th i r ty  mill i l i ters of  u r ine  was appl ied to an 
Amber l i t e  XAD-2 c o l u m n  which  re ta ined  
s teroids and  bile acids (9).  The  re t a ined  sub- 
s tances were e lu ted  w i th  m e t h a n o l ,  and  af te r  
evapora t ion  to dryness  the  residue was appl ied 
on  a Sephadex  LH-20 co lumn.  The  nonsu l f a t e  
f rac t ion  o f  the  glycine and  taur ine  con juga tes  
was e lu ted  wi th  70  ml c h l o r o f o r m - m e t h a n o l  
1:1 v/v c o n t a i n i n g  s o d i u m  chlor ide  (0.01 
mol / l i t e r ) ,  and  the  sulfa te  f rac t ion  of e i the r  
t aur ine  or glycine con juga te  was t hen  e lu ted  
wi th  50  ml m e t h a n o l  (10-12) .  

The  sulfate  f r ac t ion  was sub jec ted  to solvol- 
ysis in 30 ml e t h a n o l - a c e t o n e  1:9 v/v acidif ied 
wi th  a few drops  of  2N HC1 to pH 1 for  2 days 
(8) ,  saponi f ied ,  then  e x t r a c t e d  wi th  e the r  a f te r  
ac id i f ica t ion  and  m e t h y l a t i o n .  The  resu l t ing  
mater ia ls  were pur i f i ed  on  an a l u m i n u m  oxide 
c o l u m n  and  ana lyzed  by  gas c h r o m a t o g r a p h y  
using a QF-1 c o l u m n  af ter  convers ion  i n to  the  
t r i f luo roace ta t e  derivat ives of  the  m e t h y l  esters 
(3). 

F o r  iden t i f i ca t ion  of  su l fa ted  bile acid, an 
a l iquot  of  two  f rac t ions  ( the  sulfa te  and  the  
nonsu l f a t e  f rac t ions) ,  ob t a ined  a f t e r  separa t ion  
on a Sephadex  LH-20 c o l u m n  of  the  u r inary  

ex t rac t  of  the  p a t i e n t  S.S., was ana lyzed  by  
th in  layer  c h r o m a t o g r a p h y  (Silica Gel G) us ing  
n -bu tano l -ace t i c  ac id-water  10:1 :1  as so lvent  
sys tem (13) .  The  t h in  layer  c h r o m a t o g r a m s  of  
the  sulfate  and  the  n o n s u l f a t e  f rac t ions  are 
shown  in Figure 1. A large spot  c o r r e s p o n d i n g  
to s t anda rd  g lycochol ic  acid was observed  for  
the nonsu l f a t e  f rac t ion ,  while  two spots  (A and 
B) wi th  d i f fe ren t  Rf  values f rom those  of  
taur ine  and  glycine con juga tes  were de t ec t ed  
for  the  su l fa te  f rac t ion.  The  mater ia ls  in the  
zones  c o r r e s p o n d i n g  to  spots  A and B were 
scraped of f  and  e lu ted  w i th  m e t h a n o l .  The  
eluates  were sub jec ted  to  solvolysis,  a lkal ine 
hydrolys is ,  m e t h y l a t i o n  and  t r i f luoroace ty la -  
t /on  w i t h o u t  pur i f i ca t ion  on  an a l u m i n u m  
oxide co lumn,  and  t h e n  ana lyzed  by  gas chro-  
ma tography .  The  area A c o n t a i n e d  d i h y d r o x y -  
cho lano ic  acid (ma jo r  par t ,  c h e n o d e o x y c h o l i c  
acid; m i n o r  par t ,  deoxycho l i c  acid),  while n o  
bile acid was observed  in the  area B. Solvolysis  
of  the  sulfate  f r ac t ion  resul ted  in h c o m p o u n d  
wi th  the  same Rf  value as g l y c o d i h y d r o x y c h o -  
lanoic acid (Fig. 1). 

Acco rd ing  to these  resul ts ,  the  spot  A seems 
to be the  su l fa ted  g l y c o d i h y d r o x y c h o l a n o i c  
acid t h a t  was more  polar  t han  original  glycodi-  
h y d r o x y c h o l a n o i c  acid. 

Table I gives the  resul t s  of  quan t i t a t i ve  
e s t ima t ion  of  bile acid sulfa te  in ur ine  of  th ree  
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pat ients  wi th  hepatobi l ia ry  diseases. The per- 
centages of  bile acid sulfate to tota l  bile acid in 
urine were 78.7, 57.1 and 93.3, respectively,  
and these ratios were u n e x p e c t e d l y  high. The 
major  sulfa ted bile acid was derived f rom 
d ihydroxycho lano ic  acid, especially chenode-  
oxychol ic  acid, while the major  bile acid of  the 
nonsu l fa ted  f rac t ion was cholic acid. 

Recent ly  we r epo r t ed  the presence of sul- 
fa ted bile acid in human  serum (7), but  its 
presence in human  urine has no t  been repor ted .  
I t  was the re fore  surprising to find a large 
amoun t  of  sulfa ted bile acid in urine as de- 
scribed in this paper.  

The sulfated bile acid f rac t ion was ob ta ined  
af ter  the Sephadex LH-20 column was analyzed 
by gas ch rom a tog raphy  wi thou t  solvolysis, and 
no  peak of  bile acid was de tec ted  excep t  trace 
a m o u n t  of chenodeoxycho l i c  acid. As solvolysis 
was no t  carried out  in previous works,  bile acid 
sulfate excre ted  in to  urine was no t  de te rmined  
at all. 

Recent ly  g lycol i thochol ic  acid sulfate and 
tauro l i thochol ic  acid sulfate were recovered 
f rom bile fo l lowing the  oral adminis t ra t ion  of  
14C-li thocholic acid in humans  (8,14).  The 
exper imen t s  in rat  showed  tha t  sulfated l i tho- 
cholic acid was more  rapidly excre ted  in urine 
than the nonsu l fa t ed  acid (15). 

Fur the r  s tudies of  sulfated bile acids in 
human  beings are indicated.  

ISAO MAKINO 
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Origin of the High Saturated Fatty Acid Content 
of Rat Fecal Lipids 
M.R. GRIGOR and G.G. DUNCKLEY, Laboratory of Experimental Endocrinology 
and Metabolism, Medical Research Council of New Zealand, P.O. Box 913, 
Dunedin, New Zealand 

ABSTRACT 

The biohydrogenation of unsaturated 
fatty acids and the preferential absorp- 
tion of unsaturated fatty acids over long 
chain saturated fatty acids from the gut 
have been investigated to find the origin 
of the high saturated fatty acid content 
of the fecal lipids of rats fed soybean oil. 
Label from dietary (1-14C)-linoleic acid 
was recovered in the saturated and mono- 
unsaturated fatty acids of the fecal lipid. 
However, when (9,10-3H)-stearic acid and 
(1A4C)-linoleic acid were fed together, 
the isotope ratio (3H/14C) of the fecal 
lipid was 1.9 times that of the diet. It is 
concluded that both processes occur. 

INTRODUCTION 

The fecal lipids of mammals appear to 
differ markedly from the dietary lipids both in 
the lipid class composition and the fatty acid 
composition (1-7). High concentrations of un- 
esterified fatty acids are found in human (3) 
and pig (5) fecal lipids, and unpublished 
observations from our own laboratory suggest 
the same is true for the rat. The fatty acid 
spectra show the presence of a number of 
unusual fatty acids which include branched 
chain acids (1,2,6,7), hydroxy-substituted fatty 
acids (1,2), trans-unsaturated fatty acids (1,9) 
and cyclic fatty acids (7). In addition, fecal 
lipids are characterized by having a very high 
content of saturated fatty acids (1-7). In the rat 
fecal lipids, the saturated fatty acids comprise 
up to 50% of the total fatty acids and those 
with 15, 16, 18, 24 and 26 carbons make the 
greatest contributions (7). 

Two mechanisms have been proposed to 
account for the high saturated fatty acid 
content. These are (a) the hydrogenation of 
unsaturated fatty acids by the gut micro- 
organisms and (b) the preferential absorption of 
the unsaturated fatty acids from the gut. The 
former has been well studied in ruminants (9), 
and the biochemical sequence for biohydro- 
genation has been investigated using the rumen 
m i c r o - o r g a n i s m ,  Butyrivibrio fibrisolvens 
(10,11). However there is evidence for the 
selective absorption of unsaturated fatty acids 
in man (2,4). The rat has bacterial populations 

between those of ruminants and man (12), and 
the experiments described in this report were 
undertaken to find which mechanism(s)was 
important in the rat. 

EXPERIMENTAL PROCEDURES 

Adult male albino rats with body weights 
between 200 and 250 g were fed a base diet 
(diet B, Ref. 8) supplemented with 10% soy- 
bean oil as the sole fat source. The methods of 
fecal collection and fat extraction and analysis 
have been described elsewhere (7,8). 

The feces were collected from a group of 
eight rats which had been receiving the soybean 
oil diet for at least 3 weeks. The animals were 
killed with carbon dioxide and the total small 
intestine removed. This was divided into two 
equal sections (upper and lower) and the lumen 
contents removed and fat extracted (7). 

Two rats were fed 5 g each of the soybean 
oil diet containing 1.0/JCi ( 1-14 C)-linoleic acid. 
The unlabeled diet was substituted after 4 hr 

FIG. 1. Distribution of linoleic acid label in rat 
fecal fatty acids. Plate contains 5% w/w silver nitrate 
in Silica Gel G. Developed with hexane-diethyl ether 
9:1. Charred section is a portion of same layer spotted 
with a standard mixture of fatty acid methyl esters. 
(A) 16:0 and 18:0; (B) 18:1; (C) 18:2; and (D) 18:3. 
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T A B L E  I 

Fatty Acid Composition of Small Intestinal Lumen 
Contents and Fecal Lipids of Rats Fed Soybean Oila 

Component 18:0 18:1 18:2 18:3 

Soybean oil 5.5 23.6 61.8 10.1 
Small intestine lumenb 

Upper 17.4 (3.3) 17.9 (1.8) 59.5 (2.5) 5.1 (1.3) 
Lower 20.7 (3.7) c 28.1 (4.4) c 48.3 (4.5) c 2.9 (0.9) 

Feces d 45.1 (8.4) c 34.0 (7.7) c 20.9 (10.3) c --- 

apercentage of total 18-carbon acids. 
bMean and standard deviation of eight estimations. 
cp<0.001 values compared with upper lumen contents. 
dFive estimations; 18-carbon iso-branched acid not included. 

and the feces collected over the next 4 days. 
Samples of the fecal lipid with the greatest 
specific activity were saponified and methyl 
esters formed from the liberated fatty acids. 
These were applied to silver nitrate impregnated 
thin layers of Silica Gel G (5% w/w), which 
were developed with hexane-diethyl ether 9: 1. 
Part of the layer was removed in 1 cm strips 
and counted for radioactivity, and the remain- 
der was sprayed with an acid solution of 
ammonium sulphate and charred (14). 

Finally, four rats were fed 5 g each of the 
s o y b e a n  o i l  d i e t  containing 8.0 /~Ci 
(9,10-3H)-stearic acid and 2.2/JCi (l-14C)-lino - 
leic acid, following which the unlabeled diet 
was substituted. The feces were collected, the 
fat extracted and the isotope ratio compared to 
that of the diet fed. Samples of the total fecal 
lipid were applied to thin layers of Silica Gel G, 
developed with hexane-diethyl ether-acetic acid 
80:20: 1, and assayed for radioactivity. 

RESULTS 

Table I shows the composition of the 18- 
carbon acids of the dietary lipid, the small 
intestinal lumen lipid and the fecal lipid of the 
rats fed the soybean oil diet. The increase in the 
stearic acid content relative to the unsaturated 
18 carbon acids is apparent even in the upper 
sections of the small intestine. 

In the first 4 days following feeding the 
(1A4C)-linoleic acid, 0.8% and 1.3% of the 
ingested activity was excreted in the feces of 
the two rats studied. The greatest activity was 
found in the feces passed in the second day, 
and these samples were pooled for further 
analysis. Figure 1 shows the distribution of 
activity among the different classes of fatty 
acid methyl esters. While greatest activity (43% 
of the recovered activity) was found in the zone 
containing the diunsaturated esters, 28% and 
14% of the total ester activity was recovered in 

the zones containing the saturated and mono- 
unsaturated esters, respectively. 

The mean 3H/14C ratio of the fecal lipid of 
the rats fed the double-labeled diet was 6.7 
(range 5.8-8.6). This is 1.9 times the isotope 
ratio of the diet fed. For each animal the total 
recovery of activity of either isotope during the 
first 4 days was less than 5% of that ingested. 
Of the total fecal lipid, 61% of the activity was 
located in the free fatty acid fraction. 

DI SCUSSI ON 

In previous experiments we have shown that 
rats treated with neomycin excrete much less 
saturated lipid compared to untreated controls 
(7). The excretion of both saturated fatty acids 
and saturated sterols decreased during treat- 
ment, while that of the unsaturated fatty acids 
and unsaturated sterols increased. Bottino (6) 
has reported similar observations for rats fed 
methyl esters of unsaturated fatty acids and 
treated with tetracycline-neomycin-nystatin 
mixture. Both these observations are consistent 
with bacterial hydrogenation of the unsaturated 
fatty acids occurring within the lumen. 

Our observations concerning the changes in 
the 18-carbon acids described here could result 
from either of the two mechanisms under 
study. While rodents have high concentrations 
of bacteria in the small intestine (12), most of 
fatty acid absorption occurs in the jejunum 
(13) in the upper portion of the small intestine. 
That biohydrogenation does occur is shown in 
the recovery of the activity from the dietary 
(1-14 C)-linoleic acid in the saturated and mono- 
unsaturated fatty acids of the fecal lipid. 

However the results from the double labeled 
experiment show that there is, as well, a 
preferential absorption of the unsaturated fatty 
acids at the expense of the long chain saturated 
fatty acids from rat small intestine. Thus both 
mechanisms appear to be responsible in pro- 
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ducing the high saturated fatty acid content of 
the fecal lipids of rats fed soybean oil. 
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Brain Cholesterol" XVl. Incorporation of Different 
Precursors into Baboon Tissue Sterol 
JON J. K A B A R A ,  Department of Biomechanics, Michigan State University 
East Lansing, Michigan 48823 

ABST RACT 

The relative order of incorporation of 
1-Cl4-acetate and 2-3H-acetate into tis- 
sue cholesterol was similar. Short term 
fasting tended to decrease incorporation 
of acetate into liver and adrenal sterol. 
Other tissues, particularly neural, had the 
same or showed an increased incorpora- 
tion. This relative order of incorporation 
found for acetate was different when 
U-14C-glucose was used. Cholesterol val- 
ues from neural tissue after glucose were 
greater than non-neural sterol values. 

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

Every mammalian tissue so far tested has 
been shown to be capable of  cholesterogenesis 
(1-3). Because early experimental evidence sug- 
gested that liver was the major source of 
circulating sterol (4-7), primary interest in the 
field centered around hepatic sterol metabo- 
lism. For some time it was felt that physiologi- 
cal control of sterol balance was reflected 
primarily by the rate of  hepatic steroidogenesis 
(4,8-10). Thus, while fasting and the cholesterol 

I NCORPORATION OF ( 2 - 3 H ) A C E T A T E  
INTO T ISSUE-FREE CHOLESTEROL 
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[riG. 1. Values obtained from baboon tissue 1 hr 
after intravenous injection of precursor. Fasted group 
received no food for 18-20 hr. 

content of the diet have both been shown to 
markedly influence cholesterogenesis by the 
liver, only a few studies have appeared in which 
control mechanisms have been evaluated in 
extrahepatic tissues (3,10-14). Even less is 
known concerning these same factors on brain 
sterol metabolism. Although adult brain lipid 
levels have been reported as not  being affected 
by starvation (15), results of Kabara (16) in 
mice and Smith's in vitro experiments with rat 
brain (17) suggested that cerebral sterol metab- 
olism could be altered but in a manner different 
from that of hepatic biosynthesis. 

Little is known of the systems that govern 
the metabolism of sterols in brain (18,19). Most 
studies dealing with brain cholesterol metabo- 
lism have been limited to the use of whole brain 
rather than regional areas. Studies dealing with 
small animals usually exclude the possibility of 
such regional samples for study. The present 
experiments were carried out on a nonhuman 
primate in order to rectify this situation and 
also to develop a data bank on brain cholesterol 
metabolism which would be useful in under- 
standing brain metabolism in primates. Al- 
though emphasis has been placed on our brain 
data, results of precursor incorporation into 
other tissue are also presented. These data for 
other tissues may be useful information to our 
understanding of cholesterol metabolism in 
general and as contrasted with neural sterol 
metabolism in particular. 

The primary objective of  the present experi- 
ments was to measure the effect of a short 
period of food removal (18 hr) on brain and 
extraneural tissue sterol metabolism. Rates of 
metabolism were determined by use of acetate- 
1-C 14, acetate-2-H 3 and glu-U-C 14 as precur- 
sors to tissue cholesterol. Therefore these ex- 
periments provide information on (a) relative 
rate of cholesterogenesis in the regional areas of 
the baboon brain, (b) pattern of labeling with 
different precursors, (c) pattern of incorpora- 
tion of the same precursor labeled in different 
positions and (d) effect or lack of effect of 
short fasting upon the rate of cholesterogenesis 
in different tissues as measured by 2-3H acetate 
incorporation. 

EXPERIMENTAL PROCEDURES 

Animal Preparation 

Five male zoo baboons and one African 
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baboon, weighing between 10 and 12 kg repre- 
senting ages ca. 2-4 years old, were used for 
these studies. The African animal was imported 
from Kenya, East Africa. All animals were 
colonized for ca. 1-2 years before use. Diet 
during captivity consisted of monkey chow 
(Ralston Purina Co., St. Louis, Mo.) supple- 
mented with fresh fruit and whole corn. All 
animals were clinically healthy and for the 
purpose of these experiments, divided into two 
groups. The first group (control) was fed on the 
usual diet while a second group was fasted for 
ca. 18-20 hr before isotope injection. 

All animals were anesthetized in these ex- 
periments with phencyclidine (Semylan, 2 
mg/kg). The unconscious animals were injected 
intravenously with 10/~C/kg of 1J4C-acetate 
(7.0 me/raM) and 100 /~C/kg of 2-3H-acetate 
(100 me/raM) (Basal Control); the second 
group of animals was injected with 10/JC/kg of 
glucose-U-C 14 (6.66 mC/mM) and 100 /IC/kg 
of 2-3I-I-acetate (44 mC/mM) (fasted group). 

Blood samples were taken at 30 and 60 rain. 
Animals were killed at the end of 1 hr by 
injection of air and autopsied within the hour. 
Samples of various tissues were removed, 
washed in cold distilled water, blotted dry and 
quick frozen in a dry ice-acetone mixture, and 
stored in frozen state (-70 C). 

Free and esterified (after hydrolysis) sterols 
were isolated, measured and assayed by the 
method previously reported (20). Radiochemi- 
cal purity of the isolated free cholesterol was 
established (20, 21). The great maj ority of sterol 
radioactivity (>85%) represents cholesterol in 
all tissues except skin (2,22). Hence sterol 
radioactivity represents primarily labeled cho- 
lesterol and precursor incorporation rates are a 
relative indicator of cholesterol biosynthesis. 

Data were calculated on the basis of activity 
per gram wet tissue for each isotope. Since a 
number of important variables (pool size, tracer 
concentration at site of synthesis, etc.) could 
not be measured, the data were not present in 
terms of micromoles of precursor incorporated. 
While mathematically it was possible to relate 
D/M/rag into micromoles, the resulting num- 
bers give the results a degree of "sophistica- 
t ion" not  warranted by the data. Also the 
generalizations made from the data did not 
depend upon, nor would they be influenced by, 
such a presentation. 

RESULTS 

In separate experiments three animals were 
injected with 2-3-acetate and 1-C 14 acetate 
while a second set of three baboons was fasted 
prior to injection with 2-3H-acetate and 
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FIG. 2. Neural cholesterol values obtained from 
same animals as Figure 1. 

U-C14-glucose. In order to evaluate the effect 
of short term fasting, the first group of animals 
(control) was compared to a group of baboons 
fasted for 18 hr. Mean rates of incorporation 
are presented as bar lengths on the graph. 
Blood, 13 organs (Fig. 1) and eight tissue 
samples of the central nervous system (Fig. 2) 
were examined. 

Incorporation of 2-3H-acetate into hepatic 
sterol was suppressed by short term fasting, but 
not as markedly as in the adrenal gland. In the 
gastrointestinal tract of the baboon, fasting 
resulted in some increase of acetate incorpora- 
tion, especially in the small intestine (ileum). 
All other tissue, with the possible exception of 
a slight increase in kidney and testicle values, 
showed no significant changes. 

Tissue samples from the brain and spinal 
cord were removed surgically and represented 
discrete but not pure anatomical areas. Sterol 
isolated from these tissues indicated that short 
term fasting increases rather than decreases the 
amount of 2-3H-acetate incorporated into neu- 
ral sterols. Values for cholesterol isolated from 
the spinal cord indicated the largest relative 
increase. 

Incorporation of 1-C 14 Acetate into Baboon 
Sterols 

The relative rates of tissue biosynthesis as 
measured by 1-C14-acetate incorporations are 
similar to those found for 2-3H-acetate (Table 
I). Again liver carbon-14 values were higher 
than any other tissue examined. The order of 
incorporation in the various tissues was remark- 
ably similar for both acetate precursors. Differ- 
ences between white and gray matter values 
were less pronounced in these series (Table I). 
than in the first group (Fig. 2). White matter 
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TABLE I 

Precursor Incorporation into Tissue-Free Cholesterol 

D/mg/g Wet tissue 

Organ mg/g Wet tissue (1-14C) Acetate (U-14C) Glucose 

Liver 1.50 • 0.66 
Adrenal  2.00 + 0.87 
Stomach 1.68 _+ 0.22 
Intestine (small) 1.70 + 0.26 
Intestine (large) 1.30 • 0.54 
Spleen 2.47 + 0.80 
Lungs 1.76 -+ 1.10 
Kidney 2.77 +- 0.46 
Testicle 1.05 • 0.48 
Heart 0.86 • 0.61 
Aorta  0.56 +- 0.47 
Skin 0.15 • 0.18 
Gastrocnemius 0.09 • 0.06 
Plasma 0.04 +- 0.01 
Erythrocyte 1.73 • 0.53 
Cerebrum 

Gray 12.6 +- 2.6 
White 26.3 • 8.1 

Cerebellum 
Gray 10.2 • 1.4 
White 22.7 • 6.3 

Pituitary 0.73 • 0.94 
Puns varolli 21.3 -+ 7.5 
Medulla oblongata 18.7 -+ 9.5 
Spinal cord 15.9 +- 5.3 

68,286-+ 15,107 409 • 111 
38,309 +- 3,037 237 • 113 
27,056 • 9,505 525 • 96 
23,214 • 5,574 448 + 102 

8,938-+ 2,175 468+- 46 
8,193 +- 1,273 316-+ 89 
4,496 • 932 344 + 90 
3,593 +- 1,191 916+ 180 
1,086 +- 267 510+- 222 
1,024 + 321 224 • 103 

510 + 306 440+- 191 
599 +- 335 138 • 52 
118 • 34 33 -+ 1 
767 -+ 715 25 -+ 16 

8,113 • 6,605 194-+ 106 

1,056 -+ 136 3,680 • 605 
1,168 +- 366 3,603 -+ 905 

749 + 183 2,947 -+ 844 
641 -+ 100 4,446 -+ 1,063 

1,104 • 51 155 • 110 
1,135 • 195 2,573 + 795 

710 • 69 1,368 • 321 
736 +- 145 2,114 -+ 276 

had  a p p r o x i m a t e l y  the  same a m o u n t  of  radio- 
act ivi ty as gray m a t t e r  in the  first h o u r  af ter  
p recur so r  in ject ion.  

Incorporations of Glucose-U-C TM into Baboon 
Sterols 

The  relative m e tab o l i c  pa t t e rn  exh ib i t ed  by 
glucose i n c o r p o r a t i o n  in to  the  s terol  of  var ious  
t issues  was c o m p l e t e l y  d i f fe ren t  f r o m  tha t  given 
by ace ta te  i nco rpo ra t i on .  C o n s e q u e n t l y  one  can 
only  discuss the  relative i n c o r p o r a t i o n  of  a 
precursor ,  r a the r  t h an  e m p h a s i z i n g  b i o s y n t h e t i c  
rate. Of  in t e res t  is the  h igh  i n c o r p o r a t i o n  of  
U_C 14 glucose in to  k i d n e y  and  tes t i cu la r  t issue 
(Table I). The  gas t ro in tes t ina l  spec imens  
y ie lded  h igh s terol  act ivi ty  as c o n t r a s t e d  wi th  
choles te ro l  i sola ted f r o m  liver and  adrenal ,  the  
two t issues s h o w i n g  h igh  i n c o r p o r a t i o n  of 
acetate .  Again,  as wi th  the  ace ta te  incorpora -  
t ion values ,  sk in  and  musc le  values  are low. 

In  sharp  co n t r a s t  to  values  ob ta ined  for 
bra in  cho les te ro l  af ter  ace ta te  i n c o r p o r a t i o n ,  
the  rad ioac t iv i ty  i sola ted f r o m  regional  areas of  
the  bra in  af ter  glucose U-C 14 is h igh  as com-  
pared to  o th e r  organs.  Also the c o m p a r i s o n  o f  
neura l  s terol  c o u n t s  wi th  t ha t  of  hepa t i c  and 
o the r  e x t r a h e p a t i c  t issue a f te r  this  p r ecu r so r  
ind ica tes  a relat ively h igh a m o u n t  of  me t abo l i c  
ac t iv i ty  for  brain.  While c e r e b r u m  gray and 
whi te  area sample  values were similar,  cerebel lar  
whi te  area samples  c o n t a i n e d  relat ively more  

rad ioac t iv i ty  ( D / m / g  wet  t i ssue)  t ha n  did s terol  
i sola ted f r o m  cerebel lar  gray areas. All o the r  
neura l  samples ,  e xc e p t  for  p i tu i t a ry  values ,  
were h igher  t h a n  n o n - n e u r a l  t issue values af ter  
U.14 C-glucose as c o m p a r e d  to  1-14 C-acetate.  

D I SC USSI ON 

Vir tual ly  all inves t iga t ions  on  the  e luc ida t ion  
of m e c h a n i s m s  of  cho les t e rogenes i s  in var ious  
organs  have been  carried ou t  in lower  an imals  
(12 ,23-25) .  Several obse rva t ions  in p r ima t e s  
(3 ,22 ,26-28)  sugges t  t h a t  d i f fe rences  exis t  in 
hepa t ic  a nd  e x t r a h e p a t i c  s y n t h e t i c  capac i ty .  
However  on ly  three  c ompa ra t i ve  obse rva t ions  
are available c onc e rn ing  cho les te ro l  m e t a b o l i s m  
in bra in  of p r ima t e s  (3 ,29 ,30) .  There fo re  the  
p resen t  inves t iga t ion  was u n d e r t a k e n  to f u r t he r  
invest igate  regional  b io syn the s i s  of  brain choles-  
terol  in the b a b o o n  and  to c o m p a r e  the  ef fec t  
of  shor t  t e rm  fas t ing  on th is  process .  

These  e x p e r i m e n t s  give a c o m p a r i s o n  of the  
relative rates  o f  p recur so r  i n c o r p o r a t i o n  per 
u n i t  wet weight  of  var ious  t issues.  Because 
var ious  p recu r so r  pools  in each  t issue are 
u n k n o w n  quan t i t i e s ,  s t a t e m e n t s  c o n c e r n i n g  the  
overall  rate o f  s terol  s y n t h e s i s  per  t issue or 
whole  organ c a n n o t  be made  wi th  any  degree of  
cer ta in ty .  A t t e m p t s  to  ca lcula te  the  da ta  to  
such  a basis w ou ld  give values  and  in te rpre ta -  
t ion  no t  jus t i f i ed  by e xpe r ime n t a l  resul ts .  
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The present report represents data from six 
baboons divided into two groups. In such a 
limited series, individual variation becomes an 
important factor. Despite these limitations, 
some interesting conclusions can be made. The 
data supports previous general conclusions for 
tissue cholesterogenesis (3,29) and thus those 
parameters, acetate vs. glucose incorporation 
and regional brain biosynthesis, which are 
unique to the present experiments, can be 
accepted with some degree of confidence. 

Fasting and the cholesterol content of the 
diet have both been shown to influence choles- 
terogenesis (2,3 and reference therein). While 
the differences for any one organ prevent one 
from making strong conclusions, there is a 
general trend. This trend suggests that sterol 
synthesis in extrahepatic tissue after fasting is 
not decreased to the same extent as in liver, and 
supports the general conclusions reached by 
Dietsch and coworkers (2,3). Also incorpora- 
tion values for cholesterol isolated from brain 
are higher after fasting rather than lower. This 
agrees with our previous results with acetate 
and glucose in mice (16). Because it has been 
shown that starvation produces ketosis in pri- 
mates (31), that ketone bodies (aceto acetate) 
are readily taken up by the brain (32 and 
references therein) and that ketone bodies 
partially replace glucose as fuel (33), the 
interpretation for the changes in incorporation 
between acetate and glucose during food re- 
striction is difficult. Consequently the increase 
noted for acetate incorporation into brain 
sterol during fasting may be a reflection of a 
number of competing reactions: less incorpora- 
tion into non-neural tissue would make more 
precursor available to the brain; increase utiliza- 
tion of noncarbohydrate precursor by the 
increase in precursor pool due to fasting. The 
present data does not  differentiate the contri- 
bution of these variables to the increase of 
acetate incorporation. 

Regardless of the mechanism involved, our 
in vivo results indicate relative rates of precur- 
sor incorporation into sterol of various baboon 
tissue different from those found in vitro for 
tissue values from the monkey (3). Whether the 
difference is a reflection of species or tech- 
nique, difference must be considered. Since in 
vitro incubation may not  reflect true organ 
capabilities especially for brain (34), the pres- 
ent in vivo studies may give a truer picture of 
rates of cholesterogenesis. 

Since the rate of organ synthesis as measured 
by precursor incorporation is a function of diet, 
precursor used, and general health and condi- 
tion of the animal being studied, the use of 
fasting animals and specific isotopes changed 

the relative ratio of precursor incorporation 
between tissues. Our data on liver, small intes- 
tine, stomach and adrenal gland show high 
incorporation of acetate-2-H3, while regional 
areas of the brain have cholesterol specific 
activity of intermediate value. This same gener- 
alization holds for acetate-l-C 14. In contrast, 
however, the relative tissue sterol incorporation 
values after Glu-U-C 14 are markedly different. 
With this precursor and excluding brain values, 
there is less distinction between incorporation 
values for various tissues obtained with glucose 
as compared to acetate. Of further significance 
are the higher values for all regional areas of the 
brain, except pituitary, as compared to non- 
neural tissue. Therefore these experiments in 
the baboon substantiate earlier findings which 
contrasted the incorporation rate of acetate and 
glucose into neural and non-neural tissue of the 
mouse (35). Thus brain biosynthesis as meas- 
ured by acetate (fatty acid) incorporation does 
not necessarily reflect the true synthetic capac- 
ity of this or any other tissue. Although both 
precursors are taken up rapidly by the brain 
from circulating blood (36 and references there- 
in), it remains to be determined just what 
foodstuffs are used by neural tissue for sterol 
synthesis during development and growth. 

The present sterol data from gray and white 
matter of the cerebral and cerebellum area do 
not support our previous conclusions (29) or 
those of others (37,18). The main difference 
seems to be the short duration between isotope 
injection and killing of the animal. Because of 
this, the present protocol may be closer to 
revealing true in vivo conditions than previous 
studies. Results with acetate-2-H3 indicate that 
after 1 hr there is a greater incorporation of 
isotope into cerebral and cerebellum sterol of 
white than gray matter. With acetate-l-C 14, no 
such differences were noted. Using Ghi-U-C 14 
no difference between cerebral  white and gray 
matter was measured, while sterol isolated from 
cerebellum white matter was higher in activity 
than that isolated from cerebellum gray matter. 

While the above values are of interest, they 
suffer from the fact that the tissue samples 
designated white and gray matter really mean 
enriched areas rather than single anatomical 
entities, since surgical dissections were made 
and there is doubt as to the homogeneity of the 
samples examined. Methodology available at 
the time these pilot experiments were carried 
out did not  permit a more elegant approach to 
the problem. 

Values obtained for sterols isolated from the 
pituitary after administration of glucose are of 
special interest. In contrast to all other regional 
brain values, the radioactivity for pituitary 
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cholesterol is ca. l O-fold lower than other 
brain values and is comparable to non-neural 
tissue. The endocrine nature of this structure 
and its embryonic history may account for our 
findings. Whether this represents an explanation 
or not will depend on other critical experiments 
focusing on this general problem of lipid 
biosynthesis in the diencephalon area of the 
brain. 

In this respect the data from other neural 
tissue (pons varolli, medulla oblongata and 
spinal cord) indicate that greater differences 
between these individual neural areas are re- 
corded after acetate-l-C 14 than acetate-2-H3 or 
even ghicose_U_C 14. However, since tissue 
specimens were not taken for histological exam- 
ination, too much emphasis concerning regional 
area differences in our preliminary findings may 
be misleading. 

Future research will deal with the in vivo 
uptake of precursor into different anatomical 
areas of the brain and the isolation of neuronal- 
and glial-enriched cell populations. Nicholas 
and coworkers (38) have recently reported on 
in vitro lipid biosynthesis in neuronal and 
glial-enriched fractions of rat brain. Using 
2-14C mevalonic acid, the neuron-enriched frac- 
tion (gray matter) formed much less neutral 
lipid than did glial-enriched (white matter). 
Their preliminary and unpublished observation 
of results after intraperitoneal injection of 
2-14 C-acetate (8 hr prior to isolation) indicated 
that 97% of the labeled isoprenoid material 
isolated from the two cell types was found in 
the glial-enriched fraction. However, because 8 
hr represents a point  well past the peak of 
precursor incorporation, a more complete time 
vs. specific activity plot, especially at early time 
intervals, needs to be carried out. Future 
experiments in our laboratory will provide in 
vivo data for early regional biosynthesis in 
young and adult animals using the fractionation 
technique of Nicholas et al. (38) and Sellinger 
et al. (39). 
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Influence of the Polar Group on Interactions between 
Phospholipids and Sterols in Monolayers. Rapid 
Decomposition of Phosphatidylethanolamines and 
Cholesterol in Monolayers at pH 1 1.9 
D. GHOSH, R.L. LYMAN and J. TINOCO, Department of Nutritional Sciences, 
University of California, Berkeley, California 94720 

ABSTRACT 

Pressure-area curves were obtained for 
monolayers of pure lipids or mixtures of 
lipids in order to investigate the effect of 
different polar groups upon interactions 
between molecules of various structures. 
Cholest-4-ene-3-one and cholestan-3-one 
were measured alone and in mixtures 
with di 16:0-lecithin, 16:0-18:l-lecithin, 
16:0-18:3-1ecithin, and 16:0-20:4-leci- 
thin. All lecithin films were somewhat 
condensed by the ketones, but much less 
so than by cholesterol. Cholesterol was 
measured alone and with either di 16:0 
phosphatidylethanolamine (PE) or rat 
liver phosphatidylethanolamine at pH 
2.0, 5.4 and 11.9. Cholesterol condensed 
the natural PE at pH 2.0 and 5.4, but not 
the di 16:0 PE. At pH 11.9, both 
cholesterol and PE were chemically un- 
stable in monolayers. The strong interac- 
tion of cholesterol with mixed phospha- 
tidylethanolamines in monolayers sug- 
gests that cholesterol may also interact 
strongly with PE in membranes, of which 
PE are important components. 

I NTRODUCTI ON 

There has been much work on the interac- 
tions between lecithins and sterols, particularly 
cholesterol, in monolayers, and in most of these 
studies the polar group interactions were be- 
tween the glycerylphosphorylcholine moiety 
and the 3~ hydroxyl group (1-9). Attention 
was mainly focused upon the interactions be- 
tween the hydrocarbon parts of the molecules. 
The next logical step would be to learn how 
different polar groups affect intermolecular 
interactions in monolayers, with the hydrocar- 
bon part of the molecule remaining constant. 
Therefore we decided to investigate how the 
substitution of a keto group for a hydroxyl 
group would affect sterol behavior, so choles- 
tan-3-one and cholest-4-ene-3-one were ex- 
amined for comparison with cholestanol and 
cholesterol. Demel et al. (5) have studied these 
ketones (among others) in combination with 

oleoyl-stearoyl-lecithin ( 18: 1-18: 0), a lecithin 
which is rare or nonexistent in nature. It was 
therefore useful to study these ketones in 
combination with lecithins of structure that are 
known to occur in membranes, and also to 
compare their behavior with that of cholesterol 
or cholestanol in combination with the same 
lecithins, in order to distinguish between the 
effects of the polar groups and those of the 
hydrocarbon moieties. 

We also wanted to compare the behavior of 
the unsubstituted amino group of phosphatidyl- 
ethanolamine (PE) with that of the trimethyl- 
amino group in lecithin. An attempt to investi- 
gate the interaction of  the uncharged amino 
group with cholesterol on a pH 11.9 subphase 
failed, because monolayers of both cholesterol 
and PE were unstable under these conditions 
(see below). Also, we hoped to learn whether 
highly unsaturated PE (which are abundant in 
certain membranes) would condense with cho- 
lesterol, since previous work (1,2) on individual 
PE species including 16:0-16:0, 18:0-18:1, 
16:0-18:2, 16:0-18:3 and 18:3-16:0 had indi- 
cated that only 18:0-18:1 would condense in a 
monolayer with cholesterol. 

EXPE RI MENTAL PROCEDUR ES 

Cholesterol (Nutritional Biochemicals Corp., 

T A B L E  I 

Fa t t y  Ac id  Co mp o s i t i o n  o f  Rat  Liver 
P h o s p h a t i d y l e t h a n o l a m i n e  

Fa t ty  acid M o l %  

16:0 18.0 
18:0 35.5 
18:1 5.1 
18:2 7.8 
18:3  1.6 
20:2  a 1.2 
20 :3  a 0.8 
20 :4  20 .7  
22 :4  a 1.5 
22:5  a,b 3.0 
22 :6  4.6 

a e T n ta t ive ly  iden t i f i ed  by relat ive r e t en ion  t ime .  
b T w o  c o m p o n e n t s ,  p robab ly  isomers .  
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TABLE II 

Decrease in Area Per Molecule Produced by Mixing of Lecithins with 
Cholest-4-ene-3-one or Cholestan-3-one in Monolayers (A 2) 

Lecithin 

Mole Fraction of Lecithin 
A 2 A A 2 A 2 

Sterol 0 0.2 0.4 0.6 0.8 1.0 

5 dynes/cm 

16:0-16:0 Cholest-4-ene-3-one 55.3 5.5 9.4 11.5 
16:0-18:1 6.5 9.6 7.8 
16:0-18:3 6.0 12.0 12.1 
16:0-20:4 3.7 5.3 4.6 
16:0-18:1  Cholest an- 3-one 44.2 5.1 9.0 
16:0-20:4 10.2 8.2 

20 dynes/cm 
16:0-16:0 Cholest-4-ene-3-one 47.2 0.2 1.4 2.0 
16:0-18:1 4.4 8.0 6.2 
16:0-18:3 3.3 7.9 10.6 
16:0-20:4 6.3 8.2 8.0 
16:0-18:1  Cholestan-3-one 40.6 3.6 9.5 
16:0-20:4 7.8 7.0 

4.5 
4.1 
6.0 
3.5 
0.9 
5.4 

92.5 
101.5 
116.3 
111.0 
101.5 
111.0 

2.2 62.0 
3.8 79.2 
6.0 88.6 
4.6 84.8 
1.8 79.2 
4.9 84.8 

Cleveland, Ohio) was checked  for pur i ty  by 
thin layer  ch romatography  (TLC) (10,1 l )  and 
only one c o m p o n e n t  was found.  Cholest-4-ene- 
3-one (Eastman Organic Chemicals,  Rochester ,  
N.Y.) was recrystal l ized f rom absolute ethanol .  
I t  mel ted  at 80 C (lit. 82 C [12] ) and gave only 
one spot  on TLC (10). Cholestan-3-one (Al- 
drich Chemical  Co.,  Milwaukee, Wis.) mel ted at 
127-8 C (lit 129 C [ 1 2 ] )  and produced  only 
one spot  on TLC (10). These lipids were dried 
over P2,05 under  vacuum for 12 hr or more  at 
room temperature ,  and a weighed amoun t  of  
each was dissolved in redisti l led reagent grade 
benzene.  

Dipalmitoyl  leci thin (Nutr i t ional  Biochemi-  
cals Corp.)  and d ipa lmi toyl  PE (Calbiochem,  La 
Jolla,  Calif.) were analyzed by TLC (13) and 
each p roduced  only one spot.  Gas chromato-  
graphic (GLC) analyses of  these indicated that 
palmit ic  acid accounted  for  more than 99% of 
the fa t ty  acids in each case. The prepara t ion 
and puri f icat ion me thods  for 1-palmitoyl-2- 
oleoyl- leci thin ( 16: 0-18: 1), 1-palmitoyl-2-1ino- 
lenoyl- leci thin ( 1 6 : 0 - 1 8 : 3 ) a n d  1-palmitoyl-2- 
arachidonoyl- leci thin  (16 :0-20:4)  have been 
described earlier (7). These compounds  were at 
least 97% pure,  as found  by GLC analysis of the 
fa t ty  acid mole ratio. Natural  PE was a mix ture  
of  many  molecular  species isolated f rom rat 
liver l ipid by preparat ive TLC (13). Its fa t ty  
acid compos i t ion  is given in Table I. 

Solut ions of  a sterol in benzene,  or a 
phosphol ip id  in a mix ture  of  ch loroform-  
methanol  (d ipa lmi toyl  PE was dissolved in 
ch loroform-e thanol )  were mixed  before  spread- 
ing of  films. 

Pressure-area measurements  were made at 

22 + 1 C with  a Cenco Hydrophi l  Balance 
(Central Scient if ic  Co., Chicago, Ill.) as de- 
scribed before  (4). The subphase was distilled 
water  (measured pH ca. 5.4), 0.01 M HC1 
(measured pH 2.0) or 0.01 M KOH (measured 
pH 11.9). Lipid solutions were measured on to  
the aqueous phase with  a Hamil ton  syringe 
(Hamil ton  Co.,  Whittier,  Calif.), and at the 
same t ime an equal  al iquot  was taken for GLC 
analysis of  fa t ty  acid con ten t  to conf i rm the 
concent ra t ion  o f  phosphol ip id  (14) (all solu- 
tions except  pure sterols). Each solut ion was 
spread and analyzed at least twice.  A comple te  
set of  mixtures  and pure componen t s  was 
measured on 1 day to minimize  variations 
caused by slight tempera ture  changes, etc.  
Max imum variat ion in area obta ined  for  the 
same sample measured on different  clays was 
+ 2A, but  usually was much  less. 

RESULTS AND DISCUSSION 

Cholest-3-one and cholest-4-ene-3-one pro-  
duced films with  considerably greater  areas per  
molecule  than choles tanol  or choles terol  (not  
shown),  as has been repor ted  before  (5,8). 
These films could  no t  be compressed beyond  
ca. 20 and 28 dynes /cm,  respect ively,  which 
suggests that  the ke to  group interacts  m u c h  
more  weakly than the hydroxy l  group with  the 
aqueous  phase. In monolayers  of  cholesterol ,  
the rigid s teroid ring system is or iented vert i-  
cally (15), but  in monolayers  of  these ke tones  
the molecules  apparent ly  are t i l ted so that  they  
occupy larger areas than cholesterol  does. Cho- 
lest-4-ene-3-one appears to be more t i l ted than 
cholestan-3-one (larger area per molecule) .  
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FIG. 1. Effects on the pressure-area curves of 
dipalmitoyl PE of subphases of pH 2.0, 5.4 and 11.9. 

Both ketones produced condensations with 
each lecithin, and the reductions in area per 
molecule in the mixed monolayers were similar 
for both ketones (Table II). This condensation 
was smaller than that produced by cholesterol 
with these lecithins and is about the same as the 
condensation produced by cholestanol (8). 
That is, cholestanol and the two ketones are 
roughly equivalent in condensing these leci- 
thins, and cholesterol is much more effective 
than they are. 

The double bond at carbon 4 of cholesterol 
causes it to be a stronger condensing agent than 
cholestanol, but the double bond in cholest-4- 
ene-3-one did not  produce condensations great- 
er than those observed with cholestan-3-one. 
Therefore it is the combination of the 
3-/3-hydroxyl and the double bond at carbon 4 
that is most effective in producing condensa- 
tions in mono-layers of these lecithins. 

It is interesting that Demel et al. (5) found 
that these ketones can also condense mono- 
layers of an "inverted" lecithin (18: 1-18:0) 
and, similarly, that the effect was smaller than 
that of cholesterol with this lecithin. These 
results imply that the relative positions of the 
saturated and unsaturated chains in the lecithin 
molecule are not important in the condensation 
of lecithins by these ketones. 

Synthetic (16:0-16:0) PE, natural PE and 
cholesterol were measured, separately and in 
mixtures at pH 2.0, 5.4 and 11.9, in an effort 
to study the effect of the ionization of the 
amino group on cholesterol-PE interactions. At 
pH 11.9, cholesterol produced films with sur- 
prisingly large areas per molecule, which bore a 
suspicious resemblance to the data obtained by 
Kamel et al. when cholesterol monolayers were 
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FIG. 2. Interaction of rat liver PE with cholesterol 
in monolayers on subphase pH 5.4 at 22 -+ 1 C. 

allowed to oxidize in air for an hour on a 
subphase of pH 7.0 (16). We therefore spread 
and collected films of cholesterol at eachpH 
and tested these materials, along with the stock 
cholesterol solution, by TLC (one dimension 
[ 16] ). Five new components were found in the 
sample exposed to pH 11.9, but the others all 
appeared to be pure. A similar experiment with 
16:0-16:0 PE films and stock solution showed 
that the PE had completely disappeared, and 
that three new components had appeared in the 
sample collected at pH 11.9 (TLC [13]). The 
unspread sample and those spread at pH 2.0 or 
5.4 seemed unaffected. These observations 
show that monolayers of cholesterol or PE can 
decompose very rapidly when exposed to a 
subphase of pH 11.9. These phenomena may be 
very important  in the interpretation of certain 
data in the literature. For example, in a report 
concerning the behavior of 16:0-16:0 PE mono- 
layers at various pH values, at pH 11.9 the 
authors obtained a pressure-area curve very 
similar to ours (Fig. I). Our results suggest that 
those experiments, also, probably involved de- 
composition of PE, and that the physical-chem- 
ical interpretation made by these authors 
should be reevaluated (17). Such rapid decom- 
position of both cholesterol and PE suggests 
that these molecules also may be unstable at 
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high pH in o the r  highly dispersed prepara t ions ,  
such as mult ibi layers.  A recen t  invest igat ion of 
pH effects  on the physical  behavior  of  mult ibi-  
layers of  PE or PE plus choles terol  indica ted  
tha t  there  was a sudden  change in the proper-  
ties o f  the  prepara t ions  be tween  pH 8.3 and 
10.4 (18). Before the i n t e rp re t a t i on  of  these 
results can be fully accepted ,  it should  be 
shown tha t  the lipid had  no t  d e c o m p o s e d  
suff icient ly to  p roduce  i m p o r t a n t  changes in 
the physical  proper t ies  of  the mul t ib i layer  
preparat ions .  

Cholesterol  and the  PE samples were stable 
at pH 2.0 and 5.4. Dipalmitoyl  PE did no t  
condense  wi th  choles terol ,  as had been  found  
by o the r  invest igators,  bu t  the natural  PE was 
condensed  cons iderably  b o t h  at pH 2.0 (not  
shown)  and at pH 5.4 (Fig. 2). Other  workers  
have shown tha t  18:0-18:1 PE will condense  
w i t h  c h o l e s t e r o l ,  bu t  tha t  16:0-16:0,  
16:0-18:2,  16:0-18:3 and 18:3-16:0  PE will 
no t  condense  wi th  choles tero l  in mixed  mono-  
layers at 22 C (1,2).  Therefore  we must  
a t t r ibute  the  condensa t i on  f o u n d  here to  the 
presence of  o the r  PE molecules ,  part icularly 
those  conta in ing  20:4  or 22:6 (Table I). It 
seems probable  that  choles terol  can condense  
wi th  many  molecular  species of  PE, as it does 
wi th  lec i th in  molecules  of  various s t ructures ,  
and tha t  similar in terac t ions  could also occur  in 
membranes  k n o w n  to con ta in  b o t h  choles terol  
and PE. 
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The Structures of the Principal Glycerolipids of Pig Liver 
M.L. HUNTER,  W.W. CHRISTIE and J.H. MOORE, 
Hannah Research Institute, Ayr, Scotland 

ABSTRACT 

The lipid composition of pig liver has 
been determined. The principal glyc- 
erolipids, i.e., triglycerides, phosphatidyl 
choline, phosphatidyl ethanolamine and 
phosphatidyl inositol, were isolated and 
the positional distribution of fatty acids 
in each determined by stereospecific anal- 
ysis procedures. Previous results for the 
triglycerides were confirmed, while the 
phospholipids were similar in structure to 
those found in most other animal livers. 
The triglycerides were separated into 
simpler molecular species by combina- 
tions of silver nitrate thin layer chroma- 
tography and high temperature gas liquid 
chromatography, but the proportions 
found did not  agree well with those 
calculated assuming a 1-random, 2- 
random, 3-random arrangement. The 
phospholipids were hydrolyzed with 
phospholipase C and converted to diglyc- 
eride acetates that were fractionated into 
simpler molecular species by the same 
procedures as were used with triglycerides. 
Highly specific fatty acid combinations 
were found in molecular species, and 
these specificities were very similar to 
those reported in similar lipids from the 
livers of such disparate species as the rat 
and chicken. 

INTRODUCTION 

A considerable amount of information is 
now available on the structures of lipids from 
mammalian tissues (reviewed recently by 
Kuksis [1]) ,  but most lipid analysts have 
concentrated on single specific lipid classes 

from a variety of tissues or species rather than 
systematically examining and comparing all the 
glycerolipids from a single source. The excep- 
tion is the liver lipids of the rat which Wood 
and Harlow (2,3), in particular, have examined 
in some detail. Tumor lipids (4) have been 
studied in a similar manner and have important 
structural differences from those of normal 
tissues. The structures of all the lipid classes 
from many other tissues from a number of 
species must be determined and compared, if 
analytical studies are to make a significant 
contribution to a knowledge of the biosynthesis 
and interconversions of glycerolipids. As lipid 
metabolism in the pig is known to be different 
in many respects from that in other species, the 
structures of the main glycerolipids of pig liver 
have been determined and are now described. 

MATERIALS AND METHODS 

Animals 

Six large white pigs, on standard diets, were 
slaughtered when the reached 90 kg live weight. 
The livers were removed and 500 g portions of 
each extracted with chloroform-methanol 2:1 
v/v (36). Lipid extracts were pooled. 

Lipid Quantification 

Neutral lipid classes were separated by thin 
layer chromatography (TLC) on Silica Gel G 
layers (E. Merck, A.G., Darmstadt) and phos- 
pholipids on Silica Gel H layers (Camag, Mut- 
tenz), and the amounts and fatty acid compo- 
sitions of each were determined by gas liquid 
chromatography (GLC) of the constituent fatty 
acids with methyl pentadecanoate added as 
internal standard. The procedure has been 
described in detail elsewhere (5,6). 

TABLE I 

Lipid Composition of Pig Liver  

Tota l  Amount, Amount, 
l ip id  classes a wt % Phospholipid classes mol % 

Cholesteryl esters 4.0 Phosphatidic acid-cardiolipin 6.0 
Trig lycer ides  15.5 Phosphatidyl ethanolamine 21.3 
Free fa t ty  acids 1.9 Phosphatidyl serine 1.3 
Diglycerides 0.2 Phosphatidyl inositol 7.2 
Phospholipids 78.4 Phosphatidyl choline 57.5 

Sphingomyelin 4.5 
Lysophosphatidyl choline 2.1 

aFree  cho l e s t ero l  was  present  but was n o t  de termined .  
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Gas Liquid Chromatography 

Fatty acid analyses were performed on 
co lumns  (7 ft x .25 in.) of 15% EGSS-X on 
Gas-chrom P (100-120 mesh; Applied Science 
Labs., Inc., State College, Pa.) isothermally at 
180 C in a Pye 104 chromatograph. Compo- 
nents were identified by their retention times 
relative to authentic standards and by their 
chromatographic behavior on thin layers of 
Silica Gel G impregnated with silver nitrate. 
The amount of each ester present (wt%) was 
calculated from the product of the peak height 
and retention time, and results were converted 
to mol% by multiplying these values by appro- 
priate factors. 

Intact diglyceride acetates and triglycerides, 
after hydrogenation with platinum dioxide as 
catalyst (Adam's catalyst), were analyzed by 
GLC on columns (18 in. x .25 in.) of 1% SE 30 
on Gas-chrom Q (100-120 mesh; Applied Sci- 
ence Labs., Inc.), temperature-programed from 
250-300 C at  2 C/min (diglyceride acetates) or 
from 290-330C at 1.5 C/rain (triglycerides). 
Nitrogen at a flow rate of 50 ml/min was the 
cartier gas for all GLC analyses. The amount of 
each component (wt%) was determined with 
the aid of a Chromalog 2 integrator (Kent 
Instrument Co., Luton, Beds.) and results were 
converted to mol% by multiplying by appropri- 
ate factors. Isomers differing in the combined 
chain lengths of the fatty acid constituents by 
one carbon atom were separable. 

Preparative Separation of Lipids 

Triglycerides were obtained by preparative 
TLC on Silica Gel G layers (0.5 mm thick) with 
hexane-diethyl ether 80:20 v/v as developing 
solvent. Fractions rich in phosphatidyl choline, 
phosphatidyl ethanolamine and phosphatidyl 
inositol were obtained by chromatography on 
columns of DEAE cellulose prepared and eluted 
by the procedure of Rouser et al. (7). Pure 
phosphatidyl choline was obtained from the 
appropriate fraction by preparative TLC on 
Silica Gel G layers (0.5 mm thick) with 
chloroform-methanol-water 25:8:1 v/v as sol- 
vent system, pure phosphatidyl ethanolamine 
was obtained similarly, except that chloroform- 
methanol-water 80:20:0.5 v/v was the solvent 
system and pure phosphatidyl inositol was 
obtained by TLC on layers of Silica Gel H in 
which magnesium silicate ( t 0% w/w) was incor- 
porated (8); chloroform-methanol-TN ammonia 
60:35:4 v/v was the developing solvent. Lipids 
were recovered from the adsorbents by elution 
with chioroform-methanol-water 5 : 5: 1 v/v. 
Enzymatic Hydrolyses of Lipids 

The modified Brockerhoff procedure used 
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TABLE III 

Principal (>1% of the Total) Molecular Species of Pig Liver Triglycerides 

67 

Species Found Calculated a Species Found Calculated a 

16:0-16:0-16:0 0.5 1.0 16:0-18:1-18:1 15.4 10.8 
16:0-16:0-16:1 1.2 0.4 16:0-18:0-18:2 3.2 2.1 
16:0-16:0-18:0 0.8 1.0 16:0-18:1-18:2 11.4 9.5 
16:0-16:0-18:1 4.6 6.1 16:0-18:2-18:2 3.0 1.9 
16:0-16:0-18:2 1.7 2.5 18:0-18:0-18:1 1.5 0.8 
16:0-16:1-18:1 2.9 1.5 18:0-18:1-18:1 3.1 4.2 
16:0-16:1-18:2 1.4 0.6 18:0-18:1-18:2 3.1 3.8 
16:0-18:0-18:0 1.0 0.4 18:0-18:2-18:2 1.3 0.8 
16:0-18:0-18:1 8.6 4.6 18:1-18:1-18:1 3.7 4.4 

18:1-18:1-18:2 2.9 5.7 

aAssuming a 1-random, 2-random, 3-random arrangement. 

for the stereospecific analysis of triglycerides 
has been described elsewhere (9,10). Results for 
position 1 were obtained by analysis of the 
lysophosphatide produced in the final stage of 
the procedure; those for position 2 were ob- 
tained by pancreatic lipase hydrolysis, and 
those for position 3 were calculated by differ- 
ence from the known triglyceride composition. 
Checks were possible on the results for posi- 
tions 2 and 3, and only those analyses that 
conformed to the standards of accuracy de- 
scribed earlier (9,10) were accepted. 

Phospholipase A hydrolysis with the snake 
venom of Ophiophagus hannah was used to 
obtain the positional distribution of fatty acids 
in the phosphatidyl choline (1 1), the phospha- 
tidyl ethanolamine (12) and the phosphatidyl 
inositol (12). 

The phospholipase C of Clostridium welchii 
(Sigma Chemical Co., London) was used to 
prepare diglycerides from phosphatidyl choline 
(13) and that of Bacillus cereus (prepared by 
the method of Ottolenghi [14])  to prepare 
diglycerides from phosphatidyl ethanolamine 
(2) and phosphatidyl inositol (3). The acetate 
derivatives were prepared without delay (13) 
and were purified by preparative TLC on layers 
of Silica Gel G; hexane-diethyl ether 6:4 v/v 
was the developing solvent. 

Silver Nitrate Chromatography 

Separations were performed on 20 x l0 cm 
glass plates coated with a layer 0.5 mm thick of 
Silica Gel G impregnated with 10% (w/w) silver 
nitrate. Triglycerides were separated with hex- 
ane-diethyl ether-benzene-methanol 70:10: 20:1 
v/v as solvent system. Bands were visualized 
under UV light after spraying with 2',7'-dichlo- 
rofluorescein in methanol and were scraped 
into test tubes. When the fatty acid compo- 
sitions of the fractions were required, a stan- 
dard solution of methyl pentadecanoate in 
methanol (1 ml) was added, and the compo- 

nents were recovered by the procedure of 
)kkesson (15) for transesterification with sodi- 
um methoxide. When the intact fractions were 
to be analyzed by high temperature GLC, a 
standard solution of tritetradecanoin in diethyl 
ether (1 ml) was added and the components 
isolated as before. The amount of each fraction 
was determined by relating the combined areas 
of the various peaks on the GLC recorder chart 
to that of the appropriate internal standard. 

Diglyceride acetates were separated with 
chloroform-methanol 98.5:1.5 v/v as devel- 
oping solvent (species with 0 to 2 double bonds 
per molecule) or with chloroform-methanol 
97:3 v/v as developing solvent (3 to 6 double 
bonds per molecule), and bands were recovered 
for analysis as above except that tridecanoin 
was added as an internal standard when the 
intact lipids were analyzed by high temperature 
GLC. 

RESULTS AND DISCUSSION 

Lipid Composition 

The major lipid classes in pig liver were 
separated by TLC and determined by gas 
chromatography of the constituent fatty acids 
in the presence of  a suitable internal standard. 
The results are listed in Table I. Triglycerides 
were the major simple l i n d  class present, but 
there were also appreciable amounts of choles- 
teryl esters. Phosphatidyl choline, phosphatidyl 

'ethanolamine and phosphatidyl inositol were 
the most abundant phospholipids. Triglyc- 
erides, in sufficient quantity for structural 
studies, were isolated by preparative TLC. 
Larger quantities of the phosphatides were 
isolated by DEAE cellulose column chroma- 
tography followed by preparative TLC. 

The fatty acid constituents of the lipids were 
those common to most mammalian tissues, viz., 
16:0, 18:0 and 18:1, together with 18:2 and 
long chain polyunsaturated fatty acids of the 
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TABLE IV 

Principal Molecular Species of Pig Liver Glycerophosphatides 

Proportion in each phospholipid class, mol  % 

Molecular Found Calculateda 
species PC PE PI PC PE PI 

16:0-16:0 1.2 --  -- 0.8 0.1 0.1 
-18:1 15.8 1.1 0.6 8.0 0.5 0.2 
-18:2 12.8 2.3 1.0 11.4 2.0 0.2 
-20:3 b 1.3 0.2 0.4 1.0 0.2 0.5 
-20:4 4.1 5.4 2.4 7.7 7.3 3.9 
-20:5 2.0 1.2 0.3 2.3 1.1 0.1 
-22:5&6 3.7 5.3 0.4 5.3 3.4 0.4 

18:0-18:1 7.8 1.7 1.4 11.4 2.6 1.6 
-18:2 20.8 10.9 4.5 16.3 10.2 2.8 
-20:3 b 1.9 0.3 11.9 1.4 1.0 7.3 
-20:4 12.1 42.4 62.0 11.1 37.4 61.8 
20:5 3.9 6.8 0.6 3.3 5.4 0.8 
-22:5&6 6.9 11.1 5.6 7.7 1%2 5.9 

18:1-18:1 0.6 1.5 0.3 1.0 0.2 0.1 
-18:2 1.7 1.6 0.3 1.7 0.9 0.1 
-20:4 0.6 2.3 0.4 0.7 3.1 1.9 

aAssuming a 1-random, 2-random arrangement. 
bBoth the (n-6) and (n-3) isomers are present. 

(n-6) and (n-3) families as detailed in Table II. 
I f  the main lipids are considered in the order  
triglycerides, phosphat idyl  choline,  phospha-  
t idyl e thanolamine  and phosphat idyl  inosi tol ,  
they conta in  decreasing amount s  of  16:0,  18:1 
and 18:2 and increasing amounts  of  18:0 and 
20:4 (n-6) together  wi th  the polyunsatura ted  
fat ty  acids of  the (n-3) series, excep t  in the 
phosphat idyl  inosi tol  where these tend to be 
minor  components .  Similar results have been 
obtained wi th  rat liver lipids (2,3). No  alkyl- or 
alkenyl-derivatives of  these lipids were detect-  
able (16). 

Positional Distribution of Fatty Acids in the Glycero- 
lipids 

The fa t ty  acid compos i t ion  of  each of  the 
three posit ions of  the sn-glycerol moie ty  was 
de termined  by a stereospecif ic  analysis proce- 
dure (9,10) based on that  devised by Brocker- 
hof f  (17). The results (Table II) were very 
similar to those obta ined in an earlier s tudy 
(10) and are listed only for  the sake of  
comparison with  the analogous results for the 
phosphat ides  and need  no t  be discussed fur ther  
here. The posit ional  dis tr ibut ions of  fa t ty  acids 
in each of  the phospholipids were determined 
by hydrolysis  wi th  the stereospecif ic  phospho-  
lipase A 2 (EC 3.1.1.4) of  snake venom (O. 
hannahj, and the results are also listed in Table 
II. In all, as is true of  most  g lycerophospha-  
tides, saturated fa t ty  acids were concent ra ted  in 
posi t ion 1 and unsa tura ted  in posi t ion 2, but  
there was much  less of  the saturated compo-  
nents  in posi t ion 2 than is found  in this 

posi t ion in the corresponding glycerophospha-  
tides of  rat (2,3) or rabbit  (18) liver or indeed 
of  o ther  pig tissues, e.g., k idney  (19), muscle 
(20), serum (21) and adipose tissue (21). The 
acyltransferases involved in the biosynthesis  of  
phospholipids in pig liver must  therefore  have 
an even greater specifici ty for  part icular  fa t ty  
acids than do the corresponding enzymes  in 
o ther  species or  in o ther  tissues of  the pig. 

There is l i t t le similarity be tween  the results 
for the fat ty  acid composi t ions  of  posit ions 1 
and 2 in the triglycerides,  and those for the 
same posit ions in the phosphol ipids  a l though 
diglycerides may be in termedia tes  in the bio- 
synthesis of  all the glycerolipids.  A similar 
finding was obta ined  with  rat liver glycerolipids 
(2,3). 

Molecular Species of Glycerolipids 

The triglycerides were separated into  simpler 
species first by silver ni trate  TLC and then  by 
high tempera ture  GLC of the in tact  molecules ,  
in order  that  a comprehensive  picture of  the 
molecular  species separated by the overall  
degree of  unsatura t ion  and combined  chain 
lengths of  the fat ty  acid const i tuents  might  be 
obtained.  The more impor t an t  of  these (~1%) 
are listed in Table III (it  was no t  technical ly 
possible to adequate ly  resolve molecules  con- 
taining polyunsa tura ted  fa t ty  acids). Previous 
work in which species of  pig liver tr iglycerides 
separated by silver ni t ra te  TLC alone were 
subjected to stereospecif ic  analysis had indi- 
cated that  the propor t ions  of  the molecular  
species could  be roughly predic ted  f rom the 
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positional distribution of fatty acids in the 
triglycerides if a 1-random, 2-random, 3-ran- 
dom arrangement was postulated (10). In this 
instance, although stereospecific analyses of the 
fractions were not  performed, the data did not 
agree quite as well with this hypothesis. It may 
therefore be possible that the acylation of 
further positions of partially esterified inter- 
mediates in triglyceride biosynthesis may not 
be correlated with the degree of unsaturation of 
the fatty acids already esterified, but may be 
dependent on their chain lengths. The discrep- 
ancies in the results for rat liver triglycerides 
obtained by Slakey and Lands (22) and by 
Wood and Harlow (2) could be explained on 
this basis. The former separated species only 
according to their degree of unsaturation and 
found that the fatty acids were esterified with 
noncorrelative specificity; the latter separated 
species only according to their approximate 
molecular weights, and found considerable spec- 
ificity in the molecular species formed. It 
therefore appears to be important that analysts 
should not utilize only one property in sepa- 
rating molecular species of lipids. Even with the 
combinations of separatory procedures used in 
this study, it was not possible to adequately 
delineate the fatty acid specificities of the 
acyltransferases and it may be necessary to 
perform much more detailed analyses, such as 
those suggested by Hammond (23), before 
these specificities can be adequately defined. 

The phospholipids, isolated by DEAE cellu- 
lose chromatography followed by preparative 
TLC, were hydrolyzed to diglycerides by the 
action of phospholipase C and converted to 
diglyceride acetates for separation into molec- 
ular species by combinations of methods analo- 
gous to those described above for triglycerides. 
The results are listed in Table IV. 

Only the phosphatidyl choline contained 
large amounts of mono- and dienoic species, 
while the tetraenoic species assumed much 
greater significance in the phosphatidyl ethanol- 
amine and phosphatidyl inositol. If the propor- 
tions of the various molecular species are 
calculated from the positional distributions of 
the fatty acids assuming a 1-random, 2-random 
arrangement, the actual and calculated results 
did not  agree well, especially in the phospha- 
tidyl choline and phosphatidyl ethanolamine. 
The discrepancies were smaller in magnitude in 
the phosphatidyl inositol, in which the amount 
of 16:0 was low and by far the major compo- 
nent  was the single species 18:0-20:4 that 
comprised more than 60% of the total. The 
deviations from the calculated values were 
largely the result of preferential associations of 
16:0 and 18:0 with specific unsaturated acids 

TABLE V 

Association of Palmitic and Stearic Acids with 
Unsaturated Fatty Acids in the 

Glyeerophosphatides of Pig Liver 

Degree of preference 
for palmitic acid a 

Unsaturated 
fatty acid PC PE PI 

18:1 2.75 3.41 4.56 
1 8 : 2  0 . 8 4  1 .11 2 . 3 6  
2 0 : 3  0 . 9  m 0 . 3 6  
2 0 : 4  0 . 4 6  0 . 6 7  0.41 
20:5 0.70 1.08 
22:5/6 0.73 2.51 0.76 

aDegree of preference for 16:0 = (16:0)/(18: 0)(class)/ 
(16:0)/(18:0)(total). (Nonpreferential association -- 1.0 
-+ 0.1, assuming a relative error of 10%.) (24,25). 

in molecular species, and these specificities can 
be seen better if the degree of preference for 
16:0 in each species is calculated (Table V) 
(24,25). In all the phosphatides, 18:1 exhibited 
a marked preference for 16:0, the less 16:0 and 
18:1 available, the greater the preference. 
Arachidonic acid was always preferentially asso- 
ciated with 18:0 in molecular species, but  18:2 
did not  exhibit a marked preference for either 
saturated acid except in the phosphatidyl 
inositol where it was associated with 16:0 to a 
greater extent than might have been antici- 
pated. The polyunsaturated components 22:5 
(n-3) and 22:6 (n-3), which were not resolved 
from each other, showed some degree of 
preference for 18: 0 in the phosphatidyl choline 
and phosphatidyl inositol but a marked prefer- 
ence for 16:0 in the phosphatidyl ethanol- 
amine. Similar associations of specific fatty 
acids in pairs are known to occur in rat liver 
(2,26,27) and egg yolk (24) phospholipids, 
although a 1-random, 2-random arrangement of 
fatty acids was found in the molecular species 
of tumor phospholipids (4). 

Although the positional distributions of 
fatty acids in the diglyceride acetate fractions 
were not determined by pancreatic lipase 
hydrolysis, the proportions of molecular species 
of the type 1-unsaturated, 2-saturated must be 
very small as in the phosphatidyl choline; for 
example, 75% of the saturated fatty acids in 
position 2 were in the disaturated fraction. 

Although the structures of lipids (especially 
the triglycerides from other pig tissues) are very 
different from those of most other species, the 
structures of the phospholipids of pig liver are 
very similar to those of rat liver (2,26,27) and 
to those of egg yolk (24) which may also 
originate in the liver of the chicken (28). For 
example, the preferential 'association of 22:6 
(n-3) with 16:0 in the phosphatidyl ethanol- 
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amine and wi th  18:0 in the phospha t idy l  
choline,  revealed in this s tudy,  has also been 
found  in the rat and chicken.  When the livers of 
such disparate  species as pig, rat and chicken 
exhibi t  such similar specificit ies in lipid biosyn-  
thesis, it  would  appear  that  the enzyme  systems 
in all must  be very similar or that  the s t ructural  
requ i rements  for  certain types  of  molecular  
species of  phosphol ip ids  in all are the same. The 
tr iglycerides bore  very l i t t le similari ty in the 
posi t ional  d is t r ibut ions  of  f a t ty  acids in posi- 
t ions 1 and  2 to  those  of  the phosphol ip ids  in 
the  liver of  the pig, and similar f indings have 
been  ob ta ined  wi th  o the r  species of  animals;  
but  this canno t  be regarded as surprising, since 
deacyla t ion-reacyla t ion  appear  to  play a large 
part  in the b iosynthes is  o f  part icular  molecular  
species of  phosphol ip ids  (29-32).  Recent ly  it 
has been  shown tha t  phospha t idy l  cholines 
(33,34) and tr iglycerides (10,35)  f rom di f ferent  
tissues in the same animal can be very d i f ferent  
in s t ructure ,  but  the s t ructural  re la t ionships  of 
such lipids to  each o the r  or to  the o the r  lipid 
classes in tissues o the r  than liver have ye t  to  be 
adequate ly  defined.  
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Phosphatidylethanolamine Metabolism in Rats Fed a 
Low Methionine, Choline-Deficient Diet 1 
R.L. LYMAN,  G. SHEEHAN and J. T INOCO, Department of Nutritional Sciences, 
University of California, Berkeley, California 94720 

ABSTRACT 

The m e t a b o l i s m  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  (PE) was s tud ied  in male  rats  
fed  a low m e t h i o n i n e  diet  for  7 days w i th  
or  w i t h o u t  s u p p l e m e n t a l  chol ine .  Groups  
of  animals  were in jec ted  w i th  2-14C-etha-  
n o l a m i n e  and  ki l led at  in tervals  t he rea f t e r  
up  to  72  hr. Liver phospho l ip id s  were 
isolated,  and  PE and  p h o s p h a t i d y l c h o l i n e  
(PC) were separa ted  by  a rgen ta t ion  chro-  
m a t o g r a p h y  i n to  diene ( 18 : 2 ) ,  t e t r aene  
( 2 0 : 4 )  and  hexaene  (22 :6 )  f rac t ions .  
F a t t y  acid c o m p o s i t i o n  and  the  dis t r ibu-  
t i o n  of  r ad ioac t iv i ty  and  specif ic  act ivi ty  
in the  t o t a l  phospho l ip id s  and  in the  
f rac t ions  were de t e r m i ned .  Chol ine  defi-  
c iency  did n o t  a f fec t  to t a l  l iver p h o s p h o -  
l ipid,  b u t  i t  did increase  the  a m o u n t  of  
PE and decreased  t h a t  of  PC. The ma jo r  
e f fec t  of  the  def ic iency on  p h o s p h o l i p i d  
f a t t y  acids was to decrease the  p r o p o r t i o n  
of PE a r a c h i d o n a t e  and  to  increase t h a t  of 
d o c o s a h e x a e n o a t e .  E t h a n o l a m i n e  incor-  
po ra t i on  i n to  l iver PE of  def ic ien t  ra ts  
was on ly  sl ightly less t h a n  in the  con t ro l s ,  
b u t  loss of  the  rad ioac t iv i ty  f rom the  PE 
was slower.  E t h a n o l a m i n e  rad ioac t iv i ty  

1presented in part at the AOCS Meeting, Houston, 
May 1971. 

appea r ing  in the  PC of  def ic ien t  ra ts  was 
a b o u t  ha l f  t h a t  of  the  con t ro l s ,  even 
t h o u g h  specific act ivi t ies  of the  PE precur-  
sors were s imilar  to  the  con t ro l  rats.  
Chol ine  def ic iency increased  the  biologi-  
cal half-hives of  the  to ta l  PE and  its 
f rac t ions .  A l t h o u g h  the  p r o p o r t i o n  of PE 
t e t r aeno ic  f r ac t ion  was r educed ,  the  to ta l  
a m o u n t  of  this  l iver PE f rac t ion  in defi-  
c ien t  ra ts  was n o t  af fec ted .  However  the  
a m o u n t  of  h e x a e n o i c  f r ac t ion  was dou-  
bled,  and  i t  a c c o u n t e d  for  mos t  of  the  
inc reased  q u a n t i t y  of  l iver PE seen in 
def ic ien t  animals.  The resul ts  suggested 
t h a t  in cho l ine  def ic iency PE synthes i s  
was de layed  bu t  n o t  apprec iab ly  sup- 
pressed,  and  t h a t  l imi ted  avai labi l i ty  of  
m e t h i o n i n e  for  m e t h y l a t i n g  the PE frac- 
t ions  in the i r  p r o p e r  p r o p o r t i o n s  a f fec ted  
the  c o n c e n t r a t i o n s  of  the  PE f rac t ions  
and  impa i r ed  t he i r  n o r m a l  conve r s ion  to 
PC. 

I NTRODUCTI  ON 

I t  is general ly accep ted  t ha t  the  on ly  pa th-  
way for  de novo  syn thes i s  of  cho l ine  in the  ra t  
is via m e t h y l a t i o n  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  
(PE) to  f o r m  p h o s p h a t i d y l c h o l i n e  (PC). There-  
fore  i t  is n o t  surpr is ing t h a t  a n u m b e r  of  
inves t igators  have r e p o r t e d  the  u t i l i za t ion  of 

TABLE I 

Liver Lipids in Rats Fed Diets with and without Choline 
A. 

Liver a, g Total lipid a, % Phospholipid, 
Diet  rag/liver 

Contro l  8.50 -+ 0.14 3.89 -+ 0.01 270 -+ 4 
Choline-deficient 10.8 -+ 0.3 17.3 -+ 1.2 266 -+5 

B. 

Distribution of phospholipids, %b 

Diet  Sph PC PE PI+PS 

Contro l  10.7 -+ 0.2 48.8 -+ 0.2 23.0 -+ 0.3 11.8 + 0.2 
Chol ine -de f i c i en t  10.7 -+ 0.5 42.8 -+ 0.7 28.5 +- 0.6 13.1 -+ 0.4 
P value <.01 <.01 <.05 

aWet w t  o f  liver. Means -+ standard error o f  2 0  to  24 rats in each diet group. 
bSph = sphingomyelin; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI+PS = phosphatidyl- 

inositol and phosphatidylserine combined. 
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FIG. 1. Per cent of injected 1,2-14C-ethanolamine 
incorporated into liver phospholipids of rats fed diets 
with and without choline. Each point on a curve 
represents a sample pooled from three rats. 

this pathway to be affected when an animal is 
fed a choline deficient diet. Agreement is 
lacking, however, on whether choline defi- 
ciency stimulates or suppresses the pathway. 
For example, Lombardi et al. (1), in very short 
term experiments (rats fed deficient diets for 
only 15 hr), reported increased incorporation 
of the labeled methyl group of methionine into 
the liver PC. In 2 day-deficiency experiments, 
Thompson et al. (2) also demonstrated in- 
creased uptakes of methionine methyl group by 
rat liver PC, and Glenn and Austin (3) showed 
increased methylation of PE to PC in rats made 
deficient in choline for two weeks. In these 
experiments it appeared that length of the 
deficiency did not influence the pathway, as 
was proposed by Yamamoto et al. (4). In 
contrast to these results, however, are those of 
Blumenstein (5) who, in 2 day-deficient rats, 
demonstrated an early reduction in the incorpo- 
ration of 14C-label from ethanolamine or me- 
thionine methyl groups into PC. Results ob- 
taned by Haines and Rose (6) also indicated 
that in choline-deficient rats, incorporation of 
activity from 14C_ethanolamine into PE and PC 
was reduced. Although as yet no specific 
explanation is evident for these divergent re- 
sults, the age of rats, interval on deficient diet, 
time of sacrifice after injecting the labeled 
substance, and amount and kind of protein in 
the diet are probably contributing factors. 

Beare-Rogers (7) reported a reduced propor- 
tion of arachidonic acid and increased docosa- 
hexaenoic acid in liver PE of choline-deficient 
rats as compared with controls, and speculated 
on the possibility that a subspecies of PE 
(possibly that containing arachidonic acid) 
necessary for the synthesis of PC may not be 
synthesized or be available in the choline-defi- 
cient rats. Lombardi et al. (1) and Day and 
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FIG. 2. Specific activity of total liver phospho- 
lipids and distribution of radioactivity from 1,2-I4C- 
ethanolamine between liver phosphatidylethanolamine 
and phosphatidylcholine in rats fed diets with and 
without choline. Phospholipid was calculated by mul- 
tiplying mg P x 25. Each point on a curve represents a 
sample pooled from three rats. 

Levy (8) have also suggested that lack of or 
shift in the concentration of a specific PC 
species may impair synthesis and release of 
lipoprotein from the liver, leading possibly to 
the accumulation of hepatic triglyceride, char- 
acteristic of a choline deficiency in rats. 

In recent investigations with choline-defi- 
cient rats (9), we have also found the changes in 
rat liver PE arachidonic and docosahexaenoic 
acids shown by Beare-Rogers. In addition, we 
found that choline-deficient rats converted 
more methyl-labeled methionine into a sub- 
species of liver PC rich in docosahexaenoic acid 
than did controls. Consequently, in order to see 
whether choline deficiency altered the metabo- 
lism of certain phosphatide fractions, we con- 
ducted, in rats fed diets with and without 
choline, a time study of incorporation and 
disappearance of radioactive ethanolamine in 
three main fractions of liver PE and PC. 

MATERIALS AND METHODS 

Animals 

Male Long-Evans rats, weighing ca. 175 g, 
were fed ad libitum for 7 days either a control 
diet containing 20% soybean protein and 0.3% 
choline chloride or the same diet deficient in 
choline. Details of the diet composition have 
been described previously (9). The animals were 
allowed free access to food and water until they 
were killed. 

During an experiment, three rats from each 
diet group at each time period were injected 
intraperitoneally with 3.00/~Ci of 1,2-] 4 C-etha- 
nolamine (International Chemical and Nuclear 
Co., Irvine, Calif.) per 100 g body wt. They 
were then anesthetized (Diabutal, Diamond 
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Lab., Des Moines, Iowa) and killed by with- 
drawal of blood directly from the heart. Livers 
were removed, frozen on solid CO 2 and lyophi- 
lized. 
Lipid Analysis 

Liver lipids were extracted with chloroform- 
methanol containing hydroquinone as described 
previously (9). During subsequent procedures, 
lipids were always kept in solution or under 
nitrogen in order to minimize oxidation. Sol- 
vents and chemicals were of reagent grade 
purity. The liver lipid extracts were analyzed 
for total radioactivity, total phosphorus (10) 
and total lipid (11). The liver phospholipids 
were isolated from neutral lipids (in both diet 
groups) by preparative thin layer chromatogra- 
phy (TLC) (12) to avoid complications caused 
by high concentrations of triglycerides in the 
deficient livers. Phospholipid classes were then 
separated by the TLC system of Skipski et al. 
(13). Considerable radioactivity was found in a 
diffuse band that migrated between PE and PC. 
This material, "fraction 3," appeared to be a 
lipid and was not characterized further. Its 
specific activity is shown in Figure 3. Phospho- 
lipid bands were scraped from the plate into 15 
ml centrifuge tubes containing 10 ml methanol 
and 3 drops sulfuric acid (insufficient to inter- 
fere with subsequent phosphorus determina- 
tion) and refluxed gently for 30-60 min. The 
silica gel was then eluted with absolute metha- 
nol and aqueous methanol, and the volume of 
eluate was reduced. The methyl esters were 
then extracted into petroleum ether for analysis 
by gas chroraatography (GLC). The aqueous 
phase was analyzed for phosphorus (10). Plate 
blanks were analyzed for phosphorus and fatty 
acid content. Values were very low compared 
with the size of the sample itself. Fatty acid to 
phosphorus ratios obtained from these determi- 
nations were quite close to the theoretical mole 
ratios, which indicated that there was no 
significant loss of fatty acids due to oxidation 
during the manipulations. 

Fractionation of PE and PC 

After the separation of phospholipids from 
neutral lipid, PE and PC from individual ani- 
mals were prepared by the TLC procedure of 
Skipski et al. (13). Equal amounts of PE or PC 
from at least three animals were pooled, and an 
aliquot of the pool was fractionated by argenta- 
tion TLC as previously described (9,14,15). 

Fatty Acid Analyses 

Fatty acids of the phospholipid classes and 
fractions were analyzed with an Aerograph 
Model 200 gas chromatograph equipped with 
hydrogen flame detectors. The instrument was 
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FIG. 3. Specific activities of liver phosphatidyleth- 
anolamine and phosptlatidylcholine after administra- 
tion of 1,2-14C-ethanolamine to rats fed diets with 
and without choline. Each point on a curve represents 
a sample pooled from three rats. 

calibrated daily with a standard containing 
known proportions of saturated fatty acid 
methyl esters and methyl oleate, linoleate and 
arachidonate (Calbiochem, Los Angeles, Calif.; 
Hormel Institute, Austin, Minn.). Methyl esters 
of docosapentaenoic and docosahexaenoic acids 
were identified by their relative retention times 
before and after hydrogenation, and by com- 
parison with an authentic sample of 22:6 
methyl ester (Hormel Institute). Methyl esters 
were prepared by transesterification (14). The 
weights of fatty acids in the phospholipid 
fractions were obtained by GLC with the use of 
heptadecanoic acid as an internal standard (16). 
These weights, together with the radioactivity 
of the fraction, gave a specific activity ex- 
pressed as cpm/ttg fatty acid. This method was 
more sensitive and reproducible than determi- 
nation of phosphorus in the relatively small 
samples at our disposal. 
Radioactivity Measurements 

Radioactivities of the various lipid fractions 
were determined with a Beckman Model 
LS-100 liquid-scintillation counter. Lipid ex- 
tracts were evaporated to dryness and counted 
in a solution of 0.4% 1,5-diphenyloxazole in 
toluene. Bands of phospholipid separated by 
TLC were scraped into counting vials and 
counted in a solution of 0.4% 2,5-diphenyloxa- 
zole in dioxane containing 10% naphthalene 
and diluted with 0.2 volume of water. Counting 
efficiency of 14C in the dioxane mixture was 
65%; in the toluene mixture it was 76%. 

Statistical comparisons were made using the 
t test described by Snedecor (17). 

RESULTS 

Liver lipid analyses are shown in Table I. As 
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TABLE II 

Fatty Acid Composition of Liver PE and PC from Rats Fed Diets 
with and without Choline 

Fatty acid, wt %a 

Diet 16:0 18:0 18:1 18:2 20:4 <20:4 b 22:6 

Phosphatidylethanolamine 

Control 13.4 26.9 3.8 8.9 30.9 S.4 8.3 
-+0.3 -+0.6 -+0.4 -+0.7 -+0.3 

Choline deficient 17.7 31.0 2.4 6.2 21.3 6.6 13.6 
�9 +0.6 -+0.8 -+0.4 • -+0.6 

P value <.0l  <.01 N.S. <.01 <.01 N.S. <.01 
Phosphatidylcholine 

Control 18.1 22.3 4.1 17.1 30.1 2.3 3.4 
�9 +0.3 -+0.1 -+0.3 -+0.4 

Choline deficient 18.0 26.9 3.0 14.0 28.5 1.6 3.6 
+0.6 +0.2 -+0.6 -+0.7 

P value N.S. <.01 <.01 <.01 N.S. N.S. N.S. 

aValues are from 20 to 24 rats in each diet group. Minor fatty acids have been omitted. 
bConsists mainly of 20:5 and 22:5 fatty acids. 

expec ted ,  chol ine  def ic iency  i n d u c e d  a severe 
f a t ty  liver, a l t h o u g h  to ta l  phospho l ip id s  in the  
livers of  the  two groups  of  ra ts  were the same. 
The p r o p o r t i o n  of  PC in de f ic ien t  rats  was 
s ignif icant ly  r educed ,  while  t h a t  of  PE (as well 
as a small  mixed  f r ac t ion  of  PI and PS) was 
increased.  Thus  there  was an abso lu te  increase  
in the  a m o u n t  o f  PE and  a decrease  in t h a t  of  
PC. Similar resul ts  have been  r e p o r t e d  previ- 
ously (6 ,7 ,9 ,18) .  

Figure 1 shows the  i n c o r p o r a t i o n  of  e thano l -  
amine  i n t o  liver phospho l ip ids .  I n c o r p o r a t i o n  
of the  1 ,2 -14C-e thano lamine  t o o k  place rapid ly  
in b o t h  groups,  bu t  was sl ightly lower  in 
def ic ien t  ra ts  un t i l  18 hr  a f te r  in jec t ion .  The 
loss of  rad ioac t iv i ty  f rom the  phospho l ip id s  of 
these  an imals  appea red  to  be s lower  t han  in the  
cont ro l s .  

The  specific act ivi t ies  of  to ta l  l iver phospho -  
lipids and  the  d i s t r i bu t i on  of  r ad ioac t iv i ty  
be tween  PE and  PC are shown  in Figure 2. 
Con t ro l  rats  had  over  80% of  the  to ta l  liver 
p h o s p h o l i p i d  rad ioac t iv i ty  in the  PE at 1 hr. 
With t ime,  the  p r o p o r t i o n  of  label  in  the  PE 
decreased,  while  t h a t  in the  PC increased,  so 
t ha t  by 15 hr  b o t h  phospho l ip id s  were equal ly  
labeled.  F r o m  t h a t  t ime  to the  end  of the  
e x p e r i m e n t  ca. 50% of  the  p h o s p h o l i p i d  radio- 
act ivi ty r e m a i n e d  in the  PC, while PE main-  
t a ined  30-35%. In de f ic ien t  an imals  the  loss of  
rad ioac t iv i ty  f rom the  PE was s lower,  and the  
p r o p o r t i o n  o f  radioactivity in the PC never  rose 
above 40%. 

Figure 3 shows the  specific activi t ies of  the  
PE and  PC f rom c o n t r o l  and  def ic ien t  animals.  
The specific act ivi ty  of  PE was h igher  in  con t ro l  

r a t s  for  the  f irst  18 h r  of  i n c o r p o r a t i o n ,  and  
f rom then  on  the  con t ro l  and  def ic ien t  rats  had  
a b o u t  equal  specif ic  act ivi t ies .  The specif ic  
act ivi ty  of  PC f rom b o t h  groups  behaved  
similar ly bu t  was m u c h  lower  in the  def ic ien t  
ra ts  and  r eached  a m a x i m u m  la ter  t h a n  in the  
cont ro l s .  In  de f ic ien t  rats ,  " f r a c t i o n  3 "  had  a 
re la t ively  h igh specific ac t iv i ty  at  1 hr,  wh ich  
decl ined as the specif ic  aci t iv i ty  of  the  PC 
increased.  In  con t ro l s  , however ,  th is  f r ac t ion  
never  c o n t a i n e d  more  t h a n  5% of  the  to ta l  
rad ioac t iv i ty .  

F a t t y  acids of  the  l iver PE and  PC are shown  
in Table  I1. The  ef fec t  of  cho l ine  def ic iency was 
mos t  no t i ceab le  in  the  PE, where  the  p ropor -  
t ion  of  a r ach idon ic  acid was decreased,  while  
t h a t  of  the  d o c o s a h e x a e n o i c  acid was signifi- 
can t ly  increased.  Less p r o n o u n c e d  changes  in 
l inoleic,  s tear ic  and  pa lmi t ic  acid also were 
ev ident  in th i s  phospho l ip id .  The fa t ty  acid 
compos i t i on  of  the PC was relat ively u n a f f e c t e d  
by chol ine  def ic iency,  e x c e p t  fo r  a decrease  in 
the  p r o p o r t i o n  of  18:2 and  an increase  in 18:0.  
Similar  observa t ions  have been  made  by Beare- 
Rogers (7) on rats  de f ic ien t  in chol ine  for  3 
weeks.  

Changes  in the  p r o p o r t i o n s  of  u n s a t u r a t e d  
fa t ty  acids in  the  p h o s p h a t i d e s  r ep resen t  
changes  in the  p r o p o r t i o n s  of  the i r  mo lecu la r  
species. Table III shows the  f a t t y  acid compos i -  
t ions  and  p r o p o r t i o n s  of  the  PE f rac t ions  
o b t a i n e d  a f t e r  separa t ion ,  acco rd ing  to unsa tu-  
ra t ion ,  by  a rgen t a t i on  c h r o m a t o g r a p h y .  Resolu-  
t ion  of  the  f r ac t ions  agreed well  w i th  t h a t  of  
Arv idson  (19)  and  wi th  previous  resul ts  ob- 
t a ined  f rom ra ts  fed pur i f ied  diets  s imilar  to  
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TABLE III 

Fatty  Ac ids  of Liver Phosphatidylethanolamine (PE) Fract ions  
from Rats Fed Diets with or without Choline a 

75 

+ Choline - Choline 

PE fraction 22:6 20:4 18:2 22:6 20:4 18:2 

Fatty  acid Fatty  acid, vvt % 

16:0  19.9  10.8 23 .6  20 .4  14.1 23 .3  
18:0 17.9  32 .8  25 .2  22 .9  33 .9  30 .7  
18:1 2.6 2 .7  7.4 2.3 1.6 5.3 
18:2 1.4 0.8 43 .4  1.1 0.6 40 .2  
20:4  12 .4  44 .5  0 9.7 40 .7  0 

< 2 0 : 4  b 6.2 5.4 0 6.7 7 .0  0 
22 :6  38.9  2.3 0 35 .4  0.5 0 

Total  PE, % 19 .7  67 .4  12.9  39 .6  49 .2  11.3 

aValues are averages of at least seven separate pools. 
bConsists mainly of 20:5 and 22:5 fatty acids. Minor fatty acids have been omit ted .  

those in the present experiment (20). The 
tetraenoic (20:4) fraction predominated in 
both control and deficient groups. Choline 
deficiency reduced the proportion of this sub- 
fraction and doubled that of the hexaenoic 
(22:6) fraction. The composition and distribu- 
tion of PC fractions were similar to those 
obtained previously from rats fed the same 
diets under the same conditions (9), so are not 
shown here. 

Distribution of radioactivity in the PE frac- 
tions of control and choline-deficient rats is 
shown in Figure 4. In both control and defi- 
cient animals, the tetraenoic fractions rapidly 
gained radioactivity until they had attained ca. 
60% of the total radioactivity. The hexaenoic 
fraction in both groups also quickly gained a 
high proportion of radioactivity. Control ani- 
mals lost about half their initial acitivity by 18 
hr after administration of the ethanolamine. In 
deficient animals, however, the hexaenoic frac- 
tion maintained its high proportion of label for 
a much longer period. The proportion and 
pattern of labeling in the dienoic (18:2) frac- 
tion was relatively low and similar for both 
groups of animals. 

In order to see whether the turnover of the 
individual PE fractions was affected by choline 
deficiency, specific activities of the total PE 
and each of its fractions were plotted on a 
logarithmic scale vs. time and the regression 
lines that the points described were used to 
determine biological half-lives. These plots are 
shown in Figure 5. The calculated turnover 
time (1.44 T1/2) of 30 hr for total PE in 
control animals corresponds with a 32 hr 
turnover time reported by Ansell and Haw- 
thorne (21). In control animals, the hexaenoic 
and dienoic fractions had the shortest half-life, 
whereas the tetraenoic fraction had the longest. 

The rates of turnover of the PE fractions 
relative to each other were maintained in the 
choline-deficient animals, but the half-life of 
each fraction was considerably increased com- 
pared with control animals. 

Figure 6 shows the specific activities of the 
three major fractions of PC. The proportions of 
the PC fractions were similar to those obtained 
earlier (9) and were not altered appreciably by 
the choline deficiency. Estimations of the 
half-life of these fractions were not made, since 
a log plot vs. time produced a biphasic curve 
which could not be resolved satisfactorily. 
Similar two-component  curves for PC turnover 
have been reported by Pasternak and Friedrichs 
(22) and Bailey et al. (23). In both control and 
choline-deficient animals, the hexaenoic frac- 
tion attained the highest specific activity, reach- 
ing a maximum ca. 5 hr after administration of 
the labeled ethanolamine. Maximum specific 
activities of the dienoic and tetraenoic fractions 
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FIG. 4. Percentage distribution of 1,2J4C-ethanol - 
amine radioactivity in fractions of liver phosphatidyl- 
ethanolamine from rats fed diets with and without 
choline. Dienoic = 18:2 = o; tetraenoic = 20;4 = D; 
hexaenoic = 22:6 = A. Each point on a curve repre- 
sents a sample pooled from three rats. 
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FIG. 5. Logarithm of  specific activities of  total liver phosphatidylethanolamine and its fractions vs. time. 
T1/2 = 0.693; where K = slope of regression line (determined by method of least squares). Each point represents 
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a sample pooled from three rats. 
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were not achieved, however, until  ca. 20 hr 
after injection of the labeled compound. A1- ~o 
though the pattern of incorporation of the 
ethanolamine label into PC fractions was the 
same regardless of diet, deficient animals incor- 
porated only about half as much radioactivity 
as did animals fed choline. This was so, even 
though the initial specific activities of the PE 
fractions were similar for both groups (Fig. 5). ~< 

D I SC USSI ON 

When an animal is fed a choline-deficient, 
low methionine diet, one might expect the pool 
sizes of choline, methionine and related me- 
tabolites to be altered. If the pool size of a 
particular compound is reduced, then incorpo- 
ration of a radioactive dose of this compound 
may appear to be increased because the dose is 
diluted less than a normal amount.  Similarly, if 
the pool size is increased, there may be a 
decrease in the amount  of activity incorpo- 
rated. These effects can appear even when there 
is no change in enzyme activity in the reactions 
involving the labeled compound. Increases and 
decreases in amount of radioactive incorpora- 
tion can be due solely to the amount of 
endogenous substrate available to dilute the 
dose. In the case of an increased pool size of a 
precursor, if the label is not  metabolized by 
other paths, it may remain available to the 
enzyme systems incorporating the label, which 
results in delayed but still high incorporation. 
Haines and Rose have reported that choline 
deficiency (3 day duration) increases the liver 
concentrations of ethanolamine, ethanolamine 
p h o s p h a t e ,  cytidinediphosphoethanolamine, 
glycerylphosphorylethanolamine and PE (6). 
Under these circumstances one would expect 
delayed and possibly reduced incorporation of 
ethanolamine into PE. Figures 1 and 3 clearly 
show that choline deficiency did delay, but did 
not appreciably decrease, the incorporation of 
labeled ethanolamine into rat liver phospho- 
lipids or PE. In the short periods of incorpora- 
tion studied by Haines and Rose (4-32 rain) or 
Blumenstein (5) (10-80 rain), choline-deficient 
rats incorporated far less ethanolamine into PE 
than controls did, but the incorporation curve 
of the ~leficient rats was rapidly rising and had 
not yet reached a maximum in either instance. 
The results of those short term experiments, 
along with our data for longer periods of 
incorporation, indicate that choline deficiency 
causes a delay in the incorporation of radioac- 
tive ethanolamine into rat liver PE, but the 
a m o u n t  of incorporation is not  greatly reduced 
by the deficiency. This result is consistent with 
the fact that the pool sizes of PE precursors are 
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FIG. 6. Specific activities of liver phosphatidylcho- 
line subfractions after injection of 1,2-14C-ethanol- 
amine into rats fed diets with and without choline. 
Dienoic = 18:2 = . ;  tetraenoic --- 20:4 = =; hexaenoic = 
22:6 = A. Each point represents a sample pooled from 
three rats. 

increased in choline deficiency (6). These in- 
creased pools would be expected to dilute the 
radioactivity, so that fewer counts would be 
incorporated per unit  time, but the amount of 
ethanolamine (labeled plus endogenous)incor-  
porated might be equal to, or greater than 
normal. Furthermore the labeled material, if it 
remained in the pool, could eventually become 
incorporated. This prolonged incorporation can 
be seen in our choline-deficient rats (Fig. 1). 

Because so little of the ethanolamine radio- 
activity appeared in PC, both Haines and Rose 
(6) and Blumenstein (5) concluded that the 
methylation pathway for PC synthesis was not 
of much quantitative significance in choline 
deficiency. From our results (Fig. 2 and 3), it is 
c/ear that an appreciable proportion of ethanol- 
amine eventually appears in the PC of both the 
control and deficient animals, but  it is 2 hr or 
longer following administration of the ethanol- 
amine that the labeling of the PC becomes 
apparent. Therefore it is not  surprising that the 
other authors (5,6), because of their short term 
experiments, concluded that little conversion of 
PE to PC took place. However, even though 
deficient rats did convert ethanolamine phos- 
phatides into PC, this synthesis appeared to be 
only about half that of controls (Fig. 6). Rytter 
and Cornatzer (24) have also reported reduced 
incorporation of radioactive ethanolamine into 
hepatic microsomal PC in rats fed choline-defi- 
cient diets, which were much more deficient in 
methyl groups than the diets used in the 
present experiment. Thus it appears that cho- 
line deficiency not only delays incorporation of 
ethanolamine into PE, but impairs the conver- 
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TABLE IV 

Rates of  Turnover of  Total  Liver PE and PE Fractions 
in Control  and Choline-Deficient  Rats 

Phosphatidylethanolamine Amount of fraction, Half-life (TI/2),  Turnover rate, 
fraction mg/liver hr mg/hr 

+ Choline 
Hexaenoic  (22:6) 12.2 17 0.36 
Tetraenoic (20:4) 41.8 25 0.84 
Dienoic (18:2) 8.0 17 0.24 

Sum of fractions 1.44 
Total PE 62.1 21 1.48 

-- Choline 
Hexaenoic (22:6) 30.0 22 0.68 
Tetraenoic (20:4) 37.3 35 0.53 
Dienoic  (18:2) 8.6 28 0.15 

Sum of  fractions 1.36 
28 1.35 Total PE 75.8 

sion of  PE to PC as well. 
A l t h o u g h  one  can d e t e r m i n e  the  ra te  of 

f o r m a t i o n  of  a m e t a b o l i t e  in  vivo if  the  pool  
size and  specif ic  ac t iv i ty  of  i ts  i m m e d i a t e  
p recursor  are k n o w n ,  we chose  to  measure  the  
ra te  of loss of  act ivi ty  f r o m  to ta l  PE and its 
f rac t ions .  This  ra te  of  loss of  r ad ioac t iv i ty  is the  
resul t  o f  all the  possible me tabo l i c  pa ths  t h a t  
e i the r  r emove  or i n c o r p o r a t e  rad ioac t iv i ty  in to  
PE. If  recyl ing  of  the  label  occurs ,  r ad ioac t iv i ty  
will r e appea r  in PE, an d  th is  will r educe  its ra te  
of  loss. The re fo re  the  to ta l  ra te  of  loss m ay  be 
s lower  t h a n  the  ra te  o f  the  r eac t ion  t h a t  first 
removes  the  label ,  b u t  i t  c a n n o t  be faster .  F r o m  
the  a p p a r e n t  ra te  of  r emova l  of  a PE f rac t ion ,  
one  can  in fe r  t ha t  the  ra te  of  i ts  f o r m a t i o n  
m u s t  be e i t he r  the  same,  h igher ,  or lower ,  
d e p e n d i n g  on  w h e t h e r  the  a m o u n t  of  the  
f rac t ion  r ema ins  the  same,  increases ,  or de- 
creases. I f  the  rate of  r emova l  does n o t  change,  
ye t  the  a m o u n t  of  m e t a b o l i t e  (PE) increases,  
t h e n  it  is r easonab le  to  in fe r  t h a t  i ts  ra te  of 
f o r m a t i o n  m u s t  have increased.  If,  in chol ine  
def ic iency,  the  ra te  of  t u rnove r  (loss of  radio-  
act ivi ty of  a PE f rac t ion)  increases whi le  the  
a m o u n t  r ema ins  the  same or increases ,  i t  is 
p r o b a b l y  t h a t  the  ra te  of  f o r m a t i o n  of  th is  
f rac t ion  has increased.  

F r o m  the  biological  half-lives and  the  
a m o u n t s  of  the  d i f fe ren t  PE f rac t ions  p resen t  in 
the  livers, an es t imate  of  the ra tes  of  d isappear-  
ance of  the f rac t ions  can be ca lcu la ted  as m g / h r  
(Table  IV).  Fo r  example ,  if  ha l f  the  to ta l  PE in 
con t ro l  ra ts  (62.1 mg) is t u r n e d  over  in 21 hr ,  
th is  a m o u n t s  to  a t u r n o v e r  ra te  of  1.48 mg/hr .  
The tab le  shows t h a t  t o t a l  PE is t u r n e d  over  
sl ightly more  s lowly in def ic ien t  ra ts  t h a n  in 
con t ro l s ,  as is also shown  in Figure  5. Chol ine-  
def ic ien t  ra ts  had  more  t o t a l  PE in the i r  livers 
t han  did  con t ro l s ,  and  th is  a c c u m u l a t i o n  i s  

largely a c c o u n t e d  for  by  the  h e x a e n o i c  frac- 
t ion,  wh ich  was increased to  more  than  doub le  
the con t ro l  value  (Table  IV).  Surpr is ingly,  i ts  
ra te  of t u rnove r  is m u c h  h igher  in  def ic ien t  rats.  
The re fo re  the  ra te  of  f o r m a t i o n  of  h e x a e n o i c  
PE m u s t  have been  increased  in de f ic ien t  rats ,  
so t h a t  a c c u m u l a t i o n  of  th i s  f r ac t ion  occur red  
despi te  an increased  ra te  of  removal .  The  
increased  t u r n o v e r  of  the  h e x a e n o i c  f r ac t ion  
migh t  indica te  an increased  rate  of  convers ion  
of h e x a e n o i c  PE to h e x a e n o i c  PC, bu t  hexa-  
eno ic  PC was n o t  s igni f icant ly  increased in 
livers of  cho l ine-def ic ien t  ra ts  as s h o w n  in this  
e x p e r i m e n t  (Tab le  II)  and by  o the r s  (7, 25-27) .  
The re fo re  the  ca t abo l i sm of  a large p o r t i o n  of  
h e x a e n o i c  PE m u s t  have occu r red  by  some 
o the r  pa th ,  poss ibly  by convers ion  to glyceryl-  
p h o s p h o r y l e t h a n o l a m i n e ,  wh ich  has b e e n  
shown  to  accumula t e  in the  livers of chol ine-  
def ic ien t  rats  (6) .  

There  was on ly  a small  change in the  
a m o u n t s  of  t e t r aeno ic  PE or d ienoic  PE due to  
chol ine  def ic iency.  The def ic iency  p r o d u c e d  
decreases  in the i r  rates  of  ca tabo l i sm,  b u t  since 
a c c u m u l a t i o n  did n o t  occur ,  i t  is p r o b a b l e  t h a t  
chol ine  def ic iency also r educed  the i r  ra tes  of  
fo rma t ion .  Figure 4 shows t h a t  these  two  l iver 
PE f rac t ions  did  take  u p  the  labe led  e t h a n o l -  
amine  more  s lowly in de f i c i en t  ra t s  t h a n  in 
cont ro l s .  

These  resul ts  indica te ,  t h a t  while  to ta l  incor-  
p o r a t i o n  of  e t h a n o l a m i n e  i n t o  l iver PE of  
cho l ine-def ic ien t  ra ts  is n o t  ser iously r educed  
c o m p a r e d  w i t h  the  con t ro l s ,  the  d i s t r ibu t ion  of  
the  u t i l i za t ion  of  e t h a n o l a m i n e  in the  PE 
f rac t ions  has  been  changed.  The reasons  for  the  
change ,  especial ly for  the  great  increase  in PE 
h e x a e n o i c  f rac t ion ,  are still  n o t  clear.  However ,  
since this  PE f rac t ion  is no rma l ly  rap id ly  
m e t h y l a t e d  and  c o n v e r t e d  to  PC (20) ,  i t  sug- 
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gests tha t  the  al tered me tabo l i sm by chol ine-  
def ic ient  animals may be re la ted  to  an insuffi-  
cient  or no t  readily available supply  of me thy l  
groups.  

In the present  expe r imen t ,  chol ine  was 
absent  f rom one diet ,  and me th ion ine  was 
about  hal f  its required level in bo th .  There was 
convers ion  of  PE to PC, bu t  the convers ion 
seemed to be impaired,  and the amoun t  of liver 
PC was reduced  in chol ine def ic iency.  A recent  
r epor t  by Beare-Rogers (25) showed  tha t  die- 
tary me th ion ine  will mainta in  the liver PC at a 
normal  level even more  effect ively than die tary  
choline,  a l though the n u m b e r  of  po ten t ia l  
me thy l  groups provided  by the me th ion ine  was 
m u c h  lower  than  tha t  p rovided  by choline.  
Dietary me th ion ine  also had its largest e f fec t  on 
the arachidonic  acid in liver PC. The increase in 
t e t raenoic  PC u p o n  me th ion ine  feeding might  
be expec ted ,  since this  PC fract ion has been  
shown to be syn thes ized  to a considerable  
ex t en t  by the me thy l a t i on  of  te t raenoic  PE 
(26-28).  The availability o f  me thy l  groups to  
me thy la t e  this PE fract ion may be a contro l l ing  
factor  in the a m o u n t  of PC of  a def in i te  
compos i t i on  tha t  can be syn thes ized  in these 
animals. It is o f  some in teres t  tha t  the chol ine  
def ic iency did n o t  appreciably  reduce the 
a m o u n t  of  the te t raenoic  f rac t ion in the liver 
PE (Table IV). Therefore  the significantly lower  
p r o p o r t i o n  of  PE arachidonic  acid seen in these 
animals (Table II) is due mainly  to  the  in- 
creased p r o p o r t i o n s  of  fa t ty  acids con t r i bu t ed  
by the hexaeno ic  f rac t ion and does  no t  ref lect  a 
defec t  in the fo rma t ion  of  t e t raenoic  PE. 

Since the studies were c o n d u c t e d  in animals 
wi th  a fully developed fa t ty  liver, they  provide 
li t t le direct  i n f o r m a t i o n  on h o w  the methy la -  
t ion pa thways  of  PC synthesis  may be re la ted 
to  hepat ic  fat accumula t ion  in chol ine-def ic ient  
rats. However  the impor t ance  of  the te t raenoic  
f ract ions  of  PE and PC in p roduc ing  liver lipid 
accumula t ion  has been indica ted  by the inverse 
re la t ionship  be tw een  per  cent  o f  a rachidonate  
in liver phosphol ip ids  and the accumula t ion  of  
hepa t ic  tr iglyceride in chol ine-def ic ient  rats 
r epo r t ed  by Beare-Rogers (29). 
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ABSTRACT 

The effects of alcohol on the total 
fatty acid composition of the heart have 
been measured, and two highly significant 
differences were noted between the alco- 
hol-treated animals and the two control 
groups. Linoleic acid was elevated, and 
arachidonic acid was decreased. The in- 
crease in linoleate appeared to be a 
generalized increase within the various 
lipids analyzed, whereas the decrease in 
arachidonate was accounted for largely in 
the phosphatidyl cholines. The ratios of 
20:46o6/18:2 were calculated and com- 
pared to data from other researchers. The 
decrease in this ratio in the hearts from 
the alcohol-treated animals was similar to 
the data from the liver of animals treated 
with various agents which produce a fatty 
liver. Various mechanisms that could 
cause such changes in these two essential 
fatty acids are discussed, and it was 
concluded that a combination of effects 
could cause these changes in linoleate and 
arachidonate. These effects include: (a) 
increased mobilization of linoleate from 
adipose tissue; (b) decreased /3-oxidation 
of linoleate; and (c) inhibition of the 
elongation-desaturation system which 
converts linoleate to arachidonate. 

INTRODUCTION 

Alterations have been noted in myocardial 
morphology and related to alcoholism by sev- 
eral workers (1-5). Wendt et al. (6) have 
observed the release of certain myocardial 
enzymes, i.e., malate dehydrogenase and 
NADP-specific isocitrate dehydrogenase, in 
both normal and alcoholic men 30 min after 
ingesting 6 oz of vodka. These data suggested 
that alcohol may alter membrane permeability 
and affect the activity of metabolic pathways. 
Song and Rubin (7) have shown that chronic 
alcohol ingestion leads to increased serum 
creatine phosphokinase activity and to ultra- 
structural changes in skeletal muscle. They also 
suggest that these affects may be present in 
alcoholic cardiomyopathy. In addition, other 
workers (8-10) have associated changes in fatty 
acid composition with membrane stability. 
Therefore, since alcohol has been associated 
with membrane stability or permeability, or 

both, this study was undertaken to determine 
what effects, if any, chronic alcohol ingestion 
has on the myocardial fatty acid composition. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats weighing 110-145 
g were matched according to weight at the 
beginning of the experiments and put into 
groups of three. The diets were closely con- 
trolled and consisted of Purina Lab Chow (3.7 
cal./g) and administered according to Fallon et 
al. (11). One rat in each group of three received 
25% (v/v) ethanol as the only source of 
drinking water; the second animal received an 
isocaloric amount of glucose in its drinking 
water, and the third animal received just water 
to drink. The third animal was kept isocaloric 
with the other two by increasing the amount of 
chow. The animals were maintained on these 
diets for ca. 1 month, at which time they were 
sacrificed by decapitation. 

The heart from each rat was perfused with 
ice cold isotonic saline immediately after the 
animal was sacrificed. The hearts were weighed, 
homogenized in 0.25 M sucrose and extracted 
with methanol-chloroform 2:1 v/v containing 
0.02% butylated hydroxytoluene (BHT) ac- 
cording to the procedure of Bligh and Dyer 
(12). The fatty acid methyl esters were pre- 
pared from the total heart lipid extract by the 
procedure of Metcalf et al. (13). The gas 
chromatographic separations of the methyl 
esters were obtained on an EGSS-Y column as 
described previously (14). Initial gas chroma- 
tography of the total heart fatty acids revealed 
only trace amounts of arachidic acid; therefore 
20:0 was added to the total lipid extract prior 
to the preparation of the methyl esters as an 
internal standard. This procedure allowed the 
measurement of the dimethyl acetals produced 
from the vinyl ethers. Since the antioxident 
BHT chromatographed similarly to methyl 
rnyristate, data were not obtained for this fatty 
acid. 

The lipids were separated by thin layer 
chromatography (TLC) on Silica Gel H into the 
phosphatidyl cholines, the phosphatidyl etha- 
nolamines, the cardiolipins and the neutral 
lipids. The solvent system was chloroform- 
methanol-ammonia-water 60:30:2.5:2.5. The 
lipids were located by spraying with 0.01% 
2,7-dichlorofluorescein in methanol and using 
UV light. The internal standard was then added 
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TABLE I 

Comparison of Total Heart Fatty Acid Compositions from Ethanol-Treated Rats with 
those from Glucose and Chow Controls a 

81 

Mol %/g wet wt 

Fatty Ethanol Glucose Chow 
acid 

Statistical comparison 

Ethanol vs. glucose Ethanol vs. chow 

DMA a 1.07 + .08 1.27 + .08 1.30 -+ .15 N.S. c N.S. 
16:0 11.29 +- .42 12.51 + .48 11.63 -+ .39 N.S. N.S. 
16:1 1.10 +.11 1.26 +.11 .82-+.06 N.S. N.S. 
DMA .73 -+ .13 .32 -+ .03 .34 +- .02 .02> P> .01 N.S. 
DMA .88 • .06 .68 + .04 .86 -+ .03 .01> P> .001 N.S. 
18:0 18.25 _+ .38 19.29 _+ .44 19.73 -+ .36 N.S. N.S. 
18:1 13.39 + .61 14.52 _+ .49 12.16 + .19 N.S. N.S. 
18:2 25.67 -+ .68 18.14 _+ .43 20.42 -+ .52 P< .001 P< .001 
20:3666 .64 +- .05 .54 + .03 .46 + .03 N.S. N.S. 
20:4606 12.61 + .38 16.62 + .38 15.66 + .44 P< .001 P< .001 
20:5663 .86 -+ .07 .61 + .07 .98 + .09 .02> P> .01 N.S. 
22:4666 .44 + .04 .44 + .02 .34 + .02 N.S. N.S. 
22:5to6 .47 + .06 .48 + .06 .59 + .05 N.S. N.S. 
22:5603 2 . 0 6  +- .10 2.19 -+ .11 2.50 + .08 N.S. .05> P> .02 
22:6co3 10.75 + .57 12.25 + .38 12.34 + .51 .05> P> .02 N.S. 

aAll values are the means + standard error 
control which represents only seven animals. 

bDMA = dimethyl acetal. 
CNot significant. 

from the analysis of 21-26 animals except the data for the chow 

direct ly  to  the  d i f fe ren t  bands ,  the  bands  
scraped  f r o m  the  pla tes  and  the  m e t h y l  esters  
p repa red  di rect ly  f r o m  the  scrapings.  

RESULTS AND DISCUSSION 

The  effec ts  of  a lcohol  on  the  to ta l  f a t t y  acid 
c o m p o s i t i o n  o f  the hear t  have been  measu red ,  
and  two  h igh ly  s ign i f ican t  d i f fe rences  were 
n o t e d  b e tween  the a lcohol - t rea ted  an imals  and  
the  two  con t ro l  g roups .  These  d i f fe rences ,  
s hown  in Table I, were t ha t  l inoleic acid was 
e levated in the  a l coho l - t r ea ted  an imals  com-  
pared  to  e i ther  the  c h o w  or glucose con t ro l  
g roups  and  t h a t  a rach idon ic  acid was decreased  
in the  a l coho l - t r ea ted  an imals  c o m p a r e d  to  
e i ther  of  the two con t ro l  groups .  These  changes  
were h igh ly  s igni f icant  and  had  P values 
< 0 . 0 0 1 .  O the r  changes  were n o t e d  to  be 
s ta t is t ical ly  d i f fe ren t ,  b u t  the  level of  signifi-  
cance was n o t  as great  as t h a t  for  18:2 or 
20:4606. When c o m p a r i n g  the  a lcohol  g roup  
wi th  the  glucose co n t ro l  g roup ,  two of  the  
d i m e t h y l  aceta ls  and  20:5(.o3 were elevated 
while 22:6603 was decreased.  The  decrease  in 
22:6603 was s ta t i s t ica l ly  d i f fe ren t ,  b u t  the  level 
o f  s ignif icance was border l ine  wi th  P ly ing 
be tween  0.05 and  0.02.  When c o m p a r i n g  the  
a lcohol  g roup  wi th  the  c h o w  con t ro l  g roup ,  
on ly  one  f a t ty  acid o the r  t h a n  18:2 and  
20:46o6 was f o u n d  s ta t i s t ica l ly  d i f fe ren t .  This  
was a decrease in 22:5093 in the  a lcohol  g roup ;  
howeve r  the  level o f  s igni f icance  was again 
border l ine  wi th  P ly ing  b e t w e e n  0.05 and 0.02.  

One o the r  d i f ference  to be f o u n d  in Table I was 
t ha t  the  s u m  of  all the  po lye no i c  f a t t y  acids,  
excep t  18:2  was decreased  ca. 13% in the  
a lcohol  g roup  c o m p a r e d  to  e i the r  of  the  two  
cont ro l  groups .  

In an  e f fo r t  to d e t e r m i n e  if any  specif ic lipid 
c o n t a i n e d  e i ther  h igh  pe rcen t ages  of  18:2 or 
low pe rcen tages  of  20:4666,  a single r ep resen ta -  
tive sample  was t aken  f r o m  the a lcohol  g roup  
and  f r o m  the glucose group ,  and  the  l ipids were 
separa ted  i n to  the  p h o s p h a t i d y l  chol ines ,  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 ,  the  cardiol ipins  
and  the  ne u t r a l  lipids. The  m e t h y l  es ters  were 
prepared ,  and  the  var ious  f a t ty  acids were 
qua n t i t a t e d .  The  changes  o f  18:2  in the  hea r t  
were n o t  local ized in a ny  one  par t icu la r  lipid, 
because  the  p h o s p h a t i d y l  chol ines ,  the  phos-  
pha t idy l  e t h a n o l a m i n e s ,  the  cardiol ip ins  and  
the  neu t r a l  l ipids all exh ib i t ed  s imilar  increases  
in this  f a t t y  acid. In  add i t ion ,  a r a c h idona t e  was 
largely a c c o u n t e d  for  by the  decrease  observed 
in the p h o s p h a t i d y l  chol ines .  

The re  is s t r ong  ev idence  t ha t  e t h a n o l  inges- 
t ion  increases  f a t ty  acid mob i l i za t i on  f r o m  
adipose  t issue (17-21) .  In  add i t ion ,  several  
workers  have show n  tha t  there  is a very  close 
s imilar i ty  b e t w e e n  the  f a t ty  acid c o m p o s i t i o n  
of  ad ipose  t issue t r iglycer ides  and  liver tr iglyc- 
e r i d e s  a f t e r  a l c o h o l  a d m i n i s t r a t i o n  
( t 7 , 1 8 , 2 2 , 2 3 ) .  The  changes  t ha t  m i g h t  be 
e x p e c t e d  f r o m  s u c h  mob i l i za t ion ,  as increases  
in pa lmi t ic ,  oleic a nd  l inoleic acids and  de- 
creases in s tear ic  a nd  a rach idon ic  acids,  were 
no t  observed  in e i the r  the  to ta l  l ipids or the  
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TABLE II 

Arachidonate-Linoleate Ratios in Various Lipids from Animals 
Treated by Different Fatty Liver-Producing Conditions 

A. 

Source of lipid Treatment of animal, ratios 

Chow Glucose Ethanol 

Total heart fatty acids 0.767 0.916 0.491 
Total heart PC a --  1.22 0.169 
Total heart PE b --  2.96 1.21 
Total heart Cardiolipin - -  0 . 1 1 2  0 . 0 4 5  
Total heart Neutral lipids --  0.212 0.066 

B. 

Ad libitum (chow) Sucrose Ethanol (15) 

Total liver mitochondrial lipid 2.0 2.2 1.6 
Total liver mitochondrial PC 2.7 3.7 1.9 
Total liver mitochondrial PE 4.3 6.9 6.4 

C. 

Saline CCI 4 + Asp c CCI 4 (30) 

Total liver fatty acids 1.62 1.46 0.93 

D. 

Ad libitum (chow) Pair fed Ethionine (32) 

Total liver phospholipid 1.98 1.54 0.74 
Total liver PC 2.88 1.44 0.59 
Total liver PE 4.07 1.74 1.41 
Total liver triglyceride 0.138 0.082 0.090 

apc=  phosphatidyl choline. 
bpE = phosphatidyl ethanolamine. 
CAsp = L-asparagine. 

phosphol ip ids  excep t  for  the l inoleate  and 
arachidonate  changes.  The neut ra l  lipids, how-  
ever, did exhib i t  all these  changes excep t  for 
oleic acid which  was decreased by ca. 42%. 
Evans and coworkers  (24-26) have demon-  
s t ra ted  an inverse re la t ionship b e t w e e n  the 
up take  of  fa t ty  acids by myocardia l  tissue and 
the chain length  of  sa tura ted  fa t ty  acids. They 
have also shown that  the m o n e n o i c  acids were 
ex t rac ted  in preference  to sa tura ted  acids of the 
same chain length. Of the 18-carbon fa t ty  acids, 
l inoleic acid was ex t r ac t ed  less readily than 
oleic bu t  in preference  to stearic acid. Little 
data  are present  concern ing  the relative rates of 
ox ida t ion  of  sa tura ted  vs. unsa tura ted  fa t ty  
acids; however ,  since there  is selective up taken ,  
there  may well be a selective ut i l izat ion of  these 
fa t ty  acids. If  this were true, a selective 
ut i l izat ion of  sa tura ted  and m o n o e n o i c  acids 
might  of fse t  the increased availability due to  
mobi l iza t ion  wi th  the ne t  result  being an 
increase in the c o n t e n t  o f  l inoleic acid. The 
decrease in a rachidonate  and the o the r  po lyenes  

might  s imply be due to the smaller amoun t s  of  
these acids available f rom the circulat ion.  Fur- 
the rmore  an elevat ion of 18:2,  which canno t  be 
synthes ized  by the rat  and is s tored in the 
adipose tissue, indicates  tha t  mobi l iza t ion  of  
fa t ty  acids could  very well explain these obser-  
vations.  In addi t ion ,  the recen t  data of  Parker 
and Reitz (unpubl i shed)  suggested tha t  there  
may be a decrease in the /3-oxidation of  
l inoleate compared  to  palmitate .  This would  aid 
in increasing the. l inoleate concen t r a t ion  in 
hear t  tissue. This fact  would  also suppor t  the  
concep t  of  selective ut i l izat ion of  fa t ty  acids by 
hear t  tissue, and thus help to  explain why  
palmit ic  and oleic acids did n o t  accumulate in 
the hearts  f rom the a lcohol- t rea ted  animals.  
Studies are in progress to  more  clearly deter-  
mine the effects  o f  alcohol on the oxida t ion  of  
d i f ferent  fa t ty  acids. 

F r en ch  and Morin (15) called a t t en t ion  to  
the arachidonate- l inoleate  rat io when  they  re- 
po r t ed  that  alcohol ingest ion caused a decrease 
in this ratio in the total  liver lipids as well as in 
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the  p h o s p h a t i d y l  chol ines  and  p h o s p h a t i d y l  
e thano lamines .  In add i t ion ,  similar changes  
have been  d o c u m e n t e d  in the  i nne r  m i t o c h o n -  
driai  and  mic rosoma l  m e m b r a n e s  (16) .  O t h e r  
researchers  have r epo r t ed  fa t ty  acid analyses of  
var ious liver l ipid f rac t ions  f rom animals  main-  
t a lned  on  d i f fe ren t  diets wh ich  p roduce  f a t t y  
liver. The ra t ios  of  20 : 46o6 / 18 : 2  have been  
ca lcula ted  f rom the i r  data,  and  these  figures are 
p re sen ted  in Table  II for  c o m p a r i s o n  to the  
data  r epo r t ed  here in .  The i m p o r t a n t  t h ing  this  
table  showed  was t h a t  all of  the  d i f fe ren t  
cond i t ions  (CC14- , e t h a n o l  or  e th ion ine  t rea t -  
m e n t )  p roduced  a decrease in the  20 : 46o6 / 18 : 2  
rat io.  I t  shou ld  be r eemphas ized  t h a t  all of  the  
c o n d i t i o n s  (CC14- , e thano l -  or  e th ion ine - t r ea t -  
fa t ty  liver bu t  each  by  d i f f e ren t  mechan i sms .  
The  data  of  F r e n c h  and  Morin  ( 1 5 ) c o n c e r n i n g  
the  effects  of  a lcohol  on  th is  ra t io  in the liver 
were qui te  s imilar  to  the  e f fec ts  n o t e d  for  the  
hea r t  l ipids as ca lcu la ted  f rom Table I. The  
g lucose- t rea ted  an imals  had  the  h ighes t  ra t io  
w i th  the  c h o w  con t ro l  be ing  sl ightly lower ,  and  
the  a lcoho l - t rea ted  an imals  had  the  lowes t  
rat io.  

DePury  and  Collins (8)  have pos tu l a t ed  t ha t  
a decrease in a r ach idona t e  m ay  a c c o u n t  for  the  
m i t o c h o n d r i a l  fragil i ty n o t e d  in essential  f a t t y  
acid ( E F A )  def ic iency,  because  phospho l ip ids  
def ic ien t  in 20:46o6 did n o t  b ind  as t igh t ly  to  
s t ruc tu ra l  m e m b r a n e  p r o t e i n  as did p h o s p h o -  
lipids r ich in th is  f a t t y  acid. Hayash ida  and  
P o r t m a n  (9) have also associa ted a l t e ra t ions  in 
f a t t y  acid c o m p o s i t i o n  due to  E F A  def ic iency 
w i th  m e m b r a n e  s tabi l i ty .  In te res t ing ly ,  the  cal- 
cu la ted  ra t io  of  20 :46o6 / 18 : 2  f rom the  da ta  o f  
I ' e l u f fo  et  al. (27)  increased  in tile hea r t  f r om 
2.13 in the con t ro l  to  3.09 in the  EFA-de f i c i en t  
animal ,  bu t  decreased  in the  l iver f rom 2.20 in 
the  con t ro l  to  0.38 in the  EFA-de f i c i en t  ani- 
mal.  This  ra t io  in the  hear t  of  E F A  animals  (27)  
was the  reverse of  wha t  has  been  observed in 
the  hear t s  and  livers f rom alcohol- ,  CC14- and 
e t h i o n i n e - t r e a t e d  an imals  (Table  II) ;  how eve r  
this  r a t io  in the  l iver of  the  E F A  animals  was 
similar  in t h a t  i t  was decreased.  One very 
i m p o r t a n t  fac t  wh ich  m u s t  be t aken  i n to  
cons ide ra t ion  is t h a t  the  to ta l  f a t t y  acid p a t t e r n  
changed  dramat ica l ly  in EFA-de f i c i en t  animals ,  
whereas  the  overal l  general  p a t t e r n  of  f a t t y  
acids in the  a l coho l - t r ea ted  an imals  did  n o t  

change  too  much .  Thus  it  wou ld  surely be  naive 
to  suggest  t h a t  such  small  a l t e ra t ions  in f a t ty  
acid c o m p o s i t i o n  would  expla in  the  m e m b r a n e  
damage wh ich  has been  d o c u m e n t e d  in alco- 
hol ic  c a r d i o m y o p a t h y  by  Burch  and  coworker s  
(1-3). 

Shaw et  al. (16)  suggested t ha t  the  decreased 
2 0 : 4 6 o 6 / t 8 : 2  r a to  in  l iver m i t o c h o n d r i a  f rom 

animals  t r ea t ed  w i t h  a lcohol  m i g h t  be due to  a 
decrease in the  chain  e longa t ion -desa tu ra t i on  
sys tem.  Since hea r t  will readi ly  fo rm arachi-  
d o n a t e  f rom l inoleate ,  as d e m o n s t r a t e d  in bee f  
hea r t  m i t o c h o n d r i a  by Dahlene  and  Por t e r  (28)  
and in hea r t  t issue cu l tu re  by Haggerty  et  al. 
(29) ,  th is  suggest ion m a y  also be appl icable  to  
the  effects  of  a lcohol  on  the 20 :46o6 /18 :  2 ra t io  
in hea r t  l ipids.  Thus  a c o m b i n a t i o n  of  effects  
may lead to  the  f a t t y  acid c o m p o s i t i o n a l  
changes observed  in the  hea r t  t issue of  a lcohol-  
t r ea t ed  rats :  (a) increased  mob i l i z a t i on  of  l ino- 
leate f rom adipose  tissue; (b)  decreased fl-oxida- 
t ion  of  l inolea te  in the  hea r t ;  and  (c) i nh ib i t i on  
of e l onga t i on -desa tu r a t i on  sys tem wh ich  con-  
verts  the  l inolea te  to  a rach idona te .  The  la t te r  
would  also a c c o u n t  for  the  decrease  n o t e d  in 
a r ach idona t e  levels. 
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Biosynthesis of Liver Glycerolipids from Normal and Essential 
Fatty Acid-Deficient Rats: 3H-Glycerol and 1-14C Linoleic 
Acid Incorporation 
M A R I A  ELENA DE TOMAS 1 and OSVALDO MERCURI ,  1 C~tedra de Bioqu~mica, 
Instituto de Fisiolog(a, Facultad de eiencias M~dicas, Calle 60 y 120, 
La Plata, Argentina 

ABSTRACT 

Normal and essential fatty acid (EFA)- 
deficient rats were injected via the portal 
vein with a labeled solution containing 
a H-glycerol and 1-14C-linoleic acid 
during a 1 min period. Livers were imme- 
diately frozen, pulverized, and the lipids 
extracted a n d  fractioned by thin layer 
chromatography. The incorporation of 
3H-glycerol and 1-14C-linoleic acid into 
the different lipid fractions was mea- 
sured, and the per cent distribution and 
specific radioactivity determined. A paral- 
lel increase was found between the spe- 
cific activity and the amount of all-glyc- 
erol incorporated into 1,2-diglycerides, 
triglycerides, lecithin and cephalin from 
EFA-deficient and normal rats. Since the 
amount of glycerol in each fraction 
studied was quite similar in both groups 
of rats, these findings can explain the 
increase in the specific activity observed 
in the EFA-deficient rats. Nevertheless 
these facts do not  necessarily imply an 
increased turnover rate of these mole- 
cules, since we do not  know the specific 
radioactivity of the 1,2-diacylglycerol 
precursors. A remarkable increase in the 
specific radioactivity of the 14C-linoleic 
acid incorporated into lipid fractions 
from EFA-deficient rats compared with 
control rats was observed. While the 
amount of 1-14C-linoleic acid incorpo- 
rated into neutral lipids was similar in 
both groups of rats, a statistically signifi- 
cant increase in the amount  of the label 
incorporated into phospholipids from 
EFA-deficient rats was observed. These 
facts suggest an increased turnover rate of 
the radiolinoleic acid into phospholipid 
molecules from EFA-deficient rats via 
deacylation-reacylation pathway. 

I NTRODUCTI  ON 

Previous investigations on essential fatty acid 

1Member of the Carrera del Investigador Cient'ifico 
of the Consejo Nacional de Investigaciones Cientlfica,, 
y Tdcnicas, Argentina. 

(EFA)-deficient rats showed an increased turn- 
over of 32p in the phospholipids in muscle (1). 
This finding was extended by Collins (2) to the 
phospholipids from liver. Stein and Stein (3) 
found that the specific activity of the labeled 
linoleic acid incorporated in vitro into phospho- 
lipids from heart and diaphragm of EFA-defi- 
cient rats was higher than i n  nondeficient 
control, indicating an increased turnover of this 
acid in the phospholipid molecule. In a recent 
report (4) it was indicated that in the EFA-defi- 
cient rats, 1-14C-linoleic acid incorporation was 
actually directed to the phospholipid fractions 
of rat liver and not  to the triacylglycerol 
fractions as was observed in the normal rats. 

This study deals with an attempt to eluci- 
date the tendency of linoleic acid to be 
incorporated predominantly into the phospho- 
lipid fractions of liver of EFA-deficient rats. 

EXPERIMENTAL PROCEDURES 

Materials 

1-14C-linoleic acid (52.9 mC/mmol) was 
purchased from The Radiochemical Centre 
(Amersham, England). It was 98% radiochem- 
ically pure and had 2% eis-trans unsaturated 
acid. Glycerol 2-T (n) (420 mC/mmol) was also 
purchased from The Radiochemical Centre. 

Animals 

Weanling Wistar rats were maintained during 
12 weeks on a semisynthetic fat-free diet (5). 
The diet of the control animals was supple- 
mented with 6% sunflower oil. 

Preparation of Injection Solution 

The 1-14C-linoleic acid solution was pre- 
pared by the method of Elovson (6) and after 
standing overnight at room temperature under 
N 2 with magnetic stirring, 3H-glycerol was 
added; 0.2 ml contained 10/.tC of 1-14C-lino - 
leic acid and 50 #C of 3H-glycerol. 

Injection of Labeled Solution 

Labeled solution was injected intraportally 
in 0.2 ml portions per animal as described 
previously (7). Livers were frozen and removed 
5 sec after injection. 
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TABLE I 

Per Cent of Total Radioactivity Recovered from 3H-Glycerol 
and 14C-Linoleic Acid Incorporated into Lipid Fract ions  

Per cent distribution of radioact ivi ty  

3-sn-Phosphoryl- 
Experimental 1,2-Diacylglycerol Triacylgly cerol choline 

group 3 H 14 C 3 H 14 C 3 H 14 C 

3-sn-Phosphoryl- 
ethanolamine 

3 H 14 C 

Normala,b(7 ) 52.9• c 24.5• 31.5• 27.1• 7.8• 22.5• 4.8• 7.6• 
14.5 5.0 8.8 4.3 0.8 2.5 1.8 2.0 

EF~d 60.3• 17.5• 28.4• 15.5• 8.4• 48.0• 7.0• 11.8• 
20.0 4.9 3.8 1.0 2.3 3.3 1.6 1.0 

deficient(7) NS e P<0.05 NS P<0.001 NS P<0.001 NS P<0.01 

aNumbers in parentheses indicate the number o f  animals in each group. 
bprobability (P) values are related to normal animals, 
CData are the means • standard deviations of the means. 
dEFA = essential fatty acids. 
eNS = not significant. 

Separation of Lipids 

Phospholipids and neutral lipids were sepa- 
rated by thin layer chromatography (TLC) (7), 
transesterified with methanolic HC1 (8), ex- 
tracted with light petroleum, evaporated and 
assayed for radioactivity. 

Phosphatidylcholine and phosphatidyleth- 
anolamine, separated by TLC, were extracted 
from the silica gel using the two phase system 
of Arvidson (9). 1,2-Diglyceride and triacylglyc- 
erol were extracted from the silica gel using 
chioroform-methanol 2:1 v/v. 

Determination of Specific Radioactivity 

The amount of each fraction, separated as 
described above, was determined by a glycerol 
analysis according to Snyder and Stephens (10). 

The linoleic acid content  of each sample was 
determined by gas liquid chromatography of 
the fatty acid methyl esters by the use of a 
suitable internal standard (methyl-t  1-eicosaeno- 
ate). Gas chromatography analyses were carried 
out on a Pye apparatus with argon ionization 
detector in a 6 ft column packed with 15% 
diethyleneglycosuccinate on Chromosorb W 
60-80 mesh at 180 C. 

Radioactivity measurements were performed 
in a Packard Tri-Carb Scintillation spectrometer 
as describe d earlier (11). 

RESULTS AND DISCUSSION 

In mammalian liver, sn-glycerol-3-phosphate 
is acylated by acyl-CoA esters to phosphatidic 
acid. Dephosphorylation of phosphatidic acid 
produces 1,2-diacylglycerol which is the imme- 
diate precursor used for de novo synthesis of 
triacylglycerol, phosphatidylcholines and phos- 
phatidylethanolamines (12). It is evident that 

the incorporation of 3H-glycerol is a good 
marker for de novo biosynthesis of lipid frac- 
tions (13). 

Table I summarizes the relative distribution 
of the total radioactivity expressed as per- 
centage of 3H-glycerol and 14C-linoleic acid 
incorporated into the principal lipid fractions. 

As is clearly shown, no significant differ- 
ences were observed in the distribution of 3H 
counts in 1,2-diacylglycerol, triacylglycerol, 
3-sn-phosphatidylcholine and 3-sn-phospha- 
tidylethanolamine from normal rats compared 
with EFA-deficient rats. In contrast, the tend- 
ency of 1-14C-linoleic acid to be incorporated 
predominantly into phospholipids was greater 
in EFA-deficient rats than in dietary controls. 

The latter findings suggest that the incorpo- 
ration of 1-14C-linoleic acid could be done 
through the deacylation-reacylation cycle (14) 
with monoacylphosphoglycerides as intermedi- 
ates rather than by de novo biosynthesis (12). 

Table II summarizes the capacity of the liver 
to incorporate the injected 3H-glycerol and 
14C-linoleic acid into lipid fraction. The total 
radioactivity of 3H-glycerol incorporated per 
gram of liver is about twice as high in all the 
lipid fractions of EFA-deficient rats compared 
with normal rats. 

A similar incorporation of 1-14C-linoleic 
acid into the 1,2-diacylglycerol fraction from 
both groups of rats was observed. In contrast, 
in the triacylglycerol fraction the amount of 
labeled acid incorporated was smaller in the 
EFA-deficient group. This result agrees with 
Table I. 

This fact could be due to a lack of linoleic 
acid in the intracellular acyl-CoA pool of the 
EFA-deficient animals, since the fatty acid 
pattern at the 3 position of  triacylglycerol may 
be a reflection of the composition of the 
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endogenous acyl-CoA pool (15,16). 
On the other hand, significantly more la- 

beled linoleic acid was recovered in the phos- 
pholipid fractions of  EFA-deficient rats when 
compared to controls. 

There are at least three possibilities to 
explain these findings: (a) An elevated activity 
of  the enzyme acyl-CoA lysophosphatidetrans-  
ferase, as demonstrated in vitro by Lands et al. 
(17) in EFA-deficient rats. (b) Collins (2) 
at tr ibuted the increased 32p turnover in phos- 
pholipids from EFA-deficient  rat liver to the 
lack of a more stable lecithin fraction con- 
taining arachidonic acid. The lack of arach- 
idonic acid could promote the hydrolysis by 
phospholipase A (18) which would result in an 
increased formation of lysolecitbJn which has 
been shown to be an avid polyunsaturated fat ty 
acid acceptor, in the pathway of lecithin 
synthesis (18-20). (c) A high specific activity of 
the 1-~4C-linoleic acid incorporated by this 
pathway is a third possibility, since there would 
be a lack of linoleic acid in the acyl-CoA pool.  

Table III shows the specific radioactivity of 
3H-glycerol and 1-~ 4 C-linoleic acid in each lipid 
fraction. These values could be modified by at 
least three factors: (a) the steps preceding its 
incorporation; (b) the amount of radioactivity 
incorporated; (c) the dilution of the labeled 
compound into the lipid fraction in which is 
already incorporated. 

As is clearly shown (Table III) the specific 
radioactivity of ~H-glycerol is about twice as 
high in all the lipid fractions studied from 
EFA-deficient rats compared with normal rats. 

Since similar pool sizes of  each lipid fraction 
obtained from both  groups of rats referred to 
their glycerol content ,  this in turn could ac- 
count for a rather sim/lar dilution of 3 H - g l y c -  
e r o l  incorporated into these liver lipids frac- 
tions. Furthermore the amount of 3H radioac- 
tivity incorporated into these fractions was 
twice as great in the EFA-deficient rats as in the 
control  group (Table II). These findings could 
explain the high specific radioactivity,  about  
twice as high, found in the 3H-glycerol incorpo- 
rated into lipid fractions of  EFA-deficient rats 
when compared with normal rats. Nevertheless 
it  is necessary to emphasize that the increase in 
the amount  of 3H radioactivity incorporated 
into 1,2-diacylglycerol does not  necessarily 
imply an increase in the actual amount  of 
glycerol incorporated,  since we do not  know 
the dilution of  the injected 3H-glycerol before 
its incorporation. 

On the other hand, the increase in the 
specific radioactivity of 3H-glycerol incorpo- 
rated into triacylglycerol, lecithin and cephalin 
fractions from EFA-deficient  rats could be 
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explained by the increase in the specific radio- 
activity of 1,2-diacylglycerol common substrate 
in the metabolic pathway of these molecules. 

The specific radioactivity of 1-14C-linoleic 
acid was markedly increased in the deficient 
animals (Table III). The specific radioactivity of 
1-14 C-linoleic acid incorporated into the neu- 
tral lipids was ca. 10-fold higher in the EFA- 
deficient rats than in control rats. 

Since the amount  of 1-14C radioactivity 
incorporated in 1,2-diacylglycerol and triacyl- 
glycerol fractions was similar in both groups of 
rats (Table II), and the decrease in the content 
of linoleic acid in both fractions was ca. 10 
times smaller in the EFA-deficient group, as 
was demonstrated by gas liquid chromatog- 
raphy, these facts could be enough to explain 
the increase in the specific radioactivity of 
1-14C-linoleic acid observed in neutral lipids of 
EFA-deficient rats. 

If we assumed, as seems likely, that the 
specific radioactivity of 1-14C-linoleic acid in 
the endogenous acyl-CoA pool could be higher 
in the EFA-deficient rats than in the controls, 
these findings would point to a decreased 
turnover rate of the linoleic acid in the neutral 
lipid fractions. On the other hand, the increase 
in the specific radioactivity of 1-14C-linoleic 
acid observed in the phospholipid fraction of 
EFA-deficient rats as compared with controls, 
cannot be explained only by the decrease in the 
linoleic acid content  of this fraction from 
EFA-deficient rats but also by the increase in 
the 1-14C-linoleic acid incorporated (Table II). 

Therefore these findings point to an in- 
creased turnover rate of the 1-14C-linoleic acid 
of the phospholipid molecules of essential fatty 
acid deficient rats. 

According to these results, we can speculate 
that the deacylation-reacylation pathway (13) 
could be responsible for this increased turnover 
rate. 
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SHORT COMMUNICATIONS 

Identification of 18-Oxo-9,10-Epoxystearic Acid, a Novel 
Compound in the Cutin of Young Apple Fruits 1 

A B S T R A C T  

1 8-Oxo-9,10-epoxystearic acid was 
identified in the cutin of young apple 
fruits by hydrogenolysis with LiA1H4, 
deuterolysis with LiA1D4, CrO 3 oxida- 
tion of deuterated product followed by 
reduction with LiA1H 4 and mass spec- 
trometry of the products. 

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

Cutin, the structural component  of plant 
cuticle is a polymer of hydroxy fatty acids (1). 
Hydrolytic cleavage (2-4) or reductive cleavage 
(5) of the polymer followed by gas liquid 
c h r o m a t o g r a p h y  and mass spectrometry 
(GLC-MS) was recently used to determine the 
structure of the mono- and polyhydroxy fatty 
acids. Recent work in this laboratory revealed 
that in the very young tissue hitherto unknown 
monomers might be present. In this communi- 
cation the discovery of 18-oxo-9,10-epoxy- 

1Scientific Paper No.395'7, Project 2001,  Agricul- 
tural Research Center, College of Agriculture, Wash- 
ington State University, Pullman, Wash. 
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FIG. 1. Expected products from 18-oxo-9,10- 
epoxystearic acid of cutin by the various treatments 
and the expected major a-cleavages of the products. 
BSA = N,O-bis(trimethylsilyl)acetamide. 

stearic acid, a novel monomer in the cutin of 
young apples, is reported. 

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

Young Mclntosh apples (4 cm) were col- 
lected from the apple orchard of Washington 
State University. Isolation, hydrogenolysis and 
deuterolysis (with LiA1D a > 99%) of cutin 
were performed as described before (5). The 
C18 triol fraction was isolated by thin layer 
chromatography (TLC) on Silica Gel G with 
ethyl ether-hexane-methanol 8:2:1 v/v. This 
fraction obtained from the deuterolysate was 
oxidized with CrO 3 (100 mg) in 95% acetic 
acid at room temperature for ca. 14 hr. After 
diluting the reaction mixture with water the 
products were extracted three times with 
CHC13. The oxidation product recovered from 
the chloroform extract was refluxed with 
LiA1H 4 in tetrahydrofuran for ca. 2 hr and the 
reduction products were extracted with chloro- 
form (5). The C 18 triol fraction was isolated 
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FIG. 2. Partial mass spectra of the C18 triols 
derived by the treatments indicated on.the figure. 
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from this reduction product by TLC as above. 
The triol was treated with N,O-bis(trimethyl- 
silyl)acetamide (Pierce Chemicals) and the silyl 
derivative was subjected to GLC-MS (5). 

RESULTS A N D  DISCUSSION 

C u t i n  f r o m  mature apples contains 
18-hydroxy-9,10-epoxystearic acid and its A12 
unsaturated analog (3,5-7). The C18 triol frac- 
tion obtained by hydrogenolysis of such cutin 
was shown to be derived from the above epoxy 
acid (5). In order to determine whether this 
component is present in the cutin of immature 
apple fruits, the C 18 triol obtained by hydro- 
genolysis of cutin from young apple fruits was 
subjected to GLC-MS. The mass spectrum was 
identical to that of the C 18 triol derived from 
cutin of mature apple. The major a-cleavage 
ions were at m/e 303 and 317. Since hydrogen- 
olysis converts the carboxyl end to primary 
alcohol and the epoxide into secondary alco- 
hols, the exact structure of this component  in 
the cutin could not be determined from this 
spectrum. In order to overcome this difficulty, 
the C 18 triol derived from the deuterolysate of 
cutin was analyzed. The mass spectrum of this 
component showed the same pattern as that 
observed with the cutin of mature apple. 
However M +, M+-CH3 and M+-CH3-(CH3)3 
SiOH showed the presence of four deuterium 
atoms rather than the three expected from the 
18-hydroxy-9,10-epoxystearic acid. The inten- 
sity of ions at m/e 105 and 104 indicated that 
(CD2OSi[CH 3] 3) + and (CHDOSi[CH3] 3) + 
were formed, suggesting that one end of the 
molecule was derived from an aldehyde func= 
tion. If 18-oxo-9,10-epoxystearic acid gave rise 
to the triol fraction, the a-cleavage ions ex- 
pected would be at m/e 305,319,  304 and 320 
(Fig. 1). These ions were major a-cleavage ions 
in the spectrum (Fig. 2). The fact that ions at 
m/e 303 and 318 were present indicate that part 
of the C 18 triol was derived from 18-hydroxy- 
9,10-epoxystearic acid (5). The relative intensi- 
ties of the various a-cleavage ions observed in 
the spectrum (Fig. 2) are in agreement with 
such a structural assignment. 

If  the four deuterium atoms found in the 
C18 triol were introduced by the reduction of 
the corresponding dicarboxylic acid, the CrO 3 
oxidation product of the triol would contain no 
deuterium. If an in-chain deuterium were intro- 
duced by the reduction of a carbonyl group, 
this deuterium would also be lost by the mild 
CrO 3 oxidation, because the in-chain hydroxyl 
group is oxidized to a ketone by CrO 3. On the 
other hand, if an in-chain deuterium originated 
by reduction of  an epoxide, it would not be 

affected by the CrO 3 treatment. If the tetra- 
deuterated C 18 triol was in fact derived from 
18-oxo-9,10-epoxystearic acid of the cutin as 
shown in Figure 1, mild CrO 3 oxidation of the 
triol should remove the three deuterium atoms 
from the terminal carbon atoms leaving only 
the one deuterium atom in the chain. Thus the 
two isomeric tetradeutero C18 triols should 
give identical monodeuteroketodicarboxylic 
acid, which on reduction with LiA1H 4 should 
give the monodeuteriotriol  shown in Figure 1. 
The mass spectrum of the triol obtained in this 
m a n n e r  s h o w e d  M +, M+-CH3 and 
M+-CH3-(CH3)3SiOH ions 1 amu higher than 
those from the C 18 triol of the cutin hydrogen- 
olysate. The relative intensities of ions at m/e 
103, 104 and 105 clearly showed that the 
deuterium from the terminal carbons had been 
removed. The major a-cleavage ions were exclu- 
sively at m/e 303 and 318 as predicted from the 
structural assignments (Fig. 1). Thus the in- 
chain deuterium originated by the reduction of 
an epoxide. These results clearly show that the 
cutin of immature apple contained 18-oxo- 
9,10-epoxystearic acid. This compound does 
not appear to have been reported to be present 
in nature. The deuterium labeling method 
coupled to GLC-MS allows us to identify 
monomers that contain functional groups such 
as aldehyde and epoxide, wtfich are highly 
unsatable to conditions used in the conven- 
tional depolymerization techniques. 

The biological significance of the occurrence 
of aldehydes in the cuticular polymer is not 
dear. The most likely precursor of the 18-oxo- 
9,10-epoxystearic acid is 18-hydroxy-9,10- 
epoxystearic acid which is probably derived 
from 6o-hydroxyoleic acid. Oleic acid has been 
shown to be converted into 6o-hydroxyoleic 
acid in this tissue (7). 
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Prostaglandins in Swine Testes 

ABSTRACT 

The prostaglandin con ten t  of swine 
testes was investigated. It  was found that  
PGE1, PGE2, PGF1 and PGF2 were 
present,  and the amoun t  of  total  PGE's 
and PGF's  was determined.  

Prostaglandins, a family of closely related 
endogenous substances,  are derived f rom essen- 
t i n  fa t ty  acids. They exer t  a variety of  impor-  
tant  biological propert ies ,  which have been the 
subject of  extensive investigations. 

Prostaglandins have a widespread distri- 
but ion  in the animal body and their  occurrence 
in many tissues and fluids, i.e., lungs, thymus,  
brain, seminal  plasma, male accessory glands, 
menstrual  fluids (1-4), etc. ,  has been repor ted  
in the l i terature for  human and mammal ian  
species. 

However  it  is only  recent ly  that  the occur- 
rence of  prostaglandins in test icular  tissue of  
the rat was examined,  though  quant i ta t ive  data 
were no t  presented.  

The present s tudy describes the isolation,  
ident i f icat ion and quant i ta t ive  es t imat ion of 
prostaglandins found in swine testes. 

Semifrozen swine test icular  tissue (500 g) 
was cut  in slices and homogen ized  with  95% 
alcohol (2.5 liters) in a Braun mixer.  The 
homogena te  was stirred mechanical ly  for six hr 
and then  centr i fuged at 1800 rpm for ca. 45 

TABLE I 

Prostaglandin Content of Swine Testes 

Tissue Total PGE's, Total PGF's, 
Preparation wt, g ~tg/g btg/g 

I 450 1.5 0.8 
II 69O 1.7 0.7 

III 500 1.2 0.5 

min. The supernatant  was concen t ra ted  under  
reduced pressure (25 C) to the 20th of its 
volume,  acidified to pH 3.5 wi th  1N hydro-  
chloric acid, and ex t rac ted  with ether  three 
t imes with  half  its volume.  The combined  
ethereal  layers was ext rac ted  five to six t imes of  
half their  vo lume with  phosphate  buffer  pH 8; 
the organic layers were discarded and the 
aqueous  phases combined ,  acidified to pH 3.5 
and ext rac ted  three t imes with  an equal vo lume 
of  ether.  The ethereal  phases were combined ,  
washed several t imes with small por t ions  of  
water,  dried over sodium sulphate and evapo- 
rated to dryness under  reduced pressure. The 
remaining paste was dissolved in 60% aqueous  
e thanol  (50 ml) and par t i t ioned three to four  
times with an equal  vo lume of pe t ro leum ether.  
The alcoholic layer  was then  evaporated to a 
small volume,  acidified to pH 3.5 and ext rac ted  
three t imes with an equal  vo lume  of ether.  The 
combined  ethereal  extracts  were dried over 
sodium sulphate and evaporated to dryness 
under  reduced pressure. 

The residue was dissolved in benzene (5 ml) 
and the solut ion placed on the top of  a co lumn 
of silicic acid (0.5 x 15 cm),  prepared f rom a 
silicic acid-benzene slurry and washed repeat- 
edly with benzene  before use. Elut ion of  the 
co lumn with  benzene (40 ml) afforded the 
PGB's while the PGE's and PGF's  were ob- 
ta ined by fur ther  elut ion of  the co lumn with  
ethyl  acetate  (50 ml), as indicated by thin layer 
chromatography  (TLC) moni to r ing  of the col- 
umn using Silica Gel G plates and benzene-  
dioxan-acetic acid 40:35 : 2 as solvent system. By 
this T L C  procedure  the la t te r  two prostaglandin 
groups were separated and their  total  amount  
es t imated as follows: The zones corresponding 
to the PGE's  and PGF's  were scraped off  
separately, t ransferred to test tubes and ex- 
t racted with  me thano l  (3 x 5 ml). The meth-  
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the organic layers were discarded and the 
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rated to dryness under  reduced pressure. The 
remaining paste was dissolved in 60% aqueous  
e thanol  (50 ml) and par t i t ioned three to four  
times with an equal  vo lume of pe t ro leum ether.  
The alcoholic layer  was then  evaporated to a 
small volume,  acidified to pH 3.5 and ext rac ted  
three t imes with an equal  vo lume  of ether.  The 
combined  ethereal  extracts  were dried over 
sodium sulphate and evaporated to dryness 
under  reduced pressure. 

The residue was dissolved in benzene (5 ml) 
and the solut ion placed on the top of  a co lumn 
of silicic acid (0.5 x 15 cm),  prepared f rom a 
silicic acid-benzene slurry and washed repeat- 
edly with benzene  before use. Elut ion of  the 
co lumn with  benzene (40 ml) afforded the 
PGB's while the PGE's and PGF's  were ob- 
ta ined by fur ther  elut ion of  the co lumn with  
ethyl  acetate  (50 ml), as indicated by thin layer 
chromatography  (TLC) moni to r ing  of the col- 
umn using Silica Gel G plates and benzene-  
dioxan-acetic acid 40:35 : 2 as solvent system. By 
this T L C  procedure  the la t te r  two prostaglandin 
groups were separated and their  total  amount  
es t imated as follows: The zones corresponding 
to the PGE's  and PGF's  were scraped off  
separately, t ransferred to test tubes and ex- 
t racted with  me thano l  (3 x 5 ml). The meth-  
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anolic layers  were c o m b i n e d ,  e v a p o r a t e d  to  a 
small  vo lume (3-4 ml)  d i lu ted  wi th  wate r  (10  
ml) ,  acidif ied to pH 3.5 and  ex t r ac t ed  th ree  
t imes  w i th  an equa l  vo lume  of  e ther .  The  
c o m b i n e d  e therea l  ex t r ac t s  of each  pros ta-  
g landin group were washed  several t imes  wi th  
small  p o r t i o n s  of  water ,  dr ied over sod ium 
sulphate ,  and  the  t o t a l  PGE c o n t e n t  was esti- 
m a t e d  by the i r  a b s o r p t i o n  at  278 n m  af ter  
alkali t r e a t m e n t  at r o o m  t e m p e r a t u r e  (7),  while  
to ta l  PGF  c o n t e n t  was e s t ima ted  by  the i r  
abso rp t ion  at  300  n m  af te r  t r e a t m e n t  wi th  
c o n c e n t r a t e d  H2SO 4 at r o o m  t e m p e r a t u r e  (5).  

Tota l  PGF were also e s t ima ted  by  a spec t ro-  
f luor imet r i c  m e t h o d  descr ibed  by  G a n t t  et  al. 
(8).  This  m e t h o d  gave resul ts  lower  t h a n  t h a t  
o b t a i n e d  by  the  first  t echn ique .  These  data  are 
no t  r epo r t ed  here.  

To tes t  the  recovery  of  the  m e t h o d  used,  an 
e x p e r i m e n t  was p e r f o r m e d  in dupl ica te  exac t ly  
as descr ibed  above,  excep t  t ha t  9-3H P G F l a  
(specif ic  ac t iv i ty  0. 1 ~C//~M) was added  to the  
original  h o m o g e n a t e  in  a lcohol ic  so lu t ion .  I t  
was f o u n d  t h a t  75% and 80% of the  radioac-  
t ivity were recovered  f rom the  two exper i -  
men t s ,  respect ively.  Table I shows the  to ta l  
a m o u n t  of  PGE ' s  and  PGF ' s  e s t ima ted  for  th ree  
e x p e r i m e n t a l  animals .  For  the  qual i ta t ive  evalu- 
a t ion  of  the  p ros tag land ins ,  m i x t u r e s  of PGE's  
were fu r t he r  separa ted  on  silver n i t r a t e  impreg-  
n a t e d  Silica Gel G plates  wi th  AII as so lvent  
sys tem (9). 

Visua l iza t ion  of  the  spots  w i th  10% alco- 
hol ic  m o l y b d o p h o s p h o r i c  acid ind ica ted  the  
presence  of PGE1,  PGE2,  P G F l a  and  PGF2a .  

Smal l  a m o u n t s  of  PGA's  and  PGB's  were 
also de tec ted ,  t he i r  p resence  being,  mos t  p rob-  
ably,  due to a par t ia l  d e h y d r a t i o n  of the  PGE's .  

In conclus ion ,  swine testes  con t a in  the  ma jo r  
p ros tag land ins  and  in quan t i t i e s  h igher  t han  
those  e n c o u n t e r e d  in o t h e r  m a m m a l i a n  tissues. 
In view of  the  fac t  t h a t  p ros tag land ins  can be 
syn thes ized  in the  tes tes  (6),  i t  r emains  to  be 
f o u n d  w h e t h e r  the  p ros tag land ins  of the  semi- 
nal  p lasma d e p e n d  in some way u p o n  the  
p resen t ly  iden t i f i ed  p ros tag land ins .  
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LETTER TO THE EDITOR 

Positional Isomers of cis and trans Monoenoic Fatty Acids 
from Ox (Steer) Perinephric Fat 

Sir: We have found that the monoenoic fatty 
acids (FA) in bovine milk fat contain a large 
variety of positional and geometric isomers 
(Hay and Morrison, Biochim. Biophys. Acta 
202:237 [1970]). The preponderance of cer- 
tain isomers aroused speculation as to their bio- 
chemical origins and led us to conclude that sev- 
eral of the FA were formed by desaturase and 
a- and r-oxidation mechanisms operating with- 
in the mammary gland. The possibility was over- 
looked that these transformations may also 
have occurred at other sites, such as liver, and 
the products transferred to the mammary gland 
via the circulatory system. The study of ox 
(steer) perinephric fat presented here indicates 
that the monoenoic FA positional isomers 
found in milk fat are not  confined solely to 
mammary tissue. 

Samples of steer perinephric fat were cut 
into thin strips and extracted with chloroform- 
methanol 2:1 v/v. The total lipids were purified 
by the Folch procedure (Folch et al., J. Biol. 
Chem. 226:497 [1957])  and transesterified 
with methanolic KOH (Christopherson and 
Glass, J. Dairy Sci. 52:1289 [19691). Pure 
14:1, 16:1, 17:1 and 18:1 FAMe were isolated 

as described previously by Hay and Morrison. 
Gas liquid chromatographic analysis of total 
FAMe from the steer perinephric fat showed 
that the proportions of monoenoic FA were 
14:1 = 0.9%, 16:1 = 1.3%, 17:1 = 0.4% and 
18:1 = 18.9%. The trans content of the 
individual monoenoic FA, determined by IR 
spectrophotometry and by silver ion thin layer 
chromatography, were 14:1 = 8.5%, 16:1 = 
23.5%, 17:1 = 1.0% and 18:1 = 19.1%. 

The cis and trans positional isomers (Table I) 
closely resemble those found in bovine milk fat, 
and theories (Hay and Morrison) pertaining to 
the origin of these isomers in bovine milk fat 
can be applied equally well to perinephric fat. 
Thus the trans 18:1 isomers, because of their 
compositional similarity to the trans 18:1 
isomers from rumen bacterial lipids, are prob- 
ably derived from the rumen (Katz and Keeney, 
J. Dairy Sci. 49:962 [ 19661 ). The 9-cis isomers 
are probably formed from their saturated coun- 
terparts by desaturation, the 8-cis isomer of 
17:1 being formed from 9-c is -18: l  by a-oxi- 
dation and the trans 16:1, 7-cis-16: l  and 
7-cis-14: l  formed from t r a n s l 8 : l ,  9-c is-18: l  
and 9-c is -16: l ,  respectively, by /3-oxidation. 

T A B L E  I 

Dis t r ibu t ion  of  Double  Bonds in cis and t rans  Moneno ic  Fa t ty  Acids  
in Steer  Per inephr ic  fat  a 

Posit ion 
o f  double  

b o n d  

cis I somers  t rans  I so mer s  

14:1 16:1 17:1 18:1 16:1 18:1 

5 3.2 
6 3.2 6.6 3.2 4.1 
7 12.2 28 .0  6.3 0.5 3.3 1.0 
8 5.4 Trace  34.0 1.1 9.2 2.1 
9 76 .0  58.8 56.5 85.4 43.2 5.0 

10 Trace  2.2 6.7 11.9 
11 1.2 8.6 9.5 46.9 
12 5.3 2.2 11.9 6.0 
13 9.5 6.6 
14 1.0 7.4 
15 1.6 5.5 
16 7.6 

aValues  expressed  in wt  %. Trace  = less than  0.1%. 
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Since these results were obtained with steer 
perinephric fat, it is evident that the oxidative 
and desaturase mechanisms must occur wholly 
or partially outside the mammary gland, con- 
trary to our previous conclusions. Desaturation 
(Gellerhorn and Benjamin, Biochim. Biophys. 
Acta 84:167 [1966];  Kellerman and Jollow, 
Biochim. Biophys. Acta 84:478 [1964];  and 
Thompson and Allen, J. Animal Sci. 29:127 
[1969]) and ~-oxidation (Milstein and Driscoll, 
J. Biol. Chem. 234:19 [1959])  have been 
observed in adipose tissue and liver (Chang 
and Holman, Biochim. Biophys. Acta 280:17 
[19721), and the mechanisms which we have 
proposed to account for the isomeric monoen- 

oic FA in milk (Hay and Morrison) and peri- 
nephric fats may occur in the liver, adipose tis- 
sue or mammary gland, which are all active sites 
of lipid metabolism. 

J.D. HAY 
Department of Food Science 
University of Alberta 
Edmonton,  Alberta, Canada 
W.R. MORRISON 
Department of Food Science 
University of Strathclyde 
Glasgow, Scotland 

[ Revised manuscript 
received December 6, 19721 

Erratum 

In "Presence of trans-6-Hexadecenoic Acid 
in the White Jellyfish Aurelia aurita Lamarck 
and in a Caribbean Gorgonian" (Lipids 7:624 
[1972] ), there is an error in Table I. The fatty 
acid listed as 20:16o6 (column 1, line 18) 
should be 20:4606. 
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Purification of Sitosterol 1 
HENRY W. K IRCHER and FUMIKO U. ROSENSTEIN,  
The University of Arizona, Tucson, Arizona 857:21 

ABSTRACT 

Sitosterol and stigmastanol are ob- 
tained from the Raney nickel catalyzed 
hydrogenation of stigmasterol. The sito- 
sterol was separated from stigmastanol by 
silica gel column chromatography of its 
dibromide. Sitosterol was also obtained 
from the steam deodorizer distillate of 
crude cottonseed oil and purified by 
manifold recrystallizations of the free 
sterol from isopropanol and its acetate 
from alcohol-acetic acid mixtures at a low 
temperature. 

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

The isolation of pure sitosterol in quantity 
has always been a problem (1-4). Although it is 
the most widespread sterol in the plant king- 
dom, unlike the animal sterol cholesterol or the 
fungal sterol ergosterol, it usually occurs mixed 
with substantial quantities of similar com- 
pounds such as campesterol, stigmasterol and 
brassicasterol in mixtures that are readily sepa- 
rable on an analytical basis (5-7) but not on a 
preparative scale (8). The Sitosterol, N.F. avail- 
able commercially is a 40:60 mixture of campe- 
sterol and sitosterol that is probably derived 
from crude soybean sterols after removal of 
stigmasterol (9). 

Our work with insects requires pure sito- 
sterol for itself and as a starting material for the 
preparation of 5,7-stigmastadien-3/3-ol and 7- 
stigmasten-3fi-ol (10). Sitosterol has been ob- 
tained by the partial hydrogenation of stigmas- 
terol (4) or its 3,5-cyclo derivative (1), by 
chemical synthesis from pregnenolone (3), by 
degradation of impure material and resynthesis 
(2) and from natural sources by manifold 
crystallizations of the benzoate and acetate 
from ethyl acetate and alcohol (8). We report 
here the purification of sitosterol from two 
sources: (a) the mixture obtained by the 
selective hydrogenation of stigmasterol over 
Raney nickel (11); and (b) the steam distillate 
obtained from the deodorizer process in the 
commercial refining of cottonseed oil. 

The steam deodorization process concen- 
trates the sterols in vegetable oils. Crude oils 
derived from the olive, cottonseed, soybean, 
peanut, palm kernel, rapeseed, sunflower seed 

1Contribution No. 1946, Arizona Agricultural Ex- 
periment Station. 

Department of Agricultural Biochemistry, 

and linseed contain 0.1-0.45% sterols (12-14) 
and are in themselves poor sources of these 
compounds. During the deodorization process, 
however, the sterols are selectively removed 
from the mass of triglycerides in the oil by 
superheated steam in a vacuum so that their 
concentrations in these steam distillates are 
greatly augmented (15,t6).  A search of the 
literature (13,17) suggested that the steam 
distillates from olive and cottonseed oils would 
be the best sources of sitosterol. These oils have 
98 and 96%, respectively, of their sterol frac- 
tion as sitosterol, the remainder being campe- 
sterol. 

Deodorizer distillates of olive oil obtained 
from California and Greece proved to be poor 
sources o f  sitosterol. The sterol concentrat ions 
in these products were low and the squalene 
concentrations were very high, so that it was 
impractical to isolate sitosterol from them. We 
accordingly turned to the deodorizer distillate 
from the processing of cottonseed oil and 
found it to be an excellent source of sitosterol. 

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

Analysis 

The analyses for campesterol, sitosterol, 
stigmasterol and stigmastanol were performed 
by gas liquid chromatography (GLC) and thin 
layer chromatography (TLC) as described in a 
following communication (18). In addition, 
sterols were separated from steryl esters by 
TLC on silica gel with cyclohexane-ethyl ace- 
tate 60:40. 

A I ~ 3 C I 3 

i 

~iM[ 

FIG. 1. Gas liquid chromatography diagrams: (1) 
tocopherols, (2) campesterol, (3) sitosterol. A. Total 
steam deodorizer distillate from cottonseed oil, B. 
solids from A, C. filtrate from A, D. crystals from B 
after crystallization from ethanol. 
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t ~ a  

g 

t a a  

TIME 

FIG. 2. Gas liquid chromatography diagrams: (1) 
campesterol, (2) sitosterol. A. Fraction Z, 5 //1 (50 
mg/ml), B. fraction Z, 1.4/11 (50 mg/ml). 

Melting Points 

Melting points  were taken in vacuo;  cor- 
rected. 

Deodorizer Distillates 

Deodor izer  distillates f rom cot tonseed  were 
obtained f rom Ranchers  Co t ton  Oil Co.,  Fresno,  
Calif., and those f rom olive f rom Wilsey Foods,  
Inc., Lindsay, Calif., and f rom Elais Oleaginous 
Products,  S.A., Neon Faliron,  Pireaeus, Greece~ 

Sitosterol from the Selective Hydrogenation of 
Stigmasterol 

A typical hydrogena t ion  of  st igmasterol  over 
Raney nickel (11) gave a product  having the 
composi t ion :  67% sitosterol,  31% st igmastanol,  
2% stigmasterol (18). Twelve grams of this 
mixture  in 200 ml e ther  was treated dropwise 
wi th  4.0 g Br 2 in 50 ml ether  at room 
tempera ture  and then placed in a freezer at -20 
C for 3 days. Af te r  removal  of 1.7 g stig- 
mastanol ,  the fil trate was concen t ra ted  in vacuo 
wi thout  heat  and the residue chromatographed  
on a 400 g silica gel co lumn with  ether-low 

boiling pe t ro leum ether  1:4. The first four  
fractions (150 ml each) conta ined  nothing,  the 
next  six conta ined 5.5 g si tosterol  d ibromide 
and the last six were composed  of  the dibro- 
mide and st igmastanol.  The la t ter  were rechro- 
matographed in the same way to yield more of  
the dibromide free of  the stanol.  The combined  
dibromides were ref luxed 4 hr in 250 ml 
ethanol-acet ic  acid 1 : 1 over 5 g Zn dust to yield 
5.1 g si tosterol af ter  recrystal l izat ion f rom 
acetone.  This product ,  mp 136-7-~C, was com- 
pletely free of  st igmastanol and showed only a 
trace of  st igmasterol  by GLC (Fig. 3A). The 
overall yield of  purified si tosterol was 63% of 
that  present in the original hydrogena t ion  
mixture .  

Sitosterol from Cottonseed Oil Steam 
Deodorizer Distillate 

Five gallons of  the semisolid distillate (Fig. 
1A) were fi l tered through three large, coarse 
porosi ty,  sintered glass funnels  with an oil 
pump vacuum. The f i l t rat ion,  which took  sev- 
e r n  weeks, was hastened by daily scraping of  
the filter cake f rom the surface of the sintered 
glass wi th  a large, f lat-ended spatula. When the 
filter cake had been reduced  to 6 liters, it was 
removed,  mel ted  on a steam bath  and al lowed 
to recrystallize. These crystals were fi l tered 
again for a week to remove another  3 liters of 
liquid. The result ing solid (2840 g, Fig. 1B) was 
saved for purif icat ion;  the combined  filtrates 
(Fig. 1C) were discarded. The solid was crystal- 
lized f rom 4 liters e thanol  to  remove remaining 
tocopherols  to yield 2 kg of  a mixtue  of  
campesterol ,  si tosterol and steryl esters (Fig. 
1D). In our system, the esters were no t  readily 
eluted from the GLC column.  They were 
de tec ted  by a high Rf spot  on TLC. 

Five gram samples of  the solid mixture  were 
crystall ized f rom 40 different  solvents to deter- 
mine which solvent would  be the best for 
purif icat ion of  sitosterol.  The results were 
assayed by GLC and TLC as well as weight  of 
solid recovered. Ten solvents (pyridine,  diox- 
ane, 2-butanone,  e thyl  acetate,  te t rahydro-  
furan, n-amyl alcohol ,  2-methyl-2-butanol ,  ace- 
t ophenone  and t r ie thylamine)  selectively pre- 
cipt iated 0.1-0.5 g of  the steryl esters f rom the 
5 g mixture.  These precipitates were combined  
(3 g) and recrystal l ized three t imes f rom t- 
butanol  to yield a material ,  mp 85.5-87 C, that  
showed only one high Rf spot  on TLC. I t  was 
hydro lyzed  with  alcoholic KOH to give only 
campesterol  and sitosterol in the neutral  frac- 
t ion and palmit ic  acid in the acid f ract ion (GLC 
methy l  ester, mp methyl  ester 32-33 C, lit [19] 
30 C). 

A number  of  solvents (acetic acid, d imethyl -  
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PURIFICATION 

formamide, chloroform, isopropyl alcohol, 2- 
ethoxyethanol and di-isobutyl ketone) ap- 
peared to precipitate sitosterol with some en- 
richment over its concentration in the original 
mixture. Of these, isopropyl alcohol was chosen 
for large scale work because of the yield of 
crystals (1.45 g at room temperature from 5 g 
in 100 ml solvent) and the ease of concentra- 
tion and recovery when working with this 
alcohol. 

The 2 kg of crude sterol were then saponi- 
fied in and extensively crystallized and recrys- 
tallized from isopropyl alcohol. Twenty times 
as much solvent as sterol was routinely used. 
The sterol was dissolved on a steam bath in 20 
liter cylindrical Pyrex water bath jars and 
allowed to crystallize at room temperature. 
Filtrates were concentrated and second and 
third crops obtained. The crystalline precipi- 
tates were assayed by GLC: 50 mg was dis- 
solved in 1 ml benzene; 5/~1 of  this solution was 
injected, and the size of the campesterol peak 
measured in arbitrary units (Fig. 2A, B). 

As the crystallizations, combination of s imi -  
lar fractions, and recrystallizations proceeded, 
the size of the campesterol peak gradually 
diminished until further crystallizations from 
isopropyl alcohol caused no decrease in its size 
relative to the large sitosterol peak. At this 
point the purified sitosterol fractions were 
acetylated. They were mixed with equal 
weights of acetic anhydride and of benzene and 
evaporated to dryness in large crystallizing 
dishes on a steam bath in the hood. The 
acetates were then crystallized and recrystal- 
lized from absolute ethanol, isopropanol and 
mixtures of the two alcohols with acetic acid. 

It was more advantageous to recrystallize the 
sitosteryl acetates from dilute solution in the 
cold room at 4 C (ethanol-isopropanol-acetic 
acid, 1:1:1, 80-100 ml solvent/gram acetate) 
than from a more concentrated solution (20-50 
ml/gram) at room temperature. The solubility 
vs. temperature curves of campesteryl and 
sitosteryl acetates are apparently not parallel 
lines. 

When the process was arbitrarily halted after 
a total of 160 recrystallizations of the free 
sterols and steryl acetates, the six products 
shown in Table ! were on hand. The purities of 
the sitosteryl acetates were estimated by GLC. 
The sizes of their campesteryl acetate peaks 
were compared to those of standards that were 
prepared by addition of 0.5, 1, 2, and 3% 
campesteryl acetate to samples of fraction 42. 

A portion of fraction 42 was hydrolyzed to 
sitosterol, melting point 138-139 (Fig. 3B). 
Recent reported values for the melting point of 
sitosterol are 139-140 C (1,2); 136-137 C ( 4 ) ;  

OF SITOSTEROL 99 
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6-2 

TIME 

FIG. 3. Gas liquid chromatography diagrams. 
Purified sitosterol from: A. selective hydrogenation of 
stigmasterol (1. 1.4 ktl [50 mg/ml]; 2. 5 N1 [50 
mg/ml] ); B. cottonseed oil steam deodorizer distillate 
(1.1.4/,/1 [50 mg/ml] ; 2. 5/1l [50 mg/ml]). 

137-138 C (8). 

DISCUSSI ON 

Two simple techniques have been described 
for the isolation of sitosterol from inexpensive 
starting materials. The first uses the selective 
hydrogenation of  stigmasterol to sitosterol over 
Raney nickel under mild conditions (11) with 
subsequent separation of sitosterol from stig- 
mastanol by bromination and silica gel column 
chromatography. This method is appropriate 
for the preparation of gram quantities of 
sitosterol and is thereby more convenient than 
the preparative TLC plate separation of the 
mixture of sterol propionates obtained by the 
Pd-catalyzed hydrogenation of stigmasterol (4). 

The second method, perhaps more useful in 
the preparation of centigram quantities of the 
sterol, takes advantage of the large amount of 
sitosterol present in the steam deodorizer dis- 
tillates from cottonseed oil processing and the 
selectivity of isopropyl alcohol for the purifica- 
tion of sitosterol from contaminating campe- 
sterol. Although both methods are time con- 
suming, they are easy to carry out with simple 
apparatus and they have provided us with the 
sitosterol that we need for insect feeding 
studies and further chemical modification. 

The presence of steryl esters in the cotton- 
seed oil deodorizer distillate was unexpected. 
Although the ratio of campesterol to sitosterol 
in the esters was the same as that found as free 
sterols, the absence of fatty acids other than 
palmitate was surprising. Possibly sterol esters 
of oleate and linoleate, two other acids found 
in cottonseed oil, were eliminated in the early 
filtration processes and only the sterol palmi- 
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TABLE I 

Fractions of Sitosteryl Acetate Obtained from the Steam 
Distillate of Cottonseed Oil 

Fraction no. Weight, g Melting point, C Estimated purity 

42 100 120.8-121.5 99.5% 
61 99 121 -122 99.0% 
64 141 121 -122 98.5% 
65 102 121.5-122 98.0% 
66 127 122 -123.2 97.5% 
67 i 14 122.5-124 96.0% 

rates were sufficiently high melting and insolu- 
ble to be carried over in our sterol fraction. 

Another unexpected result was the increase 
in the melting point of sitosteryl acetate with 
an increase in its campesteryl acetate content 
(Table I). Similar results were obtained with the 
artificial mixtures of the two steryl acetates 
used to estimate the purities of the products in 
Table I. Addition of 0.5, 1, 2 and 3% campe- 
steryl acetate to fraction 42 raised its melting 
point to 121-121.6, 121-121.7, 121-122 and 
121-122.3 C, respectively. In these cases, the 
presence of an impurity raised rather than 
lowered the melting point of a compound. The 
reasons for this may be the close structural 
similarity between the two sterol acetates and 
the higher melting point (158-159 18]) of the 
campesterol derivative. The two acetates appear 
to form an ideal solid solution in the concentra- 
tion range that we investigated. 
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Hydrogenation of Stigmasteroll 
HENRY W. KI RCHER and FUMI KO U. ROSENSTEIN, Department of Agricultural Biochemistry, 
The University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Hydrogenations of stigmasterol over 
5% Pd/C, 5% Ru/C, Pt, Raney Ni, Raney 
Co, Ni/kieselguhr, and tris(triphenylphos- 
phine)chlororhodium catalysts and with 
diimide generated from hydrazine and 
p-toluenesulfonylhydrazide were studied 
to determine the best conditons for the 
selective reduction of the A22 double 
bond. The best results (maximum stig- 
masterol reduction, minimum stigmas- 
tanol formation) were obtained with 
Raney nickel at room temperature and 
atmospheric pressure. 

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

The selective hydrogenation of the trans- 
A22 double bond of stigmasterol (5, 22-stig- 
mastadien-3fi-ol) yields sitosterol (5-stigmasten- 
3/3-ol) (1-4). In two cases studied, the As 
unsaturation was blocked by formation of the 
i-sterol before reduction (1,2), and in the other 
two, palladium-catalyzed hydrogenation was 
stopped after absorption of 1 me.1 H 2 (3,4). 
Sitosterol was separated in low yield from 
unreacted stigmasterol and stigmastanol by 
complicated methods (3) or by argentation thin 
layer chromatography (TLC) of the sterol 
propionates (4). Since neither these methods 
nor a more recent synthesis of sitosterol (5) 
appeared suitable to us for preparation of the 
large quantities of the pure sterol we required 
for insect work, we decided to reinvestigate the 
selective hydrogenation of stigmasterol to sito- 
sterol to determine the optimal parameters for 
the reaction. In this communication we report 

1Contribution No. 1889 University of Arizona 
Agricultural Experiment Station. 

our experiences with various catalysts and 
conditions and with two diimide generating 
reagents. 

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

Catalysts 

Raney cobalt and Raney nickel (#27 and 
#28 active catalysts in water, respectively, W.R. 
Grace and Co.) were solvent exchanged before 
use, and W-2 Raney nickel was prepared from 
the alloy (6). Tris(triphenylphosphine)chloro- 
rhodium (Strem Chemicals, Inc.), nickel on 
kieselguhr (Girdler catalysts, Chemetron Corp.), 
5% Pd on C (Engelhard), 5% Ru on C and Pt02 
(Matheson, Coleman and Bell) were used as 
obtained. 

Sterols 

Stigmasterol (Upjohn Pharmaceutical Co.) 
was crystallized once from ethyl acetate, mp 
169-70 (lit. [7] 170), after which it showed no 
impurities by gas liquid chromatography (GLC) 
or TLC. Stigmasteryl acetate was simply pre- 
pared by evaporation of  a mixture of the sterol, 
acetic anhydride and benzene on a steam bath 
in the hood overnight. The solid residue was 
washed with methanol in a blender and crystal- 
lized from ethyl acetate, mp 143-4 (lit. [7] 
144). Stigmasteryl trimethylacetate, mp 175-7, 
phenylacetate, mp 128-30, and benzoate, mp 
163-4.5 (lit. [7] 160), were prepared from the 
acyl chlorides in pyridine and their purities 
checked by TLC. The trimethylacetate and 
phenylacetate have not been reported before. 
Their identity was based on the starting mate- 
rials used and their chromatographic homoge- 
neity. 

Reactions 

Atmospheric pressure hydrogenations were 

TABLE I 

Hydrogenation of Stigmasterol and Stigmasterol Esters over Pd a 

Product composition, % 

Reaction 
Sample time, hr Stigmasterol Sitosterol Stigmastanol 

Stigmasterol 0.2 10 33 57 
Stigmasterol acetate 0.2 2 35 63 
Stigmasterol trimethylacetate 0.25 2 45 53 
Stigmasterol benzoate 23.5 13 42 45 
Stigmasterol phenylacetate 8.5 6 66 28 

aStopped with absorption of 1 mol H2]mol sterol (measured manometrically). 
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FIG. ]. Hydrogenation of 5 g stigmasterol over 0.5 
g 5% Pd/C in 500 ml ethyl acetate. 

run in small flasks on a magnetic stirrer 
connec ted  to a mercury  filled gas buret.  Parr 1 
and 2 liter stirred pressure vessels were used 
for the high tempera ture ,  high pressure runs. 
Reduct ions  wi th  hydrazine were done in con- 
vent ional  glassware and those with p-toluenesul-  
fonyl  hydrazide in 1 x 15 cm sealed Pyrex 
tubes in an oil bath. Addi t ional  details are given 
in the Results section. 

Analysis 

The analyses of  the hydrogena t ion  mixtures  
for st igmasterol,  si tosterol and st igmastanol 
were done by GLC, TLC, and t i t ra t ion as 
described in the fol lowing communica t ion  (8). 
As a rule, catalysts were fi l tered f rom the sterol 
solutions which were then evaporated to dry- 
ness for analysis. Sterol  esters were hydrolyzed  
with alcoholic  KOH prior to analysis. The 
reactions with the soluble rhod ium catalyst  
were evaporated and the sterols ext rac ted  from 
the catalyst  with pe t ro leum ether.  

RESULTS 
With Palladium 

The reduct ions  shown in Table I were run 
with  2 mmol  sterol in 100 ml ethyl  acetate over 
0.4 g 5% Pd/C at room tempera ture  and 
atmospheric  pressure. When ei ther 0.15 g ZnC12 
or 2 drops 48% HBr were added as poisons to 
the mixture ,  hydrogena t ion  did not  occur. 
Reduc t ion  ran slowly at 2-3 C or when 0.2 drop 
48% HBr was added, but  in both  cases, stigmas- 
tanol was still in the product .  A quant i ta t ive  
assay for st igmasterol  and its two reduct ion  

products  is shown in Figure 1 as a funct ion of  
hydrogen uptake.  All points  were f rom a single 
react ion mixture  that  was sampled over a 
period of  2 hr. The hydrogen uptakes were 
calculated f rom the sterol analyses rather than 
manomet r ic  measurements .  The lat ter  were 
misleading because of  the rapidi ty  of  the 
react ion when run under  the condi t ions  de- 
scribed for Table I. 

With Raney Nickel 
The commercia l  Raney nickel after solvent 

exchange (water  ~ e thanol  -+ e thyl  acetate)  was 
ca. 25% as active as the catalyst  (W-2) prepared 
in our labora tory  f rom the alloy, as far as rate 
of hydrogena t ion  was concerned.  The p roduc t  
composi t ion  f rom the two catalysts was similar, 
however ,  and they  were used interchangeably.  
Quanti tat ive results f rom atmospher ic  pressure, 
room tempera ture  runs are given in Table II and 
Figure 2. 

Many exper iments  were per formed to deter- 
mine condi t ions  of  minimal  st igmastanol and 
max imum sitosterol fo rmat ion  during the nick- 
el catalyzed hydrogenat ion.  A m o n g  these were 
addit ions of  poisons such as ZnC12, pyridine 
and t r iphenylphosphine ,  which at high concen- 
trat ions (50-500 mg/100  ml) comple te ly  inhibi- 
ted reductions,  and at l ow  concent ra t ions  (4-30 
mg/100 ml) did no t  prevent  st igmastanol for- 
mation.  Others included different  solvents such 
as cyclohexane,  dioxane,  te t rahydrofuran  (slow 
reactions,  s t igmastanol produced)  and methyl -  
ene chloride (no react ion).  Inact ivat ion of the 
Raney nickel by vacuum drying or using water  
wet catalyst  wi thou t  solvent exchange pre- 
vented hydrogenat ion.  Very slow reduct ions  
were observed with a 2-year-old catalyst  or 
when the react ion mixture  was placed in an ice 
bath. In bo th  cases st igmastanol was still 
de tec ted  in the react ion product .  

With Raney Cobalt 
No reduct ion  of  st igmasterol over this cata- 

lyst occurred under  mild (4 days, room temper-  
atrure, a tmospher ic  pressure) or forcing condi-  
tions (18 hr, 100 C, 500 psig H2). Raney 
cobalt  was not  a poison for the nickel-cata- 
lyzed react ion;  when the la t ter  was added to 
the mixture  run under  mild condi t ions,  hydro-  
genation proceeded as usual. 

With Supported Nickel on Kieselguhr 
Stigmasterol  (44 g) in 1500 ml absolute 

e thanol  was reduced over 4 g Girdler G-49B 
catalyst (100 C, 500 psig H2). Samples were 
removed periodically and analyzed by GLC and 
TLC. After  18 hr 90% of the stigmasterol had 
reacted. However  st igmastanol was present in 
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HYDROGENATION OF STIGMASTEROL 

TABLE II 

Hydrogenation of Stigmasterol and Stigmasterol Esters over Raney Nickel a 

103 

Product composition, % 

Reaction 
Sample mmol time, hr Stigmaster01 Sitosterol Stigmastanol 

Stigmasterol b 2 9 2 64 34 
Stigmasterol acetate 1 20 12 80 8 
Stigmasterol trimethylacetate t 18 66 3 t 3 
Stigmasterol phenylacetate 1 29 0 80 20 
Stigmasterol c 12 18 4 77 19 
Stigmasterol 12 18 2 77 21 
Stigmasterol 12 18 2 71 27 
Stigmasterol 12 18 0 71 29 

aStopped with absorption of l mol H2/mol sterol or after running overnight. 
bSmall scale reductions: l g (dry basis) #28 Raney nickel. 
CLarger scale reductions: 3 g (dry basis) #28 Raney nickel. 

all samples ,  even the  one  t a k e n  1 hr  a f te r  the  
s tar t  of  the reac t ion .  

The  reac t ion  was r epea t ed  wi th  4 g Girdler  
G-67RS ca ta lys t  ( 110  C, 1200 psig H2).  Af te r  4 
days 90% of the  s t igmastero l  had  been  reduced ,  
bu t  again, every sample t a k e n  dur ing  the  
r eac t ion  showed  s t igmas tano l  to  be present .  
With Platinum 

A p l a t i n u m  oxide  ca ta lys t  whose  act ivi ty  
had  been  r educed  by two previous  hydrogena -  
t ions ,  cho les t e ro l  to  cho le s t ano l  (9) and  stig- 
mas te ro l  to  s t igmas tanol ,  was ref luxed in e thy l  
ace ta te ,  washed  and  suspended  in fresh solvent .  
I t  was n o  longer  active,  even a f te r  add i t ion  of 
perch lor ic  acid (9). 

With Ruthenium 

St igmas tero l  (400  mg in 100 ml e thy l  
ace ta te )  was s t i r red  wi th  1 g 5% Ru /C  u n d e r  
h y d r o g e n  for  18 hr. GLC showed  tha t  40% of  
the  s ta r t ing  mater ia l  was still u n r e d u c e d ,  and  
TLC ind ica ted  t h a t  a subs tan t i a l  a m o u n t  of  
s t igmas tanol  had  fo rmed .  

With Tris (triphenylphosphine)chlororhodiu m 

No r e d u c t i o n  of  s t igmasterol  in the  presence  
of  th is  ca ta lys t  t o o k  place u n d e r  mild condi -  
t ions.  This was expec t ed  by  analogy w i th  
ergosterol  in which  on ly  the  As  b o n d  in a 
con juga ted  A5,7 sys tem is r educed  (10).  The  
resul ts  f rom e x p e r i m e n t s  run  u n d e r  forc ing 
c o n d i t i o n s  are s h o w n  in Table  III. In  the  first 
two  expe r imen t s ,  where  no  r e d u c t i o n  was 
observed,  the  IR  spec t rum of  the  recovered  
s t igmasterol  was supe r imposab le  on tha t  of the  
s ta r t ing  mater ia l  suggest ing t h a t  n o  doub le  
b o n d  migra t ion  or i somer i za t ion  ( t rans  -+ cis) 
had  occur red  (11) .  

With Hydrazine Hydrate 

Several p i lo t  e x p e r i m e n t s  made  by b u b b l i n g  

air t h r o u g h  a h o t  so lu t ion  of s t igmastero l ,  
hyd raz ine  hyd ra t e  and  acet ic  acid in p r o p a n o l  
(12) showed  t h a t  some s terol  r e d u c t i o n  t ook  
place. S t igmas tero l  (4.3 g) in 250  ml 2-me- 
t h o x y e t h a n o l  and  10 ml acet ic  acid was aera ted  
vigorously  for  9 days on the  s team ba th .  During 
this  t ime  a to ta l  of  140 ml hyd raz ine  hydra t e  
was gradual ly  added,  t oge the r  w i th  suff ic ient  
solvent  to  keep the  mix tu r e  h o m o g e n o u s .  Evap- 
o ra t ion  to  dryness  fo l lowed by c rys ta l l iza t ion  
of  the  residue f rom a lcohol  y ie lded  1.7 g 
s i tos terol  t h a t  still c o n t a i n e d  ca. 10% of unre-  
acted s ta r t ing  mater ia l .  

With p-Toluenesulfonyl Hydrazide 

Solu t ions  of  s t igmas te ro l  (0.1 mmole ) ,  p- 
tosy lhydraz ide  (1 m m o l e )  and e i the r  e thano l -  

I00" 

c_~ 

40 
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0;2 0.4 0.6 o16 1.o 1.~ ~.'4 
MOLES HYDROGEN 

FIG. 2. Hydrogenation of 2 mmole stigmasterol 
over 1.2 g (dry basis) #28 Raney nickel in 100 ml 
ethyl acetate. (Each set of three points was a separate 
run.) 

LIPIDS, VOL. 8, NO. 3 



104 

E 

�9 

�9 

e~ 

e. 

r~ 
. . - ,  

�9 

[.., 

H.W. KIRCHER AND F.U. ROSENSTEIN 

,4 . . %  

oo~ ~ ~ 

Z z 

~ 7 7 

z 

222 = 

c,l c,i ~ 

c; <5 ,; 

d 

2 

g.S * 
x~ E o .~  r 

2 .  Zz =? 

f f ~  

m L )  r,.) L )  

amine (1 mmole)  or t r ie thylamine  (1 mmole)  in 
e thyl  2 ml of  2 -methoxye thano l ,  1,2-dimeth- 
oxy ethane or  d ie thyleneglycol  d imethyl  ether  
were heated at 80 or 105 C for 17 and 44 h r i n  
sealed tubes (13,14).  The tubes were cooled,  
opened,  water added and the sterols extracted 
with benzene-pe t ro leum ether  1 : 1 for analysis 
by GLC and TLC. Only traces of  st igmastanol 
were observed, but  reduc t ion  of  st igmasterol 
occurred only f rom 17 to 31%. Best results 
were obta ined with t r ie thylamine  catalyst  in 
1 ,2-d imethoxyethane  and 2 -methoxye thano l .  
Only small differences were seen between the 
exper iments  run at 80 and 105 C and be tween  
the 17 and 44 hr runs. 

The results f rom an exper iment  to de termine  
the effect  of  increasing the amount  of reducing 
agent are shown in Table IV. The reactions 
were run in 2 -me thoxye thano l  with a 1:1 mole 
ethyl  ratio of t r ie thylamine  to p- tosylhydraz ide  
for 20 hr at 80 and 105 C. All react ion mixtures  
showed traces of  st igmastanol by TLC. 

DI SC USSI ON 

All of  the stigmasteroI hydrogenat ions  over 
palladium, whe ther  poisoned or not ,  at room or 
ice bath  temperatures ,  yielded substantial  
amounts  of  st igmastanol even when much  
unreacted  st igmasterol  was still present.  The 
steric effect  of  3/3-acyloxy groups is evident  
during the brominat ion  of  cholesteryl  esters. 
Cholesterol  t r imethylace ta te ,  acetate and ben- 
zoate  react only 18, 15 and 11% as rapidly wi th  
bromine  as the free sterol (15). When these 
derivatives of  st igmasterol  were hydrogenated  
over palladium, however ,  the acyl groups did 
not  appreciably hinder  reduc t ion  of the As 
bond. Palladium, used f requent ly  in the past 
since the descript ion by Bernstein and Wallis in 
1938 (3), should no longer  be considered 
effective for the selective hydrogena t ion  of  
stigmasterol to sitosterol.  

Less active catalysts such as 5% ru thenium 
on carbon and nickel on kieselguhr were not  
useful;  st igmasterol was only slowly and un- 
selectively reduced in their  presence. Raney 
cobalt  and a twice-used p la t inum catalyst  were 
comple te ly  ineffect ive in p romot ing  hydrogena-  
tion. 

The hydrogena t ion  of  carbon-carbon double  
bonds in the presence o f  the soluble catalyst  
t r is  ( t  r i p  h e n y l p h o s p h i n e ) c h l o r o r h o d i u m  has 
been recent ly  reviewed (11,16). Al though it has 
been claimed that  di- and no t  t r i -subst i tuted 
double bonds are reduced under  mild condi-  
tions (17), the lat ter  are reduced in the 1- 
me thy lcyc lohexene  series, albeit  at a much  
slower, solvent dependen t  rate (18). Except  for  
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HYDROGENATION OF STIGMASTEROL 

TABLE IV 

Reduction of Stigmasterol by p-Toluenesulfonyl Hydrazide 

105 

mmol Hydrazide 
and amine per 

0.1 mmo[ sterol 

Amount unreacted stigmasterol 
as estimated by gas liquid chromatography, % of product 

at 80C at 105C 

1 68 70 
2 66 68 
3 60 65 
4 57 66 
5 55 65 

the facile hydrogena t ion  of  A1 A2 A3_ch o_ 
lestenes (19), o:, /3-unsaturated ketone's  (10,19) 
and the reduc t ion  of ergosterol  to the 5,6-dihy- 
droderivative (10), the hydrogena t ion  of  o ther  
double  bonds  in the sterol  molecule  has no t  
been described.  We also have been unable  to 
reduce ei ther  the A5 or A22 double  bond  of  
s t igmasterol  under  mild condi t ions .  In the 
presence of mixed  solvents,  forcing condi t ions ,  
and a p r o m o t e r  such as t r ie thylamine  (20), 
some reduc t ion  of  s t igmasterol  to si tosterol  was 
observed. Little, if  any, s t igmastanol  was pro- 
duced in these react ions ,  and possibly wi th  
d i f ferent  ligands than t r ipheny lphosph ine ,  such 
as the recent ly  descr ibed d iphenylp iper id ino-  
phosph ine  (18), t r i - t -bu ty lphosphine  (21), or 
t h e  b i s  ( p y  r i d i n  e ) - d i m e t h y l f o r m a m i d o b o r o -  
hydr ide  complex  (22),  a sa t is factory selective 
hydrogena t ion  of  s t igmasterol  can be achieved 
wi th  a soluble rhod ium catalyst .  

Hydrogena t ions  wi th  di imide,  whe the r  gen- 
e ra ted  f rom hydraz ine  or p- tosyl  hydraz ide  
have been descr ibed as selective (14,23),  and 
the reduc t ion  of  s t igmasteryl  acetate  is men-  
t ioned  in a review (24) as unpubl i shed  work  
with no details given. In our  exper iments ,  
s t igmasterol  hydrogena t ion  was too  incomple te ,  
even wi th  large excesses of  e i ther  reagent ,  to  
warrant  the use of diimide as a r educ tan t .  Also, 
even though  much  s t igmasterol  still remained  in 
the reac t ion  mixtures ,  small amoun t s  of  stig- 
mastanol  were already apparen t  in them.  

Our best  results were ob ta ined  wi th  Raney 
nickel.  This catalyst  a l lowed almost  comple t e  
reduc t ion  of  the 2122 bond  of s t igmasterol  
before  appreciable 215 reduc t ion  occurred  (Fig. 
2). I t  was far be t t e r  than pal ladium in selectiv- 
i ty (compare  Fig. 1) and can be used wi th  fairly 
cons is tent  results  (Table II, lower  part) .  The 
selectivity may be improved  by derivative for- 
mat ion  (Table II, uppe r  par t ) ;  the d iphenylace-  
tate is a good candida te  for  fu ture  studies.  The 
isolat ion of pure si tosterol  f rom a Raney 
nickel-catalyzed r educ t ion  of  s t igmasterol  is the 
subject  of  the preceding repor t  (25). 
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Analysis of Mixtures of Stigmasterol, Stigmastanol and 
Sitosterol 1 
FUMI KO U. ROSENSTEIN and HENRY W. KIRCHER, Department of AgricuJtural 
Biochemistry, The University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Hydrogenation of stigmasterol yields 
mixtures of the three title sterols. Stig- 
masterol was clearly separated from the 
other two by gas liquid chromatography; 
a standard curve was constructed relating 
the height of its peak to its concentration 
in the mixture. The total unsaturation 
was measured by a dibromopyridine sul- 
fate-thiosulfate procedure. The unsatu- 
ration contributed by previously deter- 
mined stigmasterol was subtracted from 
the total to leave that contributed by 
sitosterol, whose concentration in the 
mixture was then calculated. The amount 
of stigmastanol, whose presence was qual- 
itatively determined by thin layer chro- 
matography after bromination of the 
mixture on the plate, was obtained by 
difference. When suitable corrections 
were made, based on analysis of known 
mixtures, the concentrations of three 
sterols in hydrogenation mixtures could 
be calculated. 

INTRODUCTION 

We required a method for the determination 
of the content of stigmasterol, sitosterol and 

1 C o n t r i b u t i o n  No.  1902,  Ar i zona  Agr icu l tu ra l  Ex- 
p e r i m e n t  S ta t ion .  

stigmastanol in mixtures that were obtained by 
the catalytic hydrogenation of stigmasterol (1). 
The separation of stigmasterol from a number 
of other sterols by gas liquid chromatography 
(GLC) has been amply described (2, and refer- 
ences cited therein), and quantitative GLC 
methods have been published (3,4). The sepa- 
ration of stigmastanol from sitosterol is less 
well documented, and although a separation 
factor of 1.13 has been claimed for these two 
sterols on neopentylglycol succinate (5), the 
separation of sitosterol from stigmasterol on 
this phase was poor (separation factor 0.97). 
We found no liquid phase that would separate 
the three title sterols sufficiently from each 
other that would allow us to use it as a basis for 
a quantitative GLC determination of the three. 
We therefore turned to a combination of GLC, 
thin layer chromatography (TLC) and titrimet- 
ric procedures to achieve our goal. 

MATERIALS AND METHODS 

Sterols 

The purification of stigmasterol and its 
esters has been described (1). Stigmastanol was 
prepared by hydrogenation of stigmasterol over 
PtO 2 (6) and crystallized from acetone (nega- 
tive Lieberman-Burchard reaction). Sitosterol 
was isolated from a mixture obtained by partial 
hydrogenation of stigmasterol over Raney 
nickel (7). Cholesterol, USP (Nutritional Bio- 

T A B L E  I 

T i t r a t i o n  o f  Sterol  Doub le  Bonds  w i t h  
D i b r o m o p y r i d i n e  Sul fa te  and  S o d i u m  T h i o s u l f a t e  

Sterol  Mel t ing  po in t  range  Double  b o n d s  per  mo lecu l e  

Cho les te ro l  1 4 7 . 5 -  148.5 
Cho les te ro l  ace ta te  113.5 - 114.5 
Cho les te ro l  p r o p i o n a t e  94 97 
Cho les te ro l  i s o b u t y r a t e  127 - 129 
Cho les te ro l  p ivala te  160.5 - 161.5 
Cho les te ro l  b e n z o a t e  148.5 - 150 
Sitosterol  136 - 137 
S t i g m a s t a n o l  135 - 137 
S t i g m a s t e r o l  169 - 170 
S t i g mas t e r o l  ace ta te  142.5 - 144 
S t i g m a s t e r o l  p ivala te  175 - 177 
S t i g mas t e r o l  b e n z o a t e  163 - 164.5 
S t i g mas t e r o l  p h e n y l a c e t a t e  128 - 130 

1 .004 
0 .992  
0 .994  
1.002 
0 .993  
0 . 9 8 4  
0 . 9 9 8  

-0 .004  a 
2.15 b 
2 .122  
2 .195  
2 .158  
2 .165  

aSamp l e  c o n s u m e d  m o r e  th iosu l f a t e  than  b lank.  

bAve rage  o f  six va lues ;  see tex t .  
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TABLE II 

Analyses of Known Mixtures 

Concentrat ion as found, wt% Concentration 
as prepared, From gas liquid From 

Sterol mixture wt% chromatographya titration Error, % 

Stigmasterol 35.3 35.0 -0.3 
f 33.5 -0.4 A Sitosterol 33,9 65.0 

Stigmastanol 30,8 31.5 +0.7 

Stigmasterol 5.3 5.0 -0.3 
B Sitosterol 68.0 t 95.0 66.2 -1.8 

Stigmastanol 26.7 ~ 28.8 +2. l 

Stigmasterol 33.5 33.0 -0.5 
t 29.9 +2.2 C Sitosterol 27.7 67.0 

Stigmastanol 38.8 37.1 - 1.7 

Stigmasterol 66.5 66.5 67.2 +0.7 
D Stigmastanol 33.5 33.5 

aSilylethcrs on QF-1; stigmasterol concentrations in mixtures A, B and C determined 
with line c in Fig. 1 ; and in mixture D, with line b in Fig. 1. 

chemica ls  Co.),  was recrys ta l l ized  twice  f rom 
e thy l  ace ta te  and  its esters  p repa red  in the  usual  
way (1).  All s terols  and  esters  were dried in 
vacuo at 55 C pr ior  to  analysis.  The  pure  
c o m p o u n d s  were c h r o m a t o g r a p h i c a l l y  homoge-  
neous ;  the i r  me l t i ng  p o i n t  ranges are l is ted in 
Table  I. 

Gas Liquid Chromatography 

Stainless steel  co lum ns  (1 /4  in. d iameter ,  6 
f t  long, s i lanized wi th  d i ch l o r od i m e t hy l s i l ane  in 
benzene  and  washed  wi th  m e t h a n o l )  were 
packed  w i th  5% OV-101 (4) or 3% QF-1 on 
A n a k r o m  ABS for  analysis  of  free s terols  or 
s i la ted derivatives,  respect ively.  The  f o r m e r  
were r un  at 260  C /60  psig Ar and  the  l a t t e r  at 
235 C/36  psig Ar  in the  Research  Special t ies  
Co. Model 600  i n s t r u m e n t ,  Sr90 de tec to r .  Bo th  
co lumns  clearly separa ted  s t igmas tero l  f rom a 
m i x t u r e  of  s i tos tero l  and  s t igmas tanol .  The 
peaks for  the  la t te r  two s terols  were super im-  
posable  on the  OV-101 c o l u m n ;  on the  QF-1 
co lumn,  s t igmas tano l  h a d  a sl ightly longer  
r e t e n t i o n  t ime.  

S t anda rd  curves were c o n s t r u c t e d  wi th  
k n o w n  mix tu re s  of s t igmastero l  and  s i tos tero l ,  
w i th  s t igmas tero l  and  s t igmas tano l ,  and  wi th  
s t igmastero l  and  a 1 : 1 m i x t u r e  of  the  o t h e r  two 
sterols.  We had  p rob l ems  re la t ing  the  peak areas 
to  c o n c e n t r a t i o n s ,  bu t  when  the  he ight  of  the  
s t igmastero l  peak,  as a r a t io  of  i ts  he igh t  to  the  
he ight  of  b o t h  peaks,  was p l o t t e d  as a f u n c t i o n  
of  the s t igmas tero l  c o n t e n t  of  the  mix tu res ,  
s t raight  l ines were o b t a i n e d  (Fig. 1). Ear ly  work  
was p e r f o r m e d  on the QF-1 c o l u m n  wi th  sterols  
t ha t  had  been  si lated w i th  N ,O-b i s ( t r ime thy l -  
s i ly l )ace tamide;  la ter  when  OV-101 was avail- 
able, i t  was used wi th  the  free sterols.  Rou-  

t inely,  a sample was dissolved in benzene  and 
an appropr ia t e  a m o u n t  in jec ted .  The  heights  of 
the  s t igmastero l  peak (a) and  the  s i tos terol-  
s t igmas tanol  peak (b)  were measu red  and the  
value a /a+b  calcula ted.  F r o m  this  value the  
s t igmasterol  c o n t e n t  of  the  m i x t u r e  was ob- 
t a ined  f rom Figure 1. 

Thin Layer Chromatography 

St igmas tano l  was readi ly  observed in the  
presence  of the  o the r  two  .sterols by  TLC on 
silica gel wi th  b e n z e n e - e t h y l  ace ta te  4:1 (8)  and 
ove r spo t t ing  of  the  sample wi th  10% Br 2 in 
c h l o r o f o r m  on the  plate  before  d e v e l o p m e n t  
(9).  Af te r  deve lopmen t ,  the  pla te  was hea t ed  at 
110 C to reveal  two  green spots  at  h igher  Rf 
caused by the 5a,  6/3 and  5/3, 6~ d ib romides  of 
s i tos terol  and  s t igmas tero l  (10).  These two  
sterols  are no t  separa ted  by  this  m e t h o d ,  no r  is 
it appl icable  to  the  sepa ra t ion  of  s terol  and  
s tanol  acetates .  S t igmas tano l  was s u b s e q u e n t l y  
revealed as a lower  Rf spo t  ( b r o w n )  when  the  
plate was sprayed  wi th  30% H2SO 4 and h e a t e d  
at l l 0 C .  

Determination of Unsaturation 

Methods  t h a t  have been  descr ibed  in the  
Russian l i t e ra ture  (11 ,12)  were adapted .  The 
s terol  samples  ( ~ 0 . 1 5  g) in 20  ml c h l o r o f o r m  in 
an ice b a t h  were t r e a t ed  w i th  a 0.1 N so lu t ion  
of  d i b r o m o p y r i d i n e  sulfate  (13) .  F i f t een  or 20  
ml of  reagent  were used d e p e n d i n g  on sample  
size and  degree o f  u n s a t u r a t i o n ,  and  b lanks  
were run  concu r r en t l y .  The  resu l t ing  so lu t ion  
was s t i r red at  2-3 C for  5 min  af te r  which  t ime 
20 ml 10% KI was added  and  s t i r r ing c o n t i n u e d  
an add i t iona l  3 min  in the  cold. Af te r  add i t i on  
of 100 ml water,  excess b r o m i n e  (as 12 ) was 
d e t e r m i n e d  by  t i t r a t ion  wi th  0.1 N sod ium 
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thiosulfate and starch. 

Calculations 

The stigmasterol content  of a sample was 
determined by GLC with the standard curve, 
and the total number of double bonds per mole 
sterol was determined by the titrimetric proce- 
dure. The unsaturation contributed by the 
stigmasterol was subtracted from the total to 
leave that contributed by sitosterol. Subtrac- 
tion of the stigmasterol and sitosterol content 
from 100% gave the stigmastanol by difference. 
In the calculation, the number of double bonds 
contributed by stigmasterol was assumed to be 
the experimentally determined 2.15 double 
bonds per mole (Table I) rather than the 
theoretical value of 2.00. A typical calculation 
follows; the sample was obtained during the 
Pd-catalyzed hydrogenation of stigmasterol (1). 
Molecular weight of all three sterols was 415-+2, 
average tool wt 415. Per cent sitosterol = ([ml] 
[N] /2)  (100/sample wt, g/0.415) - (2.15) (Per 
cent stigmasterol) --- (20.8) (ml) (N)/sample wt, 
g - (2.15) (per cent stigmasterol). Example: 
GLC de te rmined  stigmasterol = 36.0%; 
0.1315 g sample equivalent to 6.94 ml 
0 .1014N thiosulfate; per cent sitosterol = 
(2 0.8)(6.94)(0.1014)/0.1315-(2.15)(36.0)  = 
33.9%; per cent stigmastanol = 100 - 36.0 - 33-.9 
= 30.1%. 

RESULTS A N D  DISCUSSION 

The analysis of a number of sterols by the 
titrimetric procedure is shown in Table I. The 
double bonds per molecule of cholesterol and 
its derivatives, sitosterol and stigmastanol are all 
as expected within the margin of error of the 
method. When the bromination was run at 
room temperature instead of in an ice bath, the 
values were 4-6% too high. Titration of sterol 
double bonds with Br 2 in acetic acid at room 
temperature (12) also gave values that were too 
high, whereas the Br2-Br" in methanol reagent 
(14) gave low, inconsistent results. 

Titration of stigrnasterol under our condi- 
tions gave the consistently high value of 2.15 
double bonds per sterol molecule (2.146, 
2.122, 2.170, 2.156, 2.152, 2.164). These 
results were also reflected in the values ob- 
tained for stigmasterol derivatives (Table I). We 
have no explanation for this. There was no 
evidence that a triene was present in the 
stigmasterol. It would have to represent 15% of 
the stigmasterol to explain the anomalously 
high value and would be readily detectable by 
chromatographic methods. 

GLC analysis of the silated derivatives on 
QF-1 required small corrections to be made 

a 

80 d 

70 

E 

'.'> '3Q 

~20- 

~ 1 0 ,  

o11 o~ i13 o'ii 0'.~ ro'.6':O')O'.8 O'.9 'i',O 
s tJgMaste ro l  

GLC peak heiEht ratio: stJgrnastero) _1_ Isitosterol+ ) 
(st Jgnlastanoi ) 

FIG. l. Standard curves, a, b, c: QF-1 column, 
sterol trimethylsilyl ethers; d: OV-10L column, free 
sterols. (a) Stigmasterol-sitosterol; (b) stigmasterol- 
stigmastanol; (c), (d) stigmasterol-(sitosterol-stigrnas- 
tanol) l : 1. 

when stigmasterol concentration was to be 
determined. Because stigmastanol had a slightly 
longer retention time than sitosterol on this 
liquid phase, and perhaps because there was a 
difference in detector response between the 
two, the peak height ratio for the same stigmas- 
terol concentration differed when sitosterol, 
stigmastanol or a mixture of the two consti- 
tuted the remainder of the sample (Fig. 1). The 
peak contributed by the mixture was broader 
and lower than the equivalent amount of either 
compound taken singly. With the free sterols on 
the OV-101 column, sitosterol and stigrnastanol 
had identical retention times and a sharp peak 
was observed for all mixtures of the two. 

Qualitative determinations of saturated ster- 
ols by TLC have been made on silver nitrate- 
impregnated plates (15,16), after bromination 
of unsaturated sterols (8,9), and after oxidation 
of unsaturated sterols with m-chloroperbenzoic 
acid (17). A quantitative procedure for the 
determination of cholestanol by GLC after 
oxidation of unsaturated sterols (mainly choles- 
terol) with H202 in formic acid (18) was not 
useful for stigmastanol; our sterol mixtures 
were insufficiently soluble in the reagent. We 
found TLC after brominati0n on the plate to be 
the best way for detecting even very small 

6 0 -  

5 0  �84 
= 

~40  
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quan t i t i e s  o f  s t i gmas t ano l .  
Resu l t s  o b t a i n e d  by  analys is  o f  k n o w n  mix-  

tu res  o f  the  th ree  ti t le s te ro l s  are s h o w n  in 
Table  II .  T h e y  s h o w  the  m e t h o d  to  be accura te  
to  -+2% of  the  t rue  c o n t e n t  of  each  s te ro l  in a 
m i x t u r e .  The resu l t s  o b t a i n e d  by analys is  of  
h y d r o g e n a t i o n  m i x t u r e s  are given in a p r ev i ous  
r e p o r t  (1).  T h e y  were  use fu l  to us fo r  the  
d e t e r m i n a t i o n  o f  o p t i m u m  c o n d i t i o n s  fo r  the  
p r e p a r a t i o n  o f  s i tos te ro l  f r o m  s t i gmas t e ro l .  
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Activation of Long Chain Fatty Acids by Subcellular Fractions 
of Rat Liver" I. Activation of trans-Unsaturated Acids 
KENNETH LIPPEL, Nutrition Institute, ARS, USDA, 
Beltsville, Maryland 20705 

ABSTRACT 

The optimal fatty acid to protein ratio 
for maximum rat liver microsomal or 
mitochondrial activation of the trans- 
monounsaturated acids elaidate or trans- 
vaccenate is similar to the ratio for 
maximum palmitate activation but ap- 
proximately double the optimal ratio for 
maximum activation of the cis-unsatu- 
rated fatty acids, oleate, cis-vaccenate, or 
of the trans-diunsaturated linelaidic acid. 
However, when the substrate is a fatty 
acid-albumin complex rather than free 
fatty acids, optimal fatty acid activation 
appears to be independent of geometrical 
configuration or degree of unsaturation. 
All-trans retinoate, d-ci-tocopheryl acid 
succinate, and dihomogeranoate are not 
activated themselves, but at low concen- 
trations extensively inhibit activation of 
cis-acids (oleate, cis-vaccenate, petrosele- 
nate, linoleate, linolenate, arachidonate) 
and the trans-diunsaturated linelaidate 
but do not affect activation of palmitate 
or trans-monounsaturated acids elaidate 
and trans-vaccenate. Anionic, cationic or 
nonionic detergents in a pH 7.4 buffered 
incubation medium were shown to in- 
hibit, have no effect on, or apparently 
activate oleate activation, respectively, 
while not affecting or inhibiting palmitate 
and elaidate activation. The effect ob- 
served was dependent on the fatty acid to 
protein ratio, the fatty acid configuration 
and the detergent concentration. 

INTRODUCTION 

Most of the naturally occurring unsaturated 
fatty acids have the cis-configuration. However, 
when vegetable oils are hydrogenated, the 
cis-acids may be isomerized to trans-acids. A 
survey of various margarines showed that the 
fatty acids consisted of 18-55% trans-isomers 
(1). Previous studies of trans-acid metabolism 
have been concerned with acyl-transfer, choles- 
terol ester synthesis and hydrolysis, r-oxida- 
tion, absorption, incorporation into lipids and 
hydrolysis of lipids containing trans-acids 
(2-24). The present study was undertaken to 
delineate the parameters required for optimal 
trans-acid activation and to compare activation 

of trans-isomers with activation of saturated 
and cis-unsaturated long chain fatty acids. A 
brief abstract of this study has been published 
(25). 

EXPERIMENTAL PROCEDURES 

Fatty acids were purchased from the Hormel 
Institute, Austin, Minn. All-trans retinoic acid 
and d-0~-tocopheryl acid succinate were pur- 
chased from Distillation Products Industries, 
Rochester, N.Y. Methyl dihomogeranoate was 
from W. Bowers, USDA, Beltsville, Md. Fatty 
acid free bovine albumin fraction V was the 
product of Pentex Biochemicals, Kankakee, Ill. 
Triton X-100 (polyoxyethylene alochol lauryl 
ether), sodium deoxycholate, sodium lauryl 
sulfate, ATP and coenzyme A were from Sigma 
Chemical Co. Cetyl pyridinium chloride was 
from Matheson, Coleman and Bell. 

Preparation of Cell Fractions 

Rat livers from male or female rats (Wistar 
strain, Microbiological Associates, Bethesda, 
Md.), 6-10 weeks of age and fed ad libitum on 
Purina rat pellets, were homogenized in 9 
volumes of either 0.25 M sucrose or 0.25 M 
sucrose buffered to pH 7.4 with 50 mM Tris, 25 
mM KC1 and 5 mM MgC12. Mitochondria and 
microsomes were separated by differential cen- 
trifugation (26), and these cell fractions were 
stored frozen at -20 C until used. 

Assay Procedure 

Acyl-CoA formation was followed by hy- 
droxamate-trapping (27). The standard assay 
system contained the following pmoles in a 
final volume of 1.0 ml; a mixture of NH2OH, 
500; Tris, 100; NaF, 25 neutralized to pH 7.4; 
MgC12, 4; cysteine-HC1, 30 neutralized with 
Tris, 40; ATP, 10; coenzyme A, 0.5; 400-850 
pg microsomal or mitochondrial protein and 
2-4 pmol fatty acid potassium salt. Incubation 
was for 30 min at 37 C. Control tubes lacking 
ATP and coenzyme A were always assayed, and 
the net hydroxamate formation was obtained 
by subtracting the control values from the 
values obtained with the incubation tubes 
containing the complete system. Activation of 
palmitate and trans-unsaturated acids was pro- 
portional to protein. For activation of cis-unsat- 
urated acids, the ratio of protein to fatty acid 
was used that resulted in maximum activation 
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FIG. 1. Effect of fatty acid concentration on microsomal and mitochondrial activation of cis- and 
trans-unsaturated acids and palmitate. Each tube contained the components of the standard incubation mixture 
plus the concentrations of fatty acid indicated (X, palmitate; o, e l a ida te ; . ,  oleate; % trans-vaccenate; =, 
cis-vaccenate; ~x, linelaidate; A, linoleate) and either 475 ~g microsomal protein or 570 ug mitochondrial protein 
in a final volume of 1.0 ml. Incubation was for 30 rain at 37 C. Results expressed as umoles hydroxamate 
formed are shown for microsomes (left side) and mitochondria (right side). 

(see text ) .  
P ro te in  was 

m e t h o d  (28) .  
d e t e r m i n e d  by the  p h e n o l  

R ES U LTS 

Optimal Requirements for Activation 

Pande and  Mead have previously  s h o w n  tha t  
m a x i m u m  ac t iva t ion  of  the  cis-unsaturated 
acids oleate  and  l inoleate  occurs  at a f ixed f a t t y  
ac id-pro te in  rat io,  and  a decreased rate  of  
ac t iva t ion  is observed  at ra t ios  higher  t h a n  the 
op t ima l  ra t io  (27).  In the  p re sen t  s tudy ,  the 
op t ima l  f a t t y  ac id -pro te in  ra t ios  for  m a x i m u m  
mic rosomal  and  m i t o c h o n d r i a l  ac t iva t ion  of 
cis-vaccenate,  pe t rose l ena te  (no t  s how n) ,  as 
well as t ha t  for  the  d iunsa tu r a t ed  acids l ino lea te  
and  l ine la idate  (mic rosomal ) ,  were in the  same 
range as t h a t  r e p o r t e d  previously  for  oleate  
(27) .  In con t r a s t ,  the  trans-isomers elaidate ,  

trans-vaccenate and  l inela idate  ( m i t o c h o n d r i a l )  
exh ib i t ed  h igher  op t ima l  f a t ty  ac id-pro te in  
rat ios for  m a x i m u m  ac t iva t ion  t h a n  the  rat ios 
requi red  for  op t ima l  ac t iva t ion  of  the  corre-  
spond ing  cis-unsaturated acids. The  eis-acids, as 
well as l inelaidate ,  a lmos t  c o m p l e t e l y  i n h i b i t e d  
the i r  own  ac t iva t ion  at  the  fa t ty  ac id-pro te in  
rat ios requ i red  for  m a x i m u m  ac t iva t ion  of  the 
trans m o n o u n s a t u r a t e d  acids or  p lami ta te .  
These  results  are shown  in Figure 1 and  
summar i zed  in Table  I. The  i nh ib i t i ons  caused 
by excess eis-acids were reversible  and  could  be 
overcome by inc lud ing  more  mic rosoma l  or 
m i t o c h o n d r i a l  p ro t e in  in the  i n c u b a t i o n  mix- 
ture.  As shown  in Table  II, w h e n  the  f a t ty  acids 
were i n c u b a t e d  as f a t ty  ac id -a lbumin  complexes  
r a the r  t han  as free f a t t y  acids,  m a x i m u m  
ac t iva t ion  was observed in the  presence  of  
2.6-4.9 mg a lbumin ,  i n d e p e n d e n t  of  the  cis- or 
t rans-conf igurat ion or  degree of  u n s a t u r a t i o n .  
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ACTIVATION OF TRANS-UNSATURATED ACIDS 

Effect of Positional Isomerism 

M o v e m e n t  of the  double  b o n d  pos i t ion  f rom 
a dis tance  of  6 c a r b o n  a toms  f rom the  ca rboxy l  
group to  11 ca rbons  f rom the  ca rboxy l  group 
did no t  marked ly  af fec t  the  ra te  of cis-acid 
acy l -coenzyme A fo rma t ion .  Fo r  a typical  
e x p e r i m e n t  us ing the  s t andard  i n c u b a t i o n  con-  
di t ions ,  the  mic rosoma l  act ivi t ies  f o u n d  wi th  
pe t rose lena te ,  o lea te  and  cis-vaccenate ( the  cis 
A6, z~9 and  / k i t  o c t a d e c e n o a t e s ) a s  subs t ra tes  
and expressed  as / /moles  of  h y d r o x a m a t e  per  
hou r  per  mil l igram pro te in  were:  3.35, 3.37 and 
3.56, respect ively.  

The rate of  ac t iva t ion  of  the  A9 trans i somer  
(e la idate)  was sl ightly lower  t h a n  the  ra te  of  
ac t iva t ion  of  the A l l  trans-acid (trans-vac- 
cenate) .  In  two separate  d e t e r m i n a t i o n s ,  the  
a v e r a g e / / m o l e s  of  h y d r o x a m a t e  fo rmed  per  30 
min  by the  m i c r o s o m a l  e n z y m e  using the  
s t anda rd  i n c u b a t i o n  cond i t i ons  were for  the  A9 
and  / k i t  i somers ,  respect ive ly :  1.36 (_+ 0 .05)  
and  2 .30  (+ 0.30) .  Ana logous  results  were 
o b t a i n e d  wi th  the  m i t o c h o n d r i a l  enzyme .  
Inhibitor Studies 

All-trans r e t i noa t e  was n o t  ac t iva ted  by rat  
liver subce l lu la r  f rac t ions .  Sixty to  e ighty per  
cent  i nh ib i t i on  of  cis-vaccenate, oleate ,  l inole- 
ate and  l ine la idate  was observed  when  1 mM 
re t i noa t e  was inc luded  in an i n c u b a t i o n  m i x t u r e  
c o n t a i n i n g  636 Ltg mic rosoma l  p ro t e in  and  2 
/ l m o l  f a t t y  acid. In con t ras t ,  ac t iva t ion  of the  
trans-monounsaturated acids e la idate  or trans- 
vaccenate ,  as well as ac t iva t ion  of  pa lmi ta t e ,  
was n o t  i nh ib i t ed  u n d e r  these  cond i t ions .  These  
resul ts  are i l lus t ra ted  in Figure 2. Also, d-c~- 
t o c o p h e r y l  acid succ ina te  s t rongly  i n h i b i t e d  
ac t iva t ion  of  cis-vaccenate and  l inoteate ,  and  to 
a lesser e x t e n t  i n h i b i t e d  the  ac t iva t ion  of  
l ino lena te  and  a r ach idona t e ,  bu t  d id  no t  i nh ib i t  
the  ac t iva t ion  of  pa lmi ta t e ,  e la ida te  or trans- 
vaccenate .  D i h o m o g e r a n o a t e  i n h i b i t e d  oleate  
ac t iva t ion  bu t  did n o t  a f fec t  the  ac t iva t ion  of 
pa lmi ta t e  (Table  I l l ) .  Similar  selective inh ib i -  
t ion  of  cis-unsaturated acid ac t iva t ion  was 
observed  when  the  m i t o c h o n d r i a l  f rac t ion  was 
used as the  e n z y m e  source  in place of  the  
mic rosoma l  f rac t ion .  The  i n h i b i t i o n  of  oleate  
ac t iva t ion  by  r e t i noa t e  cou ld  be ove rcome  by 
add i t ion  of  m i t o c h o n d r i a l  p ro t e in  to  the  incu-  
b a t i o n  mix tu r e  and  resu l ted  in S-shaped curves 
when  ac t iva t ion  was p l o t t e d  against  mi l l igram 
p ro t e in  (Fig. 3). Similar S-shaped ac t iva t ion  
curves were o b t a i n e d  for  cis-vaccentate, l inole- 
ate and  l ine la idate  wi th  increas ing p ro t e in .  
Re t i noa t e  also i n h i b i t e d  o lea te  ac t iva t ion  w h e n  
the  subs t r a t e  was an o l ea t e -a lbumin  c o m p l e x  
r a the r  than  po t a s s ium oleate ,  bu t  m u c h  h igher  
c o n c e n t r a t i o n s  of  r e t inoa te  were t hen  requ i red  
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TABLE I 

Optimal Fatty Acid-Protein Ratios Required for 
Maximum Activation of Unsaturated Acids and 

Palmitate by Rat Liver Microsomes 
and Mitochondria a 

Acid Microsomes Mitochondria 

Oleate 4.2:1 1.8:1 
E laidate 8.4:1 3.6:1 
cis-Vaccenate 4.2:1 1.8:1 
trans-Vaccenate 8.4:1 7.0:1 
Linole ate 4.2:1 1.8:1 
Linelaidate 4.2:1 3.6:1 
Palmitate 8.4: t 8.4:1 

aRatios that resulted in maximum formation of 
acyl hydroxamate for the fatty acid and cell fraction 
indicated are expressed in terms of gmoles fatty 
acid per milligram protein. 

to o b t a i n  the  same degree of  i nh ib i t i on  of  
oleate ac t ivat ion.  Fo r  example ,  8 / lmol  re t ino-  
ate were requi red  to i nh ib i t  oleate ac t iva t ion  ca. 
70% when  2 / lmol  o lea te  were i n c u b a t e d  wi th  
400  /lg m i t o c h o n d r i a l  p ro t e in  and  13.7 mg 
a l bumin  c o m p a r e d  to a p p r o x i m a t e l y  the  same 
inh ib i t i on  o b t a i n e d  w i th  only  1 / lmol  r e t inoa te ,  
636 /lg m i c r o s o m a l  p ro te in ,  and  2 # too l  oleate 
in the  absence  of  a l b u m i n  (Fig. 2). The  inh ib i -  
t ion  was d e p e n d e n t  on  i n h i b i t o r  c o n c e n t r a t i o n ,  
f a t t y  acid c o n c e n t r a t i o n ,  and  conf igu ra t ion ,  
and type  and  a m o u n t  of  p ro t e in  inc luded  in the  
i n c u b a t i o n  mix ture .  At  low r e t i n o a t e  concen-  
t r a t ions  (Fig. 2) l i t t le  or no  i nh ib i t i on  of  
pa lmi t a t e  ac t iva t ion  was observed.  At  h igher  
c o n c e n t r a t i o n s ,  r e t i n o a t e  also i n h i b i t e d  palmi-  
ta te  ac t iva t ion  bu t  to a m u c h  lower  degree t h a n  
it  i n h i b i t e d  oleate  ac t iva t ion .  With 4 Ltmol 
r e t i noa t e  and  8 0 4 / l g  m i t o c h o n d r i a l  p ro te in ,  the  
degree of  i n h i b i t i o n  of  pa lmi ta t e  ac t iva t ion  
r ema ined  c o n s t a n t  and  cou ld  no t  be overcome  
by a d d i t i o n  of  more  p l ami t a t e  to  the  incuba-  
t ion  mix tu r e  (Fig. 4). I n h i b i t i o n  of  cis-acid 
ac t iva t ion  by re t inoa te ,  d-c~-tocopheryl acid 
succ ina te  or d i h o m o g e r a n o a t e  varied f rom one  
cell p r epa ra t i on  to a n o t h e r  and,  depend ing  on  
the s t ruc tu re  of  the  acid, was usual ly  50-80% 
m a x i m u m  when  i n c u b a t e d  wi th  500-800  /lg 
mic rosomal  or m i t o c h o n d r i a l  p ro t e in  and 2 
/ lmol  f a t ty  acid. Rapid  i n h i b i t i o n  of  ac t iva t ion  
was obse rved  at  low c o n c e n t r a t i o n s  of  added  
re t inoa te ,  and  a s lower  i n h i b i t i o n  ra te  was 
observed  as the r e t i n o a t e  c o n c e n t r a t i o n  was 
increased.  

Other Detergents 

In the  presence  of  840  /lg m i t o c h o n d r i a l  
p ro te in ,  a c o n c e n t r a t i o n  of  0 .04% Tr i ton  X-100  
did n o t  a f fec t  pa lmi t a t e  ac t iva t ion  over  a 
c o n c e n t r a t i o n  range of  0-4 mM fa t ty  acid. 
Unde r  these  cond i t i ons ,  oleate  ac t iva t ion  was 
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TABLE II 

Effect of Albumin on Acyl-CoA Formation of cis-trans Acids and Palmitate a 

Experiment 

Albumin, mg 

Acid 0 1.3 2.6 4.9 19.5 

Oleate lO0(l.10) 107 108 101 47 
Elaidate 100(0.30) 305 315 386 180 
cis- Vaccenate 100(1.11) I 14 121 109 48 
trans-Vaccenate 100(0.81) 163 175 156 94 
Lin oleate 100(0.91 ) 130 131 134 66 
Linelaidate 100(0.56) 206 222 206 88 
Palmitate 100(0.53) 199 241 237 103 
Oleate 100(0.70) 103 120 110 39 
Elaidate 100(0.50) 147 108 124 49 
cis-Vaccenate 100(0.81) 104 l 13 102 40 
trans-Vaccenate 100(0.77) 130 147 135 60 
Linoleate 100(0.27) 215 333 398 268 
Linelaidate 100(0.67) 164 145 144 57 
Palmitate 100(0.94) 132 133 103 108 
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aThe indicated milligram of fatty acid free albumin were incubated with 2 #mol fatty 
acid potassium salt for 20 min at 37 C in a volume of 350 #1. After cooling to 4 C, the 
components of the standard incubation mixture plus 570 #g mitochondrial (Experiment l) 
or 488 #g microsomal (Experiment 2) protein were added and the mixture was incubated 
for 30 rain at 37 C. Results are expressed in per cent relative to the activation observed in 
the absence of albumin. Absolute values in #moles hydroxamate formed are shown in 
parentheses. 

x OLEATE 
o ELAIDATE 
�9 CIS-VACCE NATE 
o TRANS-VACCENATE 
�9 LtNOLEATE 
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�9 PAL MITATE 
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Ao 
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~MOLES RETINOATE 

FIG, 2. Effect of retinoate on microsomal activa- 
tion of cis- and trans-unsaturated acids and palmitate. 
Each tube contained the components of the standard 
incubation mixture plus 636 #g microsomal protein, 2 
#mol fatty acid, the concentration of retinoate indi- 
cated in a final volume of 1.0 ml, Incubation was for 
30 min at 37 C. Activation is expressed as #moles 
hydroxamate formed relative to the activation in the 
absence of retinoate. The 100% values were: (X), 
oleate, 1.11; (o), elaidate, 1.31; (e), cis-vaccenate, 
1.15; (~), trans-vaccenate, 1.45; (=), linoleate, 1.20; 
(zX), linelaidate, 1.37; and (A), palmitate, 1.58. 

no t  a f f ec ted  by Tr i ton  X-100  in the  presence  of 
0-1.6 m M  oleate.  However  Tr i ton  X-100  mark-  
edly s t imu la t e d  oleate  ac t iva t ion  at  1.6-4.0 m M  
oleate.  These  h igher  oleate  c o n c e n t r a t i o n s  were 
se l f - inh ib i tory  in the  absence  of  de te rgen t .  In 
con t r a s t ,  the  ac t iva t ion  o f  e la idate  was n o t  
a f fec ted  by Tr i ton  X-100 in the  presence  of  
0-2.5 m M  fa t ty  acid, while a sl ight s t i m u l a t i o n  
was observed  a t  h igher  e la idate  c o n c e n t r a t i o n s .  
These  resul ts  are s h o w n  in Figure  5. Similar  
resul ts  were observed  wi th  s o d i u m  d e o x y -  
chola te .  In c on t r a s t ,  wi th  636  /lg m i c r o s o m a l  
p ro te in  as the  e n z y m e  source  and  in the  
presence  of  2 / J m o l  fa t ty  acid and  0.1% Tr i ton  
X-100,  the  ac t iva t ion  o f  oleate  was inh ib i t ed  
91%, bu t  the  ac t iva t ion  of  pa lmi ta t e  and  
elaidate  was on ly  inh ib i t ed  27 and  34%, respec-  
tively. U n d e r  these  c o n d i t i o n s ,  0.1% s o d i u m  
lauryl  sulfa te  c o m p l e t e l y  i nh ib i t ed  pa lmi t a t e ,  
oleate and  elaidate  ac t iva t ion .  A t  low c onc e n -  
t ra t ions ,  s o d i u m  d e o x y c h o l a t e  s t imu la t e d  ole- 
ate ac t iva t ion  s l ight ly bu t  had  no  ef fec t  on 
pa lmi ta te  or  elaidate  ac t iva t ion ,  while at h igher  
c o n c n e t r a t i o n s  th is  de t e rgen t  inh ib i t ed  activa- 
t ion  of  all o f  these  acids equal ly .  At  low 
c o n c e n t r a t i o n s ,  ce ty l  p y r i d i n i u m  chlor ide  did 
n o t  a f fec t  e laidate  ac t iva t ion ,  s l ight ly  inh ib i t ed  
pa lmi ta t e  ac t iva t ion ,  a nd  s t i m u l a t e d  oleate  acti- 
va t ion  84%. At  h igher  de t e rgen t  c o n c e n t r a t i o n s ,  
ac t iva t ion  of  all acids was inh ib i ted .  These  
resul ts  are s u m m a r i z e d  in Table  Ill .  

DISCUSSION 
Fatty Acid-Protein Ratio 

Previous inves t iga tors  have n o t e d  tha t  h igh  
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ACTIVATION OF TRANS-UNSATURATED ACIDS 

TABLE IIl 

Effect of  Detergents on Activation of  Fatty Acids a 
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Acid Relative per cent activation 

d<~-Tocopheryl acid succinate,  mM 
0 0.13 0.25 0.50 

Palmit ate 100( 1.48) . . . . .  105 
Elaidate 100(1.28) 102 - -  95 
cis -Vaccenate 100(0.87) 62 41 --- 
trans-Vaccenate 100(1.30) --- 103 102 
Linoleate 100(0.57) 37 39 39 
Linelaidate 100(0.69) 88 100 97 
Linolenate 100(1.01) 98 62 39 
Arachidonate 100(0.24) 67 69 75 

Dihomogeranoate ,  mM 
0 1 2 3 4 

100(1.44) 103 94 88 77 
100(0.79) 38 29 15 6 

Tri ton X-100, % 

Palmitate 
Oleate 

0 0.1 
Palmitate 100(1.85) 73 
Oleate 100(1.13) 9 
Elaidate 100(1.53) 66 

Sodium deoxycholate ,  % 
0 .025 .050 .075 

Palmitate 100(1.85) 85 53 24 
Oleate 100(1.13) 122 8"I 22 
E laidate 100(1.53) 108 82 21 

Sodium lauryl sulfate, % 
0 .025 .050 .100 

Palmitate 100(1.62) 18 0 0 
Oleate 100(0.64) 12 0 0 
Elaidate 100(1.28) 19 0 0 

Cetyl pyr id imium chloride, % 
0 .025 .050 .100 

Palmitate 100(1.62) 80 52 0 
Oleate 100(0.64) 184 151 15 
Elaidate 100(1.28) 103 76 5 

aEach tube contained the componen ts  of  the s tandard incubation mixture  plus 2 /~mol 
fatty acid, the concentra t ion of detergent  indicated, and 636-768 /.tg microsomal protein 
in a final volume of 1.0 ml. Incubat ions were for 30 rain at 3"I C. Results are expressed in 
terms of per cent activation relative to the activation in the absence of detergent.  The 
absolute values for activation (~tmol hydroxamate  formed)  in the absence of  detergent are 
shown in parentheses.  

c o n c e n t r a t i o n s  o f  cis-unsaturated f a t t y  ac ids  
i n h i b i t  a c y l - C o A  f o r m a t i o n  ( 2 7 , 2 9 )  a n d  t h a t  
r e p r o d u c i b l e  r e s u l t s  fo r  K M a n d  VM a  x fo r  
s a t u r a t e d  f a t t y  ac ids  c a n n o t  be  o b t a i n e d  d u e  t o  
t h e  l o w  s o l u b i l i t y  o f  t h e s e  ac ids  (30 ) .  I n  t h e  
p r e s e n t  i n v e s t i g a t i o n ,  e l a i d a t e  a n d  trans-vac- 
c e n a t e  d id  n o t  i n h i b i t  a c y l - C o A  f o r m a t i o n  at  
c o n c e n t r a t i o n s  a t  w h i c h  t h e  c o r r e s p o n d i n g  cis  
u n s a t u r a t e d  ac id s  o l e a t e  a n d  cis-vaccenate al- 
m o s t  c o m p l e t e l y  i n h i b i t e g  t h e i r  o w n  a c t i v a t i o n .  
P o s s i b l y  t h e r e  is o n e  ra t  l iver  l o n g  c h a i n  
a c y l - C o A  s y n t h e t a s e  w i t h  a c a t a l y t i c  s i te  t h a t  
b i n d s  s a t u r a t e d  a n d  u n s a t u r a t e d  ac i d s  a n d  an  
i n h i b i t o r  s i te  t h a t  o n l y  b i n d s  cis-unsaturated 
acids .  I f  b i n d i n g  t o  t h e  i n h i b i t o r  b i n d i n g  s i te  
o n l y  o c c u r r e d  a t  cis-acid c o n c e n t r a t i o n s  a b o v e  
t h e  o p t i m a l  f a t t y  a c i d - p r o t e i n  s a t u r a t i o n  r a t i o s ,  
t h e  i n h i b i t i o n  o f  cis-acid a c t i v a t i o n  o b s e r v e d  

h e r e  w o u l d  be u n d e r s t a n d a b l e .  
A l b u m i n  s t i m u l a t e d  a c t i v a t i o n  o f  cis-mono- 

a n d  - d i u n s a t u r a t e d  ac id s  a n d  o f  l i n e l a i d a t e ,  
p r e s u m a b l y  b y  b i n d i n g  e x c e s s  f a t t y  ac id  (27 )  
t h a t  c a u s e d  i n h i b i t i o n  o f  a c y l - C o A  s y n t h e t a s e  
in t h e  a b s e n c e  o f  a l b u m i n .  T h e  v a r i a t i o n  in  
b i n d i n g  a f f i n i t i e s  o f  f a t t y  ac ids  w i t h  e i t h e r  cis- 
or  trans-configurations to  a l b u m i n  r e m a i n  t o  be  
e l u c i d a t e d .  

Effect of cis-trans Isomerism 

I t  is  wel l  e s t a b l i s h e d  t h a t  t h e  trans-unsatu- 
r a t e d  ac ids  a re  g e n e r a l l y  m e t a b o l i z e d  in  t h e  
s a m e  m a n n e r  as s a t u r a t e d  f a t t y  ac ids ,  r a t h e r  
t h a n  as cis-unsaturated ac ids .  T h e  trans-isomers 
are  i n c o r p o r a t e d  i n t o  t h e  1 p o s i t i o n  o f  t r ig lyc -  
e r ides  a n d  l e c i t h i n  (2 )  a n d  a lso  r e s e m b l e  s t ea r i c  
ac id  r a t h e r  t h a n  cis-unsaturated ac ids  in  t h e i r  
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FIG. 3. Effect of mitochondrial protein on oleate 
activation in the presence of retinoate. Each tube 
contained the components of the standard incubation 
mixture plus 2 ~mol oleate and 2 #mol retinoate and 
the milligram mitochondrial protein indicated in a 
total volume of 1.0 ml. Incubation was for 30 min at 
37 C. Control tubes lacking ATP and coenzyme A 
were run for each level of protein tested. Results are 
expressed as ~moles hydroxamate formed per hour. 

slow rate of cholesterol ester formation by rat 
liver microsomes (3). Similarly, in the present 
study, several properties of the trans-acids 
resembled those of the saturated acids rather 
than those of the cis-unsaturated acids, includ- 
ing optimal fatty acid-protein ratios required 
for maximum acyl-CoA formation, and activa- 
tion insensitive to inhibition by low concentra- 
tions of isoprenoid acids. 

The similar behavior in solution of trans- and 
saturated acids, as opposed to that of the 
cis-isomers described in this study, presumably 
is a reflection of the straight cylindrical config- 
uration of the trans- and saturated acids as 
distinct from the L-shaped configuration of 
cis-unsaturated acids (31 ). 

Effect of Positional Isomerism 

Double bond position is quite important in 
some metabolic reactions. Acyl-coenzyme A- 
cholesterol-O-acyltransferase is highly specific 
for a single cis-double bond at a proximal 
distance of nine carbon atoms from the car- 
boxyl group (3). Similarly, sterol ester hydro- 
lase exhibits a preference for 9-octadecenoate, 
and activity decreases with movement of the 
ethylene bond to either end of the carbon chain 
(4,32). Acyl-CoA GPC transferase activities also 
show preference for specific positional isomers 

(33-35). In the present study, displacing the 
double bond from carbon 6 to carbon 11 of the 
cis-isomers, did not markedly affect acyl-CoA 
formation, since little difference was noted in 
the activation rates of petroselenate (A6 octa- 
decenoate) oleate (A9 cis-octadecenoate) and 
cis-vaccenate (A11 cis-octadecenaote). Also, ac- 
tivation of the A9 trans-acids was slightly lower 
than that of the A l l  trans-acid. A more 
complete sutdy on the effect of double bond 
positional isomerism on the rate of acyl-CoA 
formation of eis- and trans-acids is discussed in 
the following paper. 

Effects of Detergents on Acyl-CoA Formation 

Isoprenoid acids: The inhibition of cis-acid 
acyl-CoA synthesis, but not of trans-acid or 
palmitate activation, by all-trans retinoate, 
dihomogeranoate and d-c~-tocopheryl acid succi- 
nate could be interpreted as indicative of the 
presence of two activating enzymes in rat liver 
microsomes and mitochondria. However, due to 
the insolubility of the fatty acid substrates and 
the unknown interactions that occur between 
the inhibitor acids, enzyme and fatty acid, no 
definitive conclusion can be drawn. The ob- 
served inhibitions may represent solution inter- 
actions between the isoprenoid inhibitors and 
cis-acids, rather than inhibition of a distinct 
activating enzyme. Tocored, an oxidation prod- 
uct of tocopherol,  forms an adduct at high 
temperatures with isomerized methyl linoleate 
but not with methyl palmitate (36). In view of 
the varied structures of the isoprenoid inhibi- 
tors used in the present study, formation of 
specific adducts with cis-acids, but not with 
trans- or saturated acids, does not  seem prob- 
able. Since the inhibition was readily relieved 
by addition of extra microsomal or mitochon- 
drial protein, the possibility of a nonspecific 
detergent effect seems more likely. However 
such an effect does not explain why the 
activation of trans-unsaturated acids is not 
inhibited also by low concentrations of these 
isoprenoid acid detergents. Further investiga- 
tion is required to delineate the interactions of 
the isoprenoid acids, acyl-CoA synthetase and 
cis- and trans-unsaturated acids in greater detail. 

Other detergents: Variable effects of deter- 
gents on acyl-CoA synthetase activity in differ- 
ent organisms have been reported by other 
investigators. Overath and coworkers reported a 
two-fold stimulation of an E. Coli mutant 
acyl-CoA synthetase when 0.01% Triton X-100 
was included in the incubation medium, which 
included 1.3 mM oleate and an unspecified 
amount of enzyme (37). The authors indicated 
that they were uncertain whether the stimula- 
tion was due to the effect of the Triton on the 
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ACTIVATION OF T R A N S - U N S A T U R A T E D  ACIDS 
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FIG. 4. Effect o f  ret inoate and  oleate on mito- 
chondrial activation of  palmitate and oleate. Each 
tube contained the  componen ts  o f  the s tandard 
mixture,  the  concentrat ions  o f  palmitate (X), oleate 
(o) ,  and  ret inoate indicated plus 804 ~g mitochondrial  
protein in a total volume of  1.0 ml. Incubat ion was for 
30 min at 37 C. Results are expressed as /~moles 
hydroxamate  formed. 
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enzyme or to solubilization of oleate by the 
detergent. Mass�9149 and Lennarz reported that 
cetyl t r imethylammonium bromide, sodium 
lauryl sulfate and Triton A-20 at 10 -4 to 10 -2 M 
and in the presence of 2.1 mM myristate and 
150 tlg t7. megateriurn protein had no stimula- 
tory effect on acyl-CoA ester formation, while 
sodium lauryl sulfate inhibited 90% at 10-3M 
and cetyltr imethylammonium bromide inhibi- 
ted at greater than 10-3M (38). Rat liver 
micros�9 palmitate activation was reported 
to be 21% inhibited by 0.025% deoxycholate 
and 44% inhibited by 0.2% Triton X-100. The 
exact protein and fatty acid concentration were 
not specified, although the observation was 
made that Triton X-100 inhibition increased at 
lower protein levels and longer times of incuba- 
tion (27). The data presented here show that 
the effect of any detergent depends on the 
fatty acid concentration, the fatty acid configu- 
ration, the amount and type of protein and the 
type and concentration of detergent included in 
the incubation medium. Apparent stimulation of 
oleate activation by Triton X-100 or sodium 
deoxycholate or cetyl pridinium chloride was 
observed at high oleate concentrations that are 
self-inhibitory in the absence of detergent. We 
attribute this apparent stimulation to incorpo- 
ration of excess oleate into the detergent 
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FIG. 5. Effect of Triton X-IO0 on mitochondrial 
activation o f  palmitate, oleate and elaidate. Each tube 
contained the componen t s  of  the s tandard incubat ion 
mixture  plus 840 ~g mitochondrial  protein, the 
umoles  palmitate (X), oleate (o), or elaidate (e) shown 
and 0.04% Tri ton X-100 where indicated (--) in a final 
volume of 1.0 ml. Incubat ion was for 30 rain at 37 C. 
Results are expressed as/~moles hydroxamate  formed. 

micelle. In this manner, the excess oleate may 
be prevented from inactivating acyl-CoA 
sysnthetase. Oleate activation was more than 
90% intlibited by 0.1% Triton X-100, while 
palmitate or elaidate activation were only 
slightly inhibited (Table II1). It is not  clear, 
however, if this inhibition of oleate activation 
can be attributed to detergent inhibition of a 
distinct oleate activating enzyme or to selective 
incorporation of �9149 but not  elaidate or 
palmitate into the detergent micelle. 

In studies with E. Coli mutants, based on 
two different lines of evidence, it was con- 
cluded that it was unlikely that the substrate 
specificity of the acyl-CoA synthetase is the 
major factor for the control of the fluidity, i.e., 
unsaturation of the membrane phospholipids 
(39). Similarly, the fatty acid configuration of 
complex lipids in mammalian tissues is presum- 
ably also determined by the specificity of the 
acyl-CoA transferases and not by acyl-CoA 
synthetase(s), since both saturated and unsatu- 
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rated fatty acids are incorporated into all 
positions of triglycerides and phospholipids in a 
manner that cannot be correlated with the rates 
of activation observed in this investigation. 

The number of long chain fatty acid acti- 
vating enzymes in rat liver is uncertain because 
the (enzyme or) enzymes are membrane-bound 
and have not been purified. Overath and co- 
workers concluded that the isolation of a single 
step mutant (old 88 from E. Coli which lacked 
the ability to activate fatty acids (C 6 to C20 
-cis- or trans,- mono- or polyunsaturated) made 
it likely that only one enzyme was responsible 
for activation of all of these acids (37). At- 
tempts to solubilize the rat liver activating 
enzyme(s) by several methods including freez- 
ing and thawing, sonication, acetone powder 
preparation and treatment with detergents were 
not successful (27). The possibility of two rat 
liver enzymes, one that activates saturated fatty 
acids and a second that activates cis-mono- and 
-polyunsaturated acids, has been suggested 
based on different coenzyme A requirements 
(27). The differences observed in this study in 
the requirements for maximum activation of 
cis-unsaturated vs. trans-unsaturated or -satu- 
rated fatty acids can be interpreted as support 
for the suggestion that two long chain acti- 
vating enzymes are present in rat liver. How- 
ever, in view of the insoluble nature of the fatty 
acid substrate and the membrane-bound en- 
zyme(s) as well as the unknown manner of their 
interactions, the possiblility of a single long 
chain activating enzyme cannot be excluded. 

A study of the properties of solubilized rat 
liver microsomal acyl-CoA synthetase published 
after the completion of this investigation lends 
support to the suggestion that a single enzyme 
activates both saturated and unsaturated long 
chain fatty acids (40). 

The data presented here indicate that trans- 
unsaturated acids are treated enzymatically in a 
manner similar to saturated acids, rather than as 
cis-monounsaturated acids. The use of elaidic 
acid as a substitute for oleic acid in the 
production of experimental atheromas in rab- 
bits (41) is therefore questionable. 
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of Rat Liver: II. Effect of Ethylenic Bond Position on AcyI-CoA 
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and F.D. GUNSTONE and J.A. BARVE, Chemistry Department, 
University of St. Andrews, St. Andrews, Scotland 

ABSTRACT 

The rates  of  acyl -CoA b iosyn thes i s  of  
the  trans A4 to  A t  5 o c t a d e c e n o a t e s  have 
been s tud ied  us ing  ra t  l iver mic rosomes  
and  m i t o c h o n d r i a  as the  enzyme( s )  
source.  Acyl -CoA f o r m a t i o n  was lowes t  
w h e n  the  A9 i somer  was the  subs t ra t e  
and  increased as the  doub le  b o n d  was 
m o v e d  to  e i t he r  end  of  the  f a t ty  acid 
chain.  Maxima/  ac t iva t ion  was observed 
when  the  A6 and  A t 4  trans-octadeceno- 
ates were subs t ra tes .  All-trans r e t i n o a t e  
caused d i f fe ren t ia l  i n h i b i t i o n  in the  acti- 
va t ion  ra tes  of  the  var ious trans-octa- 
decenoa t e  isomers.  In  con t r a s t ,  the  activa- 
t ion  profi le  relat ive to doub le  b o n d  posi- 
t ion  was n o t  a l te red  by changing  the  
i n c u b a t i o n  t e m p e r a t u r e ,  pH, or buf fe r  or 
by  add ing  fa t ty  acid free a l b u m i n  to the  
i n c u b a t i o n  m e d i u m  or  by  aging the  en- 
zyme.  These  resul ts  do n o t  s u p p o r t  the  
suggest ion t h a t  more  t h a n  one e n z y m e  
act ivates  the var ious  trans-octadecenoate 
pos i t iona l  isomers.  T r i t on  X-100  dif feren-  
t ially ac t iva ted  acy l -CoA b iosyn thes i s  of 

the  var ious  i somers  resu l t ing  in a u n i f o r m  
rate  of  ac t ivat ion.  Release of  the  isomers  
f rom the  de t e rgen t  micelle is suggested to 
be ra te - l imi t ing  u n d e r  these  cond i t ions .  

INTRODUCTION 

In the  p reced ing  paper  the  c o n d i t i o n s  re- 
qu i red  for  m a x i m u m  ac t iva t ion  o f  trans-vac- 
cenate  and  e la idate  were f o u n d  to be  similar  to  
the  c o n d i t i o n s  requi red  for  m a x i m u m  ac t iva t ion  
of  s a tu ra t ed  acids, bu t  d is t inc t  f r o m  those  for  
op t i ma l  ac t iva t ion  for  cis-acids (1) .  Also,  slight 
d i f fe rences  were observed  in the  ra tes  o f  activa- 
t ion  of  the  A9 and  A1 1 trans-acids, elaidate  and  
trans-vaccenate. The p re sen t  s tudy  was under -  
t a k e n  to  ana lyze  in grea ter  detai l  the  ef fec t  of  
the  doub le  b o n d  pos i t ion  on  the  ac t iva t ion  of  
trans-octadecenoates by ra t  liver subcel lu lar  
f rac t ions .  

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

Materials 

trans-Octadecenoates were syn thes ized  as 
descr ibed previously  (2). ATP,  c o e n z y m e  A and 
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FIG. 1. Effect of incubation time and protein 
concentration on activation of tra~ts-vaccenate. Each 
tube contained the components of the standard 
incubation mixture plus 245/~g (A) or the micrograms 
of mitochondrial protein indicated (B). Incubation 
was at 37 C for 30 min (right side) or for the times 
shown (left side). 

T A B L E  I 

Ef fec t  o f  Fa t ty  Ac id  C o n c e n t r a t i o n  on 
Microsomal  AcyI -CoA F o r m a t i o n  o f  

Posi t ional  t rans- Isomeric  O c t a d e c e n o a t e s  a 

Posit ion o f  
~ a n s - d o u b l e  

b o n d  

Fa t t y  acid c o n c e n t r a t i o n ,  mM 

1.6 3.2 4.0 8.0 

4 2.33 4 .46  4.45 4.63 
5 2.17 4 .16  4.65 4 .37  
6 2 .04  4 .73  5.52 4.91 
7 1.93 3.91 4 .43  3.17 
9 1.78 3.70 2 .86  1.86 

10 2 .20  4 .24  4 .08  3.50 
11 2.13 3.89 3.83 3.24 
12 2.03 4.05 4 .74  3.77 
13 2.35 4.15 4 .70  3.89 
14 2.05 4 .64  5.1 l 5 .60 
15 2.07 4 .88  4 .63  4.41 

aEach  tube co n t a in ed  the  c o m p o n e n t s  o f  the stan- 
dard  i n c u b a t i o n  m i x t u r e  and  the c o n c e n t r a t i o n s  o f  
fa t ty  acid shown .  I n c u b a t i o n  was  for  30 min  at 37 C. 
Results  are expressed as btmoles h y d r o x a m a t e  f o r m e d  
per h o u r  per  mi l l igram protein.  
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FIG. 2. Effect of double bond position on the rates 
of microsomal and mitochondrial activation of traHx- 
octadecenoates. Each tube contained the components 
of the standard incubation mixture plus 205 tag of 
microsomal or mitochondrial protein in a total volume 
of 0.25 ml. Incubation was for 30 min at 37 C. Results 
are expressed as #moles of hydroxamate formed per 
milligram protein per hour for microsomes (A) and 
mitochondria (B). 

T r i t on  X-100  ( p o l y o x y e t h y l e n e  a lcohol  lauryl  
e the r )  were f rom Sigma Chemical  Co. F a t t y  
acid free a l b u m i n  f rac t ion  V was f rom Pen tex  
Biochemicals ,  Kankakee ,  Ill. All-trans r e t inoa te  
was pu rchased  f rom Dist i l la t ion Produc ts  Indus-  
tries, Roches te r ,  N.Y. 

Methods 

White Wistar s train ra ts  of  e i the r  sex (Micro- 
biological  Associates)  were used in all experi-  
ments .  The rats  were 6-10 weeks of age and had 
been  fed ad l i b i t um on Pur ina  ra t  pellets.  Ceil 
f rac t ions  were p repared  as descr ibed  previously  
(1). Acyl -CoA f o r m a t i o n  was assayed by acyl- 
h y d r o x a m a t e  f o r m a t i o n  (3). The s t anda rd  incu- 
ba t ion  mix tu re  c o n t a i n e d  the  f o l l ow i ng / ; m o l e s  
in a vo lume  of  250 /Jl: a m i x t u r e  of H2NOH,  
125; NaF,  6; Tris (Tris [ 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 ) ,  25; neu t r a l i zed  to  pH 7.4; 
magnes ium chlor ide ,  I;  cys te ine  HC1, 7.5 
freshly neu t ra l i zed  wi th  Tris, 10; ATP,  2.5; 
c o e n z y m e  A, 0 .125;  f a t ty  acid po tass ium salt, 
1.0; and  ca. 200  Ltg m i t o c h o n d r i a l  or micro-  
somal  pro te in .  I n c u b a t i o n  was for  30  min  at 
37 C on a D u b n o f f  shaker .  The reac t ion  was 
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FIG. 3. Effect of pH on rnitochondrial activation 
of trans-octadecenoates. Each tube contained the 
components of the standard incubation mixture plus 
205 tag mitochondrial protein and either 0.1 M phos- 
phate buffer (pH 6.0 to pH 8.0) or 0.1 M Tris-HC1 
buffer (pH 8.6). Results shown are for the A 4, (X); 
Ag, (.~); and the A 1 S, (o) wans-octadecenoates. 

ended  by add i t i on  of  1.0 ml of 6% perch lor ic  
acid, and  af te r  cen t r i fuga t ion  the  s u p e r n a t a n t  
was discarded.  A c y l - h y d r o x a m i c  acid was ex- 
t rac ted  wi th  1.2 ml Hill reagent  A di luted 1 :10 
wi th  e thano l ,  and  af te r  c en t r i f uga t i on  the  opt i -  
cal dens i ty  at 520  n m  was read in a Beckman-  
DU s p e c t r o p h o t o m e t e r .  Prote in  was d e t e r m i n e d  
by the  pheno l  m e t h o d  (4). 

R E S U L T S  

Act iva t ion  of  the  t rans-oc tadecenoate  posi- 
t ional  i somers  was p r o p o r t i o n a l  to  the  a m o u n t  
of p ro te in  and  i n c u b a t i o n  t imes  up  to 40  rain as 
i l lus t ra ted  in Figure 1 for  trans-vaccenate.  As 
shown in Table I, ac t iva t ion  increased wi th  
fa t ty  acid c o n c e n t r a t i o n s  up  to 4 mM and t hen  
decreased sl ightly at  h igher  concen t r a t i ons .  
Max imum ac t iva t ion  wi th  b o t h  mic rosomes  and  
m i t o c h o n d r i a l  acyl-CoA syn the tases  was ob- 
served wi th  the  A6 and  A ] 4  t rans-oc tadeceno-  

ates. Act iva t ion  decreased as the  double  b o n d  
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was moved  in f rom ei ther  end of  the fa t ty  acid 
toward  the n in th  carbon a tom from the car- 
boxyl  group. These results are shown in Figure 
2. The A8 t rans -oc tadecenoate  was tes ted sepa- 
rately. In a typical  expe r imen t ,  the average 
rates of microsomal  act ivat ion for  an assay in 
tr iplicate for  the A7, A8 and A9 isomers,  
respectively,  expressed as /-tmoles of  hydrox-  
amate  fo rmed  per hour  per milligram pro te in  
were: 5.09, 5.25, 4.60. Replicates were all 
within -+5% front the average value. 

Addi t ion  of  up to 1.25 mg fa t ty  acid free 
-albumin to  the incuba t ion  med ium did no t  
markedly  affect  the activation of the trans-octa- 
decenoates ,  a l though slight s t imula t ion  in the 
act ivat ion of  the A4, A l l ,  and A14 isomers 
(+22%, +33% and +20%) was observed upon  the 
addi t ion of  a lbumin.  The same general acti- 
vat ion profile was observed in the presence or 
absence of  a lbumin wi th  min imum activat ion 
observed wi th  the A9 i somer  and m a x i m u m  
activation observed wi th  the A6 and A14 
isomers as substrates .  

Effect of pH, Buffer and Temperature 

Activat ion of each t rans- isomer  was similar 
over the pH range 6.7 to 8.0 and decreased as 
the pH was e i ther  increased to  8.6 or lowered  
to 6.0. The same general act ivat ion profile was 
observed as discussed previously,  i.e., m in imum 
activation was f o u n d  when the A9 isomer was 
the subst ra te  and higher rates of  act ivation were 
observed as the posi t ion of  double  bond  was 
moved  toward  ei ther  end of  the fa t ty  acid. 
Similar act ivat ion profiles were ob ta ined  with 
Tris, phospha te ,  glycylglycine or barbital  buf- 
fers at pH 7.4. Act ivat ion profiles for the A4,  
A9 and AI5  isomers  at various pH values are 
i l lustrated in Figure 3 The same activation 
profile was observed at 22 C, 30 C, 37 C and 
44 C, i.e., m a x i m u m  activat ion wi th  the AS, A6 
and A14 isomers and m i n i m u m  activation when  
the A9 i somer  was the substrate.  Activi ty was 
opt imal  at 37 C and decreased two-fold  at 30 C 
and four- to ten-fold  at 44 C. 

Effect of Aging of Cell Fractions on AcvI -CoA 
Synthetase Activity 

Borgst rom and Wheeldon found  guinea pig 
liver long chain acyl-CoA synthe tase  to  be 
highly labile, i .e.,  oleate act ivat ion decl ined ca. 
50% after 18 hr at 4 C  and 80% after 1 hr  
incubat ion  at 37 C (5). In cont ras t ,  Creasey 
found  no  loss of  microsomal  acyl-CoA synthe-  
tase af ter  2 weeks storage at -18 C (6); similar 
stabili ty of  the rat liver microsomal  enzyme  at 
-20 C was n o t e d  in the present  s tudy,  i.e., 
microsomal  act ivat ion of  the t rans -oc tadeceno-  
ate was no t  a f fec ted  by storage of  the micro- 

TABLE 11 

Effect of Aging on Microsomal 
Activation of trans-Octadecenoates a 

Age of fraction 
Position of when tested, days 

trans-double 
bond 1 10 20 

4 4.65 4.48 3.63 
5 4.65 4.54 3.74 
6 5.50 5.27 4.12 
7 4.12 4.10 3.42 
9 2.81 3.10 2.71 

10 4.27 4.51 3.76 
11 4.37 3.95 3.56 
12 4.15 4.37 3.71 
13 4.97 4.70 4.09 
14 5.34 4.93 4.22 
15 4.80 4.59 3.92 

aEach tube contained the components of the stan- 
dard incubation mixture plus 205 tag microsomal pro- 
tein in a total volume of 250 tal. Results are expressed 
in tamoles hydroxamate per milligram protein per hour. 
Cell fractions were stored at -20 C. 

somes at -20 C for 10 days. Activity decl ined 
slightly af ter  20 days s to rage  at -20 C, but  the 
same activation profile was re ta ined (Table | I ) .  

Effect of Detergents 

In the preceding s tudy  it was found  that  1 
mM re t inoate  did n o t  affect  act ivation of  2 mM 
elaidate or 2 mM t rans-vaccenate  in the pres- 
ence of  636 /Jg microsomal  or mi tochondr ia l  
protein .  In this s tudy addi t ion  of  1.2 mM 
re t inoate  inh ib i ted  act ivat ion of  4 mM A9 and 
A12 oc tadecenoa tes  30-50% and 23-37%, re- 
spectively,  in the presence of  205 /lg micro-  
somal or mi tochondr ia l  protein.  Variable inhibi- 
t ion of  the A5 i somer  was also no ted ,  and the 
o ther  posi t ional  i somers  were only slightly 
inhibited.  Addi t ion  of  0.04% Tri ton X-100 
differential ly s t imula ted  mi tochondr ia l  acti- 
vation 3-60%, so that  the act ivat ion observed 
with the t rans -oc tadecenoate  i somers  all fell in 
the same range. These results  are summarized  in 
Table III. 

DISCUSSION 

In the present  s tudy,  lower  rates of  acti- 
vat ion were observed when the double  bond  
was local ized at carbons  9 or 10, than when  the 
double  bond  was pos i t ioned  at e i ther  end of  the 
fa t ty  acid molecule.  

Similar results  were observed with cis-octa- 
decenoa te  posi t ional  i somers  (7). These results 
together  suggest the possibil i ty tha t  one impor-  
tant  fac tor  in en zy me  recogni t ion  of  the posi- 
t ional isomeric oc tadecenoa tes  is the length of 
nine carbon a toms f rom the carboxyl  group to 
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TABLE 11I 

Effect of Retinoate and Triton X-100 on Activation of trans-Octadecenoates a 

Microsomes Mitochondria 

Position of Detergent added Detergent added 
trans-double Triton 

bond None Retinoate &, % None Retinoate &, % X-100 zx,% 

4 4.48 4.53 + 1 2.22 2.30 + 4 3.17 +43 
5 4.54 4.09 -10 3.11 1.85 -41 3.19 + 3 
6 5.27 4.44 -16 3.22 2.59 -20 3.57 +11 
7 4.10 3.40 -17 2.20 1.73 -22 3.54 +61 
9 3.10 2.13 -31 2.39 1.17 -51 2.94 +23 

10 4.51 3.41 -24 2.33 2.05 -12 3.41 +46 
11 3.95 3.91 1 2.56 2.22 -13 3.13 +22 
12 4.37 3.37 -23 2.52 1.60 -37 3.47 +38 
13 4.70 4.29 - 9 3.27 2.76 -16 3.37 + 3 
14 4.93 5.07 + 3 3.40 2.97 -13 3.38 +14 
15 4.59 4.48 - 2 3.00 2.34 -22 3.51 +17 

aEach tube contained the components of the standard incubation mixture plus either 205/zg microsomal or 
mitochondrial protein and where indicated 0.3 pmol potassium retinoate or 0.04% Triton X-100 in a total volume 
of 250 #1. Incubation was for 30 min at 37 C. Results are expressed as/2moles hydroxamate formed per milligram 
protein per hour, and the change in activity upon addition of detergent (A) is expressed as the per cent change in 
activity relative to the activity in the absence of detergent. 

the double  bond  and tha t  the conf igura t ion  of 
the double  bond  is o f  secondary  impor tance .  
Fu r the rmore  the fa t ty  acid to pro te in  ratios 
required for m a x i m u m  activat ion were much 
lower  when the A9, A10 o r a l 5  isomers served 
as substra tes ,  than when  the o ther  isomers were 
used as substrates .  As shown in Table I, 
max im um  act ivat ion o f  the A9, ,51o or A15 
isomers occurred  at 3.2 mM acid concen t ra t ion ,  
while act ivat ion of o the r  isomers  increased up 
to 4 mM acid concen t ra t ion .  In the previous 
paper  (1),  we found  tha t  the fa t ty  acid-protein 
ratio required for  m a x i m u m  elaidate activation 
was m u c h  higher than the ratio required for 
max imum  oleate activation.  It is no t  clear from 
the present  s tudy whe the r  these variations in 
fa t ty  acid-protein rat ios needed  for opt imal  
activation are related to  enzyme  specif ic i ty  or 
are a ref lect ion of  d i f ferent  physical  or solut ion 
proper t ies  of  the various geometr ical  or posi- 
t ional isomers.  The mel t ing  poin ts  of  the 
t rans-oc tadecenoates  show al ternat ion be tween 
odd and even n u m b e r  of  fa t ty  acid chain length 
(2) and canno t  be corre la ted wi th  relative 
activation rates. The solubil i ty of bo th  cis- and 
t rans-oc tadecenoates  in various solvents  in- 
creases as the double  bond  is moved  f rom 
carbon 6 to 9 (8). However  no  simple relat ion- 
ship be tween  solubil i ty and rate of act ivat ion is 
apparent  f rom the results  p resen ted  here,  since 
increasing solubil i ty wi th  increasing distance of  
the double  bond  f rom the carboxyl  group 
would result  in an act ivat ion profile d i f ferent  
f rom the act ivat ion profi le  repor ted  here.  Pos- 
sibly the size and shape of  the nficelles fo rmed  
by the various posi t ional  i somers  may vary and 

result  in d i f fe rent  b inding affinit ies for the 
catalytic site of the enzyme.  The exact  relat ion- 
ship be tween  posi t ional  isomerism,  micelle 
s t ructure  and rate of  act ivation remains to be 
elucidated.  

The differential  inhib i t ion  of  activation of  
the various posi t ional  i somers  observed upon  
addi t ion of  re t inoa te  suggests the possibil i ty 
that  more  than one rat  liver enzyme may 
activate the posi t ional  t rans-oc tadecenoate  
isomers.  However  the presence  of one or more  
activating en zy mes  is diff icul t  to de te rmine  
f rom the present  data in view o f  the crude celt 
f ract ions and the u n k n o w n  fat ty  acid-enzyme 
interact ions .  Nor do the parallel changes in 
activation rates of  the posi t ional  isomers ob- 
served in the present  s tudy under  d i f ferent  
condi t ions  of  t empera ture ,  pH and aging lend 
suppor t  to the suggestion tha t  more  than one 
e n z y m e  activates the t rans-oc tadecenoate  
isomers.  The re t inoate  inhibi t ion of elaidate 
activation observed in this s t u d y  (Table  III)  but 
no t  no ted  in the previous paper  (Fig. 2 of Part 
I) is p robably  due to the much  higher ( fa t ty  
acid + re t inoa te  to pro te in)  ratio used in this 
s tudy,  i.e., (26 p m o l / m g  pro te in )  compared  to a 
lower ratio of  (4.5 p m o l / m g  prote in)  used in 
the fo rmer  study.  When Tri ton X-100 was 
included in the incuba t ion  med ium,  act ivat ion 
of  the oc tadecenoa te  posi t ional  isomers all fell 
in the same range, in cont ras t  to widely varying 
activation rates in the absence of  this detergent .  
Possibly the fa t ty  acid isomers  are incorpora ted  
in to  the detergent  micelle. Release of fa t ty  acid 
f rom the micelle may be rate-l imit ing under  
these condi t ions .  The different ial  rates of  acti- 
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vation observed in the present  s tudy may no t  
ref lect  the rates at which  the posi t ional  i somers  
are incorpora ted  in to  lipids. Very little differ- 
ence was observed in the rates of  incorpora t ion  
of  the A9 and A l o  t rans-oc tadecenoates  in to  
liver lipids using a per fused  chicken liver sys tem 
(9). More comple t e  studies on the re la t ionship  
of t rans-double  bond  posi t ion and rates of  
incorpora t ion  of  these posi t ional  oc t adecenoa te  
isomers in to  complex  lipids are required.  

REFERENCES 
1. Lippel, K., Lipids 8:00 (1973). 
2. Barve, J.A., and F.D. Gunstone, Chem. Phys. 

Lipids 7:311 (1971). 
3. Pande, S.F., and J.F. Mead, J. Biol. Chem. 

243:352 (1968). 
4. Lowry, D.H., N.G. Rosenbrough, A.L, Farr and 

R.G. Randal ! , J. Biol. Chem. 193:265 (1951). 
5. Borgstrom, B., and L.W. Wheeldon, Biochim. 

Biophys. Acta 50:171 (1961). 
6. Creasey, W.A., Ibid. 64:559 (1952). 
7. Lippel, K., D. Carpenter, F.D. Gunstone and I.A. 

Ismail, Lipids 8:00 (1973). 
8. Kolb, D.K., and J.B. Brown, JAOCS 32:357 

(195S). 
9. Bickerstaffe, R., and E.F. Annison, Biochem. J. 

118:433 (1970). 

[ Received December  21, 1972] 

LIPIDS, VOL. 8, NO. 3 



Activation of Long Chain Fatty Acids by Subcellular Fractions 
of Rat Liver: II1. Effect of Ethylenic Bond Position on AcyI-CoA 
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ABSTRACT 

The rates of rat liver microsomal and 
mitochondrial activation of the A4 to 
A17 c is -oc tadecenoate  positional isomers 
have been investigated. The fatty acid to 
protein ratios required for maximum acti- 
vation of the 2x8, A9 and A10 isomers 
were much lower than the corresponding 
ratios required for maximum activation 
of the cis -octadecenoates  with double 
bonds at either end of the fatty acid 
molecule. Also, as the incubation temper- 
ature was raised from 22-38 C the A8 and 
A9 isomers exhibited little change in their 
rates of activation, while large increases in 
activation rates of the isomers with the 
double bond at either end of the fatty 
acid chain were observed. Differential 
inhibition of the activation of the various 
positonal isomers was observed when 
anionic, cationic, or nonionic detergents 
were included in the incubation medium. 
The different responses to fatty acid 
concentration, temperature and deter- 
gents are attributed to enzyme specificity 
and to differences in solution properties 
of the cis -oc tadecenoates ,  rather than to 
the presence of separate rat liver enzymes 
that catalyze acyl-CoA ester formation of 
the various positional isomers 

INTRODUCTION 

In previous investigations, the parameters 
affecting activation of t rans-oc tadecenoates  and 
the effect of positional isomerism on the 
activation of these acids were studied (1,2). The 
naturally occurring octadecenoates have the cis 
configuration and the predominant isomer in 
plant and animal lipids is the A9 isomer oleate. 
Small percentages of other positional isomers 
also occur in mammalian lipids through inges- 
tion of fish and other lower species. The 
purpose of the present study was to determine 
how positional isomerism affects rat liver acyl- 
coenzyme A biosynthesis of the cis-octadeceno-  
ates. 

MATERIALS AND METHODS 

Methyl esters of the cis -oc tadecenoates  were 

synthesized as described previously (3). ATP, 
coenzyme A and Triton X-100 (polyoxyethyl- 
ene alcohol lauryl ether) were from Sigma 
Chemical. Fatty acid free albumin fraction V 
was from Pentek Biochemicals, Kankakee, Ill. 
All -Fans  retinoate was purchased from Distilla- 
tion Products Industries, Rochester, N.Y. 

The methods used for preparation of rat 
liver cell fractions and assay of acyl-CoA 
formation by acyl-hydroxamate formation were 
the same as described in the previous paper of 
this series (2). The standard incubation mixture 
contained the following/Jmoles in a volume of 
250 ~1: a mixture of hydroxylamine HC1, 125; 
NaF, 6.25; Tfis, 25 neutralized to pH 7.4; 
MgC12, 1.0; cysteine, HC1, 7.5 neutralized with 
Tris, I0; ATP, 2.5; coenzyme A, 0.13; fatty 
acid potassium salt, 0.5; and 200-250 pg micro- 
somal or mitochondrial protein. Incubation was 
for 30 rain at 37 C and acyl-hydroxamate 
formation was assayed at 520 nm in a Beck- 
mann DU-2 spectrophotometer.  Control tubes 
lacking ATP and coenzyme A were run with 
each assay. Protein was determined by the 
phenol method (4). 

Methyl esters were converted to free acids 
by saponification in 5% KOH in 90% methanol 
for 2 hr at 70 C. After acidification with HC1, 
the free acids were extracted with petroleum 
ether. The extracts were washed with water and 
dried by passing through a small sodium sulfate 
column. 

RESULTS 

Effect of Fatty Acid Concentration 

In the presence of 200 /Jg microsomal 
protein and nonsaturating levels of fatty acid (1 
mM), similar rates of microsomal acyl-CoA 
formation, i.e., 105 + 0.25 ttmol hydroxamate 
formed per hour per milligram protein were 
observed, regardless of the position of the 
double bond in the fatty acid molecule. Simi- 
larly, at 2 raM, the optimal concentration of 
fatty acid for maximum activation of the AS, 
A9 and A10 isomers, the rates of activation of 
all the isomers were nearly equal. At a fatty 
acid concentration of 3 raM, the activation of 
the AS, A9 and Al0  isomers decreased while 
activation of the other positional isomers in- 
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creased. A two- to  th ree - fo ld  d i f fe rence  be- 
tween  the rates of  ac t iva t ion  of the  A8,  z2x9 and  
AlO isomers  and  the  rates of  ac t iva t ion  of the  
isomers  w i t h  the  doub le  b o n d  at e i the r  end  of 
the  f a t t y  acid cha in  resul ted.  These  d i f ferences  
in ac t iva t ion  rates  were f u r t h e r  magni f ied  at  a 
still h igher  f a t ty  acid c o n c e n t r a t i o n ,  i.e., an 
e ight- fold  d i f fe rence  be tween  the  lowest  activa- 
t ion  ra te  (A8 i somer) ,  and  the  highest  acti-  
va t ion  rate  (A16 i somer )  was observed at a 
f a t ty  acid c o n c e n t r a t i o n  of  4 mM. Similar  
resul ts  were o b t a i n e d  w i th  the  m i t o c h o n d r i a l  
acyl-CoA syn the tase .  These  results  are illus- 
t r a t ed  in Figure 1 and  s u m m a r i z e d  in Table  I. 
In the  presence  of  2 mM acid, increas ing  the  
mic rosomal  p ro t e in  f rom 200  to 400  /Jg re- 
su l ted  in l i t t le  or n o  increase  in the  ra tes  of  
ac t iva t ion  above the  levels observed  using 200  
/Jg pro te in .  

Effect of Retinoate and Detergents 

Ret inoa t e  i n h i b i t e d  the  pos i t iona l  cis-octa- 
decenoa tes  in a d i f ferent ia l  m anne r .  Max i m um  
inh ib i t i on  was observed  w h e n  the  double  b o n d  
was at  c a r b o n  a toms  6 to  10 and  lower ,  or no  
i nh ib i t i on  was observed  as the  double  b o n d  was 
m o v e d  t o w a r d  e i the r  end  of  the  fa t ty  acid 
molecule .  In the  presence  of 1 mM re t inoa te ,  
78% inh ib i t i on  of the  ac t iva t ion  of the  A8 
i somer  was n o t e d ,  while the  ac t iva t ion  of  the  
A4 and  As i somers  was 26% and ac t iva t ion  of  
the  A t 7  i somer  was u n i n h i b i t e d .  A d d i t i o n  of  
0 .05% of  e i the r  Tr i ton  X-100 or sod ium deoxy-  
che l a t e  did n o t  n o t i c e a b l y  af fec t  ac t iva t ion  in 
the  presence  of  2 0 0 / a g  m i c r o s o m a l  p ro te in  and 
2 mM cis-octadecenoate .  A d d i t i o n  of 0 .05% of  
the ca t ion ic  de te rgen t s  cetyl  p y r i d i n i u m  chlo- 
ride caused d i f fe ren t ia l  i n h i b i t i o n  of  the  micro-  
somal  ac t iva t ion  which  var ied f rom a low of  3% 
for the  A9 i somer  to a h igh of  43% for the  A16 
cis-octadecenoate .  These results  are summar i zed  
in Table II. 

Effect of Albumin on Microsomal Activation 

Addi t i on  of  up  to  1.0 m g  fa t ty  acid free 
bovine  se rum a l b u m i n  to the  i n c u b a t i o n  mix-  
ture  con ta in ing  200/ . tg  mic rosoma l  p ro t e in  and  
2 mM fa t ty  acid did  n o t  a f fec t  the  ra te  of  
mic rosomal  ac t iva t ion  of  any  of  the  cis-octa- 
decenoates .  The ac t iva t ion  rates  decreased (ex- 
cept  the  A8 i somer )  3 to  29% when  the  added 
a lbumin  was increased  to  1.5 mg per  tube .  

Effect of pH on Microsomal Activation 

M a x i m u m  mic rosomal  ac t iva t ion  of the  cis- 
oc t adecenoa t e s  was observed  over  a b road  pH 
range of  6.8 to  8.0, and  the  rates  of ac t iva t ion  
decreased w h e n  the  pH was lowered  to 5.9 or 
raised to pH 8.6. The ac t iva t ion  profi le  was 
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DOUBLE BOND POSITION 

F I G .  l .  E f f e c t  o f  f a t t y  a c i d  c o n c e n t r a t i o n  o n  
activation of cis-octadecenoate positional isomers. 
Incubation conditions are given in Table I. 

a p p r o x i m a t e l y  the same at each pH, i.e., h igher  
rates of  ac t iva t ion  were n o t e d  when  the double  
b o n d  was at e i the r  end  of  the c is -oc tadecenoate  
molecule  and  re la t ively  lower  ac t iva t ion  ra tes  
were observed  for  the cis-isomers with  the  
doub le  b o n d  in the  mddle  of  the  f a t ty  acid 
chain. Ac t iva t ion  prof i les  for  the  A4,  A9 and  
A15 i somers  at var ious pH values are shown  in 
Figure 2. 

Effect of Temperature and Aging 

Marked increases  in m i t o c h o n d r i a l  ac t iva t ion  
of  the  A4 to  A7 and  A10 to A17 cis-octadec- 
enoates  were observed  as the  i n c u b a t i o n  tem-  
pera tu re  was increased  f rom 22 C to 37 C. In 
cont ras t ,  less m a r k e d  changes  in the  rates  of  
ac t iva t ion  were n o t e d  for  the As  or A9 isomers  
as the  i n c u b a t i o n  t e m p e r a t u r e  was raised. These  
results  are i l lus t ra ted  in Figure 3. Aging the  
m i t o c h o n d r i a l  f rac t ion  at  -20 C for 15 days 
resu l ted  in par t ia l  loss of  e n z y m e  act ivi ty.  
However  the same general  ac t iva t ion  profi le  was 
observed  wi th  b o t h  aged and  f resh cell frac- 
t ions.  

DISCUSSI ON 

The rates of ac t iva t ion  of the pos i t iona l  
i somer ic  cis -octadecenoates  observed in this  
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T A B L E  I 

Effec t  of  Fa t ty  Ac id  C o n c e n t r a t i o n  on Ac t iva t ion  of  c i s - O c t a d e c e n o a t e  Posit ional  I somers  a 

Posit ion o f  
double  
bon d 

F'atty acid c o n c e n t r a t i o n ,  mM 

1 2 3 4 t 2 3 4 

Microsomes  M i t o c h o n d r i a  

4 1.03 2 .86  4 .06  4 .73  1.44 2 .64  3.22 2.11 
5 0 .88  2.83 4 .44  4.91 1.36 2.58 1.53 0 .52  
6 0 .84  2 .34  2 .94  1.20 0.92 1.40 0 .24  0.06 
7 1.26 2.62 3.34 2.00 1.28 2.09 0 .28  0.23 
8 0 .84  2.21 1.94 0 .70  0.77 0 .44  0 .24  0.11 
9 0.82 2 .38  1.90 0.79 0.89 0 .52  0 .26  0 .26  

10 1.28 2 .28  1.38 0 .84  1.01 0 .53  0 .23  0.33 
11 0 .90  2.35 2 .87  1.25 1.04 1.21 0.39 0.23 
12 1.24 2 .77  2 .94  1.22 0 .86  1.41 0 .46  0.28 
13 0 .94  2.62 3.73 3.68 1.12 2.20 0 .77  0 .66  
14 0 .97  2.32 3 .68  4 .43  1.03 2.12 2 .96  1.64 
15 1.13 2.89 .3.70 4.73 1.07 2 .13  2 .97  2.99 
16 1.24 3.07 4 .06  5.42 1.14 2.71 3.32 3.67 
17 1.19 2 .80  4.51 4.81 1.06 2 .08  3.12 3.13 

aEach  tube  c o n t a i n e d  the c o m p o n e n t s  o f  the  s t anda rd  i ncuba t ion  m i x t u r e  plus 200  ~g 
m i c r o s o m a l  or  m i toc hond r i a l  p ro te in .  I n c u b a t i o n  was  for  30 min  at 37 C. Resul ts  are ex- 
pressed as ,umoles h y d r o x a m a t e  f o r m e d  per  h o u r  per  mil l igram pro te in .  

investigation are not  correlated with the natural  
occurrence of  these isomers. On the contrary,  
at high concent ra t ions  ( 2 - 4 m M ) t h e  activation 
rate of  the natural ly occurr ing A9 isomer,  
oleate, was the lowest  or  next  to the lowest  
observed in compar ison with  the act ivat ion 
rates of  the o ther  isomers. However  at a low 
concent ra t ion  (1 mM) the act ivat ion rates for 
the various posit ional  isomers all fell in the 
same range. At  concent ra t ions  greater than 2 

mM, olete (or the A8 or A10"isomers)  may bind 
to an inhibi tory site and self-inhibit fur ther  
activation. The physiological  significance of the 
self-inhibit ion of  act ivation observed here, using 
high concent ra t ions  o f  oleate,  is dubious for 
several reasons. First,  long chain acyl-CoA 
esters rather  than free fa t ty  acids accumulate  
during fasting (5). Fa t ty  acid act ivation does 
not  therefore  appear to be a rate-l imit ing step 
in the ut i l izat ion of  extracel lular  fa t ty  acids by 

T A B L E  II  

Effec t  o f  Re t inoa te  and De te rgen t s  on Microsomal  Act iva t ion  o f  c i s - O c t a d e c e n o a t e s  a 

Ret inoa te  c o n c e n t r a t i o n ,  mM De te rgen t  

Posit ion o f  
double  Sod ium 
bond  0 0.5 1.0 None  Tr i ton  X-100 d e o x y c h o l a t e  

Cetyl  p y r i d i n i u m  
chlor ide 

4 100(1 .65)  82 74 100(2 .20)  99 104 72 
5 100(2 .35)  111 74 100(2 .46)  85 83 72 
6 100(1 .64)  62 30 100(1 .82)  105 86 76 
7 100(1 .95)  83 24 100(2 .11)  93 97 69 
8 100 (1 .34 )  41 22 100(1 .93)  88 82 76 
9 100(1 .53)  62 30 100(1 .79)  112 88 97 

10 100(1 .19)  50 27 100(1 .97)  101 86 74 
11 100(1 .58 )  81 53 100(2 .22)  93 87 90 
12 100(1 .47)  64 64 100(1 .58)  ___b .__b __b 
13 100(1 .82 )  100 48 100(2 .42 )  138 92 74 
14 1 0 0 ( 1 . 8 5 )  84 71 100(1 .82)  97 111 80 
15 100(1 .99)  115 85 100(2 .27)  91 tO0 79 
16 100(2 .10)  85 74 100(1 .17)  77 103 57 
17 100(1 .73)  11 l 106 100(1 .07)  85 96 73 

aEach  tube  con t a i ned  c o m p o n e n t s  o f  the s t anda rd  incuba t ion  mix tu r e  plus 203 #g m i c r o s o m a l  p ro te in  and 
0 .05% de te rgen t  or c o n c e n t r a t i o n  o f  r e t i noa t e  indica ted .  Resul ts  are given as per  cen t  ac t iva t ion  relat ive t o  
ac t iva t ion  obse rved  in the absence  o f  r e t inoa te  or  de te rgen t .  Abso lu te  ac t iva t ion  values in ~tmoles h y d r o x a m a t e  
f o r m e d  per  mi l l igram pro te in  per  h o u r  are s hown  in paren theses .  Effec ts  o f  de t e rgen t s  on the A16 and A 17 
o c t a d e c e n o a t e s  were  d e t e r m i n e d  separa te ly .  

bNot  tes ted.  
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FIG. 2. Effect of pH on microsomal activation of 
cis-octadecenoates. Each tube contained components 
of the standard incubation mixture plus 200 /~g 
microsomal protein and either 0.1 M phosphate buffer 
(pH 5.9 or pH 6.8) or 0.1 M Tris-HCl buffer (pH 7.4, 
pH 8.0 or pH 8.6) in a final volume of 250 M. Results 
shown are for the A 4, (X); the A9, (O); and the /x15, 
(�9 octadecenoates. 

the liver. Second, the intracellular level of liver 
free fa t ty  acids remains constant  at 1 p m o l / g  
wet liver when the liver is perfused with greater 
than physiological plasma concent ra t ions  of 
oleic acid (6). The lat ter  observat ion does not  
rule out the possibili ty of  higher  inh ib i tory  
concent ra t ions  of oleate accumulat ing in a 
specific cellular compar tmen t .  Third,  in studies 
with isolated liver cells the es t imated max imum 
lipid removal  rate f rom the med ium for a 10 g 
liver is ca. 0.5 g lipid per hour  (7). Assuming 
that all of  this l ipid was oleic acid, max imum 
removal  would  be less than 0 .2 / amol /h r /g  liver, 
which is far below the intracellular oleate 
activating capaci ty observed in this s tudy and 
by o ther  investigators (8). 

The relat ionship be tween solubil i ty and rate 
of  act ivation of  long chain fat ty acids is 
unclear. Kolb and Brown conc luded  that  solu- 
bility of  the A6 and A9 cis-octadecenoates was 
propor t ional  to the distance of the double bond 
from the carboxyl  group (9). However  the 

~ 38"  

'1 

0 722~ 

DOUBLE BOND POSITION 

FIG. 3. Effect of temperature on activation of 
cis-octadecenoate positional isomers. Each tube con- 
tained components of standard incubation mixture 
p/us 216 ug mitochondrial protein in a total volume 
of 250 M. 

increased solubili ty that  would  result  as the 
double bond is moved f rom carbon 9 to carbon 
17 would  not  be correlated with the act ivat ion 
profile observed in the present study. In addi- 
tion, Massoro and Lennarz concluded that  wi th  
B. Megaterium acyl-CoA synthetase,  fa t ty  acid 
solubil i ty was no t  correlated with acyl-CoA 
format ion  (10). The self-inhibition observed 
with the A8,~x9 and A l  0 isomers may be related 
to the abili ty of  their  micelles to bind to the 
acyl-CoA synthetase(s)  surface. However  the 
relationship be tween posit ional  isomerism, mi- 
celle size and shape and rate of acyl-CoA 
format ion remains to be clarified. In addit ion,  
the exact  form in which the fa t ty  acid substrate 
binds to the enzyme catalyt ic  site, i.e., fa t ty  
acid molecule ,  fa t ty  acid micelle or fa t ty  
acid-carrier protein complex ,  remains to be 
elucidated. Differential  rates of  inhibi t ion of  
act ivation of  the isomeric oc tadecenoates  were 
observed in the present study in the presence of  
ret inoate and several detergents.  These differ- 
ences probably ref lect  the degree to  which the 
detergent  micelles incorporate  the posi t ional  
isomers into the micelle. 

It  is interest ing that the A7 and A13 isomers 
of cis-octadecenoic acid accumulate  in posi t ion 
1 of  the phospholipids of  fish and mammals  
and in posit ions 1 and 3 in triglycerides of  
mammals  fed on fish. In contrast ,  the 9 isomers 
generally accumulate  in posit ion 2 (11). We 
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have previously found that t rans-octadeceno-  
ares and saturated acids that also accumulate 
preferably in positions 1 and 3 of triglycerides 
have higher optimal fatty acid-protein ratios for 
maximum rates of activation than the corre- 
sponding cis-isomers (1). The optimal fatty acid 
acid-protein ratios for maximum activation of 
the positional isomers with the double bond at 
either end of the fatty acid molecule observed 
in this s t u d y  were much higher than the ratio 
required for maximum oleate activation (Table 
I). Thus the isomers with carboxyl or methyl 
terminal double bonds apparently have differ- 
ent properties from the A8 to a lO oc.tadeceno- 
ates with a double bond in the middle of the 
fatty acid chain. Possibly the A8 to AlO 
isomers are treated enzymatically as monoun- 
saturated acids, while the other isomers are 
treated as saturated acids. This distinction in 
enzyme recognition would account for the 
difference in positional specificity observed for 
these isomers ( 1 1 ). 

The c is -oc tadecenoate  positional isomers did 
not equally affect the growth rate of monkey 
kidney ceils grown in tissue culture (12). The 
A3 and A17 isomers inhibited growth, while 
addition of the As to A16 isomers resulted in 
differential stimulation of growth. Maximum 
stimulation of growth was noted upon addition 
of  the  A5 t o  A9 isomers. These results support 
the suggestion that whole cells as well as 
subcellular organelles differentiate between the 
terminal and centrally located cis-octadeceno-  
ate positional isomers. Differential recognition 
of double bond positional isomers has also been 
noted previously for the reactions catalyzed by 
acyl transferases on the isomeric octadecodi- 
enoyl CoA esters (13) and isomeric octa- 
decenoyl CoA esters (14) and for soybean 
lipoxidase on polyunsaturated fatty acids (15). 

Further studies are required to clarify 
whether the differential rates of activation and 

responses to various detergents presented herein 
reflect enzyme specificity, solution properties 
of the positional isomers or a combination of 
these factors. The parallel changes in the 
activation profile, with changes in pH, tempera- 
ture and with aging of the enzyme, do not lend 
support to the suggestion that more than one 
acyl-CoA synthetase enzyme catalyzes acyl- 
CoA biosynthesis of the octadecenoate posi- 
tional isomers in rat liver. 
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ABSTRACT 

The stability of unsaturated metlayl 
esters of fatty acid adsorbed on silica gel 
and silicic acid was studied by gas liquid 
chromatographic estimation of disappear- 
ance relative to a saturated internal stan- 
dard. Variables included silica-ester ratio, 
agitation, adsorbent particle size, and 
degree of unsaturation. Under the con- 
ditions of  the experiment, destruction of 
substrate unsaturated ester at 80 C was 
more a function of time than of unsatu- 
ration or initial purity. 

I NTRODUCTION 

It was recently shown (1,2) that stability of 
unsaturated oil and methyl esters of polyun- 
saturated fatty acids is greatly increased when 
adsorbed on silica gel. This finding was con- 
sidered significant, not only from a practical 
viewpoint but also because of its possible 
implication of a mechanism of autoxidation 
different from that elucidated in solutions or in 
neat oils (3-6). It may also have a bearing on 
the mechanism of autoxidation of lipids in 
some ordered arrangement as in layers or 
membranes (7,8), a reaction that has been 
implicated in oxidative tissue damage as in the 

1Dept .  of  Chemis t ry ,  Univers i ty  of  Sou the rn  Cali- 
fornia ,  Los Angeles 90007 .  

aging process (9). 
In a further extension of this research, a 

comparison has been made of the rates of 
oxidation of methyl esters with different de- 
grees of unsaturation adsorbed on silica gel. The 
results appear to confirm the different mecha- 
nism of autoxidation of adsorbed polyunsatu- 
rates. 

MATERIALS AND METHODS 

Pentane, cyclohexane, diethyl ether, silica 
gel (J.T. Baker 3405, lot 34110) and silicic acid 
(J.T. Baker 0324, lot 32080, 200-325 mesh) 
were reagent grade and were used without 
further purification. The adsorbents contained 
some metal impurities, as determined by emis- 
sion spectroscopy. The ppm of Fe, Co, Ni, Cu, 
Ca and Mg were 100, not  detected (ND), 0.8, 
0. 1, 45 and 120, respectively, for the silica gel, 
and 5, ND, 0.5, 0.2, 1 and 0.1, respectively, for 
the silicic acid. Traces of Ti, AI and Na were 
observed; no detectable amounts of Cr, Sr, Ba 
or Ag were found. Methyl linolenate, methyl 
eicosapentaenoate and methyl docosahexaeno- 
ate were of variable purity, which was checked, 
in part, by UV spectrum and gas liquid chro- 
matographic (GLC) purity. 

A rotating shaker was altered in such a way 
that vigorous agitation of the solid adsorbent 
could be achieved. The shaker was maintained 
at 80 C. 

T A B L E  1 

Oxida t ion  o f  U n s a t u r a t e d  Esters on Silica Gel at 80 C 

Per cen t  ox id ized  
Methyl  T ime ,  
esters  days E x p e r i m e n t  1 a E x p e r i m e n t  2 b E x p e r i m e n t  3 b 

18:3 2 67 --- 63 
20 :5  2 70  - -  
22 :6  2 . . . . .  69 ,64  
18:3 4 89 87 82 
20:5  4 91 . . . .  
22 :6  4 ~ 83 90 

aDisappea rance  o f  0.5 mg  u n s a t u r a t e d  es ter  on 0.5 silica gel was m e a s u r e d  relat ive to 0.1 
m g  Me 18:0.  The unsa tura ted  esters  c o n t a i n e d  s ignif icant  con juga t ion .  Gas l iquid c h r o m a -  
t og raphy  on EGS. 

bDi sappea rance  o f  0 .5-0.6  nag u n s a t u r a t e d  esters on 0.5 g silica gel was m e a s u r e d  relat ive 
to 0 .05 m g  Me 16:0  and 0.1 mg  Me 20 :0 .  Gas l iquid c h r o m a t o g r a p h y  on OV-1.  
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T A B L E  I I  

E f f e c t  o f  G e l - U n s a t u r a t e d  E s t e r  R a t i o  

Methyl 
ester 

Gel Per c e n t  o f  
U n s a t u r a t e d  or ig ina l  o x i d i z e d  a 

ester ,  g / r a g  2 Days  4 Days  

1 8 : 3  0 . 2 0  63  88  
1 .0  67  89  
2 . 0  62  90  

2 0 : 5  0 . 1 9  62 88  
0 . 9 2  70  91 
1 .8  6 8  87 

aDisappearance of 0.5 mg of unsaturated ester was 
measured relative to 0.1 mg Me 18:0. Gas liquid chro- 
matography on EGS. (Experiment 1 oxidation values 
for gel-ester ratio = I also appear in Table I.) 

Gas Liquid Chromatography 

Analyses  for  the first e x p e r i m e n t s  were 
p e r f o r m e d  wi th  polar  co lumns .  A Barber-  
Co lman  Model  20 appa ra tus  was equ ipped  wi th  
a 6 f t  x 1/8 in. 12% DEGS co lumn.  A 
Barber -Colman  Model  10, wi th  a f lame- 
ion iza t ion  d e t e c t o r  was equ ipped  wi th  a 40  in. 
x 6 m m  12% EGS co lumn .  Because the re ten-  
t ion  t ime for  22 :6  at  the  m a x i m u m  recom- 
m e n d e d  t e m p e r a t u r e  (195 C) was ca. 45 min,  
la ter  analyses were p e r f o r m e d  using a n o n p o l a r  
co lumn.  A 40  in. x 6 mm 3% OV-1 c o l u m n  was 
used in the  Barber -Colman  Model  10. The  
r e t e n t i o n  t ime  of Me. 2 2 : 6  on the  n o n p o l a r  
c o l u m n  was 22 min  at 185 C and  20 psig A. 

Calculations 

The progress of a u t o x i d a t i o n  was measured  
on GLC by the  d i sappearance  of  the  unsa tu-  
ra ted  m e t h y l  ester  relat ive to tha t  of  an added 
sa tu ra ted  ester.  The s a tu r a t ed  ester  was pre- 
sumed  u n c h a n g e d ,  a l t hough  it is recognized  
t ha t  s a tu ra t ed  esters may  au tox id ize  (10) .  F r o m  
relative a u t o x i d a t i o n  rates  of 1 : 1 0 0 : 1 0 0 0  for  
Me 18:0,  Me 18:1 and  Me 18:2 (11) ,  i t  was 
p r e s u m e d  t h a t  the  sa tu ra t ed  ester  would  be 
subs tan t ia l ly  u n c h a n g e d  as long  as a t race of 
u n s a t u r a t e d  es ter  r emained .  

The  per  cen t  of  the  original u n s a t u r a t e d  
ester  r ema in ing  was e s t ima ted  f rom the  ra t io  
unsat . -sat ,  a f te r  ox ida t ion  and  ex t r ac t ion .  This 
ra t io  was divided by the ini t ia l  unsat . -sat ,  ra t io  
and  mul t ip l i ed  by  100. Weight ra t ios  were used 
for ca lcu la t ion  of  the  ini t ial  m ix tu re s  unless  
GLC ind ica ted  gross deviat ion.  In these  in- 
s tances,  GLC init ial  ra t ios  were used. Single 
values in tables  r ep resen t  single ch r om a t og r am s .  

Procedure 

The  d i sappearance  of  u n s a t u r a t e d  m e t h y l  
esters relat ive to  s a tu r a t ed  in te rna l  s t andards  
was measu red  by GLC. Methyl  esters  were 

depos i t ed  on  a silica s u p p o r t  by  p i p e t t i n g  
appropr ia t e  vo lumes  of  u n s a t u r a t e d  and sat- 
u ra ted  ester  so lu t ions  i n to  a flask con ta in ing  a 
cyc lohexane  slurry of  silica gel or silicic acid. 
Cyc lohexane  was used to p repare  the  s t andard  
so lu t ions  since t hey  cou ld  be s to red  at -20 C in 
the  solid state.  I t  was h o p e d  t ha t  immobi l i -  
za t ion  in this  m a n n e r  migh t  decrease  au tox i -  
da t ion  dur ing s torage and,  indeed  the  poly-  
unsat . -sat ,  ra t ios  of  f reshly  mixed  - s t o c k  
so lu t ions  showed  no  s ignif icant  decrease dur ing  
6 m o n t h s  of storage.  C o n c e n t r a t i o n s  of  unsa tu-  
ra ted  m e t h y l  esters  in the so lu t ions  were ca. 0.5 
m g / m l  cyc lohexane .  

The  flasks, c o n t a i n i n g  cyc lohexane ,  silica 
and ester ,  were swirled to mix  the  c o n t e n t s  and  
the so lvent  was r e m o v e d  u n d e r  vacuum on a 
ro t a t i ng  evapora to r ,  be low 50 C. The  dry pow- 
der  was t r ans fe r red  to  a clean 125 ml Erlen-  
meye r  flask to avoid an es ter  fi lm on the  inside 
surface of the  original flask. 

The  flasks were h e a t e d  at  80  C open  to air. 
Por t ions  (80 -200  mg) were r emoved  at intervals  
w i th  a small  porce la in  spoon  for  GLC analysis.  
The  silica was t r ans fe r red  to  a 9 in. glass 
disposable  Pasteur  p ipe t te  c o n t a i n i n g  a small  
plug of  pyrex  wool .  Esters were ex t r ac t ed  f rom 
this small  c o l u m n  wi th  two  or three  1 ml 
po r t i ons  of  d ie thy l  e ther .  The  solvent  f rom 
each e x t r a c t i o n  was evapora t ed  in a s t ream of  
n i t rogen  before  the  nex t  ex t rac t ion .  The  1 ml 
vials con ta in ing  the  so lvent  were held in a 
hea t ing  b lock  at 35 C un t i l  the  solvent  had  jus t  
evapora ted ,  and  the  resu l t ing  m e t h y l  es ter  
mix tu re  was sub jec ted  to  GLC analysis as 
rapid ly  as possible.  

RESULTS 

Several types  of  e x p e r i m e n t s  were carr ied 
out ,  all at 80 C. This  t e m p e r a t u r e  was con-  
ven ien t ly  accessible,  ye t  h igh enough  so tha t  
reasonably  fast o x i d a t i o n  ra tes  prevailed.  I t  was 
first c o n f i r m e d  t h a t  th in  f i lms of  u n s a t u r a t e d  
esters, t ha t  is, f i lms no t  adso rbed  on silica gel or  
on silicic acid bu t  s imply spread  on the b o t t o m  
of a 125 ml E r l e n m e y e r  flask, u n d e r w e n t  the  
n o r m a l  rapid  au tox ida t i on .  Samples  of 0.25-0.5 
mg Me 18:3 were 21% oxid ized  af te r  30 min  
and 63% oxid ized  af te r  1 hr  at 80 C. Similar  
samples  of  Me 22 :6  were 66% oxidized  af te r  30  
min  and  96% oxid ized  a f te r  l hr.  Esters w i th  
d i f fe rent  degrees o f  u n s a t u r a t i o n  oxidize at 
d i f fe ren t  rates,  as is usual ly  expec ted .  The  ra te  
is cons iderab ly  more  rapid  t h a n  w h e n  adsorbed ,  
since, as seen below,  the  same a m o u n t  of  e i the r  
es ter  requi red  4 days for  80-90% ox ida t ion .  
Thus the  earlier obse rva t ion  of decreased sur- 
face ox ida t ion  (2)  is con f i rmed .  
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Most  of the  e x p e r i m e n t s  were carr ied ou t  
wi th  the  use of  silica gel as the  adsorben t .  A 
first set of  resul ts  is given in Table  I, u n d e r  run  
1. We were conce rned ,  however ,  t ha t  a l t hough  
freshly opened  vials of mater ia l  were used,  
there  was ev idence  of  c o n t a m i n a t i o n  by  oxi- 
da t ion  produc ts .  The 1 8 : 3 / 1 8 : 0  ra t io  was 4.49 
by GLC for a m i x t u r e  made  up to have a ra t io  
of  4 .80  w/w.  Worse, the  2 0 : 5 / 1 8 : 0  ra t io  was 
2.95 by GLC as c o m p a r e d  to  5.23 w/w. Also, 
the UV spectra  ind ica ted  the  presence of  some 
con juga ted  diene in the  18:3 mater ia l  and of  
b o t h  con juga ted  d iene  and  t r iene  in the  20 :5  
mater ia l .  I t  is k n o w n ,  of course,  t ha t  in the  
usual a u t o x i d a t i o n  studies,  impur i t i es  can have 
s ignif icant  e f fec ts  (3 ,6 ,12-14) .  

New samples  of  esters  were the re fo re  used 
for  runs  2 and  3 of  Table I. No con juga ted  
dienes were seen in e i the r  sample .  Moreover  the 
2 2 : 6 / 2 0 : 0  ra t io  was 5.44 by  GLC and 5.52 
w/w,  or the  same wi th in  e x p e r i m e n t a l  e r ror ;  
even be t t e r  ag reemen t  was f o u n d  be tween  the  
18:3/20:0 ratios.  The results  of  the  three  runs  
are essent ial ly  the  same, however ,  and it thus  
appears  t h a t  the  presence of  ox ida t ion  impur i -  
ties does no t  mater ia l ly  af fec t  the  ox ida t ion  
rates of  the  adso rbed  ester.  As a p recau t ion ,  
however ,  all s u b s e q u e n t  runs  were made  wi th  
the  second set of samples.  

A second series of  e x p e r i m e n t s  was p l anned  
to d e t e r m i n e  the ef fec t  of  va ry ing  the ra t io  of  
ester  to  silica gel. The resul ts  of  a 10-fold 
var ia t ion  are s u m m a r i z e d  in Table II. No 
s ignif icant  e f fec t  is present .  

A po in t  o f  i n t e r e s t  was w h e t h e r  our  uni-  
fo rmly  slow ox ida t i on  rates  for  the  adsorbed  
esters cou ld  poss ibly  be a re f lec t ion  of  oxygen  
di f fus ion to  the  surface as a ra te  l imi t ing  step. 
To check this  poss ibi l i ty ,  Me 18:3 and Me 22 :6  
adsorbed  on silica gel were a l lowed to oxidize 
u n d e r  cond i t ions  of  v igorous  shaking  such  tha t  
the  part icles  were c o n t i n u o u s l y  t umb led .  The  
resul ts  of  the  d y n a m i c  ( shaken)  and stat ic 
( u n s h a k e n )  runs are given in Table  III. There  
appears  to be no  ef fec t  of  great ly increas ing the 
ease of  access of  oxygen  to the  silica gel 
particles.  

The 2-4 day per iods  used for  mos t  of the  
runs a l lowed suff ic ient  ox ida t i on  to occur  for  
any dif ferences  in rates  b e t w e e n  the var ious 
esters to  be magnif ied .  I t  was desirable,  how- 
ever, to  inves t igate  the  ox ida t i on  rate  law more  
closely by o b t a i n i n g  values for  the  degrees of 
ox ida t ion  at  sho r t e r  t imes.  A set of such runs  
gave results  s u m m a r i z e d  in Table  IV. These  
results ,  be ing  r e p o r t e d  as per  cen t  of original 
ester  oxidized,  necessar i ly  exh ib i t  more  sca t t e r  
than  do the  data  for  the longer  t imes.  The po in t  
is t ha t  ou r  ac tual  m e a s u r e m e n t  is of  the relat ive 

T A B L E  III 

C o m p a r i s o n  o f  D y n a m i c  a n d  S t a t i c  
Oxidation o f  U n s a t u r a t e d  Es te r s  a t  80  C 

Per  c e n t  o f  
M e t h y l  T ime ,  or ig ina l  o x i d i z e d  a 

es te r  days  D y n a m i c  S ta t i c  

18 :3  2 58 (60)  b 50  (54)  b 
2 2 : 6  2 63  63  
18 :3  4 88 83 
2 2 : 6  4 91 88 (87)  b 

a D i s a p p e a r a n c e  o f  0 . 5 - 0 . 6  m g  u n s a t u r a t e d  es te r  o n  
0 .5  g sil ica gel was  m e a s u r e d  re la t ive  to  0 .05  m g  Me 
t 6 : 0  a n d  0.1 m g  Me 2 0 : 0 .  Gas  l iqu id  c h r o m a t o g r a p h y  
on  O V - I .  

b D u p l i c a t e  gas l i qu id  c h r o m a t o g r a p h y  va lue .  

a m o u n t  of  ester  no t  oxidized,  and  the  per  cen t  
ox ida t ion  is o b t a i n e d  by c o m p a r i n g  this  mea- 
s u r e m e n t  wi th  t h a t  for  an u n t r e a t e d  or refer- 
ence sample.  Each  m e a s u r e m e n t  separa te ly  is 
subject  to  ca. 5% u n c e r t a i n t y  in abso lu te  value, 
a l t hough  the precis ion is ac tual ly  s o m e w h a t  
be t ter .  The ef fec t  is t h a t  the  smaller  the  degree 
of reac t ion ,  the more  u n c e r t a i n  is its ac tual  
value. A r epo r t ed  10% degree of  r eac t ion  is, for  
example ,  p r o b a b l y  subjec t  to  50% relative 
error.  With  this  aspect  in mind ,  there  appears  to  
be no  s igni f icant  d i f fe rence  in ox ida t ion  rate  
be tween  the  various esters,  w i th  the  possible 
excep t ion  of  the 3.5 hr  results .  

Final ly,  we wished to tes t  for  sensi t ivi ty  to  
at least  m i n o r  changes  in the n a t u r e  of the  
adsorben t .  This was done  by car ry ing  ou t  a set 
of  runs us ing  silicic acid. The resul ts  are given in 
Table  V. Silicic acid appears  to  be a s o m e w h a t  
more  iner t  s u p p o r t i n g  mater ia l  t han  silica gel, 
a l t hough  the  e f fec t  is no t  large. I t  shou ld  be 
n o t e d  t h a t  the  a p p a r e n t  e s t e r -adsorben t  rat ios 
may n o t  be s t r ic t ly  c o m p a r a b l e  be tween  the  
two adsorben t s .  The silica gel was 60-200  mesh,  
while the  silicic acid was 200-325 mesh;  the  
average part icle sizes and  p robab ly  also the  
specific surface areas were thus  di f ferent .  In  
addi t ion ,  the  loss in weight  on ign i t ion  was 
8.2% for the  silica gel and  23.8% for the silicic 
acid, accord ing  to the  m a n u f a c t u r e r ' s  specifica- 
t ions.  This means  t h a t  the  n u m b e r  of  surface 
sites per  gram of  mater ia l  was p r o b a b l y  dif- 
ferent  for  the  two  adso rben t s ,  even for  the  
same mesh  size part icles.  Moreover  the  na tu re  
of such  sites may have been  s o m e w h a t  d i f fe ren t  
because of  the  d i f fe ren t  water  c o n t e n t .  

DISCUSSI ON 

The above  resul ts  appear  to  suppo r t  the  
fo l lowing i m m e d i a t e  conclus ions :  (a) Ox ida t ion  
rates for  adsorbed  u n s a t u r a t e d  esters are one-  
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TABLE IV 

Early Stages of Oxidation a 

Methyl ester Hours 80 C Per cent oxidized Average per cent oxidized 

18:3 3.5 O, 6.8 3.4 
22"6 3.5 16.6 (17.2), b 20.2 18.4 
18:3 5.75 c 16.5, 20.1 18.3 
22:6 5.75 c 28.8 (29.0), b 21.9 25.3 
1 8 : 3  22 c 48.2, 47.3 47.8 
22:6 22 c 56.5, 53.4 55.0 

aDisappearance of 0.5-0.6 mg unsaturated ester on 0.5 g silica gel was measured relative 
to 0.05 nag Me 16:0 and 0.1 mg Me 20:0. Gas liquid chromatography on OV-1. 

bDuplicate gas liquid chromatography value was not used in average to prevent weighting. 
CSamples were removed and stored at -20 C and extracted just before analysis. 

t w e n t i e t h  to  o n e - t h i r t i e t h  as fast as those  for  
esters in bulk.  (b)  The  ox ida t i on  ra tes  of  
adsorbed  esters  are n o t  sensi t ive to  (c) the  
e s t e r - adso rben t  ra t io  at  the  level of  1 mg/g,  (d)  
var ia t ion  in the  ease of  access of oxygen  to  the  
surface of  the  par t ic les  of  adso rben t ,  or (e) to  
the molecu la r  weight  or the  degree of  unsa tu -  
ra t ion  of  the  ester.  Final ly ,  (f)  the ra te  may  be 
sensit ive to  the  type  of  silicious a d s o r b e n t  used.  

The  data  were t es ted  wi th  var ious  ra te  laws, 
using average values for  the  degrees of oxida-  
t ion of  each  es ter  at each  of  the  var ious t imes,  
as o b t a i n e d  f rom the  indiv idual  obse rva t ions  
r epo r t ed  in Tables I-IV. The resul ts  agree fairly 
well wi th  the  first  o rder  ra te  law, A / A  o = e "kt, 
where  A /Ao  deno te s  the  f rac t ion  of  es ter  
r ema in ing  at t ime  t, an d  k is the a p p a r e n t  first 
order  ra te  cons t an t .  The c o r r e s p o n d i n g  semi- 
logar i thmic  p lo t  is s h o w n  in Figure 1. With the 
e x c e p t i o n  of  the  3.5 hr  po in t  for Me 18:3,  all 
of  the  data  lie suf f ic ien t ly  close to a s t ra ight  
l ine for  d i s t inc t ions  b e t w e e n  the  esters to  seem 
u n w a r r a n t e d ,  in c o n f i r m a t i o n  of  p o i n t  (e) 
above.  ( S o m e w h a t  b e t t e r  ag reemen t  does  resul t  
if  separa te  s t ra ight  l ines of  sl ightly d i f fe ren t  
slope are f i t t ed  to  the  18:3 and  the  22 :6  po in t s ,  
bu t  it is d o u b t f u l  t h a t  the  precis ion of the  data  
jus t i f ies  this  level of  detai l . )  The data  do no t  fit  
a s imple  second  o rde r  p lo t  ( A o / A  vs. t)  at all, 
n o r  do they  give a s t ra ight  l ine when  p l o t t e d  as 
A / A  o vs. t l / 2 ,  or as (1 -A/Ao)2  vs. t.  These  last 
are fo rms  some t imes  fo l lowed  when  d i f fus ion  
t h r o u g h  a deepen ing  layer  of  mater ia l  is in- 
volved (15a) .  

R e t u r n i n g  to the first o rde r  plot ,  the line in 
Figure 1 is d rawn so as to  i n t e r c e p t  A /Ao  = 
90% at t = 0; this  gives a b e t t e r  fi t  to the  po in t s  
than  does a l ine drawn to  A / A  o = 100%. Such  
an i n t e r c e p t  suggests the  presence  of  a fast 
c o m p o n e n t  to  the  ra te  law. This c o m p o n e n t  
cou ld  be bulk phase  ox ida t ion  occur r ing  dur ing  
the  p repa ra t i on  of  the  sys tem,  bu t  we have no  
reason  to  believe t h a t  ou r  p rocedures  cou ld  
have caused an acce le ra t ion  of  this  o rd inar i ly  

slow process.  A n o t h e r  e x p l a n a t i o n  is suggested 
below. I t  shou ld  be n o t e d  t ha t  the  3.5 hr  p o i n t  
for  Me 18:3 would ,  i f  given full weight ,  suggest 
a 1-2 hr i n d u c t i o n  period.  A more  de ta i led  
inves t iga t ion  would  be n e e d e d  to  es tab l i sh  such 
a fea ture ,  however .  

The  resul ts  for  silicic acid are i nc luded  in 
Figure 1. If  f irst  o rder  behav io r  is assumed,  the  
ox ida t ion  ra te  is a b o u t  two- th i rds  of  t h a t  on  
silica gel. The data,  while l imi ted ,  are fi t  bes t  by  
a l ine drawn to 100% A/A  o at t = 0, suggest ing 
tha t  no  fast  c o m p o n e n t  is p resen t  in the  ra te  
law. 

An aspect  of  possible i m p o r t a n c e  to  any 
discussion of  m e c h a n i s m  is the  fol lowing.  The  
specific surface area of  ou r  samples  is ca. 300  
m2g  -1 (16 ,17) .  I f  we take  the  radius of  325 
mesh  mater ia l  to  be ca. 2x10  -4 cm and  the  
dens i ty  of  silica gel to  be ca. 2.5, t h e n  for  
spherical  part icles  the specific surface area is ca. 
0.5 m2g  -1. Thus  mos t  of  the  " s u r f a c e "  of our  
adso rben t s  mus t  be in te r io r  surface;  the  mate -  
rials are highly porous .  The  adsorbed  esters are 
p r o b a b l y  d i s t r ibu ted  fair ly u n i f o r m l y  th rough-  
out  the  in te r io r  of  each  part icle .  A possibi l i ty  
t ha t  mus t  be cons idered ,  t he re fo re ,  is t h a t  a 
bu lk- type  r eac t ion  is occur r ing  in our  sys tems 
bu t  t ha t  i t  is slow because  of  be ing  l imi ted  in 
rate by tha t  of  d i f fus ional  access of  the  oxygen .  
The lack of  d e p e n d e n c e  of  the  ra te  on  the  
degree of  ag i ta t ion  is n o t  diagnost ic ,  since 
d i f fus ion of oxygen  i n to  and  t h r o u g h  individual  
part icles  cou ld  be the  slow step.  There  are, 
however ,  some coun t e r i nd i ca t i ons .  Oxygen  dif- 
fusion in to  part icles  shou ld  n o t  obey  a first 
order  ra te  law; also qual i ta t ive  observa t ions  on 
the  t e m p e r a t u r e  d e p e n d e n c e  of  the  ox ida t ion  
ind ica te  t ha t  i t  is m u c h  larger t han  would  be 
expec t ed  for  a gas d i f fus ion  process.  For  
example ,  the  earl ier  resul ts  (2)  ind ica ted  ca. 
30% ox ida t ion  of esters wi th  th ree  or more  
bonds  on  silica gel a f te r  63 days at 4 C while 
the  p resen t  results  show tha t  on ly  ca. 1 day is 
requi red  at  80 C. The c o m p a r i s o n  generates  an 

LIPIDS, VOL. 8, NO. 3 



A U T O X I D A T I O N  O F  A D S O R B E D  F A T T Y  E S T E R S  133 

T A B L E  V 

O x i d a t i o n  o f  U n s a t u r a t e d  
Esters  on  Silicic A c i d  a t  80  C a 

M e t h y l  T i m e ,  Per c e n t  o x i d i z e d  

es te r  days  E x p e r i m e n t  2 E x p e r i m e n t  3 

1 8 : 3  2 -- 5 2 , 4 5  
2 2 : 6  2 - -  43  
1 8 : 3  4 77  75  
2 2 : 6  4 73  7 8 , 7 6  

a D i s a p p e a r a n c e  o f  0 . 5 - 0 . 6  m g  u n s a t u r a t e d  es ters  
was  m e a s u r e d  re la t ive  to  0 .05  m g  Me 1 6 : 0  a n d  0.1 m g  
Me 2 0 : 0  o n  0 .5  g silicic acid .  Gas  l i q u i d  c h r o m a t o g -  
r a p h y  o n  OV-1 .  

apparent  act ivat ion energy of  11 kcal mo1-1. 
Gas diffusion coeff icients  are propor t iona l  to 
the average molecular  veloci ty  and hence to 
T1/2 (18). Ano the r  poin t  is that  the more 
unsaturated esters should provide a deeper  
oxygen " s ink" ;  more oxygen  would have to 
diffuse in to  a particle for a given degree of loss 
of  original ester and a slower rate of disappear- 
ance would  be expected ,  cont rary  to our  
observation. Finally,  the absolute rates are 
rather small to be explained in terms of gas 
diffusion. The react ion itself does no t  appear to 
be of  the bulk type,  since we observe lit t le if  
any induct ion  period. 

Our tentat ive conclusion is that the rate 
l i m i t i n g  step is a direct chemical  react ion 
be tween oxygen and adsorbed ester, uncompl i -  
cated by the free radical chains involved in the 
bulk react ion (4). A calculat ion is instructive at 
this point.  A loading of  I mg ester per grain of  
adsorbent  of  surface area 300 m2g -1 corre- 
sponds to an apparent  film thickness of ca. 0.03 
A. The actual thickness of  a hydrocarbon  chain 
is ca. 3 A so that  only ca. 1% of the surface is 
actually occupied.  Adsorbed ester molecules  are 
thus far apart on the average and it is very 
unlikely that  they  would  be able to part icipate  
in a cooperat ive or chain process. A first order 
rate law should be obeyed  since oxygen  diffu- 
sion is now no t  considered to be rate con- 
trolling. There should be no induct ion  period. 

We next  consider  the possible nature of the 
oxidat ion  step itself. One possibili ty is that the 
adsorbent  inhibits oxida t ion  by isolating the 
ester molecules f rom each o ther  so that  no 
chain react ion is possible. The observed rate 
might then be similar to that  of  the init iation 
step of  the bulk reaction.  The diff icul ty with 
this picture is that  the rate of oxidat ion  should 
be at least approx imate ly  propor t ional  to the 
number  of  double bonds in the ester molecule ,  
cont rary  to observation.  

The above diff iculty is resolved if active sites 
are present,  capable of  catalyzing oxidat ion  at a 
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double bond,  wi th  only one double bond 
activated per molecule  of ester. The rate of 
oxidat ion would  now conform to observation 
(3). The restr ict ion to one activated double 
bond per molecule  can be accounted for in at 
least two ways. One possibili ty is that  the 
spacing between activating adsorpt ion sites does 
not  match  the distance between double bonds,  
so that  only one bond in a given molecule  can 
be opt imal ly  adsorbed. 

An alternative possibil i ty is that  the active 
sites are those of  metal  impurit ies.  Metal oxides 
are catalysts for the oxidat ion  of various 
organic molecules,  and of  course metal  ions are 
known to be catalysts in the homogeneous  
au toxida t ion  of  unsaturated esters (14,20). 
Al though the free radical aspect of  autoxi-  
dat ion is usually emphasized,  the possibili ty of 
nonfree  radical ini t iat ion in the presence of  
trace metal  impuri t ies  has been considered 
(21,22). Transit ion metals such as cobalt ,  man- 
ganese, nickel,  i ron and copper  are especially 
active. This possibili ty could  take one of  two 
forms. Ester adsorpt ion might  be localized on 
metal  oxide sites, but  with the sites far enough 
apart that  only  one double bond per molecule  
is activated. This would  be a s to ichiometr ic  
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mechanism.  Less than  a s to ich iomet r i c  number  
of  sites would  be needed ,  however ,  if surface 
diffusion al lowed ester  molecules  to migrate to 
a catalyt ic  site for  react ion.  For  first order  
kinet ics  to  be observed,  it  would  be necessary 
for  the site react ion to  be the slow step.  Not  
m u c h  is k n o w n  about  surface diffusion rates on 
solids, but  indica t ions  are that  they  can be 
quite appreciable  ( i  5b), so this dynamic  mecha-  
nism may no t  be unreasonable .  

The 100 ppm of  iron in the silica gel 
cor responds ,  on a mole  basis, to ca. 0.5 mg of 
unsa tura ted  ester.  If the i ron were ent i re ly  on 
the surface, this amoun t  would  barely suffice to 
provide the adsorp t ion  sites necessary for  the 
s to ich iomet r ic  mechan i sm;  the a m o u n t  would 
p robab ly  be suff ic ient  to  accoun t  for  the 
possible fast c o m p o n e n t  in the oxida t ion ,  how-  
ever. Nei ther  iron no r  the o the r  likely candi-  
dates,  nickel and cobal t ,  are p resen t  in 
suff icient  a m o u n t  in e i ther  adso rben t  to  hold 
the quant i t ies  of  ester used. While the s toichio-  
metr ic  mechan i sm thus seems to be ruled out ,  
the dynamic  one could  still apply.  It is of 
course suggestive tha t  the silicic acid was less 
active than the silica gel and also con ta ined  
smaller amoun t s  of  t ransi t ion metal  impuri t ies .  

We believe that  the present  results establish a 
potent ia l ly  i m p o r t a n t  p h e n o m e n o n ,  namely  the 
reduced  rate and nonau toca t a ly t i c  nature  of the 
oxidat ion  of  adsorbed  unsa tu ra ted  esters. A 
n u m b e r  of  addi t ional  parameters  remain to be 
studied.  These include the dependence  of  the 
oxida t ion  rate on the partial pressure of the 
oxygen,  on tempera ture ,  on the degree of 
hydra t ion  (or of  heat  t r e a t m e n t )  of the adsorb- 
ent ,  and on the surface concen t r a t i on  of  metal  
impuri t ies .  Our present  data may ref lect  this 
last parameter :  The disappearance of  the fast 
c o m p o n e n t  to the rate law on going f rom silica 
get to  silicic acid could  be due to there  being a 
smaller concen t r a t ion  of some active impur i ty  
in the la t ter  adsorbent .  
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Quantification of Lowered Cholesterol Oxidation in 
Guinea Pigs with Latent Vitamin C Deficiency 
E. GINTER, R. NEMEC, J. s and L. MIKU~, Institute of Human Nutrition Research, 
Bratislava, Czechoslovakia 

ABSTRACT 

Fifty-two male guinea pigs fed on a 
scorbutigenic diet were divided into a 
control group (10 mg ascorbic acid per 
animal per day) and a group with latent 
vitamin C deficiency (2 weeks on the 
scorbutigenic diet only, followed by a 
maintaining dose of 0.5 mg ascorbic acid 
per animal per day). After 13 weeks, 
26-14C-cholesterol was administered in- 
traperitoneally to all the animals, in 
which the 14C excretion in the expired 
CO 2 and the urine and cholesterol spe- 
cific activity in the blood serum and liver 
were then studied at intervals of 24 hr 
and 1, 3, 5, 7, 9 and 11 weeks. The 
ascorbic acid concentration in the liver 
and spleen of the control animals was five 
times higher than in vitamin C-deficient 
animals. The total cholesterol concentra- 
tion in serum and liver was significantly 
higher in the vitamin C-deficient guinea 
pigs. A two-pool analysis of the disap- 
pearance curves of serum cholesterol 
specific activity showed that the size of 
the cholesterol pool A (blood and tissues 
with rapid cholesterol exchange) was 
greater in the vitamin C-deficient animals. 
The rate of the transformation of choles- 
terol to bile acids was estimated as the 
ratio of 14CO 2 expired to liver choles- 
terol specific activity. Latent vitamin C 
deficiency caused significant slowing 
down of this process (controls: 11.8 _+ 
0.6; vitamin C deficiency: 8.3 _+ 0.4 
mg/24 hr/500 g w/w). A significant corre- 
lation between the liver ascorbic acid 
concentration and the rate of cholesterol 
transformation to bile acids was found. 
The results demonstrate that ascorbic 
acid is necessary for a normal course of 
cholesterol catabolism. In "latent vitamin 
C deficiency, the rate of cholesterol 
catabolism slows down and cholesterol 
consequently accumulates in the blood 
and liver of v i tamin  C-deficient guinea 
pigs. 

INTRODUCTION 

In guinea pigs with chronic latent ascorbic 
acid deficiency, we observed reduced incorpora- 

tion of label from 4-14C-cholesterol into bile 
acids and lower oxidation of 26A4C-cholesterol 
to 14CO2 (1). Since the results of these 
experiments were expressed in terms of the 
percentage of administered radioactivity, with- 
out considering serum or tissue cholesterol 
specific activity, the data might have been 
influenced by differences in the size of the 
cholesterol pools in the control and vitamin 
C-deficient animals. The aim of the present 
study was to determine the transformation of 
26-14C-cholesterol to bile acids in normal and 
vitamin C-deficient guinea pigs quantitatively 
by studying t4CO2 output and cholesterol 
specific activity by a method which proved 
satisfactory in man (2). 

EXPERIMENTAL PROCEDURES 

Fifty-two male guinea pigs with an initial 
weight of ca. 330 g, fed ad libitum on a 
scorbutigenic diet (3), were divided into a 
control and a vitamin C-deficient group. The 
controls received 10 mg ascorbic acid per 
animal per day perorally by tube, while hypo- 
vitaminosis C was induced by 14 days' adminis- 
tration of the scorbutigenic diet without added 
vitamin C, followed by the peroral administra- 
tion of a maintaining dose of 0.5 mg ascorbic 
acid per animal per day (4). After 13 weeks, 
when the animals weighed ca. 500 g and their 
weight curve had started to flatten out, 
26-14 C-cholesterol (The Radiochemical Centre, 
A m e r s h a m ,  U . K . ;  specific acitivity 55 
mCi/mM), emulsified with Tween 20 in sterile 
saline, was administered intraperitoneally to 
each of the animals in a dose of 1.2 ~Ci/100 g 
body wt. The animals were subsequently fed on 
the same diet as before. Immediately after 
injecting labeled cholesterol, three animals from 
each group were placed in all-glass metabolic 
cages with forced ventilation, which allowed 
quantitative collection of the feces, urine and 
expired CO2 (5). The guinea pigs had access to 
food and water while in the cage. After 24 hr 
the two groups were killed by decapitation, the 
blood serum extracted with ethanol-ether 3:1 
and the total cholesterol concentration deter- 
mined by the Liebermann-Burchard reaction 
(6). Total 14C activity was determined in 
another serum aliquot and in the urine, after 
hydrolysis in Nuclear Chicago Solubilizer. The 
liver and various tissues were extracted with 
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T A B L E  I 

Tota l  Choles terol  C o n c e n t r a t i o n s  in Cont ro l  Guinea  Pigs 
and Guinea  Pigs wi th  Chronic  La t en t  H y p o v i t a m i n o s i s  C 

Tissue 

r a g / t 0 0  g Wet tissue or  100 ml se rum 

Cont lo l  Hy povi taminos is  C 
Statist ical  

s ignif icance 

Liver 359 -+ 15 443 -+ 19 P < 0 .002  
(26)  a (26)  

Kidney  325 • 6 325 -+ 6 NS b 
(26)  (25)  

Adrena l  7269  + 384 6844 • 461 NS 
(26)  (26)  

Small in tes t ine  238 • 7 231 -+ 5 NS 
(26)  (26)  

Large intest ine 265 • 6 268 -+ 7 NS 
(26)  (25)  

S t o m a c h  329 -+ 7 331 -+ 6 NS 
(26)  (25) 

Lung  401 -+ 8 412 • 6 NS 
(26)  (25)  

Hear t  muscle  163 • 4 169 -+ 3 NS 
(26)  (25)  

Skeletal  muscle  86 + 3 91 + 3 NS 
(26)  (25) 

Brain 1659 +- 32 1658 +- 37 NS 
(26)  (25) 

Testis  228 -+ 7 233 • 7 NS 
(26)  (25)  

Ep id idyma l  fat  111 • 5 122 • 35 NS 
(26)  (25)  

Skin 171 • 6 211 -+ 8 P < 0.001 
(26)  (26)  

Thorac ic  aor ta  392 + 46 405 • 42 NS 
(26)  (26)  

B I o o d s e r u m  126 • 9 218 -+ 17 P < 0.001 
(26)  (26)  

a N u m b e r s  in parenthes is  deno te  the  n u m b e r  of  animals  observed .  
bNS = not  s ignif icant  (P > 0 .05) .  

ch loroform-methanol  2: l ,  and the total  choles- 
terol  concent ra t ion  and total  14C activity in 
the extracts  determined.  Since we found (7,28) 
that  the total  activity of  liver lipid extracts  
f rom guinea pigs injected with  26-14C-choles - 
terol was identical  with that  of  isolated t4C-  
digitonides, we used these data for calculating 
cholesterol  specific activity.  The 14C con ten t  
of  the expired CO 2 was determined in an 
apparatus after  Saba and Di Luzio (8) by our 
own modif ied  technique  (5). Radioact ivi ty  was 
measured in a scinti l lation spec t rometer  (Mark 
I, Nuclear Chicago) at 0 C with an external  
standard for quenching correct ion.  The vi tamin 
C concent ra t ion  was de termined  in the liver 
and the spleen (9). The same data were 
obta ined soccessively f rom groups of  three to 
four  control  and three to four  v i tamin  C-defi- 
cient guinea pigs killed at intervals of  1 ,3 ,  5, 7, 
9 and 11 weeks after inject ing labeled choles- 
terol. 

The rate of  cholesterol  t ransformat ion  to 
bile acids was es t imated as the ratio of the 24 

hr disintegration count  in the expired 1 4 C O 2  to 
the s imultaneously de termined  cholesterol  spe- 
cific activity in the liver, i.e., in the organ in 
which this process takes place. The die-away 
curve of cholesterol  specific act ivi ty in the 
serum was subjected to a kinet ic  two-pool  
analysis (10). The results were evaluated statis- 
tically by Student ' s  t test and linear correla- 
tions by the me thod  of  the least squares. The 
values of  the partial and mult iple  corre la t ion 
coeff icients  were also determined.  Unless ex- 
plicitly stated otherwise,  the results are given in 
the tables as the means _+ the standard error  of 
the mean. 

RESULTS 

In the prepara tory  phase before  administer-  
ing labeled cholesterol ,  the body weight of  bo th  
the control  and the vi tamin C-deficient guinea 
pigs rose. The weight increments  in the two 
groups were similar (control  + 180 g, v i tamin  
C-deficient + 140 g; the difference is not  
statistically significant). In the interval  be tween  
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TABLE II 

Vitamin C Concentration in Liver and Cholesterol Transformation to Bile Acids in Normal and 
Hypovitaminous Guinea Pigs Killed at Various Intervals After Administration of 26-14C-Cholesterol 
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Weeks after 
administration 

of labeled 
cholesterol 

Vitamin C in liver, 
rag/1 O0 g wet tissue 

Cholesterol transformation to bile acids, 
nag/animal/day 

Control Hypovitaminosis C Control Hypovitaminosis C 

l 8 .4•  1.3• a 13,9• 7.l • a 
(3) (3) (3) (3) 

3 7.0• 2.0• a 11.2• 7.1• 
(4) (3) (4) (3) 

5 8.6•  1,6• a 10,7• 9 .0•  
(4) (3) (4) (3) 

7 10.2• 1.7• a 16.0• 9.4• 1.7 a 
(4) (3) (4) (3) 

9 8.2•  2 .0•  a 15.5• 9.1 • 1.5 a 
(4) (4) (4) (4) 

11 7 .5•  1.1 • a 14.1• 9.8• 1.5 a 
(4) (5) (4) (S) 

Mean -+ SD c 8.3 • 1.9 1.6 • 0.5 13.6 • 3.4 8.7 + 2.8 
(23) (21) (23) (21) 

Statistical t = 15.589 t = 5,266 
evaluation P < 0.001 P < 0.00l 

aSignificantly different from the control group (P < 0,05). 
bThe numbers in parenthesis denote the number of animals observed. 
CSD = standard deviation. 

inject ing labeled choles terol  and killing the 
animals, the  weight  of  the two  groups slowly 
con t inued  rising. F o o d  c o n s u m p t i o n  by the 
v i tamin-def ic ient  animals and their  ou tward  
appearance and behavior  were comple te ly  nor-  
mal. 

Since the tota l  cholesterol  concen t ra t ions  in 
guinea pigs killed at  d i f ferent  intervals af ter  the 
in ject ion of  labeled choles terol  did no t  differ  
significantly,  the results are given toge ther  in 
Table I. Hypovi taminos i s  C caused a highly 
significant increase in the serum and liver tota l  
choles terol  concen t ra t ion .  The level of  Lieber- 
mann-Burchard  positive substances  likewise 
rose modera te ly  in the skin of  v i tamin-def ic ient  
animals, bu t  because of  the incidence of  various 
sterols in this tissue, we canno t  say whe the r  
choles terol  was responsible  for  the inc rement .  
In all the o the r  tissues analyzed,  the total  
choles terol  levels in the two groups were 
practically the same. 

The mean vi tamin C concen t ra t ion  in the 
liver and spleen of  the cont ro ls  was five t imes 
higher than in the v i tamin-def ic ient  group 
(liver: cont ro l  8.2 _+ 0.4, def ic iency 1.6 + 0.1; 
spleen:  cont ro l  21.6 -+ 0.8, def ic iency 4.7 _+ 0.2 
mg/100  g f resh tissue; P < 0.001 in b o t h  cases). 
The partial mean vi tamin C levels in the liver of  
hypov i t aminous  guinea pigs killed at the differ-  
ent  intervals were very similar (Table II), 
showing that  the given nut r i t iona l  regimen 

formed a clearly def ined state in the exper imen-  
tal animals. 

Figure 1 i l lustrates the course of  cholesterol  
specific activity in the liver and 14C excre t ion  
in the CO 2 expi red  and in the urine by the 
controls .  The curves for  the vi tamin C-deficient 
group have a similar course,  but  they  show a 
slight shift  towards  lower  14C loss in the CO 2 
and urine and higher  liver choles terol  specific 
activity. The curves had a parallel course f rom 
the first week af ter  adminis ter ing  labeled cho- 
lesterol ,  wi th  the result  tha t  the 14CO2(dpm/  
24 h r ) t o  liver choles terol  specific activity 

( dpm/ mg )  ratio varied by less than + one 
s tandard  deviat ion t h roughou t  the whole  of the 
expe r imen t  (Table II). Since the value of  this 
ratio expresses the rate of the t r ans format ion  of 
cholesterol  to bile acids (rag/24 hr) ,  the given 
results indicate  that  the rate of  this process  did 
no t  alter significantly f rom the first week of the 
expe r imen t  r ight to  the end. The data for 
cholesterol  ca tabol ism ob ta ined  24 hr af ter  
inject ing labeled choles tero l  are unreliable be- 
cause of  rapid decline of serum and liver 
cholesterol  specific activity,  and they  were no t  
inc luded in the total  series. 

Table II d_'monstrates tha t  b o t h  the liver 
vi tamin C concen t ra t ion  and the rate of  choles- 
terol t r ans fo rma t ion  to  bile acids was signifi- 
cantly lower,  at a lmost  all the given intervals,  in 
the vi tamin C-deficient  guinea pigs than in the 
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TABLE III 

Kinetic Analysis  o f  Serum Die-Away Curves in Normal  and Hypovi taminous  Guinea Pigs 
Following Injection of 26-14C_Cholestero I 

Parameter Control  Hypovitarainosis C 

MA, rag 662 
(size o f  pool  A) a 

PR A, mg/day 19.8 
(production rate in pool A) b 

kAA , day -1 -0.0400 
(rate constant  for the total removal of  cholesterol  from pool A) 

kA, day -1 0.0299 
(rate constant  for the irreversible removal  o f  cholesterol  from pool A) 

kAB ' day -1 0.0101 
(rate constant  for the transport o f  cholesterol  from pool A to pool B) 

726 

19.5 

-0 .0325  

0 . 0 2 6 8  

0 . 0 0 5 7  

aCholesterol in blood and tissues which are rapidly equilibrated with blood. 
bRate of entry of new cholesterol to pool A. 

relevant controls. The mean rate of cholesterol 
transformation to bile acids for the whole 
experiment was very significantly lower in the 
vitamin-deficient group than in the controls 
(bottom part of Table II). Since the mean body 
weight of the controls was somewhat higher 
than that of the vitamin-deficient groups, we 
related the resultant values for each animal to a 
uniform body weight of 500 g. Even so, we 
found that the control guinea pigs catabolized 
ca. 40% more cholesterol daily than animals 
with chronic latent vitamin C deficiency (con- 
trols 11.8 _+ 0.6, vitamin C-deficient animals 8.3 
_+ 0.4 rag/24 hr/500 g w/w; P <  0.001). 

Correlation analysis showed that the rate of 
cholesterol catabolism to bile acids in guinea 
pigs was in inverse proportion to the serum 
cholesterol level (ryxl = -0.524, P < 0.001). 
Since cholesterol is transformed to bile acids in 
the liver, we correlated the rate of this process 
with ascorbic acid concentration in this organ. 
We found that an increase in the liver ascorbic 
acid concentration was accompanied by a linear 
increase in the rate of the transformation of 
cholesterol to bile acids (rxlx2 = + 0.580, 
P < 0 . 0 0 1 )  (Fig. 2). If  we took the simultane- 
ous action of these two factors (the cholesterol 
transformation to bile acids and the liver 
vitamin C concentration) on the serum choles- 
terol level into account, the multiple correla- 
tion coefficient was found to be even higher 

(Ry.xlx  2 = 0. 588, P < 0.001 ). 
The disappearance curves of blood serum 

specific activity in guinea pigs could be de- 
scribed in terms of a two-pool model similar to 
the one described by Goodman and Noble (10) 
for the plasma cholesterol turnover in man. We 
therefore applied the kinetic analysis for two- 
pool systems to our data. The results are 
presented in Table I I I ,  The terms used here 

have been defined previously (10,11). The 
results indicate that the rate of entry of 
cholesterol into the pool with rapid metabolism 
(PRA) is practically the same in the vitamin 
C-deficient groups as in the control, whereas 
the values of the rate constants for the removal 
of cholesterol from pool A (rapid exchange of 
cholesterol with plasma) to pool B (slow 
exchange of cholesterol with plasma) and its 
removal from the system (kAB and kA) are 
lower in vitamin C-deficient guinea pigs. The 
size of pool A (M A) is greater in the vitamin- 
deficient group, despite the fact that the mean 
body weight of the vitamin C-deficient guinea 
pigs was lower than that of the controls. Since 
statistical evaluation of these data was impossi- 
ble (the individual points of the die-away curves 
were obtained from different animals killed at 
different intervals), we regard the results of the 
kinetic two-pool analysis as merely preliminary. 

DISCUSSION 

The results of our previous studies (1,4) 
drew attention to a new metabolic function of 
vitamin C, i.e., that ascorbic acid is required 
for normal transformation of  cholesterol to its 
main catabolic p roduc t -b i l e  acids. The results 
of the present study demonstrate conclusively 
that the rate of cholesterol transformation to 
bile acids slows down in the presence of chronic 
latent vitamin C deficiency. Adult male guinea 
pigs weighing ca. 500 g catabolize 3-4 mg less 
cholesterol daily, as a result of latent vitamin C 
deficiency, than control animals of the same 
weight with an adequate ascorbic acid intake. 
The vitamin C-deficient organism is evidently 
unable to compensate completely for  this meta- 
bolic disturbance by some other homeostatic 
mechanism (in vitamin C-deficient guinea pigs 
only the absorption of exogenous cholesterol 
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FIG. 1. I4C excretion in expired CO 2 and urine 
and cholesterol specific activity in liver of normal 
guinea pigs injected with a single dose of 26-14C-cho- 
lesterol. 

falls) (12), so that cholesterol accumulates in 
the serum and liver. The results of the two-pool 
analysis of the serum 14C-cholesterol die-away 
curves also show an increase in the size of pool 
A, which includes serum and liver cholesterol, 
in the vitamin C-deficient group. 

It should be emphasized that these results 
were obtained in guinea pigs with latent hypo- 
vitaminosis C and not in animals with acute 
avitaminosis C. Acutely scorbuitic guinea pigs 
are characterized by severe disorganization of 
metabolism, of which vitamin C deficiency is 
the primary cause, but to which a whole series 
of nonspecific factors, such as refusal of food, 
an abrupt drop in body weight, a negative 
nitrogen balance, morphological changes in the 
viscera, hemorrhage-induced anemia, etc., con- 
tribute secondarily. The pair-feeding technique 
only partly simulates this complex pathologi- 
cal state, so that the results of authors who 
used scurvy as model of vitamin C deficiency 
and found a whole series of disturbances of 
cholesterol metabolism (13-18) are difficult to 
interpret. For instance, several authors found 
raised cholesterol concentrations in some of the 
organs and in the whole body of animals with 
acute scurvy (13-17). This phenomenon is 
caused by increased chQlesterologenesis, dem- 
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FIG. 2. Linear correlation between liver ascorbic 
acid concentration and the rate of cholesterol transfor- 
mation to bile acids in control guinea pigs (~) and 
guinea pigs with latent hypovitaminosis C (o). Statis- 
tical significance: P < 0.001. 

onstrated in guinea pigs with acute avitaminosis 
C by raised incorporation of 1-14C-acetate into 
liver and adrenal cholesterol (19). The mecha- 
nism of this metabolic disorder is probably as 
follows: Total disorganization of metabolism in 
acute scurvy is also associated with dysfunction 
of the tricarboxylic acid cycle (20,21). Since a 
large portion of the acetate pool is metabolized 
by this route, dysfunction of the tricarboxylic 
acid cycle causes more acetate to be metabo- 
lized by another route, i.e., by raised choles- 
terologenesis, in the scorbutic organism (4,19). 
The metabolic situation in latent ascorbic acid 
deficiency is quite different. The oxidation of 
1-14C-acetate to 14CO 2 follows a completely 
normal course in hypovitaminous guinea pigs, 
and cholesterol synthesis in their liver is like- 
wise similar to synthesis in normal animals (22). 
The raised serum and liver cholesterol concen- 
trations found in hypovitaminous guinea pigs 
are therefore not  the outcome of altered 
metabolism of acetate pool. The advantage of 
our model of chronic latent ascrobic acid 
deficiency is that it does not  involve total 
disorganization of metabolism. When interpret- 
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ing the  results ,  the  on ly  var iable  we need  to 
take in to  a c c o u n t  is the  s ignif icant ly  depressed 
ascorbic  acid level in the  b l o o d  and  t issues of  
the  v i t amin-def ic ien t  animals.  F u r t h e r m o r e  this 
s i tua t ion  is s igni f icant ly  closer  to  the  h u m a n  
nu t r i t i ona l  s i tua t ion  in civil ized c o m m u n i t i e s .  

A l t h o u g h  the  resul ts  conv inc ing ly  d e m o n -  
s t ra ted  lower  cho les te ro l  t r a n s f o r m a t i o n  to bile 
acids in v i t amin  C-defic ient  guinea pigs, the  
values f o u n d  for  the  ra te  of  this  process  are 
s o m e w h a t  lower  than  in ac tual  fact.  E s t i m a t i o n  
of  the ra te  of  cho les te ro l  b r e a k d o w n  in man  
and  the ra t  by the  m e a s u r e m e n t  of  14CO 2 
o u t p u t  a f te r  admin i s t r a t i on  of  26-14C-choles  - 
terol  gives s o m e w h a t  lower  resul ts  than  the  use 
of  4-14C-choles te ro l  (2 ,23) .  The liver of rats 
given 26 -14C-choles te ro l  e l iminates  t h r o u g h  the  
bile labeled  acidic compounds which are also 
found  in the  e x c r e m e n t s  (23) .  When bile acids 
are f o r m e d  by degrada t ion  of  the  cho les te ro l  
side chain,  the  th ree  end  c a r b o n  a toms  are 
r emoved  as p r o p i o n y l - C o A  (24) ,  wh ich  is rapid-  
ly ox id ized  to  CO 2. However  no t  all the  14C 
s p l i t  o f f  dur ing  the  t r a n s f o r m a t i o n  of 
26-14C-choles te ro l  to  bile acids appeared  in the  
expi red  CO 2. Mal inow et  al. (25)  assumed tha t  
an i m p o r t a n t  f r ac t ion  of  the  side chain  of  
cho les te ro l  wou ld  be conve r t ed  to CO 2 only  
af te r  previous  convers ion  to glucose. I t  is 
k n o w n  tha t  p r o p i o n a t e  is readi ly  c o n v e r t e d  to 
liver glycogen (26)  and  to long  chain  f a t ty  acids 
(27) .  In guinea  pigs in j ec ted  wi th  26-14C-cho  - 
lesterol ,  we f o u n d  measurab le  14C act ivi ty  in 
the liver glycogen and  relat ively h igh act ivi ty ,  
p r o b a b l y  be long ing  to  14C-fa t ty  acids, in the  
f rac t ion  of  ep id idyma l  fa t  ex t r ac t  n o t  precipi-  
table  by  d ig l ton in  (28) .  A small  p r o p o r t i o n  of 
the  CO2 p r o d u c e d  by o x i d a t i o n  of p r o p i o n a t e  
(2-3%) mus t  be used for  the  synthes i s  of  urea  
(2) .  This small  pe rcen tage  m ay  a c c o u n t  for  
mos t  of the rad ioac t iv i ty  recovered  in the  ur ine  
of guinea pigs in jec ted  wi th  26-14C-choles te ro l  
(Fig. 1). Since we f o u n d  a h ighly  s ignif icant  
co r re l a t ion  be tween  ur inary  14C exc re t ion  and 
14 CO 2 o u t p u t  (rxy = + 0 .812,  P < 0 ,001) ,  i t  is 
possible t h a t  the  14C excre ted  in the  ur ine  
comes  f rom the  same pool as exp i red  14CO2. 
The a m o u n t  of  14C excre ted  in the  ur ine,  like 
the  a m o u n t  of  cho les te ro l  ca tabo l i zed  via CO2,  
was s ignif icant ly  smaller  in v i t amin  C-def ic ient  
animals  (P < 0.01).  Since we did n o t  a t t e m p t  to 
de t e rmine  which  of  the  c o m p o u n d s  in the  ur ine  
c o n t a i n e d  14C, deta i led  i n t e r p r e t a t i o n  of this  
obse rva t ion  is at p resen t  still impossible .  

In  general ,  however ,  u n d e r e s t i m a t i o n  of cho-  
lesterol  t r a n s f o r m a t i o n  to bile acids, wh ich  is 
re la ted  to the  complex  me tabo l i c  fa te  of 
14C-prop iony l -CoA,  is n o t  very  great  and  does 
no t  exceed  14% of the  ac tual  ra te  of  cho les te ro l  
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convers ion  to bile acids (23) .  Despi te  this  
def ic iency of  the m e t h o d  we emp loyed ,  we are 
of the  op in ion  t h a t  the  resul ts  convinc ing ly  
d e m o n s t r a t e  t ha t  the ra te  o f  cho les te ro l  t rans-  
f o r m a t i o n  to bile acids is d i rect ly  d e p e n d e n t  on  
the  liver ascorbic  acid c o n c e n t r a t i o n .  F u r t h e r  
evidence in s u p p o r t  of  the  c la im tha t  a slow 
rate  of this  process  is a specific consequence  of  
v i t amin  C def ic iency is p rov ided  by  the  resul ts  
of  a s tudy,  in wh ich  we inves t iga ted  the  
ox ida t ion  of  cho les te ro l  in v i t amin  C-def ic ient  
guinea pigs r e sa tu ra t ed  w i th  large doses of 
ascorbic  acid. We f o u n d  t h a t  r e sa tu ra t ion  wi th  
ascorbic  acid s igni f icant ly  raised the ra te  of  
ox ida t ion  of  26-14 C-cholesterol  to  14 CO 2 (29) .  

Since the  t r a n s f o r m a t i o n  of  cho les te ro l  to  
bile acids is a mul t i s tage  p r o c e s s - w h i c h  takes  
place in the  mic rosomes ,  s u p e r n a t a n t  f rac t ion  
and  m i t o c h o n d r i a  of  the  l iver cell, successively, 
and  compr ises  h y d r o x y l a t i o n ,  d e h y d r o g e n a t i o n ,  
s a tu ra t ion  of  the  nuc lea r  doub le  bond ,  reduc-  
t ion  of  3 -ke tone  and  co- and  13- ox ida t ion  of the  
side chain  ( 3 0 , 3 1 ) - i t  is d i f f icul t  to  decide by  
what  m e c h a n i s m  ascorbic  acid par t ic ipa tes  in 
the  ca tabo l i sm of  choles tero l .  By analogy wi th  
the  general  f u n c t i o n  of ascorbic  acid in hyd rox -  
y l a t i on  reac t ions ,  we suggested,  as a work ing  
hypothes i s ,  t h a t  ascorbic  acid is necessary  for  
the  h y d r o x y l a t i o n  of  cho les te ro l  (1). The  pre- 
l iminary  results  ind ica te  t ha t  the  ef fec t  of  
ascorbic  acid on choles te ro l  ca tabo l i sm may  be 
med ia t ed  by  its ac t ion  on  the  c y t o c h r o m e  
P-450 level in the  l iver cell mic rosomes  (32 ,33) .  
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ABSTRACT 

Rates of turnover and oxidation of  
plasma free fatty acid ( F F A ) w e r e  deter- 
mined in unanesthetized dogs during 
exercise, acute cold exposure and anaphy- 
lactic shock, with the aid of a technique 
involving the continuous infusion of albu- 
min-bound palmitate-l-14C and the si- 
multaneous measurement of 02 uptake, 
CO 2 output  and the specific activities of 
CO 2 and FFA. During exercise in normal 
untrained dogs, plasma FFA supplied 
20-30% of the energy, whereas in trained 
dogs 70-90% of the energy was derived 
from the FFA oxidation. In resting dogs 
at room temperature the plasma FFA 
level was 0.58 /~Eq/ml with a turnover 
rate of 18.6 /~Eq/kg/min of which 22% 
was immediately oxidized and contrib- 
uted 29% to the exhaled CO 2. These 
results were compared with data obtained 
in pancreatectomized and thyroidecto- 
mized dogs. Acute cold exposure (tem- 
perature 4-5 C) increased the FFA level 
and turnover rate to 1.02 pEq/ml  and 
28.0 pEq/kg/min, respectively, of which 
33% was immediately oxidized, contrib- 
uting 46% to the exhaled CO 2. During 
anaphylactic shock, blood lactate in- 
creased, FFA level and turnover rate were 
reduced, and the fraction which was 
immediately oxidized was depressed 
markedly, i.e., 3-9% of FFA turnover. 
Sodium lactate infusion, which induces a 
blood lactate level comparable to that 
seen in anaphylaxis or nicotinic acid 
infusion, markedly decreased the level 
and turnover rate of FFA. However the 
fraction of turnover oxidized remained 
the same as during the preinfusion period 
(range of 21-40%. Exercise or the admini- 
stration of norepinephrine during anaphy- 
lactic shock provided results suggesting 
that endogenous lactic acid interferes 
with FFA oxidation, whereas exogenous 
lactate had no effect on this oxidation. 

I NTRODUCTI  ON 

With the discovery that tissues, particularly 
muscle, can take up and oxidize free fatty 
acids, and in spite of its small pool size, free 

fatty acid (FFA) has a rapid turnover rate, it 
became evident that both plasma glucose and 
FFA play an important role in energy metabo- 
lism. The two major energy depots are fat and 
glycogen. Fat, in the form of triglycerides, is 
stored primarily in adipose tissue, in the periph- 
ery, in the splanchnic area and, to some extent,  
in and around muscle. Glucose is stored in 
limited quantity as glycogen in liver and mus- 
cle. Glucose and FFA are mobilized from these 
energy depots and delivered to their sites of 
utilization via the circulatory system. Arm- 
strong et al. (1) and Issekutz et al. (2) showed 
that changes in plasma FFA level were caused 
by alteration in the mobilization of FFA during 
rest and exercise and that the rate of removal 
was the result of  a mass action effect of the 
plasma FFA concentration. More recently, it 
was shown by Paul (3,4) that animals exercising 
at different work loads but at equivalent plasma 
FFA concentrations have an increase rate of 
FFA turnover and percentage of FFA uptake 
immediately oxidized at the higher work loads. 
Therefore it is evident that the metabolic rate is 
also one of the factors to be considered when 
evaluating FFA metabolism. The central ner- 
vous system and hormones are essential ele- 
ments of the regulatory mechanisms involved 
in the coordination of metabolic processes. It 
has been firmly established that plasma FFA is 
the most important energy yielding substrate 
for most animal tissues and that its mobiliza- 
tion is under sensitive hormonal control. In this 
paper we discuss FFA metabolism under dif- 
ferent metabolic conditions with emphasis on 
the physiologic stress of exercise or acute cold 
exposure and on the pathologic stress of ana- 
phylactic shock. The results will be compared 
with data obtained in normal animals surgically 
deprived of their pancreas or thyroid or infused 
with lactic acid, norepinephrine or nicotinic 
acid, agents known to affect lipid metabolism. 
The infusion studies were performed in order to 
investigate the role of altered circulating sub- 
strate levels on FFA metabolism. 

EXPERIMENTAL PROCEDURES 

Exercise 

Normal dogs of both sexes between 10 and 
20 kg were used in these studies. Untrained 
dogs were used for short periods of exercise 
lasting for 30-40 min. For longer experiments, 

142 



F F A  D U R I N G  S T R E S S  

dogs selected for their ability to run were 
trained to exercise on a treadmill for 4 hr. 
Experiments on trained and untrained animals 
consisted of a 110 rain rest period during which 
expired air and arterial blood samples were 
collected at 60, 75, 90 and 105 min, followed 
by exercise at a slope of 15% and a speed of 
100 m/min during which samples were col- 
lected every 10 min in untrained and every 30 
rain in trained dogs. 

Acute Cold Exposure 

Acute cold exposure experiments were con- 
ducted on normal dogs in a ventilated climatic 
chamber. The control period consisted of 120 
rain at 22 C, followed by a decrease in 
temperature to 4-5 C which was maintained for 
120 rain. Three samples of expired air and 
arterial blood were collected during the control 
period and four during acute cold exposure. 
During exposure to acute cold the dogs shivered 
constantly. 

Thyroidectomized Dogs ( T H Y )  

Normal dogs weighing 9-17 kg were surgi- 
cally thyroidectomized under morphine-pento- 
thal anesthesia 4-5 weeks prior to the experi- 
ment. Completeness of the surgical procedure 
was judged by: gain in body weight, decrease in 
BMR, increase in plasma cholesterol in excess 
of 300 rag/100 ml, and an increase in low and 
very low density lipoproteins. 

Pancreatectomized Dogs 

Six dogs were surgically pancreatectomized 
under morphine-pentothal anesthesia 3-4 weeks 
prior to use. These dogs were maintained on 
Purina dog chow supplemented with meat, 
methionine, pancreatine and insulin (10-20 
U/day). 

General 

Two days prior to the experiment indwelling 
arterial and venous catheters were placed in the 
carotid artery and jugular vein of each animal. 
Normal and THY dogs were fed Purina dog 
chow with meat. All experiments were per- 
formed after 18-24 hr of fasting. After a 
priming dose, palmitic-l-14C acid bound to 
human albumin was infused intravenously at a 
constant rate throughout all the experiments 
reported here. The expired respiratory gases 
were collected in Douglas bags from a plastic 
hood fitted around each dog's head and ana- 
lyzed for 02 and CO2 content by means of a 
calibrated Noyons diaferometer (2). ~ 4CO2 was 
trapped and measured by the methods of 
Fredrickson and Ono (5). Blood samples were 
taken immediately after the collection of air 
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and analyzed for FFA specific activity (FFA 
SA), plasma glucose and blood lactate as 
described in our previous work (3,6). As in our 
previous studies (7), the rates of mobilization 
and oxidation of plasma FFA were calculated 
from the FFA SA, CO 2 SA, CO 2 output and the 
infusion rate of 1-14C-palmitate according to 
the equation of Steele et al. (8). Control values 
shown in the tables are the averages of three to 
four samples taken during a rest period of 
110-120 min. 

Anaphylactic Shock 

When a second experiment with albumin- 
bound palmitate was conducted 1 or 2 weeks 
later, four dogs experienced anaphylactic shock 
immediately after the priming dose of tracer. 
The symptoms were polypnea, dyspnea, urina- 
tion, defecation and restlessness. During the 
first 120 min of the shock phase, air and blood 
samples were taken. 

Infusion Studies 

Sodium L (+) lactate (pH 7.4) was given 
intravenously to three normal dogs at a rate of 
7-15 mg/kg min for 35-40 min. In another 
group of normal dogs, sodium nicotinate was 
infused at the rate of 1.5-7 mg/kg/min for 45 
min. One animal experiencing anaphylactic 
shock received an infusion of norepinephrine at 
the rate of 0.5/ lg/kg/min for 150 min. 

RESULTS A N D  DISCUSSION 

Table I summarizes experiments in 39 nor- 
mal, 15 thyroidectomized and 6 pancreatecto- 
mized dogs under basal conditions. Normal 
dogs at a mean FFA level of 0.58 btEq/ml had 
an FFA turnover rate of 18.6 /.tEq/kg/min of 
which 22.5% was immediately oxidized, con- 
tributing 29% of the exhaled CO 2 . As expected, 
THY dogs had a significantly lower 02 con- 
sumption. The FFA level was 0 .6 / IEq/ml ,  the 
same as in normal dogs, but a significantly 
lower FFA turnover rate of 12.2 /IEq/kg/min 
was found. The amount of FFA oxidized was 
only half of that in normal dogs. On the other 
hand, pancreatectomized dogs had a markedly 
elevated FFA level of 1.94 /IEq/ml and a 
correspondingly high FFA turnover rate of 44.5 
/IEq/kg/min, 17% of which was oxidized, con- 
tributing up to 80% of the exhaled CO 2. 

Although the results of these experiments 
clearly indicate that hormones have a profound 
effect on FFA metabolism, they suggest that 
metabolic rate is important too. Comparison of 
the data obtained in normal and pancreatecto- 
mized animals shows a direct relationship be- 
tween plasma FFA level and turnover rate as 
shown in normal dogs by Issekutz et al. (2); but 

thyroidectomized animals with a lower meta- 
bolic rate had a decreased FFA turnover rate, 
despite an essentially normal FFA level. Fur- 
thermore no major differences were observed in 
the percentage of FFA turnover which was 
oxidized in the three groups studied. Thus the 
amount of FFA oxidized appears to depend on 
the turnover rate and, when animals with 
different metabolic rates are compared, to be 
independent of plasma FFA level. In other 
words, it would appear that not  only the 
plasma FFA level but the amount of substrate 
released from adipose tissue and taken up by 
the whole system per unit of time is the 
important determining factor in the amount of 
FFA oxidized during resting conditions. 

The effect of exercise on FFA metabolism in 
trained and untrained dogs is shown in Table 
IIA. Although the trained dogs exercised for 4 
hr, data are shown only for the 1st hr and the 
last 2 hr. At the end of the 1st hr of exercise 
the FFA level increased from the resting mean 
level of 0.45 + 0.03 /aEq/ml to 0.76 + 0.06 
/IEq/ml, while the FFA turnover rate had risen 
to 51 ktEq/kg/min of which 75% was immedi- 
ately oxidized, contributing 38% of the exhaled 
CO 2. During the last 2 hr of exercise, a further 
rise in FFA level and turnover rate was found 
and the oxidation of plasma FFA accounted for 
58% of the exhaled CO2, indicating a shift in 
metabolism toward fat oxidation. In contrast to 
the trained dogs, untrained animals showed a 
slight decrease in FFA level, from the resting 
value 0.8 + 0.04 to 0.59 + 0 .06/ IEq/ml  during 
exercise. Although a larger percentage of the 
FFA turnover rate was immediately oxidized, 
only 18% of CO 2 was derived from plasma FFA 
oxidation. Paul and Issekutz (9) showed that 
the oxidation of plasma glucose accounts for 
not more than 15% of the caloric expenditure 
during exercise in trained and untrained dogs, 
and since the muscle probably stores only a 
limited amount of FFA in the form of triglyc- 
eride, this tissue must depend on extramuscular 
energy depots to perform work of long dura- 
tion. Thus, in untrained dogs where enhanced 
rates of FFA mobilization did not occur, work 
was carried on mostly at the expense of stored 
carbohydrate and consequently was of short 
duration. 

Results obtained from five experiments in 
normal dogs before and during acute cold 
exposure (shivering) are summarized in Table 
liB. The values seen in the control period were 
essentially the same as those in the normal dogs 
presented in Table I. Acute cold exposure 
increased 02 uptake to 10 ml/kg/min, while the 
FFA level rose from 0.61 to 1.02 /IEq/ml. 
During the same period, the FFA turnover rate 
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rose from 18 to 28 gEq/kg/min,  while the rate 
of plasma FFA oxidation increased from 3.9 to 
9.1 ~Eq/kg/min. The percentage of respiratory 
CO 2 from plasma FFA oxidation doubled. 

During the period of stress induced by acute 
cold exposure, several major changes occurred: 
(a) There was an increase in the plasma FFA 
level and turnover rate, and (b) the amount of 
FFA that was immediately oxidized increased 
significantly, i.e., by ca. 150%, while the 
metabolic rate increased ca. 50%. This would 
appear to answer the question so often raised 
whether the increase in FFA oxidation is 
proportional to the increase in energy expendi- 
ture due to acute cold exposure. 

Table IIIA shows the changes that occurred 
during anaphylactic shock in one normal and 
two THY dogs. No change in 02 consumption 
during shock was observed. In each of these 
experiments, an increased lactic acid level was 
found, especially during the terminal stage of 
shock seen in the third animal where the lactic 
acid rose to 93 rag/100 ml. Also the plasma 
glucose level in this animal increased strikingly 
to 538 mg/100 ml. The RQ was in the range of 
0.88-1.03, suggesting that carbohydrate oxida- 
tion predominated. 

In these dogs the plasma FFA levels and 
turnover rates were extremely low, as was the 
percentage of turnover immediately oxidized. 
Because of this the amount of FFA oxidized, as 
well as the percentage of respiratory CO 2 
derived from plasma FFA oxidation, was negli- 
gible. 

Such changes are even more dramatically 
shown by the data in Table IIIB which were 
obtained in one dog in the terminal stages of 
anaphylactic shock. In this animal, signs of 
anaphylactic shock were evident a few minutes 
after administration of the priming dose of 
albumin-bound palmitate-14C and 120 rain 
later the dog died. Data obtained during the last 
hour of the experiment are shown in the table. 
During this period, lactic acid and glucose levels 
were markedly elevated and 02 consumption 
declined steadily. The already depressed FFA 
level, turnover rate and rate of oxidation also 
continued to decline. 

Table IIIC compares FFA metabolism under 
three experimental conditions in the same dog: 
a control period, during anaphylactic shock and 
during anaphylactic shock and norepinephrine 
infusion. Although the degree of anaphylactic 
shock was mild, the lactic acid level rose to 34 
rag/100 ml, and there was a slight decrease in 
plasma FFA level and turnover rate. A dramatic 
change was observed in the percentage of FFA 
turnover oxidized, which fell from 19.9 to 
7.2%. This was further reflected in the amount 

of FFA oxidized which decreased from 4.2 to 
0.8 ~tEq/kg/min. At the same time, the contri- 
bution of plasma FFA to the exhaled CO 2 
dropped from 27% to 4.6%. A norepinephrine 
infusion of 0.5 /Jg/kg/min was then adminis- 
tered for 150 rain. During this infusion, the 
FFA level and turnover rate increased two-fold. 
In spite of this the percentage of FFA turnover 
rate immediately oxidized remained low, in the 
range of 10%. Only 1.8 ~Eq/kg/min of FFA 
was oxidized accounting for 12% of the exhaled 
CO2, which is only half of that found under 
control conditions. Thus, although norepi- 
nephrine was able to restore mobilization to 
normal levels in the shocked animal, oxidation 
remained low, implying an impairment of oxi- 
dative mechanisms. 

The effect of exercise on FFA metabolism 
during anaphylactic shock in the same dog is 
shown in Table IIID. The table compares results 
obtained from the first 45 rain ~f exercise �9 
under normal conditions with those from ' t h e  
first 35 rain of exercise during anaphylactic 
shock, after which the dog was exhausted and 
refused to run farther. In both experiments 
exercise increased the oxygen consumption six- 
to. seven-fold. In the control experiment the 
FFA level did not  change during exercise, but 
FFA mobilization increased from 18 to 36 
/JEq/kg/min. Of the FFA turnover 70.8% was 
immediately oxidized, contributing 32% of the 
exhaled CO 2. The dog continued to exercise up 
to 90 min, during which time the FFA level 
rose to 2.5 /JEq/ml and the FFA turnover rate 
increased to 95.9 /IEq/kg/min. Under these 
conditions 70-80% of the energy requirement 
came from 1 ~ FA oxidation. During anaphylactic 
shock the plasma FFA level and its rate of 
mobilization and oxidation were considerably 
depressed during both rest and exercise. Only 
3% of the expired CO 2 derived from FFA 
oxidation during exercise, about one-tenth that 
found under control conditions. The high lac- 
tate level seen during anaphylactic shock in- 
creased even further during exercise to 80 
mg/100 ml. 

Table IV shows that normal dogs infused 
with nicotinic acid have a plasma FFA level and 
rate of mobilization significantly lower than 
those of control animals. Despite the fact that a 
similar percentage of FFA turnover is oxidized 
in both groups of animals, a significantly lower 
rate of turnover in the dogs infused with 
nicotinic acid resulted in a lower rate of 
oxidation, 2.1 ktEq/kg/min, and a smaller con: 
tribution to total CO 2 output, 15.4%. 

Results obtained in three dogs infused with 
sodium L (+) lactate (Table IV) show blood 
lactic acid levels comparable to those seen 
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during anaphylactic shock. Furthermore, during 
infusion, all measurements of FFA metabolism 
decreased by ca. 50%, except the percentage of 
FFA turnover immediately oxidized which re- 
mained the same. 

After the infusion of nicotinic acid or lactic 
acid into normal animals, marked decreases in 
plasma FFA levels and rates of turnover were 
observed. These values are comparable to those 
seen in animals during anaphylactic shock. On 
the other hand, rates of FFA oxidation in the 
infused animals were considerably higher than 
those observed during anaphylactic shock and 
reinforce the suggestion previously made that 
an impairment in oxidative mechanisms may 
exist under these conditions. 

Under normal conditions, carbohydrate and 
lipid, in the forms of glucose and FFA, respec- 
tively, are considered to be the major metabolic 
fuels from which the total caloric expenditure 
is derived. Only in extreme conditions and 
especially when carbohydrate supplies are de- 
pleted, does protein become a fuel of metabolic 
significance. The fuels of metabolic importance 
in shock induced by various means or foliowing 
accidental or iatrogenic injury have yet to be 
determined quantitatively. This is so both for 
the acute or "ebb"  phase and for the later or 
" f low"  phase following shock or injury. 

A reciprocal relationship between glucose 
and FFA oxidation has been repeatedly de- 
scribed, i.e., under conditions where rates of 
glucose oxidation are elevated, FFA oxidation 
is depressed. Our results, obtained during the 
acute phase of anaphylactic shock and suggest- 
ing a high rate of glucose oxidation coupled 
with depressed rates of FFA oxidation, are in 
agreement with this concept. Long et al. (10) 
have shown in man that glucose metabolism is 
altered following major surgery or infection. 
This alteration was indicated by an increased 
pool size, and rate of turnover and oxidation of 
glucose. Tissue anoxia, as a consequence of 
shock, has been shown to stimulate glucose 
uptake in experiments in vitro with rat dia- 
phragm muscle. Randle and Smith (11) and 
Drucker and De Kiewiet (12) have demon- 
strated enhanced rates of glucose uptake and 
lactate production in diaphragm muscle re- 
moved from rats subjected to hemorrhagic 
shock. 

Thus far, depressed rates of FFA mobiliza- 
tion or oxidation following injury or shock 
have not been conclusively demonstrated. Al- 
though Spitzer and Spitzer (13) have recently 
reported a decreased plasma FFA concentration 
in most dogs during hemorrhagic shock, others 
have shown enhanced rates of FFA mobiliza- 
tion after injury (Birke et al. [14]) ,  burns 

(Birke et al. [15])  or fracture (Carlson and 
Liljedahl [ 16] ). However the latter studies were 
performed many hours after the injury oc- 
curred and, in this sense, are not directly 
comparable to our experiments. From our 
studies it is apparent that soon after the onset 
of anaphylactic shock the mobi l iza t ion  and 
oxidation of plasma FFA are markedly de- 
creased. The depressed rate of oxidation is 
apparently not simply related to the low rate of 
mobilization since dogs in anaphylactic shock, 
when exercised or infused with norepinephrine, 
continued to display lower oxidative rates 
compared to normal animals. Furthermore, 
rates of FFA oxidation in normal animals 
infused with nictotinic acid were higher than in 
animals in anaphylactic shock, despite similar 
plasma FFA levels and rates of mobilization. 

Previously, Issekutz et al. (6) demonstrated 
that lactic acid inhibited FFA mobilization. 
Although lactic acidemia was consistently ob- 
served in animals in anaphylactic shock, infu- 
sions of this compound into normal animals 
failed to depress FFA oxidation to the same 
degree. It should be noted that the percentage 
of FFA turnover, which was immediately oxi- 
dized, was not altered by infusions of lactic or 
nicotinic acid into normal animals, but in 
animals during anaphylactic shock it was mark- 
edly decreased. Thus the depressed rate of FFA 
oxidation in these animals is the result of a 
decreased rate of FFA mobilization coupled 
with a smaller percentage of FFA turnover 
which was immediately oxidized. Others have 
also reported that substrate oxidation is af- 
fected by shock. Schumer and Sperling (17) 
emphasized that hypovoleamic shock leads to 
cell anoxia with a block in conversion of 
pyruvate to acetyl-CoA, a progressive tissue 
deficit in ATP and a buildup of lactic acid. 
Work of Stoner et al. (18) and Heath and 
Threlfall (19) indicated that the glucose entry 
into the glycolytic pathway and the oxidation 
in the tricarboxylic cycle were decreased, indi- 
cating interference at or near the citrate synthe- 
sis stage where oxaloacetate and acetyl-CoA are 
combined to form citrate. Stoner et al. (20) 
also showed that the oxidation of pyruvate and 
free fatty acids was inhibited equally during the 
first hours after release of tourniquets. 

Diminished blood flow during shock, as 
round by Kovach et al. (21), could be an 
additional factor in suppressing FFA mobiliza- 
tion. Peterson et al. (22) found that an inade- 
quate 02 supply to the muscle leads to compe- 
tition between pyruvic acid and dilydroxyace- 
tone phosphate (DHAP) for DPNH2, resulting 
in a striking accumulation of lactate and 
o~-glycerophosphate (a-GP). The same inade- 
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quate 0 2 supply present during anaphylact ic  or 
o ther  shock condi t ions  may result  in the 
inhibi t ion of  F F A  mobi l iza t ion  f rom adipose 
depots  due to an increase of  a-GP. As a result  
of  an inadequate  0 2 supply,  intracelhilar  lactic 
acid concent ra t ion  is obviously much  higher 
during shock condi t ions  than it is during lact ic 
acid infusion, a l though in bo th  cases plasma 
lactate concent ra t ions  are the same. Under  
these condi t ions  an increase in o~-GP supply 
could cause the reesterif icat ion of FFA,  which 
would  be ref lected in the smaller percentage of 
F F A  turnover  being oxidized.  It  is of  interest  
that  the same process (accumulat ion of  a-GP) 
may affect the two sites of  FFA metabol ism:  
(a) inhibi t ing F F A  mobi l iza t ion f rom the adi- 
pose depots,  and (b) suppressing F F A  oxidat ion  
in tissues using it as fuel. 

On the basis of these exper iments ,  it is 
evident that  no t  only F F A  mobi l iza t ion  but  
also F F A  ut i l izat ion is affected by the different  
metabol ic  states induced by stress. During 
physiological  stress, F F A  mobi l iza t ion  in- 
creases. The amount  of  F F A  oxidized depends 
on the amount  mobi l ized and on the metabol ic  
rate of the tissue using F F A  as an energy 
substrate. 

During the stress of  anaphylact ic  shock,  
F F A  mobi l iza t ion  is inhibi ted and F F A  utiliza- 
tion is depressed. Raising the F F A  mobi l iza t ion  
to a normal  range with norepinephr ine  or 
increasing the energy demand with exercise has 
no effect  on the F F A  oxidat ion  rate which 
remains low. 

The rate of energy substrate delivery to the 
tissues by the circulat ion and the oxidative 
machinery  in these tissues are of equal impor-  
tance for our biological survival under  basal 
condit ions.  Under  stress these factors play an 
even more significant role. 
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SHORT COMMUNICATIONS 

Enhancement of Liver M icrosomal Acyl CoA-Lysophospholipid 
Acyltransferase Activity in Pyridoxine-Deficient Rats 

ABSTRACT 

In rats deficient in pyridoxine and 
essential fatty acids, liver phospholipids 
contained less arachidonic acid and more 
oleic and eicosatrienoic acids than those 
from animals only deficient in essential 
fatty acids. This pattern persisted after 
the animals were supplemented with lino- 
leate for 6 days. Liver oleyl and arachi- 
donyl CoA-lysophospholipid acyltrans- 
ferase activities were significantly higher 
in pyfidoxine-deficient animals. Supple- 
mentation with linoleate for 6 days re- 
sulted in a marked increase in arachidonyl 
CoA-acyltransferase activity in pyridox- 
ine-deficient rats but a relatively small 
increase in the supplemented animals. 
Differences in fatty acid composition 
between pyridoxine-deficient and supple- 
mented rats can not be ascribed to lower 
liver transacylase activity in the deficient 
animals. 

The apparent involvement of pyridoxine in 
polyunsaturated fatty acid metabolism was first 
reported by Witten and Holman (1), who found 
that pyridoxine- and essential fatty acid 
(EFA)-deficient rats accumulated less arachi- 
donic acid in their tissues when supplemented 
with linoleate than did animals deficient in 
EFA but receiving adequate dietary vitamin B 6. 
A similar deficit in tissue (n-3)-polyunsaturated 
acids was noted in pyridoxine-deficient rats 
supplemented with linolenate. Although Witten 
and Holman believed that the conversion of 
linoleate to arachidonate was impaired in 
B6-deficient animals, this concept has not been 
supported by other researchers in this field 
(2,3). It is possible that pyridoxine is involved 
in the metabolism of arachidonic acid rather 
than in its synthesis from linoleate. The present 
study was undertaken to test one aspect of this 
hypothesis, namely that pyridoxine deficiency 
impairs incorporation of arachidonate into tis- 
sue phosphatides. 

Male weanling rats of the Wistar strain were 

maintained for six weeks on semipurified diets 
containing glucose (60%), casein (vitamin-free, 
20%), hydrogenated coconut oil (10%), cellu- 
lose (5%), minerals and vitamins. Pyridoxine 
was omitted from the diet of one group of rats 
(-B6,-EFA); a second group received the B 6- 
supplemented diet (+B 6,-EFA) ad lihitum and a 
third group received the B6-supplemented diet 
(+B 6,-EFA) pair-fed to the pyridoxine-deficient 
group. After 6 weeks half of the animals from 
each group were sacrificed, and the livers were 
subjected to lipid analyses and enzyme assay. 
The remaining animals received 150 mg ethyl 
linoleate daily by stomach tube for 6 days; they 
were sacrificed and the livers subjected to the 
analytical procedures. Liver lipids were ex- 
tracted with chloroform-methanol 2:1 and frac- 
tionated by thin layer chromatography on 
Silica Gel G developed in petroleum ether, 
ether, acetic acid 90:10:1 v/v. The total phos- 
pholipid fraction (including sphingomyelin), 
which remained at the origin, was extracted 
from the gel with chloroform-methanol 1: 1, 
transesterified with boron fluoride-methanol 
(4) and analyzed by gas liquid chromatography. 
A second portion of liver was homogenized at 4 
C in 0.05M Tris-HC1 buffer (pH 7.6), containing 
0.35 M sucrose, 0.025 M KC1 and 0.01M MgC1, 
and the microsomal fraction was isolated by 
centrifugation at 105,000 g (5). Protein was 
determined by the procedure of Lowry et al. 
(6). Acyl CoA-lysophospholipid acyltransferase 
was assayed by the method of Lands and Hart 
(7) using oleyl or arachidonyl CoA as substrate. 

After 6 weeks on the experimental diets, the 
proportion of arachidonic acid in the liver 
phospholipids was significantly lower in the 
B6-deficient animals (Table I) than in either of 
the control groups, confirming data previously 
reported (8). Eicosatrienoate was significantly 
higher in the pyridoxine-deficient group. These 
differences can be attributed to the lack of 
pyridoxine in the diet rather than the depressed 
food consumption, since the B6-deficient ani- 
mals differed significantly from the pair-fed 
controls, which did not  differ from the ad 
libitum controls. It is apparent from the low 
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SHORT COMMUNICATIONS 

linoleate and arachidonate  and high oleate and 
20:3(n-9)  levels that  the animals were EFA-  
deficient.  Supplementa t ion  with  dietary linole- 
ate for 6 days partially alleviated the symptoms  
of E F A  deficiency,  decreasing the oleate and 
20 :3 (n -9 )  and increasing the 18:2 and 
20:4(n-6).  The levels of  all four  acids differed 
significantly be tween  the B6-deficient  and con- 
trol animals after supplementa t ion  with  linole- 
ate. 

The activities of  oleyl CoA-lysophosphol ip id  
acyl t ransferase (OCLAT)  and arachidonyl  
CoA-lysophosphol ip id  acyltransferase (ACLAT)  
are summarized in Table II. Before supplemen-  
tat ion with dietary l inoleate,  liver microsomal  
OCLAT and A C L A T  were significantly higher 
in the B6-deficient  and pair-fed controls  than in 
the B6-supplemented  , ad l ib i tum controls .  Af- 
ter supplementa t ion  with l inoleate,  there was a 
slight increase in OCLAT activi ty and a very 
marked increase in A C L A T  activity in the 
pyr idoxine-def ic ient  group. In the ad l ib i tum 
controls ,  a small but  significant increase in 
A C L A T  activi ty was noted ,  whereas in the 
pair-fed controls  the activity of  bo th  enzymes  
decreased significantly. 

The results do no t  suppor t  the hypothesis  
that  the differences in fa t ty  acid compos i t ion  
be tween normal  and pyr idoxine-def ic ient  rats 
are a t t r ibutable  to lower  transacylase activities 
in the deficient  animals. Al though  phosphol ip id  
arachidonate  was significantly lower in the 
livers f rom B6-deficient  rats, ACLAT activity 
was significantly higher. Coniglio et at. (9) 
repor ted  a greater ox ida t ion  of  1-14C-arachi- 
donate  in pyr idoxine  deficiency and suggested 
that  the turnover  of  arachidonate  was greater in 
these animals. The higher transacylase activity,  
coupled with  the lower  tissue phosphol ip id  
arachidonate  in the B6-deficient  animals in the 
current  study, is consistent  with this concept  of  
increased arachidonate  turnover .  Whether the 
effect  of  vi tamin B 6 is at the l ipolyt ic  stage or 
at the oxida t ion  stage is open to speculat ion.  It 
is interest ing to note ,  however ,  that  several 
enzymes  involved in fat metabol ism have been 
repor ted  to increase in act ivi ty in pyr idoxine-  
deficient  animals (10). 

On the basis of  the similarities in OCLAT 
and ACLAT activities be tween  the B6-deficient  
and pair-fed controls  prior  to l inoleate  supple- 
menta t ion ,  the higher transacylase activities in 
the deficient  rats may be a t t r ibuted  to inani t ion 
accompanying  the vi tamin deficiency.  However  

153 

these two groups reacted quite di f ferent ly  when 
supplemented  with  l inoleate,  the enzyme  activi- 
ties increasing in the deficient  group but  de- 
creasng in the pair-fed group. Because of the 
low feed intake,  the pair-fed controls  were 
essentially meal-eaters rather  than nibblers.  
Such a shift in feeding pat tern does affect  tissue 
enzyme activities (10), and the results obtained 
with the pair-fed controls  are diff icult  to 
interpret .  It  is interest ing to no te  that  l inoleate  
supplementa t ion  s t imulated bo th  OCLAT and 
A C L A T  activity in the deficient  rats, a l though 
liver oleic acid levels decl ined as a result  of this 
supplementa t ion.  I t  is possible that  s t imulat ion 
of  transacylase act ivi ty is media ted  via a feed- 
back mechanism ini t ia ted by a turnover  of  lh t ty  
acid in the tissue rather  than by a simple 
substrate induct ion.  This speculat ion warrants 
fur ther  invest igation but  is consistent  wi th  the 
concept  o f  greater tu rnover  of  fa t ty  acids in 
pyr idoxine-def ic ient  animals. 
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Hepatic Galactosylceramide in Globoid Cell 
Leukodystrophy (Krabbe's Disease) 

~c 
ABSTRACT 

Glycosphingolipids were isolated from 
the liver of four patients with globoid cell 
leukodystrophy and compared to those 
from normal liver. The ratio of glucosyl- 
ceramide to galactosylceramide was 0.8, 
1.2, 1.3 and 7.5 in the four cases studied, 
compared to a value of greater than 10 in 
liver from control patients of the same 
age and sex. In addition to this accumu- 
lation of galactosylceramide, all four 
livers showed an elevated level of sulfa- 
tide, and in one case trihexosylceramide 
and globoside were also markedly ele- 
vated. 

Globoid cell leukodystrophy (GCLD) is a 
fatal inherited disorder of glycosphingolipid 
metabolism that can be biochemically charac- 
terized by an almost total deficiency of galacto- 
sylceramide-/3-D-galactosyl hydrolase (1). In 
contrast to many glycosphingolipid neurovis- 
ceral storage diseases, there is no gross storage 
of material (galactosylceramide [GL-lb] ) in the 
brain. The accumulated GL-lb is specifically 
localized in "globoid cells," and the low overall 
level of GL-Ib has been attributed to the early 
cessation of myelination caused by the death of 
the oligodendroglial cells (2). Galactosylcer- 
amide is only found in significant amounts in 
brain (especially white matter) (3), kidney (4), 
intestine (5), and pancreas (6), of normal 
patients, being virtually absent from liver and 
spleen. Suzuki (4) has shown that renal cere- 
broside levels are not markedly elevated in this 
disease (4), despite the almost complete ab- 
sence of enzymatic activity in this organ. This 
study was carried out to see if accumulation of 
galactosylceramide could be detected in liver, 
and a marked elevation was found in three out 

of the four cases studied. 
Liver samples from four patients with glo- 

boid cell leukodystrophy and controls were 
frozen at -40 C prior to analysis. Liver from 
three of the four patients was assayed for 
GL-lb fl-galactosidase activity (7) and found to 
be markedly deficient (Table I). Galactosylcer- 
amide specifically labeled at C-6-of galactose 
was obtained from N. Radin, University of 
Michigan. All patients exhibited the typical 
clinical picture of the GCLD phenotype. Fibro- 
blasts from the twin siblings of the fourth 
patient (S. Ho.) were shown by Suzuki and 
Suzuki (1) to exhibit the characteristic GCLD 
enzymic deficiency; in these two cases, onset 
was not until  4 years of age (B. Ho. brain at 
autopsy [age 6] contained typical globoid cells, 
but S. Ho. is still alive in decerebrate condition 
[ 14 years]). Glycosphingolipids were isolated 
as described previously (5), and quantitative 
estimations were carried out by gas liquid 
chromatography of the trimethylsilyl methyl 
glycosides derived from acid methanolysis of 
the glycolipids (8). All analyses were carried 
out in duplicate, and the thin layer chromato- 
grams of GCLD liver glycolipids were charac- 
terized by the presence of two bands in the 
monohexosyl region, the upper band containing 
mainly glucosylceramide and the lower band 
mainly galactosylceramide (9). 

In three of the four cases studied a marked 
elevation of GL-lb was found (Table II), and in 
two of these cases it was accompanied by an 
elevation of lactosylceramide (GL-2a). This 
latter finding is interesting in view of the report 
by McCluer and Evans of the accumulation of 
GL-2a in GCLD brain (10). Examination of 
formalin-fixed brain from case B. Ho. did not 
reveal an abnormal GL-2a level, in agreement 
with Eto and Suzuki (3). In one of the four 
cases (Ri), trihexosylceramide (GL-3) and glo- 

TABLE I 

Enzymic Diagnosis of Globoid Cell Leukodys t rophy in Liver 

Per c e n t  normal activity 

p-Nitrophenyl  p-Nitrophenyl  
Galactosylceramide 13-D-galactoside /3-D-galactoside 

Patient f3-D-galactosidase /3-D-galactosidase (pH 4.0) ~3-D-galactosidase (pH 5.0) 

Ro 0.4 74 110 
Ri 1.5 104 99 
He O.S 84 124 
C.B1 a 390.0 9 62 

apat ient  with G M i-gangliosidosis type If. 
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TABLE II 

Hepatic Glycosphingolipids in Globoid Cell Leukodystrophy and Controls 
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Patient 

Ro Ri B. Ho He Control 

Age of onset, month 

3 6-9 48 6 --- 

Age of death, month 

9 15 72 15 12-72 

Component gtmol/100 g fresh wt 

GL-la (Glucosylceramide) 3.7 9.4 5.0 6.0 6.0 
GL-lb (Galactosylceramide) 2.9 7.7 6.0 0.8 <0.5 
GL-2a (Lactosylceramide) 10.4 4.1 10.0 a 12.0 6.0 
GL-lbS (Sulfatide) 1.5 10.6 3.6 2.5 <0.5 
GL-3 (Trihexosylceramide) 3.8 14.9 4.0 1.5 3.0 
GL-4 (Globoside) 2.4 25.0 4.0 1.4 2.0 
GM3 (Hematoside) 19.0 17.0 14.0 a 15.0 18.0 

aThe GM3 level is low, suggesting some decomposition to lactosylceramide during pro- 
longed storage. 

boside (GL-4) were also elevated.  Liver f rom 
this pa t ient  con ta ined  the highest  level of  
sulfatide (GL- lbS )  found  in any of the GCLD 
livers, but  GL-2a was no t  elevated. 

Al though  GCLD does no t  result  in any 
readily apparen t  hepat ic  s tructural  changes 
(11), it is evident  f rom these studies tha t  there  
is a character is t ic  accumula t ion  of  GL-1 b which 
may be of diagnostic value. The enzymic  assay 
of  Suzuki and Suzuki (1,2) is obviously the 
most  reliable test  (requires the natural  subs t ra te  
specifically labeled in the galactose moie ty )  and 
can be carried out  wi th  leukocytes  or serum. 
Since b o t h  the enzymic  and chemical  abnor-  
mali ty can be de tec ted  in liver, a liver b iopsy 
appears preferable  to  a brain biopsy in cases 
where fur ther  conf i rma t ion  of  the disease is 
required.  Examina t ion  of  ur ine sed iment  (12) 
f rom two cases of  GCLD showed a normal  
glycolipid c o n t e n t  wi th  glucosylceramide the 
major  m onohexosy l ce r amide ,  and the repor t  of 
Suzuki (4) was con f i rmed  by the f inding of 
normal  levels in k idney  f rom pat ient  B. Ho. 
Similarly, f ibroblasts  which show the enzymic  
defec t  ( I )  do no t  accumulate  G L - l b  (9). Suzuki 
(4) has of fe red  the plausible exp lana t ion  that  
the residual enzymic  activity (5%) in k idney is 
suff icient  to  catabol ize  the small amoun t  of  
GL- Ib  found  in this tissue. However  the f inding 
of  GL- Ib  in liver is in agreement  wi th  the 
concep t  of  the liver as a storage organ, and the 
value of  liver glycolipid analyses in the diag- 
nosis of  sphingol ipidoses  has been amply  dem- 
ons t ra ted  (13),  including a recent  repor t  (14) 
of the  accumula t ion  of  sulfat ide (GL- lbS )  in 
liver f rom pat ients  wi th  an analogous whi te  

mat te r  disease, me t ach ro ma t i c  l eukodys t rophy .  
Since analyses of  glycolipid levels in livers f rom 
pat ients  wi th  o the r  sphingol ipidoses  have been 
ex t remely  cons i s ten t  (5,13) one can perhaps  
in te rpre t  the variat ion seen in GCLD as re- 
sulting f rom genetic he terogenei ty .  
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In Vivo Incorporation of 3H Arachidonic Acid and 14C 
Linoleic Acid into Liver Lipids from Essential Fatty Acid- 

Deficient Rats 

ABSTRACT 

Essential fatty acid (EFA)-deficient 
rats were injected intraportally with a 
labeled solution containing 3H arachi- 
donic acid and 14C-linoleic acid during a 
1 rain period. Livers were quickly frozen, 
pulverized, and the lipids extracted and 
fractioned by thin layer chromatography. 
The incorporation of 3H and 14C into 
liver lipids was measured, and the per 
cent distribution of radioactivity into the 
different lipid fractions determined and 
compared with those previously obtained 
from normal rats. In contrast with normal 
rats, ca. 70% of the 3H arachidonic acid 
and 14C-linoleic acid incorporated into 
total lipids from EFA-deficient rats was 
recovered in the phospholipid fraction. 
From the results of this experiment, it is 
suggested that a more active deacylation- 
reacylation cycle in EFA-deficiency could 
be responsible for this increase. 

The structural and functional alterations of 
essential fatty acid EFA-deficient mammalian 
tissues could be explained through a change in 
the fatty acid composition of the phospholipids 
of their membranes, with special reference to 
the arachidonic acid content  of these lipopro- 
tein structures, since this fatty acid, according 
to Collins (1), acts as a modulator of phospho- 
lipid metabolism. 

We have recently studied the in vivo incorpo- 
ration of 14C-linoleic acid into liver lipids from 
EFA-deficient rats (2). From the results of 
these studies, it became evident that the incor- 
poration of 14C-linoleic acid is directed pre- 
dominantly to the phospholipid fractions in the 

EFA-deficient rats. Since arachidonic acid is 
considered to be the principal EFA (3), it was 
of interest to study the simultaneous incorpo- 
ration of this acid and its precursor, linoleic 
acid, into liver lipids from EFA-deficient rats. 

Weanling male Wistar rats maintained during 
120 days on a semisynthetic fat-free diet (4) 
were used. They were injected with 0.2 ml 
labeled fatty acids-rat serum complex solution 
(5) containing 10 /JC 1-14C linoleic acid (Ra- 
diochemical Centre, Amersham, England) (52.9 
laC/mmole) and 5 /~C arachidonic acid 
8,9,11,12,14,15- 3H (New England Nuclear, 
U.S.) (5-10 C/mmole) into the exposed portal 
vein during a 1 rain period, under ether 
anesthesia. After the injection, the livers were 
removed and quickly frozen with liquid N2, 
pulverized, and the powder extracted with 
chloroform-methanol 2:1 v/v (6). The lipids 
from the extract were fractioned by thin layer 
chromatography (7,8), and the lipid fractions 
on the silica transesterified (9). The fatty acid 
methyl esters were assayed for radioactivity in a 
Packard Tri-Carb Scintillation spectrometer. 
Aliquots of total lipids from the original ex- 
tracts were transesterified and the fatty acid 
methyl ester chromatographied on AgNO 3- 
impregnated silica gel plates (19), scraped into 
vials and counted directly. 

The differences between the total uptake 
and distribution of 14C-linoleic acid and 3H- 
arachidonic acid in rat liver lipids appear in 
Table I. Data from a previously published study 
using normal rats is included. Despite the rather 
similar relative incorporation of 3H-arachidonic 
acid in 1,2-diacylglycerol fractions from both 
groups of rats, and coincident with a fall in the 
radioactivity incorporated into neutral lipids 

LIPIDS, VOL. 8, NO. 3 



156 SHORT COMMUNICATIONS 

Chem. 247:5951 (1972). 
10. Evans, J.E., and R.H. McCluer, J. Neurochem. 

16:1393 (1969). 
11. Yunis, E.J., and R.E. Lee, Lab. Invest. 21:415 

(1969). 
12. Desnick, R.J., G. Dawson, S.J. Desnick, C.C. 

Sweeley and W. Krivit, New Engl. J. Med. 
284:739 (1971). 

13. Dawson, G., in "Sphingolipids, Sphingolipidoses 

and Allied Disorders," Edited by B.W. Volk and 
S.M. Aronson,  Plenum Press, New York, 1972, p. 
395. 

14. Moser, H., in "The Metabolic Basis of  Inherited 
Disease," Edited by J.B. Stanbury, J.B. Wyn- 
gaarden and D.S. Fredrickson, McGraw-Hill, New 
York, 1972, p. 688. 

[ Received November 27, 197 2 ] 

In Vivo Incorporation of 3H Arachidonic Acid and 14C 
Linoleic Acid into Liver Lipids from Essential Fatty Acid- 

Deficient Rats 

ABSTRACT 

Essential fatty acid (EFA)-deficient 
rats were injected intraportally with a 
labeled solution containing 3H arachi- 
donic acid and 14C-linoleic acid during a 
1 rain period. Livers were quickly frozen, 
pulverized, and the lipids extracted and 
fractioned by thin layer chromatography. 
The incorporation of 3H and 14C into 
liver lipids was measured, and the per 
cent distribution of radioactivity into the 
different lipid fractions determined and 
compared with those previously obtained 
from normal rats. In contrast with normal 
rats, ca. 70% of the 3H arachidonic acid 
and 14C-linoleic acid incorporated into 
total lipids from EFA-deficient rats was 
recovered in the phospholipid fraction. 
From the results of this experiment, it is 
suggested that a more active deacylation- 
reacylation cycle in EFA-deficiency could 
be responsible for this increase. 

The structural and functional alterations of 
essential fatty acid EFA-deficient mammalian 
tissues could be explained through a change in 
the fatty acid composition of the phospholipids 
of their membranes, with special reference to 
the arachidonic acid content  of these lipopro- 
tein structures, since this fatty acid, according 
to Collins (1), acts as a modulator of phospho- 
lipid metabolism. 

We have recently studied the in vivo incorpo- 
ration of 14C-linoleic acid into liver lipids from 
EFA-deficient rats (2). From the results of 
these studies, it became evident that the incor- 
poration of 14C-linoleic acid is directed pre- 
dominantly to the phospholipid fractions in the 

EFA-deficient rats. Since arachidonic acid is 
considered to be the principal EFA (3), it was 
of interest to study the simultaneous incorpo- 
ration of this acid and its precursor, linoleic 
acid, into liver lipids from EFA-deficient rats. 

Weanling male Wistar rats maintained during 
120 days on a semisynthetic fat-free diet (4) 
were used. They were injected with 0.2 ml 
labeled fatty acids-rat serum complex solution 
(5) containing 10 /JC 1-14C linoleic acid (Ra- 
diochemical Centre, Amersham, England) (52.9 
laC/mmole) and 5 /~C arachidonic acid 
8,9,11,12,14,15- 3H (New England Nuclear, 
U.S.) (5-10 C/mmole) into the exposed portal 
vein during a 1 rain period, under ether 
anesthesia. After the injection, the livers were 
removed and quickly frozen with liquid N2, 
pulverized, and the powder extracted with 
chloroform-methanol 2:1 v/v (6). The lipids 
from the extract were fractioned by thin layer 
chromatography (7,8), and the lipid fractions 
on the silica transesterified (9). The fatty acid 
methyl esters were assayed for radioactivity in a 
Packard Tri-Carb Scintillation spectrometer. 
Aliquots of total lipids from the original ex- 
tracts were transesterified and the fatty acid 
methyl ester chromatographied on AgNO 3- 
impregnated silica gel plates (19), scraped into 
vials and counted directly. 

The differences between the total uptake 
and distribution of 14C-linoleic acid and 3H- 
arachidonic acid in rat liver lipids appear in 
Table I. Data from a previously published study 
using normal rats is included. Despite the rather 
similar relative incorporation of 3H-arachidonic 
acid in 1,2-diacylglycerol fractions from both 
groups of rats, and coincident with a fall in the 
radioactivity incorporated into neutral lipids 

LIPIDS, VOL. 8, NO. 3 



SHORT COMMUNICATIONS 

from EFA-deficient rats, there was a statisti- 
cally significant increase in the amounts of 
3H-aracNdonic acid and 14Cqinoleic acid incor- 
porated into phospholipids from EFA-deficient 
rats as compared to normal rats. 

At least two different pathways are thought 
to be of importance for the incorporation of 
long chain fatty acids into liver phospholipids: 
one involves de novo synthesis via phosphatidic 
acid (1 1); the other depends on the acylation of 
lysophosphoglycerides (12). 

On the basis of in vitro studies in tissues 
from normal rats (13,14), it has been claimed 
that the phosphatidic acid pathway is predomi- 
nantly concerned with the formation of the 
monoenoic and dienoic species, whereas the 
more polyunsaturated molecules arise via acyla- 
tion of endogenous lysophosphatides. These 
observations could explain the higher incorpo- 
ration of ~ 4C_linoleic acid than 3H.arachidonic 
acid in the 1,2-diacylglycerol fraction, the 
"key" intermediate for de novo synthesis of 
phospholipids. The different pattern of behav- 
ior of linoleic acid observed in EFA-deficient 
rats seems to indicate that this acid could be 
incorporated into the phospholipid molecules 
mainly via the deacylation-reacylation cycle. 
The decrease in the amounts of linoleic acid 
incorporated into the 1,2-diacylglycerol frac- 
tion, observed in the EFA-deflcient rats, sup- 
ports this interpretation. 

Since the stability of phospholipids may 
depend on their content of arachidonic acid 
(1), the lack of this acid in EFA deficiency 
could promote the hydrolysis of these mole- 
cules and the formation of lysoderivatives, 
which are acceptors for fatty acids in the 
resynthesis of phospholipids (15). This finding 
and the known high affinity of the acyl-trans- 
ferase for polyunsaturated fatty acids (16-18) 
would explain the rapid enrichment in ~4C- 
linoleic acid and 3H-arachidonic acid of the 
phospholipid fractions from EFA-deficient rats. 

On the other hand, triglycerides show a 
significantly smaller incorporation of both acids 
in the EFA-deficient rats compared with con- 
trols. This could be due to the lack of linoleic 
and arachidonic acids in the endogenous acyl- 
CoA pool, since the 3 position o f  the triglycer- 
ides may be a reflection of the composition of 
this pool (19). 

The distribution of radioactivity in the 
AgNO3-impregnated silica gel plates showed 
that ca. 94% of ~4C counts was recovered in 
the dienoic fractions and 96% of 3H counts in 
the tetraenoic fraction. 
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Cholestanol and Plant Sterols in Pigeon Skin 

ABSTRACT 

Choles tanol  (4.6%) and plant  sterols 
(0.2%) have been demons t r a t ed ,  for the 
first t ime,  in avian skin by argenta t ion  
and gas l iquid ch roma tography .  In con- 
trast  to  results  of  previous studies wi th  
rat and h u m a n  skin, choles tanol  repre- 
sented  a significant amoun t  in the pigeon. 
The p ropo r t i on  o f  campes te ro l  was al- 
ways higher than tha t  of/3-si tosterol .  

Studies of  the skin of  mammals  (1-3) dem- 
ons t ra ted  num erous  sterols in the skin, which 
has become recognized  as a route  of  sterol  
excret ion.  Little is known ,  however ,  of  the 
nature  of  s terols  in avian skin. The objects  of  
this s tudy of  skin sterols of  the White Carneau 
pigeon were two-fold:  (a) to de te rmine  the 
amoun t  of  choles tanol  (5a-cholestan-33-ol) ,  
since a significant  a m o u n t  of  this s tanol  is 
excre ted  in the feces of  this species (4); and (b) 
to de te rmine  the nature  of  plant  sterols,  if any, 
in the skin. This was of  part icular  in teres t  in 
view of  previous observat ions  (5) tha t  plasma 
concen t r a t i on  and intest inal  uptake  of  campes-  
terol  are higher than those of/3-si tosterol .  

MATERIALS AND METHODS 

Skin samples were ob ta ined  f rom 2-year-old 
White Carneau pigeons (Pa lmet to  Pigeon Plant, 
Sumter ,  S.C.). Skin samples were weighed and 
minced,  and to ta l  lipids were ex t rac ted  as 
descr ibed by Folch  et al. (6). The ext rac ts  were 
saponif ied,  and free sterols  were ex t rac ted  as 
descr ibed previously (7). The unsaponif iable  
fract ion was subjec ted  to thin layer  chromatog-  
raphy using the solvent  sys tem,  heptane-iso-  
propyl  e ther-acet ic  acid 65 :40 :4  v/v to separate 
choles terol  and plant  s terols  f rom 4-methyl  
sterols and lanosterol  derivatives. Choles tanol  
was separated f rom AS-sterols  by argenta t ion 
ch roma tog raphy  using the solvent  sys tem,  
ch lo ro fo rm-methano l -ace t i c  acid 100:1:0.2 v/v 
(7). Af ter  e lut ion of  d i f fe rent  sterol  fract ions 
f rom the silica gel, the  sterols  were ident i f ied  
and quan t i t a t ed  by gas l iquid c h r o m a t o g r a p h y  
on 3.8% W-98 co lumns  (4,5). 

RESULTS AND DISCUSSION 

During th in  layer ch roma tog raphy  of  the 
unsaponif iable  f ract ion,  a major  band corre- 
sponding  to choles terol  was not iced .  Unlike the 
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rat skin (3), no visible bands corresponding to 
4-methyl sterols and lanosterol could be seen. 
However the area of the silica gel corresponding 
to these fractions was scraped into vials and 
eluted with chloroform. These extracts were 
saved for gas liquid chromatography. Choles- 
tanol, if present, would overlap with cholesterol 
in ordinary Silica Gel G chromatography. 
Hence they were separated by chromatography 
on 20% AgNO3-impregnated Silica Gel G (Fig. 
1). A definite band corresponding to choles- 
tanol is apparent. The bands were eluted and 
subjected to gas liquid chromatography after 
trimethyl silylation (4,7). The band correspond- 
ing to cholesterol on gas liquid chromatography 
gave a large peak corresponding to cholesterol 
and two small peaks corresponding to campes- 
terol and/3-sitosterol (retention time relative to 
cholesterol-3.10 and 3.98, respectively.). The 
proportion of campesterol was always higher 
than/3-sitosterol, which was consistent with our 
observation on the plasma and liver of these 
pigeons (5). No plant sterols were identified in 
previous studies with rat skin (3). Cholesterol 
constituted 94.12% of the total sterols, and 
plant sterols less than 0.2% (Table I). A small 
peak with a retention time of 2.07 (relative to 
5o~-cholestane) could not  be identified. The 
band corresponding to cholestanol on gas liquid 
chromatography gave a single peak correspond- 
ing to authentic cholestanol. On quantitation it 
amounted to 4.6% of the total sterols. This 
amount of cholestanol is significant, since the 
presence of this stanol could not be confirmed 
in other studies on mammalian skin. The 
eluates from the area of gel corresponding to 
4-methyl sterols and lanosterol gave small 
peaks, which are tentatively identified (Table 
I). 

M.T. RAVI SUBBIAH 

FIG. 1. Thin layer chromatographic separation of 
skin sterols on AgNO3-impregnated Silica Gel G. S = 
standards, cholesterol (1) and cholestanol (2). PS = 
Pigeon skin sterols. Solvent system, chloroform- 
methanol-acetic acid, 100:1:0.2 v/v. The plates were 
stained with 2,7-dichlorofluoroscein spray. 
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Tumor Lipids: Comparison of Glyceryl Ethers of Mouse and 
Insect Tumors 

ABSTRACT 

Examina t ion  of  the lipids of  two 
tumor-bear ing mutant  strains of  fruit  fly 
reveal that  they do no t  have the elevated 
con ten t  of  glyceryl ethers typical  of  
many neoplasms of  higher animals. Glyc- 
eryl e ther  diesters were absent,  and the 
amounts  o f  alkyl and a lk- l -enyl  glyceryl  
ethers of  tumorous  and normal  tissues 
were similar. 

INTRODUCTION 

The con ten t  and metabol i sm of lipids in 
abnormal  tissues have received considerable 
a t tent ion  with the discovery of  large amounts  
of unusual  lipids in a variety of  tumors  of  
higher animals and man. T u m o r  cells have been 
shown to conta in  abnormal ly  high quanti t ies  of 
e ther -bonded lipids, primari ly as alkyl giyceryl 
ethers, that  appeared in the neutral  glycero- 
lipids as glyceryl  e ther  diesters (1-4). Alkyl  
glyceryl ethers were also found at above normal  
concent ra t ions  in phosphoglycer ides  in many 
neoplasms obta ined  f rom human tissues (5). 
Alterat ions in the activities of  one or more 
enzymes regulating the amounts  of  various 
ether-l ipid precursors appear to account  for the 
increased glyceryl ethers of  some tumors  (6,7). 

Many papers have been published that  de- 
scribe a variety of  abnormal  inclusions, 
growths,  lesions and o ther  tumor- l ike  structures 
in insects. Such pseudotumors  are generally 
acknowledged to be non-neoplast ic  in the true 
sense of  ver tebrate  neoplasms (8), and only 
recently has a neoplasm been isolated from 
insects that  bears a resemblance to true tumors  
(9). The present  exper iments  were done to 
compare  the glyceryl e ther  con ten t  of  these 
two types of  insect t umor  with  each other  and 
with  two mouse neoplasms known to contain 
elevated glyceryl ethers (4). 

EXPERIMENTAL PROCEDURES 

The various strains of  Drosophi la  melano-  

gaster Meign. used in these exper iments  were 
maintained on standard cornmeal  medium at 25 
+ 1 C. Flies f rom the head tumor  strain were 
examined  under  the dissecting microscope and 
were separated by sex into non tumorous ,  tu- 
morous  and severely tumorous  groups (predom- 
inately males with greater than 90% of the head 
abnormal) .  Separated heads and abdomens  were 
retained for analysis o f  lipids. Larvae f rom the 
neuroblas toma strain were dissected and exam- 
ined microscopical ly to obtain tumorous  and 
normal  tissues. Adults  of  this strain are all 
non tumorous .  Whole insects or  dissected tissues 
were transferred immedia te ly  in to  chloroform-  
methanol  2:1 v/v and homogenized.  Near termi- 
n a l  m o u s e  m a m m a r y  a d e n o c a r c i n o m a  
(BW10232) was dissected f rom C57BL/6J  mice 
maintained in our  laboratory .  Ehrlich ascites 
carcinoma lipids were obtained from Swiss 
mice. Total  lipids were ext rac ted  by t h e  Folch  
technique (10), except  for  the Ehrlich ascites 
carcinoma lipids which were recovered by the 
technique of  Bligh and Dyer (11). 

The e ther-bonded lipids of these extracts  
were analyzed by thin layer chromatography  
(TLC) and quant i ta t ive  pho todens i t ome t ry  as 
described by Wood and Snyder  (4,12). All TLC 
plates were sprayed with concent ra ted  H2SO 4 
and were charred under  un i fo rm condi t ions  for 
30 rain at 180 C. Known amounts  of  a standard 
glyceryl ether  (g lycery l - l -oc tadecyl  ether,  Ana- 
labs, Inc.,  Nor th  Haven, Conn.) were analyzed 
in triplicate on each plate along with experi-  
mental  lipids. The standard was purified to 
>99% puri ty by preparative TLC before use. 

RESULTS AND DISCUSSION 

Analyses were made of  the giyceryl  ether  
diesters (GEDE),  alkyl glyceryl ethers,  and 
alk- l -enyl  glyceryl ethers of  two mutan t  tu- 
morous  strains, and of  a normal  n o n t u m o r o u s  
strain of  the frui t  fly. The tumorous  head 
mutant ,  tu h is generally acknowledged to be a 
pseudo tumor  or tumefact ive  lesion of  the adult 
fly that  does no t  have the same biological 
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TABLE I 

Content of Glyceryl Ethers in Tumorous-Head (tu h) and Giant Larva Neuroblastoma 
(1 [2] gl 4) Mutant Strains of the Fruit Fly, and in Two Mouse Tumors 

161 

Glyceryl ether, %b 

Lipid source Tissue condition a Alkyl Alk-l-enyl 

tuh strain 

Males (whole) NT 2.35 0.66 
Males (heads) NT 2.65 0.38 
Males (whole) T 2.04 0.3 l 
Males (heads) T 3.45 0.12 
Males (isolated heads T 1.28 0. l 0 

with severe tumors) 
Males (abdomen from T 0.80 0.05 

severe tumor heads) 
Females (whole) NT 1.05 0.62 
Females (heads) NT 2.71 0.19 
Females (whole) T 1.65 0.51 
Females (isolated heads T 4.12 0.12 

with severe tumors) 

Overall averages, tuh strain 

NT 2.19 0.46 
T 2.22 0.20 

1(2) gl 4 strain 

Males and females (whole) NT 1.29-2.37 0.27-0.36 
Males and females, normal stock NT 1.59 0.54 
Puparia (whole) NT & T mixed 0.12 0.03 
Larvae, normal 3rd instar NT 0.18 0.06 
Larvae, giant T 0.15 0.09 

Mouse tumors 

Mammary adenocarcinoma T 10.59 1.35 
(neutral lipids) 

Ehrlich ascites carcinoma T 8.25 1.74 

aT = tumorous; NT = nontumorous. 
bper cent glyceryl ethers based on weighed samples of total lipids except for mammary 

adenocarcinoma. These percentages have been corrected by multiplying by a factor of 3 the 
percentages of the free alkyl and alk-l-enyl glycerols determined by thin layer chromato- 
graphic photodensitometry. 

character is t ics  as a true neop lasm of  higher 
animals. Such non t ransp lan tab le  p s e u d o t u m o r s  
of  insects  are no t  invasive or lethal to their  
hosts ,  and the  t um orous  cells do no t  change 
their  organ-specific histological  character is t ics  
(8). The second  m u tan t ,  lethal  giant larva 
l (2)gl  4, is an invasive and t ransplantable  neu- 
rob las toma of  the larval brain tha t  remarkably  
resembles  true neoplasms  in many  ways. In this 
mu tan t ,  the brain lobes  are enlarged and de- 
fo rmed ,  and con t inue  to grow in the enlarged 
larva. Other  larval organs are also abnormal .  
The imaginal discs grow in to  amorphous  cellu- 
lar clusters;  the l y m p h  glands and gonads are 
abnormal ;  the fat body  is greatly reduced;  and 
the larva is t r ansparen t  and swollen w i thexces s  
h e m o l y m p h  (9). 

The results o f  our  analyses of  e t h e r - b o n d e d  
lipids of  the insect  and mouse  tumors  were in 

sharp con t ras t  wi th  each other .  Whereas the 
mouse  tumors  possessed easily de tec tab le  
GEDE by TLC analysis, no  evidence could be 
ob ta ined  for  the presence  of  GEDE in any of  
the insect  tumors .  Even the invasive neuro-  
b las toma proved negative for GEDE.  For  ex- 
ample,  a sample of  90 enlarged brains and 
imaginal discs was obta ined and their  total  
lipids analyzed by TLC. Free fa t ty  acids, 
choles terol ,  s teryl  esters and a very large 
amou n t  of  tr iglyceride were found ,  bu t  there  
was n o t h i n g  evident  in the TLC posi t ion of  
GEDE when compared  wi th  au then t ic  s tandard  
(1, 2 d ipa lmi toy l -3-oc tadecenyl  e ther ,  Analabs,  
lnc . ,  N o r t h  Haven, Conn.) .  

Quant i ta t ive  p h o t o d e n s i t o m e t r i c  analysis of  
a large select ion of  tuh and l (2) gl 4 tissues and 
whole insects  fu r ther  revealed tha t  the alkyl 
and a lk- l -enyl  glyceryl e thers  were far lower  
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than in mouse  neoplasms (Table I). At though  
some variation in total  cor rec ted  per  cent  
glyceryl e ther  is n o t e d  in this table for the 
various insect  samples,  tumor-bear ing  tissues 
of ten  had m u c h  lower  glyceryl e thers  than 
comparable  s t ructures  of  n o n t u m o r o u s  insects.  
For  example ,  n o n t u m o r o u s  heads of  male flies 
of the lu h strain con ta ined  more  than twice as 
much  glyceryl e ther  as males wi th  severe head 
tumors .  The overall average for  t umorous  vs. 
n o n t u m o r o u s  adults was very similar for  b o t h  
types  of  glyceryl e ther  (Table I). There was a 
t endency  for higher amoun t s  of  glyceryl e ther  
in heads than in abdomens  of  whole  adult  flies. 
The glyceryl e ther  c o n t e n t  of  Ehrl ich ascites 
t u m o r  in Table 1 agreed quite closely wi th  that  
r epor ted  by Snyder  and Wood (4). 

In the l ( 2 ) g l  4 strain, n o n t u m o r o u s  samples 
con ta ined  as much  glyceryl e the r  as comparab le  
tumorous  ones. Adults  appear  to  con ta in  much  
higher glyceryl e thers  than  the larvae. Such 
variations in glyceryl e the r  con t en t  and biosyn-  
thesis of d i f ferent  deve lopmenta l  stages of in- 
sects have been repor ted  before (13,14)  and 
partially account  for the variation and higher 
amounts  of  e thers  de tec ted  in the tuh adults 
no ted  in Table I. 

Admi t t ed ly  our  select ion of  only two insect  
tumors  f rom the large n u m b e r  available limits 
our observat ions.  However  the amoun t  of tissue 
obtainable  f rom many  of  the o the r  Drosophi la  
lesions is ex t r emely  small,  and obta in ing larger 
samples would  involve prohibi t ive  amoun t s  of 
time. We believe that  the results are part icular ly 
significant because of  the absence of elevated 
glyceryl e thers  f rom the invasive and t ransplant-  
able l (2) gl 4 strain. Al though resembl ing  a true 
neop lasm in many ways,  this neurob las toma  
does no t  appear  to possess the abnormal  e ther-  
lipid pa t te rn  character is t ic  of  many ver tebra te  
neoplasms.  We hope  to be able to  repor t  more  
fully on the lipids of  this neu rob l a s toma  when 
larger amounts  of  tissue become  available. 

MARY F. WELCH 
Nuclear Science Center  
Louisiana State Universi ty 
Baton Rouge,  Louisiana 70803 
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Activity of Fatty Acyl CoA- Lysophospholipid Acyltransferases 
in Liver Microsomes of Rats Fed a Choline-Deficient Diet 
S.-H. CHEN, and B. LOMBARDI, Department of Pathology, School of Medicine, 
University of Pittsburgh, Pittsburgh, Pennsylvania 15213 

ABST RACT 

Feeding a choline-deficient diet to rats 
has no effect on the activity of fatty acyl 
CoA-lysophospholipid acyltransferases, 
even though liver microsomes are severely 
depleted of lee• Thus lee• ap- 
pear to have no functional role in the 
activity of these transferases. It can be 
excluded that the latter enzymes are 
involved in the production of the changes 
in the fatty acid composition of liver 
phospholipids occurring in choline-defi- 
cient rats. These changes result most 
likely from alterations in the biosynthesis 
of liver lee• and cephalins. 

INTRODUCTION 

Feeding a choline-deficient (CD) diet to rats 
leads to changes in the fatty acid composition 
of lee• of total liver (1) and of liver 
rnicrosomes (2) within 24 hr. The changes 
include a decrease in the percentage of oleic 
and linoleic acids and a marked increase in the 
percentage of arachidonic acid. Minor changes 
are also seen in the fatty acid composition of 
cephalins (2). (The term "cephalins" is used 
here to indicate phosphatidyl ethanolamines, 
phosphatidyl monomethylethanolamines and 
phosphatidyl dimethylethanolamines.) In an at- 
tempt to reveal the mechanism responsible for 
these changes we assayed the activity of fatty 

acyl CoA-lysophospholipid acyltransferases in 
microsomes isolated from the liver of CD and 
choline-supplemented (CS) rats. 

Fatty acyl CoA-lysophospholipid acyltrans- 
ferases are constitutive enzymes of microsomes 
and afford the cell a mean of retailoring the 
fatty acid composition of phospholipids (3). 
Indeed, it has been shown that most of the 
polyunsaturated fatty acids, such as arachidonic 
acid, are introduced into liver lee• by the 
activity of these acyltransferases after synthesis 
de novo of the lee• (4). Feeding a CD diet 
to rats induces acute changes in the ultrastruc- 
ture (5) and in the lipid composition of liver 
microsomes (2). Furthermore phospholipids are 
known to be essential for the functional integ- 
rity of certain enzymes located in membranes 
(6). For these reasons it was decided to 
investigate the activity of  fatty acyl CoA-lyso- 
phospholipid acyltransferases and determine 
whether an altered activity is a factor involved 
in producing the changes in fatty acid composi- 
tion of liver lee• and cephalins of CD rats. 

MATERIALS AND METHODS 

General Procedures 

Male rats of the Sprague-Dawley strain 
(Sprague-Dawley Co., Madison, Wis.) weighing 
ca. 100 g were used. Preparation of animals for 
the experiments and preparations of the CS and 
CD diets were performed as previously reported 
(7). Groups of rats were fed the CS diet 

TABLE I 

Fatty Acy l  CoA-Lysophosphol ipid Acyltranserase Activities 
of  Rat Liver Microsomes a 

Phospholipid added 

1-Acyl-glycerophosphoryl choline 1-Acyl-glycerophosphoryl ethanolamine 

Choline- Choline- Choline- Choline- 
Acyl CoA added supplemented deficient supplemented deficient 

16:0 4.9• 4.4• 1.4• 1.5• 
18:0 4.4• 3.6• 2.1• 1.7• 
18:1 24.2• 25.0• 4.4• 3 . 5 •  
18:2 36.6• 40.5• 6.7• 7.3• 
20:4 45.8• 1.2 b 50.5• 1.4 b 10.0• 1.1 9 . 8 •  
22:6 7.9• 9.1• 1.0• h 1.4• b 

aEach value represents n m o l / m i n / m g  microsomai  protein and is the mean -+ SEM obtained from four rats, 
except  those indicated. Liver microsomes  were isolated from rats fed one of  the two  diets for 24 hr. 

bMean + SEM obtained from eight rats. 
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(control animals) or the CD diet (experimental 
animals) for 24 hr. The animals had access to 
the diets up to the time of sacrifice. 

Assay of Fatty Acyl CoA-Lysophospholipid 
Acyltransferases 

The liver was homogenized in 3 volumes of 
0.25 M sucrose to 0.002 M EDTA, pH 7.4, with 
a Polytron (Model PT 10, Brinkman Inst. Inc., 
Westbury, N.Y.) at the lowest speed for 45 sec. 
The homogenate was centrifuged at 20,000 x g 
for 20 min in a Spinco Model L centrifuge. The 
supernatant was collected and centrifuged at 
105,000 x g for 60 min to yield microsomal 
pellets. The pellets were washed once by 
resuspension in the sucrose-EDTA medium and 
by recentrifugation at 105,000 x g for 60 min. 
The final pellets were suspended in sucrose- 
EDTA medium to a concentration of ca. 10 mg 
microsomal protein per milliliter. The suspen- 
sions were stored at -15 C (8). Microsomal 
proteins were determined by the method of 
Lowry et al. (9). 

Coenzyme A thioesters of oleic, linoleic, 
arachidonic and docosahexaenoic acids were 
prepared from CoA (lithium salt, Nutritional 
Biochemicals Corp., Cleveland, Ohio) and fatty 
acids (Analabs, Inc., North Haven, Conn.) as 
described by Goldman and Vagelos (10). Yields 
varied from 15 to 50% based on comparing the 
content of the sulfhydryl group of the starting 
material and the extent of CoA released in the 
assay system. About 80% of each fatty acyl 
CoA was found to be active in the assay system. 
This assessment was based on comparing the 
phosphorus content  of the fatty acyl CoA 
preparations and the extent of CoA released in 
the essay system (8,11). S-Palmitoyl CoA and 
S-stearoyl CoA were purchased from Sigma 
Chemical Co. (St. Louis, Mo.). The thioesters 
were dissolved in distilled water, saturated with 
Santoquin (Monsanto, St. Louis, Mo.), to a 
concentration of 2 x 10 -3 M and stored at -15 C 
(11). 1-Acyl-glycerophosphoryl choline was ob- 
tained from General Biochemicals (Chagrin 
Falls, Ohio), and 1-acyl-glycerophosphoryl etha- 
nolamine from Supelco Co. (Bellefonte, Pa.). 
The lysophospholipids were dispersed in water 
(8) with the aid of a Polytron operated at 
maximal speed for 5 rain. 

Acyltransferase activities were assayed as 
indicated by Lands et al. (8). The sulfhydryl 
group binding reagent was prepared by dissolv- 
ing 39.6 mg of 5,5'-dithiobis (2-nitro-benzoic 
acid) (DNTB, Aldrich Chemical Co., Milwau- 
kee, Wis.) in 10 ml of 0.1 M phosphate buffer, 
pH 7.0 (12). The complete assay mixture 
contained, in a final volume of 1.0 ml: 0.7 ml 
of 0.1 M Tris-HC1 buffer, pH 7.4; 0.1 ml of 

B. LOMBARDI 

0.01 M DNTB; 25 to 30 nmol of fatty acyl 
CoA; 0.15 to 0.20 mg of microsomal proteins, 
and 0.1 ml of 1-acyl-lysophospholipid (180 
nmol of 1-acyl-GPC, or 150 nmol of 1-acyl- 
GPE). Rates of CoA release were determined in 
complete mixtures and in mixtures without 
1-acyl-lysophospholipid, and the rate of acyl 
transfer was calculated from the difference of 
the two. The increase in absorbance at 412 mtt 
was measured in a Cary Model 16 spectropho- 
tometer. Duplicate analyses were performed on 
the microsomal preparation of each rat. 

Differences between the means were 
checked with student t test and regarded as 
significant if P<~0.05. 

RESULTS 

The results are presented in Table 1. No 
significant difference was seen in the activity of 
acyltransferases between CS and CD rats. 

As observed by Lands et al. (1 1,13), the rate 
of acyl transfer from the thioesters of unsatu- 
rated fatty acids is nigher than that from the 
esters of saturated fatty acids when 1-acyl-lyso- 
phospholipid is used as an acceptor; for each 
fatty acyl CoA acylation of 1-acyl-glycerophos- 
phoryl choline (GPC) is considerably faster than 
that of 1-acyl-glycerophosphoryl ethanolamine 
(GPE). Among the six fatty acyl CoA's tested, 
arachidonic acyl CoA exhibits the highest rate 
of acylation. This is in agreement with the 
findings of Holub et al. (4), that a large portion 
of aracnidonic acid-containing lecitnins in liver 
are derived from acyltransfer. 

D I SC USSI ON 

Fatty acyl CoA-lysophospholipid acyltrans- 
ferases are localized in the microsomal fraction 
of liver homogenates (3). Choline deficiency 
induces acutely marked alterations in the ultra- 
structural appearance of the endoplasmic retic- 
ulum of hepatocytes, as well as a severe 
depletion of lecithins in the microsomal mem- 
branes (2,5). However the results of this study 
indicate that these alterations have no repercus- 
sion on the activity of the acyltransferases. 
Therefore the functional role of lecithins in the 
activity of acyltransferases appears limited. This 
conclusion corroborates the observation by 
Ellingson et al. (3) that partial removal of 
microsomal phosphoglycerides by treatment 
with phospholipases failed to demonstrate a 
functional requirement for diacylphosphoglyc- 
erides in acyltransferase activity. 

As pointed out recently (4), at least three 
different biosynthetic pathways are of impor- 
tance in determining the fatty acid composition 
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of l iver lec i th ins :  syn thes i s  via p h o s p h a t i d i c  
acid and CDP-chol ine  (14) ;  s tepwise  m e t hy l -  
a t ion  o f  p h o s p h a t i d y l  e t h a n o l a m i n e s  to  lec i th ins  
(15) ,  and  the  acy la t ion  of  lyso lec i th ins  (3) .  
Oleic and  l inoleic  ac id -con ta in ing  lec i th ins  de- 
1"ire mos t ly  f rom the  synthes i s  via p h o s p h a t i d i c  
acid and  CDP-chol ine,  w i t h  acy la t ion  of  lyso- 
lec i th ins  p lay ing  a less i m p o r t a n t  role (4).  On 
the  o t h e r  hand ,  a r ach idon ic  ac id -con ta in ing  
lec i th ins  appea r  to  or ig inate  mos t ly  f rom acyla- 
t ion  of  lysoleci th ins ,  w i th  the  s tepwise  me thy l a -  
t ion  o f  p h o s p h a t i d y l  e t h a n o l a m i n e s  be ing  of  
secondary  i m p o r t a n c e  (4).  

Thus ,  to  the  e x t e n t  t h a t  resul ts  o b t a i n e d  in 
v i t ro  can  be  e x t r a p o l a t e d  to  s i tua t ions  in  vivo, 
fatty acyl CoA- lysophospho l ip id  acyl t rans-  
ferases appear  to  play no  d i rec t  role in pro- 
duc ing  the  changes  in the  f a t t y  acid compos i -  
t i on  of  liver phospho l ip id s  observed in ra ts  fed 
a CD diet .  In  a p rev ious  s tudy  (1) ,  ev idence  was 
o b t a i n e d  suggesting t ha t  the  m e t h y l a t i o n  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 s  to  lec i th ins  is in- 
creased in the  l iver of  CD rats.  Lec i th ins  de- 
r ived f rom m e t h y l a t i o n  o f  p h o s p h a t i d y l  e th-  
ano lamines  have been  d e m o n s t r a t e d  to  be  
par t icu la r ly  r ich in a rach idon ic  acid (16 ,17) .  
The re fo re  the  changes  i nduced  by  cho l ine  defi-  
c iency  in the  f a t t y  acid c o m p o s i t i o n  of  liver 
lec i th ins ,  wh ich  show a m a r k e d  increase  in the  
pe rcen tage  of  a r ach idon ic  acid, are mos t  l ikely 
the  resul t  o f  a l t e ra t ions  in the  syn thes i s  de 
n o v o  of  liver leci thins .  
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Studies on Detection and Synthesis of Prostaglandins in Tail 
Skin of the Rat 
W.C. TAN and O.S. PRIMETT, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Studies are reported on the detection 
and in vitro biosynthesis of prostaglan- 
dins of the E type in the tail skin of male 
Sprague-Dawley rats. It  was found that 
strips of skin were preferred to other 
techniques of skin preparations, such as 
mincing or homogenization for the assay 
of endogenous prostaglandins. Each strip 
of tall skin could be used at least twice, 
each time in fresh buffer to obtain 
additional release of endogenous prosta- 
glandins. The skin was stripped from a 
longitudinal incision in the tail in one 
piece and cut into four parallel strips 
lengthwise. Each strip of skin was incu- 
bated singly and the prostaglandins were 
extracted with ethyl acetate. The detec- 
tion and analysis of prostaglandins of the 
E type were carried out by standard 
procedures on the residue of this extract 
dissolved in 95% ethanol. By means of 
this technique, endogenous prostaglan- 
dins were detected in the tail skin of rats. 
Little or no prostaglandins were extracted 
by organic solvents directly from the 
tissue, and the yields were low when the 
tissue was minced. The results indicate 
the possibility that endogenous prosta- 
glandins may be synthesized during incu- 
bation in buffer or may be released from 
binding with other cellular components. 
The major prostaglandin of this tissue was 
PGE2; prostaglandin E 1 (PGE1) was also 
detected. Using the same procedure, the 
presence of a prostaglandin synthetase 

system in the tail skin was demonstrated 
by the conversion of exogenous arachi- 
donic acid to prostaglandin E 2 (PGE2). 

INTRODUCTI ON 

Recently (1-3), the occurrence of scaliness in 
the tail skin of hypophysectomized rats similar 
to that in essential fatty acid deficiency has 
been demonstrated. Scaliness of tall has been 
attributed to a deficiency of prostaglandins (4) 
which are found to be actively synthesized in 
the skin of rat (5). 

In general, the assay of prostaglandins in 
skin and in other tissue is carried out on 
homogenates (5-8). In a previous communica- 
tion (9), we showed that grinding the tissue in 
the frozen state was preferred to homogeniza- 
tion for the assay of prostaglandins in rat 
vesicular glands. In the present study a simple 
technique was developed for the assay of 
prostaglandins in tail skin which is suitable for 
application to EFA-deficient and hypophysec- 
tomized animals. The technique is based on the 
use of strips of skin in preference to homogeni- 
zation or mincing the tissue. 

MATERIALS AND METHODS 

Animals 

Normal male rats of the Sprague-Dawley 
strain, 180-200 g body wt, were obtained from 
the Hormone Assay Lab., Chicago. The animals 
were housed in individual cages and fed ad 
libitum a basic fat-free diet supplemented wit.h 
vitamins and minerals in the required amounts 
(1,3) and 10% corn oil. 

T A B L E  I 

De tec t ion  of  E n d o g e n o u s  PGE in Tail Skin o f  Male Rats  

1st 2nd 
E x p e r i m e n t  i n c u b a t i o n , a  I n e u b a t i o n , a  PGE,  

no. ,ug/g .ug/g /.tg/g 

l 57 42 99 
2 73 47 120 
3 51 28 79 
4 122 34 156 
5 47 41 88 

aThe  same strip o f  skin from each rat  tail was  i n cu b a t ed  twice ,  each  t ime in n e w  bu f f e r  
for 1 hr. 10 ml  bu f f e r  was  used per  g o f  skin f r o m  tail. Calcula t ions  were  based  on #g of  
PGE released per  g ram o f  tail skin. O t h e r  e x p e r i m e n t a l  condi t ions  are descr ibed  in the text .  
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TABLE II TABLE III 

Effect of pH on PGE Release from Rat Tail Skin a 

pH PGE release, #g/g 

4 76 • 7 a 
7 89+-8 
8.5 115 +- 11 
9.2 132 + 6 

Effect of Buffer Volume on PGE Release from Rat 
Tail Skin after Incubation 

ml Buffer/g tail skin #g PGE/g tail skin 

5 48 -+ 5 a 
lO 70 +- 22 
20 115 -+ 11 

aM +- SD, three animals. Conditions: 20 ml of 0.1 
M NH4CI/g tail skin; pH adjusted with concentrate 
NH4OH or HCI. 

Preparation of Skin from Tail 

The rats were sacrif iced u n d e r  e ther .  The 
tails were cut  and placed on dry ice when no t  
immedia te ly  used and s to red  at -20 C. Fo r  each 
assay a lengthwise incision was made in the tail; 
the  skin was s t r ipped  in one piece and cut  
lengthwise  in to  four  parallel strips.  Each strip 
of  skin was incuba ted  individually in a 25 ml 
beaker.  Usually a 200 g rat  y ie lded  ca. 2 g of  
tail skin. 

Incubation and Extraction 

Strips of  skin of  ca. 0.7 g each were 
incuba ted  in 10 ml of  0.1 M NH4C1 buf fe r  
conta in ing  20 mg gluta th ione  at final pH 8.5. 
For  enzymic  convers ion o f  arachidonic  acid to 
prostaglandins ,  concen t r a t ions  of  arachidonic  
acid f rom 1 to  6 mg]g skin were used.  The 
solvent was evapora ted  u n d e r  n i t rogen  f rom a 
solut ion of  the substrate  which  was placed in 
25 ml beaker  and emuls i f ied  wi th  buffer .  A 
strip of  skin was then  immersed  in the emuls ion 
and incuba ted  in an a tmosphe re  of  air for  1 hr 
at 37 C wi th  shaking. Sys tems wi thou t  the 
substrate  or w i thou t  skin were used as contro ls .  
The react ion was s t o p p e d  by adjus t ing the pH 
of  the incuba t ion  mix ture  to  pH 3 wi th  1 M 
citric acid. Af te r  removing the skin str ip,  the  
react ion mixture  was ex t r ac t ed  three  t imes wi th  

aM -+ SD, three animals. Conditions: 0.1 M NH4CI; 
pH 8.5, 2 mg GSH/ml buffer; incubation time 1 hr. 

40 ml e thy l  acetate.  The e thy l  ace ta te  of  the 
c o m b i n e d  ex t rac t s  was evapora ted  under  nega- 
tive pressure and the p roduc t s  were dissolved in 
5 ml 95% ethanol .  Al iquots  of  the e thanol  
solut ion were used for  ident i f ica t ion  and quan-  
ti tative de te rmina t ion  of  prostaglandins .  

Assay 

Prostaglandin  reference  s tandards  (95% 
pure)  and arachidonic  acid (99% pure)  were 
ob ta ined  f rom the Lipids Prepara t ion  Lab. of  
The Hormel  Ins t i tu te .  The absorp t ion  by PGE 2 
at 278 m/a af ter  alkali addi t ion  was p lo t t ed  as a 
func t ion  of  t ime,  and the opt ical  dens i ty  at 
zero t ime was de t e rmined  by ex t rapo la t ion  
(10,11).  The total  a m o u n t  of  PGE 2 was calcu- 
la ted on the basis o f  the k n o w n  molar  ext inc-  
t ion coeff ic ient .  (A0.D. = 1.00 cor responds  to  
39.4 /zg PGE c o m p o u n d s  per  3 ml reac t ion  
mixture  [10 ,11 ] . )  

Thin Layer Chromatography (TLC) 

The TLC techn iques  used for  the  ident i f ica-  
t ion and isolated of  the  pros taglandins  and the  
subsequen t  resolu t ion  of  PGE1,  PGE 2 and 
PGE 3 by AgNO3/TLC have been descr ibed by 
Green and Samuelsson (12) and Ramwell  and 
Daniels (13).  

R ES U LTS 

Appl ica t ion  of  the  p rocedure  descr ibed 

TABLE IV 

Detection of PGE from Rat Tail Skin in Different Systems 

1st Incubation, 2nd Incubation, 
No. of animals Buffer system ~tg/g ~g/g 

3 0.2 M Phosphate 44 +, 3 a 39 +- 4 a 
3 0.2 M Phosphate, plus 6 mg 

Arachidonic acid/g skin 104 + 10 79 +, 5 
5 0.1 M NH4Cl 70 -+ 22 38 -+ 6 
4 0.1 M NH4CI, using minced tail skin 36 -+ 5 
5 0. I M NH4CI, plus 6 mg 

Arachidonic acid/g skin 126 +, 17 70 -+ 10 
4 0.1 M NH4C1, without Glutathione 15.3 -+ 3 19.6 -+ 2 

aM -+ SD. Unless otherwise specified, strips of tail skin and glutathione (2 mg]ml) 10 ml buffer pH 
8.5 was used per g skin; other conditions described in the text. 
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TABLE V 

Conversion of Arachidonic Acid to PGE 2 by Repeated Use of Same Strips of 
Rat Tail Skin in Two Successive Incubations a 

1st Incubation 2nd Incubation 

Substrate 
concentration, Net synthesis, Yield, Net synthesis, Yield, 

mg/g gg/g % /.tg/g % 

1 15 + 2 1 .5  19  + 9 1 . 9  
3 33• 1.1 31•  1 
6 7 0  • 1 0  1 .2  4 1  • 14  0 . 7  

aM • SD from three rats. Conditions: 0.1 M NH4CI, pH 8.5, 10 ml/g tail skin. The same 
strips of ta i l  skin were used twice, in the first and second incubations, each time with new 
buffer and substrate. Net synthesis was calculated as: incubation with substrate minus 
incubation without substrate. All other conditions are described in text. 

above to the detection of prostaglandins of 
endogenous origin in the tail skin of normal rats 
is shown in Table I. In these experiments, two 
successive incubations were carried out on the 
same strip with fresh buffer. Sometimes a third 
incubation yielded additional prostaglandin. In 
contrast, no prostaglandins were detected by 
direct extraction of tail skin with acetone, ethyl 
acetate or chloroform, although these solvents 
yielded the fat, fatty acids and other substances 
from the tail skin. 

The effects of pH and volume of buffer on 
the yield of prostaglandin are shown in Tables 
II and III, respectively. The optimum volume 
for the incubation of a skin strip was ca. 20 
ml/g of  skin and the highest yield of  prosta- 
glandin was obtained at alkaline pH. Silver 
nitrate-TLC of the extracts showed that PGE 2 
was the most abundant species of the endoge- 
nous prostaglandin fraction. Sometimes trace 
amounts of PGA and PGB were detected on the 
TLC plates. However these compounds could 
have been produced by dehydration during 
chromatography (5). 

Studies of the effect of  several other condi- 
tions on the yield of prostaglandin are shown in 
Table IV. These results showed that phosphate 
buffer could be used in place of ammonium 
chloride buffer, but the yield of prostaglandin 
was low. The yield of  prostaglandin was low 
when minced tissue was used, and this tech- 
nique precluded a second incubation. When 
glutathione was left out of the incubation 
mixture, the yield of prostaglandin was also 
low. The addition of  arachidonic acid to the 

incubat ion  mixture increased the yield of 
prostaglandin E 2 indicating in vitro biosynthe-  
sis of PGE 2. The biosynthesis of PGE 2 from 
exogenous arachidonic acid is demonstrated in 
Table V. These results indicated that ca. 1% of 
the added arachidonic acid substrate was con- 
verted to prostaglandins. The fact that a similar 
yield was obtained in the second incubation 

showed that the synthetase system was still 
active and fairly stable during the incubation. 

DISCUSSI ON 

The technique described here permits the 
detection of prostaglandins of  endogenous off- 
gin in the tail skin of rats. There is some 
question of whether the prostaglandins are 
present in the tissue as such, or are synthesized 
during the procedure inasmuch as the optimum 
conditions for extraction are similar to those 
for in vitro biosynthesis. It has been generally 
observed (6) that homogenization in buffer 
gave a higher yield of prostaglandin than 
homogenization in alcohol. These observations 
have been interpreted to indicate endogenous 
synthesis during preparation of the tissue. 
Conceivably, endogenous synthesis of prosta- 
glandins could occur during the incubation 
procedure prior to extraction as a result of the 
liberation of precursor fatty acids by the action 
of  lipases in accordance with the hypothesis of  
a regulatory function of these enzymes (14,15). 
This explanation appears inviting because the 
release of prostaglandins is increased by the 
presence of glutathione which is believed to 
facilitate the formation of prostaglandins of the 
E structures (16). 

An alternative to the above explanation is 
that the incubation-extraction procedure is 
more efficient than other direct extraction 
methods with organic solvents to obtain the 
release of endogenous prostaglandins which 
may presumably be bound, at least in part, to 
cellular membranes (17). Little is known yet of 
the mechanism of prostaglandin's release from 
the membrane site. However the fact that 
prostaglandin release is increased by incubation 
in a buffered solution prior to extraction, by 
the alkaline pH and by the optimum incubation 
volume, would seem to indicate the possibility 
of bound prostaglandins. Another evidence of 
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endogenous  b o u n d  pros taglandins  comes  f rom 
the observat ion  of  tail skin of  h y p o p h y s e c t o -  
mized rats, which  has lost  the abili ty to 
synthes ize  pros taglandins  f r o m  added  precur-  
sors ye t  still has endogenous  release of  prosta-  
glandins when  sub jec ted  to  similar incuba t ion  
and ex t rac t ion  procedure  (2). 

The presence  o f  an active pros tag landin  
syn the tase  sys tem in the tail skin of the rat  was 
well d e m o n s t r a t e d  by the in vi t ro  synthes is  of  
PGE 2 f rom exogenous  arachidonic  acid. Studies 
on whole  skin of  the rat  by van Dorp (6) 
indicate  tha t  the major  site o f  pros taglandin  
synthesis  in skin is in the epidermis .  Al though  
only two  successive incuba t ions  were carried 
out  on each skin str ip in the present  s tudy,  the  
recoveries were comparab le  to tha t  ob ta ined  by 
van Dorp on whole skin. 
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Lipid Metabolism Following Triglyceride Ingestion in Intact 
and Adrenalectomized Rats 
ALAN I. FLEISCHMAN, Atherosclerosis Research Group, Saint Vincent's Hospital, 
Montclair, New Jersey 07042, and PAUL H. LENZ, Department of Biological Sciences, 
Fairleigh Dickinson University, Madison, New Jersey 07940 

ABSTRACT 

Although both adrenalectomized and 
intact Long Evans rats absorbed the same 
amount of fat over a 24 hr period, the 
livers of the intact rats accumulated 
triglyceride while the livers of the adre- 
nalectomized rats failed to do so. Of the 
glycerides excreted in the feces, the adre- 
nalectomized rat excreted a significantly 
higher proportion of triglycerides while 
the intact rats excreted primarily mono- 
glycerides. Fecal excretion of bile acids 
and phospholipids was significantly lower 
in the adrenalectomized rats compared to 
intact rats. Thus adrenal hormones appear 
to influence intestinal lipolysis. Serum 
and liver phospholipids appeared to be 
significantly lower in response to a fat 
load in adrenalectomized rats compared 
to intact rats. The phospholipid content 
of the small intestinal wall was five-fold 
higher in the intact rats than in the 

adrenalectomized rats. The adrenal gland 
appears to control phospholipid synthesis 
during triglyceride assimilation. 

I NTRODUCTI ON 

Shafri~ et al. (1) and Salvador et al. (2) 
reported that epinephrine caused the mobiliza- 
tion of plasma free fatty acids, while Barrett (3) 
noted that changes in lipoproteins could be 
caused by increases in adrenocortical hormone 
secretion. Preliminary experiments (4) indi- 
cated differences in metabolic response of 
intact and adrenalectomized rats to triglyceride 
ingestion. Seven hours after triglyceride inges- 
tion there was a 64% rise in plasma glucose, 
P <  0.05, compared to the zero time level, 
while in the adrenalectomized rat a 29% drop 
was noted in plasma glucose, P < 0.01. In the 
intact rat, this glucose rise was traced to 
glucocorticoid release and gluconeogenesis from 
amino acids (5). It  was further noted that 
plasma phospholipids and cholesterol rose dur- 
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FIG. 2. Serum and liver triglyceride and free fatty acid variation with time following a 5.0 ml cottonseed oil 
load in intact ( ) and adtenalectomized ( - - - - )  Long Evans rats. 

ing the first 4 hr after triglyceride loading in 
intact rats, but not  in the adrenalectomized 
rats. 

In an attempt to gain some further under- 
standing of the adrenal control of lipid metabo- 
lism, a detailed study of the ways in which 
intact and adrenalectomized rats respond to 
triglyceride loading was conducted. The results 
of this study are presented in this report. 

MATE RI ALS A N D  METHODS 

Sixty-day-old male rats from an inbred 
colony of the Long Evans strain were used. 
They were weaned at 23 days of age, and 
maintained on a commercial rat diet (Purina 
Lab. Chow) and tap water ad libitum. Three 
hundred and sixty rats, mean weight 214 + 4.5 
g, were divided into two groups. One group was 
adrenalectomized by the method described by 
Ingle and Griffith (6), ensuring that the glands 
were removed encapsulated; the other group 
served as intact controls. No replacement ther- 
apy was given following adrenalectomy. At 
the start of the experiment, all ardmals were 
18 hr postprandial; adrenalectomized animals 
were 5 days postoperative. At the time of oil 
gavage, the mean weight of the intact rats was 
221 + 5.4 g, while that of the adrenalectomized 

rats was 206 + 9.4 g. Five milliliters (4.630 g) 
of cottonseed oil was given to each rat by 
gavage. At specific time periods for the next 24 
hr, rats were exsanguinated by decapitation. 
Blood was allowed to clot, and the serum was 
separated and assayed immediately. Livers were 
immediately removed, weighed and extracted 
for assay as previously described (7). 

Twenty-four hour fecal collections were 
extracted for lipids and bile acids as previously 
described (7). The contents of the stomachs 
and large and small intestines were removed by 
washing out with physiological saline solution. 
The contents were lyophilized to dryness and 
extracted as .previously described for feces (7), 
except that they were made to a final volume 
of 10 ml. Small intestinal walls were extracted 
by grinding with 20 volumes of chloroform- 
methanol 2: 1, washed with isotonic saline, and 
made to a final volume of 10 ml with chloro- 
form. 

Serum phospholipids, cholesterol, triglyc- 
erides and free fatty acids were determined by 
previously described automated methods (8). 
Liver, stomach contents, intestinal wall, intesti- 
nal contents and fecal lipid extracts were 
assayed by the same procedures. Total lipids 
were determined gravimetrically. 

Fecal mono-, di- and triglycefides were 

LIPIDS, VOL. 8, NO. 4 



172 A.I. FLEISCHMAN 

TABLE I 

Fecal Lipids in Intact and Adrenalectomized Rats 
24 hr after a 5 ml Triglyceride Load a 

Lipid In tac t  Adrenalectomized 

Total feces, g/day 3.222 +- 0.231 b 3.681 +, 0.375 
Total lipids, mg/day 877 -+ 96 905 -+ 91 
Lipid phosphorus as 

phospholipids, mg/day 99 +- 13.7 23 -+ 10.3 c 
Sterols, 3q3-hydroxy- 5-ene, 

rng/day 15 +, 2.2 17 +- 1.1 
Free fatty acids #Eq/day 1297 -2_ 130 1156 + 99 
Bile acids, mg/day 23 +- 2.8 10 +, 2.8 c 
Total glycerides as 

triolein, mg/day 247 +, 41 431 -+ 46 c 
Per cent of total glycerides 

Triglycerides 11.25 +, 2.72 30.35 + 9.48 d 
Diglycerides 24.50 -+ 3.15 37.51 + 6.42 d 
Monoglycerides 63.96 +- 3.78 32.38 + 3.39 c 

aTen rats per group. 
bMean +, SEM. 
cp<o.01. 
dp<0.05. 

separa ted  by c o l u m n  c h r o m a t o g r a p h y  on  silicic 
acid, e m p l o y i n g  graded c o n c e n t r a t i o n s  of  di- 
e thy l  e the r  in h e x a n e  acco rd ing  to  the  m e t h o d  
of  Schrade  et  al. (9).  

Analyses  for  changes  were p e r f o r m e d  on the  
data  by  the  use  of  app rop r i a t e  e s t i m a t i o n  of  
e r ror  and  s t u d e n t  t tes ts  (10) .  

RESULTS 

The se rum l ipid responses  to  a t r iglyceride 
load in b o t h  i n t a c t  and  a d r e n a l e c t o m i z e d  rats  
are s h o w n  in Figures  1 and  2. Se rum p h o s p h o -  
l ipids (Fig. 1) were s igni f icant ly  h igher  in  the  
i n t a c t  ra ts  t han  in the  a d r e n a l e c t o m i z e d  rats  
t h r o u g h o u t  the  e x p e r i m e n t a l  per iod ,  P < 0.05. 
Fo l lowing  a t r ig lycer ide  gavage, in the  i n t a c t  
rats  a gradual  rise in  s e rum phospho l ip id s  was 
n o t e d  f r o m  the  zero  t ime  level of  119 + 5.1 
r ag /100  ml to 156 + 12.4 r a g / 1 0 0  ml at  12 hr,  
P < 0 . 0 1 ,  fo l lowed by a decl ine  to the  zero  
t ime  level by  20  hr.  In the  a d r e n a l e c t o m i z e d  
rats ,  the  se rum phospho l ip id s  rose f rom a zero 
t ime level of  67 +_ 5.9 r ag / 100  ml to 91 + 3.6 
r ag /100  ml at  4 hr ,  P < 0 . 0 5 ,  and  r ema ined  
e levated t h r o u g h o u t  the s tudy  per iod.  

No s igni f icant  d i f fe rence  was n o t e d  in the  
se rum cho les t e ro l  b e t w e e n  the  i n t a c t  and  adre- 
n a l e c t o m i z e d  ra ts  at  zero  t ime.  Fo l l owing  tri- 
glyceride inges t ion ,  s e rum cho les te ro l  in the  
i n t ac t  ra ts  d id  n o t  vary  s igni f icant ly  f rom the  
zero  t ime  level of  51 + 2.7 r a g / 1 0 0  ml 
t h r o u g h o u t  the  s tudy  per iod .  In the  adrenal -  
e c t o m i z e d  ra t s  there  was n o  s ignif icant  varia- 
t ion  f rom the  zero  t ime  level of  42  + 3.6 
r ag /100  ml for  the  f irst  4 hr ,  a f te r  w h i c h  the re  

was an a p p a r e n t  rise (peak ing  at  175% over  the  
zero  t ime  level) t h r o u g h  the  8 th  hr ,  fo l lowed  by 
a gradual  decl ine t o w a r d  the  zero  t ime  level by  
20 hr. However ,  because  of  the  large var iance ,  
th is  rise did n o t  a t t a in  s ta t is t ica l  significance.  

In the  i n t ac t  rats ,  s e rum tr iglycerides  (Fig. 2) 
r e m a i n e d  at a p p r o x i m a t e l y  the  zero  t ime level 
of  397 _+ 48.1 r ag /100  ml u n t i l  the  4 t h  hr,  a f te r  
wh ich  there  was a gradual  rise to  a peak  of  773 
+ 128.5 r ag /100  ml at  8 hr,  P <  0.05.  This  rise 
was fo l lowed  by  a decl ine t o w a r d  the  zero  t ime  
level by  14 hr ,  a f te r  w h i c h  the  se rum triglyc- 
erides r e m a i n e d  essent ia l ly  at  the  zero  t ime  
level un t i l  the  end  of  the  e x p e r i m e n t .  In  the  
a d r e n a l e c t o m i z e d  rats,  t he  peak  e leva t ion  in 
se rum tr iglycer ides  also occu r r ed  at  ca. 8 h r  bu t  
was of  lesser m a g n i t u d e  (68%, P < 0 .05)  t h a n  
t ha t  of  the  i n t a c t  ra ts  (95%,  P <  0 .05) ,  com- 
pared  to zero  hour ,  a f te r  wh ich  a sharp  decl ine 
occur red  to  the  14 th  hr,  fo l lowed  by  a second  
rise by  the  18 th  hr.  

Se rum free f a t ty  acids in the  i n t a c t  rats  (Fig. 
2) rose f rom a zero  t ime  level of  378 + 83 .0  
btEq/L to an ini t ia l  peak  of  694  +_ 148.3 p E q / L  
at 3 hr  af ter  t r ig lycer ide  inges t ion .  A f t e r  de- 
c l in ing  toward  the  zero  t ime  level by  4 hr ,  t hey  
rose to  a s econd  peak  of  863 _+ 281 .9  at  7 h r  
and  t h e n  dec l ined  t o w a r d  the  zero  t ime  level b y  
the  1 2 t h  hr .  The  decl ine in se rum free f a t t y  
acids c o n t i n u e d  b e l o w  the  zero  t ime  level to  
258 + 1 4 . 7 / J E q / L  by the  16 th  hr ,  and  r ema ined  
at this  lower  level un t i l  the  end  of  the  exper i -  
m e n t a l  per iod.  An  ini t ial  r ise in se rum free f a t t y  
acids f rom a zero  t ime  level  of  487 + 102.4  
/ I E q / L  to  884 + 189 .4 / . tEq /L  was n o t e d  at  3 hr  
af ter  t r ig lycer ide inges t ion  in the  adrena lec to -  
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TABLE II 

Lipids in Intestinal Lavages of Intact and Adrenalectomized Rats 
24 hr after a 5 ml Triglyeeride Load a 
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Lipid 

Quantity per entire lavages 

Small intestine and stomach Large intestine 

Intact ADX b Intact ADX 

Total lipids, mg 11.5 -+ 0.6 c 105.3 • 12.7 101.4 -+ 7.7 374~5 • 50.4 d 
Lipid phosphorus, rng 2.4 -+ 0.2 4.0 -+ 1.1 4.2 -+ 1.4 6.6 • 1.9 
Sterols, 343-hydroxy-5-ene, mg 1.3 • 0.2 3.0 -+ 0.8 8.4 • 0.7 8.3 -+ 1.6 
Total glycerides, mg 0.8 • 0.1 3.0 -+ 0 d 2.3 • 0.1 2.6 • 0.4 
Free fatty acids,/~Eq 10.5 • 2.0 345.0 +- 45.0 d 99.8 • 8.7 727.5 • 102.8 d 

aTen rats per group. 
bAdrenalectomized. 
CMean +- SEM. 
dp<0.01. 

mized  rats ,  fo l lowed  by a decl ine  t o w a r d  the  
zero t ime  level. A second  peak  of  958  +__ 179.6  
LtEq/L was observed  at  6 hr ,  fo l lowed by a 
second  decl ine  be low the  zero  t ime  concen t r a -  
t ions  to  a level of  208 +_ 37.5 I.tEq/L by 12 hr.  
The  peak free f a t t y  acid c o n c e n t r a t i o n s  in  b o t h  
the  i n t a c t  and  a d r e n a l e c t o m i z e d  rats  occu r red  
a p p r o x i m a t e l y  at  the  same t ime  (6-7 hr ) ;  
howeve r  the re  were n o  s ignif icant  d i f ferences  
t h r o u g h o u t  the  s tudy  pe r iod  in e i the r  group 
due to  the  h igh var iabi l i ty  b e t w e e n  animals.  

In  the  i n t a c t  ra ts  t he re  was n o  s igni f icant  
change  in l iver t o t a l  l ipids (Fig. 3) f rom the  
zero  t ime  level of  4 6 0  _+ 51.9 m g / 1 0  g l iver for  
the  f irst  7 hr.  Be tween  the  7 t h  and  10 th  h i  
there  was a rise to  759  +_ 58.1 r ag /10  g liver, 
P < 0 . 0 1 ,  fo l lowed  by a gradual  decrease  to- 
ward  the  zero  t ime  level. This  rise occur red  jus t  
a f te r  the  ma jo r  e leva t ion  in se rum tr iglycerides.  
The  rise in  l iver t o t a l  l ipids to  a peak  va lue  
wh ich  was n o t e d  in the  i n t a c t  ra ts  was absen t  in  
the  a d r e n a l e c t o m i z e d  rats.  There  was a 31% 
decline f rom the  zero  level of  509 _+ 139.7 
r ag /10  g l iver wi th in  1 hr  a f te r  the  t r ig lycer ide 
load  in the  a d r e n a t e c t o m i z e d  rats.  The  liver 
t r iglycer ides  r e m a i n e d  s igni f icant ly  lower  in the  
a d r e n a l e c t o m i z e d  ra t s  t h a n  in the  i n t a c t  ra ts  
t h r o u g h o u t  the  s tudy  per iod ,  P <~ 0.01.  

Liver phospho l ip ids  (Fig. 1 ) were h igher  in 
the  i n t ac t  rats  than  in the a d r e n a l e c t o m i z e d  rats  
f rom 2 hr  t h r o u g h  9 hr,  P < 0.01, a f te r  wh ich  
n o  s ignif icant  d i f ferences  were n o t e d  b e t w e e n  
the  two groups.  In  the  i n t a c t  ra ts  there  was no  
s ignif icant  change  f r o m  t he  zero  t ime va lue  of 
359 + 34.9 r ag /10  g l iver un t i l  the  10 th  hr ,  a f te r  
wh ich  phospho l ip ids  dec l ined  to  212  + 32.1 
r ag /10  g l iver by  12 hr  and  r ema ined  at this  
lower  level to  the  end  of  the  s tudy  period.  No 
s ta t is t ical ly  s igni f icant  changes  were n o t e d  in 
the  liver phospho l ip id s  of the  a d r e n a l e c t o m i z e d  
rats  t h r o u g h o u t  the  e x p e r i m e n t a l  pe r iod .  

Liver cho les te ro l  (Fig. 1) r ema ined  essen- 
t ially nea r  the  zero  t ime  level of  38 + 2.8 r ag /10  
g l iver for  the  first  9 hr  in  the  i n t a c t  rats,  rose 
to  48 _+ 2.3 m g / 1 0  g l iver by  16 hr ,  P < 0 . 0 5 ,  
and  t h e n  r e t u r n e d  to  the  zero  t ime  level by  20  
hr. In  the  a d r e n a l e c t o m i z e d  rats ,  liver choles-  
terol  decreased  f r o m  a zero  t ime  level of  83 +_ 
22.2 r ag /10  g l iver to  25 + 2.6 r ag /10  g liver at  
16 hr ,  P < 0.05, a f te r  wh ich  it  r e t u r n e d  t o w a r d  
the  zero  t ime level. 

Liver t r ig lycer ides  (Fig. 2) in the  i n t a c t  ra ts  
r ema ined  essent ia l ly  at  the  zero  t ime  level of  
131 + 25 .0  r ag /10  g liver for  the  f irst  9 hr ,  t h e n  
ab rup t ly  rose to  673 +_ 167.1 m g / 1 0  g liver by  
the  14 th  hr ,  P < 0 . 0 5 ,  and  f inal ly  dec l ined  
t o w a r d  the  zero t ime  level. In  the  ad rena lec to -  
mized  rats ,  the  l iver t r iglycer ides  did  n o t  
s igni f icant ly  change f rom the  zero  t ime  level of  
97 + 30 rag /10  g l iver t h r o u g h o u t  the  exper i -  
m e n t a l  per iod .  Liver  t r ig lycer ides  were  lower  in 
the  a d r e n a l e c t o m i z e d  ra ts  t h a n  in  the  i n t a c t  
rats,  P <  0.01.  The d i f fe rences  n o t e d  in l iver 
to ta l  l ipids of  the  i n t a c t  ra ts  were essent ia l ly  
due to the  changes  in l iver t r iglycerides.  

No s igni f icant  var iabi l i ty  was n o t e d  in the  
l iver free f a t t y  acids of  the  i n t a c t  ra ts  in 
response  to  t r ig lycer ide load ing  (Fig. 2). In  the  
a d r e n a l e c t o m i z e d  ra ts ,  t he re  was an in i t ia l  
decrease  dur ing  the  1st hr  and  a f u r t h e r  
decrease b e t w e e n  the  9 t h  and  10 th  hr .  The  
large var iance  p rec luded  stat is t ical  s ignif icance.  

T w e n t y - f o u r  h o u r  fecal  co l lec t ions  were 
e x a m i n e d  in o rde r  to  d e t e r m i n e  w h e t h e r  there  
was a s ignif icant  d i f fe rence  in  fa t  exc re t i on  
(Table  I). No s igni f icant  d i f fe rences  b e t w e e n  
the  two groups were n o t e d  in the  fecal weight ,  
fecal to t a l  l ipids,  fecal 3-/3-hydroxysterols ,  or 
to ta l  free f a t ty  acids. Tota l  glyceride exc re t ion  
was a lmos t  twice as h igh  in the  ad rena lec to -  
mized  rats  as in the  i n t a c t  rats,  P < 0.01. When 
the  glycerides were sepa ra ted  c h r o m a t o g r a p h i -  
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TABLE III 

Lipids in Small Intestinal Walls of Intact and Adrenalectomized Rats 
after a 5 ml Triglyceride Load a 

Quantity per entire small intestine 

Lipid Intact Adrenalectomized 

Total lipids, mg 428.5 +- 33.24 b 645.9 • 76.88 c 
Phospholipids, mg 72.0 + 9.30 15.8 • 1.49 d 
Cholesterol, mg 19.6-+ 1.43 18.2 -+ 1.48 
Total g l y c e r i d e s ,  m g  2 8 3 . 0  -+ 2 3 . 2  5 0 8 . 0  • 5 6 . 1 1  c 
Free fatty acids,/~Eq 62.3 • 7.40 179.0 • 30.20 d 

aTen rats per group. 
bMean +- SEM. 
cP<0.05. 
dP<0.01. 

cally on silicic acid columns,  a significant 
difference in the degree of  hydrolysis  was noted  
be tween  intact  and adrena lec tomized  rats. In 
the intact  rats, 63.96 _+ 3.78% of the total  fecal 
glycerides,was in the fo rm of monoglycer ides ,  
while in the adrena lec tomized  rats the percent-  
age of  monoglycer ides  was only  32.38 _+ 3.39%, 
P < 0.01. Diglycerides and triglycerides were 
correspondingly higher in the adrena lec tomized  
than in the in tact  rats, P < 0.05. 

Fecal  l ipid solvent soluble phosphorus  excre- 
t ion was lower  in the adrena lec tomized  rats 
than in the intact  rats, P <  0.01 (Table I). 
Similarly, fecal bile acid excre t ion  in the 
adrena lec tomized  rats was only half  that  found 
in the intact  rats, P < 0.01. 

In addi t ion to the fecal studies, the contents  
of  bo th  the large and the small intestines were 
washed out  and assayed (Table II). Tota l  lipids, 
total  glycerides and free fa t ty  acids were 
significantly higher in the small intest inal  la- 
rages o f  the adrena lec tomized  rats than those 
o f  the in tact  rats, P < 0 . 0 1 .  In the large 
intestinal  lavages of the adrena lec tomized  rats, 
total  lipids and free fat ty  acids were higher than 
in the in tact  rats, P <  0.01. Nevertheless the 
difference in total  lipids be tween  the intact  and 
adrena lec tomized  rats found  in the lavages was 
only ca. 300 mg out  of  a total  of  5 ml (4.630 g) 
of  fat given. The possibili ty existed that  signifi- 
cant amount s  of  fat remained  in the s tomach.  
Analysis of  the s tomach  con ten t s  showed no 
significant differences be tween  intact  and adre- 
na lec tomized  rats; the total  recovered lipid was 
less than 1 mg. Thus, since the gavaged triglyc- 
erides could no t  be recovered in ei ther the 
gastrointestinal t ract  or  the feces, i t  would  
appear that  the fat was absorbed. 

The small intestinal  walls were ext rac ted  and 
assayed for lipids in rats 24 hr post ingest ion 
(Table I l l ) .  Tota l  lipids were ca. 200 mg higher 
in the small intestinal  walls of  the adrenalecto-  

mized rats than the in tact  rats, P < 0.05. This 
difference was primari ly in the form of glycer- 
ides, since intest inal  wall glycerides in the 
adrena lec tomized  rats were ca. 225 mg higher 
than in the intact  rats, P <~ 0.05. Similarly, free 
fa t ty  acids were higher in the small intestinal  
walls o f  the adrena lec tomized  rats, P <  0.01. 
Conversely, phosphol ipids  were almost  five 
t imes higher in the intestinal  walls of  the in tact  
rats than in the adrena lec tomized  rats, 
P <  0.01. 

DI SC USSI ON 

Of the 5 ml (4 .630  g) of  cottonseed oil given 
to the rats, ca. 480 mg were recovered f rom the 
intestinal lavages and 905 mg f rom the feces of 
the adrena lec tomized  rats, whereas f rom the 
intact  rats, 877 mg were recovered f rom the 
feces and 113 mg f rom the intest inal  lavages. 
Thus the adrena lec tomized  rats absorbed ca. 
3.245 g, whereas the in tact  rats absorbed ca. 
3 .640 g - a  difference of ca. 400 mg. 

This small difference in absorpt ion is in 
agreement  wi th  results r epor ted  by Isselbacher 
(11). Fu r the rmore  Isselbacher no ted  that  adre- 
na lec tomy significantly decreased the act ivi ty 
of  the tr iglyceride synthetase system in the 
small intestinal mucosa.  Thus it  is possible that  
the rate of  lipid t ransport  across the small 
intestinal wall would  be slower in the adrenal- 
ec tomized  rats. However  the difference in 
tr iglyceride synthetase acitivity due to adrenal- 
e c tomy  does no t  affect significantly the total  
amount  of  tr iglyceride absorbed over a 24 hr 
period (Table II). 

Isselbacher also no ted  that  thiokinase activ- 
i ty  in the microsomes  o f  the small bowel  
mucosa  of  adrena lec tomized  rats was 50% 
lower than that  found  in in tac t  rats. He also 
repor ted  that  decreases of  a similar magni tude  
in the concent ra t ions  o f  monoglycer ides  and 
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diglycerides are found in the small bowel 
mucosa of adrenalectomized rats compared to 
intact rats. In the study reported here it was 
found (Table III) that the total glyceride 
concentration in the small intestinal wall was 
twice as high in the adrenalectomized rats as in 
the intact rats, P < 0.05. Since the total glycer- 
ides in this study were not subfractionated into 
mono-, di and triglycerides, and since Issel- 
bacher did not report out total glycerides, it is 
not possible to compare the two sets of results 
in order to see whether the differences noted 
were due to the concentration of triglycerides. 

It was further noted by Isselbacher, as well 
as by many other workers , that the resynthesis 
of triglyceride in the small intestinal mucosa 
involved activation of the fatty acid by thioki- 
nase with the formation of a fatty acyl-CoA. 
The fatty acyl-CoA would then react in a 
transacylase-mediated reaction with a-glycero- 
phosphate to form a lysophosphatidic acid and 
then a phosphatidic acid. Both lysophos- 
phatidic acid and phosphatidic acid would assay 
as a phospholipid. From Table III it can be 
noted that the small intestinal mucosal phos- 
pholipid in the adrenalectomized rat is only 
20% of that found in the intact rat, P < 0.01. 
This would be in agreement with the results 
reported by Isselbacher, where he shows a 
significantly lower phosphatidic acid pathway 
activity in the adrenalectomized rat compared 
with the intact rat. 

Nevertheless the difference in total absorp- 
tion between intact and adrenalectomized rats 
is only 400 mg out of a total of 4630 mg of 
triglyceride given to the animals. Thus it would 
appear that a triglyceride synthesis pathway 
other than the phosphatidic acid pathway was 
the major synthetic route in adrenalectomized 
rats. The rnonoglyceride pathway, in which no 
synthesis of phospholipids is required (12), 
could thus be the prime triglyceride synthesis 
pathway in adrenalectomized rats. This could 
account for the fact that adrenalectomized rats 
absorbed 90% of the ingested triglyceride ab- 
sorbed by intact rats. 

Various authors have shown that the circu- 
lating life of absorbed triglyceride is only a few 
minutes (13-17), and that between one third 
and half of the absorbed triglyceride is taken up 
quite rapidly by the liver (14, 18-20). If the 
liver took up the triglyceride and did not 
release it rapidly as pre-/3qipoproteins, then an 
accumulation of lipid in the liver must occur. 
Such situations have been reported by several 
investigators (21-25). From Figure 2, it can be 
seen that an accumulation of triglyceride oc- 
curred in the livers of the intact rats after 10 hr. 
This elevation occurred immediately following 
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FIG. 3. Liver total lipid variation with time 
following a 5.0 ml cottonseed oil load in intact ( ) 
and adrenalectomized ( . . . . .  ) Long Evans rots. 

the serum triglyceride elevation, indicative of 
clearance and temporary accumulation by the 
liver. The rise in liver triglycerides in the intact 
rats was absent in the adrenalectomized rats. 
Stern and Shapiro (26) reported that chylo- 
micra fatty acids could be directly incorporated 
into adipose tissue without prior passage 
through the liver. This could be one possible 
explanation for the absence of a liver triglyc- 
eride rise in the adrenalectomized rats. In a 
previous report (27), it was noted that liver 
glycogen did not change in the fasted adrenal- 
ectomized rat in response to a triglyceride load. 
Thus lipids would have to be a major energy 
source. Their rapid oxidation could further 
account for the absence of a triglyceride rise in 
the livers of the adrenalectomized rats. The 
gradual decrease in liver free fatty acids in the 
adrenalectomized rats would tend to support 
this hypothesis. 

The liver is a known source of phospholipid 
and bile acid synthesis. From Table I it can be 
seen that the fecal execretion of both phospho- 
lipids and bile acids are significantly lower in 
the adrenalectomized rats compared to the 
intact animals. It would appear that adrenal- 
ectomy significantly depressed liver phospho- 
lipid and bile acid synthesis. Liver phospholip- 
ids were significantly lower during the early 
hours in the adrenalectomized rats (Fig. 1) and 
did not significantly vary in response to a 
triglyceride load. This would support the con- 
cept of depressed liver phospholipid synthesis 
in the adrenalectomized rats. 

Intestinal wall phospholipids in the adrenal- 
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e c t o m i z e d  rats  were s igni f icant ly  lower  t h a n  in 
the  i n t a c t  rats.  This  wou ld  s u p p o r t  the  c o n c e p t  
of  l owered  t r ig lycer ide  s y n t h e t a s e  act iv i ty  in 
a d r e n a l e c t o m i z e d  ra ts  advanced  by  Isse lbacher  
(11) .  I t  wou ld  appear  t h a t  p h o s p h o l i p i d  syn the -  
sis in tissues is i n f luenced  by the  adrena l  gland. 

I t  was n o t e d  (Tab le  I) t ha t  there  appea red  to  
be  a s igni f icant  depress ion  in in t e s t ina l  triglyc- 
eride hydro lys i s  in a d r e n a l e c t o m i z e d  ra ts  com-  
pa red  to  i n t a c t  con t ro l s .  This  wou ld  ind ica te  
decreased  panc rea t i c  l ipase act ivi ty  in the  adre- 
n a i e c t o m i z e d  rats.  Fr i tz  and  Melius (28)  re- 
p o r t e d  t h a t  the  l ipolysis  of  t r ig lycer ides  to  
diglycerides  is e n h a n c e d  by  t a u r o c h o l a t e  while  
the  l ipolysis  of  diglyceride is depressed.  They  
r e p o r t e d  t ha t  this  con juga t ed  bile acid can  split  
t he  l ipase-diglyceride c o m p l e x  and  s imul t ane -  
ously decrease  the  ac t iva t ion  energy  of  the  
t r ig lycer ide  l ipolysis.  The  depressed  bi le  acid 
p r o d u c t i o n  in the  a d r e n a l e c t o m i z e d  rats  (Table  
I)  cou ld  exp la in  the  decreased t r iglycer ide 
l ipolysis  n o t e d  in these  rats.  I t  migh t  be  
e x p e c t e d  t h a t  since t a u r o c h o l a t e  inh ib i t s  the  
l ipolysis  of  diglyceride to monog lyce r ide ,  a 
larger  relat ive pe rcen tage  o f  m o n o g l y c e r i d e  to 
diglyceride s h o u l d  be seen in the  ad rena lec to -  
mized  rats. This  was n o t  found .  Fr i tz  and  
Melius (28)  did  no t e  t h a t  the  e f fec t  of t auro-  
cho la te  was n o t  l inear  w i th  c o n c e n t r a t i o n .  Thus  
the  50% decrease  in fecal  bile acids f o u n d  in the  
a d r e n a l e c t o m i z e d  ra ts  c o m p a r e d  to  i n t a c t  con-  
t rois  need  n o t  be  re f l ec ted  in a 50% a l t e ra t ion  
of  the  m o n o g l y c e r i d e  to diglycer ide rat io.  
Add i t iona l ly ,  m o n o g l y c e r i d e  is qui te  readi ly  
abso rbed  and  thus  the  ra t io  of  m o n o g l y c e r i d e  
to  diglyceride f o u n d  in the  feces would  n o t  be 
e x p e c t e d  to  ref lect  the  ra t io  of  these  glycerides 
in  the  small  in tes t ine  dur ing  abso rp t ion .  

Many ques t ions  r e m a i n  to  be  answered .  
A m o n g  t h e m  are the  i d e n t i t y  of  the  adrena l  
h o r m o n e  or  h o r m o n e s  i n f luenc ing  bile acid 
p r o d u c t i o n ,  the  t r ig lycer ide  s y n t h e t a s e  sys tem 
via the  c~-glycerophosphate rou te ,  and  p h o s p h o -  
l ipid m e t a b o l i s m  a n d  t r anspo r t .  In  o rde r  to  
obta in  answers  to  these ques t ions ,  r e p l a c e m e n t  
t he rapy  s tudies  are requi red .  Studies  of this  
n a t u r e  are be ing  u n d e r t a k e n .  
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Damage to Microsomal Membrane by Lipid Peroxidation 
W.R, BIDLACK and ALL .  TAPPEL, Department of Food Science and Technology, 
University of California, Davis, California 95616 

ABSTRACT 

Alterations of microsomal membrane 
integrity were examined during lipid 
peroxidation.  Loss of membrane-bound 
NADPH cytochrome c reductase activity 
and protein release into the aqueous 
p h a s e  were related to disruption of the 
lipophilic region of the membrane. For- 
mation of fluorescent products in the 
lipid phase of t h e  membrane occurred 
only in the presence of peroxidation 
products. Changes in the membrane lipid 
phase during peroxidation included a 
decrease in the reactive amino groups of 
the phospholipids and a decrease in de- 
tectable phosphatidyl  ethanolamine. In 
an ultrafi l trat ion continuous flow cham- 
ber, peroxidized microsomal membranes 
were hydrolyzed to a lesser degree by 
solubilized lysosomal cathepsins and to a 
greater degree by lysosomal nucleases 
than were nonperoxidized membranes. 

INTRODUCTION 

Biological membranes, especially those of 
subcellular organelles, are labile to lipid peroxi- 
dation because of their high content  of polyun- 
saturated lipids (1). Among the products of 
oxidative deterioration of these unsaturated 
lipids are free radical intermediates,  semistable 
peroxides and reactive carbonyls (2). The mech- 
anisms by which cellular systems are damaged 
include free radical polymerizat ion (3,4), alde- 
hyde crosslinking polymerizat ion (5,6) and 
disruption of membrane lipid-protein integrity 
(7). Alterations in phospholipid structure also 
occur during peroxidation of purified phospho- 
lipids (8,9) and of complex phospholipids of 
membranes (10,11). 

Several models for membrane structure, in- 
cluding the interaction between lipid-protein 
complexes, have been discussed by Branton and 
Deamer (12). The importance of examining 
changes in structural integrity caused by lipid 
peroxidat ion is apparent. An understanding of 
these changes would enable a better  under- 
standing of the pathological conditions induced 
by l i n d  peroxidat ion in vivo. Several pathologi- 
cal disorders ma}r involve lipid peroxidat ion 
damage, including some phases of atherosclero- 
sis (13,14), aging (15,16), neuronal ceroid-lipo- 
fuscinosis or Batten's syndrome ( 1 7 ) a n d  liver 

injury caused by ethanol (18) or chlorinated 
hydrocarbons (19). The microsomal membrane 
was chosen as a model  system to evaluate 
alterations in membrane integrity induced by 
lipid peroxidation. 

MATERIALS AND METHODS 

Source of. Materials 

The materials obtained from Sigma Chemical 
Co., St. Louis, Mo., included 2-thiobarbituric 
acid (TBA), D glucose-6-phosphate, cyto- 
chrome c (horse heart), NADPH and' dithio- 
e r y t h r i t o l .  1,1,3,3-Tetraethoxypropane bis 
(diethyl acetal) was purchased from J.T. Baker 
Chemical Co., Phiilipsburg, N.J. Butylated 
hydroxytoluene (BHT) was obtained from East- 
man Chemical Co., Kingsport, Tenn. Precoated 
Silica Gel G thin layer chromatography (TLC) 
plates were purchased from Quantum Indus- 
tries, Fairfield, N.J. The phospholipid stand- 
ards, phosphatidyl  ethanolamine and phospha- 
tidyl choline, were purchased from Supelco, 
Inc., Bellefonte, Pa.; a n d  phosphatidyl  serine, 
phosphatidyl  inositol, lysolecithin and sphingo- 
myelin from Schwarz/Mann, Orangeburg, N.Y. 
The Diaflo ultrafi l trat ion apparatus and ultra- 
filters (UM-2) were obtained from Amicon 
Corporation, Lexington, Mass. 

Preparation of Subcellular Organelles 

Rat liver was fractionated into nuclear, 
mitochondrial,  light mitochondrial-lysosomal 
and microsomal fractions by the method of de 
Duve et al. (20) after homogenization in 250 
mM sucrose and 1 mM EDTA. 

Microsomal Peroxidation System 

Aliquots Of 25 mg microsomal membrane 
protein were suspended in 10 ml 10 mM 
Tris-HC1 buffer, pH 7.4, in 50 ml flasks. 
Peroxidation was init iated by addit ion of 0.5 
ml each of 10 mM ascorbate and 10 mM FeC13. 
The sealed flasks were shaken a t  225 rpm in 
oxygen at 37 C. Flasks were removed for 
analyses of contents at 0, 2, 4, 6, 8, 10, 12, 18 
and 24 hr. Controls contained in addition 1% 
BHT. 

Analytical Methods 

Lipid peroxidat ion was followed by the 
measurement of  TBA reactive substances 
(TBRS). Aliquots of 0.5 ml of the microsomal 
suspension, 0.5 ml distilled water and 0.5 ml 
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FIG. 1. Formation of fluorescent pigments (e) and 
production of TBA reactive substances (A) during 
peroxidation of microsomal membranes. TBA reactive 
substances are expressed as nmoles of MA per milli- 
gram membrane protein. Fhmrescence is expressed as 
the fluorescence times meter multiplier setting per 
milligram membrane protein. 

30% trichloroacetic acid were mixed and centri- 
fuged at ca. 3000 rpm for 3 min. The superna- 
rant was added to an equal volume of aqueous  
0.67% TBA, heated in a boiling water bath for 
15 min, cooled to room temperature, and the 
absorbance measured at 532 nm was expressed 
as nanomoles of m a l o n a l d e h y d e  (MA). The MA 
standard was prepared from 1,1,3,3-tetraeth- 
oxypropane bis (diethyl acetal) (21). 

Extraction for measurement of fluorescence 
was done as follows. Aliquots of 2.5 ml 
microsomal suspensions were homogenized 
with 5.0 ml chloroform-methanol 2:1 for 1 min 
at room temperature. After addition of 2.5 ml 
distilled water the slurry was mixed for 15 sec 
and briefly centrifuged. Fluorescence spectra of 
the chloroform layers were recorded with an 
A m i n c o - B o w m a n  spectrophotofluorometer 
(American Instrument Co., Inc., Silver Spring, 
Md.). The slit arrangement was 3, 1 and 3 mm 
for slits 3, 4 and 6, respectively; the sensitivity 
was set at 50 and the meter multiplier was set 
in accordance with the fluorescence intensity of 
each sample. The quinine sulfate standard (1 
/ag/ml 0.1 N I-I2504) had a fluorescence inten- 
sity of 70 at a meter multiplier setting of 0.3. 

Phospholipids were quantitated (22) and 
expressed as micromoles of inorganic phosphate 
(Pi). A 1.0 ml aliquot of the chloroform extract 
was concentrated and applied to a Silica Gel G 
plate. The phospholipids were separated by 
chloroform-methanol-water 80:25:3 and de- 
tected by iodine vapor. The fractions were 
removed from the TLC plates, hydrolyzed (22) 
and Pi determined. 

Free amino groups of the phospholipids 
were determined by n inhydr in  analysis on 0.5 

ml aliquots of chloroform extracts after drying 
under nitrogen. The absorbance was measured 
at 570 nm and expressed as nanomoles of 
ethanolamine. 

The protein released from the membrane 
during peroxidation was determined by the 
method of Miller (23) after centrifugation of 
2.5 ml of the microsomal suspension at 
100,000 x g for 1 hr. 

NADPH cytochrome c reductase was assayed 
by addition of a 0.1 ml aliquot of the micro- 
somal suspension to a spectrophotometer 
cuvette that contained 0.2 ml NADPH (1 
mg/ml), 0.1 ml oxidized cytochrome c (10 
mg/ml) and 1.6 ml 10 mM Tris-HC1 buffer, pH 
7.4. Absorbance was recorded at 550 nm for 3 
rain against a c y t o c h r o m e  c blank (24). Glu- 
Cose-6-phosphatase was assayed by the method 
of Dallner (25), and the released Pi was 
measured by the method of Fiske and Subba- 
Row (26). 

Preparation of Soluble Lysosomal Enzyme Fraction 

The light mitochondrial-lysosomal fraction, 
resuspended in a small volume of 10 mM 
sodium acetate buffer, pH 5.4, was frozen and 
thawed 15 times to release the lysosomal 
enzymes. The membrane was removed by cen- 
trifugation at 100,000 x g for 60 rain. The 
supernatant, containing the solubilized tyso- 
somal enzymes, was dialyzed against 10 mM 
acetate buffer for 20 hr at 2 C with three 
changes of buffer. The transpeptidase activity 
of cathepsin C (27) in this preparation, which 
was used in the hydrolysis experiments, was 
1525 nmoles of tyrosyl hydroxamate per min- 
ute per milligram of protein. 

Hydrolysis of Peroxidized Microsomal Membrane 

A 2.0 ml aliquot of the microsomal suspen- 
sion (5.0 mg protein) and 1.0 ml of the 
lysosomal enzyme preparation (2.95 mg pro- 
rein) were added to 7.0 ml 0.1 M sodium 
acetate buffer, pH 5.4, that contained 10 mM 
dithioerythritol. The mixture was placed in a 
10 ml Diaflo-ultrafiltration apparatus with a 
UM-2 ultrafilter, which allowed molecules of 
less than I000 mol wt to pass through. The 
reaction system was placed under nitrogen 
pressure to ensure a constant flow of buffer 
into and of hydrolysate out of the reaction 
chamber. A reaction temperature of 37 C and a 
flow rate of 2.0 ml/hr were maintained. The 
hydrolysate (1.65 ml fractions) was examined 
for products released by the cathepsin system 
(28) and acid nucleases (29). The products of 
proteolysis were determined with ninhydrin 
and the acid nuclease products were measured 
with orcinol (30). 
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FIG. 2. (A) Loss o f  NADPH cytochrome c reduc- 
tase activity in the  absence (s and presence (A) of  
antioxidant during peroxidation of microsomal mem- 
brane. Activity is expressed as nmoles of cytochrome c 
reduced per minute per milligram protein. (B) Release 
of protein from microsomal membrane in the absence 
(o) and presence (o) of antioxidant during lipid 
peroxidation. Protein released is expressed as milli- 
gram solubilized protein per milligram remaining 
membrane protein. 

Membrane remaining in the reaction cham- 
ber after hydrolysis by lysosomal enzymes was 
recovered by centrifugation at 100,000 x g for 
60 min. Protein was determined on an aliquot; 
the remainder was extracted with chloroform- 
methanol and examined for fluorescence. 

R ES U LTS 

Microsomal membrane was chosen as a 
model to evaluate alterations in membrane 
integrity resulting from lipid peroxidation. The 
microsomes contain a complete complement of 
phospholipids and enzyme activities which can 
be examined. Addition of antioxidant, 1% 
BHT, to the microsomal suspension protected 
the membrane from peroxidation. These sam- 
ples served as controls and allowed differentia- 
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FIG. 3. Decrease in free amino groups o f  phospho-  

lipids during microsomal  membrane  peroxidation.  The 
free phosphol ipid  amino groups are expressed as 
percentage of the initial value in nmoles ethanolamine 
per umole Pi. 

tion of changes in membrane integrity due to 
temperature and those changes caused by lipid 
peroxidation. 

Figure 1 shows amounts of TBRS and 
fluorescent products as a function of time. 
TBRS increased for 8-10 hr and then decreased. 
Fluorescent products developed similarly until  
TBRS decreased, whereupon fluorescence de- 
velopment plateaued. All fluorescent products 
had maximum emission at 430 nm when 
excited at its maximum of 360 nm. In the 
presence of antioxidant the microsomes showed 
neither the formation of TBRS nor the develop- 
ment of significant fluorescence. 

To evaluate the effect of lipid peroxidation 
on the activity of membrane-bound enzymes, 
NADPH cytochrome c reductase and glucose-& 
phosphatase were measured. Peroxidizing mem- 
brane lost 50% of its initial NADPI-I cyto- 
chrome c reductase activity within the 1st hr 
(Fig. 2A). The antioxidant protected system 
lost activity also, but  at a much slower rate. 
However loss of glucose-6-phosphatase activity 
was much more rapid and was not  protected by 
antioxidant. Within 1 hr each sample contained 
less than 10% of its initial activity. The in- 
creased protein content  o f  the microsomal 
supernatant (Fig. 2B) indicates that disruption 
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TABLE I 

Phospholipid Composition of Peroxidized Microsomal Membrane 

Peroxidation 
time, hr 

Percentage of total phospholipid 

Phosphatidyl Phosphatidyl 
ethanolamine choline Other a 

0 22.0 66.6 11.4 
2 12.6 60.6 26.8 
4 8.2 60.2 31.7 
6 12.4 60.6 27.8 
8 11.8 57.7 30.8 

10 6.5 60.8 36.0 
12 6.8 57.5 35.8 
18 3.1 59.8 38.7 
24 2.6 60.6 37.0 

24 (Control) 16.7 67.3 17.0 
Literature b 24.0 64.0 12.0 

aphospholipids with an Rf less than 
inositol, lysolecithin and sphingomyelin. 

bSee Reference 11. 

of the membrane occurred. Added antioxidant 
partially stabilized the membrane and decreased 
the release of protein from the membrane. The 
results of these studies on peroxidizing mem- 
brane indicated that the lipophilic portion of 
the membrane was disrupted, which decreased 
the interaction between the enzyme and the 
membrane lipids. 

Alterations in the lipid phase were examined 
by analysis of the phospholipid extract. During 
peroxidation the amount of  extractable phos- 
pholipid decreased, with a larger decrease in 
amino phospholipids (Fig. 3). In the presence 
of antioxidant these alterations did not occur. 

The percentage of each phospholipid frac- 
tion is shown in Table I as a function of 
peroxidation time. The lower Rf phospholipids 
were combined, since they were not  as clearly 
separated from each other as were phosphatidyl 
ethanolamine and phosphatidyl choline. The 
trend observed was that the phosphatidyl eth- 
anolamine fraction decreased with increased 
peroxidation, while the percentage of the lower 
Rf phospholipids increased. 

Using the Diaflo ultraflltration apparatus as 
a reaction chamber, microsomal membrane 
damaged by peroxidation for various intervals 
of time was hydrolyzed by lysosomal enzymes. 
Rates of hydrolysis appeared to be first order. 
The results of these experiments are best shown 
by the total products of hydrolysis given in 
Table II. Two indicators of lysosomal hydroly- 
sis were measured: catheptic activity, which 
releases amino acids and peptides, and acid 
nuclease activity, which releases nucleotide 
fragments from the membranes. Results are 
expressed in terms of standards as micromoles 
of leucine and micromoles of adenosine. A 
decrease ir~ hydrolyzability of the protein part 

0.20, including phosphatidyl serine, phosphatidyl 

of the peroxidized membrane is indicated by 
the accumulation of products released by ca- 
thepsin hydrolysis, while the products released 
by acid nuclease hydrolysis suggest increased 
hydrolyzability of the nucleic acids. Although 
both of these trends seem apparent, they are 
not statistically significant. Examination of 
hydrolysate fractions for aqueous fluorescent 
damage products, which could have been re- 
leased during hydrolysis of the peroxidized 
membrane, was negative. Only the natural 
fluorescence of the aromatic amino acids was 
observed. 

The chloroform-methanol extract of the 
residual membrane after 12.8 hr of hydrolysis 
was examined for accumulated fluorescent 
products. The fluorescence spectra were similar 
to those of the fluorescent products measured 
as a function of peroxidation time (Fig. 1) and 
to that of lipofuscin pigments (2). Maximum 
fluorescence was at 430 nm when excited at 
360 nm. 

The concentration of fluorescent products in 
the microsomal membrane was examined be- 
fore and after lysosomal hydrolysis. The non- 
peroxidized membrane (0 hr) had an increase in 
fluorescence from less than 0.1 to 1.3 fluores- 
cence units per milligram membrane protein 
during hydrolysis. It apparently underwent 
peroxidation during the hydrolysis reaction. 
The peroxidized membrane samples of 4-24 hr 
had higher initial fluorescence but increased 
from 0.6 to 0.9-1.1 fluorescence units per 
milligram membrane protein. In both cases the 
fluorescent pigment concentration was greater 
after hydrolysis. 

DISCUSSI ON 

The microsomal membrane has been used in 
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DAMAGE TO MEMBRANE BY PEROXIDATION 

TABLE II 

Products of Per ,xidized Microsomal Membranes Hydrolyzed 
by Lysosomal Enzymes 

181 

Time of peroxidation, Amino acids, Nucleotides, 
hr mmol a ~mol a 

0 0.30 9 
4 0.23 13 
8 0.21 12 

12 0.16 12 
18 0.15 15 
24 0.21 12 

aTotal 
hydrolysis 
5.4. 

moles of product released from 5 mg microsomal membrane during 12.8 hr 
with 2.95 mg lysosomal enzymes in 10 ml 100 mM sodium acetate buffer, pH 

many laboratories as a model in studies of lipid 
peroxidation (7,10,11,31-33), and antioxidants 
have been used to protect membrane systems 
from peroxidative damage (34-37). The lack of 
formation of TBRS in the presence of added 
BHT indicates inhibition of lipid peroxidatiofa. 
In microsomal membranes the formation of 
fluorescent products with a fluorescence maxi- 
mum of 430 nm and an excitation maximum at 
360 nm occurred only when the membranes 
underwent lipid peroxidation. This was noted 
earlier for peroxidation of amino phospholipids 
(34) and for the organelle membranes examined 
for dietary antioxidant protection (33). 

The accumulation of TBRS in the peroxi- 
dizing membrane results from the formation of 
aldehydes and ketones. The eventual decline of 
TBRS is due to a decrease in the available 
unsaturated lipid content;  to the reaction of 
TBRS, especially MA, with amino groups of 
amino acids, proteins or amino phospholipids; 
to the further oxidative decomposition of 
TBRS; and to condensation reactions in which 
TBRS form unreactable polymers. 

The loss of membrane-associated enzyme 
activity is most likely the result of a combina- 
tion of damaging processes, including free radi- 
cal polymerization (3), aldehyde polymeriza- 
tion (6) and disruption of lipid-protein interac- 
tion (7). At the membrane surface, disruption 
of lipophilic sites by peroxidation simulates a 
detergent effect in the inactivation of enzyme 
systems (7)i The observation of increased pro- 
tein release into the microsomal supernatant 
during peroxidation strongly supports this theo- 
ry. The fact that glucose-6-phosphatase activity 
was lost much more rapidly than the NADPH 
cytochrome c reductase activity suggests that 
the latter enzyme system is more tightly bound 
to the membrane. These experiments show that 
the integrity of the membrane is dependent 
upon the retention of lipid-protein interaction. 

A decrease in the phosphatidyl ethanolamine 

content and the loss of reactive amino groups 
during peroxidation indicates the formation of 
aldehyde-amine reaction products, some of 
which are fluorescent. During peroxidation of 
phosphatidyl ethanolamine, a decrease in free 
amino groups was shown (8) and Schiff base 
products were formed between aliphatic alde- 
hydes and the amino group of the phospholipid 
(9). 

Decrease of phosphatidyl ethanolamine, 
with an equal and concomitant  increase in the 
lower Rf phospholipid fractions, is in accord 
with preliminary studies with a dipalmityl 
p h o s p h a t i d y l  e t hanolamine-malonaldehyde 
model system wherein the reaction products 
migrated at a lower Rf than the initial phospha- 
tidy1 ethanolamine (34). Although this evidence 
does not prove the formation of any particular 
chromophoric group, it does suggest the forma- 
tion of modified phosphatidyl ethanolamine 
with a reduced Rf. 

How do alterations in membrane structure 
like these affect their degradation and tumover 
by the lysosomal enzyme system? The theory 
for the formation of lipofuscin pigments in- 
volves ingestion of membrane components 
which cannot be completely hydrolyzed by the 
lysosome. The lysosome does not release these 
products and they accumulate as lipofuscin 
pigment (38). The fluorescence of hpofuscin 
pigments has been tentatively identified as 
characteristic of a conjugated Schiff base 
formed by the reaction of malonaldehyde with 
two amino compounds and having a 1-amino-3- 
iminopropene structure (39). A model system 
was used to mimic the lysosome and to evaluate 
the effect of peroxidative damage on the 
hydrolysis of microsomal membrane. Since the 
protein released into the soluble phase in- 
creased with peroxidation damage, a greater 
rate of hydrolysis by lysosomal enzymes might 
be expected. A possible explanation for the 
apparent decrease in hydrolysis is that the 
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released protein formed aggregates, by interac- 
tion of their lipophilic regions, which could not 
be hydrolyzed easily by the lysosomal enzymes. 
Aggregation of microsomal suspensions during 
peroxidation has been described (31). Increased 
release of nucleotides probably resulted from 
hydrolysis of released ribosomal subunits and 
rn-RNA. Arstila et al. (40) showed by electron 
microscopy that increased peroxidation caused 
detachment of ribosomes from membrane fol- 
lowed by dissociation of the ribosomal parti- 
cles. The structure of the microsome then 
changed from round to less regular vesicles and 
finally to a dense, amorphous precipitate that 
contained membrane debris. 

After hydrolysis of the peroxidized micro- 
somes, the apparent increase in fluorescent 
pigment concentration was partially caused by 
a decrease in the protein concentration during 
hydrolysis by lysosomal enzymes and ultra- 
filtration. The nonperoxidized membrane (0 hr) 
had a greater increase in fluorescence than the 
peroxidized membranes due to the continued 
peroxidation of the microsomal membrane dur- 
ing the lysosomal hydrolysis. In vivo, the same 
result might be expected. Once initiated, mem- 
brane peroxidation could continue even during 
the degradation process within the lysosome. 
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Fluorescent Products from Reaction of Peroxidizing 
Polyunsaturated Fatty Acids with Phosphatidyl 
Ethanolamine and Phenylalanine 
CJ.  DI LLARD and A.L. TAPPEL, Department of Food Science 
and Technology, University of California, Davis, California 95616 

ABSTRACT 

Fluorescent chromophores produced 
by reaction of peroxidizing arachidonic 
acid or methyl docosahexaenoate with 
synthetic dipalmityl  phosphatidyl  etha- 
nolamine were lipid soluble, and those 
from reaction with phenylalanine were 
water soluble. In all reaction systems that 
contained polyunsaturated fat ty acid and 
only one amine compound,  the develop- 
ment of fluorescence was linearly related 
to oxygen absorption for 12-24 hr 
(p<0.001)  and to the amount  of thiobar- 
bituric acid reacting materials until  the 
rate of oxygen absorption decreased. The 
fluorochromes typically had maximum 
excitation at 360 nm and maximum 
emission at 430-440 nm, indicating t&at 
they were conjugated Sctuff bases with 
the general structure R-N=C-C=C-N-R, 
where R represents the amino acid 
phenylalanine or the phospholipid phos- 
p h a t i d y l  ethanolarnine. The fluoro- 
chromes were similar to those extracted 
from isolated age pigments and tissues of 
animals that are aged, vitamin E-deficient, 
or stressed with highly unsaturated lipid 
diets. 

pigments (4) have spectral characteristics simi- 
lar to those of chromophores extracted from 
peroxidizing subcellular organelles (2) and of 
chromophores formed in this study from the 
reaction between phosphatidyl  ethanolamine 
and peroxidizing polyunsaturated fatty acids. 

This study was done to relate lipid soluble 
fluorescent chromophores derived from phos- 
phatidyl ethanolamine to those found in other 
reactions in vitro (1,2) and to those associated 
in vivo with aging (6) and with vitamin E 
deficiency (5); to compare the rates of develop- 
ment of aqueous and lipid soluble fluorescent 
products in reaction systems that contained 
peroxidizing polyunsaturated fat ty acid and 
amines; and to show the correlations of fluores- 
cence development with oxygen absorption and 
with formation of TBA reactants. 

EXPERI MENTAL PROCEDURES 

Materials 

Arachidonic acid was obtained from Hoff- 

- 3.C 
< 
>- 
I-- 

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

The production of water soluble fluorescent ~ 20 
compounds in subcellular organelles in vitro is a 
function of time of peroxidation (1). Absorp- \ 
tion of oxygen and production of thiobarbi- 
turic acid (TBA) reactants and lipid soluble ~ I.O 
fluorescent products in peroxidizing rat liver 
mitochondria  and microsomes also occur as a 
function of time and are inversely related to 
dietary a- tocopherol  levels (2). Water soluble 
fluorescent products  derived from reaction of ~; 
malonaldehyde with amino acids have been O~ 
synthesized and characterized, and the chromo- 
phoric system R-N=C-C=C-N-R is responsible 
for the fluorescence (3). The lipid soluble 
fluorescent chromophores from animal tissues 
have been described as probably being derived 
from the reaction of  malonaldehyde with the 
amine groups of phospholipids (4,5). Fluores- 
cent compounds extracted from isolated age 

4 

I I '~ '  f ~ 
i 

t 

i i  f 

8 12 ~ 24 
HOURS 

FIG. 1. Absorption of oxygen by (A) ethyl arachi- 
donate; (e) arachidonic acid and phenylalanine;(z~) 
ethyl arachidonate and dipalmityl phosphatidyl etha- 
nolamine; (a) methyl docosahexaenoate and dipalmi- 
tyl phosphatidyl ethanolamine; (=) methyl docosa- 
hexaenoate, (o) methyl docosahexaenoate and phenyl- 
alanine; (1) ethyl arachidonate, dipalmityl phospha- 
tidyl ethanolarnine and phenylalanine. 
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TABLE I 

Effect of Phosphatidyl Ethanolamine or Phenylalanine 
on TBA-Reacting Materiala during Peroxidation of Unsaturated Fatty Acids 

20:4 
Time, 20:4 20:4 + PE 22:6 22:6 

hr 20:4 b + PE + Phe + Phe 22:6 + PE + Phe 

0 2.5 5.4 1.0 11.4 10.0 5.1 1.2 
2 3.5 19.1 5.8 17.4 25.2 40.1 2.1 
4 3.9 44.1 12.4 27.6 79.4 125.0 5.1 
6 6.1 85.1 16.6 46.7 133.0 183.4 11.4 
8 25.2 122.4 14.4 77.4 130.4 118.5 18.9 

10 41.6 121.0 17.1 95.8 52.5 90.1 28.9 
12 25.5 --- 15.0 99.9 33.9 63.3 27.6 
24 29.2 43.5 14.3 96.5 20.0 28.8 27.2 

aMillimoles TBA reactants per mole unsaturated fatty acid; average of duplicates. 
b20:4, Ethyl arachidonate; 22:6, methyl docosahexaenoate; PE, synthetic dipalmityl 

phosphatidylethanolamine; Phe, phenylalanine. 

m a n - L a R o c h e ,  Nut ley ,  N.J. ,  and  its esters  as 
well as m e t h y l  d o c o s a h e x a e n o a t e  were pur-  
chased f r o m  the  Hormel  Ins t i tu t e ,  Aus t in ,  
Minn. S y n t h e t i c  d ipa lmi ty l  p h o s p h a t i d y l  e tha-  
n o l a m i n e  was pu rchased  f r o m  Schwarz /Mann ,  
Orangeburg,  N.J. ;  p h e n y l a l a n i n e  f rom Nutr i -  
t iona l  Biochemica ls  Corp. ,  Cleveland,  Ohio ;  and  
2 - th ioba rb i tu r i c  acid f r o m  Sigma Chemica l  Co.,  
St. Louis ,  Mo. Spectra l  qua l i ty  m e t h a n o l  and  
c h l o r o f o r m  were o b t a i n e d  f rom Mal l inckrod t ,  
St. Louis,  Mo. All o t h e r  chemica ls  and  bio- 
chemica ls  were reagen t  or research  grade and  
were o b t a i n e d  f rom a var ie ty  of  c o m m e r c i a l  
sources.  

Analytical Methods 

Perox ida t ion  of  a r a c h i d o n a t e  and  docosa-  
h e x a e n o a t e  was fo l lowed  by  m e a s u r e m e n t s  of 
oxygen  abso rp t ion ,  TBA reac tan t s  and  f luores-  
cence. Oxygen  abso rp t ion  was measu red  by  the 
Warburg  m a n o m e t r i c  m e t h o d .  Separa te  r eac t ion  
flasks were used for  each  t ime  per iod  at wh ich  
the  TBA reac t ion  and  f luorescence  analyses 
were done.  Oxygen  a b s o r p t i o n  at  37 C was 
r eco rded  every h o u r  for  12 or 14 hr  and  again 
at  24 hr .  The  2.5 ml r eac t ion  mix tu re s  con-  
sisted o f  0. 1 M po tass ium p h o s p h a t e  buf fe r ,  p H  
7.0, 10-5 M ferr ic  ch lor ide ,  10 -5 M ascorbic  
acid, 40  mM fa t ty  acid, and  in the  app rop r i a t e  
flasks 40  mM p h e n y l a l a n i n e  a n d / o r  40  mM 
syn the t i c  d ipa lmi ty l  p h o s p h a t i d y l  e thano l -  
amine.  Emuls ions  of  f a t ty  acid w i th  p h o s p h a -  
t idyl  e t h a n o l a m i n e  or pheny la l an ine  were made  
by  h o m o g e n i z i n g  the  r eac t an t s  w i th  a m o t o r -  
driven glass and  Tef lon  h o m o g e n i z e r ;  some 
emuls ions  were a ided by  son ica t ion  w i t h  a sonic 
d i s m e m b r a t o r  (Quig ley-Roches te r  Inc . ,  Roches -  
ter ,  N.Y.)  for  10-30 rain.  Af te r  h o m o g e n i z a t i o n  
the  emuls ions  were ad jus ted  to  pH 7 w i th  I N 
KOH. The  r eac t ion  was in i t i a t ed  by  add i t i on  of 
ascorbic  acid and  ferr ic  ch lor ide  f rom side arms 

of the  Warburg  vessels. 
The  TBA tes t  was done  essent ia l ly  accord ing  

to  the  m e t h o d  of  Wills (7). A l iquo t s  of  the  
ox id ized  f a t t y  acid r eac t ion  mix tu re s  were 
d i lu ted  wi th  wa te r  to  1 ml;  1 ml of  20% w/v  
t r i ch lo roace t i c  acid and  2 ml  o f  0 .67% w/v 
2- th ioba rb i tu r i c  acid were added  and  the  tubes  
p laced  in a boi l ing  wate r  b a t h  for  15 rain.  The  
abso rbance  of  the  coo led  and  cen t r i fuged  sam- 
ples was read  at 532 rim. An  e x t i n c t i o n  
coef f ic ien t  of  1.56 x 105 was used  for  calcula-  
t ions .  

F o r  f luorescence  m e a s u r e m e n t s  a l iquots  of  
the  oxidiz ing reac t ion  mix tu re s  were d i lu ted  to  
1 ml w i th  wa te r  and  t h e n  e x t r a c t e d  at  r o o m  
t e m p e r a t u r e  w i th  2 ml of  c h l o r o f o r m - m e t h a n o l  
2:1 v/v  by mix ing  for  2 m in  on  a vo r t ex  mixe r  
at  h igh speed. Af te r  c en t r i f uga t i on  for  2-3 min ,  
the  w a t e r - m e t h a n o l  and  c h l o r o f o r m  layers  were 
separated.  When necessary ,  f u r t h e r  d i lu t ion  of  
these  ex t rac t s  was made.  C o m p l e t e  f luorescence  
spec t ra  were d e t e r m i n e d  w i t h  an Aminco -  
B o w m a n  s p e c t r o p h o t o f l u o r o m e t e r  (Amer ican  
I n s t r u m e n t  Co. ,  Inc . ,  Silver Spring, Md.).  The  
slit a r r a n g e m e n t  for  r eco rd ing  f luorescence  
spec t ra  was slits 3, 4 and  6, set  at  3, 1 and  3 
m m ,  respect ively.  The  sensi t iv i ty  se t t ing  was 
50. Spec t ra  were r eco rded  on  an X-Y recorder  
( H o u s t o n  I n s t r u m e n t ,  Bellaire, Tex.) .  With  the  
above  i n s t r u m e n t  set t ings,  1 /ag s t anda rd  qui-  
n ine  sulfate  per  mil l i l i ter  0.1 N H 2 SO 4 had  a 
f luorescence  i n t ens i t y  of  60  at  a 0.3 m e t e r  
mu l t ip l i e r  se t t ing;  co r rec t ions  were made  for  
var ia t ions  in  qu in ine  sulfate f luorescence  due to  
X e n o n  lamp f luc tua t ions .  

RESULTS 

Absorption of Oxygen 

Figure  I p resen t s  the  curves  for  a b s o r p t i o n  
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TABLE II 

Linear Regression Correlation Coefficients and Statistical 
Probabilities for Data Relating Absorption of Oxygen, TBA Reactants and Fluorescence 

185 

Reaction Time 
system Variables period, hr r p 

20:4 + Phe Aqueous fluorescence 0-24 0.99 <0.001 
Oxygen absorbed 
Aqueous fluorescence 0-6 0.97 <0.05 
TBA reactants 
TBA reactants 0-10 0.95 <0.01 
Oxygen absorbed 

20:4 + PE Lipid soluble fluorescence 0-24 0.99 <0.001 
Oxygen absorbed 
Lipid soluble fluorescence 0-8 1.0 <0.001 
TBA reactants 
TBA reactants 0-8 1.0 <0.001 
Oxygen absorbed 

20:4 + PE + Phe Aqueous fluorescence 0-12 0.97 <0.001 
Oxygen absorbed 
Lipid soluble fluorescence 0-24 0.93 <0.001 
Oxygen absorbed 
Aqueous fluorescence 0-12 0.95 <0.01 
TBA reactants 
Lipid soluble fluorescence 0-12 0.94 <0.01 
TBA reactants 
TBA reactants 0-12 0.99 <0.001 
Oxygen absorbed 

22:6 + PE Lipid soluble fluorescence 0-24 0.98 <0.001 
Oxygen absorbed 
Lipid soluble fluorescence 0-6 0.99 <0.01 
TBA reactants 
TBA reactants 0-6 0.99 <0.01 
Oxygen absorbed 

22:6 + Pbe Aqueous fluorescence 0-24 1.00 <0.001 
Oxygen absorbed 
Aqueous fluorescence 0-10 0.98 0.001 
TBA reactants 
TBA reactants 0-12 0.96 <0.001 
Oxygen absorbed 

of  oxygen as a func t ion  of  t ime up to  24 hr.  
E thyl  a rachidonate  had the longest  i nduc t ion  
period,  which  was overcome to  d i f fe rent  de- 
grees in the presence  of  phospha t idy l  e thanol -  
amine or phenyla lanine ,  or bo th .  By 24 hr ca. 2 
mol  oxygen  were absorbed  per  mole  of  fa t ty  
acid wi th  and wi thou t  phenyla lanine ,  and ca. 
2.4 mol  in the presence  of  phospha t idy l  e tha-  
nolamine .  The dipalmityl  phospha t idy l  e thanol -  
amine cont ro l  did n o t  absorb oxygen  by 24 hr. 
A similar e f fec t  on the induc t ion  per iod oc- 
cur red  during ox ida t ion  of  m e t h y l  docosahexa-  
enoa te  in the presence  of  phospha t idy l  e thanol -  
amine.  By 24 hr  each mole  of  this fa t ty  acid 
absorbed  ca. 3 mol  oxygen,  and in the presence  
of  phospha t idy l  e thano lamine  ca. 3.3. mol .  The 
induc t ion  per iod  for  peroxid iz ing  me thy l  
docosahexaenoa te  in the presence  of  pheny l -  
alanine was greater than tha t  for  the fa t ty  acid 
alone, and the  a m o u n t  of  oxygen  absorbed by 
24 hr was only  2 mol  per mole  of  fa t ty  acid. 

TBA-Reacting Materials 

Table I gives the amoun t s  o f  TBA-react ing 

materials  in the various perox id iz ing  sys tems 
measured  over a 24 hr t ime course.  The 
presence of  p h o s p h a t i d y l  e thano lamine  in- 
creased the p r o d u c t i o n  of  TBA-reactants  f rom 
oxidiz ing a rach idona te ;  phenyla lan ine  caused a 
cons iderably  smaller increase.  The increase in 
TBA-reactants  f rom oxidiz ing docosahexaeno-  
ate was less in the presence  of  phospha t i dy l  
e thano lamine  than for  a rach idona te  in a similar 
react ion.  Phenyla lanine  cons iderably  decreased 
the p r o d u c t i o n  of  TBA reactants  f rom me thy l  
docosahexaenoa te .  Al though  the  level of TBA 
reac tan ts  in the d i f fe ren t  reac t ion  sys tems 
varied, Table II shows tha t  TBA reactants  were 
significantly and highly corre la ted  wi th  absorp-  
t ion of  oxygen  for  6-12 hr. The t ime per iod  
over which  there  was corre la t ion was d e p e n d e n t  
app rox ima te ly  u p o n  when  the rate of  oxygen  
absorp t ion  decreased,  as ind ica ted  in the  curves 
for oxygen  absorp t ion  (Fig. 1). 

Production of Fluorescent Chromophores 

Figure 2 shows f luorescence spectra  of  chro-  
m o p h o r e s  p ro d u ced  as a func t ion  of  three  

LIPIDS, VOL. 8, NO. 4 



186 C.J. DILLARD AND A.L. TAPPEL 

9 0 j  I I 

60 

z W3C 
8 12 w B to HR 

07 
o 

-~ 8 0 -  u_ 

4 0 -  

200  500  4 0 0  5 0 0  6 0 0  
WAVELENGTH,nm 

FIG. 2. Fluorescence spectra of (A) chloroform- 
methanol extracts from ethyl arachidonate-phospha- 
tidyl ethanolamine reaction mixtures and of (B) 
aqueous extracts from arachidonic acid-phenylalanine 
reaction mixtures at 2, 6 and 10 hr. The meter 
multiplier setting was 0.3. Fluorescence represents 
that produced per micromole of peroxidizing fatty 
acid. Extraction procedures and other instrument 
parameters are described in the text. 

react ion t imes during the oxida t ion  of  ethyl  
arachidonate  in the presence of  phosphat idyl  
e thanolamine  and phenylalanine.  The excita-  
t ion maxima at 360 n m  and emission maxima 
at 430-440 nm are typical  o f  the f luorescent  
products  studied. The f luorescence maxima 
varied slightly wi th  solvent,  concent ra t ion ,  reac- 
tants and oxida t ion  t ime. Comple te  fluores- 
cence spectra were taken of  samples f rom all 
react ion systems at 2 hr intervals. Figure 3 
shows the format ion  of lipid soluble f luorescent  
products  in the various peroxidiz ing systems as 
a func t ion  of  t ime up to 24 hr. Figure 4 shows 
the format ion  of  aqueous  f luorescent  products ,  
primari ly in those systems that  conta ined 
phenylalanine.  Peroxidizing arachidonic acid 
reacted wi th  phenylalanine produced  primari ly 
aqueous f luorescent  products ;  the lipid soluble 
f luorescent  products  at 12 and 24 hr were 13% 
and 24%, respectively,  of  the aqueous fluores- 
cent products .  Methyl  docosahexaenoate  reac- 
ted with  phosphat idyl  e thanolamine  produced  
mainly lipid soluble f luorescent  products ;  the 
aqueous products  at 12 and 24 hr were 9% and 
20% as f luorescent .  In react ion systems that  
conta ined ethyl  arachidonate,  phenylalanine 
and phosphat idyl  e thanolamine ,  the aqueous  
f luorescence was approx imate ly  one-half  as 
great as the lipid soluble f luorescence up to 12 
hr, but  by 24 hr they were at the same level. 
Very l i t t le or no f luorescence developed in the 
simple peroxidiz ing systems of  e thyl  arachido- 
nate  or methyl  docosahexaenoate ,  or in the 
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FIG. 3. Formation of lipid soluble fluorescent 
products as a function of time. Extraction procedures 
are described in the text. Fluorescence is expressed as 
mmoles equivalent glycine-l-amino-3-iminopropene 
standard fluorescence. Excitation and emission max- 
ima for 10 hr samples are given. (A) Ethyl arachi- 
donate, 360 nm, 425 nm; (z~) ethyl arachidonate and 
phosphatidyl ethanolamine, 360 nm, 430 nm; (e) 
ethyl arachidonate, phosphatidyl ethanolamine and 
phenylalanine, 365 nm, 430 rim; (e) arachidonic acid 
and phenylalanine, 390 nm, 470 nm; (=) methyl 
docosahexaenoate, 370 nm, 450 nm; (o) methyl 
docosahexaenoate and phosphatidyl ethanotamine, 
360 nm, 430 nm. Phosphatidyl ethanolamine was not 
fluorescent. 

inert  phosphat idyl  e thanolamine .  The linear 
regression corre la t ion coeff ic ients  in Table II 
show the  excel lent  correlat ions of  p roduc t ion  
of  b o t h  aqueous and lipid soluble f luorescent  
ch romophores  with oxygen absorpt ion,  in most  
systems for up to 24 hr of oxidat ion.  Fluores- 
cence was fairly well correla ted with  TBA 
reactants  for 6-12 hr; however  the correlat ions 
generally were not  as significant as the correla- 
tions wi th  oxygen  absorpt ion.  

DISCUSSI ON 

Dipalmityl  phosphat idyl  e thanolamine  de- 
creased the induct ion  per iod of  oxidizing ara- 
chidonate  and docosahexaenoa te  in phosphate  
buffer  that  con ta ined  ascorbate and iron; the 
effect  of  phenylalanine was variable. The induc- 
t ion period is inf luenced by factors such as 
oxygen pressure (8), ant ioxidants  (9), tempera-  
ture and catalysts (10). Au tox ida t ion  is usually 
accelerated by pr imary amines (11), and soy- 
bean phosphat idyl  e thanolamine  and chol ine 
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shorten the induction period of arachidonic 
acid (12). Amino acids are prooxidant to 
different degrees, and phenylalanine is one of 
the effective amino acid prooxidants (13). The 
oxidation of linoleate esters is increased more 
than 60-fold by the addition of both histidine 
and ionic iron, but the effect is retarded by 
acetate and completely repressed by phosphate 
(14). I n  the studies described here, phospha- 
tidyl ethanolamine increased the total oxygen 
absorption by arachidonate and methyl docosa- 
hexaenoate, but did not  absorb oxygen itself. 
This increase is partly due to the emulsifying 

p r o p e r t y  of the phospholipid. Phenylalanine 
shortened the induction period of arachidonic 
acid but did not  affect the total amount of 
oxygen absorbed. The effect of phenylalanine 
on docosahexaenoate was to lengthen the in- 
duction period and to decrease the total 
amount of oxygen absorbed by 24 hr. The 
prooxidant and antioxidant effects of phenyl- 
alanine on these two fatty acids cannot be 
explained on the basis of these experiments. 
Phosphatidyl ethanolamine increased the pro- 
duction of TBA reactants during oxidation of 
arachidonate and docosahexaenoate. TBA reac- 
tants in oxidizing arachidonate systems were 
increased by phenylalanine; in oxidizing 
docosahexaenoate they were decreased. Al- 
though these differences occurred, the TBA 
reactant levels were well correlated with oxygen 
absorption unti l  the rate of oxygen absorption 
decreased appreciably. The TBA reactant levels 
then decreased. Similar observations were made 
by Tarladgis and Watts (15) and by Corliss and 
Dugan (12). 

Both aqueous (1) and lipid soluble (2) 
fluorescent chromophores from peroxidizing 
animal tissue fractions have been studied previ- 
ously. The aqueous pigments are of the type 
synthesized and characterized by Chio and 
Tappel (3) from amino acids and malonalde- 
hyde. Three lipid soluble standard compounds 
have been prepared in this laboratory by V. 
Malshet. The fluorescence excitation and emis- 
sion maxima, respectively, of these compounds 
are N-l-benzal-2,2'-hydroxyaminoethane, 362 
rim, 446 nm; N-alanyl-2-hydroxynaphthlyli- 
dine, 385 nm, 436 nm; and N,N-dihexanyl-1- 
amino-3-iminopropene, 409 nm, 470 nm. These 
are similar to the range of excitation and 
emission maxima of the fluorochromes re- 
ported here and of those produced by reaction 
of malonaldehyde and dipalmityl phosphatidyl 
ethanolamine (360 nm excitation and 430 nm 
emission) (16). The characteristics of these 
fluorochromes are similar to those in lipid 
extracts of human neuronal lipofuscin (375 nm 
excitation and 440-460 nm emission) (17), and 
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FIG. 4. Formation of water soluble fluorescent 
products as a function of time. Extraction procedures 
are described in the text. Fluorescence is expressed as 
mmoles equivalent glycine-l-amino-3-iminopropene 
fluorescence. Fluorescence excitation and emission 
maxima at 10 hr are given. (o) Arachidonic acid and 
phenylalanine, 360 nm, 440 nm, (m) methyl docosa- 
hexaenoate, 370 nm, 450 rim, (u) methyl docosahexa- 
enoate and phosphatidyl ethanolamine, 360 nm, 455 
nm; (o) methyl docosahexaenoate and phenylalanine, 
360 nm, 435 nm, (r ethyl arachidonate, phosphatidyl 
ethanolamine and phenylalanine, 355 nm, 435 nm; 
neither phosphatidyl ethanolamine nor ethyl arachi- 
donate were fluorescent by 24 hr. 

of human heart (365 nm excitation and 
450-470 nm emission) (18). 

The lipid soluble fluorescent pigments from 
tissues of animals stressed with high dietary 
unsaturated lipids in the absence of vitamin E 
have been used  as a marker of in vivo lipid 
peroxidation (4,5); ceroid age pigments are a 
contributing source of fluorescent material. 
Since there are many fluorescent compounds in 
the body, some of which are lipids, a survey of 
various lipids was made to determine whether 
they could possibly interfere with the fluores- 
cence of the conjugated Schiff-base products 
derived from reaction of carbonyls with amines. 
Out of 18 l ipids- including triglycerides, phos- 
pholipids, cholesterol and its esters, fatty acids 
and ret inol-assayed for fluorescence, only puri- 
fied phosphatidyl ethanolamine and sheep brain 
cephalin had significant fluorescence; their fluo- 
rescence, as would be expected from these 
model studies, was characteristic of conjugated 
Schiff base fluorescence. Of the fluorescent 
lipids extracted from animal tissues by chloro- 
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form-methanol,  only retinol has a molar extinc- 
t ion of fluorescence great enough to interfere 
vAth the fluorescence related to lipid peroxida- 
tion. In chloroform solution, retinol can be 
easily photolyzed by short term exposure to 
UV light, thereby removing the interference 
(4). From these observations it appears unlikely 
that other lipids interfere with fluorescence of  
animal extracts. 

We were interested in the determination of 
the relative amounts of aqueous and lipid 
soluble fluorescence that developed during oxi- 
dation of  an unsaturated fat ty acid in the 
presence of an amino acid or aminophospho- 
lipid, or both.  By 24 hr of oxidation there were 
tow levels of aqueous fluorescent materials in 
the fat ty  acid-phosphatidyl ethanolamine reac- 
tion systems and low levels of lipid soluble 
fluorescence in the fat ty acid-phenylalanine 
reaction systems. A small part  of this fluores- 
cence can be explained by carryover to the 
water layer by methanol of lipid soluble pro- 
ducts and to incomplete washing of the chloro- 
form layer to remove aqueous products. It is 
interesting that,  in a reaction containing both 
phosphatidyl ethanolamine and phenylalanine, 
for 12 hr the rate of formation of lipid soluble 
fluorescent chromophores was greater than for 
the water soluble product.  Malonaldehyde is a 
water soluble compound,  and we had expected 
the rate o f  its reaction with a Water soluble 
amino acid to be greater than its reaction with 
the lipid soluble phosphatidyl ethanolamine. 

The fluorescent products that formed during 
oxidation of arachidonate and docosahexa- 
enoate with phenylalanine or phosphatidyl  eth- 
anolamine were yellow. The synthetic 1-amino- 
3-iminopropene standards, both  aqueous and 
lipid soluble, are yeilow chromophores.  Corliss 
and Dugan (12) noted that free amino groups 
significantly decreased during oxidation of 
phospholipids and tha t  a brownish-yellow color 
developed, which they at tr ibuted to a Maillard- 
type browning reaction. Lea (19) reported 
earlier that free amino groups of phosphatidyl  
ethanolamine disappeared during oxidation ap- 
proximately in proport ion to the amount  of 
oxygen absorbed. Both these observations prob- 
ably can b e  at tr ibuted t o  the reaction of the 
amine group with carbonyis, mainly malonalde- 
hyde, produced by lipid oxidation,  to form 
Schiff base products,  some of which are mea- 
sured by the fluorescence technique. A conju- 
gated Schiff base structure is required for 
fluorescence (3); hence monomer amine-malon- 
aldehyde products are not  fluorescent, but low 
levels of the dimer products are easily detected 
by ,sensitive fluorescence techniques~ As indi- 
cated in the following scheme, oxygen~absorbed 

is a measure of total  peroxidat ion:  

PU~A + 0 2 HO~H ~ P e r ~ 1 7 6  ~ Per~ides [ t i 

~ H C H C  

~ + RNH 2 [2] 

RN=CH-CH=CHOH 

[31 § RNH 2 

RN=CH-CH=CH-NHR 
? 

Throughout the reaction periods the malonalde- 
hyde derived from peroxides (20) and in te> 
mediates of peroxidation (K: Ingold, personal 
communication) is  probably proport ional  to 
total peroxidation,  as shown in reaction [1] .  
The measured malonaldehyde is equal to the 
amount produced by peroxidat ion less that 
which has reacted [2] .  A major reaction path- 
way is through reaction with amines ,  which 
were in excess when present in these experi- 
ments. The  major products of the malonalde- 
hyde-amine 1 : 1 reaction should also be propor- 
tional to the concentra t ion  of malonaldehyde 
and to the t ime it has to react with the amine. 
Reactions of malonaldehyde with amine and 
other nonamine reactions account for the max- 
ima and subsequent decline in malonaldehyde,  
as shown in Table I .  Fluorescent products 
develop by subsequent reaction of malonalde- 
hyde-amine products with another amine [3] .  
Through this series of reactions the small 
amounts of fluorescent products are formed in 
amounts proport ional  t o  the overall peroxi-  
dation reaction (Table II). Although the pro; 
duction of fluorescent compounds was highly 
correlated with Oxygen absorption and malonal- 
dehyde measurements, the ratios of oxygen 
absorbed-malonaldehyde produced-fluorescent 
products: in the various oxidizing systems was 
quite variable. The cbtrelat ion between TBA 
reac t an t s  and fluorescence development was 
less:significant than that  between oxygen ab- 
sorption and fluorescent products .  This can be 
partly explained by the breakdown of malonal., 
dehyde with time and by the r e m o v a l o f  small 
amounts by reaction with amines, as shown in 
the above scheme; 
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Tritium Labeling of Lipidsl 
T.L. MOUNTS, Northern Regional Research Laboratory, 2 
Peoria, Illinois 61604 

ABSTRACT 

The elucidation of metabolic path- 
ways, chemical reactions and biosyn- 
theses has been greatly enhanced by the 
use of radioisotopes. Tritium has become 
an important  tool in lipid research. Lipids 
have been labeled with tri t ium by a 
variety of techniques, including chemical 
synthesis, catalytic reductions, exchange 
reactions and radiation-induced reactions. 
Specific examples of labeling procedures 
are presented. Recent developments in 
tritium analysis instrumentation and pro- 
cedures are also presented. Current appli- 
cations of tri t ium as a tracer are in 
biological investigations and catalytic 
hydrogenation of lipids. 

INTRODUCTION 

The use of tri t ium as a tracer in lipid 
research has greatly expanded since the discov- 
ery by Wilzbach (1) that organic compounds 
could be labeled by a simple gas exposure 
technique. The concurrent development of liq- 
uid scintillation counting techniques (2,3) for 
detecting this low r-energy emitting isotope was 
another important  factor leading to its in- 
creased application. Subsequent investigations 
have revealed the limitations of the gas expo- 
sure technique; however the advantages of using 
this isotope have led to the development of a 
variety of  alternate methods of producing 
labeled compounds.  

Since tritium is a hydrogen isotope, radio- 
active labeling is often accomplished easier and 
quicker than with other radioisotopes (ex- 
change reactions, reductions, etc.). Extremely 
high specific activities can be achieved, and 
rather large quantities may be used, at a much 
lower cost than other isotopes. The cost of the 
raw materials, either 14C-carbonate or tritium 
gas, shows a difference of $6.00/mCi and 
%0.002-$0.003/mCi, respectively. Compara- 
tively, carbon 14 has a half-life 460 times as 
long (14C, 57 60 years; 3H, 12.26 years) and a 
energy 8.6 times as great (14C, 0.049 Mev; 3H, 
0.0057 Mev). 

In presenting some of the labeling tech- 
niques developed, the specific use, where appli- 

Ipresented at the AOCS Meeting, Atlantic City, 
October 1971. 

2ARS, USDA. 

cable, of the labeled lipid produced will be 
described. Some recent developments in analy- 
sis instrumentation will also be point  out. 

RADIATION-INDUCED REACTIONS 

As stated, the Wilzbach gas exposure tech- 
nique (1) was an impor tant  development in the 
history of tri t ium as a tracer. The technique 
involves the exposure of the compound to be 
labeled to curie amounts of tri t ium gas for 
several days. In practice, a lipid to be labeled is 
contained in a sealed vial along with the tritium 
gas. The vial is rotated to produce a thin film 
surface to the gas, and exposure is continued 
from 4 to 18 days. 

Nystrom et al. (4) reported the first a t tempt  
to label lipid materials by gas exposure. They 
irradiated gram amounts of saturated methyl 
esters with t Ci and 5 Ci tr i t ium sources. Their 
data indicate that the tr i t ium incorporated was 
roughly related to the time of exposure and 
intensity of the source. 

While substitution of  hydrogen by tri t ium 
took place as anticipated with the saturated 
methyl ester, labeling unsaturated methyl esters 
involved more complicated reactions (5). Subse- 
quent analysis of the tri t iated methyl esters by 
oxidative cleavage of the double bonds accord- 
ing to the method of  Jones and Stolp (6) 
showed that labeling occurred through addition 
to the double bond. 

Methyl stearolate was exposed to a 2.6 Ci of 
tri t ium for 20 days. Tritium incorporation was 
210.0 mCi, of which 79.6% was recovered as 
the acid (7). The major product  formed during 
exposure of methyl stearolate was 9,10-tritio- 
octadecenoate,  both  the cis and trans isomer. 
Small amounts of  radioactive methyl  stearate as 
a result of saturation and methyl  stearolate 
arising from substitution were also formed. 

When radiochemical products are separated 
by chromatography (thin layer, liquid columns, 
preparative gas liquid chromatography) from 
their inactive isologous parent,  fatty acids of 
extremely high specific activities are isolated. 
Development of argentation chromatography 
(8) provided a simple technique to separate cis- 
and trans-9,10-octadecenoates formed by addi- 
tion to methyl stearolate. 

CHEMICAL SYNTHESI~ 

Both Sgoutas and Kummerow (9) and 
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TABLE I 

Synthesis of  Tritiated Polyunsaturated Fatty Acid Methyl Esters a 

191 

Starting acetylenic compound b 
Tritiating Yield, c % Specific 

agentC Chemical Radiochemicai activity, 
mCi 

CH 3(CH2)4C---~CCH 2C~=C (CH2) 7COOCH 3 
CH 3(CH2) 3C--=CCH2C-~C(CH2)8COOCH 3 
CH3(CH2) 3C~CCH2C~=C(CH2) 8COOCH 3 
CH 3(CH2) 3C--=CCH2C~42(CH2)aCOOCH 3 

trans 
CH3(CH2)4CH=CHCH2C~=C(CH2)7COOCH3 

trans 
CH3(CH2)5 CH=CHCH2C-=C(CH2)7 COOCH3 
CH 3(CH2)4C~=CCH2C~-~-CCH 2C~:C(CH 2)4COOCH 3 
CH 3(CH2)4C--=CCH2C~=CCH2C~=C(CH2)4COOCH 3 

NaBH4(3H) 82.3 27.8 9.25 
NaBH4(3H) 78.6 26.9 8.80 
CH3COOH(3H) 82.8 --- 1.92 
NaBH4(3H) 72.6 25.7 26.20 

NaBH4(3H ) 85.2 29.0 11.60 

NaBH4(3H ) 81.7 28.5 11.40 
NaBH4(3H ) 30.7 26.0 30.12 
CH3COOH(3H ) 75.4 --- 2.52 

aSource: Sgoutas et al. (14). 
bCa. 1 mmol of each. 
CSpecific activity: NaBH4(3H), 20-50 mCi/mmol; CH3COOH(3H),I.2 mCi/mmol. Chemical yield based on 

starting methyl  ester. Radiochemical based on NaBH4(3H). 

Stoffel (10) report labeling of polyunsaturated 
fatty acids by half-hydrogenation of polyacetyl- 
enic acid using Lindlar catalyst in a tritium 
atmosphere. They (9) describe the total syn- 
thesis of octadeca-9,12-diynoic acid and its 
reduction to almost pure octadeca-9,12-dienoic 
acid with a cis configuration. Stoffel empha- 
sizes that the technique is applicable to any 
polyunsaturated acid for which the isologous 
polyacetylenic acid would be prepared. Oxida- 
tive degradation indicates that greater than 95% 
of the tritium radioactivity was at the double 
bond positions. 

Stoffel (10) further demonstrated the total 
synthesis of linoleic,- 7-1inolenic, eicosa- 11,14- 
dienoic and eicosa-8, 11,14-trienoic acid, each 
labeled with tri t ium in the terminal methyl 
group. According to his scheme, tritium is 
introduced early in the synthesis by catalytic 
hydrogenation of pentyn-l-ol-5 in ethyl acetate 
with tritium gas over platinum oxide to yield 
tritiated n-amylalchol. The specific acitivity was 
2.3 pei/pmol. The polyunsaturated product of 
the synthesis scheme was shown to be better 
than 95% pure, and the specific acitivity was 
2.3 pei/pmol. The identical specific activities of 
the starting labeled compound and the synthe- 
sized product demonstrated the stability of the 
label to chemical manipulation. 

Tenny et al. (11) had earlier prepared 
cis-9,10-octadecenoic acid by reducing stearolic 
acid with tritium gas in the presence of 5% 
palladium on charcoal. The product showed a 
specificity of greater than 90% of the activity at 
the 9 and 10 positions. Specific radioactivity of 
the oleic acid was more than 300 mCi/mM. In 
their experiments, because uptake of hydrogen 
did not  cease after the double bond had 

formed, the quantity of hydrogen had to be 
limited and the reaction period had to be short 
to prevent formation of stearic acid. Mounts et 
al. (12) labeled cis-9,10-octadecenoate by re- 
ducing stearolate with a copper-chromite cata- 
lyst. The catalyst was stirred with a small 
amount of tritiated water and hydrogen gas at 
atmospheric pressure for 1 hr at room tempera- 
ture. After raising the temperature to 170 C, 
methyl stearolate was injected into the closed 
system, and reduction was centinued until  
there was no further uptake of hydrogen. As 
reported by Koritala (13), the reduction of 
stearolate with copper-chromite catalysts is 
stereospecific, and no methyl stearate is pro- 
duced. The specific activity of the product was 
5.27 MCi/mM, and more than 95% of the 
tritium was located at the double bond posi- 
tion. This use of tritiated water as the source of 
the tritium in the reduction was important as 
previous catalytic reductions required the pres- 
ence of tritium gas. 

Noncatalytic reductions of acetylene bonds 
have also been used to introduce tritium into 
lipid materials. Sgoutas et al. (14) used disi- 
amylborane, prepared in situ, to reduce poly- 
acetylenic esters. As shown in Table I, sodium 
borotritide or tritiated acetic acid was used to 
prepare several polyunsaturated fatty acids. 
They noted that a contaminant  was eluted 
together with the methyl ester from a silicic 
acid column. Final purification was achieved by 
preparative gas liquid chromatography. 

Diimide reduction of unsaturated bonds has 
been reported by Koch (15). He described two 
methods for obtaining the labeled diimide; in 
each, tritiated water was the source of the label. 
In one method potassium azodicarboxylate was 
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TABLE 1I 

Specific Activities of Degradation Products in Percentage of Value for Stear ic  Acid a 

Theoretical Stearic acid 
Chain length specific activity for from diimide 

of degraded acids 9,10-3H-stearic acid reduction 

18 1 0 0  1 0 0  
17 1 0 0  98  
16  1 0 0  99  
15 1 0 0  1 0 0  
14  1 0 0  99  
13  1 0 0  101 
12 1 0 0  9 6  
11 1 0 0  9 7 . 5  
10  50  4 8 . 5  

9 0 0 
8 
7 
6 
5 

aSource: Koch (15). 

decomposed with labeled hydrogen ions in a 
pyridine medium; in the other, the labeled 
diimide is obtained by exchange labeling and 
oxidation of hydrazine in acetonitrile. Unsatu- 
rated esters were reduced on a 10-100 mg scale, 
and molar specific activities ranged from 8 to 
20% of the original tritiated water. Koch found 
that the reaction involving the potassium azodi- 
carboxylate was enhanced by increasing the 
temperature to 100 C and that for quantitative 
conversion this reaction was preferred over one 
involving hydrazine. Results obtained by oxida- 
tive degradation (KMNO4 with refluxing ace- 
tone) of stearic acid produced by reduction of 
oleic acid are given in Table II. These results 
agree with specific labeling at the 9,10 position. 
The diimide reaction with subsequent oxidative 
degradation of the tritiated saturated product 
was proposed by Koch as a method to deter- 
mine the structure of polyunsaturated acids. 

Another novel application of the products of 
diimide reduction was developed by Dutton 
(unpublished). Linolenic acid was reduced with 
labeled diimide. The tritiated products served as 
an internal standard during the ozonolysis-py- 
rolysis analysis (16) of products of catalytic 
hydrogenation. Aldehyde and aldehyde ester 
fragments of the inactive unknown were identi- 
fied by correlating them with the radioactive 
fragments from the tritiated products. 

Labeling with tritium at the double bond has 
proved to be quite satisfactory for most biologi- 
cal and chemical investigations. However, while 
investigating the kinetics of hydrogenation of 
polyunsaturated fats (17), the location of trit- 
ium at the active site of reaction, the double 
bond, proved unsatisfactory. Mounts and 
Dutton (18) developed a high-vacuum tech- 

nique to label esters with tritium in the methyl 
group. Purity of the radiochemical product was 
identical to the purity of the inactive acid used 
in the reaction. This reaction has provided a 
simple technique for preparing labeled methyl 
esters of unusual fatty acids including cis- and 
trans-octadecenoates with double bond posi- 
tions from A3 to A16 (17), conjugated octa- 
decadienoates and a- and /3-eleostearates. This 
type of labeled compound can be used to good 
advantage in those applications where the integ- 
rity of the methyl ester is maintained. 

A N A L Y S I S  I N S T R U M E N T A T I  ON 

In 1961, Dutton (19) described the serial 
collection of the effluent from gas liquid 
chromatography columns for scintillation 
counting. This technique gave the highest sensi- 
tivity for compounds of low specific acitivity; 
i.e., 0.5-100 nCi/mg. In 1969, Thomas and 
Dutton (20) significantly improved the high 
resolution of the system when they applied 
modern data-processing techniques using a high 
speed digital computer. By combining and 
averaging from two to four repeated analyses 
on the same sample, a true differential curve of 
the distribution of radioactivity in the column 
effluent was approximated. The automatic col- 
lection system was modified from that origi- 
nally described. Important features of the 
collection system include: (a) a high tempera- 
ture maintained in the gas stream up to the 
point of its contact with the scintillation 
solvent, (b) holdup volume at all points of the 
liquid system kept to a minimum to eliminate 
peak tailing and (c) joining the sample and 
reference streams from the exit of the thermal 
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conductivity cells, thus eliminating ca. 80% of 
the noise introduced by gas pressure changes 
within the cell. This noise was further reduced 
by an air reservoir at the pump. 

Clifford et al. (21) chose a flow-through cell 
for the continuous monitoring of effluents 
from liquid chromatographic columns. Scintilla- 
tors were lithium-cerium glass, insoluble in all 
solvents except hydrofluoric acid, and euro- 
pium-activated calcium fluoride powder, solu- 
ble only in ammonia. The efficiency for 3H in 
solution was reported as less than 1%, whereas 
14 C efficiencies were 20 and 50%. Assays at the 
Northern Lab. with the europium-activated 
calcium fluoride scintillator confirm a tritium 
efficiency of 0.3%. This accessory has been 
used to detect tritium during column chroma- 
tography for purifying synthesized labeled 
lipids. 

RECENT APPLICATIONS 

At present, applications of tritium-labeled 
lipids at the Northern Lab. are to studies of 
kinetics of catalytic hydrogenation of fats and 
to the metabolism of isomerized fats. For 
example, methoxyl tritium-labeled methyl es- 
ters of unusual fatty acids have been used to 
determine competitive hydrogenation rates in 
liquid-phase reactions (18). The hydrogenation 
products were analyzed with a gas liquid 
radio chromatographic system (22). 

During the catalytic hydrogenation of poly- 
unsaturated oils, a variety of geometric and 
positional isomers are formed. Isomeric octa- 
decenoates labeled with tritium at the double 
bond have been fed to laying hens in double 
label experiments with 14C-labeled cis-9,10- 
octadecenoate to determine the comparative 
metabolism of natural and unnatural  isomers 
(12). The egg served as a "biological trap" 
giving an automatic daily biopsy with which to 

study the metabolism of the isomers in the hen. 
Dual label analysis of the egg lipids was 
performed with a three-channel liquid scintilla- 
tion counter designed to give minimum overlap 
with maximum efficiency of counting. 
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Fluorescent Products of Lipid Peroxidation: I. 
Structural Requirement for Fluorescence in Conjugated 
Schiff Bases 
V.G. MALSHET and A L L .  TAPPEL, Department of  Food Science and Technology, 
University of  California, Davis, California 95616 

A B S T R A C T  

The structural requirement for fluores- 
cence in Schiff bases was defined. Alde- 
hydes and amines were reacted and the 
structures of the Schiff bases N-hydroxy- 
ethyl- l- imino-2 ' ,4 ' -hexadiene (I), N-1- 
benzal-2-hydroxyaminoethane (II), and 

t 
N- 1 - b e n z a l - 2 , 2  - h y d r o x y a m m o e t h a n e  
(III) were established by elemental anal- 
ysis, IR spectral analysis and mass spec- 
tra/ analysis. The structures of  N-alanyl-2- 
hydroxy-naphthyl idine (IV) and N,N'- 
d i l  eucinyl- 1-amino-3-iminopropene (V) 
had been established previously. III,  IV 
and V were fluorescent compounds and I 
and II were not. The results of these 
analyses suggest that an electron donating 
group in conjugation with an imine is the 

structure required for fluorescence. 

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

Oxidation of polyunsaturated fat ty acids 
produces malonaldehyde and numerous other 
carbonyls (1). Baker and Wilson (2) showed 
that UV irradiation of autoxidized unsaturated 
fatty acids produces carbonyl products.  Craw- 
ford et al. (3) showed that the mechanism by 
which glycine reacts with malonaldehyde in- 
volves 1,4 addit ion to the o~fl-unsaturated car- 
bonyl system of malonaldehyde to form the 
enamine, N-prop-2-enolaminoacetic acid. Chio 
and Tappel (4) showed that  the  crosslinking 
reaction of malonaldehyde with amino acids 
produces fluorescent chromophores with emis- 
sion maxima at 460-470 nm when excited at 
360-400 rim. The fluorescence of these corn- 
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pounds is due to a surprisingly simple fluoro- 
chrome structure, the 1-amino-3-imino unsatu- 
rated system, R-N=C-C=C-N-R. 

The formation of compounds with similar 
fluorescence spectral characteristics results 
from lipid peroxidat ion of membranes (5). 
Similar fluorescent products are formed in vivo, 
as evidenced by the accumulation of fluores- 
cent ceroid and lipofuscin pigments in various 
tissues (6,7). 

In addition to malonaldehyde some other 
unsaturated aldehydes, such as 2,4-hexadi- 
ene-l-al ,  are produced in vitro and in vivo by 
lipid peroxidation.  The mechanism for their 
production has been proposed by Lillard and 
Day (8). I t  needs to be determined whether or 
not  these aldehydes when reacted with free 
amino groups, as in proteins and in phospho- 
lipids, would form fluorescent chromophores.  
This study reports on the synthesis and proper- 
ties of conjugated Schiff bases and the molec- 
ular structures required for fluorescence. 

EXPERI  M E N T A L  P R O C E D U R E S  

Materials 

2,4-Hexadiene-l-al was obtained from K and 
K Labs., Inc., saiicylaldehyde and 2-hydroxy- 
naphthaldehyde from Eastman Organic Chemi- 
cals, and ethanolamine from Aldrich Chemical 
Co., Inc. 

Methods 

Preparation of N-2-Hydroxyethyl-l-imino- 
2,4-hexadiene (I): Ethanolarnine (0.01 tool) 
was dissolved in 200 ml anhydrous ethyl 
alcohol. 2,4-Hexadiene-l-al (0.01 tool) was 
added. The mixture was stirred for 12 hr under 
anhydrous conditions.  Solvent was removed 
under reduced pressure. The brown-colored 
product  was dissolved in 300 ml ethyl ether and 
filtered. The filtrate was evaporated and the 
residue dissolved in a minimal amount  of ethyl 
acetate, filtered through cot ton and stored at 
-18C for 6 hr. The crystals formed were 
dissolved and recrystallized from ethyl acetate, 
which gave a 65% yield of a white solid with a 
melting point of 73 C. 

Analysis. Calculated for CsH13N1Ol :  C, 
69.06; H, 9.35; N, 10.67. Found:  C, 68.88; H, 
9.17; N, 10.71. 

Preparation of N-l-benzal-2-hydroxyamino- 
ethane (II): Ethanolamine (0.01 mol) was 
dissolved in 20 ml anhydrous ethyl alcohol. 
Benzaldehyde (0.01 tool) was added and the 
reaction mixture was stirred for 6 hr under 
anhydrous conditions. Solvent was removed 
under reduced pressure. The yellow, oily prod- 
uct obtained was further purified by distillation 
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at 85-86 C/0.05 mm. The colorless oil was 
obtained in 80% yield. 

Analysis. Calculated for C9H11N101:  C, 
72.48; H, 7.38; N, 9.40. Found:  C, 72.17; H, 
7.34; N, 9.56. 

Preparation of N-l-benzal-2,2" hydroxyamino- 
ethane (III): Ethanolamine (0.01 mol) was 
dissolved in 20 ml anhydrous ethyl alcohol. 
Salicylaldehyde (0.01 mol) was added, and the 
reaction mixture was stirred for 6 hr under 
anhydrous conditions. Solvent was removed 
under reduced pressure. The orange-colored oil 
produced was distilled at 105-106 C/0.05 mm. 
The final product  was a yellow oil obtained in 
79% yield. 

Analysis. Calculated for C9H1]N102:  C, 
65.45; H, 6.67; N, 8.48. Found:  C, 65.19; H, 
6.49; N, 8.36. 

Preparation of N~lanyl-2-hydroxy-naphth- 
ylidine (IV): This compound was prepared by 
the procedure described by McIntire (9). 

N,N'-Di  le u cin y l- l-amino-3-imino propene 
{V): This compound was prepared as described 
by Chio and Tappel (4). 

Absorption Spectroscopy 
The electronic absorption spectra in the 
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visible and UV regions were measured at room 
temperature with a Beckman DB:G spectro- 
photometer.  

I R Spectroscopy 

IR spectra of the compounds were obtained 
with a Perkin-Elmer 457 IR spectrophotometer.  
KBr windows of solid products were prepared 
by grinding 100 mg oven-dried spectrograde 
KBr with 1 mg of the product. A single drop of 
the liquid compounds was spread between two 
NaC1 discs (each 25,5 x 5 mm). 

Mass Spectroscopy 

Mass spectra were determined on a Varian 
M66 mass spectrometer operating at an ionizing 
potential of 70 ev with a 3 #amp electron 
current. Samples were introduced through a 
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FIG. 5. Mass spectrum of N-l-benzal-2,2'-hydroxy- 
aminoethane (liD. 

solid probe at 30 C. 

Measurement  of Fluorescence 

Fluorescence and excitation spectra were 
determined with an Amico-Bowman Spectro-  
photofluorometer  (American Instrument Co., 
Inc.) calibrated with quinine sulfate. The slit 
arrangement for recording fluorescence spectra 
was slits 3, 4 and 6, set at 3, 1 and 3 ram, 
respectively. The sensitivity setting was 50. 
Spectra were recorded on an X-Y recorder 
(Houston Instrument). Under these instrument 
parameters, 1 #g quinine sulfate per milfiliter 
0.1 N H2SO 4 had a fluorescence intensity of 60 
at a 0.3 meter multiplier setting. 

R E S U L T S  

N-2-Hydroxyethyl-l-imino-2',4'-hexac~ene (I) 

Elemental analysis of the synthesized 
N-2 -hy  dr o x y  e t hy l -  1 - im in  o- 2' ,4 '-hexadiene 
agreed with its predicted composition. The IR 
spectra showed characteristic broad stretching 
at 1625 cm -1 (Fig. 1) due to an inaine in 
conjugation with an olefin. The UV spectra 
indicated a major absorption peak at 265 nm 
(era = 33,757). This compound was not fluores- 
cent. 

The mass spectrum showed a parent peak at 
m/e 139 with additional peaks at 124 (M-15) +, 
m/e 108 (M-31) + and m/e 93 (M-46) + (Fig. 2). 
Accurate mass spectral analysis gave m/e 
139.0981 in agreement with the calculated 
value of 139.0997 for CsHI3NO.  The base 
peak 108 corresponds to the loss o f - C H 2 O H  
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TABLE I 

Structural Requirement for Fluorescence of Schiff Bases Formed from 2-3-Unsaturated Aldehydes 
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Reactant Schiff base products 

Electron donating 
group in 

conjugation Relative mo la r  
with imine fluorescence a 

Ethanolamine 
+ 2,4,hexadiene-l-al (I) OH-CH2-CH2-N=CH-CH=CH-CH=CH-CH 3 None 

Ethanolamine 
+ benzaldehyde (II) OH-CH2-CH2-N=CH-(O ) None 

Ethanolamine HO 
+ salicylaldehyde (III) OH-CH2-CH2-N=CH-(O ) -OH 

Alanine + 2-OH- (IV) COOH -OH 
naphthaldehyde I 

CH3--~ N=CH 

- = C H -  = - - Amino acids (V)'R N Cn ~.rl lxrl-l~ -NH 
+ malonaldehyde R = amino acids or amines 

0 

0 

4.1x10-3 

1.7x10"2 

2.9x10-1 

aRelative to the molar fluorescence of quinine sulfate equal to 1.00. 

from the parent molecule to give an imine 
fragment. 

N- 1-Benzal-2-hydroxyaminoethane 111) 

Elemental analysis of the compound agreed 
with the predicted composition of N-l-benzal- 
2-hydroxyaminoethane.  The IR spectrum 
showed characteristic stretching at 1647 cm q 
(Fig. 1), indicating an imine in conjugation with 
the aromatic ring. The UV absorption spectrum 
had a major peak at 246 nm (era = 1,746). This 
compound was not fluorescent. 

The mass spectrum showed a parent peak at 
m/e 149 with additional peaks at m/e 118 
(M-31) +, m/e 104 (M-45) +, m/e 91 of tro- 
pylium ion (M-58) and m/e 77 (M-72) (Fig. 3). 
Accurate mass spectral analysis gave m/e 
149.0834, in agreement with the calculated 
value of 149.0841 for C9HI1NO. The base 
peak m/e 118 corresponds to a loss of -CH 2 OH 
from the parent molecule to give an imine 
fragment. 

N-1-Benzal-2,2'-hydroxya minoethane (111) 

Elemental analysis of the synthesized 
r 

N-l -benza l -2 ,2 -hydroxyamlnoe thane  agreed 
with its predicted composition. The IR spec- 
trum showed a characteristic band at 1630 
cm -1 (Fig. 1) for an imine in conjugation with 
the aromatic ring. The UV absorption spectrum 
showed one absorption band at 254 nm (em = 
11,000), one at 3!6 nm (ern = 3575) and one at 
404 nm (em = 1443). The fluorescence was 
measured in chloroform-methanol 2:1 v/v. The 
fluorescence spectra (Fig. 4) showed an excita- 

tion maximum at 362 nm and an emission max- 
imum at 446 nm. The relative molar fluores- 
cence intensity with respect to quinine sulfate 
was 4.1 x 10-3. 

The mass spectrum showed a parent peak at 
m/e 165 with additional peaks at m/e 134 
(M-31) +, m/e 120 (M-45) + and m/e 107 of 
tropylium ion (M-58) (Fig. 5). Accurate mass 
spectral analysis gave m/e 165.0767 in agree- 
ment with the calculated value of 165.0790 for 
C g H l l N O  2. The base peak m/e 134 corre- 
sponds to a loss of -CH2OH from the parent 
molecule to give an imine fragment. 

N-Alanyl-2-hydroxynaphthlydine (IV) 

The structure of this compound was deter- 
mined by elemental analysis by McIntire (9). 
The IR spectrum showed a characteristic band 
at 1625 cm -1, indicating an imine in conju- 
gation with an aromatic ring (Fig. 1). The 
fluorescence was measured in chloroform-meth- 
anol 2:1 v/v. The spectra showed an excitation 
maximum of 385 nm and an emission maxi- 
mum of 436 nm (Fig. 4). The relative molar 
fluorescence with respect to quinine sulfate was 
1.72 x 10 .2 

D I SC USSI ON 

The major aim of this research was to define 
the molecular structure required in Schiff bases 
produced by the reaction of aldehydes with 
amines in order for them to be fluorescent. The 
structures of products I-IV were established in 
these studies by synthesis from known reac- 
tants, elemental analysis, IR spectral analysis 
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and mass spectral analysis. Mass spectral  anal- 
ysis was among  the most  definit ive of  tech- 
niques used. 

IR  spectra, of  all the Schiff  bases prepared,  
showed a band at the 1620-1660 cm -1 region, 
which indicates an imine in conjugat ion wi th  an 
olefin or an aromat ic  bond.  These results are in 
agreement  wi th  those of  aromat ic  Schiff  bases 
prepared and studied by Margerum and Sousa 
(10). 

Aromat i c  pr imary amines react wi th  malon- 
aldehyde to produce  f luorescent  Schiff  bases, 
such as N,N'-disubst i tu ted 1-amino-3-iminopro-  
penes (11). I t  was previously shown (4) that  
ScNf f  base products  wi th  the general formula  
R-N=C-C=C-N-R are p roduced  when malonalde 2 
hyde  crosslinks wi th  the pr imary amino  groups 
o f  amino acids, and that  these products  have 
f luorescent  spectral  characterist ics similar to 
those of  products  of  lipid peroxida t ion  (5) and 
to l ipofuscin and ceroid  pigments  (7,8). 

The chemical  and structural  propert ies  of  
Schiff  bases synthesized in this s tudy are 
presented in Table I. Compounds  III ,  IV and V 
are f luoroscent ,  and compounds  I and II do no t  
fluoresce. F r o m  the structural  formula  one can 
see that c o m p o u n d  V has an -NH group in 
conjugat ion wi th  the imine,  while compounds  
III  and IV have an -OH group in conjugat ion 
with the imine.  Compounds  I and II do no t  
have an e lec t ron donat ing  group in conjugat ion 
with  the imine. We conclude that  the s t ructure  
required for f luorescence is a Schiff  base in 
conjugat ion wi th  a fairly s trong electron do- 
na t ing  group. The relatively l ow f luorescence of  
compounds  III and IV correlates wi th  the -OH 
group being less e lectron donat ing than the 
-NH- group in c o m p o u n d  V (12). Based upon  
the evidence for a s t ructural  r equ i rement  for  
f luorescence,  we also conclude  that  f luorescent  

products  p roduced  during lipid peroxida t ion  
derive mainly f rom malona ldehyde ,  that  they  
have f luorochromic  structures like V, and that  
the condensat ion  of  unsa tura ted  carbonyls  wi th  
amines as in c o m p o u n d  I will no t  produce  the 
s t ructure  required for f luorescence.  
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Fluorescent Product Formation and Changes in Structure of 
DNA Reacted with Peroxidizing Arachidonic Acid 
U. REISS and A L L .  TAPPEL, Department of Food Science and Technology, 
University of California, Davis, California 95616 

A B S T R A C T  

Calf thymus DNA was reacted with 
peroxidizing arachidonic acid at 37 C for 
76 hr. Fluorescent DNA products in- 
creased with reaction time. These prod- 
uc t s  had characteristic fluorescence 
spectra with maximum excitation at 315 
nm and maximum fluorescence at 420 
nm. Structural changes occurred in the 
DNA reacted with peroxidizing arachi- 
donic acid, as observed by decreased 
melting point, decreased hyperchro- 
micity, partial resistance to hydrolysis by 
deoxyribonuclease and by decreased tem- 
plate activity for rat liver RNA poly- 
merase. 

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

Malonaldehyde is one of the major carbonyl 
products formed during peroxidation of unsatu- 
rated fatty acids (1,2). Malonaldehyde reacts 
with amino groups, as in amino acids, to form 
fluorescent, conjugated Schiff base products (3) 
with the basic structure R-N=C-C=C-N-R. Simi- 
lar fluorescent products, with maximum fluo- 
rescence emission at 460 nm and maximum 
excitation at 390 nm, form when ribonuclease 
A is reacted with malonaldehyde and with 
peroxidizing ethyl arachidonate (4). Malonalde- 
hyde and glyoxal react with DNA in vitro and 
in vivo (5). These aldehydes react probably by 
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FIG. 1. Fluorescence spectra of  DNA-arachJdonate 
product. After ethanol preci~tat ion, the samples were 
dialyzed against distilled water for 48 hr. DNA 
concentration was 0.5 mg/ml; excitation 315 nm and 
emission 420 nm. 

crosslinking with guanine, cytidine and, to a 
lesser degree, adenine, all of which carry amino 
groups. Changes in the thermal denaturation 
profiles and partial resistance to degradation by 
deoxyribonuclease also occur. Reiss et al. (6) 
have shown that the reaction between malonal- 
dehyde and DNA results in the formation of 
fluorescent products. A linear correlation exists 
between the formation of the fluorescent prod- 
ucts and the decrease in template activity of 
DNA as a function of reaction time. 

The present report describes the formation 
of fluorescent products, changes occurring in 
DNA structure and the effect on template 
activity during reaction of calf thymus DNA 
with peroxidizing arachidonic acid. 

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

Reaction of D N A  with Peroxidizing Arachidonic Acid 

Arachidonic acid (Hormel Institute) was 
emulsified in 0.1 x SSC solution (15 mM NaC1, 
1.5 mM trisodium citrate), pH 4.6, with a 
sonicator (Quigley-Rochester, Inc.). The emul- 
sion was combined with a solution of calf 
thymus DNA (Mann Research Labs.) in 0.1 x 
SSC, pH 4.6. The final concentration of arachi- 
donic acid was 0.3 M, and that of the DNA was 
0.5 mg/ml. One drop of toluene was added to 
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FIG. 2. Production of fluorescence and TBA reac- 
tive materials during the reaction of DNA with 
peroxidizing arachidonic acid. Preparation of samples 
is described in Materials and Methods. Fluorescence 
(excitation 315 nm, emission 420 nm) of DNA reacted 
with arachidonic acid (�9 and of control DNA (=). 
TBA reactive materials of the supernatant portions 
obtained after precipitation of DNA by ethanol are 
expressed as A532 nm (A). 
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values of DNA-arachidonate product. The DNA con- 
centration was adjusted to 0.4 A260 unit per milliliter 
0.1 x SSC solution, pH 6.8. DNA-arachidonate prod- 
uct (e) and DNA control (m). 

prevent bacterial growth, and the mixture was 
reacted at 37 C with shaking. Aliquots were 
withdrawn at various time intervals, and the 
reaction was stopped by precipitating the DNA 
with 2 volumes 95% ethanol that contained 2% 
potassium acetate (-20 C). The samples were 
centrifuged at top speed in a clinical centrifuge. 
The supernatant fractions were removed and 
assayed for fluorescence and for 2-thiobarbi- 
turic acid (TBA) reactants. The precipitants of 
DNA were washed twice with 95% ethanol, 
dissolved in 0.1 x SSC solution, pH 6.8, and 
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FIG. 4. Hydrolysis by deoxyribonuclease 1. DNA- 
arachidonate product (o) and control DNA (m). 
Reaction conditions are described in Materials and 
Methods. 

FIG. 5. Template activity for RNA polymerase. 
DNA-arachidonate product (o) and DNA control (m). 
Assay conditions are described in Materials and 

dialyzed against the same solution to remove 
unreacted fatty acid products. Controls of DNA 
without arachidonic acid and the arachidonic 
acid without added DNA were treated under 
the same conditions. 

Measurements of  Fluorescence and 2 -TBA Reactants 

Fluorescence spectra were measured with an 
A rain c o- B o w m an Spectrophotofluorometer  
(American Instruments Co., Inc.) combined 
with a Houston Instrument X-Y recorder. For 
the instrumental conditions used in this work 1 
pg quinine sulfate per milliliter 0.1 N H2SO 4 
had fluorescence of 700. 

Carbonyls formed during the peroxidation 
of arachidonic acid were measured as TBA 
reactants as described by Wills (7) with a few 
modifications. Samples of 1 ml were boiled for 
15 min in the presence of 1 ml 0.67% TBA 
(Eastman Organic Chemicals) in 1 M acetic 
acid. The samples were cooled, and the absorb- 
ance was read at 532 nm. 
Temperature-Denaturat ion Profiles 

DNA samples were adjusted to a concen- 
tration of 0.4 A260 unit per milliliter in 0.1 x 
SSC solution, pH 6.8. Temperature-absorption 
characteristics were determined with a Gilford 
2400 spectrophotometer equipped with a 
Haake thermoregulator-constant temperature 
circulator. The A260 values at each tempera- 
ture were divided by the A260 at 3 0 C  
(A260 nmt/A260 nm 30 C). 

Assay for Hydrolysis of  Deoxyribonucleic Acid 

DNA samples to be hydrolyzed by deoxy- 
ribonuclease I were dialyzed against a solution 
of 0.5 M Tris-HC1, pH 7.0, and 0.02 M MgC12. 
Samples that contained 80 pg DNA were 
hydrolyzed with 5 pg bovine pancreas DNase I 
(Worthington Biochemical Corp.) in 2.5 ml of 
the Tris-HC1 buffer at 25 C. The increase in 
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DNA-ARACHIDONATE PRODUCTS 

absorbance at 260 nm was monitored with a 
Beckman DB spectrophotometer. 

Template Activity of DNA Reacted with Peroxidizing 
Arachidonic Acid 

Isolation of rat liver RNA polymerase fol- 
lowed the procedure described previously (6), 
which is a modification of the procedure 
described by Roeder and Rutter (8). The RNA 
polymerase assay mixture was the same as that 
described by Roeder and Rutter (9), except 
that 3H-UTP (Amersham/Searle), specific ac- 
tivity 1 c/mmol, 0.13 M (NH4)2SO 4 and 0.2 
mg enzyme protein were used. After incubation 
for 15 min at 37 C, the reaction was stopped by 
addition of 0.1 ml ice cold 0.1 M sodium 
pyrophosphate that contained 5 mM UTP and 2 
mg/ml each of RNA and bovine serum albumin. 
The samples were quickly cooled and 0.1 ml of 
5% sodium dodecyl sulfate was added, followed 
by addition of 2 ml of 10% trichioroacetic acid 
w/v that contained 40 mM sodium pyrophos- 
phate. The acid insoluble material was collected 
on Whatman GF/C discs and washed eight times 
with 8 ml trichioroacetic acid-sodium pyro- 
phosphate solution. The discs were dried, 
placed in 5 ml Aquasol (New England Nuclear) 
and the radioactivity determined in a liquid 
scintillation counter. 

RESULTS 

The fluorescence spectrum of the products 
formed in the 76 hr reaction of DNA with 
peroxidizing arachidonic acid, hereafter called 
DNA-arachidonate product, is shown in Figure 
1. The excitation (315 nm) and emission (420 
nm) maxima are somewhat different from those 
observed for DNA reacted with malonaldehyde, 
where excitation and emission maxima ap- 
peared at 390 nm and 460 nm, respectively (6). 
The fluorescence of the control DNA sample 
was very low and different from that of 
DNA-arachidonate product. 

Figure 2 shows the formation of the fluo- 
rescent product and the amounts of TBA 
reactive materials present in the reaction mix- 
ture at various reaction times. After 12 hr of 
reaction a sharp increase in the fluorescent 
product was observed. At that time the TBA 
reactive materials reached a peak and gradually 
decreased as more fluorescent product formed. 
The decrease of TBA reactive materials could 
relate to its reaction with DNA, but only a 
small proportion would result in formation of 
fluorescent products. TBA reactive materials 
accumulated in the control sample of perox- 
idizing arachidonate, reached a peak at 37 hr of 
reaction, and then decreased after 46 hr. 

201 

A shift in the melting point and decrease in 
hyperchromicity of DNA as a result of reaction 
with peroxidizing arachidonate are shown in 
Figure 3. The melting point shifted from 70 C 
for the control sample to 65 C for the DNA- 
arachidonate product. The difference in suscep- 
tibility toward degradation by deoxyribo- 
nuclease between the DNA control and the 
DNA-arachidonate product is shown in Figure 
4. Partial resistance against hydrolysis by de- 
oxyribonuclease was observed for the DNA- 
arachidonate product. 

Figure 5 shows the effect of the reaction of 
peroxidizing arachidonic acid with DNA on its 
template activity for RNA polymerase. A de- 
crease in template activity at various DNA 
concentrations was observed. The substrate 
saturation points, ca. 5 /Jg DNA, were similar 
for both samples. 

DI SC USSI ON 

The formation of fluorescent products could 
result from the Schiff base complex formed by 
the reaction between the amino groups of the 
bases of DNA and the carbonyl end products of 
peroxidizing arachidonic acid. The fluorescence 
spectra of the DNA-arachidonate product dif- 
fers from that of DNA reacted with malonalde- 
hyde (6). Although malonaldehyde is one of 
the major products formed in oxidation of 
polyunsaturated fatty acids, other carbonyls 
may react with DNA, via conjugated Schiff base 
formation, to yield products with different 
fluorescence spectra. 

Indications of the structural changes in DNA 
that resulted from reaction with peroxidizing 
arachidonic acid are seen from the decrease in 
the melting point, the decrease in hyperchro- 
micity, partial resistance to hydrolysis by de- 
oxyribonuclease and from the decrease in the 
template activity of the DNA-arachidonate 
product. Lipid peroxidation products seem to 
cause a partial disruption of the hydrogen 
bonding of DNA, probably by intrastrand 
crosslinking, thus lowering its melting point. 
Decreased hyperchromicity suggests that inter- 
strand crosslinking also occurred and resulted in 
covalent linkages which are resistant to heat 
denaturation. Structural alterations of the 
double helix and partial denaturation caused a 
decrease in its susceptibility to hydrolysis by 
deoxyribonuclease and a decrease in the tem- 
plate activity for RNA polymerase. Similar 
results were observed when DNA was reacted 
with malonaldehyde (5,6). The substrate satu- 
ration points for RNA polymerase of both 
control DNA and DNA reacted with peroxi- 
dizing arachidonic acid were similar. This ob- 
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servation indicates  tha t  the RNA polymerase  
a t t achmen t  sites of the reacted  DNA remained 
intact .  Studies wi th  labeled arachidonic  acid 
showed tha t  lipid pe rox ida t ion  b reakdown  
produc t s  reac ted  mainly wi th  the adenine and 
guanine and, to  a lesser degree, wi th  the 
cytos ine  bases of  DNA. Whether  lipid peroxida-  
t ion plays a significant role in damage to  DNA 
in vivo is still u n k n o w n  and requires fur ther  
studies.  
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Fluorescent Products of Phospholipids during Lipid Peroxidation 
W.R. BIDLACK and A.L. TAPPEL, Department of Food Science and Technology, 
University of California, Davis, California 95616 

ABSTRACT 

During peroxidation,  phosphatidyl  
ethanolamine and phosphatidyl  serine 
formed fluorescent chromophores with 
maximum emission at 435 nm and maxi- 
mum excitation at 365 nm. The develop- 
ment of fluorescence was related to for- 
mation of thiobarbituric acid reactive 
substances during lipid peroxidation.  This 
relationship was studied by reacting dipal- 
mityl  phosphat idyl  ethanolamine with 
the oxidation products of the methyl 
esters of arachidonic, linolenic and lino- 
leic fat ty acids. Reaction parameters af- 
fecting the development of lipid-extract- 
able fluorescent chromophores are: the 
production of peroxidat ion products,  
especially malonaldehyde,  from autoxida- 
tion of polyunsaturated fat ty acids; the 
length of time these products react; and 
the availability of reactive amino groups 
on the phospholipids. 

I NTRODUCTI  ON 

Lipid peroxidat ion is a mechanism of cellu- 
lar damage (1,2), and the major damage sites 
are subcellular organelle membranes. Mitochon- 
drial and microsomal membranes contain rela- 
tively large amounts of polyunsaturated fat ty 
acids in their phospholipids (3). These polyun- 
saturated fatty acids can undergo lipid peroxi- 
dation with the formation of free radical 
intermediates and carbonyl products (4). Mal- 
onaldehyde, one of the major carbonyls formed 
(5,6), was shown to react with amino com- 
pounds by Crawford et al. (7,8). More recently, 
it has been shown that malonaldehyde reacts 
with amines to form fluorescent chromophores 
(9,10). The relationship of formation of  flu- 
orescent chromophores to peroxidative damage 

was examined in the extracted lipid phase from 
organelle membranes that had been peroxi- 
dized in vitro (11). The intensity of the flu- 
orescence was directly related to the degree of 
peroxidative damage. 

This paper reports an investigation of amino 
phospholipid interaction with lipid peroxida- 
tion products in the formation of lipid soluble 
fluorescent chromophores and compares these 
products with those formed in peroxidized 
membranes. 

EXPERIMENTAL PROCEDURES 

Materials 

Phosphatidyl ethanolamine and phospha- 
tidyl choline were purchased from Supelco, and 
phosphatidyl  serine from Schwarz/Mann; all 
were of animal origin. Synthetic dipalmityl  
phosphatidyl  ethanolamine was obtained from 
Schwarz/Mann. The purity of all phospholipids 
was confirmed by thin layer chromatography. 
The methyl esters of arachidonic, linolenic and 
linoleic fatty acids were purchased from the 
Hormel Insti tute (99% purity).  Malonaldehyde 
was obtained from J.T. Baker Chemical Co. as 
the 1,1,3,3-tetra e thoxypropane bis (diethyl 
acetal). 2-Thiobarbituric acid (TBA) was ob- 
tained from Sigma. 
Natural Phospholipid Reaction Systems 

Phosphatidyl ethanolamine, phosphatidyl  
choline and phosphatidyl  serine were examined 
for the development of fluorescence during 
peroxidation.  The reaction mixtures contained 
2.0 mg phospholipid per milliliter of 10 mM 
sodium phosphate buffer, pH 7.4. The phos- 
pholipids were emulsified at room temperature 
for 10 min with a Sonic-Dismembrator (Quig- 
ley-Rochester, Inc.). Separate reaction flasks 
containing 12.5 ml of sample were used for 
each time interval at which TBA reactive 

TABLE I 

Production of Fluorescence and TBRS during Peroxidation 
of Amino Phosphol ip ids  

Phosphol ip id  Fluorescence  a T B A  reactive substances  b 

Phosphat idyl  e thano lamine  5.10 17.10 
Phosphatidyl serine 0.45 5.85 
Phosphatidyl choline 0.02 0.00 

aValues calculated as f luorescence  t imes meter  multiplier setting per milligram phospho- 
lipid per 24 hr. The 0 hr fluorescence values have been subtracted from the 24 hr values. 

bMeasured as nmol MA/mg phospholipid at 24 hr. 
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FIG. l. Fluorescence spectra of phosphatidyl 
ethanolarnine ( ~ )  and phosphatidyl serine (--) after 
24 hr of peroxidation. The phospholipid concentra- 
tion in the reaction was 2 mg/ml. 

subs tances  (TBRS)  and  f luorescence  were meas- 
ured.  Each  25 ml flask was shaken  in oxygen  at 
200  rpm in a 37 C wate r  b a t h  for  va ry ing  t ime  
intervals.  

Dipalmityl Phosphatidyl Ethanolamine 
Reaction Systems 

Syn the t i c  d ipa lmi ty l  p h o s p h a t i d y l  e thano l -  
amine  (PEA)  was gent ly  suspended  wi th  a glass 
and  Tef lon  homogen ize r .  The  reac t ion  sys tems 
c o n t a i n e d  136 / lmol  PEA suspens ion  and  310  
/amol f a t t y  acid m e t h y l  es ter  ( a r ach idona te ,  
l i no lena te  or l ino lea te )  in 18.0 ml 10 mM 
sod ium p h o s p h a t e  buffer ,  pH 7.4. The samples  
in 50  ml flasks were shaken  in oxygen  at 200  
rpm in a 37 C wate r  ba th .  Samples  were 
r emoved  at va ry ing  t ime  intervals  up  to 46 hr.  

In a separa te  e x p e r i m e n t ,  PEA was reac ted  
w i th  m a l o n a l d e h y d e  (MA) prepared  by  the  
m e t h o d  of  Kwon  and  Watts  (12) .  MA, 2.0 
/~mol, was h o m o g e n i z e d  w i th  1 3 6 / l m o l  PEA in 
18 ml 10 m M  sod ium p h o s p h a t e  buf fe r ,  pH 7.4. 

The samples  were shaken  in 50 ml flasks at 200  
rpm and  37 C for  va ry ing  t ime  intervals  up  to  
46  hr.  Fo r  all expe r imen t s ,  separa te  con t ro l s  of  
PEA,  f a t t y  acid esters  and MA were used. 

PEA ( 5 0 / ~ m o l / m l )  and  m e t h y l  a r ach idona t e  
( 5 0 / ~ m o l / m l )  were also reac ted  to compa re  the  
f o r m a t i o n  of  f luorescence  w i th  d e v e l o p m e n t  of  
TBRS.  The samples  were h o m o g e n i z e d  i n t o  a 
slurry w i t h  1.5 ml 10 mM p h o s p h a t e  buf fer ,  pH 
7.4, and  shaken  in oxygen  at 200  rpm and  37 
C. Pe rox ida t ion  was in i t i a t ed  by  the  add i t i on  of  
0.25 ml each of  80 /JM ascorba te  and 80 /IM 
FeC13 . 

Analytical Methods 

Perox ida t ion  was fo l lowed  by the  measure-  
m e n t  of  TBRS.  An  a l iquot  of  0.5 ml was mixed  
wi th  0.5 ml dist i l led wate r  and  0.5 ml  30% 
t r i ch loroace t ic  acid and  cen t r i fuged  for  3 min.  
The  s u p e r n a t a n t  p o r t i o n  was a d d e d  to  an equal  
vo lume of  aqueous  0 .67% TBA w/v  and  t hen  
h e a t e d  in bo i l ing  wate r  for  15 rain. Af t e r  
cool ing  to  r o o m  t e m p e r a t u r e ,  the  abso rbance  of  
the  samples  was measured  w i th  a B e c k m a n  DB 
s p e c t r o p h o t o m e t e r  at  532 nm.  

F luorescence  was measu red  by  ex t r ac t ing  
2.0 ml a l iquots  of  sample  at  r o o m  t e m p e r a t u r e  
wi th  4 .0  ml c h l o r o f o r m - m e t h a n o l  2:1 v/v  for  1 
rain w i th  a glass and  Tef lon  homogen ize r .  Then  
2 ml dist i l led wa te r  were added ,  the  s lurry 
mixed  for  15 sec wi th  a vor tex  mixer ,  and  
separa ted  i n t o  two  phases  by  cen t r i f igua t ion .  
The  c h l o r o f o r m  layer  was r e m o v e d  and exam-  
ined  for  f luo rescence .  F luo rescence  spec t ra  
were d e t e r m i n e d  w i th  an A m i n c o - B o w m a n  
s p e c t r o p h o t o f l u o r o m e t e r  (Amer i can  Ins t ru -  
m e n t  Co., Inc . )  s t andard ized  w i t h  qu in ine  
sulfate  (1 /~g/ml in  0.1 N H 2SO4) ,  and  were 
r eco rded  on  an X-Y recorde r  ( H o u s t o n  Ins t ru -  
m e n t ) .  The  slit a r r a n g e m e n t  was 3, 1 and 3 m m  
for  slits 3, 4 and  6, respect ively.  The sensi t iv i ty  
was set at  50. The  m e t e r  mul t ip l i e r  se t t ing  was 
d e p e n d e n t  u p o n  the  f luorescence  in t ens i ty  of  
each  sample.  Wi th  these  i n s t r u m e n t  pa ramete r s ,  

TABLE II 

Fluorescence and TBRS Produced by Dipalmityl Phosphatidyl Ethanolamine and 
Peroxidizing Unsaturated Fatty Acid Esters a 

MA source Relative fluorescence change b TBA reactive substances c 

Methyl arachidonate 0.512 177.0 
Methyl linolenate 0.485 174.0 
Methyl linoleate 0.027 1.7 
Malonaldehyde 0.818 105.0 

a R e a c t i o n  system contained 7.5 #mol PEA and 17.2 #mol fatty acid or 0.1 #mol 
MA/ml. 

bValues are calculated as fluorescence times meter multiplier setting per pmol PEA per 
46 hr. 

Cnmol MA/ml in 46 hr. 
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FIG. 2. Fluorescence spectra of dipalmityl phos- 
phatidyl etb~notamine at 0, 4, 16 and 46 hr of 
reaction with peroxidizing methyl arachidonate. The 
TBRS were 0.002, 0.44, 0.54 and 0.62 mmol MA per 
mole arachidonate, respectively. The reaction con- 
rained 136 gmol PEA and 310 gmol methyl arachi- 
donate in 18.0 ml 10 mM sodium phosphate buffer, 
pH 7.4. 

the quinine sulfate standard had a fluorescence 
intensity of 71 at a meter multiplier setting of 
0.3. 

R ES U LTS 

Data showing the relationship between for- 
mation in phospholipids of fluorescent prod- 
ucts and extent of  peroxidation, as measured 
by TBRS, are given in Table I. Phosphatidyl 
ethanolamine and phosphatidyl serine autoxi- 
dized' and formed fluorescent products. Phos- 
phatidyl choline neither autoxidized nor 
formed fluorescent chromophores. 

In Figure 1 the fluorescence spectra of 
phosphatidyl ethanolamine and phosphatidyl 
serine are compared on samples peroxidized 
under identical conditions for 24 hr. The 
fluorescent chromophores had maximum emis- 
sion at 435 nm and maximum excitation at 360 
nm. As seen in this figure, phosphatidyl etha- 
nolamine developed a greater amount of fluo- 
rescent product than phosphatidyl serine. 

Dipalmityl phosphatidyl ethanolamine was 
reacted with different peroxidizing unsaturated 
fatty acid esters to determine the character of 
the fluorescent chromophores formed. Signifi- 
cant fluorescence was formed only in the 
presence of TBRS or MA (Table II). The lower 
production of TBRS during peroxidation of 
methyl linoleate correlates with low fluores- 
cence. In the presence of purified MA, the 
greatest amount of fluorescent product was 
produced. 

2.5 

O W 2-0l  

Z 
1.5 

03 
w i 
~) 1.0 

._1 
u_ 0.5 

0 
0 

I I I 

03 
W 

0.3 

03 
fin 

0.2 
W 
> 
F- 
C) 

9.1 <Z 
W 
cr 
<~ 
gin 

0 
6 12 18 2 4  

H O U R S  
FIG. 3. Production of fluorescence (e) and TBRS 

(=) as a function of time during reaction of dipalmityl 
phosphatidyl ethanolamine with oxidizing methyl 
arachidonate. TBRS are expressed as mmol MA/mol 
methyl arachidonate. Fluorescence is expressed as 
fluorescence times meter multiplier setting per #tool 
PEA. 

The development of fluorescent PEA-arachi- 
donate products and the spectral changes that 
occurred are shown in Figure 2. The PEA-ara- 
chidonate products had maximum fluorescence 
emission at 445 nm when excited at a maxi- 
mum of 370 nm. Similar maximum fluores- 
cence excitation and emission wavelengths were 
noted for the PEA-linolenate product. The 
PEA-MA product had a greater fluorescence 
intensity and exhibited higher maximum emis- 
sion and excitation wavelengths, 475 nm and 
400 nm, respectively. 

To examine the rate of fluorescence develop- 
ment and production of TBRS, dipalmityl 
phosphatidyl ethanolamine was reacted with 
arachidonate at lower concentrations to opti- 
mize the oxidative process (Fig. 3). Amounts of 
TBRS from methyl arachidonate reached a 
maximum at t 0 hr, while fluorescence develop- 
ment continued at a much reduced rate and 
reached a plateau after 18 hr. 

DISCUSSION 

The physical form of a phospholipid in an 
aqueous medium is greatly dependent on the 
degree of unsaturation and the charge on the 
phospholipid, and on the temperature, pH and 
ionic strength of the medium (13,14). Upon 
addition of water, phosphatidyl ethanolamine 
molecules increase their spacing to a greater 
extent than do corresponding phosphatidyl 
choline molecules (13). In addition, phospha- 
tidyl choline forms tightly packed micelles with 
many concentric layers, while phosphatidyl 
ethanolamine forms much larger micelles that 
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contain greater volumes of water and that 
appear as sheets (14). 

These observed differences in phospholipid 
micelle structures offer an explanation for the 
limited peroxidation of phosphatidyl choline. 
The more tightly packed structure is less 
accessible to oxygen, which hinders initiation 
of peroxidation and decreases the rate of 
propagation. However, even if peroxidation 
products had formed, fluorescence would not 
have developed because phosphatidyl choline 
lacks a reactive amino group. 

The lipid soluble fluorescent chromophores 
that developed during peroxidation of phospha- 
tidyl ethanolamine and phosphatidyl serine had 
fluorescence emission maxima in the region of 
435-440 nm and excitation maxima in the 
region of 365-370 nm. Similar chromophores 
formed during peroxidation of unsaturated 
fatty acid esters in the presence of dipalmityl 
phosphatidyl ethanolamine. These chromo- 
phores are similar to those of rat liver mito- 
chondrial and microsomal fractions peroxidized 
in vitro (11 ) and having an excitation maximum 
at 360 nm and an emission maximum at 430 
nm. Earlier studies (9) showed that fluorescent 
chromophores formed by reaction of malonal- 
dehyde with amino acids were N,N'-disubsti- 
t u t e d  1 - a m i n o - 3 - i m i n o p r o p e n e s ,  
R-NH-CH=CH-CH=N-R',  with fluorescence 
emission maxima at 450-470 nm and excitation 
maxima at 350-400 nm. Peroxidation of subcel- 
lular organelle fractions produced aqueous fluo- 
rescent chromophores with similar spectral 
characteristics (15). 

Among the products formed during lipid 
peroxidation are many aldehydes, ketones and 
alcohols (16). Of the carbonyls formed, MA has 
probably been studied most extensively ( 12,17) 
and has been widely used as an indicator of 
peroxidation of fatty acids (5,6), and of 
changes in foods (18) and membranes (1,11). 
The initial development of MA closely parallels 

_other parameters of peroxidation, i.e., diene 
conjugation and oxygen uptake (19). MA is 
very reactive with amino acids (7-9), proteins 
(10,20) and aromatic amines (21 ). 

In studies with PEA, the extent of fluores- 
cence development was related to the amount 
of TBRS formed during peroxidation of fatty 
acid esters. MA was identified as a major 
component of the TBRS by its absorbance 
maximum at 532 nm (12). Corliss and Dugan 
(19) have shown a decrease in the amine 
content of phosphatidyl ethanolamine during 
lipid peroxidation, indicating reaction of the 
TBRS with the amino group. 

The fluorescent chromophores formed dur- 
ing reaction of PEA with MA differed some- 
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what from those formed during reaction with 
TBRS of oxidizing fatty acid esters, in that 
they had higher wavelength maxima for emis- 
sion and excitation, 475 and 400 nm, respec- 
tively. The fluorescence arises from families of 
chromophores (22). The spectral properties of 
the PEA-MA system could be related to fewer 
products being formed as compared to the 
systems containing many peroxidation prod- 
ucts. The fluorescence intensity of the PEA-MA 
chromophores was the greatest, indicating that 
the presence of MA from the onset allowed a 
greater amount of product to be formed. In 
both peroxidizing microsomal membrane (23) 
and in the PEA-arachidonate systems, fluores- 
cence developed only as peroxidation products 
increased. When the TBRS declined, the rate of 
fluorescent product formation decreased. De- 
crease in TBRS is related to decreased produc- 
tion, as the polyunsaturated fatty acids become 
fully peroxidized, and to the continued reac- 
tions of TBRS, including reactions with amines. 
These experiments indicate that formation of 
fluorescent phospholipid chromophores is di- 
rectly related to the amount of peroxidation 
products present, to the length of time these 
products are allowed to react and to the 
availability of reactive amino groups on the 
phospholipids. The fluorescent chromophores 
formed from the amino phospholipids are 
similar to those found in the lipid extracts of 
peroxidized membranes. 
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Nature of Fecal Sterols and Intestinal Bacterial Flora 1,2 
w.J. MARTIN, M.T. RAVI SUBBIAH, B.A. KOTTKE, C.C. BIRK and M.C. NAYLOR, 
Mayo Clinic and Mayo Foundation, Rochester, Minnesota 

ABSTRACT 

Sterol excretion in the spontaneously 
atherosclerosis-susceptible White Carneau 
(WC) pigeon, the Silver King (SK) pigeon 
and the Show Racer (SR) pigeon was 
studied by thin layer chromatography 
(TLC), argentation TLC and gas liquid 
chromatography. Unlike man and the 
chicken, these pigeons excreted no copro- 
stanol or coprostanone derivatives of ster- 
ols. Moreover incubation of 14C-labeled 
cholesterol with pigeon feces indicated 
that, also unlike man and the chicken, 

1presented in part at the Fourth International 
Symposium on Drugs Affecting Lipid Metabolism, 
Philadelphia, September 1971, and at the AOCS 
Meeting, Los Angeles, April 1972. 

2The following nomenclature has been used for the 
steroids referred to in this paper: cholesterol, cho- 
lest-A 5-en- 3/3-ol; coprostanol, 5~-cholestan-3fl-ol ; 
campesterol ,  2 4- met hylcholest-A 5-en- 3~-ol ; stig- 
masterol, 24-ethylcholest-A5,22-dien-3/3-ol; fl-sito- 
sterol, 24-ethylcholest- AS-en-3/3-ol; coprocampestanol, 
24-methyl-5/3-cholestan-313-ol; coprostigmastenol, 24- 
e t hy 1- 5/3-c hole st-A22-en-3fl-ol; coprostigmastanol, 
24-ethyl-5/3-cholestan-3/3-ol; coprostanone, 5~-choles- 
tan-3-one; campestanone, 24-methyl-5~-cholestan-3- 
one; stigmastenone, 24-ethyl-5/3-cholest-A22-en-3-one; 
and 13-sitostanone, 24-ethyl-5~-cholestan-3-one. 

these pigeons are unable to convert it to 
coprostanol. Bacteriologic examination 
revealed the absence of gram-negative 
anaerobic flora and of  members of the 
genus Bifidobacterium in both the WC 
and SR pigeons. On the other hand, one 
of the two SK pigeons examined showed 
evidence of the presence of both Bacte- 
roides fragilis and B. bificlurn in the upper 
intestinal tract. Although no qualitative 
experiments were performed, no unusual 
characteristics of the aerobic flora were 
noted in these pigeons. In addition, analy- 
sis of human stool specimens indicated a 
"normal"  bowel flora. The flora of the 
intestinal tract of the chicken is similar to 
that of the human. Because of this 
similarity, it appears that differences in 
environment (living conditions, diets) be- 
tween the human and the chicken are of 
little consequence. The results obtained 
in this study suggest the possibility that 
the anaerobic gram-negative flora and 
possibly the Bifidobacterium may be re- 
sponsible, at least in part, for the chemi- 
cal conversion of cholesterol to copros- 
tanol. 

INTRODUCTION 

During studies (1) with the spontaneously 
atherosclerosis-susceptible White Carneau (WC) 
pigeon, it was noted that coprostanol and other 
5fl-stanols were absent from the feces of this 
species. In man, chicken and rodents, however, 
these stanols contribute nearly 50% of the total 
fecal sterols (2-4). These 5fl-stanols have been 
shown to be formed by intestinal bacterial flora 
(5,6), although the specific bacteria which carry 
out this transformation have not  been identi- 
fied. The absence of 5/3-stanols from the pigeon 
feces stimulated us to look for peculiarities in 
the intestinal bacterial flora of this species. For 
purposes of comparison, data were obtained 
from two additional pigeon species (Silver King 
and Show Racer), the chicken and man. 

FIG. 1. Thin layer chromatographic separation of 
fecal sterols. (A) Pigeon feces. (B) Human feces. 
Standards: 1 = cholesterol; 2 = coprostanol; 3 = 
coprostanone. Adsorbent is Silica Gel G; solvent 
system, ethyl ether-heptane 55:45 v/v. Plates were 
stained with 2,7-dichlorofluoroscein spray in metha- 
nol. 

MATERIALS AND METHODS 

All pigeons were obtained from the Palmetto 
Pigeon Plant (Sumter, S.C.). Their ages ranged 
from 8 months to 1 year, and they were housed 
two in a cage. Fecal samples were collected 
daily and kept frozen until analyzed for their 
biochemical properties. 
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Biochemical Methods ~o - 

C h o l e s t e r o l - 4 - 1 4 C  (specific activity, 60.9 
mCi/mmol) was purchased from New England 8- A 
Nuclear (Boston, Mass.). Reference cholesterol, 
coprostanol, coprostanone, and plant sterols 
were obtained commercially from Schwarz/ 6-  
Mann Research Lab. (Orangeburg, N.Y.) and 
Applied Science Lab. (State College, Pa.). Their 4 -  s 
purity was assessed by thin layer (TLC) and gas / 
liquid (GLC) chromatography. 

A The fecal steroids were extracted and puri- z-  
fled as described previously (1), based on the 
procedures described by Miettinen et al. (7). 0-  
Usually 2 g feces was refluxed with 20 ml 1N ~ ~ 
NaOH in 90% ethanol for 1 hr; 10 ml water was 
then added to the saponification mixture, and 
the neutral steroids were extracted thrice with 
50 ml portions of petroleum ether. The petro- 10- 
leum ether fraction was evaporated to a small 
volume. 

Steroid extracts of feces were subjected to ~_ e 
TLC on Silica Gel G with the solvent system, 
ethyl ether-heptane, 55:45 v/v (7). This solvent ~_ 
system separated the 3-keto steroids and the 
513-stanols from the AS-unsaturated sterols; 
however their 5~-stanols overlap with the AS_ 4-  
unsaturated sterols. Reference cholesterol, 
coprostanol and coprostanone were used as ~_ 
markers. The bands were detected by spraying 
with 2,7-dichlorofluorescein in methanol. The 
bands corresponding to the markers were then 0-  
scraped off into vials, and the steroids were 
eluted from the gel with four 4 ml portions of 
ethyl ether. 

The 5a-stanols were separated from the 
corresponding mono-, di- and triunsaturated 
sterols on AgNO3-impregnated Silica Gel G 
with the solvent system, chloroform-methanol- 
acetic acid 100:1:0.2 v/v/v (1,8). The bands 
were eluted from the gel with chloroform. 
During the entire procedure the losses were 
corrected for by using cholesterol-4-14C as an 
internal standard. The average recovery of 
sterols from avian and human fecal samples was 
95%. 

After initial separation by TLC, the steroids 
were identified by GLC as their trimethyl silyl 
ethers. Their retention times were compared to 
those of cholesterol and plant sterol derivatives. 
An F&M 402 high efficiency gas chromato- 
graph equipped with flame ionization detector 
was used. The sterols were chromatographed on 
glass columns packed with 3.8% W-98 on 
Diatoport (80-120 mesh). The operating condi- 
tions were: column, 230 C; injector, 260 C; 
detector, 250 C; carrier gas, helium (50 
ml/min). The sterols were converted into their 
silyl ethers by the procedure described by 
Miettinen et al. (7) and quantitated by GLC 
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FIG. 2. Gas liquid chromatography of human fecal 
steroids as trimethyl silyl ethers. (A) 5~-Stanols. Peak 
identification: I = coprostanol; 2 = coprocampestanol; 
3 = coprostigmastenol; 4 = coprostigmastanol, (B) 
5B-Stan-3-ones. Peak identification: 1 = coprostanone; 
2 = campestanone; 3 = sti~nastenone; 4 = ~-sito- 
stanone. In both, peak S represents internal standard, 
5~-cholestane; column conditions as described in text. 

with 5o~-cholestane as an internal standard. 
Quantitative response was obtained for all 
steroids on GLC under the conditions used. 

Identifications of the sterols were based on 
their migration (Rf values) during TLC on Silica 
Gel G or AgNO3-impregnated Silica Gel G and 
during GLC (1,4,8). 

Fecal specimens were diluted with physio- 
logic saline and homogenized; cholesterol-4 -14 C 
in 25 pl ethanol was added to the homogenate 
and the mixture was incubated anaerobically at 
37 C for 7 days (5,9). Control tubes contained 
either an excess of ethanol or no stool. The 
steroids were extracted as described above. If 
radioactivity was found in the region corre- 
sponding to coprostanol, this was subjected to 
rechromatography and crystallized to constant 
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FIG. 3. Gas liquid chromatography of human (A) 
and pigeon (B) ~5-sterols. Peak identification: 1 = 
cholesterol; 2 = campesterol; 3 = sti~aasterol;and 4 = 
B-sitosterol. Peak S represents interna/ standard, 
5~-cholestane. Column conditions as described in text. 

specific activity with authentic compounds to 
prove its identity. 

Bacteriologic Methods 

The pigeons and chickens were killed with 
an overdose of barbital. The abdominal cavity 
was opened under aseptic conditions and the 
entire intestinal tract was removed en bloc. The 
tract was cut into segments to correspond to 
the human duodenum, upper and lower small 
intestine, large intestine and distal cloaca. The 
ceca of the chicken was also included for 
analysis. A portion of the intestinal contents 
from each section (starting with the duodenum 
and proceeding distally) was removed asep- 
tically and placed in a sterile screw-cap vial 
which had been flushed with CO 2. These speci- 
mens were received in the laboratory for proc- 
essing within 30 min. 

Specimens of human stool were collected in 
new 1 gal paint cans that had been previously 
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flushed with CO 2. None of  these specimens 
were obtained from individuals receiving anti- 
biotics or chemotherapy. All stool specimens 
were submitted to the laboratory for subse- 
quent processing as quickly as possible (within 
1.5 hr). 

All specimens were examined for both aero- 
bic and anaerobic organisms. Anaerobic bacte- 
ria were isolated by the modified Gas-Pak 
(BBL) system incorporating the holding-jar 
procedure as described by Martin (10); this 
method precludes isolation of the highly oxy- 
gen-intolerant anaerobes. Sheep blood agar 
(5%), phenylethyl alcohol-blood agar, and kana- 
mycin-vancomycin-blood agar supplemented 
with vitamin K and heroin were used as plating 
media. In addition, thioglycollate 135-C (BBL) 
was used as the enrichment broth. All anaerobic 
plating media were stored until u s e - n o  longer 
than 72 h r - u n d e r  a constant flow of CO2 in a 
relatively airtight cabinet (10). After 48-72 hr of 
incubation, plates were inspected, and repre- 
sentative colonies were selected for subculture 
and subsequent identification. An additional 
blood agar plate was incubated under 5-10% 
CO 2 to provide an index of  the total bacterial 
flora present. The selection of colonies was not 
done under anaerobic conditions. 

All negative broths were examined periodi- 
cally for growth, and none were discarded until 
14 days after inoculation. The designation of 
"no growth" was determined by inspection, 
Gram stain and subculture. Identification was 
based on Gram stain characteristics, colonial 
morphology, biochemical reactions and gas 
chromatography according to previously de- 
scribed methods (11-14). 

All aerobic cultures were inspected after 
18-24 hours of incubation at 35 C. Sheep blood 
agar (5%), eosin-methylene blue agar and phen- 
ylethyl alcohol-blood agar were used as plating 
media. Definitive identification of  these bacte- 
ria was based on standard methods (15). 

Bird seed medium (16) also was included in 
these studies in order to detect strains of 
Cryptococcus neoformans (as well as other 
yeast forms). 

RESULTS 

Biochemistry 

Virtually no coprostanol or coprostanone 
derivatives were found in pigeon feces (Fig. I); 
both these derivatives are found to a significant 
extent in human feces. The dark band below 
coprostanone in pigeon feces was identified by 
GLC as a-tocopherol.  The fractions correspond- 
ing to authentic coprostanol and coprostanone 
were eluted from the gel and subjected to GLC 
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as their trimethyl silyl ethers (Fig. 2). The 
5fl-stanol fraction was made up of both copro- 
stanol and other 5fl-stanols of the plant sterols, 
which were identified as coprocampestanol,  
coprostigmasterol and coprostigmastanol by 
comparing their retention times with those of 
authentic standards. The 3-keto steroid fraction 
corresponding to coprostanone gave peaks iden- 
tified as coprostanone, campestanone, stigmas- 
tenone and /~-sitostanone. The nature of the 
sterols present in 5/3-stanol and 3-keto steroid 
fractions from the chicken was similar to that 
of man (4). In the humans the 5fl-stanols and 
3-keto steroids contributed 41.5 and 12.5% of 
the total sterols while in the chicken they 
contributed 3.5 and 1.5%; the rest was made up 
of AS-sterots. The AS-sterol patterns of  both 
pigeon and man were fairly similar (Fig. 3). The 
compounds identified in this fraction were 
cholesterol, campesterol, stigmasterol and ~3- 
sitosterol. These sterols were also the major 
sterols found in chicken feces (4). A detailed 
quantitative study of the pigeon and chicken 
fecal sterols has been published elsewhere (1,4). 
Cholestanol and other 5a-stanols were found in 
feces of both species, although the White 
Carnean pigeon excreted up to 36% of the total 
sterols as 5c~-stanols. 

Further experiments were done to compare 
the ability of feces from pigeons and humans to 
form coprostanol (the conversion of cholesterol 
into coprostanol has been successfully demon- 
strated in humans) (5,6). Human feces con- 
verted cholesterol into coprostanol to an extent 
of 66% (over the blank), while in the pigeon no 
conversion was noted (Table I). The conversion 
of cholesterol into coprostanol was noted in all 
specimens of  human fecal samples examined. 
Incubation of cholesterol-14-C with chicken 
feces showed that it can also convert choles- 
terol into coprostanol. 

Bacteriology 

The ten pigeons studied included six WC 
pigeons (three males and three females), two 
SR pigeons (both males), and two SK pigeons 
(both females). One WC and two SR pigeons 
had been fasting for 24 hr. The ages ranged 
from 8 months to 1 year for six of the birds; 
ages were not available for the remaining four. 

Tables II-IV present data on the aerobic and 
anaerobic bacteria isolated from the various 
levels of the intestinal tract of the pigeons. 
Although quantitative experiments were not  
performed during this study, the organisms 
isolated most frequently from all three species 
of pigeons were the anaerobic bacteria, Eubac- 
teriurn lentum and Clostridium perfringens. Of 
interest is the additional recovery of Eubac- 

TABLE 1 

Incubation of Cholesterol-4-14 C with 
Pigeon and Human Feces a 

% Conversion to 
Experiments, coprostanol, b 

Incubation no. mean +- SD 

Pigeon 
Blank 10 0.39 + 0.20 
Experimental 6 0.30 -+ 0.16 

Human 
Blank 6 1.39 +- 0.98 
Experimental 6 68.70 +- 6.70 

aSubstrate cholesterol-4-14C: 2 to 4 x 105 dpm 
with pigeon feces and 5 x 104 dpm with human feces. 

bConversion was calculated after separation of 
coprostanol from cholesterol by thin layer chroma- 
tography and determination of its radioactivity. 

terium aerofaciens from three of the WC 
pigeons (WC-3, WC-8 and WC-35). Generally 
speaking, there was relatively equal distribution 
of these anaerobic bacteria in all five levels of 
the intestinal tract. 

The most significant finding was the com- 
plete lack of a gram-negative anaerobic flora in 
both the WC and SR pigeons. Moreover no 
members of the genus Bifidobacterium were 
isolated from these two species of birds. On the 
other hand, one of the two SK pigeons (Table 
IIt, SK-54) showed evidence for the presence of 
both Bacteroides fragilis and B. bifidum in the 
upper intestinal tract. The pH of the contents 
of the small and large intestine of the three 
species of pigeons ranged from 7.2 to 7.4. It 
would appear that suppression of the gram- 
negative anaerobic microflora might be related 
to factors other than pH, such as the gastric or 
jejunal mucosa (17). 

Bacterial analysis of  the intestinal contents 
from a fasting female chicken (1 year old) was 
also included in this study. Six levels of the 
chicken's intestinal tract, including the ceca, 
were studied (Table V). The flora of chicken 
and man were similar, whereas those of chicken 
and pigeon were markedly different even 
though the diets and living conditions of these 
two species were similar. This suggests that diet 
and living conditions are not significant factors 
affecting intestinal flora. 

For comparison, ten adult stool samples 
obtained from hospitalized patients not re- 
ceiving antimicrobiat therapy were analyzed 
for their bacterial flora. Four of these patients 
were considered n o r m a l - n o t  receiving drugs 
and without prior treatment for atherosclerosis. 
The six other patients were undergoing follow- 
up of treatment for atherosclerosis. Of the ten 
stool specimens submitted, eight also were 
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TABLE II 

Organisms Isolated from Gastrointestinal Tract of Six White Carneau Pigeons 

Anaerobes Aerobes 

Site Organism No. a Organism No. a 

Duodenum Clostridium perfringens 3 Bacillus sp. 
Clostri dium te tani 1 Coryne bac te rium sp. 
Eubacterium aerofaciens 1 Escherichia coli 
Eubacterium lentum 3 Lactobacilli 
Eubacterium quartum 1 Staphylococcus  epidermidis 
Lactobacilli 1 Streptococcus, grp. D 

Streptococcus, viridans grp. 
Yeast 
Staphylococcus aureus 

Upper small 
intestine b Clostridium perfringens 2 Bacillus sp. 

Clostridium te tani 1 Escherichia coli 
E ubacterium aerofaciens 1 Lactobacilli 
Eubaeterium lent-am 3 Staphylococcus  aureus 

Staphylococcus epidermidis 
Yeast 

Lower small 
intestine b Clostridiurn perfringens l Bacillus sp. 

Eubacterium aerofaciens 1 Escherichia coli 
Eubacterium len tum 4 Lactobacilli 
Peptococcus prevotii  1 Staphylococcus epidermidis 

Streptococcus, viridans grp. 
Unidentified gram-neg. 

bacillus (enteric) 
Yeast 

Large intestine c Act inomyces  naeslundii 1 Bacillus sp. 
Clostriclium perfringens 2 Escherichia coli 
Clostn'dium tetani 1 Lactobacilli 
Eubacterium aerofaciens 1 Staphylococcus epidermidis 
Eubac ter ium lentum 4 Streptococcus, viridans grp. 

Yeast 
Distal cloaca Clostridium perfringens 2 Bacillus sp. 

Eubacterium aerofaciens 2 Escherichia coli 
Eubacterium lentum 6 Lactobacilli 

Staphylococcus aureus 
Staphylococcus  epidermidis 
Streptococcus, viridans grp. 
Yeast 

6 
1 
3 
4 
3 
1 
l 
3 
1 

6 
5 
5 
1 
2 
3 

6 
4 
5 
3 
1 

1 
3 
6 
5 
5 
1 
2 
4 
4 
5 
4 
1 
1 
4 
5 

aNumber of  pigeons from which organism was isolated. 
bNo anaerobes isolated from two pigeons. 
CNo anaerobes isolated from one pigeon. 

processed for their ability to convert choles- 
terol into coprostanol. B. fra#lis was present in 
all specimens, and el. perfringens was present in 
seven. Peptococcus and E. aerofaciens were 
isolated from five specimens. Other anaerobic 
organisms isolated less frequently included sev- 
eral species of Bifidobacterium, Eubacterium, 
C l o s t r i d i u m ,  L a c t o b a c i l l u s ,  P e p t o s t r e p t o c o c c u s ,  
F u s o b a c t e r i u m  , B a c t e r o i d e s  , Pro p i o n i b a c t e r i u m  

and  Ve i l lone l la .  Quan t i t a t i ve  d e t e r m i n a t i o n s  of  
the  relat ive n u m b e r  of  bac t e r i a  p r e s e n t  in each  
s p e c i m e n  were  n o t  p e r f o r m e d .  H o w e v e r  n o  
discernible  d i f f e rences  o r  t r ends  were  n o t e d  
regard ing  the  a n a e r o b i c  bac t e r i a  i so la ted .  

DISCUSSI ON 

It has been established that the predominant 

bacteria in feces are anaerobes (18-20). Several 
recent studies have shown that the bacterial 
flora of the normal intestinal tract of man is for 
the most part consistent and exists in a fairly 
logical sequence. For example, the lactobacilli 
usually dominate in the stomach, whereas in 
the small intestine the predominant bacteria are 
enterococci and lactobacilli (21-23). Although 
the lactobacilli and enterococci are present in 
the large intestine in similar concentrations 
(106-108/g content),  they no longer are the 
predominant flora. Indeed, they appear to 
make up ca. O. 1% of the flora of this part of the 
i n t e s t ina l  t rac t ,  w h e r e  the re  are 1010-1011 
o r g a n i s m s  per  g r a m  o f  c o n t e n t .  In  t he  large 
in tes t ine ,  o n l y  5-10% of  the  bac te r i a  are m e m -  
bers  o f  the  fami ly  E n t e r o b a c t e r i a c e a e  or  o t h e r  
f a c u l t a t i v e  bac te r ia ;  the ob l iga te  a n a e r o b e s  
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TABLE III 

Organisms Isolated from Gastrointestinal Tract of Two Show Racer Pigeons 

Anaerobes Aerobes 

Site Organism No. Organism No. 

Duodenum a Eubacterium lentum 1 Escherichia coli 2 
Eubacterium quintum 1 Lactobacilli 1 

Staphylococcus epidermidis 1 
Streptococcus, viridans grp. 1 

Upper small 
intestine Clostridium perfringens 1 Eschericl~ia coli 2 

Eubacterium lentum 1 Lactobacilli 1 
Lower small 

intestine Clostridium perfringens 1 Eschericltia coli 2 
Eubacterium lentum 1 Streptococcus, viridans grp. 1 

Large intestine Clostridium perfringens 1 Bacillus sp. 1 
Eubacterium quintum 1 Escheriehia coli 2 
Lactobacillus catenaforme 1 Lactobacilli 1 

Distal cloaca Clostridium perfringens 1 Escherichia coli 2 
Eubacteriurn lentum 1 Streptococcus, grp. D 1 
Eubacterium quintum 1 Streptococcus, viridans grp. 1 

aNo anaerobes isolated from one pigeon. 

make up the vast majority of the organisms that 
are part of the normal flora (21). 

Investigations on two healthy men as well as 
those on other humans, hogs, dogs, chickens 
and rats suggested that, in general, the same 
kinds of bacteria are present in feces of all of 
these subjects (21). However various kinds of 
bacteria may be present in different propor- 
tions. In that study, in any one of the healthy 
men the relative proportions appeared to re- 
main remarkably constant over long periods. 
Furthermore greater differences were found in 
the intestinal flora of different animals of the 
same species, including littermate hogs, than in 
the flora of different species. 

The anaerobic bacteria that predominate in 
the intestinal flora include many species of 
bifidobacteria, bacteroides, eubacteria, pro- 
pionibacteria, peptostreptococci and others. It 
has been demonstrated that B. frag~lis is the 
most common organism, with the Bificlobac- 
t e r ium being the second most prevalent in the 
normal fecal flora (22-24). Others have con- 
firmed these observations, with the exception 
that the second most prevalent organisms ap- 
peared to be members of the genus Eubac-  

t e r ium (21). 
The anaerobic bacteria isolated from the WC 

pigeons, the SR pigeons and one of the SK 
pigeons revealed an obvious lack in the gram- 
negative flora with the methods of isolation 
used in this study. Members of the genus 
B i f i d o b a c t e r i u m  also were not detected in these 
pigeons. Particularly with the WC and SR 
pigeons, the apparent lack of these bacteria 
seems to be a consistent observation,since sex, 
fasting, presence of round worms, region of GI 

tract sampled and age appeared to have no 
observable effect on the flora. The inability to 
isolate either of these major groups of an- 
aerobes in nine of ten pigeons appears to be in 
direct contrast to the presence of these bacteria 
in humans, chickens and other animals. On the 
other hand, the anaerobic isolates obtained 
from feces of the human subjects in this study 
agree with those reported by others (18-24), 
although no quantitative confirmation was ob- 
tained. Moreover the aerobic flora from all of 
the pigeons and from man indicated no signifi- 
cant qualitative differences in any of the 
bacteria that were recovered. 

Conversion of cholesterol to coprostanol by 
intestinal bacteria of animals has been demon- 
strated both in vivo and in vitro with fecal 
suspensions (25-27). Although coprostanol has 
been presumed to be formed mainly in the 
colon, there has been no definite evidence in 
this regard. In view of the fact that significant 
numbers of bacteria are present in the small 
intestine, it would be interesting to know the 
relative ability of these bacterial species from 
various sites of the intestinal tract to carry out 
this reaction. Some attempts have been made to 
locate the specific bacteria that carry out the 
formation of coprostanol. Anaerobes have been 
found to be most effective in this conversion 
(26); however it also was noted that certain 
strains of Cl. perfr ingens,  Cl. sporogenes ,  Bi- 
f i d o b a c t e r i u m  and E. eoli were inactive in this 
conversion. This would suggest that more than 
one species of bacteria (either directly or 
indirectly) may be involved or that optimal 
conditions for this conversion have not been 
met. However the demonstration of direct 
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TABLE IV 

Organisms Isolated from Gastrointest inal  Tract of Two Silver King Pigeons 

Anaerobes Aerobes 

Site Organism No. Organism No. 

Duodenum Bifidobacterium bifidurn 1 Bacillus sp. 2 
Clostridium perfringens 2 Lactob acilli 2 
Eubacterium lentum 1 Staphylococcus epidermidis 2 
Lactobacillus'catenaforme 1 Yeast 1 

Streptococcus,  grp. D 1 
Upper small 

intest ine Bacteroides fragilis 1 Bacillus sp. 2 
Bifidobacterium bif idum 1 Lactob acilli 1 
Eubacterium lentum 2 Streptococcus,  grp. D 2 
Eubacterium quartum 1 Yeast 1 

Lower small 
intest ine Bif idobacterium bif idum 1 Bacillus sp. 2 

Eubacterium lentum 1 Lactobacill i  2 
Eubacterium quartum 1 Streptococcus,  grp. D 1 

Yeast 1 

Large intest ine Clostridium sp. I Bacilli, gram-neg., not  viable 1 
Eu bac ~erium len turn 1 Bacillus sp. 2 
Eubacterium quartum 1 Lactobacil l i  2 

Yeast 1 
Streptococcus,  grp. D 1 

Distal cloaca Eubacterium aerofaciens 1 Bacilli, gram-neg., not  viable 1 
Eubacterium lentum 2 Bacillus sp. 2 
Eubacterium quartum 1 Escherichia coli 1 
Lac tobacillus c~ispatus 1 Lactobacil l i  2 

Streptococcus,  grp. D 1 
Yeast 2 

saturation of  the AS,6 douNe bond as the 
major pathway of coprostanol formation indi- 
cates that a single enzyme must be associated 
with at least one species of bacteria. The 
tmavailability of the specific strain of the 
bacteria responsible for this conversion has 
been the main reason that no attempts have 
been made to purify the enzyme catalyzing this 
reaction (AS-sterol-5~ reductase). 

The results of our study suggest the possibil- 
i ty that the anaerobic gram-negative flora, and 
possibly the Bifidobacteriurn, may at least in 
part be responsible for the chemical conversion 
of cholesterol to coprostanol. Studies are in 
progress to determine exactly which anaerobic 
bacteria may be responsible for this conversion 
and the quantity of bacteria necessary to 
achieve the conversion. Experiments are 
planned to take advantage of a complete 
anaerobic environment for a more detailed 
study of  the oxygen-sensitive flora that appear 
to be closely linked to the gastrointestinal 
mucosa. 
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Observations on Changes in Lipid Composition and Lecithin- 
CholesteroI-Acyl Transferase Reaction of Bovine Plasma 
Induced by Heat Exposure 
B.C. NOBLE, J.C. O 'KELLY 1 and J.H. MOORE 
Hannah Research Institute, Ayr, Scotland 

ABSTRACT 

A study has been made with steers 
maintained at 22 C and 35 C on the lipid 
composition of the plasma, with particu- 
lar reference to the role and specificity of 
the lecithin-cholesterol-acyl transferase 
enzyme in the formation of the choles- 
teryl esters. Exposure to a temperature of 
35 C produced a steady decline in the 
total lipid concentration of the plasma, 
which reached a new equilibrium after 
7-8 days. The concentrations of the leci- 
thin, free cholesterol and cholesteryl ester 
fractions in the plasma of the steers at 35 
C were reduced to ca. 60% of the 
corresponding concentrations found in 
the animals maintained at 22 C. The 
concentration of 18:2 circulating in both 
the cholesteryl ester and lecithin fractions 
was reduced particularly by exposure to 
the elevated temperature. No significant 
change in total blood volume could be 
detected in the animals between the two 
environmental temperatures. Incubation 
of the plasma at 38 C for 20 hr resulted 
in an increase in the concentrations of the 
fatty acids contained in the cholesteryl 
ester and lysolecithin fractions and a 
decrease in the concentration of the fatty 
acids contained in the lecithin fraction 
for the animals at both environmental 
temperatures. The net esterification of 
cholesterol by the acyl transferase en- 
zyme in the plasma from the animals at 
35 C was very much less than that found 
in the plasma from the animals at 22 C. 
Under the conditions of the experiment, 
the esterification process was shown to 
have a high specificity for 18:2. Evidence 
is available to suggest that the relation- 
ship between the acyl transferase activity 
of the plasma and the polyunsaturated 
fatty acids of the circulatory lipids may 
be severely disturbed by high environ- 
mental temperatures. These results are 
discussed in relation to several known 
metabolic effects observed in animals 

1present address: C.S.I.R.O. Cattle Research Lab., 
P.O. Box 542, Roekhampton 4700, Queensland, Aus- 
tralia. 

exposed to high environmental tempera- 
tures. 

I N T R O D U C T I O N  
Breed can have a significant effect upon the 

plasma lipid composition of cattle, and evi- 
dence now exists to suggest that the ability to 
adapt to physiological stress may be related to 
the lipid composition of the plasma (1). It is 
known that British breeds of cattle do not 
readily adapt to conditions of heat stress and 
that, compared with Zebu cattle, their perform- 
ance under such conditions is considerably 
below their genetical potential (2). Analysis of 
the plasma lipid composition of various breeds 
of cattle (1) has shown that both the free and 
esterified cholesterol, phospholipid and total 
lipid concentrations are significantly lower in 
British breeds than in Zebu breeds of cattle. 
Although the work of Diven et al. (3) has 
shown that, under conditions of high environ- 
mental temperatures, the concentration of cho- 
lesterol in the plasma of the bovine was 
significantly reduced, very little information 
appears to be available on the direct effect of 
exposure to heat on the lipid constituents of 
the plasma. In cattle the cholesteryl ester and 
phospholipid fractions comprise by far the 
major portion of the lipids present in the 
plasma and together can constitute up to 83% 
of the total lipid present (4). As in many other 
animal species, it has been shown that in cat t le  
the plasma lecithin-cholesterol-acyl transferase 
(LCA.T), which catalyzes the reaction between 
the fatty acids in the/~-position of lecithin and 
the free hydroxyl group cholesterol, is of 
central importance in the formation of the 
plasma cholesteryl esters (5). 

In the present paper results are presented on 
the direct effect of exposure to a high environ- 
mental temperature on the plasma lipid compo- 
sition of the bovine. Net esterification of 
cholesterol by the LCAT enzyme in the plasma 
under these conditions has been measured, and 
an attempt has been made to evaluateothe role 
of the LCAT system in the cha~.ges in the 
plasma lipid composition that age shown to 
Occur. 

METHODS 
Animals and Diet 

The animals used were eight steers of the 
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FIG. 1. The effect of the change in environmental temperature (22-35 C) upon the total plasma lipid 
concentration (mg/100 ml plasma) of steers. 

Ayrshire breed. Their age was ca. 15 months 
and their weights ranged between 218 and 255 
kg. The animals were housed in individual stalls 
in a controlled temperature room. Each animal 
received twice daily at 0600 hr and 1500 hr 3 
kg of a diet consisting of 2 parts w/w of hay 
and 1 part w/w of a proprietary concentrate 
mixture. Water was available ad libitum. 

Procedure 

After a preliminary period of 2 weeks on the 
diet, the animals were maintained for 9 days at 
an initial temperature of 22 C. The temperature 
of the room was then increased to 35 C and 
maintained at this higher temperature fore a 
further 9 days, i.e., days 10-18). Rectal temper- 
atures were recorded daily for each animal. 

In experiment 1 a polythene cannula, ex- 
ternal diameter 2 mm, was aseptically inserted 
under local anaesthesia into the external jugular 
vein of four animals. Using a 3.8% w/v solution 
of sodium citrate as an anticoagulant, ca. 60 ml 
blood was obtained from each of the animals at 
1000 hr on each of days 7-18. Approximately 
15 min prior to the blood sampling, 6 ml of a 
0.05% w/v solution of Evans Blue dye in saline 
was introduced into the circulation through the 
cannula. After centrifugation of the blood, ca. 
20 ml plasma was retained for lipid analysis 
according to the methods outlined below. The 
remainder of the plasma was then used for the 

extraction of the dye by the method of 
Campbell et al. (6) and the total blood volume 
determined according to the dye dilution tech- 
nique of Nitshe and Cohen (7). 

In experiment 2 ca. 120 ml of blood was 
obtained at 1000 hr from the jugular vein of 
the remaining four animals on days 8, 9, 17 and 
18 by means of Vacutainer tubes (Becton 
Dickinson, Rutherford, N.J.) that had been 
chilled to 4 C and contained heparin as an 
anticoagulent. Before use, all glassware was 
sterilized in a hot air oven. After centrifugation 
of the blood at 4 C, 10 ml aliquots of the 
plasma were transferred to 50 ml Ehrlenmeyer 
flasks and incubated at 38 C on a shaking water 
bath. Duplicate plasma samples from each of 
the animals were incubated for 20 hr. Appropri- 
ate volumes of unincubated plasma were added 
directly to methanol to provide control sam- 
ples. Further control samples were obtained by 
incubating plasma in which the LCAT enzyme 
had been inactivated by heating for 30 min at 
65 C (8). Analysis revealed no significant 
difference between the separate control sam- 
ples. 

Extraction of Lipids and Methods of Analysis 

The total lipids were extracted from the 
plasma samples by the method of Nelson and 
Freeman (9). In experiment 2 the lipid extracts 
were then chromatographed on columns of 
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TABLE I 
�9 a 

Effect of Incubation for 20 hr at 38 C on Concentrations of Lecithm, Lysolecithin, 
Free Cholesterol  and Cholesterol  Ester Fractions in Bovine Plasma from 

Animals Maintained at 22 C and 35 C 

mg Fatty acid mg Lipid #Mol 
per 100 ml plasma per 100 ml plasma per ml plasma 

Per cent 
change 

Lipid 22 C b 35 C b 22 C b 35 C b 22 C b 35 C b 22 C b 35 C b 

Lecithin 
Control  plasma 73.3 b 50.9 
Incubated plasma 56.2b, c 43.6 c 
A -17.1 b -7.3 

Lysolecithin 
Control  plasma 2.8 2.9 
Incubated plasma 6.2 c 5.7 c 
A +3.4 +2.8 

Free choles tero l  
Control  plasma 
Incubated plasma 
A 

Cholesteryl ester 
Control plasma 64.0 b 37.3 
Incubated plasma 70.6b, c 41.0 c 
A +6.6 b +3.7 

100.5 b 69.8 1.32 b 0.92 
77.0b,c 59.8 c 1.01b, c 0.78 c 

-23.5 b -10.0 -0.31 b -0.14 

5.0 5.2 0.10 0.10 
11.3 c 10.2 c 0.22 c 0.20 c 
+6.3 +5.0 +0.12 +0.10 

30.8 b 20.2 0.80 b 0.52 
21.6b, c 16.6 c 0.56b, c 0.43 c 
-9.2 b -3.6 -0.24 b -0.09 

143.7 b 83.8 2.24 b 1.31 
158.7b, c 92.1 c 2.48b, c 1.44 c 
+15.0 b +8.3 +0.24 b +0.13 

-23.5 b -15.2 

+120.0 +100.0 

-30.0 b .-17.2 

+10.2 +9.9 

aEach value is the mean of eight observat ions .  
bsignificant difference between values for animals at 35 C and animals at 22 C. 
CSignificant difference between values for incubated plasma and those  for control  plasma. 

silicic acid (100 mesh;  A.R.  Mal l inchrodt  Chem- 
ical Works, N.Y.) according to  the m e t h o d  of  
Moore and Doran ( I0) .  Only the choles teryl  
ester, free choles terol  and to ta l  phospho l ip id  
fract ions were col lected for  fu r the r  analysis. 
The pur i ty  of  these f rac t ions  was checked  by 
thin layer c h r o m a t o g r a p h y  using glass plates 
coa ted  wi th  Kieselgel G (E. Merck, Darmstadt ,  
Germany) .  The tota l  phospho l ip id  ex t rac t s  
were fu r ther  f r ac t iona ted  on  th in  layer  plates 
coa ted  wi th  Kieselgel G wi thou t  b inder  (Camag 
Ltd. ,  Mut tenz ,  Switzer land) ;  the solvent  sys tem 
w a s  c h l o r o f o r m - m e t h a n o l - a c e t i c  acid-water  
25 :15 :4 :2  v/v as descr ibed by Skipski et  al. 
(11).  The ch roma top la t e s  were sprayed wi th  a 
0.1% w/v solut ion of  2 ,4-dichlorof luorescein  in 
me thano l  and the leci thin  and lysoleci thin  
bands were visualised u n d e r  UV light. The 
bands were scraped f r o m  the plates and the 
leci thin and lysoleci th in  were then  e luted wi th  
me thano l .  Iden t i f ica t ion  was by compar i son  
wi th  k n o w n  standards.  The fa t ty  acid compos i -  
t ions of  the choles teryl  ester ,  leci thin  and 
lysoleci thin  f ract ions  were de te rmined  by gas 
l iquid ch romatograph ic  me thods  descr ibed in 
detail  by Moore and Williams (12), and the 
absolute concen t ra t ions  of  these lipid fract ions 
were d e t e r m i n e d  by the addi t ion  to  each 
fract ion of  a k n o w n  a m o u n t  of  n -hep tdecano ic  
acid as an in ternal  s t andard  (13). Free choles- 
terol was de t e rmined  by the m e t h o d  of  Mac- 

In tyre  and Rals ton (14). W h e r e v e r  possible,  
react ions  were carried out  u n d e r  n i t rogen  and 
2,6-di- t-butyl-p-cresol  was added  to  the chro-  
matographic  sprays and solvents  to  minimize  
autoxida t ion .  Solvents were distilled before  use. 

RESULTS 

Experiment 1 

Figure 1 shows the  changes  which  were 
observed in the concen t ra t ions  (mg/100  ml 
plasma) of  the total  lipids of  the plasma when  
the env i ronmenta l  t empera tu re  of  the animals 
was increased f rom 22 to  35 C. The s teady 
decline observed in the  concen t r a t ion  of  the 
total  plasma lipids during exposure  to  the 
higher env i ronmenta l  t empera tu re  resul ted in a 
new equi l ibr ium value for  the plasma lipid 
concen t ra t ion  of  ca. 210 mg/100  ml plasma 
comp ared  to ca. 290 rag/100 ml plasma ob- 
served in animals at 22 C. No significant  change 
was de tec ted  in the total  b lood  volume (mean,  
59.5 ml /kg body  wt)  of  the animals at the 
d i f fe rent  env i ronmenta l  t empera tu res .  

Experiment 2 

The concen t ra t ions  of  the leci thin,  lysoleci-  
thin,  free choles terol  and choles teryl  ester  
f ract ions  of  the bovine plasma samples f rom the 
animals main ta ined  at 22 C and 35 C, toge the r  
wi th  the effect  o f  the in vi tro incuba t ion  for  20 
hr  at 38 C upon  the concen t r a t ions  of  these 
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fractions, are shown in Table I. Values for the 
concentrations of the four lipid fractions in 
terms of milligram lipid per 100 ml plasma and 
/amol/ml plasma have been obtained using the 
conversion factors of Christie et al. (13). The 
concentrations of the lecithin and cholesteryl 
ester fractions in the plasma when the animals 
were maintained at 35 C were significantly 
lower than the corresponding concentrations of 
these lipid fractions in the plasma when the 
animals were maintained at 22 C. A similar 
difference existed between the concentrations .~ 
of free cholesterol in the plasma at the two =~ 
temperatures. There was no significant differ- = 
ence in the concentration of the lysolecithin o~ 

fraction in the plasma of the animals at the -~ 
different environmental temperatures�9 Incuba- ~ u  
tion of the plasma resulted in significant in- . ~  
creases in the concentrations of the cholesteryl .2 
ester and lysolecithin fractions and a significant .~ ,~ 
decrease in the concentration of  the lecithin ,3 
fraction for the animals at both environmental ~ 
temperatures. When the changes in the concen- C e~ 

trations of the plasma lipids are expressed in .2 N 
terms of A ~mol/ml  plasma, there is reasonable ~'~ 
agreement within the animals at both environ- 2 "2 
mental temperatures between the increase that ~ < 
occurred in the cholesteryl ester fraction and = ~ ~ e 
the decrease that occurred in the lecithin and ~ < 
free cholesterol fractions during incubation. ~ , ~  
However when the animals were maintained at ~ ;u 
22 C the change that occurred in the concentra- ~ 
tion of the lysolecithin fraction during incuba- ~ 'r. 
tion was smaller than the changes observed for ~ 
the other three fractions; the possible action of ~ 
lysophosphatidyl hydrolases in the plasma has ~ 
been mentioned previously (5). ~ '~ 

The fatty acid compositions of the lecithins, ~" ~ O ~ 

lysolecithin and cholesteryl ester fractions in =o 
the plasma samples, both before and after = ~  
incubation, from the animals maintained at 22 ~ -  
C and 35 C are given in Table II. The = ~  
concentration of 18:2 in the cholesteryl ester ~ 
fraction was significantly lower and the concen- ~ .~ 
trations of 16:0, 18:0 and 20:3 were signifi- ~ u  
cantly higher in the plasma of the animals when 
they were maintained at 35 C than when they 
were maintained at 22 C. In the lysolecithin 
fraction the concentration of 18:0 was signifi- 
cantly lower and the concentrations of 16:1 
and 18:3 and 20:3 were significantly higher in 
the animals at 35 C than at 22 C. There was 
very little difference between the fatty acid 
composition of the lecithin fraction for the 
animals maintained at the two environmental 
temperatures. The pattern of the fatty acid 
changes which occurred in the lecithin, lysoleci- 
thin and cholesteryl ester fractions of the 
plasma as a result of incubation were in the 
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main similar for the animals at both tempera- 
tures. In the lecithin fraction of the incubated 
plasma, the concentration of 18:2 was signifi- 
cantly lower and the concentrations of 18:0 
and 20:3 significantly higher than the corre- 
sponding values found in the lecithin of the 
control plasma. The decrease which occurred in 
the concentration of 18:2 in the lecithin 
fraction was accompanied in the lysolecithin 
fraction by a significant increase in the concen- 
trations of 16:0 and 18:0 and a significant 
decrease in the concentrations of 16:1, 18:1, 
18:2, 18:3, 20:3 and 20:4. In the cholesteryl 
ester fraction, where 18:2 accounted for 73% 
and 66% of the total fatty acids present, 
respectively, in the animals at 22 C and 35 C, 
incubation failed to produce any significant 
difference in the fatty acid composition. 

Table III shows the absolute concentrations 
(expressed as mg/100 ml plasma) of the indi- 
vidual fatty acids contained in the lecithin, 
lysolecithin and cholesteryl ester fractions of 
the plasma samples, both before and after 
incubation, for the animals, at 22 C and 35 C. 
The concentrations of 16:0, 18:0, 18:1, 18:2, 
20:3 and 20:4 in the lecithin fraction and the 
concentrations of 16:1, 18:1 and 18:2 in the 
cholesteryl ester fraction were all significantly 
lower in the plasma from the animals at 35 C 
compared with the animals at 22 C. In the 
cholesteryl ester fraction, the animals at 35 C 
had significantly higher concentrations of 18:0 
than at 22 C. In the lysolecithin fraction the 
concentration of 20:3 was significantly higher 
in the animals at 35 C. Incubation resulted in 
significant decreases in the concentrations of 
16:0, 18:0 and 18:2 in the lecithin fraction and 
increased concentrations of 16:0 and 18:0 in 
the lysolecithin fraction of the plasma from the 
animals at both temperatures. In the cholesteryl 
ester fraction the increase which occurred in 
the concentrations of 18:2 and 20:4 as a result 
of incubation was only significant for the 
animals at 22 C. 

DISCUSSION 

Evidence is provided by., the present results 
to show that in steers, exposure to a high 
environmental temperature considerably re- 
duces the concentration of the major circula- 
tory lipid fractions. In the animals from which 
consecutive daily plasma samples were taken 
(experiment 1) the change in environmental 
temperature from 22 to 35 C had no sudden 
effect on the lipid concentration. Exposure to 
the higher environmental temperature caused a 
steady decline in the concentration of the 
circulatory lipids, reaching a new equilibrium 
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level after 7-8 days which was ca. 30% below 
the concentration observed at 22 C. In experi- 
ment 2 when the animals were maintained at a 
temperature of 35 C, the concentrations of the 
lecithin, free cholesterol and cholesterol ester 
fractions were reduced to ca. 60% of their 
corresponding concentrations observed in the 
animals at 22 C. It is therefore of interest that 
recent investigations of O'Kelly (15) into sea- 
sonal variations in the plasma lipid composition 
of both Zebu and British type cattle demon- 
strated that, irrespective of breed, the concen- 
trations of total lipid, cholesterol, phospholipid 
and triglyceride were all significantly influenced 
by season and were highest in the winter and 
lowest in the summer. Although water intake is 
directly related to ambient temperature and dry 
matter consumption in cattle, it was concluded 
that these differences could not  be accounted 
for by any hemodilution effect. The failure to 
observe any significant change in total blood 
volume during the present experiment is further 
direct evidence that the plasma lipid changes 
observed at the higher environmental tempera- 
ture were in no way the result of hemodilution 
but an effect of acclimatization to hyperthermia. 

The causative factors involved in the plasma 
lipid changes which occur during exposure to a 
high environmental temperature are not known. 
However evidence exists to show that exposure 
to elevated temperatures may exert influences 
on other aspects of lipid metabolism in the 
animal, which in turn would affect the compo- 
sition and metabolism of the circulatory lipids. 
Thus the work of Bobek and Ginter (16), in 
which rats were exposed to a temperature of 35 
C for a prolonged period, resulted in a decrease 
in the concentration of cholesterol in various 
tissues, a decrease in the synthesis of choles- 
terol and fatty acids from acetate-l-14C in the 
liver and a decrease in the concentration of 
esterified fatty acids in the plasma. Bishop et al. 
(17) have also shown that in rats maintained at 
35-40 C there was a decreased incorporation of 
acetate-l-14C into the free cholesterol of the 
liver when compared with rats maintained at 
24-28 C. With respect to ruminants, a signifi- 
cant decrease in total volatile fatty acid produc- 
tion, in particular acetic acid production, has 
been shown to occur in cattle under increased 
ambient temperature (18,19). Therefore suffi- 
cient data exists to indicate that exposure to 
high environmental temperatures may have 
pronounced effects on lipid metabolism in 
general. 

The present investigations clearly demon- 
strate that under conditions of high environ- 
mental temperatures there is a large decrease in 
the concentration of 18:2 circulating in the 

lecithin and cholesteryl ester fractions (Table 
III). In the lecithin fraction there was no 
difference in the percentage fatty acid composi- 
tion between the animals at the two environ- 
mental temperatures, and the decrease in the 
absolute concentration of circulatory 18:2 
could be accounted for entirely by the decrease 
that occurred in the concentration of the 
plasma lecithin. However, wereas 18:2 consti- 
tuted at least 72% of the total fatty acids 
present in the cholesteryl ester fraction of the 
plasma when the animals were maintained at 22 
C, the proportion of 18:2 in the cholesteryl 
ester fraction was reduced to ca. 66% of the 
total fatty acid present when the animals were 
maintained at 35 C. Recently the work of 
Kuiper et al (20) on the physical and biochemi- 
cal changes that occur in erythrocytes from 
hamsters has also shown that high environmen- 
tal temperatures affect the content of ClS 
polyunsaturated fatty acids in the erythrocytes. 
During heat exposure, the concentration of 
18:3 in all the major phospholipid fractions 
present was decreased and the conccentration 
of 16:0 increased; in the sphingomyelin and 
phosphatidyl ethanolamine fractions, the con- 
centration of 18:2 was also reduced (20). An 
increased proportion of saturated fatty acids in 
depot fats from animals exposed to high envi- 
ronmental temperatures has been observed by 
several workers and as yet remains unexplained 
(16,21,22). 

It has been established that the LCAT 
reaction is an important  source of the plasma 
cholesteryl esters in both the nonruminant  and 
ruminant  animal (5,23). Recently O'Kelly (24), 
investigating the plasma lipid composition of 
genetically different breeds of cattle, has dem- 
onstrated an increase in the free-esterified 
cholesterol ratio under conditions of hyper- 
thermia. It was suggested that the elevated ratio 
in the heat exposed animals, which resulted 
mainly from a reduction in the concentration 
of the esterified cholesterol fraction of the 
plasma, may have been the result of a hyper- 
thermic effect on the plasma LCAT activity. In 
the present experiment the mean net esterifica- 
tion of cholesterol after the incubation for 20 
hr of plasma from the animals maintained at 22 
C was similar to that found previously for steers 
(5). Maintaining the animals at 35 C resulted in 
a considerable decrease in the net esterification 
of cholesterol, compared with the animals 
maintained at 22 C (Table I). These results do 
not necessarily indicate that the activity of the 
LCAT enzyme was lower in the plasma of the 
animals maintained at 35 C, since the differ- 
ences in extent of esterification could have 
been caused by differences in the amount of 
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l i pop ro t e in  subs t ra t e  p resen t .  When the  an imals  
were exposed  to  the  h igh e n v i r o n m e n t a l  t em-  
pe ra tu re ,  the  c o n c e n t r a t i o n  of  free cho les te ro l  
available for  es te r i f i ca t ion  in  the  p lasma was 
significantly r educed ,  and  i t  has  been  d e m o n -  
s t r a t ed  by  Monger  and  Nestel  (25)  t h a t  in 
h u m a n  p lasma a s igni f icant  co r re l a t ion  exists  
be tween  the  p lasma cho les t e ro l  c o n c e n t r a t i o n  
and  the  ra te  of  es te r i f ica t ion .  The  poss ib i l i ty  
t h a t  the  avai labi l i ty  o f  subs t ra t e  m a y  be the  
l imi t ing  f a c t o r  in  the  cho les te ro l  es te r i f ica t ion  
.by the  LCAT sys tem in the  hea t  exposed  
an imals  is, however ,  cha l lenged  when  the  values 
for  ne t  es te r i f ica t ion  are expressed  in t e r m s  of 
the  per  cen t  change t h a t  occu r red  in the  var ious  
p lasma l ip id  f rac t ions  (Table  I). F o r  b o t h  
lec i th in  and  free cho les te ro l ,  the  pe rcen tage  
change observed  in the  an imals  w h e n  main-  
t a ined  at 35 C was cons ide rab ly  less t h a n  for  
the  an imals  a t  22 C. However  the  pe rcen t age  
change t h a t  occu r r ed  in  the  cho les te ry l  es ter  
f r ac t ion  was iden t ica l  for  the  an imals  at  b o t h  
e n v i r o n m e n t a l  t empe ra tu r e s .  I t  m a y  be possi-  
ble,  t he re fo re ,  t h a t  the  l imi t ing  f ac to r  in  the  
e x t e n t  of  cho les te ro l  es te r i f i ca t ion  observed  in 
the  hea t  exposed  an imals  was n o t  the  l imi ted  
c o n c e n t r a t i o n  of  subs t ra te ,  b u t  involved  the  
a c c u m u l a t i o n  and  a c c o m m o d a t i o n  of  the  p rod-  
uct .  A c o n c e p t  of  a r e q u i r e m e n t  for  a " sub-  
s t r a t e "  and  " p r o d u c t "  l i p o p r o t e i n  in  the  acyl  
t ransferase  r eac t ion  has  been  suggested by  
G lomse t  (23) .  

The  changes  in the  f a t t y  acid c o m p o s i t i o n  of  
the  lec i th in ,  lyso lec i th in  and  cho les te ry l  es ter  
f rac t ions  of  the p lasma o b t a i n e d  in the  p resen t  
e x p e r i m e n t  as a resul t  of  i n c u b a t i o n  at 38 C are 
similar to  those  a l ready r e p o r t e d  for  bov ine  
p lasma (5).  In the  p re sen t  e x p e r i m e n t  where  
18:2  c o n s t i t u t e d  such  a h igh  p r o p o r t i o n  of  the  
to ta l  f a t t y  acids p resen t  in  the  p lasma choles- 
te ry l  esters,  the  p lasma es te r i f ica t ion  process  
d e m o n s t r a t e d  a h igh speci f ic i ty  for  the  18 :2  of 
the  leci thin.  Wi th  the  i m p o r t a n c e  of  the  LCAT 
sys tem es tab l i shed  in the  f o r m a t i o n  of  bov ine  
p lasma cho les t e ry l  esters,  a s igni f icant  reduc-  
t ion  in the  acyl  t ransferase  reac t ion  in the  
plasma,  for  wha teve r  reason,  cou ld  well a c c o u n t  
for  the  s ignif icant  decrease  observed  dur ing  
hea t  exposure  in the  c o n c e n t r a t i o n  and  t r ans fe r  
of  18:2  f o u n d  in the  cho les te ry l  ester  f r ac t ion  
(Tables  II-III) .  Recen t ly  i t  has  been  suggested 
by  Mickel et  al. (26)  t h a t  the  p r i m a r y  p r o d u c t  
of the  acyl t ransferase  r eac t ion ,  n a m e l y  choles-  
te ro l  l inoleate ,  is r equ i red  for  e ry th ropoies i s .  
Decreased avai labi l i ty  of  cho les te ro l  l ino lea te  
migh t  t he r e fo re  decrease h e m a t o p o i e t i c  func-  
t ion  of  depr iv ing the  t issues of  essent ia l  f a t t y  
acids, and  th i s  may  well  occur  t h r o u g h  a 
r e d u c t i o n  in the  LCAT act iv i ty  of  the  plasma.  

I t  is the re fo re  of  in t e res t  t h a t  the  work  of  
Kuiper  et  al. (20)  has  r ecen t l y  d rawn a t t e n t i o n  
to  the  increase in red  cell fragil i ty which  occurs  
w h e n  animals  are exposed  to h igh  envi ron-  
m e n t a l  t empera tu re s .  F u r t h e r m o r e  i t  has also 
been  shown t h a t  a def ic iency  of  po lyunsa tu -  
r a t ed  f a t ty  acids in the  diet  resul ts  in increased 
cell fragil i ty (27) .  

Thus ,  f r om the  ev idence  available,  i t  wou ld  
appear  possible  t h a t  u n d e r  c o n d i t i o n s  of  h igh  
e n v i r o n m e n t a l  t e m p e r a t u r e s  the  in tegra l  rela- 
t ionsh ip  which  exis ts  b e t w e e n  the  LCAT activ- 
i ty of  the  p lasma and  the  p o l y u n s a t u r a t e d  fa t ty  
acids of  the  c i rcu la t ion  m a y  be seriously dis- 
t u rbed ;  consequen t i a l  e f fec ts  u p o n  o t h e r  as- 
pects  of  the l ipid m e t a b o l i s m  of  the  an imal  m a y  
also occur.  
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Studies on Metabolism of Linoleic-1-14C Acid in Testes of 
Hypophysectomized Rats 
MASAMI N A K A M U R A  1 and O.S. PRIVETT, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Studies are reported on the influence 
of hypophysectomy and pituitary gonad- 
otrophins on the interconversion and 
incorporation of linoleic-l-14C acid into 
lipid classes of mature rat testis. Linoleic 
1-14C acid was injected into the testes of 
mature rats 3 weeks after hypophysec- 
tomy. Groups of animals were killed at 
0.25, 0.50, 1, 3, 12, 24, 36 and 48 hr 
after injection of the radioactive linoleic 
acid, and the incorporation of radio- 
activity into the fatty acids and lipid 
classes of the testicular lipids was deter- 
mined. Similar experiments were carried 
out with hypophysectomized animals in- 
jected intramuscularly with luteinizing or 
follicle stimulating hormones, or both. 
The specific activities of the triglycerides 
and phospholipids of the testicular lipid 
increased to a maximum ca. 1 hr after the 
injection of the radioactive linoleic acid, 
then decreased sharply. The general pat- 
tern of changes in the specific activities of 
these compounds indicated that the rate 
of fatty acid catabolism was greatly in- 
creased by hypophysectomy. In contrast, 
the specific activities of the cholesteryl 
esters and glyceryl ether diesters changed 
slowly after reaching a maximum at 
approximately the same time. This pat- 
tern, their accumulation in the lipid, and 
an increase in the constituent 22:5 indi- 
cated that the turnover of these com- 
pounds was impaired by hypophysec- 
tomy. The conversion of linoleic acid to 
arachidonic acid was also impaired by 
hypophysectomy, as evidenced by an 
increase in the percentage and the high 
specific activity of 20:3 compared to 
20:4. The administration of gonadotro- 
phins partially prevented the effects of 
hypophysectomy, indicating that some of 
the enzymes in the testes involved in the 
metabolism of the lipids are hormone 
sensitive. 

INTRODUCTION 

Although the influence of hormones on 

Ipresent address: Central Institute for Experi- 
mental Animals, Nogawa, Kawasaki, Japan. 

lipogenesis and mobilization of fatty acids has 
been studied extensively (1-5), the extent to 
which hormonal action is involved in the 
control of the metabolism of cholesterol, tri- 
glycerides and phospholipids is not clear. 
Marked changes have been observed in the 
testicular lipids of hypophysectomized rats by 
histochemical (6-9) and chemical studies 
(10-12), indicating that the hypophyseal hor- 
mones play an important role in the metabo- 
lism of testicular lipids. Goswami and Williams 
(13) reported that follicle stimulating (FSH) and 
luteinizing (LH) hormones, alone or in combi- 
nation, stimulated the synthesis of polyunsatu- 
rated fatty acids, but had little effect on the 
incorporation of fatty acids into testicular 
lipids of mature hypophysectomized rats. In 
further studies, Goswami et al. (14) attributed 
the effect on the synthesis of polyunsaturated 
fatty acids to a stimulation of RNA synthesis 
by gonadotrophins. 

Common pathways for the net synthesis of  
glycerides and glycerophosphatides have been 
well demonstrated (15-18), and it has been 
shown that the acyl chains and skeletal moieties 
of these compounds turn over independently of 
each other (19-21). Acyl transferase reactions 
are important in these reactions, but the precise 
role of these enzyme systems in the synthesis of 
triglycerides and glycerophosphatides of spe- 
cific structures has not been elucidated (22-25). 

In previous work (26,27), we studied the 
incorporation of radioactive linoleic acid among 
the lipid classes in the testes of rats and 
demonstrated the importance of the fatty acid 
pool in these reactions. As a prelude to studies 
of the importance of hormonal control in acyl 
transferase reactions in the synthesis of phos- 
pholipids and triglycerides in the testis, the 
metabolism of linoleic acid in the testes of 
hypophysectomized rats was investigated. The 
results of these studies are presented here. 

MATERIALS AND METHODS 

Methods for the quantitative analysis of the 
lipid classes, determination of fatty acid com- 
position (gas liquid chromatography [GLC] of 
fatty acid methyl esters) and measurements of 
radioactivity have been described in detail in 
previous communications (11,26,27). In the 
present study, linoleic-l-14C acid was obtained 
from Tracerlab, Inc., Waltham, Mass., meth- 
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TABLE I 

Per Cent Distribution of Radioactivity in Tesfieular Lipid of 
Mature Hypophysectomized Rats Injected 

Intratesticularly with Linoleie-l-14C Acid 3 Weeks after Hypophysectomy a 
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Time period, hr 

.25 .50 1 3 12 24 36 48 

Testis weight, g 

0.38 0.38 0.43 0.37 0.31 0.28 0.39 0.29 

Lipid, % 

5.6 5.4 4.3 4.8 5.3 5.8 4.3 6.5 

Radioactivity recovery, % 

Lipid 62.7 59.8 57.9 40.9 29.4 25.6 23.2 18.6 

Neutral lipid, % distribution of radioactivity 
Total neutral lipid b 71.2 66.3 62.0 59.5 58.1 54.0 55.9 68.7 

CE 1.2 2.7 2.5 4.4 6.7 5.5 7.3 12.7 
GEDE 3.3 3.0 2.9 4.2 5.9 4.8 6.1 8.4 
TG 8.4 12.1 16.4 20.7 22.8 22.6 19.9 28.6 
FA 54.7 44.8 34.9 25.8 18.9 16.9 18.4 15.0 
DG 2.5 2.8 2.9 3.0 2.5 2.7 2.7 2.7 

Polar lipid, % distribution of radioactivity 
Total polar lipid b 28.8 33.7 38.5 40.5 41.9 46.1 44.1 31.3 

DPG 0.7 1.2 2.1 1.6 1.8 1.6 1.9 1.7 
PE 1.7 3.4 4.3 5.0 6.8 7.7 7.1 6.0 
PI+PS 2.5 2.6 2.2 2.6 3.5 3.8 4.4 3.1 
PC 13.7 18.3 22.8 25.8 27.1 29.3 27.1 16.6 
Sph. 0.9 0.7 1.1 3.0 1.6 1.8 1.5 1.6 
Lyso Pc 1.5 1.3 4.9 2.1 1.1 1.1 1.2 0.8 

aAverage values from two animals. Abbreviations: CE = cholesteryl esters; GEDE = glyceryl ether 
diesters; TG = triglyeerides; FA = fatty acids; DG = diglycefides; DPG = diphosphatidyl glycerol; PE = 
phosphatidyl ethanolamine; PI = phosphatidyl inositol; PS = phosphatidyl serine; SPH = sphingomyelin; 
Lyso-PC = lysophosphatidyl choline. 

bDetermined by difference between radioactivity of total PL or total NL and total radioactivity of 
sample analyzed. 

y la ted  wi th  d i azomethane  and purif ied by th in  
layer ch roma tog raphy  (TLC) wi th  plates coa ted  
wi th  silicic acid impregna ted  wi th  silver ni t rate .  
GLC and measu remen t  of  the  radioact ivi ty  of  
the separa ted  c o m p o n e n t s  showed  that  all the 
radioact ivi ty was associated wi th  me thy l  lino- 
leate in the final prepara t ion .  The free acid 
ob ta ined  via saponif ica t ion  and acidif icat ion 
had an activity of  3.5 mC/mM. For  inject ions ,  
the free acid was emuls i f ied wi th  a mix ture  of  
equal parts  saline and rat  serum. A 50 pl  a l iquot  
o f  this emuls ion,  the amoun t  used for in jec t ion,  
had an activity of  0.77 pC  and con ta ined  0.128 
mg linoleic acid. 

Radioact ivi ty  was measured  by scinti l lat ion 
coun t ing  wi th  a Packard Tri-Carb Model  3002 
dual channel  scint i l la t ion spec t rome te r  wi th  a 
scinti l lat ion solut ion,  consis t ing of  PPO-POPOP 
in toluene,  or in a d ioxane-water  so lu t ion  
descr ibed by Snyder  (28). The la t ter  solut ion 
was used  for  the analysis of  material  recovered 
f rom chromatop la t e s  used in TLC. Count ing  

eff ic iency for  ca rbon  14 was 85% in to luene  
and 71% in d ioxane-water  solut ion.  Determina-  
t ion of  percentage d is t r ibut ion  of  radioact ivi ty  
and specific activities o f  lipid classes and fa t ty  
acids was carried ou t  as descr ibed in previous 
work  (26). In this p rocedure ,  four  d i f fe rent  
solvent  sys tems are used to  separate  the lipid 
classes and provide duplicate  checks on all 
c o m p o n e n t s .  Recovery  of  radioact ivi ty  in 
k n o w n  c o m p o n e n t s  of  the lipid classes was 
generally 90-95%. The tota l  polar  l ipid f ract ion 
and tota l  neut ra l  l ipid f rac t ion separate  at the 
origin and the f ront ,  respect ively,  in two  of  
these solvent  systems.  The percentage  distri- 
bu t ion  o f  radioact ivi ty  in these fract ions is 
de t e rmined  by the di f ference b e t w een  that  
applied to  the  plate,  and tha t  analyzed in the 
separated PL or NL fract ions.  

Animals 

H y p o p h y s e c t o m i z e d  and normal  male rats o f  
the Sprague-Dawley strain,  200-255 g b o d y  wt,  
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TABLE II 

Composition of Long Chain Fatty Acids of Lipid Classes of 
Testicular Lipids of Mature Rats 3 Weeks after Hypophysectomy (wt %) 

Lipid, wt% 

Cholesteryl Glyceryl Phosphatidyl Phosphatidyl 
esters ether diesters Triglycerides choline ethanolamine 

Fatty N b H b N H N H N H N H 
acid a 0.49 8.6 0.31 3.5 4.5 8.7 29.3 22.9 27.2 17.1 

16:0 14.5 6.0 19.2 9.5 28.6 19.7 57.1 42.6 29.6 23.9 
18:0 5.8 3.0 7.8 5.8 4.2 12.1 4.3 4.9 11.7 13.3 
18:1 13.5 6.5 9.0 5.9 10.4 6.8 12.9 21.7 6.6 8.6 
18:2 9.1 1.3 2.8 1.3 2.7 4.3 3.0 1.4 2.8 1.4 
'20:3 3.7 4.7 2.5 4.3 1.7 3.2 1.1 2.1 0.6 1.1 
20:4 14.1 5.8 6.3 3.6 3.9 2.6 7.7 9.6 10.9 22.1 
22:4 3.1 2.1 5.2 7.7 5.7 3.6 0.5 0.8 5.5 3.2 
22:5 12.0 51.8 15.6 38.5 32.3 30.3 9.4 6.5 28.9 22.9 

aShorthand designation for fatty acids; number before colon = chain length; number after colon = number of 
double bonds. 

bN = animals of normal group; H = animals of hypophysectomized group. 

were ob ta ined  f rom the Hormone  Assay Lab.,  
Chicago. The animals were housed  in individual 
cages and fed ad l ib i tum a semisyn the t i c  diet  

x 104 x 105 
[ 0  ~ CE I0 

~ GEDE ~ FFA 
E ~ TG sco[e 

~ DG 

'N 

< 5 5 

0 3 6 12 2 4  36 48 

HOURS 

x I o  4 

i01 ~ PC 

E % ~  PI+PS 

> 

o. 

0 3 6 12 24 36 48 
HOURS 

FIG. 1. Time course changes in the specific activity 
of the lipid classes of the testicular lipids of mature 
hypophysectomized rats injected intratesticularty with 
linoleic-l-14C acid 3 weeks after hypophysectomy. 
TG = triglyceride, DG = digtyceride, FFA = free fatty 
acid, GEDE = glyceryl ether diesters, CE = cholesteryl 
esters, PC = phosphatidyl choline, PE = phosphatidyl 
ethanolamine, PI = phosphatidyl inositol, PS = phos- 
phatidyl serine. 

conta in ing  vi tamins and minerals  in the re- 
quired amoun t s  (12),  to  which  was added 10% 
saff lower  seed oil. 

In the first expe r imen t ,  animals were killed 
in pairs 3 weeks af ter  h y p o p h y s e c t o m y  by 
wi thdrawal  o f  b lood  f rom the aortas at 0.25, 
0.50, 1, 3, 12, 24, 36 and 48 hr af ter  in jec t ion  
of radioact ive linoleic acid. The testes of  the 
animals were excised,  f rozen  on dry ice and 
s tored  at -20 C. Prior to ex t r ac t ion  of  the lipid, 
each testis  was al lowed to  t haw on the surface 
at r o o m  t empera tu re  to  facili tate decapsula t ion  
and weighed. Af te r  each test is  was weighed,  the 
lipid was ex t rac ted  wi th  c h l o r o f o r m - m e t h a n o l  
2:1 and the d is t r ibut ion  of radioact iv i ty  among  
the lipid classes de te rmined .  Changes in the 
specific activities o f  the l ipid classes and their  
cons t i t uen t  fa t ty  acids over the 48 hr per iod  
were also fol lowed.  In an accessory expe r imen t ,  
the percentage d is t r ibut ion  of  radioact ivi ty  in 
the fa t ty  acids of  the tes t icular  lipids of  groups 
of  four  to  six h y p o p h y s e c t o m i z e d  and normal  
animals was co mp a red  at 3, 12 and 24 hr af ter  
inject ion of  radioact ive linoleic- 1-14 C acid. 

In ano the r  expe r imen t ,  24 h y p o p h y s e c -  
t omized  rats were divided in to  four  groups and 
in jec ted  in t ramuscular ly  b iweekly  for  3 weeks 
wi th  0.5 ml saline or 0.5 ml saline conta in ing  
0.5 mg LH, ( N I H - L H - S l l ) ,  0.5 mg FSH, 
(NIH-FSH-S3),  or 0.25 mg FSH and 0.25 mg 
LH. At  the end  of  3 weeks,  12 hr af ter  the last 
h o r m o n e  inject ion,  the animals were in jec ted  
int ra tes t icutar ly  wi th  50 p l  o f  the l inoleic-l-14 C 
acid emulsion and sacrif iced 3 hr  later  by 
wi thdrawal  of  b lood  f rom the  aortas.  The testes 
of  these animals were also excised,  f rozen o n  

dry ice, s to red  at -20 C and then  decapsula ted  
(af ter  partial thawing)  and weighed.  Af te r  the 
testes were weighed,  the lipid was ex t rac ted  
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FIG. 2. Time course changes in specific activities of  
the fat ty acids of  digtycefides (DG) and free fatty 
acids (FFA) in testicular lipids of  mature hypophysec- 
tomized rats injected with linoleic-l-14C acid 3 weeks 
after hypophysectomy.  Shorthand designation is used 
to denote fatty acids; number before colon = chain 
length, number after colon = number of  double bonds. 

with chloroform-methanol 2:1 and recovered 
for analysis as in the first experiment. 

R E S U L T S  

Data on the recovery and percentage of 
radioactivity among the lipid classes of the 
testes of the hypophysectomized animals over 
the 48 hr period, following the injection of 
linoleic-l-14C acid in the first experiment, are 
summarized in Table I. At the end of 48 hr, ca. 
18% of the injected radioactivity remained in 
the lipid of the testis. The percentage distri- 
bution of radioactivity among the lipid classes 
indicated that the turnover of these compounds 
was different in hypophysectomized and nor- 
mal animals, previously reported (26). The 
major difference was in the larger proportion of 
radioactivity that accumulated in the neutral 
lipids in the hypophysectomized animals. In 
normal animals, ca. 35% of the radioactivity 
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FIG. 3. Time course changes in specific activities of  
the fat ty acids of  trigtycerides (TG) and cholesteryl 
esters (CE) of  the testicular lipids of  mature hypoph- 
ysectomized rats injected with linoleic-l-14C acid 3 
weeks after hypophysectomy.  Shorthand designation 
is used to denote fatty acids; number before colon = 
chain length, number after colon = number of double 
bonds. 

was distributed in the neutral lipids and 65% in 
the phospholipids. This ratio was reversed by 
hypophysectomy, as illustrated in Table I. 
These changes were produced largely by a 
gradual accumulation of the radioactivity in the 
cholesteryl esters, glyceryl ether diesters and 
triglycerides. This was presumably caused by a 
slower turnover of these compounds compared 
to the phospholipids in the hypophysectomized 
animals. These observations are in accord with 
the effect of hypophysectomy on the compo- 
sition of the lipid as observed previously (11) 
and as illustrated in Table II, which shows that 
the percentage of cholesteryl esters, glyceryl 
ether diesters and triglycerides are increased at 
the expense of the phospholipids. 

Changes in the specific activities of the lipid 
classes during the metabolism of the injected 
l inoleic-l-t4C acid are shown in Figure 1. The 
injected linoleic acid was incorporated rapidly 
into the lipid, as evidenced by the rapid 
decrease of the specific activity of the free fatty 
acid fraction and simultaneous increases in the 
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FIG. 4. Time course changes in the specific activ- 
ities of  the fa t ty  acids of  phosphat idyl  choline (PC) 
and phosphat idyl  e thanolamine (PE) of the testicular 
lipids of mature  hypophysec tomized  rats injected with 
l inoleic-l-14C acid 3 weeks after hypophysec tomy.  
Shorthand designation is used to denote fa t ty  acids; 
n u m b e r , b e f o r e  colon = chain length, number  after 
colon = number of double bonds. 

s p e c i f i c  a c t i v i t y  o f  PC, DG a nd  TG.  T h e  p e a k  in  
t he  s p e c i f i c  a c t i v i t y  o f  t h e s e  c o m p o u n d s ,  PC, PI 

and PS was reached in ca. 1 hr. This pattern was 
much different from that obtained with normal 
animals (26) and also indicated that the metab- 
olism of these compounds was influenced by 
hypophysectomy. The maximum specific activ- 
ity of the glyceryl ether diesters and cholesteryl 
esters also occurred at ca. 1 hr after injection of 
the radioactive linoleic acid, but remained high 
indicating a slow turnover rate for these com- 
pounds. 

Hypophysectomy also produced a marked 
effect on the fatty acid composition of the lipid 
classes, as illustrated in Table II. Changes in the 
fatty acid composition varied in the different 
lipid classes. Noteworthy was the relatively 
large increase in the percentage of 22:5 in the 
cholesteryl esters and glyceryl ether diesters. 
Changes in fatty acid composition also occurred 
in TG, PC and PE, but in different ways except 
for palm• acid which decreased in all of the 
lipid classes. 

The time course changes in specific activity 
of the fatty acids (Fig. 2-4) also demonstrated 
the marked effects of hypophysectomy on 
fatty acid metabolism. The pattern of the 
changes in specific activities was remarkably 
similar in all of the lipid classes. The specific 
activity of linoleic acid decreased rapidly as it 
was catabolized and converted to long chain 
polyunsaturated fatty acids. Radioactivity was 
incorporated into palm• acid by endogenous 
synthesis from radioactive acetate produced in 
the catabolism of linoleic-l-14C acid. Some 
radioactivity appeared to be incorporated into 
stearic and oleic acids, but a precise analysis of 
the distribution of radioactivity in these fatty 
acids could not be made. The high specific 
activity of 20:3, which is an intermediate in the 
conversion of linoleic acid to arachidonic acid , 

TABLE III 

Per Cent Distribution of Radioact ivi ty in Total Fat ty  Acids of Tesficular Lipids of  
Hypophysectomized a and Normal Mature Rats after Intratest icular  Injection of Liholeic-l-14C Acid 

3rd hr 12th hr 24th hr 

N b H b N H N H Fatty 
acid 5 animals 6 animals 6 animals 5 animals 6 animals 4 animals 

16:0 c 3 . 4 •  d 9 . 0 •  6 . 0 •  1 5 . 5 •  11.2•  1.1 1 2 . 8 •  
18:2 7 5 . 2 •  6 7 . 6 •  6 0 . 1 •  5 4 . 2 •  4 2 . 7 •  4 7 . 5 •  
20:3 4 . 1 •  6 . 1 •  5 . 8 •  9 . 6 •  5 . 9 •  1 2 . 4 •  
20:4 8 . 5 •  1 . 4 •  1 2 . 8 •  2 . 7 •  1 7 . 0 •  3 . 5 •  
22:4 0 . 9 •  0 . 8 •  1 . 6 •  0 . 9 •  3 . 2 •  1 . 4 •  
22:5 0 . 6 •  0 . 5 •  0 . 9 •  0 . 7 •  2 . 3 •  1 . 4 •  

aThree weeks after hypophysec tomy.  

bN = normal group; H = hypophysec tomized  group. 

CShorthand designation for fat ty acids. Number before colon = chain length; number  after colon = number  o f  
double bonds. 

dM • SE. 
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showed that it was readily formed but was 
converted to arachidonic acid and 22:5 at a 
much slower rate than its formation. In accord 
with this observation, the data in Table II 
indicated that 20:3 accumulated to a higher 
level in hypophysectomized than normal ani- 
mals. The effect of hypophysectomy on the 
metabolism of ~:he fatty acids was also indicated 
by data on the percentage distribution of the 
radioactivity among individual fatty acids. 
These data (Table IID showed that the per- 
centage distribution of radioactivity increased 
faster and to a higher level in palmitic acid, as 
well as 20:3 in the hypophysectomized animals. 
In contrast, the percentage of the radioactivity 
accumulating in the 20:4, 22:4 and 22:5 was 
considerably lower in the hypophysectomized 
than the normal animals. These data, together 
with those in Figures 2-4, demonstrated that 
the conversion of 20:3 was impaired by hypoph- 
ysectomy. 

Effects of the intramuscular injections of LH 
and FSH into hypophysectomized animals are 
illustrated in Table IV. The hormone injections 
did not influence the effect of hypophysec- 
tomy on growth of the animals. However the 
weights of the testes of these animals were 
almost double those of the animals in the 
control group, and the percentage of the testes 
of the body weight was almost the same as that 
of the animals in the normal group. The 
hormone injections also had an effect on the 
composition o1: lipid classes, as illustrated in 
Table IV. Although the composition of the 
lipid classes was far from normal, the hormone 
injections mediated the changes produced by 
hypophysectomy. There were some differences 
between the effect of LH and FSH; LH 
appeared to be more generally active. The 
hormone injections also maintained the per- 
centage of the 22:5 acid and the ratio of the 
linoleic acid (18:2) to the 20:3 acids near 
normal, as illustrated in Table V. These results 
showed that tlhe percentage of 22:5 was re- 
duced to near normal and the ratio of 18:2 to 
20:3, which was ca. 1-2 in the control hypoph- 
ysectomized animals, was almost normal (5: 1) 
in the animals treated with the hormones, 
especially LH. The effect of the hormone 
injections on fatty acid composition was also 
demonstrated by the distribution of radioac- 
tivity, as illustrated in Table VI. These results 
showed that the distribution of radioactivity 
between the '20:3 and 20:4 acids in the 
hypophysectomized animals was maintained 
near normal by the injection of LH and FSH, 
particularly FSH. 

DISCUSSI ON 

The present study demonstrates that the 
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T A B L E  V 

E f f e c t  o f  G o n a d o t r o p h i n s  (LH,  F S H  a n d  L H  + FSH)  o n  F a t t y  A c i d  
C o m p o s i t i o n  o f  T e s t i c u l a r  L ip id  o f  H y p o p h y s e c t o m i z e d  Ra t s  (w t  %)a 

Fatt~r H y p o p h y s e c t o m y  

ac id  ~ N o r m a l  C o n t r o l  L H  F S H  L H  + F S H  

1 6 : 0  32 .8  15 .3  2 1 . 4  12.5  2 3 . 6  
1 8 : 0  7 .4  7 .5  7 .5  8 .2  7 .8  
18 :1  10 .4  9 .9  10 .6  13 .3  12 .4  
18 :2  5 .0  2.1 5 .3  4 .1  6 .2  
2 0 : 3  1.2 3 .7  1.8 2 .7  2 .3  
2 0 : 4  14 .5  14 .9  14 .3  17 .3  15 .4  
2 2 : 4  2 .5  3 .8  1.9 3 .7  2 .9  
2 2 : 5  2 0 . 9  36 .6  2 2 . 4  2 6 . 8  21 .2  

a M a t u r e  an ima l s  i n j e c t e d  b i w e e k l y  f o r  3 w e e k s  a f t e r  h y p o p h y s e c t o m y  w h e n  t h e y  were  
sac r i f i ced .  F o r  a b b r e v i a t i o n s  see Tab le  IV. 

b S h o r t h a n d  d e s i g n a t i o n  f o r  f a t t y  ac ids ;  n u m b e r  b e f o r e  c o l o n  = cha in  l e n g t h ;  n u m b e r  
a f t e r  c o l o n  = n u m b e r  o f  d o u b l e  b o n d s .  

metabolism of testicular lipids is markedly 
influenced by hypophysectomy. Some of these 
effects may arise indirectly as a result of 
atrophy of the testes. However there appears to 
be little doubt that the hypophysis plays an 
important role in the regulation of the metabo- 
lism of testicular lipids. A most important 
factor relative to the composition of the lipid 
appears to be the high rate of catabolism of the 
fatty acids as indicated by the shape of the time 
course curves of the specific activities of the 
TG, PC, PE and PI+PS. This factor and differ- 
ences in rates of turnover of the lipid classes 
undoubtedly account to a large extent for the 
effects of hypophysectomy on lipid class com- 
position of the testicular lipids. The maximum 
specific activities of these lipids in the testes of 
normal animals did not  occur until ca. 24 hr 
after intratesticular injection of radioactive 

linoleic acid (26). The sharp maximum in the 
specific activity curves, very soon after injec- 
tion of the radioactive linoleic acid in the testes 
of the hypophysectomized animals, appears to 
be caused by dominance of the catabolic 
process. 

All of the radioactivity in the palmitic acid 
must arise by endogenous synthesis from radio- 
active acetate derived from the catabolism of 
linoleic-l-14C acid. Hence the more rapid de- 
crease in the specific activity of the linoleic 
acid, together with a greater and more rapid 
accumulation of radioactivity in palmitic acid 
in the hypophysectomized animals, also indi- 
cates that the rate of catabolism is increased by 
hypophysectomy. The large decrease in the 
percentage of palmitic acid indicates that the 
catabolism of this acid is also increased by 
hypophysectomy. The catabolism (per se) of 

T A B L E  VI  

Per  C e n t  D i s t r i b u t i o n  o f  R a d i o a c t i v i t y  in F a t t y  A c i d s  o f  
T e s t i c u l a r  L ip id  o f  N o r m a l  a n d  H y p o p h y s e c t o m i z e d  Ra t s ,  T r e a t e d  w i t h  

LH,  F S H  a n d  L H  + F S H ,  3 h r  a f t e r  I n t r a t e s t i c u l a r  I n j e c t i o n  o f  L i n o l e i c - l - 1 4 C  A c i d  

H y p o p h y s e c t o m y  

F a t t y  N o r m a l  C o n t r o l  L H  F S H  L H  + F S H  

ac id  5 an ima l s  6 an ima l s  4 an ima l s  6 an ima l s  6 an ima l s  

1 6 : 0  b 3 . 4 •  c 9 . 0 •  4 . 7 •  8 . 4 •  5 . 9 ~ 0 . 9  
1 8 : 2  7 5 . 2 •  6 7 . 6 •  7 3 . 6 •  6 6 . 2 •  6 8 . 0 2 2 . 0  
2 0 : 3  4 . 1 •  6 . 1 •  4 . 2 •  5 . 9 •  5 . 3 ~ 0 . 4  
2 0 : 4  8 . 5 •  1 . 4 •  2 . 8 •  4 . 0 2 0 . 4  4 . 6 ~ 0 . 2  
2 2 : 4  0 . 9 2 0 . 3  0 . 8 •  1 . 0 •  1 . 1 •  1 . 1 2 0 . 1  
2 2 : 5  0 . 6 •  0 . 5 •  0 . 5 •  0 . 7 •  0 . 7 2 0 . 1  

a M a t u r e  an ima l s  i n j e c t e d  b i w e e k l y  f o r  3 w e e k s  a f t e r  h y p o p h y s e c t o m y  w h e n  t h e y  w e r e  
sac r i f i ced .  F o r  a b b r e v i a t i o n s  see Tab le  IV. 

b S h o r t h a n d  d e s i g n a t i o n  f o r  f a t t y  acids .  N u m b e r  b e f o r e  c o l o n  = c h a i n  l e n g t h ;  n u m b e r  
a f t e r  c o l o n  = n u m b e r  o f  d o u b l e  b o n d s .  

CM +- SE. 
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other fatty acids might also be increased, but 
could no t  be .determined in the present  s tudy.  
The increase in the  percentage of  22:5 in the 
total  lipid may be a t t r ibu ted  to its accumu-  
lat ion in choles tery l  esters and glyceryl e ther  
diesters because of  the i r  slow turnover  and 
because of  its slow release or par t ic ipa t ion  in 
transferase react ions  compa red  to  o the r  fa t ty  
acids. That the rate of t r ans fo rmat ion  or 
selectivity, or bo th ,  may exist  among  individual 
fa t ty  acids in transferase react ions (in vivo) is 
well demons t r a t ed  by in vitro expe r imen t s  wi th  
acyl t ransferase sys tems (24,25).  

Examina t ion  of  the e f fec t  o f  hypophysec -  
t omy  on fa t ty  acid compos i t i on  shows tha t ,  
excep t  for  pahni t ic  acid, the individual fa t ty  
acids are decreased in some lipid classes and 
increased in others .  Changes in fa t ty  acid 
compos i t ion  can occur  by effects  on the en- 
zyme systems involved in their  synthesis  and 
their  release, or transferase react ions among  the 
lipid classes and the fa t ty  acid pool  f rom which 
they  are catabol ized.  In order  to  def ine the 
effects  on these react ions more  precisely,  t racer  
exper iments  o1! the type  repor ted  here will have 
to be carried ou t  wi th  each individual fa t ty  
acid. 

The realtiw;ly high specific activity of  the 
20:3 and the increase in its percentage indicate  
that  its convers ion to arachidonic  acid and 22:5 
is impaired by h y p o p h y s e c t o m y .  These observa- 
t ions also indicate  tha t  separate  enzyme  sys- 
tems are involved in the conversion of 18:2 to 
20:3 and 20:3 to  higher po lyunsa tu ra ted  acids. 
These enzyme sys tems appear  to be h o r m o n e  
sensitive, as evidenced by the ef fec t  o f  injec- 
t ions of  LH and FSH on the relative p ropor -  
t ions of 20:3,  20:4, 22:4 and part icularly 22:5.  
This e f fec t  also was d e m o n s t r a t e d  by the 
d is t r ibut ion of  radioact ivi ty  be tween  20:3 and 
20:4  in the ho rm one - t r ea t ed  animals. The ratio 
of  the dis t r ibut ion of  radioact ivi ty  in 20:3 to  
20:4  in the test icular  lipids of  normal  animals 
was ca. 1:2 compared  to 5:1 in the  h y p o p h -  
ysec tomized  animals. In the h y p o p h y s e c -  
tomized  animals t rea ted  wi th  LH and FSH, the 
rat io of these acids was ca. 1:0.9. These 
observat ions also indicate  tha t  the hypophys i s  
has an impor t an t  role in the in te rconvers ion  of 
po lyunsa tu ra ted  fa t ty  acids. 
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SHORT COMMUNICATIONS 

a-Glycerolphosphate Dehydrogenase Activity and Levels of 
Glyceride-Glycerol Precursors in Mouse Mammary Tissues 

ABSTRACT 

Although a-glycerolphosphate dehy- 
drogenase activity in slow growing mouse 
mammary tumors is only 5% of that in 
normal mammary glands of lactating 
mice, the cellular concentration of 
c~-glycerolphosphate in both tissues is 
similar and is ca. 12 times that of 
dihydroxyacetone phosphate. Thus a pos- 
itive correlation between the activity of 
glycerolphosphate dehydrogenase and the 
intracellular concentration of glyceride- 
glycerol precursors could not be demon- 
strated. 

Glyceride synthesis occurs via a series of 
reactions subsequent to the acylation of either 
a-glycerolphosphate (GP) or dihydroxyacetone 
phosphate (DHAP) (1). However, in the case of 
the synthesis of glyceryl-ethers, only DHAP 
serves as the precursor (2,3). The proportion of 
glyceryi-ethers in lipid extracts from a variety 
of tumors is higher than that found in many 
tissues (4,5). Howard et al. (6) have pointed out 
a correlation between the low a-glycerolphos- 
phate dehydrogenase (GPDH) activity and the 
high glyceryl-ether levels in neoplasms. It was 
suggested that a decrease in GPDH activity 
could result in increased levels of DHAP which 
in turn would be conducive for giyceryl-ether 
synthesis. Since GPDH is mainly responsible for 
the synthesis of GP, Hajra (7) has implied that 
the low level of enzyme activity reflects the 

insignificant role of the GP pathway for lipid 
synthesis in tumor cells. The present investi- 
gation was carried out to determine whether 
the intracellular levels of GP and DHAP are 
influenced by either the GPDH activity or the 
reductive environment of the tissue. 

Tumor A, a spontaneous neoplasm found in 
an old virgin female C3H mouse, was propa- 
gated by serial transplantation in our labora- 
tory. Tumor C arose from a hyperplastic 
alveolar nodule outgrowth implanted into a 
cleared mammary fat pad of a 3-week-old C3H 
mouse (8). This tumor has been serially trans- 
planted subcutaneously into isologous females 
in the laboratory. Both tumor lines have been 
examined histologically and were found to 
resemble those primary tumors described pre- 
viously (8-10). We have designated Tumor A as 
slow growing (8-10 weeks to attain 3-4 gin a 20 
g mouse) and Tumor C as fast growing (3-4 
weeks to attain 6-8 g in a 20 g mouse). All 
tumors used in this study were obtained from 
virgin mice when the tissue was ca. 3-6 g and 
only the firm non-necrotic tissue was used for 
analysis. 

Lactating Call  mice which actively suckled 
5-8 pups for 17-19 days were used as the source 
of normal mammary tissue. Preparation of 
tissue homogenates, isolation of subcellular 
fractions and the assay of GPDH in the particle- 
free 100,000 x g supernatant fraction have been 
described previously (8-9). The estimation of 
GP, DHAP, lactate and pyruvate was carried 
out by standard procedures (11) with per- 

T A B L E I  

c~ -Glyce ro lphospha t e  D e h y d r o g e n a s e  a n d  S o m e  
S u b s t r a t e  Levels  in N o r m a l  a n d  N e o p l a s t i c  M o u s e  M a m m a r y  T i s s u e s  a 

G P D H  G P /  L a c t a t e /  
T i s s u e  a c t i v i t y b  G p c  D H A P  c D H A P  L a c t a t e  c P y r u v a t e  c p y r u v a t e  

T u m o r A  2 0 + - 4  4 3 4 - + 1 4  3 7 - + 4  12 4 6 3 2 + - 8 7 1  1 1 3 - + 1 9  41 
T u m o r C  10-+ 1 1 3 5 - + 2 4  6 8 - + 5  2 5 2 9 9 - + 3 6 7  1 1 2 - + 1 4  47  
M a m m a r y  g l a n d  3 7 2  +- 34  5 1 8  -+ 8 3  36  -+ 1 14 6 0 0 0  -+ 9 5 5  117 +- 12 51 

aThe  re su l t s  are given as m e a n  + SD o f  f o u r  e x p e r i m e n t s  w i t h  t issues t a k e n  f r o m  d i f f e r e n t  an imals .  

b G P D H  ac t iv i t y  is e x p r e s s e d  as n m o l e s  o f  N A D H  o x i d i z e d / m i n / m g  p r o t e i n  o f  t he  6 x 106  g rain  
supernatant fraction. 

CThe substrate concentrations are given as nmol/g wet wt t issue.  
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ckloric acid extracts of tissues. The extracts 
were prepared within 1 rain after killing the 
mice by cerviczl fracture. Protein concentration 
was determined by the method of Lowry et al. 
(12), using bovine serum albumin as standard. 

As previously noted (8), the activity of 
GPDH in these mammary gland tumors was 
much lower than that found in the normal 
tissue counterpart (Table I). Although GPDH 
activity in Tumor A was only 5% of that in 
normal mammary glands of lactating mice, the 
cellular concentrations of DHAP in both tissues 
were similar. Furthermore the amount of GP in 
these tissues was 12-14 times that of DHAP. 
The value for the ratio GP/DHAP in Tumor C 
was much lower than in Tumor A. 

It may be argued that the substrate ratio, 
GP]DHAP, may be altered due to a change in 
the NADH levels in the tissue rather than from 
the difference in the levels of GPDH. However, 
when we meas~.red the cytoplasmic redox state 
of the ceils by estimating the content of lactate 
and pyruvate (13), we found similar amounts of 
these two compounds in both normal and 
tumor tissues (Table I). Thus the cellular 
contents of  GP and DHAP did not correlate 
with the levels of enzyme activity and appeared 
to be independent of coenzyme levels as well. 

This lack of ,correlation between the levels of 
GPDH, GP and DHAP may be a general 
phenomenon and not confined only to mam- 
mary tumors. Other examples of a lack of 
correlation are as follows: The GPDH activity 
of Ehrlich ascites cells is 2.2 nmol /min/mg 
protein (14). Despite low dehydrogenase activ- 
ity, the GP/DHAP ratio is rather high, namely 
9.1 (15). In normal mouse liver, on the other 
hand, we have observed that the activity of 
GPDH in the particle free supernatant fraction 
was 290+43 nmol /min/mg protein and the 
content of GP and DHAP was 577+76 and 
43-+6.6 nmol/g wet wt, respectively. (It is pos- 
sible that substrate concentrations could have 
changed during the time before homogenization 
in perchloric acid. However the values we 
obtained with liver using the same techniques as 
with mammary tissues were not  significantly 
different from those reported by other workers 
[16-18] who used rapid freezing procedures.) 
In mouse liver, the value for the GP/DHAP 
ratio is therefore 13.4. In rat liver, Chance et al. 
(18) report a value of 11 for this ratio. 
Furthermore the GPDH activity of rat mam- 
mary gland varies from 0.56-3.49 nmol/min/g 
of fresh tissue during pregnancy and lactation, 
respectively (191}. However, when we compared 
the reported GP and DHAP levels of these 
tissues (20), we again did not  observe a positive 
correlation between substrate level and the 

dehydrogenase activity. 
While DHAP content  of a tissue is undoubt- 

edly of importance for glyceride and particu- 
larly glyceryl-ether synthesis, the results of the 
studies presented and quoted here demonstrate 
that the process whereby this substrate level in 
the tissue is controlled may not reside in the 
GPDH activity alone. 

Although glyceryl-ethers are present in a 
proportionately greater amount in the lipid 
extract of neoplasms than of normal tissues 
(4,5), glyceryl-ethers are not the major lipid 
constituent of neoplasms. In the case of the 
mouse mammary gland system, the normal 
tissue counterpart, lactating mammary gland 
contains more lipid (10%) than the mammary 
adenocarcinoma which has a lipid content of 
only 3% (10). Thus, in order for the tumor to 
possess more of these unusual lipids, the neo- 
plasm must have in excess of three times as 
much of them on a proportional basis. The 
situation in the case of glands taken from virgin 
or pregnant mice is somewhat different, since 
the normal tissues in these instances contain 
even more lipid than the lactating gland. To our 
knowledge, analysis of the absolute amounts  of 
ether lipids in mouse mammary tumors and 
their control tissues have not yet been carried 
out. 
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Glycerol Thioethers in Human Heart 

ABSTRACT 

Glycerol  t h i o e t h e r s  have been  i so la ted  
f rom the  n o n p o l a r  (neu t ra l )  l ipids of  
several h u m a n  hear ts .  The qua l i ta t ive  
d i s t r ibu t ion  of  these t h i o e t h e r s  was deter-  
m i n e d  by  gas l iquid c h r o m a t o g r a p h y .  The  
pr inc ipa l  c o m p o u n d s  f o u n d  were the  
16:0,  18 :0  and  18:1 e the r  chains.  

Glycerol  t h i o e t h e r s  have recen t ly  been  iso- 
la ted  in our  l a b o r a t o r y  f rom bovine  hea r t  (1).  
We have also been  us ing  h u m a n  hea r t  t issue as 
the  ob jec t  of  research  deal ing wi th  the  glycerol  
alkyl  and  alk-1-enyl  e thers  (2-5).  O t h e r  workers  
have used  h u m a n  hea r t  for  s imilar  s tudies  
involving glycerol  alkyl  and  a lk - l - eny l  e thers  
(6-8).  Thus  i t  was fe l t  t h a t  a s t udy  of  the  

TABLE I 

Qualitative Distribution of Glycerol Thioethers 
in Human Heart  

Shorthand 
designation H-6 a H-57 H-78 

12:0 4.3 Trace b 2.2 
13:0 1.2 3.7 Trace 
14:0 9.8 8.6 7.8 
15:0 1.7 2.3 1.9 

Unknown 2.3 Trace 1.3 
16:0 38.7 41.7 43.5 
16:1 5.6 6.6 Trace 
17:0 4.5 3.9 1.7 
18:0 16.9 21.8 19.8 
18:1 15.0 10.2 20.1 

apatient's age in years. 
bLess than 1%. 

glycerol  t h ioe the r s  in  h u m a n  hea r t  wou ld  be of  
in teres t .  This paper  r epor t s  these  f indings.  

The  h u m a n  hear t s  used in  th is  s tudy  were 
o b t a i n e d  at  au topsy  and  i m m e d i a t e l y  f rozen.  
These  hear t s  were f r o m  pa t i en t s  whose  case 
his tor ies ,  c o m b i n e d  w i t h  pa tho log ica l  evidence,  
showed  t h e m  to  be free of  i n fa rc t ion .  

Lipid e x t r a c t i o n  p rocedures ,  and  the  isola- 
t ion  and  iden t i f i ca t ion  of  glycerol  t h i o e t h e r s  
have been descr ibed  previous ly  (1) .  One modi f i -  
ca t ion  of  the a f o r e m e n t i o n e d  p rocedu re  was 
the e l imina t ion  o f  the  necess i ty  for  m a k i n g  
i sopropy l idene  derivat ives p r io r  to  separa t ing  
the glycerol  O and  S e thers  (9).  These  e thers  
can be separa ted  by  th in  layer  c h r o m a t o g r a p h y  
(TLC) on plates  of  Anasi l  G using a deve lop ing  
s o l v e n t  of  hexane-diethylether-acetic acid 
3 0 : 7 0 : 1  v/v/v.  In th is  so lvent  sys tem the  Rf ' s  of 
the  O and  S e thers  are 0 .16 and  0.21, respec- 
tively. 

Gas l iquid  chromatographic analyses of  S- 
e the r  i sop ropy l idene  derivat ives were carr ied 
ou t  us ing  a Packard  dual  c o l u m n  Model  7 5 0 0  
i n s t r u m e n t  equ ipped  wi th  a h y d r o g e n  f lame 
de tec tor .  A 6 ft  glass c o l u m n  of  14.5% e thy lene  
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Glycerol Thioethers in Human Heart 

ABSTRACT 

Glycerol  t h i o e t h e r s  have been  i so la ted  
f rom the  n o n p o l a r  (neu t ra l )  l ipids of  
several h u m a n  hear ts .  The qua l i ta t ive  
d i s t r ibu t ion  of  these t h i o e t h e r s  was deter-  
m i n e d  by  gas l iquid c h r o m a t o g r a p h y .  The  
pr inc ipa l  c o m p o u n d s  f o u n d  were the  
16:0,  18 :0  and  18:1 e the r  chains.  

Glycerol  t h i o e t h e r s  have recen t ly  been  iso- 
la ted  in our  l a b o r a t o r y  f rom bovine  hea r t  (1).  
We have also been  us ing  h u m a n  hea r t  t issue as 
the  ob jec t  of  research  deal ing wi th  the  glycerol  
alkyl  and  alk-1-enyl  e thers  (2-5).  O t h e r  workers  
have used  h u m a n  hea r t  for  s imilar  s tudies  
involving glycerol  alkyl  and  a lk - l - eny l  e thers  
(6-8).  Thus  i t  was fe l t  t h a t  a s t udy  of  the  

TABLE I 

Qualitative Distribution of Glycerol Thioethers 
in Human Heart  

Shorthand 
designation H-6 a H-57 H-78 

12:0 4.3 Trace b 2.2 
13:0 1.2 3.7 Trace 
14:0 9.8 8.6 7.8 
15:0 1.7 2.3 1.9 

Unknown 2.3 Trace 1.3 
16:0 38.7 41.7 43.5 
16:1 5.6 6.6 Trace 
17:0 4.5 3.9 1.7 
18:0 16.9 21.8 19.8 
18:1 15.0 10.2 20.1 

apatient's age in years. 
bLess than 1%. 

glycerol  t h ioe the r s  in  h u m a n  hea r t  wou ld  be of  
in teres t .  This paper  r epor t s  these  f indings.  

The  h u m a n  hear t s  used in  th is  s tudy  were 
o b t a i n e d  at  au topsy  and  i m m e d i a t e l y  f rozen.  
These  hear t s  were f r o m  pa t i en t s  whose  case 
his tor ies ,  c o m b i n e d  w i t h  pa tho log ica l  evidence,  
showed  t h e m  to  be free of  i n fa rc t ion .  

Lipid e x t r a c t i o n  p rocedures ,  and  the  isola- 
t ion  and  iden t i f i ca t ion  of  glycerol  t h i o e t h e r s  
have been descr ibed  previous ly  (1) .  One modi f i -  
ca t ion  of  the a f o r e m e n t i o n e d  p rocedu re  was 
the e l imina t ion  o f  the  necess i ty  for  m a k i n g  
i sopropy l idene  derivat ives p r io r  to  separa t ing  
the glycerol  O and  S e thers  (9).  These  e thers  
can be separa ted  by  th in  layer  c h r o m a t o g r a p h y  
(TLC) on plates  of  Anasi l  G using a deve lop ing  
s o l v e n t  of  hexane-diethylether-acetic acid 
3 0 : 7 0 : 1  v/v/v.  In th is  so lvent  sys tem the  Rf ' s  of 
the  O and  S e thers  are 0 .16 and  0.21, respec- 
tively. 

Gas l iquid  chromatographic analyses of  S- 
e the r  i sop ropy l idene  derivat ives were carr ied 
ou t  us ing  a Packard  dual  c o l u m n  Model  7 5 0 0  
i n s t r u m e n t  equ ipped  wi th  a h y d r o g e n  f lame 
de tec tor .  A 6 ft  glass c o l u m n  of  14.5% e thy lene  
g l y c o l  s u c c i n a t e m e t h y l  s i l icone p o l y m e r  
(EGSS-X) coa ted  on 100-120 mesh  Gas-Chrome 
P was used i so the rma l ly  at 185 C. Ni t rogen  was 
the  carr ier  gas at  a f low rate  of  60  m l / m i n .  
I n j ec to r  and  d e t e c t o r  t e m p e r a t u r e s  were 290  C 
and  250  C, respect ively .  These  c o n d i t o n s  give 
quan t i t a t ive  resul ts  w i th  i sop ropy l idene  deriva- 
tives of  S-alkyl e thers  of  glycerol  (9).  R e t e n t i o n  
t imes were ca lcu la ted  relat ive to oc tadecy l  
glycerol  t h ioe the r ,  and  peak areas were deter-  
m ined  as the  p r o d u c t  of  peak  he igh t  and  wid th  
at ha l f  peak height .  Percentages  are given in 
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te rms  of  peak areas. 
The  resul ts  o b t a i n e d  f rom three  h u m a n  

hear t s  are given in Table  I. As can  be seen in all 
hear ts ,  the  pr inc ipa l  cha in  lengths  p resen t  are 
the  16:0,  18 :0  and  18:1 th ioe the r s ,  and  this  is 
the  same as t h a t  o b t a i n e d  for  the  c o r r e s p o n d i n g  
alkyl  and  a lk - l - eny l  glycerol  e thers  of  h u m a n  
hear t ,  as well as var ious  o t h e r  t issues (10) .  

The  presence  o f  glycerol  t h i o e t h e r s  in hu-  
man  hea r t  ind ica tes  t h a t  these  l ipids m ay  be as 
widespread  in  occurence  as t he i r  oxygen  ana- 
logs (10) .  In  n o r m a l  h u m a n  hear t s  the  com-  
b ined  1-0-alkyl and  1-a lk- l -enyl  e thers  are 
p resen t  in a m o u n t s  f rom ca. 11-27 # m o l / 1 0 0  
mg lipid, d e p e n d i n g  on  the  p a t i e n t ' s  age (5).  
These  values r ep resen t  the  to ta l  O-ethers  ob- 
t a ined  fo l lowing r e d u c t i o n  of  to t a l  l ipid ex- 
t rac ts  w i th  v i t r ide  and  i so la t ion  of  the  e t h e r  
f rac t ions  by  TLC (16) .  A lk - l - eny l  e thers  are 
assayed d i rec t ly  as h y d r a z o n e s  (12) ,  and alkyl  
e thers  are a r rayed  as h y d r a z o n e s  fo l lowing  
ox ida t ion  w i th  pe r ioda te  (13) .  A p p r o x i m a t e l y  
75% of the  to ta l  O-ethers  are of  the  a lk - l - eny l  
type.  Th ioe the r s ,  on  the  o t h e r  hand ,  are p resen t  
in m u c h  smaller  a m o u n t s ,  and  t he r e fo re  quan t i -  
t a t i on  is diff icul t .  Using ca. 1 kg hea r t  t issue 
and  ou r  h y d r a z o n e  m e t h o d  (12) ,  a f te r  perio-  
date  o x i d a t i o n  (13) ,  the  a p p r o x i m a t e  value 
o b t a i n e d  for  the  isola ted S-alkyl e thers  was 
0.09 g m o l / 1 0 0  mg lipid. We are p re sen t ly  
inves t igat ing tlhe poss ib i l i ty  of S-a lk- l -enyl  
e thers  occur r ing  na tura l ly .  

The  b iosynLhet ic  origin of  t h i o e t h e r s  is ye t  
to  be  de t e rmined .  I t  is n o w  es tab l i shed  t h a t  
alkyl glyceryl  e thers  or ig inate  e n z y m a t i c a l l y  
f rom a f a t t y  a lcohol  and  d i h y d r o x y a c e t o n e  
p h o s p h a t e ,  w i th  the  f a t t y  a lcohol  c o n t r i b u t i n g  
the oxygen  to  the  e the r  b o n d  (14) .  By analogy,  
we have s h o w n  in some p re l imina ry  work  t h a t  
glyceryl  t h i o e t h e r s  can be made  by  m i c r o s o m e s  
us ing  d i h y d r o x y a c e t o n e  p h o s p h a t e  and  a f a t ty  
m e r c a p t a n  (15).  An  extens ive  inves t iga t ion  in to  
this  process  is c u r r e n t l y  in progress.  

WILLIAM J. F E R R E L L  
D e p a r t m e n t  of  Chemis t ry  
B iochemis t ry  Division 
Univers i ty  of  De t ro i t  
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Developmental Changes in Lipid Composition of Chick 
Sciatic Nerve Myelin 

ABSTRACT 

Myelin i so la ted  f r o m  t he  sciatic nerves  
of chicks  by  cen t r i f uga t i on  on  a discon-  
t i nuous  sucrose grad ien t  was f o u n d  to  
unde rgo  m a r k e d  changes  in l ipid c o m p o -  
s i t ion  du r ing  d e v e l o p m e n t  f r o m  the  18 
day e m b r y o r d c  to  the  adu l t  stage, par t ic -  

ular ly  in the  p h o s p h o l i p i d  and  cerebro-  
side c o n t e n t .  S igni f icant  changes  in the  
c o n t e n t  of  ind iv idua l  p h o s p h o l i p i d s  were 
also no ted .  

Myel in  is f o r m e d  in the  cen t ra l  ne rvous  
sys tem (CNS) by  o l igodendrogl ia l  cells. I t  has  
been  r e p o r t e d  t h a t  the  l ipid c o m p o s i t i o n  of  
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te rms  of  peak areas. 
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the  same as t h a t  o b t a i n e d  for  the  c o r r e s p o n d i n g  
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0.09 g m o l / 1 0 0  mg lipid. We are p re sen t ly  
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e thers  occur r ing  na tura l ly .  
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Developmental Changes in Lipid Composition of Chick 
Sciatic Nerve Myelin 

ABSTRACT 

Myelin i so la ted  f r o m  t he  sciatic nerves  
of chicks  by  cen t r i f uga t i on  on  a discon-  
t i nuous  sucrose grad ien t  was f o u n d  to  
unde rgo  m a r k e d  changes  in l ipid c o m p o -  
s i t ion  du r ing  d e v e l o p m e n t  f r o m  the  18 
day e m b r y o r d c  to  the  adu l t  stage, par t ic -  

ular ly  in the  p h o s p h o l i p i d  and  cerebro-  
side c o n t e n t .  S igni f icant  changes  in the  
c o n t e n t  of  ind iv idua l  p h o s p h o l i p i d s  were 
also no ted .  

Myel in  is f o r m e d  in the  cen t ra l  ne rvous  
sys tem (CNS) by  o l igodendrogl ia l  cells. I t  has  
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LIPIDS, VOL. 8, NO. 4 



236 SHORT COMMUNICATIONS 

TABLE I 

Lipid Composition of Sciatic Nerve Myelin 
of 18 Day Embryonic Chick, 1 Day, 4 Day, 7 Day Chick and Adult 

Age of chick 

Component 18 Day embryo 1 Day chick 4 Day chick 7 Day chick Adult Analysis 

Lipid content, % total lipid a 

Cholesterol 37.1 • 1.93 34.8 • 0.41 35.8 • 1.41 33.7 • 0.95 35.0 -+ 0.90 p>0.05 
Phospholipid 48.3 • 2.42 46.0 -+ 0.41 42.3 • 0.42 41.5 -+ 1.98 39.3 • 1.06 p<O.05 

Cerebroside 14.6 • 0.54 19.2 -+ 0.69 21.9 • 1.57 24.7 +- 0.69 26.1 • 0.31 p<0.01 

aValues underscored by a common line are significantly different. The p values are determined from the dif- 
ference in lipid content in the 18 day embryonic and adult myelin. The total lipid content of the sciatic nerve in 
18 day embryos and adults was found to be 1.8 and 2.3 mg/mg protein, respectively, indicating an overall in- 
crease of these components during development. 

CNS myelin changes marked ly  during develop- 
men t  of  many species. Horrocks  (1) found  
decreased phospho l ip id  c o n t e n t  and increased 
choles terol  and cerebroside  c o n t e n t  of  mouse  
brain myel in  during deve lopment .  Similar 
changes have been r epo r t ed  for  rat brain (2) 
and rabbi t  brain myel in  (3). I t  has been  
p roposed  that  the CNS myel in  is first depos i t ed  
by the ol igodendrogiial  cells as a primitive type  
of  mem brane  similar to  the ol igodendrogl ia l  
plasma m e m b r a n e  and is subsequen t ly  al tered 
to  a mature  fo rm (4). 

Myelin is f o rm ed  in the per ipheral  nervous  
sys tem (PNS) by Schwann  cells. The process  is 
believed to  be similar to  tha t  for  the fo rma t ion  
of CNS myel in  (5); however  deve lopmenta l  
changes in the compos i t i on  of  PNS myel in  have 
no t  been  fully invest igated.  To under t ake  such 
an invest igat ion myel in  was isolated f rom the 
sciatic nerves of  chicks of  ages 18 day embry-  
onic, 1 day, 4 day, 7 day chick and adult ,  and 
the lipid compos i t i on  was de te rmined .  

The chicks were killed by decapi ta t ion ,  the 
sciatic nerves quickly r emoved  and soaked in 

0.05 M Tris 0.7 M glycine buf fe r  pH 6.0 for  1 
hr at 2 C. Myelin was isolated according to the 
p rocedure  of  Adams  et  al. (6) wi th  some 
modif ica t ions .  The nerves were h o m o g e n i z e d  in 
0.32 M sucrose (6 vol) and cen t r i fuged  at 600 x 
g 20 rain to  remove nuclei  and cellular debris.  
The superna tan t  was made  ca. 0.8 M in sucrose 
by addi t ion of  an equal  vo lume of 1.2 M 
sucrose and 4.8 ml layered on 5.4 ml of  1.2 M 
sucrose fo l lowed by 1.8 ml o f  0.32 M sucrose 
layered on top.  Af te r  cent r i fugat ion  at 28,000 
rpm for  90 min,  in a Beckman SW 41 Ti ro tor ,  
the myelin band,  which f o r m e d  be tween  the 
0.32 M and 0,8 M sucrose,  was removed ,  sub- 
j ec ted  to  osmot ic  shock t r ea tmen t  according to  
Auti l io  et  al. (7), and the cen t r i fuga t ion  s tep 
repeated .  The myel in ,  which  banded  in the 
same region of  the gradient  as previously,  was 
removed  and washed  five t imes  wi th  water.  
Samples were r emoved  for  e lec t ron  mic roscopy ,  
and the remainder  was f reeze-dr ied and s tored  
unde r  n i t rogen at -20 C unti l  use. The pur i ty  of  
the myel in  prepara t ions  was also checked  by 
analysis o f  their  c o n t e n t  o f  nucleic  acids (8) 

TABLE II 

Phospholipid Composition of Sciatic Nerve Myelin 
of 18 Day Embryonic Chick, 1 Day, 4 Day, 7 Day Chick and Adult 

Age of chick 

Component 18 Day embryo 1 Day chick 4 Day chick 7 Day chick Adult Analysis 

Phospholipid content, % total phospholipida 

Phosphatidylserine 21.2 • 0.87 17.8 • 0.69 18.0 • 0.69 17.0 • 1.31 19.1 +- 0.46 p>0.05 

Sphingomyelin 21.8 • 1.65 22.3 • 0.13 22.9 • 0.87 24.3 • 1.20 30.6 • 0.98 p=0.01 

Phosphatidyl choline 
choline 25.1 • 1.20 21.7 • 0.60 19.8 • 0.51 18.4 • 1.18 12.2 • 0.25 p<0.01 

Phosphatidyl 
ethanolamine 32.0 • 2.35 38.3 • 0.58 39.6 • 0.46 40.4 • 1.46 38.2 • 0.31 p=-0.05 

aValues underscored by a common line are significantly different. The p values are determined from the dif- 
ference in phospholipid content in the 18 day embryonic and adult myelin. 
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and activities of cytochrome oxidase (E.C. 
1.9.3.1) (9) and lactate dehydrogenase (E.C. 
1.1.1.27) (10). The average RNA and DNA 
content of the purified myelin preparations was 
a low 0.05% o:f the dry weight of myelin. There 
was no significant difference between the nu- 
cleic acid content of myelin from young or 
adult nerves. Furthermore the absence of cyto- 
chrome oxidase (E.C. 1.9.3.1) and lactate de- 
hydrogenase (E.C. 1.1.1.27) activities in the 
purified myelin samples indicated negligible 
cytoplasmic contamination. 

The dry myelin samples were weighed, dis- 
solved in chloroform-methanol 2:1 v/v, and 
purified lipid extracts were prepared according 
to Folch et al. (11). Cholesterol (12), phospho- 
lipid (13) and cerebroside (14) contents of 
these purified lipid extracts were determined. 

The results, expressed as per cent of total 
lipid, are shown in Table I. Values represent the 
mean + SEM for three experiments. Myelin was 
extracted from sciatic nerves of 180 to 60 
embryos or chicks and three hens for each 
experiment. Statistical analyses, based on the t 
test, were carried out to determine significant 
differences in lipid content  with increasing age 
of the chick, and are included in Tables I and 
II. There was an increase in cerebroside content 
of sciatic nerve myelin with increasing age. The 
most significant increase occurred between the 
18 day embryonic stage and the day-old chick. 
Also, a decreased phospholipid content was 
observed, most significantly between the 1 day 
and 4 day cNck myelin. These results were 
comparable to those for CNS myelin (1-3). 
However no si~7lificant change occurred in the 
cholesterol content,  at least in the age group 
studied. 

To determine the content of individual 
phospholipids, aliquots of the purified lipid 
extract were analyzed by one dimensional thin 
layer chromatography using Absorbosil-4 (Ap- 
plied Science Labs., Inc.) developed in chloro- 
form-methanol-30% NH 3 14:6:1 v/v. The indi- 
v idua l  phospholipids were visualized by 
exposure to iodine vapor and identified by 
comparison of Rf values with authentic stan- 
dards and also by the hydrolytic procedure of 
Dawson et al. (15). The spots were scraped off 
and eluted according to De Bohner et al. (16). 
The phospholipid content of each spot was 
determined and the results, expressed as per 
cent of total phospholipid, are shown in Table 
II. As indicated in the table, significant changes 
in the conten~: of individual phospholipids 
occurred during development of chick sciatic 
nerve myelin. Phosphatidyl serine decreased 
only slightly with increasing age of the chick, 
while phosphatidyl ethanolamine showed a 

237 

slight increase. Sphingomyelin and phosphatidyl 
choline showed tile greatest changes, sphingo- 
myelin increasing and phosphatidyl choline de- 
creasing with increasing age of the chick. Similar 
changes have been reported for developing CNS 
myelin ( 1,3,17). 

During the isolation procedure, a second 
band appeared between the 0.8 M and 1.2 M 
sucrose after centrifugation of the density 
gradient. The quantity of this fraction de- 
creased with increasing age of the chick. Elec- 
tron microscopy showed this fraction to be 
different from the myelin fraction. Whereas the 
myelin fractions of the different ages studied 
were found to contain only typical compact 
myelin, this second fraction contained mostly 
single membrane vesicles, but other unidenti- 
fied fragments were present. A myelin-like 
fraction has been found by Agrawal et al. (18) 
and Banik and Davison (4) to be present in 
CNS. They proposed that this fraction is 
associated with myelin, in that it may be a stage 
in the formation of compact myelin. Prelim- 
inary investigation into the lipid content of this 
fraction has shown that it contains more 
phospholipid and less cholesterol and cerebro- 
side than the purified myelin fraction. Experi- 
ments are in progress to further characterize 
this fraction. It may well be similar to that 
found in CNS. 

In summary, purified myelin isolated from 
the sciatic nerve of chicks showed marked 
changes in lipid content  during development. 
These changes in PNS myelin are comparable to 
those in CNS myelin. A second myelin-like 
fraction was isolated and may be associated 
with the myelination process. 
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Radiochemical Decomposition 

ABSTRACT 

G al ac tosyl -6-[  3H] glucosyl  ce ramide  
was p repa red  by  the  sequen t i a l  ac t ion  of  
galactose oxidase  and  sod ium b o r o h y -  
d r ide - [3H]  r educ t ion .  A water -so luble  
radioac t ive  c o n t a m i n a n t  appea red  af te r  a 
2 m o n t h  s torage at  -4 C. This  was ident i -  
fied as l ac tose - [3H]  by  b o t h  c h r o m a t o -  
graphic  and  carr ier  d i lu t ion  t echn iques .  

Studies  on  the  hydro lys i s  of  the  indiv idual  
l inkages p re sen t  in the  sphingol ip ids  are severe- 
ly l imi ted,  due to  the  relat ively low act iv i ty  of  
the  e n z y m e s  ca ta lyz ing  these  reac t ions .  There-  
fore  c o n v e n t i o n a l  co lo r ime t r i c  or  c h r o m a t o -  
graphic p rocedures  are usual ly  e i t he r  t o o  insen-  

of Lactosyl -6- [3 H ] -Ceramide 

sitive or  too  t ed ious  for  r o u t i n e  assay of  these  
hydrolases .  

Rad in  and  coworker s  r e p o r t e d  a two-s tep  
p rocedu re  for  the  i n t r o d u c t i o n  of  t r i t i um in to  
the 6 pos i t ion  of  the  galactose m o i e t y  of  b o t h  
galactosyl  (1) and  lac tosy l  (2)  ceramides .  The  
first  s tep involves t r e a t m e n t  of  the  sphingol ip id  
w i t h  the  commerc ia l ly  available galactose oxi- 
dase to  yie ld  the  c o r r e s p o n d i n g  6 -a ldehydo  
galactoside which  is t h e n  par t ia l ly  pur i f ied  and  
sub jec ted  to  r e d u c t i o n  w i th  s o d i u m  b o r o h y -  
dride-[  3H] .  Galac tosyl -6[  3H]_ceramide  pre- 
pared  by  this  p r o c e d u r e  has  been  e m p l o y e d  to 
d o c u m e n t  the  e n z y m a t i c  defec t  in Krabbes  
disease (3) and  ga lac tosy l -6 - [3H]-gh icosy lce r  - 
amide  to de tec t  the ce ramide  lac tos idoses  de- 
fec t  (4).  Galac tose  oxidase has  been  r e p o r t e d  to  

FIG. 1. Thin layer chromatography and radioactive scans of stored lactosyl-[3H] ceramide before and after 
Folch partitioning. Lane A, standard ceralrdde; lane B, standard mixture~lane C, starting lactosyl-[3H] ceramide; 
lane D, lactose standard; lane E, standard mixture; lane F, lactosyl-[ H] ceramide after partitioning; lane G, 
galactose standard; lane H, lactosyl ceramide standard. Chloroform-methanol-water 65:35:8 v]v was the solvent 
employed. 
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was p repa red  by  the  sequen t i a l  ac t ion  of  
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2 m o n t h  s torage at  -4 C. This  was ident i -  
fied as l ac tose - [3H]  by  b o t h  c h r o m a t o -  
graphic  and  carr ier  d i lu t ion  t echn iques .  

Studies  on  the  hydro lys i s  of  the  indiv idual  
l inkages p re sen t  in the  sphingol ip ids  are severe- 
ly l imi ted,  due to  the  relat ively low act iv i ty  of  
the  e n z y m e s  ca ta lyz ing  these  reac t ions .  There-  
fore  c o n v e n t i o n a l  co lo r ime t r i c  or  c h r o m a t o -  
graphic p rocedures  are usual ly  e i t he r  t o o  insen-  

of Lactosyl -6- [3 H ] -Ceramide 

sitive or  too  t ed ious  for  r o u t i n e  assay of  these  
hydrolases .  

Rad in  and  coworker s  r e p o r t e d  a two-s tep  
p rocedu re  for  the  i n t r o d u c t i o n  of  t r i t i u m in to  
the 6 pos i t ion  of  the  galactose m o i e t y  of  b o t h  
galactosyl  (1) and  lac tosy l  (2)  ceramides .  The  
first  s tep involves t r e a t m e n t  of  the  sphingol ip id  
w i t h  the  commerc ia l ly  available galactose oxi- 
dase to  yie ld  the  c o r r e s p o n d i n g  6 -a ldehydo  
galactoside which  is t h e n  par t ia l ly  pur i f ied  and  
sub jec ted  to  r e d u c t i o n  w i th  s o d i u m  b o r o h y -  
dride-[  3H] .  Galac tosyl -6[  3H]_ceramide  pre- 
pared  by  this  p r o c e d u r e  has  been  e m p l o y e d  to 
d o c u m e n t  the  e n z y m a t i c  defec t  in Krabbes  
disease (3) and  ga lac tosy l -6 - [3H]-gh icosy lce r  - 
amide  to de tec t  the ce ramide  lac tos idoses  de- 
fec t  (4).  Galac tose  oxidase has  been  r e p o r t e d  to  

FIG. 1. Thin layer chromatography and radioactive scans of stored lactosyl-[3H] ceramide before and after 
Folch partitioning. Lane A, standard ceralrdde; lane B, standard mixture~lane C, starting lactosyl-[3H] ceramide; 
lane D, lactose standard; lane E, standard mixture; lane F, lactosyl-[ H] ceramide after partitioning; lane G, 
galactose standard; lane H, lactosyl ceramide standard. Chloroform-methanol-water 65:35:8 v]v was the solvent 
employed. 
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oxidize the galactose in several of sphingoglyco- 
lipids (5), and recently the synthesis of a 
variety of radioactive sphingolipids based upon 
this procedure appeared (6). 

This report documents the formation of 
lactose-[3H] as the water-soluble material dur- 
ing the storage of galactosyl-6-[3H]-glucosyl 
ceramide. 

Mixed brain gangliosides were prepared as 
previously described (7) and subjected to acid 
hydrolysis; lactosyl ceramide was recovered 
from the hydrolyzate mixture and subjected to 
oxidation with galactose oxidase and reduction 
with sodium borohydride-[3H] according to 
the method o:f Radin et al. (2). The final 
product showed: only a single radioactive mate- 
rial cochromatographing with lactosyl ceramide 
standards with Silica Gel G thin layer plates in 
two different solvent systems. The sample 
having a final specific activity of 500 dpm/nmol 
was stored at .-4 C, dissolved in chloroform- 
methanol 2: 1. Phenol-H2SO 4 was employed for 
carbohydrate determination (8). Silica Gel G 

T A B L E  I 

Carrier Dilution of Radioactive Water-soluble -[ 3H ] 
Material Formed from Lactosyl Ceramide and of 

Galactose-14C with K + Lactonate 

cpm/mg 

Crystallization Water-soluble -[3H] Galactose- 14C 

First 43.'7 137.8 
Fi r s t  44 .1  17.2  
Second 45.1 2.0 

plates for thin layer chromatography were 
obtained from Analtech (Wilmington, Del.). 
Spots were visualized by spraying with 5% 
sulfuric acid in methanol spray and heating. 

When this material was employed as a 
substrate for /3-galactosidase after being stored 
for 2 months, it was observed that the "blank" 
values of incubation had increased consider- 
ably, suggesting a nonenzymic breakdown of 
this substrate. Thin layer chromotographic sep- 
aration and scanning radioactivity revealed the 

FIG. 2. Thin layer chromatography and radioactive scan of water-soluble material from lactosyl-[3H] 
ceramide. Lane 1, ceiamide standard; lane 2, galactose standard; lane 3, lactose standard; lane 4, mixture of 
standards; lane 5, water-soluble upper-phase material; lane 6, galactose cerebroside standard; lane 7, lactosyl 
ceramide standard!; lane 8, methyl-#-galactoside standard. Chloroform-methanol-water 65:35:8 v/v was the 
solvent employed. 
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presence of  two radioactive materials (Fig. 1, 
lane C). In addi t ion to the lactosyl  ceramide,  a 
material  migrat ing with lactose was observed. 
The sample was subject to  the Fo lch  et al. 
par t i t ioning procedure  (9) and the lower  or- 
ganic phase subject to chromatographic  exami- 
nat ion (Fig. 1, lane F). I t  is obvious that  these 
extract ions  had removed a water-soluble con- 
taminant ,  and this amounted  to ca. 1.6% of  the 
total  radioact ivi ty  in the sample. 

The upper  phase f rom the par t i t ioning was 
concen t ra ted  to dryness, dissolved in a small 
amoun t  o f  water  and passed through a mixed  
bed of  Dowex 50-H + and Dowex- l -Ace ta t e .  
The eff luent  was lyophi l ized,  dissolved in a 
small quant i ty  of  water  and an a l iquot  sub- 
jec ted  to  th in  layer chromatography.  A single 
radioactive material ,  out l ined in Figure 2 co- 
chromatographing  with lactose,  was observed 
(Fig. 2, lane 5). This solvent system adequate ly  
separated lactose,  galactose, methy l  galactoside 
and lactosyl cerarnide. Fur ther  evidence for the 
material  being lactose was obta ined  by classical 
carrier di lut ion techniques.  An al iquot  contain-  
ing 5500 dpm was mixed  with 100 mg non- 
radioactive lactose and subjected to hypoiod i te  
oxidat ion  (10). The insoluble potassium lac- 
tonate  salt fo rmed was harvested,  weighed and 
recrystal l ized f rom a m i x t u r e  of  water,  m e t h -  
anol and i sopropyle ther ;  these results are pre- 
sented in Table I. I t  is obvious tha t  cons tan t  
specific act ivi ty  was readily a t ta ined;  the value 
of  45 c p m / m g  is in close agreement  to the 
theoret ical  value of  55 cpm/mg.  A cont ro l  
exper iment  was carried ou t  in which 100,000 
cpm galactose- l -14C was mixed  with  100 mg 
lactose,  and the mix ture  subjected to this 
oxida t ion  and recrystal l izat ion procedure.  The 
final specific act ivi ty of  the lac tonate  in this 
case was 2 cpm/mg,  which indicates that  99.8% 
of the galactose was r emoved  from the start ing 
mixture .  

The fo rmat ion  of  lactose rather  than galac- 
tose or me thy l  galactoside f rom lactosyl ceram- 
ide is unexpected .  Hydro ly t ic  studies were 
originally carried out  to de termine  the carbohy-  
drate sequence of  gangliosides. Except  for one 
poor ly  documented  repor t  of  lactose l iberat ion 
(11), most  authors have been able to detect  
on ly  galactosamine-containing disacchardies 
(12) f rom such hydrolyzates .  This has been 
ascribed to  the greater resistance of  the sphin- 
gosine-glucose bond to  hydrolysis  than the 
o ther  glycosidic linkages present  in gangliosides. 

This labora tory  has repor ted  the appearance 
of  phosphorylchol ine  -14 C (13) and choline -14 C 
(14) after storage of  synthet ic  sphingomyel in-  
14C samples. In a similar manner ,  glucose-14C 
have been de tec ted  in solutions of  glucosy1-14C 

ceramide (15) and galactosyl-14C ceramides 
(1), prepared in this labora tory  after storage. 
The finding of  lac tose-[3H] in the lactosyl 
ceramide preparat ion fur ther  documents  the 
potent ia l  difficulties in using such compounds  
for in vi t ro  studies. It  is therefore  necessary to  
extract  the lipid solut ion according to the 
Fo lch  procedure  and to check for impur i ty  on 
thin layer chromatography  prior  to use as a 
substrate in exper iments .  
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Fatty Acid Composition of Rat Hearts as Influenced by Age 
and Dietary Fatty Acids1 
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ABSTRACT 

Fatty acid composition of neutral and 
polar lipid fractions from rat hearts was 
determined in rats of different ages as 
their diet source changed. Piebald rats 
were weaned at 21 days and were fed 
standard lab chow. Lipids from rat hearts, 
mothers milk and lab chow were purified 
on a Sephadex G-25 fine column and 
separated into neutral and polar lipid 
fractions by silicic acid column chroma- 
tography. These lipid fractions were then 
hydrolyzed and methylated with BF 3 in 
methanol, prior to gas liquid chromato- 
graphic separation on a 1/8 in. x 10 ft 
aluminum column of 15% EGS on 80-100 
mesh acid-washed Chromosorb W. Three 
major fatty acids in the neutral lipid 
fraction comprised 72% of total neu- 
tral lipid fatty acids from young hearts. 
At sexual maturity (at least 74 days 
old) C18:1 was the major fatty acid, 
followed by C16:o and C18:0. The same 
three fatty acids comprised 83% of total 
polar lipid fatty acids, but  C 18 :o was the 
major fatty acid, followed by C]6:0 and 
C18:1. The fatty acid composition of 
dietary lipids influenced the total neutral 
lipid fatty acid composition of the rat 
heart, but had little influence on the fatty 
acid composition of the polar lipid frac- 
tion. 

INTRODUCTI ON 

It is a known concept that muscles utilize 
mainly carbohydrates for energy purposes and, 
since the heart is a muscle, the same concept 
has been proposed. However research by Bing 
et al. (1) has revealed that the heart can and 
does derive energy from fatty acid metabolism. 
Studies have also been done to show the 
importance of fatty acids in the rat heart in 
vitro (2,3), perfused rat hearts (4-6) and rat 
heart cells in culture (7). In the latter system, 
the importance of linoleic and palmitic acids 
has been explored. 

1presented in part at the AOCS Meeting, New 
Orleans, April 1970. 

2present address:Central Soya Co., Inc., 1825 N. 
Laramie Ave., Chicago, Ill. 60639. 

In maintaining rat heart cells in culture, it 
was observed in our laboratory that the heart 
tissue must be from an animal that is under 1 
week of age, or beating does not  occur. It was 
thought that availability of certain fatty acids 
in the young immature rat heart may be a 
prerequisite for the beating phenomenon. This 
idea prompted the following research. 

Work has been performed by Glende and 
Cornatzer (3) on the fatty acid composition of 
phospholipids in the rat heart, but from animals 
beyond the age of sexual maturity. Stein and 
Stein (8) also examined palmitic and linoleic 
acids metabolism in hearts obtained from fatty 
acid-deficient rats. However these animals were 
beyond the age of weaning and very near the 
age of sexual maturity. Therefore it was the 
purpose of this work to determine what 
changes, if any, occur in rat heart fatty acids in 
neutral and polar lipid fractions as animals aged 
and diet changed from rat milk to laboratory 
chow. 

METHODS 

Sample Preparation 

Hearts from anesthetized Piebald rats were 
removed by severing blood vessels and connec- 
tive tissues just above the atria. The hearts were 
washed in isotonic saline, blotted dry with filter 
paper and wrapped in heavy duty aluminum 
foil. Next, they were immersed in liquid nitro- 
gen, placed on a masonite board, and struck 
with a hammer. The crushed hearts were placed 
in a 10 ml centrifuge tube containing 5 ml 
absolute methanol and stored under nitrogen at 
-35 C. 

The diet used in this study was a standard 
Ralston Purina laboratory chow designed for 
rats. The same diet was used through the testing 
period. Therefore any changes that occurred 
were relative to the fatty acids available in the 
lab chow. 

Extraction of Total Lipids 

Lipids were extracted by filtering the 
crushed hearts and methanol through Whatman 
no. 1 filter paper and washing the residue with 
20 volumes chloroform-methanol 2:1, usually 
20-40 ml. The residue was then extracted with 
20 ml chloroform. The combined filtrates were 
evaporated under a stream of nitrogen or on a 
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TABLE I 

Fatty Acid a Composition of Neutral Lipid Fraction from 
Rat Hearts as Related to Dietary Fatty Acids 

r , ,  , ,  

Total fatty acids, b % 

Age, days C14:0 C16:0 C16:1 e l 8 : 0  C18:1 C18:2 C20:4 

Ratmilk c Trace d 23 .2•  3.6• 0.4 4 .7 •  42 .0•  21 .6•  5 .8•  
1 2 .7 •  25 .0•  5.5• 0.4 17.9•  28 .7 •  10.8•  9 .5 •  
3 2 .7 •  32 .7•  5 .5 •  15.9•  29 .4 •  6 .8 •  7 .0 •  
6 Trace 26 .0 •  3 .5•  17.5•  30 .7•  8 .7 •  13 .1•  

20 1 .5•  23 .4•  1 .4•  13.7•  33 .7•  16.1•  10.2•  
42 1 .6•  18.8•  2 .4 •  17.5•  30 .6•  23 .2•  6 .0•  
74 1 .0•  17 .8•  2 .6 •  17.1•  32 .2•  26 .1 •  3 .1•  

R a t c h o ~  Trace 15 .1•  2 . 3 •  8 .3•  35 .4•  37 .3•  Trace 

aMeasured as methyl ester. 
bValues reported as average percentage of total fatty acids • SE. 
CApproximately 99% neutral lipid. 
dLess than 1%. 
eApproximately 95% neutral lipid. 

Buchler  E v a p o m i x e r  at  30 C. The solvent - f ree  
crude  ex t r ac t  was s to red  u n d e r  n i t r ogen  un t i l  
used. 

Removal of Nonlipid Contaminants from Crude 
Lipid Extracts 

Lipids were pur i f ied  by  the  m e t h o d  of  Wells 
and  D i t t m e r  (9) ,  w h e r e b y  the  l ipids were dis- 
solved in c h l o r o f o r m - m e t h a n o l - w a t e r  6 0 : 3 0 : 4 . 5  
and p laced  on  a 10 ml m i c r o b u r e t  c h r o m a t o g r a -  
phy  c o l u m n  e q u i p p e d  w i th  a t e f lon  s t o p c o c k  
and  c o n t a i n i n g  1 g Sephadex  G-25 fine.  Lipids 
were added  to  the c o l u m n  in 5 ml quan t i t i e s  of  
the  solvent  mix tu re ,  b u t  never  more  t h a n  15 ml 
was added.  The  e luen t  f low rate  was m a i n t a i n e d  
at 0.1 ml /min .  The c o l u m n  was n e x t  e lu ted  
w i th  5 ml c h l o r o f o r m - m e t h a n o l  2:1 at  the  same 
f low rate.  The solvents  were c o m b i n e d  and  
evapora t ed  u n d e r  a s t r eam of  n i t rogen .  

Separation of Purified Lipids into Neutral and 
Polar Lipid Fractions 

Lipids f reed  of  non l ip id  c o n t a m i n a n t s  were 
separa ted  i n t o  neu t r a l  and  polar  l ipids accord-  
ing to the  m e t h o d  o f  BSrgs t rom (10) .  De- 
p e n d i n g  on  l ip id  c o n c e n t r a t i o n s ,  3-5 g ac t iva ted  
silicic acid (Unic i l  100-200 mesh)  was mixed  
w i th  an equa l  a m o u n t  of  H y F l o w  Supelcel  
(Cel i te)  and  p laced  in  a 100 ml b u r e t  equ ipped  
w i th  a Tef lon  s topcock .  The  silicic acid was 
previous ly  ac t iva ted  by  hea t  a t  100 C for  30  
min.  One gram ac t iva ted  silicic acid would  b ind  
ca. 30 mg po la r  lipids. The  packed  ch roma tog -  
r aphy  co lumns  were washed  w i th  50 ml chloro-  
fo rm and  charged  w i th  5 ml of  a l ipid so lu t ion  
in c h l o r o f o r m .  

Neut ra l  l ipids were e lu ted  w i th  50-70 ml  
c h l o r o f o r m  and  polar  l ipids were e lu ted  w i th  

75-100  ml abso lu te  m e t h a n o l .  The  solvent  f rom 
the  l ipid f rac t ions  was r e m o v e d  by  evapora t i on  
u n d e r  a s t r eam of  n i t rogen  while  hea t ing  the  
l ipid so lu t ion  wi th  an IR lamp.  Neut ra l  and  
polar  lipids were s tored  u n d e r  n i t rogen  at  -7 0 C. 
Stabi l i ty  s tudies  showed  l i t t le  or  n o  change  in 
f a t t y  acid c o m p o s i t i o n  u n d e r  these  cond i t ions .  

Preparation of Methyl Esters from Lipid Fractions 

F a t t y  acid m e t h y l  esters  were p repa red  
accord ing  to the  m e t h o d  of  Morr ison  and  S m i t h  
(1 I) .  A weighed l ip id  sample  was p laced in a 4 
ml screw cap vial c o n t a i n i n g  2 ml benzene .  One 
mil l i l i ter  12% BF 3 in m e t h a n o l  was added  to 
the  vial. The  vial was sealed wi th  a Tef lon- l ined  
cap and  p laced  in  a wate r  b a t h  at  100 C for  45 
rain  a f te r  wh ich  the  vial was removed ,  cooled ,  
and  1 ml wa te r  added  to s top  the  reac t ion .  The  
m i x t u r e  was shaken  v igorous ly  for  1 ra in  and  
the  phases  a l lowed to  separa te .  The  b e n z e n e  
layer  was placed in  a 3 ml cen t r i fuge  tube  and  
the  solvent  evapora t ed  u n d e r  a s t r eam of  
n i t rogen .  Methy l  esters were never  p repa red  or 
s to red  more  t han  6 hr  before  c h r o m a t o g r a p h y .  
S tabi l i ty  s tudies  showed  t h a t  l i t t le  or n o  change 
occur red  in f a t ty  acids u n d e r  these  cond i t ions .  

On tes t ing  for  oxidat ive  losses dur ing  isola- 
t ion  p rocedures ,  the  s tabi l i ty  of  t e t raeno ic ,  
p e n t a e n o i c  and  hexaeno ic  was n o t  specifically 
examined .  

Gas Liquid Chromatography 

C h r o m a t o g r a p h y  was p e r f o r m e d  on an Aero-  
graph gas c h r o m a t o g r a p h  mode l  204B equ ipped  
w i th  a dual  f lame ion i za t i on  de tec to r ,  wh ich  
was s t andard ized  accord ing  to  the  special r epo r t  
of Horn ing  et  al. (12) .  Methy l  esters were 
iden t i f i ed  and  q u a n t i t a t e d  on  a 1/8 in.  x 10 ft 

LIPIDS, VOL. 8, NO. 5 



FATTY ACID COMPOSITION OF RAT HEART 

TABLE II 

Fatty Acid a Composition of Polar Lipid Fraction from 
Rat Hearts as Related to Dietary Fatty Acids 
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Age, days C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C20:4 

Rat milk c Trace d 2 3 . 3  +- 2.1 3.6 + 0.4 4.7 + 0.3 42.0 + 0.1 21.6 + 0.1 5.8 + 1.2 
1 Trace 14.4 + 2.9 1.7 + 0.4 33.1 -+ 1.8 24.4 + 1.0 11.4 +- 1.2 14.6 + 2.4 
3 Trace 23.6 + 1.8 2.1 + 0.6 38.3 + 1.3 23.9 + 1.4 9.7 +- 3.0 1.9 + 1.3 
6 Trace 27.8 -+ 0.5 1.7 + 0.3 45.2 + 1.2 19.5 + 0.4 3.8 -+ 0.7 1.0 -+ 0.5 

20 Trace 22.2 -+ 0.6 Trace 54.8 -+ 1.2 14.4 +- 0.3 6.6 +- - .7 1.4 +- 0.6 
42 Trace 16.7 -+ 2.1 0.9 + 0.1 49.2 + 1.4 11.5 + 0.7 12.9 +- 3.7 8.5 +- 2.4 
74 Trace 11.8-+0.7 0 .8+0 .2  40 .4+2.1  13.4-+0.8 24.0-+2.0 9 .4+2 .0  

Rat chow e Trace 15.1 + 0.6 2.3 +- 0.1 8.3 -+ 0.1 35.4 +- 0.2 37.3 -+ 0.7 Trace 

aMeasured as methyl ester. 
bValues reported as average percentage of total fatty acids + SE. 
CApproximately 99% neutral lipid. 
dLess than 1%. 
eApproximately 95% neutral lipid. 

a l u m i n u m  c o l u m n  of  15% EGS on 80-100  
mesh,  ac id-washed C h r o m o s o r b  W. The  second  
c o l u m n  used for  i den t i f i ca t ion  of  m e t h y l  esters  
was a 1/8 in. x 5 f t  s tainless steel  c o l u n n  of  5% 
SE-30 on  80-100  C h r o m o s o r b  P. The  m e t h y l  
esters were also iden t i f i ed  by  c o c h r o m a t o g r a -  
phy  w i t h  m e t h y l  es ter  s tandards  f r o m  Supelco  
Inc. 

T h r o u g h o u t  sepa ra t ion  of  the  m e t h y l  esters  
c o l u m n  t e m p e r a t u r e  was he ld  at  125 C for  5 
m in  af ter  in jec t ion ,  t h e n  h e a t e d  to  185 C and  
m a i n t a i n e d  at  th i s  t e m p e r a t u r e  the  r e m a i n d e r  
of  the  run.  The peaks  were r eco rded  on a 
S p e e d o m a x  W recorde r  e q u i p p e d  w i t h  a Disc 
i n t e g r a t o r  mode l  224.  F a t t y  acid esters  were 
q u a n t i t a t e d  by  conve r t i ng  the  disc un i t s  on a 
s t anda rd  curve for  the  range and  a t t e n u a t i o n  of  
the  e l ec t rome te r .  Each  set  of  values  represen t s  
the  f a t t y  acid c o m p o s i t o n  of  two  to  th ree  ra t  
hear t s  w i th  each  gas c h r o m a t o g r a p h i c  analysis  
done  in dupl ica te .  

RESULTS AND DISCUSSION 

Data  in  Table  I ind ica te  the re  are t h r ee  
ma jo r  f a t ty  acids in  the  ra t  hea r t  compr i s ing  ca. 
72% of  the  to ta l  neu t r a l  l ipid f a t t y  acids f o u n d  
there .  Lipids f r o m  1-day-old ra t  hea r t s  had  the  
C18:1 f a t t y  acid as the  ma jo r  f a t t y  acid, 
fo l lowed by C 16:0 and  C 18 :o. Lipids e x t r a c t e d  
f r o m  the  hea r t s  of  sexual ly m a t u r e  rats  (74  
days old)  had  C I g : I  and  C18:2  f a t t y  acids,  
compr i s ing  58% of the  to ta l  f a t t y  acids and  
C16:0 compr i s ing  35%. The C14:0  , C16:1 and  
C2O:4 f a t ty  ac ids '  relat ive c o n c e n t r a t i o n s  de- 
creased sl ightly w i th  age, while those  of C18:0  
were essent ia l ly  unchanged .  These  data  ind ica te  
t ha t  pe rcen tages  of  s a tu ra t ed  f a t t y  acids in  the  
ra t  hea r t s  decreased  w i th  age, whi le  pe rcen tage  
of  u n s a t u r a t e d  fa t ty  acids increased.  

In  the  p rocedure s  ou t l i ned  in th is  s tudy  the  
only  p o l y e n o i c  f a t t y  acids de t ec t ed  in signifi- 
can t  a m o u n t s  were C18:2 , C18:3 and C20:4. I f  
o t h e r  po lyeno ic  f a t t y  acids were p resen t  they  
should  have been  de t ec t ed  by  the  gas l iquid  
c h r o m a t o g r a p h y  p rocedure s  e m p l o y e d  w i th  the  
e x c e p t i o n  of  C24 fa t ty  acids and  larger.  

Table  II p resen t s  da ta  on  the  f a t t y  acid 
c o m p o s i t i o n  of  the  po la r  l ipids f r o m  rat  hear t s  
as a f u n c t i o n  of age. Polar  l ipids f rom 1-day-old 
ra ts  h a d  C18:o  as the  ma jo r  f a t t y  acids, 
fo l lowed by C 18 : t �9 U p o n  sexual  m a t u r a t i o n  of  
the  ra t ,  C 18 :0  was still the  ma jo r  f a t ty  acid in 
the polar  lipid, b u t  i t  was fo l lowed  by C 18 : 2, 
C 1 8 : t  and  C16 :0 .  In the  y o u n g  hea r t  the  
m o n o e n e s  and  dienes  c o m p o s e d  37% of t o t a l  
f a t ty  acids of  the  po la r  l ipid f rac t ion .  In  the  
m a t u r e  h e a r t  s a t u r a t e d  f a t t y  acids compr i s ed  
52% of the  to ta l  po la r  l ipid f rac t ion .  This  is a 
reversal  of  the  f a t ty  acid c o m p o s i t i o n  f rom the  
neu t r a l  l ipids at  the  same t ime  intervals .  The  
C16:0  and  C18:o  pe rcen tages  of  the  po la r  l ipid 
f r ac t ion  increase  f r o m  day 1 u n t i l  weaning,  
a f te r  w h i c h  the i r  pe rcen tage  c o m p o s i t i o n s  de- 
creased.  C18:1 decreases  s teadi ly  f rom day 1 
un t i l  sexual  ma tu r i t y ,  C18:2  c o m p o s i t i o n  de- 
creases u n t i l  wean ing  and  t h e n  con t inues  to  
increase.  C20:4  c o m p o s i t i o n  decreases  a b r u p t l y  
af te r  b i r th ,  f r o m  day 1 un t i l  day 3, and  t h e n  
begins  to  increase  in relat ive pe rcen tages  near  
sexual  m a t u r i t y .  The t r e n d  for  changes  in 
sa tu ra t ed  f a t t y  acid c o m p o s i t i o n  of  the  po la r  
l ipid f r ac t i on  shows a s teady increase  up  to  ca. 
3 weeks  and  t h e n  a decrease.  U n s a t u r a t e d  f a t t y  
acids show a reverse t r e n d  over  the  same t ime  
period.  At  day 20 the  C18:o  and  C16:0  f a t t y  
acid compr i se  77% of f a t ty  acids in  the  po la r  
l ipids and  decrease  to  52% at sexual  m a t u r i t y .  
Aging and  sexual  m a t u r i t y  in  the  rat  is associ- 
a ted  w i th  an increase  in u n s a t u r a t e d  fa t ty  acids 
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TABLE IIl 

Fatty Acid a Composition of Rat Milk 
and Rat Lab Chow 

Total fatty acids, b % 

Fatty acid Rat milk c Rat lab chow d 

C 14:0 Trace e Trace 
C16:0 23.3 -+ 2.1 15.1-+0.6 
C16:1 3.6 +- 0.4 2.3 -+ 0.1 
C18:0 4.7 + 0.3 8.3 + 0.1 
C18:1 42.0 -+ 0.1 35.4 + 0.2 
C18:2 21.6 -+ 0.1 37.3 + 0.7 
C 18:3 Trace Trace 
C20:4 5.0 + 1.2 Trace 

aMeasured as methyl ester. 
bValues reported as average percentage of total 

fatty acids • SE. 
CApproximately 99% neutral lipid. 
dApproximately 95% neutral lipid. 
eLess than 1%. 

of the polar lipid fraction of  the rat heart. In 
the perfused rat heart Stein and Stein (8) found 
that in the presence of equal molar amounts of 
palmitic and linoleic acid in the perfusate more 
linoleic acid was incorporated into phospho- 
lipids and more palrnitic acid into neutral lipids. 
In the whole rat heart where a "normal"  
dietary fatty acid composition is available, this 
type of pattern was not  observed. 

The per cent fatty acid composition of the 
rat milk and rat laboratory chow were next 
compared to the per cent neutral and polar 
lipid fatty acids from rat hearts at various ages 
of development. The data in Table III indicate 
that rat chow contains slightly more saturated 
fatty acids than rat milk lipids. Approximately 
63% of the fatty acids in rat milk is C18 : 1 and 
C18:2, and ca. 73% of the fatty acids in rat 
chow is composed of these two acids. The 
amount of C16:0 is higher in rat milk than in 
rat chow, and ca. 6% of the fatty acids is 
C20:4. The fatty acid compositions of the 
neutral lipid fraction from rats hearts are shown 
at days 1, 3, 6, 20, 42 and 74. The day 1 data 
would indicate the composition of the hearts, 
supplied by exogenous lipids from the mother 's  
blood. Data at day 20 should represent changes 
from growth using rat milk as an exogenous 
source of lipids. Days 42 and 74 were chosen to 
represent an intermediate time between wean- 
ing and sexual maturity, respectively. The 
relative percentages of various fatty acids in raw 
chow are shown in the last line. Changes in 
composition between rat milk and 1-day-old rat 
hearts are shown mainly in C18:0 , C18:1 and 
C18:2. Less C18:0 but more C18:I and C18:2 
are found in rat milk compared to the rat heart. 

By day 20 the data indicate a trend toward a 
fatty acid composition approaching the rat milk 
composition. The only exception is in the 
C2o:4 composition. Its relative concentration 
continues to increase with age. The relative 
percentages of fatty acids are quite similar for 
42-day-old animals and 74-day-old rats. The 
major differences in composition between rat 
chow and the rat heart at day 74 are seen in the 
C18:o , C18:2 and C2o:4. The composition of 
C18:o in the rat chow is less than that in the 
heart, and C 1 8:2 is greater in the rat chow than 
in the heart. The lower level of C2o: 4 in the 
sexually mature rat's heart may reflect its 
absence in rat chow. It thus appears that rat 
heart neutral lipid fatty acids are determined 
largely by diet, but that rat heart tissues still 
have some control of the overall composition. 
This indicates either selective retention or 
useage of particular fatty acids by the rat heart 
neutral lipid fraction. 

The data in Table I1 compare the relative 
fatty acid composit ion of the polar lipid frac- 
tion from rat hearts of various ages and the 
fatty acid composition of rat milk and rat 
chow. Comparisons are made in a manner 
similar to that for the neutral lipid fraction 
discussed in the previous paragraph. These data 
indicate a rather specific fatty acid composition 
for polar lipid fatty acids and one quite 
independent of fatty acids in the dietary 
source. C18: o fatty acid is present in rat milk 
and rat chow in low concentration, but it 
comprises over 50% of fatty acids in the 
20-day-old rat heart. C 18:1 fatty acid is present 
in high concentration in rat milk and rat chow, 
but comprises 11-14% of the fatty acids in rat 
heart. C16:0 and C16:1 do reflect their concen- 
trations in the milk and chow. C2o:4 is ca. 15% 
of fatty acids in the 1-day-old rat heart, but 
decreases in concentration abruptly at time of 
weaning and increases thereafter to ca. 10% at 
sexual maturity. These data support the results 
of Dobiasova and Kodalvsky (13) and Baldwin 
and Cornatzer (14), who found that fatty acid 
composition of tfiglycefides and phospholipids 
of some organs of the rat, during postnatal 
development, showed marked changes in fatty 
acid composition of the different organs, but 
these changes could not always be related to 
the changes in the composition in the diet. 
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Polyprenols of Beef and Human Pituitary Glands 
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A BST RACT 

An unknown lipid previously isolated 
in our laboratory from beef and human 
pituitaries was shown to have the same 
structure as dolichol from pig liver. Beef 
pituitaries contained ca. 130 mg/kg wet 
tissue, of which ca. 25% was esterified to 
fatty acids. Human pituitaries contained 
ca. 1.4 g/kg, mainly as the free alcohol. 

INTRODUCTION 

An investigation of the lipid composition of 
beef and human pituitaries disclosed an un- 
known lipid in the triglyceride fraction, and 
preliminary investigation indicated that it was 
an unsaturated alcohol (1). The present paper 
provides evidence that it is a polyprenol having 
the same structure as dolichol from pig liver. 

1Medical Research Associate of the Medical Re- 
search Council of Canada. 

2Department of Chemistry, University of Western 
Ontario. 
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J 

FIG. 1. Double bond methyl region (1.5-1.8 ppm) 
of NMR spectrum of beef pituitary polyprenols in 
C6D 6 expanded at 250 Hz sweep width; normal and 
with double bond protons irradiated at 5.26 ppm. 

MATERIALS AND METHODS 

Beef pituitaries, freed of adipose and con- 
nective tissues, were obtained from F. Manion, 
Research Lab., Canada Packers Ltd., Toronto, 
Ontario, and human pituitaries from D.M. 
Mills, St. Joseph's Hospital, London, Ontario. 
Pituitaries were stored frozen until  extracted. 
All solvents and other chemicals were either 
Reagent Grade or conformed to ACS specifica- 
tions. Pyridine was dried over KOH and dis- 
tilled before use. 

The lipids were extracted and separated 
essentially as described previously (1), but for 
isolation of larger quantities of the unknown 
lipid from beef pituitaries the method was 
scaled up as follows: Whole beef pituitaries 
were pooled in 50 g lots, homogenized with a 
Virtis homogenizer and extracted with 1000 ml 
CHC13/CH3OH 2:1 v/v overnight at room 
temperature. The mixture was filtered, the 
filtrate washed with 200 ml water, evaporated 
to dryness, and stored as a CHCI 3 solution at 4 
C. 

The crude lipid extracts were chromato- 
graphed on acid-treated Florisil (30 g, 2.4 x 30 
cm, column load 6-7 g). Nonpolar lipids were 
eluted with 300 ml CHC13 and phospholipids 
with 300 ml CH3OH. Further separation of 
nonpolar lipids was achieved by chromatogra- 
phy on Florisil, deactivated by 6% (w/v) water 
(150 g, 2.4 x 60 cm, column load ca. 6 g). The 
column was eluted with 200 ml hexane (Skelly- 
solve B), 400 ml 5% ether in hexane, 600 ml 
15% ether in hexane and 200 ml 25% ether in 
hexane. The fractions were monitored by thin 
layer chromatography (TLC) on Silica Gel H, 
d e v e l o p e d  wi th  hexane-ether-acetic acid 
65:35:1, sprayed with 10% sulfuric acid and 
charred at 150 C for 5 min. In this type of 
system, polyprenol esters run just ahead of 
cholesteryl esters, and free polyprenols run 
some distance ahead of cholesterol, at the level 
of free fatty acids (1). 

Polyprenols esterified with fatty acids were 
eluted, together with cholesteryl esters, by 5% 
ether in hexane, while free polyprenols were 
eluted with triglycerides by 15% ether in 
hexane. Fractions containing esterified and free 
polyprenols were pooled separately and evapo- 
rated to dryness. The residues were hydrolyzed 
with 5-10% KOH in ethanol at 45 C for 3 hr, 
and the nonsaponifiable material recovered by 
extraction with petroleum ether. Fatty acids 
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TABLE I 

Chemical Shifts of NMR Peaks of Polyprenols 
from Beef and Human Pituitaries a 

CH3-C= CH-CH2- L cH2-c = C H - C H 2 ]  17CH2-CH--CH2-CH2--OH 

2 trans, 15 cis 

6, ppm 

Proton assignments CCI 4 C6D 6 

see CH_3 0.89 (d) J=6.2 Hz 0.86 (d) 
qH3 

--CH 2 - C H -  ~,1.2 6 (m) 
--CH2-CH2--OH ~1.40 (m) 
d.b. CH 3 trans terminal 1.58 (brs)'] minor 1.57 (brs) (1CH3) 
d.b. CH 3 trans 1.58 (brs)~ 1.61 (brs) (2CH3) 
d.b. CH 3 cis terminal 1.66 (brs) |  major 1.68 (brs) (1CH3) 
d.b. CH 3 cis 1.66 (brs)..[ 1.74 (brs) major 

~H3 
= C --CH 2 -  2.00 (brs) 2.16 (brs) 

H 
I 

=C-CH__ 2 -  ~2.00 (d) J=~3.5 Hz ~2.16 (brs) 
- C H 2 - C H 2 - O H  3.58 (t) J=6.5 Hz 3.45 (t) 
d.b.H 5.05 (m) 5.26 (m) 

aAbbreviations used: see = secondary, d.b. = double bond, br = broad, s = singlet, d = 
doublet, t = triplet, m = multiplet, J = coupling onstant in Hertz. 

and glycerol were removed  by washing with 
water.  

The polyprenols  were finally purif ied by 
preparative TLC on Silica Gel HF-254 plates 
(0.5 mm,  20 x 20 cm),  developed in hexane-  
ether-acetic acid 65 :35 :1 .  They were de tec ted  
under  UV light (Rf  0.32) and eluted with ether.  
Traces of  acetic acid were removed from the 
e luent  by washing with  water.  Ace ty la t ion  was 
carried out  wi th  acetic anhydride in pyridine.  

Dolichol  was isolated f rom pig liver, as 
described by Burgos et al. (2). 

IR  spectra were recorded on a Beckman 
IR-20A spec t ropho tomete r .  Solut ion spectra 
were taken in sodium chloride cells (0.1 mm).  

NMR spectra were recorded  on a Varian 
HA-100 spec tometer ,  using CC14 or C6D 6 as 
solvent and te t ramethyls i lane  (TMS) as an 
internal  reference standard. 

Mass spectra were recorded on an MS-12 
ins t rument ,  courtesy of  A.M. Hogg, Depart-  
ment  of  Chemistry ,  The Universi ty of  Alberta,  
Edmon ton ,  Canada. The tempera ture  of  the 
probe was 300 C and the spectra were recorded 
at 70 eV with an accelerating voltage of 8000 
V. The trap current  was 100/aa. 

RESULTS 
Ext rac t ion  of  600 g beef  pituitaries (12 lots, 

50 g each) y ie lded 20.8 g total  lipids (3.5% of 
wet  wt). Chromatography  on acid-treated Flori-  
sil gave 6.2 g nonpola r  lipids (30%) and 14.0 g 
phospholipids (67%). Af ter  fur ther  fractiona- 
tion of the nonpola r  lipids, 20 mg purified 
polyprenol  was recovered f rom the polyprenol  
ester f ract ion and 58 mg f rom the free poly-  
prenol  fract ion.  

Ext rac t ion  of  18 g human  pituitaries (one 
lot ,  38 pituitaries) y ie lded 712 mg total  lipids 
(4% of wet  wt).  Chromatography  on acid- 
t reated Florisil gave 402 mg nonpolar  lipids 
(56%) and 290 mg phosphol ipids  (41%). The 
free po lypreno l  f rac t ion f rom the nonpolar  
lipids yie lded 25 mg Burified polyprenol .  Less 
than 10% of the po lyprenol  in human pi tui tary  
was esterified with  fa t ty  acids. 

The chromatographic  and spectroscopic  
propert ies  of  polyprenols  f rom beef  and human 
pituitaries were found  to be essentially the 
same as those of  authent ic  dol ichol  f rom pig 
liver. 

The IR  spectrum, de termined  in CC14 solu- 
t ion ( ~ 2 0  rag/0.1 ml), showed the presence of 
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free and bonded O-H stretching bands (3640 
and 3400 cm-1), C-H stretching of--C-H (3040 
cm -1), C-H stretching of -CH 2- and -CH 3 (ca. 
2970, 2930 and 2860 cm-1), C=C stretching 
(1665 cm-1), C-H bending o f - C H  2- and-CH 3 
(1455 cm-1), C-H bending of -CH 3 (1380 
cm-1), C-O stretching ( I040  cm -I) and C-H 
bending of trisubstituted double bond (840 
cm -1). Smaller bands were also present at 1320, 
1240, 1130, 1090, 1065 and 890 cm -1. The 
acetate displayed new strong bands at 1740 
cm  -1 and at 1235 cm-1 (C=O and C-O stretch- 
ing), but no hydroxyl bands. 

NMR spectra of the polyprenols from beef 
and human pituitaries were determined in CC14 
and C6D 6. Chemical shifts and assignment of 
protons are listed in Table I. In tegrat ion  of the 
spectra indicated 16-18 cis isoprene residues 
and 2-3 trans isoprene residues. 

Feeney and Hemming (3) suggested that 
dolichols contain two trans internal isoprene 
units, on the basis of integration measurements 
on the NMR spectrum in CC14 or C6D 6 
solution. This was confirmed in our studies by 
the following experiment:  Decoupling of the 
double bond hydrogens by strong irradiation of 
their signal near 5.26 ppm in C6D 6 causes the 
methyl signals between 1.5 and 1.8 ppm to 
become fairly sharp singlets (Fig. 1), and from 
this it is clearly seen that there can be only 
three trans methyl groups in dolichols (the one 
at 1.57 ppm being a terminal methyl) and 
hence only two internal trans isoprene units. 

Mass spectra of the polyprenols from human 
and beef pituitaries each gave a molecular ion 
(M +) peak at 1312, indicating that the main 
homologue had 19 isoprene units. 

DI SCUSSI ON 

Results of  these e x p e r i m e n t s  indicate  that 
the unknown lipid in beef and human pitui- 
taries consists mainly of dolichol-19. Dolichols 
have previously been isolated from liver, spleen, 
pancreas, kidney, brain and skeletal muscle and 
also from algae, fungi, yeast and higher plants 
(2, 4-6). Our studies have shown that human 
pituitary is a particularly rich source, having a 
concentration at least 10 times that of  pig liver, 
based on weight of wet tissue. 

In bacteria, polyprenols in the form of 
phosphate derivatives have been found to play a 
role in biosynthesis of cell wall polymers, acting 
as intermediate acceptors in transfer of mono- 
saccharides from nucleotide sugars to polysac- 
charides (5, 7-9). Dolichol phosphate appears to 
play a similar role in transfer of monosaccha- 
rides from nucleotide sugars to polysaccharides 
in liver (10), and there is also evidence that the 
polysaccharide acceptor is subsequently trans- 
ferred to endogenous protein (11). 

It seems probable, as suggested by Hemming 
(5), that phosphate derivatives are the biologi- 
cally important form of polyprenols and that 
accumulation of free polyprenols is the result 
of hydrolytic activity. Whether this is the 
reason for the high c onc e n t ra t i on  of polyprenol 
in the human pituitary or whether free poly- 
prenols themselves also play an important 
biological role are questions which must await 
further experimental work. 
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Role of Luminal Lecithin in Intestinal Fat Absorption 
P.J.A. O'DOHERTY, G. KAKIS and A. KUKSIS, 
Department of Biochemistry and Banting and Best Department of 
Medical Research, University of Toronto, Toronto, Canada 

ABSTRACT 

The effects of biliary lecithin on fat 
absorption were studied in 1 day bile 
fistula rats fed micellar solutions of bile 
salt, monoglyceride and radioactive free 
fatty acids. By electron microscopy and 
measurement of uptake of radioactivity 
into liver and adipose tissue, it was shown 
that in the absence of bile lecithin there 
was significant impairment of fat release 
from mucosa. Fat clearance was effected 
by the feeding of phosphatidyl choline or 
choline, but not  phosphatidyl ethanol- 
amine, inositol or cholesterol. In the 
absence of luminal choline there was a 
decrease in incorporation of radioactive 
leucine into mucosal protein. It is con- 
cluded that biliary and dietary lecithin or 
choline play an important role in triglyc- 
eride transport out of intestinal mucosa, 
by providing surfactant lecithin for the 
chylomicron envelope and by supporting 
mucosal protein biosynthesis. 

INTRODUCTION 

Previous studies from our laboratory have 
suggested that the synthesis and release of 
chylomicrons from isolated mucosal cells and 
everted sacs (1) is dependent on both protein 
and phospholipid biosynthesis. In the present 
experiments we have tested the role of lecithin 
synthesis in the formation and release of 
chylomicrons in vivo by interfering with the 
supply of the precursors of phosphatidyl cho- 
line that reach the intestinal mucosa from the 
lumen. For this purpose we compared uptake 
and clearance of fatty meals in normal and bile 
fistula rats supplemented with various phospho- 
lipids, choline and inositol. The results show 
that deprivation of dietary or biliary lecithin or 
choline leads to significant impairment of fat 
absorption. Since protein biosynthesis is also 
decreased under these conditions, it is not  
possible at the present time to dissociate the 
role of lecithin and protein biosynthesis in 
chylomicron formation and release. A prelimi- 
nary account of this work has been presented 
(2). 

MATERIALS AND METHODS 

Materials 

9,10[ 3 H]-Palmitic acid (specific activity 

200/mc/mM) and l [ laC]- leuc ine  (specific ac- 
tivity 20 mc/mM) were obtained from New 
England Nuclear (Boston, Mass.). Monoolein, 
taurocholic acid and choline were purchased 
from Eastman Organic Chemicals (Rochester, 
N.Y.). Oleic and palmitic acids were obtained 
from Nutritional Biochemicals Corp. (Cleve- 
land, Ohio). Cholesterol was purchased from 
the British Drug Houses (Toronto); and inositol 
from the Sigma Chemical Co., (St. Louis, Mo.). 
Phosphatidyl choline (3) and phosphatidyl eth- 
anolamine (4) were prepared from egg yolk. 

Animal Experimentation 

Male Wistar rats (300 g), which had been 
maintained on laboratory chow, were fasted 24 
hr prior to experimentation. Bile fistula animals 
were prepared as follows. The animals were 
opened under ether anaesthesia and the bile 
duct was cannulated by inserting a thin poly- 
ethylene tube of suitable diameter. After pass- 
ing the distal end of the cannula through a 
wound in the back of the animal, the abdomen 
was closed by suturing. Sham-operated animals 
were used as controls. After 1 day, the animals 
were fed by stomach tube, a micellar solution 
containing 800 mg of monoolein and free fatty 
acids (equimolar palmitic and oleic), in a 1:2 
molar ratio. The monoolein and free fatty acids 
were prepared as a micellar solution by sonica- 
tion with 1% taurocholic acid. For the radioac- 
tive experiments, 10 /2c 9,10[3H]-palmitate 
was added. 

5~ t r 
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o----o F is tu la  
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T IME ( H r )  

FIG. 1. Time course for rate of uptake and 
clearance of labeled lipid by rat jejuna. A suitable 
length of upper jejunum (6 in.) was taken for determi- 
nation of radioactivity. Each point represents mean of 
three rats. 
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In Vitro Incubations 

Everted sacs were prepared (5) from the 
jejuna of both fasted and fat-fed sham-operated 
and bile-fistula rats. The animals were sacrificed 
under ether anaesthesia, the jejuna excised, 
flushed with ice cold Krebs bicarbonate buffer, 
pH 7.4, everted and the mucosal side washed 
free of the luminal contents. Suitable lengths 
(5-10 cm) of the jejuna were allowed to fill 
with buffer, the ends tied and the sacs sub- 
mitted to incubations as described in Table IV. 

Assay of Protein Biosynthesis 

Protein biosynthesis was assessed by incu- 
bating the everted sacs with radioactive leucine 
under the conditions described in Table IV. The 
reactions were stopped by the addition of 5 ml 
10% trichloracetic acid containing 10 mg un- 
labeled L-leucine per milligram, and the suspen- 
sions homogenized. The protein precipitates 
were washed, extracted, and the radioactivity 
counted (6). The protein concentration was 
determined by the method of Hfibscher et al. 
(7). 

Lipid Analysis 

Total lipid extracts were prepared according 
to the method of Folch et al. (8). The lipid 
extracts were resolved into fractions corre- 
sponding to triglycerides, free fatty acids, di- 
glycerides, monoglycerides and phospholipids 
by thin layer chromatography on Silica Gel H 
(Merck & Co.) using heptane-isopropyl ether- 
acetic acid 60:40:3 v/v/v. The bands were 
detected by spraying with 0.05% 2,7-dichloro- 
fluorescein in 50% methanol, and were visual- 
ized under UV light. Appropriate standards 
were used in all chromatographic separations. 
Lipid samples were extracted from gel scrapings 
with chloroform-methanol 2:1 v/v by partition- 
ing with water at one-fifth the volume, includ- 
ing that of the sample. For measurement of 
radioactivity, fluorescein was removed by add- 
ing 4M NH4OH as one-tenth the water volume. 
The chloroform layer was filtered through 
anhydrous Na2SO 4 and a cotton plug into a 
scintillation vial, and dried at 40 C under 
nitrogen. To the dried residue was added 10 ml 
scintillation fluid, 0.5% 2,5-diphenyloxazole 
and 0.3% 1,4-bis(2-[ 5-phenyloxazole ] ) benzene 
(Amersham-Searle) in toluene. Radioactivity 
was measured in a Nuclear Chicago liquid-scin- 
tillation counter. Correction for quenching was 
made by the channels ratio method (9). The 
counting efficiency was 40%. 

Electron Microscopy 

Electron microscopy was performed as de- 
scribed previously (10). 
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RESULTS 

Uptake and Clearance of Micellar Lipid in 
Normal and Fistula Rats 

Figure 1 shows the rate of uptake and 
clearance of the fed radioactive lipid mixture 
by the jejuna of sham-operated and bile fistula 
rats. Almost all of the mucosal radioactivity 
was in the neutral fraction, less than 5% being 
found as free fatty acid. In the sham-operated 
animals a maximal concentration of label in the 
gut wall was reached ca. 2-3 hr after introduc- 
ing the meal by stomach tube, after which it 
decreased and approached prefeeding levels by 
the end of a 6-8 hr period. This course of events 
corresponds to that noted by Gallagher et al. 
(11), who monitored the appearance of radioac- 
tivity in the lymph of normal rats after feeding 
a micellar solution of radioactive triolein. They 
found that the major part of the fat appeared in 
the lymph in the first 4 hr. In the bile fistula 
rats the initial uptake of radioactivity followed 
the course noted for the sham-operated con- 
trols. Instead of subsiding after the 3 hr period, 
the radioactivity in these animals continued to 
rise, although at a slower rate, and at the end of 
the 8 hr experimental period had reached twice 
the peak level of the intact rats. These results 
are also consistent with those of GaUagher et al. 
(11), who observed an abnormally low and 
delayed recovery of fat in the thoracic duct 
lymph of bile fistula rats. Clear-cut differences 
in fat absorption between control and bile 
fistula animals were also found recently by 
Rampone (12), who no t e d  that the fistula 
group retained more of the label in the gut wall 
after 8 hr than the normal group and that there 
was less lipid recovered in the lymph. 

Table I shows the distribution of radioactiv- 
ity among the neutral lipid, free fatty acid and 
phospholipid fractions recovered from the gut 
wall during the course of the experiments. At 
no time did the free fatty acid level exceed 5% 
in the normal animals, which suggested that 
esterification of the monoglyceride was not 
impaired. In the fistual animals, the proportion 
of the free fatty acid was much higher. The 
highest amount of radioactivity in the free fatty 
acid fraction occurred in the bile fistula rats 
sacrificed at the 8 hr time interval. There was, 
however, no comparable increase in the level of 
monoglyceride at 8 hr. Dietschy (13) has 
claimed that mucosal triglyceride synthesis is 
normal in bile fistula rats, but  this claim is 
based on rates of incorporation of fatty acid by 
tissue slices and may not  reflect the present 
circumstances. 

The impairment of clearance of mucosal fat 
by the bile fistula rat is further documented in 
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TABLE I 

Per Cent Distribution of Radioactivity in Mucosal Lipids a 
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Time, hr 

Triglycerides Diglycerides Monoglycerides Free Fatty Acids Phospholipids 

Sham Fistula Sham Fistula Sham Fistula Sham Fistula Sham Fistula 

2 72-+4 69+-3 8-+2 1 1 •  2+-0.5 3 •  5+-1 11-+3 13-+2 6-+3 
4 7S-+3 72+-2 10-+1 9 ~ 2  1-+0.5 2-+0.5 4 ~ 2  1 3 •  1 0 •  4 •  
8 71-+4 6 3 •  1 1 •  1 4 •  2-+1 1 •  4 ~ 2  18+-6 12-+3 4 •  

aEach figure represents the mean +-SEM of three animals. In each case a uniform portion of the jejunum 
(6 in.) was taken for determination. 

Table  II ,  wh ich  compare s  the  u p t a k e  of  radioac-  
t ivi ty by  adipose  tissue and  l iver in the  con t r o l  
and  bile f is tula animals.  A l t h o u g h  the  radioac-  
t ivit ies measu red  pe r  gram of  t issue do n o t  
al low the  ca lcu la t ion  of  the  ac tual  a m o u n t s  of  
fa t  ab so rbed  b y  the  two  types  of an imal  
p repa ra t ions ,  the re  remains  l i t t le  d o u b t  t h a t  the  
bile f is tula  an imal  has suf fe red  a severe impai r -  
m e n t  in  i ts  abi l i ty  to  p r oduce  or release 
chy lomic rons ,  w h i c h  cou ld  t hen  be cleared by  
the  l iver and  adipose  t issue in the  n o r m a l  
manne r .  

The  above  observa t ions  are s u p p o r t e d  by  
e lec t ron  mic rograph ic  evidence.  Micrographs  
p repa red  f r o m  the  in tes t ina l  m u c o s a  of  a 
n o r m a l  and  bile f is tula ra t  2 hr  a f te r  admin is t ra -  
t ion  of  the  e x p e r i m e n t a l  meal ,  showed  t h a t  
b o t h  p repa ra t i ons  c o n t a i n e d  large n u m b e r s  of  
l i n d  part icles ,  and  the re  was l i t t le  d i f ference  in 
the cha rac t e r  of  these  par t ic les  b e t w e e n  the  two  
prepara t ions .  Clearly absen t  f rom the  f is tula 
p repa ra t ions ,  however ,  were the  ex tens ive  ac- 
c re t ions  of c h y l o m i c r o n s  seen in the  in terce l lu-  
lax spaces of  the mucosa  of  the  con t r o l  animal .  
E l ec t ron  mic rographs  of  the  n o r m a l  and  the  
f is tula ra t  5 hr  a f te r  the  e x p e r i m e n t a l  meal  
showed  t h a t  the  n o r m a l  an imal  had  cleared 
m o s t  of  the fat  ou t  of  the mucosa l  cells by  this  
t ime,  as i nd ica t ed  by  the  absence  of  par t ic les  
f rom the  cell and  c h y l o m i c r o n s  f rom the  
in te rce l lu la r  spaces. There  was l i t t le  change  in 

the  appea rance  o f  the  e l ec t ron  mic rographs  
b e t w e e n  the  2nd  and  5 th  hr  fo l lowing  the  meal  
in the  bile f is tula  animals ,  as would  be  expec t ed  
f rom the  ana ly t ica l  da ta  p re sen ted  above.  

Effect of Phospholipids on Clearance 
of Mucosal Fat 

In  o rder  to  res to re  the  mucosa l  f o r m a t i o n  
and  release of  c h y l o m i c r o n s  in the  bile f is tula 
rat ,  the  e x p e r i m e n t a l  meals  were s u p p l e m e n t e d  
w i th  var ious  bile l ip id  c o m p o n e n t s  or the i r  
p recursors  in  a m o u n t s  c o m p a r a b l e  to  those  
suppl ied  by  n o r m a l  bile f low over  a 24 h r  
per iod.  Since the  e x p e r i m e n t a l  meals  a l ready 
inc luded  bile salts, w h i c h  had  n o  e f fec t  on the  
c h y l o m i c r o n  release at least ,  th is  aspect  of  the  
bile c o m p o s i t i o n  was n o t  f u r t h e r  examined .  
Table  III  shows the  e f fec t  of  add i t i on  of egg 
yo lk  lec i th in  (50  mg)  or cho l ine  (5 mg) on the  
a m o u n t  of  d ie tary  fa t  r e t a ined  by  the  m u c o s a  
of  the  bile f is tula  rat .  Fo r  th is  compa r i son ,  to t a l  

l ipid ex t rac t s  were p r epa red  f rom the  u p p e r  6 
in. of  the  j e j u n u m  5 hr  a f te r  the  meal .  In  b o t h  
ins tances  the  o b t a i n e d  c learance a p p r o a c h e d  
t h a t  n o t e d  for  the  s h a m - o p e r a t e d  animals .  
E l ec t ron  mic rographs  of  the  in te s t ina l  m u c o s a  
of  the  bile f is tula ra ts  t h a t  received lec i th in  or 
chol ine  a long w i th  t h e i r  fa t  meals ,  and  were 
p repa red  5 hr  a f te r  the  feeding,  s h o w e d  t h a t  
there  was an essent ia l ly  comple t e  d i sappearance  
of  the  fat  par t ic les  f rom the  mucosa l  cells. 

TABLE II 

Uptake of Radioactivity in Extrajejunal Tissues 
by Sham and Bile Fistula Rats a 

~-dpm/g Liver-+ *--dpm/g Adipose tissue---> 

Time, hr Sham Fistula Sham Fistula 

2 12,200 960 1,300 170 
+-1,900 -+400 +- 180 +-50 

4 15,300 1,280 2,260 190 
-+2,200 -+340 +- 340 -+40 

8 16,100 1,310 3,180 210 
-+2,300 +-400 -+ 310 +-60 

aValues  are means +- SEM from six rats. 
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T A B L E  III period.  This  impress ion  was s u p p o r t e d  by  elec- 
Fat in Jejunum after 5 Hours a t r on  micrographs ,  w h i c h  revealed fa t  l aden  cells 

in  the  in tes t ina l  mucosa  of  all the  f is tula 
Preparation Fat, mg an imals  5 hr  a f te r  feeding the  above expe r imen-  

Sham 91 +- 18 tal  meals.  The  add i t ion  of  p h o s p h a t i d y l  etlia- 

Fistula 396 -+ 32 
Fistula + PC 82 -+ 17 
Fistula + choline 87 + 22 

aEach figure represents the mean +SEM of six 
rats. A uniform portion (6 in,) of the upper jejunum 
was taken for determinations. 

Figure 2 shows t h a t  inc lus ion  of  e i the r  
lec i th in  or chol ine  in the  e x p e r i m e n t a l  meal  led 
to  a rapid  appea rance  of  rad ioac t ive  pa lmi t a t e  
in the  adipose tissue and  liver of  the  f is tula rats,  
wh ich  a p p r o a c h e d  the  rates  of  u p t a k e  n o t e d  for  
the  sham-ope ra t ed  animals .  I t  is n o t e w o r t h y  
t h a t  s u p p l e m e n t a t i o n  of  the  tes t  meal  wi th  
lec i th in  or free chol ine  also led to  a sl ightly 
increased  u p t a k e  of  r ad ioac t iv i ty  by  the  l iver 
and  adipose  t issue of  the  sham-ope ra t ed  ani- 
mals.  This  suggests t h a t  fa t  a b s o r p t i o n  m a y  n o t  
no rma l ly  p roceed  at  m a x i m u m  rates ,  unless  
d ie ta ry  cho l ine  or l ec i th in  is p resen t .  These  
obse rva t ions  suggest  t h a t  lec i th in ,  or at  least  
some c o m p o u n d  of  chol ine ,  is i n t i m a t e l y  in- 
volved  in c h y l o m i c r o n  f o r m a t i o n  and  release,  
p r e s u m a b l y  as a c o m p o n e n t  of  the  l i pop r o t e i n  
envelope.  This  conc lus ion  is in ag reemen t  w i th  
previous  s tudies ,  w h i c h  have es tab l i shed  t h a t  
m u c h  of  b o t h  d ie tary  and  bi l iary  lec i th in  is 
r ecovered  in the  c h y l o m i c r o n  m e m b r a n e  dur ing  
fat  abso rp t ion .  

The  inc lus ion  of  egg yo lk  p h o s p h a t i d y l  
e t h a n o l a m i n e  (50  mg),  cho les te ro l  (1%) or 
inos i to l  (5 mg) in the  tes t  meal  had  no  e f fec t  on 
the  c learance of fat  f r o m  the  in te s t ine  of the  
bile f is tu la  ra t  (Fig. 3). This  is ef fect ively  
i l lus t ra ted  by  the negligible a m o u n t s  of radioac-  
t ivi ty  de t ec t ed  in the  liver and  adipose  t issue of  
the f is tula  an imals  over  the  8 hr  e x a m i n a t i o n  

no lamine ,  cho les te ro l  and  inos i to l  to  the  meals  
of the  sham-ope ra t ed  an imals  also failed to 
show any  e n h a n c e m e n t  of  the  u p t a k e  of  radio-  
act ivi ty  by  the  liver or adipose  tissue. The  lack 
of  p r o m o t i o n  of mucosa l  c learance by  phospha -  
t idyl  e t h a n o l a m i n e  would  be expec ted ,  if  the  
e f fec t  is specific for  lec i th in ,  s ince i t  has  been  
a l ready r e p o r t e d  (14)  t ha t  the  in te s t ina l  mucosa  
lacks the  abil i ty to  conver t  p h o s p h a t i d y l  e tha-  
n o l a m i n e  in to  p h o s p h a t i d y l  cho l ine  via m e t h y l -  
a t ion.  The  lack of  e f fec t  of  inos i to l  on  the  
mucosa l  c learance of  l ipid is in  con t r a s t  to  i ts 
e f fec t  in  liver, where  inosi to l  is k n o w n  to  act  as 
a l ipo t rop ic  agent  (15) .  I t  is possible  t h a t  
the  a m o u n t s  of  cho les te ro l  requ i red  for  chylomi-  
c ron  f o r m a t i o n  and  secre t ion  are p r o b a b l y  
a l ready available to  the  in tes t ine ,  since i t  has 
been  r e p o r t e d  t h a t  cho les te rogenes i s  increases  
e ight- fold  in bi l iary divers ion (13) .  In any  
event ,  the  a m o u n t s  of  p h o s p h a t i d y l  e thano l -  
amine ,  p h o s p h a t i d y l  inos i to l  and  choles te ro l  
f o u n d  in the c h y l o m i c r o n  m e m b r a n e  are r a the r  
small  in compar i son  to the  c o n t e n t  of  lec i th in .  

Effect of Phospholipids on Biosynthesis 
of Mucosal Protein 

Table  IV gives the  resul ts  of  the  incorpora-  
t ion  of  radioac t ive  leucine  i n t o  the  mucosa l  
p ro te ins  of ever ted  sacs f r o m  fas ted  and  fat-fed 
n o r m a l  and  bile f is tula  animals .  I t  is seen t ha t  
the  specific activi t ies of  the mucosa l  p ro t e in  are 
ca. 30% lower  in the  fas ted bile f is tula rats ,  and  
t h a t  th i s  d i f ference  increases to  ca. 44%, w h e n  
compar i sons  are made  in the  fed animals .  I t  is 
possible  t h a t  the  syn thes i s  of  the  secre tory  
l ipopro te ins  is i n h i b i t e d  even more  comple t e ly  
t han  the  analysis of  the  specific activi t ies of  the  
to ta l  p ro t e in  would  indica te .  This  cou ld  n o t  be 

TABLE IV 

Effect of Phospholipids on Biosynthesis of Mucosal Proteins a 

Preparation Fasted animal Fed animal 

Sham 5,180 + 340 14,870 -+ 990 
Sham + PC 6,330 -+ 780 18,680 -+ 1,240 
Sham + Choline 6,690 +- 810 18,190 +- 1,380 
Fistula 2,670 +- 310 9,260 -+ 640 
Fistula + PC 6,750 + 840 17,230 + 1,760 
Fistula + Choline 7,190 + 680 18,470 -+ 1,590 

aEverted sacs were prepared from jejuna as described in Methods. Incubation flasks 
contained everted sacs in Krebs-bicarbonate buffer, pH 7.4 plus 14C-leucine (2x106 dpm). 
Reactions were carried out for 1 hr at 37 C in a Dubnoff metabolic shaker. Lecithin 
(50 mg) and choline (5 mg) were fed to animals as before and animals then sacrificed 
after 3 hr. Results represent mean of three experiments. 
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immediately ascertained, because the chylomi- 
cron proteins cannot be readily isolated in the 
absence of significant chylomicron release. The 
above results suggest that synthesis of protein 
in the normal fed animals is increased over that 
seen in the normal fasted animal and that the 
bile fistula preparation is unable to supply the 
increased needs for protein during fat absorp- 
tion, when either choline or lecithin is lacking 
in the diet or in the bile. Addition of lecithin or 
choline resulted in a restoration of the leucine 
incorporation to the levels noted in the sham- 
operated animals. Furthermore, the effect was 
more pronounced in the fistula animals that 
had received the experimental fat meal than in 
the fasting animals. 

The latter experiments suggest that the 
effect of lecithin or choline upon chylomicron 
formation and release is at least partially 
dependent upon an effective synthesis of secre- 
tory or membrane proteins, which accompany 
the fat globules as they leave the cell. This 
interpretation of the results is in agreement 
with the findings of Mookerjea (16), who 
claimed that the triglycefide accumulation in 
the livers of choline-deficient rats is due to an 
impairment in the biosynthesis of the lipopro- 
teins responsible for the transport of triglycer- 
ides out of the liver. Choline supplementation 
brought about an immediate release of the 
block in protein synthesis and secretion. 

DI SCUSSI ON 

From the results obtained, by both electron 
microscopy and measurement of uptake of 
radioactivity by extrajejunal tissues, it is obvi- 
ous that the absence of both dietary and biliary 
lecithin results in significant impairment of fat 
clearance from rat intestinal mucosa. Addition 
of either lecithin or choline caused a release of 
fat at a rate comparable to that of the control 
animals. To our knowledge, this is the first 
report that demonstrates a role for biliary 
lecithin in fat absorption. 

A function for lecithin in fat absorption was 
proposed in earlier studies. Sinclair (17) f i r s t  
suggested, in 1929, that a phospholipid was an 
obligatory intermediate in the absorption of 
fat. Frazer (18, 19) claimed that, in the absence 
of dietary choline, rats fed triglyceride accumu- 
lated fat in the intestinal mucosa, and that 
addition of dietary choline markedly enhanced 
fat clearance. Later, Augur et al. (20) reported 
that lecithin increased the digestibility and 
absorption of fat in man, while Tidwell (21) 
concluded that by counting chylomicra he 
could demonstrate a small increase in the rate 
of absorption when free choline is added to a 
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FIG. 2. Effect of lecithin (50 mg) and choline (5 
mg) on uptake of labeled lipid by liver and adipose 
tissue. A and B show effect of lecithin on uptake by 
liver and adipose tissue, respectively. C and D show 
effect of choline. Each point represents mean of six 
rats. Vertical bars are standard error of mean. 
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FIG. 3. Effect of phosphatidyl ethanolamine (50 
rag), cholesterol (1%) and inositol (5 rag) on uptake of 
labeled fat by liver. A shows effect of phosphatidyl 
ethanolamine on uptake by liver. B shows effect of 
cholesterol and inositol. Each point represents mean 
of six rats. Vertical bars are standard error of mean. 
Uptake of labeled fat by adipose tissue showed a 
similar pattern. 

fat meal. Tasker and Hartroft (22), using 
morphological techniques, were unable to con- 
firm the findings of either Frazer or Tidwell. In 
addition, Zilversmit et al. (23), using [32p],  
found that the turnover of mucosal phospholip- 
ids was low, which presumably ruled out their 
participation as intermediates in fat absorption. 
It could not  rule out a limited synthesis of 
lecithin necessary for chylomicron formation, 
much of which could proceed normally via the 
lysolecithin pathway. 

Of the phospholipids in rat chylomicrons, 
70-80% is lecithin (24). The fatty acid composi- 
tion of chylomicron lecithin has been shown to 
be rather constant and largely independent of 
the composition of the fatty meal given (25). In 
addition, Scow et at. (26) have concluded that a 
maximum of 40% of chylomicron lecithin was 
derived from dietary sources, even when the 
concentration of lecithin in the diet was two to 
three times that in the chylomicrons. Of the 
60% or more of the chylomicron lecithin which 
therefore came from endogenous sources, the 
bile would probably be a major contributor. If 

lecithin is important  in the total absorption 
process, one would expect an increase in its 
synthesis during absorption. Indeed Hiibscher 
et al. (27) found that, of all the phospholipids 
of the intestinal mucosa, only lecithin showed a 
five-fold increase in specific activity during fat 
absorption, as compared with carbohydrate-fed 
controls. 

It is possible that the various components of 
the bile have a distinct function in the different 
stages of fat absorption. The bile acids appear 
to aid absorption of monoglycerides and free 
fatty acids into the intestinal mucosa, while the 
lecithin moiety may be involved in secretion 
out of the intestine. This can be deduced from 
the present work along with the earlier studies 
of Morgan and Bbrgstrom (28) who showed a 
marked impairment in absorption into the 
intestine, if micellar solutions of dietary glycer- 
ides were made with phospholipids and not  bile 
salts. Rampone (12) has recently found, both in 
experiments where bile fistula rats were per- 
fused with a micellar solution of bile salt, 
monoglyceride and free fatty acid, and in 
experiments using everted sacs from small 
intestine of bile fistula rats, that absorbed lipid 
accumulated in the intestine. He concluded that 
bile contained one or more components that 
played a role in the phase of absorption 
involved with transport out of the mucosa. 
From the present studies, one such component 
would appear to be lecithin. Morgan (29) had 
previously claimed little difference in the 
lymphatic output of esterified fat between 
normal and bile fistula rats. In view of the 
present data, the lack of effect by biliary 
diversion observed by Morgan must have been 
due to lecithin which was present at the level of 
1.2% in the commercial emulsion. 

The importance of phospholipid in tat clear- 
ance can also be inferred from the work of 
Friedman and Cardell (30), who have reported 
the effects of puromycin on the structure of 
the intestinal mucosa during fat absorption. 
Puromycin treatment caused the absorptive 
ceils to accumulate increased quantities of lipid 
that were devoid of membrane during fat 
absorption, and, in addition, puromycin-treated 
cells contained much less rough endoplasmic 
reticulum and Golgi membranes. When such 
membranes were absent, the cell's ability to 
discharge chylomicra, was impaired and lipid 
accumulated. The findings of Friedman and 
Carde11 are in agreement with some biochemical 
evidence for inhibition of phospholipid synthe- 
sis by puromycin (1). In addition, Van den Berg 
and Hulsmann (31) have reported that even 
lack of the appropriate diglyceride lowered 
lecithin synthesis in the gut and that this 
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impaired chylomicron synthesis and release. 
Since phospholipid is an integral part of mem- 
branes, its biosynthesis must therefore be essen- 
tial for membrane formation. 

It is also obvious that the presence of 
lecithin or choline supports or stimulates m u c o -  

sal protein synthesis. This role of lecithin or 
choline in promoting protein synthesis in the 
gut is similar to the effect of phosphoryl 
choline in promoting protein synthesis in livers 
of normal and choline-deficient rats (32-33). 
The exact mechanisms by which biliary lecithin 
is involved in the formation and release of 
chylomicrons and the nature of its involvement 
in the synthesis of chylomicron protein must 
await further investigation. 
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ABSTRACT 

Compos i t i ona l  s tudies  have been  car- 
r ied ou t  to  c o m p a r e  the  m o n o e t h y l e n i c  
f a t ty  acid i somers  of a par t ia l ly  hydrogen-  
a ted  he r r ing  oil w i th  those  f o u n d  in the  
cardiac l ipid of  y o u n g  rats  fed this  oil for  
1 or 16 weeks.  In general ,  all geomet r ica l  
and  pos i t iona l  i somers  wi th  chain  lengths  
C16 , C18 , C20 and  C22 f o u n d  in the  
h y d r o g e n a t e d  oil were also observed  in 
cardiac lipid. Evidence was also ob t a ined  
for  the  occur rence  o f / 3 - 0x i da t i on  in the  
ca t abo l i sm of  the  cis and  trans i somers  of  
these  long  chain  acids. 

INTRODUCTION 

In the  pas t  few years  n u t r i t i o n a l  s tudies  have 
d e m o n s t r a t e d  t h a t  the  feeding of  par t ia l ly  
h y d r o g e n a t e d  oils c o n t a i n i n g  C22 fa t ty  acids to  
y o u n g  rats  resul ts  in  increased  depos i t i on  of  
cardiac f a t ty  acids (1,2) .  These  oils have been  
shown to  c o n t a i n  n u m e r o u s  geomet r ica l  and 
pos i t iona l  m o n o e t h y l e n i c  i somers  (3,4) .  Lit t le,  
however ,  is k n o w n  of  the  i somers  in  the  
depos i t ed  l ipid in r e l a t ion  to  those  p resen t  in 
the  d ie ta ry  oil. To gain this  i n f o r m a t i o n ,  
c o m p o s i t i o n a l  s tudies  have been  carr ied ou t  on  

1 Presented at the AOCS Meeting, Ottawa, Septem- 
ber 1972. 

a par t ia l ly  h y d r o g e n a t e d  he r r ing  oil and on the  
cardiac l ipids of  y o u n g  rats  fed this  oil for  1 
week (per iod  of  m a x i m u m  lipid dePOsit ion) or  
for  16 weeks. 

EXPERIMENTAL PROCEDURES 

Male weanl ing  rats  were fed a tes t  die t  
con ta in ing  20% oil, compr i s ing  par t ia l ly  hydro -  
gena ted  her r ing  oil and  l iquid  co rn  oil (3 :1 ) .  A t  
1 and  16 weeks hear t s  were r emoved  and  
ex t r ac t ed  for  lipids. Details  of  these  p rocedures  
have been  descr ibed previous ly  (2).  

Pooled lipids f r o m  five hear t s  at  each  t ime  
interval  were conve r t ed  to  m e t h y l  esters w i th  
sulfuric ac id -me thano l -benzene  and  ana lyzed  by  
gas l iquid c h r o m a t o g r a p h y  (GLC).  Methy l  es- 
ters  were sepa ra ted  i n t o  f r ac t ions  accord ing  to  
chain  l eng th  by  prepara t ive  GLC. F rac t ions  
were subsequen t l y  s tud ied  by  GLC, separa ted  
by  silver ion t h in  layer  c h r o m a t o g r a p h y ,  and  
pos i t iona l  i somers  d e t e r m i n e d  by  micro-  
ozonolysis .  These  t echn iques  were as descr ibed  
previously  (3).  

RESULTS 

The  fa t ty  acid compos i t i ons ,  in t e rms  of  
cha in  length ,  of  the  cardiac  l ipids of  con t ro l  
and  e x p e r i m e n t a l  animals  are s h o w n  in Table  I. 
These  da ta  are in  accordance  wi th  previous  

TABLE I 

Fatty Acid C o m p o s i t i o n  o f  Control and Experimental Cardiac Lipids at 1 and 16 Weeks 

Area % c o m p o s i t i o n  a 

1 Week 16 Weeks  

Fraction b Control c Experimental Control Experimental 

14 0.3 1.3 0.3 0.8 
16 16.1 11.7 13.2 12.0 
18 48.0 40.0 51.9 51.3 
20 21.3 (1.0) d 24.7 (13.5) 23.3 (1.9) 27.1 (5.3) 
22 14.2 (-) 22.3 (15.7) 11.3 (0.4) 8.8 (3.1) 

Fatty acids, mg/g heart 
mg/g heart 19.4 48.6 16.2 19.2 

aSE30 column. 
bFractions according to chain lengths. Small amounts of odd and branched chain acids 

are i n c o r p o r a t e d  with previous major fraction. 
CControl  animals were fed a similar diet containing 20% lard and corn oil (3: ~ ). 
dFigures in parentheses  refer  to  per cent monoene of total methyl esters.  These  data 

were obtained on a DEGS column after preparative gas liquid chromatography. 
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Chain  
l eng th  

L i p i d  
s o u r c e  

C o m p o s i t i o n  o f  a ldehyde -es t e r s ,  tool% 

5 6 7 8 9 10 11 12 13 14 15 

16 

18 

20 

22 

H H O  a (7 .5%) b 
t r a n s  (37%)c ,  d 
c l s  (63%)  

lW (1.0%) 
t r a n s  (53%)  
c l s  (47%)  

16W (2 .7%)  
t r a n s  (55%)  
c~s  (45%)  

H H O  (13 .1%)  
t r a n s  (35%) 
c t s  (65%)  

l W  (15 .1%)  
t r a n s  (23%)  
c~s  (77%)  

16W (16 .7%)  
t r a n s  (34%)  
CtS (66%)  

H H O  (19 .9%)  
t r a n s  (33%)  
c t s  (67%)  

l W  (13 .5%)  
t r a n s  (20%) 
cls (80%) 

16W (5 .3%)  
t r a n s  (19%)  
c,s (81%) 

H H O  (29 .0%)  
t r a n s  (32%) 
c t s  (68%) 

l W  (15 .7%)  
t r a n s  (27%)  
c l s  (73%)  

16W (3 .1%) 
t r a n s  (26%)  
c t s  (74%)  

1 1 2  4 14 45 14 6 3 1 . . . . .  
- -  2 3 5 80 5 4 1 . . . . . . . .  

22 11 5 20 26  7 6 2 1 . . . .  
- -  6 1 2  8 6 1  5 4 2 2 . . . . .  

14 9 6 13 34 12 6 4 2 - -  - -  
3 3 11 5 66 5 4 2 1 . . . .  

- -  ~ 5 11 40  17 17 7 3 . . . . .  
- -  - -  6 ' 3  6 6  3 1 6  3 3 . . . .  

6 3 11 10 39 7 12 6 3 3 - -  
- -  - -  11 4 63 2 18 1 1 . . . . . .  

4 3 14 8 41 5 10 8 3 4 --- 
. . . . .  13 2 57 1 25 1 1 . . . . . .  

. . . . .  3 9 15 50 15 5 2 1 

. . . . . . . .  1 10 4 75 5 5 . . . . .  

. . . . . .  4 4 25 16 32 10 6 3 --- 

. . . . . .  I 2 25 4 56 4 7 . . . . . .  

. . . . .  2 3 14 14 40  16 7 4 --- 

. . . . . . . .  2 28 3 56 4 8 . . . . .  

. . . . . . . . . .  2 15 57 17 6 2 1 

. . . . . . . . .  2 3 82 4 9 . . . . .  

. . . . . . . .  6 12 56 15 9 2 --- 

. . . . . . . . .  3 4 83 4 6 . . . . . .  

. . . . . . . .  5 15 52 16 10 2 --- 

. . . . . . . .  3 5 80 4 8 . . . . .  

a H H O  re fe r s  to  par t ia l ly  h y d r o g e n a t e d  he r r i ng  0il; lW and  16W re fe r  t o  card iac  l ip ids  at 1 and  16 
w e e k s ,  r e spec t ive ly .  

b F i g u r e s  in p a r e n t h e s e s  a f t e r  H H O ,  l W  and  16W re f e r  to  p e r c e n t a g e  o f  m o n o e n e  in to ta l  m e t h y l  
esters .  

CFigures  in p a r e n t h e s e s  a f t e r  c i s  and  t r a n s  r e f e r  to  pe r  cen t  w i t h i n  m o n o e n e .  

dAll s i lver  ion th in  l aye r  c h r o m a t o g r a p h y  s e p a r a t i o n  and  ozono lys i s  r e a c t i o n s  were  ca r r i ed  ou t  in  
dup l ica te ,  e x c e p t  w i t h  f r a c t i o n  16 where  i n s u f f i c i e n t  ma te r i a l  was  avai lable.  

observations (1,2), in that they show the 
increased deposition of cardiac fatty acids in 
experimental animals (48.6 mg/g heart) com- 
pared to controls (19.4 mg/g heart) at 1 week; 
whereas at 16 weeks values for experimental 
animals approach those of the controls. Also 
both C20 and C22 monoenes show relatively 
high values at 1 week and fall off to lower levels 
at 16 weeks. At both time periods, however, 
these values are appreciably higher than corre- 
sponding controls. 

Table II summarizes the monoethylenic iso- 
mers found in the dietary oil and in the cardiac 
lipids at both time periods, for the C 16, C18, 
C20 and C22 chain lengths. 

In the C 2 2  monoenes, all major isomers 
present in the dietary oil can be observed in the 
cardiac fatty acids at 1 and 16 weeks. Further, 
although there is considerable difference in the 
amounts of monoene involved at 1 and 16 
weeks, the relative proportions of positional 
isomers within the cis series are similar at these 
two periods and are comparable to proportions 
observed in the original oil. Similar consider- 
ations apply to relative proportions of posi- 
tional isomers within the t r a n s  series. These 
observations demonstrate that within each geo- 
metric series all isomers are similarly deposited. 
The fact that t r a n s  percentages are similar at 1 
(27%) and 16 weeks (26%) but are lower than 
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that (32%) in the dietary oil does, however, 
indicate differences between geometrical iso- 
mers. 

With the C20 monoenoic isomers, again, 
trans percentages are similar at 1 and 16 weeks 
but are lower than that in the oil fed. A major 
point of interest in these data is the increase in 
proportion of the C20 A9 isomers in both 
geometric series at both time intervals. These 
isomers probably derive from/3-oxidation of the 
major C22 A l l  isomers. The C20 A7 isomers, 
which were not  found in the original oil, would 
be derived in a similar manner from the C22 A9 
isomers. 

In the octadecenoic and hexadecenoic iso- 
mers, a continuation of this /3-oxidation se- 
quence can be observed by the increase in 
proportion of the C 1 8 A7 and C16 z~5 isomers, 
respectively. With the C16 /X5 isomers, how- 
ever, it should be noted that the increase in 
proportion in the trans series appears greater 
than that in the cis series. Similar consider- 
ations hold for the C 18 A5 isomers. 

In both the C 18 and C 16 chain lengths, the 
relative deposition of geometric isomers is 
considerably different from that observed in 
the C20 and C22 chain lengths. In the C18 
isomers there is an initial drop in trans percent- 
age at 1 week, as was observed with the longer 
chain fractions. However at 16 weeks the trans 

percentage increases to a level similar to that in 
the dietary oil. In the C16 isomers t rans  
percentages are similar at 1 and 16 weeks, but 
in this case are higher than in the herring off. 

DISCUSSION 

From the present results it would appear 
that, on a qualitative basis, most of the mono- 
ethylenic isomers present in the chain lengths 
C16-C22 in the dietary oil are also found in 
cardiac lipid. Also, in the docosenoic isomers, 
all isomers within each geometric series are 
similarly deposited. The relative proportions of 
cis and trans isomers, however, appear to vary 
throughout the chain lengths C16-C22, giving 
no consistent pattern, and are a probable 
consequence of differences in absorption as 
well as metabolism. 

The results do provide evidence for the role 
of r-oxidation in the catabolism of dietary 
docosenoic acids in both their cis and trans 

forms: C22 A l l  -+ C20 A9 -+ C18 A7 -+ C16 
A5. 

This confirms and extends the work of Craig 
and Beare (5) and Carreau et al. (6), who 
presented evidence for the/3-oxidation in rats of 
the cis isomers of C22 A l l  and C22 A13, 
respectively. The former authors (5) were un- 
able to detect the C16 A5 cis isomer in their 
study, and the present results would tend to 
support this observation since only a small 
proportion is observed. However the C16 A5 
trans isomer is found in the present study as a 
significant proportion of  the C 16 trans isomers. 
It is interesting to speculate that this isomer 
may represent a block in the /3-oxidation 
sequence similar to that described by Wille- 
brands and Van der Veen in their studies on the 
metabolism of elaidic acid in the perfused rat 
heart (7). These authors reported an accumu- 
lation of the C 12 A5 trans isomer and specu- 
lated that the 0tfl dehydrogenation step was 
perhaps inhibited in the case of A5 trans 

isomers by steric hindrance. 
Similar considerations would apply to the 

CI 8 A5 trans isomer, which would derive from 
C22 A9 trans isomer after two cycles of 
/3-oxidation. 
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Application of Silica GeI-Sintered Plate to Thin Layer 
Lipid Chromatographic Analysis1,2 
T. ITOH, M. TANAKA and H. KANEKO, Division of Chemistry, School of 
General Studies, Kitasato University, 1-Asamizodai, Sagamihara-shi, 
Kanagawa-ken, Japan 228 

A B S T R A C T  

The merits and disadvantages of using 
the silica gel-sintered plate for lipid chro- 
matographic  analysis were investigated in 
detail. The commerc ia l ly  available sin- 
tered plate could  be used repeatedly,  
employ ing  the recondi t ion ing  procedure  
which involved chromic-sulfuric  acid 

1presented in part at the Japan Oil Chemists' 
Society 20th Annual Meeting, Tokyo, November 1972. 

2The following abbreviations are used in this 
paper: TLC, thin layer chromatography; PA, phos- 
phatidic acid; PS, phosphatidylserine; PC, phospha- 
tidylcholine; LPC, lysophosphatidylcholine; PI, phos- 
phatidylinositol; SPM, sphingomyelin; PE, phospha- 
tidylethanolamine; PG, phosphatidylglycerol; CL, 
cardiolipin; CMH, ceramide-monohexoside; CDH, cer- 
amide-dihexoside; CTH, ceramide-trihexoside; NL, 
neutral lipid. 

t r ea tment  and subsequent  activation.  The 
recondi t ioned  sintered plate has now 
been used successfully 20 t imes,  for lipid 
analysis wi thou t  any deter iora t ion of  the 
excel lent  resolut ion power  for complex  
lipid mixtures  for  all the solvent systems. 
Since the sintered plate is s turdy,  the 
chromatop la te  could  be immersed  di- 
rect ly in the l iquid react ion mixture ,  so 
that  spots on the chromatogram could be 
seen and impregnated  plates prepared 
simply. The sintered plate was found to 
be much  more economica l  than the silica 
gel-coated plate. 

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

TLC using silica gel coatings has been an 
essential tool  in lipid analysis, and the tech- 

FIG. 1. Separation of reference neutral lipids on 
washed sintered plate. Chromatogram developed with 
system I. Detection of spots: charring with chromic- 
sulfuric acid spray. 1, 1-Monostearin; 2, diglycerides 
(upper spot 1,3-dipalmitin, lower spot 1,2-dipalmitin); 
3, cholesterol; 4, cetyl alcohol; 5, stearic acid; 6, 
triglycerides (prepared from olive oil); 7, diacyl 
glyceryl ether (1,2-dipalmitoyl 3-octadecyl glycerol); 
8, fatty acid methyl esters (methanolysis products 
from egg yolk phospholipids); 9, cholesteryl palmitate; 
10, squalane; 11, mixture of 1-10. 

FIG. 2. Two dimensional thin layer chromatogram 
of complex mixture of total lipid extract from yeast 
cells (Tricosporone cutanium KC 4-3) supplemented 
by LPC, SPM, PG and CMH on washed sintered plate. 
Chromatogram developed first with solvent system VI 
and then with solvent system VII. Detection of spots: 
charring with molybdenum blue spray. X1, X2, X 3 
and X 4 are unidentified lipids. 
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FIG. 3. Separation of mixture of cardiolipin and 
unidentified phospholipid, P(X), obtained from yeast 
cells on unwashed sintered plate. Solvent systems: (a)= 
(IX), (b) = (X), (c) = (VI). Detection of spots: charring 
with molybdenum blue spray. 1, PA; 2, CL + P(X); 3, 
CL. 

nique has been steadily improved with many 
modifications (1-3). 

Recently a new plate for TLC, made from a 
silica gel-fused glass powder mixture, has been 
developed and sold commercially under the 
trade name of "Replate" (4). 

The silica gel-sintered plate should theoret- 
ically have a number of advantages over the old 
coatings: it does not  contain any organic 
binders, is sturdy, and can be used repeatedly 
by soaking the chromatogram in cleaning solu- 
f ion-therefore new plates do not have to be 
prepared. 

The purpose of this study was to determine 
optimum conditions for lipid analysis using the 
plate. Our results show that the sintered plate is 
superior to the silica gel-coated plate for lipid 
TLC analysis, except for preparative TLC. 

MATERIALS AND METHODS 

Plate 

Silica gel-sintered plate: 26 x 76 mm and 50 
x 200 mm plates (commercially available sizes) 
and 100 x 125 mm plates (made for this 
experiment) were purchased from Yamato 
Kagaku Co., Ltd. (Tokyo). Each sintered plate 
was marked in the corner each time it was used. 
Sintered plates were reconditioned by immers- 
ing in chromic-sulfuric acid cleaning solution 
(saturated K2Cr 207 aqueous solution-concen- 
trated H2SO 4 1:1 v/v) overnight and then 
washing in tap water for 1 hr. Finally they were 
washed three times with distilled water, acti- 
vated at 120C for 2 hr, and stored in a 

FIG. 4. Thin layer chromatogram of fatty acid 
methyl esters on argentation-sintered plate. Chromato- 
g~am developed with petroleum ether-diethyl ether 
95:5 v/v. Detection of spots: charring with chromic- 
sulfuric acid spray. 1, Methyl stearate; 2, methyl 
elaidate; 3, methyl oleate; 4, methanolysis products 
from yeast lipid (Tricosporone cutanium KC 4-3) ; 5, 
mixture of 1-4. 

desiccator containing anhydrous calcium chlo- 
ride until  they were next used. 

Silica gel plate: 100 x 150 mm plates coated 
with either Silica Gel H (Merck) or Wako Gel 
B-5 (Wako Chemicals, Tokyo) were used as 
standards for comparison. 

Lipid Samples 

C8 to C18 even-numbered saturated fatty 
acids were supplied by Nippon Oil & Fat Co., 
Ltd. (Tokyo), and methyl elaidate by Nihon 
Chromato Co., Ltd. (Tokyo). Dipalmitin, cho- 
lesteryl palmitate, and dipalmitoyl glyceryl 
ether (5) were chemically synthesized. Other 
reference neutral lipids and some fat soluble 
vitamins were purchased from Wako Chemicals. 
PC, LPC, PE and SPM were prepared from egg 
yolk (6); PS and H were purified from beef 
brain and yeast cellular lipids, respectively (7). 
CL was obtained from T. Takahashi (Institute 
of Kitasato, Tokyo). Dipalmitoyl-PC was ob- 
tained from Sigma Chemical Co., Ltd. (Lon- 
don), and PG from Serdary Research Labs. 
(Ontario). Each phospholipid was homogeneous 
on thin layer chromatograms. CMH, CDH and 
CTH were obtained from S. Ando (Dept. of 
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Biochemistry, Tokyo Metropolitan Insti tute for 
Gerontology).  Total lipid extracts from yeast  
cells were obtained as described previously (8). 

Chemicals 

Organic solvents used for the analysis were 
further purified by distillation in an all-glass 
apparatus. Other organic and inorganic rea- 
gents, of analytical grade or the highest quality 
commercially available, were used without fur- 
ther purification. 

Industrial grade potassium dichromate and 
concentrated sulfuric acid were used for 
cleaning the used sintered plates. 

Developing Systems 

The following solvent mixtures were used: 
(I) petroleum ether-diethyl ether-glacial acetic 
acid 90: 10:1 v/v; (II) petroleum ether-diethyl 
ether-glacial acetic acid 50:50:1 v/v; (III) n- 
hexane; (IV) n-hexane-benzene I:1 v/v; (V) 
cyclohexane-diethyl ether 8:1 v/v; (VI) chloro- 
form-methanol-water 65:25:4 v/v; (VII) chloro- 
form-methanol-concentrated ammonia 65 : 35: 5 
v/v; (VIII) n-butanol-glacial acetic acid-water 
60:20:20 v/v; (IX) diisobutylketone-glacial ace- 
tic acid-water 45:25:5 v/v; and (X) chloroform- 
me thano l -ace tone -g lac ia l  acetic acid-water 
5:1:2:1:0.5  v/v. 

Detecting Reagents 

The following detecting reagents were used: 
chromic-sulfuric acid, concentrated sulfuric 
acid, iodine vapor, 2 ',7 '-dichiorofluorescein, 
phosphomolybdic  acid, oil red (9) and Sudan 
black staining reagent (10) (above for non- 
specific detection of lipids), ant imony trichlo- 
ride (for sterols), molybdenum blue (for phos- 
pholipids) (11), chlorox-benzidine (for amide 
linkage) (12), orcinol and anthrone (for gly- 
colipids), ninhydrin (for free amino groups), 
Dragendorff reagent (for choline) and Levine- 
Chargaff reagent (for choline staining) (13). 

RESULTS AND DISCUSSION 

A typical chromatogram of neutral lipids 
(each sample 1-10 /lg) on a sintered plate 
washed and activated by the cleaning and 
reconditioning procedure is shown in Figure 1. 
The washed sintered plate gave excellent resolu- 
tion for neutral lipids mixtures containing fat 
soluble vitamins and hydrocarbons using all the 
solvent systems for neutral lipids (solvent sys- 
tems MV). 

The mobil i ty of free fat ty acids on the new 
sintered plate (unwashed sintered plate) dif- 
fered from that on the washed sintered plate 
(Rf value of free fatty acid 0.14 for former and 

FIG. 5. Separation of C10-C18 saturated fatty 
acids by reversed phase partition chromatography on 
sintered plate. Stationary phase: kerosene. Solvent 
system: 90% acetic acid (saturated with kerosene). 
Detection of spots: dyeing by lead acetate-ammonium 
sulfide reagent. 

0.43 for latter),  some polar lipids showing a 
similar tendency. 

Since two dimensional TLC is an essential 
tool for the complete resolution of complex 
polar lipid mixtures found in nature, one of the 
purposes of this experiment was to see if the 
sintered plate could be used for two dimen- 
sional TLC. Figure 2 shows the separation of a 
complex mixture (ca. 70 #g) of total  lipid 
extracts from yeast  cells [Tricosporone cu- 
tanium KC 4-3), supplemented by LPC, SPM, 
PG and CMH. Combined developing systems VI 
and VII on washed sintered plates could clearly 
separate most of the naturally occurring com- 
plex phospholipids. X 1, X2, X3 and X 4 in 
Figure 2 were the unidentified lipids found in 
the yeast lipids extract  (to be discussed in a 
later paper). The washed sintered plate gave 
better  resolution of complex polar lipids mix- 
lures for  all combinations of solvent systems 
listed in Materials and Methods. However the 
mobilities of some acidic phospholipids such as 
PS, PI, PA and CL on unwashed sintered plates 
were different from their mobilities on washed 
sintered plates in solvent systems VI, VIII and 
IX. Various sodium salts present in the silica gel 
adsorbent greatly affect the mobil i ty of some 
phospholipids in TLC using silica gel coatings 
(14). The same phenomenon was observed on 

LIPIDS, VOL. 8, NO. 5 



262 T. ITOH, M. TANAKA AND H. KANEKO 

TABLE I 

Rf Values of Neutral Lipids on Washed Sintered Plates 

Substances 
Solvent systems 

I I a II IV l l I  V 

1-Monostearin Origin Origin 
Octadeeyt glyceryl ether Origin Origin 
1,2-Dip almitin 0.07 0.10 
1,3-Dip almifin 0.11 0.14 
Cholesterol 0.15 0.14 
Cetyl alcohol 0.22 0.18 
Stearic acid 0.43 0.14 
Trigiycerides 

(prepared from olive oil) 0.52 0.47 
Diacyl glyceryl ether 0.67 0.62 
Fatty  acid methyl esters 

(prepared from egg yolk phospholipids) 0.75 0.77 
Palmitoyl cholesterol 0.90 0.89 
Squalene 
Squalane 0.93 0.93 
Bee wax 0.93 0.93 
Vitamin E 
Vitamin A acetate  
Vitamin K 1 
Vitamin A palmitate 

0.15 
0.16 
0.61 
0.68 
0.57 
0.65 
0.82 

0.89 0.09 
0.09 

0.40 
0.73 0.02 
0.83 0.37 
0.88 0.82 
0.92 0.84 

0.56 
0.'72 
0.84 
0.91 

aon unwashed sintered plates. 

u n w a s h e d  s in te red  plates  and  s in te red  pla tes  
i m p r e g n a t e d  w i th  s o d i u m  b i ca rbona t e .  There-  
fore  the  silica gel on  n e w  s in te red  plates  
p r o b a b l y  con ta ins  var ious  s o d i u m  salts der ived 
f rom the  raw mater ia l  adso rben t .  This would  
expla in  the  d i f fe rence  in the  mobi l i t ies  of  acidic 
phospho l ip id s  and  fatty acids b e t w e e n  washed 
and  new  plates,  if  the  chromic-su l fu r ic  acid 
c leaning so lu t ion  cou ld  r emove  the  sod ium 
salts. By u t i l iz ing  the  charac te r i s t ics  of un-  
washed  s in te red  plates  and  s in te red  plates  im- 
p r e g n a t e d  w i th  sod ium b i c a r b o n a t e  (Fig. 3), we 
have sepa ra ted  CL and  an u n i d e n t i f i e d  phos-  
pho l ip id  f o u n d  in l ipid ex t rac t s  from yeas t  cells 
(Cry. neoformans CBS-132) (8).  

Since silica gel-coated pla tes  are fragile, i t  is 
necessary  to  spray the  c h r o m a t o g r a m  wi th  
po lyvinyl  a lcohol  (13)  before  p e r f o r m i n g  the  
l iquid  phase  reac t ion .  The  s in te red  p la te  was 
very  s tu rdy  and  cou ld  be i m m e r s e d  w i t h o u t  
special precautions in a number of  l iquid  
r eac t ion  mix tu res ,  such  as oil red s ta in ing  
so lu t ion  (9) ,  Sudan  black s ta in ing  so lu t ion  (10)  
and  Levine-Chargaf f  r e a g e n t  (13) .  Because i t  is 
p r o b a b l e  t h a t  the  l ipids on  the  c h r o m a t o g r a m  
would  reac t  more  u n i f o r m l y  w i th  the  reagent  in 
the  l iquid  phase  than  by  spray ing  m e t h o d s ,  this  
p r o c e d u r e  m a y  be applicable to  quan t i t a t i ve  
dens i tome t ry .  

Argen t a t i on - s in t e r ed  plates  were easily pre- 
pa red  by  immers ing  the  washed  s in te red  plates  
in 12.5% silver n i t r a t e  so lu t ion  and  ac t iva t ing  at  
120 C for  2 hr.  Figure 4 is a c h r o m a t o g r a m  of  
some f a t t y  acid m e t h y l  esters  on  the  argen- 

t a t ion - s in te red  plate .  
The  s in tered  p la te  p roved  useful  for  reversed 

phase  pa r t i t i on  TLC (Fig. 5). 
The  c h r o m a t o g r a p h i c  qual i t ies  of  the  sin- 

te red  plates  did  n o t  de te r io ra te  a f te r  t hey  were 
used 20  t imes,  and  we t h i n k  t hey  will s tand  up  
to m a n y  per iods  of  c o n t i n u o u s  use and  are 
t he r e fo re  very economica l .  

The  s in tered  pla te  is t he r e fo re  a s ignif icant  
d e v e l o p m e n t  for  silica gel TLC in e lect ro-  
phores is  and  quan t i t a t ive  analysis ,  excep t  for  
p repara t ive  TLC. 
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Lipoxygenase in Chlorella pyrenoidosa 
D.C. Z IMMERMAN 1 and B.A. VICK,  Department of Biochemistry, 
North Dakota State University, Fargo, North Dakota 58102 

ABSTRACT 

The presence of lipoxygenase enzyme 
is observed when cells of Chlorella pyr- 
enoidosa are homogenized under anaero- 
bic conditions. This is the first report of 
this enzyme in a lower form of plant life. 
The major product of Chlorella lipoxy- 
genase with linoleic acid as substrate is 
l 3-hydroperoxyoctadecadienoic acid. 

INTRODUCTION 

The enzyme lipoxygenase (EC 1.13.1.13) 
catalyzes the oxidation of linoleic acid and 
certain other polyunsaturated fatty acids, to 
form conjugated diene hydroperoxides, but its 
physiological function in plants remains a 
mystery. Early investigations indicated its pres- 
ence in a number  of leguminous and cereal 
seeds, and the enzyme from soybeans was 
extensively investigated (1). To the best of our 
knowledge, there has been no published report 
of lipoxygenase activity in algae. Our initial 
experiments to demonstrate the presence of 
lipoxygenase in green algae were unsuccessful. 
However, when care was taken to exclude 
oxygen from Chlorella pyrenoidosa cells during 
homogenization, activity could be observed 
with the homogenate. 

MATERIALS AND METHODS 

Chlorella pyrenoidosa (strain 211-8B) were 

lResearch Chemist, ARS, USDA, in cooperation 
with the North Dakota Agricultural Experiment Sta- 
tion. 
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FIG. 1. Activity curve for Chlorella lipoxygenase at 
different pHs. Rates were determined in 0.05 M 
buffers: pH 2.9-5.5, sodium citrate; pH 5.8-8.0, 
sodium phosphate; pH 8.9, sodium borate. 

grown in the light (10,000 lux) at 25 C in a 
modified Amon's  medium (2) and 1600 ml of 
cells (2.91 x 106 cells/ml) harvested during the 
log phase of growth. The cells were homoge- 
nized with 45 ml of glass beads (0.28 mm 
diameter) in 30 ml of deoyxgenated medium 
consisting of 0.2 M sucrose, 0.01 M NaCI and 
0.05 M sodium phosphate buffer, pH 7.4. The 
supernatant, after centrifugation at 1000 x g 
for 10 rain, was assayed directly or treated with 
saturated ammonium sulfate solution to make 
it 42% saturated. After centrifugation the pre- 
cipitate was suspended in 2 ml 0.05 M sodium 
phosphate buffer, pH 7.4 and added to 120 ml 
phosphate buffer containing linoleic or linole- 
nic acid (2.45 x 10 -4 M) emulsified with 0.25% 
Tween 20 (3). After 1 hr, 30 rain at 25 C, the 
mixture was acidified, extracted with petro- 
leum ether, and assayed for lipoxygenase reac- 
tion products by thin layer chromatography 

0 

0 Oo o 
0 o 0 

1 2 3 4 5 

FIG. 2. Thin layer chromatogram of the methyl 
ester reaction products of Chlorella lipoxygenase. 1. 
Linoleic acid hydroperoxide resulting from commer- 
cial soybean lipoxygenase (Sigma Chemical Co.). 2. 
Linoleic acid plus heat-inactivated Chlorella fraction 
(42% saturated ammonium sulfate precipitate). 3. 
Linoleic acid hydroperoxides resulting from incuba- 
tion of linoleic acid with Chlorella fraction. 4. 
Monohydroxy stearates produced by reduction of 
hydroperoxides in 3. 5. Methyl 12-hydroxystearate 
(upper spot) and methyl 9-hydroxystearate. Adsorbo- 
sil-5-silica gel with petroleum ether-diethyl ether-acetic 
acid 60:40:1 v/v solvent. Hydroperoxides were visual- 
ized by spraying with 0.1% N,N-dimethyl-p-phenylene- 
diamine in chloroform-acetic acid-water 5:5:l v/v. 
Other compounds were located by charring after 
spraying with a 70% sulfuric acid solution saturated 
with potassium dichromate. 
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(TLC). Reduction of hydroperoxides by so- 
dium borohydride was followed by hydrogena- 
tion with palladium on charcoal, esterification 
with 14% BF 3 in methanol and purification by 
TLC, as described previously (3). Mass spectro- 
graphs were obtained with a Varian M66 mass 
spectrometer (3). Lipoxygenase activity was 
determined by both the spectrophotometric 
method for conjugated diene (4) and by the 
colorimetric peroxide determination (5). 

R E S U L T S  

When extracts of Chlorella cells were pre- 
pared under aerobic conditions, there was no 
evidence of lipoxygenase activity. By homoge- 
nizing the cells under nitrogen in a deoxygen- 
ated medium, lipoxygenase activity was readily 
observed. Incubation of a crude extract with 
linoleic acid showed an increase in absorbance 
at 234 nm, followed by a decrease. Colori- 
metric peroxide determinations also revealed an 
increase followed by a decrease, indicating that 
the formation and loss of conjugated diene is 
accompanied by a formation and loss of hydro- 
peroxide. The loss of conjugated diene and 
hydroperoxide is believed due to the presence 
of a hydroperoxide isomerase (4), but positive 
identification of the reaction products has not  
been completed. Ammonium sulfate fractiona- 
tion of the 1000 x g supernatant yielded a 
fraction (42% saturated) that exhibited only 
lipoxygenase activity. This fraction was used 
for the data reported here. 

Chlorella lipoxygenase was active with both 
linoleic and linolenic acids, the latter ca. 30% 
more active than the former, but inactive with 
oleic acid. The variation of activity with pH 
revealed an optimum at 7.4 (Fig. 1). There was 
a trace of activity at pH 2, but none at pH 12, 
ruling out the possibility that the oxidation 
might be heine-catalyzed (6). In addition, 1.6 x 
10 .3 M sodium cyanide did not  inhibit the 
activity. Activity was destroyed by heating the 
extract for 2 rain at 100 C. Nordihydroguairetic 
acid, 2 x 10 -4 M, inhibited the lipoxygenase 
100%. Addition of 5 x 10 "4 M calcium chloride 
did not affect lipoxygenase activity. Lipoxy- 
genase activity of the crude extract was +2.5 
A234/min mg fresh weight of algal cells with 
linoleic acid substrate. This is the same order of 
magnitude as flaxseed lipoxygenase. 

The products formed on incubation of the 
Chlorella 42% ammonium sulfate fraction with 
linoleic acid were isolated and analyzed by 
TLC. The results (Fig. 2) show that this 
fraction converts linoleic acid to hydroperoxide 
derivatives. When the hydroperoxides were re- 
duced to their corresponding hydroxystearates 
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FIG. 3. Top: partial mass spectrum of major 
product of linoleic acid oxidation by Chlorella lipoxy- 
genase, after reduction (Fig. 2, column 4, upper spot). 
Bottom: partial mass spectrum of minor product of 
linoleic acid oxidation by Chlorella lipoxygenase, after 
reduction (Fig. 2, column 4, lower spot). 

and spotted on a thin layer plate, the Rfs 
corresponded to those of monohydroxy deriva- 
tives. 

Mass spectrometry of the major monohy- 
droxy derivative isolated by TLC revealed mass 
peaks 211, 214 and 243 of methyl 13-hydroxy- 
stearate (Fig. 3)(3). The origin of mass peaks 
222, 227 and 239 is not  clear, although they 
have been observed by others in mass spectra of 
hydroxy methyl stearates (7). Dehydration in 
the fatty acid chain followed by loss of a 
(CH2-CO-OCH 3 + H +) fragment can account 
for their appearance. Mass peaks 155, 158 and 
187 of methyl 9-hydroxystearate were obtained 
from the monohydroxy derivative immediately 
below the major compound (Fig. 2). The 
products of Chlorella lipoxygenase activity with 
linoleic acid appear to consist of ca. 80% 
13-hydroperoxyoctadecadienoic acid and 20% 
9-hydroperoxyoctadecadienoic acid, based on 
the separation obtained on thin layer plates 
(Fig. 2). 

The function of lipoxygenase in plants is still 
undetermined. Although several possibilities 
have been suggested, none have been positively 
defined. The variety of products obtained with 
soybean lipoxygenase under anaerobic condi- 
tions in vitro has recently been reported (8), 
and the availability of molecular oxygen in vivo 
is a major consideration in assigning a physio- 
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logical role for the enzyme. Hopefully this 
report of lipoxygenase in the green alga Chlo- 
rella pyrenoidosa will provide a stimulus for 
further research by others in this area. 
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Mass Spectra of Prostaglandins" II. Trimethylsilyl and 
Alkyloxime-Trimethylsilyl Derivatives of Prostaglandins 
B 1 and B21 
B.S. MIDDLEDITCH and D.M. DESIDERIO, 2 Institute for Lipid Research and 
Department of Biochemistry, Baylor College of Medicine, Houston, Texas 77025 

ABSTRACT 

The mass spectra of the trimethylsilyl 
ester trimethylsilyl ether derivatives of 
prostaglandins B1 and B2, and of their 
O-ethyl and O-methyl oximes are re- 
ported and discussed. The high resolution 
spectra of these compounds are also 
considered. These spectra are compared 
with those of the corresponding dg-tri- 
methylsilyl derivatives and of the selec- 
tively labeled trimethylsilyl ester dg-tri- 
methylsilyl ethers. The base peaks of the 
spectra of the trimethylsilyl derivatives 
are formed by sequential loss of CsH 1 
(by cleavage of C-15/6) and of CO (from 
the ring). The spectra of the oxime-tri- 
methylsilyl derivatives are dominated by 
ions resulting from loss of the alkoxy 
group of the oxime moiety. 

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

Prostaglandins of the E series are, by virtue 
of their 1,2-ketol moieties, thermally somewhat 
unstable. They are readily converted to the 
corresponding prostaglandins of the B series by 
treatment with bases (2-7) and, as such, are 
more amenable to vapor phase methods of 
analysis (8). In continuation of our studies (1) 
of the mass spectrometry (MS) of trimethylsilyl 
(TMS) derivatives of prostaglandins and their 
methyl oximes (MO) and ethyl oximes (EO), 
we now report on these derivatives of the B 
series. All elemental compositions were con- 
firmed by high resolution data. 

RESULTS A N D  DISCUSSION 

The TMS derivatives of prostaglandins B 1 (I) 
and B 2 (II) give a single peak on gas chromatog- 
raphy (GC). In contrast to those of the A series, 
the MO-TMS (III, IV) and EO-TMS (V, VI) 
derivatives also afford a single peak. It is 
possible that syn and anti isomers have similar 
retention times, but it seems more likely that 
only one is formed, for stereochemical reasons. 

1 For Part I, see Reference 1. 
2Fellow of the Intra-Science Research Foundation 

(1971-75). 

This is an important factor for quantitative 
analytical work, since it may lead to increased 
sensitivity. 

Since the spectra of the TMS derivatives 
(Figs. 1-2) are strikingly different from those of 
the MO-TMS (Figs. 3-4) and EO-TMS (Figs. 
5-6) derivatives, it is convenient to discuss each 
class of compound in turn. 

TMS Derivatives 

The mass spectrum of PGA 1-TMS (I) is given 
in Figure 1, and the spectrum ofPGA2-TMS (II) 
in Figure 2. The molecular ions are of moderate 
intensity (I: m/e 480, 34%; lI: m/e 478, 35%), 
and they can lose a methyl radical to afford 
relatively abundant [M-151 + ions (I: m/e 465, 
22%; II: m/e 463, 30%). The presence of the 
15-trimethylsilyloxy group promotes the loss of 
CsHl l  by cleavage of C-15/16 (1), leading to 
the formation of ions of m/e 409 (I, 29%) or 
m/e 407 (II, 20%). Elimination of trimethyl- 

X O 

I'1; , ; I .  1; 1, ,61  19 

OTMS 

I : X = O  
III: X = NOMe 

V :  X = NOEt 

Structures of PGB 1 TMS derivatives. 

x o 

OTMS 

II: X = O 
IV: X = NOMe 
VI: X = NOEt 

Structures of PGB 2 TMS derivatives. 
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FIG. 1. Mass spectrum (22.5 eV) of TMS derivative of prostaglandin B 1 (I). 

lOO 

5O 

~: 25 

0 0 

~ OTMS 305 

OTMS 
173 

73 203 215 

50 100 150 200 250 300 

m/e 

I . . . . . .  
350 

379 

388 463 478 

Li 
400 450 500 

FIG. 2. Mass spectrum (22.5 eV) of TMS derivative of prostaglandin B 2 (II). 
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FIG. 4. Mass spectrum (22.5 eV) of MO-TMS derivative of prostaglandin B 2 (IV). 
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FIG. 6. Mass spectrum (22.5 eV) of EO-TMS derivative of prostaglandin B 2 (VI). 

silanol from the molecular ions to give [M-90] + 
ions (I: m/e 390, 8%; II: m/e 388, 33%) and 
subsequent loss of a methyl  radical to afford 
ions of m/e 375 (I, 5%) and m/e 373 (II, 9%) 
also take place. Elimination of trimethylsilanol 
from the [ M-71 ] + ions provides ions of only 
low intensity (I: m/e 319, 2%; II: m/e 317, 
7%). 

Each of these ions is also present in the 
spectrum of  the TMS derivative of prostaglan- 
din A] (1). In the spectra of TMS derivatives of 
prostaglandins of the B series, there are certain 
additional characteristic fragmentations. The 
base peak of each spectrum is formed by 
elimination of CO from the [M-71] + ion (I: 
m/e 381, II: m/e 379). The analogous fragmen- 
tation of the corresponding derivative of pros- 
taglandin A1 gives rise to such an ion in much 
lower abundance (1), but it  seems likely that  
similar mechanisms apply, the CO being lost 
from the ring carbonyl group. I t  should be 
noted that CO is also lost from the [M-90] + ion 
of I, to yield a relatively weak ion of m/e 362 
(6%). Weak ions are also formed by loss of  HCO 
from the molecular ions (I: m/e 451, 6%; II: 
m/e 449, 5%). I t  appears that  these ions also 
involve loss of the ring carbonyl  group, but  
with an additional hydrogen atom. 

The fragmentations so far discussed account 
for the major ions in the spectrum of I, but  
additional intense ions are seen in the spectrum 
of II. The extremely abundant ion of m/e 305 
(78%) is apparently formed by cleavage of 
C-14/15, with charge retention on the larger 
fragment. This ion can eliminate trimethylsil- 
anol to yield the ion of m/e 215 (23%). The 
rationale for the cleavage of C-14/15 and the 
reason for the influence of the AS-bond on this 
fragmentation mode are uncertain. A formal 
possibility for this fragmentation mode is 
shown in Scheme 1. Format ion of the ion of 
m/e 173 (49%) by cleavage of C-14/15 is 
probably also aided by simultaneous produc- 
tion of a relatively stable neutral  particle of 305 
mass units. 
MO-TMS and EO-TMS Derivatives 

The mass spectra of compounds III-VI are 

25.1 

given in Figures 3-6, respectively. The base 
peaks in each of these spectra are formed by 
loss of the alkyloxy group of the oxime moiety 
from the molecular ion (m/e 478: III,  37.5%, 
V, 39.5%; m/e 476: IV, 33.1%, VI, 25.1% 
Z40). The large contributions of these ions to 
the total  ion current (Z40) ,  and the fact that 
only one of the syn-anti isomers is seen, 
indicate that  MO-TMS derivatives should be 
considered for specific ion monitoring (8,9) of 
prostaglandins of the B series. 

O O ~ OTMS 

6TMS 

O O 

~ O T M S  

OTMS 

O O ~ OTMS 

m/e 305 

Scheme 1. 
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RON- + 

//R' 

OTMS 

RO..  

Scheme 2. From Ilia, IIIb: R = Me, R '  = 
(CH2)6CO2TMS; m/e 336. From IVa, IVb: R = Me, 
R '= CH2CH=CH(CH2)3CO2TMS ; m/e 334. From Va, 
Vb: R = Et, R '=  (CH2)6CO2TMS; m/e 350. From 
Via, VIb: R - Et, R '= CH2CH=CH(CH2)3CO2TMS; 
m/e 348. 

Each  of  the  o the r  ions  in the  spect ra  is of 
low relative a b u n d a n c e  w h e n  c o m p a r e d  wi th  
the  base peak,  b u t  several c o n t r i b u t e  3-4% to 
the  to ta l  ion  cur ren t .  The  molecu la r  ions  (III:  
m /e  509, 8%; IV: m /e  507,  11%; V: m / e  523,  
9%; VI: m /e  521,  14%) each  lose a m e t h y l  
radical  f r o m  the  es ter  TMS group to yield 
[M-15] + ions (III: m /e  494,  12%; IV: m / e  492,  
7 % ; V :  m/e  508,  10%;V I :  m/e  506,  6%). 

Also p resen t  in the  spec t ra  are the  expec t ed  
ions of  the  type  [M-71]  + (loss of  C 5 H l l  by 
scission of  C-15 /16) ,  [M-90] + (e l imina t ion  of 
t r ime thy l s i l ano l ) ,  and  ions f o r m e d  by successive 
loss of  the a lkoxy group  of  the  ox ime m o i e t y  
and  e l imina t ion  of  t r ime thy l s i l ano l  ( m / e  388:  
III, 8%, V, 5%; m/e 386: IV,  7%, VI, 8%). 

I t  was p o s t u l a t e d  t h a t  loss of 173 mass  un i t s  
(C-15/20 ,  w i th  subs t i t uen t s )  f rom the  molec-  
u lar  ion  of  II t o o k  place w i th  pa r t i c ipa t ion  of 
the  As  bond ,  as shown in Scheme 1. There  was 
no  analogous  f r a g m e n t a t i o n  of  I. The  spec t ra  of 
the  MO-TMS and  EO-TMS derivatives of pros-  
taglandins  of  the  B series all con t a i n  [M-173] + 
ions w h e t h e r  or no t  a As b o n d  is p resen t :  (III:  
m/e 336,  2%; IV: m /e  334,  5%; V: m / e  350,  
3%; VI: m / e  348,  5%). The  pa r t i c ipa t ion  of the  
oxime group in the  f o r m a t i o n  of  these  ions m ay  
be r ep re sen t ed  as in  Scheme  2. I t  is possible,  

B.S. MIDDLEDITCH AND D.M. DESIDERIO 

also, t ha t  at least  par t  of the  [M-173]  + ions in  
the  spect ra  of  IV and  VI is f o r m e d  as in Scheme  
1. 

CONCLUSIONS 

The spect ra  of  p ros tag land ins  of  the  B series 
are qui te  d i f fe ren t  f r o m  those  of  the  A series, 
the  two series d i f fer ing only  in the  pos i t ion  of a 
doub le  bond .  Moreover ,  while  the  oxime-TMS 
derivat ives o f  the  f o r m e r  give on ly  one peak  on  
GC, the  l a t t e r  give two (10 ,11) .  

When the  spec t ra  of  the  TMS derivat ives of  
p ros tag land ins  of  the  A and B series are 
compared ,  i t  is f o u n d  t h a t  the  [M-99] + ions 
p r e d o m i n a t e  in  the  spect ra  o f  the  la t ter .  I t  is 
also seen t ha t  the  oxime-TMS derivatives of  the  
A series f r agmen t  more  r a n d o m l y  t h a n  those  of 
the  B series. 

EXPERIMENTAL PROCEDURES 

Pros tag landins  were o b t a i n e d  f rom J.E. Pike 
and  U. Axen  ( U p j o h n  Co., Ka lamazoo ,  Mich.)  
and  f rom K. Sano (Ono  Pha rmaceu t i ca l  Co., 
Osaka, Japan) .  

Derivatives were p repa red  as previously  de- 
scr ibed (1). 

Mass s p e c t r o m e t r y  was p e r f o r m e d  using 
LKB 9000  ( low reso lu t ion ,  GC-MS) an2 CEC 
21-110B (h igh  reso lu t ion ,  d i rec t  in se r t ion  
p robe )  i n s t r u m e n t s  as previously  descr ibed (1).  
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Dimorphotheca sinuata Lipoxygenase: Formation of 
13-L-Hydroperoxy-cis-9,trans- 11-Octadecadienoic Acid 
from Linoleic Acid 
H.W. GARDNER, D.D. CHRISTIANSON and R. KLEIMAN, 
Northern Regional Research Laboratory, 1 Peoria, Illinois 61604 

ABSTRACT 

Lipoxygenase (EC 1.13.1.13) from the 
seed of Dirnorphotheca sinuata oxidized 
l i n o l e i c  ac id  to  p r e d o m i n a n t l y  
13-L-hy  droperoxy-cis-9,trans-11-octa- 
decadienoic acid. When the reaction pro- 
ceeded at pH 6.9, the 13-hydroperoxide 
was the only isomer detected; but at pH 
5.1, the 13-isomer was 92% of the total, 
the remaining 8% being the 9-hydroper- 
oxide. At both pH's small amounts of 
hydroxyoctadecadienoic acid accumu- 
lated during the reaction. This acid from 
the pH 6.9 reaction was analyzed as 
1 3 - h y d r o x y - c i s ,  trans-octadecadienoic. 
The postulate advanced by many workers 
that dimorphecolic acid, 9-D-hydroxy- 
trans- 10,trans-12-octadecadienoic acid, is 
biosynthesized via a lipoxygenase product 
was not proved. Although the product 
specificity of D. sinuata lipoxygenase is 
like that of lipoxygenase type 1 from 
soybeans, its inactivity at pH 9 demon- 
strated that it is a novel enzyme. 

I NTRODUCTION 

Lipoxygenase (EC 1.13.1.13) from Dimor- 
photheca sinuata, formerly known as D. auran- 
tiaca (1), has not  been reported previously. 

Our research with Dimorphotheca was 
prompted to evaluate the postulate that dimor- 
phecolic acid, the predominant fatty acid in the 
glycerides of the seed oil (1), is derived from a 
lipoxygenase product. Others (1-3) have already 
speculated on the possible involvement of 
lipoxygenase in the biosynthesis of dimorphe- 
colic acid, 9-D-hydroxy-trans-lO,trans-12-octa- 
decadienoic acid. Both corn (3) and potatoes 
(4) contain lipoxygenases that oxidize linoleic 
acid to a potential dimorphecolic acid precur- 
sor, 9-D-hydroperoxy-trans-l O,cis-12-octadeca- 
dienoic acid. Hydroperoxide can be converted 
to hydroxyl with reducing agents of low poten- 
tial, such as have been proposed for lipoxy- 
genase in wheat dough through oxidation of 
SH-groups (5). Isomerization of the cis, trans 
double bond to the more thermodynamically 
stable trans, trans configuration occurs under 

1ARS, USDA. 

acidic conditions but is accompanied by posi- 
tional isomerization of the hydroxyl (6). That 
lipoxygenase may also be capable of producing 
a trans,trans isomer was suggested by the 
presence of 5% trans, trans isomer in the hydro- 
peroxides derived from corn lipoxygenase (3,7). 
Whether this compound was an artifact or an 
actual enzyme product is open to speculation. 

In working with D. sinuata lipoxygenase we 
found, instead of 9-D-specificity, that the oxi- 
dation was at the 13-L-carbon. This oxidation 
specificity is like that of the predominant 
soybean lipoxygenase activity which yields 
13 -L-hy d r o p e r o x y-cis-9,trans-11-oc tadecadi- 
enoic acid from linoleic acid (8,9). According 
to Christopher et al. (10,11), there are three 
lipoxygenase isoenzymes in soybeans of which 
at least one, lipoxygenase type 1, is known to 
produce only the 13-hydroperoxide (12). The 
type 1 enzyme has its optimum activity at pH 
9.5 (10). 

We report here a lipoxygenase activity that is 
like soybean lipoxygenase type 1 in product 
specificity, but dissimilar in pH optimum. 

METHODS 

Lipoxygenase Assay 

A water extract was prepared by homogeniz- 

"~ 0.02 
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FIG. 1. Effect of pH on Dimorphotheca sinuata 
lipoxygenase activity. Buffers: A, acetate; o, phos- 
phate; e, ammonium. 
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FIG. 2. Thin layer chromatogram of linoleic acid 
oxidation products. Solvent: isooctane-ether-acetic 
acid 50:50:1. A, unreacted linoleic acid; B, hydroper- 
oxyoctadecadienoic acid; C, hydroxyoctadecadienoic 
acid. B was positive to ferrous thiocyanate spray. 

ing hexane-defatted D. sinuata seed meal in the 
proportion of 7 g/100 ml. After centrifugation 
at 8000 g for 10 min, the resultant supernatant 
was fractionated with (NH4)2SO 4 at 0 C 
between 33 and 64% of saturation (13). The 
reaction mixture used to measure activity was 
0.28% Tween-20, 8.4 mM linoleic acid (intro- 
duced into the reaction vessel as the K salt), 
0.096 M buffer, and a quantity of (NH4)2SO 4 
fraction equivalent to 33 mg seed meal per 
milliliter. The buffers employed were Na ace- 
tate, acetic acid; KH2PO4, Na2HPO4; and 
NH4 OH, NH4C1. 

Activity was measured at 25 C by 02 uptake 

,/-1 

B 

I I I 

1200 1000 800 
Freq. [cm.-q 

FIG. 3. IR absorption of cis,trans double bonds of 
hydroperoxyoctadecadienoic acid (A) and hydroxy- 
octadecadienoic acid (B), which were isolated from 
lipoxygenase product mixture. A, 10% in CS2; B, 6% 
in CS 2 using 0.1 mm NaC1 cell. 

using an 02 electrode apparatus, Gilson Oxy- 
graph K-1C. The rate of 02 uptake in the 
appropriate endogenous control was subtracted 
from the maximum rate observed with linoleic 
acid added. 

Protein was determined by the method of 
Lowry et al. (14). 

Electrophoresis 

Lipoxygenase was separated on polyacryl- 
amide gel by the disc electrophoretic method 
(15), with the exception that the separating gel 
was 5.25% polyacrylamide modified to contain 
starch for iodometry (16). Before electropho- 
resis, the following aqueous extracts were pre- 
pared: 2 g D. sinuata meal, 1 g soybeans and 
180 mg lyophilized corn germ extract per 6 ml 
water. After centrifugation, the following quan- 
tities of supernatant were mixed with an equal 
volume of 40% sucrose: 30 111 D. sinuata, 7 tll 
soy (diluted five-fold with water) and 20 /11 
corn. The samples were then layered over 
large-pore stacking gels. AU other conditions 
were the same as reported by Gusse t  al. (16). 

After electrophoresis, the gels were im- 
mersed in a K linoleate (32 mM)-1% Tween-20 
solution at pH 9.2 for 30 min at room 
temperature to impregnate the gels with linole- 
ate and permit any lipoxygenase with a pH 9 
optimum to react. Next the gels were sub- 
merged in 0.2 M phosphate buffer (pH 6.4) for 
30 min to ensure that isoenzymes having a 
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lower pH opt imum would react. After incuba- 
tion the gels were stained with KI according to 
the method of Gusset  al. (16). 

P r o d u c t  Formation 

An (NH4)2SO 4 fraction of a seed meal 
extract was prepared as described in the Lip- 
oxygenase Assay Section and then taken up in a 
volume of either acetate or phosphate buffer. 
The buffered extract was transferred to a vessel 
of sufficient size to ensure good surface expo- 
sure, and the vessel was flushed with pure 
oxygen. A volume of  K linoleate-Tween-20 
solution was added with vigorous stirring which 
continued during the reaction time of 34 min at 
23 C. The final reaction mixture was 7.7 mM 
linoleic acid, 0.044% Tween-20, 0.1 M buffer 
and equivalent to 72 mg of the original seed 
meal per milliliter. 

The reaction was terminated by extraction 
of the fatty acids with triple the volume of 
chloroform-methanol 2:1. 

Derivatives 

Derivatives were synthesized by methods 
reported earlier (3). In certain experiments the 
hydroperoxyoctadecadienoic acid was hydro- 
genated directly to hydroxystearic acid in 
methanol with a 10% palladium catalyst on 
charcoal. Veldink (7) found that hydrogenation 
without prior use of agents to reduce the 
hydroperoxide was more reliable in retaining 
the original position of the oxygenated carbon. 

Trimethylsiloxy (TMS) derivatives of methyl 
hydroxystearates and hydroxyoctadecadienoic 
acid were prepared (17). 

Chromatography 

Thin layer chromatography (TLC) on Silica 
Gel G plates either 250 p or 1 mm thick was 
used to isolate products. The solvent employed 
to separate nonesterified compounds was redis- 
tilled hexane-ether-acetic acid 60:40:1. TLC 
scrapings of isolated products were slurried 
with chloroform-methanol 2:1 and filtered 
through a few centimeters of Mallinckrodt 100 
mesh silicic acid. 

The ratio of methyl 9 -and  13-hydroxystea- 
rates in mixtures was determined by TLC 
densitometry (3). 

Spectroscopy 

Optical rotation was measured by a Bendix 
Model 1169 automatic polarimeter at 546 nm 
in a 0.2 dm cell. Gas chromatography-mass 
spectrometry (GC-MS) was applied as described 
by Kleiman and Spencer (17). The GC peaks 
were sampled five times during elution to 
obtain mass spectra representative of the entire 
peak. All other spectra were determined as 
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Hydroxystearic acid (TLC isolate) 

~ CH2N2 

Methyl hydroxystearate 

~ Bis(trimethylsilyl} 
trifluoracetamide 

Methyl trimethylsiloxystearate 

Hydroperoxyoctadecadienoic acid [TLC isolate) 

~ Infrared 
spectroscopy 

Hydroxyoctadecadienoic acid (TLC isolate) 

~ CH2N2 
Methyl hydroxyoctadecadienoate 

H2 ,Pd 

Nuclear magnetic resonance 
Optical rotation 

Gas chromatography.mass spectroscopy 
Scheme 1. Derivatives from hydroperoxyoctadecadienoic acid. 

previously described (3). it was derivatized according to Scheme 1. A 

RESULTS 

Effect of pH 

The pH profile of D. sinuata lipoxygenase 
(Fig. 1) indicates an optimum at pH 6 and 
virtually no activity at pH 8-9. 

Specific Activity 

Apparently the lipoxygenase activity in ex- 
tracts we prepared from the sample of D. 
sinuata seed was low compared to activities 
from other plant species. The highest activity 
observed at pH 6.9 with the (NH4)2SO 4 isolate 
was 3.9 x 10-3 units (/.~mol O2/min)/mg pro- 
tein. By comparison, our unpublished results 
with crude corn germ extracts at pH 6.9 yielded 
specific activities much higher, 0.10-0.75 units 
per mg protein. Other plant materials have even 
greater lipoxygenase concentrations, such as 
potato (1.2 units per mg protein) (4) and 
soybeans (1.37 units per mg dry matter) (18). 

Oxidation Products 

When linoleic acid was incubated with D. 
sinuata lipoxygenase, two detectable acids were 
f o r m e d ,  hydroperoxyoctadecadienoic and 
hydroxyoctadecadienoic. These acids were sep- 
arated by TLC (Fig. 2). 

Hydroperoxyoctadecadienoic  acid: When 
the hydroperoxyoctadecadienoic acid, isolated 
in 15% yield from a lipoxygenase reaction at 
pH 6.9, was analyzed by IR spectroscopy (IR), 
a cis, trans conjugated diene was revealed (Fig. 
3A). The isolate was further characterized after 

NMR spectrum of the methyl hydroxyoctadec- 
adienoate derivative was identical to a spectrum 
of methyl coriolate (19); this similarity indi- 
cated the geometry of the dienol was oL13-trans- 
3',6-cis. The optical rotation of the methyl 
h y d r o x y o c t a d e c a d i e n o a t e  derivative was 
[a] 2s~.6s = +7.0 ~ (C, 0.84% hexane), which is 
the same direction and approximate magnitude 
of rotation reported for methyl L-coriolate (2). 
To discover the position of the oxygenated 
carbon, the hydroperoxyoctadecadienoic acid 
was hydrogenated either directly or after reduc- 
tion with NaBH 4 (Scheme 1). The methyl 
hydroxystearate prepared by either method was 
discovered to be oxygenated 100% at the 
13-carbon as determined by GC-MS and TLC. 

Products were isolated from an oxidation 
mixture reacted at pH 5.1 to test the acidic side 
of the pH curve for specificity of the oxidation. 
A TLC-densitometry analysis of the fully de- 
r ivat ized hydroperoxyoctadecadienoic acid 
(Scheme 1) showed that carbon-13 was oxy- 
genated 92 + 0.5%, a percentage almost identi- 
cal to the results obtained on the pH 6.9 side of 
the optimum. The remaining 8% was oxygen- 
ated at carbon-9. GC-MS confirmed TLC results 
but was not quantitated. 

Hydroxyoctadecadienoic acid: Compared to 
the hydroperoxide, hydroxyoctadecadienoic 
acid was a minor product of the lipoxygenase- 
catalyzed oxidation. A TLC isolate was deter- 
mined to be a conjugated cis, trans-dienol by IR 
(Fig. 3B). The TMS derivative of the isolate, 
t r i m e t h y l s i l y l  t r im e t hylsiloxyoctadecadi- 
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enoate, was analyzed by GC-MS (Fig. 4). The 
position of the hydroxyl was determined by 
GC-MS after hydrogenation, as was done with 
the hydroperoxide. The 13-hydroxyl was the 
only isomer detected. Thus this product was 
13-hydroxy-cis ,  t rans-octadeca-9 ,11-dienoic  acid 
and, presumably, would have geometry like the 
hydroperoxide, i.e., cis-9,trans-11. 

Electrophoresis 

A water extract of D. s inuata seed meal was 
applied to 5.25% polyacrylamide gel for elec- 
trophoresis (Fig. 5). The mobility of D. sinuata 
lipoxygenase compared with that of corn lip- 
oxygenase, a predominantly 9-oxygenating lip- 
oxygenase, and with the most mobile of the 
soybean isoenzymes, lipoxygenase type 1 (10). 
In our hands, the specific stain for lipoxygenase 
failed to develop in a high percentage of trials 
with corn and D. sinuata lipoxygenases. The 
reason for this failure is not  apparent but may 
be due to a requirement for a threshold amount 
of hydroperoxide, which must be achieved to 
obtain release of 12 in the gel. By limiting the 
amount of soybean extract applied to the gel, 
we have been able to reduce several isoenzyme 
bands to only one. 
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DISCUSSION 

As a result of our experimentation with D. 
s inuata,  we concluded that lipoxygenase may 
not be responsible for the biosynthesis of 
dimorphecolic acid, which makes up two-thirds 
of the fatty acids in the seed oil. This conclu- 
sion contradicts the hypothesis of numerous 
workers (1,3,7,20). However the possibility 
remains that a different lipoxygenase activity 
exists in the formative stage of seed ripening 
when the fatty acids are being biosynthesized. 

A unique feature of D. sinuata lipoxygenase 
activity is the production of the 13-L-isomer in 
high yield at low pH values. In oxidation 
specificity, it is like soybean lipoxygenase type 
1 (12). Conversely, the D. sinuata enzyme has a 
pH curve more like lipoxygenases specific for 
oxidation at the 9-D-carbon, such as corn (3) or 
potato (4), or like the enzyme specific for both 
9- and 13-oxidation, such as lipoxygenase type 
2 from soybean (10,12). From the evidence, it 
appears that the lipoxygenase activity in D. 
sinuata has no other precedent in the literature. 
Although many lipoxygenase activities from 
different sources are similar in positional speci- 
ficity, another variable, the pH curve when 
available, defines each activity in the literature 
as unique to date. 

That the 13-isomer was 100% of the product 
at pH 6.9 and 92% at pH 5.1 indicated a general 

FIG. 5. Polyacrylamide gel electrophoresis of 
lipoxygenases from various sources. Bands were speci- 
fically stained for enzyme. 

lack of specificity dependence on pH. A pH 
dependency has been reported for Zea rnays 
(21) and soybean lipoxygenase (22). With 
partially purified soy lipoxygenase, apparently 
specificity dependency on pH is due to the 
influence of at least two isoenzymes that have 
different pH optima. The same may be true of 
Z. mays  lipoxygenase, but the existence of 
isoenzymes has not  been investigated. We tested 
both sides of the pH optimum of D. sinuata 
lipoxygenase for positional specificity to allow 
for interaction of isoenzymes; however one 
isomer predominated. The polyacrylamide gel 
also indicates the existence of one lipoxygen- 
ase. Due to a possible threshold phenomenon in 
staining the gels, it is not  certain whether some 
isoenzymes remain undetected. 

The hydroxyoctadecadienoic acid in the 
lipoxygenase oxidation mixture undoubtedly 
was formed from the hydroperoxide since its 
structure was similar. Extracts of oat (23) and 
wheat flour (5) have been observed to reduce 
linoleic acid hydroperoxide to the correspond- 
ing hydroxyoctadecadienoic acids. Other than 
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the conversion to hydroxyoctadecadienoic  acid, 
no  other  significant secondary react ion seemed 
to occur even in crude extracts. The presence of 
linoleic acid hydroperoxide isomerase was n o t  
obvious. 
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Changes in Lipid Composition of Germinating Barley Embryo 
GUNHILD HOLMER, ROBERT L. ORY 1 and CARL-ERIK HOY, Department of 
Biochemistry and Nutrition, Polytechnic Institute of Denmark, 2800 Lyngby, Denmark 

ABSTRACT 

Barley seeds, Hordeum vulgare, var. 
Kenia, were dissected before and after 5 
days of germination, to distinguish be- 
tween the scutellum, the coleoptile half 
of the embryo and the coleorhiza half of 
the embryo. Total lipids were extracted 
from each fraction and analyzed by thin 
layer chromatography and gas liquid 
chromatography. In tissues from the cole- 
optile and coleorhiza halves of the embryo 
there was a concurrent disappearance of 
triglycerides with a marked increase of 
esterified sterols and esterified sterol glu- 
cosides. In the scutellum there was also a 
change in triglycerides, but  the variations 
in contents of esterified sterols and ester- 
ified sterol glucosides were much smaller. 
Mono- and digalactolipids were virtually 
absent from embryonic tissue. The 
amounts of linoleic and linolenic acids in 
esterified sterol glucosides were increased 
after 5 days of germination in all the 
embryonic tissues, especially in the cole- 
optile half. In sterol esters, linoleic acid 
comprised nearly half of the total fatty 
acids, and the desaturation after 5 days of 
germination was much less pronounced. 

I NTRODUCTION 

Lipids are known to have several functions 
in seeds: as a reserve energy source, e.g., oil 
seeds; as necessary components of membrane 
systems (1,2), and as emulsifiers of fat sub- 
strates in vivo for lipases (3). Barley contains 
2% total lipids of which one-third is in the 
embryo, which represents less than 3% of the 
weight of the seed (4,5). This metabolically 
active tissue containing one-third of the total 
lipids of the seed suggests that embryo lipids 
might have several important functions for the 
proper germination of barley. However a com- 
plete distribution of the classes of lipids in 
embryonic tissues has not yet been reported. 

The purpose of this investigation was to 
determine the lipid classes and the fatty acid 
distribution in barley embryo, as well as to 
identify the changes in these lipid components 
of the scutellum, and of the coleoptile (ED) 

1Fulbright-Hayes Research Scholar in Denmark. 
Permanent address: Southern Regional Research Labo- 
ratory, P.O. Box 19687, New Orleans, La. 70119. 

and the coleorhiza (EF) halves of the embryo 
from ungerminated and 5 day germinated seeds. 

MATERIALS AND METHODS 

Seed 

Two-row barley, Hordeum vulgare, var. 
Kenia, was obtained from the Carlsberg Brew- 
ery Lab., Copenhagen. 

Reagents 

All reagents were analytical grade. Solvents 
used for thin layer chromatography (TLC) were 
distilled before use. Standards for TLC identifi- 
cations were obtained as follows: cholesterol 
palmitate, methyl-linoleate, triolein and linoleic 
acid from The Hormel Institute, Austin, Minn.; 
cholesterol (F. Hoffmann-La Roche & Co., 
Ltd., Basle, Switzerland) was further purified 
by recrystallization from alcohol. Phosphatidyl 
choline was prepared from crude egg lecithin 
(Sigma type liE) by preparative TLC. Phospha- 
tidyl ethanolamine (PE) from pig liver was 
isolated by column chromatography and puri- 
fied by preparative TLC. 

Mono- (MGDG) and digalactodiglycerldes 
(DGDG) were prepared from spinach leaves. 
Lipid extraction was made according to Folch 

FIG. 1. Barley embryo of a soaked grain. Dis- 
secting lines are given ( . . . .  ). 
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TABLE I 

Weight of Dried Tissues and Recovered Lipids 
from Barley Embryo after 0 and 5 Day Germination a 

Total lipid Total lipid, 
Tissue, dry wt,mg extracted, mg % dry tissue 

Sample A B C A B C A B C 

Coleorhiza-0 49.5 44.9 46.2 8.5 8.6 10.4 17.2 19.2 22.6 
Coleoptile-0 24,1 22.6 20.2 7.1 3.5 4.6 29.6 15.6 22.6 
Scutellum-0 76,9 79.2 79.4 18.6 13.8 14.8 24.2 17.5 18.6 

Coleorhiza- 5 55.3 54.3 41.4 5.1 3.8 5.1 9.2 7.0 12.3 
Coleoptile-$ 34.0 27.9 28.1 2.2 2.7 2.6 6.4 9.5 9.3 
Scutellum-5 86.2 82.1 93.4 13.4 14.2 15.1 15.6 17.2 16.0 

aFor 5 day germinated seeds dissected coleoptile length was 3-5 cm. Root length was 5-7 cm. Each 
weight is for 100 seeds. 

et  al. (6). Chromatography  of  160 lng of  the 
ext rac ted  material  was pe r fo rmed  on a co lumn 
containing 60 g silicic acid (Baker Analyzed  
Reagent,  Deventer ,  The Netherlands)  and 20 g 
Hyflo  Supercel  (Johns Manville Co., New York) 
prewashed with 200 ml ch loroform.  Elut ion 
was made by a modi f ica t ion  of the system 
described by Rosenberg et al. (7): (a) 360 ml 
ch loroform removed  carotenoids,  pigments  and 
nonpolar  lipids, such as tr iglycerides;  (b) 320 
ml ch loroform-ace tone  1:1 v/v in 40 ml por- 
tions (fractions B1-B8) eluted the MGDG, and 
fractions B5-B7 conta ined pure MGDG, as 
indicated by TLC; (c) 320 ml ace tone  released 
the DGDG. Fract ions C5-C8, conta ining the 
major part of  the DGDG, were shown by TLC 
to be very pure. 

Germination of Seeds 

Dry seeds were presoaked in ice water  for 
5-6 hr, then placed be tween  double sheets of 
moist  fil ter paper  in large covered Petri dishes. 
The seeds were kept  mois t  during the 5 day 
period of  germinat ion at 19 C in dark, temper-  
a ture-control led walk-in incubators.  

Dissection of Tissues 

Ungerminated  and germinated seeds, in 100 
seed lots,  were dissected under  a microscope 
according to the diagram in Figure 1. In this 
way the scutel lum could be separated f rom the 
embryo ,  which was then divided through the 
in ternode  in to  the distal ED and the forward 
EF. To insure the removal  of  as much  newly 
formed leaf and root  tissue as possible f rom the 
5 day embryos ,  the new growth  was dissected 
free at the edge of  the scutel lum, as i l lustrated 
by the do t ted  lines in Figure 1, 

Extraction of Lipids 

Afte r  dissection, the six lots of tissues were 
dried in vacuo to cons tant  weight  over P205  in 

a desiccator  in the refr igerator  for  7-14 days. 
Each was then ex t rac ted  in Pot ter-Elvehjem 
glass homogenizers  three t imes in ch loroform-  
methanol  3:1 at 55 C, twice in ether ,  then once 
in a 1:1 mixture  of  the two solvents. The 
combined  extracts  of  to ta l  lipids f rom each 
tissue were washed in 0.73% NaC1, then water,  
dried with  anhydrous  Na 2 SO4, fi l tered, and the 
solvents removed under  n i t rogen and mild heat  
(30-35 C). The lipid residues were each made 
up to a final concen t ra t ion  of  ca. 3 mg/100  ~1 
ch lo roform-methano l  2: 1. 

Analysis of Lipids by Thin Layer Chromatography 

TLC was pe r fo rmed  on standard plates, 20 x 
20 or 10 x 20 cm,  wi th  a migrat ion of  15 cm in 
a saturated chamber .  For  separat ion of neutral  
lipids (NL), Silica Gel G (0 .250 ram) and 
solvent systems conta ining pe t ro leum ether- 
diethyl  ether-acet ic  acid 80 :20:1  v /v /v  or  
70:30:1  v/v/v  were used. 

Polar lipids (PL) were chromatographed  on 
Silica Gel H (0.5 mm) in a system containing 
c h l o r o f o r m - m e t h a n o l - w a t e r  50 :20 :3  v/v/v.  
Spots  were located and part ial ly ident i f ied by 
spraying wi th  50% H2SO 4 and subsequent  
charring. Gentle  heat ing with  sulfuric acid gave 
red spots  for s terol-containing substances and 
more  violet  spots for  glycolipids. 

A m o n g  the PL, ident i f icat ion of  aminophos-  
phatides was made by n inhydr in  spray, and 
chol ine-containing lipids by a modif ied  Dragen- 
dor f f  reagent as described by Wagner et al. (8). 

Separat ion of  MGDG and DGDG from phos- 
pholipids was obta ined  using a solvent system 
containing acetone-acet ic  acid-water  100:2:1 
v/v/v (9). 

In an a t t empt  to ident i fy  some of  the 
unknown  spots in TLC,  small scale preparative 
TLC on c o m m o n  0.25 mm plates was em- 
ployed.  The lipid zones were scraped off  the 
plates and t ransmethyla ted  direct ly  with dry 
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hydrochlor ic  acid in dry me thano l  (10). The 
componen t s  released f rom the lipid sample 
after me thy la t ion  were examined  by TLC in a 
solvent system of pe t ro leum ether-die thyl  
ether-acetic acid 80:20:  1. Fur the r  f rac t ionat ion  
of  the PL was obta ined with  the solvent system 
diisobutyl  ke tone-acet ic  acid-water 8:5:1 v/v/v ,  
as described by LePage (11). 

Analysis of Fatty Acids by Gas Liquid Chromatography 

Methyl esters prepared as described above 
were analyzed on a Beckman GC4 gas chroma-  
tograph on a 6 ft  x 1/8 in. stainless steel 
co lumn conta ining 15% DEGS on 80 /100  mesh 
Chromosorb  W (AW) (Appl ied Science Labs.); 
co lumn tempera ture  175 C; inlet  t emp. ,  240 C; 
de tec tor  temp.  240 C; carrier gas: helium, 75 
ml/min.  Standard mixture  no. H 104 (Appl ied 
Science Labs.) and o ther  known fat ty  acid 
methyl  ester mixtures  conta in ing unsatura ted  
fat ty  acids were used for ident i f icat ion of the 
peaks. The logar i thmic plot  of  re ten t ion  t imes 
versus C-number  was used for  tentat ive identif i-  
ca t ion where standards were no t  available. 

Ouantitation of Lipid Classes 

The small amounts  of  l ipid available neces- 
si tated a sensitive me thod  for  de te rmina t ion  of 
the lipid classes. The large a m o u n t  of  triglyc- 
erides (TG) caused fur ther  complicat ions .  A 
m e t h o d  based on addi t ion of  an internal  stan- 
dard to the various scrapings f rom the TLC 
plates before  t ransmethy la t ion  of  the fa t ty  
acids was therefore  used. 

Pentadecanoic  acid (The Hormel  Inst i tute)  
was chosen as internal  standard,  since this acid 
was present only as a minor  c o m p o u n d  in 
barley embryon ic  lipids. 

Fo r  calculat ions of  the amoun t  of  a certain 
lipid class, an average molecular  weight for 
fa t ty  acid me thy l  esters of  294.5 (corre- 
sponding to  l inoleic acid) was employed ,  and 
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FIG. 2. Thin layer chromatographic separation of 
total lipids from embryo and scutellum of barley after 
0 and 5 day germination. A, separation into esterified 
sterols, triglycerides, free fatty acids, sterols and polar 
lipids at origin; B, separation of polar lipids. 1: 
coleoptile-0; 2: coleoptile-5; 3: coleorhiza-0; 4: coleo- 
rhiza-5; 5: scutellum-5. Dotted lines indicate sterol- 
containing lipids. Solvent systems: A, petroleum ether- 
ether-acetic acid 80:20:1 v/v/v; B, chloroform-meth- 
anol-water 50:20:3 v/v/v. 

for the s terol-containing lipids tlae molecular  
weight of  ~-sitosterol,  414.7,  was applied. 

RESULTS 

Total Lipids 

The results described are based on three 
separate 100 seed lots of  0 and 5 day germi- 
nated seeds. The figures in Table I represent  
recoveries of  to ta l  lipids and weight  of dry 
tissues. Values for  total  in tac t  embryos  re- 
po r t ed  by MacLeod and White (4) correspond 
to those obta ined after summat ion  of  values for 
dissected tissues. 

The dried weights of  scutella f rom germi- 
nated seeds did no t  vary as m u c h  f rom the 
values of  ungermina ted  seeds as might  have 
been expected.  Though  the size of  the scutel- 
lure increases three- or  four-fold during germi- 
nat ion,  dry weights of  tissues (100 seeds) only 

TABLE II 

Distribution of Lipid Classes in Embryonic Tissues of Barley a 

Per cent 

Lipid class Coleorhiza-O Coleoptile-0 Scutellum-0 Coleorhiza-5 Coleoptile-5 Scutellum-5 

Esterifie d ste rols 7.1 5.3 1.1 15.4 11.8 3.7 
Free fatty acids 2.0 3.6 0.5 8.4 12.1 2.8 
Triglycerides 65.2 58.1 86.3 55.1 39.7 71.4 
Phosphatidyl  

choline 16.4 22.5 6.2 5.5 9.6 8.8 
Phosphatidyl 

ethanolanaine 5.2 4.7 2.5 3.2 9.6 4.7 
Esterified sterol 

glucosides 4.1 5.8 3.4 12.3 17.1 8.6 

apercentages of fatty acid-containing lipids. 0 and 5 day germination. 
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FIG. 3. Preparative thin layer chromatography of 
polar lipids from coleorhiza after 5 day germination 
(B) and identification after methanolysis (A). 3B: 
Runs 1 and 2: numbered fractions are scraped off and 
methylated. Fraction 1 : free fatty acids + monogalac- 
todigtycerides (if present); fraction 2: esterified sterol 
glucosides; fraction 3: sugar. Run 3: standard free 
fatty acids. Run 4: standard phosphatidyl ethanol- 
amine + phosphatidyl choline. Run 5: standard mono- 
galactodiglycerides + digalactodiglycerides. 3A: Run 
1: fraction 1. Run 2: fraction 2. Run 3: fraction 3. 
Run 4: standard galactose. Run 5: standard methyl 
linoleate + linoleic acid + cholesterol. Solvent systems: 
A, petroleum ether-ether-acetic acid 80:20:1 v/v/v; B, 
chloroform-methanol-water 50:20:3 v/v/v. 

increased ca. 10%, suggesting that most of the 
increase may be simply water expansion. 

The total lipid contents of EF and ED as 
percentages of the dry tissue were drastically 
reduced during the 5 day germination, whereas 
the weights of the tissues were slightly in- 
creased. The total lipid content  of the scu- 
tellum was much less influenced. 

Lipid Classes in Barley Embryos 

Figure 2A and B shows the distribution of 
lipid classes in the various embryonic tissues, 
and the percentages of total lipids (containing 
fatty acids) are given in Table II. 

A marked decrease in TG from 0 to 5 days 
germination can be observed for both ED and 
EF (Table II and Fig. 2A), as well as for the 
scutellum. These data can be correlated with 
the findings of MacLeod and White (12) that 
two-thirds of the lipase activity of barley seeds 
is present in the embryo. The free fatty acid 
(FFA) content in our study increased slightly 
during the 5 day germination, but the amounts 
found do not account for the decrease in TG. 
As the total lipids decrease there is definite 
catabolism taking place. I t  appears that the 
FFA level in germinating seeds may reach a 
certain point and not exceed it. This has been 
noted in some oilseeds, in which rather low 
levels of FFA were found after germination 
(13,14). 

The free sterol contents are rather high in all 
of the barley samples tested (Fig. 2A). However 
the most striking observation is the increase in 
esterified sterols (ES) within 5 days. There is an 
unidentified tailing spot above ES that gives no 
sterol color with H2SO 4 and heat. It is present 
in both EF and ED samples after 5 days, but is 
nearly absent in the scutellum and may possibly 
be waxes extracted from the sheaths covering 
the coleoptile and coleorhiza. Except for the 
husks, there have been very few reports on wax 
contents in barley. No further identification of 
the waxes was made in this study. 

Among the changes detected in PL (Table II 
and Fig. 2B) during germination, a marked 
increase in esterified sterol glucosides (ESG) 
was the most pronounced, especially for EF 
and ED tissues. 

The amounts of PC in EF and ED tissues 
seemed to decrease when determined as per- 
centage of total lipids, whereas the scutellum 
maintained or even increased the amount. On 
the contrary, the PE are nearly unchanged 
except in the coleoptile, where an increase 
could be observed. In general, the contents of 
polar lipids were higher in ED tissue than in EF 
tissue. 

Changes in the lipid composition of whole 
barley seedlings during malting were reported 
by Holmberg and Sellman-Persson (15). The 
proportion of lipids was not  altered much, 
except for the PL which sometimes decreased 
from ca. 21% to 4%. However some experi- 
mental malts were unaffected. From their 
results, although not  pointed out, it appears 
that the contents of sterol and wax esters 
increase considerably in the total grain during 
malting. This is similar to the changes observed 
in ES in our study of barley embryo tissues 
during 5 day germination. 

The solvent system used to develop the TLC 
plates in Figure 2B does not  separate MGDG 
from ESG or PE from DGDG. Thus smaller 
amounts of such galactolipids might have been 
masked. In a solvent system of acetone-acetic 
acid-water, however, phospholipids do not mi- 
grate on the TLC plate, and the occurrence of 
MGDG and DGDG in the tissues could be 
ascertained. This system revealed the absence of 
MGDG and DGDG in all samples examined, 
except trace amounts in the coleoptile part of 
the embryo, although galactolipids have been 
reported present in cereal grain flours (16). The 
results are, however, in accordance with find- 
ings for wheat that galactolipids are located in 
the endosperm (17). The trace amounts of 
galactolipids in ED tissues are possibly derived 
from chloroplasts normally containing galacto- 
lipids (18). 
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Characterization of Esterified Sterol G|ucosides 

For further identification of the ESG, these 
spots were scraped from the TLC plates and 
methylated as described above. Three fractions 
were obtained (Fig. 3B). 

Figure 3A shows that fraction 1 contained 
one spot migrating in a manner similar to that 
of the standard fatty acid methyl ester and one 
which did not  migrate in the solvent system 
used. The discolored band near the front of the 
three fractions in Figure 3A was caused by the 
omission of a prewashing step for this plate. 
This band is absent in Figure 3B because the 
prewashing was carried out. Fraction 1 there- 
fore appears to be a mixture of FFA and 
possibly MGDG, if present. The correlation 
with Rf values for standard substances in Figure 
3B supports this interpretation. 

Fraction 2 yielded three spots; the first 
migrates as the standard fatty acid methyl ester, 
the second as a sterol, and the third does not  
move in the solvent employed. This latter spot 
agress in Rf with the standard galactose. Frac- 
tion 2 is therefore considered to be ESG. 
Fraction 3 showed only one spot which re- 
mained at the origin and was identified as a 
carbohydrate. 

Fatty Acid Distribution in Embryonic Tissues before 
and after Germination 

The results from gas liquid chromatographic 
analyses are given in Table III. 

Triglycerifles 

In ungerminated seeds there are only small 
differences in the fatty acid pattern of EF, ED 
and the scutellum, suggesting that the oil 
contained in spherosomes, the primary site of 
TG storage in seeds, is the same regardless of 
the tissue. The main component,  ca. 45-50%, is 
linoleic acid, but palmitic, oleic and linolenic 
acids are also major components (10-25%). The 
amount of stearic acid, in contrast, is very 
small, ca. 1%. The scutellum seems to have a 
somewhat lower content of linolenic acid. 
During 5 day germination there is a very 
distinct decrease in the amount of TG. The 
variation in fatty acids, however, is much 
smaller, but there seems to be a desaturation of 
the C-18 acids, especially in EF and ED tissues. 
In addition, these two tissues seem to differ in 
their respective products of desaturation; the 
coleoptile thus having the greater amount of 
unsaturated fatty acids. This may be due to the 
presence of prochloroplasts in ED tissues. 

Esterified Sterol Glucosides 

This lipid class is much more saturated than 
the TG, especially for the ungerminated tissues. 
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In dry embryonic tissues, palmitic and linoleic 
acids are the major components, both com- 
prising ca. 20% of the fatty acids. Stearic and 
oleic acids are also present in significant quanti- 
ties, whereas linolenic acid only ranges from 3 
to 7% of the total fatty acids. After germina- 
tion, there is a distinct change in this fatty acid 
pattern with a marked increase in the more 
unsaturated C-18 fatty acids, even greater than 
that observed for the triglycerides. As seen for 
TG, this process is more prevalent in ED tissue 
compared to EF. The variations in scutellum 
fatty acids generally follow the same patterns 
but are less pronounced. 

LePage (11,19) has reported high amounts 
of ESG in potato tubers (10%) and shown 
that it contained equal amounts of sterol, 
glucose and fatty acids. Fatty acids were 
attached to the C-6 of the sugar and sterols at 
the C-1. The fatty acid composition of ESG in 
potato tubers showed 50-60% palmitic acid as 
the major component,  with 20-25% linoleic 
acid as well as a small quantity of linolenic acid. 
The latter findings are in line with our results 
on ungerminated barley embryos, although in 
barley saturated acids were distributed between 
C-14:0, C-16:0 and C-18:0. 

Sterol Esters 

Sterols in embryonic tissue are predomi- 
nantly esterified to unsaturated fatty acids, 
especially C-18:2eo6 which comprises about 
half of the total. The total amount of saturated 
acids is less than 20%. The fatty acid spectrum 
of ES resembles the triglycerides more than it 
does the ESG, which seems to indicate the lack 
of a direct relationship between ESG and ES. 
The molecular configuration of ESG, in which 
the fatty acid is esterified at the 6 position in 
glucose, also tends to discount such a relation- 
ship. However the compositions of the ES and 
the free sterols show a relationship. The func- 
tion of ES in barley embryo might therefore be, 
as was shown for animal systems (20), the 
transport of sterols and fatty acids released 
from TG for further synthesis and for mem- 
brane formation. The role of ES as a sterol 
cartier was also discussed by Dup~ron (21). 

For all of the lipid classes identified, it was 
observed that various parts of the embryo have 
different fatty acid compositions which are 
probably related to their different functions. 
However it could also be a reflection of the 
abundance of various organelles with specific 
membrane structures containing varying lipid 
compositions. 

The increase in ES and ESG of barley 
embryonic tissue after 5 day germination may 
thus affect two different aspects of seed devel- 
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opment: (a) Sterol esters act as carriers of sterol 
and fatty acids to the growing areas of the 
seedling, and (b) esterified sterol glucosides, 
with both polar and nonpolar regions of the 
molecule, seem ideally suited as membrane 
constituents; but a role as transport inter- 
mediates cannot be excluded. 
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Regulation of Hepatic Cholesterol Synthesis from 
Mevalonate in Suckling and Weaned Rats 
S.N. SHAH, Brain-Behavior Research Center, 
Sonorna State Hospital, Eldridge, California 95431 

ABSTRACT 

The conversion of mevalonic acid into 
total nonsaponifiable lipids (NSF) and 
digltonin precipitable sterols (DPS) by 
5000 g liver supernatant fractions was 
compared in suckling and weaned rats. 
The incorporation of mevalonate into 
both NSF and DPS was low in fractions 
from suckling rats and very high in 
fractions from weaned rats. The results 
indicate that the activities of one or more 
of the enzymes catalyzing the conversion 
of mevalonate into squalene and squalene 
into cholesterol change after weaning and 
may act as regulatory step(s) for choles- 
terol synthesis in the livers of suckling 
rats. It is suggested that the reduced 
synthesis of cholesterol in the livers of 
suckling rats is caused by the cholesterol 
in the maternal milk, and the rapid rise in 
cholesterol synthesis after weaning is due 
in part to the dietary change accompany- 
ing weaning, and in part to an increased 
need for cholesterol by developing liver. 

INTRODUCTION 

Hepatic synthesis of cholesterol in the ma- 
tured animal is sensitive to a variety of nutri- 
tional and experimental conditions. Although 
synthesis of cholesterol in adult liver is regu- 
lated primarily at the HMG CoA reductase step, 
Gould and Swyryd ( I )  and Bucher et al. (2) 
have reported data indicating that there are 
secondary regulatory sites in the synthesis of 
cholesterol from mevalonic acid. There is evi- 
dence that hepatic cholesterol synthesis changes 
during development (3,4). The change in rat 
hepatic HMG CoA reductase activity during 
development (5) suggests that this enzyme may 
regulate hepatic cholesterol synthesis during 
development as well as in the adult animal. In 
the present study we have compared the con- 
version of mevalonic acid into cholesterol by 
cell free preparations from livers of suckling 
and weaned rats, in order to determine whether 
or not hepatic cholesterol synthesis in suckling 
rats is regulated beyond the mevalonate step. 
The incorporation of mevalonate into nonsa- 
ponifiable lipids and digitonin precipitable 
sterols was found to be moderately high in the 
1st week of postnatal life, very low during the 

2nd and 3rd weeks and very high after weaning. 
These results suggest that the activities of 
enzymes in the multistep conversion of meva- 
lonate to cholesterol in the liver also changed 
during development, and may have a regulatory 
role in hepatic cholesterol synthesis in the 
immature animal. 

MATERIALS AND METHODS 

DL-2114C] mevalonic acid as the dibenzyl- 
ethylene diamine (DBED) salt was purchased 
from New England Nuclear Corp., Boston, 
Mass. Unlabeled mevalonic acid DBED salt was 
obtained from K and K Laboratories, Inc., 
Plainview, N.Y. Pups were separated from the 
mother at 20 days of age, suckling rats were less 
than 20 days old and weaned animals were 
22-40 days old. The diet of the mother and of 
weaned pups consisted of laboratory chow 
from Ralston Purina Co., St. Louis, Mo. 

Livers obtained from two to six Sprague 
Dawley rats (sacrificed between 8 and 10 A.M.) 
were homogenzied with thee volumes of 0.02 M 
potassium phosphate buffer containing 0.1 mM 
EDTA. Homogenates were centrifuged at 5000 
g for 15 min in an International Centrifuge 
Model T60. The 5000 g supernatant fraction 
was incubated (a) with varying amounts of cell 
fraction and a fixed concentration of meva- 
lonate, (b) with varying concentration of 
mevalonate and fixed amount of cell fraction, 
and (c) with a fixed amount of cell fraction and 
mevalonate but for varying time intervals. 
Incubations were carried out in an atmosphere 
of 95% 02 and 5% CO 2 at 37 C. Each 
incubation contained, in addition to meva- 
lonate and the cell fraction, 3 /lmol ATP, 10 
/.tmol magnesium chloride, 2 bLmol NAD, 2 
~mol NADP, 20 /lmol glucose-6-phosphate, 2 
units glucose-6-phosphate dehydrogenase and 
60/ lmol  nicotinamide, in a final volume of 2.5 
ml 0.02 M potassium phosphate buffer solution 
(pH 7.4). Incubations were terminated by 
addition of 15% KOH in 50% ethanol. Saponifi- 
cation, extraction of nonsaponifiable lipids 
(NSF) and precipitation of 3/3hydroxy sterols 
by digitonin (DPS) were carried out as de- 
scribed elsewhere (6). 

When the nonsaponifiable lipid fraction was 
separated by thin layer chromatography (TLC) 
on Silica Gel G (6), two major radioactive peaks 
occurred, which corresponded to squalene and 
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FIG. 1. Radioactivity scan of nonsaponifiable lipids (NSF) and digitonin precipitable sterols (DPS). Portions 
(0.2 ml) of 5000 g supernatant from livers of 23- to 25-day-old rats were incubated with mevalonic acid-2[ 14C] 
DBED salt (3.0 x 105 cpm) and 250 nmoles unlabeled mevalonate for a period of 2 hr. NSF and DPS fractions 
were prepared from incubates as described in text and subjected to thin layer chromatography on Silica Gel G. 

cholesterol (Fig. 1). Separation of the digitonin 
precipitable sterols gave a single radioactivity 
peak that corresponded to cholesterol. Digl- 
tonin precipitates were dissolved in 0.5 ml 
pyridine, to which 5 ml water was added. 
Sterols were then extracted by ethyl ether and 
separated by TLC. 

RESULTS 

The incorporation of mevalonate into total 
nonsaponifiable lipids (NSF) and digitonin pre- 
cipitable sterols (DPS) by a 5000 g supernatant 
fraction from livers of suckling (7- and 15-day- 
old) and weaned (24- and 36-day-old) rats is 

shown in Figure 2. The amount of mevalonate 
converted to NSF increased with increasing 
amounts of the supernatant fraction (Fig. 2). 
The incorporation was moderately high in the 
liver preparations from 7-day-old rats. There 
was a significantly lower conversion of meva- 
lonate to NSF in fractions derived from 15- 
day-old rats. In fractions from weaned rats (24- 
and 36-day-old) the incorporation of meva- 
lonate into NSF was much higher than that 
observed with either of the two suckling peri- 
ods (7- and 15-day-old). The recovery of 
mevalonate into DPS was also slightly higher in 
fractions from 7-day-old rats than in those from 
15-day-old rats, and highest of all in rats that 
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FIG.  2. I nco rpo ra t i on  o f  mevalonate i n t o  to ta l  
nonsaponifiable lipids (NSF) and digitonin precipi- 
table sterols (DPS), by 5000 g supernatant fraction 
from livers of suckling a n d  weaned rats. Varying 
amounts of supernatant fractions obtained as de- 
scribed in the text were incubated with mevalonic 
acid-2-[14C] DBED salt (3.0 x 105 cpm) 250 nmol 
unlabeled mevalonate for a period of 2 hr. Other 
details of incubation conditions are described in text. 
Each point in figure is average of closely agreeing 
duplicate determinations. A, NSF; B, DPS, �9 - e, 
7-day-old; o - o, 15-day-old; �9 - �9  24-day-old; D - U 
3Gday-old. 

had  j u s t  been  w e a n e d  (24-day-old ,  Fig. 1). The  
data  in  Figure 3 show i n c o r p o r a t i o n  of  meva-  
lona te  i n t o  NSF and  DPS as a f u n c t i o n  of  
meva lona te  c o n c e n t r a t i o n .  Again the  liver frac- 
t ions f r o m  weaned  ra ts  (22- and  31-day-o ld)  
i n c o r p o r a t e d  s igni f icant ly  h igher  a m o u n t s  of  
meva lona t e  i n to  b o t h  NSF and  DPS than  did 
the  f rac t ion  f rom suckl ing rats  ( 5 - a n d  15-day- 
old).  The data  p re sen ted  in Figure 4 ind ica t ed  
t h a t  ra te  of  meva lona te  i n c o r p o r a t i o n  i n t o  NSF 
and  of  NSF mater ia l  to  DPS is h ighes t  immed i -  
ately af te r  weaning  (24- and  31-day-old)  and 
lowes t  dur ing  the  suckl ing per iod  (6- and  
13-day-old).  

Data  given in Figures 2-4 were rea r ranged  in 
o rder  to  show the  change  dur ing  d e v e l o p m e n t  
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FIG. 3. Effect of mevalonate concentration on its 
incorporation into NSF and DPS. 0.2 ml portions of 
5000 g supernatant fractions (5-6 nag protein) ob- 
tained from livers of respective age groups of rats were 
incubated with mevalonic acid-2-[14C] DBED salt 
(3.0 x 105 cpm) and varying amounts of unlabeled 
mevalonate for a period of 2 hr. Other details of 
incubation conditions are described in text. Each 
point is average of closely agreeing duplicate determi- 
nations. A, NSF; B, DPS, �9 - e, 5-day-old; o - o, 
15-day-old; D - D, 22-day-old; 0 - 0, 31-day-old. 

of  meva lona t e  i n c o r p o r a t i o n  i n to  NSF and  DPS 
as a f u n c t i o n  of  age (Fig. 5). The  change in l iver 
weight  w i th  age is s h o w n  in Figure 6. Compar i -  
son of  data  in  Figure  5 w i th  t h a t  in Figure 6 
ind ica tes  a close co r re l a t ion  b e t w e e n  increase  in 
cho les te ro l  syn thes i s  f r o m  meva lona te  and  in- 
crease in liver weight  dur ing  d e v e l o p m e n t .  

DI SC US$1 ON 
The  resul ts  o f  sepa ra t ion  of  NSF  b y  TLC 

ind ica t ed  t h a t  r ad ioac t iv i ty  recovered  f rom the  
N SF  f rac t ion  is p r imar i ly  associa ted  wi th  squa-  
lene  and  choles te ro l .  Sepa ra t ion  of  the  digi- 
t on in -p rec ip i t ab le  s terol  f r ac t ion  ind ica t ed  t h a t  
80-90% of the  rad ioac t iv i ty  in  this  f rac t ion  was 
associa ted wi th  choles te ro l .  Thus  changes  in the  
ra t io  of  rad ioac t iv i ty  in  DPS to  rad ioac t iv i ty  in 
NSF ref lect  a change  in the  convers ion  of  
squa lene  to  choles te ro l .  The  D P S / N S F  ra t io  
ca lcu la ted  f r o m  Figure  1 was 0 .03 :0 .08  for  
7-day-old  rats ,  0 .02 :0 .03  for  15-day-old rats ,  
0 .2 :0 .5  for  24-day-old  rats ,  and  0 .1 :0 .45  for  
34-day-old  rats.  These  d i f fe rences  in  the  
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FIG. 5. Effect of age of rat on incorporation of 
mevalonate into NSF and DPS by 5000 g river 
supernatant fraction. Data given in Figures 1-3 were 
rearranged to show change during development, o - o, 
NSF; �9 .-..-. o, DPS. 

FIG. 4. Effect of incubation period on incorpora- 
tion of mevalonate into NSF and DPS. 0.2 ml of 5000 
g supernatant fraction (5-6 mg protein) from rivers of 
rats of respective age groups were incubated with 
mevalonic acid-2-[14-C] (3.0 x 105 cpm) and 250 
nmol unlabeled mevalonate for varying periods. De- 
tails of incubation conditions and cofactors are de- 
scribed in text. Each point is average of closely 
agreeing duplicate determinations. A, NSF; B, DPS; �9 - 
�9 , 6-day-old; o - o, 13-day-old; �9 - �9  24-day-old; a- ~, 
31-day-old. 

DPS/NSF ratio, along with the changes in the 
incorporation of  mevalonate into NSF and DPS 
during development,  suggest that both incorpo- 
ration of  mevalonate into squalene and incor- 
poration of  squalene into cholesterol change in 
the livers of  suckling and weaned rats. 

The developmental change in the capacity of  
cell free preparations from liver to incorporate 
mevalonate into NSF (squalene) and the latter 
to DPS (cholesterol) coincides with the re- 
ported developmental changes in HMG CoA 
reductase activity (5) and in hepatic cholesterol 
synthesis from glucose and acetate (3,4). Al- 
though reduction of  HMG CoA to mevalonate 
may be a primary regulatory site of  hepatic 
cholesterol synthesis in suckling and weaned 
rats, the fact that we found changes in both the 
incorporation of  mevalonate into squalene and 
its further incorporation into digltonin precipi- 
table sterols indicates that regulation of  choles- 
terol synthesis in these animals also occurs 
beyond the mevalonic acid step. 

Although it is generally accepted that he- 
patic cholesterol synthesis in adult animals is 
regulated at the HMG CoA reductase step, early 
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FIG. 6. Effect of age of rat on river weight. Each 
point represents average weight of livers from 2-6 
animals. 

studies of  Bucher et al. (2) have shown that the 
conversions of  both mevalonic acid and squa- 
lene to cholesterol by adult liver preparations 
are reduced by fasting or by feeding choles- 
terol. This suggests either that secondary regula- 
tory mechanisms are important in controlling 
the flux of acetate through the entire pathway, 
or that whole segments of  the pathway of 
synthesis may be depressed together. Later 
Carroll (3) demonstrated two secondary regula- 
tory sites in cholesterol synthes is -one  between 
mevalonate and farnesyl pyrophosphate and the 
other in the conversion of  farnesyl pyrophos- 
phate to squalene. Slakey et al. (7), from their 
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study of the effect of fasting and feeding on the 
levels of enzymes affecting the conversion of 
/3-hydroxy-/3-methylglutaryl CoA to squalene, 
have concluded that there are at least two 
secondary regulatory processes active in con- 
trolhng conversion of mevalonate to cholesterol 
in the adult animal. The present data provides 
evidence that, as in adult rats, the synthesis of 
hepatic sterol in suckling rats may also be 
regulated between mevalonate and cholesterol. 

McNamara et al. (5) reported low HMG CoA 
reductase activity in suckling rats and a rapid 
rise in activity following weaning. One reason 
why these authors feel that the low HMG CoA 
reductase activity in livers of suckling rats is not 
associated with cholesterol in milk is because 
the total hepatic cholesterol levels in the 
suckling rats are not different from adult levels. 
It should be pointed out, however, that the 
amount of cholesterol in the milk may be 
sufficient to provide the cholesterol needed for 
normal growth of liver tissue during the suck- 
ling period. Furthermore the developing liver 
may be more capable of  adapting cholesterol 
synthesis to a changing requirement for choles- 
terol. The recent report of Reiser and Sidelman 
(8) supports this hypothesis. The rise in HMG 
CoA reductase activity following early weaning, 
the failure to observe the overshoot phenome- 
non characteristic of weaning at 21 days, and 
the fact that delayed weaning blocked the 
increase in the HMG CoA reductase activity (4) 
all suggest that the dietary change associated 
with weaning provides the primary stimulus for 
the reported increase in the HMG CoA reduc- 
tase activity. 

The postweaning increase in conversion of 
mevalonate to cholesterol could also be associ- 
ated with the need for cholesterol by liver 
tissue, since growing liver tissue must synthesize 
its own cholesterol following weaning to diet 

low in fat and relatively free of cholesterol. It is 
of interest that a rapid decline in conversion of 
mevalonate to nonsaponifiables and digitonin 
precipitable compounds during fasting, and its 
return to normal after feeding a fat-free diet, 
parallels change in liver weight during fasting 
and refeeding (7). The question arises as to 
whether feeding a fat-free diet containing 1-2% 
cholesterol would eliminate the rise in choles- 
terol-synthesizing enzymes, which occurs dur- 
ing the feeding of a fat-free diet. Studies are in 
progress to determine whether weaning rats to a 
diet containing cholesterol and free of fat 
would prevent the rise in the capacity of liver 
tissue to convert mevalonate to cholesterol. 
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I. Synthesis of sn-GlyceroI-Cyclic-Phosphodiester Isomers 1,2 
DMYTRO BUCHNEA, Banting and Best Department of Medical Research, 
University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

A procedure for the synthesis of ste- 
reochemical ly  pure sn-glycerol-cyclic- 
phosphodiesters has been developed�9 The 
process involves the following sequence 
of reactions: benzyl-sn-glycerol-+benzyl- 
sn -gly  ce r o l - c y  c l i c (pheny l ) -phosphodi -  
ester-+ sn-glycerol-cyclic-phosphodiester. 
The following isomers have been synthe- 
s ized:  sn-glycerol-2,3-,1,2-, 1,3-cyclic- 
phosphodiesters and the racemic mixture�9 
The 2,3- and 1,2-cyclic-phosphodiesters 
of  glycerol are optically active antipodes�9 
They are five-membered ring asymmetri-  
cal compounds,  with specific rotations of 
-1.6 ~ _+ 0.1 ~ and + 1.6 ~ + 0.1 ~ respective- 
ly. These two enantiomers and their 
racemate are thick liquids and are unsta- 
ble; therefore they were converted into 
Ba(glycerol-cyclic-phosphodiester) 2 salts, 
which can be better  stored. The six-mem- 
bered ring sn-glycerol-l ,3-cyclic-phospho- 
diester is a crystalline, stable compound.  
The physical and chemical properties of 
these cyclic-phosphodiesters of glycerol 
are described and their chemical analyses 
are reported. 

I NTRODUCTION 

Half a century ago, Octave Bailly (1) reac ted  
sodium phosphate with epichlorohydrin and 
claimed during reaction the formation of a 
six-membered ring cyclic-phosphodiester of 
glycerol takes place. About  20 years later, 
Verkade and coworkers (2) studied the acid-cat- 
alyzed phosphate group migration of glycerol- 
phosphoric-acid-ester and postulated a mecha- 
nism by way of cyclic-phosphodiester. Later, 
Chargaff (3) demonstrated that this rearrange- 
ment indeed involves an intramolecular migra- 
tion of the phosphate group. Baer and Kates (4) 
studied phosphate group migration of synthetic 
sn-glycerol-3-phosphoryl-choline, in acidic and 
alkaline media, and also postulated the forma- 
tion of the cyclic-phosphodiester of glycerol as 
an intermediate during the migration. 

A similar phosphate group migration occurs 
during the hydrolysis of nucleic acid. Markham 
and Smith (5) have isolated and identified 

Ipresented in part at the ISF Xlth World Congress, 
G6teborg, Sweden, June 1972. 

2The nomenclature used in this communication is 
that adopted by IUPAC-IUB Commission. 

�9 t t 

cycllc-2,3-nucleotldes as intermediates in the 
hydrolysis of ribonucleic acid, and have shown 
that the formation of a cyclic-phosphodiester is 
responsible for the migration of the phosphate 
group from the 3 ~- to the 2~-hydroxyl of the 
ribose. Other cyclic-phosphodiesters have also 

�9 t ! , 

been described, i.e., pan te the lne-2 ,4-cychc-  
phosphodiester  (6), glucose-cyclic-phosphodies- 

�9 t f . 

ter (7) and r ibof lavme-4,5-cychc-phosphodi-  
ester (8)�9 

The possibility of isolation of a cyclic-phos- 
phodiester of glycerol was investigated by Ukita 
et al. (9). They found that  no evidence for 
accumulation of  the cyclic-phosphodiester of 
glycerol during the hydrolysis of lecithin, but  
synthesized the cyclic-phosphodiester of glyc- 
erol by intramolecular cyclization of the 
sn-glycerol -2-phosphoric-acid-ester catalyzed 
with tr if luoroacetic anhydride, according to the 
procedure of Brown and coworkers (10). Later, 
Maruo and Benson (1 1) prepared a radioactive 
glycerol-phosphate-ester by the method of 
McMurray et al. (12) and then cyclized this 
product  by intramolecular phosphorylat ion 
(term introduced by Khorana et al. [ 13] ) using 
dicyclohexylcarbodiimide (DEC) as catalyst,  
according to the procedure of Khorana and 
coworkers (13). 

However no direct synthesis of isomerically 
pure cyclic-phosphodiesters of glycerol has 
been reported. 

This paper describes the synthesis of the 
stereo- and positional isomers of sn-glycerol- 
cyclic-phosphodiester. 

EXPERIMENTAL PROCEDURES 

Benzyl Glycerol Ethers 

Reaction of 2,3-isopropylidene-sn-glycerol 
and 1,2-isopropylidene-sn-glycerol with 50% 
sodium hydroxide yielded the sodium alkoxides 
as described by Kaufmann and FSrster (14). 
Without isolation these were reacted with ben- 
zyl chloride and hydrolyzed according to the 
method of Sowden and Fischer (15) to produce 
1- and 3-benzyl-sn-glycerols. 2-Benzyl-sn-glyc- 
erol was prepared from 1,3-benzylidene-sn-glyc- 
erol. The latter was prepared by the method of 
Hibbert  and Carter (16), but with the modifica- 
tion introduced by Verkade and van Roon (17). 
2-Pot assium- 1,3-benzylidene-sn-glyceroxide was 
prepared according to the method described by 
Gupta and Kummerow (18), and this, without 
isolation, was reacted with benzyl chloride to  
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FIG. 1. Synthesis of sn-glycerol-cyclic-phosphodiester isomers. 

produce 2-benzyl-l,3-benzylidene-sn-glycerol, 
which on hydrolysis of the benzylidene group 
with 10% acetic acid yielded 2-benzyl-sn-glyc- 
erol. 

Benzyl chloride and phenylphosphoryl di- 
chloride were certified reagents, and both were 
redistilled before use. Pyridine was dried over 
calcium hydride and toluene with sodium wire. 
Both solvents were certified spectroanalyzed. 

Phosphocycl ization 

The phenylphosphoryl dichloride was used 
as phosphocyclizing reagent, as shown in the 
reaction scheme (Fig. 1). The position of the 
benzyl-protective group in the glycerol moiety 
dictates the cyclization position of  the phos- 
phodiester residue. 

The phosphocyclization was carried out in a 
500 ml three-necked, round-bottom flask fitted 
with a magnetic stirrer, two dropping funnels 
and a calcium chloride tube. The reaction flask 
was kept in a cold bath of ice and salt (-10 to 
-15 C). An appropriate benzyl-sn-glycerol (18.2 
g, 0.1 mol) was dissolved in 100 ml dry 
pyridine (used as solvent and also as base to 
neutralize hydrogen chloride, which develops 
during phosphocyclization) and placed in one 
of the dropping funnels. An equimolar amount 
of phenylphosphoryl dichloride (21.0 g, 0.1 

mol) was dissolved in dry toluene and brought 
to the same volume as the benzyl-sn-glycerol 
and pyridine mixture. The mixture of phenyl- 
phosphoryl dichloride and toluene was placed 
in the second dropping funnel. 

Both reagents were added drop by drop at 
the same rate with stirring at -10 to -15 C in the 
reaction flask. The addition of the reagents was 
finished after ca. 30 rain. The reaction mixture 
was stirred further for 2 hr at -10 C, and for 12 
hr at room temperatue (20-25C). The reaction 
product was freed of the solvents, toluene and 
pyridine, by distillation in high vacuum at a 
bath temperature of 30-35 C. The residue, 
consisting of benzyl-sn-glycerol-cyclic(phenyl)- 
phosphodiester and pyridine hydrochloride, 
was dissolved in methanol or ethanol, and the 
alcoholic solution was then passed through an 
ion exchange column of Rexyn-101 (H +) in 
order to remove the pyridine hydrochloride 
from the reaction product. The column was 40 
cm long, 4.5 cm wide and contained 400 g 
Rexyn- 101 (H+). 

The column was washed with either metha- 
nol or ethanol until the effluent was free of 
solute. The eluate was then concentrated to 
dryness under reduced pressure at a bath 
temperature of 30-35 C. The benzyl-sn-glycerol- 
cyclic(phenyl)-phosphodiester was recovered, 
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and, without further purification, showed on 
thin layer chromatography a major spot at Rf 
0.7 and a very tiny spot at the origin, with 
benzene-diethyl ether 8:2 v/v used as develop- 
ing solvent. 

Two of the intermediate isomers (Fig. 1, 
structures I and II) and the racemic mixture, 
designated IV, were obtained in relatively high 
yields, i.e., over 90% of the theoretical yield. 
However another isomer (Fig. 1, structure III) 
was found to consist of two different com- 
pounds, which existed in a ratio of ca. 1 : 1, with 
total yield, as a mixture, of 88% of theory. The 
two compounds differed in their melting 
points, Rf values by thin layer chromatography 
and solubilities. 

It seems reasonable to assume that the 
2 -b e n z y 1-s n - gl y cerol- 1,3-cyclic( phenyl )-phos- 
phodiester appears in two different forms. The 
compound with high melting point (144-145 C) 
is suggested to be trans-form (IIIa), and the 
compound with lower melting point (71-72C) is 
suggested to be the cis-form (IIIb). Both 2-ben- 
z y 1-s n-glycerol- 1,3-cyclic(phenyl)-phosphodies- 
ter forms were crystalline, and were easily 
separated. Form IIIa crystallized from diethyl 
ether at 0 C, and form IIIb crystallized from 
petroleum ether (bp 30-60 C) at -6 C. These 
two forms could also be separated by column 
chromatography on silicic acid with benzene- 
diethyl ether 8:2 v/v as solvent, compound IIIa 
preceding compound IIIb in the elution. 

Tentatively the structures, which are still 
under investigation are shown in Figure 2. 

The analytical values of the stereoisomers 
and of the racemic mixture of benzyl-glycerol- 
cyclic(phenyl)-phosphodiester are listed below: 

1-Benzyl-sn-gly cerol-2, 3- cy clic(phenyl)-phos- 
phodiester (I): Specific rotation: [a] ~)s c + 7.5 ~ 
_+ 0.1 ~ in chloroform, c, 10. Anarysis calcu- 
lated for C16H170sP(320): C, 60.00; H, 5.45; 
P, 9.67. Found:  C, 60.12; H, 5.52; P, 9.60. 

3-Benzyl-sn-glycerol-1,2-cyclic(phenyl)-phos- 
phodiester (II): Specific rotation: [ctl 2so 
-7.5 ~ -+ 0.1 ~ in chloroform, c,10. Found: C, 
59.89; H, 5.52; P, 9.84, 

2-Benzyl-sn-glycerol-1, 3-cyclic(phenyl)-phos- 
phodiester (III): (a) trans-Form: mp 144-145 C. 
Found: C, 60.17; H, 5.84; P, 9.78. (b) cis- 
Form: mp 71-72 C. Found: C, 60.18; H, 5.35; 
P, 9.80. 

Racemic  benzyl-glycerol-cyclic(phenyl)- 
phosphodiester (IV): Found: C, 60.27; H, 5.44; 
P, 9.81. 

The above isomers of benzyl-glycerol-cy- 
clic(phenyl)-phosphodiester are readily soluble 
at room temperature in chloroform, ethanol, 
methanol, benzene and toluene, moderately 
soluble in diethyl ether and petroleum ether, 
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and insoluble in water. At 20 C, I, II and IV are 
thick viscous liquids. 

Catalytic Hydrogenolysis 

Removal of  benzyl-protective group with 
palladium black catalyst: Eleven grams of ben- 
zyl-glyc erol-cyclic(phenyl)-phosphodiester was 
dissolved in 160 ml absolute ethyl alcohol by 
warming to 50 C. The clear solution, to which 
2.5 g palladium black was added, was shaken in 
an all-glass reduction vessel in an atmosphere of 
pure hydrogen at room temperature and at a 
water pressure of 50 cm until  the absorption of 
hydrogen ceased. The catalytic hydrogenolysis 
of the benzyl-protective group was completed 
at the end of ca. 1 hr, with enough uptake of 
hydrogen for ca. 100% removal of the benzyl- 
protective group. After replacing hydrogen by 
nitrogen, the reduction product was separated 
from the catalyst (palladium black) by centrifu- 
gation, and the catalyst was extracted three 
times with 25 ml portions of ethyl alcohol. 

Removal of  phenyl-protective group with 
platinum catalyst: The mother liquor, com- 
bined with ethyl alcohol extracts, together with 
1.7 g platinum oxide, was placed in an all-glass 
reduction vessel, and the reductive cleavage was 
carried out as described above. The catalytic 
hydrogenolysis of the phenyl-protective group 
was completed at the end of ca. 3 hr, with 
consumption of ca. 4000 ml hydrogen (uncor- 
rected). The hydrogen was then replaced with 
nitrogen, and the reduction product was sepa- 
rated from the catalyst by centrifugation. The 
catalyst was then washed three times with 25 
ml portions of ethyl alcohol, and the combined 
solutions were brought to dryness by distilla- 
tion under reduced pressure at a bath tempera- 
ture not exceeding 35 C. The residue was then 
kept in high vacuum unti l  a constant weight 
was reached. In each case ca. 96% of glycerol- 
cyclic-phosphodiester was recovered from 
hydrogenolysis. Thin layer chromatography, 
with chloroform-methanol-acetic acid 50:48:2 
v/v as developing solvent, showed in each case a 
major spot at Rf 0.21, which was the cyclic- 
phosphodiester of glycerol, and a very tiny spot 
at the origin, which was not identified. 

After removal of the protective benzyl and 
phenyl groups, all three sn-glycerol-cyclic-phos- 
phodiesters (Fig. 1, structures V-VII) and the 
racemic mixture (VIII) exhibited a very pleas- 
ant aromatic, apple-like aroma. Two of these 
isomers (Fig. 1, structures V and VI) are 
optically active enantiomers. The carbon atom 
in position 2 of the glycerol moiety of V and 
VI is asymmetric, and the asymmetry of this 
carbon atom is maintained throughout the 
synthesis. 
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TABLE I 

Consumption of Periodate in Mole Per Cent by Vicinal Hydroxyl Groups 

Glycerol-cyclic- Periodate Purity of cyclic- 
phosphodiester consumption, % phosphodiester, % 

V 2.2 97.8 
VI 1.3 98.7 

Vlla 0.2 99.8 
Vllb 0.1 99.9 

VIII 12.0 88.0 

The analytical values of the glycerol-cyclic- 
phosphodiesters, after the removal of the pro- 
tective benzyl and phenyl groups, are listed 
below. 

sn-Glycerol-2,3-cyclic-phosphodiester (V): 
Specific rotation: [ot]~ s c _1.6 ~ _+ 0.1 ~ in 
ethanol solution, c, 10 (in water, exhibits no 
rotation). Analysis calculated for C3HT05P 
(154): C, 23.39; H, 4.58; P, 20.11. Found: C, 
23.41; H, 4.62; P, 20.04. 

sn-Glycerol-l,2-cyclic-phosphodiester (VI): 
Specific rotation: [or] 25 c + 1.6 ~ _ 0.1 ~ in 
ethanol solution, c, 10- Found: C, 23.50; H, 
4.60; P, 20.09. 

sn-Glycerol-l,3-cyclic-phosphodiester (VII): 
Once the blocking groups, benzyl and phenyl, 
from IIIa and IIIb were removed, and the acid 
form of these two compounds was restored, 
their trans- and cis-characteristics disappeared 
and they became identical, i.e., sn-glycerol-l,3- 
cyclic-phosphodiester. Compound VII from IIIa 
or b had mp 137-138 C, with no melting point 
depression on mixing. NMR and IR spectra and 
Rf values of the two preparations were found 
to be identical. The elementary analyses found: 
(from a) C, 23.45; H, 4.67; P, 20.03 and (from 
b) C, 23.95; H, 4.89; P, 19.88. 

Racemic  glycerol-cyclic-phosphodiester 
(VIII): Found: C, 23.45; H, 4.67; P, 20.00. At 
20 C, of V, VI and VIII, were very viscous 
liquids. All the isomers were readily soluble at 
room temperature in water, methanol and 
ethanol, and insoluble in other common organic 
solvents. 

The purity of glycerol-cyclic-phosphodiester 
was checked by oxidation with periodic acid 
for the detection of any free vicinal hydroxyl 
groups. Results are shown in Table I. 

Once the blocking groups from glycerol-cy- 
clic-phosphodiesters were removed, the five- 
membered ring compounds (V, VI and VIII) 
were less stable, and slow deterioration of the 
five-membered ring occurred. To prevent the 
decomposition of the five-membered ring, iso- 
mers V, VI and VIII were converted into their 
barium-phosphodiester salts. 

Preparation of Ba(GlyceroI-Cyclic Phosphodiester) 2 
Compounds of V, VI and VI I I  

One hundred and fifty grams of Amberlite 
IRC-50 was suspended in 500 ml of a saturated 
barium hydroxide solution. The mixture was 
stirred for 30 min, and the slurry was poured 
into a glass column, 60 x 4.5 cm, with closed 
outlet, The outlet was opened and the column 
tapped occasionally with a rubber hammer to 
promote uniform settling of the amberlite 
particles. The excess of barium hydroxide was 
eluted with distilled water unti l  the effluent 
was free of barium ions. 

The glycerol-cyclic-phosphodiester (7.5 g) 
was dissolved in 100 ml 80% ethanol or 
methanol, and the solution was passed through 
a freshly prepared Amberlite IRC-50 (Ba ++) ion 
exchange column. The column was eluted with 
ethanol or methanol until  the effluent was free 
of solute, Ba (glycerol-cyclic-phosphodiester)2. 
The eluate was then concentrated under re- 
duced pressure at a bath temperature of 30-35 
C. The concentrated barium salt of cyclic-phos- 
phodiester was freed of the rest of solvent by 
keeping it in high vacuum until  a constant 
weight was reached. The recovery of Ba (glyc- 
erol-cyclic-phosphodiester)2 from the ion ex- 
change column was between 93 and 97% of 
theory (10-10.5 g). 

The following analytical values were found 
for Ba (glycerol-cyclic-phosphodiester)2 of V, 
VI and  V I I I :  Analysis calculated for 
Ba(CaH605P) 2 (443): Ba, 30.97; P, 13.97. 
Found: V = Ba, 30.93; P, 13.88; VI = Ba, 
30.91; P, 13.17 and VIII = 31.05; P, 13.75. 

On heating, the barium salt of sn-glycerol- 
2,3-cyclic-phosphodiester (V), softened at 
155-160 C and decomposed at 180 C. The 
isomer 1,2-cyclic-(VI), on heating to 220 C, did 
not change its appearance. The racemic barium 
salt (VIII), on heating, behaved similarly to the 
salt of isomer V. The barium salts of glycerol- 
cyclic-phosphodiesters were soluble, like free 
diesters, in water, ethanol, methanol and insolu- 
ble in other common organic solvents. 

The six-membered ring sn-glycerol-l,3-cy- 
clic-phosphodiester (VII) was crystalline and 
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FIG. 2. Proposed structures of 2-benzyl-sn-glycerol-l,3-cyclic (phenyl)-phosphodiester in trans- and cis- 
forms. 

quite stable; therefore it was not  necessary to 
convert it into its barium salt. 

The success of the synthetic phosphocycliza- 
tion of the benzyl-sn-glycerol with phenylphos- 
phoryl dichloride to produce sn-glycerol-cyclic- 
phosphodiester depends largely on the follow- 
ing experimental conditions: (a) High purity of 
benzyl-sn-glycerol and phenylphosphoryl di- 
chloride is imperative. (b) Solvents pyridine and 
toluene must be certified spectroanalyzed or 
equivalent grade and absolutely dry. (c)Phos-  
phocylization of benzyl-sn-glycerol with phen- 
ylphosphoryl dichloride must be carried out at 
low temperature, under strictly anhydrous con- 
ditions. (d) Reagents must be mixed together 
simultaneously and in equal portions. 

DISCUSSION 

As stated in Experimental Procedures, 2-ben- 
zyl-sn-glycerol-l,3-cyclic(phenyl)-phosphodies- 
ter appears in two different fo rms-one  with a 
high melting point (144 C), considered to be a 
trans-form, and the other with low melting 
point (71 C), considered to be a cis-form. After 
removal of the benzyl and phenyl blocking 
groups only one form is found. Identity of the 
preparations results from loss of configuration 
due to ionization of the acidic phosphate 
proton. The phosphorus atom in benzyl-sn-glyc- 
erol-l,2- and -2,3-cyclic(phenyl)-phosphodies- 
ters is asymmetric. Once the phenyl blocking 
group is removed the proton is ionizable, and 
the enantiomeric forms become unresolvable 
due to ionization and resonance in the ionic 
species. This postulation is confirmed by the 
equivalence of preparations of sn-glycerol-l,3- 
cyclic-phosphodiester in acid form from pre- 
sumed cis and trans sources. 

This study is being extended to the synthesis 
of acyl-sn-glycerol-cyclic-phosphodiesters and 
-cyclic-phosphosphotriesters. In the latter, the 
hydroxyl group in the -cyclic-phosphoric acid 
residue is substituted with choline, ethanol- 
amine or serine, respectively. 

Cyclic-phosphodiesters and cyclic-phospho- 
triesters of glycerol have never been isolated 
from natural sources. In view of the ubiquitous 
occurrence of phosphosdiesterases and the lack 
of appropriate standards, it may have been an 

impossible task. 
Dawson and Clarke (19) have recently re- 

vised the structure of myo-inositol phosphate 
released from phosphatidyl inositol on enzy- 
matic hydrolysis to myo-inositol-l,2-cyclic- 
phosphodiester. 

There is evidence that the cyclic-phosphodi- 
esters of glycerol might serve as intermediates 
in chemical and enzymic transformation of 
phospholipids. Preliminary experiments (A. 
Kuksis, private communication) have shown 
that the sn-glycerol-l,3-cyclic-phosphodiester 

t 
can serve a substrate of the purified 3 ,5-nu- 
cleophosphodiesterase, yielding sn-glycerol-3- 
phosphoric acid ester. Kuksis and O'Doherty 
(manuscript in preparation) have shown that 
sn-glycerol-l,3- and 2,3-cyclic-phosphodiesters 
are effective precursors of glycerophospholipids 
and triglycerides when incubated with micro- 
somes from rat liver and intestinal mucosa in 
the presence of the diesterase. 

Possibly the cyclic-phosphodiesters of glyc- 
erol are biochemically important  compounds. 
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Changes in Structure of Triglycerides from Maturing Kernels 
of Corn1 
EVELYN 3. WEBER, ARS, USDA, University of Illinois, 
Urbana, Illinois 61801 

ABSTRACT 

Kernels of corn inbred H51 were 
collected at five intervals after hand 
pollination. The triglyceride content of 
the total lipids increased from 8.6% at 10 
days after pollination to 78.3% at 60 
days. The most active period of triglyc- 
eride synthesis occurred from 20 to 45 
days after pollination, when the weight of 
triglycerides per kernel increased from 
1.1 to 7.5 rag. Over all the collection 
periods the percentages of palmitic, lino- 
leic and linolenic acids decreased while 
oleic acid increased, but from 30 to 60 
days after pollination the fatty acid com- 
position of the triglycerides was nearly 
constant. Stereospecific analysis revealed 
a general fatty acid pattern for the 
triglycerides, in which the concentration 
of the saturated acids was highest in 
position 1, linoleic acid in 2 and oleic 
acid in 3. From 20 to 60 days after 
pollination there was little change in the 
fatty acid composition at the 1 position, 
but the largest changes occurred at the 3 
position where palmitic and oleic acids 
decreased 5.1% and 7.3%, respectively, 
and linoleic acid increased 13.4%. The 
variations in the molecular species of the 
triglycerides were determined by silver 
nitrate thin layer chromatography and 
were found to be small from 20 to 60 
days after pollination, except for an 
increase in trilinolein from 5.2 to 11.9%. 
Stereospecific analyses of four major tri- 
glyceride species, SMD, M~D, SD2, and 
MD2, revealed larger changes in fatty acid 
distribution at individual positions during 
maturation than were apparent from 
analyses of the total triglycerides. 

INTRODUCTION 

The pathway for biosynthesis of triglyc- 
erides in plant seeds has not been clearly 
defined. It has been generally assumed that 
plants utilize the same pathway as animals, the 
Kennedy pathway (1). In the final step of this 
syn thes i s ,  preformed 1,2-diacyl-sn-glycerol 
(stereospecific numbering rules approved by 

1presented in part at the AOCS Meeting, Ottawa, 
September 1972. 

IUPAC-IUB Commission on Biochemical No- 
menclature [2]) is esterified with fatty acid to 
form the triglyceride. Other mechanisms have 
been proposed. Hirayama and Hujii (3) sug- 
gested that soybean triglyceride was synthe- 
sized from a monoglyceride intermediate, but 
Privett et al. (4) were unable to confirm this 
pathway. 

Roehm and Privett (5) attempted to clarify 
the mode of synthesis of soybean triglycerides 
by studying the changes in triglyceride struc- 
ture and molecular species composition during 
maturation of the bean. However, because they 
used only lipase hydrolysis, they could deter- 
mine only the fatty acids at the 2 position and 
a mixture of fatty acids from the 1 and 3 
positions. In the present study with corn 
triglycerides, we have made stereospecific anal- 
yses of the triglycerides and their molecular 
species. This enabled us to determine the 
changes in the fatty acids at the 1, 2 and 3 
positions individually as the corn kernel ma- 
tured. 

MATERIALS AND METHODS 

Triglyeeride Samples 

The corn inbred H51 was grown on the 
agronomy farm at the University of Illinois, 
Urbana, during the summer of 1970. Samples 
were collected at five intervals from 10 to 60 
days after hand pollination. The lipids were 
extracted as described previously (6). 

The triglycerides were separated from the 
other lipid classes by thin layer chromatogra- 
phy (TLC) on plates coated 0.5 mm thick with 
Silica Gel G (E. Merck, Darmstadt, W. Ger- 
many). Approximately 50-60 mg of total lipids 
were streaked on each plate, and the plates 
were developed in a nitrogen atmosphere with 
petroleum ether (60-68 C)-diethyl ether-acetic 
acid 80:20:1 (7). The triglycerides were located 
with transmitted light and extracted from the 
silica gel with diethyl ether-methanol 9:1 (8). 
Butylated hydroxytoluene (BHT) was added to 
the isolated triglycerides and in all steps of 
subsequent procedures to prevent autoxidation. 

Stereospeeifie Analyses 

The general technique was based on the 
method of Brockerhoff (9) and was used as 
modified in our previous studies (8). The fatty 
acids at position 1 were identified by analysis 
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of the lysophosphatide,  those at position 2 by 
pancreatic lipase hydrolysis, and the fat ty acids 
at position 3 were calculated by difference 
from the known fatty acid composit ion of the 
triglyceride. The results for position 3 were 
checked by isolating and analyzing the fat ty 
acids of the 2,3-diacylophosphatidyl phenols. 
isolation of Triglyceride Species 

Silver nitrate TLC was used to fractionate 
the total triglyceride into its various species 
according to their degree of unsaturation. The 
silver nitrate-silica gel TLC plates were prepared 
as described in a previous publication (10). Two 
solvent systems were employed.  For  quantita- 
tion of  those species containing the trienoic 
acid, linolenic acid, 0.4 mm thick plates were 
streaked with 12-15 mg triglyceride and chro- 
matographed with 5% methanol in chloroform. 
The other species were separated by streaking 
5-6.5 mg triglyceride on plates coated 0.3 mm 
thick and by developing these plates with 
0.85-1.5% methanol in chloroform. The metha- 
nol in chloroform system was varied according 
to temperature and humidi ty conditions. The 
amount of each triglyceride species was deter- 
mined from a known weight of methyl  hepta- 
decanoate added as an internal standard. 

Four  major species, SMD, M2D, SD 2 and 
MD2, were isolated from the triglycerides of 
each harvesting date for stereospecific analysis. 
(Saturated fat ty acids are denoted as S and 
consist of palmitic acid (16:0) and stearic acid 
(18:0). Unsaturated fat ty acids, oleic (18:1),  
linoleic (18:2) and linolenic (18:3),  are desig- 
nated as monoene (M), diene (D), and triene 
(T), respectively.) The petroleum ether solu- 
tions of the triglycerides were concentrated to 
150 mg/ml in order that 13-20 mg triglycerides 
could be applied in one pass of the semiauto- 
matic sample applicator (Supelco, Inc., Belle- 
fonte, Pa.) across the TLC plate. These prepara- 
tive plates were coated with 0.4 mm layers of 
silver nitrate-silica gel and were developed in 
1.3-1.5% methanol in chloroform. The triglyc- 
eride fractions were extracted from the silica 
gel with diethyl ether-methanol 9:1 (10). The 
weights of the species recovered from the 20 to 
60 day samples ranged from 49 to 190 rag. This 
permit ted stereospecific analysis of duplicate 
samples and, for the more abundant  species, 
triplicate samples. Material was limited in the 
10 day species (14-57 mg), allowing duplicate 
analyses only on the SD 2 fraction. The purities 
of the molecular species fractions expressed as 
mean of the five sampling dates + standard 
deviation were for SMD 96.9% + 2.4, M2D 
97.7% + 1.2, SD 2 98.5% + 0.9, MD 2 96.6% _+ 1.8. 
Gas Liquid Chromatography 

Fat ty  acid methyl  esters of all the triglyc- 
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TABLE II 

Stereospecific Analyses of Total Triglycerides from 
Maturing Kernels of Corn Inbred H51 a 
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Days Compound 
after or 

pollination position 

Fatty acid distribution, mol% 

16:0 18:0 18:1 18:2 18:3 

10 TG b 19.5 2.1 15.5 52.4 
2 c 1.5 0.6 12.0 73.5 

20 TG 20.9 2.0 32.4 43.3 
1 32.8 2.9 28.1 35.3 
2 1.1 0.1 23.2 73.1 
3 28.9 3.2 45.7 21.4 

30 TG 19.2 1.6 31.0 46.9 
1 30.8 2.7 26.4 39.4 
2 1.0 0.1 21.9 q5.3 
3 25.8 2.1 44.8 25.9 

45 TG 18.5 1.4 31.9 46.9 
1 29.0 3.0 28.7 38.2 
2 1.1 0.1 24.4 73.2 
3 25.2 1.2 42.6 29.4 

60 TG 17.5 1.6 31.1 48.8 
1 27.4 2.7 28.9 40.1 
2 1.4 0.1 26.0 71.4 
3 23.8 2.0 38.4 34.8 

10.5 
12.4 

1.4 
0.9 
2.5 
0.8 

1.3 
0.7 
1.7 
1.4 

1.3 
1.0 
1.2 
1.6 

1.0 
0.8 
1.1 
1.0 

aAnalysis done in triplicate. 
bTG, triglyceride 
CInsufficient sample for complete stereospecific analysis. 

eride samples  were p repa red  by  t r e a t m e n t  o f  
the  l ipids w i t h  b o r o n  t r i f l uo r ide -me thano l  (8) .  
The  m e t h y l  esters were ana lyzed  in a Hewlet t -  
Packard  Model  400  gas c h r o m a t o g r a p h  (Hew- 
le t t -Packard ,  Avonda le ,  Pa.) equ ipped  w i th  a 
f lame ion iza t ion  de tec to r .  The  6 f t  x 1/4  in. 
glass c o l u m n  was packed  wi th  15% d ie thy lene  
glycol succ ina te  po lyes te r  on  80-100  mesh  
C h r o m o s o r b  W (AW) (Supelco ,  Inc. ,  Bel le fonte ,  
Pa.). The  carr ier  gas, he l ium,  at  40  psig f lowed 
at 40  ml /min .  The c o l u m n  t e m p e r a t u r e  was 
m a i n t a i n e d  at  187 C. The percen tages  of  the  
f a t ty  acids were ca lcu la ted  f rom peak areas 
d e t e r m i n e d  by  an e lec t ron ic  digital i n t e g r a t o r  
(Hewle t t -Packard  Mode l  3370B) .  

RESULTS 

Accumulation of Triglycerides in Maturing 
Corn Kernels 

Data on the accumulation of lipids in matur- 
ing kernels of the corn inbred, H51, are shown 
in Table I. The dry weights of the kernels 
increased  rap id ly  f r o m  10 to  45 days a f te r  
po l l ina t ion ,  b u t  at  60 days a f te r  po l l i na t ion  had  
leveled off. 

The weights  of  the  to ta l  l ipids per  ke rne l  
also increased  f r o m  10 to  45 days af te r  pol l ina-  
t ion,  b u t  s h o w e d  a s l ight  decrease  at  6 0  days  
a f te r  po l l ina t ion .  The  decrease  m ay  be due  to  

sampl ing  e r ror  or e n v i r o n m e n t a l  effects ,  b u t  for  
this  i n h r e d  over  7 years  the  m e a n  for  to t a l  
l ipids at  45 days was 5.1 _+ 0.6% of  the  dry 
weight  and  at 60 days 4.8 + 0.6%. 

A t  10 days a f te r  po l l i na t i on  the  kerne ls  
c o n t a i n e d  on ly  a t race  of  t r iglycerides.  A t  20  
days the  t r ig lycer ides  as s torage l ipids were 
increas ing rap id ly  and  a c c o u n t e d  for  43% of  the  
to ta l  l ipids in  the  kernel .  The  t r iglycerides  
c o n t i n u e d  to  increase  b o t h  in a m o u n t  and  as 
percen tage  of  to ta l  l ipids up  to  45 days a f te r  
po l l ina t ion .  A t  60  days the  weight  of  tr iglycer- 
ides pe r  ke rne l  d ropped  sliglatly. The  ma jo r  
per iod  of  t r iglyceride synthes i s  was b e t w e e n  20  
and  45 days a f te r  po l l ina t ion .  

Stereospecific Analyses of Total Triglycerides 

The f a t t y  acid c o m p o s i t i o n s  of  the  to ta l  
t r iglycer ides  co l lec ted  at  the  d i f fe ren t  sampl ing  
dates  are given in Table  II. The  greates t  changes  
in f a t t y  acid c o m p o s i t i o n  occu r red  f rom 10 to  
20 days a f te r  po l l i na t ion  when  there  was a large 
gain in the  pe rcen tage  of  oleic acid and  reduc-  
t ions  in the  pe rcen tages  of  l inoleic and  l ino len ic  
acids. F r o m  30 to  60 days a f te r  po l l i na t i on  the  
f a t ty  acid c o m p o s i t i o n  of  the  t r ig lycer ides  was 
near ly  cons t an t .  

The  fa t ty  acids loca ted  at  the  1, 2 and 3 
pos i t ions  of  the to ta l  t r ig lycer ides  were deter-  
m ined  by  s tereospeci f ic  analysis  (TaMe I1). The  
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T A B L E  III 

P r o p o r t i o n  o f  F a t t y  A c i d s  a t  E a c h  P o s i t i o n  
o f  To ta l  T r ig lyce r ides  f r o m  M a t u r i n g  

Kerne ls  o f  C o r n  I n b r e d  H 5 1  

D a y s  
a f t e r  

p o l l i n a t i o n  

P r o p o r t i o n  o f  f a t t y  acids ,  %a 

Pos i t i on  S b M D T 

2 0  1 51 .8  28 .9  27 .2  20 .8  
30  53 .6  28 .4  28 .0  17 .6  
45  53 .7  30 .0  27 .1  27 .2  
6 0  52 .4  31 .0  2 7 . 4  28 .2  

2 0  2 1.7 24 .0  56 .3  59 .3  
30  1.9 23 .5  53 .5  4 4 . 8  
45  2 .0  25 .5  52 .0  31 .0  
6 0  2 .6  27 .8  4 8 . 8  37 .8  

20  3 46 .5  47 .1  16.5  19 .9  
3 0  44 .5  48 .2  18 .4  37 .6  
45  4 4 . 3  44 .5  2 0 . 9  4 1 . 8  
60  4 5 . 0  4 1 . 2  23 .8  34 .0  

a p r o p o r t i o n  = % f a t t y  ac id  e s t e r i f i ed  a t  t h a t  
p o s i t i o n  = % f a t t y  ac id  in t h a t  p o s i t i o n  x 1 0 0 / %  f a t t y  
ac id  in t r i g l y c e r i d e  x 3. 

b S a t u r a t e d  f a t t y  ac ids  (S) cons i s t  o f  p a l m i t i c  ac id  
(16 :  0) a n d  s tear ic  ac id  (18 :  0). U n s a t u r a t e d  f a t t y  acids ,  
oleic  ( 1 8 : 1 ) ,  l inote ic  ( 1 8 : 2 ) ,  a n d  l i no len ic  ( 1 8 : 3 ) ,  are 
d e n o t e d  as m o n o e n e  (M), d iene (D) a n d  t r i ene  (T),  
r e spec t i ve ly .  

T A B L E  V 

C o n c e n t r a t i o n s  o f  T r i g l y c e r i d e  P o s i t i o n a l  I somer s  
f r o m  M a t u r i n g  Kerne ls  o f  C o r n  I n b r e d  H 5 1  

M o l e c u l a r  Pos i t i ona l  
spec ies  i s o m e r  

D a y s a ~ e r p o l l i n a t i o n  

2 0  30  45  6 0  

T o t a l  t r i g lyce r i de ,  % 

SMD a SMD 0 .8  1.1 1.5 1.7 
SDM 10.2  10 .3  8 .9  8.2 
MSD 0.1 0 .2  0 .2  0 .2  
M D S  5.1 3 .8  4 .4  4 .0  
DSM 0.1 0.1 0 .2  0 .3  
DMS 2 .5  2 .2  2 .4  3 .5  

M 2 D  DMM 3.1 2 .9  3.5 3 .4  
MDM 6.6  6 .2  7 .5  6 .9  
MMD 1.2 1.3 2 .2  2.5 

SD 2 S D D  4 .3  5 .0  5 .7  7 .4  
D S D  0.1 0 .2  0 .2  0 .3  
D D S  11.5  9 .3  8.3 7 .6  

MD 2 M D D  4 . 7  5 .0  5.8 6 .6  
D M D  0 .6  1.0 1.6 2 .7  
D D M  15 .3  15 .0  13.5  11 .2  

aSee f o o t n o t e  b to  Tab le  III. 

T A B L E  IV 

C o n c e n t r a t i o n s  o f  T r ig lyce r i de  Species  
f r o m  M a t u r i n g  Kerne l s  o f  C o r n  I n b r e d  H 5 1  

No.  o f  
T r ig lyce r i de  d o u b l e  

species  b o n d s  

D a y s  a f t e r  p o l l i n a t i o n  

10 20  30  45  60  

T o t a l  t r i g lyce r i de ,  w t %  

$2  Ma 1 
SM 2 2 

S 2 D  2 

M 3 3 
SMD 3 
M 2 D  4 
SD 2 4 
MD 2 5 
SMT 4 
M 2 T  5 
D3 6 
SDT 5 
M D T  6 

D 2 T  7 
ST2  6 
MT2 7 
D T 2  8 
T3  9 

2.5 3 .5  2 .8  2 .4  2.1 

1.8 6 .3  7 .8  5 .6  6.1 

7 .7  8 .9  8.5 7 .2  6 .3  
1.5 6.5 5.2 5.3 4 .9  

12 .6  18 .8  17 .7  17 .6  17 .9  
4 .4  10.9  10 .4  13.2  12 .8  

19.5  15 .9  14 .5  14.2  15.3  
13 .0  2 0 . 6  2 1 . 0  20 .9  20 .5  

2.1 0 .9  0.1 0 .2  0 .3  
0 .6  0 .2  0 .8  0 .6  0.1 

14 .0  5.2 9 .2  11 .3  11 .9  
6 .9  0 .8  0 .6  0 .6  0.5 
1.4 0 .8  0 .7  0 .5  0 .6  
7 .3  0.5 0 .6  0 .5  0 .7  
1.9 . . . . . . . . . . . .  
0 .3  . . . . . . . . . .  
2 .0  0.1 0.1 --- 0.1 
0 .4  . . . . . . . . . . .  

aSee f o o t n o t e  b to  Tab le  III. 
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Changes in major molecular species of 
from corn inbred H51 during maturation 

proport ion of each fat ty acid esterified at a 
particular posit ion was calculated (Table III). 
At  all sampling dates the proport ions of the 
saturated acids, palmitic and stearic acids, were 
highest in position 1 and very low in position 2. 
The proport ions of oleic acid, the monoene,  
were highest in position 3 and slightly lower in 
position 2 than in l.  Approximate ly  one-half of 
the diene, linoleic acid, was found at the 2 
position. The 1 position ranked second in 
proport ion of linoleic acid and the 3 position 
third. The values for the triene, linolenic acid, 
were more erratic because of the small percent- 
ages involved, but  the proport ions of linolenic 
acid were highest in posit ion 2 and lowest in 
position 1. This general pat tern for the fat ty 
acids in which the saturated acids are predomi- 
nately esterified at the 1 and 3 positions and 
linoleic acid at the 2 position agreed with the 
data previously obtained from corn (8) and 
many animals (11,12). 

Although the overall fat ty acid pat tern of 
the triglycerides remained the same, there were 
changes in the levels of the fatty acids during 
maturation of the corn kernel. In the 1 posit ion 
from 20 to 60 days after pollination the 
percentages of palmitic acid decreased and of 
linoleic acid increased while those of stearic, 
oleic and linolenic acids remained relatively 
constant (Table II). At position 2 over the same 
period the percentages of oleic acid increased 
while those of linoleic and linolenic decreased. 
The largest changes in fat ty acid percentages 
during maturation occurred at the 3 position. 
Here palmitic and oleic acids showed decreases 
of 5.1% and 7.3%, respectively, from 20 to 60 
days after pollination, and linoleic acid showed 
a 13.4% increase. 

These changes in the distribution of fat ty 
acids at the three positions of the triglycerides 
occurred at a relatively constant rate from 20 
to 60 days after pollination, even though the 
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FIG. 2. Changes in fatty acid distribution at three 
positions of triglyceride molecular species SMD during 
maturation of corn kernels. 

fatty acid composit ion of the total  triglycerides 
remained nearly constant from 30 days to 60 
days after pollination. Roehm and Privett (5) 
suggested that in soybean triglycerides the 
positional distribution of the fatty acids re- 
mained virtually unchanged throughout  matura- 
tion. However with lipase hydrolysis alone they 
could determine only the variations in the 2 
position fatty acids. When the changes at each 
of the three positions of the triglycerides from 
corn were compared, the smallest changes 
occurred at the 2 position. 

Triglyceride Species Analysis 

Roehm and Privett (5) proposed that  exten- 
sive changes i n  relative percentages of the 
molecular species rather than alterations in 
distribution of fatty acids within the triglycer- 
ides accounted for the changes in the total  fatty 
acid composit ion of soybean triglycerides during 
maturation. The extent  of the variations of 
molecular species in corn triglycerides during 
maturation was determined by quantitating the 
species with argentation TLC. The results are 
shown in Table IV. Eighteen different species 
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FIG. 4. Changes in fatty acid distribution at three 
positions of triglyceride molecular species SD 2 during 
maturation of corn kernels. 

were detected at 10 days after pollination, but 
those species containing linolenic acid either 
disappeared or became trace components by 20 
days after pollination. The changes in the major 
molecular species are illustrated in Figure 1. 
During the period of storage triglyceride 
synthesis from 20 to 60 days after pollination, 
the species containing the saturated acids re- 
mained relatively constant (SM2) or decreased 
(S2M, S2D, SMD, SD2, SMT, SDT) reflecting 
the percentage reduction (3.4%) of saturated 
acids in the total triglycerides. All of these 
decreases in the saturated species were small, 
however, with the largest 2.6% for S2D. In 
species containing the monoene, M 3 decreased 
by 1.6%, M2D increased by 1.9%, and MD 2 
remained nearly constant. Of all the species, D a 
showed the most dramatic change with a gain 
of 6.7%. 

Stereospecific Analyses of Triglyceride Species 

The four major species, SMD, M2D , SD 2 and 
MD2, of the corn triglyceride samples were 
isolated and subjected to stereospecific analyses 
to determine the variation of fatty acid distri- 

bution within each species during maturation of 
the kernel. For all four species (Figs. 2-5) the 
fatty acid distribution of the 10 day triglycer- 
ides did not fall on the relatively linear lines of 
change exhibited by the samples collected from 
20 to 60 days after pollination. This suggests 
different structures and functions for the 10 
day triglycerides. Therefore we will concen- 
trate on the changes in fatty acid distribution 
from 20 to 60 days after pollination, the period 
of storage triglyceride synthesis. 

The general fatty acid pattern of SMD (S 
highest in I, M in 3 and D in 2) was the same as 
in the total triglycerides. From 20 to 60 days 
after pollination there was little change in the 
fatty acid distribution at position 1 (Fig. 2). In 
the 2 position S was very low and relatively 
constant, but M gained 12'% and D lost 13.7%. 
At position 3 there was a lag from 20 to 30 
days that did not appear in any of the other 
molecular species examined, but the general 
trends were that saturated acids and diene 
increased, and monoene decreased. 

In the M2D species (Fig. 3) the highest 
concentration of M was in position 3 and the 

LIPIDS, VOL. 8, NO. 5 



TRIGLYCERIDES OF MATURING CORN KERNELS 301 

lowest in 2, counterbalanced by D highest in 2 
and lowest in 3. At the 1 position there was 
again little change in the fatty acid distribution 
from 20 to 60 days after pollination. At 
position 2 there was a 9.3% decrease in D and 
increase in M, with a nearly equal and opposite 
8.7% increase in D and decrease in M at 
position 3. 

S was almost exclusively esterified at the 
outer 1 and 3 positions of SD 2 (Fig. 4). At the 
2 position over 98% was D, and there were 
essentially no changes at the 2 position during 
maturation. At the 1 position the diene pre- 
dominated, and at the 3 position the saturated 
fatty acids predominated until  60 days after 
pollination when nearly equal percentages of S 
and D were found in positions 1 and 3. This 
final pattern was attained by a large loss 
(21.3%) of D at position 1 and gain (22.7%) in 
D at position 3. Reciprocal changes took place 
in S. 

In MD 2 (Fig. 5), M was preferred at position 
3 and lowest in 2 with the opposite pattern for 
D. D was very high in position 2 (ca. 90%). 
From 20 to 60 days after pollination there were 
changes in fatty acid distribution at all three 
positions. The smallest change occurred at 
position 1, where D showed a decrease of 8.9%. 
At 2, D decreased 10.1%. The largest change 
was at the 3 position; here D increased by 
20. 1%. M exhibited complementary changes at 
all three positions. 

By comparing the changes in fatty acids of 
the four triglyceride species during maturation 
some general trends were noted. The smallest 
changes in fatty acid distribution occurred at 
the 1 position, except for S2D. The largest 
changes were observed in position 3. The 
percentage of linoleic acid increased at position 
3 in all four molecular species, while those of 
the saturated fatty acids or oleic acid decreased. 

DI SC USSI ON 

Stereospecific analyses of the corn total 
triglycerides have shown a nonrandom distribu- 
tion of fatty acids among the three positions of 
the triglyceride molecules, with a general fatty 
acid pattern for this corn inbred where the 
saturated fatty acids predominate at position 1, 
linoleic acid at 2 and oleic acid at 3. Within the 
general fatty acid pattern, however, during 
maturation of the corn kernel, changes were 
observed in fatty acid composition at individual 
positions. This was not completely due to 
quantitative changes in the molecular species, 
because, except for a doubling of the percent- 
age of D 3 from 5.2% to 11.9%, only slight 
variations occurred in the relative percentages 
of the molecular species. Stereospecific analysis 
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FIG. 5. Changes in fatty acid distribution at three 
positions of triglyceride molecular species MD 2 during 
maturation of corn kernels. 

of individual molecular species revealed large 
changes in fatty acid distribution, particularly 
at the 3 position. 

In the glycerophosphate pathway of triglyc- 
eride synthesis in animals (I) ,  L-a-glycerophos- 
phate is esterified in positions 1 and 2 with 
fatty acids to form phosphafidic acid. It  has not  
been established whether position 1 or 2 is 
esterified first. Christie and Moore (13) pro- 
posed that the constant proportions of fatty 
acids found in position 1 of pig triglycerides 
indicated that this position was acylated first. 
In corn over the active biosynthetic period of 
the maturing kernel, position 1 of the total 
triglycerides had the most constant proportions 
of fatty acids (Table III). In the molecular 
species the smallest changes in fatty acid 
distribution during maturation also were ob- 
served at position 1 (Figs. 2-5). The largest 
changes in fatty acids took place at position 3 
of the corn triglycerides. This supports a 
sequential acylation of positions 1, 2 and 3 as 
would occur when 0t-glycerophosphate is acyl- 
ated to form phosphatidic acid, and the phos- 
phatidic acid is in turn dephosphorylated and 
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acyla ted  at pos i t ion  3 to fo rm the  t r iglyceride.  
Thus  ou r  da ta  suggest t h a t  the  an imal  p a t h w a y  
for  t r iglyceride synthes i s  m ay  be opera t ing  in 
corn.  

The pos i t iona l  i somers  of  each  molecu la r  
species were ca lcu la ted  (12)  and  are s h o w n  in 
Table  V. The percen tages  of  the  i somers  w i th  M 
at the  2 pos i t ion ,  SMD and  DMS, increased  in 
the  SMD species,  b u t  there  was a decrease  in 
the  pe rcen tages  of the i somers  w i th  D at the  2 
pos i t ion ,  SDM and MDS. In the  o t h e r  th ree  
species, the  pe rcen tages  of  the  i somers  wi th  D 
at the  3 pos i t ion ,  MDD, DMD, SDD and MMD, 
were increasing,  while those  w i th  M or S at  the  
3 pos i t ion ,  DDM, DDS, DMM and MDM, 
decreased or  r ema ined  near ly  c o n s t a n t .  When 
the  weight  per  kerne l  of  each  i somer  was 
calcula ted,  all of  the  pos i t iona l  i somers  showed  
a gain in mil l igrams per  ke rne l  up  to  45 days 
af te r  po l l ina t ion ,  paral lel ing the  increase  in 
to t a l  oil. At  60 days af te r  po l l ina t ion  the  
isomers  t h a t  had  shown  a decrease in 
pe rcen tage  were also p re sen t  in lesser a m o u n t s  
in the kernel .  Total  oil decreased  sl ightly f rom 
45 to  60 days af te r  po l l ina t ion .  

A b e t t e r  u n d e r s t a n d i n g  of  the  m e c h a n i s m s  
of f a t ty  acid d i s t r ibu t ion  wi th in  the  t r ig lycer ide 
molecules  will have m a n y  pract ical  appl ica t ions .  
Because f a t ty  acids at  the  1 and  3 pos i t ions  are 
more  suscept ib le  to ox ida t i on  (14) ,  the  unsa tu-  
ra ted  f a t t y  acids shou ld  be  c o n c e n t r a t e d  at  the  
2 pos i t ion .  The  p o l y u n s a t u r a t e d ,  essential  f a t ty  
acids wou ld  be conserved  i f  t hey  were  loca ted  
at  the  2 pos i t ion ,  where  t hey  would  be ab- 
so rbed  i n t o  the  in tes t ina l  wall as 2 -monoglycer -  
ides a f te r  l ipase hydro lys i s  (15) .  Recen t  evi- 
dence  suggests tha t ,  in  add i t i on  to  f a t t y  acid 
compos i t i on ,  the  s t ruc tu re  of  the  t f iglycerides  
may  inf luence  the  a the rogen ic i ty  of  an oil (16) .  
I f  f a t t y  acid p l a c e m e n t  can be  genet ical ly  

E.J. WEBER 

man ipu la t ed ,  we cou ld  p roduce  vegetable  oils 
t h a t  are more  s table  to oxida t ive  r anc id i ty  and  
b e t t e r  nu t r i t i ona l ly  and  physiological ly .  
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Glycerides, Waxes and Sterols in Ovaries ofAscaris lumbricoides 
(Nematoda) 
GEORGE E. TARR 1 and DONALD FAI RBAI RN, Department of Zoology, 
University of Massachusetts, Amherst, Massachusetts 01002 

ABSTRACT 

Glycerides (65%), ascaroside esters 
(33%), waxes (1.5%) and sterols (0.26%) 
accounted  for  essentially all the neutral  
lipids in A. lumbr ico ides  ovaries. Nine- 
teen per cent  by weight of  the triglyc- 
erides conta ined  only long chain fa t ty  
acids. Nearly all the remaining triglyc- 
erides conta ined  1 mol  volati le acid. 
Mono- and diglycerides, free fa t ty  acids 
and triglycerides conta ining 2 mol  volati le 
acids were present  in very small amounts .  
Mole percentages of  glyceride volati le 
acids were 0t-methylvaleric (70), c~-meth- 
y lbutyr ic  (23), n-valeric (ca. 7), and 
traces of  acetic,  propionic ,  i sobutyr ic  and 
n-butyric.  Mole percentages of  the alco- 
holic c o m p o n e n t  of  the waxes were 96% 
1-octadecanol,  and 4% of its 16, 17 and 
19 carbon homologs.  The acid compo-  
nents  were c~-methylbutyric (75 mol%),  
acetic (16 mol%),  propionic  and n-valeric 
(each 4 mol%),  and traces of n-butyric  
and ~-methylvaleric.  Sterols (42 wt% cho- 
lesterol,  30% cholestanol ,  9.5% campes- 
tanol ,  8.2% stigmastanol,  6.6% /3-sitos- 
terol ,  and 3.8% campesterol)  were essen- 
tially the same as those found in the 
whole worm,  except  that  no esterified 
sterols were present.  

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

Neutral  lipids in the ovaries of  Ascaris 
lumbr ico ides  are bo th  abundant  (1) and com- 
plex.  Triglycerides predomina t ing  in the 
oocytes  are oxidized during embryogenesis  
(2-4). There are also impor tan t  amounts  of high 
molecular  weight esters of  glycosides (ascar- 
osides) that  undergo extensive de-esterification 
fol lowing fer t i l izat ion and are the major  com- 
ponents  of  the ascaroside layer of  the egg shell 
(5,6). Relatively small amounts  of  cholesterol  
and saturated sterols are present  (7). 

It was first surmised (8) and then shown (1) 
that  the " t r ig lycer ide"  fract ion remaining in 
solut ion after precipi ta t ion of  phospholipids 
with acetone contained esterified vo la t i l e  acids 

1present address: Department of Physiological 
Chemistry, University of Wisconsin Medical School, 
Madison,,Wis. 53706. 

FIG. 1. Gradient-elution, thin layer chromatograms 
(i4) of the neutral lipids of A. lumbricoides. Lipids 
were fractionated on an 80 x 100 mm plate coated 
with 0.2 mm Adsorbosil-3, with heptane-benzene 
1 :l/ethyl acetate and detected by sulfuric acid char- 
ring. In this system heptane-benzene 1:1 was used to 
saturate the atmosphere in the tank, and ethyl acetate 
in the trough served as developing solvent. Constitu- 
ents are named from top to bottom of the chromato- 
gxam. 1. Tristearin, tripalmitin, 1,3-distearin, 1,2-di- 
stearin, 1-monostearin and glycerol. 2. Cholesterol 
palmitate, cholesterol acetate, c~-tocopherol, choles- 
terol and 1-octadecylglyceryl ether. Chromatograms 
3-7 are total lipid extracts of males, females, ovaries 
and fertilized eggs taken from the region of the uterus 
near the genital pore, and female somatic tissues, 
respectively. Bands present in the ovaries, but absent 
in the eggs, are ascaroside esters. Bands near the origin 
in the eggs, but essentially absent in the ovaries, are 
free ascarogides (6). Total lipids of males and somatic 
lipids of females contain several lipids that appear to 
be ascaroside esters, but are not. Phospholipids are 
visible at the origin. 
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TABLE I 

Long Chain Fatty Acids in Two Major 
Triglyceride Fractions of Ascaris lumbricoides Ovaries a 

Total long chain acids, wt% 

Trigly cerides containing 
Fatty acid 3 long chain acids b 

Triglycerides containing 
2 long chain and 

1 volatile acid c 

13:0 0.05 0.03 
14:0 0.51 0.31 

brl 5:0 1.24 0.72 
15:0 0.08 0.08 
16:0 10.2 12.3 
16:1 0.21 0.10 
17:0 0.64 0.58 
17:1 0.12 0.08 
18:0 9.6 9.8 
18:1 22.9 22.1 
18:2 30.7 34.0 
18:3(?) 0.47 0.84 
20:0 0.36 0.26 
20:1(?) 0.16 0.20 
20:2 4.42 4.18 
20:3 0.79 0.60 
20:4 13.9 10.8 
20:5(?) 0.34 0.39 
22:4 0.75 0.73 

(iso)22:4(?) 0.31 0.24 
22:5(?) 1.06 0.91 
22:6(?) 1.19 0.72 

aSimilar analyses of long chain acids have been reported previously (9,10,15) without 
reference to the volatile acid constituents (Table II). Identification and quantification was 
by gas liquid chromatographic analysis on 12% DEGS, 3% DEGS, 3% octadecyl silicone, and 
comparison with such standard methyl esters as were available. Standards were not available 
for the C20 and C22 polyunsaturated acids. Values for the polyunsaturates are less accurate 
than others. This experiment was the most detailed of three, in which differences in the tri- 
glyceride acids were consistent only with respect to br15:0, 16:0, and the C20 and C22 
acids (excluding 21:1, 20:5 and [iso] 22:4, which were not always sought). 

b19% by weight of the total glycerides. 
c80.5% by weight of the total glycerides. 

account ing  for ca. 50% of  the ester linkages. 
These originate as f e rmen ta t i on  p roduc t s  and 
consist  mos t ly  of  acetic, p rop ion ic ,  a -me thy l -  
butyr ic  and a-methylvaler ic  acids (9-11). When 
it was found  tha t  ascaroside esters are exclu- 
sively acetates  and p rop iona tes  (6), it  seemed 
reasonable  to suppose tha t  m o s t  o f  the esteri- 
fied a -m e thy lbu ty r i c  and a-methylvaler ic  acids 
would  occur  in the tr iglycerides.  This suppo-  
si t ion has n o w  been conf i rmed ,  and it has also 
been f o u n d  tha t  the ovaries conta in  waxes in 
which all the acid residues are volatile and all 
the major  volatile acids are represented .  The 
complex  mix ture  of  s terols  occurr ing in the 
whole  worm (12) has also been  found  in the  
ovaries. None  of the sterols were esterif ied.  

MATERIALS AND METHODS 

The col lec t ion and t r e a t m e n t  of  biological 
materials,  and general m e t h o d s  for  the extrac-  
t ion,  saponif ica t ion ,  es ter i f icat ion,  me thano l -  
ysis, th in  layer  ch roma tog raphy  (TLC), and gas 

l iquid ch ro ma t o g rap h y  (GLC) of  lipids have 
been descr ibed (6). Mono-,  di- and tr istearins,  
fa t ty  acid me thy l  esters,  s terols  and 1-octa- 
decanol  were ob ta ined  f rom Appl ied  Science 
Labs.,  State College, Pa. Other  s tandard  glyc- 
erides were syn thes ized  f rom the commerc ia l  
s tandards as needed .  Alcohols  o the r  than  1- 
oc tadecanol  were syn thes ized  by reduc t ion  of  
the co r respond ing  fa t ty  acid met h y l  esters wi th  
l i th ium a luminum hydr ide .  GLC was used to  
i d e n t i f y  sterols by previously descr ibed 
me th o d s  (12), and mos t  f a t ty  acid me thy l  
esters were ident i f ied  by GLC on co lumns  
packed wi th  12% DEGS, 3% DEGS, 3% QF-1 or 
3% b o n d e d  oc tadecy l  silicone. S tandard  me thy l  
esters were available for  all f a t ty  acids excep t  
those  in the C20-C24 po lyunsa tu ra t ed  group,  
and the branched  chain acids. Iden t i f ica t ion  in 
the absence of  s tandards  was made  by com-  
paring the behavior  of  the u n k n o w n  me t h y l  
esters on several d i f fe rent  co lumns  and by 
reference to  s tandard  plots  o f  log re ten t ion  
t ime vs. carbon number .  
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TABLE II 

Glycerides in Ovaries ofAscaris lumbricoides 

Glyceride Total glycerides, a %w/w 

Triglycerides with 3 long 
chain fatty acids 19 

Triglycerides with 2 long 
chain fatty acids and 
1 volatile acid 
~x-Methylvalerate 55 
n-Valerate 5.3 
c~-Methylbutyrate 18.6 
n-Butyrate 0.4 
Isobutyrate 0.1 
Propionate 0.5 
Ace tate 0.6 

Triglycerides with 1 long 
chain fatty acid and 
2 volatile acids 
a-Methylvalerate only 0.2 
a-Methylvalerate, 

c~-methylbutyrate 0.1 
Diglycerides with 2 long 

chain fatty acids b 0.6 
Monoglycerides with 1 

long chain fatty acid Trace 

aThese values were obtained by a combination of 
methods including fracfionation by gradient elution 
thin layer chromatography (14) in benzene/benzene- 
ethyl acetate 5:1, gas liquid chromatographic analysis 
of these fractions for long chain fatty acids and vola- 
tile acids, and gas liquid chromatography of the glyc- 
erides themselves. 

bVolatile acids appeared to comprise a small per- 
centage of the diglycerides. 

Free  volat i le  acids were i so la ted  f rom to ta l  
l ipid ex t rac t s  of  adul t  female  A. lumbricoides 
(13)  by  mak ing  the  Fo lch  u p p e r  phase  alkal ine,  
c o n c e n t r a t i n g  i t  a t  100 C u n d e r  n i t rogen ,  ex- 
t r ac t ing  the  c o n c e n t r a t e  w i t h  d ie thy l  e the r ,  
ac idi fying the  aqueous  residue and  e x t r a c t i n g  
the volat i le  acids f rom i t  w i th  d ie thy l  e ther .  
Three  ex t r ac t i ons  w i th  6 vo lumes  each of  e t h e r  
r emoved  more  t han  95% of the  acet ic  acid. The  
acids were dried as the i r  sod ium salts and  
ana lyzed  by  GLC (6).  The presence  of  unsa tu -  
ra ted  volat i le  acids was c o n f i r m e d  by  GLC of  
samples  dissolved in  0. 1 N aqueous  HC1 before  
and  a f te r  t r e a t m e n t  w i th  b r o m i n e  water .  The  
t r e a t m e n t  w i th  b r o m i n e  wate r  resul ted  in the  
d i sappearance  of  u n s a t u r a t e d  acids and  was 
usual ly  a c c o m p a n i e d  by  the  appea rance  of  
o the r  charac te r i s t ic  peaks.  
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FIG. 2. Thin layer chromatogram of neutral/ipids 
ofAscaris lumbricoides ovaries. A 0.2 mm thickness of 
Adsorbosil-3 on an 80 x 100 mm plate was developed 
in a gradient etution system (Fig. 1) with benzene/ben- 
zene-ethyl acetate 5:1 and charred with H2SO 4. 
Fractions are identified from top to bottom of the 
plate as follows, the nonglyceride bands being de- 
picted only in outline. 1. Standard tristearin, and the 
caproate, propionate and acetate esters of 1,3-di- 
stearin. 2. Caproate, propionate and acetate esters of 
1-monostearin. 4. Ovarian lipids. The two faint upper- 
most bands contained waxes. Below these are four 
triglyceride bands, the uppermost containing only 
higher fatty acids and the other containing 1 or 2 mol 
volatile acids. Most of the remaining bands were 
ascaroside esters. 5. Bands obtained after brief treat- 
ment of 1-monostearin with caproic aanhydride. 6. 
Tristearin, 1,3-distearin, 1,2-distearin and 1-mono- 
stearin. 

RESULTS 

Thin Layer Chromatograms of Neutral Lipids 

Some detai ls  of  the  neu t r a l  l ipid c o m p o -  
s i t ion of  var ious  t issues of  A. lumbricoides, as 
d e t e r m i n e d  by  grad ien t  e lu t ion  c h r o m a t o g -  
r aphy ,  are a p p a r e n t  in Figure 1. 

Glycerides 

F r a c t i o n a t i o n  of  ovar ian  l ipids by  TLC in 
h e x a n e - d i e t h y l  e ther -ace t ic  acid gave one  large 
t r iglyceride b a n d  (1 1). This  was resolved i n t o  
four  bands  when  the  l ipids were c h r o m a t o -  
g raphed  in a g rad ien t  e lu t ion  sys tem cons i s t ing  
of b e n z e n e / b e n z e n e - e t h y l  ace ta te  5:1 (Fig. 2). 
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FIG. 3. Gas liquid chromatogram of volatile acid- 
containing triglycerides found in largest thin layer 
chromatographic band ofA. lumbricoides ovaries (Fig. 
2). A 1.2 m column, 6 mm ID, was packed with 3% 
octadecyl silicone on 80-100 mesh Chromosorb-W. 
Temperature, 300 C; flow rate, 72 ml N2/min. The 
following identifications are based on gas liquid 
chromatographic analysis of the partially resolved 
triglycerides containing a single 5 or 6 carbon acid (see 
text) and on a detailed analysis of the long chain fatty 
acids. Numbers refer to probable chain lengths of 
constituent acids: (a) 16, 16, 4 and 14, 18, 5; (b) 16, 
16, 6 and 14, 18, 6; (c) 16, 18, 5; (d) 16, 18, 6; (e) 18, 
18, 5; (f) 18, 18, 6; and (g) 18, 20, 6. The caproate 
ester of 1,2-distearin (18,18,6) chromatographed at 
the arrow. The naturally occurring higher fatty acids 
in ascaris are predominantly unsaturated, while the 
volatile acids are mainly branched. The retention time 
of their glycerides on this nonpolar column was 
therefore less than that of the standard triglycerides. 

The position of  the uppermost (and second 
largest) band corresponded to a tristearin stan- 
dard. It contained no esterified volatile acids, 
and its long chain fatty acids (Table I) were 
similar in nature and amount to those described 
by others (9,10,15). 

Triglycerides in the largest band contained 1 
tool volatile acids (n-valeric, a-methylbutyric or 
a-methylvaleric) and 2 tool long chain acids 
(Table II). Long chain acids differed from those 
of the uppermost TLC band in that there was 
slightly more palmitic acid, and somewhat less 
branched chain C 15 and unsaturated C20 and 
C22 acids (Table I). Although the amounts of 
esterified n-valeric acid in different extracts 
varied from 15 to 29 wt% of the total 5 carbon 
acids, the ratio of acids with 5 carbons in the 
longest chain to those with 4 was fairly 
constant within the range 2.9-3.1. In worms 
maintained in warm saline in the laboratory for 
1-2 days, the ovarian triglycerides also con- 
tained small amounts of a-methylcaproic acid 
and unsaturated 5 and 6 carbon acids of the 
2-methyl-trans-2-ene series. These were not 
present in freshly collected worms or in worms 
kept at 0 C prior to dissection. 

The free acid pool of the whole worms, 
derived mainly from the hemolymph, presented 
both similarities and contrasts with the esteri- 
fled volatile acids. Adult females analyzed 0.5 
hr after the death of the host contained acetic 
(14 tool%), propionic (7.5%), isobutyric (0.7%), 
n-butyric (1.0%), a-methylbutyric (53%), n- 
valeric (1.9%), tiglic (2-methyl-trans-2-butenoic, 
0.1%) and a-methylvaleric (22%) acids. Some 
samples contained either an acid with the 
properties of crotonic (trans-2-butenoic) acid 
(0.3%) or an unidentified saturated acid exhib- 
iting a somewhat longer retention time on GLC 
columns. When ascaris was maintained in vitro 
for 20-50 hr n-butyric, n-valeric, crotonic and 
tiglic acids increased at the expense of acetic, 
propionic and isobutyric acids. Also appearing 
in vitro were acids tentatively identified as 
2-methyl-trans-2-pentenoic, a-methylcaproic, 
and occasional traces of n-caproic. Some of 
these results were also reported by Harpur and 
Leigh-Browne (16). 

Two minor bands were observed below the 
largest triglyceride band (Fig. 2). The upper 
band cochromatographed with the propionate 
derivative of 1,2-distearin, but not with that of 
1,3-distearin. As it migrated slightly below the 
dicaproate of 1-monostearin, it may also corre- 
spond to the dicaproate of 2-monostearin. 
Similarly, the lower minor band corresponded 
to both 1,2-distearin acetate and the mixed 
caproate, valerate of 2-monostearin. Both 
minor bands gave volatile acids appropriate for 
these suggested mixtures, and because of the 
large difference in molecular weight between 
mono- and diglyceride derivatives, the two 
components of each band were easily separated 
and quantified by GLC. 

A gas liquid chromatogram of the largest 
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FIG. 4. Gas liquid chromatogram of waxes isolated from A. lumbricoides ovaries by thin layer 

chromatography. A 1.2 m column, 6 mm !D, was packed with 3% octadecyl silicone on 80-100 mesh 
Chromosorb-W. Temperature, 200 C; gas flow rate, 50 ml N2/min. (A) Chromatogram of the larger band (Fig. 2) 
containing only C 5 volatile acids. Major peaks are 1-octadecyl a-methylbutyrate (OD-MB) and n-valerate 
(OD-Va). Minor peaks following hexa- and heptadecyl a-methylbutyrate (XD-MB and HD-MB) are hexadecyl 
n-valerate and heptadecyl n-valerate, respectively. (B) Chromatogram of the total wax fraction, in which 
additional peaks were identified as octadecyl esters of acetate (Ac), propionate (Pr), and ~-methylvalerate (MV). 
(C) Alcohols obtained by saponification of total waxes were chromatographed as their trimethylsilyl (TMS) 
derivatives. Temperature, 190C; flow rate, 58 ml N2/min. The two small peaks preceding octadecyl-TMS 
(OD-TMS) are XD-TMS and HD-TMS, and the following peak is nonadecyl TMS (ND-TMS). 
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TABLE III 

Waxes in Ovaries of Ascaris lumbricoides a 

Alcohol residue 

Acid residue 

c~-Methyl- a-Methyl- Tota l  
Acetate Propionate Butyrate butyrate n-Valerate valerate alcohol, 

Total wax, wt% tool% 

Hexadecyl Trace Trace -- 1.67 0.30 --- 1.6 
Heptadecyl 0.13 0.03 --  1.59 0.37 --- 1.8 
Octadecyl 14.0 3.7 0.39 73 3.53 0.58 96 
Nonadecyl 0.18 0.05 -- 0.20 0.06 --- 0.6 
Tota l  acid, mol% 15.9 4.0 0.4 75.0 4.2 0.5 

aThe waxes were fractionated by preparative thin layer chromatography of total lipids in benzene. Both intact 
and saponified isolates were further fractionated by gas liquid chromatography. All alcohol residues appeared to 
be saturated, primary and unbranched. Mole per cent total  acids and alcohols was calculated from the ester com- 
position of the waxes. 

triglyceride band is shown in Figure 3. 

Waxes 

Jezyk  and Fairbairn (3,11) noted the pres- 
ence of  an ovarian lipid that  migrated ahead of  
the tr iglycerides on TLC plates. Deve lopment  
of  the plates with benzene f rac t ionated  this 
material  in to  three bands, among  which the 
uppermos t  was most  abundant .  Saponif icat ion 
of  the lipid e luted f rom this major  TLC band 
produced  o~-methylbutyric and n-valeric acids 
and an alcohol  cochromatograph ing  with  1- 
octadecanol  on TLC plates. Most, but  no t  all, 
of  this alcohol  also cochromatographed  with 
1-octadecanol on QF-1 and DEGS columns.  
Acetates  and t r imethyls i lyl  ethers prepared 
f rom it  were f rac t ionated  on oc tadecyl  silicone 
columns.  The fractions cor responded to authen- 
tic derivatives prepared f rom hexa-,  hepta-,  
octa- and nonadecanol .  When the in tac t  lipids 
in the major  TLC band were chromatographed  
on 3% octadecyl  silicone columns,  two main 
peaks were observed with re ten t ion  t imes corre- 
sponding to l -oc tadecyl  c~-methylbutyrate and 
1-0ctadecyl n-valerate. Small amounts  of hexa- 
and heptadecyl  t~-methylbutyrates and n-val= 
erates were also present  (Fig. 4). 

The two minor  TLC bands cochromato-  
graphed on TLC plates wi th  1-0ctadecyl acetate 
and propionate ,  respectively.  These identif i-  
cations were conf i rmed by GLC and by saponi- 
fication, which yie lded acetate,  p ropionate ,  
1-octadecanol and minor  amounts  of  the o ther  
alcohols described in Table III. 

Silica gel scraped f rom the TLC plates just  
above the major  band conta ined  a small amoun t  
o f  l=octadecyl-a-methylvalerate .  Esters of  
higher acids, whose mobi l i ty  on the plate would  
be even greater, were no t  de tec ted ,  nor  were 
free fa t ty  alcohols. A comple te  analysis of the 
ovarian waxes is presented in Table III. 

Sterols 

Sterol  esters were no t  present  in the ovaries, 
a l though they  are known to  occur  in somat ic  
tissues (17). 

The weight per  cent  compos i t ion  of  the free 
sterols was as fol lows:  cholesterol ,  42; choles- 
tanol,  30; campesterol ,  3.8; campestanol ,  9.5; 
/3-sitosterol, 6.6; and st igmastanol ,  8.2. In this 
series each stanol  is a reduc t ion  p roduc t  of  the 
immedia te ly  preceding sterol.  The values are 
similar to those previously repor ted  for the 
whole worm (12,17),  a l though the p ropor t ion  
of  stanols is somewha t  higher. 

Gross Composition of Ovarian Lipids 

Total  lipids cons t i tu ted  ca. 8% of  the fresh 
weight of  the ovaries. Nine per cent  of  the 
lipids were phospholipids ,  in agreement  with 
earlier analyses using a di f ferent  m e t h o d  (1). 
The remainder  consis ted of  four  classes of  
neutral  lipids (Table IV) whose relative 
amounts  were de termined  by GLC analysis of  
the respective classes, as described in the 
present or  a previous (6) report .  Other  me thods  
such as gravimetry and volat i le  acid analysis 
gave similar results. Abou t  98% of  the neutral  
lipids consisted of  glycerides and ascaroside 
esters, the remainder  being waxes and sterols. 

D|  SC USSI ON 

Our results are of  interest  in terms of  the 
p roduc t ion  of  volat i le  acids by A.  lumbr ico ides  
and the dis t r ibut ion of  these acids in ovarian 
triglycerides, ascaroside esters and waxes. 
Sterols, which essentially comple te  the list of  
neutral  lipids, are no t  esterified,  and phospho-  
lipids do not  conta in  volat i le  acid (1). 

Volati le acids are the main end products  of  
energy metabol i sm in A. lumbr ico ides .  We have 
conf i rmed the observat ion of  Harpur  and Leigh- 
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Browne (16) that  free volat i le  acids in freshly 
obta ined  parasites are a lmost  comple te ly  satu- 
rated, but  that  afte; in vi t ro  main tenance  the 
amounts  of  unsa tura ted  acids increase. 

Most of  these fe rmenta t ion  acids are ex- 
creted,  but  in the ovary they  are esterified even 
though the actual p roduc t ion  of  volat i le  acids 
in that  organ is in doubt  (10). In earlier work,  
2-6 carbon volat i le  acids isolated f rom the 
"tr iglyceride f rac t ion"  of  the reproduct ive  or- 
gans were es t imated  to cons t i tu te  50% of the 
total  ester l inkages (1). This tr iglyceride frac- 
t ion is now known to include an abundance of  
ascaroside esters in which only acetyl  and 
propionyl  groups occur  (6), as well  as a small 
amount  of  volati le acid-containing waxes. In 
the present  exper iments ,  volati le acids const i  r 
tu ted  53 mol% and 16 wt% of the total  esters 
of  ovarian neutral  lipids. Twenty-e ight  per  cent  
of  the ester groups in the trigiycerides were 
fo rmed  from volat i le  acids. 

Our results show in a striking way the high 
degree of  biological  specificity that  controls  the 
compos i t ion  o f  the various ovarian esters. Long  
chain acids are no t  present in ascaroside esters, 
nor  are volat i le  acids o ther  than acetic and 
propionic.  Other  aspects of  specifici ty in ascar- 
oside esters have already been discussed (6). All 
waxes h i ther to  described seem to consist of  
long chain alcohols  esterified with  long chain 
fa t ty  acids, whereas the ovarian waxes of  ascaris 
conta in  only volat i le  acids. Towards these, the 
organism is no t  highly selective excep t  wi th  
respect  to a-methylvaler ic  acid, which is almost  
exc luded f rom esterif icat ion.  Sterols are no t  
esterified at all, and the 5 and 6 carbon volat i le  
acids are overwhelmingly  prevalent  in the tri- 
giycerides. In addit ion,  few tr iglyceride mole-  
cules possess more  than one volat i le  acid. 

A l though  no th ing  is ye t  known  concerning 
the biosynthesis  of  all these highly specific 
esters, two possibilities that  are no t  mutual ly  
exclusive may be ment ioned.  First,  intracellular  
compar tmenta l i za t ion  of  substrates and appro- 
priate enzymes  may occur.  I t  is known,  for 
example,  that  m u c h  (18) or all (Tarr and 
Fai rbaim,  unpubl ished results) of  the ascaroside 
esters are sequestered in the refr ingent  granules 
of  the oocytes.  Whether  they  are also synthe-  
sized in these granules has no t  been determined.  
Second, specifici ty among  the giyceride kinases 
may be well developed.  If  i t  is assumed that  the 
pool  of  free volat i le  acids in the ovaries is 
essentially the same as that  in the whole worm,  
it is apparent  that  in tr igiyceride synthesis 
(Table I) n-butyr ic  and n-valeric acids are 
selectively esterified relative to their  branched 
chain isomers,  so that  the longer  chain volat i le  
acids in either a homologous  or isomeric series 

TABLE IV 
Neutral Lipids of Ascaris lumbricoides Ovaries a 

Neutral Total neutral Unsaponifiables, 
lipid lipids, wt% wt% 

Glycerides 65 
Ascaroside esters 33 95 
Waxes 1.5 4. 5 
Sterols 0.26 0.8 

aThe four neutral lipids and the phospholipids com- 
prised at least 99%of total ovarian lipids. Calculations 
were based on analysis of thin layer chromatographic 
fractions by gas liquid chromatography and gravimetry. 
For analysis of ascaroside esters, see Tarr and Fairbairn 
(6). Phospholipids accounted for 9% of total lipids, 
analyses being based on fatty acid and aldehyde anal- 
ysis of material remaining at the origin in neutral lipid 
solvent systems. The only unidentified neutral lipids 
were observed in the unsaponifiable fraction. Two of 
these chromatographed on thin layer plates like a diol 
and an alkenyl ether. They were not observed by gas 
liquid chromatography. The third comprised ca. 1% of 
the monol/sterol fraction. It appeared as a single gas 
liquid chromatographic peak with a volatility inter- 
mediate between octadecanol and cholesterol. 

are favored. Thus the running chain length of  
an acid seems to be impor t an t  in the determi-  
nat ion of  specificity.  Absolute  specifici ty in the 
kinases seems unl ikely,  as it was observed that  
an unnatura l  7 carbon acid and two unsatura ted  
volat i le  acids p roduced  during main tenance  of  
ascaris in vitro,  but  no t  present  in freshly 
col lected worms,  were incorpora ted  into  the 
triglycerides. 

Ascaroside esters are deposi ted as free ascar- 
osides in the shell of  the fert i l ized egg, and it 
has been suggested (6) that  the aceta te  thus 
l iberated is used in the synthesis of  chitin,  
which is also an i m p o r t a n t  cons t i tuen t  of  the 
shell. No func t ion  can be assigned at present  to 
the ovarian waxes,  at least some of  which are 
still present  at the t ime of  embryon ic  cleavage. 
Long chain fa t ty  acids in the tr iglycerides are 
known to be oxid ized  during embryogenesis  
(2,4),  and the tr iglyceride volat i le  acids de- 
crease marked ly  in early stages of  embryogen-  
esis (3). The func t ion  of  the volat i le  acids can 
scarcely be in terpre ted  in terms of  caloric value 
when compared  wi th  long chain fa t ty  acids, and 
therefore  remains obscure.  A calculat ion based 
on in vivo egg p roduc t ion  (19), egg weight  and 
per cent  l ipid (20), secret ion of  volat i le  acids 
(21) and the lipid compos i t ion  repor ted  here 
indicates that  some 10% of the to ta l  volat i le  
acids p roduced  as a result  of  the energy 
metabol i sm of the adult  female  ascaris may be 
conver ted  to  ovarian esters. I f  the calculat ion is 
l imi ted to  acetate  and a-methylvalera te ,  this 
value approaches 20%. 
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Lipid Composition of Chaetomium cochliodes: Effect of Medial 
S. SAFE and D. BREWER, National Research Council of  Canada, 
At lant ic  Regional Laboratory, Hali fax, Nova Scotia 

ABST R A C T  

The fatty acid and lipid compositions 
of Chaetomium cochliodes grown on 
three different media are compared. Al- 
though the growth media effects dramatic 
changes in the antibiotic production, only 
minor alterations in the lipid patterns are 
observed. 7-Linolenic acid was identified 
for the first time from an ascomycete, 
and the phylogenetic consequences of 
this are discussed. In addition, ergosterol 
was shown to be the major sterol compo- 
nent (95%), the minor sterol being identi- 
fied as ergosta-5,7,9(11),22-tetraen-3/3-ol. 

INTRODUCTION 

The lipid composition of Chaetomium coch- 
!iodies Palliser grown on three different media 
is reported, and 3,-linolenic acid has been 
isolated for the first time from an ascomycete. 
In addition, both ergosterol and a dehydroergo- 
sterol compound have been positively identi- 
fied. Previous work on C. cochliodes (1-5) 
showed that the production of two intracellular 
antibiotics was markedly affected by media 
changes; however only very minor changes were 
observed in the lipid patterns. 

MATERIALS AND METHODS 

Organisms 

The strain of C. cochliodes used is main- 
tained in the collection of this laboratory under 

1 Issued  as N R C C  No.  13250.  

the designation HLS-440-1 (6). Though it was 
originally a single spore isolation, subsequent 
subcultures were by mass mycelial transfer. 

Cult ivat ion Methods 

Inocula were prepared in all cases by sterile 
transfer of a piece of culture on 2% malt agar 
into 50 ml 2% w/v malt extract (Difco). The 
cultures were grown at 25 C for 4 days in 
Erlenmeyer flasks of 125 ml capacity. Each 
flask was shaken in a horizontal plane at 220 
rpm, circling a radius of  1.9 cm. The entire 
culture was macerated in a Waring blender for 
30 sec and the suspension (4 ml) used as 
inoculum in the production medium (11). 
Production medium A consisted of 30 g su- 
crose, sodium nitrate, 1 g dipotassium phos- 
phate, 0.01 g ferrous sulfate heptahydrate, 0.5 
g magnesium sulfate heptahydrate, 0.5 g potas- 
sium chloride, 3 g calcium carbonate and 5 ml 
corn steep liquor in water (11). Medium B was 
the same as medium A but with the corn steep 
liquor replaced by 2 g Pharmamedia (Traders 
Oil Mill Co., Fort  Worth, Tex.). Medium C was 
that used by Hauser et al. (7) for the produc- 
tion of the antibiotic chaetocin. 

Isolation and Ident i f icat ion Methods 

The lipids were extracted from the freeze- 
dried mycelium with chloroform-methanol 2:1 
v/v. The extract was concentrated to dryness, 
weighed, and the fatty acid methyl esters 
obtained by transesterification with benzene- 
methanol-sulfuric acid 10:20:1 for 90 min. The 
fatty acid methyl esters were fractionated by 
gas liquid chromatography (GLC) using a 6 ft x 
1/8 in. stainless steel column packed with 8% 
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FIG. 1. Mass spectrum of ergosta-5,7,9,( 11 ) ,22-tetraen-313-yl acetate. 
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diethyleneglycolsuccinate (DEGS) on Chromo- 
sorb G support (100-120 mesh) in a Hewlett- 
Packard 500 gas chromatograph, with a flame 
ionization detector and helium as the carrier gas 
(flow rate, 40 ml/min). Relative peak heights 
were measured using a planimeter. The lipid 
fractions were separated by thin layer chroma- 
t o g r a p h y  (TLC)  (Merck  Si l ica  Gel  
HF2s4 + 366), and the unsaturated fatty acids 
were separated using the above sorbent impreg- 
nated with silver nitrate (15% w/w); the sterol 
acetates were separated on 20% silver nitrate- 
impregnated plates. Samples for mass spectra 
were obtained by collecting the appropriate 
GLC fraction or by isolation of the appropriate 
bands after argentation TLC. Mass spectra were 
recorded on a DuPont-CEC 21-110B high reso- 
lution mass spectrometer at 70 ev with probe 
temperature between 0 and 40 C. 

RESULTS 

The media used were critical with regard to 
the production of the antibiotics chetomin and 
cochliodinol. Medium A produced only cheto- 
min and medium C both chetomin and coch- 
liodinol, while medium B gave neither antibi- 
otic. Since the antibiotics were only minor 
components (ca. 1-5%) of the total chloro- 
form-methanol extract (Table I), it was of 
interest to examine the lipids present. Analysis 
of the nonpolar lipids by TLC showed that the 
lipids produced by C. cochliodes were depen- 
dent on the media used. Relatively large quan- 
tities of triglyceride, 1,3-diglyceride and free 
sterol were present when media A and B were 
used; however on medium C no 1,3-diglyceride 
could be detected�9 With all three, lesser 
amounts of 1,2-diglyceride and free fatty acid 
were also observed. The polar lipids produced 
several nonfat ty acid-containing compounds, 
and these were not  further investigated�9 How- 
ever phosphatidyl choline and lysophosphatidyl 
choline were identified by comparative TLC. 

The fatty acid methyl ester compositions of 
the various lipid fractions are shown in Table II. 
The fatty acid composition of the mycelia 
obtained from growth on the three media was 
similar. The major fatty acids were palmitic, 
stearic, oleic and linoleic, with lesser amounts 
of lauric, myristic, palmitoleic and linolenic 
acids�9 The fatty acid composition of the diglyc- 
eride fraction from medium B and the triglycer- 
ide fractions from all three media were similar 
to the total fatty acid composition�9 The diglyc- 
eride fatty acids from medium C contained 
slightly less linoleic and more oleic acid, where- 
as on medium A this fraction was enriched in 
both of these unsaturated acids. The free fatty 
acid fractions obtained from mediums A and C 
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were rich in myristic acid with only relatively 
minor amounts of unsaturated fatty acids (de- 
gree of unsaturation, 0.61 and 0.19, respective- 
ly. In all cases the polar lipids contained ca. 
20% more linoleic acid than the total and 
neutral lipid fractions. 

Sterols 

The free sterol fractions from media A, B 
and C all contained ergosterol as the major 
component (~95%) with only trace quantities 
of other sterols present. Acetylation of the 
sterol fractions and recrystallization of the 
acetate from ether gave ergosteryl acetate (M + 
= 438, mp 162-163 C, no depression on a 
mixed melting point with authentic ergosteryl 
acetate). The mother liquors were further puri- 
fied by argentation TLC (light petroleum-ben- 
zene 5:3), and the less polar band (ca. 5% of 
the total sterols) gave a molecular ion at m/e 
436 indicating a dehydroergosteryl acetate (Fig. ~: 
1). This acetate (rap 143-144 C) gave mass, IR 
and NMR spectral properties identical to those 
of ergosta-5,7,9(11),22-tetraen-3-/3-yl acetate .~ 
prepared by the method of Zurcher et al. (8). 

Identification of Methyl-?-Iinolenate 

The GLC of the total fatty acid methyl 
esters isolated from the mycelium grown on 
each media showed 0.1-0.9% of a methyl ester 
with an equivalent chain length (ECL) of 20.0 
and TLC behavior on silver nitrate-impregnated ~< 
silica gel plates identical to tht of a triunsatu- 
rated ester. Methyl-7-1inolenate has a similar 
ECL (20.0), and a mixture of the above two 
esters gave a single peak on GLC. Methyl-'/- o 
linolenate gave an ECL of 20.4 when run under 
the same conditions. The mass spectra of the ~ 

, O i  

isolated ester and the methyl-3'-linolenate were 
also identical (M + at m/e 292). ~, 

DISCUSSION 

The effect of media on the ant ibiot ic  pro- 
duction of C. coch l iodes  is dramatic; however 
there are only minor alterations of the lipid 
patterns. Ergosterol has been identified as the 
major sterol produced on all three media. A 
minor sterol component  was shown to be 
ergosta-5,7,9(11),22-tetraen-3/3-ol, which has 
recently been identified as a minor sterol 
component of the fungus M u c o r  roux i i  (9). 

The fatty acid composition of C h a e t o m i u m  
g l o b o s u m  Kunze and C. t h e r m o p h i l e  La Touche 
has been reported (10), and these closely 
related species have fatty acids containing a 
lower degree of unsaturation than C. coch-  
l iodes.  Shaw has also investigated C. g l o b o s u m  
(11) which, in addition to having a higher 
degree of unsaturation (1.31) than the isolate 
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above, was shown to con ta in  quant i t ies  of 
o!4inolenic acid (7%). Shaw (1 l )  specula ted  that  
the presence of  7-1inolenic acid is an i m p o r t a n t  
phy logene t ic  marker ,  dist inguishing phyco-  
myce tes  f rom ascomycetes ,  bas id iomyce tes  and 
Fungi  Imperfeeti. The la t ter  three classes are 
k n o w n  to  con ta in  a- l inolenic  acid bu t  were 
though t  to  be incapable  of  p roduc ing  the 3' 
isomer.  The use of  these t r iunsa tura ted  acids as 
a phylogene t ic  marker  is n o w  s o m e w h a t  doub t -  
ful in the light of  the present  repor t ,  and 
Sumner  (12) has recent ly  shown  the presence  
of  3'-linolenic acid in Dactylaria ampulliforme 
(Tubaki)  Bhat t  & Kendr ick  (Fungi lmperfecti). 
It is possible,  however ,  tha t  this part icular  
strain of  C. cochliodes is excep t iona l ,  and o the r  
strains and re la ted species are current ly  being 
investigated.  
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Absorption and Biliary Secretion of I ntraperitoneally Injected 
3/3-Methoxycholest-5-ene-4-14C in the Rat 
L.N. NORClA, Department of Biochemistry, 
Temple University School of Medicine, Philadelphia, Pennsylvania 19140 

ABSTRACT 

Following ip injection of l mg 
amounts of methoxycholestene-4-14C 
into normal intact rats, the amount of 
label in the whole liver was measured at 
different time intervals in different ani- 
mals. These studies indicated that most of 
the injected compound was absorbed by 
or before 12 hr. In bile duct-cannulated 
rats the secretion of label from ip injected 
methoxycholestene-4-14C or cholesterol- 
4-14C into bile was usually less during the 
first 24 hr than during the second 24 hr 
after injection. Studies on the nature of 
the labeled compounds in the bile follow- 
ing ip injection of methoxycholestene-4- 
14C indicate that most of the label is 
present in metabolites, 47% of the label 
in cholic acid and 31% irt chenodeoxy- 
cholic acid. 

INTRODUCTION 

In addition to the intrinsic biochemical 
interest in the reactions of conversion of 
cholesterol to bile acids, there is interest in 
these reactions as they relate to regulation of 
blood plasma cholesterol levels via biosynthetic 
feedback phenomena and by conversion of 
cholesterol to excretory products. It was pri- 
marily with the latter physiological interests in 
mind that a study of the metabolism of 
methoxycholestene was undertaken. 

The detailed reaction sequences in the con- 
version of cholesterol to bile acids by mamma- 
lian liver have been elucidated in substantial 
measure (1). The overall reaction sequences 
may be subdivided into a side-chain cleavage 
sequence and a second sequence of reactions 
involving the sterol tetracyclic nucleus. Some 
interdigitation of side-chain cleavage and sterol 
nucleus reaction sequences appears to occur 
with multiple pathways as a result. 

One approach to the study of the relation- 
ships of the side-chain cleavage to the nucleus 
alteration reaction sequences would be to either 
partially or totally block one of t he  above 
sequences and then to study remaining reac- 
tions that may still be catalyzed. With this 
hypothesis in mind, the study of the metabo- 
lism of 3/~-methoxycholest-5-ene was under- 
taken, since a stable ether substituent in the 3 

position would block important early reactions 
involving this portion of the sterol nucleus, 

After the inception of this work and after 
some progress had been achieved, a report by 
BorgstrSm (2) appeared, demonstrating that 
several orally administered alkoxycholestenes, 
including methoxycholestene, were quite well 
absorbed by the rat and reached the thoracic 
duct lymph intact, without prior ether cleavage. 
BorgstrSm's study does not  permit the conclu- 
sion that absorption of methoxycholestene 
following ip injection would also be without 
ether cleavage, but it seems likely that this 
would be the case. 

In this communication the rapid appearance 
of radioactivity into lipid extracts of whole 
liver, in rats injected intraperitoneally with 
methoxycholestene-4 -14C, is reported. The 
major proportion of the 14 C label appearing in 
the bile was found present in cholic and 
chenodeoxycholic acids. The methoxy- substit- 
uent of methoxycholestene thus appears not to 
provide a suitable metabolic block of reactions 
leading to bile acid formation. 

MATERIALS AND METHODS 

14C-Labeled Compounds for Injection 

Cholesterol-4-14C was obtained from New 
England Nuclear Corp., Boston, Mass., and 
from Tracerlab, Waltham, Mass. These were 
supplied as chromatographically pure products 
and were used without further purification. 

3 fi-Methoxycholest-5-ene-4 -14C was pre- 
pared from cholesterol-4-14C. For a typical 
preparation, 25 mg carrier cholesterol was 
added to 250 pCi cholesterol-4-14C (30-50 
mCi/mM) in a conical tipped 15 ml tube. Forty 
milligrams p-toluenesulfonyl chloride and 0.1 
ml dry pyridine were added to the tube, and 
the contents mixed until  solution in pyridine 
was complete (3). The reaction tube, after 
standing overnight in the refrigerator, was 
placed in an ice bath, and the contents were 
adjusted to pH 2 (indicator paper) with HC1 (2 
drops 6 N and 10 drops 0.5 N acid). The 
mixture was extracted five times with 2 ml 
portions of diethyl ether. The pooled ether 
extract was evaporated to dryness under nitro- 
gen. The residue was dissolved in purified 
methanol, without transfer from the vessel, and 
heated at reflux for 2 hr (4). The methanol was 
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FIG. 1. Recovery of radioactivity in whole liver following ip injections of 3fl-methoxycholest-5-ene-4-14C. 
Measured radioactivity injected into each animal was in range of 7.8-9.5 #Ci. Specific activities of 
methoxycholestene preparations used ranged from 7.9 to 12.4 #Ci/mg. Animals used were intact normal males, 
ranging in weight from 137 to 560 g. All animals were housed, singly caged, in air conditioned retaining room 
(25+3 C) for at least 1 week prior to experiment and were fed ad libitum. During experiment, animals were kept 
in air conditioned room at 23+2C, fed ad libitum, and injected ca. 9:00-10:30 A.M. Each plotted value 
represents recovery from whole liver of single animal. 

evaporated from the reaction vessel under a 
stream of nitrogen, and the methoxycholestene 
product isolated and purified by chromatogra- 
phy on a small alumina column. Alumina (2 g) 
(Camag, chromatographic grade, neutral pH 
7.0) was stirred with 0.2 ml water under 
redistilled petroleum ether (30-60 C boiling), 
and then transferred to a 10 mm diameter 
column followed by ehitions with petroleum 
ether. The residue in the reflux vessel was 
dissolved in 1 ml CC14 and placed on the 
column. Two more 1 ml portions of CC14 were 
used to make the transfer quantitative. The 
radiomethoxycholestene was then eluted from 
the column in the first fraction with 40 ml 
redistilled petroleum ether (30-60 C boiling). 
The solvent was removed from the radiome- 
thoxycholestene (I) under reduced pressure, 
and the product was dried in vacuo, weighed, 
dissolved in isooctane, and transferred quantita- 
tively to a 50 ml volumetric flask. Aliquots of 

this solution were used for characterization by 
thin layer chromatography (TLC), radioassay 
by liquid scint i l lat ion counting for specific 
activity, and subsequently for ip injections. The 
radiomethoxycholestene (I), was compared by 
TLC to a nonradioactive sample of methoxy- 
cholestene (II) prepared in 6 g quantity by the 
methods described above (3,4), except that the 
cholesteryl p-toluenesulfonate intermediate was 

recrystallized twice from ether and the me- 
thoxycholestene (II) three times from metha- 
nol. The methoxycholestene (II) had a m p  of 
81-82 C, (uncorrected); lit. value, 84 C, Diels 
and Blumberg, cited by Stoll (4). TLC was on 
250/2 thick plates of Silica Gel G (according to 
Stahl) with a C6H6/CH13 1:1 v/v solvent 
system, Rf methoxycholestene, ca. 0.3. TLC 
revealed the radiomethoxycholestene (I) to 
chromatograph as a single spot, free of choles- 
terol and of the p-toluenesulfonate intermedi- 
ate. The single radiomethoxycholestene (I) spot 
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FIG. 2. Recovery of injected radioactivity in bile following ip injection of 3/3-methoxycholest-5-ene-4-14C or 
cholesterol-4-14C in bile duct-cannulated rat..A-A-A., experiment 1:8.4 ~Ci (specific activity 12.4 #Ci/mg) of 
methoxycholestene injected..A-a-a-, Experiment 2 : 7 . 6  ~Ci (specific activity 7.92 /~Ci/mg) of methoxy- 
cholestene injected. -o-o-o-, Experiment 3:7.4 #Ci (specific activity 6.34 ~Ci/mg) of cholesterol injected. -o-e-o-, 
Experiment 4: same injection as experiment 3. 

had the same Rf value as the authentic me- 
thoxycholestene (II) sample. The radiome- 
thoxycholestene (I) thus showed high purity 
chromatographically. Yields of radiomethoxy- 
cholestene (I) (mass and radiochemical) in 
excess of 90% were readily obtained. 

For purposes of comparison, a few studies of 
secretion of label into bile following ip injec- 
tion of cholesterol-4-14C were made. Amounts 
of cholesterol-4-14C or methoxycholestene- 
4-14C used for the ip injections were ca. 10 
/~Ci/mg. The compounds were injected as sus- 
pensions in 0.7 ml of 0.9% saline stabilized with 
1 drop of Tween 20 (5). 

Experimental Animals 

Animals used were adult Sprague Dawley 
rats. Intraperitoneal injections were made in the 

morning in ad libitum fed animals. 
Bile duct cannulas, PE 10 polyethylene 

(Clay-Adams), were inserted and secured in the 
bile duct close to the liver, and the cannulas 
were led out through the right dorsolateral 
abdominal wall. These manipulations and com- 
pletion of the surgical procedures were done 
with animals under ether anaesthesia. The 
animals were then placed in Bollman type 
restraining cages and were fed a pelleted com- 
mercial rat food and water ad libitum. 

In all cases ip injections were made 24 hours 
after the insertion of the cannula and establish- 
ment of the fistula. 

Extraction of Steroids, Metabolites and Lipids 
from Liver and Bile 

For determination of label in the liver, the 
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FIG. 3. Methoxycholestene metabolites in bile, studied by thin layer chromatography, experiment 2 (see 
legend, Fig. 2). Thin layer chromatography on Silica Gel G, 250 # thick, solvent system toluene-acetic 
acid-chloroform-water 80:36:20:1 v/v. Diagram is drawn to scale of Rf values of chromatograms. Positions of 
areas to be scraped off were determined by chromatographing in duplicate in adjacent lanes, then spraying one 
lane with phosphomolybdic acid spray while protecting adjacent lane with baffle. After color development and 
spot visualization (sprayed with 5% phosphomolybdic acid in ethanol-diethyl ether 1:1, then heated at 100 C for 
3-5 min), areas to be scraped from untreated lane were marked. Panel A: diagram of typical chromatogram of 
extract of hydrolyzed bile. Panel B: Rf values, methoxycholestene, 0.61; cholesterol, 0.53; chenodeoxycholic 
acid, 0.32; cholic acid, 0.12. Panel C: distribution of radioactive counts from hydrolyzed bile extract, first 24 hr 
bile sample after ip injection; dpm and % total counts are metabolites from fraction shown which were bound to 
Amberlite IRA-400-OH resin, first 24 hr bile sample. Panel E: dpm and % total counts, first 24 hr bile sample. 
Panel F 1 : dpm and % total counts, second 24 hr bile sample. Panel F2: eluates from F 1 recrystallized three times 
with nonradioactive carrier compounds; % recovery of dpm in crystallized compounds corrected for losses during 
crystallization. 

rinsed whole livers of  decapi ta ted  rats were 
b lo t ted  dry and homogen ized  in e thanol ;  then 
each liver was ec t rac ted  exhaust ively  (five 
extract ions  at boiling) with e thanol  plus con- 
centra ted HC1 and wi th  ch lo ro fo rm-methano l  
2:1 v/v. The five extracts  f rom a single liver 
were pooled,  taken to dryness under  reduced 
pressure, dissolved in successive small por t ions  
of  CHC13/CH3OH 2:1, f i l tered into  a 100 ml 
volumetr ic  flask, and made to volume.  Al iquots  
of  these lipid solutions were used for  radio- 
assay. 

The bile samples were ext rac ted  with  five 
volumes or  more of  repurif ied absolute e thanol ,  
fi l tered, then brought  to standard volume.  
Al iquots  were taken for  radioassay. 

Radioactive Assay of Liver and Bile Extracts 

Aliquots  of  the extracts ,  fo l lowing removal  
of  solvent,  were counted  at ca. 64% eff iciency 
in a l iquid scinti l lat ion counter .  The counts  
obta ined were correc ted  for quenching  by use 
of  an internal  standard of  benzoic  acid -14C. 

Distribution of Label from Injected 
Methoxycholestene-4 -14C in Compounds in Bile 

These studies were done on alkali-hydro- 
lyzed bile, to  conver t  the bile acid conjugates to 
free bile acids. Hydrolysis  was done with 7 N 
NaOH, 3 hr, 121 C at 15 psig. The hydro lyza te  
was acidified, ex t rac ted  nmlf is tep with  diethyl  
ether,  water-washed, evapora ted  to remove  sol- 
vent,  and the residue made to standard volume 
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in CHC13/CH3OH 2:1 v/v. 
Distribution studies of label in compounds 

of hydrolyzed bile were based primarily on 
TLC with several additional techniques as 
shown in Figure 3. 

RESULTS 

Absorption of Methoxycholestene-4 -14C and Recovery 
in Liver of Radioactivity Following Injection 

The results with individual normal intact rats 
are given in Figure 1. The percent recoveries 
plotted are the per cent of injected radioactiv- 
ity present in the lipid extract of the whole 
liver and may represent the injected parent 
compound as well as metabolites. At 1-1.5 hr 
the amount of radioactivity in the liver is very 
small, whereas at 3 hr about one-fifth of the 
injected radioactivity is present in the liver. The 
amount of radioactivity in the blood was not 
measured but could be several-fold larger if the 
distribution is similar to that of cholesterol 
between blood and liver. From the data it may 
be estimated that most of the compound is 
absorbed by 12 hr. Not unexpectedly, there is 
variation in the amounts of radioactivity in the 
livers of different animals during the first 24 hr, 
and subsequently the pattern becomes uniform 
among animals. We have not  made similar 
absorption studies in bile duct-cannulated rats. 
The finding that methoxycholest-5-ene is well 
absorbed in normal rats following ip injection is 
thus in accord with the findings of Borgstr6m 
(2). 

Biliary Secretion of Label Following I ntraperitoneal 
Injection of 3 3-Methoxycholest-5-ene-4 -14C and 
Cholesterol-4 -14C 

Data on secretion of label into the bile are 
presented in Figure 2. The two methoxycho- 
lestene-injected animals secreted less label dur- 
ing the same time period than did the two 
cholesterol-injected animals; however the pat- 
tern of secretion of label was similar for both 
compounds. In three of the four experiments 
secretion of label into the bile was delayed 
during the first 24 hr period. Bile flow volumes 
in all four experiments ranged from ca. 11.0 ml 
to 20.0 ml per 24 hr, indicating good animal 
preparations. Cumulative secretion of label fol- 
lowing cholesterol injection was 54.6% of the 
injected radioactivity in 7 days (experiment 4) 
and 73.2% in 14 days (experiment 3). These 
values far exceed that reported by Bergstrbm 
(6) and cited by Berstr6m et al. (7). Berstr6m 
found that 25% of ip injected cholesterol-4 -14 C 
was secreted as bile salt in a 10 day period. 
Radioactivity from unmetabolized cholesterol- 
4-14C would account for some of the increased 

amounts in our studies. 
While the secretion of label may be less for 

methoxycholestene than for cholesterol, the 
data do establish that label in substantial 
amount is secreted into the bile when methoxy- 
cholestene is injected. 

Nature of Metabolites of Methoxycholestene 

The data are presented in Figure 3. Panels C, 
E and F i show that 75-83% of the label in the 
bile was present in compounds more polar than 
methoxycholestene or cholesterol. Panel D 
shows that, of the metabolites more polar than 
methoxycholestene or cholesterol, 82% could 
be bound to the anion exchange resin Amber- 
lite IRA-400-OH. Panel F 2 shows that recrystal- 
lization of eluate fractions from F 1 with 
nonradioactive carrier compounds provides ad- 
ditional evidence that the principal metabolites 
are cholic and chenodeoxycholic acids. Panels 
E, F 1 and F2 show that radioactivity is also 
present in both methoxycholestene and choles- 
terol, with more count in the parent methoxy- 
cholestene. The mean value of the ratio of 
cholic-chenodeoxycholic acids from Panels C 
and F 1 is 47/31. This may be compared with a 
ratio of 80/20, cited by Van Belle (8), for 
metabolism of cholesterol to bile acids in the 
rat. We have not studied this ratio in the bile of 
our cholesterol-injected rats. 

DISCUSSION 

In both of the methoxycholestene-t4C and 
in one of the two cholesterol-14C ip injection 
studies, secretion of label into the bile during 
the first 24 hr period was less than during the 
second 24 hr period. Peric-Golia (9) adminis- 
tered cholesterol A 4C iv to bile duct-cannulated 
rats 48 hr after placement of the cannulas by 
surgery and also observed a delay of biliary 
secretion of the label, similar to our own 
observations. Klauda and Quackenbush (10) 
have recently observed that cholesterol, admin- 
istered per os, on the first day following the 
day of thoracic duct cannulation was absorbed 
to the extent of less than half that on subse- 
quent days. They report that this phenomenon 
appeared not to be a function of sex, fasting, 
type of anaesthetic, heparin injection or mode 
of administration of the test dose. They sug- 
gested as a possible explanation a lag in 
recovery of normal physiological processes fol- 
lowing surgery. 

The diminished ratio of cholic-chenodeoxy- 
cholic acid produced by metabolism of me- 
thoxycholestene compared with cholesterol is 
of some interest. This may be a result of a 
greater proportion of methoxycholestene than 
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c h o l e s t e r o l  u n d e r g o i n g  an  in i t i a l  h y d r o x y l a t i o n  
in  t h e  s ide c h a i n  a t  p o s i t i o n  26 .  W i t h  h y d r o x y l -  
a t i o n  i n  t h e  s ide  c h a i n ,  a n d  t h e  r e s u l t i n g  
i n h i b i t i o n  o f  t h e  1 2 a - h y d r o x y l a s e ,  a g r e a t e r  
f l u x  to  c h e n o d e o x y c h o l i c  ac id  is p r o d u c e d .  
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SHORT COMMUNICATIONS 

Vitamin A" Occurrence and Distribution in Fractionated Mucus 

ABSTRACT 

Vitamin A was found in human and 
bovine mucus, principally as retinyl es- 
ters, and was traced to a fraction contain- 
ing the mucus globule membrane, which 
was obtained by differential centrifuga- 
tion of dissolved mucus. This fraction has 
not  been isolated before. 

Vitamin A has long been known to play an 
essential role in the secretion of mucus, for the 
drying and metaplasia of mucus membranes are 
among the earliest signs of vitamin A deficiency 
(1). The metabolic fate of the vitamin in 
mucus-secreting cells has never been estab- 
lished, although the possibility that it is con- 
verted into an unidentified "active" metabolite 
before functioning has been the basis of much 
research. A direct approach to this question 
through the analysis of mucus for vitamin A has 
not been taken. Since previous studies (2,3) 
have shown that lipids are normal components 
of mucus, analyses were made to determine if 
vitamin A also occurred in mucus. This investi- 
gator found vitamin A in both human and 
bovine mucus, and traced it to a fraction 
believed to contain the mucus globule mem- 
brane (MGM). This membrane has not been 
noted in previous analyses of mucus, nor has it 
been isolated before. 

Human nasal and bronchial mucus were 
obtained from two patients, one having a 
common cold and ensuing bronchitis and the 

other having an asthmatic condition that per- 
mitred daily collections of 75-100 ml. Care was 
taken to prevent contamination from food. 
Bovine cervical mucus was obtained from the 
slaughterhouse and pooled into lots large 
enough for analysis. Each lot contained traces 
of blood. The samples were frozen prior to 
analysis. 

The mucus was dehydrated in methanol 
which was then extracted with hexane after 
being diluted with 0.5 volume of water. The 
mucus residues were homogenized in chloro- 
form-methanol 2:1 v/v and filtered. The filtrate 
was washed with 0.2 volume of 0.1 NaC1, and 
the combined extracts were taken to dryness at 
40 C under vacuum for weighing. The lipid was 
taken up in hexane and partitioned against 90% 
aqueous methanol under nitrogen to concen- 
trate the retinyl esters. The epiphase was 
analyzed by thin layer chromatography (TLC) 
on 350 p layers of Silica Gel G in a solvent 
system of hexane-diethyl ether-acetic acid 
94:6:1 v/v/v. Authentic retinyl palmitate (BDH 
Chemicals Ltd.) was analyzed in an adjoining 
channel for comparison of Rf values and 
fluorescence. A hexane extract of the hypo- 
phase was analyzed similarly in a solvent system 
of hexane-diethyl ether-acetic acid 50:30:1 
v/v/v with retinol (BDH Chemicals Ltd.) in an 
adjoining channel. After development, the 
plates were examined briefly under 350 nm UV 
light. The yellow fluorescent band, which corre- 
sponded to the appropriate reference com- 
pound was scraped from the plate, eluted with 

TABLE I 

Lipid and Vitamin A Contents of whole mucus 

Source of mucus 

M u c u s  L ip id  Per c e n t  
wt, wt, lipid 
g mg 

R e t i n y l  es ters  R e t i n o l  

#ga ppm b #ga ppm b 

Human nasal 24 71 
H u m a n  b r o n c h i a l  - 1 65 255 
Human bronchial-2 89 497 
Human asthmatic 316 152 
Bovine cervical -1 43 31 
Bovine cervical -2 89 69 

0 . 2 9  0 . 1 1  1 .6  Trace  --- 
0 . 3 9  0 . 6  2 . 3  0 . 3  1.1 
0 . 5 6  0 .8  1 .7  0 . 4  0 . 9  
0 .0S  0 .3  2 .0  Trace  - -  
0 . 0 7 2  1.1 35 Trace  --- 
0 . 0 7 8  1.4  2 0  Trace  --- 

a R e p r e s e n t i n g  recover ies  of 10%. 
bRelat ive  to  l ip id  weight. 

3:21 
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TABLE 1I 

Lipid Yield from Three Samples of Human Asthmatic Mucus Fractionated by 
Differential Centrifugation 

Wt, 
Sample g 

Lipid, mg 

Fraction 1, a Fraction 2, a Fraction 3, Fraction 4, 
Lipid cellular MGM ppt sol 

1 135 
2 154 
3 173 

0.125% 111.2 56.3 1.3 0.5 
0.057% 45.2 41.4 0.6 0.2 
0.067% 58.4 49.4 3.0 2.0 

Pooled: 215.4 147.1 
No vitamin A Vitamin A present 

apooled and tested for vitamin A. 

diethyl ether and scanned in a recording UV 
spectrophotometer (Beckman DB). The solu- 
tion was then concentrated, rechromatographed 
on TLC with an adjoining reference compound, 
and the fluorescent area tested for color re- 
sponse to trifluoroacetic acid (TFA) (4). The 
amount of vitamin A was calculated from the 
optical density at 325 nm using a conversion 
factor of 1600. To test recoveries, a known 
amount of retinyl palmitate was added to an 
aqueous solution of extracted mucus residue, 
used to simulate normalmucus,  and analyzed by 
the above procedures. 

Four criteria were thus used to establish the 
presence of vitamin A: (a) yellow fluorescence 
under UV light; (b) Rf values of these fluores- 
cent bands being the same as vitamin A 
reference compounds; (c) a maximum UV 
absorbance at 325 nm, and (d) blue color 
response to TFA. The detection of low concen- 
trations of vitamin A in mucus depended upon 
the analysis of  sufficient amounts of lipid. With 
marginal amounts, the 325 nm maximum was 
not observed, although the other tests were 
positive. Only the results that could be quanti- 
tated are listed in Table I, but retinyl esters 
were detected in an equal number of other 
samples. Carotenoids were invariably present. 
Retinol was detected in many of the samples, 
but only two contained enough to be quanti- 
tated. Vitamin A occurs in the blood largely as 
retinol (5), but the traces of blood in the 
bovine cervical mucus did not raise retinol 
levels, indicating that this contamination was 
not significant. Small amounts of retinol are 
known to result from the hydrolysis of retinyl 
esters in frozen tissue (6). The concentrations 
of vitamin A represent recoveries of ca. 10%. 
Vitamin A is extremely labile, and losses of 
90% were found when mixtures of vitamin A 
and mucus residues were analyzed by the same 
procedures. A 40% loss occurred during a single 

TLC analysis. 
At this point the vitamin A could have 

originated from either the cells whic h  con t inu-  
ally exfoliate from the epithelial mucosa or 
from the mucus  globules. The latter are en- 
closed during secretion in a membrane derived 
from the Golgi complex (7). Thus there appear 
to be three possible sources of lipid from 
mucus: cells, the MGM and the globule con- 
tents. Previous studies of mucus lipids (2,3) 
have not distinguished between these sources. 
Gibbons' method of fractionating mucus (8) 
was modified to permit the centrifugation of 
the cellular debris. Subsequently it was found 
that a second fine particulate fraction, appar- 
ently containing the MGM, could also be 
separated. Samples of asthmatic mucus were 
dissolved in saturated CaC12/ethanol 9:1 v/v. 
The solutions were dialyzed in 0.25 M sucrose 
and centrifuged at 800 G for 10 min to remove 
cells and heavy debris (fraction 1). The superna- 
tant was centrifuged at 20 kG for 30 min, which 
cleared nearly all of the opalescence and gave a 
grey pellet (fraction 2). The soluble glycopro- 
teins in the supernatant were precipitated by 
bringing the solution to ca. 0.8 M ammonium 
sulfate. Centrifugation separated the precipitate 
(fraction 3) and the supematant  (fraction 4). 
Lipids were extracted from these fractions from 
three lots of mucus and tested for vitamin A by 
the methods described previously. The results 
are listed in Table II. 

Under the light microscope, fraction 1 con- 
sisted of intact cells and nuclei but fraction 2 
was amorphous. Electron microscopy showed 
that fraction 2 contained a large number of 
vesicles, 0.1-0.25 p in diameter, and fine debris. 
Fractions 1 and 2 contained 95% or more of 
the total lipid, of which fraction 2 contributed 
33-49%. Fractions 3 and 4 contained only 
traces of lipid, presumably from remnants of 
particulate matter not cleared by centrifuga- 
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tion. The yield of carotenoids, found princi- 
pally in fraction 1, was markedly less than had 
been obtained by extraction of whole mucus 
from this patient, indicating that considerable 
autoxidation had taken place. To allow for 
these losses, fractions 1 and 2 were pooled from 
three lots of  fractionated mucus before being 
analyzed for vitamin A. Retinyl esters were 
detected in fraction 2 by TLC mobility, fluores- 
cence, and TFA color response, but the amount 
was too small to be quantitated. No vitamin A 
was found in fraction 1. 

Aside from the exfoliated epithelial cells, the 
MGM appears to be the only other likely source 
of lipids in mucus. Neutra and Leblond (7) have 
clearly demonstrated the presence of these 
membranes in the lumen after secretion. Mucus 
will therefore contain large numbers of MGM 
which, being a relatively large structural lipo- 
protein, would sediment at moderate speeds. 
The distribution of lipids in mucus supports 
this view, for fractions 1 and 2 contained nearly 
all of the mucus lipid. Together they yielded 
the normal amount of lipid previously found in 
whole mucus from this patient, indicating 
complete extraction. The small vesicles mixed 
with fine debris seen in fraction 2 appear to be 
the MGM which have vesicularized during treat- 
ment with CaC12 and subsequent dialysis. This 
fraction is currently under further study. 

An interpretation of these findings must 
consider the possibility that the presence of 
vitamin A in mucus is accidental and not 
functional. It could be argued that it would be 
found in virtually any tissue, but it should be 
noted that vitamin A was not found in the 
cellular fraction, even though the lipid content  
of this fraction was somewhat greater than that 
of the MGM fraction. The possibility that 
serous exudation contributed the vitamin A is 
discounted by the fact that it was found 
principally as retinyl esters rather than retinol, 
the form in which it occurs in the blood. 
Finally, the well known requirement of vitamin 
A for mucus secretion and its presence in 

mucus together comprise a striking coincidence 
which suggests a functional role. 

These results raise the possibility that vita- 
min A is not converted into some active 
metabolite but is carried, essentially unchanged, 
in the secretion in which it played an important 
role. The only change is in its esterification. 
Similar esterification of retinol has been widely 
noted and extensively studied in the absorption 
of vitamin A from the intestine (9). The lack of 
any gross changes in vitamin A and its presence 
in the fraction containing the MGM are consist- 
ent with the role in membrane fusion proposed 
by Lucy (10). Membrane fusion is a critical step 
in secretion, and it may be the point at which 
vitamin A becomes essential to mucus secre- 
tion. 
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Hydrolysis of Linoleate Geometric Isomers by Geotrichum 
candidum Lipasel 

ABSTRACT 

Lipase (EC 3.1.1.3) from the micro- 
organism Geotrichurn canclidum preferen- 

1Scientific contribution No. 535, Agricultural Ex- 
periment Station, University of Connecticut. 

t i a l l y  h y d r o l y z e s  cis-9 18:1 and 
cis, cis-9,12 18:2 from triacylglycerols, 
largely ignoring all other positional iso- 
mers of cis 18:1 as well as trans-9 18:1. 
To obtain additional information about 
the specificity of the enzyme, two triacyl- 
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tion. The yield of carotenoids, found princi- 
pally in fraction 1, was markedly less than had 
been obtained by extraction of whole mucus 
from this patient, indicating that considerable 
autoxidation had taken place. To allow for 
these losses, fractions 1 and 2 were pooled from 
three lots of  fractionated mucus before being 
analyzed for vitamin A. Retinyl esters were 
detected in fraction 2 by TLC mobility, fluores- 
cence, and TFA color response, but the amount 
was too small to be quantitated. No vitamin A 
was found in fraction 1. 

Aside from the exfoliated epithelial cells, the 
MGM appears to be the only other likely source 
of lipids in mucus. Neutra and Leblond (7) have 
clearly demonstrated the presence of these 
membranes in the lumen after secretion. Mucus 
will therefore contain large numbers of MGM 
which, being a relatively large structural lipo- 
protein, would sediment at moderate speeds. 
The distribution of lipids in mucus supports 
this view, for fractions 1 and 2 contained nearly 
all of the mucus lipid. Together they yielded 
the normal amount of lipid previously found in 
whole mucus from this patient, indicating 
complete extraction. The small vesicles mixed 
with fine debris seen in fraction 2 appear to be 
the MGM which have vesicularized during treat- 
ment with CaC12 and subsequent dialysis. This 
fraction is currently under further study. 

An interpretation of these findings must 
consider the possibility that the presence of 
vitamin A in mucus is accidental and not 
functional. It could be argued that it would be 
found in virtually any tissue, but it should be 
noted that vitamin A was not found in the 
cellular fraction, even though the lipid content  
of this fraction was somewhat greater than that 
of the MGM fraction. The possibility that 
serous exudation contributed the vitamin A is 
discounted by the fact that it was found 
principally as retinyl esters rather than retinol, 
the form in which it occurs in the blood. 
Finally, the well known requirement of vitamin 
A for mucus secretion and its presence in 

mucus together comprise a striking coincidence 
which suggests a functional role. 

These results raise the possibility that vita- 
min A is not converted into some active 
metabolite but is carried, essentially unchanged, 
in the secretion in which it played an important 
role. The only change is in its esterification. 
Similar esterification of retinol has been widely 
noted and extensively studied in the absorption 
of vitamin A from the intestine (9). The lack of 
any gross changes in vitamin A and its presence 
in the fraction containing the MGM are consist- 
ent with the role in membrane fusion proposed 
by Lucy (10). Membrane fusion is a critical step 
in secretion, and it may be the point at which 
vitamin A becomes essential to mucus secre- 
tion. 
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t i a l l y  h y d r o l y z e s  cis-9 18:1 and 
cis, cis-9,12 18:2 from triacylglycerols, 
largely ignoring all other positional iso- 
mers of cis 18:1 as well as trans-9 18:1. 
To obtain additional information about 
the specificity of the enzyme, two triacyl- 
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TABLE I 

Fatty Acid Composition of Products from Hydrolysis of Two Triacylglycerols 
Containing Geometric Isomers of Linoleate by Geotrichum candidum Lipase 

9,12 18:2 Isomer, wt% 

Triacylglycerol 1 

Product cis, cis trans, trans 

THacylglycerol 2 

cis, trans trans, cis 

Original triacylgly cerol 48 52 46 54 
Residual triacylglycerol 35 65 48 52 
Free fatty acids 84 16 45 55 
Diacylglycerols 29 71 50 50 
Monoacylglycerols Trace a 90+ 44 56 

apeaks were small, but only a trace of cis, cis isomer was observed. 

glycerols were prepared and utilized as 
substrates. The lipase hydrolyzed 85% 
cis, cis-9,12 18:2 and 15% trans, trans-9,12 
18:2 from the triacylglycerol, containing 
ca. 50% of each acid. From the triacyl- 
glycerol containing 46.3% cis, trans-9,12 
18:2 and 53.7% trans, cis-9,12 18:2, 44.8 
and 55.2% of the two acids were hydro- 
lyzed. Therefore the enzyme discrim- 
inated against the trans, trans isomer but 
not  between the cis, trans and trans, cis 
isomers. 

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

Lipase (EC 3.1.1.3, glycerol-ester hydrolase) 
from the microorganism Geotr ichum candidum 
is highly specific for fatty acids with cis-9 and 
cis, cis-9,12 unsaturation releasing only small 
quantities of saturated acids, positional isomers 
of 18:1 other than A9 and of elaidic acid (1,2). 
On the basis of these findings we surmised that 
the enzyme should differentiate between 
cis, trans- and trans, cis- 9,12 18: 2s, hydrolyzing 
the former and not  the latter from a triacylgiyc- 
erol. We also believed that linoelaidate, 
9,12-trans, trans 18:2, would not be digested by 
the enzyme. To test our hypotheses, we pre- 
pared two tr iacylglycerols-one from the iso- 
mers cis, trans 18:2 and trans, cis 18:2, and one 
from the acids cis, cis 18:2 and trans, trans 18:2. 
These substrates were hydrolyzed with G. 
candidum lipase and the acids in the products 
of lipolysis identified. 

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

The procedures, with the exception of gas 
liquid chromatography, have been described 
(2). Two digestions were made of each sub- 
strate. The methods employed by synthesis 
would yield approximately random placement 
of the acids. The linoleate and linoelaidate were 
obtained from The Hormel Institute and the 

two cis, trans isomers from the Northern Re- 
gional Research Laboratory. 

Methyl esters of the acids from the products 
of lipolysis and of an added internal standard of 
17:0 were determined in a Barber-Colman 
chromatograph at 190 C. The instrument was 
equipped with a column, 150 f t x  0.01 in. ID, 
coated with polyphenyl ether. Although sepa- 
ration of the two cis, trans isomers was incom- 
plete, it was possible to determine the amount 
of each. 

The amounts of each 18:2 isomer in all 
products of lipolysis and the original triacyl- 
glycerols are listed in Table I. As expected, 
trans,trans 18:2 was little hydrolyzed compared 
to cis, cis 18:2. The free fatty acids contained 
84.5% of the cis, cis isomers, whereas the 
trans, trans isomer accumulated in the rest of 
the products; this is clear evidence of differenti- 
ation between the two isomers. 

The results from the hydrolysis of the mixed 
cis, trans isomers, also presented in Table I, were 
surprising because there was little or no differ- 
entiation. Since the quantities of the two 
isomers were about the same in all products of 
lipolysis as in the original substrate, no discrim- 
ination was indicated. We have no explanation 
for this astonishing phenomenon, but after a 
comparison of molecular models we offer the 
following hypothesis. 

In the 18:2 isomers that were digested 
readily the hydrogens on the 9, 10, 12 and 13 
carbons can have the following conformations: 
cis, cis, all on one side, and cis, trans and 
trans, cis, three on one side, one on the other. 
Since the trans, trans isomer, which can only 
have two hydrogens on one side and two on the 
other, was poorly hydrolyzed, we have hypoth- 
esized that 18:2 isomers are digested by G. 
candidum lipase most readily if there are at 
least three hydrogens on one side of the 
molecule and the molecule contains one or 
more cis kinks. 
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Occurrence of (+)-Erythro-2,3-Dihydroxyhexacosanoic Acid 
in Cerebrin from the Yeast Saccharomyces cerevisiael 

ABSTRACT 

( + ) - E r y t  hr  o -2 ,3  - d i h y  dr  o x y h e x  a- 
cosanoic acid was found in a mixture of  
cerebrins (ceramides containing sphingo- 
sines and phytosphingosines) from the 
yeast  Saccharomyces cerevisiae. The 
structure was deduced on the basis of 
elemental analyses, gas liquid chromatog~ 
raphy and thin layer chromatography of 
the appropriate derivatives of the acid 
and its oxidation products.  

pared by adding excess diazomethane in diethyl 
ether to methanol solution of the hydroxy  
acids. Thin layer chromatography (TLC) on 
Silica Gel G (E. Merck, A.G., Darmstadt) ,  250 At 
thick (solvent system chloroform-methanol  
19:1.5 v/v, detect ion with ammonium molyb- 
date-perchloric acid spray reagent [5] ), showed 
two main spots corresponding to the fast 
moving (Rf 0.90) monohydroxy  fatty acid 
fraction (MHFA) and the slow moving (Rf  
0.66) d ihydroxy fat ty  acid fraction (DHFA).  

The long chain 2,3-dihydroxy fat ty acids 
have not  at tracted much at tent ion from previ- 
ous researchers. To the best of our knowledge 
2,3-dihydroxytetracosanoic acid is the only 
member of this series found in nature. I t  was 
repor ted in 1952 by Oda (1) as a consti tuent  of 
hydroxycerebrin which was isolated from the 
mycelium of surface-cultivated penicillin-pro- 
ducing tool d Q 176. Cerebrins are mixtures of 
ceramides containing the long chain bases 
sphingosines and phytosphingosines,  and the 
amide-linked long chain fat ty  acids, predomi-  
nantly of the hydroxy  series. This communica- 
tion is a report  on the occurrence of (+)-eryth- 
ro-2,3-dihydroxyhexaconsanoic acid in cerebrin 
from Saccharomyces cerevisiae. 

Crude yeast  cerebrin was supplied by N.V. 
Philips-Roxane, Pharmaceutisch-Chemische In- 
dustrie DUPHAR, Amsterdam. Methanolysis of 
10 g cerebrin (which contained considerable 
quantities of  ergosterol and other impurities) 
according to Reindel and coworkers (2) and 
subsequent alkaline hydrolysis gave a mixture 
of long chain fat ty  acids (2.95 g). The total  
hydroxy fat ty  acids (HFA, 1.65 g) were sepa- 
rated from the nonhydroxy  ones via copper 
chelates (1.78 g )bY using a method described 
previously (3,4). The methyl  esters were pre- 

1Studies in the sphingolipids series, XXX1V. Pre- 
sented in part at the Meeting of Croatian Chemists, 
Zagreb, February 1971. 
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FIG. 1. Gas chromatographic analysis of fatty acids 
of yeast cerebrin and their degradation products (in 
form of acetylated methyl esters). (A) Total HFA; (B) 
(+)-erythro-2,3-dihydroxyhexacosanoic acid (DHFA) 
hatched area; (C) products of periodate-perrnanganate 
oxidation of DHFA (tetracosanoic acid). 
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The mixture of HFA methyl esters (1.68 g) 
was dissolved in chloroform and chromato- 
graphed on a column of Florisil (30 g, 60/100 
mesh, Floridin Co., Tallahassee, Fla., as pur- 
chased). The chloroform eluates contained 
MHFA methyl esters (predominantly methyl 
2-hydroxyhexacosanoate), while chloroform- 
methanol 95:5 eluted DHFA methyl esters. 
TLC was used to monitor the column separa- 
tion. Fractions containing chromatographically 
pure DHFA esters (Rf 0.66) were collected. 
Glistening leaflets, 0. I2 g, 7.1% of the total 
HFA esters, mp 95-96 C; found: C 73.05, H 
11.99. C27H5404 requires: C 73.25, H 12.29%. 
Alkaline hydrolysis afforded the free acid, mp 
104 C, [O~]2D 2 --- + 2.45 C (in pyridine); found: 
C 72.63, H 11.95. C26H5204 requires: C 
72.84, H 12.23%. The chemical structure and 
the stereochemical assignment of the pure 
DHFA were investigated by means of gas liquid 
chromatography (GLC), TLC (6) and oxidative 
degradations. 

Both total HFA and pure DHFA methyl 
esters were acetylated by refluxing with acetyl- 
chloride for 1 hr and evaporating the solution 
to dryness. The acetylated methyl esters were 
analyzed by GLC. A Perkin-Elmer Model F 20 
instrument equipped with a hydrogen flame 
detector, containing a glass column (2 m x 2.7 
mm) packed with 1% SE-30 on Chromosorb G 
80/100 mesh, was used. This was temperature- 
programed from 120 to 250 C at 2 C/rain 
during analyses, and nitrogen was used as 
carrier gas; flow rate was 50 ml/min. The acids 
were identified by comparing their programed 
temperatures to those of authentic standards 
and by plotting the temperatures against carbon 
numbers. GLC of total HFA and DHFA (in the 
form of acetylated methyl esters) is shown in 
Figure 1A and B. The hatched area represents 
(+)-  e r ythr o- 2, 3-dihydr oxyhexacosanoic acid. 
The same retention time was obtained with the 
synthetic acid prepared in this laboratory by 
hydroxylation of trans-2-hexacosenoic acid 
with both alkaline permanganate (threo-isomer) 
and peracetic acid (erythro-isomer). Tetracosa- 

noic acid and 2-hydroxyhexacosanoic acid were 
also preparations from this laboratory. 

The periodate-permanganate oxidation (7) 
of DHFA methyl ester yielded a mixture of 
fatty acids which was esterifled and acetylated 
as described above. The main product was 
tetracosanoic acid in admixture with some 
unreacted DHFA as shown by GLC (Fig. 1C). 

The erythro-configuration was assigned to 
(+)-2,3-dihydroxyhexacosanoic acid by means 
of TLC on Silica Gel G impregnated with boric 
acid; the solvent system was chloroform-metha- 
nol 19:1 (6). Boric acid forms complexes more 
readily with threo-glycols than with erythrogly- 
cols. The more polar erythro-isomer migrated 
more slowly (Rf 0.62) than the less polar boric 
acid complex of the threo-isomer (Rf 0.69). 
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ERRATUM 
Due to a printer 's  error, the references to 

"Effect of Soy Sterols on Cholesterol Synthesis 
in the Rat" (Lipids 8:42[ 1973]) were poorly 
reproduced. They are reprinted below. 
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Exacerbation of Heart and Liver Lesions in Rats by Feeding 
of Various Mildly Oxidized Fats1 
HANS KAUNITZ and RUTH E. JOHNSON, Department of Pathology, 
Columbia University, New York, New York 10032 

ABSTRACT 

Groups of  40 male Charles River rats 
were fed diets conta ining co t tonseed  oil, 
olive off, corn oil, soybean oil, coconu t  
oil, chicken fat,  beef  fat,  bu t te r  off, lard 
and saturated medium chain triglycer/des. 
The fats were fed  fresh and after 40 hr 
aerat ion at 60 C, which hardly changed 
peroxide  values. In addit ion,  fresh and 
aerated soybean oil and lard were fed to 
W/Fu rats. Body weights and life span 
were significantly inf luenced by the kind 
of  fat fed, but  no t  by aeration. Many 
hearts exhib i ted  unspecif ic  focal myo-  
carditis and focal fibrosis. The lat ter  was 
graded in a blind test,  which revealed 
highly significant differences in the inci- 
dence of  severe lesions; those fed corn oil 
had the most ,  fo l lowed by co t tonseed  oil, 
soybean oil, olive oil, beef  fat,  saturated 
m e d i u m  chain triglycerides, but ter ,  
chicken fat and lard, in that  order. 
Feeding of  aerated fat  resulted in an 

1One of seven papers presented in the symposium 
"Biological Significance of Autoxidized and Poly- 
merized Oils," JOCS-AOCS Joint Meeting, Los An- 
geles, April 19"/2. 

increased incidence with  six of the eight 
fats. The W/Fu  rats had lower  incidences,  
but  those fed soybean oil had more  than 
those fed lard, and aeration led to a 
higher incidence.  Some heart  sections 
stained wi th  Light Green SF Yellowish 
revealed areas of  muscle fibrils that  did 
no t  accept  the stain, probably  as a conse- 
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TABLE I 

Analyses of One Batch of Fats Fed to Rats from Weaning 

Oil 

Epoxide 
Peroxide value, b 
value, a Meq oxirane 
Meq/kg oxygen/kg 

Carbonyl value, c Meq/kg 

Unsaturated Saturated Total 

MCT d 0.1 0 0.4 1.7 2.1 
Olive oil 

Fresh 1S.2 4 3.2 6.1 9.3 
Aerated 18.5 6 3.2 7.4 10.1 

Corn oil 
Fresh 1.9 3 7.3 4.1 11.4 
Aerated 4.0 3 7.1 3.6 10.7 

Cottonseed oil 
Fresh 7.8 5 6.0 0.8 6.8 
Aerated 6.7 9 7.1 3.4 10.5 

Soybean oil 
Fresh 1.0 0 3.0 2.6 5.6 
Aerated 2.3 0 2.9 3.0 5.9 
Irradiate d 2.3 0 2.1 7.2 9.3 

Beef fat 
Fresh 4.9 7 2.8 8.1 10.9 
Aerated 3.5 3 2.2 4.9 7.1 

Butter fat 
Fresh 1.0 0 1.7 8.4 10.9 
Aerated 2.5 0 1.7 6.7 8.4 

Chicken fat 
Fresh 1.9 1 0.6 2.9 3.5 
Aerated 4.3 1 0.6 3.5 4.1 

Lard 
Fresh 2.0 1 1.7 4.7 6.4 
Aerated 2.3 10 1.9 5.0 6.9 
Irradiate d 1.7 0 1.3 8.8 10.1 

aAOCS Official Method Cd 8-53. 
bFioriti et al., JAOCS 43:487 (1966). 
CFioriti, JAOCS 42:743 (1965). 
dSaturated medium chain triglycerides. 

quence  of  cel lular  damage.  Higher  inci-  
dences  of  th is  les ion were associa ted  wi th  
the  same fats  as was severe fibrosis,  and  
feeding of  ae ra ted  fats  led to  h igher  
inc idences .  Many  livers revealed m a r k e d  
p ro l i f e ra t ion  of  bile ducts .  The  groups  fed 
co t tonseed ,  soybean ,  olive and  corn  oils 
h a d  h igher  inc idences  of  severe lesions,  
and  feeding  of  the  ox id ized  oils led to  
still h ighe r  inc idences .  None  of  the  resul ts  
appea red  to  be associated w i t h  the  f a t t y  
acid c o m p o s i t i o n  of  the  fats,  wh ich  sug- 
gested t h a t  these  long  t e r m  effec ts  m a y  
have been  due to m i n o r  const i tuents  in 
the  indiv idual  fats.  

F o r  the  las t  25 years ,  var ious  s tudies  have 
been  u n d e r t a k e n  to  d e t e r m i n e  the  e x t e n t  to  
wh ich  changes  i n d u c e d  in  fats  by  t h e r m a l  or 
oxidat ive  t r e a t m e n t  wou ld  p r oduce  tox ic  ef- 
fects  in  an imals  fed  these  fats. In  the  early 
1950%, feeding  e x p e r i m e n t s  were carr ied ou t  
w i th  fa ts  t h a t  had  u n d e r g o n e  r a t h e r  severe 
damage by  hea t  or  o x i d a t i o n  (1,2) .  I n t e r e s t  

cen te red  on  sepa ra t ion  of  b r o a d  classes of  
c o m p o u n d s  p r o d u c e d  in such  fats. Some of  
these  groups  of  c o m p o u n d s  were so toxic  t ha t  
feeding s tudies  were necessar i ly  of  sho r t  dur- 
a t ion .  Rats  fed these  mater ia l s  exh ib i t ed  diar- 
rhea,  e d e m a  of  the  gut,  and  enlarged livers and  
k idneys  (3).  All of  this  a c c u m u l a t i n g  knowledge  
had  social consequences :  processors  of such  
foods  as p o t a t o  chips ,  F r e n c h  fr ied potatoes 
and o t h e r  deep-fr ied  foods  b e c a m e  m u c h  more  
careful  w i th  regard  to  h o w  long  t hey  used any  
one b a t c h  of  oil,  and,  at  the  same t ime ,  
m a n u f a c t u r e r s  o f  var ious  fats  and  oils and  of 
foods  c o n t a i n i n g  these  oils r o u t i n e l y  i nc luded  
a n t i o x i d a n t  in the i r  p roduc t s .  

F u r t h e r  inves t iga t ions  dea l t  w i th  possible  
ef fec ts  p r o d u c e d  by  fats  a f te r  o rd ina ry  cook ing  
p rocedure s  or a f te r  s torage.  In  general ,  i t  was 
f o u n d  t h a t  g r o w t h  and  life span  of  animals  fed 
such  fats  were n o t  adversely a f fec ted  (4-8).  
However  i t  was r e p o r t e d  t h a t  rats  fed mi ld ly  
ox id ized  beef  fat  appea red  to have less l inolea te  
in  their depo t s  than those  fed f resh  bee f  fa t  (9).  
F u r t h e r m o r e  i t  was observed  t h a t  feeding of  

LIPIDS, VOL. 8, NO. 6 



FEEDING OF OXIDIZED FATS 

TABLE II 

Composition of Purified Diet 

A. 
Component % 

Vitamin-free test casein a 30 
Dextrose b 44 
Salt mixture (Bernhart & Tomarelli) a 4 
Cellulose (Alphacel) a 2 
Fat 20 

B. 
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Component mg/kg Component mg/kg 

Choline dihydrogen citrate a 1000 Vitamin D2a 0.5 
I n o s i t o l  a 1000 Thiamin-HC1 4 
p-Aminobenzoic acid a 300 Pyridoxine-HCl 8 
Nicotinamide a 100 Riboflavin 8 
Vitamin K (Synkayvite) 10 Ca pantothenate 20 
a-Tocopherol acetate 100 Folie acid 5 
Free a-toeopherol 10 Biotin 0.05 
r-Carotene 5 Ascorbic acid 50 

Vitamin B 12 (0.1% trituration 
in mannose) 10 

aNutritional Bioehemicals Corp., Cleveland, Ohio. All other vitamins contributed by 
Hoffmann-La Roche Inc., Nutley, N.J. 

bCorn Products Co., Englewood Cliffs, N.J. 

mildly oxidized fats led to increased vitamin 
requirements (10), as had been shown previ- 
ously for more highly oxidized fats (11). 

In an earlier long term feeding study carried 
out in our laboratory, with eight fresh and 
mildly oxidized vegetable and animal fats fed to 
rats in a low iodine diet, the average life spans 
of the groups fed fresh vegetable oils were 
shorter than those of the groups fed fresh 
animal fats, and feeding of the oxidized forms 
of three of the oils (olive, corn and soybean) 
resulted in longer life spans (7). Furthermore 
there was some suggestion that the various fats 
eXerted other effects which were unrelated to 
their fatty acid composition, and the hypoth- 
esis was put forth that fats, particularly vege- 
table oils, even after refining, may contain 
biologically active substances in their nontri- 
glyceride fractions which exert long term ef- 
fects. 

Because our early experiment was compli- 
cated by a low iodine diet and periodic sacri- 
fices for lipid chemistry, a more comprehensive 
feeding study was undertaken with larger 
groups of rats, all of which could be observed 
until they died of natural causes. 

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

Fats and Oils 

The fats studied were cottonseed oil, olive 
oil, corn oil, soybean oil, coconut oil, chicken 

fat, beef fat, butter oil, lard and a randomized 
mixture of saturated medium chain triglyc- 
erides (MCT), (mainly C 8 and C10 ). All of 
these fats had been prepared for human con- 
sumption, and three different batches of each 
were used in the course of the experiment. Half 
of each batch (one-third in the case of soybean 
oil and lard) was aerated at a rate of 1 liter of 
air per gallon per minute for 40 hr at 60 C. In 
addition, part of the lard and soybean oil was 
canned according to FDA specifications for 
irradiation of foods and was given 4.5 Mrad of 
gamma irradiation. These treatments brought 
about only very slight changes in peroxide, 
epoxide and carbonyl values (Table I). The fats 
were incorporated in a highly purified diet, the 
composition of which is given in Table II. 

Animals 

The main study was carried out on Charles 
River (CD) male rats. All fresh, aerated and 
irradiated fats were fed to groups of 40 rats 
each from the age of 28 days. In addition, four 
groups of 40 male rats of the smaller W/Fu 
strain were fed fresh and aerated lard and 
soybean oil. The rats were assigned to the 
individual groups on the basis of stratified body 
weights; all groups had the same weight range 
and the same average weights. 

The rats were housed, two per cage, on racks 
holding 20 cages (10 with rats fed a fresh fat 
and 10 with rats fed the corresponding aerated 
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TABLE III 

Relation o f  Average Body Weight at Early Age to Eventual  
Average Life Span in Groups of  Charles River Rats Fed Various Fats 

Fresh Aerate d 

Average wt Average life Average wt  
Oil at 238  days, g span, days at 238  days, g 

Average life 
span, days 

Coconut  oil 7 3 8 _ + 1 5 . 8 a  592+28.4a 735-+13.2 549-+29.5 
Chicken fat 723+17.2 613_+19.7 712+18.1 655+23. 5 
Butter 703_+ 19.2 626-+ 21.2 694-+ 12.5 640-+ 18.7 
Cottonseed oil 701+12.9 641-+24.2 725_+23.2 650• 0 
Corn oil 691_+15.5 652-+21.2 687-+14.0 664-+22.2 
Lard 688-+ 16.8 639+20.3 697_+26.6 665_+20.7 
Soybean oil 678-+12.5 670~:22.1 683_+12.2 635_+21.9 
Olive oil 646_+10.7 665-+17.9 662_+12.5 642_+29.3 
Beef  fat 626_+ 14.1 703-+ 19.2 650-+ 16.0 690_+ 17.1 
MCT b 614-+10.7 703-+24.5 

P < .001 P = .005 P = .01 P < . 0 l  

aStandard error. 
bSaturated med ium chain triglycerides. 

fat). The other halves of  the same groups were 
housed on a second rack on the opposite side of 
the room, and the racks were rotated fre- 
quently. All rats of  one strain were kept in the 
same room. 

The groups fed coconut  oil were placed in 

FIG. 1. A: Cardiac muscle of rat fed cottonseed 
oil. Muscle fibers are largely replaced by fibrous tissue 
(H & E; x 90). B: Proliferation of bile ducts in liver of 
rat fed corn oil (H & E; x 70). 
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the experiment one year after the rest. The 
coconut oil diets initially contained a supple- 
ment of 0.5% of linoleic acid, but early 
mortality among these animals suggested that 
this was too low. When the rats were 9 months 
of age, the linoleic acid supplement was raised 
to 1.5% and the high death rate subsided. 

The animals were inspected daily and any 
dead or moribund were autopsied as soon as 
possible. At least I0 tissues were fixed in 
Bouin's solution for histology, together with 
any tissues suspected of being abnormal. Sec- 
tions of all tissues were stained with hema- 
toxylin and eosin, and sections of hearts were 
also stained with Carr's chloranilic acid stain for 
calcium with Light Green SF Yellowish as 
counterstain. 

The data for each animal were coded and 
key punched into an 80 column IBM card, 
which was used as input to an IBM 360/91 
computer  at the Columbia University Computer 
Center. 

RESULTS AND DISCUSSION 

When the rats had been on their diets for 
three months, there was a spread of 60 g in the 
median weights of the Charles River groups fed 
fresh fats, and this difference increased to ca. 
200 g at the age of 605 days. In addition to 
intergroup differences, there was a considerable 
spread in the body weights of an individual 
group (over 300 g at 133 days of age in the 
group fed fresh corn oil). At 238 days of age, 
there was a spread of over 100 g in the average 
weights of the groups fed fresh fats (Table III), 
and an analysis of  variance showed that the 
intergroup differences were significant. 

Because of the frequently cited inverse 
relationship between early overweight and even- 
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TABLE IV 

Observed and Expected Incidences of Severe (3+ and 4+) Cardiac Fibrosis and of Marked 
Discoloration after Heart Sections Were Stained with Light Green SF Yellowish 
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Fibrosis Resistance to green stain 

Oil Fresh Oxidized Fresh Oxidized 

Corn oil 26/14.5=1.80 25/16.0=1.57 17/7.9=2.16 22/8.9=2.47 
Cottonseed oil 2 0 1 1 6 . 3 = 1 . 2 3  24/15.7=1.53 12/8.0= 1 . 5 0  14/8.2=1.71 
Soybean oil 16/15.6=1.03 22/15.1= 1.46 9/8.3=1.09 15/8.3=1.80 

(Irrad.) 18/15.3=1.17 a (Irrad.) 4/8.3= .48 a 
Olive oil 16/15.9=1.01 18/15.7=1.15 1 3 1 9 . 1 = 1 . 4 2  1617.9=2.02 
Beef  fat 16/16.9 = .94 20/17.0---1.17 6/9.6 = .62 10/9.9=1.01 
MCT b 16/17.6 = .91 a 2/8.1 = .25 a 
Butter 11115.3= .72 10115.3= .65 3]6.9= .43 5/8.5= .59 
Chicken fat 10[14.5= .69 13/14.5= .84 5/7.2 = .69 8/9.1= .88 
Lard 9/14.7= .61 19/16.5=1.15 3/8.4 = .36 4/9.6= .41 

(Irrad.) 12/16.3= .74 a (Irrad.) 2/8.4= .24 a 
Chi square = 23.89 26.48 27.89 53.40 
P (7 df) ~ .01 <; .001 "~ .001 '~ .001 

aNot in chi square calculations. 
bSaturated medium chain triglycerides. 

tual life span, we selected the body weights at 
238 days as indicative of early overweight. 
Table III shows highly significant differences 
among the average life spans of the groups fed 
fresh fats and an inverse relationship between 
weight and life span. The comparatively short 
average life span of the group fed coconut oil is 
due partly to the early deaths in the initial 
period of linoleate deficiency. The groups fed 
beef fat and MCT consistently had lower body 
weights, and only 6 fed beef fat and 10 fed 
MCT had died by the age of 600 days. 

Feeding of oxidized fats did not  result in 
any significant alteration in body weight or life 
span. There were highly significant intergroup 
differences with regard to weight and life span, 
but no apparent inverse relationship between 
the two. 

The W/Fu rats had longer average life spans, 
ranging from 695 to 745 days for the four 
groups. The differences were not  significant. 

Degenerative Lesions 

The heart was the most frequent site of 
degenerative changes. The latter included focal, 
unspecific myocarditis, fibrosis and, occa- 
sionally, calcium deposits. The myocarditis was 
characterized by invasion of focal areas of the 
heart by modified histiocytes and destruction 
of muscle fibrils. Fibrous tissue replaced some 
of the muscle fibers, as shown in Figure 1A. 
The severity of these fibrotic changes was 
evaluated in a blind test on a scale of 0 to 4+ 
for statistical treatment. It was apparent that 
the incidence of severe focal fibrosis was 
age-dependent, increasing from 26% of those 
dying between 400 and 500 days to 80% of 
those dying over 900 days of age; therefore any 

comparison of groups would have to take into 
account their different mortality patterns." We 
adapted the age-specific analysis used by Ross 
and Bras (12), in comparing tumor incidences 
in different dietary groups with different aver- 
age life spans. We pooled the data from all 
groups fed fresh fats and established incidence 
factors for successive 100 day periods (number 
of cases of severe fibrosis per number of rats 
dying during that period); these age-specific 
incidence factors were then applied to an 
individual dietary group, to arrive at an esti- 
mate of the number of severe cases to be 
expected in each 100 day period if the group 
conformed to the average for the whole popu- 
lation. These "expected"  incidences were 
added, to arrive at the expected incidence for 
the whole experimental period, and this could 
be compared with the incidence actually ob- 
served. The ratio of observed to expected 
incidence was a value that lent itself to inter- 
group comparisons. 

The observed and expected incidences ot 
severe (3+ and 4+) cardiac fibrosis are shown in 
Table IV. Among the groups fed fresh fats, the 
observed incidence ranged from 180 to 61% of 
that expected on the basis of the population as 
a whole, and the intergroup differences were 
highly significant (Chi square = 23.9; with 7 df, 
P < .01). The groups fed coconut oil have been 
omitted because of the higher early incidence 
of cardiac damage associated with the initial 
transitory linoleate deficiency. The groups fed 
vegetable oils, particularly corn and cottonseed 
oil, had more focal fibrosis than did those fed 
animal fats, particularly chicken fat and lard. 

In order to bring out any possible effect of 
oxidation and strain, the age-specific incidence 
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TABLE V 

Observed and Expected Incidence~ of Severe (3+ and 4+) Bile Duct Proliferation 

Oil Fresh Aerated Irradiated 

Cottonseed oil 15/ 9.2=1.62 21/ 9.0=2.34 
Soybean oil 14/ 9.7=1.44 16/ 8.0=2.00 1518.3=1.81 
Olive oil 11/ 9.1=1.21 9[ 8.3=1.08 
Corn oil 12/10.0=1.20 17/10.0=1.70 
Butter 10/ 8.5=1.17 3/ 9.5 = .32 
Beef fat 9/10.2 = .89 10/ 9.9=1.01 
Chicken fat 7/ 8.0 = .88 4/ 8.2= .49 
MCT a 8/ 9.9 = .81 
Lard 5/ 9.6 = .52 5/ 9.1 = .55 3/8.3 = .36 
Coconut  oil 2[ 8.9 = .22 3/ 7.7= .39 

Chi square = 18.22 54.555 
(8 dr) 

P = .02 P "~ .001 

aSaturated medium chain triglycerides, omitted from chi square calculation. 

fac tors  der ived f r o m  the  whole  p o p u l a t i o n  of  
CR rats  fed f resh  fats  ( excep t  c o c o n u t  oil) were 
used to  calcula te  the  e x p e c t e d  inc idences  in the  
groups  fed ox id ized  and  i r rad ia ted  fats and  in 
the  groups  of  W/Fu  rats .  The  table  shows t h a t  
wi th  six of  the e ight  fats,  i n t a k e  of  the  ox id ized  
fa t  was associa ted  w i th  an increase  in the  
inc idence  of  severe fibrosis,  whereas  i r rad ia ted  
fats were associa ted  w i th  on ly  a sl ight increase.  

The  observed  inc idence  of  severe f ibrosis  
a m o n g  the  W/Fu  rats  was m u c h  lower ,  a l t h o u g h  
they  l ived s o m e w h a t  longer  and  thus  had  h igher  
e x p e c t e d  inc idences .  Never theless ,  in this  s t ra in  
of  rats ,  feed ing  of  s o y b e a n  oil was associa ted 
w i th  a h igher  inc idence  t han  was lard,  and  
ox ida t ion  led to  an increase  in the  inc idence  in 
b o t h  groups.  

Many of  the  h e a r t  sec t ions  s ta ined  w i th  
h e m a t o x y l i n  and  eosin had  deep blue  areas 
suggestive of  ca lc i f ica t ion.  The re fo re  an addi-  
t i ona l  sec t ion  f r o m  each  hea r t  was s ta ined  w i t h  
chlorani l ic  acid (13)  and  c o u n t e r s t a i n e d  w i t h  
Light  Green  SF Yel lowish  stain.  We were 
unab le  to  f ind  any  o f  the  b r o w n i s h  micro-  
crystals  f o r m e d  b e t w e e n  ch loran i l ic  acid and  
calc ium,  p r o b a b l y  because  the  t issues had  been  
f ixed in Bou in ' s  f luid,  an acid fixative.  However  
we did  observe t h a t  the  cen te r s  of  m a n y  muscle  
fibrils were n o t  green, b u t  appea red  l ight  
b rown .  Dupl ica te  sec t ions  s ta ined  on ly  wi th  
Light  Green  SF Yel lowish  revealed t h a t  these  
areas were ev iden t ly  res i s tan t  to  this  s ta in  
( appea r ing  on ly  l ight  yel low).  Lesions of the  
myocard ia l  fibrils,  poss ibly  s imilar  to  the  one 
n o t e d  here,  have  been  descr ibed  by  o thers .  
War tman  and  Hill (14)  descr ibed  a change  in 
older  m y o c a r d i a l  infarc ts ,  in  wh ich  dead muscle  
is n o t  rep laced  by scar t issue and  there  is n o  
obvious  loss of  a rch i t ec tu re .  

Since the  d i sco lo ra t ion  n o t e d  by  us s eemed  

to vary  in a m o u n t  w i th  age and  wi th  d ie ta ry  
fat ,  we graded the  e x t e n t  of  this  mater ia l  on a 
scale of  0 to  4+ in a b l ind  test ;  the  da ta  were 
given the  same k i n d  of  age-specific analysis used 
in eva lua t ing  fibrosis,  because  the  inc idence  of  
extensive  i n v o l v e m e n t  varied f rom 4% a m o n g  
rats  dy ing  b e t w e e n  4 0 0  and  500  days to  32% 
a m o n g  those  dy ing  a f t e r  800  days. 

Table  I V  shows the  observed  and  expec t ed  
inc idences  of  m a r k e d  d iscolora t ion .  The  ob- 
served inc idences  a m o n g  the  ra ts  fed fresh fats  
var ied f rom 216 to  36% of  t h a t  expec t ed  on the  
basis o f  the  p o p u l a t i o n  as a whole ;  the differ-  
ences  b e t w e e n  groups were h ighly  s ignif icant .  I t  
is a p p a r e n t  f rom the  table  t h a t  cardiac f ibrosis 
and  "musc l e  f ibri l  d a m a g e "  vary  in near ly  the  
same o rde r  f rom group to group.  

The  age-specific i nc idence  fac tors  der ived 
f rom the  p o p u l a t i o n  fed f resh fats  were used  to  
ca lcula te  the  e x p e c t e d  inc idences  in the  groups  
fed ox id ized  and  i r rad ia ted  fats  and  in  the  W / F u  
groups.  The  tab le  shows tha t ,  in  all groups ,  
feeding of  the ox id ized  fa t  increased  the  inci-  
dence  over  t h a t  seen in the  g roup  fed the  
co r r e spond ing  f resh  fat ;  i r rad ia t ion ,  on  the  
o t h e r  hand ,  did n o t  appea r  to  have th is  ef fec t  
(if  any th ing ,  the re  was less invo lvement ) .  In  
ag reemen t  wi th  ou r  obse rva t ions  on  fibrosis,  
the  W/Fu  rats  s h o w e d  less fibril  i nvo lvemen t .  
A m o n g  the  W / F u  groups,  those  fed f resh  
s oybean  oil also had  a h igher  inc idence ;  and  
feeding  of  the  ox id ized  lard,  at  least ,  led to an 
increase  in inc idence  over  t h a t  in the  group fed 
f resh lard. 

Rena l  lesions were p resen t ,  to  some e x t e n t ,  
in  m o s t  of  our  o lder  rats.  They  were charac-  
te r ized  by a t r o p h y  or  d i l a t a t ion  of  tubu les  and  
hya l ine  casts ( " t h y r o i d i z a t i o n " )  and  by  t u b u l a r  
calc i f icat ion.  Similar  changes  have  been  de- 
scr ibed by  o the r s  (15 ,16) .  The  g lomeru la r  
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changes  observed  by  Bras and  Ross (17)  were 
mi ld  in our  rats.  Severe renal  changes  were 
near ly  always assoc ia ted  w i th  h y p e r t r o p h y  of  
the  pa ra thy ro ids .  The  sever i ty  of the  renal  
lesions was graded  on  a scale of  0 to  4+ in a 
b l ind  test ,  and  the  resul ts  were given an 
age-specific analysis.  There  were n o  s ta t is t ica l ly  
s ignif icant  i n t e r g r o u p  di f ferences ;  if  any th ing ,  
there  were s o m e w h a t  fewer  cases of  severe 
k i d n e y  damage a m o n g  those  fed vegetable  oils. 
F u r t h e r m o r e  feeding  of  ox id ized  fats  did n o t  
increase  the  inc idence  of  this  disease. There  was 
no  co r r e spondence  b e t w e e n  the  d i s t r i bu t i on  of  
severe cardiac damage and  severe k i d n e y  
t h y r o i d i z a t i o n  a m o n g  the  var ious  d ie tary  
groups.  

Many livers of  the  Charles  River  rats  had  a 
charac te r i s t i c  les ion of  the  bile ducts .  This  is 
s h o w n  in Figure  lB.  There  were p ro l i f e ra t ion  
and  d i s tens ion  of  the  bile duc ts  and  accumu-  
l a t ion  of  cons iderab le  a m o u n t s  of  connec t ive  
t issue usual ly  w i t h o u t  i n f l a m m a t o r y  cells. We 
graded  the  l iver sec t ions  as to  the  e x t e n t  of  th is  
bile duc t  p ro l i f e ra t ion  and  ana lyzed  the  resul ts  
by  means  of  an age-specific analysis  because  
this  disease also increased  w i th  age. The  ob- 
served and  e x p e c t e d  inc idences  of the  severe 
f o r m  of  th is  les ion are s h o w n  in Table  V. There  
were s ignif icant  d i f ferences  a m o n g  the  groups,  
w i th  the  groups fed u n s a t u r a t e d  vegetable  oils 
having  more  lesions.  Feed ing  of  mi ld ly  ox id ized  
vegetable  oils i n d u c e d  a h igher  inc idence ,  wh ich  
was n o t  the  case w i th  the  an imal  fats. I r radi-  
a t ion  appeared  to  have the  same e f fec t  as 
ox ida t ion .  In  v iew of  the  fac t  t h a t  the re  did  n o t  
appea r  to  be any bi l iary o b s t r u c t i o n  or inf lam-  
m a t o r y  cells, i t  seems l ikely t h a t  the  prol i fer-  
a t ion  was caused  by  some c i rcu la t ing  toxic  
mater ia l .  

DI SC USSI ON 

The  var ious  fa ts  u n d e r  s t u d y  exer ted  long  
t e rm  n u t r i t i o n a l  effects  wh ich  did n o t  appea r  to  
be re la ted  to  t he i r  f a t ty  acid c o m p o s i t i o n  or 
t r iglyceride s t ruc ture .  Even such  mi ld  o x i d a t i o n  
as was carr ied ou t  in th is  e x p e r i m e n t  had  
effects  on hear t s  and  livers. I t  is t rue  t h a t  m o s t  
severe degenera t ive  changes  were b r o u g h t  on by  
the  u n s a t u r a t e d  fats,  i nc lud ing  olive oil, and  
t h a t  these  changes  were increased  s igni f icant ly  
by  mi ld  ox ida t ion .  However  the  effects  of the  
ox id ized  fats  occur red  w i t h o u t  an apprec iab le  
rise in  the  pe rox ide ,  c a r b o n y l  and  epox ide  
values,  w h i c h  makes  i t  seem un l ike ly  t h a t  the  
ef fec ts  were due to  changes  in the  f a t t y  acids. 
The re fo re  these  resul ts  s u p p o r t  ou r  original  
h y p o t h e s i s  t h a t  pha rmaco log ica l ly  active ma te -  
rials p resen t  in  the  non t r ig lyce r ide  f r ac t ion  m ay  
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be respons ib le  for  some of  the  long  t e r m  effects  
of fa ts  and  t h a t  these  subs tances  may  be  a l te red  
by  mi ld  ox ida t ion ,  w i t h  r e d u c t i o n  or p roduc-  
t ion  of  toxic  mater ials .  

The  fac t  t h a t  par t icu lar ly  the  non t r ig lyce r ide  
f r ac t ion  of  vegetable  oils may  c o n t a i n  active 
mater ia ls  can be a s sumed  because  of  the  prac- 
t ically l imit less n u m b e r  of such  mater ia ls  in 
p lan t s  (18) ,  m a n y  of  w h i c h  are fa t  soluble.  
F u r t h e r m o r e  e n v i r o n m e n t a l  c o n t a m i n a n t s  were 
de t ec t ed  in some of  our  samples.  One  b a t c h  of  
ch icken  fa t  c o n t a i n e d  t races  of  ch lo r i na t ed  
pest icides,  whi le  one b a t c h  of  soybean  oil 
c o n t a i n e d  100 p p b  p o l y c h l o r i n a t e d  b ipheny ls .  
Fa ts  also may  con t a in  h o r m o n e s  given to  
animals  in  the i r  feed;  they  f r e q u e n t l y  have 
added  an t iox idan t s ,  the  biological  ef fects  of  
wh ich  are n o w  u n d e r  discussion.  All of this  may  
expla in  why  d i f fe ren t  long  t e r m  e x p e r i m e n t s  
o f t en  give d i f f e ren t  resul ts  and  why  fu tu re  
work  p u r p o r t i n g  to  s t u d y  the  ef fec ts  of triglyc- 
erides shou ld  be car r ied  ou t  w i th  careful ly  
pur i f ied  fats. Because of  the  u n c e r t a i n t y  "a~s to  
wha t  c o n t a m i n a n t s  may  be p resen t  in any fat ,  
the re  is at  p resen t  l i t t le  p o i n t  in c o n d e m n i n g  
one  fa t  more  t h a n  ano the r .  I m p r o v e d  pro- 
cessing of  all fa ts  for  h u m a n  c o n s u m p t i o n  
seems necessary.  

ACKNOWLEDGMENTS 

This work was supported by a contract from the 
National Cancer Institute. J. Furth, Institute of Cancer 
Research, Columbia University, was consulted re- 
garding histopathology. Computer analysis was done 
by J. Lopatin, Calculogic Corp., and by A. Varma 
and L. Turgeon, School of Public Health, Columbia 
University; analyses for trace substances in fats were 
performed by H. Enos, Perrine Primate Research 
Branch, Perrine, Fla., D. Firestone, FDA, R. Sinn- 
huber, Oregon State University, and J. Fioriti, General 
Foods Corp. 

REFERENCES 

1. Crampton, E.W., R.H. Common, F.A. Farmer, 
A.F. Wells and D. Crawford, J. Nutr. 49:333 
(1953). 

2. Kaunitz, H., C.A. Slanetz, R.E. Johnson, H.B. 
Knight, D.H. Saunders and D. Swern, Fed. Proc. 
14:408 (1955). 

3. Kaunitz, H., C.A. Slanetz, R.E. Johnson, H.B. 
Knight, D.H. Saunders and D. Swern, JAOCS 
33:630 (1956). 

4. Alfin-Slater, R.B., S. Auerbach and L. Aftergood, 
Ibid. 36:638 (1959). 

5. Artman, N.R., and J.C. Alexander, Ibid. 45:643 
(1968). 

6. Poling, C.P., W.D. Warner, P.E. Mone and E.E. 
Rice, J. Nutr. 72:109 (1960). 

7. Kaunitz, H., R.E. Johnson and L. Pegus, Proe. 
Soc. Exp. Biol. Med. 123:204 (1966). 

8. Lang, K., Z. Ernaehrungswiss. 10:234 (1971). 
9. Lea, C.H., and L.J. Parr, Brit. J. Nutr. 18:369 

(1965). 

LIPIDS, VOL. 8, NO. 6 



336 H. KAUNITZ AND R.E. JOHNSON 

I0. Kummerow, F.A., C. Hemans and E.G. Perkins, 
Fed. Proc. 31 :Abstr. 2674 (1972). 

11. Kaunitz, H., R.E. Johnson and C.A. Slanetz, J. 
Nutr. 46:151 (1952). 

12. Ross, M.H., and G. Bras, Ibid. 87:245 (1965). 
13. Cart, L.B., O.N. Rambo and T.V. Feichtmeir, J. 

Histoehem. Cytochem. 9:415 (1961). 
14. Wartman, B., and W.T. Hill, in "Pathology of the 

Heart ," Second edition, Edited by S.E. Gould, 
Charles C Thomas Publishers, Springfield, I11., 
1960, p. 497. 

15. Wilens, S.L., and E.E. Sproul, Amer. J. Pathol. 
14:201 (1938). 

16. Saxton, J.A., and G.C. Kimball, Arch. Pathol. 
32:951 (1941). 

17. Bras, G., and M.H. Ross, Toxicol. Appl. Pharma- 
col. 6:247 (1964). 

18. Leopold, A.C., and R. Ardrey, Science 176:512 
(19"/2). 

[Received January 18, 1973] 

LIPIDS, VOL. 8, NO. 6 



Polymerization Inhibitors for Polyunsaturated Oils1 
R.J. SIMS, &A. F IORITI  and M.J. KANUK,  General Foods Corporation, 
Technical Center, White Plains, New York 10625 

A B S T R A C T  

Several edible anionic surfactants were 
found to function as polymerization in- 
hibitors for safflower oil. The most effec- 
tive additive was the sodium salt of 
phosphated mono- and diglycerides. Ad- 
ditional inhibitors included sodium diace- 
tyltartaric acid esters of mono- and di- 
glycerides, sodium stearoyl-2-1actylate, 
sodium stearyl fumarate, sodium suc- 
c i n o y l a t e d  mono- and diglycerides, 
dioctyl sodium sulfosuccinate, and so- 
dium sulfoacetate esters of m o n o - a n d  
diglycerides. It is suggested that these 
surfactants behave in a manner similar to 
methyl polysiloxane, as oxygen barriers 
at the oil-air interface. This view is 
supported by data showing that in the 
free acid, oil soluble form their function- 
ality is minimal. But when they are 
neutralized to form the sodium salts their 
effectiveness is markedly enhanced. 

I NTRODUCTION 

Methyl polysiloxane is frequently added to 
frying oils for the inhibition of oxidative 
polymerization. This material appears to form a 
protective film at the oil-air interface which 
limits access to oxygen (1). Although food and 
drug regulations permit its addition at levels of 
up to 10 ppm, it is so functional that an effect 

1One o f  seven  papers presented in the symposium 
"Biological Significance of Autoxidized and Polymer- 
ized Oils," JOCS-AOCS Joint Meeting, Los Angeles, 
April 1972. 
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1 3 4  

O 

FIG. 1. Heated safflower oil samples. 

is obtained even below 1 ppm. Since it is an 
active defoamer, addition to shortenings de- 
signed primarily for baking must be avoided. 

Although there appeared to be little incen- 
tive for development of silicone replacements, 
curiosity led us to test a series of edible anionic 
surfactants in heated safflower oil. Several of 
these were found to be quite functional in 
retarding the rate at which the oil polymerized. 
This paper represents an extension of earlier 
work in which certain sterols were shown to 
behave as polymerization inhibitors (2). 

METHODS AND MATERIALS 

The test method used here involved continu- 
ous heating of 100 g samples of safflower oil in 
150 ml beakers on electric hot  plates at 180+5 
C for periods of up to 46 hr. The additives were 
dispersed in the oil prior to heating. In each test 
a control sample containing no additive was run 
concurrently. 

The iodine value was chosen as a simple 
method for monitoring the rate of destruction 
of polyunsaturates. This technique was used by 
Waltking and Zmachinski (3), who demon- 
strated that the decrease in iodine value paral- 
lels the loss of polyunsaturates in heated 
vegetable oils. At the termination of the heating 
period, relative viscosity measurements were 
obtained by determining flow rates through a 
50 ml pipet at room temperature. 

Gas liquid chromatography of methyl esters 
was performed using a Perkin Elmer 900 gas 
chromatograph equipped with a dual flame 

FIG. 2. Heating test on safflower oil. Phosphated 
mono- and diglycerides: �9 control; o 5ppm silicone oil; 
X 0.2%; Q 0.5%; and ~ 1.0%. 
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FIG. 3. pH of polymerization inhibitor for saf- 
flower oil. Diacetyl tartaric acid esters of mono- and 
diglycerides: �9 control; o pH 2.2; D pH 4.2; A pH 5.7; 
and X pH 7.2. 

Time,  m i n  

FIG. 4. Gas liquid chromatography of urea non- 
adducting fraction. 

i on iza t ion  de tec tor .  The  c o l u m n  (10  f t  x 1/8 in. 
OD) was 12% stabi l ized DEGS on 7 0 / 8 0  mesh  
A n a k r o m  ABS. 

Triglycerides  and  also the  t r imethy l s i ly l  
(TMS) derivat ives of  the  u rea  n o n a d d u c t i n g  
f a t t y  acids were c h r o m a t o g r a p h e d  us ing  a Hew- 
le t t  Packard  5 7 5 0  gas c h r o m a t o g r a p h  equ ipped  
wi th  dual  f lame ion i za t i on  de tec tors .  This 
m e t h o d  has been  descr ibed  earl ier  (4).  

Saf f lower  oil was a p r o d u c t  of  the  Pacific 
Vegetable  Oil Co. The sod ium salts of  phos-  
p h a t e d  m o n o -  and  diglycerides,  sod ium sulfo- 
ace ta te  derivat ives o f  m o n o -  and  diglycerides 
and  d iace ty l t a r t a r i c  acid esters  of  m o n o -  and  
diglycerides  were o b t a i n e d  f rom the  Witco 
Chemica l  Corp.  S o d i u m  and  ca lc ium s tearoyl -  
2-1actylates were f rom Pa tco  Produc t s .  S tearoyl-  
2-1actylic acid was fu rn i shed  b y  Gl idden-Durkee  
Division,  SCM Corp.  S o d i u m  s tea-y l  f u m a r a t e  
was a p r o d u c t  of  Charles  Pfizer  & Sons. 
Succ inoy la t ed  monog lyce r ide s  were f rom East-  
m an  Kodak ,  DPI Division. Dioc ty l  sod ium 
su l fosucc ina te  was o b t a i n e d  f rom A m e r i c a n  
C y a n a m i d  Co. The m e t h y l  si l icone was a Dow 
C o m i n g  p r o d u c t  t h a t  c o n t a i n e d  10% active 
a n t i f o a m  mater ia l .  P h o s p h a t i d y l e t h a n o l a m i n e  
was o b t a i n e d  f rom Nu t r i t i ona l  Biochemica l s  
Co. and  p o l y o x y e t h y l e n e  so rb i t an  m o n o s t e a r a t e  
f rom Atlas  P o w d e r  Co. 

RESULTS A N D  DISCUSSION 

Figure  1 is a p lo t  o f  decrease in iodine  value 
against  increase  in viscosi ty  for  a series of  
saf f lower  oil samples  t h a t  had  been  h e a t e d  at  
180 C for  46 hr. Each  p o i n t  on  the  curve 
represen t s  an ind iv idua l  h e a t e d  sample.  The  
con t ro l s  c o n t a i n i n g  n o  addi t ive  are g rouped  at  
the  u p p e r  r ight,  i nd i ca t i ng  ex tens ive  po lymer i -  
za t ion .  Those  samples  c o n t a i n i n g  some of the  

TABLE I 

Fatty Acid Composition of Heated Samples 

Composition, %a 

Phosphated 
Me Silicone, MGS, 

Fatty acid Unheated Con trol 5 ppm O. 2% 

C12 0.1 0.1 0.1 0.1 
C14 0.1 0.1 0.1 0.1 
C16 7.0 6.3 6.8 6.8 
C18 2.2 2.2 2.4 2.6 
C18:1 13.4 10.6 12.4 12.7 
C18:2 76.0 50.1 76.2 74.6 
C20 0.5 0.3 0.6 0.6 
Oxidized b 0.7 30.3 1.4 2.5 

alnternal standard, C28H58. 
bCalculated by difference. 
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TABLE II 

Gas Liquid Chromatography of Heated Samples 

339  

Sample 

Per cent 

Ure a 
Trigtycerides nonadducting Dimers 

Unheated 100 1.3 0.1 
Control 39.8 27.7 6.2 
Methyl silicone, 5 ppm 95.1 6.9 2.2 
Phosphated MGS, 0.2% 93.7 8.3 2.6 

more  effect ive  addi t ives  fall nea r  the  origin and  
show only  a small  change f r o m  the  u n h e a t e d  
oil. F r o m  the  curve it  is ev ident  t h a t  oil 
v iscosi ty  increases  rapid ly  dur ing  the  ini t ia l  
stages of  o x i d a t i o n  b u t  levels of f  as ox ida t i on  
proceeds .  

The  addi t ives  t h a t  c o m p a r e  mos t  f avorab ly  
w i th  m e t h y l  s i l icone are the  sod ium salts of  
p h o s p h a t e d  m o n o -  and  diglycerides.  These  sur- 
f ac t an t s  are p repa red  f r o m  l iquid ,  f r om par- 
t ially h y d r o g e n a t e d  and  f rom fully hyd rogen -  
a ted vegetable  oils. All th ree  of  these  p r o d u c t s  
are active p o l y m e r i z a t i o n  inh ib i to r s ,  b u t  the  
s a tu r a t ed  one  is the  best .  F igure  2 is a p lo t  of 
iod ine  value vs. t ime  of  hea t ing  at  180 C. The  
p h o s p h a t e d  derivat ive at the  0.2% level is seen 
to be a p p r o x i m a t e l y  as ef fec t ive  as 5 p p m  
m e t h y l  sil icone. Higher levels of  up  to  1% 
p h o s p h a t e  es ter  gave l i t t le  add i t iona l  pro tec-  
t ion.  Lower  levels were also tes ted.  At  0.1% this  
addi t ive  was still qui te  effect ive,  b u t  as the  level 
was decreased  f u r t h e r  i t  gave less and  less 
p ro t ec t i on .  A t  0 .002% only  a very  small  posi- 
tive e f fec t  was observed.  

F r o m  the  above date  i t  is a p p a r e n t  t h a t  
re la t ively  h igh levels o f  p h o s p h a t e d  monog lyc -  
erides are requ i red  to p r o t e c t  saf f lower  oil f rom 
po lymer i za t ion .  In t e rms  o f  res is tance to  oil 
co lor  d e v e l o p m e n t  dur ing  hea t ing ,  th is  addi t ive  
func t i ons  a p p r o x i m a t e l y  as well  as does  the  
silicone. I t  is the  on ly  addi t ive  descr ibed  in this  

r e p o r t  t h a t  is sa t i s fac tory  in this  respect .  
A t  the  t e r m i n a t i o n  o f  the  46 hr  hea t ing  

period,  a small  a m o u n t  of  inso luble  residue was 
observed  in the  oils c o n t a i n i n g  added  phos-  
p h a t e d  monog lyce r ide .  This  is ind ica t ive  of  
re lat ively low oil solubi l i ty .  I f  the  so lubi l i ty  of 
the  addi t ive  is t o o  high,  l i t t le  s t ab i l i za t ion  was 
observed,  e.g., w i t h  the  d iace ty l t a r t a r i c  acid 
esters  of  m o n o -  and  diglycerides,  wh ich  are 
qui te  oil soluble ,  p o o r  resul ts  were  o b t a i n e d  
(Fig. 3). However ,  w h e n  this  mater ia l  was 
dispersed in h o t  dist i l led wa te r  ( resul t ing pH 
2.2),  neu t r a l i zed  s tepwise  w i th  sod ium h y d r o x -  
ide so lu t ion ,  and  s u b s e q u e n t l y  v a c u u m  dried,  
an i m p r o v e m e n t  in f u n c t i o n a l i t y  was n o t e d  as 
the pH was raised. Reduc ing  the  oil so lubi l i ty  
by  convers ion  of  the  mater ia l  to  i ts  sod ium salt 
seems to  improve  its e f fec t iveness  as a po lymer -  
iza t ion  inh ib i to r .  

This  behav io r  leads us  to  suggest  t h a t  these  
an ionic  su r fac tan t s  f u n c t i o n  in a m a n n e r  s imilar  
to  m e t h y l  silicone, i.e., a f resh f i lm of  addi t ive  
is f o rming  c o n t i n u o u s l y  at  the  oil-air in ter face .  
This f i lm acts as an oxygen  bar r ie r  to  p r o t e c t  
the  oil. Some s u p p o r t  for  th is  m e c h a n i s m  
comes  f rom the  fact  t h a t  when  the  oil is s t i r red 
mechan ica l ly  the  p ro tec t ive  e f fec t  disappears .  
P re sumab ly  s t i r r ing d is rupts  the  c o n t i n u o u s  
f i lm w h i c h  wou ld  o the rwise  fo rm at  the  sur- 
face. 

To  c o n f i r m  t h a t  a real  p ro t ec t ive  e f fec t  is 

TABLE III 

Protective Indices of Safflower Oil Additives a 

Additive % Protective index 

Phosphated MGS 0.02 - 0.2 2.1 -- 4.3 
Sodium DTAE of MG 0.2 2.2 -- 4.4 
Stearoyl-2- lactylic acid 0.2 1.3 
Sodium stearoyl-2-1actylate 0.1 - 0.2 1.7 - 5.3 
Calcium stearoyl-2-1actylate 0.2 0.9 
Sodium stearyl fumarate 0.2 3.3 
SMG 0.2 1.1 
Sodium SMG 0.2 1.6 
Dioctyl sodiums sulfosuccinate 0.2 3.0 
Sodium sulfoacetate ester of MG 0.2 3.4 
Methyl silicone 5 ppm 2.3 - 4.9 

a46 hr at 180 C. 
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TABLE IV 

Protective Indices of Safflower Oil Additives a 

Additive 

Sodium stearate 
Sodium oleate 
Sodium lauryl sulfate 
NaH2PO4 
Potassium sorbate 
Phosphatidytethan olamine 
Tween 60 

% Protective index 
4 '  

0 . 1 - - 0 . 2  3 . 1 - - 3 . 7  
0.2 3 . 1  

0 . 1 - - 0 . 2  1 . 8 - - 2 . 0  
0.2 0.9 
0.2 1.3 

0 . 1 - - 0 . 2  3 . 3 - - 4 . 7  
0.2 0.9 

a46 hr at 180 C. 

obtained with phosphated monoglycerides, 
fatty acid composition data was obtained on 
the heated oils as illustrated in Table I. The 
heated control had lost a substantial portion of 
its linoleate, whereas those oils containing 
added methyl silicone or phosphated monogiyc- 
erides had retained substantially all of  their 
polyunsaturates intact. A further analysis of the 
heated oils is given in Table II. Here we see 
results of direct gas liquid chromatography on 
the intact triglycerides. This is further evidence 
that the control oil had become extenisively 
polymerized. Methyl silicone showed a slight 
edge over the phosphated monoglycerides. The 
fatty acids were recovered from the heated oils, 
and levels of urea nonadducting material were 
determined (5,6). Again there was a relatively 
high level in the heated control and much 
smaller amounts in the samples containing the 
additives. TMS derivatives were then prepared 
from the urea nonadducting fatty acid frac- 
tions, and these were chromatographed to 
determine the levels of  dimers in each sample. 
The results shown in Table II are expressed as 
the percentage dimer based on the weight of 
heated oil. 

To illustrate the type of separation obtained 
in this analysis, the actual chromatogram is 
given in Figure 4. Peak 8 with shoulder 9 
represents the oxidative and thermal dimers 
which emerge together at a retention time close 
to that of dipalmitin. A small amount of trimer 
at 11 has a retention time near that of 
tfipalmitin. Peak 1 represents the unoxidized 
fatty acid TMS derivative, and peak 2 is 
probably a hydroxy or keto derivative. 

A number of other edible anionic surfactants 
were also found to give a protective effect. 
Some of them looked quite promising, except 
that in all cases charring was observed during 
the heating period. The heated safflower oil 
samples containing these additives were all 
significantly darker than the heated controls. 

In order to simplify presentation of the data 
the term "protective index"  has been used. 
Protective index equals A iodine value con- 

trol/A iodine value sample tested. A protective 
index greater than 1.0 indicates a positive 
effect. 

Table III contains data on a series of these 
additives. The sodium salt of phosphated mono- 
and diglycerides and the neutralized diacetyl- 
tartaric acid esters of mono- and diglycerides 
are approximately equivalent in their protective 
indices, but the latter material causes darkening 
of  the oil. Stearoyl-2-1actylic acid gave only a 
small effect, but its sodium salt was much more 
functional. The calcium salt was completely 
ineffective. Perhaps, as suggested earlier, the 
degree of  solubility is an important factor. The 
sodium salts are evidently good film formers of 
limited oil solubility. Sodium stearyl fumarate, 
dioctyl sodium sulfosuccinate and the sodium 
sulfoacetate esters of mono- and diglycerides 
were also quite functional. Succinoylated 
monoglycerides gave a very weak effect which 
was enhanced significantly by conversion to the 
sodium salt. 

Consideration was given to the possibility 
that these additives might merely be function- 
ing as trace metal sequestrants. But if this were 
so, they should give good results in the free acid 
form. Also tests with the sodium salts were run 
at ambient and at slightly elevated temperatures 
with no protection from autoxidation what- 
ever. 

It seemed likely that ordinary fatty soaps 
might behave in a manner similar to these 
surfactants. This was indeed found to be the 
case. As shown in Table IV, both sodium 
stearate and sodium oleate gave good protec- 
tion. The resulting heated oils had dark colors 
and soapy flavors. Sodium lauryl sulfate and 
phosphatidylethanolamine were also found to 
be functional. The latter material, based on its 
structural similarity to the phosphated mono- 
glycerides, might be expected to protect the oil. 
This nitrogen derivative imparts a very dark 
color and a fishy aroma to the heated oil. By 
contrast the sodium salt of phosphated mono- 
and diglycerides appears to have good heat 
stability, so that the heated oil retains a light 
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color  and  a good f lavor.  
I t  appears  t h a t  th is  p r o p e r t y  of  p r o t e c t i n g  

p o l y u n s a t u r a t e d  oils f r o m  ox ida t ive  p o l y m e r i -  
za t ion  is c o m m o n  to  a n u m b e r  of  an ion ic  
sur fac tan ts .  Of  t hose  tes ted ,  the  sod ium salt  of 
p h o s p h a t e d  m o n o -  and  diglycerides is the  m o s t  
promis ing.  But  even th i s  addi t ive  suffers  b y  
c o m p a r i s o n  to m e t h y l  po lys i loxane ,  wh ich  is 
h ighly  func t iona l  even at  levels be low 1 ppm.  
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Effect of Heated Fat upon Metabolism of 1-14C-Acetat e 
in the Rat1 
M.K. GOVIND RAO, C. HEMANS and E.G. PERKINS, 2 Burnsides Research Laboratory, 
Department of Food Science, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Groups of rats were prefed for 18 
weeks with fresh or heated corn oil (~5% 
nonurea adduct) at 10, 20 and 30% 
protein levels and at 10% protein + 2% 
cellulose; 1-14 C-sodium acetate was in- 
jected intraperitonially into each animal 
and the radioactivity was measured in 
expelled CO 2 and also in the lipid frac- 
tions of  liver. In the groups of rats fed 
10% protein, one-half of the administered 
radioactivity was found 50 rain after 
acetate injection into rats fed fresh oil, 
whereas 90 min were required to reach 
the same level in rats fed heated oil. 
The same trend was found in all the 
groups of rats receiving different protein 
levels. The conversion of acetate to CO 2 
was significantly higher at a 10% dietary 
protein level than at the 20 or 30%, but 
there appeared to be no significant differ- 
ence in the conversions at the 20 and 30% 
protein levels. However addition of 2% 
cellulose to the 10% dietary protein level 
significantly increased the conversion of 
the acetate to CO2 in rats fed heated oil. 
The livers of animals receiving heated fat 
diets had a higher lipid content,  mainly 
triglyceride. When the liver lipids from 
rats fed fresh corn oil were separated by 

1One of seven papers presented in the symposium 
"Biological Significance of Autoxid ized  and Polymer- 
ized Oils," JOCS-AOCS Joint  Meeting, Los Angeles, 
April 1972. 

2person to whom all correspondence should be 
addressed. 

TABLE I 

Physical Constants  and Fatty Acid Composi t ion  
of Fresh and Heated Corn Oil 

Corn oil, wt% 

Fatty acid Fresh Heated 

Palmitic 13.0 14.8 
Stearic 2.0 2.2 
Oleic 28.1 29.9 
Linoleic 56.2 51.2 
Arachidic 0.9 0.9 

Iodine value 132.9 124.2 
Refractive index 

o 
(ND 25"5 ) 1.4728 1.4748 

argentation thin layer chromatography, 
the bulk of the radioactivity was found in 
the saturated fractions. Monoene, diene 
and triene fractions from the liver lipid of 
rats fed heated oil had almost twice the 
radioactivity of  those from fresh oil, 
suggesting the preferential utilization of 
acetate in the synthesis of these unsatu- 
rated fatty acids. 

INTRODUCTION 

The nutritional and biological effects of 
heated fats on laboratory animals have been 
studied extensively in the past several years 
(1-4). The results of these studies have shown 
that severely heated fats exert growth-depress- 
ing and other abnormal effects on rats. There is, 
however, disagreement on the extent  of damage 
that mildly heated fats can cause to laboratory 
animals when administered as a dietary source 
(5-8). It has been reported that, when such fats 
were present in only small quantities and mixed 
with a balanced nutritional diet, they exhibited 
no adverse effects (9). The causes of impaired 
growth and other abnormal effects have been 
variously attributed to the destruction of essen- 
tial fatty acids, protein, vitamins and inhibition 
of enzyme action with an imbalanced diet with 
severely heated fats (10). However, while not 
grossly visible, the effects of fats that have not 
been severely heated on animals maintained 
under less than optimal nutritional conditions 
may be considerably more subtle (11). These 
effects may be exerted at the enzyme level. 

The biochemical oxidation of lipids has been 
studied by following the conversion of radioac- 
tive lipid and 14C_acetat e to 14CO2. Bottino et 
al. (12) simultaneously fed rats a low fat diet 
and sodium acetate. After 3 hr, the maximum 
levels of incorporation of 14 C into palmitic and 
oleic acid were reached. In a study using labeled 
palmitic acid, Shue et al. (13) observed that the 
components from heated oils which did not 
form urea adducts reduced the rate of forma- 
tion of 14CO2 from palmitic acid by 30%. 
These data suggested that the nonurea-adduct- 
ing fatty acids of heated oils impaired the 
oxidation of fatty acids in the weanling rats. 
Perkins et al. (14) recently studied the absorp- 
tion in the rat of randomized 14C_labele d corn 
oil and the methyl  esters of the nonvolatile 
oxidation products of corn oil, and demon- 
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TABLE II 

Diet Formulation and Feed Design 

343 

Composition of feed, g 

Oil 

Protein 
Group level, % Fresh Heated Casein Salt mix Vitamin mix Choline chloride Dextrose Cellulose 

1. 10 150 --- 
2. 10 --- 150 
3. 20 150 -- 
4. 20 --- 150 
5. 30 150 --- 
6. 30 -'- 150 
7. 10 150 --- 
8. 10 -- 150 

100 35 10 1.5 703.5 
100 35 10 1.5 703.5 
200 35 10 1.5 603.5 
200 35 10 1.5 603.5 
300 35 10 1.5 503.5 
300 35 10 1.5 503.5 
100 35 10 1.5 683.5 
100 35 10 1.5 683.5 

. . ~  

~  

20 
20 

strated that  such ox ida t ion  products  were 
absorbed and metabol ized  at a slower rate than 
fresh corn oil. 

In the biosynthesis  of  fa t ty  acids, chain 
ex ten t ion  occurs at the ca rboxyl  end of  the 
molecule  (15). The process of  chain extens ion 
by acetyl CoA has been fo l lowed by the use of  
14C-acetate (16). Fol lowing ip in ject ion of  
14C-acetate in the rat, incorpora t ion  of  the 
acetate in to  the liver lipids was very rapid and 
occurred within 30 min after  administrat ion.  
Evans and Norcia  repor ted  that  1 hr  af ter  in- 
j ec t ion  of  14C-acetate f rom 0.5 to 1.25% of 
of  the administered dosage of  radioact ivi ty  
was incorpora ted  into  the liver lipids (17). 

The rate of  convers ion of  acetate  to fa t ty  
acids is inf luenced by dietary fat. Levelle and 
coworkers  s tudied lipid metabo l i sm in rats fed 
diets containing corn oil and medium chain 
triglycerides (MCT) (18). Their  results showed 
that  MCT depressed plasma and total  lipids, and 
fur ther  indicated that  the adipose tissue of rats 
fed MCT conver ted  14 C-acetate to fa t ty  acid at 
a much  faster rate than rats fed corn oii. Hill et  
al. (19) repor ted  that  a p ronounced  decrease in 
the capaci ty of  the liver to conver t  acetate  
carbon to fa t ty  acid was observed as early as 1 
ttr after fat was adminis tered to rats prefed a 
nonfa t  diet. However  12 hr  af ter  feeding fat, 
the capaci ty of  liver to incorpora te  acetate  
carbon into choles terol  increased. 

Shue et al. (13) previously observed that  
componen t s  f rom heated fats reduced the rate 
of  oxidat ion of  palmitate  to CO2. I t  is probable  
that  such c o m p o n e n t s  in ter fered  with the me- 
tabolism of  natural  fa t ty  acids. In order  to 
fur ther  determine the nature  of  these effects,  
the inf luence of  heated fat upon  the metabo-  
lism of  1-14C-acetate in the rat was investi- 
gated. In the present  s tudy,  rats were prefed 

with  heated  and fresh corn oil wi th  different  
levels of  protein for  18 weeks. Sodium acetate 
1-14C was injected in t raper tonia l ly  in to  the  
animals which were then  placed in metabol ic  
cages. The appearance o f  radioact iv i ty  in the 
expired air was moni to red ,  the animals sacri- 
ficed, and the radioact ivi ty  of  the liver lipids 
determined.  

MATERIALS AND METHODS 

Corn oil was hea ted  at 190 C (frying 
tempera ture)  for 132 hr in a stainless steel 
commerc ia l  type deep fat fryer.  A stainless steel 
mechanical  stirrer was employed  at very low 
speed to cause equal  exposure  of  the oil to air 
and to  heat  wi th  m i n i m u m  turbulence.  At  the 
end of  the heat ing period, the oil was cooled  
and poured  in to  b rown bot t les ,  f lushed with  
ni trogen and kep t  refr igerated at 0 C unt i l  
ready for use. 

The amount  of  nonvolat i le  oxida t ion  prod- 
ucts fo rmed  during heat ing of  the oil was 
de termined  by three di f ferent  methods :  (a) 
urea adduct  fo rma t ion  (20); (b) gas l iquid 
chromatography  (GLC);  and (c) l iquid, l iquid 
par t i t ioning (20). In the first m e t h o d  a sample 
of  the heated  oil was conver ted  to me thy l  esters 
by t ransester if icat ion with  2% sulfuric acid in 
methanol .  The me thy l  esters were mixed  with  
urea and me thano l  (1 :2 :4)  and the nonurea-  
adduct ing fract ion (UNA)  collected,  the solvent 
evaporated,  and the residue weighed. This 
residue represented 12.1% of the original heat-  
ed oil and conta ined  ca. 60% linoleic acid (by 
GLC). The remaining material  (4.9%) repre- 
sented oxida t ion  products .  

In the second method ,  the percentage by 
weight  of  nonvolat i le  material  in the esters were 
de termined  direct ly by GLC. Esters were sepa- 
rated using a 6 ft  x 1/8 in. stainless steel 
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TABLE III 

Body Weight, Liver Weight and Liver Weight to Body Weight Ratios and Liver Lipid Content  
of Rats Reared on Different Levels of Protein and Fresh or Heated Corn Oil for 18 Weeks 

Groups, Body wt, b Liver wt, b Liver-body, b mg Lipid/g liver 
% protein-fat a g g wt% 

10 - FCO 329 10.3 + 2.1 3.1 43.5 • 3.5 
10 --HCO 284 11.3 + 0.7 4.0 76.3 • 2.1 
20 - FCO 430 12.8 -+ 0.9 3.0 40.0 • 1.2 
20 --HCO 418 15.2 • 0.7 3.6 62.8 • 1.0 
30 - FCO 437 13.0 • 0.9 3.0 40.9 • 1.1 
30 - HCO 440 14.9 + 0.4 3.4 65.1 • 0.4 
10 + C - FCO 348 10.6 + 0.5 3.1 42.6 • 1.0 
10 + C - HCO 332 11.5 • 0.3 3.5 74.7 -+ 0.9 

aFCO = fresh corn oil; HCO = heated corn oil; C = powdered cellulose. 
bAverage of three animals. 

co lumn packed wi th  15% e thylene  glycol suc- 
cinate on Chromosorb  W. The ni t rogen gas flow 
was main ta ined  at 40 ml/min, in ject ion por t  
240 C, de t ec to r  260 C and co lumn 180 C. The 
peaks e lu ted  were measured,  and the quan t i ty  
of the substance was calculated by the triangu- 
lat ion m e t h o d .  Methyl  arachidate was used as 
an internal  s tandard.  The degree of  po lymer iza-  
t ion was de te rmined  to  be 3.5-4%. This m e t h o d  
measured the tota l  c o n t e n t  of  materials  tha t  
were no t  e luted f rom the co lumn unde r  a given 
set o f  condi t ions .  The fa t ty  acid compos i t i on  of 
b o t h  the fresh and hea ted  corn  oil is given in 
Table I. In the third  m e t h o d ,  the me thy l  esters 
o f  the hea ted  fat  were pa r t i t ioned  be tween  
hexane  and 80% aqueous e thanol .  Af te r  three 
par t i t ions ,  5.3% of the material  remained  in the 
e thanol  layer. 

Preparation of Laboratory Vitamin Mix 

A stock mix ture  of vi tamins was p repared  by 
individually weighing the pure vi tamins (Vita- 
min mix (weights  in grams): th iamine  HC1, 
10.0; vi tamin B2, 2.2; v i tamin B6, 2.2; niacin, 
10.0; calcium pan to thena t e ,  6.7; para amino 
benzoic  acid, 2.2; inosi tol ,  11.2; folic acid, 0.4; 
biot in,  0.045; vi tamin B12 , 0.03; vi tamin C, 

TABLE IV 

Time Required for Elimination of Half the Injected 
Radioactivity a a s  14CO 2 in Rats Fed Heated and 

Fresh Corn Oil at Various Protein Levels b 

Half elimination time, min 

Protein levels, % Fresh Heated 

10% 50 90 
20% 100 110 
30% 130 140 
10% + 2% Cellulose 60 70 

a 1-14 C.acetate. 
bAverage of three animals. 

2.2; menad ione  bisulphate ,  4.8; v i tamin A 
acetate ,  1,980,000 IU; chol ine  chlor ide,  1.5; 
vi tamins D and E dissolved in hyd rogena t ed  fat 
given 2-3 drops orally once a week.) ;  dex t rose  
was added  to  make  1 kg. Ten grams of  this 
mix ture  was added  to  the diet  so as to  represent  
1% of  the total  diet. 

Preparation of Diet 

The dry ingredients  dext rose ,  casein, Wesson 
salt mix,  vi tamins and chol ine  chloride (Table 
II) were tho rough ly  mixed  in a mechanical  
mixer  before the f resh or hea ted  oil was added.  
The feeds were prepared  weekly in 1 kg 
batches,  s to red  in b rown bot t les ,  f lushed with 
n i t rogen and refrigerated.  Vi tamins  D and E 
were dissolved in hyd rogena t ed  co co n u t  oil and 
fed 2-3 drops orally to rats once a week. 

Feeding Design 

Thir ty- two male weanling Hol tzman  rats 
weighing 50-70 g were divided in to  two  cate- 
gories, one fed fresh oil and an o t h e r  fed hea t ed  
oil. They were fu r ther  subdivided in to  four  
groups in each ca tegory ,  on the basis of  p ro te in  
level. Prote in  was suppl ied at the 10, 20 and 
30% levels. In addi t ion ,  a group was fed 10% 
pro te in  and 2% cellulose. Rats  were housed  in 
individual wire cages wi th  an ab u n d an t  supply  
of  water.  Fresh  diet  was given once every 2 
days and the animals were weighed each week. 
The rats were fed  for  18 weeks  before  they  
were sacrificed. 

Intraperitonial Injection of 1-14C Sodium Acetate 

At the end of 18 weeks,  three animals of  
each set  were weighed,  and u n d e r  mild e the r  
anaesthesia 0.25 ml 1-14C sodium acetate  was 
injected in t raper tonia i ly .  The animals were im- 
media te ly  placed in all-glass metabol ic  cages. 
The syringe was washed tho rough ly  wi th  the 
scinti l lat ion f luid to  de te rmine  the amo u n t  of 
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TABLE V 

Distr ibut ion  of Radioactivity among Various Lipid Classes of Liver Lipid from Rats 
Fed Fresh and Heated Corn Oil at Varying Protein Levels a 

345  

Lipid class 20% Protein 30% Protein 10% Protein 

F b H b F H F H 
10% Protein + 2% ce l lu lose  

F H 

Phospholipid 35.0 34.6 33.6 32.7 34.1 33.2 32.4 33.3 
Monoglyceride 14.5 15.5 13.8 14.1 16.3 17.2 15.9 16.3 
Diglyc eride 13.2 14.4 14.1 15.2 13.7 12.6 12. 12.4 
Choles tero l  6.4 5.0 7.3 5.8 8.8 7.4 7.4 8.1 
Free fatty acid 18.3 14.8 17.3 15.4 15.4 13.7 16.6 14.8 
Triglyceride 10.2 15.4 10.4 15.1 9.1 12.7 9.8 14.1 
Cholesterol ester 2.1 0.9 1.7 0.5 2.0 1.8 1.0 0.7 

aAverage of three  rats.  

bF = fresh corn  oil; H = heated corn oil. 

residual  aceta te .  The ac tual  c o u n t s  in jec ted  
were d e t e r m i n e d  by s u b t r a c t i n g  the  syringe 
washings f rom the  q u a n t i t y  of  ace ta te  or iginal ly  
p resen t  in the  syringe con ten t s .  

Collection of Expired Carbon Dioxide 

F o u r  all-glass me tabo l i c  cages were set up  in 
series. A posi t ive  pressure  was appl ied  at  the  
b o t t o m  of  the  first  cage t h r o u g h  a compres sed  
air cy l inder  t ank ,  previous ly  passed t h r o u g h  a 
series of four  tubes  c o n t a i n i n g  e t h a n o l a m i n e  
and  f inal ly t h r o u g h  a gas t ower  c o n t a i n i n g  l ime 
wa te r  to  exc lude  all c a r b o n  dioxide  f rom the  
compressed  air. The f i l tered air was ad jus ted  to 
carry  the  expel led  c a r b o n  d ioxide  f rom each  
me tabo l i c  cage t h r o u g h  a series of  four  dr ier i te  
tubes  to  remove  moi s tu re  and  f inal ly b u b b l e d  
t h r o u g h  a gas d ispers ing tube  c o n t a i n i n g  e tha -  
n o l a m i n e  cock ta i l  in o rde r  to  e n t r a p  all radioac-  
tive c a r b o n  dioxide.  The CO 2 co l l ec t ion  t ube  
c o n t a i n e d  150 ml  e t h a n o l a m i n e  cockta i l .  Ex- 
act ly  5.0 ml cock ta i l  was w i t h d r a w n  at  10 m i n  
in tervals  and  the  rad ioac t iv i ty  measu red  us ing  a 
B e c k m a n  LS-250  l iquid sc in t i l l a t ion  coun te r .  
The  t ime requ i red  to  achieve 50% e l imina t ion  
of  the  admin i s t e r ed  14 C-aceta te  as 14CO 2 was 
calculated.  

Ethanolamine Cocktail 

A cockta i l  c o n t a i n i n g  e t h a n o l a m i n e - e t h y l e n e  
glycol m o n o m e t h y l  e the r - t o luene  1 : 8 : 1 0  was 
made  f resh every day us ing  redist i l led r eagen t  
grade e t h a n o l a m i n e  (21).  The  to luene  con-  
t a ined  p r e m i x e d  0.3% of  PPO + POPOP as 
f luorescence  agent.  

Labeled Acetate 

The  1-14C-sodium ace ta te  in  crys ta l l ine  
fo rm of  specific act ivi ty  50  m c / m M  was ob-  
t a ined  f r o m  the  Nuclear  Chicago Co. The  
rad ioac t ive  ace ta te  was dissolved in dist i l led 
wate r  to  give ca. 5 /~c/0.25 ml aqueous  ace ta te .  

Fo l lowing  in jec t ion ,  the  ra ts  were k e p t  in the  
me tabo l i c  cage for  3 hr  w i th  access to  saline 
water .  A t  the  end  of  this  t ime,  the  an imals  were 
sacrificed, and  the i r  livers r e m o v e d  and  dried by  
b lo t t ing .  

Extraction of Liver Lipids 

The  separa ted  liver was washed  r epea ted ly  in 
saline wa te r  to  r emove  b l o o d  and  c o n n e c t e d  
tissue. The  wet  weight  of  each  l iver was t a k e n  
before  h o m o g e n i z a t i o n  in a h a n d  homogen ize r .  
Lipids were e x t r a c t e d  w i th  c h l o r o f o r m - m e t h a -  
nol  (2: 1), washed  w i th  saline water .  The  ch loro-  
fo rm layer  was separa ted ,  dr ied over  sod ium 
sulfate  and  the  so lvent  r e m o v e d  us ing  a r o t a r y  
evapora tor .  The i so la ted  l i n d  was weighed and  
the  rad ioac t iv i ty  in  the  to ta l  l ip id  d e t e r m i n e d  
wi th  a B e c k m a n  LS-250  Sc in t i l l a t ion  coun te r .  

Thin Layer Chromatography of Total Liver Lipids 

A p o r t i o n  of the  to ta l  l iver l ipid,  i so la ted  as 
descr ibed  above,  was c o n v e r t e d  to  i ts corre- 
spond ing  m e t h y l  es ters  by  t r anses t e r i f i ca t ion  
wi th  2% su lphur ic  acid in m e t h a n o l .  A f t e r  
i so la t ion  and  drying,  the  m e t h y l  esters  of  to t a l  
liver l ipids were appl ied to  a 20  cm x 20 cm 
glass p la te  coa t ed  w i t h  a 1 m m  th ick  layer  of  
Silica Gel G i m p r e g n a t e d  w i th  12% silver n i t r a t e  
and  a smal l  a m o u n t  of  sod ium f luorescein .  The  
plates  were deve loped  in a so lvent  sys tem 
cons is t ing  of  Skel lysolve-d ie thyl  e ther -ace t ic  
acid 90:10:2, and  viewed u n d e r  U V  light,  The 
liver lipids were separa ted  i n to  four  bands .  The  
bands  and  mater ia l  at  the  origin were r e m o v e d  
by  scraping,  e x t r a c t e d  and  the  r e su l t an t  satu-  
rated,  m o n o e n e ,  diene,  t r i ene  + t e t r aene  frac- 
t ions  were c o u n t e d  us ing  the  sc in t i l la t ion  coun-  
ter.  

RESULTS 

A c o m p a r i s o n  of  the  f a t ty  acid c o m p o s i t i o n s  
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TABLE VI 

Per Cent Recovery of Radioactivity in Thin Layer Chromatographic Fractions of Lipids 
from Livers of Rats Fed Fresh and Heated Corn Oil at Various Protein Levels a 

Fresh corn oil, % protein Heated corn oil, % protein 

Total liver lipid 10 20 30 10 + C b 10 20 30 10 + C b 
methyl ester 

Saturated 72.0 70.6 7 1 . 1  73.4 48.7 48.8 51.1 48.5 
Monoene 15.4 15.4 14.2 15.3 28.6 23.7 24.1 26.7 
Diene 4.9 5.8 6.9 4.1 10.7 10.1 11.0 11.4 
Tri- and tetraene 6.1 7.0 6.9 5.7 9.5 16 .0  1 2 . 6  11.3 
Origin 1.1 0.7 0.6 1.0 2.3 1.2 0.8 1.9 

aAverage of three rats. 
bDiet contains 10% protein + 2% cellulose. 

(Table I) of the fresh and heated corn oil used 
in this study indicated that there was a lowering 
of the linoleic acid content  by ca. 5% caused by 
the heating. The iodine value was also lowered 
by 6.6%. These values are in agreement with the 
percentages of oxidized material as shown by 
three different methods (4-6%). This oil was 
therefore comparable to that commonly in use 
in restaurant deep fryers. 

In order to metabolically condition the 
animals used in the present study to diets 
containing fresh and heated corn oil, they were 
fed an adequate level of vitamins and various 
levels of protein prior to the studies involving 
14C-acetate metabolism. After 18 weeks of 
feeding, final weights of the animals in each 
group were statistically evaluated. A significant 
difference in body weight between rats fed 
fresh and heated oil was found in the case of 
animals fed 10% protein. No significant differ- 
ences were observed between the fresh and 
heated oil fed groups receiving 20 and 30% 
protein or 10% protein + 2% cellulose. 

The relationship between body weights, liver 
weights and the ratio of liver to body weights is 
shown in Table Ill .  The livers of the rats fed 
heated oil at the 20 and 30% protein levels were 
not significantly heavier than the livers of rats 
fed fresh oil. The feeding of  heated oil caused 
slightly enlarged livers and a somewhat higher 
liver to body weight ratio than feeding the 
corresponding fresh oils. 

The times required for the recovery of 50% 
of the radioactivity as carbon dioxide from 
expired air, after a single dose of 1-14C-acetate 
given at the end of the 18 week feeding period, 
are presented in Table IV. At 50 min after 
injection of labeled acetate, 50% of the admin- 
istered radioactivity was recovered in the ex- 
pired 14CO2 from rats fed 10% protein and 
fresh oil. In the rats receiving heated oil, the 
time required to recover half of the adminis- 
tered radioactivity was 90 min after injection. 

At each 10 min collection period, more radioac- 
tivity was recovered from the group fed 10% 
protein and fresh oil than the group fed 10% 
protein and heated oil. Within the first 10 min, 
8.7% of activity was found present in the fresh 
oil group, and only 2.5% was expired as 14CO 2 
by the group of rats fed heated oil. 

A lower percentage of 14CO2 was recovered 
from the rats reared on 20% protein with fresh 
or heated corn oil than the groups receiving 
10% protein. At the first 10 rain collection 
period, 3.9 and 1.7% of the administered 
radioactivity was recovered from fresh and 
heated oil fed rats, respectively; but the time 
required for recovery of half of the radioactiv- 
ity in these groups occurred 100 and 110 rain 
after injection of acetate with 47.0 and 43.5% 
recoveries for fresh and heated oil fed rats. 

The recovery of the expelled labeled carbon 
dioxide from the 30% protein fed group (Table 
IV) did not differ substantially from the group 
fed 20% protein. 

The times required for recovery of half of 
the administered radioactivity for those rats fed 
heated oil, 2% cellulose and 10% protein were 
somewhat higher than those obtained from rats 
fed a similar diet without cellulose. 

Statistical evaluation of the values obtained 
for recovery of radioactivity in expired CO2 
indicated a pattern of significance similar to 
that for body weights. There appears to be a 
very close correlation between the body 
weights and expelled radioactivity in CO2, 
though there is no significant difference in the 
body weight gained for fresh and heated oil fed 
rats at all levels of protein except for 10% level; 
but there appears to be a marked difference in 
the utilization or conversion of acetate to CO2, 
as influenced by the presence of heated fat in 
the diet. The lower recoveries of total expired 
14CO2, whenever heated fat was fed, may 
indicate a preferential utilization of acetate for 
l i n d  synthesis in the liver resulting in an 
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accumula t i on  of  l ipid in  the  liver, as i nd ica t ed  
in Table  III. In  all cases, w h e n  h e a t e d  fa t  was 
fed, 57-63% more  l ip id  was depos i t ed  in the  
liver. 

A n  e x a m i n a t i o n  of the  d i s t r i bu t ion  of  radio-  
act ivi ty in  the  l ip id  classes f rom livers of  
animals  fed b o t h  fresh and  h e a t e d  fat  (Table  V) 
ind ica tes  t h a t  the  on ly  d i f fe rence  is in the  
a m o u n t  of  ace ta t e  i n c o r p o r a t e d  i n to  triglyc- 
eride.  In all cases, ca. 30% more  rad ioac t iv i ty  
was f o u n d  in the  t r ig lycer ide f r ac t ion  f rom 
animals  fed h e a t e d  fat .  When the  to ta l  l iver 
l ipids were sepa ra ted  accord ing  to  t he i r  degree 
of  u n s a t u r a t i o n  us ing  a r gen t a t i on  ch r om a t og r a -  
phy ,  s t r ik ing  d i f fe rences  were o b t a i n e d  (Tab le  
VI).  The  recovered  rad ioac t iv i ty  of  s a tu r a t ed  
fa t ty  acids in the  sa tu ra t ed  f r ac t ion  of  l iver 
l ipids of  rats  fed f resh  co rn  oil assayed ca. 71% 
regardless of  p r o t e i n  level fed, whereas  t h a t  of 
the  h e a t e d  fa t  fed an imals  assayed 49%. In the  
cases of  the  mono- ,  di-, and  the  h igher  unsa tu -  
ra ted  f a t t y  acid f rac t ion ,  a p p r o x i m a t e l y  twice  
the  pe rcen tage  of  r ad ioac t iv i ty  in  these  acids 
was f o u n d  in the  an imals  fed h e a t e d  fa t  as in 
those  receiving f resh  co rn  oil. This  would  seem 
to  ind ica te  i n v o l v e m e n t  of  the  h e a t e d  fat  in the  
e n z y m e  sys tems respons ib le  for  syn thes i s  of  
u n s a t u r a t e d  f a t t y  acids. 

The  resul ts  o b t a i n e d  in the  p resen t  s t u d y  
ind ica te  t h a t  ra ts  fed h e a t e d  fats  c o n t a i n i n g  
relat ively low levels of  o x i d a t i o n  p r o d u c t s ,  
while exh ib i t i ng  n o  g r o w t h  d i f ferences  at  h igher  
p ro t e in  levels, e x h i b i t  d i f fe rences  in the  m e t a b -  
ol ism of  ace ta te .  The decreased m e t a b o l i s m  of  
ace ta te  e f fec ted  appears  to  resu l t  in an accumu-  
l a t ion  of  l ipid,  ma in ly  u n s a t u r a t e d  t r ig lycer ide  
in the  l iver of  ra ts  fed the  diets  c o n t a i n i n g  
h e a t e d  fat.  
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Novel Methods for Evaluating Deterioration and Nutritive 
Value of Oxidized 0 i l l  
TOSHIMI AKIYA,  CHUJI ARAKI and KIYOKO IGARASHI, National Food Research 
Institute, Shinjo Branch, 4-19 Ishikavva-cho, Shinjo-shi, Yamagata-ken 996, Japan 

ABSTRACT 

The peroxide content of an oxidized 
oil is of limited value in estimating the 
toxicity of the oil, because some decom- 
position products of  peroxides are also 
injurious to health. Methods of evaluating 
the toxicity of deteriorated fats and oils 
have been investigated. A method based 
on the mortality of chicken embryos 
following injection of oil into the yolk 
sac has been found to be much more 
sensitive and reproducible than tests 
based on growth rate of weanling rats or 
mice fed deteriorated oils. An enzyme 
activity method using alkaline phospha- 
tase has been tested and gives promise of 
being very rapid, but additional work is 
required to evaluate this method and to 
look for better enzyme systems. 

INTRODUCTION 

Many papers have been published on the 
nutritive value and toxicity of autoxidized and 
polymerized oils (1-7), and in summarizing 
these reports it can be said that hydroperoxides 
in autoxidized oils and cyclic monomers in 
polymerized oils are toxic, although recently 

1One of seven papers presented in the symposium 
"Biological Significance of Autoxidized and Polymer- 
ized Oils," JOCS-AOCS Joint Meeting, Los Angeles, 
April 1972. 

Ohfuji and coworkers have proposed that 
straight chain polymers are toxic (8,9). Most of 
these investigations have dealt with the isola- 
tion and structure determination of the toxic 
components in polymer fractions. 

We have often observed that the nutritive 
value of oxidized oils decreased, even though 
polymers could not be detected (10). This 
stimulated us to reinvestigate the toxicity of 
hydroperoxides and their fission products, and 
to examine new methods of evaluating the 
nutritive value of oxidized oils. 

Peroxide Value and Animal Growth Rate 

Peroxide values (PV) are most often used to 
estimate the extent of deterioration of autoxi- 
dized oils. Usually oils with high PV show toxic 
effects. In 1960, Andrews et al. autoxidized 
soybean oil to PV of 100, 400, 800 and 1200 
with the help of CuC12 and FeC12 (11), and 
found that animals fed oils with lower peroxide 
contents grew normally, that growth rate de- 
creased at intermediate peroxide contents, and 
that animals fed oil with highest PV died. 

We prepared oxidized soybean oil having PV 
of 10, 110, 180, 380, and rapeseed oil with a 
PV of 180; animal growth tests were carried out 
with a basal diet similar to that used by Rice et 
al. (12). The diet consisted of 43.8 g casein, 

Control : 
6~ Without somples 

f l O  ~ 50 , - ~ - - - - - - - "  

112 I 80 
4O  

60 781 Control: 

./ Control 

~ 4 0  
m 

I 0  20 5 0  4 0  

: ~  Days 
FIG. 1. Growth curve. 

I 20 

0 2 4 6 8 I0 12 

Acidic Freclion 

0 2 4 6 8 I0 12 2 4 6 8 I0 12 
- -  Ooys ~ Days 

FIG. 2. Growth rates of weaning rats fed 5 g basal 
diet plus 1 ml neutral or acidic fractions of distillable 
products. 
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TABLE I 

Preparation of Oxidized Linoleate 

349 

Methods 

Time required, days a Induction �9 
period PV 500 PV 1000 PV 1500 

UV irradiation at room 
temperature 0 2 3 --- 

In dark at 37 C 14 18 25 31 
Ambient light at room 

temperature 40 54 75 89 
Aeration in cold room 104 136 150 --- 

apv  = peroxide value. 

30 .4  g starch, 13.1 g suc rose ,  6.6 g M c C o l l u m  
sal t  and  2.3 g cel lulose.  One  mil l i l i ter  o f  v i t a m i n  
B m i x t u r e  c o n t a i n e d  1.25 m g  t h i am i n ,  1.25 m g  
r ibof lavin ,  1.25 m g  p y r i d o x i n ,  6.35 m g  n iac in ,  
7 .00  m g  C a - p a n t o t h e n a t e ,  1 .60 /ag v i t a m i n  K, 
40 .0  /ag folic acid, 16.0  ktg b io t in ,  16.0 m g  
p - a m i n o b e n z o i c  acid, 16.0 m g  inos i to l  and  
160 .0  m g  cho l ine -ch lo r ide  in 100 ml s o l u t i o n .  
E a c h  r a t  was  fed 5 g o f  d ie t  p lus  1 ml  o f  tes t  
ma te r i a l  pe r  day.  Feed i ng  tes t s  s h o w e d  t h a t  
an ima l s  fed the  s amp le  w i t h  a PV of  380  ga ined  
less we igh t  t h a n  t h o s e  fed the  s am p l e s  w i t h  
l o w e r  PV (Fig.  1). 

Toxicity of Fission Products 

In these experiments peroxidized oils were 
heated to destroy the peroxides, but  the tern- 

perature was controlled to avoid formation of 
dimers. The heated oils also interfered with 
growth, indicating that  some of the peroxide 
fission products were toxic. 

We collected the volatile decomposit ion 
products of heated oils and fractionated them 
i n to  acidic, c a r b o n y l  and  n e u t r a l  f r a c t i o n s  (13) .  
F e e d i n g  tes ts  ca r r ied  o u t  w i t h  the  acidic and  
neu t r a l  f r a c t i o n s  s h o w e d  t h a t  t he  acidic f rac-  
t i on  p e r m i t t e d  n o r m a l  g r o w t h ,  b u t  t h a t  t he  
n e u t r a l  f r a c t i o n  caused  we igh t  loss  and  d e a t h  as 
s h o w n  in F igure  2. 

Gas c h r o m a t o g r a p h i c  analys is  o f  the  n e u t r a l  
f r ac t ion  s h o w e d  t h a t  i t  was  a m i x t u r e  o f  
h y d r o c a r b o n s  hav ing  va r i ous  c a r b o n  cha in  
l eng ths ,  a n d  t h e r e f o r e  the  t o x i c i t y  o f  a p p r o p r i -  
ate h y d r o c a r b o n s  was  inves t iga t ed  (14) .  U n e x -  

TABLE II 

Influence of Oxidized Methyl Linoleate on Mice 

Amount  fed, ml 

No. of deaths 

No. of - Days .-,. 
mice 1 2 3 4 5 6 7 

UV irradiation 
0.8 
0.6 
0.4 
0.3 
0.2 

Kept at 37 C in dark 
0.8 
0.6 
0.4 
0.3 
0.2 

Kept at room temperature 
0.8 
0.6 
0.4 
0.3 
0.2 

Aeration at -2 to -6 C 
1.0 
0.76 
0.64 
0.50 
0.34 

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

6 5 1 0 
6 1 3 0 
4 0 1 1 
4 0 . . . . . .  
4 0 . . . . .  

6 3 2 0 
6 1 3 0 
4 0 . . . . . .  
4 0 . . . . . .  
4 0 . . . .  

4 1 2 0 
3 1 0 --  
5 0 1 --  
5 0 . . . . .  
4 0 . . . .  

. ~  

- n  

o 

. - ~  

~  

. ~  

- - .  

. ~  

~  

- m  

- - -  
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FIG. 3. Dose response curves for fresh and rancid 
oils by chicken embryo tests. 

pectedly,  hydrocarbons  with  less than nine 
carbon a toms were no t  toxic ,  whereas hydro-  
carbons having more than ten carbon atoms 
depressed growth.  These exper iments  showed 
that  the toxic  componen t s  of  oxidized oil are 
complex ,  and include some of the decompo-  
sition products .  

Toxic i ty  of Methyl  Linoleate Oxidized under Differ- 
ent Conditions 

Samples of  methy l  l inoleate  were autoxi-  
dized by: (a) bulk exposure  to air at room 
tempera ture  under  i l luminat ion of  UV germi- 
cidal lamp;  (b) exposure  to air in bulk at 37 C 
in the dark; (c) exposure  to  air in bulk at room 
tempera ture ;  and (d) aerat ion at -2 to  -6 C. 
Peroxide values in Table I show that  these 
samples au tox id ized  at widely di f ferent  rates. 

These samples were di luted with  fresh linole- 
ate to the same PV level and were fed by 
s tomach  tube to mice in various amounts  as 
described in Table II. The results show that ,  

TABLE III 

Reproducibility of Chicken Embryo Tests a 

Durat ion  of Mortality after 72 hr, % 
irradiat ion,  b hr Average c Standard deviation 

0 1.6 4 .1  
2 0 0  2 2 . 0  4.7 
8 0 0  9 4 . 0  5.5 

1 0 0 0  1 0 0 . 0  0 

ayukagaku 2 0 : 3 3 7  (1971). 
blrradiation by germicidal lamp. 
CAverage of six e x p e r i m e n t s  with 10 chick embryos. 

even if  the peroxide  values of  the samples 
administered were the same, the biological  
effects  were quite  different.  The tox ic i ty  of  the 
materials evident ly  was related to  the rate of 
decomposi t ion.  

Chicken Embryo Test 

Recent ly  Miura et al. described a chicken 
e m b r y o  test (15) in which 6-day-old white 
Leghorn fertile eggs were used to test the 
tox ic i ty  of  oxidized oils. Two- ten ths  millil i ter 
of  the sample oil was injected in to  the yolk  sacs 
of  each of 10 eggs, and the injected eggs were 
incubated  at 38 C and 68% relative humidi ty .  
The toxic i ty  of  the oil was de termined  by the 
morta l i ty  of  the embryos  24, 48 and 72 hr 
later. Their  samples were a mix ture  of lard and 
sesame oil (1: 1) which had been irradiated by 
means of  a germicidal lamp. Their  data (Table 
III)  showed that  the reproducibi l i ty  of this test 
is good and that  toxic i ty  was direct ly related to 
the durat ion of  the irradiation.  

Figure 3 shows the dose response curves 
based on mor ta l i ty  of  chicken embryos  treated 
with  fresh oil or oxidized oil. In bo th  cases, 
straight line relationships were obtained be- 
tween dose and morta l i ty .  When egg yolk  sacs 

TABLE IV 

Chemical Characteristics and Toxicity of Irradiated Oils 

Toxicity 

Durat ion  of Chemical character is t ics  Mice 

irradiation PV CV AV IV Embryo mortality a Mortality b Body w t  c 

0 6 I0 0.64 68.6 0 0 
150 171 112 1.30 67.2 I0 0 
300 293 245 2.45 67.6 50 0 ~ 
500 337 492 4.57 58.2 80 0 ~$~ 
800 360 595 9.50 52.3 80 0 4~ 

1 0 0 0  3 6 3  6 5 0  1 2 . 5 3  4 7 . 9  1 0 0  80  ~$~ 

aAverage of t w o  d e t e r m i n a t i o n s  after  72  hr. 

bEach  group cons i s t ed  o f  10  mice .  

CBody w e i g h t  at 2 4  hr af ter  f eed ing  by  s t o m a c h  tube .  1' = Increase;  ~ = Decrease .  PV = p e r o x i d e  value.  C V  = 
c a r b o n y l  value  and ca lcu la t ions  w e r e  made by Kumazawa's method. IV = i od ine  value by Wijs m e t h o d .  
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were injected with 0.2 ml fresh oil, the LDso 
was 1.55 ml. In contrast, the dose-response 
curve for the oxidized oil was very steep and 
the LDs0 was 0.045 ml. In Table IV the 
chicken embryo test is compared with a mouse 
toxicity test, using the same rancid samples. 
Mice of the ddYS strain were fed samples equal 
to one-twentieth of their body weight by 
stomach tube. Although mouse mortality oc- 
curred only with the most highly oxidized 
sample, weight loss in the other animals paral- 
leled egg embryo mortality. 

Enzyme Inhibition 

Ten milligrams of alkaline phosphatase from 
calf intestinal mucosa was dissolved in 100 ml 
borate buffer at pH 10.4 and used as a stock 
solution. Fresh or oxidized linoleic acid was 
dissolved in propylene glycol at the concen- 
tration 3 x 10 -3 M, added to the enzyme stock 
solution at a concentration of 10-2 M, and 
incubated at 37 C for 1 hr. Oxidized linoleic 
acid was prepared under irradiation of an UV 
lamp for 40 hr (PV 1480). Activities of alkaline 
phosphatase were determined by the method of 
King and King. Actual determinations were 
made by the Yatron alkaline phosphatase deter- 
mination kit (Ogata Chemical and Medical 
Research Lab., Tokyo, Japan). Substrate solu- 
tion was warmed at 37 C for 5 min; then 0.05 
mi of samples was added to the 2.0 ml substrate 
and incubated at 37 C for 15 min. The color- 
developing reagent (2.0 ml) was added and 
optical density at 570 m/~ was determined. 
Fresh linoleic acid had no effect on the original 
alkaline phosphatase activity, whereas oxidized 
linoleic acid decreased original enzyme activ- 
ities. Monounsaturated hydrocarbons similar to 
those isolated from autoxidized soybean oil 
were also examined. As shown in Table V, the 
hydrocarbons also depressed alkaline phospha- 
tase activity. 

DISCUSSION 

TABLE V 

Residual Activities of Alkaline Phosphatase after 
Exposure to Deteriorated Acids and Hydrocarbons 

Materials % 

Fresh linoleic acid 100 
Oxidized linoleic acid 40 
Decene 84 
Undeeene 79 
Dodecene 81 
Tridecene 81 

icity remains almost the same as that of 
unheated samples. This suggests that toxic 
components other than peroxides are present. 

As shown in Table II, toxicity is not the 
same for fats with the same peroxide level. This 
is probably caused by the fact that the amounts 
of fission products are not the same. 

Many studies on the nutritive value of 
deteriorated oils and fats have been aimed at 
the isolation and identification of polymers 
formed during deterioration. We have studied 
the toxicity of the fission products and found 
acrolein to be very toxic, whereas hydrocarbons 
having more than 10 carbons show weak 
toxicity. These components are not measured 
by peroxide determination. 

We wanted to find better methods to deter- 
mine the toxicity of deteriorated oils encoun- 
tered in daily life. For this purpose, we have 
introduced the chicken embryo test. The 
chicken embryo test and animal growth experi- 
ments give similar results. The chicken embryo 
test, however, has the advantage over animal 
tests of requiring less sample and is much more 
sensitive and highly reproducible. The chicken 
embryo test also gives results within 24 hr, in 
the case of severely oxidized oils. 

The enzyme assay test requires a much 
shorter time and is a good method to estimate 
the toxicity of a sample. However screening of 
enzymes to find a better test system is contin- 
uing. 

Peroxide values are commonly used to evalu- 
ate autoxidative deterioration of oils and fats. 
Normal a u t o x i d a t i o n  is c h a r a c t e r i z e d  by an 
induction period during which little peroxide is 
formed, followed by an active phase of oxygen 
uptake and peroxide accumulation. However, 
when peroxide contents become high, perox- 
ides decompose and the rate of decomposition 
may become faster than the rate of accumu- 
lation. In this case, PV decreases. Moreover 
peroxides are easily destroyed by heat, and 
frying fats have low peroxide contents even 
when they are highly deteriorated. Further- 
more, after heating of  oxidized oils, the tox- 

ACKNOWLEDGMENTS 

This work was supported in part by Grant 5R014 
from Japan-U.S. Cooperative Science Program. K. 
Tanzawa provided technical assistance, and J.R. 
Chipault, The Hormel Institute, University of Minne- 
sota, Austin, Minn., provided editorial assistance. 

REFERENCES 

1. Artman, N.R., in "Advances in Lipid Research," 
Vol. 7, Edited by R. Paoletti and D. Kritchevsky, 
Academic Press, New York and London, 1969, p. 
245. 

2. Crampton, E.W., F.A. Farmer, A.F. Berryhill and 
L. Wiseblatt, J. Nutr. 43:431 (1951). 

LIPIDS, VOL.  8, NO. 6 



352 T. AKIYA, C. ARAKI  AND K. IGARASHI 

3. Crampton,  E.W., R.H. Common ,  F.A. Farmer,  
F.M. Berryhill and L. Wiseblatt, Ibid. 43 :533  
(1951). 

4. Crampton,  E.W., R.H. C ommon ,  F.A. Farmer,  
F.M. Berryhill and L. Wiseblatt, Ibid. 44:177 
(1951).  

5. Crampton,  E.W., R.H. C ommon ,  F.A. Farmer,  
A.F. Wells and  D. Crawford, Ibid. 49 :333  (1953).  

6. Matsuo, N., J. Biochem. (Tokyo)  41:481 (1954).  
7. Matsuo, N., Ibid. 41:647 (1954).  
8. Ohfuji,  T., and  T. Kaneda,  Yukagaku 21:13  

(1972).  
9. Ohfuji,  T., K. Sakurai and  T. Kaneda, Ibid. 21:68 

(1972).  
10. Akiya,  T., Eiyo Shokuryo 15:226 (1962). 
11. Andrews,  J.S., W.H. Griffith, J.F. Mead and R.A. 

Stein, J. Nutr.  70 :199  (1960).  
12. Rice, E.E., W.D. Warner, P.E. Mone and C.E. 

Poling, Ibid. 61:253 (1957). 
13. Akiya,  T., Yukagaku 14:34"7 (1965).  
14. Akiya, T., and T. Shimizu, Ibid. 14:520 (1965).  
15. Miura, T., M. Tsuchiya and K. Miyaki, Ibid. 

20:335 (19"/1). 

[Received January 18, 1973] 

LIPIDS, VOL. 8, NO. 6 



Characterization of Toxic Compound in Thermally 
Oxidized Oil 1 
TAKEHI KO OHFUJI 2 and TAKASHI KANEDA, Department of Food Chemistry, 
Tohoku University, Sendai, Japan 

ABSTRACT 

In preliminary experiments, soybean 
oil was heated at 275 C for 12 hr in the 
presence of N 2 or air. Feeding studies 
with rats showed that the oil heated in 
the presence of air, oxidatively polymer- 
ized oil, retarded weight gain more than 
that heated with N2, thermally polym- 
erized oil. Oxidatively polymerized oil 
was fractionated with silicic acid column 
chromatography, and the fraction eluted 
with ether (fraction III) proved to be 
most toxic to mice. For chemical studies 
combined with bioassays, additional oxi- 
datively polymerized oil was prepared by 
aeration at 185 C for 90 hr, and the 
product was fractionated by silicic acid 
column chromatography. The material 
originally eluted with ether (fraction III) 
was eluted in stages, and fraction IIIc 
proved to be most toxic in a mouse 
bioassay. IR, UV and NMR analyses did 
not indicate the presence of C-O-O-C or 
C-O-C linkages or aldehyde groups or 
aromatic compounds. Fraction IIIc was 
converted to its methyl esters and molec- 
ularly distilled to yield two fractions: one 
containing unpolymerized fatty acid es- 
ters and one giving evidence of more 
functional groups per molecule and of 
dimeric material. This "dimeric" fraction 
was more toxic to mice. IR analysis of 

1One of seven papers presented in the symposium 
"Biological Significance of Autoxidized and Polymer- 
ized Oils," JOCS-AOCS Joint Meeting, Los Angeles, 
April 1972. 

2present address: Kanegafuchi Chemical Industry 
Co., Ltd. Takasago, Hyogoken, Japan 
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FIG. 1. IR spectrum of fraction IIIc separated 
from aerated soybean oil heated for 90 hr. 

this fraction revealed carbonyl groups, 
and NMR showed several functional 
groups on alkyl chains. Treatment with 
sodium borohydride and with hydroiodic 
acid revealed no C-O-O-C and no C-O-C 
linkages. Mass spectrography showed 
peaks at mass 586 and 293; in the 
reduced fraction a peak also occurred at 
mass 143, suggestive of cleavage of some 
of the chains. It is tentatively concluded 
that a highly toxic material formed in oil 
heated in air is a dimer of triglyceride 
molecules. 

I NTRODUCTION 

Crampton and coworkers examined the tox- 
icity of fractions of heat-polymerized linseed 
off (1-6). Similar studies with oxidative poly- 
mers were carried out by Kaunitz et al. (7) and 
Perkins and Kummerow (8). In the experiments 
reported here, we first compared the toxicity of 
polymerized oils with the ethyl esters prepared 
from these oils and then attempted to fraction- 
ate oxidatively polymerized soybean oil before 
and after conversion to methyl esters. Bioassays 
and various analytical techniques have been 
used in an attempt to correlate chemical struc- 
tures with toxicity. 

Q 

6 

Residue Disti l late 
(Dimer ft.) (Monomer fr.) 

FIG. 2. Thin layer chromatography of distillate 
and residue separated from fatty acid methyl ester of 
Fraction IIIc by molecular distillation. Plate: Wakogel 
B-5; solvent: benzene; indicator: iodine vapor. 
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FIG. 3. NMR spectra of monomer  fract ion (above) 
and dimer fraction (below) separated from fraction 
I l lc .  Deuterochloroform used as solvent wi th  TMS as 
reference. 
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FIG. 4. Mass spectrographic analysis of methyl  
esters of  "d imer ic"  port ion of fraction I l lc .  

TABLE I 

Analyt ical  Data of Fresh and Polymerized Soybean Oils 

Oil characteristics Fresh oil TPO a OPO b 

Acid value 0.12 7.82 3.66 
Iodine value, Wijs 60 rain 135.0 114.1 115.1 
Peroxide value, 0.3 7.0 5.2 

meq/kg  c 
Saponification value 188.1 186.6 187.8 
Carbonyl  value, meq/kg  d 0.99 8.38 12.70 

(3.37) e (4.97) e 
Unsaponifiable matter,  % 0.58 2.12 1.46 
Viscosity, 30 C, cs f 43.8 154.6 190.9 
Urea nonadduct ,  %g (2.86) e (32.55) e (25.55) e 

aThermally polymerized by heating under nitrogen. 
bOxidatively polymerized by heat ing under air. 
CStamm's method (9). 
dKumazawa's  method  (10). 
eAfter  e thylat ion.  
fUbbelohde's  viscometer.  
gCrampton's  method (4). 

TABLE II 

Influence of Fresh and Polymerized Soybean Oils and of Ethyl  Esters of Lat ter  on Rats a 
Fed Purified Diet Containing 20% Oils and Esters for 55 Days 

Sample oil b Death Weight gain, g Digestibili ty,  % Liver wt[  
rate body wt,  % 

Fresh 0/4 54.3 -+ 0.7 c 95.3 2.87 +- 0.18 c 
TPO 0/4 20.5 4-- 1.0 84.7 4.22 -+ 0.22 
Ethyl  ester of TPO 0[4 24.8 -+ 1.3 85.1 3.82 + 0.20 
OPO 1[4 14.2 + 1.4 82.8 5.14 -+ 0.40 
E thy le s t e r  of OPO 1/4 -4.0 + 2.0 83.5 4.80 +- 0.31 

aFemale rats of Wister strain, 40-49 days old, were used. 
bTPO = thermally polymerized oil; OPO = oxidatively oxidized oil. 
CSE of mean. 
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TABLE III 

A. Analytical Data from Sample of Aerated Soybean Oil 
Fractionated by Silicie Acid Column Chromatography 

355 

Fract ion  

I II III 
Effluent solvent (15% IPE in HEX a) (60% IPE in HEX) (Ethyl ether) 

Yield, % 59 31 9 
Appearance Light yellow Yellow Red brown, 

viscous  
Acid value 3.1 4.1 6.2 
Peroxide value, 3.4 16.2 5.4 

meq/kg 
Hydroxyl value b 6.9 27.1 36.3 
Carbonyl value, meq/kg 9.6 68.8 84.4 
Saponification value 178.4 190.8 223.7 
Mean tool vet c 904 1505 2056 

aIPE = isopropyl ether; HEX = n-hexane. 
bCocks' method (12). 
eMMW by Hitachi-Perkin Elmer model 115 molecular weight apparatus (vapor pressure 

equilibrium method). 

B. Death Rate of Mice Given Increasing Amounts of Fractions 
by Stomach Tube a 

Administrated 
volume, ml 

Administrated oils 

OPO b Fr. I Fr. II Ft. III 

Body wt, g, x 1/80 . . . . . . . .  0 
Body wt, g, x 1/40 . . . . .  I 
Body wt, g, x 1/20 0 0 0 3 
Body wt, g, x 1/15 0 0 0 3 
Body wt, g, x 1/13 --  1 0 3 

aThree mice per group. 
bOxidatively polymerized oil. 

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

Comparison of Thermal ly  and Oxidat ively 
Polymerized Soybean Oils 

Two ba tches  of  1.8 kg each of  soybean  oil 
were hea ted  at 275 C (+5C) for  12 hr. Ni t rogen 
was bubb led  th rough  one  ba tch  and air th rough  
the  o the r  at 300-600 cc /min.  Part o f  each ba t ch  
was conver ted  to  its ethyl  esters using 0.25% 
sodium e thox ide  in anhydrous  e thanol .  Table I 
gives some analytical  data  ob ta ined  for  the 
fresh and po lymer i zed  oils. Carbonyl  values 
were cons iderably  elevated in the hea ted  oils, 
and convers ion  o f  the oils to  esters resul ted in 
somewha t  lower  values. The oils and their  esters 
were fed to rats in a diet  con ta in ing  20% lipid, 
51% starch,  20% casein, 4% McCollum salt 
mix ture ,  5% brewers '  yeas t  and 10 IU vi tamin 
A per  day per  rat. 

Table II shows tha t  b o t h  the thermal ly  
(TPO) and oxidat ively (OPO) po lymer ized  oils 
sharply depressed weight  gain and tha t  the 
esters o f  OPO were even more  toxic  than  the 

oil, whereas  the oppos i t e  was t rue of  TPO 
esters. Liver weights  were elevated by the 
po lymer ized  materials,  which  has been observed 
by o thers  (7). 

Fractionation of  OPO 

Oxidat ively po lymer i zed  soybean  oil was 
prepared  as before  and f rac t iona ted  by silicic 
acid c h r o m a t o g r a p h y  (11).  Frac t ions  o f  increas- 
ing polar i ty  were ob ta ined  by successive e lu t ion  

OH + 
[ CH~OC: CH2] 

74 

297 0 § 143/ CH3CH2eOCH~I 
C (CH2)j~ / - -87  

~--29/255 227 g13 /85 171 157 129 115 101 C 4 C~ C 2 

I,r .I . . . . .  I . ,  ,,, , I II , ,  I , , l l  . . . . .  
~ 300 250 200 150 100 50 m/e 

FIG. 5. Mass spectrum of methyl esters of dimer 
fraction after NaBH 4 reduction, and HI-Zn treatment. 
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TABLE IV 

A. Analytical Data from Subfractions of Autoxidized Soybean Oil a 

Eluting solvent 

Fraction 

II' III-a III-b (III-c) III-d 
(IPEb/n-Hexane) (IPE b) (IPEb/EE c) (EE c) (Acetone) 

(3:2 1:1 

�9 Yield, % 45.8 21.8 18.0 2.6 2.8 
Mean reel wt 1280 3660 3280 2390 1980 c 
Carbonyl value, meq/kg - 177 450 439 843 --  
Peroxide value, meq/kg 7.0 29.2 19.6 15.1 40.2 d 

aSee text for description of fractions. 
bIsopropyl ether. 
CDiethyl ether. 
dThis fraction contained material not soluble in acetone. The molecular weight and the 

POV were obtained from the acetone-soluble fraction. 

B. Death Rate of Mice Fed Increasing Amounts of the 
Fractions by Stomach Tube 

Fraction 

Volume fed, ml Control b II ~ III-a III-b III-c III-d 

Body vet, g, x 1/60 --- 
Body wt, g, x 1/40 --  
Body vet, g, x 1/20 0 
Body wt, g, x 1/13 0 

Total dead 0 

-- - -  0 3 0 
0 0 1 3 0 
0 0 1 3 3 
0 1 1 3 3 

0 1 3 12 6 

aThree mice per group. 
bMethyl ester of olive oil. 

TABLE V 

A. Properties of Fraction IIIc 

Oil characteristics Fraction Illc 

Mol wt 2050 
Conjugated dienes, % 3.0 
Conjugated trienes, % 0.0 
Peroxide value, meq/kg 11.0 
Carbonyl value, meq/kg 870 
Hydroxyl value, % 1.46 
Epoxide value, % 0.94 
Iodine value 74.6 
Elementary analysis, % 

C 73.06 
H 10.72 
O 16.22 

B. Calculated Average Content per Molecule 
of Functional Groups 

Component Per molecule 

Total oxygen, 0 20.8 
0 of ester 13.9 
0 other than ester-0 6.9 
0 of carbonyl group 1.8 
0 of hydroxy group 1.8 
0 of epoxide group 1.2 
0 of peroxide group 0.0 

Double bond, C=C 6.0 
Conjugated diene 0.2 

wi th  15% isopropyl  e ther  in n-hexane,  60% 
isopropyl  e the r  in n -hexane ,  and e thy l  e ther .  
Analyt ical  data  are summar ized  in Table I l iA;  
the least polar f rac t ion I con ta ined  unpo lymer -  
ized tr iglycerides and f rac t ions  II and III, 
increasing amounts  of  dimers.  

These materials  were fed  to  mice by s t o mach  
tube in amoun t s  increasing f rom one-e ight ie th  
to  one - th i r t een th  of  the i r  b o d y  weight .  Table 
IIIB shows tha t  the  mos t  polar  f rac t ion (III) 
con ta ined  the mos t  toxic  materials.  

Concentration of Toxic Materials 

Soybean oil was aerated at 185 C (_+5C) for 
90 hr  and was c h r o m a t o g r a p h e d  on silicic acid 
as follows: 3 kg silicic acid in hexane  was 
poured  in to  a I0  x 90 cm co lumn and 300 g 
OPO were used. The first  f rac t ion  was e lu ted  
wi th  60% i sopropy l  e the r  in n-hexane  and was 
called II '  (see previous expe r imen t ) ;  the remain- 
ing material  was e luted in four  f rac t ions  wi th  
i sopropy l  e the r  (IIIa), i sopropy l  e ther -e thy l  
e ther  1:1 (IIIb),  e thy l  e the r  (IIIc),  and ace- 
tone  (IIId). Analyt ical  data  are given in Table 
IVA.  These fract ions were adminis te red  to  mice 
by s t o m a c h  tube  in amo u n t s  ranging f rom 
one-e ight ie th  to  one - th i r t e en th  of  their  b o d y  
weight  (Table IVB). The material  e lu ted wi th  
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TABLE VI 

A. Analyses on Distillate ("Monomer") and Residue ("Dimer") Fractions of Methyl Esters 
of Fraction Illc Obtained by Molecular Distillation 

357  

Characteristics Dimers Monomers 

Mol wt 600 290 
Conjugated diene, % 8.6 1.9 
Conjugated triene, % 0.0 0.1 
Carbonyl value, meq/kg 503 214 
Hydroxyl value, % 1.61 0.98 
Epoxide value, % 0.40 0.03 
Elementary analysis, % 

C 72.21 74.36 
H 10.54 12.02 
O 17.25 13.62 

B. Calculated Content per Molecule of 02  in Various Functional Groups 

Component Dimers Monomers 

Total oxygen, 0 6.5 2.5 

0 of ester 4.0 2.0 
0 other than ester 2.5 0.5 
0 of carbonyl group 0.3 0.1 
0 of hydroxy group 0.6 0.2 
0 of epoxide group 0.2 0.0 

Conjugated dienes 0.2 0.0 

c. Influence of Methyl Esters of Olive Oil and of Fractions Obtained by Molecular 
Distillation on Survival Rate of Mice Fed Increasing Amounts by Stomach Tube a 

Volume, ml Monomers Dimers Methyl esters 
of olive oil 

Body wt, g, x 1/80 0 1 0 
Body wt, g, x 1/60 0 4 0 
Body wt, g, x 1/40 1 4 0 
Body wt, g, x 1/20 4 4 0 

aFour mice per group. 

e thy l  e t h e r  (IIIc)  p roved  to  be the  m o s t  tox ic  
(all dead wi th in  24 hr) .  

Chemical Studies of Toxic Fraction 

Addi t iona l  a m o u n t s  of  f r ac t ion  I I Ic  were 
prepared ,  ana ly t i ca l  da ta  for  wh ich  are given in 
Table  VA. These  data  were used  to ca lcu la te  
the  values in  Table  VB. In  an a t t e m p t  to  arrive 
at  an average c o n t e n t  of  ce r ta in  f u n c t i o n a l  
groups  pe r  molecu le  of  f r ac t ion  IIIc,  the  to ta l  
a m o u n t  of  oxygen  was o b t a i n e d  by  e l e m e n t a r y  
analysis and  the  average oxygen  (exclusive of  
es ter  b o n d s )  per  f a t t y  acid of  18 ca rbons  was 
calculated.  A l t h o u g h  i t  is obv ious  t h a t  the  
mater ia ls  f o rming  f rac t ion  IIIc  r ep re sen t ed  
m a n y  molecu la r  species, i t  cou ld  be c o n c l u d e d  
tha t ,  on  the  average, molecules  in  this  f r ac t ion  
c o n t a i n e d  two  c a r b o n y l  groups,  two  h y d r o x y l  
groups  and  one  epox ide  group.  Figure 1 shows 
the  resul ts  of  an I R  analysis.  There  was n o  

evidence  for  the  presence  of  a roma t i c  com-  
p o u n d s  or of  C-O-O-C l inkages;  the  UV spec- 
t r u m  had  a peak at 233 m/a, b u t  did n o t  reveal  
the  presence  of  a roma t i c  c o m p o u n d s .  NMR 
analysis gave n o  i n d i c a t i o n  of  a roma t i c  com-  
pounds ,  a ldehydes  or e thers .  

These  obse rva t ions  suggested t h a t  the  tox ic  
f rac t ion  c o n t a i n e d  dimers  of  t r iglycer ides  
f o r m e d  by d imer iza t ion  of  f a t ty  acids f rom two 
d i f fe ren t  t r iglycer ides .  F o r  f u r t h e r  analyses,  
th is  f r ac t ion  was conve r t ed  to  i ts m e t h y l  
esters us ing 4% HC1 in m e t h a n o l  and  the  
la t te r  were molecu la r ly  dist i l led at  120 C and  5 
x 10 .4 m m  Hg. On t h i n  layer  c h r o m a t o g r a p h y  
(Figure  2), e ach  s u b f r a c t i o n  gave a single spot .  
Table  VIA  gives the  resul ts  of  chemica l  analysis,  
wh ich  suggest  t h a t  the  more  po la r  " d i m e r "  
f rac t ion  c o n t a i n e d  m o r e  con juga t ed  acids and  
c a r b o n y l  groups  t h a n  did  the  " m o n o m e r "  
f rac t ion.  The  " d i m e r "  f rac t ions  appeared  to 
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TABLE VII 

Fatty Acid Composition (%) of Soybean O i l  
and of "Monomers" of Fraction IIIc a 

Carbon Monomer Soybean o i l  
no. fraction 

7 Trace --  
8 0 . 2  - -  
9 Trace --  

10 Trace --  
11 Trace --  
12 Trace Trace 
13 Trace --  
14:0 0.2 0.4 

: 1 Trace --  
15:0 0.1 --- 

: 1  0 . 1  - -  
1 6 : 0  20.1 5.4 

:1 1.3 2.0 
17:0 0.2 --  

:1 0.8 --  
18:0 6.8 5.7 

:1 33.3 27.4 
:2 32.7 49.4 
:3 2.6 7.6 

20> 1.7 2.1 

e the r ,  the  ex t r ac t  was r e f luxed  w i th  zinc dus t  
and  glacial acet ic  acid for  2 hr .  Nex t  the  zinc 
was r emoved  by  f i l t ra t ion ,  the  f i l t ra te  e x t r a c t e d  
w i th  e ther ,  and  the  e t h e r  r e m o v e d  b y  evapora-  
t ion.  The  molecu la r  weight  of the  r educed  
mater ia l  was 560,  w h i c h  is close e n o u g h  to  the  
original  600  to  suggest  the  v i r tua l  absence  of  
C-O-C and  C-O-O-C l inkages wh ich  would  have 
been  o p e n e d  by  t he  t r e a t m e n t .  Thus  it  would  
appear  t ha t  the  ma in  l inkage is C-C. 

Mass spec t ra  are shown  in Figures  4 and  5. A 
peak  was n o t e d  at  mass 586,  and  there  was 
a n o t h e r  p r o n o u n c e d  peak at  293.  Af te r  reduc-  
t ion  wi th  h y d r o i o d i c  acid,  peaks  were seen at 
mass 297 and  143, the  l a t t e r  due  possibly  to  
cleavage of f a t ty  acids. 

Table  VII  gives the  f a t ty  acid c o m p o s i t i o n s  
of  the  original  soybean  oil and  of  the  m o n o -  
mer ic  f ract ion.  The  m o n o m e r i c  f rac t ion  con-  
t a ined  relat ively less l ino lea te  and  l ino lena te .  

aGas liquid chromatography analyses of methyl 
ester samples were performed with a Shimazu model 
GC-4A-PF apparatus under the following conditions: 
2 m x 3 mm diameter column containing 15% DEGS 
on Chromosorb W and operating at 179 C and at 25 
ml/mm flowrate  of N 2. 

con t a in  more  f u n c t i o n a l  groups  pe r  molecu le  
t han  did the  " m o n o m e r s "  (Tab le  VIB).  

These  mater ia ls  were fed  to  mice by  s t o m a c h  
t ube  (Table  VIC),  and  the  " d i m e r s "  were more  
toxic  t h a n  the  m o n o m e r s .  

IR  analysis o f  the  " d i m e r s "  showed  a peak  
at 1710 -1 cm indica t ive  of  c a r b o n y l  groups.  
NMR spec t ra  of  the  tw o  f rac t ions  are s h o w n  in 
Figure 3. The  peaks  given by  the  d imer ic  
f rac t ion  suggested the  presence  of several func-  
t ional  groups on  the  alkyl  chains .  

Because oxida t ive  po lymers  can  be l inked  by 
C-O-O-C, C-O-C and  C-C b o n d s ,  the  fo l lowing  
analyses were u n d e r t a k e n .  

C-O-O-C: The  d imer ic  f r ac t ion  of  f r ac t ion  
IIIc  was dissolved in m e t h y l e n e  ch lor ide-e tha-  
nol  so lu t ion  and  re f luxed  w i th  sod ium b o r o h y -  
dride for  15 hr. This  was r epea ted  several t imes.  
Af t e r  r educ t ion ,  the  f r ac t ion  was acidif ied wi th  
acetic acid, washed  w i th  water ,  and  dried.  The  
molecu la r  we igh t  of  the  t r e a t ed  mate r ia l  was 
610,  which  is very  close to  the  or iginal  600.  
This  was evidence  t h a t  there  were n o  C-O-O-C 
linkages.  

C-O-C: The  d imer ic  f r ac t i on  was i od ina t ed  
w i t h  h y d r o i o d i c  acid by  the  m e t h o d  of  F ranke l  
et  al. (13) ,  and  0.3 cc of  the  sample  was 
re f luxed  w i t h  h y d r o i o d i c  acid at  120 C for  4 hr .  
Water  was added  and  the  r eac t ion  m i x t u r e  was 
ex t r ac t ed  w i th  e the r ;  a f te r  evapo r a t i on  of  the  

D I SC USSI ON 

A br ief  cons ide ra t i on  of  the  ana ly t ica l  re- 
suits  permi ts  some specu la t ion  as to  the  chemi-  
cal con f igu ra t ion  of  the  d imer ic  ma te r i a l  in 
f rac t ion  IIIc f rom the  ox ida t ive ly  po lymer i zed  
soybean  oil. The f a t t y  acids in this  mater ia l  
c o n t a i n e d  several f u n c t i o n a l  groups  such  as 
ca rbony l ,  h y d r o x y l  and  epox ide  groups.  The  
c o n t e n t  of  c o n j u g a t e d  dienes was low, b u t  the  
s t rong  U V  a b s o r p t i o n  at  233 m/a suggested 
k e t o n e s  con juga t ed  wi th  d o u b l e  bonds .  Al- 
t h o u g h  the  d imer ic  f r ac t ion  u n d o u b t e d l y  con-  
rains a large n u m b e r  of  d i f f e ren t  chemica l  
ent i t ies ,  the  ev idence  suggests t h a t  a subs tan t i a l  
pa r t  of  the  f r ac t i on  consis ts  of  molecu les  
fo l lowing type :  

o 
II 

H2~-O-C-R 

H C-O-C-R 
( II 

i ~  
H2C-O-C-(CH2)6-CH-CH=CH-C-CH-CH_(CH2)4_CH 3 

IJ Jl J [ 
O O X  X 

O 
II 

H2 C-O-C-(CH 2) 6-CH-CH=CH-CH-CH 2-CH- (CH2)4.CH 3 
I i 

X X 
H C-O-C-R 

O X: -OH, =O, epo• 
H2C'O-C-R R: (main: [I C8-C20 C18:1, C18:2) 

O 
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Pyruvate Metabolism by Rat Lung in Vitro1 
RICHARD W. 8CHOLZ and ROBERT M. EVANS, Department of Veterinary Science, 
Pennsylvania State University, University Park, Pennsylvania 16802 

ABST RACT 

Rat lung slices were used to examine 
the net uptake of pyruvate and the 
incorporat ion of specifically labeled py- 
ruvate-14C into CO 2 and lipid fractions. 
Pyruvate uptake and pyruvate-2-14C in- 
corporation into these fractions was in- 
creased by raising the pyruvate concentra- 
tion in the incubation medium from 1 to 
25 raM. The addition of 5 mM glucose to 
the incubation medium decreased the 
apparent oxidation of pyruvate-2-14C to 
CO 2 but  increased its incorporat ion into 
lung lipids. Glucose did not  increase net 
pyruvate uptake by lung slices. The incor- 
poration of pyruvate-l-14C and pyruvate- 
3-14C into CO 2 and lung lipids was also 
examined. The results indicated that  a 
major port ion of the pyruvate utilized 
was oxidized to CO 2 with substantial 
levels found in the fat ty acid moiety of 
lung phospholipids. The low level of 
pyruvate conversion to phospholipid 
glycerol, possibly via the dicarboxylic 
acid shuttle, is of uncertain physiological 
significance. 

1Journal Series Paper No. 4258 of the Agricultural 
Experiment Station, Pennsylvania State University. 
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FIG. 1. Pyruvate-2-14C incorporation into CO 2 
and total lung lipids (TL) as a function of pyruvate 
concentration in incubation medium with (+) or 
without (-) addition of 5 mM glucose. Incubation 
medium, 2 mi, consisted of indicated level of pyruvate 
at a constant specific activity of 0.05 #Ci/~mol. 
Individual flasks contained ca. 50-60 mg sliced lung 
tissue and were incubated in an atmosphere of 
O2/CO2 95:5 for 2 hr. Each point represents mean of 
six separate determinations. 

I NTRODUCTION 

The existence of a surface active lipid 
material (surfactant).  lining the pulmonary 
alveoli that is capable of reducing surface forces 
at low lung volumes has been firmly established 
(1-3). Pulmonary surfactant contains high levels 
of phospholipids, predominantly dipalmitoyl  
phosphatidylcholine (4-6). The rapid rate of 
phospholipid turnover in mammalian lung (7,8) 
suggests an active involvement of this tissue in 
phospholipid synthesis. These findings gain 
physiological significance when the enormous 
surface area and the phospholipid content  of 
the lung surfactant layer are considered. 

Numerous studies have demonstrated for 
mammalian lung active synthesis of fatty acids 
from various precursors (9-22) and, in addition, 
the capability of utilizing preformed fatty acids 
for glyceride synthesis (11,13,14,17,23-27). 
The incorporation into phospholipids of precur- 
sors such as phosphate, choline, ethanolamine, 
methionine and serine have also been investi- 
gated (15,16,28-31). These studies have shown 
that phosphatidylcholine synthesis in lung tis- 
sue proceeds by the two well established 
pathways: (a) the incorporat ion into lecithin of 
CDP-choline and D-~fl-diglyceride; and (b) the 
stepwise methylat ion,  via CH3-S-adenosyl 
methionine, of phosphatidylethanolamine.  The 
relative importance of these pathways in lung 
lecithin biosynthesis appears to vary according 
to age and animal species. 

Previously we reported ATP-citrate lyase 
activity and the incorporation of citrate carbon 
into lung fat ty acids (21). The presence of low 
levels of phosphoenolpyruvate carboxylase ac- 
tivity suggested this tissue was capable of 
c o n v e r t i n g  oxaloacetate to phosphoenol- 
pyruvate and thus of participating in the 
reversal of the pyruvate kinase step of glycol- 
ysis. This possibility was investigated further by 
examining the incorporat ion and util ization of 
pyruvate by lung slices and the distribution of 
radioactivity in the glycerol moiety of mixed 
lecithins following incubations with pyruvate 
1-14C, 2-14C or 3-14C. 

METHODS 

Animals 
Adult  male Long-Evans Hooded rats aver- 

aging 400 g body wt were used in the initial 
experiments on pyruvate-2-14C incorporation 
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by lung slices. Later studies were with rats of 
the same strain averaging 300 g body wt. All 
animals were housed individually in stainless 
steel cages with raised wire floors and were fed 
a standard pelleted rat diet (Ralston Purina Co., 
St. Louis, Me.). The rats were maintained in a 
controlled environment;  22 C, 50% relative 
humidity, and a 12 hr light-dark cycle, respec- 
tively. Fasted rats were deprived of food for 48 
hr. All rats were offered water ad libitum. 

Techniques with Lung Slices 

The rats were killed with an ip sodium 
pentobarbital injection, 30 rag/100 g body wt, 
and bled via a carotid artery. The lungs were 
perfused in situ with calcium-free Krebs-Ringer 
bicarbonate (KRB) buffer, pH 7.4(32), as de- 
scribed previously (19). Lung slices averaging 
50-60 mg were incubated for 2 hr in 10 ml 
reaction flasks fitted with a hanging center well 
containing a piece of fluted filter paper. The 
flasks were gassed withO2/CO 2 95:5 for 5 min, 
sealed with rubber stoppers, and shaken in a 
reciprocating water bath (90 strokes per min- 
ute) maintained at 37 C. At the end of the 
incubation period the filter paper was saturated 
with 0.2 ml hydroxide of hyamine and 0.25 ml 
0.4 N H2SO 4 was added to the incubation 
medium to liberate CO 2. Shaking was con- 
tinued for an additional 60 rain. The incubation 
medium (2 ml), used to study pyruvate-2-14C 
incorporation into CO 2 and lung lipids as a 
function of pyruvate concentration (I-50 mM 
pyruvate), contained pyruvate-2-14C at a con- 
stant initial specific activity of 0.05/aCi//~mol, 
KRB buffer and either the presence or absence 
of 5 mM glucose. The incubation system for 
pyruvate 1-14C, 2-14C and 3-14C utilization in 
later studies with fed and fasted rats contained 
initially 10 mM pyruvate (1 ~Ci), KRB buffer 
and the presence or absence of 5 mM glucose. 

Isolation of Lipid Fractions 

The procedures for extracting, isolating and 
counting the radioactivity in the various lipid 
fractions and 14CO 2 were as described previ- 
ously (19), with the exception that alkaline 
hydrolysis of the phospholipid fraction was 
performed at 70 C for 1 hr. 

The isolation of mixed lecithin glycerol 
radioactivity was accomplished as follows: Por- 
tions of total lung lipid were spotted on 
preparative thin layer plates with commercial 
egg yolk lecithin (Sigma Chemical Co., St. 
Louis, Mo.) used as a carrier and as a reference 
standard, Chromatograms were developed in 
the solvent system described by Skipski et al. 
(33), dried at room temperature, and the lipid 
spots detected by iodine vapor. Areas corre- 

METABOLISM 361 

TABLE I 

Incorporation of Pyruvate-2-14C into CO 2 and 
Phospholipids by Rat Lung Slices 

as a Function of Medium Glucose Concentration 

Pyruvate incorporated, 
Medium nmol/100 rag/2 hr a 

glucose, mM CO 2 Phospholipids 

0 1793.3 + 92.1 b 44.6• 5.6 
5 1641.2 • 95.4 100.5 • 11.8 

12.5 1389.0• 78.1 83.6• 15.8 
25 1313.3 • 102.2 76.3 • 17.9 
50 1204.4+ 72.1 68.8• 17.8 

aIncubation medium, 2 ml, consisted of 20 /~mol 
pyruvate (1 #Ci pyruvate-2-14C) and indicated level of 
glucose in KRB (Ca++-free) buffer, pH 7.4, 

blndividual values represent means + SEM of six 
determinations. 

spending to standard lecithin were scraped into 
centrifuge tubes and eluted with three meth- 
anol washes. The samples were concentrated to 
dryness under nitrogen and saponified with 1.0 
ml 3.75% methanolic KOH for 8-10 hr at 60 C. 
Saponification mixtures were acidified and ex- 
tracted three times with light petroleum (bp 
30-60 C). The samples were again concentrated 
to dryness under nitrogen and resuspended in 
1.0 ml 0.01 M tris, pH 10.4, containing 5 units 
alkaline phosphatase. This mixture was incu- 
bated with shaking for 6-8 hr at 37 C. Hydrol- 
ysis was complete as verified by using known 
concentrations of egg yolk lecithin or L-a-glyc- 
erophosphate and determining enzymatically 
the amount  of glycerol produced (34,35). One 
/~mole portions of glycerol were added to the 
resulting solutions and the ionic constituents 
removed by passage over microcolumns of 
Dowex-50 (H+-form) and Dowex-2 (C1--form). 
Five milliliter fractions containing essentially all 
the glycerol were collected. One milliliter por- 
tions were removed and total glycerol radio- 
activity counted in 10 ml Bray's scintillation 
solution (36). Radioactivity in the a-carbons 
was determined after degrading the remaining 
glycerol by periodate oxidation and subsequent 
isolation of the a-carbon formaldehyde as the 
dimedon derivative (37). Standard amounts of 
glycerol 1,3-14C and glycerol 2-14C revealed 
that greater than 95% of a-carbon radioactivity 
and less than 3% r-carbon radioactivity could 
be recovered using this procedure. Radioactiv- 
ity counting was performed in a Nuclear- 
Chicago  s c i n t i l l a t i o n  spectrometer, and 
counting efficiency was determined by the 
channels-ratio method. 

Pyruvate and Glucose Determinations 

Experiments designed to determine net up- 
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TABLE II 

Incorporation of Specifically Labeled Pyruvate-14C into CO 2 and Lung Lipids by Fed and Starved Rats 

Pyruvate-14 C Fed ad lib Starved 48 hr 
incorporated a -Glucose +Glucose -Glucose +Glucose 

Pyruvate- 1-14 C 
CO 2 3308.8 • 335.8 b 2765.6 • 263.6 2297.6 • 270.7 2314.3 + 161.1 
Total lipid 7.4 + 1.9 12.3 -+ 2.1 5.2 • 1.3 8.0 + 1.1 
Phospholipid 5.1 + 1.4 8.5 • 2.3 3.6 • 0.8 5.2 • 1.1 
Phospholipid < 1 < 1 < 1 < 1 

fatty acids 
Pyruvate-2-14 C 

CO 2 1984.2 • 150.5 1353.8 • 191.1 1569.3 • 162.0 1277.3 • 157.7 
Total lipid 98.9 • 20.3 174.1 + 47.3 64.0 • 6.3 133.6 • 34.9 
Phospholipid 60.5 + 19.6 110.4 • 32.9 40.0 • 3.6 61.2 • 24.4 
Phospholipid 44.5 + 7.0 72.0 • 4.3 27.6 • 4.3 52.3 • 14.3 

fatty acids 
Pyruvate-3-14 C 

CO 2 1691.9+ 153.1 1197.1• 155.9 1386.1 • 121.1 985.2• 63.8 
Total lipid 127.9 -+ 10.9 299.9 • 15.5 88.7 • 17.7 118.9 • 27.9 
Phospholipid 80.1 • 7.5 190.0 • 40.4 58.8 • 10.7 76.5 • 22.3 
Phospholipid 47.4 • 7.4 125.3 • 6.6 40.2 • 6.8 62.4 • 10.2 

fatty acids 

alncubation medium, 2 ml, consisted of 20 ~tmol pyruvate (1 juCi pyruvate-l-14C, -2-14C or -3-14C) in KRB 
(Ca++-free) buffer, pH 7.4, with (+) or without (-) the addition of 5 mM glucose. Results are expressed as nmol 
specifically labeled pyruvate-14C incorporated/lO0 mg sliced lung/2 hr. 

blndividual values represent means + SEM of six determinations. 

take  of  py ruva t e  and  glucose by  lung  slices were 
similar  to  those  descr ibed for  e x p e r i m e n t s  us ing  
isotopes .  Tissue slices were i n c u b a t e d  in the  
presence  or absence  of  the  ind ica t ed  levels of  
subs t ra tes  for  2 hr ,  a f t e r  w h i c h  1.0 ml incu-  
b a t i o n  m e d i u m  was p laced  in 4 ml  6% HC104.  
Pyruva te  and  glucose levels were d e t e r m i n e d  
enzymat i ca l ly  by  the  m e t h o d s  of  Bucher  et  al. 
(38)  and  Bergmeyer  and  Be rn t  (39) ,  respec- 
tively. 

Materials 

Pyruva te  1-14C, 2-14C and  3-14C were 
pu rchased  f r o m  New Eng land  Nuclear  Corp. ,  
Bos ton ,  Mass. Enzymes ,  co fac to r s  and  m o s t  
b iochemica l s  used  in  these  s tudies  were pur-  
chased  f rom Sigma Chemica l  Co., St. Louis,  
Mo. All o t h e r  reagents  were of  reagen t  grade 
qual i ty .  

RESULTS A N D  DISCUSSION 

The  i n c o r p o r a t i o n  by  lung  slices of  pyruva te -  
2-14C i n t o  14CO2 and  to t a l  l ipids as a f u n c t i o n  
of  py ruva t e  c o n c e n t r a t i o n  in the  i n c u b a t i o n  
m e d i u m  is s h o w n  in Figure 1. Inc reas ing  the  
py ruva t e  c o n c e n t r a t i o n  to  25 m M  increased  its 
i n c o r p o r a t i o n  i n t o  CO 2 and  to ta l  lung  l ipids;  
however ,  at  a c o n c e n t r a t i o n  of  50  m M,  pyru-  
r a t e  i n c o r p o r a t i o n  was r educed  marked ly  in the  
presence  of  glucose. The  add i t i on  of  5 mM 
glucose to  the  i n c u b a t i o n  m e d i u m  decreased 
the  a p p a r e n t  o x i d a t i o n  o f  py ruva te -2 -14C to 

CO2 at all levels of  pyruva te .  This e f fec t  
possibly  is due to label  d i lu t ion  and  would  be  
e x p e c t e d  if  glucose and  py ruva te  share c o m m o n  
m e t a b o l i c  p a t h w a y s  in l ung  tissue. Pyruvate-2-  
14C i n c o r p o r a t i o n  i n t o  to ta l  lung  lipids,  how-  
ever, was inc reased  by  the add i t i on  of  glucose 
to  the  i n c u b a t i o n  med ium.  One exp l ana t i on  for  
these  resul ts  has  been  suggested by  Halper in  
(40-42)  and  Halper in  and  R o b i n s o n  (43) ,  who  
observed  s imilar  results  w i t h  adipose  t issue 
slices. They  p o s t u l a t e d  t h a t  glucose enhances  
py ruva t e  i n c o r p o r a t i o n  in to  t issue l ipids in  v i t ro  
b y  supp ly ing  N A D P H  for the  reduc t ive  b iosyn-  
thesis  of  f a t t y  acids. This  e x p l a n a t i o n  appears  
plausible ,  s ince hexose  m o n o p h o s p h a t e  pa th-  
way act ivi ty has been  d e m o n s t r a t e d  for  lung  
t issue (19 ,44 ,45) .  An  add i t iona l  poss ib i l i ty  is 
t h a t  glucose may  also p rov ide  0~-glycerophos- 
p h a t e  for  the  es te r i f i ca t ion  of  f a t t y  acids, thus  
e f fec t ing  greater  py ruva te  u t i l i za t ion  (46) .  Ap- 
p r o x i m a t e l y  70% of  the  to ta l  lung  l ipid radio-  
act ivi ty  was p re sen t  in  the  p h o s p h o l i p i d  frac- 
t ion  as d e t e r m i n e d  by silicic acid c o l u m n  
c h r o m a t o g r a p h y ,  w i th  greater  t h a n  80% of the  
p h o s p h o l i p i d  rad ioac t iv i ty  p re sen t  in  the  f a t ty  
acid m o i e t y  fo l lowing  alkal ine hydro lys i s  (da ta  
n o t  shown) .  Low levels of  r ad ioac t iv i ty  origi- 
na t ing  f r o m  pyruva te -2 -14C were cons i s t en t ly  
f o u n d  in the  p h o s p h o l i p i d  glycerol  mo ie ty .  The  
e n h a n c e d  i n c o r p o r a t i o n  of  py ruva te -2 -14C in to  
lung  lipids in  the  presence  of  5 mM glucose was 
a c c o m p a n i e d  by  increased  syn thes i s  of  f a t t y  
acids. 
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The possibility that glucose availability 
limited pyruvate incorporation into lung phos- 
pholipids was examined, and the results are 
presented in Table I. Pyruvate-2-14C oxidation 
to CO 2 was greatest and its incorporation into 
phospholipids was lowest when glucose was 
omitted from the incubation medium, as ex- 
pected. Raising the glucose concentration above 
5 mM did not  increase the apparent incorpo- 
ration of pyruvate into phospholipids. Al- 
though it is impossible to compare pyruvate 
incorporation with glucose incorporation di- 
rectly from the results of the present studies, 
phospholipid synthesis from pyruvate in the 
presence of high levels of glucose was substan- 
tial since glucose carbon readily is converted 
into lung phospholipid fatty acids (14,19,22), 
in addition to phospholipid glycerol. 

The incorporation of specifically labeled 
pyruvate-14C into CO2 and lung lipids by fed 
and fasted rats is shown in Table II. Starvation, 
in general, decreased the incorporation of pyru- 
vate into these fractions. With the exception of 
pyruvate-l-14C incorporation into CO2, glu- 
cose addition to the incubation medium de- 
creased the apparent oxidation of pyruvate. 
These results may be explained in part by 
isotope dilution effects. Glucose addition to the 
incubation medium enhanced pyruvate incorpo- 
ration into lung lipids in both fed and fasted 
rats. More pyruvate-l-14C was oxidized to CO2 
and essentially none was incorporated into 
phospholipid fatty acids, as compared with 
pyruvate-2-14C or pyruvate-3-14C. This is to be 
expected, since carbon 1 of pyruvate-l-14C is 
lost as 14CO 2 during the formation of acetyl- 
CoA. Pyruvate-2-14C oxidation to 14CO2 was 
greater than that observed for pyruvate-3-14C 
and was accompanied by a lower level of lipid 
incorporation. These differences have been ex- 
plained on the basis of different rates of 
pyruvate carbon utilization in the tricarboxylic 
acid cycle (47). 

Extensive data have accumulated recently on 
the incorporation of pyruvate into glycefide- 
glycerol of adipose tissue (37,48-56). The meta- 
bolic pathways by which the reversal of glycol- 
ysis occurs have received considerable attention, 
since adipose tissue apparently lacks the full 
complement of enzymes that would enable it to 
undergo gluconeogenesis (57). Theoretically, 
glycolysis could be reversed directly at the 
pyruvate kinase step, although this generally is 
considered thermodynamically unfavorable, or 
through the abbreviated dicarboxylic shuttle 
involving pyruvate carboxylase and phospho- 
enolpyruvate carboxylase. The latter pathway 
involves the mitochondrial formation of oxalo- 
acetate through pymvate carboxylation, poten- 
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TABLE III 

Incorporation of Specifically Labeled Pyruvate-14C 
into c~-Carbons of Mixed Lung Lecithin Glycerol 

Per cent label 
Radioactive in c~-carbons of 

label lecithin glycerol a 

Pyruvate-l-14C 94 --- 4 b 
Pyruvate-2-14C 43 -+ 6 
Pyruvate-3-14C 70 + 7 

a,bsee footnotes to Table II. 

tial randomization of carbon atoms 1 and 4 and 
of carbon atoms 2 and 3 with fumarate, and 
d e c a r b o x y l a t i o n  to phosphoenolpyruvate 
(58,59). This, in effect, is similar to pathways 
of carbon flow during gluconeogenesis from 
lactate and certain amino acids in liver and 
kidney cortex tissue. Most reports have favored 
this pathway as playing a major role in the 
reversal of glycolysis in adipose tissue. 

Previously we reported phosphoenolpyru- 
vate carboxylase activity (21), and Bottger et 
al. (60) have reported low levels of pyruvate 
carboxylase for rat lung. Thus the enzymes 
necessary for the reversal of glycolysis are 
present in lung tissue, and these enzymes may 
act in the metabolic pathways by which pyru- 
rate carbon was converted to lung lecithin 
glycerol in the present studies. To examine this 
possibility further we isolated lung lecithin 
glycerol, following incubations with specifically 
labeled pyruvate, and determined the radioac- 
tivity in the a-carbons. Theoretical consider- 
ations for carbon flow from specifically labeled 
pyruvate-14C have been given by Chakrabarty 
and Leveille (37). 

The results with lung tissue (Table III) show 
that approximately half of the lecithin glycerol 
radioactivity from incubations with pyruvate- 
2-14C was present in the a-carbons. This could 
not occur if pyruvate was converted to glycerol 
via a direct reversal of the pyruvate kinase 
reaction, but  would be expected for the path- 
way involving oxaloacetate and phosphoenol- 
pyruvate with randomization of carbon atoms 2 
and 3 with fumarate. An unequal distribution 
of radioactivity was observed in the a-carbons 
of glycerol following incubations with pyru- 
vate-2-14C and pyruvate-3-14C. This could 
occur if (a) the equilibration of oxaloacetate 
with fumarate was incomplete or (b) partially 
through a reversal at the pyruvate kinase step. 
In this respect it is significant to note that not  
all the glycerol radioactivity following incu- 
bation with pyruvate-3 -14C was present in the 
a-carbons. These results suggest that pyruvate 
was converted in part to lung lecithin glycerol 
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TABLE IV 

Pyruvate and Glucose Uptake by Rat Lung Slices 

Addition(s) to  
incubation medium 

Substrate uptake,/~mol/100 rag/2 hr a 

Pyruvate Glucose 

Pyruvate (1 raM) 
Pyruvate (10 mM) 
Glucose (5 mM) 
Pyruvate (1 mM) + glucose (5 mM) 
Pyruvate (10 mM) + glucose (5 mM) 

1.89 + 0.10 b -- 
5.23 + 0.67 -- 

-- 2.97 + 0.60 
1.52 -+ 0.13 2.44 + 0.44 
4.40 +- 0.68 2.69 + 0.52 

aIncubation medium, 2 ml, consisted of indicated levels of substrate(s) in KRB (Ca ++- 
free) buffer, pH 7.4. Control flasks (without added substrate[s]) were incubated simultane- 
ously, and net pyruvate or glucose uptake was determined enzymatically. 

bValues in table represent means + SEM of six observations each. 

by pathways involving the randomization of 
pyruvate carbons 2 and 3, presumably via the 
dicarboxylic acid shuttle. Additional evidence 
in support of these results was obtained from 
consideration of the following data (unpub- 
lished results, R.W. Scholz): (a) The addition of 
oxaloacetate to the incubation medium reduced 
significantly t h e  incorporation of pyruvate- 
2-14C into lung phospholipids; and (b) low 
levels of Nail  14CO3 radioactivity were recov- 
ered in phospholipid glycerol. 

The physiological significance of these re- 
suits with lung tissue is uncertain at present. 
We have been unable to detect significant 
activities of glucose-6-phosphatase or fructose- 
1,6-diphosphatase in rat lung, which would 
suggest that this tissue is unable to carry out 
gluconeogenesis. In adipose tissue the conver- 
sion of pyruvate to glyceride-glycerol has been 
considered from a standpoint of providing 
a-glycerophosphate for re-esterification of fatty 
acids (53,55,56), possibly when glucose avail- 
ability is limiting (50,51). Studies concerned 
with a quantitative estimation of pyruvate 
incorporation into lung lipid glycerol have not 
been undertaken, however, and to assign a 
similar role in this tissue would be speculative. 
The low levels of pyruvate carboxylase (60) and 
phosphoenolpyruvate carboxylase (21) in rat 
lung casts doubt on the physiological signifi- 
cance of pyruvate incorporation into phospho- 
lipid glycerol. The heterogeneous cell popu- 
lation with divergent metabolic activities (61) 
makes it even more difficult to assign to 
mammalian lung a metabolic function charac- 
teristic of a particular cell-type. 

It was of interest to determine net uptake or 
utilization of pyruvate and glucose in these 
studies, since isotope incorporation could arise 
through exchange reactions, in addition to net 
uptake. The results of these experiments are 
presented in Table IV. The data show that 
pyruvate and glucose both were metabolized 

actively by lung tissue slices. Pyruvate utili- 
zation was enhanced by increasing the incu- 
bation medium concentration from 1 to 10 
mM. These results agree favorably with the 
results illustrated in Figure 1, which show that 
pyruvate -14C incorporation into CO 2 and lung 
lipids was increased as the concentration of 
pyruvate in the incubation medium was in- 
creased. Net pyruvate uptake was not increased 
by including 5 mM glucose in the incubation 
medium. These results suggest that the glucose 
effect in vitro on increased pyruvate-14C incor- 
poration into lung lipids is mediated through an 
altered metabolism of pyruvate, rather than an 
enhanced uptake. These data, together with the 
isotope data, indicate that pyruvate is metabo- 
lized actively by lung tissue. A major portion of 
pyruvate is oxidized to CO 2 with substantial 
levels found in the fatty acid moiety of lung 
phospholipids. The low level of pyruvate con- 
version to phospholipid glycerol is of uncertain 
physiological significance. 
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LETTER TO THE EDITOR 

Modification by Excessive Heat of Glyceryl Phosphoryl 
Ethanolamine on Phenol-Containing Paper Chromatograms 

Sir: Among the most powerful and widely 
used methods for quanti tat ion of individual 
phospholipids is the procedure for successive 
chemical hydrolyses originally described by 
Dawson and coworkers (Biochem. J. 75:45 
[1960] ; 84:497 [ 19621 ) and later modified by 
Wells and Dittmer (Biochemistry 5:3405 
[ 1966] ). We wish to report  the product ion of 
an artifact that  can be formed during paper 
chromatography and electrophoresis of water- 
soluble glycerylphosphate esters according to 
Dawson (in "Lipid Chromatographic Analysis," 
Vol. 1, Edited by G.V. Marinetti,  Marcel 
Dekker, Inc., New York, 1967, Chapter 4), if 
the instructions are not  properly followed. 

For  determination of phospholipid compo- 
nents in a mixture, we have adopted a proce- 
dure that combines aspects of both  methods 
cited above. Specifically, we carry out the mild 
alkaline degradation on phospholipid con- 
raining 100-300 pg P for 10 min according to 
Wells and Dittmer, since their condit ions were 
stated to result in negligible formation of cyclic 
glycerophosphate from phosphatidyl  choline 
and phosphat idyl  inositol. The alkaline reaction 
mixture is then neutralized with 0.2 ml ethyl 
formate, taken to dryness, and the residue 
part i t ioned between water-rich and chloroform- 
rich phases as described by Dawson. Descending 
paper chromatography and electrophoresis of 
an aliquot of the upper phase are then carried 
out according to Dawson, except that  Whatman 
no. 43 paper is used, and the chromatography 
solvent consists of liquid phenol (Fisher Scien- 
t i f i c  Co.)-water-glacial acetic acid-ethanol 
(79:21:10:12 v/v). 

In the course of applying this technique to 
analysis of phospholipids in tumors induced by 
injection of chemically transformed astrocytes 
into guinea pigs, we repeatedly obtained low 
values for phosphat idyl  ethanolamine-P as a per 
cent of total lipid P. In addition, following two 
dimensional separations on paper, we observed 
P-containing spots which were approximately  in 
the posit ion described by Dawson (in "Lipid  
Chromatographic Analysis," Vol. 1, 1967) fo r  
glyceryl phosphoryl  methanol  and cyclic glyc- 

erophosphate.  
Analysis of phospholipids in a rat liver total  

lipid extract prepared according to Folch et al. 
(J. Biol. Chem. 226:497 [ 1 9 5 7 ] ) g a v e  values 
for alkali-labile phospholipids similar to data in 
the literature, with the exception of phospha- 
t idyl ethanolamine which was markedly lower. 
However, if the amounts of P in the two 
additional spots were added to the P found in 
glyceryl phosphoryl  ethanolamine,  the ex- 
pected values were obtained. 

The conclusion that  glyceryl phosphoryl  
ethanolamine was undergoing modification was 
confirmed by determination of the water- 
soluble, mild alkaline degradation products of 
several commercially obtained phosphat idyl  
ethanolamines including synthetic dipalmitoyl  
glyceryl phosphoryl  ethanolamine (Serdary 
Research Labs., London, Ontario) and phospha- 
t idyl ethanolamine from bacterial and bovine 
sources (Applied Science Labs., State College, 
Pa., and Supelco, Bellefonte, Pa.). The bovine 
phosphatidyl  ethanolamine consistently gave a 
low yield of alkali-labile product ,  presumably 
because of the presence of plasmalogen. On 
hydrolysis, all of these preparations yielded as 
little as 50% glyceryl phosphoryl  ethanolamine 
with the remainder of the P distributed be- 
tween the two spots mentioned above. A trace 
of glycerophosphate was usually also seen. 
Unexpectedly,  the same products  were also 
obtained when phosphat idyl  ethanolamine was 
hydrolyzed according to the conditions of 
Dawson without  modification. In contrast,  
phosphatidyl  choline (Analabs, Inc., North 
Haven, Conn.) gave, as expected,  only glyceryl 
phosphoryl  choline. 

A systematic check indicated that changing 
either the reagents used in the mild alkaline 
degradation or the electrophoresis buffer did 
not  abolish the phenomenon.  Moreover, when 
methanolysis of phosphatidyl  ethanolamine was 
carried out in [ 14C]_methanol, the spot which 
migrated to the position of glyceryl phosphoryl  
methanol was unlabeled. 

The cause of the degradation was eventually 
traced to the drying procedure employed fol- 
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lowing chromatography in the phenol-con- 
taining solvent. Papers were dried at 120-140 C 
for 1 hr. Under these conditions a brown spot 
appears, which overlaps glyceryl phosphoryl 
ethanolamine and seems to be caused by the 
interaction of formate with the solvent. If the 
papers were dried at 75 C (Dawson, in "Lipid 
Chromatographic Analysis," Vol. 1, 1967, 
recommends 80 C) for 60-90 rain, no brown 
material was observed, and after electrophoresis 
glyceryl phosphoryl ethanolarnine was the only 
detectable P-containing spot. 

Thus, at a temperature greater than 80 C and 
in the presence of sodium formate and the 
phenol-containing solvent, a substantial fraction 
of glyceryl phosphoryl ethanolamine is modi- 
fied to produce several anionic P-containing 
species, one of which is probably cyclic glycero- 
phosphate. These findings emphasize the neces- 
sity of avoiding too high a temperature to 
remove phenol from paper chromatograms in 

separations of water-soluble phosphate esters 
derived from phospholipids by alkaline hydrol- 
ysis. 
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Lipase from Egg of Southern Corn Rootworm 1 
JAMES L. KRYSAN and PAUL L. GUSS, Northern Grain Insects Research 
Laboratory, ARS, USDA, Brookings, South Dakota 57006 

ABSTRACT 

The l ipolyt ic  activity in homogena tes  
and aqueous  extracts  of  ace tone  powders  
of  eggs of  the southern  corn r o o t w o r m  
(Diabrotica undecimpunctata howardi 
Barber) was studied. The general proper-  
ties were de termined  using as substrate 
olive oil in an emuls ion stabil ized by gum 
arabic. Bovine serum a lbumin or Tr i ton  
X-100 were required in the assay system; 
they p ro tec ted  the enzyme  f rom spon- 
taneous denaturat ion.  The lipase had 
act ivi ty op t ima at pH 7 and at 45 C. The 
prepara t ion was inactive towards tri- 
acetin, and act ivi ty increased in the series 
t r ipropionin  < t r ibutyr in  < t r ihexanoin  
t r ioc tanoin  < t r idecanoin.  Act ivi ty  to- 
wards tr iolein was slightly lower  than 
towards t r idecanoin.  Triolein was hydro-  
lyzed  to  oleic acid and glycerol  wi th  no 
marked accumula t ion ,  even transient ,  of  
partial glycerides. 
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FIG. 1. Effect of homogenate concentration on 
appearance of free fatty acids. Twenty-five southern 
corn rootworm eggs were homogenized in 7.5 ml 
tris-maleate buffer (0.2 M, pH 7.0). Homogenate was 
added to remaining components of standard assay 
medium in volumes indicated on abscissa; tris-maleate 
buffer (0.2 M, pH 7) was added to bring the final assay 
volume to t.3 ml. Results represent data from two 
independently prepared homogenates; triplicate mea- 
surements for each homogenate are presented sepa- 
rately (open and closed circles) to illustrate precision 
of method. Other conditions are as described in 
Materials and Methods. 

INTRODUCTION 

Triglycerides are well established as a pri- 
mary energy source for  embryogenesis  in in- 
sects (1,2). Therefore  lipase (E.C. 3.1.1.3; 
glycerol  ester hydrolase)  must  play a key  role in 
the mobi l iza t ion  of  energy. Indeed F o d o r  (3) 
demons t ra ted  lipase in an insect egg, and several 
authors have ascribed to  lipase the hydrolysis  of  
short  chain tr iglycerides by insect  egg homog-  
enates (4-6). However  no  insect  egg has ye t  
been extensively character ized for its l ipolyt ic  
activity. Such a character iza t ion is part icularly 
needed because of  early difficult ies in def ining 
lipase (7) and the diversity of  condi t ions  
needed for the assay of  lipolysis (8). Thus, as 
part  of  a s tudy on the mechanisms of  regulat ion 
of  l ipolysis in an insect  egg, we have prepared 
this repor t  which describes the general proper-  
ties of  the lipase activity of  eggs o f  the southern  
corn r o o t w o r m ,  Diabrotica undecimpunctata 
howardi Barber. 

MATERIALS AND METHODS 

The enzyme source was eggs (0-2 days old) 
of  the southern corn r o o t w o r m  (SCR) f rom a 
labora tory  co lony  mainta ined by the me thod  of  
Howe and George (9). Homogena tes  were pre- 
pared immedia te ly  before  an exper iment  wi th  

2 . 5  
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FIG. 2. Lipolysis in presence of varying concentra- 
tions of bovine serum albumin (BSA). Enzyme source 
was whole egg homogenates. The BSA solution nor- 
mally present in standard assay medium was replaced 
with requisite volume of water or BSA solution. 
Highest BSA concentration shown (3.85 mg/ml) is 
amount present in standard reaction medium. Each 
point is mean of duplicate measurements. Other 
conditions are as described in Materials and Methods. 
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FIG. 3. Lipolysis in presence of varying concentra- 
tions of Triton X-100. Enzyme source was whole egg 
homogenate. Bovine serum albumin (5 mg) was 
present only in a control series which represented 
100% activity; others contained indicated amount of 
Triton X-100 added in 0.1 ml H20. Other conditions 
are as described in Materials and Methods. 

an ice-cold all-glass tissue grinder (25 eggs/3 ml 
0.001 M tris-maleate, pH 7.0) and held at 0 C, 
under which condition the lipase is stable for 
several hours. For some experiments we used 
the aqueous extract of acetone powder of SCR 
eggs prepared as previously described (10). It 
provided a convenient, stable source of the 
lipase activity. The two different preparative 
methods yielded identical lipase zymograms 
when subjected to polyacrylamide gel electro- 
phoresis (unpublished observations). 

Sources of the various triglyceride substrates 
were: triacetin, Sigma Chemical Company; tri- 
butyrin, Fisher Scientific Company; tripropi- 
onin, trihexanoin, trioctanoin and tridecanoin, 
Eastman Organic Chemicals; triolein (A Grade), 
Calbiochem; olive oil, local commercial sources 
and Sigma Chemical Company. Free fatty acids 
(FFA) that contaminated the olive oil were 
removed by extraction against 3 volumes 
0.05 M sodium borate, pH 10.5. The triglycer- 
ides were purified with an alumina column by 
the method of Jensen et al. (11) and purity 
determined using the thin layer chromato- 
graphic method of Guss (12). 

Bovine serum albumin (BSA) (fatty acid- 
free) and Triton X-100 were obtained from 
Sigma Chemical Company. 

For most experiments the enzyme reaction 
medium and the FFA assay procedure were 
from a colorimetric procedure described previ- 
ously (13). Triplicate assays were run at 30 C 
for 30 rain. The experiments relating fatty acyl 
chain length to activity were done titrimetri- 
cally. Titrimetric assays at pH 7 were done 
using a manual method (14). The assay mixture 
contained 0.3 ml 0.075 M CaC12, 0.3 ml 1 M 
NaC1, 6 ml tris-maleate (0.001 M, pH 7), 6 ml 
substrate emulsion (15), 5 mg BSA and 0.3 ml 

A B 
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4 8 12 16 20 
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FIG. 4. Time course of lipolysis in presence and 
absence of bovine serum albumin (BSA). Lines shown 
were traced from pH-stat recorder curves and rotated 
90 ~ clockwise to match conventional format. Only 
pertinent sections of each experiment have been 
reproduced and al l  cases have been adjusted to time 
zero. See Materials and Methods for composition of 
basic reaction medium. Trace A: enzyme (acetone 
powder extract) and BSA (5 mg) present. Trace B: 
BSA added (5 mg in 0.1 ml H20 ) 1 rain after adding 
enzyme to otherwise complete assay mixture. Trace C: 
enzyme present, no BSA. Trace D: no enzyme added, 
and therefore it reflects acid produced by nonenzymic 
means. 

enzyme extract (which contained 0.105 mg 
protein/ml). Titrimetric assays at pH 9 were 
done using a Radiometer automatic pH-stat 
equipped with a 0.25 ml syringe and with 
0.005 N NaOH as titrant. The assay mixture for 
this system was 0.5 ml of enzyme source and 
9.5 ml of the following mixture: 50 ml 0.5 M 
CaCI2, 20 ml substrate emulsion (same as for 
manual titration), 10 ml 0.001 M tris-maleate, 
10 ml 1.0 M NaC1, 40 ml H20  and 50 mg BSA. 
These titrimetric systems yielded activity that 
was linear with time for at least 5 min. All 
titrimetric assays were done under a steady 
flow of nitrogen. Data are corrected for acid 
produced by nonenzymic means. Assays were 
done in triplicate. Methods for studying the 
enzymatic hydrolysis of radioactive triolein are 
described by Krysan and Guss (16). 

The assay media used were modifications of 
that used by Mahadevan et al. (15), which 
contained added CaC1 x. We subsequently 
learned that gum arabic contains Ca ++ in large 
quantities (unpublished observations), and then 
determined that the added Ca ++ had no effect 
on activity. We continued to add CaCI2, how- 
ever, to maintain a constant medium through- 
out the study. 

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

The experiments described, unless otherwise 
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FIG. 5. Effect of olive oil concentration on 
southern corn rootworm egg lipase activity. Lipase 
activity was from whole egg homogenates (0.833 eggs 
per assay, -~-) and extracts of acetone powder of 
southern corn rootworm eggs (2.64 ~g protein/assay, 
-e-; 5.28 ~g protein/assay, -| Substrate concentra- 
tion was varied by adding requisite amounts of 
substrate emulsion and emulsifying medium in which 
water was substituted for olive oil. See Materials and 
Methods for other assay details. 

noted ,  were done using the color imetr ic  meth-  
od. In a previous repor t  (13) we demons t ra ted  
that  the activity o f  the SCR egg lipase in our 
color imetr ic  system was l inear as a func t ion  of  
t ime for at least the first 64 min of  react ion.  
The relat ionship be tween  lipase act ivi ty and the 
concent ra t ion  of  SCR egg homogena te  is illus- 
t rated in Figure 1. 

BSA and Tr i ton  X-100 greatly enhanced  
lipase act ivi ty;  the relat ionship be tween  these 
effectors  and lipase act ivi ty is i l lustrated in 
Figures 2 and 3. We evaluated the mechanism 
of  act ivat ion of the enzyme  by BSA with the 
automat ic  pH-stat,  which pe rmi t t ed  con t inuous  
moni to r ing  of  the activity.  Results f rom these 
exper iments ,  presented in Figure 4 as pH-stat  
recorder  traces, can be summar ized  as follows. 
In the absence of  BSA, act ivi ty declined rapidly 
with time. In the presence of  BSA, activity was 
linear wi th  t ime. The addi t ion of  BSA 1 min 
after  the onset  of  the react ion s topped the 
decline in activity but  did n o t  reverse the loss in 
activity that  had already occurred.  Many fac- 
tors, including surfactants  and BSA, have been 
repor ted  to enhance  lipase act ivi ty  by several 
mechanisms including F F A  sequesterat ion,  
interface al terat ion and pro tec t ion  f rom dena- 
turat ion (7,8,17).  F r o m  the series of  experi-  
ments  summarized in Figure 4, we conclude 
that  BSA enhances activity by prevent ing dena- 
tura t ion of  the SCR egg lipase. Tr i ton  X-100 
similarly protects  the enzyme,  but  the effect ive 
concen t ra t ion  range was quite  narrow (Fig. 3), 
and therefore  we used BSA as the protect ive  
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FIG. 6. Effect of temperature on southern corn 
rootworm egg lipase. Enzyme source was whole 
homogenate of southern corn rootworm eggs. See 
Materials and Methods for other details. 

agent in our  assay system. In ano ther  s tudy we 
found that  the lipase of  SCR eggs, when 
partially purif ied by electrophoresis  on acryl- 
amide gel, was unstable  in aqueous  solut ion and 
could be stabilized by BSA or Tr i ton  X-IO0 
(10). 

The effect  of  the concen t ra t ion  of  substrate 
on lipase activity is i l lustrated in Figure 5. In 
the higher substrate concent ra t ion  range (above 
10 /11 olive oil added per  assay), the act ivi ty 
gradually increased wi th  increasing substrate 
concentrat ions .  We have no t  ye t  de te rmined  the 
basis for  this pat tern ,  which is unusual  wi th  
respect to convent iona l  enzyme  behavior.  Per- 
haps the rate in this region of  substrate concen-  
t rat ion was l imi ted by some feature of  the assay 
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FIG. 7. Ef fect  o f  pH on southern corn r oo two rm 
egg lipase. Enzyme source was extract of an acetone 
powder of rootworm eggs. See Materials and Methods 
for other assay details. 
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FIG. 8. Changes in relative concentrations of la- 
beled glycerides and free oleic acid during total 
lipolysis of labeled triolein. Reaction was initiated by 
adding 0.6 ml of extract of acetone powder of 
southern corn rootworm eggs (0.186 mg protein/0.6 
ml) to following mixture: 1.02 ml radioactively 
labeled triolein emulsion (see Materials and Methods), 
2 ml 0.2 M tris-maleate at pH 7, 0.6 ml 0.075 M 
CaC12, 3 mg bovine serum albumin and 3.78 mi H20. 
Aliquots (0.7 ml) were taken at indicated intervals, 
reaction stopped by addition of 0.1 ml 1 N HC1 and 
distribution of radioactivity among glyceride and oleic 
acid fractions determined. 

m e t h o d  that  was counte rac ted  by very high 
concent ra t ions  of  substrate. 

The effect  of  tempera ture  on enzyme  activ- 
i ty is i l lustrated in Figure 6. These data  are 
related linearly when p lo t t ed  according to the 
Arrhenius equat ion .  

The effect  of  pH on enzyme act ivi ty is 
summarized in Figure 7. This selected curve is 
representat ive of  seven series done at several 
different  concent ra t ions  o f  substrate. 

To obtain  in fo rma t ion  on the posi t ional  
capabil i ty of  the lipase act ivi ty  of  the eggs, we 
de termined  the pat tern of  appearance and 
disappearance of  partial glycerides and oleic 
acid during the course of  to ta l  l ipolysis of  
radioact ively labeled triolein.  The results, sum- 
marized in Figure 8, show that  the u l t imate  
products  of  tr iglyceride (TG) hydrolysis  are 
F F A  and glycerol .  The same pat tern  and the 
same ul t imate  products  were seen in prelimi- 
nary observat ions (unpubl ished)  with the two 
separated isozymes of  r o o t w o r m  egg lipase 
previously described (10). The possibil i ty that  
partial glyceride lipase(s) con t r ibu ted  to the 
total  hydrolysis  of  tr iolein cannot  be ruled out  
by our  observations,  but  i t  would  require  the 
coincidenta l  migrat ion of  such enzymes  with  
the two e lec t rophore t ica l ly  separable triglycer- 
ide lipase isozymes.  Several studies (reviewed in 
References 2 and 18) on lipids and lipases of  
larval, pupal and adult  stages of  insects suggest 

TABLE I 

Activity of Southern Corn Rootworm Egg Lipase 
towards Triglycerides of Varying Chain Length 

Lipase activity 
(/~eq FFA a released/mg 

protein/min) 

pH 7 pH 9 

Substrate Mean SD Mean SD 

Triacetin 0 --- 
Tripropionin -- 4.90 0.48 
Tributyrin 6.3"/ 0.50 5.90 0.23 
Trihexanoin -- 6.17 0.13 
Trioctanoin 8.74 0.48 10.03 0.47 
Tridecanoin 15.48 0.95 i4.74 0.24 
Triolein --  11.57 0.31 

aFree fatty acid. 

that  partial glycerides are impor t an t  as mobi le  
forms of  fat energy in insects,  and thus act ion 
of  lipases of  di f ferent  posi t ional  specificity,  
acting at d i f ferent  sites, is required for  total  
lipolysis. Indeed the insect lipases thus far 
s tudied in some depth  are specific for partial 
glycerides (19-21). Our observat ions suggest 
that  in the insect egg total  l ipolysis is the 
physiologically significant event ,  a l though pre- 
cise studies on highly purified lipase and on egg 
glycerides are needed.  

The data showing the relat ionship be tween  
enzyme  activity and the chain length of  the 
acyl moie ty  of  several TG substrates at two 
dif ferent  pH values are summar ized  in Table I. 
Obtaining data on chain length-act ivi ty relation- 
ships was compl ica ted  by two facts; (a) The 
rate of  autohydrolys is  of  t r iacetin was intoler-  
ably high for our  system at pH 9; and (b) 
depending on the compos i t ion  of  the assay 
medium,  long chain fat ty  acids may no t  be 
comple te ly  ionized at pH values lower  than 9 
(22). Thus we measured some substrates at pH 
7 to  observe the relative act ivi ty towards 
tr iacetin and then  did a more  extensive series 
(tr iacetin excep ted)  at pH 9. The pat tern of  
activity as a func t ion  of  acyl chain length was 
essentially the same in both  systems. 

Pancreatic lipase is active towards tr iacetin 
only when the substrate is emulsif ied (23). 
Since triacetin did no t  yield an emulsion at our 
standard substrate concent ra t ion ,  we prepared a 
react ion mixture  wi th  tr iacetin present  at 
0.656 M, which is two t imes greater than the 
saturat ion concent ra t ion .  Even under  that  con- 
di t ion tr iacetin was no t  enzymat ica t ly  hydro-  
lyzed. Incidental ly,  a pork pancreat ic  lipase pre- 
parat ion hydro lyzed  emulsif ied t r iacet in  in our  
system (unpublished observations).  

In te rpre ta t ion  o f  the relat ionship be tween  
the acyl chain length  of  the substrate and the 
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activity of  a lipase requires caut ion,  because the 
e f fec t  of  the na ture  of  the emuls ion on the 
react ion is n o t  k n o w n  (7) and it might  be 
expec ted  tha t  d i f fe rent  glyceride species will 
yield d i f fe ren t  emuls ion  characteris t ics .  Never- 
theless the fact  tha t  the p repara t ion  was actu- 
ally inactive towards  t r iacet in and increased in 
activity wi th  increasing chain length  suggests 
tha t  this enzyme  is d i f fe ren t  than  the major i ty  
of  the  lipases thus  far s tudied,  since in mos t  
cases the  activity observed decreases wi th  in- 
creasing chain l eng th  (8). 

We have shown that  r o o t w o r m  egg lipase, 
isolated f rom nonspeci f ic  esterases on the ana- 
lytical scale by polyacry lamide  gel e l ec t ropho-  
resis, is active towards  n a p h t h y l  aceta te  (10). 
Yet the enzyme canno t  hydro lyze  tr iacetin.  We 
there fore  conc lude  tha t  acyl chain length  alone 
does n o t  de te rmine  whe the r  a subs t ra te  is ac ted  
upon  by the lipase. Perhaps,  in addi t ion  to the 
p resumed  in te rac t ion  of  the enzyme  wi th  an 
oil-water interface,  the enzyme  has in its active 
site a h y d r o p h o b i c  zone  specif ic  for  the inter-  
act ion wi th  lipid substrates .  The lipid require-  
m e n t  on the par t  of  the subs t ra te  could be 
fulfilled in TG by long acyl chains and in 
naph thy l  acetate  by the n a p h t h o l  moie ty .  We 
are cur rent ly  a t t e m p t i n g  to  pur i fy  SCR egg 
lipase by preparat ive means  and in tend  to  
evaluate the subst ra te  specif ici ty pa t te rns  more  
extensively.  
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Fatty Acid Composition of Phospholipids in Different Regions 
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ABSTRACT 

The fa t ty  acid c o m p o s i t i o n  of  to t a l  
p h o s p h o l i p i d s  in d i f f e ren t  regions ,  viz.,  
c e r eb rum,  ce rebe l lum and  medu l l a  ob- 
longa ta ,  o f  deve lop ing  h u m a n  fe ta l  b ra in  
was s tudied.  All the  b ra ins  ana lyzed  in 
the  p r e sen t  inves t iga t ions  were o b t a i n e d  
f r o m  fetuses  whose  m o t h e r s  be longed  to  
the  p o o r  s o c i o e c o n o m i c  sec t ion  of  the  
popu l a t i on .  Palmit ic ,  oleic and  s tear ic  
acids were f o u n d  to  be the  d o m i n a n t  
f a t ty  acids, a n d  the  p a t t e r n  was s imilar  in 
all regions  of  the  b ra in  s tud ied  b e t w e e n  
the  ages of  22 and  35 weeks.  However  at  
b i r t h  the re  appea red  to  be an increase  in 
p o l y e n o i c  acids a t  the  expense  of  l o w e r  
cha in  f a t t y  acids, a n d  these  changes  were 
of  re la t ively  h igher  m a g n i t u d e  in the  
ce rebe l lum than  in o t h e r  regions  s tudied .  
These  changes ,  in  t e rms  o f  increase  in 
p o l y u n s a t u r a t e d  f a t t y  acids nea r  full  
t e rm,  co inc ided  well  w i t h  the  a l ready 
observed  t i m i n g  of  an  overal l  g r o w t h  
spur t  of  the  b ra in  a few weeks p r eced ing  
bi r th .  

In o rder  to  e luc ida te  the  possible  ef fec ts  of  
ma te rna l  m a l n u t r i t i o n  of  fe ta l  b ra in  develop-  

m e n t ,  s tudies  on  the  chemica l  c o m p o s i t i o n  of  
h u m a n  fe ta l  b ra in  at  d i f f e ren t  stages of  in t ra-  
u t e r i ne  g r o w t h  have been  u n d e r t a k e n  in these  
l abora to r i e s  (1 ,2) .  

In  s tudies  c o n c e r n e d  w i t h  the  g r o w t h  and  
m a t u r a t i o n  of  an organ,  the  qual i ta t ive  changes  
in var ious  chemica l  c o n s t i t u e n t s ,  in  add i t i on  to 
quan t i t a t i ve  changes ,  shou ld  be  t a k e n  i n t o  
accoun t .  This aspect  b e c o m e s  exceed ing ly  im- 
p o r t a n t  in  the  case of  l ipids,  as i t  is n o w  well  
r ecogn ized  t h a t  the  f a t ty  acid c o m p o s i t i o n  of  a 
given class or  species o f  a l ipid c o m p o n e n t  
cou ld  have great  in f luence  o n  the  chemica l  and  
t he r e fo re  the  f u n c t i o n a l  p rope r t i e s  of  t h a t  l ipid 
molecule .  In  th is  inves t iga t ion ,  the  f a t t y  acid 
c o m p o s i t i o n  of  d i f f e ren t  classes of  l ipids in 
deve lop ing  h u m a n  fetal  b ra in  has  been  s tud ied .  
In th is  paper ,  de ta i l ed  resul t s  of  the  s t u d y  on  
fa t ty  acid prof i les  in  the  p h o s p h o l i p i d  f r ac t ion  
are presented .  A b r i e f  m e n t i o n  of  some of  these  
resul t s  has been  m a d e  in a p re l imina ry  r epo r t  
(3) 

EXPERIMENTAL PROCEDURES 

Feta l  bra ins  of  d i f f e ren t  ges ta t iona l  ages 
ranging  f rom 11 weeks to full  t e rm  were 
o b t a i n e d  f r o m  a local  hosp i ta l .  The  bra ins  were 
mos t ly  o b t a i n e d  f r o m  legal a b o r t i o n s  for  socio- 

TABLE I 

Fatty Acid Composition of Total Phospholipids in Cerebrum of Developing Fetal Brain 

Percentage of total methyl esters 

Fatty acid carbon no. and unsaturation 

Gestational 14 16 16:1 18 18:1 18:2 18:3 20:4 22:4 22:5 22:6 
age, weeks (to6) (to3) (co3) Others a 

11-13 2.9 c 36.7 5.2 23.'7 26.1 0.2 0.1 3.4 1.1 0.2 0.1 --- 
(3) b 
20-22 3.3 30.9 5.3 22.5 19.6 1.1 0.2 '7.9 3.1 2.7 2.2 1.6 
(4) 
24-26 3.9 35.6 "7.4 20.9 21.3 0.2 0.2 6.3 3.1 1.9 1.0 --- 
(3) 
30-32 3.5 35.1 5.2 21.7 23.0 0.4 0.8 6.1 2.7 1.2 1.3 0.7 
(4) 
33-35 3.1 37.1 5.1 24.7 18.4 0.1 0.6 6.2 2.8 1.8 1.1 1.3 
(4) 

Term 1.4 24.1 4.3 26.7 20.3 1.4 1.1 7.3 4.5 2.8 3.4 2.5 
(4) 

alnclude other unsaturated fatty acids with retention time higher than 20 and 22 carbon units. 
bFigures in parentheses indicate number of brains analyzed. 
CMean values for number of brains analyzed. 
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TABLE II 

Fatty Acid Composition of Phospholipids in Cerebellum of Developing Fetal Brain 
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Percentage of total methyl esters 

Fatty acid carbon no. and unsaturation 

Gestational 14 16 16:1 18 18:1 18:2 18:3 20:4 22:4 22:5 22:6 
age, weeks (t~6) (co3) (t~3) Others a 

20-22 2.0 c 20.9 3.3 29.7 15.8 2.4 1.0 9.7 5.9 3.0 2.9 3.0 
(3) b 

24-26 2.5 26.0 8.5 21.8 24.6 1.3 1.2 5.3 3.3 0.8 0.9 1.8 
(3) 
30-32 2.2 27.6 10.3 22.4 22.4 1.3 0.6 5.3 3.4 1.4 1.3 1.4 
(3) 
34 2.2 32.4 11.1 26.2 19.6 0.2 0.1 5.9 1.6 0.6 1.4 0.9 
(1) 
Term 1.5 22.8 4.7 24.6 18.3 1.3 1.5 8.0 6.0 5.0 4.7 2.2 
(4) 

a,b,csee footnotes to Table I. 

med ica l  r ea sons  and  f r o m  st i l lb i r ths .  (All fe- 
tuses  supp l ied  for  the  p r e sen t  s t u d y  be long  to 
the  p o o r  s o c i o e c o n o m i c  g roup  of  Ind ian  p o p u -  
la t ion ,  subs i s t ing  genera l ly  on diets  p rov id ing  
ca. 1800  calories and  40  g vegetable  p ro t e in  
daily.)  In  n o  case was the  t ime  b e t w e e n  d e a t h  
and  p r o c u r e m e n t  o f  the  f e tus  m o r e  t h a n  4 hr.  
Usual ly  the  brain was d issec ted  i m m e d i a t e l y ;  i f  
d i ssec t ion  cou ld  n o t  be carr ied ou t  i m m e d i a t e l y  
the  fe tuses  were s to red  at  -20 C. Whenever  
possible ,  the  bra ins  were s epa ra t ed  i n to  the  
a n a t o m i c a l l y  d i s t inc t  par ts ,  i .e. ,  c e r e b r u m ,  cere- 
be l l um and m e d u l l a  ob longa ta .  All bra ins  sam-  
ples were f rozen  and  s to red  at  -20 C pr ior  to 
lipid ex t r ac t i on .  

ISOLAT ION OF PHOSPHOLIPIDS 

A 20% h o m o g e n a t e  in glass-disti l led wa te r  

was p repa red  for  all bra in  samples .  A k n o w n  
a l iquot  of  the  h o m o g e n a t e  was u se d  for  ex t rac-  
t ion  o f  to ta l  l ipids us ing  c h l o r o f o r m - m e t h a n o l  
2:1 accord ing  to  Fo l c h  e t  al. (4). The  to ta l  
lipids were dissolved in a m i n i m a l  a m o u n t  o f  
c h l o r o f o r m  and  p laced  on  a silicic acid c o l u m n .  
Neut ra l  l ipids,  g lycol ipids  and  p h o s p h o l i p i d s  
were e lu t ed  success ively  accord ing  to the  proce-  
dure  descr ibed  by V orbe c k  and  Marinet t i  (5). 
F u r t h e r  pu r i f i ca t ion  o f  the  p h o s p h o l i p i d  frac- 
t ion  was carried ou t  wi th  th in  l ayer  c h r o m a t o g -  
r aphy  u s ing  the  so lven t  s y s t e m ,  c h l o r o f o r m -  
m e t h a n o l  100:20 .  Phospho l ip ids  were de t ec t ed  
by e x p o s u r e  to  iod ine  vapors ,  Var ious  s t a nda rd  
p h o s p h o l i p i d s  were r u n  s i m u l t a n e o u s l y .  U n d e r  
these  c o n d i t i o n s  the  phospho l i p id s  s h o w e d  very  
litt le mob i l i t y ,  the  h ighes t  be ing  t ha t  of  phos -  
p h a t i d y l e t h a n o l a m i n e  ( R f  0.3),  whereas  all t he  

TABLE III 

Fatty Acid Composition of Total Phospholipids in Medulla Oblongata of Developing Fetal Brain 

Percentage of total methyl esters 

Fatty acid carbon no. and unsaturation 

Gestational 14 16 16:1 18 18:1 18:2 18:3 20:4 22:4 22:5 22:6  
age, weeks (co6) (~3) (~3) Others a 

20-22 (2)b 3,6 c 33.0 8.4 21.3 23.4 0.1 0.1 3.1 2.3 1.7 2.3 --- 

24-26 (3) 2.7 27.6 7.7 22.6 21.8 1.76 0.6 6.2 3.7 0.8 1.1 3.3 

30-32 (3) 1.9 27.0 5.2 21.6 26.2 1.6 0.6 7.2 3.9 1.7 2.5 0.2 

33-35 (3) 1.9 38.1 4.2 23.1 25.5 0.1 1,1 3.2 1.4 2.2 1.0 --  

Term (3) 1.5 20.0 3.4 26.6 22.2 1.3 1.4 6.3 5.5 3.2 2.7 4.2 

a,b,csee footnotes to Table I. 
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TABLE IV 

Distribution of Fatty Acid Groups in Different Regions of Developing Fetal Brain 

_. Percentage of total methyl esters a 

Nature of fatty acid group 
Gestational 
age, weeks Saturated Unsaturated Monoenes Polyenes b 

11-13 
Whole brain 63.3 36.7 31.3 4.7 

20-22 CB CL MO CB CL MO CB CL MO CB CL 
20-22 56.7 52 .8  58.0 43.3 47.2 42.1 24.9 18.1 32.3 16.3 21.1 
24-26 56.5 50.3  49.7 43.5 49.7 47.1 28.7 33.1 29.5 12.4 11.1 
30-32 60.5 52 .2  50.5 39.5 47.8 49.5 23.2 32.7 31.4 11.6 12.0 
33-35 64.9 60.8 63.t 35.1 39 .2  36.9 22.2 30 .7  29.7 12.8 9.8 
Term 52.2 48.9 48.0 47.8 51.1 52.8 24.6 23.0 25.6 18.9 26.2 

MO 
9 .4  

14.1 
15.1 
8.8 

18.2 

aCB = cerebrum, CL = cerebellum, and MO = medulla oblongata. 
blnclude tetra-, penta- and hexaenoic acids of 20 and 22 carbon units only. 

other contaminating lipids (neutral lipids and 
giycolipids, etc.) separated with higher Rf. 

Preparation of  methyl esters of  fatty acids 
and their analysis: Purified phospholipid sam- 
ples (~10 mg) were dissolved in 0.2 ml benzene 
in stoppered glass tubes. Five milliliter 5% (w/v) 
methanolic hydrochloric acid was added. The 
tightly stoppered tubes, after flushing with N 2 
gas, were kept at 80 C for 4 hr. The methyl 
esters were extracted three times with 5 ml 
portions of petroleum ether after addition of 
10 ml H20.  The procedure followed here is the 
combination of the methods described by 
Stoffel et al. (6) and by Stallberg-Stenhagen 
and Svennerholm (7). The pooled petroleum 
ether extracts were rinsed with 5 ml 5% (w/v) 
solution of sodium bicarbonate and twice with 
5 ml portions of distilled water. The extracts 
were dried over anhydrous sodium sulphate. 
The residue, after evaporation in vacuo and 
finally under N2, was dissolved in a small 
amount of chloroform and stored under N 2 in 
tightly stoppered glass tubes prior to gas liquid 
chromatography. 

The methyl  esters of  total phospholipids 
were analyzed by gas liquid chromatography 
using a Wilkens Model 650 Aerograph equipped 
with hydrogen flame ionization detector. A 6 ft 
copper column (1/8 ID) packed with 15% 
diethylene glycol succinate coated on Chromo- 
sorb W (80-100 mesh silanized) was used. The 
carrier gas was nitrogen with a flow rate of 30 
ml/min. The oven temperature was 200 C. 

Standard fatty acid methyl  esters supplied 
by (Sigma Chemical Co.) were used for identi- 
fication. Fatty acids for which standards were 
unavailable were tentatively identified by car- 
bon number, by plotting log retention time 
against chain length or degree of unsaturation 
(8) and by rechromatography of the samples 

after hydrogenation. 

RESULTS AND DISCUSSION 

The fatty acid profiles of phospholipids of 
developing human brain regions are shown in 
Tables I-III. 

In general, palmitic, stearic and oleic acids 
were the dominant fatty acids irrespective of 
the gestational age and the region of the brain. 
These three fatty acids together constituted ca. 
86% of the total fatty acids in whole brains of 
gestational ages between 11 and 13 weeks. 
Their concentration varied between 70 and 80% 
in different regions during the period between 
the 22nd and 35th weeks of intrauterine life. 
These values, however, diminished slightly 
around full term (cerebrum 71%, cerebellum 
65.7% and medulla oblongata 68.8%). 

Myristic (14:0) and palmitoleic (16:1) acids 
along with palmitic acid (16:0) showed a 
reduction in concentration at term as compared 
to earlier gestational periods, i.e., values up to 
35 weeks. These changes were similar in all 
three regions of the brain, except that palmitic 
and myristic acid levels were of relatively higher 
magnitude in the cases of cerebrum and me- 
dulla oblongata as compared to cerebellum. 

Oleic acid (18:1) constituted the major 
unsaturated fatty acid in all three regions of the 
brain. The dienoic and trienoic 18, 20 and 22 
carbon fatty acids were very low, accounting 
for less than 1% at earlier gestational ages. 

Arachidonic acid (20:4) was the second 
most prevalent unsaturated fatty acid through- 
out the intrauterine development of the brain. 
The levels of this fatty acid varied 6-8% in the 
cerebrum, 5-9% in the cerebellum and 3-7% in 
the medulla oblongata. Polyunsaturated fatty 
acids of  22 carbon chain lengths constituted 
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5.2-10.7% in the cerebrum, 3.6-15.7% in the 
cerebellum and 5.6-11.4% in the medulla ob- 
longata. Of these, two fatty acids were tenta- 
tively identified as 22:4 (606) and 22:5 (6o3), as 
the retention times of their peaks corresponded 
well with those reported by O'Brien and Samp- 
son (9). The fatty acid designated as docosapen- 
taenoic acid of the linoleic acid series (22:5606) 
by O'Brien and Sampson, was later designated 
as 22:4 (606) by Svennerholm (10) based on 
mass spectrometric analysis, since the work of 
Svennerholm was more recent, we have retained 
the latter designation, i.e., 22:4co6. The con- 
centration of this fatty acid was generally more 
than other 22 polyenoic acids at all gestational 
ages, irrespective of the brain region studied. 

Table IV gives the relative percentage of 
fatty acids when grouped as saturated, mono- 
enoic and polyenoic acids. The concentration 
of polyenes at earlier gestation of 11-13 weeks 
(for the whole brain) was very low. However no 
clear cut differences were noticed between the 
regions with regard to saturates, monoenoates 
and polyenoates between 22 and 35 weeks of 
gestation. But, at term, the levels of saturated 
fatty acids showed a reduction that was com- 
pensated by an increase in polyenoic acids. A 
greater concentration of total polyenes was 
noted in the cerebellum at term, although in 
this region the levels of polyunsaturates, even at 
22 weeks of gestation, were fairly high. The 
level of polyenoic acids in the cerebellum was 
26.2% at term, compared to 18.9 and 18.2% for 
cerebrum and medulla oblongata, respectively. 

These data may perhaps be considered indic- 
ative of  a rise in the activities of those brain 
enzymes responsible for chain elongation and 
desaturation of fatty acids between the 35th 
week of gestation and birth. It is also possible 
that the higher levels of polyunsaturates were 
actually due to increased transport of these 
fatty acids. It is significant that during this 
period of intrauterine Iife a marked increase in 
several chemical constituents, viz., DNA, pro- 
tein, lipid, was also observed (1,2,1 I). It  there- 
fore appears that, a few weeks prior to birth, 
not only does the total lipid content  of human 
fetal brain show a sudden rise, but at the same 
time qualitative changes also take place, as 
shown by the present results in the increased 
levels of polyenoic acids. 

O'Brien and Sampson (9), Svennerholm (10) 
and Altrock and Debuch (12) have reported the 
fatty acid composition of phospholipids of 
human brains of different ages. The present 
data cannot be strictly compared with those 

results, since whole brain (12), or the gray and 
white matter separately, and different species 
of phospholipids were used in these analyses 
(9,10). It is, however, pertinent that the fatty 
acids of phospholipids in different regions of 
the brain reported in this study are similar to 
those reported by Altrock and Debuch (12) for 
whole brain. These latter workers also observed 
a decreasing trend in the levels of myristic, 
palmitic and palmitoleic acids with advancing 
gestation. 

The extensive studies of  Svennerholm on the 
changes in fatty acid composition of phospho- 
lipids in human brains of varying ages indicated 
that in younger brains the linoleate series (from 
ethanolamine phosphoglyceride) predominate 
over the linolenate series and that the former 
diminish with corresponding increase in the 
latter, with the maturity of the brain. It is 
interesting that, within the period studied, the 
present results also show a similar trend, i.e., an 
increase in the ratio of the linolenic acid series 
to the linoleic acid series at term as compared 
to earlier periods of gestation. 
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ABSTRACT 

C]ofibrate (ethyl 2-methyl-2-[4-chloro- 
phenoxy] propionate)  is currently an im- 
portant  hypolipemic agent. In this study 
we describe the biological properties of 
certain acyclic and cyclic analogs of clo- 
fibrate in a hyperl ipemic rat model  in 
which the hyperl ipemia was induced by 
ip injection of Triton WR-1339. Cyclic 
analogs studied for their hypocholester-  
olemic and hypotriglyceridemic activities, 
as well as their ability to modify l ipopro- 
tein patterns,  include the ethyl esters of 
1,4-benzodioxane-2-carboxylic acid, 
6-chlorochroman-2-carboxylic acid and 
5 - c h l o r  o - 2 , 3 - d i h y  drobenzofuran-2-car- 
boxylic acid. Among the clofibrate ana- 
logs, ethyl 6-chlorochroman-2-carboxyl- 
ate compares most favorably with the 
parent compound.  Whereas the 6-chloro- 
chroman-2-carboxylate is effective as a 
hypocholesterolemic and hypotriglycer-  

CH 3 

ClA~, f CH 3 

I,  R=CH2CH 3 
II,R=H 

OUoo  .,o., 

H 

I -ir-~ 
Ci ~ , ~  CH 3 

III 

W ~ j ~ C O 2 C H 2 C H 3  

IV V, X=CI 
VI, X=H 

X ~  ~jCO2CH2CH3 

VII, X ,CI 
VIII, X = H 

FIG. 1. Structures for analogs of clofibrate (I);I = 
ethyl 2-methyl-2-(4-chlorophenoxy)propionate; II = 
2-methyl-2-(4-ctdorophenoxy)propionic acid; III = 
ethyl D,L-2-(4-chlorophenoxy)propionate; IV = ethyl 
1,4-benzodioxane-2-carboxylate; V = ethyl 5-chloro- 
2,3-dihydrobenzofuran-2-carboxylate; VI = ethyl 
2,3-dihydrobenzofuran-2-carboxylate; VII = ethyl 
6-cblorochroman-2-carboxylate; VIII = ethyl chroman- 
2-carboxylate. 

idemic agent, the 1 ,~benzodioxane ana- 
log exhibits mainly hypotr iglyceridemic 
activity, while the 2,3-dihydrobenzofuran 
analog exhibits hypocholesterolemic ac- 
tivity. Except for the benzodioxane,  
deschloro analogs are inactive. Results 
obtained in these studies are discussed in 
terms of structural requirements for bio- 
logical activity and modes of action pro- 
posed for the parent drug clofibrate. 

INTRODUCTION 

For  purposes of defining minimum struc- 
tural requirements for maximum antilipemic 
action of compounds related to clofibrate 
( e t h y l  2-methyl -2- [4-ch lorophenoxy]  propi- 
onate [ I ] ) ,  probing the nature of biochemical 
sites that  are either blocked or stimulated by 
this hypolipemic drug, classifying such sites 
according to their  selective affinity or intrinsic 
activity towards analogs resulting from minor  
molecular modification of I, providing insight 
into the mechanism(s) of action of such analogs 
and developing new leads for the design of 
hypolipemic drugs that have potential  use in 
the t reatment  of atherosclerosis (1), Witiak and 
coworkers (2-5) synthesized for such biological 
investigations (2-9) a series of acyclic and cyclic 
analogs I l l-VIII .  Preliminary investigations in 
vitro employing the hydrolysis product  of I, 
namely II, which is presumed to be the active 
hypolipemic agent in vivo due to rapid metabo- 
lism by tissue and serum esterases (10), showed 
II to have properties similar to those observed 
for the free acid hydrolysis products  of ethyl  
D,L-2-(4-chlorophenoxy)propionate  (III), a 
simple desmethyl analog of I; ethyl 1,4-benzo- 
dioxane-2-carboxylate (IV), an analog derived 
by bonding the a-methyl  group of deschloro III 
via an ether linkage to the ortho position of the 
phenyl ring; ethyl  5-chloro-2,3-dihydro-2-ben- 
zofurancarboxylate  (V) and 2,3-dihydro-2-ben- 
zofurancarboxylate  (VI), analogs derived by 
bonding the a-methyl  group of III or deschloro- 
III, respectively, directly to the or tho position 
of the phenyl ring; and ethyl 6-chlorochroman- 
2-carboxylate (VII) and ethyl  chroman-2-car- 
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boxylate (VIII), derived by bonding the a- 
methyl group of III or deschloro-III, respect- 
tively, via a methylene group to the ortho 
position of the phenyl ring (Fig. 1). 

For these reasons we anticipated that ana- 
logs III-VIII would exhibit qualitatively similar 
hypolipemic activity in vivo and that quantita- 
tive differences in potency observed could be 
interpreted in light of mechanism studies ob- 
tained in vitro or in vivo for these analogs. In 
the present study we report the results of 
experiments designed to assess the hypolipemic 
efficacy of analogs III-VIII in hyperlipemic rats, 
in which the hyperlipemia was induced by ip 
injection of Triton WR-1339 (11). The hypo- 
cholesterolemic and hypotriglyceridemic activ- 
ities of these drugs, as well as their ability to 
modify lipoprotein patterns, are compared with 
results obtained for clofibrate. 

METHODS 

Analogs I-VIII were synthesized according to 
methods previously reported by Witiak and 
coworkers (2-5). These compounds were tested 
in a hyperlipemic rat model (11) in which the 
hyperlipemia was induced by ip injection of 
Triton WR-1339 (oxyethylated tertiaryoctyl- 
phenolformaldehyde polymer, Ruger Chemical 
Co., Philadelphia, Pa.). Male albino rats 
(Sprague-Dawley) were housed in groups of six 
and were fed Purina laboratory chow and water 
ad libitum for a 2 week stabilizing period. After 
this period the rats were redistributed by 
weight into four experimental groups of six rats 
each. Two experimental groups, weighing 
260-280 g per rat, were fasted for 24 hr and 
then injected ip with 225 mg Triton per 
kilogram dissolved in 0.15 M NaC1 to give a 
concentration of 62.5 mg/ml. The two control 
groups of comparable weight received 2 ml only 
of the vehicle (0.25% aqueous methyl cellu- 
lose), whereas the remaining groups received 
test compounds in vehicle. Compounds were 
dispersed in the vehicle at concentrations of 2 
mg/ml, providing a total screening dose of 0.30 
mg/kg for 270 g rats in 4 ml. Each rat received 
2 ml doses by gastric intubation,  the first 
immediately after the Triton injection and the 
second 20 hr later. Fasting was continued 
during the post-Triton period. 

At 43 hr after Triton administration the rats 
were anesthetized with ethyl ether; blood was 
drawn from the abdominal aorta and added to 
ethylenediaminetetraacetic acid (EDTA, 0.9 
mg/ml); and plasma was obtained after cen- 
trifugation at 500 x g for 10 rain. Plasma 
triglyceride was determined by the method of 
Eggstein (12); plasma cholesterol was analyzed 
by the method of Parekh and Jung (13). 

Lipoproteins were separated electrophoretically 
by the method of Noble (14) with Pfizer 
prepared agarose gels. The staining was carried 
out for 4 min with micellar Fat Red 7B. The 
agarose gels were washed in chloroform-metha- 
nol 2:1 v/v for 20 sec. The percentages of Fat 
Red 7B dye uptake into lipoproteins were 
determined by densitometric scanning and inte- 
gration of the lipoprotein pattern. Significant 
differences in plasma cholesterol and triglycer- 
ide concentrations between drug-treated and 
control groups were determined by student t 
tests on logarithms of individual data to allow 
the pooling of variances. To test for significance 
among lipoprotein patterns a student t test was 
performed on the arc sine ~ in which xi 
represents the original percentage of dye up- 
take. 

RESULTS 

The effects of clofibrate (I) and its analogs 
on plasma cholesterol concentrations were 
tested in control male Sprague-Dawley Purina 
chow-fed and Triton-induced hyperlipemic rats. 
In Triton-hyperlipemic animals (Table I) clofib- 
rate (I) and all the analogs, with the exception 
of two deschloro compounds VI and VIII and 
desmethyl analog III, significantly reduced plas- 
ma cholesterol levels by 30-74% of those of 
hyperlipemic controls (group III). The one 
poorly controlled factor in these observations 
was the variability in the Triton hypercholes- 
terolemia. In order to define and evaluate the 
effectiveness of these drugs in lowering choles- 
terol levels in hyperlipemic animals, groups I 
and IV were tested for significant differences. 
When analyzed in this manner, only the cyclic 
chloro analogs V and VII compared favorably 
with clofibrate (I), i.e., there was no statisti- 
cally significant difference between the plasma 
cholesterol concentrations in drug-treated Tri- 
ton hyperlipemic and control rats. While the 
desmethyl analog III lowered cholesterol levels 
significantly in normocholesterolemic rats 
(compare groups I and II), the apparent low- 
ering of serum cholesterol levels in hyperlip- 
emic rats was not  significant. The only other 
analog having hypocholesterolemic activity in 
normocholesterolemic Sprague-Dawley rats was 
ethyl 5-chloro-2,3-dihy drobenzofuran-2-carbox- 
ylate (V). 

The effects of clofibrate (I) and its analogs 
on plasma triglyceride concentrations also were 
examined in Purina chow-fed and Triton- 
induced hyperlipemic rats (Table II). In Triton- 
induced hyperlipemic rats significant reductions 
in the plasma triglyceride concentrations (rang- 
ing from 32 to 96% of hyperlipemic controls; 
group IID were demonstrated with clofibrate 
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TABLE I 

Effect  of Clofibrate and Its Analogs on Plasma Cholesterol  Levels in Male Sprague-Dawley Rats 

Control  Drug-treated Tri ton hyper- Drug-treated Tri ton 
Compound  group (I) control  (II) lipemic (III) hyperl ipemic (IV) 

Clofibrate (I) 60.6 -+ 7,2 (5) a 62.4 • 8.5 267 • 85 59.3 • 12 b 
Ethyl  D,L-2-(4-chloro- 

phenoxy)prop iona te  (III) 72.7 • 12 56.5 • I1 .4  d 152 • 37 120 • 58 
Ethyl  1,4-benzodioxane-2- 

carboxylate  (IV) 83.1 + 18 74.0 • 21.0 347 • 70 124 • 42 b,d 
Ethyl  5-chloro-2, 3-dihy dro- 

benzofuran-2-car boxyla te  
(V) 97 ,8 •  10,8 5 5 . 0 •  c 1 7 7 •  63 93,0-+19 b 

Ethyl  2, 3-dihydroben zo- 
furan-2-carboxylate (VI) 54.2 • 7.5 59,2 • 6.7 142 • 25 142 • 32 d 

Ethyl  6-chlorochroman-2- 
carboxylate  (VII) 57.6 + 5.0 52,0 • 8.4 249 • 116 64.0 • 22 b 

Ethyl  chr oman-2-car boxyla te  
(VIII) 69,0-+ 17 7 1 . 0 •  19.9 3 5 4 •  45 325 + 66 d 

aMean • SD; six rats unless otherwise noted  by number in parentheses. 

bStatist ically significant P < 0.05; Triton hyperl ipemic vs. drug-treated Triton hyperl ipemic (comparison of 
group III  and IV). 

CStatistically significant P < 0.05; drug-treated control  vs. control  (comparison of groups I and 1V). 
dStatist ically significant P < 0,05; drug-treated Tri ton-hyperl ipemic vs. control  (comparisons of groups I and 

IV). 

and all analogs, excluding dihydrobenzofurans 
V and VI and the desmethyI analog Ill.  One 
potential  per turbat ion in these measurements 
is that in hyperl ipemic controls, plasma triglyc- 
eride varied from 92.9 to~ mg%. There was 
no significant plasma triglyceride lowering by 
either clofibrate (I) or its derivatives in nonhy- 
perlipidemic Purina chow-fed Sprague-Dawley 
rats, i.e., no significant lowering was observed 
in plasma triglyceride concentrations in group 

II when compared to group I. 
In contrast  to results obtained for hypocho- 

lesterolemic activity, when the efficacy of these 
compounds was assessed in terms of significant 
differences of the mean serum triglyceride level 
for groups I and IV, only c/ofibrate (I) and 
e t h y l  1,4-benzodioxane-2-carboxylate (IV) 
showed no significant difference. None of the 
other experimental  compounds were this effec- 
tive as hypotriglyceridemic agents. The next 

TABLE II 

Effect of Ctofibrate and Its Analogs on Plasma Triglyceride Levels in Male Sprague-Dawley Rats 

Control  Drug-treated Triton hyper- Drug-treated 
Compound  group (I) control  (II) lipemic (III) hyperl ipemic (IV) 

Clofibrate (I) 20.9 + 6.2 (5) a 30.5 • 8.2 774 • 329 27.6 • 15 b 
Ethyl  D.L-2-(4-chloro- 

phenoxy)propiona te  
(IIl) 11.2 • 4.9 51.4 • 32,3 92.8 • 34.6 64,0 • 45 c (5) 

Ethyl  1,4-benzodioxane- 
2 -carboxyla te ( IV)  28 .8+  13 35 .4 •  3.4 443 • 292 51.3 • 25 b 

Ethyl  5-chloro-2,3- 
dihydrobenzofuran-2- 
carboxyla te  (V) 56.4 • 29 34.3 • 8,7 162 • 121 109 • 59 c 

Ethyl  2, 3-dihydrobenzo- 
furau-2-carboxylate 
(VI) 31.2 • 19 22.1 • 6.6 127 + 50 128 • 88 c 

Ethyl  6-chlorochroman- 
2-carboxylate (Vll)  12.5 • 6.3 22.8 • 4.7 526 • 226 (5) 40.7 • 24b, c 

Ethyl  chroman-2- 
carboxylate  (VIII) 34,0 • 18 25.1 • 13.6 1,324 + 207 659 • 193 b,c 

aMean + SD; six rats unless otherwise noted  by number  in parentheses. 
bStat is t ical ly significant P < 0.05; Triton hyperl ipemic vs, drug-treated Tri ton hyperl ipemic (comparison of 

groups l l I  and IV). 

CStatistically significant P < 0,05; drug-treated hyperl ipemic vs, control  (comparison of  groups I and IV). 
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most effective hypotriglyceridemic agent was 
the 6-chlorochroman analog VII, which, unlike 
benzodioxane IV, also has good hypocholes- 
terolemic activity. 

The reduction in plasma lipid levels in 
hyperlipemic rats should be reflected in a 
change in the distribution of lipoproteins in rat 
plasma. This change is demonstrated by exam- 
ining representative electrophoretically derived 
hpoprotein patterns from plasma of hyper- 
lipemic and control rats treated with clofibrate. 
Three distinct bands are discernible in the 
experimental and control groups (Fig. 2). With 
Triton-induced hyperlipemia band A is signifi- 
cantly increased, whereas the relative percent- 
age of bands B and C are concomitantly 
reduced. Clofibrate treatment returns these 
tipoprotein patterns to the distributions found 
in controls. 

The effect of clofibrate and its analogs on 
Fat Red 7B dye uptake into electrophoretically 
separated lipoproteins is summarized in Table 
III. Each experimental group is composed of six 
rats unless otherwise specified in the table. 
Significant increases in band A, with concom- 
itant decreases in bands B and C, were observed 
in all hyperlipidemic rat plasmas after Triton 
administration. Thus the efficacy of hyper- 
hpemia-reducing compounds also may be 
assessed by determining whether the effect of 
the drug is sufficient to render the shift in 
plasma lipoprotein pattern back to normal. A 
particularly effective drug would be a com- 
pound that not  only returns the serum choles- 
terol and triglyceNde levels to normal, but also 
shows no significant difference between groups 
I and IV when bands A, B and C are measured 
by densitometric scan of lipoprotein fractions 
after Fat Red 7B dye uptake. 

Significant shifts of plasma lipoprotein dis- 
tribution back to the control pattern were 
particularly pronounced in clofibrate-treated 
animals. Whereas dihydrobenzofuran V admin- 
istration did affect a distribution of lipoprotein 
back to normal in terms of relative per cent of 
bands A, B and C, this compound is quantita- 
tively less effective than I as a hypotNglyceri- 
demic agent. All chlorinated analogs, more so 
than deschloro analogs, exhibited the ability to 
return the hpoprotein distribution patterns to- 
ward normal, but none were as efficacious as clo- 
fibrate. 

DI SC USSl ON 

In an overall comparison of the hypolipemic 
activity of these experimental compounds with 
clofibrate (I), it would appear that the 6-chloro- 
chroman ester VII compares most favorably. 
However none of the experimental drugs are as 

ORIGIN 
I 

I~ ORIGIN 

ORIGIN 

FIG. 2. Representative densitometric scans of Fat 
Red 7B dye uptake into lipoprotein fractions (bands 
A, B and C) in rat serum. Panel I = control rats; panel 
II = clofibrate-treated control; panel III = Triton- 
hyperlipemic rats; panel IV = clofibrate-treated Triton- 
induced hyperlipemic rats. 

effective as clofibrate (I), when assessed for 
their hypocholesterolemic and hypotriglycer- 
idemic activities as well as their ability to return 
plasma lipoprotein patterns in hyperlipemic rats 
back to normal. It is also of interest to note 
that the benzodioxane ester IV, which has no 
chloro substituent, is an effective hypotriglyc- 
endemic agent that has moderate hypocholes- 
terolemic activity. Based on data discussed in 
this report, we expect that insertion of chlorine 
atoms para to the ether oxygens in IV will 
enhance the biological activity in the benzodi- 
oxane series; such studies are presently under 
investigation in our laboratories. Whereas we 
previously observed deschloro clofibrate to 
have hypocholesterolemic activity in normo- 
cholesterolemic Swiss Webster rats (3), removal 
of the chloro groups or replacement with other 
functions generally affords less active or inac- 
tive analogs (3,15). 

From these studies it is clear that apparently 
minor molecular modification of the parent 
drug clofibrate (I) may result in major differ- 
ences in biological activity. For example, 
whereas the structurally constrained chloro-sub- 
stituted dihydrobenzofuran ester V is effective 
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T A B L E  II I  

D ens i t om e t r i c  Scan o f  Fat  Red  7B Dye  U p t a k e  in to  E l ec t ropho re t i ca l l y  S e p a r a t e d  
L i pop ro t e in  Frac t ions  f r o m  Plasma of  Con t ro l  (I), Drug-Trea t ed  Co n t ro l  (II) ,  
T r i ton  H y p e r l i p e m i c  ( I I I )  a nd  Drug -Trea t ed  Tr i ton  H y p e r l i p e m i c  (IV) Rats  

C o m p o u n d  

Per cen t  o f  to t a l  peak  area 
E x p e r i m e n t a l  

g roup  Band A Band B Band C 

Clof ibra te  (I)  I 21 -+ 7(5)  a 16 + 7(5)  63 + 4 (5)  
II  21 -+ 4 13 + 6 6 6 +  9 
I I I  92 -+ 4 2 + 1 6 +- 3 
IV  26+- 8 b 14-+ 4 b 60 + 11 b 

E thy l  D , L - 2 - ( 4 - c h l o r o p h e n o x y ) -  I 20 + 4 15 + 2 65 • 5 
p r o p i o n a t e  ( I I I )  II  21 -+ 5 18 + 8 61 • 11 

I I I  79 + 19 10 + 9 11 • 10 
IV 43 • 20 b,c 19 + 7 38-+ 16 b,c  

E thy l  1 ,4 -benzod ioxane-2-  I 26 + 6 29 + 5 45 • 4 
c a r b o x y l a t e  ( IV)  I I  22 -+ 5 18 + 5 60 + 6 

I I I  9 6 +  1 1 + 0 3 + 1 
IV  61 -+ 26 b,c 15 + 9b,  c 24  -2- 17 b,c 

E t h y l  5 -ch loro-2 ,3-d ihydro-  I 25 -+ 6 21 + 8 54 + 8 
b e n z o f u r a n - 2 - c a r b o x y l a t e  II  25 +- 2 15 + 4 65 • 10 
(V) I I I  89 + 9 8 +  10 3 + 4 

IV  27-+ 20 b 20 + 8 b 53 + 21 b 
E thy l  2 , 3 - d i h y d r o b e n z o -  I 22 + 5 22 + 3 56 + 5 

fu r an -2 -ca rboxy l a t e  I I  22 +- 12 24 -+ 6 54 + 9 
(VI)  I I I  96 + 8 2-+ 1 2 + 2 

IV 8 4 •  6b, c 9 + 6 b,c 7 +  3 b,c 
E t h y l  6 - ch lo roch roman-2 -  I 20 + 3 15 -+ 2 65 -+ 4 

c a r b o x y l a t e  (VI I )  I I  18 • 1 19 • 2 63 -+ 2 
I I I  95 + 2 2 +- 1 3.2_ 1 
IV  43-+ 13b, c 2 0 +  4b,  c 3 7 +  11 b,c 

E thy l  c h r o m a n - 2 - c a r b o x y l a t e  I 21 -+ 7 22 • 4 57 +- 5 
(VI I I )  II  18-2- 5 24+- 7 58-+ 5 

I l l  97 + 1 1 -+ 0 2 -+ 0 
IV 82-+ 14b, c 10+- 8b, c 8 •  7 b,c  

aMean  -+ SD; six rats  unless o the rwi se  n o t e d  by  n u m b e r  in pa ren theses .  

bSta t is t ica l ly  s ignif icant  P < 0 .05;  T r i t on  h y p e r l i p e m i c  vs. d rug - t r ea t ed  T r i t on  h y p e r l i p e m i c  ( c o m p a r i s o n  o f  
g roups  I I I  and  IV).  

CStatist ically s ignif icant  P < 0 .05 ;  d rug - t r ea t ed  T r i t on  h y p e r l i p e m i c  vs. co n t ro l  ( c o m p a r i s o n  o f  g roups  I a n d  
IV).  

as a hypocholesterolemic drug and returns the 
relative percentage of lipoproteins back to 
normal, it is essentially inactive as a hypotri- 
glyceridemic agent. On the other hand, the 
cyclic benzodioxane ester is more effective as a 
hypotriglyceridemic agent and has only moder- 
ate hypocholesterolemic activity. Insertion of a 
methylene group into the five-membered ring 
of dihydrobenzofuran V affords the confor- 
mationally less rigid 6-chlorochroman VII, 
which has both good hypocholesterolemic and 
hypotriglyceridemic activity. However this ana- 
logis  0nly moderately effective as a modifier of 
hyperlipemic lipoprotein patterns. 

I n  previousstudies it was shown that only 
the L(S)-ester of III had hypocholesterolemic 
activity in normocholesterolemic Swiss Webster 
rats (3); the D(R)-enantiomorph was biologi- 
cally inactive in such rats when this compound 
was administered for 12 days mixed with the 
diet in a concentration of 0.5%. Under these 
condit ions the L(S)-isomer was also a somewhat 

less potent hypocholesterolemic agent than 
clofibrate (I). In the present studies we also 
observed low hypocholesterolemic activity with 
D,L-III in normocholesterolemic rats; no activ- 
ity was observed in hyperlipemic rats. The rigid 
dihydrobenzofuran analog (V) of III also exhib- 
ited hypocholesterolemic activity in normal 
Sprague-Dawley rats. Whereas these results 
might be explained on the basis of different 
lipoprotein carriers in normal and hypolipemic 
rats (note band A, Fig. 2 has more than one 
component in hyperlpemic rats), we prefer not 
to speculate further at this time since clofibrate 
is inactive in normal rats under  the conditions 
of our experiment. 

It would seem that resolution of asymmetric 
cyclic analogs IV, V and VII is desirable; 
optically pure compounds having the appropri- 
ate absolute configuration, i.e., S, may exhibit 
super ior  hypolipemic activity. Additional 
studies with structurally modified analogs of 
IV, V and VII are indicated since clofibrate (I) 
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is effective mainly in the treatment of patients 
with hyperlipidemia Types III, IV and V 
(16,17). 

Whereas the Triton model may be predictive 
of hyperlipoproteinemia Types IV and V, it 
should be understood that Triton WR-1339 will 
modify chylomicrons and other lipoproteins, 
resulting in a reduced enzymatic hydrolysis 
catalyzed by lipoprotein lipase causing in- 
creased serum triglyceride levels, unlike the 
human situation in which the hyperlipemia 
does not result from this type of mechanism 
(18). Elevated cholesterol levels may be due in 
part to a modification of the low density 
lipoproteins, so that they do not influence nega- 
tive feedback inhibition in the biosynthesis of 
cholesterol (19). 

In addition to the potential clinical signifi- 
cance of these studies, results obtained in vivo 
may be analyzed, in light of results obtained in 
various studies in vitro, to increase our under- 
standing of the modes of action of clofibrate 
and related analogs. It is generally accepted that 
clofibrate (I) undergoes rapid hydrolysis in vivo 
(and in vitro) to the free acid II, which is 
presumed to be the active hypolipemic agent 
(3,6,10). Esters Ill-VIII also undergo rapid 
hydrolysis in vitro by rat serum esterases 
(6,20); all analogs including clofibrate are nearly 
completely hydrolyzed in ca. 5 min. Therefore 
the difference in hypolipemic activities between 
these esters cannot be attributed to differences 
in rates of hydrolysis to the active carboxylic 
acid. The pKa's for these hydrolysis products 
also are similar. For the carboxylic acids de- 
rived from I, III, IV, V and VII, the pKa's are 
4.46, 4.35, 4.23, 4.36 and 4.26, respectively 
(1). The log P (P = octanol-water partition 
coefficients) for the respective hydrolysis prod- 
ucts of I, III, IV, V, VII and VII1, experimen- 
tally determined at a pH 2 units below their 
respective pKa's, are 2.57, 2.31, 1.40, 2.11, 
2.40 and 1.90 (20). These values are in agree- 
ment with values calculated from the experi- 
mentally determined log P for phenoxyacetic 
acid (21) and may be used to predict distribu- 
tion of drugs via a random walk process to sites 
of action (22). While the two most active 
hypotriglyceridemic and hypocholesterolemic 
drugs (I and VII) also have the largest log P 
values for their corresponding acids, the relative 
activity of other analogs show no apparent 
relationship to partition coefficients. Because 
of the similar pKa's and lack of correlation with 
log P values observed for these compounds, it 
seems to us that differences in activity observed 
in vivo are not  due to major differences in 
absorption' and distribution, but rather to struc- 
tural differences that either enhance or decrease 

the affinity of the molecule for certain enzymes 
at sites of action or loss. Sites of loss for these 
drugs remain to be assessed; qualitative differ- 
ences in metabolism may account, in part, for 
differences in hypolipemic activity. 

Further evidence, suggesting that the corre- 
sponding carboxylic acid analogs of these esters 
are transported in vitro by binding to plasma 
proteins, is obtained by regression analysis of 
Scatchard plots of data obtained from ultra- 
filtration studies (1). The free acids of all 
analogs, excluding the hydrolysis product of 
deschloro-2,3-dihydrobenzofuran VI, bind to 
rat serum albumin (fraction V) at site K 1 with 
an association constant 1.8-5.1 x 104 and to 
site K 2 with an association constant of 1.5 x 
t02 . The hydrolysis product of the inactive 
ester VI binds to only one site (K = 3.4 x 103). 
Unpublished data obtained in our laboratories 
do show that the free acids of analogs I-VIII are 
bound to the thyroxine-binding site on rat 
serum albumin. While these data will be dis- 
cussed in some length in a future publication, 
we wish to point out at this time that our 
findings seem rather significant in the light of 
one interesting theory proposed concerning the 
mode of action of clofibrate (3,6,23) invoking 
displacement of endogenous L-thyroxine, 
which is surmised to be the active hypolipemic 
agent, from its preferential binding site on rat 
albumin (24). In other species, thyroxine is 
preferentially bound to other plasma proteins. 
Since no parallelism exists between protein- 
binding parameters and hypolipemic activity, it 
seems unwarranted to us to use such analyses in 
vitro in an attempt to predict hypolipemic 
activity in vivo (23). Drug-binding to serum 
albumin is probably important  for drug trans- 
port, but differences in metabolism or affinity 
for lipid enzyme systems (25,26) probably 
accounts for quantitative and qualitative differ- 
ences in hypolipemic and other actions in vivo. 
These conclusions are in agreement with our 
earlier observations (6), as well as with those of 
Chang et al. (24) and Musa et al. (27), who 
were unable to demonstrate any interference by 
clofibrate with binding of thyroxine to thyrox- 
ine-binding globulin, which is the primary 
carrier of thyroxine in humans. Recent studies 
by McKerron et al. (28) and Barbosa and Oliner 
(29) also fail to reveal any significant effects on 
free thyroxine levels in man. 

Clofibrate administration is associated with 
depressed incorporation of 14C-pyruvate or 
14C-acetate into cholesterol or mevalonate by 
liver slices, and the observations by White 
indicate that this drug regulates hepatic choles- 
terol biosynthesis by inhibiting microsomal re- 
duction of HMG-CoA to mevalonate (25). Inhib- 
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itory effects in vitro on the incorporation of 
mevalonate-2  -14C into nonsaponifiable material 
in rat liver homogenate, with the corresponding 
carboxylic acids of a selected number of our 
analogs (4,5), are also in agreement with hypo- 
choles te ro lemic  proper t ies  observed for  the 
esters in vivo. Esters I, V and VII re tu rn  serum 
choles terol  levels in hyper l ipemic  rats back to  
normal  in vivo; the co r r e spond ing  carboxyl ic  
acids are equal ly effect ive inhibi tors  of  choles-  
terol  b iosynthes i s  in vitro.  Ester  IV is moder -  
ately active and ester  VIII is inactive as a 
hypocho le s t e ro l emic  agent  in vivo; the i r  respec- 
tive carboxyl ic  acids are less p o t e n t  b iosyn-  
thet ic  b lockers  in vitro.  Whereas b locking 
HMG-CoA reductase  in vivo seems to  be a 
major  mode  of  act ion o f  c lof ibrate ,  our  studies 
in vi tro indicate  tha t  s t ructura l  r equ i remen t s  
for  b locking mevalonic  acid i nco rpo ra t i on  in to  
choles terol  may be similar, i .e.,  results ob ta ined  
by us in vitro may be indicative of  hypocho les -  
te ro lemic  activity in vivo. On the o the r  hand,  
there  is no  apparen t  re la t ionship  be tween  the 
effect  of  these esters as hypo t r ig lyce r idemic  
agents in vivo and the abili ty of  the corre- 
s p o n d i n g  hydrolys is  p roduc t s  to  inhibi t  
no rep inephr ine - induced  l ipolysis in vi tro (4,5). 
This may  be a result  o f  the large variance in 
triglyceride levels be tween  groups of hyper-  
l ipemic rats or an ind ica t ion  tha t  these  com-  
pounds  do n o t  exer t  their  hypo t r ig lyce r idemic  
ef fec t  by blocking lipolysis.  Fu r the r  work  is 
necessary before  any conclus ions  can be drawn.  
The findings of  Maragoudakis  (26),  showing 
tha t  c lof ibrate  inhibi ts  ace ty l -CoA carboxylase ,  
and the findings of  Fal lon and coworkers  (30), 
showing that  c lof ibrate  decreases liver synthesis  
of sn-glycerol-3-P, may  in par t  accoun t  for  the 
hypot r ig lycer idemic  act ivi ty of  this  drug. It also 
has been suggested tha t  c lof ibrate  alters the 
release of l ipopro te ins  by liver (31).  It seems to 
us tha t  c lof ibrate  p robab ly  exer ts  its hypo-  
l ipemic effect  by mult iple  modes  of  ac t ion and 
that  apparent ly  small changes in s t ruc ture  cause 
large changes in aff ini ty for  l ipid-regulating 
enzymes .  
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Effect of Diet on Triglyceride Structure and Composition 
of Egg Yolk Lipids 
J.R. COUCH and A.E. SALOMA, Texan A&M University, 
Department of Poultry Science, College Station, Texas 77843 

ABSTRACT 

Hens were fed a practical diet supple- 
mented and unsupplemented with 5% 
menhaden oil and a synthetic fat-free diet 
for a period of 90 days. Egg yolks from 
hens fed each of the three diets were 
analyzed for fatty acid composition and 
positional distribution of the fatty acids 
by successive chromatographic tech- 
niques. The triglycerides were resolved 
into fractions containing, 0, 1, 2 and 3+ 
double bonds per molecule. Each of these 
types was quantitated and analyzed for 
fatty acid distribution. The positional 
distribution was determined with the aid 
of pancreatic lipase hydrolysis. The feed- 
ing of the practical diet supplemented 
with 5% menhaden oil produced an in- 
crease in the 14:0 acid in the intact 
t r i g l y c e r i d e s ,  2-monoglycerides and 
1,3-diglycerides with the majority of this 
acid being bound in the 1,3 positions. In 
the monounsaturated triglycerides the 
16:0 acid was linked predominantly at 
the 1,3 positions. The feeding of the 
fat-free diet produced a decrease in the 
16:1 acid content of the egg yolk lipids in 
the monounsaturated series, in the intact 
triglycerides, the 2-monoglycerides and 
the 1,3-diglycerides. The 18:0 acid was 
linked more often at the 1,3 positions 
than at the 2 position, and was not  
affected by the diet consumed by the 
hens. Hens fed the fat-free diet produced 
more monounsaturated and diunsaturated 
triglycerides than those fed the other 
diets. Linoleic acid exhibited the greatest 
degree of preference for the 2 position, 
which was followed in turn by oleic acid. 
All other major acyl components were 
found to be preferentially esterified at 
the 1,3 positions. The difference observed 
in the fatty acid composition of egg yolk 
neutral and polar lipids was attributable 
to the fatty acid content  of the diet. In 
the case of the oleic and linoleic acids, 
there was less variation in the saturated 
fatty acid content,  which could be traced 
to the type of diet fed. 

INTRODUCTION 

The quantity of phospholipids, neutral fat, 

total lipids and cholesterol in egg yolk fat 
cannot be influenced by the type or quantity of 
fat in the diet of the hen (1-4). The fatty acid 
content of neutral fat and phospholipids can be 
influenced significantly by the fatty acid com- 
position of the fat in the diet of the hen 
(1,3,5-11). The laying hen is incapable of 
synthesizing polyunsaturated fatty acids from 
nonfat  precursors and is especially incapable of 
synthesizing linoleic acid (2,12). It has been 
shown that in vivo synthesis of linoleic acid 
may occur when a suitable precursor such as 
cis-2-octenoic acid is supplied in the diet 
through a pathway involving five elongations 
and a single desaturation step (13,14). Dietary 
linoleic and linolenic acids have been reported 
to be precursors of arachidonic (20:4), doco- 
sapentaenoic (22:5), eicosapentaenoic (20:5) 
and docosahexaenoic (22:6) acids, respectively 
(15). It has been shown that laying hens can 
synthesize eicosatrienoic (20:3) acid (2,16), 
probably through a desaturation and elongation 
of endogenous stearic acid (18:0) as has been 
suggested in the case of fat-deficient rats (17). 
It has been reported that, when hens were fed a 
practical diet with and without trielaidin, the 
saturated fatty acid occupied positions 1 and 3 
preferentially in egg yolk triglycerides, whereas 
linoleic acid was found almost exclusively 
confined to the 2 position (18). Oleic acid was 
found to be abundant  in all positions but 
perferentially distributed at the 2 position of 
the triglyceride molecule. In contrast, elaidic 
acid was found to be readily incorporated in 
the yolk triglycerides preferentially at the 1 and 
2 positions. In another study on egg triglycer- 
ides (19) it was reported that ca. 66% of the 
yolk fat from hens fed a practical diet (PD) was 
triglycerides, which were found to contain 39% 
triunsaturated (UUU), 31% monosaturated, di- 
unsaturated (SUU), 28% disaturated, monoun- 
saturated (SSU) and 2% trisaturated fatty acids. 

The purpose of the study reported herein 
was to investigate the positional distribution of 
chicken yolk triglycerides from hens fed a 
fat-free diet (FFD) and a PD, the latter supple- 
mented with 5% menhaden oil (MO). 

EXPERI MENTAL PROCEDURES 

Thirty inbred hybrid pullets, 22 weeks of 
age, were selected and distributed at random 
into three groups of ten birds each in individual 
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TABLE I 

Fatty Acid Composition of Lipids in Experimental Diets 
and of Menhaden Oil (wt %)a 

Component PD PD + 5% MO FFD MO 

% Ether extract 3.3 7.4 0.25 +b 

14:0 2.8 6.1 2.9 11.8 
16:0 1"/.7 24.7 22.3 26.4 
16:1 3.3 9.8 4.6 13.4 
18:0 5.6 4.4 9.8 4.0 
18:1 21.2 1'7.2 30.1 12.3 
18:2 39.8 16.9 26.'7 2.1 
18:3 4.9 2.4 2.0 2.4 
20:5 -- 8.0 -- 12.0 
21:0 -- 1.8 -- 2.5 
22:1 2.7 0.7 -- 1.1 
22:5 -- 1.5 -- 2.0 
22:6 -- 2.9 -- 4.4 
24:1 -- 0.6 --- 1.2 

aAbbreviations: PD, practical diet; MO, menhaden oil; FFD, fat-free diet. 
b+, not determined. 

wire cages. The first group was fed a diet 
composed of 21.46% ground yellow corn, 
42.93% ground sorghum grain, 20.86%, soy- 
bean oil meal (44% protein), 2% menhaden fish 
meal, 3% dehydrated alfalfa meal, 6% oyster 
shell flour, 2.5% defluorinated rock phosphate, 
0.25% sodium chloride and l% of a vitamin 
trace mineral premix. The latter supplied the 
following per kilogram of diet: 8800 IU vitamin 
A, 2200 ICU vitamin D3, 4.4 mg riboflavin, 11 
mg d-calcium pantothenate, 27.5 mg niacin, 
0.013 mg vitamin BI2 , 5.5 IU vitamin E, 2.2 
mg menadione sodium bisulfite, 126 mg eht- 
oxyquin, 22 mg bacitracin, 62.5 mg ZnO, 138 
mg MnSO4, 660 mg choline chloride and 50 mg 
3-nitro-4-hydroxyphenylarsonic acid. The sec- 
ond group was fed the same diet supplied with 
5% menhaden fish oil with the protein adjusted 
isonitrogenously. The third group was fed a 
FFD composed of the following: 65.75% glu- 
cose monohydrate,  18.88% isolated soybean 
protein, 6.00% oyster shell flour, 2.50% defluo- 
rinated rock phosphate, 0.25% salt, 1.12% 
wood pulp and 5.50% vitamin and mineral mix. 
The vitamin and mineral premix supplied the 
following per kilogram of diet: 10 mg thiamin, 
10 mg riboflavin, 20 mg d-calcium panto- 
thenate, 8 mg pyridoxine hydrochloride, 20 mg 
p-aminobenzoic acid, 500 mg inositol, 200 #g 
biotin, 75 mg niacin, 4 mg folic acid, 10,000 IU 
vitamin A, 4000 ICU vitamin D3, 20 mg 
d-a-tocopherol acetate, 1500 mg choline chlo- 
ride, 2.2 mg menadione sodium bisulfite, 0.020 
mg vitamin B12 , 7.5 g methionine, 3.5 g 
glycine, 22 mg bacitracin, 126 mg ethoxyquin,  
370 mg MnSO4, 5.27 g MgSO4, 150 mg FeSO4, 
11 mg CuSOa, 104 mg ZnC12,7 mg KI, 1.6 mg 

COC12, 7.6 g KC1 and 0.76 mg Na2MoO 4. The 
birds were fed the diets indicated for a period 
of 90 days, at which time the representative 
sample of eggs were collected from each group 
for analysis. 

Biochemical Procedures 

The lipid material was extracted from the 
egg yolk samples by the procedure of Folch et 
al. (20) and fractionated by the silicic acid 
slurry method of Murty et al. (12). Yolk 
triglycerides were isolated from the neutral 
lipid fractionation by preparative thin layer 
chromatography according to the method de- 
scribed by Privett et al. (21). Yolk triglycerides 
were separated on the basis of the number of 
ethylenic linkages per triglyceride molecule 
according to the argentation procedures of Culp 
et al. (22) and Blank et al. (23). Fractionated 
egg yolk triglycerides were subjected to pan- 
creatic lipase hydrolysis according to the meth- 
od of Luddy et al. (24) for triglycerides 
containing one or more double bonds, and to 
the procedure of Barford et al. (25) for 
triglycerides containing only saturated compo- 
nents. The fatty acid moieties from the 2- 
monoglycerides that resulted from the enzymic 
lipolysis of triglycerides were analyzed by gas 
liquid chromatography. These data, in conjunc- 
tion with the fatty acid composit ion of intact 
triglycerides, made it possible to estimate the 
fatty acid composition at the 1 and 3 positions 
according to the calculations of Vander Wal 
(26) and Coleman (27). 

The fatty acid compositions of the yolk 
total and fractionated triglycerides, polar lipids 
and 2-monoglycerides from the enzymic hy- 
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drolysis of  triglycerides,  PD, menhaden  oil and 
F F D  were de termined  by gas l iquid  chromatog-  
raphy. Methyl  esters of  the fa t ty  acid moiet ies  
were prepared according to the m e t h o d  of 
Fe ldman et al. (28)  and analyzed as out l ined by 
Saloma et al. (11). The to ta l  fat con ten t  of  the 
PD, the PD + 5% MO and the F F D  was 
de termined  according to the m e t h o d  out l ined 
by the Associat ion of  Official Agricultural  
Chemists  (29). 

Data obta ined f rom this s tudy were statisti- 
cally analyzed by the procedures  of  Snedecor  
(30). Significantly di f ferent  means were sepa- 
rated through the use of  Duncan 's  Multiple 
Range Test  (3 I). 

RESULTS AND DISCUSSION 

The lipid con ten t  of  the PD, PD + 5% MO 
and the F F D  was 3.3, 7.4 and 0.25%, respec- 
t ively (Table I). Linoleic acid was found to be 
present  in the highest percentage in the PD. The 
second diet, PD + 5% MO, conta ined  approxi-  
mate ly  the same quant i ty  of  l inoleic acid when 
the fat con ten t  of  the diet was taken in to  
a c c o u n t  A negligible a m o u n t  of  l inoleic acid 
was found in the F F D ,  considering that  the 
total  fat con ten t  was only 0.25%. The men- 
haden oil con ta ined  appreciable quant i t ies  of 
the po lyunsa tura ted  fa t ty  acids (PUFA) that 
are normal ly  found  in fish fat:  e icosapentanoic ,  
docosapentanoic  and docosahexanoic .  

Distribution of Egg Yolk Triglyceride Types 

There was l i t t le ef fec t  f rom adding 5% 
menhaden  oil to the PD on the dis t r ibut ion of 
egg yo lk  tr iglyceride types (Table II). A decided 
difference existed in egg yolk  tr iglyceride types 
f rom hens fed the F F D ,  especially in those 
trigiycerides conta in ing 2 and 3+ double  bonds.  

Fatty Acid Composition of Egg Yolk 
Triglycerides 

The fa t ty  acid con ten t  of the egg yolk  
triglycerides shown in Table III is given for the 
major  fa t ty  acid componen t s  found in the 
triglycerides. It  should be po in ted  out  that  all 
of the o ther  fa t ty  acids were de termined  by gas 
l iquid chromatography ,  as i l lustrated in Table I. 
Traces and quant i t ies  of  1% or less were 
e l iminated in order  to save tabular  space. 

The fat ty  acid compos i t ion  of  egg yolk  
tr iglycerides was al tered by the diet that  the 
hens received (Table III). Differences in dietary 
t rea tments  did no t  alter the p ropor t ion  of  
saturated fa t ty  acids in yo lk  tr iglycerides signif- 
icantly,  wi th  the excep t ion  of  the 18:0 acid in 
the egg yo lk  tr iglycerides f rom hens fed the 
FFD.  The fa t ty  acid compos i t ions  of  the yo lk  
tr iglycerides f rom hens fed the PD and PD + 5% 

TABLE 11 

Effect o f  Diet on  Distr ibution of  Egg Yolk Triglyceride 
Types in Chickens (wt %)a 

Dietary treatment  c 

Double bond 
no. b PD PD + 5% MO FFD 

0 d 1.5 * e  1 .9"  1.0 e 
1 7.7 e 10.1 *e 15.3" 
2 40.1 e 40.9 e 61.9" 
3(+) 50.7* 47.1" 21.8 e 

aMean o f  duplicate samples. 
bRefers to number of double bonds per triglyc- 

eride molecule. Fractions resolved by Ag + thin layer 
chromatography. 

CFor abbreviations see Table 1. 
dwi th in  each triglyceride fract ion,  means bearing 

different superscripts are significantly different (P < 
.o5). 

MO were found  to be similar, a l though the 
value for  the 18:1 acid was lower  and that  of 
the 18:2 acid slightly higher  in the egg yolk 
triglycerides f rom hens fed PD + 5% MO. The 
18:2 acid con ten t  of  the egg yolk  triglycefides 
f rom hens fed the F F D  was decreased signifi- 
cantly to a value of  less than 1%. These data are 
in agreement  with earlier published reports,  in 
that  the fat ty  acid con ten t  of  egg yo lk  triglycer- 
ides can be significantly altered by the fat 
con ten t  and the type of  fat fed the laying hens 
(1,3,5-1 1). A t t en t ion  is also directed to  the fact 
that  the egg yolk  triglycerides f rom hens fed 
F F D  were almost  devoid of  po lyunsa tura ted  
fat ty  acids but  conta ined  the highest percentage 
of  the 18:1 acid. F r o m  these data  it  may  be 
stated that  with the excep t ion  o f  the polyunsat-  

TABLE III 

Effect o f  Diet  on  Fatty  Ac id  C o m p o s i t i o n  o f  Chicken 
Egg Yolk Triglycerides (vet %)a 

Dietary treatment  c 

Component b PD PD + 5% MO FFD 

16:0 d 24.3 25.2 24.4 
16:1 4.6 6.4 4.8 
18:0  5.3 e 6.6 *e 9.1" 
18:1 53.4 *e 45.6 e 59.5* 
18:2  10.7" 12.2" 0.8  e 

% SFA e 30.5 33.7 34.0 
% MUFA 58.0 52.0 64.3 
% PUFA 11.2 14.1 1.4 

aMean o f  duplicate  samples .  
bChain length; number of double bonds.  
CFor abbreviat ions  see Table I. 
dwi th in  each c o m p o n e n t ,  means  bearing different 

superscripts are s ignif icantly different (P < .05). 
es, saturated; MU, monounsaturated; PU, poly- 

unsaturated; FA, t w o  fa t ty  acids. 
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urated fatty acids, and more specifically, 18:2, 
the synthesis of yolk triglycerides may proceed 
normally, even under conditions of negligible 
fat intake by the hen. 

Trisaturated Triglyeerides 

The addition of 5% menhaden oil to the PD 
produced an increase in the 14:0 content of the 
trisaturated triglycerides in egg yolk lipids of 
the intact triglycerides, the 2-monoglycerides 
and the 1 plus 3-glycerides (Table IV). The 
14:0 acid content  of egg yolk lipids from hens 
fed the FFD was decreased in the intact 
triglycerides. Apparently the majority of the 
14:0 acid was concentrated in the 2-monoglyc- 
eride fraction, since there was only 0.9% of this 
acid in the 1 plus 3 position of egg yolk lipids 
from hens fed the FFD. Diet had little effect on 
the 16:0 content  of egg yolk lipids in the intact 
triglycerides, 2-monoglycerides and 1 plus 3- 
diglycerides, with the possible exception of the 
PD + 5% MO fed birds. There was a tendency 
for the 18:0 acid to occupy the 2-monoglycer- 
ide position in the intact 2-monoglycerides, 
irrespective of diet fed in the saturated triglyc- 
erides. 

Monounsaturated Triglycerides 

The major components found in the mono- 
unsaturated triglycerides are the 16:0, 18:0 and 
18:1 acids (Table IV). Palmitic and stearic acids 
appeared in virtually equimolar proportions at 
the secondary alcoholic position. The 16:0 acid 
was more abundant  than the 18:0 at the 1 plus 
3 positions, whereas the 18:1 acid was preferen- 
tially acetylated at the 2 position. 

There was an increase in the 14:0 acid in the 
monosaturated triglycerides when the hens 
were fed PD + 5% MO in the intact triglycer- 
ides, 2-monoglycerides and 1 plus 3-diglycer- 
ides, with the majority of the 14:0 being bound 
in the 1 plus 3 positions. In the monounsatu- 
rated triglycerides, there was a tendency for the 
16:0 acid to be linked to the 1 plus 3-diglycer- 
ides more than at the 2 position. In the 
monounsaturated trigiycerides, there was a 
tendency for the 16:0 acid to be linked to tile 1 
plus 3-diglycerides more than at the 2 position. 
The feeding of the FFD produced the lowest 
content  of the 16:0 at the 2 position. The 
feeding of the FFD to the hen produced a 
decrease of the 16:1 acid in the monosaturated 
series in the intact triglycerides, the 2-mono- 
glycerides and the 1 plus 3-diglycerides. The 
18:0 acid tended to be linked to the 1 plus 3 
positions more than to the 2 position in the 
monounsaturated triglycerides, with little effect 
traceable to the diet consumed by the hens. 
The feeding of the FFD to the hens produced 

an increase in the 18:1 acid in the intact 
triglycerides of the monosaturated series, with 
this acid showing the highest affinity for the 2 
position. There was a predominance of the 18:1 
acid to occupy the 2-monoglyceride position in 
constrast to the 1 plus 3 positions, irrespective 
of the diet in the monounsaturated triglyceride 
series. 
Diunsaturated Triglycerides 

It is very apparent that the 16:0 acid had a 
low affinity for the 2 position in the diunsatu- 
rated triglyceride series of the egg yolk lipids 
(Table IV). There was little effect from diet on 
the 16:0 content  of the intact triglycerides, 
2-monoglycerides and 1 plus 3-diglycerides in 
this triglyceride series. The feeding of the PD + 
5% MO increased the 16:1 acid content  of 
intact triglycerides in the diunsaturated triglyc- 
eride series that was apparent in the 2-mono- 
glycerides and 1 plus 3-diglycerides. The feed- 
ing of the PD + 5% MO and the FFD produced 
egg yolk lipids with an increased level of 18:0 
in the intact triglycerides, 2-monoglycerides 
and 1 plus 3-diglycerides of the diunsaturated 
series. The feeding of the PD + 5% MO 
produced a decrease in the 18:1 acid content  of 
the intact triglycerides, whereas the FFD pro- 
duced an increase in the 18:1 acid content of 
the intact triglycerides of the diunsaturated 
series. There was a decided affinity in the egg 
yolk lipids from hens fed the PD + 5% MO and 
the FFD for the 18:1 acid to occupy the 2 
position. Apparently there is some character- 
istic in the menhaden oil that causes the 18:1 
acid to be linked at the 2 position in this series. 
It is understandable that the 18:1 acid would 
be increased in the 2 position of egg yolk lipids 
from hens fed the FFD, since there is little or 
no 18:2 acid to compete for this position in the 
diunsaturated triglycerides. It may be noted 
further that there was a decrease in the 18:1 
acid in the 1 plus 3-diglycerides of the diunsatu- 
rated series. The feeding of the PD or PD + 5% 
MO produced an increase in the 18:2 acid 
content of the egg yolk lipids, with the major- 
ity of the 18:2 acid located at the 2 position in 
the diunsaturated triglycerides. Only a trace of 
the 18:2 acid was found in egg yolk lipids from 
hens fed the FFD. 

Triglycerides Containing Three or More Double 
Bonds 

In the egg yolk lipid triglycerides containing 
3+ double bonds, the feeding of PD + 5% MO 
produced an increase in the 16:0 acid in the 
intact triglycerides, the 2-monoglycerides and 
the 1 plus 3-diglycerides (Table IV). The 16:0 
acid appeared to occupy the 1 plus 3 positions 
to a greater extent than the 2 position. There 
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TABLE V TABLE VI 

Calculated Composition of Egg Yolk Triglycerides 
from Hens Fed Various Diets a 

Diet, % w]w c 

Triglyceride 
species b PD PD + 5% MO FFD 

SSS 1.5 1.9 1.0 
SSM 2.7 3.2 4.6 
SMS 5.0 6.9 10.7 
SMM 29.9 33.2 '7.2 
MSM 2.5 2.3 54.7 
SDS 7.7 5.4 --  

Others 50.7 47.1 21.8 

aCalculated according to Blank et al. (23). 
bs, M and D indicate saturated, monoenoic and 

dienoic acids, respectively. 
CFor abbreviations see Table IV. 

was l i t t le  e f fec t  of  diet  on  the  pos i t i on  of  the  
16:1 and  18 :0  acids in  the  t f ig lycer ides  con ta in -  
ing 3-1- doub le  bonds .  The  mos t  d r ama t i c  
changes  t raceable  to diet  was f o u n d  in the  18:1 
and  18:2 acid c o n t e n t  of the  egg yo lk  t r iglycer-  
ides c o n t a i n i n g  3+ d o u b l e  bonds .  There  was a 
very  s igni f icant  increase  in the  18:1 acid egg 
yo lk  t r ig lycer ides  c o n t a i n i n g  3+ doub le  b o n d s  
w h e n  the  hens  were fed  a F F D .  This  increase  
pers is ted  in the  loca t ion  of  the  f a t t y  acids at  
the  1 plus 3 pos i t ion  bu t  was greates t  a t  the  2 
pos i t ion .  When the laying hen  is p rov ided  wi th  
l inoleic  acid, th i s  acid occupies  the  2 pos i t ion  
to a p r e d o m i n a n t  e x t e n t  in  egg yo lk  t r iglycer-  
ides c o n t a i n i n g  3+ d o u b l e  bonds ,  and  occupies  
the  1 plus 3 pos i t ions  to  a m u c h  lesser  e x t e n t .  
When a F F D  is fed, the  l inoleic  acid c o n t e n t  of 
egg yo lk  t r iglycer ides  c o n t a i n i n g  3+ doub le  
bonds  is qui te  low, w i t h  the  ma jo r i t y  of  the  
18:2 acid chains  o c c u p y i n g  the  2 pos i t ion .  The  
18:3 acid was decreased  in egg yo lk  tr iglycer-  
ides f rom hens  fed the  F F D  and appea red  to 
have s o m e w h a t  more  o f  an  a f f in i ty  for  the  2 
pos i t ion  t han  for  the  1 plus 3 pos i t ions .  When 
the  lay ing  hen  is n o t  p rov ided  w i th  the  18:2  
acid, as in  the  case of  those  fed the  F F D ,  the  
18:1 acid p r e d o m i n a t e s  at  t he  2 pos i t i on  in egg 
yo lk  t r ig lycer ides  c o n t a i n i n g  3+ d o u b l e  bonds .  

F r o m  the  above i t  can be s ta ted  t h a t  d ie t  has 
l i t t le  e f fec t  on  the  f a t ty  acid c o m p o s i t i o n  of  
t r i s a tu ra t ed  t r iglycer ides .  The  p r i m a r y  e f fec t  of 
diet  may  be n o t e d  in the  m o n o u n s a t u r a t e d  
t r iglycerides  and  especial ly  in the  d i u n s a t u r a t e d  
tr iglycerides.  In  the  m o n o u n s a t u r a t e d  tf iglycer-  
ides the re  is a t e n d e n c y  for  the  I8 :1  c o n t e n t  to  
increase  when  m e n h a d e n  oil is i n c l u d e d  in the  
diet  at the  5% level and  w h e n  the  F F D  is fed. 
The  p r imary  fa t ty  acids a t t a c h e d  at the  2 
pos i t ion  are 18:1 and  18:2  in the  d i u n s a t u r a t e d  
t r iglycer ides .  The  18:1 c o n t e n t  is increased  in 

Effect of Diet on Fatty Acid Composition of 
Chicken Egg York Polar Lipids (vet %)a 

Dietary treatment c 

Component b PD PD + 5% MO FFD 

16:0 d 25.0 e 28.1" 25.2 e 
1 6 : 1  2 .1  �9 3 . 3 *  2 . 7  * e  
18:0 16.5 13.9 15.4 
18:1 27.2 e 24.6 e 42.2* 
1 8 : 2  1 5 . 0 *  1 1 . 6  �9 2 . 9  m 
20:4 8.0* 2.9 m 4.0 $ 
20:5 - -  1.8 --  
22:5 --  1.4 --  
22:6 2.9 �9 11.8" 1.4 �9 

% SFA e 43.0 42.7 42.9 
% MUFA 30.7 e 27.9 e 45.5* 
% PUFA 26.3* 29.4* 11.6 e 

aMean of duplicate samples. 
bChain length: number of double bonds. 
CFor abbreviations see Table IV. 
dwithin each component, means bearing different 

superscripts are significantly different (P < .05). 
es, saturated; MU, monounsaturated; PU, poly- 

unsaturated; FA, fatty acids. 

egg yo lk  lipids f r o m  hens  fed  a diet  c o n t a i n i n g  
5% m e n h a d e n  oil or  those  fed  the  FFD.  The  
18:2 c o n t e n t  of  egg y o l k  l ipids is def in i te ly  
i n f luenced  by  diet ,  was h ighes t  at  the  2 pos i t i on  
of  egg yo lk  lipids f r o m  hens  fed  the  PD and  was 
decreased  w h e n  5% m e n h a d e n  oil was added  to  
the  diet ,  w t ih  on ly  a t race  appea r ing  in  l ipids 
f r o m  hens  fed the  F F D .  The  m e n h a d e n  oil has  a 
d i rec t  in f luence  in increas ing  the  18:1 and  
decreas ing  the  18:2  a t  the  2 pos i t i on  in the  
d i u n s a t u r a t e d  t f iglyceride series. Thus  i t  wou ld  
appear  f rom these  da ta  t h a t  the  18:1 and  18:2  
acids are p r e d o m i n a n t l y  a t t a c h e d  in the  2 
pos i t ion  in the  m o n o u n s a t u r a t e d  and  d iunsa tu -  
r a t ed  tr iglycerides.  The  18:1 acid is l inked  
p r e d o m i n a n t l y  to  the  2 pos i t i on  w h e n  hens  are 
fed  the  F F D  in egg yo lk  t f ig lycef ides  c o n t a i n i n g  
3+ doub le  bonds .  I f  t he  h e n  is p rov ided  a 
d ie ta ry  source  of  the  18 :2  acid,  th is  acid 
occupies  p r e d o m i n a n t l y  the  2 pos i t ion  in those  
t r ig lycer ides  c o n t a i n i n g  3+ doub le  bonds .  

These  data  are in a g r e e m e n t  w i th  a p rev ious  
r e p o r t  (32)  in w h i c h  i t  was s h o w n  t h a t  satu-  
ra ted  f a t t y  acids occup i ed  pos i t ions  1 plus 3, 
whereas  18:2 was a lmos t  exclusively c o n f i n e d  
to  the 2 pos i t ion  in  egg y o l k  t r iglycefides.  This 
r e p o r t  also s t a t ed  t h a t  the  18:1 acid was f o u n d  
to  be a b u n d a n t  at  all pos i t ions  b u t  was prefer-  
ent ia l ly  d i s t r i bu t ed  at the 2 pos i t ion .  

Triglyceride Analysis 

Diet  had  n o  e f fec t  on  t he  sa tu ra t ed  egg yo lk  
t r igtycer ides  and  l i t t le  e f fec t  on  the  d i sa tu ra t ed  
m o n o e n o i c  t r ig lycer ides  (Table  V). When the  
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m o n o e n o i c  acid occup ied  the/3  pos i t ion  and the  
s a tu r a t ed  acids the  a,a pos i t ions ,  the re  was an 
increase  in th is  egg yo lk  t r ig lycer ide  f rom hens  
fed the F F D .  When hens  were fed the  PD or  PD 
+ 5% MO, the re  was a def in i te  increase  in the  
t r ig lycer ide c o n t a i n i n g  the  m o n o e n o i c  acid in 
the/3 pos i t ion ,  and  a s a tu r a t ed  and  a m o n o e n o i c  
acid in the a,a' posi t ions .  When the  t r ig lycer ide 
c o n t a i n e d  a sa tu ra t ed  f a t t y  acid in the  ~, 
pos i t ion ,  and  m o n o e n o i c  acids in  the  a,c~ 
pos i t ions ,  the re  was a def in i te  increase  in the  
t r ig lycer ide resu l t ing  f r o m  the  feeding  of  the  
F F D .  Apprec iab le  quan t i t i e s  of  the  t r iglyceride 
c o n t a i n i n g  s a t u r a t e d  fa t ty  acids in the  a,oZ 
pos i t ions  and  a d ienoic  acid in the  /3 pos i t i on  
were f o u n d  in egg yo lks  f r o m  hens  fed PD or 
PD + 5% MO. This  t r iglyceride was no t  d e t e c t e d  
in egg yo lk  lipids f r o m  hens  fed FFD.  These  
da ta  are in ag reemen t  w i th  the  r e p o r t  of  Pr ive t t  
et  al. (36)  in  s tudies  w i th  ra t  t issue, wh ich  
s h o w e d  t h a t  the  a m o u n t  of  each  type  of  
t f iglyceride var ied  cons ide rab ly  in re la t ion  to  
the  f a t t y  acid c o m p o s i t i o n  of  the  diet .  

Fatty Acid Composition of Yolk Phosphatides 

There  was n o  d ie ta ry  e f fec t  f r om feeding  
PD, PD + 5% MO, or  F F D  o n t h e  16:0,  16:1 or 
18 :0  f a t ty  acid c o n t e n t  of  the  egg yo lk  po la r  
l ipids (Table  VI).  Hens  fed the  PD and PD + 5% 
MO p r o d u c e d  egg yo lk  p h o s p h a t i d e s  t h a t  con-  
t a ined  a p p r o x i m a t e l y  the  same q u a n t i t y  of  the  
18 : 1 acid; those  fed the  F F D  had  a s igni f icant ly  
h igher  value for  th is  acid. There  was a signifi- 
can t  decrease  in the  18:2  acid c o n t e n t  of  egg 
yo lk  p h o s p h o l i p i d s  f r o m  hens  fed  the  PD + 5% 
MO and t h a t  of  those  fed the  PD. The  18:2  acid 
c o n t e n t  of  egg yo lk  p h o s p h a t i d e s  f rom hens  fed 
the  F F D  was very  s igni f icant ly  decreased  be low 
t h a t  of  the groups  fed the  PD and PD + 5% MO. 
The  2 0 : 4  acid c o n t e n t  of  egg yo lk  po la r  l ipids 
f r o m  hens  fed  the  PD was s igni f icant ly  h igher  
t han  t ha t  of  those  fed the  PD + 5% MO. The  
egg yo lk  polar  l ipid c o n t e n t  f r o m  hens  fed the 
F F D  was s ign i f i can t ly  h igher  in  2 0 : 4  acid t h a n  
t h a t  of  those  fed PD + 5% MO. The  egg yo lk  
po la r  l ipids f r o m  the  hens  fed PD + 5% MO 
c o n t a i n e d  1.8% of  the  20 :5  acid and  1.4% of  
the  22 :5  acid. A s igni f icant ly  h igh  value was 
r eco rded  for  the  22 :6  acid in l ipids f rom hens  
fed the  PD + 5% MO. I t  is possible  t h a t  the  hens  
c o n v e r t e d  20 :5  to  22 :6 ,  a conve r s ion  t ha t  
wou ld  n o t  be u n r e a s o n a b l e  in  l ight  of  the  
ev idence  exis t ing  t h a t  the  20 :5  and  2 2 : 6  in oils 
f r o m  mar ine  species b e l o n g  to  the  60-3 fami ly  
(33 ,34) .  I t  was obv ious  f rom these  da ta  t h a t  the  
low level of  l inoleic  acid in  the  F F D  af fec ted  
the  depos i t i on  of  th is  acid in  the  egg yo lk  po la r  
lipids. I t  is a/so a p p a r e n t  t h a t  the  t8 :1  acid was 
syn thes i zed  to  a cons iderab le  degree b y  hens  

fed FFD.  The  d i s t r i bu t ion  of  the  f a t t y  acids in 
the  egg yo lk  p h o s p h a t i d e s  was n o t  de t e rmined ,  
since such  da ta  have been  p u b l i s h e d  prev ious ly  
(18 ,19 ,21 ,35 ) .  
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Preferential Labeling of Phosphatidylcholine during 
Phospholipid Synthesis by Bovine Mammary Tissue 
J.E. KINSELLA, Department of Food Science, 
Cornell University, Ithaca, New York 14850 

ABST RACT 

Bovine m a m m a r y  cells and  t issue 
syn thes ize  de n o v o  the  classes of  phos-  
phol ip ids ,  f o u n d  in m a m m a r y  t issue and  
milk,  f r o m  var ious  p recu r so r  molecules .  
Several sho r t  t e r m  e x p e r i m e n t s  were car- 
f led ou t  in vi t ro ,  us ing  labe led  precursors ,  
i.e., 1-14C-fat ty  acids; 2 -14C-ace ta te ;  
U - 1 4 C - g l y c e r o l ;  1 , 2 - 1 4 C - c h o l i n e ;  
1 ,2 -14C-e thano lamine ;  2-14C-ser ine;  and  
Me-14C-meth ion ine .  All the  p h o s p h o l i p i d  
classes were labeled.  The  specif ic  ac t iv i ty  
of  t issue p h o s p h a t i d y l c h o l i n e  was consis t-  
en t ly  th ree  to six-fold grea ter  t h a n  t h a t  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 resul ts  in- 
d ica ted  t h a t  s tepwise  m e t h y l a t i o n  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  w i t h  l abe led  
m e t h y l  g roup  of  m e t h i o n i n e  was occur-  
r ing to a m i n o r  ex t en t ,  as was a negligible 
a m o u n t  of  cho l ine  exchange .  Serine was 
i n c o r p o r a t e d  i n t o  phos pha t i dy l s e r i ne  and  
sph ingomye l in .  S ignif icant  quan t i t i e s  of  
labeled  p h o s p h a t i d y l s e r i n e  were decar-  
b o x y l a t e d  to  p h o s p h a t i d y l e t h a n o l a m i n e .  
A p p a r e n t l y  p h o s p h a t i d y l c h o l i n e  was syn- 
thes ized  de novo  f r o m  cho l ine  via phos-  
p h o r y l c h o l i n e  and  CDP-chol ine .  Based on  
the  p resen t  obse rva t ions  and  o t h e r  data ,  
it is suggested t h a t  the re  m a y  be two  

pools  of  p h o s p h a t i d y l c h o l i n e  in lac ta t ing  
m a m m a r y  cells. 

Phospho l ip ids  are sec re ted  in bov ine  milk as 
p h o s p h o l i p o p r o t e i n s  c o m p l e x e d  in the  fat  giob- 
ule m e m b r a n e  and  as discrete  l i p o p r o t e i n  par t i -  
cles (1-19) .  A bov ine  m a m m a r y  gland yie lding 
25 l i ters  mi lk  secretes  ca. 10 _+ 3 g p h o s p h o -  
l ipids pe r  day w h i c h  co r r e sponds  to  an average 
5% of the  m a m m a r y  t issue phospho l ip ids .  The  
var ious  p h o s p h o l i p i d  (PL) classes are secre ted  in 
d i f f e r e n t  a m o u n t s .  A p p r o x i m a t e l y  equal  
a m o u n t s  of  p h o s p h a t i d y l c h o l i n e  (PC) and  phos-  
p h a t i d y l e t h a n o l a m i n e  (PE) are secre ted  in bo-  
vine mi lk  (14 ,15 ,20 ) .  Based on  the i r  respect ive  
t issue c o n c e n t r a t i o n s ,  PE is e x p e c t e d  to  have a 
more  rapid  t u r n o v e r  ra te  t h a n  PC because  i ts  
in t race l lu la r  c o n c e n t r a t i o n  is ca. 50% t h a t  of PC 
(14 ,15 ,17 ) .  However  in vivo and  in v i t ro  s tudies  
us ing  l abe led  f a t t y  acids, glycerol  and  32p  
reveal  t h a t  PC is the  m o s t  rap id ly  labeled  
m a m m a r y  and  mi lk  PL (17-19,  21-25) .  Because 
these  resul t s  may  be exp l a ined  by  t he  act iv i ty  
of  a n u m b e r  of  d i f f e ren t  b i o s y n t h e t i c  rou tes  or 
poss ibly  exchange  reac t ions  and  because  in vivo 
s tudies  m a y  be c o n f o u n d e d  by  poss ib le  ext ra-  
m a m m a r y  PL precursors  ( t h o u g h  ev idence  is to  
the  c o n t r a r y  [ 2 5 ] ) ,  s tudies  w i t h  m a m m a r y  
tissue have been  m a d e  to  c o m p a r e  the  relat ive 
rates of  PC and  PE label ing  w h e n  rad ioac t ive  

TABLE I 

Incorporation of Long Chain Fatty Acids into Phospholipids by 
Dispersed Mammary Cells in Vitro a 

Incorporation (cpm x t03) 

Cultured tissue Culture medium 

Incubation time, hr 

Substrate 1.5 3 6 12 1.5 3 6 12 

Sodium-l-14C- 
myristate --  115.2 --  134.4 --- 19.2 -- 41.6 

So dium- 1-14 C_ 
palmitate 148.8 481.6 740.8 803.2 8.0 14.4 30.4 48.0 

Sodium-l-14C- 
144.0 224.0 S05.6 624.0 4.8 11.2 22.4 24.0 stearate 

So dium- 1.14 C- 
oleate 352.0 454.4 480.0 528.0 16.0 2'7.1 20.8 35.2 

aMammary cells, equivalent to 5.0 mg protein, were incubated with 40 #M of the 
sodium salts of each fatty acid (10#Ci/mol). Lipids were isolated as described in methods. 
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precursors were used in vitro. 

MATERIALS A N D  METHODS 

Mammary cells from lactating cows were 
dispersed with collagenase and cultured under 
aseptic conditions as described previously 
(26,27). Each treatment contained ca. 5 x 107 
cells, equivalent to 5.0 mg protein in 6 ml 
culture medium. The appropriate radioisotopes 
in sterile buffer solution were added to the 
culture flasks after dispensing the cells, and the 
stoppered flasks were incubated for specified 
periods at 37 C. After incubation the cells were 
separated from the culture media by gentle 
centrifugation (300 g for 10 rain). The lipids 
were extracted by the procedure of Folch et al. 
(28). The lipids were fractionated by two 
dimensional thin layer chromatography (14). 
Lipid phosphorus was quantified by the meth- 
od of Rouser et al. (29). Argentation chroma- 
tography was used to separate PC species 
according to degree of unsaturation (30). 

The radioactivity in the lipid spots, identi- 
fied from known standards (Applied Science 
Lab., State College, Pa.), was determined by 
liquid scintillation spectrometry as reported 
previously (21). Cellular protein was quantified 
by a microkjeldahl method. 

Radiochemically pure (99%) substrates were 
purchased from New England Nuclear (Boston, 
Mass.). Chromatographic supplies were ob- 
tained from Brinkmann (Westbury, N.Y.) and 
redistilled solvents were used. 

RESULTS 

Experiment I. Fatty Acid Incorporation 

The fatty acids commonly occurring in 
bovine milk PL were incubated with the cell 
preparations as their respective sodium salts and 
incorporation into phospholipids of tissue and 
culture media were monitored (Table I). Incor- 
poration of radioactivity into cellular PL in- 
creased markedly with time, and labeled PL 
accumulated in the media also. Though oleic 
acid (C18:1) was incorporated most rapidly 
initially, the saturated acids palmitic (C16:0) 
and stearic (C18:o)were  ultimately esterified 
to a greater extent. The ratio of radioactivity in 
the media PL showed that, compared to the 
intracellular PL there was a preferential secre- 
tion of PC, especially that labeled with C14:0 
and Ct6:o,  Analysis of the phospholipids re- 
vealed that the preponderance of the radioactiv- 
ity was in the PC (Table II), though all of the 
PL classes were labeled in all experiments. The 
respective radioactivities and specific activities 
(SA) of cellular PC and PE (Table III) varied 
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TABLE lIl 

Ratios of Radioactivity and Specific Activities of Phosphatidylcholine and Phosphatidylethanolamine 
Isolated from Mammary Tissue and Culture Media following Incubation with Labeled Fatty Acids (Experiment I) 

Ratio of radioactivity, PC/PE (cpm x 103) a 

1 - 14C_Palmitic 1-14C_Stearic 1-14C_Olei c 

Incubation time, hr 

1-14C_Myristic 

Source 3 12 1.5 3 6 12 1.5 3 6 12 1.5 3 8 12 

Cultured tissue 12.2 11.4 3.7 3.6 3.8 4.5 5.4 5.3 5.2 5,0 8.4 8.2 7.7 7.5 
Culture media 21.9 15.0 9.4 8.8 11.4 14.0 5.4 5.6 5.6 S,l -- 4.6 --  5.2 
Ratio of specific 

activity, PC/PE b 5.7 5.0 1.7 1.5 1.5 1.4 2.4 2.3 2. 2~ 3.6 3.6 3.0 3.3 

apc, phosphatidylcholine; PE, phosphatidylethanolamine. 
bSpecific activity expressed as cpm x 103/#g phosphorus in specific phospholipid. 

w i th  each  f a t t y  acid subs t ra t e  and  the  d i spar i ty  
in SA f rom C14:0 and  C18:1 subs t ra tes  was 
mos t  marked .  The  SA ra t io  decreased  w i th  
d u r a t i o n  of  each  i n c u b a t i o n  and  in general  was 
lower  t han  those  o b t a i n e d  in s u b s e q u e n t  exper i -  
m e n t s  us ing  o t h e r  labe led  subs t ra tes .  

Experiment II. Acetate 

The f a t t y  acid labe l ing  da ta  were cons i s t en t  
w i th  obse rva t ions  f r o m  in vivo e x p e r i m e n t s  
(19) .  Because o f  possible  d i f fe rences  in  in t ra-  
cel lular  l oca t i on  o f  PC and  PE syn thes iz ing  
e n z y m e s  and  f a t t y  acid ac t iva t ion ,  the  relat ive 
e x t e n t  of  l abe l ing  of  PC and  PE b y  f a t t y  acids 
of e n d o g e n o u s  origin was e x a m i n e d  (Table  IV). 
I n c o r p o r a t i o n  i n t o  b o t h  classes increased  mark-  
edly w i th  t ime  bu t  cons ide rab ly  more  labeled  
f a t t y  acids were acy la ted  i n t o  the  PC as s h o w n  
b y  t he  SA rat ios ,  wh ich  decreased  w i th  t ime.  
The  SA ra t ios  were similar  to  those  o b t a i n e d  in 
e x p e r i m e n t  I for  myr is t ic  acid. 

Experiment II I .  Glycerol 

Because the  a p p a r e n t  p re fe ren t i a l  l abe l ing  of  
PC w i t h  e x o g e n o u s  and  e n d o g e n o u s  f a t t y  acids 
cou ld  have been  exp l a ined  by  active acyl 
t ransferase(s) ,  the  cells were i n c u b a t e d  w i th  
l abe led  glycerol  wh ich  was act ively  incorpo-  
r a t ed  i n to  the  phosphog iyce r ide s  (Fig. 1), Ini-  
t ial ly PC c o n t a i n e d  four - fo ld  m o r e  act iv i ty  t h a n  
the  PE, b u t  th i s  d i f fe rence  decreased  w i th  
d u r a t i o n  of  i n c u b a t i o n .  The  SA of  PE gradual ly  
increased  w i t h  t ime,  as observed  in e x p e r i m e n t s  
I and  II. 

Experiment IV. Choline, Ethanolamine, Serine, 
Methionine 

The above data  u n e q u i v o c a l l y  ind ica t ed  t h a t  
de n o v o  label ing  and  p r o b a b l y  n e t  syn thes i s  of  
PC exceeded  t h a t  of  PE. The  poss ib i l i ty  ex is ted  
t h a t  PE was ac tua l ly  be ing  syn thes ized  wi th in  
these  cells b u t  was rapid ly  be ing  t r a n s f o r m e d  to  

PC b y  t r a n s m e t h y l a t i o n .  To s t u d y  this  the  cells 
were i n c u b a t e d  w i th  the  series of  d i f f e ren t  PL 
precursors  l i s ted  i n  Table  V. Signif icant ly  more  
chol ine  was i n c o r p o r a t e d  c o m p a r e d  to the  
e t h a n o l a m i n e  in all expe r imen t s .  Me th ion ine  
and  serine were u t i l i zed  in small  quan t i t i es .  
Dif ferences  in  u t i l i z a t i on  were observed  be- 
tween  p repa ra t i ons ;  h o w e v e r  the  p a t t e r n s  of  
i n c o r p o r a t i o n  of  the  var ious  p recursors  were 
cons i s ten t .  Evidence  of  mo lecu l a r  i n t e r conve r -  
sions,  i .e. ,  d e c a r b o x y l a t i o n  of  p h o s p h a t i d y l -  

( J4C- GLYCEROL ) 
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FIG. 1. Relative incorporation of U-14C-glycerol 
into phosphatidylcholine (PC) and phosphatidyletha- 
nolamine (PE) of mammary cells. Approximately 5 x 
107 cells were incubated with 50 #M of U-14C-glyc - 
erol (8me/tool) for specified periods and lipids then 
analyzed (Experiment II). Specific activity expressed 
as cpm x 103]mg phospholipid. 
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TABLE IV 

Differential Incorporation of Radioactivity into Cellular Phospholipids following 
Incubation of Bovine Mammary Cells with Na-2-14C-Acetate (Experiment II) a 

Incorporation (cpm x 103) 

Incubation period, hr 

Lipid class 2 4 8 24 

Total phospholipids 37.0 126.0 256.0 645.0 
Phosphatidylcholine (PC) 21.0 80.6 174.1 451.5 
Phosphatidylethanolamine (PE) 2.6 7.5 15.3 35.0 
Ratio of specific 

activity, PC/PE 5.2 4.5 4.6 4.1 

aTissue dispersions (ca. 5 x 107 cells) were incubated with 50 ~M Na-2-14C-acetate 
(specific activity ca. 10mc]nmol) in each treatment. Lipids were analyzed as described in 
Methods. 

ser ine (PS) to  PE, and  m e t h y l a f i o n  of  PE to  PC 
was o b t a i n e d  (Table  VI).  The  p r e p o n d e r a n c e  of  
the  14C-methy l  g roup  of  m e t h i o n i n e  ut i l ized 
was i n c o r p o r a t e d  i n to  the  cho l ine  m o i e t y  of  
PC. The  serine was i n c o r p o r a t e d  m o s t l y  i n t o  PS 
t h r o u g h  measurab le  quan t i t i e s  of  the  radioac-  
tive c a r b o n  were t r a n s f o r m e d  i n t o  sphingo-  
myel in ,  PE and  some i n t o  n e u t r a l  l ipids.  These  
da ta  revealed t h a t  while  s tepwise  m e t h y l a t i o n  
of  PE was occur r ing  in  m a m m a r y  cells, i t  was 
small  c o m p a r e d  to  the  ra te  of  i n c o r p o r a t i o n  of  
chol ine  i n t o  PC and  p r o b a b l y  cou ld  n o t  ac- 
c o u n t  for  the d i f fe rent ia l  ra te  of  label ing of PC 
and  PE in these  m a m m a r y  cells w h e n  c o m m o n  
precursors  were used as subs t ra tes .  

Experiment V. Choline Exchange 

In the  previous  e x p e r i m e n t s  the  relat ively 
greater  i n c o r p o r a t i o n  of  labe led  chol ine  i n t o  PL 
cou ld  pe rhaps  be a t t r i b u t e d  to act ive base 
exchange  wi th in  the  cells, especial ly  in the  PC 
molecules .  However  the  i m p o r t a n c e  of  this  
m e c h a n i s m  b e c a m e  d o u b t f u l  fo l lowing  a series 
of  e x p e r i m e n t s  in  w h i c h  cells t h a t  had  been  
i n c u b a t e d  for  specif ic  t imes  w i th  labe led  cho-  
l ine to  a t t a in  a d e t e r m i n e d  PC specific ac t iv i ty  

were t h e n  r e i n c u b a t e d  in med ia  c o n t a i n i n g  an 
excess of  cold  cho l ine  (40  mM),  and  changes  in 
SA of  cho l ine  p h o s p h o l i p i d s  were m o n i t o r e d  
(Tab le  VII).  As in prev ious  e x p e r i m e n t s  the  
14C-chol ine  was i n c o r p o r a t e d  l inear ly  w i t h  
t ime,  mos t ly  i n t o  the  PC (A-D).  I n c u b a t i o n  of  
the  cells c o n t a i n i n g  14C-chol ine  labeled  PC 
w i t h  excess  cho l ine  revealed l i t t le  ev idence  of  
exchange  in the  PC e x c e p t  b e t w e e n  the  6 and  
12 hr  in terval ,  w h e n  SA decreased,  i.e., C 
c o m p a r e d  to  C 1. The  SA of  the  lysoPC f rom 
cel lular  l ipids decreased  a f t e r  the  3 and  6 h r  
i ncuba t ions ,  i nd i ca t i ng  some loss of  labe led  
cho l ine  or  acy la t ion  of  lysoPC to PC. The  small  
decl ine  in SA of  the  cel lular  PC has b e e n  
observed  in s u b s e q u e n t  e x p e r i m e n t s  and  indi-  
ca tes  t ha t ,  while  cho l ine  exchange  m a y  occur ,  
the  m a g n i t u d e  of  th is  e x c h a n g e  in b o v i n e  
m a m m a r y  ceils does  n o t  exp la in  the  a p p a r e n t  
p re fe ren t i a l  syn thes i s  of  PC. The  da ta  in  Table  
VII  i nd ica t ed  t h a t  l abe led  PL of  h igh  SA was 
secre ted  i n to  the  cu l tu re  med ia  in these  exper i -  
m e n t s ,  especial ly  in the  in i t ia l  per iods .  These  
da ta  i nd i ca t ed  t h a t  de n o v o  PC synthes is  was 
occur r ing  in these  cells, a p p a r e n t l y  via the  
classical e n z y m a t i c  p a t h w a y  (3 t ). 

TABLE V 

Incorporation of Different Radioactive Precursors into Phosphotipids 
by Bovine Mammary Tissue in Vitro (Experiment IV) a 

Radioactivity incorporated (cpm x 103) 

Substrate 

Incubation, 1,2-14C-Choline 1,2-14C-Ethanolamine Me-14C-Methionine 3-14C-Serine 
hr 

1 21.5 3.1 0.40 1.8 
3 48.1 10.2 0.60 3.9 
6 78.3 18.9 0.89 6.2 

12 194.6 65.7 2.20 14.6 

aEach treatment contained ca. 5 x 107 cells and 50 pM labeled substrate. Specific activities of substrates 
were 1,214C-choline and 1,214C-ethanolamine 2/aCi/pmol; Me-14C-methionine and 3-14C-serine; 5pCi/#mol. 
Average data from two experiments. 
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Analysis of the distribution of the radioac- 
tivity in the various molecular species of cell PC 
following incubation of mammary cells with 
choline showed that the PC molecules contain- 
ing two double bonds contained the greatest 
quantity of incorporated choline (Table VIII). 
The labeling in the monounsaturated PC mole- 
cules decreased, whereas that in the triunsatu- 
rated species increased with incubation time. 

DISCUSSI ON 

The utilization of free fatty acids by lactat- 
ing mammary tissue for synthesis of glycero- 
f inds both in vitro and in vivo has been well 
documented (19,22,32-36). Most of the labeled 
fatty acids associated with the phospholipids 
were acylated in PC (18,19,22). Endogenous 
fatty acids were mostly acylated into secretory 
triglycerides (27,32-37); however those in the 
phospholipids, i.e., myristic and palmitic acid, 
are preponderantly found in the PC class 
(34,35). The preferential labeling of PC may be 
explained by very active acyl transferase en- 
zyme(s), which have a high specificity for 
choline phosphatides. These are very active in 
the plasma membrane of liver cells (38). While 
these enzymes are active in mammary tissue 
(Gross and Kinsella, unpublished data), their 
class specificity has not  been determined and 
the present data would preclude this mecha- 
nism as accounting for the greater labeling of 
PC in all experiments. The preferential incorpo- 
ration of glycerol into PC compared to PE by 
bovine tissue has been reported and discussed 
(21). 

The disparity between PC and PE labeling 
was also observed when labeled choline and 
ethanolamine were used as substrates. In the 
present studies stepwise methylation of PE to 
PC using the methyl group of methionine 
(39-44) was negligible. This is a major pathway 
in rat liver (42). The conversion of PS to 
PE and of some PE to PC has not  been reported 
in ruminant  mammary tissue. Presumably these 
interconversions occur via the mechanisms of 
decarboxylation and stepwise methylation 
(31,41,43). Direct base exchange of choline 
with the choline of PC was apparently quite 
limited, even in the presence of excess choline. 
This was consistent with reports for other 
mammalian tissues, e.g., liver (45), intestine 
(46) and cultured mast cells (47), and indicated 
that the CDP-choline pathway was operating 
(31.48). 

The variation in distribution of the 14cho- 
line among PC molecular species in mammary 
cells may indicate that these have different 
turnover rates, as shown for PC species in 
several animal tissues (43-45, 49-51). The mo- 
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TABLE VII 

Specific Activities of Phospholipids Isolated from Cells and Culture Medium following 
Incubation of Bovine Mammary with 1,214C-Choline and an Excess of Choline (Experiment V) a 

Specific activity (cpm x 103#tg lipid P.) 

Incubation time, hr 

1 3 6 12  3 6 12 

Flask 

Lipid class A B C D A 1 B 1 C 1 

Total phospholipids 0.67 1.83 2.67 3.98 0.95 1.90 2.55 
Cell phospholipids 0.66 2.30 3.92 6.22 1.04 2.44 3.28 
Medium phospholipids 0.68 1.36 1.43 1.75 0.87 1.39 1.82 
Cell lipids 

Phosphatidylcholine 1.36 5.16 8.08 18.01 1.77 5.73 7.32 
L~'sophosp batidylcholine 0.25 0.53 1.10 1.15 0.29 0.37 0.57 
Sphingomyelin 0.10 0.56 0.83 0.95 0.22 0.36 0.23 

aAll flasks, containing 5 x 107 cells and ca. 50/zM 1,2-14C-choline (2 mc/mM), were initiated simultaneously. 
Flasks denoted A, B, C, D were terminated at 1,3,6,12 hr, respectively. An excess of cold choline (40 raM)was 
aseptically added to flasks A 1, B 1 and C 1 at 1, 3 and 6 hr, respectively. These flasks were then sequentially 
terminated at 3, 6 and 12 after initiating the experiment. Lipids were extracted and analyzed as described in 
Methods. To detect choline exchange specific activities of phospholipids from flasks containing only radioactive 
choline were compared to those from those flasks containing excess choline that had been incubated for 
identical periods with labeled choline, i.e., A with A 1, B with B 1 and C with C 1, respectively. 

lecular species conta in ing  the  m o s t  radioactiv-  
ity, i.e., d iunsa tura ted  PC, coincides  wi th  the 
p r e p o n d e r a n t  species of  PC found  in milk (13) 
and this labeling pa t t e rn  is similar to tha t  f o u n d  
in o the r  animal tissues (45). This may  ref lect  
the p r e p o n d e r a n t  species of  diglycerides avail- 
able in r uminan t  m a m m a r y  tissue, t hough  
available analytical  data  would  suggest a pre- 
ponde rance  of  dlglycerides wi th  only one dou- 
ble bond .  However  the  knowledge  tha t  CDP 
chol ine-diglycer ide t ransferase is n o t  marked ly  
subst ra te  specific (51) and the presence of  acyl 
t ransferase(s)  in m a m m a r y  tissue may account  
for  m o s t  of  the radioact ivi ty  being in the PC 
species wi th  two  unsa tu ra ted  bonds .  

I t  is diff icul t  to explain  why  more  labeled 
chol ine was i nco rpo ra t ed  c o m p a r e d  to e thanol -  
amine,  since lactat ing tissue secretes  equal  
quant i t ies  o f  b o t h  PC and PE in milk (14,15).  

Possibly the en t ry  rate of  e thano lamine  in to  the 
cells was m u c h  lower  than  tha t  o f  choline,  or 
the m a m m a r y  cells had a high endogenous  
e thano lamine  concen t r a t i on  co mp ared  to  cho-  
line and a rapid di lut ion o f  labeled e thanol -  
amine Occurred. This is being studied.  Low 
choline concen t ra t ions  enhance  the  activity of  
the enzymes  of  PC synthes is  in guinea pigs (52). 
Conceivably in lac ta t ing  m a m m a r y  tissue, cho- 
line is a l imit ing metabo l i t e  and hence  used 
avidly when available, because the  associated 
enzymes  are very active. Choline kinase is moe  
active than  e thano lamine  kinase in bovine 
m a m m a r y  tissue ( In fan te  and Kinsella, unpub-  
fished, 1972). E n h a n c e d  PC synthesis  is associ- 
a ted wi th  intracel lular  m e m b r a n e  pro l i fe ra t ion  
evoked by drugs and h o r m o n e s  (53-56),  and 
possibly,  in the  actively secre t ing m a m m a r y  
cell, leci thin-r ich intracel lular  membranes  are 

TABLE VIII 

Percentage Distribution of Radioactivity in Different Phosphatidylcholine Molecules 
following Incubation of Bovine Mammary Cells with 1,2-14C-Choline (Experiment V) 

Period of incubation, hr 

Molecular species 
of phosphatidylcholine Wt %a 1 3 6 12 

Saturated 10.2 0.4 0.1 --  0.1 
Monounsaturated 44.1 31.9 35.7 20.0 14.0 
Diunsaturated 27.3 48.2 51.0 50.0 48.0 
Triunsaturate d 10.4 15.0 8.6 27.0 20.0 
Tetraunsaturated 4.4 2. S 2.8 10.0 14.0 
Polyunsaturated 3.6 2.0 1.8 3.0 3.9 

aNutter and Privett (13). 
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being rapidly tumed over with concomitant  
preferential synthesis of PC, because of their 
high PC content (15,57-60). 

The bovine mammary gland at peak lacta- 
tion secretes an average of  5% of its phospho- 
lipids into milk daily. This is comparable with 
turnover rates of 3.8 and 4.8% for bovine 
mammary protein and RNA, respectively (61), 
Based on concentrations in secretory tissue 
and in milk ( 14,15,19), the phospholipid classes 
have approximate turnover times of 29, 14 
and 11 days for PC, PE and sphingomyelin, 
respectively. The apparent long turnover time 
of  tissue PC compared to PE and SPH is note- 
worthy. Whether or not there is a relationship 
between the fact that significant quantities of 
the PE and SPH secreted in milk derived from 
the plasma membrane (in contrast to the PC) 
and their respective turnover times remains to 
be determined (15,19,57). 

Milk phospholipids are secreted as phospho- 
lipoporteins surrounding the fat globule (1-20) 
and as l ipopoprotein particles in milk serum 
(1,2,8,19,62). The latter may contain up to 
30% of milk phospholipids, which are rich in 
PC (1,2,13,15,60). Conceivably the phospho- 
finds of the fat globule membrane and the 
lipoprotein particles are secreted separately, 
with the latter having a much faster turnover 
rate. Keenan et al. (57,60) alluded to such a 
mechanism, suggesting that much of the water 
soluble components of milk are secreted in 
secretory vesicles derived from the endoplasmic 
reticulum via the membranes of the Golgl 
apparatus. These components,  i.e., the lactose, 
proteins and possibly l ipoprotein particles, are 
secreted more rapidly than milk fat globues 
(5,17,57,60). The secretion of milk lipoproteins 
via the Golgi may be analogous to the secretion 
of serum lipoproteins (63). 

These speculations and the present results 
suggest that two discrete metabolic pools of PC 
may exist in the secreting mammary cell, i.e., a 
pool with a rapid turnover that is involved in 
intracellular metabolism, membrane replenish- 
ment and PC exchange reactions. PC molecules 
from this pool may behave as an interfacial 
surfactant for growing fat droplets (59) and 
may be involved in the formation of Golgi 
membranes and secretory vesicles, as suggested 
by Keenan et al. (57,60). Evidence for two 
pools of PC with different turnover rates has 
been reported in mast cells (47) and liver (44), 
and Gurr et al. (64) reported that during 
chylomicron formation in cat intestine (a proc- 
ess analogous to milk fat secretion) the rate of 
synthesis and perhaps turnover of PC is accen- 
tuated. Several workers have shown that active 
PC exchange occurs in cells between organelles 

(65-67). 
Conceivably similar reactions are occurring 

in mammary cells. Following in vivo experi- 
ments, Patton and Keenan (19) showed that 
labeling of  PC was much greater than PE. The 
PC secreted in milk lipoproteins had a l0-fold 
greater SA than those of the fat globule 
membrane and, significantly, the SA of PC in 
milk lipoproteins was six-fold greater than the 
SA of the corresponding PE. The data support 
previous in vitro studies showing that PC 
labeling exceeds that of  PE (18,19,21,22), and 
the disparities of SA between PC and PE were 
of the same magnitude as observed in the 
present experiments. 

Another pool of PC may be involved with 
replenishment of  the plasma membrane (21) 
and be secreted more slowly as a component  of 
the fat globule membrane (5,57,60). McCarthy 
(35) reported that mammary PL labeled with 
palrnitic acid showed biphasic decrease in SA, 
i.e., a rapid phase of secretion into milk and a 
more prolonged phase of secretion during 
which SA decreased slowly. Further support for 
two discrete pools was recently provided by 
Patton et al. (68) from specific activity curves 
obtained following injection of 32P into lac- 
tating goat. 
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Fatty Acid Composition of Free Ceramides of Kidney and 
Cerebellum from a Patient with Farber's Disease 
M. SUGITA 1, P. CONNOLLY, J.T. DULANEY and H.W. MOSER, 
Eunice Kennedy Shriver Center, Walter E. Fernald State School, 
Box C, Waverley, Massachusetts 02178 

ABSTRACT 

The fatty acid composition of ceram- 
ides has been determined in kidney and 
cerebellum of a patient with Farber's 
disease, which is characterized by cerami- 
dase deficiency. Farber cerebellum and 
kidney contained a five- and ten-fold 
excess, respectively, of free ceramides. 
The nonhydroxy fatty acid patterns of 
the ceramides from Farber kidney and 
cerebellum showed considerable similari- 
ties to those from control tissues, whereas 
large amounts of ceramides containing 
hydroxy fatty acids are found in Farber's 
disease tissues. 

INTRODUCTION 

Farber's disease (lipogranulomatosis) is a 
rare disorder characterized by swollen tender 
joints, multiple subcutaneous nodules over 
joints and pressure points, hoarseness and respi- 
ratory difficulty. On the basis of the clinical 
and pathological features, 11 cases have been 
reported (1). 

Biochemical studies have been performed in 
four cases (1-6). In one of Farber's original 
patients a large amount of an unusual lipoglyco- 
protein fraction was demonstrated (2). Clausen 
and Rampini (3) noted a moderate excess in 
whole brain of phosphoglyceride and of a 
glycolipid fraction. Prensky et ai. (4) and Moser 
et al. (1) studied the tissues of a severely 
affected patient who died when she was 9 
months old and found accumulation of ceram- 
ide and ganglioside. Samuelsson and coworkers 
(5,6) studied the tissues of a patient who died 
when he was 16 years old and reported accumu- 
lation and chemical composition of ceramide in 
several organs. 

The activities of several acid hydrolase en- 
zymes were examined by Van Hoof and Hers 
(7) in a case of Farber's disease and were shown 
to be normal except for c~-mannosidase, which 
was somewhat reduced. Recently we have 
shown that there is a deficiency of the degrada- 
tire enzyme ceramidase in both kidney and 
cerebellum of a patient with Farber's disease 

1present address: Shiga University, Dept. of Chem- 
istry, Ohtsu, Shiga, Japan. 

(8). 
In this paper we report the fatty acid 

composition of free ceramide isolated from 
kidney and cerebellum of a patient with Far- 
ber's disease, compared with ceramide from 
control tissues. 

MATERIALS AND METHODS 

Tissue 

The clinical and pathological observations of  
the patient with Farber's disease have been 
published (1). The control tissues used in this 
study were obtained from a 3-year-old male 
patient who died of pneumonia (Children's 
Hospital, Boston, Mass., Autopsy No. A7298). 
The tissues, obtained at autopsy performed 6 hr 
after death, were placed in sealed plastic bags 
and stored at -60 C until they could be 
extracted and analyzed. 

Extraction of Lipids 

Pieces of frozen tissue (kidney and cerebel- 
lum white matter, 1-3 g) were excised, thawed, 
homogenized in a glass tissue grinder with 2 
volumes of water, and lyophilized. The residue 
was extracted with 20 volumes chloroform- 
methanol 2:1 v/v following the method of 
Folch et al. (9). The extract was evaporated to 
dryness under a stream of nitrogen at 40 C. 

Mild Alkali-Catalyzed Methanolysis 

The total extracted lipids (0.1-0.3 g) were 
dissolved in 3-5 ml chloroform-0.21 N metha- 
nolle NaOH 2:1 v/v and subjected to mild 
alkaline methanolysis to remove glycerolipids 
by the method of Kishimoto and Hoshi (10). 

Column and Thin Layer Chromatography 

For the isolation of ceramides the residual 
lipids (20-30 rag) were separated by the (slight- 
ly modified) method of Hammarstrbm (11) 
into four fractions by a column (1 x 10 cm) 
packed with 1 g Unisil (Clarkson Chemical Co. 
Inc., Williamsport, Pa., 100-200 mesh), equili- 
brated with the first solvent. Elution was 
carried out successively with: (a) 40 ml ben- 
zene-ethyl acetate 9:1 v/v; (b) 50 ml benzene- 
ethyl acetate 7:3 v/v; (c) 50 ml benzene-ethyl 
acetate 5:5 v/v; and (d) 40 mi chloroform- 
methanol 2:1 v/v. The fraction eluted with 
solvent (b), containing mostly nonhydroxy 
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FIG. 1. Thin layer chromatogram of alkali-stable lipid fractions. Lipids of 1 g each of Farber and control 
kidney and cerebellum were extracted and methanolyzed as described in Materials and Methods, and the 
remaining sphingolipids were applied to thin layer plates and chromatographed in chloroform-methanol-acetic 
acid 94:1:5 v/v[v; lipids were detected by charring after spraying with 95% H2SO 4. A, Kidney sphingolipids; B, 
cerebellum sphingolipids. 1, Control tissue; 2, Farber tissue; 3, standard NFA-ceramides; 4, standard 
HFA-ceramides. 

fatty acid (NFA) ceramide, and that eluted 
with solvent (c), containing mostly hydroxy 
fatty acid (HFA) ceramide, were subjected 
separately to preparative thin layer chromatog- 
raphy (TLC) on Silica Gel G plates (20 x 20 
cm, thickness 0.25 mm, Analtech Inc., Newark, 
Del.), using chloroform-methanol-acetic acid 
94:1:5 v/v/v as developing solvent. Ceramides 
containing NFA had greater mobility than those 
containing HFA and were identified by compar- 
ison of their Rf values with those of authentic 
ceramides from bovine cerebrosides (Supelco, 
Inc., Bellefonte, Pa., and Sigma Chemical Co., 
St. Louis, Mo.). Exposure to iodine vapor was 
employed to visualize lipids on the developed 
TLC plates. All gel portions containing NFA- 
ceramide from a given organ were scraped from 
the plates and packed into one column (1 x 10 
cm); gel containing the HFA-ceramides was 
treated similarly. The ceramides were recovered 
by elution with 30 ml chloroform-methanol 2:1 
V/V. 

Quantitative Analysis of Ceramides 

Ceramide was hydrolyzed by the method of 
Gaver and Sweeley (12), and the sphingosine 
content (= ceramide content)  was determined 
by the method of Lauter and Trams (13). 

Preparation of Fatty Acid Methyl Esters 

Methanolysis of the ceramide (0.1-0.5 mg) 
was carried out in methanolic HC1. Reaction 
mixtures containing 0.5 ml 0.5 N HC1 in 
methanol were heated at I00 C for 3 hr in 
sealed tubes. After cooling, methyl esters of 
fatty acids were extracted three times with 0.7 
ml volumes of n-hexane. The n-hexane was 
evaporated, and the fatty acid methyl esters 
obtained were purified by Unisil (equilibrated 
with the first solvent) column chromatography 
with: (a) hexmae-benzene 8:2 v/v; (b)hexane-  
benzene 6:4 v/v; and (c) benzene as elution 
solvents. The fraction eluted with solvent (b) 
contained only NFA methyl esters and that 
from solvent (c) contained only HFA methyl 
esters. As standards, methyl paimitate and 
methyl c~-hydroxy palmitate were used to deter- 
mine the behavior of fatty acid methyl esters 
on this Unisil column, followed by TLC on 
Silica Gel G using hexane-ether 8:2 v/v as 
solvent (10). 

Gas Liquid Chromatographic Analysis 
Gas liquid chromatographic analysis was 

performed on a Hewlett-Packard Model 7620A 
gas chromatograph equipped with a hydrogen 
flame ionization detector. The analytical col- 
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FATTY ACID COMPOSITION OF CERAMIDES 

TABLE I 

Concentration of Free Ceramide Isolated from Kidney and 
Cerebellum of Control and Farber's Disease a 

403 

Kidney b Cerebellum b 

Ceramides Control Farber Control Farber 

NFA-Ceramide c 30 159 63 187 
H FA-Ceramide c -- 121 -- 124 

Total 30 280 63 311 

aCeramldes were prepared and analyzed for sphingosine content as described in Materials 
and Methods. 

bData are expressed as micrograms ceramide per gram wet tissue. 
CNFA, nonhydroxy fatty acid; HFA, hydroxy fatty acid. 

umn (2 m m x  2 M) was packed with 3% OV-1 
coated on 80-100 mesh Chromosorb W (AW- 
DMCS) (Applied Science Labs. Inc., State 
College, Pa.). The carrier gas was helium. 

For analysis of the methyl esters of NFA 
and HFA, the column temperature was pro- 
grained to increase 1 C/min, starting at 170 and 
190 C, respectively. The methyl esters of HFA 
were analyzed as their trimethylsilylated 
(TMSi) derivatives as follows (10). The methyl 
esters of HFA were heated at 60-70 C for 5-6 
min with the TMSi reagents. After reaction, 5 
ml chloroform and 1 ml water were added to 
the reaction mixture and the TMSi derivatives 
were extracted with chloroform. The chloro- 
form layer was washed several times with 1 ml 
water and evaporated under a stream of nitro- 
gen. The various peaks on the gas chromato- 
gram were identified by comparison with a 
calibration curve, using the methyl ester mix- 
tures of NFA (KD and KF, Applied Science 
Labs.), or with the methyl esters of HFA of 
bovine cerebroside (Supelco, Inc.). 

RESULTS A N D  DISCUSSION 

The cerebellum and kidney of the patient 
with Farber's disease contained a five- and 
ten-fold excess, respectively, of total free cer- 
amide when compared with control tissues 
(Table I); the ceramide containing HFA is seen 
to amount to ca. 40% of the total ceramide 
accumulated in Farber tissues, whereas HFA 
was not detectable in control  tissues. This is 
also clearly seen in Figure 1. An excess of free 
ceramides above control values in Farber vis- 
ceral organs including liver (60-fold the control 
values), lung (30-fold) and kidney (10-fold), 
and in brain white matter (5-fold) was previ- 
ously demonstrated in our laboratory (1). Also 
Samulesson et al. (6) have determined the 
ceramide concentration and the fatty acid 
composition of the ceramide in Farber kidney, 
liver, lung, spleen and brain white and grey mat- 
ter; however, unlike the case reported here, 

ceramide levels in liver and brain white matter 
(1) were normal. Samuelsson et al. reported 
only trace amounts of HFA-ceramide in Farber 
brain, but observed the same striking elevation 
in kidney HFA-ceramide as shown here. 

The presence of HFA noted here is an 
exception to the repeated observation that 
normally occurring ceramide contains only 
NFA. Rouser and Yamamoto (14) have re- 
ported that ceramide containing HFA was not 
detectable upon TLC of human whole brain 
lipid extract. In addition, both Samuelsson (15) 
and Krivit and Hammarstr6m (16) have re- 
marked on the absence of HFA in ceramide of 
human plasma and platelets, respectively. 

The fatty acid composition of ceramide 
from control and Farber kidney and cerebellum 
is shown in Tables II and III. In kidney, the 
distribution of NFA in ceramide from Farber's 
disease was similar to that found in control 
ceramide except for C18:1 and C24:1 acids, 
whose proportions in Farber kidney seem to be 
reversed from those in control kidney. The 
ceramide from Farber and control cerebellum 
showed great similarity in NFA composition, 
consisting mainly of C 18:0 acid (Farber, 56.2% 
of total NFA; control, 60.3%). In both Farber 
tissues, kidney and cerebellum, HFA was con- 
stituted mostly by the longer chain fatty acids 
(C22h:0 and above), predominantly C24h: 0. 
HFA of the cerebellum contained only trace 
amounts of C24h: 1 acid, but that from kidney 
contained C24h: 1 acid amounting to 10.4% of 
total HFA. Samuelsson and coworkers (6) 
reported finding high percentages of C18:0 and 
C24:1 in both control and Farber brain white 
and grey matter. They found the major NFA 
constituent of Farber and control kidney cer- 
amide to be C24:1; the major HFA of Farber 
kidney ceramide was C24h:0, similar to the 
results reported here. The HFA composition of 
the ceramide of liver of  the patient reported 
here (1) is similar to the HFA composition of 
ceramide of kidney and cerebellum, containing 
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TABLE II 
Nonhydroxy Fatty Acid Composition of Free Ceramide from 

Kidney and Cerebellum of Control and Farber's Disease a 

Kidneyb Cerebellum b 

Fatty acid Control Farber Control Farber 

16:0 20.2 15.7 2.5 1.3 
17:1 . . . .  0.7 0.7 
1 7 : 0  4.3 0.6 tr tr 
18:1 10.2 1.0 5.5 2.3 
18:0 14.0 7.8 60.3 56.2 
19:1 --  --  2.2 4.1 
20:1 tr c tr tr tr 
20:0 4.4 4.7 7.3 3.9 
21:0 tr 0.1 0.6 tr 
22:1 tr 0.6 1.1 1.1 
22:0 12.8 17.7 1.8 2.1 
23:1 - -  --  tr tr 
23:0 4.4 3.5 0.6 0.8 
24:1 4.1 19.4 7.9 6.7 
24:0 25.1 28.0 2.6 6.4 
25:1 tr tr 2.6 7.6 
26:1 ~ - -  .1.9 2.9 

aMethyl esters of ceramide nonhydroxy fatty acids were prepared and analyzed by 
gas liquid chromatography as described in Materials and Methods. 

bData are expressed as per cent of total nonhydroxy fatty acid in ceramide of the 
designated organ. 

Ctr = trace. 

a h igh  p r o p o r t i o n  of  C22h :  0 (20.7%) and 

C24h :0 (27.6%).  
I t  has  a l ready been n o t e d  tha t ,  in the  p re sen t  

Fa rbe r ' s  disease case, free ce ramides  were accu- 
m u l a t e d  in nea r ly  all the  t i ssues  e x a m i n e d  (1),  
whereas  in the  case r epo r t ed  by  S a m u e l s s o n  and  
Z e t t e r s t r 6 m  (5) ce ramide  excess  was f o u n d  in 
the  k i d n e y  and  in the  s u b c u t a n e o u s  nodu l e ,  b u t  
n o t  in the  liver, bra in  or  lung.  H y d r o x y  f a t t y  

TABLE III 

Hydroxy Fatty Acid Composition of Free Ceramide 
from Kidney and Cerebellum of Farber's Disease a 

Fatty acid Kidney b Cerebellum b 

14h:0 4.2 
16h:l 1.8 
16h:O 5.6 0.8 
17h:0 - -  3.8 
18h:0 3.1 4.7 
2Oh:0 5.4 4.2 
21h:0 tr c 0.6 
22h:0 16.6 11.8 
23h:0 11.2 7.0 
24h:1 10.4 tr 
24h:0 41.6 55.8 
25h:0 --  3.3 
26h:1 ~ 2.6 
26h:0 --- 5.3 

aTrimethylsilylated derivatives of ceramide hy- 
droxy fatty acid methyl esters were prepared and 
analyzed as described in Materials and Methods. 

bData are expressed as per cent of total hydroxy 
fatty acid. 

Ctr = trace. 

acids are n o t  d e m o n s t r a b l e  in con t ro l  t i ssues ,  
no r  in t hose  Fa rbe r ' s  disease t i ssues  in w h i c h  
to ta l  ce ramide  levels are n o r m a l .  In  con t r a s t ,  
t hose  Fa rbe r ' s  disease t issues  in  w h i c h  ce ramide  
levels are inc reased  do c o n t a i n  subs t a n t i a l  
a m o u n t s  of  h y d r o x y  f a t ty  acids. 

We have observed  t h a t  n o r m a l  h u m a n  k i d n e y  
and  ce rebe l lum b o t h  c o n t a i n  ce ramidase  and  
ce ramide  s y n t h e t a s e  activi t ies wi th  op t ima l  p H  
of  4, and  t h a t  n o r m a l  ce rebe l lum has  in 
add i t ion  ce ramidase  a nd  ce ramide  s y n t h e t a s e  
activit ies at pH  9, which ,  in c o n t r a s t  to  the  pH  
4 e n z y m e s ,  r e m a i n  active in Fa rbe r  ce rebe l lum 
(17). 

At  th is  t ime  the  m o s t  p laus ib le  e x p l a n a t i o n  
for  the  ce ramide  and  sph ingo l ip id  a c c u m u l a t i o n  
in F a rbe r ' s  disease is the  def ic ien t  acid cerami-  
dase act ivi ty.  The  fact  t h a t  pa t i e n t s  wi th  
Fa rbe r ' s  disease have n o r m a l  or increased  levels 
o f  sph ingol ip ids  (1) ind ica tes  t h a t  sph ingol ip id  
syn thes i s ,  and  he nc e  ce ramide  syn thes i s ,  can 
p roceed  in the  absence  of t h a t  ce ramide  s y n t h e -  
tase  t h a t  has  a pH  o p t i m u m  o f  4.0.  T h e  
obse rva t ion  t h a t  c e r e be l l um pH  9 ce ramidase  
and ce ramide  s y n t h e t a s e  act ivi t ies  appea r  nor -  
mal  in  th i s  disease,  and  the  f ind ing  t h a t  
n o r m a l l y  the ra t io  o f  pH 4 to  pH  9 ce ramidase  
and  ce ramide  s y n t h e t a s e  activi t ies,  a nd  the  
specif ic  acit ivit ies o f  these  e n z y m e s ,  are n o t  the  
same  in d i f fe ren t  organs  (17) ,  m a y  help  a c c o u n t  
for  the  fact  t h a t  the  e x t e n t  o f  ce ramide  
a c c u m u l a t i o n  is n o t  the  s a m e  in the  var ious  
t i ssues ,  as well  as fo r  the  d i f fe rences  in ceram-  
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ide levels n o t e d  in the  two  cases so far  
examined .  

I t  is n o t  poss ible  to  say at  this  p o i n t  f rom 
wh ich  spingol ipids  the  a c c u m u l a t e d  ce ramide  
migh t  be der ived,  a l t h o u g h  the  s t r ik ingly  large 
a m o u n t  of  HFA-ce ramide  f o u n d  in organs 
where  ceramide  accumula t e s  suggests t h a t  cere- 
bros ide  is one  of  the  m a i n  precursors .  I t  is 
k n o w n  tha t  ce ramide  m a y  be der ived f rom 
cerebros ides  (18)  and  t h a t  cerebros ides  c o n t a i n  
large a m o u n t s  of  HFA.  F u r t h e r m o r e  the  H F A  
p a t t e r n  in the  a c c u m u l a t e d  F a r b e r  ce ramide  
resembles  t h a t  of  n o r m a l  b ra in  and  k i d n e y  
cerebros ide .  In  par t icu lar ,  h u m a n  bra in  cerebro-  
side con ta ins  cons iderab le  a m o u n t s  of  C18:0  
and  C24h:  o acids (19-21) ,  while  h u m a n  k i d n e y  
cerebros ide  con ta ins  re la t ively  large a m o u n t s  of  
C22:0  , C24:1 and  C24:o  N F A ,  and  C22h:O,  
C 2 3 h : o ,  C24h :  1 and  C24h:  o H F A  (22) .  We 
p resume  t h a t  the  HFA - ce r am i de  f o r m e d  f rom 
cerebros ides  and  o t h e r  sources  in  n o r m a l  t issues 
is degraded or  reu t i l ized  rap id ly  e n o u g h  tha t  i ts  
p resence  is bare ly  demons t r ab l e .  

The  fa t ty  acid p a t t e r n  o f  N F A - c e r a m i d e  seen 
here,  while  bear ing  a r e semblance  to t h a t  of  
cerebros ide ,  as m e n t i o n e d  above,  is n o t  dist inc-  
tive e n o u g h  to  p e r m i t  ex tens ive  specu la t ion  
a b o u t  i ts origin.  H u m a n  b ra in  s p h i n g o m y e l i n  
has been  s h o w n  (19)  to  c o n t a i n  very  large 
a m o u n t s  of  C18:0  , s imilar  to  the  resul ts  re- 
p o r t e d  here  for  con t ro l  and  F a r b e r  ce rebe l lum 
ceramide ,  bu t  n o  de t ec t ab le  HFA,  un l ike  ou r  
f indings  for  F a r b e r  ce r ebe l lum ceramide .  Hu- 
man  bra in  gangliosides,  while  c o n t a i n i n g  consid-  
erable  a m o u n t s  of  C 18:0  N F A ,  also c o n t a i n  
h igh  p r o p o r t i o n s  o f  C2o-sphingos ine  (23) ;  we 
have observed  t h a t  th i s  long  cha in  base is n o t  
de t ec t ab le  (17)  in ce ramide  of  the  F a r b e r  case 
discussed here ,  s imilar  to  the  f indings  of  Samu-  
elsson and  Z e t t e r s t r b m  (5).  This  suggests t h a t  
on ly  a re la t ively  small  p r o p o r t i o n  of  the  free 
ceramide  a c c u m u l a t e d  in F a r b e r ' s  disease is 
der ived f r o m  ganglioside. I t  shou ld  also be 
n o t e d  t h a t  Klenk and  Huang  (24)  have obse rved  
tha t  in h u m a n  grey m a t t e r  f r ac t ions  c o n t a i n i n g  
ce ramide  and  s p h i n g o m y e l i n  r ich  in C18 :0 ,  
s ignif icant  a m o u n t s  of  C20-sphingos ine  are 
p resen t ,  whereas  whi te  m a t t e r  ce ramide  and  
sph ingomye l in ,  also r ich  in C18 :0  acid, c o n t a i n  
on ly  t race  a m o u n t s  of  C20-sphingos ine .  I t  will 
be recal led  t h a t  the  t ype  of  b ra in  t issue 
e x a m i n e d  in the  p r e sen t  work  was p r e d o m i -  
n e n t l y  whi te  ma t t e r .  

We cons ide r  i t  l ikely t h a t  the  f a t t y  acid 
c o m p o s i t i o n  of  F a r b e r  ce ramide  would  ref lec t  
the  relat ive act ivi t ies  and  subs t r a t e  specif ic i t ies  
of  the  ce ramide  s y n t h e t i c  and  degradat ive  
e n z y m e s  t h a t  are still act ive in Fa rbe r ' s  
disease tissues. We are n o w  e x a m i n i n g  the  

subs t r a t e  specif ici t ies  o f  the  ce ramidase  and  
ceramide  s y n t h e t a s e  t h a t  are act ive in at  least  
some tissues in  Fa rbe r ' s  disease, e.g., pH 9, 
ce rebe l lum,  r e fe r red  to  above.  Also the  syn the -  
tases so far discussed ut i l ize  free f a t t y  acids as 
subs t ra tes ;  f a t ty  acyl CoA derivat ives also serve 
as f a t t y  acid donor s  in  the  b iosyn thes i s  of  
ce ramide  (25) ,  and  i t  may  be t h a t  such  activi- 
ties are p resen t  in  Farber ,  as well as in c o n t r o l ,  
tissues. This  poss ib i l i ty  is also u n d e r  investiga- 
t ion.  
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Cyclopropenoic Acids of Pavonia sepium Seed Oil 1 
R.M. MADRIGAL  and C.R. SMITH, JR., Northern Regional Research Laboratory,2 
Peoria, Ill inois 61604 

ABSTRACT 

The seed oil ofPavonia sepium (Malva- 
ceae) contains sterculic (7%) and malvalic 
(4%) acids. Countercurrent distribution in 
a hexane-acetonitrile system concentrated 
and resolved the homologus cyclopro- 
penoid methyl esters. Reductive ozonoly- 
sis of selected countercurrent distribution 
fractions gave /3-diketoesters, which were 
identified by gas chromatography-mass 
spectrometry as derivatives of sterculic 
and malvalic acids. Pavonia sepium is the 
first known species in the plant family 
Malvaceae whose seed oil contains more 
sterculic than malvalic acid. 

Pavonia sepium St. Hil. (Malvaceae) is a 
member of a plant family whose seed oils 
contain cyclopropenoic and epoxy acids (1). 
Titration of its seed oil with HBr (2) indicated 
that these acids are present. This paper de- 
scribes the characterization of the cycloprope- 
noic acids of this oil. 

Seed oils were obtained by extraction of the 
coarsely ground seeds with petroleum ether (bp 
35-60 C) followed by evaporation of the 
solvent. Mixed methyl esters were obtained by 
NaOMe/MeOH transesterification. The two- 
temperature HBr titration showed a cyclopro- 
penoic ester content  of 13.9% (as methyl 
sterculate) and an epoxy ester content  of 3.7% 
(as methyl epoxyoleate). Countercurrent distri- 
bution (CCD) (3) of the esters in a hexane- 
acetonitrile system, followed by evaporating 
selected fractions from 700 transfers, gave a 
weight curve (Fig. 1) with peaks at transfers 
258, 298 and 370, representing fractions rich in 
stearate, oleate and linoleate, respectively. 

Quantitative IR analysis in CS 2 solution was 
run on nine fractions from CCD. The absorb- 
ance (A) at 9.9 btm, which is characteristic of 
cyclopropenes (4), was measured using the 
background absorbance correction technique 
(5). By comparing the absorbances with a 
straight line calibration curve obtained by 
plotting A vs. milligrams methyl sterculate in 
several dilutions of Sterculia foetida methyl 
esters (71.3% methyl sterculate by HBr titra- 

1presented at the AOCS-ISF World Congress, Chi- 
cago, October 1970. 

2ARS, USDA. 

tion) and applying the values obtained to the 
CCD weight curve, a cyclopropenoic methyl 
ester weight curve (broken line in Fig. 1) was 
derived. Other workers have determined ster- 
culic acid by IR in CS 2 solution (6) and methyl 
sterculate in e e l  4 solution (5). When CC14 is 
used in the IR determination of cyclopropenes, 
a fairly concentrated solution is required be- 
cause of the absorbance of this solvent in the 
region of 9.9 pm. In contrast, CS 2 is transpar- 
ent in this portion of the spectrum. CS2 reacts 
with cyclopropenes on heating or long standing 
(7), but we found that results were reproduc- 
ible if the solutions are kept at ambient 
temperature and are used immediately after 
they are prepared. 

Three maxima in the cyclopropene weight 
curve were revealed and samples under each of 
these peaks (areas 1, 2 and 3) were withdrawn 
for ozonolyses carried out in ethyl acetate (100 
mg/10 ml) at 0 C. Palladium-on-carbon catalyst 
was then added and the solutions were hydro- 
genated at 27 C and atmospheric pressure. 
Ozonolysis products were analyzed on gas 
liquid chromatography (GLC) and by thin layer 
chromatography (TLC). Diketones resulting 
from the cleavage reaction were concentrated 
for further analysis by preparative TLC. Analyt- 
ical TLC was carried out on glass plates coated 
with Silica Gel G, which were developed with 
hexane-ethyl ether-acetic acid 80:20:2 and visu- 
alized by charring with sulfuric acid-chromic 
acid. Diketo esters were visualized with 3% 
alcoholic FeC13; a deep red spot is charac- 

180 
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mg total methyl esters from CCO 

140 - J 
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mg 
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4O 
mg eyc/oO~opeooic 

20-  A ~ . ~  " _ ~ methyl esters from IR data 

o - , ~ ,  ,~, " r  ~ : ~ - ~ -  . . . . . .  , 
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FIG. 1. Weight distribution from countercurrent 
distribution (CCD) of mixed methyl esters from 
Pavonia sepium seed oil. 
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teristic of 1,3-diketo compounds (8). Prepara- 
tive TLC was conducted with 1 mm layers of 
Silica Gel G. Ozonolysis products were ana- 
lyzed by GLC in two ways: (a) on a Packard 
Model 7401 gas chromatograph having a 4 ft x 
1/8 in. glass column packed with 3% Apiezon L 
(ApL) on Gas Chrom Q and equipped with a 
flame ionization detector, column temperature 
200 C; and (b) on a Burrell Kromotog Model 
KD chromatograph equipped with a 2 ft x 3/8 
in. stainless steel column packed with 5% 
LAC-2-R446 (Resoflex) on Chromasorb W- 
AWDMCS. The apparatus had a flame ioniza- 
tion detector and column temperature was 180 
C. Equivalent chain length (ECL) values were 
determined by the method of Miwa et al. 
(9,10). Because of the high ECL values 
(and consequently long retention times), Reso- 
flex columns were not used for quantita- 
tive analysis of the reduced ozonides. However 
the 2 ft Resoflex column described above was 
used to determined ECL's. Reduced ozonide 
fractions giving ECL values on ApL at 19.4, 
20.4 and 21.4 had ECL's of 29.5, 30.5 and 
31.5, respectively, on the Resoflex column. 
These values are those that would be expected 
for a series of 1,3-diketo esters having 17, 18 
and 19 carbons, respectively (10). The diketo 
ester concentrates were subsequently analyzed 
by gas chromatography-mass spectrometry 
(GC-MS) with instrumentation and operating 
conditions as described by Kleiman and Spen- 
cer (1 I). 

GLC (ApL) of the reduced ozonide mixture 
from area 1 (transfers 288-309) showed 79% of 
a component with ECL 16.0. Other significant 
peaks were at ECL 19.2 (0.03%), 20.4 (1.0%) 
and 21.3 (2.5%). Preparative TLC gave a yellow 
band at Rf 0.4, which on analytical TLC gave 
one spot that corresponded to a red spot 
observed with the FeC13 reagent. GLC analysis 
(ApL) indicated components at ECL 19.2 (1%), 
20.4 (24%) and 21.4 (63%). GC-MS gave a 
spectrum for the ECL 20.4 peak with a 
molecular ion at m/e 326. This spectrum was 
identical to that of methyl 8,10-diketo-octadec- 
anoate (from malvalic acid) as reported by 
Hooper and Law (12). The ECL 21.4 peak with 
a molecular ion at m/e 340 gave a spectrum 
identical to that of methyl 9,11-diketononadec- 
anoate (from sterculic acid) (12). 

GLC of the reduced ozonides from area 2 
(transfers 322-347) showed a mixture having 
ca. 21% at ECL 16.0 and peaks at ECL 20.2 
(24.6%) and 21.3 (1.9%). By preparative TLC, 
the diketones were concentrated in a yellow 
band whose GLC analysis (ApL) showed com- 
ponents with the following ECL values: 19.4 
(0.14%), 20.3 (89.2%) and 21.3 (7.7%). The 

mass spectrum of the ECL 20.3 peak showed a 
molecular ion at m/e 326 and was identical to 
that of methyl 8,10-diketo-octadecanoate, 
while the ECL 21.3 peak again gave the 
spectrum (molecular ion, m/e 340) identical to 
that of 9,11-diketononadecanoate. GLC (ApL) 
of the mixed reduced ozonides area 3 (transfer 
360-381) showed only a small amount  of 
material in the ECL region of interest with 
0.9% at 19.4 and 0.3% at 20.4. Preparative TLC 
gave a band that, when eluted and analyzed by 
GLC (ApL), included components with the 
following ECL values: 19.4 (9%), 20.4 (0.7%) 
and 21.6 (0.9%). This fraction had the greatest 
content of material with ECL 19.4 obtained 
from any of the areas. GC-MS of the ECL 20.4 
and 21.6 peaks gave the expected spectra for 
the diketo methyl esters from malvalic and 
sterculic acids, respectively, but the mass spec- 
t rum for the ECL 19.4 peak was inconclusive. 

It is noteworthy that CCD was successful in 
separating methyl esters of cyclopropenoic 
acids differing in chain length by only one 
methylene group. Usually such separations have 
been facilitated by a difference of two methyl- 
ene groups. The peaks on the cyclopropene 
weight curve (Fig. 1) represent fractions rich in 
sterculate (transfer 294), malvalate (transfer 
334) and unknown (transfer 380), respectively. 
Taken at face value, these results indicate that 
Pavonia sepium seed oil contains 7% sterculate, 
4% malvalate and 3% of an unknown cyclopro- 
pene having 17 carbons. However we were 
unable to obtain confirmation for the structure 
of the apparent C17-diketoester by GC-MS. 
This difficulty may have been due to the 
relatively low concentration of the component  
with ECL 19.4 in the sample that was analyzed. 
Thus, although we found indications of a 
C17-cyclopropenoic acid in Pavonia seed oil, we 
did not  establish this definitely. 

Over a period of years, other investigators 
have found in various species indications of 
elusive cyclopropenes with chain lengths 
shorter than malvalic acid. Raju and Reiser (13) 
reported evidence for a cyclopropenoic acid 
with a GLC retention time shorter than mal- 
valic in Althaea rosea (Car.) seed oil. Johnson 
et al. (14 and references cited therein) hinted at 
the occurrence of C17-cyclopropenes in the 
fruits of certain Malva species. More recently, 
Ackman and Hooper (15) encountered an un- 
usual component  in Euphoria longans seed oil 
which they regarded as possibly being a 
C12-cyclopropenoid acid. 

P. sepium seed oil is unusual in being the 
first of the family Malvaceae in which the 
content of sterculic acid was observed to be 
greater than that of malvalic acid. This trait has 
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been found only in one example in the Sterculi- 
aceae (S. foetida) (10,16) and one in the 
Bombacaceae (Bombacopsis glabra) (17). 
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Incorporation of [1 _140] -Oleic Acid into Neutral Glycerides 
and Phosphoglycerides of Mouse Brain 
T.M. YAU and G.Y. SUN, Laboratory of Neurochemistry, 
Cleveland Psychiatric Institute, Cleveland, Ohio 44109 

ABSTRACT 

The incorporation of [ 1-14C]-oleic 
acid into the neutral glycerides and phos- 
phoglycerides of adult mouse brain was 
examined between 1 and 80 rain after 
intracerebral injection. Radioactivity of 
the free oleic acid in brain decreased 
rapidly with a half-life of ca. 5 min. The 
specific radioactivity of the phosphatidic 
acids was highest at 1 rain after injection. 
This was followed by the diacylglycerols 
and triacylglycerols which attained a 
maximum specific radioactivity at 3 and 
20 rain after injection, respectively. 
Specific radioactivities of the neutral 
glycerides were higher than the phospho- 
glycerides. A larger proportion of the 
radioactivity in the diacylglycerols was 
transferred to the phosphoglycerides than 
to the triacylglycerols. Among the phos- 
phoglycerides, radioactivity was actively 
incorporated into the inositol phospho- 
glycerides. The specific radioactivity of 
the inositol phosphoglycerides was higher 
than the diacyl sn-glycero-3-phosphoryl- 
cholines, and the kinetics of incorpora- 
tion of radioactivity into these lipids was 
also different. A water soluble material 
was found which showed maximum spe- 
cific radioactivity at 6-10 min after injec- 
tion. The properties of this water soluble 
material suggested that it may be an 
intermediate involved in the acyl group 
metabolism of phosphoglycerides in 
brain. 

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

The study of brain fatty acid metabolism by 
intracerebral injection of labeled precursors 
(1-5) is advantageous o v e r  oral, intraperitoneal 
or intravenous injections (6-8) because a much 
higher proportion of the administered dose can 
be incorporated and metabolized directly by 
the brain tissue. On the other hand, administra- 
tion of labeled precursors by these other 
techniques as well as by carotid injection (9) 
has revealed that the fatty acids can be directly 
incorporated into the brain tissue without prior 
oxidation to acetate. 

Although brain lipids may be labeled in vivo 
by many types of precursors, the information 

gained is influenced by the choice of precur- 
sors. The use of choline (10,11) or ethanol- 
amine (12,13) as precursors is restricted to 
comparisons of subclasses of the respective 
phosphoglycerides. Acetate and glucose ( 14,15) 
are incorporated not  only into all lipid classes 
but also into all moieties of the lipid molecules. 
Exhaustive analyses are required in order to 
interpret the results. The use of [32p]-phos- 
phate (11,16) is restricted to comparisons of 
phospholipids. Previous studies with [U -14C]- 
palmitic acid as precursor have indicated that 
the fatty acid is metabolized efficiently in brain 
with a half-life of less than 5 min (2), and is an 
excellent precursor for the study of brain lipid 
metabolism (1,2) and turnover (17). However 
palmitoyl groups are associated more closely 
with the choline phosphoglycerides than the 
ethanolamine and serine phosphoglycerides 
(18). Since oleic acid is a major component  of 
the brain phosphoglycerides, we have examined 
the uptake and incorporation of [14C]-oleic 
acid in the adult mouse brain between 1 and 80 
rain after intracerebral injection of the labeled 
precursor. 

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

Female C57BL/10J mice, 6 months of age, 
were injected intracerebrally with [ 1-14C]-oleic 
acid (Applied Science Labs., Inc., State College, 
Pa.; specific radioactivity 53 mCi/mmol) com- 
plexed with bovine serum albumin (1). The 
procedure for intracerebral injection of labeled 
precursor into the mouse brain without anesthe- 
sia has been described (13). Each animal re- 
ceived 15 /al of the emulsion containing ca. 0.5 
/ac of the [14C]-oleic acid. At 1, 3, 6, 10, 20, 
40 and 80 rain after injection, three mice were 
killed and the brains were individually homoge- 
nized in 20 volumes chloroform-methanol 2:1 
v/v. Then 0.2 volumes water was added to the 
lipid extract (19), and portions of the upper 
phase and the lower phase were taken for 
measurement of radioactivity. The lipid extract 
from each brain was dissolved in 10 ml chloro- 
form and stored at 4 C until  further analysis. 

The procedure for separation of lipids into 
the major classes by Unisil silicic acid column 
chromatography has been described previously 
(1). The less polar lipids were separated on thin 
layer chromatographic (TLC) plates developed 
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T A B L E  I 

C o n t e n t  o f  R a d i o a c t i v i t y  in O r g a n i c  a n d  A q u e o u s  Phases  o f  Bra in  L i p i d  E x t r a c t  
a f t e r  I n t r a c e r e b r a l  I n j e c t i o n  o f  [ 1 - 1 4 C ] - O l e i c  A c i d  a 
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Min a f t e r  d p m  x 1 0 - 3 / b r a i n  
i n j ec t i on  O r g a n i c  p h a s e  A q u e o u s  p h a s e  A q u e o u s / o r g a n i c ,  % 

1 1 2 0  • 2 6 . 0  • 0.7  5 .0  
3 153  • 16 10 .4  • 1.7 6 .8  
6 155  +- 50  16 .4  • 3.5 10 .6  

10 1 0 3 •  9 13 .6  • 1.5 13.2  
20 1 0 2  • 12 8 .5  • 1.8 8 .3  
4 0  143-+ 7 6 .4  • 1.9 4 .5  
80  131 • 10 3 .0  • 1.1 2 .3  

a R e s u l t s  are m e a n  -+ SEM f r o m  t h r e e  b ra ins .  E a c h  b ra in  was  d i spe r sed  in 2 0  v o l u m e s  
c h l o r o f o r m - m e t h a n o l  2 :1  v/v  a n d  0 .2  v o l u m e s  o f  w a t e r  was  a d d e d .  P o r t i o n s  o f  a q u e o u s  a n d  
a n d  o r g a n i c  phases  were  t a k e n  fo r  m e a s u r e m e n t  o f  r a d i o a c t i v i t y .  

twice with hexane-diethyl ether 70:30 v/v. 
Individual phospholipids were separated by the 
separation-HC1 reaction-separation TLC proce- 
dure developed with chloroform-methanol-15N 
NH4OH 65:25:4 v/v for the first dimension, 
and chloroform-methanol-acetone-acetic acid- 
water 75:15:30:15:7 .5  v/v for the second 
dimension (20). Lipid spots were visualized 
either by exposing the TLC plates to iodine 
vapor or by spraying the plates with 2' ,7'-di- 
chlorofluorescein reagent. The phosphorus con- 
tent of individual phospholipids was deter- 
mined according to the procedure of Gottfr ied 
(21). For  determination of radioactivity,  each 
lipid spot was scraped into a vial containing 10 
ml XDC scintillation fluid (13). 

The acyl group composit ion of individual 
glycerides was determined after TLC separa- 
tions of the neutral glycerides and phosphoglyc- 
erides obtained after column fractionation. The 
acyl groups were converted to their methyl  
esters by alkaline methanolysis and analyzed by 
gas liquid chromatography (20). A known 

quanti ty of heptadecanoic acid (C17:0) was 
added to each sample as internal standard. The 
oleoyl group content  of individual glycerides 
was obtained by comparing the peak area of the 
internal standard with the oleoyl group from 
individual glyceride molecules. 

The methyl  esters from the phospholipids 
were separated according to unsaturation by 
TLC plates impregnated with AgNO 3. A solvent 
system of hexane-diethyl ether 80:20 v/v was 
used for the separation. Individual spots con- 
taining the methyl  esters were scraped for 
measurement of radioactivity. 

RESULTS 

Although the labeled precursor used for the 
injection is a lipid material that is completely 
soluble in the organic solvent, a small amount  
of the radioactivity was found in the aqueous 
upper phase during lipid extract ion and phase 
parti t ion (Table I). Indeed, the radioactivity in 
the aqueous phase increased with time and 

T A B L E  II 

D i s t r i b u t i o n  o f  R a d i o a c t i v i t y  a m o n g  Majo r  L ip id  Classes 
a f t e r  I n t r a c e r e b r a l  I n j e c t i o n  o f  [ 1 -14C ] -Ole ic  A c i d  a 

Per  c e n t  

Min a f t e r  Free  f a t t y  N e u t r a l  
i n j e c t i o n  ac ids  b g l y c e r i d e s b  G a l a e t o l i p i d s  P h o s p h o g l y c e r i d e s  

1 7 9 . 0  7.1 2 .5  11 .4  
3 56 .7  2 0 . 5  2.1 2 0 . 8  
6 38 .5  2 2 . 6  1.3 3 7 . 6  

10 13 .6  28 .2  2 .3  5 5 . 9  
2 0  5 .9  22 .7  1.9 6 9 . 4  
4 0  2 .7  18 .9  2 .0  7 7 . 0  
8 0  3 .3  11 .4  1.0 8 4 . 3  

a L i p i d  e x t r a c t  f r o m  e a c h  m o u s e  b ra in  was  p l a c e d  o n  a Unisi l  si l icic ac id  c o l u m n .  P roce -  
dure  f o r  e l u t i o n  o f  the  l ip ids  has  b e e n  d e s c r i b e d  (1) .  E a c h  va lue  is t he  m e a n  p e r c e n t a g e  
f r o m  t h r e e  b ra ins .  

b R a d i o a c t i v i t i e s  o f  f ree  f a t t y  ac ids  a n d  n e u t r a l  g l y c e r i d e s  we re  o b t a i n e d  a f t e r  t h in  l a y e r  
c h r o m a t o g r a p h i c  s e p a r a t i o n  o f  less p o l a r  l ip id  f r a c t i o n .  

L IP IDS ,  V O L .  8,  N O .  7 
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TABLE III 

Percentage Distribution of Radioactivity among Phosphoglycerides 
and Neutral Glycerides of Mouse Brain Lipids a 

Per cent b 

Min after Diacyl Diacyl Alkenyl 
injection DG TG PA IPG SPG GPC GPE acyl GPE c 

1 31.1 7.0 13.1 9.5 7.5 21.0 9.5 1.3 
3 38.2 10.5 3.8 12.8 3.4 19.3 10.8 1.2 
6 16.3 20.8 1.6 12.9 1.1 31.6 14.4 1.2 

10 13.7 19.1 1.4 14.5 2.1 32.5 17.4 1.3 
20 6.3 18.1 --- 12.6 2.2 38.8 20.4 1.6 
40 2.8 16.2 1.1 12.6 2.0 44.9 18.8 1.5 
80 2.6 8.8 1.1 13.8 2.9 46.1 22.5 1.3 

aprocedure for separation of phosphoglycerides and neutral glycerides by thin layer 
chromatography is described in the text. Radioactivity of free fatty acids is not  included. 
Each value is mean percentage from three brains. 

bAbbreviations: DG, diacylglycerols; TG, triacylglycerols; PA, phosphatidic acids; IPG, 
inositol phosphoglycerides; SPG, serine phosphoglycerides; GPC, sn-glycero-3-phosphoryl- 
choline; GPE, sn-glycero-3-phosphorylethanolamine. 

CRadioactivity of acyl group of alkenyl acyl GPE. 

r eached  a m a x i m u m  6 m i n  a f te r  in jec t ion .  At  
10 rain a f t e r  in jec t ion ,  the  p r o p o r t i o n  of  
rad ioac t iv i ty  in  the  aqueous  phase  a c c o u n t e d  
for  13% of  the  to ta l  r ad ioac t iv i ty  in  bra in .  
F u r t h e r  e x a m i n a t i o n  of  th is  rad ioac t ive  mate -  
rial i n d i c a t e d  t h a t  i t  was dia lyzable  and  was 
r a the r  res i s tan t  to  e i the r  acid or alkaline me tha -  
nolysis.  

A p p r o x i m a t e l y  14% of  the  labeled c a r b o n  
f rom the  in j ec t ed  oleate was recovered  in the  
mouse  b ra in  a f te r  i n t r ace reb ra l  in jec t ion .  The  
half-l ife for  this  f a t ty  acid in b ra in  was less t han  
5 ra in  (Table  II). In  spite of  the  rapid  decl ine in 
rad ioac t iv i ty  of  the  labe led  precursor ,  the  to ta l  
r ad ioac t iv i ty  in b ra in  r e m a i n e d  near ly  cons t an t .  
The  rapid  decrease  in rad ioac t iv i ty  of  the  free 
f a t t y  acid was a c c o m p a n i e d  by  an increase  in 
the  rad ioac t iv i ty  of  the  n e u t r a l  glycerides and  
phosphog lyce r ides  (Table  II). A t  80 m i n  af te r  
in jec t ion ,  84% of  the  rad ioac t iv i ty  of  the  b ra in  
l ipids was in the  phospho l ip ids  and  on ly  3% of  
the  rad ioac t iv i ty  was still in  the  free f a t ty  acids. 
The  rad ioac t iv i ty  of  the  neu t r a l  glycerides,  
however ,  r eached  a m a x i m u m  (28%) at 10 m i n  
and  t h e n  decreased to  11% at 80  min.  

Separa t ion  of  the  acyl groups  f rom p h o s p h o -  
glycerides by  a rgen ta t i on  TLC ind ica t ed  t h a t  
over  90% of  the  rad ioac t iv i ty  was still in the  
m o n o e n e  band .  At  all t imes  rad ioac t iv i ty  of the  
galactol ipids  was very  low, and  the re fo re  t hey  
were n o t  sub jec ted  to  f u r t h e r  analysis.  

The  pe rcen tage  d i s t r i bu t ion  of  r ad ioac t iv i ty  
a m o n g  the  indiv idual  neu t r a l  glycerides and  
phosphog lyce r ides  is s h o w n  in Table III.  A t  1 
min  a f t e r  in j ec t ion  the  level of  rad ioac t iv i ty  in  
the  es ter i f ied l ipids was low,  b u t  rad ioac t iv i ty  
was f o u n d  ma in ly  in the  diacylglycerols ,  phos-  
pha t id ic  acids and  diacyl  sn-glycero-3-phos-  

p h o r y l c h o l i n e  (GPC).  At  40  min  af te r  i n j ec t i on  
rad ioac t iv i ty  of  the  es ter i f ied  l ipids a t t a ined  a 
m a x i m u m .  Dur ing  this  t ime  in te rva l  radioact iv-  
i ty  was d i s t r ibu ted  ma in ly  in the  diacyl  GPC, 
d i a c y l  s n  - g l y c e r o - 3 - p h o s p h o r y l e t h a n o l a m i n e  
(GPE)  and  to  a lesser e x t e n t  in  the  inos i to l  
phosphog lyce r ides  and  t r iacylglycerols .  A t  all 
t imes  the  rad ioac t iv i t ies  of  the  acyl groups  of  
a lkenyl  acyl GPE and  ser ine phosphog lyce r ides  
were qui te  low. 

The  specific rad ioac t iv i ty  of  ind iv idua l  glyc- 
erides is expressed  as d p m / n m o l  of  the  oleoyl  
group in the  respect ive  glycerides  in Table  IV. 
The  diacylglycerols  and  t r iacylg lycerols  had  
h igher  specific rad ioac t iv i t ies  t h a n  the  p h o s p h o -  
glycerides,  and  m a x i m u m  specif ic  radioact iv i -  
ties for  the  diacylglycerols  and  t r iacylglycerols  
were ach ieved  at  3 and  20  min ,  respect ively.  
A l t h o u g h  the  specif ic  r ad ioac t iv i ty  of  the  phos-  
pha t id ic  acids was h ighes t  at  1 m in  a f te r  
in jec t ion ,  its level was m u c h  lower  t han  the  
diacylglycerols .  Specific rad ioac t iv i t ies  of the  
diacyl GPC and  diacyl  GPE increased  w i th  t ime,  
and  the  ra te  of  increase  for  these  two  p h o s p h o -  
glycerides was near ly  c o n s t a n t .  A m o n g  the  
phosphog lyce r ides ,  inos i to l  phosphog lyce r ide s  
had  the  h ighes t  specif ic  rad ioac t iv i ty ,  and  radio-  
act ivi ty  a t t a ined  a p la teau  at 10 min  af te r  
in jec t ion .  Also the  ra te  of  increase  in specif ic  
rad ioac t iv i ty  for  the  inos i to l  phosphog lyce r ide s  
seemed  to  be more  rapid  t h a n  the  diacyl GPE 
and  diacyl GPC. 

DISCUSSION 

Resul ts  f r o m  this  e x p e r i m e n t  con f i rm  our  
earl ier  f indings  t h a t  long  cha in  f a t t y  acids are 
m e t a b o l i z e d  rap id ly  in the  b ra in  in  vivo (1 ,2) .  
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TABLE IV 

Specific Radioactivities (dpm/nmol Oleoyl Group) of Neutral Glyceride and 
Phosphoglyceride Classes in Mouse Brain after Intracerebral Injection 

of [1-14C]-Oleic Acid a 

Min after Dia cyl Diacyl Alkenyl 
injection DG TG PA IPG SPG GPC GPE acyl GPE b 

1 905 34 13.4 5.0 1.5 1.0 1.4 0.3 
3 2480 112 8.6 15.0 1.5 2.0 3.6 0.6 
6 1550 326 5.5 21.9 0.7 4.7 7.0 0.9 

10 1810 418 6.9 34.4 --- 6.8 11.8 1.2 
20 912 432 --- 32.9 2.2 8.9 15.1 1.7 
40 417 404 6.0 34.4 2.1 10.7 14.5 1.7 
80 384 220 6.1 37.5 3.0 11.1 17.4 1.5 

aAmounts of oleoyl groups (nmol/brain) in neutral glycerides and phosphoglycerides 
were: DG, 0.008; TG, 0.049; PA, 0.23; IPG, 0.45; SPG, 1.17; diacyl GPC, 5.14; diacyl GPE, 
1.58; acyl GPE, 1.10. Radioactivity of neutral glycerides and phosphoglycerides is assumed 
to be in oleoyl group. For abbreviations see Table Ill. 

bSpecific radioactivity of 18:1 acyl group of alkenyl acyl GPE. 

The radioact ivi ty of  the free oleic acid de- 
creased rapidly in brain wi th  a half-life of  ca. 5 
min. The specific radioactivit ies of  the phos- 
phat idic  acids and the diacylglycerols were 
m a x i m u m  at 1 and 3 min after in ject ion,  
respectively.  The biosynthesis  in vivo of  the 
tr iacylglycerols,  diacyl GPE and diacyl GPC 
through the phosphat id ic  acids and diacylglyc- 
erols as in termedia tes  has been discussed previ- 
ously (1). In the present  exper iment ,  we have 
also observed material  in the aqueous  upper  
phase exhibi t ing a m a x i m u m  radioact ivi ty  at 6 
min after in ject ion (Table I). Al though the 
exact  nature  of  this material  has no t  been 
elucidated,  some of  its propert ies  resemble 
those of  the long chain acyl CoA (22). However  
the transient increase and decrease in radioac- 
tivity of  this material  during these t ime inter-  
vals suggests that  i t  may also be a prote in- l inked 
c o m p o u n d  associated with  the diacylglycerols.  
The involvement  of  a heat-stable, water  soluble 
pro te in-bound in te rmedia te  for the biosynthesis  
of  choles terol  has been repor ted  (23). This 
in termedia te  is also resistant to the organic 
ex t rac t ion  procedure ,  a p roper ty  similar to the 
unident i f ied  material  in the aqueous  phase. 

Af te r  intracerebral  inject ions of [ 14 C] -oleic 
acid, radioact ivi ty  was incorpora ted  rapidly 
in to  the tr iacylglycerols  wi th  a m a x i m u m  at- 
ta ined be tween  10 and 20 min after inject ion.  
Al though  more  radioact ivi ty  was incorpora ted  
into  the phosphoglycer ides  than the tr iacylglyc- 
erols, the specific radioact iv i ty  of  the triacyl- 
glycerols was 50 to  100-fold higher than the 
phosphoglycerides.  The high specific radioactiv- 
i ty of  the tr iacylglycerols  is surprising since 
only trace a m o u n t  of  this l ipid is present  in the 
brain (24). Due to the higher specific radioac- 
tivity, the diacylglycerols gave a be t ter  precur-  
sor-product  relat ionship with the tr iacylglyc- 

erols than the phosphoglycerides.  Between 20 
and 80 min after inject ion,  we fur ther  observed 
that  specific radioact ivi ty  of  the tr iacylglycerols 
decreased almost  50%, whereas specific radio- 
activities of  the diacyl GPC and diacyl GPE 
were still increasing. This difference in meta-  
bolic pat tern  suggests that  the tr iacylglycerols 
may be turning over  in brain faster than the 
phosphoglycerides.  The difference can be at- 
t r ibuted to the presence of  different  diacylglyc- 
erol pools  in brain. Also tr iacylglycerols with 
high metabol ic  act ivi ty may be localized in 
special brain regions or  cell types  such as the 
endothel ial  cells. This has been demons t ra ted  in 
an in v i t ro  system by incubat ing  the choroid  
plexus with  labeled fa t ty  acid precursors (4). 

A m o n g  the phosphoglycer ides ,  specific ra- 
dioact ivi ty o f  the inosi tol  phosphoglycer ides  
was higher than the diacyl GPE and diacyl GPC. 
Also radioact ivi ty  incorpora ted  in to  the inosi tol  
phosphoglycer ides  was most  rapid within the 
first 10 min after  inject ion and reached a 
plateau afterwards.  Specific radioactivit ies of  
the diacyl GPE and diacyl GPC behaved differ- 
ent ly  and increased steadily wi th  t ime through- 
out  the exper iment .  Al though  biosynthesis  of  
the inosi tol  phosphoglycer ides  th rough CDP- 
diglycerides has been demons t ra ted  in brain in 
vi t ro  (25,26),  we have no t  been able to detec t  
this in te rmedia te  under  the condi t ions  of the 
present exper iment .  Possible metabol ic  relation- 
ships be tween  the inosi tol  phosphoglycer ides  
and the diacylglycerols has been suggested due 
to thei r  similar acyl group composi t ions  (27).  
However  any hydrolysis  of  inosi tol  phospho-  
glycerides to diacylglycerols would  no t  be 
de tec ted  in the present  exper iment .  

In compar ison  wi th  palmit ic  acid (1), a 
greater p ropor t ion  of  radioact ivi ty  is incorpo-  
rated in to  the diacyl GPE using oleic acid as the 
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precursor .  This is n o t  surprising since there  is a 
larger endogenous  c o n t e n t  of  oleoyl  groups  than 
pa lmi toy l  groups wi th  the diacyl GPE (18).  
Baker and T h o m p s o n  (5) have d e m o n s t r a t e d  
tha t  d i f ferences  in brain fa t ty  acid metabo l i sm 
in vivo may also be due to  a posi t ional  
specif ic i ty  wi th in  the glyceride molecule .  Palmi- 
tate is preferent ia l ly  i nco rpo ra t ed  in to  the  1 
posi t ion,  whereas  oleate is i nco rpo ra t ed  equally 
well in b o t h  the 1 and 2 posi t ions .  This may 
no t  apply to  the acyl groups of  the  plasmalo- 
gens and serine phosphoglycer ides ,  since very 
li t t le radioact ivi ty  is i nco rpo ra t ed  in to  e i ther  of 
these lipid molecules.  A l though  the alkenyl  acyl 
GPE conta ins  an appreciable  a m o u n t  of  oleoyl  
group in the  2 posi t ion,  the  oleoyl  groups  in 
this phosphog lyce r ide  appear  to be metabol ica l -  
ly d i f ferent  f rom the diacyl GPE. 
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Preparation and Characterization of Mouse Intestinal 
Phospholipase 
ATHOS OTTOLENGHI, Department of Physiology and Pharmacology, 
Duke Medical Center, Durham, North Carolina 27710 

ABSTRACT 

Phospholipase has been prepared in a 
stable, partially purified form from the 
small intestine of mice infected with the 
tapeworm H y m e n o l e p i s  nana. The en- 
zyme(s) attacks diacylphosphatides with 
liberation of free fatty acids and a corre- 
sponding decrease in phospholipid phos- 
phorus, without accumulation of lyso- 
phosphatides. The reactivity with various 
substrates is strongly influenced by their 
physical state, the presence of other 
f inds,  proteins or detergents. The phos- 
pholipids of some biomembranes (mito- 
chondria, microsomes, red cell ghosts) are 
readily hydrolyzed under customary reac- 
tion conditions. The ensuing biochemical, 
morphological and functional alterations 
have been documented. In contrast, the 
diacylphospholipids of the cell membrane 
( i n t a c t  e r y t h r o c y t e s ,  P s e u d o m o n a s  
aerunginosa)  are not accessible to phos- 
pholipase action unless some alteration of 
the integrity of the cell is induced by 
physical or chemical means (hemolysis, 
polymyxin).  The enzyme is proposed as a 
tool for the investigation of biomem- 
branes and as a model for the study of 
phospholipase activity. 

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

In recent years a number  of animal tissues 
have been shown to contain enzymes capable of 
splitting phospholipids by hydrolysis of the 
fatty acid ester bonds. Various criteria and 
methods (positional specificity, substrate affin- 
ity, Ca ++ requirement, pH optimum) have been 
used to characterize enzymes from different 
sources and resolve mixtures of these activities 
encountered in some tissues (1-3). The presence 
of phospholipases A and B in rodent intestine 
was first reported by Epstein and Shapiro (4) 
and has since been confirmed in many labora- 
tories (5-9). Subbaiah and Ganguly have re- 
cently described the subcellular distribution of 
these enzymes in rat intestine (10). 

This report deals with the preparation and 
biochemical characterization of a stable, par- 
tially purified form of the phospholipase found 
in particularly high concentrations in the small 

intestine of albino mice infected with the 
tapeworm H y m e n o l e p i s  nana (11).  

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

Animals 

Adult male mice (Charles River, CD-1), 
average body weight 20g,  were housed in 
groups of 20 per cage in quarters provided with 
temperature, humidity and light controls (7 
A.M.-9 P.M.-7 A.M., light-darkness cycle). 
These animals were used for both induction of 
high intestinal phospholipase concentrations by 
worm infection and as sources of worm eggs to 
maintain a small colony of infected mice over 
the past 3 years. 

Routinely the mice were infected with 
H y m e n o l e p i s  nana eggs 1 week after arrival, 
each animal receiving 3000-5000 eggs in 0.5 ml 
water by garage using a N1611 curved needle 
18 GA x 1.5 (Biomed, Instrument Div., Popper 
& Sons, Inc., N.Y.). A high phospholipase 
content of the intestine, suitable for enzyme 
extraction and purification, is already present 
after 10-12 days and persists for at least 6 
weeks (11). We have used most often 4-5 weeks 
infected mice for enzyme preparation as de- 
scribed in the results section. A slightly shorter 
time is optimal for the harvesting of eggs. For 
this purpose the lower third of the small 
intestine of six to eight mice infected 25-30 
days earlier was removed, immersed in water in 
a Petri dish and cut longitudinally to disperse 
the contents by gentle shaking. The easily 
identifiable, white, thread-like worms were 
transferred with tweezers through three to four 
washes in water to remove gross contaminants,  
and finally collected in ca. 10 ml water. After 
transfer of the parasites and fluid to a small 
porcelain mortar, the eggs were freed by gentle 
grinding with a pestle followed by stirring for 
10-15 min with the aid of a magnetic bar. Five 
microliters of the suspension were used for 
counting at 35x magnification and the concen- 
tration of the eggs was adjusted to 6000-10,000 
eggs per milliliter. The yield from eight mice 
was sufficient for infecting 30 new animals by 
administering to each 0.5 ml of the continu- 
ously stirred suspension as described above. It is 
worth adding that harvesting of the parasites 
should not be postponed much later than the 
30th day since the number  of worms to be 
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found declines considerably by the 5th week, 
probably as a consequence of self-cure. The 
latter process is accompanied by the develop- 
ment of immunity  to reinfection, and it is 
therefore important to avoid accidental trans- 
mission of the infection via bedding or non- 
sterilized drinking water bottles and cages, so 
that animals kept for weeks before infection do 
not become immune and give negative results. 
For the same reason, it  is important  to obtain 
mice from breeding colonies where Hymeno- 
lepis nana infection is totally absent. In our 
experience the source mentioned above has met 
this requirement over the past 3 years. 

Su bstrates 

The substrates of phospholipase, their 
sources and preparation methods are listed 
below. 

Phosphatidylcholine (PC): PC was prepared 
from egg yolk according to Ansell and Haw- 
thorne (12). The silicic acid column eluate in 
chloroform-methanol 7:3 was added with 
0.005% of the antioxidant 4-methyl-2-6-di-tert- 
butyl phenol and brought to dryness in a rotary 
evaporator. After flushing with nitrogen the PC 
was resuspended in water to a final concen- 
tration of 20/~mol/ml and stored frozen in 5-10 
rnl aliquots at -15 C. For use, the frozen 
samples were thawed in lukewarm water. Ac- 
cording to the particular experimental design, 
the substrate was mixed directly with buffer or 
dispersed by addition of Triton X-100 or 
sonicated in a Raytheon Model DF101 mag- 
netostrictive oscillator, 10 KC, for two succes- 
sive 3 rain intervals. 

Phosphatidylethanolamine (PE): PE was ob- 
tained from egg yolk according to Ansell and 
Hawthorne (13) and processed for storage and 
use as indicated above for PC. 

Lysophosphatidylcholine (LPC): LPC was 
prepared from PC using snake venom according 
to Long and Penny (14). After extraction with 
hot alcohol, the phospholipid was dried at 
reduced pressure and redissolved in a small 
volume of water (60-80/~mol/ml). The solution 
was dialyzed overnight against distilled water 
and the concentration adjusted to 20/.tmol/ml, 
for storage at -15 C. The clear solution resulting 
upon melting in lukewarm water was used 
routinely without further treatment. 

Soybean phosphatides (Asolectin): The mix- 
ture of phosphatides was obtained from a 
commercial source (Associated Concentrates, 
Inc., Long Island, N.Y.). When used as a 
substrate the material was dispersed in water (5 
mg/ml) by homogenization in a motor driven 
Teflon-giass homogenizer. If needed, sonication 
was carried out as indicated for PC. Microdis- 

persions of Asolectin for use in the reactivation 
of beef heart mitochondrial enzymes were 
prepared and stored according to Fleischer and 
Fleischer (15). 

Rat liver mitochondria and mierosomes: 
These were obtained by the standard prepara- 
tion methods in isotonic sucrose and were 
stored at -15 C in a sucrose volume corre- 
sponding to 50% of the liver weight. Lipid and 
protein fractions of the two preparations were 
obtained by extraction with aqueous acetone 
ammonia according to Fleischer and Fleischer 
(16). One volume of mitochondrial or micro- 
somal suspension was mixed with 24 volumes 
of acetone-water-ammonia 22.5: 1.5: 0.004 v/v/v 
and the mixture separated at 800 x g for 10 
rain. The pellets were then washed three times 
with isotonic sucrose, sedimented at 20,000 x g 
for 10 min and resuspended in the same 
medium in one-half the original volume. These 
preparations, containing 5.1 and 15.3 mg of 
protein per milliliter, respectively, are here 
referred to as mitochondrial and microsomal 
protein. The corresponding acetone super- 
natants were evaporated under  reduced pres- 
sure, resuspended in twice the original (mito- 
chondrial or microsomal) volume of water and 
extracted according to Bligh and Dyer (17). 
Each chloroform extract was added with 
0.005% of the antioxidant 4-methyl-2,6-di-tert- 
butyl phenol, brought to dryness under reduced 
pressure, and the lipid residue was dispersed in 
one half the original volume of sucrose giving a 
suspension containing 15.3 and 6.3 gmol phos- 
pholipid per milliliter mitochondrial and micro- 
somal extract, respectively. All preparations 
were stored at -15 C and simply thawed before 
use unless otherwise indicated. 

Red cellghosts: Washed human erythrocytes 
were lysed in 0.01 M Tris buffer pH 7.4 and 
washed free of hemoglobin by repeated centri- 
fugation at 14,000 x g for 10 vain in the same 
medium. The cells were resuspended in eight- 
tenths of the original volume and incubated 
with phospholipase as specified in the results 
section. 

Pseudomonas aeruginosa: The bacteria were 
grown for 24 hr on Difco Nutrient Broth, 
harvested by centrifugation, washed with water 
three times and finally resuspended in water. 
Cell concentration was adjusted so that, upon 
undergoing standard operations of incubation 
and further dilution, the control sample in 
water would give an optical density reading of 
0.13-0.16 at 500 X in a Coleman junior  pho- 
tometer. In the experiments reported here, the 
cells were first incubated at room temperature 
with phospholipase and polymyxin;  a 2 ml 
aliquot was withdrawn at a chosen time and the 
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initial OD reading was taken. Then 0.2 ml of 
2 M NaC1 was added, rapidly mixed, and the 
cell's response was followed by short interval 
readings of the OD changes. Cells incubated 
without phospholipase served as controls. 

Enzyme Assays 

Phospholipase activity: Reaction conditions 
varied to fit specific experimental goals. The 
following buffers were used at 0.1 M strength 
for the pH studies: acetate, MES, Tricine. 
Routinely 1 volume buffer was mixed with 0.5 
volumes substrate in aqueous medium at 37 C, 
and the enzyme preparation was added in 
microliter amounts to start the reaction. The 
standard assay for lysophospholipase activity 
used 0. 1 M phosphate buffer pH 6.6 added with 
0.5 volumes of 2 x 10 -2 M lysolecithin. Hydrol- 
ysis of the various substrates was determined by 
one of two basic procedures: (a) extraction of 
the unreacted phospholipid according to Bligh 
and Dyer (17) and estimation of the P content 
of the chloroform phase (Fiske and Subbarow 
[18] and Barlett [19]);  (b) extraction and 
titration of the liberated fatty acids in heptane 
according to Dole (20). The first procedure was 
most useful when diacylphospholipids were 
studied, while the second was preferred when 
LPC was the substrate. 

Quantitative estimates involving both fatty 
acids and phospholipids were usually performed 
on Bligh and Dyer extracts. To obviate the 
interference with fatty acid titration normally 
encountered when diacylphospholipid are pres- 
ent, an aliquot of the chloroform phase was 
first dried, the lipid redissolved in 3-4 ml dry 
chloroform and loaded onto a small silicic acid 
column (at least 1 g/2.5 /~mol extracted phos- 
pholipid). The column was then washed with 3 
volumes of dry chloroform, and the combined 
eluates dried under reduced pressure. The resi- 
due was dissolved in heptane and the fatty acids 
titrated with 0.01 N NaOH. This procedure, 
which works well with pure substrates, was 
controlled using known amounts of pure fatty 
acids. When very small quantities were involved, 
the fatty acid estimation method of Mahadevan 
et al. (21) was followed. 

Aliquots of the Bligh and Dyer extracts were 
also used for thin layer chromatography on 
silica plates (Eastman, Chromagram) following 
the two step procedure of Skipski and Barclay 
(22). Visualization of the phospholipid spots 
was achieved by spraying with dichlorofluores- 
cein and viewing in UV light. 

Glycerylphospholycholine (GPC) was esti- 
mated by the ennaiodide method of Appleton 
et al. (23) adapted for PC and lysoPC prepara- 
tions (24). The formation of giycerylphosphor- 

ylethanolamine and GPC m red cell ghosts 
suspensions was detected by paper chromatog- 
raphy according to Dawson et al. (25). 

Oxidative enzymes o f  beef heart mitochon- 
dria: Standard techniques were followed for the 
estimation of succinate-cytochrome reductase 
(26) of heavy beef heart mitochondria incu- 
bated at 30 C with mouse phospholipase. 

RESULTS 

Extraction and Purification of Mouse Phospholipase 

The procedure developed and finally 
adopted in our laboratory for preparation of 
mouse intestinal phospholipase consists of the 
steps described below. The volumes and 
amounts given refer to a preparation run using 
eight mice; a larger number of animals can be 
processed with a proportional increase in fluid 
and reagents. Estimation of phospholipase B 
activity was used to follow the various stages of 
purification. 

Intestinal homogenate: Mice infected with 
Hymenolepis nana 4-5 weeks earlier are anes- 
thetized with ether and killed by decapitation. 
The entire small intestine is dissected, cut in 4-5 
segments and the content  extruded by gentle 
pressure along the peritoneal surface. After 
weighing, the tissue is minced with scissors and 
homogenized in 19 volumes ice cold medium 
(8% sucrose, 1 x 10-2M Tris pH 7.4, 1 x 10-3M 
Mg, 1 x 10-3M dithiothreitol) with the aid of a 
motor driven Teflon-glass homogenizer. The 
homogenates are pooled (280 ml) and centri- 
fuged at 8000 x g for 10 min. (For this and all 
the following centrifugation steps except dial- 
ysis and storage, we have found it advantageous 
to use a #30 Spinco rotor and 38.5 ml tubes.) 
The supernatant (230 ml) contains 80-90% of 
the total homogenate activity. 

Precipitation with Protamine: The 8000 x g 
supernatant is added slowly, with stirring, with 
0.25 volume of protamine sulfate (Calbiochem., 
1% in water at room temperature) and the 
mixture is allowed to stand in the cold for 20 
min prior to centrifugation (25,000 x g x 15 
rain). The whitish pellets contain the bulk of 
the phospholipase activity. 

Extraction with Tris-Triton X-I O0: To each 
centrifuge tube are added in succession 5 ml 
0.3M Tris pH 7.4 (containing 1 x 10-3M 
dithiotreitol) and 0.5 ml 1% Triton X-100. The 
pellet is first dispersed with the aid of a glass 
rod, and the suspension is diluted with 15 ml 
water containing 1 x 10-3M dithiothreitol and 
transferred to an ice cold beaker. Washing of 
the centrifuge tubes with an additional 20 ml of 
Tris-water medium aids to recover all the 
particulate material, and extraction is corn- 

LIPIDS, VOL. 8, NO. 7 



418  A. OTTOLENGHI 

TABLE I 

Purification of Mouse Intestinal Phospholipase a 

Preparation Total activity % Activity/mg protein 

8000 x g supernatant 402,000 100 342 
Protamine-Triton X extract 220,000 54 1123 
40% Ammonium sulfate, 

ppt 213,000 53 1627 
60% Ammonium sulfate, 

ppt 163,000 40 2634 
Calcium phosphate gel 

eluate--I 60,000 15 6024 
Calcium phosphate gel 

eluates I + II 140,000 34 4740 

aActivity values represent micromoles lysolecithin hydrolyzed per hour under standard 
assay conditions. 

p le ted  by h o m o g e n i z a t i o n  w i th  a few h a n d  
s t rokes  in  a Teflon-glass homogen ize r .  Centr i -  
fuga t ion  at  2 5 , 0 0 0  x g for  15 m i n  gives a l ight ly  
co lored  s u p e r n a t a n t  c o n t a i n i n g  ca. 50% of the  
in tes t ina l  h o m o g e n a t e  act ivi ty .  The  par t ia l  re- 
covery  at this  s tep is due to  d i f f icul t ies  in  
solubi l iz ing the  e n z y m e  f r o m  the  p r o t a m i n e  
p rec ip i t a te  r a t h e r  t h a n  to  i n h i b i t i o n  by  the  
de te rgen t ,  which ,  at  the  above  c o n c e n t r a t i o n s ,  
does n o t  a f fec t  the  t o t a l  p h o s p h o l i p a s e  B 
activity.  

Fractionation with ammonium sulfate I and 
H: The s u p e r n a t a n t  of  the  p reced ing  s tep (140  
ml)  is m ixed  slowly, s t i r red  w i th  1 vo lume  cold 
80% sa tu r a t ed  a m m o n i u m  sulfa te  and  a l lowed 
to  s t and  in the  cold  for  15-20 min.  The  l ight  
p rec ip i t a te  thus  f o r m e d  is separa ted  at  2 5 , 0 0 0  x 
g for  15 rain,  and  t he  s l ight ly c loudy  super-  
n a t a n t  is s lowly a d d e d  w i th  0.5 v o l u m e  cold  
sa tu ra t ed  a m m o n i u m  sulfa te  (f inal  s a tu ra t ion ,  
60%). Af te r  30  rain in the  cold,  a well  de f ined  
p rec ip i t a te  is p re sen t  and  is easily separa ted  by  
cen t r i f uga t i on  for  15 mi n  at  2 5 , 0 0 0  x g. 

Fractionation on calcium phosphate gel: The 

pel le ts  of  the  p reced ing  s tep  are dissolved in 40  
ml cold  0. 1M Tris pH 7.4, 10-3M d i t h io th r e i t o l ,  
and  12 ml ca lc ium p h o s p h a t e  gel suspens ion  
(27)  is added.  Af t e r  mixing,  c en t r i f uga t i on  at 
2000  x g for  10 min  separa tes  the  gel, wh ich  is 
washed  twice wi th  60 ml 1% sod ium chlor ide ,  1 
x 10-3M d i th io th re i to l ,  and  is f inal ly  e x t r a c t e d  
w i t h  20 ml (a l t e rna t ive ly  twice  wi th  10 ml  
a l iquots )  0 .4M po ta s s ium p h o s p h a t e  bu f f e r  pH 
7.4. 

Dialysis and storage: The gel e luate  is dial- 
yzed  overn igh t  against  two changes  of dis t i l led 
wa te r  (8 l i ters) ,  and  the  clear so lu t ion  is s to red  
f rozen  at -15 C. The resul ts  of  one  e x p e r i m e n t a l  
run  are given in Table  I. 

The  p rocedu re  de ta i led  above  gives prepara-  
t ions  averaging 1 mg  p r o t e i n  and  3 5 0 0 - 6 0 0 0  
un i t s  l y s o p h o s p h o l i p a s e  act iv i ty  per  mil l i l i ter ;  
n o  loss of  act ivi ty  in  the  f rozen  s ta te  is 
de t ec t ab le  over  an e ight  m o n t h  per iod .  Alter-  
na t ive ly ,  the  dia lyzed p r e p a r a t i o n  can be freeze- 
dried and  k e p t  at  -15 C as a powder .  Lyophy l i -  
za t ion  is a c c o m p a n i e d  by a 50% loss of  act ivi ty ,  
bu t  the  p r e p a r a t i o n  is s table  a f te rwards  over  a 

TABLE II 

Effect of Reaction Conditions on Phospholipase Activity 

Treatment or addition 

Substrate a None Sonication b Protein c Triton X-IO0 d 

Phosphatidylethanolamine pH 5.2-5.9 5.2 5.2-6.6 
V 95 110 155 0.0 

Phosphatidylcholine pH 5.2 6.99 
V 0.0 105 0.0 117 

Asolectine pH 6.2 6.2 6.2 6.6 
V 45 12 87 109 

Lysolecithin pH 5.2-7.3 5.2-7.3 
V 418 432 

aSubstrate concentration: phosphatidylethanolamine 1.2 x 10-3M; phosphatidylcholine 
= 1.3 x 10-3M; asolectine = 1.1 x 10-3; lysolecithin = 1.4 x 10-3M. For each substrate the 
pH value or range indicated is that at which reaction velocity (V) is highest. V is given as 
millimicromoles of substrate hydrolyzed per hour by 1 ~g lyophilized enzyme. 

LIPIDS, VOL. 8, NO. 7 



MOUSE INTESTINAL PHOSPHOLIPASE 419 

w 
N >.. 
.--1 
o 
127 
r~ 
>- 
"r 

r'h 

- - I  
o 
i 
o.. 
03 
o 
i 
13.. 

160 

120 p-i-ee.  
I"  ~O. 

8 0  ,,̂ ,p " ' 
\ \  

II 40 ~ o--~ '~;, 
�9 t i ~ 0 , \ ~  

20 ? -~, : "o. , 
0 -  / 
~_A^-,-,i- . . . . . .  ,~h 1 " -~  

3 4 5 6 7 8 pH. 

FIG. 1. Hydrolysis of mitochondrial phospholipids 
of rat liver by mouse phospliolipase. Hydrolysis rate 
expressed on abscissa as millimicromoles phospho- 
lipids hydrolyzed per hour by l #g lyophilized enzyme 
reacted with intact rat liver mitochondria (e s), their 
lipid extract (c-----~), and lipid extract added with 
mitochondrial protein (a----~). Phospholipid concen- 
tration in three series = 1.4; 1.6; and 1.6 #mol/ml, 
respectively; added protein = 1.01 mg/ml. 

prolonged period of time (more than 1 year in 
our experience). 

For testing with the various substrates the 
enzyme is best prepared in relatively concen- 
trated solutions (0.5-1 mg protein/ml),  since 
rapid loss of activity follows dilution in water 
at concentrations below 200 btg protein per 
milliliter. Addition of electrolytes or serum 
albumin is without effect, and only partial 
stabilization is achieved by the presence of SH 
groups (2 x 10-3M dithiothreitol). We have 
routinely used microliter volumes of freshly 
thawed material added to pre-equilibrated mix- 
tures of buffers and substrates with good 
reproducibility of results. 

Further purification of  the enzyme by gel 
filtration or ion exchange chromatography 
(Deae-Sephadex) is impractical, since little or 
no gain in specific activity is obtained by either 
procedure. Gel electrophoresis shows the pres- 
ence of seven distinct bands (four major, three 
minor), two of which are associated with 
phospholipase activity recoverable from the 
sliced gel by extraction with glycerol buffer. 
Peak activity coincides with a band corre- 
sponding to 25% of the stained protein in the 
gel. 

S u b s t r a t e s  

Mouse intestinal preparations readily hydro- 
lyze the diacylphospholipids of mitochondria, 
microsomes, red cell ghosts and bacterial mem- 
branes, and attack with varying affinity the 
individual phospholipids reacted in the form of 
aqueous dispersions. The hydrolytic reaction 
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FIG. 2. Hydrolysis of microsomal phospholipids of 
rat liver by mouse phospholipase. On abscissa hydrol- 
ysis rate expressed as millimicromoles phospholipid 
hydrolyzed per hour by 1 #g lyophilized enzyme 
reacted with: intact rat liver microsomes (:  --); their 
lipid extract (c~-----o); lipid extract added with micros- 
omal protein (A A). Phospholipid concentration in 
three series = 1.96; 2.39; and 2.39 #mol/ml, respec- 
tively. Added microsomal protein = 600 #g/ml. 

and the attendant biochemical characteristics 
(pH optima, apparent Vmax) are strongly influ- 
enced by the physical state of the substrates 
and the presence of nonlipid material (Figs. 1-5, 
Table II). 

Figure 1 shows the rather broad range of pH 
values at which the phospholipids of intact rat 
liver mitochondria are hydrolyzed. Separation 
of the lipid moiety by extraction with aqueous 
acetone-ammonia results in a considerable re- 
duction of reaction rate and pH range with a 
shift of the optimum toward the neutral region. 
Addition of the protein residue to the lipid 
extract restores the pH curve to a range and 
height comparable to those seen with intact 
mitochondria (Fig. 1). Similar results are ob- 
tained with liver microsomes (Fig. 2). 

Recombination experiments of the type 
described above indicate that restoration of the 
protein to phospholipid ratio present in the 
intact organelles is not essential, since one-third 
of the equivalent protein is sufficient to pro- 
duce a maximal effect on both hydrolysis rate 
and pH range. In this respect the mitochondrial 
protein is more effective than the corre- 
sponding microsomal preparation on a protein 
weight basis, even when microsomal phospho- 
lipids are the substrate. 

Partially purified phospholipid mixtures 
(Asolectin) and individual phospholipids behave 

LIPIDS, VOL. 8, NO. 7 



4 2 0  A. OTTOLENGHI 

TABLE III 

Stoichiometry of Reaction Products during 
Hydrolysis of Phospholipids by Mouse Phospholipase a 

Reaction conditions 
Substrate -APLP-P +FA FA/P or additions 

Egg lecithin 3.03 5.91 1.95 Sonicated, pH 5.3 
3.34 6.82 2.04 Sonicated, pH 5.3 
0.84 1.72 2.05 pH 6.99, Triton-X 

Egg-phosp hatidylethano lamine 2.53 4.'/5 1.88 pH 6.23 
Mitochon drial protein 

Rat liver mitochondria 3.88 7.38 1.90 pH 6.23 
4.68 9.02 1.93 pH 6.23 

aValues in columns headed -APLP-P and +FA indicate, respectively, micromoles of phos- 
pholipid hydrolyzed and of fatty acid liberated under reaction conditions specified in last 
column. Table was compiled from experimental data obtained in a number of experiments 
using various enzymatic preparations of different specific activity. 

similarly. A d d i t i o n  o f  p r o t e i n  or de t e rgen t  or 
son ica t ion  of  the subs t ra te  can  great ly  in f luence  
the  ra te  of  the  h y d r o l y t i c  r eac t ion ,  a l t h o u g h  no  
single e x p e r i m e n t a l  var iable  i nduces  similar  
e f fec ts  on  all subs t ra tes  t es ted ,  thus  unde r l i n i ng  
the  c o m p l e x i t y  of  the  i n t e r a c t i o n s  involved  in 
in i t i a t ion  and  e n h a n c e m e n t  o f  the  e n z y m a t i c  
a t tack .  F o r  example ,  add i t i on  of m i t o c h o n d r i a l  
p ro t e in  a u g m e n t s  b o t h  r eac t i on  ra te  and  pH 
range for  PE and  Asolec t in  suspens ions  (Fig. 3, 
Table  I1) bu t  has n o  e f fec t  on  PC, wh ich  
becomes  suscept ib le  to  hydro lys i s  on ly  a f t e r  
d ispers ion by  son ica t i on  or  by  add i t i on  of  
T r i t on -X  (Fig. 4). These  p rocedures ,  by  con-  
t ras t ,  r educe  the  reac t iv i ty  of  the  o t h e r  t w o  
subs t ra tes  as s h o w n  in Table  II. The  presence  of 
two pH o p t i m a  for  PC af te r  add i t i on  of  Tr i ton  
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FIG. 3. Hydrolysis of phosphatidyl ethanolamine 

by mouse phospholipase. On abscissa reaction rate 
expressed as millimicromoles phosphatidylethanol- 
amine hydrolyzed per hour by 1 ~g lyophilized 
enzyme reacted with 1.18 /~mol/ml substrate in 
aqueous dispersion (= =); after sonication (3 x 3' at 
10 KC) (~----A); after addition of mitochondrial 
protein (335 #g/ml) (* x). 

X-100  has been  c o n f i r m e d  in  a n u m b e r  of  
e x p e r i m e n t s  s imilar  to  those  s h o w n  in Figure 4. 

A m o n g  the  subs t ra tes  t e s t ed ,  l y s o p h o s p h a -  
t i dy l cho l ine  shows the  h ighes t  reac t iv i ty  over  a 
b r o a d  pH range u n a f f e c t e d  by  add i t i on  of  
p r o t e i n  (Fig. 5), d e t e r g e n t  or  son i ca t i on ;  h e n c e  
i t  was se lected as the  subs t r a t e  of  r e fe rence  
dur ing  the  d e v e l o p m e n t  o f  the  e n z y m e  pur i f i -  
ca t ion  p rocedure .  O the r  subs t r a t e s  f o u n d  sus- 
cep t ib le  to  m o u s e  phospho l ipa se  inc lude  
pur i f i ed  p h o s p h a t i d i c  acid and  the  p h o s p h o -  
lipids of  bacter ia l  m e m b r a n e  vesicles (28-31) .  

R e a c t i o n  P r o d u c t s  

Phospho l i p id  hydro lys i s  by  the  mouse  phos-  
phol ipase  resul ts  in l i be ra t i on  of  f a t t y  acids and  
a c o n c o m i t a n t  decrease  in p h o s p h o l i p i d  P. As 
s h o w n  in Table  III the  mo la r  ra t ios  of f a t t y  acid 
to  P are qui te  u n i f o r m  u n d e r  widely  d i f f e ren t  
e x p e r i m e n t a l  c o n d i t i o n s  a n d  ind ica te  t h a t  the  
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Hydrolysis of phosphatidylcholine by 
mouse phospholipase. Hydrolysis rate expressed on 
abscissa as millimicromoles phosphatidylcholine 
hydrolyzed per hour by 1 ~g lyophilized enzyme 
reacted with phosphatidylcholine (1.33 umol/ml) in 
aqueous dispersion (~---~); after sonication (3 x 3' at 
10 KC) (-" -'); after addition of mitochondrial 
protein (335 ~g/ml) (= --); after addition of triton X 
(8.3 #l/m1) (~--~) .  
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FIG. 5. Hydrolysis of lysophosphatidylcholine by 
mouse phospholipase. Hydrolytic rates are given as 
millimicromoles of lysophosphatidylcholine hydro- 
lyzed per hour by 1 #g lyophilized enzyme reacted 
with lysophosphatidylcholine (1.44 #mol/ml) in aque- 
ous dispersion (-- -'); or after addition of mitochon- 
drial protein (500 #g/ml) ( ;  ;). 

diacylphospholipids are hydrolyzed without ac- 
cumulation of detectable amounts of lysophos- 
pholipids. The absence of  a lysolecithin spot in 
thin layer chromatograms of reaction samples 
withdrawn at different stages of the hydrolytic 
reaction with PC supports this conclusion. 

Hydrolysis of PC and lysoPC is accompanied 
by the accumulation of acid soluble P and 
glycerylphosphorylcholine (GPC). Table IV 
shows the quantitative relationship between 
these products. 

Qualitative analysis by paper chromatog- 
raphy confirmed the presence of both GPC and 
its ethanolamine-containing analog, GPE in red 
cell ghosts incubated with mouse phospho- 
lipase. 

Attempts at separation of phospholipase A 
and B activities by the addition to PC of 
deoxycholate over a wide range of concen- 
trations were unsuccessful due to a concurrent 
inhibition of the hydrolytic reaction as a whole. 
At present no indication that the two activities 
can be separated has been obtained, despite the 
variety of  experimental conditions employed, 
including the multiple steps of the purification 
procedure as shown in Table V. 

A c t i o n  o n  B i o l o g i c a l  M e m b r a n e s  

The mouse intestinal phospholipase was 
tested for its action on a number of biological 
membranes to ascertain its possible use as a tool 
in special experimental conditions, as is current 

.20C 

�9 1 8 0  - 
>.- 
F'- 

z ,16o - 
W 
D 

,~ . 140  t NaCl 

o .120 

�9 i o o  / I 

[3 

I I I I 1 
0 I0 20 30 40  50 

MINUTES 

FIG. 6. Response to osmotic challenge of Pseudo- 
monas aeruginosa cells after treatment with phospho- 
lipase, o-----e Control cells; ~ cells + polymyxin, 5 
#g/ml; ~ cells + polymyxin, 10 ~g/ml; -- -- cells + 
polymyxin, 5 /~g/ml, + phospholipase, l 1 #g/ml;-" " 
cells + polymyxin, 10 /~g/ml, + phospholipase, 11 
#g/ml. 

practice with other phospholipases (A1, A2, C, 
D). Intact bacterial cells, red blood cells and 
their ghosts and beef heart mitochondria were 
selected for this purpose, and the results are 
summarized below. 

Bacterial  cells: Incubation of intact bacterial 
cells ( P s e u d o m o n a s  aeruginosa)  with mouse 
phospholipase is without effect on bacterial 
phospholipids, although the latter are rapidly 
hydrolyzed when suspensions of cells disrupted 
by sonication are exposed to the enzyme. The 
apparent protection of  the phospholipids from 
enzymatic attack in the in tac t  cell can be 
removed by treatment with relatively low con- 
centrations of Polymyxin, known to induce 
definite changes in bacterial membrane mor- 
phology (33). The two agents appear to exert 
cumulative effects with regard to alterations in 
cell function, since their combination causes a 
considerable impairment in the ability of the 
cells to react to osmotic challenge. Figure 6 
(curve A), shows the characteristic response of 
normal cells to an increase in tonicity consisting 
of (a) a rapid decrease in cell size which is 
reflected in the sharp increase in optical density 
readings, followed by (b) a slow swelling 
process extending over 40 min and measured by 
the slow decline of  the OD curve. While 
addition of polymyxin alone is without effect 
(curves B and C), combination with phospho- 
lipase causes lowering of the maximum OD 
value and acceleration of the swelling process in 
proportion to the amount of polymyxin (curves 
D and E). According to the evidence presented 
by Bernheim (34-36), these changes represent 
alterations in the permeability of bacterial 
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TABLE IV TABLE V 

Glycerylphosphorylcholine Formation from 
Phosphatidylcholine and Lysophosphatidylcholine 

Hydrolyzed by Mouse Phospholipase 

Hydrolytic Activity of Mouse Intestinal 
Preparations on Diacyl- and Monacylphospholipids a 

Substrate 
Reaction products b Preparation PC LysoPC PC]lysoPC 

+FA or 
Substrate a -APLP-P ASP GPC 

Phosphatidylcholine 0.76 
1.14 

Lysophosphatidylcholine 

4.11 

aReaction conditions: (a) phosphatidylcholine (so- 
nicated) 1.6 x 10-3M, acetate buffer pH 5.2 0.066M, 
enzyme 27 pg/ml; (b) lysophosphatidylcholine 6.6 x 
10-3M, tricine buffer pH 6.6 0.066M, enzyme 8 pg/ml. 

bReaction products expressed as micromoles of 
hydrolyzed phospholipid (-APLP, for phosphatidyl- 
choline; +FA for lysophosphatidylcholine and of re- 
leased acid soluble P (ASP) and glycerylphospholycho- 
line (GPC). 

Homogenate 61 690 .088 
8000x gx 10' 

0.78 0.70 supernatant 81 841 .096 
1.13 1.16 Tris-Triton extract from 
1.48 1.55 protamine, ppt 75 625 .120 
2.55 2.92 60% Ammonium 
4.22 4.05 sulfate, ppt 97 1370 .071 

Calcium phosphate 
get eluate 267 3624 .078 

aHydrolytic activity of various preparations of 
mouse intestinal mucosa reacted with phosphatidyl- 
choline (PC) and lysophosphatidylcholine (lysoPC) is 
given as micromoles hydrolyzed per hour per milligram 
protein. Values of last column are ratios of activities 
for two substrates. 

membranes  due to loss of  selectivity to perme- 
ants. 

Work done in o ther  laboratories  (28-31) 
using mouse  phosphol ipase  preparat ions  sup- 
plied by us has conf i rmed  the susceptabil i ty of  
bacterial  membrane  phosphol ipids  to at tack by 
this enzyme.  

Red blood cells: Purified mouse phospho-  
lipase is wi thou t  effect  on the phosphol ipids  of  
red cells f rom various species (man, rat, sheep, 
pig) incubated  in condi t ions  prevent ing hemol-  
ysis. I t  should be emphasized that  crude intes- 
tinal homogena tes  conta in  a lytic factor ,  which 
is effect ively  separated f rom the phosphol ipase  
during the calcium phosphate  gel absorpt ion 
step. Enzyme preparat ions preceding this treat- 
ment  cause hemolysis  and hydrolysis  of  RBC 
phosphol ipids ,  developing with  apparent ly  iden- 
tical t ime courses in the initial stages of  the 
reaction.  Later  preparat ions  are inactive. 

In contras t  wi th  the lack of  act ion on intact  
red cells, the  mouse phosphol ipase  readily 
hydrolyzes  the phosphol ipids  of  red cell ghosts 
wi th  l iberat ion of  free fa t ty  acids and a 
corresponding decrease in phosphol ip id  P. 

The hydro ly t ic  process is accompanied  by a 
p ro found  al terat ion of  the ghost  morpho logy  as 
revealed by freeze fracture e lectron micro- 
graphs. The normal  pat tern  of  dis t r ibut ion of  
particles on the internal  fracture face of  the 
ghosts consist ing of  small chains or clusters is 
shown in Figure 7A. Af te r  t r ea tment  with 
mouse phosphol ipase  at different  concentra-  
tions, areas of  denuda t ion  and fo rmat ion  of 
large clusters are seen (B,C) indicat ing a rear- 
rangement  of  the const i tu t ive  e lements  of  the 
ghost membrane .  The morphologica l  changes 
show some similarity to those observed by 

Weinstein and Wallach (37) after t r ea tment  of 
RBC ghosts wi th  phosphol ipase  C. 

Beef heart mitochondria: Rapid hydrolysis  
of  the diacylphosphol ipids  of  these prepara- 
tions occurs upon  incuba t ion  wi th  small con- 
centrat ions of  mouse  phospholipase.  Respira- 
tory  activity (succinate-cytochrome C reduc- 
tase) is inhibi ted and can be restored by 
addit ion of  microdispersed phospholipids.  No 
accumula t ion  of lysophosphol ip ids  can be de- 
tected and the necessity of  mul t ip le  washes 
wi th  albumin,  as is the case wi th  snake venom 
phospholipase,  is obviated. 

DISCUSSI ON 

The results r epor ted  here show the presence 
in the intest ine of  Hymenolepis nana-infected 
mice of  an active phospholipase,  capable of  
a t tacking all the major  diacylphosphol ipids  
wi th  l iberat ion of  free fa t ty  acids and the 
corresponding g lycery lphosphoryl  fragments.  In 
the fo l lowing discussion the ques t ion of  classifi- 
cat ion and o ther  special aspects of  the act ivi ty 
of  the enzyme will be considered.  

Current  t e rminology  identif ies the acyl- 
hydrolases act ing on diacylphosphat ides  on the 
basis of  their  posi t ional  specif ici ty as phospho-  
lipases A 1 and A2,  and designates the enzymes  
acting on monoacy lphospha t ides  ( lysophospho-  
lipids) as lysophosphol ipases  (E.C. 3.1.1.5.).  
This classification does n o t  include all possible 
modes  o f  enzymat ic  at tack and McMurray and 
Magee (1) have recent ly  proposed  the term 
"phosphol ipase  B" (h i ther to  used for the E.C. 
3.1.1.5.) for " the  enzyme  which presumably 
hydrolyzes  b o t h  of  the acyl ester l inkages in 
diacylphosphat ides  s imul taneous ly . "  The same 
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FIG. 7. Action of mouse phospholipase on red cell ghosts. A = Control RBC ghosts; B,C = RBC ghosts incu- 
bated for 45 min with 120 and 360 gg phospholipase per milliliter, respectively, 

authors  poin t  out  that  the presence of  several 
acylhydrolases  in the same tissue of ten compli -  
cates the task of  ident i fy ing  single enzymat ic  
activities. Such might  be the case in the 
exper iments  r epor t ed  here, in which a sepa- 
rat ion o f  activities (diacyl- and monoacylhydro- 
lases) did no t  occur  th roughou t  the sequence of 

pur i f icat ion or  af ter  addi t ion  of  deoxychola te .  
The negative results wi th  the la t te r  procedure  
are part icularly significant,  since this is the 
usual m e t h o d  for  demons t ra t ing  in vi tro the 
presence of  the A 2 type  of  enzyme.  Different i-  
ation on the basis of  pH  opt ima is in f i rmed by 
the dependence  of  this pa ramete r  on such 
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fac tors  as subs t r a t e  d ispers ion and  the  p resence  
of o t h e r  mater ia ls .  The  fai lure  to  i den t i fy  two  
e n z y m a t i c  act ivi t ies  can  be i n t e r p r e t e d  for  the  
t ime be ing  as an ind i r ec t  i nd i ca t i on  of the  
presence  in mouse  in te s t ine  of a hydro la se  
ac t ing  on  b o t h  acyl es ter  b o n d s  ( type  B of  
McMurray  and  Magee). This  is, adm i t t ed l y ,  a 
work ing  h y p o t h e s i s  to  be t es ted  d i rec t ly  by  
f u r t h e r  studies.  

While the  presence  of  ye t  a n o t h e r  p h o s p h o -  
lipase in the  in te s t ine  is n o t  surprising,  in  view 
of  the  mul t ip l i c i ty  of  e n z y m e s  of  this  type  
f o u n d  in m a n y  tissues, i t  is of  cons iderab le  
in t e res t  t h a t  such  h igh  levels shou ld  develop 
fo l lowing  w o r m  in fec t ion .  An  a c c o m p a n y i n g  
shor t  c o m m u n i c a t i o n  (11)  details  the  actual  
quant i t i es ,  the  t ime course  and  the  d i s t r i bu t ion  
of the  e n z y m e  in the in tes t ina l  t issue dur ing  the  
var ious  phases  of  the  in fec t ion .  I t  suffices to  
po in t  ou t  here  t h a t  in  the  areas of  h ighes t  
c o n c e n t r a t i o n ,  phospho l ipase  act iv i ty  can be 
readi ly  shown us ing  as l i t t le  as 2 0 - 5 0 / a g  tissue, 
ca. 100 t imes  less t h a n  the  a m o u n t  n e e d e d  
when  o t h e r  organs or  n o r m a l  in tes t ines  are 
used. It  seems reasonab le  to  in fe r  t h a t  the  
p r o n o u n c e d  increase  in p h o s p h o l i p a s e  act iv i ty  
has some ye t  u n k n o w n  re la t ionsh ip  to e i the r  
the  local  in ju ry  or the  d e v e l o p m e n t  of a 
p ro tec t ive  bar r ie r  against  the  parasi te .  In  e i the r  
case, a novel  and  u n s u s p e c t e d  f u n c t i o n  for  the  
e n z y m e  is suggested.  

The mouse  in tes t ina l  phospho l ipa se  exh ib i t s  
the  wide va r i a t ion  in pH o p t i m a  and  the  
d e p e n d e n c e  on the  phys ica l  s ta te  of  the  sub- 
s t ra te  t h a t  has  been  r e p o r t e d  for  a lmos t  all 
e n z y m e s  of  th is  class, i r respect ive  of  the i r  
sources  (36-39) .  As a l ready p o i n t e d  out ,  the  
c o n d i t i o n s  t h a t  max imize  the  h y d r o l y t i c  activ- 
i ty  d i f fer  cons ide rab ly  for  the  var ious  subs t ra t e s  
and  no  single e x p e r i m e n t a l  var iable  applies 
equal ly  to  all. Of ten  invers ion  of e f fec t  is seen 
in passing f rom one  subs t ra t e  to  a n o t h e r ;  this  is 
t rue  w i th  regard  to b o t h  the  phys ica l  s ta te  of  
the  subs t ra t e  ( son ica t ion )  or the  add i t i on  of 
dispersing mate r ia l  (de t e rgen t ,  p ro t e in ) .  The  
e f fec t  of p r o t e i n  n o r m a l l y  associa ted w i th  
phospho l ip id s  in cell organel les  is clearly shown  
in the  e x p e r i m e n t s  us ing  l ipid ex t r ac t s  f rom 
m i t o c h o n d r i a  and  m i c r o s o m e s  and  some of the  
pur i f ied  subs t ra tes .  The fac t  t h a t  l ipid mix tu re s  
are more  readi ly  a t t a c k e d  t h a n  the i r  pur i f ied  
c o m p o n e n t s  ind ica tes  the  i m p o r t a n c e  of  mul-  
t iple  l ipid- l ipid and  l ip id -p ro te in  in t e rac t ions .  

A n o t h e r  aspect  of the  re la t ionsh ip  b e t w e e n  
e n z y m a t i c  a t t ack  and  the  special  s ta te  of  the  
phospho l ip id s  is revealed in the  e x p e r i m e n t s  
us ing  e r y t h r o c y t e s  and  Pseudomonas aerugin- 
osa. Our resul ts  are in  a g r e e m e n t  w i th  repor t s ,  
pub l i shed  dur ing  the  course  of  our  work  

(41-44) ,  showing  the  v i r tua l  inaccess ib i l i ty  of  
the  m e m b r a n e  phospho l ip id s  to  acy lhydro lases  
as long  as the  m e m b r a n e  s t ruc tu r e  is in tac t .  
Hemolys i s  (or  p r e t r e a t m e n t  w i th  p o l y m i x i n  in 
the  case of  the  P s e u d o m o n a s  cells) is suf f ic ient  
to  expose  the  p h o s p h o l i p i d s  to  the  ac t ion  of  
the  enzyme.  The  m o r p h o l o g i c a l  a l t e ra t ions  of  
the  RBC m e m b r a n e  suggest  a mob i l i z a t i on  of  
some of its c o m p o n e n t s  a f te r  hydro lys i s  of  the  
phospho l ip ids ,  as already s h o w n  to be the  case 
for  the  phospho l ipase  C- t rea ted  ghosts  (45) .  

I t  is of  in t e res t  t h a t  in the  bacter ia l  cells the  
b iochemica l  les ion is a c c o m p a n i e d  by  a mea-  
surable  a l t e ra t ion  in f u n c t i o n  involv ing  loss of  
p e r m e a n t  select ivi ty.  O t h e r  workers  (28-31)  
have used  our  e n z y m e  to  digest  p h o s p h o l i p i d s  
of  m e m b r a n e  vesicles of  E. coli and  have s h o w n  
a d i f fe ren t ia l  e f fec t  on  ca ta ly t i c  activi t ies asso- 
c ia ted  w i th  t r a n s p o r t  and  the  abi l i ty  of the  cells 
to  re ta in  t r a n s p o r t e d  solute .  

The  general  suscept ib i l i ty  of  phospho l ip id s  
of  cel lular  organel les  and  of  exposed  m e m -  
b ranes  to  the  ac t ion  of  the  e n z y m e  is also 
c o n f i r m e d  by  the  e f fec t  on  bee f  h e a r t  mi to -  
chondr ia .  We have already r e p o r t e d  e lsewhere  
the  a l te ra t ions  in nerve  f u n c t i o n  associa ted w i th  
t r e a t m e n t  of  the  squid  giant  a x o n  wi th  phos-  
phol ipase  (46) .  

In conc lus ion ,  a b r o a d  s p e c t r u m  of  act ivi ty  
has  been  shown for  this  enzyme ,  wh ich  is n o w  
available in a s table ,  par t ia l ly  pur i f ied  form,  
t echn ica l ly  use fu l  for  f u r t h e r  s t udy  as a mode l  
of  phospho l ipase  ac t ion  and  as a tool  for  the  
inves t iga t ion  of  biological  m e m b r a n e s .  
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SHORT COMMUNICATIONS 

High Phospholipase Content of Intestines of Mice 
Infected with Hymenolepis nana 

ABSTRACT site-free mice wi th  H y m e n o l e p i s  nana (H. nana) 

In fec t ion  wi th  the  t a p e w o r m  H y m e n o -  
lepis nana results  in the  presence  of  very 
high amoun t s  of  phosphol ipase  in the 
small  in tes t ine  of  the m o u s e  The t ime 
course and loca t ion  o f  this response  and 
its changes fo l lowing t r e a t m e n t  wi th  anti-  
i n f l a m m a t o r y  and ant iparasi t ic  agents 
indicate  tha t  the enzyme  accumula t ion  is 
par t  o f  the react ion of  the hos t  to  
parasit ic invasion. 

The expe r imen t s  r epo r t ed  here or iginated 
f rom the observat ion  of  unusual ly  high levels of  
phosphol ipase  activity in the in tes t ines  of  some 
mice suppl ied by a local breeding farm. Consid- 
erable variat ions in enzyme  c o n c e n t r a t i o n  f rom 
animal to  animal were immed ia t e ly  apparen t  
and could  n o t  be obvia ted  by changing diet  or 
t ime of  feeding. An initial tenta t ive  cor re la t ion  
be tween  high phosphol ipase  c o n t e n t  and worm 
infec t ion  was finally p roven  by in fec t ing  para- 

eggs. The fo l lowing is an accoun t  of  some 
exper imenta l  observat ions  on the  t ime course,  
local izat ion and in tens i ty  o f  the en zy me  accu- 
mulat ion.  

Excep t  for  the initial observat ions  on locally 
suppl ied  mice, Swiss a lbino mice (Charles River 
CD-1) were used  in all expe r imen t s .  The ani- 
mals were housed  in groups of  20 per  cage in a 
r o o m  with  con t ro l l ed  t empera tu re ,  h u mi d i t y  
and light cycle (14 hr light, 10 hr  darkness) .  As 
a rule the mice were a l lowed a 5 day rest  
be tween  arrival and admin i s t ra t ion  of the  H. 
nana eggs. The details of  the  p rocedure  for  
isolat ion of  the parasites f rom a co lony  of  
in fec ted  mice, the p repa ra t ion  of  egg suspen-  
sions and the i r  admin is t ra t ion  are given in an 
accompany ing  paper  (1). The mice were sacri- 
f iced at  se lec ted  t ime intervals af ter  in fec t ion  
and the accumula t ion  of  phospho l ipase  act ivi ty 
was measured  by es t ima t ion  of  the  lysophos-  
phol ipase  c o n t e n t  of  h o m o g e n a t e s  of  small 
in tes t ine ,  according  to  the t echn ique  already 

TABLE I 

Lysophospholipase Distribution in Small Intestine of 
Mice Infected with Hymenolepis nana 

Intestinal segment b 

Day a I II III IV Stage of worm development c 

1 198 132 127 631 

2 201 140 210 779 

3 225 237 237 887 
4 425 415 362 850 
5 1083 3850 550 1366 
6 2306 2200 1133 9400 

8 1000 1467 5000 78,733 

Penetration of villi of upper half of 
intestine by onchospheres 

Development of suckers and hooks 
and growth of cysticercoids 

Growth of cysticercoids is complete 
Migration of cysticercoids begins 
Migration to lower half of intestine 

is complete 
Attachment and growth in distal 

segments 
11 745 1340 11,383 35,650 
14 8350 24,450 22,750 58,400 Eggs in feces 

aTime elapsed from egg administration. 
bConsecutive segments of small intestine from duodenal (I) to cecal (IV) valve. 

Enzymatic activity is expressed as micromoles of lysolecithin hydrolyzed per gram of tissue 
per hour. Numerical data are the average of four experimental animals except for days 5, 6 
and 8 when three mice were examined. 

CCondensed from Hunninen (2). 
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descr ibed  ( 1 ). 
In  the  f irst  series of  e x p e r i m e n t s  the  t e m p o -  

ral r e l a t ionsh ip  b e t w e e n  i n f e c t i o n  and  in te s t ina l  
phospho l ipase  ac t iv i ty  was examined .  The  
poo led  data  f rom m a n y  groups  of  mice  are 
s u m m a r i z e d  in Figure  1, where  the  lysophos-  
phol ipase  act iv i ty  per  gram of  small  in t e s t ine  is 
expressed  in loga r i thmic  un i t s  to  condense  the  
wide range of  values f o u n d  expe r imen ta l ly .  As 
shown,  the e n z y m e  c o n c e n t r a t i o n  began  to  rise 
5 days af te r  in fec t ion ,  was at  peak values 
b e t w e e n  the  2 0 t h  and  the  4 0 t h  days when  the  
paras i tes  are m o s t  n u m e r o u s ,  and  r ema ined  at  
r a t h e r  h igh values u p  to  the  81st  day,  wh ich  is 
ou r  las t  tes t  date.  In a d d i t i o n  to  the  ev idence  
p r e s e n t e d  in Figure  1, the  h igh  e n z y m e  level at 
days 20-40  has been  c o n f i r m e d  in more  t h a n  
200  mice  used  over  the  past  2 years  for  the  
p r e p a r a t i o n  and  b iochemica l  cha r ac t e r i z a t i on  of  
the  mouse  in t e s t ina l  phospho l ipa se  (1). Only  a 
few in f ec t ed  an imals  (5 ou t  of  100)  failed to  
r e spond ,  while  c o n t r o l  u n i n f e c t e d  mice h o u s e d  
in ou r  facilities up  to  40  days a f te r  arrival  
cons i s t en t ly  e x h i b i t e d  very  low act ivi t ies  (aver- 
age 900  un i t s / g /h r ,  n o n e  above  2000  uni t s ) .  

The  r e l a t ionsh ip  b e t w e e n  paras i te  develop-  
m e n t  and  a c c u m u l a t i o n  of  p h o s p h o l i p a s e  was 
also s tud ied  by  d e t e r m i n i n g  the  d i s t r i bu t ion  of  
the  e n z y m e  in d i f fe ren t  sec t ions  of  the  small  
in tes t ine  dur ing  the  ini t ial  pe r iod  of  the  infec-  
t ion.  Fo r  th is  pu rpose  the  smal l  i n t e s t ine  was 
cu t  in four  segments  of  equal  l eng th  to be 
t es ted  separate ly .  The  resul ts  are given in Table  
I, t o g e t h e r  wi th  a b r ie f  c h r o n o l o g y  of  the  
var ious  phases  of  d e v e l o p m e n t  of  the  t a p e w o r m  
as descr ibed  by  H u n n i n e n  (2). I t  appears  t h a t  
the  rise in  e n z y m e  c o n c e n t r a t i o n  is synchro -  
nous  w i th  the  mig ra t ion  of  the  newly  emerg ing  
adu l t  f o r m  f r o m  the  p rox ima l  segments  (days  
4-5) to  the  distal  pa r t  of  the  in tes t ine ,  where  
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FIG. 1. Lysophospholipase activity of intestines of 
worm-infected mice. On the ordinate: hydrolytic rates 
(micromoles of substrate hydrolyzed per gram of 
tissue per hour) expressed in logarithmic units. Each 
point is average of three experimental animals, except 
for days 0-4 and 11, 14, 32 when four or more mice 
were examined. 

the  ful ly  deve loped  fo rm is m o s t  o f t e n  loca ted .  
I t  is n o t e w o r t h y  t h a t  a t  l a t e r  t imes all s egments  
e x h i b i t  a progressive rise in e n z y m a t i c  act iv i ty ,  
suggest ing a genera l ized  and  sus ta ined  r eac t ion  
a f fec t ing  all the  in te s t ina l  tissue. 

A d m i n i s t r a t i o n  of  an  a n t i i n f l a m m a t o r y  ster-  
oid ( D e x a m e t h a z o n e )  dras t ical ly  r educed  the  
phospho l ipa se  c o n c e n t r a t i o n  of  the  in te s t ine  of  
i n f ec t ed  mice  to  levels on ly  one  o rde r  of  

TABLE II 

Effect of Dexamethazone on Lysophospholipase 
Content of Mouse Intestine a 

Experimental group 

Control, Infected Infected, 
uninfected untreated b treated c 

571 75,000 3700 
210 70,000 3700 

1000 53,000 6800 
631 45,000 9400 

aLysophospholipase activity expressed as micro- 
moles of lysolecithin hydrolyzed per gram of tissue 
per hour. 

b l000  eggs orally on day 0; four animals ex- 
amined on day 21. 

e l000 eggs on day 0, dexamethazone (8 mg/kg ip) 
on days 20 and 21 ; four animals examined on day 22. 

TABLE III 

Effect of Niclosamide on Intestinal Lysophospholipase 
of Mice Infected with H y m e n o l e p i s  n a n a  a 

Experimental group 

Infected, 
untreated Day 4 of treatment Day 8 of treatment 

40,400 8600 2836 
45,000 3600 8262 
24,000 6940 2792 
91,000 ~ 1802 

aAU animals were infected with 5000 eggs orally. 
Beginning on day 18, seven mice were administered 
niclosamide orally (500 mg/kg in aqueous suspension) 
twice a day for 3 days (6 doses). The enzymatic con- 
tent of the intestine was determined on days  21 and 
25. Two infected, untreated mice were examined on 
each sampling day. 

LIPIDS, VOL. 8, NO. 7 



428 SHORT COMMUNICATIONS 

magnitude above those of control mice (Table 
II). 

Equally effective was the administration of 
niclosamide, a vermifuge active against tape- 
worms (Table III). 

Homogenates of H. nana eggs or parasites at 
various stages of development were uniformly 
negative with regard to lysophospholipase activ- 
ity. Application to mouse intestine of a histo- 
chemical method for phospholipase B previ- 
ously developed for rat intestine (3) showed a 
strong positive reaction of the entire length of 
the intestine of infected animals. Control mice 
were only faintly positive. 

These findings establish unequivocally a 
causal relationship between worm infestation 
and increased intestinal phospholipase activity. 
While the precise meaning of this reaction of 

the host organism remains to be assessed, a new 
and unsuspected role for the enzyme is indi- 
cated. 

ATHOS OTTOLENGHI 
Department of Physiology 

and Pharmacology 
Duke Medical Center 
Durham, North Carolina 27710 
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Lowering of Serum Cholesterol by Intestinal Bacteria in 
Cholesterol-Fed Piglets 

I N T R O D U C T I  ON 

Higher serum cholesterol concentrations 
have been reported in germ-free (1) or antibi- 
otic-treated animals on high cholesterol diets 
than in conventional animals raised on the same 
diets. 

It has been suggested that when germ-free 
animals develop an intestinal rnicroflora, micro- 
bial conversion of cholesterol to coprostanol 
and of primary bile acids to secondary bile 
acids is responsible for a concomitant  decrease 
in serum cholesterol levels, an increase in 
neutral sterol excretion and an increase in bile 
acid turnover rates (2,3). The difficulty in 
testing that hypothesis has been that in addi- 
tion to alteration of intestinal sterol composi- 
tion, bacteria also may alter intestinal transit 
time, change the morphology and absorption 
capabilities of the intestine, and increase the 
bulk of the feces-factors  that may also affect 
serum cholesterol concentration. In the present 
experiment,  conditions were found that in- 
creased the numbers of intestinal bacteria and 
altered sterol metabolism but did not change 
the kinds of fecal sterols found in the gnotobi- 
otic animals. 

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

As part of another study (4) in this labora- 
tory, four hysterectomy-derived Duroc pigs 

were raised in 3 x 4 x 3 ft stainless steel, 
germ-free isolators on a sterilized 0.5% (dry 
weight) cholesterol (HC) milk formula (Table 
I). 

At 2-3 weeks of age, the animals were 
monocontaminated with L. acidophilus, since 
our experience has shown that when swine are 
moved from germ-free conditions to a nonster- 
ile environment this monocontamination gives 
them a much better chance of survival. L. 
acidophilus was used because it is normally 
found in milk-fed animals and has no known 
capacity to metabolize bile acids and choles- 
terol (5). At the end of 6 weeks total feces were 
collected for 5 days. Two pigs were then placed 
in an isolator well with the plastic top opened. 
These animals were allowed to develop an 
intestinal flora in specific pathogen-free facili- 
ties for 3 weeks on unsterilized HC milk 
formula diet, while the other two pigs remained 
in the isolator on the sterile HC milk formula. 
At 9 weeks of age the total feces were again 
collected from each group for 5 days. 

The total number of fecal organisms was 
determined at 6 and 9 weeks in Gall's anaerobic 
medium and tryptose broth as reported previ- 
ously (6). 

Steroid Analysis 

Total serum cholesterol and fecal neutral 
steroids were determined at 6 and 9 weeks of 
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magnitude above those of control mice (Table 
II). 

Equally effective was the administration of 
niclosamide, a vermifuge active against tape- 
worms (Table III). 

Homogenates of H. nana eggs or parasites at 
various stages of development were uniformly 
negative with regard to lysophospholipase activ- 
ity. Application to mouse intestine of a histo- 
chemical method for phospholipase B previ- 
ously developed for rat intestine (3) showed a 
strong positive reaction of the entire length of 
the intestine of infected animals. Control mice 
were only faintly positive. 

These findings establish unequivocally a 
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Lowering of Serum Cholesterol by Intestinal Bacteria in 
Cholesterol-Fed Piglets 

I N T R O D U C T I  ON 

Higher serum cholesterol concentrations 
have been reported in germ-free (1) or antibi- 
otic-treated animals on high cholesterol diets 
than in conventional animals raised on the same 
diets. 

It has been suggested that when germ-free 
animals develop an intestinal rnicroflora, micro- 
bial conversion of cholesterol to coprostanol 
and of primary bile acids to secondary bile 
acids is responsible for a concomitant  decrease 
in serum cholesterol levels, an increase in 
neutral sterol excretion and an increase in bile 
acid turnover rates (2,3). The difficulty in 
testing that hypothesis has been that in addi- 
tion to alteration of intestinal sterol composi- 
tion, bacteria also may alter intestinal transit 
time, change the morphology and absorption 
capabilities of the intestine, and increase the 
bulk of the feces-factors  that may also affect 
serum cholesterol concentration. In the present 
experiment,  conditions were found that in- 
creased the numbers of intestinal bacteria and 
altered sterol metabolism but did not change 
the kinds of fecal sterols found in the gnotobi- 
otic animals. 

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

As part of another study (4) in this labora- 
tory, four hysterectomy-derived Duroc pigs 

were raised in 3 x 4 x 3 ft stainless steel, 
germ-free isolators on a sterilized 0.5% (dry 
weight) cholesterol (HC) milk formula (Table 
I). 

At 2-3 weeks of age, the animals were 
monocontaminated with L. acidophilus, since 
our experience has shown that when swine are 
moved from germ-free conditions to a nonster- 
ile environment this monocontamination gives 
them a much better chance of survival. L. 
acidophilus was used because it is normally 
found in milk-fed animals and has no known 
capacity to metabolize bile acids and choles- 
terol (5). At the end of 6 weeks total feces were 
collected for 5 days. Two pigs were then placed 
in an isolator well with the plastic top opened. 
These animals were allowed to develop an 
intestinal flora in specific pathogen-free facili- 
ties for 3 weeks on unsterilized HC milk 
formula diet, while the other two pigs remained 
in the isolator on the sterile HC milk formula. 
At 9 weeks of age the total feces were again 
collected from each group for 5 days. 

The total number of fecal organisms was 
determined at 6 and 9 weeks in Gall's anaerobic 
medium and tryptose broth as reported previ- 
ously (6). 

Steroid Analysis 

Total serum cholesterol and fecal neutral 
steroids were determined at 6 and 9 weeks of 
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TABLEI 

Composition of Pig Diet 

High cholesterol milk, 
Component 2 liters 

Whole milk 1565 ml 
Egg yolks a 8-10 
Cream 40 g 
Casein hydrolysate 56 g 
Lactose 14 g 
Vitamin solutionb tO ml 
Mineral mix c 10 ml 
&Propiolactone-H20 6:54 v/v 60 ml 

aEgg yolk was added to give a 0.5% cholesterol content (dry 
weight). 

bVitamin mix per liter contained: 200 g choline chloride, 40 g 
inositol, 40 mg biotin, 20 mg folic acid, 1.0 mg vitamin BI2 (1.0 g of 
0.1%), 600 mg riboflavin, 160 mg thiamine, 1 g pantothenic acid, 
1.6 g niacinamide, 120 mg vitamin B 6, 16 g vitamin A (4 xl06IU),  
0.4 g vitamin D 3 (7 x 104 IU), 1.6 g vitamin E (DL a-tocopherol 
acetate, 400 IU), 20 g vitamin C (ascorbic acid). 

CMineral mix per liter contained: 4.0 g MgSO4-7H20, 3.8 g 
MnCI2.4H20 , 0.26 g KI, 3.9 g CuSO4.5H20, 49.8 g FeSO4.7H20. 

age by gas l iquid c h r o m a t o g r a p h y  (GLC).  
Se rum was sapon i f i ed  and  ex t r ac t ed  accord ing  
to Abel l  et  al. (7).  T r idecano in  was added  as an 
in te rna l  s t anda rd  for  GLC analysis.  An  a l iquo t  
of the  so lu t ion  was in jec ted  on  a 1[4 in. x 3 ft  
glass c o l u m n  packed  w i th  3% OV-17 on  
100-120 mesh  Gas C h r o m  Q (Appl i ed  Science 
Lab.)  at  300  C. 

As c o m m o n l y  f o u n d  in germ-free animals ,  
the  feces were semil iquid  and  were washed  
f rom the  i sola tors  w i th  small  add i t iona l  por-  
t ions  of  water .  The  feces were t h o r o u g h l y  
h o m o g e n i z e d  in a large Waring b l ende r  and  5.0 
or 10.0 ml a l iquots  were t aken  in dupl ica te  for  
s t e r o i d  analysis.  Nex t  3 0 , 0 0 0  dpm  of  
24 -14C-deoxycho l i c  acid (5 .72 m C / m M )  was 
added to  each  sample  as a recovery  s tandard .  
The  feces were dried,  saponi f ied  and  the  neu t r a l  
s terols  e x t r a c t e d  w i th  h e x a n e  accord ing  to 
Evrard  and  Janssen  (8).  Feca l  neu t r a l  s te ro ids  
were d e t e r m i n e d  by  GLC as descr ibed above.  
The sapon i f i ca t ion  m i x t u r e  was acidif ied and  
the  acidic s te ro ids  e x t r a c t e d  w i t h  d ie thy l  e ther .  
An  a l iquo t  was t a k e n  and  washed  t h r o u g h  
ac t iv ia ted  charcoa l  to  r emove  p igments .  A n  
a l iquot  of  the  clar if ied e x t r a c t  was evapora t ed  
in a c o u n t i n g  vial and  rad ioac t iv i ty  was deter-  
m ined  by  l iquid  sc in t i l l a t ion  spec t roscopy .  Re- 
c o v e r y  of  the  rad ioac t iv i ty  was always 
95-100%. The  r e m a i n d e r  of  the  ex t r ac t  was 
evapora t ed  to dryness  and  a GLC s tandard  of  
50-300  ktg of  5a -cho lan ic  acid 3/~-ol was added.  
Bile acid m e t h y l  esters and  t r i f l uo roace t a t e  
derivat ives were p repa red  and  ana lyzed  by  GLC 
as descr ibed  previous ly  (9).  

RESULTS 

At  6 weeks  of  age the  pigs weighed ca. 30  lb 
and  the  two groups  were inges t ing iden t ica l  
a m o u n t s  of  cho les te ro l  by  9 w e e k s - 1 3 6 0  
mg/day .  

In  spi te  of  a large increase  in n u m b e r s  of  
fecal bac te r i a  in  the  an imals  m o v e d  to the  
nons te r i l e  e n v i r o n m e n t ,  the re  was n o  change  in 
the c o m p o s i t i o n  of  fecal  neu t r a l  s te ro ids  or  
ra t io  of  h y o c h o l i c  to  h y o d e o x y c h o l i c  acids 
(Table  II).  However ,  in  these  animals  a d rama t i c  
decrease in se rum choles te ro l  was a c c o m p a n i e d  
by a four - fo ld  exc re t i on  of  neu t r a l  s teroids  
c o m p a r e d  to  pigs t h a t  r e m a i n e d  in the  sterile 
i so la tor  on  the  same diet.  Over  99% of the  
neu t r a l  fecal  s te ro ids  in  b o t h  groups,  as deter-  
mined  by  GLC,  appeared  to  be choles tero l .  No  
p lan t  s terols  were de t ec t ed  since the  f o r m u l a  
was der ived f r o m  an imal  sources  only.  

Bile acid exc re t i on  by  the  an imals  in the  
nons te r i l e  e n v i r o n m e n t  was lower  t h a n  by  the  
isola tor  group.  A l t h o u g h  this  is c o n t r a r y  to  
resul ts  o b t a i n e d  f r o m  rats  (10) ,  i t  seems reason-  
able t h a t  dep le t ion  of  the  cho les t e ro l  poo l  
would  resu l t  in  decreased  bile acid synthes i s  
and  exc re t ion .  

The  resul ts  ind ica te  t h a t  fac tors  o t h e r  t h a n  
mic rob ia l  m e t a b o l i s m  of  s teroids  in the  gastro- 
in tes t ina l  t r ac t  are respons ib le  for  the  a l t e ra t ion  
in se rum cho les t e ro l  and  neu t r a l  s te ro id  excre- 
t ion  u n d e r  these  cond i t i ons .  

DISCUSSION 

Most  s tudies  of  the  ef fec ts  of  in tes t ina l  
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bac te r ia  on  overal l  r egu la t ion  of  s te ro id  m e t a b -  
ol ism have c o n c e n t r a t e d  on  mic rob ia l  al tera- 
t ions  of  fecal s te ro id  compos i t i on .  O t h e r  ef fec ts  
of  bac te r ia  have been  largely ignored.  

The  m o r p h o l o g y  of  the  germ-free  in te s t ine  is 
qui te  d i f fe ren t  f rom tha t  of  the  c o n v e n t i o n a l  
an imal  (11 ,12) ,  and  a b s o r p t i o n  of  i n t a c t  pro- 
te in  and  u n h y d r o l y z e d  t r ig lycer ide  (13)  is 
possible.  The  e f fec t  on  cho les te ro l  a b s o r p t i o n  is 
n o t  k n o w n .  

O t h e r  fac tors  such  as bu lk  of  the  feces,  
i n t e s t ina l  t rans i t  t ime  and  b ind ing  of  bile acids 
by in tes t ina l  bacter ia ,  any  of  which  could  a l ter  
s terol  ba lance ,  are also i n f luenced  by  the  
in te s t ina l  bacter ia .  Also,  Kellogg and  W o s t m a n n  
(10)  have suggested t h a t  mucosa l  s loughing 
could  c o n t r i b u t e  to  the  grea te r  exc re t ion  of 
neu t r a l  s teroids  b y  c o n v e n t i o n a l  t han  by  germ- 
free rats. 

The  p resen t  work  and  t h a t  of  Kellogg (14)  
ind ica te  t ha t  o t h e r  fac tors  may  be  more  impor -  
t an t  t han  mic rob ia l  s te ro id  m e t a b o l i s m  in ex- 
p la in ing  the  observed  d i f ferences  in  s tero id  f lux 
in gno tob io t i c  and  c o n v e n t i o n a l  animals .  

Several of  the  above  possibi l i t ies  wh ich  
could  be readi ly  s tudied ,  such  as cho les te ro l  
absorp t ion ,  a l t e red  in te s t ina l  t r ans i t  t ime,  dif- 
ferences  in i n t e s t i na l  s t r uc tu r e  and  careful  
e x a m i n a t i o n  of  the  role of  var ious  bacter ia ,  
shou ld  be the  ob jec t  of  fu tu re  work  on  this  
p rob lem.  
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Extraction of Prostaglandins E 1 , E 2 and E 3 from Human 
Seminal Plasma 

ABSTRACT 

Isolation of  individual prostaglandins 
of the E group from human seminal 
plasma consists of three main steps: 
preliminary purification from other lip- 
ids; resolution of this partially purified 
material into various groups of prosta- 
glandins on a column of silicic acid; and 
further purification and resolution of 
various prostaglandins of each group by 
reversed phase partition chromatography. 
The last step is time-consuming and has 
been replaced by a two-step thin layer 
chromatography: first on silica gel, which 
ensures purification of the PGEs, fol- 
lowed by argentation thin layer chroma- 
tography, which resolves them into E l ,  
E 2 and E 3 in microgram quantities. 

Human seminal plasma consists of thirteen 
different prostaglandins (PGs), which are 
grouped as prostaglandins E, F, A and B, and 
19-OH derivatives of A and B. There are three 
members in each of the E and F groups, the 
members of  which are called primary prosta- 
glandins because they are not interconvertible 
in biological systems (1). Hamberg and Samu- 
elsson (2) have described a procedure for the 
isolation of individual prostaglandins from sem- 
inal plasma at pH 3.0 as a crude mixture that 
also consists of neutral and polar lipids. This 
mixture is further resolved into different groups 
on a silicic acid column. From each group the 
individual  prostaglandins are resolved by re- 
versed phase partition chromatography. For the 
localization of the individual members of the E 
group, an aliquot of each chromatographic 
fraction has to be examined for the presence of 
the PGs by means of the rise in the extinction 
at 278 nm in the presence of alkali. This is due 

to the formation of a conjugated di-enone. 
Instead of this time consuming process, the 

present report concerns a modified procedure 
that avoids the reversed phase chromato- 
graphic step. Thus a fast thin layer chromato- 
graphic (TLC) step on Silica Gel G followed by 
TLC on silver nitrate-treated silica gel may be 
used for the isolation, in pure state, of micro- 
gram quantities of prostaglandin E compounds. 

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

Human seminal plasma was obtained from 
the Copenhagen Health Insurance Organization. 
It was stored in ethanol 1:3 v/v at -20 C. The 
PGE markers used were isolated from seminal 
plasma by the standard method of Samuelsson 
(2,3). PGE 1 was obtained from Unilever, Ltd., 
Vlaardingen, The Netherlands. 

Preliminary purification of the PGs present 
in 300 ml seminal fluid, followed by their 
resolution on silicic acid column, was done 
according to Hamberg and Samuelsson (2) and 
Samuelsson (3). The ethylacetate-benzene 
eluate 6:4 v/v from the silicic acid column was 
concentrated by distilling off the solvent under 
reduced pressure (10 mm Hg). The residue 
containing 9.87 mg of PGs (Table I) was 
quantitatively taken up in 10 ml chloroform 
and 200 gl from this solution was used for 
further purification and quantitation on each of 
five plates of Silica Gel G (0.4 mm), using the 
solvent ethylacetate-isooctane-acetic acid-water 
110:20:10:100 v/v mixture equilibrated for I 
hr before using the organic phase (4). The zone 
due to the PGE compounds (Rf 0.49) was 
scraped off and eluted three times with 4 ml of 
methanol. The extracts from the first two 
plates were used for the quantitation of the 
total content  of the PGE compounds by mea- 
suring the chromophore at 278 nm in the 
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Extraction of Prostaglandins E 1 , E 2 and E 3 from Human 
Seminal Plasma 

ABSTRACT 

Isolation of  individual prostaglandins 
of the E group from human seminal 
plasma consists of three main steps: 
preliminary purification from other lip- 
ids; resolution of this partially purified 
material into various groups of prosta- 
glandins on a column of silicic acid; and 
further purification and resolution of 
various prostaglandins of each group by 
reversed phase partition chromatography. 
The last step is time-consuming and has 
been replaced by a two-step thin layer 
chromatography: first on silica gel, which 
ensures purification of the PGEs, fol- 
lowed by argentation thin layer chroma- 
tography, which resolves them into E l ,  
E 2 and E 3 in microgram quantities. 

Human seminal plasma consists of thirteen 
different prostaglandins (PGs), which are 
grouped as prostaglandins E, F, A and B, and 
19-OH derivatives of A and B. There are three 
members in each of the E and F groups, the 
members of  which are called primary prosta- 
glandins because they are not interconvertible 
in biological systems (1). Hamberg and Samu- 
elsson (2) have described a procedure for the 
isolation of individual prostaglandins from sem- 
inal plasma at pH 3.0 as a crude mixture that 
also consists of neutral and polar lipids. This 
mixture is further resolved into different groups 
on a silicic acid column. From each group the 
individual  prostaglandins are resolved by re- 
versed phase partition chromatography. For the 
localization of the individual members of the E 
group, an aliquot of each chromatographic 
fraction has to be examined for the presence of 
the PGs by means of the rise in the extinction 
at 278 nm in the presence of alkali. This is due 

to the formation of a conjugated di-enone. 
Instead of this time consuming process, the 

present report concerns a modified procedure 
that avoids the reversed phase chromato- 
graphic step. Thus a fast thin layer chromato- 
graphic (TLC) step on Silica Gel G followed by 
TLC on silver nitrate-treated silica gel may be 
used for the isolation, in pure state, of micro- 
gram quantities of prostaglandin E compounds. 

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

Human seminal plasma was obtained from 
the Copenhagen Health Insurance Organization. 
It was stored in ethanol 1:3 v/v at -20 C. The 
PGE markers used were isolated from seminal 
plasma by the standard method of Samuelsson 
(2,3). PGE 1 was obtained from Unilever, Ltd., 
Vlaardingen, The Netherlands. 

Preliminary purification of the PGs present 
in 300 ml seminal fluid, followed by their 
resolution on silicic acid column, was done 
according to Hamberg and Samuelsson (2) and 
Samuelsson (3). The ethylacetate-benzene 
eluate 6:4 v/v from the silicic acid column was 
concentrated by distilling off the solvent under 
reduced pressure (10 mm Hg). The residue 
containing 9.87 mg of PGs (Table I) was 
quantitatively taken up in 10 ml chloroform 
and 200 gl from this solution was used for 
further purification and quantitation on each of 
five plates of Silica Gel G (0.4 mm), using the 
solvent ethylacetate-isooctane-acetic acid-water 
110:20:10:100 v/v mixture equilibrated for I 
hr before using the organic phase (4). The zone 
due to the PGE compounds (Rf 0.49) was 
scraped off and eluted three times with 4 ml of 
methanol. The extracts from the first two 
plates were used for the quantitation of the 
total content  of the PGE compounds by mea- 
suring the chromophore at 278 nm in the 
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presence of 0.5 M sodium hydroxide (2). The 
methanolic extracts from the last three plates 
were used for the argentation TLC (2). 

The prostaglandins were recovered by scrap- 
ing off the silica gel, transferring it into tubes, 
emulsifying with water, and acidifying the 
emulsion with acetic acid to pH 3.0, followed 
by extraction with an equal volume of ethylace- 
tate three times. The mixed ethylacetate phase 
was washed with a minimum amount of water 
until neutral and evaporated to dryness under 
N 2. The residues were dissolved in methanol 
and assayed as described above. 

RESULTS A N D  DISCUSSION 
In Table I, the absolute amounts of PGE1, 

PGE 2 and PGE 3 isolated by argentation TLC 
and the yields calculated on the basis of total 
prostaglandin content of the ethylacetate-ben- 
zene eluate are indicated. 

The ethylacetate-benzene eluate 6:4 v/v of 
the silicic acid column was found to contain 
impurities which were more polar, as well as 
less polar, than the prostaglandin E compounds 
(5). However, the PGEs were freed from such 
impurities in one step of TLC separation. This 
became evident from the fact that only three 
zones corresponding to the three prostaglandins 
E l ,  E 2 and E 3 were revealed in the subsequent 
argentation TLC. The three zones were identi- 
fied as E l ,  E 2 and E3, respectively, by compari- 
son of the Rf values with those of the standard 
markers (E l ,  Rf --- 0.74; E2, Rf = 0.54; and E3, 
Rf = 0.35). However a zone close to the solvent 
front was also revealed. A spectrophotometric 
examination of the material present in this zone 
revealed, in the presence of alkali, a slight but 
significant (10% of the PGE[) A E278 value, 
which could be due to some degradation-me- 
tabolite of the PGE compounds. 

For biological assay of PGs, removal of silver 
ions is necessary and this can be done by expos- 
ing the chromatograms to H 2 S (6). However this 
is not advisable since it results in a loss of 
biological activity, due to the corresponding 
release of HNO 3. Kunze and Bohn (7) have 
demonstrated that an almost total destruction 
of PG ( E l ,  E2, F l a  and FZOt) activity takes 
place in a 5N solution of HNO3, HC1, H2SO 4 
and HC10 4. An acidity corresponding to 5N 
HNO 3 is obtained in plates containing 0.2 g 
AgNO 3 per gram silica gel when these plates are 
exposed to H2S gas. The losses in the biological 
activity may be due to low pH (8). Horton and 
Main (9) have suggested that removal of silver 
ions could also be achieved by treatment with 
sodium chloride solution, thus converting silver 
nitrate to insoluble AgC1. The extraction proce- 
dure used here does not  cause the formation of 
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HNO 3. Acetic acid is commonly used for the 
acidification of mixtures containing prostaglan- 
dins prior to their extraction with organic 
solvents; no loss in the biological activity takes 
place with this acid. Thus the separated PGs 
could well be used for biological assay, either 
dissolved in saline or Tyrode solution (7). 

Most authors have used argentation TLC for 
establishing the purity of PGE compounds and 
not for their quantitative assay. There is, 
however, one report by Kunze and Bohn (7), 
who have employed AgNO3-impregnated silica 
gel layers for extractions of microgram quanti- 
ties of  PGEI,  PGE2, P G F l a  and PGF2a as free 
acids prior to their biological assay. These 
authors have reported recovery yields of 
80-100% using 0.1-10/.tg quantities of PGs from 
up to 0.2 g AgNO 3 per gram of silica gel. In our 
method, the average recovery of the total PGE 
compounds in the first TLC separation is 98.5% 
whereas the recovery from AgNO 3 TLC was ca. 
60% (PGE1, 22.5-25.5%; PGE2, 19.4-21.8%; 
and PGE3, 7-13% of the total PGE content in 
the 197.5 #g sample [Table I]).  The discrep- 
ancy between the recoveries in the method of 
Kunze and Bohn and our method seems to be 
due to the fact that they used 0.1-10 /.tg 
prostaglandins and a biological assay, which is 
more sensitive than the spectrophotometric 
one. Further, they might have applied pure 
prostaglandins on the AgNO 3 TLC plate as 
reference compounds and actually not have 
resolved them from their mixture. In such a 
case they could scrape a generous area of the 
silica gel because there would be no need to 
worry about cross contamination. In our own 
experiments with pure PGE compounds, at 
least 80% of 5-10/.tg quantities applied as spots 
on the plate was recovered after AgNO 3 TLC. 
In the present report, we have used ca. 200/.tg 
of the PGE compounds as a mixture. The three 
PGE compounds were revealed as zones, which 
were marked quickly on the plate because, as 
the time passes and water dries up from the 
plate, the zones broaden and ultimately lose 
their identity. In order to recover pure PGE 

compounds, a conservative area corresponding 
to each prostaglandin E compound on the plate 
was marked and eluted; 20-25% of the total 
PGE compounds could be recovered from the 
excluded regions. By taking this loss into 
account, we estimate that the recovery of 
PGE's from the mixture was similar to those 
obtained using single reference compounds (ca. 
80%). Although the recoveries are not quantita- 
tive, the present technique provides a simple 
and rapid method for the separation of individ- 
ual PGE compounds. 
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Net Increase of Lipid Fatty Acid in Ehrlich Ascites Carcinoma 
during Growth 

ABSTRACT tumor  volume increased from 2.5 to 17.7 

The net rate of total lipid fatty acid 
accumulation was measured in cells and 
extracellular fluid of Ehrlich ascites car- 
cinomas grown in mice. Between 5 and 
12 days after ip tumor inoculation, the 

ml and the tumor cell volume increased 
from 1.5 to 3.9 ml. Total lipid fatty acids 
increased from 60 to 160 /1tool during 
this same period. Thus the amount of 
fatty acid present increased at a rate of 
ca. 10 nmol/min for the tumor (cells and 
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HNO 3. Acetic acid is commonly used for the 
acidification of mixtures containing prostaglan- 
dins prior to their extraction with organic 
solvents; no loss in the biological activity takes 
place with this acid. Thus the separated PGs 
could well be used for biological assay, either 
dissolved in saline or Tyrode solution (7). 

Most authors have used argentation TLC for 
establishing the purity of PGE compounds and 
not for their quantitative assay. There is, 
however, one report by Kunze and Bohn (7), 
who have employed AgNO3-impregnated silica 
gel layers for extractions of microgram quanti- 
ties of  PGEI,  PGE2, P G F l a  and PGF2a as free 
acids prior to their biological assay. These 
authors have reported recovery yields of 
80-100% using 0.1-10/.tg quantities of PGs from 
up to 0.2 g AgNO 3 per gram of silica gel. In our 
method, the average recovery of the total PGE 
compounds in the first TLC separation is 98.5% 
whereas the recovery from AgNO 3 TLC was ca. 
60% (PGE1, 22.5-25.5%; PGE2, 19.4-21.8%; 
and PGE3, 7-13% of the total PGE content in 
the 197.5 #g sample [Table I]).  The discrep- 
ancy between the recoveries in the method of 
Kunze and Bohn and our method seems to be 
due to the fact that they used 0.1-10 /.tg 
prostaglandins and a biological assay, which is 
more sensitive than the spectrophotometric 
one. Further, they might have applied pure 
prostaglandins on the AgNO 3 TLC plate as 
reference compounds and actually not have 
resolved them from their mixture. In such a 
case they could scrape a generous area of the 
silica gel because there would be no need to 
worry about cross contamination. In our own 
experiments with pure PGE compounds, at 
least 80% of 5-10/.tg quantities applied as spots 
on the plate was recovered after AgNO 3 TLC. 
In the present report, we have used ca. 200/.tg 
of the PGE compounds as a mixture. The three 
PGE compounds were revealed as zones, which 
were marked quickly on the plate because, as 
the time passes and water dries up from the 
plate, the zones broaden and ultimately lose 
their identity. In order to recover pure PGE 

compounds, a conservative area corresponding 
to each prostaglandin E compound on the plate 
was marked and eluted; 20-25% of the total 
PGE compounds could be recovered from the 
excluded regions. By taking this loss into 
account, we estimate that the recovery of 
PGE's from the mixture was similar to those 
obtained using single reference compounds (ca. 
80%). Although the recoveries are not quantita- 
tive, the present technique provides a simple 
and rapid method for the separation of individ- 
ual PGE compounds. 
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Net Increase of Lipid Fatty Acid in Ehrlich Ascites Carcinoma 
during Growth 

ABSTRACT tumor  volume increased from 2.5 to 17.7 

The net rate of total lipid fatty acid 
accumulation was measured in cells and 
extracellular fluid of Ehrlich ascites car- 
cinomas grown in mice. Between 5 and 
12 days after ip tumor inoculation, the 

ml and the tumor cell volume increased 
from 1.5 to 3.9 ml. Total lipid fatty acids 
increased from 60 to 160 /1tool during 
this same period. Thus the amount of 
fatty acid present increased at a rate of 
ca. 10 nmol/min for the tumor (cells and 
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FIG. 1. Growth of Ehrlich ascites tumor in Swiss 
Webster mice following ip injection of 1.7 x 107 
washed tumor cells. 

fluid). This rate is much smaller than the 
rate of fatty acid influx into Ehflich 
ascites tumor cells in vivo. The major 
lipid fatty acids in both whole tumor and 
extracellular fluid were 16:0, 18:0, 18:1 
and 18:2; no major changes in fatty acid 
c o m p o s i t i o n  were observed during 
growth. 

Ehrlich ascites carcinoma cells are capable of 
rapid fatty acid (FA) uptake and metabolism in 
vitro (1,2) and in vivo (3). Spector (3) has 
evaluated the significance of  free fatty acids 
(FFA) in tumor nutrition and concluded that 
the uptake of FA by Ehrlich ascites carcinoma 
cells in vivo is almost exactly equivalent to that 
needed for net growth. Spector's conclusion 
was based upon the assumption that large 
tumors (~10 ml) had a doubling time of 24 hr. 

t t 

However Klein and Revesz (4) have reported 
that, for large tumors, the time required for the 

tumor cells to double in number or volume was 
ca. 10 times as great as the value used by 
Spector. Thus it appeared to us that the uptake 
of FFA by tumor cells (3) may be very much 
greater than the net rate of FA accumulation 
due to tumor growth. In order to explore this 
very crucial aspect of tumor lipid metabolism, 
and as a quantitative basis for our own future 
studies, we have measured the net rate of lipid 
fatty acid accumulation in Ehrlich ascites car- 
cinomas. 

Ehrlich ascites carcinomas were grown ip in 
male, Swiss Webster mice (Hilltop Lab Animals, 
Inc., Los Angeles). The mice were housed at 
21 C (no light from 4 P.M. to 8 A.M.) and were 
fed Purina laboratory chow ad libitum. To 
initiate tumor, growth, tumor  cells were har- 
vested from the peritoneal cavity after 7 days 
growth, washed in Krebs-Henseleit bicarbonate 
buffer (5), resuspended in buffer, and injected 
ip ( 1.7 x 107 cells in 0. 20 ml). At varying stages 
of tumor growth, the mice were killed by 
cervical fracture and the tumor  was collected 
rapidly from the peritoneal cavity into a gradu- 
ated centrifuge tube maintained at 4 C. Tumor 
and packed cell volumes were measured. On the 
5th and 12th days of  growth, 1.0 ml of tumor 
was removed and transferred within a few 
seconds into a glass-stoppered tube containing 
an internal standard, pentadecanoic acid and 
10% KOH in 50% methanol. Tumor extracel- 
lular fluid was obtained by dilution and rapid 
millipore filtration; 0.3 ml of whole tumor was 
delivered into 4.7 ml cold Krebs-Ringer bicar- 
bonate buffer and filtered within 5 sec through 
a 0.45 kt, 25 mm diameter millipore filter 
attached to a 10 ml plastic syringe into tubes 
containing the internal standard and methanolic 
KOH. All samples were gassed with nitrogen 
and saponified at 60 C for 16 hr. The non- 
saponified lipids were extracted with petroleum 
ether and discarded. The samples, containing 
saponified FA, were acidified and the FA 
extracted with petroleum ether (bp range 
30-60 C). The solvent was evaporated under 
nitrogen prior to methylation with BF3/MeOH 

TABLE I 

Fatty Acid Content and Composition of Ehrlich Ascites Carcinoma during Growth 

Tumor lipid fatty acid Relative fatty acid composition, % Tumor, 
days btmol/ml /~mol/whole tumor 14:0 16:0 16:1 18:0 18:1 18:2 20:4 

5 24.6 +- 6.5 60 0.76 14.0 1.7 16.7 20.4 38.2 8.3 
+0.17 -+1.3 +0.10 +3.4 +-1.4 +-3.4 -+1.5 

12 8.9 -+ 0.6 a 160 2.1-+ 16.4 2.5 20.1 18.4 30.5 7.0 
+-0.90 +-1.5 +-0.55 -+2.2 +-1.4 +-3.9 +-2.6 

aAll values are mean +- SE of tumors (cells + fluid) from five mice per group, except for value indicated with 
superscript (n=4). 
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(6). The fatty acid methyl esters were analyzed 
using a Packard Gas Chromatograph Model 805 
equipped with a U-shaped glass column (6 f t x  
1/8 in. ID), packed with 15% Hi Eff 2BP on 
100-120 mesh Gas Chrom P (Applied Science 
Labs., State College, Pa.); temperatures: col- 
umn, 175 C; flash heater, 195 C; and flame 
ionization detector, 195 C. Nitrogen was used 
as a carrier gas (40 ml/min). Peak areas were 
estimated (peak height x peak width at half 
height) and related to the area of the penta- 
decanoic acid standard. From these data one 
could calculate both total lipid FA (TLFA) 
content and FA composition. The time interval 
chosen to evaluate the rate of total lipid FA 
accumulation was based upon the tumor 
growth curves shown in Figure 1. The mean 
rate of lipid accumulation between the 5th and 
12th days should approximate the tangent to 
the curve and should also yield a fair estimate 
of the rate of lipid increase during the period in 
which we have studied other quantitative 
aspects of lipid metabolism in these tumors 
(Mermier and Baker, in preparation). As shown 
in Figure 1, the mean tumor volume (cells and 
fluid) increased from 2.5 to 17.7 ml, and the 
corresponding, mean packed cell volume in- 
creased from 1.5 to 3.9 ml between the 5th and 
12th days of tumor growth. The mean frac- 
tional cell volumes (packed cells/whole tumor) 
decreased from 0.58 to 0.22 in this period. The 
marked decrease in fractional cell volumes in 
older tumors indicates that the extracellular 
fluid accumulated faster than the tumor cells 
grew. 

The total lipid FA content of Ehrlich ascites 
tumors after 5 and 12 days growth is shown in 
Table I. Although the TLFA concentration 
decreased from 25 to 9 /2mol/ml, the total 
quantity of FA (TLFA concentration x tumor 
volume) increased. The extracellular fluid 
which accumulated during tumor growth con- 
tained a much lower concentration of TLFA 
than did the cells (2.2 + 0.7 [n = 5] and 1.0 + 
0.2 [n = 5] /2mol in the extracellular fluid of 
1.0 ml whole tumor at 5 and 12 days, respec- 
tively; Table I, column 2). However the FA 
patterns were very similar to those shown in 
Table I for whole tumor TLFA. There were no 
gross changes in the qualitative pattern of lipid 
FA in the whole tumor during growth. The 
major fatty acids were 16:0, 18:0, 18:1 and 
18:2. The latter was the most prevalent FA; 
this contrasts sharply with similar studies by 
Yamakawa et al. who reported only trace 
amounts of 18:2 in 7-day-old Ehrlich ascites 
carcinomas (7). However our results agree well 
with Spector's analysis of cell lipid FA (3). The 
only major discrepancy was that whereas Spec- 

tor found equal quantities of 18:1 and 18:2 in 
the tumor cell lipids, we consistently found 
more 18:2 than 18:1 in both whole tumor and 
in the ascites fluid. 

Based upon these data, we may estimate the 
order of magnitude of net  lipid FA accumula- 
tion between the 5th and 12th days of tumor 
growth, during the period that the tumor 
volume (cells and fluid) increased from 2.5 to 
18 ml and the packed cell volume increased 
from 1.5 to 3.9 ml. The total lipid FA 
accumulation (cells and fluid) in 7 days was ca. 
100 /~mol. This is an average rate of 10 nmol 
FA per minute. 

We are presently carrying out quantitative 
studies of FFA flux into Ehrlich ascites carci- 
noma cells under the same conditions that we 
have used to measure net FA accumulation in 
the tumor. These studies indicate that the flux 
of FA into tumor cells is ca. 26 times greater 
than the rate of FA accumulation during 
growth. A similar conclusion may be reached if 
we use the data published by Spector to 
estimate FA flux into Ehrlich ascites carcinoma 
cells in vivo. (We estimate from Spector's data 
[31 that the flux of fatty acids into tumor cells 
was about 18 /2Eq/hr for tumors of 10 ml 
volume. This is 30-fold greater than the rate at 
which total lipid fatty acids increased during 
the present study of tumor growth. Our esti- 
mates of FFA flux into tumor cells is based 
upon the following values [3]:  extracellular 
fluid FFA concentration, 0.18 /2Eq/ml; rate 
constant, 0.23/min; 0.75 ml extracellular fluid 
per milliliter whole tumor; and ca. 100% FFA 
uptake by cells. The latter value follows from 
Spector's observation that 40-50% of injected 
FFA was found in tumor cells in 10 min; this 
corresponds to the total amount  of injected 
FFA which disappeared from the extracellular 
fluid in that time.) The significance of these 
observations will be discussed elsewhere. 
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Brain Gangliosides of Myelin Synthesis-Deficient Mice 
ABSTRACT 

Study of  the brain gangliosides of  
normal  and myel in  synthesis def ic ient  
mice shows no appreciable differences in 
the quant i ta t ive  or  qual i ta t ive composi-  
t ion. This result  shows that  gangliosides 
have l i t t le or no relat ion to the synthesis 
of  myelin.  

FIG. 1. Thin layer chromatography of brain 
gangliosides. MSD: mutant mouse; Norm; normal 
mouse; T: gangliosides obtained from pig brain + G s 
and G 6. 

Al though  changes in the levels and metabo-  
lism of  cholesterol ,  fa t ty  acids and some phos- 
phat ides  have been described, the principal  
dis turbance observed in mice with deficiency in 
myel in  synthesis (Quaking,  J impy  or myel in  
synthesis-deficient  [MSD])  concerns the glyco- 
lipids (1-9). Studies wi th  Quaking and J impy  
mice have shown that  while the synthesis of  the 
cerebrosides + sulphafides group is no tab ly  
diminished, the synthesis of  gangliosides is only 
slightly per turbed  (10-12).  Cerebrosides and 
sulphatides are also in lower  quan t i ty  in MSD 
mice (8). Meier and MacPike (8) have found 
that  the amoun t  of  to ta l  gangliosides is the 
same in MSD as in normal  mice;  however  no 
in format ion  on the gangliosides pat tern  in the 
brain of such mice has been reported.  

Mutant  and normal  MSD mice were killed at 
the end of  the myel ina t ion  per iod (22 days). 
Gangliosides were obta ined  f rom the freeze- 
dried brain by the m e t h o d  of  Suzuki (13). The 
Fo lch  upper  phase was dialyzed against water  
and freeze-dried. The residue was taken in 
ch lo ro fo rm-methano l  2:1 v /v  and submit ted  to 
a mild alkaline hydrolysis  modif ied  f rom 
Schneider  and Kennedy  (14). The alkali-stable 
lipids were then dialyzed and freeze-dried. The 
final residue was used for neuraminic  acid assay 
and thin layer ch romatography  (TLC). Neur- 
aminic acid was measured according to Miet- 
t inen and Luukainen (15). TLC was per formed  
on silicic acid precoated  plates (Merck F254)  
wi th  ch lo ro fo rm-methano l -wa te r  60 :35 :8  v/v 
conta in ing  20 mg CaC12 per  100 ml solvent 
(16). 

Gangliosides were de tec ted  wi th  an orcinol-  
HC1 reagent (17) and quant i f ied  by scanning on 
a Vernon densi tometer .  Gangliosides were also 
separated by descending TLC (18).  In this case 
the lipids were de te rmined  by the technique  of  
MacMillan and Wherret t  (19).  

When the amounts  of  gangliosides per  brain 
are compared ,  the values ob ta ined  (Table I) are 
qui te  similar in the two kinds of  mice. The 
difference is no tab ly  greater when the results 
are expressed on the basis of  dry or wet 
weights. This could  be related to the fact that  
fol lowing the absence of  myel in  in the mutan t  
mouse,  dry or wet weights are no t  the best 
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TABLE I 

Total  Lipid Sialic Acid in Normal  and 
Myelin Synthesis-Deficient  Mice Brains 

437 

Normal  Myelin synthesis-def ic ient  

p g N a N a a / b r a i n  81.1 • 9.9 90.5 • 17.0 
pg NaNa/g  wet  wt  211.5  + 22.2 257.2  +- 34.6 
#g N a N a / 1 0 0  mg dry wt  110.9 • 10.0 134.8  • 32.9 
Means laM NaNa[g wet  wt  

Our  results 0 .682 0 .832  

Values of  Meyer and  
MacPike (8) 0 .568  to 0 .874  

aNaNa = N-acetyl  neuramin ic  acid. All values are the mean  of  five di f ferent  exper iments .  

references for a comparison. The amount  of 
gangliosides that we found was in the same 
range as the values given by Meier and MacPike 
(8). Since the amount of gangliosides in the 
MSD mouse is equal to or even higher than that 
in the normal one, this class of lipids probably 
is not  involved in the striking myelin deficiency 
found in this strain. Suzuki et al. (20) have 
reported the existence of gangliosides in puri- 
fied myelin. However the amount found by 
these authors is too low to indicate that even a 
severe myelin deficiency could influence nota- 
bly the amount of total brain gangliosides. 

The gangliosides patterns in the brains of 
normal and MSD mice (Table II, Fig. 1) are 
very similar. Our results suggest that as in the 
Quaking and Jimpy mice (10) there is no great 
alteration of the metabolic pathway of the 
glucosyl ceramide. These conclusions agree well 
with the work of Brenkert et al. (21), who 
observed no difference in the brain UDP-glu- 
cose ceramide glucosyl transferases of MSD and 
normal mouse brain. 

In contrast to rat brain, we have found only 
one report upon the distribution of gangliosides 
in mouse brain. The pattern that we found is 
quite similar to that reported by Kostic et al. 
(22) on the normal Jimpy strain mice. The 
major difference is the absence from the MSD 
strain of the G 2 A  gangliosides which account 
for 10% of the total Jimpy gangliosides. This is 

perhaps a strain specificity, but it could also be 
explained by the great differences in the sepa- 
rative and analytical methods used in the two 
studies. 

M.A. BOSCH 1 
G. REBEL 
L.L. SARLIEVE 
N.M. NESKOVIC 2 
Centre de Neurochimie du CNRS 3 
11 rue Humann 
67085 Strasbourg, Cedex, France 

A C K N O W L E D G M E N T S  

P. Guer in  p rov ided  technica l  assistance.  W. R e y m a n  
m a n u f a c t u r e d  the device wi th  which  descending chro-  
m a t o g r a p h y  was pe r fo rmed .  

R E F E R E N C E S  

1. Mandel ,  P., J .L.  Nussbaum,  N.M. Neskovic, L.L.  
Sarli~ve and  T. Kurihara ,  Adv. Enz. Reg. 10:101 
(1972) .  

2. Kandu tsch ,  A.A. ,  and  S.E. Saucier,  Biochim. 
Biophys.  Acta  2 6 0 : 2 6  (1972) .  

3. Jacque ,  C.M., M.L. Harpin  and  N.A. Bauman,  Eur.  
J. Biochem. 1 1 : 2 1 8  (1969) .  

1pe rmanen t  address:  Depa r tmen t  o f  Biochemis t ry ,  
Facul ty  o f  Sciences, Madrid,  Spain. 

2To w h o m  repr in t  requests  shou ld  be directed.  

3Director  P. Mandel.  

TABLE II 

Ganglioside Pat te rn  o f  Brain a 

Normal  mice Myelin synthesis-def ic ient  

GM1/G 4 12.2 + 3.3 11.2 + 2.2 
G D 3 / G 3 A  3.7 • 1.2 3.3 +- 1.5 
G D l a / G  3 38.2 +- 6.7 38.4  + 3,9 
G D l b / G  2 14.6 + 2.4 14.9 + 1,9 
G T 1 / G  1 22.2 + 2.5 22.0  • 2.6 
G Q 1 / G  O 10.1 + 4.2 10.2 + 1.5 

aAll values are the  mean  of  five di f ferent  exper iments .  

LIPIDS, VOL.  8, NO. 7 



438 SHORT COMMUNICATIONS 

4. Singh, H., N. Spritz and B. Geyer, J. Lipid Res. 
12:473 (1971). 

5. Joseph, K.C., M.J. Druse, L.R. Newell and E.L. 
Hogan, J. Neurochem. 19:307 (1972). 

6. Deshmukh, D.S., T. Inoue and R.A. Pieringer, J. 
Biol. Chem. 246:5695 (1971). 

7. Hauser, G., J. Eichberg and S. Jacobs, Biochem. 
Biophys. Res. Commun. 43:1072 (1971). 

8. Meier, H. and A.D. MacPike, Exp. Brain Res. 
10:512 (1970). 

9. Reasor, M.J., and J.N. Kanfer, Life Sei. 8:1055 
(1969). 

10. Neskovic, N.M., L.L. Sarli~ve and P. Mandel, 
Brain Res. 42:147 (1972). 

11. Sarli~ve, L.L., N.M. Neskovic, G. Rebel and P. 
Mandel, Neurobiology 2:70 (1972). 

12. Mathieu, J.M., U. Schneider and N. Herschkowitz, 
Brain Res. 42:433 (1972). 

13. Suzuki, K., Life Sci. 3:1227 (1964). 
14. Schneider, P.B., and E.P. Kennedy, J. Lipid Res. 

9:58 (1968). 

15. Miettinen, T., and I.T. Luukainen, Acta Chem. 
Scand. 13:856 (1959). 

16. Van Den Eijnden, D.H., Z. Physiol. Chem. 
352:1601 (1971). 

17. Klenk, E., and W. Gielen, Z. Physiol. Chem. 
326:144 (1961). 

18. Korey, S.R., and J. Gonatas, Life Sci. 5:296 
(1963). 

19. MacMillan, V.H., and J.R. Wherrett, J. Neuro- 
chem. 16:1621 (1969). 

20. Suzuki, K., S.E. Poduslo and W.T. Norton, Bio- 
claim. Biophys. Acta 144:375 (1967). 

21. Brenkert, A., R. Arora, N.S. Radin, H. Meier and 
A.D. MacPike, Brain Res. 36:195 (1972). 

22. Kostic, D., J.L. Nussbaum and P. Mandel, Life 
Sci. 8:1135 (1969). 

[ Revised manuscript 
received April 19, 1973] 

LIPIDS, VOL. 8, NO. 7 



LETTER TO THE EDITOR 

Determination of Fatty Acids in Position 3 of Triglycerides 

Sir: In the most frequently used method of 
stereospecific triglyceride analysis, 1,2(2,3)-di- 
glycerides (obtained from triglycerides with 
pancreatic lipase or by Grignard deacylation) 
are converted to l (3)-phosphat idylphenol ,  of 
which only the sn-3-isomer is hydrolyzed by 
phospholipase A 2 (Brockerhoff,  H., Lipids 
6:942 [1971]) .  The fat ty acids in positions 1 
and 2 can be directly analyzed, fatty acid 2 in 
two different products ,  but  the fatty acid 
composit ion in 3 must be calculated by differ- 
ence. Although two independent  ways are open 
for this calculation and the accuracy of the 
analysis can be judged by the agreement of the 
results, a method to analyze the fat ty acids in 3 
directly would still be desirable, not  so much 
for additional confirmation of the analysis but 
because of the uncertainty involved in the 
quanti tat ion of minor and trace fat ty acids in 3 
merely by difference. A direct analysis of 
position 3 is possible with a method starting 
from 1,3-diglyceride, but  this intermediate can- 
not  be prepared from triglyceride except con- 
t a m i n a t e d  w i t h  6 - 1 0 %  i s o m e r i z e d  
1,2(2,3)-diglyceride (Brockerhoff,  H., Lipids 
6:942 [ 1971 ] ). A different method to analyze 
position 3 directly is proposed in the following 
scheme (Q~) = phosphate;  Ph = phenol). 

2 lipase o r  + 2 C6HsOPOC12 
Grignard 

3 3 H20 

2 7 _ p  h 
+ phospholipase A 2 

- -  Ph t-3 

pan- 
+ 2 + creatic._ 2 

- Ph t-3 l i p a s e  + 3 

T h e  conventional stereospecific analysis is fol- 
lowed, but  in an additional step the sn-l-phos- 
pholipid, isolated by thin layer chromatog- 
raphy, is hydrolyzed in posit ion 3 by pancreatic 
lipase. Slotboom et al. (Chem. Phys. Lipids 
4:15 [ 197 0] ) have shown that  this reaction can 
proceed to completion. Crude pancreas powder 
could be used, since the sn- l -phosphol ipid 
would not  be digested by pancreatic phospho- 
lipase A 2. Esterification of the free phosphate 
hydroxyl  of the phospholipid,  e.g., with diazo- 
methane, would accelerate the final l ipolytic 
reaction. 

H. BROCKERHOFF 
Fisheries Research Board of Canada 
Halifax Laboratory 
Halifax, Nova Scotia, Canada 

[ Received February 12, 1973] 

439 



ERRATUM 

Two errors  occu r red  in the  p u b l i c a t i o n  of  
" A b s o r p t i o n  and  Biliary Sec re t ion  of  In t ra-  
pe r i tonea l ly  In jec ted  3~-Methoxycho les t -5 -ene -  
4 A 4 C  in the  R a t "  by  L.N. Norc ia  (Lipids  
8 : 3 1 5 1 1 9 7 3 ] ) .  A line of  the  f irst  comple t e  
pa ragraph  on  page 317 and  par t  of  the  cap t ion  
to  Figure 3 (p. 318)  were omi t t ed .  Those  por-  
t ions  of  the  paper  are p r in t ed  co r rec t ly  below.  

For  purposes  of  compar i son ,  a few 

s tudies  of  secre t ion  of  label  in to  bile 
fo l lowing ip in j ec t ion  of  choles terol -4-  
1 4 C were made.  A m o u n t s  of  choles terol -  
4-14C or m e t h o x y c h o l e s t e n e - 4 - 1 4 C  used 
for  the  ip in jec t ions  were ca. 1 mg of  
c o m p o u n d  of  specif ic  ac t iv i ty  ca. 10 
/ICi/mg. The c o m p o u n d s  were in jec ted  as 
suspens ions  in 0.7 ml of  0.9% saline 
s tabi l ized w i th  1 d rop  of  T w e e n  20 (5). 

A B 

! 
1.00 

~ 0,61 189 dpm 
21.1~ 

I ~ 0.53 

300 dpm 
~ 0,32 33.4 ~ 

371 dpm 
~ 0 . 1 2  41.3% 

~000 

C D 

38 dpm 
4.2 % [ 

827o 

E F, F2 

8.8 dpm 245 dpm 
1.9% 49 % 

61.8 dpm 38;d~m 
,3.7% . o 13o% 

2%%? , ~ 

338 dprn 
74.8 7o 

1.468 dpm 
29.4 % . 6  % 

2,660 dpm 75 ~ 
53.3% 

FIG. 3. Methoxycholestene metabolites in bile, studied by thin 
layer chromatography, experiment 2 (see legend, Fig. 2). Thin layer 
chromatography on Silica Gel G, 250 g thick, solvent system 
toluene-acetic acid-chloroform-water 80:36:20:1 v/v. Diagram is 
drawn to scale of Rf values of chromatograms. Positions of areas to 
be scraped off were determined by chromatographing in duplicate 
in adjacent lanes, then spraying one lane with phosphomolybdic 
acid spray while protecting adjacent lane with baffle. After color 
development and spot visualization (sprayed with 5% phospho- 
molybdic acid in ethanol-diethyl ether 1:1, then heated at 100 C 
for 3-5 min), areas to be scraped from untreated lane were marked. 
Panel A: diagram of typical chromatogram of extract of hydrolyzed 
bile. Panel B: Rf values, methoxycholestene, 0.61; cholesterol, 
0.53; chenodeoxycholic acid, 0.32; cholic acid 0.12. Panel C: 
distribution of radioactive counts from hydrolyzgd bile extract, 
first 24 hr bile sample after ip injection; dpm and % total counts are 
given for eluate from plate scrapings. Panel D: % polar metabolites 
from fraction shown which were bound to Amberlite IRA-400-OH 
resin, first 24 hr bile sample. Panel E: dpm and % total counts, first 
24 hr bile sample. Panel F 1 : dpm and % total counts, second 24 hr 
bile sample. Panel F2: eluates from F 1 recrystallized three times 
with nonradioactive carrier compounds; % recovery of dpm in 
crystallized compounds corrected for losses during crystallization. 
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Fatty Acid Composition of Sarcoplasmic Reticulum 
Phospholipids from Red and White Muscles of the 
Rabbit 
R.K. TUME and R.P. NEWBOLD, CSI RO Division of Food Research, 
Meat Research Laboratory, Cannon Hill, Queensland, Australia 4170 

ABSTRACT 

The fatty acid composition of the 
phospholipids of sarcoplasmic reticulum 
preparations from rabbit psoas (white) 
and soleus (red) muscles was determined. 
The sarcoplasmic reticulum from psoas 
muscle was lower in stearic and oleic 
acids and higher in palmitic and linoleic 
acids than that from soleus muscle, and 
contained a greater proportion of poly- 
unsaturated fatty acids. However most 
of the differences in fatty acids were 
small. 

In skeletal muscle the sarcoplasmic reticu- 
lum is responsible for regulation of the calcium 
ion concentration at the active sites of the 
contractile proteins. The nature of calcium 
transport across this membrane has been stud- 
ied extensively, and its dependence upon mem- 
brane lipids is well established (1-4) although 
the exact role of the lipids is unknown. In 
addition, comparative studies have shown that 
sarcoplasmic reticulum preparations from red 
muscles differ from those from white muscles 
in their ability to transport calcium ions (5,6). 

The purpose of the present study was to 
determine whether or not this difference in the 
ability to transport calcium ions might be due 
to a difference in the fatty acid composition of 
the sarcoplasmic reticulum phospholipids of red 
and white muscles. 

Sarcoplasmic reticulum was isolated from 
psoas (white) and soleus (red) muscles of seven 
New Zealand White rabbits as described by Mar- 
tonosi et al. (7), except that it was washed only 
once with 0.6 M KCl-buffer and 1 mM dithio- 
threitol was present in buffers throughout the 
preparation. Lipids were extracted from the 
sarcoplasmic reticulum preparations with chlo- 
roform-methanol (8), and the phospholipids 
were separated from the total lipid extract by 
thin layer chromatography (9). The area con- 
taining the phospholipids was scraped from the 
plate, and the phospholipids were eluted (10). 
Methyl esters of the phospholipid-fatty acids 
were prepared by heating the pliospholipids (ca. 
1 rag) for 16 lit at 65 C with 1 ml of 5% (v/v) 
sulphuric acid in methanol in sealed ampoules, 
and the resulting methyl esters were extracted 
with petroleum ether (bp 30-40 C). The lipid 
extracts were handled and stored under nitro- 
gen at all times. The fatty acid composition of 

Fa t ty  Ac id  

T A B L E  I 

C o m p o s i t i o n  o f  Sarcoplasmic  R e t i c u l u m  Phosphol ip ids  f r o m  
Rabbi t  Psoas (White)  a nd  Soleus (Red )  Muscle a 

Fa t t y  acid Psoas Soleus SE of  Signif icance 
(whi te )  ( red)  d i f fe rence  of  d i f fe rence  

15:1 4.6 -+ 0.8 2.2 + 0.4 +- 0.7 < 0 .02  
16 :0  22.0 + 1.3 16.3 + 0.9 -+ 0.8 < 0.001 
16:1 1.7 + 0.2 1.6 + 0.2 -+ 0.2 NS b 
17:1 1.2 -+ 0.2 0.8 +- 0.1 -+ 0.2 NS 
18 :0  13.9 -+ 0.4 21.6 + 1.1 +- 1.3 < 0.01 
18:1 19.4 + 1.2 24.3 +- 0.3 + 1.2 < 0.01 
18:2  15.0 + 1.0 11.7 +- 1.2 +- 1.2 < 0 . 0 5  
20 :4  13.6 -+ 1.1 10.9 + 0.9 -+ 1.7 NS 
U n i d e n t i f i e d  c 1.6 + 0.3 2.8 + 0.7 +- 0.5 < 0.05 
22 :5  2.0 + 0.5 2.2 + 0.5 -+ 0.3 NS 

Tota l  
Polyenoic  d 32.2 + 1.5 27.7 -+ 1.4 -+ 1.5 < 0 .05  

aValues,  expressed  as pe rcen tages  of  the  tota l  f a t t y  acids, are m e a n s  + SE for  musc le  
p repa ra t ions  f r o m  seven animals .  Each  phospho l ip id  p r ep a ra t i o n  was a n a l y z e d  in dupl ica te .  
Fa t t y  acids wi th  relat ive concen t r a t i ons  be low  1% in bo th  musc le  p repa ra t ions  are o m i t t e d .  

bNS = no t  s ignif icant .  

CRelative r e t e n t i o n  t ime  3.4 (18 :0  = 1.0). 

dUn iden t i f i ed  acid a s s u m e d  to be po lyeno ic .  
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the m e t h y l  esters  was d e t e r m i n e d  by  gas l iquid 
c h r o m a t o g r a p h y  us ing  a 10 f t  x 1/8 in. c o l u m n  
con ta in ing  5% EGSS-X on C h r o m o s o r b  W A/W 
DMCS 3 0 / 1 0 0  m e s h  us ing  a Var ian  A e r o g r a p h  
gas c h r o m a t o g r a p h  w i th  n i t r ogen  as carr ier  gas. 
The  co lumn ,  in jec t ion  po r t  and  f lame ioniza-  
t ion  de t ec to r  oven were ope ra t ed  at  180, 280  
and  245 C, respect ively.  The  pe rcen tage  of  an 
indiv idual  f a t ty  acid m e t h y l  es ter  was deter-  
m i n e d  f rom the  area u n d e r  the  appropr i a t e  
peak and the  area u n d e r  all peaks.  Peaks were 
t en ta t ive ly  iden t i f i ed  by  c o m p a r i s o n  of  the i r  
r e t e n t i o n  t imes  w i th  those  of  s t andards  ob- 
ta ined  f rom Poly Science Corp.  Ill. and  Su- 
pelco,  Pa., and  in cer ta in  cases by separa t ing  the  
to ta l  m e t h y l  esters i n to  groups  accord ing  to  
degree of  s a tu ra t i on  by  a rgen ta t i on  t h in  layer  
c h r o m a t o g r a p h y  (1 1) w i th  s u b s e q u e n t  gas liq- 
u id  c h r o m a t o g r a p h y .  

Table  I shows the  f a t t y  acid c o m p o s i t i o n  of 
the  p h o s p h o l i p i d  of  sarcoplasmic  r e t i cu lum 
isola ted f rom the  two  d i f f e ren t  muscles .  The  
p repa ra t ions  f rom the  psoas muscles  c o n t a i n e d  
s igni f icant ly  greater  p r o p o r t i o n s  of  pen ta -  
decenoic  acid (15 : 1), pa lmi t ic  acid ( 1 6 : 0 )  and  
l inoleic acid ( 1 8 : 2 )  t h a n  those  f rom soleus 
muscles.  On the  o the r  h a n d  the  soleus p h o s p h o -  
l ipids c o n t a i n e d  greater  p r o p o r t i o n s  of s tear ic  
acid (18 :0 )  and  oleic acid (18 :1 ) .  The p ropor -  
t ion  of  p o l y u n s a t u r a t e d  f a t t y  acids in the  psoas 
muscle  p repa ra t i ons  was s igni f icant ly  grea ter  
t han  t ha t  in the  soleus muscle  p repa ra t ions .  

We have recen t ly  s h o w n  tha t  the  relat ive 
p r o p o r t i o n s  of  f a t ty  acids of  the  sarcoplasmic  
r e t i cu lum can be cons ide rab ly  changed  w i t h o u t  
a f fec t ing  its ca lc ium t r a n s p o r t i n g  p roper t i e s  
(12 ,13) .  In view of the  compara t ive ly  small  
d i f ferences  in c o m p o s i t i o n  b e t w e e n  the  two 
types  of p r epa ra t i on  r e p o r t e d  here,  i t  seems 

un l ike ly  t ha t  the  k n o w n  d i f fe rences  in ca lc ium 
t r a n s p o r t  betweef l  red  and  whi t e  muscles  can be  
a t t r i b u t e d  to d i f ferences  in the  f a t t y  acid 
c o m p o s i t i o n  of  the i r  m e m b r a n e  phosphol ip ids .  
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AY-9944 Inhibition of Sterol Biosynthesis in Chlorella 
emersonf f  1 
LEAL G. DICKSON 2 and GLENN W. PATTERSON 3, Department of Botany, 
University of Maryland, College Park, Maryland 20742 

ABSTRACT 

When Chlorella emersonii, a green alga, 
was cultured in the presence of 20 ppm 
AY-9944, a number of sterols accumu- 
lated which appear to be intermediates of 
sterol biosynthesis in this organism. The 
sterols isolated include 14a-methyl-er- 
gost-8-en-3/3-ol, 14a-methyl 24S-stigmast- 
8-en-3/3-ol, 14or-methyl ergosta-8,24(28)- 
dien-3/3-ol and 40t, 14~-dimethyl 24S-stig- 
mast-8-en-3/3-ol. Smaller quantities of 
several other sterols were found in addi- 
tion to the normally occurring AT-ergos- 
tenol, chondrillasterol and AT-chondrilla- 
stenol. Control cultures were found to 
contain, in addition to the normally 
occurring sterols, smaller quantities of 
most of the sterols isolated from AY- 
9944 inhibited cultures. AY-9944 is a 
specific inhibitor of AT-reductase in cho- 
lesterol biosynthesis in animals. However, 
since C. emersonii terminates sterol bio- 
synthesis one step prior to the AT-reduc- 
tase step, AY-9944 apparently inhibits 
sterol biosynthesis prior to this step in 
this organism. The accumulation of 
14a-methyl sterols in treated cultures 
suggests that AY-9944 is an effective 
inhibitor of the 14cz-methyl removal in C. 
emersonii. 

INTRODUCTION 

The hypocholesterolemic drug trans-l,4-bis- 
(2-chlorobenzylaminomethyl) cyclohexane di- 
hydrochioride (AY-9944) is a well known 
inhibitor of the reduction of 7-dehydrocholes- 
terol to cholesterol in animals (1-3). Recently 
AY-9944 has been shown to be an inhibitor of 
sterol biosynthesis in algae (4,5). However it 
seems certain that rather than being a AT-reduc- 
tase inhibitor, AY-9944 is primarily an inhibi- 
tor of the reduction of the A14 double bond in 
the AsA4 sterol biosynthetic intermediates 
described in these reports. 

1Scientific Article No. A1865, Contribution No. 
4775 of the Maryland Agricultural Experiment Sta- 
tion. 

2present address: Department of Biology, Walla 
Walla College, College Place, Wash. 99324. 

3To whom all correspondence should be addressed. 

Previous studies in this laboratory involved 
the use of Chlorella ellipsoidea, a green alga 
that normally produces only As sterols. When 
such unpredicted intermediates were obtained 
with this alga, we felt some insight into the 
mechanism of inhibition by AY-9944 might be 
gained if the effect of AY-9944 was determined 
on an organism that does not normally carry 
out the AT-reductase step at all, viz., an alga 
synthesizing only A7 sterols. Chlorella emer- 
sonii is such an organism (6). The effects of 
AY-9944 on sterol synthesis in C. emersonii (if 
any) must therefore be on steps other than 
AT_reductase. 

EXPERIMENTAL PROCEDURES 

Chlorella emersonii var. emersonii, Shihira 
and Krauss, Maryland Culture Collection No. 2 
(Indiana Culture Collection No. 252) was cul- 
tured axenically in 15-1 carboys on basal 
inorganic medium supplemented with 0.5% 
glucose as previously described (5). AY-9944- 
treated cultures were grown in the same way as 
the controls except that at the time of inocula- 
tion AY-9944 was added to give a final concen- 
tration of 20 ppm. Cells grown at this level of 
AY-9944 produced ca. 50% the yield of control 
cultures. Sterols were extracted from freeze- 
dried cells with CHC13/CH3OH 2:1 v/v and 
after saponification were partially purified by 
digitonin precipitation as described by Doyle et 
al. (7). 

Further purification and separation was ac- 
complished using alumina anO AgNO34mpreg- 
nated silica gel and Anasil B column chromatog- 
raphy. Gas liquid chromatography (GLC) was 
carried out with a Glowall Chromalab Model 
A-110 gas chromatograph.  These methods 
have been previously described (4,7). 

RESULTS AND DISCUSSION 

Both quality and quantity of sterols were 
markedly altered when C. emersonii was grown 
in the presence of 20 ppm AY-9944. Total 
sterol extracted from control and treated cul- 
tures was 2.3 mg/g and 1.7 mg/g dry weight, 
respectively. Relative retention times (RRT) of 
sterols from control cultures indicate that the 
major sterols are identical to those described by 
Patterson (6). They are thus identified as 
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TABLE I 

Quantitative Comparison of Sterols from Control and AY-9944-Treated 
Cultures of Chlorella emersonii 

Control 

Sterols % of sample #g/g dry wt 

AY-9944-Treated 

% of sample /~g/g dry wt 

24-Methylene cycloartanol 0.3 6 tr a tr 
24-Dihy droobtusifoliol 0.8 19 0.2 2 
4ct, 14a-Dimethyl 24S- 
Stigmast-8-en-3~-ol 0.4 8 0.3 4 
14a-Methy l-er gost- 8-en- 
3~ol 0.9 22 3.4 57 
14a-Methyl 24S stigmast- 
8-en- 3/3-ol 0.4 8 9.8 165 
14a-Methyl-ergosta- 
8, 24(28)-dien- 3/3-ol 0.8 19 3.6 62 
Obtusifoliol 0.2 5 tr tr 
Cycloeucalenol 0.0 0 tr tr 
A 7-Ergostenol 16.3 390 42.6 720 
a 7-Chondrillastenol 8.6 200 9.8 165 
Chondrillasterol 70.8 1650 29.2 500 
5c~-Ergosta-7,22-dien- 3/3-ol 0.5 12 0.4 7 

Total 100.0 2339 99.3 1682 

atr = trace; indicates less than 1 /~g/g dry wt. 

A7-ergos teno l ,  chondr i l l a s t e ro l  and  AT-chon-  
dr i l las tenol  (Table  I). 

Obvious  qual i ta t ive  and  quan t i t a t i ve  differ- 
ences in  the  ini t ia l  gas c h r o m a t o g r a m s  ( on  
SE-30 co lumns )  of  t r e a t ed  cu l tu res  inc lude  the  
presence  of  five ma jo r  peaks  ins tead  of three ,  
the  presence  of  one  c o m p l e t e l y  new ma jo r  
peak,  a large increase  in the  AT.ergos tenol  peak 
or a c o n c o m m i t e n t  decrease  in the  chondr i l la -  
s terol  peak.  

A l u m i n a  c o l u m n  c h r o m a t o g r a p h y  separa ted  
? . 

the  s terols  i n to  4 , 4 - d l m e t h y l ,  4 - m e t h y l  and  
4 -desme thy l  f rac t ions .  Fo l lowing  convers ion  of 
these  f rac t ions  i n t o  the  aceta tes ,  the  sterols  
were f u r t h e r  separa ted  and  pur i f ied  on  AgNO 3- 
i m p r e g n a t e d  silica gel co lumns .  Sterols  thus  
separa ted  were suf f ic ien t ly  pure  for  an accura te  
d e t e r m i n a t i o n  of  the  R R T  of each  s terol  
ace ta te  on  th ree  GLC sys tems (3% SE-30, 1% 
QF-1,  3% HiEff-SBP) as previous ly  descr ibed  
(5).  

Posit ive i den t i f i c a t i on  of  these  s terols  is 
based  on  compara t i ve  R R T  data  of  free sterols  
and  ace ta tes  w i t h  pub l i shed  values (8)  and  wi th  
a u t h e n t i c  c o m p o u n d s .  I den t i f i c a t i on  was based  
on  the  charac te r i s t i c  m o v e m e n t  of  the  com- 
p o u n d s  on a lumina  and  AgNO3-si l ica gel col- 
umns .  

A quan t i t a t i ve  c o m p a r i s o n  of  c o n t r o l  and  
t r ea ted  s terols  is p r e s e n t e d  in Table  I. A more  
t h o r o u g h  check  of  s terols  f rom con t r o l  cu l tu res  
revealed the  p resence  of  small  a m o u n t s  of m a n y  
of  the  s terols  f o u n d  in the  t r ea t ed  samples .  
Signif icant  quan t i t a t i ve  changes  in s terols  of  the  

t r e a t ed  samples  are as fol lows:  p r o d u c t i o n  of  
the  th ree  ma jo r  s terols  was r educed  f rom 96 to  
82% of  the  to ta l  s te ro l ;  chondr i l l a s t e ro l  was 
r educed  by  the  greates t  a m o u n t  ( 1 6 5 0  to  500  
/~g/g d ry  wt,)  while  AT-ergostenol  near ly  dou-  
b led  ( 3 9 0  to  7 2 0  pg/g dry wt) ;  and  there  were 
large i n c r e a s e s - a s  great  as 2 0 - f o l d - i n  the  
140l-methyl A8 sterols.  

Obvious ly  AY-9944  has a p r o n o u n c e d  ef fec t  
on  s terol  b iosyn thes i s  in  C. emersonii .  Accord-  
ingly AY-9944  mus t  be more  t h a n  a AT-reduc- 
tase i n h i b i t o r  in this  organism.  

The  po in t  or  po in t s  of th i s  i n h i b i t i o n  are n o t  
clear f r o m  the  da ta ;  h o w e v e r  the  fo l lowing  
possibil i t ies are pos tu la t ed .  A l t h o u g h  20  p p m  
of  AY-9944  was requi red  in th is  s t udy  and  only  
5 p p m  of  t r ipa rano l  was used  by  Doyle  et  al. 
(7) ,  the  resul t  of  AY-9944  i n h i b i t i o n  is near ly  
ident ica l  to  t r i pa rano l  i n h i b i t i o n  in C. emer- 
sonii. Cons ider ing  the  re la t ively  large accumula-  
t ion  of  1 4 a - m e t h y l  s terols  (17 .3% of  to t a l  
s terol  in  t r ea t ed  cul tures ,  3.8% in con t ro l  
cul tures) ,  t he  i n h i b i t o r y  act iv i ty  of  A Y - 9 9 4 4  
m ay  be similar  to  t h a t  p o s t u l a t e d  for  t r ipa rano l ,  
i.e., i n h i b i t i o n  of  14a -me thy l  removal .  

The  ra t io  of  n ine  c a r b o n  to  t en  c a r b o n  side 
chains  (0.25 and  1.0, in  c o n t r o l  and  t r ea t ed  
cells, respect ive ly)  is in te res t ing .  This  is due in 
large measure  to  the  great  increase  in A7-ergos- 
tenol .  This c lear ly provides  the  poss ib i l i ty  t h a t  
A Y - 9 9 4 4  may  be i nh ib i t i ng  the  second  alkyla- 
t ion  reac t ion  in the  side chain .  This large 
b u i l d u p  of  AT-ergos tenol  o the rwise  c a n n o t  be 
expla ined.  The  increase  in 2 4 - m e t h y l e n e  corn- 
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p o u n d s  f rom 1.3% of to t a l  s terol  ( c o n t r o l )  to  
3.6% ( A Y - 9 9 4 4 - t r e a t e d )  also suggests t h a t  AY- 
9944  m a y  i nh ib i t  the  s econd  a lky la t ion  reac- 
t ion.  

In  conc lus ion ,  w h e n  these  data  are c o m p a r e d  
w i t h  data  previous ly  r e p o r t e d  (4 ,5)  f rom AY- 
9944 - t r ea t ed  C. ellipoidea, i.e., a large accumu-  
l a t ion  of  As ,  14 s terol  dienes and  lesser a m o u n t s  
of  A8(9 )  m o n o e n e s ,  the  p r imary  sites of  inh ib i -  
t i on  by  AY-9944  in s terol  b iosyn thes i s  of C. 
ellipsoidea are pos tu l a t ed  to be at  s teps 2 or  3 
in the  sequence  s h o w n  be low:  

14a-methylA 8(9)sterols 1.1-1~A 8,14sterol 2 dienes 
A8(9) sterols - - - ~ A  7 sterols 

AY-9944.  Only  at  the  h igher  level are the  
! 4 a - m e t h y l  r emova l  and  the  second  a lky la t ion  
inh ib i t ed .  The  absence  of  any  iden t i f i ab le  
A8(9) ,14  i n t e r m e d i a t e s  in  C. emersonii offers  a 
second  more  exc i t ing  p o s s i b i l i t y - p e r h a p s  C. 
emersonii does n o t  carry  b iosyn thes i s  t h r o u g h  
this  r o u t e  at  all. 
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ABSTRACT 

The comparative incorporation of ace- 
tate into long chain fatty acids and acetyl 
carnitine by cell-free preparations of rat 
heart has been investigated. Whereas the 
addition of 1 mM carnitine stimulated 
(45%) fatty acid synthesis by liver prepa- 
rations in citrate-containing media, fatty 
acid synthesis from acetate in rat heart 
homogenates under the same incubation 
conditions was markedly depressed. This 
depression by carnitine of acetate incor- 
poration into long chain fatty acids in 
105,000 x g soluble fractions of heart was 
associated with increased acetyl carnitine 
formation. Thus in heart tissue acetyl 
CoA is effectively shuttled into acetyl 
carnitine and is unavailable for synthesis 
of fatty acids. These data are in agree- 
ment with results obtained earlier in 
studies with perfused rat heart. A similar 
conversion of added acetyl CoA to the 
carnitine derivative occurred when la- 
beled malonyl CoA was used as fatty acid 
precursor, again resulting in reduced fatty 
acid synthesis. It was shown by direct 
measurement that acetyl carnitine forma- 
tion in the absence of carnitine was 
greatest in heart mitochondria and least 
in microsomes. In the presence of carni- 
tine, acetyl carnitine formation was in- 
creased in all subcellular fractions, with 
the greatest change again occurring with 
mitochondria. 

INTRODUCTION 

Friedman and Fraenkel ( l )  first reported the 
enzymatic acetylation of carnitine by liver 
extracts, and concluded that the ester bond of 
acetyl carnitine is energetically comparable to 
the thioester bond of acetyl CoA. Several 
suggestions have since been made as to the 
metabolic function of the enzyme, carnitine 
acetyl transferase (CAT), and of acetyl carni- 
tine itself. Studies from several laboratories 
(2-6) have been consonant with the hypothesis 
that CAT may be involved in transport of 
acetyl groups out of mitochondria, and more 
recently it has been suggested that CAT, which 
has been reported to be present only in 
mitochondria (7), may be involved in intramito- 
chondrial transfer of acetyl groups between the 

compartments of fl-oxidation and of the tricar- 
boxylic acid cycle (8-11). Pearson and Tubbs 
(12) have suggested that acetyl carnitine might 
represent a store of "active" acetyl groups and 
that its formation releases free CoA for other 
cellular functions. 

In a previous report from this laboratory 
(13), it was found that carnitine addition to 
perfusates of isolated rat hearts did not affect 
the uptake or oxidation of labeled acetate but 
decreased acetate incorporation into long chain 
fatty acids. Thus it appeared that there might 
be another metabolic fate of the acetate taken 
up by heart muscle under these conditions. In 
the present study it has been shown that, under 
incubation conditions designed to study hepatic 
fatty acid synthesis, acetate conversion to 
acetyl carnitine by rat heart preparations is 
markedly stimulated by addition of carnitine. 
This results in a decrease in acetate incorpo- 
ration into long chain fatty acids and is in 
contrast to data obtained using liver prepara- 
tions as a reference tissue, in which carnitine 
stimulated fatty acid synthesis from acetate. 

EXPERIMENTAL PROCEDURES 

Materials 

Sodium acetate-l-14C (40 mc/mmol),  sodi- 
um acetate-3H (40 mc/mmol) and palmitic 
acid-l-14C (55 mc/mmol) were obtained from 
Amersham/Searle Corp. Acetyl-l-14C-coen - 
zyme A (54 mc/mmol) was purchased from 
New England Nuclear Corp., malonyl- l ,3AaC - 
coenzyme A (9.4 mc/mmol) from International 
Chemical and Nuclear Corp., and carnitine- 
methyl-14C HCI (11.1 mc/mmol) from Tracer- 
lab. Unlabeled acetyl CoA and malonyl CoA 
were purchased from Pabst Labs., and other 
chemicals were obtained from Calbiochem and 
Sigma. 

Preparation of Cell Fractions 

Male albino rats (Microbiological Associates 
Inc.), weighing 250-300 g, were given standard 
laboratory chow ad libitum until  use. The 
animals were sacrificed by decapitation; hearts 
and livers were quickly removed, blotted, 
weighed and placed in 5 volumes 0.24 M 
sucrose, pH 7.4, containing 0.001 M EDTA. 
The tissue was homogenized at 0-2 C with a 
Teflon pestle and glass homogenizing tube, and 
the crude homogenate was centrifuged at 1000 
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x g for 15 min in a Sorvall refrigerated 
centrifuge. Mitochondria were prepared by cen- 
trifugation of the 1000 x g supernatant at 8500 
x g for 15 rain. The pellet was washed with 
sucrose, recentrifuged at 8500 x g for 15 min, 
and again resuspended in 0.24 M sucrose. 

The supernatant from the 8500 x g centrifu- 
gation was centrifuged at 105,000 x g for 1 hr 
in a Spinco Model L-2 ultracentrifuge, and the 
resulting microsomal pellet was resuspended in 
sucrose and centrifuged as before. Protein was 
determined on all cell fractions by the method 
of Lowry et al. (14). 

Incubation Conditions 

The incubation media was a modification of 
that described by Abraham et al. (15) for 
studies of fatty acid synthesis, and contained 
the following components per 2 ml medium: 
240 #mol glycyl glycine, pH 7.4; 70 /lmol 
MgC12, 1 /amol MnC12; 75 pmol potassium 
citrate; 50 ~mol ATP (K+); 0.2 /lmol CoA, 1 
#mol NADP+; 1 ~tmol NADPH; 60/~mol gluta- 
thione; 10 /amol KHCO 3 and 150/Jmol potas- 
sium phosphate, pH 7.4. In certain experi- 
ments, the following components were also 
added: 6.2 /.tmol potassium acetate-l-14C (2 x 
106 dpm), 1 pmol acetyl-IA4C-CoA (1 x 106 
dpm); or 1 /Jmol malonyl-l,3-14C-CoA (1 x 
106 dpm). The incubation media were placed in 
25 ml Ehflenmeyer flasks, and either 0.1 ml 
distilled water controls or 0.1 ml d,l-carnitine 
was added to give a final carnitine concentra- 
tion of 1 mM. The appropriate cell fraction (1.5 
ml) was added to initiate the reaction, and the 
flasks were incubated for 2 hr at 37 C, with 
shaking. 

Analysis of Lipids 

The entire incubation mixture was extracted 
in 20 volumes chloroform-methanol 2:1 v/v 
according to Folch et al. (16). The chloroform 
phase was evaporated to dryness under nitrogen 
and the residual lipid redissolved in 1-5 ml 
hexane. Aliquots of the hexane extract were 
placed in scintillation vials, evaporated to 
dryness under nitrogen and counted by liquid 
scintillation spectrometry (13). Lipids in the 
hexane extract were separated into major 
classes by thin layer silicic acid chromatography 
in a solvent system of hexane-diethyl ether- 
acetic acid 88:10:3 v/v. The areas corre- 
sponding to authentic phospholipids, mono- 
glycerides, cholesterol, unesterified fatty acids, 
triglycerides, fatty acid methyl esters and cho- 
lesterol esters were individually scraped into 
scintillation vials. One milliliter methanol and 
10 ml scintillant were added prior to counting. 
All isotope data were corrected to dpm by the 

channels ratio method (17). 

Determination of Acetyl Carnitine 

The formation of labeled acetyl carnitine in 
reaction mixtures was determined as follows: 
Following incubations of tissue fractions with 
combinations of acetate- 1-14 C and carnitine, or 
with acetate-3H and carnitine-methyl-14C HCI, 
the entire reaction mixture was extracted in 
chloroform-methanol (16). The upper aqueous- 
methanol layer was removed, evaporated to 
dryness under nitrogen, and the residue was 
taken up in 0.5 ml of absolute ethanol con- 
taining 10 mg carrier acetyl carnitine. Acetyl 
carnitine was crystallized by addition of 15 ml 
acetone-diethyl ether 1:2 v/v according to 
previously described procedures (5,18). The 
acetyl carnitine was then recrystallized twice 
from absolute ethanol, dissolved in 3 ml abso- 
lute ethanol, and aliquots taken for thin layer 
chromatography in a solvent system of 4% 
benzene in methanol. The silicic acid areas 
corresponding to authentic acetate, carnitine 
and acetyl carnitine were scraped into scintil- 
lation vials, and 1 ml methanol and 10 ml liquid 
scintillant were added for isotope analysis. 

Calculations 

Data are expressed in nmoles acetate or 
malonate incorporated into long chain fatty 
acids or into acetyl carnitine. Calculation of the 
incorporation of malonyl-l,3-14C-CoA into 
fatty acids was based on utilization of one-half 
of the isotope in the substrate. All differences 
were analyzed for significance by the student t 
test (19), and the data are expressed as means + 
standard error. 

RESULTS 

The effect of carnitine on incorporation of 
acetate-l-14C by 8500 x g supernatant fraction 
of heart into total lipids is shown in Figure 1. 
Liver was used as a reference tissue, since it has 
been reported that in this tissue carnitine 
stimulates fatty acid synthesis from acetate 
(20). Carnitine concentrations of 0.1 mM and 
1.0 mM depressed acetate incorporation into 
cardiac lipids by 10-38%, while with liver 
carnitine stimulated acetate incorporation by 
40-45% as had been shown previously (20). At 
the 10 mM concentration, carnitine depressed 
acetate incorporation into long chain fatty 
acids in preparations of both tissues. The 
inhibition of acetate incorporation in heart 
tissue by carnitine was due to decreased acetate 
incorporation into the free fatty acid fraction 
(decrease of 0.87 nmol/mg protein) and the 
diglyceride fraction (decrease of 0.11 nmol/mg 
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FIG. 1. Effect of  carnitine on acetate- l -14C incor- 
poration into lipids by rat liver and heart 8500 x g 
soluble fractions. Incubation media contained fol- 
lowing components  in total volume of 3.6 ml: 6.2 
t~mol potassium acetate- l -14C (1 t~Ci); 240 ~zmol 
glycyl glycine, pH 7.4; 70 t~mol MgC12; 1 ~mol 
MnC12; 75 gmol potassium citrate; 50 tsmol ATP (K+); 
0.2 ~zmol CoA; 1 t~mol NADP, 1 umol NADPH; 60 
t~mol glutathione; 10 ~mol KHCO3; 150 tsmol potas- 
sium phosphate, pH 7.4; varying concentrations of 
carnitine; and ca. 8 mg 8500 x g soluble fraction 
protein. Incubations were carried out for 2 hr at 37 C, 
and the media were extracted according to Folch et al. 
(16). 

protein), while in liver carnitine stimulation of 
a c e t a t e  i n c o r p o r a t i o n  i n t o  l i p i ds  w a s  due a lmost  
entirely to increased radioactivity in free fatty 
acids (increase of 0.53 nmol /mg protein). 

In order to determine the effect of 1 mM 
carnitine on synthesis of fatty acids by various 
subcellular fractions, three experiments were 
carried out in which the incorporation of 
a c e t a t e - l - 1 4 C  and m a l o n y l - l , 3 - 1 4 C  w e r e  c o m -  
pared  in heart homogenates and in mitochon- 
drial, microsomal and soluble fractions. Repre- 
sentative data are shown in Table I and are the 
means from triplicate incubations + SEM. When 
a c e t a t e  was  u s e d  as s u b s t r a t e  for  f a t t y  ac id  
synthesis, the highest total and specific activity 
(nmoles acetate incorporated per milligram 
protein) was found in the 105,000 x g soluble 
fraction. The presence of 1 mM carnitine 
r e s u l t e d  in a marked  d e p r e s s i o n  in a c e t a t e  
incorporation into fatty acids in this fraction as 
well as in the microsomal fraction. Analysis of 
the lipid extracts of the incubation medium 
following acetate incorporation studies showed 
that, in the 105,000 x g soluble fraction, 81% 
of the isotope was associated with the free fatty 
acid fraction on thin layer chromatograms. 
Fol lowing incuba t ions  of  the 105,000 x g 
soluble fraction with labeled acetate and carni- 
fine, only 11.6% of the label was in long chain 
free fa t ty  ac ids ,  w h i l e  71% remained  at the  
origin on thin layer chromatograms and was 
determined to be acetyl carnitine. 

When labeled malonyl CoA was used as 
substrate for fatty acid synthesis, total incorpo- 
ration was again highest in the soluble fraction, 
while the highest specific activity was in the 
microsomal fraction. Carnitine (1 mM) de- 

TABLE I 

Effect of Carnitine (1 mM) on Incorporation of 
Acetate and Malonyl CoA into Lipids in Heart Cell Fractions 

Substrate incorporated, nmol 

Substrates a Mitochondria Microsomes Cytoplasm 

A c e t a t e -  1-14  C 6.8  1.3 52.1  
-+0.6 -+ 0 .5  -+ 0 .3  

A c e t a t e - l - 1 4 C  + 5.5 0 .3  b 19 .3  b 
carni t ine ,  1 m M  -+1.3 + 0 .2  + 1.1 

Prote in ,  m g  2.1 1 .0  8 .4  

M a l o n y l - l , 3 - 1 4 C - C o A  7 .8  15 .8  4 8 . 6  
�9 +6 .2  -+ 2 .6  -+ 0 .8  

M a l o n y l - l , 3  - 1 4 C - C o A  + 5 .8  11 .4  2 1 . 7  b 
carni t ine ,  1 m M  -+5.1 -+ 2 .2  -+ 3 .4  

Prote in ,  m g  1.6 0 .9  9 .0  

aThe composit ion of incubation medium and conditions are given in Figure 1 and the 
text.  Acetate- l -14C was included at a concentration of 1.72 mM; malonyl-l,3-14C-CoA was 
included at a concentration of 0.28 raM, and these incubations also contained "sparker" 
(0.1 mM) acetyl-CoA. 

bprobability (/9)<0.01. 
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pressed malonyl  CoA incorpora t ion  into  fat ty  
acids to 39% of cont ro l  in heart  homogena tes  
and to 43% of  cont ro l  in the soluble fract ion of 
heart ,  but  was wi thou t  ef fec t  on the mi to-  
chondrial  and microsomal  fractions.  Analysis of  
the lipid extracts  of  105,000 x g soluble 
fract ion indicated that  in the absence of car- 
nit ine,  69% of  the label was associated wi th  the 
free fat ty acid fract ion on thin layer chromato-  
grams; when carnit ine was present  in the 
incubat ion,  only 35% of the label in the lipid 
extracts  was associated with  the free fa t ty  acid 
fract ion.  The radioact ivi ty remaining at the 
origin after thin layer ch romatography  was 
increased f rom 21% in the absence of  carnit ine 
to 40% when carnitine was present in the 
media.  This radioact ivi ty was shown to be 
acetyl carnitine fol lowing rechromatography  of  
this fraction. 

Since long chain acyl carnit ines also remain 
at the origin wi th  phospholipids during silicic 
acid chromatography  of  major  lipid classes, this 
fract ion was scraped into tubes and ext rac ted  
with ch loroform-methanol  2:1 v/v. Radio- 
activity was determined on a por t ion  of the 
extract ,  and the remainder  was subjected to 
two dimensional  thin layer chromatography ,  
according to Wittels and Bressler (21). By this 
procedure,  acyl carnitines are separated f rom 
tissue phospholipids.  Under  the condi t ions  of  
these studies, there was no format ion  of  long 
chain acyl carnit ines formed during studies on 
incorpora t ion  of  acetate or  malonate  in to  long 
chain fat ty  acids. 

Formation of Acety! Carnitine 

After  incubat ions  of  t r i t ium-labeled acetate 
and carbon-labeled carnit ine with 105,000 x g 
soluble fract ion,  the med ium was ext rac ted  
with  butanol ,  and the resulting aqueous phase, 
along with  authent ic  standards of  acetate,  
carnit ine and acetyl  carni t ine,  was subjected to 
thin layer ch romatography  in a solvent system 
of 4% benzene in methanol .  The plate was 
separated in to  1 cm sections,  and each sect ion 
was scraped in to  scinti l lat ion vials and counted .  
A significant por t ion  of  the t r i t ium label f rom 
acetate was associated with the silicic acid area 
corresponding to authent ic  acetyl-3H carnit ine 
(Fig. 2). 

Fur the r  evidence for  the fo rmat ion  of acetyl  
carnitine was obta ined using the procedures  of 
Bremer  (18) and Bressler and Katz (5). Authen-  
tic acetyl carnitine (10 mg) was added as carrier 
to the aqueous-methanol  phase after  chloro- 
fo rm-methanol  ex t rac t ion  of  the incubat ion  
media.  The acetyl  carnit ine was recrystall ized,  
dissolved in absolute e thanol ,  and an al iquot  
was counted.  Ano the r  a l iquot  was subjected to 
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FIG. 2. Thin layer chromatographic separation of 
free acetate-3H and acetyl-3H carnitine-14C. Reaction 
mixture contained 210 ~mol glycyl glycine, pH 7.4; 
70 #tool MgC12; 1 ~tmol MnC12; 75 #mol potassiu.m 
citrate; 50 #mol ATP (K+); 0.2 ~mol CoA; 1 umol 
TPN; 60 #mol glutathione; 10 umol KHCO3; and 150 
~mol potassium phosphate, pH 7.4. Acetate-l-3H was 
included at a level of 6.2 #mol and carnitine-methyl- 
14C was present at a concentration of 1 mM. The total 
volume of the medium was 2.1 ml. After addition of 
1.5 ml heart 105,000 x g soluble fraction, incubation 
was carried out for 2 hr at 37 C. Entire incubation 
mixture was extracted in butanol-water 2:1 and 
aliquots of remaining aqueous phase were spotted on 
Silica Gel G thin layer plates. Plates were developed in 
4% benzene in methanol and 1 cm sections of silicic 
acid layer scraped into scintillation vials for counting. 

thin layer ch romatography  in 4% benzene in 
methanol  to de termine  the ex ten t  of  free 
acetate contamina t ion  of  the recrystal l ized 
acetyl carnitine.  The data in Table II show that,  
after 2 hr incubat ion  of  the assay medium 
containing acetate-3H but no enzyme  source, 
only 180 dpm was crystal l ized with  carrier 
acetyl  carnit ine,  and this was shown by chroma-  
tography to be free acetate.  The addi t ion of  1 
mM carnit ine to the med ium lacking enzyme 
did no t  increase in the amoun t  of radioact ivi ty  
crystall ized with  acetyl  carnit ine.  Incubat ions  
wi th  ei ther 900 x g supernatant  fract ion of  
heart  homogenates  or the 105,000 x g soluble 
fract ion resulted in a marked incorpora t ion  of  
radioactive acetate in to  a p roduc t  coprecipi-  
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TABLE 11 

Crystallization of Acetyl-l-14C Carnitine 
following Incubations of Acetate-1-14C with 

Heart Homogenates and High Speed Soluble Fraction 

Additions to Acet yl- 1-14 C 
incubation Carnitine, carnitine 
medium a 1 mM crystallized 

dpm 
None - 180 

+ 190 
Heart homogenate -- 960 

+ l 1,850 
Heart 105,000 x g -- 3,060 

soluble fraction + 17,700 
Heart boiled soluble + 200 

fraction 

aSee Table I. 

t a t ing  w i th  carr ier  acetyl  ca rn i t ine ;  t h in  layer  
c h r o m a t o g r a p h i c  analysis  of  these  samples  indi-  
ca ted 75-90% of this  rad ioac t iv i ty  to  be acetyl-  
3H carn i t ine  and  the  r e m a i n d e r  free ace ta te-3H.  
The  add i t ion  of 1 mM carn i t ine  to  i n c u b a t i o n s  
c o n t a i n i n g  e i the r  hea r t  h o m o g e n a t e s  or 
105 ,000  x g soluble  f rac t ion  resu l ted  in a 
f u r t he r  6 to  12-fold increase  in the  radioac t ive  
mater ia l  cocrys ta l l ized  w i th  acetyl  carn i t ine ,  
and of this 70-75% was ace ty l -3H carni t ine .  

Table  III is a s u m m a r y  of  three  e x p e r i m e n t s  
on  the  f o r m a t i o n  of  acetyl  ca rn i t ine  by  cyto-  
plasmic,  m i t o c h o n d r i a l  and  m i c r o s o m a l  frac- 
t ions  of hea r t  h o m o g e n a t e s .  The  data  were 
ob ta ined  af te r  a 2 hr  i n c u b a t i o n  in med ia  
con ta in ing  ace t a t e - l -14C ,  fo l lowed  by  extrac-  
t ion,  cocrys ta l l i za t ion  w i th  car r ier  acetyl  carni-  
t ine  and  t h in  layer  c h r o m a t o g r a p h y .  While the 
m i t o c h o n d r i a l  f rac t ion  had  the  h ighes t  act ivi ty  
per  mi l l igram pro te in ,  smal ler  a m o u n t s  of  ace- 
tyl  ca rn i t ine  were also f o r m e d  by  the  micro-  
somal  and  105 ,000  x g soluble  f rac t ions .  The  
add i t ion  of  1 mM carn i t ine  resu l ted  in m a r k e d  
increases in acetyl  ca rn i t ine  f o r m a t i o n  by  all 
three  subcel lu lar  f rac t ions  ranging  f rom a 6-fold 
increase in the  m i t o c h o n d r i a l  f rac t ion  to  an 
l l - f o l d  increase in the  105 ,000  x g soluble  

f ract ion.  

DISCUSSI ON 

In an earl ier  r epo r t  f r om this  l a b o r a t o r y  
(13) ,  per fus ion  of ra t  hear t s  wi th  0.5 m M  
carn i t ine  did no t  a f fec t  myoca rd i a l  e x t r a c t i o n  
of c i rcula t ing  ace ta te  n o r  a l ter  the  ra te  or 
e x t e n t  of ace ta te  ox ida t ion  to CO2;  h o w e v e r  
ca rn i t ine  depressed i n c o r p o r a t i o n  of ace ta te  
i n to  ex t r ac t ab le  l ipids,  specif ical ly t issue f a t ty  
acids and tr iglyceride.  These  da ta  were in 
con t r a s t  to the  resul ts  wi th  liver, in wh ich  i t  
was r epo r t ed  t ha t  ca rn i t ine  s t imula tes  f a t ty  acid 
synthes is  f rom aceta te  (20)  and  f rom glucose or 
p y m v a t e  (5). 

Pearson and  Tubbs  (12)  have r epo r t ed  t h a t  
pe r fus ion  of  ra t  hear t s  w i th  4 mM ace ta te  
resul ted  in a m a r k e d  decrease in the  cel lular  
c o n c e n t r a t i o n  of free ca rn i t ine ,  wh ich  suggested 
t ha t  increased f o r m a t i o n  of  ace ty l  ca rn i t ine  
occur red  dur ing  ace ta te  pe r fus ion .  This wou ld  
reduce  the  free ace ta te  or  ace ty l  CoA concen-  
t ra t ion ,  and resul t  in a decrease  in ace ta te  
i n c o r p o r a t i o n  i n to  long  cha in  fa t ty  acids, as 
n o t e d  earl ier  (13).  

I t  has been  r epo r t ed  (22)  t ha t  w i t h  l iver 
p repa ra t ions  f a t ty  acid syn thes i s  f rom ace ta te  
proceeds  at  a low rate  in the  absence  of  c i t ra te .  
F u r t h e r m o r e  add i t i on  of  ca rn i t ine  (1 mM) 
causes a decrease in these low levels of  l ipogene-  
sis. In  the presence  of 1 m M  ci t ra te ,  wh ich  
act ivates  acetyl  CoA carboxylase ,  ca rn i t ine  
s t imula tes  f a t t y  acid syn thes i s  f rom aceta te .  I t  
was suggested t h a t  in the  absence  of  c i t ra te  
ace ty l  CoA was c o n v e r t e d  to acetyl  ca rn i t ine  in 
the presence  of  ca rn i t ine ,  whi le  a f te r  c i t ra te  
ac t iva t ion  of  acetyl  CoA carboxylase  ca rn i t ine  
migh t  effect ively fo rm pa lmi ty l  ca rn i t ine  f rom 
the newly  syn thes ized  fa t ty  acid. This l a t t e r  
" s h u t t l e "  wou ld  remove  an i n h i b i t o r  of  acetyl  
CoA carboxylase ,  name ly ,  pa lmi ty l  CoA,  and  
s imul t aneous ly  provide  an ac t iva tor ,  pa lmi ty l  
carni t ine .  

In the  p re sen t  s tudies ,  c i t ra te  was inc luded  
in all i n c u b a t i o n  media ,  and  ca rn i t ine  did in 

TABLE III 

Formation of Acetyl Carnitine by Heart Subcellular Fractions 

Additions to Acetyl carnitine formation, nmol/mg protein 
incubation media a Cytoplasm Mitocbondria Microsomes 

Acetate, 6.2 ttmol 1.2 + 0.9 4.5 ~ 0.2 0.4 4- 0.1 
Acetate + carnitine, 

3.6/~mol 13.0 -+ 3.5 b 28.8 4- 1.5 c 3.7 *- 0.7 c 

aBasic incubation media, incubation conditions and crystallization of acetyl carnitine are 
described in Figure 1 and the text. Data are means from three experiments +- SEM. 

bp<0.0S. 
cp<0.01. 
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fact s t imulate fa t ty  acid synthesis by cell-free 
liver preparat ions,  as repor ted  earlier (22). 
However  with heart  preparat ions the pr imary 
fate of  substrate acetate  in the presence of  
carnitine was the format ion  of  acetyl  carnit ine,  
which effect ively decreased acetyl  CoA concen- 
trat ions and resulted in a depression of acetate 
incorpora t ion  into  fa t ty  acids (Tables I and III). 
These data wi th  cell-free preparat ions  provide 
direct suppor t  of  data obtained by perfusion of 
in tact  rat hearts,  in which carnit ine depressed 
acetate incorpora t ion  into long chain fat ty  
acids (13). 

Increased convers ion of acetyl  CoA to acetyl  
carnit ine,  when carnit ine was added to heart  
100,000 x g soluble fract ion,  also resulted in a 
decreased incorpora t ion  of  malona te  carbons 
into long chain fa t ty  acids (Table I). I t  is 
possible that ,  during preparat ion of  heart  sub- 
cellular fractions,  enzymes  of  f l-oxidation of  
fat ty acids had been released f rom mi tochon-  
dria. Thus s t imulat ion of  acetyl  carnit ine for- 
mat ion  by carnit ine,  f rom ei ther  acetate 
direct ly or malonate  after decarboxyla t ion ,  
might  explain decreased fat ty  acid synthesis in 
105,000 x g supernatants  of  heart  homog-  
enates. This la t ter  explanat ion  cannot  whol ly  
account  for the observed effects of  carnit ine for 
the fol lowing reasons: (a) The highest  levels of 
incorpora t ion  of bo th  acetate and malonyl  CoA 
into  long chain fa t ty  acids were in the 105,000 
x g soluble f ract ion;  these levels were compar-  
able, and the effect  of  carnit ine on incorpo-  
ration of  bo th  substrates was a lmost  identical.  
(b) Mi tochondr ia  f rom these preparat ions  oxi- 
dize a lbumin -complexed  palmit ic  acid effi- 
ciently,  and this is dependen t  on added 
carnitine.  (c) In a separate s tudy,  the incorpora-  
t ion of acetate-1-14 C into long chain fat ty  acids 
by 105,000 x g soluble fract ion was reduced to 
75% + 2% of cont ro l  in the absence of  
bicarbonate  in the med ium and to 73% + 1.5% 
of control  in the presence of  300 pg avidin. On 
the o ther  hand, the absence of  b icarbonate  or 
the addit ion of  avidin had no  significant ef fec t  
on mi tochondr ia l  incorpora t ion  of  acetate- 
1-14C into  long chain fat ty  acids. These data 
suggest that  at least a por t ion  of  fa t ty  acid 
synthesis in 105,000 x g soluble fract ion of 
heart  is dependen t  on acetyl  CoA carboxylase 
in the soluble fract ion.  

I t  is diff icult  to reconcile the present  
findings on carni t ine-s t imulated acetyl  carnit ine 
format ion  in subcellular fract ions of  hear t  wi th  
reports  that  carnit ine acetyl  transferase is 
whol ly  associated with the mi tochondr ia l  frac- 
tion (7,23,24)  and probably  bound  to the inner  
mi tochondr ia l  membrane  (23). However  in the 
present  s tudy markers were no t  used in deter- 

mining the " p u r i t y "  of  the membranous  frac- 
tions. 

A l though  the role(s) of  acetyl  carnit ine 
remains to be fully elucidated,  the dis t r ibut ion 
of acetyl  carnifine transferase among various 
organs appears to be directly related to the 
magni tude of  the carnif ine-st imulated increase 
in fa t ty  acid oxidat ion  (25). It  has also been 
repor ted  that  the ratio of acetyl  carnit ine to 
acetyl CoA is high in heart  (20:1)  and low in 
liver (2:1) ,  which varies inversely wi th  the 
ability of  these tissues to synthesize fat ty  acids 
(12). In heart ,  when acetyl  CoA format ion  is 
high, as occurs during fat ty  acid oxidat ion,  it is 
possible that  increased fo rmat ion  of  acetyl  
carnitine may provide an effect ive short  term 
acetyl reservoir and thereby " b u f f e r "  the ac- 
cumulat ion  of  acetyl  CoA (12). The data in the 
present  s tudy are consis tent  wi th  this hypo th -  
esis. However  it  is also possible that  the 
format ion  of  acetyl  carnit ine may represent  a 
physiological  cont ro l  on the rates of  fa t ty  acid 
synthesis and oxida t ion  in heart  muscle. 
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Isolation of Brassicasterol from Steam Deodorizer Distillate 
of Rapeseed Oil: Some Properties of Its Acetate Tetrabromide 
and Its Reduction to 22,23-Dihydrobrassicasterol 1 
H.W. KIRCHER and F.U. ROSENSTEIN, Department of Agricultural Biochemistry, 
University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Brassicasterol (5,22-ergostadien-3/3-ol) 
was isolated from the steam deodorizer 
distillate of rapeseed oil and purified by 
acetylation, bromination, chromatogra- 
phy on 20% AgNO3/SiO 2 columns and 
hydrolysis. Brassicasteryl and stigmasteryl 
(5,22-stigmastadien-3/3-ol) acetates were 
brominated, and the yields of products 
and solubilities of the tetrabromides from 
the two steryl acetates were compared. 
Stigmasteryl acetate tetrabromide is less 
soluble than the corresponding brassica- 
steryl derivative; yet the latter precipi- 
tates selectively during bromination of a 
mixture of the two steryl acetates. This is 
explained on the basis of the stereochem- 
istry of the bromine atoms in the side 
chains of the two steryl acetate tetrabro- 
mides. Hydrogenation of brassicasteryl 
acetate over Raney nickel gave the 
22,23-dihydro derivative in excellent 
yield. The latter was separated from small 
amounts of ergostanyl acetate on a 20% 
AgNO3/SiO 2 column. 

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

Brassicasterol was first obtained by Windaus 
and Welsch in 1909 (1) from the phytosterol 
fraction of rapeseed oil, and this source was 
used in two more recent isolations (2,3). The 
sterol has also been isolated from molluscs (4) 
and synthesized from ergosterol by two differ- 
ent procedures (5,6). 

The sterols present in very small quantities 
in crude vegetable oils are concentrated during 
the steam deodorizing process and appear as 
substantial fractions of the deodorizer distil- 
lates (7-9). Our work with Drosophila (10) 
requires brassicasterol and its 22,23-dihydro 
derivative, so we chose the deodorizer distillate 
obtained during the commercial processing of 
rapeseed oil as a convenient source for these 
two compounds. 

22,23-Dihydrobrassicasterol has been pre- 

IContribution No. 2077, Arizona Agricultural Ex- 
periment Station. 

2presented at the AOCS Meeting, New Orleans, 
April 1973. 

pared by hydrogenation of the i-sterol methyl 
ether derived from brassicasterol (11,12), from 
ergosterol by two different multistep syntheses 
(5,6), from 3/3-methoxy-5-cholenoyl chloride 
and an optically active cadmium reagent (13), 
and from pregenolone acetate and an optically 
active Grignard reagent (14). 

The availability of pure brassicasterol to- 
gether with the successful hydrogenation of 
stigmasterol to its 22,23-dihydro derivative in 
good yield over Raney nickel (15) prompted us 
to investigate the preparation of 22,23-dihydro- 
brassicasterol by direct hydrogenation of the 
parent sterol. 

EXPERIMENTAL PROCEDURES 

Methods and Materials 

The gas liquid chromatography (GLC), thin 
layer chromatography (TLC) and titration of 
unsaturation with bromine of sterols and their 
esters has been described (16). Brassicasteryl 
acetate separates readily from a mixture of 
22,23-dihydrobrassicasteryl acetate and ergo- 
stanyl acetate by GLC on a 5% OV-101 
column; the latter two, however, have identical 
retention times. They were separated on 
AgNO3/alumina 2: 3 thin layer plates (17) with 
Skellysolve B (petroleum ether, bp 65-67 C) as 
solvent. Ethyl acetate was distilled before use; 
triethylamine (MCB) was used as received. 
Raney nickel (no. 28 active catalyst in water, 
W.R. Grace and Co., Raney Catalyst Div., 
Chattanooga, Tenn.) was solvent-exchanged 
through ethanol and ethyl acetate immediately 
before use. Melting points were taken in vacuo 
and are corrected. 

Isolation of Sterols 

Ten gallons of rapeseed oil steam deodorizer 
distillate (Fig. 1A) (Canada Packers, Ltd., Mon- 
treal) were filtered in two batches at room 
temperature through four large (3 liter), coarse 
porosity, sintered glass filters with an oil pump 
vacuum. Each filtration was hastened by scrap- 
hag the surface of the funnel twice a day with a 
large flat-ended spatula. After 15 days (each 
batch), the precipitates on the four filters (ca. 5 
liters total) were washed with an equal volume 
of ether to remove adhering oil, followed by a 
wash with absolute ethanol. The original fil- 
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FIG. 1. Gas liquid chromatographic separation diagrams: (1)brassicasterol, (2) campesterol, (3) stigmasterol, 

(4) sitosterol. A. Crude rapeseed oil steam deodorizer distillate. B. Filtrate from A. C. Filter cake from A. D. 
Phytosterol mixture obtained from C by crystallization from toluene and isopropanol. 

trates and washes (Fig. 1B) were discarded and 
the precipitates (Fig. 1C) combined  in 16 liters 
hot  CHC13 and fi l tered to remove a black, 
gritty material .  The CHC13 was evaporated and 
the residue crystall ized f rom 4 liters to luene 
and f rom isopropanol  to yield 1690 g sterol 
mixture  (Fig. 1D). 

Acetylation 

The sterol mixture  was acetylated in six 
batches on steam baths in the hood  with  an 
equal  weight of  acetic anhydride and suff icient  
benzene to provide initial homogen i ty .  When 
the mixtures  had evaporated to dryness, the 
products  were washed with  me thano l  in a 
blender,  f i l tered and dried in air; yield:  1540 g. 

Bromination 

The steryl acetates (100 g) in 550 ml ether  
were stirred on an ice bath  while 500 ml 10% 
Br 2 in acetic acid was added dropwise during 
30 rain. The mixture  was then stirred at room 
temperature  for 3 hr and placed in a cold room 
(4 C) overnight.  The precipi ta te  was fi l tered in 
the cold, washed with acetic acid and methanol ,  
and air-dried to yield 28 g crude brassicasteryl 
acetate te t rabromide.  

The te t rabromides  f rom 1540 g steryl ace- 

tates were combined  and stirred with  ether  ( 1 
l i te r /250 g), f i l tered and the procedure  re- 
peated. The result ing ether- insoluble precipi ta te  
(375 g) was boi led with 2.5 liters acetone,  
cooled and fi l tered to yield 344 g purif ied 
brassicasteryl acetate  te t rabromide .  

Debromination 

The acetate t e t rabromide  (100 g) was re- 
f luxed with 100 g Zn dust in 1.5 liters 1:1 
ethanol-acet ic  acid for 4 hr. The mix ture  was 
decanted f rom unreac ted  Zn, the la t ter  washed 
with  a small a m o u n t  of  e ther  and the combined  
solutions placed in a cold r o o m  overnight.  The 
resulting precipi tate  was fi l tered and washed 
with  methanol  to give 47.5 g crude brassica- 
steryl acetate.  An addit ional  4.5 g of  a mix ture  
of steryl acetates and free sterols was obtained 
by addi t ion of  water  to the fil trate.  In all, 170 g 
brassicasteryl acetate conta in ing ca. 12% stig- 
masteryl  acetate,  8% sitosteryl acetate and 2% 
campesteryl  acetate (Fig. 2A) was isolated f rom 
10 gal rapeseed oil steam deodor izer  distillate. 

Purification of Brassicasteryl Acetate 

A solution of  300 g AgNO 3 in 4.5 liters 
water  was mixed  with  1500 g silica gel (Mal- 
l inckrodt  Silicic Acid,  A.R.,  100 mesh)  and 600 g 

LIPIDS, VOL. 8, NO. 8 



BRASSICASTEROL 455 

Celite (Johns-Manville). The mixture was dried 
on a steam bath for 2 days and in an oven at 
110 C overnight. One kilogram was screened 
(80 mesh), slurried in Skellysolve F-dry diethyl 
ether 100: 1, and poured into a large chromato- 
graphic tube (adsorbent dimensions 6 x 85 cm). 
Ten grams of the crude brassicasteryl acetate 
mixture (Fig. 2A) was placed on the column in 
a small volume of benzene and eluted with 
Skelly F-ether 100: 1. After 14 liters had eluted 
from the column, the steryl acetates began to 
emerge. Fractions (500 ml) were collected, 
evaporated and analyzed by GLC. After elution 
of 2.32 g of sitosteryl, campesteryl and stig- 
masteryl acetates, fractions rich in brassica- 
steryl acetate were collected (1.92 g). Stig- 
masteryl acetate was identified by its melting 
point (143.5-144.5 C, lit. [ 18] 144 C) and IR 
spectrum (superimposable on that of an authen- 
tic specimen). When stigmasteryl acetate was no 
longer evident in the eluate (GLC), the column 
was eluted with ether to yield 5.61 g brassica- 
steryl acetate. The 1.92 g of brassicasteryl 
acetate-rich fraction was rechromatographed on 
a smaller (250 g) column in the same way to 
yield an additional 1.53 g of product. The 
combined materials (7.14 g)were recrystallized 
from isopropanol to yield 6.25 g brassicasteryl 
acetate, mp 157.5-158.5 C (Fig. 2B) (highest 
melting point reported: 158-159 C [6] ); double 
bonds by bromine titration ( 16): 2.14/tool. 

Brassicasterol 

The acetate (16 g) was hydrolyzed for 2 hr 
on the steam bath with 900 ml 5% KOH in 
ethanol. After cooling and one recrystallization 
from ethanol, 13.4 g brassicasterol was ob- 
tained, mp 150-151 C (highest melting point 
reported: 151 C [6]);  double bonds by bro- 
mine titration (16): 2.18/mol. 

Preparation of Stigmasteryl and Brassicasteryl 
Acetate Tetrabromides and Determination of 
their Solubilities 

Stigmasteryl acetate (13.5 g, 29.7 mmol) in 
180 ml ether was treated with Br 2 (11 g, 69 
mmol) in 90 ml acetic acid on an ice bath, and 
the mixture was kept in the cold room over- 
night. The precipitate was washed with ether, 
refluxed with 300 ml ether, filtered and dried 
to yield 9.15 g (40%) stigmasteryl acetate 
tetrabromide. The latter was debrominated 
with 10 g Zn dust in 80 ml acetic acid and the 
product crystallized from ethanol to yield 4.1 g 
(78% from tetrabromide, 31% overall) stig- 
masteryl acetate. 

Brassicasteryl acetate (3.1 g, 7 mmol) in 40 
ml ether was treated in a like manner with Br2 
(2.4 g, 15 mmol) in 20 ml acetic acid to yield 

c l 
TIME 

FIG. 2. Gas liquid chromatographic separation 
diagrams. A. Crude brassicasteryl acetate obtained 
from ID by bromination and debromination of the 
insoluble steryl acetate tetrabromides. B. Purified 
brassicasteryl acetate. C. Purified 22,23-dihydrobrassi- 
casteryl acetate. 

2.9 g (54%) brassicasteryl acetate tetrabromide. 
Samples (ca. 1 g) of the acetate tetrabro- 

mides of stigmasterol and brassicasterol were 
stirred with the bromination reaction solvent 
(ether-acetic acid 2:1) and with the wash 
solvent (ether) at room temperature and in the 
cold room for 18 hr. The stirring was stopped, 
and a 25 ml aliquot of each run was removed 
and evaporated in vacuo in a tared flask. The 
solubilities thus obtained are given in Table I. 

Bromination of Mixtures of Brassicasteryl 
and Stigmasteryl Acetates 

Two by weight mixtures of brassicasteryl 
and stigmasteryl acetates were prepared, 1:1 
and 6.7:1, respectively. A sample of each 
mixture (1.32 g, 3 mmol) was treated with 
either 1.5 or 2.2 equivalents of Br2/mol in the 
usual way, and the sterol acetate tetrabromide 
mixtures isolated. The yields of precipitates 
from the various runs and the composition of 
the products as determined by quantitative 
GLC analysis after debromination are given in 
Table II. 

Hydrogenation of Brassicasterol 

Brassicasterol (0.399 g, 1 mmol) was added 
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TABLE I 

Solubilities of  Brassicasteryl and Stigmasteryl 
Acetate Tetrabromides 

Solubilities, g/100 ml solvent 

Sample a Solvent 25 C 4 C 

Brassicasterol 2:1 Ether-HOAc 
Ether 

Stigmasterol 2:1 Ether-HOAc 
Ether 

0.280 0.238 
0.387 0.324 

0.128 0.084 
0.218 0.157 

aAcetate tetrabromides. 

to 0.8 ml Raney nickel slurry in 50 ml ethyl 
acetate and 1 ml triethylamine, and hydrogen- 
ated until 1 mmol H 2 had been absorbed 
(mercury filled gas buret). The product showed 
no brassicasterol by GLC, a trace of ergostanol 
by thin layer chromatography (TLC) and con- 
tained 0.98 double bonds per mole of sterol by 
titration with bromine. 
Hydrogenation of Brassicasteryl Acetate 

Raney nickel (7 ml slurry) was equilibrated 
with hydrogen in 500 ml ethyl acetate for 1 hr, 
after which 4.40 g (10 mmol) brassicasteryl 
acetate was added. Hydrogen uptake ceased 
after 10.2 mmol had been absorbed (Fig. 3); 
the reaction mixture was then filtered and 
evaporated. The residue contained no brassica- 
steryl acetate (GLC), a small amount of ergo- 
stanyl acetate (TLC), and gave 0.929, 0.933 
double bonds per mole steryl acetate by bro- 
mine titration. 

Purification of 22, 23-Dihydrobrassicasteryl Acetate 

A 20% AgNO3/silica gel column was pre- 
pared with Skellysolve F-diethyl ether 100:1 as 
described above. Crude 22,23-dihydrobrassica- 
steryl acetate (10 g) was placed on the column 
in a minimum quantity of benzene and eluted 
with the 100:1 solvent. After 10 liters had 
passed through the column, ergostanyl acetate 
began to emerge. When it was no longer evident 
in the eluate (TLC), the column was eluted 
with ether to yield 8.15 g 22,23-dihydrobrassi- 
casteryl acetate, mp 145-146.5 C after re- 

crystallization from ethanol (Fig. 2C). 
The products from three such column runs 

were combined (24 g) and recrystallized from 
ethanol to yield 21.5 g 22,23-dihydrobrassica- 
steryl acetate, mp 147.5-148.5 C (Table l iD, 
0.984, 0.991 double bonds per mole by bro- 
mine titration. 

22,23-Dihydrobrassicasterol 

The acetate (13.5 g) was hydrolyzed with 
5% KOH in ethanol (1 liter) and the product 
recrystallized once from ethanol to yield 10.2 g 
22,23-dihydrobrassicasterol, mp 159.5-160.5 C 
(Table III); 1.002, 0.994 double bonds per 
mole by bromine titration. A benzoate (Table 
l i d  was prepared in the usual way. 

RESULTS AND DISCUSSION 

Brassicasterol occurs together with stig- 
masterol, campesterol and sitosterol in the 
steam deodorizer distillate from the commercial 
processing of rapeseed oil (Fig. 1A). The 
isolation of the phytosterol fraction (Fig. 1C) 
was simply accomplished by filtration of the 
semisolid distillate as obtained. Although a 
portion of the sterols was lost in the filtrate and 
washings of the precipitate (Fig. 1B), the ready 
availability of the inexpensive starting material 
made extensive work-up procedures unprofit- 
able at this point. 

Brassicasterol was readily separated from the 
bulk of the campesterol and sitosterol by virtue 
of the insolubility of its acetate tetrabromide 

TABLE II 

Bromination of Mixtures of Brassicasteryl and Stigmasteryl Acetate 

Brassicasteryl-stigmasteryl ratio (start) 

1:1 6.7:1 

Mol Br2/mol acetate 1.5 2.2 1.5 2.2 

Tetrabromide precipitate, % yield 20 
Brassicasteryl-Stigmasteryl ratio in precipitate 3.3 : 1 
Brassicasteryl-stigmasteryl ratio in product 

recovered from filtrate 0.6:1 

57 23 59 
1.2:1 28:1 10:1 

0.5:1 5:1 3:1 
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(1). Since stigmasterol also forms an insoluble 
acetate tetrabromide, separation of brassica- 
sterol from this sterol is more difficult .  Crystal- 
lization of the acetate mixture derived from the 
large scale brominations-debrominations (Fig. 
2A), the free sterols derived from this mixture 
or the acetate tetrabromides of the sterols from 
numerous solvents failed to give pure brassica- 
sterol. Some purification was achieved by a 
repetition of the bromination-debromination 
procedure (80 ~ 90% pure brassicasterol), but 
this was very wasteful; ca. 50% of the starting 
material was lost in the process (19,20). 

Chromatography of 10 g batches of the 
crude brassicasteryl acetate on 1 kg 20% 
AgNOa/silica gel (3) with 1% ether in low 
boiling petroleum ether (Skellysolve F) was 
finally used as the best way to obtain gram 
quantities of brassicasterol free from stigmaster- 
ol and traces of  campesterol and sitosterol. The 
average yield of 6.25 g pure brassicasteryl 
acetate from 10 g crude mixture represents an 
80% recovery of the sterol from the mixture. 
Both brassicasterol and its acetate consumed 
close to 2. 15 mol Br 2 per mole of sterol, as did 
stigmasterol and its esters in a standardized 
titration procedure (16). 

A number of experiments were performed to 
explain the results obtained from bromination 
of crude brassicasteryl-stigmasteryl acetate mix- 
tures. We had found in numerous trials (unpub- 
fished work) that the tetrabromide acetate 
precipitates were always enriched in the brassi- 
casterol derivative when compared to the start- 
ing material. Determination of the solubilities 
of the two tetrabromides (Table I) showed that 
this property does not provide the answer; the 
stigmasterol derivative had the lesser solubility 
under all conditions. 

Bromination of stigmasteryl and brassica- 
steryl acetate individually and in two synthetic 
mixtures suggested reasons for the above obser- 
vations. The yield of solvent-insoluble acetate 
tetrabromide was 40% from stigmasterol and 
54% from brassicasterol. In addition, when 

j ~  

8. w 

6, 

4,  

2. 

BRASSICASTEROL 

lOO 200 300 

MINUTES 

FIG. 3. Hydrogenation of 10 mmol brassicasteryl 
acetate in ethyl acetate over Raney nickel. 

mixtures of the two acetates were brominated 
with only 1.5 mol Br 2 per mole steryl acetate, 
brassicasteryl acetate tetrabromide was largely 
enriched in the resulting precipitates (Table II); 
whereas when an excess of Br 2 was added (2.2 
tool Br 2 per mole acetate), the enrichment was 
much smaller (Table II). 

Theoretically, four isomers of each sterol 
acetate tetrabromide are possible by trans 
addition (21) of bromine to the A5 and Az2 
double bonds: 5t~, 6/3, 22R, 23S; 5a, 6/3, 22S, 
23R; 5~, 6ct, 22R, 23S; and 5~, 6~t, 22S, 23R. 
However the preferential attack of Br 2 on the 
As bond in a A5,22 diene (22) from the a-side 
of the sterol molecule (23), together with the 
low temperatures maintained in this work 
during bromination and work-up to inhibit 
5a,6/3 -+ 5/3,6a isomerization (24), suggests that 
the 3/3-acetoxy-5cx,6/3-dibromo configuration is 
the same in both brassicasteryl and stigmasteryl 
acetate tetrabromides and that each sterol 
yields only two isomers. The results are then 
best explained on the basis of the stereochem- 

TABLE III 

Melting Points (C) of 22,23-Dihydrobrassicasterol, Its Acetate and Benzoate 

Source Sterol Acetate Benzoate 

Fernholz and Ruigh (11) 158 145 162 
Barton and Robinson (6) 146-148 152-154 
Clayton and Bloch (12) 155-156 
Thompson et al. (5) 158-159 146-148 
Martinez et al. (13) 148-149 153-155 
Ikan et al. (14) 140 

Present work a 159.5-160.5 147.5-148.5 164-165 

aln vacuo, corrected.  
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istry of the side chain in the two sterols. 
The rates of formation and the solubilities of 

the four tetrabromo derivatives are probably 
quite different. From the data in Table II, it is 
reasonable to conclude that the rate of bromi- 
nation of the A22 bond in brassicasteryl acetate 
is greater than that of the stigmasteryl deriva- 
tive or the formation of an insoluble 5a, 6/3, 
22~, 23~ tetrabromide in the former case is 
sterically favored. The enrichment of brassica- 
sterol in precipitates obtained by bromination 
of mixtures of the two steryl acetates is then a 
function of the rates of reaction of the A22 
bond with bromine in the two compounds, 
together with the relative insolubility of a 
sterically favored brassicasteryl acetate tetra- 
bromide. 

Hydrogenation of brassicasterol or its ace- 
tate over Raney nickel is a convenient way to 
prepare 22,23-dihydrobrass icas terol .  The sterol  
and its acetate  con ta ined  1.00 double  b o n d  per  
mole by a s tandard ized  b romine  t i t ra t ion;  in 
this way it resembles  choles terol  and s i tos terol  
(16). The mel t ing po in t s  observed in the  pres- 
ent  work are in accord wi th  some of  those  
recorded  in the l i terature,  bu t  at variance wi th  
others  (Table III). I t  is possible tha t  the 
c o m p o u n d s  prepared  in three  earlier s tudies 
(6 ,13,14)  e i ther  were n o t  pure or were isomers 
of the desired dihydrobrass icas terol .  

The hydrogena t ions  of brassicasteryl  acetate  
(Fig. 3) were m u c h  more  facile than  those  
observed for  s t igmasterol  or its esters  (15).  In 
the la t ter  cases, 20-30% of s t igmastanol  fo rmed  
when the reduc t ions  were run unt i l  a lmost  all 
s t igmasterol  had  been  consumed .  By cont ras t ,  
only 3-7% of  ergostanyl  acetate  was fo rmed  in 
react ion mix tures  tha t  con ta ined  no t  a trace of  
brassicasteryl  acetate.  This increased activity of  
the A22 b o n d  in brassicasteryl  acetate  over that  
in the stigrnasteryl derivative was also observed 
during b romina t ion  of  the two  steryl  acetates.  
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Use of a Bile Duct T-Cannula as a New Technique for 
Studying Bile Acid Turnover in the Rat 
H.C. KLAUDA 2, R.F. MCGOVERN 3 and F.W. QUACKENBUSH, Department of Biochemistry, 
Purdue University, West Lafayette, Indiana 47907 

ABSTRACT 

A new technique using T-cannulated 
bile ducts has been developed for study- 
ing bile acid turnover in the rat by 
isotope dilution. Applicability of this 
technique to study the effect of diet on 
cholate and chenodeoxycholate metabo- 
lism is suggested. In tests with the 
method, the rate of cholate synthesis for 
rats fed colony diet was twice that for 
rats fed semisynthetic diet. When sodium 
glycocholate was fed in the latter diet the 
half-life of cholate decreased; the secre- 
tion rate of deoxycholate and cholate 
increased without affecting chenodeoxy- 
cholate. Although curves for cholate log 
specific activity vs. time were linear, 
those obtained simultaneously for cheno- 
deoxycholate were nonlinear. A double 
exponential curve was obtained for 
chenodeoxycholate of colony-fed rats. 
Separation of free deoxycholate and 
c h e n o d e o x y c h o l a t e  was improved 
through continuous development thin 
layer chromatography. 

INTRODUCTION 

The only method available for studying bile 
acid turnover in the rat has been to analyze 
fecal excreta for label after administering a 
labeled bile acid (1). With this method fecal 
radioactivity also includes metabolites of the 
bile acid studied; hence turnover constants 
obtained in this manner are really excretion 
constants. Another disadvantage is that pool 
size cannot be obtained from the kinetic data. 
The drop in specific activity of a bile acid in 
bile has been studied in man (2,3), and true 
turnover constants and pool sizes are obtained. 
For the rat no similar techniques have been 
refined for repetitive collection of bile without 
disturbing the normal enterohepatic circulation 
of the bile acids or their pool size. This report 
describes such a technique in combination with 
continuous development thin layer chromatog- 

I Journal Paper No. 4820 AES, Purdue University. 
2present address: Cornell University Graduate 

School of  Nutri t ion,  Ithaca, N.Y. 14850. 
3present address: Tompkins  County  Hospital Lab- 

oratory,  Ithaca, N.Y. 14810. 

raphy (TLC) as a direct means to obtain data 
on turnover of individual bile acids. 

MATERIALS AND METHODS 

T-Cannula Construction 

Silastic medical-grade tubing (Dow Corning 
Corp., Midland, Mich.) was used to make the 
T-cannula. Tubing A (0.040 in. ID, 0.085 in. 
OD) was cut to 7.5 cm lengths, and tubing B 
(0.020 in. ID, 0.037 in. OD) to 15 cm lengths. 
Approximately 1 cm from an end of tubing A, 
two holes were notched with a scalpel on 
opposite sides no larger than needed to accom- 
modate tubing B without pinching it off (Fig. 
1). A small notch was cut 6 cm from one end of 
tubing B, and both the shorter end (B 1 ) and the 
longer end (B 2) were bevelled at a 45 ~ angle. 
Tubing B was then threaded through the holes 
of tubing A, and the notch in tubing B was 
adjusted to face the lumen of the longer end of 
tubing A. The short end of tubing A was cut to 
ca. 0.3 cm and filled with epoxy resin, which 
also was applied to the outside of the T 
junction. The resin was allowed to set for at 
least 24 hr, and the joint  was tested for leaks or 

~ A  TUBING 8 I 

NG A 

) 
FIG. 1. T-Cannula insertion into bile duct of rat. 

Details of operation described in text. 
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obstructions by injecting water through it. 

Surgical Procedure 

Rats weighing 300 g or more were fasted 
overnight, anesthetized with Nembutal (3.5 
mg/100 g body wt), and hair was Clipped from 
the middle trunk. A median incision ca. 6 cm 
long was made in the abdomen just below the 
xiphisternum. With a scalpel a small slit was 
made in the rat's left side below the ribs. The 
open end of tubing A of the T-cannula was then 
exited through the hole for half its length. The 
bile duct was exposed close to the liver, 
stretched with forceps and cleared of fat 
particles. With surgical thread in position a 
small incision was made in the upper part of 
duct; tubing B 1 was inserted upward and tied 
into place (Fig. 1). The lower incision was then 
made; tubing B 2 was inserted, pushed down- 
ward and tied into place. Tubing A was then 
pulled from outside the body until the junction 
of the T-cannula was against the inner body 
wall. From the outside tubing A was sewed into 
place using a purse string stitch through skin 
and muscle layers. Protruding tubing A was 
trimmed to ca. 4 cm and a Teflon-coated, brass 
rod (16 gauge) was used to stop bile flow. 
Tubing B 2 was visually checked for bile flow. 
Then 3 drops of 0.1% tetracycline aqueous 
solution were placed into the abdominal cavity, 
and the incised wound was sutured. Collodion 
(Mallinckrodt Chemical Works, St. Louis, Mo.) 
was used to coat both wounds. After the 
collodion dried, a 2 in. wide bandage was 
applied to prevent damage to the cannula. To 
prevent chewing of cannula and sutures upon 
partial restoration of usual activity, a rubber 
collar was placed around the rat's neck 24 hr 
after surgery. A disc 7.5 cm in diameter was cut 
from 3 mm firm rubber gasket stock, and a 
center hole 2.5 cm or more in diameter was 
made with a cork borer. A radial slit permitted 
opening of the collar for placement. The rat 
wearing the collar was allowed to run freely in a 
plastic case with wire screen bot tom. 

Bile Collection 
Bile flow rates from the T-cannula were 

similar to those from a continuously flowing 
cannula. For a 300 g rat the rate was ca. 0.3 
ml/15 min; it was slightly higher when bile salts 
were fed. After a 3 or 4 day recovery period, 
animals that demonstrated normal flow and had 
no apparent abnormalities (jaundice, infection, 
etc.) were injected by cardiac puncture with a 
tracer amount of [carboxyl-14C]chenodeoxy- 
cholic acid (0.33 /JCi) and [G-3H]cholic acid 
(1.54 /ICi) in 0.25 ml 40% ethanolic saline. 
Both [carboxyl-14C]chenodeoxycholic acid 
(35.8 mCi/mM, International Chemical and 

Nuclear Corp., Irvine, Calif.) and [G-3H] cholic 
acid (2.12 Ci/mM, New England Nuclear, Bos- 
ton, Mass.) were 92+% radiochemicaily pure by 
thin layer chromatography (see bile analysis). 
Since the impurities gave no discrete band but 
were diffuse, the compounds were used as 
purchased. In most cases 15 min samples were 
collected 24 hr after injection from ether-anes- 
thetized rats after discarding the first 2 drops of 
bile. All samples were then taken daily at the 
same hour for a total of 5 days. They were 
frozen immediately and held for analysis. The 
rats were checked 2 days later for normal bile 
flow and physical condition to confirm that 
samples taken on the fifth experimental day 
were acceptable. Any samples taken from an 
animal that later appeared abnormal were dis- 
carded. 

Bile Analysis 

After thawing, the bile samples (ca. 0.3 ml) 
were extracted with 5 ml ethanol (10 min at 60 
C); the proteinaceous precipitate was reex- 
tracted with 5 ml acetone-ethanol 1:1, and the 
combined extracts were then taken to dryness 
in a polypropylene centrifuge cup in a 60 C 
oven. To the dry residue 3 ml 2 N aqueous 
NaOH was added, and the mixture was heated 3 
hr at 15 lb steam pressure to saponify. After 
cooling, 0.6 ml concentrated HC1 was added to 
give a pH of ca. 1.0. The solution was trans- 
ferred to a separatory funnel with the aid of 2 
ml distilled H 20  and extracted three times with 
5 ml portions of ether. The combined extracts 
were taken to dryness and the free bile acids 
quantitatively transferred with methanol to 
thin layer plates (0.5 mm, Silica Gel G) that 
were activated at 80 C. To obtain continuous 
development, a sheet of filter paper (Whatman 
3-M, 14 x 23 cm) was attached to the leading 
edge of the plate by clamping a glass rod to the 
plate (Fig. 2). The plates were then placed into 
developing tanks (two plates per tank) contain- 
ing i s o o c t a n e - e t h y l  acetate-acetic acid 
100:50:14. The tanks resided in a chamber, 
through which air moved at a regulated rate for 
6.5 hr at 25 C, and were covered with I-shaped 
lids to allow the air flow to evaporate solvent 
from the exposed edge of the filter paper. 

On removal from the tanks, the plates were 
air-dried for 1 hr and sprayed with water in a 
horizontal position to visualize the bile acid 
bands. These bands were identified with pure 
bile acids, a mixture of which (cholate [C],  
chenodeoxycholate [CDC] and deoxycholate 
[DC] ) was spotted at the origin on one edge of 
each plate before development. Neutral sterols 
were not retained on the plate. Bands were 
outlined while still moist, and the marked 
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T-CANNULA AND BILE ACID TURNOVER 

TABLE I 

Recovery of Labeled Bile Acidsa, b 

461 

Label recovered, % 

Bile acid Developed plate c Entire procedure d Label in DC band, % 

C 80.9 -+ 0.7 76.6 -+ 1.0 -- 
CDC 90.0 + 2.1 9 2 . 2  + 2,9 3.2 + 2,0 

aTechniques used are outlined in text and values are expressed as mean +- standard 
deviation. 

bc, cholic acid; CDC, chenodeoxycholic acid; TLC, thin layer chromatography. 
CLabeled bile acids, 12,000 dpm, were diluted with 3 mg C or 0.5 mg CDC and applied 

to TLC plate. 
dLabeled bile acids, conjugated C or free CDC, were added to 15 min bile specimens. 

plates were allowed to air-dry overnight. Each 
band was scraped into a 25 ml volumetric flask; 
methanol was added to volume, and samples 
were allowed to extract overnight. The extract 
was filtered and 15 ml taken to dryness in a 
scintillation vial; after adding 1 ml methanol to 
redissolve the bile acids, toluene scintillation 
fluid (4.0 g/liter 2,5-diphenyloxazole; 0.1 g/li- 
ter 1,4-bis-2-[5-phenyloxazolyl]-benzene) was 
added for counting (Packard, Tri-carb). Count- 
ing efficiencies were determined by the chan- 
nels-ratio method and dpm were calculated. 
The remaining filtrate was used for photometric 
analysis similar to previously established meth- 
ods (4). Two milliliters CDC or 3 ml DC filtrate 
was taken to dryness and the residue treated 
with 4 ml 65% H2SO 4. Solutions were heated 
at 60 C for 1 hr and, after cooling with tap 
water, absorbance was determined for CDC at 
380 nm and DC at 385 nm. Both colors were 
stable for more than 1 hr. For C 0.5 ml filtrate 
was taken to dryness, the residue treated with 4 
ml 65% H2SO4, and the mixture allowed to 
stand at room temperature for exactly 1 hr. 
Absorbance was determined at 320 nm. From 
the results of photometric and scintillation 
analysis, specific activity (dpm/mg) was then 
calculated. 

Diets 

Male rats of Wistar strain were fed either the 
colony diet or a semisynthetic diet. The colony 
diet (4% fat, 60% carbohydrate, 23% protein 
and 13% noncaloric) consisted of ground corn, 
wheat middlings, meat meal and other natural 
ingredients. The semisynthetic diet consisted 
(in per cent) of lard (Stark and Wetzel), 5; 
dextrose, 72; casein, 16; Celluflour, 2; mineral 
mixture no. 185 (5), 4; and a vitamin mixture 
that was prepared as a premix with a portion of 
the casein (6). To this diet 0.5% sodium 
giycoeholate (Nutritional Biochemical Corp., 
Cleveland, Ohio) was added in some experi- 
ments. 

RESULTS AND DISCUSSION 

Techniques 

The type of tubing used to make the 
T-cannula was very important.  The tubing must 
be flexible for proper insertion and bile flow. 
While other tubing was tried, only the Silastic 
tubing met these requirements. The  entire 
surgical operation consumed ca. 15 rain. In 
developing this technique we found that unsuc- 
cessful operations (ca. 40%) became evident 
during the first 3 days; after that more than 
80% of the animals appeared normal through- 
out the period required for an experiment. The 
collars and cages used prevented both cannula 
destruction and coprophagy. 

Analysis of bile acids for taurocholic acid 
was reproducible, although recovery was not 
quantitative (Table I). A similar recovery was 
obtained with free CDC; samples of the taurine 
conjugate were lacking. With both C and CDC 
the major source of loss was extraction from 
the Silica Gel G. A number of different solvent 
systems were tried, but none gave better results. 
While extraction of bile acids with boiling 
methanol allowed rapid recovery, overnight 
extraction at room temperature gave compara- 
ble results and was more convenient with a 
large number of samples. Air drying the water- 
sprayed plates overnight gave better recoveries 
than heating the plates for l hr at 100 C. Poor 
extraction of bile acids from Silica Gel G has 
been noted (7). 

By continuous development TLC, DC and 
CDC were separated clearly (Table I and Fig. 2) 
when applied in amounts in excess of that 
usually present in 15 min bile samples (Table 
II). Regulation of conditions was crucial, as 
increases in temperature, humidity, air flow 
rate through the chamber and amounts of 
acetic acid increased the migration rate of all 
the bile acids. If the rate was too fast or too 
slow, separation was not as good. We obtained 
best separation when these conditions were 
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FIG. 3. Decline of cholate specific activity with 
time as affected by diet. Sernisynthetic (o), semisyn- 
thetic + bile salts ('~), or colony (o) diets were fed 
during and 4 weeks previous to experiments in which 
rats with T-cannulated bile ducts were injected with 
[G-3H]cholic acid and 14C-labeled chenodeoxy- 
cholate simultaneously as a 40% ethanolic saline 
solution by cardiac puncture. First bile specimen was 
taken 1 day later, and 15 rain bile specimens were 
then taken daily. Analysis gave SA, which were 
averaged for each diet and plotted. Number of rats 
used is shown in Table III. 

regula ted  so t h a t  the  leading b a n d  (DC) mi- 
grated ca. 80% up  the  pla te  in 6.5 hr. Separa-  
t ions  were t hen  subs tan t i a l ly  improved  over  
those  descr ibed  previous ly  for  DC and  CDC (8,9).  

The  chol ic  acid b a n d  was a m i x t u r e  of  
t r i h y d r o x y  bile acids. An ex t r ac t  of  this  b a n d  
f rom rat  bile r e c h r o m a t o g r a p h e d  wi th  chloro-  
f o rm-me thano l - ace t i c  acid 8 0 : 1 2 : 3  for  a single 
d e v e l o p m e n t  (10)  showed  tha t  ~ -mur icho la te  
was also presen t .  However  c o n d i t i o n s  used  for  
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TABLE II 

Composition of Rat Bile as Affected-by Dicta, b 

Mass, #g/15 rain Mass ratio 

Diet DC CDC C C/CDC 

Semisynthetic 140 134 1940 16.3 
Semisynthetic + 
bile salts, 0.5% c 1080 144 6160 48.9 
Colony 319 360 3020 9.6 

aRats with T-cannulated bile ducts were fed 
various diets and 15 rain bile specimens collected 
daily. Masses were determined spectrophotometrically 
after separation of individual bile acids by continu- 
ous development TLC. Values are expressed as aver- 
ages of individual bile specimens collected throughout 
experiment. 

bFor abbreviations see Table 1. 
CCommercial sodium glycocholate. 

s p e c t r o p h o t o m e t r i c  analysis  are very  specific 
for  C (4)  and,  since n o  i n t e r conve r s ion  of  label  
be t ween  C and /3-muricholate was l ikely (11) ,  
the b a n d  was used  for  C analysis  w i t h o u t  
f u r t he r  pur i f i ca t ion .  Gas l iquid c h r o m a t o -  
graphic  analysis  of  the  e luate  f rom the  CDC 
band  showed  trace c o n t a m i n a t i o n s  w i th  DC, 
which  is cons i s t en t  w i th  the  3% overlap ob- 
served by  rad io i so top ic  m e a s u r e m e n t .  In our  
TLC sys tem u r s o d e o x y c h o l i c  acid and  hyo -  
deoxycho l i c  acid s t andards  sepa ra ted  as bands  
b e t w e e n  C and  CDC. I t  was the re fo re  deduced  
t ha t  the  CDC b a n d  was free f rom o t h e r  
c o m m o n  bile acids. 

Application of Method 

The  c o m p o s i t i o n  of  bile var ied w i th  diet  fed 
(Table  II). The  s e m i s y n t h e t i c  d ie t  caused a 
lower  to ta l  bile acid sec re t ion  rate  t h a n  did ou r  
co lony  diet.  Add ing  c o m m e r c i a l  bile salts, 
wh ich  c o n t a i n e d  C, DC and  CDC ( 1 4 : 4 : 1 ) ,  to  
the same diet  increased  b o t h  DC and C subs tan-  
tially w i t h o u t  a f fec t ing  C D C  

Kinet ic  cons ide ra t ions  of  C m e t a b o l i s m  of  
these  ra ts  showed  a l inear  re la t ionsh ip  of  log SA 
and t ime  af te r  i n j ec t ing  [G-3H]  chol ic  acid (Fig. 
3). This re la t ionsh ip  impl ies  f irst  o rder  k ine t ics  

TABLE III 

Effect of Diet on Cholate Metabolism a 

No. of Half-life, Pool size, Synthesis 
Diet rats days mg rate, mg/day 

Semisynthetic 9 2.1 19.3 6.6 
Semisynthetic + 
bile salts, 0.5% 4 1.1 50.1 --- 
Colony 10 1.8 34.4 13.4 

aValues were calculated from plot, log SA of cholate vs. time (Fig. 3) by using least 
squares equations to obtain slope and ordinate intercept. 
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Decline o f  chenodeoxycholate (CDC) 
specific activity with time as affected by diets. By 
using 14C-labeled CDC in experiments outlined in 
Figure 3, specific activities of CDC were averaged and 
plotted by semisynthetic (o) and semisynthetic + bile 
salts (A) diets. 

and permits calculation of pool size and half- 
life of C (Table III). Using a semisynthetic diet 
appeared to lower C pool size but produced 
only small changes in half-fife. Feeding bile salts 
expanded the C pool size and increased its 
turnover (decreased half-fife) as expected. The 
C synthesis rate for colony-fed rats was twice 
that found in the semisynthetic diet group. 
Since high exogenous C would distort values for 
C synthesis, the synthesis rate could not be 
calculated for the bile salt-supplemented diet. 
The pool size, half-life and synthesis rate for 
colony diet were similar to values obtained with 
a Purina Chow diet (12). Their semisynthetic 
diets gave a longer half-fife than ours unless 
Celluflour (20%) was added. We added Cellu- 
flour (2%) to our diet. 

Perhaps more important,  the turnover con- 
stants for bile acids previously reported for rats 
have really been excretion constants since they 
were all based on techniques developed by 
Lindstedt and Norman for fecal excretion of 
total radioactivity (1). In contrast to the linear 
plots obtained with the Lindstedt and Norman 
Technique (1), our kinetic studies of CDC 
metabolism showed a linear plot only after the 
second day (Figs. 4 and 5). This may be of 
importance in studying CDC metabolism, since 
our trihydroxy band contained ca. 15 times as 
much radioactivity as the CDC band when 
14C-chenodeoxycholic acid had been injected. 
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FIG. 5. Decline of chenodeoxycholate specific 
activity with time for colony diet. Experiment was 
performed as outlined in Figure 4, except that earlier 
initial 15 rain collections of bile were obtained in 
separate experiments. Experimental values were deter- 
mined and plotted (e). Differences of experimental 
specific activity and antilog of points from extrapo- 
lated linear curve gave virtual specific activities, which 
were plotted (X). 

One must recognize that excretion constants 
are concerned with turnover of the entire pool 
of primary bile acids and their metabolic 
products, while turnover constants deal with 
specific bile acids. 

For all diets the specific activity of CDC on 
the 1st day was substantially higher than first 
order kinetics would indicate. It seemed un- 
likely that the 1st day value was an artifact of 
our T-cannula technique, since the kinetics of C 
(Fig. 3) were determined simultaneously with 
the same animals. Besides, the pool size, which 
was calculated from the intercept of the 
straight line of the last 4 days, was relatively 
large. Experiments with direct bile duct drain- 
age showed that radioactive CDC, which was 
injected in the same manner as in the T-cannula 
experiments, was cleared from the circulatory 
system rapidly; 95% of the injected radioactiv- 
ity was cleared in 2 hr and 91% of this amount 
in the first 30 min. Thus we concluded that the 
loss of linearity was not attributable to our 
experimental techniques. 
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To ob ta in  ear ly responses  e ight  rats f rom the  
co lony  were in jec ted  wi th  labe led  CDC at the  
same t ime  of  day and  bile samples  were t a k e n  
at 6 and  30  h r  f r o m  three  rats, 12 h r  f rom two  
rats,  and  24  and  48 hr  f r o m  the  th ree  o thers .  
Using the m e a n  specific ac t iv i ty  values in 
c o m b i n a t i o n  w i t h  those  f r o m  the  ini t ia l  exper i -  
m e n t  w i th  co lony  fed  rats ,  a n o n l i n e a r  curve 
was p r o d u c e d  (Fig. 5). This curve was repre-  
sen ted  by the  doub le  e x p o n e n t i a l  e q u a t i o n :  
SA t = 1.24 x 105e -3 .33 t  + 0 .14  x 105e -0 .593t ,  
where  SA t is specif ic  act ivi ty in  d p m / m g  at any  
t ime,  t, in  days.  This  e q u a t i o n  suggests a two  
poo l  mode l .  Calcula t ing  the  CDC poo l  size of  
the  in jec ted  poo l  f r o m  SA o gave a value of  5.25 
mg. 

A l t h o u g h  these  da ta  r ep resen t  the  first evi- 
dence  for  the  ex is tence  of  a n o n l i n e a r  p lo t  for  
CDC or any bile acid, we feel t h a t  the  L i n d s t e d t  
and  N o r m a n  t echn ique  lacks the  sensi t ivi ty  to  
de tec t  n o n l i n e a r i t y  for  the  rat .  When  the  
rad ioac t iv i ty  of  CDC and its t r i h y d r o x y  m e t a b -  
oli tes were c o m b i n e d  and  divided by  the  CDC 
mass for  each  sample ,  log SA vs. t p lo t  y ie lded  a 
l inear  re la t ionship .  Thus ,  w h e n  a m a j o r  l iver 
m e t a b o l i t e  of  CDC was inc luded ,  i t  m a s k e d  the  
doub le  e x p o n e n t i a l  curve. I t  is possible  t h a t  
me tabo l i t e s  also masked  this  n o n l i n e a r  curve in 
d e t e r m i n i n g  exc re t ion  cons t an t s .  

We also recognize  t h a t  the  i so tope  d i lu t ion  
t e c h n i q u e  has  b e e n  used  in m an  w i t h  n o  
evidence of  a n o n l i n e a r  re la t ionsh ip ,  b u t  the  ra t  
is a u n i q u e  an imal  in  t h a t  i t  has  n o  gall b ladder .  
The  bile acids are con t inua l ly  recycl ing  t h r o u g h  
the e n t e r o h e p a t i c  sys tem,  w i th  the  ma jo r i t y  
be ing  p re sen t  in  the  small  i n t e s t ine  at all t imes.  
There  are also some p resen t  in  the  co lon  and  i t  
has been  suggested t h a t  t w o  pools  m ay  exis t  in 
the rat ,  one  in the  smal l  in t e s t ine ,  the  o t h e r  in  
the  large in te s t ine  (13) .  While our  da ta  do  n o t  

prove  this  t heo ry ,  t hey  suggest  t h a t  f u r t h e r  
work  in this  area m i g h t  be  f rui t ful .  Our  
t echn iques  for  T -cannu la t ed  bile duc ts  and  
separa t ion  of  DC and  CDC by  c o n t i n u o u s  
d e v e l o p m e n t  TLC should  aid in such  s tudies .  
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Turnover of Bile Acids in the Hypercholesterolemic Rat as 
Influenced by Saturation of Dietary Fat 
R.F. MCGOVERN 2 and F.W. QUACKENBUSH,  Department of Biochemistry, 
Purdue University, West Lafayette, Indiana 47907 

A BST R ACT 

Injections of [24-14C]chenodeoxy- 
cholate and 3H-cholate were made by 
heart puncture into 300 g male rats that 
bore T-cannulas in their bile ducts. The 
animals had been raised on diet A, con- 
taining glucose, cholesterol and cholate, 
or diet B, containing sucrose and choles- 
terol; each of the diets contained 5% 
safflower oil or 5% beef tallow as varia- 
bles. From analysis of bile samples col- 
lected from the T at intervals over a 5 day 
period, it was observed that the safflower 
oil group fed diet B had a 17% shorter 
cholate half-fife, a 29% larger cholate 
pool size and 52% higher rate of cholate 
synthesis than those fed beef tallow in 
the same diet. The safflower group fed 
diet A also had a larger cholate pool size, 
but synthesis and half-life were obscured 
by cholate feeding. Chenodeoxycholate 
turnover data were not  obtainable be- 
cause the decay curves were bimodal for 
all treatments and hence did not  conform 
to a simple pool model. It is concluded 
that dietary safflower oil causes more 
rapid formation of cholate than does 
dietary beef tallow in the cholesterol-fed 
rat. 

I NTRODUCTION 

During the last two decades many studies 
have been performed to elucidate the mecha- 
nism by which dietary polyunsaturated fat 
lowers plasma cholesterol levels. In experiments 
with humans there is evidence that dietary corn 
oil produces a shorter cholic acid half-life than 
dietary butter fat (1) or coconut oil (2). 
However from studies with rabbits it was 
concluded that turnover of bile acids is the 
same whether hydrogenated coconut oil or corn 
oil is fed (3). In experiments with rats excre- 
tory bile acids have been analyzed for mass or 
recovery of label (4-6), but since direct turn- 
over studies were not  performed evidence is 
lacking concerning the dynamic aspect of bile 
acid formation in response to polyunsaturate 
feeding. 

1journal Paper No. 4952 AES, Purdue University. 
2present address: Tornpkins County Hospital Lab- 

oratory, Ithaca, N.Y. 14810 

Recent success with the use of a T-cannula 
in this laboratory has made possible the peri- 
odic sampling of bile from the rat without 
disturbing enterohepatic circulation (7). Using 
this technique on cholesterol-fed rats that had a 
wide differential in plasma cholesterol levels as 
a result of dietary differences in polyunsatu- 
rates, we have now observed turnover responses 
following the injection of labeled bile acids. 
The data show that long term polyunsaturate 
feeding influences cholate formation. 

EXPERIMENTAL PROCEDURES 

Weanling male rats of the Wistar strain were 
grown on two different semisynthetic diets. 
Diet A was composed of (in per cent): glucose 
(Cerelose) 72; casein, 15.3; Celluflour, 1.7; 
vitamin mixture, 1.7; mineral mixture, 3.4; 
cholesterol, 1.0; sodium glycocholate, 0.4; and 
either safflower oil or beef tallow, 5.0. The 
mineral mixture and vitamin mixture including 
vitamin D (1920 IU/kg) and vitamin E (125 
mg]kg) were prepared as described previously 
(8). Diet B had the same composition, except 
that it contained sucrose instead of glucose, no 
sodium glycocholate, and the cholesterol was 
heated in the fat at 170 C for 1 hr before 
addition to the diet. 

After the animals reached 300 g body wt, 
they were anesthetized with Nembutal and the 
T-cannula was inserted in their bile duct (7). 
After a 2 or 3 day recovery period the diet A 
animals received simultaneously by cardiac in- 
jection 0.5 /aCi of [24-14C]-chenodeoxycholic 
acid (International Chemical & Nuclear) and 
1.7 /aCi of 3H-cholic acid (New England Nu- 
clear). The diet B rats were divided into two 
groups; one group received 1.0 /aCi of 
[24-14C] chenodeoxycholic acid and the other 
1.5/~Ci of 3H-cholic acid. 

Bile was collected as 15 min samples by the 
procedure that has been described, at the 
following intervals: all of the diet A rats and 
the diet B rats that were injected with cholate 
were sampled at 24, 48, 72, 96 and 120 hr after 
injection. Diet B rats that were injected with 
chenodeoxycholate were sampled in three se- 
ries: 6, 30, 54, 78, 102 and 126 hr after 
injection; 12, 36, 60, 84, 108 and 132 hr after 
injection; and 24, 48, 72, 96 and 120 hr after 
injection. Analysis of the bile was performed as 
described previously (7), except that deoxy- 
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TABLE I 

Summary of Treatments and Isotope Turnover as Determined from 
15 Minute Collections of Bile via T-Cannula a 

467 

Parameter 

Dietary fat, 5% 

S FO BT S FO BT 

Dietary sugar, 72% 

Glucose Glucose Sucrose Sucrose 

Dietary cholate, % 

0.4 0.4 None None 

Cholate in bile, mg/15 min 2.67 2.33 1.85 1.60 
CDC in bile, rag/15 min 0.48 0.39 0.71 1.02 
Ratio, C/CDC 5.6 5.9 2.6 1.6 
3H-Cholate injected, dpm x 10 "6 3.8 3.8 3.2 3.2 
[4-14C]CDC injected, dpm x 10 -6 1.11 1.11 2.22 2.22 
Cholate in bile, SR, dpm x 10 -5 0.71 0.96 1.95 2.51 
Cholate pool size, mg 53.8 40.0 16.4 12.7 
Cholate decay slope, K, days -1 0.98 1.06 0.89 0.76 
Cholate synthesis rate, mg/rat/day --  --  14.6 9.6 
Cholate half-life, TI/2, days 0.70 0.65 0.78 0.91 

aSFO, safflower oil; BT, beef tallow; CDC, chenodeoxycholic acid; SR, specific radio- 
activity. Data are calculated from mean values of 10-16 animals for each of the four treat- 
ments. 

cholic acid was n o t  de te rmined .  Plasma was 
ob ta ined  pr ior  to  surgery, and choles tero l  levels 
were de t e rmined  by the m e t h o d  of  Sperry and 
Webb (9). 

Half-life and poo l  size were ca l cu l a~d  as 
descr ibed by L inds ted t  and Norman  (10) by 
fol lowing decay of  specific radioact ivi ty  (SR) 
wi th  t ime and assuming tha t  synthes is  of  
nonlabe led  bile acid causes the decay. The 

decay equa t ion ,  d(SR) = _ K (SR),  in tegrates  to 
dt 

lne (SR) = - Kt  + In e (SRo)  , where  K, the slope 
of  a l inear plot ,  is the f rac t ion  of  the pool  
synthes ized  in un i t  t ime. Ex t rapo la t ion  of  the 
plot ,  2.303 log (SR) vs. t, to  the  ordinate  gives 
a measure of  SR o or specific radioact ivi ty  
before  di lut ion by n e w  synthesis .  Pool  

s i z e  (mass) is then  ob ta ined  f rom mass = 

injected label, and synthesis  rate = K x poo l  
SRo 

size is then calculated.  Finally,  f rom the rela- 

0.69 the half-life is calculated.  t ionship t 1/2 - 
K 

RESULTS A N D  DISCUSSION 

Secret ion of  the two  bile acids, chola te  (C) 
plus c h e n o d e o x y c h o l a t e  (CDC), averaged f rom 
2.56 to  3.15 mg/15 rain and was apparent ly  n o t  
inf luenced by dietary t r ea tmen t .  However  the 
rat io C/CDC was two-  to  three-fold  higher in 
the diet  A groups than in the diet B groups 
(Table I). F u r t h e r m o r e  it was evident  tha t  in 

the absence of  dietary chola te  (diet  B) dietary 
s a f f l o w e r  oil t en d ed  to  suppress CDC, in con- 
t rast  wi th  dietary beef  tallow. 

Specific radioact ivi ty  of  cholate  in the bile 
immedia te ly  af ter  in jec t ion  of  label, ob ta ined  
by ex t rapo la t ion  o f  the decay line (Fig. 1), was 
substant ial ly lower  in the SFO group than  in 
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FIG. 1. Decline of cholate specific radioactivity 

(SR) as affected by diet. Rats were grown to 300 g on 
diet A with 5% SFO (o) or 5% BT (e), and diet B with 
5% SFO (A) or 5% BT (A), bile ducts were T-cannu- 
lated, and 3-4 days later ~H-cholic acid was injected 
by cardiac puncture. Each point represents mean value 
from 15 min bile samples from 10-14 animals. Lines 
were computed by least squares method. 
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FIG. 2. Decline of chenodeoxycholate specific 
radioactivity (SR) as affected by diet. Legend of 
Figure 1 applies, except that [24-14C]chenodeoxy- 
cholic acid was injected. Points for diet A series are 
mean values from six to eight animals; those for diet B 
series, two to six animals. 

the BT group on both diets. This reflected a 
larger cholate pool size in the safflower-fed 
groups. In the absence of dietary cholate (diet 
B), the safflower-fed animals also had a more 
rapid cholate synthesis rate and a shorter 
cholate half-life; these results are consistent 
with a slightly higher rate of cholate secretion. 
The difference in cholic acid turnover consti- 
tutes a drain on the endogenous cholesterol and 
is consistent with the lower plasma cholesterol 
of the animals that consumed a polyunsatu- 
rated fat, safflower oil. The observation is also 
consistent with our earlier findings in a 6 hr 
period of bile collection that a safflower group 
had 13.6% higher conversion of cholesterol to 
bile acids than a beef tallow group (11). The 
results are also consistent with those reported 
by Gordon et al. (1), who observed a decreased 
half-life and increased synthesis rate of cholic 
acid in a human subject when the dietary fat 
was changed from butterfat  to corn oil, and 
with those of Lindstedt et al. (2), who observed 
a shorter cholic acid half-life with humans fed 
corn oil as compared to coconut oil in a liquid 
formula diet. Although neither observed a 
difference in pool size, both reported a lower 
CDC percentage with dietary corn oil. Hell- 
strom and Lindstedt (12) also have reported 
that replacing butter with corn oil in a human 
diet increased the C/CDC ratio consistently and 
increased the cholate turnover rate in six of 
nine patients. 

In contrast to the linear decline of specific 
radioactivity observed with cholic acid over the 
5 day period, the specific radioactivity of 
chenodeoxycholic acid declined in a linear 
course for only 2-3 days, after which a different 
linear course was followed. The meaning of this 
double exponential type of  decline is not  clear. 
However it appears to be consistent, since it 
was observed also in our earlier studies with rats 
that were fed the colony diet (7). Because of 
this nonlinearity, meaningful turnover informa- 
tion is not  obtainable from these isotope data. 
It is of interest, however, that the relatively 
lower CDC present in bile was associated with 
polyunsaturate feeding as safflower oil. There- 
fore there is a similarity to observations made 
with cholestyramine (13), since cholestyramine 
feeding has also been shown to increase the 
percentage of cholate with a simultaneous 
decrease in CDC. The difference, of course, is 
that cholestyramine usually decreases the cho- 
late pool size, but the result appears to be the 
same: an increased cholate synthesis rate and a 
decreased cholate half-life with a consequent 
lower level of cholesterol in both plasma and 
liver. 

Control animals in our experiments that 
were fed diets A and B but were not subjected 
to bile duct surgery or bile acid injection 
showed, at the termination of the experiment, 
plasma cholesterol levels of 150 and 246 
mg/100 ml for SFO and beef tallow, respec- 
tively, in diet A, and 128 vs. 221 mg/100 ml in 
diet B. Hepatic cholesterol levels with diet B 
were 24 and 39 mg/g for SFO and BT, 
respectively. The experimental animals main- 
tained a relatively good physiological state 
throughout the experiment. After some loss in 
body weight immediately following surgery 
they sustained only minor losses of 1-2% of 
body weight during the 5 day bile collection 
period, despite daily or more frequent ether 
anesthetization during collection periods. 

The demonstration in this study, through 
direct collection of bile, that polyunsaturated 
fat in the diet stimulates cholate formation and 
shortens cholate half-life lends strong evidence 
to the view that the action of polyunsaturated 
fat in reducing levels of cholesterol in plasma 
and liver of the cholesterol-fed rat is through 
the stimulation of cholesterol oxidation. 
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Effect of Dietary Fat Saturation on Absorption and Intestinal 
Secretion of Cholesterol by the Hypercholesterolemic Rat 1 
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ABSTRACT 

The fate of an oral dose of 
[4-14C]cholesterol given to rats grown 
on diets with 20% safflower oil or 20% 
hydrogenated coconut oil was determined 
by analysis of digestive tract, feces and 
tissues. The pattern of isotope distribu- 
tion did not support the view that rats 
fed a saturated fat absorb less cholesterol 
than those fed an unsaturated fat. Fasted 
animals grown on the diet with 5% of 
these two fats and beef tallow showed no 
clear difference in the amount of digi- 
tonin-precipitable sterol in their intes- 
tines. A shorter transit time for intestinal 
contents was observed with the saturated 
fat groups. It is concluded that neither 
absorption of cholesterol from the gut 
nor secretion of/3-hydroxy sterol into the 
gut accounts for the hypocholesterolemic 
effect of polyunsaturated fat. 

I NTRODUCTI  ON 

In efforts to explain the hypocholesterol- 
emic effect of polyunsaturated fat it has been 
reported that unsaturated fat inhibits absorp- 
tion of cholesterol from the gut (1,2). However 
others (3,4) have reported that unsaturated fats 
enhance absorption of cholesterol. In this labo- 
ratory thoracic lymph studies did not reveal a 
difference of cholesterol absorption from sev- 
eral unsaturated and saturated fats, except 
hydrogenated coconut oil, which showed re- 
duced absorption (5). 

In the present study we have employed 
intestinal transit and absorption experiments to 
observe the effects of unsaturation in dietary 
fat upon cholesterol absorption. 

EXPERIMENTAL PROCEDURES 

For the absorption study, two groups of 
weanling male Wistar strain rats were fed either 
20% hydrogenated coconut oil (HCO) or 20% 
safflower oil (SFO) in a diet of the following 
per cent composition: glucose (Cerelose), 52.5; 
casein, 18.0; fat, 20.0; Celluflour, 2.0; choles- 

1Journal Paper No. 4951 AES, Purdue University. 
2present address: Tompkins County Hospital Lab- 
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terol, 1.0; sodium glycocholate, 0.5; and min- 
erals and vitamins as described previously (6), 
for a period of 10 weeks. Each was then given 
orally 0.5 /.tCi of [4-14C] cholesterol (New Eng- 
land Nuclear, Boston) with 290 mg of the 
respective diet in a no. 3 gelatin capsule, with 
15 min surveillance to assure complete inges- 
tion before confinement in a metabolism cage. 
After 8 hr a blood sample was taken by heart 
puncture, and liver and intestines were re- 
moved. Cholesterol contents of the liver extract 
(7) and of the blood plasma were determined 
via the digitonide (8). The amount  of radioac- 
tivity in the stomach and intestinal contents, 
liver, plasma, intestinal wall and urine was 
determined from appropriate extracts prepared 
as follows. Blood plasma was extracted with 
acetone-ethanol 1: 1, and livers were extracted 
with chloroform-methanol (7). The intestinal 
contents were collected in 50 ml 0.9% saline 
and extracted three times with three volumes 
ether-hexane-ethanol 1:1: 1, as described by 
Hofmann and Borgstrom (9). The washed intes- 
tines, stomach, and colon a n d  feces were 
treated with 10 ml base (50 g potassium hy- 
droxide to 100 ml water to 300 ml methanol) 
and 15 ml methanol-water 3:1, and heated at 
80 C for 3 hr. After cooling, the digest was 
shaken with a mixture of 25 ml water, 30 ml 
ether and 30 ml pentane in a separatory funnel. 
The upper phase was extracted with 50% 
ethanol; the lower phase was extracted with 
ether-pentane 1 : 1 and this extract then washed 
with 50% ethanol. The ether-pentane extracts 
were then combined as neutral lipid extract. 
Portions of each of these different extracts 
were taken to dryness and dissolved in toluene 
scintillator (4.0 g]liter 2,5-diphenyloxazole and 
0.1 g/ l i ter  1,4-bis-2-[5-phenyloxazolyl]-ben- 
zene) for counting (Packard Tri Carb). Urine 
was evaporated to dryness in a scintillation vial 
and 1 ml of methanol added; then 15 ml 
toluene scintillator was added for counting. 
Quenching error was corrected by the channels 
ratio technique or by internal standards. 

Animals to be used for intestinal secretion 
studies were fed 5% SFO, 5% beef tallow (BT) 
or 5% HCO in the same diet, adjusted isocalori- 
cally, for a period of 7 weeks. On the day 
preceding the experiment the animals were 
given 2 ml 5% aqueous polyethylene glycol as a 
nonabsorbable marker, and fasted for 24 hr. 
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TABLE I 

Summary of Data from Experiments on Absorption of [4-14C] Cholesterol 

Parameter SFO HCO 

Dietary fat, % 20 20 
No. of animals 10 9 
Mean body wt, g 440 300 
Plasma cholesterol, free, mg/100 ml 28 76 
Plasma cholesterol, total, mg/100 ml 154 438 
Hepatic cholesterol, free, mg/g 4.4 4.4 
Hepatic cholesterol, total, mg/g 89.4 69.4 
Plasma cholesterol per rat, mg a 24 46 
Hepatic cholesterol per rat, g 2.84 1.39 
Recovery of isotope, % of dose 

Intestinal contents and stomach 34.6 +- 6.1 18.5 +- 2.2 b 
Intestinal tissue 13.6 -+ 2.0 11.8 + 1.5 
Colon and feces 14.7 -+ 4.7 21.4 + 2.5 
Liver 8.2 + 1.7 9.4 -+ 1.5 
Plasma a 3.4 -+ 0.7 6.2 + 0.7 

Unabsorbed isotope, % of dose c 49.3 39.9 

aBlood plasma volume was assumed to be 3.5% body wt. 
bMean _+ SEM. 
CConsists of isotope recovered in stomach, intestinal contents, colon and contents, and 

feces. 

The  bile f low was d iver ted  by  ex t e rna l  cannula ,  
and  a f te r  6 hr  the  in tes t ines  were r em oved  and  
the  c o n t e n t s  co l l ec ted  in 50  ml  0.9% saline and  
ex t r ac t ed  th ree  t imes  w i t h  50  ml p o r t i o n s  of  
e ther .  Sterol  in the  e the r  e x t r a c t  was deter -  
m ined  via the  d ig i tonide ;  the  aqueous  phase  was 
t h e n  ana lyzed  for  p o l y e t h y l e n e  glycol by  t h e  
fo l lowing  m e t h o d .  Ten  mil l i l i ters  of  the  solu- 
t ion  was p laced  in a 25 ml e r l e n m e y e r  flask; 1 
ml p o l y e t h y l e n e  glycol s t anda rd  was p laced in a 
second  flask; and  1 ml wa te r  was p laced  in a 
th i rd  flask. Water  was added  to all flasks to  a 
to ta l  of  11 ml ,  and  1.0 ml 10% ba r ium chlor ide ,  
2 .0  ml 0 .30 N b a r i u m  h y d r o x i d e  and  2 .0  ml  of  
5% zinc sulfa te  were added  to each.  The  
mix tu re s  were shaken  and  a f te r  10 m i n  were 
f i l tered t h r o u g h  W h a t m a n  No. 42 fi l ter  paper .  
One mil l i l i ter  of  gum  arabic  was added  wi th  
mix ing  fo l lowed by  4 .0  ml  30% t r i ch lo roace t i c  
acid c o n t a i n i n g  5% ba r ium chlor ide .  The  tubes  
were shaken ,  and  a f te r  exac t ly  1 h r  a b s o r b a n c e  
was d e t e r m i n e d  against  a r eagen t  b l ank  at 650  
nap and  p o l y e t h y l e n e  glycol values were calcu- 
lated.  

RESULTS A N D  DISCUSSION 

At  l 0 weeks  animals  fed 20% saf f lower  oil 
had  a m u c h  lower  level of  b o t h  free and  to t a l  
p lasma cho les t e ro l  t h a n  t hose  fed 20% h y d r o -  
gena ted  c o c o n u t  oil (Table  I). Hepa t ic  choles- 
terol  levels of  the  SFO animals ,  on  the  o t h e r  
hand ,  were subs tan t i a l ly  h igher  t h a n  those  of  
HCO animals ;  the  t o t a l  a m o u n t  pe r  ra t  was 
more  t h a n  doub led .  The  d i f fe rence  can  be 
a t t r i b u t e d  in  pa r t  to  the  d i f ferences  in b o d y  

weight ,  bu t  the  da ta  suggest  t h a t  po lyunsa tu -  
ra ted  fa t  at  t he  20% level t ends  to  increase  
hepa t i c  cho les te ro l  es ter  a c c u m u l a t i o n  while  
lower ing  p lasma choles te ro l .  These  da ta  are 
cons i s t en t  w i th  resul ts  o b t a i n e d  earl ier  w i th  the  
same basal  diet ,  in  wh ich  s o y b e a n  oil was 
c o m p a r e d  w i t h  h y d r o g e n a t e d  c o c o n u t  oil a t  the  
20% level (6).  

When  [4 -14C] choles te ro l  was admin i s t e r ed  
to  such  animals ,  d i f fe rences  were also seen in 
the  d i s t r i bu t ion  of  the  i so tope  in the  digestive 
t rac t  and  in tissues. I so tope  recovery  in the  
s t o m a c h  and  i ts  c o n t e n t s ,  i n t e s t ina l  c o n t e n t s ,  
the  co lon  and  i ts  c o n t e n t s ,  and  feces f rom the  
SFO-fed an imals  t o t a l ed  49 .3% of  the  adminis-  
te red  dose  as c o m p a r e d  to  39 .9% for  the  
HCO-fed animals.  These  resul ts  suggest  a s lower  
m o v e m e n t  t h r o u g h  the  digestive t r ac t  of  the  
SFO-fed  rats. In  an 8 h r  pe r iod  i t  is to  be 
expec t ed  t h a t  m u c h  o f  the  inges ta  r ema in ing  in 
the  smal l  i n t e s t ine  will be distal  to  the  p r ima ry  
site of  a b s o r p t i o n  (10) .  The  u r ine  f rom b o t h  
groups c o n t a i n e d  on ly  a t race  of  i so tope ;  t o t a l  
carcass was n o t  analyzed.  However  the  sum of  
i so tope  recovery  f r o m  in tes t ina l  tissue, l iver and  
p lasma s h o u l d  p rov ide  an i ndex  of  the  relat ive 
a m o u n t s  absorbed .  These  values do  n o t  d i f fer  
s igni f icant ly  for  the  two  groups  and  one  m u s t  

t h e r e f o r e  conc lude  t h a t  the  d i f fe rence  in digi- 
t on in -p rec ip i t ab l e  s terol  a c c u m u l a t i o n  b e t w e e n  
animals  fed  u n s a t u r a t e d  fa t  (SFO) ,  and  satu- 
ra ted  fa t  (HCO) does n o t  ref lec t  a d i f fe rence  in 
the  a m o u n t  o f  cho le s t e ro l  absorbed .  This evi- 
dence  is a t  var iance  w i t h  the  conc lus ions  of  
Byers  and  F r i e d m a n  (3),  w h o  ana lyzed  thorac ic  
l y m p h  f r o m  ra ts  t h a t  had  inges ted  cho les t e ro l  
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TABLE II 

Influence of Dietary Fat on Intestinal Nonbiliary 
Digitonin-Precipitable Sterol and Intestinal Moti l i ty  a 

Dietary Body Intestinal Sterol, Polyethylene 
fat wt, g wt, g mg glycol, mg 

SFO 317 7.55 3.82 (8) 5.11 
HCO 250 6.99 3.29 (9) 1.31 
BT 303 7.68 2.95 (9) 0.86 

aRats were fed the 5% fat diets for 7 weeks, then 
given by gastric intubation 100 mg polyethylene gly- 
col; after 24 hr their bile ducts were cannulated to 
flow externally. Six hours later the intestinal contents, 
exclusive of stomach and colon, were collected in 50 
ml 0.9% saline and analyzed. Details are in text. Num- 
bers in parentheses represent number of animals. 

in d i f ferent  fats and f o u n d  tha t  more  choles- 
terol  was absorbed  f rom corn  oil or soybean  oil 
than f rom lard or hyd rogena t ed  c o c o n u t  oil. 
Klauda a n d  Quackenbush  (5) conc luded  f rom 
l y m p h  compos i t i on  s tudies  tha t ,  while hydro-  
genated c o c o n u t  oil represents  a special case 
because of  its high c o n t e n t  o f  shor t -cha ined  
acids, there  were no  significant  d i f ferences  in 
choles terol  absorp t ion  f rom a n u m b e r  of  o the r  
sa tura ted  a n d  unsa tu ra t ed  fats.  Thus in this 
l abora tory  we arrive at the  same conclus ion  
f rom two d i f fe ren t  types  of  expe r imen ta t i on :  
that  po lyunsa tu ra t ed  fats do n o t  substant ia l ly  
affect  choles terol  absorp t ion  f rom the  gut.  

The ques t ion  arose as to  w h e t h e r  dietary 
po lyunsa tu ra t ed  fat  may in some way facili tate 
reverse absorp t ion ,  i.e., p r o m o t e  secre t ion  of 
s terol  in to  the intest ine.  In the  e x p e r i m e n t  to 
investigate this (Table II), po lye thy lene  glycol 
was used  as a nonabso rbab le  marker .  The 
results  showed  a slightly higher  digi tonin-  
precipi table  sterol  c o n t e n t  in the group grown 
on dietary SFO than in those  groups grown on 
sa tura ted fat  diets. However  the SFO group also 
had a substant ia l ly  higher  residual po lye thy lene  
glycol in the  in tes t ine .  It is the re fore  reasonable  
tha t  wi th  lower  intest inal  mot i l i ty  and less 
rapid peris tal t ic  m o v e m e n t  a larger a m o u n t  of  

F.W. QUACKENBUSH 

sterol was al lowed to accumulate ,  even though  
the rate of  secre t ion  in to  the gut may have been  
the same in all groups.  Accordingly ,  one mus t  
conclude tha t  no  large d i f ference  exists in the 
rate of  s terol  secre t ion  in to  the in tes t ine  as a 
consequence  o f  degree of  unsa tu ra t ion  of  die- 
tary fat. 

F r o m  these expe r imen t s  i t  does no t  appear  
that  the plasma choles tero l  lower ing  ef fec t  o f  
po lyunsa tu ra t ed  fats can be expla ined  th rough  
an inf luence  u p o n  e i ther  the absorp t ion  of  
choles terol  f rom,  or secre t ion  in to ,  the intes- 
tine. The data do suggest tha t ,  at the higher 
levels o f  dietary fat  intake,  a po lyunsa tu ra t ed  
fat may inf luence the par t i t ion  of  choles terol  
be tween  plasma and liver. 
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A B S T R A C T  

Labeled cholesterol and its esters were 
injected via the por ta l  vein into bile 
duct-cannulated rats, subsequent to a 7 
"week regimen of either 5% safflower oil 
or 5% beef tallow in a hypercholes- 
terolemic diet. Analysis of bile collected 
over a 6 hr period from the safflower 
group showed 8.6% higher output  of bile 
acids, 13.6% higher conversion of 3H- 
cholesterol to bile acids and 40% higher 
conversion of [4-14C]cholesteryl oleate 
to bile acids than bile collected from the 
tallow group. During the 1st hr conversion 
of both oleyl and linoleyl esters of 
14C-cholesterol to bile acids was much 

s l o w e r  than conversion of the free 
3H-cholesterol to bile acids, thus elimi- 
nating these esters as preferred substrate 
for bile acid formation. However af 6 hr 
two-thirds of the injected 14C of oleyl 
ester was recovered in the liver, and about 
half of this was in the form of free 
cholesterol. Thus cholesterol ester hydro- 
lase, though inhibited by dietary choles- 
terol, evidently did not  impose limita- 
tions on formation of free cholesterol for 
subsequent oxidation reactions. Specific 
radioactivities were of doubtful signifi- 
cance because of uncertainities as to 
"active" pool size. The data suggest that 
dietary linoleate exerts its hypocholes- 
terolemic effect in some manner other 
than ester formation and that its point of 
action involves Stimulation of cholesterol 
oxidation to bile acids. 

I N T R O D U C T I  ON 

Although it is well established that polyun- 
saturated fats can lower plasma cholesterol 
levels, the fate of t h e  cholesterol that is 
removed from the plasma compartment has not  
been clarified. Simple redistribution to other 
tissues does n o t  account for the differences 
observed with saturated and unsaturated die- 

1Journal Paper No, 4938 AES, Purdue University. 
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tary regimens (1). In the rat it is hypothesized 
that excretion of neutral sterols or bile acids is 
enhanced by unsaturated fat feeding (2,3). 
Although differences in the rate of oxidation of 
cholesterol by hepatic mitochondria have been 
reported (4), studies in which livers were 
perfused did not  demonstrate a quantitative 
difference in bile acid production between the 
saturated and unsaturated fat-fed animals (5). 
On the other hand, 14C_cholestero 1 of lipopro- 
teins produced from mevalonate in vivo by rats 
fed soybean oil was eliminated as bile acids 
more rapidly than that produced in rats fed 
butterfat when the lipoproteins were injected 
into normal rats (6). Those authors suggested 
that unsaturation in the cholesteryl esters of 
the lipoproteins could be responsible for  these 
differences. 

In the present study we have used safflower 
oil-fed rats and beef tallow-fed rats that had 
established their different  patterns of plasma 
and tissue cholesterol levels in response to 
cholesterol feeding, and we have observed that 
injected cholesterol, and cholesteryl esters are 
secreted as bile acids more rapidly by the 
safflower oil-fed rats. 

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

Male, weanling, Wistar rats were fed a 
semipurified diet (1) ,  which contained 5% of 
either safflower oil (SFO, Pacific Vegetable Oil 
Corp., RichmOnd, Calif.) or beef tallow (BT, 
Swift & Co., Chicago) for a period of 7 weeks. 
The an imals  Were fasted overnight, and bile 
ducts were cannulated with polyethylene tub- 
ing (PE-10) in the upper part of the biie duct~: 
As soon as ftow was established , the radioiso- 
topic cholesterol in the form of a micellar 
preparation was injected via the portal vein. 

The micellar preparations contained 2.4 
/lmol sodium taurocholate, 0 .6/ lmol  oleic acid 
(Hormel Institute) and 0.3/1tool monoolein per 
milliliter ~calcium- and magnesium-free Krebs- 
Ringer phosphate buffer, pH 6.3. To this 
mixture was added, per milliliter, either (a) 
8.55 x 106 dpm [4-14C] cholesteryl oleate (New 
England Nuclear," 50 mCi/mM) and 28.3 x 106 
dpm 3H-cholesterol (Amersham-Seafle, 672 
mCi/mM); or (b) 10.50 x 106 dpm cholesteryl 
linoleate (Amersham,Searle, 21 mCi/mM). The 
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FIG. 1. Cumulative secretion after bile duct sur- 
gery and portal injection of 3H-cholesterol and 
[4-14C]cholesteryl oleate. Rats were fed a semi- 
purified diet containing 5% of SFO (closed circles) or 
5% of BT (open circles) for 7 weeks, then subjected to 
bile duct surgery. When bile began to flow from the 
c an.nula, 0.20 ml micellar preparation containing 2.55 
~C1 SH-cholesterol and 0.77 t~Ci [4-14C]cholesteryl 
oleate was injected into the portal vein. Bile samples 
were collected continuously as four fractions and 
analyzed for total bile a c i d s , -  . . . .  : 3H-radioactivity 
of bile acids, - - - ;  and 14C-radioactivity of bile 
a c i d s , ~ .  Points represent mean values for 8-12 
animals. 
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mixtu res  were son ica ted  un t i l  t r anspa ren t .  The  
micel lar  cho les te ry l  oleate  was p repa red  in 
q u a n t i t y  and  used  over  a pe r iod  of days,  dur ing  
which  t ime  some tu rb id i t y  deve loped  as ob- 
served by  T h o m p s o n  e t  al. (7).  The  micel lar  
cho les te ry l  l ino lea te  was p repa red  daily as 
needed  and  was clear w h e n  in jec ted ;  i t  was 
p r o b a b l y  a super io r  d ispers ion for  our  experi-  
m e n t a t i o n .  Rad iochemica l  pu r i t y  of  the  
3H-choles terol  and  the  [ 4 - 1 4 C ] c h o l e s t e r y l  es- 

ters  was 95+% by  t h i n  layer  c h r o m a t o g r a p h i c  
(TLC)  analysis. S o d i u m  t a u r o c h o l a t e  was pre- 
pared  by  the  p rocedu re  of  N o r m a n  (8),  and  
m o n o o l e i n  was i so la ted  f rom a l ipase reac t ion  
m i x tu r e  (9). 

Bile samples  were co l lec ted  c o n t i n u o u s l y  
a f te r  in j ec t ion  of  r ad io i so tope ,  as four  f rac t ions  
at 0-1, 1-2, 2-4 and  4-6 hr.  Af te r  the  6 h r  
co l l ec t ion  pe r iod  a b l o o d  sample  was t a k e n  by  
cardiac p u n c t u r e  and  the  l iver was t hen  re- 
moved.  Plasma and  l iver were ana lyzed  for  free 
and  to ta l  cho les t e ro l  via the  d ig i tonide  (1).  
Por t ions  of  the  ex t rac t s  were sub jec ted  to  
analysis for  to ta l  rad ioac t iv i ty  and  for  radioac-  
t ivity of  the  d ig i ton in-prec ip i t ab le  s terol  (free 
choles tero l ) .  

To ta l  bile acids were d e t e r m i n e d  by  the  
m e t h o d  of  Levin e t  al. (10)  w i th  the  modif ica-  
t ion  t h a t  p o l y e t h y l e n e  t ubes  were used in 
sapon i fy ing  the  samples.  A b s o r b a n c e  was f o u n d  
to  be l inear  for  c o n c e n t r a t i o n s  of  bile acid f rom 
5 to  30  #g, and  all samples  were d i lu ted  to  read 
wi th in  this  range.  Rad ioac t iv i ty  in  the  bile acid 
f rac t ion  was d e t e r m i n e d  by  add ing  1 ml e t h a n o l  
to  the  bile acid res idue,  fo l lowed  by 15 ml  
to luene  sc in t i l la tor  and  c o u n t i n g  in a Packard  
Tri Carb Spec t rome te r .  Q u e n c h i n g  was cor- 
rec ted  by  the  channe l s  r a t io  m e t h o d  or by  
in te rna l  s tandards .  

Choles te ry l  es ter  hydro la se  act iv i ty  was de- 
t e r m i n e d  by  the  m e t h o d  of Deyk in  and  Good-  
m an  (11).  However  for  c o m p l e t e  r emova l  of  
e n d o g e n o u s  subs t r a t e  the  100 ,000  x g super- 
na t e  was dispersed in h e x a n e  in a tes t  t ube  w i th  
a loose f i t t ing  Tef lon  pest le .  When the  phases  
separa ted  e n d o g e n o u s  es ter  was r e m o v e d  in the  
hexane  phase,  and  at  least  60% of  the  e n z y m e  
act iv i ty  was r ecovered  in the  aqueous  phase.  
Radioac t ive  cho les t e ry l  o leate ,  syn thes ized  ac- 
co rd ing  to  the  m e t h o d  of  P in te r  et  al. (12)  and  
pur i f ied  by  TLC on Silica Gel  G wi th  hexane-  
e ther -ace t ic  acid 7 0 : 3 0 :  1, was added  in a ce tone  
(130  m # m o l  es ter  per  100 /ll) to  2 .0  ml  
aqueous  e n z y m e  p repa ra t ion .  A f t e r  i n c u b a t i o n  
at  37 C for  1 hr ,  50 ml c h l o r o f o r m - m e t h a n o l  
2:1 v/v  was added  to  s top  the  r eac t ion  and  
ex t r ac t  the  choles te ro l .  The  n e x t  m o r n i n g  10 

TABLE I 

Cholesterol Levels in Liver and Plasma of Animals Fed Either 5% SFO or 5% BT a 

Dietary Liver, mg/g Plasma, mg/100 ml 
fat Total Free Total Free 

5% SFO 75.3 + 3.4(9) 2.46 • 0.12(9) 188 -+ 28(9) 33 • 5(9) 
5% BT 94.1 + 4.2(11) 2.64 • 0.06(11) 287 -+ 46(10) 54 • 9(10) 

aBlood samples were taken by heart puncture at conclusion of bile collections 6 hr after 
cannulation. Animals were then killed and livers removed. Data are mean concentrations + 
SEM; numbers in parentheses represent number of animals. 
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TABLE II 

Fatty Acid Composition of Cholesterol Esters 
Isolated from Livers of Rats Fed Either 5% SFO or 5% BT 

475  

Fatty acid carbon no., area %a 

Diet 14:0 16:0 16:1 18:0 18:1 18:2 20:4 

SFO Trace 9.1 12.9 2.8 40.6 29.4 5.2 
BT 0.7 12.4 14.2 1.9 69.1 1.6 ND 

aValues represent the analysis of a 10-animal pool, expressed as percentage of the total  
measurable fatty acids designated by chain length and number of double bonds; ND, not 
detected. 

ml dist i l led wa te r  was added,  and  the  chloro-  
fo rm layer  was r e m o v e d  and  evapora t ed  u n d e r  
r educed  pressure ;  1 mg each  of  cho les te ro l  and  
choles te ry l  pa lmi ta t e  were added  and  the  en t i re  
l ipid ex t r ac t  appl ied to  a Silica Gel G pla te  for  
sepa ra t ion  of  cho les te ro l  f rom i ts  esters w i th  
hexane-e the r -ace t i c  acid 9 0 : 2 0 : 1  v/v/v.  Plates 
were air-dried and  exposed  to  iod ine  vapors .  
The  bands  were scraped  of f  and  e lu ted  w i th  20 
ml c h l o r o f o r m - m e t h a n o l  2:1 v/v.  To luene  scin- 
t i l la tor  was added  to  the  evapora t ed  e x t r a c t  and  
rad ioac t iv i ty  measured .  Pro te in  was d e t e r m i n e d  
by  the m e t h o d  of  Lowry  e t  al. (15) .  

RESULTS A N D  DISCUSSION 

Conversion of Free Cholesterol and Cholesteryl 
Oleate to Bile Acids 

Tota l  bile acid o u t p u t  was cons i s t en t ly  
h igher  dur ing  the  1st h r  t han  dur ing  s u b s e q u e n t  
hou r s  of  the  6 h r  pe r iod  fo l lowing  c a n n u l a t i o n  

�9 (Fig. 1). A 6 hr  pe r iod  was se lected because  
physio logica l  c o n t r o l  of  bile acid syn thes i s  is 
still exe r t ed  dur ing  th is  pe r iod  (13 ,14) .  The  
cumula t ive  o u t p u t  of  bile acids dur ing  the  6 h r  
co l lec t ion  pe r iod  was 8.6% higher  in the  SFO 
group t han  in the  BT group.  Secre t ion  of  s terol  
fo l lowed s imilar  t rends ,  b u t  the  q u a n t i t y  was 
less t h a n  1% of  the  bile acids for  the  6 h r  pe r iod  
(0 .156  mg for  SFO and  0 .136 mg for  BT). 

Accord ing ly ,  n o  m e a s u r e m e n t s  were made  of  
the s terol  rad ioac t iv i ty .  

Rad ioac t iv i ty  in  the  bile acids arising f rom 
3H-choles te ro l  i n j ec t i on  was 13.6% higher  in 
the  SFO group  t h a n  in the  BT group,  based on  
pe r  c en t  recovery  o f  the  in j ec t ion  dose. Tota l  
recovery  at  6 h r  was near ly  2% of  the  in jec ted  
dose. 

Secre t ion  of  14C as bi le  acids f rom in jec ted  
[4 -14C] -cho le s t e ry l  o lea te  was 40% greater  in 
the  SFO group t h a n  in  the  BT group dur ing  the  
6 hr  per iod.  The  p a t t e r n  of  secre t ion  f rom the  
es ter  was qui te  d i f f e ren t  f rom t h a t  of  the  free 
choles te ro l .  Dur ing the  1st hr ,  sec re t ion  of bile 
acids f rom the  es ter  was on ly  o n e - f o u r t h  t ha t  of  
secre t ion  f rom free choles te ro l .  This  concur s  
w i th  the  obse rva t ions  o f  Ogura et  al. (16)  f rom 
3 h r  co l l ec t ions  of  bile a f te r  i n j ec t ion  of  
emuls ions  of  labeled  cho les te ro l  and  cho les t e ry l  
oleate  i n to  n o r m a l  rats .  The lag in convers ion  
f rom the  es ter  was appa ren t ly  c o n f i n e d  largely 
to the  1st hr ;  t h e r e a f t e r  the  curves t o o k  fo rm 
similar  to  those  observed  w i th  free cho les te ro l  
in jec t ions .  I t  is r easonab le  t h a t  this  lag repre- 
sents  a t e m p o r a r y  delay in conve r s ion  of  the  
es ter  to  a su i tab le  fo rm for  ox ida t ion ,  p resum-  
ably  hydro lys i s  to  free choles tero l .  

The  cons i s t en t ly  h igher  rates  of  secre t ion  by  
SFO-fed  rats  s t rong ly  suppor t s  the  view t h a t  
cho les te ro l - lower ing  by  p o l y u n s a t u r a t e d  fa t  
feeding is the  resu l t  of  s t imu la t ed  convers ion  of  

TABLE III 

Cholesteryl Ester Hydrolase Activity of Rat Liver as Influenced by Diet 

Basal Bile 
diet Cholesterol, % salt, % Experiment I a 

Hydrolase activity 

Experiment II b 

5%SFO 1.0 0.S 314 +- 21(4) 
5% BT 1.0 0.5 288 -+ 20(4) 
Colony 631 -+ 20(3) 
Colony 1.0 323 +- 20(3) 
Colony 1.0 0.5 231 -+ 14(3) 
Colony 0.5 

570(4) 
368(4) 

564(4) 

aExpressed as m#moles cholesteryl oleate hydrolyzed per hour per gram protein; mean 
values + SEM; number of animals in parentheses. 

bLiver pooled in pairs before analysis; data are mean of two values. 
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TABLE IV 

Distribution of Cholesterol Radioactivity 6 Hours 
after a Portal Injection of [4-14C]Cholesteryl Oleate 

Liver 

Free 

Dietary Total, % of Plasma total, 
fat dpm x 10 -6 dpm x 10 -6 injected dose dpm/ml x 10 -4 

SFO 1.14 0.53 30.8 1.14 
BT 1.13 0.52 30.6 1.28 

choles te ro l  to  bile acids. I t  is cons i s t en t  wi th  
the  o f ten  r epea t ed  d e m o n s t r a t i o n  tha t ,  in rats  
on h y p e r c h o l e s t e r o l e m i c  diets ,  cho les te ro l  of 
b o t h  l iver and  p lasma is lower  w h e n  an ade- 
q u a t e  a m o u n t  of  u n s a t u r a t e d  fa t  is fed (Table  
I). T h e  fa t ty  acid d i s t r ibu t ion  in the  cho les t e ry l  
esters of  the  SFO and  BT rats  is also typ ica l  of  
animals  t h a t  receive these  fats  in the  die tary .  
(Table  ! I ) .  

Cholesteryl Ester Hydrolase (CEH) Activity 

The advantage  shown for  the  m e t a b o l i s m  of  
free cho les te ro l  over  t h a t  of  oleyl es ter  in  the  
lag pe r iod  of  Figure  1 suggests t h a t  cho le s t e ry l  
es ter  hydro la se  (CEH)  act ivi ty  m i g h t  be of  
i m p o r t a n c e  in b i l e  acid f o r m a t i o n .  Q u a r f o r d t  
and  G o o d m a n  ( 1 7 ) i n j e c t e d  c h y l o m i c r o n s  con-  
t a in ing  labe led  cho l e s t e r y l  esters  i n to  n o r m a l  
rats  and  observed  t h a t  the  cho les te ry l  esters  
were h y d r o l y z e d  in the  l iver to  the  e x t e n t  of 
60% in the  1st hr  and  85-90% in 3.5 hr.  They  
also observed  d i s t r i bu t ion  i n t o  var ious  t issues 
bu t  did n o t  examine  convers ion  to bile acids. In  
ou r  e x p e r i m e n t s  cho les t e ry l  oleate  was h y d r o -  
lyzed  less rap id ly  t han  in theirs ,  and  the  
ques t ion  arose w h e t h e r  th i s  migh t  ref lec t  a 
stress f rom cho les te ro l  and  bile sal t  feeding.  
When we then  fed c o l o n y  diet  in wh ich  
choles te ro l  and  bile salts were added,  a ca. 50% 
reduc t i on  of  the CEH act iv i ty  of  livers resu l ted  

(Table  III).  In  e x p e r i m e n t  II i t  was s h o w n  tha t  
d ie ta ry  cho les te ro l  is largely respons ib le  for  this  
inh ib i t ion ,  since bile salt  a lone  had  no  effect .  
There  were n o  mean ingfu l  d i f fe rences  in CEH 
act ivi ty  be tween  the  SFO and  BT groups,  e i the r  
on the  un i t  basis as s h o w n  or in  the  whole  liver, 
since hepa t i c  weights  were equal .  

Cons ide ra t ion  was given to  the  possible  
i m p o r t a n c e  of  a r educed  CEH act ivi ty in the  
overall  me tabo l i c  process.  The  cho les te ry l  es ter  
levels a f te r  7 weeks  on  the  SFO and  BT diets  
were 73 and  92 mg per  gram liver, respect ively,  
while the  c o r r e s p o n d i n g  free cho les te ro l  values 
were on ly  3.3 and  2.8% of  the  to ta l  (Table  I). 
Based on  our  earl ier  s tudies ,  we bel ieve these  
are essent ial ly  s teady-s ta te  c o n d i t i o n s  (1).  I f  
CEH act ivi ty  were a l imi t ing  fac to r  for  choles-  
terol  avai labi l i ty  as subs t r a t e  in  the  o x i d a t i o n  
process,  this  s h o u l d  be re f lec ted  in the  ester- 
free ra t io  of  l abe led  choles te ro l .  Analysis  of  
livers f rom [4 -14C] cho les te ry l  o lea te - in jec ted  
rats  at  the  e n d  of  the  6 hr  pe r iod  revealed 
extens ive  hydro lys i s  of  the  esters  (Table  IV). 
More t han  30% of  the  in jec ted  dose and  more  
t h a n  46% of the  t hen  r ema in ing  [4-14C]  choles-  
terol  was in the  free form.  A t  this  po in t  67% of  
the  in jec ted  dose was recovered  in the  liver. 
Thus,  despi te  the  i n h i b i t o r y  e f fec t  of  d ie ta ry  
choles te ro l ,  t he  CEH was a b u n d a n t l y  able to  
split  i n j ec ted  ester .  F u r t h e r m o r e  the  in jec ted  

TABLE V 

Summary of Data Collected after Portal Injection 
of Oleyl and Linoleyl Esters of [ 4-14 C ] Cholesterol a 

Oleyl ester Linoleyl ester 

Parameter SFO BT SFO BT 

0-1 hr bile acids, dpm/mg 185 140 528 369 
1-2 hr bile acids, dpm/mg 492 373 1418 937 
2-4 hr bile acids, dpm/mg 672 458 1449 1222 
4-6 hr bile acids, dpm/mg 808 642 1273 1173 
Hepatic ester, dpm/mg 632 500 758 484 
Liver wt, g 13.3 13.2 12.9 11.1 
Hepatic ester, mg/g liver 73 92 65 101 

aMale rats were fed 5% SFO or BT for 7 weeks, then cannulated and injected with ca. 
1 #Ci of the ester. Bile was collected for 6 hr; then livers were taken for analysis. Hourly 
data are mean values of bile acids from bile from 8-12 animals per group. 
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cholesteryl  ester was apparent ly  hydro lyzed  
preferential ly,  i.e., the ester-free rat io (54 :46)  
showed no resemblance to that  in the liver as a 
whole (97:3) .  I t  is therefore  apparent  that  the 
injected cholesteryl  oleate en t e red  a small 
metabol ic  pool  that  was readily hydro lyzed  by 
CEH and within 6 hr was nearly half  conver ted  
to the free form.  I f  all of  the free cholesterol  in 
the liver were compar tmen ta l i zed  in this "ac- 
t ive"  pool  at 6 hr, 2 .46/ .46 or 5.4 mg per  gram 
of liver for the SFO group, and 2.64/ .46 or 5.7 
for the BT group, would  const i tu te  this meta-  
bolic pool ,  of  which less than 3 mg was ester in 
each case; and more than 95% of the choles- 
teryl  ester was in a different  c o m p a r t m e n t  and 
was no t  accessible to action of  the hydrolase.  It  
follows that ,  wi th  46% conversion to the free 
form and less than 2% oxidat ion  to bile acids 
during the 6 hr period, there is only a r emote  
possibility that  CEH conversion of the ester to 
the free form is a rate- l imit ing step in the chain 
of reactions that  converts  cholesterol  oleate to 
bile acids. The form of  the accumula t ion  curves 
(Fig. 1) fur ther  attests to this view. 

Conversion of Cholesteryl Linoleate to Bile 
Acids 

The indicat ion that  cholesterol  as oleyl ester 
converts  to bile acids less readily than free 
cholesterol  does no t  assure that  free choles terol  
is the pr imary substrate for oxidat ion.  Ogura et 
al. (16) also emphasized this point .  Boyd (18) 
has suggested that  l inoleate  ester may be the 
metabol i te  for 7-0t-hydroxy cholesterol  forma- 
tion. Swell and Law (19,20)  injected a Tween 
20 suspension of  [4-14C] cholesteryl  esters and 
Observed more  rapid metabol i sm of l inoleic and 
arachidonic esters than of  palmit ic  or oleic. 
Since the l inoleate level of  cholesteryl  esters of  
SFO-fed rats contrasts  sharply with that  of  
BT-fed rats (Table II), bile acid p roduc t ion  
from [4 -14C] cholesteryl l inoleate  is of  in teres t  
(Fig. 1). As with  choles teryl  oleate inject ions,  
there was a lag in the conversion of the labeled 
cholesterol  in to  bile acids. Again, the lag was 
essentially conf ined  to the 1st hr, and con- 
trasted sharply wi th  the rapid early conversion 
of  free cholesterol .  It  is apparent  that  nei ther  of  
these esters is a pr imary substrate for choles- 
terol  oxida t ion  to bile acids. 

Specific activities of  the bile salts are shown 
in Table V. The higher values for  those derived 
f rom cholesteryl  l inoleate ref lect  a larger in- 
j ec ted  dose of  radioisotope  and probably  a 
superior  physical  state of  the micellar prepara- 
tion at the t ime of  inject ion.  Because of the 
obvious compar tmenta l i za t ion  of  the choles- 
terol  in the liver as a whole,  i t  is no t  possible to 
relate with any cer ta inty  these bile acid radio- 
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FIG. 2. Cumulative secretion of 14C in bile acids 
after portal injection of [4-14C] cbolesteryl linoleate. 
Procedure as in Figure 1, except that micellar prepara- 
tion containing 0.95 tzCi labeled ester per 0.2 ml was 
prepared immediately before injection. SFO-fed rats, 
closed circles; BT-fed rats, open circles. 

activities to  those of  esters in the liver at the 
end of  the 6 hr period. If  one chooses to make  
calculations based on to ta l  choles terol  esters as 
the pool  size and to assume that  CEH activi ty is 
a l imit ing fac tor  wi th  no  preference for oleate 
or l inoleate  as a substrate (13), a different  
result  is deduced  than if  one assumes a much  
smaller active pool  size and no practical  l imita- 
tions of  CEH activity in providing substrate for  
oxidat ion.  Whatever the correct  assumption 
may be, i t  is apparent  that  the advantages of  
SFO-fed rats in conver t ing  choles terol  to bile 
acids are a t t r ibutable  to o ther  (subsequent?)  
factors than those examined  in this study. 
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SHORT COMMUNICATIONS 

Separation of cis and trans-lsomers of 
1,2-Benzylidene Glyceryl Esters 

ABSTRACT 

Separation of the cis- and trans-iso- 
mers of 1,2-benzylidene glyceryl esters 
has not yet been achieved by column or 
gas liquid chromatography. However 
these isomers were separated by thin 
layer chromatography in the present 
study and the parent cyclic alcohols 
regenerated by alkaline hydrolysis. 

As part of a program to study the mass 
spectra of benzylidene and isopropylidene de- 
rivatives of monoglycerides, the chromato- 
graphic separation of these compounds was 
investigated. 1,2-Isopropylidene glycerol is the 
only product of the reaction of glycerol and 
acetone (1), but both 1,2- and 1,3-benzylidene 
glycerol are produced in the corresponding 
reaction with benzaldehyde (1-5). Furthermore 
each of the products of the latter reaction is 
obtained in the cis and trans forms (with 
differing relative positons of the phenyl and 
hydroxymethyl or hydroxy groups). Esters of 
isopropylidene glycerol and of 1,3-benzylidene 
glycerol are used as intermediates in the prepa- 
ration of monoglycerides (6-8). The separation 
of 1,2-benzylidene glyceryl palmitate and 
1,3-benzylidene glyceryl palmitate by crystalli- 
zation or by column chromatography is possi- 
ble, and the latter compound can be further 
separated chromatographically into its cis and 
trans forms (4). The complete separation of cis- 
and trans-l ,2-benzyl idene glyceryl esters or of 
their parent alcohols has not  been reported pre- 
viously. This paper describes a method for the 

separation of cis- and trans-l ,2-benzyl idene 
glyceryl esters by thin layer chromatography 
(TLC) with subsequent regeneration of the 
parent cyclic alcohols by hydrolysis. 

An isomeric mixture of benzylidene glyc- 
erols, prepared by the acid-catalyzed condensa- 
tion of glycerol and benzaldehyde, was esteri- 
fled with palmitoyl chloride in the presence of 
pyridine (8). The esters were separated into 
four bands (Table I) by preparative TLC with 
double development, and the esters were eluted 
with d ethyl ether, The NMR spectra of the 
compo nds dissolved in either deuterochloro- 
form , r carbon tetrachloride from the bands 
with l~f values of 0.58 and 0.38 corresponded 
to those previously recorded for trans- and 
cis- l ,3-benzyl idene glyceryl palmitate, respec- 
tively (5). NMR spectra of the compounds 
eluted from the central bands indicated that 
each compound was a pure isomer of 1,2- 
benzylidene glyceryl palmitate (4). 

For the recovery of the cyclic alcohols, 1.0 
ml methanol containing 30 mg ester and 10 mg 
potassium hydroxide was heated at 50 C for 10 
min. Carbon dioxide was then bubbled through 
the reaction mixture until  the solution was acid 
to phenolphthalein. Ten milliliters carbon tetra- 
chloride was added, the solution filtered and 
the solvents removed under reduced pressure. 
The resulting alcohols were purified by prepara- 
tive TLC using petroleum ether-diethyl ether 
25:75 v/v as solvent. The plates were developed 
twice and the alcohols, as oils, were eluted with 
diethyl ether. Absence of a peak at 5.87 ppm in 
the NMR spectrum of the trans-isomer and of a 
peak at 5.72 ppm in the spectrum of the 

TABLE I 

TLC and NMR Data for Benzylidene Glyceryl Palmitates a 

TLC Rf NMR benzyl hydrogen 
Compounds identified values 15 absorption, ppm c 

1,3- trans-iso met 0.58 5.33 
1,3-cis-isomer O. 38 5.53 
1,2-trans-isomer 0.45 5.72 
1,2-cis-isomer 0.50 5.87 

aTLC = thin layer chromatography. 
bSolvent system petroleum ether-diethyl ether 75:25 v/v. 
e6 scale. 
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cis-isomer indicated that the preparations were 
the two pure isomers of 1,2-benzylidene glyc- 
erol. 

The study was extended to include the 
acetate and benzoate esters of the benzylidene 
glycerols. These esters were also separated into 
four isomers each by preparative TLC, and 
results similar to those described above were 
obtained. Due to the higher polarity of the 
acetate esters, a greater proportion of diethyl 
ether was required in the TLC solvent system 
than was required for the other esters. Un- 
esterified benzylidene glycerols have been 
partially separated by column and gas liquid 
chromatography (5). TLC separation of the 
benzylidene glycerols prepared by the acid- 
catalyzed condensation of glycerol and benz- 
aldehyde in the present study yielded three 
bands with Rf values of 0.57, 0.40 and 0.28. 
NMR spectra of the fractions eluted from these 
bands showed, by comparison with previously 
recorded spectra (4), that the fastest and 
slowest moving bands were trans- and cis-l,3- 
benzylidene glycerol, respectively, and that the 
central band was a mixture of cis- and trans- 
1,2-benzylidene glycerol. Therefore the di- 
oxolane isomers of benzylidene glycerol could 
not be separated directly by TLC with the 
conditions used in this study. However the four 
benzylidene glycerol isomers can be prepared 
in a pure state by the esterification-TLC 

separation-hydrolysis procedure as described 
above. 
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Identification of Some Polyenoic Acids Isolated from 
Human Testicular Tissue 

ABSTRACT 

Five polyenoic acids present in human 
testicular tissue have been isolated in pure 
form by gas chromatography and chemi- 
cally identified using procedures of 
hydrogenation and UV absorption spec- 
t rometry following alkaline isomerization 
and ozonolysis. Three of these (20:3, 
22:4 and 22:5) belong to the linoleic acid 
and the other two (22:6 and 22:5), to the 
a- l inolenic  acid family. The latter 
(22:5co3) had not been reported previ- 
ously in human testes; the others had 
been tentatively identified by retention 
time using gas chromatography. 

been well characterized (1-3), but little infor- 
mation is available for fatty acids of human 
testes. Polyenoic acids of 20 and 22carbons 
chain length comprise a major portion of 
testicular fatty acids of most species, including 
man. Some of these have been identified and 
quantitated in human tissue by Bieri and Prival 
(4). However identification of the polyenes by 
these investigators was solely by gas chromato- 
graphic assay. In order to confirm the identity 
of the polyenoic acids of human testicular 
tissue, it is important to characterize them by 
chemical means. In this paper we report the gas 
chromatographic and chemical characterization 
of a number of polyenoic acids isolated in pure 
form from human testicular tissue. 

INTRODUCTION 

Testicular fatty acids of several species have 

EXPERIMENTAL PROCEDURES 

Human testicular tissue was obtained at 
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TABLE I 

Characterization of Fatty Acids from Human Testes 

481 

Retention 
time Longest k 

relative absorption 
Fatty to methyl Product of after alkaline 
acid stearate hydrogenation isomerization, nm 

Ozonolysis fragments a 

Dicarboxylic Monocarboxylic 

20:3 to6 3.0 Eicosanoic n.d. b C2-8 C-6 
22:4 to6 6.0 Docosanoic 315 C2-3, C2-7 C-6 
22:5 ~o6 6.9 Docosanoic 346 C2-3, C2-4 C-6 
22:5 co3 8.0 Docosanoic 346 C2-3, C2-7 --- 
22:6 ~o3 9.2 Docos~noic 375 C2-3, C2-4 --- 

ac2-3 = propanedioic acid, C2-4 = butanedioic acid, C2-7 = heptanedioic acid, C2-8 = octanedioic acid and 
C-6 = hexanoic acid. 

bNot determined. 

orchiectomy or autopsy. The tissue obtained at 
orchiectomy was fresh and was placed immedi- 
ately in ice. Orchiectomy was performed as a 
prophylactic measure in cases of prostate can- 
cer, and the testes were not involved. In the 
autopsy cases death was due to various causes, 
but testes were not involved.We have observed 
that concentrations of fatty acids of testes 
removed at orchiectomy are similar to those of 
testes removed at autopsy for the same age 
group (data to be published). In this report 
tissues from cases of ages 25-81 were included. 

Fatty acid composition was determined for 
each case, and portions of each of seven pairs of 
testes showing typical fatty acid patterns were 
pooled for further analysis. The tissue was 
hydrolyzed under nitrogen in a mixture con- 
taining for each gram of tissue: 2 ml 40% KOH, 
2 ml 95% ethanol and 0.2 ml 0.5% hydroqui- 
none as antioxidant. The hydrolyzed mixture 
was chilled, acidified and extracted with petro- 
leum ether. After washing the organic phase 
with 30% ethanol and drying with anhydrous 
sodium sulfate, the fatty acids were methyl: 
ated, using BF3, by the method of Metcalfe and 
Schmitz (5). Analysis of the methyl esters was 
done on a Varian 1520 gas chromatograph 
using a flame detector and a column packed 
with 15% EGSS-X on Gas Chrom P (Applied 
Science Lab., State College, Pa.). 

Individual fatty acids (as methyl esters) were 
isolated by preparative gas chromatography in a 
Barber-Colman Model 10 gas chromatograph 
using a column packed with EGSS-X and 
equipped with a splitter, allowing collection of 
80% of the effluent. Methyl esters, shown to be 
95- 99% pure by analytical gas chromatogra- 
phy, were trapped in glass tubes containing 
silanized glass wool and were extracted from 
the glass wool with petroleum ether. 

Individual methyl  esters, isolated as de- 
scribed above, were hydrogenated by the meth- 

od described by Farquhar et al. (6) and the 
resulting saturated methyl esters subjected to 
analytical gas chromatography as described 
previously. The number of double bonds in a 
purified fatty acid was determined by the 
maximum wavelength of UV absorption after 
alkaline isomerization, as described by Holman 
and Hayes (7). Purified methyl esters were 
subjected to oxidative ozonolysis by the meth- 
od of Stoffel (8). The resulting fragments were 
methylated with BF3-methanol reagent, as de- 
scribed previously, and analyzed by gas chroma- 
tography using a column temperature of 150 C. 

RESULTS AND DISCUSSION 

Fatty acid composition of testes obtained 
from patients suffering from prostate cancer 
did not  differ substantially from that of testes 
obtained from autopsy specimens. Details of 
these analyses will be published separately. All 
tissue samples individually analyzed contained 
all five of the fatty acids isolated for characteri- 
zation from the pooled tissue. 

The results of the characterization of the 
five polyenes isolated are given in Table I. The 
following relative average amounts were ob- 
tained for these (in per cent of total fatty 
acids): 20:36o6, 5.9; 22:4~o6, 1.3; 22:5co6, 0.5; 
22:56o3, 0.6; and 22:6093, 8.0. The polyenes 
(20:46o6 and 18:2co6) were not  characterized 
because of their known ubiquity. Propanedioic 
acid was observed in the chromatograms of the 
ozonized samples; although most of these prod- 
ucts were lost in the ozonolysis procedure. The 
relative retention times of the native samples 
and of the hydrogenated derivative, the longest 
wave length absorption of the alkaline-isomer- 
ized acid and the fragments obtained on ozon- 
olysis serve to firmly establish the structure of 
these five polyenoic acids. 

Although the presence of 7,10,13,16,19- 
docosapentaenoic acid (22:56o3) has been pre- 
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viously reported in beef and porcine testes (1), 
it has not  been reported in human testes. The 
presence of tiffs member of the a-linolenic acid 
family in human testes is not surprising in view 
of the relatively large amount of 22:6603 in 
human testis, the high probability of a precur- 
sor-product relationship between these fatty 
acids (9) and the substantial amounts of 
22:5603 previously reported in ejaculated hu- 
man sperm (10). The quite small relative 
amounts of 22:5603 and large relative amounts 
of 22:6co3 present in human testes is in strong 
contrast to the large relative amounts of 
22:5603 and small relative amounts of 22:6603 
found by Ahluwalia and Holman (10) in human 
sperm. This may suggest extensive metabolism 
of these fatty acids during the latter stages of 
maturation and transport of sperm. 

It is clear that, unlike the rat testis (2), 
human testis retains very little of its 606 fatty 
acid as the 22-carbon polyenoic acids. One of 
the major polyenoic acids of rat testis is 22:5 
606, and it has been shown that this fatty acid 
accumulates in rat testis during sexual matura- 
tion (2). Unlike the other species (1-3), human 
testis shows preference for the less abundant 
603 family when accumulating 22-carbon poly- 
enes. It appears that these variations are not 
due to dietary differences but are characteristic 
of the species. It  will be of interest to find the 
factors that are responsible for these differ- 
ences. 
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Influence of Vitamin C on Hydroxylation and Side Chain 
Oxidation of Cholesterol in Vitro 

ABSTRACT 

The addition of ascorbic acid (20-160 
pg) to mitochondrial preparations of rat 
or guinea pig liver has no effect upon the 
oxidation of [26-14C]-cholesterol to 
14CO 2. The 7ot-hydroxylation of choles- 
terol by rat liver microsomes is also 
unaffected by addition of ascorbic acid. 
Hydroxylation by guinea pig liver micro- 
somes is increased in the presence of 
ascorbic acid, but the results are not 
statistically significant. 

Ginter (I)  has suggested that the rate of 
conversion of cholesterol to bile acids is corre- 

lated with the concentration of vitamin C in the 
liver. His conclusions are based on experiments 
that demonstrate that guinea pigs with latent 
vitamin C deficiency have significantly higher 
serum and liver cholesterol levels and convert 
less [26-14C]-cholesterol to 14CO2 than do 
control guinea pigs. The output of 14CO2 is 
taken as the measure of bile acid formation. 

If ascorbic acid has a stimulatory effect 
upon bile acid formation, it might be expected 
to exhibit this effect at the rate limiting step in 
the conversion of cholesterol to bile ac ids-7a-  
hydroxylation (2 ) -as  well as at the level of side 
chain oxidation. 

To test this hypothesis we have studied the 
7a-hydroxylation of [1,2-3H]-cholesterol by 

LIPIDS, VOL. 8, NO. 8 



482 

viously reported in beef and porcine testes (1), 
it has not  been reported in human testes. The 
presence of tiffs member of the a-linolenic acid 
family in human testes is not surprising in view 
of the relatively large amount of 22:6603 in 
human testis, the high probability of a precur- 
sor-product relationship between these fatty 
acids (9) and the substantial amounts of 
22:5603 previously reported in ejaculated hu- 
man sperm (10). The quite small relative 
amounts of 22:5603 and large relative amounts 
of 22:6co3 present in human testes is in strong 
contrast to the large relative amounts of 
22:5603 and small relative amounts of 22:6603 
found by Ahluwalia and Holman (10) in human 
sperm. This may suggest extensive metabolism 
of these fatty acids during the latter stages of 
maturation and transport of sperm. 

It is clear that, unlike the rat testis (2), 
human testis retains very little of its 606 fatty 
acid as the 22-carbon polyenoic acids. One of 
the major polyenoic acids of rat testis is 22:5 
606, and it has been shown that this fatty acid 
accumulates in rat testis during sexual matura- 
tion (2). Unlike the other species (1-3), human 
testis shows preference for the less abundant 
603 family when accumulating 22-carbon poly- 
enes. It appears that these variations are not 
due to dietary differences but are characteristic 
of the species. It  will be of interest to find the 
factors that are responsible for these differ- 
ences. 

W.M. GROGAN, JR. 
J.G. CONIGLIO 
R.K. RHAMY 

SHORT COMMUNICATIONS 

Department of Biochemistry and 
Division of Urology 

Department of Surgery 
Vanderbilt University School of Medicine 
Nashville, Tennessee 37232 

ACKNOWLEDGMENTS 

This work was supported in part by Research Grant 
5 RO1 HD 06070 from the U.S. Public Health Service. 

REFERENCES 

1. Holman, R.T., and H.H. Hofstetter, JAOCS 
42:540 (1965). 

2. Davis, J.T., R.B. Bridges and J.G. Coniglio, 
Biochem. J. 98:342 (1966). 

3. Bridges, R.B., and J.G. Coniglio, J. Biol. Chem. 
245:46 (1970). 

4. Bieri, J.G., and E.L. Prival, Comp. Biochem. 
Physiol. 15:275 (1965). 

5. Metcalfe, L.D., and A.A. Schmitz, Anal. Chem. 
33:363 (1961). 

6. Farquhar, J.W., W. Insull, Jr., P. Rosen, W. Stoffel 
and E.H. Ahrens, Jr., Nutr. Rev. (Suppl.) 17(8): 
Part 2 (1959). 

7. Holman, R.T., and H. Hayes, Methods Biochem. 
Anal. 4:99 (1957). 

8. Stoffel, W., JAOCS 42:583 (1965). 
9. Klenk, E., and H. Mohrhauer, Z. Physiol. Chem. 

320:218 (1960). 
10. Ahluwalia, B., and R.T. Holman, J. Reprod. Fert. 

18:431 (1969). 

[ Revised manuscript 
received June 11, 1973] 

Influence of Vitamin C on Hydroxylation and Side Chain 
Oxidation of Cholesterol in Vitro 

ABSTRACT 

The addition of ascorbic acid (20-160 
pg) to mitochondrial preparations of rat 
or guinea pig liver has no effect upon the 
oxidation of [26-14C]-cholesterol to 
14CO 2. The 7ot-hydroxylation of choles- 
terol by rat liver microsomes is also 
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TABLE I 

Influence of Various Levels of Ascrobic Acid 7a-Hydroxylation of [ 1,2-3H]-Cholesterol by 
Microsomes and Oxidation Of [26-14C]-Cholesterol to 14CO 2 by Mitochondria 

of Normal Guinea Pig and Rat Liver 
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Ascorbic  acid, #g 
7a-Hy droxylation, 

p mol/mg protein/min 
[ 26 -14  C ] -Oxidatio n, 

p mol/mg N 

Guinea pig a Rat b Guinea pig a Rat b 

0 
20 
40 
80 

160 

1.10• 4.29• 4.1• 13.5• 
1.21• 4.74• 4.0• 13.2• 
1.61• 4.!4• 3.7• 12.0• 
1.81• 3.96• 3.8• 13.3• 
1.94• 3.50• 3.7• 13.1• 

aAverage of four experiments • SEM. 
bAverage of five experiments • SEM. 

microsomal preparations from rat and guinea 
pig liver and oxidation of [ 26-14C]-cholesterol 
to 14CO2 by suitably fortified mitochondrial 
preparations of rat and guinea pig liver. 

Five rats and four guinea pigs were used. For 
preparation of microsomal enzyme, 6 g liver 
was homogenized in a solution of 0.25 M 
sucrose containing 0.075 M nicotinamide and 
2.5 mM EDTA. Washed microsomes were pre- 
pared according to the method of Shefer et al. 
(3). Typical preparations of rat and guinea pig 
microsomes contained 12.1 and 11.6 mg/ml 
protein (4), respectively. [1,2-aH]-Cholesterol 
(0.5 /lmol; 8.6 x l0  s cpm/gmol),  solubilized in 
Tween 20, was incubated in a 25 ml Eden- 
meyer flask containing potassium phosphate 
buffer, pH 7.4, 0.167 mmol; MgC12, 11 /amol; 
NADP +, 3.0 ~umol; glucose-6-phosphate, 6.0 
/lmol; glucose-6-phosphate dehydrogenase, 5 
IU; and microsomal preparation, 1 ml. The final 
v o l u m e  was 2.4 ml. Ascorbic acid was dissolved 
in buffer and the reaction mixtures contained 
0.1 ml buffer containing 20, 40, 80 or 160 Ng 
ascorbic acid; these levels of ascorbic acid 
correspond to 0.11, 0.23, 0.45 and 0.91 /lmol, 
respectively. This range of concentrations was 
chosen because Ginter (1) found that control 
guinea pig liver contained 8.2 mg ascorbic acid 
per 100 g. The incubation was carried out by 
shaking at 37 C for 30 min. The reaction was 
stopped by the addition of 15 volumes methyl- 
ene dichloride-ethanol 5:1, and the steroids 
extracted and separated by thin layer chroma- 
tography on Silica Gel G according to the 
method of Shefer et al. (5). The 7a-hydroxy- 
cholesterol band was scraped from the plate 
and assayed for radioactivity by liquid scintilla- 
tion spectrometry. 

O x i d a t i o n  of [26-14C]-cholesterol to 
14CO2 was carried out using previously pub- 
lished methods (6,7). 

Incubations were carried out in stoppered 

125 ml Erlenmeyer flasks containing center 
wells. The incubation mixture consisted of 1 ml 
mitochondrial preparation; 1 ml solution con- 
taining adenosine triphosphate (ATP, 25 mg), 
nicotinamide adenine dinucleotide (NAD, 5 
rag), adenosine monophosphate (AMP, 8 rag), 
reduced glutathione (15 mg), sodium citrate 
monohydrate (30 rag), magnesium nitrate hexa- 
hydrate (10 mg), potassium penicillin G (2000 
units) and streptomycin sulfate (1 mg); 5 ml 
labeled substrate ([26A4C]-cholesterol, 0.8 
nmol/incubation, 9.8 x 104 dpm/nmol ) in  0.25 
M tris (hydroxymethyl) aminomethane, HC1, 
pH 8.5; and 5 ml boiled supernatant. 

Incubations were carried out at 37 C for 18 
hr. At the end of this period 2.5 ml of a 1 M 
methanolic solution of Hyamine 10x (p-[diiso- 
b u t y l - c r e s o x y e t h o x y e t h y l ] - d i m e t h y b e n z y l -  
ammonium hydroxide) was injected into the 
center well. The solution was acidified with 1 N 
H 2SO 4 (2.5 ml) and the flasks were shaken for 
3 hr at 37 C to displace t4CO2. The Hyamine 
solution was removed from the center well and 
an aliquot taken for radioactive assay by liquid 
scintillation spectrometry. 

Labeled substrates were purchased from the 
New England Nuclear Corporation (Boston, 
Mass.) and purified by thin layer chromatogra- 
phy prior to use. 

The results obtained in this series of experi- 
ments are presented in Table I. It is evident that 
the addition of ascorbic acid did not affect in 
vitro oxidation of [ 26 -14C] -cholesterol by liver 
mitochondria from either guinea pigs or rats. 
We also compared the oxidation of [1-14C] - 
octanoate (105 nmol per incubation; 7.4 x 103 
cpm/nmol) to 14CO2 by control mitochondrial 
preparations and by reaction mixtures contain- 
ing 80/~g ascorbic acid. The thin layer chroma- 
tography was carried out on Silica Gel G using 
petroleum ether-ethyl ether-glacial acetic acid 
83 : 16:1. The 7a-hydroxylation of cholesterol 
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by liver microsomes was unaf fec ted  by ascorbic 
acid in the rat. In the exper iments  wi th  liver 
microsomes f rom the guinea pig, addi t ion of 
ascorbic acid resulted in increased 7a-hydroxyl-  
ation, but  the differences were no t  significant. 

Guchhai t  et al. (8) found that  catabol ism of 
cholesterol  was decreased in scorbutic  guinea 
pigs. They also repor ted  that  hepat ic  cholester-  
ogenesis was enhanced in scorbut ic  guinea pigs 
and concluded that  the increase in serum and 
liver cholesterol  levels in v i tamin C-deficient  
guinea pigs is due to a combina t ion  of increased 
cholesterol  synthesis and decreased cholesterol  
catabolism. Guchhai t  et al. found that  addi t ion 
of ascorbic acid (1.0 mg) enhanced the conver- 
sion of [4-14C]-choles tero l  to bile acids by 
liver mi tochondr ia l  preparat ions f rom scorbutic  
or pair-fed normal  guinea pigs. The s t imulat ion 
of oxida t ion  was much  greater in the scorbutic 
animals (35 vs. 17% for pair-fed controls) .  

There is no quest ion that  cholesterol  oxida- 
t ion is impaired in guinea pigs wi th  latent  (1) or 
frank (8,9) vi tamin C deficiency and that  
normal  oxidat ion  can be restored by resatura- 
t ion with this vitamin. Al though  there is an 
apparent  discrepancy be tween  our  in vi t ro  
results and the in vivo results of Ginter  (1), it 
should be no ted  that  our  exper iments  were 
carried out  under  condi t ions  strikingly dif ferent  
from Ginter 's .  The present  data are no t  incon-  
sistent with the hypothesis  that  there is a 
correlat ion be tween vi tamin C concent ra t ion  in 
liver and the rate of t ransformat ion  of choles- 
terol to bile acids (1), but  the correlat ion may 
hold only over a l imi ted range of ascorbic acid 
concentrat ions .  It  would  be of interest  to 
explore  this fur ther  wi th  mi tochondr ia l  prepa- 
rations f rom guinea pigs mainta ined at various 

subopt imal  levels of  v i tamin C deficiency,  but  
the present data suggest that  supplementa t ion  
of animals on an already adequate  intake does 
no t  st imulate cholesterol  oxidat ion.  
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Search for Prostaglandin A 1 in Onion 

ABSTRACT 

A fat ty  acid fract ion separated f rom 
yel low onion  has been subjected to thin 
layer chromatographic  techniques,  UV 
and IR  spec t ropho tomet r i c  analyses. This 
sflicic ac id-chromatographed fract ion cor- 
responds to the prostaglandin A 1 frac- 
tion. Prel iminary ident i f ica t ion strongly 
suggests that  this c o m p o n e n t  of  onions 
appears to be a prostaglandin (PGA 1) or a 
prostaglandin-like compound .  

To date, there are no reports  that  prosta- 

glandins have been isolated f rom plant  mate-  
rials. One a t t emp t  has been repor ted  for  a 
search of  prostaglandins in plant  m a t e r i a l -  
wheat  bran (1). However  the ext rac ted  compo-  
nent  was found to be a certain hydroxy-unsatu-  
rated acid, which behaved similarily to prosta- 
glandins. In this invest igat ion a t tempts  have 
been made to characterize a fa t ty  acid f ract ion 
t h a t  c o r r e s p o n d s  to prostaglandin A1 
(15-hydroxy-9-ketopros ta-  10,13-dienoic acid or 
PGA1 ). 

Numerous  plant  materials were screened 
using thin layer chromatographic  techniques  to 
determine if  such materials could  possibly 
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by liver microsomes was unaf fec ted  by ascorbic 
acid in the rat. In the exper iments  wi th  liver 
microsomes f rom the guinea pig, addi t ion of 
ascorbic acid resulted in increased 7a-hydroxyl-  
ation, but  the differences were no t  significant. 

Guchhai t  et al. (8) found that  catabol ism of 
cholesterol  was decreased in scorbutic  guinea 
pigs. They also repor ted  that  hepat ic  cholester-  
ogenesis was enhanced in scorbut ic  guinea pigs 
and concluded that  the increase in serum and 
liver cholesterol  levels in v i tamin C-deficient  
guinea pigs is due to a combina t ion  of increased 
cholesterol  synthesis and decreased cholesterol  
catabolism. Guchhai t  et al. found that  addi t ion 
of ascorbic acid (1.0 mg) enhanced the conver- 
sion of [4-14C]-choles tero l  to bile acids by 
liver mi tochondr ia l  preparat ions f rom scorbutic  
or pair-fed normal  guinea pigs. The s t imulat ion 
of oxida t ion  was much  greater in the scorbutic 
animals (35 vs. 17% for pair-fed controls) .  

There is no quest ion that  cholesterol  oxida- 
t ion is impaired in guinea pigs wi th  latent  (1) or 
frank (8,9) vi tamin C deficiency and that  
normal  oxidat ion  can be restored by resatura- 
t ion with this vitamin. Al though  there is an 
apparent  discrepancy be tween  our  in vi t ro  
results and the in vivo results of Ginter  (1), it 
should be no ted  that  our  exper iments  were 
carried out  under  condi t ions  strikingly dif ferent  
from Ginter 's .  The present  data are no t  incon-  
sistent with the hypothesis  that  there is a 
correlat ion be tween vi tamin C concent ra t ion  in 
liver and the rate of t ransformat ion  of choles- 
terol to bile acids (1), but  the correlat ion may 
hold only over a l imi ted range of ascorbic acid 
concentrat ions .  It  would  be of interest  to 
explore  this fur ther  wi th  mi tochondr ia l  prepa- 
rations f rom guinea pigs mainta ined at various 

subopt imal  levels of  v i tamin C deficiency,  but  
the present data suggest that  supplementa t ion  
of animals on an already adequate  intake does 
no t  st imulate cholesterol  oxidat ion.  
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Search for Prostaglandin A 1 in Onion 

ABSTRACT 

A fat ty  acid fract ion separated f rom 
yel low onion  has been subjected to thin 
layer chromatographic  techniques,  UV 
and IR  spec t ropho tomet r i c  analyses. This 
sflicic ac id-chromatographed fract ion cor- 
responds to the prostaglandin A 1 frac- 
tion. Prel iminary ident i f ica t ion strongly 
suggests that  this c o m p o n e n t  of  onions 
appears to be a prostaglandin (PGA 1) or a 
prostaglandin-like compound .  

To date, there are no reports  that  prosta- 

glandins have been isolated f rom plant  mate-  
rials. One a t t emp t  has been repor ted  for  a 
search of  prostaglandins in plant  m a t e r i a l -  
wheat  bran (1). However  the ext rac ted  compo-  
nent  was found to be a certain hydroxy-unsatu-  
rated acid, which behaved similarily to prosta- 
glandins. In this invest igat ion a t tempts  have 
been made to characterize a fa t ty  acid f ract ion 
t h a t  c o r r e s p o n d s  to prostaglandin A1 
(15-hydroxy-9-ketopros ta-  10,13-dienoic acid or 
PGA1 ). 

Numerous  plant  materials were screened 
using thin layer chromatographic  techniques  to 
determine if  such materials could  possibly 
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TABLE I 

Rf Values and Staining Results of Prostaglandins and Unknown Onion 
Component Corresponding to P G A  1 o n  Thin Layer Chromatographic Plates 

UV light 

Iod ine  
Component Rf a Rf b Rf c Short Long PMA d vapor e CuOAc f 

Onion 
extrac t  0.64 0.71 0.38 ++ ++ + ++++ + 
PGA 1 0.64 0.72 0.38 + + + +++ + 
PGA 2 0.63 0.73 0.31 + + + +++ + 
PGE 1 0.49 0.48 0.21 - - + + + 
PGF2( x 0.32 0.27 0.10 -- -- + + + 

aSilica Gel G thin layer chromatographic plates (chloroform-methanol-acetic acid 
18:2:1 v/v). 

bsilica Gel G thin layer chromatographic plates (ethyl acetate-ethanol-acetic acid 
100:1:1 v/v). 

CSilver nitrate-impregnated plates (chloroform-methanol-acetic acid 18:1:1). 
d10% phosphomolybdic acid in 95% ethanol. 
eThis stain was not used on silver nitrate-impregnated plates. 
f3% cupric acetate in 15% phosphoric acid. 

con t a in  p ros tag landins .  Af te r  th is  ini t ia l  screen- 
ing, on ions  were se lected for  f u r t h e r  s tudies .  
F r o m  this  screening  i t  appea red  t h a t  ye l low 
on ions  (Allium cepa) migh t  be a possible  source  
for  p ros tag land ins  and  the  p ros t ag land in  A 1 in 
par t icular .  Also i t  is k n o w n  t h a t  ce r ta in  p l an t  
mater ia ls  c o n t a i n  the  necessa ry  precursors  of  
p ros t ag land in  f o r m a t i o n ,  such  as l ino lenic  acid 
and  a rach idon ic  acid (2). Final ly ,  the  c o n s u m p -  
t ion  of  on ions  or  o n i o n  ju ice  has been  a h o m e  
r e m e d y  for  the  t r e a t m e n t  of  h igh  b lood  pres- 
sure,  assuming  t h a t  on ions  are capable  of  
lower ing  b l o o d  pressure .  The  lower ing  of  b l o o d  
pressure  is a well  d o c u m e n t e d  p r o p e r t y  of  the  
p ros t ag land in  A's  (3).  

The  m e t h o d  used  for  the  i so la t ion  of the  
l ipid-soluble  f a t t y  acid f r ac t ion  f rom o n i o n  was 
a p rocedu re  used  by  Lee et  al. (4) ,  mod i f i ed  for  
th is  inves t iga t ion .  In  brief ,  the  analysis  used for  
the  sepa ra t ion  of  the  l ip id-soluble  f r ac t ion  in 
on ions  was as follows. The  sample  was homoge-  
n ized  w i th  bu f f e r  an d  the  f ibrous  mate r ia l  
r e m o v e d  by  cen t r i fuga t ion ;  p r o t e i n  was re- 
m o v e d  by  e t h a n o l  p rec ip i t a t ion .  Af te r  concen-  
t r a t i on  the  pH of  the  so lu t ion  was ad jus ted  and  
ex t r ac t i ons  were p e r f o r m e d  wi th  p e t r o l e u m  
ether .  The  p ros t ag land in  f r ac t ion  was f inal ly  
e x t r a c t e d  i n t o  c h l o r o f o r m .  F r o m  a to ta l  of  3.4 
kg  on ions ,  0.8 g c rude  e x t r a c t  was ob ta ined .  
This  r ep r e sen t ed  10 separa te  analyses.  This  
c rude  ex t r ac t  was t h e n  sub jec t ed  to  f u r t h e r  
tests  and  pu r i f i ca t ion  p rocedures :  t h in  layer  
c h r o m a t o g r a p h y ,  b iological  assay and  c o l u m n  
c h r o m a t o g r a p h y .  

The  biological  assay and  the  t h i n  layer  
c h r o m a t o g r a p h i c  p rocedures  were used  to  de- 
t e rmine  i f  th is  c rude  f r ac t i on  of  o n i o n  con-  

t a ined  a c o m p o n e n t  t h a t  m igh t  c o r r e s p o n d  to  a 
PGA. Obse rva t ion  of  b l o o d  pressure  prof i les  on  
p e n t o b a r b i t a l - a n a e s t h e t i z e d  v a g o t o m i z e d  pen to -  
l i n ium- t r ea t ed  rats  w i th  c rude  on ion  ex t r ac t  
and  PGA s tandards  b o t h  i nd i ca t ed  b l o o d  pres- 
sure l ower ing  character is t ics .  

The  t h in  layer  c h r o m a t o g r a p h i c  analyses are 
s u m m a r i z e d  in Table  I. The  resul ts  of these  
studies s t rong ly  ind ica te  t ha t  a c o m p o n e n t  in  
the  c rude  o n i o n  e x t r a c t  co r r e sponds  to  prosta-  
g landin A 1 . 

The  silicic acid c o l u m n  c h r o m a t o g r a p h i c  
pur i f i ca t ion  p r o c e d u r e  has  been  previous ly  re- 
p o r t e d  (5,6) .  The  so lven t  sys tem was benzene-  
e thy l  ace ta t e  of  the  fo l lowing  c o m p o s i t i o n s  
(v/v):  9 :1 ,  4 :1 ,  7 :3 ,  2 :3 ,  1 :4  and  1:9. The  
b e n z e n e - e t h y l  ace ta t e  4:1  f r ac t ion  was t aken  as 
the  one  c o n t a i n i n g  the  p ros t ag land in  A frac- 
t ion.  This  was c o n f i r m e d  by  us ing  t r i t i um-  
labeled  P G A I ,  w h i c h  had  been  added  to on ions  
and  sub jec t ed  to  the  c o m p l e t e  analysis  and  
c o l u m n  c h r o m a t o g r a p h i c  separa t ion .  Scintil la- 
t ion  c o u n t i n g  da ta  clear ly i nd i ca t ed  t h a t  the  
4:1 f r ac t ion  c o n t a i n e d  PGA 1 . 

I t  is k n o w n  t h a t  the  PGA's  have a m a x i m u m  
a b s o r p t i o n  at  217 n m .  Also, w h e n  the  PGA' s  
are t r ea t ed  w i th  base, the  c o r r e s p o n d i n g  PGB is 
p roduced .  The  PGB's  have a m a x i m u m  absorp-  
t ion  at  278  n. Base t r e a t m e n t  and  U V  measure-  
m e n t s  were t aken .  The  a b s o r p t i o n  prof i le  at  
278 n m  in the  b e n z e n e - e t h y l  ace ta te  4:1 
f r ac t ion  clear ly i n d i c a t e d  a c o m p o n e n t  was 
p resen t  c o r r e s p o n d i n g  to  a pros tag landin- l ike  
c o m p o u n d .  Similar  c h r o m a t o g r a m s  are r e p o r t e d  
by  H a m b e r g  and  Samuelsson  (7)  and  Lee e t  al. 
(4). 
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TABLE II 

IR Peak Assignments a 

Peaks reported PGA 1 standard Onion 
(8) component Structure 

3.63 3.39 3.36 Solvent 
3.71 3.47 3.41 CH3, CH 2 
3.78 3.56 3.45 OH 
3.85 3.60 3.53 Solvent 
5.86 5.84 5.82 C=O (ketonic) 
5.88 5.89 5.88 C=O (ketonic) 
6.30 6.30 6.30 C=C 
8.13 7.94 7.82 CH 3 
8.32 8.14 8.24 CH3, COH 
8.33 8.47 8.32 Solvent 
9.80 9.80 9.63 COH, HC=CH (trans) 

13.89 13.84 14.25 CH 

aIn microns. 

The  IR  s tudies  were p e r f o r m e d  on  the  
pur i f ied  PGA 1 f rac t ion  of  the  c rude  on ion  
ex t r ac t  and  were c o m p a r e d  to PGA 1 s t andards .  
Table II s u m m a r i z e s  the  resul ts  o f  these  s tudies .  
F r o m  the s p e c t r u m  of  the  PGA 1 f rac t ion  of  the  
on ion  ex t rac t ,  i t  appears  t ha t  there  is good  
evidence t h a t  this  c o m p o u n d  con t a in s  a m o n o -  
s u b s t i t u t e d  a~6-unsa tura ted  c y c l o p e n t a n o n e  
ring. 

A l t h o u g h  the d e t e r m i n a t i o n  o f  the  exac t  
s t ruc tu re  o f  the  o n io n  f a t t y  acid f r ac t ion  t ha t  
co r r e s p o n d s  to  the  PGA c o m p o n e n t  is n o t  
conclus ive  for  th is  s t u d y ,  the  obse rva t ions  
ind ica te  t h a t  the  p robab le  s t r u c t u r e  o f  the  
f rac t ion  is ve ry  s imilar  to  PGA1 or m a y  be 
ident ica l  to  it. 
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Paraffinic Hydrocarbon Composition of Earthworms 
(LumbHcus terrestris) 
D.W. NOONER and J. ORO, Department of Biophysical Sciences, 
University of Houston, Houston, Texas 77004, and J. CERBULIS, 1 
Department of Biochemistry and Microbiology, Rutgers, The State University, 
New Brunswick, New Jersey 08903 

ABSTRACT 

The paraffinic hydrocarbon fraction of 
the lipids extracted from earthworms 
(Lumbricus terrestris) contains ca. 88% 
n-alkanes and 12% branched alkanes and 
other hydrocarbons. The n-alkanes range 
from C 13 through C33 , and their most 
interesting feature is the even-over-odd 
carbon number  predominance in the 
C 13-C24 range. The nonnormal hydrocar- 
bons consist primarily of monomethyl- 
substituted alkanes. Other hydrocarbons 
that have been identified include the C16, 

1 Present address: Eastern Regional Research Labo- 
ratories, USDA, Philadelphia, Pa. 19118. 

C18  , C19  and C20 isoprenoids and the 
C18 , C20 and C22 n-aikylcyclohexanes. 

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

The previous research (1) showed that the 
earthworms (Lumbricus terrestris) contained 
0.65-3.5% lipids (based on fresh weight). The 
average content of lipids was 1.0-1.5%. Saponi- 
fication of the crude lipid extract yielded 32% 
fatty acids, 25% unsaponifiables and 43% uni- 
dentified. The lipid contained 3% hydrocarbon 
and 16% sterols. Cursory gas liquid chromatog- 
raphy (GLC) of the hydrocarbons showed at 
least 13 components. 

This paper describes the analyses of the 
earthworm hydrocarbon fraction using modem 
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FIG. 1. Gas chromatographic separation of paraffinic hydrocarbons from earthworms (Lumbricus terrestris). 
A. Stainless steel tubing, 152.4 m x 0.051 cm ID, coated with Polysev; Varian 1200 gas chromatograph equipped 
with flame ionization detector; helium flow, 5 ml/min; no split; isothermal at 60 C for 10 min, then prog~amed 
at ca. 2 C/min to 200 C; ca. 6 x 10 -6 g aiiphafic hy~oca~bons injected, range, 10; attenuation, 1. B. Glass 
tubing, 1.8 m x 0.4 cm ID; packed with 5% Dexsil 300 GC on Chromosorb G; Varian 1200 gas chromatograph 
equipped with a flame ionization detector; helium flow, 8 ml/min; no split; prog~amed from 100 to 275 C at ca. 
1 C min; ca. 24 x 10-6-g'of aiiphatic hydrocarbons injected; range, 10; attenuation, 8. 
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TABLE I 

Normal Alkanes Identified by Gas 
Chromatography-Mass Spectrometry 

Carbon no. Relative % 

c13 2.9 
c14 5.0 
c15 2.3 
c16 2.7 
c17 3.2 
c18 3.6 
c19 0.9 
c20 1.4 
c21 2.5 
c22 6.9 
c23 6.2 
C24 6.7 
c25 7.1 
C26 5.7 
C27 6.2 
C28 5.3 
C29 5.9 
C30 2.4 
C31 6.7 
C32 1.1 
C33 3.6 

methods. 

EXPERIMENTAL PROCEDURES 

Paraffinic Hydrocarbon Fraction 

The earthworms (Lumbr icus  terrestris) were 
collected at Boyertown, Pa. Lipid extractions: 
from earthworms and further separation of 
lipids were carried out as described in the 
previous paper (1). The hydrocarbons were 
obtained by fractionation of unsaponifiable 
material from the total lipid extract. The 
chromatographic procedures used (1) insured 
that the hydrocarbon fraction recovered con- 
tained essentiaily on ly  paraffinic hydrocarbons. 

Gas Chromatography and Gas Chromatography-Mass 
Spectrometry 

Aliquots of the hydrocarbon fraction were 
dissolved in benzene or hexane. One to four 
microliters of these solutions were used in 
subsequent analyses. 

Gas chromatographic analyses were carried 
out on a Varian 1200 FID gas chromatograph 
fitted with either a stainless steel capillary 
(152.4 m x 0.051 cm ID) coated with Polysev 
(m-bis-m-[phenoxyphenoxy]  -phenoxybenzene 
obtained from Applied Science Lab., Inc., State 
College, Pa. 16801) or a glass column (1.8 m x 
0.4 cm ID) packed with 5% Dexsil 300 GC 
(polycarborane siloxane obtained from Ana- 

labs, Inc., New Haven, Conn. 96473) on Chro- 
mosorb G. Tentative identification bf the nor- 
mal hydrocarbons was made by comparing the 
chromatograms of the sample with chromato- 
grams of a known mixture of hydrocarbons 
obtained under identical conditions on the 
same instrument. 

Gas chromatographic-mass spectrometric 
(GC-MS) analyses were made using an LKB 
9000 gas chromatograph-mass spectrometer 
combination fitted with a stainless steel capil- 
lary (152.4 m x 0.051 cm ID) coated with 
Polysev or a stainless steel column (1.5 m x 0.2 
cm ID packed with 3% SE-30 on Varaport 30) 
obtained from Varian Associates, Pala Alto, 
Calif. 94303. Compound identifications were 
assigned from spectra taken when separated 
components of the hydrocarbon mixture were 
eluted into the mass spectrometer. 

The relative amounts of individual hydro- 
carbons extracted from earthworms are ex- 
pressed as percentages of the weights of hydro- 
carbons estimated from the areas under the 
peaks of the chromatograms. The weights were 
obtained as follows: 

W i = Ai  wi 
a~ 

where: W i = weight of the ith alkane in the 
injected sample; A i = area of the ith peak of the 
chromatogram of the sample; w~ = weight of 
t h e / t h  alkane in the injected standard; and ai = 
area of t he / t h  peak of the chromatogram of the 
standard. 

RESULTS 

The profiles of aliphatic hydrocarbons ex- 
tracted from earthworms are shown in Figure 1. 
The chromatographic pattern obtained using an 
open tubular column coated with Polysev is 
presented as Figure 1A, the pattern obtained 
with a short packed column employing the high 
temperature phase Dexsil 300 GC as Figure lB. 

Normal Alkanes 

The lipids from earthworms contain 3% 
hydrocarbons (1). About 88% of these hydro- 
carbons are normal alkanes (Table I). The 
normal alkanes range from Cl 3 through C33. A 
distinctive feature of the distribution is the 
predominance of even-numbered-carbon al- 
kanes in the C 13-C24 range. In this range the 
carbon preference index (CPI) (2) is 0.7. 
Normal alkanes occurring in nature most often 
have aCPI "~ 1, e .g ,  in petroleum (3), or > 1, 
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TABLE II 

Methyl-Branched Alkanes Identified by 
Gas Chromatography-Mass Spectrometry 
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Peak designation Carbon Relative 
in Figure 1A Hydrocarbon no. % 

1 4-Methyltridecane C 14 0.3 
2 2-Methyltridecane C 14 1.1 
3 3-Methyltridecane C 14 0.3 
4 2,6,10-Trimethyltridecane C 16 1.0 
5 2-Methyltetradecane C 15 0.5 
6 6- and 7-Methylpentadecanes C 16 0.2 
7 5-Methylpentadecane C 16 0.1 
8 4-Methylpentadecane C 16 0.1 
9 2-Methylpentadecane C 16 0.5 

1 0  3-Methylpenta decane C 16 0.4 
11 2,6,10-Trimethylpentadecane C 18 0.5 
12 6-, 7- and 8-Methylhexadecanes CI7 0.3 
13 4-Methylhexadecane C 17 0.1 
14 2-Methylhexadecane C 17 0.5 
15 3-Methylhexadecane C 17 0.3 
16 2,6,10,14-Tetramethylpentadecane C 19 0.7 
17 6-, 7-, 8- and 9-Methylheptadecanes C18 0.2 
18 4 - M e t h y l h e p t a d e c a n e  C 18 O. 1 
19 2-Methylheptadecane C 18 0.1 
20 3-Methylheptadecane C 18 0.2 
21 2,6,10,14-Tetramethylhexadecane C20 0.5 
22 4-Methyloctadecane C 19 0.1 
23 3-Methyloctadecane C 19 0.2 
24 3-Methylnonadecane C20 0.1 
25 2-Methyleicosane C21 0.3 
26 3-Methyleicosane C21 0.2 
27 3-Methylheneicosane C22 0.1 
28 2-Methyldoeosane C23 0.2 
29 3-Methyldocosane C23 0.1 
30 2-Methyltetracosane C25 0.2 

e.g., in h igher  p lan t s  (4). In  the  C2s-C33 range 
the  o d d - n u m b e r e d - c a r b o n  a lkanes  are p resen t  in  
larger a m o u n t s ,  giving a CPI of  1.9. 

Branched Alkanes 

A b o u t  11% of  the  paraf f in ic  h y d r o c a r b o n s  
are m e t h y l - b r a n c h e d  alkanes.  The  m e t hy l -  
b r a n c h e d  a lkanes  t h a t  have  b e e n  iden t i f i ed  by  
GC-MS are l is ted in Table  II. In  add i t i on  to  the  
m o n o m e t h y l - s u b s t i t u t e d  alkanes,  wh ich  are 
those  typica l ly  f o u n d  in F i sche r -Tropsch  
synthes is  (5 ,6;  Nooner ,  D.W., J. Gi lber t ,  E. 
Gelpi  and  G. Or6,  in p r epa ra t i on ) ,  the  ear th-  
w o r m  h y d r o c a r b o n s  inc lude  the  C16 , C18 , 
C19 and  C20 i sopreno ids  (peaks  4, 11, 16 and  
21, Fig. 1A) and  the  C18 , C 20  and  C22 m o n o -  
cyc lohexy la lkanes  (peaks  a, b and  c, Fig. 1A). 

Mass spec t ra  show t h a t  the  peaks  labeled  
n-C20 , n-C30 and  n-C32 in Figure 1 represen t ,  
in add i t i on  to  the  n o r m a l  h y d r o c a r b o n s ,  sub- 
s tan t ia l  a m o u n t s  of  b r a n c h e d  a l iphat ic  h y d r o -  
carbons .  The  h y d r o c a r b o n  associa ted w i th  n- 
e icosane appears  to  be a h ighly  b r a n c h e d  a lkane 
and  those  associa ted w i th  n - t r i a c o n t a n e  and  

n - d o t r i a c o n t a n e  to  be 2 - m e t h y t n o n a c o s a n e  and  
2 - m e t h y l h e n t r i a c o n t  ane, respect ively.  

By ho ld ing  the  m a x i m u m  t e m p e r a t u r e  of  the  
Polysev-coated  capi l lary at  15 0 C, the  b r a n c h e d  
a lkane associa ted w i th  n-e icosane was resolved 
as a smal l  peak i m m e d i a t e l y  p reced ing  the  
n-eicosane.  The  ra t io  of  n o r m a l  to  b r a n c h e d  
a lkane was ca. 5 :1 .  The  mass s p e c t r u m  of  the  
separa ted  h y d r o c a r b o n  did  n o t  p e r m i t  its un -  
equivocal  iden t i f i ca t ion .  Major  f r agmen t  ions  
were observed  at  m / e  = 127 [C9H19]  +, 239  
[ C 1 7 H 3 5 ]  + and  267 [ C 1 9 H 3 9 ]  +. However  no  
molecu la r  ion  was de tec ted .  

DISCUSSION 

As previously  suggested (1) ,  the  p r imary  
source  of  the  h y d r o c a r b o n s  f o u n d  in ear th-  
worms  is p r o b a b l y  soil humus .  The  leaves of  
p lan ts  t ha t  c o n t r i b u t e  m u c h  to  soil h u m u s ,  e.g., 
pas ture  p lan ts  (7) ,  grasses (8) ,  ha rdwoods . (8 ) ,  
con t a in  relat ively large a m o u n t s  of  h igher  mo-  
lecular  weight  h y d r o c a r b o n s  ( C 2 s - C 3 3 ) i n  the i r  
surface waxes. Tha t  these  h y d r o c a r b o n s  can  
survive and  accumula t e  in  the  h u m u s  is a t t e s t ed  
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by the i r  occu r rence  in soil (8) ,  pea t  (8)  and  sof t  
b rown  coals (9)  w i th  d i s t r ibu t ions  n o t  t oo  
dissimilar  f r o m  those  observed  in the  a fo remen-  
t ioned  p lants .  

The  lower  molecu la r  we igh t  h y d r o c a r b o n s  
(C 13-C24) f o u n d  in e a r t h w o r m s  also p r o b a b l y  
or ig ina ted  in the  soil humus .  However  the i r  
origin c a n n o t  be exp la ined  as readi ly  as t h a t  of  
the  h igher  molecu la r  we igh t  h y d r o c a r b o n s ,  
since t he  even-over-odd c a r b o n  n u m b e r  prefer-  
ence  observed is the  e x c e p t i o n  ra the r  t h a n  the  
rule in na tu re .  Profi les in which  even-num-  
be red -ca rbon  a lkanes  p r e d o m i n a t e  in  m e d i u m  
or low range d i s t r ibu t ion  have been  observed  in 
sheep ' s  wool  (10)  and  R e c e n t  s ed imen t s  f rom 
the  Persian Gul f  (11) .  In  these  cases, bac ter ia l  
mod i f i ca t i on  via ox ida t i on  and  d e c a r b o x y l a t i o n  
of  ex is t ing  a lkanes  (10)  or  r e d u c t i o n  of  even- 
n u m b e r e d - c a r b o n  f a t t y  acids (11)  were sug- 
gested as possible  reasons  for  the  even-num-  
be red -ca rbon  h y d r o c a r b o n  p r e d o m i n a n c e .  

B o t h  of  these  m e c h a n i s m s  m ay  be  opera t ive  
in f o rming  the  even-over-odd c a r b o n  n u m b e r  
fea tures  of  the  n-a lkane  d i s t r ibu t ion  observed  in 
ea r thworms .  There  is a sl ight co r re l a t ion  be- 
tween  the  n o r m a l  a lkanes  and  sa tu ra t ed  n o r m a l  
f a t ty  acids (1)  in the  C13-C24 range,  b u t  i t  is of  
l i t t le  he lp  in se lect ing a m e c h a n i s m  of  hydro-  
ca rbon  fo rma t ion .  We believe the  specific 
h y d r o c a r b o n  d i s t r i bu t ion  observed  in the  
C 13-C24 range is the  resul t  of  mic rob ia l  activ- 
i ty ,  regardless of  the  m e c h a n i s m  t h a t  p roduces  
individual  h y d r o c a r b o n s .  

The  p reced ing  are a t t e m p t s  to  expla in  the  
h y d r o c a r b o n s  f o u n d  in e a r t hw or m s .  Defini t ive 
answers to  ques t ions  regard ing  the  hydroca r -  
bons  f o u n d  in  e a r t h w o r m s  will requi re  addi-  
t iona l  work.  A compara t ive  s tudy  of  ca t t le  (Bos 
taurus) feed (7)  and  feces (12)  showed  t h a t  

h y d r o c a r b o n s  inges ted  passed t h r o u g h  the  ani- 
mal  unchanged .  A similar,  m o r e  extens ive  s tudy  
could  be carr ied o u t  w i th  e a r t h w o r m s  and  
would  cons is t  of  compara t i ve  analyses of  the  
h y d r o c a r b o n s  in e a r t h w o r m s ,  the i r  food,  envi- 
r o n m e n t  and  castings.  A n o t h e r  a p p r o a c h  would  
be to  s tudy  the  h y d r o c a r b o n s  in e a r t h w o r m s  
grown in the  l a b o r a t o r y  u n d e r  con t ro l l ed  condi-  
t ions.  
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Variation with Chain Length in Acute Toxicity of 
Alkylhydroxamic Acids to Salmon (Salmo salar) Fry1 
R.F. ADDISON, Fisheries Research Board of Canada, Marine Ecology Laboratory, 
Bedford Institute of Oceanography, Dartmouth, Nova Scotia, and R.P. COTE, 
Environmental Protection Service, Department of the Environment, 
P.O. Box 2406, Halifax, Nova Scotia 

ABSTRACT 

The acute toxicity of saturated n-al- 
kylhydroxamic acids to salmon (Salmo 
salar) fry was determined. Within the 
s e r i e s  n - C 6 H 1 3 C O N H O H  t o  
n-CloH21CONHOH, acute toxicity (indi- 
cated by death) increased with chain 
length. Shorter and longer chain com- 
pounds were not  toxic under similar 
conditions. Factors governing the varia- 
tion in toxicity with chain length and 
possible mechanisms of action are dis- 
cussed. 

INTRODUCTION 

Fatty acids and some of their derivatives 
such as fatty amines have had applications as 
ore flotation agents (1). Recently a number of 
reports have appeared in the Russian literature 
describing the use of hydroxamic acids as 
flotation agents (2-6). These compounds, of 
structure RCONHOH where R is an alkyl 
group, are prepared by condensation of the 
appropriate carboxylic acid methyl ester with 
hydroxylamine. The flotation agent of this type 
most usually described (IM-50) is a mixture of 
sodium salts of medium chain length hy- 
droxamic acids. 

In an earlier paper (7), we described the 
acute toxicity to brook trout of a similar 
flotation agent used experimentally in Canada. 
This material consisted of a mixture of satu- 
rated hydroxamic acids of medium chain length 
(principally CTHlsCONHOH and C9H19 
CONHOH but with traces of shorter and longer 
chain homologs) prepared from a low boiling 
fraction of coconut oil methyl esters, partially 
neutralized with dimethylamine and suspended 
in isopropanol. Toxicity was attributed to the 
hydroxamic acid (or hydroxamate anion) rather 
than to dimethylamine or to hydroxylamine (a 
potential decomposition product). In the 
course of this work we observed that n-decano- 
hydroxamic acid, tested as its sodium salt, was 
considerably more toxic than the flotation 
agent itself. The possibility that the toxicity of 

1presented in part at the AOCS Meeting, Atlantic 
City, October 1971. 

the hydroxamic acids might vary with chain 
length was investigated as described below. 

EXPERIMENTAL PROCEDURES 

n-Alkylhydroxamic acids ranging in chain 
l e n g t h  from CHaCONHOH to C15H31 
CONHOH were synthesized. Potassium salts of 
C9H19CONHOH and higher acids were pre- 
pared as described by Blatt (8) for benzohy- 
droxamic acid, starting with the appropriate 
methyl ester (purchased from Eastman Kodak 
or K and K Labs., Inc., or prepared from the 
acid [Aldrich] with boron trifluoride-metha- 
nol). The potassium salts were dissolved or 
suspended in water, acidified, and the free acid 
was extracted into diethyl ether. Hydroxamic 
acids of chain length lower than C9H19 
CONHOH were prepared by the method of 
Fishbein et al. (9). All hydroxamic acids were 
recrystallized from ethyl acetate to constant 
melting point. 

The acute toxicity of these compounds t o  
salmon (Salmo salar) fry was determined. Fish 
from 5-7 cm in length were taken from the 
laboratory's stock maintained in fresh water at 
10 C. They were placed at random in groups of 
five in fiberglass tanks containing 10 liters 
continuously aerated fresh water at 10 C and 
allowed to adjust to these conditions for some 
hours before exposure to toxicant. The hydrox- 
amic acids tested were added to the tanks as 
solutions or suspensions in 10 ml isopropanol 
(Fisher, reagent grade) to give final concentra- 
tions in the range 1-100 ppm; an isopropanol 
control was run in all such tests. Tests were also 
carried out on hydroxylamine hydrochloride 
(Baker, reagent grade) and on sodium nitrite 
(Fisher, reagent grade), since hydroxylamine 
and nitrite were remotely possible decomposi- 
tion products of hydroxamic acids (discussed 
further below). Both compounds were adminis- 
tered as solutions in 10 ml water; the hydroxyl- 
amine hydrochloride solution was brought to 
pH 7 by addition of 10N NaOH. Fish were 
inspected at intervals of 15 min during the first 
few hours of exposure, and thereafter at gradu- 
ally increasing intervals. They were not fed 
while under test. Dead fish were removed, and 
the time to death recorded. LT50's (time to 
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TABLE I 

Physical Data for n-Alkylhydroxamic Acids 

Acid 

Melting point, C 

Observed 
Kwater/CCl4, 

Literature 25 C 

CH3CONHOH 90 89-91 a ND b 
C 3H7CONHOH 38 --- ND b 
C5H 11CONHOH 64 64 c 430 
C6H 13CONHOH 73 71.5-72 d 245 
C7H 15CONHOH 79 79 c 16 
C8H17CONHOH 83 81.5-82 d 3.5 
C9H 19CONHOH 88 88 c 0.98 
C 1 oH21CONH OH 92 90 c O. 21 
C 11 H23CONHOH 94 93 c 0.05 
C 12H25 CONHOH 97 -- 0.02 
C 13H27CONHOH 99 99 e ND 
C 15H31CONHOH 104 99 c ND 

a(9). 
bNot determined. 
c(12). 
d(16). 
e(21). 

death for 50% of the test group) were calcu- 
lated by probit analysis (10). 

Dissolved oxygen, pH and hydroxamic acid 
concentration were monitored at 24 hr inter- 
vals, starting 30 roan after the addition of 
toxicant. For hydroxamic acid determinations, 
samples were filtered through Whatman No. 42 
paper, and the filtrates analyzed by the method 
of Nery (11) or, where concentrations were 
sufficiently high, by measurement of the ab- 
sorbance of the Fe +++ complex (9). Standard 
solutions of hydroxamic acids were made up in 
water, or in the case of acids higher than 
C9H 19CONHOH, in 25% isopropanol in water. 
Use of isopropanol facilitated solution of the 
longer chain compounds and did not interfere 
with color development in either method or 
with the oxidation step in Nery's method (11), 
as judged from tests on shorter chain acids. In 
later stages of the work, hydroxylamine and 
nitrite were determined simultaneously with 
hydroxamic acids, using Nery's method (11) 
with oxidation at pH 3.5 and without oxida- 
tion, respectively. All determinations were 
made on a Unicam SP-500 instrument fitted 
with 1 cm cells. 

Distribution coefficients of several of the 
hydroxamic acids between distilled water and 
carbon tetrachloride (Fisher, reagent grade) at 
25 C were estimated by shaking solutions of the 
acid in either solvent with equal volumes of the 
other phase at intervals over 24 hr. Allquots of 
the water phase, and of the carbon tetrachlo- 
ride phase taken to dryness under N 2 and 

redissolved in water or aqueous isopropanol, 
were analyzed by Nery's method (11). 

RESULTS 

Melting points and other analytical data for 
the hydroxamic acids synthesized are shown in 
Table I, together with comparable data from 
the literature. Most observed melting points 
were in good agreement with literature values, 
but reference data were not available for 
C3H7CONHOH and C 12H25CONHOH, and the 
observed melting point of C l s H a l C O N H O H  
differed considerably from the literature value 
(12). Elemental analyses performed on these 
compounds yielded results in good agreement 
with theoretical values. C4H902N--Calculated: 
%C, 46.60; %H, 8.74; %0, 31.07; %N, 13.59. 
Found: %C, 47.18; %H, 8.72; %0, 30.70; %N, 
13.22. C13H2702N-Calculated: %C, 68.12; 
%H, 11.79; %0, 13.97; %N, 6.11. Found: %C, 
68.17; %H, 11.78; %0, 13.34; %N, 6.08. 
C16H3302N-%C, 70.85; %H, 12.18; %0, 11.81; 
%N, 5.17. Found: %C, 71.51; %H, 12.27; %0, 
11.89; %N, 5.21. 

Only those acids in the series C6H13 
CONHOH to C10H21CONHOH were lethal at 
concentrations of  100 ppm or less within 96 hr. 
Graphs of LT50 vs. concentration for each acid 
in the series are shown in Figure 1, and 
parameters computed for a power function 
relationship (y = axb) between these variables 
are summarized in Table II. (All data in Table II 
and Fig. 1 refer to measured concentrations in 
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TABLE II 

Parameters Estimated for Regression of LT50 on Concentration for 
Hydroxylamine and Alkylhydroxamic Acids a 

Compound a b (+-SE) r 

Hy droxylamine 
(free base) 94 -1 .23  -+ 0.17 b --0.99 

C6H 13CONHOH 31303 -1 .61  ( -  1.0) d 

CTH 15CONHOH 222 -0 .86  + 0.35 b,c -0 .93  
C8H 17CONHOH 41 -0 .78  + 0.56b, c -0 .81  
C9H 19CONHOH 15 --0.75 +- 0.15 c --0.99 
C10H21CONHOH 4.8 -0 .31  -+ 0.21 c -0 .88  

aEquation is of form y = ax b, where y = LTSO (hr), x = concentration (ppm), and a and 
b are fitted coefficients. 

b,CSlopes having same superscript are not significantly different (P<O.O5). 

dTwo data points only. 

solution, rather than to concentrations added.) 
Within the series, toxicity increased with chain 
length, as illustrated by the decrease in 24 hr. 
LC50s (concentration in ppm required to pro- 
duce a 50% kill in 24 hr, calculated from the 
data in Table II) with increasing chain length 
were as follows: C6H13CONHOH, 86; 
C7HIsCONHOH, 13.3; C8H17CONHOH, 1.99; 
C9H 19CONHOH, 0.53; CloH21CONHOH, 
0.006. 

Acids lower than C6H 13CONHOH were not  
lethal at concentrations below 100 ppm within 
96 hr. Acids higher than C10H21CONHOH 
added at concentrations of ca. 10 ppm or above 
were also not  lethal within this period, but 
measured concentrations of these materials in 
solution ranged from not  detectable (<0.2 
ppm) to ca. 0.5 ppm. Fish exposed to the toxic 
acids all died in the same manner. Following a 
brief period of apparent excitability, they 
seemed to lose balance, gill movements slowed, 
and they died with the opercula open as if 
death were attributable to asphyxiation. 

The toxicity of hydroxylamine (calculated 
as free base) was less than that of the more 
toxic acids, but still appreciable (Table II, Fig. 
1). Sodium nitrite was of relatively low toxic- 
ity, producing an LT50 of 20 hr at 114 ppm 
(calculated as nitrite ion). No control fish 
(exposed to isopropanol at 1000 ppm) died. 

Throughout the tests, dissolved oxygen lev- 
els were close to saturation, and pH was within 
the range 6.8-7.2. Similar variation in pH was 
observed in the controls. Hydroxamic acid 
concentrations did not  vary appreciably during 
the first 48 hr of test but by 96 hr were 
generally ca. 15-20% below starting concentra- 
tions. The discrepancy could not be attributed 
to decomposition to hydroxylamine or to 
nitrite, as these components did not increase 
above control or blank values. Analysis of 

control solutions showed that hydroxamic acid 
and hydroxylamine were not  present at detect- 
able concentrations and that nitrite was present 
at concentrations below 1 ppm. 

Distribution coefficient measurements (Ta- 
ble I) showed that the acid C9H19CONHOH 
was approximately equally distributed between 
water and carbon tetrachloride, and that 
shorter and longer homologs tended to enter 
the aqueous and organic phases, respectively. 
Estimates of very high and very low partition 
coefficients involved measurements of low 
hydroxamate concentrations and are necessarily 
less precise than intermediate values. 

I(X 
FIG, I 

T~ 

, "%.... 
",x 

CONCENTRATION (PPM) 

FIG. 1. Graphs of  LT50 (hr) vs. concentrations 
(ppm) for toxicity of hydroxamic acids n-C6HI3 
CONHOH to n-C10H21CONHOH towards salmon 
(Salmo salar) fry. Equations describing these curves 
are summarized in Table II. A, C6H13CONHOH; -, 
C 7 H I 5 C O N H O H ;  v , C 8 H 1 7 C O N H O H ;  o, 
C9H19CONHOH; o, CIOH21CONHOH; X, NH2OH. 

LIPIDS, VOL. 8, NO. 9 



496 R.F. ADDISON AND R.P. COTE 

DI SC USSI ON 

The increase in acute toxicity of alkylhy- 
droxamic acids with chain length explains our 
previous observation that the acid C9HI9 
CONHOH was more toxic than a flotation 
agent based on a mixture of ca. 60% C7H15 
CONHOH and 30% C9HIgCONHOH; the dif- 
ference can be ascribed to the presence in the 
mixture of a large proportion of the less toxic 
acid. The data also confirm our previous sugges- 
tion that the toxic component in the flotation 
agent was hydroxamic acid (or hydroxamate 
ion) rather than the possible (although improb- 
able) decomposition products, hydroxylamine 
or nitrite. No hydroxylamine or nitrite was 
detected in test solutions of hydroxamic acids, 
in agreement with the expectation that these 
acids would not  decompose except at extremes 
of pH (I 3). In any case, hydroxylamine was not 
sufficiently toxic to account for the toxicity 
through decomposition of the longer chain 
compounds (CaH17CONHOH to C10H21 
CONHOH); on a molar basis, it was slightly 
more toxic than C7HlsCONHOH but not  as 
toxic as C8HI7CONHOH or higher acids. Ni- 
trite was not  sufficiently toxic to account for 
the toxicity of any of the hydroxamic acids. 

The absence of acute toxicity within 96 hr 
from hydroxamic acids higher than CloH2I 
CONHOH was surprising. Regression of 24 hr 
LC50's (summarized above) on chain length, 
a n d  p r o j e c t e d  to  C l l H 2 3 C O N H O H  , 
C12H2sCONHOH,  CI3H27CONHOH and 
ClsH31CONHOH , showed that these acids 
should have had 24 hr LC50's of 0.04, 0.01, 
0.004 and 0.0005 ppm, respectively. These 
concentrations are well below the minimum 
detectable limit (ca. 0.2 ppm), but possibly not 
below the limit of solubility of these com- 
pounds. Analysis of test solutions to which 10 
ppm C13H27CONHOH or CIsH31CONHOH 
had been added did not show any hydroxamate 
in solution. However analysis of corresponding 
s o l u t i o n s  of the Cl lH23CONHOH and 
C12H2sCONHOH solutions showed apparent 
concentrations of these acids at ca. 0.5 ppm. 
We can only conclude that the latter data 
reflect analytical imprecision at this level, and 
that in general the absence of acute toxicity 
from the longer chain acids reflects their 
insolubility and failure to reach high enough 
concentrations in solution to be effective. 

The slope of the dose-response curve for 
hydroxylamine was significantly greater than 
those of the higher hydroxamic acids (p<0.05; 
Table II), but slopes of the curves for the 
hydroxamic acids did not  differ significantly 
from one another. Although this reflects the 

high variance of the data presented here, it is 
worth noting that similarity in the slopes of 
such curves for various compounds is often 
taken as representing similar mechanisms of 
action (14). In view of their structural similar- 
ity, it would be reasonable to conclude that all 
the hydroxamic acids tested did indeed act in 
the same way. 

An increase in toxicity with chain length is 
not unique to the alkylhydroxamic acids. Simi- 
lar variations in toxicity (and in other forms of 
biological activity) with chain length have been 
observed in the effect of several series of 
compounds on various organisms (15). The 
phenomenon can be explained by the increased 
lipid solubility of the longer chain homologs, 
enhancing their partition into a relatively lipoid 
biophase from the surrounding medium. For 
the hydroxamic acids, the relationship between 
toxicity and lipid solubility was expressed 
quantitatively by plotting the 24 hr LC50 
(see Results) against partition coefficient (Table 
I, final column). A linear equation of the form 
y = 0.3.44x + 2.09 (y = 24 hr LC50, ppm;x  = 
Kwater/CCl4) fitted the data best (r = 0.996). 
It is realized, of course, that to envisage a fish 
in water as a simple biphasic system is a 
considerable simplification. It should also be 
emphasized that the relationship outlined above 
merely described the data, but  does not neces- 
sarily define the processes underlying the toxic 
action of the hydroxamic acids. It suggests, 
however, that the toxicity of the hydroxamic 
acids depends on their being absorbed by the 
fish. The evidence for this is very limited; it is 
based solely on the observation that hydrox- 
amic acid concentration in test solutions fell 
slightly over a 96 hr period. Further work is 
under way to establish whether or not absorp- 
tion of these compounds does indeed occur. 

Assuming that the hydroxamic acids are 
absorbed by the fish, it is of interest to consider 
the physiological basis of their toxicity. The 
literature describes a number of demonstrations 
of biological activity by these compounds; the 
best documented of these is that of urease 
inhibition. Most short and medium chain acids 
are powerful urease inhibitors (16-18). How- 
ever, as this enzyme is probably absent from 
teleosts (as it is from most animals [ 19] except 
as a component  enzyme of the microorganisms 
of the gut flora [18] ), i t  is difficult to explain 
hydroxamic acid toxicity in terms of urease 
inhibition. Hydroxamic acids also have anti- 
fungal and antibacterial activity (12), but the 
mechanisms underlying this form of activity 
have not  been explained; however they appear 
not to be based on urease inhibition. The only 
other form of biological activity that appears to 
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have been reported is carcinogenicity (in the 
homolog C 17 H35 CONHOH [ 20] ) but the short 
LT50's observed in some tests can hardly be 
ascribed to such a process. Indeed, considera- 
tion of the symptoms observed at death and the 
very short LT50's caused by some compounds 
suggests that the mode of action of these 
compounds involves interference with some 
fundamental process such as respiration or 
nervous control. The mechanism remains to be 
established. 
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Studies on in Vitro Peroxidation of Liver Lipids in 
Ethanol-Treated Rats 
M. COMPORTI, A. BENEDETTI and E. CHIELI,  Istituto di Patologia Generale 
dell'Universit~ di Pisa, Scuola Medica, 56100 Pisa, Italy 

A B S T R A C T  

It has been confirmed that lipid perox- 
idation of liver homogenates is increased 
following acute ethanol intoxication. 
Studies with recombined fractions of the 
liver suggest that the cause for the etha- 
nol-induced increase in malonic dialde- 
hyde production is located in the soluble 
fraction. Reduced glutathione content  of 
the liver supernatant is decreased follow- 
ing ethanol intoxication. The decrement, 
however, occurs after the increase in 
malonic dialdehyde production takes 
place. Glutathione reductase and glutathi- 
one peroxidase activities of the liver are 
unaffected by ethanol administration. It 
is suggested that the decrease in reduced 
glutathione content  may reflect a condi- 
tion of increased peroxidation in vivo. 

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

Previous reports (1) showed that peroxida- 
tion of liver lipids, as measured in vitro by the 
formation of malonic dialdehyde (MDA) by 
liver homogenates, is greatly enhanced after 
acute ethanol intoxication. An increase in the 
formation of thiobarbituric acid (TBA) positive 
material also occurs following the addition of 
ethanol in vitro to liver homogenates (1). Both 
effects have been confirmed (2,3), but  the 
mechanism by which ethanol stimulates the 
lipoperoxidation of liver preparations is still 
obscure. 

However possible explanations for such an 
effect brought about by ethanol could be 
offered by the results of some early experi- 
mental reports: (a) the decrease in the lipid 
soluble antioxidant concentration in liver mito- 
chondria following acute ethanol intoxication, 
found by Di Luzio and Hartman (4); (b) the 
enhanced NADPH oxidase activity found by 
Lieber and De Carli (5) in liver microsomes of 
rats fed alcohol for several days; (c) the lowered 
content of reduced glutathione (GSH) reported 
by Takada et al. (2) in whole liver of ethanol- 
treated rats; and (d) the changes in the redox 
state of the liver cell occurring as a consequence 
of ethanol metabolism (change in the NAD/ 
NADH ratio and increase of the reduced pyri- 
dine coenzymes [6,7]).  All these phenomena 
could affect the MDA production by liver 

homogenate, thus accounting for the enhanced 
peroxidation in vitro after ethanol intoxication; 
however in the former two instances the altera- 
tion would be located in the particulate cyto- 
plasmic fractions, whereas in the latter cases the 
cause for the effect brought about by ethanol 
would be in the soluble supernatant. The 
present report describes experiments carried 
out with both isolated and recombined frac- 
tions and clearly shows that the factors by 
which ethanol stimulates the peroxidation of 
liver lipids are to be searched for in the soluble 
fraction of the liver cell. 

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

Female Sprague-Dawley rats (180-220 g), 
maintained on a pellet diet (Piccioni, Brescia, 
Italy) free of preservative compounds, were 
used. After a 14 hr fast, ethanol was given by 
oral intubation as a 50% solution, in a single 
dose of 6 g/kg. Control rats received glucose in 
a dose isocalotic to ethanol. In some experi- 
ments saline controls (receiving saline isovolu- 
metric to ethanol) were also performed. All 
animals were starved after dosing, and killed 6 
hr later unless otherwise stated. 

In the experiments carried out with isolated 
fractions, either mitochondria or microsomes 
were separated from 10% liver homogenates in 
0.25 M sucrose (8). The sedimented fractions 
were washed once in 0.15 M KC1 and resus- 
pended in the same medium to give a concen- 
tration of either mitochondria or microsomes 
equivalent to 100 mg liver per milliliter. 

Since sucrose is known to interfere with the 
TBA reaction (9), liver homogenates were 
prepared in ice cold 0.15 M KC1, when the 
soluble supernatant was desidered in the incu- 
bation system. The microsomal plus superna- 
tant fraction was obtained by centrifuging the 
homogenate at 9000 x g for 12 min (10). The 
"microsomal" fraction and the soluble superna- 
tant were then obtained by centrifuging the 
9000 x g supernatant at 95,000 x g for 60 rnin. 
The so-called mitochondrial fraction was ob- 
tained by removing the nuclei from the whole 
homogenate at 600 x g for 8 rain and then by 
centrifuging the supernatant fluid at 9000 x g 
for 12 min. This fraction contained less than 
one-third of glucose-6-phosphatase activity with 
respect to that found in the "microsomal" 
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TABLE I 

Malonic Dialdehyde Production by Various Liver Preparations and by Cross-Recombined Fractions 
of Liver from Glucose- and Ethanol-Treated Rats, 6 Hours after Ethanol  Adminis t ra t ion  a 

499 

Malonic dialdehyde,  
m/~mol/mg protein 

Incubat ion t ime 

Treatment  Liver preparat ion 60 min 120 min Exper iment  
n o .  

Saline Homogenate  1.65 • 0.10 2.97 + 0.10 5 
Glucose Homogenate  1.72 _+ 0.15 2.89 _+ 0.11 5 
Ethanol  Homogenate  2.86 _+ 0 .4 lb ,  c 4.22 + 0.39f, e 5 

Glucose Microsomes 1.20 + 0.13 2.28 _+ 0.31 3 
Ethanol  Microsomes 0.90 + 0.14 2.26 _+ 0.20 3 
Glucose Microsomes e 22.54 + 1.25 28.37 _+ 1.45 7 
Ethanol  Microsomes e 20.37 + 1.90 26.22 +_ 2.39 7 

Glucose Mitochondria 1.01 _+ 0.15 1.75 _+ 0.21 3 
Ethanol  Mitochondria 0.86 + 0.09 1.82 +_ 0.10 3 
Glucose Mitochondria e 14.88 -2 0.64 20.01 _+ 0.58 3 
Ethanol  Mitochondria e 16.02 +_ 0,19 19.55 +_ 0.39 3 

Glucose Supernatant  0.02 0.02 2 
Ethanol  Supernatant  0.02 0.01 2 

Glucose Microsomes 
3.52 _+ 0.13 5.91 + 0.20 4 Glucose Supernatant  

Ethanol  Microsomes 
4.49 _+ 0.50 d 8.84 +_ 1.22 d 4 Ethanol  Supernatant  

Glucose Mitochondria 
Glucose Supernatant  2.14 _+ 0.27 4.06 + 0.38 6 

Ethanol  Mitochondria 
Ethanol  Supernatant  2.90 _+ 0.22 d 5.67 _+ 0.38 b 9 

Glucose Supernatant  3.36 + 0.51 5.47 + 0.99 3 
Ethanol  Microsomes - - 

Glucose Microsomes 
4.88 +_ 0.23 b 7.60 _+ 0.24 d 3 Ethanol  Supernatant  

Glucose Supernatant  1.75 + 0.22 3.55 + 0.22 5 
Ethanol  Mitochondria - - 

Glucose Mitochon dria 
2.50 • 0.13 f 4.92 _+ 0.42 d 8 Ethanol  Supernatant  

aResults represent mean _+ SEM. 
bp<0.02.  

CSignificantly different f rom both saline and glucose controls. 
dp<0.05.  

e0.4 ~tmol ascorbic acid added to incubation mixture.  
fP<0.01.  

f r a c t i o n .  T h e  s e d i m e n t s  w e r e  r e c o m b i n e d  Wi th  
t he  s o l u b l e  s u p e r n a t a n t  t o  give a c o n c e n t r a t i o n  
o f  f r a c t i o n s  e q u i v a l e n t  t o  100  m g  l ive r  p e r  
m i l l i l i t e r .  

T h e  i n c u b a t i o n  s y s t e m  c o n t a i n e d ,  in  a f i na l  

v o l u m e  o f  4 . 0  m l ,  225  k tmol  o f  K - p h o s p h a t e  
b u f f e r ,  p H  7.4,  a n d  2.5 ml  o f  e i t h e r  t h e  w h o l e  
h o m o g e n a t e  o r  t h e  s u s p e n s i o n  of  c y t o p l a s m i c  

f r a c t i o n s .  I n  s o m e  o f  t h e  e x p e r i m e n t s  c a r r i e d  
o u t  w i t h  i s o l a t e d  f r a c t i o n s  ( w i t h o u t  t h e  s o l u b l e  

s u p e r n a t a n t ) ,  0 .4  b tmol  o f  a s c o r b i c  a c i d  w a s  
a d d e d  to  t h e  i n c u b a t i o n  m i x t u r e .  I n c u b a t i o n  

was  c a r r i e d  o u t  a e r o b i c a l l y ,  a t  37 C. T h e  

a m o u n t  o f  M D A  f o r m e d  w a s  d e t e r m i n e d  as 

previously reported (1,11). (It has been previ- 
ously demonstrated by one of us [ 1] that no 
MDA breakdown occurs under these experi- 
mental conditions and that the concentration 
of MDA in the medium at the end of incuba- 
tion reflects MDA formation.) 

Protein content  of liver preparations was 
d e t e r m i n e d  b y  t he  m e t h o d  of  L o w r y  e t  al. ( 1 2 ) .  

T h e  G S H  c o n t e n t  o f  t h e  l i ve r  s u p e r n a t a n t  

was  d e t e r m i n e d  b y  t h e  a l l o x a n  " 3 0 5 "  m e t h o d  

(13 ) .  
N A D P H  o x i d a s e  a c t i v i t y  was  d e t e r m i n e d  

a c c o r d i n g  t o  G i l l e t t e  e t  al.  ( 14 ) .  
G l u t a t h i o n e  r e d u c t a s e  a n d  g l u t a t h i o n e  per -  
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TABLE II 

NADPH Oxidase, Glutathione Reductase and Glutathione Peroxidase Activities of 
Liver, 6 Hours after Saline, Glucose or Ethanol  Adminis t ra t ion 

NADPH oxidase activity, GSSG reductase activity, GSH peroxidase activity,  
mtzmol NADPH oxidized/  m~amol GSSG reduced/  mtzmol GSSG formed/  

Treatment  min/mg protein a min/mg protein b min/mg protein c 

Saline 5.2 36.2 +- 2.9 501 -+ 36 
Glucose 5.9 40.3 -+ 2.9 537 +- 48 
Ethanol  5.4 35.8 -+ 2.0 575 +- 5 

aResults are mean of two experiments carried out with three pooledlivers. 
bResults are mean of five experiments _+ SEM. 
CResults are mean of three experiments -+ SEM. 

oxidase activities were determined according to 
Pinto and Bartley (15). Since significant 
changes in the latter activity have been shown 
to occur during the oestrous cycle (16), the rats 
were taken in the same oestrous stage (metoes- 
trous). The stage of  the oestrous cycle was 
based on vaginal smears. 

RESULTS AND DISCUSSION 

In agreement with previous observations ( l ) ,  
liver homogenates from ethanol-treated rats 
formed a higher amount of MDA, compared to 
both glucose and saline controls, 6 hr after 
ethanol administration (Table I). The cause of 
the alteration does not  seem to be located in 
either mitochondria or microsomes since these 
fractions, when isolated and incubated both in 
the presence and in the absence of ascorbic 
acid, did not  form a higher amount of MDA in 
ethanol-treated animals with respect to that 
formed by the glucose controls (Table I). The 
soluble supematant of the liver from either 
glucose- or ethanol-treated rats formed almost 
no MDA when incubated without the other 
subcellular fractions. Barber (17) also noted 
that the soluble supernatant alone does not 
produce MDA, whereas the presence of the 
supernatant is essential for MDA production by 
the other subcellular fractions. 

When mitochondria or microsomes were 
recombined with their soluble supernatant, a 
greater MDA production was observed again in 
the ethanol group as compared to the controls 
(Table I). Therefore it seems likely that the 
cause of the ethanol-induced increase in the 
peroxidation of liver lipids is to be searched for 
in the soluble fraction of the liver cell. This 
conclusion is further supported by experiments 
in which either the "mitochondrial"  or the 
"microsomal" fraction from the glucose con- 
trois was recombined with the soluble superna- 
rant from the ethanol-treated rats and vice 
versa. In fact, the addition of the soluble 

supernatant from intoxicated animals to either 
the "mitochondrial"  or the "microsomal" sedi- 
ment from controls increased the MDA produc- 
tion well above the amount formed by the 
samples in which the supernatant from control 
animals and the "mitochondrial"  or the "micro~ 
somal" sediment from ethanol-treated animals 
was present (Table I). 

Therefore it seems that, in our system, the 
nature of either the "mitochondrial"  or the 
"microsomal" fraction is not  a critical factor 
for the extent of the peroxidation, which is, on 
the contrary, affected by the nature of the 
soluble fraction of the liver cell. Thus it appears 
untenable that the ethanol-induced increase in 
the lipoperoxidation of liver homogenates is 
due to a decrease in the lipid soluble antioxi- 
dant content of some cytoplasmic organelles, 
which occurs following ethanol intoxication 
(4). Rather the decrement could be caused by 
the enhanced peroxidation. 

Lieber and De Carli (5) suggested that the 
peroxidation of liver lipids could be stimulated 
by the increased H202 production associated 
with the enhanced NADPH oxidase activity of 
liver microsomes in rats fed ethanol for several 
days. This hypothesis, although highly provoca- 
tive, does not  seem to apply to acute ethanol 
toxicity, since, as shown above, the effect 
brought about by acute ethanol administration 
on liver lipid peroxidation is bound to the 
soluble fraction and not to the microsomes of 
the liver cell. However, to check this point 
further, microsomes from either control (glu- 
cose or saline) or ethanol-treated rats were 
incubated in the appropriate conditions for 
detecting NADPH oxidase activity (14). It was 
found that the amount of MDA formed after 5, 
15, 30, 60, 120 rain of aerobic incubation was 
not different in the various groups of animals; 
nor did an increase in the NADPH oxidase 
activity occur in liver microsomes 6 hr after 
acute ethanol intoxication (Table II). 
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TABLE III 

Malonic Dialdehyde Production by Microsomal Fraction of Liver Recombined with 
Supernatant Heated at 1 0 0  C in Glucose- or Ethanol-Treated Rats, 6 Hours after Dosing 
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Malonic dialdehyde, 
m/~mol/mg protein 

Incubation time 

Treatment Liver preparation 60 min 120 min 

Glucose Microsomes 1.09 2.25 
Glucose Supernatant 

Ethanol Microsomes 2.57 4.88 
Ethanol Supernatant 

Glucose Microsomes 4.33 6.78 
Glucose Heated supernatant 

Ethanol Mierosomes 3.99 6.62 
Ethanol Heated Supernatant 

Microsomes f rom b o t h  glucose- and e thanol -  
t reated rats were also tes ted  in the sys tem used 
by May and McCay (18,19)  for  the enzymic  
pe rox ida t ion  ca ta lyzed by NADPH oxidase.  No 
increase in MDA produc t ion  was found  in the 
e thanol  group. Thus the  enzyme  sys tem tha t  
cont ro ls  the pe rox ida t ion  of  liver l ipids (18-20) 
is no t  changed  by acute e thanol  in tox ica t ion .  
Nevertheless  pe rox ida t ion  could  be af fec ted  by 
the e thanol - induced  changes in the redox  state  
of  pyr id ine  coenzymes  (6,7),  which  results in 
an increased availability of  NADPH in the cell 
sap. 

In order  to  ascertain whe the r  the fac tor  in 
liver superna tan t  of  e thanol - t rea ted  rats tha t  is 
responsible  for  the increased pe rox ida t ion  was 
hea t  labile, an e x p e r i m e n t  was carried out  in 
which  the liver superna tan ts  f rom glucose- or 
e thanol - t rea ted  rats were hea ted  at 100 C for  5 
min and then  r e c o m b i n e d  wi th  their  micro-  
somal fract ions.  Difference in the MDA produc-  

t ion be tween  e thanol -  or  glucose- t reated ani- 
mals was seen no  more  (Table III). However  
these results  are compl ica ted  by the fact  tha t  
heat ing the  soluble supe rna tan t  resul ted in an 
increased MDA produc t ion ,  regardless of  
whe t h e r  the animals had been  e thanol-  or 
glucose-treated.  

The increased MDA produc t ion  by liver 
f rom e thano l - t r ea ted  rats c an n o t  be related to  
the fat  accumula t ion  in the liver cell fo l lowing 
alcohol adminis t ra t ion ,  as suggested by others  
(3), since it was previously shown (1) that :  (a) 
The increase in liver lipid pe rox ida t ion  occurs 
prior  to the increase in liver t r iglyceride concen-  
trat ion.  (b) The pe rox ida t ion  re turns  to  normal  
values when  the  liver tr iglyceride level is at its 
m a x i m u m ,  i . e ,  24 hr  af ter  e thanol  feeding. (c) 
E thanol  s t imulates  the pe rox ida t ion ,  even when 
it is added  in vi tro to liver homogena tes .  

Takada et  al. (2) found  tha t  the GSH 
c o n t e n t  o f  the liver is decreased fol lowing acute 

TABLE IV 

Reduced Glutathione Content of Liver Supernatant and Malonic Dialdehyde Formation by 
Microsome plus Supernatant Fraction of Liver, 2 and 6 Hours after Glucose or Ethanol Administration a 

Malonic dialdehyde, 
m#mol/mg protein 

Hours after Incubation time 
glucose GSH content, 

Treatment or ethanol m~tmol/mg protein 60 rain 120 min 

Glucose 2 35.06 -+ 1.38 (11) 1.94 -+ 0.09 (6) 4.04 + 0.23~6) 
Ethanol 2 31.05 + 2.04 b (11) 2.70 +- 0.08c(6) 5.40 +- 0.21o(6) 

Glucose 6 36.18 -+ 0.81 (6) 1.80 -+ 0.06 (4) 3.98 -+ 0.22 (4) 
Ethanol 6 23.13 + 0.65 c (6) 2.46 -+ 0.22 e (4) 5.0'7 + 0.43 e (4) 

aResults represent mean + SEM. Number of experiments given in parentheses. 
bNot significantly different from glucose controls. 
cp<o.o01. 
dp<o.o02. 
ep<o.05. 
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e thano l  i n tox ica t ion .  Since GSH inh ib i t s  l ipid 
p e r o x i d a t i o n  in l iver m i t o c h o n d r i a  and  micro-  
somes (21 ,22) ,  a decrease in  the  GSH c o n t e n t  
of  the  soluble  f r ac t ion  of  the  liver cou ld  well 
give rise to  an increase  in MDA f o r m a t i o n ,  thus  
exp la in ing  the  e n h a n c e d  p e r o x i d a t i o n  of  liver 
p r epa ra t i ons  c o n t a i n i n g  the  s u p e r n a t a n t  f rom 
e thano l - t r e a t ed  rats. As s h o w n  in Table  IV, the  
GSH c o n t e n t  of  the  soluble  f rac t ion  of  the  liver 
is s ignif icant ly  decreased 6 hr  a f te r  e t hano l  
admin i s t r a t ion ,  thus  c o n f i r m i n g  the  resul ts  of  
Takada  et  al. (2). However  n o  s ignif icant  
decrease in GSH was seen 2 h r  a f te r  the  
admin i s t r a t i on  of  a lcohol ;  never the less ,  at  th is  
t ime,  l ipid p e r o x i d a t i o n  of  the  m i c r o s o m e  plus 
s u p e r n a t a n t  f r ac t ion  is a l ready increased  (Table  
IV). I t  t he r e fo re  seems t h a t  the  lower ing  in 
GSH is n o t  the  cause of  the  e n h a n c e d  perox ida-  
t ion  in acute  e t hano l  tox ic i ty .  Converse ly  the  
decrease in th is  low molecu la r  we igh t  th io l  
cou ld  ref lect  a c o n d i t i o n  of  increased  peroxida-  
t ion  in the  liver cell, since i t  has been  d e m o n -  
s t ra ted  t h a t  GSH inh ib i t s  l ipid p e r o x i d a t i o n  of  
m i t o c h o n d r i a  and  mic rosomes  by  a r eac t ion  
w i th  the  pe rox ide  i n t e r m e d i a t e s  and  t h a t  the  
e n z y m e  involved  (g lu t a th ione  pe rox idase )  cata- 
lyzes the  ox ida t i on  of  GSH by the  f a t t y  acid 
h y d r o p e r o x i d e s  (21-25) .  

This  view is ind i rec t ly  s u p p o r t e d  by  the  fact  
t h a t  n o  s ignif icant  decrease  in the  g lu t a th ione  
reduc tase  act ivi ty  of  the  l iver was f o u n d  6 hr  
a f te r  e t h a n o l  a d m i n i s t r a t i o n  (Table  II) ,  and  
the re fo re  the  lower ing  in the  hepa t i c  GSH 
c o n t e n t  c a n n o t  be re fe r red  to  an e thanol - in -  
duced  i n h i b i t i o n  of  the  e n z y m e  act ivi ty  t h a t  
regenerates  GSH. Also, the  g l u t a t h i one  peroxi-  
dase act ivi ty of  the  l iver is n o t  a l te red  6 (Table  
II)  or 18 hr  a f te r  e t hano l  admin i s t r a t ion .  

G l u t a t h i o n e  perox idase  is bel ieved to play a 
physio logica l  role in  d e c o m p o s i n g  the  hydro -  
peroxides  occur r ing  in the  n o r m a l  l iving hepa to -  
cyte  (23-25) ;  thus  the  c o r r e s p o n d i n g  h y d r o x y  
acids would  be f o r m e d  in the  l iver cell and  
these  c o m p o u n d s  migh t  be easily m e t a b o l i z e d  
(23-25) .  On the  basis o f  this  a s s um p t i on ,  we 
can specula te  t h a t  e t h a n o l  s t imula tes  the  physi-  
ological r ou t e  of  the  p e r o x i d a t i o n  of  l iver l ipid,  
poss ibly  because  of  the  h igher  avai labi l i ty  of  
N A D P H  in the  cell sap. I f  the  pe rox ides  fo rmed  
are qu ick ly  d e c o m p o s e d  by  the  g l u t a t h i one  
perox idase  sys tem,  the  on ly  change  de tec t ab le  
in vivo (in such  a c o n d i t i o n  di rec t  ev idence  of 
pe rox id ized  l ipids has  n o t  been  un ivoca l ly  
ob t a ined  [26-29]  and  t he r e fo re  the  occur rence  
of  l ipid p e r o x i d a t i o n  in vivo a f te r  acute  e t h a n o l  
i n t o x i c a t i o n  is ques t ionab le )  is the  decrease in 

the  GSH c o n t e n t  o f  the  l iver f rom e thano l -  
t r ea t ed  animals.  The  c o n d i t i o n  of e n h a n c e d  
p e r o x i d a t i o n  is thus  d isp layed  only  b y  the  
sys tem in vi tro,  in  which  the  p e r o x i d a t i o n  s tar ts  
a f te r  the  c o n c e n t r a t i o n  of  low molecu la r  weight  
thiols  is decreased  to low levels (21 ,22) .  
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Effect of Ethanol on Plasma Triglycerides in Male and 
Female Rats 
OLLE HERNELL and OWE JOHNSON, Department of Chemistry, Section on 
Physiological Chemistry, University of Ume~, S-901 87 UME~,, Sweden 

ABSTRACT 

A single large dose of ethanol was 
given to fasted rats and to rats fed a 
fat-free diet containing orotic acid. An 
increased plasma triglyceride concentra- 
tion after ethanol feeding was consis- 
tently found in fasted male rats, while the 
results in fasted female rats varied be- 
tween the experiments. The total rate of 
triglyceride secretion into the plasma in 
fasted rats was estimated as the Triton- 
induced hypertriglyceridemia 6-7.5 hr 
after ethanol feeding. The effect of etha- 
nol on the triglyceride secretion from 
extrahepatic sources was estimated in the 
same way in rats, with the hepatic triglyc- 
eride secretion blocked by orotic acid. 
Ethanol enhanced the Triton-induced 
hypertriglyceridemia in both male and 
female fasted rats, but  to a greater extent 
in male rats. Ethanol did not  stimulate 
the extrahepatic triglyceride secretion 
during this period. 

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

Hyperlipemia has often been observed in 
association with human alcoholism (1). Chronic 
feeding of ethanol to rats causes increased 
plasma triglyceride concentrations and an in- 
creased secretion of lipoproteins from the liver 
to the plasma (2). 

Homing et al. (3) reported an increased 
plasma triglyceride concentration in both male 
and female rats 6 hr after a single large dose of 
ethanol, and that the increase was larger in male 
rats than in female rats. These authors sug- 
gested that this increase was due to an increased 
secretion of triglycerides from the liver to the 
plasma. However other reports suggest that 
ethanol does not  influence the triglyceride 
secretion to the plasma and does not  increase 
the concentration of plasma lipids (4,5). It has 
also been reported that ethanol may decrease 
the rate of triglyceride secretion from perfused 
rat livers (6). 

Recently it was reported that the intestinal 
secretion of very low density lipoproteins in- 
creased after ethanol had been given intraduo- 
denally to fasted rats, and it was suggested that 
this was a contributing factor to the ethanol- 
induced increase in the plasma triglyceride 

concentration (7). 
The present investigation is an attempt to 

elucidate the effect of ethanol on the plasma 
triglyceride concentration in fasted male and 
female rats. We have previously studied the 
effects of ethanol on the removal rate of 
chylomicron triglycerides from the plasma (8). 
The present report concerns the effect of 
ethanol on the secretion rate of triglycerides 
into the plasma. The time course of the plasma 
triglyceride concentrations after a single large 
dose of ethanol was followed. The total secre- 
tion of triglyceride into the plasma was esti- 
mated as the Triton-induced hypertriglycer- 
idemia, and the extrahepatic part of the 
secretion was estimated in the same way in rats 
in which the hepatic secretion of very low 
density lipoproteins was blocked by feeding a 
diet containing orotic acid. This was done to 
find out whether the sex difference in the 
plasma triglyceride concentration after ethanol 
could be explained by a difference in the rate 
of secretion of triglycerides to the plasma and, 
if so, to what extent the triglycerides were 
secreted from the liver or from the intestine. 

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

Injection Solution 

Triton WR 1339 (Winthrop Labs., New 
York) was dissolved in 0.9% NaC1 (w/v) to a 
20% (w/v) solution. 

Animal Procedure 

Sprague-Dawley rats (Anticimex, Stock- 
holm, Sweden) of the same age, males weighing 
ca. 170g and females ca. 150g, were used. 
They were kept in an artificially lighted room 
with the lights on 8 A.M.-8 P.M. Until the time 
of the experiments, the rats in experiments 1, 2 
and 4 were fed a standard laboratory diet (AB 
Ewos, Sodertalje, Sweden) ad libitum. In exper- 
iment 3 the rats were given either a fat-free 
semisynthetic diet containing 2% orotic acid or 
the same diet without orotic acid for 7 days ad 
libitum. The diets were essentially the same as 
those used by Windmueller and Levy (9). The 
major constituents of the diets were casein, 
20%; glucose, 70.5%; vitamin-sucrose mixture 
(10), 5%; salt mixture (11), 4%; L-cystein, 
0.3%; and choline chloride, 0.2%. The rats had 
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free access to water throughout the experi- 
ments. 

Experimental Design 

The unanesthetized rats were tube-fed etha- 
nol 6 g/kg body wt as a 38% (v/v) solution in 
water or saline 20 ml/kg body wt (0.9% w/v 
NaC1). Tube-feeding of ethanol or saline was 
always done between 8 and 9 A.M., and 
consequently the triglyceride secretion was 
estimated at the same time of day in all 
experiments. In previous studies the control 
rats have been given a single dose of glucose 
isocaloric to that of ethanol (4,12). We pre- 
ferred to give the control rats saline for the 
following reasons. A glucose dose isocaloric to 
the ethanol dose (6 g/kg body wt) used in the 
present study is probably metabolized within a 
few hours, while the ethanol is metabolized 
during a much longer time period. Thus the 
effects of glucose should be restricted to the 
first few hours after feeding. During these hours 
glucose either does no t  influence (12) or 
decreases (13) the plasma triglyceride concen- 
tration. Glucose also has several other effects 
on lipid metabolism that ethanol has not 
(8,12). To avoid possible difficulties in the 
interpretation of our results, we therefore 
decided to give our control rats saline and not 
g l u c o s e .  

The rats in experiments 1, 2 and 4 were 
fasted for 24 hr before tube-feeding. In experi- 
ment 3 the diets were removed after tube- 
feeding. The rats in all experiments were killed 
by exsanguination via the aortic bifurcation 
under light ether anesthesia. In experiments 2 
and 3 the rate of triglyceride secretion to the 
plasma was estimated as the Triton-induced 
hypertriglyceridemia. Triton WR 1339 is a 
nonionic detergent that blocks the removal of 
triglycerides from the plasma, probably without 
interfering with the secretion of triglycerides to 
the plasma (14,15). The Triton-induced hyper- 
triglyceridemia may therefore be used to esti- 
mate the rate of triglyceride secretion to the 
plasma (15). In experiment 3 erotic acid was 
given in a fat-free diet as described under 
Animal Procedure. Orotic acid selectively 
blocks the hepatic secretion of very low density 
lipoproteins and, consequently, the major part 
of the triglyceride secretion from the liver to 
the plasma (16). The Triton-induced hypertri- 
glyceridemia in rats treated in this way should 
be an estimation of the extrahepatic triglycer- 
ide secretion to the plasma (17). As the erotic 
acid-induced blockage of the hepatic triglyc- 
eride secretion is rapidly reversed when erotic 
acid is withdrawn (9,16), the rats were tube-fed 
ethanol or saline without prior fasting. The rats 

were anesthetized with ether 6 hr after tube- 
feeding and 0.7-1.0 ml blood was withdrawn 
from a neck vein. Triton WR 1339 (50 
mg/100 g body wt) was then injected into the 
same vein. The animals were killed 90 min later. 
The blood was transferred to chilled hepa- 
rinized centrifuged tubes and plasma was col- 
lected after centrifugation at +4 C. Plasma 
lipids were extracted with 20 volumes chloro- 
form-methanol 2:1 v/v. In experiment 4 the 
liver was rapidly removed, rinsed in water, 
blotted dry, cut free of extrahepatic fat, 
weighed and homogenized in 20 volumes chlo- 
roform-methanol 2:1 v/v. Chloroform extracts 
of plasma and liver lipids were prepared ac- 
cording to Folch et aI. (18). 

Analyses 

Lipid classes from liver and plasma were 
separated by thin layer chromatography on 
Silica Gel G (Merck, AG, Darmstadt, Ger- 
many). The plates were sprayed with 0.2% 
(w/v) 2,5-dichlorofluorescein in ethanol, the 
fractions located under UV light and the 
triglycerides scraped off into glass columns and 
eluted with chloroform. Glyceride-glycerol in 
the eluates was determined according to Carl- 
son (19). 

Statistics 

Differences between groups of rats were 
tested using Wilcoxon's rank sum test. Differ- 
ences were considered significant for p-values 
less than 0.05. 

RESULTS 

At 0 hr the plasma triglyceride concentra- 
tion was higher in fasted male than in fasted 
female rats (p<0.01)(Table  I). In the male rats 
the plasma triglyceride concentration increased 
between 0 and 6 hr and between 6 and 13 hr 
after ethanol feeding, and was significantly 
higher than in the corresponding control rats 
both at 6 and 13 hr. In the female rats the 
plasma triglyceride concentration increased in 
both the saline-fed and the ethanol-fed rats 
from 0 to 6 hr. In the ethanol-fed female rats 
the plasma triglyceride concentration continued 
to increase between 6 and 13 hr and at 13 hr 
was significantly higher than in the saline-fed 
controls. In experiment 2 (Table II) the plasma 
triglyceride concentration in the ethanol-fed 
female rats was significantly higher than in the 
controls already at 6 hr; but, also in this 
experiment, it was lower than in the ethanol- 
fed male rats (p<0.05) at 6 hr. 

Triton induced a hypertriglyceridemia in all 
groups in experiment 2 (Table II). This hyper- 
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ETHANOL AND PLASMA TRIGLYCERIDES 

TABLE I 

Effect of Ethanol on Plasma Triglyeeride Concentrations 
in Fasted Male and Female Rats (Experiment 1) 
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Plasma triglyceride 
Time after concentration, #mol]ml a 

Treatment treatment, hr Male Female 

None 0 0.35 +0.03 (10) 0.25 + 0.04 (10) 
Saline 6 0.39 + 0.05 ( 9 )  0.41 -+ 0.04 ( 9 )  
Ethanol 6 0.75 + 0.09 b ( 8 )  0.45 +- 0.04 c (10) 
Saline 13 0.32 +- 0.03 ( 9 )  0.31 +- 0.02 (10) 
Ethanol 13 0.94 • 0.08 b ( 9 )  0.73 + 0.07 d (10) 

aValues are mean + SE. Number of rats in parentheses, p-Values refer to differences be- 
tween a group of rats given ethanol  and the corresponding control  group. 

bp<0.005. 
ep>0.05. 
dp<0.01. 

t r ig lycer idemia  was, however ,  smal ler  in  b o t h  
groups of  male  ra ts  t h a n  in  any  of  the  groups  of  
female  ra ts  (Table  II). Thus  the  ra te  of  tr iglyc- 
eride secre t ion  to  the  p lasma  appears  to  be  
s lower  in the  male  t h a n  in the  female  ra ts  in  the  
fas t ing state.  The T r i t on - induced  hyper t r ig lyc -  
e r idemia  was larger  in  the  e thano l - f ed  t h a n  in 
the  c o r r e s p o n d i n g  sal ine-fed rats  (Table  II). 
This  d i f ference  b e t w e e n  the  e thano l - f ed  and  the  
con t ro l  ra ts  was s ta t is t ica l ly  s igni f icant  in the  
male  bu t  n o t  in the  female  rats ,  and  was also 
larger  in the  male  t h a n  in  the  female  rats.  

In  e x p e r i m e n t  3 o ro t ic  acid was given to  
b lock  the  hepa t i c  sec re t ion  of  very  low dens i ty  
l ipopro te ins .  Rats  fed the  c o n t r o l  die t  n o t  
con ta in ing  oro t ic  acid h a d  h igher  p lasma tri- 
glyceride c o n c e n t r a t i o n s  b o t h  before  and  90  
ra in  a f te r  the  T r i t o n  i n j ec t i on  t h a n  did the  
c o r r e s p o n d i n g  fas ted  rats  in  e x p e r i m e n t  2 
( fas ted  e thano l - f ed  w i th  and  w i t h o u t  T r i t on )  
(Tables  II and  III) .  This  is p r o b a b l y  an e f fec t  of  
the  h igh  c a r b o h y d r a t e  c o n t e n t  of  the  c o n t r o l  
die t  (20) .  In  the  ra ts  given the  con t r o l  die t  and  
tube - fed  e t h a n o l  there  was n o  sex d i f fe rence  in 
the  p lasma t r igtycer ide c o n c e n t r a t i o n  be fo re  
in jec t ion  of  T r i t on  (Table  III).  As in the  o t h e r  
e x p e r i m e n t s  the  T r i t o n - i n d u c e d  increase  in plas- 
ma  t r ig lycer ides  was more  p r o n o u n c e d  in the  
female  t han  in  the  male  ra ts  ( p < 0 . 0 1 ) .  In  all 
groups  fed a diet  c o n t a i n i n g  oro t ic  acid the  
p lasma tr iglyceride c o n c e n t r a t i o n  was m u c h  
lower  b o t h  before  and  a f t e r  in j ec t ion  of  Tr i ton ,  
t h a n  in the  ra ts  fed  a diet  w i t h o u t  o ro t ic  acid 
(Table  III) .  This  ind ica tes  t h a t  t r e a t m e n t  w i t h  
o ro t ic  acid was ef fec t ive  and  shows the  pre- 
d o m i n a n t  role o f  the  l iver as a source  of  p la sma  
tr igiycerides  (17 ,21) .  When the  ra ts  fed an  
o ro t ic  ac id -con ta in ing  diet  and  e t h a n o l  are 
c o m p a r e d  to  the  ra ts  fed the  same diet  and  
saline,  i t  appears  t ha t  the  e thano l - f ed  male  rats  

had  a s igni f icant ly  smal ler  T r i t on - induced  in- 
crease in the  p lasma t r ig lycer ide  c o n c e n t r a t i o n  
t h a n  the i r  sal ine-fed con t ro l s ,  while  this  in- 
crease was smal ler  b u t  n o t  s igni f icant ly  smaller  
in  the  e thano l - f ed  t h a n  in  the  sal ine-fed female  
rats (Table  III).  Thus  e t h a n o l  d id  n o t  s t imula te  
the  e x t r a h e p a t i c  sec re t ion  b e t w e e n  6 and  7.5 h r  
u n d e r  these  e x p e r i m e n t a l  cond i t ions .  I t  is also 
shown  (Table  I I I )  t h a t  the  p lasma t r iglycer ide 
c o n c e n t r a t i o n  be fo re  and  90  rain a f te r  T r i t on  
in jec t ion  was n o t  s ex -dependen t  ( p > 0 . 0 5 )  when  
the  ra ts  had  been  fed  an oro t ic  ac id -con ta in ing  
diet.  Thus  the re  appears  to  be n o  sex d i f fe rence  
in the  ra te  of  ex t r ahepa t i c  t r ig lycer ide  secre- 
t ion.  

TABLE II 

Effect of Ethanol on Triton-Induced 
Hypertriglyceridemia in Fasted Male 

and Female Rats (Experiment 2) 

Plasma triglyceride 
concentration,  pmol/ml a 

Treatment Male Female 

Before injection of Triton 
Saline 0.41 -+ 0.05 (6). 0.30 + 0.03 (5)~ 
Ethanol 0.86 + 0.03 (6) ~ 0.62 + 0.07 (6) ~ 

90 min after injection of Triton 
Saline 3.19 -+ 0.29 5.87 + 0.41 
Ethanol 4.89 -+ 0.18 6.92 + 0.44 

Triton-induced increase 
Saline 2.78 • 0.26 5.56 • 0.39 
Ethanol 4.03 -+ 0.19 b 6.30 :~ 0.45 c 

aValues are mean • SE. Number of rats in paren- 
theses, p-Values refer to differences between a group 
of  rats given ethanol and the corresponding control  
group. Triton WR 1339 was injected iv 6 hr after etha- 
nol feeding. 

hp<o.o05. 
Cp>O.OS. 
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TABLE III 

Effect of Ethanol on Triton-Induced 
Hypertriglyceridemia in Male and Female Rats 

Given an Orotic Acid-Containing Diet (Experiment 3) 

Plasma triglyceride 
concentration, #mol/ml a 

Treatment Male Female 

Before injection of Triton 
Orotic acid diet 

+ saline 0.05 -+ 0.01 (7) 0.06 -+ 0.02 (5) 
Orotic acid diet 

+ ethanol 0.06 -+ 0.02 (7) 0.09 -+ 0.03 (5) 
Control diet 

+ ethanol 1.04 + 0.07 (7) 0.97 -+ 0.28 (5) 

90 min after injection of Triton 
Orotic acid diet 

+ saline 1.54 + 0.10 1.47 +- 0.26 
Orotic acid diet 

+ ethanol 1.21 + 0.11 1.02 -+ 0.11 
Control diet 

+ ethanol 6.89 + 0.36 8.63 + 0.48 

Triton-induced increase 
Orotic acid diet 

+ saline 1.49 + 0.11 1.41 +- 0.27 
Orotic acid diet 

+ ethanol 1.17 -+ 0.11 b 0.93 +- 0.09 
Control diet 

+ ethanol 5.85 + 0.31 7.66 -+ 0.46 

aValues are mean -+ SE. Number of rats in parenthe- 
ses. p-Values refer to differences between a group of 
rats given ethanol and the corresponding saline-fed 
control group. Triton WR 1339 was injected iv 6 hr 
after ethanol feeding. 

bp<0.05. 

DISCUSSION 

In  male  ra ts  e t h a n o l  feed ing  increased  the  
p lasma tr iglyceride c o n c e n t r a t i o n  b o t h  in these  
e x p e r i m e n t s  and  in o t h e r  e x p e r i m e n t s  u n d e r  
ident ica l  c o n d i t i o n s  (O. J o h n s o n  and  O. 
Hernell ,  unpub l i shed ) .  This  e f fec t  of  e t h a n o l  on  
the p lasma tr iglyceride c o n c e n t r a t i o n  in male  
ra ts  has also been  a cons i s t en t  f ind ing  in 
e x p e r i m e n t s  by o thers  (3 ,12) .  In con t r a s t ,  
resul ts  w i th  female  rats  have var ied (3-5,22) .  In 
one of  our  prev ious  ( u n p u b l i s h e d )  e x p e r i m e n t s  
the p lasma tr iglyceride c o n c e n t r a t i o n s  did n o t  
increase  dur ing  the  f irst  16 h r  in  fas ted female  
ra ts  given e thano l .  In a n o t h e r  e x p e r i m e n t  the  
p lasma t r iglycer ide c o n c e n t r a t i o n  was n o t  in- 
creased af te r  6 hr ,  b u t  inc reased  f rom 0.23 -+ 
0.03 to  1.41 -+ 0.31 # m o l / m l  (values are m e a n  -+ 
SE for  six ra ts)  b e t w e e n  6 and  13 hr .  O t h e r  
inves t igators  also f o u n d  n o  such  increase  in 
female  rats  a f te r  e t hano l  feed ing  (4,5). Horn ing  
et  al. (3)  observed  an increase  in p lasma 
tr iglycerides  7-8 hr  a f t e r  e t h a n o l  feed ing  in 
fas ted  female  rats ,  bu t  the  increase  in d i f fe ren t  
expe r imen t s  var ied  b e t w e e n  50  and  300/ . tg /ml .  
I t  t hus  appears  t ha t ,  w h e n  female  r a t s  develop 

an increased  p lasma t r ig lycer ide  c o n c e n t r a t i o n  
as a response  to e t h a n o l  feeding,  t h e y  o f t en  do  
so a f te r  a lag pe r iod  of  several  hours .  This may  
expla in  some of  the  d ivergent  resul ts  previous ly  
r e p o r t e d  (3-5,22) .  However  the re  is also consid-  
erable  va r ia t ion  in  resul ts  f rom appa ren t ly  
similar  expe r imen t s .  I t  may  be t h a t  the  exac t  
n u t r i t i o n a l  and  h o r m o n a l  s ta tes  are very  impor -  
t an t .  Watkins  et  al. (23)  f o u n d  m a r k e d  ef fec ts  
of  es t rogen on  the  o u t p u t  o f  t r iglycer ides  f rom 
per fused  livers der ived f rom ova r i ec tomized  
female rats. Thus  the  es t rous  cycle  in female  
ra ts  m a y  in f luence  the  p lasma t r iglycer ide levels 
via the  l iver t r iglyceride secre t ion .  I t  has also 
been  shown  (14)  t h a t  in  fed  female  ra ts  the  
t ime  of the  day may  in f luence  the  t r ig lycer ide 
secre t ion  in to  the  plasma.  

The  m e c h a n i s m s  respons ib le  for  the  e tha-  
no l - i nduced  increase  in p lasma t r ig lycer ide  con-  
c e n t r a t i o n  mus t  be an increased  ra te  of  t r i g l y c  
eride secre t ion  to  the  p lasma or a decreased 
removal  of  t r ig lycer ides  f r o m  the  p lasma or 
bo th .  I t  has previous ly  been  s h o w n  t h a t  e t hano l  
feeding does n o t  a l ter  the removal  of  tr iglycer- 
ides fo l lowing the  iv in j ec t ion  of  chy lomic ra ,  if  
the  e x p e r i m e n t  is des igned to  avoid the  in te r fer -  
ence  of  increased c o n c e n t r a t i o n s  of  e n d o g e n o u s  
l i popro te ins  (2,8).  The  resul ts  in  the  Tr i ton  
e x p e r i m e n t  (Table  II)  suggest t h a t  e t h a n o l  
feeding s t imula tes  the  secre t ion  of  t r iglycerides  
to  the  plasma,  and  th is  seems to  be the  
m e c h a n i s m  respons ib le  for  the  e t h a n o l - i n d u c e d  
increase in p lasma tr iglyceride c o n c e n t r a t i o n ,  at  
least  in  male  rats.  

The liver is the  ma in  source  of  the  p lasma 
tr iglycerides  w h e n  r e so rp t ion  of  exogenous  fat  
does n o t  take  place (17 ,21) .  However  the  
in te s t ine  secretes  t r ig lycer ides  in  very  low den-  
sity l ipopro te ins ,  even dur ing  per iods  w i th  n o  
r e so rp t ion  of  e x o g e n o u s  fa t  (16 ,17) .  Mistilis 
and  O c k n e r  (7)  in fused  e t h a n o l  i n t r a d u o d e n a l l y  
in male  ra ts  and  observed  an  increased  concen-  
t r a t i on  of  t r iglycerides  in  the  in te s t ina l  m u c o s a  
fo l lowed  by an increased  sec re t ion  of  triglyc- 
er ides i n t o  the  in te s t ina l  l y m p h .  The  p re sen t  
resul ts  f rom T r i t o n  e x p e r i m e n t s  in  rats  w i t h  
b locked  hepa t i c  secre t ion  of  very  low dens i ty  
l i popro te ins  ind ica te  t h a t  e t h a n o l  feeding 
caused an i n h i b i t i o n  of  the  ex t r ahepa t i c  triglyc- 
eride secre t ion  to  the  p lasma in the  male  and  
p r o b a b l y  in the  female  ra ts  b e t w e e n  6 and  7.5 
h r  a f te r  e t h a n o l  feed ing  (Tab le  III) .  Thus  the  
e t hano l - i nduced  increase  in the  p lasma tr iglyc- 
eride c o n c e n t r a t i o n s  (in fas ted  ra ts)  at  th is  
t ime,  i.e., 6 hr ,  was p r o b a b l y  due  to  increased  
sec re t ion  of  t r ig lycer ides  f r o m  the  l iver r a t h e r  
t h a n  f rom the  in tes t ine  to  the  plasma.  As a 
consequence ,  the  h y p o t h e s i s  (6)  t ha t  the  ac- 
c u m u l a t i o n  of  t r iglycer ides  in  the  l iver a f te r  a 
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single large dose of  e t h a n o l  is caused by  a 
decreased  sec re t ion  o f  t r ig lycer ides  f rom the  
l iver to  the  p lasma appears  less l ikely.  

A c o n s i s t e n t  f ind ing  in  these  e x p e r i m e n t s  
was t h a t  the  t r ig lycer ide sec re t ion  i n t o  the  
p lasma was m o r e  rapid  in female  t h a n  in male  
rats. This  con f i rms  a previous  r e p o r t  (14) .  The  
p resen t  resul ts  show t h a t  th is  is due to  a sex 
d i f fe rence  in the  hepa t i c  t r ig lycer ide secre t ion ,  
since there  appears  to  be n o  sex d i f fe rence  in 
the  e x t r a h e p a t i c  t r ig lycer ide  secre t ion  (Table  
III) .  In  a g r e e m e n t  w i th  this ,  Watkins  e t  al. (23) ,  
in  l iver pe r fus ion  expe r i m en t s ,  f o u n d  a more  
rapid  release of  t r iglycer ides  f r o m  livers der ived 
f r o m  female  t h a n  f r o m  livers der ived f rom male  
rats. T h u s  the  t r iglyceride sec re t ion  to  the  
p lasma  is quan t i t a t i ve ly  a more  i m p o r t a n t  
f ac to r  in  the  liver l ipid m e t a b o l i s m  in female  
t han  in male  rats.  

Watkins  et  al. (23)  f o u n d  s imilar  p la sma  
tr iglyceride c o n c e n t r a t i o n s  in  male  and  female  
rats ,  in  spi te  of  a more  rap id  release of  
t r ig lycer ides  f r o m  per fused  livers der ived f rom 
female  t han  f rom livers der ived f rom male  rats.  
They  c o n c l u d e d  t h a t  i t  m i g h t  be  necessary  to 
pos tu l a t e  t h a t  the  u t i l i za t ion  of  very  low 1. 
dens i ty  l i pop ro t e in s  by  e x t r a h e p a t i c  t issues is 2. 
s lower  in  male  t han  in female  rats .  Our  resul ts  
s u p p o r t  this ,  since in the  e thano l - f ed  males  a 3. 
secre t ion  of  t r ig lycer ides  to  the  plasma,  wh ich  
is even s lower  t h a n  in the  sal ine-fed females  
w i th  low plasma t r iglycer ide c o n c e n t r a t i o n ,  4. 
leads to  a h igh  p lasma t r iglycer ide concen-  5. 
t r a t i o n  (Tables  I and  II). F u r t h e r m o r e ,  t h o u g h  6. 
the  ra te  of  t r ig lycer ide sec re t ion  to  the  p lasma  
is h igher  in  the  female  t han  in the  male  7. 
sai ine-fed ra ts  (Table  II),  t he re  is n o t  a h igher  
p lasma tr iglyceride c o n c e n t r a t i o n  in the  female  8. 
ra ts  (Tables  I and  II).  

E t h i o n i n e ,  o ro t i c  acid and  c y c l o h e x i m i d e  9. 
induce  a f a t t y  l iver ma in ly  by  a c o m m o n  10. 
m e c h a n i s m ,  i.e., an  a lmos t  c o m p l e t e  b lockage  
of  the  t r iglyceride sec re t ion  f rom the  l iver to  11. 
the  p lasma (24-26) .  An  obse rva t ion  in f a t t y  12. 
livers i nduced  by  any  of  these  subs tances  is t h a t  13. 
female  ra ts  have a larger increase  in liver 
t r ig lycer ides  t h a n  male  ra ts  (24-26) .  Part  of  the  14. 
e x p l a n a t i o n  m a y  be t h a t  the  t r ig lycer ide secre- 15. 
t ion  f rom the  l i v e r - t h e  p a r a m e t e r  a f f e c t e d - i s  
fas te r  in female  t han  in male  ra ts  in  the  n o r m a l  16. 
s ta te  (14)  (Tab le  II),  and  t hus  is quan t i t a t i ve ly  
more  i m p o r t a n t  in the  liver l ipid m e t a b o l i s m  of  17. 
female  rats. Also in the  acute  e t h a n o l - i n d u c e d  18. 
f a t t y  l iver there  is a larger increase  in the  l iver 
t r iglycer ides  in  female  ra t s  c o m p a r e d  to  male  19. 
rats  (27) .  In a separate  e x p e r i m e n t  ( e x p e r i m e n t  2o. 
4) the  liver t r iglyceride c o n c e n t r a t i o n  increased  

21. 
b e t w e e n  0 and  6 hr  in the  female  rats  f rom 13.0 
-+ 2 .0  to  27.3 -+ 4 .4  and  in the  male  ra ts  f rom 22. 
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6.6 + 0.6 to  11.4-+ 1.6 # m o l / g l i v e r  (values are 
m e a n  + SE for  five or six rats) .  However  u n d e r  
these cond i t i ons  the  l iver t r ig lycer ide sec re t ion  
is inc reased  r a t h e r  t han  decreased.  The  cause of  
the  l iver l ip id  a c c u m u l a t i o n  lies in  some o t h e r  
p a r a m e t e r  (28) .  There  m a y  well be a sex 
d i f fe rence  also in th is  pa rame te r .  In  add i t ion ,  
however ,  t he  increased  secre t ion  of  t r iglycer ides  
f rom the  liver, w h i c h  is more  p r o n o u n c e d  in the  
male  rats ,  helps l imi t  the  l iver l ipid accumu-  
la t ion.  The  sex d i f fe rence  in the  l iver tr iglycer- 
ide a c c u m u l a t i o n  can  t he r e fo re  be expla ined ,  at  
least  in  par t ,  by  the  larger  e t h a n o l - i n d u c e d  
increase  in the  l iver t r ig lycer ide sec re t ion  in the  
male  ra ts  c o m p a r e d  to  the  female  rats. 
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Distribution of trans-6-Hexadecenoic Acid, 7-Methyl-7- 
Hexadecenoic Acid and Common Fatty Acids in Lipids 
of the Ocean Sunfish Mola mola 
S.N. HOOPER, M. PARADIS and R.G. ACKMAN, Fisheries Research Board of Canada, 
Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

Lipids extracted from various tissues 
of four individual sunfish have been 
shown to contain the trans-6-hexa- 
decenoic acid previously reported for 
marine turtles, a metridium and a jelly 
fish, and also the 7-methyl-7-hexadec- 
enoic acid recently isolated from one 
sunfish liver oil sample. The other fatty 
acids present were qualitatively typical of 
marine lipids in general. Unusual quanti- 
tative details included high percentages of 
18:0 and 20:4606, which are also found 
in the Atlantic leatherback turtle and 
presumably linked to a similar diet of 
jellyfish and to other common factors. In 
a sample of lipids from intestinal contents 
trans-6-hexadecenoic acid was found to 
be the predominant C16 monoene, and 
was accompanied by comparatively large 
amounts of the 7-methyl-7-hexadecenoic 
acid. This observation and other fatty 
acid details are compatible with an exog- 
enous origin for these acids and jellyfish, 
etc., as a predominant dietary material 
for the ocean sunfish. 

I NTRODUCTION 

Jellyfish have been reported to be dietary 
factors common to the leatherback turtle 
Dermochelys coriacea coriacea (L) and the 
ocean sunfish Mola mola (L) (1,2). Our interest 
in marine food chains led us to carry out an 
analysis of lipids from a single specimen of 
sunfish caught in the summer of 1969 off the 
Nova Scotia coast. Three additional sunfish 
were caught in the summer of 1971 to confirm 
our early results, because of unnusual features 
of fatty acids and the dearth of accurate 
biological data. Thin layer chromatographic 
(TLC) and gas liquid chromatographic analysis 
of these lipids for trans-6-hexadecenoic acid 
(t-16:16o10) led to the discovery of 7-methyl- 
7-hexadecenoic acid (7-M-16: lw9)as  a signifi- 
cant and unusual component,  which was iso- 
lated for study from liver lipid (3). (The 
shorthand notation of chain length: number of 
double bonds and position of the double bond 
relative to the terminal methyl group is conve- 

niently supplemented with the prefixes t for 
trans and 7-M for 7-methyl.) 

Wi th  the  benef i t  of hindsight, the 
7-M-16:16o9 acid probably also appears as a 
minor ( < < 1 % )  component in the fats of 
marine turtles (4), a metridium (5), a jellyfish 
(6) and perhaps in other analyses where it has 
been reported as tentatively identified 16: 2606, 
which would usually fall in about the same 
position. 

In one of these fish the intestinal content  
was successfully extracted and the presence of 
both unusual fatty acids lends credence to our 
belief that their origin is dietary for the sunfish 
and probably for the leatherback turtle (4). 

EXPERIMENTAL PROCEDURES 

Samples and Lipid Recovery 

Sunfish 1969-1 was caught in a tuna trap off 
Queensland, N.S., on July 25, 1969, trans- 
ported to the Halifax Laboratory of the Fisher- 
ies Research Board, and frozen the same day. 
This specimen weighed ca. 60 kg and was male. 
On August 4th the fish was dissected after 
being allowed to thaw overnight. Tissue samples 
were taken as follows: the white collagenous 
subdermal material (WCSM), 2-5 cm in thick- 
ness in our specimens; a thin "fat ty" fibrous 
layer found between this layer and the muscle; 
white muscle; dark muscle; and a portion of the 
liver. 

All 1971 sunfish were female with no overt 
gonad development. Details were: Sunfish 
1971-1 weighing 190 kg, was caught off 
Crouchers Island, N.S., on July 2, 1971. It was 
dissected in the field the same day. Samples of 
the liver and white muscle were analyzed for 
fatty acid content. Sunfish 1971-2 was caught 
off Eastern Passage, N.S., July 29, 1971, and 
weighed 90 kg. Samples of white muscle and 
liver were taken. Sunfish 1971-3 was caught in 
St. Margaret's Bay and was taken to the F.R.B. 
facilities at Boutiliers Point Biological Station 
on August 18, 1971. Total weight was ca. 150 
kg. Samples obtained included liver and intes- 
tinal contents. 

Sunfish 1969-1 

The lipids were extracted by the method of 
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Bligh and Dyer (7) and, with the exception of 
those from the thick white collagenous layer 
were separated on a scale of 100-500 mg into 
phospholipids, triglycerides and "other" or 
on a 25 x 400 mm column of Dow styrene- 
divinylbenzenecopolymer beads (X2, 200-400 
mesh) eluted with benzene (8,9). Esters were 
prepared by transesterification of these frac- 
tions using 7% BF3-methanol and refluxing for 
30-45 min. The total lipids from the WCSM 
were saponified following AOCS Method Ca- 
6b-53. The recovered fatty acids were con- 
verted to methyl esters by refluxing briefly 
with BF3-methanol. 

Sunfish 1971-1,2,3 

The lipids from the flesh and liver samples 
were extracted by the method of Bligh and 
Dyer (7), and the flesh lipids separated into 
phospholipid and triglyceride fractions on the 
gel column. The liver lipids, a clear yellow oil in 
each case, were found by TLC to be mainly 
triglyceride. These were purified by gel chroma- 
tography, and saponified by AOCS Method 
Ca-6b-53. The fatty acids were recovered and 
converted to methyl esters by refluxing with 
7% BF3-methanol. 

The intestinal contents were a milky fluid. 
Lipid was extracted by shaking with petroleum 
ether. The emulsion formed was centrifuged 
and the clear upper layer decanted and dried 
over Na2SO 4. TLC of the recovered lipid 
showed small amounts of phospholipids, free 
sterol, triglycerides and sterol esters, and a large 
amount of free fatty acid. The sample was 
saponified as above and the fatty acids purified 
by preparative scale TLC on Prekotes (Adsorbo- 
sil 5, from Applied Science Lab.) eluted by 
hexanes-diethyl ether-acetic acid 70:30:1. The 
recovered acids were esterified as described for 
sunfish 1969-1. 

Analyses of samples 

GLC analyses of all esters were carried out 
on 150 ft open-tubular capillary columns 
coated with butanediolsuccinate polyester 
(BDS) in Perkin-Elmer Model 226, 900 or 990 
GLC apparatus as previously described (4,10). 
The presence of t-16:1~o10 acid was confirmed 
by preparative scale TLC on silver nitrate-silica 
plates (Supelcosil 12D) developed with n- 
hexane-benzene 1:1. Analyses of both total 
esters and the monoene fractions from TLC 
were carried out on Apiezon columns to con- 
firm the presence of the two unusual acids (11). 
Quantitation based on Disc Instruments Inc. 
integrators may have had total errors of the 
order of -+5% for major (>10%) components, 
�9 +10% for moderate scale (1-9%) components, 

or as much as +30% for minor (<1%) compo- 
nents. A portion of each ester sample was 
hydrogenated and analyzed qualitatively and 
quantitatively as a check on correction factors 
in the total analysis. The presence of 7-methyl- 
7-hexadecenoic acid in the 1971 sunfish had 
previously been demonstrated in detail (3). 

RESULTS AND DISCUSSION 

The first sunfish examined (1969-1) had a 
rather lean liver compared to the sunfish livers 
extracted in 1971 (Table I). However the liver 
oils of all four fish when fractionated on the gel 
column were found to be >95% triglyceride. 
The first fraction to elute, %2%, was considered 
to be phospholipids, and TLC showed the 
remaining 2% to be made up of free fatty acids 
and sterol esters with the properties of choles- 
terol esters. 

The dark muscle lipid on TLC examination 
contained a large spot for free fatty acids. It 
may have been partially hydrolyzed during 
frozen storage (9), and the lipid fatty acid 
results are not included in Table I. Similarly the 
results of the phospholipid analysis of the liver 
have been omitted as possibly misleading as to 
their original fatty acid compositions. These 
two tissues exhibit more enzymatic activity 
towards lipids than the white muscle. The fatty 
acids for dark muscle total lipid were basically 
similar in composition to the white muscle 
triglyceride results of Table II. The so-called 
"fibrous layer" was initially thought to be a 
fatty membrane layer between the WCSM and 
white muscle, but this proved rather lean (0.3% 
lipid, of which 38% was recovered as triglyc- 
erides and 49% as phospholipid). The WCSM 
referred to above is the white collagenous layer 
between 2 and 5 cm in thickness, which 
surrounds the visceral organs but has no obvi- 
ous function (12). This material emulsified 
severely during the Bligh and Dyer extraction 
and the CHC13 layer yielded only 0.02% lipid. 
TLC indicated mostly polar lipids. The low 
proportion of trigiyceride in this lipid (Table I) 
suggests that the lipid is natural to this tissue 
and not  contamination from adjacent tissue. 
However the lipid may have been localized in 
nerves or other specialized inclusions rather 
than part of the bulk of the tissue. Both 
chemical and histological analyses confirmed 
that this material was mainly collagen (D.H. 
Shaw, P.H. Odense, private communications). 

The fatty acid analyses of the lipids from the 
various sunfish tissues (Table II) include all the 
major and minor fatty acids found in lipids of 
other higher marine species that we have 
analyzed, e.g., cod liver oil (10), and the two 
unusual fatty acids previously reported (3,4). 
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TABLE I 

Lipid Recoveries from Samples and from Gel Chromatography of Lipid Extracts 
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Sunfish Sample % Lipid % Triglycerides % Phospholipids % "Other" 

Sunfish 1969-1 Liver, 4.2% of fish 31.9 96.2 1.8 1.5 
Dark flesh 1.21 42.7 51.2 8.6 
White flesh 0.48 32.8 59.5 8.2 
Fibrous Layer 0.30 38 49.2 12.4 
White collagenous 

layer .02 < 10 > 80 %10 

Sunfish 1971-1 Liver, 3.2% of fish 44.3 >95 >2 %3 
White flesh 0.73 58 20.8 N.D. 

Sunfish 1971-2 Liver, 5.0% of fish 56.0 >95 >2 "v3 
White flesh 0.22 36 60 N.D. 

Sunfish 1971-3 Liver 42.0 >95 <2 "x,3 
Intestinal content N.D. >75% free fatty acids remainder phospholipids, 

mono-, di- and tri-glycerides. 

The percentages of t-16:16010 and 7-M-16:16o9 
show a parallel relationship in all samples. For 
example in the four liver oils (Table II), the 
ratios t-16:16010 to 7-M-16:1609 were 1.12, 
1.20, 1.12 and 1.27. In the intestinal content  
and WCSM, where both values are unusually 
high, these ratios are 1.05 and 1.26, respec- 
tively. This constant value for the two unusual 
fatty acids in four different fish indicates that 
these are both normal components for the 
ocean sunfish, and as the t-16:16010is thought 
to be exogenous in origin the same origin may 
be inferred for the 7-M-16: 1609. 

An unusual feature in two of the four 
individuals (sunfish 1969-1 and sunfish 1971-3) 
is the ratio in all lipids of 22:16011 + 
13<22: 1609. The normal proportion for marine 
oils containing these acids is 22:16011 + 
13~22: 1609. This peculiarity in two animals is 
observed not only in the liver oil, where these 
depot-type acids are important,  but also in the 
rest of the lipids, including phospholipids. 
Other monoethylenic acids do not show a 
comparable distribution of related isomers. 
However 20:1607 nearly equal to 20:1609 in 
1969-1 and 1971-3 is also novel, and the 
proportion of 20:1607 in the 20:1 isomers is 
higher than is found in depot fats of most 
higher marine animals, e .g ,  4,10,13-16, except 
data in some analyses of marine turtles, where 
parallels may be found (4).Our jellyfish studies 
(6,8) provide clear evidence for 20:1607 
20:1609 and 22:1609 > 22:160 11 + 13. 

The most common fatty acids (Table II) 
have some interesting features. For example the 
saturated acids show the minor component  
distribution pattern usual for marine lipids 
from higher animals; but 18:0 in the liver oil is 
undoubtedly at least twice the percentage 
usually found i n  marine animal triglycerides, 

although not exceptional for phospholipids. In 
the opinion of the authors, 20:0 is also a more 
obvious component  in the sunfish liver oils, 
perhaps aobut twice the percentage commonly 
observed in other fish depot fats; but less 
importance should be attached to this because 
of the possible errors in GLC quantitation of a 
component of this magnitude. The saturated 
acids as percentages of totals in the four liver 
oils are quite surprisingly uniform at 31, 31, 28 
and 30%, whereas the total usually observed in 
marine oils is 20-25% of fatty acids. 

Considering the size of the animal, the 
thickness of the integument and the propensity 
for basking on the ocean surface, the level of 
18:0, etc., in the liver oil might suggest an 
internal body temperature above ambient such 
as observed (17) in the leatherback turtle, an 
animal of comparable size and behavior pattern. 
The iodine values calculated for the fatty acids 
of the white muscle phospholipids, 168 and 
188 (Table II), are quite low, as 200-220 would 
be expected for fish muscle phosphotipid fatty 
acids (18). One interpretation would be to 
associate this also with a higher body tempera- 
ture, but comparative data for fish muscle are 
lacking. The presence of 20:4606 in lieu of 
20:5603 or 22:6603 accounts for only 5-10 IV 
units of this difference, which otherwise is due 
to generally low levels (25-30%) for the total of 
20:5603 + 22:6603. This total is usually 35-45% 
in Atlantic fish muscle phospholipids, and it 
would seem possible that the proportions of the 
603 acids in the ocean sunfish phospholipids 
reflect functional differences, while the w6 
acids reflect dietary influences. 

Among the polyunsaturated fatty acids of 
the liver oils, the 606 or linoleic group is 
unusually :mportant  for marine fish depot fats, 
but mostly in the form of 20:46o6-another  
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TABLE III 

Chain Length Percentages of Triglyceride Fatty Acids as Determined on Hydrogenated Samples 

Fatty acid 

1969-1 1971-1 1971-2 1971-3 
Liver White  muscle Fibrous layer Liver oil White muscle Liver White muscle Liver 
TG TG TG TG TG TG TG TG 

14:0 1.8 .5 .8 5.7 .9 5.1 1.4 2.3 
16:0 26.5 25.9 17.8 24.4 20.0 26.2 19.9 25.6 
18:0 28.6 23.9 28.1 23.7 27.1 23.5 23.8 30.8 
20:0 11.7 17.9 17.5 20.7 17,6 19.3 24.7 16.6 
22:0 18.2 23.1 29.6 25.9 29.5 21.0 21.8 17.5 

feature shared with leatherback turtle oils (4) 
and also potentially linked to jellyfish (6,8). (In 
Table I of Reference 6, for 20:1666 read 
20:4606.) The 22:5666 is also unusually high in 
these oils, but may be linked to the fact that 
22:5603 is nearly half of 22:6603 rather than to 
the accumulation of 20:4666. In our experience 
with fish liver and depot oils, a 1:10 or 1:5 
ratio for 22:5603 and 22:66o3 would be normal. 
The possible biochemistry of higher propor- 
tions of 22:5663 in marine mammal oils has 
been discussed elsewhere (15). Thus, in the 
C22 > C20 relationship for total chain lengths 
(Table III), there is an indication of conditions 
favoring chain extension to the C22 polyeth- 
ylenic acids, but not necessarily 22:6603. 

Table III summarizes the overall composi- 
tional relationships among the four samples of 
liver trigiycerides and also suggests that the 
white muscle triglycerides, with the exception 
of the C14 acids, resemble the corresponding 
fiver triglyceride in fatty acid composition. In 
some fatty acids (1971-1, 1971-2) there are 
indications that the muscle triglycerides are also 
related to the phospholipids in composition. 
For example percentages for 18:0, 20:4666, 
20:56o3 and 22:5603 are intermediate (Table 
II). This type of organ or tissue specific 
association has been noted elsewhere, i.e., in 
seal lipids (19). 

The white muscle phospholipids had fatty 
acid compositions that were slightly abnormal. 
The total for the linolenic series acids 20:5603 + 
22:5603 + 22:6663 is usually 35-45% in compa- 
rable muscle phospholipids recovered from 
freshly killed marine fish or from those samples 
kept under ideal frozen storage conditions for 
short periods (9,14,16,18,20). The totals of 
these acids for sunfish 1971-1 and 1971-2 were 
27.9% and 30.7%, but inclusion of the linoleic 
series acids 20:4606 and 22:5606 raises these 
totals to  35.3% and 40.8%, respectively, accept- 
able as normal values. This indicates that the 
two linoleic acids replace the acids of the 
linolenic acid series and are not extra to a 
normal percentage of the latter. Confirmation 

that these analyses are valid representations of 
original compositions is provided by an analysis 
carried out by J.C. Nevenzel (see also below), 
which gave 43% of C2o and C22 polyunsatu- 
rated fatty acids from total muscle phospho- 
lipids. From the total lipid these phospholipids 
were estimated as 22.6 + 4.7% phosphatidyl- 
choline and 9.5 + 0.1% phosphatidylethanol- 
amine. These proportions are generally ob- 
served in fish muscle (20). The four sunfish 
studied were all dead when examined by 
laboratory staff and adverse sample handling, 
including prolonged thawing of a whole fish 
(1969-1) or frozen storage of other samples 
(1971), would favor lipid hydrolysis (9,21,22). 
This process especially degrades phospholipids, 
not always equally (23), although this may not 
be obvious from liberated fatty acids (21,22). 
Triglycerides are also affected and may account 
for the low lipid recovery for white muscle 
sample 1971-2 (Table I). We believe that the 
fatty acid compositions of Table II for phos- 
pholipids from white muscle are possibly from 
mildly hydrolyzed phospholipids but are sub- 
stantially correct. 

The respective fatty acid compositions of 
the two lipids from the "fibrous layer" (Table 
II) do not show features that could be paralleled 
exactly in other isolated lipids. This type of 
layer may be a fascia layer, as indicated by the 
tough fibres observed and by the low lipid 
content. The superficial appearance of fat was 
evidently misleading, and other types of soft 
lubricious tissue may have been present. The 
WCSM, with virtually no recoverable lipid, 
cannot be discussed in detail, but the low 
proportions of 20:1 and 22:1 acids indicate that 

t h e  lipid is cellular or membrane in origin 
(compare phospholipids). The IV of 122 calcu- 
lated from the GLC analysis of total lipid 
methyl esters of fatty acids was the lowest of 
any tissue examined (Table II). Proportions of 
t-16:16010 and 7-M-16:1609 acid were unusu- 
ally high, with t-16:16610 the predominant C16 
monoene. These acids may have been associated 
with similar high proportions of 14:0 and 16:0 
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for reasons of similarity of chain length and 
physical behavior. 

The concentration of fat in the liver of the 
ocean sunfish is not  unusual. The common cod, 
Gaduas morhua,  also has mostly white muscle 
containing ca. 0.75% lipid and the fat reserves 
are concentrated in the liver, which is 2-4% of 
the weight of the fish and 30-60% fat. Moreover 
the normal IV of 150-160 for cod liver oil is 
comparable to that of the Mola mola liver oils. 
Unlike the cod, the ocean sunfish has no swim 
bladder (24), but there is no evidence from the 
type of lipid in the liver that lipid is a factor in 
controlling buoyancy. 

The habit of the ocean sunfish of basking on 
the ocean surface and some folklore of thera- 
peutic properties of the liver oil in topical 
administration to man and animals led us to 
consider the vitamins in this oil. The Labora- 
tory of the Government Chemist, London, 
U.K., examined the liver oil from specimen 
1972-2 and found 180/~g/g of a-tocopherol but 
only traces of  vitamin D. We are therefore 
inclined to discount that any such properties 
for this oil could be due to fatty acids or 
oil-soluble vitamins. However relatively short 
chain monoethylenic fatty acids are alleged to 
have therapeutic properties (25), and unknown 
properties might be conferred by 2-3% of 
t-16:16010 or 7-M-16:1co9. Our iodine values 
for liver oil of 136-153 compare with 151.8, 
and unsaponifiable content  of  1-3% with 3.2%, 
for oil from a Pacific specimen (26). 

Gel chromatography of the lipid from the 
white muscle of fish 1969-1 yielded 8.2% of 
"o ther"  lipids. There were not investigated in 
detail but the refractometer trace indicates that 
free sterol and sterol ester were important 
components. An older report (26) gives 24% 
unsaponifiable material in muscle lipid of io- 
dine value 102.7 (presumably badly oxidized). 
This report led J.C. Nevenzel (private communi- 
cation) to examine the unsaponifiables in the 
muscle lipid from a small Pacific Mola mola. 
The lipid included 14% free sterols (92% 
cholesterol by GLC), traces of hydrocarbons 
and a few per cent of probable wax esters. 
Otherwise the lipid sample composition was 
30-40% phospholipid, 8% triglycerides and 23% 
free fatty acid (see Table I and discussion 
above). 

The diet of the ocean sunfish includes 
shallow water bot tom invertebrates, (27) but 
otherwise is fairly obscure. In addition to 
jellyfish (1,2,27), deep sea fish (of which some 
probably move near the surface at night) and 
seaweeds have been mentioned. Our examina- 
tion of two fish showed empty stomachs and 
only a milky, oily looking fluid in the intestine. 

The latter, however, contained very little lipid. 
This lipid contained fatty acids (Table II) with 
very low levels of 16:1 (compare jellyfish [8] 
at 2.2-5.2%), and 18:1 (compare 4.5-7.2%); and 
high levels of 20:4096 (compare 6.2-9.1%), 
20:5603 (compare 9.8-18.4%) and 22:6r 
(compare 10.4-19.4%). We therefore feel that 
this analysis further supports our views linking 
jellyfish with the diet of the ocean sunfish. 
Observations by fishermen in Nova Scotian 
waters have indicated that the fish are active on 
the surface. Many are caught in net traps set for 
mackerel, herring or cod, suggesting a consider- 
able degree of activity necessary to follow the 
net leader wall to the trap. The net may in fact, 
at the time of year usual for sunfish, also have 
large jellyfish entangled in it. Otherwise, sea 
gooseberries (ctenophores)  are often common 
in the area near Halifax where ocean sunfish are 
observed. The suggestion that captures such as 
ours were moribund and therefore abnormal 
animals (24) may be discounted on grounds 
of the availability of food, the relatively warm 
water, and the apparently good liver condition 
in three fish. 

Our study of fatty acids suggests that the 
ocean sunfish obtains a major part of  its suste- 
nance from jellyfish and similar pelagic inverte- 
brates, which concentrate fatty acids of the 
linoleic acid type. Two unusual fatty acids may 
be of exogenous origin. There is a possibility 
that a fatty acid composition normal for marine 
fish muscle is modified by above-ambient in- 
ternal body temperatures. 

AC KNOWLEDGMENTS 

J.C. Nevenzel, University of California, Los Angeles, 
gave permission to publish his observations on muscle 
lipids. This work was executed by R.S. Hare. 

REFERENCES 

1. MacGinitie, G.E., and N. MacGinitie, "Natural 
History of Marine Animals," Second edition, 
McGraw-Hill, New York, 1968, p. 435. 

2. Bleakney, J.S., Can. Field Naturalist 79:120 
(1967). 

3. Ackman, R.G., L. Safe, S.N. Hooper, M. Paradis 
and S. Safe, Lipids 8:21 (1973). 

4. Ackman, R.G., S.N. Hooper and W. Frair, Comp. 
Biochem. Physiol. 40B:931 (1971). 

5. Hooper, S.N., and R.G. Ackman, Lipids 6:341 
(1971). 

6. Hooper, S.N., and R.G. Ackman, Ibid. 7:624 
(1972). 

7. Bligh, E.G., and W.J. Dyer, Can. J. Biochem. 
Physiol. 37:911 (1959). 

8. Sipos, J.C., and R.G. Ackman, J. Fish. Res. Bd. 
Can. 25:1561 (1968). 

9. Drozdowsld, B., and R.G. Ackman, JAOCS 
46:371 (1969). 

10. Ackman, R.G., J.C. Sipos and P.M. Jangaard, 
Lipids 2:251 (1967). 

LIPIDS, VOL. 8, NO. 9 



516 S.N. HOOPER, M. PARADIS 

11. Hooper, S.N., and R.G. Ackman, Ibid. 5:288 
(1970). 

12. Rosen, N., Arkiv Zool. 8(10):1 (1913-14). 
13. Aekman, R.G., and C.H. Castell, Lipids 1:341 

(1966). 
14. Ackman, R.G., and C.A. Eaton, Can. Inst. Food 

Tech. J. 4:169 (1971). 
15. Ackman, R.G., S. Epstein and C.A. Eaton, Comp. 

Biochem. Physiol. 40B:683 (1971). 
16. Ackman, R.G., and C.A. Eaton, J. Fish. Res. Bd. 

Can. 28:601 (1971). 
17. Frair, W., R.G. Ackman and N. Mrosovsky, 

Science 177:791 (1972). 
18. Ackman, R.G., JAOCS 43:385 (1966). 
19. Ackman, R.G., S.N. Hooper and J. Hingley, Can. 

J. Biochem. 50:833 (1972). 
20. Addison, R.F., R.G. Aekman and J. Hingley, J. 

Fish. Res. Bd. Can. 25:2083 (1968). 

AND R.G. ACKMAN 

21. Ackman, R.G., P.J. Ke, W.A. MacCailum and D.R. 
Adams, Ibid. 26:2037 (1969). 

22. Addison, R.F., R.G. Ackman and J. Hingley, Ibid. 
26:1577 (1969). 

23. Bligh, E.G., and M.A. Scott, Ibid. 23:1025 
(1966). 

24. Raven, H.C., Bull. Amer. Mus. Nat. Hist. 
LXXVI:143 (1939-40). 

25. Grimmer, G., J. Kracht and R. Tschesche, Natur- 
wissenschaften 48:718 (1961). 

26. Kaufmann, H.P., and T. Miyakawa, Fette Seifen 
Anstrichm. 60:469 (1958). 

27. Leim, A.H., and W.B. Scott, "Fishes of the 
Atlantic Coast of Canada," Fisheries Research 
Board of Canada Bulletin 155, 1966, 485 p. 

[ Revised manuscript 
received June 25, 1973] 

LIPIDS, VOL. 8, NO. 9 



Sphingolipid Fatty Acid Composition of Rat Brain 
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ABSTRACT 

A fraction enriched in "membranous 
sacs" was isolated from the brains of 
young rats. Ceramide, glucosylceramide, 
galactosylceramide, lactosylceramide, sul- 
fatide, sphingomyelin and ganglioside 
were purified. The fatty acids of the 
individual compounds were identified 
after hydrolysis. Certain similarities and 
dissimilarities were observed. 

The interrelationship of several postulated 
intermediates of a metabolic pathway can 
occasionally be deduced from the detailed 
structural analysis of the naturally occurring 
compounds. A particulate fraction, originally 
described by Cleland and Kennedy (1) has been 
found to catalyze several of the reactions of 
sphingolipid biosynthesis in vitro (2). Electron 
microscopic examination indicated that this 
fraction contained a population of "membra- 

lAuthor to whom correspondence should be di- 
rected. 

nous sacs" (2). 
These particles have the capacity to catalyze 

most of the biosynthetic reactions in the 
absence of an exogenous source of sphingolipid 
acceptor (2). This paper describes the isolation 
and fatty acid composition of purified ceram- 
ide, glucosyl- and galactosylceramide, lactosyl- 
ceramide, sulfatide, sphingomyelin and ganglio- 
side from these preparations. 

SPHINGOLIPID PURIFICATION 

Particles were isolated from the brains of ca. 
60 14 to 15-day-old Sprague-Dawley rats as 
previously described (3). The final pellet was 
suspended in distilled water, lyophilized, and 
the lipid extraction performed according to the 
procedure of Vanier et al. (4); then the mixture 
was grossly separated into ganglioside and 
nonganglioside lipids on a silicic acid column 

FIG. 1. Thin layer chromatogram of ceramide 
fractions isolated from rat brain particles (lanes from 
left to right): lane 1, HFA ceramide standard; lane 2, 
isolated HFA samples; lane 3, isolated NFA sample; 
lane 4, NFA ceramide standard. Solvent system 
chloroform-methanol-glacial acetic acid 90:2:8, spots 
revealed by charring. 

FIG. 2. Borate-impregnated thin layer chromato- 
gram of cerebroside fractions isolated from rat brain 
particles (lanes from left to right): lane 1, glucosyl- 
ceramide standard; lane 2, isolated glucosylceramide 
sample; lane 3, isolated galactosylceramide sample; 
lane 4, galactosyleeramide standard. Solvent system 
chloroform-methanol-water 65: 25:4, spots revealed by 
charring. 
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FIG. 3. Thin layer chromatogram of sphingomyelin 
and sulfatide fractions isolated from rat brain particles 
(lanes from right to left); lane 1, sphingomyelin 
standard; lane 2, isolated sphingomyelin sample; lane 
3, isolated sulfatide sample; lane 4, sulfatide standard. 
Solvent system chloroform-methanol-water 65:25:4, 
spots revealed by charting. 

(5). The ganglioside fraction was concentrated 
to dryness and subjected to preparative thin 
layer chromatography with Analtech Silica Gel 
G p l a t e s  and  chloroform-methanol-2.5N 
NH4OH 60:35:8 as solvent. The band cochro- 
matograming with GDI a was removed, trans- 
ferred to a small column and eluted with 
chloroform-methanol-water 60:35: 8; this eluate 
was used without further purification for fatty 
acid analysis. 

The nonganglioside lipid sample was taken 
to dryness and fractionated on a silicic acid 
(Unisil, Clarkson Chemical Co., P a . ) c o l u m n  
into neutral lipids, sphingoglycolipids and 
phospholipids according to the method of 
Vance and Sweeley (6). The methanol eluate 
containing the phospholipids was subjected 
both to saponification and mercuric chloride- 
glacial acetic acid hydrolysis (7). The chloro- 
form soluble material from this treatment was 
further purified by preparative thin layer chro- 
matography. The band cochromatograming 
with sphingomyelin standard was scraped, 
transferred to a small column and eluted with 
chloroform-methanol-water 60:35:8 and used 
without further purification for fatty acid 
analysis. 

The acetone eluate from the silicic acid 
column was concentrated to dryness and sub- 
jected to preparative thin layer chromatogra- 
phy. Bands corresponding to ceramide, sulfa- 
tide, cerebroside and lactosylceramide stan- 
dards were removed, transferred to small 
columns and eluted with chloroform-methanol- 
water 60:35:8. The cerebroside fraction was 

FIG. 4. Thin layer chromatogram of GDI a fraction 
isolated from rat brain particles. Lane 1, GMI stan- 
dard; lane 2, isolated GD1 a sample; lane 3, GDI b 
standard (from R. McCluer); lane 4, mixed brain 
ganglioside standards. Solvent system chloroform- 
methanol-2.5N NH4OH , spots visualized by charring. 

subjected to further preparative thin layer 
chromatography on borate-impregnated Silica 
Gel G in order to separate the galactosyl and 
glycosyl derivatives with chloroform-methanol- 
water 65:25:4 as the solvent (8). Bands corre- 
sponding to glucosylcerarnide and galactosyl- 
ceramide were well separated, scraped and 
transferred to small columns and eluted with 
chloroform-methanol-water  60:35:8;  these 
separate eluates were used without further 
purification for fatty acid analysis. The material 
at the solvent front, which cochromatogramed 
with ceramide standard, was subjected to fur- 
ther preparative thin layer chromatography 
with chloroform-methanol-glacial acetic acid 
90:2:8 as the solvent. Areas corresponding to 
both hydroxy and nonhydroxy fatty acid cer- 
amide standards were transferred to small col- 
umn and eluted with chloroform-methanol- 
water 60:35:8; these separate eluates were used 
without further purification for fatty acid 
analysis. 

Aliquots of the purified samples were metha- 
nolyzed to obtain fatty acid methyl esters, 
methyl glycosides and sphingosine bases as 
previously described (9). The separation of 
nonhydroxy and hydroxy fatty acid methyl 
esters and the preparation of trimethyl sily! 
derivatives of hydroxy fatty acid methyl esters, 
methyl glycosides and sphingosine bases were 
performed according to Nagai and Kanfer (9). 

Gas liquid chromatographic analyses were 
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carried out in a Hewlett-Packard 7620A Re- 
search chromatography using a flame ionization 
detector and connected to an electronic integra- 
tor capable of printing out retention times and 
relative peak areas. The fatty acid methyl esters 
were separated on a column containing 25% 
diethylene glycol succinate (DEGS) (Applied 
Science Lab., Inc.) coated on Chromasorb W 
(80-100 mesh, AW, DMCS; Applied Science 
Lab., Inc.). The nonhydroxy acids were ana- 
lyzed at 180 C and hydroxy acids at 190 C. The 
identity of the peaks was also confirmed by 
analysis on 3% OV-1 column with temperature 
programing at the rate of 1 C/rain. The analysis 
of nonhydroxy acids methyl esters was per- 
formed at 170-220 C and that of the hydroxy 
acids methyl esters at 180-230 C. 

The analyses of trimethylsilyl derivatives of 
methyl glycosides and sphingosine bases were 
also carried out on the 3% OV-1 column used 
for the analysis of fatty acid methyl esters. The 
column was initially operated at 160 C for 8 
min to complete the separation of sugars 
present in the sample, after which the tempera- 
ture was raised to 200 C at the rate of 10 C/min 
and held constant for the separation of sphingo- 
sine bases. 

RESULTS 

The chromatographic purity of the final 
individual sphingolipid preparation is presented 
in Figures 1-4. It is apparent that little, if any, 
hydroxy fatty acid ceramides were obtained 
from these brain preparations (Fig. 1). The 
glucosyl and galactosyl ceramides were well 
separated (Fig, 2), and gas liquid chromato- 
graphic analysis of the carbohydrates after 
methanolysis indicated only the expected sugar 
as being present. GDI a was the major ganglio- 
side present although smaller quantities of 
other species were visible, and the material 
eluted from the preparative plate gave a single 
spot (Fig. 4). The sphingomyelin and sulfatides 
prepared from these particles appeared to be 
uncontaminated (Fig. 3). A trace of sulfatide 
appeared to be present in the lactosylceramide 
fraction. The fatty acid nonhydroxy and hy- 
droxy composition of these purified sphingo- 
lipid samples is presented in Tables I and II. 
Sphingosine to dihydrosphingosine ratios of ca. 
9:1 were obtained with all samples. 

DI SC USSI ON 

The ceramide fraction recovered from these 
particles contained only nonhydroxy fatty 
acids; however hydroxy fatty acids were pres- 
ent in both the galactosylceramide and sulfatide 
fractions. Carbohydrate analysis indicated that 
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TABLE II 

Distribution of Hydroxy Fatty Acids in Individual Sphingolipids (wt %) 

HFA Galactosylceramide Sulfatide Lactosylceramide 

C18 5.4 24.5 14.8 
C20 2.8 12.7 5.0 
C21 ~ 0.7 --- 
C22 38.7 26.0 40.9 
C22:1 ~ 5.4 4.6 
C23 3.1 1.8 --  
C24 47.1 18.5 34.8 
C24:1 Trace 5.3 --  
C25:1 1.0 -- --  
C26:1 2.0 5.1 --- 

g lucosylcerarnide and  ga lac tosy lceramide  were 
pure  and  u n c o n t a m i n a t e d  by  one  ano the r .  The  
l ac tosy lce ramide  f rac t ions  were f o u n d  to  have 
an excess  of  galactose over  glucose and  pos- 
sessed some h y d r o x y  fa t ty  acids suggest ing a 
sul fa t ide  c o n t a m i n a t i o n .  

The  ganglioside f rac t ion ,  as r epo r t ed  by  
o thers  (10) ,  con ta ins  pr inc ipa l ly  C 18 wi th  small  
a m o u n t s  of  C16 and  C20 f a t t y  acids. I t  is 
a ssumed t h a t  b o t h  glycosyl- and  lac tosy lce ram-  
ide are m e t a b o l i c  precursors  of  the  gangliosides.  
The  presence  of  relat ively large a m o u n t s  of  the  
long  cha in  f a t t y  acids C22-C24 in these  s imple 
sphingoglycol ip ids  wou ld  t e n d  to cast  d o u b t  
u p o n  the  s impl ic i ty  of  th is  a s s u m p t i o n  and  
emphas ize  the  need  for  subs t r a t e  se lect iv i ty  at 
some l a t t e r  s tep in the  sequence  of reac t ion .  

The  n o n h y d r o x y l  f a t t y  acid c o n t a i n i n g  cer- 
amides appears  to  ref lec t  the  comple t e  spec- 
t r u m  of  cha in  l e n g t h  p re sen t  in  the  sphingo-  
lipids, w i th  the  C18 t y p e  be ing  p r e d o m i n a n t .  
There  is a close s imilar i ty  in  the  f a t t y  acid 
p a t t e r n  of  the  ceramide  and  the  sph ingomye l in .  
The  t rans fe r  of  cho l ine  f rom CDP chol ine  to 
the  p r imary  h y d r o x y l  group of sphingosine ,  
e i the r  free or N-acylated,  is an area of great  
confus ion .  I t  is t e m p t i n g  to  specula te  t h a t  the  
ceramides  c o n t a i n i n g  p r e d o m i n a n t l y  C18 N F A  
are the  p re fe r red  subs t ra t e s  for  this  reac t ion .  
The  presence  of  ce ramide  in  the  cerebra l  
par t ic le  sys tems cou ld  be  due to i ts be ing  
act ively p r o d u c e d  in o rder  to  f u n c t i o n  as a 
p recurso r  of  the  more  c o m p l e x  sphingol ip ids ,  
or to  i t s  be ing  a ca tabo l ic  p r o d u c t  f o r m e d  as a 
resul t  of  h y d r o l y t i c  e n z y m e  activities.  The 
s t r ik ing  d i f ferences  b e t w e e n  the  n o n h y d r o x y  
fa t ty  acid ce ramide ,  g lucosy lceramide  and  gan- 
gliosides are di f f icul t  to  explain .  These  two  
sphingol ip ids  are p r e s u m e d  precursors  of  gangli- 
oside, and  the  ce ramide ,  a g lucosylceramide  
p recursor  (10) .  In  vivo s tudies ,  in which  sphin-  
gosine-3H was admin i s t e r ed  in te rce rebra l ly ,  re- 

vealed  the  label ing  of  on ly  ce ramide ,  sphingo-  
mye l in  and  ganglioside (11 ,12) .  The  n o n h y -  
d roxy  fa t ty  acids of  these  t h r ee  sphingol ip ids  
are very  similar  and  re in force  the  m e t a b o l i c  
i n t e r r e l a t i onsh ip  of  this  t r iad.  

The  e n z y m a t i c  level at  w h i c h  a specific 
ceramide  species b e c o m e s  i n c o r p o r a t e d  i n t o  
i n t ac t  sphingol ip ids  is o p e n  to  con jec tu re .  
A t t e m p t s  to  examine  these  specif ici t ies  on  the  
in v i t ro  level have been  u n d e r t a k e n  on ly  recen t -  
ly (13) .  Galac to l ip ids  can  be f o r m e d  by  a series 
of  r eac t ions  involv ing  a psychos ine  in t e rmed i -  
ate. The  N-acy la t ion  of  ga lac tosy lsph ingos ine  
(14)  would  t h e n  select  for  the  longer  cha in  
n o n h y d r o x y  and  h y d r o x y  f a t t y  acids charac ter -  
istic of  these  c o m p o u n d s .  However  the  r ecen t  
r epo r t  of  th is  acy la t ion ' s  be ing  n o n e n z y m a t i c  
has  cast  d o u b t  c o n c e r n i n g  th is  r eac t ion  (15) .  
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ABSTRACT 

The common bile duct was obstructed 
in 17 dogs. Reciprocal changes were 
noted for the plasma and biliary lipid 
concentrations of each after obstruction. 
As the plasma lecithin and free choles- 
terol concentrations increased, the biliary 
lipid concentrations declined. After bili- 
ary obstruction the reflux of biliary 
lecithin into the plasma of these animals 
was demonstrated with both labeled and 
unlabeled lecithin. The plasma lipid ab- 
normalities seen after acute biliary ob- 
struction were closely simulated by the 
reflux of lecithin alone from the biliary 
tree. The isolated reflux of biliary tract 
taurocholate produced a distinct lowering 
of plasma phospholipid and cholesterol 
concentrations, quite different from the 
plasma lipid alteration noted with acute 
biliary obstruction. Similar to observa- 
tions in human obstruction, some of the 
plasma lipid was in mesophase form after 
these animals were obstructed. 

I NTRODUCTION 

Obstruction of the biliary tree is associated 
with elevated plasma phospholipid and free 
cholesterol concentrations in a number of 
species (1-3) including man. It has recently 
been observed that in humans with biliary 
obstruction this phospholipid and sterol has a 
unique structure (4,5), quite different from 
conventional lipoproteins. Some of the plasma 
lipid has a liquid crystalline configuration simi- 
lar to lipid structures in bile (6). The similarity 
in structure between this bfliary lipid and that 
in plasma during obstruction suggests that the 
plasma lipid arises as a consequence of biliary 
reflux. However patients with lecithin choles- 
terol acyl transferase defects, who most prob- 
ably have no net biliary to plasma lipid reflux, 
have plasma lecithin and free cholesterol in 
similar liquid crystalline form (7). Rather than 
an indication of its biliary origin, this plasma 
lipid configuration may merely reflect plasma- 
free cholesterol and lecithin levels in excess of 
the lipoprotein binding capacity for these lip- 
ids. 

Previous studies (8,9) have suggested that 

the reflux of bile acid into the plasma of biliary 
obstructed rats was primarily responsible for 
the observed increases in plasma-free choles- 
terol and lecithin concentrations. It was neces- 
sary to infuse very large amounts of free cholic 
acid into the plasma of these animals to obtain 
a modest increase in their plasma phospholipid 
and cholesterol contents. Only free cholic acid, 
and not its conjugate, could initiate the plasma 
lipid alterations (9). Since unconjugated cholic 
acid is found in plasma in relatively minor 
amounts in obstruction (10), the relevance of 
this proposed sequence of events to the plasma 
lipid alterations in biliary obstruction is in some 
doubt. 

The present study evaluates the pathogenesis 
of the plasma lipid increments that occur after 
biliary obstruction in dogs and the properties of 
the unusual plasma lipid forms seen with this 
disorder. The plasma and biliary lipid concen- 
trations were studied sequentially after acute 
obstruction. To reproduce the plasma lipid 
pattern noted after acute obstruction two of 
the major canine biliary lipids, lecithin and 
taurocholate, were introduced into the chroni- 
cally obstructed biliary system. With increases 
in only the lecithin concentrations of the 
obstructed biliary tract, both the plasma leci- 
thin and free cholesterol concentrations rose in 
a manner similar to the plasma lipid alterations 
observed with acute obstruction. An increase in 
taurocholate concentration in the chronically 
obstructed tract had an opposite effect on the 
plasma lipids, producing a decrease in the 
concentration of both lecithin and cholesterol. 

MATERIALS AND METHODS 

Animals 

Seventeen mongrel dogs were used for the 
studies. They ranged in weight from 10-23 kg 
and were maintained at the Duke University 
animal care facility and fed regular chow. Each 
dog was anesthetized with a single intravenous 
injection of pentobarbital (5 mg/kg body wt), 
prior to surgery. A cholecystectomy was per- 
formed through an abdominal incision, and a 
catheter placed in the common duct near its 
entrance to the duodenum. The common duct 
was ligated around the catheter and the cathe- 
ter tunneled under the skin and exteriorized on 
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the anterior abdominal wall. The catheter end 
was plugged and sequential bile samples of less 
than 2 cc were periodically obtained from it, 
usually at biweekly intervals. Oral ampicillin 
(300-700 rag) was administered to the dogs 
throughout the study, and when biliary cultures 
demonstrated definite infection the study was 
terminated. A blood sample was obtained by 
femoral vein puncture each time a bile sample 
was collected. Blood was collected in disodium 
EDTA (I mg/ml whole blood), and both blood 
and bile were maintained at 4 C after collec- 
tion. When lipids were introduced into the 
obstructed biliary system an equal volume of 
bile was removed so that the biliary pressure, 
determined by mercury manometry, remained 
unchanged. The dogs were studied for periods 
up to 2 months. After sacrificing, each dog was 
autopsied to be certain that the biliary system 
was totally obstructed, and that the catheter 
was still in place. A liver biopsy was obtained 
on most of the animals, and cholestasis, portal 
tract expansion and bile duct proliferation was 
evident in each case. 
Lipoprotain Isolation 

The red cells were separated from the plasma 
by a centrifugation at 2000 rpm for 20 min in a 
Lourdes LRA refrigerated centrifuge. The low 
density lipoprotein (LDL Sf 0-20) fraction was 
prepared from the plasma by a previously 
described (11) technique. The plasma was made 
to density 1.006 by additions of Tris 0.03 M, 
NaC1 0.12 M buffer at pH 7.4, and the very low 
density lipoproteins (VLDL) removed by an 
ultracentrifugation at 40,000 rpm for 16 hr. 
The infranate was again spun at this density to 
insure the removal of the VLDL. The infranate 
from repeat centrifugations was adjusted to 
density 1.063 with 0.145 M NaC1 in D20 and 
the samples were spun for 24 hr at 40,000 rpm 
to isolate the LDL. All centrifugations were 
performed in a Spinco Model L2-50 ultracen- 
trifuge at 8 C, using a 40 rotor. 

Analytical Ultracentrifugation 

Whole plasma was spun in a Model E 
ultracentrifuge by a modification of the 
method of DeLalla and Gofman (12). The 
samples were made to density 1.063 with 0.145 
M NaCI in D20 and spun in double sectored 
cells with an appropriate solvent blank using an 
A and D rotor. All centrifugations were per- 
formed at 26 C with a rotor speed at 52,000 
rpm. The schlieren displacement was deter- 
mined, and the flotation velocities calcuIated 
from the standard relationship (13). 

Polarized Microscopy 

A drop of plasma was placed on a micro- 

scope slide and covered quickly with a cover 
slip. The slide was scanned in a polarizing 
microscope at a magnification of 100. When 
birefringence was found the sample was viewed 
at a 400-fold magnification. A quartz first order 
red compensator was introduced into the field 
to determined the sign of birefringence. 

Electron MicroScopy 

Whole plasma and isolated LDL were studied 
by negative staining electron microscopy, both 
diluted 1- to 20-fold and undiluted. A 200 
mesh formvar and carbon-coated grid was used 
for these studies. The samples were applied for 
20 sec and the excess removed by touching to 
filter paper. A solution of ferritin was then 
applied and removed after 10 sec. The negative 
stain, 2% sodium silicotungstate pH 6.9, was 
applied on the grid for 30 sec and the excess 
removed. The samples were immediately stud- 
ied in an AEI electron microscope. 

Chemistry 

Lipids were extracted from the isolated 
lipoproteins by the method of Folch et al. (14). 
Bile acids were extracted from plasma by the 
procedure of Weiner et al. (15). Biliary lipids 
were extracted with absolute ethanol using 50 
volumes of ethanol per volume of bile. Phos- 
pholipids from both bile and plasma were 
separated by thin layer chromatography using a 
chloroform-methanol-strong ammonia water- 
water 50:25:3:1 system on Silica Gel G plates. 
The phospholipid bands were identified by 
their comigration with known phospholipid 
standards. Isolated bands were scraped from the 
plate and eluted with chloroform-methanol 1 : 1. 
The fatty acid compositions were determined 
for the isolated phospholipids by gas liquid 
chromatography of their methyl esters. The 
fatty acids were methylated by the technique 
of Bragdon and Karmen (16), and the methyl 
esters were isolated by partitioning into hep- 
tane. Fatty acid methyl esters were separated 
on a 10% EGGSX column at 180 C. The 
column was standardized with known fatty acid 
methyl esters. Trihydroxy bile acids were deter- 
mined by a standard procedure (17), and both 
the trihydroxy and dihydroxy acids were evalu- 
ated by gas liquid chromatography. Methyl and 
acetyl derivatives were made of the bile acids 
by a previously described method (18). The 
derivatized bile acids were run on a QF 1 
column at 270 C using 5B cholanic acid as an 
internal standard. Relative quantities of both 
bile acids and fatty acids were obtained by 
triangulation of the gas liquid chromatographic 
peaks. Phospholipids were obtained by the 
procedure of Ames and Dubin (19). Choles- 

LIPIDS, VOL. 8, NO. 9 



524  S.H. QUARFORDT, H. OELSCHLAEGER, W.R. KRIGBAUM, L. JAKOI AND R. DAVIS 

TABLE I 

Biliary Lipids after Acute Biliary Obstruction a 

Total bile acids Cholesterol Phospholipid 
Total, 

Time #g/ml % gg/ml % tag/ml % gg/ml 

Prior to 
obstruction 20,152(2056) b 78 129(21) 0.5 5483(358) 21 25,765(2419) 

5 daysafter 9,817(1763) c 84 37(5) c 0.3 1880(253) d 16 11,732(1820) c 
9 days after 1,676(328) c 61 28(3) c 1.0 1035(186) c 38 2,738(581) c 
20 days after 1,794(176) c 72 19(2) c 0.8 687(101) c 27 2,500(163) c 

aValues represent means of six obstructed animals. 
bStandard error of mean is given within parenthesis. 
CValue is significantly different from preobstructed concentrations at P = .01 level. 
dValue is significantly different from preobstructed concentrations at P = .05 level. 

terols  were d e t e r m i n e d  by  a modi f i ed  Abel l  
p rocedu re  (20) ,  and  p ro t e ins  by  the  m e t h o d  of 
Lowry  et  al. (21) .  

Rad ioac t iv i ty  was d e t e r m i n e d  in a l iquid 
sc in t i l la t ion  sys tem us ing  a 0.5% d ipheny l  
oxazole  (DPO) in t o luene  sys tem for  the  
p h o s p h o l i p i d  and  a 0.6% DPO in d ioxane ,  
anisole and  d i m e t h o x y e t h a n e  sys tem for  bile 
acids. Act ivi t ies  were d e t e r m i n e d  in a Packard  
Model  3375  Liquid  sc in t i l l a t ion  c o u n t e r  w i th  
q u e n c h i n g  co r rec t ed  fo r  by  an in te rna l  s t anda rd  
m e t h o d .  

The  low dens i ty  l i p o p r o t e i n  f rac t ion  was 
de l ip ida ted  by  th ree  3:1 e t hano l  e t h e r  ex t rac-  
t ions  and  two  e t h e r  washes us ing  50  vo lumes  of  
so lvent  per  v o l u m e  of  l ipopro te in .  The  delipi- 
da t ed  p ro t e ins  were r educed  w i t h  1% t3-mer- 
c a p t o e t h a n o l ,  dissolved in 1% sod ium dodecy l  
sulfate  and  run  in a 10% po lyac ry l amide  gel 
(22) .  The  p ro t e ins  were s ta ined  w i th  Coomass ie  
Blue. 

Lec i th in  was p repa red  f r o m  eggs by  the  
p rocedu re  o f  H a n a h a n  et  al. (23) .  This mater ia l  
was f o u n d  to  be pure  by  t h in  l ayer  c h r o m a t o g -  
r aphy  in b o t h  a c h l o r o f o r m - m e t h a n o l - w a t e r  
1 9 5 : 7 5 : 1 2  and  c h l o r o f o r m - m e t h a n o l - a m m o -  
n ia -water  5 0 : 2 5 : 3 : 1  sys tem.  A 1 g q u a n t i t y  of 

this  l ec i th in  was son ica ted  u n d e r  n i t rogen ,  us ing  
a Branson  sonif ier ,  a t  4 C in 2 ml of  o b s t r u c t e d  
dog bile, for  20  min.  T a u r o c h o l a t e  was ob- 
t a ined  f rom Maybr idge  Research  Chemicals  
(Cornwal l ,  U.K.) and  d e t e r m i n e d  to  be  pure  by  
th in  layer  c h r o m a t o g r a p h y  in  an i soamyl  ace- 
t a t e - p r o p i o n i c  a c i d - N  p r o p a n o l - w a t e r  
3 0 : 3 0 : 2 0 : 1 5  sys tem.  A 1 g q u a n t i t y  of  th is  
t au rocho l a t e  was dissolved in a 2 ml of  ob- 
s t ruc t ed  dog bile. U n i f o r m l y  14C-labeled leci- 
t h in  was o b t a i n e d  f rom New Eng land  Nuclear  
(Bos ton ,  Mass.) and  24-14C t au rocho la t e ,  f r om 
Tracer lab  (Wal tham,  Mass.). By the  t h i n  layer  
c h r o m a t o g r a p h i c  sys tems  i nd i ca t ed  above  the  
labe led  l ipids were grea ter  t h a n  95% pure  for  
l ec i th in  and  80% for  t au rocho la t e .  

Low Angle X-Ray Scattering 

Low angle X-ray s tudies  w e r e  p e r f o r m e d  
us ing  an X-ray t ube  w i th  a c o p p e r  anode  and  a 
K r a t k y  co l l ima t ion  sys tem wi th  a u t o m a t i c  s tep 
scanner .  The  en t r ance  slit was 120 /a, the  
c o u n t e r  slit 200 /~  and  the  d is tance  f rom sample  
to  c o u n t e r  slit 20 .4  cm,  wh ich  gave a r e so lu t ion  
in excess of  800  A. Sca t t e r ing  curves  were 
regis tered w i th  a p r o p o r t i o n a l  c o u n t i n g  tube .  
M o n o c h r o m a t i z a t i o n  to  1.54 A was achieved 

TABLE II 

Biliary Bile Acids after Obstruction a 

%of  total 

Time Cholic Chenodeoxycholie Deoxycholic 

Prior to obstruction 69(0.3) b 9(0.2) 21 (0.4) 
5 days ai"ter 70(1.7) 16(0.6) c 14(1.0) c 
9 days after 86(1.1) c 14(1.1) c 
20 days after 86(1.1)c 14(1.1)c d 

aValues represent mean per cents by weight of six obstructed animals. 
bStandard error of mean is given within parenthesis. 
CValue is significantly different from preobstrueted values at at least P = .01 level. 
dNo deoxycholate could be detected at these times. 
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TABLE III 

Plasma Lipids after Acute Biliary Obstruction a 

525 

/~g/ml 
Time Phospholipid Free cholesterol Cholesteryl ester Triglyceride Bile acids b 

Prior to 
obstruction 3843(384) c 388(17) 1456(182) 530(64) 2,5 

6 days after 5262(421) d 943(66) d 1325(7) 832(220) 
8 days after 7832(940) d 1592(119) d 1584(24) 560(28) 5.3 
14 days after 5863(850) 1634(302) d 1585(309) 600(111) 

aValues are means of determinations on four acutely obstructed dogs. 
bValues are means of determinations on two acutely obstructed dogs. 
CStandard error of the mean is given within parenthesis. 
dValue is significantly different from preobstructed value at at least P = .05 level. 

wi th  a pulse height  discr iminator  and an 8 /a 
nickel filter. No correc t ion  for  slit smearing was 
applied. The l iquid sample was kep t  in a Mark 
capillary at 22 C. The sample was prepared in 
0.03 M Tris, 0.12 M NaC1 at pH 7.4. The LDL 
concent ra t ion  was 5%. Fo r  preparat ion of  the 
dry sample, af ter  dialysis against H 2 0  , small 
por t ions  of  the solut ion were applied to a 
cellulose acetate  foil  and al lowed to dry. The 
foil gives no appreciable scat ter ing in the range 
investigated. For  a comprehens ive  review and 
fur ther  reference on this m e t h o d  see Reference  
24. 

RESULTS 

Afte r  l igation of  the main bile duct  in each 
of  these dogs, the concent ra t ions  of  each of  the 
major  lipids in the biliary system decl ined 
(Table I). Within a 3 week per iod the to ta l  
biliary lipid levels fell to  less than 10% of that  
in the unobs t ruc ted  biliary tract,  and usually 
persisted at these low levels for  the 6 weeks of  
observation. In the early stages of  obs t ruc t ion  
the per  cent  lipid compos i t ion  was similar to 
preobst ruct ion,  but  at later  t imes phosphol ip id  
and free choles terol  compr ised  somewhat  more  
of  the biliary lipid. A change in the relative 
contents  of  the biliary bile acids was also 
observed in these obst ructed animals (Table II). 
As would  be anticipated,  deoxychol ic  acid 
disappeared f rom the bile short ly after the 
animal was obstructed.  

At  the same t ime the lipid concent ra t ions  in 
the biliary tract  were falling, the plasma free 
cholesterol  and phosphol ip id  concent ra t ions  
increased in each of  these dogs (Table III). A 
modes t  rise was also observed for  the plasma 
bile acid concent ra t ions  after  obstruct ion.  The 
plasma choles teryl  ester  concent ra t ions  were 
relatively unchanged.  Most of  the increment  in 
plasma phosphol ip id  and free cholesterol  was 
isolated in the low density f lo ta t ion  fract ion (Sf 

0-20) of  plasma. The low density phosphol ip id  
and free cholesterol  concent ra t ions  went  f rom 
18 and 6 mg/dl before obs t ruc t ion  to 255 and 
130 mg/dl after  9 days of  obstruct ion.  No LDL 
could be de tec ted  by analytical  ul tracentr ifuga- 
tion in normal  dog plasma (Fig. 1, top panel). 
An obvious schlieren peak at S f l 2  was identi-  
fied in the obs t ructed  dogs (Fig. 1, b o t t o m  
panel). The relative compos i t ion  of  the LDL 
demonst ra ted  a progressive change during the 
course of  obs t ruc t ion  (Table IV). Relat ively less 
protein and choles teryl  ester and more  phos- 
phol ipid and free choles terol  were seen in this 
fraction. Whereas pr ior  to obs t ruc t ion  an appre- 
ciable fract ion of  the LDL phosphol ipid  was 

FIG. 1. Top panel: Analytical ultracentrifugal 
pattern of plasma from a dog prior to biliary obstruc- 
tion. Both pre- and postobstructed samples were run 
at density 1.063 under conditions described in text, 
and evaluated for same period of centrifugation. 
Direction of flotation is from fight to left. Bottom 
panel: Analytical ultracentrifugal pattern of plasma 
from same dog after 5 days of biliary obstruction. 

LIPIDS, VOL. 8, NO. 9 



526  S.H. QUARFORDT, H. OELSCHLAEGER, W.R. KRIGBAUM, L. JAKOI AND R. DAVIS 

TABLE IV 

Low Density Lipoprotein (Sf 0-20) Composition after Acute Biliary Obstruction a 

Composition, % 

Time Protein Free cholesterol Cholesteryl ester Phospholipid Triglyceride 

Prior to 
obstruction 24 10 32 32 (82) b 3 

9 days after 10 27 9 48 6 
13 days after 7 29 5 51 (99) 8 

aValues are mean per cents by weight from two acutely obstructed dogs. 
bFigure in parentheses indicates per cent of phospholipid that was lecithin. 

sph ingomye l in ,  i.e., 14%, a f te r  o b s t r u c t i o n  i t  
was a lmos t  all l ec i th in ,  i.e., 99%. A change  in 
the  LDL lec i th in  f a t ty  acid p a t t e r n  was also 
observed a f t e r  o b s t r u c t i o n  (Table  V). Pr ior  to  
o b s t r u c t i o n  LDL lec i th in  c o n t a i n e d  only  satu- 
ra ted  f a t t y  acids. Af te r  o b s t r u c t i o n  oleate  and  
l inolea te  were n o w  p resen t  in  the  lec i th in  and  
relat ively less s teara te  was found .  No change  
was n o t e d  in the  bi l iary l ec i th in  f a t t y  acid 
p a t t e r n  a f te r  obs t ruc t i on .  

Similar  to  the  f indings  in o b s t r u c t e d  h u m a n s  
(5) ,  the  l ipid isola ted in the  low dens i ty  
f rac t ion  of  these  o b s t r u c t e d  dogs had  a lamel lar  
l iquid  crysta l l ine  con f igu ra t ion  (Fig. 2A).  Indi-  
ca t ions  of  a lamel lar  mesophase  s t ruc tu re  were 
o b t a i n e d  b o t h  by  negat ive  s ta in ing  e l ec t ron  
mic roscopy  and  by po la r ized  l ight  mic roscopy  
(Fig. 2B) where  mal tese  cross con f igu ra t ions  
were seen. The  signs of  b i re f r ingence  of  these  
s t ruc tu res  were n o t e d  to  be posit ive,  s imilar  to  
t ha t  of  mesophase  l ip id  in  h u m a n  bi l iary  
o b s t r u c t i o n  (5). This f ind ing  is c o m p a t i b l e  w i th  
the  c o n c e p t  t h a t  the  p h o s p h o l i p i d  f a t t y  acid 
chains  in these  lamellae are n o r m a l  to  the  
lamel lar  plane.  Low angle X-ray sca t t e r ing  da ta  
of the  low dens i ty  f r ac t ion  at  a c o n c e n t r a t i o n  
of  5% lipid revealed n o  obvious  Bragg spacings. 

The  low angle X-ray sca t t e r ing  of  the  dr ied low 
dens i ty  lipid, however ,  i n d i c a t e d  a p r o n o u n c e d  
44  A spacing (Fig. 2C) similar to  the  per iod ic i ty  
observed by e l ec t ron  mic roscopy .  

The  p ro t e in  p a t t e r n  of  the  p lasma LDL 
f rac t ion  changed  a f te r  bi l iary o b s t r u c t i o n  in 
these  dogs (Fig. 3). A new low molecu la r  
weight  p ro t e in  of  ca. 9 0 0 0  da l tons  was isola ted 
in th is  f l o t a t ion  f r ac t ion  in the  o b s t r u c t e d  dogs. 
Since the  p ro t e in  p a t t e r n  of  n o r m a l  can ine  LDL 
has no t  been  es tabl i shed,  i t  m igh t  be argued 
t ha t  this  is an i m p u r i t y  of  the  p repa ra t ion .  
However  n o  such  p ro t e in  was ever f o u n d  in the  
low dens i ty  f r ac t ion  of  these  dogs pr io r  to  
obs t ruc t i on .  

Af te r  2 weeks  of  o b s t r u c t i o n  the  bi l iary 
t r ac t  of  these  dogs c o n t a i n e d  relat ively l i t t le  
lipid, and  p lasma c o n c e n t r a t i o n s  of p h o s p h  0- 
l ipid and  cho les te ro l  were e i t he r  s table  or  
decreased slowly. At  this  t ime  a d ispers ion of  
pure  egg lec i th in  was p laced in the  bi l iary tree,  
be ing  careful  n o t  to  increase  the  pressure of this  
sys tem.  Shor t ly  a f te r  the  i n t r o d u c t i o n  of  a 
son ica ted  1 g l ec i th in  dispers ion i n to  the  
chron ica l ly  o b s t r u c t e d  bi l iary t r ac t  of  two  dogs, 
an i n c r e m e n t  was n o t e d  in the  p lasma lec i th in  
c o n c e n t r a t i o n s  o f  b o t h  (Table  VI). No appre-  

TABLE V 

Lecithin Fatty Acid Composition after Acute Biliary Construction a 

Composition, % 

Time 16:0 18:0 18:1 18:2 

(Low density (Sf 0-20) lecithin 

Prior to 
obstruction 40.6 59.5 b b 

13 days after 37.0 43.6 12.8 6.6 
Biliar y lecithin 

Prior to 
obstruction 33.5 21.5 24.0 21.0 

13 days after 31.0 24.5 25.0 20.0 

aValues are means of determinations on two dogs and expressed as per cent composition 
by weight. 

bNo oleate or linoleate could be detected in LDL lecithin in either of preobstructed 
animals. 
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ciable change in plasma lipid was seen during 
tiffs time interval for the control animal. As- 
suming a plasma volume of 50 ml/kg (25), the 
lecithin increment of ca. 1.8 mg/ml observed 
after 1 g of lecithin was placed in the biliary 
tract suggests that nearly all of it accumulated 
in the plasma of these 10 kg dogs. As in acute 
obstruction the bihary lecithin concentrations 
decreased as the plasma level increased (Table 
VI). An increase in the plasma free cholesterol 
concentration accompanied the plasma lecithin 
increment. The cholesteryl ester concentrations 
remained relatively constant. These plasma lipid 
alterations seen after increasing the biliary 
lecithin concentration in a chronically ob- 
structed system closely simulated the lecithin 
and free cholesterol increases observed after 
acute obstruction. 

The effect of an isolated increase in biliary 
taurocholate concentration on plasma lipids 
was also evaluated in these chronically ob- 
structed dogs. A 1 g dispersion of sodium 
tanrocholate was introduced into the lipid- 
depleted biliary system of another pair of dogs, 
which had been obstructed for 2 weeks. A 
modest rise in plasma bile acid was noted 
(Table VI), but in contrast to the lecithin 
studies a mean decrease of ca. 80 mg/dl in 
plasma phospholipid and ca. 60 mg/dl in total 
cholesterol concentrations was noted. Choles- 
teryl ester concentrations decreased earlier and 
to a greater extent than free sterol after 
increasing biliary taurocholate levels. 

Studies were performed introducing uni- 
formly labeled 14C-lecithin and 24-14C-tauro - 
cholate into the bile ducts of the two dogs 
obstructed for 2 weeks. The plasma recovery of 
the labeled lipids were determined for the 
following week. The maximum activity of 
taurocholate occurred 8 hr later and assuming a 
plasma volume in the dog of 50 ml/kg (25), less 
than 3% of the injected taurocholate activity 
was recovered in the plasma of the obstructed 
dogs at tiffs time. About 40% of the biliary 
lecithin activity was recovered as radioactive 
lecithin in the plasma of one of the dogs at 2 
days (Fig. 4). Radioactivity was not observed in 
other plasma complex lipids up to 3 days. 

DISCUSSION 

The plasma lipid alterations that result after 
biliary obstruction are somewhat similar for 
both canines and humans. It is predominantly 
the lecithin and free cholesterol concentrations 
that increase in both species. The plasma lipid 
increment is isolated mainly in the low density 
(Sf 0-20) flotation fraction in each of the 
species. The structure of the plasma low density 
lipoproteins in human biliary obstruction has 
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FIG. 2. A. Potassium phosphotungstate (2%) 
stained low density lipoprotein fraction from dog with 
biliary obstruction. Ferritin markers are included (70 
A ring shapes) to determine size. Magnifications at 
400,000 X. B. Polarized microscopic observation of 
isolated low density lipoproteins from a biliary ob- 
structed dog x 1200. C. Low angle X-ray scattering 
pattern of dried low density lipoproteins from an 
obstructed dog performed as described in the text. 
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FIG. 3. Normal and obstructed low density apo- 
proteins evaluated by sodium dodecyl sulfate-poly- 
acrylamlde electrophoresis on a 10% polyacrylamide 
system. Molecular weight range is indicated. 

been noted to differ markedly from the normal 
spherical human low density lipoprotein (4,5). 
Configurations with the appearance of flattened 
vesicles, stacked lamellae and lamellar whorls 
were found by negative staining electron mi- 
croscopy. The lamellar mesophase nature of the 
human obstructed lipoprotein has also been 
documented by polarized microscopy and low 
angle X-ray scattering. A lamellar liquid crystal 
structure was detected similarly in the plasma 
of these obstructed dogs by both polarized and 
electron microscopy. The bulk of this meso- 
phase appeared to be very finely dispersed with 
diameters of the lamellar spherules varying 
from 150 to 400 A. The fine nature of this 
dispersion may explain the inability to discern 
distinct Bragg spacing by low angle X-ray 
techniques for the material, despite clear indica- 
tion of alsrnectic mesophase by both polarized 
and electron microscopy. Bragg spacings have 
been noted to disappear in liquid crystal disper- 
sions after prolonged sonication had reduced 
the size of the dispersion (26). 

Although the new lipoprotein species ap- 
pearing in the canine LDL fraction after biliary 
obstruction cou ld -no t  be isolated from the 

.4  

I 2 3 4 5 6 

DAYS 
FIG. 4. Fraction of biliary lecithin radioactivity 

recovered in plasma as a function of time after 
instillation of 2 /~c of uniformly labeled lecithin into 
biliary tract. The study of dog 11 is indicated by 
and dog 14 by . . . . . .  . Both dogs were assumed to 
have plasma volumes of 50 ml/kg body vet. 

normal lipoproteins, the change in total LDL 
composition provides a suggestion as to the 
composition of this abnormal lipid transport 
form. Lecithin and free cholesterol in approxi- 
mately a 1:1 molar ratio were the main 
constituents of this LDL increment. This ap- 
pears analogous to human obstruction where 
lecithin and cholesterol in a 1:1 molar ratio 
were the predominant components of the bi- 
layer structures (5). Also similar to the human 
postobstructive state is the appearance of a new 
low molecular weight protein in the LDL 
fraction. 

The simultaneous decrease in biliary tract 
lipid with increasing plasma lipid concentra- 
tions suggests a reflux of biliary lipid to plasma 
after acute obstruction. The recovery of a large 
proportion of both labeled and unlabeled bili- 
ary lecithin in the plasma of these obstructed 
dogs strongly supports net  flux of biliary 
lecithin to plasma. The shift of the plasma 
phospholipid pattern toward lecithin with a 
fatty acid composition more like biliary lecithin 
also supports the reflux of biliary lecithin to 
plasma. The entire increment in plasma phos- 
pholipid, which was observed after acute biliary 
obstruction, could be the result of only 4 days 
of normal biliary phospholipid output that had 
refluxed into plasma. Although there is some 
net reflux of bile acid from the biliary tree to 
the plasma as a consequence of obstruction, the 
bile acids do not  partition in the plasma to 
nearly the extent of lecithin. 

The decline in biliary cholester.ol concentra- 
tion at a time when the plasma levels increase 
also suggests a net transfer of biliary cholesterol 
to plasma. The magnitude of this plasma 
cholesterol increment, following acute obstruc- 
tion, obviously cannot be accounted for by 
biliary cholesterol reflux alone. Assuming a 
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TABLE VI 

Effect of Increased Biliary Lecithin and Tauroch01ate Concentrations on 
Plasma Lipids of a Chronically Obstructed Dog a 

529 

Experiment 

#g/ml 

Time, Cholesterol 

days Free Ester Phospholipid 

Control 

Lecithin b 

Taurocholate c 

Dog 4 Dog 6 Dog 4 Dog 6 Dog 4 Dog 6 

0 968 835 1442 1265 3478 3262 
1 908 742 1225 1053 3124 3244 
4 788 736 1100 1007 3791 3770 
6 936 822 1379 1153 3614 3546 

Dog 8 Dog 12 Dog 8 Dog 12 Dog 8 Dog 12 

0 987 1203 990 1110 3785 3975 
1 1108 1752 965 995 4432 4478 
4 1422 1770 1148 1252 5630 5740 
6 1612 1888 1143 1217 5654 5746 

Dog 9 Dog 10 Dog 9 Dog 10 Dog 9 Dog 10 

0 780 326 1236 1806 3205 3251 
1 764 342 1007 1543 2873 3127 
2 702 286 1026 1386 2859 2853 
4 612 266 857 1135 2418 2430 

aDay "O" value was obtained on 17th postobstructed day just prior to placing 1 g amounts of 
lecithin and taurocholate in biliary tracts of respective experimental groups. 

bBiliary lecithin concentrations were 18.6 mg/ml 4 hr after lecithin installation and 2.2 mg/ml 
4 days later. 

Cplasma bile acids went from 2.8 /ag/ml before to 8.2 t~g/ml 2 days after taurocholate. 

n o r m a l  bil iary cho les te ro l  p r o d u c t i o n  and  com-  
plete  re f lux  i n to  p lasma,  a m a x i m u m  of  on ly  
15% of  the  p lasma  cho les te ro l  i n c r e m e n t  cou ld  
be derived f r o m  th is  source .  The  subs t an t i a l  
increase  in p l a sma  choles te ro l ,  n o t e d  w h e n  only  
lec i th in  r e f l u x ed  f r o m  the  cho les te ro l -dep le ted  
bil iary t l ac t ,  also ind ica tes  t ha t  th is  p l a sma  
choles te ro l  i n c r e m e n t  is f r o m  a source  o the r  
t han  the  bil iary tree.  Byers  and  F r i e d m a n  (27)  
have very  carefu l ly  d o c u m e n t e d  the  origin of  
the  p l a sma  cho les t e ro l  rise, wh ich  t hey  saw 
af te r  a p l a sm a  i n fu s io n  of  egg lec i th in  in the  rat. 
The i r  da ta  sugges t  t h a t  an  appreciable  a m o u n t  
o f  the  p h o s p h a t e - i n d u c e d  h y p e r c h o l e s t e r o l e m i a  
was derived f r o m  hepa t i c  cho les te ro l ,  b o t h  
newly  s y n t h e t i z e d  and  p r e fo rmed .  The  skin  was 
t h o u g h t  to  be a n o t h e r  source  of  th is  p l a s m a  
choles terol .  In te res t ing ly ,  w h e n  a p l a s m a  leci- 
th in  i n fu s io n  was c o n t i n u e d  for  24 h r  a 
subs tan t i a l  s t i m u l a t i o n  o f  cho les te ro l  s y n t h e s i s  
was observed  in b o t h  the  liver and  in t e s t ine  
(28).  The  i n c r e m e n t  in hepa t i c  cho les te ro l  
s yn the s i s  f r o m  th i s  lec i th in  i n fu s ion  was a b o u t  
the  s am e  as t h a t  n o t e d  in an o b s t r u c t e d  ra t  
(29) .  The  m e c h a n i s m  for  the  accelera ted  choles-  
terol  s y n t h e s i s  in bil iary o b s t r u c t i o n  m a y  be 
due in par t  to  the  s econda ry  e f fec t  of  bi l iary 
lec i th in  re f lux  i n to  p l a sma  wi th  its k n o w n  
capac i ty  to  e n h a n c e  cho les te rogenes i s .  

The  fall seen  in  b o t h  p l a sma  p h o s p h o l i p i d  

and  cho les te ro l  c o n c e n t r a t i o n s  w h e n  the  tauro-  
cho la te  c o n c e n t r a t i o n s  were increased  in the  
chronica l ly  o b s t r u c t e d  bil iary tree is u n e x -  
p la ined.  Inves t iga t ions  are c u r r e n t l y  p roc e e d ing  
in to  the  m e c h a n i s m  of  th is  p h e n o m e n o n .  
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SHORT COMMUNICATIONS 

Bis-(Monoacylglyceryl)-Phosphate of Rat and Human Liver: 
Fatty Acid Composition and NMR Spectroscopy 

ABSTRACT 

Bis-(monoacylglyceryl)-phosphate was 
isolated from liver lysosomes that had 
been prepared from rats pretreated with 
Triton WR-1339. Analysis of the fatty 
acids in this lipid by gas chromatography 
and mass spectrometry revealed that they 
were composed of 69% docosahexenoic 
acid. NMR spectroscopy of bis-(mono- 
acylglyceryl)-phosphate isolated from 
liver of a patient who had a lipid storage 
disease revealed that the peak correspond- 
ing to the chemical shift of protons of 
esterified secondary carbons of glycerol 
was absent. This suggests that fatty acids 
are esterified to the primary position of 
both glycerols. 

An unusual phospholipid, bis-(monoacyl- 
glyceryl)-phosphate, was first identified in 
mammalian tissues by Body and Gray (1). 
Details of the structure of this lipid were 
determined from samples obtained from lung 
(1), human pathological tissues (2,3), the liver 
of humans and rats treated with the drug 
4,4-diethylaminoethoxy hexestrol (4) and rat 
liver lysosomes pepared following loading with 
the detergent, Triton WR-1339 ("tritosomes") 
(5). These studies have demonstrated a compo- 
sition consisting of two fatty acids and two 
glycerol moieties per phosphorus and have 
established that each of the fatty acids is 
esterified to a different glycerol. The position 
of esterification of the fatty acids to each of 
the glycerols has not  been determined. Body 
and Gray (6) and Seng et al. (3) have pointed 
out the high proportion of unsaturated fatty 
acid in the lipid and have suggested, by analogy 
with other phospholipid classes where more 
structural data is known, that this indicates 
esterification of fatty acids in the secondary 
positions. 

We have examined the fatty acid composi- 
tion of samples of bis-(monoacylglyceryl)-phos- 
phate from both human and rat sources and 
have not only confirmed that the lipid contains 

mainly unsaturated fatty acid, but have also 
found that it may be unsaturated to an unusual 
degree. We also report the results of NMR 
spectroscopy carried out on a sample of human 
origin, which are compatible with a structure in 
which both fatty acids are esterified to the 
primary position of the glycerol moieties. 

Bis-(monoacylglyceryl)-phosphate was iso- 
lated from rat liver "tritosomes" and was 
identified by procedures described earlier (5). 
Solvents used for isolations contained 2,6-di-t- 
butyl-p-cresol at a concentration of 0.005%. 
The fatty acid composition was determined by 
gas chromatography of the methyl esters, which 
were obtained as described previously (5). 
Analysis was carried out on an F and M 402 gas 
chromatograph fitted with columns of 6% 
diethyleneglycol succinate and 3% SE-30. Yield 
of fatty acid methyl ester was determined to be 
96% or higher, both by colorimetric estimation 
of ester (7) and weighing the peaks on the 
chromatograms and comparing the sum to the 
weight of the peak corresponding to a known 
quantity of added internal standard of non- 

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  
B i s - ( M o n o a c y l g l y c e r y l ) - P h o s p h a t e  

I d e n t i f i c a t i o n  

Per c e n t  

R a t  l iver t r i t o s o m e s  
H u m a n  

liver 

( H y d r o g e n a t e d )  
C 1 4 : 0  < l  1 
C 1 6 : 0  3 6 
C 1 6 : 1  1 
U n i d e n t i f i e d  
C 1 8 : 0  1 13 
C 1 8 : 1  5 
C 1 8 : 2  6 
C 2 0 : 0  7 
C 2 0 : 1  
C 2 2 : 0  4 73 
C 2 0 : 5  2 
C 2 4 : 0  2 
C 2 4 : 1  2 
C 2 2 : 5  4 
C 2 2 : 6  69  

< 1  
6 
2 
3 
5 

57  
10 

531 
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. i I i ! i 
5 . 0  15.0 7 .0  8 .0  g.O 

FIG. 1. NMR spectra of human liver bis(monoacylglyceryl) phosphate after (A) and before (B) 
hydrogenation, phosphatidylglycerol (C) and tetrapalmitoyl bis-(L-~-glyceryl) phosphoric acid (D). Inserts a and 
b are magnifications of the portions between 4.6 and 6.3T of spectra A and B, respectively. 

adecanoic methyl ester. Peaks were identified 
by comparison with known standards and by 
plotting relative log retention times obtained on  
both types of column. To confirm identifica- 
tion of unsaturated peaks, samples of fatty acid 
methyl ester were also run after catalytic 
hydrogenation (8). The fatty acid composition 
determined is given in TabIe I. T h e  identity of 

the peak having the retention time of 22:6 was 
confirmed by mass spectrometry. The following 
fragments that support a structure of 22:6 co3 
were found: 342, M+; 327, M-CH 3 terminal; 
313, M-C2H s terminal; 311, M-OCH3; 299, 
M-Call 7 terminal; 273, M-CsH 9 terminal, indi- 
cating a double bond at C19 and 206, CI-C]2 
fragment. 
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These  results show tha t  up to 89% of the 
fat ty  acids in bis- (monoacylglyceryl) -phosphate  
may be unsaturated,  wi th  70% being 22:6.  I t  is 
of  no te  that  the sample  so highly enr iched in 
22:6 was isolated f rom rat liver " t r i t o somes , "  
which have the characterist ics of  secondary 
lysosomes (9). The possible cont r ibu t ion  of  this 
highly unsatura ted  phosphol ip id  to the specific 
biological roles of  the vacuolar  apparatus is 
therefore  of  some interest .  

A suff icient  amoun t  of  sample of  bis(mono-  
acylgiyceryl)  phosphate  was isolated from the 
liver of  a pat ient  who died with  an undef ined  
form of  lipid storage disease (10) to allow NMR 
spectroscopy.  The lipid accounted  for  5.3% of 
total  phosphol ip id  (P) and was ident i f ied as 
described for  the rat lipid. Its fa t ty  acid 
compos i t ion  is shown in Table I. NMR spectra 
were recorded f rom 6-10 mg of lipid dissolved 
in ch loroform using a Varian Associates 
HR-220 spec t romete r  wi th  te t ramethyls i lane as 
standard. Spectra  obta ined  for bis-(monoacyl-  
glyceryl)-phosphate and two  standard lipids for 
comparison,  synthet ic  te t rapa lmi toyl  bis-(L-o~- 
glyceryl)-phosphoric  acid and phosphat idyl  
glycerol (Supelco,  State College, Pa.), are 
shown in Figure 1. 

The  spectra reveal peaks at 9.1, 8.7, 8.0, 
7.7T, be tween  5.7 and 6.3 and be tween  4.6 and 
4.8r ,  which are accounted  for by terminal  
me thy l  protons ,  me thy lene  pro tons ,  methy lene  
protons  adjacent  to double  bonds,  me thy lene  
pro tons  adjacent  to  carboxyl  groups, glycerol  
pro tons  excep t  pro tons  of  the secondary car- 
bon of  glycerol when esterified and e thylenic  
protons ,  respectively (11,12,13) .  All three sub- 
stances reveal peaks at 4.6-4.8~-in keeping with  
the presence of  unsatura ted  fa t ty  acids present  
in bo th  bis- (monoacylglyceryl) -phosphate  and 
phosphat idylg lycerol  and esterified fa t ty  acids 
in the second posi t ion present  in te t rapalmityl -  
his (L-a-glyceryl)-phosphoric  acid and phospha-  
t idylglycerol .  

The sample o f  bis-(monoacylglyceryl)-phos-  
phate  was then hydrogena ted  (8) twice. This 
was shown to be comple te  by gas chromatogra-  
phy of  fa t ty  acid me thy l  esters as described 
above. The NMR spect rum (Fig. 1A and insert  
a) revealed n o w  that  all peaks at 4.6-4.8r  had 
disappeared. The areas under  the various peaks 
do no t  in mos t  instances adhere to stoichi- 
moe t ry  expec ted  for  the various p ro ton  posi- 
tions. Fo r  example ,  if  i t  is assumed that  bo th  
fa t ty  acids in b is- (monoacylgiyceryl ) -phosphate  
are esterif ied in the pr imary posi t ion so that  
none  of  the glycerol  pro tons  will have a 
chemical  shift  in the 4.6-4.8T region, and the 
cont r ibut ion  of  the e thylenic  pro tons  is calcu- 
lated f rom Table I, the theoret ica l  ra t io  of  

peaks 4.6-4.8:5.7-6.3 is 5.1 : 10. The value deter- 
mined f rom Figure 1 is about  half  the theoret i -  
cal value. However  a small error  in the determi-  
nat ion of  C22:6  by gas ch romatography  will be 
amplif ied in the calculat ion of  the above ratio. 
Therefore ,  even i f  we assume tha t  half  of  the 
area of  the peaks at 5.7-6.3 are accounted  for 
by con taminan t  and that  only one of  the two 
fat ty  acids resides in the secondary posi t ion,  a 
peak should be visible in the hydrogena ted  
sample at 4.6-4.8T. Because such a peak could 
no t  be detected,  we conclude that  bo th  fa t ty  
acids are esterified to the pr imary posit ion.  

J .R.  W H E R R E T T  
S. H U T E R E R  
Depar tment  of Medicine (Neurology)  
6368 Medical Sciences Building 
Universi ty of  To ron to  
To ron to  M5B 1A8, Canada 
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Volume-Dependent Transfer of Free Fatty Acids from 
Ehrlich Ascites Carcinoma to Host Tissues 

ABSTRACT 
The recovery of [9,10-3H] palmitate 

complexed to mouse serum albumin was 
studied 5 sec after ip injection into mice 
bearing Ehrlich ascites carcinomas. Only 
about 55% of the injected radioactivity 
remained in the tumor cells, tumor extra- 
cellular fluid and peritoneal washings in 
mice having ca. 5 ml of the ascites tumor 
(cells plus extracellular fluid). However 
the recoveries were nearly quantitative 
from tumors of larger volume (_> 8 ml). A 
model is proposed to account for the 
volume-dependent transfer of palmitate 
from tumor to host in these cancerous 
mice. 

During a recent study of free fatty acid 
(FFA) metabolism in mice bearing Ehrlich 
ascites carcinomas, we observed low "zero- 
time" recoveries of ip-injected [9,10-3H] pal- 
mitate from the peritoneal cavity of animals 
having 5-7 ml of tumor (cells plus extracelhilar 
fluid; unpublished observations). On the other 
hand, in experiments of longer duration but 
using mice with larger tumors, recoveries were 
considerably higher, even though some of the 
injected fatty acid had been metabolized. The 
apparent rapid loss of tracer from the tumor 
fluid of some mice-wi th in  5 sec after ip 
inject ion-contrasted markedly with the slow 
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FIG. 1. Recoveries of  [9,]0-3H] palmitic acid 
from the peritoneal cavities of mice bearing Ehrlich 
ascites carcinoma, 5 sec after ip injection of the tracer. 
The labeled fatty acid was injected as a complex 
(mouse serum). The tumor volumes were varied by 
using tumor harvested at the following times after 
inoculation of 1.2 x 107 cells: 5 days (e), 7 days (X) 
and 9 days (~). The curve was drawn freehand, 
without assuming any particular mathematical func- 
tion. 

transport of FFA from the ascitic fluid to the 
host tissues after that time. This suggests that, 
during the time required for the tracer to 
equilibrate with the endogenous FFA pool of 
the ascitic fluid, the tracer and endogenous 
FFA pools were handled differently, depending 
upon the volume of tumor. Since a volume- 
dependent transport of the tracer could influ- 
ence seriously the interpretation of kinetic 
studies, we have carried out a study of FFA 
"transport" during the first 5 sec after ip 
injection of [9,10-3H]-palmitate into mice 
bearing Ehrlich ascites carcinomas of varying 
volumes. Our data establish that there is indeed 
a rapid, volume-dependent transfer of tracer 
from the ascitic fluid to the host and that, 
under the present conditions, this transfer may 
be reduced to negligible proportions by using 
tumors of large volume. 

Ehrlich ascites carcinomas (originally ob- 
tained from R.W. McKee, Dept. of Biological 
Chemistry, UCLA School of Medicine) were 
grown in male, Swiss-Webster mice (Hilltop Lab 
Animals, Inc., Los Angeles). [9,10-3H] palmitic 
acid, 500 mCi/mM, was obtained from Amer- 
sham-Searle, Inc. and was purified by extrac- 
tion from hexane into a sodium carbonate 
solution, followed by acidification with H2SO 4 
and reextraction with hexane. Radiochemical 
purity was evaluated by thin layer chromatogra- 
phy (1) using a solvent system of n-hexane- 
ethyl ether-acetic acid 166:32:2. At least 98% 
of the radioactivity migrated as FFA. Tumor- 
bearing mice were injected ip with 100/11 of the 
labeled palmitate complexed (2) to mouse 
serum albumin as follows: The labeled palmitic 
acid was dissolved in a slight excess of KOH in 
methanol, the solution taken to dryness, then, 
after addition of 0.85% NaC1, heated to 60-70 
C until  total solubilization of the palmitate; an 
eight-fold volume of mouse serum was then 
added to the warm solution. The final molecu- 
lar ratio of added (radioactive) palmitate-serum 
albumin was ca. 1, and the ratio of total (added 
and already present) FFA-albumin was ca. 2. 
Tumor volumes during tracer experiments were 
varied by using 35-40 g mice injected at varying 
times (5-12 days) after ip inoculation with 1.2 
x 107 washed tumor ceils. The mice were killed 
by cervical fracture 5 sec after injection of the 
labeled palmitate. During the 5 sec period, the 
abdomens were massaged gently and the mice 
were rotated from side to side to enhance 
mixing of the tracer within the ascitic fluid. 
The skin was removed rapidly, an incision was 
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made in the peritoneum, and tumor was col- 
lected by free drainage. The peritoneal cavity 
was washed with 10 ml saline and the washings 
collected separately. Volumes of total tumor 
cells plus extracellular fluid, and of packed cells 
(after centrifugation) in both the original tumor 
collection and in the washings, were recorded. 
Aliquots of  the initial tumor were taken, 
diluted 10-fold with saline, and counted di- 
rectly by liquid scintillation spectrometry. Ali- 
quots of the washings were also assayed for 3H, 
but without further dilution. Appropriate cor- 
rections for quenching were made. The sum of 
the radioactivity in the entire peritoneal cavity 
(original tumor and washings) was then calcu- 
lated for each mouse. 

The percentage of injected [ 9,10 -3H] palmi- 
tate found in the tumor cells and extracellular 
fluid 5 sec after ip injection of tracer is plotted 
as a function of total tumor volume in Figure 1. 
The 3H recoveries were low in every case in 
which tumors of less than 6 ml volume were 
used, and, with one exception, the recoveries 
were quantitative in tumors of 8 ml or more. 
The loss of ca. 50% of the injected dose in 5 sec 
in the case of one group of mice (Fig. l ,c losed 
circles, average) may be compared with the 
fractional rate of disappearance of 3H-labeled 
palrnitate from the ascitic fluid shortly after 
that time; namely, 50% in 120-210 seconds (3; 
and unpublished observations). We can exclude 
the possibility that tumor cells are competing in 
an important way with receptor sites lining the 
peritoneal cavity during the first 5 sec, since 
only ca. 10% of the radioactivity in the 
peritoneal cavity was associated with the tumor 
cell lipids, even after 30 sec, under conditions 
(tumor ca. 6 ml) in which ca. 30% of the 
injected dose was lost within 5 sec (unpublished 
observations). 

As a basis for the interpretation of these 
data, we have hypothesized the following sim- 
plified model in which the artificial FFA-albu- 
min complex is transferred to the host either 
from the injected bolus (via k31 ) or after the 
tracer FFA has transferred to a more physiolog- 
ical FFA-protein complex in the tumor extra- 
cellular fluid (via k21 and k32 ). 

2. FFA, tumor 
k 2 1 ~ . . ,  ext!acellular fluid 

1. FFA-alhumin, 
tumor bolus § 

3. FFA, host I~ 

Our data indicate that the larger the volume of 
tumor, the less the chances are for the tracer in 
the bolus to make contact with the host 
receptors that line ther peritoneal cavity or the 
tissues therein, i.e., the larger the tumor vol- 
ume, the greater the chances for FFA transport 
via k21 to be "comple ted"  without loss of 
tracer via k31. The transfer of physiological 
FFA from tumor to host (via k32 ) is known to 
be slow (unpublished observations). Further 
studies are required in order to establish wheth- 
er the extremely rapid transfer via k31 that we 
have studied here reflects the use of a nonphysi- 
ological FFA-albumin complex (4) or whether 
the bolus loss in 5 sec is that that one expects 
from low concentrations of a truly physiologi- 
cal FFA-albumin complex prior to mixing with 
the larger extracellular FFA pool in the ascitic 
fluid. 
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Methodology for Separation of Gangliosides from Potential 
Water-Soluble Precursors 
T.P. CARTER, Eunice Kennedy Shriver Center at the Walter E. Fernald 
State School, 200 Trapelo Road, Waltham, Massachusetts 02154, and J. KANFER, 1 
Neurology Research, Massachusetts General Hospital, Boston, Massachusetts 02114 

A B S T R A C T  

The following methods were examined 
for their ability to remove labeled nucleo- 
tide sugars and other water-soluble pre- 
cursors from ganglioside preparations: 
enzymatic digestion of nucleotide sugars 
followed by dialysis; silicic acid and 
Sephadex G-25 column chromatography; 
ascending paper chromatography; high 
voltage paper electrophoresis; thin layer 
c h r o m a t o g r a p h y ;  co-precipitation of 
gangliosides and bovine serum albumin 
with trichloroacetic acid. A procedure 
was developed which allows these com- 
plexglycosphingolipids to remain in the 
chloroform-rich lower phase during con- 
ventional Folch partitioning. 

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

In vitro studies of the individual reactions 
responsible for the biosynthesis of gangliosides 
usually employ specific radioactive nucleotide 
sugar donors (UDP-glucose, UDP-gaiactose, 
UDP-N-acetylgalactosamine or CMP-sialic acid). 
A variety of methods and approaches have been 
devised to accomplish the separation of remain- 
ing labeled precursors from the reaction prod- 
uct  for reliable assay. 

Mixtures containing labeled gangliosides pro- 
duced both in vitro and in vivo and labeled 
water-soluble precursors have been treated with 
snake venom phosphodiesterase and bacterial 
alkaline phosphatase followed by dialysis to 
eliminate the nucleotide sugar contaminants 
(1). This method may lead to losses if the 
ganglioside critical micelle concentration is not  
exceeded (2,3) and is a bit  tedious for routine 
purposes. 

Complete separation of gangliosides from 
nucleotide sugars was reported,  employing as- 
cending paper chromatographic (4) and high 
voltage paper electrophoretic procedures (4,5) 
with sodium tetraborate (pH 9.0) as the devel- 
oping solvent or buffer. Fract ionat ion of crude 
lipid extracts was reported utilizing Sephadex 
G-25 for removal of a variety of water soluble 
contaminants,  including amino acids, carbohy- 

1Author to whom correspondence should be di- 
rected. 

drates, nucleotides, and inorganic phosphate 
(6). A Silica Gel G column chromatographic 
procedure has been used for the removal of 
contaminating lipids from organic extracts con- 
taining gangliosides (7). 

This paper reports experiences in this labora- 
tory with available techniques for removal of 
water-soluble contaminants from ganglioside 
mixtures. A procedure exploit ing early observa- 
tions on gangliosides (8-10) has been developed 
based upon the parti t ioning of gangliosides into 
a chloroform-rich phase to separate them from 
nucleotide sugars and other water-soluble con- 
taminants. 

M A T E  R IALS  

Mixtures of bovine brain gangliosides, puri- 
fied G M 1 and GM 2, (Nomenclature of Svenner- 
holm, [11] )  were isolated by conventional 
techniques (12,13). Crude lipid extracts (2:1 
CHC13-MeOH) from bovine brain were used 
without further purification. 

Nucleotide sugars, UDP-glucose (sodium 
salt) and UDP-galactose (potassium salt) were 
purchased from P.L. Biochemical, Inc. (Milwau- 
kee, Wis.). Crystalline bovine serum albumin 
(Fraction V), synthetic N-acetylneuraminic acid 
(Type IV) and Crotalus adamanteus venom 
phosphodiesterase (SA 0.64 units/mg) were 
obtained from Sigma Chemical Co. (St, Louis, 
Mo.). Worthington Biochemical Corp, (Free- 
hold, N.J.) was the commercial  source of 
bac te r i a l  alkaline phosphatase (SA 34.5 
units/mg). 

[3H-]GM1 (SA 2.0 x 106 cpm//.tmol) was 
prepared by the galactose" oxidase-sodium 
[3H]-borohydride method (14), which results 
in the introduct ion of 3H specifically at carbon 
atom 6 of the terminal galactose residue. 
[3H-] N-acetylgalactosamine (SA 1.19 x l08 
cpm//~mol) was prepared by the acetic anhy- 
dride method (15). New England Nuclear (Bos- 
ton, Mass.) was the commercial source of 
[3H]-I -D glucose (SA 6.93 x 108 dpm//lmol),  
UDP-[14C]-glucose (SA 4.4 x t08 cpm//lmol) 
and UDP-[14C]-galactose (SA 4.2 x 108 
cpm/t.tmol). 

Silicic acid (SilicAR, special CC-7) was pur- 
chased from Mallinckrodt Chemical Works (St. 
Louis, Mo.). Sephadex G-25 (fine) was obtained 
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from Pharmacia Fine Chemicals, Inc. (Piscata- 
way, N.J.). Reeve Angel (Clifton, N.J.) was the 
commercial source of Whatman 3 MM chro- 
matographic paper (0.33 ram). Precoated 250 
micron Silica Gel G (TLC) plates (20 x 20 cm) 
were purchased from Analtech, Inc. (Newark 
Del.). Cellulose dialysis membrane (5/8 in, size 
18) was obtained from VWR Scientific (Boston, 
Mass.). All solvents were reagent grade and used 
without further purification. 

METHODS AND RESULTS 

A. Enzyme Treatment and Dialysis 

In an attempt to reproduce a general in vitro 
incubation condition, 200 #l of a suspension 
containing 1 mg lyophflized bovine white mat- 
ter (400 gg protein), in a solution containing 
0.90% NaC1, 1.15% KC1, 2.11% KHzPO4, 
1.85% MgSO4, 1.3% NaHCO 3 and buffered 
with 0.1M Na2HPO4-NaH2PO 4 (pH 7.4) was 
employed. This solution will be referred to as 
incubation mixture  I. 

Immediately after the addition of carrier 
bovine brain ganglioside (5 #mol) and either la- 
beled nucleotide sugar (0.027-0.131 nmol) or 
[3H]-GMI (5-11 nmol), to the incubation 
media, 3 ml of CHC13-MeOH (2:1) was added. 
The contents of individual tubes were evapo- 
rated to dryness, employing N 2 at a tempera- 
ture below 40 C. Enzyme digestion (1) was 
accomplished by incubation with 10 #g bacte- 
rial alkaline phosphatase, 10 /.tg snake venom 
phosphodiesterase, 0.3 ml 1.0 M Tris-HC1 
buffer (pH 8.5), 0.3 ml 0.3 M magnesium 
acetate and 2.4 ml distilled HzO for 2 hr at 37 
C. Controls were prepared by placing tubes in a 
boiling water bath prior to incubation and the 
contents carried through the entire procedure. 
The sample contents of each tube were trans- 
ferred to a dialysis sac and dialyzed at 4 C 
against distilled water for 24 hr. The cellulose 
membrane had been boiled in distilled water 
twice prior to use. In other experiments the 
membrane contents were adjusted to 20 mM 
EDTA prior to dialysis. After measuring the 
volume within the sac, sample aliquots were 
removed, concentrated, 15 ml scintillation solu- 
tion was added, and radioactivity was measured 
using a Packard Liquid Scintillation Spectrom- 
eter (Model 3380). 

The data obtained from enzymatic digestion 
and dialysis of UDP-[14C]-galactose and 
[3H]-GMI are presented in Table I. It is 
apparent that EDTA addition alone enhances 
the loss of nucleotide sugar upon dialysis and 
that enzymatic digestion followed by dialysis 
removes virtually all of the nucleotide sugar. 
Identical results were obtained when UDP- 
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[ 14C] glucose was substituted for UDP-[ 14C]- 
galactose. 

Analysis of the [3H]-GMI data (Table I) 
reveals that approximately 95% of the ganglio- 
side can be recovered after dialysis, provided 
sufficient carrier ganglioside was added to 
exceed the critical micelle concentration. At- 
tempts to increase the recovery of [3H]-GM1 
further by increasing the concentration of 
carrier ganglioside or pretreating the membrane 
with boiling EDTA solutions were unsuccessful. 

B. High Voltage Paper Electrophoresis 

The incubation mixture employed by Kauf- 
man et al. (4) was adopted to evaluate this 
technique. This mixture contained 200 #g 
Tween 80, 400 #g Triton CF-54, 20 #mol 
cacodylate-HC1 buffer (pH 6.3), 2.0 /amol 
MgC12, and 860/ag bovine serum albumin in a 
final volume of 200 #1. After the addition of 
[3H]-GM1 (11.0 nmol) or UDP-[14C]-galac - 
tose (0.054 nmol), the entire reaction mixture 
was streaked on Whatman 3 MM chromato- 
graphic paper (46 x 57 cm). The paper was 
saturated with buffer and electrophoresed for 
30 min at 55 volts/cm (230 ma) employing 1% 
sodium tetraborate (pH 9.0) as buffer and a 
model D-2 Gilson Electrophorator. The chro- 
matogram was air-dried and the radioactivity 
located by employing a Berthold radio scanner. 

In additional experiments, various concen- 
trations of non-radioactive mixed bovine brain 
gangtiosides or GMI and GM2 were subjected 
to electrophoretic separation, and the paper 
was divided into 2 cm strips. The individual 
strips were soaked in CHCla-MeOH (2:1) to 
elute the gangliosides. The eluate was concen- 
trated to dryness, dissolved in a small volume of 
solvent, and the gangliosides were analyzed by 
TLC employing CHC13-MeOH-2.5 N NH4OH 
(60:35:8) as the developing solvent. The gan- 
gliosides were detected by use of resorcinol-HCl 
reagent (16). This TLC and detection system 
was employed throughout these studies, unless 
specifically stated otherwise. 

A radioscan of [3H]-GMI and UDP-[14C] - 
galactose, after paper electrophoresis employing 
sodium tetraborate as buffer, is presented in 
Figure 1. This monosialoganglioside remained 
close to the origin, 0-6 cm, while the nucleotide 
sugar migrated near the solvent front, providing 
good separation of the two materials. When 
mixtures of 25 to 300 nmol of bovine brain 
gangliosides were subjected to such electro- 
phoretic separation, the gangliosides were 
found streaked to approximately 14 cm from 
the origin. This observation was documented by 
TLC analysis of the CHC13-MeOH eluates from 
the paper as shown in Figure 2. Similar results 
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TABLE I 

Dialysis of Nucleotide Sugar and Ganglioside: Effect of 
EDTA and Enzyme Treatment 

539 

Direct dialysis a 
Plus EDTA b 
Plus EDTA b and enzyme treatment c 

% Loss of % Loss of 
UDp-14C-galactosed 3H-GM 1 e 

57.0 5.7 
92.6 4.3 
99.8 5.1 

aSamples dialyzed directly against 500 volumes distilled H20, final ganglioside concen- 
tration after the addition of carrier was 4 x 10 -4 M. 

bContents of dialysis sac made 20 mM in EDTA prior to dialysis. 
CSnake venom phosphodiesterase and bacterial alkaline phosphatase treatment of 

samples prior to dialysis. 
d(0.131 nmol). 
e(l 1.0 nmol). 

were ob ta ined  when  GM1 and GM2 were 
subjec ted  to  this e l ec t rophore t i c  p rocedure .  

C. Ascending Paper Chromatography 

The procedure  e m p l o y e d  for  these studies 
was identical  to  tha t  in B above, excep t  tha t  
separat ion was achieved wi th  ascending paper  

ch roma tog raphy  ra ther  than  e lec t rophores is  
and UDP-[14C]-g lucose  was subs t i tu ted  for  
UDP-[14C]-galactose .  Af te r  1.5 hr,  the  paper  
was air-dried and a radioscan obta ined.  When 
bovine brain gangliosides were util ized, the  
paper  ch roma tog ram was cut  in to  3 equal areas, 
and similar con t ro l  sect ions  were ob ta ined  f rom 

FIG. 1. Radioscan of (A) UDP-[14C]-galactose, 0.054 nmol and (B) [3H]-GM1, 11.0 nmol after paper 
electrophoresis. Entire incubation mixture was streaked on Whatman 3 MM chromatographic paper (46 x 57 
em). After paper electrophoresis, employing 1% sodium tetraborate (pH 9.0) and 55 volts/cm (230 milliamperes) 
for 30 min, chromatogram was air dried and analyzed. 
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FIG. 2. TLC analysis of sections of a chromatogram after high voltage electrophoresis of mixed brain 
gangtiosides. Experimental conditions were the same as those outlined in Figure 1, except that 100 nmol of 
bovine brain gangliosides were substituted for [ 3HI -GM1. After electrophoresis, paper was sectioned into 2 cm 
strips, except 8 which included remainder of chromatogram. TLC lanes are numbered 1 to 9 from left to right. 
Lane 1 includes origin region, while lanes 2 through 7 represent 2 cm strips of chromatogram from 2 to 4, 4 to 6, 
6 to 8, 8 to 10, 10 to 12, and 12 to 14 cm from origin. Lane 9 represents a mixture of bovine brain gangliosides 
not subjected to high voltage electrophoresis. Gangliosides were ehited from the paper with CHC13-MeOH (2:1). 

lanes devoid of  sample. Various sections of  the 
chromatogram were ext rac ted  with  CHC13- 
MeOH (2: 1), and al iquots  were taken for  bo th  
quant i ta t ive  color imetr ic  analysis of  sialic acid 
using the resorcinol-HC1 m e t h o d  of  Miet t inen 
and Takki-Luukkalnen (16) and TLC. 

A radioscan of  [3H]-GM1 a n d U D P - [ ] 4 C ] -  
glucose, af ter  ascending paper  chromatography ,  
is presented  in Figure 3. Less than 5% of  the 
total  GMI applied s tayed at the origin, while 
t h e  remainder  cochromatographed  with  UDP- 
[14C]_glucose, close to the solvent front .  Simi- 
lar results were ob ta ined  wi th  a mix ture  of  

bovine brain gangliosides, as shown in Figure 4. 
Nearly all of the gangliosides applied to  the 
paper  migrated at or near  the solvent front .  
Sialic acid de te rmina t ion  f rom the various 
regions of  the ch romatogram also conf i rmed 
these observations. 

D. Direct TLC 

UDP-galactose,  UDP-glucose, N-acetylgalac- 
tosamine,  N-acetylneuraminic  acid and a mix-  
ture of  bovine brain gangliosides were spo t ted  
on a 0.25 m m  precoa ted  Silica Gel G plate and 
developed with  CHCla-MeOH-2.5 N N H 4 O H  , 
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FIG. 3. Radioscan of (A) [3H]-GMI, 11.0 nmol and (B) UDP-[ 14C]-glucose, 0.058 nmol after ascending 
paper chromatography. Entire reaction mixture was streaked on Whatman 3 MM chromatographic paper and 
developed with I% (w/v) sodium tetraborate (pH 9.0) as described in the text. After development (1.5 hO, paper 
was air dried and analyzed. 

60:35:8 (17). Components were visualized by 
spraying the plate lightly with 50% H2SO 4 and 
heating for 30 rain at 120 C. 

Direct TLC of the nucleotide sugars, various 
ganglioside precursors and a mixture of bovine 
brain gangliosides is represented in Figure 5. 
Since these monosaccharides and nucleotide 
sugars have Rf values similar to those of the 
more polar gangliosides, separation of ganglio- 
sides from these constituents cannot be accom- 
plished by such routine TLC separation. 
E. Sephadex Column Chromatography 

Pretreatment of the Sephadex G-25 to re- 
move fines, solvent volumes and eluting param- 
eters employed were according to the procedure 
of Wells and Dittmer (6). In vitro condi- 
tions were simulated by using 200 /11 of 
incubation mixture I and 3 pl [3H]-GMI (6.6 
nmol) or 2 /11 UDP-[14C]-galactose (0.054 
nmol). The sample was applied to the column 
(1.0 x 20 cm), after the addition of 10 ml of 
CHCla-MeOH-H20 (60:30:4.5), and fractions 

were collected and assayed for radioactivity. 
Similar experiments also were performed with a 
mixture of bovine brain gangliosides and UDP- 
[ 14C] -galactose or UDP-[ 14C] -glucose. In this 
case aliquots from the column fractions also 
were taken for sialic acid determination (16). 

The [3H]-GMI applied to a Sephadex col- 
umn was eluted in the CHC13-MeOH-H20 
(60:30:4.5) fraction or in the CHC13-MeOH 
(2:1) fractions as shown in Table II. In con- 
trast, all of the UDP-[ 14C]-galactose was recov- 
ered in the MeOH-H20 (1:1) fractions, indi- 
cating that gangliosides can be separated easily 
from nucleotide sugars by this procedure. Ex- 
periments using a mixture of bovine brain 
gangliosides and labeled UDP-galactose or 
UDP-glucose confirmed this observation. How- 
ever, only 75% of the [3H]-G M 1 was recovered 
from the Sephadex column. Similar recoveries 
of gangliosides also were obtained when bovine 
brain gangliosides were subjected to this proce- 
dure. 
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FIG. 4. TLC analysis of ganglioside eluted from sections of chromatogram after ascending paper 
chr. omatography. Experimental conditions were the same as those outlined in Figure 3, except 100 nmol of a 
mixture of bovine brain gangliosides was employed. After development, paper was air dried and sectioned into 
thirds. Lanes are numbered from left to right; lane 1 includes origin region, lane 2 the middle 1/3, and lane 3 the 
upper 1/3. Lane 4 is a control of equal area from the middle of the chromatogram which did not contain any 
sample. Lane 5 is a control from the solvent front region; lane 6 represents a mixture of bovine brain gangliosides 
not subjected to ascending paper chromatography. Gangliosides were eluted from the paper with CHC13-MeOH 
( 2:1); solutions were concentrated an d analyzed by TLC. 

F. Silicic Acid Column Chromatography (7) 

The co lumn (1.5 cm ID) was packed with  10 
gm of prewashed Si l icAR suspended in 
CHC13-MeOH- H 2 0  (65: 25: 4). Four  milliliters 
o f  a CHC13-MeOH (2: 1) solut ion conta in ing 88 
mg total  mixed  calf brain lipid and 5 /11 
UDP-[14C]-glucose  (0.058 nmol )  were trans- 
ferred to  the column. The co lumn  was e luted 
with  100 ml C H C l a - M e O H - H 2 0  (65 :25 :4 )  
f o l l o w e d  by 300 ml CHCla -MeOH-H20  
(60 :35 :8 )  at a f low rate of  3.5 ml /min .  Individ- 

Ual 20 ml fract ions were col lected,  and al iquots  
were taken for  analysis o f  gangliosides by TLC 
and for  analysis of  nuc leo t ide  sugars by radio- 
activity. 

The data obta ined f rom frac t ionat ion  of  
nuc leo t ide  sugar on silicic acid columns indi- 
cated that  the major i ty  of  the UDP-[14C]-glu-  
cose applied was e luted with  the first 80 ml of  
CHC13-MeOH-H20 (60 :35 :8) .  TLC analysis of  
gangliosides f rom co lumn fract ions revealed 
that  the major i ty  o f  bovine brain gangliosides 
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TABLE II 

Separation of 3H-G MI and 14C-UDP-galactose by 
Sephadex G-25 Column Chromatography 
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Column I 
Eluted fractions Solvent 3H'GM 1 d 

cpm 

Column II 
14C.UDP.galactosee 

1 10 ml solvent I a 2043 
2 2 ml solvent IIb 998 
3 2 ml solvent II 249 
4 2 ml solvent II 171 
5 2 ml solvent II 125 
6 2 ml solvent II 37 
7 10 ml solvent III c 18 
8 5 ml solvent III 18 
9 5 ml solvent III ND f 

10 5 ml solvent IIl ND 
11 5 ml solvent III ND 

cpm recovered 3659 
cpm-applie d 4831 

% Recovery 75.7 

ND f 
ND 
ND 
ND 
ND 
21 
29 
57 

16931 
17387 

15 

34440 
34490 

99.9 

aCHCI3-MeOH-H20 (60:30:4.5). 
bCHCl3-MeOH (2:1). 
CMeOH-H20 (1 : 1). 
d6.6 nmol. 
e0.054 nmol. 
fNot detected. 

also e lu ted  wi th  the  first 80 ml  o f  th is  so lvent .  

G. TCA Coprecipitation of  Ganglioside and 
Bovine Seru m Albu min 

Treatment I: Carrier  bovine  s e r u m  a l b u m i n  
(BSA) (1-5 m g ) w a s  added  to  200  /21 of  
i n c u b a t u r e  m i x t u r e  I, w h i c h  c o n t a i n e d  5 /al 
[3H]-GM1 (1 1 .0  n m o l )  or  2 /21 U D P - [ 1 4 C ] -  

glucose (0 .058  n m o l ) .  To  th i s  m i x t u r e  1 ml  o f  
10% t r ich loroace t ic  acid was added ,  the  t ube s  
were m i x e d  a nd  cen t r i fuged .  The  s u p e r n a t a n t  
was decan ted ,  6 ml o f  CHC13-MeOH (2: 1) was 
added  a nd  the  m i x t u r e  agi ta ted.  The  c o n t e n t s  
of  the  t ube s  were so luble  in CHC13-MeOH (2 :1 )  
p rov ided  the  final BSA c o n c e n t r a t i o n  did n o t  
exceed  0.7 m g / m l .  A l iquo t s  of  so lu t ions ,  as well 

TABLE III 

Effect of Various Cations, Lipid and H + Concentration on Distribution of 
3H-GM1 After Extraction of a TCA Precipitate a 

Aqueous extraction media 

3H'GMI Distribution (%) 

(pH 4.0 c) (pH 7.0 d) 

Control (-salt, -lipid) Upper phase 57 77 
Lower phase 43 23 

1 M KCl Upper phase 32 29 
Lower phase 68 71 

1 M NaCI Upper phase 28 31 
Lower phase 72 69 

Lipid b Upper phase 36 40 
Lower phase 64 60 

400 mM CaC12 Upper phase 19 50 
Lower phase 81 50 

100 mM CaCl 2 Upper phase 16 48 
Lower phase 84 52 

aCarrier BSA, 4 mg. 
bTCA precipitate extracted with CHC13MeOH (2:1) 

bovine brain lipid and ganglioside partitioned with buffer. 
Cpotassium biphthalate buffer, 0.05 M. 
dSodium phosphate buffer, 0.2 M. 

containing 120 mg of crude 
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FIG. 5. Direct TLC of ganglioside precursors, lane 1 glucose, lane 2 N-acetylgalactosamine, lane 3 
N-aeetylneuraminic acid, lane 4 UDP-glucose, lane 5 UDP-galactose, and lane 6 a mixture of bovine brain 
gangliosides. Lanes are numbered from left to right. TLC support was Silica Gel G (250 microns) and developing 
solvent was CHCI3-MeOH-2.5 N NH4OH (60:35:8). Compounds were visualized after spraying plate with 50% 
H2SO 4 and heating for 30 rain at 120 C. 

as appropriate controls (no trichloroacetic acid 
treatment), were taken for analysis of ganglio- 
side and nucleotide sugar by conventional 
liquid scintillation methods. 

The results of trichloroacetic acid coprecipi- 
ration of gangliosides with various concentra- 
tions of  added carrier BSA are presented in 
Figure 6. Under these conditions the maximum 
recovery of  [3H]-GM1 , 82%, was obtained 
when 4 mg of BSA was present. Duplicate 
assays often showed 5-10% differences in the 
recovery of  [ 3H]-G M 1- Additional experiments 
indicated that increasing the concentration of 

either trichloroacetic acid or BSA and the 
volume of CHCla-MeOH (2:1) employed did 
not increase the recovery of ganglioside or 
decrease the error associated with duplicate 
analyses. Under these conditions, ca. 10% of 
the radioactivity from UDP-[14C]-glucose or 
UDP-[14C]-galactose initially present was re- 
covered in the CHC13-MeOH (2: 1) solution. 

Treatment II: The same procedure, as out- 
lined in treatment I, was employed, except the 
CHC13-MeOH solubilized trichloroacetic acid 
precipiate with 4 mg carrier BSA was extracted 
once with 1.5 ml of various salt solutions which 
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FIG.  6. Per cent [ 3 H ] - G M 1  recovered as func t ion  
of BSA concentration when ganglioside and protein 
were coprecipitated with 10% trichloroacetic acid. 
Varying amounts of carrier BSA were added to 200 ul 
of incubation mixture I, which contained 5 #1 
[3H]-GM1 (11.0 nmol). After 10% trichloroacetic 
acid (1.0 ml) was added, contents of tube were mixed 
well, centrifuged, and supernatant discarded. Precipi- 
tate was dissolved in 6.0 ml CHC13-MeOH (2:1), and 
aliquots were taken for quantitative determination of 
radioactivity. �9 averages of three experiments, �9 �9 
range of values. 

i nc luded  e i t h e r  1 M NaC1, or  1 M KC1, or  100 
m M  CaC12, or  4 0 0  mM CaC12. To d e t e r m i n e  
w h e t h e r  pH changes  h a d  any  ef fec t  on the  
ganglioside pa r t i t ion ing ,  the  sal t  so lu t ions  were 
p r epa red  in  e i t he r  0.05 M po t a s s ium b i p h t h a l -  
ate bu f f e r  at  pH 4 .0  or  0.2 M sod ium p h o s p h a t e  
bu f f e r  at  pH 7.0. The ef fec t  of  added  non-gan-  
glioside l ip id  was s tud ied  by  dissolving the  
t r i ch lo roace t i c  acid inso lub le  mater ia l  in  6 ml  
CHCla-MeOH (2:  1) c o n t a i n i n g  120 mg bov ine  
b ra in  l ipids p r io r  to  e x t r a c t i o n  wi th  bu f f e r  in  
the  absence  of  added  salt.  Af te r  e x t r a c t i o n  and  
cen t r i fuga t ion ,  a l iquots  o f  the  ind iv idua l  u p p e r  
and  lower  phases  were t a k e n  for  c o u n t i n g  to  
de t e rmine  quan t i t a t i ve ly  the  d i s t r i bu t ion  of  
[ 3 H] -G M 1 or  UDP-[ 14C] -glucose. 

The  resul ts  of  e x p e r i m e n t s  on  the  e f fec t  of  
var ious  ca t ions ,  pH,  and  added  non-gangl ios ide  
l ipid on  the  p a r t i t i o n i n g  of  [ 3 H ] - G  M 1 i n to  the  
u p p e r  and  lower  phase  af te r  t r i ch lo roace t i c  acid 
t r e a t m e n t  are p re sen ted  in  Table III.  The  
presence  of  e i t he r  K +, Na +, Ca ++ , or  l ip id  
enhances  the  p a r t i t i o n i n g  of  [ 3 H ] - G M 1  in to  
the  ch lo ro fo rm- r i ch  l ower  phase,  whi le  an 
increase  in the  H + c o n c e n t r a t i o n  causes a 
s imilar  e f fec t  on ly  in the  c o n t r o l  or in  the  
presence  o f  Ca ++. A t  pH 4 .0  in the  presence  of  
100 mM CaC12, 84% of  the  ganglioside was 
f o u n d  in the  lower  phase  or  at  t he  in te rphase .  
In all of  these  p a r t i t i o n i n g  expe r i m en t s ,  less 
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FIG. 7. Effect of pH on distribution of [3H]-GM1 

between the two phases. To 200 #1 incubation mixture 
I, 5 #1 [3H] -GMI (11.0 nmol) and 6 ml CHC13-MeOH 
(2:1) were added. Contents of individual test tubes 
then were extracted with 1.5 ml 0.2 M buffer 
containing 100 mM CaC1. Buffers employed were 0.2 
M glycine-HC1 at pH 2.2, pH 3.0 or pH 3.6, 0.05 M 
potassium biphthalate at pH 4.0 and 0.2 M sodium 
phosphate at pH 7.0. Controls were extracted with 
similar buffered solutions which did not contain 
CaC12. After centrifugation, individual upper and 
lower phases were analyzed for ganglioside by deter- 
mining radioactivity. A, 100 mM CaC12; B, control. 

I 0 0  

9 0 -  

8 0  

70  

6 0  

5 0  I I I 1 I 
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  

Bovine Broin Gongliosidee (nmoles added) 

FIG. 8. Per cent recovery of ganglioside sialic acid 
in the lower phase after four extractions with buffered 
CaC12. To 200 #1 incubation mixture I, 5 to 120 #1 of 
a CHC13-MeOH (2:1) solution containing 10 nmol of 
mixed bovine brain gangliosides//~l and 6 ml 
CHC13-MeOH (2:1) were added. Contents of individ- 
ual test tubes were extracted 4 times with 1.5 ml 0.2 
M glycine-HC1 buffer at pH 2.2, containing 100 mM 
CaC12. Methanol (1 ml) was added to lower phases, 
and aliquots from individual lower and combined 
upper phases were taken for analysis of sialic acid 
(18). Points represent the average of two experiments. 

t han  1% of  the  rad ioac t iv i ty  f rom nuc l eo t ide  
sugars was recovered  in  the  lower  phases.  
H. Direct  Foleh Part i t ioning: Effect  of  CaCI 2 
and H + Concentra t ion  

Treatment I. To 200/11 i n c u b a t i o n  m i x t u r e  I 
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TABLE IV 

Effect of Repeated Extraction of Lower Phase with 100 mM CaCI 2 at pH 2.2  a on 
Distribution of 3H-GMI, 3H-N-acetyl-galactosamine and 14C-UDP-glucoseb 

(% Distribution of constituent) 
Number of extractions 1 2 3 4 

3H-GMI 
Upper phase (s) 1.0 2.3 3.0 3.5 
Lower phase 99.0 97.7 97.0 96.5 

3H-N-acetyl-galaet osamine 
Upper phase (s) 82 .3  91 .0  95 .8  98 .3  
Lower  phase 17.7  9.0 4 .2  1.7 

14C_UDP.glucose 
Upper phase (s) 81.0 90.9 96.0 98.0 
Lower phase 19.0 9.1 4.0 2.0 

aGlycine-HCl buffer, 0.2 M. 
bExperimental conditions were same as 

lower phases were extracted 1-4 times with 

containing 5 /~1 [3H]-GM1 (11.0 nmol), 6 ml 
CHC13-MeOH (2:1) was added. The contents of 
the individual test tubes then were extracted 
with 1.5 ml of 10-400 mM CaC12 solution and 
centrifuged. In similar experiments, the 
CHC13-MeOH solutions were extracted with 1.5 
ml of 100 mM CaC12 solutions buffered with 
0.2 M glycine-HC1 at pH 2.2, pH 3.0 or pH 3.6, 
0.05 M potassium biphthalate at pH 4.0 or 0.2 
M sodium phosphate at pH 7.0. The individual 
upper and lower phases were analyzed for 
gangtioside by determining radioactivity. The 
insoluble interphase material which appeared 
during the partitioning always was combined 
with the lower phase and rendered soluble by 
the addition of a small amount of MeOH. This 
was done because initial experiments indicated 
that gangliosides were distributed equally be- 
tween the interphase and the lower phase after 
extraction with Ca ++ solutions. 

The optimal Ca ++ concentration for parti- 
tioning gangliosides into the chloroform-rich 
lower phase was found to be 100 mM. The H + 
concentration of the extraction medium had a 
dramatic effect upon the distribution of 
[3H]-GMI in the presence of 100 mM CaC12 as 
shown in Figure 7. Such a pH effect agrees with 
earlier observations (8). It is evident from these 
data that 99% of the [3H]-GM1 was excluded 
from the upper phase when glycine-HC1 buffer 
(pH 2.2) containing 100 mM CaC12 was em- 
ployed. 

Treatment H: Either 5 /~1 [3H]-GMI (11.0 
nmol), 10/al [ 3H] -N-acetylgalactosamine (6.25 
nmol), or 10 /al UDP-[14C]-galactose (0.29 
nmol) was added to 200 /11 of incubation 
mixture I. After the addition of 6 ml 
CHC13-MeOH (2:1) to each tube, the contents 
were extracted 1 to 4 times with 1.5 ml cold 

those outlined in Figure 7, except individual 
1.5 ml 100 mM CaC12 (pH 2.2). 

0.2 M glycine-HC1 buffer, pH 2.2, containing 
100 mM CaC12. Aliquots of both the upper and 
lower phase were removed and radioactivity 
determined by liquid scintillation counting. 

The effect of varying the concentration of a 
mixture of bovine brain gangliosides on the 
distribution of lipid-bound sialic acid was in- 
vestigated by employing 50 to 1200 nmol 
(5-120 ~1) ganglioside. These solutions w e r e  

subjected to 4 extractions with the above 
buffered salt solution. In these experiments the 
individual lower phase sialic acid content as 
well as that in the combined upper phases was 
determined by the thiobarbituric acid method 
of Aminoff (18). 

Repeated extractions of the ganglioside-con- 
taining lower phase indicated that over 95% of 
this material remained in the lower phase, while 
98% of either the [ 3H] -N-acetyl-galactosamine 
or the UDP-[14C]-glucose was removed from 
this simulated in vitro mixture under these 
conditions (Table IV). The results of experi- 
ments utilizing 50 to 1200 nmol bovine brain 
gangliosides employing 4 extractions with 100 
mM CaC12, pH 2.2, indicated that the recovery 
of sialic acid in the lower phase was greater 
than 85% for concentrations less than 200 
nmol, as presented in Figure 8. 

Treatment 111: To the final washed lower 
phases from treatment II which contain 30 to 
200 nmol of a mixture of bovine brain ganglio- 
sides, solvent was added to reconstitute a 
CHCla-MeOH ratio of 2:1. The contents of the 
individual test tubes (total volume 9.6 ml) were 
then extracted once with 2.4 ml 0.1 M EDTA 
(pH 7.0) and 4 times with 2.0 ml theoretical 
upper phase containing 0.1 M EDTA (pH 7.0) 
instead of H20. The individual lower phases 
and pooled upper phases were concentrated to 
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dryness, the gangliosides solubilized by vigorous ~ loo 
extraction of the residue with CHC13-MeOH ~. 
(2:1), and aliquots were taken for determina- 
tion of sialic acid (16) and TLC analysis. ~ 9 0  

The data from experiments where the gan- 
gliosides were partitioned from the lower phase ~, 
into the upper phase are represented graphically ~ so 
in Figure 9. The results indicate that, for 
ganglioside concentrations less than 80 nmol,  
greater than 85% of the ganglioside can be ~ ro 
recovered in the upper phase. Comparison of o a  

this figure with Figure 8 reveals that there is a -~ 
5% loss of gangtioside associated with attempts @ so 
to repartition gangliosides into the upper phase 
when employing this EDTA procedure. TLC 
analysis of bovine brain gangliosides subjected 
to this procedure revealed that there were no 
selective losses of individual ganglioside species. 

DISCUSSI ON 

Several of the previously employed tech- 
niques for the removal of water-soluble nucleo- 
tide sugar contaminants from gangliosides in 
reconstituted in vitro incubation mixtures were 
examined. Streaking of gangliosides occurred 
with more than 25 nmol when the electro- 
phoretic method was employed, and the inabil- 
ity to separate these glycosphingolipids from 
nucleotide sugars was observed with the paper 
chromatographic procedure. Although the re- 
suits of TLC analyses indicate that there are 
selective losses of individual ganglioside species 
when employing either of these methods, it is 
likely that such losses are due to the incomplete 
elution of these lipids from the paper chro- 
matogram. 

The results of Sephadex and silicic acid 
column chromatography indicate that these 
methods have limitations for in vitro ganglio- 
side studies. The silicic acid column chromato- 
graphic procedure is able to separate gangho- 
sides from other lipids, but it is unsatisfactory 
for the removal of nucleotide sugars from 
ganglioside preparations. The Sephadex G-25 
procedure is capable of eliminating virtually all 
of the nucleotide sugars from ganglioside mix- 
tures, which agrees with the report of Wells and 
Dittmer (6). However, ca. 25% of the applied 
ganglioside is retained by this dextran gel. In 
addition, it is quite tedious and time consuming 
for a routine in vitro assay system. 

Similar losses also are obtained when gangli- 
osides and protein are coprecipitated with 
trichloroacetic acid. Tallman and Brady (19) 
recently reported that their TCA supernatant 
blank values for boiled enzyme were ca. one- 
fourth of the values of incubations with active 
sialidase when [NeuAc-3H]-GM2 was used as 
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FIG. 9. Effect of ganglioside concentration on 
their partitioning from the lower phase into the upper 
phase. To the starting ganglioside-containing lower 
phase solutions (obtained as described in Figure 8), 
solvent was added to reconstitute a CHC13-MeOH ratio 
of 2:1, and individual test tube contents (total volume 
9.6 ml) were extracted once with 2.4 ml 0.1 M EDTA, 
pH 7.0 and 4 times with 2.0 ml theoretical upper 
phase containing 0.1 M EDTA, pH 7.0, instead of 
H20. Upper phases were pooled, concentrated to 
dryness, gangliosides solubilized by vigorous extrac- 
tion of the residue with CHC13-MeOH (2:1), and 
aliquots taken for determination of sialic acid content 
(16). Each point represents the average of values 
obtained from a single experiment. 

substrate. In addition to a 20-25% loss of 
ganglioside, ca. 10% of the nucleotide sugar was 
found in the trichloroacetic acid precipitate. 

Of the reported methods investigated, en- 
zyme digestion followed by dialysis proved to 
be the best technique, since virtually all the 
nucleotide sugar can be excluded with minimal 
loss of gangliosides. However, the necessity of 
adding carrier ganglioside makes this method 
undesirable, since neither detailed analyses of 
individual ganglioside species produced in vitro 
nor determination of specific activities of the 
individual gangliosides is possible. 

A procedure for removal of water-soluble 
constituents from simulated ganglioside in vitro 
incubation mixtures is based upon previous 
observations by a number  of workers (8-10). 
This method takes advantage of the lipophilic 
character of these glycosphingolipids when ion- 
ization of the sialic acid residues is depressed by 
low H + concentrations resulting in the forma- 
tion of water insoluble ganglioside-Ca ++ com- 
plexes. The formation of lipophilic ganglioside 
calcium salts was reported by both Quarles and 
Folch-Pi (9) and Gatt (8). However, the chemi- 
cal structures of these complexes were not 
documented. Purification of gangliosides from 
in vitro preparations by this technique offers 
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several advantages:  (a) This m e t h o d  is easily 
adaptable  for  rout ine  analyses and is n o t  as 
tedious  as o the r  procedures .  (b) Removal  of  
virtually all con t amina t i ng  water-soluble  con- 
s t i tuents  is possible wi th  minimal  loss of  gan- 
glioside, and (c) the una l t e red  individual  gangli- 
oside species can be recovered  for  detai led 
analyses. 

In actual in vi t ro  s i tuat ions  this m e t h o d  was 
f o u n d  to  be as effect ive as r epo r t ed  above. 
Blanks never  y ie lded  radioact ive precursors  
exceeding  0.4% of  the amoun t  added.  However ,  
the addi t ion  of  a small a m o u n t  of  bovine-  
wh i t e -ma t t e r  non-ganglioside lipid was found  to 
be m a n d a t o r y  where  the  l ipid c o n t e n t  o f  the 
individual  incuba t ion  mix ture  was less than  800 
/ag pr ior  to  Fo lch  par t i t ion ing  by this m e t h o d .  
Aside f rom in vi t ro  s tudies  i t  is possible tha t  
this p rocedure  also could  be ut i l ized when  
isolat ing small quant i t ies  o f  gangliosides and 
when  pur i f ica t ion  of  these g lycosphingol ip id  
prepara t ions  by dialysis is n o t  possible,  e.g. 
non-neura l  and subcellular  organelle studies.  

ACKNOWLEDGMENTS 

This work was supported by grants USPHS 
HDO5515 and NS10330 and Maternal and Child 
Health Project 906. 

REFERENCES 

1. Kanfer, J.N., and R.O. Brady, in "Inborn Dis- 
orders of Sphingolipid Metabolism," Edited by 

S.M. Aronson and B.W. Volk, Pergamon Press, 
New York, 1967, p. 187. 

2. Gammack, D.B., J. Biochem. (Tokyo) 88:373 
(1963). 

3. Kanfer, J.N., and C.H. Spielvogel, J. Neurochem, 
In press (1973). 

4. Kaufman, B., S. Basu and S. Roseman, in "Inborn 
Disorders of Sphingolipid Metabolism," Edited by 
S.M. Aronson and B.W. Volk, Pergamon Press, 
New York, 1967, p. 193. 

5. Kaufman, B., S. Basu and S. Roseman, in "Meth- 
ods in Enzymology," Edited by S.P. Colowick 
and N.O. Kaplan, Vol. VIII, Academic Press, New 
York, 1966, p. 365. 

6. Wells, M.A., and J.C. Dittmer, Biochem. 2:1259 
(1963). 

7. Holm, M., and L. Svennerholm, J. Neurochem. 
19:609 (1972). 

8. Gatt, S.,J. Neurochem. 12:311 (1965). 
9. Quarles, R., and J. Folch-Pi, J. Neurochem. 

12:543 (1965). 
10. Kruger, S., and M. Mendler, J. Neurochem. 

17:1313 (1970). 
11. Svennerholm, L., J. Lipid Res., 5:145 (1964). 
12. Folch-Pi, J., M. Lees and G.H. Sloane-Stanley, J. 

Biol. Chem. 226:497 (1957). 
13. Winterbourn, C.C., J. Neurochem. 18:1153 

(1971). 
14. Radin, N.S., L. Hof, R.M. Bradley and R.O. 

Brady, Brain Res. 14:497 (1969). 
15. Brunetti, P., G.W. Jourdian and S. Roseman, J. 

Biol. Chem. 237:2447 (1962). 
16. Miettinen, T., and L-T Takki-Luukkainen, Acta 

Chem. Scand. 13:356 (1959). 
17. Renick, R.J., M.H. Meisler and R.H. McCluer, 

Biochem. Biophys. Acta 116:279 (1966). 
18. Aminoff, D., Biochem. J. 81:384 (1961). 
19. Tallman, J.F., and R.O. Brady, J. Biol. Chem. 

247:7570 (1972). 

[ Revised manuscr ip t  
received August  6, 1973] 

LIPIDS, v o L .  8, NO. 10 



Inhibition of Staphylococcus Aureus Lipase Activity by 
Alcohols 
A. MATES, Department of Life Sciences, Bar-Ilan University, 
Ramat Gan, Israel 

ABSTRACT 

A series of saturated n-primary alco- 
hols has been examined for its inhibitory 
effect on staphylococcal lipase. The effi- 
ciency of the inhibition of hydrolysis of 
the triglycerides increased with the chain 
length of the alcohol and reached a 
maximum of seven carbon atoms. Further 
increases in the chain length caused a 
decrease in the inhibitory ability of the 
alochol. However the efficiency of the 
inhibitory effect on Tween 80 hydrolysis 
increased with the chain length up to 12 
carbon atoms. The degree of inhibition 
caused by the secondary alcohols de- 
creased with the removal of the hydroxyl 
group away from the end of the chain. 
The similar keto compounds were more 
effective than were the alochol com- 
pounds. The effect of the alcohols on the 
enzyme activity could be overcome by 
addition of more substrate. Evidence is 
presented that shows that the inhibiting 
activity of the alcohol is due to its 
adsorption onto the substrate, thus block- 
ing the enzyme from the substrate. 

INTRODUCTION 

Lipase (E.C. 3.1.1.3) has been found to 
hydrolyze esters, which are usually water in- 
soluble, at the interphase between the water 
and lipid (1). The most typical substrates for 
the action of this enzyme are naturally occur- 
ring triglycerides containing various fatty acids. 
Entressangles and Densnuelle (2) have shown 
that pancreatic lipase can also act on what 
appeared to be a single phase of triacetin, 
tripropionin and 1,3 dibutyrin in 0.1M NaC1. 
The rate of the enzymatic hydrolysis appears to 
depend on the concentration of trigiyceride 
micelles formed under these conditions. Brock- 
erhoff (3) continued this work and has shown 
that the activity of hog pancreatic lipase against 
emulsified esters decreases with the increased 
solubility of the substrate in water. Soluble 
esters can competitively inhibit the lipolysis of 
emulsified tripropionin. A similar inhibition can 
be found with water soluble alcohols and 
ethers. Recently Mathson et al. (4)have shown 
that n-alcohols inhibit the hydrolysis of methyl  
oleate by pancreatic lipase. 

In a previous publication (5) we have re- 
ported that the lipase produced by Staphy lo -  
coccus  aureus  can split not only triglycerides 
but also tweens, which are soluble in water. The 
purpose of this work was to investigate the 
effect of alochols, aldehydes and ketones on 
staphyloccal lipase activity when using soluble 
and insoluble substrates. 

MATERIALS AND METHODS 

Organism 

S t a p h y l o c o c c u s  aureus  l 11 produced a li- 
pase that was able to hydrolyze seven triglycer- 
ides and five tweens (polyoxyethylene sorbi- 
tan-fatty acid) (5). The bacteria were kept on 
trypticase soy agar (BBL) and were transferred 
twice a week. The organism was incubated at 
37 C for 18 hr in trypticase soy broth (BBL), 
and 1 ml of this culture was inoculated into a 2 
liter erlenmeyer flask containing 1 liter of the 
same medium. The culture was incubated at 37 
C for 48 hr in a New Brunswick Control 
Environment shaker with agitation of 200 rpm. 
The cells were removed from the medium by 
centrifugation and the supernatant fluid was 
used as the source of the crude enzyme. Partial 
purification was achieved by alcohol precipita- 
tion, redissolution in water and sequential 
fractionation at pH 8.6 and 4.3. Further purifi- 
cation was obtained by passing the enzyme 
preparation through a Sephadex G-200 column 
(6). This enzyme preparation had a specific 
activity of 22 /~mol butyric acid released per 
minute per milligram protein. 

Enzyme Assay 

First 0.5 ml of the enzyme was added to 15 

TABLE I 

Amount of Added Alcohol Causing 50% Inhibition 
of Tributyrin Hydrolysis 

Log #mol alcohol added causing 
Alcohol 50% inhibition of hydrolysis 

Propanol 4.0 
Butanol 4.0 
Pentanol 3.4 
Hexanol 2.9 
Heptanol 1.6 
Octanol  2.5 
Decanol 2.7 
Dodeeanol  3.0 
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TABLE II 

Amount of Added n-Alcohol Causing 50% Inhibition of  
Various Triglyceride Substrates 

Log #mol alcohol added causing 50% inhibition of hydrolysis 

Alcohol Trimyristin Tripalmitin, Triolein 

Propanol 4.1 4.1 4.1 
Butanol 4 .0  4.0 4.0 
Pentanol 2.9 3.4 3.3 
Hexanol 2.8 3.0 3.2 
Heptanol 2.1 2.8 2.8 
Octanoi 2.4 2.8 2.8 
Decanol 3.4 3.7 3.7 
Dodecanol 3.3 3.7 3.6 

ml of  a m i x t u r e  c o m p o s e d  of  l ipid;  1.6% gum 
accacia;  4.10-6 M s o d i u m  t a u r o c h o l a t e ;  0 .4  M 
NaC1 and  5 x 10 -3 M CaC12 p H  8.0  (7).  The  
c o n c e n t r a t i o n s  of  l ipids usual ly  used  were 
t r i b u t y r i n  10 mM;  t r io le in  or t r iglycer ides  w i th  
long  chain  f a t t y  acids 34  mM;  and  tween  80  
12.5 mM. As con t ro l ,  t he  same r eac t ion  mix-  
tu re  w i t h o u t  l ip id  was used.  The  reac t ion  
m i x t u r e  was i n c u b a t e d  at  37 C for  10 m i n  and  
t hen  the  r eac t ion  was s t o p p e d  b y  add i t i on  of  an 
equal  v o l u m e  of  abso lu te  e thano l .  The  a m o u n t  
of  0.01 N N a O H  requi red  to  b r ing  the  r eac t ion  
m i x t u r e  back  to  pH 8.0  by  e l ec t rome t r i c  

TABLE III 

Amount of Added n-Alcohol Causing 50% Inhibition 
of Tween 80 Hydrolysis 

Log/~mol alcohol added causing 50% 
Alcohol inhibition of hydrolysis 

Propanol 4.1 
Butanol 3.6 
Pentanol 2.7 
Hexanoi 1.9 
Heptanol 1.6 
Octanoi 1.5 
Decanol 1.4 
Dodecanol 1.4 

titration in pH stat (Radiometer, Copenhagen) 
was recorded as the measure of lipase activity. 
Inhibition Studies 

The var ious  i n h i b i t o r s  were added  to  the  
r eac t ion  m i x t u r e  descr ibed previously.  Unless  
o the rwise  s ta ted ,  the  e n z y m e  was added  and  
the  e n z y m a t i c  ac t iv i ty  assessed. I D s 0  is ex-  
pressed as log  # m o l e s  of  the  inh ib i to r ,  wh ich  
caused  50% i n h i b i t i o n  of  the  reac t ion .  

RESULTS 

The i n h i b i t o r y  e f fec t  of  n-a lcohols  on  Staph- 
ylococcus aureus l ipase act iv i ty  on  the  subs t ra t e  
glycerol  t r i b u t y r i n  is p r e sen t ed  in Table  I. 
M a x i m u m  i n h i b i t i o n  was observed  w h e n  hep-  
t ano l  was added ,  whereas  an  increase  or  a 
decrease in the  cha in  l e n g t h  of  the  n -a locho l  
added  caused  a decrease  in the  i n h i b i t o r y  
effect .  When t r ig lycer ides  w i t h  longer  cha in  
f a t ty  acids were assayed (Table  II)  grea ter  
a m o u n t s  of  a lcohol  were n e e d e d  to  i nh ib i t  the  
e n z y m a t i c  act iv i ty ,  a l t h o u g h  the  p a t t e r n  of  
i n h i b i t i o n  by  the  var ious  a lcohols  is the  same as 
previous ly  descr ibed  for  glycerol  t r i bu ty r in .  
The  hydro lys i s  of  glycerol  t r i s tea r in  cou ld  n o t  
be inh ib i t ed ,  even w i th  re la t ively  h igh  concen-  
t ra t ions  o f  a lcohol .  When a c o m p o u n d  such  as 

TABLE IV 

Inhibitory Effect of Various Compounds of C 7 on Lipase Activi ty  

C 7 compound 

Log #mol compound added causing 50% 
inhibition of hydrolysis 

Tributyrin Tween 80 

Heptane 3.8 3.8 
1-Heptanol 1.6 1.8 
Heptanal 1.5 1.8 
2-Heptanol 3.5 3.8 
2-Heptanone 2.3 2.8 
3-Heptanol 3.7 3.8 
3-Heptanone 2.8 3.7 
4-Heptanol 3.9 3.6 
Cycloheptanol 3.4 3.4 
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TABLE V 

Inhibitory Effect of Various C 5 Alcohols on Activity of 
Staphylococcus aureus Lipase on Tributyrin 
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Compound  
% inhibition by addition of  2 .96  

log # m o l  compounds  

CH3 (CH2)3 CH2OH 
CH3 (CH2)2 CH2OH CH 3 
(CH3)2CH CH2 CH2OH 
(CH3) 3 C-CH2OH 

30 
0 

24  
14 

Tween 80 (polyoxiethylene sorbitan-mono- 
oleate) which is miscible in water and in an 
organic phase, was used as the substrate (Table 
III), there was an increase in the inhibitory 
effect of n-alcohols with the elongation of the 
chain length of the  alcohol. However, for 
alcohols with a chain length of C 7 and higher, 
almost the same amount of alcohol is needed in 
order to cause 50% inhibition. 

The data presented above suggest that n- 
heptanol is a good inhibitor of lipase activity 
when triglycerides and Tween 80 are used as 
substrates. We tested the ability of various 
compounds o f  the normal seven carbon chain 
and cycloheptanol t o  inhibit  enzymatic activ- 
ity. The data presented in Table IV indicate 
that the greatest inhibition is obtained by the 
primary alcohol or aldehyde. As the hydroxyl 
group is further removed from the end of the 
chain it loses its inhibitory activity, but  when 
the hydroxyl group is changed to a keto group 
greater inhibition is obtained. Cycloheptanol 
has very little inhibitory activity, roughly equal- 
ing that of heptane. 

When the influence of the carbon chain of 
the alcohol was tested (Table V), it could be 
seen that changes in the configuration of the 
chain influence the inhibitory effect. However a 
greater loss of the inhibitory activity was 
obtained when the hydroxyl group was changed 
(secondary alcohol) 

The concentrations of substrate or of en- 
zyme were varied in the presence of 70/amol 
heptanol and the effect that this had on the 

TABLE VI 

Effect  of Varying Amounts of  Substrate on Hydrolysis  
of  Glycerol  Tributyrin in Presence 70/zmol Heptanol 

# m o l  butyric acid released]min 
Substrate No a lcohol  Plus a lcohol  Inhibition, 

vmol % 

50 4 .0  3.2 20 
30  3.8 2.9 23 
20  3.2 2.4 25 
10 2.8 1.8 36 

5 1.9 1.3 30 

rate of hydrolysis was determined. The results 
presented in Table VI suggest that addition of 
substrate diminished the inhibitory activity of 
the heptanol, whereas no changes could be 
observed when the concentration of the en- 
zyme was changed (Table VII). 

In order to test whether the alcohol is 
adsorbed onto the enzyme or onto the oil phase 
of the substrate, heptanol was added to an 
emulsion of the subStrate and mixed for 20 min 
at 37 C in a shaker water bath. A sample of this 
mixture was tested for enzymatic activity, 
while another portion was dialyzed overnight 
against 20 volumes distilled water and then 
tested again for enzymatic activity. As control 
the same amount  of heptanol was added to 
water and tested before and after dialysis for 
the inhibitory effect. The date presented in 
Table VIII show that the alcohol is bound to 
the substrate and not  released following dialy- 
sis. When the alcohol was added to an enzyme 
solution and afterwards dialyzed against dis- 
tilled water, no loss of enzymatic activity was 
observed. 

DISCUSSION 

The data presented by us show that in 
emulsions of triglycerides and different alcohols 
the maximum inhibitory effect on hydrolysis 
was observed with heptanol. However, when 
Tween 80 was used as the substrate, a further 
increase in the chain length of the alcohol 
caused an increase in the inhibitory effect 
similar to that observed by Mattson et al. (4), 

TABLE VII 

Effect of Varying Amounts of Enzyme on Hydrolysis 
of Glycerol Tributyrin in Presence 

of 70/~mol Heptanol 

#mol butyric acid released/min 
Enzyme/#g No alcohol Plus alcohol  Inhibition 

50 1.98 1.25 37 
80 2 .82  1.81 36 

100 3.45 2 .10  39 
120 3 .69  2 .24  39 
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TABLE VIII 

Effect of Dialysis on Hydrolysis of Glycerol Substrate in 
Presence of 100 ~mol Heptanol 

Before dialysis After dialysis 

No Plus No Plus 
alcohol alcohol alcohol alcohol 

Substrate lamol fatty acid[rain Inhibition, % /~mol fatty acid/min Inhibition, % 

Tributyrin 2.40 0.50 78 2.50 0.65 73 
Triolein 1.35 0.47 65 1.25 0.55 56 

Control a 2.40 0.50 78 2.50 2.40 4 

aHeptanol was mixed with water and introduced into reaction mixture and tested on the sub- 
strate, tributyrin. 

who  worked  on  pancrea t i c  l ipase wi th  m e t h y l  
oleate as subs t ra te .  The grea ter  i n h i b i t i o n  ob- 
served w i t h  the  long  c a r b o n  cha in  a lcohols  is 
p r o b a b l y  due to the  fac t  t h a t  these  c o m p o u n d s  
mix b e t t e r  in Tween  80  t h a n  in an emul s ion  of  
tr iglycerides.  Our  data ,  s imilar  to  those  of  
Mi tanda  et  al. (8) ,  who  w o r k e d  on  i n h i b i t i o n  of  
l ipoxygenase ,  suggest  t h a t  the  bes t  i n h i b i t i o n  is 
ob t a ined  w i t h  n o r m a l  p r imary  a lcohols  or 
a ldehydes .  Remova l  of  the  nuc l eophy l i c  group 
f rom the  end  of  the  cha in  or  con f igu ra t iona l  
changes  in the  c a r b o n  cha in  cause a decrease  in 
the  i n h i b i t o r y  e f fec t  of  the  c o m p o u n d .  

When the  solubi l i ty  in  w a t e r  of  the  var ious  
c o m p o u n d s  t h a t  i nh ib i t  the  hydro lys i s  of  tri- 
glycerides was analyzed,  we f o u n d  t ha t  the  bes t  
i n h i b i t o r y  e f fec t  is o b t a i n e d  w i th  c o m p o u n d s  
( such  as h e p t a n o l )  t h a t  are so luble  to  a degree 
of  ca. 0.1%. As c o m p o u n d s  b e c o m e  more  or 
less soluble  t h a n  th is  value,  t he i r  i n h i b i t o r y  
e f fec t  decreases  at  a p r o p o r t i o n a t e  rate.  

A l t h o u g h  the re  are a n u m b e r  of  r epor t s  on  
the  poss ib i l i ty  of  hyd r oph i l i c  b ind ing  b e t w e e n  
the  e n z y m e  and  a lcohols  (9 ,10)  (usual ly  sho r t  
chain  a lcohols) ,  ou r  da ta  suggest  t h a t  the  first  
s tep in the  i n h i b i t i o n  is the  b i nd i ng  of  the  
a~ochol to  the  subs t ra te .  This  b ind ing  is rela- 
t ively s t rong  and  c a n n o t  be reversed by  dialysis. 
The fact  t h a t  h e p t a n o l  has the  greates t  inh ib i -  
t o ry  e f fec t  is c o m p a t i b l e  w i th  the  earl ier  
obse rva t ion  of  Ma thso n  and  V o l p e n h e i m  ( I I )  
t ha t  acyl esters  of  h e p t a n o l  w i th  var ious  f a t ty  

acids served as the  bes t  subs t ra tes  for  hydro lys i s  
by  pancrea t i c  lipase. I t  is conceivable ,  there-  
fore,  t h a t  the  h e p t a n o l  t h a t  is inse r ted  in the  
d rop le t  of  the  t r ig lycer ide b locks  the  e n z y m e  
f rom a t t ack ing  the  subs t ra t e  at  in te rphase .  This  
si also in keep ing  w i t h  the  c o n c e p t  t h a t  long  
h y d r o c a r b o n  chains  o f  f a t t y  acids a n c h o r e d  at  
the oi l-water  i n t e rphase  by  the  hyd roph i l i c  
es ter  l inkage are essent ial ly  free. The re fo re  any  
b lock ing  of  th is  free g roup  causes an i n h i b i t i o n  
of the  e n z y m e  act ivi ty.  
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D-Galactosamine Induced Fatty Liver: II. Analyses of 
Hepatic Lipid Compositions 
A. MORITA, Department of Internal Medicine, School of Medicine, 
Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo, Japan 

ABSTRACT 

Female rats of the Wistar strain re- 
ceived six separate intraperitoneal injec- 
tions of D-galactosamine (250 mg/kg 
body wt per single injection). The rats 
were sacrificed 48 hr after the initial 
injection and the livers analyzed for their 
lipid compositions. A marked increase in 
the levels of total lipids and triglyceride 
with a pronounced decrease in phospho- 
lipid content  in the liver was observed. 
However the percentage of individual 
phospholipid fractions obtained by thin 
layer chromatography showed no signifi- 
cant changes after D-galactosamine ad- 
ministration, except for a slight increase 
in lysophosphatidylcholine. Fatty acid 
analyses of total lipids and phospholipids 
demonstrated an increase in the percent- 
age of oleic and linoleic acids, with a 
decrease in the percentage of arachidonic 
acid after D-galactosamine administra- 
tion. In the triglyceride fraction, a slight 
increase in the percentage of myristic, 
palmitoleic and l inolenic acids was ob- 
served. 

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

D-Galactosamine, administered intraperi- 
toneally to rats, produces histological changes 
similar to those of human viral hepatitis, 
including acidophilic degeneration of liver cells 
as well as many acidophilic bodies that are 
regarded as considerably specific to human viral 
hepatitis (1). Medline et al. (2) observed histo- 
logically that D-galactosamine also produces 
fatty liver. Koff et al. (3) reported the marked 

accumulation of hepatic triglyceride in rats 
administered D-galactosamine. Previous reports 
(4,5) from this laboratory have shown a signifi- 
cant increase in total lipids of the liver and 
fatty infiltration of hepatocytes observed under  
the light and electron microscope. The author 
and collaborators (6,7) have previously re- 
ported that the administration of D-galactos- 
amine produces significant changes in the con- 
centration and fatty acid composition of 
plasma lipids. The present study was carried out 
to see whether D-galactosamine administration 
to rats could modify the lipid composition of 
hepatic lipids, especially those of phospho- 
lipids. 

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

D-Galactosamine hydrochloride was gener- 
ously supplied by Research Laboratories of 
Chugai Pharmaceutical Co. Ltd. Since its speci- 
fic rotation was [~]~)0 +70 ~ the purity of 
offered D-galactosamine was calculated as 
76.6%. The paper chromatographic analysis 
revealed that the contaminant  of the 23.4% 
level was chondroitin sulfate. 

Seventeen female rats of the Wistar strain, 
weighing 160-170 g, were used for the experi- 
ment;  the age of the rats was 8-9 weeks. The 
animals were fed a standard laboratory chow 
diet (Oriental Yeast Mfg. Ltd., Japan). They 
received six separate intraperitoneal injections 
of a neutral 0.45 M solution of D-galactosamine 
hydrochloride. The dose was 250 mg/kg body 
wt per single injection with the first three at 4 
hr intervals, followed by a 14 hr pause, and the 
final three injections at hourly intervals. Con- 
trol rats received no treatment unti l  sacrifice. 
All rats were fasted for 15 hr with free access to 

TABLE I 

Lipid Composition of Liver a 

No. of Liver wt, Total lipids, Triglyceride, Phospholipids, b 
Group animals g[ 100g body wt mg/g liver mg/g liver mg/g liver 

Control 7 3.7 + 0.2 54.7 + 2.7 7.9 + 1.5 35.9 + 2.1 
GalNC-treated 7 4.3 :t 0.6 126.8 +- 17.0 58.6 + 10.4 24.4 + 0.8 

(P<0.05) (P<0.001) (P<0.001) (P<0.001) 

aData are expressed as mean and standard deviations. 
brag of phospholipids =mg of lipid phosphorus x 25. 
CD-Galactosamine. 
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A.. M O R I T A  

water prior to sacrifice by decapitation 48 hr 
after the initial injection of  D-galactosamin e. 

The liver was quickly excised and weighed. 
The liver lipids were extracted according to 
Folch et  al. (8). Total lipids of the liver were 
determined by weighing. 

The triglyceride and phospholipid fractions 
were obtained by the thin layer chromato- 
graphic method of  Freeman and West (9) in 
order to remove the contaminat ion of mono- 
and diglyceride from the phospholipid frac- 
tions. Those triglyceride and phospholipid frac- 
tions were subsequently subjected to fat ty acid 
analyses. 

Subfractions of phospholipids of the control  
rats were separated by thin layer chromatog- 
raphy on a Silica Gel H plate (E. Merck, A.G., 
Germany) according to Skipski et al. (10). In 
the D-galactosamine treated animals, each plate 
was developed using petroleum ether-acetone 
3:1 v/v as a first developing solvent in order to 
remove increased hepatic triglyceride. After  
the solvent front was allowed to run to the top 
of the plate, the plate was dried under nitrogen 
flow and rechromatographed using the devel- 
oping solvent of Skipski et al. 

Each lipid fraction was detected under UV 
light after spraying a 0.2% solution of 2',7'-di- 
chlorofluorescein sodium salt ethanol on the 
plate. The identification of each spot was 
carried out using pure reference compound 
(Applied Science Labs. Inc.). 

Gas chromatographic analyses of hepatic 
total  lipids, triglyceride and phospholipids were 
carried out as described previously (7). Fa t ty  
acid levels in hepatic triglyceride and phospho- 
lipids were estimated by the method of Homing 
et al. (11). 

To determine the hepatic triglyceride con- 
tent,  1 g of the liver was homogenized with 10 
ml isopropylalcohol and extracted with 40 
volumes isopropylalcohol,  allowing it to stand 
overnight. The extract  was filtered and the 
filtrate made up to 50 ml with isopropylalcohol  
in the control  rats, whereas that  from D-galac- 
tosamine administered animals was made up to 
100 ml, 3 ml of which was rediluted to 25 ml 
with isopropylalcohol.  The final solution was 
subjected to determinat ion of  the level of hepatic 
triglyceride by the method of Fletcher (12). 
Since the hepatic triglyceride level measured by 
such a procedure might exhibit  somewhat 
higher value due to the contaminated free 
glycerol, the hepatic free glycerol level was also 
measured with each specimen by omitt ing the 
step of saponification in Fletcher 's  method.  
The value of hepatic triglyceride content  was 
calculated by subtracting the free from the 
total  glycerol. 
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Lipid phosphorus was measured by the 
method of Bartlett (13). The amount of phos- 
pholipids was calculated by multiplying the 
amount of lipid phosphorus by 25. 

RESULTS 

Lipid Composition of Liver (Table I) 

The liver wet weight per 100 g body weight 
increased significantly in D-galactosamine 
treated animals. The D-galactosamine adminis- 
tration produced a marked elevation in the 
levels of  total  lipids and triglycefide, with a 
pronounced decrease in phospholipid content  
in the liver. 

Individual Fractions of Hepatic Phospholipids (Table 
II) 

The individual phospholipid fractions ob- 
tained by thin layer chromatography are as 
follows: origin (nonlipid phosphorus),  lyso- 
phosphatidylcholine, sphingomyelin, phospha- 
tidylcholine, combined fraction of phospha- 
tidylserine and phosphatidylinositol ,  phospha- 
t idy le thano lamine  and front (cardiolipin, 
triglyceride, etc.). 

The liver of D-galactosamine treated animals 
contained a lesser amount  of phospholipids, 
whereas the percentage of recovered phos- 
phorus of each subfraction showed no signifi- 
cant changes, except for a slight increase in 
lysophosphatidylcholine.  

Fatty Acid Composition of Hepatic Lipids (Table III) 

In the fatty acid composit ion of hepatic 
total  lipids, an increase in the percentage of 
palmitoleic, oleic and linoleic acids and a 
decrease in the percentage of arachidonic acid 
were noted after D-galactosamine administra- 
tion. In the phospholipid fraction, an increase 
in the percentage of oleic and linoleic acids and 
a decrease in arachidonic and docosahexaenoic 
acids were observed. However almost no signifi- 
cant changes were produced by D-galactos- 
amine administration in the fatty acid compo- 
sition of triglyceride fraction, except for a 
slight increase in the percentage of myristic, 
palmitoleic and linolenic acids. Thus the 
changes of fat ty acid composit ion expressed as 
per cent were most remarkable in total  lipids. 

Estimated Amount of Fatty Acids (Table IV) 

In the triglyceride fraction, the absolute 
levels of fat ty acids changed strikingly after 
D-galactosamine administration, whereas only 
slight changes were observed in the fat ty acid 
composition when expressed as per cent. The 
concentration of stearic and arachidonic acids 
decreased in the phospholipid fraction after 
D-galactosamine administration. 
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TABLE IV 

Estimated Amount of Fatty Acids a 

Fatty Control, mg/g liver GalNb-treated, mg/g liver 

acids Triglyceride Phospholipids Total Triglyceride Phospholipids Total 

14:0 0.0 0.0 0.0 0.7 0.0 0.7 
16:0 2.3 3.7 6.0 15.4 3.1 18.5 
16:1 0.4 0.2 0.6 4.7 0.1 4.8 
17:0 . . . . . . . .  0,0 0.0 
18:0 0.1 8.0 8.1 1.1 5.3 6.4 
18:1 2.8 1.4 4.2 21.5 1.3 22.8 
18:2 2.1 2.8 4.9 14.4 2.7 17.1 
18:3 -- -- -- 0.7 -- 0.7 

20:3 . . . . .  0.0 0 . 0  

20:4 0.1 5.6 5.7 0.4 2.9 3.3 
22:6 -- 1.5 1.5 --- 0.6 0.6 
Total 7.8 23.2 31.0 58.9 16.0 74.9 

aValues are calculated from the data in Tables I and lIl. Mean values are used for calculation, mg of 
triglyceride x I = mg of triglyceride fatty acid; mg of phospholipids x 0.65 =mg of phospholipid fatty 
acid. 

bD-Galactosamine. 

DISCUSSION 

A number of agents such as carbon tetra- 
chloride, ethionine, orotic acid and puromycin 
have been reported to produce fatty fiver. It is 
well recognized that the mechanism of fatty 
liver production by these agents is impaired 
synthesis of lipoprotein or disturbance in re- 
lease of lipoprotein from the liver. 

D-Galactosamine induces histological as well 
as biochemical changes similar to those of 
human viral hepatitis but also produces fatty 
liver (1-6). Koff et al. (3,14) observed marked 
accumulation of hepatic triglyceride, impair- 
ment  of the incorporation of 14C-leucine into 
microsomal protein and reduced posttriton 
hypertriglyceridemia in rats administered D- 
galactosamine. They concluded that the cause 
of D-galactosamine induced fatty liver was 
inhibition of synthesis of the protein moiety of 
fipoprotein. 

The author's present data show that phos- 
pholipid content  in the fiver is reduced, but the 
percentage of individual phospholipid fractions 
remains almost unchanged after D-galactos- 
amine administration. It is well recognized that 
phospholipids play an important role in lipo- 
protein formation (15,16). It has also been 
reported that the decrease in hepatic phospho- 
lipid content  impairs fatty acid oxidation 
(17,18). Thus it can conceivably be said that 
the overall decrease in hepatic phospholipid 
concentration may play at least a partial role in 
the production of D-galactosamine induced 
fatty liver. 

I t  has been reported that carbon tetrachlo- 
ride reduces hepatic phospholipid content  
(19,20). The important role of phospholipids 

on fatty liver production in carbon tetra- 
chloride intoxication has been pointed out and 
studied by several investigators (19,21-24). 
Sgoutas (23) reported that the administration 
of carbon tetrachloride slightly increased the 
levels of the combined fraction of sphingomy- 
elin and lysophosphatidylcholine as well as 
phosphatidylinositol, decreased the levels of 
phosphatidytserine and phosphatidylethanol- 
amine, and produced no change in cardiolipin 
and phosphatidylcholine content  in rat liver. 
Because the author's present data show the 
overall decrease in phospholipid subfractions 
except for a slight increase in the level of 
lysophosphatidylcholine after D-galactosamine 
administration, it is suggested that there are 
some qualitative differences in the impaired 
phospholipid metabolism between D-galactos- 
amine and carbon tetrachloride induced fatty 
liver. 

In fatty acid analyses of hepatic lipids, major 
findings were an increase in the percentage of 
oleic and linoleic acids, and a decrease in that 
of arachidonic acid. These data are in agree- 
ment with those reported in carbon tetrachlo- 
ride (11) and ethionine (11,25) induced fatty 
liver. D-Galactosamine induced alterations in 
fatty acid composition of hepatic lipids were 
similar to those of plasma lipids which were 
reported previously (7). 

Since the triglycerides and phospholipids 
presumably constitute most of the fatty acid- 
containing hepatic lipids, the fatty acid changes 
in hepatic total lipids may reflect changes in 
those two fractions. As shown in Table IV, it 
appears likely that an increase in the percentage 
of palmitoleic, oleic and linoleic acids of 
hepatic total lipids reflects an increase of those 
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fa t ty  acids in the tr iglyceride fraction.  Those 
fa t ty  acids are possibly mobi l ized  f rom the 
adipose tissue, since they  are the  main fa t ty  
acids of  adipose tissue (25) and the level of  
plasma free fa t ty  acids increases af ter  D-galac- 
tosamine  adminis t ra t ion  (7). Similarly, a de- 
crease in the  percentage of  s teafic and arachi- 
donic  acids may  ref lect  a decrease of  those  
fa t ty  acids in the phospho l ip id  fract ion.  A 
decrease in the concen t r a t i on  o f  arachidonic  
acid is possibly due to an impa i rmen t  of  chain 
e longat ion and desa turaf ion  of  l inoleic acid. 
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Mass Spectral Analysis of Eleven Analogs of Vitamin A1 
R. REID 2, E.C. NELSON 3, E.D. MITCHELL, M.L. MCGREGOR, G.R. WALLER and 
K.V. JOHN, Department of Biochemistry, Oklahoma Agricultural Experiment Station, 
Oklahoma State University, Stillwater, Oklahoma 74074 

A B S T R A C T  

The low resolution mass spectra of 
5,6-monoepoxyretinoic acid, 5,8-mono- 
epoxyret inoic  acid, 5,6-monoepoxy- 
retinyl acetate, 5,8-monoepoxyretinyl 
acetate, 5,8-monoepoxyretinal, trimethyl- 
silyl-5,6-monoepoxyretinoate, trimethyl- 
silyl-5,8-monoepoxyretinoate, methyl- 
5,6-monoepoxyretinoate,  methyl-5,8- 
monoepoxyretinoate, ~-C19-retinal and 
/3-C 19-retinyl acetate-analogs of vitamin 
A-are presented. Characteristic features 
of the spectra are discussed. In addition, 
high resolution mass measurements are 
presented for six fragment ions of all- 
trans-retinoic acid and eleven fragment 
ions of methyl-5,6-monoepoxyretinoate. 

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

A number of workers have reported the 

1Journal Article 2525, Oklahoma Agricultural Ex- 
periment Station, Stillwater, Okla. 

2present address: Oklahoma Medical Research 
Foundation,  825 NE 13th, Oklahoma City, Okla. 
73106. These data were taken in part f rom a thesis 
submi t ted  by the senior author  in partial fulf i l lment  of 
the requirement  for the M.Sc., Oklahoma State Univer- 
sity, July 1972. 

3To whom correspondence should be addressed. 

isolation of metabolites of retinoic acid (1-11); 
however these compounds have been only 
partially characterized and only two, 13-cis- 
retinoic acid (9) and retinoyl-~-glucuronide 
(7,10,11), have been identified. In both cases 
identification involved chromatographic separa- 
tion and comparison to samples of known 
structure. Furthermore the decarboxylation of 
retinoic acid in vivo (6) and in vitro (1,6,7) has 
been reported, but the products have not been 
identified. Although Vecchi et al. (12) and Lin 
et al. (13) have published mass spectra of some 
vitamin A compounds, interpretation of mass 
spectra of vitamin A metabolites of unknown 
structure would be aided by spectra of other 
structural analogs of vitamin A. This paper 
reports the mass spectra of 5,6-monoepoxy- 
retinoic acid, 5,8-monoepoxyretinoic acid, 
5,6-monoepoxyretinyl acetate, 5,8-monoepoxy- 
retinyl acetate, 5,8-monoepoxyretinal, trimeth- 
ylsilyl-5,6-monoepoxyretinoate, trimethylsilyl- 
5,8-monoepoxyretinoate, methyl-5,6-mono- 
epoxyretinoate, methyl-5,8-monoepoxyretino- 
ate,/3-C 19-retinal, and/~-C 19 -retinyl acetate. 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

The compounds investigated were obtained 
from the following sources. The 5,6-mono- 
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FIG. 2. Mass spectrum of 5,8-monoepoxyretinoic acid. 

epoxy-  and  5 , 8 - m o n o e p o x y - v i t a m i n  A com-  
p o u n d s  were p repa red  accord ing  to  J o h n  e t  al. 
(14) .  The  /3-C]9-retinal  and  all-trans-retinoic 
acid were p rov ided  by  R.H. Bunnel l  of  Hoff-  
m a n n - L a R o c h e ,  Inc.  (Nut ley ,  N.J.) .  F o r  the  
p r epa ra t i on  of  the /3-C 19-analogs, /3-C 19-re t inal  
was r educed  w i th  LiA1H 4 in a n h y d r o u s  d ie thy l  
e the r  at  4 C. The  a lcohol  was ace ty la t ed  w i th  
acetyl  ch lor ide  in  pyr id ine  to  f o r m  t3-C19- 
re t iny l  aceta te .  The  pur i ty  of  these  c o m p o u n d s  
was es tab l i shed  by  t h in  layer  c h r o m a t o g r a p h y  
(TLC) on  silicic acid, c o l u m n  c h r o m a t o g r a p h y  
on  a lumina  and  gas l iquid  c h r o m a t o g r a p h y  
[GLC) j u s t  p r io r  to  mass spec t ra l  analysis;  each  
c o m p o u n d  appea red  as one  peak  on  GLC or a 
single c o m p o u n d  on  TLC. 
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Low resolution mass spectra were obtained 
on ca. 1 #g of compound using the direct inlet 
probe of the LKB-9000P combination mass 
spectrometer-gas chromatograph. (Details of 
instrument design and modifications are re- 
ported by G.R. Waller, Proc. Okla. Acad. Sci. 
47:271 [ 1968] and are available upon request.) 
The probe temperature was varied from ambi- 
ent to 50 C and the ion source was 310 C. 
Spectra were taken at 70 eV using an accelerat- 
ing voltage of 3.5 kV and a trap current of 60 
/~A. 

High resolution mass spectra were obtained 
on a CEC 21-110-B mass spectrometer. Spectra 
were taken at 70 eV with a trap current of 75 
/~A. The direct inlet and source temperatures 
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were 120 C and 150 C, respectively. Mass 
measurements were accurate to within three 
millimass units.: 

RESULTS AND DISCUSSION 

The mass spectra and structures of 5,6- 
m o n o e p o x y r e t i n o i c  acid, 5,8-monoepoxy- 
retinoic acid, 5,6-monoepoxyretinyl acetate, 
5,8-monoepoxyretinyl acetate, 5,8-monoepoxy- 
retinal, trimethylsilyl-5,6-monoepoxyretinoate, 
trimethylsilyl-5,8-monoepoxyretinoate, meth- 
yl-5,6-monoepoxyretinoate, methyl-5,8-mono- 
epoxyretinoate,/$-C 19-retinal and/%C 19-retinyl 
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acetate are shown in Figures 1 through 11, 
respectively. The 10 most intense peaks of each 
spectrum and other important interpretive 
peaks are shown in Table I. 

Examination of  the above mass spectra, as 
well as those previously published (12,13), 
shows a pattern of fragmentation common to 
all vitamin A analogs studied. The nine frag- 
ment ions rn/e 123, 119, 107, 105, 95, 93, 91, 
43 and 41 are present in each spectrum. High 
resolution mass spectra analysis of six of these 
fragment ions (Table II) from aU-trans-retinoic 
acid (13) and methyl-5,6-monoepoxyretinoate 
(Fig 8) revealed that each of the ions was a 
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TABLE II 

High Resolution Measurement of Selected Ions of Methyl-5,6-Monoepoxyretinoate and Retinoic Acid 

Observed mass 

Fragment ion Theoretical Methyl-5,6- 
m/e composition m a s s  monoepoxyretinoate Retinoic acid 

91 C7H 7 91.055 91.053 
93 C7H9 93.070 93.070 

105 C8H 9 105.070 105.070 
107 C8Hll 107.086 107.087 
119 C9Hll 119.086 119.089 
123 C9H15 123.117 123.116 
149 C10HI30 149.097 149.098 
164 CllH160 164.120 164.123 
165 CllH170 165.129 165.129 
177 C12H170 177.128 177.129 
217 C15H210 217.159 217.161 
271 C19H270 271.206 271.210 
330 C21H3003 330.220 330.218 

91.055 
93.070 

105.071 
107.085 
119.086 
123.117 

hydrocarbon and, by analogy, that these ions 
are probably hydrocarbons in the other com- 
pounds studied. The absence of these character- 
istic peaks from the spectrum of an unknown 
sample would probably rule out the possibility 
of a vitamin A analog. However one must 
examine the entire fragmentation pattern of 
compounds possessing these ions, since the 
individual ions also occur in the mass spectra of 
some steroids and higher terpenes, i.e., choles- 
tane (15). 

Comparison of the spectra from the series of 
5,6-monoepoxides (Fig. 1, 3, 6 and 8) with 
their respective analogs from the 5,8-mono- 
epoxides (Fig. 2, 4, 7 and 9) shows very little 
difference either in the observed pattern of 
fragmentation or in the relative intensities of 
the various ions. These results suggest that one 
or both of two possible processes is occurring. 
Since in each case the 5,8-isomer was obtained 
by acid-catalyzed rearrangement of the 5,6-iso- 
mer, a thermal rearrangement on the direct 
inlet probe of the 5,6 to 5,8 isomer is possible. 
An alternative possibility is that rearrangement 
occurs upon electron impact, giving rise to a 
common parent ion for both isomers. The mass 
spectra of the epoxy analogs of vitamin A (Figs. 
1-9) are readily distinguished from those of 
other vitamin A compounds (13) by the series 
of ions m/e 271, 217, 177, 165, 164 and 149. 
High resolution mass spectra were obtained for 
these ions in the spectrum of methyl-5,6-mono- 
epoxyretinoate (Fig. 8) and were found to 
contain oxygen (Table II). 

In addition to the series of ions common to 
all vitamin A spectra, cleavage of the bond 
alpha to the terminal functional group was 
observed in each case. Thus the identity of 
terminal functional groups may be established 
by this characteristic cleavage. Each acid (Figs. 

1-2) lost COOH to give an (M-45) + ion; acetates 
(Figs. 3, 4 and 11) lost CH2-COOCH 3 to give 
an (M-73) + ion; aldehydes (Figs. 5 and 10)lost  
CHO to give (M-29)+; trimethylsilyl esters 
(Figs. 6-7) lost COOSi(CH3) 3 to give (M-117)+; 
and methyl esters (Figs. 8-9) lost COOCH 3 to 
give (M-59) +. All compounds studied also ex- 
hibited the characteristic loss of a methyl 
group (M-15) +. 

The C20-acetates (Figs. 3-4) lost acetic acid, 
giving rise to a characteristic (M-60) +, as well as 
cleavage alpha to the functional group to give 
(M-73) +. The fragmentations of the/3-C19-ace- 
tate (Fig. 11) was quite different in intensity 
from the C20-monoepoxyretinyl acetates (Figs. 
3-4); the fragmentation to give (M-73) + was 
very small, as was the process giving (M-60) +. 
The characteristic loss of a methyl group to give 
(M-15) + was less intense than in any of the 
C20-analog s .  The intensity of the ion resulting 
from the loss of a methyl group was also much 
smaller in the case of/3-C 19-retinal than in the 
C20-analogs. These differences in fragmentation 
may be due to the difference in the stereochem- 
istry of the compounds brought about by the 
shortening of the side chain and in the loss of 
conjugation with the ring. These results are in 
complete agreement with the observations pre- 
viously reported by Vecchi et al. (12) and by 
Lin et al. (13) for other vitamin A compounds. 

The present report establishes the following 
characteristic features of the mass spectra of 
vitamin A analogs: (a) hydrocarbon fragments 
ofm/e 123, 1t9, 107, 105, 95, 93 and 91; (b)  
cleavage of the bond alpha to a terminal 
functional group, with a corresponding low 
mass fragment; and (c) loss of one methyl  
group before loss of the functional group, 
giving an additional confirmation of vitamin 
A-like structure. The important  question of the 
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origin of  the h y d r o c a r b o n  f ragments  canno t  be 
resolved in the absence o f  isotopical ly  labeled 
analogs. These f ragments  may  arise f rom e i ther  
the side chain or the ring or bo th .  Fo r  
example  the  ion m/e 91 occurs wi th  a high 
relative in tens i ty  in the mass spec t rum of  
caro tenoids  tha t  lack cyclic end groups;  it  is the 
base peak in the spec t rum of  l ycoxan th in  (16). 
These data,  however ,  do n o t  establish the origin 
of  these f ragments  s ince/3- ionone lacks the side 
chain bu t  gives rise to  the  comple t e  series m[e 
91-m/e 123 in its spec t rum (17). Whether  these 
f ragments  arise f rom the side chain,  ring, or 
bo th ,  they  remain  character is t ic  of  a v i tamin A 
carbon  skele ton  and are thus  of  po ten t ia l  value 
in the ass ignment  of  s t ruc ture  to  metabol i tes .  
There  is some evidence tha t  the  f r agmenta t ion  
of  e p o x y  derivatives of  v i t amin  A c o m p o u n d s  
may differ  f rom tha t  of /3- ionone.  Thomas  and 
Willham (17) d e m o n s t r a t e d  tha t  the me thy l  
group los t  f rom fl-ionone is the one at C-5 and 
n o t  one of  the gem-ddmethyl groups. In the  
spect ra  of  the oxygen-subs t i tu t ed  v i tamin A 
analogs, the loss of  a me thy l  group and the  
presence  of  an ion of  role 165 was observed.  
This ion also has been  observed in the mass 
spectra  of  the  analogous ca ro teno id  and fu- 
ranoid  epox ides  by Baldas et  al. (18).  Accord-  
ing to  the p r o p o s e d  f r agmenta t ion  for  the  
caro tenoids ,  this ion  retains b o t h  the  me thy l  
group at C-5 and the gem-dimethyl groups.  

In the case o f  cleavage alpha to  a te rminal  
funct ional  g roup ,no  ambigui ty  arises and this 
part icular  f r agmenta t ion  feature  should  allow a 
definit ive de t e rmina t ion  of  the  func t iona l i ty  at 
the chain te rminus .  The occurence  of  all fea- 
tures n o t e d  in an u n k n o w n  metabo l i t e  should  
allow for  s t ructura l  ass ignments  wi th  reasonable  
conf idence .  
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Biological Effects of Autoxidized Safflower Oils 1 
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ABSTRACT 
Studies on the biological effects of 

autoxidized safflower oil are reported. 
Autoxidized safflower oil (peroxide value 
465 me/kg) was administered daily by 
intubation in doses of 1 ml to weanling 
male rats of the Sprague-Dawley strain. 
Groups of rats were killed at 3 days, 3 
weeks and 3 months after starting the 
daily doses. The growth curves, weights 
of organs, light and electron microscopic 
examinations, chemical analysis of blood 
and liver, and the in vitro conversion of 
1-14C-sodium acetate to CO2, cholesterol 
and fatty acids in liver slices were studied. 
Growth was suppressed and the weights 
of the livers were increased by administra- 
tion of the autoxidized safflower oil. 
Light microscopic examination revealed 
no significant changes in the liver, but 
marked changes in the endoplasmic re- 
ticulum and an increase in the number  of 
microbodies in liver cells of the animals 
after 3 days and accumulation of lipo- 
fuscin-like substances in liver cells of ani- 
mals after 3 months were demonstrated by 
electron microscopy. Serum glutamic 
oxaloacetic transaminase and serum glu- 
tamic pyruvic transaminase increased in 
animals of the treated groups. Although 
triglyceride, cholesterol and phospholipid 
in the plasma did not  show any specific 
changes, triglyceride increased in the liv- 
ers of the animals after 3 days but  
markedly decreased in the animals after 3 
months. There was no marked effect on 
the 14C incorporation into CO2, but  
decreased incorporations into cholesterol 
were demonstrated in the treated animals. 
The incorporation of 14C into fatty acid 
was increased by the liver slices of rat 
after 3 days, but was decreased in the 
liver slices of animals after 3 weeks and 3 
months. These results suggest that the 
marked decrease in triglyceride in the 
liver of the 3 month group of animals was 
partly due to a decreased capacity to 
synthesize fatty acid in the liver. 

I NTRODUCTION 
For many years, oxidized oil has been 

1presented at the JOCS-AOCS Joint Meeting, Los 
Angeles, April 1972. 

known to exhibit deleterious nutritive effects 
when included in the diet of various mamma- 
lian species .(1-6)'. �9 the effects have 
ranged from no ill effect or slight suppression 
of growth to severe toxic effect causing death. 
Variations of results may be attributed to  
differences in complexities of mater ials ,  the 
time and amount  fed, species differences and 
other experimental condi t ions,  but  details of 
these problems have not  been resolved. Never- 
theless the  toxic components of oxidizied 
lipids, absorption and transport of these materi- 
als and mechanisms of their actions are still 
important problems. 

In order t o  obtain further information on 
these problems, we fed autoxidized safflower 
oil to rats and studied the effect on growth and 
organ weights. Light and electron microscopic 
studies were carried out on the organs; blood 
and liver were collected for chemical analyses. 

MATERIALS AND METHODS 

The autoxidized safflower oil was prepared 
by T. Akiya (National Food Research Institute, 
Yamagata, Japan). The safflower oil was aer- 
ated at room temperature under fluorescent 
lamps for ca. 1 month  and had a peroxide value 
of 465 me/kg. Studies were carried out on four 
groups of weanling male rats of the Sprague- 
Dawley strain. One group N was fed a normal 
diet (CA-l, Japan CLEA Co., Tokyo, Japan) ad 
libitum. 

A second group designated R was fed dally 
10 g of a fat-free diet described by Rice 
(7). The percentage composition of this diet 
was: casein, 43.82; sucrose, 13.14; celluflour, 
3.29; salt mix (8), 6.57; corn starch, 30.44; 
vitamin E feed supplement, 1.42 (62.48 IU of 
vitamin E as d-ct-tocopherol acetate); vitamin 
mixture, 1.32. The vitamin mixture supplied 
1.25 mg thiamine hydrochloride, 1.25 mg 
riboflavin, 1.25 mg pyridoxine hydrochloride, 
7.0 mg calcium pantothenate, 6.35 mg niacin, 
1.60 mg vitamin K, 40.0/ag folic acid, 16.0/.tg 
biotin, 16.0 mg p-amino benzoic acid, 16.0 mg 
i-inositol, 160 mg choline chloride and 1.11 g 
liver powder (1:20) per 100 g diet. In addition 
to this diet, each rat was fed 1250 U.S.P. units 
vitamin A and 180 U.S.P. units vitamin D once 
a week. Analysis of this diet showed that it 
contained only 0.4% fat. 

A third group designated S was fed daily 10 
g of the Rice diet and administered 1 ml 

566 



BIOLOGICAL EFFECTS OF OXIDIZED OIL 567 

(g 

400 

300 

200 

100 

~ N  

0 1 ~ 3 months 

FIG. 1. Body weight. Each point represents mean _+ 
SD for 15 animals. 

safflower oil by intubation;  a fourth group 
designated OS was fed daily 10 g of the Rice 
diet and administered 1 ml autoxidized saf- 
flower oil by intubation. 

The animals were housed in individual cages, 
and at intervals of 3 days, 3 weeks and 3 
months, 15 animals of each group were killed 
by drawing blood from the aorta under ether 
anesthesia; their organs were removed and 
immediately weighed. Sections of the organs 
were fixed for histological examination by light 
and electron microscopy. For electron micro- 
scopic examination, samples of livers were fixed 
for 2 hr at 4 C in 1.19% glutaraldehyde 
buffered with 0.1 M phosphate buffer at pH 
7.4. They were held overnight in 0.1 M phos- 
phate buffer at pH 7.4 plus 0.14 M sucrose. 
Postosmification was done in 1% osmium te- 
troxide for 2 hr at 4 C. Graded alcohol was 
used for dehydration and Epon 812 for em- 
bedding. Thin sections were stained with lead 
citrate and uranium acetate. Selected areas were 
photographed in 100-U type electron micro- 
scope (JEOL). 

The total lipid was extracted by the proce- 
dure of Folch et at. (9) and examined for 
cholesterol (10), triglyceride (11) and lipid 
phosphorous (12). Blood glucose was deter- 
mined by the autoanalyzer procedure adapted 
from the method of Hoffman (13). Serum 
glutamic oxaloacetic transaminase (SGOT) and 
serum glutamic pyruvic transaminase (SGPT) 
were determined by a modified method of 
Reitman and Frankel (14). Alkaline phospha- 
tase was determined by the method of Bossey 
et al. (15). 

The incorporation of z4C-acetate into CO2, 
cholesterol and total fatty acid by liver slices 
was determined by a modified method of 
Rodbell (16). Five hundred milligrams of liver 
slices were prepared from the animals in the 
groups treated as described and were incubated 
in a flask which contained 2.5 ml bicarbonate 
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FIG. 2. Body and organ weight. M _+ SE for 15 
animals. * = P < 0.05; ** = P < 0.01. Compared to 
group S. 
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FIG. 3. Body and organ weight. M +_ SE for 15 
animals, * = P<0.05; ** = P<0.01; *** = 
P < 0.001. Compared to group S. 

buffer pH 7.4 and ca. 150,000 cpm 1-14C - 
sodium acetate (specific activity 49.3 mc/mM, 
Radiochemical Center, Amersham, England). 
For CO2 counting, the flask had a glass well 
that contained a cylinder of Whatman No. 1 
paper rolled from 2 x 8 cm strip. After gassing 
with 95% O2/5% CO2, the flasks were capped 
with rubber stoppers. Incubations were carried 
out for 2 hr at 37 C in the metabolic shaker, 
followed by the incubation in cold water (0-4 
C) for 15 min. At the end of the incubation, 
0.2 ml Hyamine-10X (Packard Instrument Co., 
Downers Grove, Ill.) was injected into the filter 
paper and 0.25 ml 1N sulfuric acid into the 
incubation medium, followed by shaking for 30 
rain. The CO2 was counted in a scintillation 
solution consisting of PFO-POPOP in toluene 
by the procedure of Rodbell (16). For the 
determination of 14C incorporation into cho- 
lesterol and fatty acid, the fiver slices and 
incubation m e d i u m  were transferred to the 
tube and saponified by 1 ml 50% KOH under 
70-80 C for 1.5 hr. After 3.75 ml water was 
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FIG. 4. Electron micrograph of parts of hepatocytes from a rat of the OS group treated for 3 days. Major 
changes were involved in rough endoplasmic reticulum and in increased size and number of microbodies. 

FIG. 5. Electron micrograph of parts of hepatocytes from a rat of the OS group treated for 3 months. 
Numbers of lysosomes and high density granular bodies that were lipofuscin-like substances were markedly 
increased around bile canaliculi. 
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TABLE I 

Effects of Autoxid ized  Safflower Oil on SGOT, SGPT and Alkaline Phosphatase a 

569 

Autoxidized 
Normal Rice diet Safflower oil safflower oil 

Enzyme (N group) (R group) (S group) (OS group) 

3 weeks 

SGOT (KU) b 61.0 • 5.3 c 
SGPT (KU) 13.3 • 1.6 
Alkaline phosphatase 18.0 • 2.1 

(BLU) 
3 months 

SGOT (KU) 73.2 • 3.8** 
SGPT (KU) 30.1 • 2.6 
Alkaline phosphatase 4.2 • 0.3 

(BLU) 

5 2 . 8 2 4 . 1  5 9 . 4 2 4 . 1  
1 2 . 5 2 1 . 0  2 8 . 2 •  
1 7 . 5 2 2 . 8  2 1 . 7 2 2 . 7  

1 3 6 . 7 •  8 9 . 3 2 4 . 1  1 8 2 . 8 2 7 . 3 " * *  
48.5 • 44.1"* 26.9 • 2.3 84.0 • 6.4*** 

5.4 • 0.4 4.9 + 0.9 4.0 • 0.4 

aSGOT = serum glutamic oxaloacetic transaminase;  SGPT = serum glutamic pyruvic 
transaminase. * = P<0.05;  ** = P<0.01;  *** = P<0.001.  Compared to group S. 

bKU = Karumen Unit. 
CMean • SE for five animals. 
dBLU = Bessey-Lowery Unit. 

a d d e d ,  t he  s a m p l e  was  a c i d i f i e d  t o  p H  3 .0  w i t h  
s u l f u r i c  ac id .  C h o l e s t e r o l  a n d  f a t t y  a c i d  w e r e  
e x t r a c t e d  w i t h  p e t r o l e u m  e t h e r  a n d  e t h y l  e t h e r  
a n d  s e p a r a t e d  b y  t h i n  l a y e r  c h r o m a t o g r a p h y  
( p e t r o l e u m  e t h e r - e t h y l  e t h e r - a c e t i c  a c i d  
5 0 : 5 0 :  1). T h e  b a n d s  of  f r a c t i o n s  w e r e  s c r a p e d  

d i r e c t l y  f r o m  p l a t e s  i n t o  v i a l s  o f  s c i n t i l l a t i o n  

s o l u t i o n  c o n s i s t i n g  o f  P P O - P O P O P  in  d i o x a n e -  
w a t e r  s o l u t i o n  f o r  c o u n t i n g  (17 ) .  

RESULTS A N D  DISCUSSION 

T h e  g r o w t h  c u r v e s  o f  e a c h  g r o u p  are  s h o w n  

in  F i g u r e  1. T h e  N g r o u p ,  w h i c h  w a s  f e d  a 
n o r m a l  d i e t  ad  l i b i t u m ,  gave  a n o r m a l  g r o w t h  

curve. Among the three groups fed restricted 
amounts of the diets, the S group had the best 
growth, the OS group was next and the R group 
was the poorest. Because the S group was 
supplied calories and some essential fatty acids, 
they showed better growth than the R group. 
The diet of the OS group also contained 
calories and essential fatty acids, but  the 
autoxidized components apparently suppressed 
growth. Among these four groups, statistical 
significant differences were demonstrated. 

By the fourth day, the R and S groups did 
not show any marked physiological change 
other than body weight. However the OS group 

TABLE II 

Effects of Autoxid ized  Safflower Oil on Amounts  of Triglyceride, 
Cholesterol and Phospholipid in Liver a 

Autoxidized 
Normal Rice diet Safflower safflower oil 

Lipid class (N group) (R group) (S group) (OS group) 

3 days, mg/ lO0 g 

Cholesterol 343.3 • 14.6 b 
Triglyceride 121.6 • 12.4 
Phospholipid-P 91.5 • 5.6 

3 weeks, mg/ lO0 g 

Cholesterol 255.4 • 13.6 
Triglyceride 1024.0 • 222.2 
Phospholipid-P 88.8 • 4.6* 

367.5 • 36.5 316.4 • 15.0 265.0 • 21.1 
132.0 • 13.6 118.6 • 18.8 149.0-+ 11.5 

79.5 • 6.2 80.8 • 2.1 81.5 • 4.1 

3 months,  mg/100 g 

Cholesterol 581.6 • 81.8 351.5 • 16.3" 
Triglyceride 2016.6 • 370.8 1027.8 -+ 384.4 
Phospholipid-P 100.2 • 3.6 104.3 • 1.9 

256.0 • 11.6 2 3 5 . 2 •  15.7 
762.0 + 83.0 596.0 • 73.0 
102.4 • 3.0 104.8 • 4.6 

398.6 • 11.9 304.0 • 14.3"** 
1568.2 • 350.0 254.8 + 21.2"* 

110 .82  6.0 109.42 7.3 

a .  = P<0.05;  ** = P<O.OI ; *** = P<O.O01. Compared to group S. 
bMean • SE for five animals. 
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FIG. 7. Effects of autoxidized safflower oil on 

incorporation of 1-14C-acetate into CO~, cholesterol 
and fatty acid. M +_ SE for five animals. = P < 0.05. 

N R S 0$ N R 0S R R S 0S Compared togroupS. 
FIG. 6. Effects of autoxidized safflower oil on 

incorporation of 1-14C-acetate into CO2, cholesterol 
and fatty acid. M _+ SE for five animals.* = P < 0.05. 
Compared to group S. 

revealed such toxic effects as decreased body 
weight, rough and coarse hair, diarrhea, and 
dirtiness and moisture around the mouth and 
anal areas. At autopsy major changes were 
demonstrated in the gastrointestinal tract, such 
as erosion of the stomach, dilatation of the 
duodenum, jejunum and colon. These symp- 
toms gradually disappeared as the feeding was 
continued. 

Figure 2 shows the body and organ weights 
of the groups after 3 days. In the OS group, 
with decreased body weight, weights of spleen, 
thyroid and thymus decreased but  weight of 
liver increased. These observations are generally 
in accord with the similar studies by Kaunitz et 
al. (5). 

Figure 3 shows the results of the treatment 
for 3 months on the body and organ weights. 
Although the body weight was decreased, liver 
weight increased in the OS group 

Histological Observation 
Of the groups treated for 3 days, the light 

microscopic examination of the spleen showed 
a marked change only in the OS group. In the 
spleen of the weanling rats extramedullary 
hematopoesis, erythoblastens and immature 
granular cells were observed. However these 
were not apparent in the OS group. The 
decreased weight of thymus in the OS group 
was due to cortical atrophy, which was histo- 

logically demonstrated. 
The light microscopic examination of t he  

liver of the OS group did not  show any specific 
change, but the electron microscopic examina- 
tion revealed marked changes in the liver cells 
of the OS group (Fig. 4). The major changes 
were involved in the rough endoplasmic retic- 
ulum with disappearance of arrangement in 
parallel array, fragmentation, dilatation, promi- 
nent  detachment of ribosomes and transforma- 
tion to smooth endoplasmic reticulum. The size 
and number of microbodies increased in the OS 
group. Similar changes of microbodies were 
reported to be induced by the administration of 
such low cholesterolemic agents as ethyl chloro- 
phenoxybutyrate (18,19) (CPIB) and biphenyl- 
yl methylvaleric acid (20). These results sug- 
gested a relationship between lipid metabolism 
and lipid peroxide administration. 

In the groups treated for 3 months, the 
histological examination of liver of the OS 
group revealed no fatty metamorphosis of 
hepatocytes and no other marked changes. As 
electron microscopic examinations of the 3 
months group were undertaken by the material 
previously fixed for routine light microscopic 
examination, the detailed structural analysis 
was not available; but in the OS group the 
number of lysosomes and high density granular 
bodies, which were lipofuscin-like substances 
(21), were observed to be markedly increased 
around the bile canaliculi (Fig. 5). Lipofuscins 
(22) are considered to be derived from endoge- 
nous lipids by oxidation. However the result 
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strongly suggested that hpofuscin-like sub- 
stances could also originate, directly or indi- 
rectly, from the autoxidized safflower oil, 
which was exogenously administered for 3 
months. 

Blood Chemical Analysis 

Although serum glucose, cholesterol and 
trigiyceride showed no specific change during 
the 3 months, administration of the autoxi- 
dized safflower oil caused a marked effect 
on the SGPT and SGOT (Table I). 

After 3 weeks, SGPT in the OS group was 
elevated, but SGOT and alkaline phosphatase 
showed no differences between the S group and 
the OS group. After 3 months, the R group 
showed a higher SGOT and administration of 
safflower oil lowered the SGOT level, indicating 
that the elevation of SGOT might be due to the 
essential fatty acid deficiency. However the OS 
group showed the highest SGOT level. This 
result suggested that, when autoxidized oil was 
contained in the safflower oil, safflower oil 
could not lower the SGOT level and this 
autosidized oil was the effective substance that 
increased the SGOT level. Similar results were 
obtained in the SGPT level. 

Although appearances of the rats of the OS 
group treated for 3 months were not  severe, the 
enlargement of liver and elevation of SGPT and 
SGOT level strong/y suggested liver disfunction. 

Lipid Analysis of Liver 

Table II shows the amount of cholesterol, 
triglyceride and phospholipid in the liver of the 
groups treated for 3 days, 3 weeks and 3 
months. Though some differences were shown 
in the amount of cholesterol and triglyceride in 
the liver between S and OS groups treated for 3 
days and 3 weeks, the results of 3 months 
showed a marked decrease in the amount of 
triglyceride. These results indicated that the 
enlarged and heavy livers of the OS group 
treated for 3 months were not due to an 
accumulation of excessive fat. 

Incorporation of 1-14C-Acetate into CO 2, 
Cholesterol and Fatty Acid by Liver Slice 

The result of 3 days of treatment (Fig. 6) 
showed no difference in the CO2 production. 
The incorporation into cholesterol decreased 
and the incorporation into fatty acid increased 
in the R group and the OS group. 

The administration of autoxidized oil for 3 
months resulted in the changes in the incorpo- 
ration of 14C into cholesterol and fatty acid 
(Fig. 7). The S group was the highest and the R 
and OS groups showed the lowest incorpora- 
tion. If safflower oil administration were effec- 
t/ve on the increased incorporation of 14C, the 

autoxidized safflower oil might render this 
effect. The amount of triglyceride in the liver 
and the 14 C incorporation into fatty acid were 
decreased from 3 days to 3 months, demon- 
strating a correlagion between these in vitro 
results of the incorporation into fatty acid and 
the amount of triglyceride in the liver. 

Several investigators report (23-25) that lipid 
peroxide inhibits many enzyme activities, and 
the mechanisms of the changes in the amount 
of triglyceride in the liver might be partly d u e  
to the decreased capacity of this organ for fatty 
acid synthesis. 

The early effect of autoxidized safflower oil 
administration consisted of changes in t h e  
endoplasmic reticulum and the increased incor- 
poration of 14C into fatty acid. The R group 
also showed the increased incorporation of 14C 
into fatty acid but  no pronounced changes in 
the endoplasmic reticulum, indicating that the 
mechanism of increased incorporation of the 
OS group was different from that of the R 
group. The changes of endoplasmic reticulum in 
the OS group treated for 3 days were similar to 
t h e  findings demonstrated by the treatment of 
carbon tetrachloride (26) and phenobarbital 
(27,28). These chemicals are also peroxidation 
agents or stimulants of drug metabolizing en- 
zymes. The microsomes of the liver are the site 
of oxidative metabolism of many compounds, 
steroids and drugs (29). Bernhard et aL noted 
an increased synthesis of hepatic arachidona~e 
in tocopherol-deficient rats, which they attrib- 
uted to a lack of control of the oxidative 
processes of fatty acid chain elongation and 
desaturation in the defcient  of antioxidant 
(30). Witting (31,32) demonstrates not  only an 
increase in arachidonate in the tocopherol- 
deficient rat fed high levels of both hnoleate 
and linolenate, but also increased synthesis of 
arachidonate and of pentanoic acid using in- 
traperitoneally injected I - laC acetate. The 
early stimulant effect of autoxidized lipid for 
fatty acid synthesis could be in accord with 
these observations; however long term adminis- 
tration of autoxidized safflower oil caused the 
accumulation of a large amount of peroxidic 
material inhibiting the enzyme activity. In 
order to elucidate these mechanisms more 
clearly, further and more detailed research will 
be needed. 
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Antagonistic Effects of Myxococcus xanthus on Fungi: II. 
Isolation and Characterization of Inhibitory Lipid Factors 
B'.O. RJE NORI~N, Department of Microbiology, University of Lund, Sweden, and 
GORAN ODHAM, Lipid Chemistry I~aboratory, University of G~iteborg, Sweden 

ABSTRACT 

The chemical composition of the lipo- 
philic excretion of Myxoco~cus xanthus 
inhibitory to the germination of fungal 
spores and growth has been investigated. 
The inhibitory effect was attributed to a 
mixture of fungistatically acting fatty 
acids and a component  o~ antibiotic 
character. The fatty acid mixture has 
been fully characterized and found to 
constitute a mixture of saturated (68%) 
and unsaturated (32%) structures in the 
C1 a-C17 range. The maj or part is methyl- 
branched of the iso-type, with 13-methyl- 
tetradecanoic acid being the main com- 
ponent (33% of the total). Ttie funglstatic 
activity of the fatty acid 'mixture on 
spore germination is attributed to the 
structures with iso-configuration. The 
presence of unsaturation is of minor 
impor t ance .  Observed morphological 
changes of the spores and hyphae in the 
presence of iso-fatty acids suggest that 
they act on the plasma merribrane. 

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

Myxobacteria are terrestrial organisms which 
are ubiquitous inhabitants of normal soil, bark, 
and decaying plant material ( 1),, As described in 
a previous paper (2), Myxococcus xanthus 
secretes into the culture medium organic sub- 
stances inhibitory to the germination of spores 
and the growth of fungi. Tl~!e isolation and 
characterization of these excreted factors are 
important, as they possibly may be involved in 
the phenomenon known as soil mycostatis. 

In an early stage of the investigation of the 
chemical background of these findings, it was 
found that the responsible components readily 
dissolved in organic solvent~ such as ethyl 
acetate, chloroform or ben~ne .  Recently, 
Schroder and Reichenbach (3) reported an 
analysis of the fatty acids of vegetative cells and 
myxospores of Stigmatella aurantiaca. A satu- 
rated branched C 1 s acid (~35%) and a mono- 
unsaturated C 16 acid (~20%) were identified as 
the main fatty acids. No effort was made to 
locate the position of the branch (assumed to 
be a methyl group) or the double bond. 

This paper deals with extracellular material 

in the culture medium and not  with extracts of 
cells. 

EXPERIMENTAL PROCEDURES 

The cultivation of M. xanthus has been 
described previously (2). 

Germination experiments: Two wetted and 
sterilized strips ( 10 x 10 mm) of cellophane (PT 
300) were placed on a sterile glass filter (Jena 
G 1) in a small petri dish half filled with 3 ml 
test solution. The nutr ient  medium consisted of 
glucose (2.0 g) KNO 3 (2.0 g), KH2PO 4 (2.5 g), 
MgSO4"7H20 (1.26 g) and Tween 80 (0.1 ml) 
in distilled water (1000 ml). The preparations 
to be examined were added to the medium as 
methanol solutions. All media had a methanol 
concentration of 1.0% and pH 6.5. The strips 
were inoculated with conidia of Fusarium 
roseum (40,000 conidia per strip) from cultures 
grown for 10 days at 25 C. The strips were 
removed after 3 and 4 hr incubation at 25 C, 
mounted on slides, and treated with lacto- 
phenol to stain and kill the conidia. The 
proportions of germinated and nongerminated 
conidia were then determined in the micro- 
scope. On each strip at least 400 randomly 
chosen conidia were examined. 

Analytical gas chromatography (GC]: A 
50 m long stainless steel capillary tube, ID 0.01 
in. (Golay capillary column type R) coated 
with polypropylene glycol was used. A Perkin- 
Elmer model 900 gas chromatograph equipped 
with a standard capillary injector block, split 
no. 3, and flame ionization detectors was 
employed. Helium was used as carrier gas, and 
the gas flow was ca. 3 ml/min at room 
temperature. 

Preparative GC: The column used had a 
length of 8 m and an internal diameter of 8 
mm. It was filled with Versamid 900 (6%) on 
Gaschrom Z (80-100 mesh) and was initially 
kept at 275 C during 24 hr in a stream of 
nitrogen. The chromatography was performed 
at 190C on a modified Aerograph (model 
A-700) gas chromatograph operated manually 
under isothermal conditions. The flow of heli- 
um carrier gas was 100 ml/min, and the vapors 
were condensed in standard Autoprep flasks 
filled with stainless steel turnings. The turnings 
were moistened with 0.5. ml chloroform and the 
flasks immersed in a cold bath at -80 C. 

573 



574 B. NOREN AND G. ODHAM 

FIG. 1. Liquid chromatogram of the lipophilic 
excretion of M. xanthus on silicic acid. Tube contents 
are shown as a function of tube number, a benzene- 
ethyl acetate (3:1 v/v), b benzene-ethyl acetate (1:1 
v/v), c ethyl acetate, d ethyl acetate-acetone (1:1 v/v), 
e acetone, f methanol. Three liters of culture medium. 

Mass spectrometry (MS): The GC-MS combi- 
nation instrument described by Stallberg- 
Stenhagen et al. (4) was used. The temperature 
of the ion source was 200 C, and the electron 
energy 70 eV. 

Catalytic hydrogenation: In a typical experi- 
ment, 4.5 mg of the unsaturated methyl ester 
mixture was dissolved in 2 ml n-heptane in a 25 
ml flask. One milligram of Adam's catalyst 
(PtO2"H20) was added and the flask filled with 
hydrogen, stoppered, and shaken for 15 min at 
25 C. The suspension was centrifuged prior to 
analysis. 

Oxidative degradation: The procedure was 
illustrated by the oxidative degradation of 
component XIV; 0.5 mg XIV was dissolved in 
50btl glacial acetic acid in a small test tube. One 
and eight-tenths milligrams finely pulverized 
potassium permanganate was added and the 
mixture heated for 15 min at 40 C. One-tenth 
milliliter of a solution of sulphur dioxide in 
water (10%) was added, followed by one drop 
of diluted sulphuric acid (5%). The mixture was 
heated on the waterbath until  colorless. One- 
tenth milliliter dichloromethane was added; 
after shaking and subsequent centrifugation the 
aqueous layer was discarded and the organic 
phase washed with water. After evaporation the 
residue was esterified with diazomethane in 
ether. The reaction product was investigated on 
the combined GC-MS. 

Preparation o f  branched chain reference 
material. Synthesis o f  12-methyltridecanoic 
acid: This previously known acid, see e.g. (5), 
was prepared via a mixed anodic coupling 
(Kolbe electrosynthesis) of 4-methylpentanoic 
acid (Fluka AG, Bucks, Switzerland) and 
methyl hydrogen decan-l,10-dioate (6). There 
was obtained 13.5 g of the desired methyl ester 
of bp 136-140 C, 1 ram, from 64.0g half ester 
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mg supplement per m[ of F-sot~t[on 

FIG. 2. Relative number of germinating conidia of 
F. roseum after 3 hr incubation at 25 C. Control = 
100. Supplement to F-solution: t~ lipophilic extract of 
cell free culture solution ofM. xanthus, o natural fatty 
acid mixture, ~ saturated moiety of natural fatty acid 
mixture, �9 unsaturated moiety of natural fatty acid 
mixture, �9 neutral fraction of the lipophilic extract. 

and 34.4 g 4-methylpentanoic acid. The methyl 
ester was hydrolyzed and the free acid recrys- 
tallized from light petroleum (bp 60-85 C). 
Yield 10.7 g, mp 52.2-52.8 C of free acid. 

13-Methyltetradecanoic acid: This previ- 
ously known acid (7) was prepared from 
12-methyltridecanoic acid by chain lengthening 
(Arndt-Eistert reaction). The diazoketone ob- 
tained from 5.0 g of 12-methyltridecanoic acid 
was rearranged in methanol in the presence of 
commercial silver oxide. The, crude methyl 
13-methyltetradecanoate (5.1 g) was chromato- 
graphed on 50 g silicic acid (Mallinckrodt, 100 
mesh) with ether-light petroleum (bp 40-60 C) 
(1:50 v/v). Free acid (2.1 g) mp 49.7-50.3 C 
was obtained after hydrolysis and crystal- 
lization from light petroleum (bp 40-60 C). 

RESULTS 

Fractionation o f  the crude inhibitory mate- 
rial: After 4 days of incubation at 30 C, the 
cells (5.2 g dry weight) were removed from 
3000 ml of culture solution by centrifugation. 
The solution was shaken immediately with five 
200 ml portions of ethyl acetate (Analar grade), 
and the combined organic extracts evaporated 
to dryness at reduced pressure (25 C). One 
hundred thirty-five milligrams of brownish vis- 
cous residue with a strong odor characteristic of 
Myxobacteria was obtained. The extract was 
triturated with 25 ml benzene for 1 hr and the 
suspension centrifuged. The benzene soluble 
material weighed 94 mg (69.7%). This was 
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FIG. 3. Gas chromatogram of  methyl esters of  fatty acids isolated from fraction 1 (Fig. 1). Golay capillary 
column type R with polypropylene glycol as stationary phase at 185 C with n-heptane as solvent. 

chromatographed on 5 g silicic acid activated at 
110 C overnight (Mallinckrodt 200-325  mesh) .  

The polarity o f  the eluant was increased 
stepwise as f o l l o w s - 2 0  ml  benzene-e thy l  ace- 
tate (3:1 v/v) ,  60  ml  benzene-ethyl  acetate (1 : 1 
v/v) ,  45 ml  e thy l  acetate, 50  ml  light petro leum 

(bp 40 -60  C)-acetone (1:1 v/v) ,  65 ml  acetone,  
and 50 ml methanol .  Five mill i l i ter fractions 
were col lected in preweighed flasks. The sol- 
vents were removed in a stream of  nitrogen; 
91% of  the material  was eluted (Fig, 1). The 
fractions were c o m b i n e d  as indicated ( 1 - 3 ) a n d  
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FIG. 5. Gas chromatogram of methyl esters of  unsaturated fatty acids isolated from fraction 1. Conditions 
identical with those in Figure 3. 
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FIG. 6. Mass spectrum of component XII. 

t e s t ed  for inhibi tory activity on the germina- 
tion of Fusarium conidia. Fractions 1 and 3 
exhibited such activity; whereas, the rest of the 
material had practically no effect on germina- 
tion. This paper deals with lipid fraction 1; 
whereas, fraction 3 will be dealt with in a later 
paper. 

An IR spectrum of fraction 1 indicated the 
presence of free ca rboxy l i c  acid groups by 
characteristic absorptions at 2700-2500 cm-] 
and 1700 cm -1. The material (86 mg) was 
dissolved in a small volume of methanol and 
t i t ra ted with sodium methoxide in methanol to 
pH 9 and subsequently distributed between 
water and ether. Acidification of the aqueous 
phase, followed by repeated extract ion with 
ether, afforded the acidic material (64 mg, 
77%) in a state sufficiently pure for further 
analysis. The tests for activity on fungal devel- 
opment indicated that the acidic components  
accounted for a strong inhibition, while the 
neutral fraction had practically no such effect 
(Fig. 2). An IR spectrum of the purified acids 
showed, in addit ion to the characteristic ab- 
sorptions previously mentioned,  weak absorp- 
t ion at 1650 cm -1 (-C=C-stretching vibrations) 
given by, for example, unsaturated fat ty acids 
of  the nonconjugated type (8). 

Fractionation and identification of  the fatty 
acids: The acids subsequently were esterified by 
means of diazomethane and subjected to anal- 
ysis on a capillary GC column (Fig. 3). At least 
11 components,  designated a-k, are distinguish- 
able. 

The fat ty acid methyl  esters were separated 
into saturated and unsaturated fractions by 
adsorption chromatography on silicic acid im- 
pregnated with silver nitrate (9,10). In a typical 
experiment 177 mg methyl  esters were chro- 
matographed on 5.0 g argentated silicic acid. 
About  two-thirds of  the material (119 mg) was 
saturated and eluted with light petroleum (bp 

M-32 

Mi74 M=268 

200 220 240 260 280 

60-70 C)-ether (50:1 v/v) (I-VII, Fig. 4) while 
the rest (55 mg), eluted with light petroleum- 
ether (5:1 v/v) consisted mainly of monounsat-  
urated methyl  esters (VIII-XIV, Fig. 5). 

It is evident from Figures 3-5 that  peak b in 
Figure 3 is composed of three structures (II, 
VIII and IX), peak c of III and a small amount  
of X, and peak h of the two structures VI and 
XII. By adding normal chain C13 , C14 , ClS , 
and C 16 methyl esters (Fluka AG, Switzerland) 
to a sample of the natural  saturated methyl  
esters and by rechromatographing this mixture, 
peaks II ,  IV and VI (Fig. 4) were recognized as 
due to methyl  tetradecanoate,  methyl  penta- 
decanoate and methyl  hexadecanoate,  respec- 
tively. Mass spectra of  the molecules confirmed 
the findings. 

The mass spectra of I, III,  V and VII were 
found to be very similar to those of the methyl  
esters of normal C13, C15, C16 and C17 acids. 
However, as already shown (Fig. 4), the GC 
retention times were considerably shorter. This 
suggested that the 4 components  belong to the 
series of  iso-fatty acids, i.e., acids possessing a 
terminal isopropyl  group (11). The mass spectra 
and retention times of synthetic (see Experi- 
mental Procedures) methyl  esters of iso-C13, 
ClS , Cl6 and C17 acids proved identical with 
those of  components  I, III,  V and VII, respec- 
tively. The findings consti tuted proof  as to the 
iso-configuration. 

A sample of the unsaturated material (Fig. 
5) was subjected to total  hydrogenation. The 
GC now showed only 4 peaks which were 
identified by their retention times as the 
methyl esters of tetradecanoic-,  iso-pentadeca- 
noic-, hexadecanoic- and iso-heptadecanoic 
acid. The unsaturated acids thus possessed 
carbon skeletons of  the same type as the 
saturated fat ty acids. 

Components  IX, X, XI, XII and XIV (Fig. 5) 
were isolated by means of preparative GC. The 
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mass s p e c t r u m  of  XII,  the  ma in  u n s a t u r a t e d  
c o m p o n e n t ,  was r e p r o d u c e d  in Figure  6. I t  
i nd ica t ed  a molecu la r  weight  of  268 w h i c h  was 
t h a t  of  the  m e t h y l  es ter  of  a m o n o u n s a t u r a t e d  
h e x a d e c a n o i c  acid. Charac te r i s t ic  peaks  of  even 
mass were observed  at  m / e  236 (=M-32),  m / e  
194 (=M-74),  and  m / e  152 (=M-116) .  Such  
peaks  also were p re sen t  in  the  mass s p e c t r u m  
of, for  example ,  m e t h y l  o lea te  and  m a y  be 
regarded  as charac te r i s t i c  fo r  m o n o u n s a t u r a t e d  
long  cha in  m e t h y l  esters (11) .  

Af t e r  ca ta ly t ic  h y d r o g e n a t i o n  as discussed 
above,  sample  XII  s h o w e d  a r e t e n t i o n  t ime 
ident ica l  w i th  t h a t  of  m e t h y l  h e x a d e c a n o a t e  
(VI,  Fig. 5). The  doub le  b o n d  of  XII was 
loca t ed  by  analysis  of  the  p r o d u c t s  o b t a i n e d  on  
oxida t ive  deg rada t ion  w i th  the  aid of  po ta s s ium 

pe rmangana te .  I den t i f i c a t i on  of  the  f r agments  
o b t a i n e d  w i th  the  GC-MS c o m b i n a t i o n  revealed 
the  presence  of  m e t h y l  n - p e n t a n o a t e  and  di- 
m e t h y l  u n d e c a n - l , l l - d i o a t e .  Hence,  XII had  
the  doub le  b o n d  in 11 :12  pos i t ion .  The  absence  
of  a b s o r p t i o n  at  965 cm -1 in  the  IR  (ou t -of -  
p lane  = CH d e f o r m a t i o n  v ib ra t i ons )  general ly 
was t a k e n  as p r o o f  of  cis-configuration in es ters  
of  long  cha in  u n s a t u r a t e d  f a t t y  acids (10) .  
Since XII  did n o t  abso rb  at  965 cm -1, the  
s t ruc tu r e  cis-hexadec-11-enoic acid is assigned 
to  c o m p o n e n t  XII. 

The  mass s p e c t r u m  of  XI ind ica t ed  a mol  wt  
of  266,  which  was t h a t  of  the  m e t h y l  es ter  of  a 
d i u n s a t u r a t e d  C16-acid.  Af te r  ca ta ly t i c  h y d r o -  
genat ion ,  the  GC r e t e n t i o n  t ime  co inc ided  w i th  
t ha t  of  m e t h y l  h e x a d e c a n o a t e .  Oxida t ive  degra- 

TABLE I 

Acids Excreted to the Culture Medium 

Designation of 
gas chromatographic 

peak, Figures 3 and 4 
(methyl ester) Structure Relative abundance,% 

Saturated acids 
I 

II 
III 
IV 
V 

VI 
VII 

Unsaturated acids 
VIII 

IX 
X 

XI 
XII 

XIV 

XIII 
Not designated 

11-Methyldodecanoic acid 
n-Tetradecanoic acid 
13-Methyltetradecanoic  acid 
n-Pentadecanoic acid 
14-Methylpentadecanoic acid 
n-Hexadecanoic acid 
15-Methylhexadecanoic acid 

cis, cis-Tetradec-5,9-dienoic acid 
cis-Tetradec-9-enoic acid 
cis-13-Methyltetradec-9-enoic acid 
cis, cis-Hexadec-7,11-dienoic acid 
cis-Hexadec-11-enoic acid 
cis-I 5-Methylhexadec-11-enoic acid 

Onidentifie d 
Unidentified 

0.8 
7.7 

33.2 
1.9 
0.6 
8.3 

15.3 

0.1 
1.5 
0.8 
2.1 

21.4 
5.0 

0.7 
0.6 

100.0  

67.8 

30.9 
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FIG. 8. Relative number of germinating conidia of F. roseum after 3 hr incubation at 25 C. Control = 100. 
Supplement to F-solution: ~x synthetic mixture corresponding to the saturated moiety of natural fatty acids, 
o 13-methyltetradecanoic acid, �9 cis-15-methylhexadec-11-enoic acid, �9 cis,cis-hexadec-?,11-dienoic acid, 
�9 cis-hexadec-11-enoic acid, ~ n-tetradecanoic acid. 

dation, as indicated above, yielded methyl 
n-pentanoate and dimethyl heptan-l,7-dioate 
accompanied by a small amount of dimethyl 
succinate. This indicated that the double bonds 
are situated at positions 7:8 and 11:12. No 
absorption was observed at 965 cm -t in the IR. 
Thus, XI must be the methyl ester of cis, cis- 
hexadec-7,11-dienoic acid. 

The mass spectrum of component  XIV was 
reproduced in Figure 7. It  indicated a tool wt of 
282, which was that expected for the methyl 
ester of a monounsaturated C17-acid. The ions 
of even mass at m/e 250 (=M-32), m/e 208 
(=M-74), and m/e 166 (=M-116), characteristic 
for long chain monounsaturated methyl esters, 
were abundant. The mass spectrum differed, 
however, from the normal chain unsaturated 
methyl esters, because prominent peaks were 
observed at m/e M-55 (=227) and m/e M-87 
(= 195). The former peak was most likely due to 
loss of  a butylene unit  f rom the molecular ion, 
whereas the latter was due to loss of the 

O 
11 

(CHaOCCH2CH2-)  + ion. 

After hydrogenation and subsequent GC 
examination, it was shown that XIV belonged 
to the iso-series of fatty acids. The products 
obtained on oxidative degradation showed that 
the double bond was situated at the 11:12 
position. Examination of  XIV in the IR indi- 
cated cis geometry. XIV was, accordingly, the 
methyl ester of  cis-15-methylhexadec-11-enoic 
acid. 

The mass spectrum of IX indicated a tool wt 
of 240. This corresponded to the methyl ester 
of a monounsaturated C14-acid. In the manner 
described, the structure was identified as meth- 
yl cis-tetradec-9-enoate. I t  was seen from Figure 
5 that IX was accompanied by a small amount 
of a component  with a somewhat shorter GC 
retention time (VIII). MS and GC of the 
hydrogenated product indicated that VIII was 
the methyl ester of a normal chain C14 
diunsaturated acid. It was not  possible to 
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FIG. 9. Growth (total length) of germ tubes, 
produced by 20 conidia of F. roseum at 25 C in 
F-solution supplemented with: �9 synthetic mixture 
corresponding to the saturated moiety of natural fatty 
acids (0.2 mg/ml), o 13-methyltetradecanoic acid (0.2 
mg/ml), A n-bexadecanoic acid (0.2 mg/ml), n non- 
supplemented F-solution (control). 

obtain a sufficient amount of pure VIII for an 
oxidative degradation experiment. It appears 
likely that the two double bonds of VIII in 
analogy with XI were located at the positions 
5:6 and 9:10. 

The mass spectrum of X indicated a mol wt 
of  254. This showed that X was the methyl 
ester of  a C ls-monounsaturated acid. Degra- 
dation experiments and IR examination showed 
that X possessed the structure of methyl  
eis-13-methyltetradec-9-enoate. The structures, 
as well as the relative abundance of the compo- 
nents in the inhibitory fatty acid fraction, are 
summarized in Table I. 

Inhibitory effect o f  the isolated fat ty  acids 
on fungi: The biological effect of some lipid 
fractions and individual fatty acids was exam- 
ined in germination experiments with conidia 
of F. roseum as the main test material. To 
facilitate a comparison between different exper- 
iments, the germination frequency of the con- 
trols was set to 100 and that of  the test series 
was related to this scale. Each point in the 
diagrams represented the examination of ca. 
3000 conidia. 

The inhibitory effect of the fatty ac id  
components of the total lipophilic extract of M. 
xanthus and of its saturated and unsaturated 
moieties was demonstrated in Figure 2. After 3 
hr incubation at 25 C, the germination of 
Fusarium conidia was inhibited to the same 
extent by all three fatty acid fractions. No 
marked difference in activity between saturated 
and unsaturated material was observed. Due to 

FIG. 10. Hyphae ofF. roseum grown in F-solution, 
non-supplemented (a) and supplemented (b) with 0.2 
mg/ml F-solution of the natural fatty acid mixture x 
400. 

the presence of an inhibitory component  of 
nonfatty acid type (fraction 3,,Fig. 1), the total 
lipophilic extract of the culture solution gave a 
stronger inhibition than the fatty acid mixtures. 
Clearly, no inhibition was produced by the 
neutral moiety of  fraction 1. 

In Figure 8, the inhibitory effect of some of 
the isolated fatty acids was compared with that 
of a mixture of synthetic saturated fatty acids. 
The mixture and the main component  of the 
natural acids, 13-methyltetradecanoic acid, 
exhibited the same inhibitory effect on conidia 
germination. Also the branched unsaturated 
C17 acid was markedly inhibitory. In contrast, 
the straight chain saturated and monounsatu- 
rated acids affected the germination to a 
considerably less degree. In the case of the 
diunsaturated Ct6 acid, a marked inhibition 
was observed. Furthermore, tests with 12-meth- 
yltridecanoic acid, which was not a natural 
constituent, showed that this acid acted essen- 
tially in the same way as the natural next higher 
homolog. The results obtained indicated that 
the fatty acids with iso-configuration had an 
effect on the conidla germination markedly 
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different from that of  the corresponding 
straight chain structures. The question of satu- 
ration or unsaturation appeared to be of minor 
importance. 

Figures 2 and 8 demonstrated the inhibitory 
effects on the germination of Fusarium conidia 
observed after 3 hr incubation. However, the 
inhibitions produced by the fatty acids almost 
were overcome when the incubation period was 
prolonged to 4 hr. Thus, the natural fatty acid 
mixture and its active components acted as 
fungistatic agents. 

In another study the fatty acids were investi- 
gated with respect to their effect on the growth 
of the germ tubes. The development of germ 
tubes produced by 20 randomly selected 
Fusarium conidia in each series was followed by 
measurements in the microscope during 7 hr 
(Fig. 9). In the media containing the saturated 
fatty acid mixture or 13-methyltetradecanoic 
acid, the germination process was delayed. The 
development in these series appeared about 1 hr 
behind that of  the control. However, after the 
germination was over, the germ tubes grew at 
the same rate in all series. 

The fungistatic character of the inhibitory 
fatty acids also had been established in a 
number of growth experiments where the devel- 
opment was followed during 15 days. In media 
supplemented with the relevant fatty acids, 
used separately or in mixtures and in various 
amounts, the primary effect was consistently a 
delayed spore germination, while the subse- 
quent mycelial growth in the test series and 
control was parallel. 

DISCUSSION 

Quite a large number of bacteria have been 
investigated with respect to their lipid content.  
In particular, the free and bound fatty acids 
have been analyzed (12). It now has been found 
that not  less than 55% of the free fatty acids 
excreted by M. xanthus possess methyl- 
branched carbon skeletons. The ability to 
synthesize such fatty acids sometimes is con- 
sidered specific to bacteria. It seems, neverthe- 
less, that methyl-branched acids have been 
observed in only a restricted number of species. 
In case of  the old works, "a reinvestigation of 
the fatty acid composition is needed with the 
finer methods available today"  (12). 

In practically all investigations dealing with 
lipids of  bacteria, the material has been ex- 

tracted from the bacterial cells. The knowledge 
of the chemical composition of the excretions 
to the surroundings by the organisms them- 
selves is consequently very deficient. Since a 
marked fungistatic action of excreted iso-fatty 
acids has been clearly demonstrated in the case 
of M. xanthus, it appears desirable to investi- 
gate the chemical nature of excreted lipids of 
other soilborne bacteria. 

It is not  the object of  this paper to discuss 
the mode of action of the iso-fatty acids. 
However, it may be mentioned that the inhib- 
itory fatty acids investigated produced marked 
morphological changes of both the Fusarium 
conidia and the hyphae developed. The conidia 
swelled and the hyphae produced were of a 
short and thick appearance (Fig  t0). It seems 
very likely that the iso-fatty acids act on the 
plasma membrane. Studies of the mechanism of 
action will be published elsewhere. 
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Cardiac Fatty Acids in Rats Fed Marine Oils 
B. TEIGE and J.L. BEARE-ROGERS, Food Research Laboratories, Health 
Protection Branch, Department of Health and Welfare, Ottawa, Canada 

A B S T R A C T  

Cardiac fatty acids were studied in 
young rats fed marine oils for 1 week. 
When the diet contained 0, 0.5, 1, 2, 4, 8 
or 16% by weight of partially hydro- 
genated oil from Norwegian capelin, the 
concentration of fatty acids in the cardiac 
tissue was elevated only at the highest 
level. The amount  of the lipid and the 
content  of docosenoic acid in the heart 
were less than those observed with 15% 
partially hydrogenated oil from Canadian 
herring. Nonhydrogenated Peruvian an- 
chovy oil lacking docosenoic acid pro- 
duced no change in the amount of fat 
deposited. The extent of fatty acid ac- 
cumulation in the heart was related to the 
d i e t a r y  C 2 2  acids. 

I N T R O D U C T I  ON 

The C22 polyenoic acids of marine oils 
largely are converted during partial hydrogen- 
ation to a mixture of positional and geometric 
monoenoic isomers (1). When oils containing 
appreciable quantities of docosenoic acids were 
fed to rats for periods up to a week, fatty acids 
in the form of triglycerides accumulated in the 
myocardium (2-5). To determine the effects of 
cardiac fatty acids of marine oils, which differ 
in their content  of C22 acids, partially hydro- 

T A B L E  I 

F a t t y  A c i d s  a o f  Pa r t i a l ly  H y d r o g e n a t e d  
Capelin Oil (HCO), Partially Hydrogenated 

Herring Oil (HHO) and Liquid Anchovy Oil (AO) 

Fatty a c i d  H C O  H H O  A O  

1 4 : 0  7 .6  6 .6  9 .0  
1 5 : 0  0 .7  0 .2  0 .2  
1 6 : 0  15 .4  11.1 20 .5  
16:1  8 .7  7 .2  13 .4  
1 7 : 0  0 .8  0 .5  1.9 
1 8 : 0  4 .0  2 .2  3 .2  
18 :1  14 .9  13 .4  19.1 
1 8 : 2  2 .3  1 .4  1 .4  
2 0 : 0  2 .5  1 .8  0 .2  
20 :1  14 .9  20 .5  2 .2  
2 0 : p o l y  6 .7  0.1 2 0 . 0  
2 2 : 0  1 .9  2 .9  
22 :1  14 .3  31 .3  0 .7  
2 2 : p o l y  4 .4  0 .5  8 .7  

To ta l  t rans  6 2 . 7  2 7 . 9  

a%, b y  we igh t .  M i n o r  a m o u n t s  o f  o t h e r  f a t t y  ac ids  
w e r e  detected. 

genated Norwegian capelin oil, partially hydro- 
genated Canadian herring oil, and nonhydro- 
genated Peruvian anchovy oil were fed to rats. 

M E T H O D S  

Male weanling rats from the Charles River 
Breeding Laboratories, Wilmington, Mass., were 
fed test fats or oils as 20% (by weight) of a 
purified diet (5) for 7 days. The marine oils 
differed in their content  of C22 fatty acids 
(Table I). In one experiment partially hydro- 
genated capelin oil from Norway (mp 31-33 C) 
was fed as 0, 0.5, 1, 2, 4, 8 or 16% with 4% 
corn oil and sufficient lard to make all diets 
20% fat. In another experiment, partially 
hydrogenated Canadian herring oil and liquid 
Peruvian anchovy oil each were fed at the 15% 
level with 5% corn oil in the diet. The control 
fat was a 3: 1 mixture of lard and corn oil. 

Cardiac lipids were extracted and methyl 
esters of fatty acids prepared as previously 
described (3). Each sample was chromato- 

TOTAL CARDIAC FATTY ACIDS 
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<Z 

O05f 24 

30 

~. 20  tD 

Io 

r6 OQ5 1 2 4  8 1 6  

% CAPELIN OIL IN DIET 

FIG. 1. Cardiac fatty acids of rats fed different 
levels of partially hydrogenated capelin oil in a 20% 
fat diet for 1 week. Mean -+ standard error of the mean 
for 5 to 6 determinations for each group is indicated. 
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FIG. 2. Octadecenoic acid, octadecadienoic acid, 
eicosenoic acid, and docosenoic acid of cardiac fatty 
acids from rats fed different levels of partially hydro- 
genated capelin oil. 

graphed on 2 different columns in a 4000 series 
Victoreen instrument.  With 6 ft, 1/8 in. OD 
column of 10% butanediol succinate on Ana- 
chrom ABS, 80/90 mesh, long low peaks were 
obtained for the methyl esters of C22 poly- 
enoic acids. With a 10% silicone column, 
programed from 200-300 C at 7.5 C/min, sharp 
peaks but poor separations were obtained for 
these components. The data from the silicone 
column were used to calculate the proportion 
of each chain length; the data from the poly- 
ester column were used to calculate the propor- 
tion of each degree of unsaturation. Methyl 
lignocerate was the internal standard used for 
quantitation. The signal from the hydrogen- 
flame detector was amplified, converted to a 
frequency modulated signal for recording on a 
Sony tape deck, and later demodulated by the 
Dallas Instrument recording system, model 
SY-26-1, for integration on a Hewlett-Packard 
ins trument  3370A at 2 or 4 times the original 
recording speed. The accelerated rate of replay 
improved the definition of the C22 peaks from 
the polyester column. 

RESULTS 

The amounts of total fatty acids in the 
hearts of rats fed each level of capelin oil are 
shown in Figure 1. When the data were ex- 

20 

I 0  

40 

30 

20 

I 0  

�9 > 
~0  AO 

H H O  H H O  

D I E T S  D I E T S  

FIG. 3. Cardiac fatty acids of rats fed the control 
fat mixture (C) consisting of 15% lard and 5% corn oil, 
15% partially hydrogenated herring oil (HHO) and 5% 
corn oil, or 15% liquid anchovy oil (AO) and 5% corn 
oil. 

pressed as mg fatty acids/g heart, intermediate 
levels of the dietary oil were associated with 
amounts of cardiac fatty acids which did not  
differ significantly from the controls, but the 
highest level of capelin oil produced a signifi- 
cantly increased concentration of fatty acids 
(P=0.01). The results for cardiac 18:1, 18:2, 
20: 1, and 22:1 fatty acids are shown in Figure 
2. With increasing amounts of capelin oil in the 
diet, the tissue contained increasing amounts of 
these fatty acids. No change in the amounts of 
saturated or other polyenoic acids was ob- 
served. 

In the other experiment, the deposition of 
cardiac fatty acids was increased greatly by the 
partially hydrogenated herring oil, but not  by 
the liquid anchovy oil (Fig. 3). Specifically the 
18:1, 18:2, 20: 1, and 22:1 fatty acids increased 
in the hearts of rats fed the herring oil (Fig. 4). 
With the anchovy oil there was no evidence of 
cardiac 20:1 or 22:1 fatty acids. 

DISCUSSION 

The selection of a 1 week period for the 
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C A R D I A C  F A T T Y  A C I D S  
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FIG. 4. Octadecenoic acid, octadecadienoic acid, 
eicosenoic acid and docosenoic acid of the cardiac 
fatty acids from rats fed the control diet (C), partially 
hydrogenated herring oil (HHO) or liquid anchovy oil 
(AO). 

study of maximum hpid deposition in the heart 
was based on previous work (3). This early 
interval was not examined by Odensc and 
Brockerhoff (6) who reported no effect on 
cardiac tissue of partially hydrogenated herring 
off after 24 days. Docoscnoic acids from marine 
sources, fed at high levels for I week, havc been 
shown to produce an increased accumulation of 
fatty acids in the heart (3,5,7). As demon- 
strated in the present study, when the dietary 
intake of these long chain fatty acids was ca. 
3% by weight of the diet (6% of calories in the 
diet uscd), the amount of cardiac lipids was 
increased significantly. 

Partially hydrogenated capclin oil fed at the 
16% level (as described) and liquid rapeseed oil 
diluted to 10% in a 20% fat diet (3) provided 
similar proportions of C22 fatty acids in the 
diet and produced a similar deposition of 
cardiac fatty acids. Increasing the amount of 
these long chain fatty acids in the diet, either 
by rapeseed or herring oil, increased the accu- 
mulation of lipid in the heart. A linear relation- 
ship between the proportion of C2~ fatty acids 
in the diet and the amount of fatty acids 
deposited in the heart was observed (Fig. 5). In 
the case of the liquid rapeseed oil, the C22 
acids were mostly emcic acid (22:1A13), 
whereas the partially hydrogenated marine oils 
contained a mixture of geometric and positional 

H~0 

20"/. (w/wJ FAT IN THE DIETS 

Hr ~0~ L R S /  

% ~ 22 ACIDS PN DIETARY FAT 

FIG. 5. Relationships between proportion of total 
(222 fatty acids in the dietary fatty acids and amount 
of cardiac fatty acids. LRSO = liquid rapeseed oil; 
HHO = hydrogenated herring oil; HCO = hydrogenated 
capelin oil. 

isomers. These have been studied extensively in 
hydrogenated herring oil (8,9). The docosenoic 
isomers found in cardiac lipids were similar to 
those observed in the dietary oil (10). 

Since most of the C22 fatty acids in both 
the capelin and herring oils were monoenoic, it 
was not  possible to ascertain the effects of C22 
polyenoic acids. These represented most of the 
C22 acids in the anchovy oil but were in 
sufficiently low concentration that, even if they 
did produce an effect similar to that of the 
monoenoic acids, they would probably not 
have augmented significantly the amount  of 
cardiac fatty acids as determined by this proce- 
dure. In such an oil the influence of a high level 
of C20 monoenoic acid has yet to be assessed. 

The amounts of monoenoic acids were ele- 
vated particularly in the accumulated cardiac 
lipids. It was demonstrated previously that little 
deposition of lipid occurred with a high dietary 
intake of 20:1 fatty acid in the absence of 22:1 
(7). In rats fed high levels of capehn oil, and 
therefore low levels of 18: l ,  the amount of 
cardiac 18:1 fatty acid was elevated. Its accu- 
mulation in the heart could have resulted from 
retention of this acid during the lipidosis and 
from partial/3-oxidation of the docosenoic acids 
(11,12). An increase in the level of cardiac 18:2 
fatty acid was found previously in conjunction 
with a high level of dietary linolenate (13). In 
the present study with capelin and herring oils, 
an accumulation of 18:2 also occurred. 

The extent of cardiac lipidosis of the young 
rat fed marine oil depended primarily upon the 
intake of docosenoic acids. 
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Incorporation of Choline-1,2-14C into Molecular Species of 
Phosphatidylcholine by Alfalfa Leaflet Tissue1 
C. WI LLEMOT and G. MERRET, Canada Department of Agriculture Research Station, 
2560 Chemin Gomin, Ste-Foy, Quebec (10), Canada 

ABSTRACT 

Alfalfa leaflet tissue incorporated cho- 
l ine-l ,2-14C into at least 6 molecular 
species of phosphatidylcholine.  After  7 hr 
incubation the species containing palmitic 
and linoleic acids (16:0-18:2) and the 
species containing linolenic and linoleic 
acids (18:3-18:2) had the highest specific 
activities. After 24 hr incubation, the 
species containing palmitic and linolenic 
acids (16:0-18:3) and the species con- 
taining 2 linolenic acids (18:3-18:3) had 
the highest specific activities. The most 
likely in te rpre ta t ion  of these data is that 
choline is accepted by diglycerides con- 
taining one linoleic acid residue and that 
this residue is then desaturated within the 
phosphatidylcholine molecule to linolenic 
acid. 

INTRODUCTION 

Generally it is accepted that  the substrate of 
fat ty acid desaturases are either acylCoA or 
acyl carrier protein (ACP) derivatives (1-4). 
However, complex glycerides have been impli- 
cated in the desaturation of fat ty acids in algae 
(5-10) and in higher plants (11). The main 
lipids involved were monogalactosyl diglyceride 
(MGDG) and phosphatidylcholine (PC). This 
conclusion had been reached by labeling the 
fatty acids with 14 C-labeled precursors. 

Evidence presented in this paper for the 
involvement of PC in the desaturation of 
linoleic acid to linolenic acid in alfalfa leaflet 
tissue is based on the labeling of molecular 
species of PC with choline- 1,2-14 C. 

PROCEDURES 

Incubation with choline-1,2-14C: Young al- 
falfa (Medicago media, var. Rambler) leaflets 
from 3-week-old seedlings were cut into pieces 
with a razor blade and shaken under semisterile 
conditions at 23 C in 125 ml Erlenmeyer flasks 
containing 5 pc choline-l ,2-14C (New England 
Nuclear, 5.8 mc/mM) in 6 ml 0.02 M phosphate 
buffer at pH 5 and 1 g tissue. After  7, 16, and 
24 hr incubation, tissue was rinsed repeatedly 

1Contribution No. 39, C.D.A. Research Station, 
Ste-Foy, Quebec. 

with distilled water, kept  for 3 min in boiling 
water, again rinsed repeatedly with water and 
finally covered with 15 ml chloroform-meth- 
anol (2:1, v/v). 

Extraction and purification of  lipids: The 
tissue was homogenized in chloroform-meth- 
anol (2:1, v/v). The homogenate was filtered, 
and the residue was extracted twice more with 
the same solvent. The water solubles were 
removed from the extract  by the method of 
Williams and Merrilees (12) using Sephadex G 
25 medium. The purified extract  finally was 
taken up in a small volume of chloroform- 
methanol (2: 1, v/v). 

Separation of  lipids: The lipids were sepa- 
rated by thin layer chromatography (TLC) in 
three steps: (a) separation of phospholipids 
from glycolipids, neutral lipids, and pigments 
on Silica Gel G in acetone-acetic acid-water 
(100:2: 1, v/v) (13), (b) separation of PC from 
other phospholipids on Silica Gel G in chloro- 
f o r m - m e t h a n o l - a c e t i c  a c i d - w a t e r  
(85:12.5:12.5:2,  v/v) (14), and (c) separation 
of the molecular species of PC on silver nitrate 
impregnated Silica Gel H (20% AgNO 3 in silica, 
w/w) in chloroform-methanol-water (65:25:4,  
v/v) (15). The lipids were detected by spraying 
with a 0.005% Rhodamine 6 G aqueous solu- 
tion and viewing under UV light. The molecular 
species of PC were characterized further by 
spraying the TLC plate with the reagent of 
Dittmer and Lester for phosphorus (16) and a 
modified Dragendorff 's reagent for choline 
(17). The bands were eluted from the plates 
with the following solvents used in sequence: 
chloroform-methanol (2:1, v/v), chloroform- 
methanol-acetic acid-water (50:40:10:1 ,  v/v), 
methanol-water (1:1, v/v), and methanol.  

Fatty acid analysis: The fat ty acids of the 
PC bands were analyzed by gas liquid chroma- 
tography (GLC) after transesterification in 
methanolic borontrifluoride (18). 

Characterization o f  radioactive moiety in 
PC: Purified labeled PC was hydrolyzed com- 
pletely by refluxing in 3 N HC1 at 100 C for 2 
hr. Fa t ty  acids were extracted from the hydro- 
lysate with petroleum ether, and radioactivity 
of both  fractions was determined. Water soluble 
hydrolysis products were cochromatographed 
on a thin layer of Silica Gel G in butanol- 
NH4OH (10:90, v/v) with added choline and 
glycerol. Choline was detected with 12 vapor; 
radioactivity was located on the plate by means 
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of a scanner (Actigraph II, Nuclear Chicago); 
glycerol was then detected with 5% potassium 
dichromate in 40% sulfuric acid. 

Measurement of  radioactivity: Radioactivity 
was assayed by scintillation counting (Unilux 
II, Nuclear Chicago) using Bray's solution (19). 
Data were corrected for quenching by the 
external standard ratio method. Radioactivity 
of the molecular species of PC was measured 
directly on the plates by means of the scanner. 
Radioautography of TLC plates was made using 
Kodak X-ray No Screen film. 

RESULTS AND DISCUSSION 

Choline- 1,2 -14C is readily incorporated into 
the lipids of alfalfa leaflet tissue (Table I). 
Radioactivity (50-75%) incorporated into the 
lipids is recovered in PC after 2 TLC purifi- 
cation steps, in which the phospholipid band 
and then the PC band are eluted from the plate. 

After hydrolysis of the labeled PC, no 
radioactivity was detected in the petroleum 
ether fraction, i.e. the fatty acid moiety. All 
water soluble radioactivity was cochromato- 
graphed with choline, none with glycerol. 

After separation of the molecular species of 
PC according to their degree of unsaturation, at 
least 8 bands were detected with Rhodamine 
6G. Of these all but the 2 more saturated ones, 
i.e. the 2 bands moving nearest the solvent 
front, were labeled (Fig. 1). Bands 1-5 and 7-8 
gave a positive reaction with the reagent of 
Dittmer and Lester for phosphorus and with 
Dragendorff's reagent for choline. The radio- 
autogram of the TLC plate shows a progressive 
relative increase of the labeling in bands 1 and 
3. 

Radioactivity incorporated in the molecular 
species at different sampling times is given in 
Table II, both in dpm/g fresh wt tissue and in 
percentage of the radioactivity incorporated in 
PC. Numbers of the species refer to the 
numbers by which they were identified in 
Figure 1. The data confirm that there is a 
relative increase in radioactivity in species 1 and 
3, with a simultaneous relative decrease in 
radioactivity in species 2 and 5, thus a tendency 

FIG. 1. Radioautogram of a thin layer chromato- 
graphic plate showing the separation of molecular 
species of phosphatidyl choline according to their 
degree of unsaturation. 

toward more desaturation with longer times of 
incubation. 

Fatty acid composition of the species was 
determined on an unlabeled sample to which 
radioactive PC had been added as a marker 
(Table Ill). From these data the labeled molec- 
ular species can be identified readily and their 
purity evaluated. Species 1 (hexaenes) is pre- 
dominantly dilinolenyl-PC ( 18: 3-18: 3). Species 
2 (pentaenes) is almost pure linolenyl-linoleyl- 
PC (18:3-18:2). Species 3 (trienes) is a mixture 
of mainly palmityl-linolenyl-PC (16:0-18:3), 
with some stearyl-linolenyl-PC ( 18: 0-18: 3) and 
some oleyl-linoleyl-PC (18:t-18:2).  Species 4 
( t e t r aenes )  is almost pure ditinoleyl-PC 
(18:2-18:2). Species 5 and 6 (dienes) are 
pre dominantly palmityl-linoleyl-PC ( 16: 0-18: 2) 
with significant amounts of stearyl-linoleyl-PC 

TABLE I 

Incorporation o f  Choline- 1,2-14 C into Lipids, Phospholipids, and Phosphatidylcholine a 

Time of 
sampling (hr) Total Phospholipids Phosphatidylcholine 

7 12 10 9 
16 21 15 11 
24 26 23 18 

aData expressed as percentage of  radioactivity initially present in incubation medium. 
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TABLE II 

Radioactivity in Molecular Species of 
Phosphatidylcholine after 

7, 16 and 24 hr of Incubat ion 

Time of  sampling 

Species 7 hr 16 hr 24 hr 

1 dpm a 18,218 29,242 55,504 
%b 9.4 11.7 13.8 

2 dpm 41,237 45,280 52,890 
% 21.3 18.0 13.2 

3 dpm 60,170 87,725 181,915 
% 31.1 35.0 45.2 

4+5+6 dpm 73,955 88,754 111,932 
% 38.2 35.4 27.8 

Total dpm 193,600 251,000 402,200 

adpmlg  fresh wt of tissue. 

bpercentage of total  radioact ivi ty in PC. 

(18:0-18:2) and dioleyl-PC (18:1-18:1).  Why 
tetraenes migrate faster than trienes in this 
system is not  known, but  species containing 2 
diene fat ty acids possibly react less with silver 
nitrate than species containing 1 triene. Indeed, 
Gurr and Brawn (7) have observed that species 
(18:1-18:3) and (18:0-18:2) migrate more 
s l o w l y  t h a n  s p e c i e s  (18 :2 -18 :2 )  and 
(18:1-18: 1) respectively. 

There is no radioactivity associated with 
molecular species containing less than 2 double 
bonds, although 2 such species, bands 7 and 8, 
have been detected in low amounts on the TLC 
plates. This suggests specificity with respect to 
the fat ty acid composition of the choline 
accepting molecules, either diglycerides if incor- 
poration is via the Kennedy pathway involving 

CDP-choline (20) or phospholipids if incorpo- 
ration is via exchange reactions mediated by 
phospholipase D (21). 

The approximate specific activity of the 
molecular species has been calculated from the 
data of Tables II and III (Table IV); the dpm of 
each band was calculated from the total  dpm in 
PC and from the percentage of this radioac- 
tivity in each band as determined by means of 
the scanner. The mass of  each band was 
calculated from the GLC analyses, assuming as 
average mol wt of the 2 fat ty acids of the PC 
molecules that of stearic acid (18:0). Species 4 
and 6 have little mass and radioactivity as 
compared with species 5. The specific activity 
calculated from the data for the group of 
species 4, 5, and 6 combined should, therefore, 
approximate the specific activity of species 5. 
The table shows that after 7 hr incubation, the 
2 species with higher specific activities are 
species 2, which contains linolenyl and linoleyl 
residues (18:3-18:2),  and species 5, palmityl- 
linoleyl-PC ( 16: 0-18: 2). However, the specific 
activities of species 1 (18:3-18:3) and species 3 
(16:0-18:3) increase rapidly, and after 24 hr 
incubation their specific activities are markedly 
higher than the specific activities of species 2 
and 5. 

The most likely interpretat ion of these data 
is that choline is preferentially accepted by 
species of diglycerides or phospholipids which 
contain 1 linoleyl residue and that this residue 
is then further desaturated within the PC 
molecules. 

Specificity at the level og the accepting 
diglycerides has been shown already in animal 

TABLE III 

Fatty Acid Composition of  the Molecular Species of Phosphat idylchol ine 

Fat ty  acids a 

Species 16:0 16:1 18:0 18:1 18:2 18:3 Total 

1 % 7 4 1 2 3 
~gb 1.9 1.1 0.3 0.6 0.7 

2 % 2 50 
/~g 0.5 16.6 

3 % 37 9 3 2 
#g 30.3 7.6 2.2 1.6 

4 % 7 93 
/.tg 1.2 16.0 

5+6 % 37 8 10 45 
/~g 28.7 5.9 7.9 35.1 

7 c % 37 25 15 24 
#g 2.6 1.7 0.9 1.7 

8 c % 44 24 18 14 
~tg 3.7 2.0 1.5 1.2 

82 
20.7 
48 
15.7 
49 
40.1 

25.3 

32.8 

81.8 

17.2 

77.6 

6.9 

8.4 

aLength of carbon chain:number  of double bonds. 
bbtg per gram fresh wt of tissue. 
CFatty acids determinat ion for bands 7 and 8 were made on a separate sample, 
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tissues. I n d e e d  R y t t e r  and  Corna t ze r  (22)  ob- 
served t h a t  c h o l i n e - l , 2 - 1 4 C  was i n c o r p o r a t e d  
ma in ly  in PC species c o n t a i n i n g  1 or 2 doub le  
b o n d s ,  while e t h a n o l a m i n e - l , 2 - 1 4 C  was incor-  
p o r a t e d  i n to  p o l y u n s a t u r a t e d  PC species via 
m e t h y l a t i o n  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 .  

Biosynthes is  of  p o l y u n s a t u r a t e d  species of  
PC by m e t h y l a t i o n  was s h o w n  also by  T inoco  
et al. (23) .  However ,  lack of  specif ic i ty  of  
chol ine  p h o s p h o t r a n s f e r a s e  t oward  diglycerides 
was observed  by  Devor  and  Mudd  (24)  in  
sp inach  leaves and  by  Mudd  et  al. (25)  in 
an imal  tissue. In sp i nach  leaves sa tu ra t ed  
species of  diglycerides,  never the less ,  failed to  
s t imula te  cho l ine  i n c o r p o r a t i o n ,  while  diole in  
gave on ly  s l ight  s t imu la t i on  (24) .  Devor and  
Mudd  believe t h a t  in  sp inach  leaves f a t t y  acid 
d i s t r ibu t ion  in  PC is n o t  con t ro l l ed  by  cho l ine  
phospho t r ans f e r a se  b u t  by  acyl t ransferase  (26) .  
Mudd et  al. (27)  have s h o w n  tha t ,  in the  case of  
galactol ip id  b iosyn thes i s  in sp inach  leaves, the re  
was m a r k e d  diglyceride specif ic i ty .  Data  show 
t h a t  in  alfalfa leaves there  is a s t rong  p re fe rence  
for  the  i n c o r p o r a t i o n  of  c h o l i n e - l , 2 - 1 4 C  i n t o  
PC species ( 1 8 : 3 - 1 8 : 2 )  and  ( 1 6 : 0 - 1 8 : 2 ) .  

The  progressive sh i f t  of  the  rad ioac t iv i ty  of  
cho l ine - l , 2 -14C  f rom species c o n t a i n i n g  a 
l inoleyl  residue to  the  c o r r e s p o n d i n g  species 
c o n t a i n i n g  a l ino leny l  res idue suppor t s  the  
suggest ion by  James ,  Nichols,  Gurr ,  and  the i r  
coworkers  (5-10)  t h a t  some f a t t y  acid desatu-  
rases requi re  PC as the i r  subs t ra t e  and  also the  
suggest ion by  R o u g h a n  (11)  t ha t  the  p r imary  
site of  l inolenic  acid b iosyn thes i s  in leaf  cells is 
wi th in  the PC molecule .  Direct  de sa tu ra t i on  of  
the  phospho l i p id  would  appear  to  be the  m o s t  
ef f ic ient  m e c h a n i s m  (28) .  A n o t h e r  poss ibi l i ty ,  
wh ich  Hi tchcock  and  Nichols  (29)  cons ider  
more  likely, is t h a t  the  f a t ty  acid is t r ans fe r red  
f rom the  l ipid to  the  desaturase  e n z y m e  and  
back  to  the  l ipid af te r  desa tu ra t ion .  
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SHORT COMMUNICATION 

Stability of Prostaglandin E Compounds in Solution 
ABSTRACT the solvent system, duration of storage of the 

In the present paper the stability of 
prostaglandins El ,  E2, and E 3 has been 
studied in two types of solvents: (a) 
solvents in which they can be used in 
clinical trials and (b) solvents which are 
commonly used for their isolation from 
biological systems. The solvents used in 
the first type were ethanol, saline, and 
water while those in the second type were 
chloroform and ethylacetate. In addition 
to this the effect of light on stability of 
these prostaglandins in chloroform also 
has been studied. 

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

Ever since various prostaglandins were iso- 
lated from human seminal plasma and their 
structures established (1), they have been used 
at an increasingly rapid rate in clinical trials 
both with animals and humans. Known prosta- 
glandins are added as carriers to incubation 
medium prior to extraction of labeled prosta- 
glandins and their metabolites. This is followed 
by their resolution by various chromatographic 
processes. As most prostaglandins are sensitive 
to the pH of the medium and also to the 
duration they are in solution, it was studied if 

prostaglandin solution, and temperature had 
any effect on their stability. The solvent system 
chosen for this purpose are mainly of two 
types: one like ethanol, saline, and water, 
which are commonly used in clinical trials of 
prostaglandins, and the other like chloroform 
and ethylacetate, which are commonly em- 
ployed for their isolation from the biological 
system. 

MATERIALS AND METHODS 

All solvents used for making stock solutions 
of the prostaglandins as those used in chro- 
matographic separations were of analytical rea- 
gent grade (Merck, Darmstadt). Ethanol was 
adjusted to 95% alcohol content  by adding 
distilled water before it was used for making 
solutions. 

Prostaglandins E l ,  E 2, and E 3 were isolated 
from human seminal plasma according to the 
method of Hamberg and Samuelsson (1) and 
Srivastava and Clausen (2). 

The absolute quantity of each of the three 
prostaglandins was determined after subjecting 
them to thin layer chromatography (TLC) 
before making stock solutions of these com- 
pounds. This was necessary, because of the 
possible conversion, although small, of the 

T A B L E  I 

S t a b i l i t y  o f  P G E  C o m p o u n d s  S t o r e d  f o r  V a r i a b l e  P e r i o d s  in  D i f f e r e n t  
S o l v e n t s  a t  D i f f e r e n t  T e m p e r a t u r e s  a 

E t h a n o l  C h l o r o f o r m  E t h y l a c e t a t e  

S t o r a g e  t i m e  ( m o n t h s ) :  1 /2  1 3 5 1 /2  1 3 5 1 /2  1 3 5 

E 1 -15  C + b  + + 96 .8  
4 C + 9 2 . 3  . . . . . .  

R .T .  c _ d  . . . . . . . .  

E 2 -15 C + + + 9 7 . 3  
4 C + 9 5 . 4  . . . . .  

R .T .  - . . . . . . . . .  

E 3  - I S  C + + + 9 3 . 5  
4 C + 88.1  . . . . . .  

R .T .  - . . . . . . . .  

+ + + 8 8 . 3  + + + 93 .5  
+ + + 8 6 . 4  + + + 8 6 . 4  

9 1 . 4  7 7 . 9  . . . . . . . .  7 4 . 2  . . . . . .  

+ + + 9 0 . 0  + + + 9 2 . 3  
+ + + 85 .7  + + + 88 .1  

92 .2  7 9 . 4  . . . . . . . . .  7 0 . 4  . . . . . .  

+ + + 8 7 . 6  + + + 9 0 . 2  
+ + + 8 4 . 7  + + + 8 3 . 4  

89 .1  7 4 . 2  . . . . . . . . .  6 5 . 6  . . . . . .  

a F i g u r e s  % p r o s t a g l a n d i n  E l e f t  f r o m  s o l u t i o n s  i b i t i a l l y  c o n t a i n i n g  1 0 0  # g / l  m l  a f t e r  v a r i a b l e  d u r a t i o n  o f  

storage ( m o n t h s ) .  

b+ n o  m e a s u r a b l e  loss  i .e .  y i e l d  9 7 - 9 8 . 5 % .  

CR.T.  = R o o m  t e m p e r a t u r e  (+ 2 2  C).  

dNot d e t e r m i n e d .  
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prostaglandin E (PGE) compounds into the 
corresponding prostaglandin A (PGA) com- 
pounds during TLC and other isolation proce- 
dures (3). The stock solutions of the prostaglan- 
dins were prepared in ethanol, chloroform, and 
ethyl acetate in a concentration of 100 #g per 
100/~1. The solutions in saline and water had 
concentrations of 100 and 50 #g per ml 
respectively. The solutions were kept at three 
different temperatures: -15 C, 4 C  and room 
temperature (22 C). A portion of the chloro- 
form solution at room temperature also was 
kept under two different conditions, i.e. one 
exposed to daylight (only indirect sunlight) and 
the other to dark, the latter being achieved by 
covering the container with aluminum foil. 

These solutions were examined for their 
PGE content intermittently (Table I). Since 
during storage a part of the PGE compound 
might be converted into the corresponding PGA 
by dehydration, it was thought desirable to 
resolve the PGE from any PGA that might have 
been formed, prior to the assay of the former. 
This was achieved by TLC on Silica Gel G using 
a solvent system consisting of ethyl-acetate- 
iso-octane-acetic acid-water (110:20:10:100, v/v, 
equilibrated for 1 hr before using the organic 
phase) (4). The PGE compound was extracted 
with methanol and measured spectrophoto- 
metrically in the presence of alkali (5). 

In the case of saline, as well as aqueous 
solutions of the PGE compounds, the solutions 
as such were not  applied on the TLC plate. 
Instead, from these solutions, the PGE com- 
pounds were extracted with 2 volumes of 
chloroform thrice after acidification with acetic 
acid to pH 3.0. The chloroform extracts were 
pooled together, washed with a minimum quan- 
tity of water until free from acetic acid, 
concentrated under nitrogen to a small volume, 
and finally resolved by TLC. In all TLC 
resolutions the zone due to the PGE was 
revealed by iodine and marked. The plates were 
exposed to air and the iodine allowed to go off. 
The PGE compounds were extracted with 
methanol and assayed as described above. 

RESULTS 

The ethanolic solutions of PGEI,  PGE2, and 
PGE 3 stored at -15 C did not  show any meas- 
ureable loss in their concentration when exam- 
ined intermittently over 3 months. At the end 
of the fifth month a loss between 3 to 6% was 
observed, the highest being for PGE 3. The 
solutions of PGE 1 and PGE 2 kept at 4 C in 
ethanol showed a measurable loss when exam- 
ined at the end of the first month of storage (5 
to 12%). The PGE 1 and PGE 2 compounds 
dissolved in saline were found to be stable even 

TABLE II 

Effect of Daylight, Indirect Sunlight, on the Stability 
of Prostaglandin E Compounds Stored in Chloroform 

Solution at Room Temperature a 

PGE compound 7 days 15 days 36 days b 

E 1 3.1 5.3 7.4 
E 2 2.9 5.5 8.6 
E 3 5.4 9.2 15.8 

aFigures % degradation of the prostaglandin E 
compounds exposed to light when compared with- 
those kept in dark under similar conditions (22 C). 

bDays of exposure to light. 

after 15 days storage at -15 C. At 4 C these 2 
deteriorated so fast that only ca 58 to 62% 
remained after 15 day storage period. The 
PGE 1 and PGE 2 compounds in aqueous solu- 
tion kept at -15 C were found to be stable up to 
one month, when ca 95% were left, whereas 40 
to 45% deterioration occurred only after 15 
days of storage at 4 C. 

The degradation pattern of the 3 PGE 
compounds in chloroform and ethylacetate was 
almost identical under the 3 storage conditions 
of temperature. Both at -15 C and 4 C there 
was no change in concentration over 3 months, 
but degradation was observed when examined 
at the end of the fifth month  (see Table I). At 
room temperature (22 C), however, degradation 
was fast, 20 to 25% in chloroform, and 25 to 
35% in ethylacetate was degraded during the 
first month of storage (Table I). 

A greater and progressive loss of the PGE 
compounds in chloroform solution took place 
when exposed to light at room temperature 
than when stored in dark at the same tempera- 
ture. The loss was found to be maximum for 
the PGE 3 compound and almost the same for 
the other 2. The results are shown in Table II. 

DISCUSSI ON 

From the degradation pattern of the PGE 
compounds, it is clear that, if  they are to be 
used in clinical trials, they should be used as 
alcoholic solution stored at -15C. If they are to 
be administered in saline, a portion of the 
concentrated alcoholic solution may be diluted 
with it to a desired concentration before use. 

In the experiments (6) with the biological 
synthesis of prostaglandins in human platelets, 
the authors found that from their extraction to 
column and TLC resolution followed by their 
assay, i t  takes several days. The time factor is 
even more important if one has to deal with 
platelets from several persons. In such a situa- 
tion it is best to add 50 #g of each of the 

LIPIDS, VOL. 8, NO. 10 



594  SHORT COMMUNICATION 

pros tag land in  carriers to  the  c h l o r o f o r m  ex- 
t rac t ,  wh ich  con t a in s  a m i x t u r e  of  pros tagian-  
dins and  o t h e r  lipids, and  s tore  t h e m  a t - 1 5 C  
un t i l  c h r o m a t o g r a p h i c  r e so lu t ion  can  be  t a k e n  
up.  This  is possible  because  of  an a lmos t  
negligible loss of  the  PGE c o m p o u n d s  in ch loro-  
fo rm so lu t ion  at  -15 C fo r  several  m o n t h s  
(Table  I). 

L i t e ra tu re  is n o w  available on  e x t r a c t i n g  
p ros tag land ins  f rom biological  sys tems  in con-  
nec t i on  w i th  var ious  b iochemica l  s tudies  of  
these  c o m p o u n d s ;  to  the  a u t h o r s '  knowledge ,  
n o  one  has used  a n t i o x i d a n t s  p r io r  to  the i r  
ex t rac t ion .  I t  is n o t  k n o w n  to  w h a t  e x t e n t  
na tu ra l ly  occur r f ing  a n t i o x i d a n t s  p r o t e c t  t h e m  
f r o m  oxida t ion .  A l t h o u g h  n o  a t t e m p t s  have 
been  made  here  to  s tudy  the  e f fec t  of  an t iox i -  
dan ts  on  the  s tabi l i ty  of  p ros tag land ins ,  i t  m ay  
be  possible  to  e n h a n c e  the  s tabi l i ty  in some 
cases. 

K.C. S R I V A S T A V A  
J. C L A U S E N  
I n s t i t u t e  of  Public  Heal th ,  Hygiene 

and  E n v i r o n m e n t a l  Science 
Univers i ty  of  Odense  
5000  Odense ,  D e n m a r k  
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LETTER TO THE EDITOR 

Significance of Malonyl-CoA as an Intermediate in 
Fatty Acid Biosynthesis 

Sir: There  is a d i l emma facing the  e n z y m o l o -  
gist. On  one h a n d ,  the  desire to  work w i th  well 
def ined  sys tems means  w a n t i n g  to pur i fy  en- 
zymes  as m u c h  as possible  and  to keep  t h e m  at 
low c o n c e n t r a t i o n s  ( i n c u b a t i o n s  l inear  w i t h  
p ro t e in  and  t ime) .  On the  o the r  hand ,  the  
desire to  copy  n a t u r e  means  chang ing  na t u r a l  
p r o d u c t s  as l i t t le  as possible  and  work ing  u n d e r  
physio logica l  cond i t ions .  Ear ly  cons ide ra t ions  
of  this  d i l e m m m a  were p r e sen t ed  by  Linder-  
str~bm-Lang and  Hol t e r  (Compt .  Rend.  Tray. 
Lab. [Caflsberg]  19: No. 4 [ 1 9 3 1 ] ) .  

In  f a t ty  acid b iosyn thes i s  there  is the  ques- 
t ion  of p r o t e i n  c o n c e n t r a t i o n s .  Table  I lists a 
series of e n z y m e  c o n c e n t r a t i o n s  in ra t  and  
p igeon livers. The  c o r r e s p o n d i n g  assay sys tems  
for  f a t t y  acid syn the t a se  ( references  as in Table  
I)  con t a in  2-30 /ag e n z y m e  per  milli l i ters.  This  
means  t h a t  the re  is an  average d i f fe rence  of  
a b o u t  a f ac to r  400  b e t w e e n  the  e n z y m e  con-  

cen t r a t i ons  in the  na tu ra l  and  in the  assay 
systems.  

G u y n n  et al. (J. Biol. Chem.  2 4 7 : 7 3 2 5  
[ 1972]  ) have r ecen t ly  used  e n z y m a t i c  assays to  
measure  the  levels of  ace ty l -CoA and  malonyl -  
CoA in to ta l  ra t  livers. They  f ind values ranging 
f rom 2 3 - 1 1 4 / a M  ace ty l -CoA and  f rom 4-25 /aM 
malonyl -CoA.  These  resul ts  c o m p a r e  well w i th  
the  range of  subs t r a t e  c o n c e n t r a t i o n s  used in 
the  above m e n t i o n e d  mode l  sys tems for  the  
assay of  f a t t y  acid syn the tase .  However ,  w h e n  
seen in re la t ion  to  the  e n z y m e  c o n c e n t r a t i o n s  
l is ted in  Table  I, one  is s t ruck  by  a pr inc ipa l  
d i f ference.  In the  m o d e l  sys tems,  subs t ra t e  
c o n c e n t r a t i o n s  d o m i n a t e  c o m p l e t e l y  over  en- 
z y m e  c o n c e n t r a t i o n s ;  in ra t  livers, subs t ra t e  
c o n c e n t r a t i o n s  and  especial ly  ma lony l -CoA 
c o n c e n t r a t i o n s  seem to  be near ly  equal  to  
e n z y m e  c o n c e n t r a t i o n s  on a mo la r  basis. 

This  pu ts  previous  cons ide ra t ions  of  the  

TABLE I 

Fatty Acid Synthetase Concentrations Calculated from Levels in Particle-Free Supernatant Fraction 

Particle-free 
supernatant 

protein Fatty acid synthetase 

Purification factor 
Liver, from particle-free Liver, Concentration 

Reference Sample mg/ml mg/g supernatant mg/g in liver, gM 

Burton et al., Rat 
Arch. Biochem. Biophys. Liver 40 100 14 7.2 13 
126:141 (1968) 

Hansen et al., Rat 
Biochim. Biophys. Acta Liver 25 63 28 a 2.2 4 
210:400 (1970) 

Hsu et al., Pigeon 
J. Biol. Chem. Liver 49 121 21 5.8 13 
240:3736 (1965) 

Burton et al., Pigeon 
Arch. Biochem. Biophys. Liver 45 b 113 14 8.1 18 
126:141 (1968) 

aThe specific activities of the particle-free supernatant fractions quoted by Hansen et al. are too low by a 
factor 2. 

bit is assumed that Table I in the paper by Burton et al. refers to 40 ml particle-free supernatant for both rat 
and pigeon livers (el. Hsu et al., J. Biol. Chem. 240:3736 [ 1965] ). 
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significance of malonyl-CoA as an intermediate 
in fatty acid biosynthesis into further perspec- 
tive. Our suggestion that fatty acid biosynthesis 
might be based on the direct carboxylation of 
acetyl groups already bound to fatty acid 
synthetase, without the formation of an inter- 
mediate malonyl-CoA pool (Hansen and Han- 
sen, Acta Chem. Scand. 2 3 : 2 1 8 0  [1969];  
Hansen et al., Biochim. Biophys. Acta 248:391 
[1971];  Carey et al., Ibid. 2 6 0 : 5 2 7  [1972]), 
agrees with a substrate to enzyme ratio of 1:1. 
The fact that Guynn et al. (J. Biol. Chem. 247: 
7325 [ 1972]) used enzymatic methods, with- 
out identifying CoA derivatives as such, could 
mean that they were measuring malonyl groups 
bound to soluble protein from denatured fatty 
acid synthetase, which were transferable to the 
excess amount of extra fatty acid synthetase 
added to the incubation medium for the assay. 

Whether or not  Guynn et al. (J. Biol. Chem. 

THE EDITOR 

247" 7325 [1972])  actually measured malo- 
nyl-CoA concentrations, it can in any case be 
said that the enzyme concentrations presented 
in Table 1 are so high, relative to the corre- 
sponding substrate concentrations in rat liver, 
that they warrant the assumption that incuba- 
tions with excess of ready-made malonyl-CoA 
may be regarded as biological artifacts. A 
further elucidation of the malonyl-CoA path- 
way should include investigations at high en- 
zyme concentrations, disregarding that the 
incubations may not  be proportional to pro- 
tein. 

H.J.M. HANSEN 
Danish Atomic Energy Commission 
Research Establishment Ris~b 
DK 4000 Roskilde, Denmark 

[ Revised manuscript 
received July 30, 1973] 
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ERRATUM 

An error occurred in the publication of "Use 
of a Bile Duct T-Cannula as a New Technique 
for Studying Bile Acid Turnover in the Rat"  by 
H.C. Klauda, R.F. McGovern and F.W. 

Quackenbush (Lipids 8:459 [ 1973] ). 
On page 462, plate B of Figure 2 was 

printed upside down. The correct ligure and 
caption appear on the following page. 
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Analysis of Lipoxygenase Nonvolatile Reaction Products of 
Linoleic Acid in Aqueous Cereal Suspensions by Urea 
Extraction and Gas Chromatography 
A. GRAMELAND, Institute for Cereals, Flour and Bread of the Organization 
for Applied Scientific Research (TNO), Wageningen, The Netherlands 

ABSTRACT 

Cereals contain lipoxygenase and small 
quantities of linoleic and linolenic acids. 
For studying the oxidation of these acids 
by lipoxygenase in aqueous cereal suspen- 
sions and especially in doughs of wheat 
flour, an extraction method was devel- 
oped, providing a means of quantitative 
extraction of the acids and their oxida- 
tion products. A complete extraction can 
be obtained by using urea as a disclosing 
agent and a chloroform-isopropanol mix- 
ture as the extraction solvent. For the 
detection of the acids and their oxidation 
products, some of which are formed in 
relatively small amounts, a gas chromato- 
graphic method was developed. After 
extraction, the products are first meth- 
ylated and silylated; then, along with an 
internal standard, determined with the 
aid of gas liquid chromatography. This 
method permits the determination of 
mono-, di-, and trihydroxy acids, as wetl 
as of the ketodihydroxy and ot and 3' 
ketols. 

I NTRODUCTION 

The enzyme lipoxygenase (EC 1.13.1.13) 
forms 2 isomere hydroperoxides or hydro- 
peroxy radicals from linoleic acid added to 
wheat flour/water suspensions and doughs, viz. 
the 9-isomer (85%) and the 13-isomer (15%). 
These hydroperoxides or hydroperoxy radicals 
are enzymatically converted into different sec- 
ondary oxidation products. Beside the rnono- 
hydroxy acids hydroxyepoxy acids also are 
formed which are converted rapidly into trihy- 
droxy acids (1). 

In a study of suspensions of barley flour in 
water, it was found (with the aid of thin layer 
chromatography [TLC]) that, in addition to 
mono and trihydroxy acids, small amounts of 
dihydroxy and ketodihydroxy acids and c~ and 
")" ketols are formed (2). At the same time the 
same products, though in very small amounts, 
were found in wheat flour suspensions (3). 

The enzymatic oxidation of linoleic acid by 
lipoxygenase and the different pathways of the 
conversion of the primarily-formed hydroper- 
oxides into the secondary oxidation products in 

suspensions of cereal flours can be represented 
by the following: 

lipoxygenase 9-hydroperoxide 
Linoleic acid 13-hydroperoxide 

isomerase 
Hydroperoxides 

flax seed type 

9-hydroxy-10 oxo isomer (4,5) 
12 oxo-13 hydroxy isomer 

isomerase 
Hydroperoxides 

alfalfa seed type 

9 hydroxy-12 oxo isomer (6,7) 
l0 oxo-13 hydroxy isomer 

Lipoperoxidase 
Hydroperoxides 

or other reducing agents 

9-mono hydroxy isomer 
13 mono hydroxy isomer (8) 

Hydroperoxides glutenin-like 
r 

(peroxy radicals) protein 

9, 12, 13 trihydroxy isomer 
9, 10, 13 trihydroxy isomer (2) 

In contrast to previous studies made with 
linoleic acid added to aqueous wheat flour 
suspensions, the oxidation of fatty acids natu- 
rally present in flours of various cereals was 
studied. This was done to elucidate the contra- 
dictory results obtained by Morrison (9) and 
Graveland (1). 

Morrison reported that, during mixing in 
wheat flour suspensions and doughs, both the 
saturated and unsaturated free fatty acids are 
oxidized. According to his views, the saturated 
fatty acids are broken down completely by a 
/3-0xidation, while the polyunsaturated fatty 
acids are oxidized both by a/3-0xidation and by 
the enzyme lipoxygenase. In contrast to Mor- 
rison, previous studies showed only the oxida- 
tion of polyunsaturated acids by the action of 
the enzyme lipoxygenase. The studies, however, 
were made with added linoleic acid, and the 
fate of the saturated fatty acids was not 
checked quantitatively. Therefore, a comple- 
mentary study was made of the oxidations of 
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the free fatty acids naturally present in wheat 
flour. Hopefully, more information would be 
obtained about the types of oxidation products 
which are formed from linoleic acid in suspen- 
sions of various cereals and about the oxidation 
of sulfhydryl (SH) groups of the proteins by 
the lipoxygenase/polyunsaturated fatty acids 
system. 

The variety of products, defined above, 
formed by the hydroperoxide-decomposing en- 
zymes caused some difficulty in the evaluation 
of a method for lipoxygenase activity determi- 
nation. An improved extraction method was 
developed for quantitative isolation of the free 
fatty acids and their oxidation products from 
aqueous cereal suspensions and wheat flour 
doughs. A gas chromatographic method for the 
detection of different components also was 
developed. After extraction, the carboxy 
groups of the products are methylated (10) and 
the hydroxy groups silylated (11), then deter- 
mined by gas liquid chromatography (GLC) 
with the aid of an internal standard. 

MATERIALS AND METHODS 

Flours and Substrate 

The cereals investigated were wheat, barley, 
rye, oats, and maize, all grown in the Nether- 
lands. Flour samples were prepared in a Bra- 
bender laboratory mill and the flour sieved over 
a 0.55 mm sieve. The whole wheat meal was 
obtained by grinding the wheat, as was used for 
making flour. The substrate was linoleic acid 
supplied by Fluka, Switzerland. 

Enzymatic Oxidation 

To study the enzymatic oxidation reactions 
in cereal flour suspensions, 1 g of flour was 
suspended in 10 ml of water and incubated at 
30 C under continuous magnetic stirring. 

Extraction of Oxidation Products 

The oxidation products in a flour-water or 
flour-buffer suspension were extracted in the 
following way. To the reaction mixture (1 g 
flour in 10 ml water or buffer), 4 g urea was 
added. The mixture was shaken thoroughly 
with a polytron (20 ST-OD) homogenizer 
(Kinematica GMBH, Luzern, Switzerland) for 
15 sec. Subsequently 60 ml of a chloroform- 
isopropanol mixture (4: 1) was added and the 
total mixture homogenized with the polytron 
homogenizer during 15 sec. Heptadecanoic acid 
(I nag) dissolved in chloroform was added as an 
internal standard. After centrifugation, the mix- 
ture settled into 2 phases. The upper small 
water-isopropanol phase containing flour resi- 
dues was removed, and the remaining chloro- 

form-isopropanol phase containing lipids, small 
amounts of urea, and oxidation products was 
dried over anhydrous Na2SO4 and filtered. The 
clear extract was concentrated to 10 ml with a 
rotary evaporator. 
Methylation of the Oxidation Products 

To the extracts (ca. l0  ml), 2 ml of 
diazomethane-ether solution was added. After 5 
rain the solvent was evaporated completely 
with a rotary evaporator. A white precipitate 
containing urea, lipids, and oxidation products 
stayed. For the extraction of the methylated 
oxidation products from the white precipitate, 
10 ml of 0.4N HCI was added by which the 
urea was dissolved. Next the oxidation products 
and lipids were extracted with 30 ml of 
chloroform. The chloroform was evaporated 
and the residue dissolved in 1 ml of pyridine. 
Preparation of Trimethylsilyl Ether Derivatives 

To enable gas chromatographic determina- 
tion of mono, di, and trihydroxy acids, it was 
necessary to silylate all free hydroxy groups. 

To the methylated oxidation products dis- 
solved in 1 ml pyridine, 0.6 ml hexamethyl- 
disilazane and 0.3 ml trimethylchlorosilane 
were added. After 15 min the reagents were 
removed in a stream of N 2 and the residue 
dissolved in 0. 1 ml hexane. Insoluble material 
was removed by centrifugation. The sample 
then was purified on a Silica Gel (Camag DO) 
column of 2 cm height and 0.5 cm diameter 
using diethylether (5 ml) as an ehient. The clear 
extract was injected into the gas chromato- 
graph. 
Gas Chromatography 

A Fractovap model GV gas chromatograph 
(Carlo Erba Co.) with dual flame ionization 
detectors was employed. Chromatography was 
carried out using 1 m stainless steel columns of 
0.2 cm internal diameter. The packing used was 
3% JXR (a silicone from Applied Science Labo- 
ratories, Inc. catalog 16, 1973) on Gas chrom 
Q 1001120 mesh. Temperature: 170-230 C, 
Prog: 1.5 C/rain. Flow rate: 35 ml/min. 

The quantities of the various components in 
the gas chromatogram were determined on the 
basis of the internal standard by multiplying 
the area of each peak by a response factor, 
depending upon the number  of hydroxyl 
groups in each component.  The response fac- 
tors are determined with the aid of pure 
substances. The response factors are: trihy- 
droxy acids = 0.85, dihydroxy acids and keto- 
dihydroxy acids = 0.90, monohydroxy acids 
and ketols = 0.95. 
Determination of Hyflroperoxides 

The gas chromatographic method for the 
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FIG. 1. Gas chromatogram of the free fatty acids 
extracted from normal wheat flour and their oxidation 
products. 

determination of oxidation products can be 
applied when the extract does not  contain 
hydroperoxides, which do not, like silylated 
products, stand the high temperature of the gas 
chromatograph. Therefore, the extracts must be 
checked beforehand by TLC on the absence of 
hydroperoxides. 

The methylated extracts were applied on a 
TLC plate (the plates are made the same way as 
described in a previous publication [2])  and 
chromatographed as follows: the plate was first 
developed up to 6 cm in a mixture of diethyl- 
e t h e r - b e n z e n e - e t h a n o l - a c e t i c  a c i d  
(40:50:2:0.2).  After drying, the plate was 
further developed in the same direction in a 
mixture of isooctane-ether (50:50). The spots 
are charred by spraying the plates with 25% 
H2SO 4 and subsequent heating for 10 min at 
200 C. The band just preceding the free fatty 
acids consists of hy droperoxides. 
Reduction of the Keto Group 

The keto group present in 0~-hydroxy-keto 
acids, 3"-hydroxy-keto acids, and ketodihydroxy 
acids is reduced to the corresponding hydroxy 
group by the following treatment: 2 mg of the 
methylated component  dissolved in 4 ml of a 
chloroform-ethanol mixture (6:1) and 1 0 m g  
NaBH4 added. The reaction mixture was 
shaken 30 rain at room temperature. Then, 3 
ml chloroform was added, the mixture centrifu- 
gated, and 1 ml water added. The total mixture 
was shaken carefully. After the mixture had 
settled into 2 phases, the upper water-ethanol 
phase was removed, and the remaining chloro- 
form-ethanol phase, containing the reduced 
products, was dried over anhydrous Na2SO 4. 

RESULTS 
Figure 1 shows the gas chromatogram of the 

TABLE I 

The  Quant i t i e s  o f  the  Free Fat ty  Ac ids  
(mg/100 g f lour )  

Palmitic acid 54 mg 
Stearic  ac id  4 mg 
Oleic acid 35 mg 
Lino le i c  ac id  146 mg 
L i n o l e n i c  acid 8 mg 

Tota l  247 mg 

chloroform-methanol extract of normal wheat 
f/our. This chromatogram contains 3 large 
peaks from the free fatty acids as methyl esters. 
The first peak (A) is palmitic acid, the second 
peak (B) the internal standard heptadecanoic 
acid, and the third peak represents a mixture of 
stearic-, oleic-, linoleic-, and linolenic acids, a 
JXR column separates only the fatty acids with 
different chain lengths. The quantities of the 
various free fatty acids from flour are deter- 
mined as methyl esters with a 2 m glass column, 
packed with 10% Sp-222-ps on 100/120 mesh 
support (Supelco, Pa.). The results are shown in 
Table I. The other small peaks in the gas 
chromatogram are explained in the discussion 
of Figure 2. 

Figure 2 shows the gas chromatogram of the 
extract from an aqueous wheat flour suspension 
which was shaken during 15 rain. This picture is 
much different from Figure 1. In this scan, 
peak C has decreased, while a number of new 
peaks have emerged. These new peaks are 
oxidation products of linoleic and linolenic acid 
oxidation during shaking of the suspension. 
Because linolenic acid is present in a small 
quantity in relation to linoleic acid, the contri- 
bution of the oxidation products from linolenic 
acid is correspondingly small. The oxidation 

L 

~ G FI D ~  

B A 

5O '~0 3O 2 0  10 

TIMEimm) 
FIG. 2. Gas chromatogram of the free fatty acids 

extracted from a suspension of normal wheat flour in 
water and their oxidation products. 
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TABLE II 

Oxidation Products of Linoleic Acid Extracted from Suspensions o f  Various Cereals 

Normal Suspension of  
Peak wheat normal wheat  

Oxidation products GLC flour flour 

Suspensions of  cereals, 2 mg 
l inoleic acid added to 1 g of  

defatted f lour 

Wheat Barley Rye Oats Maize 

Linoleic acid C 146 a 30 120 100 130 120 140 
(remaining after reaction) 

Unknown D 2 3 1 1 2 1 
Monohy droxy acids E 2 25 25 15 15 50 10 
Keto acids F 3 0.5 0.5 0.1 
Ketohy droxy acids G 3 0.2 50 30 40 
Dihy droxy acids H 1 5 2 7 7 5 2 
Dihy droxy acids I 0.5 0.1 1 
Ketodihydroxy acids J 2 1 
Trihydroxy acids K 75 46 20 10 20 1 

aFigures = mg of  the oxidat ion product ] lO0 g flour. 

products of linolenic acid have the same reten- 
tion times as the oxidation products of linoleic 
acid. 

With the aid of pure substances, which were 
isolated with preparative TLC and identified 
(2), the peaks in the gas chromatogram have 
been verified. Peak E represents monohydroxy 
acids, the 9-hydroxy-lOtrans, 12cis-octadeca- 
dienoic acid (85%), and 13-hydroxy-9cis, 
1 ltrans-octadecadienoic acid (15%). These 
quantities have been estimated with TLC (2). 
Peak F is a keto acid; after reduction with 
NaBH 4 the peak shifts to the place of mono- 
hydroxy acids, so it appears to be a keto acid 
having 18 C atoms, probably 9-oxo-octadeca- 
9,11-dienoic acid (12). The exact structures 
have not been elucidated yet. 

Peak G comprises unresolved a and 7-ketols. 
Besides, both types of ketols contain 2 isomers. 
The a-ketols are 9-hydroxy-lO-oxo-12cis-octa- 
decenoic acid (90%) and 12-oxo-13-hydroxy- 
9cis-octadecenoic acid (10%); the 3,-ketols are 
10-oxo- 13-hydroxy- 1 Itrans-octadecenoic acid 
(90%)  and 9-hydroxy-12-oxo-lOtrans-octa- 
decenoic acid. 

Peak H consists of  2 isomers of dihydroxy 
acids, of which the 2 hydroxy groups are 
vicinal: 9,10-dihydroxy- 12cis-octadecenoic acid 
(85%) and 12,13-dihydroxy-9cis-octadecenoic 
acid ( 15 %). 

Peak I consists of 2 isomers of dihydroxy 
acids, whose 2 hydroxy groups are not  vicinai: 
9,12-dihydroxy- 10trans-octadecenoic acid and 
10,13-dihydroxy- 11 trans-octadecenoic acid. 

Peak J consists of 2 ketodihydroxy acids: 
9,1 0 -d ihy  d r o x y -  13-oxo- 11 trans-octadecenoic 
acid and 9-oxo-12,13-dihydroxy-10trans-octa- 
decenoic acid. Peak K consists of tr ihydroxy 
acids: 9,12,13-trihydroxy- 10trans-octadecenoic 

acid (90%) and 9,10,13-trihydroxy-lltrans- 
octadecenoic acid (10%). The small peaks with 
retention times of 35, 37, and 41 are not 
oxidation products. Peak L consists of mono- 
glycerides, which contain stearic, oleic, linoleic, 
and linolenic acids. 

Whether peak G represents a or 7-ketols can 
be established by reducing the total extract 
with NaBH 4 after methylating and silylating. 
The 0t-ketols then will be converted into the 
dihydroxy acids of  the type represented by 
peak II, the 7-ketols into those of peak I. 
Between the peaks F and G are 2 small 
unknown peaks. Reduction with NaBH4 does 
not affect the retention times. The same is true 
for the unknown peak D. 

In Table II, column 4, the quantities of 
various oxidation products are given. It is 
interesting to observe that the sum of the 
oxidation products is equal to the decrease of  
the amounts of linoleic and linolenic acids. 
These results provide evidence, first that the 
polyunsaturated fatty acids are oxidized only 
by lipoxygenase and second that the saturated 
fatty acids are not oxidized. 

To obtain more information about the en- 
zymatic oxidation of polyunsaturated fatty 
acids and to check this method, the enzymatic 
oxidation of linoleic acid in other cereals, 
barley, oats, rye, and maize, were studied. The 
free fatty acids content  varies considerably in 
these cereals (1-4 mg per g of  flour). For that 
reason, the flours are extracted by petroleum 
ether; then 2.0 nag of  linoleic acid is added to a 
suspension of 1 g of  the extracted flour in 10 
mi water. 

Figure 3 shows the gas chromatograms of 
the oxidation products found in the different 
suspensions. The gas chromatograms from 
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FiG. 3. Gas chromatogram of the oxidation products of  linoleic acid extracted from suspensions of various 
cereals. I = wheat flour, II = barley flour, III = rye flour, IV = oat flour, V = maize flour, VI = extract of V after 
reduction with NaBH 4. 
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wheat (I), barley (II), and rye (III) are similar. 
This similarity is also evident in Table II. 
Striking features are the high percentages of 
trihydroxy acids (peak K) in wheat and those 
of ketols (Peak G) in barley and rye. The gas 
chromatograms of oats (IV) and maize (V) are 
simpler. In a suspension of oats, great quantities 
of monohydroxy acids have been formed, while 
in a maize suspension great quantities of ketols 
have been formed. Gas chromatogram VI is the 
extract from maize after reduction with 
NaBH4; peak G was found to consist of equal 
amounts of a and 3'-ketols. 

With the aid of TLC it was found that in all 
cases peak E consists of ca. 90% of 9-monohy- 
droxy acid and ca. 10% of 13-monohydroxy 
acid. From these results it may be concluded 
that the other secondary oxidation products 
which are formed in suspensions of rye, oats, 
and maize consist of 2 isomers and probably 
in the same ratio as they occur in a wheat 
suspension. 

Table II and Figure 3, show that the 
lipoxygenase activity is different for various 
cereals under the conditions of the present 
study and that the subsequent reactions, which 
are responsible for the conversion of hydroper- 
oxides or peroxy radicals into secondary oxida- 
tion products, can differ widely. That means 
that the isomerase activities, the lipoxygenase 
activity, and the ghitenin-induced catalytic ac- 
tivity can vary widely. In an oatmeal suspension 
no ketols are formed, but great quantities of 
monohydroxy acids were, whereas in a rye 
flour suspension ketols, and less monohydroxy 
acids are formed. In a whole wheat meal 
suspension, more dihydroxy acids and ketohy- 
droxy acids are formed than in a suspension of 
wheat flour. The formation of the products in a 
suspension of whole wheat meal points out 
that, in the outer layers of the wheat kernel 
(which are removed when the wheat is milled 
into flour), isomerases occur which are respon- 
sible for the formation of dihydroxy acids and 
ketohydroxy acids. Whether these components 
are formed by different isomerases is still a 
question. It could be established that the 
dihydroxy acids are not  formed from ketohy- 
droxy acids but  directly from hydroperoxides. 

In a suspension of wheat flour 0.9, /~mol 
monohydroxy acids are formed, so 0.9 /~mol 
hydroperoxides are reduced. When SH groups 
(the wheat flour used for this experiment 
contained 1.0 /amol SH groups/g flour) are 
blocked with N-ethylmaleinfide, nearly the 
same quanti ty of monohydroxy acids are 
formed. In other words, the reduction of 
hydroperoxides probably is not  affected by the 
SH groups of protein only but  also by the 

enzyme lipoperoxidase (8). 

DI SC USSI ON 

In experiments in aqueous cereal suspen- 
sions, it was found that the sum of tile 
oxidation products is equal to the decrease in 
the amount of linoleic and linolenic acids, 
whereas the quantity of the saturated acids did 
not change. From these facts it may be inferred 
that only the polyunsaturated fatty acids are 
oxidized. The decrease of saturated fatty acids, 
reported by Morrison (9), may well be attrib- 
uted to an incomplete extraction. Upon contact 
of wheat flour with water the flour proteins 
tend to lock in all the free fatty acids and their 
oxidation products, because the latter have a 
hydrophobic alkyl chain and a free carboxyl 
group. As a result they become difficult to 
extract. A number of preliminary experiments, 
in which pure wheat protein fractions were 
mixed with fatty acids, proved that a sturdy 
complex is formed including both proteins and 
fatty acids. This complex can be disclosed by 
adding urea to the suspension. For a complete 
disclosion of the free fatty acids included in the 
complex, the concentration of urea must be at 
least 6M. 

The manner in which the fatty acids are 
linked to the proteins is a question. It is 
possible that the alkyl chains of the free fatty 
acids interact, by their hydrophobic character, 
with the nonpolar side chains of the proteins. 
This may result in the formation of water 
soluble or insoluble mixed micellar systems of 
fatty acid and protein molecules. 

The gas chromatographic method described 
offers a means of determining all the nonvola- 
tile oxidation products; this method is sensitive. 
It has the drawback, however, that it does not 
permit the determination of hydroperoxides 
and volatile oxidation products. Compared with 
other methods (titrimetric [ 13], polarographic 
[14],  or spectrophotometric [15] ones) the 
present gas chromatographic method does fur- 
nish the most information about both the 
lipoxygenase activity and the activities of the 
hydroperoxide-decomposing enzymes in a natu- 
ral system. 

St. Angelo et al. (16) developed a gas 
chromatographic method for determining vola- 
tile lipoxygenase reaction products. Combining 
this method for volatile products and the present 
method for nonvolatile products may furnish 
useful information about the mechanism of the 
formation of volatile products, which have been 
found in bread and other foods. 

The present study comprises only aqueous 
suspensions, having pH 6.5. It is quite possible 
that at different pH, the activities of the 
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enzymes ,  pa r t i c ipa t ing  in the  sequence  of  reac- 
t ions  s h o w n  in the  i n t r o d u c t i o n ,  m ay  change  in 
r e l a t ion  to  each  o ther .  This  will resul t  in  a 
change  of  the  p r o p o r t i o n s  of  the  o x i d a t i o n  
p roduc t s .  

The  convers ion  of  h y d r o p e r o x i d e s  to  m o n o -  
h y d r o x y  i somers  is n o t  e luc ida ted  yet .  Nearly  
the  same q u a n t i t y  of  m o n o h y d r o x y  i somers  is 
f o r m e d  in a suspens ion  of  w h e a t  f lou r  a f te r  
b lock ing  the  SH groups w i th  N-e thy lma le imide  
and  w i t h o u t  b locking.  The  ques t ion ,  however ,  
is to  wha t  e x t e n t  SH groups have b e e n  b l o c k e d  
by  the  add i t i on  o f  N-e thy lmale imide .  I f  gluta- 
t h i o n  is added ,  m o r e  m o n o h y d r o x y  i somers  are 
f o r m e d  and  less of  the  o t h e r  s econda ry  oxida-  
t ion  p roduc t s .  This  ind ica tes  a r e d u c t i o n  of  
h y d r o p e r o x i d e s  to  m o n o h y d r o x y  isomers.  
G a r d n e r  (17)  also p roved  a r e d u c t i o n  of  h y d r o -  
pe rox ides  by  cys te ine  w i t h  ferr ic  ions  as a 
cata lys t .  H e i m a n  e t  al. (17 )  suggests an enzy-  
mat ic  r e d u c t i o n  in  an  oa t  f lour  suspens ion  of  
h y d r o p e r o x i d e s  to  m o n o h y d r o x y  isomers  by  
the  e n z y m e  l ipoperoxydase .  F u r t h e r  s t udy  is 
n e e d e d  to e luc ida te  the  exac t  m e c h a n i s m  of  the  
convers ion  of  h y d r o p e r o x i d e s  in to  m o n o h y -  
d roxy  isomers.  
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Enzymatic Oxidation of Linolenic Acid in Aqueous Wheat 
Flour Suspensions 
A, GRAMELAND, Institute for Cereals, Flour and Bread of the Organization for 
Applied Scientific Research [TNO), Wageningen, The Netherlands 

ABSTRACT 

Linolenic acid oxidation by the en- 
zyme lipoxygenase in an aqueous wheat 
flour suspension does not  lead to accumu- 
lation of linolenic acid hydroperoxides 
but immediately to secondary oxidation 
products. The 3 most important  products 
among these were identified as 9-hy- 
d r o x y - t r a  ns-10,cis-12,cis-15-octadecatri- 
enoic acid, 9-hydroxy- 10-oxo,cis-12,cis- 
15-octadecadienoic acid, and 9,12,13-tri- 
hy d r o x y-trans- 10,cis- 15-octadecadienoic 
acid. 

I NTRODUCTION 

Lipoxygenase has been shown to attack a 
number of polyunsaturated fatty acids. The 
enzyme attack is highly specific: it reacts with 
acids which have a cis, cis-l,4-pentadiene sys- 
tem, such as linoleic, linolenic, and arachidonic 
acid, to produce hydroperoxides with a 
cis, trans conjugated diene system (1). 

In a previous publication (2) it was reported 
that lipoxygenase from wheat flour forms 
mainly the 9-hydroperoxide (or maybe 9-per- 
oxy-radical) from linoleic acid. This 9-hydro- 
peroxide (or 9-peroxy-radical) is converted im- 
mediately into various secondary oxidation 
products (3). 

The free fatty acids of wheat flour include 
up to 4-5% linolenic acid, i.e. ca. 0.05 mg/g 
flour. This paper describes the identification of 
3 oxidation products from linolenic acid by IR, 
NMR, and mass spectrometry. 

MATERIALS AND METHODS 

Flour and Substrate 

A commercial wheat flour was used, which 
contained no bleaching nor improving agent 
and which had a protein content (N x 5.7) of 
10.1% (on 14.0% moisture basis). Linolenic 
acid was obtained from Fluka, Switzerland. 

Enzymatic Oxidation of Linolenic Acid 

To study the oxidation of linolenic acid in 
wheat flour suspensions, 1 g wheat flour de- 
fatted with petroleum ether was suspended in 
I 0 ml water, 2 mg linolenic acid added, and the 
mixture incubated under continuous magnetic 

stirring at 30 C. After methylation and silyla- 
tion, the products were determined by gas 
chromatography (3). The linolenic acid re- 
m a i n i n g  in the flour after extraction, 
amounting to some 0.01 mg/g flour, is not 
considered. 

For preparative isolation of the oxidation 
products, a suspension of 20 g defatted flour 
and 40 mg linolenic acid in 100 ml was 
incubated. 

Extraction and Isolation of Oxidation Products 

After incubation of the reaction mixture, 
the oxidation products were extracted with a 
chloroform-isopropanot mixture (3). For pre- 
parative isolation of the oxidation products, 
preparative thin layer chromatography (TLC) 
was used. After applying the extract on the 
plate with a Camag applicator, the plate was 
first developed in a solvent mixture of diethyl- 
ether-benzene-ethanol-acetic acid (40: 50: 2: 0.2) 
up to 6 cm. After drying for 5 rain, the plate 
was developed in the same direction (15 c m ) i n  
the following solvent mixture: isooctane-dieth- 
ylether-acetic acid (50:50: 2). After chromatog- 
raphy the components were made visible on the 
TLC plate by means of iodine vapor, scraped 
off, and transferred into a column. The compo- 
nents were eluted from the silica gel with ether. 

IR,  NMR, and Mass Spectra Analysis 

IR spectra were obtained with a Hitachi 
EPG-3. The analyses were carried out in either 
solution of CC14 or KBr pellet form. NMR 
spectra were obtained with a 3NM-4H-60 spec- 
trometer at 25 and 45 C. The analyses were 
carried out in CDC13 solution. Mass spectra 
were obtained with an Atlas mass spectrometer, 
type CH-4, equipped with a TO 4 ion chamber. 
Mass measurements were carried out with an 
Atlas double focusing mass spectrometer SM-I. 

Methylation and Silylation of the Oxidation Products 

For analysis, the isolated oxidation products 
were methylated with diazomethane hnd sil- 
ylated with hexamethyldisilazane and trimethyl- 
chiorosilane (3). 

Gas Chromatography 

The methylated and sflylated products were 
determined by gas chromatography. Chroma- 
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tography was carried out using 1 m stainless 
steel columns of 0.2 cm internal diameter. The 
packing used was 3% JXR on Gas Chrom Q 
100-120 mesh. Temperature: 170-230 C, Prog. 
1.5 C/min. 

LINOLENIC ACID 

RESULTS 

Figure 1 shows the gas chromatogram of 
methyl esters derived from an extract of a 
suspension containing linolenic acid and de- 
fatted wheat flour after 30 min shaking. The 
first peak A is the methyl ester of palmitic acid, 
which is not  extracted by petroleum ether. The 
second peak B is the methyl ester of the 
internal standard (heptadecanoic acid), while 
the third peak C represents a mixture of methyl 
stearate, oleate, linoleate, and linolenate, which 
are not  extracted by petroleum ether, plus the 
methyl ester of linolenic acid which was added 
to the suspension and not oxidized. Further, 
there are 3 large peaks to be attributed to 
oxidation products, E, G, and K. These prod- 
ucts have been isolated by preparative TLC and 
identified. 

9 - H y f l  r o x y - t r a n s - 1 0  , c  i s - 1 2 , c i s . 1 5 - o c t a d e c a t r i e n o i c  

Acid (E} 

The IR spectrum (Fig. 2A) of the meth- 
ylated product indicates the presence of a 
methyl ester (1735 and 1170 cm -1), a cis, trans 
conjugated double bond (3010, 982, and 950 
cm-1), and a hydroxy group (3600 cm -1 sharp 
peak and a broad band with a top at 3450 

E 

G 

B 

607 

5O 40 3O 20 
[(ME (minl 

FIG. 1. Gas chromatogram of oxidation products 
from linolenic acid. A = palmitic acid, B = heptadeca- 
noic acid (standard), C = linolenic acid, D = unknown, 
E = monohydroxy isomer of linolenic acid, F = 
unknown, G = e-ketol isomer of linoleic acid, H = 
unknown, and K = trihydroxy isomer of linolenic acid. 
These products were all methylated and oxidation 
products methylated and silylated. 

cm-1). The small peak at 1070 cm-l indicates a 
secondary hydroxy group. 

The mass spectrum (Fig. 3) of this meth- 
ylated and silylated compound shows a small 
parent (p) peak (m/e 380). Furthermore, the 
spectrum contains the peaks with m/e values of 
p15 and p31, attributable to a loss of CH 3 and 
CH 3 + CH 4 of the trimethytsilyl (TMS) group 
(4). The p31 also may be attributed to a loss of 

== 

m =  

A 

f 
J 

4000  3500 3000 25'00 2600 18'00 16'00 1400 12'00 1600 860 600 400 

WAVE NUMBER CM -1 
FIG. 2. IR spectra of 9-hydroxy-trans-l(~,cis-12,cis-15-octadecatrienoic acid (A) and 9,12,13-trihydroxy- 

trans-lO,cis-15-octadecadienoic acid (B). A in CC14 using 0.1 mm KBr cell; B in KBr pellet form. 
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OTMS 

CH 3 CH2-CfY=CH Cfl2-~Cf(-C(Y= C~'7 CO(]CfY3 
311 223 259 157 

i a59 

147 3]11~. ~,L1% 

150 200 250 300 350 400 
m/e 

FIG. 3. Mass spectrum of 9-hydroxy-trans-lO,cis- 
12,cis-15-octadecatrienoic acid after methylation and 
silylation. 

the OCH 3 group. Peaks 157, 223, and 259 
correspond to the fragments indicated in the 
formula in Figure 3. These peaks show the 
location of the TMS group on carbon-9. Peak 
311 defines the location of the conjugated 
dienol system and locates the double bonds in 
the 10 and 12 positions (5). In this spectrum, 
there are no peaks which indicate an isomer of 
this compound. Also with TLC of the methyl 
hydroxy stearate derivative, it was shown that 
only the 9-hydr0xY isomer was present. 

Further, this mass spectrum, like the other 
mass spectra in this paper, contains a number  of 
peaks which are characteristic of silylated com- 
p o u n d s ,  73 (Si[CH3]3+); 75 (HO + = 
Si[CH3] 2); 103 and 147. 

9-Hydroxy-10-oxo,cis-12,cis-15-octadecadienoic Acid 
(G) 

After reduction with NaBH 4 peak G shifts 
to the place of peak H. This change of retention 
time indicates the presence of a keto group (3). 

The IR spectrum provides no indication of a 
cis, trans conjugation, as no peaks are found at 
950 cm-I or at 982 c m 4 .  Also there is no 

indication of an isolated trans double bond at 
970 cm -1. The IR spectrum of the methylated 
compound indicates the presence of a methyl 
ester (1735 and 1170 cm-l) ,  a ketone group 
(1720 cm4) ,  a hydroxyl group (3490 cm -1 and 
1075 cm-1), and cis double bonds (3010 cm-l).  
From these results and from the location of this 
compound in the gas chromatogram, it may be 
inferred that this compound is a keto-hydroxy 
acid. 

The tentatively established structure of this 
keto-hydroxy acid was confirmed by the mass 
spectrum (Fig. 4). It shows a p peak (m/e 396) 
and 381 (p15), 365 (p31), and 349 (p47). The 
2 peaks 239 and 259 correspond to the 
fragments shown in the formula in Figure 4. 
Further, there is a large peak 169 (259-TMS). 
The peaks 259 and 169 establish the location of 
the TMS group on C-9. 

After reduction with NaBH 4 followed by 
oxidative chain cleavage with NaJO 4 (2), a 
reaction product was obtained which was iden- 
tiffed by gas chromatography as OCH (CH2)7 
COOCH 3. This leads to the conclusion that the 
keto group is located on C-10. There are no 
other peaks in the mass spectrum which may 
indicate any isomer. So it may be inferred that 
peak G in the gas chromatogram (Fig. 1) is to 
be attributed only to 9-hydroxy-lO-oxo,cis- 
12,cis-15-octadecadienoic acid. 

9,1 2 , 1 3 - T  r i h y d roxy-trans-10, cis- 15-octadecadienoic 
Acid (K) 

The IR spectrum (Fig. 2B) of the meth- 
ylated product indicates the presence of a 
methyl ester (1730 and 1173 cm-l) ,  a cis 
double bond (3000 cm -1 ), and an isolated trans 
double bond (970 cm-1). Hydroxy groups are 
indicated by a sharp peak at 3520 cm -1 and a 
broad band with a top at 3350 cm -1 . The peaks 

6O 

73 

75 

239 

169 

100 150 200 

OIMS 

CH3-EH2-EH: EH-EH2-EH= CB-EB2-!-~H-IEH2J 7 C00CH 3 

23g 259 157 

259 
396 

I 34'::3 3653B1 II, 

250  300  350 4 0 0  

m/e 
FIG. 4. Mass spectrum of 9-hydroxy-lO-oxo,cis-12,cis-15-octadecadienoic acid after methylation and 

silylation. 
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\ 

2 3 4 5 6 7 8 9 

F iG.  5. N M R  spectrum o f  9,12,13-tr ihydroxy-trans-10,cis-15-octadecadienoic acid after methy la t ion .  

10 

at 1050 and 1070 cmq indicate more than 1 
secondary hydroxy group. 

With the aid of the NMR spectrum (Fig. 5) 
the number  of hydroxy groups could be de- 
tected. The NMR spectrum of the methylated 
compound is made up as follows: a triplet at 
9.1 r (3H; terminal methyl), a broad peak with 
top at 8.7 r (12H, [CH216-) , a multiplet 
between 7.6 and 8.6 r (6H CH2-COOCH 3 and 2 
x CH2-C-OH), a broad peak with top at 6.7 r 
(3H HO-C), a broad peak between 6.4-6.8 r (1H 
H-COH), a singlet at 6.3 r (3H OCH3) , a broad 
peak between 5.8 and 6.3 r (2H H-COH), a 
multiplet with top at 4.5 r (2H HC=CH), and a 
multiplet at 4.2 r (2H HC=CH). 

This spectrum was photographed in CDC13 
at 25 C. When the spectrum was photographed 
at 45 C, the OH peak shifted from 6.7 r to 7.4 
r ;  and, when the sample was shaken with D20 , 
the peak disappeared. From these results it may 
be inferred that there are 3 hydroxy groups and 
2 double bonds. From comparison with the 
NMR s p e c t r u m  of  9,12,13-tr ihydroxy- 
l O(trans)-octadecenoic acid (6), it may be 
concluded that there is 1 trans double bond 4.2 
r and 1 cis double bond 4.5 r. 

The locations of the 3 hydroxy groups were 
determined by mass spectrometry. In the mass 
spectrum (Fig. 6), the p peak 558 is small. The 
characteristic TMS peaks 73, 75, 103, and 147 
are present. Further striking features are 543 

(p15) and 527 (p31). The peaks 259, 387, and 
171 correspond with the fragments shown in 
Figure 6. Peak 399 (C2oH3904Si2) is 489-90. 
Peak 489 (not occurring in the spectrum) is 
p-(CHa-CH2-CH=CH-CH2-). The structure of 
the substance represented by peak 460 is shown 
in Figure 6 (5). 

It has been assumed that the trans double 
bond in the components E and K is trans-lO, 
though this has not  been proved exactly. By 
comparison, however, with the products ob- 
tained from linoleic acid using the same enzyme 
system (2), it may be assumed that in the above 
named products the trans double bond is 
located on C-10. 

DISCUSSI ON 

In an aqueous wheat flour suspension lino- 
lenic acid is enzymatically oxidized, which 
results in the formation of 3 major compounds 
E, G, and K; these have been identified. Smaller 
quantities of D, F, and H also are formed; the 
structure of these compounds has not been 
identified. 

From the structures of the compounds E, G, 
and K, it appears that the positional specificity 
in the oxygenation of polyunsaturated fatty 
acids by lipoxygenase from wheat flour in- 
creases when the acid is more unsaturated. 
Lipoxygenase oxidizes linoleic acid primarily at 
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73 

rTi 
103 

60 100 

171 SMTO OTMS Of MS 
I I r 

CH -CH -CH=CH-CH -CH-CH-CH:CH-CH- ICH2) 7 COOCH 3 

171 387 259 

OTMS OTMS OTMS 
i i t l +  

HC-CH= CH-CH-(CH2] 7 C-OCH3= t,60 

259 

460  

387 399 l 
298 

147 230 II 
527 543 558  

II' I I' . . . . . . . .  Ji , . . . . .  ~ j i . . . .  I 
150 200  2:50 300  350  400  4 5 0  500  5 5 0  

m/e 
FIG. 6. Mass spectrum of 9,12,13-trihydroxy-trans-lO,cis-15-octadecadienoic acid after methylation and 

silylation. 

carbon-9 (85%) with a small amount (15%) of 
oxidation at carbon-13 (2), whereas in linolenic 
acid only oxidation at carbon-9 occurs, while 
no oxidation takes place at carbon-16,-12, and 
-13. 

The location of the 3 hydroxy groups in the 
molecule of trihydroxy acid (K), carbons-9, 
-12, and -13 is the same as in the quantitatively 
predominant tr ihydroxy acid isomer of linoleic 
acid. From this it may be inferred that the 
formation of this tr ihydroxy acid takes place in 
the same way as it does in linoleic acid, via a 
hydroxy-epoxy compound. In previous experi- 
ments (6), it was found that the hydroxy-epoxy 
acids are formed from the hydroperoxy acids or 
peroxy radicals. 

The conversion of the peroxy radical of 
linolenic acid hydroperoxide into a trihydroxy 
acid may be represented by the scheme below: 

H H  H H  H H 
I I i i i t 

/\1 A 
\CH H / H ? CH 2 

c=o ? -? 

CH2 ~ H ~ [  b H  H ell2 

1 
T + H 2 0  

H H 
t 1 

H H  O O H H  
I I I I I i 

,, Io\ ~ 

The peroxy radical (A) probably is transformed 
by rearrangement into an epoxy-alkoxy radical 
(B). The exact mechanism of this rearrange- 
ment is still obscure. In the event of a direct 
formation of an epoxy-alkoxy radical from a 
peroxy radical via a radical mechanism, a six 
membered ring with 1 double bond as an 
intermediate would be required: 

H H  H H  
i I I I 

C=C C=C 

C 2 CH2--C . C ~ C - - C H  2 

However, this double bond in the ring system 
necessarily has the cis-configuration, in contrast 
to what has been demonstrated, viz. that this 
double bond has a trans-configuration (6). 
There may be another possible pathway, the 
formation of a hydroxyl radical in step 1 and 
its subsequent addition to the double bond. 

The possibility should not  be excluded that 
the epoxy-alkoxy radical is formed indirectly; 
the conversion of the peroxy radical into the 
epoxy-alkoxy radical may occur via a number 
of intermediate states. 

The hydroxy-epoxy acid (C) was not deter- 
mined because only the oxidation in suspension 
was studied. In a suspension hydrolysis takes 
place so rapidly that i t  is impossible to detect 
it. 
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The formation of  an t~-ketol isomer (G) is 
indicative o f  the presence  o f  the enzyme  
isomerase  of  the flax seed type ,  which  was 
isolated by Z immerman  (8). In all probabi l i ty ,  
it  is one and the same enzyme  forming  the  
0t-ketol isomer(s)  b o t h  f rom linoleic acid (3) 
and f rom l inolenic acid in aqueous  whea t  f lour 
suspensions.  

The mechan i sm o f  the  convers ion  of  the  
l inolenic acid hyd rope rox ide  in to  the m o n o -  
h y d r o x y  i somer  (E) is n o t  ye t  e lucidated,  as is 
the ox ida t ion  of  l inoleic acid (3). 
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Detection of Aldehydes with 4-Amino-5-Hydrazino- 
1,2,4-Triazole-3-Thiol as Spray Reagent 
C.H. RAHN and H. SCHLENK, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

A B S T R A C T  

A spray reagent of 4-amino-5-hydra- 
zino-l,2,4-triazole-3-thiol, 2% in aqueous 
IN NaOH, was used for the detection of 
aldehydes on chromatograms of lipids. 
Purple spots are produced with alde- 
hydes, and 1/ag of palmitaldehyde can be 
detected easily on thin layer chromato- 
grams. The reagent is specific for alde- 
hydes and does not  react with ketones. 
The aldehyde moiety from plasmalogens 
is detected only after acidic hydrolysis. 
Purple or red stains arise also with ozon- 
ides. Simple precautions against autoxida- 
tion of the lipids should be taken to 

TABLE I 

Color Reaction of Aldehydes a (1) 

NH2 ~NH2 

N-------N 

4-Amino-S-hydra- 
zino-l,2,artriazole- 
3-thiol 

R 
I 

J \ N  
I II 

-S N N 

N ~ N  

+ R 
I 

CHO 

R 

HN / \NH 
I I 

It- H S  N NH 

\ /  \ c  / 
II II 

N.. N 

Aldehyde 
5,6,7,8-Tetrahydro- 
6-,subst. -s-triazolo 
[ 4,3-b ] -s-tetrazine- 
3-thiol 

0 2  // 
R 
I 

.N/C~N 
I I 

S~ N .N 

I I 
N N 

6 - S u b s t . - s - t r i a z o l o  [ 4 , 3 - b ] - s - t e t r a z i n e - 3 - t h i o l  
(purple or red color in aqueous alkali) 

aNomenclature according to Chem. Abstr., 8th 
coil. vol. 1967-1971, Index Guide, 2030G and 2037G 
(1972). 

prevent formation of aldehydes which 
could lead to misinterpretations. 

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

Dickinson and Jacobson (1) reported forma- 
tion of purple compounds from 4-amino-5-hy- 
drazino- 1,2,4-triazole-3-thiol (2) and aldehydes. 
They suggested the scheme of condensation and 
oxidation reactions shown in Table I to explain 
the strong coloration, and they recommended 
the triazole as a sensitive reagent for specific 
detection of aldehydes. 

Grafe and Engelhardt applied the reagent in 
conjunction with periodic acid to detect non- 
reducing sugars on polyamide thin layer chro- 
matograms (TLC) (3). To the authors' knowl- 
edge, further reports on the reagent have not 
appeared. The authors explored the application 
to lipid aldehydes and aldehydogenic com- 
pounds which often are only minor compo- 
nents of complex mixtures and, therefore, are 
not easily detectable. 

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

Spray reagent: 4-amino-5-hydrazino-l,2,4- 
triazole-3-thiol (AHTT) is commercially avail- 
able (Aldrich Chemical Co., Inc., Milwaukee, 
Wis. or Fluka AG, Buchs, Switzerland) or can 
be prepared from hydrazine hydrate and thio- 
urea according to described procedures (1,2,4). 
A concentration of 2% AHTT in 1N NaOH was 

FIG. 1. Chromatogram of palmitaldehyde, 
amounts decreasing from 20 to 1 #g, 45 min after 
spraying with 4-amino-5-hydrazino-l,2,4-triazole-3- 
thiol. 
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FIG. 2. Chromatogram of fish body lipids (1) without and (2) with palmitaldehyde added, 45 min after 
spraying with 4-amino-5-hydrazino-l,2,4-triazole-3-thiol. (A); 24 hr after spraying (B); then heat charred with 
K2Cr207/H2SO 4 (C). 

used as spray reagent. The solution slowly turns 
pink, and only a small amount should be 
prepared at a time. 

TLC plates, after development, are dried in a 
stream of N 2 under  a plastic cover to prevent 
autoxidation of lipids. The plates then are 
sprayed with a fine mist of the reagent. The 
presence of aldehydes is indicated by the purple 
color which begins to appear within 1 min. Full 
color intensity of spots is reached after about 
45 min at room temperature and does not 
visibly change from then on. The sensitivity of 
AHTT is below 1 /ag of chromatographed 
palmitaldehyde (Fig. 1) and outranks that of 
2,4-dinitrophenylhydrazine (DNPH) spray rea- 
gent (0.4 g DNPH + 2 ml concentrated H2SO 4 
+ 3 ml H20 + 10 ml ethanol) (5). During 
exposure of the chromatogram to air for several 
hours, the background turns yellow and finally 
light pink. Autoxidizable lipids produce, during 
such exposure, color similar to that of alde- 
hydes. 

RESULTS 

Free aldehyde in lipid mixtures: Five per 
cent palmitaldehyde was added to fish body 
lipids and the mixture chromatographed. Figure 
2 shows the aldehyde spot detected with AHTT 
(A), the effect of autoxidation (B), and the 
chromatogram after heat charring with chromic 
sulfuric acid (C). 

In recent investigations on the enzymatic 
interconversions of fatty acids and alcohols in 
tissues of gourami fish, the occurrence of 

intermediary aldehyde was checked. Lipid ex- 
tract from an incubation of 200 nmol 14C 
labeled palmitic acid was chromatographed 
with hexane + diethyl ether, 85:15, as solvent. 
AHTT made visible a spot of aldehyde (Fig. 
3A) which, after charring of the chromatogram, 
was hardly detectable (Fig. 3B). 

For a duplicate chromatogram, the radioac- 
tivity of the aldehyde was measured by scraping 
the colored area into a scintillation vial contain- 
ing 1 ml H20, counting after addition of 15 ml 
of Aquasol (New England Nuclear, Pilot Chemi- 
cals Division, Boston, Mass.) and applying a 
correction determined by internal standards. 
According to these measurements, about 7 
nmoles of the radioactive palmitaldehyde were 
present. AHTT did not  indicate any aldehyde in 
the lipids of the tissue preparation. Accord- 
ingly, the amount of aldehyde produced by 
incubation was about 1.5 /lg. The procedure 
also was applied to SiO 2- glass fiber chromato- 
grams (type SA, Gelman Instrument Co., Ann 
Arbor, Mich.), and radioactive measurements of 
the spots cut from the chromatograms gave the 
same results. 

Aldehydogenic lipids: Vinyl ethers are stable 
under alkaline conditions, and, therefore, plas- 
malogens do not  respond to AHTT unless free 
aldehydes are formed by acid-catalyzed hy- 
drolysis. For example, after the sequence 
TLC-acidic hydrolysis-TLC (6), aldehyde is 
detected easily by AHTT on the 2-dimensional 
chromatogram. The procedure was applied to 
lipids of raffish liver which contain neutral 
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FIG. 3. Chromatogram of (1) lipids containing about 1.5 #g aldehyde and of (2) authentic palmitaldehyde, 
45 rain after spraying with 4-amino-5-hydrazino-l,2,4-triazole-3-thiol (A) and then heat charred with 
K2Cr2OT/H2SO4 (B). 

plasmalogens (7). A sample was subjected to 
TLC on Silica Gel H, twice in the same 
direction, with petroleum ether (bp 30-60 C) + 
diethyl ether, 95:5, as solvent. AHTT did not  
indicate the presence of aldehyde in this chro- 
matogram. A sample was chromatographed as 
above, exposed to moist HC1 vapors, and then 
chromatographed in the second direction with 
hexane + diethyl ether, 80:20. Spraying with 
AHTT revealed the newly formed aldehyde. 
Corresponding results were obtained with 
synthetic 1-hexadec-l'-enyl 2,3-di-O-hexadeca- 
noyl glycerol and, under modified chromato- 
graphic conditions, with phospholipids and 
phosphatidyl ethanolamines isolated from gou- 
rami fish lipids where both samples contained 
plasmalogens. 

Dimethyl acetal of palmitaldehyde or cyclic 
acetals of aldehydes with glycerol (8), 1,4- 
butanediol and 1,3-propanediol, were inert to 
AHTT, but their aldehyde moiety was readily 
detected after acidic hydrolysis on the TLC 
plate. In contrast, vinyl ester bonds, as in 
octadec-l-enyl acetate are not  resistant to alkali 
and responded to the alkaline spray reagent 

although slightly slower than free aldehyde. 
Ozonization products: Methyl oleate was 

ozonized in hexane at -70 C and the reaction 
mixture was chromatographed on Silica Gel H 
with petroleum ether, (bp 30-60 C) + diethyl 
ether, 95:5, as developing solvent (9). AHTT 
made visible spots of several ozonides, as well as 
the 2 aldehyde fragments which had formed 
already before development of the plate (Fig. 
4A). The aldehyde ester (spot 1) gave a ruby 
red color different from the purple of the 
aldehyde (spot 2), and the same was encoun- 
tered with the aldehyde-acid and aldehyde- 
alcohol produced from oleic acid and oleyl 
alcohol, respectively. A somewhat slower stain- 
ing of the ozonides suggests that they undergo 
some chemical change, probably forming alde- 
hyde, due to the alkaline solution of AHTT. 

AHTT can be used to check the reduction of 
ozonides to aldehydes. Treatment of the ozoni- 
zation products with an excess of triphenyl- 
phosphine (10) in hexane for 10 min at 0 C 
increased the amount of aldehydes, but the 
ozonides had not  been split completely (Fig. 
4B). However, they were not  detected upon 
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treatment with H 2 over lead-poisoned Pd/ 
CaCO 3 catalyst (11) for 10 min under the same 
solvent and temperature conditions (Fig. 4C). 

Specificity : Dickinson and Jacobson claimed 
specificity of AHTT for aldehyde groups and 
reported negative test results for esters, ke- 
tones, amides, quinones, and other compounds,  
including formic acid (1). More specifically for 
lipids, the negative results are confirmed for the 
usual fat ty esters and for ketones, such as 
methylpentadecyl  ketone and 12-ketostearic 
acid methyl ester. 

However, positive reaction of AHTT was 
encountered with structures that are likely to 
give rise to aldehyde groups, such as 1-hy- 
droxy-, 1-acetoxy- and 1-bromo-2-ketonon- 
adecane, dihydroxyacetone phosphate, and 
fructose. 

AHTT does not  react with cholesterol, but  
stains chromatographed aldosterone and deoxy- 
corticosterone due to their aldehyde and/or  
terminal ketol groups. 11/3-Hydroxyandro- 
sterone and androsterone acetate did not  react 
(all steroids from Schwarz/Mann, Orangeburg, 
N.Y.). The positive reactions with the former 2 
steroids were weaker than with equal amounts 
of aliphatic aldehydes. 

Tests were negative in chromatograms of 
octadecane, primary fat ty alcohols, 1,2-hepta- 
decanediol, 9,10-dihydroxystearic acid, mono- 
palmitins, d ihydrophyto-  and phytosphingo- 
sine, 9,10-epoxystearic acid, palmitoin,  oleoin, 
benzoin, benzil, 16,17-dotriacontadione, glyc- 
erol, and inositol. However, when 50 pg or 
more of such substances were chromatographed 
in 1 spot, one could detect,  after several hours, 
a very faint pink stain slightly different from 
the background. When some of the above 
noncyclic compounds were tested in solution 
(1), red or purple color eventually appeared. On 
chromatograms, the differences in time and in 
intensity of staining when compared to 1 pg of 
palmitaldehyde rule out  interpretat ion of such 
compounds as aldehydes. 

Chromatography before testing with AHTT 
for aldehyde is mandatory also with highly 
unsaturated lipids. Products from inadvertent 
autoxidat ion are stained purple like aldehydes, 
but  the chromatogram indicates such condit ion 
of the sample. I t  is advisable to dry chromato- 
grams of unsaturated lipids in a stream of 
nitrogen, to spray them with the reagent 
without delay, and to observe the time needed 
for the development of the stains. 

DISCUSSI ON 

When AHTT is allowed to react with alde- 
hyde groups, a purple or red color results. The 

FIG. 4. Chromatogram of ozonization products 
from methyl oleate (A); an aliquot partially reduced 
with triphenylphosphine (B); an aliquot completely 
reduced catalytically with H 2 (C); sprayed with 
4-amino-5-hydrazino-l,2,4-triazole-3-thiol. Spot 1, 
aldehyde; 2, aldehyde-ester. 

reaction is very sensitive, (Fig. 1) and, as a spray 
reagent for chromatograms, AHTT can serve 
purposes for which mostly DNPH is used. 
AHTT reacts with aldehydes and 1,2-ketols but  
in contrast  to  DNPH does not  react with 
ketones. Furthermore,  AHTT does not react 
with plasmalogens and other aldehydogenic 
lipids which are stable in alkaline conditions. 
However, their aldehyde moiety is detected 
after acidic hydrolysis so that free and bound 
aldehyde in natural lipids can be distinguished. 

Advantages of DNPH are its greater stability 
as a spray reagent and, on larger scale, the 
preparative use for further chemical analysis of 
the hydrazones (12). Such application has not  
been explored ye t  with AHTT. 

The coloration of AHTT with 1-hydroxy-2- 
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k e t o n e s  and  re la ted  s t ruc tu res  is l ikely due to 
reac t ions  wh ich  yield a ldehyde  groups.  Prob-  
ably for  the  same reasons ,  au tox id ized  l ipids 
reac t  w i th  AHTT,  b u t  they  c h r o m a t o g r a p h  
qui te  d i f fe ren t ly  f rom a ldehydes  so t h a t  misin- 
t e rp re t a t ions  are unl ikely .  A u t o x i d a t i o n  of  un-  
sa tu ra ted  l ipids on  deve loped  and  sprayed  
c h r o m a t o g r a m s  brings a b o u t  the  same colora-  
t ion  a f te r  p ro longed  exposure  to  air (Fig. 2). 
Unde r  cons ide ra t ion  of  these  poin ts ,  A H T T  
indica tes  the  presence  of  a ldehyde  in c h r o m a t o -  
graphed  l ipid mix tu re s  wi th  great  c e r t a i n t y  and  
h igh  Sensitivity. 

In cu r r en t  work,  A H T T  is appl ied also to  
glass f iber  c h r o m a t o g r a m s ,  and  rad ioac t ive  
quan t i f i ca t ion  of  14C labeled  a ldehydes  is 
carr ied ou t  a f te r  the i r  i den t i f i ca t ion  wi th  A H T T  
on TLC plates  (Fig. 3) or on  glass f iber  sheets .  
One can e x p e c t  t h a t  co lo r ime t r i c  quan t i f i c a t i on  
of  a ldehydes  wi th  A H T T  is possible.  

AHTT stains red or  purp le  wi th  ozonides ,  
p r o b a b l y  due to  secondary  reac t ions ,  and  i t  
may  be of  use when  s tudy ing  the  ozon i za t i on  
react ion.  Comple t e  r educ t i on  o f  the  ozon ides  
can be checked ,  a f te r  c h r o m a t o g r a p h y ,  w i th  
A H T T  when  ozon iza t i on  is used  for  s t ruc tu re  
d e t e r m i n a t i o n  of  u n s a t u r a t e d  l ipids (Fig. 4). 

Dickinson and  J a c o b s o n  discovered t h a t  
subs t i t u t ed  th iou rea  c o m p o u n d s  are conve r t ed  
to  A H T T  by reac t ion  w i th  hyd raz ine  (4). These 
au thors  also recognized  the  i m p o r t a n c e  of  
A H T T  for  de tec t ion  of  a ldehydes  (1).  The 
resul ts  r epo r t ed  here  encourage  wider  prac t ica l  

app l ica t ion  of  A H T T  in c o n j u n c t i o n  wi th  chro-  
m a t o g r a p h y  for  analysis  of  lipids. 
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ABSTRACT 

Leaf wax of oats (Kelsey variety) 
consists of hydrocarbons (5%), esters 
(10%), free alcohols (45%), free acids 
(2.5%), fl-diketone (5.5%), hydroxy-/$- 
diketones (2.5%), and unidentified (29%). 
Wax on leaf blades contains more free 
alcohols than wax on leaf sheaths, and 
wax on the flag leaf sheath contains more 
fl-diketone than wax on the rest of the 
plant. Principal hydrocarbons are C29 , 
C31, and C33- The esters, mainly 
C44-C48 and C52 , are probably C 18-C22 
and C26 esters of hexacosanol. Free 
alcohols are almost entirely hexacosanol. 
The ~-diketone is hentriacontane-14, 
16-dione. Hydroxy/3-diketones are a mix- 
ture of 5-, 6- and 7-hydroxyhentria- 
contane-14, 16-diones in the proportions 
58:35:7.  The wax also contains a small 
amount  (0.5%) of 1,16-hexacosanediol. 

INTRODUCTION 

During investigations of leaf waxes of plants 
important  in agriculture, compositions of waxes 
from several wheat varieties were determined 
(1-3). Leaf wax from oats (Avena sativa L. ssp. 
diffusa (Neils.), Asch. and Graeb., variety Kel- 
sey) has now been analyzed, and the structures 
of the principal components  have been estab- 
fished. 

EXPERIMENTAL PROCEDURES 

Kelsey variety of oats was grown in the field, 
and plants were cut when the flag leaf was fully 
developed and the heads were just emerging; 
heads were omit ted from material extracted as 
far as possible. Wax was extracted as previously 
described (1). 

Proton magnetic resonance (PMR) spectra 
were obtained with a Varian H A d  00 spectrom- 
eter. Natural abundance carbon-13 NMR spec- 
tra were measured with a Varian XL-100-15 
spectrometer  in the Fourier  transform mode at 
25.2 M Hz with proton noise decoupling (1 K 
Hz band width). Spectral width was 1000 Hz, 
aquisition time was 2 s, and resolution was 
0.075 ppm. 

Mass spectra (MS) were measured at the 
Department of Chemistry, University of Sas- 
katchewan using an MS 12 MS with a direct 
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inlet. Spectra were recorded at 70 ev, with an 
accelerating voltage of 8 Kv and an ion source 
temperature of 100 C. 

Gas liquid chromatographic (GLC) analyses 
were performed using a Hewlett Packard Model 
402 gas chromatograph with flame ionization 
detectors. Columns were 3 ft by 1/8 in stainless 
steel packed with 80-100 mesh, acid washed, 
and silanized Chromosorb W coated with 1.5% 
Dexsil 300. Temperature was programed from 
125 to 400 C at 3 C/min; flow rate was 60 ml 
helium/min. 

Components were identified by reanalysis 
after adding synthetic compounds as before (1). 
Whole wax analyses were performed as follows: 
wax (ca. 30 mg) was weighed out, and 5 ml of a 
chloroform solution containing ca. 1 mg each 
of p-dioctylbenzene and octadecyl octadeca- 
noate was added followed by a solution of 
diazomethane in methylene choride. Solvents 
were removed, and the mixture was acetylated 
with acetic anhydride and pyridine (0.5 ml 
each) at 100 C. Reagents were removed and the 
sample analyzed as a chloroform solution. 
Amounts  of hydrocarbons were calculated from 
the response relative to p-dioctylbenzene, 
amounts of alcohols (as acetates) relative to 
free acids (as methyl  esters) and long chain 
esters were calculated relative to octadecyl 
octadecanoate. /3-Diketones did not  give satis- 
factory peaks after acetylation and were esti- 
mated from the UV absorption at 273 nm (4). 

Separation of Wax 

Wax (I 1.3 g) was applied to Biosil A (Bio 
Rad, Richmond, Calif.), (200 g, activated at 
100 C for 18 hr), and hydrocarbons (0.97 g) 
were eluted with hexane (1: 1). Hexane-chloro- 
form (90: 10, 7 liter) eluted esters (1.05 g), and 
the same solvents (85:15, 6 liter) eluted a 
mixture of/3-diketone, C26-C36 free acids, and 
unidentified material (0.78 g). 13-Diketone (0.32 
g) and a mixture of/3-diketone and unidentified 
material (0.28 g) were eluted with hexane- 
chloroform (80:20, 2 liters, 3 liters). Alcohols 
(3.55 g) were eluted with hexane-chloroform 
(75:25, 2 liters), and a mixture of alcohols, free 
acids, hydroxy /~-diketones, and unidentified 
material (4.30 g) was eluted with the same 
solvents (1 :1 ,3  liters).and chloroform (3 liters). 

After  separation of alcohols (0.79 g) by 
crystallization from chloroform, the last frac- 
tion was treated with diazomethane in methyl- 
ene chloride and rechromatographed. Methyl 
esters (C16-C26 , 0.15 g) were eluted with 
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hexane-chloroform (85:15, 3 liters), and the 
same solvents (75:25, 2 liters) eluted alcohols 
(0.72 g) followed by a mixture of alcohols and 
hydroxy ~-diketones (1.79 g). Hexane-chloro- 
form (1:1, 3 liters) ehited the remainder of the 
material (0.70 g). 

The mixture of alcohols and hydroxy r-dike- 
tones was rechromatographed. Elution with 
hexane-ether (95:5) gave a glyceride-containing 
fraction (0.2 g) and elution with hexane-ether 
(90:10, 5 liters) gave alcohols (0.37 g) followed 
by a mixture of hydroxy fl-diketones, alcohols, 
and unidentified material (0.80 g). All fractions 
were examined by GLC and thin layer chro- 
matograph (TLC) as before (1,2). 

Hydrocarbons 

Volatile components, which were deter- 
mined with triacontane as internal standard, 
formed only 55% of the fraction; apparently 
the rest of the material was present as unre- 
solved "chromatographic background" (5). 

Esters 

Esters (0.05 g) were converted to methyl 
esters and alcohols by refluxing with 5% metha- 
nolic hydrogen chloride (10 ml) and benzene 
(10 ml) for 18 hr. The mixture of products was 
acetylated and analyzed by GLC: alcohol ace- 
tate peaks had emergence temperatures close to 
those of methyl esters with 1 more carbon 
atom in the chain. 

~-Diketones 

fl-Diketone (0.64 g) was separated from 
crude material as the copper complex (4) and 
shown to be hentriacontane-14, 16-dione as 
previously described (2). Methyl esters of free 
acids and free alcohols were identified as 
described previously (1,2). 

Hydroxy fl-Diketones 

The mixture of  isomers was purified by 
means of the copper complex (4), rechromato- 
graphed, and recrystallized from ethyl acetate 
to give 0.26 g product. The mp was 74-75 C 
and [a] ~)s + 0.66 ~ [a]5256 + 0"720' [Q]43625 + 

25 
1.10 ~ and [a] 365 + 1.62~ (c, 4.7 in CHC13). 
PMR spectrum (CC14): CH of CHOH at 63.46 
(multiplet) and CH of enol form at 65.32 
(singlet). MS: m/e 480 (tool. ion), 462 (-H20), 
444 (-2 H20),  423 (4,5-cleavage of 5-OH), 409 
(5,6-cleavage of 6-OH), 395 (6,7-cleavage of 
7-OH), 394 (5,6-cleavage of 5-OH + H), 393, 
380 (6,7-cleavage of 6-OH + H), 379, 377 
(409-32), 376 (394-H20), 366 (7,8-cleavage of 
7-OH + H), 364, 363 (395-32), 309, 296 
(McLafferty rearrangement), 281 (13,14-cleav- 
age) ,  269 (16,17-cleavage) ,  266, 251 

(269-H20) , 239 (15,16-cleavage), 209, 208, 
205, 190, 100, 85, 71, 69, 57, 55, 43 (base 
peak). 

Hydroxy ~-diketone (0.17 g) was refluxed 
with 4% ethanolic potassium hydroxide (25 ml) 
for 18 hr and acidic (0.10 g) and ketonic (0.08) 
products separated. Acids were treated with 
diazomethane and separated on a silicic acid 
column. Methyl palmitate (0.046 g) was eluted 
with hexane-ether (98:2) and hydroxytetradec- 
anoates (0.044 g) were eluted with hexane-ace- 
tone (96:4). Methyl palmitate gave palmitic 
acid on hydrolysis, nap, and mixed nap 62-63 C. 

Hydroxytetradecanoates had [c~] 2s + 0.48 ~ 

2s + 1.26 o, [0d2s + [0/]25546 + 0"70~ [0t]436 " "365 
1.50 ~ (C, 3.6 in CHC13). PMR spectrum in 
CC14: terminal CH 3 multiplet centered at 0.90; 
in quinoline: terminal CH 3 2  partly resolved 
multiplets centered at 0.86 and 0.92. C-13 
spectrum is in Table I. MS: m/e 258, 240, 227, 
201, 187, 173, 172, 169 (base peak), 158, 155, 
144, 143, 141, 87, 74, 69, 55. The ratio of 
peaks at 169:155:141 was 55:35:10. 

The ketonic fraction was separated in the  
same way and gave C 17 methyl ketone (0.045 
g); mp and mixed mp with heptadecan-2-one 
was 47-48 C and hydroxy C l 5 methyl ketones 
(0.042). 
Methyl 10-Hv droxytetradecanoate 

6-Oxodecanoic acid was coupled anodically 
with excess methyl hydrogen adipate (6) and 
after removal of most of the dioxo C18 
by-product by crystallization, the mixture of 
10-oxo C14 acid and dimethyl sebacate was 
reduced with sodium borohydfide in methanol. 
Pure methyl 10-hydroxytetradecanoate was ob- 
tained by chromatography on a silicic acid 
column (elution with hexane-ether 85 : 15). The 
yield was 20%. After crystallization from hex- 
ane the mp was 35.5-36 C. C-13 spectrum is in 
Table I. MS: 258, 241, 240, 227, 201, 173, 
172, 170, 169 (base peak), 143, 129, 87, 74, 
69, 55, 41. CIsH3oO a calculated: C 69.72, H 
11.70. Found: C 69.68, H 11.63. 
Methyl 9- Hydroxytetradecan oate 

The hydroxy ester was prepared, as above, 
from the product of coupling 7-oxododecanoic 
acid with methyl hydrogen succinate; the yield 
was 20%. The rap, after hexane crystallization, 
was 35-35.5 C. C-13 spectrum isin Table I. MS: 
m/e 258, 240, 227, 208, 188, 187, 158, 155 
(base peak), 87, 83, 74, 55. C15H3003 calcu- 
lated: C 69.72, H 11.70. Found: C 70.22, H 
11.81. 

Methyl 8- Hy droxytetradecan oate 

Anodic coupling of  6-oxododecanoic acid 
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TABLE I 

Carbon-13 Signals a of Methyl Hydroxytetradecanoates 
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Mixture from 
hydrolysis of 

10-Hydroxy 9-Hydroxy 8-Hydroxy hydroxy B-diketones 

14.0 (14) 14.0 (14) 14.0 (14) 14.0 
22.6 (13) 22.6 (13) 22.6 

22.7 (I 3) 22.7 
25.3 (11 or 7) 25.3 

25.4 (6 or 10) 25.4 b 
25.6 (8) 25.6 (7 or 11) 25.6 (10 or 6) 25.6 
27.8 (12) 27.8 

31.8 (12) 31.8 b 
31.9 (12) 31.9 

37.1 (11 or 9) 37.1 
37.3 (7 or 9) 

37.4 (9 or 11) 37.4 (8 or 10) 37-4c 
37.5 (10 or 8) 37.5 (9 or 7) 

aln ppm downfie|d from tetramethylsilane, carbons to which the signals have been 
assigned in parentheses, signals due to C 3 (24.9) and C 2 (34.0) and unassigned signals be- 
tween 29.0 and 29.6 omitted. 

bVery small signal. 
CLine width was greater than that of the other signals probably because signals due to C 8 

and C10 of the 9-hydroxy isomer were not resolved from signal due to C 9 or C l l  of the 
10-hydroxy isomer. 

with methyl hydrogen succinate, followed by 
reduction and purification as above, gave the 
hydroxy ester in 20% yield. After hexane 
crystallization the mp was 34.5-35 C. Carbon- 
13 spectrum is in Table I. MS: m/e 258, 240, 
227, 208, 173, 144 (base peak), 141, 101, 95, 
87, 74, 69, 55. C15H3oO 3 calculated: C 69.72, 
H 11.70. Found:  C 69.82, H 11.70. 

A mixture containing 10-OH C14 55%, 9-OH 
C14 38%, 8-OH C14 7% had MS: m/e 258, 240, 
227, 208, 201, 187, 173, 172, 170, 169, 158, 
155, 144, 143, 141, 129, 115, 109, 101, 87, 
83, 81, 74, 69, 67, 55, 43, 41 (base peak). The 
ratio of peaks at 169:155:141 was 49:43:8.  
The carbon-13 spectrum of the mixture closely 
resembled that  of the hydroxy C14 ester 
mixture from the hydroxy fl-diketones in Table 
I. 

1,16-Hexacosanediol 

Material remaining after separation of crude 
hydroxy/3-diketones as the copper complex and 
material eluted from the column after hydroxy  
I3-diketone (0.93 g) was acetylated and chro- 
matographed on silicic acid. Crude diol diace- 
tate (0.12 g) was eluted with hexane-ether 
(95:5), and according to GLC 1 component  
formed 70% of this fraction. Deacetylation and 
crystallization from chloroform gave pure diol 
(0.032 g) with mp 97-97.5 C and [a] ~5 _0.14 ~ 

[0l] 25546 -0"21~ [0~]43625 _ 0.70 ~ [0~125365 - 1"29~ 
(C, 1.4 in pyridine). Oxidation with chronaic 
acid at 100 C (7) gave C15 and Cl6 dicarbox- 

ylic acids (identified by GLC comparison with 
authentic acids [8]) .  MS: m/e 398, 380, 362, 
258, 257 (base peak), 239, 221, 171 (CHOH 
(CH2)9CH3), 170, 152, 137, 125, 123, 111, 
109, 97, 95, 83, 69, 57, 55, 43, 41. The 
diacetate prepared from pure diol had PMR 
spectrum (CC14): 84.00 (triplet,  2 protons,  
-CH2OAc) and 84.80 (multiplet ,  1 proton,  
-CHOAc). 

1,16-Pentacosanediol 

13-Oxodocosanoic acid (9) was coupled 
anodicaily with methyl  hydrogen glutarate and 
the resulting oxo acid reduced with l i thium 
aluminum hydride in tetrahydrofuran.  After 
crystallization from chloroform the yield was 
32% and the mp 92-93.5 C. MS: m/e 384, 366, 
348, 257 (70% of base peak), 239, 221, 157 
(CHOH(CH2)sCH3) , 156, 137, 125, 123, 110, 
109, 97, 95, 85, 83, 69, 57, 55 (base peak), 43, 
41. C 2 s H s 2 0 2  calculated: C 78.05, H 13.63. 
Found:  C 77.55, H 13.78. GLC comparison of 
the diacetate with diacetate of the C26 diol 
indicated that  the synthetic compound con- 
rained 1 less carbon atom. 

RESULTS AND DISCUSSION 

Composit ion of wax from whole plants is 
shown in Table II. Free alcohols were the major 
components  followed by much smaller amounts 
of esters, hydrocarbons,  and ~-diketones. Total 
/3-diketones were only 8%; but the absorption at 
273 nm indicated 14% /3-diketones (assuming 
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TABLE II 

Composition of Leaf Wax of Oats a 

Component % 

Hydrocarbons 5 
Esters 10 
Free alcohols 45 
Free acids 2.5 
/3-Diketone 5.5 
Hy droxy/3-diketones 2.5 
1 , 1 6 - H e x a c  osane diol 0.5 
Glycerides 0.5 
Unidentified fractions 

Eluted between esters and/3-diketone 4 
Eluted between fl-diketone and alcohols 5 
Eluted after hydroxy fl-diketone 20 

Yield (% dry wt.) 0.37 
El% . .  1 cm a, hmax 273 nm (isooctane) 37 

aCalculated from weights of components obtained 
by silicic acid chromatography. 

E l %  = 260  for  pu re /3 -d ike tone ) ,  and  pa r t  of  l c m  
the  a b s o r p t i o n  at  273 n m  m u s t  be due to  o t h e r  
c o m p o n e n t s .  

Table  III shows  the  va r i a t ion  in c o m p o s i t i o n  
o f  wax f r o m  d i f fe ren t  par t s  of  the  p lants ,  
/3-diketone c o n t e n t s  are p r o b a b l y  t oo  high,  bu t  
the  relat ive a m o u n t s  shou ld  be ind ica ted .  As 
was f o u n d  w i t h  whea t  p lan t s  (10) ,  t he  p r opo r -  
t ion  of  a lcohols  in  wax f rom leaf  b lades  was 
h igher  t h a n  i t  was f r o m  leaf  shea ths .  /%Dike- 
tones  were m a j o r  c o m p o n e n t s  of  wax f rom the  
flag leaf  shea th ,  and  a lcohol  c o n t e n t  was 
co r r e spond ing ly  small. 

The c o m p o s i t i o n  o f  wax c o m p o n e n t s  f rom 
whole  p lan t s  is s h o w n  in Table  IV. Major  
h y d r o c a r b o n s  were C29 , C3 t  , and  C33 ; h y d r o -  
ca rbons  f rom separa te  leaves and  shea ths  were 
similar  b u t  in  some cases C29 > C a t .  Whea t  
h y d r o c a r b o n s  c o n t a i n e d  smal ler  pe rcen tages  of  
C33 (1-3). C o m b i n e d  acids were ma in ly  
C18-C22 w i t h  some C26. C26 was the  ma jo r  
c o m b i n e d  a lcohol .  Thus  the  ma jo r  C44-C48 and  

C52 esters  are p r o b a b l y  hexacosy l  esters of  the  
C 18-C22 and  C26 acids.  Free  acids d i f fer  f rom 
c o m b i n e d  acids in hav ing  m u c h  larger  a m o u n t s  
of  C26-C36 acids. Free  a lcohols ,  the  ma jo r  wax 
c o m p o n e n t s ,  were a lmos t  en t i re ly  hexacosano l .  
Oat  leaf  wax is, t he re fo re ,  a good  source  of  
pract ica l ly  pure  hexacosano l .  Oc tacosano l  was 
the  ma jo r  free a lcohol  of  w h e a t  leaf  waxes 
(1-3). There  was n o  ev idence  for  the  presence  
of  t r a n s  2 ,3 -unsa tu ra t ed  C22 and  C24 acids 
w h i c h  were f o u n d  in whea t  leaf  waxes. Esters  
f rom leaf  blades and  leaf  shea ths  were similar  to  
those  of  wax f r o m  whole  p lan t s  excep t  t h a t  
there  were va ry ing  a m o u n t s  o f  C42 ester .  Free  
a lcohols  had  the  same c o m p o s i t i o n  f rom all 
par t s  of  the  p lant .  Again,  as in  w h e a t  (1-3),  the  
on ly  /3-diketone was h e n t r i a c o n t a n e - 1 4 , 1 6 -  
dione.  

H y d r o x y  /%diketones were a m i x t u r e  of  
i somer ic  h y d r o x y  hen t r i a con t ane -14 ,16 -d iones .  
While th is  inves t iga t ion  was in  progress,  Di- 
e r ickx  and  Buffel  (11)  r e p o r t e d  t h a t  wax f rom 
caryopses  of  oa t  var ie ty  Seger I de Svalov 
(usual ly  k n o w n  as V ic to ry  in N o r t h  Amer ica )  
c o n t a i n e d  3 h y d r o x y  /3-diketones 5-(20%),  
6-(50%),  and  7-(30%) h y d r o x y h e n t r i a c o n t a n e -  
14,16-diones.  The  h y d r o x y  /3-diketones were 
ident i f ied ,  and  the  relat ive p r o p o r t i o n s  of  the  
i somers  were e s t ima ted ,  solely f rom the  MS. MS 
p r e s u m a b l y  ind ica tes  the  s t r u c t u r e  of  the  iso- 
mers  b u t  may  n o t  give the i r  relat ive p r o p o r t i o n s  
accurate ly .  

In the  p resen t  inves t iga t ion  the  h y d r o x y  
/3-diketones were inves t iga ted  in  o t h e r  ways as 
well as by  MS, and  the  same 3 i somers  were 
found ,  b u t  in  qui te  d i f fe ren t  p r o p o r t i o n s :  5-OH 
58%, 6-OH 35%, and  7-OH 7%. The  d i f fe rence  
in c o m p o s i t i o n  f r o m  t h a t  r e p o r t e d  (1 I)  may  be  
due to  var ie ta l  d i f fe rences  or to  wax f rom 
caryopses  hav ing  a c o m p o s i t i o n  d i f fe ren t  f rom 
wax f rom the  res t  o f  the  p lan t .  MS e x a m i n a t i o n  
gave peaks at  m /e  409  and  394  (5-OH),  409  and  
380  (6-OH),  and  395 and  366  (7-OH),  these  2 

TABLE III 

Composition of Leaf Wax of Oats from Different Parts of the Plant a 

Part of plant Hydrocarbons Esters Free alcohols /3-Diketones h 

Leaf 1 (flag) c 7 9 58 12 
2 6 8 60 9 
3 6 8 64 3 

Sheath 1 3 5 8 58 
2 5 6 24 10 
3 5 7 29 9 

Whole plants 4 11 40 14 

awt % determined by gas liquid chromatography. 
bFrom E 1% at 273 nm assuming pure ~-diketone = 260. 1 c m  
CLeaves numbered with last formed (flag leaf) as 1. 
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TABLE IV 

Composition of Wax Fractions from Oats a 

Hydrolysis products 
Number of of esters Free 
C atoms Hydrocarbons Esters Acids Alcohols acids Free alcohols 

14 . . . . .  1 
16 ~ --  5 --  4 
18 --  - -  28 --  2 
20 ~ --  30 --  1 
21 1 . . . . . .  
22 --  ~ 20 8 6 
23 1 . . . . . . . . .  
24 ~ --  4 5 5 
25 5 . . . . . . .  
26 ~ -- 11 83 39 
27 5 . . . . . . .  
2 8  ~ - -  1 2 1l 
2 9  23 . . . . . .  
30 - -  - -  1 1 6 

31 32 . . . . . . .  
32 . . . . .  8 
33 23 . . . . . .  
34 . . . . .  9 
35 6 . . . . . . .  
36 . . . . . .  4 
38 ~- 1 . . . .  
40 - -  2 . . . . .  
42 ~ 8 . . . .  
44 ~ 31 . . . . . . .  
46 - -  24 . . . . .  
48 ~ 1 8  . . . . . .  
50 - -  4 . . . . .  

52 --  I0 . . . . . .  
54 ~ l . . . .  

Unidentified b 4 (5) 1 (1) --  1 ( l )  4 (5) 

1 

96 

2 

1 

~  

~ u  

aFrom whole plants, wt% determined by gas liquid chromatography. 
bNumber of components in parentheses. 

very small. The intensi t ies  o f  the  peaks were,  
however ,  n o t  reproducible .  While 5-OH was 
certainly the major  c o m p o n e n t ,  i t  was n o t  clear 
w h e t h e r  7-OH was present  or no t .  

Alkaline hydro lys is  and separa t ion  in to  ke- 
tonic  and acidic f ract ions  and convers ion of  
acids to  me thy l  esters gave me thy l  pa lmi ta te  
and heptadecan-2 ,  wi th  1 showing  tha t  the  
paren t  dione was a 14, 16-dione (also indica ted  
by MS peaks 281 [COCH2CO[CH2]  14CH3] 
and 239 [CO[CH 2 ] 14CH 3 ] ). O ther  hydro lys is  
p roduc t s  were h y d r o x y  C15 me thy l  ke tones ,  
which  were n o t  invest igated fur ther ,  and a 
mixture  of  m e thy l  h y d r o x y t e t r a d e c a n o a t e s .  
The PMR spec t rum of  the h y d r o x y  esters ,  in 
quinol ine,  had  terminal  CH a signals at 0.86 and 
0.92 p p m  suggesting tha t  ca. 50% of  the 
mix ture  cons i s ted  of  10-OH C14 (CH 3 sepa- 
ra ted  f rom CHOH by 3 me thy l ene  groups [ 12] ) 
derived f rom 5-OH fl-diketone.  

Since invest igat ion of  carbon-13 NMR spec- 
tra of  long chain  h y d r o x y  esters  had  shown  tha t  
m a n y  o f  the signals o f  i someric  esters are 
d is t inguishable  (A.P. Tul loch unpub l i shed  

work) ,  me t h y l  8-, 9-, and 10-hydroxyte t radeca-  
noa tes  were syn thes ized  by s tandard  p rocedures  
(6) and carbon-13 spec t ra  measured  (Table I). 
Carbon-13 signals o f  the mixed  h y d r o x y t e t r a -  
decanoates  f rom the h y d r o x y  /~-dikestone also 
are l isted in Table I. Signals were assigned f rom 
the carbon-13 spect ra  o f  alcohols  (13).  Since 
the i somers  have similar s t ructures  and since all 
signals in Table I ( excep t  C-14) are due to  
me thy lene  carbons ,  nuclear  Overhauser  e f fec t  
d i f ferences  are p robab ly  small,  and i t  shou ld  be 
possible to  es t imate  the relative p ropo r t i ons  of  
the i somers  f rom the  signal in tensi t ies  fairly 
accurately.  

A mix ture  of  the 3 syn the t i c  i somers  was 
prepared  wi th  the compos i t i on  10-OH 55%, 
9-OH 38% and 8-OH 7% and compar i son  of  the  
intensi t ies  o f  the  signals due to  ca rbon-12  in 
each i somer  gave the compos i t i on  10-OH 51%, 
9-OH 42%, and 8-OH 7%. Es t ima t ion  of  isomers  
in the  mix ture  f rom the  h y d r o x y  /3-diketone 
gave 10-OH 58%, 9-OH 35%, and 8-OH 7%. 

MS o f  the h y d r o x y  esters  con ta ined  peaks  
expec t ed  f rom the spect ra  of  co r re spond ing  

LIPIDS, VOL. 8, NO. 11 



622 A.P. TULLOCH AND L.L. HOFFMAN 

C18 hydroxy esters (14), thus 10-OH gave 
major peaks at 201 (10,11 cleavage), 172 (9,10 
cleavage + H) and 169 (201-CH3OH). Compari- 
son of  intensities of  peaks at 169, 155, and 141 
in MS of the prepared mixture gave 10-OH 
49%, 9-OH 43%, and 8-OH 8%. MS of the 
mixture from the hydroxy /3-diketone con- 
firmed that it was a mixture of  the 3 isomers 
and suggested the composition 10-OH 55%, 
9-OH 35%, and 8-OH 10%. MS of hydroxytetra- 
decanoates is clearly a more accurate measure 
of relative proportions than MS of the parent 
hydroxy/3-diketone. 

Like the hydroxy/3-diketone the mixture of 
hydroxytetradecanoates was dextrorotatory 
suggesting the L-configuration, the rotation was 
~imilar to that of  the 6- and 7-hydroxytetradec- 
anoates from hydroxy /3-diketone from club 
wheat wax (1) and spring wheat wax (3) and 
also to that of 10-hydroxyhexadecanoic acid 
from hydroxy /%diketone from durum wheat 
wax (2). 

The presence of 3 isomers raises interesting 
biosynthetic possibilities, perhaps favoring for- 
mation by direct hydroxylation. Microbiologi- 
cal hydroxylation can occur at 2 adjacent 
positions on a fatty acid chain (15). Though 
when the positions of  the hydroxyl groups are 
counted from the carbonyl group, in the 
present hydroxy /3-diketone, the principal iso- 
mers have hydroxyl  groups at positions 9 and 
10 and in the hydroxy /3-diketone from club 
and spring wheats (1,3). They are at positions 6 
and 7, both pairs of  positions being those at 
which double bonds are usually found. 

The PMR spectrum of a fraction eluted after 
the main alcohol fraction contained the 8 line 
signals characteristic of protons on C-1 and C-3 
of glycerides (16), but pure components could 
not be isolated. Glycerides were apparently a 
very minor component  of  wax from Manitou 
Wheat (3). 

When the relatively polar material, eluted 
after hydroxy /3-diketones, was acetylated and 
rechromatographed, ca. 0.5% of hexacosane- 
1,16-diol was isolated as the diacetate. The 
PMR spectrum showed the presence of acetyl- 
ated primary and secondary OH groups. After 
deacetylation, oxidative cleavage (7) gave C 15 
and C 16 dicarboxylic acids showing that the 
secondary hydroxyl  group was at C-16. MS 
showed a molecular weight of 398 and a base 
peak at m/e 257 corresponding to 16,17 cleav- 
age. Synthetic pentacosane-l,16-diol also 
showed a prominent MS peak at 257 and GLC 
of the diacetates showed that diol from oat wax 
contained 1 more carbon atom in the chain. 
Diols of this structure do not seem to have been 
isolated previously, most diols from plant 

waxes being a,~o-diols ( 17,18). The diol may be 
biosynthetically related to hexacosanol, the 
principal free alcohol. 

There were several unidentified fractions: 
components eluted before (4%) and after (5%) 
the /%diketones were very complex mixtures 
(GLC). PMR spectra gave no useful information 
except to show absence of aldehydes. The 
major unidentified fraction was a brown gum 
(20%) remaining after isolation of the diol. 
Similar material also was isolated from wheat 
waxes (1-3), and again no components could be 
identified. 

The major differences between leaf wax of 
oats and of wheat is, thus, in the chain length 
of free and combined alcohols, C26 in oats and 
C28 in wheat and in the positions of the 
hydroxyl group on the hentriacontane-14,16- 
dione chain of the hydroxy /3-diketones. Both 
waxes contain the same/3-diketone. 
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Effect of Oxidation on Chemical Spectral and 
I mmunochemical Properties of Egg Yolk Lipoprotein 
I. HARA, Department of Chemistry, Tokyo Medical and Dental University, 
Kohodai, Ichikawa-shi, Chiba, Japan, and H. SHIMASAKI and J. SATO, 
Department of Serology, Faculty of Medicine, University of Tokyo, Hongo, Tokyo, Japan 

A B S T R A C T  

Studies are reported on the changes in 
the chemical, spectral, and immunochem- 
ical properties of the low density lipopro- 
tein fraction of hen's egg yolk during 
oxidation. Sonication for 15 min at 15-20 
C in the presence or absence of iron gave 
an increase in thiobarbituric value and 
UV absorption but did not  influence the 
fluorescence. Storage at 50 C in the 
absence of iron after sonication for 15 
min at 15-20 C produced increases in 
absorptivity in the fluorescence and UV 
spectra, as well as thiobarbituric values. 
Similar changes were produced without 
sonication in the presence of iron in ca. 8 
days storage at 50 C. Ethylenediamine- 
tetraacetic acid completely inhibited the 
effect of copper, as well as iron, under 
these conditions. Immunoelectrophoresis 
pattern was effected by oxidation under 
conditions that gave an increase in ab- 
sorptivity in the fluorescence spectra. The 
first change appeared to involve a minor 
fast moving component  which decreased 
even when oxidation was inhibited by 
ethylenediaminetetraacetic acid. As the 
oxidation proceeded, the mobility of the 
major component  in the immunoelectro- 
phoresis analysis was altered. The major 
reaction affectinz the immunochemical 

TABLE I 

Lipid Composition of 
Low Density Lipoprotein Fraction 

Composition % (w/w) 

Protein 11.4 
Lipids 88.6 

Lipids 
Hy drocarbon 0.1 
Sterol esters 0.9 
Free sterol 14.2 
Triglyceride 4"/.2 
Mono- and diglycerides 1.9 
Phosphatidyl choline fraction 19.4 a 
Phosphatidyl ethanolamine fraction 11.3 b 

aFraction eluted by methanol-chloroform-water 
(75:20:5, v/v/v). 

bFraction eluted by chloroform-methanol (70:30). 

properties appeared to be between the 
product of lipid oxidation and the pro- 
tein moiety. 

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

The deterioration of lipoprotein generally is 
accompanied by changes in the UV absorption 
spectrum (1) and the ultracentrifugal patterns 
(2,3). Increase in absorptivity in the fluores- 
cence spectra in the autoxidation of mito- 
chondria and microsomes (4) is also indicative 
of deterioration of lipoprotein. Sato et al. (5) 
demonstrated that sonication caused changes in 
the immunochemical properties of human 
serum lipoprotein. The deterioration of lipopro- 
tein could occur from an effect on the lipid 
moiety which, because of its generally high 
degree of unsaturation, is highly susceptible to 
autoxidation. The protein moiety also could be 
altered directly or by interaction with compo- 
nents of the oxidized lipid moiety. To define 
more clearly the effect of  autoxidation on the 
properties of  lipoproteins, immunological, as 
well as chemical, analyses were carried out on 
the low density lipoprotein fraction (LDF) of 
hen's egg yolk oxidized under various condi- 
tions. 

M E T H O D S  

LDF from hen's egg yolk was prepared 
according to the method of Evans et al. (6). 

Lipid class (6) and fatty acid composition 
analyses were carried out on the lipid extracted 
from lyophilized LDF with a 1 : 1 (v/v) mixture 
of  chloroform-methanol.  The fatty acid compo- 
sition was determined on methyl esters pre- 
pared by interesterification with methanol-HC1 
with a gas liquid chromatograph (GLC) (GC-2C, 

TABLE II 

Fatty Acid Composition of 
Low Density Lipoprotein Fraction 

Fatty acid % (v/w) 

16:0 35.3 
16:1 4.9 
18:0 8.3 
18:1 40.9 
18:2 10.5 
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TABLE III 

Influence of Sonication Time on Thiobarbituric Acid (TBA) Value, 
Optical Density (OD), and Fluorescence Absorptivity 

Fluorescence 
absorptivity of (TBA) 

Em440 nm at Ex360 nm 535 nm 
(OO) 

233 nm 

Sonication Catalysta 
(min) None Fe +++ None Fe +++ None Fe +++ 

0 32.9 30.0 0.50 0.720 0.290 0.323 
5 32.0 35.1 0.910 1.540 0.315 0.371 

10 31.5 36.8 1.610 2.240 0.385 0.455 
15 35.0 37.0 2.520 2.930 0.460 0.520 

aFeC13 10 -6 M. 

Shimazu Co., Kyo to )  equ ipped  wi th  a f lame 
ioniza t ion  de t ec to r  using a 3 m m x  2.5 m 
column of  8% EGS on Chromosorb  W. 

Solut ions  of  LDF were di luted to  con ta in  ca. 
5 mg/ml  in 0.15 M sodium chloride solut ion.  
One milliliter of  the LDF solut ion was exposed  
to  air in small test  tubes  wi th  glass s topper  in a 
water  ba th  at 50-52 C. Then 0.1 ml of  the 
LDF solut ion was ex t r ac t ed  wi th  3 ml of  
e ther -e thanol  mixture  (1:3,  v/v) by vigorous 
mixing for  1 min on a vor tex  mixer.  The 
ext rac ts  were separa ted  by cen t f i fuga t ion  at 
3000 rpm for  5 min. The organic phase was 
used for  s p e c t r o p h o t o m e t r i c  measurement .  

UV and f luorescence spectra l  anatyses were 
de te rmined  wi th  Hitachi EPS-3T and MPF-2 A 
spec t romete rs  (Hitachi Co., Tokyo) ,  respec- 
tively. Thiobarbi tur ic  acid (TBA) values were 
de te rmined  by the m e t h o d  of  Wilbur et  al. (7). 
Ant i -LDF ant iserum for  the i m m u n o c h e m i c a l  
analyses was prepared  by the subcu taneous  
in jec t ion  of  5 mg of  LDF emulsif ied wi th  
F reund ' s  comple te  adjuvant  ( Ia t ron Co., 
Tokyo)  in to  rabbi ts  fo l lowed by a boos t e r  

injection after two weeks. 
Immunoelectrophoresis was performed with 

1.2% agarose gel in barbi tura te  buffer  at pH 8.6 
0 = 0 . 0 5 )  for 1 hr at 2 m A / c m ,  then  ant iserum 
was added  to  the t rough.  The plate was 
incuba ted  at 25 C in a mois ture  box  and 
observat ions were carried ou t  for  3 or 4 days 
(8). 

Sonication was performed with a 20 Kc 
Sonicator (Ohtake Works, Co., Tokyo) at 15-20 
C for 15 min. 

RESULTS 

Lipids and fa t ty  acid c o m p o s i t i o n  o f  LDF 
are shown in Tables I and II, respectively.  
Sonica t ion  at 15-20 C in the presence,  as well as 
the absence,  o f  i ron gave an increase in the TBA 
and UV absorp t ion  at 233 nm in the lipid 
moie ty  ex t rac ted  wi th  e ther -e thanol .  However,  
there  was vir tually no  e f fec t  on the fluores- 
cence spec t rum (Table III). Under  more  drastic 
condi t ions ,  tha t  is, s torage at 50 C after  
sonicat ion at 15-20 C, changes were p roduced  

TABLE IV 

Spectral and Chemical Changes of Low Density Lipoprotein Fraction by 
Sonication Followed by Long Range Storage at 50 C 

Procedure 
of analysis 

Sonication Storage at 50 C for 
time (min) 0 hr 22 hr 44 hr 

Fluorescence 
absorptivity 
of Em440 nm 
at Ex360 nm 

Thiobarbiturie acid 
535 nm 

Optical density 
233 nm 

0 11.0 54.2 147.5 
5 10.4 54.4 148.8 

10 12.5 74.9 150.1 
15 11.8 67.0 144.6 

0 0.040 2.910 3.220 
5 0.213 2.670 3.280 

10 0.305 3.180 3.160 
15 0.356 2.630 3.060 

0 0.234 0.810 1.450 
5 0.279 0.690 1.420 

10 0 .318  0 .880  1 .420  
15 0.320 0.785 1.420 
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OXIDATION OF EGG YOLK LIPOPROTEIN 

in the f luorescence,  as well as the UV spectra  
and TBA values (Table IV). 

When the  ox ida t ion  was ca ta lyzed by i ron,  
similar changes were observed at 4-6 C, as well 
as at 50 C (Table V). 

Immunoe lec t rophores i s  pa t te rn  (Fig. 1) 
showed  tha t  the native LDF fract ion of  hen ' s  
egg yolk  consis ted  of  two or three c o m p o n e n t s  
of  d i f fe rent  mobili t ies.  The faster  moving  com-  
ponen t s  appeared  to  be al tered first by the 
effects  of oxidat ion.  

As oxida t ion  progressed,  the mobi l i ty  of  the 
major  c o m p o n e n t  also was changed,  as indi- 
ca ted  by immunoe lec t rophores i s  analysis. Cop- 
per  was used in this  expe r imen t  because it was 
less active than  i ron and showed  the sequence  
of  changes bet ter .  E thy lened iamine te t r aace t i c  
acid (EDTA) inhib i ted  the e f fec t  of ox ida t ion  
catalysts  on the  chemical  changes and the 
immunochemica l  p roper t ies  o f  the  major  com-  
ponen t  of  the LDF,  but  it  did no t  el iminate the 
e f fec t  on the faster  moving  c o m p o n e n t .  

+ 
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A - 6 Days 

E D T A  
10-4M 

Cu,+ 
1 0 6 M  

B 9 Days 

C = 12 Days 

DISCUSSION 

The presen t  s tudy showed  that  LDF of  
l ipopro te in  of  hen ' s  egg yolk  w a s - m u c h  more  
resistant  t o  a l tera t ion than the  LDF of  h u m a n  
serum (5). However,  i t  was evident  tha t ,  by the  
use o f  an oxida t ion  catalyst ,  copper  or i ron,  
similar changes  were produced .  The d i f ference  
in resis tance of  these l ipopro te ins  to a l terat ion 
appears to  be due to  ease wi th  which  the  lipid 
mo ie ty  is oxidized,  the LDF fract ion of  h u m a n  
serum being more  unsa tu ra ted  (9). 

The immunochern ica l  analysis showed  tha t  
oxida t ion  also caused changes in the  p ro te in  
moie ty  of  the l ipoprote in .  I t  appears tha t  this 
change occurs largely as a result  of  an inter-  
action of  the  p ro te in  wi th  oxidized lipid, 

FIG. 1. Immunoelectrophoresis of LDF in the 
course of storage at 50 C. Native LDF was the sample 
of the first day of storage without copper and EDTA. 

inasmuch  as the changes in the  i m m u n o c h e m i -  
cal p roper t ies  appear  to  be associated wi th  the 
increase in absorpt iv i ty  in the f luorescence 
spec t rum.  It  has been  shown tha t  f luorescence 
p roduc t s  are p ro d u ced  by an in te rac t ion  of 
ma lona ldehyde  and amino  group (10). Recent ly  
Bidlack et  al. (11) showed  tha t  f luorescent  
p roduc t s  were fo rmed  in pe rox ide  damaged 
membranes .  Inasmuch  as the ox ida t ion  of  LDF 

TABLE V 

Changes in Optical Density (A), Thiobarbituric Acid Value (B) and 
Fluorescence Absorptivity (C) of Low Density 

Lipoprotein Fraction during Long Term Storage at Various Temperatures 

Temperature Catalyst a 0 hr 1 day 2 days 4 days 8 days 

4-6 C -- 0.470 0.469 0.450 0.450 0.498 
4-6 C + 0.472 0.587 0.670 1.010 1.810 

A 50-52 C -- 0.498 0.490 0.605 1.280 
50-52 C + 1.250 1.970 2.040 2.400 

4-6 C -- 0.240 0.287 0.360 0.155 0.125 
4-6 C + 0.810 1.218 1.860 1.880 2.840 

B 50-52 C -- 0.322 0.455 0.490 1.440 
50-52 C + 2.980 3.720 2.280 1.450 

4.6 C - 10.0 16.6 12.8 12.0 13.0 
4-6 C + 10.5 12.5 10.8 14.5 24.0 

C 50-52 C -- 12.1 12.1 28.8 135.6 
50-52 C + 100.2 299.1 415.8 488.2 

aFeCl 3 10 -6 M. 
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of  hen ' s  egg yolk  l ipopro te in  p roduced  a 
s t rongly posit ive TBA value, it  is plausible that  
similar react ions  take place on the ox ida t ion  of  
this l ipopro te in .  
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Acetylenic Acids of Alvaradoa amorphoides Seed 0il l  
M.B. PEARL, R-KLEIMAN and F.R. EARLE, Northern Regional 
Research Laboratory,2 Peoria, Illinois 61604 

ABSTRACT 

Oil f rom the  seed of  Alvaradoa amor- 
phoides Liebm.  (S imaroubaceae )  col- 
lec ted  in Mexico con t a in s  two ace ty lenic  
f a t ty  acids previous ly  u n k n o w n  in seed 
oils, 15% of  17-oc tadecen-6-ynoic  and  a 
trace a m o u n t  of  6-e icosynoic  acid. The  
p r e d o m i n a n t  f a t t y  acid (58%) in the  oil is 
6 -oc tadecyno ic  ( tarir ic) .  Bo th  the  A6 and  
A9 series of  hexadeceno ic ,  oc tadeceno ic ,  
oc tadecad ieno ic ,  and  oc t adeca t r i eno ic  
acids were found ,  bu t  on ly  the  A6 i somer  
of e icosenoic  acid (1.4%) was de tec ted .  
The  m o n o -  and  d ienoic  acids make  up  
a b o u t  19% of the  to ta l  oil. The  r e m a i n d e r  
consis ts  mos t ly  of  s a tu r a t ed  acids (6.3%).  
Techn iques  used  in i so la t ion  and  ident i f i -  
ca t ion  of  the  acids i nc luded  t h in  layer  

1 Presented at the 7th Great Lakes Regional Ameri- 
can Chemical Society Meeting, Kalamazoo, Mich., 
June, 1973. 

2ARS, USDA. 

and  gas c h r o m a t o g r a p h y ,  IR,  UV,  NMR 
and  mass  spec t roscopy ,  and  ozonolys i s  
coup led  w i t h  gas c h r o m a t o g r a p h y .  

INTRODUCTION 

Ini t ia l  analyses of  the  seed oil of  Alvaradoa 
arnorphoides (S imaroubaceae )  revealed an ab- 
so rp t ion  b a n d  at  913 c m  -1 in the  I R  s p e c t r u m  
of the  oil (1). Later  analyses showed  tha t  the  
oil was m u c h  like thcramnia (2)  oil bu t  con-  
ra ined one ma jo r  and  at least  th ree  m i n o r  
u n k n o w n  c o m p o n e n t s .  The  ma jo r  and  one  of  
the  m i n o r  u n k n o w n s  n o w  have been  charac-  
te r ized  as ace ty len ic  f a t ty  acids, n o t  c i ted  as 
seed oil c o n s t i t u e n t s  in  Smi th ' s  review of  
unusua l  f a t t y  acids in  p lan t s  (3).  A t e rmina l  
m e t h y l e n e  group in the  m o s t  a b u n d a n t  new 
c o m p o u n d  a c c o u n t e d  for  the  I R  b a n d  t h a t  led 
us to  u n d e r t a k e  this  inves t igat ion.  

EXPERIMENTAL PROCEDURES 

Methy l  esters  were p repa red  w i th  10% b o r o n  

TABLE I 

Composition of Alvaradoa amorphoides Oil and Fractions 

Mixed 
Component ECL c esters I 

Composition (% by GC a) 

Fractions b 

II d III IV d V VI 

14:0 14.0 0.1 2.9 
16:0 16.0 0.8 8.0 
16:16c + 16:19c 16.4 1.7 5.7 1.9 
17:1 1%3 0.1 0.4 0.1 
18:0 18.0 5.1 81.0 
18:16c 18.3 12.3 66.9 

{ 0 ,  {17.0 
18:19c 18.3 2.4 13.1 
18:26c,9c 18.9 0.2 

18:29e, 12c 18.9 1.7 
18:36c,9c, 12e 19.4 0.4 
18:39c,12c, 15c 19.8 0.1 
18:26a, 17e 20.4 15.3 
18:16a 19.8 57.6 7.7 76.0 
19:1 19.3 0.1 2.2 
20:0 20.0 0.4 6.7 
20:16c 20.3 1.4 4.1 1.8 
20:16a 21.8 Trace 0.7 
Unknown 21.4 Trace 
Unknown 21.7 Trace 

0.1 

0.6 

{0, {11 
9.8 { 1., {o3 

83.2 
0.3 77.8 
0.3 13.1 

5.7 96.2 2.8 

1.3 
1.6 

aGC = Gas chromatography. 
blsolated by preparative thin layer chromatography. 
CECL = Equivalent chain length. ECL calculated from LAC-2-R 446 column. 
dRatio of 18:1 and 18:2 based upon ozonolysis data. 
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TABLE II 

Fragments from Gas Chromatography--Mass Spectrometry 
of Methoxylated 16:1 Isomers 

Methyl 6- and 7-methoxy palmitate 

CH30 

role role 

Methyl 9- and 10-methoxy palmJtate 

CH30 

m/e m/e 

159 185 201 143 
173 171 187 129 

trifluoride in methanol, according to the meth- 
od described by Metcalfe et al. (4). A portion 
of the mixed methyl esters was fractionated by 
preparative thin layer chromatography (TLC) 
on 10 x 36 cm plates spread with Silica Gel G 
containing 20% silver nitrate. The plates were 
developed with benzene, and the esters were 
separated into six bands which were observed 
under UV light after spraying with dichloroflu- 
orescein. Each band (fractions 1-VI) was 
scraped from the plate and extracted with 
diethyt ether. 

The UV spectrum of the mixed esters in 
ethanol was obtained on a Beckman DK-2A 
spectrophotometer, IR absorption was mea- 
sured on solutions of the mixed methyl esters 
and the preparative TLC fractions in CS2 and in 
CC14 with a Perkin Elmer Model 137 spectro- 
photometer using 1 mm NaC1 cells. The NMR 
spectrum of fraction V was obtained in deuteri- 
ochloroform containing 1% tetramethylsilane as 
internal standard with a Varian HA-100 spec- 
trometer. 

All gas chromatography (GC) analyses were 
run on a Packard Model 7401 instrument, as 
previously described (5,6). Saturated methyl 
esters of even chain lengths (C6-C22) were used 
as standards for the calculations of equivalent 
chain lengths (EeLs) (7) of ozonolysis products, 
as well as for long chain fatty esters. The C20 
monoenoic and monoynoic esters were isolated 
from fraction III by preparative GC on a 6 ft x 
1/4 in. 5% LAC-2-R 446 column. Gas chroma- 
tography-mass spectrometry (GC-MS) data were 
obtained with a Dupont Model 21-492-1 spec- 
trometer in tandem with a Packard Model 740I 
chromatograph (8). Positions of unsaturation 
were determined by ozonolysis coupled with 
GC (6,9) or by combined GC-MS of methoxy- 
derivatives (8,10). 

RESULTS AND DISCUSSION 

GC analysis of the methyl esters prepared 

from the seed oil of Alvaradoa amorphoides 
indicated the presence of 58% methyl tarirate, 
12% methyl petroselinate, and 15% of an 
unknown component with ECLs suggesting an 
ene-yne structure (Table I). The UV spectrum 
of the seed oil did not  show any conjugated 
unsaturation, and the IR spectrum showed no 
trans bonds. 

Characterization of Monoenoic Esters 

GC of fraction II (Table I) showed these 
esters to consist mostly of monoenes of various 
chain lengths with 7.7% monoynoic ester. 
Ozonolysis of olefinic compounds at low tem- 
perature in dich/oromethane followed by reduc- 
tion with triphenylphosphine results in alde- 
hydic fragments (6); under these same 
conditions, acetylenic bonds are not affected 
(9). The major fragments found from GC of 
ozonolysis products of fraction II were C 6 
aldehyde-ester (6AE), C12 aldehyde (12A), 
9AE, and 9A. These products were 87% of the 
total peak areas and, with their relative propor- 
tions, indicate that fraction II has about five 
times as much 6-18:1 as 9-18:1. 

Because of the small amounts of C16 and 
C2o esters, procedures were used to charac- 
terize them that involved an initial enrichment 
step. The C20 monoene, isolated from fraction 
III by preparative GC upon ozonolysis yielded 
6AE and 14A; only the 6-20:1 was evident 
from these fragments. The double bond posi- 
tion of the C 16 monoenes were identified by 
GC-MS of the methoxy-derivatives of fraction 
II. The position of the unsaturation is defined 
by fragmentation adjacent to the methoxy-sub- 
stituted carbon atoms, as shown in Table II 
( i0) .  These fragments established the parent 
esters as 6- and 9-16: 1. 

Characterization of Monoynoic Esters 

Fraction III (Table I) had two esters which 
migrated on TLC with, or slightly below, 
monoenoic esters and had ECL of 17.9 and 
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ACETYLENIC ACIDS OF A L  V A R A D O A  OIL 
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H 3COOC--(CH219--CHO 
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t- 

H3COOC--ICHz Ig--CO~CH3 
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§ 

H3COOC--[CH218--CH3 

15%1 

19.8 (Apiezon L column) and 19.7 and 21.8 
(LAC-2-R 446 column). These characteristics 
indicated them to be monoacetylenic esters. 
The rest of fraction III consists of monoenoic 
esters of various chain lengths (Table I). 

Ozonolysis of acetylenic bonds in methanol 
at room temperature followed by GC yields 
fragments which are mostly methyl esters with 
minor amounts of free acids; while under the 
same conditions, monoenoic esters yield mostly 
aldehydic fragments with smaller amounts of 
methyl esters (9). The major ozonolysis frag- 
ments from fraction III were 12 ester (E) and 
six diester (EE); the C18 monoynoic ester is, 
therefore, methyl  tarirate. The C20 monoynoic  
ester isolated by preparative GC from this 
fraction showed the 6EE and 14E from GC of 
the ozonolysis products. The triple bond is, 
therefore, in the A6 position. The structures of 
the acetylenic esters were confirmed by GC-MS. 

The spectra of the two monoynoic  esters 
showed an intense peak at m/e 154 (75% 
relative abundance [RA] in the C18 ester 
and 95% RA in the C20 homolog). This 
peak probably resulted from rearrangement 
of the acetylene to an allenic structure and 
c l e a v a g e  a d j a c e n t  t o  t h e  a l l e n e  

q, 
( |  A much smaller 

OCH 3 
ion of m/e 140 (RA ca. 10%) also was observed 
from the MS analysis of both esters. This ion 
likely results from the cleavage of the molecule 
after formation of the other possible allene 

N 

(|  This formation of 
OCH 3 

allenes in the mass spectrometer has been 
shown by Bohlmann et al. ( l l )  with methyl  
6-tetradecynoate (m/e 154) and by Sun and 

Holman (12) with methyl  stearolate (m/e 196 
and 210). In addition, the spectra of the esters 
under investigation showed appropriate  molec- 
ular ions (C 18 = 294, C20 = 322). 

Characterization of Enynoic Ester 
Fraction V consisted mostly (96%, Table I) 

of an ester with ECLs of  19.6 (Apiezon L) and 
20.5 (LAC-2-R 446). These ECLs are consistent 
with those of C 18 esters with nonconjugated 
ene-yne systems as found in methyl crepen- 
ynate (13) and methyl  17-octadecen-9-ynoate 
( 1 4 ) .  

NMR of fraction V showed three vinyl 
protons (T 4.2 and 5.1), six protons alpha to 
unsaturation (~ 7.85), two protons alpha to the 
carboxyl  group (r 7.7), three O-methyl protons 
(7 6.3), and 18 methylene protons (~" 8.7). No 
protons due to a terminal methyl group (r 9.1) 
were found. 

The IR spectrum of fraction V showed, 
besides the bands usually found in long chain 
fatty esters, absorption at 913, 990, and 1635 
cm d ,  indicative of an ester with a terminal 
olefinic bond (14). Both NMR and IR data 
were in good agreement with those from known 
methyl 17-octadecen-9-ynoate. 

The mass spectrum of the major ester in 
fraction V was almost identical to that  of 
methyl tarirate. Ions at m/e 154 (RA 75%) and 
m/e 140 (RA 8%) indicated that the triple bond 
is in the A6 position. Both the molecular ion 
(m/e 292) and molecular ion minus methoxyl  
(m/e 261) were two mass units less than those 
of methyl tarirate. The spectral evidence indi- 
cates the structure of the ene-yne fat ty ester as 
methyl  17-octadecen-6-ynoate. This structure 
was confirmed by the ozonolysis-GC procedure 
of Spencer et al. (9). All fragments normally 
resulting from this reaction were found and 
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iden t i f i ed  by  the i r  ECLs f r o m  GC ( Schem e  I). 
Two add i t iona l  p r o d u c t s  were observed  f rom 
this  analysis,  m e t h y l  6 - h e x a d e c y n o a t e  and  
m e t h y l  decanoa te .  The m e t h y l  6-hexadec-  
y n o a t e  m o s t  l ikely resul ts  f rom degrada t ion  of  
m e t h o x y - h y d r o p e r o x i d e  f o r m e d  dur ing  ozonol -  
ysis in  m e t h a n o l  (15) .  The m e t h y l  decanoa te  
p r e s u m a b l y  is f o r m e d  by  the  same m e c h a n i s m  
appl ied to the  ozonolys i s  f r a g m e n t s  resu l t ing  
f rom cleavage at the  triple bond .  

The  MS of  all ozonolys i s  f r agments  con-  
f i rmed  the  GC iden t i f i ca t ion ;  in  add i t ion ,  all 
f r agmen t s  p r o p o s e d  to  c o n t a i n  A6 tr iple  b o n d s  
showed  an in tense  ion at  m/e  154. 

Characterization of Dienoic and Trienoic Esters 

Ozonolys is  of  f r ac t ion  IV in d i c h l o r o m e t h -  
ane at  dry-ice ace tone  t e m p e r a t u r e  and  subse- 
q u e n t  GC (6)  y ie lded  f r agmen t s  t h a t  would  
resul t  f rom a m i x t u r e  of  6 ,9 -18 :2  and  
9 ,12-18:2 ,  name ly ,  9A (3.7%),  6A E  (3.1%) and  
6A (31%),  9AE (43%).  The ozonolys i s -GC 
p r o d u c t s  of  f r ac t ion  VI were cons i s t en t  w i th  a 
m ix tu r e  of  6 ,9 ,12-18 :3  and  9 ,12 ,15 -18 :3  ( 6 A E  
and  9AE).  The  mass spec t ra  ob t a ined  for  the  
two t r i eno ic  es ters  in f r ac t ion  VI were near ly  
ident ica l  w i t h  those  r e p o r t e d  by  H o l m a n  et al. 
(16)  for  m e t h y l  l ino lena te  and  m e t h y l  7-1ino- 
lenate .  
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Determination of Molecular Species of Ovolecithin Using 
Gas Chromatography-Mass Spectrometry 
KIYOZO HASEGAWA and TETSUYA SUZUKI, Research Institute for Food S c i e n c e ,  

Kyoto University, Gokasho, Uji, Ky0to, Japan 611 

A B S T R A C T  

An analysis of monoacetyldiglyceride 
was performed by gas chromatography- 
mass spectrometry for the purpose of 
determining the molecular species of ovo- 
lecithin. Separation of monoacetyldiglyc- 
erides was made according to the degree 
of unsaturafion and to the sum of the 
carbon numbers of fatty acyl residues. 
Fragments of monoacetyldiglycefide were 
analyzed and interpreted in relation to 
the molecular structure in a similar man- 
ner to that of triglycefide. 

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

The analysis of phospholipids in terms of 
molecular species has become increasingly more 
important, along with the recognition of their 
function in the living cells. The enzymic meth- 
od using phospholipase C and pancreatic lipase 
has been employed by many investigators (1-3). 
This method is elaborate and time consuming. 
The Present paper deals with the analysis by 

means of gas chromatography-mass spectrom- 
etry (GC-MS) of molecular species of the 
monoacetyldiglyceride (MADG) derived from 
phosphatidylcholine. The method is applicable 
to the whole class of glycerophospholipid. 

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

Ovolecithin (phosphatidylcholine from hen 
egg yolk) was prepared according to the meth- 
od-of Pangborn (4) and purified by DEAE-cel- 
lulose chromatography (5). Synthetic samples of 
dipalmitoyl-phosphatidylcholine and dioleoyl- 
phosphatidylcholine (Applied Science Co.) 
were used as authentic standards. 

Acetolysis was carried out in a mixture of 
acetic anhydride and acetic acid (2:3) at 150 C 
for 5 hr (6). Under these conditions the 
phosphatidylcholines were converted com- 
pletely to MADG, giving single spots by thin 
layer chromatography (TLC) on Silica Gel G 
plates (petroleum ether-ether, 85:15). The 
MADG was subfractionated according to the 
degree of unsaturation by TLC on AgNO3-Sil- 
ica Gel G (benzene-ether, 8:2) (7). The subfrac- 
tions obtained were scraped off from the 

Double 
bonds 
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FIG. 1. Thin layer chromatogram of monoacetyl- 
diglyceride (MADG) on AgNO3-Silica Gel G plate. Sol- 
vent: benzene-ether (8:2). A. MADG from dipalmitoyl- 
phosphatidytcholine. B. MADG from dioleoyl-phos- 
phaditytcholine. C. MADG from ovolecithin. 
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FIG. 2. Gas chromatograms of subfractions of 
monoacetyldiglyceride (MADG) from ovolecithin, a, 
b, c, and d: monoenoic, dienoic, trienoic, and tetra- 
enoic MADG, respectively. Peak S: internal standard, 
tricaprin. 
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F I G .  3. Mass s p e c t r u m  o f  t h e  p e a k  2 c o m p o n e n t  ( 1 - p a l m i t o y l - 2 - o l e o y l - 3 - a c e t y l - g l y c e r o l ) .  

T A B L E  I 

P r inc ipa l  Ions  in Mass S p e c t r a  o f  
M o n o a c e t y l d i g l y c e r i d e  ( M A D G )  Der ived  f r o m  O v o l e c i t h i n  

M+ 

618"~ 

600 m/e 

F a t t y  ac id  
1 p o s i t i o n  1 6 : 0  a 1 6 : 0  1 6 : 0  1 6 : 0  1 6 : 0  18 :0  18 :0  18 :0  18:1  a 18 :1  
2 p o s i t i o n  16 :0  16:1  18:1  18 :2  2 0 : 4  18:1 18 :2  2 0 : 4  18:1  18 :2  

Ion  s t r u c t u r e  m / e  m/ r  m / e  m / e  m / e  m/e  m / e  m/e  m / e  m / e  

M +b  6 1 0  6 0 8  6 3 6  6 3 4  6 5 8  6 6 4  6 6 2  6 8 6  6 6 2  6 6 0  
[ M -  18]  + 592  5 9 0  6 1 8  6 1 6  6 4 0  6 4 6  6 4 4  6 6 8  6 4 4  642  
[M - C H 3 C O O ]  + 551 5 4 9  5 7 7  575  5 9 9  605  6 0 3  6 2 7  6 0 3  601  
[M -- R 1 C O O ]  + 355  3 5 3  381 3 7 9  4 0 3  381  3 7 9  4 0 3  381  3 7 9  
[ M -  R 1 C O O C H 2 ]  + 341 3 3 9  367  365  3 8 9  367  365  3 8 9  3 6 7  365  
[M - R 2 C O O ]  + 355  355  355  3 5 5  355  3 8 3  3 8 3  383  381  381 
R a C O  + 2 3 9  2 3 9  2 3 9  2 3 9  2 3 9  2 6 7  2 6 7  2 6 7  2 6 5  2 6 5  
[ R I c o  + 7 4 ]  + 3 1 3  3 1 3  3 1 3  3 1 3  3 1 3  341 341  341 3 3 9  3 3 9  
[ R I C O  + 128 ]  + 367  3 6 7  3 6 7  367  367  395  395  395  3 9 3  3 9 3  
R 2 C O  + 2 3 9  2 3 7  265  2 6 3  2 8 6  265  2 6 3  2 8 6  2 6 5  2 6 3  
[ R 2 C O  + 74 ]  + 3 1 3  311  3 3 9  337  3 6 0  3 3 9  3 3 7  3 6 0  3 3 9  337  
[ R 2 C O  + 1 2 8 ]  + 367  3 6 5  3 9 3  391  4 1 4  3 9 3  391  4 1 4  3 9 3  391 
C H 3 C O  + 4 3  4 3  4 3  4 3  4 3  4 3  4 3  43  4 3  4 3  
[ C H 3 C O  + 74 ]  + 117  117  117  117  117 117  117  117  117  117  
[ C H 3 C O  + 128 ]  + 171 171 171 171 171 171 171 171 171 171  

a D i p a l m i t o y l - M A D G  a n d  d i o l e o y l - M A D G  were  de r ived  f r o m  s y n t h e t i c  p h o s p h a t i d y l c h o -  
l ine.  

bM+ ion  p e a k s  we re  n o t  d e t e c t e d  e x c e p t  in the  cases o f  M A D G  w h i c h  c o n t a i n e d  2 0 : 4  
ac id .  

T A B L E  II 

Molecu l a r  Species  o f  M o n o a c e t y l d i g l y c e r i d e  ( M A D G )  f r o m  O v o l e c i t h i n  

M A D G  D o u b l e  S u m  o f  F a t t y  ac id  

p e a k  b o n d s  F A  a 1 p o s i t i o n  2 p o s i t i o n  C o n t e n t ,  % 

1 1 32 1 6 : 0  16:1  0 .6  
2 1 34  1 6 : 0  18:1  4 4 . 4  
3 1 36 18 :0  18:1  19 .7  
4 2 3 4  16 :0  18 :2  16 .6  b 
5 2 36  1 8 : 0  18 :2  8 .6  
7 3 36  18:1  1 8 : 2  1.8 
8 4 36  1 6 : 0  2 0 : 4  3.1 
9 4 38 1 8 : 0  2 0 : 4  4 .9  

a S u m  o f  c a r b o n  n u m b e r s  o f  f a t t y  acy i  res idues .  

b C o n t e n t  o f  p e a k  4 i n c l u d e s  t h a t  o f  p e a k  6 (0 .6%) .  L a t t e r  c o m p o n e n t  ( p e a k  6) w a s  iden-  
t i f i e d . m a s s  s p e c t r o m e t r i c a l l y  as t he  s a m e  as t he  f o r m e r  ( p e a k  4) .  
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OVOLECITHIN BY GC-MS 

IR~CO] + [R2CO] + [ .  CH3CO] + 

CHOCOR 2 -- R I c o o c H  2 FI CHOCOR2 1 + 

- -  R C O O  - -  R C O O  - C H 3 C O O  

H2OCOCH N LCH2OCOCH 3J LCH2 J 

Scheme 1. 

chromatoplate and extracted with chloroform- 
methanol (2:1). The ratio of the individual 
subfractions was determined by adding known 
amounts of tricaprin, as an internal standard, to 
each fraction. 

The subfractions of MADG were frac- 
tionated further by gas liquid chromatography 
(GLC) according to the sum of the carbon 
numbers of fatty acyl residues (8) and analyzed 
by mass spectrometry. The GC-MS analysis was 
carried out on an LKB-9000S gas chromato- 
graph-mass spectrometer, equipped with a 35 cm 
x 3 mm glass column packed with 2.5% silicone 
OV-17 on 60-80 mesh Shimalite W. The column 
o v e n  temperature  was programed from 
180-280 C at a rate of  3 C/rain. The molecular 
separator was maintained at 310 C, as was the 
ion source. The ionizing voltage was 70 eV and 
trap current was 60 pA. Mass spectra were 
recorded to m/e 750 in a total scan time of 8 
sec at the apex of the GLC peak as determined 
by the continuous record produced by a total 
ion monitor. 

RESULTS A N D  DISCUSSION 

The MADG from ovolecithin were separated 
into four subfractions, monoenoic, dienoic, 
trienoic and tetraenoic, by TLC on AgNO3-Sili- 
ca Gel G (Fig. 1). Each subfraction was further 
fractionated by GLC according to the sum of 
the carbon numbers of fatty acyl residues (Fig. 
2). 

The mass spectra of MADG were interpreted 
in relation to the molecular structure in a 
manner similar to that of triglycerides reported 
by Barber et al. (9) (Scheme 1). The base peak 
of the spectrum of MADG was in most cases 
m/e 43, which corresponded to [CH3CO] + 
The fatty acid moieties were identified by the 
i n t e n s e  peaks corresponding to [M - 
R1,2COO] + and [R1,2CO] + ions. The fatty 
acid in the 2 position of the glycerol was 
i d e n t i f i e d  f r o m  the fact that [M - 

[RCO+ 74] + 

C H 2 . ~  

I 
CH2-O--C--R 

If 
o 

[RCO+ 128] + 

O + , H~c-o~ 
R-C--O-HC x )C--CH=CH 2 

H2C--O 
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~H2 

II 

o r  

o 
II 

R--C--O--~H2 + 

~ r i - - o ~  . . . . .  H 
CH2_O ~u-~n-~ 2 

Scheme 2. 

R2COOCH2] + peak usually is significantly 
smaller than [ M -  RICOOCH2] + peak. The 
presence of the glycerol skeleton, to which each 
fatty acid was bound directly, was demon- 
strated by the two sets of  peaks corresponding 
to [RI ,2CO + 74] + and [R1,2CO + 128] § 
aside from [CH3CO + 74] + (m/e 117) and 
[CH3CO + 128] + (m/e 171)(Scheme 2 ) (10) .  
The principal ion fragments of ten MADG are 
listed in Table I. 

The mass spectrum obtained from the peak 
2 in Figure 2 is illustrated in Figure 3. The 
component was identified as 1-palmitoyl-2-ole- 
oyl-3-acetyl-glycerol. Table II shows the molec- 
ular species of MADG obtained from ovoleci- 
thin. 

It is known that acetolysis of glycerophos- 
pholipids can be carried out without any 
appreciable intermolecular exchange of fatty 
acids (6). The formation of 2-acetyl-l,3-diglyc- 
erides was not detected in this experiment. 
Consequently, the intact molecular species of 
glycerophospholipids are supposed to be the 
same as those of MADG obtained by the 
present procedure. The results shown in Table 
II agreed with the findings in the experiments 
using phospholipase A, which indicated that 
more than 98% of the fatty acids bound in the 
2 position were unsaturated acids (11). 
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Plasma Cholesterol Levels in Suckling and 
Weaned Calves, Lambs, Pigs, and Colts 
K.K. CARROLL 1 and R.M.G. HAMILTON, 2 Department of Biochemistry, 
University of Western OntariO, London, Ontario, N6A 3K7, and G.K. MACLEOD, 
Department of Animal and Poultry Science, Ontario Agricultural College, 
University of Guelph, Guelph, Ontario, N1G 2W1, Canada 

ABSTRACT 

Plasma cholesterol levels were deter- 
mined in calves, lambs, and pigs at inter- 
vals from birth until  after weaning. In 
each case the levels were low at birth, 
became elevated during the suckling peri- 
od, and decreased as the animals began to 
eat solid feed. Results with calves fed 
skim milk indicated that milk lipids were 
largely responsible for the post-partum 
elevation of plasma cholesterol levels. 
Studies with early and late weaned pigs 
also indicated that the elevation of plas- 
ma cholesterol in suckling animals was 
related to diet rather than age. Sex and 
breed had no apparent effect on plasma 
cholesterol levels in these experiments. A 
limited number of observations in colts 
indicated that plasma cholesteroI levels 
decreased between 2 and 7 months. 

from New Guinea showed a gradual decrease 
after one year of age. 

Because of the observed difference between 
humans and other animal species and because 
the factors that influence blood cholesterol 
levels are still poorly understood, the present 
experiments were carried out to obtain further 
information on changes in plasma cholesterols 
of different species during the early postnatal 
period. Two species of ruminants (sheep and 
cattle) and two species of nonruminants  (swine 
and horses) were included in these studies. In 
addition to measuring plasma cholesterols of 
animals under regular management, an experi- 
ment was performed to compare the effects of 
whole and skim milk in neonatal calves, and 
another experiment was carried out to a s s e s s  

the effects of early and late weaning in pigs, A 
preliminary report of some aspects of this work 
has been presented (21). 

INTRODUCTION 

It is well known that serum cholesterol levels 
in humans are low at birth and increase quite 
rapidly during the first few weeks of life (1-3). 
This appears to be an effect of diet, since the 
increase largely can be prevented by feeding 
milk substitutes (3-6). Studies on cattle likewise 
have shown a marked increase in serum choles- 
terol during the early postnatal period (7-10). 
Hypercholesterolemia also has been observed in 
suckling rats and rabbits (7,11-15) and has been 
attributed to the cholesterol (12) and to the 
high fat content  (14) of milk. 

The level of serum cholesterol decreases 
rapidly in rats and rabbits after weaning 
(7,11-15) and a more gradual decrease has been 
observed in calves (7,10). By contrast, elevated 
serum cholesterol levels are maintained in 
humans through childhood, adolescence, and 
into adult life (16-19). This pattern is not 
universal, however, since Whyte and Yee (20) 
found that serum cholesterol levels in children 

1Medical research associate of the Medical Council 
of Canada. 

2Recipient of a Medical Research Council of Can- 
ada Studentship. Present address: Animal Research 
Institute, Agriculture Canada, Ottawa, Ontario K1A 
0C6. 

EXPERIMENTAL PROCEDURES 

The calves, lambs, pigs, and colts used for 
these experiments were from herds maintained 
by the University of Guelph. 

Calves- Whole milk-fed: Male or female Hol- 
stein calves were nursed by their respective 
dams unti l  seven days of age, at which time 
they were transferred to a pail-feeding program 
of whole milk. The consumption of whole milk 
was limited to 2.7 kg/day. After 10 days of age 
the calves had access to pelleted calf starter 
(containing 20% crude protein and 2.5% crude 
fat; obtained f r o m  Master Feeds Division, 
Maple Leaf Mills, Ltd., Toronto) and good 
quality hay. The calves were weaned from milk 
at 35 days of age. 

Skim milk-fed: Male Holstein calves received 
colostrum from their dams for the first two 
days after birth, then 50% skim and 50% whole 
milk for the next  two days and skim milk alone 
from the fifth day unti l  weaning from milk at 
35 days of age. The skim milk was reconsti- 
tuted by adding 11 parts of water to 1 part of 
skim milk powder. Calf starter and forage were 
offered as above. 

Lambs: Male and female lambs (Suffolk or 
Southdown x Suffolk) were suckled by their 
respective ewes and had access to the adults' 
feed during this period. Castration of the males 
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FIG. 1A. Plasma cholesterol levels in six female 
Holstein calves weaned at 35 days of age. Each point 
represents mean • SEM of 4-6 determinations. 
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FIG. 2. Plasma cholesterol levels in six lambs (3 

males, 3 females) weaned at 45 days of age. Choles- 
terol levels obtained on the day of birth from a 
separate group of eight lambs (2 males, 6 females) also 
are shown. Mean • SEM. 

and docking of the lambs was performed at 
10-14 days of age. All lambs were weaned from 
their respective dams at 45 days of age. 

Pigs-Regular management: Male and female 
Yorkshire pigs were nursed by their respective 
sows until they were weaned at 35 days of age. 
After 7 days the young pigs had access to pig 
starter containing 20% crude protein, derived 
from corn, soybean meal, and fish meal. 

Special management: Male and female pigs 
from two breeds, Yorkshire and Lacombe, were 
suckled by their respective sows but received no 
pig starter during the suckling period. One 
group, 12 pigs from each breed, was early 
weaned at 21 days, while another group of the 
same number was late weaned at 35 days of 
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FIG. lB. Plasma cholesterol levels in five male 
Holstein calves fed whole milk ( -) and six males 
receiving skim milk (----). The transfer to skim milk 
was made gradually between 2 and 5 days oLage. 
Mean _+ SEM. 

age. 
Irrespective of  management, all pigs received 

injectable iron and male pigs were castrated at 
ca. 3 weeks of age. 

Colts: Colts from both light and heavy 
breeds were raised by their respective mares and 
had access to the adults' feed during the 
suckling period. 

Chemical analyses: Blood samples were 
taken from the jugular vein of calves, lambs, 
and colts, from the eye socket of new born 
pigs, and from the vena cava of older pigs. 
Ethylenediaminetetraacetate (EDTA) was used 
as anticoagulant. Plasma obtained by centrifu- 
gation was stored frozen until the analyses were 
performed. Total and free cholesterol were 
measured by the method of  Sperry and Webb 
(22). The same method was used to determine 
the total cholesterol of  colostrum, whole milk, 
and skim milk. The total lipid content  of  these 
samples was determined by the method of the 
Association of  Official Agricultural Chemists 
(23). 

RESULTS 
Calves: The plasma cholesterol in female 

calves was lowest at birth, showed a rapid 
increase during the first 14 days postpartum, 
and then leveled off during the next 3 weeks. 
After weaning, the cholesterol level decreased 
rapidly to about one-half of the peak level (Fig. 
1A). 

Another experiment was conducted to assess 
the effects of the lipid and nonlipid compo- 
nents of  milk. The results are shown in Figure 
lB. 

The pattern with male calves fed whole milk 
was similar to that observed earlier with female 
calves. With calves fed skim milk, the choles- 
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A 
15c terol levels also increased for the first 10 days 

postpartum, probably because these calves re- 
ceived colostrum and some whole milk until 5 
days of age. After 10 days there was a rapid 
decrease, and the plasma cholesterols remained 
significantly lower than in the whole milk-fed 
animals (P<0.05) until the calves were weaned. 
After weaning the levels converged so that there 
was no significant difference between the whole 
and skim milk-fed calves at 42 and 49 days of 
age. In all of these experiments with calves, the 
level of free cholesterol followed the same 
trend as the total cholesterol. 

Lambs: A group of 3 male and 3 female 
lambs was used for these studies and blood 
samples were taken at intervals from 3 to 67 
days of age. Since there was no apparent sex 
difference in plasma cholesterol levels, the 
results for both males and females are com- 
bined in Figure 2. From 3 to 30 days the 
plasma total cholesterol remained fairly con- 
stant and then decreased between 30 and 53 
days of age. Plasma free cholesterol also de- 
creased over this period of time. After 53 days 
of age, the levels of free and total cholesterol 
remained fairly constant and were similar to 
values obtained with four other lambs a t  6 
months of age. 

Blood samples were subsequently obtained 
from a group of 8 lambs (6 females, 2 males) on 
the day of birth. As shown in Figure 2, the 
levels of total cholesterol at birth tended to be 
lower than those observed in 3 day old lambs, 
while the free cholesterol was, if anything, 
higher at birth. 

l~g,s: Figure 3A shows the plasma cholesterol 
levels in 6 male and 5 female Yorkshire pigs 
from four different litters. All pigs were weaned 
at 36 days and had access to pig starter after 7 
days of age. Since there were only minor 
differences in the cholesterol levels of the male 
and female pigs, the data were pooled. The 
total and free cholesterol levels shown for the 
day of birth were obtained at a later date for a 
different group of 10 pigs (7 females, 3 males). 

The total plasma cholesterol at birth aver- 
aged 50 mg/100 ml compared to 135 rag/100 
ml at 3 days of  age. From 3 to t4 days of age, 
there appeared to be no change, but after 14 
days the level decreased continuously until 42 
days of age. The plasma free cholesterol fol- 
lowed the same general trend as the total 
cholesterol. 

Since these pigs received pelleted pig starter 
during the suckling period, the decrease in 
plasma cholesterol levels after 14 days of age 
may have been due to an increased intake of 
solid feed and a decreased consumption of 
sow's milk. Therefore, another experiment was 
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FIG. 3A. Plasma cholesterol levels in six male and 
five female Yorkshire pigs which had access to pig 
starter after 7 days and were weaned at 36 days of age. 
Cholesterol levels shown for the day of birth are from 
a separate group of l0 pigs (3 males, 7 females). Mean 
_+ SEM. 

conducted in which the pigs received no pig 
starter during the suckling period and were 
either early weaned at 21 days or late weaned 
at 35 days of age. Sex and breed had no 
apparent effect on plasma cholesterol levels, so 
the results from both males and females of the 
two different breeds.were combined for presen- 
tation in Figure 3B. In this experiment,  the 
plasma cholesterol remained elevated in each 
group until the animals were weaned and then 
decreased rapidly. This indicates that the de- 
crease observed prior to weaning in the first 
experiment (Fig. 3A) was related to consump- 
tion of pig starter. 

Colts: Plasma cholesterol levels in three or 
four colts from both sexes are shown in Figure 
4. The data are rather incomplete, since it was 
difficult to get blood samples from colts of 
known ages, but the results indicate a continu- 
ous decrease in total cholesterol between 2 and 
7 months of age. Plasma free cholesterol also 
decreased during this period. The age at 
weaning was not standardized as in the experi- 
ments with other species, but generally oc- 
curred when the colts were 3-5 months old. 
These colts had access to the adults' feed during 
the suckling period. 

Milk lipids: The milk fat and cholesterol 
content of representative samples of colostrum 
and whole milk from cows, ewes, and sows and 
of skim milk from cows are given in Table I. 
The colostrum was characterized by a high 
cholesterol and total lipid content,  except for 
sows. Whole milk from ewes and sows has a 
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FIG. 3B. Plasma cholesterol levels in groups of 24 

pigs which had no access to pig starter during the 
suckling period and were weaned either at 21 or 35 
days of age. Each group contained six male and six 
female pigs from each of two breeds, Yorkshire and 
Lacombe. Mean �9 SEM. 

h igher  to ta l  l ip id  and  choles te ro l  c o n t e n t  t h a n  
cow's  milk. The skim milk had  a low l ipid 
con t en t .  

DI SC USSI ON 

The resul ts  o f  these e x p e r i m e n t s  w i th  y o u n g  
calves, l ambs ,  and  pigs s h o w e d  changes  in levels 
of  p lasma cho les t e ro l  s imilar  to  those  observed  
previously  in cat t le ,  rats,  and  rabb i t s  (6-15).  
The  values were low at  b i r th ,  increased dur ing  
the  i m m e d i a t e  pos tna t a l  pe r iod  and  t h e n  de- 
creased again as the  animals  were weaned  (Figs. 

70 

1-3). Our  values for  y o u n g  calves at  b i r t h  and  
dur ing  the  ear ly suckl ing per iod  agree w i th  
those  r epo r t ed  in earl ier  s tudies  (7-10) ,  bu t  in 
our  e x p e r i m e n t s  the  levels decreased more  
quick ly  af te r  wean ing  (Fig. 1 ). 

Our  resul ts  are also in general  ag reement  
w i th  o the r  r ecen t  s tudies  on  calves, lambs ,  and  
pigs. Wiggers e t  al. (24)  measured  p lasma 
choles te ro l  levels in  calves over  a 24-week 
period,  beg inn ing  at  4 days of  age. The  levels 
rose more  or  less c o n t i n u o u s l y  when  the  diet  
cons i s ted  of  whole  milk fo r  the  en t i re  per iod ,  
and  cons iderab ly  h igher  levels were observed 
when  the  mi lk  was s u p p l e m e n t e d  wi th  choles-  
terol.  Calves weaned  f rom mi lk  to  grain at  4 
weeks of  age s h o w e d  a decrease  in p lasma 
choles te ro l  and  the  levels r e m a i n e d  low on the  
grain diet .  In  a n o t h e r  r ecen t  s tudy,  T u m b l e s o n  
and  H u t c h e s o n  (25)  measu red  se rum choles-  
terol  levels in  female  dairy ca t t le  ranging  f rom 1 
m o n t h  to  16 years  of  age. They  r epo r t ed  a 
gradual  increase  up  to  3 years  and  a decrease 
thereaf te r .  I t  is n o t  possible  to  deduce  f rom 
the i r  resul ts  w h e t h e r  wean ing  h a d  any  effect ,  
since a single value  is given for  all ca t t le  less 
t h a n  6 m o n t h s  of  age. 

Nob le  et  al. (26)  inves t iga ted  changes  in 
p la sma  lipids of  l ambs  dur ing  the  first  8 days 
a f te r  bir th.  They  observed  large increases  in the  
cho les te ry l  ester ,  t r iglycer ide,  and  p h o s p h o l i p i d  
f rac t ions  w h e n  the  Iambs  were suckled  nor-  
really b u t  n o t  when  t hey  were raised on a diet  
o f  r e c o n s t i t u t e d  low fat  dr ied mi lk  powder .  The 
rise in  p lasma l ipids in  l ambs  suckled  by  ewes 
was a t t r i b u t e d  to  the  h igh  i n t a k e  of  fat  pro- 
v ided  by  the c o l o s t r u m  and  the  milk.  

P o n d  et  al. (27)  f o u n d  t h a t  se rum choles-  
terols  decreased soon  a f te r  wean ing  in b o t h  
c o n v e n t i o n a l  and  min ia tu re  pigs. The earliest  
samples  in  the i r  s tudy  were t a k e n  at  3-5 days o f  
age, so t h a t  they  did n o t  observe the  low levels 
f o u n d  on  the  day of  b i r t h  in  ou r  e x p e r i m e n t s  

TABLE I 

Lipid and Cholesterol Content of 
Colostrum and Milk from Cows, Ewes, and Sows 

Total 
No. of Total lipid, cholesterol, 

Species Type of milk samples g/100 ml rag/100 mt 

Cow Colostrum 10 8.3 + 0.9 a 71 -+ 11 a 
Whole milk 14 3.5 +- 0.2 13 + 1 
Skim milk 5 0.1 -+ 0.02 3 -+ 0.1 

Ewe Colostrum 3 10.3b 88 b 
Whole milk 6 7.4 + 0.5 24 + 3.4 

Sow Colostrum 4 4.0 + 0.1 93 -+ 29 
Whole milk 6 8.2 -+ 1.0 42 + 3 

aMean + SEM. 
bRanges (9.5-11.9) and (73-109), respectively. 
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(Fig. 3A). 
From our studies it appeared that the 

changes in plasma cholesterol levels in young 
animals were related to diet rather than age. In 
calves, the plasma cholesterol remained high 
until  they were weaned at 35 days of age (Fig. 
1), and in the early and late weaned pigs having 
no access to pig starter prior to weaning, the 
decrease in plasma cholesterol occurred just 
after weaning in each case (Fig. 3B). On the 
other hand, in lambs (Fig. 2), and in pigs which 
had access to pig starter from 7 days of age 
(Fig. 3A), the plasma cholesterols began to 
drop before the animals were weaned. In these 
cases, the process of weaning probably began 
before the animals actually were separated from 
their mothers. Although the calves had access 
to calf starter and hay from 10 days of age, 
they probably consumed very little of these 
until  they were weaned from milk. Unlike the 
lambs and pigs, which were suckled by their 
mothers, the calves were on a pail feeding 
program after 7 days of age and, thus, were 
assured of an adequate milk supply. Further- 
more, calves grow more slowly than lambs or 
pigs at this stage and, therefore, have relatively 
less need to supplement their diet with solid 
feed to meet increasing nutrient  requirements. 

The results of the experiment in which skim 
milk was fed indicated that milk lipid was an 
important factor in the development of hyper- 
cholesterolemia in suckling calves (Fig. 1B). 
This agrees with conclusions reached by earlier 
workers in studies with calves (7,10), lambs 
(26), rabbits (12), and rats (14). The lipid 
content of milk also appears to be an important 
factor in the postnatal increase of serum cho- 
lesterol levels in humans (4,5,28-30). It seems 
probable that the high cholesterol and lipid 
content of colostrum (Table I) accounts for the 
rapid elevation of plasma cholesterol in calves, 
lambs, and pigs during the first few days of life. 

Our analyses of the total lipid and choIes- 
terol content of colostrum and milk from cows, 
ewes, and sows (Table I) gave results that agree 
reasonably well with values reported in other 
literature (31-38). In general the levels of 
cholesterol and total lipid are considerably 
higher in colostrum than in milk. The one 
exception to this was sow's milk, which was 
found to have a higher total lipid content than 
colostrum, both in our experiments and in 
reports from other laboratories (32,37). Deuel 
(35) quotes the relatively high value of 145 
rag/100 ml for cholesterol in sow's milk; but 
our analyses, carried out on the same samples 
used for determination of total tipids, gave an 
average value of only 42 rag/100 ml compared 
to 93 mg/100 ml for colostrum (Table I). 
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FIG. 4. Plasma cholesterol levels in colts from 57 

to 250 days of age. Each bar represents the mean 
cholesterol level in 2-4 colts. 

Our studies with colts were less complete 
than those with the other three species, and no 
samples were obtained before 2 months of age. 
From then unti l  7-8 months of age, there was a 
gradual decrease in the level of plasma choles- 
terol (Fig. 4). There was no apparent change in 
the downward trend that might be correlated 
with weaning; but the weaning process may 
have been gradual, since the colts had access to 
the adults' feed and since milk production by 
mares commonly falls off significantly after ca. 
8 weeks of lactation. Fonnesbeck and Symons 
(39) found plasma cholesterol levels of 57-87 
mg/100 ml in adult Standardbred geldings, 
depending upon the type of forage or forage- 
grain diet fed. 
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Changes in Liver Lipid Composition of Male Rats Fed 
Rapeseed Oil Diets 1 ,2 

J.K.G. KRAMER, Animal Research Institute, Research Branch, Agriculture 
Canada, Ottawa, Ontario, Canada, K1A 0C6 

A B S T R A C T  

Studies are reported on the effect of 
feeding diets containing rapeseed oils 
differing in their erucic acid content  to 
male weanling rats for 16 weeks. Rape- 
seed oil high in erucic acid depressed 
growth. Total lipids, lipid phosphorous 
and cholesterol, in the livers were not  
significantly different between the experi- 
mental groups. The fatty acid composi- 
tion of the total liver lipids, the neutral 
l ip ids ,  phosphatidylethanolamine and 
p hosphatidylcholine are documented.  
Erucic and eicosenoic acids were found in 
all lipid classes at the same relative 
concentration; the amount  being incorpo- 
rated was proport ional  to that  found in 
the dietary oil. The positional analysis of 
phosphatidylethanolamine and phospha- 
tidylcholine are presented. Erucic acid 
was incorporated preferentially at posi- 
tion two of these phospholipids, whereas, 
twice the level of eicosenoic acid was 
found at position one, compared to that 
which occurred at the two position. 

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

Several investigations have been reported on 
the effect of dietary rapeseed oils on the fatty 
acid composition of different tissues of the rat 
(1-10). The comparative effect of rapeseed oils 
containing high or low levels of erucic (cis-13- 
docosenoic) acid (22:1)  was studied (5,7-10). 
Although data are available for to ta l  compo- 
sition of tissue ripids within the f~rst week 
of feeding rapeseed oils (6-9) and after long 
term feeding experiments (10), l i t t le is known 
about the fat ty acid composit ion of particular 
lipid classes (11,12). 

It has been established that  feeding rapeseed 
oil, high in 22:1 concentration, causes severe 
fat accumulation in heart, adrenal, and skeletal 
muscle within the first week of feeding. This 
fat ty infiltration gradually disappears after rats 

1This article represents part of an extensive experi- 
ment carried out by Agriculture Canada to investigate 
the nutritional value of rapeseed oils (see ref. 15). 

2Contribution No. 497 from the Animal Research 
Institute. 

are kept  several months on these diets (13). The 
early cardiac fat accumulation is due mainly to 
an increase in the concentration of triglycerides 
and free fatty acids, while the phospholipid and 
cholesterol concentrations remain constant (7, 
9,14). The concentration of 22:1 was shown to 
be much lower in the total  phospholipids than 
in the neutral lipids of the heart (1,9), adrenal 
(2), and liver (1,3,11,12); in fact no 22:1 was 
detected in the phospholipids of the liver in 
long term feeding trials. 

In this study male weanling rats were fed for 
16 weeks various rapeseed oils which differed in 
their 22:1 concentration.  The livers were ana- 
lyzed for their total  fat ty acid composit ion and 
for the fat ty acid composit ion of  several major 
lipid classes: neutral lipids, phosphatidyletha- 
nolamine (PE), and phosphatidylcholine (PC). 
In addi t ion the posit ional distr ibution of fat ty  
acids in PE and PC was determined. 

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

Male Sprague-Dawley rats, three weeks old, 
obtained from Bio-Breeding, Ottawa, Ontario, 
were selected randomly,  caged in pairs, and fed 
ad l ibi tum for 16 weeks. Five groups of four 
rats were fed a semisynthetic diet containing 
20% casein (vitamin free), 30% cornstarch, 20% 
sucrose, 1% vitamin mixture (15), 4% USP XIV 
salt mixture (30 ppm zinc), and 5% alfa floe. 
Diet one was supplemented with 5% lard and an 
additional 15% cornstarch; diet two with 20% 
corn oil; diet three with 20% Brassica napus var. 
Oro (Oro) processed by Cooperative Vegetable 
Off Ltd., Altona, Manitoba; diet four with 20% 
B. eampestris var. Span (Span) processed by 
Western Canada Processors, Lethbridge, Al- 
berta; diet five with 20% rapeseed oil, which is 
obtained from a seed mixture of B. campestris 
var. Echo (15%) and Arlo (85%) (processed by 
the lat ter  plant). Hereafter, this mixture will be 
referred to as RSO. After 16 weeks on the 
diets, the rats were killed by stunning followed 
by exsanguination. The rivers were removed im- 
mediately;  washed in ice-cold saline, and homog- 
enized in distilled water using a Potter-Elvehjem 
homogenizer. Total lipids were extracted twice, 
according to the procedure of Bligh and Dyer 
(16). 

Lipids were transestefified by refluxing with 
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T A B L E  I 

Fa t t y  Ac id  C o m p o s i t i o n  of  Die ta ry  Oils a 

Mole % 

F a t t y  b 
ac id  L a r d  Corn  Oro Span RSO 

14 :0  
16 :0  
16:1 
18 :0  
18:1 
18:2  
18:3  
20:1 
20 :2  
22 :0  
22:1 
22 :2  
24 :0  
24:1 

Model 420) equipped with a flame ionization 
detector. A 200 by 4 mm glass column packed 
with 5% butanediol succinate on 80/100 mesh 
Chromosorb G (high performance) was used 
isothermally at 200 C. Nitrogen was the carrier 
gas at a rate of 60 ml/min. Peaks were 
identified by comparison with authentic stan- 

2.0 trace 0.1 0.1 0.1 dards (Nu Chek Prep, Elysian, Minn.) and by 
28.4  10.9 5.0 4.0 4.0 

2.8 0.1 0.3 0.3 0.3 the equivalent chain length technique, quanti- 
18.0 1.7 2.5 1.7 1.7 tated by use of a digital integrator (Infotronic 
38.1 24.3 62.2 55.9 36.2 208E), and expressed as mole per cent. Analysis 
7.9 61.1 18.9 20.0 15.1 of variance was performed on all data, and 
0.4 0.9 6.7 8.3 5.9 
0.8 0.2 1.9 3.9 12.3 significant differences at the 1% level (P < 
0.4 trace 0.1 0.5 0.5 0.01) were determined using Duncan's Multiple 
_c 0.1 0.3 0.4 0.4 Range test. Free and esterified cholesterol (20) 

~ 1.6 4.3 22.3 and total phosphorous (21 ) were determined by 
- -  - -  t race  0.3 0.1 
-- 0.2 0.3 0.3 1.0 standard procedures. 
. . . .  t race 

aOro  = Brassica napus va t .  Oro ;  Span = B. 
campestris var .  Span;  RSO = mix tu r e  o f  B. campestris 
var. Echo  a n d  Arlo.  

b N u m b e r  o f  ca rbon  a t o m s ;  n u m b e r  o f  double  
bonds .  

CNo de tec tab le  a m o u n t s  o f  f a t t y  acids were  ob- 
serve d. 

5% (w/w) dry HCI gas in anhydrous methanol 
for 45 rain (17), and the methyl esters purified 
by thin layer chromatography (TLC). Lipid 
classes were separated by TLC by means of a 
two step development procedure (18) to obtain 
neutral lipids, PE and PC. Bands were visualized 
under UV light after the chromatograms were 
sprayed with Rhodamine B. 

PE and PC were hydrolyzed enzymatically 
using snake venom from king cobra (Ophio- 
phagus hannah) (Sigma Chemical Co., St. Louis, 
Mo.) according to Weber et al. (19). The 
products resulting from phospholipase A hy- 
d r o l y s i s  were  isolated by TLC using 
CHCI3:CH3OH:H20 (65:25:4) as developing 
solvent. 

Free acid methyl esters were analyzed using 
a gas liquid chromatograph (GLC) (Packard 

RESULTS 

The fatty acid composition of the dietary 
oils is given in Table I. Characteristic low levels 
of saturated fatty acids were found in all oils; 
corn oil, however, contained slightly higher 
levels of palmitic acid (16: 0). A high concentra- 
tion of monoenoic acids, oleic (18:1), eico- 
senoic (20: 1), and erucic (22: 1), was common 
to all rapeseed oils. RSO, Span, and Oro 
contained decreasing amounts of 20:1 and 
22:1, due mostly to a substitution of 18:1. 
Linoleic acid (18:2) was the major fatty acid in 
corn oil (57.9%), and it occurred at 15-20% in 
the rapeseed oils. Linolenic acid (18:3) was 
found in appreciable amounts (6-8%) in all the 
rapeseed oils. 

Body wt gains of male rats fed diets contain- 
ing RSO or lard were lower compared to rats 
fed corn, Oro, or Span oil diets (Table II). 
Previously it has been reported from this 
laboratory that a significant increase in hepatic 
fat occurred in rats fed RSO or Span for two 
weeks (15). The total lipid, lipid phosphorous, 
and cholesterol content/g of liver was not  
significantly different between the treatments 

T A B L E  II  

Weight Gain,  Liver  Weights,  To ta l  Liver  Lipids,  Choles tero l  and  P h o s p h o r o u s  a 

Diet  

Weigh t Liver  Tota l  Tota l  Tota l  
gain we t  weight  lipids p h o s p h o r o u s  choles te ro l  

g g m g / g  liver m g / g  liver m g / g  liver 

L a r d  4 0 6 . 7 _ + 1 1 . 6  b 1 5 . 4 - + 0 . 7  31 . 6 -+3 .1  0 . 6 0 + 0 . 0 4  1 . 5 - + 0 . 3  
Corn  443 .3  + 18.1 12.7 -+ 1.0 51.0 -+ 5.5 0 .78  -+ 0 .05  2.6 -+ 0.7 
Oro 434 .5  -+ 18.2 12.1 -+ 1.2 37 .4  -+ 2.2 0 .73  + 0 .02  1.8 +- 0.2 
Span  433 .9  -+ 11.7 15.3 -+ 1.0 41 .6  -+ 4.3 0.65 -+ 0 .05  1.9 -+ 0.2 
RSO 406 .5  -+ 6.9 14.3 -+ 0.7 38.2 -+ 4.9 0 .75  -+ 0 .03  1.4 -+ 0.1 

aOro  = Brassica napus var .  Oro;  Span = B. campestris var.  Span;  RSO = m i x t u r e  of  B. 
campestris var .  Echo  a nd  Arlo .  

bMean -+ s t a n d a r d  e r ror  o f  the m e a n  o f  four  rats .  
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TABLE III 

Fatty Acid Composition of Total Liver Lipids from Male Rats 
16 Weeks on Experimental Diets a 

643  

Diet 
Fatty b 
acid Lard Corn Oro Span RSO SEM 

14:0 1.1 If  0.42 0.32 0.52 0.81,2 
16:0 29.51 25.31, 2 19.42,3 15.43 19.32'3 
16:1 7,9 1.01 1.71 2.41 3.21 
18:0 13.21,2 10.61, 2 16.31 7.72 11-21'2 
18:1 31,'72 t 6.8 34.22 44.51 35.61,2 
1 8 : 2  5.8 31.5 13.91 14.21 11.71 
18:3 trace 2 0.32 1.61 2.31 1.81 
20:1 0.42 0.62 1.11,2 1.81 3.5 
20:2 0.71, 2 0.91 0.32 0.52 0.32 
20:4 6.71 8.41 7.51 7.21 7 .21 
22:1 ~ g  w 0.11 0.41 1.7 
22:6 0.82 0.72 1.41,2 0.91,2 1.71 
24:0 0.41,2 0.81 trace 2 0.12 trace2 

Minor S c 1.1 1.8 1.3 1.3 1.3 
Minor pd 0.7 1.0 0.9 0.7 0.8 

% S 45.3 38.9 37.3 25.0 32.6 
% M 40.0 18.4 37.1 49.1 44.0 
% P 14.7 42.8 25.6 25.8 23.5 

S/U e 0.83 0.64 0.59 0.33 0.48 

0.1 
1.3 
0.6 
1.8 
2.1 
0.8 
0.2 
0.2 

0.08 
0.7 

0.05 
0.2 
0.1 

aOro = Brassica napus  var. Oro; Span = B. carnpestr is  var. Span; RSO ~ mixture of B. 
campes t r i s  var. Echo and Arlo. 

bFatty acid composition is expressed as molar % of total acids; fatty acids are designated 
by number of carbon atoms: number of double bonds. S = saturated fatty acids, M = 
monounsaturated fatty acids, P = polyunsaturated fatty acids, U -- unsaturated fatty acids. 

CMole % of all trace amounts of saturated fatty acids: 15:0, 17:0 and 20:0. 
dMole % of all trace amounts of polyunsaturated fatty acids: 20: 3, 20: 5, 22:4 and 22:5. 
eRatio of total molar % saturated fatty acids to total molar % unsaturated fatty acids. 
fAnalysis of variance was calculated for each set of methyl esters. The mean of four rats 

on each diet and the pooled standard error of the mean (SEM) are given. Identical super- 
script numbers indicate no significant difference at the 1% level using Duncan's Multiple 
Range test. 

gNo detectable amounts of fatty acid were observed. 

a f t e r  the ra ts  were m a i n t a i n e d  on these  diets  for  
16 weeks (Table  II). 

The  to ta l  f a t t y  acid c o m p o s i t i o n  of  the  l iver 
lipids of  male  ra ts  fed the  e x p e r i m e n t a l  diets  
for  16 weeks are p r e sen t ed  in Table  III .  The  
c o m p o s i t i o n  of  neu t r a l  l ipids,  PE and  PC, 
i sola ted f r o m  the  to ta l  hepa t i c  l ipids by  TLC, 
are p re sen ted  in Tables  IV, V, and  VI, respec- 
tively. 

Erucic  acid was i n c o r p o r a t e d  i n t o  the  t iver 
lipids of  ra ts  m a i n t a i n e d  on  diets  c o n t a i n i n g  
rapeseed  oils: Oro at 0.1%, Span at 0.4%, and  
RSO at 1.7%. Surpr is ingly the  c o n c e n t r a t i o n  of  
22:1  was f o u n d  to  be the  same in b o t h  the  
neu t r a l  l ipids and  phospho l ip id s  (PE and  PC), 
con t r a ry  to  earl ier  r epor t s  t h a t  22:1 was f o u n d  
only  in the  neu t ra l  l ipid f r ac t ion  of  the  liver 
l ipids (1 ,3 ,12) .  The  c o n c e n t r a t i o n  of 22 :1  in 
the  liver l ipids was p r o p o r t i o n a l  to  i ts concen-  
t r a t i on  in the  die tary  rapeseed  oils b u t  at  a 
m u c h  lower  c o n c e n t r a t i o n .  

A l t h o u g h  e icosenoic  acid was f o u n d  in the  
l iver l ipids of  the  con t ro l  groups ( lard 0.2-0.4%, 
co rn  0.4-0.6%),  m u c h  h igher  c o n c e n t r a t i o n s  
were p resen t  in ra ts  fed  the  rapeseed  oils. The  
c o n c e n t r a t i o n  of  20:1 appea red  to  be  re la ted  to  
the  d ie ta ry  in take ,  a l t h o u g h  the  c o n t r i b u t i o n  
f rom /3-oxidation of  22:1  and  cha in  e longa t ion  
of  18:1 c a n n o t  be e l imina ted .  In  ra ts  fed RSO, 
for  example ,  the  20:1  c o n t e n t  in  all l ipid classes 
(3 .3-3.5%) was greater  t h a n  the  22 :1  c o n t e n t  
(1.1-1.7%),  even t h o u g h  the  c o m p o s i t i o n  of  the  
d ie ta ry  RSO s h o w e d  the  oppos i te  re la t ionsh ip  
(12.3%, 20:  1; 22.3%, 22:1) .  The  c o n c e n t r a t i o n  
of  20:1  was iden t ica l  in  the  neu t r a l  l ipids and  
phospho l ip ids  of  the  liver. 

Oleic acid was the  ma jo r  d ie ta ry  f a t t y  acid in 
all e x p e r i m e n t a l  groups ,  e x c e p t  those  fed co rn  
oil; a c o r r e s p o n d i n g  increase  in the  concen t r a -  
t ion  of  18:1 in all l ip id  class c o m p o s i t i o n s  was 
observed,  in  par t i cu la r  t h a t  of  the  neu t r a l  lipids. 
The  c o n c e n t r a t i o n  of  18:1 in the  neu t r a l  l ipid 
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TABLE IV 

Fat ty Acid Composi t ion of  Neutral Lipids f rom Male Rat Livers 
16 Weeks on Experimental  Diets a 

Diet 
Fatty 
acid Lard Corn Oro Span RSO SEM 

14:0 1.6 0.51 0.81 0.71 1.01 
16:0 35.2 24.61 19.51,2 13.32 18. 51, 2 
16:1 9.1 1.02 2.61,2 3.11 3.81 
18:0  2.71 1.91 2.81 1.41 1.61 
18:1 46.0 23.5 56.01 57.81 54.51 
18:2 3.9 42.6 14.31 16.41 11.4 
18:3 trace 2 0.22 1.51 2.9 2.01 
20:1 0.32 0.42 0.91,2 1.51 3.5 
20:2 0.11 0.5 0.11 0.21 0.21 
20:4 0.41 2.5 0.61 1.01 0.61 
22:1 - -  - -  0.11 0.31 1.7 
22:6 trace 1 0.11 0.11 trace l 
24:0 tr~ce I 0.3 - -  trace 1 _ 

Minor S 0.7 1.1 0.7 1.1 0,9 
Minor P - -  0.8 0.3 0.1 0.2 

% S 40.2 28.4 23.8 16.5 22.0 
% M 55.2 24.9 59.6 62.7 63.5 
% P 4.4 46.6 16.9 20.7 14.4 

S/U 0.67 0.40 0.31 0.20 0.28 

0.1 
1.4 
0.4 
0.5 
1.0 
0.5 
0.2 
0.2 

0.05 
0.1 

0.07 
0.03 
0.02 

aSee Table III Footnotes .  

f r a c t i o n  o f  r a t s  f e d  l a rd  was  46%,  w h e r e a s  r a t s  
m a i n t a i n e d  o n  d i e t s  c o n t a i n i n g  Oro ,  S p a n ,  o r  
R S O  h a d  h i g h e r  levels  o f  18:1  w h i c h  we re  
r e m a r k a b l y  s im i l a r  to  e a c h  o t h e r  ( T a b l e  IV) .  
T h e  l a t t e r  o b s e r v a t i o n  r e f l e c t e d  t h e  s i m i l a r i t y  
o f  t h e  m o n o e n o i c  ac id  c o m p o s i t i o n  o f  Oro ,  
S p a n ,  a n d  R S O ,  a n d  was ,  n o  d o u b t ,  a c o n s e -  

q u e n c e  o f  r a p i d  / 3 -ox ida t ion  o f  22 :1  a n d  2 0 : 1  
t o  18:1 T h e  18:1  level  o f  PC was  s l i g h t l y  
h i g h e r  in  t he  g r o u p s  f e d  r a p e s e e d  oils t h a n  in  
t h e  c o n t r o l  g r o u p s ,  w h e r e a s  in  PE t h e  level  o f  
18:1 was  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 ) .  A 
s i m i l a r i t y  in  t h e  level  o f  18 :1  was  o b s e r v e d  
b e t w e e n  t h e  t h r e e  r a p e s e e d  oil  f ed  g r o u p s ,  

TABLE V 

Fatty Acid Composi t ion of  Phosphat idyletha~olamine from Male Rat 
Livers 16 Weeks on Experimental  Diets a 

Diet 
Fat ty  
acid Lard Corn Oro Span RSO SEM 

14:0 0.11 0.11 0.21 0.21 0.3 
16:0 24.71 21.01,2 16.82,3 12.83 17.71,2,3 
16:1 1.51 0.52 0.52 0.81~2 0.81,2 
18:0 32.91 26.21 28.01 23.91 22.81 
18:1 11.12 8.72 16.01 20.0 16.11 
18:2 4.1 14.01 13.71 11.71 9.51 
18:3 ~ ~ 0.32 1.21 0.91,2 
20:1 0.31 0,51 1.01 2.0 3.3 
20:2 0.61 1,21 0.41 0.91 0.81 
20:4  16.91 20.01 15.41 17.71 17.51 
22:1 ~ ~ 0.31 0.51 1.1 
22:6 4.11 2.51 4.71 5.01 6.91 
24:0 1.31 2.51 . . . . .  

Minor S 1.2 1.3 1.3 1.6 1.1 
Minor P 1.2 1.4 1.6 1.6 1.3 

% S 60.2 51.1 46.3 38.5 41.9 
%M 12.9 9.7 17.8 23.3 21.3 
% P 26.9 39.1 36.1 38.1 36.9 

S/U 1.51 1.05 0.86 0.63 0.72 

0.03 
1.7 
0.2 
2.6 
0.9 
1.0 
0.2 
0.2 
0.3 
2.2 
0.1 
1.1 
0.4 

aSee Table III Footnotes .  
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TABLE VI 

Fatty Acid Composition of Phosphatidyicholine from Male Rat Livers 
16 Weeks on Experimental Diets a 

645 

Diet 
Fatty 
acid Lard Corn Oro Span RSO SEM 

14:0 0.31 0.31 0.21 0.21 0.21 
16:0 25.31, 2 30.71 21.02 20.22 21.02 
16:1 1.8 0.81 0.2 0.91 0.81 
18:0 33.71 26.11 25.51 24.11 22.61 
18:1 11.52 6.6 13.61,2 16.51 13.41'2 
18:2 6.22 11.61 13.01 9.71'2 9.91'2 
18:3 - -  trace 0.61 0.51 0.61 
20:1 0.21 0.51 1.1 2.1 3.5 
20:2 1.41 1.21 0.3 0.72 0.82 
20:4 15.91 18.61 19.31 19.91 20.91 
22:1 m - -  0.2 0.5 1.1 
22:6 1.51 0.91 2.51 -2.51 3-31 
24:0 0.71 0.81 0.12 trace 2 --  

Minor S 0.6 1.3 1.0 1.5 0.9 
Minor P 0.9 0.6 1.6 0.8 1.0 

% S 60.6 59.2 47.8 46.0 44.7 
% M 13.5 7.9 15.1 20.0 18.8 
% P 25.9 32.9 37.3 34.1 36.5 

S/U 1.54 1.45 0.91 0.85 0.81 

0.03 
1.6 
0.1 
2.5 
0.7 
0.9 
0.2 
0.1 
0.1 
2.6 
0.05 
0.6 
0.1 

aSee Table III Footnotes. 

although the Span group appeared to contain a 
slightly higher level than either the Oro or RSO 
fed groups. 

The relative concentration of 16:0 was 
influenced significantly by the different diets, 
while the concentration of 18:0 was not af- 
fected. A marked decrease in the concentration 
of 16:0 was observed in all lipid classes of all 
groups fed rapeseed oil compared to the groups 
fed corn oil or lard. The decrease was most 
pronounced with the group maintained on Span 
oil. The level of 18:0 was not significantly 
different between the experimental groups in 
either of the neutral lipids, PE or PC. 

The concentration of 18:2 in the neutral 
lipids was related directly to its concentration 
in the diet. The neutral lipids of the group fed a 
diet containing lard had the lowest level of 
18:2; the group fed the corn oil containing diet 
had the highest level, whereas the group fed the 
rapeseed oil(s) containing diets had interme- 
diate levels of 18:2 in the neutral lipids. The 
influence of dietary 18:2 on the phospholipid 
composition was much less dramatic. The con- 
centration of 18:2 was significantly lower only 
in the lard group; differences between the 
concentration of 18:2 in corn and rapeseed oils 
did not" give rise to significantly different levels 
of incorporation into the phosphotipids (Tables 
V and VI). 

Low levels of 18:3 were found in all lipid 
classes of rats fed diets containing rapeseed oils. 

Linolenic acid was incorporated into the neu- 
tral lipids (1.5-2.9%) and somewhat less into 
the phospholipids (0.3-1.2%) of the liver. 

The relative proportion of 20:4 in the total 
lipids of rat livers was not  statistically different 
between the experimental groups. The same 
pattern was observed in the fatty acid profile of 
PE and PC isolated from the total liver lipids. 
On the other hand, the relative concentration 
of 22:6 appeared to be greater in the phospho- 
lipids of rats fed rapeseed oils compared to the 
control groups. Characteristic differences be- 
tween PE and PC were maintained; 22:6 was 
more abundant  in PE than in PC. 

The ratio of total saturated to total unsatu- 
rated fatty acids are included in Tables III to 
VI. Lower ratios were observed consistently in 
all liver lipid classes of rats fed diets containing 
Oro, Span, or RSO, compared to rats fed diets 
containing lard or corn oil. The ratios in the 
phospholipids (PE and PC) decreased progres- 
sively as the erucic acid content  of the d ie ta~  
rapeseed oils increased. The lower ratios were 
due to a combination of a lower concentration 
of saturated and a greater abundance of mono- 
unsaturated fatty acids. 

The positional distribution of fatty acids 
esterified to position one and two of PE and PC 
are presented in Tables VII and VIII, respec- 
tively. The characteristic pattern of phospho- 
lipids was retained; saturated acids predomi- 
nated in position one, whereas polyunsaturated 
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TABLE VII 

Distribution of Fatty Acids Esterified to the 1- and 2- Position of Phosphatidylethanolamine 
from Male Rat Livers 16 Weeks on Experimental Diets a 

Diet 

Fatty Lard Corn Oro Span RSO SEM 

acid 1 2 1 2 1 2 1 2 1 2 1 2 

14:0 0.6 0.2 0.3 0.3 0.6 0.1 0.2 0.1 0.3 0.2 
16:0 33.4 14.9 31.8 12.7 25.8 10.7 23,9 6.9 28.4 11.0 
16:1 1.0 1.3 0.3 0.5 0.4 0.4 - -  0.3 0.4 0.6 
18:0 49.3 21.5 49.1 20.1 54.0 22.8 50.3 15.9 45.5 17.3 
18:1 11.2 10.7 10.8 7.1 13.2 13.2 17.2 13.5 14.0 12.2 
18:2 0.3 4.5 1.3 11.3 0.4 7.3 1.0 7.5 1.0 %0 
18:3 0.1 --  0.1 trace - -  0.2 trace 0.6 -- 0.5 
20:1 0.5 0.3 0.9 0.4 1.4 1.4 2.5 1.5 5.5 2.9 
20:2 0.1 1.2 1.6 1.1 0.2 0.5 0.5 0.5 0.5 0.5 
20:4 0.5 30.6 0.3 32.5 0.3 26.6 0.4 34.9 0.7 28.4 
22:1 . . . . .  0.4 --  0.9 0.5 1.6 
22:6 ~ 8.7 - -  5.2 ~ 11.7 --  13.8 --  14.6 
24:0 ~ 2.4 0.2 4.1 ~ trace --  0.3 0.1 trace 

Minor S 3.2 0.8 3.2 2.0 3.5 1.5 4.1 1.0 3.2 1.1 
Minor P ~ 2.6 ~ 2.8 - -  3.1 - -  2.0 --  2.2 

% S 86,5 39.8 84.6 39.2 83.9 35.1 78.5 24.2 77.5 29.6 
%M 12.7 12.3 12.0 8.0 15.0 15.4 19.7 16.2 20.4 17.3 
% P 1.0 47.6 3.3 52.9 0.9 49.4 1.9 59.3 2.2 53.2 

S/U 6,3 0.66 5.5 0.64 5.3 " 0.54 3.6 0.32 3.4 0.42 

0.2 0.07 
1.5 1 .4  
0.3 0.1 
2.1 2.7 
1.5 1.0 
0.2 1.2 

0.03 0.1 
0.3 0.2 

0.07 0.08 
0.1 2.3 

0.04 0.1 
-- 1.7 

0.06 0.7 

aSee Table III Footnotes. 

acids p r e d o m i n a t e d  in pos i t ion  two.  Erucic  acid 
was i n c o r p o r a t e d  pre fe ren t ia l ly  in to  pos i t ion  
two of  PE (Oro  0.4%, Span 0.9%, RSO 1.6%) 
and  PC (Oro 0.3%, Span 1.1%, RSO 1.2%). 
Only  trace a m o u n t s  o f  22:1 were f o u n d  in 
pos i t ion  one  o f  PE and  PC in the  g roups  fed 
Oro or Span.  Ca. one -ha l f  as m u c h  22:1 
occur red  in pos i t ion  two  of  PE and  PC com-  
pared  to  t h a t  f o u n d  in pos i t ion  one  o f  the  
group fed RSO. Eicosenoic  acid, on the  o the r  
hand ,  was i n c o r p o r a t e d  pre fe ren t ia l ly  i n to  posi- 
t ion  one  o f  PE and  PC, and  occur red  in pos i t ion  
two at ca. ha l f  t h a t  c o n c e n t r a t i o n .  Linolenic  
acid was i n c o r p o r a t e d  in to  pos i t ion  one of  b o t h  
phospho l ip id s  f r o m  rats  fed rapeseed  oils. Fur-  
t he rmore ,  the  c o n c e n t r a t i o n  o f  22 :6  in PE was 
s igni f icant ly  greater  in ra ts  fed rapeseed  oils, 
sugges t ing  a r a n d  cha in  e longa t ion  and  desa tu-  
ra t ion  o f  18: 3. 

The  in f luence  o f  d ie tary  rapeseed  oils on the  
c o m p o s i t i o n  o f  the  one  and  two  pos i t ion  in PE 
was similar;  the  c o n c e n t r a t i o n  o f  s a tu ra t ed  
f a t t y  acids was lower ,  o f  m o n o u n s a t u r a t e d  
acids was higher ,  and  o f  p o l y u n s a t u r a t e d  acids 
n o t  s igni f icant ly  d i f fe ren t  (P < 0.01)  f r om 
those  o f  the  con t ro l  groups .  The  grea tes t  
changes  occur red  in ra ts  fed Span and  RSO.  A 
similar  p a t t e rn  was observed in the  c o m p o s i t i o n  
of  pos i t ion  one  in PC. However ,  the  compos i -  
t ion  o f  pos i t ion  two  in PC was i n f l uenced  less 
by the  d ie ta ry  rapeseed  oils; t he  c o n c e n t r a t i o n  
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of  sa tu ra tes  and  m o n o -  and  p o l y u n s a t u r a t e s  
were be tw e e n  those  o f  the  con t ro l  g roups  fed 
co rn  oil or  lard. 

The  rat io  o f  s a tu r a t e d  to  u n s a t u r a t e d  f a t t y  
acids in e a c h  pos i t i on  of  e a c h  diet  is given in 
Tables  VII and  VIII fo r  PE and PC, respect ive-  
ly. Slightly lower  ra t ios  were observed  in ra ts  
fed rapeseed  oils as c o m p a r e d  to  those  fed corn 
oil or  lard. A s igni f icant  (P < 0 .01)  change  in 
ra t io  was observed  for  pos i t i on  one  and  two  of  
PE and  pos i t ion  one  of  PC, whereas ,  the  rat io  in 
pos i t ion  two of  PC r e m a i n e d  r e m a r k a b l y  s imilar  
regardless  of  the  diet  fed. 

DI 8C USSI ON 
Previous inves t iga t ions  have  ind ica ted  car- 

diac fa t  a c c u m u l a t i o n  wi th in  the  first  week of  
f eed ing  rapeseed  oils h igh  in 22:1 to male  ra ts  
(6-9, 11 ,13-15)  and  nec ro t i c  he a r t  les ions  w h e n  
these  oils were fed  for  per iods  of  several 
m o n t h s  (5,7,9,11,13,15,22). Erucic  acid has  
been  impl i ca t ed  as caus ing  the  les ions  (23).  
Three  variet ies  o f  r apeseed  oils, w h i c h  d i f fered  
j n  the i r  22:1 c o n t e n t ,  were s tud ied  to  deter-  
mine  the  e x t e n t  o f  i n c o r p o r a t i o n  of  this  acid 
in to  the  d i f fe ren t  hepa t ic  l ipid classes. 

It  can  be c o n c l u d e d  f r o m  this  s t u d y  t ha t  
22:1 and  20:1 were i n c o r p o r a t e d  ca. equa l ly  
i n to  hepa t ic  ne u t r a l  l ipids and  p h o s p h o l i p i d s  
when  rapeseed  oils c o n t a i n i n g  these  acids were 
fed. This  c on t r a s t s  earlier r epo r t s  w h ic h  indi-  
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TABLE VIII 

Distribution of Fatty Acids Esterified to the 1- and 2- Positions of Phosphatidylcholine 
from Male Rat Livers 16 Weeks on Experimental Diets a 
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D i e t  

Lard Corn Oro Span RSO SEM 
Fatty 
acid 1 2 1 2 1 2 1 2 1 2 1 2 

14:0 
16:0 
16:1 
18:0 
18:1 
18:2 
18:3 
20:1 
20:2 
20:4 
22:1 
22:6 
24:0 

Minor 
Minor 

%s 
%M 
%P 
S/U 

0.4 
37.0 

1.6 
44.9 
12.0 

1.3 

0,6 
0,2 
0,3 

S 1,6 
p 

83.9 
14.2 

1.8 

5.2 

0.2 0.2 0.I 0.2 0.1 0.2 0.1 0.2 0.3 
12.1 36.3 15.9 27.6 11.3 28.3 10.6 28.3 13.3 

2.3 0,6 0.3 0.5 0,5 0.7 0.5 0.5 0.6 
13.1 46.0 15.5 48.3 16,5 47.2 14.5 44.4 15.3 
15.1 7.9 5.4 14.3 13,6 14.1 13.6 12.4 11.1 
1 1 . 1  2.2 13.7 1.9 15,7 1,9 13.4 1.8 1 3 . 5  

. . . .  0.3 --  0.4 - -  0.2 
0.3 1.3 0.4 2.9 1.0 3.0 1.2 7.2 2.2 
3.0 2.3 1.2 0.7 0.6 0.7 0.6 0.8 0.6 

3.1.7 0.3 39.6 0.5 29.'7 0.6 34.9 0.8 31.8 
- -  - -  - -  0.1 0.3 0.1 1.1 0.6 1.2 
4.8 --  2.7 - -  5,8 --  5.9 --  5.6 
1.8 ~ 2.5 --  0.1 - -  0.1 ~ 1.2 

0.9 2.8 1.1 2.8 1.2 3,2 1.3 3.2 1.0 
3.7 ~ 1.5 ~ 3.4 - -  1.7 --- 2.0 

28.1 85.3 35.1 78.9 29.2 78.9 26.6 76.1 31.1 
17.7 9.8 6.1 17.8 15.4 17.9 16.4 20.7 15.1 
54.3 4.8 58.7 3.1 55.5 3.2 56.9 3.4 53.7 

0.39 5.8 0.54 3.8 0.41 3.7 0.36 3.2 0.45 

0.04 0.1 
1.4 1.5 
0.2 0.2 
2.9 2.1 
1.4 1.1 
0.3 1,1 

- -  0.1 
0.6 0.3 
0.1 0.2 
0.1 2,9 
0.03 0.2 
- -  0.6 
--  0.6 

aSee Table III Footnotes. 

cated,  af ter  long t e rm feeding trials, tha t  22:1 
was found  exclusively in the neutral  l ipids 
(1,3,12).  The concen t r a t i on  of  22:1 in all lipid 
classes was in the same rat io as the  concent ra-  
t ion of  this acid in the  diet,  whereas the 
concen t r a t ion  of  20: t showed  the p ropor t iona l  
relat ionship,  p rovided  an a m o u n t  p resen t  in the  
cont ro l  groups is sub t rac ted  first. The relative 
concen t r a t ion  of  22:1 was less than  tha t  of  
20:1 in all lipid classes, even though  in Oro and 
Span oil b o t h  acids occurred  at the same 
relative concen t ra t ion ,  and in RSO oil the 
concen t r a t ion  of  22:1 was twice tha t  of  20: 1. 
The level o f  18:1 was significantly higher in the 
hepat ic  lipids of  rats fed  rapeseed oils compa red  
to those  fed corn oil or lard, suggesting a rapid 
f l-oxidation of  22:1 and 20:1 to  18: 1. Oxida- 
t ion o f  long chain  m o n o e n o i c  acids has been 
d e m o n s t r a t e d  in rats (24-26).  Presumably,  20:1 
is a metabol ic  in te rmedia te  in the  ox ida t ion  of  
22:1,  accoun t ing  for  its greater abundance  in 
hepat ic  lipids (25). 

Invest igat ions in to  the posi t ional  distr ibu- 
t ion of 22:1 and 20:1 in PE and PC revealed 
that  22:1 was i nco rpo ra t ed  preferent ia l ly  in to  
posi t ion two and 20:1 in to  posi t ion one. 
Al though  no  a t t em p t s  were made  to  charac- 
terize the pos i t ion  of  the double  bonds  in 22:1 
and  20: 1, i t  is recognized  tha t  erucic acid in 
rapeseed oils is exclusively 13-cis-docosenoic 
acid and the  e icosenoic  acid in rapeseed oil a 

mix tu re  of  ca. 75% ll-cis- and 25% 13-cis- 
eicosenoic  acids (27). Litt le is k n o w n  regarding 
the specific d is t r ibut ion  of  isomeric  long chain 
m o n o e n e s  (20:1 and  22:1)  in phosphol ip ids .  
Accord ing  to  Brockerhof f  and Ackman  (28),  
13-cis-eicosenoic acid accumula tes  preferen-  
tially in pos i t ion  one  and 11-cis-eicosenoic acid 
in e i ther  pos i t ion  (variable d is t r ibut ion)  of  
phosphol ip ids .  However,  they  did no t  deter-  
mine  the d is t r ibut ion  of  docosenoic  acids in rat 
liver phosphol ip ids  (28). In this present  investi- 
gation, when  rapeseed oils were fed to  rats, it 
was observed tha t  20:1 was present  in pos i t ion  
one at twice the  concen t r a t i on  as tha t  in 
pos i t ion  two .  No a t t e m p t  was made  to  distin- 
guish be tween  isomeric  20:1 acids and their  
origin, be it exogenous  or endogenous .  An 
inverse dis t r fbut ion was f o u n d  for  22:1 in the  
phosphol ip ids ;  22:1 was p resen t  in pos i t ion  two 
at greater  abundance  than  in pos i t ion  one. The 
pa thway  by which  22:1 and 20:1 were incorpo-  
ra ted in to  the phosphol ip ids  is open  to  specula- 
t ion.  Hill and Lands (29) have shown that  22:1 
did no t  en te r  PC via the  re ta i lor ing route ,  i.e. 
acyla t ion  of  1-acyl-L-glycerol-3-phosphoryl-  
chol ine,  bu t  that  i t  cou ld  be incorpora ted  by 
a c y l a t i o n  of  1-acyl-L-glycerol-3-phosphate,  
while 20:1 could  be incorpora ted  in to  PC using 
e i ther  substrate .  

By express ing the  fa t ty  acid compos i t i on  of  
the hepat ic  lipids as a ratio of  sa tura ted  to  
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unsa tu ra ted  fa t ty  acids, a s ignif icantly lower  
rat io was observed for  rats fed the rapeseed oil 
diets in all l ipid classes. Generally,  the liver 
lipids of  rats fed rapeseed oils had lower  
concen t ra t ions  of  sa tura ted  acids and signifi- 
cant ly  higher  concen t r a t ions  of  monounsa tu -  
ra ted acids. A survey of  the  l i terature  revealed 
that  the m o n o e n o i c  acid c o n t e n t  of  PC and PE 
f rom norma l  rat livers is wi thin  6-12%. Repre- 
sentative m o n o e n o i c  acid concen t r a t ions  of  PC 
calculated f rom the data in publ ished papers  
are: 6.2% (30), 6-8% (31),  7.9 and 9.2% (32), 
9.9% (33), 7.2 and 9.8% (34), 7.4% (35), 6.3 
and 6.9% (36),  12% (37),  6.5% (38),  and 8.2% 
(39); and of  PE are: 7.3-9.1% (31),  6.1 and 9% 
(34), 8.6% (37),  and 5% (38). The m o n o e n o i c  
acid c o n t e n t  in PC of  rats suffer ing f rom 
essential fa t ty  acid def ic iency is wi thin  20 to 
30%: 24.7% (33),  24.8% (35),  25.3% (36),  
17.7% (39),  24.5% (40),  and ca. 20% (41). In 
the p resen t  expe r imen t ,  rats fed diets conta in-  
ing rapeseed oils had a m o n o e n o i c  acid concen-  
t ra t ion  be tween  17 and 23% in PC and PE 
isolated f rom the liver tipids. I t  is t emp t ing  to  
correlate  the high concen t r a t i on  of  m o n o e n o i c  
acids in PC and PE of  rats fed rapeseed oils with 
a cond i t ion  similar to  tha t  o f  essential  fa t ty  
acid deficiency.  

Repor ts  have appeared recent ly  in the litera- 
ture that  dermal  s y m p t o m s  similar to  essential  
fa t ty  acid def ic iency were observed in hypo-  
physec tomized  immatu re  rats in spite of  an 
abundance  of  l inoleic and arachidonic  acids in 
the diet,  even though  only  small amoun t s  of  
20:3 were observed (42). 

It appeared  that  feeding diets,  con ta in ing  
20% by wt rapeseed oils to rats,  b rough t  about  
a cond i t ion  of  fa t ty  acid imbalance  which was 
no t  related direct ly to  the concen t r a t i on  of  
22:1 and 20:1 f o u n d  in the hepat ic  lipid 
classes. However,  a m o n o e n o i c  acid concent ra -  
t ion was f o u n d  in rats fed rapeseed oils which 
resembled  tha t  found  in essential  fa t ty  acid 
deficiency.  
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SHORT COMMUNICATIONS 

Preferential Labeling of Brain Cholesterol by 
{3-14C i D(-)-3-Hydroxybutyrate 

ABSTRACT 

{3 -1 4C}D( - ) -3 -hyd roxybu ty ra t e  or 
{2 -14C}glucose was injected subcu- 
taneously into 15-day old suckling rats. 
The animals were killed 3, 6, and 24 hr 
later by decapitation. Brain proteins, cho- 
lesterol, glycolipids, and phospholipids 
were  e x t r a c t e d  and prepared for 
counting.  The {3-14C}D(-)-3-hydroxy - 
butyrate injected animals showed ca. two- 
fold greater labeling (p<.001)  of brain 
cholesterol compared to {2-14C}glucose; 
whereas the {2-14C}glucose injected ani- 
mals showed ca. fourfold greater labeling 
/3P<.001)  o f  bra in  proteins than 

_14 C}D(-)-3-hydroxybutyrate at all time 
points. The difference in labeling of brain 
glycolipids and phospholipids was less 
striking, but greater labeling was apparent 
at each time point  in the {2-14C}glucose 
i n j e c t e d  animals compared to the 
{3-14C}D(-)-3-hydroxybutyrate injected 
a n i m a l s .  These  data suggest that 
D(-)-3-hydroxybutyrate behaves differ- 
ently than glucose, being a more direct 
precursor for brain cholesterol biosyn- 
thesis and a less effective precursor for 
brain protein synthesis. Further  studies 
ascertaining the specific activities of the 
precursors are necessary to quanti tate the 
respective contributions of D(-)-3-hy- 
droxybutyra te  and glucose to lipid and 
protein synthesis in the rat brain during 
development. 

INTRODUCTION 

Evidence is accumulating which supports the 
c o n t e n t i o n  t h a t  D(- ) -3-hydroxybutyra te  
(flOHB) is a potential  oxidizable substrate for 
cerebral metabolism both in man (1,2) and in 
animals (3). Uptake by the rat brain is related 
linearly to the arterial concentration of the 
ketone body (4) and seems to be a major 

precursor for the synthesis of brain dicarbox- 
ylic amino acids during early development (5). 
The role of /~OHB as a precursor for certain 
structural constituents in the developing rat 
brain has received less attention. In this study 
we compared {3-14C}3OHB to {2-14C}glucose as 
potential precursors for brain proteins and 
lipids in the 15-day old Sprague-Dawley rat. 

EXPERIMENTAL PROCEDURES 

Litter sizes initially were reduced to eight 
pups and then left undisturbed until 15 days of 
age. The animals were injected subcutaneously 
(0.25 /ac/gm body wt) with either {2-14C}glu - 
cose (11.6 /~c//lmole) or {3-14C}/3OHB (11.3 
/~c/gmole) and returned to their mothers. The 
animals were killed by decapitation at 3, 6, and 
24 hr. The brains rapidly were removed and 
frozen on dry ice. The frozen tissue was stored 
at -80 C until  extracted. The brain wt in the 
two groups did not  differ significantly. Lipids 
were extracted according to the method of 
Folch et al. (6) and fractionated into choles- 
terol, glycolipids, and phospholipids by silicic 
acid column chromatography according to 
Rouser et al. (7). These lipid fractions were 
analyzed by the following methods:  choles- 
terol, Zlatkis et al. (8); galactose, Hess and 
Lewin (9); and lipid phosphorus, Rouser et al. 
(10). The residue from the lipid extractions was 
used to prepare total  proteins according to 
Agrawal et  al. (11). Protein was measured 
according to Lowry et al. (12). The radio- 
activities in the brain total  proteins, cholesterol, 
glycolipids, and phospholipids were determined 
with a Model 3375 Packard spectrometer.  The 
efficiency was 87% for the protein samples 
prepared for counting (11). The fractionated 
lipid samples were dissolved in chloroform- 
methanol (2:1 v/v) and counted in fluid con- 
taining 4 g Omnifluor in 1000 ml toluene at an 
efficiency of 90%. 

The animals injected with {2-14C}glucose 
demonstrated ca. fourfold heavier labeling of 
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TABLE I 

Incorporation of [ 14 C ] Label into Brain Proteins and Lipids after the 
Intraperitoneal Injection of [2.14C] Glucose or [ 3-14C] D(-)-3-Hydroxybutyrate (~OHB) a 

Time 
(hr) Precursor (N) b Protein Cholesterol Glycolipid Phospholipid 

3 [2-14C] Glucose (3) 1531 t 11 c 1807 + 12 c 2292 "~ 230 d 1660 + 44 e 
[3-14C]flOHB (3) 364 + 6 3316 + 100 1290 + 172 1295 + 48 

6 [2-14C1 Glucose (2) 1464 -+ 25 c 1575 + 77 c 2555 + 218 d 1555 + 95 
[3-14C]~OHB (3) 335 • 7 3294 + 40 1439 ~ 141 1365 + 27 

24 [2-14C] Glucose (2) 1109 + 81 c 1362 + S7 c 2542 :t 7 e 1658 + 228 
[ 3-14C]flOHB (2) 263 + 24 2988 • 56 859 + 28 1161 + 62 

aData expressed as cpm/mg (mean • SEM). 
b(N) = number of animals. 
Cp < .001. 
dp < .025. 
ep < .005. 

b r a in  t o t a l  proteins compared to the 
{3-14C}flOHB injected group (p( .001)  (Table 
I). The distribution of  the 14C label among 
the lipid fractions also differed significantly, 
depending upon the injected radioactive pre- 
cursor (Table I). The labeling of brain choles- 
terol by {3-14C~OHB far exceeded that of  
{2-14C}glucose (p( .001) .  The glycolipid and 
phospholipid fractions were more heavily la- 
beled when {2-14C}glucose was used as the 
precursor. 

DI SC USSI ON 

These data demonstrate that flOHB is an 
excellent precursor for brain cholesterol in the 
15-day old suckling rat. It is well known that 
rat milk is high in fat and that suckling pups are 
ketotic for this reason. The available evidence 
would suggest that flOHB, after being extracted 
from the blood by brain, is oxidized to aceto- 
a c e t a t e  by the  mitochondrial enzyme, 
D - f l - h y d r o x y  b u t y r a t e  d e h y d r o g e n a s e  
(E.C. 1.1.1.30.) (13). This enzymatic reaction 
presumably is the principal pathway for metab- 
olism of flOHB. It seems logical to suggest that 
the intramitochondrial acetyl CoA pool should 
be more heavily labeled from a direct precursor, 
such as flOHB, as opposed to glucose, since 
many alternate pathways are available for the 
metabolism of glucose before entering the 
intramitochondrial acetyl CoA pool. Acetyl 
CoA condenses with oxaloacetate to form 
citrate. Citrate presumably is transported across 
the mitochondrial membrane and cleaved enzy- 
mafically to  acetyl CoA and oxatoacetate to 
provide the cytoplasmic precursor for choles- 
terol and fatty acid synthesis (14). This rea- 
soning may explain the heavier labeling pattern 
of brain cholesterol in the {3-14C}flOHB in- 

jected rats. 
Similar reasoning might lead one to antici- 

ate heavier labeling of brain phospholipids by 
-14C}/3OHB as well, which was not observed. 

Systemically administered {3 -14C~OHB does 
not  label blood or brain glucose significantly 
(5) and, as such, would not  be expected to act 
as a precursor for the galactose or glycerol 
moieties of brain glycolipids or phospholipids, 
respectively. Rather, {3-14C}~3OHB might be 
expected to label the fatty acid moieties of 
these two brain lipid fractions with the respec- 
tive fatty acid moieties being derived from a 
common brain acetyl CoA pool. The similarity 
between the cholesterol-phospholipid ratio 
(2.56) and the cholesterol-glycolipid ratio 
32.57) at the 3 hr time point in the 

-14C}/3OHB injected animals helps support 
this contention. Assuming a similar cholesterol- 
fatty acid ratio of the 14C label in the brain 
glycolipids and phospholipids of the {2-14C}ghi - 
cose injected animals, it would appear that a 
significant portion of  the radioactivity in the 
glycolipid and phospholipid fractions resides in 
the galactose and glycerol moieties respectively. 

Alternatively, the heavier labeling of brain 
cholesterol by {3-14C}flOHB could suggest that 
the cytoplasmic precursors of cholesterol 
synthesis are not  necessarily derived exclusively 
from the intramitochondrial citrate pool. Ace- 
toacetate is activated intramitochondrially to 
acetoacetyl CoA by 3-oxoacid CoA transferase 
(E.C.2.8.3.5.). Our studies on the subcellular 
distribution of D-fl-hydroxybutyrate dehydro- 
genase and 3-oxoacid CoA transferase of 15-day 
old rat brain demonstrate that these enzymes 
are localized exclusively in mitochondria 
(Agrawal and DeVivo, manuscript in prepara- 
tion). Our enzymatic study also confirms the 
observation of  others in both brain (14) and 
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liver (15)  t h a t  a ce toace ty l  C oA  th io lase  (E.C. 
2 .3 .1 .9 . )  is p resen t  b o t h  in m i t o c h o n d r i a l  and  
cy top la smic  f rac t ions .  On the  basis of  these  
observa t ions ,  i t  is r easonab le  to  suggest  t h a t  
/3OHB m u s t  be ox id ized  to  ace toace ta t e  and  
ace toace ta t e  ac t iva ted  to ace toace ty l  CoA with-  
in m i t o c h o n d r i a .  I f  ace toace ty l  CoA were t rans-  
p o r t e d  to the  cy toso l ,  i t  cou ld  serve as an 
i m m e d i a t e  p recu r so r  in  the  synthes i s  of  
3 -hyd roxy -3 -me thy lg lu t a ry l  CoA (16) .  This 
possibi l i ty  wou ld  expla in  the  p re fe ren t ia l  la- 
be l ing of  the  b ra in  cho les te ro l  f rac t ion  by  
{3-14C}flOHB. 

An add i t iona l  un re so lved  p o i n t  is the  p r o t e i n  
labe l ing  by  each  precursor .  Previous  s tudies  in 
the  n e w b o r n  ra t  have s h o w n  heavier  l abe l ing  of  
the  bra in  d icarboxyl ic  a m i n o  acids 20  min  a f te r  
i n t r ape r i t onea l  i n j ec t ion  of  {3-14C}/3OHB com- 
pared  to  {2-14C}glucose (5). This  fact  is mos t  
a p p a r e n t  in  the  15-day o ld  ra t  b ra in  (DeVivo,  
Leckie,  and  Agrawal,  m a n u s c r i p t  in  prepa-  
ra t ion) .  Never theless ,  /3OHB appears  to  be a 
p o o r  p recurso r  for  labe l ing  bra in  p ro te in .  I t  
may  well be  t h a t  13OHB is l abe l ing  a d icarbox-  
yl ic  amino  acid pool  w h i c h  is n o t  d i rec t ly  in  
c o n t i n u i t y  w i th  the  b ra in  p r o t e i n  syn thes iz ing  
mechan i sms ,  as oppos ed  to  glucose. F u r t h e r  
s tudies  are in  progress to  clarify this  po in t .  
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Conversion of Sodium Lithocholate-24-14C to Other 
Products by Guinea Pig Brain 

ABSTRACT 

In t r ace reb ra l  in j ec t ion  of  sod ium l i tho-  
cho la te  i n to  guinea  pig s h o w e d  t h a t  this  
s t e ro id  can be c o n v e r t e d  i n to  o the r  acidic 
p r o d u c t s  by  the  bra in ,  in vivo. One of  the  
p r o d u c t s  has been  iden t i f i ed  as 3-keto- 
5t3-cholanoic acid. 

I t  has b e e n  shown  earl ier  t h a t  3-keto-5t3- 
cho lano ic  acid can be c o n v e r t e d  i n to  o the r  

acidic p r o d u c t s  by  guinea  pig bra in  in  v i t ro  (1). 
In  v i t ro  convers ion  of  l i thocho l ic  acid to  o t h e r  
me tabo l i t e s  also has  been  r e p o r t e d  in rats  (2).  
This pape r  presen ts  ev idence  for  the  convers ion  
of l i t hocho l i c  acid to  3-keto-513-cholanoic acid, 
and some o t h e r  p roduc t s ,  by  guinea pig bra in  in 
vivo. 

Sod ium l i t hocho l a t e -24 -14C  (2.5 rag, Luc]mg) 
was pu r i t i ed  by  p repara t ive  TLC and  t h e n  
p r ec ip i t a t ed  as a s o d i u m  salt. T h e  p r o d u c t  
was s h o w n  to  be pure  on  th in  layer  c h r o m a t o -  
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liver (15)  t h a t  a ce toace ty l  C oA  th io lase  (E.C. 
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FIG. 1. Intracerebral injection of sodium lithocho- 
late-24-14C into guinea pig. Results of thin layer 
chromatoglam (TLC) radioactivity scan of the acidic 
material obtained from the brain after 2 hr and 48 hr 
of the injections. The results presented were obtained 
on 1 animal at a time. In repeat studies the radioactiv- 
ity in fraction 5 varied from 3.9 to 4.7% in 2 hr 
experiments and from 4.9 to 5.9% in 48 hr experi- 
ments. At 0 hr, region 5 ofa TLC had 11 cpm against 
324,000 cpm in the lithocholic acid region. 

glams (TLC) and also on TLC and gas liquid 
chromatogram (GLC) of its methyl ester. So- 
dium lithocholate-24-14C then was injected 
intracerebrally as described earlier (3). Two 
animals were sacrificed after 2 hr and two after 
48 hr. The brains were homogenized and the 
homogenate was hydrolyzed with 1% meth- 
anolic NaOH and the acidic products obtained 
as usual. 

A quarter of the acidic product was sub- 
jected to TLC (trimethyl pentane, ethyl ace- 
tate, acetic aicd, 75:45:1). Figure 1 shows 
radioactivity scans of TLC on the acidic prod- 
ucts at 2 and 48 hrs. In the 2 tlr experiment 
88% of the radioactivity was found in the 
region where monohydroxy bile acids, includ- 
ing the starting material, would be located (Rf 
0.21 to 0.31). The rest of the radioactivity is 
located mainly at the origin (di- and tri-hy- 
droxy bile acids) and in the less polar regions of 
the chromatogram. TLC of 1/2 product of the 
48 hr experiment shows a very similar profile of 
radioactivity. An autoradiograph of the 2 hr 
experiment was obtained by superimposing an 
X-ray film over a developed TLC and leaving it 
in the dark for 8 weeks (Fig. 2). It confirms the 

FIG. 2. Intracerebral injection of sodium lithocho- 
late-24-14C into guinea pig. Autoradiograph of a tlfin 
layer chromatogram (TLC) of the acidic material 
obtained from the 2 hr experiment. 

results of the radioactivity scan and, shows that 
one of the less polar products had the same 
mobility on TLC (Rf 0.42) as 3-keto-5j3- 
cholanoic acid. 

The remaining product from the 2 hr experi- 
ment was subjected to preparative TLC. Areas 
corresponding to fractions 0, 3, 5, and 6 of  the 
earlier TLC (Fig. 1) were scraped separately and 
eluted with methanol-ether, 9: 1; fraction 5 was 
cochromatographed with standard 3-keto-5/3- 
cholanoic acid. To the material from fraction 5 
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was added 10 mg 3-keto-5/3-cholanoic acid, and 
it was methylated with BF3-methanol. TLC and 
radioactivity scanning of the methylated mate- 
rial showed that the radioactivity stayed in the 
methyl 3-keto-5/3-cholanoate region. Crystalliza- 
tion of methylated product with methanol did 
not  remove the radioactivity from the crystals, 
and it remained constant during three subse- 
quent crystallizations (37-39 cpm/mg) con- 
firming the presence of labeled 3-keto-5t3- 
cholanoic acid. 

The amount of radioactivity in the isolated 
fractions was relatively small, which is under- 
standable in view of our earlier observation (3) 
that the injected bile salt is transported out of 
the brain within a few hrs. (As can be seen from 
the results presented above, only 0.05 0% of the 
injected dose was recoverable from the brain 
after 2 hrs). Also the percentages of the 
injected bile salt and its products are not 
conclusive, since the rate of their transportation 
out of the brain in relation to lithocholic acid is 
not known. This study does, however, suggest 
that the guinea pig brain has the enzymatic 
capacity to convert lithocholic acid to 3-keto- 
5/3-cholanoic acid and to some more polar 
products. 

3 -Hydroxy  steroid dehydrogenase and 
6fl-hydroxylase activity have been found in 
adult rat brains (2). Our study shows that a 
similar activity is present in the guinea pig 
brain. Even though the more polar product(s) 
seen in fraction O of the chromatogram has not 
been identified, it can be speculated that it is an 
oxygenated derivative of the injected bile salt 

or of a product and could be a compound 
similar to the 3a, 6~-dihydroxy-5/3-cholanoic 
acid identified in rats (2). 

The radioactivity in fraction 3 of the chro- 
matogram could be due to more than one 
compound. However, the presence of isolitho- 
cholic acid, a compound which could arise by 
the further metabolism of 3-keto-5/3-cholanoic 
acid (4) can be ruled out, since that acid 
separates from lithocholic acid on TLC in the 
solvent systems used here (4). 
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Preparation of Fatty Acid Methyl Esters from Triglycerides 
on Thin Layer Plates 

A B S T R A C T  

A simple and convenient procedure for 
the preparation of methyl esters from 
triglycerides with potassium methoxide 
(KOMe) as catalyst on thin layer chro- 
matoplates has been described. The tri- 
glyceride was separated and the reaction 
was carried out on a thin layer chromato- 
plate without extraction of triglyceride. 
Afinal extraction with CS 2 was sufficient 
for injection of the product into a gas- 
chromatograph. The method has been 
tested with coconut, peanut, and water- 
melon seed oils. The method is applicable 
to 10-20 mg of oil sample and is rapid. 

I N T R O D U C T I  ON 

With the introduction of gas liquid chroma- 
tography (GLC) for the analysis of lipids, the 
preparation of methyl esters from milligram 
quantities of lipid samples by quicker methods 
has gained interest. Among various methods for 
this conversion (1-8, 10,11), the procedure b~r 
Luddy et al. (9) using methanol and catalytic 
amounts of KOMe is used widely. 

This paper describes a procedure for the 
separation of the triglycerides from the oil in 
the form of a band on thin layer plate and 
subsequent conversion to methyl esters on the 
same plate with methanol and KOMe as cata- 
lyst. The method has been tested with coconut, 
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and it remained constant during three subse- 
quent crystallizations (37-39 cpm/mg) con- 
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that the injected bile salt is transported out of 
the brain within a few hrs. (As can be seen from 
the results presented above, only 0.05 0% of the 
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after 2 hrs). Also the percentages of the 
injected bile salt and its products are not 
conclusive, since the rate of their transportation 
out of the brain in relation to lithocholic acid is 
not known. This study does, however, suggest 
that the guinea pig brain has the enzymatic 
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3 -Hydroxy  steroid dehydrogenase and 
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oxygenated derivative of the injected bile salt 

or of a product and could be a compound 
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acid identified in rats (2). 
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matogram could be due to more than one 
compound. However, the presence of isolitho- 
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acid (4) can be ruled out, since that acid 
separates from lithocholic acid on TLC in the 
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TABLE I 

Major Component Acids (% wt.) of Triglycerides from Oils 

Watermelon oil Peanut oil Coconut oil 

Component Method Method Method Method Method Method 
acid A a B b A a B b A a B b 

C8 
CI0 
C12 
C14 
C16 
C18 
C18:1 
C18:2 
C18:3 
C20 

13.14 15.14 8.98 9.32 
8.55 7.32 5.50 5.44 

18.84 18.82 58.62 57.77 
59.47 58.66 25.24 26.10 

0.66 0.61 
1.00 0.76 

6.98 7.04 
5.70 5.94 

45.87 47.84 
20.00 21.00 

8.90 7.91 
2.78 2.64 
8.37 6.77 
1.40 0.86 

aMethod of Luddy et al. (9). 
bpresent method (60 C). 

peanut ,  and watermelon  seed oils; and the 
results have been compared  with  those obta ined 
by Luddy ' s  (9) procedure.  The m e t h o d  has 
been found to  be rapid, simple,  and suitable for  
the routine GLC analysis. The m e t h o d  is 
applicable to  small sample size and eliminates 
many manipulat ions.  

EXPERIMENTAL PROCEDURES 

Abou t  20-25 mg of  oil in pe t ro leum ether  
(40-60 C) was applied as a band on 14 x 14 cm 
silica gel plate of  0.5 ram. thickness. The plate 
was developed in an S-chamber using the 
solvent mix ture  benzene,  ether,  and acetic acid 
(100:10:0 .5) .  The developed plate was l ightly 
sprayed with  Rhodamine-6G and the triglyc- 
eride band marked  under  UV light. The plate 
was heated on a tray in an oven at 60 C for  
about  5 rain. The tray was taken out,  and 0.5N 
KOMe in methanol  was added immedia te ly  
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of fused CaC12 powder  was added, and ex- 
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solvent was removed under  vacuum,  and the 
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RESULTS AND DISCUSSION 
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react ion with di f ferent  s tandard triglycerides 
are in progress and will be published elsewhere. 

S. S A H A  
J. D U T T A  
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Bose Ins t i tu te  
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Fatty Acid Composition of Lipids 
fro m Saccharomyces fragilis 

A B S T R A C T  

Lipids extracted from Saccharomyces 
fragilis, grown in whey and deproteinized 
whey, were similar in amount and fatty 
acid composition. On a dry weight basis, 
the yeasts contained 3.0% total lipid and 
0.5% saponifiable lipid. The fatty acids 
identified by gas chromatography-mass 
spectrometry were 2.5% C14:0, 19.2% 
C16:0, 11.9% C16:1, 1.28% C16:2, 3.4% 
C18:0, 27.0% C18:1, 25.1% C18:2, and 
9.6% C18:3 with less than 1% of the 
following fatty acids present: C10:0, 
C12:0, C14:1, C15:0, and C17:0. 

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

Saccharomyces fragilis, a lactose fermenting 
yeast, has been shown efficient in producing 
single cell protein from whey (1,2). Vrignaud 
(3) reported the amino and fatty acid compo- 
sition of S. fragilis Jorgenson and S. lactis 
Dombrowski, which were grown on deprotein- 
ized whey. In this paper we report the deter- 
mination of total and saponifiable lipids and 
the fatty acid composition of S. fragilis, grown 
in whey and in whey from which the serum 
proteins had been removed. 

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

S. fragilis culture used in this research was 
isolated originally from a lactase preparation 
(Control No. 5 85 0), supplied by the Nutritional 
Biochemical Corp., Cleveland, Ohio. Stock cul- 
tures were maintained on yeast-lactose agar 
slants and transferred to lactose broth for a 16 
hr incubation in a shaker bath at 32 C before 
inoculation in the whey medium. 

For single cell protein production, the cul- 
tures were grown in a cyclone-type fermenter 

on standard whey or on deproteinized whey. 
For the preparation of whey from skim milk, 
casein was precipitated by acidification with 
lactic acid to a pH of 4.4-4.6 and removed by 
filtration through Whatman No. 1 paper. The 
whey was sterilized for 15 min at 121 C. For 
the deproteinized whey substrate, the coagu- 
lated proteins were removed from the sterilized 
whey by aseptically filtering through Whatman 
No. 1 paper. 

An inoculum of 2.4 g yeast (on a dry wt 
basis) was introduced to 1600 ml whey, supple- 
mented with 5% corn steep liquor, 0.5% 
(NH4)2HPO4, and 0.1% FeNH4(SO4)2. The 
culture was aerated at 32 C for eight to nine hr 
at a flow rate of 600 ml/min with air sterilized 
by filtration through a MiUipore membrane, 
pore size 0.22/.t. The yeast was harvested by 
centrifugation, washed twice with distilled 
water and freeze-dried. 

For determination of total lipid content, 2 g 
aliquots of lyophilized yeast were stirred for 16 
hr in 80 ml chloroform-methanol (2: 1) under 
nitrogen. The nonlipid material was removed by 
rinsing the lipid extract, as described by Folch 
et al. (4). The solvent was removed by aspira- 
tion and the total lipid determined by weighing 
the dried extract. The lipid extract was then 
saponified in 40 ml methanol and 150 mg KOH 
for 5 hr under nitrogen. After removal of the 
nonsaponifiable lipid by petroleum ether, the 
saponified extract was acidified and the free 
fatty acids (FFA) extracted with petroleum 
ether. The sample was dried and weighed to 
determine the amount of saponifiable lipids. 

The FFA (0.10 g-0.15 g), dissolved in 0.5 ml 
benzene, were methylated by refluxing in 5 ml 
anhydrous 0.5 N NaOCH 3 for 15 min. Five 
milliliters of distilled water were added to the 
methylation mixture and the methyl esters 
extracted in two 10 ml rinses of petroleum 
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TABLE I 

Fatty Acid Composit ion of  Yeasts Grown on Whey 

Relative fatty acid 
composi t ion of 

Relative fatty acid S. fragilis Jorgenson 
Fatty acid composit ion of Saccharomyces and S. lactis 

identification fras~lis a (area %) Dombrowski b (wt%) 

4:0 --  8,49 
10:0 Trace 
12:0 <1 0.94 
14:0 2.52 1.98 
14:1 <1 
15:0 <1 0.94 
16:0 19.19 19,63 
16:1 11.92 6.37 
16:2 1.28 
17:0 Trace 0.94 
17:1 ~ 2.12 
18:0 3.40 3.02 
18:1 26.97 24.02 
18:2 25.13 18.22 
18:3 9.64 6.66 

aAverage of five runs of two batches of yeast prepared in whey and three runs of one 
batch of yeast prepared in whey with serum proteins removed. 

bFrom results of Vrignaud (3) for cultures grown on deproteinized whey. 

e t h e r  and  dried over  Na2SO 4 for  5 min.  
One mic ro l i t e r  in jec t ions  of  the  concen-  

t r a t ed  ex t rac t s  were e x a m i n e d  on  a Var ian  
Ae rog raph  1400  gas c h r o m a t o g r a p h  (GC) 
equ ipped  w i th  a f lame ion i za t i on  d e t e c t o r  and  a 
9 f t x  1/8 in. O.D. stainless steel  c o l u m n  packed  
w i th  15% d ie thy leneg lyco l succ ina te  (DEGS)  on  
C h r o m o s o r b  W ( 8 0 / 1 0 0  mesh) .  The GC was 
ope ra t ed  i so the rma l ly  at  180 C wi th  a carr ier  
gas f low ra te  of  20  m l / m i n .  Peaks were quan-  
t iffed by t r i angu la t ion  and  iden t i f i ed  by  com- 
par ison of  r e t e n t i o n  t imes  w i th  those  of  au then -  
tic s t andards  or  by  i n t e r p r e t a t i o n  of  the i r  mass 
spectra.  Fo r  mass  spec t rome t r i c  e x a m i n a t i o n  of  
the esters,  a Pye 150 GC equ ipped  wi th  a 5 f t  x 
1/4 in. O.D. glass co l um n ,  packed  wi th  15% 
DEGS on C h r o m o s o r b  W, was in t e r f aced  w i th  a 
m e m b r a n e  sepa ra to r  ope ra t ing  at  1 8 0 C  in to  
beam 2 of  an AEI-MS-30,  doub le  beam,  doub le  
focus ing  mass  spec t rome te r .  Pe r f luo roke rosene  
served as a m a r k e r  in b e a m  1. The ion  source 
vol tage was m a i n t a i n e d  at  70  eV. GC was 
p rog ramed  at 4 C /min  f rom 110-160 C. 

RESULTS 

On a dry  wt basis, the  to ta l  l ipid and  
saponi f iab le  l ip id  c o n t e n t s  of  S. fragilis grown 
in b o t h  wheys  were 3.0 and  0.5%, respect ively.  
In  Table  I the f a t t y  acid c o m p o s i t i o n  of  S. 
fragilis is c o m p a r e d  w i th  those  of the  lact ic  
yeas ts  r e p o r t e d  by  Vr ignaud  (3). There  was n o  
d i f ference  a t  the  5% level of  s ignif icance in the  
f a t t y  acid c o m p o s i t i o n  of  d i f fe ren t  ba t ches  of  

yeas t  grown u n d e r  the  same c o n d i t i o n s  or  of 
yeas ts  grown in whey  or  dep ro t e in i zed  whey.  In  
this  inves t iga t ion  bu ty r i c  acid was n o t  p re sen t  
in de tec tab le  a m o u n t s  as s h o w n  by GC analysis 
of  yeas t  l ipids es ter i f ied by  the  m e t h o d  of  
Sheha t a  et  al. (5)  which  pe rmi t s  the  recovery  of  
shor t  cha in  f a t t y  acids. 

The  presence  of  hexadecad i eno i c  acid in S. 
fragilis seems u n i q u e  a m o n g  yeasts .  I t  has n o t  
been  f o u n d  in two  o t h e r  yeasts ,  S. cerevisiae (6)  
and  Rhodotorula  gracilis (7) ,  in  the  yeast- l ike 
fungus,  Pullularia pullulans (8) ,  or  in e i the r  S. 
fragilis Jorgenson or S. lactis D o m b r o w s k i  (3).  
The  overall  c o m p o s i t i o n  of  S. fragilis is qui te  
h igh  in di- and  t r i u n s a t u r a t e d  C 18 fa t ty  acids, 
s imilar  to  the  f a t ty  yeas t ,  Rhodotorula  gracilis. 
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Lipid Composition of the Pecan 
A B S T R A C T  

The lipids of larvae, male adults, and 
female adults of the pecan weevil, Curcu- 
lio caryae (Horn), were studied, and 
special attention was given the fatty acid 
composition. The larvae contained an 
unusually high amount of lipid material 
(40.6%), most of it concentrated in the 
neutral lipid fraction. Male and female 
adults contained more conventional quan- 
tities, 5.8 and 8.2%, respectively. Oleic 
acid was the major fatty acid in the total 
and neutral lipids of all stages; linoleic 
acid was the most abundant  in the phos- 
pholipid fractions. 

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

The adult pecan weevil, Curculio caryae 
(Horn), attacks green maturing nuts in late 
summer and damages them by making feeding 
and oviposition punctures. The insect then 
undergoes an extended life cycle which takes 
2-3 years to complete. The extended life cycle 
of the pecan weevil indicates that the role of 
lipids in this insect is a central one. The 
importance of lipids in the biochemistry of 
insects has been stressed in recent reviews (1,2). 
Also, extensive studies in the order Coleoptera 
have been conducted (3-6). Our investigation 
was designed to add to the body of general 
knowledge of insect lipids and specifically to 
further the understanding of the lipids of 
Coleoptera. 

The adult pecan weevils were newly-emerged 
and unfed. The larvae were last instar and about 
to enter diapause. Extraction, isolation, and 
identification were as previously reported (5). 

DISCUSSION 

Table I shows the percentage distribution of 
the lipids in the stages studied. The total lipid 
percentage reported for the larvae is among the 
highest ever reported for any stage of any 
insect. It results, of course, from the larvae 
feeding on lipid-rich meats of the pecan, its 

Weevil, Curculio caryae (Horn) 
habitat and sole source of food since hatching. 
However, the buildup of this lipid reserve also 
prepares the larva for the long diapause under- 
ground during which no feeding occurs. It is 
noteworthy that 97.6% of the lipid is neutral 
lipid, most likely in the form of triglyceride, a 
readily available source of energy. The token 
amount of phospholipid (2.4%) probably is 
contained in the membranous structures of the 
larvae. 

The total lipid percentages of the adult male 
(5.8%) and female (8.2%) fall within the normal 
range for most newly-emerged, unfed insects 
with their lipid stores depleted by the long 
dormant period in the soil. Females contain a 
slightly larger amount of lipid, which is a 
common occurrence in other Coleoptera and 
also other orders of insects. Presumably, this 
extra load of fat is used for reproductive 
purposes. In both males and females, over 90% 
of the total lipid is in the form of neutral lipids. 

The fatty acid composition of the lipids of 
the pecan weevil is shown in Table II. The fatty 
acid profile of the total lipids is remarkably 
consistent for the three states of the insect. 
Oleic acid is the most abundant  fatty acid, and 
the percentage of oleic acid in these weevils 
exceeds that of most other insects (2), probably 
a reflection of dietary influences (7). The 
predominance of oleic acid also is carried over 
into the neutral lipid fraction, which is not 
surprising since over 90% of the total lipid is 
neutral lipid. The predominant fatty acid in the 
phospholipid fraction is linoleic acid (50%). 
Similar large quantities Of linoleic acid and 
other highly unsaturated acids in the phospho- 

TABLE I 

Weight Relationships of Pecan Weevil Lipids 

Neutral 
Developmental Total lipid (% Phospholipid 

stage lipid (%) of total) (% of total) 

Larvae 40.6 97.6 2.4 
Adult male 5.8 91.2 8.8 
Adult female 8.2 95.0 5.0 
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surprising since over 90% of the total lipid is 
neutral lipid. The predominant fatty acid in the 
phospholipid fraction is linoleic acid (50%). 
Similar large quantities Of linoleic acid and 
other highly unsaturated acids in the phospho- 

TABLE I 

Weight Relationships of Pecan Weevil Lipids 

Neutral 
Developmental Total lipid (% Phospholipid 

stage lipid (%) of total) (% of total) 

Larvae 40.6 97.6 2.4 
Adult male 5.8 91.2 8.8 
Adult female 8.2 95.0 5.0 

LIPIDS, VOL. 8, NO. 11 



658 SHORT COMMUNICATIONS 

TABLE II 

Fatty Acid Composition of Total Lipid, 
Neutral Lipid, and Phospholipid of the Pecan Weevil 

Developmental 
stage and 
lipid class 

Fatty acids as mole % of total fatty acids 

1 6 : 0  16 :1  1 8 : 0  18:1  1 8 : 2  1 8 : 3  

Larvae 
Tota l  lipid 2.0 Trace 
Neutral lipid 2.9 Trace 
Phospholipid 8.0 Trace 

Male adults 
Total lipid 3.7 Trace 
Neutral lipid 3.6 Trace 
Phospholipid 4.7 0.8 

Female adults 
Total lipid 3.3 Trace 
Neutral lipid 4.0 Trace 
Phospholipid 3.4 Trace 

Trace 68.1 29.7 Trace 
1.4 61.3 34.2 Trace 
4.0 35.5 49.0 3.2 

Trace 66.9 29.2 Trace 
Trace 68.6 27.6 Trace 
1.9 24.2 50.0 18.1 

Trace 66.1 30.5 Trace 
Trace 60.8 35.1 Trace 
3.2 17.2 49.3 26.7 

l ipids has  been  observed  in Anthonomus grandis 
(6)  and  a var ie ty  of  o t h e r  insec ts  (2).  L inolen ic  
acid was p resen t  in measurab le  a m o u n t s  on ly  in 
the  p h o s p h o l i p i d  f rac t ions ;  the  c o n c e n t r a t i o n  
was h ighes t  in female  adults .  Insec ts  are k n o w n  
to  be unab le  to  syn thes ize  p o l y u n s a t u r a t e d  
f a t t y  acids (8),  and  l inoleic  and  l inolenic  acids 
are essential  to  m o s t  insec ts  for  n o r m a l  g rowth  
or  r e p r o d u c t i o n .  The p r e d o m i n a n c e  of  these  
acids in the  phospho l ip id s  of  the  pecan  weevil  
and  o t h e r  insects,  t he re fo re ,  is i m p o r t a n t  and  
w o r t h y  of  f u r t h e r  s tudy.  

The p h o s p h o l i p i d s  t en ta t ive ly  iden t i f i ed  in 
the  pecan  weevil  were p h o s p h a t i d y l  e thano l -  
amine,  p h o s p h a t i d y l  chol ine ,  sph ingomye l in ,  
l y s o p h o s p h a t i d y l  chol ine,  and  cardiol ipin.  Phos-  
pha t idy l  e t h a n o l a m i n e  was the  m o s t  a b u n d a n t  
p h o s p h o l i p i d  p resen t  in the  larvae, and  phos-  
pha t idy l  chol ine  was the  m o s t  a b u n d a n t  in the  
adul ts .  
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On the Site of the Microbiological Reduction of Cholesterol 
to Coprostanol in the Rat 1 

ABSTRACT 

The  microb io log ica l  r e d u c t i o n  of the  
5-ene b o n d  of cho le s t e ro l  (choles t -5-  
en-3~-ol) to  fo rm c o p r o s t a n o l  (5/Lcho- 
lestan-3fl-ol) occurs  in  the  gas t ro in tes t ina l  
t rac t  of  m a n y  species. Data  are p r e sen t ed  

1Mississippi Agricultural and Forestry Experiment 
Station Publication No. 2643. 

wh ich  show t h a t  this  ac t iv i ty  occurs  
p r e d o m i n a n t l y  in the  ceca in cho les te ro l  
fed rats. This expla ins  the  r e p o r t  by  
o thers  t h a t  the  removal  of  the  ceca causes 
cop ros t ano l  to  d i sappear  f rom the  feces. 

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

The microbio logica l  m o d i f i c a t i o n  of  intes-  
t inal  s terols  by  ind igenous  mic ro f lo ra  has been  
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to Coprostanol in the Rat 1 

ABSTRACT 

The  microb io log ica l  r e d u c t i o n  of the  
5-ene b o n d  of cho le s t e ro l  (choles t -5-  
en-3~-ol) to  fo rm c o p r o s t a n o l  (5/Lcho- 
lestan-3fl-ol) occurs  in  the  gas t ro in tes t ina l  
t rac t  of  m a n y  species. Data  are p r e sen t ed  

1Mississippi Agricultural and Forestry Experiment 
Station Publication No. 2643. 

wh ich  show t h a t  this  ac t iv i ty  occurs  
p r e d o m i n a n t l y  in the  ceca in cho les te ro l  
fed rats. This expla ins  the  r e p o r t  by  
o thers  t h a t  the  removal  of  the  ceca causes 
cop ros t ano l  to  d i sappear  f rom the  feces. 

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

The microbio logica l  m o d i f i c a t i o n  of  intes-  
t inal  s terols  by  ind igenous  mic ro f lo ra  has been  
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shown to  exe r t  a p ro tec t ive  e f fec t  against  t issue 
cho les te ro l  a ccumula t i ons  in ra ts  fed exogenous  
choles te ro l  (1).  The  microbio logica l  r e d u c t i o n  
of  cho les te ro l  to  c o p r o s t a n o l  has  been  s h o w n  to 
be  abol i shed  by  poor ly  digested d ie tary  carbo-  
hydra t e s  (2)  and  orally admin i s t e r ed  an t ib io t i cs  
(3).  Eyssen et al. (4) r ecen t ly  has r epo r t ed  t h a t  
the  surgical removal  of  the  cecum of  conven-  
t iona l  rats  resul ts  in  the  d i sappearance  of  fecal 
cop ros t ano l  w i th in  two  days a f te r  the  cecec- 
t o m y  and  presen ts  ev idence  t h a t  the  cecum 
e i the r  supplies  n e e d e d  n u t r i e n t s  or  bac ter ia l  
inocu la  to  s u p p o r t  the  mic rob ia l  r e d u c t i o n  in 
the  large in tes t ine  or is the  ma jo r  site of  this  
r educ t i on  itself .  Dur ing the  course  of  investiga- 
t ions  on s te ro id  ba lance  in rats,  we inves t iga ted  
the  a m o u n t s  of  cho les t e ro l  and  cop r os t ano l  in 
the  cecal c o n t e n t s  and  feces of  ind iv idual  rats.  

METHODS 

Mature  male  rats,  120 days old, were fed 
semipur i f ied  diets based  u p o n  casein,  s ta rch ,  
supp l emen ta l  v i t amins  and  minerals ,  5% corn  
oil, and  0.5% choles terol .  The  rats  were housed  
in w i r e - b o t t o m  cages for  the  co l lec t ion  of  feces. 
Diet  and  wa te r  were suppl ied  ad l ib i tum.  Af t e r  
a 21-day pe r iod  for  a d j u s t m e n t  to  diet  and  
quar ters ,  fecal samples  were col lec ted ,  the  
animals  sacrif iced,  and  the  ceca r em oved  and  
s tored  in 95% e thano l  for  analysis.  

Feces and  cecal c o n t e n t s  were ana lyzed  for  
choles te ro l  and  c o p r o s t a n o l  by  the  t echn iques  
of  Mie t t inen  et  al. (5),  as ou t l i ned  in our  
previous  pape r  (6).  Differences  b e t w e e n  means  
were ana lyzed  by t t es t  for  groups  w i th  
d i f fe ren t  n u m b e r s  of  individuals ,  accord ing  to  
Snedecor  (7). 

RESULTS A N D  DISCUSSION 

Table  I shows tha t ,  as a group and  for  all 
individuals  for  wh ich  da ta  are comple t e ,  the  
pe rcen tage  of  c o p r o s t a n o l  (mg cop r os t ano l  + 
[mg cop ros t ano l  + mg choles te ro l ]  x 100) was 
greater  in  the  cecal c o n t e n t s  t han  in the  feces. 
Since the  c e c u m  is loca ted  an t e r io r  to  the  large 
in tes t ine  and  empt i e s  i n t o  i t  and  since n o  
cop ros t ano l  is f o r m e d  in  the  small  in tes t ine  and  
since Eyssen et al. (4)  have s h o w n  t h a t  on ly  
pa r t  of the  diet  is r e t a ined  in the  cecum while 
the  res t  bypasses  i t  d i rec t ly  to  the  large 
in tes t ine ,  i t  t he re fo re  fol lows t h a t  the  copros-  
t ano l  f o r m e d  in the  cecum and  released to the  
large in tes t ine  was d i lu ted  by  cho les te ro l  by-  
passing the  cecum,  resu l t ing  in a lower  per- 
centage  of  c o p r o s t a n o l  in the  feces. I t  is n o t  
possible  t h a t  th i s  d i f fe rence  in c o p r o s t a n o l  
c o n t e n t  is due to  p re fe ren t i a l  a b s o r p t i o n  of  

TABLE I 

Percentage of Coprostanol in Cecal Contents and 
Feces of Male Rats Fed Cholesterol-Containing Diets 

Rat Cecal contents Feces 

1 42.4 4.73 
2 26.7 15.3 
3 37.1 28.0 
4 47.7 4.26 
5 35.6 4.52 
6 _ a  2.41 
7 _ a  7.22 
8 34.6 4.30 
Mean + S.D. 37.35 b + 7.17 8.84 b + 8.70 

aSamples lost. 
b(Sig P ~ 0.001). 

copros tano l ,  since this  s terol  is v i r tua l ly  u n a b -  
sorbable  (8). Swell e t  al. (9)  also have s h o w n  
t h a t  n o  cho les te ro l  a b s o r p t i o n  takes  place in 
the  large in tes t ine .  I t  is p r o b a b l e  t h a t  some 
cop ros t ano l  f o r m a t i o n  did occur  in  the  large 
in te s t ine  in the  ra t  while  the  mic roo rgan i sms  
were in t rans i t ;  however ,  Eyssen et  al. (4) have 
shown  tha t  a f te r  c e c e c t o m y  this  source  of  fecal 
cop ros t ano l  rap id ly  disappears.  These da ta  
prove tha t ,  in  ra ts  c o n s u m i n g  0.5% choles tero l ,  
the  cecum i tself  was the  ma jo r  site of  copros-  
t ano l  f o r m a t i o n  and  the  pe rcen tage  convers ion  
of  cho les te ro l  to  c o p r o s t a n o l  was more  com-  
p le te  in  the  c e c u m  t h a n  in the  large in tes t ine .  
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Molecular Species of Wax Esters in Jaw Fat of Atlantic 
Bottlenose Dolphin, rursiops truncatus 
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Fisheries and Marine Service, Halifax Laboratory, Halifax, Nova Scotia, Canada, and 
B.L. H ILAMAN and CARTER LITCHFIELD,  Department of Biochemistry, Nelson Biological Laboratories, 
Rutgers University, New Brunswick, N.J. 08903 

ABSTRACT 

The jaw fat of the Atlantic bottlenose 
dolphin (Tursiops truncatus) contains un- 
usual wax esters which can be separated 
into short chain (<C24) and long chain 
(>C24) fractions by thin layer chroma- 
tography. The short chain wax esters (28 
wt. %) have been characterized as a 
72:24:4 mixture of isovaleroyI, isobu- 
tyroyl, and 2-methylbutyroyl esters of 
CI4-Cls  n- and iso-alcohols. The intact 
<C24 esters have been resolved into 
individual molecular species by gas liquid 
chromatography on open-tubular poly- 
ester columns. The long chain wax esters 
(12 wt. %) contain C10-C22 n- and 
iso-acids esterified to the same C14-C18 
n- and iso-alcohols. Gas liquid chromatog- 
raphy of the intact, hydrogenated ~C24 
esters on a short JXR column has charac- 
terized them according to carbon number 
and the number of methyl branches they 
contain. 

INTRODUCTION 

The occurrence of isovalerate wax esters of 
fatty alcohols in the jaw fat of the Atlantic 
bottlenose dolphin (Tursiops truncatus) first 
was reported in 1930 by Gill and Tucker (1). 
Isovalerate wax esters have since been reported 
widely in the head fats of other Delphinidae 
genera (2,3). Those of Globicephala melaena 
(4-6), T. gilli (7), and Sotalia fluviatilis (8) have 
been studied in detail. In their investigation of 
7". gilli, Varanasi and Malins (7) identified a 
small amount of isoamyl alcohol and concluded 
that isoamyl wax esters also were present. 

As part of our continuing studies on the 
head fats of the Odontoceti (2, 3, 5, 8-11) to 
determine if their unusual chemical composi- 
tion might be related to their role in echoloca- 
tion (12), we examined the intact wax esters 
from T. truncatus jaw fat using gas liquid 
chromatography (GLC). The chromatograms 
obtained showed numerous peaks which eluted 
in the C1s-C23 region, some of which did not 
correspond to either isovaleroyl or isoamyl wax 
ester standards (10). Further investigation has 
revealed that both isobutyrate and 2-methyl- 

butyrate wax esters are present in T. truncatus 
jaw fat. This paper presents these findings and 
describes new GLC techniques for the detailed 
characterization of molecular species of wax 
esters in dolphin head fats. 

The usual shorthand nomenclature for fatty 
acids and fatty alcohols is chain length : number 
o f  double bonds co position o f  last double bond 
relative to terminal methyl group. In this paper 
this terminology has been extended to wax 
esters using the convention alcohollacid order. 

EXPERIMENTAL PROCEDURES 

Materials 

The total fatty tissue from inside one man- 
dibular canal of a 1.61 m female T. truncatus 
was supplied by D.K. Caldwell, University of 
Florida. The sample was dissected from an 
animal found dead on the beach at Summer 
Haven, Florida, April 1970. After storage a t -20 
C for three months, lipid was extracted with 
chloroform using a Waring Blendor. Thin layer 
chromatography (TLC) of the extract revealed 
only a trace of free fatty acid, indicating the 
absence of any significant lipid hydrolysis in 
the sample. A small portion of the total fatty 
oil was hydrogenated fully using PtO catalyst in 
freshly distilled dioxane (13). 

Wax ester standards necessary for the identi- 
fication of GLC peaks were either synthesized 
or purchased. The methyl esters of n - l l : 0 ,  
n-12:0, n-13:0, iso-14:0, n-14:0, anteiso-15:0, 
n-15:0, iso-16:0, n-16:0, 16: 10)7, anteiso-17:0, 
n-18:0, 18:10)9, 18:20)6, 18:3o)3, and 20:10)9 
acids were converted to the analogous isoamyl 
(iso-5:0) esters by KOH catalyzed alcoholysis 
or (after LiA1H 4 reduction) to the correspond- 
ing isovalerate (iso-5:0), isobutyrate (iso-4:0), 
or 2-methylbutyrate (anteiso-5:0) esters as pre- 
viously described (10). A mixture of iso- 
14:01iso-14:0, iso-14:01n-14:0, n-14:01iso- 
14:0, and n-14:0l n-14:0 wax esters was synthe- 
sized by reducing a 1 : 1 mixture of myristic and 
12-methyltridecanoic acids (Analabs, North 
Haven, Conn.) with LiAIH4, esterifying the 
resultant alcohols with the original mixture of 
C14 acids using HCI04 as a catalyst (14), then 
purifying the product by TLC. Other long chain 
wax e s t e r  s t a n d a r d s  ( n - 1 0 : 0 t  n - I4 :0 ,  
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T A B L E  I 

C o m p o s i t i o n  of C 4 and  C 5 Acids  in Shor t  Chain  Wax Esters  f rom 
Tursiops truncatus J aw  Fat  

S t ruc tu re  
D e t e r m i n e d  by open- tubu la r -  

c o l u m n  GLC a of  i n t ac t  wax esters  
D e t e r m i n e d  by p a c k e d - c o l u m n  GLC 

of  der ived bu ty l  es ters  

Wt. % Mole % Wt. % Mole % 

iso-4 :0  24.0 26.8 25.5 28 .6  
i so-5 :0  72.2 69.6"] 
ante iso-  5 : 0 3.8 3 . 6 ]  74.5 71 .4  

aGLC = gas l i qu id  c h r o m a t o g r a p h y .  

n - 1 4 : 0 J  n - 1 4 : 0 ,  n - 1 6 : 0 1  n - 1 6 : 0 ,  and  
n-18:0In-18:0)  were purchased from Analabs. 

Methods 

The Separation of lipid classes by TLC 
usually was carried out on 200 x 200 mm glass 
plates coated with a 0.25 mm layer of Adsorbo- 
sil-1 (Applied Science Laboratories, State Col- 
lege, Pa.) impregnated with 0.04% rhodamine 
6G and developed in petroleum ether:diethyl 
ether 95:5. Precoated TLC plates (Applied 
Science Laboratories), developed in hexane:di- 
ethyl ether:acetic acid 54:15:1 and then 
sprayed with rhodamine 6G, gave equivalent 
results. Plates were examined under UV light, 
the appropriate lipid bands were scraped off, 
and the lipids were recovered with diethyl 
ether. The amount of each lipid class present 
was measured by IR spectroscopy (2,15). 

The wax ester fractions from TLC of the 
hydrogenated jaw fat were examined by GLC 
on a 0.53 m packed JXR silicone column, as 
described in detail elsewhere (9). The short 
chain wax esters from TLC of the unhydrogen- 
ated jaw fat were examined on stainless steel, 
wall-coated, open-tubular GLC columns, 46 m 
x 0.25 ram, inside diameter, coated with DEGS 
(diethyleneglycol succinate), BDS (butanediol 
succinate), or AP-L (Apiezon-L), essentially as 
described elsewhere, (9) except that a Perkin- 
Elmer Model 900 with flame ionization detec- 
tor (FID) was used. DEGS and BDS columns 
were operated at 150 C and AP-L at 190 C with 
appropriate carrier gas inlet pressures. Methyl 
esters of fatty acids and acetate esters of fatty 
alcohols were analyzed on the BDS-coated 
open-tubular column. C 4 and C5 acids were 
determined independently by GLC of the butyl 
esters at 90 C on a 1.83 m x 3 mm inside 
diameter column packed with 5% SE-30 on 
100/120 mesh Gas-Chrom Q (9). 

RESULTS A N D  DISCUSSION 

Separation of the hydrogenated T. t runca tus  
jaw fat by TLC showed three triglyceride (60 

wt. %) and two wax ester (40%) bands, which 
were identified by comparison with authentic 
standards in both GLC and TLC analyses. This 
subfractionation of lipid classes occurs because 
of the presence of varying ratios of short (C4 
and C5) and long (C10-C22) chains in the 
molecules. Triglycerides containing zero, one, 
and two short chain acids were resolved, and 
their analysis will be described in a subsequent 
report. The wax esters, under discussion here, 
were separated into an upper band where both 
fatty acid and alcohol were __2>(210 and a lower 
band where a =>(214 alcohol was esterified to a 
C4 or C s acid. These two groups of wax esteis 
subsequently will be referred to as the long 
chain and short chain wax esters respectively. 
We previously have demonstrated the TLC 
separation of such long and short chain wax 
esters using synthetic mixtures (10). The un- 
hydrogenated jaw fat similarly was resolved 
into lipid classes. 

Recovery and quantitation of the two 
hydrogenated wax ester bands indicated 28 wt. 
% short chain and 12% long chain wax esters in 
the total jaw fat sample. The two wax ester 
bands from the unhydrogenated fat also were 
isolated by preparative TLC. 

Short Chain Wax Esters 

The acids from the short chain wax esters 
were converted into butyl esters and the alco- 
hols into alcohol acetates. GLC of the butyl 
esters on a packed 5% SE-30 column revealed 
two large peaks corresponding respectively to 
isobutyric (iso-4:0) acid and to isovaleric 
(iso-5:0) plus 2-methylbutyric (anteiso-5:0) 
acids (Table I). GLC of the alcohol acetates 
from the short chain wax esters using open- 
tubular polyester columns gave the composition 
reported in Table II. This mixture contained 
87.2% saturated C14-C18 alcohols, including 
34.2% branched (mostly iso), and no polyunsat- 
urated alcohols. Iso-16:0 and n-16:0 were the 
major components, but appreciable amounts of 
n-18:0 and 18:lco9 were present. 
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D O L P H I N  W A X  E S T E R  M O L E C U L A R  S P E C I E S  

T A B L E  II  

C o m p o s i t i o n  of  C 9 to  C22  F a t t y  Acids  and  Fa t t y  Alcoho ls  in 

Tursiops truneatus J a w  Fat  Wax Esters  

663 

F a t t y  a lcohols  (mole  %) 

F a t t y  acids  
o f  l~ng  chain  L o n g  cha in  Sho r t  cha in  I so -5 :0  I so -4 :0  A n t e i s o - 5 : 0  

S t r u c t u r e  wax  esters  a wax  es ters  b w a x  esters  b w a x  es ters  c wax  esters  c wax  esters  c 

i so -14 :0  1.4 . _d  . . . . . . . . . . .  
an te iso-  1 4 : 0  --- t race  --- t race  t race  --- 

n - 1 4 : 0  10.1 2 . t  l . l  1.9 2.3 4 .2  
14:1o39 2.5 . . . . . . . . . . . .  

i s o - 1 5 : 0  5.1 8.0 4 .8  9,3 7.1 9.8 
an te i so-  15 : 0 0.8 t race  O. 1 0,2 0.1 --- 

n - 1 5 : 0  1.3 3.0 2,7 2.9 3.1 5.0 
i so -16 :0  8.6 36.1 25.4  34,3 35.1 ,40.6 

a n t e i s o - 1 6 : 0  --- 0.2 0 . I  0,2 0 . t  --- 
n - 1 6 : 0  25.2 37.5 39.2 34,0 35.9 40 .4  

16:1o39 4.4 0.2 0.2 0 .4  0.3 --- 
16:1o37 5.9 e 0.3 0.6 0.6 --- 
16:1o35 0.2 . . . . . . . . . . . . . .  

i s o - 1 7 : 0  2.5 2.5 3.0 2.6 2.0 --- 
a n t e i s o - 1 7 : 0  1.2 1.2 0.6 0.6 1.1 --- 

n - 1 7 : 0  4.5 1,1 1.4 1,0 1.1 --- 
17:16o8 0.4 . . . . . . . . . . . . . .  

i s o - 1 8 : 0  0.1 0.2 0.2 0.5 0.3 --- 
a n t e i s o - 1 8 : 0  . . . . . .  0.3 0.1 - -  

n - 1 8 : 0  2,0 3.1 8,5 2.9 3.0 --- 
18:  t 039 5.5 3.2 8.7 5.9 5.4 - -  
18:1037 1.1 1,7 3.6 2.4 2.4 --- 
18:1 co5 0.1 - -  t race  . . . . . . . . .  

a T h e  f o l l o w i n g  add i t iona l  m i n o r  c o m p o n e n t s  wi th  pe rcen t ages  also were  p re sen t  in the  f a t t y  acids  of  the long  
cha in  w a x  e s t e r s :  n - 9 : 0 ,  t r ace ;  i s o - l O : 0 ,  0 .5;  n - lO:O,  2.3;  i so-I  l :O ,  1.6; a f i te i so- I  l : 0 ,  0 .1 ;  n - t  1 :0 ,  0 . 2 ; i s o - 1 2 : 0 ,  
1.0; n - 1 2 : 0 ,  3.4; i s o - 1 3 : 0 ,  1.2; a n t e i s o - 1 3 : 0 ,  O . 1 ; n - 1 3 : 0 ,  0.4;  18:2co6,  0.3;  18 :3 t~3 ,  0 .3 ;n-20 :0 ,0 .2 ;  20 :1o311 ,  
0.4; 20 :1 to9 ,  2.1; 20; lo97,  1.7; 22 ; l o313+11 ,  1.2; 2 2 : 1 t o 9 ,  0.2.  

b D e t e r m i n e d  as a lcohol  ace ta tes .  L o n g  cha in  impl ies  tha t  bo th  a lcohol  and  ac id  were  ~>C10. Shor t  cha in ,  
this  ins tance ,  r e fe r s  to  an a lcohol  ~>C14 es te r i f i ed  to a C 4 or C 5 acid.  

C D e t e r m i n e d  as i n t ac t  wax  es ters .  

dDash  ind ica te s  no  s ign i f i can t  a m o u n t  in a p p r o p r i a t e  pos i t ion  wi th  s ample  size a d e q u a t e  to  de t ec t  0.1%. 

e N o t  vis ible  f o r  t echn ica l  reasons .  

Following our previous experience with the 
resolution of isomeric short chain wax esters on 
open-tubular GLC columns (10), we chromato- 
graphed the intact short chain wax esters from 
unhydrogenated T. t r u n c a t u s  jaw fat on a 46 m 
DEGS column (Fig. 1). Comparison of this 
chromatogram with the acid and alcohol com- 
positions determined above, examination of 
fractional chain length values (10, 16, 17), and 
comparison of peak proportions indicated two 
overlapping patterns. The same distribution 
pattern found in the isobutyroyl wax ester 
peaks was repeated in the isovaleroyl wax ester 
peaks, which eluted slightly later. This is 
visualized easily by comparing, for example, the 
iso- 16: 0 [ iso-4: 0 an d n- 16: 0 [ iso-4:0 peaks with 
the pair iso-16:0liso-5:0 and n-16:0liso-5:0.  
The two groups of n-18:0, 18:16o9, and 
18:16o7 alcohols occurring as both isobutyroyl 
and isovaleroyl esters are also clearly recogniz- 
able. 

While most of the peaks in Figure 1 could be 

identified as esters of the alcohols known to be 
present with iso-4:0 or iso-5:0 acids, several 
minor peaks (shaded in Fig. 1) remained which 
did not fall into either category. Since 2-meth- 
ylbutyric acid is known to be present in some 
dolphin head and body fats (6, 18-21), appro- 
priate 2-methylbutyroyl esters of long chain 
fatty alcohols were synthesized and cochro- 
matographed with the T. t r u n c a t u s  short chain 
wax esters. The unknown peaks and the 2- 
methylbutyroyt wax ester standards had identi- 
cal retentions times on DEGS, BDS, and AP-L 
open-tubular columns, clearly indicating the 
presence of 2-methylbutyroyl wax esters in the 
sample. Although the elution patterns of the 
DEGS and BDS columns were almost identical, 
the evidence for the 2-methylbutyroyl esters 
was particularly clearcut on the AP-L column 
(Fig. 2) where the iso-15:0Liso-5:0 and iso- 
16:01iso-4:0 peaks were coincident, but iso- 
15 : 0] anteiso-5 : 0 eluted slightly earlier. 

The relative amounts of isobutyric, isova- 
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FIG. I. Gas chromatogram of intact, unhydrogenated, short chain wax esters from Tursiops truncatus jaw fat 

on a wall-coated, stainless steel, open-tubular gas liquid chromatography column, 46 m x 0.25 mm inside 
diameter, coated with diethyleneglycol succinate polyester. Operating conditions: I50 C, 60 psig He carrier gas, 
Perkin-Elmer Model 900 gas chromatograph, attenuations 8x and 4x as shown. II Isobutyroyl esters, [] 
lsovaleroyl esters, [] 2-Methylbutyroyl esters (Italics). 

leric, and  2 - m e t h y l b u t y r i c  acids in the  shor t  
cha in  wax esters can be ca lcu la ted  d i rec t ly  f rom 
the c h r o m a t o g r a m  in Figure 1. Results  (Table  I) 
check closely wi th  those  ob t a ined  by  GLC of  
the  bu ty l  esters,  when  one  realizes t ha t  the  
bu ty l  esters o f  isovaleric and  2 - m e t h y l b u t y r i c  
acids are n o t  resolved by GLC on the  packed  
SE-30 c o l u m n  u n d e r  the  c o n d i t i o n s  e m p l o y e d  
in our  s tudy.  

n-15:0 [  
/'so - 15 :OI antez'so-5;O 
ante/so - 510 , \  

/so- 1510 [ /so-510 
+ 

/so -16~0 I / so -4 :0  

n-1520 I /so-510 
+ 

n -16~0 1/so -4;0 

v._ 
FIG. 2. Portion of gas cbromatogram of intact, 

hydrogenated, short chain wax esters from Tursiops 
truncatus jaw fat on a wall-coated, open-tubular gas 
liquid chromatography column, 46 m x 0.25 mm 
inside diameter coated with Apiezon L grease, as 
modified by the Perkin-Elmer Corporation. These 
results confirm the presence of 2-methylbutyroyl 
(anteiso-5:0) wax esters, which elute before the 
corresponding combined isovaleroyl (iso-5:0) and iso- 
butyroyl (iso-4:0) isomers. Operating conditions: 190 
C, 80 psig He carrier gas, Perkin-Elmer Model 900 gas 
chromatograph, attenuation 2x. 

The c o m p o s i t i o n s  o f  the  f a t ty  a lcohols  
es ter i f ied to i sobutyr ic ,  isovaleric,  and  2-meth-  
y lbu ty r i c  acids were ca lcu la ted  f rom the  open-  
t ubu la r  GLC analysis  of  b o t h  u n h y d r o g e n a t e d  
and  h y d r o g e n a t e d  s h o r t  cha in  wax esters.  Re- 
sults (Table  [I)  show a lmos t  ident ica l  a lcohol  
m ix tu re s  in the  i sobu ty roy l ,  isovaleroyl ,  and  
2 - m e t h y l b u t y r o y l  esters,  i nd ica t ing  tha t  the 
a lcohols  were p r o b a b l y  all d rawn f rom a com- 
m o n  me tabo l i c  pool .  Since only  the ma jo r  
2 - m e t h y l b u t y r o y l  esters cou ld  be d e t e r m i n e d  
f rom our  c h r o m a t o g r a m s  (Fig. 1), the  a lcohol  
percentages  for  these  appea r  p r o p o r t i o n a t e l y  
h igher  in the an te i so -5 :0  c o h i m n  of  Table  lI.  
There  is, however ,  every reason  to suppose  tha t  
the  m i n o r  2 - m e t h y l b u t y r o y l  esters all ex is ted  at  
u n d e t e c t a b l e  levels or in pos i t ions  covered  by  
ma jo r  c o m p o n e n t s  of o the r  types .  

The r e p o r t  of  3-methylbutyl (isoamyl) alco- 
hol  as a c o m p o n e n t  of  T. gilli mand ib l e  wax 
esters (7)  p r o m p t e d  us to  examine  cr i t ical ly the  
shor t  cha in  wax esters  f rom T. truncatus j a w  fat  
for  such  mater ia ls .  Sixteen d i f fe ren t  3 -methyl -  
bu ty l  esters of  C11-C20 f a t t y  acids were 
syn thes ized  and  c o c h r o m a t o g r a p h e d  wi th  the  
T. truncatus s h o r t  cha in  wax esters us ing GLC 
cond i t i ons  especial ly deve loped  for  the  pur- 
pose of  de tec t ing  such  c o m p o u n d s  (10).  All 
tests  for  3-methylbutyl wax esters  in T. trun- 
catus j aw fat were negative.  I f  such  c o m p o u n d s  
did exis t  in the  sample  examined ,  the  a m o u n t  
p resen t  mus t  have been  apprec iab ly  less than  
1% of  the shor t  cha in  wax esters.  

Subs tan t i a l  a m o u n t s  of  isovaleric  acid have 
been  f o u n d  in the  head  fats of all m e m b e r s  of  
the  O d o n t o c e t e  families Delphin idae ,  Pho- 
coenidae, and M o n o d o n t i d a e  e x a m i n e d  to date  
(2-9, 18-24). The  s imu l t aneous  occur rence  of  
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DOLPHIN WAX ESTER MOLECULAR SPECIES 

lesser a m o u n t s  of  i sobu ty r i c  and  2 -methy l -  
bu ty r i c  acids is by n o  means  un ique  wi th  71 
truncatus, however .  I sobu ty r i c  acid has been  
r epo r t ed  in Delphinus delphis ponticus (18) ,  
Stenella attenuata (21) ,  and  Phocoenoides dalli 
(19)  head  fats, while 2 - m e t h y l b u t y r i c  acid was 
present  in D. delphis ponticus (18)  and Globi- 
cephala melaena (6). The parallel  occur rence  of  
i s o v a l e r o y l - C o A ,  i sobu t y r oy l - C oA ,  and  2- 
m e t h y l b u t y r o y l - C o A  dur ing  leucine,  valine,  and 
isoleucine m e t a b o l i s m  respect ive ly  (25 ,26)  ap- 
pa ren t ly  can p roduce  esters  of  all th ree  of the  
sho r t  cha in  acids in some animals  of  the  
Delphin idae  and  Phocoen idae .  The p h e n o m e -  
n o n  is no t  universal ,  however ,  since deta i led  
GLC analyses have no t  revealed s ignif icant  
a m o u n t s  of i sobu ty r i c  acid in Sotalia fluviatilis 
(8) or  Delphinapterus leucas (9). 

The  level of  i sobu ty r i c  acid f o u n d  here  in T. 
truncatus j a w  fa t  is by far the  h ighes t  value 
r epo r t ed  to  date  for  any O d o n t o c e t e  head  fat .  
Moreover,  i t  r ep resen t s  the  first  k n o w n  occur-  
rence of  a ma jo r  a m o u n t  of  i s o b u t y r o y l  wax 
es ter  in the  fats  of  these  animals.  

Long Chain Wax Esters 

GLC analysis  of  the  f a t ty  acid m e t h y l  esters 
and  the fa t ty  a lcohol  ace ta tes  derived f rom the  
long  cha in  wax esters  are r epo r t ed  in Table  II. 
The c o m p o s i t i o n  of  these  a lcohols  closely 
r e sembled  those  f o u n d  in  the  shor t  cha in  wax 
esters,  i nd ica t ing  a c o m m o n  pool  for  all wax 
es ter  a lcohols  and  a lack of  a lcohol  specif ic i ty  
in the  acyl t ransferase(s)  which  syn thes ize  wax 
esters. The 2:1 p r o p o r t i o n  of 18: lco9: 18 : l co7  

CARBON 
NUMBER 

�9 I q 
iso-iso iso n n n 

665 

/so -1410  In-14 0 
+ 

n - 1 4 1 0  I i s o - 1 4 : 0  

n -  1 4 1 0 1 n - 1 4 : 0  

iso-14:ol iso -I 4'.0 

2__ 
FIG. 3. Separation of a mixture of 12-methyl- 

tridccyl 12-methyltridecanoate (iso-14:01iso-14:0), 
12-methyltridecyl myristate (iso-14:01 n-14: 0), tetra- 
decyl 12-methyltridecanoate (n-14:01iso-14:0), and 
tctradecyl myristate (n-14:01 n-I 4:0) into three peaks 
on a short, packed JXR column (0.53 m x 2.4 mm 
inside diameter stainless steel column packed with 
3.0% JXR silicone on 100/120 mesh Gas Chrom Q). 
Operating conditions: column temperature programed 
145 ~ 300 C at 3.3~ 100 ml/min He carrier gas, 
on-column injection at 325 C. 

differs  f rom t h a t  of  the  acids ( abou t  5: 1) bu t  is 
the  same as t h a t  for  the  j aw wax ester  f a t ty  
a lcohols  of  the  A m a z o n  do lph in  Inia geoffrensis 
( l l ) .  

32 
! I ! 

3 3  

2 8  3 1  

, , ~ 3 0  ~ '  ' I~  

2 7  29  

3 4  
r - - - r - ' l  

3 6  

FIG. 4. Gas chromatogram of intact, hydrogenated, long chain wax esters from Tursiops truncatus jaw fat on 
a short, packed JXR column. Operating conditions: same as Figure 3 except column temperature programed 
150 -~ 330 C at 4.6~ 

LIPIDS, VOL. 8, NO. 12 



666 R.G.  A C K M A N ,  J .C.  S IPOS,  C .A.  E A T O N ,  B.L.  H I L A M A N  A N D  C. L 1 T C H F I E L D  

T A B L E  1II 

C o m p o s i t i o n  o f  I n t a c t  L o n g  C h a i n  Wax Esters  f r o m  
Turs iops  t runcatus  J a w  Fa t  

M o l e %  M o l e %  
C a r b o n  P r e d o m i n a n t  C a r b o n  P r e d o m i n a n t  
n u m b e r  s t r u c t u r e  F o u n d  C a l c u l a t e d  a n u m b e r  s t r u c t u r e  F o u n d  C a l c u l a t e d  

25 iso I iso t r ace  0.1 30  n l n  c "] 
25 iso I n b 0 .6  0 .2  31 iso I iso_[ 6 .6  8 .7  
26 i sol  iso 1.1 0 .4  31 isol n 5.9  6 .5  
26  iso t n 1.4 1.1 32  iso I iso 1.3 5.5 
2 7  iso I iso 4 .7  1.6 32 iso I n 11 .8  17 .0  
27  i s o l n  4 .2  1.1 32 n l n C  7 
2 8  iso I iso 4 .8  0 .7  33 iso I iso.]  19.1 16.5  
2 8  isol  n 9 .9  1.8 33 iso I n c ' ]  
28  n l n  q 33 n l n  A 3.2 8 .6  
29  iso I iso_J 3 .2  2 .3  3 4  i s o l n  j 
29  i s o l n  4 .2  2.1 3 4  n l n  c 8.5 10 .9  
30  iso I iso 0 .9  1.6 36  n I n 0 .6  4 .0  
30  i s o l n  7 .8  5.7 38  n l n  0 .2  1.4 

O t h e r  --- 2 .2  

a C a l c u l a t e d  a s s u m i n g  a r a n d o m  e s t e r i f i c a t i o n  o f  f a t t y  a l c o h o l s  w i th  f a t t y  ac ids .  Va lues  given c o m b i n e  n [ n-C x 
a n d  iso I i so-Cx+ 1 i n to  o n e  p e a k .  

b T h e  t e r m  i s o l n  here  re fe r s  to  the  c o m b i n e d  i s o l n  a n d  n l iso w a x  es ters ,  s ince these  t w o  i somer s  are 
i n s e p a r a b l e  in t he  gas l i qu id  c h r o m a t o g r a p h i c  ana lys i s  used .  Iso a c t u a l l y  i n c l u d e s  b o t h  iso a n d  a n t e i s o  cha ins ,  
b u t  ve ry  f e w  o f  the  l a t t e r  are p r e sen t  (Tab le  II). 

CMajor c o m p o n e n t  in th i s  c o m b i n e d  peak .  

On the other hand, the fatty acids of the 
long chain wax esters were quite distinctive 
from the alcohols. Numerous C l o - C 1 4  and 
C18-C22 species were found only among the 
acids. Palmitate was the most prominent com- 
ponent. The mixture contained 73.8% saturated 
acids, including 24.2% branched (mostly iso), 
and 25.7% monoene acids. Almost no polyun- 
saturated acids (only 0.5%) were present, im- 
plying that the wax ester long chain acids are 
not of dietary origin but are probably synthe- 
sized directly in the lower mandible fat body. 
The high level of iso-chains in both the acids 
(22.0%) and alcohols (46.8%) reflects the avail- 
ability of iso-4:0 and iso-5:0 substrates for de 
novo biosynthesis of long chain fatty acids 
(27). 

GLC of the intact, hydrogenated, long chain 
wax esters on a JXR silicone column obviously 
must produce a complex pattern of peaks, 
because of the high level of branched chain 
acids and alcohols present (Table II). To aid in 
peak identification, the precise separation of a 
known mixture of iso-14:01iso-14:0, iso- 
t 4 : 0 1  n - 1 4 : 0 ,  n - 1 4 : 0 l i s o - 1 4 : 0 ,  and  
n-14:0Jn-14:0 under similar GLC operating 
conditions was investigated. Three distinct 
peaks were partially resolved (Fig. 3) with the 
iso [ iso combination eluting first, the iso I n and 
n liso structures forming an unresolved second 
peak, and the n f n  unbranched compound 
eluting last, as predicted from basic GLC 

structure-retention time relationships (16). 
Based upon the separation of this model 
mixture and upon cochromatography runs with 
appropriate standards, all of the peaks in the 
complex chromatogram of long chain wax 
esters can be assigned (Fig. 4) and quantitated 
(Table III). Partial resolution of peaks makes 
the accuracy here lower than is usual for GLC 
of long chain wax esters, but an adequate 
quantitation can be obtained. In a few cases, 
two species of wax ester (such as C30 n l n and 
C31 isol iso) eluted almost simultaneously and 
could not be quantitated individually; however, 
examination of the chromatogram and knowl- 
edge of the fatty acids and alcohols present 
allowed the major components to be identified. 

Our results show that the long chain wax 
esters are %16% iso[iso, %47% isoln and 
%37% n ln structures. This is close to the 12% 
iso [ iso, 49% isol n, 39% n I n composition calcu- 
lated for a random esterification of the fatty 
acids with the fatty alcohols. However, compar- 
ison of experimental and random distribution 
values for both isomeric and carbon number 
separations (Table III) shows poor agreement. 
More C27-C29 and less C 3 2 - C 3 6  species are 
present than could be accounted for by a 
random esterification pattern. 
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Incorporation of Acetate into Fatty Acids and Complex 
Lipids of Soybean Cotyledon Slices under Aerobic and 
Anaerobic Conditions 
E.M. STEARNS, JR., and W.T. MORTON, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

S o y b e a n  s l i ces  incubated with 
[I-14C1 acetate in the presence of air 
synthesized fatty acids to a greater extent 
than did slices in the absence of air. The 
proportion of radioactive fatty acids in- 
corporated into the neutral lipid was ca. 
35% in the presence or absence of air. 
However, both the proportion and the 
absolute amount of radioactive fatty 
acids in phospholipids were greater in the 
presence of air. This difference was par- 
ticularly great in phosphatidic acid and in 
a minor uncharacterized phospholipid 
component.  Significant incorporation of 
acetate into monoenoic acids was ob- 
served in these two lipids and in phospha- 
tidyl choline. The latter also showed an 
accumulation of newly synthesized poly- 
enoic acids when air was present. Stearic 
acid synthesis was greater under aerobic 
than under anaerobic conditions. The 
present results support the concept that a 
relationship exists between the synthesis 
of unsaturated fatty acids and their incor- 
poration into phospholipids in plants. 

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

Synthesis of oleic acid from acetate or from 
saturated acids of less than 16 carbon atoms has 
been demonstrated in preparations of avocado 
mesocarp (1), leaves (2), and seeds (3,4). 
Exclusion of oxygen prevented the synthesis of 
oleic acid and caused the accumulation of 
pahnitic and stearic acids. Pulse labeling in 
several higher plant systems generally has failed 
to provide support for desaturation of  palmitic 
and stearic acids (5). Except for some reports 
on experiments with soybeans (5,6) and saf- 
flower (Jaworski and Stumpf, Abstract 2360, 
57th Annual Meeting of the Federation of 
American Societies for Experimental Biology, 
April 1973), exogenous palmitic and stearic 
acids have not been shown to serve as direct 
precursors of oleic acid in higher plants. Endog- 
enous stearic acid, synthesized anaerobically by 
leaves from acetate, was shown to be at least 
partly converted to oleic acid after exposure of 
the leaves to air (7,8). This raises the question 

whether a separate plant pathway to oleic acid 
exists or whether a desaturase exists having a 
requirement for a substrate form not exchange- 
able with exogenous stearic acid. Aerobic desat- 
uration of endogenous and exogenous oleic acid 
to linoleic and a-linolenic acids has been re- 
ported to occur in leaves (9) and seeds (5,10) of 
higher plants. Anaerobic synthesis of a-linolenic 
acid by probable elongation of the correspond- 
ing hexadecatrienoic acid recently has been 
reported in spinach chloroplasts as well (11). 

A close association between the formation 
of unsaturated fatty acids and their incorpora- 
tion into polar lipids has been noted frequently 
(5), and recent reports implicate phosphatidyl 
choline as the major recipient of newly formed 
unsaturated fatty acids in ChlorelIa vulgaris 
(12), flax seeds (13), aged potato tubers (14), 
Candida lipolytica (15), and Torulopsis utilis 
(16). Enzymic modification of the carbon chain 
of a phospholipid-bound fatty acid in the 
synthesis of a cyclic fatty acid was demon- 
strated some time ago (17). Although recent 
reports (18-20) indicate that desaturation oc- 
curs in the chain of an acid bound as a 
thioester, rather than as an oxygen ester, this 
does not preclude the participation of phospho- 
lipids in some other way, perhaps as transfer 
agents or recipients. 

In the present study, soybean slices were 
incubated with acetate in the presence or 
absence of air, and the phospholipid compo- 
nents were examined to determine whether any 
of  them appear to be related specifically to the 
newly formed unsaturated fatty acids in the 
soybean. 

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

Randomized 1-2 mm slices of Chippewa 64 
soybeans, harvested ca. 40 days after flowering, 
were incubated with sodium [1-14C] acetate 
(New England Nuclear Corporation, Boston, 
Mass.) in buffer solution at 25 C with moderate 
shaking for 3-hr time periods. The buffer solu- 
tion consisted of 0.1 M potassium phosphate 5 x 
10 .4 M in MnSO 4 " H20  at pH 5.7 and 
contained 1 ppm biotin. Incubations were 
carried out in 25 mt Ertenmeyer flasks using 5.0 
g of slices in 10 ml of buffer solution. Samples 
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to be treated anaerobically were sealed with 
serum stoppers, wrapped with aluminum foil 
and flushed with nitrogen for 45 min prior to 
the addition of acetate. Experiments com- 
menced with the injection of 1.0 ml of slightly 
basic aqueous acetate (50 ~Ci). At the end of 3 
hr, slices incubated aerobically were washed 
with fresh buffer solution and extracted. One- 
half of the anaerobically treated slices were 
washed, transferred to 10 ml of fresh buffer 
solution and allowed to shake in the presence 
of air for an additional 30 min before extrac- 
tion. The other half of the anaerobically treated 
slices were washed under a layer of toluene and 
were extracted immediately. 

Lipids were extracted from washed slices of 
each sample by grinding for 3 min at 45,000 
RPM in 100 ml of boiling chloroform-methanol 
(2: l) in a VirTis model 45 homogenizer. After 
suction filtration through Whatman No. 1 filter 
paper, the resulting mat was rehomogenized 
twice in 100 ml portions of chloroform-metha- 
nol (1:1). The combined filtrates were concen- 
trated in a rotary evaporator, and the lipid 
residues were redissolved in chloroform, filtered 
through glass wool, and made up to 10 ml 
volumes. Aliquots from these were used for 
subsequent analyses. 

Preliminary fractionation of crude lipids was 
performed by subjecting 3 ml aliquots to 
column chromatography on 10 g of 60/100 
mesh HCl-treated Florisil (Fisher Scientific Co., 
Fair Lawn, N.J.) (21) by the method of Rouser, 
et al. (22), as modified by Singh and Privett 
(23). The eluant was monitored by thin layer 
chromatography (TLC) on Silica Gel G (Brink- 
mann Instruments, Inc., Westbury, N.Y.) in 
petroleum ether (bp 30-60 C)-diethyl ether- 
acetic acid (70:30:2). Fraction I eluted by 200 
ml of chloroform contained the neutral lipids. 
Fraction II eluted by 140 ml of chloroform- 
acetone (1 : 1), followed by 600 ml of acetone, 
contained the glycolipids and traces of phos- 
pholipids. Fraction Ill eluted by 200 ml of 
methanol contained the phospholipids. Each 
fraction was evaporated to a residue and made 
to 1 ml in chloroform. Phospholipids and 
glycolipids were identified on TLC plates by 
use of molybdate (24) and 0e-naphthol (25) 
reagents, respectively, and by comparison with 
authentic standard lipids. All standard lipids 
used in the study were purchased from the 
Lipids Preparation Laboratory of The Hormel 
Institute, Austin, Minn. 

Further fractionation of phospholipid was 
performed in two ways. For determining the 
distribution of radioactivity among phospho- 
lipids, aliquots of Fraction III were subjected to 
two-dimensional TLC on sheets of instant 

TLC-silicic acid (Gelman Instrument Co., Ann 
Arbor, Mich.) using first chloroform-metha- 
nol-7N NH4OH (65:30:4) and then chloro- 
form-acetic acid-methanol-water ( 170:25:25:6) 
as solvents (26). Spots were made visible by 
spraying the sheets with 0.2% 2,7-dichlorofluo- 
rescein in ethanol and viewing under UV light 
and were cut from the sheets and counted by 
liquid scintillation spectrometry. For prepara- 
tive purposes, aliquots of Fraction III were 
separated by TLC on Silica Gel H, using the 
above ammonia system and successive develop- 
ments to I/2, 3/4, and the total height of the 
plates with intermediate drying under nitrogen. 
Phospholipids were eluted from the silica gel 
with 10 volumes of methanol-chloroform-water 
(5:3:2) and were recovered by evaporation of 
the pooled lower phases after extractions with 
equal volumes of chloroform (once) and chloro- 
form-methanol (85:15) (twice) (27). 

Methyl esters were prepared from aliquots of 
crude lipid and of individual lipids by treatment 
with 10% sulfuric acid in methanol in sealed 
ampules at 100 C. Solvents were removed from 
aliquots prior to treatment. Samples on silica 
gel scrapings from TLC plates or sections cut 
from ITLC sheets were treated without prior 
extraction. Methyl esters extracted from the 
reaction mixture were purified by TLC on 
Silica Gel G in petroleum ether-diethyl-ether- 
acetic acid (90:10: 1) prior to subsequent analy- 
sis. 

Methyl esters were separated by two meth- 
ods prior to measurement of radioactivity. 
Aliquots were separated by degree of unsatura- 
tion by argentation chromatography, according 
to the method of Graft et al. (28). Other 
aliquots were fractionated by gas liquid chro- 
matography (GLC) on an 8 ft x 1/4 in. column 
packed with 15% EGSS-X on Gas Chrom P, 
100/120 mesh (Applied Science Laboratories, 
Inc., State College, Pa.). Gas chromatography 
was performed in a gas chromatograph (600 
series Research Specialties), equipped with a 
~-ionization detector, at 175 C with a flow of 
60 ml/min of argon. 

Radioactivities were measured in a Tri-Carb 
314 EX liquid scintillation spectrometer (Pack- 
ard Instrument Co., Downers Grove, Ill.). Sam- 
ples were dissolved in 15 ml of a scintillation 
solution prepared from 5 g of 2,5-diphenyloxa- 
zole and 0.3 g of 1,4-bis-2-(4-methyl-5-phenyl- 
oxazolyl)-benzene (Packard Instrument Co.) 
per liter of distilled reagent grade toluene. Lipid 
samples were dissolved in the scintillation solu- 
tion after removal of other solvents. Sections 
cut from ITLC sheets first were eluted with 1 
ml of methanol before addition of the scintilla- 
tion solution to the vial. Inclusion of the ITLC 
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T A B L E  I 

I n c o r p o r a t i o n  of  S o d i u m  [1-14C1 Ace t a t e  in to  Soybean  C o t y l e d o n  Lipid  and 
D i s t r i bu t i on  be tween  Neutra l ,  Glyco-,  and  Pbospho l ip id  Frac t ions  a 

I n c u b a t i o n  

Lipid  
i n c o r p o r a t i o n  

per cent  

Per cent  d i s t r i bu t i on  of  14C 

Neut ra l  G lyco l ip id  Phospho l i p id  

Anae rob i c  6.5 34 23 43 
Anae rob i c  - 

ae rob ic  9.0 31 17 52 
Aerob ic  10.7 34 6 60 

a C o n d i t i o n s  of  i n c u b a t i o n  and  l ip id  f r a c t i o n a t i o n  in t ex t .  

section and the methanol was determined to 
cause less than 5% loss due to quenching. 

N-palmitoyl phosphatidyl ethanolamine was 
prepared essentially according to Dawson et al. 
(29). Phosphatidyl ethanolamine (PE) (90 mg) 
was dissolved in 35 ml of washed and dried 
chloroform, plus 5 ml of pyridine. A solution 
of 200 mg of palmitoyl chloride in 25 ml of 
chloroform was added slowly and the reaction 
mixture was stirred at 40 C for half hr, after 
which time TLC monitoring indicated that 
nearly all PE had disappeared. Excess palmitate 
was removed then by careful washing with 
dilute bicarbonate, and the crude product was 
recovered by evaporation of the chloroform. 
The product was purified by TLC on Silica Gel 
G in c h l o r o f o r m - m e t h a n o l - 7 N  NH4OH 
(70:30:5). The purified product exhibited the 
same Rf value reported by Dawson et al., and 
its 1R spectrum was identical to that reported 
by Bomstein (30). Samples of the initial PE and 
the product were interesterified, and GLC 
analysis of the esters showed that an average of 

. 

I 1 ~  2-  

x 

0 ;:-: 
NEU GLY PHOS 

FIG. 1. Total radioactivity incorporated into lipids 
of soybean slices incubated with sodium [1-14C] ace- 
tate. Conditions of incubation and fractionation in 
text. Solid bars = anaerobic treatment, open bars = 
anaerobic followed by aerobic treatment, shaded bars 

aerobic treatment, NEU = neutral lipid, GLY = 
glycolipid, and PHOS = phospholipid. 

one equivalent palmitate had been added to 
two equivalents of original esters. 

RESULTS AND DISCUSSION 

Incorporation of acetate into the total lipid 
of soybean cotyledon slices increased with 
exposure to air (see Table I). Slices incubated 
anaerobically, washed, and transferred to ace- 
tate-free medium under aerobic conditions 
showed a level of incorporation between those 
treated strictly anaerobically or aerobically. 
This sample generally gave values between those 
of the anaerobic and aerobic samples and, thus, 
permitted desaturation following de novo 
synthesis. Anaerobic-aerobic slices appear to 
have made use of absorbed acetate to a greater 
extent than did slices in the absence of air, but 
aerobically treated slices absorbed or utilized 
acetate still more effectively or rapidly than did 
the anaerobic-aerobic slices. In distribution of 
radioactivity, the neutral lipid was little af- 
fected by presence or absence of air, but 
glycolipid incorporated relatively less, and 
phospholipid relatively more acetate under aer- 
obic conditions. When comparing total incorpo- 
ration, it was seen that both neutral and 
phospholipid fractions incorporated more la- 
beled acetate in the presence of air than in its 
absence (see Fig. 1). This trend was not found 
with the glycolipid fraction, perhaps because of 
analytical difficulties with the small samples. 
Under all three conditions of incubation, the 
greatest relative and absolute amount of radio- 
activity resided in the phospholipid, and access 
to air increased both the proportion and abso- 
lute amount. This supports our earlier findings 
that the newly synthesized fatty acids appear to 
be most rapidly incorporated into the phospho- 
iipid fraction and only later into the neutral 
lipid of the soybean (5). Since the neutral lipid 
represented ca. 90% of the total lipid, its 
specific activity was less by a factor of 10 than 
that of the phospholipid and; therefore, the 
neutral lipid was not investigated further in this 
study. 
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FATTY ACID SYNTHESIS IN SOYBEANS 

TABLE II 

Incorporation of Sodium [ 1-14C] Acetate into Total Phospholipids and 
Distribution between Individual Phospholipids a 
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Phospholipid Per cent distribution of 14C 
incorporation 

Incubation CPM x 10 -3 PA X PC PE PS + PI 

Anaerobic 1527 9 6 37 9 33 
Anaerobic -- 

aerobic 3052 20 10 24 7 28 
Aerobic 3731 32 16 20 4 24 

apA = phosphatidic acid, X TM unidentified minor phospholipid, PC = phosphatidyl 
choline, PE = phosphatidyl ethanolamine, PS = phosphatidyl serine, and PI = phosphatidyl 
inositol. 

Ind iv id iua l  p h o s p h o l i p i d  classes were sepa- 
ra ted  and  ana lyzed  to  de t e rmine  the  e f fec t  of  
air on  the i r  c o n t e n t  of  rad ioac t ive  f a t ty  acids 
(see Table II). In  the  presence  of  air, re lat ively 
increased  i n c o r p o r a t i o n  was par t icu la r ly  ev iden t  
in p h o s p h a t i d i c  acid (PA) and  c o m p o u n d  X, a 
very m i n o r  p h o s p h o l i p i d  to  be  descr ibed be low,  
whereas  p h o s p h a t i d y l  cho l ine  (PC), PE, and  
p h o s p h a t i d y l  ser ine + inos i to l  (PS + PI) con-  
t a ined  relat ively less radioac t iv i ty .  No o the r  
phospho l ip ids  were f o u n d  to c o n t a i n  s ignif icant  
radioact iv i ty .  

In  t e rms  of  abso lu te  rad ioac t iv i ty  in each  
f rac t ion  ( F i g  2), all of  the  phospho l ip ids ,  w i th  
the possible  e x c e p t i o n  of PE, increased in 
a m o u n t  of 14C when  i n c u b a t e d  aerobical ly ,  
t h o u g h  increases in the  PC and PS + PI f rac t ions  
were less t h a n  the  increase  in to t a l  p h o s p h o -  
lipids. Abso lu te  d i f ferences  were six-fold or 
greater  in the  PA and  X c o m p o n e n t s .  Singh and  
Pr ive t t  (31)  r e p o r t e d  t h a t  s o y b e a n  c o t y l e d o n s  
t r ea ted  wi th  ace ta te  for  15 ra in-24 hr  incorpo-  
ra ted  rad ioac t iv i ty  in to  the  same lipids r e p o r t e d  
here and  i n to  p h o s p h a t i d y l  glycerol  (PG) and  
N-acy lphospha t i dy l  e t h a n o l a m i n e  (N-acyl PE). 
In the i r  s tudy ,  PA decreased and  N-acyl  PE 
increased  in p r o p o r t i o n  of  rad ioac t iv i ty  w i th  
t ime,  whereas  the  value o f  PC rose and  pla- 
teaued.  

Since anae rob ic  t r e a t m e n t  was used to in- 
h ib i t  the  syn thes i s  of  u n s a t u r a t e d  fa t ty  acids, i t  
was of  pr ime in te res t  to  d e t e r m i n e  the  compar -  
ative ef fec ts  of  the presence  or absence  of  air 
on the  c o m p o s i t i o n  of  each  p h o s p h o l i p i d  frac- 
t ion.  Di s t r ibu t ion  of  rad ioac t iv i ty  in the  satu- 
ra ted  and  u n s a t u r a t e d  f a t t y  acids of  each  
p h o s p h o l i p i d  (see Table III)  shows t ha t  u n d e r  
anae rob ic  cond i t i ons ,  l i t t le  rad ioac t iv i ty  was in 
u n s a t u r a t e d  f a t t y  acids, whereas  i n c u b a t i o n  in 
the presence  of  air resul ted  in very  s igni f icant  
p r o p o r t i o n s  in the  m o n o e n o i c  acids of PA, X, 
and  PC and  in the  po lyeno ic  acids of  the  la t ter .  
D e t e r m i n a t i o n  o f  the to ta l  r ad ioac t iv i ty  in each  
acid (see Fig. 3) showed  tha t  b o t h  s a tu r a t ed  

and  u n s a t u r a t e d  acids c o n t a i n e d  general ly 
greater  rad ioac t iv i ty  in the  presence  of  air t han  
in i ts  absence  and  t h a t  the  larger  a m o u n t  of  

12- 

10" 

~E ~4 

2 �84 ,  11o 
A X PC PE S+PI 

FIG. 2. Total radioactivity incorporated into )hos- 
pholipids of soybean slices incubated with sodium 
[I-14-C] acetate. Solid bars = anaerobic treatment, 
open bars = anaerobic followed by aerobic treatment, 
shaded bars = aerobic treatment, PA = phosphatidic 
acid, X = uncharacterized phospholipid, PC = phos- 
phatidyl choline, PE = phosphatidyl ethanolamine, PS 
= phosphatidyl serine and PI = phosphatidyl inositol. 

. s . P ss . _s+~ps 
PA X PC PE 

FIG. 3. Total radioactivity incorporated into phos- 
pholipid fatlt~, acids of soybean slices incubated with 
sodium [1- C] acetate. Solid bars = anaerobic treat- 
ment, open bars = anaerobic followed by aerobic 
treatment, shaded bars = anaerobic treatment, PA = 
phosphatidic acid, X = uncharacterized phospholipid, 
PC = phosphatidyl choline, PE = phosphatidyl ethanol- 
amine, PS = phosphatidyl serine, PI = phosphatidyl 
inositol, S = saturated, M = monoenoic, and P = 
polyenoic fatty acid methyl esters. 
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TABLE II1 

Incorporation of Sodium [ 1=14C] Acetate into Individual Pbospholipids and 
Distribution in Fatty Acids by Unsaturat ion 

Phospbolipid a 

Phospholipid Per cent distr ibution of  14C 
incorporation 

Incubation CPM x 10 -3 Saturated Monoene Diene Triene 

PA Anaerobic 137 88 12 ~ 
Anaerobic - 

610 68 28 3 1 aerobic 
Aerobic 1194 52 47 1 - -  

X Anaerobic 92 96 4 . . . .  
Anaerobic - 

aerobic 305 81 17 2 - -  

Aerobic 597 70 30 - -  
PC Anaerobic 565 93 7 - -  

Anaerobic - 
732 75 20 4 1 aerobic 

Aerobic 746 51 28 12 9 
PE Anaerobic 137 100 . . . . .  

Anaerobic - 
aerobic 214 90 5 5 - -  

Aerobic 149 72 16 6 6 
PS + PI Anaerobic 504 99 1 - -  - -  

Anaerobic - 
aerobic 855 98 1 1 

Aerobic 895 85 11 3 

apA = phosphatidic acid, X = unidentif ied minor phospholipid,  PC = phosphat idyl  
choline, PE = phosphat idyl  e thanolamine,  PS = pbosphatidyl  serine, and PI = pbosphatidyl  
inositol. 

a c t i v i t y  in m o n o e n e s  o f  s l ices  i n c u b a t e d  ae ro-  
b ica l ly  d id  n o t  n e c e s s a r i l y  a p p e a r  a t  t h e  ex-  
p e n s e  o f  t he  s a t u r a t e d  ac ids .  O n l y  in  t h e  PC was 
an i n c r e a s e  in  u n s a t u r a t e d  a c t i v i t y  a c c o m p a n i e d  
by  a d e c r e a s e  in s a t u r a t e d  ac id  ac t i v i t y .  T h e  PE 
a n d  PS + PI f r a c t i o n s  c o n t a i n e d  l i t t l e  n e w l y  
f o r m e d  m o n o e n o i c  acid.  S t u d i e s  o f  oleic  ac id  
d e s a t u r a t i o n  to  l i no l e i c  ac id  in  Chlorella ( 12 ) ,  
y e a s t  ( 1 5 , 1 6 ) ,  t u b e r s  (14 ) ,  a n d  s e e d s  ( 2 0 )  h a v e  
s h o w n  t h a t  the  l ino le i c  ac id  a c c u m u l a t e s  pr i -  
m a r i l y  in t h e  PC f r a c t i o n .  H o w e v e r ,  n o  s ingle  
p h o s p h o l i p i d  ha s ,  as y e t ,  b e e n  i m p l i c a t e d  s imi -  
la r ly  as t he  m a j o r  s i te  o f  o le ic  ac id  a c c u m u l a -  

TABLE IV 

Fatty Acid Composi t ions of  Phospholipid Fractions of 
40-Day Soybean Slices by Gas Liquid Chromatography 

Per cent composi t ion 

Phospholipid a 16:0 18:0 18:1 18:2 18:3 

PA 25 7 7 51 10 
X 33 8 8 45 6 
PC 27 8 8 52 5 
PE 50 4 5 38 3 

PS + PI 43 10 5 36 6 

apA = phosphatidic acid, X - unidentif ied minor 
phospholipid,  PC - phosphat idyl  choline, PE = phos- 
phatidyl e thanolamine,  PS = phospbat idyl  serine, and 
PI = phosphat idyl  inositol. 

t i on ,  t h o u g h  p h o s p h o l i p i d s ,  as a f r a c t i o n ,  p rev i -  
o u s l y  h a v e  b e e n  s h o w n  to  c o n t a i n  the  b u l k  o f  
n e w l y  s y n t h e s i z e d  ole ic  a c id  (5) .  R e s u l t s  in 
T a b l e  I l l  a n d  F i g u r e  3 i n d i c a t e  t h a t  PC was  t h e  
o n l y  p h o s p h o l i p i d  w h i c h  c o n t a i n e d  a s i g n i f i c a n t  
a m o u n t  o f  r a d i o a c t i v e  l i no l e i c  ac id ,  w h e r e a s  
oleic  ac id  was  f o u n d  p r i m a r i l y  in  P A  a n d  
c o m p o u n d  X. 

N e i t h e r  p e r  c e n t  d i s t r i b u t i o n  n o r  t o t a l  r ad io -  
a c t i v i t y  in  t h e  f a t t y  a c id s  r e f l e c t s  d i l u t i o n  b y  
f a t t y  ac ids  a l r e a d y  c o n t a i n e d  b y  t h e  p h o s p h o -  
l ip ids .  Tab l e  I V  p r e s e n t s  t he  f a t t y  ac id  c o m p o s i -  
t ion o f  e a c h  f r a c t i o n .  Al l  p h o s p h o l i p i d s  we re  
c o m p o s e d  l a rge ly  o f  s a t u r a t e d  a n d  d i e n o i c  
acids .  T h e r e f o r e ,  i n c o r p o r a t i o n  o f  a c e t a t e  i n t o  
m o n o e n o i c  ac ids  w o u l d  c a u s e  a r e l a t i ve ly  
g r e a t e r  c h a n g e  in  spec i f i c  a c t i v i t y  t h a n  t h e  s a m e  
a m o u n t  o f  i n c o r p o r a t i o n  i n t o  s a t u r a t e d  f a t t y  
acids .  Tab l e  V p r o v i d e s  c o m p a r i s o n  o f  r a t i o s  o f  
r a d i o a c t i v i t y  to  c o m p o s i t i o n  ( spec i f i c  ac t iv i t i e s )  
fo r  t h e  s a t u r a t e d  a n d  m o n o e n o i c  f r a c t i o n s  o f  
e a c h  p h o s p h o l i p i d .  I n c r e a s e s  o f  u p  to  f ive - fo ld  
fo r  t he  s a t u r a t e d  ac ids  o c c u r r e d  d u r i n g  a e r o b i c  
i n c u b a t i o n ,  as c o m p a r e d  w i t h  a n a e r o b i c ;  h o w -  
ever ,  fa r  g r e a t e r  i n c r e a s e s  in  t h e  spec i f i c  act iv-  
i t ies  o f  m o n o e n o i c  ac ids  we re  o b s e r v e d  a n d  th i s  
was e spec i a l l y  e v i d e n t  in  t h e  P A  a n d  X p h o s -  
p h o l i p i d s .  G L C  o f  s a t u r a t e d  m e t h y l  e s t e r s ,  
p r e p a r e d  f r o m  e a c h  p h o s p h o l i p i d ,  s h o w e d  t h a t  
m o s t  o f  t h e  r a d i o a c t i v i t y  was  p r e s e n t  in  16- a n d  
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TABLE V 

Ratios of Total Radioactivity to Per Cent Composition for Saturated and Monounsaturated 
Acids of Soybean Phospholipids after Anaerobic and Aerobic Incubation of Slices 

with Sodium [1-14CI Acetate 

CPM x lO-3/Per cent composition 

Saturated Monoenoic 

Phospholipid a Anaerobic Aerobic Anaerobic Aerobic 

PA 3.8 19.4 2.3 80.2 
X 2.2 10.2 0.5 22.4 
PC 15.0 10.9 4.9 26.1 
PE 2.5 2.0 0 4.8 

PS + PI 9.4 14.4 1.0 19.7 

apA = phosphatidic acid, X = unidentified minor phospholipid, PC = phosphatidyl 
choline, PE = phosphatidyl ethanolamine, PS = phosphatidyl serine, and PI = phosphatidyl 
inositol. 

18-carbon acids. In all phosphol ip ids ,  excep t  
c o m p o u n d  X, stearic acid con ta ined  a relatively 
greater,  and palmit ic  acid a relatively smaller 
p ropor t ion  of  the radioactivi ty when  air was 
present  during the incubat ion .  This was part icu- 
larly evident  in the PA fract ion.  It would  
appear  that  the presence of  air favors chain 
e longat ion of  palmit ic  acid, as well as being 
essential  for  desa tura t ion  to occur.  This con- 
trasts s o m e w h a t  wi th  the findings of  James and 
coworkers  (7,8) that ,  in leaves, anaerobic  
synthesis  f rom acetate  led to  the fo rma t ion  of  
stearic acid, which  then  was desa tura ted  to  
oleic on exposure  of  the leaves to  air. 

The phospho l ip id  designated as c o m p o u n d  X 
was found  to be present  in small amoun t s  
(<0.  1% of total  l ipid) but  was of  much  greater 
specific activity than the o the r  phosphol ip ids .  
It showed  a far greater incorpora t ion  of  radio- 
activity u n d e r  aerobic cond i t ions  than unde r  
anaerobic cond i t ions  and it showed  an equally 
dramat ic  di f ference in m o n o e n o i c  radioactivi ty 
and specific activity.  This c o m p o n e n t  chro-  
ma tographed  wi th  phosphol ip ids  on Florisil and 
gave a positive p h o s p h o m o l y b d i c  acid test  on 
thin layer plates.  In TLC, the c o m p o u n d  
behaved in a manne r  similar to  tha t  of  the 
N-acyl PE repor ted  by Singh and Privett.  
However,  c o c h r o m a t o g r a p h y  wi th  au then t ic  
N-acyl PE on ITLC-SA plates in two  dimensions  
showed  tha t  radioactive c o m p o u n d  X chro- 
ma tographed  very close to, bu t  no t  co inc iden t  
with, the s tandard.  The same phospho l ip id  
prepared  f rom y o u n g  un t r ea t ed  soybeans  did 
ch roma tog raph  co inc iden t  wi th  the radioact ive 
sample,  but  it failed to exhibi t  maxima for  
amine or amide in the IR spec t rum.  

Results of  this s tudy conf i rm and ex tend  the 
previous observat ions  of  a re la t ionship be tween  
synthesis  o f  unsa tu ra ted  fa t ty  acids in plants  
and their  occurrence  as c o m p o n e n t s  of  phos-  
pholipids.  Specifically PA and c o m p o u n d  X are 

ident i f ied  as lipids in which newly  fo rmed  oleic 
acid accumulates ,  and PC is ident i f ied  as the 
major  depos i to ry  of  l inoleic acid. PA, and 
perhaps o the r  phosphol ip ids ,  appear  similarly 
related to  stearic acid. Al though  it is t emp t i n g  
to pos tu la te  desa tura t ion  of  fa t ty  acids while 
they are c o m p o n e n t s  of  phosphol ip ids ,  S t u m p f  
(19,20) has p re sen ted  evidence tha t  the thio- 
ester,  ra ther  than the oxygen ester,  is the 
substrate  for  desatura t ion in plants.  This does 
no t  preclude possible par t ic ipa t ion  of  phospho-  
lipids in t ranspor t  to sites of  desaturase activity. 
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Fatty Acid Positional Distribution in Egg Yolk Triglycerides 
from Various Avian Species 
J.R. COUCH and A.E. SALOMA, I Texas Agricultural Experiment Station, 
Texas A&M University, Poultry Science Department, College Station, Texas 77843 

A B S T R A C T  

The fatty acid composition and distri- 
bution in egg yolk triglycerides and phos- 
phatides from the turkey, duck, prairie 
chicken, bobwhite quail, Japanese quail, 
and inbred-hybrid and midget mutant  
hens were determined after all species had 
been fed diets of similar fat and fatty acid 
content for 90 days. Total yolk lipids 
were composed of ca. two-thirds neutral 
lipids and one-third polar lipids. The 
predominant fatty acids were palmitic 
and stearic. There were statistically signif- 
icant differences in the myristic, palmitic, 
palmitoleic, linoleic, and linolenic acids in 
the yolk triglycerides and in the propor- 
tion of 16:1, 18:0, 18:2, arachidonic, 
docosanoic, docosahexaenoic, and tetra- 
cosanoic acids in the phosphatides among 
the various species. Linoleic acid predom- 
inantly was linked at the 2-position in the 
yolk triglycerides followed by the 20:4 
acid. The 18:1 acid also was found 
preferentially at the 2-position. There was 
a low level of 18:2 in the yolk triglyc- 
erides and phosphatides from the duck 
and an especially high level of 20:4 acid 
in the phosphatides. The triglycerides in 
the species studied have essentially the 
same distribution of fatty acids in the 
2-position. In all the species, the affinity 
for the fatty acids at the 2-position is in 
the following order: 18:2 = 20:4 > 18:1 
= 18:3 2> 18:0 = 16:1 > t4 :0  ~> 16:0. 
Differences observed among the various 
genera did not  appear to follow taxo- 
nomic boundaries. The duck has an effi- 
cient system for converting 18:2 into 
20:4 by elongation and desaturation. The 
prairie chicken apparently has a high 
requirement for 18:2 but  an inadequate 
system for its conversion into 20:4. 

I NTRODUCTION 

Biochemical parameters have been intro- 
duced recently in an attempt to determine if 
classical systematics and biochemical differen- 
tiation are related. Comparative studies on the 
primary structure on cytochromes-C in various 

lpresent address: Kraft Foods de Mexico, Pino No. 
459, Mexico 4, D. F. 

terrestrial, marine, and microbial species have 
been reported (1). The biosynthetic pathways 
of unsaturated fatty acids in microorganisms 
(2); interspecies differences in structure of 
endogenous triglycerides (3,4); the triglyceride 
composition of milk fat from seven mammalian 
species (5); the positional distribution of fatty 
acids in fish and marine mammal triglycerides 
(6); and the triglyceride comlSosition of depot 
fat in various mammals, birds, fish, and amphib- 
ians (7) have been investigated from the com- 
parative standpoint. 

Several classifications have been proposed to 
systematize the thousands of bird species recog- 
nized to date. One of the recent ones (8) has 
subdivided the class Ayes into 2 subclasses, 
Archaeornithes and Neornithes, and these into 
one and 33 orders, respectively. Each order has 
been separated further into various families, 
each of which, in turn, is composed of several 
genera, the latter comprising one or more 
species of birds. 

Evidence has been presented (9,10) regard- 
ing the differences in fatty acid composition of 
egg yolks from domestic hens fed the same diet 
but belonging to different breeds of strains. 
Significant differences were found in the yolk 
content of 16:1, 18:0, 18:2, and 20:4 acids 
among the strains investigated. Similar studies 
(I 1) have disclosed further that existing differ- 
ences in yolk fatty acid composition, due to 
strain of hens, are magnified as the fat content 
of the ration increases. The latter seems to 

NOMENCLATURE 

ORDER 1 FAMILY COMMON SYSTEMATIC 

Anserilor rues A~atidae 

Gallfformes 

Fhasianidae 

Meleagrididae 

Duck 2 Anas Boschas 

Laying hen3 Gallus gallus, L. 

Pcai(ie chicken 4 Tympatluchus 
cupido 
attwaterii, 
Bendire 

3apar~se quai$ Coturnix 
coturnix 
japonica 

Bobwhite quail Colinus 
virglnlbnus 

Turkey5 Meleagris 
gallopavo 

FIG. 1. Systematic interrelationship among the 
avian species whose yolk lipids were compared. All 
orders listed belong in the class aves, subclass Neo- 
rnithes. 
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T A B L E  I 

Model  o f  Ana lys i s  o f  V a r i a n c e  

S o u r c e  o f  va r i a t ion  Degrees  o f  f r e e d o m  E x p e c t e d  m e a n  s q u a r e  

To ta l  1 3 

Be tween  avian  species  6 s 2 + k 2 + s 2  
sr s 

Wi th in  avian species  l Ss2r+k I +Sr 

E r ro r  6 s 2 
sr 

indicate that different breeds of hens metabo- 
lize the various fatty acids differently. Thus, it 
would not be unreasonable to assume that the 
positional distribution of fatty acids in egg yolk 
triglycerides may vary among different species 
of birds. 

The purpose of  the study reported herein 
was to determine the positional distribution of 
fatty acids in yolk triglycerides from the 
domestic turkey (Meleagris gallopavo), bob- 
white quail (Colinus virginianus), Japanese quail 
(Coturnix coturnix japonica), Attwater  prairie 
chicken (Tympanuchus cupido attwaterii, Ben- 
dire), domestic duck (Anas boschas), and the 
domestic hen (Gallus gallus L., normal inbred- 
hybrid and midget mutant).  The systematic 
interrelationship of these avian species is dia- 
gramed in Figure 1. 

MATERIALS AND METHODS 

Experimental Procedure 

Laying hens used in this s tudy were normal 
inbred-hybrid and midget mutants. The turkey 
hens were the Beltsville Small White variety. 
The ducks were the Khaki Campbell strain, 

A diet composed of 21.46% ground yellow 
corn, 42.93% ground sorghum gain ,  20.86% 
soybean oil meal, 2.00% menhaden fish meal, 
3.00% dehydrated alfalfa leaf meal, 6.00% 
oyster shell flour, 2.50% defluorinated rock 
phosphate, 0.25% sodium chloride, and 1.00% 
vitamin and trace mineral mix was fed to the 
chicken hens (inbred-hybrid and midget mu- 
tant), duck, Japanese quail, and bobwhite quail. 
The second diet was composed of 20.50% 
ground yellow corn, 41.15% ground sorghum 
grain, 23.60% soybean oil meal, 2.00% men- 
haden fish meal, 3.00% dehydrated alfalfa leaf 
meal, 6.00% oyster shell flour, 2.50% defluori- 
nated rock phosphate, 0.25% sodium chloride, 
and 1.00% vitamin and trace mineral mix. I t  
was fed to the turkeys and prairie chickens. The 
vitamin and trace mineral premix used in both 
diets supplied the following/kg diet: 9900 in- 
ternational units (IU) vitamin A palmitate,4400 
international chick units (ICU) vitamin D3, 4.4 

mg riboflavin, 13.2 mg d-calcium pantothenate,  
55 mg niacin, 0.013 mg vitamin B~2 , 33 IU 
vitamin E (o~-tocopherol acetate), 2.2 mg mena- 
dione sodium bisulfite, 126 mg ethoxyquin,  22 
mg zinc bacitracin, 81.9 nag ZnO, 180 mg 
MnSO4, 1.1 g choline chloride, and 50 mg 
3-nitro-4-hydroxyphenylarsonic acid. There was 
one exception: the vitamin premix added to the 
diet for the prairie chicken contained 16,500 
IU vitamin A/kg. The first diet contained 3.3% 
crude fat and the second 3.1%, as analyzed 
(12). These diets were fed as indicated for 90 
days. After which time, eggs from each genera 
were collected for egg yolk lipid studies. 

Biochemical Procedures 

The lipid material was extracted from dupli- 
cate egg yolk samples by the procedure of 
Folch, et al., (13) and fractionated by the silicic 
acid slurry method of Murty, et al., (14). Yolk 
triglycerides were isolated from the neutral 
lipid fraction by preparative thin layer chroma- 
tography (TLC), according to the method 
described by Privett, et al., (15). Yolk triglyc- 
erides were separated on the basis of the 
number of ethylenic linkages per triglyceride 
molecule, according to the argentation proce- 
dures of Culp, et al., (16) and Blank, et al., 
(17). Egg yolk triglycerides were subjected to 
pancreatic lipase hydrolysis, according to the 
method of Luddy, et al., (18) for triglycerides 
containing one or more double bonds and to 
the procedure of  Barford, et al., (19) for 
triglycerides containing only saturated compo- 
nents. The fatty acid moieties from the 2- 
monoglycerides, which resulted from the 
enzymatic lipolysis of triglycerides, were ana- 
lyzed by gas liquid chromatography (GLC) 
(20). 

The fatty acid composit ion of the yolk polar 
lipids and diets also was determined by GLC 
(20). Methyl esters of the fat ty acid moieties 
were prepared, according to the method of 
Feldman, et al., (21) and analyzed, as outlined 
by Saloma, et al., (20). 

Data obtained from this study were analyzed 
statistically by the procedures of Snedecor 
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(22). The fatty acid composition and distribu- 
tion of yolk triglycerides and the fatty acid 
composition of egg phosphatides were ap- 
praised by means shown in Table I. Signifi- 
cantly different means were separated through 
the use of Duncan's Multiple Range Test (23). 

RESULTS AND DISCUSSION 

The total ether extract of the two diets 
listed was 3.3 and 3.1% respectively. The fatty 
acid analysis of the diets (Table II) showed only 
slight differences in fatty acid composition. The 
major fatty acid components in the diets (Table 
II) were 16:0, 18:1, and 18:2. Diet two 
contained more of 16:0 acid and diet one 
contained more of 18:2 acid. 

Egg Yolk Lipids 

There was some variation in the total lipid 
content of the egg yolks from the selected avian 
species (Table III). The lowest value for total 
egg yolk lipids was that of the midget mutant,  
and the highest was that of the Japanese quail 
and normal laying hen. In all cases, the neutral 
and polar lipids comprised ca. two-thirds and 
one-third of the total lipids, respectively. As 
reported earlier, it has not  been possible to 
modify the lipid content of egg yolks through 
dietary procedures (24-26). The fact that the 
proportions of neutral and polar lipids remain 
constant in various avian species suggests that 
there is a genetic control of yolk fat deposition 
which is impervious to dietary or environmental 
changes in birds. It is assumed that differences 
in the fatty acid composition of egg yolk lipids 
from the various species in this study were due 
to metabolism or absorption of each fatty acid, 
both of which might be traceable to genetic 
variation. 

FatW Acid Composition of Yolk Triglycerides 

The major fatty acids found in the egg yolk 
triglycerides from the various avian species 
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T A B L E  1I 

F a t t y  A c i d  C o m p o s i t i o n  o f  Lip ids  in E x p e r i m e n t a l  
Diets (wt .  %) 

L a y i n g  hen  T u r k e y  b r e e d e r  
C o m p o n e n t  a r a t i o n  r a t i o n  

8 : 0 - 1 2 : 0  1.0 1.0 
14 :0  2 .8  2 .4  
1 6 : 0  17 .7  2 1 . 0  
16:1  3 .3  3.9 
1 8 : 0  5.6 7 .7  
18 :1  21 .2  22 .9  
18 :2  39 .8  35 .0  
1 8 : 3  4 .9  4 .7  
2 0 : 3  1.0 Tr  b 
22 :1  2 .7  0 .5  

a C h a i n  l eng th :  n u m b e r  o f  d o u b l e  b o n d s ,  

bTr = trace (<0.4%). 

studied were 16:0, palmitoleic acid, stearic 
acid, 18:1, and 18:2 (Table IV). The 16:0 acid 
content of egg yolk lipids from the seven 
different birds studied varied from 23.5-30 3%. 
The highest level was found in the yolk lipids 
from the bobwhite quail and the lowest from 
that of the duck. Yolk lipids from the prairie 
chicken and turkey were significantly higher in 
the 16:1 acid content. These were followed by 
that of the Japanese and bobwhite quails with 
the lowest levels of this acid being bound in 
yolk lipids from the laying hen and duck. There 
was no significant difference in 18:0 acid 
content of yolk lipids from the seven birds 
studied. The yolk lipid content of 18:1 acid 
varied from 55.3 (duck) - 39.6% (turkey). The 
18:1 acid content  of the prairie chicken, 
bobwhite quail, and turkey was lower than that 
of the other species studied. There was a 
particularly low level of 18:2 acid found in the 
egg yolk lipids from the duck. This was 
followed, in turn, by the prairie chicken and 
Japanese quail. Possibly, the duck has a low 
requirement for linoleic acid or the diet used 
did not contain a sufficient level of this acid to 
meet the laying duck requirement. When there 

T A B L E  III 

N e u t r a l  L ip id ,  Polar  Lip id ,  a n d  T o t a l  Vat C o n t e n t  o f  Egg Yo lks  f r o m  Se lec t ed  Av ian  
Spec ies  E x p r e s s e d  as P e r c e n t a g e  o f  Y o l k  Weigh t  o n  a Wet  Basis a 

N e u t r a l  l ip ids  Polar  l ip ids  T o t a l  f a t  
Species  % % % 

J a p a n e s e  qua i l  67 .5  32 .5  33.0  
D u c k  63 .5  36 .5  31 .0  
B o b w h i t e  qua i l  64 .0  36 .0  31 .5  
Prair ie  c h i c k e n  62 .0  38 .0  30 .5  
T u r k e y  64 .0  36 .0  29 .0  
Midget  h e n  64 .0  36 .0  27 .0  
L a y i n g  h e n  61 .5  38 .5  33 .0  

aMeans  o f  d u p l i c a t e  samples .  
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TABLE IV 

Fat ty Acid Composi t ion of Egg Yolk Triglycerides f rom 
Selected Avian Species (wt. %)a 

Laying Midget Prairie Japanese Bobwhite 
Componen t  b hen hen chicken quail quail Turkey Duck 

14:0 c 0.52 0.64 0.81 0.81 0.81 0.74 0.64 
16:0 24.85 25.65 29.41 25.75 30.31 27.94 23.53 
16:1 4.63 5,63 10,21 7.32 7.32 10,51 4,33 
1 8 : 0  5.3 8.1 4.9 6.9 5.4 4.8 5.9 
18:1 53.44 47.16 44.95 48.16 41.33 39.63 55.31 
18:2 10.21 11.21 8.54 9.31 12,51 14.21 6.92 
18:3 0.52 1,04 0.82 0.94 1,14 1.71 1.34 

% SFA d 30.7 34.9 35.4 33,9 37,1 33,8 31.0 
% MUFA 58.04 52.74 55.04 55.49 48.62 50.02 59.81 
% PUFA 11.0 12.5 9.4 10.5 14.3 16.2 9.4 

aMeans o f  duplicate samples. 
bChain length: number  of  double bonds.  
cWithin each Component,  means bearing different superscripts are significantly different (P < .05). 
d s  = saturated; MU = monounsa tura ted ;  PU = polyunsaturated;  FA = fatty acid; Tr = trace 

(<0.4%). 

is a high level of the 18:1 acid in the egg yolk 
lipids, there is a correspondingly decreased level 
of the 18: 2 acid. 
Fatty Acid Composition of the 2-Position of 
Egg Yolk Triglycerides 

There were no great differences in the 
linkage of the 16:0 acid at position 2 of the 
triglycerides which could be traceable to species 
(Table V). There was a significant difference 
between some of the species, as for example the 
prairie chicken, but there was an overlapping of 
values in the various species. The prairie chick- 
en deposited the highest level of 16:1 acid at 
the 2-position in the egg yolk triglycerides 
followed by the turkey. The values for the 18:0 

acid linked at the 2-position were rather low 
and without significance between species. The 
majority of the acids linked at the 2-position 
were 18:1 and 18:2. The bobwhite quail and 
turkey had the lowest quanti ty of 18:1 acid 
linked at the 2-position in the egg yolk triglyc- 
erides, whereas the Japanese quail had the 
highest value. The duck had by far the lowest 
quantity of 18:2 acid linked at the 2-position in 
egg yolk triglycerides, followed in order by 
prairie chicken and Japanese quail. The highest 
values of 18:2 acid linked at the 2-position 
were found in the egg yolk triglycerides from 
the laying hen, bobwhite quail, and turkey. The 
figures for the quantity of 18:2 acid linked at 

Fatty Acid Composi t ion of 
Selected 

TABLE V 

Position 2 in Egg Yolk Triglycerides f rom 
Avian Species (wt. %)a 

Laying Midget Prairie Japanese Bobwhite 
Componen t  b hen hen chicken quail quail Turkey Duck 

14:0 c 0.4 0.4 Tr Tr Tr Tr Tr 
1 6 : 0  4.52 6.74 8.11 4.02 6.64 6.84 6.04 
16:1 2.93 3.53 8.01 3.83 4.05 6.34 2.83 
18:0 3.6 5.8 3.2 3.1 2.9 3.2 4.3 
18:1 57.95 57.75 59.86 68.44 54.93 51.63 69.81 
18:2 29.11 23.04 17.75 18.66 27.64 29.11 12.23 
18:3 0.7 0.8 0.8 0.7 1.1 1.5 1.3 

% SFA d 9.2 14.1 12.3 8.0 11.0 11.1 11.9 
% MUFA 60.85 61.65 68.94 72.21 59.25 57.93 73.31 
% PUFA 30.21 24.46 18.83 19.85 29.74 31.11 15.03 

aObtained f rom analysis of  2-monoglycerides resulting f rom pancreatic lipase hydrolysis  of  
duplicate, intact triglyceride samples. 

bChain length: number  of  double bonds. 
cWithin each component ,  means bearing different superscripts are significantly different (P < .05). 
d s  = saturated; MU = monounsa tura ted ;  PU - polyunsaturated;  FA = fat ty acids; Tr = trace 

(<0.4%), 
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TABLE VI 

Allotment of Individual Fatty Acids at 2-Position in Egg Yolk 
Triglycerides from Selected Avian Species a 
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Laying Midget Prairie Japanese Bobwhite 
Component b hen hen chicken quail quail Turkey Duck 

Percentage at 2-position 
16:0 6 9 9 5 5 8 9 
16:1 21 21 26 18 18 20 22 
1 8 : 0  23 24 22 15 18 22 24 
l 8:1 36 41 44 47 44 43 42 
18:2 95 69 69 67 74 68 59 

aThese data were calculated from the fatty acid composition of corresponding triglycerides and 
2-monoglycerides. 

bChain length: number of double bonds. 

the 2-position in egg yolk triglycerides follow 
closely the values for this acid found in the 
fatty acid composition of the egg yolk triglyc- 
erides (Table IV). The 18:2 acid linked at the 
2-position was particularly low in case of duck 
yolk triglycerides, which may mean that this 
bird has a low requirement for linoleic acid or 
that the diet did not supply a sufficient 
quantity to meet the requirement. 

Allotment of Individual Fatty Acids at the 2-Position 

The percentage of 16:0 acid linked at the 
2-position was low and varied from 5-9% (Table 
VI). There was a decided increase in the 
percentage of 16:1 acid linked at the 2-position 
with no great difference between species. With 
the exception of the Japanese and bobwhite 

quails, which had lower percentages of 18:0 
acid linked at the 2-position than the other 
species, there was little difference remaining in 
the five other birds. A still further increase in 
the percentage of 18:1 acid was noted as being 
linked at the 2-position with the lowest value 
for the laying hen (36%) and no difference in 
the remaining six birds. The largest percentage 
of any fatty acid was that of 18:2 linked at the 
2-position for all species studied, the percent- 
ages ranged from 59% in the case of the duck to 
95% for the laying hen. With 18:3 acid there 
was a rather wide variation from 27% (midget 
mutant)  to 47% (laying hen). Other values were 
intermediate. 

If 33% fatty acid is in the 2-position of the 
triglycerides, then there is random distr ibution 

TABLE VII 

Fatty Acid Composition of Polar Lipids in Egg Yolks from Selected 
Avian Species (wt. %)a 

Laying Midget Prairie Japanese Bobwhite 
Component b hen hen chicken quail quail Turkey Duck 

14:0 c Tr Tr Tr Tr Tr Tr 0.4 
16:0 25.3 28.1 26.8 24.7 29.7 24.7 29.9 
16:1 2.12 2.32 4.11 2.72 2.52 4.31 2.82 
18:0 16.61 16.16 17.41 18.11 13.72 17.31 10.83 
18:1 27.2 27.8 26.0 26.4 28.4 27.9 28.2 
18:2 15.02 12.03 17.81 14.12 13."/7 14.02 6.84 
1 8 : 3  0.4 0.5 Tr Tr Tr 0.5 0.4 
20:3 Tr - -  0.'7 0.4 - -  0.5 1.1 
20:4 8.02 6.97 3.65 7.12 5.78 4.79 11.61 
22:0 0.82 0.82 1.02 0.62 0.72 0.62 1.51 
22:6 2.91 2.31 0.72 3.31 3.11 2.81 2.41 
24:0 0.6 0.6 0.4 0.4 - -  0.4 0.5 
24:1 1.47 1.92 0.44 0.98 1.03 1.33 2.71 

% SFA d 43.2 46.4 46.3 44.3 45.0 43.6 43.4 
% MUFA 30.63 32.02 30.43 29.93 31.82 33.51 33.71 
% PUFA 26.21 21.72 23.22 25.71 23.22 22.92 22.9 

(< 

aMean of duplicate samples. 
bChain length: number of double bonds. 
cWithin each component,  means bearing different superscripts are significantly different (P < .05). 
ds  = saturated; MU = monounsaturated; PU = polyunsaturated; FA = fatty acids; Tr = trace 
0.4%). 
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If  less than 33% fat ty  acid is in the 2-position, 
this means that  the fa t ty  acid predominates  in 
the 1- and 3-positions. If  more than 33% fat ty 
acid is in the 2-position then this acid predomi-  
nates in the 2-position. The triglycerides in the 
species s tudied have essentially the same distri- 
but ion of  fa t ty  acid in the 2-position. In all of  
the species, the aff ini ty  for  fa t ty  acid at the 
2-position is in the fol lowing order: 18:2 = 
20:4  ~ 18:1 = 1 8 : 3 ~  1 8 : 0 =  16:1 ~ 1 4 : 0 ~  
16:0. 

Fatty Acid Composition of Polar Lipids 

There was lit t le difference in 16:0 acid 
con ten t  of  the polar  lipids in egg yolks f rom the 
seven birds studied. Values obta ined were with- 
in a narrow range (24.7-29.9),  with no signifi- 
cant difference between species (Table VII). 
The 16:1 acid con ten t  of  polar  lipids ranged 
f rom 2.1-4.3% with the prairie chicken and 
turkey having the highest values, which were 
significantly different  f rom that  o f  the o ther  
species studied. The 18:0 acid con ten t  of  the 
egg yolk  polar lipids ranged f rom 10.8-17.4%. 
The 18:0 acid con ten t  of  egg yolk  polar  lipids 
f rom the laying hen, prairie chicken, Japanese 
quail, and turkey was significantly higher than 
that  of the o ther  birds. There was no significant 
difference be tween the 18:1 acid con ten t  of  the 
egg yolk  polar  lipids f rom the various species. 
The duck had a significantly low level o f  18:2 
acid in the egg yolk polar  lipids, and the prairie 
chicken had the highest value. The 18:2 acid 
con ten t  of  the egg yolk polar  lipids f rom the 
laying hen was significantly higher than that  of  
the midget  mutant .  The Japanese and bobwhi te  
quails and the turkey had similar values. I t  is 
possible that  the prairie chicken may have a 
high requi rement  for linoleic acid and the duck 
an especially low requirement .  The docosahexa- 
enoic  acid (22:6)  con ten t  of  the egg yolk polar  
lipids was decreased significantly in the prairie 
chicken, wi th  l i t t le difference exist ing in do- 
cosahexaenoic  acid (22:6)  con ten t  of  egg yolk 
polar  lipids f rom other  species. Measurable 
amounts  of  24:1 acid are repor ted,  with the 
highest value being found  in the egg yolk  polar  
lipids of  the duck, which was significantly 
higher than that  of  o ther  species. 

The egg yolk phosphatides f rom the duck 
conta ined 1.1% of the eicosatr ienoic acid. This 
acid has been found to appear in the yolk  lipids 
of chicken hens fed diets deficient  in l inoleic 
acid (27,28). The possibiliW of  a subop t imum 
18:2 acid intake by the duck might  be ques- 
tioned, since it has been shown that  18:2 is the 
precursor of 20:4  and docosapentaenoic  acids 
(22:5)  in the laying hen (29). The diets fed to 
the exper imenta l  birds conta ined  no detectable  

arachidonic acid; all yolks analyzed were shown 
to conta in  varying propor t ions  of  20:4  acid. 
Therefore,  it is apparent  that  all species s tudied 
were capable of  synthesizing arachidonic acid 
f rom the exogenous  precursors available. The 
duck possesses the most  eff ic ient  system for 
convert ing l inoleic to arachidonic  acid by elon- 
gation and desaturat ion.  This hypothesis  also 
would  explain the observed decrease in 18:0 
acid con ten t  of  the duck egg phosphat ides  
associated with the conversion of  18: 2 acid in to  
20:4 acid and o ther  20 carbon fat ty acids. The 
reverse of this hypothesis  may explain the 18:2 
and 20:4  con ten t  of  yolk  polar  lipids in the 
prairie chicken. Apparent ly ,  this bird has a 
rather ineff ic ient  system of  conver t ing 18:2 
in to  20:4 acid. This view of  a p o o r  e longat ion 
desaturat ion system in prairie chickens could be 
s t rengthened by the significantly lower  con ten t  
of 22:6 acid in yolk  phosphat ides  f rom this 
bird. This would  imply  that  a similar s i tuation 
exists to that  which has been repor ted  in the 
chick and hen (29): that  the 18:3 acid is the 
precursor  of  docosahexaenoic  acid. This could 
be the case in view of  the absence of  22:6 acid 
in lipids f rom the exper imenta l  diets. 
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ABSTRACT 

Turkey hens were fed diets containing 
no added fat nor diets supplemented with 
soybean oil or neatsfoot oil. The compo- 
sition of neutral and polar lipid fatty 
acids present in the unincubated turkey 
egg yolk was compared with that of those 
present in the yolk sac of the developing 
turkey embryo at different stages of 
development. Comparisons were made of 
the fatty acid fractions in the entire 
embryo homogenates, except liver and 
heart, which were analyzed separately. 
Changes in the relative amounts of the 
fatty acids are reported as affected by age 
of the embryo and by dietary lipids. The 
fatty acids from both the neutral and 
polar lipids which were utilized to the 
greatest extent for embryonic develop- 
ment were palmitoleic, oleic, linoleic, and 
linolenic, regardless of the dietary supple- 
ments. Arachidonic, tetracosenoic, and 
docosahexaenoic acids also were metabo- 
lized by the embryo. Saturated fatty 
acids, used by the embryo as develop- 
ment progressed, were palmitic, stearic, 
and arachidic acids. Analyses of the liver 
fatty acids showed that the C16:0, 
C16:1, C18:0, C18: 1, and C20:4 acids in 
the neutral and polar lipids decreased 
with embryonic development and varied 
with the type of diet. The heart con- 
tained low levels of myristic, palmitic, 
stearic, arachidic, and arachidonic acids in 
the neutral lipids and palmitoleic and 
oleic acids in the polar lipids. 

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

The role of egg yolk lipids in the nutri t ion of 
the chick embryo has been studied by a number 
of investigators (1-10). Egg yolk fatty acids 
(FA) were found to be altered only slightly at 
0, 8, 12, 16, and 20 days of incubation (2). The 
FA composition of 8 and 12 day embryos dif- 
fered from the yolk FA, but after the 16th day 
of incubation, the differences between the 
chick embryo FA composition and the yolk FA 
decreased. A proportional increase in the utili- 
zation of unsaturated FA and a decrease in the 
utilization of saturated FA with the progress 

of embryonic development has been reported 
(3). 

The 21-day chick embryo has been reported 
to utilize preferentially the polyunsaturated FA 
of the egg yolk, which increases the saturated 
FA content and decreases the polyunsaturated 
FA in the yolk remaining (4). Oleic acid also 
appeared to be utilized preferentially. 

A periodic deposition of neutral lipids and 
phospholipids in the lateral thoracic fat organs 
of the chick has been reported to occur from 
the 13th to the 17th day of embryonic develop- 
ment (5). Liver phospholipids and neutral lipids 
were found to increase rapidly in the fat organs 
after the 17th day of development. There was 
little variation in the FA composition of em- 
bryo liver lipids from the l l th  through the 
19th day of development, except in the relative 
amounts of palmitate, stearate, and oleate (6). 

The FA composition and concentration of 
individual phospholipids in livers of chick em- 
bryos have been studied at 13, 15, 17, and 21 
days of embryonic development (7). The liver 
phospholipids contained greater proportions of 
phosphatidylethanolamine, phosphatidyl serine, 
and phosphatidyl glycerol than did yolk phos- 
pholipids, while the yolk phospholipids con- 
tained greater amounts of phosphatidyl choline. 
The yolk contained higher concentrations of 
palmitic and oleic acids in the phosphatidyl 
choline, phosphatidyl ethanolamine, and phos- 
phatidyl serine fractions than did the liver, 
while the liver contained higher concentrations 
of stearic, arachidonic, and docosahexaenoic 
acids in the fractions than did the yolk. The FA 
composition of glycerophosphatides in chick 
brains, liver, and yolk have been reported (8). 
Polyunsaturated FA constituted 30-40% of 
brain ethanolamine and serine glycerol phos- 
phatides. Lecithill contained almost no polyun- 
saturated FA except for arachidonic acid. 
Brain, liver, and yolk ethanolamine and serine 
glycerol phosphatides were composed princi- 
pally of the polyunsaturated FA C18:2, C20:4, 
and C22:6. During the third week of incu- 
bation, the C18:2 acid content  doubled in all 
glycerolphosphatide fractions of the liver. A 
study was reported on the lipid metabolism of 
normal and vitamin B 12-deficient embryos (9). 
Between the 13th and 21st days of incubation, 
the liver triglycefides of normal embryos de- 
creased in the concentration of C16:0 and 
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C22:6 acids while the concentration of C18:1 
increased. 

Tripalmitin metabolism has been studied 
with 14C-label in both the glycerol and FA 
moieties (10). The triglyceride lost activity as it 
passed through the intestinal mucosa and ovary, 
while the phospholipids were transported from 
the ovaries to the eggs without a change in 
activity. During the incubation of the eggs, the 
triglycerides were transported from the yolk to 
the embryos without a change in activity, while 
the phospholipids were hydrolyzed during the 
transport from the yolk to the embryo which 
resulted in a loss of glycerol activity. 

In an earlier report from this laboratory, it 
was shown that Beltsville Small White Turkey 
hens synthesize a significant amount of C18:1 
when fed a fat free diet (FFD), as evidenced by 
the content of this FA in both yolk polar and 
neutral lipids (11). The C18:1 content of yolk 
lipids was not changed by adding a rich source 
of C18:1 to the hen diet. The C18:2 content of 
egg yolk polar and neutral lipids was increased 
significantly when the hen diet contained 30% 
soybean oil (SO). This increase occurred con- 
currently with a reduction in the C18:1 content 
in egg yolk polar and neutral lipids. 

From the above review, it is apparent that 
the role of egg yolk fat in the nutrition of the 
chick embryo has been studied extensively. No 
references were found which described the 
metabolic changes in the turkey egg yolk lipids 
during the 28 day period of embryonic develop- 
ment. The purpose of the present investigation 
was to study the role of egg yolk lipids and 
maternal diet in the nutrition of the turkey 
embryo. 

MATERIALS AND METHODS 

Beltsville small white turkey hens were 
housed in individual cages and fed semisyn- 
thetic diets which contained no added fat or 
supplements of 3 or 30% SO or 3% neatsfoot 
oil (NO). A control group was fed a practical 
type milo-soybean meal diet (PD) which con- 
tained 2.26% total lipids. Neatsfoot oil was 
selected because of the high C 18 : 1 content. 

The composition of the diets used in this 
study and the analyses of the diets and of the 
unincubated eggs have been reported previously 
(11). The analyses of the diets are repeated in 
this publication (Table I). Yolk sacs were 
removed from the 10, 17, and 21 day old 
embryos and from hatched poults and ana- 
lyzed, as previously described by Couch et al. 
(11). Three live embryos from each maternal 
treatment were removed from the shell at 10, 
17, and 21 days of incubation. Hearts and livers 

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  Diets  

F a t t y  E x p e r i m e n t a l  diets ,  % 

ac id  a F F b  3% SO c 30% SO d 3% N O  e PD f 

1 6 : 0  2 4 . 6  12 .3  12 .7  18.1 17 .4  
16:1  4 .3  0 .7  0 .4  5 .0  3.9 
1 8 : 0  9 .0  6 .4  5 ,3  6.9 3 .0  
18:1  2 8 . 0  2 7 . 9  2 5 . 4  50 .8  2"7.0 
18 :2  2 9 . 6  43 .9  4 7 . 4  12 .6  29 .9  
1 8 : 3  0 .0  4 .9  5.6 2 .6  2 .0  

ape r  cen t  o f  t o t a l  fa t  c o n t e n t .  

b D i e t  c o n t a i n i n g  n o  a d d e d  fa t .  

CDiet c o n t a i n i n g  3% s o y b e a n  oil.  

dDiet c o n t a i n i n g  30% s o y b e a n  oil. 

eDie t  containing 3% n e a t s f o o t  oil. 

f P r a c t i c a l  diet .  

were removed from three embryos from each 
dietary treatment at 17 and 21 days of incu- 
bation and from three hatched poults. Em- 
bryos, hearts, and livers were pooled within 
each group. The remaining portion of each of 
the three embryos were pooled and homoge- 
nized. The total lipids were extracted from the 
embryos, hearts, and livers by the method of 
Folch et al. (12). Fatty acid analyses on 
embryos, hearts, and livers were carried out, as 
previously outlined by Couch et al. (11). 

The data were analyzed by a split plot design 
of a factorial analysis of variance, according to 
Snedecor (13). Duncan's multiple range test 
(14) was used to compare each treatment mean 
with every other treatment mean. The test for 
significance in Tables II-VII was at the 5.0% 
probability level. Since the hearts were small 
and had to be pooled with only enough tissue 
for one FA analysis from each diet at each 
period, statistical significance between diets and 
periods was not determined on heart analyses. 

RESULTS 

Fatty Acid Content of Yolk and Yolk Sac Neutral and 
Polar Lipids 

Stage of embryonic development-neutral 
lipids: The C18:0 content of the yolk sac 
neutral lipids did not  change until the poult 
hatched (Table II). The highest value for this 
acid was found in the yolk sac from the 
hatched poult. The yolk sac from the hatched 
p o u r  had a significantly higher content of 
C18:1 than the unincubated eggs or the yolk 
sac lipids before hatching. The C18:2 of the 
yolk sac neutral lipids decreased with embry- 
onic development and was significantly lower in 
the yolk sac from the hatched poult than in the 
unincubated eggs. This indicated that the lino- 
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TABLE II 

Average Fatty Acid Content of Neutral and Polar Lipids of 
Unincubated Egg and Yolk Sacs at 10, 17, and 21 Days 

of Incubation and from the Hatched Poult from all Diets a 

Unincubat ed 10 17 21 Hatched 
Fatty acid egg, % days, % days, % days, % poult, % 

Neutral lipids 
C16:0 26.5 2 30.0 1,2 30.71 28.31,2 28.61,2 
C18:0 5.2 2 4.72 5.42 5.22 8.5 1 
C16:1 8.9 1,2 10.7 1 9.71,2 10.01,2 7.72 
C18:1 41.32 42.62 42.52 43.62 46.31 
C18:2 13.61 7.3 1,2 6.51,2 7.61,2 3.61,2 
C18:3 1.21 0.82 0.72 0.81, 2 0.42 

Polar lipids 
C16:0 25.02 29.91 29.41 29.71 25.32 
C18:0 21.51 22.41 21.01 20.81 23.11 
C16:1 3.11,2 3.41,2 3.91 4.01 2.72 
C18:1 29.61 31.1 l 31.21 30.81 30.31 
CI 8:2 11.61 8.51 7.61 7.91 10.2 1 
CI 8:3 1.01 0.41 0.71 0.51 0.31 
C20:4 3.41 1.12 1.52 2.11,2 3.21 

aWithin each component, means bearing different superscripts are significantly different 
(PK.OS). 

leic acid c o n t e n t  of  the  yo lk  was requ i red  by  
the  developing  embryo .  There  was a r a t h e r  low 
c o n t e n t  of  C18:3 ,  wh ich  also decreased wi th  
e m b r y o n i c  deve lopmen t .  

Stage of  embryonic development polar 
lipids: The C 1 6 : 0  c o n t e n t  o f  the  yo lk  sac po la r  
lipids was s igni f icant ly  greater  at 10, 17, and  21 
days t han  t h a t  of  the  u n i n c u b a t e d  egg yo lks  
and  the  yo lk  sac f rom the  h a t c h e d  pou l t  (Table  
If). The C 1 8 : 0  c o n t e n t  of  the  yo lk  and  yo lk  
sacs essent ia l ly  were u n c h a n g e d  dur ing  embry -  
onic deve lopmen t .  The C16:1 c o n t e n t  of  yo lk  
sac polar  l ipids was decreased  in the  h a t c h e d  
pou l t ,  wh ich  ind ica tes  t ha t  this  acid m u s t  have 
been  ut i l ized by the  e m b r y o  dur ing  e m b r y o n i c  

d e v e l o p m e n t  f rom the  level f o u n d  in the  
u n i n c u b a t e d  egg. The C20 :4  c o n t e n t  of the 
yo lk  sac polar  l ipids decreased dur ing  the  first 
10 days of  d e v e l o p m e n t  bu t  increased in the  
yo lk  sac f rom the h a t c h e d  poult_ 

Effect of  diet neutral lipids." Yolk sac neu-  
tral l ipids f rom hens  fed F F D  had the  lowes t  
level of  C18:0 ,  whereas  those  f rom hens  fed 
30% SO had  the  h ighes t  c o n t e n t  of  C 1 8 : 0  
(Tab le  I lI) .  The  C16:1  acid c o n t e n t  of yo lk  sac 
neu t r a l  l ipids was decreased s ignif icant ly  wi th  
diets c o n t a i n i n g  3 and  30% SO and  in the  yo lk  
sacs f rom hens  fed the  PD. The C18:1 c o n t e n t  
of  yo lk  sac l ipids was s igni f icant ly  lower  in the 
yo lk  sacs f rom hens  fed the  3 and 30% SO diet,  

TABLE III 

Effect of Diet on the Average Fatty Acid Content of Neutral and Polar Lipids in Yolk Sacs a 

Fat 3% Soy 30% Soy 3% Neatsfoot 
Fatty acid free, % oil, % oil, % oil, % Practical, % 

Neutral lipids 
C16:0 27.11 29.91 29.41 28.01 29.81 
C18:0 4.43 6.02 9.71 3.83 5.02,3 
CI 6:1 12.81 8.82 4.73 10.81,2 9.92 
C18:1 49.01 42.33 29.74 49.11 46.22 
C18:2 3.32 7.72 17.41 4.52 5.72 
C18:3 0.62 0.72 1.51 0.62 0.42 

Polar lipids 
C16:0 27.51,2 28.91 23,82 28.41 30.8 l 
CI 8:0 18.73 21.22 29.71 19.22,3 20.02,3 
C16:1 5.01 3.02 1.63 3.92 3.52 
C18:1 37.01 29.23 20.24 33.92 32.82 
C18:2 4.23 10.42 16.81 7.42,3 7.12,3 
C18:3 1.11 0.41 0.31 0.41 0.41 
C20:4 2.31 2.5 1 2.61 2.11 1.81 

aWithin each component, means bearing different superscripts are significantly different (P<.0S). 
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and those f rom hens fed the 30% SO was 
significantly higher in C18:2  than those from 
any of  the o ther  t reatments .  

Effect of diet-polar lipids: The C16 :0  con- 
tent  of  yolk sac polar lipids f rom hens fed 30% 
SO was decreased significantly below that  of  all 
o ther  diets, excep t  those fed the F F D  (Table Fatty acid 
III). The C18 :0  con ten t  of  yolk  sac polar  lipids 
from hens fed the 30% SO diet  was significantly Neutral lipids 

C14:0 
higher than those f rom the o ther  t r e a t m e n t s  C16:0 
The C16:1 acid con ten t  f rom yolk sac polar  C18:0 
lipids was increased significantly in yolk sacs c20:0 
f rom hens fed the F F D  and decreased in yolk  c56:0 

C16:1 
sacs f rom those fed the 30% SO diet. The c18:1 
C18:1 acid con ten t  of  yolk  sac polar  lipids was c18:2 
significantly higher when the hens had been fed c18:3 
the F F D  and lowest  in yolk sacs from those fed c2o:4 
the 30% SO diet. The C18:2  con ten t  of  yolk  Polarlipids 
sac polar  lipids was highest in yolk  sacs f rom C14:0 

C16:0 
hens fed the 30% SO diet and lowest  f rom c18:0 
those hens fed the FFD.  No significant differ- c16:1 
ences were no ted  be tween the levels of  C18:3  c18:1 
and C20:4  acids in the polar lipids of the yolk  C54:1 

C18:2 
sacs when the dietary t rea tments  were con- C18:3 
sidered, c20:4 

Fatty Acid Content of Neutral and Polar Lipids of 10, 
17, and 21 Day Embryos 

Stage of embryonic development-neutral 
lipids: There  was a decrease in the  C 1 8 : 0  
c o n t e n t  o f  e m b r y o  neu t r a l  l ipids and  an in- 
crease in the  C18:1 and  C18 :2  acids at 17 and  
21 days  of d e v e l o p m e n t  as c o n t r a s t e d  wi th  
those  o f  the  10 day e m b r y o  (Table  IV). There  
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TABLE IV 

Average Fatty Acid Content of Neutral and Polar 
Lipids of Total Embryos at 10, 17, and 21 Days of 

Embryonic Development (Hearts and Livers 
Removed from the 17- and 21-Day-Old Embryos) a 

10 17 21 
days, % days, % days, % 

1.21 1.0 1,2 0.9 2 
28.62 29.32 35.2 1 
15.41 8.82 7.32 

1.01 0.52 0.2 2 
2.51 0.4 2 0.2 2 
5.8 1 6.3 1 6.6 1 

27.92 36.31 38.9 l 
4.12 8.9 1 7.81 
0.61 0.7 1 0.81 
1.7 1 1.6 1 0.52 

1.2 l 0.62 0.52 
38.01 33.82 35.4 1,2 
21.91 18.92 21.0 1 

3.91 3.4 1 3.2 1 
23.71 23.1 1 20.62 

0.82 1.02 1.4 1 
3.32 6.61 6.2 1 
0.61 0.42 0.51, 2 
2.92 5.31 4.81 

aWithin each component, means bearing different 
superscripts are significantly different (P<.05). 

was a significant decrease in the C20:4  acid at 
21 days of  deve lopment  f rom the levels ob- 
served at 10 and 17 days. 

Stage of" embryonic development polar 
lipids: The compos i t ion  of  C16:0,  C18:0,  and 
C18:3 con ten t  of  polar  lipids be tween  10 and 

TABLE V 

Effect of Diet on the Fatty Acid Content of Neutral 
and Polar Lipids of Embryos from all Periods of Development a 

Fat 3% Soy 30% Soy 3% Neatsfoot 
Fatty acid free, % oil, % oil, % oil, % Practical, % 

Neutral lipids 
C14:0 0.92 0.91,2 1.21 1.1 1,2 1.01,2 
C16:0 28.92,3 59.73 26.33 31.51,2 34.01 
C18:0 9.02 11,02 13.51 9.02 10.02 
C16:1 8.01 5.13 4.73 7,2 1,2 6.12,3 
Ct8:1 41.31 33.52 24.53 38.61,2 34.32 
C24:1 1.21 0.51 0.61 0.41 0.21 
C18:2 2.63 9.42 14.91 4.33 3.33 
C18:3 0.61 0.51 0.61 0.71 1.11 
C20:4 1.21 1.71 1.51 1.1 1 0.7 1 

Polar lipids 
C16:0 36.51 33.51 36.61 35.7 1 36.3 1 
C18:0 18.43 21.71,2 23.61 19.62, 3 19.6 2,3 
C16:1 3.91 3.41,2 2.72 4.1 1 3.4 1,2 
CI 8:1 26.21 22,22 18.33 24.2 1 21.42 
C18:2 4.52, 3 6.01'2 7.51 3.93 5.02 
C18:3 0.61 0.51,2 0.52 0.51,2 0.5 1,2 
C20:4 3.12 4.81,2 3.02 4.81,2 5.7 1 
C22:6 0.31 1.61 0.91 0.81 1.31 

aWithin each component, means bearing different superscripts are significantly different (P<.05). 
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TABLE VI 

Average Fatty Acid Content of Neutral and 
Polar Lipids in Livers at 17 and 21 Days 

of Development and from the 
Hatched Pour from all Diets a 

17 21 Hatched 
Fatty acid days, % days, % poult, % 

Neutral lipids 
C16:0 34.51 18.42 9.33 
C18:0 10.52 16 41 9.32 
C16:1 6.51 5~22 4.22 
C18:1 32.93 48.12 57.81 
C18:2 2.32 1.82 8.81 
C18:3 0.42 0.42 0.61 
C20:4 0.22 0.02 2.21 
C22:6 1.11 1.01 1.21 

Polar lipids 
C16:0 34.61 28.32 26.92 
C18:0 27.83 41.31 36.62 
C16:I 3.4 1 1.52 2.21,2 
C18:1 15.81 15.1 I 14.11 
C24:1 0.72 1.11 1.01,2 
C18:2 5.52 4.72 9.31 
C18:3 0.61 0.41 0.41 
C20:4 2.91 1.52 3.7 1 
C22:6 1.4 1 0.82 0.62 

awithin each component, means bearing different 
superscripts are significantly different (P<.05). 

21 days of incubation varied (Table I V )  The 
C18:2 and C20:4 content of the polar lipids 
increased significantly from 10-21 days of 
embryonic development. It is possible that the 
embryo was using both of these essential FA 
for metabolic processes during embryonic de- 
velopment. There was a significant decrease in 

the C18:1 acid at 21 days when compared with 
10 and 17 day embryos  

E f f e c t  o f  d i e t - n e u t r a l  l ipids: Embryos from 
eggs produced by hens fed a 30% SO diet had a 
significantly higher level of C18:0 in the neutral 
lipids, a significantly lower level of C 18:1, and 
a significantly higher level of C18:2 (Table V) 
than were found in embryos from any of the 
other diets. Embryos from eggs laid by hens fed 
3% SO had a significantly higher level of C18:2 
in the neutral lipids than did those from all 
other diets, except the hens fed the 30% SO 
diet. There was no difference in the C18:2 
content of  embryos from hens fed the FFD, 
NO, or PD Embryos from eggs laid by hens fed 
the FFD had a significantly higher content of 
C18:1 in the neutral lipids than did embryos 
from hens fed the 3 or 30% SO diets and the 
PD but did not differ significantly from those 
from hens fed the 3% NO die t  

E f f e c t  o f  d i e t - p o l a r  l ipids: Polar lipids of 
embryos from hens fed the 30% SO had a 
significantly lower content of C18:1 and a 
significantly higher content  of C18:2 than did 
those from any of  the other groups, with the 
exception of the C18:2 content of those from 
hens fed the 3% SO diet (Table V). Signifi- 
cantly higher levels of C18:1 were found in the 
polar lipids of embryos from hens fed the FFD 
and 3% NO, followed in order by the 3% SO 
and PD. The C18:2 content  of the polar lipids 
of embryos from hens fed the 3% NO was 
significantly lower than that of those from any 

TABLE VII 

Effect of Diet on the Average Fatty Acid Content of Neutral 
and Polar Lipids in Livers from all Periods of Development a 

Fat 3% Soy 30% Soy 3% Neatsfoot 
Fatty acid free, % oil, % oil, % oil, % Practical, % 

Neutral lipids 
C14-:0 0.91 0.81 1.01 1.21 1.01 
C16:0 16.12 23.61 20.71,2 21.41,2 21.81,2 
C18:0 8.62 13.41 14.7i 11.61 12.21 
C16:1 5.51,2 4.72 4.52 6.71 5.12 
C18:1 55.61 46.02 33.33 48.42 48.02 
C24:1 0.41 0.31 1.01 1.11 0.41 
C18:2 2.82,3 3,62 11.81 1.83 1.63 
C18:3 0.12 0.61 0.71 0.51 0.41,2 
C20:4 0.42 0.52 2.91 0.32 0.22 
C22:6 1.72 0.42 2.51 0.22 0.02 

Polar lipids 
C16:0 29.82 32.81 27.13 27.53 32.51 
C18:0 32.52 36.01,2 33.72 33.62 40.31 
C16:1 2.12 1.82 1.82 4.61 1.62 
CI 8:1 19.41 13.42,3 10.53 17.71 14.02 
C24:1 0.92 1.11,2 0.43 1.51 0.72,3 
CI 8:2 4.92 5.62 13.7 t 5.42 3.03 
C18:3 0.61 0.41 0.31 0.51 0.61 
C20:4 3.32 2.12 5.41 2.32 0.63 
C22:6 0.82 0.72 2.11 0.52 0.62 

awitbin each component, means bearing different superscripts are significantly different (P<.05). 
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other group, with the exception of those from 
hens fed FFD. There was no significant differ- 
ence in the C18:2 content  of embryos from 
hens fed the FFD, 3% SO, and PD. The polar 
lipids of embryos from hens fed FFD and 30% 
SO contained significantly lower levels of 
C20:4. No consistent pattern was apparent in 
the values for the other FA, except that the 
C16:0 and C22:6 content  of polar lipids did 
not  differ significantly, regardless of the dietary 
source. 

Fatty Acid Content of Neutral and Polar Lipids of 
Livers at 17 and 21 Days of Development and from 
the Hatched Poult 

Stage of development neutral lipids: The 
C16:0 content  of liver neutral lipids decreased 
significantly from 17-21 days of development 
and in the hatched poult 7 days later (Table 
VI). There is no explanation for the fact that 
the C18:0 content  of the liver neutral lipids 
increased from 1%21 days and decreased again 
in the hatched pouR. The C16:1 content of the 
liver neutral lipids decreased significantly at 21 
days and in the liver from the hatched poult, 
although numerically the decrease was not 
great. There was a significant increase in the 
C18:1 content  of the liver neutral lipids from 
17-21 days and again from 21 days-hatching. 
The C18:2 content  of the liver neutral lipids 
increased ca. four-fold from the 17th and 21st 
days to the 28th day of development. 

Stage of development polar lipicls: The 
C16:0 content of the liver polar lipids was 
significantly lower at 21 days of development 
and in the liver from the hatched poult (Table 
VI). The C18:0 content  of embryo liver polar 
lipids was significantly greater at 21 days of 
development and in the liver from the hatched 
pouR. The C18:2 content  of the liver polar 
lipids was significantly greater in the hatched 
poult than was that of embryos at 17 and 21 
days of development. The C20:4 content of 
embryonic polar lipids was significantly less at 
21 days than at 17 days of development and in 
the liver from the hatched poult. 

Effect of diet-neutral lipids: Embryos from 
hens fed the FFD had a significantly lower level 
of C18:0 in the liver neutral lipids with no 
difference in those from the other four diets 
(Table VII). Embryos from hens fed the FFD 
had a significantly higher level of the C18:1 
acid in the liver neutral lipids. There was no 
difference in the C18:1 content  in the liver 
neutral lipids of embryos from hens fed the 3% 
SO, 3% NO, and PD. The lowest level of C18:1 
was found in liver neutral lipids of embryos 
from hens fed the 30% SO diet and the highest 
level in liver neutral lipids of embryos from 

T A B L E  VIII  

Average  F a t t y  A c i d  C o n t e n t  o f  N e u t r a l  a n d  
Polar  Lip ids  f r o m  Hea r t s  a t  17 a n d  21  Days  

o f  D e v e l o p m e n t  a n d  f r o m  the  H a t c h e d  Pou l t  

17 21 H a t c h e d  
F a t t y  ac id  days ,  % days ,  % p o u R ,  % 

Neu t r a l  l ip ids  
C 1 4 : 0  1.4 1 .8  1.2 
C 1 6 : 0  31 .2  2 9 . 8  2 8 . 0  
C 1 8 : 0  14 .2  17 .4  12.1 
C 2 0 : 0  1.3 3.2 0 .9  
C 2 6 : 0  1.0 0 .9  0 .9  
C 1 6 : 1  5 .6  5.2 6.'7 
c I g : I  2 9 . 4  25 .1  37. '7 
C 1 8 : 2  3,1 3 .8  5 .0  
C 2 0 : 4  1.4 1.5 0 .4  
C 2 2 : 6  0 .5  0 .3  1.8 

Po la r  l ip ids  
C I 4 : 0  0.5 0 .4  1.2 
C 1 6 : 0  34 .0  38 .8  34 .0  
C 1 8 : 0  26.1 25. '7 2 9 . 6  
C 1 6 : 1  2 .3  1.'7 1.7 
C 1 8 : 1  2 2 . 0  19. '7 19 .9  
C 2 4 : 1  1.0 0 .9  1.1 
C 1 8 : 2  4 .0  3 .8  3.2 
C 2 0 : 4  1.9 1.5 0 .9  

hens fed the PD. The liver neutral lipids of 
embryos from hens fed the 30% SO diet had a 
significantly higher level of C18:2 and C20:4 
than did the liver neutral lipids of embryos 
from hens fed any of the other diets. 

Effect of  diet-polar lipids: Embryos from 
hens fed 30% SO and 3% NO had a significantly 
lower level of C16:0 in the polar lipids than did 
the livers of embryos from hens fed the FFD, 
3% SO, or PD (Table VII). Embryos from hens 
fed 3% NO had a significantly higher level of 
C16:1 in the polar lipids than did those from 
hens fed any of the other diets. The embryo 
polar lipids from hens fed the 30% SO diet had 
a significantly higher level of C18:2, C20:4, and 
C22:6 than did those from hens fed any of the 
other diets. Embryonic polar lipids from hens 
fed the FFD and the 3% NO diet had the 
highest level of C18:1. This acid is readily 
synthesized by the hen and deposited in the 
yolk in diets low in polyunsaturated FA (4). 
The C18:2, C20:4, and C22:6 content of 
embryonic polar lipids from hens fed the 30% 
SO diet was significantly higher than that of 
embryos from any of the other groups. 

Fatty Acid Content of Heart Neutral Lipids at 17 and 
21 Days of Development and from the Hatched Poult 

Stage of development neutral lipids: The 
C18:0 content  of the heart neutral lipids 
increased at 21 days of development and 
decreased in the hatched poult (Table VIII). 
The C20:0 content  of the heart neutral lipids 
increased slightly at 21 days and decreased in 
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TABLE IX 

Effect of Diet on the Average Fatty Acid Content of 
Neutral and Polar Lipids of Hearts from all Periods of Development 

Fat 3% Soy 302 Soy 32  Neatsfoot 
Fatty acid free, 2 oil, 2 oil, 2 oil, 2 Practical, 2 

Neutral lipids 
CI4:0 1.9 1.3 1.7 1.2 1.3 
C16:0 25.9 29.9 30.2 30.5 31.9 
C18:0 12.2 16.2 17.7 12.7 14.0 
C20:0 3.0 1.7 1.3 1.4 1.6 
C26:0 0.9 0.3 0.9 1.3 1.4 
C16:1 5.8 4.5 6.0 7.7 5.2 
C18:1 34.8 31.9 22.5 32.5 31.9 
C18:2 3.4 4.2 5.5 2.8 4.0 
C18:3 1.1 0.8 0.7 0.9 0.6 
C20:4 2.1 0.7 1.1 0.8 0.7 
C22:6 0.5 0.0 0.8 0.5 2.0 
Polar tipids 
C14:0 0.7 1.8 0.2 0.4 0.2 
C16:0 34.3 35.0 38.0 34.4 36.2 
C18:0 25.9 29.4 28.6 25.0 26.6 
C16:I 2.5 1.2 1.8 2.3 1.6 
C18:1 24.8 17.7 15.2 24.4 20.5 
C24:1 0.6 1.9 0.8 0.9 0.8 
C18:2 2.6 2,5 6.0 3.0 4.1 
C20:3 0.2 1.3 0.5 0.5 0.4 
C20:4 1,3 0.9 2.0 1.3 1.5 

the  hear t s  f r o m  the  h a t c h e d  poul ts .  There  was 
an increase in the  C18:1 and  in the  C18 :2  of  
the  hea r t  neu t r a l  lipids in  the  h a t c h e d  poul t ,  as 
c o n t r a s t e d  w i th  those  of  the  e m b r y o s  at 17 and  
21 days of  deve lopmen t .  

Stage of development polar lipids: There  
was l i t t le  d i f ference  in the  F A  c o n t e n t  of the  
hea r t  po la r  l ipids at  17 and  21 days of  
d e v e l o p m e n t  and  in the  h a t c h e d  pou l t  (Table  
VIII) .  There  was an increase in the  C 1 6 : 0  
c o n t e n t  of  the  hear t  polar  l ipids at 21 days of  
deve lopmen t ,  wh ich  was fo l lowed by a decrease 
in the  hea r t  polar  lipids of  the  ha t ched  poul t .  
There  was an increase in the C18:0 content of 
hear t  polar  l ipids in the  h a t c h e d  poul t .  

Effect of  diet-neutral lipids: The diet  ex- 
e r ted  l i t t le  e f fec t  on  the  F A  c o n t e n t  of  the  
hea r t  neu t r a l  l ipids (Table  IX). There  was an 
increase  in the  C18 :0  c o n t e n t  of the  hea r t  
neu t ra l  l ipids of  e m b r y o s  f rom eggs laid by  hens  
fed 3 and  30% SO and an increase in the  C 1 6 : 0  
c o n t e n t  o f  the  hea r t  polar  l ipids of  e m b r y o s  
f rom hens  fed 3% SO, 30% SO, 3% NO, and  PD. 
There  was a decrease in the  C18:1 c o n t e n t  of  
hear t  neu t r a l  lipids of e m b r y o s  f rom hens  fed 
the  30% SO diet  and  an increase  in the  C18 :2  
c o n t e n t  of  e m b r y o  hea r t  neu t r a l  lipids. 

Effect of  diet-polar lipids: The diet  of  the  
t u rkey  hen  exe r t ed  a relat ively small  e f fec t  on 
the  F A  c o n t e n t  of the  e m b r y o  hear t  po la r  l ipids 
(Table  IX).  There  was a decrease in the  C18:1 
c o n t e n t  of  hea r t  polar  l ipids of  e m b r y o s  f rom 
eggs laid by hens  fed 3 and  30% SO. There  was 

an increase in the  C18 :2  c o n t e n t  of  the  e m b r y o  
hea r t  polar  l ipids f rom hens  fed the  30% SO 
diet ,  wh ich  may  be t raceable  to  the  h igh C 1 8 : 2  
c o n t e n t  of  this  diet .  

DI SC USSI ON 

Signif icant  changes  in the  F A  c o n t e n t  of 
yolk  sac, e m b r y o ,  and  liver F A  occur red  in the  
m o n o -  and  p o l y u n s a t u r a t e d  F A  in b o t h  the  
neu t ra l  and  polar  lipids. Yolk  sac c o n t e n t  of  
these F A  t e n d e d  to  decrease,  whereas  the  
e m b r y o  and  liver c o n t e n t  of  these  F A  increased 
as the  e m b r y o  deve loped  to  ma tu r i ty .  This 
agrees w i th  data  r e p o r t e d  on  s tudies  w i th  the  
chick e m b r y o  (4)  in which  i t  was s ta ted  t h a t  
the chick  e m b r y o  pre fe ren t ia l ly  u t i l ized the  
p o l y u n s a t u r a t e d  t r iglycer ides  of  the  egg yolk  
dur ing  deve lopmen t .  

The  ef fec t  of  diet  on  the  F A  c o n t e n t  of  the  
egg yo lk  neu t r a l  and  polar  l ipids f rom these  
hens  has been r e p o r t e d  previous ly  (11) .  I t  can 
be s t a t ed  fu r t he r  t h a t  the diet  of the  t u r k e y  hen  
had  a s ignif icant  e f fec t  on  the  depos i t ion  of  
d ie ta ry  F A  in the  yo lk  sac, embryos ,  and  livers. 
Less e f fec t  was n o t e d  f rom the  e f fec t  of  diet  on  
the  F A  in the  hear t  neu t ra l  and  polar  lipids. 

The  tu rkey  e m b r y o  pre fe ren t ia l ly  uses pal- 
mitoleic ,  oleic, l inoleic ,  and  a rach idon ic  acids 
for  deve lopmen t .  The  m o s t  s igni f icant  of  these  
is the  usage of  l inoleic  and  a rach idon ic  acids. 
The diet  of  the  t u rkey  hen  had  a s igni f icant  
e f fec t  on  the d ie tary  depos i t ion  of  the F A  in 
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the to t a l  e m b r y o s  and  e m b r y o n i c  liver n e u t r a l  
and  po l a r  lipids. 
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A B S T R A C T  

Minimal deviation hepatoma cells were 
cultured as monolayers to confluency in 
roller flasks containing modified Swim's 
medium, supplemented with decreasing 
amounts of serum, lipid-free serum, and 
lipid-flee serum containing added fatty 
acids. Good cell growth was observed 
until  serum levels fell below 5% of the 
medium. Media containing lipid-flee 
serum or lipid-flee serum plus linoleic or 
palmific acids did not  support good 
growth. Lipids were extracted from cells; 
media, obtained during the first and last 
half of the incubation period, resolved 
into neutral and phospholipid fractions; 
fatty acid composition of each fraction 
analyzed by gas liquid chromatography; 
and lipid class distributions compared by 
thin layer chromatography. The data 
showed that the media contained more 
neutral lipids and phospholipids after 
incubation than initially, indicating that 
minimal deviation hepatoma cells ex- 
creted lipids into the media. The class 
composition of the excreted lipids re- 
sembled that of the serum. A comparison 
of media, cells, and serum fatty acid 
compositions indicated that the lipids 
secreted into the media were of cellular 
origin. Although some differences were 
noted, in general, cells grown on the nine 
different media had the same ca. neutral 
lipid and phospholipid class and fatty 
acid compositions. In contrast, dramatic 
differences were observed in the class and 
fatty acid compositions of the serums 
from that of the cells and media. These 
results indicate that exogenous serum 
lipids had little influence on cellular class 
and fatty acid compositions of the mini- 
mal deviation hepatoma cells. This neo- 
plasm did not  contain detectable levels of 
glyceryl ether diesters, indicating that this 
compound is not characteristic of all 
tumors. Lipid class profiles and fatty acid 
compositions of cells grown on various 
media suggest that the minimal deviation 
hepatoma cells can synthesize most, if 

1presented at the AOCS Meeting, New Orleans, 
April 1973. 

not all, neutral lipid and phosphoglyc- 
eride classes found in liver. 

I N T R O D U C T I  ON 

The last decade of biochemical research has 
brought lipids from a point at which they were 
considered a good source of energy to the 
present recognition of their importance in 
many biological processes. Lipids are major 
components of all membranes (1-3), essential 
components of many enzyme systems (4), and 
precursors of a potent class of hormones (5,6). 
Lipids are involved in biological mineralization 
(7), ion transport (8), sugar transport (9), and 
numerous other important cellular functions. 
Some investigators in cancer research have 
recognized the possible direct or indirect in- 
volvement of lipids in neoplasia and have 
obtained data to indicate numerous differences 
between the lipid metabolism of normal and 
neoplastic tissue. Much data on the biochemis- 
try and metabolism of tumor lipids, compiled 
from many laboratories, has appeared recently 
(10). 

Although differences in lipid metabolism 
occur between normal and neoplastic tissue, 
few consistently appear in all tumors because of 
their differences in origin, stage of neoplasia, 
nutritional state of host, and numerous other 
factors. The development by Morris and col- 
leagues (11) of a series of "minimal" deviated 
hepatomas eliminated many of the difficulties 
in deciding which normal tissue should be 
compared with neoplasm data. The host effect 
on metabolism of a minimal deviation hepa- 
toma also can be eliminated by growing hepa- 
toma cells in tissue culture. 

Structural and metabolism studies on lipids, 
derived from minimal deviation hepatoma cells 
grown in culture, have been limited. The 
incorporation of activity from various radioac- 
tive substrates into the nonsaponifable lipids 
(12) and the composition and biosynthesis of 
gangliosides in cultured minimal deviation hepa- 
toma cells have been reported (13). Recently 
Ontko (14) and Goodridge (15) described fatty 
acid biosynthesis and metabolism studies ob- 
tained with normal liver hepatocytes cultured 
for relatively short periods of time. The lack of 
lipid data from minimal deviation hepatoma 
cells, grown in culture which have numerous 
advantages, and the potential availability of 
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TABLE I 

Quantity of Neutral Lipids and Phospholipids Derived from Minimal Deviation 
Hepatoma Cells Grown on Media Containing Varying Amounts of Serum and Lipid a 

691 

#g of lipid/ 
#g of lipid/ mg of lipid- 

Cell Doubling 106 cells free dry wt Percentage 
Basal medium numbers time 
supplement b x 106c (days) PL d NL d PL NL PL NL 

20% Bovine serum + 
5% fetal calf serum 446 1.18 37 21 106 62 63 37 
10% Bovine serum + 
5% fetal calf serum 665 1.18 23 15 -- --  57 43 
5% Bovine serum + 
5% fetal calf serum 635 1.32 31 24 110 8"7 60 40 
5% Fetal calf serum 565 1.44 17 12 119 80 60 40 
5% Bovine serum 384 1.53 18 8 87 39 69 31 
2.5% Fetal calf serum 342 2.07 22 7 --  --  77 23 
5% Lipid-free fetal 
calf serum 194 2.5 18 7 71 30 71 29 
5% Lipid-free fetal calf 
serum+ palmitic acid d 94 5.5 45 47 208 222 49 51 
5% Lipid-free fetal calf 
serum + linoleic acid e 92 3.5 53 55 107 111 49 51 

aAll data obtained from cells grown in roller cultures for five-six days. 
bBasal medium was a modified Swim's 77. 
CTotal number of cells harvested from two roller culture flasks and analyzed as a single sample. 
dpL = phospholipids, NL = neutral lipids. 
e37.5 pg per ml of medium. 

comparab le  data f rom norma l  h e p a t o c y t e s  
p r o m p t e d  us to init iate a s tudy  to examine the 
metabol i sm and s t ruc ture  of  lipids at the 
molecular  species level f rom the minimal  devia- 
t ion h e p a t o m a  7288C(HTC) grown in tissue 
culture (16). 

This article represents  the first in a series on 
the data ob ta ined  wi th  cul tured  HTC cells and a 
solid minimal  deviat ion h e p a t o m a  7288CTC 
ob ta ined  by the r e in t roduc t ion  of  HTC cells 
in to  a hos t  (17). These data show the effects  of  
exogenous  serum lipid levels on g rowth  rate of  
HTC cells and class and fa t ty  acid compos i t ions  
of  cellular and media  neutra l  l ipid and phospho -  
lipids. 

MATERIALS AND METHODS 

Cells 

Starter  cultures of  HTC cells were ob ta ined  
f rom W.D. N o t e b o o m ,  Depa r tmen t  of  Biochem- 
istry, Universi ty of  Missouri, who  had ob ta ined  
the cells f rom G.M. Tomkins ,  the developer  of 
this line of  cul tured  minimal  deviat ion hepa-  
toma cells (16,18).  Cells were ob ta ined  at the 
17th passage. Stock cul tures were main ta ined  
on a modi f ied  Swim's  77 med ium supple- 
m e n t e d  wi th  20% bovine serum and 5% fetal 

calf serum. The med i u m modi f i ca t ion  included 
the addi t ion  of  g lutamine (292 mg/1) ,  sodium 
bicarbonate  (500 mg/1) ,  calcium chlor ide  dihy- 
drate (265 mg/1),  Sod ium Penicillin G (60 
rag / l ) ,  L-cystine (12 rag / l ) ,  and phenol  red (5 
rag / l ) .  All media  were steril ized by f i l t rat ion 
th rough  0.2/~ pore size filters. 

Gram quant i t ies  of  cells grown on various 
amounts  of serum and lipids (Table I and II) 
were ob ta ined  f rom roller cultures.  Cells (30-50 
million) were p lan ted  in two  10 x 20 cm glass 
roller cul ture bo t t l es  con ta in ing  ca. 100 ml of  
med ium each and incuba ted  at 37 C. The roller 
bot t les  were ro ta t ed  at the rate of 0.8 RPM for  
the first  four-six hr to  ensure an even distribu- 
t ion of  cells, a f ter  which  t ime the rate was 
reduced  to  0.25 RPM. The media  were changed 
on the second or thi rd  day of  incubat ion .  Af te r  
five-six days, when  the ceils had reached conflu-  
ency or failed to  grow fur ther ,  the med ium 
from the second  half  o f  incuba t ion  was col- 
lected. The cells were released enzymat ica l ly  
f rom the roller  flasks, coun ted ,  washed wi th  
serum-free Swim's  77 med ium,  and t ransferred 
to tared lyophi l iza t ion  flasks. Medium from the 
first half  or last half  o f  incuba t ion  was centri-  
fuged for  6 x 106 g-rain to  sed imen t  any 
par t iculate  mat ter .  
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TABLE 1I 

Accumulation of Phospholipids and Neutral Lipids in the Media of 
Cultured Minimal Deviation Hepatoma Ceils 

Cells a Media (rag) 

Initial lipid 
Basal medium Numbers Lipid (mg) content/200 ml 
supplement x 106 PL NL PL NL 

Lipid gain during incubation 

First half b Last half b 

PL NL PL NL 

20% Bovine serum + 
5% fetal calf serum 446 16.5 9.6 47.7 56.5 --  --  +24.8 c +17.8 c 
10% Bovine serum + 
5% fetal calf serum 665 15.0 10.3 21.6 26.7 +2.9 +16.2 +19.9 +19.8 
5% Bovine serum + 
5% fetal calf serum 635 19.4 15.3 15.1 16.6 --  --  +15.9 +8.2 
5% Fetal calf serum 565 9.8 6.6 4.3 3.3 --  --  +3.2 +0.8 
5% Bovine serum 384 7.0 3.2 10.8 13.3 +10.6 +8.9 +17.7 +11.5 
2.5% Fetal calf serum 342 %5 2.3 2.2 1.7 +3.2 -0 .4  +6.6 +0.9 
5% Lipid-free fetal 
calf serum 194 3.5 1.5 1.2 0 +2.8 +0.5 +2.2 +1.4 
5% Lipid-free fetal calf 
serum + palmitic acid d 94 4.2 4.4 1.2 7.5 d +3.7 +0.6 +6.6 +1.1 
5% Lipid-free fetal calf 
serum + linoleic acid d 92 4.9 5.1 1.2 7.5 d +4.4 +2.0 +3.7 +3.4 

aCell numbers represent the total number of cells harvested from two roller flasks after five-six 
days of incubation and analyzed as a single sample. Each flask contained between 15 and 25 million 
cells at the start of incubation. 

bNeutral lipid (NL) and pbospholipid (PL) weights represent the difference between lipids known 
to be in the media at the start of  incubation (given in columns 4 and 5) and that found in the first or 
last half incubation media. 

CRepresents the total media lipids for both first and last half (media not changed). 
d37.5 /zg per ml of medium. 

Lipid Extraction and Fractionation 

Lipid-free fetal  calf  s e r u m  was p repa red  by 
son ica t ing  lyophi l i zed  s e r u m  wi th  20-30  vol- 
u m e s  of  c h l o r o f o r m - m e t h a n o l ,  2:1 (v/v), un t i l  a 
h o m o g e n o u s  suspens ion ,  free o f  c l umps ,  was 
obta ined .  Solvent  was r e m o v e d  by f i l t ra t ion  
t h r o u g h  a f ine poros i ty  f i t t ed  disc glass f unne l  
and washed  wi th  a n o t h e r  50 v o l u m e s  of  chloro-  
f o r m - m e t h a n o l .  The  c h l o r o f o r m - m e t h a n o l  ex- 
t r a c t s  w e r e  c o m b i n e d ,  evapora ted ,  and 
weighted  to d e t e rm in e  e x t e n t  of  lipid ext rac-  
t ion. The  lipid-free p ro te in  was t rans fe r red  to a 
100 ml pea r - shaped  flask wi th  c h l o r o f o r m  and 
m e t h a n o l  and  the so lven t  f lash evapora ted ,  
leaving a t h in  f i lm on the  wall of  the  flask 
wh ich  faci l i ta ted  the  r emova l  o f  the  last  t races 
of  so lven t  u n d e r  h igh  v a c u u m .  When linoleic 
and  pa lm/ t ic  acid were added  to the  m e d i u m ,  
they  were i n t r o d u c e d  at  this  po in t  before  the  
solvent  was f lash evapora ted .  The  l ipid-free 
fetal  calf  s e r u m  or l ipid-free s e r u m s  c o n t a i n i n g  
added  f a t t y  acids were r e c o n s t i t u t e d  in e i ther  
water  or  Swim ' s  77 m e d i u m .  

Lyoph i l i zed  cells, media ,  and  s e r u m s  for 
lipid d e t e r m i n a t i o n s  were ex t r ac t ed  by  the  
Bligh and  Dyer  p ro cedu re  (19)  to ob ta in  total  

lipids. A second  e x t r a c t i on  was p e r f o r m e d  by  
read jus t ing  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 i o n  
to give a single phase  again. Each t ime  the 
s u s p e n s i o n  was sonica l ly  d i s rup t ed  for ca. five 
rain to  faci l i tate lipid ex t r ac t ion .  Neut ra l  lipids 
were sepa ra ted  f r o m  the phospho l i p id s  by  
silicic acid c h r o m a t o g r a p h y  (20).  Percen tages  of 
neu t r a l  lipid and  p h o s p h o l i p i d  f rac t ions  were 
d e t e r m i n e d  gravimetr ical ly .  A qual i ta t ive  e xa m-  
ina t ion  of  the  neu t r a l  lipid f rac t ion  was m a d e  
by th in  layer  c h r o m a t o g r a p h y  (TLC)  on adsorb-  
en t  layers  of  Silica Gel G, deve loped  in a 
so lvent  s y s t e m  of  h e x a n e d i e t h y l  e ther -ace t ic  
acid 80 :20 :  1, v/v. The  qual i ta t ive  and  quan t i t a -  
tive e x a m i n a t i o n  of  indiv idual  p h o s p h o l i p i d  
classes was carr ied ou t  by TLC on a d s o r b e n t  
layers  o f  Silica Gel HR,  deve loped  in a so lvent  
s y s t e m  o f  c h l o r o f o r m - m e t h a n o l - a c e t i c  acid- 
0.9% saline, 5 0 : 2 5 : 8 : 4 ,  v/v.  

Other Procedures 

P h o s p h o r o u s  was d e t e r m i n e d  by  the  m e t h o d  
of  R o u s e r  et  al. (21).  C h r o m a t o p l a t e s  u se d  for  
qual i ta t ive  analyses  were sp r a ye d  wi th  su l fur ic  
acid, charred,  and  d o c u m e n t e d  by pho tog ra -  
phy .  Class iden t i f i ca t ion  was based u p o n  the 
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use of phosphorous and ninhydrin spray rea- 
gents (22), gas liquid chromatography (GLC) of 
hydrolysis products, and cochromatography 
with authentic phospholipid and neutral lipid 
standards in two or more TLC solvent systems. 
Methyl esters of the total neutral lipid and 
phospholipid fractions were prepared by acid 
catalyzed esterification and analyzed by GLC, 
as described previously (23). 

Materials 

Single lots of fetal calf serum, bovine serum, 
and Swim's 77 medium obtained from Grand 
Island Biological Co., Grand Island, N.Y., were 
used for these experiments. Fatty acids and 
neutral lipid standards were purchased from 
Nu-Check-Prep, Inc., Elysian, Minn. Phospho- 
lipid standards were purchased from Supelco, 
Inc., Bellefonte, Pa. All solvents were glass- 
distilled and obtained from Burdick and Jack- 
son Laboratories, Muskegon, Mich. Other chem- 
icals and reagents used were reagent grade, or 
better, and used without further purification. 

RESULTS 

Cell Total Lipids 

Numbers of cells harvested, doubling time, 
and quantity of neutral lipids and phospho- 
lipids, derived from HTC cells cultured on 
Swim's 77 medium containing varying amounts 
of serum and lipids, are given in Table I. The 
doubling time, which included the lag phase, 
increased when serum levels decreased below 
10%, and growth was poor in media containing 
less than 5% serum. Removal of lipids from the 
serum further increased the doubling time, and 
the addition of either palmitic or linoleic acid 
to the lipid-free fetal calf serum did not 
improve growth. Except for the growth condi- 
tions where fatty acids were added, the phos- 
pholipids represented between 60 and 70% of 
the total celt lipids. The quantity of phospho- 
lipid/given number of cells or/given amount of 
dry wt showed less variation than the neutral 
lipi ds. 

Media Total kipids 

The total lipid of fetal calf and bovine 
serums represented 2.2 and 4.4%, respectively, 
of the dry wt. Fetal calf serum and bovine 
serum contained 3.6 and 5.6% dry wt, respec- 
tively, of the wet wt. These values were used to 
calculate the amount of neutral lipid and 
phospholipid in the original medium of each 
experiment. When chloroform-methanol was 
used to extract the lipids from fetal calf serum 
for the experiments using lipid-free fetal calf 
serum, only 85% of the lipids were removed 
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relative to the amount obtained by the Bligh 
and Dyer extraction procedure. The difference 
was probably due to nonlipid components 
being extracted by the Bligh and Dyer proce- 
dure. However, to remove bias from the data, 
the chloroform-methanol extracted serum was 
assumed to contain 15% unextracted phospho- 
lipid, and this was taken into account in the 
calculation of accumulated lipid. The differ- 
ences between the amount of lipid in the media 
at the start of the incubations and that found in 
the media after the first or last half of the 
incubations are given in Table II. The media 
from all HTC cell growth conditiong showed a 
gain in the neutral lipid (one exception) and 
phospholipid fractions. Generally, the last half 
of the incubation showed more lipid accumula- 
tion than the first half. Table I1 shows that the 
quantity of lipid found in the media exceeds 
that found in the HTC ceils in all cases where 
media were collected from both incubation 
periods, 

TLC of Cell Neutral Lipids 

The distribution of major neutral lipid 
classes derived from HTC cells cultured in 
Swim's 77 medium, supplemented with various 
levels of serum and lipids, is shown in Figure 1, 
along with the distribution of neutral lipids 
found in bovine and fetal calf serums. Sterol 
esters, triglycerides, free fatty acids, and sterols 
were the major neutral lipid classes present in 
HTC cells from all experiments. Triglycerides 
appeared to be the most abundant component 
in all growth conditions, except one, while the 
serum triglyceride levels in both serums were 
low. Cells grown on lipid-free fetal calf serum 
contained all the major neutral lipid classes. 
Supplementation of the lipid-free fetal calf 
serum with free palmitic or linoleic acids did 
not elevate the free fatty acids in the cells 
above other growth conditions but did appear 
to reduce the level of sterol esters. Glyceryl 
ether diesters were not  detected on these 
heavily loaded plates nor when even heavier 
loads were examined. 

TLC of Cell Phospholipids 

Figure 2 shows the distribution of the major 
phospholipid classes derived from HTC cells 
grown on media containing various levels of 
serum and lipids. The phospholipid class distri- 
bution of bovine and fetal calf serums shown 
for comparison was quite different from the 
class distribution of cells obtained during the 
various growth conditions. Phosphatidyletha- 
nolamine, absent from the serums, and phos- 
phatidylcholine, the major phospholipid class 
of the serums, were the two major cellular 
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FIG. 1. Thin layer chromatoplate of neutral lipids 
derived from minimal deviation hepatoma cells cul- 
tured on a modified Swim's 77 medium supplemented 
with: lane l ,  20% bovine serum plus 5% fetal calf 
serum; lane 2, 10% bovine serum plus 5% fetal calf 
serum; lane 3, 5% bovine serum plus 5% fetal calf 
serum; lane 4, 5% fetal calf serum; lane 5, 2.5% fetal 
calf serum; lane 6, 5% bovine serum; lane 7, 5% 
lipid-free fetal calf serum; lane 8, 5% lipid-free fetal 
calf serum plus palmitic acid; and lane 9, 5% lipid-free 
fetal calf serum plus linoleic acid. Lanes 10 and 11 
represent neutral lipids from fetal calf serum and 
bovine serum, respectively. A neutral lipid standard is 
represented by standard. Neutral lipid classes are: A, 
sterol esters; B, glyceryl ether diesters; C, triglycerides; 
D, free fatty acids; and E, sterols. The origin and the 
solvent front are marked by O and S, respectively. 
Each lane, except the standard, was spotted with 200 
pg of sample and developed in a solvent system of 
hexane-diethyl ether-acetic acid 80:20:1 (v/v). 

phosphol ip ids .  HTC cells did n o t  con t a in  more  
than  trace levels of  l y so -phospha t i dy l cho l ine ,  
while b o t h  serums c o n t a i n e d  relat ively h igh  
levels. General ly ,  gross d i f ferences  in the  phos-  
pho l ip id  class d i s t r ibu t ion  could  no t  be de- 
t ec t ed  by visual compar i son  on TLC, even for  
the  phospho l ip ids  derived f rom cells g rown in 
media  c o n t a i n i n g  lipid-free f e t a l  calf serum. 

TLC of Media Neutral kipids 

The d i s t r i bu t ion  of  neu t r a l  l ipid classes 
found  in the  med ia  was d i f f e ren t  f rom cel lular  
neu t ra l  l ipids b u t  similar to  the  d i s t r ibu t ion  of  
the neutral l ipid classes f rom the serums.  Sterol  
esters  were the  ma jo r  l ipid class u n d e r  all 
g rowth  cond i t ions ,  e x c e p t  when  l ipid-free fetal  
ca l f  se rum was s u p p l e m e n t e d  wi th  l inoleic  acid. 
Triglycerides,  a m a j o r  cel lular  neu t r a l  lipid, 
were p resen t  at low levels in  the  media .  Media 
supplemented wi th  lipid-free fetal  calf se rum 
c o n t a i n e d  the  same l ip id  classes as the  media  
f rom cells grown in the  presence  of  serum.  Like 
the cells, the  med ia  did  n o t  c o n t a i n  de t ec t ab le  
levels of  glyceryl  e t h e r  diester .  Distribution of 
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FIG. 2. Thin layer chromatoplate of phospholipids 
isolated from minimal deviation hepatoma cells cul- 
tured on a modified Swim's 77 medium supplemented 
with various amounts of serums and lipids. The 
numbered lanes correspond to culture conditions 
described in Figure 1. Phospholipid classes are: PE, 
phosphatidylethanolamine; PS, phosphatidylserine; PI, 
phosphatidylinositol; PC, phosphatidylcholine; SPH, 
sphingomyelin; and L-PC, lyso-phosphatidytcholine. 
The origin and solvent front are indicated by O and S, 
respectively. Each lane, except the standard, was 
spotted with 300 ug of sample and developed in a 
solvent system of chloroform-methanol-acetic acid - 
0.9% saline, 50:25:8:4 (v/v) when the relative humid- 
ity was below 35%. 

neu t ra l  l ipid classes f rom the  first  ha l f  incuba-  
t ion med ia  r e sembled  the  last  ha l f  d i s t r ibu t ion .  

TLC of Media Phospholipids 

The d i s t r ibu t ion  o f  med ia  phospho l ip id s  was 
s t r ik ingly  d i f fe ren t  f rom the  cellular p a t t e r n  
bu t  s imilar  to  se rum p h o s p h o l i p i d  pa t t e rns .  
Phosphatidylethanolamine, phosphatidylserine, 
and p h o s p h a t i d y l i n o s i t o l  were p resen t  in on ly  
trace amounts or absent ,  while  p h o s p h a t i d y l -  
chol ine  and  s p h i n g o m y e t i n  were the  m a j o r  
phos p h a t i d e s  present. An unidentified com- 
p o u n d  migra t ing  b e t w e e n  p h o s p h a t i d y l e t h a -  
n o l a m i n e  and phosphatidylserine did n o t  con-  
ta in  p h o s p h o r o u s .  This c o m p o u n d  appeared  to 
increase in concentration as serum and lipid 
levels decreased.  The d i s t r ibu t ion  of  med ia  
phospho l ip ids  f rom first  an d  las t  i n c u b a t i o n s  
were similar,  as j u d g e d  f rom TLC. 

Fatty Acid Composition of Cellular Neutral 
Lipids 

The  percen tage  d i s t r i bu t ion  of  f a t t y  acids 
o b t a i n e d  f rom the  to ta l  n eu t r a l  l ipids of  fetal  
calf  se rum,  bov ine  serum,  an d  HTC cells grown 
on various se rum and  l ipid levels is given in 
Table  III. The f a t t y  acids der ived f rom fetal  calf  
and bovine  se rum neu t r a l  l ip id  were s t r ikingly 
d i f ferent .  Feta l  ca l f  se rum neu t r a l  l ipids were 
charac te r i zed  by h igh  levels of  16:0,  18:1,  
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TABLE [II 

Fatty Acid Composi t ion of Total Neutral Lipids Derived f rom Serums and 
Minimal Deviation Hepatoma Cells Grown on Media Containing Various Amoun t s  of  Lipid 
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Fatty acid percentages a,b 
Serums and basal 

medium supplement  14:0 16:0 16:1 18:0 18:1 18:2 20:1 20:2 20:4 >20:4  

Serums 

Fetal calf se rum T c 23.5 7.1 4.5 33.8 9.3 0,9 ~ 12.5 6.4 
Bovine serum T 9.8 3.3 5.4 12.8 57.4 4.2 - -  4.1 T 

Minimal deviation hepa toma 

20% Bovine serum + 
5% fetal calf se rum 0.5 7.4 5.8 5.7 66.4 8.1 3.7 - -  1.4 t .0 
10% Bovine serum + 
5% fetal calf serum 1.2 10.2 7.1 5.9 61.7 7.2 5.6 - -  1.1 T 
5% Bovine serum + 
5%fetal  calf serum 1.4 11.6 8.8 5.3 63.3 4.1 4.4 - -  1.2 T 
5% Fetal calf serum 0.8 10.6 6.9 5.8 67.9 1.6 5.0 - -  1.3 T 
5% Bovine serum T 9.1 4.5 7.4 63.0 10.2 3.7 - -  3.9 T 
2.5% Fetal calf serum T 8.0 8.0 5.3 65.6 4.2 5.3 - -  2.2 T 
5% Lipid-free fetal 
calf serum 1.6 8.7 8.3 S.0 65.7 2.5 5.1 - -  0.7 T 
5% Lipid-free fetal calf 
serum + palmitic acid d 0.5 8.4 6.0 8.7 64.3 4.6 3.9 --- 2.0 T 
5% Lipid-free fetal calf 
s e r u m + l i n o l e i c a c i d  d T 6.7 2.1 5.8 16.7 49.7 T 8.1 6.5 2.4 

aDifference between the sum of  the fat ty acid percentages in each row and 100% represents the 
sum of minor components  not  given in the table. 

bpercentages represent the mean of  duplicate analyses on a single pooled sample. 
CT = less than  one half per cent. 
d37.5 /.tg per ml of  medium.  

2 0 : 4 ,  a n d  t h o s e  ac id s  w i t h  r e t e n t i o n  t i m e s  
g r e a t e r  t h a n  2 0 : 4 ,  w h e r e a s  b o v i n e  s e r u m  was  
c h a r a c t e r i z e d  by  a h i g h  level  (ca.  60%)  o f  1 8 : 2  
acid.  Ce l lu l a r  n e u t r a l  l i p id  c o m p o s i t i o n  d i f f e r e d  
f r o m  e i t h e r  o f  t h e  s e r u m s .  W i t h  o n e  e x c e p t i o n ,  
ce l lu l a r  n e u t r a l  l i p id  f a t t y  ac id  p e r c e n t a g e s  we re  
n o t  c h a n g e d  s i g n i f i c a n t l y  by  r e d u c e d  a m o u n t s  
o f  s e r u m  a n d  l ip id  in  t h e  m e d i u m .  P a l m i t i c  a n d  
s t ea r i c  ac ids  r e m a i n e d  r e l a t i ve l y  c o n s t a n t  u n d e r  
all g r o w t h  c o n d i t i o n s ,  w h e r e a s  18 :1  ac id  in-  
c r e a s e d  as s e r u m  a n d  l ip id  levels  were  de-  
c r eased .  Cells ,  g r o w n  o n  m e d i u m  s u p p l e m e n t e d  
w i t h  l i p id - f r ee  f e t a l  ca l f  s e r u m ,  c o n t a i n e d  t h e  
l o w e s t  level  o f  18 :2  a n d  2 0 : 4  ac ids .  T h e  
a d d i t i o n  o f  p a l m i t i c  ac id  t o  m e d i u m  c o n t a i n i n g  
l ip id - f ree  f e t a l  ca l f  s e r u m  d i d  n o t  e l e v a t e  
p a l m i t i c  ac id  in  ce l lu l a r  n e u t r a l  l ip ids ,  wh i l e  
l i no l e i c  a c id  a d d e d  t o  t h i s  m e d i u m  i n c r e a s e d  
t he  18 :2  ac id  level  in t h i s  l ip id  f r a c t i o n  5- t o  
10- fo ld .  

Fatty Acid Composition of Cellular Phospholipids 

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 o t a l  
p h o s p h o t i p i d  f r a c t i o n  o b t a i n e d  f r o m  f e t a l  ca l f  
s e r u m ,  b o v i n e  s e r u m ,  a n d  H T C  cells  c u l t u r e d  o n  
v a r i o u s  levels  o f  s e r u m  a n d  l ip id  is g iven  in  
T a b l e  IV .  S e r u m  p h o s p h o l i p i d  f a t t y  ac ids  dif-  

f e r e d  f r o m  s e r u m  n e u t r a l  l ip id  ac ids  (Tab l e  I l l )  
in t h a t  t h e y  c o n t a i n e d  a h i g h e r  p e r c e n t a g e  o f  
t he  l o n g e r  c h a i n  f a t t y  ac ids .  F e t a l  ca l f  s e r u m  
p h o s p h o l i p i d s  c o n t a i n e d  a l o w e r  p e r c e n t a g e  o f  
18 :2  a n d  a h i g h e r  p e r c e n t a g e  o f  C-22 a n d  
h i g h e r  f a t t y  ac ids  t h a n  b o v i n e  s e r u m  p h o s p h o -  
l ip ids .  Ce l lu l a r  p h o s p h o l i p i d  f a t t y  ac ids  s h o w e d  
m o r e  c h a n g e  w h e n  m e d i a  s e r u m  a n d  l ip id  levels  
were  v a r i e d  t h a n  d id  t h e  n e u t r a l  l ip ids .  P a l m i t i c  
a n d  s t e a r i c  ac ids  r e m a i n e d  r e l a t i ve ly  c o n s t a n t  
u n d e r  all g r o w t h  c o n d i t i o n s ,  w h e r e a s  18:1  
i n c r e a s e d  as s e r u m  a n d  l ip id  levels  were  de-  
c r e a s e d .  Cel ls  g r o w n  o n  m e d i u m  s u p p l e m e n t e d  
w i t h  l i p id - f r ee  f e t a l  c a l f  s e r u m  c o n t a i n e d  t h e  
l o w e s t  level  o f  18 :2  a n d  2 0 : 4  ac ids .  T h e  
a d d i t i o n  o f  p a l m i t i c  ac id  to  m e d i u m  c o n t a i n i n g  
l i N d - f r e e  f e t a l  ca l f  s e r u m  d id  n o t  e l eva t e  
p a l m i t i c  ac id  in  ce l lu l a r  p h o s p h o l i p i d s ,  b u t  t h e  
a d d i t i o n  o f  l ino le ic  a c id  t o  t h e  m e d i u m  c a u s e d  
an  i n c r e a s e  in  18 :2 ,  2 0 : 2 ,  2 0 : 4 ,  a n d  2 2 : 5  ac id  
p e r c e n t a g e s .  

Fatty Acid Composition of Media Neutral Lipids 

T a b l e  V s h o w s  t h e  f a t t y  a c id  c o m p o s i t i o n  o f  
t h e  n e u t r a l  l i p id  f r a c t i o n ,  de r i ved  f r o m  f i rs t  h a l f  
( o n l y  t w o )  a n d  l a s t  h a l f  i n c u b a t i o n  m e d i a ,  
o b t a i n e d  f r o m  seve ra l  d i f f e r e n t  g r o w t h  c o n d i -  

LIPIDS, VOL. 8, NO. 12 
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C U L T U R E D  H E P A T O M A  C E L L  LIPIDS 

T A B L E  V 

C o m p a r i s o n  of  Tota l  Neu t ra l  Lipid F a t t y  Acid C o m p o s i t i o n  of  Se rums  and Media  
af ter  HTC Cells were  Cu l tu red  unde r  Various  G r o w t h  Cond i t ions  

697 

I n c u b a t i o n  
Se rums  and  basal per iod  media  

m e d i u m  s u p p l e m e n t  were  co l lec ted  

Fa t ty  acid percen tagesa ,  b 

16:0 16:1 18:0 18:1 18:2 20:1 2 0 : 4  > 2 0 : 4  

Se rums  

Fetal  calf  s e r u m  - -  23 .5  "7.1 4.5 33.8 9.3 0.9 12.5 6.4 

Bovine s e rum  - -  9.8 3.3 5.4 12.8 57.4 4.2 4.1 T c 

Media 

20% Bovine s e r u m  + 
5% fetal  calf  s e r u m  Tota l  9.0 3.4 1.6 12.4 67.5 3.8 3.0 - -  

10% Bovine s e rum + 
5% fetal  calf  s e rum Last ha l f  9.5 3.9 1.5 12.2 64.5 4.0 4.0 T 

5% Bovine se~um + 
5% fetal  calf  s e ru m Last  ha l f  10.0 4.4 1.2 12.8 62.1 4.0 4.8 1.5 

5% Fetal  calf  s e r u m  Last  half  24 .4  10.3 3.4 31.4 11.2 0.7 9.8 3.4 

5% Bovine s e rum Last  half  8.6 3.6 3.0 16.8 61.2 4.4 2.4 

2.5% Fetal  calf  s e rum First ha l f  21.5 8.9 4.6 33.6 16.6 1.1 8.3 2.1 

2 .5% Fetal  calf  s e rum Last  half  17.2 4.3 7.1 5 t . 0  6.8 - -  "7.8 5.9 

5% Lipid-free  fetal  
calf s e rum  First ha l f  23.5 10.5 7.1 34.2 10.4 1.0 6.9 5.0 

5% Lipid-free  fetal  
calf  s e rum  Last half  14.4 11.2 7.9 53.9 4.1 1.2 3.6 0.7 

5% Lipid-free fetal  calf  
s e rum  + pa lmi t ic  acid d Last ha l f  22.9 9.6 7.5 42.3 7.7 T 6.7 2.5 

5% Lipid-free fetal  calf  
s e rum  + linoleic acid d Last  ha l f  10.1 3.7 12.2 27.8 40.1 - -  2.5 T 

aDi f fe rence  b e t w e e n  the s u m  of  the  f a t ty  acid pe rcen tages  in each r o w  and  100% represen t s  the  
s u m  of  minor  c o m p o n e n t s  no t  given in the  table .  

bpe rcen tages  r ep resen t  the mean  of  dupl ica te  analyses  on a single poo led  sample .  

CT : de tec tab le  but  less than  one ha l f  per cent .  

d37 .5  I-tg per  ml o f  media .  

tions. The percentage distribution of fatty acids 
from bovine and fetal calf serum neutral tipids 
also are given for comparison. When bovine 
serum at any concentration was used to supple- 
ment the media, t8:2 acid represented more 
than 60% of the neutral lipid fatty acids after 
incubation. Medium from cells grown on lipid- 
free fetal calf serum, plus linoleic, contained a 
high level of linoleic acid but not  as high as 
when bovine serum was used in the culture 
media. The addition of palmitic acid to me- 
dium, supplemented with lipid-free fetal calf 
serum, did not elevate the concentration of 
palmitic in the medium after incubation. When 
either whole fetal calf serum or lipid-free fetal 
calf serum was used to supplement the medium, 
the second half incubation media contained 
higher levels of 18:1 acid and lower 18:2 acid 
concentrations than did the first half incuba- 
tion media. 

Fatty Acid Composition of Media Phospholipids 

The fatty acid composit ion of the phospho- 
lipid fractions, derived from the last half 

incubation media obtained from the several 
different growth conditions, is given in Table 
VI. Media phospholipid fatty acids were dis- 
tinctly different from media neutral lipid fatty 
acids (Table V). Stearic and 18:2 acid levels 
were noticeably higher when the media con- 
tained bovine serum, whereas those media 
supplemented with fetal calf serum or lipid-free 
fetal calf serum contained less stearate and 
higher percentages of 18:1 acid. Media, supple- 
mented with only fetal calf serum or lipid-free 
fetal calf serum, contained relatively higher 
percentages of 16:1 acid, but bovine serum 
supplemented media did not  contain measur- 
able levels of this acid. The addition of palmitic 
acid and linoleic acid to media containing 
lipid-free fetal calf serum led to an increase in 
the concentrations of stearic and 18:2 acids, 
respectively, in media phosp~olipids after cell 
cultivation. Generally, the fatty acid composi- 
tion of first and last half media phospholipids 
were similar. 

DISCUSSI ON 

A number of investigators (12,24-31) has 

LIPIDS,  VOL.  8, NO. 12 
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TABLE VI 

Comparison of  Total Phospholipid Fat ty  Acid Composition of  Serums and Media after 
Minimal Deviation Hepatoma Cells were Cultured under  Various Growth Condi t ions  

Fat ty acid percentagesa, b 

22:4 
Serums and basal + 

medium supplement  16:0 16:1 18:0 18:1 18:2 20:3 20:4 24:0 24:1 22:5 

Serums 

Fetal calf serum 20.9 0.8 20.2 19.8 1.5 2.5 8.4 2.0 6.3 6.5 
Bovine serum 18.3 0.8 25.5 16.0 12.7 5.9 6.9 1.2 3.2 3.3 

Media c 
20% Bovine serum + 
5% fetal calf serum 23.1 - -  29.4 20.5 16.1 4.5 6.5 - -  T d T 
10% Bovine serum + 
5% fetal calf serum 22.4 - -  31.4 21.4 12.2 5.2 6.5 - -  T T 
5% Bovine serum + 
5% fetal calf serum 26.8 - -  30.3 22.4 10.3 4.2 5.9 - -  T T 
5% Fetal calf serum 20.7 8.0 15.7 43.4 2.4 - -  4.6 T T T 
59~o Bovine serum 15.8 - -  26.3 21.4 13.4 6.1 7.6 T T 1.8 
2,5% Fetal calf serum 20.8 5.4 18.1 34.6 3.4 1.3 7.0 0.6 1.3 2.4 
5% Lipid-free fetal 
calf serum 21.4 4.9 16.7 36.5 2.0 - -  4.6 1.8 5.7 2.1 
5% Lipid-free fetal calf 
s e r u m +  palmit icacid  e 22.3 3.4 22.7 31.4 2.6 1.2 6.3 2.7 4.0 2.0 
5% Lipid-free fetal calf 
s e r u m + l i n o l e i c a c i d  e 20.5 3.5 17.2 17.4 21.4 - -  9.0 1.9 2.6 3.2 

aDifference between the sum of  the fatty acid percentages in each row and 100% represents the  
sum of components  not  given in the table. 

bpercentages represent the  mean of  duplicate analyses on a single pooled sample. 
CMedia was f rom the last half of  the  incubation in all cases except when the medium was supple- 

mented  with 20% bovine serum plus 5% fetal calf serum, which was media for the  total incubation 
time. 

dT = detectable but less than  one half per cent. 
e37.5 /~g per ml o f  medium.  

s h o w n ,  w i t h  a v a r i e t y  o f  c u l t u r e d  cel ls ,  t h a t ,  
w h e n  s e r u m  l ip ids  we re  p r e s e n t  in  t h e  m e d i a ,  
l i t t l e  ce l lu l a r  l i p id s  c a m e  f r o m  de n o v o  b i o s y n -  
t h e s i s  a n d  m o s t  we re  d e r i v e d  f r o m  t h e  s e r u m .  
T h e r e f o r e ,  t h i s  i n v e s t i g a t i o n  was  i n i t i a t e d  to  
d e t e r m i n e  t h e  m i n i m u m  level  o f  s e r u m  l ip ids  
H T C  cel ls  r e q u i r e  f o r  g r o w t h  a n d  to  d e t e r m i n e  
w h a t  l ip id  b i o s y n t h e s i s  t h i s  cel l  is c a p a b l e  o f  
c a r r y i n g  o u t  in  t h e  a b s e n c e  o f  o r  a t  l o w  levels  
o f  e x o g e n o u s  s e r u m  l ip id .  
Cell Growth 

B o v i n e  s e r u m  c o n t a i n s  ca.  f o u r  t i m e s  m o r e  
l i p i d / m l  t h a n  f e t a l  c a l f  s e r u m .  T h e r e f o r e ,  t h e  
a m o u n t  o f  l ip id  in  t h e  m e d i a  was  r e d u c e d  m o r e  
t h a n  90% f r o m  t h e  level  o f  t h e  s t o c k  c u l t u r e s  
w h e n  i t  was  d e t e r m i n e d  t h a t  t h e  m o d i f i e d  
S w i m ' s  77 m e d i u m  s u p p l e m e n t e d  w i t h  5% fe ta l  
ca l f  s e r u m  s u p p o r t e d  g o o d  g r o w t h .  T h i s  level  o f  
l ip id  ( 3 8 . 5 / a g / m l  m e d i u m )  was  ca.  t he  s a m e  as 
t h a t  u s e d  by  W a t s o n  ( 1 2 )  in  g r o w i n g  s u s p e n s i o n  
c u l t u r e s  o f  H T C  cells.  M e d i u m  c o n t a i n i n g  2 . 5 %  
fe ta l  c a l f  s e r u m  did  s h o w  s o m e  g r o w t h  b u t  

p r o b a b l y  w o u l d  n o t  have  s u p p o r t e d  g r o w t h  fo r  
a n y  e x t e n d e d  p e r i o d  o f  t i m e .  S t o c k  c u l t u r e s  
g r o w n  on  25% s e r u m  a n d  u s e d  as s t a r t e r  
c u l t u r e s  in all e x p e r i m e n t s  p r o b a b l y  c o n t a i n e d  
e n o u g h  s t o r e d  l ip ids ,  g r o w t h  f a c t o r s ,  e t c . ,  t o  
p e r m i t  o n e  o r  t w o  cell  d iv i s ions .  M e d i u m  
s u p p l e m e n t e d  w i t h  5% l ip id - f r ee  f e t a l  c a l f  
s e r u m  o r  s u p p l e m e n t e d  w i t h  l i p id - f r ee  f e t a l  ca l f  
s e r u m ,  p l u s  e i t h e r  l i no l e i c  o r  p a l m i t i c  ac ids ,  
gave p o o r  g r o w t h  o f  H T C  cells  in  ro l le r  cul -  
t u re s .  H o w e v e r ,  t h e  level  o f  f ree  a c id s  u s e d  was  
p r o b a b l y  i n h i b i t o r y  r a t h e r  t h a n  g r o w t h  p ro -  
m o t i n g .  R e c e n t  e v i d e n c e  f r o m  t h i s  l a b o r a t o r y  
( u n p u b l i s h e d )  ha s  s h o w n  t h a t  l o w e r  levels  o f  
l i no l e i c  ac id  s h o w  s o m e  g r o w t h  s t i m u l a t i n g  
ac t i v i t y ,  wh i l e  t h e  h i g h e r  levels  p r e v e n t  g r o w t h .  
G e r s c h e n s o n ,  e t  al. ,  ( 3 2 )  h a s  s h o w n  t h a t  l o w  
levels  o f  l i no l e i c  a d d e d  to  H e L a  cel ls  g r o w i n g  in  
l i p i d - d e f i c i e n t  m e d i u m  s t i m u l a t e d  cell  g r o w t h .  
H a m  ( 3 3 )  a lso  h a s  s u g g e s t e d  t h a t  l i no le i c  ac id  
was  a g r o w t h  f a c t o r  f o r  c u l t u r e d  C h i n e s e  
h a m s t e r  cells.  
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Extraction of Serum Lipids 

Described procedures for reducing the 
amount of lipid in serum (12,34-36) either 
required too much time, low temperatures, and 
purification of the proteins precipitated with 
organic solvents, or failed to remove all the 
phospholipids. In search of a simple and quick 
method that would remove all the lipids, we 
tried chloroform-methanol (2:1) extraction of 
lyophilized serum. Surprisingly, the dry chloro- 
form-methanol insoluble material dissolved 
completely in either distilled water or Swim's 
77 medium and showed little denatured pro- 
tein, as judged by filtration (0.2 p pore size) 
and polyacrylamide gel electrophoresis (a sin- 
gle run). The lipids extracted from the serum 
with chloroform-methanol were chromato- 
graphically (GLC and TLC) identical to the 
lipids extracted from lyophilized fetal calf 
serum by the Bligh and Dyer procedure (19). 

Media Lipids 

The accumulation of both neutral lipids and 
phospholipids in the media under all growth 
conditions (Table II) was unexpected and ap- 
parently is the first report of lipid excretion by 
HTC cells. Hruban, et al., (37) has reported the 
formation and excretion of lipoproteins by a 
number of other hepatomas based upon histo- 
logical examinations. The accumulation of 
lipids in the media of all growth conditions is of 
interest since most cultured cells studied thus 
far obtain a high percentage of their lipids from 
the media. The effect of exogenous lipids on 
lipid metabolism of cultured cells has been 
reviewed by Rothblat (38) and Bailey, et al. 
(39). Media neutral lipid and phospholipid 
profiles do not indicate a predominance of any 
one lipid class under any growth condition. 
Contrarily, the major lipid components from 
lipid-free serum supplemented medium, as well 
as the other media, were sterol esters, free fatty 
acids, free sterol, sphingomyelin, phosphatidyl- 
choline, and an unidentified compound. The 
excretion of free sterols has been shown to 
occur in L-cells and MBIII cells by Bailey (40) 
who also reported data to suggest the excretion 
may be under the influence of serum globulins. 
Cultured L5178Y cells have been shown to 
increase the release of free sterol when phos- 
pholipids were added to the medium containing 
either delipidized serum protein or serum albu- 
min (41). The excretion of other lipid classes 
by cultured cells does not appear to have been 
reported previously. 

The similarity between the media neutral 
lipid and phospholipid class profiles and the 
corresponding pattern of the serums suggest 
that HTC cells may excrete into the media 

lipids with the same class composition as serum. 
Phosphatidylethanolamine and trigiycerides are 
present in only trace amounts in serums, and 
they are also absent from all media even though 
the cells contain high levels of these two lipid 
classes. The presence of lipid classes in the cell, 
but not  in the medium in which the cells were 
grown, is important.  First, it rules against the 
possibility that the lipids, assumed to be ex- 
creted by the cells, did not arise from dead 
cells; and secondly, it suggests that the cellular 
lipids are not in equilibrium with media lipids. 
The reasons are numerous as to why the HTC 
cells may excrete lipids into the media of the 
same lipid class composition as serum. The 
most logical reason seems to be that these cells 
are performing functions similar to that carried 
out by normal liver cells. Another reason may 
be that serum lipids induce the synthesis of 
only the lipid classes present in the serum. A 
third possibility is that these cells may continue 
to secrete lipids into the medium in the 
presence of serum, because these cancer cells 
may have lost their feedback control. The loss 
of feedback control of cholesterol biosynthesis 
in almost all tumors is well known and has been 
reviewed recently by Sabine (42). 

When low levels of fetal calf serum or 
lipid-free fetal calf serum were used to supple- 
ment the medium, significant differences in the 
fatty acid composition between first and last 
half media neutral lipids were observed. The 
composition of the media lipids from the last 
half of the incubation probably more nearly 
represented the composition of the fatty acids 
the cells excreted under the particular nutri- 
tional regime, because any cellular stores of 
lipid accumulated during the growth of the 
starter cultures would have been depleted or 
removed in the first half incubation media. This 
conclusion is supported by the fact that higher 
levels of 18:1 acid and lower levels of palmitic 
acid from the last half incubation media ap- 
proach the percentage composition of these 
acids found in the cells. The difference in the 
fatty acid composition of the serum neutral 
lipids and phospholipids from media neutral 
lipids and phospholipids is significant. The 
higher percentages of monoenoic acids in the 
media, than were present originally in the 
serum lipid fractions, demonstrate that acyl 
moieties were excreted. The increased level of 
media 18:2 acid in the phospholipid fraction 
from cells grown on lipid-free fetal calf serum, 
plus linoleic acid, indicated the ability of the 
cells to take up free fatty acids, incorporate 
them into phospholipids, and excrete them into 
the medium. The ability of the HTC cell to 
carry out the above mentioned sequence of 
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events has been es tabl ished i n d e p e n d e n t l y  in 
this labora tory  using labeled palmit ic  acid. 

Cellular kipids 

Cellular neutra l  l ipid and phospho l ip id  pat- 
terns (Figs. 1 and 2) were dis t inct  f rom bo th  
serum and media  lipid pat terns .  Al though  some 
differences  were observed,  a visual compar i son  
of  cellular lipid classes does no t  reveal the 
dramatic  a l tera t ion in lipid pa t te rns  one might  
have expec ted  as a result  o f  the ex t remes  in 
g rowth  condi t ions .  This suggests that  exoge- 
nous serum lipids may have less inf luence on 
HTC cell l ipid b iosynthes is  than previously 
r epo r t ed  for  most  other cultured cells. Triglyc- 
eride b iosynthes is  appeared  to be inhib i ted  by 
the absence of  fetal calf  serum or the presence  
of  only  bovine serum in the med ium.  Sterol 
ester  synthesis  appeared  to be reduced  by high 
levels o f  free fa t ty  acids. The decreased level o f  
tr iglycerides and sterol  esters i l lustrates that  
cellular lipid tu rnover  occurred.  

Detectable  quant i t ies  of  glyceryl e the r  di- 
esters were n o t  observed in the HTC ceils or 
media  ob ta ined  f rom the various growth  condi-  
tions. These data demons t r a t e  that  the presence 
of  glyceryl e ther  diesters is n o t  a character is t ic  
o f  all neop lasms  and, therefore ,  is n o t  a good 
cr i ter ion for  iden t i fy ing  neoplasms,  as has been  
suggested previously (43,44).  The phospho-  
lipids o f  HTC cells also con ta in  low levels o f  
plasmalogens,  as judged  by the small size of  
the a ldehyde peaks when the me thy l  esters 
f rom the phospho l ip id  f rac t ion were analyzed.  

The increased level of  20:2 and 20:4  acids 
indicates  that  the HTC cell can elongate  and 
desaturate  dienoic acids. Harary, e t  al., (45) has 
shown tha t  HeLa cells and hear t  cells cul- 
tured for  long per iods  of  t ime show p o o r  
conversion of  linoleic acid to arachidonic  acid, 
whereas fresh hear t  cells p e r f o r m e d  this conver- 
sion readily. 

The di f ferences  in the class compos i t ions  of 
the cells and the serums indicate  tha t  HTC cells 
are capable of  synthes iz ing  triglycerides,  phos-  
pha t idy le thano lamine ,  phospha t idy l se r ine ,  and 
phospha t idy l inos i to l .  The class compos i t i on  of 
the cells grown on m e d i u m  s u p p l e m e n t e d  with 
l ipid-free fetal  calf serum fur ther  suggests that  
these cells also can synthes ize  sterol  esters,  free 
fa t ty  acids, sterols,  phospha t idy lcho l ine ,  and 
sphingomyelin.  Results  f rom this labora tory ,  
that  will appear  in a separate  publ ica t ion,  show 
tha t  radioactive labeled fa t ty  acids are incorpo-  
ra ted in to  individual phosphol ip ids  and acyl 
conta in ing  neutra l  lipid classes by these cells. 
These data suggest that  HTC cells are capable of 
synthes iz ing most ,  if n o t  all, of their  s tructural  
neutral  lipids and phosphoglycer ides .  
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Lipids of Cultured Hepatoma Cells: II. Effect of Media Lipids 
on Cellular Phospholipids 
RANDALL WOOD and JOHN FALCH, Division of Gastroenterology, Departments of 
Medicine and Biochemistry, University of Missouri School of Medicine, Columbia, 
Missouri 65201 

ABSTRACT 

Minimal  dev ia t ion  h e p a t o m a  cells we re  
c u l t u r e d  in a m o d i f i e d  S w i m ' s  77 medium 
s u p p l e m e n t e d  w i t h  dec rea s ing  a m o u n t s  o f  
s e r u m ,  l ipid-free s e r u m ,  and  l ipid-free 
s e r u m  c o n t a i n i n g  added  pa lmi t i c  or  l ino-  
leic acids. Cellular  p h o s p h o l i p i d s  were  
e x t r a c t e d  and  the  class d i s t r i b u t i o n  deter-  
m i n e d  quan t i t a t i ve ly .  The  f a t t y  acid c o m -  
p o s i t i o n  o f  each  p h o s p h o l i p i d  class was  
determined, and  the  p e r c e n t a g e s  f r o m  
cells g r o w n  o n  each  o f  the  va r ious  m e d i a  
were  c o m p a r e d .  Cellular  p h o s p h o l i p i d  
class and  f a t t y  acid c o m p o s i t i o n s  d i f fe red  
f r o m  media compositions, i nd ica t ing  t h a t  
i n t ac t  s e r u m  p h o s p h o l i p i d s  are n o t  incor -  
p o r a t e d  i n t o  cel lular  s t r u c t u r e s .  P h o s p h a -  
t i dy l cho t ine  p e r c e n t a g e s  dec reased  as the  
m e d i a  s e r u m  and  l ipid levels decreased ,  
whi le  p h o s p h a t i d y l i n o s i t o l  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  p e r c e n t a g e s  increased .  
S p h i n g o m y e l i n  o f  cells g r o w n  in m e d i u m  
c o n t a i n i n g  added  l inoleic  acids c o n t a i n e d  
a h igh  level o f  a 24 :2  acid. All classes, 
e x c e p t  s p h i n g o m y e l i n ,  c o n t a i n e d  e levated  
levels o f  !8 :1  acid and  decreased  levels o f  
p o l y u n s a t u r a t e d  f a t t y  acids,  relat ive to  
n o r m a l  ra t  liver. Cells c u l t u r e d  o n  lipid- 
free m e d i u m  did n o t  c o n t a i n  inc reased  
c o n c e n t r a t i o n s  o f  20 :3  acid, sugges t ing  
t h a t  th is  h e p a t o m a  cell c a n n o t  d e s a t u r a t e  
m o n o e n o i c  acids.  P h o s p h o g l y c e r i d e s  o f  
cells,  g r o w n  on  l ipid-free m e d i u m ,  had  
the  h ighes t  m o n o e n e  f a t t y  acid c once n -  
t r a t ion ,  w h e r e a s  t h o s e  cells g r o w n  on 
m e d i a  c o n t a i n i n g  added  l inoleic  acid had  
the  l o w e s t  c o n c e n t r a t i o n s ,  sugges t ing  t h a t  
l ino lea te  m a y  i nh ib i t  or  regu la te  m o n o -  
eno i c  acid b i o s y n t h e s i s  in  th is  cell. These  
mass  da ta  also d e m o n s t r a t e  t h a t  m o n o -  

TABLE I 

Phospholipid Percentages of Minimal Deviation Hepatoma Cells Grown in 
Culture on Media Containing Varying Amounts  of Lipid a 

Percentages b 
Basal medium 
supplement Orig. Lyso-PC SPH PC PI PS X 1 PE X 2 SF c 

20% Bovine serum + 
5% fetal calf serum 0.6 1.7 8.8 41.4 8.4 6.6 --  26.4 2.0 4.4 

10% Bovine serum + 
5% fetal calf serum 0.4 1.1 5.9 35.4 11.8 7.4 --  31.5 2.0 4.3 

5% Bovine serum + 
5% fetal calf serum 0.6 1.6 8.9 34.8 10.5 6.2 --  31.3 2.0 4.1 

5% Fetal calf serum 0.5 1.2 7.4 32.8 11.8 ...,_~ 6.1 --  33.8 2.2 4.2 
5% Bovine serum 0.8 1.4 7.5 28.8 19.3 - -  35.9 1.7 4.6 
2.5% Fetal calf serum 0.6 2.3 7.4 29.1 12.8 5.7 1.6 33.9 1.8 4.8 
5% Lipid-free fetal 

calf serum 1.0 3.0 7.9 27.1 11.6 6.0 1.8 34.8 1.8 5.0 
5% Lipid-free fetal calf 

serum + palmitic acid d 6.9 3.4 7.6 27.9 14.3 1.7 -- 30.3 3.4 4.5 
5% Lipid-free fetal calf 

serum + linoleic acid d 1.1 3.6 12.0 26.1 14.2 5.1 - -  28.3 3.8 5.9 
Fetal calf serum 1.2 21.7 25.1 50.2 . . . . . . .  2.0 
Bovine serum 0.7 10.8 18.3 67.0 . . . . . .  0.9 

aorig. = origin, Lyso-PC = lyso-phosphatidylcholine, SPH = sphingomyelin, PC = phosphatidylcholine, PI = 
phosphatidylinositol, PS = phosphatidylserine, X 1 = unidentified phosphorous containing compound migrating 
between phosphatidylserine and phosphatidylethanotamine, PE = phosphatidylethanolamine, X 2 = unidentified 
phosphorous containing compound migrating between phosphatidylethanolamine and the solvent front, and SF 
= solvent front. 

bpercentages represent the mean of duplicate phosphorous analyses, and values have not been corrected for 
differences in tool vet of lipid classes.  

CSolvent front material consists primarily of diphosphatidylglycerol but also contains minor amounts  of other 
phosphorous and nonphosphorous containing compounds.  

d37.5 #g/ml of medium. 
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enoic fatty acid biosynthesis in this cul- 
tured hepatoma cell responds to dietary 
changes. 

INTRODUCTION 

The importance of lipids in many biological 
processes and the advantages of using minimal 
deviation hepatoma cells (HTC), grown in tissue 
culture, to study the structure and metabolism 
of lipids to determine their possible direct or 
indirect involvement in neoplasia have been 
discussed previously (1). To the authors' knowl- 
edge, the phospholipids of HTC cells grown in 
tissue culture have not been studied in any 
detail. Results from this laboratory (1) have 
shown that phospholipids of HTC cells, cul- 
tured in media containing various amounts of 
serum and lipids, showed little qualitative dif- 
ference in class distributions and the same 
approximate total phospholipid fatty acid com- 
positions. 

The quantitative determination of phospho- 
lipid class compositions and fatty acid compo- 
sitions of individual phosphoglycerides derived 
from HTC cells, grown on media containing 
varying levels of serum and lipids, is reported in 
this paper. 

MATERIALS AND METHODS 

Minimal deviation hepatoma 7288C cells 
were grown in roller cultures on a modified 
Swim's 77 medium supplemented with various 
levels of serums and lipids (see Table I for 
supplements), as described previously (1). Cells 
were harvested, lyophilized, extracted, and the 
lipids fractionated into neutral lipids and phos- 
pholipids as described earlier (1). Phospholipid 
classes were resolved by thin layer chromatog- 
raphy (TLC) on adsorbent layers of Silica Gel 
HR, developed in a solvent system of chloro- 
f o r m - m e t h a n o l - a c e t i c  acid-0.9% saline, 
50:25:8:4,  v/v. Quantitation of individual 
classes resolved by TLC was determined by 
phosphorous analysis, according to the proce- 
dure of Rouser et al. (2). Chromatoplates were 
sprayed with sulfuric acid and charred for 
visualization and documentation by photog- 
raphy. Class identification was based upon the 
use of phosphorous and ninhydrin spray rea- 
gents (3), gas liquid chromatography (GLC) of 
methyl esters, and cochromatography with 
standards. Methyl esters of the phospholipids 
were prepared by acid catalyzed esterification 
and analyzed by GLC, as previously described 
(4). Identification of methyl esters is based 
upon relative retention times before and after 
hydrogenation and coehromatography with 
commercially available esters of known s truc-  

ture. Except for 24:0 and 24:1 acids, acids with 
retention times longer than 20:4 must be 
considered as tentatively identified, since there 
are a large number of esters with similar 
retention times possible in this area of the 
chromatogram. The use of classical names for 
unsaturated fatty esters does not imply that the 
double bond positions and configurations have 
been determined. 

RESULTS 

Phospholipid Distribution 

The percentage distribution of the phospho- 
lipids, derived from HTC cells cultured on 
various media and from serums, is given in 
Table I. Serums, the only media component 
containing lipids, were characterized by high 
levels of lyso-phosphatidylcholine, sphingomy- 
elin, and phosphatidylcholine, which differed 
dramatically from the cellular level of these 
phospholipids. Cellular phosphatidylcholine 
levels decreased significantly as the level of 
serum decreased to ca. 5%. The decrease of 
phosphatidylcholine was offset by increases in 
the concentrations of phosphatidylinositol and 
p ho sp ha t idylethanolamine.  Sphingomyelin, 
phosphatidylserine, and other minor compo- 
nents showed little if any change as the lipid 
level of the media changed. Except for an 
increased level of sphingomyelin, when linoleic 
acid plus lipid-free fetal calf serum supple- 
mented the medium, the addition of fatty acids 
to the medium had little effect upon the 
phospholipid composition relative to that of 
the ceils grown in lipid-free medium. 

Phosphatidylchol ine 

This lipid class, one of the major compo- 
nents of cells and serums, showed a percentage 
change in some of the fatty acids present in this 
phospholipid, as tile serum and lipid levels of 
the media changed (Table I1). The fatty acid 
compositions of cellular and serum phospha- 
tidylcholines were different. Except where 
fatty acids were added to the media, palmitic 
and stearic acid percentages remained relatively 
constant, whereas 18:1 and 20:1 acids in- 
creased and 18:2 and 20:4 acids decreased with 
a decrease in media serum and l ipid levels. 
Table II shows that linoleic acid, added to 
medium containing lipid-free fetal calf serum, 
increased cellular 18:2 and 20:4 acid levels, 
whereas added palmitic acid did not elevate 
phosphatidylcholine palmitate concentrations. 

Phosphatidylethanolamine 

The fatty acid compositions of phospha- 
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TABLE 11 

Comparison of Fatty Acid Composition of Phosphatidylcholine Derived from 
Minimal Deviation Hepatoma Cells Cultured in Media Containing Varying Amounts of Serum and Lipid 

Basal medium Fatty acid percentagesa, b 

supplement 16:0 16:1 18:0 18:1 18:2 20:1 20:3 20:4 22:2 

20% Bovine serum + 
5% fetal calf serum 27.8 4.4 9.7 30.8 9.0 1.6 1.5 12.2 1.2 

10% Bovine serum + 
5% fetal calf serum 25.4 4.5 13.1 34.0 10.2 1.9 0.9 6.8 1.0 

5% Bovine serum + 
5% fetal calf serum 28.6 7.0 8.4 38.6 8.8 1.7 0.9 4.2 0.9 

5% Fetal calf serum 28.0 7.3 9.4 44.5 3.7 2.4 T c 3.2 0.6 
5% Bovine serum 20.6 6.8 8.1 39.6 9.6 2.6 1.2 7.2 0.9 
2.5% Fetal calf serum 23.1 8.5 6.5 46.8 5.4 2.8 0.9 3.8 1.1 
5% Lipid-free fetal 
calf sernm 20.5 8,6 8.3 52.8 3.5 3.4 T 1.7 T 

5% Lipid-free fetal calf 
serum + palmitic acid d 25.0 S.0 12.4 41.8 6.7 1.8 0.6 5.0 1.2 

5% Lipid-free fetal calf 
serum + linoleic acidd, e 28.3 2.8 14.8 11.4 26.5 T T 10.6 T 

Bovine serum f 15.3 0,9 26.6 19.2 14.7 --- 5.9 7.1 --  
Fetal calf serumg 22.2 1.1 23.9 26.4 1.2 --  2,8 7.8 --  

aDifference between sum of fatty acid percentages in each row and 
nents not given in the table. 

bpercentages represent the mean of duplicate analyses. 
CT = detectable levels but less than one half per cent. 
d37.5 ~zg/ml of medium. 
eContained 3.6% C-20:2 fatty acid. 
fSample also contained 2.9 and 0.5% of 22:5 and 22:6 respectively. 
gSample also contained 6.6 and 4,9% of 22:5 and 22:6 respectively. 

100% represents sum of minor compo- 

t i d y l e t h a n o l a m i n e ,  a ma jo r  cel lular  p h o s p h o -  
lipid bu t  ab sen t  f r o m  the  se rums ,  are given in 
Table  I l l .  Th is  p h o spho l i p id  class c o n t a i n e d  
m o r e  stearic and  less pa lmi t ic  acids t han  phos-  
pha t idy lcho l ine ;  but ,  as wi th  p h o s p h a t i d y l c h o -  
line, the c o n c e n t r a t i o n  of  b o t h  of  these  acids 
r ema ined  relat ively c o n s t a n t  as s e rum lipid 
levels decreased.  The  pe rcen tages  of  t8 :1  in- 
creased and  20 :4  decreased  as s e rum and  lipid 
levels o f  the  m ed i a  decreased.  The  pe rcen t ages  
of  acids in p h o s p h a t i d y l e t h a n o l a m i n e  wi th  re- 
t en t i on  t imes  longer  t h a n  2 0 : 4  were too  small  
to a t t a c h  any  s ignif icance to the  observed  
changes  in these  acids. The  add i t ion  of  l inoleic 
acid to the  m e d i u m  resu l ted  in increased  levels 
of  18:0,  18:2,  and  20 :4  acids, a c c o m p a n i e d  by  
a decrease in 18:1 levels, whereas  the  add i t ion  
of  pa lmi t ic  acid to  the  m e d i u m  caused  on ly  a 
rise in s tear ic  acid levels bu t  n o t  palmit ic .  

Phosphatidylinositol and Pbosphatidylserine 

The  f a t t y  acid c o m p o s i t i o n  of  p h o s p h a t i d y l -  
inosi to l ,  p h o s p h a t i d y l s e r i n e ,  and,  in some  cases, 
of  these  two classes c o m b i n e d  tha t  was derived 
f r o m  HTC cells grown on var ious  med i a  is 
s h o w n  in Table IV. These  cellular  p h o s p h a t i d e s ,  
absen t  f r o m  the  se rums ,  were charac te r i zed  by 
the  h ighes t  levels of  stearic acid of all the  

phospha t i de s .  P h o s p h a t i d y l i n o s i t o l  c o n t a i n e d  
h igher  pe rcen tages  o f  18:0  and  20 :4  and lower  
pe rcen tages  o f  18:1 t h a n  phospha t i dy l s e r i ne .  
Decreased s e r u m  and lipids in the  med ia  re- 
su l ted  in increased  levels of  18:1 and  decreased 
levels of  20 :4  for  b o t h  p h o s p h a t i d e  classes. 
Phospha t idy l se r ine  c o n t a i n e d  h igher  pe rcen t -  
ages o f  acids wi th  r e t e n t i o n  t imes  longer  than  
20 :4  than  did p h o s p h a t i d y l i n o s i t o l ,  bu t  the  
values  were too  low to  al low m u c h  s ignif icance 
to be a t t a c he d  to  th is  observa t ion .  The  level of  
18:2 in these  two lipid classes was general ly  
low; however ,  w h e n  l inoleic acid was added  to 
the  m e d i u m ,  18:2 and  20 :4  va lues  increased  at 
the  expense  of  18:1.  F a t t y  acids added  to the  
med i a  did n o t  alter pa lmi t a t e  and  s teara te  levels 
of  these  c o m b i n e d  p h o s p h a t i d e  f ract ions .  

Diphosphatidylglycerol 

When the analy t ica l  TLCs  were developed  
for p h o s p h o r o u s  analys is  (Table  I), d iphospha -  
t idylglycerol  was n o t  resolved su f f i c ien t ly  f r om 
the so lven t  f ron t  to pe rmi t  separa te  quant i f i -  
ca t ion;  bu t ,  w h e n  prepara t ive  TLC was used  to 
isolate indiv idual  p h o s p h o l i p i d  classes, a rea- 
sonab ly  pure  d i p h o s p h a t i d y l g l y c e r o l  f rac t ion  
was ob ta ined  in m o s t  cases. The  f a t ty  acid 
c o m p o s i t i o n  of  the  d iphospha t i dy lg lyce ro l  frac- 
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TABLE III 

Comparison of Fatty Acid Composition of Phosphatidylethanolamine Derived from 
Minimal Deviation Hepatoma Cells Cultured in Media Containing Varying Amounts of Serum and Lipid 

Basal medium Fatty acid percentagesa, b 
supplement 16:0 16:1 18:0 18:1 18:2 20:1 20:3 20:4 22:2 22:5 22:6 

20% Bovine serum + 
5% fetal calf serum 5.2 2.1 17.6 39.1 4.5 1.9 1.4 20.1 0.9 2.8 2.6 

10% Bovine serum + 
5% fetal calf serum 7.0 2.3 18.6 42.7 7.7 1.7 T c 14.5 0.7 1.6 1.5 

5% Bovine serum + 
5% fetal calf serum 7.5 2.9 18.2 44.2 %3 1.5 1.6 12.4 1.3 1.2 1.6 

5% Fetal calf serum 7.2 3.5 19.1 49.2 3.4 1.9 0.8 9.6 0.8 0.8 1.9 
5% Bovine serum 5.4 2.7 17.4 45.9 8.3 2.9 0.9 10.4 0.7 2.1 0.8 
2.5% Fetal catf serum 5.6 3.4 14.0 52.4 5.2 2.8 l , l  10.6 1.4 0.9 2.2 
5% Lipid-free fetal 
calf serum 5.1 4.3 15.3 56.9 3.9 2.9 0.8 6.3 0.5 2.1 T 

5% Lipid-free fetal calf 
serum + palmitic acid d 5.5 2.5 22,3 47.8 4.9 1.8 0.8 9.0 1.1 1.3 1.8 

5% Lipid-free fetal calf 
serum + linoleic acidd, e 6.6 1.0 28.5 14.6 21.6 0.5 1.2 15.8 T 2.0 1.2 

aDifference between sum of fatty acid percentages in each row and 100% represents the sum of minor com- 
ponents not given in the table. 

bpercentages represent the mean of duplicate analyses. 
CT = detectable levels but less than one half per cent. 
dContained 5.2% C-20:2 fatty acid. 
e37.5/~g/ml of medium. 

tion, ob ta ined  f rom cells grown on various 
media,  is given in Table V. This class was 
character ized  by low levels o f  s tearate and 
palmita te  and higher  concen t r a t ions  of 14:0, 
16: 1, 18: 1, and 18:2 acids than  found  in o the r  
phosphat ides .  The concen t r a t ion  of  m o n o e n o i c  
acids increased,  while 18:2 levels decreased,  as 
media  serum lipid levels decreased.  Palmitic 
acid added  to  m ed ium conta in ing  lipid-free 
fetal calf  serum had li t t le inf luence on the  
compos i t i on  of  d iphosphat idy lg lycero l ,  whereas 
added l inoleic acid greatly elevated 18:2 per- 
centages,  while 18:1 levels decreased.  

Sphingomyelin 

The fa t ty  acid compos i t i ons  of sphingo-  
myelin,  derived f rom HTC cells grown on 
various media  and f rom bovine and fetal  calf  
serums,  are shown in Table VI. Bovine serum 
sphingomyel in  con ta ined  a high percentage  of 
16:0 and 23:0  acids, whereas  fetal  calf serum 
sphingomyel in  con ta ined  a high percentage  of 
22:0  and 24:1 acids. The compos i t i ons  of the 
serums di f fered f rom the  sph ingomyel in  com-  
posi t ion of  the cells. Al though  some dif ferences  
in sph ingomyel in  fa t ty  acid compos i t i on  were 
observed,  they  did n o t  appear  to  be related to  
type of  serum or a m o u n t  of  lipid in the  
medium.  Palmit ic  acid, added  to med ium con- 
taining l ipid-free fetal  calf serum,  did no t  elevate 
sph ingomyel in  palmi ta te  but  caused an increase 
in 18:0 and 24 :0  percentages.  Cells grown on 

med ium conta in ing  added  linoleic acid did no t  
conta in  significant levels of  18:2 in the sphingo- 
myel in  acids bu t  con ta ined  a high level of 24:2  
acid. 

Unidentified Material 

A c o m p o u n d  of  the cellular phosphol ip ids ,  
absent  f rom the  serums,  having an Rf value 
be tween  phospha t i dy l e thano l amine  and diphos- 
phat idylg lycerol  and represen t ing  ca. 2% of  the 
phosphol ip id  p h o s p h o r o u s  was analyzed for  
fa t ty  acids. The fa t ty  acid compos i t i on  of  this 
c o m p o u n d  differed f rom the  o the r  phospho-  
lipid classes. The major  acids were 16:0, 18:0, 
and 18:1. The m o n o e n o i c  acid peaks were 
broadened ,  indicat ing the presence  of  more  
than one c o m p o n e n t ,  bu t  the small sample size 
p revented  fu r ther  character iza t ion .  Variabil i ty 
of  the  major  fa t ty  acid percentage seemed to  be 
unre la ted  to  se rum and l ipid levels, excep t  
when  l inoleic acid was added  to  the medium.  

Under  preparat ive TLC condi t ions ,  material  
migrating near  the solvent  f ron t  usually was 
resolved f rom diphosphat idylg lycero l .  The fa t ty  
acid compos i t i on  of  the solvent  f ron t  material ,  
conta in ing  a high level o f  24:0  and 24:1 acids, 
suggests tha t  ceramide was a major  c o m p o n e n t .  
However,  e levated levels o f  18: 1, relative to the 
percentage found  in sphingomyel in ,  indica ted  
the presence  of  o the r  c o m p o n e n t s .  Excep t  
when  l inoleic acid was added  to  the  growth  
med ium,  ident i f iable  changes in the  fa t ty  acid 
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composition of this fraction did not appear to 
be related to levels of serum and lipids in the 
media. 

DISCUSSION 

The class compositional data of the phos- 
pholipids, derived from HTC cells grown on 
various media, demonstrate that the percent- 
ages of some phosphoglycerides can be affected 
by media serum and lipid levels, while others 
are unaffected. The change is not restricted to 
the lipids found in media since phosphatidyl- 
ethanolamine and phosphatidylinositol, absent .~"z 
from bovine and fetal calf serum, were two of ;5 
three classes showing the most change. These 
data indicate that care must be exercised when 
comparing phospholipid data, even from the ~ .~ 
same cell line, with that obtained in other q . ~ ' )  

laboratories, especially when the growth condi- ~ 
tions are not  known. .~ 

The phospholipid class compositions of the ~ 
HTC cells grown on various media did not agree "~ 
with compositions reported for rat liver (5-7); ~'~ 
however, the composition of the cells cultured _~'7, 
on 25% serum more nearly agreed. Even when . ~  
the media contained high levels of serum, ~ 
phosphatidylcholine, the major serum phospho- ~.~ 
lipid, was lower in HTC cells than rat liver; and ~ 
phosphatidylethanolamine, phosphatidylserine, > ~  
and phosphatidylinositol, absent from serum, ~ 
were elevated above rat liver percentages. Ber- ~, ~ 
gelson et al. (5) have shown that host grown ~ < ~  
hepatoma 27 contained elevated levels of phos- ~.~ 
phatidylserine, phosphatidylethanolamine, and ~ 
sphingomyelin and a lower level of phospha- ~ -  
tidylcholine, relative to rat liver values. Morris .. ~) 
hepatoma 3924A, a fast growing hepatoma,  ~-~ 
was shown to contain decreased levels of =c) 
phosphatidylcholine and higher amounts of ~ 

o phosphatidylinositol (8). The same investigators ~ 
also reported that the level of phosphatidyl- = 
choline in the Ruber H-35 hepatoma was lower .~ 7: 
than rat liver levels; however, the latter analysis ~ o 
was complicated by a high percentage of a polar ~ .~ 
phosphorous containing compound. These corn- ~ 
parisons indicate that cultured HTC cells have -~ 
an altered phospholipid composition, relative to fi 
rat liver, similar in some respects to solid 
hepatomas grown in host animals. 

Each phospholipid class from HTC cells, like 
that of liver, exhibited a characteristic fatty 
acid composition that changed with changes in 
media serum and lipid levels. Except for sphin- 
gomyelin, phosphatidylcholine had the highest 
level of palmitate. Phosphatidylcholine of the 
cultured cells contained reduced levels of 18: 0, 
20:4, and 22:6 acids and a much higher 
concentration of 18:1, relative to values re- 
ported for rat liver lecithin (9-12). Increased 
concentrations of oleic acid in phosphatidyl- 
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TABLE VI 

Comparison of Fatty Acid Composition of Sphingomyelin Derived from Minimal 
Deviation Hepatoma Cells Cultured in Media Containing Varying Amounts of Serum and Lipid 

Basal medium Fatty acid percentagesa, b 
supplement 16:0 18:0 18:1 22:0 22:1 23;0 24:0 24:1 24:2 

20% Bovine serum + 
5% fetal calf serum 30.8 6.1 1.1 9.4 1.4 4.3 23.6 20.2 T c 

10% Bovine serum + 
5% fetal calf serum 27.0 6.3 2.2 8.9 0.5 2.7 22.9 27.6 T 

5% Bovine serum + 
5% fetal calf serum 39.2 5.9 1.3 7.2 1.6 1.5 18.3 23.2 --- 

5% Fetal calf serum 35.3 7.1 1.7 6.9 0.9 1.0 24.4 21.6 --  
5% Bovine serum 28.4 4.7 3.3 5.6 2.6 2.2 13.7 34.3 -- 
2.5% Fetal calf serum 33.0 4.5 2.8 5.9 2.8 t.0 17.0 31.5 - - -  

5% Lipid-free fetal 
calf serum 30.7 5.6 3.6 5.8 3.7 0.6 17.4 30.5 --  

5% Lipid-free fetal calf 
serum + palmitic acid d 28.7 11.2 4.3 7.3 T --  26.0 21.6 --  

5% Lipid-free fetal calf 
serum + linoleic acid d 30.3 7.2 1.2 4.7 . . . . .  10.2 25.7 23.0 

Bovine serum 47.3 11.8 1.3 6.4 --  12.8 9.6 7.5 0.5 
Fetal calf serum e 29.1 10.6 1.2 15.9 1.5 2.4 9.8 23.8 1.2 

aDifference between sum of fatty acid percentages in 
ponents not given in the table. 

bpercentages represent the mean of duplicate analyses. 
CT = detectable levels but less than one half per cent. 
d37.5 ~tg/ml of medium. 
eSample contained 2.6% of 20:0. 

each row and 100% represents the sum of minor corn- 

chol ine f rom hepa tomas  and h e p a t o m a  cell 
f ract ions have been r epo r t ed  previously by 
Ruggieri and Fallani (13),  Bergelson and 
Dyat lovi tskaya (14), and van Hoeven and 
E m m e l o t  (15).  

Rat liver phospha t i dy l e thano l amine  usually 
conta ins  40-50% satura ted  acids (9,11,12) ,  bu t  
the sa tura ted  acids of  the HTC cells, part icu- 
larly palmit ic  acid, were r educed  greatly. This 
class had the highest  levels o f  20:4  and 22:6,  
but  the values were m u c h  lower  than percent -  
ages of  these acids in rat  liver phospha t idy le th -  
anolamine (9,11,12) .  The decreased levels of  
po lyunsa tu ra ted  acids and palmit ic  acid were 
replaced wi th  oleic acid. van Hoeven and 
E m m e l o t  (15) have shown  tha t  phospha t idy l -  
e thano lamine  derived f rom h e p a t o m a  484A 
plasma m e m b r a n e s  had a m u c h  lower  stearic/  
oleic rat io than  normal  membranes ,  but  they 
did n o t  see a decreased rat io in two  mouse  
hepatomas ,  no r  did Ruggieri and Fallani (16) 
observe a significant  increase in oleic acid of  
hepa toma  5123 phospha t idy le thano lamine .  

Phosphat idylser ine  and phospha t idy l inos i to l  
were charac ter ized  by a high level of  stearic 
acid, which is typical  of  rat  liver (11,17).  The 
significant reduc t ions  in the levels o f  20:4  in 
phospha t idy l inos i to l  and 20:4 and 22:6  in 
phospha t idy lse r ine ,  relative to the concent ra-  
tions found  in these phospho l ip id  classes of  rat 
liver (17), are c o m p e n s a t e d  for  by increased 

oleic acid levels. Both of  these phospha t ides ,  
isolated f rom plasma membranes  of  a rat 
hepa toma ,  have been shown to  conta in  a 
decreased stearic/oleic  acid ratio,  but  two 
mouse  hepa tomas  did no t  (15). 

D i p h o s p h a t i d y l g l y c e r o t  con ta ined  the 
highest  level of  18:2, but  the concen t r a t ions  
were reduced  greatly f rom the  levels found  in 
rat liver (17). The lower  levels o f  18:2 were 
offse t  by increased percentages  of  bo th  16:1 
and 18:1. It is easy to  see h o w  a n u m b e r  of  
mi tochondr ia l  en zy mes  tha t  require  d iphospha-  
t idylglycerol  for  activity could  be af fec ted  by a 
change in the molecular  species of  this class. 

The character is t ic  compos i t i on  of  rat liver 
sph ingomyel in  (17) also prevailed in the HTC 
cells, excep t  for  a s o m e w h a t  higher  level o f  
palmit ic  acid. This was the only  phospho l ip id  
class of  HTC cells that  did n o t  show an elevated 
level o f  oleic. I t  is o f  in teres t  tha t ,  when  linoleic 
acid was added  to the med ium,  a very high 
percentage  of  24:2 appeared,  while only  traces 
of  this acid were found  when cells were grown 
on media  conta in ing  20% bovine serum, which 
con ta ined  twice the level o f  ester if ied linoleic 
acid. We have shown previously (18) that  
sphingomyel in  f rom Ehrl ich ascites cells con- 
tained a high level of  this acid, which is absent ,  
or present  in only trace amounts ,  in normal  
mature  tissue. The enzyme  sys tem responsible  
for the synthesis  o f  24:0  and 24:1 may have 
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lost  some of  i ts specif ici ty  in  neop lasms  and,  
there fore ,  is able to  accep t  and  e longate  l inoleic  
acid. The presence  of  this  long  chain  d ienoic  
acid in the  g lycosphingol ip ids  of  the  surface 
m e m b r a n e s  cou ld  have far - reaching e f fec t  u p o n  
the  cell. 

General ly ,  all p h o s p h o l i p i d  classes, excep t  
sph ingomyel in ,  s h o w e d  a decrease in po lyunsa t -  
u ra t ed  acids, especial ly 20 :4 ,  and  an increase  in 
m o n o e n o i c  acids, par t icu la r ly  oleic acid, as the  
se rum and  l ipid levels decreased.  The decreased 
cel lular  levels o f  18:2 and  20 :4  acids were 
expec ted ,  since m a m m a l i a n  cells requi re  exog- 
enous  sources  of  these  acids, bu t  the  replace- 
m e n t  of these  acids wi th  only  m o n o e n o i c  acids 
was u n e x p e c t e d .  Bailey et  al. (19)  have s h o w n  
t h a t  an increase  in the  levels of  16:1,  18:1,  
20 :3 ,  and,  in some ins tances ,  22 :3  occur red  
when  several cell  l ines were grown u n d e r  
cond i t ions  where  an essent ia l  f a t ty  acid defi- 
c iency  exis ted.  The absence  of  increased levels 
of  20 :3  or  22 :3  in e i the r  the  neu t r a l  l ipids (1)  
or phospho l ip ids ,  even when  the  cells were 
cu l tu red  on  l ipid-free m e d i u m ,  suggests t ha t  
these cells may  n o t  be able to  desa tu ra te  
m o n o e n e  f a t t y  acids fur ther .  We have s h o w n  in 
a separate  pub l i ca t i on  (20)  t ha t  these cells can 
desa tura te  s a tu ra t ed  acids to  m o n o e n e s ,  and  the  
da ta  in th is  s t udy  suggest t ha t ,  to  a l imi ted  
e x t e n t ,  l inoleic  acid can be conve r t ed  i n to  
a rach idonic  acid. 

The  c o n c e n t r a t i o n  of  oleic acid in all the  
phospha t i de s  was the  h ighes t  when  the  cells 
were grown on  l ipid-free m e d i u m  and was the  
lowes t  when  the  cells were grown on m e d i u m  
con ta in ing  added  free l inoleic acid or 25% 
serum. The  possibi l i ty  t h a t  free f a t ty  acids,  
wh ich  also were p resen t  in serum,  migh t  have 
caused the  decrease in the  cel lular  concen t r a -  
t ions  of oleic acid is nega ted  by the  fact  t ha t  
palmit ic  acid added  to  the  m e d i u m  had  l i t t le  
e f fec t  on  oleic acid levels. A n o t h e r  fac to r  
c o m m o n  to  b o t h  med ia  was the  h igh  concen-  
t ra t ions  of  l inoleic  acid: ca. 68 p g / m l  of  the  
20% bovine  serum-5% fetal  calf  serum m e d i u m  
and  37.5 /~g/ml of  the  m e d i u m  c o n t a i n i n g  
added l inoleic acid. The m u c h  greater  e f fec t  of  
the free l ino lea te  p r o b a b l y  is re la ted  to  i ts 
greater  avai labi l i ty  to the  cells. These da ta  
suggest t ha t  the  level of l inoleic acid m ay  
inh ib i t  or regulate  m o n o e n o i c  acid b iosyn thes i s  
in these  cu l tu red  ra t  h e p a t o m a  cells. The  
inf luence  on  m o n o e n o i c  acid m ay  be only  
appa ren t  and  actual ly  m ay  af fec t  all endoge-  
nous ly  b io syn thes i zed  fa t ty  acids. It  has been  
shown previously  (21-23)  tha t  mouse  hepa t i c  
l ipogenesis,  as measu red  by the  rate of  14C_ac e_ 
ta te  i n c o r p o r a t i o n  i n to  lipid, is i n f luenced  more  
by die tary  l inolea te  t han  o t h e r  f a t t y  acids. 

Unl ike the mouse ,  ra t  l iver hepa t i c  f a t ty  acid 
b iosyn thes i s  is less sensi t ive to  d ie ta ry  l ipids; 
however ,  r ecen t  evidence ind ica tes  t h a t  d ie tary  
saf f lower  oil ( t r i l ino le in)  also inh ib i t s  liver f a t ty  
acid synthes i s  in th is  species (23) .  The de- 
creased fa t ty  acid b io syn thes i s  in  cu l tu red  cells, 
when  se rum is added  (19 ,24)  to  the  m e d i u m ,  
may  be d u e  to l ino lea te  in the  serum.  Recen t  
work  by Jacobs  et  al. (25) ,  w i th  cu l tu red  
p r imary  skin f ib rob las t s  ind ica tes  t h a t  whole  
serum or  l ipid de f ic ien t  serum,  plus f a t ty  acids, 
reduces  the  level of  ace ty l -CoA carboxylase .  In 
the i r  e x p e r i m e n t s ,  l inoleic  acid was m u c h  less 
effect ive  than  pa lmi t i c  acid in r educ ing  the  
a m o u n t  of  radioac t ive  ace ta te  i n c o r p o r a t e d  i n to  
to ta l  lipids. 

One of  the  more  i m p o r t a n t  aspects  of  these  
data  is the  d e m o n s t r a t e d  response  of  m o n o -  
enoic  acid b iosyn thes i s  to  d ie tary  l ipids in these  
cells. Previous s tudies  have s h o w n  tha t  lipo- 
genesis, as d e t e r m i n e d  by 14C-aceta te  incorpo-  
r a t ion  in to  f a t t y  acids, in mouse  and ra t  
h e p a t o m a  was n o t  a f fec ted  by  d ie tary  fat  
(22 ,26-28) .  The  a p p a r e n t  d i sc repancy  b e t w e e n  
the  mass  data  f rom these  cu l tu red  h e p a t o m a  
cells and  the  r ad io i so tope  data  f rom hos t  g rown 
h e p a t o m a s  is n o t  u n d e r s t o o d  bu t  is the  sub jec t  
of  f u r t he r  invest igat ions .  
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ABSTRACT 

A cell-free system, consisting of par- 
ticle-free rat liver cytoplasm plus purified 
mitochondria, was used to study the 
synthesis of fatty acid from 14C-U- 
alanine. Incorporation of label into lipid 
was dependent upon the presence of both 
cytoplasm and mitochondria. However, 
the metabolic state of the animal, prior to 
sacrifice, determined the capacity of vari- 
ous mitochondrial preparations to recon- 
stitute the system. Mitochondria prepared 
from the livers of starved, fat-fed, or 
alloxan-diabetic rats failed to support 
fatty acid synthesis to the same extent as 
mitochondria prepared from control ani- 
mals. Likewise, less 14CO2 was  produced 
in the system reconstituted with liver 
mitochondria prepared from starved rats. 
Possible mechanisms are discussed. 

INTRODUCTION 

The enzymes of both the cytoplasmic and 
mitochondrial compartments of the liver cell 
are required for the synthesis of fatty acid from 
glucose (see [1] for a review of pertinent 
literature). The glycolytic enzymes of the cyto- 
plasm catalyze the production of pyruvate, 
which the mitochondrial enzymes convert into 
oxaloacetate and acetyl CoA, which then con- 
dense to form citrate. This tricarboxylic acid 
escapes the mitochondrion to be cleaved in the 
cytoplasm to oxaloacetate plus acetyl CoA. The 
latter is utilized by the cytoplasmic enzymes as 
an "activated" two carbon fragment for fatty 
acid synthesis. 

The mitochondrion carries out at least three 
key steps during the process of lipogenesis: the 
oxidative decarboxylation of pyruvate to acetyl 
CoA by the pyruvate dehydrogenase complex, 
the condensation of acetyl CoA with oxaloace- 
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Indiana Heart Association. 

2present address: Metabolic Research Laboratory, 
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Infirmary, Oxford, England. 

3present address: Indiana University School of 
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tate to give citrate by citrate synthase, and the 
exchange of citrate for extramitochondrial 
malate by an exchange-diffusion carrier located 
within the mitochondrial inner membrane. The 
simplest system for studying the participation 
of the mitochondrion in the process of lipo- 
genesis would be a cell-free system consisting of 
particle-free cytoplasm and mitochondria pre- 
pared from rat liver. Such systems have been 
described (2,3) but were used mainly to study 
the incorporation of labeled acetate into fatty 
acids. Watson and Lowenstein (4) have de- 
scribed a new system in which the incorpo- 
ration of label from alanine (source of pyruvate 
by transamination) into fatty acids was studied. 
Particle-free cytoplasm prepared from livers of 
rats induced into a high lipogenic state was 
used. Reconstitution of fatty acid synthesis by 
the system was demonstrated to be dependent 
upon the presence of mitochondria. This sys- 
tem allows a more complete investigation of the 
role of the mitochondrion because incorpora- 
tion of label into fatty acid demands a flow of 
carbon through enzymatic steps within the 
matrix space. The Watson-Lowenstein cell-free 
system has been used in the present study to 
demonstrate that the capacity of hepatic mito- 
chondria to support lipogenesis is affected by 
the metabolic state of the animal prior to 
sacrifice. 

METHODS AND MATERIALS 

Preparation of Mitochondria and "'Superlipogenic 
Su pe rnatan t "  

Mitochondria were prepared from rat liver 
by the method of Johnson and Lardy (5). A 
105,000 x g supernatant was prepared from the 
livers of rats which had been 48 hr starved and 
then 48-72 hr refed ad libitum on a 68% 
sucrose, fat-free diet obtained from Nutritional 
Biochemicals (6). The 105,000 x g supernatant 
(hereafter called "superiipogenic supernatant") 
was activated as described by Watson and 
Lowenstein (4). This preparation of soluble 
enzymes was found stable to freezing in a liquid 
nitrogen storage tank for at least 6 weeks. 
Protein was determined by the biuret method 
(7) and on occasion by the Lowry method (8). 

Reconstituted Call-Free System Capable of Lipogene- 
sis 

The incubation conditions used in the recon- 
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drial protein from chow-fed (o) and 48 hr starved (.) 
rats used to reconstitute the Watson-Lowenstein solu- 
ble system for fatty acid synthesis. 

stituted system have been described by Watson 
and Lowenstein (4). A major difference was 
that liver mitochondria were prepared from rats 
in various defined metabolic states and added 
to the "superlipogenic supernatant" in the 
reconstituted system. The incubations were 
carried out for 30 min in 25 ml Erlenmeyer 
flasks (stoppered with serum caps) at 37 C with 
air as the gas phase and constant shaking (120 
cycle/mha). The incubation mixtures (1.5 ml) 
contained 20 mM KHCO3, 9 mM dithiothreitol, 
12 mM MgC12, 4 mM L-malate, 2 mM adeno- 
sine triphosphate (ATP), 4 mM glucose-6-phos- 
phate, 5 mM c~-ketoglutarate, 4 mM phosphate 
buffer (pH 7.4), 12.5 mM glycylglycine-NaOH 
buffer (pH 7.4), ca. 50 mM sucrose, 6 mM 
14C_U_alanin e (100-200 cpm/nmole),  0.662 mg 
nicotinamide adenine dinucleotide phosphate 
(NADP), .0945 mg nicotinamide adenine dinu- 
cleotide (NAD), 0.2 mg Coenzyme A, ca. 4.5 
mg of activated "superlipogenic supernatant" 
protein, and 7.5 mg of mitochondrial protein 
(unless otherwise indicated). When tritiated 

water incorporation into fatty acids was studied, 
labeled alanine was omitted, and each flask re- 
ceived ca. 3.75 mc of 3H-water. 

Fatty acids were extracted from the incu- 
bation medium after saponification, as de- 
scribed by Watson and Lowenstein (4). The 
extracts were evaporated to dryness in scintil- 
lation vials and counted in a toluene base 
scintillation fluid (0.01% p-bis[2-(5-phenyloxa- 
zolyl)]-benzene and 0.4% 2,5-diphenyloxazole) 
with a Packard Tri-Carb scintillation counter. 
Radioactive CO 2 was collected in hyamine 
hydroxide after acidification of the incubation 
medium (center wells from Kontes Glass Com- 
pany, Vineland, N.J.) and counted in the 
scintillation fluid described above. Results were 
analyzed for statistical significance by a two- 
tailed student's t test. 

Assay of Respiratory Control and State 3 Respiration 

State 3 respiration and the respiratory con- 
trol ratio always were assayed as a check on the 
integrity of the mitochondrial preparations (9). 
The incubation mixture used (5 ml) contained 
1125 /Jmoles of sucrose, 50 /Jmoles of Pi (pH 
7.4), 25 ~tmofes of MgC12, 100 omoles of KCI, 
100 /amoles of triethanolamine (pH 7.4), 25 
/Jmoles of glutamate, 25 ~moles of L-malate, 
and 10-12 mg of mitochondrial protein. Respi- 
ration was released with 1 /Jmole of adenosine 
diphosphate (ADP). 

Diet and Rats 

Male rats of the Wistar strain (185-250 g) 
were used in all experiments. The animals were 
maintained on stock colony diet (chow-fed), 
unless otherwise indicated. The high carbohy- 
drate, fat-free diet was 68% in sucrose, 21% in 
casein, 5% in alphacel cellulose, and supple- 
mented with salts and vitamins. The high fat, 
carbohydrate-free diet was 58% in corn oil 
margarine, 25% in casein, 1 I% in alphacel 
cellulose, and also supplemented with salts and 
vitamins. 

RESULTS 

The incorporation of labeled alanine into 
fatty acids by the cell-free system was roughly 
proportional to the mitochondrial protein con- 
centration of the incubation medium (Fig. 1). 
Typical time course studies are shown in Figure 
2 for the synthesis of labeled fatty acids and 
carbon dioxide. A lag was observed in the rate 
of  fatty acid formation which may reflect the 
time required for generation of a critical con- 
centration of citrate for fatty acid synthesis (4). 
In the studies shown in Figures 1 and 2, less 
incorporation of labeled alanine into fatty acids 
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FIG. 2. Time course study for fatty acid synthesis 
(o) and 14CO2 production (~) in the reconstituted 
system for liver mitochondria prepared from chow-fed 
(o,~) and 48 hr starved (o,A) rats. 

and c a r b o n  dioxide was n o t e d  when  m i t o c h o n -  
dria p repa red  f rom the  l iver of  48 hr  s tarved 
rats  were used to r e cons t i t u t e  f a t ty  acid syn the -  
sis. Since s ta t is t ical  eva lua t ion  of  this  d i f fe rence  
was highly desirable,  t e chn iques  were deve loped  
for  the  p r epa ra t i on  and  assay of up  to 12 
n f i tochondr i a l  p r epa ra t i ons  in a day. 

As shown  in Table  I, l iver m i t o c h o n d r i a  
p repared  f rom chow-fed  an imals  had  signifi- 
can t ly  greater  capac i ty  to  s u p p o r t  fa t ty  acid 
synthes is  t han  m i t o c h o n d r i a  p repa red  f rom 48 
hr  s tarved animals.  Likewise,  less convers ion  of  
labeled  a lanine  i n to  ca rbon  d ioxide  was ob- 
served. 

The  i n c o r p o r a t i o n  of t r i t i a t ed  wa te r  i n to  
f a t ty  acids was also s igni f icant ly  less w h e n  
m i t o c h o n d r i a  f rom s tarved an imals  were used  
to  r e cons t i t u t e  f a t ty  acid synthes is .  In an 
e x p e r i m e n t  involv ing  th ree  p repa ra t i ons  of  liver 
m i t o c h o n d r i a  f rom chow-fed  rats  and  th ree  
p repa ra t ions  f rom 48 hr  s tarved rats, m u c h  less 
t r i t i a t ed  wa te r  was i n c o r p o r a t e d  in to  f a t t y  acids 
w h e n  the  sys tem was r e c o n s t i t u t e d  w i th  mi to-  
c h o n d r i a  f rom s tarved rats  ( 1 8 7 0  + 330  
cpm/ f l a sk  for  chow-fed  vs. 840  -+ 140 cpm/ f l a sk  
for  s tarved,  P < 0.05).  In a n o t h e r  experi-  
m e n t  us ing single p repa ra t i ons  of  m i t o c h o n d r i a  
f rom chow-fed  and  48 hr  s tarved an imals  to  
r e c o n s t i t u t e  f a t t y  acid synthes is ,  t he  l a t t e r  
p r e p a r a t i o n  s u p p o r t e d  87% less t 4C-U-a lan ine  
i n c o r p o r a t i o n  in to  f a t t y  acids, 65% less t 4C- U_ 
a lanine  convers ion  to 14CO2,  and  74% less 
t r i t i a t ed  wa te r  i n c o r p o r a t i o n  in to  f a t t y  acids. 

TABLE I 

Reconstitution of Fatty Acid Synthesis 
with Liver Mitochondria 

Prepared from Chow-Fed and Starved Rats 

14C-U-Alanine t o :  
Mitochondrial 

source CO 2 Fatty acids 

nmoles/min/mg protein 

Chow-fed (4) 8.3 +- 0.96 a 0.98 +- 0.13 
Starved b (4) 3.2 + 0.18 0.22 + 0.03 
p < .01 < .01 

aStandard error of the mean. 
b r a t s  were starved for 48 hr prior to sacrifice. 

Re feed ing  48 hr  s tarved rats  w i th  a h igh  fat  
diet  for  48 hr  fai led to res tore  the  original  
capaci ty  of  the  m i t o c h o n d r i a  to  r econs t i t u t e  
fa t ty  acid synthes i s  (Table  II).  However ,  re- 
feed ing  s tarved rats  w i th  a h igh  c a r b o h y d r a t e  
diet  for  48 hr  largely r e s to red  the  capaci ty  of  
the  m i t o c h o n d r i a  to  s u p p o r t  f a t t y  acid syn- 
thesis in the  r e c o n s t i t u t e d  sys tem.  The  rate of 
14C-U-alanine o x i d a t i o n  to 1 4 C O  2 was  also 
greater  w i t h  l iver m i t o c h o n d r i a l  p r epa ra t i ons  
f rom animals  refed c a r b o h y d r a t e  r a the r  t han  fa t  
(Table  II). 

M i t o c h o n d r i a  p repa red  f rom the  livers of  
rats m a i n t a i n e d  on  a h igh  fa t  diet  for  six days 
were also defect ive  in r e c o n s t i t u t i n g  fa t ty  acid 
synthes is  (Table  III) ,  as were m i t o c h o n d r i a  
p r epa red  f rom a l loxan-d iabe t ic  rats  (Table  IV). 
Again, a decreased  capac i ty  to  oxidize  14C-U- 
a lanine to  c a r b o n  d iox ide  was n o t e d  wi th  these 
m i t o c h o n d r i a l  p repara t ions .  

DISCUSSI ON 

This  s tudy  was designed to  compa re  the  
capaci ty  of  l iver m i t o c h o n d r i a  p repa red  f rom 

TABLE II 

Reconstitution of Fatty Acid Synthesis with 
Liver Mitochondria Prepared from 

Chow-Fed, Fat-Refed and Carbohydrate-Refed Rats 

14C-U-Alanine t o :  
Mitochondria 

source CO 2 Fatty acids 

nmoles/min/mg protein 

Chow-fed (4) 8.3 -+ 0.96 a 0,98 +- 0.l 3 
Refed fat (4) b 2.4 + 1.1 c 0.23 +- 0.10 c 
Refed carbohydrate (3) b 5.2 +- 0.76 0.76 -+ 0.05 

aStandard error of the mean. 
bRats which had been starved for 48 hr were refed 

for 48 hr on either the high fat diet or the high carbo- 
hydrate diet described in the text. 

Cp < .01 from chow-fed mitochondria. 
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TABLE III 

Reconstitution of Fatty Acid Synthesis 
with Liver Mitoehondria 

Prepared from Chow-Fed and Fat-Fed Rats 

Mitochondrial 
source  

14C_U_Alanin e to: 

CO 2 Fatty acids 

nmoles/min/mg protein 

Chow-fed (4) 7.9 + 0.g6 a 0.79 -+ 0.06 
Fat-fed b (4) 2.0 + 0.25 0.19 + 0.03 
P < .001 < .001 

TABLE IV 

Reconstitution of Fatty Acid Synthesis 
with Liver Mitochondria 

Prepared from Chow-Fed and Alloxan-Diabetic Rats 

Mitochondrial 14C-U-Alanine to:  

source  CO 2 Fatty acids 

nmoles/min/mg prote in  

Chow-fed (6) 6.9 -+ 1.1 a 0.71 • 0.08 
Diabetic b (5) 3.0 + 0.3 0.36 + 0.04 
P < 0 . 0 2  < 0.02 

aStandard error of the mean. 
b ra t s  were maintained on a high fat diet for six 

days prior to sacrifice. 

animals  in var ious  me tabo l i c  s ta tes  to  recons t i -  
t u t e  f a t t y  acid syn thes i s  in a soluble  sys tem.  I t  
was f o u n d  t ha t  m i t o c h o n d r i a  p repa red  f rom 
liver t issue of  animals  wh ich  were b o t h  gluco- 
neogenic  and  ke togen ic  fai led to s u p p o r t  f a t ty  
acid synthes is  to  the  same e x t e n t  as mi to-  
c h o n d r i a  f rom chow-fed  or  h igh c a r b o h y d r a t e  
fed animals .  Thus,  m i t o c h o n d r i a  p repa red  f rom 
starved,  fat-fed,  s tarved and  refed fat ,  or 
a l loxan-diabe t ic  animals  appeared  defect ive  in 
capaci ty  to  r e cons t i t u t e  the  Wat son -Lowens t e in  
soluble  sys tem.  In o t h e r  words,  m i t o c h o n d r i a  
p repared  f rom liver, which  was actively engaged 
in the  process  of  de n o v o  l ipogenesis ,  reconst i -  
t u t e d  f a t t y  acid synthes i s  to  a m u c h  greater  
e x t e n t  t han  m i t o c h o n d r i a  p repa red  f rom liver 
more  act ively engaged in the  p r o d u c t i o n  of  
glucose and  k e t o n e  bodies.  These results  lead us 
to  p ropose  t h a t  the  m i t o c h o n d r i o n  undergoes  
me tabo l i c  a d a p t a t i o n s  which  in f luence  the  
capac i ty  of  these  organelles  to  s u p p o r t  the  
process  of  f a t t y  acid synthes is .  

T h r o u g h o u t  the  course  of  this  s tudy ,  m u c h  
cau t ion  was t aken  to  insure  t h a t  the  d i f ference  
n o t e d  be tween  n o r m a l  and  k e t o t i c  animals  was 
n o t  mere ly  a p p a r e n t  b u t  real. F o r  example ,  an 
er ror  in the  e s t ima t ion  of  the  p ro t e in  concen-  
t r a t i on  of  the  m i t o c h o n d r i a l  p r epa ra t i on  migh t  
expla in  the  results.  However ,  e s t ima t ion  of the  
p ro te in  c o n c e n t r a t i o n  by  the  Lowry m e t h o d  
(8)  gave the  same results  as r epo r t ed  here  us ing  
the  b iu re t  m e t h o d .  Likewise, co r r ec t i on  of  the  
b iu re t  m e t h o d  for  any  t u r b i d i t y  by the  potas-  
s ium cyan ide  m e t h o d  of  Keyser  and  Vaughn  
(10)  failed to  a f fec t  the  results  ob ta ined .  I t  also 
seemed conce ivab le  t h a t  the  m i t o c h o n d r i a l  
p repa ra t ions  f rom ke to t i c  animals  migh t  be 
c o n t a m i n a t e d  to a greater  e x t e n t  w i th  endo-  
plasmic re t i cu lum.  However ,  when  mi to -  
c h o n d r i a  and  mic rosomes  were p repa red  f rom 
i~ver of  n o r m a l  and  s tarved animals ,  b o t h  
m i t o c h o n d r i a l  p r epa ra t i ons  were cons i s t en t ly  
f o u n d  to  be c o n t a m i n a t e d  to  the  e x t e n t  of  ca. 

aStandard error of the mean. 
bDiabetic rats were produced by the iv injection 

of alloxan (40 mg/kg). Rats were maintained for one 
to  four weeks on adequate insulin to maintain normal 
blood glucose. Two days before sacrifice, insulin was 
withdrawn. Animals with blood glucose values greater 
than 300 mg % were used in this study. 

5%. Calcula t ions  were made  on  the  basis of  the  
mic rosoma l  m a r k e r  e n z y m e  glucose-6-phospha-  
tase us ing  the  specif ic  act ivi t ies  of  mic rosoma l  
p repa ra t ions  and  the  to ta l  act ivi t ies  of  mi to-  
chondr ia l  p repara t ions .  

The  s tudies  of  Watson and  Lowens t e in  (4)  
suggested t ha t  de n o v o  f a t t y  acid synthes is ,  
r a the r  t han  cha in  e longa t ion ,  was measured  by  
the  r e c o n s t i t u t e d  system.  This conc lus ion  was 
c o n f i r m e d  in the  p resen t  s tudy .  Part icle-free 
c y t o p l a s m  p repa red  f rom liver low in f a t ty  acid 
syn the t a se  and  acetyl  CoA carboxylase ,  e.g. 
s tarved animals,  fai led to s u p p o r t  f a t ty  acid 
synthesis .  Thus,  the  Wat son -Lowens t e in  recon-  
s t i t u t ed  sys tem can  be used  to  inves t iga te  the  
regu la tory  func t i on  of  the  m i t o c h o n d r i o n  in de 
novo  fa t ty  acid synthes is .  

There  also has been  m u c h  conce rn  dur ing  
the  course  of  this  s tudy  as to  w h e t h e r  the  
d i f f e rences  n o t e d  be tween  m i t o c h o n d r i a l  prep-  
ara t ions  were i nduced  dur ing  i so la t ion  o f  these 
organelles f rom the  tissue. P repa ra t ion  of  i n t a c t  
m i t o c h o n d r i a  f rom any  t issue is r ecogn ized  as 
more  of  an art  t h a n  a science,  m a k i n g  i so la t ion  
ar t i facts  very  d i f f icul t  to  rule out .  The mi to-  
c h o n d r i a  p repa red  for  this  s t u d y  were charac-  
ter ized by  high resp i ra to ry  c o n t r o l  rat ios ( f rom 
4-7), near ly  theo re t i ca l  A D P / O  rat ios  (greater  
than  2.5),  and  low in t r ins ic  ATPase activit ies.  
However ,  cons i s t en t ly  lower  r e sp i ra to ry  c o n t r o l  
rat ios,  s ta te  3 ra tes  of  resp i ra t ion ,  and  A D P / O  
rat ios were observed  wi th  m i t o c h o n d r i a  pre- 
pared  f r o m  k e t o t i c  animals.  These results  will 
be the  subjec t  of  a n o t h e r  c o m m u n i c a t i o n  wh ich  
will charac te r ize  these  m i t o c h o n d r i a  in grea te r  
detail  w i th  respect  to  b iochemica l  proper t ies .  In  
the  p re sen t  expe r imen t s ,  all m i t o c h o n d r i a  were 
p repa red  as qu ick ly  as possible  and  assayed 
i m m e d i a t e l y  for  the  capac i ty  to  r e cons t i t u t e  
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MITOCHON D RIA 

fatty acid synthesis. No evidence was found for 
any difference in the rate of aging of mitochon- 
dria prepared from livers of normal or starved 
rats. Other isolation procedures for liver mito- 
chondria currently are being explored to deter- 
mine whether the results obtained are a func- 
tion of the technique used to disrupt the liver. 
Although an exhaustive investigation has not 
been conducted yet, other isolation methods 
and conditions which yield relatively intact 
mitochondria appear to give results similar to 
those reported here. Therefore, no evidence has 
been found which would suggest that the 
difference noted between mitochondrial prepa- 
rations from normal and ketotic animals was 
induced during isolation of the mitochondria. 
However, definitive evidence against this possi- 
bility has not been obtained. 

The basis for the decreased capacity of 
mitochondria prepared from ketotic animals to 
reconstitute fatty acid synthesis remains to be 
established. The possibility that the results are 
due to greater dilution of the specific activity 
of the labeled precursors has been eliminated. 
The incorporation of tritiated water into fatty 
acids was found to be less with the mitochon- 
dria shown to be defective in reconstituting 
fatty acid synthesis from 14C_U_alanine. Since 
incorporation of water is not subject to dilution 
effects, less carbon clearly is incorporated into 
fatty acids in the presence of mitochondria 
prepared from the liver of starved, fat-fed, and 
diabetic animals. 

The interconvertible enzyme pyruvate dehy- 
drogenase of the mitochondrial matrix space 
may be involved in the difference reported here 
among mitochondrial preparations. This en- 
zyme has been shown by L i n n e t  al. (1 1) and 
Wieland et al. (12) to undergo interconversion 
between an active, dephosphorylated form of 
the enzyme and an inactive, phosphorylated 
form. Activation is catalyzed by a phosphatase; 
inactivation, by a protein kinase. Wieland et al. 
(13) have demonstrated that liver pyruvate 
dehydrogenase is largely in the inactive state in 
ketotic animals and has greater activity in 
normal animals. Thus, the results of the present 
study may be explained in part by the intercon- 
vertibility of the pyruvate dehydrogenase com- 
plex. Mitochondria prepared from starved, fat- 
fed, or diabetic animals could be expected to 
have a lower amount of active pyruvate dehy- 
drogenase. Indeed, this would account for the 
decrease in J4CO2 formation observed when 
mitochondria from these animals were used to 
reconstitute lipogenesis. Studies currently are 
being conducted in this laboratory on the 
pyruvate dehydrogenase activity of isolated 
mitochondria from normal and starved animals 
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(14). Initial studies have not been definitive 
because of difficulties encountered with the 
assay of this enzyme complex in liver mito- 
chondria. 

There are a number of other possible expla- 
nations which are under investigation. Citrate is 
the immediate precursor of cytoplasmic acetyl 
CoA needed for fatty acid synthesis (4). Citrate 
crosses the mitochondrial inner membrane on a 
citrate-malate antiport. Any defect in this 
transport system would be expected to curtail 
lipogenesis. Another possible mechanism in- 
volves the relationship between lipogenesis and 
the energy state of the cell. The mitochondria 
would appear to regulate the cytoplasmic phos- 
phate potential (ATP/ADP x Pi) which in turn, 
via equilibrium enzymes, influences and is 
influenced by the NAD + and NADP + redox 
states (15). Therefore, it appears conceivable 
that a difference in the cytoplasmic phosphate 
potential maintained by a given mitochondrial 
preparation might have a profound influence 
upon metabolic processes, such as fatty acid 
synthesis. One reason this should be considered 
as a possibile regulatory feature is that mito- 
chondria prepared from ketotic animals have 
been found to have lower respiratory control 
and ADP/O ratios (14). The stimulatory effect 
of mitochondria on acetate incorporation into 
fatty acids in a cell-free system reported by 
Bhaduri and Srere (2) and Iliffe and Myant (3) 
also may be relevant. The acetyl CoA carbox- 
ylase step was made rate-limiting by the rate 
of ATP production by the mitochondrion (3). 
The capacity of various mitochondrial prepa- 
rations to maintain the phosphate potential of 
the reconstituted system currently is being 
investigated in this laboratory. 

Would such an apparent defect in mitochon- 
drial function, as demonstrated in the present 
study, be physiologically important? It is be- 
lieved that the rate limiting step of fatty acid 
synthesis is catalyzed by acetyl CoA carbox- 
ylase. However, there are very important meta- 
bolic adaptations which occur among the other 
enzymes involved in fatty acid synthesis (see 
[ 16] for a review of pertinent literature). It is 
proposed here that although the changes may 
be less marked than those that occur in the 
cytosol, the liver mitochondrion also may 
undergo metabolic adaptation with respect to 
its capacity to support lipogenesis. 
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Stimulation of Ion Transport by Phosphoglyceridesl 
ROBERT A. HARRIS 2 and BARBARA FARMER, Department of Biochemistry, 
Indiana University School of Medicine, Indianapolis, Ind. 46202 

ABSTRACT 

Phosphoglyceride extracts of beef 
heart mitochondria stimulated the trans- 
port of cations and "permeable" anions 
across a membrane barrier of chloroform 
in a U-tube. Neutral lipids fractionated 
from total lipid extracts of heart mito- 
chondria were essentially void of trans- 
port activity. Remarkable differences 
were noted between the capacity of the 
various phospholipids to support trans- 
port of ions in the U-tube system. 

INTRODUCTION 
The importance of phosphoglycerides with 

respect to membrane phenomena has been of 
interest for over four decades (1,2). The struc- 
ture and function of biological membranes are 
determined in large part by phosphoglycerides 
(3-5). Because of the inherent capacity to form 
bilayers with permeability characteristics simi- 
lar to natural membranes, these lipids have long 
been considered a determinant of membrane 
permeability. The nonpolar tails of the phos- 
phoglycerides associate within bilayers and bio- 
logical membranes to form a "hydrophobic 
core," with limited permeability to cations and 
anions. Also, because they form lipid-soluble 
undissociated salts with various cations, phos- 
phoglycerides repeatedly have been suggested as 
participating possibly in cation transport (6,7). 

The present study was prompted primarily 
by the report by Blondin et al. (8) of the 
isolation of a neutral ionophore from beef heart 
mitochondria. Initial efforts in this laboratory 
to purify this ionophore have not  been success- 
ful; however, a number of phosphoglycerides 
have been found to transport ions across a 
nonpolar membrane phase used in our labora- 
tory to assay for ionophores. Since both neutral 
and anionic ionophores are also active in the 
assay system used, the observations are relevant 
to the role phosphoglycerides may play as ion 
carriers. 

METHODS AND MATERIALS 

Lipids 
Total lipid was extracted from isolated beef 

1This research was supported in part by USPHS 
specialized center grant HL-14159 and a grant from 
the Indiana Heart Association. 

2present address: Metabolic Research Laboratory, 
Nuffield Department of Clinical Medicine, Radcliffe 
Infirmary, Oxford, England. 

heart mitochondria essentially as described by 
Rouser and Fleischer (9). Neutral lipids were 
separated from phosphoglycerides by silicic 
acid chromatography as described previously 
(10). Individual phosphoglycerides were puri- 
fied by chromatography on silicic acid and 
diethylanfinoethyl ( D E A E )  cellulose as de- 
scribed by Rouser et al. (11). Purity of the 
fractions was established by thin layer chroma- 
tography (TLC) (12) with Silica Gel H plates 
prepared in 1 mM Na2CO 3 and develbped in 
CHCI3-MeOH-HOAC-H 20  (80:13 : 8: 0.3). Spots 
were detected by charring after exposure of the 
plates to a 0.6% solution of sodium dichromate 
in 55% (by wt) sulfuric acid. Lipids were 
applied to the plates in quantities which al- 
lowed the detection of 1% impurity. The 
cardiolipin and choline phosphoglyceride prepa- 
rations used in this study were chromato- 
graphically homogeneous. Ethanolamine phos- 
phoglyceride was 5% contaminated with other 
phospholipids (probably cardiolipin and serine 
phosphoglyceride). In some studies, chromato- 
graphically homogeneous cardiolipin prepared 
from beef hearts by Sylvana Chemical Co., 
Orange, N.J. was used. Sphingomyelin was a 
product of General Biochemicats, Chagrin Falls, 
Ohio. Inositol phosphoglyceride was a chro- 
matographically homogeneous product from 
plants (Applied Science Laboratories, State 
College, Pa.). A sample of nigericin (free acid) 
was provided by D. Wong (Eli Lilly Co., 
Indianapolis, Ind.). Valinomycin was purchased 
from Calbiochem (California). Ketamine hydro- 
chlor ide  ("Ketalor"; 2-[0-chlorophenylJ-2- 
[methylamino] cyclohexanone hydrochloride) 
was obtained from Park-Davis Laboratories. 
Experimental System 

The U-tube system developed by Pinkerton 
et al. (13) was adapted for these studies. The 
apparatus consisted of a U-tube (Ace Glass, 150 
ram) which had two 5 ml aqueous layers 
separated by 20 ml of chloroform. A typical 
experiment consisted of placing chloroform in 
the U-tube along with the test substance, e.g. a 
neutral ionophore or various lipid fractions. 
Then a solution 0.15 M in KC1 and 0.1 mM in 
potassium picrate, pH 7.0, was placed in the 
left arm of the U-tube; distilled deionized water 
was placed in the right arm. A Dubnoff shaking 
water bath operated at room temperature at 80 
cycles/min was used to create a rocking motion 
of the contents of the tubes. The concentration 
of picrate in the aqueous compartments was 
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TABLE I 

Stimulation of K + and Picrate Transport 
by Valinomycin and Nigericin 

Transported species 

Test Picrate Potassium 
substance a nmoles in 14 days 

None 51 0 
Valinomycin 458 1005 
Nigericin 347 975 

aU-tubes contained two aqueous compartments (5 
ml) separated by 20 ml chloroform. The left solution 
was 0.15 M in KC1 and 0.1 mM in potassium picrate at 
pH 7.0. The right side contained 5 mt deionized dis- 
tilled water. Additions: 0.2 ~tmoles of valinomycin; 0.5 
#moles of nigericin (free acid). Results are expressed as 
the average of duplicate U-tubes, Expt. 62871. 

d e t e r m i n e d  by the a b s o r b a n c e  at 356 n m  and  
the mola r  e x t i n c t i o n  coef f ic ien t  of  13 ,700 (14).  
Sod ium and  po ta s s ium were d e t e r m i n e d  wi th  
an a tomic  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  (In-  
s t r u m e n t a t i o n  L a b o r a t o r y  Model  No. 153). 

RESULTS 

Stimulation of Picrate Transport by Ionophores 

P i n k e r t o n  et  al. (13)  d e m o n s t r a t e d  t ha t  
va l i nomyc in  would  br ing  a b o u t  the t r a n s p o r t  of  
p icra te  against  a c o n c e n t r a t i o n  g rad ien t  in a 
U-tube wi th  a c t t lo ro form barrier .  The results  
given in Table  I are cons i s t en t  w i th  these  
obse rva t ions  and  d e m o n s t r a t e  t h a t  the  an ionic  
i o n o p h o r e  niger ic in  also will s u p p o r t  p icra te  
t r anspor t .  Since 500 n m o l e s  picra te  were placed 
in 5 ml of  0.15 M KC1 in the  lef t  arm of the  
U- tube ,  p icra te  was t r a n s p o r t e d  against  a con-  
c e n t r a t i o n  grad ien t  a f te r  250  nmoles  of  p ic ra te  
appeared  in the  5 ml of  dist i l led wate r  p re sen t  
in the  r ight  a rm of  the  U-tube.  A l t h o u g h  b o t h  
i o n o p h o r e s  s t imula te  K + t r anspor t ,  t he re  is a 
basic d i f ference  in the  t r a n s p o r t  m e c h a n i s m s  
since n iger ic in  carries a negat ive  charge (14-17) ,  
whereas  va l i nomyc in  is a neu t r a l  i o n o p h o r e  (see 
Discussion).  

Pierate Transport by Phosphoglycerides 

Tota l  l ipids ex t r ac t ed  wi th  c h l o r o f o r m - m e t h -  
anol  f rom bee f  h e a r t  m i t o c h o n d r i a  also were 
f o u n d  to  s t imula te  p icra te  and  K + t r ans loca t ion  
in the  U- tube  sys tem (Table  II).  F r a c t i o n a t i o n  
o f  the total l ipid e x t r a c t  i n to  neu t ra l  l ipid and  
phosphog lyce r ide  f rac t ions  by silicic acid chro-  
m a t o g r a p h y  d e m o n s t r a t e d  t h a t  the  t r a n s p o r t  
m e d i a t i n g  act iv i ty  res ided a lmos t  en t i re ly  wi th  
the  phosphog lyce r ide  f rac t ion .  F r a c t i o n a t i o n  of  
t h e  m i t o c h o n d r i a l  phosphog lyce r ides  i n to  
m a j o r  c o m p o n e n t s  revealed t ha t  cardiol ip in ,  
e t h a n o l a n l i n e  phosphog lyce r ide ,  inos i to l  phos-  

TABLE ti 

Stimulation of K + and Picrate Transport by 
Total Lipid Extracts, Pbospboglyceride 

Extracts, and Purified Phospholipids 

Transported species 

Test Picrate Potassium 
substancea nmoles in 14 days 

None 51 0 
HBHM total lipids 361 835 
HBHM neutral lipids 54 0 
HBHM phospholipids 345 640 
Cardiolipin 465 7830 
Ethanolamine phosphoglyceride 342 1415 
Inositol phosphoglyceride 405 1665 
Phosphatidic acid 319 2310 
Choline phosphoglyceride 112 273 
Sphingomyelin 25 70 

aU-tube system described in Table 1 was used. Ten 
mg of each lipid or lipid fraction was added to the 
chloroform layer. Results are expressed as the average 
of duplicate tubes except for the U-tubes containing 
inositol pbosphoglyceride and phosphatidic acid where 
the amounts needed were not available. Expts. 62871 
and 71671. 

phoglycer ide ,  and  cho l ine  phosphog lyce r i de  
were active to  va ry ing  degrees for  p ic ra te  
t r a n s p o r t  (Table  II). The  m i n o r  c o m p o n e n t s  
t es ted  (phospha t i d i c  acid and  sph ingomye l in )  
also exh ib i t ed  act ivi ty.  U n d e r  the  cond i t i ons  of  
these  expe r imen t s ,  cardio l ip in ,  inosi to l  phos-  
phoglycer /de ,  e t h a n o l a m i n e  phosphog lyce r ide ,  
and  phospha t i d i c  acid were m u c h  more  active 
t h a n  chol ine  phosphog lyce r ide  or sph ingomye-  
lin. This re la t ionsh ip  was also a p p a r e n t  in  a 
t ime  s tudy  (Fig. 1). T r a n s p o r t  of  p ic ra te  against  
a c o n c e n t r a t i o n  g rad ien t  was observed  wi th  
card io l ip in  and  e t h a n o l a m i n e  phosphog lyce r ide  
bu t  cou ld  n o t  be d e m o n s t r a t e d  wi th  chol ine  
phosphog lyce r ide .  Lipid p e r o x i d a t i o n  was n o t  a 
f ac to r  because  e x p e r i m e n t s  c o n d u c t e d  u n d e r  a 
f lowing n i t rogen  a t m o s p h e r e  gave results  s imilar  
to  those  r epo r t ed  in Table  II. 

Table  III d e m o n s t r a t e s  t h a t  l i t t le  p icra te  
a ccumula t ed  in the  c h l o r o f o r m  bar r ie r  when  
va l i nomyc in  and  card io l ip in  were used  to s t imu-  
late t ranspor t .  On the o t h e r  hand ,  large 
a m o u n t s  of p icra te  appea red  in the  c h l o r o f o r m  
wi th  chol ine  phosphog lyce r ide  as the  tes t  car- 
rier. High c o n c e n t r a t i o n s  of  k e t a m i n e ,  a second-  
ary amine  w i t h  general  anes the t i c  p roper t i es ,  
i n h i b i t e d  p icra te  t r a n s p o r t  in  the  U- tube  sys tem 
by car ry ing  essent ia l ly  all of  the  picra te  i n to  the  
c h l o r o f o r m  phase.  E t h a n o l a m i n e  phosphog lyc -  
eride b o u n d  a s ignif icant  a m o u n t  of the  p icra te  
in the  c h l o r o f o r m  phase  b u t  m u c h  less t h a n  
chol ine  phosphog lyce r ide .  

StimuMtion of Countertransport by Cardiolipin 

Cardiol ip in  was shown  to  s t imula te  c o u n t e r  

LIPIDS, VOL. 8, NO. 12 
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FIG. 1. Time course of picrate transport by puri- 
fied phosphoglycerides. U-tubes contained two aque- 
ous compartments  separated by 20 ml chloroform. 
The left solution was 0.15 M in KC1 and 0.1 mM in 
potassium picrate at an initial pH of  7.0. Right side 
contained 5 ml deionized, distilled water. Chloroform 
layer contained: (z~, cardiolipin (24.4 mg); (~), etha- 
nolamine phosphoglyceride (25 mg); (o), choline 
phosphoglyceride (26 mg); or (o), no additions. 
Results are expressed on the basis of  the per cent o f  
the total picrate on the left side that  was transported 
to the right aqueous compartment .  Expt.  2271H. 

TABLE III 

Accumulation of Picrate into the Chloroform 
Barrier of the U-tube in the Presence 

of  Valinomycin and Various Phospholipids 
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Picrate 
transported into:  

Test CHC13 H20  layer 
substance a nmoles in 9 days 

exchange of Na + and K + across a chloroform 
barrier in the experiment summarized in Table 
IV. This exchange activity also could be demon- 
strated with the other phosphoglycerides which 
were active in the transport system containing 
picrate. 

DISCUSS1 ON 

Stimulation of Transport Across a Bulk Phase by 
Valinomycin and Nigeriein 

As e s t a b l i s h e d  by  the  w o r k  o f  o t h e r s  
(13 -18 ) ,  v a l i n o m y c i n  s u p p o r t s  t r a n s p o r t  in t h e  
U - t u b e  s y s t e m  u s e d  in th i s  s t u d y  by  t h e  
f o l l o w i n g  m e c h a n i s m .  T h e  n e u t r a l  i o n o p h o r e  
m o l e c u l e  c o m b i n e s  w i t h  K + to  f o r m  a c h a r g e d  
b ina ry  c o m p l e x  w h i c h  in t u r n  c o m b i n e s  w i t h  
the  p r o p e r  a n i o n  to  f o r m  a n e u t r a l  m o l e c u l e  
so lub le  in t he  c h l o r o f o r m  m e m b r a n e  phase .  
Ch lo r i de  a n d  a c e t a t e  are  n o t  su i t ab le  an ions  
b u t  p i c r a t e  a n d  a n u m b e r  o f  o t h e r  l i p o p h i l i c  
an ions  o f  s t r o n g  ac ids  (e.g. 8 - a n i l i n o - l - n a p h t h a -  
lene  s u l f o n a t e )  will  f u n c t i o n  to  n e u t r a l i z e  t h e  
cha rge  o f  t he  v a l i n o m y c i n - K  + c o m p l e x .  S ince  
K + a n d  p i c ra t e  are  t r a n s p o r t e d  t o g e t h e r  w i t h -  
o u t  t he  t r a n s p o r t  o f  c h l o r i d e ,  a c o n c e n t r a t i o n  

None < 5 20 
Valinomycin 19 398 
Car diolipin < 5 322 
Ethanolamine phosphoglyceride 86 208 
Choline phosphoglyceride 346 65 
Ketamine 453 28 

aExperimental  design is described in the legend of 
Figure 1. Other additions were: 0.5 gmoles of  valino- 
mycin; and 2.5 mg of  ketamine (to the right hand side 
only). Chloroform values were obtained from the dif- 
ference between the total picrate minus that  accounted 
for in the left and right band sides. Expts. 20971 and 
22771. 

gradient of KC1 will drive the accumulation of 
picrate against its concentration gradient 
(13,15). 

The mechanism of stimulation of transport 
by anionic ionophores, such as nigericin, stands 
in contrast to that of neutral ionophores 
(13-18). The anionic ionophores combine with 
either a cation or a proton to form a neutral 
complex soluble in the chloroform membrane 
phase. Although nigericin does not combine 
with picrate, it brought about the accumulation 
of picrate against a concentration gradient 
under the conditions of this study. Two mecha- 
nisms can be proposed as possible explanations 
for these results: (a) countertransport of pro- 
tons for potassium by nigericin will result in the 
establishment of a pH gradient. As the pH on 
the left side decreases, picric acid forms. The 
latter would be soluble in chloroform and 

TABLE IV 

Stimulation of Countertransport  
of Na + and K + by Cardiolipin 

Transported ion b 

Na + K + 
Test 

substance a /amoles in 14 days 

None 3.55 0.45 
Car diolipin 48.7 59.4 

aThe left solution (5 ml) of the U-tube was 150 
mM in KCI. Tile right solution (5 ml) was 150 mM in 
NaC1. Cardiolipin (11.4 ~moles) was added t o  the chlo- 
roform layer (20 ml). 

bRefers to either the amount of Na + appearing in 
the side of the U-tube originally charged with KCI or 
the amount  of  K + appearing in the side of  the U-tube 
originally charged with NaCI. Expt.  62971F. 
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would migrate across the barrier to react with 
the hydroxyl ion on the other side of the 
chloroform phase to yield picrate; (b) transport 
of potassium across chloroform by nigericin 
down a substantial concentration gradient 
would be expected to produce a potential 
across the chloroform layer, positive on the 
right side and negative on the left. The result 
would be a driving force for the movement of 
picrate across the chloroform barrier. In our 
opinion, further studies are required to differ- 
entiate between these two mechanisms. 

Possible Transport Mechanisms of Phosphoglycerides 

Phosphoglycerides have been shown in this 
study to support the transport of K +, Na +, and 
picrate across a chloroform barrier. The evi- 
dence suggests that the mechanism may be 
similar to that of nigericin, i.e. cations are 
carried by the phospholipid, whereas anions are 
either transported as the neutral species on a 
pH gradient or driven by a potential produced 
by the movement of cations down a large 
concentration gradient. Support for this comes 
from the following observations. (a) Only 
those phosphogiycerides which would have the 
same charge (negative) as nigericin at physiolog- 
ical pH were active as carriers. (The inactive 
lipids tested included choline phosphoglyceride 
and sphingomyelin, which are zwitter ions, and 
a number of neutral lipids, which are not 
charged. Acidic impurities [-see Methods] may 
have made the ethanolamine phosphoglyceride 
behave as an acidic lipid.) (b) The phosphoglyc- 
erides catalyzed Na + and K + counterexchange 
across a chloroform barrier, as would be ex- 
pected if there was not  a high degree of 
specificity for the nature of the cation. Indeed, 
the studies of Schulman et al. (19,20) a number 
of years ago clearly demonstrated that phos- 
phoglycerides would stimulate countertransport 
of Na + and K + across an organic solvent barrier. 
In the present study, no evidence was found for 
the presence of neutral or cationic ionophores 
in lipid extracts of beef heart. A cationic 
ionophore would not be expected to support 
picrate transport against a concentration gradi- 
ent, as was observed under the conditions used 
in this study. The possibility that the phospho- 
glycerides were contaminated by a neutral 
ionophore is difficult to rule out, but this seems 
unlikely. 

An alternative mechanism would be that 
electrolytes might be transported by the lipid in 
the form of aqueous pockets within polymeric 
lipid structures. Phase inversion of the lipid at 
the interface surfaces would allow uptake and 
release of the salts in the aqueous compart- 
ments. By this mechanism, the tendency of the 

lipid for phase invel~ion would be a critical 
determinant of the capacity of the various 
lipids to support transport. Lipids which did 
not invert readily at the interfaces would not be 
expected to support transport by this mecha- 
nism. 

Thus, it is obvious that additional studies 
must be carried out to establish the basis for 
the transport of ions by phosphoglycerides 
demonstrated in the present study. It  would be 
of great interest to determine whether chloride 
is transported under the conditions used and to 
establish the stoichiometry between total ca- 
tion, proton, anion, and hydroxide transport. 

Perhaps the most interesting observation 
made in the present study was the vast differ- 
ence in the capacity of purified phosphoglycer- 
ide fractions to support ion transport. Thus, 
cardiolipin was found to be much more active 
than the other phosphoglycerides, whereas 
phosphoglycerides, which would be net neutral 
at physiological pH, were essentially inactive. 
The low activity exhibited by the neutral 
phosphoglycerides possibly can be explained by 
the presence of impurities, e.g. acidic phospho- 
glycerides. The exact basis for the difference in 
capacity of the individual phosphogiyceride 
must await further experimentation to establish 
the mechanism responsible for ion transport by 
phosphogiycerides in the U-tube system. 

Is Transport by Phosphoglycerides a Meaningful Physi- 
ological Phenomenon? 

An important point to be considered is how 
membranes can be selectively permeable if 
phosphoglycerides have the capacity to support 
rather nonspecific transport and countertrans- 
port. This consideration argues that phospho- 
giycerides could not be involved in ion 
transport at the level of biological membranes. 
If this is the case, how are phosphogiycerides 
controlled from participating in counter- 
transport? Obviously, there is a need to study 
in detail the specificity of the transport stimu- 
lated by various phosphogiycerides. In this 
context, it is interesting to note that some 
specificity in the binding of monovalent cations 
has been observed for anionic lipids. Abramson 
et al. (21) and Breyer (22) have demonstrated a 
greater relative affinity (about 2:1) for K + over 
Na + by the sulfate group of sulfatides. On the 
other hand, phosphatidic acid and serine phos- 
phoglyceride bind Na + in some preference to 
K + (21,23). 

The transport of cations and anions by 
phosphoglycerides and ionophores took place 
at a slow rate in the system used in this study. 
The membrane phase used was some 20 cm in 
thickness, in contrast to 75 + 25 A biological 
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membranes. In addition, phosphoglycerides 
comprise 20-55% of the dry wt of biological 
membranes, yet were active in the membrane 
phase of the U-tubes at low concentrations. 
Clearly, there seems some justification for 
considering the notion that phosphoglycerides 
can play an active role in determining mem- 
brane permeability to charged molecules. 
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Effects of Ethanol on Membrane Lipids III. Quantitative 
Changes in Lipid and Fatty Acid Composition of Nonpolar 
and Polar Lipids of Mouse Total Liver, Mitochondria and 
Microsomes Following Ethanol Feeding1 
JOSEPH N. MICE/I, Department of Pharmacology, School of Medicine, New York 
University Medical Center, New York, New York 10016, and WILLIAM J. FERRELL, 2 
Department of Pathology, The University of Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

The effects of ethanol on the total, 
nonpolar, and polar lipids of whole liver, 
mitochondria, and microsomes have been 
evaluated. Differences in the fatty acid 
composition of various lipid subclasses 
have been compared in control and eth- 
anol treated mice. On the whole polyun- 
saturated fatty acids, especially arach- 
i d o n i c  (20:4) and docosahexaenoic 
(22:6), were found to decrease. The 
significance of an enzymatic mechanism 
vs. a peroxidative mechanism to explain 
the results is discussed. Decreases also 
were observed in the ratios of arach- 

1The research  descr ibed here in  was c o n d u c t e d  
while the au t ho r s  were  associa ted  w i th  the  Univers i ty  
o f  Det ro i t ,  Det ro i t ,  Mich. a n d  represen ts  par t  o f  the 
w o r k  s u b m i t t e d  by J .N.  Miceli in partial  fu l f i l lmen t  of  
the r e q u i r e m e n t s  for  the Ph.D. degree .  

2 A u t h o r  to w h o m  rep r in t  reques t s  shou ld  be 
addressed.  

i d o n a t e / l i n o l e a t e  following ethanol 
feeding. These changes are thought to be 
associated with decreases in the activity 
of the chain elongation-desaturation 
system. 

INTRODUCTION 

Both the size and the number of rat liver 
mitochondria have been shown to be affected 
by ethanol (1). In addition changes in fatty acid 
composition have been associated with mem- 
brane stability (2-4). Thus, it would seem that 
ethanol may have an effect on membrane 
structure and function, and this effect may be 
on changes in lipid composition. Liver triglycer- 
ide (TG) levels are reported to be influenced 
by the amount of ethanol given and the 
duration of exposure (5,6). On the other hand, 
Fallen et al. (7), found no increase in liver TG 
following the administration of ethanol. French 
et al. (8), studied the effects of ethanol on the 
important membrane constituents cholesterol 

T A B L E  I 

Per Cent  Dis t r ibut ion  o f  Nonpo la r  Lipid and Polar Lipid in 
in Tota l  Liver,  Mi tochondr ia ,  a nd  Microsomes ,  of  Cont ro l  a and E th an o l  Fed Mice b 

Tota l  liver Mi tochondr i a  Microsomes  

Lipid Cont ro l  Alcohol  Cont ro l  Alcoho l  Contro l  Alcoho l  

NPL 
T G  60.4 38.6 48.7 33.8 40.5 11.9 
DG 11.7 10.6 22 .6  16.8 14.1 13.0 
CE 21.6  45 .4  22 .3  46 .4  40 .4  64. I 
C 5.6 4.3 5.1 1.9 4.0 7.6 
F F A  0.7 0.8 1.1 1.0 1.0 2.3 

R e m a i n d e r  - -  0.3 0.2 0,1 - -  1.1 
PL 

CPG 49.2 46 .4  63.8 65.5 43.1 35.7 
EPG 26.6 21 .8  28.2 19.6 42 .7  18.2 
DPG 8.8 16.1 0.8 2.6 4.2 31.4 
SPG 5.1 2.3 0.8 3.5 3.3 4.9 
CLPG 4.0 7.8 2.2 0.7 1.8 5.9 
SM 3.6 1.1 1.1 4.0 2.3 2.8 

R e m a i n d e r  2.7 4.1 1.1 4.1 2.6 1.1 

aValues  t aken  f r o m  Ref. 19. 

b N P L  = nonpo la r  lipid, T G  = t r ig lycer ide ,  DG = diglycer ide,  CE = choles terol  esters,  C = 
choles tero l ,  F F A  = free f a t t y  acids, PL = polar  lipid, CPG = choline phosphog lyce r ide ,  EPG 
= e t h a n o l a m i n e  phosphog lyce r ide ,  DPG = d iphospha t idy l  g lycerol  (cardiol ip in) ,  SPG = ser- 
ine phosphog lyce r ide ,  CLPG = chol ine  t y sophosphog lyce r ide ,  and SM = sph ingomye l in .  
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ETHANOL EFFECTS ON MEMBRANE LIPIDS 

TABLE I1 

Lipid Content of Total Liver Mitochondria and 
Microsomes from Control and Ethanol Fed Mice 

Lipid Wt (mg) a 

723 

Tissue sample TL NPL PL Remainder b 

Total liver 
Control 1549 805 720 24 
Alcohol l "/47 1200 540 7 
Wt change +198 +395 -180 -17 
Per cent of total +12.8 +25.5 -11.6 -1.1 

Mitochondria 
Control 500 190 245 65 
Alcohol 383 214 147 22 
Wt change - 117 +24 -98 -43 
Per cent total -23.4 +4.8 -19.5 -8.6 

Microsomes 
Control 416 174 211 31 
Alcohol 316 133 172 11 
Wt change -100 -41 -39 -20 
Per cent of total -25.1 -9.8 -9.4 -4.8 

awt are the total wt obtained from each group of 20 mice. TL = total lipid, NPL = non- 
polar lipid, and PL = polar lipid. 

bResults from less than 100% recovery from column separations. 

(C) and  c h o l e s t e r o l  es ters  (CE).  N o  d i f f e rences  
were  f o u n d  b e t w e e n  c o n t r o l  and  e t h a n o l  fed  
an imals .  

In  an ima l s  fed  e t h a n o l  fo r  21 days ,  Fa l len  et 
al. (9)  f o u n d  n o  change  in t o t a l  l iver po la r  l ipids 
or  e t h a n o l a m i n e  p h o s p h o g l y c e r i d e  (EPG) ,  whi le  
L ieber  et al. ( 10 )  o b s e r v e d  inc reases  in b o t h  o f  
these  u n d e r  s imilar  c o n d i t i o n s .  

Recen t ly ,  ev idence  was  p r e s e n t e d  f o r  a 
decrease  in the  p o l y u n s a t u r a t e d  f a t t y  acids o f  
ra t  l iver m i t o c h o n d r i a  l ipids  f o l l o w i n g  acu te  
e t h a n o l  i n t o x i c a t i o n  (11) .  Earl ier  f ind ings  (12)  
sugges ted  t h a t  in  e t h a n o l - t r e a t e d  ra ts  a pe rox i -  
dative d e c o m p o s i t i o n  o f  liver m i t o c h o n d r i a  

l ipids m a y  have o c c u r r e d .  A decrease  in p o l y u n -  
s a t u r a t e d  f a t t y  acids c o u l d  be indica t ive  o f  an 
in vivo p e r o x i d a t i v e  b r e a k d o w n ,  s ince these  
acids w o u l d  be  m o s t  su scep t ib l e  t o  th is  m e c h -  

an i sm.  
One  c a n n o t  e x c l u d e  the  poss ib i l i ty  o f  in- 

c reased  p h o s p h o l i p a s e  ac t iv i ty  f o l l o w i n g  e th-  
anol  t r e a t m e n t .  R e c e n t l y  ev idence  was  pre-  
s en t ed  s h o w i n g  an  inc rease  in p l a s m a l o g e n a s e  
act ivi ty  in m o u s e  l iver  a f te r  e t h a n o l  feed ing  
(13) .  O t h e r  data  (14 )  sugges t ing  t h a t  t he  po la r  
l ipid c o m p o s i t i o n  did n o t  change  a f t e r  f eed ing  
e t h a n o l  w o u l d  a rgue  aga ins t  t h e  p h o s p h o l i p a s e  
h y p o t h e s i s .  H o w e v e r ,  in  an  ear l ier  p a p e r  we 

TABLE llI 

Effects of Ethanol on the Milligrams of Major Nonpolar Lipids and Polar Lipids in Mouse Livera 

NPL PL 

Tissue sample DG TG CE EPG CPG DPG 

Total liver 
Control 94 488 174 196 354 63 
Alcohol 127 463 545 118 250 87 
Wt change +33 -25 +369 -78 -104 +24 
Per cent of total +2.1 -1.6 +23.8 -5.0 -6.7 +1.5 

Mi*,ochondria 
Control 43 93 42 69 156 
Alcohol 36 72 99 29 96 
Wt change -7 -21 +57 -40 -80 
Per cent of total - 1.4 -4.2 + l 1.4 -8.0 - 16.0 

Microso mes 
Control 25 71 70 87 89 9 
Alcohol 17 16 85 31 62 54 
Wt change -8 -65 +15 -56 -17 +45 
Per cent of total -1.9 -15.6 +3.6 -13.5 -4.1 +10.8 

aValues given are for each group of 20 mice. Only lipids which represented 10% or more of either 
subfraction are considered. See footnote b, Table I for abbreviations. 
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T A B L E  IV 

Changes  in the  Mil l igrams o f  F a t t y  A c i d s  in Mouse  T o t a l  Liver  L ip ids  a 

F a t t y  ac id  CE D G  T G  E P G  CPG DPG Tota l s  

S a t u r a t e d  
1 4 : 0  C 7 18 3 28  

A 10 10 7 27  
Per cen t  c h a n g e  b +3 .2  -2 .2  + 6 . 3  0 c 

16 :0  C 49  18 97  59 66 8 2 9 7  
A 68  32 85 23  42 17 2 6 7  
Per cen t  c h a n g e  + 1 0 . 9  + 1 4 . 9  -2 .4  -18 .4  -6 .8  + 1 4 . 3  -1 .9  

1 8 : 0  C 5 19 33 25 3 89 
A 32 41 18 75  8 174  
Per cen t  c h a n g e  + 2 8 . 7  +4 .5  -7 .6  +14 .1  +7 .9  +5 .5  

2 0 : 0  C 7 7 
A 0 0 
Per cen t  c h a n g e  -7 .4  -0 .4  

U n s a t u r a t e d  
16:1 C 13 4 41 18 6 82 

A 39 8 16 5 3 71 
Per cen t  c h a n g e  + 1 4 , 9  +4 .2  -5.1 -3 .7  -4 .8  -0 .7  

18:1 C 60 31 155  32 76  8 362  
A 2 5 0  30 135 8 50 7 4 8 0  
Per cen t  c h a n g e  + 1 0 9 , 2  -1.1 -4.1 -12 .2  -7 .3  -1 .6  +4 .7  

18:2  C 2 0  128  10 7 29  194  
A 85 117  19 10 36  2 6 7  
Per cen t  c h a n g e  + 3 7 . 3  -2 .2  +4 .6  + 0 . 8  + 1 1 . 1  + 4 . 7  

2 0 : 4  C 10 37 75 5 127  
A 3 20 39 2 6 4  
Per cen t  c h a n g e  -7 .4  -8 .7  -10 .2  -4 .8  -4.1 

2 2 : 6  C 9 10 32 51 
A 0 6 0 6 
Per cen t  c h a n g e  -9 .6  -2 .0  -9 .0  -2 .9  

aVa lue s  given are f o r  e a c h  g r o u p  o f  2 0  mice  a n d  r e p r e s e n t  the  average  o f  f o u r  e x p e r i m e n t s .  C = 
c o n t r o l ,  A - a l c o h o l ;  see f o o t n o t e  b,  T a b l e  I fo r  o t h e r  a b b r e v i a t i o n s .  

bRe la t i ve  to  the  t o t a l  a m o u n t  ( f r o m  Tab le  III) o f  l ip id  subc lass  in q u e s t i o n ,  i.e.,  c h o l e s t e r o l  es ters ,  
d ig lyce r ide ,  e tc .  p r e sen t  in the  c o n t r o l  g r o u p .  O n l y  f a t t y  ac ids  r e p r e s e n t i n g  5% or  m o r e  f r o m  each  
g r o u p  are  c o n s i d e r e d .  

CThe p e r c e n t a g e s  given in th i s  c o l u m n  are  re la t ive  to  t he  c o n t r o l  t o t a l  l ip id  va lues  f r o m  Tab le  II. 

suggested increased enzymatic hydrolysis of 
polar lipids to explain the results of incorpo- 
ration of palmitate-l-14 C in mouse liver subcel- 
lular fractions (15). 

In this article we examine the effects of 
chronic ethanol consumption on the levels of 
various nonpolar and polar lipids from mouse 
liver and also investigate changes in the compo- 
sition of fatty acids associated with these lipids. 
Additional evidence in favor of the enzyme 
hydrolysis hypothesis will be presented by 
showing that the fatty acid composition of 
individual lipid classes is altered following 
ethanol ingestion for 21 days. These lipid 
changes and alterations in fatty acids were 
observed in the total liver, as well as the 
mitochondria and microsomes. 

MATERIALS AND METHODS 

Animals 

Male Swiss-Webster mice weighing 24-26 g 
were used in this study. The control and 

alcoholic groups were maintained for 21 days 
on water and ethanol, respectively, as described 
previously (13); each group consisted of 20 
animals. Subcellular fractions were prepared by 
ultracentrifugation (16). Histological compar- 
isons, between sections of liver from control 
and alcohol groups, using Safranin and Sudan 
Black stains (17) showed that fatty livers had 
not been produced in the alcoholic mice. 

Lipid Extraction and Chromatography 

The procedures for lipid extraction, separa- 
tion into nonpolar and polar lipid fractions, and 
thin layer chromatography to obtain individual 
l ip id  subclasses, are described elsewhere 
(15,18). Quantitative lipid analysis was carried 
out, as previously described (19). 

Gas Chromatography 

L i p i d  s u b c l a s s e s  r e p r e s e n t i n g  1 0 %  o r  m o r e  o f  

t h e  n o n p o l a r  l i p i d  ( N P L )  a n d  p o l a r  l i p i d  ( P L )  

w e r e  s u b j e c t e d  t o  t r a n s e s t e r i f i c a t i o n  ( 2 0 ) .  

M e t h y l  e s t e r s  w e r e  a n a l y z e d  q u a l i t a t i v e l y  b y  g a s  

L IP IDS ,  V O L .  8 ,  NO.  12 
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TABLE V 

Changes in the  Milligrams of Fatty Acids 
in the Mitochondrial Lipids of  Mouse Liver a 

Fatty acid CE DG TG EPG CPG Totals 

Saturated 
14:0 C 1 5 7 12 25 

A 8 3 2 5 18 
Per cent change b +16.7 -4.6 -7.2 -4.5 -1.4 c 

16:0 C 12 9 23 16 29 89 
A 10 10 10 7 19 58 
Per cent change -4.8 +2.3 -14.0 -13.0 -6.4 -6.2 

18:0 C 0.4 1 12 10 23 
A 9 13 3 27 52 
Per cent change +20.0 +12.9 -13.0 +10.9 +5.8 

20:0 C 8 8 
A 0 0 
Per cent change -5.1 -1.6 

Unsaturated 
16:1 C 1 1 6 0 11 19 

A 7 3 0 2 0.2 12 
Per cent change +14.3 +4.6 -6.4 +2.9 -6.9 -1.4 

18:1 C 16 lS 40 9 51 131 
A 48 7 22 3 14 97 
Per cent change +76.2 -18.6 -19.3 -8.'/ -23.7 -6.8 

t8 :2  C 2 19 2 8 31 
A 0 14 4 7 25 
Per cent change -4.6 -5.4 +2.9 -0.6 -1.2 

20:4  C 4 2 15 5 26 
A 0 1 6 13 20 
Per cent change -9.3 -1.1 -13.0 +5.1 -1.2 

20:6 C 4 4 19 27 
A 0 1 0 1 
Per cent change -9.3 -4.3 -12.2 -5.2 

aValues given are for each group of 20 mice and represent the  average of four  experi- 
ments.  C = control, A = alcohol; see foo tnote  b, Table I for other abbreviations. 

bRelative to the total amoun t  (from Table III) of  lipid subclass in question,  i.e., choles- 
terol esters, diglyceride, etc. present in the  control  group. Only fat ty  acids representing 5% 
or more f rom either group are considered. 

CThe percentages given in this column are relative to the control total lipid values f rom 
Table II. 

l i q u i d  c h r o m a t o g r a p h y  ( G L C ) .  Q u a n t i t a t i v e  cal-  
c u l a t i o n s  were  m a d e  u s i n g  v a l u e s  fo r  t h e  v a r i o u s  
l ip id  c lasses  p r e s e n t  in  n o r m a l  m i c e ,  w h i c h  we 
p r e v i o u s l y  p r e s e n t e d  (19 ) ,  a n d  t h e  v a l u e s  f o r  
e t h a n o l  f e d  m i c e  r e p o r t e d  in  t h i s  p a p e r  (see  
T a b l e  I). G L C  a n a l y s i s  was  c a r r i e d  o u t  u s i n g  a 
P a c k a r d  dua l  c o l u m n  M o d e l  7 8 0 0  i n s t r u m e n t  
e q u i p p e d  w i t h  a h y d r o g e n  f l a m e  d e t e c t o r .  A 6 
f t  glass  c o l u m n  o f  e i t h e r  14 .5% e t h y l e n e  g l yco l  
s u c c i n a t e - m e t h y l  s i l i cone  p o l y m e r  ( E G S S - X )  
c o a t e d  o n  1 0 0 - 1 2 0  m e s h  Gas  C h r o m e  P or  16% 
A p i e z o n  M o n  6 0 - 8 0  m e s h  Gas  C h r o m e  S was  
u s e d .  S a m p l e s  we re  r u n  i s o t h e r m a l l y  a t  190  C. 
T h e  ca r r ie r  gas  was  n i t r o g e n  a t  an  in l e t  p r e s s u r e  
o f  32  psi  a n d  a f l o w  r a t e  o f  140  m l / m i n .  P eak  
a reas  were  c a l c u l a t e d  as t h e  p r o d u c t  o f  p e a k  h t  
a n d  t h e  w i d t h  a t  h a l f  p e a k  h t .  P e r c e n t a g e s  are  
g iven  in t e r m s  o f  p e a k  a reas .  C o r r e c t i o n s  fo r  t h e  
d e t e c t o r  r e s p o n s e  t o  t h e  v a r i o u s  f a t t y  ac ids  
h a v e  b e e n  i n c o r p o r a t e d  in  t h e  p e r c e n t a g e s .  
F a t t y  ac id  m e t h y l  e s t e r s  we re  i d e n t i f i e d  b y  
r e t e n t i o n  t i m e s  r e l a t ive  to  m e t h y l  s t e a r a t e  

( 1 8 : 0 )  a n d  by  c o c h r o m a t o g r a p h y  w i t h  k n o w n  
s t a n d a r d s .  

RESULTS 

T h e  ove ra l l  e f f e c t s  o f  e t h a n o l  o n  t h e  t ip ids  
o f  t h e  t o t a l  l i v e r  a n d  s u b c e l l u l a r  f r a c t i o n s  a re  
g iven  in ] ' ab l e  II.  T h e s e  da t a  s h o w  t h a t  e t h a n o l  
f e d  m i c e  h a d  1 2 . 8 %  m o r e  l ip id  in  t h e  t o t a l  l iver  
t h a n  t h e  c o n t r o l s  a n d  t h a t  t h i s  r e s u l t e d  f r o m  an  
i n c r e a s e  in  N P L  e x c e e d i n g  t h e  los s  in PL.  
M i t o c h o n d r i a ,  o n  t h e  o t h e r  h a n d ,  s h o w e d  a los s  
o f  2 3 . 4 %  t o t a l  l i p id  ( T L )  w h i c h  c a n  be  a t t r i b -  
u t e d  to  l o s se s  in  PL.  M i c r o s o m e s  a l so  s h o w e d  
an  overa l l  l o s s  o f  l i p id  ( 2 5 . 1 % ) ,  a n d  t h i s  
r e s u l t e d  f r o m  los ses  o f  b o t h  N P L  a n d  PL.  

T a b l e  III  s h o w s  t h a t ,  in  t h e  t o t a l  l iver ,  t h e  
i n c r e a s e  in  N P L  was  d u e  p r i n c i p a l l y  to  CE  
w h i c h  i n c r e a s e d  3 0 0 %  ( 2 4 %  o f  t h e  TL)  a n d  t h e  
loss  o f  PL can  be  a t t r i b u t e d  to  c h o l i n e  p h o s -  
p h o g l y c e r i d e  (CPG)  a n d  E P G ,  t h e  lo s ses  in  b o t h  
cases  r e p r e s e n t i n g  m o r e  t h a n  5% T L .  T h e  los s  
o f  m i t o c h o n d r i a l  a n d  m i c r o s o m a l  P L  a lso  
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T A B L E  VI 

Changes in Milligrams o f  Fa t ty  Acids  in the Microsomal  Lipids of  Mouse Liver a 

Fa t ty  acid CE DG TG EPG CPG DPG Totals  

Sa tu r a t ed  
14:0 C 1 7 0.4 8 

A 1 1 4 6 
Per cent  change b 0 -6.9 +40 .0  -0.4 c 

16:0 C 14 5 12 23 16 1 71 
A 16 3 4 7 0 10 40 
Per cent  change  +2.8 +8.0 -I  1.3 -18.4 -18 .0  +100  -7.4 

18:0 C 1 6 24 9 0.2 40 
A 3 0 5 20 3 31 
Per cent  change +8.0 -8.4 -21.8 +12.3  +31.1 -2.2 

20 :0  C 4 4 
A 0 0 
Per cent  change -16.0 -1.0 

U n s a t u r a t e d  
16:1 C 6 1 5 0 1 13 

A 6 1 1 16 4 28 
Per cent  change  0 0 -5.6 +18.0 +33.3  +3.6 

18:1 C 28 8 23 13 I I  1 84 
A 33 5 8 4 4 4 58 
Per cent  change +7.1 -12 .0  -21.1 -10.3 -7.9 +33 .3  -6.2 

18:2 C 10 19 4 9 4 48 
A 13 2 5 0 20  40 
Per cent  change +4.3 -23.9 +1.1 -10.1 +1"7.8 -1.9 

20 :4  C 2 6 21 l 30 
A 0 6 10 1 17 
Per cent  change  -8.0 0 -12.3 0 -3.1 

22 :6  C 2 12 14 
A 0 0 0 
Per cent  change -8.0 -13.5 -3.4 

aValues  given are for  each  group  of  20 mice  and  rep resen t  the average of  four  e x p e r i m e n t s .  C = 
control, A = a lcohol ;  see f o o t n o t e  b, Table  I for  o the r  abbrev ia t ions .  

bRela t ive  to the to ta l  a m o u n t  ( f r o m  Table  I l l )  o f  lipid subclass in ques t ion ,  i.e., cho les te ro l  esters, 
diglycerides,  etc.  p resen t  in the  cont ro l  group.  Only  f a t ty  acids r ep resen t ing  5% or m o r e  f r o m  e i ther  
g roup  are cons idered .  

CThe percen tages  given in this c o l u m n  are relat ive to the  con t ro l  to ta l  lipid values f r o m  Table  II. 

was due to CPG and EPG. Diphosphatidyl 
glycerol (cardiolipin) (DPG) increased in all 
cases, although in mitochondria this lipid con- 
stituted less than the selected 10% cutoff value 
(Table I). The surprisingly high percentage of 
DPG in the total liver and microsomes is not 
understood. The ester-phosphorous ratio (19) 
of this isolated lipid indicated a relatively pure 
fraction; and, therefore, the per cent values are 
thought to be real. Perhaps mouse liver is 
different with respect to DPG than other tissues 
analyzed to date. TG decreased in the total liver 
and subcellular fractions, with the greatest 
change occurring in the microsomes (15% TL). 

Tables IV-VI give the amounts of fatty acids 
present in the major lipid subclass. Several 
observations stand out and deserve noting. The 
amount of arachidonic (20:4) and docosahexa- 
enoic acids (22:6) decreased in all lipids con- 
taining them in the total liver, mitochondria, 
and microsomes of the ethanol treated mice, 
except in the CPG of mitochondria where 20:4 
increased. No particular trend is evident in the 

changes with regard to linoleic acid (18:2). 
Overall we see that this fatty acid increased by 
ca. 5% TL in the total liver and decreased by 
1-2% in the mitochondria and microsomes 
respectively. Since the changes in 18:2 do not 
appear to be localized, the effect of ethanol to 
decrease the ratios of 20:4/18:2 (Table VII) is 
probably a general one rather than a specific 
effect on any particular lipid. Table IV shows 
that the large increase in CE in the total liver 
and mitochondria is primarily oleic acid (18: 1). 

DISC USSI ON 

The peroxidative hypothesis to explain de- 
creases in polyunsaturated fatty acids following 
ethanol ingestion would appear to have little 
support in view of the work of others (11,21). 
Thus it would appear that the effect is more on 
the enzyme level, as we suggested earlier (15). 
Evidence has been presented suggesting that the 
characteristic fatty acid composition of phos- 
pholipids is determined by redistribution of the 
fat ty  acids after the nitrogenous base has been 
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a t t ached  (22). The activity of  the  fa t ty  acyl- 
CoA: lysophospha t ide  t ransferases  catalyzing 
this react ion recent ly  has been  shown to  be 
enhanced  with increased e thanol  c o n s u m p t i o n  
(23). Thus,  a mechan i sm o f  this  t y p e  seems 
more  likely than  perox ida t ion .  This is sup- 
por t ed  fur ther  when one  examines  the data in 
Tables V and VI. Here we see tha t ,  in b o t h  the 
mi tochondr i a  and microsomes  of  alcohol 
t r ea ted  mice, a change has occur red  in the  fa t ty  
acid d is t r ibut ion of  the major  lipids. Our recent  
studies on the ef fec ts  of  e thanol  on alde- 
hydogenic  lipids (13) would  also suppor t  this 
finding. 

Examina t ion  of  Tables IV-VI also reveals 
tha t  significant increases in the  steafic acid 
(I 8:0) con ten t  o f  various lipids has occurred  in 
the total  liver and mi tochondr i a  of  e thanol  fed 
mice. This is in cont ras t  to  o thers  (1 1) who 
observed decreases in this  fa t ty  acid in rats fed  
e thanol .  The reason for  this discrepancy is no t  
unde r s tood ;  however ,  it  could  be related to  
exper imenta l  condi t ions ,  most  no tab ly  diet and 
the t ime dura t ion  of  the  exper iments .  Corn 
oil-fed rats  and coconu t  oil-fed rats gave oppo-  
site results wi th  respec t  to fa t ty  acids found  in 
the CPG and EPG fol lowing e thanol  t r ea tmen t  
(23). 

A decrease in the  arachidonate- l inoleate  
ratio of  liver lipids fo l lowing alcohol ingest ion 
also has been observed by o thers  (24). Similar 
changes in heart  lipids also were r epor ted  (25). 
Such decreases have been suggested to  account  
for mem brane  stabil i ty (3) and mi tochondr i a  
fragility (2). It has been suggested (26) tha t  the  
decrease observed in liver mi tochondr i a  was due 
to  decreases in the  activity of  the  chain 
e longa t ion-desa tura t ion  sys tem which conver ts  
l inoleate  to arachidonate .  Since liver CoA con- 
t en t  is decreased markedly  by e thanol  (27),  a 
decrease in the  activity o f  the  enzyme  sys tem 
seems a logical explanat ion .  
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Lipid Labeling with 32P-0rthophosphate and 14C-Acetate 
in Marine Copepods 
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ABSTRACT 

Freshly collected Calanus pacificus 
were maintained in sea water containing 
25 /ICi/ml [32p]orthophosphate or I 
IICi/ml [14C]acetate at 10 C for 24 hr. 
The animals took up label from the 
environment and incorporated it into 
various l i n d  fractions. After incubation 
with [14CJacetate the order of specific 
activity of the different l i n d  classes was: 
phospholipids > free fatty acids > wax 
esters > triglycerides. Argentation thin 
layer chromatography of the fatty acid 
methyl esters showed that ca. 50% of the 
activity was in saturated fatty acids and 
34% in polyunsaturated acids. When the 
animals were exposed to [32P]ortho- 
phosphate, lysophosphatidyl choline be- 
came most heavily labeled, followed by 
lysophosphatidyl ethanolamine, sphingo- 
myelin, phosphatidyl ethanolamine, and 
phosphatidyl choline. Comparison of the 
data obtained with those available for 
decapods and mammals revealed striking 
similarities between these phylogeneti- 
catly distant groups. It is believed that 
labeling the lipids of marine and fresh- 
water planktonic crustaceans in this way 
will provide much information about the 
metabolism of lipids in these organisms. 

I NTRODUCTION 

Marine copepods are one of the most impor- 
tant links between the photosynthetic orga- 
nisms and fishes in the oceans. It is evident that 
the metabolism of lipids in these organisms is of 
great importance in determining the lipid types 
and compositions in higher trophic levels. How- 
ever, little is known about lipid metabolism in 
copepods, because of the difficulties of main- 
taining them in the laboratory for long periods 
of time. In feeding experiments Lee, et al., (1) 
showed that Calanus helgolandicus incorporates 
the dietary fatty acids largely unchanged into 
its wax esters, while fatty acids of phospho- 
lipids were less affected by changes in the type 

1 Present address: Institute of Biochemistry, Biolog- 
ical Research Center, Hungarian Academy of Sciences, 
Szege d, Hungary. 

of food. Petipa (2,3) has demonstrated that C. 
helgolandicus utilizes fat during starvation and 
vertical migration; and Lee, et al., (4) has 
shown that the observed decrease in the lipid 
content of starving animals is due to catabolism 
of triglycerides and wax esters. 

Isotopic labeling would be extremely useful 
in studying the lipid metabolism of these 
animals, but their small size does not permit the 
use of the conventional injection techniques in 
vivo nor the preparation of slices from different 
organs for in vitro incubation methods. In an 
attempt to overcome these difficulties, we 
started from the observations of Stephens (5), 
Johannes (6), Taylor (7), Shuliene (8), and 
Testerman (9) showing that marine inverte- 
brates are able to take up inorganic and small 
organic molecules from the environmental me- 
dium and incorporate them into various body 
components, such as proteins or lipids. This 
paper describes labeling with [32p] orthophos- 
phate and [1-14C] acetate and some aspects 
of the metabolism of neutral and phospho- 
iipids in a marine copepod, Calanus pacificus 

MATERIALS AND METHODS 

C. pacificus (copepodid V's and adult fe- 
males; 2.5 mm average size) were collected 
in Saanich Inlet, Vancouver Island, British 
Columbia, Canada, in early July 1972 from 
a depth of 50-100 m. The animals were trans- 
ferred into filtered sea water and kept in a 
refrigerator at 10 C. Twenty individuals were 
used for the 32p and 38 for [14C]acetate 
labeling experiments. They were held for 24 hr 
in beakers containing 25 ml filtered sea water 
and 25 /ICi/ml [32p]orthophosphate or 1 
~Ci/ml [1-14C]acetate. At the end of the 
experiment the labeled water was pipetted off, 
and the animals were rinsed three times with 
sea water containing either 0.1M Na2HPO 4 or 
sodium acetate. Total lipid was extracted with 
chloroform:methanol 2:1 and the extract solu- 
tion separated into two phases by adding 0.2 
volumes of 0. l M potassium chloride. The 
chloroform phase was washed six times with 
Folch upper phase containing either 0.1 M 
Na2HPO4 or 0.1 M sodium acetate. Aliquots of 
the chloroform phase were counted; other 
aliquots were separated on precoated Silica Gel 
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G plates (E. Merck, Darmstadt, West Germany, 
supplied by Brinkmann Instruments Inc . ) in to  
wax ester, triglycerides, free fatty acid, diglyc- 
eride plus free sterol, and phospholipid fractions 
using petroleum ether: diethyl ether: acetic acid 
(75:25:1) as solvent. From another aliquot 
sterol esters and wax esters were separated on 
MgO plates (10) using petroleum ether: diethyl 
ether: ethyl acetate (50:50:1). Authentic wax 
esters and cholesterol esters were used as 
standards. The phospholipids and free fatty 
acids remaining at the origin of MgO plates 
were transmethylated in the presence of the 
MgO with methanol containing I% sulphuric 
acid and subjected to argentation thin layer 
chromatography (TLC) on Silica Gel G plates 
containing 10% AgNO 3. The solvent system 
was 25% diethyl ether in petroleum ether. 
Phospholipids were separated by two-dimen- 
sional TLC, according to Parsons and Patton 
(11). Visualization was made either by exposing 
the plates to iodine vapors or spraying with 
Rhodamine 6-G. The adsorbent from each spot 
was transferred to a vial and counted in a liquid 
scintillation spectrometer (Beckman Model 
LS-100). 

The lipid content of the animals was deter- 
mined gravimetrically by extracting 1200 speci- 
mens. Dry wt was determined by measuring the 
wt of 200 animals fixed in formaldehyde. 
Composition of the extracted lipid was deter- 
mined densitometrically after thin layer separa- 
tion, using the method of Fewster, et al., (12). 
The phospholipid compositions were deter- 
mined quantitatively from the two dimensional 
TLC separations measuring the phosphorus 
content of each spot b y  the method of Ka- 
hovcova and Odavic (13). 

Sufficient label was incorporated into lipid 
by this technique to permit using a single 
copepod to obtain useful values for the distri- 
bution of radioactivity in various lipid types. 
One animal was placed at the origin of a TLC 
plate and crushed; after drying, the plate was 
developed in the usual way. The separated 
zones then could be located by spraying with 
Rhodamine G, scraped off, and counted. 

RESULTS AND DISCUSSION 

This article reports the ability of C. pacificus 
to take up inorganic phosphate and sodium 
acetate from the environment and incorporate 
them into various lipid fractions. The rate of 
uptake of 32p _ and presumably of 14C also - 
remained appreciable over 24 hr, as shown in 
Figure 1. Some successful exploratory experi- 
ments also were carried out with a euphausid, 
Thysanoesa raschii; again, useful labeling of 
total lipids occurred. Labeling lipids in this way 
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FIG. 1. Uptake of 32p by living Calanus pacificus. 

Individual animals were counted after incubation for 
the specified time in 25 ml sea water containing 25 
tsCi [32p] orthophosphate. 

will facilitate the study of fat metabolism in 
planktonic crustaceans under various experi- 
mental conditions. 

The average dry wt of the animals was 93.6 
pg, and the fat content  was 19.2%. Table I 
shows that ca. half of the lipid present in C. 
pacificus is wax esters; phospholipids are the 
next most abundant  component,  followed by 
triglycerides. After exposing the animals to 
[1A4C]acetate, the specific activity of the 
total lipids was 2.4 x 105 cpm/mglipid;  all the 
lipid fractions were labeled. Ca. 50% label was 
recovered in the phospholipids, 25% in a 
fraction with the Rf of sterol esters on MgO, 
and ca. 14% in free fatty acids. The fact that 
the percentage of the activity in the free fatty 
acid fraction was so low suggests that fatty 
acids formed from acetate were esterified rap- 
idly to form more complex lipids. The observed 
order of specific activity of these compounds 
was: phospholipids > free fatty acids > wax 
esters > triglycerides. The higher specific activ- 
ity of the wax ester fraction over the triglyc- 
erides agrees with the observations that most 
calanoid copepods store wax esteis instead of 
triglycerides (14) and that triglycerides are 
catabolized preferentially during starvation (4). 
Unfortunately, the present investigations do 
not say anything about the extent of the 
conversion of fatty acids into fatty alcohols; 
but in similar studies on C. helgolanclicus, we 
found ca. 40% radioactivity of the wax esters in 
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TABLE I 

Calanus pacificus Lipids: Composition and [ 14 C ] Acetate Incorporation a 

Composition 14C Incorporation 

Lipid class Weight % nMolesb/animal cpm/animal cpm/nMole 

Wax esters f 17 .7  d 172 9.72 
Sterol esters c , 48.5 ND 846 ND 

Triglycerides l 6.6 5.06 21.5 4.23 
Free fatty acids 5.1 3.2 589 184 
Diglycerides ND e ND 355 ND 
Free sterols f 5.0 2.43 117 48 
Phospholipids 24.4 6.06 2,180 360 

aAnimals were incubated for 24 hr at 10 C in sea water containing t ~Ci/ml sodium [ 1-14 C ] acetate. 
bWax esters were assumed to be n-hexadecyl oleate (M.W. 506). Mol wt of glycerides were calcu- 

lated assuming that palmitic acid esterified carbon atoms 1 and 3, with docosahexaenoic acid oc- 
cupying position 2. The total phospholipids were calculated as l-palmitoyl-2-docosahexaenoyl phos- 
phatidyl choline. 

CFraction had same Rf as cholesterol ester. 
dAssuming wt of sterol esters to be negligible. 
eND = not determined. 
fFraction had same Rf as cholesterol. 

the alcohol  moieties.  
F r o m  the data of  Table I it is evident  that  

most  of  the 14C.activity was incorpora ted  in to  
fa t ty  acids. Separat ion on silver ni t ra te  plates of  
the fa t ty  acid methy l  esters obta ined  f rom the 
phosphol ipid  and free fa t ty  acid fract ions 
showed that  saturated fat ty  acids conta ined 
about  49% total  radioact ivi ty ,  fo l lowed by 
polyunsatura ted  acids (34%), and monounsa tu-  
rated acids (17%). In marine crustaceans the 
amounts  of  l inoleic and l inolenic acids are 
usually low; consequent ly ,  most  of  the act ivi ty 
found in the po lyunsa tura ted  f ract ion should 
be in C20 and C22 polyenoic  fa t ty  acids. The 
bulk of  these long chain polyunsa tura ted  fa t ty  
acids in epipelagic marine copepods  is unl ikely 
to result f rom direct deposi t ion of  dietary 
acids; rather  they probably  are b iosynthes ized 
by the copepods  f rom dietary C18 po lyenoic  
acids via chain e longat ion and desaturat ion 
(15). 

Af te r  24 hr the specific activity observed for 
the total  [32p]phospho l ip ids  was 4 x 10 s 
cpm/mg,  and all spots separated by two dimen- 
sional TLC were labeled. Lysophosphat idy l  
choline had the highest specific act ivi ty,  fol-  
l o w e d  by lysophosphat idyl  e thanolamine ,  
sphingomyel in ,  phosphat idyl  e thanolamine ,  and 
phosphat idyl  choline (Table II). The data 
suggest that  the metabol i sm of  phosphol ipids  in 
C. pacificus is, in some respects,  comparable  to 
that  in higher crustaceans or  mammals .  Phos- 
phat idyl  choline was more heavily labeled than 
phosphat idyl  e thanolamine  after  exposure  o f  C 
pacificus to  [14C] acetate,  jus t  as observed for 
lobsters and mouse  brain preparat ions (16,17). 

On the o ther  hand, in agreement  with observa- 
tions made on lobster  (16) and mammals  
(18-21),  C. pacificus accumula ted  more label 
f rom exogenous  [32p] o r thophospha te  i n t o  
phosphat idyl  e thanolamine  than in to  phospha-  
t idyl  choline. Published data f rom rat liver 
suggest that  incorpora t ion  o f  [32p]o r thophos -  
phate in to  different  phosphol ipids  varies wi th  
the degree of  unsa tura t ion  o f  the esterifying 
fa t ty  acids (22). For  instance,  the fol lowing 
order  of  specific act ivi ty of  the various molecu-  
lar species of  [ 32p ]phospha t i dy l  chol ine was 
obta ined:  dienoic  > monoeno ic  ~ hexaenoic  > 
tetraenoic.  In the case of  phosphat idyl  etha- 
nolamines  the observed order  was: hexaenoic  
te t raenoic  > dienoic > monoeno ic .  Because of  
the l imi ted  amoun t  o f  l ipid available in this 
s tudy,  no detailed analysis of  fa t ty  acid compo-  
sition was made;  however ,  in the closely related 
species Calanus plumchrus, phosphat idyl  cho-  
line conta ined  some 15% more polyunsa tura ted  
fa t ty  acids ( including 4.4% arachidonic acid) 
than did phosphat idyl  e thano lamine  (23). Simi- 
lar values for  C. pacificus could  explain the 
lower  specific act ivi ty we observed for 
[3ap]  phosphat idyl  choline compared  to phos- 
phat idyl  e thanolamine.  

To unders tand the relative specific activities 
of  the lyso- and diacyl-phospholipids,  we need 
to consider  their  b iosynthet ic  pathways.  As- 
suming that  the major pathways established in 
mammals  also prevail in crustaceans,  then the 
lyso-compounds  are fo rmed  exclusively f rom 
the corresponding (diacyl) phosphat idyl  etha- 
nolamine  or phosphat idyl  chol ine;  therefore ,  
14C or 32p essentially can be in t roduced  in to  
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TABLE II 

Composit ion and Radioactivity of Phospholipids of Calanus pac i f i cus  a 

731 

Cpm/animal  Cpm/nMole 

Wt % of nMole/ 
Phospholipid total  pb animal c 32p 14 C 32p 14 C 

Lysophosphat idyl  choline 0.39 0.031 218 33.5 7,030 1,080 
Sphingomyelin 2.30 0.156 136 170.0 872 1,090 
Lysophosphat idyl  e thanolamine 2.50 0.227 327 38.5 1,440 170 
Phosphatidyl choline 41.71 2.22 246 1,732 I 11 780 
Phosphatidyl e thanolamine 37.01 2.12 720 646 324 291 
Phosphatidyl inositol 1.23 0.061 34.6 33.0 570 540 
Phosphatidyl  serine 7.63 0 .4 t4  50.8 88.5 123 214 

aAnimals were incubated in sea water in the presence of either 25 /zCi/ml [32p] or thophosphate  or 
1 gCi/ml sodium [ 1-14C]acetate for 24 hr. 

bIdentical  to "mole per cent of total  phosphol ip id"  and taken to be an acceptable approximat ion  
to the "wt  per cent of total  phosphol ipids ."  Several minor components  total ing 8.2% were not 
investigated further. 

CMol wt were calculated assuming that  all glycerides were esterified at carbon-1 with palmitic acid 
and at carbon-2 (except for the lyso-cornpounds) with docosahexaenoic acid. Palmitic acid was as- 
sumed to be the only fat ty acid present in sphingomyelin.  

the lyso-compounds only by de novo synthesis 
from an intermediate diglyceride and, for 14C, 
probably ultimately from phosphatidic acid 
(rather than triglyceride). Our finding that the 
32p specific activities of lysophosphatidyl etha- 
nolamine (LPE) and lysophosphatidyl choline 
(LPC) are higher than those of the correspond- 
ing diacyl derivatives implies small compart- 
ments of newly synthesized labeled phospha- 
tidyl ethanolamine and phosphatidyl choline 
being acted upon by phospholipase A2 to re- 
move the 2-acyl moiety, forming LPE and LPC. 
The lyso-compounds are known to be reacyl- 
a ted-here with 14C_fatty ac ids- to  the diacyl 
derivatives, so there is a second route for the 
introduction of 14C into phosphatidyl choline 
and phosphatidyl ethanolamine. LPE and LPC 
are regarded as important intermediates in de- 
termining the individual fatty acid distributions 
in phospholipids, since they can be re-esterified 
selectively at the 2 position with polyunsatu- 
rated fatty acids to form phosphatidyl ethanol- 
amine or phosphatidyl choline again (22), thus 
maintaining the appropriate liquid crystalline 
structure of the membranes which is vital to 
the life of the copepod. Additional data are 
necessary to provide a convincing explanation 
of the observed 14C relative specific activities. 
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Alternate Pathways of Cerebroside Catabolism 
Y U H - N A N  LI N and N O R M A N  S. RADI N, Mental Health Research I nstitute, 
University of Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

A search was made for new degra- 
dative pathways for glucosyl and galac- 
tosyl ceramides in an effort to explain the 
failure of these lipids to accumulate in 
the brains of  children with Krabbe's or 
Gaucher's disease. Using various buffers 
and incubation conditions, we tested 
brain homogenates from 12 day olc] rats 
with the stearate-labeled and galactose- 
labeled lipids. No evidence for direct 
deacylation (and formation of psycho- 
sines) could be obtained, nor was there 
any evidence for transacylation of sphin- 
gosyl phosphoryl choline or oxidation of 
the 6 position of the galactose moiety. 
Two new derivatives of galactosyl cer- 
amide were observed, possibly fatty acid 
esters of unknown polar compounds. It is 
tentatively proposed that the etiology of 
infantile Krabbe's and Gaucher's dis- 
eases involves, not an accumulation of 
galactosyl and glucosyl ceramides, with 
consequent formation of toxic products, 
but rather malfunction of some other role 
of the corresponding glycosidases. 

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

The only known pathway for catabolism of 
glucosyl and galactosyl ceramides is through 
two fl-glycosidases (l ,2).  In the case of the 
galactosidase, the enzyme appears to be quite 
specific and can be distinguished from a num- 
ber of other /3-galactosidases (1,3,4). It does 
seem to attack galactosyl sphingosine (5-7), a 
lipid which hypothetically could be derived 
from galactosyl ceramide via an amidase. Gluco- 
cerebrosidase probably is not  the only mam- 
malian fl-glucosidase, judging from comparisons 
between aryl glucoside and ceramide glucoside 
as substrates (2,8). 

In Krabbe's disease (infantile globoid leuko- 
dystrophy), the primary genetic lesion appears 
to be in the cerebroside galactosidase (9). The 
striking feature of this disease is that there is no 
accumulation of galactosyl ceramide in brain; 
but instead there is a marked, fatal lack of 
brain development. Miyatake and Suzuki (5) 
have made the suggestion that the galactosyl 
ceramide is converted to galactosyl sphingosine, 
which may be highly toxic and thus cause the 
fatal failure to develop. This alternative cata- 

bolic product is assumed to be so toxic that 
detectable concentrations fail to accumulate. 
The failure of cerebroside to accumulate does 
not seem to be due to loss of the synthetic 
enzymes which make the ceramides and galac- 
tosyl ceramides (10). 

A similar situation could be postulated in 
the infantile form of Gaucher's disease, which 
seems to be due to a severe lack of glucosidase 
(1 1). The young brain is an active manufacturer 
of glucosyl ceramide for use in making gangli- 
osides; and there seems to be an active catab- 
olism of gangliosides, so one should expect the 
brain to accumulate much glucosyl ceramide in 
infantile Gaucher's disease. Instead there seems 
to be no accumulation, and the brain simply 
fails to mature, degenerating to a fatal con- 
dition, as in the Krabbe disorder. (Although a 
few cases of the infantile form of the disease 
have been found to accumulate some glucocere- 
broside in the brain, the lipid appears to be in 
unusual cells, rather than in neurons [12]).  
Thus one might suggest that glucosyl ceramide 
could be converted to glucosyl sphingosine, a 
potentially highly toxic substance. 

While our early studies on galactosyl cer- 
amide breakdown (1) gave negative evidence for 
fatty acid release (except for a bit that could be 
attributed to ceramidase action), no such ex- 
amination appears to have been made in the 
case of glucosyl ceramide. Consequently we 
have reopened the question with the aid of 
cerebrosides labeled in the galactose and fatty 
acid moieties by incubating them with brain 
homogenates and exanfining the radioactive 
products. No evidence for fatty acid release 
could be obtained, but some conversion of 
galactosyl ceramide to two unknown polar 
substances was observed. 

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

Substrates 

The synthesis of  the two cerebrosides la- 
beled with [1-~4C]stearic acid has been de- 
scribed before (13,14). Examination of the 
galactosyl ceramide by thin layer chromatog- 
raphy (TLC) radioautography showed only one 
spot, and elution of this spot and other plate 
regions indicated a radiopurity of over 97%. 
The glucosyl ceramide showed a slight radioac- 
tive streak above and below the cerebroside 
spot and a minor spot just below the main spot, 
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TABLE I 

Fatty Acid Fraction Produced from Incubations with 
Brain Homogenate and Stearate-Labeled Cerebrosides 

733  

Per cent conversion of 
labeled substrate 

Emulsion On Celite 

Substrate Buffer (8 mg) (32 mg) (32 nag) 

Galactosyl ceramide Phosphate 7.0 0.03 a 0.03 a 0.04 a 
200,000 cpm Citrate 4.0 .03 .04 .04 

Citrate 5.0 .03 .04 .04 
Citrate 6.2 .03 .06 --- 
Phosphate 6.0 .04 .04 .05 
Phosphate 7.0 .04 .05 .04 
Phosphate 8.0 .04 .05 --- 
Tris 7.2 .04 .05 --- 
Tris 8.0 .06 .06 .05 
Tris 8.9 .05 .04 .05 

Glucosyl ceramide b Citrate 5.0 1.76 a 0.20 a 
200,000 cpm Citrate 4.0 1.39 .28 

Citrate 5.0 5.78 .28 
Phosphate 6.0 4.33 .50 
Phosphate 7.0 3.79 .35 
Tris 8.0 1.38 .34 
Tris 8.9 1.42 .34 

aData from boiled enzyme. These numbers were not subtracted from the others. 
bThe glucocerebroside used to make the emulsion had not been purified recently and 

yielded a high blank in the fatty acid fraction. 

wh ich  cou ld  be the  d ihyd rosph ingos ine  form.  
The  r ad iopur i ty ,  t ak ing  the  mino r  spot  to  be an  
impur i ty ,  was 96%. Galac tosyl  ce ramide  labe led  
in the  6 pos i t ion  o f  the  sugar w i t h  t r i t i um  was 
made  by  the  b o r o h y d r i d e  m e t h o d  (15) .  Sphin-  
gosyl p h o s p h o r y l  chol ine  h y d r o c h l o r i d e  was 
made  f rom s p h i n g o m y e l i n  by  hydro lys i s  in  
methanol -water -HC1 (16)  and  pur i f ied  wi th  a 
long  silica gel co lumn .  

The  cerebrosides  were t e s t ed  as emuls ions  in 
Tween  20, Myrj 59, and  Na t a u r o c h o l a t e  (17) ;  
tris oleate  was o m i t t e d  f r o m  the  emuls ion .  

Enzyme Test Procedure 

Some i n c u b a t i o n s  were p e r f o r m e d  wi th  0 .4  
ml cerebros ide  emuls ion  (0.1 mg cerebros ide) ,  
0.1 m m o l e  buf fer ,  0.2 ~zmoles d i t h io th re i t o l ,  
and  bra in  h o m o g e n a t e  in a t o t a l  vo lume  of  1 
mi. The  h o m o g e n a t e  was made  f r o m  bra ins  of  
12-day-old Sprague-Dawley rats  in 11 vo lumes  
cold  water.  The h o m o g e n a t e  was s to red  in 
po r t i ons  in the  freezer,  and  each  series was 
carr ied ou t  on  mater ia l  wh ich  had  been  t h a w e d  
only  once.  The  rats  were chosen  to  be at the  
p re -mye t ina t ion  age, w h i c h  co r r e sponds  more  
closely to the  h u m a n  disorders  and  w h i c h  
min imizes  d i lu t ion  o f  the  rad ioac t ive  subs t r a t e  
by  e n d o g e n o u s  cerebroside.  

Some i n c u b a t i o n s  were carr ied ou t  in  the  
absence  of  de te rgen t ,  and  the  cerebros ide  t h e n  
was coa ted  o n t o  50 mg  Celi te Ana ly t i ca l  F i l t e r  

Aid by  evapora t i on  f rom solu t ion .  To this  was 
added  0.1 m m o l e  buf fer ,  0 .2  p m o l e  d i th io th re -  
i tol ,  and  b ra in  h o m o g e n a t e ,  as above.  

Where  sphingosyl  p h o s p h o r y l  cho l ine  was 
added  to  the  mix ture ,  0 .2  mg l ip id  was appl ied  
to  the  b o t t o m  of  the  i n c u b a t i o n  tube  by  
evapora t ion  f rom so lu t i on  pr ior  to  the  o t h e r  
addi t ions .  The  l ip id  dissolved readi ly  in  each  
buffer .  

Buffers  used  were Na-ci t ra te ,  Na-phospha te ,  
and Tris-HCl at  pH n o t e d  in the  tables.  The  
tubes  were shaken  1 hr  at  37 C, t h e n  20 ml 
c h l o r o f o r m - m e t h a n o l  were added.  The  mix tu r e  
was ac id i f ied  wi th  4 ml 0.5 M ci tr ic  acid, and  
the  r e su l t an t  u p p e r  l ayer  was discarded.  The  
lower  layer  was washed  w i th  I0  ml m e t h a n o l -  
water  (1 :1 )  and  f i l te red  to  r emove  pro te in .  The  
f i l t ra te  was e v a p o r a t e d  to  dryness  u n d e r  vacu-  
u m  wi th  the  aid of  b e n z e n e  addi t ions ,  t a k e n  up  
in c h l o r o f o r m ,  and  appl ied  to  a silica gel 
c o l u m n  (0 .4  x 6 cm,  0 .32 g). A fa t ty  acid 
f r ac t ion  was e lu t ed  w i th  10 ml c h l o r o f o r m ,  a 
cerebros ide  f r ac t ion  w i t h  10 ml c h l o r o f o r m -  
m e t h a n o l  ( 9 0 : 1 0 ) ,  a n d  a polar  l ip id  f r ac t ion  
w i th  10 ml c h l o r o f o r m - m e t h a n o l  (1 :2 ) .  Por- 
t ions  of  the  f irst  and th i rd  f r ac t ions  were 
c o u n t e d  and  e x a m i n e d  by  TLC rad ioau tog-  
raphy.  

RESULTS 

E x a m i n a t i o n  of  t he  first  c o l u m n  f r ac t ion  
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T A B L E  II 

Fatty Acid Fraction Produced from Incubations with Brain Homogenate and 
Labeled Glucocerebroside in the Presence of Glucosidase Inhibitors 

Per cent conversion 
Buffer Inhibitor of cerebroside 

Citrate 5.0 a None 5.37 
None (boiled enzyme) 1.76 
5/~M hexyl glucosyl sphingosine 2.05 
5 mM 6-gluconolactone 1.94 

Phosphate 6.0 b None 0.33 
None (boiled enzyme) .26 
20 ~zM hexyl glucosyl sphingosine .17 
10 mM 6-gluconolactone .22 

aThese incubations run with cerebroside emulsion and 16 mg brain. 
bThese incubations run with cerebroside dispersed on celite and 32 mg brain. 

from galactocerebroside incubations showed 
very slight formation of  free fatty acid (Table 
I). While radioactive ceramide was formed in 
the incubations containing detergents and tau- 
rocholate, there was evidently insufficient cer- 
amide for further conversion at an appreciable 
speed into free fatty acid. In the case of 
glucocerebroside, the first column fraction did 
show an appreciable amount of radioactivity, 
especially at pH 5 with the emulsified substrate 
and pH 6 with the nonemulsified substrate. The 
formation of fatty acid was much less in the 
tubes lacking taurocholate and detergents, 
which can be explained by the well-established 
need for these adjuncts in the normal catabolic 
pathway (via g/ucosidase and ceramidase). Evi- 
dently glucosidase was sufficiently active in 
these preparations to raise the ceramide level to 
the point where ceramidase action could be 
observed. 

Further evidence for tiffs interpretation was 
obtained by incubating labeled glucocerebro- 
side in the presence of inhibitors of glucosidase 
(Table II). Both inhibitors used brought down 
the yield of  labeled fatty acid close to the blank 
level. 

Assuming the inhibitors also do not block 
the hypothetical amidase, we conclude that the 
radioactivity observed without inhibitors is due 
to a rapid hydrolysis of glucocerebroside to 
ceramide, and then to sphingosine and free 
fatty acid. 

The polar lipid fraction (Table III) showed 
some conversion of galactocerebroside to more 
polar material, particularly at pH 6 and 8 with 
emulsions or plain cerebroside. This conversion 
was greater in tubes containing more homog- 
enate and generally seemed higher in the 
absence of detergents. Radioautography of a 
TLC plate (silica gel, chloroform-methanol- 
water [117:45:8] )  showed that this fraction 

contained a radioactive band at the cerebroside 
position (Rf 0.61), evidently due to some 
trailing from the second column eluent, and 
two bands at Rf 0.52 and 0.38. When this 
examination was carried out with the  same 
column fraction after alkaline methanolysis at 
room temperature for 1 hr (18), the cerebroside 
band was found to be unchanged, but the two 
lower bands were now even lower, with Rf 0.29 
and 0.24. From this it would appear that the 
two metabolic products were fatty acid esters 
of some polar cerebroside derivative. The posi- 
tions of  the methanolyzed compounds did not 
correspond to any known galactosyl ceramide 
derivatives, including galactosyl galactosyl cer- 
am/de. The lower band corresponded to the 
faster region of cerebroside sulfate or lecithin. 

Some conversion of glucocerebroside to 
polar material also was observed in the absence 
of detergent (Table l i d  but was not charac- 
terized further, because we assumed that this 
was a series of ganglioside intermediates made 
from endogenous sugar donors. The glucosidase 
inhibitors had no effect on this conversion. 

Incubations also were carried out with stea- 
rate-labeled galactosyl ceramide and unlabeled 
sphingosyl phosphoryl choline (lysosphingomy- 
elin) on the theory that the cerebroside is not 
degraded by an amidase but by a specific fatty 
acyl transferase which could form galactosyl 
sphingosine and sphingomyelin. Here too there 
was some conversion to polar l ind ,  appearing in 
the third column eluent, but this was to the 
same extent as that found without the lyso- 
sphingomyelin. TLC radioautography showed 
the same labeled bands without any sign of 
radioactivity in the sphingomyelin. 

Another possible catabolic route for galacto- 
cerebroside was tested by incubations with 
stearoyl [6 -3H]galactosyl sphingosine, dis- 
persed on Celite or emulsified, as described 
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T A B L E  III 

Polar  L ip id  F r a c t i o n  P r o d u c e d  b y  I n c u b a t i o n s  w i t h  
Bra in  H o m o g e n a t e  a n d  S t e a r a t e - L a b e l e d  C e r e b r o s i d e s  
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S u b s t r a t e  

Per cen t  c o n v e r s i o n  o f  
l abe l ed  s u b s t r a t e  

E m u l s i o n  O n  Celi te 

Buf f e r  (8 mg)  (32  mg)  (32  mg)  

G a l a c t o s y l  c e r a m i d e  

G l u c o s y l  c e r a m i d e  b 

P h o s p h a t e  7 .0  0 . 2 4  a 0 . 3 6  a 0 . 8 4  a 
C i t r a t e  4 .0  .20  . 84  .65  
C i t r a t e  5 .0  .22 .58  .61 
C i t r a t e  6.2 .17  1 .10  - -  
P h o s p h a t e  6 .0  .32  1 .28 2 .15  
P h o s p h a t e  7 .0  .32  .97  1 .26  
P h o s p h a t e  8.0 . 33  . 86  - -  
Tris 7 .2  .31 .65  - -  
Tris 8.0 . 20  1 .62 1 .06  
Tris 8.9 . 24  .71 1.81 
C i t r a t e  5.0 2 . 7 6  a 1 .42 a 
C i t r a t e  4 .0  1 .89 1 .72 
Citrate 5.0 1 .48  1.71 
P h o s p h a t e  6 .0  1 .74  2 . 6 4  
P h o s p h a t e  7 .0  2 . 0 9  1 .94  
Tris 8 .0  2 .12  2 .41 
Tris 8.9 1 .95 1 .50  
P h o s p h a t e  6 .0  .68  a 
P h o s p h a t e  6 .0  1 .12  
P h o s p h a t e  6 .0  1 .28 c 
P h o s p h a t e  6 .0  1 .04  d 

a D a t a  f r o m  bo i l ed  e n z y m e .  
b T h e  g l u c o c e r e b r o s i d e  u sed  t o  m a k e  the  e m u l s i o n  h a d  n o t  b e e n  p u r i f i e d  r e c e n t l y  a n d  

y i e l d e d  a h igh  l~lank in t he  p o l a r  l ip id  f r a c t i o n .  

C I n c u b a t i o n  i n c l u d e d  2 0  ~tM h e x y l  g l u c o s y l  s p h i n g o s i n e .  

d I n c u b a t i o n  i n c l u d e d  10 m M  g l u c o n o l a c t o n e .  

above. After incubating the mixture for 2 hr 
with brain at pH 6 (phosphate), 7.2 and 8 (Tris), 
we lyophilized the suspension and measured the 
radioactivity in the collected water. (In the case 
of the samples containing Celite, the powder 
had to be removed before lyophilization to 
prevent flaking and carryover into the con- 
denser.) In no case was tri t ium found in the 
water, indicating a lack of a dehydrogenase that 
could attack the 6 position of the sugar. 

DISCUSSION 

Disregarding the obvious dangers of re- 
porting negative findings and of not trying 
every possible buffer and incubation medium, 
we conclude that neither glucosyl nor galac- 
tosyl ceramide is metabolized by young brain 
to form the corresponding hexosyl sphingosine. 
Our finding of hitherto undetected galacto- 
cerebroside derivatives of a polar type raises the 
possibility that these are toxic in the brain of 
the Krabbe child, and that their accumulation 
has not been noticed in previous examinations 
of the brain lipids. More likely, in our opinion, 
the seriousness of infantile Krabbe's and 
Gaucher's diseases is due to malfunction of a 

thus far unknown role of the cerebroside 
hydrolases. Preliminary evidence with a glucosi- 
dase inhibitor and cultured brain tumor cells 
suggests a role in membrane transport (19). 

The observations that hexosyl sphingosines 
can be formed enzymatically from the free base 
and UDP-Hexose (20,21) and that the hexosyl 
sphingosines can be hydrolyzed to free base and 
hexose are attributed to nonspecificity on the 
part of the cerebroside synthetases and hydro- 
lases. Support for this interpretation comes 
from the fact that the "unnatural"  reactions are 
somewhat slower than the "natural"  ones and 
the fact that the hydrolase activity toward 
galactosyl sphingosine is severely deficient in 
Krabbe's disease (5). 
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A New Reaction of Unsaturated Fatty Acid Hydroperoxides: 
Formation of 1 1-Hydroxy-12,13-epoxy-9-octadecenoic Acid 
from 13-Hydroperoxy-9,11 -octadecadienoic Acid 
MATS HAMBERG and BI RGITTA GOTTHAMMAR,  Department of Chemistry, 
Karolinska I nstitutet, S 104 01 Stockholm, Sweden 

ABSTRACT 

One of the main compounds formed 
from 13 L-hy droperoxy-9cis, 11 trans-octa- 
decadienoic acid anaerobically at 100 C 
in aqueous ethanol was found to be 
threo-1  1-hy droxy-12,13-epoxy-9-octa- 
decenoic acid. The major part (ca. 90%) 
of this compound was formed from the 
fatty acid hydroperoxide in a reaction 
involving cis-addition to the A11 double 
bond of the proximally linked hydroper- 
oxide oxygen and hydroxyl ion or hy- 
droxyl radical from the solvent. A small 
part (ca. 10%) was formed by cis-addition 
of the two hydroperoxide oxygens to the 
A l l  double bond. l l-Hydroxy-12,13- 
epoxy-9-octadecenoic acid and its isomer, 
tentatively identified as 11-hydroxy-9,10- 
epoxy-12-octadecenoic acid, also were 
isolated from a sample of autoxidized 
linoleic acid. 

INTRODUCTION 

Considerable work has been carried out on 
thermal reactions of unsaturated fatty acids and 
their oxidation products (1). Surprisingly, little 
attention has been paid to the thermochemistry 
of pure, nonisomeric fatty acid hydroperoxides, 
although such compounds can be prepared 
easily by lipoxygenase catalyzed oxygenation 
of naturally occurring polyunsaturated fatty 
acids (2-5). For example, commercial prepara- 
tions of soybean lipoxygenase convert linoleic 
acid mainly into 13 L-by droperoxy-Pcis, 11 trans- 
octadecadienoic acid. To gain information 
about the complex chemistry of thermally 
reacting fatty acid hydroperoxides, it seemed 
appropriate to heat a pure fatty acid hydroper- 
oxide, to isolate one of the major compounds 
from the reaction mixture, to determine its 
structure, and to elucidate the mechanism of its 
formation. The present work was carried out 
along these lines and is concerned with a novel 
hydroxy-epoxy acid formed from 13L-hydro- 
peroxy-9cis, 11 trans-octadecadienoic acid. 

MATERIALS 

[ 1-14C] 1 3L-Hydroperoxy-9cis,11 trans-octadecadi- 
enoic Acid 

[ 1-14C] Linoleic acid (New England Nuclear 

Chemicals, diluted with unlabeled material until 
11 gCi/mmole) was incubated with soybean 
lipoxygenase (Sigma Chemical Co.) at 0 C in 
sodium borate buffer pH 10.0 (5). The product 
was subjected to silicic acid chromatography 
(20 mg material/l g of Mallinckrodt I00 mesh 
SiO2 activated at 120C). Unreacted linoleic 
acid was eluted with diethyl ether-petroleum 
ether (5:95, v/v; 30 ml/1 g SiO2), and linoleic 
acid hydroperoxide was eluted with diethyl 
ether-petroleum ether (15:85, v/v; 30 ml/1 g 
SiO2). Analysis of the methyl ester of the 
hydroperoxide by thin layer radiochromatog- 
raphy indicated a radiochemical purity of 95%. 
However, there was also a small amount (4-5% 
of total hydroperoxide) of the isomeric hydro- 
peroxide oxygenated at carbon-9 as shown by 
thin layer chromatographic (TLC) analysis of 
the derived saturated hydroxy esters (5). 

threo- 11,12- Dihy droxy- 1-octadecanol 

cis-Vaccenic acid (50 mg) (Sigma Chemical 
Co.) was hydroxylated with 0.5 ml formic acid 
and 0.1 ml 30% hydrogen peroxide at room 
temperature for 3 hr (6). Material isolated by 
extraction with diethyl ether was dissolved in 
10 ml dry tetrahydrofurane and refluxed with 
i00 mg LiA1H 4 for 4 hr. Extraction with 
diethyl ether gave 40 mg (75%) white solid that 
was homogenous on TLC using sodium arsenite- 
impregnated plates (Rf=0.57, see below). A 
single peak appeared on gas liquid chromato- 
graphic (GLC) analysis of the trimethylsilyl 
(TMSi) ether derivative (equivalent chain 

length ,  C-22.0; column, 1% SE 30). The mass 
spectrum showed prominent ions at m/e 503 
(M-15; loss of -CH3), 433 (M-85; loss of 
�9 [ C H 2 ] s C H 3 )  , 331 ( M- 187 ;  loss of 
�9 CH[OTMSi] - [CH21 sCH3), 289 (M-229; loss 
of "[CH2]10OTMSi), 261, and 187 (TMSiO + 
=CH-[CH2]sCH3) confirming the identity of 
the p a r e n t  d ihydroxyoc tadecano l  with 
11,12-dihydroxy-l-octadecanol. That the alcohol 
groups at C-11 and C-12 indeed had the threo 
configuration followed from the method of 
preparation, trans-hydroxylation of a cis double 
bond (6), and from the TLC data (see below). 

erythro-11,12-Dihydroxy- 1-octadecanol 

trans-Vaccenic acid (50 mg) (Sigma Chemi- 
cal Co.) was hydroxylated with performic acid 
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FIG. 1. Thin layer radiochromatogram of esterified material isolated after heat treatment of 4 mg 
[ 1-14C] 13L-hydroperoxy-9,11-octadecadienoic acid. Solvent system: organic layer of ethyl acetate-2,2,4-tri- 
methylpentane-wa ter (50:100:100, v/v/v). 

and subsequently reduced with LiA1H4, as 
described above. The mass spectrum of the 
TMSi derivative (equivalent chain length, 
C-22.1) was similar to that of the TMSi 
derivative of the threo isomer. A single spot 
(Rf=0.48) was noted on TLC with sodium 
arsenite-impregnated plates. That the configu- 
rational assignment of the two dihydroxyocta- 
decanols was correct was supported by the TLC 
data, since the threo isomers of  a number of 
dihydroxystearates previously have been found 
to move faster than the erythro isomers on 
sodium arsenite-impregnated plates (7). 

M E T H O D S  

M i c r o  P e r i o d i c  A c i d  O x i d a t i o n  

One/-tmole of vic-glycol was dissolved in 0.8 
ml dry diethyl ether containing 2.4 mg periodic 
acid (8). The mixture was stirred for 60 rain at 
room temperature. An aliquot (5-10 /11) was 
injected to an F&M Biomedical gas chromato- 
graph model 402 equipped with a column of 
15% silicone grease on Gaschrom Q. Temper- 
ature programing (5 C/min) between 90 C and 
190 C was used. When methyl erythro-9,10-di- 
hydroxystearate was oxidized in this way, two 
peaks appeared (retention times, 8 and 16 rain). 
The identity of the former peak with nonanal 
and the latter peak with methyl 9-oxononano- 
ate was established by mass spectrometry. 
C h r o m a t o g r a p h i c  M e t h o d s  

Thin layer chromatography of fatty acid 

hydroperoxides and their reaction products was 
carried out on plates coated with Silica Gel G. 
The erythro and threo forms of l l ,12-dihy-  
droxy-l-octadecanol were separated by TLC on 
plates coated with Silica Gel G-NaAsO2 (9: 1, 
w/w) and methanol-chloroform (3:97, v/v) as 
so/vent. Spots and bands were located by 
spraying with 2',7'-dichlorofluorescein and 
viewing by UV. Radioactivity assay of TLC 
plates was performed with a Berthold Dunn- 
schichtscanner II. 

Gas liquid chromatography was performed 
with an F&M Biomedical gas chromatograph 
model 402 and columns of 1% S E 3 0  on 
Gaschrom Q (long chain compounds) or 15% 
Dow Coming silicone grease on Gaschrom Q 
(short chain compounds). Retention times were 
expressed as equivalent chain lengths using 
methyl esters of saturated monocarboxylic 
acids as standards. Mass spectra were obtained 
with an LKB 9000 instrument equipped with a 
column of 1% Dexsil on Chromosorb W (Ana- 
labs). 

R E S U L T S  

[ 1-] 4C] 13L-Hydroperoxy-9cis, 11 trans-octa- 
decadienoic acid, 4 mg, was dissolved in 1.6 ml 
ethanol, and 2.4 ml water was added. The 
opalescent solution was kept under argon in a 
sealed vessel at 100 C for 3 hr. After this time 
the solution was diluted with water, acidified to 
pH 3 and extracted with three portions of 
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FIG. 2. Mass spectrum of trimethylsflyl ether derivative of compound D. 

diethyl ether. The combined ether phases were 
washed with water until  neutral and taken to 
dryness. The residue, containing ca. 95% initial 
radioactivity, was treated with ethereal diazo- 
methane and subjected to preparative TLC. At 
least eight peaks of radioactive material ap- 
peared (Fig. 1). 

Structure of Compound D 

Material in the zone corresponding to peak 
D (Rf=0.44; 10% of the initial radioactivity) 
(Fig. 1) was eluted with ether from the silica 
gel. Analysis of an aliquot by UV spectrometry 
(Zeiss recording spectrophotometer model 
DMR 21) showed no absorption band at 234 
rn~, indicating that the pair of conjugated 
double bonds of the starting material was not 
retained in compound D. Another part was 
treated with hexamethyldisilazane and trimeth- 
ylchlorosilane in pyridine and analyzed by 
GLC. A single peak with a retention time 
corresponding to C-20.7 appeared (column, 1% 
SE 30). The mass spectrum is given in Figure 2. 
The m/e value of the molecular ion (398) 
suggested a C18 fatty acid methyl ester with 
one double bond, one trimethylsilyloxy group, 
and one keto or epoxy oxygen. Elimination of 
a fragment with tool wt 113 gave the base peak 
at m/e 285. This fragmentation agreed with the 
p a r t i a l  s t r u c t u r e  -CH(OTMSi)~CH~CH- 

(CH2)4CH 3 which would undergo facile cleav- 
age as indicated. Cleavage on the other side of 
the e p o x y  group with elimination of 
�9 (CH2)4CH 3 gave an ion with m/e 327. The 
presence of an epoxy group in compound D 
was indicated by IR spectrometry (Perkin 
Elmer model 257 IR spectrophotometer, chlo- 
roform solution). Bands were seen inter alia at 
the following wavelengths: 2.8-3.0/1 (hydrox- 

yl), 5.78 /1 (ester), and 11.2 /1 (epoxy) (9). A 
weak absorption band at 10.3 ~/ also was seen 
indicating that the double bond configuration 
was t r a n s  in part of the molecules. 

The chemical transformations carried out on 
compound D are summarized in Figure 3. Cata- 
lytic hydrogenation of compound D (7 rag) 
gave a dihydro derivative. The mass spectrum of 
the TMSi ether showed a molecular ion at m/e 
400 and a base peak at m/e 287. The IR spec- 
trum showed bands at 2.8-3.0 /~ (hydroxyl), 
5.78 /1 (ester), and 11.2/l  (epoxy) but no band 
at 10.3 ~. 

The double bond was located by oxidative 
ozonolysis. Treatment of compound D (0.5 rag) 
with acetic anhydride-pyridine (1:1, v/v) 
yielded the acetate derivative (equivalent chain 
length, 21.1; column, 1% SE 30). Treatment of 
this material with 03 in chloroform followed 
by acetic acid-hydrogen peroxide (5) gave a 
product that was esterified and subjected to 
TLC (solvent system, diethyl ether-petroleum 
ether [3:7, v/v] ). A major peak of radioactivity 
with Rf=0.71 appeared (reference, dimethyl 
azelate, Rf=0.71). The labeled material was 
recovered from the silica gel and subjected to 
GLC (column, 15% silicone grease). A single 
peak with retention time corresponding to 
C-t2.0 appeared (reference, dimethyl azelate, 
C-12.0). Mass spectrometry conclusively estab- 
lished the identity of the labeled degradation 
product as dimethyl azelate. 

In another experiment the dihydro deriv- 
ative of compound D (1 nag) was refluxed with 
0.5 ml glacial acetic acid for 2 hr. The residue 
obtained after evaporation was treated with 
N NaOH in aqueous methanol at 70 C for 2 hr. 
Extraction with ethyl acetate yielded a white 
solid that was converted into the methyl ester 
and subjected to preparative TLC (solvent 
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FIG. 3. Reactions used in structure determination 
R3, (CH2)7CH2OH. 
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of compound D. R 1, (CH2)TCOOCH3; R2, (CH2)4CH3; 

system, organic layer of ethyl acetate-2,2,4-tri- 
methylpentane-water (100:50:100,  v/v/v). A 
m a j o r  p e a k  o f  r ad ioac t i v i t y  appeared 
(Rf=0.68). This material was recovered and 
analyzed by GLC as the TMSi derivative. A 
single peak appeared (C-23.3). The mass spec- 
trum showed ions at m/e 531 (M-31; loss of 
" O C H 3 ) ,  462  (M-100;  loss of CHO- 
[CH~]4CH3) (10), 389 (M-173; loss of 
"CH[OTMSi]-[CH2]4CH3) , 287 (M-275; loss 
o f  �9 CH[ OTMSi]-CH{OTMSi]-[ CH2 ] 4-CH3) ' 
and 173 (TMSiO+=CH-[CH 2 ] 4CH3) , thus 
strongly indicating a Cl8 methyl ester having 
tr imethylsi lyloxy groups in positions 1 I, 12, 
and 13. Micro periodic acid oxidation per- 
formed on the t r ihydroxy ester yielded hexanal 
(retention time, 2 rain) and methyl l l - oxo -  
undecanoate (retention time, 20 min). The 
former degradation product  gave a mass spec- 
trum identical with that of authentic hexanal. 
The mass spectrum of the lat ter  component  
showed ions at m/e 186 (M-28; loss of 
CH2=CH2), 183 (M-31; loss of -OCH3) , 171 
(M-43; loss of CH2=CH-O-), 139 (M-[43+32]),  
87 ([(CH2)2COOCH3]+),  and 74 ([CH2 = 
C(OH)OCH3]+), a fragmentation pattern anal- 
ogous to that found for methyl 9-oxononano- 
ate prepared by periodic acid oxidation of 
methyl erythro-9, 10-dihydroxystearate. These 
experiments, therefore, showed that the hydro- 
genated and hydrated derivative of compound 
D was methyl 11,12,13-trihydroxystearate. 

Compound D (0.5 ing) finally was refluxed 

with 50 mg LiA1H 4 in 5 ml dry tetrahydro- 
furane for 18 hr. The product  was converted 
into the TMSi derivative and subjected to GLC. 
Two partly separated peaks appeared (C-21.8 
and 22.0). The mass spectrum recorded on the 
first peak showed ions at m/e 501 (M-15; loss 
of -CH3); 426 (M-90; loss of TMSiOH), 355 
( M - [ 9 0 + 7 1 ]  ; l o s s  o f  T M S i O H  p lus  
" [ C H 2 l a C H 3 ) ,  329 ( M - 1 8 7 ;  loss of 
" C H 2 - C H [  O T M S i ] - [ C H 2  ] 4 C H 3 ) ,  187 
([CH2-CH(OTMSi)-(CH2)4-CH3]+), and 173 
(TMSiO+=CH-[CH2] 4CH 3) (TMSi derivative of 
11,13-dihydroxy-l-octadec-9-enol),  whereas the 
mass spectrum of the latter peak showed ions 
at m/e 501 (M-15; loss of "CH3) , 329 (M-187; 
loss of "CH[OTMSi]-[CH2]sCH3) ' and 187 
(TMSiO+=CH-[CH~ ] sCH 3) (TMSi derivative of 
11,12-dihydroxy- l-octadec-9-enol). 

C o n f i g u r a t i o n  at C a r b o n s  11 a n d  12  

To establish whether the configuration of 
the oxygen bearing carbon atoms I1 and 12 
was erythro or threo the following experiment 
was carried out (Fig. 3). The dihydro derivative 
of compound D (5 mg) was reduced with 
LiA1H4, as described above; and the product  
was subjected to TLC using sodium arsenite- 
impregnated plates. Two peaks of radioactivity 
appeared (ratio 1:1; Rf=0.57 and Rf=0.48). 
The references, threo-I 1,12-dihydroxy-l-octa-  
decanol and erythro-11,12-dihydroxy-l-octa- 
decanol were also chromatographed at Rf=0.57 
and 0.48, respectively. The zones containing 
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TABLE I 

Isotope Composition of Methyl 11-Hydroxy-12,13-epoxy-9-octadecenoate 
Formed in the Presence of H 2180 and from 

1 8 0 2 . L a b e l e  d 13L-Hydroperoxy-9,1 l-octadecadienoic Acid 

741 

Isotopic composition of ions  

Experiment Derivative analyzed M+-I 5 I a II b III c 

H2180 Compound D-TMSi 52% 1801 52% 180 . . . . . . .  
48%1800 48% 1800 

H2180 Compound D-H2-TMSi 52% 1801 --- 52% 18 O. 180. 
'800 '800 48% 1800 48% 50% 

1802 Compound D-TMSi 8% 1802 0% 180- 
1802 . . . . . .  71% 1801 8% 180; 

21% 1800 92% 

a I = CH3OOC_(CH2)7-CH=CH-CH=O+TMSi. 
blI = CH3OOC-(CH2)9-CH=O+TMSi. 
ClII = TMSiO+=CH-CH-~/CH-(CH2)4CH3 . 

the labeled material were scraped off and added 
to 2N NaOH in aqueous methanol to hydrolyze 
the arsenite complexes (6). After 18 hr at room 
temperature, the solution was extracted with 
diethyl ether, and the material obtained con- 
verted into the TMSi derivative and analyzed by 
GLC-mass spectrometry. The mass spectrum of 
the TMSi derivative of the faster moving com- 
pound (Rf=0.57) showed ions at m/e 503,433,  
331,289,  261, and 187 (identical with the mass 
spectrum of TMSi derivative of threo-11,12-di- 
hydroxy-l-octadecanol,  see above). The mass 
spectrum of the slower moving compound 
(Rf=0.48) showed prominent ions at m/e 503 
(M-15; loss of -CH3), 428 (M-90; loss of 
TMSiOH), 357 (M-[90+71]; loss of TMSiOH 
plus "[CH2]4-CH3) , 331 (M-187; loss of 
�9 C H  2-CH[OTMSi]-[CH 214CH3), and 173 
(TMSiO+=CH-[ CH2 ] 4 CH3) (TMSi derivative of 
11,13-dihydroxy- 1-octadecanol). The cross con- 
tamination of the two isomeric dihydroxyocta- 
decanols was 5% or less. Consequently, the 
11,12-dihydroxy-l-octadecanol formed from 
compound D had the threo configuration. 

Experiments with 180-Enriched Water 

13 L-Hydroperoxy-9, l l-octadecadienoic acid 
(1 mg) was dissolved in 0.32 ml ethanol, and 
0.48 ml 180-enriched water (60% 180, 40% 
160; Miles Laboratories) was added. The solu- 
tion was kept at 100 C under argon for 3 hr, 
and compound D was isolated, as described 
above. Mass spectrometric analysis was made on 
the TMSi ethers of compound D and of the 
dihydro derivative of compound D (Table I). As 
seen from the ion formed by elimination of 
�9 CH3, compound D formed in the presence of 
H21so  was a mixture of 52% molecules con- 
taining one atom of 180 and 48% molecules 
containing no 180. Since the ions formed by 

elimination of-CH.-~-.CH-(CH2)4CH 3 (I and 

II), also were mixtures of 52% containing one 
180 and 48% without 180, the heavy oxygen 
must be located at C-11. The ion III, formed by 
elimination of the carboxyl chain, had ca. the 
same isotopic composition, showing that there 
was little, or no, incorporation of i 80  into the 
carboxyl group during the heat treatment. 
Since the ' 80_enriched water was a mixture of 
60% H2180 and 40% H2160,  it was apparent 
that the major part (ca. 87%) of 13-hydro- 
peroxy-9, 11-octadecadienoic acid incorporated 
one oxygen, and a minor part (ca. 13%) did not 
incorporate oxygen from the solvent during its 
conversion into compound D. 

Experiments with 1802-Labeled 13L-Hydroperoxy- 
9,11-octadecadienoic Acid 

1802-Labeled 13 L-hydroperoxy-9,11-octa- 
decadienoic acid was prepared by incubation of 
linoleic acid (120 mg) with soybean lipoxy- 
genase under ' 8 0 2  atmosphere ( 1 1 ) ( 1 8 0 2  , 
98%, Miles Laboratories). An aliquot of the 
linoleic acid hydroperoxide thus obtained was 
treated with SnC12 in ethanol (5) to prepare 
1 so1  -labeled 13L-hydroxy-9,11-octadecadi- 
enoic acid. Mass spectrometric analysis of the 
TMSi derivative demonstrated the presence of 
79% molecules with one 180 and 21% mole- 
cules without 180. That the ' 80  was located at 
C-13 also was apparent from the mass spectrum 
(ion at m/e 292 due to elimination of 
TMSi18OH). Since there should be a negligible 
amount of the species 160-180 present during 
the incubation, the isotopic composition of the 
hydroperoxide should be the same as that of 
the hydroxy acid, i.e. 79% 1802 molecules and 
21% molecules without 180. Table t shows the 
isotopic composition of compound D formed 
from the 1802-1abeled hydroperoxide. From 
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the ion formed by elimination of "CH3, it may 
be seen that the 1802-hydroperoxide yielded 
predominantly molecules of compound D con- 
taining one atom of 180 (71/79x100%=90%) 
and, to a small extent, molecules containing 
two atoms of 180 (8/79x100%=10%). The 
former molecules contained 18 O at carbons 12 
and 13 (epoxy oxygen), as shown by the loss of 
18 O in the elimination of the epoxy group-con- 
taining fragment. The latter molecules con- 
tained 180 in the epoxy group, as well as in the 
hydroxyl group attached to carbon 11. 

Isolation of Compound D and its Isomer from 
Autoxidized Linoleic Acid 

Linoleic acid, 100 mg, was refhixed under 
air in 50 ml 40% aqueous ethanol for 22 hr. 
The solution was acidified and extracted 
twice with diethyl ether. Aliquots of the 
esterified residue were subjected to TLC (sol- 
vent system: organic layer of ethyl acetate- 
2 ,2 ,4 - t r imethy lpen tane-wate r  [50: 100: 100, 
v/v/v]). In addition to an intense band at the 
solvent front corresponding to methyl linoleate, 
a large number of bands due to more polar 
derivatives appeared. One band of medium 
intensity had the same Rf as that of compound 
D (Rf=0.44). This material was converted into 
the TMSi derivative and analyzed by GLC mass 
spectrometry. A major peak appeared (C-20.7). 
Several mass spectra recorded on different parts 
of the peak indicated the presence of two 
isomers, both having the molecular ion at m/e 
398. The mass spectra recorded on the ascend- 
ing part of the peak showed ions inter alia at 
m/e 398 (M+), 383 (M-15), 327 (M-71; loss of 
�9 CsHI1)  , and 285 (M-113; loss of "CH@CH- 

[CH2]4CH3), whereas the mass spectra re- 
corded on the descending part showed ions 
inter alia at m/e 398 (M+), 383 (M-15), 241 
(M-157; elimination of -[CH~]7-COOCH3) , 
and 199 (TMSiO+=CH-CH=CH-[CHz]4CH3). 
The more rapidly eluting isomer could be 
identified as the TMSi derivative of methyl 
1 1 - h y d r o x y -  1 2,1 3 - e p o x y - 9 - o c t  adecenoate 
(compound D) by comparing the mass spectra 
with that of the authentic derivative. The 
more slowly eluting isomer tentatively was 
identified as the TMSi derivative of methyl 
1 1-hydroxy-9,10-epoxy-12-octadecenoate on 
basis of the mass spectrometric fragmentation. 
As judged from the intensities of the base peaks 
at m/e 285 and m/e 199 ca. equal amounts of 
the two isomers were present. 

DI SC USSI ON 

At least eight compounds were present in 
the product isolated after heat treatment under 

anaerobical conditions of 13L-hydroperoxy- 
9,11-octadecadienoic acid (Fig. 1). Compound 
D, one of the major components, was isolated 
and found to be threo-ll-hydroxy-12,13- 
epoxy-9-octadecenoic acid. The location of the 
functional groups was established mainly by 
mass spectrometric analysis of derivatives of 
compound D and by chemical degradation. A 
micro method for periodic acid oxidation in 
ether combined with direct analysis of the 
products by GLC-mass spectrometry was devel- 
oped in the course of this work. This method 
proved convenient in determining the position 
of vic-glycol groups in dihydroxystearates and 
the position of the three alcohol groups in the 
hydrated and hydrogenated derivative of com- 
pound D. 

A series of derivatives related to compound 
D, e.g. methyl 11-(2,2,5,7,8-pentamethyl-6- 
oxy  c hroman)-cis- 12,13-epoxy-9trans-octadece- 
noate, recently were shown to be formed by 
radical addition of linoleic acid hydroperoxides 
to c~-tocopherol or an analogous hydroxy- 
chroman in the presence of Fe3§ or proflavin 
sensitized by visible light (12). In contrast there 
was no need for metal ions or irradiation in the 
formation of compound D of the present study. 
Another related compound, 9-hydroxy-cis- 
1 2,13-epoxy-10trans-octadecenoic acid, has 
been isolated after incubation of linoleic acid 
with wheat flour extracts (13). Notably, this 
epoxide apparently was not formed from lino- 
leic acid hydroperoxide but from an intermedi- 
ate formed from linoleic acid and wheat flour 
lipoxygenase (13). 

To assess the relative configuration of car- 
bons 11 and 12, compound D was hydro- 
genated and reduced with lithium aluminium 
hydride (Fig. 3). As expected this treatment 
gave two isomeric dihydroxyoctadecanols, i.e. 
11,12-dihydroxy- and 11,13-dihydroxy-l-octa- 
decanols, which were separated by TLC on 
sodium arsenite-impregnated plates. By compar- 
ison with authentic erythro- and threo-11,12-di- 
hydroxy-l-octadecanols, it could be demon- 
strated that the 11,12-dihydroxyoctadecanol 
derived from compound D had the threo 
configuration. Since the two carbon-oxygen 
bonds at C-11 and C-12 of compound D are not 
involved in the conversion into 11,12-dihydrox- 
y-l-octadecanol, it followed that compound D 
had the threo configuration at carbons 11 and 
12. Since the A l l  double bond of the parent 
fatty acid hydroperoxide had the trans config- 
uration the two oxygens at carbons 11 and 
12,13 of compound D must have been incorpo- 
rated by cis addition, i.e. addition on the same 
side of the plane of the AI 1 double bond. 

The origin of the oxygen atoms at C-11 and 
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CH3 (CH2)t 

H\ 

OH 

CH CH = CH CH CH (CH2)7 COOH 

l 
OH 
I 

CH 3 (CH2)4--- H CH ClinCH (CH2)7 COOH 
FIG. 4. Mechanism of formation of 11-hydroxy-t2,13-epoxy-9-octadecenoic acid from 13L-hydroperoxy- 

9,11-octadeca dienoic acid. 

C-12,13 of compound D was established in 
experiments with 180_enriche d water and with 
1802_labele d 13L-hydroperoxy-9,11-octadeca- 
dienoic acid. Heat treatment of the fatty acid 
hydroperoxide in the presence of H 218 0 gave 
rise to compound D labeled with 18 0 in the 
hydroxyl group. However, the percentage of 
180-containing molecules (52%) was smaller 
than the percentage of H2180  in the 180_ 
enriched water (60%) showing that a small part 
(13%) of compound D was formed without 
incorporation of OH from the solvent. Com- 
pound D isolated after heat treatment of 
13L-hydroperoxy-9,11-octadecadienoic acid la- 
beled with 1802 in the hydroperoxy group 
largely retained one atom of  180. This atom 
was present in the epoxy group. A small part 
(10%) retained two atoms of  180, located in 
the hydroxy and epoxy groups. 

The mechanism proposed for the reaction, 
by which the major part of the hydroxy-epoxy 
acid was formed, involves elimination of OH 
from the hydroperoxy group and cis-addition 
to the A l l  double bond of the proximally 
linked hydroperoxide oxygen and OH from the 
solvent (Fig. 4). The nature of OH ( O H -  or 
�9 OH), i.e. whether or not the reaction involves 
free radicals, has not been established conclu- 
sively. The structure of compound B (Fig. 1), 
tentatively identified as methyl 11-ethoxy- 
12,13-epoxy-9-octadecenoate, gave additional 
support for this mechanism in which an ion or 
radical f rom the solvent (aqueous ethanot) was 
bound to carbon 11. 

There seems to be two possible mechanisms 
for the minor reaction by which the hydroxy- 
epoxy acid was formed without incorporation 
of oxygen from the solvent. One consists of 
dissociation of OH from the hydroperoxide 
group, as described above, followed by re- 
binding to carbon 11 before equilibration with 
solvent molecules. Alternatively there is a cis- 
addition of the two hydroperoxide oxygens to 
the A1 t double bond without prior cleavage of 
the O-O bond. 

The formation of  11-hydroxy-12,13-epoxy- 
9-octadecenoic acid and its isomer, 11-hydroxy- 
9 , 1 0 - e p o x y - 1 2 - o c t a d e c e n o i c  acid, during 
autoxidation of linoleic acid probably occurs 
by way of the two initial products of linoleate 
autoxidation, i.e. 13-hydroperoxy-9,11-octa- 
decadienoic acid and 9-hydroperoxy-10,12- 
octadecadienoic acid. Further studies on the 
formation of hydroxy-epoxy acids as well as 
polyhydroxylated acids during autoxidation of 
linoleic acid are in progress and will be reported 
later. 
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ABSTRACT 

The neutral and polar lipid composi- 
tion of Entomophthora coronata was 
determined qualitatively. The fungus was 
grown on a chemically nondefined me- 
dium (Sabouraud dextrose yeast extract) 
and a chemically defined medium for a 
period up to 26 days. The Iipids were 
characterized by thin-layer, column, gas 
chromatography, and selective sprays, 
32p-labeling, and mass spectrometry. The 
neutral lipids consist of monoglycerides, 
diglycerides, cholesterol, free fatty acids, 
triglycerides, and cholesteryl esters. The 
polar lipids consist of phospholipids 
(phosphatidyl ethanolamine, phospha- 
tidyl choline, lysophosphatidyl ethanol- 
amine, lysophosphatidyl choline, and 
spingomyelin), a number  of glycolipids 
including cerebrosides, and many un- 
recognizable lipids, most of which are 
present in trace amounts. The cerebro- 
sides and spingomyelin are present in 
significant amounts, an4 their concentra- 
tion increased with age of the culture. 
The major fatty acids (>10%) of the 
total, neutral, and polar lipids of the 
mycelia are 14:0, 16:0, 18:1, 18:3(3,), 
and 24: 1. The polar lipids of total culture 
(unsaturation index 0.88) and of the 
conidia (unsaturation index 1.48) are 
considerably more unsaturated than the 
corresponding neutral lipids (unsaturated 
index 0.50 and 0.49). The mycelial polar 
lipids, compared to the neutral lipids, 
possess less 14:0 and 18:1 but contain a 
greater percentage of 16:0, 18:2, 18:3(3,), 
24:0, and 24: 1. The major fatty acid of 
the conidia (>10%) are 13:0, 14:0, 18:1, 
18:2, 18:3(3,), and 20:4. Their polar 
lipids have a higher proportion of 18:2, 
18:3(3,), and 20:4. The cerebrosides pos- 
sess 24.1 in high relative proportion 
(30.1%). 

INTRODUCTION 

The fatty acid composition of entomogenous 
fungi has been examined and found to be of 
some use in indicating taxonomic relationships 

1presented at the AOCS Meeting, Atlantic City, 
October 1971. 

(1,2). Mumma and Bruszewski have shown that 
the fungus Entomophthora eoronata contains 
severai unusual fatty acids (3). Entomogenous 
fungi are being considered for possible insect 
control, and they must be studied thoroughly 
before they can be disseminated in man's envi- 
ronment.  There is a lack of knowledge concern- 
ing the lipid composition of fungi, particularly 
fungi pathogenic to animals, when compared to 
our knowledge concerning the lipid composi- 
tion of other microorganisms. E. coronata has 
been reported to infect vertebrates on rare 
occasions (4). In an effort to better understand 
the Iipid characteristics of fungi pathogenic to 
animals and to characterize chemically the 
entomogenous fungi, we now report qualita- 
tively the neutral and polar lipid composition 
of E. coronata (5). 

EXPERIMENTAL PROCEDURE 

Culture o f  organism: Stock cultures of E. 
coronata (American Type Culture Collection 
no. 1005) were grown in petri dishes on 
Sabouraud dextrose yeast extract agar (Difco) 
for 10 days (3). Erlenmeyer flasks (250 ml) 
containing 100 ml sterile liquid medium were 
inoculated with mycelia and conidia using a 
sterile wire loop. The fungus was grown on two 
media: a chemically defined medium and a 
chemically nondefined medium (Sabouraud 
dextrose yeast extract). The chemically defined 
medium consisted of 20 g glucose, 2 g L-aspara- 
gine, 0.5 g MgSO 4 �9 7H20,  0.6 g KH2PO4, and 
2.4 g K2HPO4/liter. The chemically nondefined 
medium contained 10 g Neopeptone (Difco), 
40 g glucose, and 2 g yeast extract/liter. The 
organism was grown in stationary culture at 25 
C for up to 26 days under constant light. 
Mycelia were harvested at various times and the 
lipid extracted, as previously reported (3). In 
the radiochemical studies culturees were grown 
on a medium containing 50 ttCi of 32po4-3 for 
10 days. 

Mycelia lipids: The fungal lipids were frac- 
tionated into two classes on a 1 x 8 cm silicic 
acid column using 12 ml chloroform to elute 
neutral lipids and 12 mt methanol followed by 
12 ml chloroform-methanol-water (65:25:4, 
v/v/v) to elute the polar lipids. The latter two 
fractions were combined and solvents evapo- 
rated under a stream of N2. 

The neutral lipids were fractionated further 
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T A B L E  I 

Percentage  Neutra l  and  Polar Lipids of  
E n t o m o p h t h o n a  coronata  

Sample  lipids Day 

Tota l  cu l tu re  
S a b o u r a u d  Def ined  

10 16 26 16 26 

Neut ra l  86,6 93,2 92,1 
Polar 13.4 6.8 7.9 

Conidia  Sabou rau d  - 7 Day 

Neutra l  93.5 
Polar 6.5 

87.9 91.8 
12.1 8.2 

by thin layer chromatography (TLC) (Supelco- 
sil 12A, Supelco, Inc., Belle Fonte, Pa.) 
employing petroleum ether (30-60 C)-ethyl 
ether-acetic acid (50:50: 1, v/v/v/). Lipids were 
visualized by charring with 20% H2SO4, with 
selective sprays, or radioautography. 

A portion (312 mg) of the neutral lipids was 
saponified in 0.5 M KOH in 10% aqueous 
methanol (7 ml) for 4 hr at 45 C with shaking. 
The unsaponifiables were extracted twice with 
ethyl ether and the ether washes combined. The 
ether solvent was evaporated under N2, and the 
residue again was dissolved in 1.5 ml ethyl 
ether. The unsaponifiable lipids were streaked 
on preparative thin layer chromatographic 
plates and developed in ethyl ether-benzene- 

ethanol-acetic acid (40:50:2:0.2, by vol.) (6). 
The steroid band was located with Rhodamine 
6G (0.5% in ethanol), scraped from the plate, 
placed in a glass wool plugged pasteur pipet and 
ehited from the absorbent with 3 ml chloro- 
form. The solvent was evaporated under N 2 and 
the residue dissolved in methanol and cooled 
overnight. The solution was filtered, and a small 
amount of crystalline material was obtained. 

A portion of the crystalline steroid, as well 
as the crude unsaponifiable fraction dissolved in 
ethyl ether was analyzed by gas liquid chroma- 
tography (GLC) (3% SE-30 6 ft column at 225 
C, Aeorgraph Model 200 gas chromatograph, 
flame ionization detector, and He carrier gas). 
A standard mixture of cholestane and choles- 
terol was used as a reference. The mass spec- 
trum of the isolated sterol was obtained with a 
Nuclide Model Graf III mass spectrometer 
utilizing the solid inlet probe. 

The polar lipid fraction was spotted on 
thin-layer chromatographic plates (Supelcosil 
12A, Supelco, Inc.) and developed two dimen- 
sionally: first direction, chloroform-methanol- 
w a t e r - 2 8 %  a m m o n i u m  h y d r o x i d e  
(130:70:8:0.5, v/v/v/v) and the second direc- 
tion, chloroform-acetone-methanol-acetic acid- 
water (100:40:20:20:10,  by vol.) (7). The 
identity of some of these lipids was established 
by the use of selective sprays. 

The phospholipids were characterized fur- 

T A B L E  II 

Per cent  F a t t y  Acids  in Lipids of  E n t o m o p h t h o n a  coronata  

26 Day cu l ture  

Fa t ty  acid To ta l  Neu t ra l  Polar Cerebrosides  

Conidia  

Tota l  Neu t ra l  Polar 

12:0  7.3 7.8 2.2 3.5 5,1 5.2 1.6 
13:0 5,4 5,5 0.4 3.0 10.6 11.1 3.8 
14:0 39.4 36.1 13,5 16.4 34.9 35.9 18.6 
15:0 2.1 3.2 1.9 0.6 3.9 3.3 3.7 
16:0  9.7 10,8 20 .7  14.1 9.2 9,5 7.2 
16:1 0.3 l . l  --- Trace  0.9 0.6 0.4 
17:0 0.1 0.9 2.3 Trace  1.2 1.0 0.3 
16:2 0,2 0.8 2.3 Trace  0.8 0 .6  0.6 
18:0  1.9 2.3 7.6 0.5 2.2 2.4 0.8 
18:1 21.3 21 .3  9.5 14.0 16.5 17.2 10.7 
18 :2 (9 ,12 )  3.5 2.9 8.1 2.9 8.7 7.7 31.0 
1 8 : 3 ( 6 , 9 , 1 2 )  1.1 0.4 10.2 1.9 1.3 0.9 6.7 
18:2 0,4 1.0 Trace  Trace  0.1 0,2 Trace  
18:2 4,8 2.5 8.4 0.2 0.2 0.2 Trace  
18:3 0.3 Trace  Trace  5.1 Trace  Trace  Trace  
2 0 : 3 ( 8 , 1 1 , 1 4  ) 1.1 0.7 Trace  0.6 0.6 0.6 2.7 
2 0 : 4 ( 5 , 8 , 1 1 , 1 4 )  2,9 2.2 Trace  0.4 2.5 2 .4  11,3 
20 :4  1,3 Trace  Trace  6.6 a Trace  Trace  Trace  
24:0  Trace  Trace  3.8 Trace  Trace  Trace  Trace  
24:1 1,2 0.7 10,4 30.1 1.4 1.3 0.7 

% U n s a t u r a t e d  38,4 33.6 48.9 61.8 33.0 31.7 64.1 

u s I b  0.65 0 .50  0.88 1.01 0 .54  0 .49  1.48 

aA s a t u r a t e d  polar  f a t ty  acid, 

bAve rage  double  b o n d s / m o l e  f a t t y  acid. USI  = u n s a t u r a t e d  index.  
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FIG. 1. Thin-layer chromatograms of Entomophthora  coronata lipids: (1A.) 20% sulfuric acid char of total 
polar lipids of 10 day old culture; (lB.) radioautogram of 32p-labeled lipids of 10 day old culture; (1C.) 20% 
sulfuric acid char of total polar lipids of 26 day old culture; and (1D.) c~-naphthol sprayed chromatogram of 
conidia polar lipids. Chromatograms were developed in the first direction (horizontally) with chloroform-metha- 
nol-water-28% ammonium hydroxide (130:70:8:0.5, v/v/v/v) and in the second direction with chloroform-ace- 
tone-methanol-acetic acid-water (100:40: 20:20:10, v/v[v/v/v) (7). 

ther by 32p-labeling. The fungus was grown on 
the chemically defined medium spiked with 50 
/.tCi 32PO43 for 10 days, and the lipids were 
extracted and fractionated, as previously men- 
tioned. The individual 32p-labeled lipids were 
removed from two-dimensional thin-layer chro- 
matographic plates and deacylated by the 
method of Dawson (8). The deacylated prod- 
ucts were assayed by two-dimensional paper 
chromatography on Whatman no. 4 filter paper. 
Chromatograms were developed with phenol- 
water (100:40, w/w) in the first direction and 
w i t h  1 - b u t a n o l - p r o p i o n i c  a c i d - w a t e r  
(100:50:70, v/v/v) in the second. Identity of 
these products was established by comparison 
of Rfs with those of deacylated 32p-labeled 
plant lipids (9). 

Glycolipids were separated from the other 
lipids by silicic acid column chromatograpy 
(10). A portion of the fungal lipids (100-200 

mg) was placed on a 1 x 6 cm silicic acid 
column in a minimal amount of chloroform. A 
step-wise elution using the following sequence 
and volumes of solvents was employed: (a) 
chloroform, 10 column volumes (neutral lip- 
ids), (b) acetone, 40 column volumes (glyco- 
lipids), (c) methanol, 10 column volumes (phos- 
pholipids). 

The acetone fraction containing the glyco- 
lipids was analyzed by one-dimensional TLC 
(chloroform-methanol-water, 65:25:4, v/v/~). A 
standard mixture containing bovine cerebro- 
sides and sulfolipids was used as a reference 
(Supelco, Inc.). Plates were visualized with an 
ot-naphthol spray (11) and 20% H2SO 4 char. 
Trimethylsilyl derivatives of the glycosides and 
sphingosine bases were prepared and analyzed 
by GLC, according to the method of Vance and 
Sweely (12). A 6 ft 15% DEGS column 
operated at 180 C was used for analysis of the 
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FIG. 2. Results of four separate sprays with thin-layer chromatograms of polar lipids of 14 day old cultures 
of Entomophthora coronata. The solvent systems used were the same as in Figure l. 

methyl  esters of  the fat ty  acids. The t r imethyl-  
silyl derivatives were analyzed on a 6 ft 2% 
OV-1 co lumn opera ted  at 160 C unti l  the 
t r imethylsi lyl  manni to l  marker  appeared and 
then the co lumn was tempera ture  programed 
f rom 160-200 C at 10 C/min  to elute the 
t r imethylsi lyl  sphingosine bases. 

Conidia lipids: E. coronata conidia were 
harvested and ext rac ted  as follows: five large 
petri  dishes (150 mm)  of Sabouraud-dextrose-  
yeast  agar were inocula ted  with  mycelia.  Coni- 
dia are e jected forcibly to the petri  dish cover 
where they  stick. Af te r  7 days the petri  dish 
covers conta in ing the condida were removed 
and rinsed with  10 ml ch lo ro fo rm-methano l  
(2: 1). This conidial  suspension was transferred 
to a 50 ml centrifuge tube and al lowed to stand 
for 24 hr at 4 C. The mixture  then was 
centrifuged,  the supernatant  l iquid removed 
and evaporated under  N2, result ing in 329.2 mg 
crude lipid. The residue was dissolved in chloro- 
fo rm-methanol  (2:1)  and Fo lch  washed (13). 
The lipid layer was evaporated to dryness 
(253.6 mg), and an al iquot  of  the residue (133 
mg) was dissolved in a m in imum amoun t  of  
ch loroform and separated on a siliicic acid 

column, as previously described (113.8 mg 
neutral  lipids and 7.8 mg polar  lipids). The 
dried ext rac ted  conidia weighed 337.1 rag. 

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

The percentages of  neutral  and polar lipids 
of  E. coronata grown on defined and Sabo- 
uraud (nondef ined)  media for 10, 16, and 26 
days are presented in Table I. In addit ion the 
percentages of  neutral  and polar  lipids in the 
conidia of  E. coronata col lected on the seventh 
day of  growth also are given in Table I. The 
percentage of  polar  lipids in the total  culture 
varied between 6.8 and 13.4% and was greatest 
in the shorter  sampling time. Since the conidia 
are ejected forcibly and stick to the petri  dish 
cover, they are col lected easily, and their  lipid 
extracts  are free of any mycel ial  contaminat ion .  
However,  the total  culture extracts  always are 
con tamina ted  with  conidial  lipids. The conidia 
possessed 38.4% lipids, of  which only 6.5% 
were polar  lipids. 

The fat ty acid compos i t ion  of total,  neutral ,  
and polar lipids of  26 day old E. coronata and 
of  conidia  col lected on the seventh day are 
presented in Table II. Al though  considerable 
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T A B L E  I I I  

R e a c t i o n  o f  P o l a r  L i p i d s  t o  V a r i o u s  S p r a y  R e a g e n t s  
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S p r a y  a 

S p o t  A B C D E F G I d e n t i f i c a t i o n  

1 . . . . .  + + - -  

2 + - -  + - -  + + + 

3 + - -  - - + + + 

4 - - -  - -  + + + 

5 + - -  + - -  + + + 

6 + - -  - -  - + + + 

7 . . . . .  + 

8 . . . .  + + + 

9 + + - - -  + + - -  

1 0  - -  - -  - -  + + + + 

1 1  - -  - -  - -  + + + + 

1 2  - -  + - -  - -  + + - -  

1 3  - -  - -  - -  + + + + 

1 4  . . . .  + + + 

1 5  - -  - -  - -  + + + + 

1 6  - -  + - -  - -  - -  + - -  

1 7  - -  + - -  - -  + + - -  

1 8  - -  + - - -  - + - -  

1 9  - -  + - -  - -  - -  + - -  

2 0  - -  - -  - -  + + + - -  

2 1  - -  - -  - -  + - -  + - -  

2 2  - -  + . . . . .  

2 3  - -  + - - + - - 

2 4  - -  + . . . . .  

2 5  - -  + . . . .  

2 6  - -  + . . . . .  

2 7  - -  + . . . .  + 

2 8  - -  + . . . . .  

L y s o p h o s p h a t i d y l  c h o l i n e  

S p h i n g o m y e l i n  

P h o s p h a t i d y l  c h o l i n e  

L y s o p h o s p h a t i d y l  e t h a n o l a m i n e  

P h o s p h a t i d y l  e t h a n o l a m i n e  

C e r e b r o s i d e s  

C e r e b r o s i d e s  

a A  = p h o s p r a y ,  S u p e l c o  I n c .  ( 1 4 ) ,  B = n i n h y d r i n ,  S t a h l  # 1 7 8  ( 1 5 ) ,  C = d r a g e n d o r f ,  S t a h l  

# 9 5  ( 1 5 ) ,  D = c e - N a p h t h o l  ( 1 1 ) ,  E = i o d i n e  v a p o r  S t a h l  # 1 4 1  ( 1 5 ) ,  F TM 2 0 %  s u l f u r i c  a c i d  

c h a r ,  a n d  G = S c h i f f ' s  ( 1 6 ) .  

catabolism has occurred in 26 day old cultures, 
no appreciable change was observed previously 
in the total fatty acid composition of E. 
c o r o n a t a  over the entire 26 day growth period 
(3). The major fatty acids (>10%) are 14:0, 
16:0, 18:1, 18:3(3'), and 24: 1. The polar lipids 
of the total culture (unsaturated index 
[USI] 0.88) and of the conidia (USI 1.48) are 
considerably more unsaturated than the corre- 
sponding neutral lipids (USI 0.50 and 0.49). 
The mycelial polar lipids, compared to the 
neutral lipids, possess less 14:0 and 18:1 but 
contain a greater percentage of 16:0, 18:2, 
18:3 (3'), 24.0 , .and24: l .  The high percentage of 
24:0 and 24:1 suggest the presence of glyco- 
lipids. The polar conidial lipids contain a high 
percentage of 18:2, 18:3, and 20:4 which 
contribute significantly to the overall unsatura- 
tion (USI 1.48). The relative concentration of 
20:4 is unusually high (11.3%) and raises some 
question as to what function it may possess in 
these condidal membrane lipids. 

The neutral and polar lipids were fraction- 
ated further by TLC. The neutral lipids con- 
sisted of triglycerides, steroid esters, free fatty 
acids, steroids, 1,2-diglycerides, 1,3-diglyc- 

erides, and monoglycerides. The steroids were 
isolated by TLC from the ether extract of the 
saponified neutral lipids. The major steroid 
(98.5%) was identified as cholesterol with the 
aid of thin-layer and gas chromatography and 
mass spectrometry. 

The polar lipids were fractionated further by 
TLC employing two dimensionally develop- 
ment. Figures 1A and 1C compare the total 
polar lipids in 10 and 26 day old cultures. 
Considerable degradation of the polar lipids, 
particularly the phospholipids, had occurred by 
26 days. However, several lipids do appear more 
concentrated in the older mycelia; this prob- 
ably is due to the resistance of these lipids to 
catabolism. Figure 1B shows a 32p-labeled 
extract of E. c o r o n a t a  grown for 10 days and is 
similar to the chromatogram shown in 1A. 
Figure 1D shows an c~-naphthol sprayed chro- 
matogram of the conidial polar lipids. Figure 2 
shows the result of four separate sprays 
(phospray, ninhydrin, 20% sulfuric acid char, 
and a-naphthol) on thin-layer chromatograms 
of the polar lipids of 14 day old cultures. A 
number of polar lipids were observed with a 
sulfuric acid char but did not give any positive 
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FIG. 3. A composit drawing of all 28 components observed in the polar lipid separations of Entomophthora 

covo f la  ta .  

functional group spray. Figure 3 shows a 
composit drawing of all the 28 components 
observed in the polar lipid separations. A 
number of the spots observed in the 14 day 
old cultures are missing in the 26 day old 
cultures and vice versa. 

The phospholipids were identified through 
cochromatography with standards, by use of 
selective sprays and by paper chromatography 
of the individual deacylated 32p-lipids eluted 
from the thin-layer plates (9). Thus, spots 2, 3, 
5, 6, and 9 correspond to lysophosphatidyl 
choline, sphingomyeline, phosphatidyl choline, 
lysophosphatidyl ethanolamine, and phospha- 
tidyl ethanolamine, respectively. 

Compounds represented by spots 10 and 11 
gave a positive Schiff's and 0~-naphthol spray 
suggestive of giycolipids. To examine this possi- 
bility further, an aliquot of the polar lipids was 
separated selectively on a silicic acid column 
(10). The second acetone fraction contained 
chiefly the glycolipids which separated into 
three spots on a one dimensional TLC, and they 
cochromatographed with standard bovine cere- 

brosides. This fraction was deacylated, accord- 
ing to the procedure of Vance and Sweeley 
(12). The resulting methyl ester fatty acids 
were analyzed by GLC, and these results are 
presented in Table II. The fatty acid composi- 
tion of these glycolipids is high in 24:0 and 
24:1, typical of cerebrosides. The sphingosine 
bases and the sugar moiety were analyzed 
simultaneously as their trimethylsilyl deriva- 
tives (12). The results of these analyses are 
shown in Figure 4. A mannitol standard was 
added as a reference�9 Only one sugar was 
observed, galactose. The chromatograms re- 
vealed a mixture of nitrogen bases, and their 
identity will await further investigations. 

Table III summarizes the spray results with 
the 28 designated regions of the chromatogram 
and their probable identification. Twenty-one 
compounds still remain to be identified. Spots 
13, 15, 20, and 21 gave a positive o~-naphthol 
and Schifff's spray and suggest giycolipids. 
Several spots also showing intense c~-naphthol 
and Schiff's spray reactions are found in the 
conidial lipids and also may represent glyco- 
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FIG. 4. Gas chromatography of the trimethylsilyl derivatives of the sphingosine bases and the sugar moiety 

derived from the isolated cerebrosides from L)ltomophthora coronata (spots 10 and 11 of Fig. 3). 

lipids. However,  the fa t ty  acid profile of  the 
polar lipids of  the conidia does no t  suggest the 
presence of  appreciable glycolipids, since 24:1 
is only found in 0.7%. 

A number  of  componen t s  give an intense 
sulfuric acid char but  do no t  give any o ther  
positive spray test. Many componen t s  were 
observed with n inhydr in  spray; however ,  most  
of  these spots are no t  observed with sulfuric 
acid charring, implying  that  their  concent ra t ion  
is very low. The relative concen t ra t ion  of  the 
cerebrosides increased with age of the culture.  

Sphingomyel in ,  cerebrosides,  and cholesterol  
are lipids typical ly found in animal tissue and 
their  discovery in significnat quant i ty  in E. 
coronata raises some basic questions.  Are the 
presence of  these more animal-like lipids indica- 
tive of  this organism's  abili ty to parasitize 
animals? Could animal fungal pathogens have 
evolved polar  lipids typical  of  animal tissue? 
Lastly, could the compos i t ion  of  the polar  
lipids be used to indicate potent ia l  animal 
pathogenici ty?  This invest igat ion represents,  to 
our knowledge,  the only animal fungal patho- 

gen whose lipid compos i t ion  has been examined  
in detail ,  and addi t ional  studies on o ther  animal 
fungal pathogens are needed  before  any general- 
izations can be made. 

Since Weiss and Stiller recent ly  have re- 
por ted  sphingolipids in mushrooms,  in Phyco-  
m y c e t e s  b lakes leeanus  and in Fusar ium lini 
(17,18) perhaps sphingolipids are more widely 
distr ibuted in fungi than previously realized. In 
the examined  cerebrosides of  E. coronata ,  only 
galactose was ident i f ied;  and a complex  mixture  
of long chain bases was observed. In compari-  
son, the cerebrosides of  P. b lakes leenus  and F. 
lini conta ined  glucose (galactose also in one 
lipid), hyd roxy  fat ty  acids, and a complex  
mixture  of  long chain bases. 
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Metabolism of 1,2-(1-14C) Dipalmitoyl Phosphatidylcholine 
in the Developing Brain 1 
G.A. DHOPESHWARKAR and CAROLE SUBRAMANIAN, Laboratory of Nuclear Medicine and Radiation 
Biology, 900 Veteran Ave., University of California, Los Angeles, California 90024, and 
JAMES F. MEAD, Department of Biological Chemistry, School of Medicine, 
University of California, Los Angeles, California 90024 

ABSTRACT 

Thirteen-day-old rats were divided into 
two  g r o u p s ;  one  group received 
1,2-(1-14C) dipalmitoyl phosphatidylcho- 
line and the other 1-14C palmitic acid in 
the form of an intraperitoneal injection. 
One half of the total number of rats in 
each group was sacrificed 24 hr after 
injection, and the other half was allowed 
to survive for 17 days after the injection. 
Radioactivity incorporated into brain and 
liver total lipids and into individiual polar 
lipid components of the brain was deter- 
mined at both intervals. Phosphatidylcho- 
line was isolated and partially deacylated 
with phospholipase A 2 from CrotaIus 
Admanteus venom. The ratio of radioac- 
tivity FA 2/FA 1 (fatty acid attached to 
2 and 1 carbon of the glycerol moiety) 24 
hr after the injection was 8.3, when the 
tracer was radioactive phosphatidylcho- 
line, compared to only 0.7 when radioac- 
tive palmitate was injected. From this 
different labeling ratio and different pat- 
tern of labeling the polar lipid compo- 
nents, it was concluded that the radioac- 
tive phosphatidylcholine was not deacyl- 
ated completely before being taken up 
directly into the brain. Possibilities are 
discussed to show that the observed 
radioactive ratio could result from direct 
uptake of intact phosphatidylcholine, 
with little or no restriction from the 
blood brain barrier system, followed by 
partial degradation by phospholipase A1 
in the brain itself. 

I NTRODUCTI  ON 

During the past few years, work from this 
laboratory has shown conclusively that long 
chain fatty acids (FA), when introduced into 
the circulating blood, were taken up directly 
into the brain (1). The much discussed blood- 
brain barrier system seemed to pose no restric- 
tion to this direct uptake. It is possible that, in 
accordance with Davson's ideas (2), the fatty 
acids are simply representative of lipid-soluble 

1presented in part at the AOCS Meeting, New 
Orleans, April 1973. 

compounds, which are not restricted by the 
blood-brain barrier system. On the other hand, 
many polar compounds with greater water 
solubility penetrate the system with difficulty 
(3). The phospholipids, though still lipid-solu- 
ble, are considerably more polar than the fatty 
acids, so the question of restricted penetration 
of the blood-brain-barrier system could not be 
answered on the basis of polarity or solubility 
alone. We, therefore, sought to answer this 
question using phosphatidylcholine, a com- 
pound of greater tool wt and higher polarity 
than a fatty acid. Hoelzl and Franck (4), who 
sought information on whether lecithin could 
penetrate the blood-brain-barrier system, con- 
cluded that at least the glyceryl phosphorylcho- 
line backbone penetrated the system. They also 
found that fatty acids from position 2 were lost 
somewhere in the process. Illingworth and 
Portman (5) concluded that plasma lysophos- 
phatidylcholine serves as an important precur- 
sor of brain lecithin. 

The present study was undertaken to distin- 
guish between two possibilities: first, a direct 
uptake of intact phosphatidylcholine and, sec- 
ond, a partial or complete degradation of the 
administered phosphatidylcholine, followed by 
uptake of components and resynthesis in the 
brain itself. 

MATERIALS AND METHODS 

Tracer: 1,2-(1-14C) Dipalmitoyl phospha- 
tidylcholine was purchased from DHOM Prod- 
ucts (Hollywood, Calif.); purity was checked by 
thin layer chromatography (TLC); equal distri- 
bution of radioactivity in the 1 and 2 positions 
of phosphatidylcholine, as well as localization 
of all radioactivity in the carboxyl carbon of 
palmitic acid, was ascertained by the methods 
outlined below. 

Animals: Twelve male and female Wistar 
13-day old rats weighing ca. 18 g were given 
intraperitoneal injections of 4 /.tc 1,2-(1-14C) 
dipalmitoyl phosphatidylcholine. Six rats were 
killed 24 hr after the dose, and the other six 
were allowed to survive for 17 days (average 
body wt 130 g) before sacrifice. All animals had 
free access to food (Purina Rat C h o w ) a n d  
water. 

Extraction and isolation o f  lipids: Brain and 
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I n c o r p o r a t i o n  o f  R a d i o a c t i v i t y  i n to  Brain  a n d  Liver Lip ids  o f  
Rats a f t e r  Intraperitoneal l n j ec t i o~  o f  1-14 C Dipalmi~oyl Leci~bin 

Tissue Bra in  Liver 

Age  o f  r a t s  (days )  13 30 13 30 

In t e rva l  b e t w e e n  
2 4  h r  17 days  24  b r  17 days  dose  a n d  sacr i f ice  

Spec i f i c  r a d i o a c t i v i t y  
( c p m / m g )  to t a l  l ip ids  4 2 0  125 2 , 8 3 5  18 

R a d i o a c t i v i t y  o f  t o t a l  l ipids  
c p m / g  w e t  w l  2 0 , 7 9 5  1 1 , 1 8 7  1 8 0 , 7 7 4  7 6 3  

Per cen t  i n c o r p o r a t i o n  

c p m / g  t i ssue  _ x 100  4 .2  2 .78  36 .8  0 . 1 6  

dose /g  b o d y  w t  

liver tissues were excised from decapitated 
animals, washed several times with distilled 
water, blotted to remove excess water, and 
placed in tared vials containing chloroform: 
methanol (2:1 v/v). Lipids were extracted from 
pooled tissue using the method of Folch, et al., 
(6). Total lipids were fractionated according to 
the method described by Rouser, et al., (7). 
The pure phosphatidylcholine component was 
subjected to hydrolysis by using Crotalus 
Admanteus venom (Sigma, St. Louis, Mo.), as 
described by Van Golde and Van Deenen (8). 
The resulting lysophosphatidylcholine and fatty 
acids were separated on a 5 x 20 cm Silica Gel 
G TLC plate using chloroform: methanol: 
formic acid: water (70:28:7.5:2.5 v/v) as sol- 
vent (9). Immediate radioscanning was per- 
formed using a Packard Radiochromatogram 
Scanner Model 7200. The areas under the 
recorder peaks were estimated by triangulation. 
The TLC plate then was exposed briefly to 
iodine vapor, spots visualized, and areas scraped 
directly into scintillation vials containing t 0 ml 
Aquasol (New England Nuclear, Boston, Mass.) 
containing 2 ml water (10). The contents were 
mixed thoroughly on a Vortex shaker, and 
radioactivity was determined in a Scintillation 
Counter (11). 

Phosphatidylcholine isolated from the brain 
and liver total lipids also was hydrolyzed at 37 
C using mild alkaline conditions (12). The total 
fatty acids were methylated with diazo- 
methane. Separation of fatty acid methyl esters 
was accomplished first by SiO2 :AgNO 3 column 
chromatography and then by preparative gas 
liquid chromatography (GLC), and the decar- 
boxytation of the resulting pure palmitic and 
stearic acids was carr ied out, as described 
previously ( 11 ). 

A separate parallel experiment using 1-14C 
palmitic acid as tracer was performed under 
identical experimental procedures. 

RESULTS 

The results of incorporating radioactivity 
from phosphatidylcholine into the brain and 
liver lipids of rats sacrificed 24 hr and 17 days 
after the tracer injection are shown in Table I. 
The specific radioactivity of brain total lipids 
24 hr after injection was lower than that of 
liver lipids; but, at the end of 17 days, the liver 
lipids had lost most of the radioactivity, where- 
as brain lipids retained over 50% original 
radioactivity. 

Brain phosphatidylcholine was degraded par- 
tially using venom to obtain the ratio of 
radioactivity associated with fatty acids at 
positions 2 and 1 (FA 2/FA 1). The ratio was 
very high (8.3) 24 hr after injection, indicating 
relatively greater deacylation of the fatty acids 
in position 1. At the end of 17 days, the ratio 
decreased to 2.3 (Table II). 

Following injection of 1-14C palmitate, on 
the other hand, the ratio of radioactivity in FA 
2/FA 1 was less than one at both time intervals. 
This indicates that the radioactive phospha- 
tidylcholine was not deacylated completely 
before passage into the brain, followed by 
reacylation in situ. 

Phosphatidylcholine also was isolated from 
the liver total lipids and the ratio FA 2/FA 1 
determined (Table II). Irrespective of the two 
different tracer compounds, the ratio of radio- 
activities of FA 2/FA 1 was much lower than 
one. This suggests that the tracer phosphatidyl- 
choline was handled differently by the liver and 
the brain. 

When the total fatty acids were isolated 
from brain and liver phosphatidytcholine, it was 
found that, at both time intervals, palmitate 
was the most radioactive component.  Seventeen 
days after the tracer, radioactivity of stearate 
increased to a certain extent but mono-, as well 
as polyunsaturated, fatty acids still had low 
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FIG. 1. Specific radioactivity (cpm/mg) of brain 
polar lipids isolated from 13-day-old rats, 24 hr after 
tracer. Solid black bars represent value of rats given 
radioactive phosphatidylcholine. Hatched bars repre- 
sent values from animals given radioactive palmitic 
acid. PC = phosphatidylcholine, PE = phosphatidyleth- 
anolamine, PS = phosphatidylserine, CER = cerebro- 
sides, and CHO = cholesterol. 

specific activites.  To ascer ta in  w h e t h e r  palmi-  
ta te  had  u n d e r g o n e  any  mod i f i ca t ion ,  the  phos-  
pha t idy l cho l ine  i so la ted  f r o m  b o t h  the  l iver and  
bra in  to ta l  l ipids was h y d r o l y z e d  and  the  
pur i f ied  pa lmi t a t e  d e c a r b o x y l a t e d  (Table  l i d  to  
de t e rmine  label  d i s t r ibu t ion .  The pa lmi t a t e  
b o t h  f r o m  liver and  bra in  to ta l  l ipids still 
r e t a ined  mos t  of  the  rad ioac t iv i ty  in  the  car- 
boxy l  ca rbon  c o r r o b o r a t i n g  our  earlier observa-  
t ions  (13).  

When the  specif ic  act ivi t ies  of  var ious polar  
l iNds i so la ted  f r o m  poo led  bra in  t issue of  ra ts  
given rad ioac t ive  p h o s p h a t i d y l c h o l i n e  are com-  
pared  w i th  those  of  polar  l ipids o b t a i n e d  f rom 
animals  given 1-14C pa lmi ta t e  (Fig. 1), differ- 
ences clear ly were observed  in the  relat ive 
pa t t e rns  of  label ing.  Fo r  example ,  specif ic  
activi t ies of  cerebros ide  and  choles te ro l  compo-  

rn 9 
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FIG. 2. Specific radioactivity (cpm/mg) of brain 
polar lipids isolated from rats 17 days after administra- 
tion of radioactive phosphatidylcholine (solid black 
bars) and radioactive palmitic acid (hatched bars). 
Abbreviations same as in Figure 1. 

nen t s  were low w h e n  1-14C d ipa lmi toy l  l ec i th in  
was admin i s t e red ,  as c o m p a r e d  to the  h igh 
specif ic  act ivi t ies  of  p h o s p h a t i d y l c h o l i n e  (PC) 
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  (PE), whereas ,  if  
the  t racer  was 1-14C pa lmi t ic  acid, i t  was the  
choles te ro l  f r ac t ion  t h a t  had  m a x i m u m  specific 
rad ioac t iv i ty  (h igher  t h a n  PC). At  the  end  of  
the  17-day per iod ,  s imilar  d i f ferences  were 
observed  (Fig. 2); in add i t ion ,  phospha t i dy l -  
chol ine  i so la ted  f r o m  brains  of  ra ts  given 
rad ioac t ive  l ec i th in  had  the  h ighes t  specif ic  
act ivi ty,  un l ike  the  ra ts  given 1-14C pa lmi t ic  
acid. This i nd i ca t ed  again t ha t  the  admin i s t e r ed  
labeled  p h o s p h a t i d y l c h o l i n e  was no t  deacy la ted  
c o m p l e t e l y  before  en te r ing  the  brain.  

DISCUSSION 

There  are several possible t r a n s f o r m a t i o n s  
t ha t  can occur  in a he t e rogen ious  molecule ,  

TABLE II 

Positional Distribution of Radioactivity in Choline Phosphoglycerides (PC) 
Isolated from Brain and Liver Tissue 

Dose admin i s t e r ed  

24 hr after dose 

Per cent total radioactivity 

17 days after dose 

Per cent total radioactivity 

Fatty acid Lyso PC FA 2 Fatty acid Lyso PC 
2 position (FA l)  Ratio FA 1 2 position (FA 1) Ratio 

FA 2 

FA 1 

Brain 

1-14C dipalmitoyl lecithin 89.3 
1-14C palmitic acid 41.1 

Liver 

1-14C dipalmitoyl lecithin 33.7 
1-14C palmitic acid 18.9 

10.7 8.3 69.6 30.4 2.3 
58.9 0.7 45.5 54.5 0.8 

66.3 0.5 27.2 72.7 0.4 
81.1 0.2 13.4 86.6 0.16 
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such as the 1,2-(1-14C) dipalmitoyl phospha- 
tidylcholine that was used as a tracer. Consider, 
for example, that it was deacylated completely 
by the combined action of various phospho- 
lipases. The fatty acyl components released 
then could be taken up directly into the brain, 
as shown earlier (1), and reacylated. This 
possibility could be simulated by injecting 
1-14C palmitate as tracer. However, the experi- 
mental values show that the ratio FA 2/FA 1 in 
terms of radioactivity is quite different when 
the two tracers were used. Under identical 
experimental conditions, the two tracers re- 
sulted in a different pattern of relative radioac- 
tive specific activites (cpm/mg) of brain polar 
lipids (Fig. 1). It is assumed that there is a 
common pool of palmitate both arising from 
deacylation of lecithin and entering as free 
palmitate. Although it is not known that this is 
the case, definite experimental evidence show- 
ing different pools of any one particular fatty 
acid has not, to our knowledge, been docu- 
mented. In our earlier work (13), it was found 
that acetate, derived from breakdown of 
palmitate, was utilized for chain elongation and 
cholesterol synthesis but not for resynthesis of 
palmitate, although exogenously administered 
acetate was utilized equally well for all reac- 
tions (11). Thus it seems clear that the tracer 
radioactive phosphatidylcholine was not com- 
pletely deacylated before entering the brain. 

Another possibility is that the radioactive 
phosphatidylcholine may be partially degraded. 
For example, the plasma lecithin: cholesterol: 
acyltransferase (14) could form 1-acyl lysophos- 
phatidylcholine. This compound could enter 
the brain easily, as shown by Illingworth and 
Portman (5), and be reacylated. The reacylation 
o f  t h e  l y s o  compound could occur w i t h  a 
variety of fatty acyl moieties. According to 
Baker and Thompson (15), palmitate and stea- 
rate are incorporated preferentially into posi- 
tion 1 and thus are excluded from position 2. 
However, Montfoort et al., (16) analyzed the 
phosphatidylcholine species from many differ- 
ent organs and reported that the predominant 
species of rat brain phosphatidylcholine are 
1-palmitoyl-2-oleoyl (ca. 30%) and dipalmitoyl 
lecithin (ca. 15%). If we assume that the 
partially deacylated tracer was reacylated with 
the oleoyl moiety, then the ratio of radioactiv- 
ity FA 2/FA 1 would be less than one. If the 
reacylation reaction used the palmitoyl group, 
the ratio would be one or lower, if we assume a 
decrease in radioactivity of palmitate from 
dilution by the brain palmitate pool. Arachi- 
donate has been shown to be incorporated into 
position 2 (5,15), but in the present study 20:4 
had negligible radioactivity and so the FA 2/FA 
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1 ratioactivity ratio would be very low. Since 
the experimental value of 8.3 exceeds any of 
the values in these considerations, partial degra- 
dation to form 1-acyl lysophosphatidylcholine 
may be ruled out. 

Using the same argument as the above, one 
can rule out the possiblility of partial degrada- 
tion of the tracer by phospholipase A2 from 
either brain or other tissues because the A 2 
action will again result in formation of l-acyl 
lysolecithin. 

One can consider yet another possibility of 
partial degradation of the tracer by phospho- 
lipase A 1 leading to the formation of 2-palmi- 
toyl lysolecithin in the liver followed by uptake 
into the brain. The reacylation of position 1 in 
the liver lecithin species would be largely with 
saturated acids (16), such as palmitate or 
stearate. The palmitate, now diluted by the 
endogenous pool, would give a species in which 
the radioactivity ratio FA 2/FA 1 would be 
higher than one. (The same would be true if 
stearate were used in reacylation). Since the 
observed FA 2/FA 1 ratio in the liver lecithin 
was less than one, this possibility also may be 
ruled out. Phospholipase AI ,  as well as A2, 
activity in extrahepatic tissue, such as adrenal 
medula (17), spleen (18), red blood cells (19), 
and even plasma (20), has been reported. Such 
activity (18-20) was determined using phospha- 
tidylglycerol and not phosphatidylcholine as 
substrate. The magnitude and physiological 
impact of such enzyme activity from these 
extrahepatic tissue is not yet established. How- 
ever, one has to consider the possiblity of such 
extrahepatic tissue phospholipase A1 influ- 
encing the nature of the radioactive compound 
entering the brain. Lysolecithinase (lysolecithin 
acyl hydrolase E" C" 3" 1" 1" 5) obtained from rat 
brain microsomal fraction and purified 20 times 
has been characterized by Leibovitz and Gatt 
(21). This enzyme hydrolyzes l-acyl-sn-glyc- 
ero-3-phosphoryt-choline (product of phospho- 
lipase A2) and as such could influence the 
distribution of radioactivity in the brain leci- 
thin. 

The last possiblility to consider is that 
radioactive phosphatidylcholine was taken up 
directly into the brain followed by action of 
phospholipase A1 in the brain itself. This would 
give a 2-acyl lysophosphatidylcholine which 
would be reacylated with palmitate (with re- 
duced radioactivity from dilution) or with 
stearate (15,16). In all cases, the ratio of 
radioactivity of FA 2/FA 1 would be much 
greater than one. The experimental value was 
indeed much higher than one, indicating direct 
uptake of the tracer phosphatidylcholine, spe- 
cifically 1,2, dipalmitoyl lecithin in our experi- 

ments, followed by phospholipase A 1 action in 
the brain itself. The occurrence of phospho- 
lipase A 1 in the rat brain has been demon- 
strated by Gatt (22). 

Even at the end of the 17-day period, the 
radioactivity ratio FA 2/FA 1 in animals given 
radioactive phosphatidylcholine was much 
higher than in animals given radioactive palmi- 
rate. Therefore during this period, complete 
deacylation-reacylation does not seem to have 
taken place. It is possible to speculate that 
developing brain may change its phospholipase 
enzyme specificity from A 1 to A2, in which 
case the radioactivity ratio FA 2/FA 1 will 
remain higher than one but much lower than 
that obtained at the end of 24 hr. However, no 
direct evidence for this was obtained in the 
present study. 
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Phospholipids of the Pulmonate Land Snail 
Cepaea nemoralis (L.) 
D.J. VAN DER HORST, F.J. K I N G M A  and R.C.H,M. OUDEJANS,  
Laboratory of Chemical Animal Physiology, University of Utrecht, 
40 Jan van Galenstraat, Utrecht, The Netherlands 

ABSTRACT 

The phospholipids of the snail Cepaea 
nernoralis, comprising the major lipid 
fraction (65%) in this terrestrial pulmo- 
nate, were investigated by thin-layer and 
column chromatography. Detailed gas 
chromatographic analyses of l iberated 
fatty acid fractions and amino acid analy- 
ses of the water soluble moieties of 
isolated phospholipid classes were carried 
out. Phosphatidyl choline (47%) and 
phosphatidyl  ethanolamine (21%) were 
found to be the predominant  phospho- 
lipid classes, while phosphatidyl serine 
(8%), phosphatidyl  inositol (6%), diphos- 
phatidyl  glycerol (3%), ceramide amino- 
ethylphosphonate (7%), lysophosphatidyl  
choline (1%), and phosphatidic acid (1%) 
were present in lesser amounts. In the 
phosphatidyl ethanolamine and phospha- 
t idyl serine fractions, minor quantities of 
plasmalogen analogues were detected. 
Fa t ty  acid profiles of the various phos- 
pholipid classes appeared to be strikingly 
diverse, e.g. a characteristic component ,  
such as linoleic (18:2co6) acid, ranging 
from 3-54%. In vivo radioisotope studies 
using 1-14C-acetate demonstrated the 
high biosynthetic rate of all phospholipid 
classes and their respective fat ty acid 
fractions. Results are discussed in relation 
to data on the phospholipids from other 
invertebrate species. 

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

Molluscan phospholipids have been studied 
rather intensively with respect to some interest- 
ing compounds which are relatively abundant,  
particularly in molluscs. 

Thus, the phosphonolipid ceramide amino- 
ethylphosphonate (CAEP), originally discov- 
ered by Rouser, et al., (1) in the sea anemone 
Anthopleura elegantissirna, appears to be dis- 
t r ibuted widely within the phylum Mollusca 
(2-10), while more recently other sphingophos- 
phonolipids have been characterized in molluscs 
too (11-13). Moreover, molluscs are very rich in 
ether-containing phospholipids, both plasmalo- 
gens and a-glyceryl ethers (14-17); and two 
species of slug have since been used in studies 
on ether-liNd metabolism (17-20). 

From our investigations into the lipid com- 
position and metabolism of the land snail 
Cepuea nemoralis (21-27), it became evident 
that, in this species, phospholipids consti tuted 
the major lipid fraction (ca. 65% total lipids), 
which actively was synthesized from several 
radiolabeled precursors. Therefore, in this re- 
port we present: (a) the qualitative and quanti- 
tative phospholipid composit ion of C. nerno- 
ralis, (b) the detailed fat ty acid composition of 
seven phospholipid classes, and (c) data on the 
in vivo biosynthesis of the phospholipids from 
1-14 C-acetate. 

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

Experimental  animals of the species C. 
nemoralis (L.) (Gastropoda:Pulmonata)  were 
caught in June 1970 in the vicinity of Utrecht. 
Snails (350) were each injected with 1 #1 
aqueous solution of sodium- 1-14 C-acetate (New 
England Nuclear, Dreieichenhain, W. Germany, 
spec. act. 2 mCi/mmol).  Incubation was termi- 
nated after 24 hr by deep-freezing (21). 

Isolation of Phospholipids 

Upon removal of the shells, the animals (584 
g) were homogenized in a Sorvall Omnimixer 
with chloroform-methanol,  thereafter total lip- 
ids were extracted, according to van der Horst, 
et al., (28) and purified by Sephadex G-25 
column chromatography (29). 

Since ca. 60% total fatty acids of C. nemo- 
ralis is polyunsaturated (21,25) and conse- 
quently extremely sensitive to oxidation during 
lipid fractionation, an evaluation of some cur- 
rent phospholipid isolation procedures was 
essential to obtain a reliable composition of the 
total phospholipid fat ty  acids, which was to be 
used as a control for the fatty acid composi- 
tions of the different phospholipid classes. 

Therefore, total phospholipids were isolated 
by: (a) repeated precipitation with acetone- 
MgC12 at -28 C (30); (b) column chromatogra- 
phy on silicic acid (Mallinckrodt, 100 mesh) 
mixed with Hyflo Super-Cel (Johns Manville, 
New York, N.Y.) (31); and (c) column chro- 
matography on diethylaminoethyl  (DEAE) cel- 
lulose (32). To prevent lipid oxidation in all 
procedures, an atmosphere of nitrogen was pro- 
vided where possible. Freshly redistilled reagent 
grade organic solvents containing 10 ppm BHT 
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FIG. 1. Two-dimensional thin-layer chromatogram 
of phospholipids of Cepaea nemoralis. The sample was 
applied in the lower right corner (X8). In the first 
dimension chloroform/methanol/28% aqueous am- 
monia 65:35:5 was used, followed by development in 
the second dimension with chloroform/acetone~meth- 
anol/acetic acid/water 5: 2:1 : 1:0.5. Abbreviations: PE 
= phosphatidyl ethanolamine, PC = phosphatidyl 
choline, PS = phosphatidyl serine, PI = phosphatidyl 
inositol, PA = phosphatidic acid, CAEP = ceramide 
aminoethylphosphonate, DPG = diphosphatidyl glyc- 
erol (cardiolipin), and LPC = lysophosphatidyl cho- 
line. Minor unidentified phospholipids are designated 
XI-X 8. 

right-hand lipid tract was sprayed with a solu- 
tion of 5 mM mercuric chloride in 0.1 M acetic 
acid (35), while the remainder of the plate was 
screened. After drying by evacuation, the 
HgC12-treated lipids were developed in the 
second dimension and visualized by the detec- 
tion reagents, already mentioned. Additionally, 
chromatograms were sprayed with a colorless 
mercury-sensitive reagent (36) to detect the/3- 
chloromercuri-aldehydes derived from plasmalo- 
gens by the treatment with HgC12 (37). 

Quantitative Phosphorus Determination 

The phosphorus content of spots isolated 
after two-dimensional TLC was measured at 
830 nm with a Zeiss PMQ II spectrophotom- 
eter, according to B6ttcher, et al. (38). 

Preparative Isolation of Phospholipid Classes 

Samples of the total phospholipids were 
fractionated by column chromatography on 
silicic acid-Hyflo Super-Cel (31 ). The individual 
phospholipid classes were purified further by 
preparative one-dimensional TLC on plates 
coated with silicagel H (Merck) in 0.1 mM 
sodium carbonate (thickness of adsorbent 0.5 
mm), employing chloroform/methanol/28% 
a q u e o u s  a m m o n i a / w a t e r  67:33:3:2 or 
70:30:3:2 as the solvent system. Purities of all 
isolated phospholipid classes were checked by 
two-dimensional TLC. 

(butylated hydroxy toluene = 2,6-di-tert-butyl p- 
cresol) were used. Lipid samples were stored in 
acetone containing 100 ppm BHT in an atmos- 
phere of nitrogen at -28 C in the dark. 

Qualitative Analysis of Phospholipids 

By two-dimensional thin-layer chromatogra- 
phy (TLC), according to the procedure of 
Rouser, et al., (7,33), phospholipid classes were 
separated and identified based upon their char- 
acteristic chromatographic properties and reac- 
tivity to spray reagents, such as ninhydrin 
(amino-lipids), Dragendorff's reagent (choline), 
molybdenum blue (phospholipids) (34), am- 
moniacal silver nitrate (inositol), Schiff's rea- 
gent (aldehyde groups), hydroxylamine-ferric 
chloride (esterified fatty acids), and Rhodamine 
6G (nonspecific), in comparison with pure 
reference substances commercially available for 
most phospholipid classes. 

Determination of Plasmalogens 

The two-dimensional TLC procedure of 
Rouser, et al., (7,33) also was applied for the 
determination of plasmalogens. After develop- 
ing a chromatogram in the first dimension, the 

Isolation and Analysis of Phospholipid Fatty Acids 

Samples of total phospholipids and isolated 
phospholipid classes were saponified in metha- 
nolic KOH (21), except for CAEP, which was 
acid hydrolyzed (39). Fatty acids were isolated, 
methylated with diazomethane, and purified 
fatty acid methylesters were separated into 
saturated and unsaturated fractions, as de- 
scribed elsewhere in more detail (21,40). Ana- 
lytical gas liquid chromatography (GLC) of 
fatty acid methylester samples was performed 
on two different stationary phases (40,41). 

Determination of Phospholipid Amino Acids 

Water soluble components from hydrolyzed 
total phospholipid samples and isolated phos- 
phatidyl serine fractions were assayed for 
amino acids with a Biocal BC-200 automatic 
amino acid analyzer using a Bio-Rad Aminex 
A-6 cation exchanger and 0.3 N lithium citrate 
buffers. 

Liqu i d Scintillation Spectrometry 

Radioactivities of all lipid samples were 
measured in toluene-Omnifluor (New England 
Nuclear), using a Packard Model 2420 spec- 
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P h o s p h o l i p i d  class % to ta l  p h o s p h o r u s  a,b 

P h o s p h a t i d y l  cho l ine  47 .0  • 0.1 
P h o s p h a t i d y l  e t h a n o l a m i n e  20 .7  +- 0.1 
P h o s p h a t i d y l  ser ine  8.1 • 0 .2  
P h o s p h a t i d y l  inos i to l  5.6 • 0.1 
Dip l~ospha t idy l  g lyce ro l  3.2 • 0 .2  
C e r a m i d e  a m i n o e t h y l p h o s p h o n a t e  6 .8  • 0 .3  
L y s o p h o s p h a t i d y l  cho l i ne  1.1 • 0 .3  
P h o s p h a t i d i c  ac id  0 .6  • 0.1 
X I S.6 • 0 .3  
X 8 1.2 • 0 .3  

a M e a n  va lues  o f  t h r e e  tr ials  +- s t a n d a r d  dev ia t i on .  

b p h o s p h o r u s  c o n t e n t  o f  X2-X 7 w a s  u n d e r  d e t e c t i o n  l imi t .  

trometer. Direct radioassay of the amino acids 
eluted from the amino acid analyzer was 
performed with a Packard Model 2002 instru- 
ment equipped with an anthracene flow cell. 

RESULTS 

Phospholipid Isolation and Distribution 

Lipid extraction yielded 7.92 g purified total 
lipids (1.36% the fresh wt) with a specific 
radioactivity of 2729 dpm/mg. Data from the 
three phospholipid isolation procedures showed 
that phospholipid content of total lipids was in 
the range of 63.2-64.6% by wt, the specific 
radioactivity being 3279-3328 dpm/mg. Phos- 
p h o r u s  c o n t e n t  of total phospholipids 
amounted to 3.8%. Purities of phospholipids 
and neutral lipids (including free fatty acids) 
were checked by analytical TLC. Only in the 
acetone-precipitated phospholipids, a trace of 
sterol was present, which was removed easily by 
silicic acid column chromatography using chlo- 
roform as the eluent. All isolated neutral lipid 
fractions were free of phosphorus-containing 

compounds. A typical TLC separation of phos- 
pholipid classes is depicted in Figure 1, while 
the quantitative phospholipid distribution de- 
termined by phosphorus analysis of the spots 
shown in Figure 1 is presented in Table I. 

The phospholipids of the snail are composed 
of a large number of classes. Serine appeared to 
be the only amino acid present in the phospho- 
lipids and was associated with phosphatidyl 
serine. Minor proportions (ca. 10-15%) of phos- 
phatidyl ethanolamine and phosphatidyl serine 
were identified as plasmalogens, since, after 
spraying with mercuric chloride, lysophospha- 
tidyl ethanolamine and lysophosphatidyl serine 
were demonstrated. As the mercury-sensitive 
reagent stained the entire solvent front rather 
unspecifically, the /3-chloromercuri-aldehydes 
derived from these plasmalogens were less easy 
detectable. The presence of CAEP also was 
confirmed by acid hydrolysis of the purified 
fraction, yielding sphingosine and fatty acid 
methylesters (39,42). 

In determining the fatty acid compositions 
of isolated total phospholipid fractions, the so 
far remarkable conformity in the data from the 

T A B L E  II 

P r o p o r t i o n a l  D i s t r i b u t i o n  o f  the  R a d i o l a b e l  f r o m  1 - 1 4 C - A c e t a t e  
over  the  P h o s p h o l i p i d  Classes o f  Cepaea nemoralis 

% t o t a l  p h o s p h o l i p i d  
P h o s p h o l i p i d  class r a d i o a c t i v i t y  

P h o s p h a t i d y l  cho l ine  4 7 . 6  
P h o s p h a t i d y l  e t h a n o l a m i n e  19 .3  
P h o s p h a t i d y l  ser ine  7 .4  
P h o s p h a t i d y l  inos i to l  6.5 
D i p h o s p h a t i d y l  g l y c e r o l  2 .0  
C e r a m i d e  a m i n o e t h y l p h o s p h o n a t e  6.1 
L y s o p h o s p h a t i d y l  cho l i ne  1.2 
P h o s p h a t i d i c  ac id  0 .7  
XI 2 .4  
X8  1.0 
Res t  ( X 2 - X 7 )  5 .8  
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T A B L E  III 

Spec i f ic  Rad ioac t i v i t i e s  (in d p r n / m g )  o f  the  Major  Snai l  P h o s p h o l i p i d  
Classes a n d  the i r  F a t t y  A c i d s  

F a t t y  ac id  S a t u r a t e d  f a t t y  U n s a t u r a t e d  f a t t y  
Fr~c t ion  To ta l  m e t h y l e s t e r s  ac id  m e t h y l e s t e r s  ac id  m e t h y l e s t e r s  

To ta l  p h o s p h o l i p i d s  3 2 7 9  4 5 1 8  . . . . . .  
P h o s p h a t i d y l  cho l ine  3 3 7 9  5 2 3 0  9 2 3 2  4 2 7 7  
P h o s p h a t i d y l  e t h a n o l a n l i n e  3 3 3 6  4 1 9 2  6 7 8 2  3 2 7 7  
P h o s p h a t i d y l  ser ine  3161  6 0 3 4  . . . . . .  
P b o s p h a t i d y l  inos i to l  3 6 4 0  3 9 0 2  . . . . . .  
D i p h o s p h a t i d y l  g lycero l  1 9 2 6  3 1 5 5  . . . . . .  
C e r a m i d e  a m i n o  e t h y l p h o s p h o n a t e  3521  . . . . . . . .  
L y s o p h o s p h a t i d y l  cho l i ne  2 9 3 5  4 8 9 2  . . . . . .  

column chromatographic and precipitation iso- 
lation techniques was discontinued. The con- 
tent of polyunsaturated fatty acids, particularly 
tetraenoic ones, such as arachidonic (20:46o6), 
of the phospholipids isolated by column chro- 
matography was reduced substantially (up to 
23%). Therefore, acetone-precipitated total 
phospholipid fractions were preferred for fur- 
ther investigation. 

Distribution of Radioactivity over the Phospbo l ip id  
CI asses 

The proportional incorporation of 1-14C - 
acetate into the different phospholipid classes 
was determined by radioassaying the scraped 
spots obtained after two-dimensional TLC of 
the total phospholipids isolated by acetone 
precipitation. Mean values from three analyses 
(corrected for background and counting effi- 
ciency) are given in Table II. The toluene- 
Omnifluor scintillation medium contained 4% 
aerosil. All phospholipid classes appeared to be 
radiolabeled (Table II); and, besides, the distri- 
bution of carbon-14 over these classes is re- 
markably identical to that of phosphorus 
(Table I). 

Specific Radioactivity of Phospholipid Classes 
and their Fatw Acid Fractions 

Seven major phospholipid classes were iso- 
lated by column chromatography and addi- 
tional purification by preparative TLC. Specific 
radioactivities of these classes were determined, 
as well as of their fatty acid fractions, provided 
that sufficient material was available (Table 
]If). 

Apart from diphosphatidyl glycerol, appar- 
ently no marked differences were noticed in the 
specific radioactivities of the various phospho- 
lipid classes (Table III), as already was to be 
expected on account of the data summarized in 
Tables I and II. Specific radioactivities of the 
phospholipid fatty acid fractions, however, 
show rather divergent values (Table III), which 
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may be attributed to differences in the fatty 
acid compositions of the phospholipid classes 
and thus will be discussed in connection with 
the GLC data. The high specific radioactivity of 
the fatty acids from phosphatidyl serine com- 
pared to the value for total phosphatidyl serine 
may be explained by the content of normally 
low-labeled plasmalogens (18,19). Moreover, in 
the serine moiety, which was radioassayed 
during amino acid analysis, no carbon-14 incor- 
poration was detected at all. The metabolic 
predominance of saturated fatty acid biosyn- 
thesis over that of unsaturated ones agrees with 
our earlier studies (24,26,27). 

Phospholipid Fatty Acid Compositions 

The detailed fatty acid compositions of the 
seven major phospholipid classes are given in 
Table IV. For ease of survey, a summary of 
these compositions is inserted in Table V. 

From Tables IV and V it is clear that the 
fatty acid compositions of the various phospho- 
lipid classes are strikingly different, unsaturated 
fatty acid content ranging from 46% in CAEP 
up to 83% in diphosphatidyl glycerol. There- 
fore, it needs no further argumentation that 
specific radioactivities of the fatty acid frac- 
tions of the various phospholipid classes are 
likewise widely divergent (Table III). 

D I S C U S S I O N  

In Cepaea, the choline and ethanolamine 
phosphoglycerides appeared to be the main 
phospholipids, comprising 47% and 21% of the 
lipid phosphorus, respectively. In addition, 
phosphatidyl serine (8%), phosphatidyl inositol 
(6%), diphosphatidyl glycerol (3%), CAEP 
(7%), lysophosphatidyl choline (1%), and phos- 
phatidic acid (1%) were present, as well as a 
number of minor unidentified phospholipid 
components (X2-X 8 in Figure 1). XI,  being a 
more prominent component (6%), may be 
identified tentatively as lysophosphatidyl etha- 
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T A B L E  I V  

~ o p o r t i o n a l  F a t t y  A c i d  C o m p o s i t i o n  ( in  too l  %)  o f  t h e  M a j o r  
P h o s p h o l i p i d s  o f  Cepaea nemoral i s  a 

P h o s p h o l i p i d  c lass  b 

F a t t y  a c i d  PC P E  PS P1 D P G  L P C  C A E P  

< 1 4 : 0  0 . 4 3  0 . 0 5  0 . 2 3  0 . 1 2  0 . 5 1  0 . 4 5  0 . 1 8  
1 4 : 0  0 . 5 8  0 . 5 4  --- 0 . 3 6  1 . 1 3  1 . 0 9  0 . 2 1  

1 4 : 1  --- 0 . 0 2  0 . 0 7  0 . 1 9  . . . . . . . . .  
1 4 : 2  0 . 0 8  0 . 0 2  . . . . . . . . . . . .  0 , 1 7  

b r l  5 : 0  c 0 . 6 2  0 . 4 3  0 . 0 8  0.  I 5 0 . 2 7  1 . 0 4  0 . 4 4  
1 5 : 0  0 . 7 6  0 . 6 2  0 . 1 2  0 . 2 3  0 . 3 1  0 . 8 5  0 . 2 8  
1 5 : 1  0 . 0 5  0 . 2 0  . . . . . .  0 . 1 2  --- 0 . 2 1  

1 5 : 2  0 . 1 0  0 . 1 2  --- 0 . 2 0  . . . . . . . .  

b r l  6 : 0  0 . 2 6  2 . 4 2  0 . 2 4  0 . 3 1  0 . 2 8  0 . 8 4  0 . 4 5  
1 6 : 0  6 . 2 0  3 . 0 7  1 . 7 6  2 . 3 1  2 . 5 4  8 . 1 5  2 3 . 2 2  
1 6 : 1  0 . 2 0  0 . 8 4  0 . 1 4  0 . 2 2  0 . 6 2  0 . 9 8  --- 
1 6 : 2  T r a c e  T r a c e  . . . . . . . . . . . . . . .  

b r l 7 : 0  1 . 8 5  0 . 4 7  0 . 4 6  1 . 0 1  0 . 8 2  2 . 4 9  1 . 4 0  
1 7 : 0  1 , 4 7  1 . 2 9  1 . 3 5  1 . 1 6  0 . 4 5  1 . 7 6  1 .91  

1 '7 :1  0 . 2 0  0 . 4 5  0 . 2 6  --- 0 . 2 9  . . . . . .  
1 7 : 2  T r a c e  . . . . . . . . . . . . . . . . .  

b r l 8 : 0  1 .61  0 . 8 6  0 . 0 5  0 . 3 4  0 . 1 5  0 . 6 5  0 . 3 5  
1 8 : 0  3 . 1 2  1 1 . 2 5  3 4 . 9 4  2 4 . 5 6  3 . 8 6  3 . 9 7  1 0 . 6 6  
1 8 : 1  1 6 . 6 0  2 . 4 1  3 . 1 0  2 . 9 5  3 . 3 8  1 0 . 5 3  6 . 8 4  
1 8 : 2 6 o 6  13.00  8 . 6 8  3 . 1 4  5 . 1 8  5 3 . 9 5  1 2 . 3 8  3 . 0 3  
1 8 : 3 6 o 3  2 . 1 0  1 . 6 7  0 . 5 2  1 . 0 4  1 1 . 9 2  1 . 1 1  0 . 5 8  

b r l 9 : 0  1 .21 2 . 1 0  1 . 7 7  1 . 6 6  0 . 3 7  3 . 2 4  0 . 8 1  

1 9 : 0  0 . 0 9  0 . 4 0  1 . 7 5  1 . 3 0  . . . . . . . . .  
1 9 : 1  0 . 7 0  0 . 5 0  0 . 6 8  0 . 6 0  0 . 4 3  1 . 2 0  0 . 9 8  

b r 2 0 : 0  0 . 0 5  --- 0 , 2 6  0 . 4 6  0 . 5 2  0 . 9 6  0 . 9 3  
2 0 : 0  0 . 2 0  0 . 7 9  1 . 5 3  1 . 1 7  0 . 6 4  . . . . . .  

2 0 : 1  2 . 5 1  3 . 3 9  5 .81  2 . 8 3  1 . 0 5  2 . 3 7  2 . 7 5  

2 0 : 2 o o 6  1 5 . 2 3  1 2 . 9 2  1 . 7 5  5 . 1 6  4 . 5 2  1 1 . 6 0  1 . 6 6  
2 0 : 3 6 0 6  1 . 9 7  2 . 9 2  1 . 3 3  0 . 6 6  0 . 3 0  4 . 2 2  0 . 6 3  
2 0 : 4 6 0 6  1 3 . 7 0  2 2 . 0 7  2 9 . 4 3  3 4 . 0 9  4 . 6 9  9 . 4 4  1 0 . 7 1  

2 0 : 4 0 o 3  --- 0 . 5 6  . . . . . . . . . . . . . . .  
2 0 : 5 6 0 3  0 . 3 0  1 . 6 3  0 . 9 6  3 . 9 0  --- 1 . 4 7  2 . 7 5  

b r 2 1 : 0  0 . 1 6  0 . 2 2  . . . . . . . . . . . .  3 . 0 4  
2 1 : 0  0 . 2 2  T r a c e  0 . 6 0  0 . 7 4  . . . . . .  0 . 6 0  
2 1 : 1  . . . . . . . . . . . .  0 . 5 2  . . . . . .  

b r 2 2 : 0  0 . 2 2  0 . 1 2  0 . 3 7  0 . 9 9  0 . 6 6  2 . 0 8  2 . 0 0  

2 2 : 0  T r a c e  T r a c e  . . . . . .  1 . 0 5  . . . . .  
2 2 : 1  1 . 3 0  3 . 9 5  3 . 2 6  0 . 6 7  0 . 6 2  1 . 4 6  1 . 0 0  

2 2 : 3 6 0 6  0 . 9 6  2 . 7 8  0 . 6 6  0 . 9 9  . . . . . .  5 . 8 8  
2 2 : 4 6 0 6  6 . 7 1  5 . 7 6  1 . 8 4  1 . 6 1  --- 6 . 2 0  7 . 6 1  
2 2 : 5 6 0 6  1 . 3 3  0 . 4 1  --- 0 . 7 1  0 . 5 0  . . . . . .  
2 2 : 5 6 0 3  2 . 2 1  1 . 4 0  . . . . . . . . .  5 . 6 6  1 . 5 0  

b r 2 3 : 0  0 . 2 6  . . . . . .  0 . 2 4  0 . 5 0  0 . 5 4  1 . 4 8  
2 3 : 0  T r a c e  0 . 5 3  . . . . . . . . . . . .  0 . 1 0  

b r 2 4 : 0  T r a c e  0 . 5 2  0 . 2 1  1 .01  0 . 9 4  1 . 4 2  2 . 9 8  
2 4 : 0  T r a c e  --- 0 . 2 2  0 . 6 1  0 . 4 0  0 . 7 9  1 . 5 2  

2 4 : 1  . . . . . .  0 . 4 6  . . . . . . . . . . . .  
2 4 : 2  0 . 3 6  0 . 2 4  . . . . . . . . . . . . .  
2 4 : 4 6 0 6  0 . 2 7  0 . 7 3  . . . . . .  0 . 5 4  1 . 0 6  --- 

2 4 : 5  --- 0 . 8 3  . . . . . . . . . . . . . .  

b r 2 5 : 0  0 . 3 2  --- 0 . 6 3  --- 0 . 7 2  . . . . . .  

b r 2 6 : 0  0 . 2 1  0 . 3 7  --- 0 . 3 0  0 . 3 4  . . . . . .  

2 6 : 0  0 . 3 9  . . . . . . . . . . . . . . . . .  

a p r e s e n t a t i o n  o f  gas  l i q u i d  c h r o m a t o g r a p h y  d a t a  to  t w o  d e c i m a l  p l a c e s  is s o l e l y  t o  s h o w  
l o w  p r o p o r t i o n s  o f  m i n o r  c o m p o n e n t s  ( 4 3 ) .  M e a n  v a l u e s  o f  t h r e e  a n a l y s e s  a r e  g iven .  

b A b b r e v i a t i o n s  i d e n t i f i e d  in  F i g u r e  1. 

C T o t a l  v a l u e s  f o r  iso- ,  a n t e i s o - ,  a n d  i n t e r n a l l y  m o n o m e t h y l  b r a n c h e d  f a t t y  a c i d s  a re  

g iven ,  b r  - b r a n c h e d  ( c h a i n ) .  

L I P I D S ,  V O L .  8,  N O .  i 2  
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TABLE V 

Summary of the Fat ty  Acid Composi t ion of the Major Phospholipids of Cepaea nemoral i s  a 

Phospholipid class b 

Fat ty  acids PC PE PS PI DPG LPC CAEP 

Sat urated straight-chain 13.03 17.96 42.04 32.44 10.38 16.61 38.50 
Saturated branched-chain 6.77 7.51 4.07 6.47 5.57 13.26 15.50 
Monoenoic 21.56 11.76 13.78 7.46 7.03 16.44 11.78 
Dienoic 28.77 21.98 4.89 10.54 58.47 23.98 4.86 
Trienoic 5.03 7.37 2.51 2.69 12.22 5.33 7.09 
Tetraenoic 20.68 29.12 31.27 35.70 5.23 16.64 17,78 
Pentaenoic 3.84 4.27 0.96 4.61 0.50 7.13 4.25 

Total saturated 19.80 25.47 46.11 38.91 15.95 29.87 54.00 
Total unsaturated 79.88 74.55 53.64 61.00 83.45 69.52 45,76 

aFat ty  acids eluted before myristie (14:0) acid are not 
Table IV. 

bAbbreviat ions identif ied in Figure 1. 

included. Figures are calculated from 

nolamine. 
The pattern of phospholipid distribution in 

this species compares generally to the work 
from other laboratories on the phospholipids of 
several molluscs, such as Lymnaea stagnalis (8) 
and other pulmonate snails (15), and even some 
marine species like abalone (7,44), scallop (7), 
and whelk (45). 

Plasmalogen analogues of diacylphospho- 
lipids were detected only in phosphatidyl  etha- 
nolamine and phosphatidyI serine. Similar re- 
sults were obtained for other molluscan species 
(19,44,46). The content  of plasmalogens has 
been suggested to be subject to seasonal varia- 
tion (47). The presence of  CAEP in C nemo- 
ralis and the apparent absence of sphingomyelin 
may be viewed in the light of a compensatory 
correlation of their amounts (5,42,44). 

However, l i t t le is known about  the fat ty acid 
composition of phospholipid classes in mol- 
luscs. Besides, in the phosphoglycerides satu- 
rated ether side chains might be present 
(14-17), which are found normally in the lipid 
molecules at positions otherwise occupied by 
saturated fat ty acids, thus influencing the fat ty 
acid compositions. Hence, an interspecies com- 
parison of the complex data obtained for 
Cepaea is hardly realizable. 

The snail CAEP fat ty acids are characterized 
by relatively high percentages for palmitic and 
stearic acid (Table IV), which conforms to 
CAEP fat ty acid compositions from other 
invertebrates (6,42,44,48). 

In diphospha,tidyl glycerol the abundancy of 
C18 polyunsaturated fat ty acids (66%) is over- 
whelming. Gray and Macfarlane (49)prov ided  
similar results for diphosphatidyl  glycerol iso- 
lated from ox heart. These specific composi- 
tions may have an as yet  unproven physiologi- 
cal significance. 

In most phosphoglycerides polyunsaturated 
fat ty acids, such as linoleic (18:26o6), homo- 
linoleic (20:2606), and arachidonic (20:4606), 
are important  constituents,  as was to be ex- 
pected for the structural lipids of a terrestrial 
organism (21,24,25). Fa t ty  acid fractions of all 
phospholipid classes were highly radiolabeled 
from 1-14C-acetate, indicating a very active 
biosynthesis. It is noteworthy that this phe- 
nomenon is deviating appreciably from the 
findings of Shieh (50), who supposed a dietary 
origin of scallop fat ty  acids on account of the 
nonlabeling of phospholipid fat ty  acids after 
injection of 1-14 C-acetate. 
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LETTER TO THE EDITOR 

Steroid Acids from EAE Guinea Pig Brain: Identification of 
3/3-H ydroxy-5-Cho lenoic Acid 

Sir: We reported the presence of some 
steroid acids in the brains of guinea pig afflicted 
with experimental allergic encephalomyelitis  
(Naqvi, S.H.M., B.L. Herndon, M.T. Kelley, V. 
Bleisch, R.T. Aexel and H.J. Nicholas, J. Lipid 
Res. 10:115 [19691) .  Lithocholic acid was 
positively identified, while another unsaturated 
steroid acid was also reported. 

In view of  reports on the mass spectra of  
5,6-unsaturated 3-hydroxy steroids (Knights, 
B.A., J. Gas Chromatogr. 5:273 [1967] ;  
Naqvi, S.H.M., Steroids, 22:285 [1973] ) ,  we 
have reexamined the data for the unidentified 
C-24 steroid acid reported earlier. The mass 

spectrum of this compound (partly reported 
earlier) shows major fragments at m/e 2 1 3 , 2 1 5 ,  
225, 231, 233, 255, 277, 303, 311, 315, 339, 
351, 355, 370, 373 and 388; some of these are 
identical to fragments seen in the mass spec- 
trum of  a standard sample of  methyl 3~-hy- 
droxy-5-cholen-24-oate, while others do not 
correspond to that standard (Fig. 1). The peaks 
at 213 and 215 are perhaps due to cleavage of 
ring D and loss of  a molecule of  water in two 
separate compounds,  one of  which has a double 
bond. This interpretation is further supported 
by the presence of  peaks at 231 and 233, which 
would arise by a similar fragmentation with the 
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FIG. 1. Mass spectra of standard methyl 3~-hydroxy-5-cholenoate and of material isolated from EAE guinea 
pig brain. 
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fragment still retaining the hydroxyl group. The 
peaks at 255 (M-side chain + 18), 355(M-[18 + 
15]), 370 (M-18) and 388 (M) further suggest 
that at least one of the components is a 
monohydroxy steroid. Unsaturation is indi- 
cated by the fragments at 213, 231 and 255. 
The relatively large peaks at 277 and 303 
correspond to the M-111 and M-85 fragments 
sho~aa by Knights and by Naqvi to be charac- 
teristic of AS-3-hydroxy steroidal compounds. 
The similarity of the mass spectrum of the 
unidentified compound with the spectrum of 
methyl 3~-hydroxy-5-cholen-24-oate confirms 
that one of the compounds in the mixture is 
indeed 3fl-hy droxy- 5-cholen- 24-oate. 

The fact that the retention time of this 
material on gas liquid chromatography was 
longer than the standard methyl 3/3-hydroxy-5- 
cholenoate can be explained by the com- 
pound's being in mixture with a substance 
having longer retention time, thus giving a 
broad peak. 

The material which gave the mass spectrum 
in Figure 1 resolved into two small peaks when 
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chromatographed as a trimethylsilyl ether; one 
of the peaks had the same retention time as the 
standard trimethylsilyl derivative of methyl 
3fl-hydroxy-5-cholenoate. However the amount 
of the material was so small that efforts to scan 
these peaks for mass spectra were not success- 
ful. 

Since the amounts of steroid acids in EAE 
brain are very small, it is quite difficult to 
identify these compounds by the usual meth- 
ods. It will therefore be interesting to produce 
EAE in guinea pigs, which already have radio- 
active-labeled cholesterol in the brain (by in- 
jecting labeled mevalonate at birth). In these 
animals the bile salts produced will also be 
labeled and therefore may be easier to rocate 
and identify. 

S.H. MUJTABA NAQVI 
Atomic Energy Medical Center 
Jinnah Postgraduate Medical Center 
Karachi, Pakistan 
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