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ABSTRACT 

The direct activation of sterol ester hydrolase (E.C. 3.1.1.13) in homogenates of bovine corpus 
luteum by N602'- dibutyryl cyclic adenosine 3':5'-phosphate, (dibutyryl cAMP), adenosine triphos- 
phate (ATP), and Mg 2+ has been demonstrated. Variability in the extent of activation by the additions 
was minimized by homogenization of the tissue in 5 mM Mg2+: Baseline sterol ester hydrolase activity 
was primarily associated with the 105,000 x g soluble fraction, and significant activation of the 
enzyme preparation preincubated with dibutyryl cAMP, ATP and Mg 2+ occurred within the first 15 
rain, prior to addition of substrate. A requirement for protein kinase in the system was demonstrated 
by blocking the cofactor-dependent enzyme activation with commercial protein kinase inhibitor. 

INTRODUCTION 

Steroidogenic tissues, such as the adrenal 
cortex and the corpora lutea of the ovary, con- 
tain high levels of cholesteryl esters located 
largely in lipid inclusion droplets (1,2). The 
cholesteryl esters of adrenal cortex are mark- 
edly depleted during conditions of prolonged 
steroidogenesis, such as stress or adrenocortico- 
tropic (ACTH) hormone administration (3-5). 
These esters have, therefore, been considered an 
important reserve of the free cholesterol sub- 
strate required for steroidogenesis (3-5). It is 
now evident that the activity of the sterol ester 
hydrolase (SEH) in the adrenal is under direct 
tropic hormone control (3-5), that the enzyme 
is activated by cyclic AMP-dependent protein 
kinase in vitro (6,7), and that activation in- 
volves phosphorylation of an inactive precursor 
(8,9). 

The cholesteryl esters of the corpus luteum 
are similarly depleted by administration of 
luteinizing hormone (LH) to rats, and it has 
been suggested that this is a direct effect of LH 
on the sterol ester hydrolase of this tissue 
(10-12). Thus, while there is in vivo evidence 
for the presence of a hormone-sensitive sterol 
ester hydrolase in corpus luteum (10-12), the 
involvement of cyclic AMP and protein kinase 
in the activation process has not yet been 
demonstrated (11,13). The present communica- 
tion provides evidence for the involvement of 
cyclic AMP in the activation of the sterol ester 
hydrolase of bovine corpora lutea and that the 
activation may be protein kinase-dependent. 

MATERIALS AND METHODS 

Bovine ovaries, obtained from Pel-Freez 
Biologicals, Rogers, AR, had been frozen on 
dry ice upon removal from the animals, and 

were maintained at -20 C. Corpora lutea (4-5 
g) were dissected from the interstitial tissue, 
minced, and homogenized in 0.10 M phosphate 
buffer, pH 7.5, to give a tissue concentration of 
15% by weight. In certain studies as indicated, 
the buffer also contained 5 mM Mg 2+. The 
homogenate was centrifuged at 105,000 x g 
(Beckman Model L 3-50) for 60 min at 4 C, the 
floating lipid cake was removed, and the re- 
maining supernatant (S10s) was desalted by 
Sephadex G-25 gel filtration (elution with 0.10 
M phosphate buffer, pH 7.5 at 4 C). It has been 
shown that during centrifugation of bovine 
adrenal homogenates, endogenous sterol esters 
are quantitatively floated and thereby elimina- 
ted from interference with hydrolase assays (6). 
With the exception of the studies on subcellular 
distribution of the enzyme activity, all studies 
reported here were conducted with the $10 s 
fraction. 

To 1 ml of the desalted $105 preparation 
(ca. 3.0 mg protein) was added 0.10 M phos- 
phate buffer containing 1.0 mM theophylline, 
0.1 mM dithiothreitol (DTT), 0.05 mM EGTA 
(ethylene glycol-bis(t3-aminoethyl ether)N,N'- 
tetraacetate), and combinations of 0.3 mM 
adenosine triphosphate (ATP), 1 mM Mg 2 + and 
20 / . tM N6,O2-dibutyry t  cyclic adenosine 
3':5'-phosphate, (dibutyryl cAMP). The total 
incubation volume was 2.2 ml. Enzyme activa- 
tion was carried out by preincubation with 
cofactors at 37 C in air and with shaking for 
periods indicated in the text. Following addi- 
tion of cholesterol [1A4C]oleate (0.5 pc, 6.3 
pg) in 50 pl  acetone, incubations were carried 
out at 37 C for up to 3 hr. At 15 min intervals, 
0.2 ml of the incubation mixture was extracted 
w i th  1 ml  ch loroform-methanol -benzene  
(2:2.4: 1, v/v), as described by Khoo and Stein- 
berg (14). The extent of hydrolysis of the 
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FIG. 1. Sterol ester hydrolase activity in the corpus 
luteum and interstitial tissue of bovine ovary. Enzyme 
activities were determined in the 105,000 x g soluble 
fraction (S105) before and after chromatography on 
Sephadex G-25, and in the absence [] and presence 
of dibutyryl cAMP and ATP-Mg 2+. 

labeled cholesteryl oleate was determined by a 
modification of the procedure of Pittman et al. 
(15). Total protein was estimated by the 
method of Lowry et al. (16). Results are ex- 
pressed as pmoles [1-14C]oleic acid released/ 
min/mg protein. 

As in the case of studies with hormone-sensi- 
tive lipase (14,17) and adrenal sterol ester 
hydrolase (6,7), all preparations of bovine cor- 
pora lutea contained varying levels of sterol 
ester hydrolase activity. This activity deter- 
mined in the absence of any exogenous addi- 
tions is designated baseline. Baseline activity 
varied between experiments, and various ap- 
proaches used earlier to reduce these levels (6) 
proved unsuccessful in the present studies. 

RESULTS AND DISCUSSION 

The conditions for assay of sterol ester 
hydrolase activity, and the concentrations of 
cofactors chosen were based on our earlier 
studies (6,9) with the hormone-sensitive en- 
zyme in bovine adrenal cortex. In the present 
study, baseline SEH activity was predominantly 
(56%) located in the 105,000 x g soluble frac- 
tion (Sl0s) .  This was also the only fraction in 
which activation of the hydrolase by dibutyryl 
cAMP, ATP-Mg2 + was demonstrable. The data 
in Figure 1 show the levels of the baseline and 
cofactor-dependent hydrolase activities in the 
SlOS fraction of the corpus luteum and in the 
remaining interstitial tissue of the ovary. It is 
apparent that, under these conditions, the non- 
luteal tissue of bovine ovary contains little or 
no SEH activity, either in the absence or 
presence of ATP, Mg 2+ and dibutyryl cAMP. 

Hydrolase activity in the SI0 5 fraction of 
corpus luteum was increased by about 65% in 
the presence of dibutyryl cAMP, ATP and 
Mg 2+. When the $10 s fraction was chroma- 
tographed on Sephadex G-25 (S10s-G25) , 
which removes the small molecular weight co- 
factors (14), baseline SEH activity decreased. 
However, with these preparations, addition of 
dituryryl cAMP, ATP and Mg 2+ resulted in a 
287% increase in SEH activity. These findings 
are comparable to those reported for the 
hormone-sensitive lipase of adipose tissue (14) 
and sterol ester hydrolase of adrenal cortex (6). 

Initially, the levels of stimulation of enzyme 
activity by addition of dibutyryl cAMP, ATP 
and Mg 2+ were not consistent. Generally, 
corpora lutea stored frozen for several weeks 
exhibited higher baseline SEH activity, and ac- 
tivation by added cofactors was either reduced 
or absent. In addition, it appeared that factiti- 
ous activation of SEH of corpus luteum 
occurred during homogenization of the tissue. 
This resulted in higher baseline levels of activity 
and a decreased response to added cofactors. 
Similar findings have been reported for the 
lipase of adipose tissue (18) and the SEH of 
bovine adrenal cortex (6). In the present study, 
it was found that the baseline SEH activity was 
low when the corpora lutea were homogenized 
in 0.10 M phosphate buffer containing 5 mM 
Mg 2+. The time required for activation of SEH 
by dibutyryl cAMP, ATP and Mg 2+ was deter- 
mineU using the SI0s-G25 fraction prepared 
from tissues homogenized in 5 mM Mg 2+. Pre- 
incubation of the enzyme and the complete 
cofactor system was carried out at 37 C in air 
for periods up to 120 min prior to addition of 
radioactive substrate and subsequent determina- 
tion of hydrolase activity. As shown in Table I, 
enzyme activity in tissue preparations obtained 
following homogenization in 5 mM Mg 2 + were 
initially low, and in these preparations, cofactor 
addition routinely resulted in about a 40% ac- 
tivation, even without preincubation. With a 15 
min preincubation prior to addition of sub- 
strate, both baseline and cofactor-dependent ac- 
tivities were significantly increased. By paired 
statistical analysis, it was apparent that activa- 
tion of SEH by the added cofactors was 
significantly greater than the increase in base- 
line activity resulting from the 15 min preincu- 
bation period. With increasing periods of prein- 
cubation, there was no further effect of added 
cofactors on SEH activity. However, by 120 
min of preincubation, baseline activity was re- 
duced to a level comparable to that with no 
preincubation. Thus, the difference between 
cofactor-dependent activity and baseline ac- 
tivities was magnified, e.g., cofactor-dependent 
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CORPUS LUTEAL STEROL ESTER HYDROLASE 

TABLE I 

Effect of Preincubation Time on Sterol Ester Hydrolase Activity 

Sterol ester hydrolase activity b 

Preincubation time additions to preincubation 
prior to assay, min a None Complete Signif. c 

0 1.6• d 2 .2•  <0.025 
15 2.6•  4 .0•  <0.005 
60 2.8•  4 .5•  <0.01 

120 2.1 • 5.1•  <0.005 

aCorporaluteawere homogenized in 5 mM Mg 2+ and the S105-G25 fract ion was 
prepared. Preincubation was carried out at 37 C using 3.0 mg protein of enzyme preparation 
in the absence or presence of the following components made up to 2.2 ml final volume 
with 0.10 M phosphate buffer, pH 7.5 : 1 mM theophylline; 0.1 mM dlthiothreitol; 0.05 mM 

2+ EGTA; 0.3 mM ATP; 1.0 mM Mg ; 20/~M dibutyryl cAMP. Following incubation, choles- 
teryl [ 1-14C] oleate (6.3/~g) was added in 50 ~tl acetone for subsequent enzyme assay. 

bpmoles [ 1-14C ] Oleic acid released/min/mg protein. 
Cpaired analyses between controls and complete system. 
dFigures represent means from six studies • SEM. 

activity was 240% o f  baseline activity. In a 
single s tudy in which p re incuba t ion  t imes were 
ex t ended  to 360 min (data no t  shown) ,  baseline 
SEH activity con t inued  to  decrease,  while the  
co fac to r -dependen t  act ivi ty remained elevated. 
In this s tudy  co fac to r -dependen t  activity was 
360% of  baseline at 240 min of  pre incubat ion ,  
and 380% of  con t ro l  af ter  360 min of  preincu- 
bat ion.  

Thus, it appears that  under  these condi t ions  
with a crude e n z y m e  prepara t ion,  significant ac- 
t ivat ion of the  SEH of  corpus lu teum by 
dibutyryl  cAMP, ATP-Mg 2+ occurred wi thin  
the first 15 min and that  in the presence of  

t h e s e  addit ions,  e n z y m e  activity r emained  
stable for up to 6 hr prior to enzyme  assay. 
These findings are comparable  to  those  ob- 
t a i n e d  w i t h  o t h e r  " h o r m o n e  sensi t ive" 
enzymes.  The p re incuba t ion  t ime required for 
maximal ' ac t iva t ion  of  adipose  tissue lipase by  
these same cofactors  has been  repor ted  to be 
f rom 2 to  10 min (14,17).  With adrenal SEH, 
maximal  activation and phosphory l a t i on  occurs 
during the first hal f  hr o f  incuba t ion  (9) wi th  
low levels of  cofactors ,  and wi thin  5 min  at 
high cofac to r  concen t ra t ions  (8). 

Data on the effect  o f  cofactors ,  added singly 
and in various combina t ions ,  on the  SEH ac- 
tivity of  the  S1o5-G25 fract ion are shown in 
Table II. In these studies there  was no preincu- 
ba t ion  period.  Add i t ions  were made direct ly to  
t h e  e n z y m e  assay sys tem conta in ing  the 
S 105-G25 f rac t ion (prepared  in the absence of  
Mg2+), theophyl l ine ,  d i th io t re i to l  DTT, EGTA 
and cholesteryl  oleate.  Addi t ions  of  Mg 2+ and 
d ibu tyry l  cAMP, separately or in combina t ion ,  
had no  significant ef fect  on SEH activity in 
these preparat ions .  Add i t ion  of  0.3 mM ATP, 

TABLE II 

Requirements for Adtivation of 
Sterol Ester Hydrolase 

Addition to Sterol ester hydrolase 
incubation media a activity b 

None 9.9 + 0.8 
Dibutyryl cAMP (20 #M) 9.9 + 0.3 
ATP (0.3 mM) 12.2 • 1.3 c 
Mg 2+ (1.0 mM) 11.9 + 1.1 
Dibutyryl cAMP + Mg 2+ 11.4 • 1.0 
Dibutyryl cAMP + ATP 12.4 • 0.3 c 
ATP + MG 2+ 13.4 + 1.2 c 
Complete system 16.2 + l.lC, d 
Complete system + protein 11.8 + 1.5 e 

kinase inhibitor (40/sg) 

aAll incubation media contained, in addition to 
the components indicated, 1 ml (3 mg protein) 
S105-G25 enzyme preparation; 1 mM theophylline; 
0.1 mM dithiothreitol; 0.05 mM EGTA. Total volume 
was made to 2.2 ml with 0.10 M phosphate buffer, pH 
7.5. Incubations were carried out at 37 C in air. 
Figures represent means • SEM for four studies. 

bpmoles 1-14C Oleic acid released/min/mg protein. 
Cp <0.05 from control incubation media with no 

addition (paired t test). 
dp <0.05 from system containing ATP + Mg 2+ 

(paired t test). 
ep <0.05 from complete system (paired t test). 

alone or in c o m b i n a t i o n  wi th  Mg 2+ or di- 
bu ty ry l  cAMP, resul ted in a significant increase 
in SEH activity compared  to  baseline levels. 
However,  ne i ther  Mg 2+ nor  d ibu tyry l  cAMP 
addi t ions  to the ATP incubat ions  gave any addi- 
t ional  s t imula t ion  over tha t  observed wi th  ATP 
alone. This ef fect  o f  ATP addi t ion  on e n z y m e  
act ivat ion in crude sys tems has also been  ob- 
served wi th  bovine adrenal  SEH (9). A l though  
addi t ion  of  d ibu tyry l  cAMP, alone or wi th  
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Mg 2+, had no significant effect on SEH ac- 
tivity, a significant increase in enzyme activity 
was observed in incubations including ATP and 
Mg 2+ (complete system). 

At tempts  to demonstrate a protein kinase re- 
quirement in crude preparations were unsuc- 
cessful. Up to 96 pg rabbit muscle protein 
kinase (Sigma Chemical Co. St. Louis, MO) was 
without further effect on the activation ob- 
served in the complete cofactor  system. This is 
most likely due to the presence of endogenous 
protein kinase in the $1o s fraction (9,19). 
However, as shown in Table II, addition of 40 
pg of protein kinase inhibitor (beef heart, 
Sigma Chemical Co.) resulted in a significant 
decrease in level of activation observed in the 
absence of the inhibitor. These data indicate 
that the activation of the SEH of bovine corpus 
luteum may require protein kinase, and imply 
that activation involves enzyme phosphoryla- 
tion, as has been shown for adipose tissue 
lipase (17) and adrenal SEH (8,9). Since signifi- 
cant activation occurred in the presence of only 
ATP, it is also possible that activation of SEH 
may involve both cyclic AMP-dependent and 
cyclic AMP-independent systems. The presence 
of cyclic AMP-dependent and independent pro- 
tein kinase activities in bovine corpus luteum 
has been reported (19). The role(s) of these 
kinases in the activation of sterol ester hydrol- 
ase remains to be determined. 
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Occurrence of Plant Sterols in Aquatic Vertebrates 
TORU TAKAGI, AKIRA SAKAI, KENJI HAYASHI, and YUTAKA ITABASHI, Department of Chemistry, 
Faculty of Fisheries, Hokkaido University, Hakodate~ Japan 

ABSTRACT 

plant sterols were found by gas fiquid chromatography in the sterols of five species of aquatic 
vertebrates; mackerel (Scomber japonicus), rainbow trout (Salmo gairdnerii), smelt (Osmerus dentex), 
sardine (Sardinops melanosticta) and chimera (Chimera phantasmal The sterols of chimera liver, 
sardine flesh and sardine viscera contained 9.0, 2.4 and 3.1% of C28 and C29 sterols in addition to 
86.7, 96.6 and 95.2% of cholesterol. The occurrence of norcholestandienol, campesterol, #-sitosterol 
and C28 stanol was shown by combined gas chromatography-mass spectrometry. Sperm whale 
(Physeter catodon) sterols consisted of more than 99% cholesterol with only traces of 22-dehydro- 
cholesterol. 

INTRODUCTION 

It was once accepted that higher animals and 
most of lower animals contained cholesterol 
with minor components of C27 derivatives, e.g., 
c h o l e s t a n o l ,  7-dehydrocholesterol  and 7- 
cholestenol, while plants and some of lower 
animals contained a variety of C 26-C29 sterols 
(1). Recently, plant sterols were found in man 
and other higher animals as minor components, 
and their physiologically important roles are 
now recognized (2-6). 

It is well known that the main sterol of fish 
is cholesterol. However, minor sterols in fish 
have not been reported. This study was carried 
out to investigate the minor components in fish 
sterols, and we now report the occurrence of 
C28 and C29 plant sterols in fish. 

MATE RIALS AND METHODS 

Commercial samples of the crude bead and 
body oils from a sperm whale captured in the 
Antarctic Ocean were obtained. The head oil 
was used in the gas liquid chromatographic 
(GLC) analysis of the wax esters (7). The flesh 
samples  of mackerel (Scomber japonicus), 
sa rd ine  (Sardinops melanosticta), rainbow 
trout (Salmo gairdnerii), and smelt (Osmerus 
dentex) were obtained commercially at Hako- 
date in November and December 1977. A 
chimera (Chimera phantasma) captured in the 
deep sea off New Zealand was obtained from a 
fishery company. 

Extractions of tipids were carried out by the 
Bligh and Dyer method (8). The unsaponi- 
flables were obtained by ether extraction of the 
saponified lipids in the ordinary way. The sterol 
fraction was separated by preparative thin layer 
chromatography using Merck Kiesel Gel G 
(Type 60) plates and n-hexane-ether-acetic acid 
(60:40:1) for development. 

GLC analyses of sterols were carried out 
with a Shimadzu gas chromatograph Model 

6AM equipped with dual hydrogen flame 
detectors on 1 m x 3 mm ID and 2 m x 3 mm 
ID glass columns packed with 2% OV-1 on 
80-100 mesh Chromosorb W AW DMCS and 5% 
SE-30 on Chromosorb W 100-120 mesh, respec- 
tively. The carrier gas was nitrogen. 

Gas chromatography-mass  spectrometry 
(GC-MS) analyses of sterols were carried out 
with a Hitachi E1 instrument coupled to a com- 
puter. The GLC separations were performed on 
1 m x 3 mm ID glass columns packed with 2% 
OV-1 on 80-100 mesh Chromosorb W. The 
carrier gas was helium, and the column tem- 
perature was programmed from 190 to 280 C at 
a rate of 5 C/min. The injector, separator, and 
ion source were kept at 290, 300 and 180 C, 
respectively. The spectra were taken at an 
ionizing voltage of 20 eV and accelerating vol- 
tage of 3.2 kV. Mass chromatograms and bar- 
graphs were constructed by the computer. 

Authentic samples of/3-sitosterol, cholesterol 
and campesterol were obtained from Wako Pure 
Chemical Industries Ltd., Osaka, Japan. Cho- 
l e s t e r o l  containing norcholestandienol, 24- 
methylenecholesterol and desmosterol (obtained 
from a crab, Erimacrus isenbeekii, cf. Yasuda 
(9)) was also used as a reference standard. 

RESULTS AND DISCUSSION 

T h e  t y p i c a l  gas chromatogram of the 
chimera liver sterols is shown in Figure 1. The 
retention times of the peaks 1, 3, 4, 5 and 7 
were in agreement with those of norcholestan- 
d i e n o l ,  cholesterol, 24-methylenecholesterol, 
campesterol and fl-sitosterol, respectively. The 
sterol compositions of chimera liver, sardine 
viscera and sardine flesh are shown in Table I as 
peak area percents. It is noteworthy that they 
contain significant amounts of plant sterols. In 
particular, the plant sterols in the chimera liver 
reach almost 10%. Such high percentages of 
plant sterols in vertebrate sterols have not 
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FIG. 1. Gas chromatogram of chimera liver sterols. 
Hitachi GC-MS El, 1 m • 3 mm ID glass column 
packed with 2% OV-1 on 80-100 mesh Chromosorb W. 
Detector: Total ion collector. Column temperature 
was programmed from 190 to 280 C at 5 C/min. 
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h i the r to  been  repor ted .  In the  o the r  fish, the  
m i n o r  s terol  c o m p o n e n t s  wh ich  exceed 0.1% 
were 2 2 - d e h y d r o c h o l e s t e r o l  and  campes te ro l  
u n d e r  the  c ond i t i ons  of this  e x p e r i m e n t ,  and  
the  choles te ro l  c o n t e n t s  were more  t ha n  98%. 
The  sterols  of  spe rm  whale head  and b o d y  oils 
con ta ined  more  t h a n  99% of  cholesterol ,  and  
C28 and  C29 sterols  were n o t  f ound  in t he m.  
Thei r  s terol  c o m p o s i t i o n s  are s h o w n  in Table II. 

The typical  GC-MS s p e c t r u m  of  the  p l an t  
sterols f r o m  the  ch imera  liver is s h o w n  in 
Figure 2. GLC peaks  1-8 s h o w e d  the  fol lowing 

ma jo r  molecu la r  ions:  370,  no rcho le s t and ieno l ,  
for peak 1; 384,  22 -dehydrocho le s t e ro l ,  for  
peak  2; 386,  choles terol ,  for  peak  3; 398,  
2 4 - m e t h y l e n e c h o l e s t e r o l ,  for  peak  4; 400,  
campes te ro l ,  fo r  peak  5; 402,  C28 s tanol ,  for  
peak  6; 414,  /~-sitosterol, for  peak  7; and  400,  
C28 m o n o u n s a t u r a t e d  sterol ,  for  peak  8. T h e  
mass  s p e c t r o m e t r y  (MS) pa t t e rn s  were com-  
pared wi th  those  descr ibed in the  l i tera ture  
(10). 

The molecular  ion peaks were the base peaks 
as expec ted  f rom the mild opera t ing  condi t ions  

TABLE I 

Compositions of Sterols in Chimera Liver, Sardine Viscera 
and Flesh (GLC Peak Area %) 

Peak Chimera Sardine 
number Sterol liver Viscera Flesh 

1 Norcholestandienol 0.6 0.2 T a 
2 22-dehydrocholesterol b 3.7 1.5 1.0 
3 Cholesterol c 86.7 95.2 96.6 
4 24-methylenecholesterol 2.5 T --- 
5 Campesterol 2.1 2.6 2.1 
6 C28 stanol d 1.5 0.4 0.3 
7 fl-sitosterol 2.5 0.1 T 
8 C28 sterol d 0.4 T T 

aTrace, less than 0.1%. 
bpresumed by its retention time and GC-MS data. 
CGC-MS data suggest the overlapping of cholestanol peak. 
dpresumed by GC-MS data. 

TABLE ti 

Compositions of Sterols in Some Aquatic Vertebrates 
(GLC Peak Area %) 

Animal Part 22-dehydrocholest er ol Cholesterol Campesterol 

Mackerel White muscle 0.8 98.9 0.3 
Dark muscle 1.3 98.2 0.5 
Viscera 0.7 99.2 0.1 
Head T 99.8 0.2 

Rainbow trout Whole --- 99.7 0.3 
Sperm Whale Body 0.5 99.5 --- 

Head 0.8 99.2 --- 
Smelt Whole --- 98.8 1.2 
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FIG. 2. GC-MS spectrum of GLC peak 7 (#-sitosterol) of chimera liver sterols. Operating conditions as given 
in text. 

for the ionization; the low ionizing voltage (20 
eV) and the low temperature of the ion source 
(180 C) reduce fragmentation. Exceptionally, 
the molecular ion peak was not the base peak in 
the spectra for the GLC peak 3, but it was one 
of the main peaks. The peak of m/e 388 
accompanied by the molecular ion peak of 
cholesterol at m/e 386 suggests overlapping of 
the cholestanol peak with peak 3 in the gas 
chromatogram. The fragment ion peaks M+-I 5 
(CH3) , M+-18 (H20) , M+-15-18 followed the 
molecular ion peaks as an ordinary pattern in 
MS. The ion peaks m/e 271 (M+-R-2H, R = side 
chain) and adjacent peaks m/e 273 (M+-R) were 
common in the spectra for all GLC peaks. They 
indicated the presence of the monounsaturated 
sterol ring. These facts and the ion peak 400 
accompanied by the molecular ion peak 402 for 
the GLC peak 6 suggested the tailing of 
campesterol peak into peak 6. 

The presence of an unsaturated CTH ] a and 
CsH15 side chains in the peak 1 and 2 sterols 
was supported by their intense fragment ions at 
m/e 97 and 111 (11). The location of a double 
bond at 22:23 in the side chain was supported 
by the intense fragment ion at m/e 300, which 
was derived from the allylic cleavage with one 
hydrogen transfer (12). 

Mass chromatograms of the chimera liver 
sterols are shown in Figure 3. The presence of 
peaks 1-7 is in harmony with the interpretation 
for the peak components given by the GLC 
retention times. Similar results were obtained 
with sterols of sardine flesh and viscera. The 
expected m/e fragment ions were detected 

5 

1 

TIC 

! 414 x 5 

402 x 5 

400 x 5 

398 x 5 

386 x.1 

384 x 2 

1 370 x 5 

SCAN 

FIG. 3. Mass chromatograms of chimera liver 
sterols. TIC: Chromatogram by a total ion collector. 
Relations between peak numbers and components are 
shown in Table I. 

along with those of the respective molecular 
ions in the same scans. 

The results presented here clearly establish 
that some kinds of fish contain small amounts 
of plant sterols with a major component cho- 
lesterol. Further work is proceeding in our 
laboratory to determine the origin and the 
effect of plant sterols in fish. 
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Isolation and Partial Characterization of the Neutral 
Glycosphingolipids and Gangliosides of the Human Heart 
G.M. LEVIS, J.N. KARLI, and S.D. MOULOPOULOS, Department of 
Clinical Therapeutics, School of Medicine, University of Athens, Alexandra Hospital, 
Vass. Sophias and K. Lourou St., Athens 611, Greece 

ABSTRACT 

The glycosphingolipids (GSL) of the human heart muscle have been isolated from total lipids by 
column and thin layer chromatography and their sugars and fatty acids analyzed by gas liquid chro- 
matography. Hearts from traffic victims were obtained at autopsy between 12 and 16 hr after death 
and dissected into parts (left and right ventricular walls, intraventricular septum and papillary muscle). 
The neutral GSL content for those parts of the hearts of two males aged 22 and one female aged 14 
ranged from about 90 to 160 nmoles/g wet weight. Trihexosyl ceramide and gtoboside were the most 
abundant neutral GSL. Total ganglioside content was about 50 nmoles/g wet weight, and the most 
abundant gangliosides were partially characterized as GM 3 and GM 1 ; other mono-, di- and trisialogang- 
liosides were also present. Differences in the content and composition of neutral GSL and gangliosides 
between the heart and other human tissues are discussed. It is concluded that the patterns of these two 
GSL fractions of the heart are more complex than those of most of the extraneural human tissues. 

INTRODUCTION 

Neutral  glycosphingolipids (GSL) and gang- 
liosides are present as minor  const i tuents  of the 
lipid fraction in most ,  if not  all, types of extra- 
neural mammal ian  organs (1). Even so, the 
lipids of the human  heart  muscle have not  been 
examined for  glycosphingolipid composi t ion .  
The presence of these lipids and their  character- 
ization in human skeletal muscle has been re- 
por ted  by Svennerholm et al. (2). Quali tat ive 
analysis of the ganglioside fractions in the var- 
ious tissues of  pig, rabbit  and rat indicated that  
in these species the pa t te rn  of  heart gangliosides 
are different  f rom those of  the skeletal muscle 
(3). In order to investigate fur ther  the possible 
role of  GSL in heart  muscle function,  it was 
found necessary to repor t  first their  quali tat ive 
and quant i ta t ive analysis in the various parts of 
the human heart. 

MAT E R I A LS 

Hearts were taken at autopsy be tween  12 
and 16 hr af ter  death f rom traffic victims who 
died suddenly. Hearts I and II were f rom 
normal  males aged 22 and heart III f rom a 
female aged 14. Parts of  the left  and right ven- 
tricles, the intraventr icular  septum and the 
papillary muscle were freed of visible fat, 
washed blood free and kept  at -20 C until  ex- 
tracted.  

Chemicals were of  analytical  grade and sol- 
vents were distilled before  use. Hexamethyl -  
d i s i l a z a n e  a n d  t r ime thy lchoros i l ane  were 
obtained f rom BDH Chemicals Ltd., England. 
Neuraminidase (0.6 u/rag) was obta ined from 
Boehringer Mannheim. Standards of neutral  

GSL and gangliosides were prepared f rom 
human kidney and brain as described below. 

N-acetyl  neuraminic  acid 90%, bovine brain 
gangliosides type  IV and silicic acid (special for 
lipid chromatography)  were obta ined f rom 
Sigma Chemicals Co. St. Louis, Mo. DEAE-  
Sephadex-A25 was obta ined f rom Pharmacia 
Fine Chemicals, Sweden. 

Precoated Silica Gel G plates and Silica Gel 
H for co lumn chromatography  were purchased 
f rom Merck Darmstadt.  Silica gel (with no bind- 
er) plates used in preparative chromatography  
of  neutral  GSL were from Anal tech Inc., New- 
ark, DE. 

Gas l iquid chromatography  (GLC) was car- 
fled out  on a Pye-Unicam gas chromatograph.  

METHODS 
/ 

Extraction of Lipids 

The lipids were ext rac ted  by homogeniz ing  
the tissue (10-40 g) with a series of  chloro- 
fo rm-methanol  mixtures  (1:1, 2:1 and 1:2, 

v/v). The pooled  extracts were dried, taken up 
in water  and ch loroform methano l  (2:1,  v/v). 
Part i t ion and washing was done as described by 
Folch  et al. (4) 

Preparation of Neutral and Acidic Glycosphingolipids 

The lower phase lipids were subjected to 
mild alkaline hydrolysis  and GSL isolated by 
co lumn chromatography  on silicic acid as de- 
scribed (5) and used previously (6,7). Neutral  
and acidic GSL were separated by chromato-  
graphy on DEAE-Sephadex-A25 (8,9). Indiv- 
idual neutral  GSL (mono-,  di, t r ihexosyl  cera- 
mide and aminoglycol ipid)  were isolated by 
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preparative thin layer chromatography TLC. 
The monohexosyl ceramide fraction was separa- 
ted into glucosyl ceramide and galactosyl cera- 
mide (10). The GSL were revealed by spraying 
with water. The dried silica gel was transferred 
into columns (0.4 cm i.d.) and washed with 10 
ml of chloroform. The GSL was eluted with 20 
ml chloroform-methanol (1:1, v/v). Possible 
water soluble contaminants were washed by 
partition according to Folch et al. (4). The 
recovery of separated GSL was calculated as a 
percentage of total GSL applied on the TLC 
plate. Purified GSL were characterized in terms 
of their sugar and sphingosine composition. 
Fatty acid esters were recovered from the meth- 
anolysis mixture by extraction with redistilled 
hexane and separated into normal and 2- 
hydroxy fractions by TLC (6). The acidic frac- 
tion of GSL was taken down to a small volume 
dialyzed against water and freeze dried. Hem- 
atoside was the only GSL constituent of this 
fraction. It was isolated by preparative TLC and 
added to the gangliosides of  the upper phase. 

Gangliosides 

The whole procedure for obtaining total 
gangliosides from the combined upper phases 
(dialyses, hydrolysis in sodium methoxide) has 
been described previously (6). Purification of 
total gangliosides from fatty acids and other 
contaminants was performed as described (8) 
by column chromatography on silicic acid. 
Total gangliosides are given in nmoles of sialic 
acid, corrected for recovery (70%). This re- 
covery was estimated by running in parallel 
samples o f  bovine brain and human kidney 
gangliosides, similar in weight to those used for 
the heart. The recoveries for bovine brain and 
human kidney gangliosides were 70% and 75%, 
respectively. 

Preparation of Ganglioside Fractions 

Total gangliosides were separated into three 
major fractions exactly as described (2) as fol- 
lows: Gangliosides were dissolved in chloro- 
form-methanol (9:1, v/v) and applied to a 
wast~ed Silica Gel H column, which was then 
eluted with two portions of CHCI3-CH3OH- 
H20 (65:25:4, v/v/v). The first portion con- 
tained mostly GM 3. The second portion con- 
tained GD3, GM2 and some GM 3. The remain- 
ing gangli0sides were eluted with chloroform- 
methanol-H20 (60:35: 8, v/v/v). These fractions 
were used for the purification of the major 
gangliosides to homogeneous spots by TLC on 
washed and reactivated Silica Gel G plates. The 
bands were located with the aid of iodine 
vapors, and  the gangtiosides were extracted 
three times with a mixture of chloroform- 

methanol .water (60:35:8, v/v/v). Purified gang- 
liosides were partially characterized in terms of 
their carbohydrate and sialic acid composition. 
Neuraminidase treatement was also used to 
assist in characterization. 

Analytical Procedures 

Total lipids were estimated by weighing, to a 
constant weight, small aliquots of the chloro- 
form phase. Lipid phosphorus was determined 

by the method of Bartlett (11). Glucose con- 
tent of neutral GSL was determined by GLC, 
using mannitol as an internal standard. The 
results of GSL were expressed in nmoles cal- 
Culated from the area of the glucose peaks 
(6,7). Sphingosine was determined (12) as de- 
scribed previously (13). The sialic acid content 
of the gangliosides was determined by the 
modified (14) method of Svennerholm (15). 
TLC was performed using Silica Gel G plates. 
The bands of neutral GSL were detected by 
spraying with orcinol reagent (0.2% in 25% sul- 
furic acid) and heating for 10 min at 100 C 
Gangliosides were detected with the resorcinol: 
He1 reagent (15). The solvent for neutral GSL 
was c h l o r o f o r m - m e t h a n o l - H 2 0  (65:25:4, 
v/v/v). Reference standards of neutral GS1 were 
run for identification. The solvent for ganglio- 
sides were: A) chloroform-methanol-NH4OH 
2.5 M (60:40:9, v/v, three developments), b) 
n-propanol-water (3:1, v/v), and c) n-propanol- 
cone. ammonia-water (6:1:2, v/v/v); reference 
standards of bovine brain, human kidney and 
brain gangliosides were run on the same TLC 

plates. The percentage distribution of ganglio- 
sides was estimated as described by Suzuki (16) 
in several samples of total gangliosides after 
separation in TLC system (a). Gangliosides 
which were not well separated in this system 
were recovered and their sialic acid content 
determined following separation in a more 
appropriate TLC system. 

Methanolysis of neutral GSL and ganglio- 
sides was performed in He1 0.8N and 0.5N 
He1 in dry methanol, respectively. N-Acetyla- 
tion was performed as described (17). The 
recovery of N-acetyl galactosamine (NAcgal) 
was corrected on the basis of the analysis of 
globoside from human kidney. Preparation of 
trimethyl-silylderivatives (TMS) derivatives was 
performed as described (6). TMS derivatives of 
O-methyl monosaccharides and sialic acid were 
analyzed by GLC (17) on 3% SE-30 or 3% 
OV-1 columns (6 ft x 1/4 in.) at a temperature 
programmed at 2 C/min between i60 C and 
225 C. Fatty acid esters were analyzed isother- 
mally at 230 C on the same columns. 
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TABLE I 

Neutral Glycosphingolipid Concentrat ion of  Various 
Parts of  the  Adult  Human Heart a 

Heart L.V. R.V. I.S. Papillary 

1 nmole/g tissue b 134 117 122 135 89 139 
nmole /mg lipid c 4.7 4.2 2.5 2.7 5.2 7.7 

II nmole/g tissue 1 l0 124 117 130 94 110 
nmole /mg lipid 4.9 6.3 4.5 4.7 3.6 6.4 

III nmole/g tissue 124 124 160 117 - - - 
nmole]mg lipid 4.4 4.2 5.5 7.7 - - - 

aGSLs were isolated from the chloroform soluble lipids and est imated in duplicate by 
GLC as described in the text. Data for the left ventricle (L.V.) are GSL content  of  parts of  
the anterior and posterior walls. Data for the right ventricle (R.V.) are GSL content  of  the 
anterior and anterolateral walls. Data for the intraventricular sep tum (LS.) are GSL content  
of  the  lower part of  the septum. 

bnmoles/g tissue are nmoles  of  GSL per g wet weight. 
Cnmoles/mg lipid are nmoles of GSL per mg total lipid. 

TABLE II 

Neutral Glycosphingolipid Composi t ion of the Human  Heart a 

nmoles/g wet tissue 
Molar Ratio b 

glu/gal/N Acgal I II III 

Glucosyl ceramide 1.0:0.0:0.0 1.6 5.3 1.2 
Galactosyl ceramide 0.0:1.0:0.0 1.0 5.0 1.0 
Lact osyl ceramide 1.0: 1. l : 0.0 4.1 7.7 11.6 
Trihexosyl ceramide 1.0:1.8:0.0 32.0 37.0 43.7 
Globoside 1.0:1.9:0.9 43.0 28.0 36.0 
Total 81.7 83.0 93.5 
Recovery 70% 67% 75% 

aGSL fractions were separated, as described in Methods,  f rom the posterior wall of  
each of the hearts presented in Table I. The percentage recovery was calculated from the 
total GSL of each part shown in Table I. The percentage recovery of each GSL, tested 
separately, was in the range of 75%. 

bDetermined in pooled samples. The ratio of  glucose sphingosine for all GSL fractions 
ranged between 1.2 and 1.0. 

Neuraminidase Treatment 

A l i q u o t s  o f  p u r i f i e d  g a n g l i o s i d e s  w e r e  d r i ed  
in s m a l l  c o n i c a l  t u b e s ,  a n d  0 . 0 5  m l  o f  s o d i u m  
a c e t a t e  b u f f e r p H  5.5 c o n t a i n i n g  0 . 0 7 5  u n i t s  
n e u r a m i n i d a s e  was  a d d e d  to  t h e  d ry  r e s i d u e .  
T h e  m i x t u r e  was  i n c u b a t e d  a t  37  C fo r  24  hr ,  
e x t r a c t e d  a n d  p a r t i t i o n e d  (4) .  T h e  l o w e r  a n d  
u p p e r  p h a s e s  were  a n a l y z e d  b y  T L C .  

I t  is k n o w n  ( 1 8 )  t h a t  f o l l o w i n g  n e u r a m i n i -  
da se  t r e a t m e n t  sial ic  ac id  is sp l i t  o f f  f r o m  G M 3  
a n d  G D  3. T h e s e  g a n g l i o s i d e s  are  t r a n s f o r m e d  
i n t o  l a c t o s y l  c e r a m i d e .  O n e  sial ic  ac id  r e s i d u e  is 
spl i t  o f f  f r o m  G D l a ,  G D l b ,  a n d  G T ,  a n d  t h e s e  
t h e n  y i e l d  G M 1 .  T h e  s ia l ic  ac id  r e s i d u e  o f  t h e  
G M  1 a n d  G M 2  g a n g l i o s i d e s  is n o t  a t t a c k e d  b y  
n e u r a m i n i d a s e .  

RESULTS 

T o t a l  l ip ids  f r o m  t h e  v a r i o u s  p a r t s  o f  t h e  
h e a r t s  r a n g e d  f r o m  17-50  m g / g  we t  w e i g h t ,  

p h o s p h o l i p i d s  b e i n g  a b o u t  5 0 - 7 0 %  o f  t h e  t o t a l .  
In  a c c o r d a n c e  w i t h  a p r e v i o u s  r e p o r t  (19 ) ,  t h e  
p r e s e n t  r e s u l t s  s h o w e d  t h a t  r e g i o n a l  d i f f e r e n c e s  
in  t o t a l  l ip id  a n d  p h o s p h o l i p i d  c o n t e n t  were  
o n l y  o c c a s i o n a l ,  l ike,  fo r  e x a m p l e ,  t h e  h i g h  
l ipid c o n t e n t  o f  t h e  r i gh t  v e n t r i c u l e s  o f  h e a r t  
No.  I. 

Neutral glycosphingolipids 

T o t a l  n e u t r a l  G S L  are  s h o w n  in  T a b l e  I. I n  
all t h r e e  h e a r t s  e x a m i n e d ,  t h e  c o n t e n t  in 
n m o l e s / g  we t  w e i g h t  o f  t h e  v a r i o u s  p a r t s  ( see  
f o o t n o t e  o f  T a b l e  I) d id  n o t  d i f f e r  s ignif i -  
c a n t l y .  S o m e  i n d i v i d u a l  v a r i a t i o n s  were  f o u n d  
in G S L  c o n t e n t  o f  c e r t a i n  p a r t s  r e l a t ive  to  t o t a l  
l ipid.  In  th i s  r e s p e c t  t h e  G S L  c o n t e n t  f o u n d  in  
t h e  r i gh t  v e n t r i c l e  o f  h e a r t  No .  I was  s ignif i -  
c a n t l y  l o w e r  t h a n  in o t h e r  pa r t s .  

T h e  v a r i o u s  p a r t s  o f  t h e  h e a r t s  h a d  s imi l a r  
p a t t e r n s  o f  n e u t r a l  G S L  as m e a s u r e d  b y  T L C  
ana lys i s .  T h e y  i n c l u d e d  m o n o - ,  di-, tri- a n d  
t e t r a h e x o s y l  c e r a m i d e .  T h e i r  c o n t e n t  a n d  car-  
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TABLE III 

Fatty acid Composition of the Neutral Glycosphingolipids 
of the Human Heart a 

Per cent of total 

Monohexosyl Lactosyl Trihexosyl Globoside 
Fatty acid ceramide ceramide ceramide 

!6:0 13.3 11.0 7.5 1.0 
18:1 10.0 7.4 3.1 2.0 
18:0 8.3 3.7 2.7 1.5 
20:0 10.0 5.9 9.1 2.4 
22:0 36.8 28.6 34.6 36.0 
23:0 3.3 3.7 13.5 10.0 
24:1 6.7 20.6 13.5 39.6 
24:0 11.6 19.1 16.0 7.5 

22:0-24:0 58.4 72.0 77.6 93.1 

aMethyl esters of normal fatty acids were prepared as described in Methods and analyzed 
by GLC on a OV-1 3% column at 230 C. Other fatty acids, 16:1,17:0, 19:0, 20:1, which 
summed up to less than 3% of total, were not included in the Table. Monohexosyl ceramide 
is a mixture of glucosyl ceramide and galactosyl ceramide. 

TABLE IV 

Ganglioside Content and Composition 
of the Human Heart a 

No. of heart I II III 
Total sialic acid 
nmoles/g wet weight 50.5 43.5 52.5 

Total sialic acid 
Gangliosides weight (%) mole (%) 

GM 3 23.0 31.1 
GM 2 13.0 17.6 
GD 3 22.0 15.0 
GM 1 16.0 21.8 
GDIa 11.0 7.5 
GDIb 5.0 3.4 
GT 10.0 4.5 

aGangliosides were isolated from the combined 
upper water phases of the Folch partition. To this 
fraction GM 3 isolated from the lower phase was 
added. Total ganglioside sialic acid was determined in 
triplicate samples. Sialic acid content in the various 
gangliosides was determined after separation by TLC 
on system (a) and for GM 1 and GD 3 also on system 
(c). The gangliosides GM3, GD3, GM1, GDIa and GT 
were further characterized by GLC. The molar ratio 
of glucose/galactose/Nacetyl-galactosamine/sialic acid 
was for GM 3 1.0:0.9:0.0:0.8, forGD 3 1.0:1.2:0.0:1.7, 
for GM 1 1.0:1.8:1.1:0.85, for G D I a l . 0 : l . 7 : l . l : 2 . 2 ,  
and for GT 1.0:1.8:0.9:2.6. 

bohydra te  composi t ion  are shown in Table II. 
It can be seen that monohexosy l  ceramide was 
a m i x t u r e  of  g lucosyl  and  ga lac tosyl  ceramide .  
D i h e x o s y l  c e r a m i d e  was charac te r ized  as 
lac tosyl  ceramide .  The  possible  s t r uc tu r e  of  tri- 
hexosy l  ce ramide  was gal- lac-ceramide.  Tetra-  
hexo sy l  ceramide  was part ial ly charac te r ized  as 
globoside.  Th e  m o s t  a b u n d a n t  neu t r a l  GSL  
were t r ihexosyI  ce ramide  and  globoside .  

Fatty Acid Composition of the Neutral GSL 

Table II1 shows the fat ty  acid compos i t ion  

of  the  neu t ra l  GSL isolated f rom pooled  
samples  of  the  three  hear ts .  The  resul ts  indicate  
tha t  C 22 fa t ty  acid was ma jo r  c o n s t i t u e n t  of  all 
GSL fract ions.  It is also ev ident  tha t  as the  car- 
b o h y d r a t e  chain  of  the  GSL increased so did 
the  percen tage  of  the  fa t ty  acid wi th  chains 
C22-C24.  The  2 - h y d r o x y  fa t ty  acids were 
m i n o r  c o n s t i t u e n t s  of  all G SL  f rac t ions  and 
were no t  fu r the r  ana lyzed .  

Acidic GSL of the Chloroform Phase 

The  acidic f rac t ion  of  the  c h l o r o f o r m  sol- 
uble  GSL compr i sed  on ly  GM 3 charac ter ized  
by  its c h r o m a t o g r a p h i c  p roper t i es  and  color  
react ions .  This  was i so la ted  by  prepara t ive  TLC 
and added  to the  gangl ioside fract ion.  Spots  
co r r e spond ing  to su l fa t ides  of  the  galcer a n d / o r  
laccer s t ruc tu re  could  no t  be de tec ted  by  TLC. 
In this  case the  analys is  was p e r f o r m e d  wi th  
mater ia l  co r r e spond ing  to  50 g of  fresh tissue. 
The  a m o u n t  of  hear t  G SL  needed  to p r o d u c e  a 
TLC ch ro rna tog ram wi th  four  spo t s  corres- 
ponds  to abou t  0.5 g o f  wet  t issue.  It is t hus  
conc luded  tha t  i f  su l fa t ides  are p resen t  they  
shou ld  a c c o u n t  for  less t h a n  1 %  of  to ta l  GSL. 

Gangliosides 

Analys is  of  the  gangl ios ides  o f  the  various 
par ts  of  hea r t s  I and  II show e d  similar  pa t te rns .  
S u b s e q u e n t  e x a m i n a t i o n  was the re fo re  per- 
f o r m e d  on pooled  samples .  To ta l  ganglioside 
c o n t e n t  (Table IV) was in the  range of  50 
n m o l e s  of  sialic acid per  g wet  t issue.  T h e  per- 
centage  d i s t r ibu t ion  of  the  gangl iosides for  
poo led  samples  of  the  three  hear t s  are s h o w n  in 
Table  IV. It can be seen t ha t  CM 3 c ompr i s e d  

23.0% of  to ta l  sialic acid or 31.1% on a mola r  
basis. This  gangl ioside appeared  on  TLC s y s t e m  
(a) as a single spot .  T h e  resul ts  of  c a r b o h y d r a t e  
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and sialic acid composition are shown in Table 
IV. This ganglioiside after treatment with 
neuraminidase yielded a chloroform soluble 
GSL with the chromatographic mobility of 
l a c t o s y l  c e r a m i d e .  The GM 2 ganglioside 
migrated as multiple band on TLC system (a) in 
the position of GM2 of human brain. The sialic 
acid residue of the material of this band was 
not split off following neuraminidase treat- 
ment. The second largest ganglioside, GM 1, run 
in system (a) at the position of GM 1 of bovine 
brain, was not easily distinguished from GD 3 of 
kidney gangliosides. It was, therefore, isolated 
from plates developed in system (a) and rerun 
in system (c) where it was separated into GM 1 
and into a ganglioside which in this solvent 
system runs ahead of GM 1 in the position of 
human kidney GD 3. Further characterization 
of GM 1 and GD 3 was based on the molar ratio 
of their sugar and sialic acid content as shown 
in Table IV. Ganglioside GM 1 was not affected 
by neuraminidase treatment. Ganglioside GD 3 
on neuraminidase treatment yielded a chloro- 
form soluble GSL with the chromatographic 
migration of lactosyl ceramide. The ganglioi- 
sides designated as GDla and GT 1 had the 
expected composition of monosaccharides and 
sialic acid and the expected mobility in TLC 
system (b). These gangliosides, as well as GDIb 
after neuraminidase treatment, yielded a gang- 
l i o s i d e  cor respond ing  in chromatographic 
migration to GM 1. 

DISCUSSION 

In this work an attempt has been made to 
analyze separately the neutral GSL and gang- 
liosides of various parts of the heart. As indi- 
cated in the results, the amount and composi- 
tion of the neutral GSL and the patterns of 
gangliosides of the two ventricles and the 
septum were very similar. The neutral GSL con- 
tent of the ventricles of the adult human myo- 
cardium estimated in the present work ranged 
from 90 to 160 nmoles/g wet tissue. This con- 
tent is higher than reported for the gastro- 
cnemius muscle of the adult male where GSL 
content was only 35 nmoles/g wet tissue (2). 
The procedure applied here for the isolation of 
neutral GSL is only slightly different from that 
used for gastrocnemius muscle (2). It is reason- 
able, therefore, to believe that the large differ- 
ence in total GSL content of the two tissues is 
not due to differences in methodology. 

Interestingly enough, the pattern of the 
neutral GSL of the heart was more complex 
than that found in the gastrocnemius muscle. 
Thus, while trihexosyl ceramide and globoside 
were the predominant neutral GSL of the heart, 

in the gastrocnemius muscle (2) and several 
other human tissues (13,20-22), the GSL con- 
sisted mostly of lactosylceramide. However, the 
neutral GSL of the heart are similar to those of 
the kidney (23). 

The fatty acid composition of the neutral 
GSL was found to be similar to that rePorted 
for GSL from other extraneural tissues with the 
exception that for heart GSL the percentage of 
the C22 fatty acid was the same or even higher 
than the C24 fatty acids. 

The acidic fractions of heart GSL were care- 
fully examined for the presence of su!fatides, 
and it was concluded either that they are not 
present or that they constitute a very minor 
component. This is not surprising since sul- 
fatides have not been detected in a variety of 
extraneural human tissues including skeletal 
muscle (2,13,20-22). They are major compon- 
ents of the human kidney (24) and the thyroid 
(7). 

The value of total ganglioside sialic acid 
40-50 nmoles/g wet weight is similar to that 
found in the human gastrocnemius muscle (2). 
Lower values have been reported for skeletal 
and cardiac muscle of various animal species 
(3).  The predominant gangliosides of the 
human heart were GM 3 and GM 1. In addition, 
a GD 3 ganglioside similar to that found in 
human gastrointestinal mucosa (25) and kidney 
(26) has been detected. This ganglioside was a 
minor component ofgastrocnemius muscle (2). In 
the heart the galactosamine containing ganglio- 
sides made up about 55% of total (on a molar 
basis). Theses gangliosides are presentinlowerpro- 
portions, 20-30%, in a variety of human extra- 
n e u r a l  t i s sues  i n c l u d i n g  skeletal muscle 
(2,25-28). Similar observations have been de- 
rived from qualitative examination of the gang- 
lioside pattern of other mammalian species (3). 
On this account, it becomes evident that h e a r t  
muscle and skeletal muscle, which have cytolog- 
ically similar sarcolemma, have a different com- 
position of neutral GSL and gangliosides. Re- 
cent observations have stimulated interest i n  
the role of gangliosides as membrane receptors 
(29-32). They may also play a part in Ca ++ 
binding (33) and in mechanisms involved in 
transmembrane potential (34). These functions 
are important for the performance of the heart. 
It therefore would be of interest to check 
whether those ganglioside species, which are 
found in higher proportions in the heart than in 
other extraneural tissues, are implicated i:n 
mechanisms specific to heart function such as. 
contractile force and rate. 
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ABSTRACT 

The biosynthesis of fatty acids in the diatom Phaeodactylum tricornutum was studied. The diatom 
was incubated with sodium [ll4C]acetate and the acids [1-14C]palmitic, [1-14C]stearic, 
[1-14C] linoleic and [1-14C] a-linolenic. The distribution of radioactivity in the products was deter- 
mined by gas liquid radiochromatography. The diatom synthesized "de novo" not only saturated and 
monounsaturated fatty acids, but also linoleic, a-linolenic and other fatty acids including the highly 
polyunsaturated 20:5~o3 and 22:6w3. When labeled acetate, stearic, a-linolenic or even linoleic acid 
were incubated with the diatom, the polyunsaturated C20 fatty acids synthesized belonged pre- 
dominantly to the w 3 family. The existence of A9, A6, A5, A4, w6 and possibly co3 desaturases in P. 
tricornutum is suggested. 

INTRODUCTION 

The fat ty acid composi t ion  of the organisms 
which occupy different  t rophic  levels in the 
marine food chain generally show quali tat ive 
similarities. It is probable  that  phy top lank ton ,  
the first link of the chain, is able to synthesize 
all the fa t ty  acids de novo. Some phytoplank-  
tonic species (diatoms, dinoflagellates, etc)  con- 
tr ibute considerably to the marine ecosys tem 
with high concent ra t ions  of the 20:5co3 and 
22:6co3 acids (1) that  are generally considered 
the typical fat ty acids of marine life. Diatoms 
are accorded the most  impor tant  place because 
of  the number  and diversity of their species (2). 
Therefore ,  it is impor tant  to de termine  the 
biosynthet ic  routes  used by these organisms. In 
the present work, the biosynthesis  of fa t ty  
a c i d s  in  P h a e o d a c t y l u m  t r i cornu tum was 
studied by incubat ion of the dia tom with 
labeled acetate,  palmitic,  stearic, l inoleic and 
c~-linolenic acid. P. t r i cornu tum was chosen 
since it is ubiquitous,  and the morpho logy  and 
physiology of this alga has been intensively 
studied (3,4). 

MATERIALS A N D  METHODS 

Fatty acids 

[ 1 1 4 C ] P a l m i t i c  (57.7 mCi /mmol ,  98% 

1Address of V.J. Moreno and J.E.A. de Moreno: 
Instituto Nacional de lnvestigaei~n y Desarrollo 
Pesquero, Casilla de Correo 175, 7600 Mar del Plata, 
Argentina 

2Member of the Carrera del Investigador Cient~fico 
of the Cemisit;n de Investigaciones Clentlficas de la 
Provincia de Buenos Aires. 

3Member of the Carrera del Investigador Cient~fico 
of the Consejo Nacional de lnvestigaciones CientJficas 
y T~cnicas. 

r ad iochemica l ly  pure),  [ 114C]stearic  (48.4 
m C i / m m o l ,  98% r a d i o c h e m i c a l l y  pure). 
[ l l 4 C ] l i n o l e i c  acid (56 mCi /mmol ,  98% radio- 
chemical ly pure, 2% trans isomer),  [ 1 1 4 C ] a  - 
Linolenic acid (57 mCi /mmol ,  99% radio- 
c h e m i c a l l y  p u r e ,  1% trans isomer)  and 
[114C]ace t ic  acid sodium salt (59 mCi /mmol ,  
99% radiochemical ly  pure) were purchased 
from Amersham-Searle  (Amersham,  England). 

Cells 

Axenic cultures of P. t r i cornu tum (Nitzchia 
closter ium f. minutissima) (Indiana Universi ty 
Culture Collect ion of algae No. 646) were used. 
The composi t ion  of the incubat ion  med ium was 
similar to the ASP-M medium of McLachlan 
(5). However, glycyl-glycine buffer was subst i tuted 
for Tris buffer,  and vitamins were no t  added 
since they are not  necessary for  this diatom 
(6). The  diatoms were incubated at 15 -+ 2 C in 
a chamber  i l luminated with 3200 lux provided 
by five f luorescent tubes, 40 w each. The flasks 
were gently agitated. In all exper iments  when 
the diatoms reached the last part of the loga- 
r i thmic phase, they were incubated with the 
labeled substrates. The cell concent ra t ion  was 5 
x 106 cells/ml. 

Incubation of Radioactive Fatty Acids 

The ammon ium salts of  radioactive fat ty  
acids and the sodium acetate were each dis- 
solved separately in growth medium.  The con- 
centra t ion of  test fa t ty  acids in the med ium was 
0.18 - 0.24 /aM. The concent ra t ion  of  sodium 
acetate was 0.4 pM. Cells of P. t r i cornu tum 
harvested by centr i fugat ion were suspended in 
150 ml of  radioactive growth medium con- 
taining 1.5 mCi of  14C fa t ty  acids or 4 pCi of 
14C acetate and incubated for determined 
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TABLE I 

Fatty Acid Composition of P. t r icomutum 

This experiment Composition 
Fatty acid Rt/18:0 b (%) Others a 

14:0 0.31 4.7 2.3 - 12.5 
14:2 . . . . . .  0.0 - 1.0 
15:0 0.42 0.5 --- 
16:0 0.56 12.5 9.2 - 30.9 
16:lco9 0.66 23.1 16.1 - 49.2 
16:2co7 0.80 1.3 0.0 - 4.7 
X(16:2co4) 0.87 1.1 1.4- 8.7 
16:3 1.00 3.8 0.7 - 10.5 
18:0 
18:1 1.15 6,4 0.9 - 4.7 
16:4tol . . . . . .  0.0 - 5.4 
18:2co6 1.42 3.4 0.5 - 1.3 
18:3<.o6 1.66 0.1 0.3 - 1.2 
18:3co3 1.90 0.2 0.2 - 2.0 
20:lco9 2.01 0.2 --- 
18:4co3 2.23 0.7 0.0 - 1.4 
20:3c~6 . . . . . .  0.0 - 1.0 
20:4co6 3.33 0.7 --- 
20:3to3 
22:1co9 3.55 0.6 0.1 - 3.9 
20:5co3 4.48 26.4 8.6 - 20.0 
22:4co6 5.75 3.5 --- 22:3co3 
22:6(,03 8.80 10.8 0.6- 4.2 

aTaken from references 17 to 21. Range is given. 
bRt/18:0 relative retention times vs. 18:0. Acids present 

not reported. 
in proportion less than 0.1% are 

periods of t ime in a chamber  at 15C. Eight 
tubes of  cells were incuba ted  for each fa t ty  acid 
and were pooled  in groups of 4. Each tube con- 
tained 700 to 800 x 106 cells, equivalent  to 
120-150 mg of cells. Af te r  the incubat ion ,  cells 
were harvested by cent r i fugat ion  and washed 
three t imes with fresh growth  med ium with 
centr i fugat ion each time. Finally,  the cells were 
fil tered out  with a Whatman GF/C fiberglass 
filter. Total  lipids were ex t rac ted  wi th  chloro- 
fo rm-methano l  (2:1, v/v) (7). The lipids were 
s a p o n i f i e d  and the nonsaponi f iab le  ma t t e r  
ex t rac ted  with pe t ro leum ether.  The solut ion 
was acidified, the free acids ex t rac ted  wi th  
pe t ro leum ether  (bp 30-60 C) and conver ted  to 
methyl  esters (8). The radioact ivi ty d is t r ibut ion 
in the d i f fe rent  fat ty acids was measure d by gas 
liquid r ad ioch roma tography  at 180 C in a Pye 
apparatus  equipped w~th a p ropor t iona l  coun te r  
(8). 

The fatty acid composition of the lipids of 
the dia tom was de te rmined  by gas liquid 
ch roma tog raphy  in a Pye ins t rument  wi th  an 
argon ionizat ion de tec to r  (9). The co lumn was 
packed wi th  15% die thylene  glycol succinate on 
Chromosorb  W (80-100 mesh).  The identif i -  
cat ion of fa t ty  acids in the ch romatogram was 
done by compar ison of  their  r e ten t ion  t imes 
with s tandards  by using Ackman ' s  graphic pro- 

cedure (10) of  the  re ten t ion  times vs. chain 
length, A ck man ' s  separat ion factors I and II 
(11-13), and Haken 's  fac tor  (14). To conf i rm 
the chain length of  unsa tura ted  fa t ty  acids, the 
samples were r echromatographed  after hydro-  
genat ion (15). 

RESULTS A N D  DISCUSSION 

Fatty Acid Composition and de novo Biosynthesis 

T h e  f a t t y  acid compos i t i on  of P. tri- 
c o r n u t u m  showed in Table I is similar to  the 
compos i t ion  of  o ther  p h o t o s y n t h e t i c  d ia toms  
but remarkably  di f ferent  f rom Chlorophyceae  
and higher plants  (1). The outs tanding dif- 
ferences are high p ropor t ions  of saturated and 
unsatura ted  fat ty acids of 16 carbons, of  
20:5603 and 22:6603 acids, and the low co n t en t  
of  fat ty acids of  18 carbons.  

The fa t ty  acid compos i t on  of  P. t r i c o r n u t u m  
has been already investigated by Williams (16), 
Kates and Volcani  (17), Ackman  et al. (18), 
Chuecas and Riley (18) and Hinchcliffe and 
Riley (20). Al though the fa t ty  acid composi -  
t ion found  by the four groups is similar, some 
differences exist in the  c o n t e n t  o f  16:0, 16:1, 
20:5603 and 22:66o3 acids. These differences  
are likely due to the d i f fe rent  culture condi-  
t ions used. 
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S ince  t h e  f a t t y  ac id  c o m p o s i t i o n  i l l u s t r a t e d  
in T a b l e  I c o r r e s p o n d s  to  cel ls  c u l t u r e d  in  a 
m e d i u m  d e p r i v e d  o f  f a t t y  acids ,  i t  p r o v e s  t h a t  
t h i s  a lga  is ab le  n o t  o n l y  to  s y n t h e s i z e  s a t u -  
r a t ed ,  m o n o u n s a t u r a t e d  a n d  l ino le ic  a c i d s  as 
p l a n t s  g e n e r a l l y  do ,  b u t  a l so  t he  h i g h e r  p o l y -  
u n s a t u r a t e d  ac ids  o f  t h e  co3 f a m i l y  ( 2 0 : 5 c o 3  a n d  
2 2 : 6 ( o 3 )  t h a t  are t y p i c a l  o f  m a r i n e  a n i m a l s ,  x 

14:0 
T h e s e  r e s u l t s  were  c o n f i r m e d  w h e n  t h e  d i a t o m  lS:O 
was  i n c u b a t e d  w i t h  l a b e l e d  a c e t a t e  ( T a b l e  II) 16:0 
s ince  l a b e l i n g  was  f o u n d  in m a j o r  a n d  n e a r l y  all 16:1097 
o f  t h e  m i n o r  c o m p o n e n t s  s h o w n  in  T a b l e  I, 16:2 

16:2 
f r o m  m y r i s t i c  t o  2 0 : 5 e o 3  acid.  H o w e v e r ,  u n e x -  18:0 
p e c t e d l y  70% o f  t h e  r a d i o a c t i v i t y  was  a c c u m u -  16:3 
l a t ed  in t h e  18:1 p e a k ,  w h e r e a s  th i s  p e a k  r ep re -  18:1 
s en t s  o n l y  6 .4% o f  t o t a l  f a t t y  ac ids  ( T a b l e  I). 18:2096 

18:3o96 
A f t e r  a 7 h r  i n c u b a t i o n ,  n o  m e a s u r a b l e  18:3093 

r a d i o a c t i v i t y  was  f o u n d  in t h e  p e a k  o f  2 2 : 6 r  18:4w3 
ac id  in  sp i t e  o f  i t s  h i g h  c o n c e n t r a t i o n  ( T a b l e  I). 20:4093 
T h i s  m a y  be  e x p l a i n e d  b y  t h e  l a ck  o f  s u f f i c i e n t  20:s093 
t i m e  to  r e a c h  t h i s  l as t  s t ep  in t h e  b i o s y n t h e s i s  
o f  f a t t y  a c id s  a n d  also b y  t h e  f l a t n e s s  o f  t h e  
p e a k s  in  t h e  las t  p a r t  o f  r a d i o c h r o m a t o g r a m  
t h a t  m a k e s  it  v e r y  d i f f i c u l t  to  d e t e c t  l o w  rad io -  
ac t iv i t i es .  

Transformation of Saturated Fatty Acids 

I n c u b a t i o n  o f  t h e  d i a t o m  w i t h  l a b e l e d  16 : 0  
acid c o n v e r t s  t h e  s u b s t r a t e  to  f a t t y  a c i d s  o f  18 
c a r b o n s .  T a b l e  III s h o w s  t h a t  [ 1 - 1 4 C ]  1 6 : 0  ac id  
a f t e r  3 h r  i n c u b a t i o n  is d e s a t u r a t e d  to  16:1 o r  

e l o n g a t e d  t o  18 :0 ,  b u t  m a i n l y  is c o n v e r t e d  t o  
1 8 : 1, c o n s e q u e n t l y  c o n f i r m i n g  t h e  r e s u l t s  
s h o w n  in  T a b l e  II w i t h  [ 1 - 1 4 C ]  a c e t a t e  i n c u -  
b a t i o n .  N o  l abe l i ng  was  f o u n d  in  h i g h e r  h o m o -  
logs in  t h i s  case .  T h e  h i g h  l abe l i ng  o f  t h e  18:1  14:0 
acid p e a k  is d i f f i cu l t  t o  e x p l a i n .  I t  m a y  co r r e -  16:0 16:1097 
s p o n d  to  an  i n t e r m e d i a t e  s t ep  o f  s l ow  f a r t h e r  16:2 
t r a n s f o r m a t i o n .  H o w e v e r ,  s ince  t h e  c h r o m a -  16:2 
t o g r a p h i c  p e a k  o f  18:1  ac id  was  n o t  s t u d i e d  b y  18:0 

16:3 
o z o n o l y s i s ,  we c a n n o t  i g n o r e  t h e  p o s s i b i l i t y  18:t  
t h a t ,  b e s i d e s  18 :1609 ,  w h i c h  is t h e  18:1 i s o m e r  18:2096 
s y n t h e s i z e d  f r o m  18 : 0  ac id  ( T a b l e  III) ,  t h e  18:3096 
18:1 p e a k  m a y  also c o n t a i n  18 :1607  ac id .  T h e  18:3093 

18:4o93 
18 :1607  w o u l d  be  p r o d u c e d  f r o m  1 6 : 1 w 7  b y  20:3093 
e l o n g a t i o n .  T h e r e f o r e ,  a n y  a d d i t i o n a l  a t t e m p t  20:4(06 
at  e x p l a n a t i o n  w o u l d  be  ve ry  s p e c u l a t i v e .  20:4093 

W h e n  [ 1 - 1 4 C ] s t e a r i c  ac id  was  i n c u b a t e d ,  a 20:5093 
22:3093 

sma l l  p r o p o r t i o n  was  c o n v e r t e d  to  a c i d s  o f  22:4096 
m o l e c u l a r  w e i g h t  l o w e r  t h a n  s t ea r i c  acid.  T h i s  is 22:4093 
c o n s i d e r e d  to  be  a m e a s u r e  o f  t h e  o x i d a t i o n  o f  22:5093 
[ 1 - 1 4 C ] s t e a r i c  to  l a b e l e d  a c e t a t e  a n d  i ts  u s e  in 22:6093 
de n o v o  s y n t h e s i s  o f  f a t t y  acids .  H o w e v e r ,  t h e  
m a i n  p r o p o r t i o n  o f  [ 1 - 1 4 C ] s t e a r i c  ac id  was  
e l o n g a t e d  a n d  d e s a t u r a t e d  to  f a t t y  ac ids  o f  18, 
20 a n d  22  c a r b o n s .  Ole ic ,  18 :2606  a n d  20 : 5603  
a c i d s  were  p r e d o m i n a n t l y  s y n t h e s i z e d ,  b u t  
m a n y  o t h e r  u n s a t u r a t e d  ac ids  o f  6o3 a n d  w 6  
s t r u c t u r e  were  a lso  l a b e l e d  ( T a b l e  III) .  T h e r e -  

TABLE II 

Labeling Distribution in P. t r i c o r n u t u m  after 
Incubation with Sodium [ 1-14C] Acetate a 

% Radioactivity 

Fatty acids 3 hr 7 hr 

--  0.6 -+ 0.2 
6.2 + 0.5 4.0-+ 0.5 

- -  1.8 + - 0.1 
77.0 + 1.2 5.1 +- 0.6 

6 .2+-0.8  7 . 2 -  + 1.0 
.... 4.2 +- 0.4 
--- 0.9 +- 0.1 

--- 1.6 -+ 0.2 

10.6 + 0.5 70.0-+ 1.8 
--- 0.7 -+ 0.3 

- 1 . 3  + 0.3 
--- 0.6 + 0.2 
--- 1 . 1  +- 0.7 
- -  0 . 4 -  + 0.1 
--- 0.5 + 0.1 

aResults are the mean of two pools of  4 tubes each 
-+ SEM incubated during 3 or 7 hr in the conditions 
described in the text.  The chromatogram was run until 
22:6093 peak. The radioactivity incorporated in total 
fatty acids per flask containing 150 ml of  medium and 
750 x 106 cells was 0 .4 / IC iand  1 . 2 ~ C i f o r  3and  7 h r  
incubation.  

TABLE 1II 

Radioactivity Distribution in the Fatty Acids of 
P. t r i c o r n u t u m  after Incubation with 

[ 1 - 1 4 C ] t 6 : 0 a n d  f1 -14C]18 :0  

Labeled fatty 
acids [ 1-14C] 16:0 [ 1-14C] 18:0 

--- 0.1 
46.0 1.7 

6.1 0.1 
-- 0.1 

--- 0.1 

1.3 45.6 

46.6 15.0 
-- 21.7 
--- 2.5 
--- 2.8 
--- 0.5 

--- 1.0 

--- 2.3 
--- 6.1 

--- 0.1 

--- 0.1 
--- 0.1 
--- 0.1 

aResults expressed as percent of total recovered 
radioactivity are the mean of four  samples incubated 
during 3 hr. The chromatogram was run until 22:6093 
peak; The radioactivity incorporated in total fatty 
acids per flask containing 150 ml of medium and 750 
x 106 cells was 0.105 ~zCi and 0.113 ~Ci for 3 h r  incu- 
bation of [ 1 -14C] i6 :0  and [1-14C]18:0  acids, re- 
spectively. 
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TABLE IV 

Radioactivity Distribution in the Fatty Acids of 
the Alga after Incubation with 

[1-14C]18:2and [1-14C]cd8:3 a 

Labeled fatty 
acids [ 1-14C]c~18:3w3 [ 1-14C] 18:2w6 

14:0 0.6 2.2 
16:0 1.3 8.1 
16:lco7 --- 8.3 
16:2 --- 1.0 
18:0 --- 1.8 16:3 
18:1 1.2 27.2 
18:2~6 0.5 26.1 
18:3~6 -- 2.4 
18:3to3 70.9 2.2 
18:4to3 3.5 3.2 
20:2to6 --- 1.7 
20:3t~6 --- 1.3 
20:3t~3 4.3 1.2 20:4~6 
20:4co3 4.7 3.2 
20:5eo3 13.0 10.1 

aResults expressed as percent of total recovered 
radioactivity are the mean of four samples incubated 
during 3 hr. The chromatogram was run until 22:6to3 
peak. The radioactivity incorporated in total fatty 
acids per flask containing 150 ml of medium and 750 
x 106 cells was 0.122 #Ci and 0.119 ~Ci for the incu- 
bation of [1-14C]18:2 and [1-14C]ce18:3 acids, re- 
spectively. 

A c e t a t e  

t ;:0 i 
I 

16 0 ,~9,;,~, : - t6:t I 
I 

,~gdes t 
w 6 d e .  t8 2to6 . . . . .  ' ~ . 3 ~  

a6des------ de~ 
20:2~ 18:3~6 20:3~318:4~,3 

20:3~6 20:4~o3 

20:4 ~6 20:5 ~3 

22:4~6 22:5 ,..,.,:~ 

22:6~3 

FIG. 1. Suggested routes in the biosynthesis of 
fatty acids by P. tricornutum. Note that 18:2to6 
18:3to3 route is optional. 

fore, the  results  of Table  II and III suggest tha t  
very p r o b a b l y  P. tr icornutum has the  fol lowing 
enzymes :  a fa t ty  acid syn the ta se  tha t  synthe-  
sizes sa tu ra ted  fa t ty  acids f rom aceta te ,  a A9 
desaturase  t ha t  conver t s  16:0 to 16:1 and 18:0 
t o  18 :1 ,  an 606 desaturase  tha t  conver t s  
18:16o9 to  18:26o6, a A6 desaturase  t ha t  con- 
verts  18:2666 to 18:36o6 and 18:36o3 to 
18:46o3, and  6o3 desaturase  tha t  synthes izes  
18 :3w3  f rom 18:26o6, as well as e longat ing  

ET AL. 

enzymes  and  A5 and  A4 desaturases tha t  can 
syn thes ize  20:5603 and  22:6663 acids. 

The A9 desaturase  is an e n z y m e  occurr ing  
widely in the  an imal  and vegetable  k ingdoms,  as 
well as in algae. Specifically,  Erwin et al. (21)  
have s h o w n  tha t  a R h o d o p h y c e a e ,  a euglenid,  
and several Ch rysophyceae  synthes ize  oleic acid 
f rom stearic  acid. Bre t t  et al. (22) have also 
careful ly s tud ied  the  specif ic i ty  of A9 de- 
saturase for  d i f fe rent  f a t ty  acids in Chlorella 
vuIgaris. 

The 6o6 desa turase  is cons idered  as a specific 
e n z y m e  of  p lants  and  Harris and  James  (23)  
have d e m o n s t r a t e d  t ha t  i t  is p resent  in the  alga, 
C. vulgaris, conver t ing  oleic acid to l inoleic  
acid. 

On the  o t h e r  hand ,  the  A6 desaturase  is an 
enzyme  cons idered  typica l  of  animals.  I t  con-  
verts  l inoleic  to  c~-linolenic acid and 18:36o3 to  
18:46o3 acid. However ,  i ts  presence has been  
suggested b y  Nichols  and  App leby  (24)  and  
Pollero et  al. (25)  in p ro t i s t a  and p h y t o -  
p lank ton .  

Transformation of Linoleic and ~-Linolenic Acid 

The labeled i n c u b a t i o n  p roduc t s  of P. tri- 
c o r n u t u m  w i t h  [1 -14C] l ino le ic  acid and  
[1-14C] l inolenic  acid are s h o w n  in Table  IV. 
These f a t t y  acids evoke two  di f ferent  pa t t e rn s  
of t r ans fo rma t ion .  

In the  case of [1 -14C]a - l ino len ic  acid incu-  
ba t ion ,  on ly  a small par t  (3.5%) of  label was 
present  in 14:0, 16:0,  18:1 and  18:2 acids, 
whereas  the  h ighes t  p o r t i o n  (70.9%) was still 
f ound  in the  subs t ra te  (18:36o3)  toge ther  wi th  
subs tan t ia l  a m o u n t s  in the  h igher  homologs  of  
6o3 series, 18:46o3, 20:3663, 20:4603, and  
preferen t ia l ly  20:  56o3. 

Therefore ,  these results  suggest tha t  a- l ino- 
lenic acid would  be di rect ly  desa tura ted  by  a 
A6 desaturase  of the  alga to 18 :4w3.  Besides, a 
A5 desaturase  is appa ren t ly  also present  since 
the  2 0 : 5 w 3  acid is also labeled.  

In the  case of [1 -14C] l ino le ic  acid incu- 
ba t ion ,  a r emarkab le  p r o p o r t i o n  (48.6%) of  
rad ioac t iv i ty  is f ound  in 14:0,  16:0,  16:1, 16:2 
18:0 and  18:1 f a t ty  acids. These  c a n n o t  be  
cons idered  as di rect ly  syn thes ized  from the  sub- 
s t ra te  bu t  ins tead  p roduc t s  of  ~ o x i d a t i o n  of  
the subs t ra te  and synthes is  f rom the labeled 
aceta te  so fo rmed .  The  rest  of  labeling is main ly  
found  in l inoleic and 20:56o3 acids with  smaller  
percentages  in peaks for  18:36o6, 18:36o3, 
18 :4w3,  20:3603 or  20:46o6 and  20:4603. 

The  label ing of  18:36o6 f rom 18:26o6 again 
suggests the  ex is tence  of  a A6 desaturase,  an 
enzyme  of the  an imal  type  t ha t  con t r i bu t e s  in 
t ha t  k i n g d o m  to the  synthes i s  of a rach idonic  
acid. The  label ing of 20:3606 suggests the  
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presenc  e of an e longat ing  e n z y m e  tha t  con- 
ver tes  18:3606 to 20:3606. However ,  the  peak  
t ha t  co r responds  to a rach idonic  acid shows low 
rad ioac t iv i ty ,  especial ly when  it  is c o m p a r e d  to 
20:5603 peak. There fore ,  i t  is necessary  to 
p ropose  the  ex is tence  of  some m e c h a n i s m  t h a t  
makes  a rach idon ic  acid synthes is  unfavorab le ,  
and  induces  reac t ions  in the  d i rec t ion  of  
2 0 : 5 w 3  synthesis .  In  consequence ,  these  resul ts  
conf i rm the  data  of  Tables  I and  II t h a t  showed  
t h a t  20:5603 acid was preferen t ia l ly  syn thes ized  
by  the  d ia tom ins tead  of  2 0 : 4 w 6 .  Mechan isms  
t ha t  would  evoke a p re fe ren t ia l  syn thes i s  of 
2 0 : 5 6 0 3  i n s t e a d  of 20:4606 can  be (a.) 
p referen t ia l  i n c o r p o r a t i o n  of  20:5603 in special 
l ipids of  the  P. tricornutum; (b.)  h igher  act ivi ty  
of  the  6o3 desaturase  tha t  conver ts  l inoleic  acid 
to a- l inolenic  acid than  the  A6 desa turase  t h a t  
conver ts  the  same subs t ra t e  to  0t-linolenic acid;  
(c.) h igh ox ida t ion  of  l inoleic acid and  synthes is  
of  a- l inolenic  acid f rom shor t  cha in  of  f a t ty  
acids by  S t u m p f  m e c h a n i s m  (26-28)  as will be  
discussed la ter ;  (d.)  higher  act ivi ty  of  the  A5 
desaturase for  20:4603 acid t han  for  20:3606,  
and  higher  veloci ty  in the  e longa t ion  of  18:4603 
than  18:3606. 

Since ~-18:3603 is also syn thes ized  f rom 
linoleic acid as well as 20:4603, the  sequence  of  
r e a c t i o n s  t ha t  were already p roposed  for  
20:5603 b iosyn thes i s  in the  preceding  par t  
when  18:3603 was i n c u b a t e d  is also cons i s t en t  
wi th  these  label ing results.  

Radioact ive  a- l inolenic  acid, shown  in Table  
IV, could be  p r o d u c e d  by  an 603 desa tu ra t i on  
of  l inoleic acid. However ,  t he  p resence  of  this  
t ype  of e n z y m e  has been  ques t ioned  b y  S t u m p f  
et al. (26-28) .  They  s tud ied  18:3603 acid bio- 
synthes is  in sp inach  leaves. C h l o r o p h y c e a e  and 
yeast .  They  showed  t h a t  12:0  acid syn thes ized  
in these  cells cou ld  be  conver t ed  to  a 12:3 acid 
wi th  doub le  b o n d s  in A3, A6", A9 and  t hen  
e longa ted  to aq ino l en i c  acid. Since Table  IV 
shows t ha t  i n c u b a t i o n  of  P. tricornutum wi th  
[1-14C1 l inoleic acid evokes a b u n d a n t  forma-  
t ion  of  f a t ty  acids of lower  molecu la r  weight  
t h a n  18:26o6, i t  is p e r t i n e n t  to  t h i n k  t ha t  
S t u m p f ' s  rou te  may  be  a possible m e c h a n i s m  or 
one  o f  the  m e c h a n i s m s  of  18:3603 b iosyn thes i s  
in the  alga. 

Compar ing  all the  results  co l lec ted  in the  
p resen t  work, it is p e r t i n e n t  to  suggest t ha t  P. 
tricornutum "very possibly  synthes izes  f a t t y  
acids b y  the  rou tes  ou t l ined  in Figure  1. These  
r o u t e s  use reac t ions  of  e i ther  " p l a n t "  or  
" a n i m a l "  type.  Besides, the  b iosyn thes i s  of  
22:6603 acid is very p robab ly  evoked by  elonga- 
t ion  and desa tu ra t i on  of 20:5603 acid using the  
types  of  reac t ions  already suggested in animals.  
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Separation and Purification of Lecithins by High Pressure 
Liquid Chromatography 

N.A. PORTER, R.A. WOLF, and J.R. N IXON,  Paul M. Gross Chemical 
Laboratories, Duke University, Durham, North Carolina 27706 

ABSTRACT 

Ten different synthetic lecithins have been analyzed by reverse-phase high pressure liquid chroma- 
tography. An empirical lecithin "carbon number" that depends on the total number of carbons and 
double bonds in the fatty acyl chains is a useful index in predicting retention volumes of lecithins on a 
nonpolar octadecyl fatty acid column. Commercial egg lecithin is separated into its components by 
this technique. 

INTRODUCTION 

The separation and identification of lecithins 
with different fatty acyl groups has been the 
subject of extensive investigation (1). The 
"classic" method for determining the structure 
of fatty acyl groups of a particular lecithin or 
m ix tu r e  of lecithins involves partial ester 
hydrolysis with phospholipase A 2 coupled with 
total ester hydrolysis using hydroxide ion. The 
free fatty acids generated by these hydrolytic 
methods are then analyzed by standard chroma- 
tographic techniques. By the use of these 
laborious hydrolytic techniques coupled with 
a r g e n t a t i o n  chromatography, mixtures of 
natural lecithins can be separated into mole- 
cular species and identified. 

Recently, reports of attempted separation of 
phospholipids by high pressure liquid chroma- 
tography (HPLC) have appeared in the litera- 
ture (2-4). These publications have emphasized 
separating classes of phospholipids by HPLC 
(i.e., separation of phosphatidic acids from 
phosphatidylethanolamines and phosphatidyl 
cholines), and little has been reported con- 
cerning the separation of individual phospho- 
lipids within a class. Because of the importance 
of lecithins (1) in membrane structure and 
function, and the potential importance of a 
straightforward method for separation and 
analysis of various lecithins, we undertook a 
s t u d y  d i r e c t e d  toward developing HPLC 
methods of lecithin separation. 

O 
II 

? CH2"O'C-RI 
R2-C-O-C-H O 

I II + 
CH2-O-~-O-CH2-CH2-N(CH3) 3 

O 

a14:0 = myristic, 16:0 = palmitic, 18:0 = stearic, 18:2 

We report here results that suggest that 
HPLC of lecithins promises to greatly simplify 
the analysis of phospholipid mixutres of bio- 
logical importance. 

MATERIALS AND METHODS 

Fatty acids were obtained from NuCkek 
Prep (Elysian, MN) and used without further 
purification. Egg and soybean lecithins were 
obtained from Sigma Biochemical Co. (St. 
Louis, MO). 

Lecithin Synthesis 

L e c i t h i n s  /(a-j) were prepared by the 
method reported by Gupta et al. (4). Thus, 
defatted egg lecithin was converted to glycero- 
phosphorylcholine which was then diacylated 
to the symmetrically substituted lecithin. Snake 
venom hydrolysis followed by reacylation gave 
the "mixed"  lecithins. These synthetic lecithins 
were characterized by 1H and 13C nuclear 
magnetic resonance (NMR) and were pure by 
thin layer chromatography (TLC) and HPLC 
(vide infra). 

H LPC conditions 

Two reverse-phase columns were used for 
lecithin separations. The columns and the sot- 
vent conditions used were: (a) /2-Bondapak 
C-18 (Waters Assoc., Milford, MA), CH3OH- 
H20-CHC13 (100:10:10, v/v) and (b) FATTY 

Rla R2 

l a 14:0 14:0 
1 b 16:0 16:0 
1 c 16:0 18:2 
1 d 16:0 18:1 
1 e 18:1 18:1 
1 f 16:0 18:0 
1 g 18:0 16:0 
1 h 18:0 18:1 
1 i 18:0 20:4 
1 j 18:0 18:0 

= linoleic, 18:1 = oleic, 20:4 = arachidonic acid. 
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LECITHIN SEPARATION 

20 40 

Volume (ml) 

60 

TABLE I 

Retention Volumes for Lecithin HPLC 

21 

Lecithin No. Fatty Acid, ml a ~t-C-I 8, ml a 

l a  13.7• 18.3• 
l b  20.7•  34.7• 
l c  (20.7) b 29.1• 
l d  23.1 • 35.520.8 
l e  26.5• 35.5• 
I f  26.5 • 49.6•  
l g  26.5•  49.6•  
l h  29.8• 52.1• 
l i  30.0• 39.0• 
l j  33.5• 71.5• 1.2 

aError is standard deviation from the average. 
Numbers are for tops of peaks. 

bOnly one run of 16:0, 18:2 was made, and its 
retention time was identical to that of 1 b. 

- r - ~  
"EC"~ ' zs 30 34 3'6 

O IO 20 30 
Volume (ml) 

FIG. 1. Chromatograms for separation of a mixture 
of saturated lecithins: a) C-18 column; b) FA column. 

ACID ANALYSIS (FA),  ( t radename for a 
reverse-phase co lumn used primarily for the 
separat ion of  fa t ty  acids, Waters Assoc.)  CH 3. 
OH-H20-CHC13 (70 :19 :10 ,  v/v). F low rates 
were 2-4 ml/min.  De tec t ion  was by refractive 
index and .50 /~mole of lecithin (in a .01 M 
solut ion)  could be readily de tec ted .  Refractive 
index de tec t ion  compares  favorably wi th  UV 
de tec t ion  in that  there  are no solvent limita- 
t ions wi th  refractive index,  whereas many  sol- 

vents absorb significantly in the UV range of  
de tec t ion  (203-214 nm)  suitable for leci thins 
(3). 

R ESU LTS 

The ten  syn the t ic  phospha t idy l  cholines pre- 
pared in this s tudy were analyzed by HPLC 
using two di f ferent  reverse-phase columns,  C-18 
and FATTY ACID ANALYSIS (FA).  Typical  
ch romatograms  of  a mixture  conta ining the 
saturated lecithins 1 a, b, f, and j are presented  
in Figure 1 for ch roma tography  on b o t h  
columns.  There is a close cor respondence  of 
total  carbons in the fa t ty  acyl chains and reten- 
t ion volume on bo th  of  the columns.  Thus,  the 
order  of  elut ion cor responds  direct ly wi th  the 
number  of  carbon a toms in the acid const i tu-  
ents (14:0 ,  14:0; 16:0, 16:0; 18:0; 18:0). 
Under  our condi t ions  of  analysis, the separat ion 
of  saturated leci thins is s o mew h a t  be t t e r  by the 
use of the C-18 column as compared  to the FA 
column. 

Table I presents  the r e t en t ion  volume found  
for  each of  the syn the t i c  lecithins on b o t h  the 
C-18 and FA columns.  Table II presents  a chart  
which lists pairs of  leci thins tha t  were difficult  
(or impossible)  to separate on one of the 

TABLE II 

Separations of "Difficult" Lecithin Pairs 

Lecithin pairs Separated by FATTY ACID? Separated by g-C-t 89. 

1 b & c NO YES 
1 b & d YES NO 
1 b & e YES NO 
1 d & e YES NO 
1 e & f, g NO YES 
1 f & g  NO NO 
1 f, g & h YES NO 
1 h & i NO YES 
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E4 

E. 

6 2o 
Volume (ml.) 

16:0',169 16:olI8:0 18:o i le:o 

4o G6 

FIG. 2. Chromatogram for commercial egg lecithin 
on C-18 with conditions as described in Methods. 

TABLE III 

"Effective carbon" number of Synthetic Lecithins 

Lecithin Predicted E.C. Observed E.C. 

] a 1 4 : 0  
1 b 1 6 : 0  
1 c 1 6 : 0  
1 d 1 6 : 0  
1 f 16 :O 
1 g 1 8 : 0  
] e 1 8 : 1  
1 i 1 8 : 0  
1 h 1 8 : 0  
1 j 18:13 

1 4 : 0  28  28  
1 6 : 0  32  32 
1 8 : 2  32  32  
1 8 : 1  33  3 3  
1 8 : 0  34  34  
1 6 : 0  34  34  
1 8 : 1  34  34  
2 0 : 4  34  35 
1 8 : 1  35 35  
1 8 : 0  36  36  

columns. All lecithin pairs not included in 
Table II could be separated by either column. 

Egg lecithin was chromatographed on both 
columns, and a typical chromatogram for the 
C-18 separation is shown in Figure 2. The reten- 
t i o n  v o l u m e s  of the saturated synthetic 
lecithins are indicated in the Figure for orienta- 
tion. Six peaks are observed with retention 
volume and integrated intensities as follows: 
peak, ret. vol. (ml), integration %. El ,  21.3, .7; 
E2, 23.3, 1.7; E3, 29.1, 30.7; E4, 35.4, 44.9; 
E5, 41.3, 11.9; E6, 54.2, 10.0. The major frac- 
tions E3-E 6 were reinjected on the FA columns 
as described in the Discussion. 

D I S C U S S I O N  

The analysis of fatty acyl components in 
lecithins is a tedious, time-consuming process. 
Selective and total hydrolysis of the acyl ester 

linkage followed by gas chromatography of the 
fatty acids is required for analysis. Even after 
this effort, results may still be ambiguous since 
information is only available about total fatty 
acid and glycero-C-2 substituted fatty acids. 
For determination of molecular species present 
in mixtures of lecithins, tedious argentation 
chromatography of the derivative 3-acetyl tri- 
glycerides followed by hydrolysis steps is re- 
quired (5,6). HPLC techniques would seem to 
be an ideal approach for solution of this diffi- 
cult problem, and some preliminary reports of 
phospholipid separations have appeared (2-4). 
The two reverse-phase columns used in this 
study offer the possibility of direct analysis of 
lecithin mixtures and may make tedious hydro- 
lytic degradation of lecithins unnecessary. 

All of the synthetic lecithins with the excep- 
tion of 1 f and 1 g could be separated by a 
combination of chromatography on the two 
columns (Tables I and II). Thus, if the FA 
column did not separate a pair (i.e., i b and 1 
c), the C-18 column would. In fact, all pairs 
that were inseparable by one column were 
readily separated on the other (with the excep- 
tion of the isomer 1 f and g lecithins). The 
complementary nature of the two columns 
would appear to make possible, at least in 
theory, the total resolution of natural lecithin 
mixtures. 

A useful relationship can be derived for 
retention volume vs. structure of individual leci- 
thins on the FA column. An "effective carbon" 
can be defined that relates the total carbon 
atoms and number of double bonds in the fatty 
acyl groups With the retention volume on the 
FA column. Thus: E.C. = "Effective carbon 
number" = total number of acyl carbon atoms 
less the number of double bonds in the lecithin; 
e.g., E.C. for 1-palmitic, 2-oleic = 16+ 1 8 -  1 = 
33. 

Table III shows the predicted "zone"  of 
retention volume vs. the observed "zone,"  with 
these "zones" being defined by the fully 
saturated lecithins. With the exception of 1 i, 
which has an observed E.C. one unit larger than 
expected, all of the lecithins studied have ob- 
served E.C. numbers equal to those predicted. 
This  s t ructure-chromatography index may 
prove to be a useful guide in predicting the 
structure of unkown phospholipids. 

The relationship between structure and re- 
tention volume can be further developed in a 
quantitative way. Quantitative relationships 
between retention volume and structure are 
common in gas liquid chromatography (GLC) 
and other chromatographic separations of lipids 
(7). Thus, for our FA column: .042 x "E.C." = 
log (retention volume). Theoretical retention 
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TABLE IV 

Egg Lecithin Fatty Acid Composition 
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Reported values 
Fatty acid Reported a corrected b mole %c 

16:0 32 (35) 38 
18:0 16 (13) l l  
18:1 30 (33) 27.5 
18:2 17 (19) 21.5 
20:4 4 . . . . . .  

aReference 8. 
bCorrected by assuming that all 18:0, 20:4 had been autoxidized. 
CCalculated from our chromatography analysis. 

volumes  ca lcula ted  by  th is  e q u a t i o n  compare  
favorably  wi th  the  observed values (Fig. 1B). A 
signif icant ly  be t t e r  cor re la t ion  could no t  be 
ob ta ined  using the r e t e n t i o n  vo lume cor rec ted  
by sub t r ac t i on  of  the  r e t e n t i o n  vo lume of  unre-  
ta ined  c o m p o u n d .  

Commerc ia l  egg lec i th in  was analyzed to 
i l lustrate  the  po t en t i a l  u t i l i ty  of  coupled  chro- 
m a t o g r a p h y  on  C-18 and F A  columns.  The  
crude lec i th in  was prepur i f ied  by  a lumina  chro- 
ma tog raphy ,  and  it is p robab l e  t ha t  s ignif icant  
ox ida t ion  of  highly uns a t u r a t ed  fa t ty  acyl  
groups had  occur red  dur ing sh ipment .  

Thus,  we expec t ed  to  observe  lower  levels of  
the highly unsa tu r a t ed  lec i th ins  in this com- 
mercial  sample  than  have been  repor ted  in 
analyses of f reshly p repared  egg lec i th in  (8,9).  
The first large c o m p o n e n t  of  egg lec i th in  (E3,  
Fig. 2) e lu ted  wi th  the  same r e t e n t i o n  vo lume 
as 1 c (16 :0 ,  18:2) .  Col lec t ion  of E 3 and  rein- 
j ec t ion  on  the  F A  co lumn  gave one peak  wi th  
E.C. = 32. E 3 is thus  assigned the  s t ruc tu re  of  1 
c (16 :0 ,  18:2) .  E 4 e lutes  wi th  the  same reten-  
t ion  volume on the  C-18 c o l u m n  as e i ther  1 d 
or  1 e. Col lec t ion  of  E 4 f rom the  C-18 chroma-  
tography  fo l lowed by reanalysis  on  the  F A  
co lumn gave one  c o m p o n e n t  wi th  E.C. = 33. E 4 
is thus  1 d, (1-palmit ic ,  2-oleic lec i th in) ,  and  it 
is the  ma jo r  c o m p o n e n t  of  commerc i a l  egg leci- 
thin.  Similar series c h r o m a t o g r a p h y  of E 5 and 
E 6 on  the  C-18 and F A  co lumns  suggested tha t  
these c o m p o n e n t s  were, respect ively,  1-stearic, 
2-1inoleic and  1-stearic, 2-oleic leci thin.  The  
polar  t race c o m p o n e n t s  E 1 and  E 2 did no t  
cor respond  to any of  the syn the t i c  lec i th ins  
(E.C. ~ 29) and may  well  be ox ida t ion  
p roduc t s  of u n s a t u r a t e d  leci thins .  This  analysis 
of  commerc i a l  egg lec i th in  thus  gives the  fol- 
lowing compos i t i on :  

Lecithin Mole % 
R1, R2 

16:0, 18:1 45 
16:0, t8:2 31 
18:0, 18:2 12 
18:0, 18:1 l0 

unknown polar (E 1 & E2) 2 

If  this  m ix tu r e  of  lec i th ins  were to  be hydro-  
lyzed,  the  mole  pe rcen t s  of f a t ty  acids shown  in 
Table IV would  result .  Fu r the r ,  if one assumes 
tha t  18:0,  2 0 : 4  was 8% of the  original  l ec i th in  
(8)  mix tu re  bu t  tha t  this  c o m p o n e n t  was oxi- 
dized in the  commerc i a l  sample before  analysis,  
the  cor rec ted  fa t ty  acid c o m p o s i t i o n  s h o w n  in 
Table IV can be calculated.  The  co r re la t ion  of 
the  cor rec ted  l i te ra ture  values and  the  values 
ob ta ined  f rom this  work  suggests tha t  this  
s t r a i g h t f o r w a r d  c h r o m a t o g r a p h i c  t e c h n i q u e  
may be a useful  too l  for  the  analysis  of na tu ra l  
leci thins.  

One  final  c o m m e n t  should  be  made  a b o u t  
the  p o t e n t i a l  o f  the  HPLC t e c h n i q u e  as appl ied 
to  leci thins.  Analysis  of  a sample  of 1 c t ha t  
had  been  s tored  for  more  t h a n  a m o n t h  at < O  ~ 
showed a polar  i m p u r i t y  at E.C. ~ 27 in addi- 
t ion  to the  expec t ed  peak  at E.C. = 32. This  
impure  sample  showed  only  one  spot  by  con- 
ven t iona l  t h in  layer  analysis.  Af t e r  separa t ion  
of the  two  c o m p o n e n t s  by  HPLC, b o t h  samples  
were s h o w n  to be phospho l ip id s  as ev idenced  
by  the i r  blue s tain wi th  m o l y b d e n u m  blue a f te r  
TLC. (The  more  polar  HPLC impur i t y  ran very 
slightly s lower  on TLC than  1 c.) Thus,  the  
HPLC t e c h n i q u e  is far super io r  to  TLC for  
assessing the  pur i ty  of  s y n t h e t i c  or  na tu ra l  
leci thins.  

The  HPLC separa t ions  and  analyses of  leci- 
th ins  r epo r t ed  here  are by  no  means  exhaus t ive  
or comple te .  Many o the r  s y n t h e t i c  phospho -  
lipids need  to be p repared  and  s tudied,  and 
na tura l ly  occurr ing  mix tu re s  of lec i th ins  need 
to be r igorously  analyzed.  The  s tudies  r epo r t ed  
h e r e ,  however ,  suggest t ha t  this  c h r o m a t o -  
graphic  t e c h n i q u e  is po ten t i a l ly  a power fu l  
too l  for  the  d i rec t  separa t ion  and analysis of 
phosphol ip ids .  
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Analysis of Subcellular Phosphatidyl Choline in Developing 
Rabbit Lung 
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ABSTRACT 

Phosphatidyl choline is a major lung surfactant. Insufficient development of the surfactant 
m neonates is often associated with the Respiratory Distress Syndrome. The concentration and 
fatty acid composition of phosphatidyl choline have not been studied in the subcellular 
organelles of the developing lung. This study has im(estigated the development of the concen- 
tration and fatty acid composition of phosphatidyl choline in subcellular fractions of 28-day 
and 30-day fetal and maternal New Zealand rabbit lungs. The concentration of total phospho- 
lipids in lamellar bodies increased four to five fold from 28-day fetus to 30-day fetus which, 
in turn, was similar to the maternal level. Total phospholipid content increased only about 
50% in mitochondria and microsomeso The percentage of pbosphatidyl choline among total 
phospholipids in lamellar bodies increased successively from 60% at 28 days gestation to 84% 
at 30 days gestation and leveled at 84% in maternal lamellar bodies. Microsomal PC increased 
steadily from 52% in the 28-day fetus to 65% in the adult. Analysis of the fatty acid 
composition of phosphatidyl choline in lamellar bodies confirmed 16:0 as the major fatty 
acid, and its content remained constant from 28 days gestation to adult. In contrast, the 
content of 16:0 of the microsomal phosphatidyl choline decreased with increasing gestation. 
Changes of several unsaturated fatty acid components were observed in both lamellar bodies 
and microsomes in the developing lungs. Maturational development of phosphatidyl choline is 
ieflected in an increase in the concentration of this surfactant, particularly in lameUar bodies, 
and possibly in remodeling of fatty acid composition in both lamellar bodies and microsomes. 

INTRODUCTION 

A major  lung surfactant is phosphat idyl  
c h o l i n e  ( 1,2-diacyl-sn-glycero-3-phosphocho- 
line) which is s tored in the osmiophil ic  
lamellar inclusion bodies of type II alveolar 
epithelial cells, f rom which it is secreted to 
line the air-alveolar interface and stabilize 
respiration (1,2). Insufficient  development  of  
lung surfactant in neonates  is of ten  associ- 
ated with the Respiratory Distress Syn- 
drome. The nature of the fa t ty  acid groups 
of phosphat idyl  choline also to some ex ten t  
determines the surface-active propert ies  of  
this phospholipid.  The concent ra t ion  and 
f a t t y  acid compos i t ion  of  phosphat idyl  
choline in mammal ian  lungs has been ex- 
tensively studied. H o w e v e r ,  most  studies 
were conduc ted  with either lung tissue 
slices (3-10) or tracheal washings (3,4), or 
focused on adult lung subcellular fractions 
(11,12). Previous results showed that the 
amount  of phosphat idyl  choline, ei ther iso- 
l a t e d  f r o m  the developing whole lung 
tissues, or f rom the tracheal efflux, in- 
creases with increasing gestational ages. It is 
generally believed that  these increases of  
phosphat idyl  choline are directly related to 
the matura t ion  of the lamellar bodies in 
t y p e  II cells. Development  of  lamellar 
bodies in animal lungs was well s tudied 

m o r p h o l o g i c a l l y  ( 1 3 , 1 4 ) ;  b u t ,  t h e  
development  of phosphat idyl  choline con- 
centra t ion and its fatty acid composi t ion  
from isolated lamellar bodies and o ther  sub- 
cellular organelles has not  been previously 
investigated. 

To examine the evolut ion  of fa t ty  acid 
moiet ies  of phosphat idyl  choline in the de- 
veloping lungs, we have analyzed the fat ty  
acid composi t ion  of  phosphat idyl  choline in 
28-day, 30-day, and maternal  rabbit  lung 
lamellar bodies and microsomes.  We have 
also determined the concent ra t ions  of  total  
phosphol ipids  and phosphat idyl  choline in 
t h e  d e v e l o p i n g  subcellular fractions of  
lamellar bodies, microsomes,  mi tochondr ia ,  
and crude homogenates .  

MATERIAL AND METHODS 

Animals and Preparation of Lung 
Subcellular Fractions 

At 28 and 30 days t imed gestation (+ 4 
hours), pregnant New Zealand rabbit does 
were anesthet ized with 20-30 mg/kg  of in- 
t ravenous sodium pentobarbi tal .  The fetuses 
were removed through an abdominal  in- 
cision, and their tracheas were clamped im- 
mediately to prevent  respiration. After  fetal 
exsanguination by transaortic incision, the 
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fetal lung tissue was removed, rinsed re- gel wi th  chloroform-methanol-water-acetic 
peatedly with ice cold saline and briefly acid (97:97:4:1 v/v). The extract and silica 
stored on ice. The doe was sacrificed by gel were separated by centrifugations at 
exsanguination as lung tissue was perfused 2,000 x g for 20 min. The pooled extract 
in situ with ice cold normal saline via the was evaporated to dryness under nitrogen. 
pulmonary artery. During this perfusion the Phosphatidyl choline was redissolved in 0.2 
lungs were repeatedly inflated to improve ml benzene and 0.5 ml 1.SN HC1 in 
removal of blood. After removal of bron- methanol (prepared from 25 ml a n h y d r o u s  
chial tissues, both maternal lung and fetal methanol and 2 ml acetyl chloride)~'in a 3 
lung were separately homogenized in three ml screw-capped vial with a Teflon septum. 
volumes of 0.33 M sucrose-0.01 M Tris-HC1 Fatty acid moieties of phosphatidyl choline 
buffer (pH 7.4) (15). Subcellular fractions were transmethylated at 80C for 30 rain. 
of  l a m e l l a r  bodies,  mitochondria, and After cooling, 1 ml water was added to the 
microsomes, were isolated by the method solution, and fatty acid methyl esters were 
of Page-Roberts (16), and the purity of extracted twice with 1 mt hexane, The 
these fractions has been detailed elsewhere volume of hexane extract was reduced to 
(15). an approapriate volume just prior to sub- 

jection to the fatty acid composition analy- 

Protein and Phospholipid Analyses sis. 
The  f a t t y  acid composition of the 

Protein concentrations of each fraction methyl ester derived from phosphatidyl cho- 
were determined by the method of Lowry line was determined by gas liquid chroma- 
et al. (17), using a standard of bovine tography (GLC) with a flame ionization 
serum albumin (Fraction V, Miles Labora- detector (210C) (Packard Instrument Co., 
tories, Inc., Kankakee, ]L). Lipids of each Inc., Downers Grove, IL) and a glass 
fraction were extracted by the solvent mix- column of 10% diethylene-glycol succinate 
ture of chloforom-methanol (1:2) as de- on 8 0 : 1 0 0  m e s h  c h r o m o s o r b  W/AW 
scribed by Bligh and Dyer (18). From an (Supelco, Inc.) at 180C. Each peak was 
aliquot of the extract, phosphatidyl choline quantified by a linear integrator (Linear 
and phosphatidyl ethanolamine were isolated Instruments Corp., Irvine, CA). 
by thin layer chromatography (TLC) on a 
precoated Silica Gel 60 glass plate (E. RESULTS 
Merck, Darmstadt, Germany) with a devel- 
oping solvent of chloroform-methanol-water Attempts to extend this study to earlier 
(65:25:4 v/v). The spots of phospholipids gestational ages were unsuccessful, as isola- 
were visualized by brief exposure to iodine tion of lamellar bodies from a pool of 
vapor and identified by comparison of their thirty-two 26-day fetuses yielded only trace 
Rf values with those of standards. From amounts of lamellar bodies, indicating that 
these spots the concentrations of phospha- the 26-day fetal lung contains very little 
tidyl choline and phosphatidyl ethanolamine osmiophilic lamellar bodies, and confirming 
were determined in the presence of. silica that the rabbit fetal lung is significantly 
gel, and total phospholipids were deter- more mature at 28-days gestation, although 
mined from aliquot of the original lipid lamellar inclusion bodies can be observed 
extract by the method of Chen et al. (19) histologically at 26-day gestational age (13). 
with slight modification (15). Expressed in relation to protein content, 

Analysis of Fatty Acid Composition of 
Phosphatidyl Choline 

The lipid extract of lamellar bodies or 
of microsomes, containing no less than 200 

the concentration of total phospholipids in 
the crude homogenate of lung increased 
with increasing gestational age (Table I ) ,  
maternal concentration being about three- 
fold that of the 28-day gestation fetus and 

nmoles of phosphatidyl choline, was applied two-fold that of the 30-day gestation fetus. 
as a band to the TLC plate under nitrogen. Among the subcellular fractions, the most 
After development of the TLC plate in the marked increase of phospholipid concentra- 
solvent as described above, phosphatidyl tion was found in lamellar bodies. The 
choline was identified by spraying with a maternal phospholipid in lamellar bodies 
0.05% solution of Rhodamine 6G (20) was five-fold higher than that of 28-day 
(Supelco, Inc., Bellefonte, PA) and visual- gestation fetus, but only 20% higher than 
ized under ultraviolet light. Phosphatidyl that of 30-day gestation fetus. Concentra- 
choline was then extracted twice from silica t i o n s  of microsomal and mitochondrial 
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S U B C E L L U L A R  P H O S P H A T I D Y L  C H O L I N E  

p h o s p h o l i p i d s  of 28-day gestation and 
30-day gestation were ca. 30% to 50% 
lower than that of the adult value. 

The concentration fo the major lung 
sur fac tan t ,  phosphatidyl choline, and a 
minor surface active component, phospha- 
tidy1 ethanolamine, was also determined 
(Table I). Expressed as a percentage of 
to ta l  phospholipids, phosphatidyl choline 
increased with increasing gestational age, 
while the percentage contributed to the 
t o t a l  by  phosphatidyl ethanolamine re- 
mained unchanged in all subcellular frac- 
tions. Specifically, the percentage of the 
p h o s p h a t i d y l  choline component among 
total phospholipids in lamellar bodies in- 
creased from the 28-day fetus to the 30- 
day fetus with no further increment from 
the 30-day fetus to the adult. A marginal 
increase of microsomal phosphatidyl choline 
was also observed between the 28-day fetus 
and the 30-day fetus, with a further, larger 
increment to the maternal levels. The per- 
centage of phosphatidyl choline among total 
phospholipids in mitochondria did not in- 
crease significantly from 28-day fetus to the 
adult. 

Analysis of fatty acid composition of 
phosphatidyl choline in lamellar bodies and 
microsomes of 28-day and 30-day fetal and 
maternal lungs showed that 16:0 was the 
major fatty acid component in both fetus 
and adult (Table II). Both maternal and 
fetal lamellar body phosphatidyl cholines 
contained 55% of their fatty acids as 16:0, 
and this remained constant from the 28-day 
fetus to the adult. Some variations of other 
fatty acids in the developing lamellar bodies 
were observed. The percentage of 14:0 in 
the 28-day and 30-day fetuses were one 
and one-half times that of the adult. For 
16:1, 28-day and 30-day fetal values were 
twice that of the adult. In contrast, the 
percentage of lamellar body 18:0 decreased 
from 28 to 30 days, but rose sharply again 
in the adult. The percentage of 18:2 in the 
28-day and 30-day fetal lamellar bodies was 
also somewhat lower than maternal. 

The contribution of 16:0 to fetal lamel- 
lar body fatty acid methyl esters of phos- 
phatidyl choline was indistinguishable from 
the adult. However, the contribution of 
16:0 to fatty acid residue in microsomal 
phosphatidyl choline showed a decrease 
from the 28 to the 30-day fetus and an 
overall trend downward to the adult level. 
Additionally, the 28-day fetal 16:1 concen- 
tration in microsomes tended to be higher 
than adult level, as observed in lamellar 
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Fatty acid 
methyl ester 

TABLE II 

Fatty Acid Composition of Phosphatidyl Choline in Lamellar 
Bodies and Microsomes of Fetal and Maternal Rabbit Lungs a 

Lamellar bodies Microsomes 
% of total fatty acids % of total fatty acids 

28 day fetus 30 day fetus Doe 28 day fetus 30 day fetus 
(28) (30) (5) (28) (20) 

Doe 
(s) 

14:0 
14:1 
16:0 
16:1 
18:0 
18:1 
18:2 
18:3 
20:4 

5.06 + 1.60 5.62 -+ 1.22 3.49 + 0.50 1.82 + 0.64 1.40 +- 0.85 1.70 + 0.42 
1.08 + 0.19 1.32 -+ 0.41 Trace b 1.50 -+ 0.25 1.20 +- 0.10 2.19 -+ 0.79 

56.73 -+ 3.19 53.95 -+ 7.81 56.60 +- 4.67 47.77 _+ 6.50 38.05 -+ 1.77 34.51 -+ 3.34 
11.53 + 1.09 14.32 -+ 2.53 6.37 + 0.92 4.47-+ 0.29 3.90-+ 0.28 3.79 _+ 0.42 
5.04 +- 0.70 3.36-+ 0.31 4.20_+ 1.45 9.75 -+ 1.89 15.10 + 0.14 12.54 + 1.26 

13.08 + 2.81 10.20 -+ 1.56 17.89 + 4.84 19.02 -+ 4.83 22.00 +_ 1.41 18.73 +- 2.62 
7.08+-0.78 7.62+0.97 9.16• 10.22+0.55 10.55-+0.78 15.03-+0.89 

Trace b 2.00 -+ 0.29 2.24 + 0.30 2.52 -+ 0.55 Trace b 2.51 +- 0.88 
6.41 -+ 1.33 7.70 -+ 0.57 7.20 -+ 0.53 

aValues are means -+ SD, from duplicates of two different experiments. Numbers in the parentheses repre- 
sent the animals used for the experiment. 

bLess than 1%. 

bodies, while 18:0 and 18:2 were lower phosphol ip ids  must  occur  af ter  30 days'  
than that  of the adult .  Fa t ty  acid corn- gestation. 
posi t ion of 30-day fetal, microsomal  phos- A s tudy comparing the concen t ra t ions  of 
phat idyl  choline was the same as the  adult,  phospha t idy l  choline and a minor  surface 
except  for fetal microsomal  18:0 which  was active phosphol ip id ,  phospha t idy l  ethanol-  
30% lower, amine, revealed that  of  all phosphol ip ids  

only the percentage of  phospha t idy l  choline 
DISCUSSION among total  phosphol ip ids  increased with 

increasing gestational ages in both  lamellar 
In this work we have isolated subcellular  bodies and microsomes,  suppor t ing  the  well 

fractions of lamellar bodies,  microsomes,  established observat ion that  the fo rmat ion  
and mi tochondr i a  f rom 28-day and 30-day of phospha t idy l  chol ine is turned on at late 
fetal and maternal  lungs to s tudy  the gestat ional  ages during fetal lung develop- 
matura t ional  deve lopment  of the concen-  ment  (1,2). 
t ra t ion and fat ty  acid compos i t ion  of  phos- A m o n g  the molecular  species of phospha-  
phat idyl  choline (PC) in each fraction.  The t i d y l  c h o l i n e ,  d i p a l m i t o y l p h o s p h a t i d y l  
fat ty acid compos i t ion  of PC in alveolar choline is the most  abundan t  and impor t an t  
was no t  done;  however,  Jobe  et al. (12) lung surfactant  (1,2). Lamellar bodies  and 
have indica ted  that  alveolar wash PC corn- microsomes  were analyzed as to their  rela- 
posi t ion closely parallels that  of  the lamel- tive compos i t ion  o f  fa t ty  acid moiet ies  
lar bodies.  (Table II). For  the m o s t  part,  our data of 

Al though fetal lameUar bodies become  the fa t ty  acid compos i t ion  of  phospha t idy l  
well fo rmed  at 28-days (13), their  concen-  choline in maternal  tamellar bodies  and 
t rat ion of phosphol ip id  per  milligram pro- microsomes  are similar to those of Ro o n ey  
tein is only 1/5 that  of the adult  (Table et al. (11) and Jobe et al. (12), excep t  the 
I). The marked dif ference in the ratio of percentage of 18:0 was higher than that  of 
phosphol ip id  concen t ra t ion  to p ro te in  con- 1 8 : 2 .  O t h e r s  have observed this high 
c e n t r a t i o n  b e t w e e n  28-day  fetal and 1 8 : 0 - l o w  18:2 compos i t i on  at 1- and 
maternal  lamellar bodies  indicates tha t  the 2-posit ions of lamellar body  phospha t idy l  
deve lopment  of  lamellar body pro te ins  and choline (21), or in phospha t idy l  choline 
phosphol ip ids  are occurr ing at relatively f rom whole  lung tissue (5 ,8 ,10,21)  and 
di f ferent  rates. Not surprisingly, at 30-days alveolar wash (4). Al though  28-day fetal 
gestation,  the concen t ra t ion  of phosphol ip ids  lamellar bodies had a lower  concen t ra t ion  
increases nearly to the maternal  levels as of phospha t idy l  chol ine than t h a t  of  adult, 
the 31-day term approaches.  Concen t ra t ions  the relative percentage of  16:0 was the 
of phosphol ip ids  in b o t h  28-day and 30-day same as the maternal  value. Clearly, this 
fetal mi tochondr ia  and microsomes  were observat ion cannot  be in terpre ted  to indi- 
about  30-50% that  of  the adult,  suggesting cate that  28-day fetal and maternal  lamellar 
fur ther  deve lopment  of  these subcellular bodies have the same percentage  of  dipal- 
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m i t o y l p h o s p h a t i d y l c h o l i n e .  Nonethe less ,  synthes is  of  this  su r f ac t an t  wi th  perhaps  sig- 
Soodsma  et al. (22)  r epo r t ed  tha t  the  pro- n i f ican t  r emode l ing  of some  of i ts u n s a t u  o 
p o r t i o n  of d ipa lmi ta te  in fetal  r abb i t  lung rated fa t ty  acid moiet ies .  F u r t h e r  analysis  
t issues increased wi th  ges ta t ion  f rom 23.5 based on the  molecu la r  species of  phospha-  
days to 3 0 . 5  days. Since it has been  t idyl  chol ine  in the  developing  lamel lar  
observed t ha t  24-day ges ta t ion  fetal  r abb i t  bodies  and  mic rosomes  will be necessary  to  
l u n g  r a r e l y  c o n t a i n s  lamel lar  inc lus ion provide ins ight  in to  the  d e v e l o p m e n t  of  this  
bodies  (13),  and, f u r t he r m or e ,  tha t  the  lung sur fac tan t .  
a m o u n t  of d ipa lmi ta te  o f  28.5-day and  30 
.5-day fetal  lung tissues were a lmos t  the  
same (22) ,  our  data, a long wi th  those  of  
Soodsma  et al. (22) ,  suggest t ha t  28-day 
and 30-day  fetal  lamel lar  bodies  m a y  have 
the  same percen tage  of  d ipa lmi toy lphospha -  
t i d y l  cho l i ne  a m o n g  to ta l  p h o s p h a t i d y l  
c h o l i n e ,  as does the  ma te rna l  lamel lar  
bodies.  However,  if the  data  p resen ted  in 
Tables  I and  II are ex t ended  to express the  
PC and  fa t ty  acid c o m p o s i t i o n  in quan t i t i e s  
of p icamoles /mi l l ig ram p ro t e in  r a the r  t h a n  
on  a percen tage  basis, t hen  the  expec t ed  
increases in abso lu te  a m o u n t s  are seen:  five 
to  seven-fold increases in lamel lar  bodies  
f rom 28 to  30 days '  ges ta t ion ;  one to two-  
fold increases in lamel lar  bodies  f rom 30 
days to adul t  and one  to three- fo ld  in- 
creases in m i t o c h o n d r i a  at  each stage. 

In add i t i on  to the  ma jo r  molecu la r  spe- 
cies of  d ipa lmi ta te ,  o t h e r  molecu la r  species 
may be  essential  to  su r f ac t an t  proper t ies .  
Some remode l ing  of  these molecu la r  species 
are p r o b a b l y  involved dur ing  the  lung de- 
ve lopment .  I t  is bel ieved t ha t  the  endo- 
plasmic re t i cu lum of the  mic rosomal  frac- 
t ion  is the  major  site of  p h o s p h a t i d y l  
chol ine  synthes is  (1,2).  The  p resen ted  data  
show 48% of pa lmi ta t e  in 28-day fetal  
microsomes ,  c o m p a r e d  wi th  38% of adul t  
(Table  II). Again, we c a n n o t  say f rom this  
s tudy  w h e t h e r  28-day fetal  mic rosomes  have 
a h igher  pe rcen tage  of d ipa lmi ta t e  t h a n  t ha t  
of the  adult .  However ,  w i th  the  d i f ferences  
in relat ive percen tage  of  16:1, 18:0,  and  
18:2 in the  28-day fetal  mic rosomes  and  
m a t e r n a l  microsomes ,  some  remode l ing  of 
p h o s p h a t i d y l  chol ine  by  this  subcel lu lar  
f rac t ion  is suggested dur ing  lung devel- 
opmen t .  The mechan i sms  of p h o s p h a t i d y l  
chol ine  remode l ing  in b o t h  lamel lar  bod ies  
and mic rosomes  are u n k n o w n ;  bu t ,  t he  
d e a c y l a t i o n - r e a c y l a t i o n  and  deacyla t ion-  
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Diet-induced Alterations in the Discoid Shape and Phospholipid 
Fatty Acid Compositions of Rat Erythrocytes 
G. ANANDA RAO, KATHLEEN SILER, and EDWARD C. LARKIN,  
Hematology Research Laboratory, VeterzJns Administration Medical 
Center, Martinez, California 94553 

ABSTRACT 

For eight weeks young male rats were fed diets rich in 18:2 (stock diet, or 10% corn oil, CO) or 
those devoid of 18:2 (fat free, FF, or 10% hydrogenated coconut oil, HCNO). The CO and HCNO 
diets were fed in the absence or presence of eicosa-5,8,11,14-tetraynoic acid (TYA). When 18:2 was 
excluded, an increase in the level of 16:1, 18:1 and 20:3 and a decrease in 18:2 was observed in the 
fatty acids of red cells. On feeding TYA, an increase in 18:2 and in the case of the HCNO+TYA diet, a 
decrease of 12:0 and 14:0 was also observed. In all cases the levels of 20:4 in erythrocyte fatty acids 
were similar. Saturated fatty acids were predominant in phosphatidyl choline (PC), lysophosphatidyl- 
choline, (LPC) and sphingomyelin whereas unsaturated acids were predominant in phosphatidyl ethan- 
olamine (PE), (PS),and phosphatidyl inositol (PI). Acids containing three or more double bonds 
comprised about 90% of the total acids in PI. In all the phospholipids, the characteristic changes in the 
composition of fatty acids were observed due to the exclusion of 18:2 from the diet. However, 
changes due to the feeding of TYA were found only in PC and LPC. In rats fed the 18:2-rich diet, 
about 60% of the red ceils were discocytes. In those fed the 18:2-free diet, the level of discocytes 
decreased to about 23%, and the levels of echinocytes II and Ill increased. The exclusion of 18:2 for 
even a few days decreased the proportion of discocytes. The loss of discoid shape was reversed in a few 
days by feeding an 18:2-rich diet. Fatty acid analysis of erythrocytes of rats on the various dietary 
manipulations showed that the change in the proportion of discocytes followed the change in the level 
of 18:2. 

INTRODUCTION 

Several investigations have reported the fa t ty  
acid compos i t ion  of total  lipids of rat erythro-  
cytes (1). However,  to our  knowledge,  nei ther  
the compos i t ion  of fa t ty  acids in their  individ- 
ual phospholipids nor  their  al terations due to 
diet fat have been reported.  In the present 
study, we determined the fat ty acid composi-  
t ions of  e ry th rocy te  phospholipids of  rats 
which were fed various diets that are known to 
affect the tissue levels of 18:2 and 20:4.  Fur- 
t h e r m o r e ,  we examined  the morphologica l  
structure of red cells using scanning electron 
microscopy and observed the impor tance  of  
dietary 18:2 for the normal  discoid shape of  
erythrocytes .  A prel iminary report  of  this s tudy 
has already appeared (2). 

MATERIALS AND METHODS 

One m o n t h  old Sprague Dawley male rats 
(100 g) were obtained from Hill top Animal  
Supplier, Chatsworth,  CA. They were divided 
into six groups of  four  each. Each group was 
fed for eight weeks one of  the fol lowing six 
diets: 1) s tock diet (Wayne Lab Blox;  Allied 
Mills, Chicago, IL) which conta ined 4.5% fat 
and 45.5% 18:2 in the to ta l  fa t ty  acids; 2) a 
high carbohydrate ,  10% Mazola Corn Oil (CO) 
diet;  3) a CO diet containing 0.033% eicosa- 
5,8,11,14-tetraynoic acid (TYA);  4) a high 

carbohydrate ,  10% hydrogenated  coconut  oil 
(HCNO) diet ;  5) a HCNO diet containing 0.05% 
TYA, and 6) a high carbohydra te  fat free (FF)  
diet. The composi t ion  of the CO, HCNO and 
FF  diets was given previously (3). 

In some experiments ,  rats (100 g) were fed 
for a week a s tock diet and fed for three, five 
and seven days a FF  diet. A group of rats which 
were fed the FF  diet for five days were then fed 
the CO diet for three or seven days. 

Hydrogenated  coconut  oil (Cobee 92) was a 
generous gift f rom PVO International ,  Inc., 
Richmond,  CA. The fat ty  acid methyl  ester 
standards were obtained f rom Applied Science 
Laboratories,  State College, PA, and Supelco, 
Bel lefonte,  PA. 

Rats were anesthetised by an intraperi toneal  
i n j e c t i o n  o f  s o d i u m  p e n t o b a r b i t a l  
(50mg/ml /300  g rat) and exsanguinated using 
heparin-washed syringes and needles. Whole 

blood was transferred wi thout  pressure into 
heparinized vacutainer  tubes. Immedia te ly  after 
the b lood was obtained,  a 0.5 rnl sample was 
fixed in 0.5% glutaraldehyde in standard incu- 

bat ion mixture  (SIM), which contained NaC1 
(141 mM), KC1 (10 mM), MgC12 (1 mM), 
CaC12 (1.3 mM), NaH2PO4 (0.8 mM) and 
Na2 HPO4 (5 mM). 

Whole blood was centr i fuged at about  22 C 
at 2500 rpm for 7 min, and the plasma and 
buffy layer were removed.  Red cells were 
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washed three times by suspension in SIM. 
Hemoglobin determinations were carried out 
using the cyanmethemoglobin method. The 
packed red cell volumes were measured in 
duplicate with a Phillips-Drucker hematocrit 
centrifuge and read on an IEC microcapillary 
reader. 

The fresh blood samples fixed in glutaralde- 
hyde were washed three times in SIM, sedi- 
mented on glass slides, dehydrated in a graded 
alcohol series and critical point dried (4). After 
being coated with gold-palladium, they were 
examined and classified using an ETEC Auto- 
scan scanning electron microscope (5). 

Total lipids from erythrocytes were extrac- 
ted as described by Rose and Oklander (6). 
Lipid extracts were protected from the oxida- 
tion of unsaturated fatty acids by adding butyl- 
a t ed  hydroxytoh iene  (BHT) (0.02%) and 
storing under N 2. During the gas liquid chro- 
matographic (GLC) separation of methyl esters, 
BHT elutes with methyl myristate. Since the 
HCNO diet contains 14:0, BHT was not added 
during the analysis of the total fatty acid com- 
position of red cells. We have found that the 
absence of BHT in the lipid extracts did not 
reduce the level of polyunsaturated fatty acids. 
In the solvents used for the separation of phos- 
pholipids and methyl esters by thin layer 
chromatography (TLC), BHT was added. There- 
fore, the values for 14:0 were not obtained 
from the analysis of phosphoglycerides. 

Phospholipids were separated by TLC, their 
fatty acids were converted to methyl esters and 
purified from dimethylacetal derivatives as 
described by PuUarkat et al. (7,8). Analysis of 
fatty acids by GLC was carried out at 180 C in 
a Varian Aerograph Model 2740 using a flame 
ionization detector and a stainless steel column 
(6' x 1/8") packed with 5% diethylene glycol 
succinate on H/P Chromosorb G. Analysis of the 
methyl esters from red cells of rats fed the 
HCNO diet was carried out at 150-180C at 
10 C/min. Areas of peaks and percent composi- 
tion of fatty acid methyl esters were computed 
using a Varian Chromatography Data System. 

RESULTS AND DISCUSSION 

In the erythrocyte lipids from various spe- 
cies, 20:4 is a major fatty acid. In rats main- 
tained on linoleate-rich diets, as much as 30% 
of the total fatty acids in red cells is 20:4 (9). 
In the present study, rats were fed various diets 
that influence the tissue levels of 18:2 and 
20:4. These were diets rich in 18:2, free of 
18:2 and those which contained TYA - an in- 
hibitor of the synthesis of 20:4 from 18:2 
(10,11). 

When 18:2 was excluded from the diets, the 
rat growth was somewhat depressed. Rats fed 
stock and CO diets for 8 weeks weighed about 
527 g and 512 g, respectively, while those fed 
the HCNO and FF diets weighed 481 g and 
479 g, respectively Dietary TYA caused a fur- 
ther reduction in their weights. Rats fed the CO 
+ TYA diet, weighed 486 g while those fed the 
HCNO + TYA diet, weighed 400 g. The blood 
samples of all rats had a similar packed red cell 
volume (43.0 - 44.9%) and hemoglobin con- 
tent (15.1 - 15.7g%). Since the amount of 
blood in rats has been estimated to be 7.6 + 
0.2 ml/100 g body weight (12), it would appear 
that it is somewhat decreased by the exclusion 
of 18:2 or the inclusion of TYA in the diet. 

As observed previously (9,13), the composi- 
tion of total fatty acids in rat erythrocytes was 
altered when 18:2 was omitted from the diet 
(Table I). The 16:1 and 20:3 levels and the 
values for the ratio 18:1/18:0 were enhanced 
while the levels of 18:2 were decreased. In the 
present study, the 20:4 level in the total fatty 
acids of erythrocytes was not decreased. A 
marked reduction in the level of 20:4 has been 
reported in red cells when weanling rats were 
fed an 18:2 deficient diet for 6 months (13). 
When TYA was included in the diet, a signifi- 
cant decrease in values for the ratios 16:1/16:0 
and 18:1/18:0 has been observed in the lipids 
of liver and plasma of rats (14). In the erythro- 
cyte lipids, such a decrease in the relative levels 
of monounsaturated fatty acids was small 
(Table I). As in the case of the liver and plasma 
lipids (14), when HCNO+TYA diet was fed, the 
levels of 12:0 and 14:0 were decreased in the 
erythrocyte lipids (Table I). As previously 
observed with several other tissues (10,11,14), 
the level of 18:2 was increased and the propor- 
tion of 20:4 to 18:2 was decreased in erythro- 
cytes due to dietary TYA. 

A detailed study of the fatty acid composi- 
tion of individual phospholipids of rat erythro- 
cytes has not been carried out (1). In some 
previous investigations, not all the phospholipid 
species were analyzed, while in others several 
fatty acids were grouped together (1). We have 
determined the fatty acid compositions of 
various individual phospholipids in erythrocytes 
of rats and their changes due to different diets 
(Table IlL-VII). Each phospholipid species 
exhibited a characteristic fatty acid composi- 
tion which was altered by the dietary manipu- 
lations. The phosphatidyl choline (PC), lyso- 
phosphatidyl choline (LPC), and sphingomyelin 
contained relatively more saturated acids. In PC 
and LPC, 16:0 and 18:0 were predominant, 
while in sphingomyelin, 16:0 and 24:0 were 
major saturated acids (Table I I - IV) .  On the 
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T A B L E  I 

Fa t ty  Acid Compos i t i on  o f  E r y t h r o c y t e s  of  Rats Fed Dif ferent  Diets a 

CO diet  b H C N O  diet b 

Fa t ty  acid S tock  diet b - T Y A  + T Y A  - T Y A  + T Y A  FF  diet 

12:0 0 0 0 0.7 • 0.1 0.3 • 0 .05 0 
14:0 0.7 • 0.1 0.8 • 0.07 T 1.5 • 0.1 0.6 • 0 .04 0.6 • 0.05 
16:0 18.9 • 1.3 16.4 • 0.3 18.5 • 0.3 19.4 • 0.5 19.3 • 0.5 20.0 • 0.5 
16:1 0.7 • 0.1 T T 2.4 • 0.1 1.6 • 0 .04  2 .6•  0.1 
18:0 2 1 . 0 +  1.2 2 1 . 3 •  2 1 . 2 •  1 7 . 9 •  1 9 . 3 •  1 9 . 1 -  + 0.2 
18:1 1 0 . 6 •  9 . 5 •  8 . 2 •  1 3 . 8 •  1 3 . 3 •  1 6 . 2 -  + 0.4 
18:2 10.3 • 0.5 12.5 • 0.2 18.9 • 0.5 1.6 • 0.1 3.6 • 0.1 1.6• 0. l 
18:3 T T T . . . . . .  ... 

20 :3W9 . . . . .  - -  7 . 2 •  7 . 5 •  6 .2•  0.2 
22 :0  T T T 1.1 • 0.1 3.1 • 0.1 1.0• 0.1 
20 :4  26.5 • 1.0 28 .8  • 0.3 26.1 • 0.4 28.0 • 0.3 26.4 • 0.7 2 7 .8 •  0.6 
22 :4  c 4 . 6 •  5 . 6 •  4 . 2 •  3 . 3 •  2 . 5 •  2 .7•  0.1 
22:5 1.9 • 0.3 1.7 • 0.1 0.8 • 0.1 1,3 • 0.1 1.2 • 0.1 0 .8•  0,2 
22 :6  3.9 • 0.5 3.3 0.1 1.3 • 0.1 1.7 • 0.1 1.5 • 0.1 1.6• 0.1 

16:1 . . . . . .  
16:0 --- 0.12 • 0.01 0.08 • 0 .003 0 .13•  0 .004  

18:1 
0 . 5 1 •  0 . 4 5 •  0 . 3 8 •  0 . 7 7 •  0 . 6 9 •  0 . 8 5 - + 0 . 0 2  18:0 

20 :4  
2.57 • 0 .19 2.3 • 0 .06 1.4 • 0 .04  17.7 • 0.9 7.3-+ 0.3 18.1 •  18:2 

apercen t  of  to ta l  fa t ty  acids is given as Mean • SE o f  analysis with e r y t h r o c y t e s  f rom four  rats in each diet 
group.  Dupl icate  d e t e r m i n a t i o n s  were  carr ied out  wi th  e r y t h r o c y t e s  f rom each rat.  Values 0.5% or less are given 
as T. 

bThe  s tock diet con ta ined  the  fa t ty  acids: 14:0,  3.3%; 16:0,  18.2%; 16:1,  2.5%; 18:0,  4 .1%; 18:1,  23.3%, 
18:2, 45 .5% and  18:3,  3.1%. The corn  oil (CO) diet con ta ined  the fa t ty  acids: 16:0,  10.7%; 18:0, 1.8%; 18:1, 
24.8%; 18:2,  61.9%; and 18:3,  1.0%. The h y d r o g e n a t e d  c o c o n u t  oil (HCNO) diet co n t a in ed  the  fa t ty  acids: 6:0, 
1.0%; 8:0,  11.9%; 10:0,  11.9%; 12:0,  18.6%; 14:0,  20.9%; 16:0,  16.7%; 18:0,  18.6%, and 18:1,  0.4%. 

c Inc luded  2 4 : 0  and  24:1 .  

T A B L E  II  

Fa t ty  Acid Compos i t i on  of  Phospha t idy lcho l ine  f rom E r y t h r o c y t e s  o f  Rats Fed Different  Diets a 

CO diet  H C N O  diet 

Fa t ty  acid S tock  diet  o T Y A  + T Y A  - T Y A  +TYA FF diet 

16:0 3 5 . 6 •  4 0 . 6 •  3 7 . 4 •  3 5 . 4 •  3 4 . 0 •  3 6 . 8 •  
16:1 0 . 9 •  T T 3 . 7 •  3 . 0 •  3 . 8 •  
18:0 2 7 . 6 •  2 0 . 3 •  2 1 . 1 •  1 8 . 2 •  2 0 . 4 •  1 5 . 4 •  
18:1 8 . 3 •  7.1 •  6 . 8 •  2 4 . 5 •  2 2 . 0 •  2 4 . 3 •  
18:2 1 2 . 3 •  1 5 . 0 •  2 0 . 3 •  1 . 5 •  5 . 8 •  1 . 4 •  
18:3 1 . 1 •  T T . . . . . . . . .  
20 :3W9 . . . . . . . . .  8 . 0 •  7 . 5 •  9 . 1 •  
20 :4  1 3 . 8 •  1 7 . 2 •  1 3 . 2 •  8 . 6 •  7 . 3 •  9 . 3 •  

ape rcen t  of  tota l  f a t ty  acids given are Mean • SE of  values f rom three d e t e r m i n a t i o n s  with PC isolated f rom 
red cell lipids o f  separa te  rats  in each diet group.  

other hand, in phosphatidyl ethanolamine (PE), 
phosphatidyl serine (PS) and phosphatidyl 
inositol (PI), unsaturated acids were present in 
relatively large levels. In these lipids the 20:4 
level varied from 42 to 60%. The level of 18:0 
was greater in PS than in PE or PI. The compo- 
sition of PI was unique in that acids containing 
three or more double bonds comprised about 
90% of the total fatty acids. 

The fatty acid compositions of various 

phospholipids were altered due to the dietary 
manipulations. When 18:2 was omitted from 
the diet, 16:1 and 20:3 levels were increased 
and the 18:2 and 20:4 levels were decreased in 
PC and LPC. In these lipids relatively more 
18:1 was present than 18:0. As observed by 
Watson previously (15), relatively more of 24:1 
than 24:0 was found in the sphingomyelin frac- 
tion of erythrocyte lipids of rats fed the 
18:2-free diets (Table IV). Upon feeding the 

LIPIDS,  VOL.  14, NO. 1 



S H A P E  A N D  F A  C O M P O S I T I O N  O F  R B C  

T A B L E  I I I  

F a t t y  A c i d  C o m p o s i t i o n  o f  L y s o p h o s p h a t i d y l  C h o l i n e  f r o m  
E r y t h r o c y t e s  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

33 

C O  d i e t  H C N O  d i e t  
F a t t y  S t o c k  
a c i d  d i e t  - T Y A  + T Y A  - T Y A  + T Y A  F F  d i e t  

1 6 : 0  33 .1  3 9 . 0  37 .1  3 6 . 9  3 9 . 9  3 5 . 8  
1 6 : 1  1 .4  1.1 0 .5  3 .7  2 . 4  3 .2  
1 8 : 0  4 0 . 6  2 9 . 8  3 6 . 2  2 4 . 2  2 8 . 6  2 4 . 9  
1 8 : 1  8 .1  1 1 . 9  8 .4  2 0 . 4  15 .7  2 1 . 8  
1 8 : 2  6 .9  6 .7  9 .3  T T T 
1 8 : 3  1 .4  T T . . . . . . . . .  
2 0 : 3 W 9  . . . . . . . .  7 .6  6 .4  6 .1  
2 0 : 4  7 .9  11 .2  8 .4  7 .2  6 .8  8 .2  

a p e r c e n t  o f  t o t a l  f a t t y  ac id s  g i v e n  a re  m e a n s  o f  c l o se ly  a g r e e i n g  v a l u e s  f r o m  d u p l i c a t e  
d e t e r m i n a t i o n s  w i t h  t h e  p o o l e d  l y s o p h o s p h a t i d y l  c h o l i n e  f r a c t i o n s  o f  r e d  cell  l i p i d s  in  e a c h  
d i e t a r y  c o n d i t i o n .  

T A B L E  I V  

F a t t y  A c i d  C o m p o s i t i o n  o f  S p h i n g o m y e l i n  f r o m  E r y t h r o c y t e s  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

C O  d i e t  H C N O  d i e t  

F a t t y  a c i d  S t o c k  d i e t  - T Y A  + T Y A  - T Y A  + T Y A  F F  d i e t s  

1 6 : 0  3 0 . 5  ~" 2 .1  2 6 . 1  + 2 . 8  2 6 . 4  -+ 3 .6  30 .1  -+ 1.3 2 7 . 6  -+ ! . 8  2 8 . 0  -+ 1.5 
1 8 : 0  7 . 3 + 0 . 6  7 . 1 - + 1 . 1  6 . 7 - + 0 . 8  6 . 0 _ + 0 . 7  6 . 9 - + 1 . 0  7 . 6 _ + 0 . 6  
1 8 : 1  8 . 0  -+ 0 . 8  6 .0  -+ 0 . 7  6 .1  _+ 0 .4  3 .9  _+ 0 .2  2 .5  +_ 0 .5  6 .3  +_ 0 .2  
2 0 : 0  1.5 + 0 . 2  2 .1  -+ 0 . 4  1.7 -+ 0 .5  2 . 2  _+ 0 . 4  1 .4  _+ 0 .2  2 . 0  -+ 0 . 4  
2 2 : 0  b 7 . 9 - + 0 . 7  8 . 2 _ + 0 . 8  9 .2_+1 .0  9 . 1 _ + 0 . 8  8 . 6 + _ 0 . 5  8 . 0 - + 0 . 5  
2 4 : 0  2 5 . 9  + 0 . 8  2 8 . 9  -+ 2 .7  2 8 . 7  + 1.3 17.1 -+ 0 . 7  18 .3  -+0.5 15 .9  + 0 . 6  
2 4 : 1  1 1 . 3  -+ 0 . 6  12 .6  _+ 0 . 8  13 .7  +_ 0 . 6  3 0 . 3  -+ 0 .4  3 3 . 2  -+ 1.3 3 0 . 7  +_ 1 .6  
2 4 : 2  7 .2  + 1.1 8 .8  + 0 . 7  7 .3  -+ 0 .9  1.1 -+ 0 .2  1 .3  -+ 0 .2  1 .3  -+ 0 .2  

a p e r c e n t  o f  t o t a l  f a t t y  a c i d s  g i v e n  a re  M e a n  -+ SE  o f  v a l u e s  f r o m  t h r e e  d e t e r m i n a t i o n s  w i t h  S p h i n g o m y e l i n  
i s o l a t e d  f r o m  r e d  cel l  l i p id s  f r o m  s e p a r a t e  r a t s  in  e a c h  g r o u p .  

b C o n t a i n e d  s m a l l  a m o u n t s  o f  2 2 : 1 .  

T A B L E  V 

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h a t i d y l  E t h a n o l a m i n e  F r o m  
E r y t h r o c y t e s  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

C O  d i e t  H C N O  d i e t  

F a t t y  a c i d  S t o c k  d i e t  - T Y A  + T Y A  - T Y A  + T Y A  F F  d i e t  
t 

1 6 : 0  8 .9  + 0 . 6  9 . 6  + 0 .5  12 .2  + 1.2 9 .1  -+ 0 . 4  9 .1  + 0 .7  11 .5  -+ 0 . 8  
16. '1 T T T 2 .5  -+ 0 .1  2 . 0  +- 0 .1  2 .5  + 0 .2  
1 8 : 0  7 .5  + 0 .5  9 . 0  + 0 . 7  12 .4  -+ 0 . 9  10 .8  -+ 0 .2  13 .5  + 0 .5  8 .8  -+ 0 .5  
1 8 : 1  14 .5  + 1.5 17 .4  + 1 .6  15 .6  -+ 0 .5  1 7 . 6  + 0 .1  15.1  -+ 0 .9  2 0 . 1  + 0 . 4  
1 8 : 2  8 . 7 + 0 . 5  1 0 . 6 + 0 . 5  1 0 . 3 + 0 . 4  0 . 6 - + 0 . 1  0 . 7 - + 0 . 1  0 . 6 - + 0 . 1  
1 8 : 3  T T T . . . . . . . . .  
2 0 : 3 W 9  . . . . . . . . .  1 3 . 8  -+ 0 .8  1 3 . 6  +- 0 .3  10 .6  -+ 0 . 8  
2 0 : 4  5 2 . 4  -+ 2 .2  4 6 . 6  -+ 1 .0  4 4 . 9  -+ l . l  4 3 . 2  -+ 0 .5  4 2 . 4  +- 0 .8  4 2 . 0  -+ 1.2 
2 2 : 4  4 . 0  -+ 0 .2  3 .7  + 1.1 2 . 9  -+ 0 .1  1 .6  -+ 0 .2  1 .8  -+ 0 . 4  2 . 3  -+ 0 .1  
2 2 : 5  1 .6  -+ 0 .2  0 .9  -+ 0 .1  0 . 7  +- 0 .1  0 . 6  -+ 0 .1  0 . 8  + 0 .1  0 . 7  -+ 0 .2  
2 2 : 6  1 .8  -+ 0 .1  1.9 + 0 .1  0 . 9  -+0.2 0 . 8  -+ 0 .1  1 .0  + 0 .1  0 . 9  -+ 0 .2  

a P e r c e n t  o f  t o t a l  f a t t y  a c i d s  g i v e n  a r e  M e a n  +- S E  o f  v a l u e s  f r o m  t h r e e  d e t e r m i n a t i o n s  w i t h  PE i s o l a t e d  f r o m  
r e d  cel l  l i p id s  o f  s e p a r a t e  r a t s  in  e a c h  d i e t  g r o u p .  

diets devoid of 18:2, the level of 18:2 de- 
creased and of 20:3 increased in PE, PS and PI. 
However, only in PI did the relative level of 
18:1 to 18:0 increase. Dietary TYA did not 

alter the fatty acid compositions of sphingo- 
myelin, PE, PS and PI, but did cause an increase 
in the level of 18:2 in PC and LPC. Earlier 
studies with red cell ghosts have shown that all 
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T A B L E  VI 

Fa t ty  Acid Compos i t i on  o f  Phospha t idy l  Serine f rom 
E r y t h r o c y t e s  o f  Rats Fed Dif ferent  Diets a 

CO diet  HCNO diet  

Fa t ty  acid Stock diet - T Y A  + T Y A  - T Y A  + T Y A  FF diet 

16:0 6 . 1 •  0.4 6 . 0 - + 0 . 4  5 . 6 •  6 . 5 - + 0 . 6  7 . 4 - + 0 . 7  6 . 2 •  
16:1 T T T 0 .8 -+0 .1  T T 
18:0  2 9 . 6 •  2 6 . 3 •  2 7 . 9 •  2 4 . 4 •  2 5 . 3 •  1.2 2 2 . 7 •  
18:1 6 . 5 •  6 . 3 •  6 . 5 - + 0 . 4  9 . 5 •  8 . 3 - + 0 . 5  1 0 .4 -+0 .9  
18:2 3 . 7 •  7 . 2 •  6 . 9 •  T T T 
18:3 T T T . . . . . . . . . .  
20 :3W9 . . . . . . . . .  7 . 2 - + 0 . 8  7 . 7 •  6 . 6 - + 0 . 6  
20 :4  5 0 . 4 •  5 1 . 3 •  5 0 . 7 •  1.3 4 9 . 1 •  4 9 . 7 - + 0 . 6  5 0 . 1 •  
22 :4  1 . 7 •  1 .1 -+0 .1  1 . 1 •  1 . 0 •  0 . 9 - + 0 . 1  1 . 4 •  
22:5  1 . 7 •  1 . 5 •  1 . 1 •  1 . 4 •  T 1 . 7 •  

ape rcen t  of  total  f a t ty  acids given are Mean • SE of  values f rom three de t e rmina t i ons  wi th  PS isolated f rom 
red cell tipids f rom red cell lipids f r o m  separa te  rats in each diet group.  

T A B L E  VII  

Fa t ty  Acid  Compos i t i on  o f  Phospha t idy l  Inositol  f r o m  
E r y t h r o c y t e s  o f  Rats Fed Dif ferent  Diets a 

CO diet  HCNO diet  

Fa t ty  acid Stock diet - T Y A  + T Y A  - T Y A  + T Y A  FF diet 

16:0 3 . 4 •  4 . 3 - + 0 . 4  3 . 8 •  3 . 6 •  3 . 4 - + 0 . 5  3 . 9 •  
16:1 T T T 0 .8 -+0 .1  T 0 . 8 •  
18:0 2 . 1 •  1 . 6 •  1.1 •  1 .3-+0.2  1 .7 -+0 .2  1 .4 -+0 .2  
18:1 2 . 3 •  1 . 9 •  1 . 2 •  4 .4 -+0 .4  3 . 8 - + 0 . 3  4 . 9 - + 0 . 4  
18:2 2 . 0 •  1 . 6 •  1 . 4 •  . . . . . . . . .  
18:3 0 . 8 •  T T . . . . . . . . .  
20 :3W9 . . . . . . . .  1 9 . 6 •  2 0 . 2 •  1 9 . 6 •  
20 :4  5 1 . 2 •  1.3 5 9 . 0 •  5 8 . 8 •  6 0 . 0 •  5 9 . 5 - + 1 . 9  5 8 . 9 •  
22 :4  1 7 . 7 •  1 9 . 4 •  2 0 . 3 •  4 . 0 - + 0 . 2  3 . 8 •  4 . 0 •  
22:5  9 . 6 •  6 . 0 •  6 . 1 •  2 . 5 •  2 . 9 •  2 . 7 •  
22 :6  1 0 . 5 •  6 . 2 •  7 . 1 •  3 . 9 •  4 . 5 •  3 . 6 •  

aPercen t  o f  total  fa t ty  acids given are Mean • SE of  values f r o m  three  d e t e r m i n a t i o n s  with PI isolated f rom 
red cell lipids f rom separa te  rats in each diet group.  

T A B L E  V I I I  

Morphologic  S t ruc tu re  of  E r y t h r o c y t e s  of  Rats Fed Different  Diets a 

CO diet H C N O  diet 

Cell t ype  S tock  diet - T Y A  + T Y A  - T Y A  § T Y A  FF  diet 

Discocytes  63.9 -+ 0.6 56.8 • 4.2 57.7 • 4.7 23.5 • 4.4 27 .6  • 3.5 16.9 • 1.5 
Kn izocy te s  --- 0 .3 • 0.2 2.1 • 0.8 . . . . . .  0 .3 • 0.2 
S t o m a t o c y t e s  7.3 • 0.3 4.0 +- 1.1 4.0 + 0.6 1.3 • 0.6 2.4 + 0.5 1.9 + 0.6 
Ech inocy te s  I 25.8 + 0.5 31.1 • 4.6 27.9 + 2.3 32.6 • 2.1 33.6 • 4.7 44.2 • 3.0 
Ech inocy te s  II  2 . 4 - + 0 . 2  7 . 0 •  7 . 6 + 2 . 8  3 4 . 9 •  3 0 . 1 •  3 0 . 7 - + 4 . 4  
Ech inocy te s  I I I  --- 0 .7 • 0 .3 0.6 + 0.2 5.9 -+ 1.0 4.4 • 1.0 5.6 • 1.5 

ape rcen t  d is t r ibut ion  of  the  var ious  cell t ypes  are given as Mean -+ SE of  the values ob ta ined  by count ing  500 
cells in dupl ica te  f r o m  the  b lood  sample  f r o m  each rat  in the  diet group.  Samples  o f  b lood  f rom four  rats  in the  
CO and FF  diet groups  and th ree  rats in the  H C N O  and s tock  diet  groups  were  used. 

the lipid present in the red cell resides in the 
membrane (16,17). Thus, the composition of 
fatty acids and their changes that were observed 
in our investigation using red cells must be 
those of the membranes. 

Although the level of 20:4 in the total fatty 
acids of erythrocytes was essentially similar 
under various dietary conditions (Table I ) ,  
exclusion of 18:2 or addition of TYA in the 
diet resulted in a decrease in the level of 20:4 in 
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FIG. 1. Scanning electron microscopic examillation of rat erythrocytes. Top left, Discocyte (X12,00); top 
right, Echinocyte l (X13,000); bottom left, Echinocyte 11 (XI 3,000); bottom right, Echinocyte 1II (XI3,000). 

PC and LPC (Table II, Ill). Whether this dis- 
crepancy is due to the change in the content of 
individual phospholipids due to diets is not 
known at the present time. Previously, Farns- 
worth et at. observed that the relative amount 
of 'lecithin' increased and 'cephalin' decreased 
in erythrocytes of rats which were fed a fat free 
diet as compared to their controls (18). On the 
other hand, De Gier and Van Deenen (19) 
reported that the variation in the regimen of 
rats did not significantly change the propor- 
tions of major phospholipids. 

Red cells from rats fed an 18:2-deficient diet 

for 3 months were reported to be morpho- 
logically normal (15). However, this conclusion 
was based on the results of cell sizing with a 
Coulter Counter. In our studies of the morph- 
ology of the erythrocytes using scanning elec- 
tron micriscopy, alteration of the normal bi- 
concave structure of the discocytes was ob- 
served due to the exclusion of 18:2 from the 
diet (Table VIII). A majority of the ceils (60%) 
from rats fed linoleate-rich diets (stock diet, 
CO, CO+TYA) are discocytes which are charac- 
terized by their biconcave structure, while 
about 30% of ceils are lrregutarty contoured 
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TABLE IX 

Effect of Exclusion or Addition of Linoleate to Diets Fed to Rats for 
Short Periods on the Morphologic Structure of Erythroeytes a 

Number of days on FF diet b Number of days on CO diet 

Cell type 0 3 7 0 c 3 c 7 c 7 d 

Discocytes 66.4 43.0 9.8 23.2 41.0 63.2 66.8 
Knizocytes 6.4 3.8 0.4 1.2 0.0 3.4 0.8 
Stomatocytes 15.6 6.1 2.2 4.0 5.9 4.4 3.6 
Echinocytes I 11.6 31.9 31.2 32.0 23.4 17.8 20.4 
Eehinocytes II 0.0 14.5 44.0 36.8 26.8 9.3 7.2 
Echinocytes III 0.0 0.6 11.8 2.8 2.9 1.8 0.8 

apercent of various types of ceils given is mean of values from counting 500 cells in 
duplicate with samples of blood pooled from two young rats or separate samples from adult 
rats. 

byoung rats (100 g) fed a stock diet were then fed a FF diet as indicated. 
Cyoung rats fed a stock diet were fed FF diet for five days and then the CO diet as 

indicated. 
dyoung rats were fed a FF diet for eight weeks and then fed the CO diet as indicated. 

TABLE X 

Changes in the Fatty Acid Composition of Erythrocytes due to the 
Exclusion or Addition of Linoleate to Diets Fed to Rats for Short Periods a 

Number of days on FF diet Number of days on CO diet 

Fatty acid 0 3 7 0 3 7 7 

16:0 26.2 26.6 27.5 27.7 27.3 28.0 26.1 
16:1 T 0.7 1.9 2.1 0.8 0.6 0.5 
1 8 : 0  15 .4  14 .0  14.8 13.2 15.2  13 .6  16 .4  
18:1 9.1 12.4 16.5 14.3 13.7 10.2 10.7 
18:2 12.5 6.8 2.1 4.4 6.6 10.8 8.3 
20:3w9 . . . . . .  2.8 1.2 0.5 0.5 3.1 
22:0 T T T T T T 0.5 
20:4 28.8 28.4 26.9 26.2 25.5 27.2 27.2 
24:0 ) 
22:4 ) 3.4 4.8 4.6 4.1 5.4 4.8 4.0 
24:1 ) 
22:5 1.2 1.9 1.7 2.9 2.0 2.1 1.2 
22:6 3.2 3.8 1.4 3.5 2.7 2.1 1.8 

apercent of total fatty acids given are the means of closely agreeing values 
determinations with lipid extracts of erythrocytes of rats used in Table IX, 
less are given as T. 

from duplicate 
Values 0.5% or 

d i scocy tes  ( E c h i n o c y t e s  I) (Fig. 1). F la t  red 
cells w i th  spicules  ( E c h i n o c y t e s  I I )  are few 
2-7%), and  spher ica l  ceils w i th  spicules  (ech ino-  
cy tes  I I I )  are prac t ica l ly  absen t  (Tab le  VI I I ,  
Fig. 1). Howeve r ,  w h e n  rats  were  fed diets 
devo id  o f  18:2 ( H C N O ,  H C N O  + T Y A ,  F F )  the  
p r o p o r t i o n  o f  d i scocy tes  decreased  to 17-28%, 
while  e c h i n o c y t e s  II and  e c h i n o c y t e s  I I I  in- 
c reased  to  35% and 6%, respec t ive ly .  These  
s t r u c t u r a l  changes  a p p e a r  to  be as soc ia ted  wi th  
the  p r e sence  o f  20 :3  and  the  r e d u c e d  level o f  
18:2 in red  cells (Table  I). 

In o r d e r  to es tab l i sh  the  i n v o l v e m e n t  o f  
d ie t a ry  18:2 in m a i n t a i n i n g  the  n o r m a l  s t ruc-  
tu re  o f  e r y t h r o c y t e s ,  we d e t e r m i n e d  w h e t h e r  
the  loss o f  discoid s t r u c t u r e  cou ld  be reversed  

by  feed ing  a 18:2-r ich  diet (Table  IX). F u r t h e r -  
more ,  s ince the life s p a n  of  red  cells is a b o u t  60 
days, it was  n o t  k n o w n  w h e t h e r  the  increased  
level of  e c h i n o c y t e s  p r o d u c e d  b y  feeding  ra t s  a 
diet devoid  of  18:2 fo r  e ight  weeks  was re la ted  
to the  t u r n o v e r  of  the  cells. Hence,  we deter-  
m i n e d  the  f a t ty  acid c o m p o s i t i o n  and m o r p h o -  
logical s t r u c t u r e  of  red cells f r o m  rats  w h i c h  
were  fed  a F F  diet  for  o n l y  a few days  and  also 
f r o m  t h o s e  wh ich  were  fed a F F  diet and  t h e n  
fed a diet  r ich  in 18:2 f o r  a few days  (Table  
IX,X) .  

A m a j o r i t y  of  the  red  cells (66%) in ra ts  fed 
the  s t o c k  diet were  d i scocy tes .  E c h i n o c y t e s  I 
were  few (12%)  and e c h i n o c y t e s  I I  and I I I  were  
prac t ica l ly  ab sen t  (Table  IX, Fig. 2). On  feed ing  
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FIG. 2. Scanning electron microscopic examination of erythrocytes from rats fed 18: 2-rich or 18: 2-free diets. 
Top left, Erythrocytes were obtained from rats maintained on a stock diet; top right, bottom left and right, 
erythrocytes were from rats fed a FF diet for one week. Top, X2500 Bottom, XS000. 

a F F  diet  for  one week, the  level of d iscocytes  
decreased to  10%, while the  level of echino-  
cytes I, II and III  increased to 31%, 44% and 
12%, respect ive ly  (Table  IX, Fig. 2). Even a f te r  
three  days, a s ignif icant  r educ t ion  in d iscocytes  
and an increase in ech inocy te s  was observed  
(Table  IX). Thus ,  in o rder  for  the  s t ruc tu ra l  
changes in e r y t h r o c y t e s  to  occur,  a long t e rm 
(eight weeks)  feeding of  an 18:2-def ic ient  diet  
is no t  needed .  

When rats  were fed a FF  diet  for five days or 
eight weeks and  t hen  fed a CO diet  for  a week,  
a reversal  in the  loss of  discocytes  occur red  
(Table  IX). An  apprec iab le  increase in the  

n u m b e r  of discocytes  and  a decrease  in echino-  
cytes  I and II was found  by  feeding the  CO diet  
for  even three  days. Thus,  loss of the  discoid 
shape  of e r y t h r o c y t e s  due to  feeding rats  an 
18:2-free diet  is reversed b y  feeding t hem an 
18:2-rich diet. Since s t ruc tu ra l  changes  have 
occu r red  in e r y t h r o c y t e s  by  shor t  t e rm d ie ta ry  
manipu la t ions ,  i t  is clear t ha t  these changes  are 
no t  re la ted  to the  life span of red cells. 

In  e r y t h r o c y t e  l ipids the  charac ter i s t ic  
changes in the  c o m p o s i t i o n  of  f a t t y  acids due 
to  feeding a FF  diet,  (presence  of  20 :3 ;  de- 
crease of t 8 :2  and  relat ively h igh  levels of  16:1 
and 18:1)  were observed in a few days (Table  
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X). The changes in the composition due to 
feeding CO diet (increased levels of 18:2; low 
levels of 20:3;and a decrease in 16:1 and 18:1) 
also occur red  (Table X). 

Ifi rats fed a F F  diet  f o r  eight weeks,  the 
e ry th rocy te  fa t ty  acids con ta ined  significant 
levels (6.2%) of 20:3 and very low levels (1.6% 
of 18:2 (Table I). When they  were then  fed a 
CO diet for one week, their  red cells still con- 
ta ined 20:3 (3.1%) while the level of 18:2 
increased to 8.3% (Table X). Since the  disco- 
cyte level was normal  (Table IX), it is apparent  
that  the presence of 20:3 may not  be related to 
the  loss of discocytes  or increase in the n u m b e r  
of echinocytes .  On the o ther  hand,  the loss of  
d iscocytes  and the c o n c o m i t a n t  increase in the 
n u m b e r  of  echinocytes  is related to the  level o f  
18:2 in e ry th rocy t e  fa t ty  acids (Table X). How- 
ever, it cannot  be conc luded  f rom these results 
that  the al terat ions in the  compos i t ion  o f  fa t ty  
acids are responsible  for  the s t ructural  changes 
of the  red ceils. Exposure  of e ry th rocy te s  to 
plasma which contains  free fa t ty  acids or  LPC 
or changes in the ratio of  choles terol  to phos- 
phol ipids  in e ry th rocy tes  alters the s t ruc ture  of  
red cells (20,21). Whether  the s t ructural  modi-  
f icat ions seen in our  s tudy  are due to  such 
changes in the lipid compos i t ion  of  p lasma or 
red cells is not  yet  known.  However,  our  results 
do demons t ra te  the impor tance  of dietary lino- 
leate in maintaining the normal  discoid shape o f  
red cells. 
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Analysis of Autoxidized Fats by Gas Chromatography-Mass 
Spectrometry. IV. Soybean Oil Methyl Esters 1 

E.N. FRANKEL and W.E. NEFF, Northern Regional Research Center, 
Agricultural Research, Science and Education Administration, 
U.S. Department of Agriculture 2, Peoria, Illinois 61604 

ABSTRACT 

An unusual isomeric distribution of hydroperoxides has been found in soybean oil esters oxidized 
at low levels (peroxide values below 50). The unexpectedly high concentration of the 12-hydro- 
peroxide isomer is in marked contrast to the isomeric composition of oxidized pure linolenate. The 
different isomeric hydroperoxides observed at low levels of oxidation may contribute through their 
decomposition to the unique flavor deterioration of soybean oil. Quantitative gas chromatography- 
mass spectrometry (GC-MS) used in this study provides for the first time an answer to the basic 
question of which hydroperoxides contribute to the state of oxidation of soybean oil. Results of 
GC-MS were confirmed by capillaxy gas chromatography. Analyses of highly oxidized soybean esters 
(peroxide values 468 and 2352) reveal the same main compounds as those found in oxidized pure 
linoleate, together with small amounts of oleate and linolenate hydroperoxides. 

INTRODUCTION 

How different fatty acids in natural fats 
interact during autoxidation is a subject that 
has received little attention. Previous studies 
have dealt with kinetics of oxidation of oleic- 
linoleic acid or ester mixtures (1,2). However, 
kinetic data alone cannot be used directly to 
predict the thermodynamic stability of the 
hydroperoxides. Analyses of hydroperoxides re- 
flect not only the relative ease of hydrogen 
abstraction from each unsaturated fatty ester 
but also the relative disappearance due to de- 
composi t ion  and secondary oxidation (3). 
These factors would be particularly important 
in mixtures containing linolenate that is parti- 
cularly sensitive to oxidative decomposition 
(4). 

Hydroperoxides have been determined by 
gas c h r o m a t o g r a p h y  (GC) of the allylic 
hydroxy esters from oxidized mixtures of 
oleate and linoleate (5), and by spectrophoto- 
metric analysis of "conjugatable oxidation 
products" from different polyunsaturated fats 
(6,7). In previous papers of this series (8-10), 
isomeric hydroperoxides were determined by 
gas c h r o m a t o g r a p h y - m a s s  spec t rome t ry  
(GC-MS) of the saturated hydroxy esters from 
autoxidized methyl oleate, linoleate, linolenate, 
and their mixtures. In this paper the oxidation 
products from mixtures of unsaturated fatty 
esters in soybean oil are analyzed by GC-MS. 
Because flavor deterioration in soybean off 

1presented at AOCS Meeting, St. Louis, Missouri, 
May 14-18, 1978. 

2Mention of firm names or trade products does not 
imply that they are endorsed or recommended by the 
U.S. Department of Agriculture over other firms or 
similar products not mentioned. 

occurs at low peroxide values (PV), samples 
autoxidized at low levels were included in this 
study to clarify the relative contribution of 
isomeric hydroperoxides as precursors of offen- 
sive odors and flavors. 

EXPERIMENTAL 

Commercially refined and deodorized soy- 
bean oil was transesterified with NaOCH 3, and 
the methyl esters were obtained by vacuum 
distillation (fatty acid analysis by GC: 14.8% 
palmitate, 3.7% stearate, 23.1% oleate, 51.5% 
linoleate, 6.9% linolenate). 

P r o c e d u r e s  for  autoxidat ion,  analyses 
NaBH4 reduction, catalytic hydrogenation, 
silylation, and GC-MS were described pre- 
viously (8,9,11). To extend the usefulness of 
the GC-MS method to PVs below 100, it was 
necessary to decrease the contribution of the 
unoxidized fatty esters that obscure the MS of 
the hydroxy ester components. A simple short 
silicic acid chromatographic column was used 
to concentrate the saturated hydroxy deriva- 
tives. Samples (200-400 rag) hydrogenated 
immediately after autoxidation were dissolved 
in 1 ml 5% ethyl ether in hexane and added to a 
4-cm column of silicic acid (Mallinckrodt 
analytical reagent, 100 mesh, activated over- 
night at 110 C) in a short stem Pasteur pipette. 
Most of the methyl stearate and palmitate was 
eluted with 4 ml of 5% ethyl ether in hexane. 
The tail end of the saturated fatty esters and 
the hydrogenated oxidation products were 
eluted in a second fraction with 5 ml each of 
ethyl ether and methanol  To ensure that all 
hydroxy esters were included in the second 
fraction, this chromatographic separation was 
monitored by GC after silylation, and the 
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FIG. 1. GC-MS of trimethylsilyl ethers of NaBH 4 
reduced-oxidized soybean methyl esters: computer 
traces of MS total ionization vs. spectrum numbers 
corresponding to full MS scan recorded every 12 sec; 
A. Peroxide value 468. Arrows indicate position of 
individual spectra analyzed by GC-MS (Table I); B. 
Peroxide value 2352. Peak 1 corresponds to the TMS 
esters of stearic and epoxystearic acids (8). Peak 2 
corresponds to the TMS derivatives of the enols from 
oleate hydroperoxides. TMS derivatives of dienols 
from linoleate hydroperoxides and trienols from lino- 
lenate hydroperoxides emerge in peaks 2 and 3. Peaks 
3, 4, and 5 are due to TMS derivatives of epoxyenols, 
enediols, and enetriols from oxidized methyl linoleate 
(9). 

weight recovery was checked to be quantitative. 
The second fraction was silylated before GC-MS 
analysis. Chromatographic concentration of a 
freshly distilled nonoxidized sample of soybean 
oil methyl esters (PV = 0.9) gave on GC no 
evidence for peaks due to trimethylsilyl (TMS) 
ethers. 

Capillary GC was used to confirm the 
GC-MS identification of isomeric hydroxy- 
stearates from hydrogenated-oxidized soybean 
esters. This qualitative method was based on 
the TMS ethers of methyl hydroxystearates 
(12), using a polyphenyl ether column (1800 x 
0.02 in.), a Perkin-Elmer 3920 gas chroma- 
tograph with flame ionization detector, inlet 
split ratio of 100:1, gas flow of 13 ml/min (at 

room temperature), column temperature 190 C, 
injector temperature 220 C, and detector 
temperature 200 C. 

RESULTS 
Qualitative Studies 

Figure 1 shows computer-generated gas chro- 
matograms of the oxidation products from two 
samples  of methyl esters of soybean oil 
(MeSBO) obtained after NaBH 4 reduction and 
silylation. MS analyses reveal that enols from 
8-, 9-, 10-, and l l-oleate hydroperoxides 
emerge in peak 2; dienols from 9- and 13- 
linoleate hydroperoxides, and trienols from 9-, 
12-, 13-, and 16-1inolenate hydroperoxides 
emerge in peaks 2 and 3 (Table [). Peak 1 shows 
the presence of the TMS ester of stearic acid 
and 9,10-epoxystearate found in oxidized 
oleate (8). Other compounds identified from 
peaks 3, 4, and 5 are those found in oxidized 
methyl linoleate (9): epoxy-enols, 9,13-enediol, 
and enetriols. 

Figure 2 shows computer-generated gas chro- 
matograms of two samples of autoxidized 
MeSBO after catalytic hydrogenation of the 
double bonds and silylation. MS analysis (Table 
I) shows that peak 2 is due to the expected 
mixture of 8-, 9-, 10-, 11-, 12-, 13-, and 
16-hydroxystearates (TMS ethers) from the 
hydroperoxides of oleate, linoleate, and linole- 
nate. Peak 1 includes the TMS of stearic acid, 
keto-, and epoxystearates. Peak 3 is due to a 
mixture of hydroxyepoxy- and dihydroxy- 
stearate. Peaks 4 and 5 are attributed to a com- 
plex mixture of di- and trihydroxystearates 
previously identified in oxidized linoleate and 
linolenate (9,10). Qualitative identifications in 
Table I were confirmed by mass chromatog- 
raphy (8,9), an MS computer system involving 
comple te  scans of characteristic fragments 
p l o t t e d  against retention times (spectrum 
numbers). 

Quantitative Studies 

To estimate the different hydroperoxides in 
oxidized MeSBO, the same computer summa- 
tion method was used as established for known 
mixtures of hydroxystearates derived from 
autoxidized oleate (8), linoleate (9), and linole- 
nate (10). At PVs below 100, the unoxidized 
fatty esters dominated the mass spectra and 
interfered with the quantitative analyses of the 
hydroxystearates. This interference was re- 
moved by chromatographically concentrating 
the oxidation products after catalytic hydro- 
genation. The gas chromatograms of a sample 
of oxidized MeSBO (PV 33.5) are compared 
before and after chromatographic concentra- 
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FIG. 3. Gas chromatogram of trimethylsilyl ethers 
of hydrogenated-autoxidized soybean methyl esters 
(PV 33.5); A. Before chromatographic concentration; 
B. After chromatographic concentration. Peak 1 in- 
cludes TMS esters of stearic, ketostearic, and epoxy- 
stearic acids. Peak 2 and 2A are due to the TMS ethers 
of 8-, 9-, 10-, 11-, 12-, 13-, and 16-hydroxystearates 
from the hydroperoxides of oleate, linoleate, and 
linolenate. Peak 3 includes the TMS derivatives of 
hydroxyepoxy and dihydroxystearates. Peaks 4 and 5 
are attributed to the TMS derivatives of di- and tri- 
hydroxystearates (9,10). 

FIG. 2. GC-MS of trimethylsilyl ethers of hydro- 
genated-oxidized soybean methyl esters; A. Peroxide 
value 468. Arrows indicate position of individual 
spectra analyzed by GC-MS (Table I); B. Peroxide 
value 2352. Peak 1 includes TMS esters of stearic, 
ketostearic, and epoxystearic acids. Peak 2 is due to 
the TMS ethers of hydroxystearates from the hydro- 
peroxides of oleate, linoleate, and linolenate. Peak 3 
includes the TMS derivatives of hydroxyepoxy- and 
dihydroxystearates. Peaks 4 and 5 are attributed to 
the TMS derivatives of di- and tri-hydroxystearates 
(9,10). 

tion in Figure 3. Quantitative GC-MS analyses 
are based on the computer summation of all the 
spectra within peaks 2 and 2A corresponding to 
isomeric hydroxystearates. 

Samples of MeSBO were oxidized to various 
PVs and at different temperatures to investigate 
the relative contribution of hydroperoxides 
from oleate, linoleate, and linolenate. Analyses 
of the isomeric composition of hydroxy esters 
show an unexpectedly high proportion of the 
12-hydroxy isomers at low peroxide values 
(Table II). At PVs below 50, the 12-hydroxy 
isomer is significantly higher than the 16- 
hydroxy isomer. With increasing PVs there is a 
marked decrease in the 12- and increase in the 
13-isomer,  a small increase in the 9- and de- 
crease in the 10- and 16-hydroxy isomers. The 
initial isomeric ratio is in marked contrast to 

previous results with autoxidized pure methyl 
l i n o l e n a t e ,  where the proportion of the 
16-hydroperoxide is much greater than that of 
the 12-hydroperoxides (10,13). 

To verify our methodology, a sample of pure 
methyl linolenate autoxidized to a PV of 20 
was concentrated chromatographically after 
hydrogenation by the same procedure used for 
the MeSBO. The isomeric distribution deter- 
mined by GC-MS was 30% 9-, 13% 12-, 15% 
13-, and 42% 16-hydroxy esters. This distri- 
bution is the same as that previously deter- 
mined by GC-MS in highly oxidized methyl 
linolenate without chromatographic concentra- 
tion (10). 

The GC-MS analysis of hydroxyester was 
further checked by capillary GC (12). The 
s e p a r a t i o n  of two mixtures of synthetic 
hydroxy esters is compared with the isomeric 
mixture of a sample of hydrogenated-oxidized 
methyl linolenate (Fig. 4). The same trend was 
obtained as the GC-MS method, i.e., more 9- 
and 16-hydroxy esters than 12- and 13-hydroxy 
esters. However, when this capillary GC method 
was tested with known weighed mixtures of 
synthetic 9-, 12-, 13-, and 16-hydroxystearates, 
the results were not quantitative. Analyses were 
higher for 12-hydroxystearate (relative devia- 
tion: 3.8 to 12.8%) and lower for 16-hydroxy- 
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TABLE II 

GC-MS Analysis a of Isomeric Hydroxystearate in Autoxidized Soybean Esters 

43 

Run 
Oxidation Peroxide Relative percent 
temp., C valUe 8-OH 9-OH 10-OH 1 I-OH 12-OH 13-OH 16-OH 

1 b 30 4.4 1.4 40.5 3.9 1.5 21.8 24.2 6.8 
11.8 1.2 40.3 5.5 1.1 20.8 24.0 6.9 
16.8 1.1 40.8 3.5 1.0 17,5 28.2 8.2 
23.9 1,9 40.0 4.1 1.6 14.6 30.3 7.5 
35.5 1.9 40.8 2.3 2.2 9.5 35.4 8.2 
52.5 1.5 43.5 2.3 1.6 8.1 36.4 6.5 
85.0 1.4 43.3 2.4 1.5 5.6 38.5 7.2 

220 1.6 45.3 1.6 1.5 3.1 40.6 6.3 
30 4.0 1.2 41.1 4.0 1.6 17.2 28.8 6.1 

7.0 1.1 39.6 3.4 1.1 13.6 35.4 5.8 
9.9 1.1 39.1 4.5 1.6 9.0 38.4 6.3 

29.1 1.2 40.0 2.1 0.8 4.8 42.5 4.6 
43.6 1.9 44.2 2.0 1.4 2.9 43.3 4.3 

40 5.9 0.3 40.1 4.5 0.3 20.7 22.9 11.2 
9.3 1.4 39.1 4.4 2.0 17.7 27.8 7.8 

18.8 1.5 41.5 3.5 2.0 12.3 32.3 7.0 
58.6 1.9 42.0 2.5 2.0 6.6 37.4 7.7 

40 3.4 1.9 35.8 4.6 2.1 17.1 29.8 8.7 
4.5 1.3 37.6 5.1 2.2 13.5 33.8 6.5 
5.8 1.7 40.5 4.0 2.1 10.8 34.4 6.5 
9.0 1.8 40.9 4.0 1.5 9.0 36.6 6.2 

16.9 2.2 42.4 2.9 2.2 5.1 40.7 4.7 
29.5 1.1 44.3 2.4 1.6 3.3 41.8 5.5 
47.5 2.0 39.5 1.7 2.0 3.0 46.6 5.2 

60 10.0 0.9 33.5 3.8 2.0 17.0 31.2 11.7 
33.5 1.6 42.9 2.1 2.1 9.8 34.4 7.1 
47.6 1.5 44.2 1.7 1.9 7.1 35.4 8.1 

517 2.2 42.5 2.0 1.2 2.9 40.0 9.2 

aAll analyses reported are based on two or more replications. 
bSee Figure 6 for calculated hydroperoxide distribution. 

s teara te  (relative devia t ion:  1 to 12.9%). The  
incons i s t ency  of  these  devia t ions  p rec luded  the 
use of  a cor rec t ion  fac tor  to relate capil lary GC 
and GC-MS analyses.  

Figure 5 sh o ws  capil lary gas c h r o m a t o g r a m s  
for three s amples  of  h y d r o g e n a t e d - o x i d i z e d  
MeSBO. It is ev ident  tha t  the  1 2 - h y d r o x y  es ter  
is in relatively h igher  c o n c e n t r a t i o n  at t he  low 
PV th an  at the  h igh  PVs. A l t h o u g h  this  resul t  
c anno t  be t ak en  in abso lu te ly  quan t i t a t ive  
terms,  it clearly c o n f i r m s  the  same  t r end  as the  
GC-MS resul ts  (Table II). 

To  ca lcula te  the  p r o p o r t i o n  of  d i f fe ren t  
h y d r o p e r o x i d e s  in oxid ized  MeSBO, two  possi- 
bilities were cons ide red  for the  origin o f  the  
12-OH isomer.  Ei ther  this  i somer  c o m e s  f r o m  
l inolenate  by a u t o x i d a t i o n  (4), or f r om b o t h  l ino- 
leate and l ino lena te  by p h o t o s e n s i t i z e d  ox ida t ion  
(14,15) .  In the  first  case, the  p r o p o r t i o n  of 
l inolenate  h y d r o p e r o x i d e s  can be ca lucu la t ed  as 
before  (10) on the  basis of  the  averaged percen-  
tage of 12- and  1 6 -hyd roxys t ea r a t e s  (56.5%).  In 
the  second  case, l ino lena te  h y d r o p e r o x i d e s  can 
be e s t ima ted  on  the  basis of  the  averaged value 
for  16 -hydroxys tea ra t e ,  a s suming  it is p re sen t  
in the  s am e  p r o p o r t i o n  as in pu re  ox id ized  
l inolenate  (46%). In b o t h  cases the  oleate  

h y d r o p e r o x i d e s  are e s t ima t e d  on the  basis of  
the  8- and  1 1 - h y d r o x y s t e a r a t e  i somers  f o r m e d  
only  f rom oleate  (53.8%).  

If the  1 2 - h y d r o x y  i some r  c o m e s  f rom linole- 
n a t e  by a u t o x i d a t i o n ,  l ino lena te  hyd rope r -  
oxides  are the  m o s t  i m p o r t a n t  p r o d u c t s  at PVs 
be low 15 (Fig. 6). L ino lea te  h y d r o p e r o x i d e s  
b e c o m e  m o r e  i m p o r t a n t  at h igher  PVs. Oleate 
h y d r o p e r o x i d e s  are m i n o r  p r o d u c t s  at all levels 
of  o x i d a t i o n  s tudied .  If the  1 2 - h y d r o x y i s o m e r  
comes  f rom l inolea te  and  l ino lena te  by  pho to -  
sens i t ized ox ida t ion ,  l inolea te  h y d r o p e r o x i d e s  
b e c o m e  the  m o s t  i m p o r t a n t  p r o d u c t s  (76 to 
81%) at all levels of  o x i d a t i o n  over  a range in 
pe rox ide  values f r om a b o u t  4 to 85. L ino lena te  
h y d r o p e r o x i d e s  vary f rom 14 to  18% and oleate 
h y d r o p e r o x i d e s  f r om 4 to 6.5%. H y d r o p e r o x i d e  
c o m p o s i t i o n  was ca lcu la ted  as fol lows:  L n - O O H  
= 16-OH + 0 .46 ;  01 -OOH = (8-OH + 11-OH) + 
0 .538 ;  Lo-OOH -- 100- (Ln-OOH + 01-OOH).  

To  ascer ta in  the  origin o f  the  12-hydroper-  
oxide  in MeSBO, a t t e m p t s  were ma de  to 
s e p a r a t e  the  allylic a lcohols  derived f r o m  
h y d r o p e r o x i d e s  of  oleate ,  l inoleate ,  and  linole- 
hate .  Such  a d e t e r m i n a t i o n  was r epor t ed  by  
Wong and  H a m m o n d  (5) for  the  allylic a lcohols  
of  oleate and  l inolea te  h y d r o p e r o x i d e s .  How- 
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FIG. 4. Gas capillary chromatogram of trimethyl 
silyl ethers of hydroxystearates; A. Synthetic mixture: 
9-OH + 12-OH + 13-OH + 16-OH; B. Synthetic mix- 
tuxe: 8-OH + 9-OH + 10-OH + l l -OH + 12-OH + 
13-OH + 16-OH; C. Hydrogenated-autoxidized methyl 
linolenate (peroxide value 20). 
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FIG. 5. Gas capillary chromatogram of trimethyl 
silyl ethers of hydrogenated-autoxidized soybean 
methyl esters; A. Peroxide value 12; B. Peroxide value 
36; C. Peroxide value 220. 

ever, the more complex  mixture  of allylic 
alcohols f rom oxidized MeSBO could not  be 
separated, using either a GC system similar to 
that of Wong and Hammond  (5), or capillary 
GC (12). The  high pressure liquid chroma- 
tographic me thod  of Chart and Levet t  (13) was 
also tried with no success. 

D I S C U S S I O N  

GC-MS analysis of the highly autoxidized 
MeSBO reflects the same oxida t ion  products  
expected f rom the unsaturated fat ty  acid con- 
stituents. Compounds  ident i f ied are mainly 
those found in autoxidized pure l inoleate:  
hydroperoxides  (9 + 13), hydroxy-epoxy ,  di- 
and t r ihydroxy  esters, together  with small 
amounts  of  oleate hydroperoxides  (8 + 9 + 10 + 
11) and l inolenate  hydroperoxides  (9 + 12 + 13 
+ 16). Al though GC analyses of  NaBH4-reduced 
s a m p l e s  ind ica te  the origin of  oxidat ion  
products,  they  are not  quant i ta t ive  because 
allylic enols and dienols ( f rom oleate and lino- 
leate hydroperoxides)  are poor ly  separated and 
allylic dienols and tr ienols ( f rom linoleate and 
l inolenate hydroperoxides)  overlap (Fig. 1, 
Table I). 

Quant i ta t ive  GC-MS analysis of  the saturated 
hydroxy  derivatives has provided new insight 
on  the isomeric hydroperoxides  from the 
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FIG. 6. Effect of peroxide value on hydroperoxide 
composition of soybean methyl esters autoxidized at 
30 C, assuming 12-hydroxy isomer comes from lino- 
lenate by autoxidation. Hydroperoxide composition 
calculated as follows: Ln-OOH = (12-OH + 16-Oil) + 
0.565 ; 01-OOH = (8-OH + 11-OH) + 0.538; Lo-OOH = 
100 - (Ln-OOH + 01-OOH). 

ternary mix ture  of  oleate,  Iinoleate, and linole- 
nate  in soybean oil. In the previous paper (10), 
oxidat ion  of  an equal  mixture  of oleate, lino- 
leate, and l inolenate  produced more  l inolenate 
hydroperoxides  at PV 1 14 than l inoleate hydro- 
peroxides,  and their  ratio was reversed at higher 
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PVs. In the present paper  with MeSBO con- 
taining only 7% linolenate,  an unexpec ted ly  
high propor t ion  of the derived 12-hydroxy 
isomer was found at PVs below 50. This 
unusual isomeric compos i t ion  seems unique  to 
MeSBO because pure methy l  l inolenate oxi- 
dized at PV of 20 gave the same isomeric com- 
posi t ion as observed at much higher PVs (10). 
If the 12-hydroperoxide  in MeSBO comes from 
linolenate by autoxidat ion,  the high p ropor t ion  
of this i somer  can be rat ionalized as follows: 
less cycl izat ion of  the 12-1inolenate hydro-  
peroxide  (10), or more decompos i t ion  of  the 
16-1inolenate  hydroperoxide ,  or  allylic re- 
arrangement  f rom the 16- to the 12-hydro- 
peroxide (I 0). 

Photosensi t ized oxida t ion  of l inoleate  and 
hnolenate  is another  possible source of  the 
12-hydroperoxide  in weakly oxidized MeSBO. 
Clements et al. (16) found that  minor  compo-  
nents in refined soybean oil can act as a sensi- 
t izer for the pho toox ida t ion  of  a mode l  diene, 
4,7-undecadiene.  A singlet 0 2 in termedia te  was 
postulated that  produced a mixture  of conju- 
gated and nonconjuga ted  hydroperoxides .  More 
recently,  the hydroperoxides  f rom linoleate 
pho tosens i t i zed  with methy lene  blue were 
identif ied as a mix ture  of 9-, 10-, 12-, and 
13-isomers, and f rom l inolenate as a mix ture  of  
the 9-, 10-, 12-, 13-, 15-, and 16-isomers (15). 
This same mixture  was also ident i f ied f rom 
l inolenate oxidized in the presence of  erythro-  
sine as photosensi t izer  (17). Therefore,  in the 
present work, if  the 12-hydroperoxide comes 
from linoleate and l inolenate  by photosensi-  
tized oxidat ion,  then one would expect  a higher 
propor t ion  of the 10-hydroxy isomer  as well as 
some 15-hydroxy isomer from linolenate.  The 
propor t ion  of 10-hydroxy ester was indeed 
higher than ei ther the 8- or 11-hydroxy esters, a 
ratio which is no t  consistent  with analyses of 
autoxidized pure oleate (8). Al though the pro- 
por t ion of  10-hydroxy ester was much  lower 
than that  of  the 12-hydroxy ester, bo th  of  
those isomers decreased at higher PVs (Table 
II). The absence of  the 15-hydroxy ester that  
would be expec ted  f rom l inolenate by photo-  
s e n s i t i z e d  oxidat ion  cannot  rule out  this 
process. The 15-hydroperoxide is only  o n e  of  
the six isomers expec ted  f rom l inolenate and 
would be formed at a level below the l imit  of  
detect ion.  

At tempts  to determine the allylic alcohols 
directly by GC-MS were not  successful. At  a PV 
o f  4 6 8  ( T a b l e  I), the concent ra t ion  of 
12-hydroxy ester was too  low to determine  
whether  it is conjugated and derived f rom lino- 
lenate (m/e  183, 3.5%) or  nonconjuga ted  and 
derived f rom linoleate (m/e  185, 2.3%). At  PVs 

below 50, GC-MS analyses of  allylic alcohols in 
concent ra ted  samples did not  prove reliable. As 
p r e v i o u s l y  established, GC-MS analyses of  
aUylic alcohols are not  quant i ta t ive  and are sub- 
ject  to errors caused by thermal  rearrangement  
o f  t h e  TMS ethers under  GC condi t ions  
(10,18). There remains the problem of ex- 
p l a i n i n g  w h y  t h e  c o n c e n t r a t i o n  of  the 
12-hydroperoxide  (and to a certain degree the 
10-isomer) decreases at higher PVs. Oxygen 
repor tedly  quenches triplet  sensitizers (19,20),  
and their  effect  may become  negligible at high 
levels of  oxida t ion  where radical ox ida t ion  be- 
comes dominant .  

The results of  this s tudy have obvious impli- 
cations on the flavor precursors of oxidized 
soybean oil. The different  isomeric hydroper-  
oxide distr ibut ion observed at low levels of oxi- 
dat ion suggests that  it may  cont r ibute  to the 
unique flavor deter iora t ion of soybean oil. 
Critical problems for fur ther  work include 
determining whether  the unique hydrope rox ide  
composi t ion  of  MeSBO at low PVs is due to 
ei ther a different  mechanism of l inoleate and 
l inolenate oxida t ion  caused by minor  oil com- 
ponents  acting as photosensit izers,  or  decompo-  
sition of the respective hydroperoxides .  
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Lipogenesis in the Developing Brain" Utilization of Radioactive 
Leucine, Isoleucine, Octanoic Acid and fl-Hydroxybutyric Acid 
G O V I N D  A, OHOPESHWARKAR and CAROLE S U B R A M A N I A N ,  Laboratory of Nuclear Medicine 
and Radiation Biology, University of California, 900 Veteran Avenue, Los Angeles, California 90024 

ABSTRACT 

Incorporation of radioactivity from intracranially injected radioactive leucine, isoleucine (keto- 
genic amino acids), octanoic acid and fl-hydroxybutyric acid into the brain lipids of 15 to 16 day-old 
rats was examined. The results showed that radioactivity from all the above precursors was incor- 
porated into brain lipids. Radioactivity from injected isoleucine was incorporated into odd numbered 
fatty acids indicating an alternate pathway to c=-oxidation for the biosynthesis of these fatty acids in 
the brain. For some as yet unclear reasons, a substantial portion of the radioactivity from injected 
octanoic acid was incorporated into free fatty acids. Utilization of these compounds for providing 
carbon for lipogenesis during development under unstressed normal conditions is discussed. 

INTRODUCTION 

It is well known that the principal source of 
lipid carbon in the brain is blood glucose, in- 
cluding metabolites of glucose such as acetate, 
a-glycerophosphate,  and pyruvate. Manno- 
samine and galactose also are utilized in the 
formation of complex lipids. During the last 
few years, alternate sources for energy and lipid 
synthesis have been discovered. For example, 
ketone bodies, such as fl-hydroxybutyrate and 
acetoacetate, are utilized by human subjects (1) 
during severe fasting, and the newborn brain 
utilizes ketone bodies in significant amounts 
(2). Edmond (3) has recently shown that 
3-hydroxybutyrate was the preferred substrate 
for sterol and fatty acid biosynthesis and 
emphasized the major role of ketone bodies in 
the CNS during myelination. Lipogenesis from 
branched chain amino acids by homogenates of 
rat muscle (4) and recently by aorta (5) has 
been reported. Similarly, incorporation of label 
from isoleucine into odd numbered fatty acids 
of rat skin surface lipids (6) has been shown. 
Smith (7) has studied the uptake and incorpora- 
tion of leucine and isoleucine into lipids by 
brain and spinal cord slices and found that 
there was a considerable degree of crossover as 
lipid precursors. Recently Cremer et al. (8) have 
investigated utilization of octanoate, butyrate 
and leucine by the rat brain in vivo and effects 
of portocaval anastomosis on metabolism of 
these compounds. The present study was under- 
taken to explore sources of lipid carbon in the 
developing brain. Leucine and isoleucine are 
known ketogenic amino acids, and octanoic 
acid occurs in the lipids of milk (9), which is 
the sole source of nutri t ion for the suckling rat. 
Another peculiarity of octanoic acid, a medium 
chain fatty acid, is its ability to pass direct ly 
into the systemic blood bypassing the normal 
lymphatic absorption of long chain fatty acids. 

Thus, short chain fatty acids might be trans- 
ported and made available directly to the brain. 

MATERIALS A N D  METHODS 

Isotopes 

The following radioactive compounds were 
purchased from New England Nuclear, Boston, 
MA: [U-14C]leucine, 270 mCi/mM; [U-14C]- 
i s o l e u c i n e ,  270  mCi /mM;  [3-14C]DL fl 
hydroxybutyrate, sodium salt 1-5 mCi/mM; 
and [ 1-14CJ octanoic acid, 20-30 mCi/mM. 

Animals 

Fifteen to sixteen day-old suckling rats (four 
in a group), average weight 31.4 + 3.8 g, were 
used in the study; the first group of rats was 
given 62.5 pCi of [U-14C]leucine per rat, the 
second group was given 62.5 pCi of [U-14C] - 
isoleucine per rat, the third group was given 25 
/dCi of [3-14C]fl-hydroxybutyrate per rat and, 
finally, the fourth group received 62.5 pCi of 
[ 1-14C] octanoic acid per rat. All isotopes were 
injected directly into the brain (10). All animals 
were sacrificed 1 hr after injection. 

Lipid Extraction and Fractionation 

The brain was excised, following decapita- 
tion, and lipids were extracted from the pooled 
tissue by the method of Folch et al. (11). The 
chloroform phase was washed several times and 
the upper phase was tested for radioactivity. 
When no radioactivity was found in the upper 
phase, the total lipids were assumed to be free 
from water soluble starting material. In the case 
of fl-hydroxybutyrate, after the above men- 
tioned washing procedure, the total lipids were 
additionally dissolved in benzene and washed 
with water, fl-Hydroxybutyrate is sparingly 
soluble in benzene and was thus removed. In 
the case of octanoate, we did not find any 
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T A B L E  I 

Radioactivity in Brain Lipids 1 hr After Intracranial Injection 

TRACER 

[U-14C] [U-14CI 
Leucine Isoleucine 

13-14c1/3 
Hydroxy 
butyrate 

11-14C 1 
Octanoic 

acid 

Total lipids mg/g wet wt 48.3 52.9 54.9 48.5 
Percent of dose incorporated a 0.97 0.42 0.87 0.48 
Ratio of radioactivity 

Polarlipids 
Free st erols 2.08 3.58 2.18 2.85 

Percent of total radioactivity 
Neutral lipids 

Free sterols 72.6 67.2 75.3 31.5 
Total acyl glycerides 9.9 11.1 8.5 7.9 
Free fatty acids 17.5 21.7 16.2 60.6 

Total polar lipids 
Choline phosphoglycerides 51.2 49.7 50.7 46.4 
Ethanolamine phosphoglycerides 21.2 17.5 18.9 4.6 
Serine phosphoglycerides 10.8 9.6 8.4 5.5 
Cerebrosides 9.2 10.7 13.3 14.8 
Sphingomyelin 3.3 2.3 1.7 1.7 
Ceramide 2.4 8.8 5.5 22.7 

aDose incorporated = Radioactivity in total lipids per g wet wt 
Dose injected (~tCi) x 100 

m e a s u r a b l e  oc tanoa te  radioactive peak on 
radioanalysis (GLC) and, therefore,  it was 
assumed that  the original total  lipid ext rac t  did 
not  contain any appreciable amounts  of  this 
injected material.  Ano the r  cri terion used to 
est imate contamina t ion  of  total  lipids f rom 
starting material  was the total  amount  of  radio- 
activity recovered in various lipid componen t s  
a f t e r  c h r o m a t o g r a p h y .  This ranged f rom 
93-95% of  the total  lipid radioact ivi ty applied 
to the GLC plate. Frac t iona t ion  was achieved 
by a combina t ion  of  silica gel co lumn and thin 
layer chromatography  and radioact ivi ty deter- 
mined as described previously (12). Radio-gas 
liquid ch romatography  (GLC) was pe r fo rmed  
using a Packard GLC Model 824 in combina t ion  
with a p ropor t iona l  counter  Model  894 under  
condi t ions  described before  (10). 

R ESUL"IS 

Table I shows the percent  of  the injected 
radioact ivi ty incorpora ted  into  the brain to ta l  
lipids per g of  wet brain by the end of  1 hr. At 
this t ime interval,  the radioact ivi ty in brain 
lipid f rom injected leucine was highest, whereas 
it was lowest  fol lowing inject ion of  isoleucine.  
Radioact ivi ty  incorpora t ion  f rom fl-hydroxy- 
butyra te  was closer to that  f rom leucine and 
incorpora t ion  f rom injected octanoate  was 
close to that  f rom isoleucine. Since brain lipids 
consist largely of  polar  lipids (phospho + 
sphingolipids) and free sterols, the ratio o f  to ta l  
radioact ivi ty  of  polar  lipids to that  o f  free 

sterols per g wet brain was calculated f rom 
specific act ivi ty values determined exper imen-  
tally. The  ratio was higher  fol lowing inject ion 
of isoleucine than leucine. This indicated that  a 
large p ropor t ion  of  radioact ivi ty  from radio- 
active isoleucine was incorpora ted  into  fat ty  
acids relative to free sterols and vice-versa when 
radioactive leucine was injected.  The  rat io fol- 
lowing f l -hydroxybutyra te  inject ion was closer 
to that  obta ined after leucine injection, whereas 
the ratio after  oc tanoate  in ject ion was closer to 
that af ter  isoleucine inject ion.  

The distr ibut ion of  radioact ivi ty  is given 
separately for neutral  (less polar) and polar  
lipids in Table I. The radioact ivi ty  distr ibution 
in various neutral  lipid components ,  fol lowing 
inject ion of  radioactive octanoate ,  is quite  
different  f rom that  obta ined  after  inject ion of  
all the o the r  labeled compounds .  The free fat ty  
acid c o m p o n e n t  conta ined more than half  of 
the to ta l  radioactivity.  This free fa t ty  acid frac- 
t ion was collected,  methy la ted  and analyzed by 
radio-GLC (Table II). It was found that  50% of 
the radioact ivi ty in this f ract ion was associated 
with the oc tadecenoate ;  palmita te  had 35.4% 
and stearate contained 14% of the total  radio- 
activity. The  distr ibution of  radioact ivi ty in 
fat ty acids from total  polar  lipids, on the o ther  
hand, showed that  about  65% of  the radio- 
activity was in palmitic acid, and the remaining 
35% was about  equally associated with 18:0 
and 18:1. Since the radioact ivi ty  distr ibution 
be tween the carboxyl  carbon and the total  
fa t ty  acids (% RCA) has been used to ascertain 
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TABLE II 

Percent Distribution of Radioactivity in the Free Fatty Acid Fraction and Fatty Acids 
from Total Polar Lipids of Brains of Rats Injected with [ 1-14 C ] Octanoic Acid 

49 

% of Total Radioactivity % RCA a 

Free Fatty acid Fatty acids 
fatty acid from total Free fatty from total 

Fatty acid fraction polar lipids acid fraction polar lipids 

16:0 35.4 64.8 13.6 12.6 
18:0 14.0 18.7 20.7 18.5 
18:1 50.6 16.6 . . . . .  

Radioactivity in -COOH 
a%RCA = X 100 

Radioactivity in total fatty acid 

TABLE III 

Percent Distribution of Radioactivity in Brain Fatty Acids of 
Total Polar Lipids 1 hr Following Intracranial Injection a 

[3-14C113 [1-14C] 
[U-14C] [U-laC] Hydroxy Octanoic 

Fatty acid Leucine Isoleucine butyrate acid 

1 4 : 0  4 . 0  - -  2 . 7  --- 

1 5 : 0  - -  9 , 0  . . . .  

1 6 : 0  6 4 . 4  4 7 . 9  5 8 . 9  6 4 . 8  

1 6 : 1  . . . .  4 . 7  - -  

1 7 : 0  - -  1 0 . 7  . . . .  

1 8 : 0  1 9 . 8  1 7 . 3  2 5 . 2  1 8 . 7  

1 8 : 1  1 1 . 9  1 5 . 0  8 . 4  1 6 . 6  

as000 to 7000 cpm were injected into the GLC column radio- 
GLC settings: 500 cpm to give full scale deflection, 

the  syn the t i c  pa thway ,  the indiv idual  f a t ty  
acids were isola ted and  deca rboxy la ted .  How- 
ever, t he  % RCA values for  f a t t y  acids were the  
same irrespect ive of  the  source.  T h e  distr ibu-  
t ion  of rad ioac t iv i ty  in various polar  l ipid com- 
p o n e n t s  (Table  I) showed  tha t  chol ine  phospho-  
glycefide was the  mos t  radioac t ive  c o m p o n e n t  
i r r e s p e c t i v e  of the  t racer  injected.  Again 
[ 1-14C] oc t anoa t e  in jec t ion  resul ted  in a distri- 
b u t i o n  of rad ioac t iv i ty  tha t  was d i s t inc t  f rom 
o the r  in t racran ia l ly  admin i s t e red  c o m p o u n d s .  
Ceramide,  for  example ,  con t a ined  a r a t h e r  h igh 
a m o u n t  of  radioac t iv i ty .  

Table  III shows the  d i s t r i bu t ion  of  radio- 
act ivi ty  in various fa t ty  acids fo rmed  f rom 
in jec ted  labeled c o m p o u n d s .  As before ,  16:0  
had the  largest a m o u n t  of  rad ioac t iv i ty .  Injec- 
t ion  of  isoleucine resul ted  in an apprec iable  
a m o u n t  of  rad ioac t iv i ty  in odd  cha in  f a t ty  
acids, 15:0 and  17:0.  No o t h e r  in jec ted  radio- 
active c o m p o u n d s  gave rise to  rad ioac t iv i ty  in 
the  odd  chain  f a t ty  acids. /3 -Hydroxybutyra te  
in jec t ion  gave rise to  rad ioac t iv i ty  in palmit -  
oleate,  whereas  [ U - 1 4 C l l e u c i n e  was the  on ly  
t racer  t ha t  resul ted  in d is t inct  rad ioac t iv i ty  in 
the  p o l y u n s a t u r a t e d  fa t ty  acids 2 0 : 4  and  22:4 .  
In spi te  of several a t t e m p t s  wi th  a m o u n t s  up to 

10,000 cpm in jec t ion ,  no  rad ioac t iv i ty  was 
no t i ced  in the  p o l y u n s a t u r a t e d  f a t t y  acid fol- 
l o w i n g  in jec t ions  of  labeled isoleucine,  ~- 
h y d r o x y b u t y r a t e  or oc t anoa te .  

DISCUSSION 

/ 3 - H y d r o x y b u t y r a t e  has been  s h o w n  to 
provide  c a r b o n  for  l ipogenesis  dur ing  the  early 
stages of  b ra in  d e v e l o p m e n t  (3).  In t race rebra l  
in jec t ions  of  labeled c o m p o u n d s ,  such  as the  
ke togenic  amino  acids, leucine and  isoleucine,  
as well as oc tano ic  acid, a n o r m a l  c o m p o n e n t  of  
rat  mi lk  (9) ,  resul ted  in rad ioac t iv i ty  in  b o t h  
polar  lipids and free sterols.  This  ind ica ted  t ha t  
me tabo l i c  reac t ions  re la ted  to ca tabo l i sm of  
leucine,  i soleucine and  o c t a n o a t e  t ha t  p rovide  
acetyl  CoA for  l ipogenesis  can occur  in the  
bra in  in situ. Earl ier  work  by  Patel  and  Balazs 
(13)  ind ica ted  tha t  sys temical ly  admin i s t e red  
[ U-14C] l euc ine  led to  a low i n c o r p o r a t i o n  o f  
rad ioac t iv i ty  in to  b ra in  lipids. T h e y  also indi- 
ca ted  t ha t  the  i n c o r p o r a t i o n  of  rad ioac t iv i ty  in 
the  whole  t issue r eached  a m a x i m u m  at a b o u t  1 
hr  a f te r  in jec t ion ,  and  the  rad ioac t iv i ty  in " in-  
t e rmedia tes  of leucine  c a t a b o l i s m "  also reached  
a h igh  rad ioac t iv i ty  at a b o u t  the  same t ime. 
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This led us to sacrifice the animals 1 hr after 
injection. It is interesting to note that incor- 
poration of  radioactivity into brain total lipids 
from injected /3-hydroxybutyrate (known to 
provide carbon for lipogenesis in suckling 
animals) was, in fact, slightly lower than incor- 
poration from labeled leucine (Table I). It 
should be recalled that one molecule of CO 2 is 
lost during catabolism of leucine resulting in 
the formation of acetoacetate plus acetyl CoA 
and thus, not all the radioactive carbons from 
[U-14C]leucine can be utifized for fatty acid 
synthesis (lipogenesis). Isoleucine is catabolized 
to form a-methyl /3-hydroxy butyryl CoA 
which results in the formation of propionyi 
CoA plus acetyl CoA. Propionyl CoA can be a 
substrate for the synthesis of odd numbered 
fatty acids (14). Odd numbered fatty acids can 
also arise by a-oxidation of even numbered 
acids (15,16). Injection of [U-14C]isoleucine 
resulted in appreciable amounts of 15:0 and 
17:0 as shown in Table III, strongly suggesting 
that isoleucine was a source of carbon for odd 
chain fatty acids. The ratio of radioactivity of 
polar lipids to free sterols per g wet brain was 
higher after injection of [U-14C]isoleucine, 
indicating a lower amount of 14C in free sterols 
possibly due to the fact that neither HMG-CoA 
nor  a c e t o a c e t a t e  are formed directly by 
catabolic reactions of isoleucine. On the other 
hand, both /3 hydroxybutyrate and leucine 
produce HMG-CoA and acetoacetate which, in 
turn, are substrates for synthesis of free sterols. 
Octanoic acid injection resulted in a rather sur- 
prisingly high radioactivity in the free fatty acid 
fraction of brain total lipids as compared to 
when leucine, isoleucine or 13 hydroxybutyrate 
was injected. At first, we assumed that this 
might be unincorporated tracer itself. However, 
analysis of this fraction by radio-GLC indicated 
that there was no peak corresponding to radio- 
active octanoate, and instead the radioactivity 
was distributed between 18:1, 16:0 and 18:0 in 
the proportion of 50, 35 and 14% of the total 
radioactivity. Since this was not the unincor- 
porated starting tracer material, we thought it 
might be an artifact formed from the total 
lipids during the work up. However, the radio- 
activity distribution in the total fatty acids ob- 
tained by methanolysis of polar lipids was not 

similar to the above distribution. When routes 
of biosynthesis were examined by way of radio- 
act ivi ty  distribution between the carboxyl 

carbon in relation to the radioactivity of the 
whole molecule (%RCA), it was found to be 
identical in fatty acid from the two fractions 

(Table III). Thus, octanoate was activated and 
catabolized by /3 oxidation to acetyl CoA 

which, in turn, led to the synthesis of other 
fatty acids, which, for unknown reasons, were 
not  incorporated extensively into complex 
lipids. 

The developing brain needs a supply of pre- 
cursors and some preformed compounds for 
rapid buildup of lipids. In earlier experiments 
(17), we found that 1 hr after intracerebral 
injection of [U-14C]glucose, 0.75% of the 
injected 14C was incorporated into brain total 
lipids in 15-day-old rats. The present work indi- 
cates that radioactivity from /3-hydroxybuty- 
rate and leucine incorporated into brain lipids 
was not lower than that from radioactive glu- 
cose. The intracerebral injection of a radio- 
active compound can only show metabolic reac- 
tions that the neural tissue is capable of per- 
forming, but availability of substrate in the cir- 
culating blood, transport from the blood into 
the brain, endogenous levels in the brain, turn- 
over rate in the brain, etc., all play a specific 
role in the overall metabolism in vivo, and this 
will influence the observed percent of given 
dose incorporated into total lipids per g of wet 
brain. Since the penetration of leucine from the 
blood into the brain and its endogenous level in 
the brain is higher in the developing brain than 
in the adult brain (18), it seems that during 
development under normal conditions, the 
brain may have the potential to utilize sources 
other than glucose for providing a carbon 
source for lipogenesis. 
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A Comparison of the Ganglioside Distributions of Fat Tissues in 
Various Animals by Two-Dimensional Thin Layer Chromatography 
MASAKO OHASHI, Research Institute of Food Chemistry, 
Ochanomizu University, 2-1-1, Otsuka, Bunkyo-ku, Tokyo 1 12, Japan 

ABSTRACT 

The ganglioside distributions of various fat tissues from human, rabbit, rat, mouse, chicken and 
frog were compared with pig adipose gangliosides by two-dimensional thin layer chromatography. It 
was found that there is a remarkable species variation in ganglioside distribution, especially in the 
composition and relative concentration of complex gangliosides. Differing from pig adipose tissues, 
those of human, rabbit, rat, mouse, chicken, but not frog, contained GM3 as a most abundant 
ganglioside. The data for human, rabbit and chicken indicated a simple distribution of only NeuAc- 
type gangliosides, while those for rat and mouse indicated a rather complicated pattern containing 
both NeuAc- and NeuGc-type gangliosides. The ganglioside pattern of the frog fat body differed 
markedly from those of mammalian fat tissues because of the presence of three different, unusual 
monosialosylgangliosides as major components. In other respects, a substantial amount ef disialosyl- 
gangliosides was commonly found in all animal fat tissues. 

INTRODUCTION 

In connection with the study on the glyco- 
lipid composition of pig adipose tissue (1), this 
paper is focused on the ganglioside composition 
of fat tissues in other species of animals. It will 
present comparative data of the ganglioside 
composition of fat tissues from human, pig, 
rabbit, rat, mouse, chicken and frog obtained 
by two-dimensional thin layer chromatography 
(TLC) using two solvent pairs. 

MATERIALS AND METHODS 

Fat Tissues 

Fat tissues from individual animals used are 
as follows: abdominal subcutaneous fat, 28 g, 
of human (Japanese, female, 75 years old); loin 
adipose tissue of pig (Yorkshire-middle-type) 
(1); renal fat, 328 g, from two rabbits (New 
Zealand White, male, 12 months old); a mixture 
of epididymal and abdominal subcutaneous 
fats, 96 g, of two rats (Wistar, male, 26 months 
old); epididymal fat, 14 g, of mouse (C3H/He, 
male, 6 weeks old); renal fat, 140 g, of two 
chickens (White Leghorn, male, 12 months 
old); and frog fat body, 515 g (Rana cates- 
beiana). 

In addition to the rat tissues described 
above, epididymal, abdominal and back sub- 
cutaneous fats (28 g, 30 g and 37 g, respec- 
tively) of 12 rats (Wistar, male, 8 weeks old) 
were used for the analysis of ganglioside varia- 
tion in various fat tissues within one species. 

Reference Substances 

The following purified gangliosides from pig 
adipose tissue (1) were used for TLC as 
references: GM3 (NeuAc-type), GM3 (NeuGc- 

type), GM 1 (NeuAc-type), GD 1 a (NeuAc-type), 
GDla  (containing both NeuAc and NeuGc in a 
single molecule), GT1 (NeuAc-type), sialosyl- 
paragloboside (NeuAc-type) (SPG), GlcNAc-(2 

m o l ) - c o n t a i n i n g  ganglioside (NeuAc-(Gal- 
G l c N A c ) 2 - G a l - G l c - c e r a m i d e )  (2), fucose- 
containing gangliosides (fucosyl-GM1) (NeuAc- 
type and NeuGc-type). A monosialosylganglio- 

side mixture which had been separated from pig 
adipose glycolipids by DEAE-Sephadex column 
chromatography was routinely used for two- 

d i m e n s i o n a l  TLC as a reference marker, 
Purified GM1 and a mixture of GDla  and 
GDlb  from bovine brain and GM2 from human 
brain with Tay-Sacks disease were also used. 

Gas Liquid Chromatography 

The sialic acid and glucose contents of total 
glycolipid fractions were determined by gas 
liquid chromatography (GLC) according to 
Sweeley and Walker (3), using mannitol as an 
internal standard. The species of sialic acid also 
was analyzed according to Yu and Ledeen (4). 

Preparation of Ganglioside Fraction 
from Fat Tissues 

The total glycoliPids were isolated by hot 
ethanol extraction from tissue defatted with 
acetone, as described previously (1). They were 
dissolved by sonication in a small amount of 
chloroform-methanol-water (3 :7 : i ,  v/v), at 45 
C, and then left to stand overnight at 5 C. The 
insoluble materials containing most of the phos- 
pholipids and residual triglycerides were re- 
moved by centrifugation, and the clear super- 
natant was used as a sample of the total ganglio- 
side mixture for the present study. 
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TABLE I 

Amounts of Totai Glycolipids(gmol of Glucose/lOOg of Fresh Tissue) 
and Gangliosides(#mol of Sialic Acid/lO0g of Fresh 

Tissue) from Fat Tissue in Various Animals 

Fat tissue 

Amount of total 
glycolipids Amount of gangliosides 

pmol o f  #mol of sialic 
glucose/100g acid/100g 
of fresh tissue of fresh tissue 

Human 
Rabbit 
Rat 

Mouse 
Chicken 
Frog 

Pig a 

Subcutaneous fat 2.4 2.4 
Renal fat 0.62 0.85 
Mixture of epididymal 1.5 1.6 
and subcutaneous fats 
Epididymal fat 3.5 5.5 
Renal fat 1.3 1.6 
Fat body 1.6 1.9 

Subcutaneous fat 1.2 1.5 

aprevious data (1). 

Identification of Gangliosides by Two-dimensional 
TLC with Two Solvent Pairs 

The solvent systems used were: (A) chloro- 
form-methanol-28% aqueous ammonia-water 
(60:40:3:6,  v/v) developed twice in all cases, 
(B) n-propanol-28% aqueous ammonia-water 
(75:5:25, v/v) and (C) chloroform-methanol- 
water (60:40:9, v/v). Small-sized precoated 
silica gel plates (10 x 10 cm, E. Merck, Darm- 
stadt, Cat. No. 5721) were used in all cases. A 
sample of the total gangliosides was applied on 
two silica gel plates (4-5 pg of lipid-bound sialic 
acid/plate) and separated into individual com- 
ponents by two-dimensional TLC with two sol- 
vent pairs of the above three solvent systems; 
that is, both plates with the same sample were 
developed simultaneously with the solvent (A) 
to the first direction, and then one was fol- 
lowed by (B), and the other was followed by 
(C),  to the second direction. After each 
development the plates were dried over P205 
for at least 2 hr in vacuo, and the final solvent 
was removed by blower. The gangliosides were 
made visible by spraying the plate with re- 
sorcinol reagent (5) and heating it at 120 C for 
several minutes. Several principal components 
of a sample on a pair of plates were identified 
with reference to standard gangliosides of 
known structure. 

RESULTS AND DISCUSSION 

Although the site of  the fat tissue sample 
was not always the same with each animal, the 
crude glycolipid fractions ("protagon")  ob- 
tained by hot ethanol extraction were around 
0.05% (by weight) of the original fat tissues in 
all animals. These fractions were still contami- 
nated with a considerable amount of phospho- 

lipids and residual neutral lipids; the clear 
supernatants obtained after exhaustively solu- 
bilizing them in chloroform-methanol-water 
(3:7: 1, v/v), were therefore used as the sample 
of total gangliosides. 

Both amounts of total glycolipids and gang- 
liosides as determined by GLC analysis of 
glucose and sialic acid, respectively, were in the 
range of 1-2 pmoles of glucose or sialic 
acid/100 g of fresh tissue as shown in Table I. 
These values suggested that the amount of gang- 
liosides exceeded that of neutral glycolipids in 
all fat tissues, and they were in good agreement 
with previous data of pig adipose. Only in the 
epididymal fat of mouse, both amounts were 
two or three times higher than those of others, 
and the amount of gangliosides was similar to 
that found in rabbit muscle (6) and other extra- 
neural tissues (7,8). In human, rabbit, and 
chicken fat, most of the sialic acids in the total 
gangliosides were found in N-acetylated form, 
while rat, mouse, frog as well as pig fat con- 
tained N-glycolylneuraminic acid in rates of 
25%, 11%, 7% and 9%, respectively, together 
with the N-acetylated form of the acid. 

On a pair of two-dimensional thin layer 
chromatograms, most of the pig adipose gang- 
liosides of known chemical structure could be 
identified by referring to their relative migra- 
tion rates with the three solvent systems used, 
as indicated in Figure 1. The sample was 
applied at the lower right side of chromato- 
grams a and b in Figure 1 ; these were developed 
upward, first, with solvent (A), and then to the 
left followed by (B) and (C), respectively. Each 
component was designated in the map of spots 
above chromatograms a and b. The chemical 
s t r u c t u r e  o f  s e v e r a l  minor components, 
especially those having low Rf values, is still 

LIPIDS, VOL. 14, NO. 1 



54 MASAKO OHASHI 

FIG. 1. Two-dimensional TLC with map of spots 
of total gangliosides from pig adipose tissue. The 
sample was applied at the lower right side of plates a 
and b. The same solvent (A) chloroform-methanol- 
28% aqueous ammonia-water (60:40: 3:6) was used for 
the first development (upwards); then solvent (B) 
n-propanol-28% aqueous ammonia-water (75:5:25- 
and solvent (C) chloroform-methanol-water (60:40:9) 
for the second development (to the left). Note that by 
comparing the two chromatograms, the basic solvent 
(B) causes a greater change in the migration of the 
more acidic di- and trisialosylgangliosides than in that 
of the monosialosyl components. Abbreviations: 
GM3(NA), NeuAc-Gal-Clc-ceramide; GM3(NG), 
NeuGc~ SPG, NeuAc-Gal-ClcNAc- 
Gal-Cle-ceramide; GM1, Gal-GalNAc-(NeuAc)Gal-Glc- 
ceramide; GDla, NeuAc-Gal-GalNac-(NeuAc)Gal-Glc- 
ceramide; GDIa(NA,NG), a mixture of NeuAc-Gal- 
GalNAc-(NeuGc)Gal-Glc-ceramide and NeuGc-Gal- 
GalNAc-(NeuAc)Gal-Glc-ceramide; FG(NA), Fuc-Gal- 
GalNAc-(NeuAc)Gal-Glc-ceramide; FG(NG), Fuc-Gal- 
Gal NAc-(NeuGc)Gal-Glc-ceramide; GTI, NeuAc-Gal- 
GalNAc-(NeuAc-NeuAc)Gal-Glc-ceramide; (a). Spot 
No. 12 was estimated as GD3, NeuAc-NeuAc-Gal-Glc- 
ceramide, on this figure; (b). Spot No. 8" is a GlcNAc- 
(two moles)-containing ganglioside, NeuAc-Gal- 
GlcNAc-Gal-GlcNAc-Gal-Glc-ceramide, with close 
migration to FG(NA). 

unknown. Spot No. 12 seemed to be a disialo- 
sylganglioside GD3 judging from its chromato- 
graphic behavior. The spot designated as Y is 
negative with resorcinol reagent and is a globo- 
side, a major neutral glycolipid in pig adipose. 

The same chromatographic systems were 
routinely employed for separation and identifi- 
cation of adipose gangliosides in the other 
animals. A pair of chromatograms with a map 
of the spots for iUustration in Figures 2 to 7 
show ganglioside patterns in human, rabbit, rat, 
mouse, chicken and frog fat tissues. It was 
found in most animals except for the frog that 
GM3 ganglioside(s) was dominant, as in organs 
other than those of the central nervous systems 

FIG. 2. Two-dimensional TLC with map of spots 
of total gangliosides from human adipose tissue. The 
development systems described in Figure 1 were used. 
Spots "Y" were neutral glycolipids, while all other 
spots even without designation were resorcinot- 
positive. See Figure 1 for abbreviations and comments. 

(7,9,10), but there were marked species varia- 
tions in the other small components among the 
different animals. 

In human fat (Fig. 2), more than twelve 
components of gangliosides were observed. The 
major GM3 is clearly identified only with the 
NeuAc-type. The second major component 
should be a disialosylganglioside GD3 showing 
characteristically higher migration than that of 
GM1 in basic solvents (A) and (B). The third 
spot, which migrated between GM3 and GD3, is 
p r o b a b l y  sialosylparagloboside because its 
migration is slightly lower than that of GM2 
ganglioside (Fig. 2). The fourth one should be a 
GDla  ganglioside showing typical chromato- 
graphic behavior in both systems. GM1 ganglio- 
side was also present in a small amount. 

Rabbit gangliosides (Fig.3) seemed to be 
similar to those of human (Fig.2) and chicken 
(Fig.6); they contained NeuAc-type of GM3, 
s ia lo  sylp  a ragloboside, disialosylgangliosides, 
GD3 and GDla, and smaller amounts of lower 
Rf components. In this case the amount of 
GDla exceeded that of GD3, contrary to the 
situation in human fat. A distinct unidentified 
spot just behind GDla was also found domi- 
nantly in chicken and will be discussed later 
(Fig.6). In contrast to the similarities of the 
simple ganglioside patterns of human, rabbit and 
also chicken, the distributions of neutral glyco- 
lipids (spots designated as Y) are quite different 
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FIG. 3. Two-dimensional TLC with map of spots FIG. 5. Two-dimensional TLC with map of spots 
of total gangtiosides from rabbit renal fat. of total gangliosides from mouse epididymal fat pad. 

FIG. 4. Two-dimensional TLC with map of spots 
of total gangliosides from rat fat tissues. 

f rom each  o ther ,  suggest ing t h a t  the re  is m u c h  
more  species var ia t ion  such as t ha t  seen in 
e r y t h r o c y t e  m e m b r a n e s  (1 1-14). 

In b o t h  rat  (Fig .4)  and mouse  (Fig.5) ,  the  
ganglioside compos i t i on  was found  to be r a the r  
compl ica ted ,  because  of  the  presence  of  two  
species of  sialic acids, NeuAc  a n d N e u G c .  It was 
de t e rmined  in the  rat  t h a t  more  t han  t w e n t y  
species of  gangliosides are widely d i s t r ibu ted ;  
these cons is t  of  GDla  as a pr incipal  c o m p o n e n t  

FIG. 6. Two-dimensional TLC with map of spots 
of total gangliosides from chicken renal fat. The 
development systems described in Figure 1 were used. 
The spots "Y" in chicken (not observed in frog) were 
negative with resorcinol reagent, but were examined 
further. All other spots even without designation were 
resorcinol-positive. See Figure 1 for abbreviations and 
comments. 

in add i t i on  to a large a m o u n t  of GM3 ( b o t h  
NeuAc-  and  NeuGc- type) ,  and  each series of 
mono- ,  di- and  tr is ialosyl  groups t h a t  were n o t  
precisely ident i f ied.  Mouse gangliosides are 
similarly compl ica ted ,  b u t  in a sl ightly d i f fe ren t  
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FIG. 7. Two-dimensional TLC with map of spots 
of total ganglsiosides from frog fat body. 

FIG. 8. Two-dimensional TLC of total ganglio- 
sides from separate fat tissues in rat. a) Epididymal 
fat, b) abdominal adipose, c) back adipose, d) same rat 
sample as shown in Figure 4. Samples were applied to 
silica gel plates and developed with solvent (A), fol- 
lowed by (C), by developing twice in each dimension. 
Better resolution of ganglioside species was obtained 
with this solvent system (cf. Fig. 4). 

pattern. A distinct amount of GM2 ganglio- 
sides, besides GM3 and no GD3, were found in 
this case. The presence of GDla was common in 
the rat. Other components in the mouse could 
not be resolved clearly due to an insufficiency 
of the sample. 

In chicken (Fig.6), a relatively simple gang- 
lioside pattern was found, which was charac- 
terized by the presence of an intense spot of an 

unidentified component (marked 1 in the map) 
together with a principal GM3 (NeuAc-type) 
and about ten species of minor gangliosides. 
Spot 1 seemed to be a component  similar to 
that present in rabbit gangliosides which has a 
slightly different migration from fucosyl-GM1 
(NeuAc-type), running somewhat faster in the 
basic solvent (B) and more slowly in the neutral 
solvent (C) than fucosyl-GM1. Such a migra- 
tion behavior is quite similar to that of a 
m o n o s i a l o s y l g a n g l i o s i d e  containing hepta- 
saccharide with a sialic acid residue at an 
external position (for example, the spot No.8" 
in Figure 1). 

The frog was the only cold blooded animal 
used in the present experiment. As shown in 
Figure 7, its ganglioside pattern was strikingly 
different from those of the other animals. 
Along with the several major gangliosides, 
about ten spots of resorcinol-positive small 
components were clearly resolved. The presence 
of a certain amount of disialosylgangliosides, 
GD3 and GDla, and trace amounts of GM1 and 
GTI are common to all the animals, but the 
amount of GM3 was smallest. It is quite 
interesting that frog fat bodies contain predomi- 
nantly a series of unusual gangliosides (marked 
1, 2 and 3 in the map) which were separated in 
a row over the low Rf region on thin layer chro- 
m a t o g r a m s .  A c c o r d i n g  to their chroma- 
tographic behavior, it was suggested that they 
should be grouped into a monosialosylganglio- 
side, and actually this was supported by DEAE- 
Sephadex column chromatography in further 
studies. The large components, 2 and 3, seemed 
to have mobilities similar to the NeuGc- and 
NeuAc-types of fucosyl-GM1, respectively, but 
their distributions were too broad and too large 
to be identified at present. The lowest one, 1, 
was the most characteristic component in the 
frog, and it is probably a novel ganglioside with 
no references. Studies on the precise chemical 
structures of these characteristic components 1, 
2 and 3, are now in progress and will be re- 
ported in the near future. 

From these findings, it was thus clearly 
defined that there are marked species variations 
in the ganglioside distribution of fat tissues 
from various animals, but a substantial amount 
of disialosylganglioside, both GDla and GD3, is 
commonly present in all animal fats. In addi- 
tion, GM1, which has been demonstrated to be 
the receptor for cholera toxin in adipocytes 
(15,16), was always present in a constantly 
small amount in all animals except the chicken. 
Since GM1 was only a small spot on TLC even 
in the large preparation of whole fat tissue, it is 
conceivable that no GM1 could have been 
detected chemically in the isolated fat ceils 
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(17).  Recent ly ,  however ,  Pacuszka et al. indi- 
ca ted the  presence  of  the  nat ive  GM1 ( b o t h  
NeuAc- and  NeuGc- types )  in ra t  ad ipocy t e  pre- 
para t ions  accord ing  to the i r  sensi t ive m e t h o d  
(18) .  

I t  was also realized f rom these resul ts  t ha t  the  
ganglioside p a t t e r n  of pig adipose,  wh ich  had  
previously  been  found ,  was qui te  excep t iona l  in 
re la t ion  to those  of o t h e r  m a m m a l i a n  ( hum an ,  
rabbi t ,  rat, and  mouse )  and bi rd  (ch icken)  fat  
tissues, in which  the  mos t  a b u n d a n t  ganglio- 
sides were GM3s, fo l lowed b y  o t h e r  c o m p l e x  
gangliosides wi th  a large species var iat ion.  The  
species var ia t ion  may  no t  always be  due to the  
presence of e i the r  ace ty l  or  glycolyl  groups  in 
the  sialic acid molecules ,  bu t  may  also depend  
on  the  presence of  charac te r i s t ic  c o m p o n e n t s  o f  
each animal.  Especially,  the  p resence  of  appre-  
ciable a m o u n t s  of  unusua l  gangliosides f o u n d  
individual ly  in ch icken  and  frog gave rise to 
large di f ferences  in ganglioside pa t t e rn s  a m o n g  
mammals ,  b i rds  and  amphib ians .  

A n o t h e r  poss ibi l i ty  is t h a t  the  va r ia t ion  of  
ganglioside pa t t e rn s  r epo r t ed  above  is also due 
to d i f ferent  d i s t r i bu t ion  sites of  fat  tissue. In 
this  respect  the  intraspecies,  var iabi l i ty  was 
checked  by  separa te ly  ana lyz ing  th ree  fat  tis- 
sues ob ta ined  f rom d i f fe ren t  sites in the  ra t ;  
t ha t  is, ep id idymal  fat, a b d o m i n a l  adipose  and  
back  adipose tissues. F igure  8 shows th in  layer  
c h r o m a t o g r a m s  of  the  ganglioside d i s t r i bu t ion  
f rom these  rat  t issues t o g e t h e r  wi th  t h a t  of the  
rat  sample used in Figure 4. The  ch romatog-  
r aphy  in this  case was carr ied ou t  wi th  so lvent  
sys tem (A) to the  first d i r ec t ion  fo l lowed by  
(C) to  the  second  di rect ion,  by  developing  
twice each. The  ganglioside pa t t e rn s  in the  
three  fat  t issues (Fig. 8, a, b and  c) as well as in 
the  previous  sample  (Fig. 8, d) were found  to  
be a lmost  similar,  a l t h o u g h  some  of  the  small  
spots  were del icate ly  d i f fe ren t  in regard to  the  
pos i t ion  and  relat ive in tens i ty .  It  was n o w  con- 
c luded tha t  in the  adipose  gangliosides the re  is 
no t  so m u c h  var iabi l i ty  wi th in  one  species as 
among  d i f fe ren t  species. 

This  inves t iga t ion  shows  t h a t  two  solvent  
pairs of  two-d imens iona l  TLC are useful  for  the  
separa t ion  and  p re l imina ry  i den t i f i c a t i on  of  
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gangliosides on  a microscale  (4-5 /lg of  sialic 
ac id /spot ) ,  and such  pairs of c h r o m a t o g r a m s  
provide  m u c h  i n f o r m a t i o n  a b o u t  the  possible  
s t ruc tu res  o f  the  c a r b o h y d r a t e  moie t ies  of the  
gangliosides,  a l t h o u g h  the  comple t e  s t ruc tu re  
c a n n o t  be predic ted .  
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Effect of Marine Oil and Rapeseed Oil on Composition of Fatty 
Acids in Lipoprotein Triacylglycerols from Rat Blood Plasma and 
Liver Perfusate 
M.S. THOMASSEN, E. STR(~M, E.N. CHRISTIANSEN, and K.R. NORUM,  
Institute for Nutrition Research, University of Oslo, Blindern, Oslo 3, Norway. 

ABSTRACT 

The fatty acid patterns of triacylglycerols (TG) from very low density lipoprotein (VLDL) in blood 
plasma and liver-perfusate from rats fed partially hydrogenated marine oil or rapeseed oil were deter- 
mined. In the plasma from rats fed rapeseed oil for three days and three weeks, there was a small but 
significant decrease in the percentage of 22:1 fatty acid from 17.2 to 11.2% with length of feeding. In 
liver-perfusate, the comparable decrease with dietary rapeseed oil was from 18.5 to 5.2%, and with 
dietary marine oil from 13.4 to 8.0%. In contrast to the liver-perfusate, the remaining liver had only a 
very low 22:1 composition (ca 2%) independent of feeding period or diet. The results indicated that 
the liver exported the very long chain fatty acids and that an adaptation took place after three days 
feeding with rapeseed oil or marine oil. This adaptation in the liver could possibly explain why TG 
accumulation in hearts, which appears after three days' feeding with rapeseed oil or marine oil, 
disappears after an extended feeding period. 

INTRODUCTION 

Rats and several other  animals when fed 
diets containing high levels of rapeseed oil rich 
in erucic acid cis-22:1(co9), develop an acute 
accumulat ion of tr iacylglycerols (TG) in the 
heart and skeletal muscles (1-4). Similar effects 
are also found with partially hydrogenated  
marine oils (5,6). In the young  rat, the fat con- 
tent reaches a peak after three to  seven days of  
feeding, after which it falls during the next  four  
weeks of feeding to an almost  normal  value (7). 

The TG accumula t ion  in the heart has been 
ascribed to an inhibi tory effect  of 22:1 on the 
mi tochondr ia l  oxida t ion  of  o ther  fa t ty  acids 
and to the low rate of oxida t ion  of  22:1 in the 
mi tochondr ia  (8-10). However ,  as oxidat ion of 
palmitoyl-carni t ine by heart  mi tochondr ia  from 
species less susceptible to lipidosis than the rat 
appear to be similarly inhibited by 22:1 acyl- 
carnitine (11), it seems unlikeiy that  a de- 
creased rate of fl-oxidation in the heart is the 
sole determining factor in the accumulat ion.  

The mechanism of the adapta t ion  process is 
even more enigmatic.  Studies with isolated 
heart mi tochondr ia  f rom rats fed rapeseed oil 
for several weeks have not  shown any improved 
ability above control  rats to oxidize erucic acid 
(12-14); nei ther  is there any clue from available 
data on tr iacylglycerol  lipase activity in heart to 
explain the adaptat ion ( 12,14,15). 

Changes in the composi t ion  of  the lipids 
reaching the heart by the blood-stream, espe- 
cially with regard to 22:1 fa t ty  acids, may be of  
importance to the lipid metabol ism in this 
organ. Such changes would  most  likely be due 
to modif icat ions  in the liver 22:1 fat ty  acid 
metabol ism and export .  In the present  work, 

therefore,  the interests were mainly focused on 
the relative amounts  of  different  fat ty acids in 
t h e  TG of very low density l ipoproteins 
( V L D L - T G )  of  plasma and perfusate f rom liver 
as a funct ion of  dietary fat composi t ion  and 
feeding period. 

MATERIALS AND METHODS 

Animals and Diets 

Male weanling rats of  the Wistar strain were 
purchased f rom M~bllegaard Laboratory,  Den- 
mark. After  three to five days on a standard 
pellet  diet, the animals were fed semisynethet ic  
diets for three days or three weeks. The com- 
posi t ion of  the semisynthet ic  diet was, in 
weight N of  total:  sucrose, 20.0;  corn starch, 
37.5;  casein (with 2% methionine) ,  20.0;  cellu- 
lose, 1.0; vi tamin mixture,  1.5; salt mixture,  
5.0; diet  oil, 15.0. The composi t ion  of  the vita- 
min mixture  was essentially after Methods of  
Analysis (16), and salt mixture  after  United 
States Pharmacopeia (17). The vi tamins and 
salts were purchased from E. Merck AG, Darm- 
stadt ,  G F R ;  Nutr i t ional  Biochemicals,  ICN 
Pharmaceuticals,  Inc., Cleveland, OH and Sigma 
Chemical  Co., St. Louis, MO. The diet con- 
tained 30N of the calories as dietary oils. These 
were either partially hydrogenated  marine oil 
(most ly  f rom capelin;  Mallotus villosus), rape- 
seed oil ( f rom Brassica varians) or groundnut  oil 
(i.e., peanut oil f rom Arachis hypogaea). The 
fa t ty  acid composi t ions  of these oils are de- 
scribed in Table I. The oils, including their 
analytical  data, were obtained from DeNoFa  
and Lilleborg Co., Norway. 

The animals were housed two and two in 
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metal cages, and were fed diet and water ad 
libitum. The climatic conditions were 23 C, 
60% relative humidity, and 12 hr light period. 
Before the experiments, the animals were fasted 
for ca. 3 hr (from 0700 to 1000). 

Chemicals 

Chemicals of highest purity were used, 
mainly from E. Merck AG, Darmstadt, and 
Sigma Chemical Co., St. Louis, MO. 

Blood Sampling 

Samples (3-10 ml) were collected by aortic 
puncture from rats given a light ether anaes- 
thesia. After 3 hr clotting at 0 C, the serum was 
separated at 800 g for 30 min. 

Liver Perfusion 

The liver was perfused essentially as de- 
scribed by Seglen (18) for an experimental 
period of 30 min. The animals were given a 
light ether anaesthesia before perfusion. The 
perfusion fluid consisted of 50-60 ml Krebs- 
Ringer bicarbonate buffer, pH 7.45, 0.1% glu- 
cose and 0.028% CaCI2 and was continuosly 
gassed with 95% 02 - 5% CO 2. 

The perfusate was recirculated through t he  
liver at a flow rate of 3 ml/min/g liver. Samples 
(0.5 ml) were taken (at intervals) during the 
perfusion for protein determination. 

Isolation of VLDL and TG 

VLDL fractions from serum or liver per- 
fusate were separated by centrifugation of 5 ml 
samples for 18 hr at 4 C using 115,000 g. The 
layer of VLDL (d.= 1.006) floated on top of a 
separation layer of saline (d.= 1.006). Lipids 
were extracted with chloroform-methanol (2:1) 
after the method of Folch et al. (19). 

The hearts were removed immediately after 
operation, chilled, minced, washed and ex- 
tracted for lipids. The perfused liver was chilled 
immediately after perfusion, and ca. 1 g was 
used for lipid extraction. The lipids from heart 
and liver were extracted essentially as above 
a f t e r  the  modified method described by 
Christie (20). 

Lipid extracts were separated by thin layer 
chromatography using 0.4 mm Silica Gel H. 
The solvent system was petroleum ether (60 
C-70 C) - diethylether - acetic acid (113:20:1). 
Zones corresponding to free fatty acid (FFA) 
and TG fractions were scraped into glass- 
stoppered tubes and prepared for gas chromato- 
graphy. 

Gas chromatographic Analysis 

Methylation of samples with FFA was per- 
formed with 2 ml methanolic He1 at 37 C for 
10 min (21), while samples with TG were 
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methylated with dimethoxypropane in addition 
and left at room temperature over night (22). 
The mixture was neutralized with 2% NaHCO 3 
and extracted into hexane. 

The gas liquid chromatography of the 
methyl esters was performed isothermally at 
180 C in a Perkin-Elmer gas chromatograph 
model 3920, equipped with a six-foot stainless 
steel  column packed with diethanolamine- 
stabilized DEGS 10%, on anachrom ABS 
80-100 mesh, AW-DMCS, and a flame ioniza- 
tion detector. Nitrogen flow was 36 ml/min at 
the outlet. Injection port, column, and detector 
temperatures were 195, 185 and 215 C, respec- 
tively. 

Identification of major peaks was made by 
comparison of retention times with standards 
from Supelco, Inc., Bellefonte, PA. The per- 
centage of each methylated fatty acid was 
determined by means of triangulation. 

Analytical Methods 

Protein was determined by the method of 
Lowry et al. (22), total lipids according to 
Merckotest Gesamtlipide (24). Lactic dehydro- 
genase, to test the viability of perfused liver, 
was determined by Sigma diagnostic kit no. 
500. 

RESULTS 

Serum TG and Free Fatty Acids (FFA) 

The fatty acid composition of VLDL-TG 
from rats fed partially hydrogenated marine oil, 
rapeseed oil, or groundnut oil is shown in Table 
I. The fatty acid composition of the respective 
dietary oils is also presented. The acyl pattern 
of VLDL-TG from the control group (ground- 
nut oil), both after three days and three weeks, 
was close to that of the dietary off. Feeding 
with rapeseed oil or marine oil yielded a dif- 
ferent picture. The 22:1 percentage of total 
fatty acids, which was high in the dietary rape- 
seed oil, was less than half that value in the 
serum V LD L- TG  after three days' feeding. In 
the marine oil fed group, this difference was 
even greater. A compensation for this decrease 
was found as an increase in percentage of 16:0 
and 18:1. 

Throughout this investigation, a comparison 
was carried out of the fatty acid composition of 
serum, liver perfusate, liver and heart in rats fed 
for three days or three weeks on the various 
dietary oils. These feeding periods were chosen 
to reflect the time of maximal TG accumula- 
tion in the heart and the time for adaptation 
during which the elevated TG content of the 
heart is reduced. 
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The 22:1 percentage of total fatty acids in 
serum VLDL-TG from the rapeseed oil fed 
group was significantly decreased from three 
days' to three weeks' feeding, and compensated 
by an increase of 16:0. Only minor differences 
with length of feeding time were found in the 
marine oil fed group. The fatty acid composi- 
tion of the groundnut oil fed group indicated a 
decrease of 18:1 and 18:2, and an increase in 
composition of 16:0 and 20:4. 

The composition of FFA in serum from rats 
fed different dietary oils was also measured 
(not shown). The distribution reflected to a 
great extent the same tendencies as described 
for fatty acids from VLDL-TG (Table I), but 
the difference in fatty acid composition be- 
tween three days' and three weeks' feeding with 
rapeseed oil or marine oil was insignificant. The 
composition of 22:1 fatty acid in FFA after 
feeding with these diets was even lower than in 
serum VLDL-TG.  

Triacylglycerols in Liver Perfusate 

The data above suggested an adaptation to 
utilize 22:1 after three weeks' feeding with 
rapeseed oil in the diet. The decrease seen in 
serum TG was small, however, and since the 
composition of plasma TG reflects metabolic 
processes in the whole animal, i.e., secretion of 
TG from liver and intestine, uptake of TG by 
most organs and also catabolism in the plasma 
itself, it is evident that this system is complex. 
Since an important part of TG in plasma is 
secreted from the liver, we decided to study a 
simpler experimental model; i.e., the secretion 
of VLDL-TG into perfusate from the perfused 
rat liver. 

We investigated the pattern: was the com- 
position of fatty acids from VLDL-TG se- 
creted after three days' feeding with various 
dietary oils different from those secreted after 
three weeks' feeding? The results are presented 
in Table II. The total amount of lipids secreted 
from the liver during 30 min perfusion was 0.17 
mg/g liver (average number for all the dietary 
groups and feeding periods). The composition 
of fatty acids from the three days' fed group 
was surprisingly similar to the fatty acid com- 
position of serum VLDL-TG after three days' 
feeding on the respective oil diets. An impor- 
tant exception may be noted after three days' 
marine oil feeding where the 22:1 content was 
even higher than the 22:1 content of the 
dietary oil; however, there was no 20:1 present. 

After three weeks' feeding with rapeseed oil, 
there was a significant decrease in 22:1, and 
compensatory increase in lower fatty acids 
(18:1, 16:0). Thus, the data from serum 
VLDL-TG indicating an adaptation in fatty 
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acid metabol ism were supported by the data 
f rom V L D L - T G  in the liver perfusate.  In the 
animals fed three weeks '  on marine oil, there 
was a tendency to a lower  percentage of 22:1,  
which was, however,  not  statistically signifi- 
cant. 

Triacylglycerols in Liver and Heart 

The fat ty acid composi t ion  of  TG in the 
liver remaining after  perfusion is presented in 
Table III. The most  striking poin t  in these data 
is the small content  of  C20 and C22 fat ty  acids. 
This is very different  from what was found in 
the liver perfusate (Table II). No statistically 
significant differences in fat ty acid composi t ion 
were found between the three days'  and three 
weeks '  fed dietary groups. The amounts  of total  
lipids in liver are presented in Table IV. There 
was a statistically significant difference between 
the three days and three weeks rapeseed oil fed 
groups but  no significant differences within the 
o ther  dietary groups. 

The composi t ion of  TG from hearts is pre- 
sented in Table V. It may be noted  that  the 
accumulat ion  of 22:1 after three days' feeding 
with rapeseed oil was extensive, and after three 
weeks '  feeding there was a small but significant 
decrease. If it is also taken into account  that  
the total  lipid accumula t ion  was considerable 
after three days on rapeseed oil (Table IV) fol- 
lowed by a decrease to about  1/5 after  three 
weeks '  feeding, the to ta l  difference in accumul- 
ation of 22:1 be tween  three days and three 
weeks fed groups was even more striking. In the 
marine oil-fed group, there was a small decrease 
in 22:1 percentage in heart TG after three 
weeks '  feeding, which was, however,  no t  statis- 
tically significant (Table V). Likewise, there 
was a tendency to lipid accumulat ion  in the 
heart after three days'  feeding, fol lowed by a 
decrease after three weeks'  feeding (Table IV). 

b -  

~o 

D I SC USSI ON 

Heart  receives its main fuel f rom serum TG 
and FFA.  During the absorptive and early post- 
absorptive phases, the heart derives most  of its 
energy f rom chylomicrons  and VLDL. 

Rat heart  accumulates  TG on a high fat diet 
rich in 22: 1, perhaps due to an impaired oxida- 
tive capacity. Af ter  three to seven days, the 
a m o u n t  of  accumula ted  TG decreases, an 
indicat ion that  an adapta t ion may have taken 
place. The adaptat ion could ei ther  have taken 
place in the heart p roper  or in an organ which 
delivers fa t ty  acids or TG to the heart.  In this 
report ,  we have tested the lat ter  hypothesis  and 
have chosen liver as the most  likely organ. We 
have tested rats in an early postabsorpt ive 
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phase. In this phase the chylomicron concentra- 
tion in blood is probably low enough not  to 
mask changes in the VLDL acyl pattern, and 
the liver VLDL production is high. 

We explored the possibility of differences 
occuring in the acyl pattern of circulating TG 
(and FFA) when animals were given the same 
diet for three days and three weeks. 

The plasma VLDL-TG contained substan- 
tially lower 22:1 than the diet, both after three 
days and three weeks on either rapeseed oil or 
partially hydrogenated marine oil, indicating 
differences in metabolism or handling of the 
different fatty acids of the dietary lipids. 

In rats fed rapeseed oil, there was a decrease 
in 22:1 in the plasma VLDL-TG with the 
longer feeding time, indicating that possibly an 
adaptation to the excessive 22:1 had taken 
place. However, the change was barely signifi- 
cant, and in the animals fed marine oil, the 
22:1 concentration after three days was so low 
that we could not expect much further de- 
crease. No changes were seen in the marine oil- 
treated rats. In a similar study by Roquelin et 
al. (25), there was also a decrease in the 22:1 
content of plasma-TG from that of dietary 
rapeseed oil; however, they could not demon- 
strate any adaptation. 

As the acyl pattern of plasma-TG is a result 
of several processes, i.e., secretion from liver 
and intestine, and uptake in most organs of the 
animal, we decided to study the VLDL in a 
more simple experimental model. Perfusion of 
liver revealed that the composition of TG which 
were secreted varied much from three days' to 
three weeks' feeding on dietary oil with a de- 
crease in 22:1 from 18.5 to 5.2%. Perfusate 
from rats fed marine oil showed the same ten- 
dency, although not statistically significant. 

A possible explanation for the data is that 
increased chain shortening had occurred in the 
liver. Indications of a chain shortening of 22:1 
taking place in various organs were first obtained 
by Craig and Beare (26). Ong et al. (27) used 
radioactively labelled erucic acid and showed that 
the liver took the most active part in the chain 
shortening of erucic acid, which was mainly 
converted to oleic acid. Recently, it has been 
demonstra ted that isolated liver cells can 
metabolize erucic acid in a chain shortening 
process (28-30), especially after clofibrate feed- 
ing of the rats, a procedure which appeared to 
s t imula te  extramitochondrial conversion of 
erucic acid to shorter monoenic fatty acids (28, 
29). 

Although the pattern of fatty acids in TG 
exported from the liver changed from three 
days' to three weeks' feeding on dietary oils, 
the  remaining liver tissue after perfusion 

CHRISTIANSEN, AND K.R. NORUM 

indicated no differences. But a very low level of 
22 : 1 indicated that the long chain fatty acids in 
the liver were either exported, chain shortened, 
or oxidized. Calculations from our data re- 
vealed that 0.25-0.5% of total lipids from the 
liver were secreted into the perfusate during the 
perfusion period, while more selectively ca. 2% 
of total 22: l  was secreted. This handling of 
long chain fatty acids in the liver may also 
explain why there was no significant increase in 
TG of liver after feeding with rapeseed oil (1,2). 

The adaptation of liver metabolism after 
long term feeding with rapeseed oil or marine 
oil may offer an explanation of the observed 
changes in the heart. Our data indicated that 
the 22:1 percentage of total fatty acids in 
heart-TG after long term feeding with rapeseed 
oil was significantly decreased. This decrease 
was even higher when the level of total lipids in 
heart was taken into consideration. 

Alterations in the ability of the heart to 
oxidize fatty acids after long term feeding with 
rapeseed oil or marine oil may have taken place. 
However ,  recent data by Clandenin (31) 
demonstrated a lowered capacity of isolated 
heart mitochondria from rats fed three weeks 
on rapeseed oil to oxidize substrates from the 
citric acid cycle, compared to the three days 
fed group. Forsyth et al. (6) found a slightly 
increased capacity to oxidize palmitoyl-CoA in 
heart mitochondria after feeding rats with her- 
ring oil for long periods of time. The effect of 
rapeseed oil feeding on the rat heart lipoprotein 
lipase activity was investigated by Jansen et al. 
(15). After three days the activity was stimu- 
lated but did not indicate adaptation after pro- 
longed feeding of rapeseed oil. Hsu and Kum- 
merow (14), however, demonstrated a slight 
adaptation after prolonged rapeseed oil feeding 
using trierucate or dietary corn oil as substract. 

Thus, the adaptation taking place in the liver 
with respect to the metabolism of long chain 
fatty acids due to feeding with rapeseed oil or 
marine oil is the most striking observation 
which may offer an explanation to the adapta- 
tion taking place in the heart. We are presently 
pursuing this point and are studying the adapta- 
tion by incorporation of label from 14C-erucic 
acid into shorter fatty acids in perfused liver 
from rats fed marine oil or rapeseed oil. The 
data reveal a significant increase in chain short- 
ening capacity with partially hydrogenated 
marine oil as well as rapeseed oil (32). 
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COMMUNICATIONS 

Isolated Brain Capillary Endothelia" Influence of Various Levels of 
Essential Fatty Acids on the Acyl Group Composition of 
Glycerophospholipids 
DANIEL P. SELIVONCHICK 1 and.BETTY I. ROOTS, Department of Zoology 
and Erindale College, University of Toronto, Mississauga, Ontario, Canada L5L 1C6 

ABSTRACT 

On day seven of gestation, Wistar rats were assigned to a high essential fatty acid (EFA), low EFA, 
or a fat free diet. The same diets were continued during lactation. On weaning, the offspring were fed 
the same diets as their mother. Rats were killed at 222 days, brain capillary endothelia isolated, and 
total lipids extracted from the purified capillaries. The composition of the constituent fatty acids of 
ethanolamine glycerophospholipid (EGP), choline glycerophospholipid (CGP), and the alk-l-enyl EGP 
composition from each diet is reported. A decrease in dietary EFA led to reduced proportions of total 
saturated acyl groups in EGP with no change observed in the total saturated acyl groups from CGP, 
and an increase in monoenoic fatty acids, particularly 18:1n-9 for each phospholipid class. The 
proportions of 20:4n-6 in alk-l-enyl EGP were reduced in fat-free fed animals. In addition, the 
relationship between 20:3n-9 and 204n-6 fatty acids in brain capillary endothelia were markedly 
increased with a reduction in dietary fat. Low EFA and fat deficient animals showed a tendency to 
sequester 22:6n-3. 

INTRODUCTION 

The impor tance  of the endothel ia l  cells of  
cerebral capillaries to the t ransport  propert ies  
of  the blood brain barrier (BBB) has been well 
established (1-3). As a result of  t ight junct ions  
between the plasma membranes  of  adjacent 
ce l l s ,  a c o n t i n u o u s  membranous  barrier 
between blood and brain inters t i t ium is formed.  
The flux of  circulating substances through this 
barrier occurs either through the lipid matr ix  of  
the plasma membrane  bilayer or by membrane-  
associated media ted  transport  (4). Independent  
m e m b r a n e - b o u n d  t r a n s p o r t  systems for 
hexoses, monocarboxyl ic  acids, amino acids, 
amines, purines, and nucleosides have been 
identif ied in brain (3). It has been shown that 
the activity of membrane  t ransport  enzymes 
can be altered by changes in the acyl group 
composi t ion of  phospholipids (5). The import-  
ance of  membrane  lipids, specifically the fat ty  
acyl groups of  membrane  phospholipids,  to the 
opt imal  funct ioning of  BBB transport  systems 
has not  been determined.  

In the present study, changes in the  acyl 

I Present address: Department of Food Science and 
Technology,  Oregon State University, Corvallis, 
Oregon 97331 (U.S.A.). 

group composi t ion of  the major  phospholipids 
in brain endothelial  cell membranes  were cor- 
related to changes in dietary lipid containing 
various levels o f  essential fa t ty  acids (EFA).  

EXPERIMENTAL PROCEDURES 

Pregnant rats of the Wistar strain in the 7th 
day of gestation were fed a semisynthet ic  diet 
containing one of  the fol lowing levels of  es- 
sential fat ty acids (EFA):  high EFA,  (10% 
corn oil, 12.0 cal % as l inoleate);  low EFA (1% 
corn oil, 1.2 cal % as l inoleate);  or  a fat-free 
diet. The semisynthet ic  diets conta ined 20% 
casein, 4% r cellulose, and 4% Jones-Foster  
salt mix. Dextr in  was adjusted f rom 62% at 
10% corn oil, 71% at 1% corn oil, to 72% in the 
fat-free diet. The vi tamin mix was the same as 
described previously (6). All animals were fed 
ad l ibi tum and food consumpt ion  measured 
every other  day. The average daily calorie in- 
take was essentially the same for each group. 
Animals were housed individually in polypropy-  
lene "shoe  b o x "  cages. R o o m  tempera ture  was 
maintained at 75 C and humidi ty  at 50%. A 
diurnal light cycle o f  12 hr  was used through- 
out  this experiment .  Each li t ter was adjusted to 
nine pups within 36 hr  of  par tur i t ion,  and the 
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dams continued on the diets fed during gesta- 
tion. Pups were weaned at 21 days, housed 
individually, and placed on the same diet as 
their mother. 

Brain capillary endothelia were isolated from 
rats of both sexes at 222 days of age as de- 
scribed previously (7). Total lipids were ex- 
tracted from purified capillaries (8) and the 
individual phospholipids separated by separa- 
tion-reaction-separation thin layer chromatog- 
raphy by the procedure of Horrocks (9). 
Methanolysis of ethanolamine glycerophospho- 
lipids (EGP) and choline giycerophospholipids 
(CGP), purification of the methyl esters, and 
analysis by gas liquid chromatography (GLC) 
were done as previously described (10). Peak 
areas were determined with a Hewlett-Packard 
3380A integrator. The percent relative devia- 
tion between duplicate samples for all analyses 
ranged from 0-5.6% for major components 
(>5% of sample) and 0-8.0% for minor compo- 
nents (<5% of sample). Peaks were identified 
by comparison of relative retention times with 
standards PUFA No. 1 and PUFA No. 2 
(Supelco Inc., Bellefonte, PA), standard methyl 
esters prepared from beef testes (11), and by 
determination of equivalent chain length ac- 
cording to Hofstetter et al. (12). 

RESULTS A N D  DISCUSSION 

The acyl group composition of the major 
phospholipid classes (EGP and CGP) for the 
capillary endothelia preparations from high 
EFA,  low EFA, and fat-free animals are 
presented in Table I. In general a decrease in 
dietary fat led to decreased proportions of 
total saturated acyl groups in EGP with es- 
sentially no change observed in the proportions 
of total saturated acyl groups of CGP. A de- 
crease in dietary fat led to an increase in levels 
of monoenoic fatty acids, particularly the levels 
of 18:1n-9 for each phospholipid class. The 
total polyunsaturated fatty acids from EGP 
generally increased with decreasing levels of 
dietary fat. This higher degree of unsaturation 
is caused mainly by increases in 22:6n-3 and is 
reflected in the higher unsaturation index (U.I.) 
and lower ratio of saturated to unsaturated 
fatty acids (SFA/UFA). Choline glycerophos- 
pholipids, on the other hand, showed little dif- 
ferences in polyunsaturated fatty acids in re- 
sponse to reduced levels of dietary fat. There 
was no change in either the U.I. or the ratio of 
SFA:UFA. However, there was a tendency for 
the fat deficient animals to sequester 22:6n-3 in 
diacyl CGP. It has been shown that the level of 
22:6n-3 in brain is maintained during nutri- 
tional studies in which little or no linolenic acid 

occurs in the diet or during subsequent supple- 
mentation (13-15). That a mechanism exists in 
order to maintain a constant percent of highly 
unsaturated pentaenes and hexaenes has been 
suggested (15). A biological requirement may 
exist for a minimal percent of fatty acids with 
double bonds in the A 4, 7, 10, 13, 16 positions 
(or any combination of these), as these double 
bonds are common to both 22:5n-6 and 
22:6n-3. Trapp and Bernsohn (15) have pointed 
out that the position of the double bonds ap- 
pear to play a role in the replacement of 
20:4n-6 by 20:3n-9 in EFA deficiency with 
both acids having A 5, 8, 11 bonds. 

The acyl group composition of EGP from 
the present study differs from that reported 
previously (7). Notably, EGP from high and 
low EFA endothelia are much higher in 16:0 
and 18:0 and lower in 18:1, 20:1, and 22:6. 
This discrepancy can be explained on the basis 
of differences in dietary fatty acids. In agree- 
ment with the results of the present study, a 
high percentage of corn oil in the diet has been 
shown to significantly increase the concentra- 
tion of saturated fatty acids in tissue lipids 
(16) .  Furthermore, decreased amounts of 
monoenoic fatty acids in livers of rats fed high 
levels of linoleic acid has been reported (17,18). 
The results of our previous study (7) were ob- 
tained from animals fed a commercial labora- 
tory chow containing beef tallow as the pri- 
mary fat source (personal communication with 

H.L. Schilt, Ralston Purina Co.). The major 
fatty acids in beef tallow are 16:0 (26%), 18:0 
(17%), and 18:1 (43%). The interrelationship of 
dietary fatty acids and endothelia lipids ob- 
served in our findings agrees with the suggestion 
of competitive inhibition of Rahm and Holman 
(18). 

That acyl groups in EGP underwent greater 
changes than those in CGP, especially those in 
alk-l-enyl EGP is possibly an indication that 
alk-l-enyl EGP is more metabolically active 
than diacyl EGP or diacyl CGP, a response that 
has been noted previously (10). In a study of 
brain fatty acids during EFA deficiency in the 
mouse, Sun et al. (19) concluded that alk-1- 
enyl acyl EGP was more metabolically active 
than previously supposed. Moreover, Trewhella 
and Collins (20) reported that 1-stearoyl-2- 
arachidonyl CGP had the slowest rates of turn- 
over in rat liver during EFA deficiency. 

Exposure of brain capillary endothelia to a 
diet deficient in fat resulted in a marked reduc- 
tion of 20:4n-6 in alk-l-enyl EGP. Further- 
m o r e ,  a t e n - f o l d  i n c r e a s e  i n  the  
20:3n-9:20:4n-6 ratio was observed in alk-1- 
enyl EGP, with a five-fold increase observed in 
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diacyl EGP and CGP (Table I). The rat io of  
tr ienoic to te t raenoic  acids in tissue lipids, 
which is an indicat ion of  the degree of replace- 
ment  of  po lyunsa tu ra ted  derivatives of  linoleic 
acid, increases during EFA def ic iency (21). The 
effects  of EFA def ic iency on the central  
nervous sys tem indicate tha t  brain is a f fec ted  
by the levels of  dietary EFA, but  that  the ef- 
fects are much  less p r o n o u n c e d  than those ob- 
served in o ther  tissues, for example,  liver (13). 
Several investigators have also shown a wide 
r a n g e  o f  values for t r i ene / te t raene  ratios 
be tween  brain subcellular fract ions f rom rats 
subjected to a def ic iency in EFA (19,22,23).  

The ratio of n-9/n-6 was more  reflective of a 
response to dietary EFA.  This was due largely 
to the a fo remen t ioned  increases in 18:1n-9 

fa t ty  acids. Al though  the physical  proper t ies  of  
phosphol ip ids  and their  manner  of  in te rac t ion  
within the mic roenv i ronmen t  of the lipid bi- 

layer are inf luenced  by all cons t i tuen t  acyl 
groups, the exchange of  m o n o u n s a t u r a t e d  fa t ty  
acids may be of greater significance to mem- 

brane proper t ies  (24).  Studies with mode l  
systems have shown that  the in t roduc t ion  of  
the first double  bond,  as opposed  to the addi- 

t ion of subsequen t  double  bonds ,  resul ted in 
the mos t  significant changes in bilayer proper-  
ties (25). 

It seems that  e i ther  dietary or tox ican t  
(26,27) induced  al terat ions  in EFA could have 

some effect  on the  permeabi l i ty  of brain capil- 
laries affect ing vital t ranspor t  processes of  BBB. 

The func t iona l  consequences  on this regula tory  
sys tem remain unknown .  
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Correlation in the Proportion of Oteic to Vaccenic Acid of Plasma 
Phospholipids with the Early Stages of Hepatoma 7288CTC Growth 

JAMES P. MAPES and RANDALL WOOD, Department of Biochemistry and Biophysics, Texas Agricultural 
Experiment Station, Texas A&M University System, College Station, Texas 77843 

ABSTRACT 

The major octadecenoate isomers, oleate (A9) and vaccenate (A11), were measured in the plasma 
phospholipids of rats bearing hepatoma 7288CTC as the tumor developed. The percentage of vaccen- 
ate decreased from 45% of the octadecenoate fraction at day zero to 25% by the 15th day. A 
significant decrease (45% to 35%) in the percentage of vaccenate occurred by the sixth day, well in 
advance of detectable tumor growth. The percentage of vaccenate continued to decrease as a function 
of time until day t5, after which it remained constant. Detection of alterations in plasma phospho- 
lipids at an early stage of tumor development in rats suggests that experiments should be carried out to 
determine if the same effects occur in humans. 

INTRODUCTION 

Previous s tudies  f r o m  this  l abo ra to ry  have 
s h o w n  tha t  the  percen tage  of  vaccena te  (A11)  
and oleate  (A9)  i somers  of  o c t a d e c e n o a t e  is 
charac ter i s t ic  o f  the  lipid class f r om which  t h e y  
are i so la ted  (1-3). Neut ra l  lipid o c t a d e c e n o a t e  
f rom liver con ta ins  small  a m o u n t s  of  vaccena te  
(25%) and  h igh a m o u n t s  of  oleate  (75%). The  
phospho l ip ids  f rom liver, on the  o the r  hand ,  
con ta in  at least 50% vaccenate .  T h i r t y  days  
af ter  i m p l a n t a t i o n  of  h e p a t o m ~  7 2 8 8 C T C ,  the  
percen tage  of  vaccenate  in the  p h o s p h o l i p i d  
f rac t ion  of the  hos t  liver drops  to 25% wi th  a 
co r r e spond ing  increase in oleate.  The  percent -  
ages of  vaccenate  and  o lea te  in the  neu t r a l  lipid 
of  the  hos t  liver are no t  al tered by  the  
h e p a t o m a .  These  resul ts  suggest  t ha t  the  hepa-  
t o m a  induces  the  change  in the  pe rcen tage  o f  
vaccena te  in the  hos t  liver phospho l ip ids .  The  
presen t  inves t iga t ion  was p r o m p t e d  by these  
resul ts  to de t e rmine  if the o c t a d e c e n o a t e  c o m -  

pos i t ion  of  phospho l ip id s  changes  as a resul t  of  
h e p a t o m a  growth .  A t ime  course  af ter  t rans-  
p l a n t a t i on  show e d  t ha t  t he  percen tage  of  vac- 
cena te  in the  p lasma p h o s p h o l i p i d s  s igni f icant ly  
decreases early in the  g r o w t h  of the  h e p a t o m a .  

METHODS 

Animals 

G r o u p s  o f  fou r  male  Buf fa lo  rats  (175-225  

g) were anes thes ized  wi th  e the r  and i m p l a n t e d  
bilateral ly wi th  Morris h e p a t o m a  7288CTC (0.4 

ml  of  h o m o g e n a t e  in sucrose ,  0.25 M; 1:1, 
w/v). A second  group of  ra ts  was injected bilat- 

erally wi th  0.4 ml  of  sucrose  to serve as sham-  
ope ra ted  con t ro l  rats. The  blood f rom one 
group of  the  t r ansp l an t ed  an imals  was d rawn 
i m m e d i a t e l y  af ter  i m p l a n t a t i o n  to serve as the  
zero t ime  controls .  The  r e m a i n d e r  were r e tu rn -  
ed to the i r  cages and  fed a c h o w  diet. G roups  of  
an imals  were killed at th ree  day intervals  unt i l  

TABLE I 

Effec t  of Implantation of Hepatoma 7288CTC on the  
Double Bond Position of Octadecenoates from 

Phospholipids of Blood Plasma a 

Days after Number of Percentage Percentage Ratio 
implantation animals A9 A1 1 A1 l/A9 

0 6 55 +- 3 45 + 3 0.82 -+ 0.09 
3 4 59-+ 12 41 +- 12 0.76-+ 0.39 
6 4 65 -+ 2 b 35 + 2 b 0.53 + 0.04 b 
6-sham 3 54 +- 5 46 -+ 5 0.86 + 0.18 
9 2 66 34 0.50 

12 3 72 + 4 b 28 -+ 4 b 0.39 -+ 0.09 b 
15 3 74 +- 4 b 26 -+ 4 b 0.36 + 0.07 b 

aAt three day intervals following hepatoma implantation or sham operations, the per- 
centages of A9 and A11 isomers of octadecenoates were determined on the plasma from 
these  animals. The values are means -+ S.D. when the number of animals is larger than two. 
At day nine the value is the mean of the two animals. 

bp < 0.001 compared to zero day control. 

70 



COMMUNICATIONS 71 

30 days had elapsed. Blood was drawn into a 
heparinized syringe from the inferior vena cava 
of anesthesized animals, centrifuged, and the 
plasma stored at -76 C until analyzed. Both the 
sham-operated and hepatoma-injected rats had 
the same growth rates for at least the first 15 
days after injection. 

Lipid Analysis 

The plasma was thawed and 1 ml was pipet- 
ted into a glass tube. The tube was heated in a 
steam bath until the protein was denatured. 
Total lipids were extracted twice by the Bligh 
and Dyer procedure (4) and fractionated into 
neutral  and phospholipids (5). Fatty acid 
methyl esters were prepared from the total 
phospholipid fraction by transesterification in 
2% H2SO 4 in CH3OH as previously described 
(6). The methyl esters of the phospholipids 
were chromatographed on a 33M stainless steel 
capillary column (0.25 mm I.D.) coated with 
diethylene glycol succinate for determination 
of the position of the double bond in the octa- 
decenoate fraction. It was established by ozo- 
nolysis that oleate and vaccenate were the 
major octadecenoate isomers in the plasma 
phospholipids. 

the nutritional state of  the animals. Wood et al. 
(3) showed that the quantity of octadecenoate 
could be changed by extremes in dietary fats, 
but the ratio of vaccenate to oleate retained the 
characteristic ratio of the lipid class from which 
they were isolated (3). Thus, the diet or the 
nutritional state of the animal would have little 
effect on the ratio of octadecenoate isomers 
and could not explain the alteration that we 
have documented. 

The significance of the mechanism maintain- 
ing the ratio of vaccenate to oleate in normal 
tissue and the change induced by the hepatoma 
are unclear. The early alteration in the vaccen- 
ate to oleate ratios which precedes significant 
tumor growth may represent a condition that 
precedes tumor cell proliferation. Carcinogens 
may also induce a precancerous condition 
which decreases the percentage of vaccenate in 
phospholipids. This hypothesis is supported by 
the fact that the characteristic vaccenate to 
oleate ratios of liver phospholipids are altered 
to resemble hepatoma tissue by feeding Sterc- 
ulia foetida oil (0.5% of the diet) (7), a report- 
ed carcinogen and cocarcinogen (8-10). 
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Lactobacillic and Methyl-Branched Olefinic Acids in Byrsocarpus 
coccineus Seed Oil 

G A Y L A N D  F. SPENCER, KATHLEEN PAYNE-WAHL, RONALD D. PLATTNER,  and 
ROBERT KLEIMAN, Northern Regional Research Center, Federal Research, 
Science and Education Administration, U.S. Department of Agriculture, 1 
Peoria, Illinois 61604 

ABSTRACT 

A detailed investigation of the seed oil ofByrsocarpus coccineus Schum. and Thonn. has disclosed 
cis-11,12-methyleneoctadecanoic (lactobacillic) (13%) and two branched octadecenoic acids (0.1%). 
Other fatty acids in the oil are those normally associated with seed lipids except for an unusually high 
proportion (12%) of r acid. Lactobacillic acid has long been known as a constituent 
of certain bacterial lipids, but this is the f'trst report of its presence in a seed oil. The branched olefinic 
acids have not heretofore been found to occur in plants. 

INTRODUCTION 

Byrsocarpus is a genus of tropical shrubs and 
small trees in the family Connaraceae. B. 
eoecineus is widely distributed throughout 
central Africa; the sample investigated here was 
collected in Ghana. It is a straggling or scandent 
shrub attaining a height to 3 m and bearing 
oblong seeds about 1.5 cm long and 0.8 cm in 
diameter. Isolation and characterization of the 
fatty acids in the seed oil were undertaken 
when preliminary data suggested that a cyclo- 
propane fatty acid might be present�9 This type 
of acid (unknown in the Connaraceae) occurs 
so infrequently in seeds that further studies of 
the oil were warranted. As a result, lactobacillic 
and two seemingly related branched, olefinic 
fatty acids were disclosed for the first time in 
plants. 

EXPERIMENTAL PROCEDURES 

Oil was extracted from the ground seed with 
petroleum ether, and the preliminary analytical 
tests were conducted as previously described 
(1,2). Methyl esters were prepared by acid- 
catalyzed transesterification procedures with 
10% BF 3 in MeOH used for small scale (<200 
mg) preparations and 5% HC1 in MeOH for the 
large scale one. Equivalent chain length (ECL) 
values and quantitation of the methyl esters 
were obtained by gas chromatography (GC) on 
two columns (Apiezon L and LAC-2-R 446) 
(3,4). 

The gas chromatography-mass spectrometry 
(GC-MS) and computerized data acquisition 
system (5) utilized a 122 x 0.2 cm glass column 

1 Mention of  f irm names or trade products does not 
imply e n d o r s e m e n t  or recommendation by the Depart- 
ment of Agriculture over other firms or simi/ar 
products not mentioned. 

packed with 3% OV-1 on Gas Chrom Q 
(Applied Science Laboratories, State College, 
PA). Temperature programming was used to 
optimize GC separations for some samples (e.g., 
ozonolysis products). Infrared (IR) spectra 
were obtained from CC14 solutions in 1 mm 
NaC1 cells, and proton magnetic resonance 
(PMR) spectra from CDC13 solutions with a 
Varian HA-100 or a Brucker WH-90 spec- 
trometer. 

Microozonolysis and GC were used for 
double bond localization (6); GC-MS facilitated 
identification of certain ozonolysis products. 
Microhydrogenation was carried out in EtOH 
with 10% Pd-on-charcoal as the catalyst. The 
cyclopropane ring was located by GC-MS of the 
pyrrolidide (7,8) and methoxy (9) derivatives. 

Esters were isolated by column chromatog- 
raphy on an AgNO3-impregnated support fol- 
lowed by high pressure liquid chromatography 
(HPLC) in the reverse-phase mode. For the first 
AgNO 3 chromatography, 2.2 g of esters were 
applied to a 50 x 1.5 cm dry column packed 
with 30 g of 20% AgNO3 on Hi-Flosil (Applied 
Science Labs.). Elution was with 320 ml of 
h e x a n e  fol lowed by 140 ml of hexane- 
chloroform (50:50) and then 80 ml of hexane- 
ether (90:10). Fractions (20 ml) were collected 
and the progress of the chromatography was 
monitored by GC. After the hexane-ether 
(90:10) elution, the column was washed with 
100 ml of ether. The column was equilibrated 
with 750 ml of isooctane; fractions 1 and 2 
from the first chromatography were combined, 
reapplied to the column, and eluted with 200 
ml of isooctane (3-ml fractions collected) fol- 
lowed by 240 ml of hexane-ether (50:50). 
Again, progress was monitored by GC. Separa- 
tion was now complete enough that four frac- 
tions composed primarily of saturated, mono- 
enoic, dienoic, and trienoic esters were ob- 
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rained. 
A Waters ALC-201  HPLC instrument 

equipped with a 30 x 0.78 cm/~-Bondapak C18 
column (Waters Associates, Milford, MA) and a 
differential refractometer was used to complete 
the isolation of individual esters. The solvent 
system was CH3CN-H20 (90:10). 

RESULTS A N D  DISCUSSION 

B. coccineus seeds weighed about 0.2 g each 
and contained 19% oil (dry basis). GC analysis 
of the methyl esters prepared from B. coccineus 
oil showed a peak with ECL values of 18.8 on 
Apiezon L and 19.5 on LAC-2-R 446, which 
are indicative of a 19-carbon fatty acid con- 
taining either a cyclopropane ring or a double 
bond (3,10). GC-MS confirmed this assumption 
giving an apparent molecular ion(M + ) at 310, 
together with the ions generally associated with 
long chain methyl esters (74,87,etc). 

Isolation of Unknown Esters 

The f i rs t  chromatography on AgNO 3- 
impregnated support gave good separation 
between dienes and trienes but did not ade- 
quately resolve the monoenes from the satu- 
rated esters. Accordingly, the first two frac- 
tions, which contained the saturated plus a 
large portion of the monoeneoic esters, were 
combined, reapplied, and eluted with a less 
polar solvent (isooctane). This chromatography 
gave saturated fractions (fractions 14-50), a 
mixture of branched and normal monoenes 
(fractions 51-61) and the remaining normal 
monoenes (fractions 62-68). The cyclopropane 
esters (ECL = 18.8, 19.5) was isolated from the 
saturated fractions by HPLC, eluting between 
palmitate and stearate. The branched mono- 
enes, which had eluted between the saturated 
esters and "normal" monoenes on the AgNO 3 
column, had ECL values of 17.7 on Apiezon L 
and 18.2 on LAC-2-R 446. These compounds 
eluted after the 18:1 during HPLC. Detection 
of branched monoenes was made possible by 
fortuitous choices of solvent and fraction size 
for the second AgNO3-chromatography, since 
they were present in very small amounts and 
had ECL values similar to the normal 18:1. 
They would have undoubtedly remained un- 
noticed in most other chromatographic sys- 
tems. 

These chromatographic techniques afforded 
highly purified (by GC) fractions of the fol- 
lowing esters: 16:0, 18:0, 16:1, 18:t ,  18:2, 
18:3, cyclopropane (ECL= 18.8, 19.5) and 
branched monoenes (ECL = 17.7, 18.2). 

Identification of Esters 

The 16:0 and 18:0 were identified by GC 
retention and by GC-MS. The 16:1 was shown 
to be palmitoleate by ozonolysis. Ozonolysis of 
the 18:1 gave fragments arising from n-9 
(9-carbon aldehyde [9A] and 9-carbon alde- 
hyde-ester [9-AE]) and n-7 (7A and l l A E )  
monoenes in a ratio of 60:40. The 18:2 proved 
to be linoleate and the 18:3 linolenate by 
ozonolysis. The lack of absorption in the 900 
to 1000 cm -1 region in any of the IR spectra of 
the normal esters showed that the unsaturation 
had cis geometry. 

The cyclopropane ester gave a medium 
intensity band at 1025 cm -1 (IR) and broad 
multiplets at 0.6 ppm and -0.3 ppm relative to 
tetramethylsilane (PMR), which are consistent 
with a cis-cyclopropane structure (10). The IR 
and PMR spectra were otherwise normal for 
fatty esters, with no indications of olefinic 
protons (PMR). GC-MS of the pyrrolidide deriv- 
ative gave diminished intensities for the C10, 
C11, and C12 cleavages, which indicate a func- 
tional group at the 11,12 positions (8). Treat- 
ment of cyclopropane esters with 50% BF3 
/MeOH gives six isomeric methoxy adducts that 
can be used to locate the cyclopropane group 
via GC-MS (9). In this present study, abundant 
ions at 129, 143, 157, 229, 243, and 257 as 
well as small amounts of M +, M-15 +, and M-31 + 
located the ring at the 11,12 positions. There- 
fore, the cyclopropanoic acid is cis- l l ,12- 
methyleneoctadecanoic or lactobaccilic acid. 

The branched monoenes gave a medium 
intensity band at 975 cm q (IR), a doublet 
centered at 0.93 ppm (J = 9Hz) with the 
normal terminal methyl multiplet at 0.88 ppm 
superimposed (PMR), and a multiplet centered 
at 5.3 ppm (PMR). Coupling constants at the 

latter resonance were not definitive, since 
coupling occurred not only between the ole- 
finic protons but also with the methine proton 
on the adjacent branched carbon atom. Not 
enough sample was available for multiple reso- 
nance studies. Nonetheless, the IR and PMR 
spectra indicated branched, trans-olefinic esters. 
Ozonolysis yielded four fragments, two of 
which were easily identified as 6A and 10AE by 
GC retention and GC-MS. The other two frag- 
ments did not give ECL values of saturated, n- 
aldehydes or n-aldehyde-esters (6), but were 
identifiable by GC-MS as a 9-carbon, methyl- 
branched aldehyde and a 13-carbon, methyl- 
branched aldehyde-ester. The spectrum of the 
9A had a base peak at 58 with the ion at 44 
representing only 0.2%, a behavior known for 
a-methyl aldehydes (11). The 13AE gave ions 
at 214 (20%) and 211 (5%)representing m-28 + 

LIPIDS, VOL. 14, NO. 1 



74 COMMUNICATIONS 

TABLE I 

Fatty Acid Profile of Byrsocarpus 
coccineus Seed Oil 

Fatty acid Area % by GC 

12:0 0.2 
14:0 0.7 
14:1 0.2 
15:0 trace 
16:0 42 
16:19 5.5 
17:0 trace 
17:1 0.2 
18:0 3.0 
18:19 17 
18:111 12 
18:29'12 2.4 
18:39'12'15 1.0 
20:0 0.2 
20:1 0.3 
22:0 0.3 
Lactobacillic 13 
11-me-18:112~ 
12.me.18:110~ 0.1 

and M-31 +, respectively, (12) but no ion at 199 
for M-43 + was evident. Instead, a major ion 
occurred at 185 (31%) which would result from 
~-cleavage (M-57 +) if the carbon c~ to the alde- 
hyde group was methyl-branched (11). GC-MS 
of a hydrogenated sample gave spectra virtually 
identical to those reported by McCloskey and 
Law for a mixture of 11- and 12-methyl octa- 
decanoates (13). Ozonolysis data (6) indicated 
that the two isomers, I and 2 below, 

~ COOMe _ 

~ C O O M e  2 

were present in equal amounts. Due to the 
extreme difficulty in separation of these com- 
pounds from stearate and oleate by GC of the 
mixed esters, their proportion of the fatty acid 
mixture must be approximated. Their com- 
bined total represents not more than 0.1% of 
the total. 

The overall fatty acid composition of B. 

coccineus oil is given in Table I. To our 
knowledge, this is the first report of lacto- 
bacillic acid in a seed oil (14). The accom- 
panying, branched, olefinic acids are an inter- 
esting biosynthetic anomaly. One can easily 
postulate pathways in which the branched 
olefins are precursors to, are products from, or 
are formed in conjunction with lactobacillic 
acid, since an unusually high proportion of 
cis-11-octadecenoic acid is available as a sub- 
strate. 
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1,25-Dihydroxyvitamin D 3 Increases the Activity of the 
Intestinal Phosphatidylcholine Deacylation-Reacylation Cycle 
P.J.A. O'DOHERTY, G.F. Strong Laboratory for Medical Research, Department of Medicine, 
University of British Columbia, Vancouver, British Columbia, Canada V5Z IM9 

ABSTRACT 

The activity of the intestinal phosphatidylcholine deacylation-reacylation cycle has been found to 
be stimulated by 1,25-dihydroxy-vitamin D 3. The stimulation of this cycle thus provides a possible 
mechanism for the reported retailoring of the fatty acid composition of phosphatidylcholine in 
intestinal cell membranes by 1,25-dihydroxy-vitamin D 3 and its analogue, la-hydroxyvitamin D 3. 

INTRODUCTION 

Since the demonstration that la,25-dihy- 
d r o x y v i t a m i n  D 3 (1,25(OH) 2 D 3) is the 
principal metabolically active form of vitamin 
D 3 that is involved ip calcium homeostasis (1), 
much interest has been focused on the effects 
and mechanism(s) of action of this hormonal 
form of vitamin D and its analogues at the 
target tissues. It has been demonstrated re- 
peatedly that a major physiological effect of 
1,25(OH) 2 D 3 is to increase the active trans- 
port of calcium in the duodenum and upper 
jejunum of nearly all mammalian and avian 
species (1). In spite of these demonstrations 
and studies, the biochemical basis of the action 
of 1,25(OH) 2 D 3 io unknown. Walling (2) ob- 
served a biphasic response of rat duodenal 
active calcium absorption following 1,25(OH) 2 
D 3 administration and has suggested that this 
can be explained by an acute response at 6 hr 
occurring in the villus cell and a later (24-48 hr) 
elevation of transport resulting from crypt cells 
that have subsequently migrated up the villi. 
Although it has recently been reported (3) that 
the administration of la-hydroxyvitamin D3, 
an analogue of 1,25(OH) 2 D3, to chicks caused 
a change in the fatty acid composition of the 
phosphatidylcholine fraction of the intestinal 
microviIlus membrane, no mechanism was sug- 
gested by which this could be achieved. 

One established mechanism by which the 
fatty acid composition of membranes could be 
retailored is by the phosphoglyceride deacyla- 
tion-reacylation cycle (4,5). The present report 
p r o v i d e s  the  f i r s t  d e m o n s t r a t i o n  that 
1,25(OH) 2 D 3 can stimulate the activities of 
the enzymes involved in the phosphatidyl 
c h o l i n e  d e a c y l a t o n - r e a c y l a t i o n  cycle in 
duodenal villus cells of rat intestine. 

MATERIALS AND METHODS 

Mixed acid 1-acyl-sn-l-[1-aH] glycero-3- 
phosphocholine was prepared as described 
p r e v i o u s l y  (6) and 1 - p a l m i t o y l - 2 - [ 1 - 1 4 C ]  - 

oleoyl-sn-glycero-3-phosphocholine was pre- 
pared according to Lands and Merkl (7). 
1,25-Dihydroxyvitamin D 3 was a gift from Dr. 
M. Uskokovic, Hoffman La-Roche, Nutley, NJ. 
Weanling male Holtzmann rats were fed the 
Vitamin D-deficient, low calcium diet of Suda 
et al. (8) for 3 weeks as previously described 
(9). They exhibited low serum calcium concen- 
tration and averaged 80-+10 g of body weight at 
the time of the experiment. To determine the 
effect of the vitamin D~ on the 
deacylation-reacylation cycle, the animals re- 
ceived 650 pmol of 1,25(OH) 2 D 3 intrajugu- 
laxly in 0.05 ml ethanol. The control group 
received the vehicle alone. At 3 and 5 hr after 
dosing, the animals were sacrificed and isolated 
duodenal villus cells prepared by collagenase 
d i s p e r s i o n  (10) .  Phospholipase A2 [E.C. 
3.1.1.4] was assayed in duodenal cell homo- 
genates as described by Subbaiah and Ganguly 
(11), using 6 /amol of 1-palmitoyl-2-[1-14C] 
oleoyt-sn-3-phosphocholine as substrate. Each 
incubation contained 1.5 mg of cell protein. 
The reactions were carried out for 60 min at 37 
C. Ly sophosphatidylcholine acyltransferase 
[E.C. 2.3.1.23] was assayed in cell homo- 
genates as previously described (12). The incu- 
bations were terminated by addition of chloro- 
form-methanol, 2:1, and total lipid extracts 
were prepared according to the method of 
Folch et al. (13). The phospholipids were re- 
solved into their various classes by thin layer 
chromatography using chloroform/methanol/ 
glacial acetic acid/water (25 : 15:4:4, v/v/v/v) as 
the developing solvent, and the various lipid 
fractions were eluted from the silica gel as pre- 
viously described (6). As radioactive acyl-CoAs 
were used in the acyltransferase assay, the 
radioactivity at the sn-2 position of the synthe- 
sized phosphatidylcholine was determined 
after phospholipase A 2 hydrolysis (14). Liquid 
scintillation spectrometry was carried out as 
described (6). The recovery of the tritium iso- 
tope was 92% and the recovery of the 14C 
isotope was 90%. Protein was determined by 
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T A B L E  I 

Ef fec t  of  1 ,25(OH)2  D 3 on  Phosphol ipase  A 2 Act iv i ty  In Rat  In tes t ina l  Cells 

L y s o p h o s p h a t i d y l  Phospha t idy l  Disappearance  of  
E x p e r i m e n t a l  T ime  choline choline tota l  es ter  
cond i t ion  (hr)  f o r m e d a  recovered  a b o n d s  a 

Cont ro l  3 252 ,+ 28 5227 -+ 548 228 +- 27 
5 263,+ 27 5348-+ 556 231 -+ 24 

1 ,25 (OH)  2 D3-Trea ted  3 646 -+ 76 4483  ,+ 4 6 3  695 -+ 81 
5 921 -+ 88 3887 +- 379 993 +- 126 

a p m o l / h r / m g  prote in .  There  were  five an imals  in each group .  A t  each t ime  point ,  the e n z y m e  was assayed in 
isolated duodena l  cells f r o m  each an imal  as descr ibed in Materials  and Methods  using 6 /amol of  1 ,pa lmi toyl -  
2-[ 1-14C] o leoyl - sn-g lycero-3-phosphochol ine  as subst ra te .  Resul ts  are the  m e a n  + SEM of  five animals .  

T A B L E  II 

Lysophospha t idy l cho l ine  Acy l t r ans fe rase  Ac t iv i ty  In In tes t inal  Cells f r o m  Cont ro l  and 
1 , 2 5 - D i h y d r o x y v i t a m i n  D3-Trea t ed  Rats .a  

Fa t ty  acyl i ncuba ted  wi th  Cont ro l  1 , 2 5 - D i h y d r o x y v i t a m i n  D3- t rea ted  
l -acyl-sn-12-3H ] g lycero-  
3 -phosphocho l ine  3 hr 5 hr  3 hr  5 hr  

[ 1 - ! 4 C ] O l e o y l  CoA 882 +- 114 912 ,+ 102 2238  + 2 1 6  3798 -+ 4 2 6  
[ l . ~ -4C]L ino l eoy l  CoA 1098 ,+ 96 1134 ,+ 116 3516 -+ 384 4764  -+ 576 
[ 1 - 1 4 C ] A r a c h i d o n y l  CoA 1350 -+ 144 1278 ,+ 174 4176  + 438  5244 -+ 546 

a n m o l / h r / m g  pro te in .  The re  were  five animals  in each g roup .  A t  each t ime  point ,  the  e n z y m e  was assayed in 
isolated duodena l  cells f rom each animal  as descr ibed  in Materials  and me thods .  Resul ts  are the m e a n  -+ SEM 
of  five animals .  

the method of Lowry et al. (15) using bovine 
serum albumin as standard. 

RESULTS 

The effect of 1,25(OH) 2 D 3 on phospho- 
lipase A 2 activity in homogenates of isolated 
intestinal duodenal cells is shown in Table I. 
Cell homogenates were chosen for the assay 
because it has been demonstrated (11) that the 
enzyme activity is distributed between the 
brush border, microsomal and cytosolic frac- 
tions. The results show that phospholipase A 2 
activity was increased 2 to 3-fold at 3 hr after 
administration of 1,25(OH) 2 D3, and this was 
increased to 4-fold at 5 hr. The second enzyme 
involved in phosphatidylcholine deacylation- 
reacylation is lysophosphatidylcholine acyl- 
transferase (4,5). Table II shows the effect of 
1,25(OH) 2 D 3 treatment on the activity of this 
enzyme. In the control experiments, the yield 
of phosphatidylcholine varied with the acyl 
CoA used in the assay with arachidonyl CoA 
being more effective than oleoyl CoA or lino- 
leoyl CoA. 1,25(OH) 2 D 3 treatment resulted in 
a 3 to 4-fold stimulation of the enzyme activity 
without significant alteration of the acyl CoA 
s p e c i f i c i t y .  These  r e su l t s  indicate that 
1,25(OH) 2 D 3 can stimulate the activity of the 
ph osphatidylctioline deacylation-reacylation 
cycle in intestinal duodenal cells. 

DISCUSSION 

1,25(OH) 2 D 3 acts on intestine to stimulate 
calcium transport (1). Although its structure, 
biological synthesis (16) and certain features of 
its mechanism of action (1,17,18) closely re- 
semble other steroid hormones, tittle is known 
about the biochemical basis of its mechanism(s) 
of action in intestinal cells. It had been demon- 
strated earlier (19,20) that actinomycin D did 
n o t  p revent  the stimulation of intestinal 
calcium transport by 1,25(OH)2 D3 in rat 
duodenum. Bikle et al. (21) recently reported 
similar findings with chick duodenal loops 
using both actinomycin D and cycloheximide. 
These authors suggested that the inability of 
e i t h e r  inhibitor to block 1,25(OH) 2 D 3- 
mediated calcium transport despite inhibition 
of calcium-binding protein production and alka- 
line phosphatase activity by cycloheximide, in- 
dicates that de  n o v o  RNA and protein syn- 
thesis, and, in particular, calcium binding pro- 
tein and alkaline phosphatase are not required 
for the 1,25(OH)2 D3s t imula t ion  of calcium 
transport. 

One attractive alternative is a mechanism by 
which the fatty acid composition of the villus 
cell  membranes could be retailored, thus 
modifying general properties of the membranes 
such as fluidity and permeability. This could be 
affected by increased activity of the phospho- 
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glyceride deacylat ion-reacylat ion cycle (4,5). 
The results p resen ted  above demons t r a t e  that  
adminis t ra t ion  of  1,25(OH) 2 D 3 can increase 
the activity of the intest inal  phosphol ipase  A2, 
thus generat ing lysophospha t idy lcho l ine  which 
can then  be reacyla ted  by the acyl transferase 
react ion,  which is also shown to be s t imula ted  
by 1,25(OH) 2 D3, to  form a retai lored molec-  
ular species of  phosphat idy lchol ine .  It is perti- 
nen t  to  point  out  that  we have recent ly  also 
suggested (22) tha t  the  detergent  proper t ies  of  
l y s o p h o s p h a t i d y l c h o l i n e  may provide the 
physical  basis for  a role by this monoacy lphos -  
phol ip id  as a metabol ic  modu la to r  in the in- 
testinal  cell. 

Yorio and Bent ley  have recent ly  shown (23) 
that  a ldos terone  can increase phosphol ipase  A 
activity in toad b ladder  and suggested that  this 
was a mechan ism by which t ransepi thel ial  
sodium t ranspor t  was increased. They did not ,  
however,  investigate the activity of  the acyl- 
t ransferase react ion.  Our present  f indings pro- 
vide the  first demons t r a t i on  that  1,25(OH) 2 D 3 
can increase the activities of the enzymes  in- 
volved in the phospha t idy lcho l ine  deacylat ion-  
reacylat ion cycle in intest inal  cells. This re- 
tai loring of  the fa t ty  acid compos i t ion  of  mem- 
brane phosphol ip ids  by increasing the activity 
of  the deacyla t ion-reacyla t ion cycle could help 
explain how calcium t ranspor t  can occur  with- 
out de  n o v o  RNA and pro te in  synthesis  (21),  as 
well as the change in the fa t ty  acid compos i t i on  
of  the phospha t idy lcho l ine  f rac t ion of the 
intest inal  microvillus membrane  media ted  by 
b o t h  l o ~ h y d r o x y v i t a m i n  D 3 ( 3 ) ,  and  
1,25(OH) 2 D 3 (24). The fact that  the enzymes  
of  this cycle can be s t imulated 4-fold by  5 hr, 
could also explain the acute duodenal  calcium 
absorp t ion  observed by Walling (2) 6 hr af ter  
1,25(OH) 2 D 3 adminis t ra t ion.  
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The Effect of Essential Fatty Acid-Deficient Diet on the Levels of 
Prostaglandins and Their Fatty Acid Precursors in the Rabbit Brain 
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ABSTRACT 

Rabbits were maintained on an EFA-deficient diet. After eight weeks on this diet, lipid analysis 
showed no major alterations in the levels of brain dihomo-gamma-linolenic and arachidonic acids when 
compared with animals maintained on the standard laboratory diet. However, there were substantial 
reductions in the brain prostaglandin contents. It is suggested that the dihomo-gamma-linolenic acid 
and arachidonic acid utilized for prostaglandin production may be more directly related to the dietary 
essential fatty acid input rather than to the size of the precursor pool in the principal phospholipids. 

INTRODUCTION 

Brain phosphoglycerides are rich in the long 
chain polyunsaturated fatty acids derived from 
linoleic and o~-linolenic acids. These fatty acids 
play a vital role in the development and normal 
functioning of the brain. In the laboratory rat, 
it has been demonstrated that feeding of 
essential fatty acid (EFA)-deficient diets to 
pregnant animals effects brain development in 
the  foetus and offspring (1,2). In young 
growing rats, EFA deficiency increases the sus- 
ceptibility of myelin to attack by encephalito- 
genic proteins (3) and influences the activity of 
the Na+,K+-ATPase in the synaptosomes (4). It 
is commonly believed that the role of these 
long chain essential fatty acids in the brain is to 
maintain the membrane structure and fluidity 
which, in turn, influences membrane functions. 

However, two of these long chain polyun- 
saturated fatty acids (dihomo-gamma-linolenic 
[DHLA] and arachidonic [AA] acids)present 
in the brain structural lipids are the biosyn- 
thetic precursors for prostaglandins (PG) of the 
PG 1 and PG 2 series, respectively (5). Further- 
more, it has been shown that prostaglandins are 
synthesized locally in the brain where they may 
modify neuronal function (6), cyclic nucleotide 
metabolism (7), and also produce behavioral 
changes (8). In the kidney of EFA-deficient 
rabbits (9) and in thrombin-stimulated platelet 
from EFA-deficient rats (10), the prostaglandin 
formation is markedly reduced, although there 
was no evidence for any lack of correlation 
between amounts of prostaglandins and their 
precursors. 

In the present study in rabbits, we have 
examined the relationship between dietary 
input of essential fatty acids, membrane phos- 
phoglyceride fatty acids and prostaglandin 

1 Roche Products Ltd., P.O. Box 8, Welwyn Garden 
City, Hertfordshire, AL7 3AY, England. 

production. For the first time, we report evi- 
dence to suggest that brain prostaglandin pro- 
duction does not appear to be related to the 
amounts of precursors present in the principal 
membrane phosphoglycerides. 

MATERIALS AND METHODS 

Weanling Dutch male rabbits (Hyeline)were 
maintained for up to eight weeks on either the 
normallaboratory diet (Diet RAF, The Christo- 
pher Hill Group Ltd., Poole, Dorset) or a semi- 
synthetic diet deficient in essential fatty acids. 
The semisynthetic diet was otherwise complete 
in respect of minerals, vitamins and energy 
(11). 

The animals were killed and the brains re- 
moved. One-half of the brain of each animal 
was immediately frozen in liquid nitrogen, 
stored at -20 C until powdered and extracted 
for prostaglandin (PG) determination (12). Pro- 
staglandin values are expressed in terms of 
authentic standards and were assayed on super- 
fused rat stomach strips after isolation by thin- 
layer chromatography (TLC). Details of these 
methods have been published (13). All values 
are corrected for recovery of 3H-tracer. The 
other half of each brain was homogenized in an 
ice-cold mixture of chloroform-methanol (2: I, 
v/v), containing an antioxidant (14). The lipids 
were extracted, separated into phosphogly- 
ceride classes on TLC and transmethylated in 
concentrated sulphuric acid in methanol. The 
fatty acid methyl esters were estimated by gas 
liquid chromatography. The detailed proce- 
dures of lipid extraction and fatty acid analyses 
have been described elsewhere (14). 

RESULTS AND DISCUSSION 

There were no significant differences in the 
DHLA content in brain choline phosphogly- 
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TABLE 1 

Dihomo-gamma-linolenic Acid (DHLA) and Arachidonic Acid (AA) Contents in the  
Phosphoglyceride Fractions of the Brains from Rabbits Fed a Standard 

Laboratory Diet or an Essential Fatty Acid-deficient Diet  a 

79 

Normal E FA-deficient 
diet  diet 

Brain phosphogtyceride fraction (n=4) (n=3) P 

Ethanolamine phesphoglycerides 
DHLA 0.8 -+ 0.1 b 0.5 4- 0.1 0.05 
AA 10 4- 0.3 10 +- 0.5 NS 

Choline phosphoglycerides 
DHLA 0.3 4- 0.1 0.2 -+ 0.1 NS 
AA 5 _+ 0.7 6 4- 0.3 NS 

Serine phospboglycerides 
DHLA 0.5 4- 0.1 0.4 +- 0.1 NS 
A A  7 4- 0.8 5 -+ 0.4 0.05 

aResults expressed as wt. %. 
bMean +- 1 SEM. 

TABLE I1 

Prostaglandin Content of the Brains from Rabbits Fed a Standard 
Laboratory Diet or an Essential Fatty Acid-deficient Diet a 

EFA-deficient 
Prostaglandins Normal diet diet P 

E 1 76 4- 14b (9) c 15 -+ 4 (8) 0.001 
E 2 290 4- 80 (7) 80 +- 13 (8) 0.025 
F2a 400 4- 68 (5 )  76 +- 16 (8) 0.001 

aResults expressed as ng/g brain wet weight. Prostaglandin values 
are expressed in terms of authentic standards and were assayed on 
superfused rat stomach strips after isolation by thin layer chroma- 
tography. All values are corrected for recovery of 3H-tracer~ 

bMean 4- 1 SEM 
CNo. of animals. 

cerides (PC) and serine phosphoglycer ides  (PS) 
be tween  the animals fed the normal  diet com- 
pared wi th  those  fed an essential fa t ty  acid- 
def ic ient  diet (Table I). However,  in the etha- 
nolamine phosphoglycer ide  (PE) fract ion,  there  
were marginally lower  levels of DHLA in 
animals fed the EFA-def ic ien t  diet. There  were 
also no sys temat ic  differences in the  AA levels 
of the  brain PE, PC and PS fract ions;  in the  PC 
fraction,  the  animals on EFA-def ic ien t  diet had 
slightly higher levels of  AA compared  with con- 
trois, but  lower  levels in the PS fract ion.  This 
general lack of  response  in the  brain lipids to  
the EFA-def ic ien t  diet  is consis tent  with what  
is k n o w n  about  the resistance of the brain lipids 
to alter under  d i f ferent  short  te rm dietary con- 
dit ions (15,16).  By contras t ,  the brain prostag- 
landin c o n t e n t  (E 1 derived f rom DHLA and E 2 
and F2a derived f rom AA) were cons is tent ly  
reduced by over 70% in the brains f rom the  
animals that  were mainta ined on the  EFA- 
deficient  diet (Table II). Al though  Galli et al. 
(17) have shown  that  much  prostaglandin  
synthesis  in rat brain may occur  be tween  killing 

the animal and removal  of  the  organ, the 
dif ferences  we repor t  here are significant since 
bo th  groups of  rabbi ts  were t rea ted  identical ly.  

These substant ial  reduc t ions  in the brain 
prostaglandin con ten t s  in rabbi ts  fed EFA- 
d e f i c i e n t  d i e t s ,  despi te  little comparab le  
changes in the DHLA and AA levels in the 
membrane  phosphoglycer ide ,  do no t  appear  to  
be consis tent  wi th  the widely held assumpt ion  
that  the rate l imit ing s tep in pros taglandin  pro- 
duc t ion  is the l iberat ion of their  precursors  
(DHLA and AA) f rom memb ran e  phosphol ip ids  
by phosphol ipase  A (5). 

There are a n u m b e r  of  possible explana t ions  
for the dissociat ion b e t w een  levels of  phos-  
phol ipid  PG precursors  and their  pros taglandin  
metabol i tes .  What is clear is that  the DHLA and 
AA con ten t s  of  the  principal phospho l ip ids  in 
the brain and o the r  tissues we examined  (18) 
were unchanged,  while pros taglandin  produc-  
t ion was reduced.  Weston and J o h n s t o n  (19) 
have recent ly  shown  a reduc t ion  in brain PGF 
synthesis  in EFA-def ic ien t  rats despi te  no 
significant d i f ferences  in its precursor ,  arachi- 
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donic  acid, in the brain e thanolamine  phospho-  
glyceride f ract ion when compared  wi th  the  
nondef ic ien t  animals. It has also been  recent ly  
shown that  a l though there were no di f ferences  
in  t h e  p r o s t a g l a n d i n  precursors ,  d ihomo-  
gamma-l inolenic  and arachidonic  acids, in the 
plasma choles terol  and phosphog lycer ide  frac- 
t ions of  infants  wi th  respira tory  distress syn- 
d rome and age-matched controls ,  the  levels of  
prostaglandins  were markedly  d i f fe ren t  in the  
two groups (20). It would,  therefore ,  seem that  
the levels o f  DHLA and AA in these phospho-  
lipids are no t  control l ing prostaglandin  p roduc-  
tion. Ei ther  PG p roduc t ion  is d e p e n d e n t  for  its 
substrates  on a small amoun t  of  the  measured  
phosphol ip ids  in a specific locat ion or on some 
o the r  minor  lipid fractions.  

The DHLA and AA con t en t  o f  tota l  brain 
lipids was also no d i f ferent  in the EFA-def ic ien t  
a n i m a l s  and controls .  Since the  principal  
variable was dietary EFA intake,  we conclude  
that  PG p roduc t ion  is more  d e p e n d e n t  on 
dietary factors  than on the tota l  a m o u n t  of  PG 
precursors  in the tissues~ 

This conclus ion suggests a hypo thes i s  that  
the DHLA and AA utilized for  PG p roduc t i on  
is derived f rom a metabol ic  pool  which  is more  
directly related to dietary E F A  input  ra ther  
than the principal  membrane  s t ructural  lipids. 
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1 3 C Nuclear Magnetic Resonance of Mono- and Dihydroxy 
Saturated and Unsaturated Fatty Methyl Esters 

HENRY RAKOFF,  D A V I D  WEISLEDER, and EDWARD A. EMKEN, Northern Regional 
Research Center, Federal Research, Science and Education Administration, 
U.S. Department of Agriculture 1, Peoria, Illinois 61604 

ABSTRACT 

13 C nuclear magnetic resonance spectra were obtained for methyl esters of erythro- and threo- 
9,10-dihydroxystearates, for 12-hydroxy-cis- and trans-9-octadecenoates, and for threo-12,13- 
dihydroxy-cis- and trans-9-octadecenoate~ Erythro and threo compounds may be distinguished easily 
by the difference in the chemical shifts of the carbons alpha to the hydroxy-bearing carbons. Mono- 
hydroxy compounds are easily distinguished from vicinal dihydroxy compounds by differences in 
chemical shifts of both the hydroxy-bearing carbons and of the carbons alpha to them. The presence 
of a hydroxy-bearing carbon beta to a double bond results in the two carbons of the double bond 
having different chemical shifts, with the numerical values being different for the cis and trans isomers. 
The chemical shift of a carbon alpha to both a doubly bonded carbon and a hydroxy-bearing carbon is 
influenced both by the geometry of the double bond and the number of hydroxy-bearing carbons. 

INTRODUCTION 

In a previous publ icat ion (1), we reported on 
the behavior  of  several mono-  and d ihydroxy  
saturated and unsaturated fa t ty  me thy l  esters 
on a chromatographic  co lumn packed with  a 
silver-ion saturated Amber lys t  XN1010  cation 
exchange resin. In this communica t ion  we wish 
to report  the 13C nuclear magnetic resonance 
(NMR) spectra of  these compounds.  

EXPERIMENTAL PROCEDURES 

Materials 

Methyl  erythro- and threo-9,10-dihydroxy- 
stearates and methy l  12-hydroxy-cis- and trans- 
9-octadecenoates  were available f rom other  
workers in this Center.  Methyl  threo-12,13- 
dihydroxy-cis- and trans-9-octadecenoates were 
derived f rom Vernonia anthelrnintica seed oil as 
previously described (1). The saturated com- 
pounds were racemates while the unsaturated 
compounds ,  which were natural  products  or 
derived f rom them,  were enantiomers.  

Methods 

The 13C NMR spectra were recorded in 
10-mm tubes at ambient  probe tempera ture  
with a Bruker WH-90 Four ier  Transform spec- 
t romete r  operat ing at 22.6 MHz. The  spectra 
were obta ined f rom solutions in CDC13, which 
also served as the internal  deuter ium lock. 
Chemical  shifts are repor ted  as 6 values (ppm 

IThe mention of firm names or trade products 
does not imply that they  are endorsed or recom- 
mended by the U.S. Department of Agriculture over 
other  f irms or similar products not mentioned. 

downfield f rom TMS). Sweep widths o f  6024 
Hz with 4096 plot  data points  were used to  give 
chemical  shift values to within +1.5 Hz, i.e., 
+0.1 ppm. A pulse width  of 5/asec (ca. 30 ~ was 
used, and the compu te r  data m e m o r y  size 
(8192 addresses) l imited the data acquisi t ion to 
0.68 sec. No pulse delays were used. 

DISCUSSION 

The chemical  shifts de termined for  C-1 
through C-6 and C-13 through C-18 for the 
saturated compounds ,  methyl  erythro- and 
threo-9,10-dihydroxystearates (I and II), and 
for C-1 through C-7 and C-16 through C-18 for 
t h e  u n s a t u r a t e d  compounds ,  methy l  12- 
hydroxy-cis- and trans-9-octadecenoates and 
methyl  threo-12,13-dihydroxy-cis- and trans- 
9-octadecenoates  (III through VI), agreed with 
published values (2-6) for similar carbons in 
o ther  long chain esters. The values obta ined by 
us for the o ther  posit ions in these molecules are 
presented in Table I. Assigments for some of 
these posit ions are based on values repor ted  by 
Tul loch and Mazurek (7). 

In the saturated d ihydroxy  esters, I and II, 
the carbon shifts for the carbons (C-9 and C-10) 
bearing the hyd roxy  groups are essentially the 
same (674.6, 74.8) in the two compounds.  
There is a substantial  difference,  however,  
between the shifts of  the me thy lene  carbons 
(C-8 and C-11) adjacent to C-9 and C-10 in the 
two compounds .  In the erythro compound ,  I, 
this shift is 631.3,  while in the threo com- 
pound,  II, it is 633.7.  Thus, erythro and threo 
dihydroxy  compounds  may be easily ident i f ied 
or  distinguished in this manner.  The inf luence 
of the geometry  of  the d ihydroxy  compounds  
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is also apparent, although not as strikingly so, 
for  the beta  carbon. Thus, the shift is 
825.4-25.6 for the threo compounds (II, V, and 
VI) and 826.0 for the ery thro  compound. 

Note that C-14 of the t h r e o - d i h y d r o x y  esters 
(V and VI) also appears at 833.7 in both the cis 
and trans isomers�9 In these compounds C-11 
does not demonstrate this same shift because it 
is influenced by the presence of the double 
bond. 

Introduction of a double bond produces a 
smaU but significant chemical shift in the 
hydroxy-bearing carbons of the diol from 
874.6, 74.8 in I and II to 673.8, 74.0 in V and 
VI, respectively. In the monohydroxy com- 
pounds III and IV, however, this shift is very 
different, 571.2, 71.6. Thus, it is easy to dis- 
tinguish vicinal dihydroxy compounds from 
monohydroxy compounds by this difference in 
chemical shift. One further striking difference 
between mono- and dihydroxy compounds 
is the shift of the carbon alpha to the carbon 
bearing the hydroxy group. The shifts of 
C-13 of III and IV appear at 537.0, some 
3-6 ppm downfield from the shifts of C-8 
and C-11 of I and II or C-14 of V and VI. This 
downfield shift results from the absence of a 
beta shielding effect caused by the second 
hydroxy group (7). 

The olefinic carbons of the cis unsaturated 
compounds are characterized by large dif- 
ferences in their chemical shifts caused by the 
presence of the hydroxy groups. Thus, C-9 
appears at 5125.5 and 8125.1 in III and V 
while C-10 is at 5133.0 in both III and V. A 
similar large difference is observed for the trans 
compounds IV and VI. By contrast, the shifts 
for C-9 and C-10 are 5129.8 and 6130.1, re- 
spectively, in methyl oleate and 8130.3 and 
8130.5, respectively, in methyl elaidate (Table 
I). The assignments of C-9 and C-10 in IV were 
verified by a shift reagent experiment with 
Eu(fod)3d27 and are the reverse of those listed 
by Wenkert et al. (8) for ricinelaidic acid�9 

As has already been reported (2), C-8 in the 
cis compounds resonates at 527.4 while C-8 in 
the trans compounds appears at 832.7. The 
shift of a carbon between a double bond and a 
hydroxy group is dependent upon the-geometry 
of the double bond and on the number of 
hydroxy groups. In III and IV, C-11 has a shift 
of 835.5 for the cis compound and 540.9 for 
the trans compound. With the dihydroxy com- 
pounds V and VI, the shifts for C-11 are ~31.8 
for cis and 837.2 for trans. Thus, double bond 
geometry and number of hydroxy groups are 
immediately apparent from this absorption. 

In summary, 13 C NMR spectroscopy may be 
used to identify or distinguish ery thro  and 
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t h r e o  d i h y d r o x y  c o m p o u n d s ,  g e o m e t r i c a l l y  
i s o m e r i c  u n s a t u r a t e d  m o n o h y d r o x y  c o m p o u n d s  
a n d  g e o m e t r i c a l l y  i s o m e r i c  u n s a t u r a t e d  d i h y -  
d r o x y  c o m p o u n d s ,  as wel l  as d i s t i n g u i s h i n g  
m o n o h y d r o x y  f r o m  d i h y d r o x y  c o m p o u n d s .  
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The Importance of the Steric Configuration of Lysophosphatidyl- 
choline in the Lymphatic Transport of Fat 
P.J.A, O'DOHERTY, G.F. Strong Laboratory for Medical Research, Department of 
Medicine, University of British Columbia, Vancouver, British Columbia, Canada V5Z 1M9 

ABSTRACT 

The importance of the steric configuration of lysophosphatidylcholine in the lymphatic transport 
of fat was investigated in bile fistula rats. It was found that the feeding of 1-palmitoyl-sn-glycero-3- 
phosphocholine increased the lymphatic output of phosphatidyl choline and triacylglycerol, while the 
feeding of 3-palmitoyl-sn-glycero-l-phosphocholine had no effect. In intestinal microsomes of the bile 
fistula rats, it was found that the lysophosphatidylcholine acyltransferase was stereospecific in acylat- 
ing the l-acyl-sn-glycero-3-phosphocholine enantiomer. The significance of these findings is briefly 
discussed. 

INTRODUCTION 

In previous studies we provided in vivo (1) 
and in vitro (2-5) evidence that the synthesis of 
phosphatidyl choline is necessary for the forma- 
tion and release of chylomicrons in rat intes- 
tinal mucosa. It was demonstrated (1) by elec- 
tron microscopy and by measurement of the 
uptake of radioactivity into liver and adipose 
tissue, that in one-day bile fistula rats fed a 
micellar solution of bile salt, monoacylglycerol 
and labelled free fatty acids, there was a signif- 
icant impairment of fat release from the intes- 
tinal mucosa. Fat clearance was effected by the 
feeding of phosphatidyl choline, lysophospha- 
tidylcholine or choline. The role of luminal 
lysophosphatidylcholine in this process was 
rationalized (1,4,5) on the basis of its ability to 
supply a precursor of phosphatidyl choline. 
These findings have been recently confirmed by 
Tso et al. (6) by direct measurements of the fat 
in the lymph following large doses of dietary 
fats with or without lysophosphatidylcholine. 

The question arises whether or not the effect 
of lysophosphatidylcholine in the lymphatic 
transport of fat is stereospecific, or is it due to 
the detergent properties of this monoacylphos- 
pholipid? The present study was undertaken to 
answer this question. 

MATERIALS AND METHODS 

Materials 

1-Palmitoyl-sn-glycero-3-phosphocholine and 
3-p almitoyl-sn-glycero- 1-phosphocholine were 
prepared as previously described (7). [1-14C] 
Oleoyl-CoA and [1-14C]linoleoyl-CoA were 
prepared as described (9). 

Methods 

Male Wistar rats (250-260 g) were fasted 
o v e r n i g h t  b e f o r e  operation. Under ether 
anaesthesia, the thoracic duct and common bile 

duct were cannulated as described by Tso et al. 
(6). Postoperatively, the animals were infused 
via the duodenal tube at a rate of 2.9 ml/hr 
with saline (145 mM/4 mM KC1). The operated 
animals were allowed to recover for at least 36 
hr in restraint cages before lipid infusions were 
given. On the day of the experiment, lipid was 
infused in the same volume of fluid as post- 
operatively. There were three groups of rats: (1) 
bile fistula, group A; (2) bile fistula with 
1 - p a l m i t o y l - s n - g l y c e r o - l - p h o s p h o c h o l i n e  
supplemented, group B; and (3) bile fistula 
with 3-palmitoyl-sn-glycero-l-phosphocholine 
supplemented, group C. The bile fistula group 
received a mixture of oleic acid and monoolein 
in the molar ratio 2:1 (6). The total fatty acid 
infused per hour was 170 /lmol. In group B the 
l i p i d  was the same as the rats in group A, 
e x c e p t  t h a t  1 - p a l m i t o y l - s n - g l y c e r o - 3 -  
phosphocholine, 10 /lmol/hr, was added as a 
supplement. In group C the lipid dose was the 
same as in group A, except that 3-palmitoyl-sn- 
glycero-l-phosphocholine,  10 /~mol/hr, was 
added as a supplement. All groups received 
sodium taurocholate, 55 /~mol/hr, to ensure an 
adequate, continuous luminal supply of bile 
salts. In all experiments the lipid was labelled 
with [1A4C]oleic acid (ca. 5X10 "4 Ci/mol of 
fatty acid. On the day of experiment, stock 

lipid solutions were mixed and the solvent 
evaporated under a stream of nitrogen. Sodium 
taurocholate (19 ~tmol/ml, dissolved in phos- 
phate-buffered saline) (6) was then added to 
make up the required lipid concentration and 
the mixture sonicated. Both infusates formed a 
stable, slightly milky mixture; the pH of the 
infusate was adjusted to 6.4. Lymph was 
collected into precooled tubes contained 2 ml 
methanol for 2 hr before lipid infusion (6). The 
lymph sample was analyzed as control. Lymph 
samples were collected as above at various time 
intervals (see Results) during the 8 hr infusion. 
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FIG. 1. Phosphatidyl choline and triacylglycerol output before and during lipid infusion. The lipid test meal 
was infused into bile fistula rats, usinz three experimental ~rouos. Group A was bile fistula without supplement; 
group B, bile fistula with 1-palmitoyl-sn-glycero-3-phosphocholine supplement; and group C, bile fistula with 
3-palmitoyl-sn-glycero-l-phosphocholine supplement. Both outputs were measured 2 hr preinfusion and also 
during the 8 hr infusion period. All values are expressed as the mean +_ S.E. for 5 rats. 

Lipid Analyses 

Lymph lipid was extracted by the method of 
Bligh and Dyer (8) and dissolved in chloroform. 
The triacylglycerol and phosphatidyl choline 
fractions were resolved by thin layer chro- 
matography, and the lipid masses quantitated 
by gas chromatography as previously described 
(4). Lipid scintillation spectrometry was carried 
our as described (4). 

Preparation of Microsomes 

Microsomes were prepared from the intes- 
tinal mucosa of normal and bile fistula rats as 
previously described (3). 

Assay of Lysophosphatidylcholine 
Acyltransferase [EC 2.3.1.23] 

Lysophosphatidylcholine acyltransferase was 
assayed as previously described (9). A typical 

react ion mixture contained 20 nmol of acyl- 
CoA, 150 nm01 of 1-palmitoyl-sn-glycero-3- 
phosphocholine, or, where appropriate, 150 
n m o l  o f  3 - p a l m i t o y l - s n - g l y c e r o l - 1 -  
phosphocholine, 1 /amol of 5,5-dithiobis(2- 
nitrobenzoic acid), 80 /Jmol of Tris-HC1 (pH 
7.5), and 0.2 mg of microsomal protein in a 
final volume of 1 ml. The reaction was followed 
spectrophotometrically at 412 nm. Control 
values without acceptor were subtracted to give 

net acyl transfer rates. As radioactive acyl-CoAs 
were used, the reaction products were extracted 
and purified by thin layer chromatography, and 
the radioactivity at the sn-2 position of the 
phospholipid was determined after phospho- 
lipase A 2 hydrolysis (10). Protein was deter- 
mined by the method of Lowry et al. (11), 
using bovine serum albumin as standard. 

RESULTS 

The fasting output of phosphatidyl choline 
in lymph was low in all three groups of rats, 
being about 0.3 pmol/hr as shown in Figure 1. 
During lipid infusion the lymph phosphatidyl 
choline increased and reached a steady output 
after 5 hr. Taking the 7- and 8-hr values as the 
steady-state output, the corresponding values in 
/amol/hr (mean + S.E.) were group A (bile 
fistula) 0.98 + 0.1; group B (bile fistula with 
1 -p a lmi t  o y l - s n - g l y  c e r o - 3 - p h o s p h o c h o l i n e  
supplement) 2.8 -+ 0.3; and group C (bile fistula 
w i th  3-palmitoyl-sn-glycero-l-phosphocholine 
supplement) 0.96 + 0.1. The difference in phos- 
phatidyl choline output was significant with p 
< 0.001 for both group B vs. grOup A, and 
group B vs. group C. 

Prior to lipid infusion, the output of tri- 
acylglycerol was low in all three groups of rats. 
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TABLE I 

Lysopbosphatidylcholine Acyltransferase Activity a 
in Mucosal Microsomes of Normal and Bile Fistula Rats 

Lysophosphatide acceptor 

Source of microsomes 
Fatty Acyl-CoA 

used in assay Control Bile fistula 

1-Palmitoyl-sn-glycero. [ 1-14C] Oleoyl CoA 14.7 +- 1.3 14.5 -+ 1.4 
3-phosphochol ine  [ 1-14C] Linoleoyl CoA 18.3 + 1.8 18.4 -+ 1.8 
3-Palmitoyl-sn-glycero. [ 1 - 14C ] Oleoyl CoA n.d. n.d. 
1-phosphocholine [ 1.14C] Linoleoyl CoA n.d. n.d. 
l-Palmitoyl-sn-glycero- 
3-phosphochol ine  [ 1-14C] Oleoyl CoA 7.6 -+ 0.8 7.4 -+ 0.6 

plus 
3-Palmitoyl-sn-glycero- [ 1-14C1Linoleoyl CoA 9. o, +-0.7 9.8 +- 1.1 
1-phosphochol ine 
(1:1 mix ture)  

anmol/min/mg protein. The results represent the mean -+ SE of five experiments, n.d. = 
n o t  detectable. 

The output increased after lipid infusion and 
reached a steady level at 6 hr. The steady-state 
triacylglycerol output followed a trend similar 
to phosphatidyl choline output in the thiee 
groups.  The rats in group B transported 
significantly more triacylglycerol than the rats 
in group A and group C (p<0.02.). The steady- 
state triacylglycerol outputs in /lmol/hr (mean 
+ S.E.) were group A, 15.6 -+ 1.2, group B, 28.1 
+ 1.5 and group C, 15.5 + 1.1. 

The inability of the bile fistula groupsupple- 
m e n t e d  w i t h  3 - p a l m i t o y l - s n - g l y  cero-1- 
phosphocholine to increase the level of both 
phosphatidyl choline and triacylglycerol in 
lymph above the level of the unsupplemented 
bile fistula group could have been due to the 
inability of the intestinal mucosa to acylate this 
compound. It was, therefore, decided to com- 
pare the rate of acylation of 1-palmitoyl-sn- 
glycero-3-phosphocholine and its enantiomer 
by the intestinal lysophosphatidylcholine acyl- 
transferase. 

As shown in Table I, when the 3-palmitoyl- 
sn-glycero-l-phosphocholine was used as the 
lysophosphatide acceptor, no acylation was 
observed. With the racemic substrate, the 
amount acylated was never more than 50%, 
indicating that only one enantiomer was being 
enzymatically acylated. As mentioned under 
M e t h o d s ,  t he  reaction product was also 
hydrolyzed by phospholipase A2, which has 
been shown to be specific only for the 1,2 
diacyl-sn-glycero-3-phosphocholine enantiomer 
(12). These results indicate that the intestinal 
lysophophatidylcholine acyltransferase accepts 
o n l y  the  1-acyl-sn-glycero-3-phosphocholine 
enantiomer as its substrate. 

DISCUSSION 

In previous studies we (1,5) and others (6) 

have shown that the clearance of dietary fat in 
the intestinal mucosa of the bile fistula rat was 
affected by the feeding of lysophosphatidyl- 
choline. The question arose whether or not the 
e f f e c t  o f  lysophosphat idylcholine in the 
lymphatic transport of fat was stereospecific, or 
was it due to its detergent properties. In other 
studies we have demonstrated that 1-palmitoyl- 
sn-glycero-3-phosphocholine and its enantiomer 
were equipotent in stimulating the phospho- 
chol ine  cytidylyltransferase activity in the 
cytosol fraction of intestinal villus cells (7), in 
stimulating the glycosyltransferase activity in 
villus cell microsomes (13), in stimulating the 
guanylate cyclase activity of the microvillus 
membrane, and in inhibiting the adenylate 
cyclase activity of the basal lateral membrane 
of the villus cell (14). These findings led us to 
propose (13) that the stimulatory or inhibitory 
effects  of lysophosphatidylcholine may be 
related to a specific detergent property depen- 
dent upon the peculiar balance of hydrophilic 
and hydrophobic components in the molecule, 
and that the detergent properties of lysophos- 
phatidylcholine may provide the physical basis 
for a role by this monoacylphospholipid as a 
metabolic modulator in the intestinal villus cell. 

The results from the present study provide 
the first demonstration for a stereospecific 
effect of lysophosphatidylcholine in the intes- 
tinal mucosa. The data documented above 
shows that the feeding of 1-palmitoyl-sn- 
glycero-3-phosphocholine to the bile fistula rat 
results in increased levels of phosphatidyl cho- 
line and triacylglycerol in the lymph, whereas 
the feeding of the enantiomer 3-palmitoyl-sn- 
glycero-l-phosphocholine did not increase the 
lymph levels of these lipids. The inability of 
this enantiomer to icrease the lymphatic trans- 
port of fat may have been due to its unsuit- 
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ability as a substrate  for the ly sophospha t idy l  
chol ine acyl transferase which we have shown 
(Table I) to  be s tereospecif ic  for the  1-acyl-sn- 
g lycero-3-phosphochol ine  enant iomer .  It is 
o f  interest  to  no te  here tha t  F leming and 
Hajra (15) have recent ly  shown tha t  the  1-alkyl- 
sn-glycero-3-phosphate:acyl-CoA acyl transferase 
in rat brain mic rosomes  was s tereospecif ic  in 
acylating the a lkylg lycerophosphate  substrate.  
The o the r  opt ical  enan t iomer  was inactive wi th  
the brain acyltransferase.  

Taken overall, the results f rom b o t h  the  
present  and our  previous studies suggest that  
lysophospha t idy lcho l ine  as a subst ra te  for the 
acyl transferase react ion to form phospha t idy l  
choline exhibi ts  s tereospecif ic i ty ,  whereas  its 
act ion as an enzyme  modu la to r  is no t  stereo- 
specific, but  due to  its de tergent  propert ies .  
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METHODS 

Improved Synthesis of Choline Phospholipids 
HANS BROCKERHOFF and N A R A Y A N  K.N. A Y E N G A R ,  New York State 
Institute for Basic Research in Mental Retardation, Staten Island, NY 10314 

ABSTRACT 

Choline phospholipids (diether and dialkyl analogs of phosphatidyl choline, cholesteryl phospho- 
choline) were prepared, in yields of 72-83%, by condensation of the diglyceride analogs (or choles- 
terol) with phosphorusoxychloride and choline toluene-sulfonate. 

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

While phosphatidycholines are most easily 
accessible through acylation of glycerophospho- 
choline or lysophosphatidylcholine (1), their 
ether or alkyl analogs must be synthesized by 
addition of the phosphocholine moiety to the 
corresponding 1,2-diglyceride analog. This can 
be done by condensation with 2-bromoethylo 
dichlorophosphate, isolation of the phospha- 
t idylbromoethanol and replacement of the 
bromine by trimethylamine (2,3). The method 
produced dipalmitoyl phosphatidylcholine in 
57% yield (3); starting from unsaturated diether 
and dialkyl glycerols, we have not been able to 
obtain yields higher than 35%, and we found 
the necessary chromatographic purification of 
intermediate and product difficult because of 
the presence of many by-products. A much 
simpler method, condensation of phosphorus- 
oxychloride first with a diglyceride, then with 
choline (as a salt), without isolation of the 
intermediate product, is reported to give 40% 
(with choline chloride) or 50% (with the 
iodide) yield (4). We find that with slight modi- 
fications, mainly by use of a soluble choline 
salt, high yields of choline phospholipids can be 
obtained. 

EXPERIMENTAL METHODS 

Choline toluenesulfonate was prepared by 
neutralizing commercial aqueous 40% choline 
hydroxyde with toluenesulfonic acid, removing 
the  wa t e r  by  repeated evaporation with 
toluene, and crystallyzing the salt from acetone 
(for an alternate method, see ref. 5 . )The  salt 
was dried in vacuum over P2Os and stored in 
air-tight bottles. 

To 1.87 ml (20 mmole) of POC13 in a 

flame-dried 500 ml three-neck flask equipped 
with magnetic stirrer, drying tube, reflux con- 
denser and dropping funnel, under N2, we 
added (within 5 min, room-temperature) 9.1 g 
(16 mmole) 1-palmityl-2-oleyl-sn-glycerol (6) 
dissolved in 100 ml ethanol-free chloroform 
containing 2.37 ml (20 mmole) of dry quino- 
line (distilled, kept over molecular sieve 4A). 
The temperature was then raised to 45 C for 30 
min. After cooling, 10 ml of dry pyridine and 
9.6 g (35 mmole) of choline toluenesulfonate 
were added, and stirring was continued for 5 hr 
at room temperature. Then, 3 ml water was 
added, and stirring continued for 30 min. 
Chloroform, 150 ml, was then added, and the 
mixture was extracted successively with 50 ml 
portions, and two washings each, of water, 3% 
aqueous Na2CO3, water, 5% HC1, and water. 
At each extraction methanol was added in an 
amount just sufficient to break any emulsion 
formed. After drying (Na2SO 4) and evapora- 
tion of the chloroform, the crude product, 11.0 
g, contained almost no by-products, as judged 
by thin layer chromatography. The chroma- 
tographic purification was carried out as fol- 
lows: silicic acid (Mallinckrodt), 100 g in 
chloroform-methanol (5 : 1, VN) in a column of 
2.5 cm diameter; loaded with 2.2 g lipid in 20 
ml chloroform; linear gradient, from chloro- 
form-methanol 3:1 (600 ml in mixing chamber) 
to methanol (995 ml in the reservoir chamber). 
Five runs yielded 9.95 g (83% of t heo ry )o f  
pure diether phosphatidyl choline, with thin 
layer chromatographic behavior identical to 
previously synthesized (6) and commercial 
material. (Serdary Research Laboratories, Inc., 
London, Ont., Canada). Phosphorus, calculated, 
4.1%; found, 4.1%. 

A dialkyl analog of phosphatidyl choline (6) 
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was synthesized in an identical  manner  from 
2-tetradecyl-2-hexadecenyl-ethanol ,  except  that  
the quinol ine was replaced by 20 mmoles  tri- 
e thylamine,  with a yield of 74%. The chromato-  
graphic purif icat ion was carried out  as fol lows 
a luminum oxide, neutral,  Woelm (ICN Pharma- 
ceuticals, Inc., Cleveland, Ohio);  co lumn dia- 
meter ,  4 cm; 330 g A 1 2 0  3 in chloroform-  
me thano l  5 : 1 ; replace solvent with ch loroform;  
load lipid, 8g in 30 ml ch loroform;  elute with 
solvents A) chloroform,  250 ml;  B) chloroform-  
m e t h a n o l  9 5 : 5 ,  500 ml;  C) chloroform- 
methanol  90:10,  500 ml;  and D) chloroform-  
methanol  75:25,  1000 ml. The phosphol ipid  
appeared in the last 150 ml of  C and in D, 
and was identical  with previously prepared 
lipid (6); P, 4.2%, found 4.2%. 

Choles terylphosphochol ine  was prepared in 
the same manner  and purified by co lumn chro- 
matography on Unisil R (Clarkson Chemical  
Co., Williamsport, PA) with a gradient starting 
f rom chloroform-methanol-water  (40 :55 :5 )  to 
methanol-water  (60:40),  with a yield of 72%. 
The preparat ion thus obtained contained 1.73 
m o l e s  o f  w a t e r  according to e lementary  
a n a l y s i s :  C 3 2 H 5 8 0 4 N P . 2 H 2 0 [ 5 8 7 . 8 3 ] ;  C, 
65.39;  H, 10.62; N, 2.38; P, 5.27. Found,  C, 

65.95;  H, 10.72; N, 2.32; P, 5.29. 
It would  seem probable that phosphat idyl  

cholines could be synthesized from diglycerides 
with improved  yield by use of choline toluene-  
sulfonate,  but  we have not  tried this out.  
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Serum High Density Lipoprotein and Its Relationship to Cardio- 
vascular Disease Risk Factor Variables in Children - The Bogalusa 
Heart Study 

GERALD S. BERENSON, SATHANUR R. SRINIVASAN, RALPH R. FRERICHS, and LARRY S. WEBBER, 
From the Departments of Medicine, Public Health and Preventive Medicine, and Biometry, 
Louisiana State University Medical Center, New Orleans, Louisiana 

ABSTRACT 

Serum high density lipoprotein is increasingly recognized as a negative risk for cardiovascular 
disease. The distribution and interrelationship of serum lipids, lipoproteins, anthropometric measure- 
ments and blood pressures were determined in some 5,000 children. Children had mean • S.D. 
c~-lipoprotein cholesterol levels (mg/100 ml) of 36 _+ 15 at birth, 51 • 22 at 6 too, 53 -+ 18 at 1 yr, 60 • 
19 at preschool age (21A-51A yr) and 68 • 22 at school age (5-14 yr), reflecting a sharp increase in 
<x-lipoprotein between birth and school-age years, when these levels remained relatively stable through 
age 14. Although white children tended to have higher levels of total cholesterol and a-lipoprotein at 
birth than black children, during childhood this trend was reversed and the differences were pro- 
nounced in school-age children (p<0.0001). Unlike in adulthood, boys had slightly higher levels of 
a-lipoprotein than girls. The a-lipoprotein was negatively correlated with pre-~3-1ipoprotein and to a 
lesser extent with 13-1ipoprotein classes. There was an inverse relationship between c~-lipoprotein and 
obesity with a consistently significant relationship (p<0.01) in older children (10-14 yr). Children 
with higher levels of a-lipoprotein have lower levels of blood pressure, 13-1ipoprotein and a lower 
obesity index. 

INTRODUCTION HDL in chi ldren? 2) How do HDL change over  
A number  of  epidemiologic  studies indicate time, especially in early life? 3) What are the 

that cardiovascular risk factors are associated interrelat ionships of  HDL with o ther  risk factor  
with an increased probabi l i ty  for  coronary 
heart disease. High serum total  cholesterol  
levels represent  one of the major  risks. While a 
major por t ion  of the serum cholesterol  exists as 
a c o m p o n e n t  of  low densi ty l ipoproteins  in 
adults, several epidemiologic  studies have re- 
cently suggested that  low levels of serum high 
density l ipoproteins  are associated with higher 
rates of  coronary  heart  disease (1-3). Even in 
the presence of normal  (acceptable)  levels of  
serum to ta l  cholesterol,  low levels of  HDL may 
relate to more severe coronary  atherosclerosis.  
F u r t h e r ,  relationships of  HDL with  body 
weight,  weight changes, and exercise have also 
been shown (4-5). 

Most of the in format ion  on HDL has been 
obta ined  o n  adults. Lit t le  is known about  lipo- 
proteins  and their  changes in chi ldhood,  yet  it 
is impor t an t  to begin to learn about  HDL in 
early life. In 1972, we repor ted  prel iminary 
observat ions on 333 children and noted  high 
concent ra t ion  of a- l ipoprote ins  relative to levels 
found in adults (6 , / ) .  The development  of  
labora tory  techniques  (8,9) for quant i ta t ing  
serum l ipoproteins  on small amounts  of  serum 
and on large numbers  of samples (9) has now 
made studies possible on large populat ions.  

Regarding l ipoproteins,  and HDL in partic- 
ular, the  fol lowing quest ions can be posed:  1) 
What are the levels and distr ibutions of serum 

variables, part icularly with physical  parameters  
such as body  weight? 

The observat ions repor ted  here are primari ly 
f rom a popula t ion  s tudy of children in a bi-  
racial c o m m u n i t y  - The Bogalusa Heart  Study.  

MATERIAL AND METHODS 

Population Sample 

Some 5,000 black and white children in 
Bogalusa, LA, are being observed for risk factor  
variables in the Bogalusa Heart  Study as part of  
a S p e c i a l i z e d  C e n t e r  o f  R e s e a r c h -  
Arteriosclerosis (SCOR-A) Three major  cohor ts  
are being examined  in cross-sectional and long- 
i t u d i n a l  studies: school-aged children, pre- 
school-aged children, and a newborn  infant  
cohort .  Detai led observat ions on these children 
have been presented earlier (10-14) on selected 
an th ropomet r i c  measurements ,  b lood pressure 
recordings, es t imat ion of  matura t ion  by second- 
ary sex characterist ics and, of  part icular  inter- 
est, analyses of  serum lipids and l ipoproteins.  

Lipid and Lipoprotein Analyses 

Serum tota l  cholesterol  and triglycerides 
were analyzed s imultaneously with the use of  
the Technicon  Au toAna lyze r  II according to 
methods  designed by the Lipid Research Clinics 
in col laborat ion with the Center  for Disease 
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BOGALUSA HEART STUDY (1973-1974) 
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FIG. 1. Selected percentiles for ~-, pre-/3- and e- 
l lpoproteins for children, ages 5-14 yr. Alpha-llpopro- 
tein levels are essentially the same for the median of 
this age span; O-lipoproteins tend to decrease around 
age l l  yr; and pre-O-lipoproteins show a progressive 
increase (With permission from Circulation.) 

Control, Atlanta, GA (15). The method used in 
these studies for quantitating serum lipopro- 
reins is essentially a heparin-Ca ++ precipitation 
coupled with agar agarose gel electrophoresis 
(8,9). (Since our method involves an electro- 
phoretic separation of lipoproteins, in this pre- 
sentation, we have used electrophoretic nomen- 
clature of a-, /3-, and pre-~-lipoproteins, which 
are equivalent to high (HDL), low (LDL), and 
very low (VLDL) density lipoproteins, respect- 
ively. Briefly, heparin and Ca ++ are added to 
serum to precipitate selectively /3- and pre-/3- 
lipoproteins for quantitation of cholesterol in 
these two lipoproteins, a-Lipoprotein choles- 
terol is quantitated by subtraction of /3- and 
pre-~-lipoproteincholesterol from the serum total 
cholesterol.The electrophoreticratio of/3- to pre- 
/3-1ipoproteins was used to calculate/3- and pre-/3- 
lipoproteins from the precipitate. Although 
ideally suited for determination of/3- and pre-/3- 
lipoproteins, when the method was evaluated 

by blind analyses and compared with a prepara- 
tive ultracentrifuge method, the analyses of a- 
hpoprotein showed good agreement (16). This 
method is now being used to study 40 to 50 
children each day of screening in Bogalusa. 

RESULTS 

Levels and Distributions of 
O~-Lipoproteins in Children 

The first cross-sectional study of children 
ages 5-14 years was conducted in 1973-1974 on 
3,524 children, with 93% participation. Since 
the population is 67% white and 33% black, the 
study provides an opportunity to observe racial 
differences in the children. 

A unimodal distribution of both serum total 
cholesterol and triglycerides was observed, with 
black children having higher serum cholesterol 
levels and lower triglyceride levels than white 
children (11). Higher serum triglycerides were 
noted in girls than boys, especially white girls, 
and serum triglycerides tended to increase with 
age. The studies of serum lipoproteins indicated 
/3-1ipoprotein levels to be identical in both races, 
but white children showed somewhat higher 
pre-/3-1ipoproteins than their black counterparts 
(10). Interestingly, high levels of a-lipoproteins 
explained the relatively high serum total choles- 
terol noted in the black children. 

Figure 1 provides selected percentiles for the 
serum lipoproteins by race and sex over the age 
span  of  the school-aged children. As an 
example, studies of the pre-/3-1ipoproteins show 
a consistent increase with age while the a- 
lipoproteins for this age span remain essentially 
horizontal. Consistently, higher levels of a- 
lipoproteins are shown in the black children, 
although no statistically significant sex differ- 
ences were observed in this group. Of particular 
interest is a significant 0 < 0 . 0 5 )  decrease of the 
/3-1ipoproteins, particularly in boys, that occurs 
between ages 11 and 14 (10). Subsequent 
observations on those children show this de- 
creasing trend to continue through age 16 with 
an unusual decrease of a-lipoproteins in white 
boys. 

Table I shows the interrelationship among 
serum lipoproteins and serum lipids. As might 
be expected, a high correlation between serum 
total cholesterol and the/3-1ipoproteins is noted; 
triglycerides have a high correlation with pre~- 
lipoproteins. In contrast, a=lipoproteins cor- 
related negatively with /3-1ipoprotein and to a 
greater extent with triglycerides and pre-t3- 
lipoproteins, especially in white children, sug- 
gesting an inverse relationship among the lipo- 
protein classes. 
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T A B L E  I 

Cor re la t ion  Coef f i c ien t s  (r) for  Serum L i p o p r o t e i n  and  
Lipid Variables  by  Race in Chi ldren ,  Ages 5-14 Years  

93 

f l - l ipoprote in  Pre-13-1ipoprotein c~-lipoprotein Total  cho les te ro l  

Pre-B-l ipoprotein 
Black, N = 1173 0.231 b 
White ,  N = 2008 0 .393  b,e 

a - l i popro te in  
Black, N = 1173 -0 .093 a -0 .359 b 
White ,  N = 2009  -0.231 b,d -0.505 b,e 

Total  Cho les t e ro l  
Black, N = 1174 0 .727  b 0 .097  a 
White ,  N = 2009  0 .745 b 0 .206  b,c 

Tr ig lycer ide  
Black, N = 1174 0 .282  b 0 .667  d 
White,  N = 2009  0 .442b ,  e 0 .798  d 'e  

0 .595b ,  e 
0.441 b 

-0.286 b 0 .127 b 
-0 .422b,  e 0 . 253b ,  d 

a ,bLevel  of s ign i f icance  for (r) p<O.O 1 ; p<O.O001. 
c ,d ,eRace  d i f ferences  at p<O.01 ; p<O.O01 ; p<O.0001 .  

TABLE II 

Serum L ipop ro t e in  Choles te ro l  and  Tr ig lycer ides  by  Age 
Bogalusa Hear t  S tudy ,  1973-1974.  Mean (95 th  Percen t i l e )  

Choles te ro l  
Age N a Total  t~ -b /3.b Pre-/3b 

Birth 419  70 (103)  36 ( 6 0 )  30 ( 5 0 )  4 (12)  
6 M o n t h s  312 135 (185)  51 ( 8 8 )  74 (111)  10 (25)  
1 Year  291 145 (193)  53 ( 8 1 )  83 (121)  9 (25)  
2V2-51/2Years 694 157 (198)  6 0 ( 9 0 )  91 (129)  6 ( 1 8 )  
5-14 Years 3446  165 (215)  68 (104 )  89 (130 )  8 (22)  

Tr ig lycer ides  b 

40 (54)  
92 (169) 
82 (158) 
63 (113) 
69 (126) 

aNonfas t ing  inc luded  in to ta l  number s ;  number s  vary s l ight ly  for each variable.  
bFas t ing  samples  only.  

Comment 

Lipoprotein levels of children from a total 
community are now available for comparison 
with other studies (17). Interestingly, cMipo- 
protein levels in school-aged children show race 
and sex differences, with black children having 
higher levels than white children, and girls, 
especially white girls (p<0.05), tending to have 
lower a-lipoproteins than boys. Observations of 
these differences in a-lipoproteins in childhood 
and their changes with age should contribute to 
a better understanding of  the early natural 
history of atherosclerosis. 

The Time Course Changes of ~-Lipoproteins 

One of our major objectives has been to 
monitor the changes in risk factor variables over 
time, particularly the evolution of serum lipo- 
proteins from early life onward. Our data have 
shown remarkable changes of serum total cho- 
lesterol in the first few years of life from longi- 
tudinal studies of a newborn infant cohort. We 
reported earlier that levels of serum total cho- 
lesterol of 3-year-old children were as high as 

we observed in medical students (6,7). Con- 
sequent ly ,  we began a study on infants, 
focusing on lipoprotein cholesterol fractions 
(18,19). Table II shows the levels of serum total 
cholesterol, triglycerides, and serum lipoprotein 
cholesterol from cross-sectional studies on the 
Bogalusa children. Figure 2 compares the serum 
lipoprotein cholesterol levels of Bogalusa chil- 
dren to those of adults reported by Fredrickson 
and coworkers (20). As in adults, the /3-1ipo- 
protein cholesterol accounts for the greatest 
percent of the total cholesterol, but a-lipo- 
p r o t e i n  cholesterol accounts for relatively 
greater amounts in children than in adults. 

Lipoprotein cholesterol values change dra- 
matically in the first two years of life, with 
/3-1ipoproteins accounting for the major increase 
of serum cholesterol during the first year. A 
slower but progressive rise of the c~-lipoproteins 
is also noted during this period. Although an 
interesting elevation of serum triglycerides oc- 
curs at six months of age compared to the first 
and second year's pre-/3-1ipoprotein cholesterol 
increases much less than a- and ~-lipoprotein 
cholesterol. In infants and children, the ratio of 
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FIG. 2. Mean lipoprotein cholesterol levels by sex for infants and children in the Bogalusa Heart Study and 
those from Fredrickson et al. (20) for adults are shown for comparison. Analysis of the data on children indicate 
both race and sex differences (Please refer to text). 

/3- to a - ] ipopro te in  choles te ro l  re la ted  to sex 
d i f ferences  is less t h a n  observed for  adul ts ,  and 
is also the  reverse of  the  adul t  ratio.  These  data  
suggest t ha t  a t r ans i t ion  f rom an infant i le  to an 
adul t  pa t t e rn  begins  to  occur  b e t w e e n  ages 
15-20. At  wha t  age the  h igher  m e a n  a-l ipo- 
p ro t e in  level in females  first becom es  a p p a r e n t  
is no t  known.  

O u r  data  n o w  provide  obse rva t ions  on 
0Mipoprote in  cho les te ro l  by  age, race and sex 
f rom b i r t h  to  14 yr  in ca. 5 ,000 chi ldren.  It is 
i m p o r t a n t  to  d o c u m e n t  h o w  lipids change  over  
t ime in a given ind iv idua l ;  u n f o r t u n a t e l y ,  ob- 
servat ions  o b t a i n e d  f rom cross-sect ional  s tudies  
represen t  on ly  one  po in t  in t ime.  In the  Boga- 
lusa Hear t  S tudy,  we are making  long i tud ina l  
obse rva t ions  on  four  cohor t s  wi th in  the  school  
age, at  5, 8, 11 and  14 yr. At  p resen t ,  analyses 
of  on ly  the  first and  second  years  of  s t udy  are 
available (21 ). 

O b s e r v a t i o n s  of  serum to ta l  cho les te ro l  
levels at two successive years show h igh  corre- 
la t ion  coeff ic ients ,  ca. 0.7 for  each  of  the  
several age groups  (Table  III). F r o m  mul t ip le  

regression analyses (see Table III for i ndepend-  
ent  variables) ,  we observed t ha t  the cho les te ro l  
level of  the  first year  was the  p a r a m e t e r  mos t  
predic t ive  for s u b s e q u e n t  choles te ro l  levels. We 
also n o t e d  tha t  45% of  the  chi ldren  at  the  top  
90 th  or  the b o t t o m  10th  percent i le  in the  first 
year  pers is ted at those  respect ive levels dur ing 
the  second year. The  pers is tence  wi th in  those  
ranks  seems r e m a r k a b l y  high when  regression 
t o w a r d  the  mean ,  m e a s u r e m e n t  error ,  and 
individual  biologic var ia t ions  are t aken  in to  
account .  Somewha t  more  cons i s ten t  levels over 
t ime were observed with/3-1ipoproteins ,  whose 
pers is tence  wi th in  r anks  is grea ter  t h a n  t ha t  
observed  for  pre-/3 and  a- l ipoprote ins .  In fact,  
the  mul t ip le  R 2 for  the  /3-1ipoprotein analysis 
was highest ,  a ccoun t ing  for  some 43% to  69% 
of the  var iabi l i ty  in the  second year. 

Analyses  of  se rum a - l ipopro te in  data  over 
two  consecut ive  years  show some t e n d e n c y  to 
persist  wi th in  ranks,  bu t  cons iderable  var ia t ion  
occurs  f rom one year  to  the  next .  Cor re la t ions  
f rom year  2 to  year  1 ind ica te  s o m e w h a t  lower  
r values, ca. 0.45. Mult iple  l inear  regression 
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FIG. 3. Cumulative frequency distributions for 
lipids and lipoproteins at birth of black and white 
Bogalusa newborns. (With permission from Pediatr. < 
Res.) ~" 

analyses accoun t  for  ca. 25% of  the  var iabi l i ty  
or a b o u t  one half  of  t h a t  observed for/3-1ipo- 
prote ins l  More var iabi l i ty  was observed for  c~- 
and pre-/~-lipoprotein, wh ich  e i ther  m ay  be re- 
la ted to a greater  biologic  change ref lec t ing 
b o t h  me tabo l i c  and  e n v i r o n m e n t a l  in f luences  
than  n o t e d  for  ~- l ipoprote ins  or due to some- 
wha t  h igher  m e a s u r e m e n t  errors for  these  two  
variables. 

Newborn Infant Cohort 

In the  Bogalusa Hear t  S tudy,  we are observ- 
ing a n e w b o r n  c o h o r t  t h r o u g h  infancy .  Cord 
b lood  was ob ta ined  f rom 477 in fan t s  b o r n  in 
Bogalusa over  an 1 8 - m o n t h  per iod,  97% of all 
b i r ths  in the  c o m m u n i t y .  Figure 3 i l lus t ra tes  
the  d i s t r ibu t ion  of  levels of  l ipids and  l ipopro-  
te ins  in cord  b lood  as cumula t ive  f requenc ies  in 
the  b lack  and  whi te  neona tes .  Whi te  i n fan t s  at  
b i r t h  t e n d e d  to have higher  serum levels of  t o t a l  
choles terol ,  t r iglycerides,  /~-lipoprotein, and  a-  
l i popro te in  t h a n  b lack  infants .  The  observed 
b lack-whi te  d i f ferences  in  se rum to ta l  choles- 
te ro l  and ~- l ipoprote in  at b i r t h  pers is ted even 
when  compar ing  n e w b o r n s  of the  same weight  
and  soc ioeconomic  status.  Dur ing in fancy  (6 
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TABLE IV 

Correlation between Serum Lipids and W/H 2.77 
in Bogalusa Boys by Age and Race 

White males Black males 
Ages 5-9 Ages 10-14 Ages 5-9 Ages 10-14 
( N =  456) (N= 572) (N- 262) (N= 342) 

Total cholesterol 0.10 a 0.2 lb  0.10 -0.05 
Triglycerides 0.18 b 0.35 b 0.09 0.17 c 
fl-Lipoprotein 0.20 b 0-27 b 0.16 a 0.08 
Pre-/3-1ip oprot ein 0.19 b 0.31 b 0.09 a 0.21 b 
a-Lip oprot ein -0.12 c -0.14 c -0.03 -0.19 b 

ap <0.05 
bp <0.001. 
Cp <0.01. 

(MEAN)  
BOYS GIRLS 

TOTAL CHOLESTE RO~. 

r s o ~  �9 ~ AGES 3 9 YEARS 
. . . . .  oo Blocks 

wt~Ltes TRIGLYC E IRIDES 
(20'~ AGES I0 14 YEARS 

~OOJ ~ A / /  �9 Blocks 
/ /  / i  / ~ Whiles 

/ 
8 0  ~ ,,/ ~ - -  . 

4 0  , . , 

LIPOPROTEI N 
230~ / 
, 7 o ~ ~ _ _  

PRE ~- U F'OPROTEIN 

6~ / /  I ........ 
2O 

~ ~ �9 ~,  ~ , 
470 ~ LIF~3PROTEIN 

<:1130 I]50- 1375- ~lBO0 < l l S O  1150- 1375 ~>1600 
1375 1600 1375 1600 

OBESITY INDEX ( W / H  277) 

FIG.  4. R e l a t i o n s h i p  of serum lipids and 
lipoproteins with the obesity index, W/H 2.77, in chil- 
dren by age, race and sex. The mean levels of total 
cholesterol, triglycerides, and hpoproteins 03, pre-/3, ct) 
are plotted for each of four W/H 2.77 categories for 
black and white children ages 5-9 and 10-14 yr. Multi- 
plying by the following factors converted lipoproteins 
into corresponding lipoprotein cholesterol: fl-lipopro- 
tein x 0.469; pre-/3-1ipoprotein• 0.222; a-lipoprotein x 
0.17. (With permission from Am. J. Epidemiol.) 

m o  and 1 yr)  the  race-related d i f ferences  per- 
sisted on ly  in t r iglycerides  and pred3-1ipopro- 
teins, w i th  whi t e  in fan t s  having relat ively h igher  
levels t h a n  the  b lack  infants .  Surprisingly,  c~- 
l ipopro te in  levels t ended  to be h igher  in pre- 

s c h o o l - a g e d  b lack  ch i ldren  t han  in whi te  
ch i ldren;  however ,  cons i s t en t ly  high levels of  
a - l i p o p r o t e i n  in b lack  ch i ld ren  became  more  
evident  on ly  f rom the  school  age onward .  The  
t r i g lyce r ide  and pre-f l - l ipoprotein levels re- 
mained  lower  in the  blacks i n t o  and t h r o u g h o u t  
the school  age. 

The  i n f a n t  cohor t  has n o w  been observed 
t h rough  the  first year  of  life (22) .  We no t e  tha t  
lipid levels of  cord b lood  are p o o r  predic tors  of  
s u b s e q u e n t  levels at six m o n t h s  of  age or  one  
year, even for  the  f l - l ipoprotein concen t r a t i ons .  
At  6 m o  of  age, however ,  the  ranks  of  l ipid 
levels b e c o m e  cons is tent ,  and  the  levels begin to 
corre la te  wi th  values a t  one year  of age. As de- 
scribed for  successive samples  for  the school-age 
chi ldren,  cor re la t ions  are h ighes t  for  fi-lipo- 
p ro te ins  and  less for  a-  and  pre-/3-1ipoproteins. 

Comment 

A l m o s t  no  longi tud ina l  observa t ions  on 
serum l ipopro te ins  f rom free-living chi ldren  are 
yet  available. Such obse rva t ions  are obvious ly  
needed  since changes  for  a given individual  m a y  
not  be p red ic ted  f rom cross-sect ional  s tudies  
alone. It  b ecomes  i m p o r t a n t  to  learn wi th  wha t  
cons i s tency  chi ldren  will t end  to  persist  in the i r  
respect ive ranks  over t ime  - the  " t r a c k i n g "  o f  
serum l ipoprote ins .  The  grea te r  the  degree of  
t racking,  the  greater  the  predic t ive  value of  
b lood  s tudies  in early life for  hyper l ipopro-  
t e inemia  in adu l thood .  A l t h o u g h  genet ic  dis- 
orders  are d iagnosed by  de tec t ing  ex t r eme ly  
high values, f rom the  s t a n d p o i n t  of  the  general  
adul t  p o p u l a t i o n  at  risk for  co rona ry  ar te ry  
disease, we need  to learn m u c h  more  a b o u t  the  
t r ans i t ion  o f  se rum l ipopro te ins  f rom ch i ldhood  
t h r o u g h  a d u l t h o o d .  

Interrelationship of ~-Lipoproteins 
with Body Weight 

Since this  s tudy  involves observa t ions  o n  
several risk f ac to r  variables, such  as b lood pres- 
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sure and height (ht)-weight (wt) indices, we can 
look at the interrelationship of serum a-lipo- 
proteins with other factors. We noted no corre- 
lation with blood pressure but a significant rela- 
tionship with body weight. An obesity index, 
wt/ht 2.77, was selected using the Benn formula 
(23) to derive an index for this population 
which correlates least with height and more 
closely with skinfold ~ thickness, a measure Of 
body fatness. Bivariate analysis of lipids and 
wt/ht2-77 "showed a closer relationship of tri- 
glycerides and pre-/3-1ipoproteins to weight than 
other variables (Table IV). This might be ex- 
pected from studies in adults (5,24). An inverse 
re la t ionship  was observed be tween  a-lipo- 
proteins and the obesity index in white boys 
and girls of both races. Figure 4 shows the rela- 
t i o n s h i p  o f  t he  o b e s i t y  index to the 
concentration of the various lipids. With an 
increasing wt/ht 2.77, a closer relationship to 
lipoproteins was observed. 

Table V shows multiple regression analysis 
using ali observations: age, race, sex, skinfold, 
obesity index, and maturation. These analyses 
show an overall low relationship; that is, ca. 
10% of the variability of the children's lipid 
values can be explained. This is considerably 
less, for example, than was observed for weight 
and blood pressure in the same population of 
children. Further, dietary studies indicated that 
inclusion of dietary factors as a variable cannot 
account for the majority of the variability (25). 

Further analysis of the data by dividing the 
children into obese or lean groups based on the 
obesity index and triceps skinfold thickness 
showed a consistently higher level of c~-lipopro- 
teins in thin white boys, somewhat higher levels 
in girls, but no difference in black boys. Weight 
and perhaps body fatness seemed to relate in- 
versely more to a-lipoprotein levels in the white 
children than in the blacks (26). 

Comment 

Although these studies indicate an interrela- 
tionship of serum lipoproteins with measure- 
ments of weight or fatness, only a small per- 
centage of the variability in serum lipids and 
lipoproteins of young individals can be ac- 
counted for by multiple characteristics, includ- 
hag the diet of that person. These observations 
suggest that the marked variability is largely 
due to the general metabolic makeup or genetic 
background of the individual rather than en- 
vironmental factors. 

DISCUSSION 

One of the major considerations in the study 
ofserumlipoproteins in early life is the clinical 

TABLE V 

Multiple Linear Regression for Serum Lipids, 
Bogalusa Children, Ages 5-14 Years (N=3, 151) a 

Dependent Variables Multiple R 2 
Total cholesterol 0.04 
Triglycerides 0.11 
O-Lipoprotein 0.06 
Pre-/3-1ipoprotein 0.11 
a-Lipoprotein 0.06 

alndependent variables: age, race, sex, triceps 
skinfold, W/H 2-77. maturation scale (pubic hair, 
Tanner grades 1-5) 

implication of c~-lipoprotein levels in childhood. 
In adults i t  is suggested that high serum a-lipo- 
proteins may have a greater protective role than 
adverse role as exists for high serum total cho- 
lesterol or/3-1ipoproteins. Consequently, a-lipo- 
proteins should be evaluated in children for 
their potential in the development of cardio- 
vascular disease. The accumulation of such 
information will take time, but the study of 
hpoproteins in children~ a distinct advance. 

Technical advances in the analysis of serum 
lipoproteins have simplified the study of the 
cholesterol distribution in the lipoprotein frac- 
tions. Our population studies now provide the 
distribution of levels or normative values from 
birth to adolescence from a total and well de- 
fined bi-racial group of free-living children. A 
better appreciation of serum lipoprotein levels 
can limit errors in characterizing types of 
hyperlipoproteinemia, as are currently made by 
analyses of serum cholesterol, triglycerides and 
qualitative electrophoresis. Since many children 
and selected groups of adults have high c~-lipo- 
protein levels, it has become even more import- 
ant to quantitate serum lipoprotein fractions as 
we learn more of their function. Although 
nothing is yet known about the composition of 
HDL or subfractions in children, ultracentrifuge 
studies are defining this more clearly in adults 
(27). Similar studies will be needed to study the 
heterogeneity of HDL (27,28) in children in the 
near future. 

From observations of children, it is n o w  
possible to study a combination of risk factor 
variables, i.e., blood pressure, weight indices, 
and serum lipids and lipoproteins. An analysis 
of multiple risk factor variables from the 
Bogalusa children indicate that an aggregation 
or clustering of risk factors occurs greater than 
would be expected if no association existed. 
This aggregation is particularly apparent in 
white boys and has a tendency to increase with 
age. Little or no relationship among the various 
r isk  parameters was observed in children 
younger than school age. Although individual 
genetic makeup may be the cause of the 
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marked inter individual  variability, this observa- 
t ion implies tha t  env i ronmenta l  factors increas- 
ingly inf luence  the risk factor  variables over  
time. Focusing on the protect ive  e f fec t  of 
a - l ipopro te in  levels on cardiovascular disease, it 
is now possible to s tudy  children for low risk 
rather  than high risk, by selecting high concen-  
t ra t ions  of a - l ipoprote ins  to cluster wi th  low 
levels of  blood pressure,  J3-1ipoproteins or to ta l  
cholesterol ,  and an obesi ty  index.  Again, when  
studies were ex t ended  in to  the preschool  age, 
less clear associations were observed. It remains 
to be seen how the combina t ions  of  risk 
factors,  whe the r  for  high or low risks, persist  
th rough adu l thood  and ul t imately relate to car- 
diovascular disease. These observat ions in early 
life are impor t an t  to establish, since they  pro- 
vide a means of  ident i fy ing susceptibi l i ty  for 
coronary  artery disease at a t ime o p t i m u m  for  
prevent ion.  

ACKNOWLEDGMENTS 

This work was supported by funds from the USPHS, 
National Heart, Lung, and Blood Institute, Specialized 
Center of Research-Arteriosclerosis HL15103 and 
HL02942. We express appreciation to The Bogalusa 
Heart Study Field Staff for collecting the data, and 
the children of Bogalusa, whose participation has 
made our program possible. Ms. Caroline Andrews pro- 
vided editorial assistance for the manuscript. 

REFERENCES 

1, Miller, G.J., and N.E. Miller, Lancet 1:16 (1975). 
2, Castelli, W.P., J.T. Doyle, T. Gordon, C. Hames, 

S.B. Hulley, A. Kagan, D. McGee, W.J. Vicie, and 
W.J. Zukel, Circulation 55:767 (1977). 

3. Rhoads, G,G., C.L. Gulbrandsen, and A. Kagan, 
N. Engl. J. Med. 294:293 (1976). 

4. Wood, P.D., W. Haskell, H. Klein, S. Lewis, M.P. 
Stern, and J.W. Farquhar, Metabolism 25:1249 
(1976). 

5. Carlson, L.A., and M. Erickson, Atherosclerosis 
21:417 (1975). 

6. Berenson, G.S., P.S. Pargoankar, S.R., Srinivasan, 
and E.R. Dalferes, Jr., Circulation 46:11-17 
(1972). 

7. Berenson, G.S., P.S. Pargaonkar, S.R. Srinivasan, 
E.R. Dalferes Jr., and B. Radhakrishnamurthy, 
Clin. Chim. Acta 56:65 (1974). 

8. Srinivasan, S.R., S. Lopez-A, B. Radhakrishna- 
murthy, and G.S. Berenson, Angiologica 7:344 
(1970). 

9. Berenson, G.S., SoR. Srinivasan, S. Lopez-A, B. 
Radhakrishnamurthy,  P.S. Pargaonkar, R.H. 
Deupree, Clin. Chim. Acta 36:175 (1972). 

10. Srinivasan, S.R., R.R. Frerichs, L.S. Webber, and 
G.S. Berenson, Circulation 54:309 (1976). 

11. Frerichs, R.R., S.R. Srinivasan, L.S. Webber, and 
G.S. Berenson, Circulation 54:302 (1976). 

12. VoorS, A.W., T.A. Foster, R.R. Frerichs, L.S. 
Webber, and G.S. Berenson, Circulation 54:319 
(1976). 

13. Foster, T.A., A~ Voors, L.S. Webber, RoR. 
Frerichs, and G.S. Berenson, Am. J. Clin. Nutr. 
30:582 (1977). 

14. Frank, G.C., A.Wo Voors, PoE. Schilling, and G.S. 
Berenson, J. Am. Diet, Assoc. 71:31 (1977) 

15. "Manua l  of  Laboratory Operations," Lipid 
Research Clinics Program, Vol. 1, Lipid and 
Lipoprotein Analysis, National Heart and Lung 
Institute, NIH, Bethesda, Maryland D,HEW, Publi- 
cation No. (NIH) 75-628. 

16. Srinivasan, S.R., R.Do Ellefson, CoF. Whitaker, 
and G.S. Berenson, Clin. Chem. 24:157 (1978)o 

17. Ellefson, R.D., L.R. Elveback, P.A. Hodgeson, 
and W.H. Weidman, Mayo Clin. Proc. 53:307 
(1978). 

18. Frerichs, R.R., S.R. Srinivasan, L.S. Webber, M.C. 
Rieth, and G.S. Berenson, Pediatr. ,Res. 12:858 
(1978). 

19. Berenson, G.S., C.V. Blonde, R.Po Farris, G.C. 
Frank, SoR. Srinivasan, A.W. Voors, and L.S. 
Webber, Submitted. 

20. Fredrickson, D.S., R.I. Levy, and R.S. Lees, N. 
Engl. J. Med. 276:148 (1967)o 

21. Frerichs, R.R., L.S. Webber, A.W. Voors, S.R. 
Srinivasan, and G.S. Berenson, J. Chron. Dis. (In 
press). 

22. Webber, L.S., S.R. Srinivasan, R.R. Frerichs, and 
G.So Berenson, Presented at 18th Annual Con- 
ference on Cardiovascular Disease Epidemiology, 
Orlando, Florida, March 13, 1978. 

23. Benn, R.T., Br. J. Prey. Soc. Med. 25:42 (1971). 
24. Rifldn,'t~.Mo, T. Begg, and I.D. Jackson, Proc. R. 

Soco Med. 59:1277 (1966). 
25. Frank, G.C., G.S. Berenson, and L.S. Webber, 

Am. J. Clin. Nutr. 31:328 (1978). 
26. Frerichs, R.R., L.S. Webber, S.R. Srinivasan, and 

G.S. Berenson, Am. J. Epidemiol. (In press). 
27. Krauss, R.M,, FoT. Lindgren, A. Silvers, R. 

Jutagir, and D.D. Bradley, Clin. China. Acta 
80:465 (1977). 

28. Mahley, R.Wo, K,H., Weisgraber, and To Innerar- 
ity, Biochemistry 15:2979 (1976). 

[ Received November  10, 1978 ] 

LIPIDS, VOL. 14, NO. 1 



High and Low Density Lipoprotein Cholesterol Levels in 
Hypercholesterolemic School Children 

JOHN A. MORRISON, IDO deGROOT, KATHE A. KELLY, BRENDA K. EDWARDS, 
MARGOT J. MELLIES, SANDRA TILLETT, PHILLIP KHOURY and CHARLES J. GLUECK, 
The Lipid Research Clinic and General Clinical Research Center, The Division 
of Epidemiology and Biostatistics, and the Departments of Medicine and 
Pediatrics, University of Cincinnati, College of Medicine, Cincinnati General 
Hospital, 234 Goodman Street, Cincinnati, Ohio 45267. 

ABSTRACT 

To most fully explicate risk to coronary heart disease (CHD) in adults and children with elevated 
plasma total cholesterol, the levels of high and low density lipoprotein cholesterol (C-HDL, C-LDL) 
must be quantitated. This report focuses upon C-HDL and C-LDL levels in children identified in a lipid 
and lipoprotein sampling survey of 6,775 Princeton School children, by either total plasma cholesterol 
/> 205 mg/dl, the approximate 95th percentile for children 6-17 years of age, or age-, sex-, and 
race-specific 95th percentiles for cholesterol. Using the sex-, race-specific local 95th percentiles for 
C-HDL and C-LDL, the hypercholesterolemic children were separated into four categories according to 
whether they had elevations of both C-HDL and C-LDL, C-HDL only, C-LDL only, or neither. When 
selection for hypercholesterolemia was based on the overall 95th percentile (205 mg/dl),black children 
were more likely than white to have elevations of C-HDL only, which accounted for their hypercho- 
lesterolemia, p<.05, whereas white children were much more likely to have elevations of C-LDL only, 
than were black children, p<.005. However, when selection for hypercholesterolemia was based on 
age-, sex-, and race-specific 95th percentile cholesterol levels, there were no differences in the propor- 
tion of black and white children having elevations of C-HDL and C-LDL, accounting for their hyper- 
cholesterolemia. Elevated levels of C-HDL can explain apparent hypercholesterolemia in at least 16% 
of children, ages 6-17, who may putatively be at reduced, rather than increased CHD risk. 

INTRODUCTION 

Populat ion surveys and studies of kindreds 
with familial aggregations of elevated high dens- 
ity l ipoprote in  cholesterol  (C-HDL) have indi- 
cated that  C-HDL is inversely correlated with 
the risk of developing coronary heart disease 
(CHD) (1-5). Conversely, popula t ion  surveys 
and studies of kindreds with familial hypercho-  
lesterolemia have shown that  elevated low 
d e n s i t y  l ipoprote in  cholesterol  (C-LDL) is 
posi t ively associated with subsequent  risk of 
CHD (3,6-10). Consequently~ to most  fully ex- 
plicate CHD risk in adults and children with  
elevated plasma total  cholesterol ,  C-HDL and 
C-LDL must be accurately measured. Elevated 
levels of  C-HDL can explain apparent  hyper- 
cholesterolemia in some children (11,12) who  
may putat ively be at reduced (1-5), rather than 
increased CHD risk (3,6-10). 

The purpose of  this report  is to assess the 
relative f requency that  an elevated cholesterol  
measurement  in children is due to elevated 
C-LDL and/or  C-HDL, with special focus on the 
association of C-HDL and C-LDL with sex and 
race. 

MATERIALS AND METHODS 

Study Population 

T h e  C i n c i n n a t i  Lipid Research Clinic's 

Pr inceton Family  Lipid Program, a lipid survey 
of schoolchi ldren and their  parents in a racially 
integrated suburban school  district, has been 
previously described in detail (13,14). At  an 
initial screening (Visit 1), plasma cholesterol  
and tr iglyceride were measured in 6,775 chil- 
dren fasting 12 or more hours and no t  using 
lipid altering medicat ions and 522 children 
admit tedly  no t  fasting at least 12 hr, and /or  
u s i n g  exogenous  hormones  or  ant idiabet ic  
drugs. At fol low-up (Visit 2, ca. 6 weeks later), 
l ipoproteins and lipids were measured in 948 
s tudents  randomly  selected f rom the entire 
part icipating pediatr ic  popula t ion  and in 724 
s t u d e n t s  selected for retesting because of  
elevated cholesterol ,  elevated triglyceride, or  
use of ant idiabet ic  medicat ion.  

This report  focuses on the C-HDL and 
C-LDL levels in 240 children re-evaluated at 
Visit 2 and found (at Visit 2) to have to ta l  
plasma cholesterol  /> 205 mg/dl ,  the approxi-  
mate 95th percenti le  for children age 6-17 years 
(13-15). 

The 95th  percenti le  cholesterol  level of 205 
mg/dl  was arbitrarily used th roughout  this re- 
port  to define severe hypercholes terolemia ,  
despite the cont inuous  nature  of  risk to CHD 
associated with plasma cholesterol  t h roughou t  
its entire distribution. We used this 205 mg/dl  
as a "cu t  p o i n t "  for the fol lowing reasons. One, 
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in large scale ,  multicenter epidemiologic 
studies, some common decision point is re- 
quired for the consistent classification and 
selection for more intensive follow-up of sub- 
jects. In the Lipid Research Clinics, this cut 
point was 205 mg/dl for children up to age 19 
years (13-15). Two, in clinical practice some 
kind of decision point for intervention is 
pragmatically used whether it be based on the 
clinician's experience or on percentiles obtained 
from a well defined population. Three, the 
selection of the 95th percentile in epidemologic 
studies allows one to focus on a population 
with statistically extreme values and, pre- 
sumably, greatly increased risk. 

If, however arbitrary, the overall 95th 
percentile for choelsterol is utilized as a tool to 
identify children for further study, then the use 
of age-, race-, and sex-specific values from the 
same cohort provides optimal specificity. In 
this study we compared the diagnostic ramifica- 
tions of the use of either a broad population 
95th percentile or age-, race-, and sex-specific 
values. 

Blood Sampling Techniques 

Blood sampling techniques at Visit 2 were 
similar to those previously described for Visit 1 
(13,14). Fasting plasma cholesterol, C-HDL, 
C-LDL, and Triglyceride levels were quantitated 
following the methods of the Lipid Research 
Clinic 's  Laboratory Methods Manual (16). 
Inter- and intraday coefficients of variation for 
determination of plasma cholesterol and tri- 
g l y c e r i d e  have been previously described 
(13,14). For plasma pools containing 50.3 and 
43.8 mg/dl C-HDL, interday coefficients of 
variation were 3.7% and 4.2% 

Study Design 

For each lipoprotein studied (C-HDL and 
C-LDL), children with (Visit 2) total plasma 
cholesterol ~> 205 mg/dl were arbitrarily classi- 
fied "elevated" or "normal" using the sex-race 
specific empirical 95th percentile of C-HDL and 
C-LDL distributions in the randomly selected 
retest population (Table I). 

Additionally, for comparison purposes, age-, 
sex-, and race-specific cholesterol 95th per- 
centile levels of 203 (white males), 212 (black 
males), 201 (white females), and 204 (black 
females) (Table I) were used to select "hyper- 
cholesterolemic" children for classification by 
lipoprotein levels, as above. In establishing 
these distributions, only those randomly se- 
lected children (n = 927) who fasted 12 hr or 
more at Visit 2 and were not  using lipid-altering 
drugs were included. Hence, the distributions 
are based on 358 white males, 119 black males, 
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TABLE II 

Lipoprotein Classification of 240 Hypercholesterolemic Children, a 
Ages 6-17, by Sex and Race 

101 

Elevated Elevated Elevated Neither 
C-HDL, C-LDL C-HDL only C-LDL only elevated 

n % n % n % n % 

White males 8 10.4% 9 11.7% 54 70.1% 6 7.8% 77 
Black males 4 7.8% 12 23.5% 20 39.2% 15 29.4% 51 
White females 6 11.8% 5 9.8% 36 70.6% 4 7.8% 51 
Black females 4 6.6% 13 21.3% 38 62.3% 6 9.8% 61 

Total 22 9.2% 39 16.2% 148 61.7% 31 12.9% 240 

White males and whte females compared to black males and females, X 2, p 

.63, >.1 4.88, < .05 7.91, <.005 5.42, <.02 

aSelected by overall population 95th percentile for total plasma cholesterol (205 mg/dl). 

TABLE III 

Lipoprotein Classification of 245 Hypercholesterolemic Children, a 
Ages 6-17, by Sex and Race 

Elevated Elevated Elevated Neither 
C-HDL, C-LDL C-HDL only C-LDL only elevated 

n % n % n % n % Total 

White males 8 10% 11 13% 57 70% 6 7% 82 
Black males 4 12% 6 18% 20 59% 4 12% 34 
White females 6 9% 7 t 0% 46 68% 9 13% 68 
Black females 4 7% 13 21% 38 62% 6 10% 61 

Total 22 9% 37 15% 161 66% 25 10% 245 

White males and white females compared to black males and females, X 2, p 

.007, NS 2.31, NS 1.18 NS 0 NS 

aSelected by age-, sex-, and race-specific 95th percentiles for total plasma cholesterol (203 
mg/dl, WM) (2t2 mg/dl, BM), (201 mg/dl, WF), (204 mg/dl, BF). 

326 white females,  and 124 black females,  
(Table I). The chi ldren were then  separated in to  
four  categories according to whe the r  they  had 
elevations of  b o t h  C-HDL and C-LDL, or 
C-HDL only,  of  C-LDL only,  or of nei ther ,  
(Tables II, III). 

Statistical Analysis 

The relat ionship be tween  sex-race groups  
and their  respective dis t r ibut ions  in the four  
l ipoprote in  categories was tes ted for  signifi- 
cance using the chi-square statist ic (17). The 
p ropor t ion  of observat ions of each sex-race 
group which  occurred  in the  four  l ipopro te in  
categories was viewed as a vector,  and the 
h y p o t h e s i s  tes ted  was: are the respective 
e lements  of these four  vectors  equal? Linear 
model  techniques  for  the analysis of categorical  
data (18) were also used to  obta in  est imates  of 
the effects  of race and sex on l ipopro te in  
categorizat ion.  

R ESU LTS 

Lipid and Lipoprotein Distributions 

In Table l, the 5th,  10th, 50th,  90th,  and 
95th  percent i le  levels for  tota l  plasma choles- 
terol,  t r iglyceride,  C-HDL, and  C-LDL for  the 
r andom recall group of  927 school  children 
(19) are summarized.  

C-HDL and C-LDL in Hypercholesterolemic 
School Children 

As summar ized  in Table II, 9.2% of  chi ldren 
wi th  total  plasma cho l e s t e ro l />  205 mg/dl  had 
b o t h  elevated C-HDL and C-LDL, 16.2% had 
elevated C-HDL alone, 61.7% had elevated 
C-LDL alone, and 12.9% had ne i ther  elevated 
C-HDL nor  C-LDL. Thus,  in 29.1% of  the 
hypercho les t e ro lemic  children,  the C-LDL frac- 
t i on  was no t  elevated above the  sex-race 
specific 95 th  percent i le  level. 

As summar ized  in Table III, when  chi ldren 
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were  selected by the age-sex-race specific 
cholesterol 95th percentiles, they were distri- 
buted among the four lipoprotein categories in 
a fashion similar to those children (above) 
selected by the broad population 95th percen- 
tile for cholesterol. Nine percent of the children 
had both elevated C-HDL and C-LDL, 15% had 
elevated C-HDL alone, 66% had elevated C-LDL 
alone, and 10% had neither elevated C-HDL or 
C - L D L .  Thus, following this classification 
scheme, the C-LDL fraction was not elevated 
above the sex-race specific 95th percentile level 
in 25% of the "hypercholesterolemic" children. 

Comparison of All Black to All White Children 
Selected by the Overall 95th Percentile for 
Cholesterol: Classification by C-HDL and C-LDL 

Overall, the association between sex-race 
g r o u p s  and l ipoprotein classification was 
significant (X 2 = 25.5, 9 df, p ( .01 )  when the 
overall 95th percentile was used to define 
hype rcho l e s t e ro l emia .  The distribution of 
hypercholesterolemic black and white children 
over the four lipoprotein categories differed 
significantly (X 2 = 14.6, 3 df, p ( .005) .  As 
summarized in Table II, hypercholesterolemic 
black children were more likely than white to 
have elevations of C-HDL only, accounting for 
their hypercholesterolemia, p<.05. Hypercho- 
lesterolemic white children were much more 
likely to have elevations of C-LDL only, than 
were black children, p<.005, Table II. Hyper- 
cholesterolemic black children were also more 
likely than whites to have neither C-LDL nor 
C-HDL elevated, p<.02, Table Iio 

Using the linear models technique, assign- 
ment of a numeric code to the four lipoprotein 
categories (e.g., 1,2,3,4) allows one to express 
these response variables as functions of a model 
which contains a term for the overall mean, the 
race effect, and the sex effect. The error term is 
thus the race-by-sex interaction term, (18). The 
model provided an adequate fit to the data. The 
sex effect was nonsignificant (p = 0.15). The 
race effect, however, was highly significant, 
p<0.001. 

Comparisons Within Sex, by Race, Hypercholes- 
terolemic Children Classified by C-HDL and C-LDL 

The distribution of hypercholesterolemic 
white males over the four lipoprotein categories 
differed from that of black males (X 2 = 16.6, 3 
df, p<.01). 

Hypercholes te ro lemic  white males were 
more likely to have elevated C-LDL alone than 
were black males (X 2 = 12.9, p<.01), while 
black males were more likely to have both 
C-HDL and C-LDL below the 95th percentile 
(X2 = 10.2, p<.01). 

JOHN A. MORRISON ET AL. 

The difference in the proportions of white 
and black males with elevated C-HDL alone was 
at the borderline of significance (X 2 = 3.2, 
p=.07) with the proportion of black males 
being greater. 

The distribution of hypercholesterolemic 
white females over the four lipoprotein catego- 
ries did not differ significantly from that of 
black females (X 2 = 3.5, 3 df, p>. l ) .  Black 
females tended to have a larger proportion with 
elevated C-HDL than white females, but the 
difference did not attain statistical significance 
(X 2 = 2.72, p=.l .  ). 

Comparison within Race, by Sex, Hvpercho- 
lesterolemic Children Classified by C-HDL and C-LDL 

Differences between the proportions of 
white males and females in the lipoprotein 
categories were not statistically significant (X 2 
= 0.15, 3 df, p~ . l ) .  Differences in the distribu- 
tion of black males and females in the lipopro- 
tein categories were significant (X 2 = 8.7, 3 df, 
p<.05). Black males had a larger proportion 
than did black females with neither C-HDL nor 
C-LDL elevated (X 2 = 5.8, p<.01), while black 
females had a larger proportion with C-LDL 
alone elevated (X 2 = 6.8, p~.01). There was no 
difference in the proportions of black males 
and females with elevated C-HDL only (23.5% 
vs 21.3%). 

Sex-Race Comparisons of Children Selected by Age-, 
Sex-, Race-Specific Cholesterol 95th Percentiles, 
Classification by C-HDL and C-LDL 

When hypercholesterolemia was defined 
using the age-, sex-, and race-specific 95th 
percentiles, the association between sex-race 
groups and lipoprotein classification was not 
statistically significant (X 2 = 5.59, 9 df, NS), 
Table III. 

DISCUSSION 

Pediatr icians and family physicians, by 
v i r t u e  o f  early recognition of childhood 
hyperlipoproteinemia and other risk factors for 
CHD, play a central role in the collective ap- 
proach to primary prevention of atherosclerosis 
(13-15,20-29). Progressive increments in pedia- 
tric population lipid sampling will inevitably 
p r o v i d e  i n c r e a s i n g  numbers  of children 
diagnosed as "hypercholesterolemic" children. 
As emphasized by this study, and by earlier 
reports by Neill et al. (11) and Glueck et al. 
(12), elevated levels of C-HDL can explain ap- 
parent hypercholesterolemia in many children, 
who may represent a subgroup putatively at 
reduced (1-5) rather than increased (3,6-10) 
CHD risk by virtue of the antiatherogenic 
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aspects of C-HDL. 
Since elevated C-HDL levels may aggregate 

in families (12), identification of a bypercho- 
lesterolemic child whose elevated C-HDL ac- 
counts for the hypercholesterolemia, may lead 
to identification of similarly affected siblings 
and parents (12). In a recent study (12), 17 
kindreds were identified by virtue of hypercho- 
lesterolemic school children whose hypercho- 
lesterolemia was accounted for by elevated 
C-HDL. Family lipid and lipoprotein sampling 
revealed three-generation vertical appearance of 
elevated C-HDL in two kindreds, and two- 
generation vertical appearance in eight addi- 
tional kindreds. High C-LDL levels also aggre- 
gate in families, and are closely associated with 
increased CHD risk (7-11,27). Moreover, in 
children with familial hypercholesterolemia, 
C-HDL is lower than in normal children (8), 
suggesting incremental CHD risk from both low 
C-HDL and high C-LDL 

This study focused upon C-HDL and C-LDL 
relationships in hypercholesterolemic children 
identified during population lipid sampling 
from a probability sample in a biracial school 
district. Although the Princeton School District 
is not a simple microcosm of U.S. School 
districts, the data should be usefully generaliz- 
able to pediatric practice and to subsequent 
pediatric population lipid surveys. 

Although a majority of the hypercholes- 
terolemic children (61.7%) had elevations of 
C - L D L  a l o n e  which accounted for their 
elevated total plasma cholesterol, and 9.2% had 
elevations of C-LDL plus C-HDL, 30% did not 
have C-LDL above the 95th percentile. Of this 
30% ca. one-half (16.2%) had elevated C-HDL 
which accounted for their elevated total plasma 
cholesterol, and the rest (12.9%) had neither 
elevated C-HDL nor C-LDL. Since black chil- 
dren and adults have higher C-HDL levels than 
whites (1%20), hypercholesterolemic black girls 
and boys were more likely to have C-HDL, and 
not C-LDL, accounting for their hypercholes- 
terolemia, than were their white counterparts. 

For the 9.2% of hypercholesterolemic chil- 
dren having conjoint elevations of C-HDL and 
C-LDL, we spectulate that the opposing CHD 
risk influences of elevated C-HDL and C-LDL 
might produce an aggregate CHD risk not dis- 
s i m i l a r  to that observed in normocholes- 
terolemic subjects with "normal"  C-HDL and 
C-LDL. Detailed family studies in kindreds with 
pediatric probands having elevated C-HDL and 
C-LDL would be important. Longitudinal evalu- 
ation of nutritional modification in hypercho- 
lesterolemic children with elevated C-HDL and 
C-LDL also needs to be done to determine if 
C-LDL, but not C-HDL, can be lowered by 

dietary intervention. 
When age-, sex-, and race-specific 95th per- 

centiles for cholesterol were used for further 
evaluation of children, no racial differences in 
lipoprotein classes accounting for hypercholes- 
terolemia were observed. However, for any 
given plasma cholesterol level, black children 
have higher C-HDL and slightly lower C-LDL 
(30). It is important to note that the 95th per- 
centile selection process is arbitrary and does 
not imply that the remaining 95% of the the 
pediatric population would be categorized as 
"normo-cholesterolemic." The entire distribu- 
tion for plasma cholesterol and the lipoprotein 
cholesterols (as in Table I) should be used in the 
placement of individual children within a distri- 
bution of continuous risk for CHD, positive for 
C-LDL and negative for C-HDL. However, it 
should also be noted that the differential risk to 
CHD between blacks and whites with high cho- 
lesterol is more clearly appreciated when a 
common population plasma cholesterol "cut  
point"  is used to define hypercholesterolemia. 

The findings of this, and earlier studies 
(1 1,12), suggest that C-HDL and C-LDL should 
be routinely quantitated in all children found 
to  have  h y p e r c h o l e s t e r o l e m i a  on initial 
sampling, whether in clinical practice or in 
ep idemio log ic  studies. C-HDL and C-LDL 
measurement is particularly important in black 
Children, who have higher C-HDL levels and are 
more likely to have their hypercholesterolemia 
so le ly  accounted for by elevated C-HDL. 
C-HDL and C-LDL measurement in hypercho- 
lesterolemic children will also provide cohorts 
of children to evaluate "tracking" of C-HDL 
and C-LDL in upper deciles, and to allow 
longitudinal assessment of the relationship of 
C-HDL to eventual development of CHD. 
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ABSTRACT 

Selected lipid and lipoprotein data from the Lipid Research Clinics (LRC) Prevalence Study are 
presented, with particular emphasis given to high-density lipoprotein (HDL) values. Cross-sectional 
age- and sex-specific mean values are shown for 7007 white participants in the ten North American 
LRCs. Comparisons are drawn for males and females (including the pediatric group) and for females 
using or not using sex hormones. The US-USSR Collaborative Program is summarized, and selected 
comparisons are noted for the Soviet and United States samples. 

INTRODUCTION 

Case-control and prospective epidemiological 
studies indicate that high-density lipoprotein 
(HDL) concentrations are strongly, inversely 
and independently related to coronary heart 
disease (CHD) risk (1). While the need con- 
tinues for additional information about this 
lipoprotein (e.g., its effect on younger sub- 
jects), little doubt remains that HDL levels 
should be added to the list of major risk factors 
for CHD. 

Within this context it is important, for var- 
ious clinical and epidemiological purposes, to 
obtain information on the distribution of HDL 
in the population, its characteristics and its 
determinants. Valuable insights into the inter- 
relationship of diet, serum cholesterol and CHD 
have  been  obta ined through comparative 
studies of cholesterol levels in different popula- 
tions and subpopulations. Similar information 
for HDL, together with the other plasma lipo- 
proteins, is clearly needed. Although some data 
of this nature have been obtained from several 
studies outside and within the United States, 
few were population-based. Hence, the small 
numbers in these studies often precluded age-, 
sex- or race-specific analysis. Recently, how- 
ever, the Lipid Research Clinics (LRC) Program 
has collected data from a sufficiently large 
population base to permit detailed analyses of 
lipid and lipoprotein distributions. 

Details  of the two major collaborative 
studies of the LRC Program, the Population 
Studies and the Coronary Primary Prevention 
Trial are described elsewhere (2,3). The Popula- 
tion Studies encompass three studies that share 

tOn leave from Tel-Aviv University, Israel. 
2Central Patient Registry and Coordinating Center, 

Chapel Hill, North Carolina 27514. 
3University of Iowa Hospitals, Iowa City, Iowa 

52240. 

the same general population base: the Preva- 
lence Study, designed to obtain data on the 
distribution of lipids and lipoproteins and on 
the prevalence of dyslipoproteinemia, in diverse 
populations; the Family Study, established to 
measure the familial and genetic attributes of 
plasma lipids and lipoproteins; and the Mor- 
tality Follow-up Study, initiated to comple- 
ment the earlier cross-sectional observations by 
determining the subsequent mortality exper- 
ience of approximately 9,000 Prevalence Study 
participants. Here we report data from the 
Prevalence Study. 

POPULATIONS AND METHODS 

Study Populations 

The Prevalence Study embraces a series of 
14 individual population studies (Table I) in 
four countries, all of which have used a com- 
mon protocol and highly standardized meth- 
odology. The use of a common protocol 
permits pooling of the data, but each study also 
has the potential, based on the size and defini- 
tion of its population sample, to be analyzed 
independently of the other studies. The 14 
populations were selected to provide consider- 
able diversity and to permit various intra- and 
international comparisons. The aggregated 
population base covers a broad range of socio- 
economic, geographic, sex and ethnic groups, 
and spans an age range of 0 to 100 years. 

North American Populations 

Each of the ten participating LRCs screened 
participants selected according to standardized 
procedures from a well defined target popula- 
tion. The sampling strategies utilized for the 
different populations included the following 
broad categories: school children and their 
parents, households in specific geographical 
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TABLE I 

Lipid Research Clinics Prevalence Study Populations 

Sampling frame Clinic name 

Adults in occupational and 
industrial groups 

Households or family units 

Children and their parents 

Adult males in defined 
residential areas 

Seattle 
Stanford 
Toronto-McMaster, 

Canada 

Iowa 
Johns Hopkins (two sep- 

arate populations) 
La Jolla 
Minnesota 
Oklahoma 

Baylor 
Cincinnati 
Jerusalem, Israel 

Moscow, USSR 
Leningrad, USSR 

locations, and occupational-industrial groups. 
The number of individuals eligible for participa- 
tion totaled 81,970. 

Collaborative US-USSR Study Populations 

As a result of an agreement signed between 
the governments of the United States and the 
Union of Soviet Socialist Republics, LRCs were 
established in Moscow and Leningrad. Each 
Soviet clinic conducted a Prevalence Studyu 
using a protocol essentially identical to that of 
the North American surveys (4,5). 

The Moscow LRC sampled men ages 40-59 
residing in the Oktyabrskii District, as identi- 
fied by the 1974 voting list. A random sample 
of  5,000 was selected from the target popula- 
tion of 25,000 individuals. A similar strategy 
was adopted by the Leningrad LRC; of the 
10,000 men ages 40-59 identified as residents 
of the Petrogradskii District, 5,000 were 
randomly selected for the survey. 

For US-USSR comparisons, the LRC Pro- 
gram used lipid data from 9,435 50 to 59-year- 
old white male participants in the four US 
clinics that had sampled individuals based on 
residence in towns or cities. Data for lipopro- 
tein levels were taken from a 15% randomly 
selected sample of these participants. 

Visit 1 and Visit 2 Screens 

The Prevalence Study involved two sequen- 
tial examinations. Visit 1 was a brief screen to 
collect information on some sociodemographic 
variables and on utilizat]on of five types of 
lipid-altering medications, and to measure 
plasma cholesterol and triglyceride levels in 
fasting participants (/> 12 hr). a 15% random 
sample of the Visit 1 population, as well as all 

participants who were found to have hyper- 
lipidemia (i.e., lipid values exceeding the age-, 
race-, sex-specific 90th percentile) or were 
taking lipid-altering medication, were then 
asked to return for Visit 2. This more extensive 
examination involved medical and family 
histories (including a detailed drug history), 
blood pressure measurements, lipid and lipopro- 
rein determinations, nutrient intake evaluation 
by means of a 24-hr dietary recall, resting and 
exercise electrocardiogrphy, clinical chemis- 
tries, and anthropometric measurements. 

Lipid and kipoprotein Measurements 

Standardization: An important feature of 
the LRC Program has been its emphasis on 
standardization of the lipid and lipoprotein 
determinations, in order to achieve high pre- 
cision and accuracy despite the processing of 
large numbers of samples over a long period of 
time. All blood specimens were drawn and 
processed according to carefully specified 
instructions in the LRC Manual of Laboratory 
Operations (6). Extensive internal and external 
quality control systems were employed. 

Techniques for lipid and lipoprotein meas- 
urements at the Soviet clinics were developed 
to be directly comparable to those made by the 
North American clinics. Standardization was 
reinforced by the regular exchange of personnel 
and frequent monitoring of data quality. 

Lipids: Cholesterol and triglyceride levels 
were determined in plasma in each LRC core 
lipid laboratory by use of either the Technicon 
AutoAnalyzer I (AA-I) or II (AA-II) analytical 
system, as modified for the LRC Program. 

In general, precision and accuracy were 
extremely high for cholesterol and triglyceride 
measurements, regardless of which AutoAnalyz- 
er was used (7,8). Most of the variability in 
lipid measurements arose from differences from 
sample to sample within a given laboratory 
rather than from differences between 
instruments. 

Lipoproteins: Concentrations of plasma 
LDL-, VLDL-, and HDL-cholesterol (LDL-C, 
VLDL-C, HDL-C) were determined by use of  
the so-called beta quantification procedure, 
which involved a combination of preparative 
ultracentrifugation and heparin-manganese pre- 
cipitation (6). 

HDL-C estimation: Evaluation of  the LRC 
precipitation procedure for determining HDL-C 
in unfractionated plasma has shown that HDL 

is not precipitated by heparin-manganese 
treatment. Although many treated plasma 
samples do contain some spo-B-associated 
cholesterol in the supernatant, the resulting 
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TABLE II 

Mean Plasma Total Cholesterol, VLDL-C, LDL-C and HDL-C in 
White Females in 11 North American Populations a 
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Total cholesterol b VLDL-C b LDL-C b HDL-C b 
AGE N mg/dl mg/dl mg/dl mg/dl 

5-9 126 164.0 4. 1.8 9.7 -+ 0.7 100.4 + 2.1 53.2 4- 1.0 
10-14 248 160.1 • 1.5 10.9 4- 0.4 97.4 -+ 1.3 52.2 -+ 0.7 
15-19 297 159.5 + 1.6 11.8 4. 0.5 95.7 -+ 1,5 52,3 4- 0,7 
20-24 199 170.3+2.5 13.54-0.6 103.74.2.2 53.34-1.0 
25-29 314 179.5 -+ 1.7 13.4-+0.5 110.2-+ 1.6 56.04.0.8 
30-34 337 179.2+1.7 12.2-+0.5 111.34.1.5 56.04.0.7 
35-39 300 189.64-2.1 15.4-+0.7 119.7-+2.0 55.0-+0.8 
40-44 319 197.5 + 1.9 14.7 + 0.5 125.1 +- 1.8 57.8 4- 0.9 
45-49 329 206.2 4- 2.0 17.4 + 0.7 129.4 4- 1.9 59.4 4- 1.0 
50-54 257 217.3 4- 2.4 17.2 -+ 0.7 138.1 4- 2.3 62.0 4- 1.0 
55-59 251 228.7 -+ 2.4 20.7 -+ 1.0 146.1 4- 2.4 62.2 -+ 1.1 
60-64 145 232.3 -+ 3.7 16.7 -+ 1.8 152.0 4- 3.6 63.8 4- 1.4 
65-69 130 234.1 -+4.0 17.04- 1.3 153.8 4-4.1 63.3 + 1.8 
70+ 143 224.5 4- 2.8 15.6 4- 1.2 148.6 -+ 2.7 60.7 -+ 1.4 

aSource: LRC Prevalence Study, Visit 2 Random Sample. 
bMean +- SEM. 

overes t imat ion  of  HDL-C is slight (ca. 2 mg/dl)  
(9). 

RESULTS AND DISCUSSION 

This repor t  highlights three aspects  of  the  
data gathered by the LRCs: lipid and lipo- 
pro te in  dis t r ibut ions  in the white  Nor th  Ameri-  
can popula t ions  ( i0 ) ,  effects  of  sex h o r m o n e  
use on lipid and l ipoprote in  levels in females, 
and compar i sons  of  HDL-C levels in US and 
USSR populat ions .  

Response Rates 

For  the  Nor th  American  Prevalence Study,  
8 1 , 9 7 0  individuals were eligible for the Visit 1 
screen at the ten LRCs; 60,502 were screened,  
for  an overall response rate of 73.9%. 

Approx ima te ly  25% (16,335)  of  the  Visit 1 
par t ic ipants  were eligible for Visit 2, of  w h o m  
13,852 were screened (85% response rate) .  

In the Union of  Soviet Socialist Republics,  
bo th  clinics achieved a response rate of  ca. 80% 
(3,908 men  in Moscow,  3,907 men  in Lenin- 
grad). 

Lipid and Lipoprotein Distributions (North American) 

The data descr ibed here are f rom white  male 
(n = 3,581) and female (n = 3,426) Visit 2 partic- 
ipants ,  ages 5 to 100 years. Data f rom these 
7,007 par t ic ipants  co r respond  to the  15% 
random sample o f  Visit 1 white part icipants .  
Cross-sectional  age- and sex-specific d is t r ibut ions  
of  mean  plasma to ta l  choles terol  and VLDL-C, 
LDL-C and HDL-C are p resen ted  in Tables II 

and III and Figure 1. 
In the females a mean  HDL-C level of  about  

53 mg/dl  is main ta ined  be tween  the  ages 5 to 
24 years, af ter  which it rises to  56-58 mg/d l  
be tween  25-44 and subsequent ly  to a peak  of 
64 mg/dl  in the 60-65 age band.  It then drops 
to 61 mg/dl  by age 70 and beyond .  

In males be tween  the ages 5-14 years,  mean 
HDL-C is about  55 mg/dl.  Af ter  age 14 the 
HDL-C level decreases sharply to  46 mg/dl,  and 
remains at 44-46 mg/dl  th rough  the 50-54 age 
band, af ter  which it rises to abou t  51 mg/dl .  

The cross-sect ional  changes wi th  age in the 
pediatr ic and adolescent  age group are shown in 
Table IV and Figure 2. Between the ages of  6 
and 13 years, males have slightly higher HDL-C 
concen t ra t ions  than females, but  then a cross- 
over occurs,  and after  age 13 females have sub- 
stantially higher HDL-C. This d i f ference  in- 
creases wi th  age (Tables II,III). In the  45-54 
year age groups, the female HDL-C level is 30% 
higher than the  male level. The greatest  differ- 
ence ( >  17 mg/dl)  is seen at ages 50-54. 

Similar male-female di f ferences  were de- 
scribed in the  Cooperat ive  L ipopro te in  Pheno-  
typing  Study which was res t r ic ted to  age groups 
40 years and older (11). Higher concen t ra t ions  
of  HDL were found  in white  females  in all the 
age groups studied.  

Male-female differences  in a pos tado lescen t  
and adult  (16-49 for females and 17-65 for 
m a l e s )  popula t ion  were also observed by 
Nichols who measured  HDL subfrac t ions  using 

analytical  u l t racent r i fugat ion  (12). Markedly 
higher HDL 2 and slightly higher HDL 3 levels 
were found  in females aged 16 to 49 than in the 
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T A B L E  I I I  

M e a n  P l a s m a  T o t a l  C h o l e s t e r o l ,  V L D L - C ,  LDL-C a n d  H D L - C  
in W h i t e  Ma le s  in  11 N o r t h  A m e r i c a n  P o p u l a t i o n s  a 

T o t a l  c h o l e s t e r o l  b V L D L - C  b L D L - C  b H D L - C  b 
A g e  N m g / d l  m g / d l  m g / d l  m g / d l  

5-9 1 4 8  1 5 5 . 3  + ! 1 , 8  8 .2  +- 0 .5  9 2 . 5  + 1.8 5 5 . 8  +- 1 .0  
! 0 - 1 4  2 9 9  1 6 0 . 9  • 1.5 9 .9  +- 0 . 4  9 6 . 8  + 1.4 5 4 . 9  -+ 0 .7  
1 5 - 1 9  2 9 9  153 .1  + 1.4 1 2 . 8  -* 0 .5  9 4 . 4  -+ 1.3 4 6 . 1  • 0 .6  
2 0 - 2 4  118  1 6 2 . 2  -+ 2 .5  13 .7  • 0 .8  1 0 3 . 3  • 2 .4  4 5 , 4  -+ 1.0 
2 5 - 2 9  2 5 3  1 7 8 . 7  +- 2 ,1  1 7 . 4  • 0 .9  1 1 6 . 7  +- 1 .9  4 4 . 7  • 0 .7  
3 0 - 3 4  4 0 3  193 .1  • 1 .8  2 1 . 3  • 0 .9  1 2 6 . 4  • 1 .6  4 5 . 5  • 0 . 6  
3 5 - 3 9  372  2 0 0 . 6  +- 1 .9  2 4 . 1  • 1 .0  1 3 3 . 2  • 1.7 4 3 . 5  -+ 0 . 6  
4 0 - 4 4  385  2 0 5 . 2 - +  1.9  2 5 . 5  -+ 1.2 1 3 5 . 6  +- 1 .6  4 4 . 2  • 0 .6  
4 5 - 4 9  3 2 7  2 1 3 . 4  • 1 .9  2 4 . 4  -+ 1 . I  1 4 3 . 7  • 1 .8  4 5 , 5  -+ 0 . 6  
5 0 - 5 4  3 4 0  2 1 3 . 2  • 1 .9  2 6 . 8  • 1.1 1 4 2 . 3 - +  1.7  4 4 . 1  + 0 . 6  
5 5 - 5 9  261  2 1 5 . 0  • 2 .2  2 1 . 6  • 1.1 1 4 5 . 8  • 2 .1  4 7 . 6  +- 0 .9  
6 0 - 6 4  131 2 1 6 . 6  +- 3 .3  1 8 . 9  • 1 .3  1 4 6 . 3  + 3.1 5 1 . 5  -+ 1 .3  
6 5 - 6 9  105  2 2 1 . 0  • 3 .8  1 9 . 7  +- 2 .0  1 5 0 . 4  • 3.5 51 .1  -+ 1.5 
7 0 +  119  2 1 0 . 3 +  3.4  1 7 . 0 5  1.2 1 4 2 . 9 5  2 . 9  5 0 . 5  + 1.7 

a S o u r c e :  L R C  P r e v a l e n c e  S t u d y ,  V i s i t  2 R a n d o m  S a m p l e .  

b M e a n  • S E M .  
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FIG. 1. Mean plasma total cholesterol, LDL-C, 
HDL-C and VLDL-C by 10-year age groups for 3581 
males and 3426 females. LRC Prevalence Study, Visit 
2 random sample. 

males of the same age. 
The cross-sectional changes with age in 

HDL-C are different from those observed for 
total cholesterol, VLDL-C and LDL-C (Fig. 
1,2). In childhood and adolescence, females 

have slightly higher total cholesterol, LDL-C 
and VLDL-C than males (Fig. 2). In the females 
total cholesterol and LDL-C decrease between 
ages 8-15 years, and then rise until ages 65-70. 
In males a marked decline (from 164 mg/dl at 
age 10-11 to 152 mg/dl at age 16-17)is seen in 
the concentration of total cholesterol (Fig. 2), 
followed by an increase which continues to ages 
65-70. For LDL-C a lesser decline is observed in 
adolescent and postadolescent males, but it 
increases gradually from 93 mg/dl at ages 16-17 
to about 150 mg/dl at ages 65-69. 

VLDL-C concentrations rise gradually in 
both sexes up to the sixth decade, although the 
increment in VLDL-C is greater in males than in 
females, resulting in higher VLDL-C levels in 
males ages 25-54. As shown in Figure 1, the 
slopes of the age-related increases in total 
cholesterol and LDL-C are greater for males 
than for females, until ages 45-50. The older 
cohorts of females continue to show increments 
in total and LDL-C values until ages 65-70. 

For LDL-C values a first crossover between 
male and female cohorts occurs in the second 
decade, and for total cholesterol this is seen in 
the third decade; the male cohorts maintain 
higher levels than the females throughout the 
next three decades. A second crossover occurs 
in the sixth decade when females again show 
higher levels of total cholesterol and LDL-C. 

As indicated in Figure 2, the total choles- 
terol falls in both sexes at the onset of adoles- 
cence. However, the underlying lipoprotein 
distribution curves differ according to sex. In 
females the drop in total cholesterol is due to a 
fall in LDL-C, with no change in VLDL-C or 
HDL-C. In males the nadir of the total chol- 
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TABLE IV 

Mean Plasma Total Cholesterol, VLDL-C, LDL-C, and HDL-C, 
in White Children Ages 6-19 years, in Selected North American Populations a 
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Males 
Total cholesterol b VLDL-C b L DL-Cb HDL-Cb 

Age mg/dl mg/dl mg/dl mg/dl 

6-7 67 155.9 • 2.5 6.9 • 0.6 95.0 • 2.5 56.0 • 1.3 
8-9 71 155.6 • 2.6 9.6 • 0.8 90.5 • 2.4 55.6 • 1.5 

10-11 93 164.0 • 2.9 10.4 • 0.8 96.8 • 2.8 57.3 • 1.2 
12-13 742 159.5 • 1.8 9.0 • 0.5 95.4 • 1.7 55.9 + 1.1 
14-15 129 154.8 • 2.3 10.7 -+ 0.7 95.5 • 2.1 49.2 • 1.0 
16-17 160 152.1 + 1.8 13.5 -+ 0.7 93.2 +- 1.6 45.6 • 0.8 
18-19 67 156.6 • 3.3 13.8 • 0.9 99.3 • 3.2 43.7 • 1.0 

Females 
6-7 58 162.2 • 2.4 9.8 + 1.1 100.5 + 3.3 50.1 • i .7 
8-9 60 166.1 • 2.7 10.6 + 1.1 100.0 • 2.9 55.7 • 1.4 

IO-II IOI 161.3 _-2 2.3 11.8 +- 0.8 98.1 + 2.1 51.5 • 1.1 
12-13 102 160.8 • 2.3 10.6 • 0.7 97.7 + 2.0 53.0 • 1.0 
14-15 122 154.9 +- 2.4 10.6 + 0.6 93.5 + 2.1 51.0 • 1.0 
16-17 164 159.7 • 2.1 12.3 • 0.6 95.2 • 2.0 52.8 • 1.0 
18-19 53 165.7 • 4.1 11.1 +- 1.1 101.8 + 3.5 53.2 • 1.6 

asource: LRC Prevalence Study, Visit 2 Random Sample. 
bMean -+ SEM. 

es te ro l  d i s t r i b u t i o n  o ccu r s  s l ight ly  la ter  t h a n  in 
females  and  is m a i n l y  due  to  a fall in HDL-C.  

Sex Hormone Effects 

A high  p r o p o r t i o n  o f  t he  whi t e  w o m e n  in 
the  LRC Prevalence  S t u d y  r e p o r t e d  use  o f  s o m e  
f o r m  o f  sex h o r m o n e s .  The  p reva lence  o f  sex 
h o r m o n e  users  was  50% in the  20-24 yea r  age 
group ,  and  30-40% in the  50-64 yea r  age g r o u p s  
(11).  I t  is p r e s u m e d  tha t  t h o s e  over  age 45 
( " o l d e r "  w o m e n )  were  p r e d o m i n a n t l y  intra-  o r  
p o s t m e n o p a u s a l  and  were  receiving r e p l a c e m e n t  
es t rogens ,  whe rea s  m o s t  o f  t he  w o m e n  b e l o w  
age 45 yea r s  ( " y o u n g e r "  w o m e n )  are p r e s u m e d  
to be tak ing  oral  con t r acep t ives .  

Data  f r o m  Visit  1 p a r t i c i p a n t s  s h o w  t h a t  
to t a l  cho l e s t e ro l  levels were  m o d e r a t e l y  h i ghe r  
and  t r ig lycer ide  levels were  m a r k e d l y  h i ghe r  in 
the  y o u n g e r  w o m e n  tak ing  h o r m o n e s ,  as c o m -  
pared  wi th  n o n h o r m o n e  users  (13) .  O lde r  
h o r m o n e  users  s h o w e d  smal l  a n d  i n c o n s i s t e n t  
a l t e ra t ions  in t r ig lycer ide  a n d  a m o d e s t  b u t  
cons i s t en t  r e d u c t i o n  in cho les te ro l .  

The  smal le r  n u m b e r s  of  female  use r s  and  
n o n u s e r s  of sex  h o r m o n e s  recal led t o  Visi t  2 
s h o w e d  essent ia l ly  s imilar  c h o l e s t e r o l  a n d  tri- 
glyceride r e l a t i onsh i p s  as t h o s e  obse rved  in 
Visi t  1 pa r t i c ipan t s .  F igure  3 and  Tab l e  V s h o w  
tha t  t he  h ighe r  to t a l  cho l e s t e ro l  level o f  the  
y o u n g e r  users  p r imar i l y  ref lec ts  a h i ghe r  
LDL-C, w i t h  V L D L - C  and  HDL-C m a k i n g  o n l y  
slight c o n t r i b u t i o n s .  

In  the  o lde r  users ,  LDL-C increases  to  a 
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FIG. 2. Mean plasma total cholesterol, LDL-C, 
HDL-C, and VLDL-C, by two-year age groups for 763 
males and 676 females, ages 6-19 years. LRC Prev- 
alence Study, Visit 2 random sample: 

lesser degree t h a n  in the  n o n u s e r s ,  r e su l t ing  in a 
m a r k e d l y  h ighe r  LDL-C in the  h o r m o n e  n o n -  
users  b e y o n d  age 50, w h i c h  a c c o u n t s  fo r  t he  
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FIG. 3. Mean plasma total cholesterol, LDL-C, 
HDL-C and VLDL-C by 10-year age groups in 732 
females taking and 2601 not taking sex hormones. 
LRC Prevalence Study, Visit 2 random sample. 

higher total cholesterol seen in the same group. 
HDL-C, which is only slightly higher in the 

younger hormone users than in the nonusers, 

rises sharply in the users after ages 35-39 and 
reduces the lowering effect of the LDL-C on 
total cholesterol levels. 

This finding of higher HDL-C concentrations 
in sex hormone users is in contrast to those 
described by Arntzenius et al. (14), who found 
lower HDL-C concentrations in oral contra- 
ceptive (OC) users ages 40-41 yr than in non- 
users. This difference was independent of 
smoking habit. 

Variation in findings in different studies may 
be related in part to constituents and doses of 
estrogen and progestin within the OCs (15-17). 

Plasma total cholesterol and VLDL-C are posi- 
tively related to the dose of the estrogen com- 
ponent, and significantly elevated HDL-C levels 
are present only in users of OCs containing 
greater than 50 pg ethinyl estradiol or mes- 
tranol (15). Therefore, different studies on the 
effect of sex hormones on plasma lipids and 
lipoproteins cannot be compared unless the 
t y p e  and amount of hormones used are 
comparable. 

U.S.-U.S.S.R. Comparisons 

Comparisons of plasma lipid levels in the 
males (white, ages 40-59) in the two Soviet 
LRCs and four U.S. LRCs showed that total 
cholesterol was consistently higher in the Soviet 
men, ranging from ca. 15 mg/dl higher in the 
40-44 age band, to 6-10 mg/dl higher in the 
other three age bands. Conversely, triglyceride 
levels were markedly higher in the U.S. males, 
ranging from 30 mg/dl higher at ages 40-46 to 
25 mg/dl higher at ages 50-59 (5). 

Examination of the lipoprotein concentra- 
tions in the two samples revealed several inter- 
esting comparisons. HDL-C values were gen- 
erally constant, but with a slight rise in the 
55-59 age band, in U.S. males; such an age 
trend was less apparent in the Soviets. HDL-C 
was consistently higher in the U.S.S.R. than in 
the U.S. samples at all ages, and in an a m o u n t  
that accounts for a large fraction of the ob- 
served differences in total cholesterol (5). 

T h e  entire distribution curve for HDL 
cholesterol was shifted to the right in the Soviet 
sample with a tendency toward greater skewing 
at the higher values. This resulted in a 95th 
percentile value for the Soviet sample of 86 
mg/dl, a value not reached in the U.S. sample. 
It is also noteworthy that more than 2% of the 
Soviet examinees had HDL-C levels of at least 
100 mg/dl (5). 

The purpose of this report has been to high- 
light key findings that are emerging from the 
initial analysis of data gathered in 14 popula- 
tions under the auspices of the Lipid Research 
Clinics Prevalence Study, and to alert the 
research community to the diversity of reports 
that are anticipated as soon as the entire study 
has been completed (e.g., the Soviet LRCs only 
recently completed data collection, and the 
Israeli LRC Prevalence Study is still in progress). 
Here only three aspects of the data have been 
touched upon as examples of the myriad of 
research possibilities arising from the LRC Prev- 
alence Study. 
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TABLE V 

Mean Plasma Total Cholesterol, VLDL-C, LDL-C, and HDL-C, 
in White Females, by Sex Hormone Usage a 

111 

Total cholesterol b VLDL-C b LDL-C b HDL-C b 
Age N mg/dl mg/dl mg/dl mg/dl 

Users 

15-19 20 173.0 + 9.3 13.7 -+ 2.5 103.6 • 8.5 56.1 • 3.0 
20-24 101 178.0 -+ 3.4 15.2 • 0.9 108.3 • 3.3 54.7 +- 1.4 
25-29 132 187.2 • 2.6 15.3 +- 1.0 115.9 • 2.5 56.1 +- 1.3 
30-34 97 190.7 +- 3.3 15.6 -+ 0.9 117.4 • 3.1 58.0 +-- 1.7 
35-39 50 195.6 -+ 6.1 20.4 -+ 2.0 118.9 -+ 5.4 57.0 + 2.2 
40-44 63 202.9 -+ 5.0 17.2 +- 1.5 127.8 +- 4.7 61.1 1:2.5 
45-49 72 211.8 -+ 4.2 19.0 • 1.4 127.5 -+ 4.0 65.5 -+ 2.1 
50-54 70 205.9 -+ 3.5 18.7 +- 1.1 119.7 • 3.3 67.6 + 2.1 
55-59 60 222.4 -+ 4.9 19.2 t: 1.9 132.5 +- 4.7 70.8 1:2.3 
60-64 32 220.2 • 5.2 13.5 -+ 1.3 136.6 • 5.0 70.4 • 2.8 
65-69 25 218.0 -+ 5.9 15.6 -+ 2.7 126.4 -+ 5.7 76.1 • 4.7 
70+ 10 220.3 + 7.1 9.1 + 2.1 140.8 +- 8.1 70.7 + 3.8 

Non-users 

15o19 276 158.3 +- 1.6 11.7 + 0.5 94.9 +- 1.4 52.0 • 0.7 
20-24 96 162.1 -+ 3.4 11.9 + 0.7 98.1 • 2.8 52.2 -+ 1.5 
25-29 181 173.9 -+ 2.2 12.0 -+ 0.6 106.0 -+ 2.0 56.0 +- 1.0 
30-34 235 174.8 + 1.9 10.8 -+ 0.6 109.0 +- 1.7 55.4 + 0.8 
35-39 243 187.5 -+ 2.2 14.3 + 0.7 118.8 • 2.1 54.8 + 0.9 
40-44 245 196.1 -+ 2.1 13.9 +- 0.$ 125.2 +- 2.0 57.1 +- 1.0 
45-49 249 204.3 1:2.3 16.8 -+ 0.8 129.7 • 2.1 57.7 • 1.1 
50-54 178 222.7 • 3.1 16.4 • 0.9 146.1 -+ 2.9 60.1 1:1.1 
55-59 172 232.0 +- 3.0 21.2 + 1.3 151.8 +- 2.9 59.1 + 1.3 
60-64 111 235.7 + 4.6 17.6 +- 2.3 156.3 -+ 4.5 62.0 + 1.6 
65-69 101 239.6 + 4.6 17.6• 1.6 161.6-+ 4.7 60.5 + 1.8 
70+ 127 224.8_+ 3.0 16.2+ 1.3 148.9+- 2.9 60.1 +- 1.5 

aSource: LRC Prevalence Study, Visit 2 Random Sample. 
bMean -+ SEM. 
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ABSTRACT 

High density lipoprotein (HDL) levels are known to be higher in women than in men, and to 
increase with estrogen use. To assess the effects of estrogens on HDL subspecies, analytic ultracentri- 
fuge measurements of HDL were compared in 11 menopausal estrogen users and 16 controls. The 
difference in mean schlieren patterns between the groups showed a significantly higher level of HDL 
with flotation rate (F~.20) > 1.5 (predominantly HDL2) in the users. This was similar to the dif- 
ference in HDL seen between nonusers of hormones and age-matched males. A previous study had 
shown that users of combination oral contraceptives had increased levels of HDL with F~.20 -<< 3.5 
(primarily HDL3) suggesting that the estrogen effect on HDL is altered by the presence of added 
progestin. The progestin effect was studied here in more detail in two women with type V hyper- 
lipoproteinemia treated with norethindrone acetate. Reduction in serum triglyceride was accompanied 
by a reduction in HDL, predominantly in the less dense species (HDL2). Among groups of oral 
contraceptive and noncontraceptive estrogen and progestin users whose HDL-cholesterol levels have 
been reported recently, there was a direct correlation (r = 0.86, p < .001) between mean HDL- 
cholesterol and triglyceride levels. Endogenous hormonal influences on HDL were assessed by serum 
hormone and lipoprotein measurements at weekly intervals during two consecutive menstrual cycles 
in four healthy females. An increase in HDL of highest flotation rate (F~.20 5-9) was seen, which 
corresponded with the time of ovulation, raising the possibility of pituitary as well as gonadal 
hormone effects on HDL. 

INTRODUCTION 

It has long been  recognized tha t  p r emeno-  
pausal  w o m e n  have higher  levels of h igh  dens i ty  
l ipopro te in  (HDL)  t h a n  m en  (1-6), and  t ha t  
admin i s t r a t i on  of  es t rogens  to  e i the r  sex m ay  
increase to ta l  HDL (6-8). The effects  on  HDL 
of  ano the r  of the  ma jo r  female gonada l  hor-  
mones ,  p roges te rone ,  have no t  been  ident i f ied.  
There  has been  renewed  in teres t  in the  in- 
f luence of these  h o r m o n e s  and  of c o m b i n a t i o n  
es t rogen-proges t in  oral  con t racep t ives  on  HDL 
because of  the  increased incidence  of  co rona ry  
disease r epor ted  in "p i l l "  users (7-11),  and  the  
s t rong  inverse re la t ionships  be t w een  levels of  
HDL and co rona ry  risk (12,13) .  

Data  are p resen ted  and  reviewed here which  
indica te  t ha t  exogenous  estrogens,  proges t ins  
and  c o m b i n a t i o n s  have differ ing effects  on  
specific subf rac t ions  of  HDL and  on  HDL- 
cholesterol .  Also, f luc tua t ions  of HDL dur ing 
the  n o r m a l  m e n s t r u a l  cycle are shown  in rela- 
t ion  to e n d o g e n o u s  est rogen,  proges t in ,  and 
lute iniz ing h o r m o n e  levels. 

METHODS 

Subjects 

Several groups of  subjects  were s tudied.  
Es t rogen  effects  on  HDL were ana lyzed  in 11 
menopausa l  w o m e n  aged 44-66 who were using 
con juga ted  es t rogens  (0 .625-1 .25  mil l igrams per  
day)  and in 16 m e n o p a u s a l  w o m e n  of  com- 

parable  age who  had  no t  used es t rogens  or con- 
t r a c e p t i v e s  for  at  least six m o n t h s .  The  
m e a s u r e m e n t s  were p e r f o r m e d  previously  as 
par t  of  a s tudy  of  lipids and  l i popro te ins  in a 
s a m p l e  o f  t h e  p o p u l a t i o n  of Modes to ,  
Cal i fornia  (14).  Fo r  ca lcula t ion  of male-female  
d i f ferences  in HDL, analyt ica l  u l t racen t r i fuge  
data  f rom the  Modes to  s tudy  p o p u l a t i o n  were 
also used. In the  age group 27-46 years,  there  
were 40  men  and  29 w o m e n  who  were no t  
using es t rogens  or oral  con t racep t ives ,  and  in 
the  age group 47-66 years,  the re  were 40  men  
and 25 w o m e n  who  were n o t  using h o r m o n e s .  
Blood samples  were ob ta ined  wi th in  8 h r  of  a 
light, fat-free breakfas t  or b reakfas t  and  lunch .  

The  in f luence  of  oral  con t racep t ives  and  
n o n c o n t r a c e p t i v e  es t rogen and  proges t in  use on  
se rum HDL-choles te ro l  and  t r iglyceride were 
s tud ied  in 4 ,978  h e a l t h y  female vo lun tee r s  
enl is ted in the  Walnut  Creek Con t racep t ive  
Drug Study.  Details  of this  s tudy  and a descrip- 
t ion  of the  cohor t  have been  pub l i shed  (15,16) .  
In the  p resen t  analysis,  two  " m i s c e l l a n e o u s "  
t r e a t m e n t  groups  were omi t t ed ,  leaving 17 
groups of  h o r m o n e  users (n = 1382)  and a 
group of 3422  nonusers .  

HDL were also analyzed in two  w o m e n  ages 
58 and  62 wi th  type  V h y p e r l i p o p r o t e i n e m i a  
being t rea ted  wi th  the  progest in ,  n o r e t h i n d r o n e  
acetate .  Blood samples  were t aken  af te r  over- 
n ight  fast  at  in tervals  ind ica ted  in Results .  

Finally,  weekly m e a s u r e m e n t s  of  HDL were 
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FIG. 1. HDL as measured by analytic ultracentri- 
fugation in estrogen users and nonusers. The curves are 
the computer-derived means of individual curves in 
each group. 

carr ied ou t  on b lood  samples  ob ta ined  af ter  an 
overnight  fast dur ing the course of the  two  
sequent ia l  mens t rua l  cycles in each of four  
hea l thy  vo lun tee rs  ages 22-26.  The subjects  
were asked no t  to  vary the i r  diet  or exercise 
levels dur ing  the  course of  the  s tudy.  

Methods of  Measurement 

Analyt ica l  u l t racent r i fuge  m eas u r em en t s  of  
serum HDL were p e r f o r m e d  as descr ibed pre- 
v i o u s l y ( 1 7 ) .  C o m p u t e r  t echn iques  were em- 
p loyed  to generate  individual  and  m e a n  cor- 
rec ted  schl ieren pa t te rns ,  to  p lo t  curves repre- 
sent ing  di f ferences  be tween  pairs of  schlieren 
pat terns ,  and  to calculate  c o n c e n t r a t i o n s  of 
to ta l  HDL and HDL of  specified f lo ta t ion  rates 
(17). 

HDL-choles te ro l  was measured  by a modifi-  
c a t i o n  o f  the  hepar in -manganese  chloride 
m e t h o d  ( t 8 , 1 9 ) .  

Tota l  serum choles tero l  and tr iglyceride con- 
cen t r a t ions  were measured  using e i the r  the  
T e c h n i c o n  A u t o a n a l y z e r  (AA If) (18),  or enzy- 
mat ic  m e t h o d s  (20,21) .  

C o n c e n t r a t i o n s  of  serum estradiol ,  proges- 
t e rone  and luteinizing h o r m o n e  (LH) were 
measured  by r ad io im m unoas s ay  techniques .  

R ESU LTS 

Estrogen Effects on H D L  

The mean  cor rec ted  schl ieren pa t t e rns  of  
HDL measured  in the analyt ic  u l t racen t r i fuge  in 
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FIG. 2. Differences in HDL between estrogen user 
and  n o n u s e r  groups. The curve represents the 
computer-derived difference between the mean HDL 
curves for the two groups shown in Fig. 1. The area 
under the baseline (shaded) represents the increase in 
lipoproteins in the user group. 

estrogen users and  con t ro l s  are s h o w n  in Figure 
1. Est rogen users had h igher  levels of  HDL wi th  
f lo ta t ion  rate  (F~ .2o )  greater  t han  1.5. The  
di f ferences  are shown  more  precisely by  sub- 
t rac t ing  the  curve of  the nonuse r s  f rom tha t  of  
the  users (Fig. 2). This yields a "d i f fe rence  
curve"  wi th  three  peaks:  two which  are h igher  
in the fas ter  f loat ing region, and one  which  is 
lower in the  es t rogen users in the  slower 
f loa t ing  region. The  posit ive difference,  82 
mg/d l  or 20% of the con t ro l  level, was signifi- 
can t  at p ~ 0.05, while the  negat ive di f ference 
was no t  s ta t is t ical ly  significant.  

It is possible  to compa re  these di f ferences  in 
HDL wi th  those  be tween  men  and women  
(nonusers  o f  h o r m o n e s )  in the  same popu la t ion  
(14 ,22)  (Fig. 3). The  same three  f lo ta t ion  peaks  
are present ,  the  two higher  in women  corre- 
sponding  to those  h igher  in the es t rogen users, 
and  the  th i rd  wi th  slower peak  f lo ta t ion  rate 

lower  in b o t h  groups. These th ree  peaks re- 
cent ly  have been  shown  by A n d e r s o n  et al. to  
be due to the  presence  of  th ree  subf rac t ions  of 

HDL separable by  equi l ib r ium dens i ty  gradient  
u l t r acen t r i f uga t i on  (22)  and have been desig- 
na t ed  as HDL2b ,  HDL2 a, and  HDL 3. Thus,  
estrogen use appears  to be associated wi th  
higher  levels of HDL2b  and  HDL2a , bu t  no t  
HDL 3 and  the  d i f ference  in HDL be tween  users 
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FIG. 3. Differences in HDL between men and 
women (nonusers of hormones) in age groups 27-46 
and 47-66 in the Modesto population study (14). 
Mean HDL difference curves were computer-plotted as 
in Fig. 2. The shaded areas represent the lipoproteins 
higher in women than men. 

and nonusers resembles the difference in HDL 
between women and men. 

Norethindrona Acetate Effects on 
HDL and Triglyceride 

The effect of estrogen on HDL (Fig. 2) is in 
contrast to the findings previously reported in 
users of oral contraceptives, namely an increase 

o 
in HDL of Ft .2o 0-3.5, but not in faster 
floating HDL (23). On the basis of the HDL 
subclassification described above, the increase 
appears to include predominantly HDL3 and to 
a lesser extent HDL2a, but not HDL2b. 

The most likely cause of the different results 
in estrogen and contraceptive users was an 
effect of the added progestin on HDL. The 
effect on HDL of one of the progestins, 
norethindrone acetate, was studied in detail in 
two female subjects with type V hyperlipopro- 
teinemia. Figure 4 shows serum total HDL as 
measured in the analytic ultracentrifuge and 
serum triglyceride in one of the subjects before, 
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during, and following treatment with norethin- 
drone acetate. The initial values were obtained 
when she was using conjugated estrogens. Upon 
withdrawal of estrogen, there was a reduction 
in serum triglyceride and total HDL, predomi- 
nantly in the HDL 2 region. Within one week of 
introduction of norethindrone acetate, there 
was a further reduction in these measurements, 
progressing slightly with time and increased 
dosage to involve a reduction in HDL3 as well. 
Drug withdrawal resulted in a return in all 
measurements towards baseline levels. 

In the second subject, serum triglyceride fell 
from 4994 mg/dl to 2772, 2344, and 2073 
mg/dl after one, two and three weeks of treat- 
ment with norethindrone acetate, 5 mg per day. 
Serum total HDL fell from 299 mg/dl to 229, 
195, and 168 mg/dl at the same three points. 
As in the first subject, the reduction in HDL 
was predominantly in less dense HDL (F].2o 
2-9), and in this case there was also a slight 
increase in HDL of F~.2o 0-2. 

Since norethindrone acetate treatment re- 
suited in simultaneous lowering of triglyceride 
and HDL in these patients, the relationship of 
serum triglyceride and HDL-cholesterol was 
further examined using the Walnut Creek Oral 
Contraceptive Drug Study population (Fig. 5) 
(see Methods). A strong positive correlation is 
seen among the user groups, suggesting that use 
of contraceptive steroids, estrogens, and pro- 
gestins results in parallel changes in serum 
HDL-cholesterol and triglyceride. 

HDL and the Menstrual Cycle 

Having investigated the effects of exogenous 
sex hormones on HDL, we turned to the study 
of changes in HDL as influenced by endogenous 
hormones in the normal menstrual cycle. Due 
to variation in cycle length and timing of hor- 
monal peaks, it is not possible to group the data 
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FIG. 4. Serum triglyceride and total HDL as measured by analytic ultracentrifugation in a subject with type 
V hyperlipoproteinemia and taking estrogen or norethindrone acetate. 
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for the four subjects studied. Fig. 6 shows the 
HDL (lower panel) and gonadal hormone levels 
(upper panel) in one subject during two se- 
quential menstrual cycles, the results being 
representative of those in the other subjects. 
Ovulation occurs at the time of the midcycle 
peak in level of LH, after which progesterone 
concentra t ion increases markedly. Estrogen 
levels before and after ovulation are com- 
parable. Concentration of HDL of F~.20 0-1.5 
and 3-4 showed no systematic changes during 
the cycle, while levels of HDL of F~.20 5-9, 
representative of HDL2b, increased at or just 
after the time of ovulation and then declined 
rapidly. Due to the complexity of the various 
hormone patterns and the fact that other 
gonadal and pituitary hormones were not 
measured, it is not possible to link the mid- 
cycle increase in HDL 2 to any specific hormone 
change, but the temporal association with LH is 
suggestive. 

D I S C U S S I O N  

Exogenous gonadal hormones (6-8) and deri- 
vatives (16, 23, 24-26) may exert major effects 
on serum HDL. Interest in these effects derives 
not only from the possible consequences of 
altered HDL in the large number of women 
using such preparations, but also from the in- 
sights that may be gained regarding the in- 
fluence of endogenous gonadal hormones on 
the control of HDL levels. 

Estrogens are known to increase HDL, and 
in the present paper this increase has been 
shown to involve primarily the less dense HDL 2 
subfractions. Synthetic progestins may lower 
HDL, at least in women with hypertrigly- 
ceridemia. Again the major effect is on HDL2. 
In combination with estrogen, progestins tend 
to shift the increase of HDL towards the more 

FIG. 6. Measurements of serum estradiol, pro- 
gesterone and LH (upper panel), and HDL (lower 
panel) during two consecutive menstrual cycles in a 
healthy female. Cycles begin with the first day of 
menstruation at days 1 and 35. HDL concentrations, 
measured by analytic ultracentrifugation, are shown in 
three flotation intervals: F~ 20 0-1.5 (contained with- 
in the HDL 3 subgroup), FI'20 3-4 (contained within 
HDL2a ) and F~ 20 5-9 (contained within HDL2b) 
(cf. Ref. 22). ' 

dense HDL 3 subspecies (23), and specific 
progestins may increase or decrease HDL- 
c h o l e s t e r o l  (16).  That these effects are 
pharmacologic is self-evident, but it is instruc- 
tive to identify the possible differences between 
p h a r m a c o l o g i c  and physiologic hormone 
actions that might be involved in influencing 
HDL. 

E s t r o g e n s ,  c o m m o n l y  administered as 
synthetic estrogen derivatives, or as conju- 
gated "natural"  estrogens (primarily estrone 
and equilin), result in supra-normal HDL levels. 
This may be due to specific drug effects, to 
unphysiologically high serum estrogen levels, or 
possibly to alterations in the normal pituitary- 
gonadal feedback relationships. It has not been 
d e t e r m i n e d  whether  elevated endogenous 
e s t r a d i o l  or estrone levels, as seen with 
estrogen-producing ovarian tumors, have a 
similar effect on HDL. 

In the case of progestins, the situation is 
even more complex due to the number of 
pharmacological actions associated with these 
drugs ,  namely,  progestational, androgenic, 
estrogenic, anabolic, and anti-estrogenic (16, 
27). In a previous publication (16), we have 
suggested that the effects on HDL-cholesterol 
of progestins in oral contraceptives appear to 
bear some relation to the progestins' relative 
anti-estrogenic or estrogenic effects, but other 
properties such as androgenicity Cannot be 
dismissed, particularly since androgens are 

LIPIDS, VOL. 14, NO. 1 



ESTROGENS, PROGESTINS, AND HDL 117 

known  to lower  HDL levels (6,8). Fu r the rmore ,  
as wi th  o the r  cross-sectional  data, it is not  
possible to rule out  pa t ien t  select ion factors  
which might  have inf luenced HDL levels in the 
t r ea tmen t  group. 

A final aspect  of the pharmacology  of  exo- 
genous h o r m o n e  effects  on HDL is the  direct  
corre la t ion wi th  effects  on serum triglyceride 
and presumably  VLDL. Al though prel iminary 
analyses (Wingerd and Krauss, unpubl i shed)  
indicate  tha t  within groups  of h o r m o n e  users 
the expec ted  inverse relation be tween  HDL and 
tr iglyceride (28) is generally seen, the  p resen t  
results and those  of o thers  (8) suggest that  the 
overall metabol ic  relat ionships be tween  HDL 
and VLDL are inf luenced by h o r m o n e  use, 
possibly by parallel effects  on synthesis  and /o r  
ca tabol ism of these l ipoproteins .  

Studies of  l ipoprote ins  in the normal  men- 
strual cycle,  while conf i rming an increase in 
HDL in mid-cycle (29,30),  have n o t  he lped  to 
def ine the  ho rmona l  de te rminan ts  of  this in- 
crease except  to suggest tha t  factors  o the r  than 
es t rogen level are likely to be involved. It is no t  
k n o w n  what  effects  endogenous  p roges te rone  
(as opposed  to synthet ic  progest ins)  may  have 
on HDL, but  it may be that  the pos tovu la to ry  
surge in proges te rone  has a role in reducing 
HDL toward  basefine levels. A possible role of 
p i tu i tary  gonado t rop in  in cont r ibut ing  to the 
ovula tory  peak in HDL must  also be con- 
sidered.  

Since HDL levels are k n o w n  to increase wi th  
age in w o m e n  (16,29) it is difficult  to sort  out  
effects  due to menopause  per  se. It may  be, 
however,  tha t  loss of  progesterone effect  or 
enhanced  gonado t rop in  levels might con t r ibu te  
to the increase in HDL in older  women.  

Since the  inverse relat ionship in HDL and 
coronary  risk has recent ly  received renewed  
interest  (12,12),  it would seem appropr ia te  to  
c o m m e n t  on the possible role tha t  ho rmone -  
induced  changes in HDL might  have in re la t ion 
to this risk. An argument  has recent ly  been  
brought  for th  that  HDL2, by virtue of  its corre- 
lat ion wi th  tota l  HDL and HDL-cholesterol ,  
represents  the HDL c o m p o n e n t s  mos t  l ikely to 
correlate wi th  coronary  disease inc idence  (31). 
Thus, in te rms of  HDL alone, estrogens would  
theoret ica l ly  have an ameliorat ing effect  on 
coronary  risk, and the major i ty  of proges t ins  
and cont racept ives  a neutra l  or negative effect .  
It has been  shown,  however ,  tha t  es t rogen use 
increases the incidence of coronary  events in 
ei ther  sex (32-35), and recently high endo-  
genous es t rad io l / t es tos te rone  ratios have been  
ident i f ied  in men  with  accelerated coronary  
disease (36). Any  putat ive "p ro t ec t ive"  role of  
enhanced  HDL in es t rogen users might  well be 

reversed by o ther  es t rogen effects ,  such as 
increases in VLDL or changes in o the r  l ipopro-  
tein fract ions (8), or in b lood  pressure (37). 
Similar considera t ions  hold  t rue for the effects  
of  oral contracept ives ,  a l though here it is 
t empt ing  to suggest that  specific prepara t ions  
associated with reduced  HDL-choles terol  might  
con t r ibu te  to increased coronary  disease in pill 
users. 
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ABSTRACT 

Preliminary data from the Multiple Risk Factor Intervention Trial (MRFIT) have been examined 
for evidence that the program has an influence on plasma HDL-cholesteroL The overall mean level of 
this lipoprotein in the initial cohort of 1,084 men was not altered by two years of participation in this 
risk factor reduction project. However, changes did occur, bothupwards and downwards, in some 
individuals. There were significant negative associations between change in HDL-cholesterol and 
changes in body mass, VLDL-cholesterol, LDL-cholesterol, and serum thiocyanate (a measure of 
cigarette smoking exposure);and there was a small positive association with change in reported alcohol 
intake. Multiple regression analysis revealed each of these associations to be independent of the others. 
The fat-controlled diet designed to lower totat serum cholesterol did not decrease HDL-cholesterol 
levels. We conclude that conventional risk reduction programs are not-likely to lower circulating 
HDL-cholesterol, and that program components such as weight reduction and smoking cessation may 
increase the levels. 

INTRODUCTION 

The Multiple Risk Fac tor  In tervent ion  Trial 
(MRFIT)  is a randomized col laborat ive s tudy to 
test the hypothesis  that  a six-year program for 
lowering three major  coronary  risk factors will 
reduce mor ta l i ty  f rom coronary  heart  disease 
(CHD) among men at above average risk (1). 
Beginning in November  1973, men aged 35-57 
were recrui ted in 22 clinical centers. All were 
initially free of  overt coronary  heart  disease, 
but  judged to be at above average risk. Eligi- 
bility for the trial was based on a combined  risk 
score calculated f rom the serum cholesterol  
level, the  diastolic b lood pressure and the re- 
por ted cigarette smoking history.  This approach 
allowed some participants with average or  even 
below average serum cholesterol  levels to enter  
the trial if  the b lood pressure and smoking fre- 
quency were sufficiently high. Men with serum 
cholesterol  levels exceeding 350 mg/dl  were ex- 
cluded to  avoid the ethical concern of  with- 
holding drug t rea tment  f rom such individuals, 
and severe hyper tens ion  was also a cause for  
exclusion. S tudy part icipants had to be willing 
to enter  a six-year s tudy and to be randomized  
to ei ther s tudy group. 

A series of  three baseline examinat ions  to 
determine eligibility culminated in the randomi- 
zation of  part icipants to two  groups o f  equal  
size, t e rmed Special In tervent ion (SI) and Usual 

IA listing of investigators follows the text. 
2Address all correspondence to: Stephen Hulley, 

Department of Medicine and of Family, Community, 
and Preventitive Medicine, School of Medicine, Stan- 
ford University, Stanford, CA 94305. 

Care (UC). Participants in the SI group were 
advised to fol low a standard fat-control led 
e a t i n g  p a t t e r n  designed to lower  serum 
cholesterol  concentra t ion,  and weight  reduct ion  
was sought among those who  were overweight.  
Participants who  smoked cigarettes were en- 
couraged to quit. Participants who  were hyper-  
tensive entered a stepped-care program of 
weight reduct ion,  modera te  sodium restr ict ion,  
and convent ional  pharmaceut ical  agents (2). A 
variety of  group and individual counseling tech- 
niques was used in t h e  in tervent ion  efforts  (3). 

The recru i tment  phase of  the  MRFIT  was 
successfully comple ted  in February  of  1976 
with 12,886 men entered into the trial. The 
progress of  the trial during the subsequent  two 
years of  in tervent ion  has been satisfactory, wi th  
high rates of  fol lowup,  and with  reductions,  
among SI participants,  in the levels of  the three 
major  risk factors (3). 

This paper  is a prel iminary examina t ion  of  a 
part icular  c o m p o n e n t  of  the M R F I T  data: the 
changes in HDL-choles terol  among  SI partici- 
pants during the first two years of  the trial. The 
impor tance  of  this examina t ion  stems from the 
e p i d e m i o l o g i c a l  o b s e r v a t i o n s  implicat ing 
H D L - c h o l e s t e r o l  as a possible CHD risk- 
lowering factor  (4,5) and f rom the fact that  
relatively little is known about  the determi-  
nants of circulating HDL-cholesterol .  There- 
fore, it is per t inent  to consider  the inf luence 
that efforts  to lower  convent ional  CHD risk 
factors might  have on HDL-cholesterol ,  and 
part icularly whe ther  dietary r ecommenda t ions  
directed at lowering total  serum cholesterol  
concen t ra t ion  might  affect  this l ipoprotein.  
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FIG. 1. Frequency distributions of fasting plasma 
HDL-cholesterol level and other cholesterol fractions 
in the initial cohort of MRFIT participants at baseline 
(N=2151). Mean • SD is provided; the relatively high 
mean for total plasma cholesterol is a consequence of 
the criteria for selection of MRFIT paxticipants. 

These issues are explored in this report, an en- 
largement on a pilot study carried out after the 
first year of intervention (6). In addition, infor- 
mation concerning the determinants of circu- 
lating levels of HDL is sought by regression 
analyses of the relation between other risk 
variables and HDL-cholesterol levels. 

EXPERIMENTAL PROCEDURES 

The baseline findings reported here are for 
the 2,151 participants who had completed the 
second annual examination by the time of  this 
analysis. The longitudinal findings are those of 
the 1,084 of these participants in the Special 
Intervention (SI) group. Although this number 
of observations is large by ordinary standards, 
the sample is only the first one-sixth of all 
MRFIT participants. 

The dietary specifications of the fat-con- 
trolled eating pattern included (for the period 
of observation reported here) reduction of 
cholesterol intake to less than 300 mg daily and 
restriction of  total fat to the r~nge 30-35% of 
calories with less than 10% of calories as satu- 
rated fat and with 10% as polyunsaturated fat. 
No lipid-lowering drugs were prescribed by 
MRFIT physicians. The pharmaceutical agents 
prescribed for hypertensive participants (after a 
trial of weight reduction, where appropriate) in- 
cluded hydrochlorothiazide or chlorthalidone 
as first line drugs, followed sequentially by 
r e s e r p i n e  (o r  Aldomet),  hydralazine and 
guanethidine (2). 

The chemical methods were patterned on 
those of the Lipid Research Clinics (7). Blood 
specimens were drawn in EDTA at the second 
baseline exam after an overnight fast. The 
plasma specimens were stored at +4 C and 
shipped at this temperature from each clinical 

TABLE I 

HDL-Cholesterol Levels in Special Intervention 
Participants over the First Two Years of 

the MRFIT (N= 1084) 

Plasma HDL-cholesterol (mg/dl) 

Baseline Year 2 Difference 

Mean 42.1 42.7 +0.6 
S.D. 11.6 10.3 

cen te r  to the Central Laboratory in San 
Francisco, where analysis was carried out with- 
in ten days of the venipucture. Plasma choles- 
t e r o l  and triglyceride concentration were 
analyzed on the Autoanalyzer II, using cali- 
brators provided by the CDC Lipid Standardi- 
zation Laboratory to give cholesterol results 
comparable to those of  the LRC and of the 
A b e l l - K e n d a l l  R e f e r e n c e  Method. HDL- 
cholesterol concentration was measured in the 
supernatant following precipitation of the low 
and very low density lipoproteins by heparin 
and manganese. For participants with trigly- 
ceride levels less than 300 mg/dl, VLDL- 
cholesterol was estimated by the Friedewald 
technique (8), that is, dividing the triglyceride 
c o n c e n t r a t i o n  (in mg/dl) by five. LDL- 
cholesterol was then calculated as the dif- 
ference between the total cholesterol and the 
other lipoprotein fractions. For participants 
whose triglyceride concentration exceeded 300 
mg/dl, preparative ultracentrifugation was used 
to provide a more accurate VLDL-cholesterol 
value. 

Serum thiocyanate, a measure of cigarette 
smoking exposure (9), was determined by the 
automated method of Butts et al. (10). The 
habitual number of alcoholic drinks consumed 
per  w e e k  was assessed by questionnaire. 
Diastolic blood pressure was the average of two 
readings taken with the random zero muddler 
device after sitting for 5 rain in a quite room. 
Adherence to the MRFIT fat-controlled diet 
was rated excellent, good, fair or poor by a 
nutrition specialist four months prior to the 
second annual visit, using a semistructured sub- 
jective interview. 

RESULTS A N D  DISCUSSION 

The frequency distribution of total choles- 
terol and of each lipoprotein cholesterol frac- 
tion at baseline are shown in Figure 1. The 
distribution of HDL-cholesterol concentration 
is roughly bell-shaped and has a mean of 42 
mg/dl. The value for mean total cholesterol is 
239 mg/dl, the sum of the three lipoprotein- 
cholesterol fractions. 
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FIG. 2. Mean change (+_SEM) in plasma HDL- 
cholesterol level according to change in degree of 
obesity, expressed as body mass index (BMI). A 
decrease in BMI of one unit in a 6-foot man is equiva- 
lent to a weight loss of 3.3 Kg. 

Table I shows mean HDL-cholesterol levels, 
among the 1,084 special intervention portion of 
the cohort, at baseline and at the second annual 
examination. The mean change, an increase of 
.6 mg/dt, is not significantly different from 
zero. However, the standard deviation of the 
change was relatively h igh-10 mg/dl- impli-  
caring major deviations from baseline, both 
upwards and downwards, in some individuals. 
The degree of spread in the distribution of 
values for change in HDL-cholesterol level was 
probably not due to laboratory variations alone 
because the precision of the analysis is rela- 
tively high; repeated determinations on a single 
specimen have a standard deviation in our 
laboratory of only 3 mg/dl (i.e., CV=6.7%). 
Biologic sources of variance may also have in- 
fluenced the plasma HDL-cholesterol levels of 
some  individuals .  These were sought by 
examining the relationship between change in 
HDL-cholesterol level and change in other rele- 
vant variables over the two-year period. 

Bivariate Analyses 

Figure 2 shows change in plasma cholesterol 
level according to change in body mass index. 
Participants who had a decrease in body weight, 
shown on the left, had an increase in plasma 
HDL-cholesterol level. Conversely, those who 
ga ined  we igh t  had a decrease in HDL- 
cholesterol. These findings are consistent with 
prior evidence, largely cross-sectional, that HDL 
levels are inversely related to body weight 
(11-15). However, the magnitude of the mean 
HDL-cholesterol change in the MRFIT was 
small. Causal inference (that the weight loss 
leads to the increase in HDL) is supported by 
the dose-response pattern, but it is also possible 
that the changes in weight and the HDL- 
cholesterol were not causally linked, both being 

FIG. 3. Change in plasma HDL-cholesterol level 
according to change in reported habitual alcohol in- 
take. 

influenced by an unidentified third factor. 
Figure 3 shows change in HDL-cholesterol 

according to change in reported habitual 
alcohol intake. On the average, persons re- 
porting a marked decrease in alcohol intake had 
a slight decrease in HDL-cholesterol and those 
with a marked increase in alcohol intake had a 
slight increase in this lipoprotein. The great 
majority of participants reported lesser changes 
in alcohol intake and had mean changes in 
HDL-cholesterol level that were negligible. 
Thus, the longitudinal findings in this cohort do 
not demonstrate the strong association between 
reported alcohol intake and HDL-cholesterol 
level noted in previous cross-sectional (14,16) 
and longitudinal (17) studies. 

The mean change in plasma HDL-cholesterol 
level according to change in serum thiocyanate 
level is shown in Figure 4. Serum thiocyanate, 
designated SCN, is a biochemical test which 
provides an objective measure of cigarette 
smoking habits (9). The groups of participants 
who had substantial decreases in the level of 
serum thiocyanate were found to have in- 
creased mean HDL-cholesterol levels. Partici- 
pants whose serum thiocyanate changed less 
than 80 ~Mol/L in either direction had no 
appreciable change in mean HDL-cholesterol. 
The implication that persons who quit smoking 
have a small rise in plasma HDL-cholesterol was 
also shown in this study by self-report data on 
smoking habits, and the observation is consis- 
t e n t  w i th  previous cross-sectional studies 
(14,18). Of course, this does not prove that 
q u i t t i n g  smoking causes circulating HDL- 
cholesterol level to increase; the association 
between the two events could be due to an 
unidentified confounding factor. 

Figure 5 shows change in HDL-cholesterol 
level according to the degree of adherence to 
the MRFIT eating pattern. There was no signifi- 
cant HDL-cholesterol change at any level of 
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FIG. 4. Change in plasma HDL-cholesterol level 
according to change in serum thiocyanate level. Serum 
thiocyanate in an index of tobacco exposure (9). 

FIG. 5. Change in plasma HDL-cholesterol level 
according to estimated degree of adherence to the 
MRFIT fat-controlled diet. 

adherence,  a l though there  was a t endency  
toward  a small increase in the group with excel- 
lent adherence .  Since degree o f  adherence  had 
the expec ted  relat ionship with the magni tude  
of the decrease in LDL-cholesterol (not  shown) ,  
the absence of  an observed associat ion with 
HDL-choles terol  suggests tha t  the  MRFIT diet 
does no t  have a major  inf luence on this frac- 
tion. 

Multivariate Analyses 

The bivariate categorical analyses in Figures 2 
through 5 do no t  take in to  account  the con- 
founding correlat ions that  may exist among 
these and o the r  variables. Fo r  example ,  losing 
weight and qui t t ing smoking  bo th  tend  to  be 
associated with an increase in HDL-cholesterol .  
Yet people  who  quit smoking  are likely to gain 
weight. 

The relat ionship be tween  each fac tor  and 
HDL-cholesterol ,  i n d e p e n d e n t  of  the  o the r  

factors,  is examined  by  mult iple  regression 
analysis (Table II). The mult ivariate regression 
coeff ic ients  are measures o f  the associat ion be- 
tween  the change in the i ndependen t  variable 
specified and the change in HDL-choles terol  
level (as the  dependen t  variable) when all the 
o the r  variables are held constant .  The use of 
s tandardized  coeff ic ients  (coeff ic ients  which 
have been  mult ipl ied by the s tandard  deviat ion 
of the  i n d e p e n d e n t  variable) allows the relative 
impor t ance  among the associat ions to be esti- 
ma ted ;  the  larger the  coeff ie icnt ,  the s tronger  
the associat ion.  

The regression analysis shows the negative 
associat ion be tween  change in body  mass index 
and change in HDL-choles terol  to be indepen-  
dent  o f  the o the r  change variables listed. The 
mult ivariate  analysis also conf i rms  the exis tence 
of statistically significant i ndependen t  associa- 
t ions b e t w een  change in HDL-choles terol  and 
changes in repor ted  alcohol  intake (positive) 
and serum th iocyana te  (negative).  

TABLE II 

Longitudinal Associations with Change in Plasma HDL-Cholegterol 
as the Dependent Variable over the First Two Years of the 

Trial among 1,084 Special Intervention Participants a 

Correlation Standardized multiple 
Independent variable coefficient regression coefficient 

A Body mass index -. 12 b -.09 c 
A Reported alcohol intake .05 .09 b 
A Serum thiocyanate -.07 -.09 b 

Adherence to MRFIT .04 .03 
diet 

A Diastolic BP +.11 b .lO b 
Lx VLDL-cholesterol -. 17 b -.16 b 

LDL-cholester ol -. 14 b -. 13 b 
baseline HDL-cholesterol -.47 b ..44 b 

aBaseline selection criterion variables (serum cholesterol, DBP and cigarettes/day) were 
also included in the regression model as partial compensation for biases created by using 
these variables as criteria for selecting study participants. All these variables had small and 
nonsignificant coefficients. 

bp <.001. 
Cp <.01. 
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TABLE III 

Cross-sectional Associations with Plasma 
HDL-cholesterol as the Dependent Variable among 

1,084 SI Participants at Baseline 

Independent variable 
Standardized multiple 
regression coefficient 

Body mass index -.26 a 
Reported alcohol intake .23 a 
Serum thiocyanate level -. l 0 b 
Diastolic BP .03 
Total serum cholesterol .05 

ap<.001. 
bp<.01. 

Change in diastolic b lood pressure was also 
included in the regression model  because it was 
found unexpec ted ly  to be positively associated 
with  change in HDL-cholesterol .  Changes in 
LDL- and VLDL-cholesterol ,  inc luded because 
of their  obvious relevance, had significant nega- 
tive regression coeff icients;  this agrees with the 
inverse association noted  in previous cross- 
sectional studies (19). These observations are 
encouraging in a general way, allowing specula- 
t ion that  efforts  to lower  LDL- and VLDL- 
cholesterol  may be harmonious  with those 
which will raise HDL-choles terol  level. (The 
large negative coeff ic ient  for baseline HDL- 
cholesterol  is due to the statistical p h e n o m e n o n  
of regression toward the mean.) 

With the except ion  of  the est imated ad- 
herence to the MRFIT  diet, each of  the vari- 
ables in Table II has a significant association 
with HDL-choles terol  change when all the o ther  
variables are held constant.  This means, for 
example,  that  the negative association be tween  
change in body weight and change in HDL- 
cholesterol  is at least part ly independen t  of  the 
association each has with VLDL-cholesterolo 

T h e  cross-sectional data at baseline are no t  a 
prime focus of  this presenta t ion because the 
observed associations may include bias resulting 
f rom the process through which the partici- 
pants were selected. The findings are presented 
in Table III using mult iple regression analysis to 
provide a partial  compensa t ion  for  such bias. 
With the except ion  of  b lood  pressure, the cross- 
sectional findings are quali t ively similar to the 
longitudinal  ones, suggesting that  they  have a 
biological basis. 

Despite the consis tency of these associa- 
t ions,  causality remains to be established, 
especially as there are independent  variables not  
included among those listed which might be 
c o n f o u n d i n g  these relationships. A prime 
example  is physical  activity, which may be re- 
lated to bo th  HDL-choles terol  and body  weight 
(13). The inf luence of  this factor,  and the 
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search for others, will be the subject of  future 
MRFIT  analyses. 

CONCLUSIONS 

Preliminary exper ience with  a subgroup of  
MRFIT  part icipants studied over  the first two  
years of  the trial has revealed change in several 
variables to be independen t ly  related to change 
in HDL-cholesterol  level. For  the most part,  
these associations fit wi th  observations available 
from previous studies of  cross-sectional design, 
and are therefore  likely to have a biological, 
rather spurious, basis. Causality remains to be 
established, but  one inference is that  weight 
loss and smoking cessation increase the level of  
HDL-cholesterol .  Taking the group as a whole,  
neither the fa t -control led diet nor  the multi-  
factor in tervent ion  program altered mean levels 
of this l ipoprotein.  
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Leucine as an In Vitro Precursor to Lipids in Rat Sciatic Nerve 
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ABSTRACT 

The in vitro incorporation of leucine, isoleucine and pyruvate into lipids was compared and the 
possibility that leucine might serve as an in situ precursor to the corresponding iso fatty acids in the rat 
sciatic nerve was studied. The relative incorporation of 14C from leucine into lipids vs. nonlipids was 
20%, and the incorporation of label into total lipids from leucine was one-half that from pyruvate. The 
incorporation of label from leucine and pyruvate into sterols was nearly equivalent, but the incor- 
poration of label into all other lipid classes from leucine was less than that from pyruvate, and the 
incorporation of label from isoleucine into lipids was much less in all cases. No detectable label from 
leucine was incorporated into brached chain fatty acids. It is concluded that leucine may be a 
substantial in vitro precursor to all major lipids in peripheral nerve, especially sterols. The possibility 
and significance of a leucine catabolic pathway in the cytosol in relation to availability of 3-hydroxy- 
3-methylglutaryl CoA for sterol biosynthesis is discussed. 

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

The liver is general ly accep ted  as the  ma jo r  
site of amino  acid degrada t ion  (1), bu t  it is well  
k n o w n  tha t  the  b r a n c h e d  chain  amino  acids are 
pre fe ren t ia l ly  degraded in ex t r ahepa t i c  t issues 
(2). This un ique  pa r t i t ion  of  me tabo l i c  pa th-  
ways on  an organ level is t h o u g h t  to be  largely 
due to  a low level of  b r anched  chain  amino  acid 
t r ansaminase  act ivi ty  in the  liver (3), bu t  the  
me tabo l i c  s ignif icance is unclear .  Leucine has 
been suggested as a ma jo r  source of  serum and  
tissue choles te ro l  in s tudies  pe r fo rmed  wi th  
skeletal  muscle  (4 ,5 )  and adipose  tissue (5). In 
vi t ro s tudies  using rat  aor ta  have ind ica ted  t h a t  
leucine may be an i m p o r t a n t  in situ precursor  
of  cer ta in  lipids, especially choles te ro l  in t h a t  
tissue (6). In suppo r t  of  these  f indings  is the  
fact t h a t  one  of  the  b r e a k d o w n  p roduc t s  of  
l e u c i n e  me tabo l i sm is 3 -hydroxy-3 -methy l -  
g lutaryl  CoA (HMG CoA),  an i n t e rmed ia t e  
involved in choles terogenesis .  

The  ox ida t i on  of b r a n c h e d  chain  amino  acids 
may  be a l te red  by  the  n u t r i t i o n a l  s tate  ( 2 , 7 - 9 )  
and  by h o r m o n e s  (2). The  c i rcula t ing level of 
the  b r a n c h e d  chain  amino  acids is increased 
dur ing shor t  t e rm  fast ing (9) and in obese  man  
( I 0 )  and  in d iabe t ic  animals  and  man  ( t  1,12). 
The  b r a n c h e d  chain  amino  acids are key pre- 
cursors to  iso and anteiso f a t ty  acids (13).  As a 
precursor  to  me tabo l i c  in t e rmed ia tes ,  leucine 
may  b e c o m e  especially i m p o r t a n t  in a l tered 
me tabo l i c  states, because the  f lux of  inter-  
media tes  t h r o u g h  various me tabo l i c  p a t h w a y s  
may  be changed.  It  is k n o w n ,  for  example ,  t ha t  
in vi t ro,  sciatic nerves  f rom s t r e p t o z o t o c i n  
diabet ic  ra ts  release greater  a m o u n t s  of 1 4CO 2 
from [ 14C-1 ]leucine t han  sciatic nerves  f rom 
con t ro l  animals  (14).  We u n d e r t o o k  this  s tudy  
to compare  the  relat ive degree to which  14C- 
labeled leucine,  i soleucine and  py ruva te  would 

i nco rpo ra t e  label in to  specific lipids in the  rat  
sciatic nerve. Pyruva te  was used as a n o n a m i n o  
acid p recursor  because  it is deca rboxy l a t ed  in 
m i t o c h o n d r i a  by  a similar m e c h a n i s m  as the  
2-keto derivatives of the  b r a n c h e d  chain  amino  
acids. In separate  expe r imen t s  the  incorpora-  
t ion  of  label  f rom leucine in to  b r a n c h e d  chain  
fa t ty  acids in the  sciatic nerves  of  d iabet ic  and 
n o n d i a b e t i c  rats  was also s tudied.  

METHODS 

Male Wistar ra ts  weighing 200-250  g were 
fed ad l ib i tum Lab Blocks (Allied Mills, Inc.,  
Chicago, IL) and water.  Rats  were decap i t a t ed  
w i th  a gui l lot ine (Harvard A p p a r a t u s  Co., 
Dover, MA), the  nerves  were immed ia t e ly  ex- 
cised f rom each side along wi th  the i r  major  
branches ,  and  were dissected free of  connec t ive  
t issue (14).  Nerves were placed in a ba lanced  
salt so lu t ion  (15)  until  suff ic ient  tissue was 
col lected for  i ncuba t ion .  A b o u t  30 rain elapsed 
be tween  excision and incuba t ion .  The  two  
nerves f rom each rat  were r a n d o m l y  and  
equally d i s t r ibu ted  be tween  i n c u b a t i o n  vessels. 
Each vessel c o n t a i n e d  several nerves  repre-  
sen t ing  ca. I 00  mg tissue in 6 ml. Incuba-  
t ion was carr ied ou t  in sealed E r l enmeye r  flasks 
con ta in ing  5.5 mM glucose and 0.1 mM 14C- 
labeled p recursor  in a ba lanced  salt so lu t ion  
(15)  equ i l ib ra ted  wi th  0 2  and CO 2 (95 :5) ,  pH 
7.4, 37 C. The  flasks were agi ta ted  at 42 cycles/  
rain in a D u b n o f f  me tabo l i c  shaker.  

Un i fo rmly  labeled L-leucine,  L-isoleucine 
and sod ium [ 1 4 C - 2 ] p y r u v a t e  were purchased  
f rom New England Nuclear  Corp. ,  Bos ton ,  MA. 
The c o n c e n t r a t i o n  of rad ioac t iv i ty  used in the 
i n c u b a t i o n  m e d i u m  was 0.I /~Ci/ml (0 .1Ci /  
mole)  in all expe r imen t s  excep t  those  involving 
b r anched  chain  fa t ty  acid synthes is  in which  
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the concentration of radioactivity was 1.0/ICi/ 
ml ( l Ci/mole). 

F o l l o w i n g  incubation, the nerves were 
blotted dry on filter paper and extracted with 
c h l o r o f o r m - m e t h a n o l  (16). Extracts were 
washed three times with upper phase (16). The 
lipid extracts were evaporated to dryness with a 
stream of nitrogen in a water bath at 50 C, and 
the lipid residues were weighed. 

In the experiments involving branched chain 
fatty acids only, diabetic and nondiabetic rats 
were studied. All other experiments were 
limited to normal rats. Diabetes was produced 
in the rats by I.P. injection of streptozotocin (120 
mg/kg). They were considered diabetic when 4+ 
glycosuria was manifest, plasma glucose levels 
exceeded 300 mg/100 ml, and the animals were 
losing weight, or gaining less than 1 g/day in the 
last five days (14). Nerves were excised and 
treated as described above. 

N e u t r a l  lipids consisting of cholesteryl 
esters, triglycerides, free fatty acids, digly- 
cerides and free sterols were separated by thin 
layer chromatography (TLC) from total lipids 
on silica gel (Supelcosil 12A, Supelco Inc., 
Bellefonte, PA). Polar lipids remained at the 
o r i g in .  S t a n d a r d  lipid mixtures containing 
hydrocarbons, steryl esters, methyl esters, free 
fatty acids, free cholesterol, fatty alcohols and 
diglycerides were spotted on both edges of 
plates, and the plates were developed in petro- 
leum ether-ethyl ether-acetic acid (70:30:0.5). 
Lipid bands were visualized under ultraviolet 
light after spraying the TLC plates lightly with 
2',7'-dichlorofluorescein, quantitatively trans- 
ferred to counting vials and counted in a liquid 
scint i l la t ion spectrometer. The scintillation 
fluid consisted of 10 ml of toluene containing 5 
g/1 PPO (2,5-diphenyloxazole) and 0.3 g/1 
d i m e t h y l - P O P O P )  1 ,4-his  [ 2,4-(4-methyl-5- 
phenyloxazoyl)] benzene). Sample quenching 
was monitored with internal and external stan- 
dards and was not variable. 

Since the free sterols were difficult to 
separate from diglycerides by TLC, aliquots of 
hpid extracts containing 2 to 8 mg of 14C- 
labeled total lipids and an added internal stan- 
dard of [ 3hi cholesterol of known radioactivity 
were deacylated in 2 ml of 0.2M methanolic 
NaOH overnight at room temperature in 
Teflon-lined screw-cap vials. The reaction mix- 
ture was extracted three times with 2 ml por- 
tions of petroleum ether, and the combined ex- 
tracts were evaporated to a convenient volume 
with a stream of nitrogen. The free sterols were 
then isolated by TLC as described above for 
n e u t r a l  lipids. Based on the amount of 
[3H]cholesterol  recovered, the 14C incor- 
p o r a t e d  i n t o  sterols was corrected. The 

amounts of 14C label in individual sterols of 
the sterot pool was not determined. 

Polar lipids were separated by two-dimen- 
sional TLC (17) on silica gel (Supelcosil 42A, 
Supelco Inc., Bellefonte, PA). Radioactivity in 
individual spots was determined as described 
above. 

Fatty acid analysis of lipids was carried out 
on the total neutral and polar lipid fractions 
which were isolated as described above. Fatty 
acid  m e t h y l  e s t e r s  were  p r e p a r e d  by 
base-catalyzed methanolysis as described in the 
deacylation procedure above, in which the 
lipids were treated with 0.2N NaOH. This 
method was used in order to avoid the con- 
version of plasmalogens to dimethyl acetals 
which interfere with the gas chromatographic 
analysis of the branched chain fatty acids. After 
the reaction was complete, the reaction mixture 
was neutralized with dilute acetic acid to a 
phenolphthalein end point, and the fatty acid 
methyl esters were extracted with petroleum 
ether which was evaporated with a stream of 
nitrogen to a convenient volume. 

In order to determine the degree to which 
branched chain fatty acids were labeled, the 
saturated fatty acid methyl esters were isolated 
by TLC on AgNO3-impregnated silica gel (18). 
This fraction was analyzed by two gas chroma- 
tographic methods to determine radioactivity in 
individual fatty acid species. The fatty acids 
were identified according to relative retention 
times with standard fatty acid mixtures con- 
taining even and odd carbon fatty acid methyl 
esters from 14:0 through 26:0 and iso 14:0, iso 
15:0, anteiso 15:0, iso 16:0, iso 17:0 and 
anteiso 17:0. Initially, a Nuclear-Chicago flow 
through radioactivity detector interfaced to a 
Beckman GC-45 gas chromatograph fitted with 
a 2 m x 4 mm ID glass column packed with 
10% Silar-10C on 100:120 mesh Gas-Chrom Q 
(Appl i ed  Science Laboratories, Inc., State 
College, PA) was used, The helium carrier gas 
flow rate was 100 ml/min, and the propane 
quenching gas flow rate was 10 ml/min. The 
sp l i t  r a t i o  between the flame ionization 
detector and the radioactivity detector was 
1:15. The gas chromatographic column was 
programmed from 150 to 220 C at 10 C per 
rain. Detector and injector temperatures were 
both 250 C. Because no detectable radioactivity 
was found associated with the branched chain 
fatty acids using this method, a more sensitive 
method was attempted in which the fatty acid 
methyl esters were separated on a Perkin Elmer 
801 gas chromatograph utilizing a 4 m x 4 mm 
ID glass column packed with 10% Apeizon L on 
100:120 mesh Supelcoport (Supelco Inc., Belle- 
fonte, PA), and each peak was collected as a 
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fraction and counted in a liquid scintillation 
spectrometer. Gas chromatographic conditions 
were: injector 290 C, column 230 C, detector 
300 C. 

RESULTS AND DISCUSSION 

Labeled leucine has often been used as a 
protein precursor in order to determine rates of 
protein synthesis (19,20), but it is not generally 
considered a significant precursor to lipids. 
Classically, labeled acetate has been used in 
studies involving the biosynthesis of lipids. 
Caston and Singer (21) showed in vivo that in 
frog sciatic nerves, leucine was the only amino 
acid appreciably incorporated into lipids. In 
addition, they found that the relative incorpor- 
ation of t4C from leucine into total lipids vs. 
nonlipids was 20%. We found virtually the same 
relative incorporation into lipids and nonlipids 
in rat sciatic nerve in vitro. Additionally, this 
percentage was much lower in other tissues 
tested (aorta, 2%; skeletal muscle, 4%; adipose 
tissue, 7%). 

The label incorporated in vitro into rat 
sciatic nerve total lipids from [ 14C] leucine was 
only one-half that from equimolar [ 1 4 C ] -  

pyruvate (Table I). This resembles previous 
observations in the rat aorta where the label 
incorporated into total lipids from leucine was 
one-third that from pyruvate (6). 

These findings show that in tissues such as 
peripheral nerve and aorta, leucine may be a 
substantial lipid precursor. This is contrasted by 
the adult rat brain in which leucine appears to 
be lipogenic only to a small degree (22), sug- 

T A B L E  I 

In Vi t ro  I n c o r p o r a t i o n  of  14C Labe led  Leuc ine ,  
Isoleucine and Pyruva te  into Tota l  Lipids of  

Rat  Sciatic Nerve a 

Radioac t iv i ty  
14C.precurso  r ( d p m / m g  t issue/3 hr) 

Leucine  197 -+ 32.g b 
Isoleucine 65 • 9.3 
Pyruva te  420  • 89.1 

aRa t  sciatic nerves were  i ncuba ted  in Gey and 
Gey ' s  ba lanced  salt solut ion con ta in ing  5.5 mM glucose 
and 0.1 mM of the  14C-precursor  in an a t m o s p h e r e  of  
95% 0 2 + 5% CO 2 at 37 C and pH at 7.4. 

b S t an d a rd  error.  Each mean  represen ts  seven obser-  
vat ions.  

gesting a metabolic difference between peri- 
pheral nerve and brain. 

The differences in the amounts of radio- 
activity incorporated into total lipids from each 
precursor can be explained in part by the 
m e t a b o l i c  fates of the products formed. 
Leucine may be converted to acetyl CoA 
through HMG CoA and isoleucine to propionyl 
CoA and acetyl CoA. Label from propionyl 
CoA is less likely than acetyl CoA to be incor- 
porated into lipids. The incorporation of label 
into lipids from pyruvate is probably a reflec- 
tion of carbohydrate utilization. Since the incu- 
bation medium also contained 5.5 mM un- 
labeled glucose, this undoubtedly resulted in 
dilution of the pyruvate pool and decreased the 
apparent labeling of total lipids. In Table II the 
amounts of label incorporated in vitro into lipid 
classes of nerve are shown. It is clear that the 

T A B L E  II 

In Vi t ro  I n c o r p o r a t i o n  o f  14C f rom Labeled  Leuc ine ,  Isoleucine 
and Pyruva te  into Lipid Classes of  Rat Sciatic Nerve a 

14C_precurso r 
Lipid Class b Leucine  lsoleucine Pyruva te  

( d p m / m g  t issue/3 hr) 

Sterols 58.4 +- 6.0 c 17.7 -+ 1.2 66.0 • 7.6 
Tr iglycer ides  29.5 • 2.6 9.2 + 1.7 146.8 + 10.5 
Phospha t idy l  serine 4.5 • 0.1 2.1 • 0.3 10.1 + 0.4 
Sph ingomye l in  5.7 • 0.6 2.7 +_ 0.8 11.4 -+ 3,4 
Phospha t idy l  chol ine 44 .4  • 7.9 16.8 _+ 2.6 86.6 -+ 8.1 
Phospha t idy l  e t h a n o l a m i n e  12.0 • 1.6 6.4 _+ 0.5 37.0 • 2.4 
Cerebros ide  7.7 + 0.8 2.8 -+ 0.4 14.7 + 2.5 

Total  neu t ra l  lipids 118.1 • 5.7 33.2 • 1.3 254 .0  -+ 10.5 
Total  polar  lipids 78.4 -+ 3.5 31.9 • 1.5 166.5 -+ 9.3 

aRat  sciatic nerves were  i ncuba ted  in Gey and Gey ' s  ba lanced  salt so lu t ion  con ta in ing  5.5 
mM glucose and 0.1 mM of  the 14C-precursor  in an a t m o s p h e r e  of  95% O 2 + 5 % C O  2 a t  37 
C and pH 7.4. 

b o t h e r  lipid classes were  ana lyzed  but  were  found  to conta in  less t han  4% of the radio-  
act ivi ty.  These were:  choles teryl  esters,  free fa t ty  acids, diglycerides,  phospha t id ic  acid,  
l y sophospha t idy l  chol ine ,  sulfat ides and several un iden t i f i ed  lipids. 

CStandard error .  Each m e a n  represents  seven observat ions .  
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amount  of  label incorpora ted  into  sterols f rom 
leucine and pyruvate  was nearly equivalent,  but  
the cont r ibut ion  of 14C from leucine to the 
o ther  lipid classes was much  less than that  f rom 
pyruvate.  Thus, in the peripheral  nerve, leucine 
may be a metabolical ly significant precursor to 
cholesterol  and other  lipids. This corroborates  
studies done on the aorta (6), skeletal muscle 
(4,5) adipose tissue (5), kidney and intest ine 
(4). 

The relative impor tance  of intermediates  
derived f rom leucine in metabol ism is unclear. 
The rate of decarboxyla t ion  of leucine in 
several tissues is accelerated in fasting (8,9) and 
diabetes (14,23,24).  In such states the supply 
of metabol ic  in termediates  f rom leucine would  
be greater and could be uti l ized at accelerated 
rates in the biosynthesis  of lipids and other  
components .  The  biosynthesis  of branched 
chain fat ty acids from branched chain amino 
acids has been observed in rat skin (25);  how- 
ever, in the rat sciatic nerve, we were unable to 
detect  any 14C label in the odd numbered  
carbon iso fat ty acids. Apparent ly  the substrate 
spec i f i c i ty  of  rat sciatic nerve fat ty  acid 
synthase is such that it will accept  only acetyl  
CoA as a pr imer and will not  readily accept  
o ther  possible primers such as isovaleryl CoA,  
and this proper ty  is not  altered in diabetes. In 
contrast,  a purified enzyme system from rat 
adipose tissue incorpora ted  label from the C4 
and C s short  chain iso and anteiso acyl CoA 
derivaties into the corresponding fat ty  acids 
(26), and certain bacteria preferential ly synthe- 
size branched chain fat ty acids (13). 

HMG CoA,  an in termedia te  of cholestero- 
genesis and ketogenesis, may be generated f rom 
acetyl CoA and is also a catabolic product  of 
leucine. According to a shunt pa thway pro- 
posed by Popjak (27), HMG CoA may be re- 
g e n e r a t e d  f r o m  3,3-dimethylaUylpyrophos-  
phate, an in termedia te  of  cholesterogenesis.  If  
such a pa thway is operative in peripheral  nerve, 
it would enhance the incorpora t ion  of label 
from steroidogenic precursors into o ther  lipids. 
Recent  studies have clearly shown that  HMG 
C o A  is synthesized from acetyl  CoA by 
separate pathways in the cytosol  and mi tochon-  
dria of rat and chicken liver and to a lesser 
extent  in kidney (28). The enzymes involved 
are compar tmenta l ized  and are molecular ly  
distinct (28-30). Accordingly,  cholesterogenesis  
occurs in the cytosol  of  many  cells, but  keto- 
genesis f rom Acety l  CoA is exclusive to the mito-  
chondria of liver and kidney, even though HMG 
CoA lyase is present in the mi tochondr ia  of  
virtually all cells (28). This is because mito-  
chondrial  acetyl  CoA of extrahepat ic  and non- 
kidney cells cannot  be metabol ical ly  conver ted  

to mi tochondr ia l  HMG CoA, since no HMG 
CoA synthase is present (28). It is thought  that  
whatever  HMG CoA that might  be generated in 
the mi tochondr ia  of cells outside the liver and 
kidney arises f rom the catabolism of leucine, 
s i n c e  m i t o c h o n d r i a l  HMG CoA synthase 
appears to be exclusive to liver and kidney and 
is not  present in the mi tochondr ia  of o ther  
tissues (28). 

The equivalent  labeling of sterols by leucine 
and pyruvate  in nerve and aorta (6) could be 
a t t r ibuted to the direct par t ic ipat ion of  HMG 
CoA generated from leucine. Since cholestero- 
genesis is exclusive to the cytosol ,  the preferen- 
tial labeling of  sterols over o ther  lipid classes by 
leucine would require a cytosol ic  mechanism 
for generating HMG CoA from leucine, because 
the inner mi tochondr ia l  membrane  is imper- 
meable to HMG CoA, and the carbon skeleton 
of  the la t ter  could exit  only after conversion to 
acetoacetate  which would be converted to 
acetyl  CoA in the cytosol.  Such a pa thway is 
improbable,  because extrahepat ic  tissues tend 
to utilize acetoacetate  and 3-hydroxybutyra te ,  
and these tissues are no t  ketogenic  (28). It also 
would not  explain the preferent ial  labeling of  
sterols over o ther  lipid classes by leucine, 
because a c o m m o n  precursor would be utilized, 
acetyl  CoA. 

Some evidence is available for a cytosol ic  
pathway in which leucine may be conver ted to 
HMG CoA which would be available for choles- 
terogenesis. Cytosol ic  branched chain 2-keto 
acid dehydrogenase activity has been repor ted  
in rat liver, where it accounted for almost 10% of 
the total  homogena te  activity (31). Similarly, 
this activity has been repor ted  in bovine liver 
cytosol,  and it was shown that  the enzyme 
system is probably molecular ly distinct f rom 
that  in the mi tochondr ia  (32). May and Buse 
have recently found higher cytosol ic  activities 
in rat liver (up to 20% of the total  homogena te )  
under certain exper imenta l  condi t ions  (personal 
communicat ion) .  Unfor tunate ly ,  similar studies 
have not  been repor ted  in nerve. The possibili ty 
of a cytosol ic  pa thway by which leucme may 
be degraded and preferent ial ly incorpora ted  
into sterols via HMG CoA is intriguing. The fact 
that the leuc ine /pyruvate  incorpora t ion  ratio in 
neural and aortic (6) sterols was close to 1:1 
but  was 1:2, or less in o ther  lipid classes would 
appear to support  such a hypothesis .  
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Fatty Acid Biosynthesis in the Developing Endosperm of 
Cocos nucifera 1 

K.C. 002 and P.K. STUMPF, Department of Biochemistry and Biophysics, 
University of California, Davis, California 95616 

ABSTRACT 

Endosperm tissue of developing coconut endosperm incorporated [14C]acetate and [14C]- 
malonate into [14C] C8-C 18 fatty acids. The distribution of [14C] label into the various fatty acids 
mimicked the distribution of endogenous fatty acids at early and middle stages of endosperm develop- 
ment. Although [14C]C8-C18 fatty acids were taken up rapidly by endosperm tissue slices, no 
elongation occurred; [ 14C] stearic acid was not desaturated to oleic. Cell free preparations have also 
been obtained from this tissue that readily incorporated [14C]malonyl-CoA into a range of [14C] 
fatty acids in the presence of ACP and NADH at pH 7.0. Employing this system, a number of 
experiments were designed to determine the mechanism of chain length termination. In contrast to 
intact tissue slice experiments, cell-free extracts yielded as principal products palmitic and stearic acid, 
although up to 20% were shorter chain acids. A number of possible mechanisms for chain length 
termination were proposed and tested. 

The coconut (Cocos nucifera) is one of the 
most important sources of edible oil. The oil is 
found in the kernel (endosperm) enclosed by a 
strong hard shell (endocarp), a fibrous fruit 
coat (mesocarp) and a smooth skin (exocarp). 
The mature fruit takes 12-13 months to de- 
velop and contains about 70-75% oil in its 
endosperm ( 1 ). 

Although most plant lipids contain 
predominantly C16 and C18 fatty acids, 
coconut oil contains over 50% C12 and C14 
fatty acids (1). As part of a wider study on the 
mechanism by which plants regulate the chain 
length of their fatty acid end products, we have 
examined fatty acid biosynthesis in the devel- 
oping endosperm tissue of Cocoa nucifera. 
Some preliminary results were recently re- 
ported (2). This paper will describe both 
experiments carried out with tissue slices and 
with cell-free extracts from developing coconut 
endosperm. 

MATERIALS AND METHODS 

Materials 

[l-14C]Acetate acid, sodium salt (58.6 
Ci/mol) and [2-14C]-malonic acid (22.1 
Ci/mol) were obtained from New England 
Nuclear, Boston, MA. [1-14ClDecanoic acid 
(14.3 Ci/mol), [1-14Cllauric acid (32 C8/mol), 
[1-14C]myristic acid (45 Ci/mol), [1-14C]- 
palmitic acid (58 Ci/mol), [ 1-14C] stearic acid 

1 
Supported in part by NSF Grant No. PCM76 

01495. 
2On sabbatical leave from the Department of Bio- 

chemistry, University of Malaya, Kuala Lumpur, 
Malaysia. 

(58 Ci/mol) and [1-14C] oleic acid (54 Ci/mol) 
were obtained from the Radiochemical Centre, 
Amersham. The radiopurity of each of these 
compounds was checked by gas liquid chroma- 
tography-radiochromatography before their use 
as substrates. 

[ 1,3-14C] Malonyl-CoA (54 Ci/mol), [1-14C] 
octanoyl-CoA (29 Ci/mol), [ 1-t4C] decanoyl- 
CoA (58 Ci/mol), [1-14C]lauroyl-CoA (58 
Ci/mol) and [ 1-14C]-palmitoyl-CoA (58 
Ci/mol) were obtained from Dhom Products 
Ltd., North Hollywood, CA. [1-14C]Acetyl - 
CoA (58 Ci/mol) was from the Radiochemical 
Center, Amersham. [ 1-14C] Myristoyl-CoA 
(54.6 Ci/mol) and [ 1-14C] stearoyl-CoA (50.9 
Ci/mol) were purchased from New England 
Nuclear, Boston. Nucleotides, malonyl-CoA, 
G-6-P and G-6-P dehydrogenase were from 
Sigma Chemical Company, St. Louis, MO 
Tricine (N-Tris(hydroxymethyl)methylglycine), 
L~-glycerol phosphate and dithiothreitol were 
from Calbiochem., Oak Grove Village, IL. 
Sorbitol was from Grand Island Biological 
Company, Grand Island, NY. Escherichia coli 
acyl carrier protein (ACP) and [0-14C] lauroyl- 
ACP were a gift from Dr. J.B. Ohlrogge. ACP 
was isolated by the method of Alberts, Majerus 
and Vagelos (3) and purified up to the initial 
acid precipitation step. [0-14C] Stearoyl-ACP, 
prepared by the enzymatic method of Jaworski 
and Stumpf (4), was a gift from Dr. Tom 
McKeon. It contained ca. 40% [0-14C]palmi- 
toyl-ACP. 

PCS (phase combining system for liquid 
scintillation counting) was from Amer- 
sham/Searle Corporation, Arlington Heights, 
IL. Ethylene glycol monomethyl ether was 
obtained from Matheson, Coleman and Bell, 
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East Ruther ford ,  NJ. Organic solvents of  analy- 
tical grade were obtained from Mall inckrodt  
Chemical  Works, St. Louis, MO. Precoated Silica 
Gel G plates for thin layer chromatography  
(TLC) were purchased f rom Anal tech Inc., 
Newark,  DE. Ten percent  EGSS-X on Gas- 
Chrom (100 /120  mesh) was from Applied 
Science Laboratories,  State College, PA, and 
10% DEGS-PS on Supelcoport  (80/100 mesh) 
was from Supelco,  Bellefonte,  PA. 

Tissue slice incubations. Fre sh ly  picked 
coconuts  were received by air f rom Professor 
N.P. Kefford,  Depar tment  of  Botany,  Univer- 
sity of Hawaii,  Honolulu ,  and from Mr. R. 
Miyashita, Depar tment  of  Parks and Recrea- 
tion, Honolulu.  They were immedia te ly  used on 
arrival or kept at 4 C  for not  more than 2-3 
days. 

Endosperm slices, about  1 mm thick and 5 
mm wide, were cut with a razor blade. One 
gram of these slices was immersed in an incuba- 
tion mixture  containing 50 /1moles of potass- 
ium phosphate  buffer (pH 7.5), 30 /.tmoles of  
KHCO 3 and 0.34 /.tmole of [1 -14C]sod ium 
acetate or 0.90 / lmole  o [1-14C]malonic  acid 
or 0.15 /amole of  a long chain [1 -14C]fa t ty  
acid (C10-C18), in a total  volume of  1.2 ml. 
The long chain fat ty  acids were added dissolved 
in 10 /~1 of  e thylene  glycol m o n o m e t h y l  ether.  
The mixture  was shaken in a 25 ml Er lenmeyer  
flask at 2 5 C  for 5-6 hr with air as the gas 
phase. 

Analysis o f  tissue slice incorporation pro- 
ducts.  At the end of  the incubat ion  period 
with tissue slices, 0.1 ml of  1 N H2SO 4 was 
added. The supernatant  was removed and the 
tissue slices were rinsed with 2 x 2 ml of  buffer.  
They were then extracted with 6 ml of  chloro- 
fo rm/me thano l ,  2:1 (v/v) for 16 hr at 25 C. The 
tissue slices were filtered of f  and washed with 2 
ml of  ch lo ro fo rm/methano l ,  2:1 (v/v) mixture .  
In the final two-phase system, the ch loroform 
phase was washed with 1 ml of  distilled water  
or  1 ml of  0.1 M malonic  acid (for mixtures  
containing [2-14C] malonic acid) and then 
evaporated to dryness under  ni trogen.  The 
residue was redissolved in 200-250 /11 of  
benzene.  A sample was removed for radioactive 
count ing in 10 ml of PCS-xylene,  2:1 (v/v) 
scinti l lation fluid using a Beckman LS-230 
liquid scinti l lation counter .  

Preparation o f  acetone powder and soluble 
enzyme extracts., Preliminary exper iments  with 
fresh endosperm tissue extracts  were difficult  
to carry out  because of  the presence of  massive 
amounts  of  lipid. Therefore ,  fresh tissue was 
extracted with cold acetone (-20 C) to delipid- 
ize and dehydra te  the tissue. The resulting 
white powder  could be stored indef ini te ly  

at -20 C. 
Endosperm tissue (200-400 g fresh weight) 

was cut into small pieces and placed in a Waring 
blender  prechil led at -20 C. Abou t  2 volumes 
of  prechilled (-20 C) acetone were added, 
and the tissue was homogenized  with several 
short (20 sec) periods of  blending. The mixture  
was quickly fi l tered under  suction and the 
residue re turned to the blender for re-extrac- 
t ion with fresh, chilled acetone.  This process 
was repeated unti l  most  of  the lipids were 
removed and the residue appeared as a fine 
white powder .  Abou t  3-4 ext rac t ions  were 
required for 6-7 mon th  matured  endosperm and 
6-7 ext rac t ions  for 11-12 mon th  matured 
endosperm.  The acetone-ext rac ted  residue was 
then resuspended in peroxide-free d ie thyle ther  
and filtered. This procedure  was repeated 2-3 
t imes to remove  traces o f  acetone.  The partially 
dried powder  was finally spread out  on alumi- 
num foil in a vacuum desicator and the ether  
removed under  vacuum. The dry powder  was 
weighed and stored at -20 C. 

When required,  0.2 g of  the acetone powder  
was added to 2.5-30.0 ml of  0.05 M potassium 
phosphate  buffer  (pH 7.5) containing 1 mM 
J3-mercaptoethanol, stirred for 10 min at 4 C 
and then centr i fuged at 12,000 g for  20 min. 
This clear, slightly viscous supernatant  was used 
as the acetone powder  extract .  

To remove endogenous  cofactors  from the 
acetone powder  extract ,  0.56 g of  a m m o n i u m  
sulfate were slowly added to l ml of  extract .  
The turbid solution was shaken and left  for 
about  20 min at 0 C and then centr ifuged at 
30,000 g for 30 min. The sediment  was redis- 
solved to 1 ml of  buffer  solution. 

The acetone powder  extract  (20 ml) was also 
separated into a solut ion and a part iculate 
fract ion by centrifuging at 100,000 g for 3 hr in 
a Beckman Model  L ultracentrifuge.  The 
100,000 g sediment  was washed by resuspen- 
sion in 6 ml of buffer  solution and recentri-  
fuged. The final pellet  was resuspended evenly 
in 0.6 ml of  buffer  solution.  

Preparation o f  microsomal fraction from 
fresh coconut endosperm. Fresh endosperm 
tissue (35 g) was added to 52 ml (1.5 volume)  
of  homogeniz ing  medium made up of  0.5 M 
sorbitol-0.1 M potassium phosphate  buffer  (pH 
7.5-1 mM dithiothrei tol-1 mM EDTA.)  The 
tissue was homogen ized  2 x 5 sec in a Sorval 
Onmimix  homogen ize r  at max imum speed and 
then squeezed through 4 layers of  cheese cloth.  
The fi l trate was centr i fuged at 800 g for 5 min 
to remove unbroken  cells and debris. The  
supernatant  was centr ifuged fur ther  at 10,000 g 
for 20 rain. The upper  lipid layer was carefully 
removed,  washed with 10 ml of  the homogeniz-  
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ing medium and the washing was combined 
with the 10,00 g supernatant. The combined 
10,000 g supernatant and lipid layer washing 
were centrifuged further at 100,000 g for 1 hr. 
The resultant sediment (microsomal fraction) 
was washed by resuspension, recentrifugation, 
and finally resuspended in 2 ml of the homog- 
enizing medium. 

[14C]Fatty acid synthesis by extracts. 
Routine fatty acid synthesis experiments were 
carried out with I00 lal of extract (ca. 0.5 mg 
protein), 25 lamoles potassium phosphate 
buffer (pH 7.0), 90 lag E. coli ACP, 0.75 ~tmole 
KHCO3, 0.34 /2mole ATP, 44 nmoles MgC12, 
24 nmoles MnC12, 68 nmoles NADPH, 0.17 
lamole G-6-P, 0.01 units G-6-P dehydrogenase 
and 0.2 laCi [ 1,3-14C]-malonyl-CoA (3.7 
nmoles) or 0.2 laCi [1-14C]acetyl-CoA (3.4 
nmoles) in a total volume of 0.3 ml. In studying 
the effect of pH on the activity, 25 /1moles of 
the different pH values were added to the 
mixture, and no further adjustment was made 
to the final pH of the mixture. In later experi- 
ments using [1,3-14C]malonyl-CoA as sub- 
strate, KHCO3, NADPH and its regenerating 
system (G-6-P/G-6-Pdehydrogenase) were 
omitted. The reaction mixture was incubated at 
24C for 1 hr. 
Formation of neutral [14C]acylglycerols 
from [14C]fatty acyl derivatives by a micro- 
somalfraction. One-hundred ;tl of washed 
100,000 g sediment (4 mg/ml protein) from 
fresh young endosperm was incubated with 25 
lamoles potassium phosphate buffer (pH 7.0), 
0.09 lamole of L-aglycerol phosphate and 1 
nmole of [ 1-14C] acyl-CoA (0.05 pCi) in a total 
volume of 0.3 ml. In two other tubes, [0-14C] - 
stearoyl-ACP (25,000 cpm, 2.5 n m o l e s ) a n d  
[0-14C] lauroyl-ACP (20,000 cpm, 0.5 nmoles) 
replaced the [ 1-14C] acyl-CoA as substrate and 
and 0.01 /amole of CoA was added as an addi- 
tional cofactor. Incubation was carried out at 
24 C for 1 hr after which the [14C] fatty acids 
and neutral [ 14C] acylglycerols were extracted 
as described by Mancha et al. (5) and separated 
on TLC. 

Assay for utilization of  [1-14C]acyl-CoA. 
The ability of acetone powder extracts to 
utilize [1-14C]acyl-CoA substrates was de- 
termined with an incubation mixture contain- 
ing ca. 0.5 mg protein from an ammonium 
sulfate precipitate (0-80% saturation) of the 
extract, 25 lamoles potassium phosphate buffer 
(pH 7.0), 0.34 lamole ATP, 0.09 mg E. coli 
ACP, 44 nmo nmoles MgC12, 68 nmoles NADH, 
9 nmoles malonyl-CoA and 2 nmoles [1-14C] - 
acyl-CoA (specific radioactivities given above). 
After incubating for 1 hr at 24 C, 1 mg coconut 
endosperm endogenous lipids and 0.5 mg 

palmitic acid were added as carrier lipids, and 
the mixture was extracted for neutral lipids and 
free fatty acids with petroleum ether as de- 
scribed by Mancha et al. (5). 

Analysis of  radioactive products from 
cell-free experiments. At the conclusion of an 
incubation, the reaction was stopped by the 
addition of 0.3 ml 40% KOH. The reaction 
tubes were capped and the mixtures directly 
saponified at 80 C for 1 hr. They were then 
cooled, acidified with 0.5 ml of 8 N H 2 SO4 and 
the [14C] fatty acids extracted with 2 x 1 ml of 
chloroform. The chloroform extract was 
washed with 1 ml of water of  1 ml of 0.1 M 
malonic acid (for [ 1,3-14C] malonyl-CoA incu- 
bations). It was then evaporated by dryness 
under nitrogen and the residue redissolved in 
200-250 /~1 of benzene. Aliquots were counted 
in a liquid scintillation counter and the remain- 
der methylated with diazomethane to form 
methyl esters for gas liquid chromatography 
(GLC) analysis. 

In experiments where the radioactive 
products were separated into neutral lipids/free 
fatty acids, acyl-ACPs and acyl-CoAs, the 
procedure of Mancha et al. (5) was followed. 
The neutral lipids/free fatty acis, extracted with 
petroleum ether saturated with 50% aqueous 
isopropanol, was further separated into mono-, 
di- and triacylglycerols and free fatty acids by 
TLC. Since little complex lipids, if any, were 
expected to be formed, the acyl-CoA fraction 
was not subjected to the alumina column 
treatment but was directly saponified and 
converted to methyl esters. 

Chemical a-oxidation of  [14C]fatty acids. 
Chemical a-oxidation was carried out by the 
procedure of Harris et al. (6). 

Thin layer chromatography. Appropriate 
samples were chromatographed on Silica Gel G 
plates using the solvent system diethylether/ 
benzene/ethanol/acetic acid, 40:50:2:0.1 (v/v) 
(5) to separate mono-, di- and triacyl glycerols 
and free fatty acids. Nonradioactive marker 
compounds were cochromatographed on the 
same plate and detected by exposure to iodine 
vapor. Radioactive areas on the plate were 
detected by scanning in a Model 7201 Packard 
radiochromatogram scanner. The gel in the 
radioactive areas was scraped into scintillation 
vials and directly counted. For further analysis, 
the gel was extracted with 4 x 1 ml of chloro- 
form/methanol,  2:1 (v/v) and the lipid was 
saponified and methylated as described below. 

GLC analysis. Radioactive lipids extracted 
from incubated tissue slices or from TLC plates 
were saponified in 1 ml of 1 N KOH in 90% 
ethanol for 1 hr at 80 C. The mixture was then 
acidified with 0.2 ml of 8 N HzSO 4. One ml of 
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water was added and the mixture was extracted 
with 2 x 2 ml of chlofororm. The extract was 
reduced to about 0.5 ml under nitrogen and 
methylated with an excess of freshly prepared 
ethereal solution of diazomethane. 

Radio-GLC analysis of the methyl esters was 
carried out with a Varian Aerograph Model 920 
instrument fitted with a thermal conductivity 
detector coupled to a Nuclear-Chicago Biospan 
(4998) radioactivity detector. Routine analysis 
was carried out on a 5 ft x 1/4 in. stainless steel 
column packed with 10% DEGS-PS on 80/100 
Supelcoport. C8-C 14 fatty acids were separated 
at 140 C for 14 rain after which the column 
temperature was raised to 160 C. Some analyses 
were also made on a 10% EGSS-X on 100/120 
Gas-Chrom column packing under the same 
operating conditions. 

Extraction of  endogenous coconut lipid. 
Endosperm tissue (30-50 g) from freshly 
opened coconuts was homogenized in 10 
volumes of chloroform/methanol,  2:1 (v/v) 
mixture using a Polytron blender. The mixture 
was left overnight at 4 C. It was then filtered, 
and the residue was washed with small volumes 
of chloroform/methanol mixture. The chloro- 
form layer in the combined extract was washed 
with 1/5 volume of methanol/water,  1 : 1 (v/v). 
A sample was dried in a tared weighing vessel. 
The remaining extract was evaporated to 
dryness in a rotary evaporator and then made 
up to 25 ml with benzene. A sample was 
saponified and methylated with diazomethane 
for GLC analysis, and another sample was 
estimated for triacylglycerols by the triacyl- 
glycerol C-37 Rapid Stat Kit (Pierce Chemical 
Co., Rockford, IL). 

RESULTS 

Effect of  stage of  development of [l-14C] a_ 
cetate and [2-14C] malonate incorporation into 
fatty acids by endosperm tissue slices. The 
development of the fruit of the coconut palm 
was described by Child (1). In the first six 
months, the fruit increases in volume while the 
cavity or embryo sac remains filled with liquid 
endosperm. At this stage, solid endosperm 
(kernel) begins to form, Initially at the end 
opposite the stalk but gradually extending to 
form a layer all around the interior. Rapid 
development of this endosperm layer occurs in 
the next 3-4 months from an initial thin jelly- 
like layer to form a firm solid kernel. The 
kernel continues to become progressively 
harder with intracellular deposition of oil until 
hard white flesh is attained at full maturity at 
13 months. About 75% of the dry weight and 
84% of the oil deposit are already formed by 

the ninth month (1). 
It is difficult to define precisely the age of 

endosperm tissue employed in these studies. 
The coconuts used here were roughly at three 
stages of development, identified as: Stage A 
(ca. 6-7 months), Stage B (ca. 11-12 months) 
and Stage C (ca. 13-14 months). In the fully 
ripe coconut, the husk (mesocarp) had started 
to dry out. Table I shows the fatty acid compo- 
sition of endogenous lipids extracted from the 
endosperm of these types of coconuts. As the 
coconut endosperm develops from an early 
stage of cellular proliferation to active deposit- 
ion of oil droplets at later stages, fatty acid 
synthesis may show shifts in the nature of the 
products formed. This is shown in Table I 
where it is seen that the endogenous lipids of 
young endosperm tissue have a fatty acid 
composition with 61% of the acid as C16 and 
C18 acids. However, in the almost ripe coconut, 
most of the oil had already been deposited (1) 
and the fatty acid composition of the endo- 
genous lipids showed a predominance of CI2 
and C14acids. Clearly in the transition of 
development between Stages A and B, the 
tissue is synthesizing C l o-14 fatty acids, but at 
or after Stage B the synthesis of these acids has 
been completed. 

Slices of endosperm tissue from Stage A and 
Stage B coconut tissue incorporated [1-14C] - 
acetate and [2-14C]malonate into fatty acids 
(Table II), although incorporation was low. 
Endosperm tissue from Stage C coconut had 
very low activity with [1-14C]acetate and no 
activity at all with [2-14C]malonate. The 
incorporation of [ 1-14C] acetate and [2-14C]- 
malonate into fatty acids was, therefore, related 
to the stage of development of the endosperm. 
As predicted in Table I, Stage A and Stage B 
endosperm tissues incorporated [ 14C] acetate 
predominantly into [14C]short chain fatty 
acids (C8-C14) while the [ l aC]produc t s  with 
Stage C tissue were almost exclusively C 16 and 
C18 fatty acids. The fatty acids synthesized 
from malonate at each stage of development 
closely resembled those synthesized from 
acetage except for the formation of a small 
amount of C2o fatty acid. It is possible that 
this C20 fatty acid was formed by chain elonga- 
tion of existing fatty acids in the presence of 
[2-14C] malonate. 

To determine whether [ 14C] fatty acids in 
the incubated slices were synthesized de novo 
or by chain elongation of preexisting endo- 
genous chains present in the extract, the 
extracted [14C]products from several incuba- 
tions were pooled together. [14C] Palmitic acid 
was isolated by preparative GLC from these 
products and degraded by chemical oxidation 
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TABLE III  

Up take  of  [ 1-14C] Fa t ty  Acids  ad Es te r i f i ca t ion  in to  Tr iacy lg lycero l s  
by E n d o s p e r m  Tissue Slices a 

137 

Dis t r i bu t i on  of  14C u p t a k e  (%)b 
[ 1-14C1 Fa t ty  Percent  o f  subs t ra te  
acid subs t ra te  t a k e n  up Free fa t ty  acids Tr iacy lg lycero l s  

10:0 78 26 74 c 
12:0 82 47 53 
14:0 39 98 2 
16:0 49 96 4 
18:0 17 99 1 
18:1 49 99 1 

aStage A coconut endosperm tissue slices (1 g) were incubated with 150 nmoles of [1-14C]fatty acid. Ex- 
perimental details are described in the Methods section. 

bRadioactive lipids extracted from incubated endosperm tissue slices were separated by TLC. 
CIncluded 5% DG and 8% MG. 

(6). The results indicated that the [14C]- 
palmitic acid formed from [1-14C]acetate was 
synthesized de novo. The same results were 
obtained with [ 14C] palmitic acid formed from 
[2 -14C] malonate. Thin layer chromatography 
of [1-14C]acetate incorporation products 
showed that the [14C] fatty acids synthesized 
were present as mono- and triacyl-glycerols as 
well as free acids, namely, 14% MG, 32% TG, 
54% FFA. No diglycerides were detected. 

Ability o f  endosperm tissue to metabolize 
exogenously added [1-14C]fatty acids. It was 
of interest to determine whether coconut 
endosperm had the capacity to metabolize 
exogenously added fatty acids. Table IIl shows 
that uptake of [ l -14C]fa t ty  acids by Stage A 
tissue slices occurred very readily. The effici- 
ency of uptake appeared to decrease with the 
chain length of the substrate. It is possible that 
a portion ofthe substrate taken up moved into a 
nonmetabolic pool by directly partitioning into 
the lipid phase of the tissue slices. However, 
when the extracted [ 14C] lipids were separated 
on TLC with a diethylether/benzene/ethanol/-  
acetic acid, 40:50:2:0.2 (v/v) solvent system, it 
was found that those obtained from incubations 
with [ 1-14Cldecanoic and [1-14Cllauric acids 
consistently contained a considerable propor- 
tion of [14 Cl-neutral acylgycerols, showing that 
the tissue was capable of activating these acids 
and transferring them to suitable endogenous 
acceptors. Although the experiment reported in 
Table II showed a very low incorporation of 
[ 1-14 C ] -myristic acid into triacylglycerols, the 
same incubation with endosperm slices from 
another coconut gave a higher proportion 
(25%) of radioactivity as triacylglycerols. With 
the long chain C 1 6  and C18 fatty acids, there 
was consistently little incorporation into 
triacylglycerols. 

Radio-GLC analysis showed that the origi- 

nal [1-14C]fatty acid remained unchanged. 
Thus, although the endosperm tissue was 
capable of activating the medium chain fatty 
acids to acyl CoAs for esterification into 
neutral acylglycerols, these activated forms 
were not elongated, desaturated, or metabo- 
lized further by the tissue slices. Presumably, 
the [14C]acyl-CoAs could not enter the de 
novo-elongation ACP track (7) because of the 
absence of a direct acyl-ACP liguase or an 
acyl-CoA/ACP transacylase and, therefore, 
could not be elongated and desaturated. 

Incorporation of  [1,3-14C]malonyl-CoA 
into fatty acids by extracts o f  coconut endo- 
sperm - properties o f  the system. Further 
characterization of lipid biosynthesis in endo- 
sperm tissue required the preparation of cell- 
free extracts capable of incorporation of 
[14C]substrates into fatty acids. When incu- 
bated with [ 1,3-14C] malonyl-CoA, extracts of 
an acetone powder preparation of coconut 
endosperm incorporated radioactivity into 
products extractable with lipid solvents. With 
the incubation system described in the methods 
section, about 40-60% of [1,3-14C]malonyl- 
CoA were incorporated by a fresh extract of  
acetone powder from Stage A and Stage B 
endosperm. Very little activity (3% incorpora- 
tion) was obtained with acetone powder extract 
from Stage C tissue. When [1-14C] acetyl-CoA 
was the substrate, very little activity (less than 
3% incorporation) was obtained with all ex- 
tracts. These low activities probably relate to 
acetyl-CoA carboxylase activity, which was 
very low in these extracts. Although maximum 
incorporation was obtained after 40 min 
incubation under the specified conditions, a 60 
min time was selected for all incubations. The 
amount of incorporation was proportional to 
the enzyme protein in the acetone powder 
extract up to a concentration of 170 /~g pro- 
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TABLE IV 

Effect of Various Cofactors on Incorporation 
of [ 1,3-14C] Malonyl-CoA into Fatty Acids 

Percentage of activity 
Incubation mixture a in complete mixture 

Experiment 1 
Complete lO0 

All cofactors 4 ! D.I 
-ACP 4 
-KHCO3 110 - 
-ATP 85 
-MgC12 123 
-MnCI2 90 - 

Experiment 2 b 
Complete 100 "~ 
-NADH, NADPH 18 
NADH 57 -~ 0.4 

--NADPH 99 E 

alncubation conditions are described in the 
Methods section. Enzyme source was an ammonium 
sulfate (0 80% saturation) precipitate of an acetone 
powder extract of young endosperm (Stage A -- Ma- 
terials and Methods for definition of stages of devel- 
opment). 

bKHCO3, ATP, MgC12 and MnC12 were omitted 
from Experiment 2. 

t e in /0 .3  ml i n c u b a t i o n  mix ture .  Op t ima l  
act ivi ty was ob t a ined  at a pH of  ca. 7.0. At  pH 
6.5, only  20% of the act ivi ty at  pH 7.0 was 
observed and at pH 8.0, 80% of  the op t ima l  
act ivi ty occurred.  Unde r  op t ima l  cond i t ions ,  
[ 14C] ma lony l -CoA was i n c o r p o r a t e d  at a rate 
of a b o u t  2.4 n m o l e s / h r / m g  pro te in .  The  incuba-  
t ion system showed an abso lu te  r e q u i r e m e n t  
for  added ACP af ter  removal  of  e n d o g e n o u s  
cofac tors  by a m m o n i u m  sulfate p rec ip i t a t ion  
(Table  IV). It was also s t imula ted  by  reduced  
pyr id ine  nuc leo t ide .  Figure 1 shows t ha t  the 
sys tem ut i l ized NADH more  readi ly,  a l t h o u g h  
at h igher  c o n c e n t r a t i o n s  NADPH was also a 
sui table  r educ t an t .  

To de t e rmine  w h e t h e r  the e n z y m e  sys tem 
was par t icu la te  or  soluble,  the  ace tone  p o w d e r  
ex t rac t  was cent r i fuged at 100 ,000  g for  3 hr. 
N i n e t y - e i g h t  pe rcen t  of  the  act ivi ty was 
recovered in the  100,000 g s u p e r n a t a n t  and  
only  2% f rom the  washed 100,000 g sed iment .  
An ex t rac t  p repared  f rom fresh e n d o s p e r m  
tissue was also active in i n c o r p o r a t i n g  [ 1,3 -14 
C] ma lony l -CoA in to  [ 14C] fa t ty  acids. Most  of  
this  act ivi ty (87%) was found  in the  soluble 
f rac t ion ,  and on ly  3% of  the  to ta l  act ivi ty  was 
recovered in the  100,000 g sed iment .  The  
p rocedure  was designed to preserve organel les  
such as m i t o c h o n d r i a  and  plastids.  

Nature o f  incorporation products. Table  V 
shows the  d i s t r ibu t ion  of  [14C] fa t ty  acids in 
the  to ta l  [ 1 4 C ] p r o d u c t s  fo rmed  f rom /1 ,3-14 

,.2i  
NAOH 

NADH or NAOPH (JJmele) 

FIG. 1. Effect of increasing amounts of NADH or 
NADPH on incorporation of [1,3-14C] malonyl-CoA 
by an ammonium sulfate fraction of acetone powder 
extracts of Stage A endosperm tissue. Details in 
Methods section. 

C ] m a l o n y l - C o A  by ex t rac t s  f rom ace tone  
p o w d e r  and f rom fresh e n d o s p e r m  tissue. In all 
of  t hem,  long chain  [ t 4 C ]  f a t ty  acids (C16-C18) 
a c c o u n t e d  for  over  60% of  the  rad ioac t iv i ty .  

The  percen tage  of  the  shor t e r  chain [ 1 4 C ] -  
fa t ty  acids (C 8 and C t o  ) was variable  be tween  
d i f fe ren t  expe r imen t s  p r o b a b l y  in pa r t  because  
of  the  dif f icul ty  of  comple t e  recovery  of  these  
volati le acids w i t h o u t  adop t ing  special proce-  
dures;  bu t  they  were always absen t  f rom 
p roduc t s  ob ta ined  wi th  ace tone  p o w d e r  ex- 
t rac ts  of  Stage B endospe rm.  [ t 4 C ] F a t t y  acids 
were also ob ta ined  f rom i n c u b a t i o n  mix tu re s  
f rom which  E. coti ACP was o m i t t e d ;  presum- 
ably synthes is  occur red  e m p l o y i n g  on ly  endog-  
enous  c o c o n u t  ACP. To ob ta in  enough  radioac-  
tive mater ia l  for  analysis ,  l 0  i n c u b a t i o n s  (no  
added ACP) were s imula taneous ly  carried ou t  
and  the  [ t 4 C ] p r o d u c t s  pooled .  It is seen in 
Table  V tha t  wi th  l imi t ing  a m o u n t s  of  en-  
dogenous  c o c o n u t  ACP, there  was a s ignif icant  
increase in the  p r o p o r t i o n  of  [14C] stearic acid 
and  [ 14C] oleic acids fo rmed .  Whe the r  this  shi f t  
is re lated e i the r  to  the  use of  submin ima l  
c o n c e n t r a t i o n s  of ACP or  to  the  pa r t i c ipa t ion  
of e n d o g e n o u s  ACP wi th  a specif ici ty  d i f fe ren t  
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from that  of E. coli ACP remains for further  
investigation to determine.  

The composi t ion  of  the [14C] fa t t y  acid 
synthesized as a funct ion  of  various condi t ions  
was also examined employing  acetone powder  
extracts  of Stage A endosperm:  (a) incubat ion  
of 24 C, 30 C and 40 C; (b) incubat ion at pH 
7.0 and at pH 8.0 ; (c) addi t ion of  0.09 rag, 0.18 
mg and 0.36 mg E. coli ACP to the incubat ion.  
In (a) and (b), there was no significant shift 
in the pat tern of  [14C] fat ty acids produced 
compared  with that  p roduced  under  the stand- 
ard incubat ions condi t ions  described in the 
Methods  section. With increasing ACP concen- 
trat ions,  however ,  the pat tern of [ 14C] synthe-  
sized fat ty  acids shifted to shorter  chain 
lengths, i.e., C8_ 12- 

To determine whether  the [ l aC]  fat ty acids 
were synthesized de novo or by mere elonga- 
t ion or preexisting chains in the extract ,  [ 14C] _ 
palmitic acid isolated from incubat ion  products  
was purified by preparative GLC and degraded 
by the KMnO 4 chemical  s -oxida t ion  procedure  
(6). The results indicated that  the [14C]-  
palmitic acid obtained in the incubat ion mix-  
ture was synthesized de novo from [1,3-14C] - 
malonyl-CoA via an ACP pathway.  

The [14C]l ipids  were also separated into 
neutral  lipids-free fat ty  acids, acyl-ACPs and 
acyl-CoAs by the Mancha procedure  (5). The 
results are shown in Table VI. It is seen that the 
medium chain [ 14C] fat ty acids (C8-C14) were 
mainly,  if  not  exclusively,  present as acyl-ACP 
derivatives. The [ 14C]pa lmi toy l  moie ty  was 
present in all three fractions. [14C]Acy l -CoA 
was a trace product .  

Formation of" neutral [14 C] acylglycerols by 
100,000 g sediment o f  fresh endosperm tissue. 

The pe t ro leum ether  extract  of  acidified 
incubat ion mixtures  did no t  differentiate 
be tween free fat ty acids and neutral  acylglyc- 
erols. The extract  was, therefore ,  chroma- 
tographed on TLC as previously described (2). 
Table VII  shows that all the [14C]produc t s  
(extracted with pe t ro leum ether  from acidified 
mixtures)  synthesized by the extracts  obta ined 
f rom acetone powder  or with 100,000 g super- 
na tant  of  fresh endosperm were free fat ty acids. 
On addi t ion of  a microsomal  fract ion (100,000 
g sediment  of  fresh endosperm) to the incuba- 
t ion mixture ,  these [ 14C1 fa t ty  acids were also 
found in mono- ,  di- and triacylglycerols.  
Incubat ion  with microsomal  fract ion alone also 
produced  [14C] fa t ty  acids in the neutral  
acylglycerols.  There was no apparent  chain 
length specificity towards the esterif ication of  
these [ 14C] fat ty acids formed from [ 1,3-14C] - 

malonyl -CoA since the same pat tern of  fa t ty  
acid composi t ion  was seen both  in the [14C]- 
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TABLE VIII 

Formation of Neutral [ 14C]Acylglycerols from [ 14C]AcyI-CoA and 
[14C] Acyl-ACP by a Microsomal Fraction a 

Percent of [ 14C ] Substrate Distribution of 114C] incorporated (%) 
Substrate incorporated TG DG MG FFA 

[ 1-14 C ] Acyl-CoA 
8:0 78 55 9 23 13 

I0:0 69 37 9 41 13 
12:0 100 39 8 42 11 
14:0 46 24 18 51 7 
16:0 59 15 21 59 5 
18:0 100 13 14 67 6 

[ 0-14 C ] Acyl_ACpb 
12:0 34 5 54 30 1l 
18:0 93 56 32 11 1 
18:0+ CoA 72 53 31 14 2 

aDetails are described in the Methods section. 
b[0-14C]Stearoyl-ACPsubstrate contained about 40% [0-14C]pahnitoyl-ACP. Because of the extensive 

transfer of the stearoyl groups to NL, obviously pahnitoyl-ACP was also an effective donor substrate. 

acylglycerols  and in the  to ta l  [14 C] fa t ty  acids 
p roduced .  The  mic rosoma l  f r ac t ion  thus  
appeared  to possess the  e n z y m e s  for  neu t r a l  
l ipid b iosynthes is .  

Substrate specificity for rnicrosomal trans- 
acylating activity. To d e t e r m i n e  the na tu re  of 
the  subs t ra tes  for the  f o r m a t i o n  of  neu t r a l  
acylglycerols  by  the  mic rosoma l  f rac t ion ,  
i n c u b a t i o n  of  mic rosoma l  p repa ra t ions  wi th  
d i f fe ren t  [ 1-14C] acyl-CoAs was carried out .  
L-a-Glycerol  p h o s p h a t e  was added  as a possible 
accep to r  for  the  acyl groups.  [ 14C] Acyl-ACPs 
were also tes ted  as possible subs t ra tes  in the  
presence  and absence  of  CoA. Due to  the  
l imi ted  avai labi l i ty  of  such subst ra tes ,  only  
[ t 4C] s tearoyl-ACP and  [ 1 4C] lauroyl-ACP 
were tes ted.  [ 14C] Stearoyl -ACP also c o n t a i n e d  
ca. 40% [ 14C] pa lmi toyl -ACP.  

Table  VIII  shows tha t  b o t h  [1 -14CJacy l  - 
CoAs and [ 14C] acyl-ACPs were ester if ied o n t o  
neu t ra l  acylglycerols .  Since the  omiss ion  of  
LKt-glycerol p h o s p h a t e  did n o t  lower  the  
acy la t ion  reac t ions ,  e x p e r i m e n t s  w i t h o u t  this  
accep to r  were n o t  inc luded  in Table VII1. With  
[ 14 C] acyl-ACP as subs t ra te ,  t r anses te r i f i ca t ion  
o n t o  neu t ra l  acylglycerols  occur red  in the 
absence  of  CoA showing  t ha t  acyl-ACP served 
as the direct  d o n o r  in the  t rans fe r  process.  

Ability of" acetone powder extract to utilize 
[]-14C/acyl-CoA. The f o r m a t i o n  of  the  whole  
range of  [ 1 4 C ] f a t t y  acids f rom [1,3-14C] - 
malony l -CoA by e n d o s p e r m  ex t rac t s  (Table  V) 
and  its d e p e n d e n c e  u p o n  ACP (Table  IV) 
suggested t ha t  these  [ 1 4 C ] f a t t y  acids were 
syn thes ized  along the  ACP t rack  (7). I t  was of  
in te res t  to de t e rmine  w h e t h e r  the  ex t r ac t  could 
ut i l ize [1 -14C]acy l -CoA added to it and 
w h e t h e r  the  chain  length  of  the  subs t ra te  had  

any  ef fec t  on the  process.  [ 1 - 1 4 C ] A c y l - C o A  
was i n c u b a t e d  wi th  an a m m o n i u m  sulfate 
p rec ip i ta te  of  an ace tone  powde  r ex t rac t  of 
Stage A e n d o s p e r m  in the  presence  and  absence 
of  E. coli ACP. ATP,  NADH and ma lony l -CoA 
were added  as cofac tors  for  possible  e longa t ion  
processes.  

TLC of  the  ex t r ac t ed  [ 1 4 C ] p r o d u c t s  
showed  over  96% as free fa t ty  acids, and GLC 
of  the  m e t h y l  esters conf i rmed  tha t  the  original  
[ 14C] fa t ty  acyl groups r emained  unchanged .  
Thus ,  the  [1 -14C]acy l -CoA subs t ra tes  were 
mere ly  h y d r o l y z e d  to free acids by an acyl-CoA 
hydro lase  bu t  were no t  e longated  or  desatu-  
ra ted .  These  resul ts  are in comple t e  ag reement  
wi th  those  ob ta ined  when  [14C] fa t ty  acids 
were i n c u b a t e d  wi th  tissue slices, namely ,  the  
absence  of  any e longa t ion  or mod i f i c a t i on  of  
the  acyl chain  of  the  acyl-CoAs. 

DISCUSSION 

The purpose  of  th is  inves t iga t ion  was to 
ob ta in  basic i n f o r m a t i o n  concern ing  the  bio- 
syn thes i s  of  f a t ty  acids in c o c o n u t  endosperm.  
Possible m e c h a n i s m  of  chain  l eng th  t e r m i n a t i o n  
could t hen  be tes ted.  

C o c o n u t  e n d o s p e r m  lipids are composed  of  
over 50% C12 and  C14 fa t ty  acids (1). [ 1 4 C ] -  
F a t t y  acids syn thes ized  f rom [ 1-14C] ace ta te  or 
[ 2 - 1 4 C ] m a l o n a t e  by in tac t  e n d o s p e r m  slices 
were similar in having over 50% C12 and C14 
acids. In cont ras t ,  the  [ 1 4 C ] f a t t y  acids ob- 
ta ined  wi th  cell-free ex t rac t s  showed  a marked-  
ly d i f fe ren t  pa t t e rn .  Since pa lmi t ic  acid was 
always the  ma jo r  c o m p o n e n t  (over  50%) while 
C12 and  C14 fa t ty  acids se ldom exceeded  20%, 
p r e s u m a b l y  the  m e c h a n i s m  con t ro l l ing  the  h igh 
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proportion of C12 and C14 fatty acids in intact 
tissues was not functioning in these cell-free 
extracts. 

Tiae fatty acid synthesizing activity in 
coconut endosperm extracts did not appear to 
be membrane or organelle associated, since it 
was not sedimented by centrifugation at 
100_000 g under conditions where organelle 
structure would be preserved. It had an abso- 
lute ACP requirement for activity. In the 
absence of exogenously added ACP, the system, 
operating with only the endogenous coconut 
ACP in the extract, showed minimal activity 
(Table IV); but the [ 14C] fatty acids synthe- 
sized showed an increase in the proportion of 
stearic and oleic acids (Table V). Presumably, 
this may relate to the limited number of fatty 
acid chains initiated by the low level of avail- 
able ACP and a shift towards elongation of 
preexisting acyl-charged endogenous ACP. In 
the presence of excess E. coli ACP (from 0.09 
mg to 0.36 mg), the pattern of [14C]fatty 
acid,; synthesized was shifted to shorter chain 
fatty acids. Changes in either temperature 
(from 24 C to 40 C) of pH did not influence 
the type of [14C]fatty acids synthesized. 

One may speculate as to the nature of this 
control. It may operate either by a switching 
system composed of a medium chain acyl-ACP 
thioesterase-acyl-CoA synthetase combination 
(7) or by an acyl-ACP/CoA transacylase which 
would be specific for the medium chain length 
fatty acids so that these acids would be 
switched off the ACP track onto a CoA track 
and then used as acyl donors (8). Another 
possibility could be the direct transacylation of 
lauroyl-ACP and myristoyl-ACP to glycerol 
phosphate to form neutral acylglycerols. A 
fourth possibility could involve the specificity 
of the coconut ACP, that is, medium chain acyl 
coconut ACPs could be a more effective sub- 
strale than the medium chain acyl E. coli ACPs. 
Finally, there could be a separate synthetase 
system for C12 and C14 fatty acids with a 
different cellular localization, e.g., associated 
with the microsomes or special organelles which 
eventually convert to oil droplets. 

Only 3% of the total activity in the cell-free 
extracts was recovered in the once-washed 
microsomal fraction (100,000 g sediment). The 
[ t4C]fa t ty  acids synthesized by this residual 
activity were mainly C16 and Cj 8 acids. Thus, 
the microsomal fraction probably had no 
specific fatty cid synthetase system associated 
with it. Similarly, the C16-C18 [14C]fatty 
acids synthesized with endogenous coconut 
ACP (Table V) can be explained by its limiting 
effe,zt on the system as explained above. 
Certainly there was no evidence suggesting a 

strong shift to the synthesis of shorter chain 
fatty acids by the employment of endogenous 
ACP. 

Analysis of [14C]fatty acids among the 
three lipid classes separated by the Mancha 
procedure (5) showed that the short and 
medium chain fatty acids remained as acyl-ACP 
derivatives (Table VI). This indicated that the 
coconut extracts had no acyl-ACP hydrolase 
activity towards C8-C14 fatty acyl-ACP com- 
pounds. Ohlrogge et al. (9) recently reported a 
similar lack of acyl-ACP hydrolase activity for 
C8-C14 fatty acids in plant systems. A specific 
acyl-ACP hydrolase-acyl-CoA synthetase 
switching system would, therefore, probably 
not be involved, An acyl-ACP/CoA transacylase 
would also be an unlikely mechanism of control 
since acyl-CoAs with or without ACP were not 
elongated or modified by tissue extracts. 

Table VII clearly shows that the transacylat- 
ing activity for esterification of acyl-CoA to 
neutral acylglycerols was located in the micro- 
somal fraction. However, there was no specifi- 
city towards the type of fatty acids esterified 
since C8-C14 as well as C16-C18 acids were 
detected in the neutral acylglycerols in the 
same proportions as in the total [14C] fatty 
acids synthesized. Table VIII shows that the 
microsomal fraction was capable of transacylat- 
ing all the acyl-CoAs from C 8 to C 18. It was 
also capable of direct transacylation of lauroyl- 
ACP, palmitoyl-ACP and stearoyl-ACP onto 
neutral acylglycerols without the mediation of 
CoA. It is not possible to comment on the 
specificity of this transacylation of acyl-ACPs 
since a complete range of [14C]acyl-ACP 
substrates was not available for comparative 
studies. Thus, while the microsomal fraction 
was capable of direct transfer of acyl groups 
from acyl-ACP to neutral acylglycerols, the role 
of this reaction as a mechanism for chain 
termination of C12 and Cl4 fatty acids in 
coconut endosperm tissue cannot be properly 
assessed. It should be noted, however, that 
intact coconut endosperm tissue slices could 
incorporate [1-14C]decanoic and lauric acids 

but not [14C]myristic, palmitic and stearic 
acids into neutral [14C]-acylglycerols; these 
acyl chains remained, however, unchanged 
(Table ItD. This suggests that these acids were 
not entering the ACP track but were being 
introduced into the acylglycerols perhaps as 
acyl-CoA derivatives. 

In summary, five possible mechanism have 
been tested with a variety of endosperm 
systems. These include (a) a specific acyl-ACP 
hydrolase-Acyl-CoA synthetase switching 
system, (b) a specific acyl-CoA transacylase, (c) 
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a spec i f i c  a c y l - A C P  t r a n s a c y l a s e ,  (d)  a d i f f e r -  
e n c e  in s p e c i f i c i t y  o f  e n d o g e n o u s  acy l  c o c o n u t  
A C P  vs. a cy l  E. eoli A C P ,  a n d  (e)  a spec i f i c  
f a t t y  ac id  s y n t h e t a s e  w h i c h  t e r m i n a t e s  at  t h e  
C 1 2 - C 1 4  level.  We be l ieve  t h a t  t h e s e  m e c h a n -  
i s m s  have  b e e n  e l i m i n a t e d  by  d i rec t  e x p e r i -  
m e n t s .  F u r t h e r  w o r k  w i t h  t h i s  d i f f i c u l t  t i s sue  
will h o p e f u l l y  revea l  t h e  a c t u a l  c o n t r o l  m e c h a n -  
i s m .  
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Fatty Acid Positional Specificity in Phospholipids of L1210 
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ABSTRACT 

The positional distribution of fatty acids in the choline and ethanolamine phosphoglycerides of the 
L1210 murine leukemia cells was determined and compared to that of normal mouse lymphocytes. 
The major phospholipids of both cell types had appreciable degrees of positional specificity as evident 
from the higher percentage of saturated fatty acids in position 1 and of polyunsaturated fatty acids in 
position 2. The L1210 cells had less arachidonate and more linoleate in position 2 of choline and 
ethanolamine phosphoNycerides as compared to the normal lymphocytes. However, there were similar 
proportions of saturated, monoenoic and polyenoic fatty acids in positions 1 and 2 of the phospho- 
lipids of the L1210 leukemia cells and the lymphocytes. These data demonstrate that fatty acid posi- 
tional specificity is retained in the major phospholipids of this rapidly growing tumor. 

INTRODUCTION 

Previous observations on hepatoma and 
other tumors have demonstrated some loss of 
fatty acyl positional specificity in choline 
phosphoglycerides (1-4) and other phospho- 
lipids (4). It is important to explore this topic 
fur:her since the reported decrease in speci- 
ficity may have important implications re- 
garding potential differences in membrane 
function between normal and neoplastic cells. 
In the present study, we have compared the 
fatty acyl positional distributions in L1210 
lymphoblastic routine leukemia cells and 
normal mouse lymphocytes in order to deter- 
mine whether a rapidly growing leukemia also 
exhibits a loss of specificity. 

MATERIALS AND METHODS 

Methods for transplanting, harvesting and 
handling L1210 cells and lipid extraction have 
been described (5). Normal lymphocytes were 
obtained from DBA/2 mice which had not 
been injected with L1210 leukemia cells. The 
animals were sacrificed by cervical dislocation, 
and the thymus was removed and washed with 
the capsule intact. Suspensions of single cells 
were produced by gently teasing the tissue 
through a screen (200 mesh) into phosphate- 
buffered saline with glucose (100 mg/100 ml). 
Th:  suspension was sedimented for 2 min, and 

the supernatant solution containing the cells 
was washed 3 times prior to counting. All steps 
were carried out at 4 C. Butylated hydroxy- 
toluene (0.005%) was added to lipid extracts. 
Phospholipids were separated using one dimen- 
sional thin layer chromatography (TLC) on 
Silica Gel G plates prewashed with ethyl acetate 
and developed in CHC13/CH3OH/CH3COOH/- 
H20 (100:50: 14:6). Segments of  the silica gel 
containing the choline or ethanolamine phos- 
phoglycerides were scraped from the chroma- 
toplate and extracted immediately with CHC13- 
/CH3OH (1:1) for 45 rain (6), then washed 
with 9 ml 0.04N HC1. Phospholipase A 2 was 
used to remove the fatty acid residues from the 
2-position of an aliquot of the choline and 
ethanolamine phosphoglycerides. About 0.3 mg 
of the purified phosphoglycerides from the cells 
was dissolved in 2 ml diethyl ether. Then, 0.1 
mg phospholipase A 2 (from Crotatus 
adamanteus venom, Sigma Chemical Co., St. 
Louis, MO) in 0.5 ml of 0.1 M borate buffer 
(pH 7.0) containing 2.5 mM Ca ++ was added to 
the ether solution (7). This mixture was shaken 
vigorously for 2 hr in an Eberbach shaker bath 
at 37 C. TLC was used to confirm the com- 
pleteness of degradation. The resultant fatty 
acids from position 2 and the lysophospholipids 
were extracted using CHC13/CHaOH (2 :1 ) (8 )  
and separated by TLC on Silica Gel G plates 
using a solvent system containing CHC13/CH3- 
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OH/CHaCOOH/H20 (160:50:2:6).  The lyso- 
phospholipids were saponified and the fatty 
acids from position 1 were contained in the 
saponifiable fraction. The fatty acids were 
methylated (9), and the methyl esters were 
separated on a 1.8 m x 6.4 mm metal column 
containing 10% SP-2330 on chromosorb W 
(AW) using a Hewlett-Packard 5710 gas liquid 
chromatograph. When aliquots of the intact 
L1210 choline or ethanolamine phosphogly- 
cerides were saponified, methylated and 
analyzed, the fatty acid percentages were the 
same as the sum of the percentages at positions 
1 and 2 divided by 2. 

RESULTS AND DISCUSSION 

Choline and ethanolamine phosphoglycerides 
make up about 80% of the L1210 cell phospho- 
lipids, and they are the major ones into which 
radioactivity is incorporated when labeled 
fatty acids are incubated with the cells (5). 
Table I demonstrates that the fatty acid compo- 
sition of these L1210 phosphoglycerides is not 
randomly distributed. A majority of the fatty 
acids located in position 1 of both phosphogly- 
cerides is saturated, whereas most of the fatty 
acids in position 2 are polyunsaturated. Pahni- 
tate, stearate and oteate were located to a 
greater extent in position 1, while linoleate, 
arachidonate and the polyunsaturates con- 
taining 22 carbon atoms were present to a 
greater extent in position 2. Such a distribution 
in which position 1 is enriched with saturated 
fatty acids and position 2 contains a higher 
percentage of polyenoic fatty acids charac- 
terizes the phospholipids of many normal 
mammalian tissues (10) including normal 
lymphocytes from pigs, rabbits and calf thymus 
(11). 

In order to determine if there was any 
quantitative loss of fatty acid positional 
specificities of the phospholipids of the neo- 
plastic L1210 leukemia cell, studies were 
carried out with normal lymphocytes obtained 
from the same strain of mouse. Position 1 of the 
phospholipids from the normal lymphocytes 
was occupied mostly by saturated fatty acids, 
and the most abundant class of fatty acid in 
position 2 was polyunsaturated. When the 
phospholipids from the L1210 leukemia and 
normal lymphocytes were compared, there 
were differences in the relative proportions of 
some individual acids, Position 2 of both 
phospholipids of the normal lymphocytes 
contained proportionately more arachidonate 
and less linoleate than position 2 of the L1210 
cell. There was also a lower proportion of 
palmitate in position 2 of choline phosphogly- 

cerides and of oleate in position 1 of ethanol- 
amine phosphoglycerides of the L1210 cell as 
compared to the normal lymphocyte. However, 
with the exception of a somewhat greater 
percentage of polyunsaturates in position 2 of 
ethanolamine phosphoglycerides from the 
normal lymphocytes, both of the cell types had 
similar fatty acid distributions. 

A lesser degree of positional specificity of 
the phospholipid fatty acids of tumors as 
compared to normal tissues has been reported 
in several instances. In the studies of Ruggieri 
and Fallani, position 1 of the choline phospho- 
glycerides from the Yoshida hepatoma con- 
tained 66.8% saturated fatty acids as compared 
to 95.3% in position 1 of normal liver (1). 
Position 2 of the Yoshida hepatoma contained 
only 46.7% polyunsaturated fatty acids as 
compared to 76.6% in the liver (1). This dif- 
ference was in part due to less arachidonate 
and polyenoic fatty acids of 22 carbon chain 
length in the tumor. A similar loss of specificity 
was evident in position 2 of choline and etha- 
nolamine phosphoglycerides of hepatoma 7288 
CTC studied by Wood (4). That there might be 
a relationship between neoplasia and a loss of 
fatty acid positional specificity was further 
suggested by studies indicating that a less 
undifferentiated Morris hepatoma had similar 
positional specificities to normal liver (1). 
Bergelson and Dyatlovitskaya also found that 
most of the fatty acids of hepatoma 27 choline 
phosphoglycerides were distributed less 
specifically than in normal liver (2). For 
example, 90% of the fatty acids in position 1 of 
the normal rat liver were saturated as compared 
to only 44.4-70.4% in samples of the hepatoma. 
Similarly, 80.5% of the fatty acids in position 2 
of the liver lecithin were polyunsaturated as 
compared to 16.0-36.8% in samples of the 
hepatoma. There was also some loss of fatty 

acid position',d specificity in nephroma RA as 
compared to rat kidney (2). It should be noted 
that even though the tumors had an apparent 
loss of specificity, in most cases they still 
contained a majority of saturated fatty acids in 
position 1 and a majority of unsaturated fatty 
acids in position 2. This was also true in an 
extensive study of the positional specificity in 
the Ehrlich ascites tumor cell (12). In this case, 
however, there were no comparative studies of 
the distribution in the counterpart control 
tissue. 

Based upon these findings, it has been 
suggested that tumor cells have an abnormality 
in the mechanism which produces the asym- 
metrical distribution of fatty acids in phospho- 
glycerides (13). If such a defect were a general 
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characteristic of tumor ceils, it should be 
magnified in the rapidly growing and highly 
undifferentiated L1210 leukemia cell which 
kills its host in 1-2 weeks. Our studies com- 
paring this tumor with normal lymphocytes 
from the same strain of mice demonstrate that 
a moderately high degree of fatty acid posi- 
tional specificity is retained in the L1210 cell 
phospholipids. The persistence of this degree 
of selectivity in the rapidly growing L1210 ceil 
indicates that a major decrease in fatty acid 
positional specificity is not a uniform charac- 
teristic of neoplastic cells. 
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Composition of Lipids Bound to Pure Cytochrome P-450 of 
Cholesterol Side-chain Cleavage Enzyme from Bovine 
Ad renocortical M itochondria 
P.F. HALL and M. WATANUKI, Department of Physiology, College of Medicine, 
University of California, Irvine, Irvine, California 92717, and 
J. DEGROOT andG. ROUSER, Department of Neurosciences, 
City of Hope Hospital, Duarte, California 91010 

ABSTRACT 

Phospholipids bound to highly purified cytochrome P-450 from bovine adrenocortical 
mitochondria, part of the enzyme complex responsible for catalyzing the conversion of cholesterol to 
pregnenolone, have been examined for comparison with the bulk phospholipids of the mitochondria 
from the same tissue. In both cases, the major phospholipids are phosphatidylcholine (PC) (37%) and 
phosphatidylethanolamine (PE) (56%), as well as smaller amounts of sphingomyelin and diphospha- 
tidylglycerol. The fatty acid compositions of the four classes of phospholipids and of the neutral lipids 
bound to the pure enzyme are indistinguishable from those of the respective mitochondrial lipids. 
They are also similar to those of mitochondria from other organs except for high levels of arachi- 
donate and low levels of diphosphatidylglycerol. 

INTRODUCTION of purified or synthetic phospholipids (4). 

The enzyme cytochrome P-450 responsible Because of the requirement of phospholipid for 
for side chain cleavage of cholesterol (choles- reconstitution of P-450 enzyme activity, it was 
terol -* pregnenolone) called P-450 scc, occurs decided to determine the composition of the 
in mitochondria from steroid-forming organs bound phospholipid and that of the whole 
and catalyzes the rate-determining step in mitochondrial membrane system from bo~ne 
steroid synthesis - the step specifically stimu- adrenal cortex. 
lated by the trophic hormones ACTH and LH 
(1). Extraction of this cytochrome P-450 from METHODS 
mitochondrial membrane requires detergent 
presumably because it is membrane-bound. The procedure  for ext rac t ing and separating 
Highly purified P-450 scc is soluble and con- classes of  phosphol ip ids  by two dimensional  
tams ca. 80 nmoles of phospholipid per lunote thin layer ch roma tography  (TLC) (5,6),  
of enzyme (850,000 MW) (2). Removal of m e t h o d s  of  hydrolysis  (7), isolation of  neutral  
phospholipid denatures the enzyme, although lipids by TLC (6), me thy la t ion  of  fa t ty  acids 
some enzymatic activity can be restored by (8) and separat ion and ident i f ica t ion  of these 
renaturation in the presence of phospholipid acids by gas liquid ch roma tography  (9) and 
and heme (3); this requirement for phospho- mass spec t roscopy  ( I 0 )  are given elsewhere.  
lipid shows some specificity (3). In addition, Methods  for preparing bovine adrenocor t ica l  
the soluble enzyme with bound phospholipid mi tochondr ia ,  h o m o g e n e o u s  c y t o c h r o m e  P-450 
can be incorporated into membranes composed (3) and for de termining  phosphol ip id  as in- 

TABLE I 

Phospholipid Composition of Bovine Adrenocortical 
Mitochondria and Cytochrome P-450 

Phospholipid Mictochondria a P-450 b 

(%) Total inorganic phosphate) a 

Phosphatidylcholine 38.3 -+ 4.1 36.8 "+5.2 
Phosphatidylethanolamine 57.2 _+ 3.2 57.7 +- 4.1 
Diphosphatidylglycerol 6.0 -+ 1.4 4.0 -+ 0.9 
Sphingomyelin 2.5 +- 0.3 1.5 -+ 0.3 

aThe phospholipid content of mitochondria was 480 -+ 32 n moles/mg protein (mean and 
range of 6 determinations) and that of P-450 was 94 + 14 n moles/rag protein (mean and 
range of 8 determinations). 

bValues are means and ranges for determinations on two separate preparatiaons. 
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organic phosphate have all been published (3). 
The mitochondria prepared by the above 
method show less than 5% microsomal contam- 
ination as shown by enzyme markers and 
confirmed by electron microscopy (data not 
shown). Inner mitochondrial membrane was 
prepared by a published method ( 11 ). 

RESULTS 

Table l shows that cytochrome P-450 scc 
contains two principal classes of phospholipid 

- phosphatidylcholine (PC) and phosphatidyl- 
ethanolamine (PE) together with smaller 
amounts of diphosphatidylglycerol and sphin- 
gomyelin. An earlier study revealed no evi- 
dence of diphosphatidylglycerol in adrenocor- 
tical mitochondria (12); using larger amounts of 
mitochondria, small amounts of these phospho- 
lipids were found in keeping with an earlier 
report (13). The phospholipid of the mito- 
chondrion is similar in composition to that 
associated with the enzyme (Table l). The 
mitochondrial phospholipids from bovine 
adrenal closely resemble those from rat whole 
adrenal (13). The neutral lipids included 
cholesteryl esters (52.8%) and cholesterol 
(14.1%) with smaller amounts of hydrocarbons, 
fatty acids and glycerides. 

Table II shows the fatty acid composition 
of the P-450 phospholipid which resembles that 
of mitochondrial phospholipid from whole rat 
adrenal to a remarkable degree (13) and is also 
indistinguishable from that of the mitochon- 
drial phospholipid from bovine adrenal cortex 
(not shown); in duplicate determinations 
comparing the fatty acid compositions of 
the four classes of phospholipids from bovine 
adrenocortical mitochondria with those ex- 
tracted from homogeneous P-450 from the 
same source revealed that the same fatty acids 
were present and the proportions of the various 
fatty acids were the same within the limits of 
experimental error. A previous detailed study in 
the rat was based upon whole adrenal (13), 
so that the small differences observed between 
the rat and beef may be partly explained by the 
contribution of the medulla in the studies on 
the rat. 

Folch extracts of the supernate and pellet 
from sonicated mitochondria (i.e., before 
cholate extraction) and of inner mitochondrial 
membrane were all similar in lipid composition 
to the enzyme and whole mitochondria (data 
not shown). 

DISCUSSION 

Much interest centers around the role of 

phospholipid in the functions of membrane- 
bound enzymes. It has been suggested that the 
phospholipid may be important in regulating 
enzyme activity or in electron transport (14). It 
appears that interaction between protein and 
phospholipid may result in the development of 
a special functional compartment of phos- 
pholipid around the enzyme - the so called 
boundary lipid (15). The P-450 discussed here 
is surrounded with lipid indistinguishable in 
composition from the mitochondrial lipid, 
although this does not exclude a functional 
specialization of the boundary lipid (12). It is 
interesting to note that reconstitution of 
enzyme activity from stripped protein appears 
to require both PC and PE (3); pure P-450 has 
been incorporated in enzymatically active form 
into membranes using a wide variety of single 
species of PC and PE as well as combinations of 
these classes (4). Finally, it should be added 
that similarity between lipid of enzyme and 
that of mitochondria cannot be attributed to 
randomization caused by cholate since sub- 
mitochondrial fractions not treated with 
cholate (including inner membrane where P-450 
scc is found (11)) show the same lipid composi- 
tion (Results). 
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METHODS 

Separation of Triglycerides by Chain Length and Degree of 
Unsaturation on Silica HPLC Columns 

R.D. PLATTNER and KATHLEEN PAYNE-WAHL, Northern Regional Research Center, 
Science and Education Administration, Agricultural Research, U.S_ Department of 
Agriculture, 1 Peoria, Illinois 61604 

A B S T R A C T  

Triacylglycerols can be separated by both chain length and number of double bonds using micro 
part iculate silica high pressure liquid chromatography columns with isooctane, diethyl  ether, and 
acetic acid solvent mixtures.  The separations obtained are the reverse of those observed with g-Bond- 
apak CI8  columns (Waters Associates); i.e., longer chain length triglycerides elute from the column 
earlier than their shorter chain homologs,  and saturated triglycerides elute before the more 
unsaturated ones. Base line separation was obtained between tristearin, triolein, tril inolein, and tri - 
linotenin. 

INTRODUCTION 

Silica high pressure liquid ch roma tog raphy  
(HPLC) co lumns  are generally considered useful 
for separat ion of  classes of  lipid compounds ,  
whereas reverse phase co lumns  with octadecyl-  
silyl or alkyl phenyl  groups bonded  to silica 

1The mention of firm names or trade products 
does not imply that they are endorsed or recom- 
mended by the U.S. Department of Agriculture over 
other firms or similar products not mentioned. 
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HG. I. HPLC chromatogram of saturated 
triglyceride mixture.  The 60 cm x 3.8 mm ~- 
Porasil column was eluted with 98:1 : 1 
i sooctane/e thyl  ether/acetic acid at 1.0 ml/nain. 

particles are used to separate homologous  
c o m p o u n d s  found within a class. During our  
HPLC studies of  estol ide tr iglycerides (1), we 
no ted  that ,  in addi t ion to class separat ion,  silica 
columna were providing separat ions  by chain 
length and degree of unsa tura t ion  be tween  the  
classes. This p r o m p t e d  us to investigate the 
possibili ty of separating normal  homologous  

18:1 
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VIG. 2. I:tPLC chromatogram of C54 tri- 
glyceride mixture. Tile 30 cm x 3.8 mm ~z- 
Porasil column was eluted with 98:1:1 iso- 
octane, ethyl ether, and acetic acid at 1.0 
ml/rnin. A tristearin; 13 = triolein; C = tri- 
linolein; I3 = trilinolenin. 
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triglycerides on the silica columns. 

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

Chromatograms were obtained with a Waters 
Associates (Milford, MA) ALC-201 liquid 
chromatograph using one or  two 30 c m x  3.8 
mm ~t-Porasil columns.  Samples of 5-10 /11 of  
10% CHC13 solutions were injected by means of  
a U6K septumless loop injector.  The Waters 
differential  re f rac tometer  was used as a detec- 
tor. Samples were run isocratically with a 
mixture  of  i sooctane /d ie thyl  e ther /acet ic  acid 
(99 :1 :1)  on the p-Porasil column and with 
mixtures  of ace t roni t r i le /acetone  (2:1) on the 
p-Bondapak C18 column (Waters Associates). 
The flow rates used were 1.0 or 2.0 ml /min ,  
respectively.  

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

The separation of  normal  saturated triglycer- 
ides (triarachidin, tristearin, tr ipalmitin,  tri- 
myristin,  and trilaurin) is shown in Figure 1. 
Base line resolution be tween the satarated 
triglycerides was achieved using two 30-cm 
~-Porasil columns in tandem. One co lumn was 
sufficient to resolve a mixture  of  Cs4 triglycer- 
ides: tristearin, triolein, tr i l inolein,  and tri- 
lenolein (Figure 2). These separations are the 
reverse of those reported on p-Bondapak C 1 8 
columns where the shorter  chain length and 
more unsaturated componen t s  eluted first (2). 
On reverse phase columns, we were unable to 
elute tr iarachidin and tristearin because they 
became insoluble in the eluting solvent. Inter- 
estingly, tr ipahnit in and triolein had nearly 
identical re tent ion volumes to each o ther  on 
both the p-Porasil and /a-Bondapak C18 
columns. 

Since we had noted that the relative reten- 
tions of methyl  oleate and methyl  palmitate  
were the same on p-Bondapak C 18 and that the 
methyl  palmitate  elutes before methyl  oleate 
on the p-Bondapak alkylphenyl  columns,  we 
suspected that it might  be possible to separate 
triolein and tr ipalmit in on silica columns using 
benzene,  toluene,  or xylene in the solvent 
system instead of diethyl  ether.  A mixture  of  
benzene and acetic acid (99 .9 :0 . t )  eluted 
triolein slightly before tristearin and tripal- 
mitin. With xylenes and acetic acid (99.9:0.1)  

Linseed Oil 

.-6ondapak Czs 

[I 10 20 311 40 
Time, rain. 
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FIG. 3. Comparison of normal and reverse 
phase HPLC chromatograms of  soybean and 
linseed oils. HPLC conditions: ~-Bondapak C18 
eluted with acetonitrile/acetone (2:1) at 1.0 
ml/min; ~-Porasil eluted with isooctane/ether/ 
acetic acid (99:1:1) at 1.0 ml/min. 

triolein,  tristearin, and tr ipalmit in had re tent ion  
volumes  of  9, 10, and 11 ml, respectively;  
however , the  eluting peaks were much broader  
than they were when eluted from the same 
columns with isooctane solvents. 

Figure 3 shows a comparison of  the HPLC 
chromatograms obtained for soybean oil and 
linseed oil on normal  and reverse-phase 
columns.  The separations obta ined on the 
p-Porasil columns were the reverse of  those 
obta ined on the p-Bondapak column.  Improved 
co lumn efficiencies on the micro part iculate 
silica columns could lead to useful separations 
because silica columns,  in general, have higher 
capacities than reverse phase columns,  and the 
triglycerides are much more soluble in the 
solvents used in the HPLC analysis. 
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Dietary Polyunsaturated Fat Versus Saturated Fat in Relation 
to Mammary Carcinogenesis 
K.K. CARROLL 1 and G.J. HOPKINS 2, Department of Biochemistry, 
University of Western Ontario, London, Ontario, Canada, N6A 5C1 

ABSTRACT 

High levels of dietary fat have been shown to promote the development of mammary tumors 
induced in rats by 7,12-dimethylbenz(c0anthracene, and polyunsaturated fats were found to be more 
effective than saturated fats. In further studies it was found that diets containing3% sunflowerseed oil 
(polyunsaturated fat) and 17% beef tallow or coconut oil (saturated fats) enhance tumorigenesis as 
much as a diet containing 20% snnflowerseed oil. Rats on these diets developed at least twice as many 
tumors as those fed diets containing either 3% sunflowerseed oi l  or 20% of the saturated fats alone. 
These results are in accord with human epidemiological data which show that breast cancer mortality 
in different countries is positively correlated with total fat intake but not with intake of polyunsatu- 
rated tat. Total fat intake varies greatly in different countries, but most human diets probably contain 
levels of p o l y u n s a t u r a t e d  fat at least equivalent to 3% sunflowerseed off. 

The  first s tudy  carr ied ou t  in our  l a b o r a t o r y  
to invest igate  effects  of  d ie tary  fat  on  mam-  
mary  carcinogenesis  showed  tha t  t u m o r s  
induced  by  7 , 1 2 - d i m e t h y l b e n z ( c 0 a n t h r a c e n e  
(DMBA) developed more  readi ly  in ra ts  on a 
semipur i f ied  diet  con t a in ing  20% (w/w)  corn  
oil, compared  to rats  on  a s imilar  high fat  diet  
con ta in ing  20% c o c o n u t  oil or a low fat  diet  
con ta in ing  0.5% corn  oil (1).  On reviewing the  
l i te ra ture ,  it was found  t h a t  e x p e r i m e n t s  in a 
n u m b e r  of  l abora tor ies  had  s h o w n  tha t  ra ts  and  
mice  fed high fat  diets  were cons i s ten t ly  more  
suscept ib le  to m a m m a r y  tumor igenes i s  t h a n  
those  fed co r re spond ing  low fat  diets.  This  w a s  

observed b o t h  wi th  s p o n t a n e o u s  t u m o r s  (2,3)  
and  wi th  t umors  i nduced  by  d i f fe ren t  carcino-  
gens (4,5) .  Most  of these s tudies  were carried 
ou t  dur ing the  1940s and early 1950s,  and  
dur ing  the  10 years pr ior  to our  s tudy ,  very 
l i t t le  e f fo r t  was devo ted  to inves t iga t ing  the  
role of diet  in carcinogenesis .  However ,  
r enewed  in te res t  in these  ef fec ts  of  d ie ta ry  fat  
on m a m m a r y  carc inogenesis  in animals  was 
s t imula ted  by  the  rea l iza t ion t ha t  ep idemio-  
logical da ta  for  h u m a n  popu la t i ons  show a 
s t rong posit ive cor re la t ion  be t w een  mor t a i l i t y  
f rom breas t  cancer  and  d ie tary  fat in t ake  in 
d i f fe ren t  coun t r i es  of  the  world (6-8). 

Our  original  s tudy  wi th  the  an imal  mode l  
was based on the  hypo thes i s  t ha t  d ie tary  fat  
might  in f luence  tumor igenes i s  by a l ter ing the  
d i s t r ibu t ion  a n d / o r  m e t a b o l i s m  of  DMBA, the  
carc inogenic  h y d r o c a r b o n  used to induce  the  
tumors .  This  possibi l i ty  was suggested by the  
l ipophi l ic  na tu re  of DMBA and its t e n d e n c y  to 

1 
Assoc ia te  o f  the  Medical Research Counci l  o f  

Canada. 
2Fellow of the Medical Research Council of 

Canada. 

accumula t e  and persist  in adipose  tissue (7). 
However ,  s u b s e q u e n t  expe r imen t s  showed  tha t  
a high corn  oil d ie t  s t imula ted  tumor igenes i s  
on ly  w h e n  it was fed a f te r  t r e a t m e n t  of  the  ra ts  
wi th  DMBA (8,9) .  This  suggested tha t  the  
d ie tary  corn  oil was ac t ing as a p r o m o t i n g  agent  
r a the r  t han  in f luenc ing  in i t i a t ion  of  the  tumors .  

This  conc lus ion  is suppo r t ed  by  o t h e r  
e x p e r i m e n t a l  evidence.  As n o t e d  above,  h igh fat  
diets were found  to enhance  the  d e v e l o p m e n t  
of  s p o n t a n e o u s  t u m o r s  as well as t u m o r s  
induced  by d i f fe ren t  carcinogens,  ind ica t ing  
tha t  the  e f fec t  is i n d e p e n d e n t  of the  in i t i a t ing  
s t imulus .  F u r t h e r m o r e ,  recent  s tudies  by Chan  
et al. (10)  have shown  tha t  the  fat  e f fec t  is no t  
l imi ted  to t umors  i nduced  by  l ipophi l ic  carcino-  
gens, bu t  can also be d e m o n s t r a t e d  wi th  mam-  
mary  t u m o r s  i nduced  by the  water-soluble ,  
d i rec t -ac t ing carc inogen,  N-n i t ro some thy lu rea .  
In add i t ion ,  e x p e r i m e n t s  by Rao and A b r a h a m  
(11)  and  by Hopk ins  and West (12)  have 
p rov ided  evidence t h a t  d ie tary  fat  can inf luence  
the  g rowth  of t r ansp lan tab le  m a m m a r y  car- 
c inoma  in hos t  animals.  

If these f indings  in expe r imen t a l  animals  are 
re levant  to  the  d e v e l o p m e n t  of  breas t  cancer  in 
humans ,  the  evidence  t ha t  d ie tary  fat  acts as a 
p r o m o t i n g  agent  has i m p o r t a n t  impl ica t ions  for  
cancer  p reven t ion .  It  is becoming  general ly  
accep ted  t h a t  e n v i r o n m e n t a l  factors  such  as diet  
have an i m p o r t a n t  inf luence  on carcinogenesis ,  
bu t  there  is still a s t rong  t e n d e n c y  to t h ink  t ha t  
this in f luence  is med ia ted  largely t h rough  
e n v i r o n m e n t a l  or d ie ta ry  carcinogens.  Preven-  
t ion  of cancer  by iden t i f i ca t ion  and e l imina t ion  
of the  m a n y  possible carc inogens  or procar-  
c inogens  in the e n v i r o n m e n t  would  seem to be 
an a lmos t  imposs ib le  task. However ,  if d ie tary  
fat  acts as a p r o m o t i n g  agent ,  a subs tan t ia l  
r educ t ion  in breast  cancer  inc idence  could 
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FIG. 1. Effects of type and level of dietary fat on development of mammary tumors in female Sprague- 
Dawley rats treated with DMBA. The rats were maintained oh Purina Chow and were given 5 mg of DMBA in 0.5 
ml of sesame oil by stomach tube at 50 days of age. One week later they were transferred to semipurified diets 
similar to those used in earlier studies (13), with fat contents as indicated. The rats were autopsied 4 months 
after receiving the DMBA. Both palpable and nonpalpable tumors are included in the results shown. 

perhaps be achieved by simply reducing the fat 
con ten t  of the diet, w i thou t  regard to the 
init iating stimulus. It might  also be possible to 
reduce the l ikelihood of  metastasis  af ter  re- 
moval of  a breast  t umor  by decreasing the fat 
con ten t  o f  the diet and thus providing a less 
favorable env i ronment  for prol i fera t ion of  
cancer cells derived f rom the pr imary tumor .  

Such considera t ions  encouraged us to 
cont inue  our studies of  the effect  of  dietary fat 
on m amm ary  carcinogenesis in rats, in order  to 
obtain more  in fo rmat ion  regarding the exact  
dietary c o m p o n e n t s  responsible  for the effect ,  
and the  nature  of the  mechan i sms  involved. 
These studies have included feeding trials wi th  a 
variety of  d i f fe rent  dietary fats and oils (13),  
which conf i rmed the indicat ion from our first 
expe r imen t  that  unsatura ted  fats enhance  
mammary  tumorigenesis  more  effect ively than 
saturated fats (1). Po lyunsa tura ted  fats such as 
co t tonseed  oil and sunf lowerseed oil nearly 
doubled the number  of  tumors  in rats t reated 
with DMBA, when  fed as 20% (w/w)  of  the  
diet, whereas fats such as coconu t  oil, bu t t e r  
or tal low, fed at the same level, p roduced  little 
if any increase in t umor  yield over that  ob- 
tained with a low fat diet. However,  there did 
not  seem to be a direct  cor respondence  be- 
tween  degree of  unsa tura t ion  and m a m m a r y  
t u m o r  yield. For  example ,  rats fed lard or olive 
oil developed about  the same n u m b e r  of  tumors  
as those fed corn oil or soybean oil, a l though 

the lat ter  oils are much  more  highly unsatu-  
rated (13). A similar observat ion was made by 
Day ton  et al. (14),  who  found that  a high oleic 
saff lower  oil enhanced  tumorigenesis  in DMBA- 
t reated rats to the same ex ten t  as a high-linoleic 
saff lower oil. 

If these observat ions in the animal model  are 
applicable to human  popula t ions ,  one might  
expec t  to see a relat ionship be tween  h u m a n  
breast cancer mor ta l i ty  and the type ,  as well as 
the amo u n t  of  fat consumed  in di f ferent  
counties .  On the basis of  the data available, it is 
not  possible to obta in  a quant i ta t ive measure of  
the degree of unsa tura t ion  of dietary fat 
available to the various nat ions  of  the world.  
However ,  a rough idea may be ob ta ined  by 
compar ing  the p ropor t ions  of  vegetal fats in 
d i f ferent  nat ional  food supplies,  since vegetal 
fats generally tend to be more  unsaturated than 
animal fats. 

Breast cancer mor ta l i ty  in di f ferent  coun- 
tries shows a positive correla t ion wi th  intake of  
animal fat,  but  tittle or no correla t ion wi th  
intake of  vegetal fat. Fu r the rmore ,  the correla- 
t ion with animal fat intake is no t  as s t rong as 
that  with total  fat intake (15). Comparat ive 
studies of  Japanese and Amer ican  diets by 
Insull et al. (16) have shown that  Japanese 
consume a more  unsa tura ted  type  of fat than 
Americans ,  and their  adipose tissue fats conta in  
a higher p ropor t ion  of  linoleic acid than those 
of  Americans.  However ,  breast  cancer incidence 
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(17)  and mor ta i l i ty  (18)  are m u c h  lower  in 
Japanese  w o m e n  than  in Amer ican  women .  
These data do no t  seem to fit wi th  the observed 
ef fec ts  of  d i f fe ren t  d ie tary  fats on m a m m a r y  
tumor igenes i s  in the  animat  model ,  and  there-  
fore cast d o u b t  on the mode l  as a p red ic to r  of 
factors  which  may  inf luence  breast  cancer  
d e v e l o p m e n t  in humans .  

This  a p p a r e n t  d i screpancy  appears  to  have 
been resolved by recen t  s tudies  in our  labora-  
tory  on rat  m a m m a r y  carcinogenesis .  Resul ts  of 
these expe r imen t s  are i l lus t ra ted in Figure I. 
Rats  t rea ted  wi th  DMBA and fed a high fat  
diet  con ta in ing  20% sunf lowerseed  oil devel- 
oped a b o u t  twice as many  m a m m a r y  t u m o r s  as 
those fed e i the r  a low fat  diet  con ta in ing  3% 
sunf lowerseed  oil or high fat  diets  con ta in ing  
20% c o c o n u t  oil or beef  tat low. These  resul ts  
were pred ic tab le  on the  basis of  our  earl ier  
obse rva t ions  (13) .  However ,  when  3% sun- 
f lowerseed oil was fed wi th  17% of e i the r  
coconu t  oil or tal low, the  yield of  t u m o r s  
increased to the  level ob t a ined  by  feeding 20% 
sunf lowerseed  oil (Fig. 1). 

These  f indings  indica te  tha t  there  is a 
r e q u i r e m e n t  for  p o l y u n s a t u r a t e d  fat in mam-  
mary  tumor igenes is ,  which  is no t  satisfied by  
fats such as c o c o n u t  oil or beef  tal low, bu t  can 
be provided by  adding 3% sunf lowerseed  oil to  
these fats. This  may  explain  why  fats such as 
lard and olive oil are near ly  as effect ive as more  
unsa tu ra t ed  fats  in p r o m o t i n g  m a m m a r y  
tumorigenes is ,  since they  would provide  as 
m u c h  po lyunsa tu r a t e d  fa t ty  acid ( l inoleic  acid) 
as 3% sunf lowerseed  oil, when  fed as 20% 
(w/w)  of  the diet.  The results  of  D a y t o n  et al. 
(14)  could also be expla ined  on  this  basis, since 
the  high oleic saff lower  oil used in the i r  experi-  
-men t s  would provide  an even higher  level of  
l inoleic acid than  e i the r  lard or olive oil. Our  
expe r imen t s  also d e m o n s t r a t e  tha t ,  in add i t ion  
to the  need for  p o l y u n s a t u r a t e d  fat,  there  m u s t  
also be an overall  r e q u i r e m e n t  for a high fat  
diet ,  since ne i the r  3% sunf lowerseed  oil in the  
present  e x p e r i m e n t s  nor  5% corn oil in earlier 
s tudies  (13)  were capable  by themse lves  of  
enhanc ing  the  t u m o r  yield.  

These  observa t ions  on the  an imal  model  can 
now be reconci led  wi th  the  data  on h u m a n  
popula t ions .  The  to ta l  fat  available for  d ie ta ry  
purposes  varies great ly  in d i f fe ren t  coun t r i e s  
(19)  bu t  is more  l ikely to be derived f rom 
vegetal  than  an imal  sources  in coun t r i es  where  
fat  in take  is low. Thus,  it seems p robab l e  t h a t  
mos t  h u m a n  diets supply  p o l y u n s a t u r a t e d  fat  at  
the  level needed  to d e m o n s t r a t e  the  p r o m o t i n g  
ef fec t  of  d ie tary  fat  in the  an imal  model .  The  
observed posi t ive cor re la t ion  be tween  die tary  
fat  and breas t  cancer  mor t a l i t y  in h u m a n s  is 
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FIG. 2. Sources of available dietary fat in the 
United States and Japan, based on data published by 
FAO (19). 

t he re fo re  more  likely to be related to to ta l  fat 
in take ,  which  also inf luences  m a m m a r y  tumor i -  
genesis in animals ,  as discussed above.  The  
observa t ion  tha t  h u m a n  breast  cancer  mor t a l i t y  
shows the  best cor re la t ion  wi th  to ta l  fat  in take  
and no  cor re la t ion  wi th  vegetal  fat  in take  
(15 ,20)  is thus  in accord wi th  our  r ecen t  
observa t ions  on the  an imal  model .  This has  
he lped  to res tore  our  conf idence  tha t  the  mode l  
does provide  i n f o r m a t i o n  of relevance to the  
e t io logy of  h u m a n  breas t  cancer.  

If  one accepts  this  premise ,  it fol lows t h a t  
r educ t i on  in dietary fat  in take  should  be 
accompan ied  by a fall in breast  cancer  inci- 
dence  and  mor t a l i t y .  This  is one  of  the  reasons  
for  inc lud ing  a r educ t i on  in fat  in take  as one  of  
the  d ie tary  goals for  the Uni ted  States  (21).  
Sources of  available d ie ta ry  fat  in the  Un i t ed  
States  are shown in Figure 2, and similar da ta  
for  J apan  are given for  compar i son .  It  can be 
seen tha t  90% of  the  available fat  in the  Ameri-  
can diet  is derived f rom mea t ,  mi lk  p roduc t s ,  
and oils and  fats such as margar ines ,  shor ten ings  
and salad oils. Any a t t e m p t s  to achieve a 
subs tan t ia l  r educ t ion  in die tary  fat  in t ake  
would u n d o u b t e d l y  involve these  c o m p o n e n t s  
of  the  diet .  
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Membrane-Bound Phospholipid Desaturases 

E.L. PUGH and M. KATES, Department of Biochemistry, 
University of  Ottawa, Ottawa, Canada, K1 N 6N5 

ABSTRACT 

This review covers studies on membrane-bound phospholipid desaturases in yeast and rat liver 
carried out in this laboratory. In yeast the desaturase system was shown to effect the direct 
desaturation of dioleoyl-lecithin to dilinoleoyl-lecithin. In rat liver the desaturase was capable of con- 
verting 2-eicosatrienoyl-lecithin to 2-arachidonoyl-lecithin. Both systems required reduced pyridine 
nucleotides, 02 and cytochrome b 5. Eicosatrienoyl-lecithin desaturase along with eicosatrienoyl-CoA 
desaturase of rat liver microsomes was solubilized with detergents and purified 7-8-fold from the 
microsomal pellets. Both activities were reconstituted in the presence of deoxycholate on addition of 
the other components of the cytochrome bs-electron transport chain (cytochrome b 5 and NADH- 
cytochrome b 5 reductase) to the solubilized desaturase; addition of lecithin further stimulated the 
activities. The demonstration of desaturation of eicosatrienoyl-lecithin by a solubilized and partially 
purified desaturase provides strong evidence for the direct desaturation of the lecithin substrate 
without prior conversion to the acyl-CoA thiolester. 

Long chain  u n s a t u r a t e d  fa t ty  acids are 
fo rmed  in euka roy te s  by direct  aerobic  desatu-  
ra t ion  of acyl chains  in a reac t ion  requi r ing  
b o t h  oxygen and an e lec t ron  d o n o r  such as 
NADH or NADPH. Recen t  s tudies  have shown  
tha t  the  m i c r o s o m a l - b o u n d  enzyme  sys tem 
responsible  for the desa tu ra t ion  reac t ion  
consis ts  of  th ree  p ro te ins :  N A D H - c y t o c h r o m e  
b s reductase ,  c y t o c h r o m e  b s and a t e rmina l  
cyanide  sensitive desaturase  (1-13).  The pos tu-  
la ted roles of these  c o m p o n e n t s  in the  overall  
desa tu ra t ion  process  are i l lus t ra ted in Figure t .  
Briefly,  the reduc ing  equivalents  f rom the  
e lec t ron  donor s  are t r ans fe r red  to the desatu-  
rase by way of the  c y t o c h r o m e  b s reductase  
and  c y t o c h r o m e  bs ,  and the  desaturase  thus  
reduced  act ivates  molecu la r  oxygen  for  the  
desa tu ra t ion  reac t ion .  

Desa tu ra t ion  of  acyl chains  in the  form of  
th ioes te rs  (e i the r  CoA or ACP der ivates)  is well 
es tabl i shed,  bu t  evidence p rov ided  by Gur r  et  
al. (14)  and Baker  and L y n e n  (15)  suggested 
tha t  desa tu ra t ion  of  phospho l ip id - l inked  fa t ty  

acids can also occur.  Direct  desa tu ra t ion  of  
phospho l ip ids  apar t  f rom tha t  of  acyl th ioes te rs  
has now been  d e m o n s t r a t e d  conclusively  in the  
yeasts  Torulopsis utilis (16)  and  Candida 
lipolytica (17 ,18)  as well as in rat  liver (19) .  
Studies  to  be p resen ted  here  will be l imi ted  
largely to those  done  in our  l abo ra to ry  on  
desa tu ra t ion  of phosphol ip ids .  

The  first phospho l i p id  d e s a t u r a s e  sys tem 
s tudied  in this  l ab roa to ry  was tha t  of  the  yeast ,  
C. lipolytica.. To test  the  possibi l i ty  of  direct  
desa tu ra t ion  of  phosphol ip ids ,  we i n c u b a t e d  
e i the r  [ 1 4 C , 3 2 P ] l e c i t h i n  or [ 1 4 C , 3 2 p ] p h o s -  
pha t idy l  e t h a n o l a m i n e  wi th  yeast  m ic rosomes  
in the  reac t ion  mix tu r e  con ta in ing  oxygen and  
reduced  pyr id ine  nuc leo t ides  (17) .  These  
doub ly  labeled phospho l ip ids  were ob t a ined  
f rom cells of C. lipolytica grown in the  presence 
of [ 1 4 C ] a c e t a t e  and  [ 3 2 P ] o r t h o p h o s p h a t e  
(17)  and  were used as subs t ra tes  in order  to 
e l imina te  the poss ib i l i ty  o f  h y d r o l y t i c  break- 
down  of  the  subs t ra t e  a n d / o r  resynthes is  by  
t ransacy la t ion .  When !4C - and  32P-labeled 

RCH=CHR ' ) j ductase.  b5 Cy   ,,) EnzymeO d .De atu ase 
NAD+ ~1~ ~tb FpH2 Cyt. b 5 (111) Enzyme red. J 

2 H20 

02 + 2 H  + 

RCH2CH2 R' 

FIG. 1. Pathways of microsomal electron transport coupled to desaturation ofacyl chains. 
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a) C h e m i c a l  P r o c e d u r e  
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1 t2 ( ' -O t t  

sn-3 g l y c e r o p h o s h o r y l c h o l i n e  

b)  E n z y m a t i c  P r o c e d u r e  
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HG. 2. Preparation of t4C-labeled lecithin substrates by a) chemical procedure (20); and b) enzymatic acyla- 
tion procedure (18,19,21). 

lecithin or phosphatidyl ethanolamine were 
incubated with C. lipolytica microsomes in the 
presence of oxygen and reduced pyridine 
nucleotides, no breakdown of either substrate 
was observed. This was shown by the relatively 
constant I4C/32p ratios of the substrates and 
the products reisolated from the incubation 
mixture. For lecithin, the 1 4 C / 3 2 p  ratios of the 
substrate and the product were 1.2 and 1.3, 
respectively; for phosphatidyl ethanolamine, 
the ratios were 0.74 and 0.79. 

Both phospholipids isolated after the incuba- 
tion, however, differed from the respective 
substrates in that they contained an increased 
amount of linoleic acid. The proportion of 
linoleic acid in both lecithin and phosphatidyl 
ethanolamine increased by 5-10%. The in- 
creased amount of linoteate in the reisolated 
products appeared to be due to direct desatura- 
tion of the phospholipid substrates. 

One of the difficulties with these early 
studies was that the phospholipid substrates, 
particularly the lecithin substrate, already 
contained a high proportion of linoleic acid. To 
get around this problem,we prepared specifical- 
ly labeled phospholipid substrates (Fig. 2). 
1 -Acyl-2-[ 14 C ] oleoyl-sn-glycero-3-phosphoryl- 
choline was prepared biosynthetically from 
[1A4C]oleic acid with rat liver microsomes 
(18,19,21), and 1,2-di[ 14 C 1 oleoyl-sn-glycero-3- 
phosphorylcholine by acylation of the CdC12 

complex of sn-gly cero-3-phosphorylcholine 
with [1-14C]oleic acid in the presence of 
trifluoroacetic anhydride and triethylamine 
(20). Both the biosynthetically prepared and 
the chemically synthesized lecithins were 
desaturated by the yeast microsomal system 
(18). With both substrates the reaction pro- 
ceeded without a lag period and was linear 
for about 15 min. The 1,2-di[ 14C] oleoyl-gly- 
cerophosphorylcholine appeared to be desatu- 
rated more rapidly than the 1-acyl-2-[14C] - 
oleoyl substrate (Table I) but, as described 
below, the former substrate can undergo 
desaturation at both 1- and 2-positions. With 
either substrate no conversion to free fatty 
acids, other labeled phospholipids, or water- 
soluble products was observed. These observa- 
tions confirm the results obtained with the 
14C-  and a2p-labeled phospholipid substrates 
indicating that no breakdown of the phospho- 
lipids occurs under desaturating conditions, as 
is shown also by the fact that desaturation of 
both lecithin species proceeds without a detect- 
able lag period. Furthermore, the specific 
activity of the lecithin desaturase, under 
optimal conditions, is comparable to that of the 
oleoyl-CoA desaturase. 

The conversion of 1-acyl-2-[14Cloleoyl- 
glycerophosphorylcholine to the 2-[14C]lin - 
oleoyl derivative required molecular oxygen 
and a reduced pyridine nucleotide (Table II). 
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T A B L E  I 

Rela t ive  Ra te s  o f  D e s a t u r a t i o n  o f  Lec i th ins  a n d  C o e n z y m e  A Esters  

161 

R a t e  o f  d e s a t u r a t i o n  a 

S t a rved - r e f ed  
S u b s t r a t e  C. lipolytica N o r m a l  r a t s  ra t s  

pmol /min /mg p r o t e i n  

Lec i th ins  

1-[ 14C]  s t e a r o y l - 2 - a c y  lh 0 0 0 
1 - A c y l - 2 - [ 1 4 C  ] o l eoy l  65 +- 15 __.c ___ 
1 , 2 - D i - [ 1 4 C | o l e o y l  83 +- 10 20  d --- 
l_Acyl_2_[l14c]  e i c o s a t r i e n o y l  --- 20  • 3 50 -+ 8 
1 , 2 - D i - [  14C]  e i c o s a t r i e n o y l  --- 10 --- 
1-Acyl-2-[  114C] l ino leoy l  --- 2 --- 

C o e n z y m e  A es ters  

[ 1 - 1 4 C ] s t e a r o y l  --- 370  -+ 4 0  2 , 3 3 0  +-200 
[ 1 - 1 4 C ] o l e o y l  73 + 9 30 d --- 
[ 1 -14C]  e i c o s a t r i e n o y l  --- 53 -+ 7 140  _+ 6 
[ 1-14C ] l i no leoy l  --- 5 --- 

a D e t e r m i n e d  in a r e a c t i o n  m i x t u r e  (1 ml )  c o n t a i n i n g  e i t he r  30  #M 14C- labe led  lec i th in  
o r  f a t t y  a c y l - C o A  (0 .03 -0 .1  #Ci) ,  100  m M  p o t a s s i u m  p h o s p h a t e  (pH 7 .2 ) ,  100 m M s u c r o s e ,  
10 mM N A D H  a n d  m i c r o s o m e s  c o n t a i n i n g  0.5 to  2 m g  o f  p r o t e i n .  T r i t o n  X - 1 0 0  or  
d e o x y c h o l a t e  (0 .1%) was  a d d e d  w i th  the  l ec i th in  s u b s t r a t e  o n l y .  I n c u b a t i o n s  we re  fo r  15 
min  at  25 C w i t h  m i c r o s o m e s  o f  C. lipolytica (18)  a n d  a t  37 C w i t h  t h o s e  o f  ra t  l iver (19) .  
R e a c t i o n s  we re  t e r m i n a t e d  b y  e x t r a c t i o n  o f  t he  l ip ids  w i t h  m e t h a n o l / c h l o r o f o r m  (2 : 1, v/v).  
The r e c o v e r e d  l ip ids  we re  m e t h a n o l y z e d  (22)  a n d  the  r e su l t ing  f a t t y  acid  m e t h y l  es ters  
a n a l y z e d  b y  A g N O 3 - T L C  as desc r ibed  p r ev ious ly  ( 1 7 , 1 9 ) .  

bTh i s  s u b s t r a t e  was  p r e p a r e d  b i o s y n t h e t i c a l l y  f r o m  [ 1 - 1 4 C ] s t e a r i c  ac id  w i th  ra t  l iver 
m i c r o s o m e s  ( 1 8 , 1 9 )  in p re sence  or  a b s e n c e  o f  a d d e d  l y so l ec i t h in .  The  [ 1 4 C ] s t e a r o y l  g r o u p  
was  f o u n d  t o  be  9 8 %  in the  C-1 p o s i t i o n  a f t e r  t r e a t m e n t  o f  the  { 1 4 C ] s t e a r o y l - l e c i t h i n  w i t h  
p h o s p h o l i p a s e  A 2. 

CThe dash  signif ies  " n o t  d e t e r m i n e d . "  

d T h e  p r o d u c t  was  p r e s u m a b l y  c i s - 6 , 9 - o c t a d e c a d i e n o a t e .  

Oxidized nucleotides could not substitute for 
reduced; however, under the conditions of the 
experiment, no significant preference was 

shown between NADH and NADPH. The 
phospholipid desaturase was inhibited by 
KCN, the activity being abolished by 5mM 
KCN. The presence of carbon monoxide in the 
gas phase, however, had no inhibitory effect. 
The inhibition by cyanide and the noninhibi- 
tion by carbon monoxide thus indicates the 
involvement of a cytochrome bs-linked micro- 
somal electron transport system and not a 
P-450olinked system in the desaturation of 
phospholipids. 

The positional distribution of 14C-labeled 
fatty acids in the 1,2-di-[14C] oleoyl lecithin 
substrate and in its desaturation products was 
determined by treatment with snake venom 
phospholipase A 2 (18). The composition of 
14C-labeled fatty acids in both the 1- and 
2-positions of the synthetic substrate was 
93.5% oleate and 6.5% linoleate. [14C]Lin- 
oleate was present as a contaminant in the 
[14C]oleic acid used in the synthesis of di- 
[14C]oleoyl lecithin substrate. The lecithin 

T A B L E  II 

C o f a c t o r  R e q u i r e m e n t s  o f  Lec i th in  Desa tu ra ses  

Ra te  o f  d e s a t u r a t i o n  a 

Assay  c o n d i t i o n s  C. lipolytica b Rat  liver c 

% 

C o m p l e t e  100 100  
- N A D H  6 14 
- 0 2 1 5  5 
C o m p l e t e  + 1 m M  KCN 46  89 
C o m p l e t e  + 5 mM KCN 9 45 
C o m p l e t e  + CO 150  105 

a D e t e r m i n e d  as de sc r ibed  in Tab le  1. The  ra t e  o f  
d e s a t u r a t i o n  o f  1-acyl-2-[  14C ] o l e o y l - g l y c e r o p h o s p h o -  
r y l e h o l i n e  by C. lipolytica m i c r o s o m e s  in the  c o m p l e t e  
s y s t e m  was  50 p m o l / m i n / m g ; t h a t  o f  l_acyl_2_[14C]_ 
e i c o s a t r i e n o y l - g l y c e r o p h o s p h o r y l c h o l i n e  b y  m i c r o -  
s o m e s  o f  s t a rved - r e f ed  ra t s  in the  c o m p l e t e  s y s t e m  was  
55 p m o l / m i n / m g .  

h D a t a  o f  Pugh a n d  Kates  (18) .  

CData o f  Pugh a n d  Ka te s  (19) .  

isolated after the desaturation contained an 
increased amount of linoleic acid at both the 1- 
and 2-positions, but to a greater extent at the 
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2-position: namely,  net  increases of  8% and 
16% in the 1- and 2-posit ion,  respectively.  
These results show that,  in this organism, 
phosphol ipid  desaturat ion takes place at bo th  
position-1 and posit ion-2 of  lecithin,  but  more 
rapidly at posi t ion 2. 

Previous work f rom this labora tory  has 
shown that the lipids of  C. lipolytica contain 
lower  propor t ions  of  oleic and higher propor-  
t ions of linoleic acids when the organism is 
grown at 10 C than when the organism is grown 
at the normal  growth tempera ture  of 25 C 
(23,24). Microsomal membranes  prepared from 
cells of  C. lipolytica grown at 10 C and 25 
differed similarly in the propor t ions  of  oleic 
and linoleic acids present.  Membranes  prepared 
f rom cells grown to mid-log phase at 25C 
conta ined 50% linoleic and 30% oleic acids 
(molar  ratio 18 :2 /18 :1 ,  1.7), whereas those 
grown at 25 C contained 40% linoleic and 40% 
oleic acids (molar  ratio 18:2/18:  1, 1.0). 

When phosphol ipid  desaturase activity was 
measured in the two membrane  fractions (18), 
the activity of  the 1 0 C  membrane  (20-25 
pmol /min /mg)  was lower than that  of  the 25 
membrane  (50-80 pmol /min /mg)  at the stand- 
ard assay tempera ture  of  25C. The lower 
phospholipid desaturase in the 10 C membrane  
was due nei ther  to an unusual temperature  
sensitivity of  the enzyme (see below),  nor  to an 
altered apparent  K m for the lecithin substrate 
(Table IID. 

Arrhenius plots of phosphol ipid  desaturase 
activity for the two membrane  preparat ions 
showed that the activity of  the 10 C cells was 
lower than that of  the 25 C cells at all tempera-  
tures studied over the tempera ture  range 
10-37 C (18). The Arrhenius plots appeared to 
be linear, with both membrane  preparations,  
over the temperature  range 10-30 C; no clear- 
cut evidence of a change in slope or phase 
transition was observed with this membrane-  
bound enzyme.  The apparent  lack of  any phase 
transitions was not  due to the presence of  
Tr i ton  X-100 in the react ion mixture ,  since 
identical slopes were obtained in the absence of 
this detergent.  

The effect  of  temperature  on the oleoyl-CoA 
desaturase activity of  the membrane  prepara- 
tions from 20 C and 25 C grown cells was also 
determined.  In contrast  to the results obtained 
with the phospholipid desaturase, the oleoyl-  
CoA desaturase was found to be more active in 
cells grown at 10 C than in those grown at 
25 C. Arrhenius plots  of  o leoyl-CoA desaturase 
activity showed that the activity of the 10C 
membrane  was higher than that of the 25C 
membrane  at all tempera tures  tested from 
10-37 C. These Arrhenius plots also appeared to 
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be linear with both membrane preparations. 
These data suggest that in C. lipolytica the 
acyl-CoA desaturase is involved in temperature 
control of membrane fatty acid composition to 
a greater extent than the phospholipid desatu- 
rase .  

Evidence presented here has shown that the 
yeast C. lipolytica contains a membrane-bound 
desaturase system capable of the direct desatu- 
ration of oleoyl lecithin to a-linoleoyl lecithin. 
Conversion of oleate to c~-linoleate does not 
occur in animal systems. However, we under- 
took studies designed to show whether the 
more highly unsaturated fatty acids found in 
animals, e.g., homo-T-1inolenic and arachidonic 
acids, could arise by desaturation of phospho- 
lipid-linked fatty acids as well as acyl-CoA 
derivatives. 

After incubation of 1-acyl-2-[ 14C]  eicosatri- 
enoyl-glycerophosphorylcholine with micro- 
somes from normal rats in the presence of 
oxygen and reduced pyridine nucleotides under 
conditions described earlier (19), conversion of 
esterified eicosatrienoate to [14C] arachidonate 
occurred to the extent of 9%. The conversion 
was increased to 22% when microsomes from 
rats that had been starved and refed a "fat-free" 
diet (19) were used. In the rat microsomal 
system, the desaturation was not accompanied 
by breakdown of the lecithin substrate. About 
98 and 99% of the initial [14C]lecithin was 
recovered after incubation with microsomes 
from normal and starved-refed rats, respective- 
ly. 

The product of desaturation of 1-acyl-2- [ 14 C ] 
eicosatrienoyl-glycerophosp horylcholine was 
identified as [ 14C] arachidonic acid by conver- 
sion to [14C]methyl  esters (22) and analysis 
by radio-gas liquid chromatography. A radioac- 
tive fraction corresponding to the methyl ester 
of [14C]arachidonate was present in the 
reisolated products but not in the initial sub- 
strate. The amount of arachidonate in the 
products as determined by radio-gas liquid 
chromatography agreed with that found by 
AgNO3-TLC within + 3%. 

The liver microsomal system from normal 
rats was capable of desaturating both the 
biosynthetically prepared t-acyl-2-[14C] eicos- 
atrienoyl-glycerophosphorylcholine (19) and 
the chemically s y n t h e s i z e d  1,2-di-[14C] - 
eicosatrienoyl-glycerophosphorylcholine (20). 
Under optimal conditions the biosynthetic 
substrate was desaturated more rapidly than the 
synthetic substrate (Table I); [1-14C] eicosatri- 
enoyl-CoA was also desaturated by normal rat 
liver microsomes at a rate more than twice that 
of the lecithin substrate. Free eicosatrienoic 
acid, in the absence of the cofactors ATP, 

DESATURASES 163 

Mg ++ and CoA, was not desaturated (19). 
When microsomes from starved-refed rats 

were used, the rate or desaturation of 1-acyl-2- 
[14C]eicosatrienoyl lecithin increased 2- to 
3-fold (Table I). A similar increase was observed 
in the rate of desaturation of eicosatirenoyl- 
CoA; the rate of desaturation of stearoyl-CoA, 
used as a control in these experiments, increased 
about 6-fold. 

Several lecithin species other than eico- 
satrienoyl lecithin were tested as substrates for 
the phospholipid desaturase from r a t  liver. 
Although dioleoyl lecithin was desaturated in this 
system (presumably to the cis-6,9-octadeca- 
dienoyl lecithin), 1-[z4C]stearoyl-2-acyl- and 
1-acyl-2-[ 14C] linoleoyl-lecithin did not serve as 
substrates (Table I). Previous studies with hen 
liver microsomes (25) had shown that stearic 
acid desaturation occurs only with the CoA 
ester without prior incorporation into phospho- 
lipids. 

The conversion of eicosatrienoyl lecithin to 
arachidonoyl lecithin required molecular 
oxygen and a reduced pyridine nucleotide 
(Table If). Either NADH or NADPH could serve 
as electron donor in this system although 
NADH was the preferred donor. The phospho- 
lipid desaturase was inhibited by potassium 
cyanide, and the presence of carbon monoxide 
in the reaction mixture had no effect on the 
desaturation. These properties suggest the 
involvement of the microsomal electron trans- 
port system that requires cytochrome b s 
instead of P-450 in the desaturation of 1-acyl- 
2-[14C]eicosatrienoyl lecithin, as was found 
for desaturation of dioleoyl lecithin by C. 
lipolytica (18). 

Desaturation of the lecithin substrate in the 
rat liver system, as in the yeast system pro- 
ceeded without a lag period, was linear with 
time for about 15 rain, and was proportional to 
microsomal protein concentration up to 2 
mg/ml. The desaturation appeared to follow 
Michaelis-Menten kinetics and an apparent Km 
for lecithin was calculated to be about 4 x 
10 -4 M and 3 x 10 .4 M for rat and yeast 
systems, respectively (Table III). 

The lecithin desaturase activity was stimu- 
lated by addition of detergents such as deoxy- 
cholate or Triton X-100. Under optimal condi- 
tions (0.1% deoxycholate or 0.2% Triton 
X-100), the presence of  detergent increased 
desaturation of the lecithin substrate about 3- 
to 8-fold, respectively. By contrast, desatura- 
tion of eicosatrienoyl-CoA was only slightly 
stimulated by low concentrations of detergent 
and was partially inhibited by concentrations 
which were optimal for lecithin desaturation 
(19). 
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Mierosomes 

I 045% DOC 

centrifuge at 120,000 g, 1 hr 
f § 

Pellet 1 Supernatant I 
0.75% DOC 
centrifuge, 120,000 g, 1 hr 

Pellet 2 Supernatant 2 

I 1% DOC 
centrifuge, 120,000 g, 1 hr 

Pellet 3 Supernatant 3 
wash with buffer 
centr fu~e r 120r000 91 1 hr 

t t 
Pellet 4 Supernatant 4 

2.5% Triton X-100 
centrifuqe r 120r000 ,q, 1 hr 

Pellet 5 Supernatan[ 5 

2.5% Triton X-100, 0.2% DOC, CaCI 2 
I centrifu,qe~ 120f000 qr 30 min 

Pellet 6 Supernatant 6 

FIG 3. Purification procedure for desaturases of rat 
liver (12). 

The eicosatr ienoyl  lecithin desaturase was 
solubilized (26) from liver microsomes  of  
s tarved-refed rats by the procedure  described 
by S t r i t tma t te r  et al. (12). Microsomes prepared 
by the me thod  used previously in this labora- 
tory (19) were ex t rac ted  by a combina t ion  of  
t r ea tmen t s  with Tri ton X-100, sodium deoxy-  
cholate and CaC12 (see Fig. 3). Each of  the 
solubilized superna tan t  f ract ions and the pellets 
were assayed for e icosat r ienoyl  lecithin desatu-  
rase activity in a react ion mixture  conta ining 

the c o m p o n e n t s  of  the microsomat  t ranspor t  
chain (02 ,  NADH, NADH-cy toch rome  b s ;  
Table IV). 

The eicosatr ienoyl  lecithin desaturase was 
ob ta ined  in a solubilized fornl in the fract ion 
designated " supe rna tan t  6"  (Fig. 3; Table IV). 
This solubilized microsomal  f ract ion showed a 
7 - f o l d  purif icat ion of" lecithin desaturase 
activity over the microsomal  pellet. Supernat-  
ant 6 was free of c y t o c h r o m e  b s and conta ined  
greatly reduced amounts  of cy toch rome  b s 
reductase activity but was active in catalyzing 
the desaturat ion of both  e icosatr ienoyl-CoA 
and stearoyl-CoA in the incubat ion  system 
conta ining added c y t o c h r o m e  b s and cyto-  
chrome b s reductase (Table IV ). 

The recons t i tu ted  e icosat r ienoyl  lecithin and 
e icosat r ienoyl-CoA desaturase systems bo th  
required detergent  in addi t ion to the NADH- 
c y t o c h r o m e  b s reductase and cy toch rome  b s ;  
under  condi t ions  of  opt imal  de tergent  concen-  
trat ions,  the desatura t ion was fur ther  st imu- 

lated by the addi t ion of  lecithin.  Both egg 
lecithin and dimyris toyl  lecithin were found  to 
st imulate desatura t ion in the recons t i tu ted  
system.  Desaturat ion of  e icosat r ienoyl  lecithin 
in the recons t i tu ted  system was p ropor t iona l  to 
desaturase prote in  concen t ra t ion  up to a 
concen t ra t ion  of  200/ lg /ml .  

The evidence presented  in this paper  has 
demons t ra t ed  that  bo th  yeast  and rat liver 
contain  desaturase systems capable of the direct  
desatura t ion of phosphol ip id  substrates.  The 
alternative possibili ty is that  the leci thin used as 

T A B L E  IV 

Rela t ive  Desa tu ra se  Spec i f ic  Act iv i t ies  a 

Desa tu ra se  Act iv i t ies  b 
p m o l / m i n / m g  

1 8 : 0 - C o A  2 0 : 3 - C O A  2 0 : 3 - P C  

Cell f r a c t i o n  S.A.  x 10 -3 Rel .  pu r i f .  S .A. Rel .  pu r i f .  S .A.  Rel .  p u r i f  

Mic ro somes  2 .4  1.0 50 1.0 20  1.0 
Pellet  1 3.5 1.5 100  2 .0  13 0 .8  
Pellet  2 8.5 3.5 120  2 .4  19 0 .9  
Pellet 3 14.5 6 .0  160  3.2 20  1.0 
Pellet  4 16.0 6.7 2 0 0  4 .0  23  1.1 
Pellet 5 18 .0  7.5 2 5 0  5.0 38 1.9 
S u p e r n a t a n t  6 50 .0  21 .0  4 0 0  8 ,0  146 7.3 

aData of Pugh  and Kates (26 ) .  

bStearoyl-CoA desaturase was determined by the spectrophometrie assay of Strittmatter et al. (12) .  
Eicosatrienoyl-CoA and eicosatrienoyl lecithin desaturase were measured in a reaction mixture (1 ml) containing 
either 30 #M [1 14C] eicosatrienoyl CoA (0.03 #Ci) or l-acyl-2-[ 14C]eicosatrienoyl-sn-glycero-3-phosphorylcho- 
line (0.1 /aCi), plus the following components: 200/ag desaturase, 33 #M cytochrome b 5 prepared by the method 
of Ozols (27), 1.6 /aMNADH-cytochrome b 5 reductase prepared by the method of Spatz and Strittmatter (28), 
30 /aM egg lecithin 0.1% sodium deoxycholate, 10 mM NADH, and 100 mM Tris-acetate buffer, pH 8.1. Incuba- 
tions were at 37 C for 30 rain and reactions were terminated by extraction of the lipids with methanol/chloro- 
form (2:1, v/v). The recovered lipids were methanolyzed (22) and the resulting fatty acid methyl esters 
analyzed by AgNO3-TLC as described previously (19). 
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a substrate in these studies is first hydro lyzed  
by a phospholipase A 2 and the free fat ty acid 
activated by a thiokinase reaction. The resulting 
CoA ester could then be desaturated by the 
acyl-CoA desaturase and the desaturat ion 
product  used to resynthesize lecithin. This 
possibility is unlikely for several reasons. 
First, no significant release of  free fatty acids 
from the lecithin substrate was observed under  
desaturating condi t ions  in ei ther system. Also, 
CoA and ATP were not  required for lipid 
desaturat ion as would be expected if a thioki- 
nase were involved at some in termediary  step. 
The chain of  events pictured here also seems 
unlikely for kinetic reasons, since the desatura- 
t ion of  the lipid proceeds wi thout  a lag period. 
Finally,  the lecithin desaturase of  rat liver has 
been obtained in a solubilized form and the 
activity reconst i tu ted in a system containing 
phospholipid and the o ther  componen t s  of  the 
cy tochrome  b 5 electron transport  chain. It has 
thus become increasingly unlikely that  the 
desaturat ion of  the phosphol ipid  is the result of  
several enzyme activities. We conclude,  there- 
fore, that the desaturat ion observed in these 
studies is the direct desaturat ion of the mem- 
brane phospholipid.  
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ABSTRACT 

Linolenic acid deficiency has not been demonstrated clearly in warm blooded animals, yet circum- 
stantial evidence suggests that n-3 fatty acids may have functions in these animals. The fact that 
several species of fish definitely require dietary n-3 fatty acids indicates that n-3 fatty acids have 
important and specific functions in these animals and suggests that such functions may also be present 
in warm blooded animals. It is also true that n-3 fatty acid distribution in tissues of birds and mam- 
mals appears to be under strict metabolic control, and that this complex metabolic control mecha- 
nism apparently has survived evolutionary pressure for a very long time. So far, attempts to produce 
linolenic acid deficiency in mammals have not revealed an absolute requirement for n-3 fatty acids. If 
functions for n-3 fatty acids do exist in warm blooded animals, it seems probable that they may be 
located in the cerebral cortex or in the retina, because these tissues normally contain high concentra- 
tions of n-3 fatty acids. 

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

Recent ly ,  commit tees  of  the WHO-FAO and 
of the American National Research Council  
have r ecommended  that the human diet contain 
l inolenic acid, in addit ion to specific recom- 
mendat ions  for amounts  of linoleic acid, which 
is known to be required in human beings. There 
is little direct evidence that  l inolenic acid is 
required in man or o ther  warm blooded ani- 
mals. This lack of  evidence suggests that a re- 
qu i rement  for l inolenic acid, if any, is so low 
that almost  any diet can provide the needed 
amount ,  at least in the species of  animals that  
have been investigated in detail. It is certainly 
true that symptoms  of l inolenic acid deficiency 
in warm blooded species of  animals are not  well 
known or widely recognized. Despite the lack 
of evidence for essentiality of  l inolenic acid 
in the diets of  human beings and other  animals, 
many researchers feel that  there is a funct ion  
for this acid and its metaboli tes.  Therefore ,  we 
have reviewed some of the observat ions that  
suggest an essential role for n-3 fatty acids in 
mammals.  

M E T A B O L I S M  OF LONG C H A I N  
P O L Y U N S A T U R A T E D  F A T T Y  ACIDS 

Linolenic acid (9,12,15-oct  adecatr ienoic 
acid, 18:3n-3, or 18:3o03) and linoleic acid 
(9 ,12-octadecadienoic  acid, 18:2n-6 or 
18:2o06) are synthesized by plants but no t  by 
higher animals. In plants, 18:3n-3 is c o m m o n l y  
found in the membrane  lipids of the chloro- 
plast, the plant photoreceptor .  18:2n-6 is 
usually concent ra ted  in the lipids of  seeds. 
Herbivores will, therefore,  obtain both of these 
fatty acids in their  diets. These fat ty acids are 
absorbed during digestion and metabol ized by 

the animal body (most  species) according to the 
major  paths of e longat ion and desaturation: 

18:3n- 3-q8:4n- 3--~20:4n- 3--~20:5 n- 3--~22:5 n-3-~22:6n- 3 

18:2 n- 6--* 18:3n-6-~20: 3n- 6~20:4n-6~22:4n.6-+22:5n-6. 

The endogenously  formed oleic acid (9-octade- 
cenoic acid, 18:1n-9 or 18:16o9) is also elon- 
gated and desaturated:  

18:1 n-9~ 18:2 n-9~20:2n-9~-20:3n-9~22:3n-9---.22:4n-9. 

All of  these families of  fat ty acids are processed 
by the same enzyme system, which prefers the 
n-3 family to the n-6 family and has least 
preference for the n-9 family. Hence,  n-9 fat ty  
acids are desaturated and elongated to a signi- 
ficant extent  only when the concent ra t ions  of  
n-3 and n-6 fat ty acids are relatively low, as 
happens when animals are fed a fat-free diet. 

In the n-3 family,  the member  found most  
abundant ly  in animal lipids is usually 22:6n-3 
(4, 7, 10, 13, 16, 19 - d o c o s a h e x a e n o i c  acid), 
especially in land animals. In marine animals or 
fish, 20:5n-3 concent ra t ions  may also be quite 
high. 22:6n-3 usually occurs in highest propor-  
tions in phospholipids,  especially in ethanol-  
amine phosphoglycer ides  (EPG) of  warm 
blooded animals, but  also is found in neutral  
lipids, especially of  fish and shellfish. These 
long chain polyunsatura ted  n-3 fat ty acids in 
animal lipids may be obtained pre formed in the 
diet, or they may be formed by the animal it- 
self from dietary 18:3n-3. 

DISTRIBUTION AND DIETARY REQUIREMENT 
OF N-3 FATTY ACIDS IN SHELLFISH 

The lipids of  many  fish and shellfish, in- 
cluding commercia l ly  impor tan t  species, have 
been analyzed. In shellfish, the propor t ion  of  
20:5n-3 is usually greater than that  of  22:6n-3. 
This is true of  Alaska king crab (1), the North 
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Carolina blue crab (2), a South African marine 
crab (3), and a freshwater crab from Lesotho 
(3). The proportion of 20:5n-3 is greater than 
that of 22:6n-3 in a European and an American 
species of oyster (4) as well as in an oyster from 
New Zealand (5). Four species of scallops, how- 
ever, have proportions of 22:6n-3 higher than 
those of 20:5n-3 (6,7). In several varieties of 
prawns, the lipids have higher proportions of 
22:5n-3 than of 22:6n-3 (8-13). Shrimp, like 
prawns, often have more 20:5n-3 than 22:6n-3 
(12,14). It is not clear whether these shellfish 
control metabolically the amounts of 20:5n-3 
and 22:6n-3 in their tissue lipids, or whether 
the amounts found are due to the composition 
of their dietary fatty acids. The fact that the 
growth of prawns is improved by the addition 
of long chain poIyunsaturated oils to the diet 
(10,11) suggests that prawns may require pre- 
formed long chain polyunsaturated fatty acids. 
Kanazawa et al. (15) have shown that either 
18:2n-6 or 18:3n-3 in the diet of prawns pro- 
duces far better growth than dietary 18:1n-9 
does, and that the effect of 18:3n-3 on growth 
is greater than that of 18:2n-6. Pollack residual 
oil, which contains 11% 20:5n-3 and 2% 
22:6n-3 (11) produces far better growth than 
do either 18:2n-6 or 18:3n-3 (15). These data 
suggest that, in prawns, both n-3 and n-6 fatty 
acids are required, and that prawns have a 
limited ability to elongate and desaturate 
18:2n-6 and 18:3n-3. We are not aware of any 
conclusive evidence that proves a requirement 
for n-3 fatty acids in shellfish. The occurrence 
of these n-3 fatty acids in specific lipids implies 
that the placement of these fatty acids is under 
metabolic control and that this process is 
advantageous to the shellfish. 

DISTRIBUTION AND DIETARY REQUIREMENT 
OF N-3 FATTY ACIDS IN FISH 

Fatty acids in the lipids of many species of 
fish have been analyzed, and the lipids of fresh- 
water fish often contain higher proportions of 
n-6 fatty acids than are found in marine fish 
(16-18). Most fish contain large proportions 
of both 20:5n-3 and 22:6n-3. Channel catfish 
(19) and four varieties of murrels (20), all of 
which are freshwater fish, have higher propor- 
tions of 22:6n-3 than of 20:5n-3. Of marine 
fish, menhaden (21), pilchard (22), mackerel 
(23), slender tuna (24), horse mackerel (25), 
herring (26), cod (27-29), sole, halibut and 
dogfish (29) all have higher proportions of 
22:6n-3 than of 20:5n-3, either in total lipids 
or in phospholipids. In Chinook and Coho 
salmon, 22:6n-3 is higher than 20:5n-3 (30,31). 
In juvenile pink salmon captured at sea, there is 

more 22:6n-3 than 20:5n-3 (32). The sand 
launce (33), two species of hake (34), and the 
Chilean anchovy (35) all have higher levels of 
22:6n-3 than of 20:5n-3. In contrast to these 
fish, the lipids of the capelin have more 20:5n-3 
than 22:6n-3, and also contain large propor- 
tions of 22:1 and 20:1 (36,37). This fish is 
said to be an important source of food for fish 
harvested commercially in the North Atlantic. 
In the species mentioned above, it is not known 
whether fatty acids are incorporated unchanged 
from the dietary lipids or whether the fish 
modify the dietary fatty acids by elongation 
and desaturation. 

The dietary requirements for essential fatty 
acids have been investigated in several species of 
fish. In rainbow trout a dietary n-3 fatty acid is 
definitely required (38-44), and n-6 fatty acids 
(18:2n-6) are of little value for normal growth 
(38,39,41). Long chain polyunsaturated fatty 
acids or 22:6n-3 are more effective than 
18:3n-3 in stimulating growth (39,43,44). These 
data indicate that rainbow trout require n-3 
fatty acids and can elongate and desaturate 
18:3n-3 to 22:6n-3, but suggest that preformed 
22:6n-3 is more effective in stimulating growth. 
Possibly, the rate of elongation and desatu- 
ration of 18:3n-3 to 22:6n-3 limits growth in 
these fish. 

The turbot cannot elongate or desaturate 
either 18:3n-3 or 18:2n-6 (45), so that it is 
not surprising that dietary long chain n-3 fatty 
acids are required for good growth (46-48). 
The carp grows well if fed either 18:3n-3 or 
18:2n-6, but cod-liver oil stimulates growth 
more than either 18:3n-3 or 18:2n-6 does 
(49,50). Red sea bream apparently can elongate 
n-3 or n-6 fatty acids, but grow best when fed 
oils containing long chain n-3 fatty acids 
(51-53). Thus, at least four species of fish re- 
quire n-3 fatty acids, and at present it appears 
that 22:6n-3 will satisfy the requirement. The 
ability to elongate and desaturate 18:3n-3 
varies with the species. This ability may depend 
upon the fatty acid available in the natural 
food supply of the fish. If the natural food 
supply contains an abundance of 22:6n-3, it is 
unnecessary for the predator to be able to 
elongate and desaturate 18:3n-3. 

DISTRIBUTION OF N-3 FATTY ACIDS IN 
TISSUES OF WARM BLOODED ANIMALS 

In warm blooded animals, 22:6n-3 is the 
most abundant member of the n-3 family, and 
it usually is most concentrated in the ethanol- 
amine phosphoglycerides (EPG) and serine 
phosphoglycerides (SPG) of a given tissue. The 
lipids of warm blooded animals usually contain 
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relatively little 22:6n-3, except for marine 
mammals and birds whose diet of fish contains 
much n-3 fatty acid. The total fatty acids or 
phospholipids of most tissues contain less than 
5% of this fatty acid. Thus, it is particularly 
noteworthy that certain organs or organelles 
do contain high proportions of 22:6n-3. The 
best known examples are the lipids of brain 
or cerebral cortex, retina, spermatozoa, and 
testis. 

In chicks 22:6n-3 is the major polyun- 
saturated fatty acid in brain phospholipids 
(54), and 22:6n-3 accounts for 14% of brain 
total fatty acids in the house sparrow (55). 
In total fatty acid of mink brain, 22:6n-3 is 
the most abundant polyunsaturated fatty acid 
(56). In synaptosomal membranes of mouse 
brain, 22:6n-3 accounts for 14% of phospho- 
lipid fatty acids (57) and in mouse brain micro- 
somes, the proportion of 22:6n-3 increases with 
the age of the mouse (58), In EPG and SPG 
from rat brain synaptic vesicles, 22:6n-3 
accounts for 31% and 37%, respectively, of the 
fatty acids (59). The amount of 22:6n-3 in 
mitochondria of rat brain increases with the age 
of the rat and becomes the major polyun- 
saturated fatty acid in 90-day-old rats (60). 
In a study of lipids in many bovine organs, 
Gonzato and Toffano reported that the content 
of 22:6n-3 in phospholipids of cerebral cortex 
was second only to that in retina (61). In the 
cerebral cortex of two species of whale and one 
species of dolphin, 22:6n-3 is 17 to 19% of 
the total fatty acids in EPG (62-64). The con- 
centration of 22:6n-3 in the cerebral cortex is 
higher in adult whales and dolphins than in 
fetuses of these species (65). In the cerebral 
cortex of the human brain, 22:6n-3 of EPG 
increases with age and at the age of about 80 
years can be 34% of fatty acids in this lipid 
fraction (66). These data indicate that 22:6n-3 
is located with great specificity in particular 
parts of the brain, and is concentrated in the 
ethanolamine phosphoglycerides rather than 
being evenly distributed among lipid classes. 

The retina is another organ into which 
22:6n-3 is selectively incorporated in many 
species of animals. Anderson and colleagues 
(67,68) have reported the fatty acid patterns 
of phospholipids in whole retinas of dog, pig, 
human, sheep, bovine and rabbit. In these 
species, 22 to 23% of the total fatty acid in 
EPG is 22:6n-3, with lesser proportions of 
22:6n-3 in serine, choline (CPG), or inositol 
phosphoglycerides (IPG). Weiss and Graf 
(69,70) have shown that the 22:6n-3 content of 
rabbit retinal phospholipids is highest in rabbits 
born in the summer, and that the percentage of 
22:6n-3 increases with the age of the rabbit, up 

to 60 days. In the bovine retina, the highest 
proportions of 22:6n-3 are located in phos- 
pholipids, especially EPG and SPG, of retinal 
rod outer segments (ROS) (71-76) with lower 
proportions in the phospholipids of mitochon- 
dria, microsomes, or nuclei (77). In the rat the 
total retina or retinal rod outer segments con- 
tain large proportions of 22:6n-3 (78-81). If 
rats are fed a fat-free diet or essential fatty 
acid-deficient diet for 10 weeks to 11 months 
(79,80), there is little change in the propor- 
tion of retinal 22:6n-3, although the content 
of 20:3n-9 increases. Evidently, the 22:6n-3 
molecules are tenaciously retained in the rat, a 
species in which the outer segment is normally 
renewed ca. every 14 days. If rats are raised for 
two generations on diets that contain little n-3 
fatty acid, the content of 22:6n-3 can be 
reduced to less than half the normal percentage 
(81,82). In rats fed a fat-free diet, the normal 
renewal of retinal rod outer segments is im- 
paired (83), although electron micrographs of 
the rod outer segments show no abnormalities 
(84). In rats made diabetic with alloxan, the 
percentage of 22:6n-3 in the retina drops from 
an initial value of 35% of the total fatty acid 
to 25% after 116 days (78). The retinal rod 
outer segments of the frog Rana pipiens con- 
tain high proportions of 22:6n-3, i.e., 46% of 
total fatty acids in SPG and 51% in EPG (85). 
These data indicate that the retina, and 
especially the photoreceptor or ROS, is parti- 
cularly enriched with 22:6n-3 in the vertebrate 
species so far analyzed. 

Another tissue in which 22:6n-3 is often 
very high is the testis. In this organ the lipids 
usually contain a 22-carbon fatty acid as a 
major polyunsaturate, but the structure of the 
chain varies with the species of the animal. In 
humans (86-89) or bulls (90,91), 22:6n-3 
is a major polyunsaturate in the phospholipid 
of the testis. In boar testis proportions of 
22:5n-6 and 22:6n-3 are both high (90,92). 
In mouse, guinea pig, and hamster testis, there 
is somewhat more 22:5n-6 than 22:6n-3 (86). 
The testes of rats, dogs and rabbits contain 
mainly 22:5n-6 with little 22:6n-3 (86,93). 
In chicken testis the major polyunsaturated 
fatty acid is 22:4n-6 (86). Lipids of sperma- 
tozoa normally contain the same major poly- 
unsaturate present in the testis of the same 
species, and the concentration of this poly- 
unsaturate is usually higher in the spermatozoa. 
Bovine spermatozoa contain remarkably large 
proportions of 22:6n,3, especially in choline 
phosphoglycerides (94-96). 22:6n-3 is also the 
major polyunsaturated fatty acid in sperma- 
tozoa of the rhesus monkey (97), ram (98,99), 
and man (96,99). In the boar both 22:5n-6 
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and 22:6n-3 are very high in spermatozoa 
(96,100), while in the dog (101) and rabbit 
(96), 22:5n-6 is the main polyunsaturated fatty 
acid. In the chicken the main polyunsaturated 
fatty acid in spermatozoa is 22:4n-6 (101). 
These data indicate that 22:6n-3 is selectively 
incorporated into the lipids of the testis and 
spermatozoa of certain mammalian species, 
particularly those of man, monkey, bull, and 
ram. Considerable amounts of 22:6n-3 are also 
present in the boar, mouse, guinea pig, and 
hamster, but 22:6n-3 is a minor component in 
rat, rabbit, dog, and chicken. 

EVIDENCE FOR FUNCTIONS OF 
N-3 FATTY ACIDS 

In fish and shellfish, the presence of large 
amounts of n-3 fatty acid in the tissues suggests 
that n-3 fatty acid may serve metabolic func- 
tions in these species. The facts that rainbow 
trout definitely require either 18:3n-3 or 
22:6n-3 forgood growth, and that n-6 fatty 
acids are inadequate, indicate that n-3 fatty 
acids do have some function in this species. 
Very probably, n-3 fatty acids also have 
definite functions in carp, red sea bream, and 
turbot, because the growth of these species 
is increased by dietary polyunsaturated fatty 
acids. It is possible that prawns may also 
require n-3 fatty acids. 

In warm blooded animals, 22:6n-3 is selec- 
tively incorporated into EPG or SPG, and these 
particular phospholipids are selectively concen- 
trated in the outer segment of the retinal rod, 
the cerebral cortex and sometimes in the 
testis and spermatozoa of many animal species. 
The 22:6n-3 must be derived from the diet, 
either directly or indirectly via 18:3n-3, and 
must be transported, incorporated into particu- 
lar phospholipids, and installed in a specific 
location in a particular organ. All these steps 
must have been subjected to evolutionary pres- 
sure for vast periods of time, and have survived 
to the present. These facts suggest that 22:6n-3 
or other n-3 fatty acids may have metabolic 
functions in warm blooded animals as well as 
in fish. 

Is there any evidence that n-3 fatty acids 
have specific functions in warm blooded 
animals? The evidence is scanty, partly because 
most of the attention has been devoted to the 
n-6 fatty acids which are easier to work with in 
many ways. Nevertheless, there is evidence 
that n-3 fatty acids may have unique functions 
in warm blooded animals. It is known that 
dietary linolenic acid will improve growth in 
essential fatty acid (EFA)-deficient rats, 
although it will not cure the other symptoms of 

EFA deficiency, particularly infertility and 
dermatitis. Bernsohn and Spitz (102) have 
reported that dietary 18:3n-3 but not 18:2n-6 
will restore to normal the activity of 5'- 
nucleotidase in brain homogenates from EFA- 
deficient rats. Capuchin monkeys fed a purified 
diet containing corn oil as a source of EFA 
developed dermatitis and fatty livers, which 
were cured by dietary linseed oil (103). This 
report is puzzling because the lipids of the 
deficient animals still contained considerable 
n-3 fatty acid. Electroretinograms were ob- 
tained from rats given, for 40 days, fat-free 
diets or the same diets supplemented with 2% 
ethyl oleate, ethyl linoleate, or ethyl lino- 
lenate. Rats given linoleate had greater ampli- 
tudes of both the a and b waves than were 
found with those given oleate or fat-free diets, 
and those given linolenate had the highest 
amplitudes of all (104). 

Perhaps the most convincing evidence for a 
possible function of n-3 fatty acids in mammals 
was reported by Lamptey and Walker (105). 
They fed rats, for two generations, purified 
adequate diets containing either 10% saf- 
flower oil (low linolenate, about 300 mg/kg 
diet) or 10% soy oil (high linolenate, about 
8400 mg/kg diet). In these rats the difference 
between diets had no effect on food intake, 
growth, litter size, brain size, distribution of 
lipid phosphorus in brain lipids, or several other 
parameters. However, in male rats of the second 
generation, differences in physical activity were 
associated with the different diets. Probably the 
most interesting observation was the fact that 
the rats fed the high linolenate diet performed 
much better on a Y-maze discrimination test 
than the low linolenate rats did. For the first 
three consecutive days of testing, both groups 
of rats performed equally, but for the following 
four days, the high linolenate rats increased 
their percentages of correct responses, whereas 
those given the low linolenate diet did not 
improve. In the brain phospholipids of the low 
linolenate rats, the content of 22:6n-3 was only 
10 to 20% of the control (high linolenate) 
value. The authors noted that this learning 
impairment may not have been due solely to 
changes in brain composition because visual 
function may also have been influenced by 
changes in retinal lipid composition, which was 
not measured in this experiment. 

FATTY ACID  COMPOSITIONS IN TISSUES OF 
L INOLENIC ACID-DEF IC IENT  RATS 

We decided to produce a dietary linolenic 
acid deficiency in rats, in order to locate the 
organs in which the deficiency would have the 
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most severe effect upon lipid composition, Rats 
were fed for two generations a diet in which the 
only source of lipid was methyl linoleate, 
1.25% by weight. Control rats were given 1.0% 
methyl linoleate and 0.25% methyl linolenate. 
We analyzed lipids in animals from both genera- 
tions, of both sexes, and of different ages. The 
organs analyzed included brain, heart, lung, 
kidney, liver, testis, gastrointestinal tract, 
spleen, muscle, retina, adrenal, ovary, adipose 
tissue, erythrocytes, and plasma. The lipids of 
the first nine organs were fractionated by thin 
layer chromatography, and fatty acids of EPG, 
CPG, and IPG + SPG were analyzed by gas 
liquid chromatography. In the other tissues, 
fatty acid distributions of total lipid extracts 
were measured. Procedures for handling of 
rats, preparation of diets, and analysis of lipids 
have been described earlier (106,107). 

We found no effect of diet composition 
upon growth rates, litter sizes, organ weights, 
or distributions of lipid phosphorus. The main 
effect of the deficiency was to lower the 
proportion of 22:6n-3 in all of the tissues 
examined. In control rats the highest propor- 
tion of 22:6n-3 were found in phospholipids, 
especially EPG, of muscle, brain, heart, and 
liver, and in the total fatty acids of retina 
(Table I). In other tissues proportions of 
22:6n-3 were much lower. In the deficient rats, 
22:6n-3 was mainly replaced by 22:5n-6 and to 
a lesser extent by 22:4n-6 or 20:4n-6 (Table 
I). In liver, kidney, heart, muscle, and gastro- 
intestinal tract of deficient rats, the proportions 
of 22:5n-6 were higher in females than in males 
(data not shown). 

Retina, brain, and muscle seemed to retain 
22:6n-3 more strongly than other tissues did, 
because first generation deficient rats had 
higher proportions of 22:6n-3 in lipids of these 
tissues than were found in second generation 
rats (data not shown). In other tissues there was 
little difference between the generations in 
proportions of 22:6n-3. 

The quantity of dietary 18:3n-3 needed for 
survival in rats is obviously very low, and was 
ca. 40 mg/kg diet in our experiments. This is far 
less than the requirement for n-6 fatty acid, 
which is about 10 g/kg diet or more for most 
mammalian species. Fish (trout) require 
roughly 1 or 2% of n-3 fatty acid in the diet, 
which is similar to the mammalian requirement 
for n-6 fatty acid. If n-3 fatty acids do have 
essential functions in mammals, or in rats in 
particular, only small amounts of n-3 fatty 
acids are needed to fulfill these functions. One 
of the functions of n-6 fatty acids is to furnish 
precursors for the formation of prostaglandins, 
endoperoxides, thromboxanes and related corn- 

pounds which have powerful biological activity. 
There is evidence that n-3 fatty acids also can 
give rise to prostaglandin derivatives that have 
activity in mammalian tissues (108-110). The 
physiological effects of prostaglandins and 
related compounds are produced by very low 
concentrations of these substances. 

CONCLUSION 

Are n-3 fatty acids required in the human 
diet? There appears to be no direct evidence 
related to this question. Human beings, in 
common with many other species of mammals, 
have high proportions of 22:6n-3 concentrated 
in certain phospholipids of the cerebral cortex, 
retina, and spermatozoa. The proportion of 
22:6n-3 in human cerebral cortex increases with 
age, as is the case in rats, mice, and whales. No 
one knows what the optimal level of 22:6n-3 in 
any tissue may be, or if there is an optimal 
level. 

Before the question of the essentiality of 
n-3 fatty acids in man can be answered, a func- 
tion for these molecules must be detected and 
demonstrated, probably in experimental 
animals. The use of linolenic acid-deficient diets 
should allow changes in function to occur and 
to be measured. If functions can be detected 
and measured in experimental animals, then 
procedures can be developed for measuring 
these functions in human beings. At present, 
it seems most probable that the functions of 
n-3 fatty acids will be located in retina or brain, 
and possibly in muscle or spermatozoa of 
certain species. 
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The Metabolism of Dihomo-7-Linolenic Acid in Man 
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ABSTRACT 

Orally administered dilmmoq,-linolenic acid (DHLA) is well absorbed in man; it appears in blood 
after ca. 4 hr first as triglyceride ester and later as phospholipid. After sustained-dosing, DHLA pene- 
trated membrane pools and all phospholipid components but, depending on the dosage, reached a 
metabolic equilibrium in 4-16 days. Intact platelets do not accumulate arachidonate following DHLA 
administration, and species differences occur in the capacity of animals to metabolize DHLA to 
arachidonic acid (AA). The rat appears to be unusual in having a very active hepatic A5<lesaturase 
enzyme system. Potentially antithrombotic changes in platelet function which followed the adminis- 
tration of DHLA to man were accompanied by a significant increase in the capacity of platelets to 
synthesize PGE t- Concomitant increases in PGE 2 synthesis do not apparently result from an increased 
production of AA and suggest that DHLA, or a DHLA metabolite, interferes with the metabolism of 
AA. Effects on thromboxane and prostacyclin synthesis are being studied. 

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

Dihomo-7-1inoienic acid (DHLA) is a natu-  
rally occurr ing member  of  the co-6 series of 
long chain essential fa t ty  acids. It canno t  be 
synthes ized de novo by higher animals,  
including man,  but can be synthes ized by 
al ternate desaturat ion and chain e longat ion of  
linoleic acid (1), part icularly in the liver (2). 

In most  tissues the con ten t  of  arachidonic  
acid (AA) p redomina tes  over that  of  DHLA 
(3). As c o m p o n e n t s  of  phosphol ip ids ,  these 
fat ty acids play an impor t an t  role in de termin-  
ing the structural  and funct ional  proper t ies  of 
membranes  (4). 

The precursor  relat ionship of  DHLA and AA 
to the prostaglandins  ensures that  these essen- 
tial fa t ty  acids are not  funct ional ly  equivalent:  
DHLA is a precursor  of  the m o n o e n o i c  prosta-  
glandins; AA is a precursor  of the dienoic 
prostaglandins,  t h r o m b o x a n e ,  and prostacycl in .  

1The University of Leeds, United Kingdom. 

H ~  OOH DHLA 

~ \ / 

I~GHe 

FIG. 1. Mechanism for limiting thrombus forma- 
tion by redirection of ptatelet prostaglandin synthesis. 

Metabolism of Dihomo-'y-linolenic and Arachidonic 
Acids to Prostaglandins: Relationship to 
Platelet Function 

Our particular interest  in DHLA developed 
from an assumpt ion  that  platelet  aggregation is 
a con t r ibu to ry  factor  to the ini t iat ion and 
deve lopment  of th rombos i s ,  and f rom the 
observat ion that  the prostaglandin metabol i tes  
of DHLA and arachidonic  acid, PGE l and 
PGE 2 respectively,  have oppos i t e  ef fec ts  on 
platelets  (5). In this respect ,  platelets  are quite 
unusual.  In most  tissues, PGE t and PGE 2 exert  
qualitatively similar pharmacological  effects  
(5,6). 

Platelets  have a part icularly high con ten t  of  
arachidonic  acid (7). When platelets are st imu- 
lated to  aggregate, arachidonic  acid is released 

A 

o , : - - - 7 . - - . -  - -  

hrs 

VIG. 2. Plasma DHLA/AA ratio after a single 1 g 
dose of DHLA. The fatty acid ratio was determined by 
gas liquid chromatography of the fatty acid methyl 
esters on a SCOT capilliary column. Information on 
the volunteers taking part in these studies is contained 
in ref. 12. 

174 



DIHOMO-'y-LINOLENIC ACID METABOLISM 175 
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FIG. 3. Dose-response relationships to single oral 
doses of DHLA in one volunteer. 

f rom membrane  phosphol ipids  by phospho-  
lipase A ;  (8) and metabol ized via the endoper-  
oxide PGH 2 into  the more stable end-products  
PGE 2 and th romboxane  B ; .  The intermediates ,  
PGH 2 and thromboxane  A 2 p romote  fur ther  
platelet  aggregation, leading to th rombus  
format ion  (9). Conversely,  prostaglandin me- 
taboli tes of  DHLA,  PGH 1 and PGE1, do no t  
induce aggregation (10) and PGE l is a po ten t  
inhibi tor  ( 1 1 ). 

The high platelet  con ten t  of  AA normal ly  
ensures that ,  during platelet  aggregation, PGH 2 
and PGE 2 synthesis is dominant .  Our objective 
in studying DHLA as an antothrombotic  agent was 
to increase the p ropor t ion  of D H L A  available to 
the prostaglandin synthesizing system, so that  
more D H L A  would be released during aggrega- 
t ion to act as a biological brake to the throm- 
botic  process. 

The schematic representat ion in Figure 1 is a 
simplified view which does no t  take into 
account  possible effects  on the synthesis of  
th romboxane  (proaggregatory) or  PGD 2 and 
prostacyclin (antiaggregatory).  These arachi- 
donate metabol i tes  could ei ther  increase or  
decrease the efficacy of  DHLA.  An objective of  
the present work was to determine whether  
an t i th rombot ic  activity could be correlated 
with increased levels of  PGE 1. 

Some of  the effects  of  orally ingested D H L A  
on platelet  funct ion  in man have already been 
published (12). In this paper the biochemist ry  
of this fat ty acid in man is considered partic- 
ularly in relat ion to what  is known of its 
behavior in o ther  animals. Clearly the degree to 
which DHLA exerts  an an t i th rombot ic  effect  in 
vivo will depend on its subsequent  metabol ism 
and especially on ( a ) i t s  availability to the 

2.O- 

== 
1.0- 

Trlglycerides 

O.5. 

O.4, 

2 0 .  3_ 

.J,,• . . . .  2g'o',,~ 

~ I g ~  ; 28r 
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FIG. 4. Incorporation of DHLA into triglycerides 
and phospholipids of plasma after single oral doses of 
DHLA. Plasma lipids were extracted using the Bligh 
and Dyer procedure (13). Different lipid classes were 
separated by silicic acid chromatography of the 
extract and resolved into their constituents using thin 
layer chromatography. 

prostaglandin synthesizing system, (b) the 
degree to which it is desaturated to arachidonic 
acid, and (c) the spectrum of prostaglandin and 
related metabol ic  products  which are formed 
by prostaglandin synthetase.  

Incorporation of Dihomoq,-linolenic Acid into 
Blood Lipids and Its Availability to 
Prostaglandin Synthetase 

The relative availability of DHLA and AA 
presumably determines which prostaglandins 
(PGE 1 or PGE 2) are synthesized.  We have, 
therefore,  primari ly been interested in determ- 
ining the D H L A / A A  ratio in blood fractions. 
Gas liquid chromatography  has been used for 
analysis and, a l though an internal  standard was 
not  incorpora ted  for technical  reasons, some 
assessment of absolute changes in the concen-  
trat ions of DHLA and AA were obtained by 
measuring the ratios of  DHLA/s tear ic  and 
AA/stearic .  In all vo lun teer  studies, base-line 
measurements  were made before dosing, so that  
each subject acted as its own control .  

Incorporation of DHLA into Circulating 
Triglycerides and Phospholipids 

Changes in the ratio D H L A / A A  which 

LIPIDS, VOL. 14, NO. 2 



176 K.J.  S T O N E ,  ET AL.  

T A B L E  I 

D i s t r i b u t i o n  o f  E x o g e n o u s  D H L A  b e t w e e n  B l o o d  Lip id  
F r a c t i o n s  a f t e r  D o s i n g  a G u i n e a  Pig w i t h  [ 14C] D H L A  

Time % o f t o t a l r a d i o a c t i v i t y  r e c o v e r e d  

(hr)  Free  ~ t t y  ac ids  Tr ig lyce r ides  P h o s p h o l i p i d s  

2 16 45 
3 13 69 
4 17 56 19 
S 17 36 17 
6 9 60  25 
7 7 44  45 

occur red  in b lood  f rom subjects  who  received a 
single 1 g oral dose of  DHLA are shown in Figure 
2. Some var iabi l i ty  in the  s ta r t ing  ra t ios  is seen, 
bu t  the  pa t t e rn  of  changes  is c o n s t a n t  - an 
early sharp peak which  appears  at ca. 4 h r  and  a 
la te r  peak  which  ex t ends  b e y o n d  24 hr.  

When d i f fe ren t  doses were admin i s t e red  to a 
single donor ,  wi th  per iods  of  several weeks  
be tween  doses,  this  two peak  pa t t e r n  was again 
r ep roduced  and an exce l len t  dose / response  
re la t ionship  was evident  (Fig. 3). 

By f rac t iona t ing  whole  b lood  in to  its dif- 
f e ren t  lipid c o m p o n e n t s ,  it was a p p a r e n t  t ha t  
the  first peak co r responds  to  the  appea rance  of  
DHLA in tr iglyceride and  the  second peak to 
the  appearance  of  D H L A  in phospho l ip id ,  
p r e d o m i n a n t l y  in p h o s p h a t i d y l c h o l i n e  (Fig. 4). 
Li t t le  change was observed in the  c o m p o s i 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  lipids, possibly 
ref lec t ing  the i r  greater  inaccess ibi l i ty  on  the  
inside of m e m b r a n e s .  

We have u n d e r t a k e n  similar t ime  course 
s tudies  in expe r imen t a l  animals  in which  we 
were able to fol low the  me tabo l i sm by measur-  
ing the  appea rance  of  rad io labe l  f rom [1-14C] 
DHLA and [ 3 H ] D H L A  in b lood  lipids. A 

similar  pa t t e rn  of  phospho l ip ids  b e c o m i n g  
labeled af te r  t r iglycerides was seen (Table  I). 

Incorporation of DHLA into Circulating Lipids 
and Membrane Lipids Following Sustained 
Administration 

In the  single dose s tudies  descr ibed above,  
small  increases in D H L A / A A  were observed in 
p la te le t  lipids. Lipids in red b lood  cell mem-  
b ranes  were,  however ,  u n c h a n g e d  fol lowing 
single doses as would be expec ted  for  cells 
wi th  a very slow tu rnove r  rate .  I t  has  been  
argued t ha t  the  p ros tag land in  p recursor  poo l  
consis ts  of  phospho l ip id  in m e m b r a n e s  and  
tha t ,  as m e m b r a n e s ,  have a relat ively slow 
tu rnove r  ra te ,  s ignif icant  effects  on  PGE 1 
synthes i s  are on ly  seen af te r  chron ic  adminis-  
t r a t i on  of  DHLA.  We have s tudied  several 

vo lun tee r s  who  received mul t ip le  doses of  
DHLA for  var ious  per iods  of  t ime.  Blood 
sampl ing  was usually at  4 h r  a f te r  the  morn ing  
dose and  analysis of  b lood  f rac t ions  was carr ied 
ou t  as before .  The  effects  on  b lood  l ipids 
fo l lowing sus ta ined oral admin i s t r a t i on  of  
DHLA to one of  these vo lun tee r s  is shown  in 
Figure 5. 

Unl ike in the single dose studies,  DHLA was 
i nco rpo ra t ed  in to  m e m b r a n e s ,  e.g., of red b lood  
cells. DHLA was also i n c o r p o r a t e d  in to  all l ipid 
classes, i.e., t r iglycerides,  choles te ry l  esters 
and all phosphol ip ids .  

Relationships between Dose of Dihomo-7-1inolenic 
Acid and Changes in Fatty Acid Composition 

In mul t ip le  dosing studies,  a p la teau  was 
reached  in p lasma at a D H L A / A A  rat io  of  ca. 
0.6. The rat io  in cell f ract ions,  e.g., in red b lood  
cell m e m b r a n e s  and pla te le ts ,  also p la teaued ,  
and the  h igher  the  ini t ial  dose, the  fas ter  this  
p la teau was achieved (Fig. 6). A similar ef fec t  
has been observed by us in rats  and  by Oelz et  
al. (14) ,  who admin i s t e red  the  e thy l  ester  of  
DHLA to rabb i t s  for  25 days. 

A l inear  re la t ionship  be tween  dose and 
plasma level has been  observed fo l lowing the  
admin i s t r a t i on  of  DHLA to rats  (Fig. 7), Af te r  
15 days of  dosing wi th  2 g /kg /day ,  DHLA levels 
in p lasma were similar to those  ob ta ined  af ter  a 
single oral dose of the  same a m o u n t  of  DHLA 
(Fig. 7). The m a x i m u m  level of  DHLA reached  
in p lasma and o the r  t issues thus  appears  to  
reflect  a me tabo l i c  equ i l ib r ium,  r a the r  than  a 
failure of  abso rp t ion .  

Tissue Distribution of Orally Administered 
Dihomo-3-1inolenic Acid 

D a n o n  et al. (15)  have measu red  the  relat ive 
a m o u n t s  of DHLA in a var ie ty  of  rat  t issues 
fol lowing the admin i s t r a t i on  of e thy l  ester  of  
DHLA. Grea tes t  a ccumula t i on  was observed in 
the  t r iglycerides of  the  renal  inne r  medul la  
where  the c o n t e n t  of  DHLA rose to 19.4% of 
the  fa t ty  acids. The  ra t io  of  D H L A / A A  in the  
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FIG. 5. Metabolism of DHLA following sustained 
dosing to man. The DHLA/AA ratio in total lipids is 
shown in the upper figure; the lower figure relates to 
the change in composition of plasma lipids. PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; 
TG, triglyceride; r.b.c., red blood cell membranes. 
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FIG. 7. Absorption of DHLA in rats. 
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FIG. 6. Rate of attainment of maximum changes in 
DHLA levels in blood fractions after various dosing 
schedules. 

t r iglycerides  of  the  adrenals ,  renal  inne r  medul -  
la, adipose tissue, s t om ach  and  pla te le ts  all 
increased above un i ty .  In phosphol ip ids ,  DHLA 
rose several-fold in mos t  tissues, bu t  in no  case 
did it exceed the  a m o u n t  of AA. 

In a guinea pig s tudy  we found ,  us ing 
rad io labe led  DHLA,  t ha t  mos t  exogenous  
DHLA accumula t e s  in the  liver (Table  II). The  
liver is bel ieved to  be the  mos t  i m p o r t a n t  site of  

T i s s u e  g g  D H L A / g  t i s s u e  / x g / o r g a n  

L i v e r  5 .8  1 0 3 . 5  
S p l e e n  4 .5  3 .5  
S k e l e t a l  m u s c l e  1.1 
H e a r t  1 .0  1 .6  
B l o o d  0 .6  
K i d n e y  0.5  2 .0  
A d i p o s e  t i s s u e  0 .2  

fa t ty  acid me tabo l i sm,  and m a n y  studies have 
d e m o n s t r a t e d  the  presence in liver of e n z y m e  
sys tems which  are capable  of  desa tura t ing  and  
cha in-e longat ing  DHLA.  

Desaturation of Dihomo-~/-linolenic Acid 

Rat  liver has  been  the  mos t  widely used 
tissue for  s tudy ing  the  me tabo l i c  in te rconver -  
sions of  long chain  unsa tu r a t ed  fa t ty  acids. We 
u n d e r t o o k  a compara t ive  s tudy  of  the  abil i ty of  
liver f rom di f fe rent  species to me tabo l i ze  DHLA 
to AA and found  t h a t  the  rat  (and  to a lesser 
e x t e n t  the  mouse )  was unusua l  in having large 
a m o u n t s  of  the  AS-desaturase e n z y m e  system. 
Li t t le  act ivi ty  could be de tec ted  in h o m o g e n -  
ates f rom rabb i t ,  guinea pig or  m a n  (Fig. 8). We 
were also able to  conf i rm the  suggest ion by  
Rivers et  al. (16)  t h a t  the  cat lacks the  abi l i ty  
to  carry ou t  this  reac t ion .  

It is possible tha t  the  low in vi t ro  AS-desat-  
urase act ivi ty  found  in r abb i t  and  guinea  pig 
l iver is a consequence  of  s u b o p t i m a l  r eac t ion  
cond i t ions .  However ,  these  resul ts  are i n  
ag reemen t  wi th  in vivo data  f rom these  species. 
Fo l lowing  admin i s t r a t i on  of  DHLA,  arachi-  
d o n a t e  levels in r abb i t  p lasma were vi r tual ly  
u n c h a n g e d ,  and  only  a slight increase was seen 
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FIG. 8. Radiochromatograms of tbe esterified 
products of incubation of [14C]DHLA with liver 
homogenates illustrating desaturation of DHLA to 
AA. Experimental details were essentially as described 
by Marcel et al. (20). 

in guinea pig plasma.  In a s tudy  by  Oelz et al. 
(14) ,  who  admin i s t e red  m u c h  larger a m o u n t s  of  
DHLA (as the  e thy l  es ter)  to r abb i t s  (1 
g /kg /day  for  25 days),  a r ach idona te  levels in 
p lasma were s o m e w h a t  elevated (5.8% vs. 10%), 
b u t  levels in plate le ts  were decreased as also 
shown  in Figure 9 for guinea  pig platelets .  

This  differs  f rom the s i tua t ion  in rats  where  
the  increase in p lasma DHLA is a ccom pan i ed  
by  a m a r k e d  rise in a rach idona te .  However ,  
even at the  relat ively h igh doses (1.3-1.5 
g /kg /day)  used in D anon ' s  s tudies ,  th is  increase 
in a rach idona te  did no t  occur  in p la te le t  
phospho l ip id s  (15) .  

Tu rn ing  to the  s i tua t ion  in man ,  Schoene  
and  l acono  (17)  have r epo r t ed  t ha t  lyzed,  i.e., 
b r o k e n  pla te le ts ,  are able to me tabo l i ze  [ 1 4 C ] -  
l inoleic acid to a rach idona te .  This  would  
suggest tha t  p la te le ts  possess an active AS-desa- 
turase e n z y m e  sys tem which  me tabo l i zes  
DHLA to AA. However ,  o the r  s tudies  by  Bills 
et  al. (18)  showed  tha t  labeled l inoleic acid was 
i n c o r p o r a t e d  in to  i n t ac t  p la te le ts  bu t  no t  
appa ren t ly  me tabo l i zed  to [14C] a rach idona te .  
We also have shown tha t  i n t ac t  p la te le ts  incor-  
pora te  [ 14C] -DHLA in good yield in to  p h o s p h o -  
l ipids bu t  do no t  generate  [ 14C] AA even af te r  
p ro longed  i n c u b a t i o n  (2-3 br). 

I t  seems, the re fo re ,  t ha t  the  level of  AS-de- 
saturase act ivi ty is very m u c h  lower  in man  
than  in rats,  bu t  the  h igh a rach idona te  c o n t e n t  
of  normal  p la te le ts  in ne i t he r  species appears  
to  be a consequence  of  p la te le t  DHLA m e t abo -  
lism. This is in ag reement  wi th  resul ts  f rom 
mul t ip le -dos ing  vo lun t ee r  studies.  Data  shown  
in Table  III were ob t a ined  fo l lowing the  admin-  
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FIG. 9. Modification of the composition of rabbit 
plasma (a), guinea pig platelets (b), and rat plasma (c). 
DHLEthyl ester (100 mg/kg/day) was orally adminis- 
tered for 4-8 days to male New Zealand white rabbits 
(n=10) and male guinea pigs (n=12). DHLA was given 
to rats (n=7) for 8 days at 400 mg/kg/day. Control 
animals, rabbits (n=9), guinea pigs (n=12) and rats 
(n=6),received standard laboratory diets only. Histo- 
grams show fatty acids of control (open) and treated 
animals (shaded area). 

i s t ra t ion  of  at  least  1 g D H L A / d a y .  A l t h o u g h  
signif icant  increases occur red  in the  p la te le t  
c o n t e n t  of  DHLA and in the  p lasma c o n t e n t  of  
AA,  in no  case was a s ignif icant  increase in 
the AA c o n t e n t  of  p la te le t  l ipids apparen t .  

Conversion o f  O r a l l y  A d m i n i s t e r e d  D H L A  t o  

Prostaglandins and Ef fects  on Platelet  Funct ion 

One of  the key object ives  of  our  s tudies  was 
to de t e rmine  w h e t h e r  this  increase in p la te le t  
D H L A  redi rec ts  p ros tag land in  synthes is  in vivo 
towards  the  an t iaggregatory  m o n o e n o i c  series. 
The effects  on  p ros tag land in  synthes is  of  
admin i s te r ing  DHLA at 1 g and  2 g daily over  a 
28-day per iod  to an adul t  male  vo lun tee r  are 
shown  in Figure 10. The  capaci ty  of  p la te le ts  
to  p roduce  p ros tag land ins  was assessed by  
max imal  s t imu la t ion  wi th  bov ine  t h r o m b i n .  
Base-line data  dur ing  the pre-dose  per iod  are 
also shown.  Po ten t i a l ly  a n t i t h r o m b o t i c  changes  
in p la te le t  act ivi ty occur red  dur ing  the  dosing 
per iod,  which  was a c c o m p a n i e d  by  a s ignif icant  
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TABLE III 

Increase in Arachidonate Following 
the Administration of DHLA to Man 

179 

Time 
Donor (days) 

DHLA or AA/stearic acid 

Plasma Red blood cells Platelets 

AA DHLA AA DHLA AA DHLA 

GM pre-dose (-4) 
16 days 
last dose (30) 
post-dosing (44) 

AD pre-dose (-4) 
10 days 
last dose (22) 
post-dosing (28) 

AW pre-dose 
4 days 
last dose (9) 
post-dosing (18) 

0.97 0.19 0,82 0.13 
1.11 0.55 0,79 0.23 
1.28 0.73 0.85 0.30 
0.73 0.16 0.79 0.19 

0.58 0.13 0,86 0.10 
0.80 0.48 0.86 0.18 
0.74 0.44 0,86 0.19 
0.82 0.24 0.97 0.18 

0.61 0.12 0.72 0.07 
0.64 0.28 
0.68 0.40 0,88 0.14 
0.76 0.20 

1.01 0.06 
1.01 0.16 
0.97 0.15 
0.95 0.09 

0.97 0.06 
1,02 0.12 
0.95 0.16 
1.05 0.09 

increase in the capacity of  the platelets  to 
produce  PGE 1. However,  there was also a 
marked increase in PGE 2 p roduc t ion ,  which 
was greater  than could be accounted  for by the 
increased levels o f  plasma AA. 

Malondia ldehyde (MDA) release f rom 
washed platelets was unchanged,  and this is 
significant, as MDA is an example  of  the 
nonpros t anoa te  metabol i tes  of  a rachidonate  
endoperox ides  and is a measure of  arachidonate  
metabol ism (19). Thus,  an increase in the 
format ion  of PGE2, but  no t  MDA caused by 
DHLA, suggests that  some o ther  explanat ion  
o ther  than a rapid metabol ism of  DHLA to AA 
must  be responsible.  Increases in platelet  
p roduc t ion  of PGE 2 fol lowing ingestion of  
DHLA have been observed in all but  one of  the 
donors  examined  and, in that  part icular donor ,  
effects  on platelet  funct ion  tests were no t  
observed and the synthesis  of  all prostaglandins 
was greatly reduced.  

The large increase in the capacity of  platelets  
to generate PGE2 fol lowing the adminis t ra t ion  
of  DHLA to man is difficult  to in terpre t ,  as 
there are ne i ther  cor responding  increases in AA 
levels in platelets  nor  apparent ly  a suff icient  
capacity o fp la t e l e t s  to desaturate  DHLA to AA. 
These observat ions might  be reconci led if 
e i ther  DHLA, or a DHLA metabol i te ,  selec- 
tively inhibi ted a part icular  metabol ic  pa thway  
for AA. Some prel iminary evidence for a 
concomi tan t  increase in the capaci ty of  plate- 
lets to generate  PGD 2 fol lowing DHLA admini-  
s trat ion has been ob ta ined ;  the effects  on 
t h r o m b o x a n e  synthesis  and on pros tacycl in  
synthesis  are present ly  being studied.  

PGE212oo" 
ng/ml i 1oo -  

i ooo -  

6oo -  

soo -  

, , 0o -  

20o 

o 
O .D .  

O-2 

,~ 
o . , , ,  , 2 . -  

24-  
PGs 

5 
o . i  

I i 
180 140 120 I00  I 0  60  40 20 0 20  40  bo  

DAYS 

FIG. 10. Prostaglandin products generated follow- 
ing the administration of DHLA. Prostaglandins 
produced by platelets after maximal stimulation with 
thrombin were measured as described by Denton et al. 
(21). Malondialdehyde was measured by a modifica- 
tion of published methods (Zuzel, M., personal com- 
munication). 
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The Effect of 5,8,1 1,14-Eicosatetraynoic Acid on Lipid 
Metabolism 
L.D. TOBIAS and J.G. HAMILTON, Roche Research Center, Hoffmann-La Roche, 
Nutley, New Jersey 07110 

ABSTRACT 

The purpose of this presentation is to review the current state of knowledge regarding 5,8,11,14- 
eicosatetraynoic acid (ETYA, Ro 3-1428) and its effects on lipid metabolism. Accordingly, the topics 
discussed include hypocholesterolemic and dermatological studies involving ETYA in both animals and 
man, as well as the effects of ETYA on desaturase enzymes. Metabolic studies involving ETYA are also 
noted. Primary interest is focused on the effects of ETYA on selected processes of arachidonate 
metabolism, and the effect of ETYA on inflammation, platelet aggregation and tumor growth are 
discussed, keeping in mind the relevance of arachidonate metabolism to these processes. 

CHEMICAL SYNTHESIS 

The total  synthesis of  5 ,8 , l l ,14-e icosa te -  
t raynoic acid (ETYA, Ro 3-1428) was first 
repor ted  by Osbond et al. (1,2). Alternate  
syntheses of  ETYA have also been repor ted  (3- 
(5). 

HYPOCHOLESTEROLEMIC STUDIES 

At the t ime of  the genesis of  ETYA,  the 
administrat ion o f  polyunsa tura ted  fat ty  acids 
(PUFA) was known to result in reduced serum 
cholesterol  levels, and the consensus of  opinion 
was that  the hypocholes te ro lemic  effect  of  
P U F A  should increase with the degree of  un- 
saturat ion (6). On this basis, E T Y A  appeared 
to be an ideal candidate for a hypocholes ter -  
olemic drug. 

Studies at Hof fmann-La  Roche  Inc., Nut ley,  
New Jersey (Roche,  Nut ley) ,  indicated that  
ETYA in doses of  50 and 100 mg/kg,  p.o., 
lowered serum cholesterol  in rats 19 and 36%, 
respectively (7). Shaw et al. (8) found that  
E T Y A  adminis t ra t ion to rats (5 mg/day,  i.p., 
for 16 days) resulted in a reduct ion  in serum 
cholesterol  (Table I). 

It appeared initially that  PUFA,  in general, 
reduced serum cholesterol  via increased bile 
acid excre t ion  (6). However ,  in studies con- 
ducted at Roche,  Nut ley,  no association was 
found between lowered serum cholesterol  
values and increased fecal excret ion of  choles- 
terol  metabol i t ies  in ETYA-treated rats; in fact, 
fecal excre t ion  was decreased (Schwartz  and 
Carbone,  Roche,  Nut ley,  unpubl ished data). 

Another  possible mechanism tor the hypo-  
cholesterolemic effect  of  E T Y A  involved the 
inhibi t ion of cholesterol  biosynthesis.  Invest- 
igators at Roche,  Nut ley,  (Schwartz  and Car- 
bone,  unpublished data) found ETYA in rats 
(100 to 600 mg/kg,  p.o., for I0  days) to be an 
effective inhibi tor  of  in vivo liver cholesterol  
biosynthesis  from [14C] sodium acetate (i.p.); 

this inhibi t ion was associated with a depression 
in serum cholesterol  levels (Table II). At the 
600 mg/kg dose, liver cholesterol  biosynthesis  
was reduced to a tenth  of  the cont ro l  value. 

Fur ther  studies at Roche,  Nut ley,  using rats, 
indicated that  ETYA adminis t ra t ion (400 
mg/kg,  p.o.) resulted in a decrease in serum 
cholesterol  values after 12 hrs.; liver cholesterol  
biosynthesis  was not  affected unti l  24 hrs after 
adminis t ra t ion (Table III). Thus, inhibi t ion of  
liver cholesterol  biosynthesis  by ETYA may 
play a role in the maintenance  of  reduced 
serum cholesterol  levels wi thout  contr ibut ing  
to the initial reduc t ion  (Schwartz ,  Carbone 
and Zavatsky,  Roche,  Nut ley,  unpubl ished 
data). 

It was also determined (Schwartz and 
Carbone,  Roche,  Nutley,  unpubl ished data), 
using a rat liver homogena te ,  that ETYA in- 
hibited the in vitro conversion o f  ~4C-acetate 
to cholesterol .  The lack of  inhibi t ion noted  
when 14C-mevalonic acid was used as the 
precursor  suggested that  ETYA was inhibit ing 
cholesterol  synthesis at some state be tween  
acetate and mevalonate  (9). 

Sullivan, Triscari, and Hami l ton  (Roche,  
Nutley,. unpubl ished data) studied the effect  
of  E T Y A  or arachidonic acid on lipogenesis 
in isolated rat hepa tocytes  (Table IV). Both 
E T Y A  and arachidonate  inhibi ted fat ty acid 
synthesis, cholesterol  synthesis, and CO 2 pro- 
duct ion  in this system. 

In contrast  to these results, Abraham et al. 
(I 1) found that  liver slices f rom mice fasted for 
one day and refed a 15% corn oil diet for three 
days exhibi ted  a two-fold s t imulat ion in fa t ty  
acid and cholesterol  synthesis when ETYA 
(0.033%) was included in the diet. Lipogenic 
capacity in these studies was determined using 
e i ther  [1-14C] acetate  or  [ 3 H ] H 2 0 .  ETYA 
adminis t ra t ion was found to part ial ly overcome 
the ability of  l inoleate  adminis t ra t ion to de- 
crease fat ty acid synthesis. Using livers from 
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TABLE I 

Effect of ETYA Adminis t ra t ion on Serum Cholesterol a 

Cholesterol (mg %) % change due 
Group Control ETYA to t rea tment  p 

I, II, III 

ETYA for 16 days 78.5 -+ 4.2 (8)b 55.4 -+ 3.8 (7) -29.4% 0.01-0.001 
IV Fasted for 48 hr 

ETYA for 33 days 42.4 -+ 1.4 (8) 33.9 + 1.5 (11) -20.0% 0.01-0.001 

aReproduced from Shaw et al. (8) with the permission of Raven Press. 
bFigures in Parentheses indicate number of animals within each group. 

TABLE II 

Depression of Serum Cholesterol and Inhibit ion of  in vivo 
Cholesterol Biosynthesis in Rats by ETYA 
(Schwartz and Carbone, unpublished data) 

Dose % serum cholesterol % inhibit ion o l i n  vivo 
(mg/kg p.o.) depression 10th day a l ivercholes te ro lb iosynthes i s  b 

50 18 42 
tO0 22 44 
200 10 55 
600 37 90 

aThese data were taken from a separate exper iment  (Randall  and Zavatsky, Roche, Nuttey,  un- 
published data). 

bRats were administered I t -14CIsodium acetate, i.p.; four rat livers for each ETYA dosage were 
pooled and the cholesterol extracted into acetone/ethanol  (1:1). Cholesterol was precipitated as the 
digitonide, dissociated from digitonin by pyridine, extracted into ether, cystallized as the dibromide 
and converted by means of zinc-acetic acid back to cholesterol which was washed and crystallized 
from methanol.  

TABLE III 

Lowering of Rat Serum Cholesterol and Inhibit ion of Liver 
Cholesterol Synthesis by ETYA 400 mg/kg p.o. 

(Schwartz, Carbone and Zaratsky, unpublished data) 

Liver cholesterol 
Interval between dosing Serum cholesterol % inhibit ion 

and sacrifice (hr) % lowering of in vivo synthesis 

4 "7a (0"2)b -42 (0.3) 
12 17 (0.0I)  -20 (0.4) 
12 30 (0.001) -41 (0.2) 
24 31 (0.001) 58 (0.02) 

aNegative values were obtained when t rea tment  resulted in an elevation of  serum cholesterol or a 
st imulation of cholesterol synthesis  rather  thanan inhibit ion.  

bp values in parentheses were determined using the s tudent  T test, based on the rag% of chol- 
esterol, and liver cholesterol, respectively. 

mice which were fasted for one day and refed 
a fat-free diet for three days, the inclusion of  
ETYA in the diet had no effect on either fatty 
acid or cholesterol biosynthesis. Although the 
dosage used in these studies represents a several- 
fold reduction from that used in rats by 
Schwartz and Carbone (unpublished data), the 
stimulation of hepatic lipogenesis in mice did 
persist for as long as four weeks at the lower 
dose. 

Shaw et al. (8) studied isolated fat cells 
prepared from rats to which ETYA was admin- 
istered (5 mg/day, i.p., for 16 or 33 days) and 
found a highly significant (p < 0.001) increase 
in the basal cyclic AMP (cAMP) levels as com- 
pared to untreated controls. Addition of 
epinephrine in the presence of caffeine pro- 
duced a four- to five-fold increase in cAMP 
levels in cells prepared from the untreated 
controls; it produced no further increase above 
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the augmented basal values found in the E T Y A  
treated rats. E T Y A  was found  to have no 
effect  in vitro on basal cAMP levels. 

Using fat cells isolated from rat ep id idymal  
tissue, Dalton and Hope  (12)  found  that neither 
E T Y A  nor indomethac in ,  a k n o w n  prosta- 
glandin (PG) synthetase inhibitor (13) ,  added in 
vitro, had an effect  on either basal or norepine-  
phrine st imulated release o f  free fatty acids or 
glycerol.  Dalton and Hope were unable to con- 
firm the results of  Illiano and Cuatrecasas (14)  
who  found that indomethac in  w h e n  added to 
an isolated rat fat cell preparation enhanced the 
norepinephrine or adrenocorticotropic hor- 
mone-st imulated release o f  glycerol.  

In brief, it is conceivable that E T Y A  admin-  
istered in vivo,  by raising cAMP levels, possibly 
due to inhibit ion of  PG biosynthesis ,  could 
attenuate the l ipolyt ic  response o f  fat cells 
to various hormones  as suggested previously 
(15 ,16) .  The possibi l i ty also exists, however,  
that E T Y A  may be directly affecting the adenyl  
cyclase, the phosphodiesterase,  or some other 
process, to produce an increase in cAMP in the 
fat cell (8).  

Based on the encouraging results obtained 
with the animal studies, ETYA was evaluated 
at Roche ,  Nut ley ,  as a hypocholes tero lemic  
agent in man.  The administrat ion of  ETYA to 
nineteen subjects was associated wi th  a modest  
reduction in the serum cholesterol  levels (Fig. 
1A) which,  however,  was not  dose related (Fig. 
1B) (7).  In a study involving 32 subjects for up 
to 48 weeks,  Bender conf irmed the cholesterol- 
lowering properties o f  ETYA,  although a sig- 
nif icant incidence o f  minor  gastrointestinal and 
dermatological  side effects  was noted (7).  

No accumulat ion of  desmosterol  could be 
demonstrated in the serum of  h u m a n  subjects 
treated with  ETYA,  or in the serum and livers 
o f  rats treated with  E T Y A  (Schwartz ,  Carbone 
and Zavatsky,  unpubl ished data)�9 Clinical 
studies involving the use of  ETYA as a hypo-  
cholesterolemic  agent were discont inued when  
the c o m p o u n d  was judged to exhibit  inade- 
quate activity at high dosage levels (2 g/day 
for as long as 48 weeks)�9 

D E R M A T O L O G I C A L  STUDIES 

Although ETYA was found to be unsuitable 
as a hypocholes tero lemic  agent, it was tolerated 
well  cl inically.  Dry skin was noted as one of  the 
side effects  o f  oral ETYA administration,  and, 
accordingly,  E T Y A  was evaluated at Roche ,  
Nut ley ,  as a sebum-lowering agent. 

Oral administration of  ETYA was found to 
produce a decrease in sebum product ion in all 
16 male subjects studied,  with  an average re- 

L I P I D S ,  V O L .  1 4 ,  N O .  2 



184 L.D. TOBIAS AND J.G. HAMILTON 

12C 

I 0 0  

e o  g 
s 0  

W E E K S  

2 A 6 8 I 0  12 14 16  l e  2 0  2 Z  2 4  2 6  2 8  3 0  3 2  
1 i i J i i i 1 i [ i i i [ J i 

A. 

N E W A R K  B E T H  I S R A E L  
t C O S P :  A V  o f  7 P T S  

M G  / O ~ Y  
,9r Z o o  30o  - o 0  3 0 0  Sco ~'~0 ~0o0 ~ ~ P R E S .  H O S P  : A V  o f  

r �9 B ' '  ' , ' , "  , , , I 2 P T S  

FIG. 1. The effect of ETYA on serum cholesterol levels of human subjects (reproduced from the Journal 
of Newark City Hospital (7) with the permission of the authors): (a) average serum cholesterol values in 19 
subjects treated with ETYA, percent of control; (b) the average cholesterol values in these same subjects during 
treatment with doses ranging from 100 to 1000 mg/day, percent of control. The heavy lines represent seven sub- 
jects treated in the Heart Clinic at the Newark Beth Israel Hospital and the lighter lines represent twelve subjects 
treated in the Newark Presbyterian Hospital. It can be seen that the administration of ETYA was associated 
with a modest overall reduction in the serum cholesterol levels (A), which was not dose related (B). 

duc t i on  in sebum p r o d u c t i o n  of  42% (p < .001) 
(9).  F u r t h e r  s tudies ,  in c o n n e c t i o n  wi th  Roche ,  
Nut ley ,  ind ica ted  tha t  ETYA actual ly  reduced  
the  size of  the  sebaceous  glands (Fig.  2) 
(Strauss,  unpub l i shed  data) .  

A h e m  and Downing  (17)  pos tu l a t ed  t h a t  the  
an t i - sebum act ivi ty  of  ETYA may  be due to 
reduced  adrenal  s teroid  p r o d u c t i o n .  Recen t  
s tudies  by  Laychock  and  R u b i n  (18 ,19) ,  us ing 
cat ad renocor t i ca l  cells, d e m o n s t r a t e d  t ha t  
ETYA exh ib i t ed  a dose -dependen t  i n h i b i t i o n  of  
a d r e n o c o r t i c o t r o p i c  h o r m o n e  (ACTH)- induced  
s teroid release,  bu t  had  l i t t le  ef fec t  on  PGE 2- 
i nduced  s teroid  release. At  the  highest  con-  
c e n t r a t i o n  tes ted  (30  /aM), the  s i tua t ion  was 
reversed;  ETYA had  no  ef fec t  on  ACTH- 
induced  s teroid release,  bu t  i nh ib i t ed  PGE 2- 
induced  s teroid  release. 

F u r t h e r  tests  involving an  oral  dosage form 
of  ETYA were d i scon t inued  in favor  of  a 
topica l  fo rm w h e n  it was f o u n d  t ha t  E T Y A  was 
e m b r y o t o x i c  in r abb i t s  (Banz inger  and  Woo,  
Roche ,  Nut ley ,  u n p u b l i s h e d  data) .  Topica l  
app l ica t ions  of  ETYA (2% e thy l ene  glycol in 
e thano l )  were s h o w n  to have no  effect  o n  
sebum excre t ion  in subjec ts  wi th  acne (20 ,21) ;  
however ,  a slight bu t  def in i te  decrease in sebum 
excre t ion  rate was shown  to be p r o d u c e d  by  
2% E T Y A  in e thano l  in the  absence  of  pro- 
py lene  glycol (20) .  

Evidence wh ich  suggests t h a t  the  sebum- 
lowering act iv i ty  of  E T Y A  m ay  be due to a 
direct  ef fec t  on  the  l ip id-synthes iz ing  com- 
p o n e n t s  o f  skin has  been  provided  by  Sum- 

mer ly  et al. (22) .  E T Y A  was shown  to reduce  
in vi t ro the  to ta l  i n c o r p o r a t i o n  of  14C_acetat e 
in to  the  var ious lipid classes in rat  do r sum skin. 
This  occur red  wi th  a pe rcen tage  r educ t ion  in 
the  a m o u n t  i n c o r p o r a t e d  in to  the  wax 
es te r / s te ro l  ester  f r ac t ion  wi th  a co r re spond ing  
percen tage  increase in the  a m o u n t  i nco rpo ra t ed  
in to  the  free f a t ty  acid f rac t ion .  A l though  
E T Y A  was found  to have no  ef fec t  on  the  in- 
c o r p o r a t i o n  of  14C-aceta te  in to  the  var ious 
lipid classes f rom h u m a n  sebaceous  glands and 
ra t  tail ,  t he  au tho r s  pos tu l a t ed  t h a t  the  lack of  
ef fec t  may  have been  due to the  ins tab i l i ty  of  
the  dosage fo rm used.  

F u r t h e r  clinical s tudies  wi th  E T Y A  were 
d i scon t inued  when  it was d e t e r m i n e d  tha t  t he  
top ica l  f o rmu la t i on  had  no  s ignif icant  ef fec t  
on  sebum p r o d u c t i o n  in man.  

E f f e c t s  o n  D e s a t u r a s e  E n z y m e s  

It has  been  d e m o n s t r a t e d  t h a t  po lyeno ic  
acids in te r fere  wi th  each  o t h e r  in desa tu ra t i on  
reac t ions  (23).  

Coniglio et al. (24)  admin i s t e r ed  oral ly 
e i ther  ETYA or a r ach idona t e  to  ra ts  m a i n t a i n e d  
o n  a fat-free diet  and t h e n  d e t e r m i n e d  the  fa t ty  
acid compos i t i on  of  the  to ta l  l ipids f rom the  
liver, hear t ,  k idney ,  test is ,  b ra in  and  adrenals .  
E T Y A  admin i s t r a t i on  resul ted in a decrease 
in the  a m o u n t  of  a r ach idona te ,  22:4co6 and  
22:5c06 (as percen t  of  to t a l  f a t t y  acids),  in all 
of  the  organs s tudied  excep t  the  adrenals ,  w i th  
the  mos t  s ignif icant  changes  occurr ing  in the  
liver. The  au thors  suggest t ha t  E T Y A  may  be 
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interfering with the conversion of linoleate to 
arachidonate and the subsequent conversion of 
arachidonate to 22-carbon polyenes. 

Rao and Abraham (25) studied mammary 
tumor-bearing mice, maintained on a 15% corn 
oil diet, in the presence or absence of ETYA. 
Their data suggest that ETYA interferes with 
the desturation of linoleate to arachidonate. 
These results have also been confirmed in 
normal mice fed a high linoleate diet (11). 

Wood and Chumbler (26) studied normal 
and hepatoma-bearing rats maintained on a fat- 
free diet supplemented with 0.5% safflower oil 
(basic). The inclusion of ETYA (0.5%) in the 
diet, for four weeks after tumor transplant, 
resulted in an increase in oleic acid in all lipid 
classes of hepatoma, and also in normal and 
host liver phosphatidylcholine (PC) and phos- 
phatidylethanolamine (PE). In addition, the 
percentage of  arachidonic acid decreased in 
normal and host liver PC, but not in PE. 
Normal liver, host liver, and hepatoma of 
ETYA-fed animals contained reduced amounts 
of  triglycerides, relative to animals fed the basic 
diet. The animals fed the ETYA diet exhibited 
a decrease in carbon number 50 and a marked 
increase in carbon number 52 for plasma and 
liver triglycerides. Thus, ETYA administra- 
tion appeared in this study to affect both the 
desaturation of fatty acids, and triglyceride 
levels, in rat liver and to a lesser degree in rat 
hepatoma. 

Rao et al. (27) studied the effect of  ETYA 
administration on male Sprague-Dawley rats 
which were maintained for 8 weeks on either 
a corn oil diet or a hydrogenated coconut oil 
(HCNO) diet. The inclusion of ETYA in the 
HCNO diet reduced the levels of  12:0 and 14:0 
in the total fatty acids of liver and plasma. A 
decrease in the ratios of  16:1/16:0, 18:1/18:0 
and 20:4/18:2 were noted when ETYA was 
included in either diet. They concluded that 
dietary ETYA can influence the hepatic met- 
abolism of medium chain fatty acids and that 
it may inhibit the desaturase enzyme involved 
in the synthesis of  monoenoic as well as poly- 
enoic acids. 

M E T A B O L I S M  OF E T Y A  

Following intravenous administration in the 
rat, [ 5,6 -14C ] ETYA was rapidly removed from 
the blood with a half life of less than 1 min. 
The majority of the administered radioactivity 
was found to be associated with the liver (38% 
after 15 min); in the bile duct cannulated rat, 
91% of the administered radioactivity was 
found in the bile after 24 hr (28). 

In the bile duct cannulated rat, four 
metabolites, but not ETYA, were excreted into 

the bile. These were equally distributed be- 
tween phosphatidylethanolamine and phospha- 
tidylcholine with little of  the activity associated 
with the free fatty acid fraction. Three of the 
metabolites were assigned structures: octadeca- 
3,6,9,12-tetraynoic acid, octadeca-3,6,9,12- 
tetrayn-1,18-dioic acid and hexadeca-3,6,9,12- 
tetrayn-l,16-dioic acid, indicating that met- 
abolism occurs via both the /3 and co oxidative 
pathways (29). 

Extensive enterohepatic recirculation of 
metabolites was evident. During a period of 
5 days following intraperitoneal administration 
(using [5 ,6A4C]ETYA),  62% of the admin- 
istered radioactivity was recovered in feces, 
12.6% in urine and 2.8% was respired as 14CO2 
(28). Five days after intravenous injection, the 
activity remaining in the body was associated 
mainly with skeletal muscle (7.7%), skin (4.3%) 
and fat (3.8%) (30). 

Effects of E T Y A  on the 
Metabolism of Arachidonate 

The mammalian metabolic pathway for 
arachidonic acid is summarized in Figure 3. 
Because of the structural similarities between 
arachidonate and ETYA, it would be expected 
a priori that ETYA would have an effect on one 
or several aspects of arachidonate metabolism, 
and, indeed, this has been shown to be the case. 
Topics of interest, in this regard, include: (a.) 
the inhibition of  lipoxygenase and cyclooxy- 
genase enzymes by ETYA; (b.) the mechanism 
of inhibition; (c.) time-dependent and time- 
independent inhibition; and (d) the effect of  
ETYA on prostacyclin and thromboxane syn- 
thetase. 

Lipoxygenase and Cyclooxygenase Enzymes. 
Polyunsaturated fatty acids can be metabolized 
in plants via lipoxygenase enzymes to their 
respective hydroxy fatty acids. Soybean lip- 
oxygenase, the most intensely studied plant 
lipoxygenase, has been found to have certain 
features common to both the mammalian lip- 
oxygenase, and cyclooxygenase enzymes. 

The gorgonian coral, Plexaura homomalla, 
has been found to be a rich source of  prosta- 
glandin A2 (PGA2) and its acetoxy methyl 
ester (31). Apparently the biosynthetic 
machinery in P. homomalla does not involve a 
typical cyclooxygenase enzyme, in that PGG2, 
PGH 2 and PGE 2 are not formed (32). ETYA 
and a known cyclooxygenase inhibitor, indo- 
methacin, have no effect on the PGA 2 syn- 
thetase enzyme from P. homomalla (33). 

ETYA was found to be a competitive 
inhibitor of soybean lipoxygenase by Blain and 
Shearer (34), and was later reported by 
Downing et al. (35) to be an irreversible 
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FIG. 2. Photomicrographs of  skin biopsies taken from human  volunteers before (top) and after (bot tom) 
ETYA administrat ion,  illustrating the reduction in sebaceous gland size after ETYA treatment .  (Published with 
the permission of  J.S. Strauss), 
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FIG. 3. Mammalian axachidonate metabolic pathways. 

inhibitor of  the same enzyme. Hamberg and 
Samuelsson (36) found that ETYA was a 
potent inhibitor of 12-1-hydroxy-5,8,10,14- 
eicosatetraenoic acid (12-HETE) formation by 
human platelets. The compound, however, was 
reported to have no effect on 5-1-hydroxy- 
6,8,11,14-eicosatetraenoic acid (5-HETE) form- 
ation by the lipoxygenase found in rabbit poly- 
morphonuclear leukocytes (PMN's) (37). ETYA 
has also been reported to inhibit 12-HETE 
formation but not 5 - H E T E  formation when 
arachidonate was incubated with human 
neutrophils which had been stimulated by 
phagocytosis, sodium fluoride, or the calcium 
ionophore A23187 (38). The various plant and 
mammalian lipoxygenase pathways are sum- 

marized in Figure 4 using arachidonic acid and 
8,11,14-eicosatrienoic acid as substrates. Con- 
version to the respective hydroxy fatty acids is 
presumed to occur via glutathione peroxidase. 

ETYA has been reported to inhibit the 
hydroxylation of  linoleic and linolenic acid by 
acetone powders of sheep seminal vesicular 
glands (17), and to inhibit the conversion of 
arachidonic acid to PGE 2 (17 ,35)and  adrenic 
acid to dihomo-PGE2 (39) by this same pre- 
paration. Inhibitory potencies for ETYA 
against PG-generating systems from several 
sources are given in Table V, Thus, the cyclo- 
oxygenase enzyme system, as described here 
for sheep seminal vesicular gland microsomes, 
can be seen as possessing features common to 
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lipoxygenase enzymes, with, interestingly, both 
the lipoxygenase and cyclooxygenase activities 
inhibited by ETYA. It is of interest to note that 
recently one of the isoenzymes of soybean 
lipoxygenase, lipoxygenase-2, after incubation 
with arachidonic acid and subsequent reduction 
with dithionite, gave rise to PGF2c~, lending 
further credence to the similarity of the plant 
lipoxygenase and mammalian cycloxoygenase 
enzymes (46). 

ginoleic and linolenic acid were found to be 
inhibitors of the mammalian cyclooxygenase 
enzyme, but in their hydroxylated forms did 
not function as inhibitors (17). Studies which 
involved the incubation of labelled ETYA with 
the enzyme indicated that ETYA was recovered 
unchanged from the incubation medium 
(17). 

In summary, ETYA was found to inhibit 
mammalian cyclooxygenase and several plant 
and mammalian lipoxygenase systems, does not 
appear to be chemically modified as a result of 
its inhibition, and may maintain the inhibitory 
potency of endogenous unsaturated fatty acids 
by preventing their conversion to their inactive 
hydroxy fatty acid analogues. 

Mechanism o f  Action. It was Downing et 

al. (35) who described a mechanism for ETYA 
which involved conversion to a reactive allene, 
which then would react irreversibly with a his- 
tidine moiety of the cyclooxygenase or soybean 
lipoxygenase enzymes. Formation of such an 
allene was envisioned as proceeding via enzymic 
abstraction of the 0) 8 hydrogen from ETYA. 
Removal of the 008 hydrogen from the appro- 
priate substrate is the requisite initial step for 
PG biosynthesis (47) and/or hydroxy fatty 
acid formation using sheep seminal vesicular 
gland preparations, (48-51) and also for hydro- 
peroxide formation via soybean lipoxygenase 
(52). 

Hammarstrom (45) has determined that 
ETYA has an ICs0 of 4 /aM for the lipoxy- 
genase and 8 /aM for the cyclooxygenase, both 
prepared from human platelets. In contrast, 
the triynoic analogue of ETYA, 5,8,11-eico- 
satriynoic acid, selectively inhibited platelet 
lipoxygenase (ICs0 = 24 /aM) in comparison to 
the cyclooxygenase(ICs0 = 340 /aM) (42). 
Studies in our laboratory have indicated that 
another triynoic analogue of ETYA, 8,11,14- 
eicosatriynoic acid, inhibits both arachidonic 
acid-dependent oxygen uptake by sheep 
seminal vesicular gland microsomes, and 
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TABLE V 

Inhibition of Prostaglandin Synthetase from Various Sources by ETYA a 
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Concentration Inhibition 
Aspect measured (micromolar) (%) Reference 

E 2 synthesis by a sheep seminal 
vesicular gland preparation 
E 1 synthesis by a bovine seminal 
vesicular gland preparation 
E 2 synthesis by frozen powders 
of guinea pig ileum 
PG release from isolated perfused 
rabbit heart in response to nerve 
stimulation 
PG synthesis by human platelet 
cyclooxygenase 

4.0 75 17,35 

6.6 50 41,42 

5.0 50 43 

1.0-5.0 100 44 

8.0 50 45 

aSome data were taken from flower. (40). 

hydroxy fatty acid formation from arachidon- 
ate by the 10,000 g supernatantparticulate 
fraction prepared from human platelets. All 
diynoic fatty acids tested were inactive against 
platelet lipoxygenase (Tobias, Hamilton and 
Paulsrud, unpublished data). 

Time-Dependent and Time-Independent 
Inhibition of  Cyclooxygenase by ETYA. 
Vanderhoek and Lands (53) have shown using 
the cyclooxygenase enzyme that ETYA and 
other alkynoic inhibitors exhibit two types of 
inhibition: the instantaneous, concentration- 
dependent inhibition described previously 
(17,35), and a time-dependent inhibition of  
the enzyme. The latter appears to be related 
to the phenomena of self-catalyzed destruction 
reported for soybean lipoxygenase (54) and 
cyclooxygenase (55) by fatty acid substrates. 

In agreement with the results of  Downing 
et al. (35), Vanderhoek and Lands (53) did not 
observe any significant oxygen consumption 
when ETYA was incubated with the cyclo- 
oxygenase. They also found that both oxygen 
and hydroperoxide were required for time- 
dependent inhibition to occur with ETYA. 
Time-dependent inhibition of  the enzyme was 
prevented by performing the incubation under 
anaerobic conditions, or by the inclusion of  
glutathione (GSH) peroxidase in the aerobic 
incubate. Upon oxygenating the solution and 
adding substrate, or, in the latter case, after 
the destruction of  GSH peroxidase with N-ethyl 
maleimide, the cyclooxygenase activity was 
restored to a level which reflected only instan- 
taneous, concentration-dependent inhibition by 
ETYA. 

Smith and Lands (55) found that when a 
dried preparation of vesicular gland microsomes 
was homogenized in buffer and incubated with 
arachidonic acid, a low level of cyclooxygenasc 
activity was discernible. The addition of  GSH 
and GSH peroxidase to the homogenate 

resulted in an increase with time in the activity 
of this enzyme form. Further additions of  GSH 
and GSH peroxidase did not appreciably 
diminish enzyme activity. 

In contrast, when phenol alone is added to 
the vesicular gland homogenate, there is a pro- 
portionally larger increase in cyclooxygenase 
activity than that seen for the homogenate in 
the presence of GSH and GSH peroxidase. Also, 
the subsequent addition of GSH and GSH 
peroxidase results in inhibition of  the phenol- 
activated cyclooxygenase activity. Thus, there 
appear to be two forms of cyclooxygenase 
enzyme, a basal form, (Eb), which is stimulated 
by GSH and GSH peroxidase, and a latent 
form, (Ea), which must be activated by phenol, 
and which is inhibited by GSH and GSH per- 
oxidase. 

The two enzymatic forms are remarkably 
similar with regard to the product spectrum one 
obtains, and most studies to date have been 
done with the E a system, primarily because of  
its greater overall activity. 

A time-dependent destruction of  both E a 
and E b by ETYA has been noted; for Ea, 
however, this can be prevented by all agents 
used to block reversibly the normal oxygena- 
tion of  substrate. In contrast, for the E b form, 
addition of GSH and GSH peroxidase pre- 
vented neither oxygenation of  the substrate, 
nor time-dependent destruction of  Eb by 
ETYA. The effect of ETYA and other ace- 
tylenic fatty acids on Ea and E b have been 
reviewed by Lands et a1.(56). 

Thromboxane and Prostacyclin Synthetase. 
ETYA has been reported to be a weak inhibitor 
of thromboxane synthesis with an 1C s0 of ca. 
100 ~M (57). Results from our laboratory 
(Tobias and Hamilton, unpublished data), 
summarized in Table VI, indicate that ETYA, 
arachidonic acid, dihomo-7-1inolenic acid and 
linoleic acid at 1 mM are weak inhibitors of 
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TABLE VI 

The Effect of Selected Fatty Acids, and Imidazole on the Thromboxane 
Synthetase from Guinea Pig Lung Microsomes and Prostacyclin 

Syntbetase from Bovine Aortic Microsomes 

% Inhibit ion % Inhibi t ion 
Compound ( I m m )  Thromboxane synthetase a Prostacyclin synthetase 

Imidazole 52.7, 60.6 0, 8.6 
ETYA 58.5, 60.5 31.6, 4.3 
Arachidonic acid 59.9, 56.3 23.0, 28.7 
Dihomo-gama-linolenic acid 21.3, 38.1 33.0, 37.4 
Linoleic acid 36 .7 .42 .6  15.8, 35.9 
Stearic acid -1.4 b, -4.2 5.7, 0 

aFormation of [1-14CJradiolaheled products from PGH 2 was monitored by ITLC in isooctane-methyl 
ethyl ketone-acet ic  acid (100:19:1)  (58). 

bMinus values indicate s t imulat ion of the enzyme. 

thromboxane formation, using PGH 2 incubated 
with guinea pig lung microsomes; stearic acid 
was inactive. Imidazole has inhibitory efficacy 
comparable to ETYA in this system. 

Imidazole was found to have, however, no 
effect on formation of  6-keto P G F I a  when 
PGH 2 was incubated with bovine aortic micro- 
somes. In this system ETYA, dihomo-74in- 
olenic acid and oleic acid, all at 1 mM, were 
weakly active in suppressing 6-keto PGF10 l 
formation. Stearic acid was neither an inhibitor 
of TXA 2 synthetase, nor of prostacyclin 
synthetase when tested at lmM. PGE1, PGE 2 
and PGF20 ~ were all found to be very weak 
inhibitors of TXA 2 synthetase. The results 
indicate that ETYA, and unsaturated free fatty 
acids in general~ inhibit prostacyclin and throm- 
boxane synthetase, but at levels which are 
probably too high to have any physiological 
significance. 

The Effect of E T Y A  on Selected 
Physiological Processes 

ETYA, either through modification of 
arachidonate metabolism or other lipid 
metabolic pathways, can affect various physio- 
logical processes and pathophysiological states, 
including (a.) inflammation, (b.) platelet 
aggregation and (c.) tumor growth. 

Inflammation. ETYA administered to rats 
(100 to 300 mg/kg, i.p.) has been reported by 
Willis (59) to have antipyretic and anti-inflam- 
matory properties. ETYA was found to reduce 
both the carrageenan reaction and prosta- 
glandin content of rat paw, but at doses which 
were much higher than those which are effec- 
tive in vitro against PG biosynthesis. 

Smith et al. (60) have verified these results 
and found that ETYA administration ( I00 mg, 
i.p.) 45 min before subplantar injection of car- 
rageenan afforded the most effective inhibition 
of the carrageenan-induced rat paw oedema. 
ETYA was also found to block the potentiating 

effect of arachidonic acid on the oedema. 
ETYA administered simultaneously into rat 

foot pads along with carrageenan has been 
reported to be effective in reducing the result- 
ant paw oedema (61). The oedema reduction 
by ETYA noted for essential fatty acid-deficient 
rats was less than that expected for normal rats. 

Recently, ETYA, but not aspirin or indo- 
methacin, was shown to inhibit mediator 
release from isolated rat peritoneal mast cells 
induced by concanavalin A, anti-IgE antibody, 
or the calcium ionophore, A 23187 (62). In- 
terestingly, arachidonate itself was found to 
induce release from unstimulated cells, and also 
to enhance the release induced by all three 
stimulating agents. Whether 12-HETE forma- 
tion and its inhibition by ETYA has any re- 
levance to the mast cell release reaction remains 
to be determined. 

The release of  slow reacting substance (SRS) 
from rat basophilic leukemia cells (RBL-1) by 
the ionophore A23187 (5-10 /ag/ml) was 
stimulated 5-fold by arachidonate and inhibited 
78% by ETYA. Linoleic acid and linolenic acid 
both inhibited SRS formation, but indometh- 
acin had no effect. The evidence presented sup- 
ports the contention that SRS is a metabolite 
of arachidonate, probably derived via a lipoxy- 
genase pathway (63). 

Valone and Goetzl, using a modified Boyden 
microfilter assay (64), have shown that antigen 
challenge of the rat peritoneal cavity, after 
passive preparation with lgGa-rich hyperim- 
mune antiserum, releases lipids that are chemot- 
actic and chemokinetic for human PMNs. Treat- 
ment of the rat peritoneal cavity with ETYA, 
prior to immunological challenge, was found 
to inhibit the re/ease of both the chemotactic 
and chemokinetic factors. Indomethacin in- 
hibited the release of only the chemotactic 
factor. Both factors were chromatographically 
distinguishable from SRS and platelet-activating 
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factor. The evidence indicated that the lipid 
factors are metabolites of arachidonate or some 
other fatty acid. 

Walker et al. (65), however, reported that 
ETYA (150 and 500 mg/kg i.p.) caused a pre- 
dictable decrease in the PG content of, but had 
no effect on the extent of leukocyte migration 
into, the exudates of inert porous sponges 
implanted subdermally in rats. 

ETYA has been reported by Kelly et al. 
(66) to inhibit the DNA synthetic response in 
human peripheral blood lymphocytes to four 
mitogens: plant lectins, A23187, antithy- 
mocyte globulin and periodate. ETYA also 
abolished basal and lectin-stimulated cAMP 
levels in this system. 

Platelet Aggregation. ETYA administered 
to rats (5 mg, i.p., for 16 days) failed to modify 
ADP-induced aggregation in their '  platelet-rich 
plasma (PRP). In addition, ETYA (1 to 2 
/Jg/ml), when added directly to the PRP of un- 
treated rats, failed to modify ADP-induced 
aggregation (8). In dog PRP, ETYA has been 
shown to inhibit in a dose-dependent fashion. 
a substance (TXA e) which aggregates human 
and rabbit platelets (67). 

When added to human PRP, ETYA was 
shown to inhibit both serotonin release and 
irreversible platelet aggregation induced by 
either ADP, epinephrine, connective tissue, or 
thrombin; this effect appeared to be related to 
ETYA's ability to inhibit both endoperoxide 
and thromboxane A2 (TXA2) formation (59). 
Similar results have been reported using plate- 
lets from diabetic patients (68). ETYA has also 
been reported to inhibit 5-hydroxytryptamine 
release in human platelets induced by either 
epinephrine or arachidonic acid (69) but not 
by thrombin (70). ETYA had no effect on ATP 
secretion induced by either thrombin or 
A23187 (71). 

The burst in oxygen consumption in human 
platelets, induced by either thrombin (70,72) 
or arachidonic acid (72), has been reported to 
be inhibited by ETYA. 

Effects on Transplantable and Chemically 
Induced Tumors. Rao and Abraham (25) found 
that the growth rate of transplantable mam- 
mary adenocarcinoma in C3H mice was 
reduced, relative to controls, when ETYA was 
included in their 15% corn oil diet. 

Because aspirin, even at high doses (0.8 mg/g 
diet), was found to have no significant effect 
on tumor growth, the authors postulated that 
ETYA was acting by a mechanism other than 
inhibition of  PG biosynthesis. ETYA was found 
to inhibit the desaturation of  linoleate to more 
highly unsaturated polyenes, and the authors 
suggested that the reduction in the availability 
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of arachidonic acid may have had a relationship 
to the retardation of tumor growth. 

The effect of indomethacin and ETYA on 
the growth rate of Morris hepatoma (strain 
No. 7777) to Buffalo rats has recently been 
studied at Roche, Nutley (Hamilton, Kuhn and 
Tratnyek, unpublished data). The tumor was 
transplanted by i.m. injection of minced 
aliquots of tumor tissue in isotonic saline into 
the rat's right hind thigh. The results are sum- 
marized in Table VII. By the 23rd day of 
dosing, two rats receiving 300 mg/kg of ETYA 
had died, and on the 25th day, the dosage was 
reduced to 150 mg/kg. On the 25th day, all 
of the rats receiving ETYA exhibited extremely 
dry, scaly skin, which in many cases was 
cracked and bleeding. The livers of the ETYA- 
treated rats were found to be significantly 
larger (p < .001) than those of the controls, 
but there was no significant difference in tumor 
size when this group was compared with the 
control group. Interestingly, the tumors in the 
rats receiving indomethacin (1 mg/kg) were 
significantly larger (p~ .001) than those of the 
controls. 

The effect of ETYA on chemical carcino- 
genesis in mouse skin has also been studied 
(73). Mice were maintained on either a diet rich 
in polyunsaturated fat (PUFA) (15% safflower 
oil), or a diet rich in saturated fat (SF) (15% 
beef tallow oil). Skin papillomas in these 
animals were produced using either /3-propio- 
lactone or dimethylbenzanthracene as the 
initiator, and phorbol myristate acetate as the 
tumor promoter. Under these conditions, the 
PUFA diet has been reported to increase the 
number of chemically induced papillomas, 
when compared to the SF diet (Machlin, Troll 
and Belman, unpublished data). The inclusion 
of ETYA (0.3 g/kg of diet for 37 days) in the 
PUFA diet was found to significantly reduce 
the number of  chemically induced papillomas. 
Similar results were obtained when ETYA was 
included in the SF diet, although a longer time 
period (44 days) was required for the results to 
become significant (73). 

SUMMARY 

In summary, ETYA has been found to be a 
very useful biochemical tool for elucidating the 
role of PGs in various biochemical processes. 
As described in this paper, however, the 
compound possesses a varied pharmacological 
profile, which may include certain activities 
unrelated to inhibition of PG biosynthesis. To 
further illustrate this point, very few com- 
pounds, besides ETYA, which inhibit the for- 
mation of  12-HETE, have been mentioned in 

the literature; this hydroxy fatty acid has 
been shown to stimulate human eosinophil 
and neutrophil (PMN) chemotaxis and random 
migration (74,75), and may play a role in 
inflammation. Because of its varied pharmaco- 
logical profile, ETYA, or one of its di- or triy- 
noic analogues, may prove to have future 
clinical utility for indications other than those 
originally proposed at Roche, Nutley. 
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of Aortic Smooth Muscle Cells 
D A V I D  G. CORNWELL,  JAMES J. HUTTNER,  GEORGE E. MILO,  R.V. P A N G A N A M A L A ,  
H.M. SHARMA, and JACKC. GEER, Departments of Physiological Chemistry and Pathology, 
The Ohio State University, Columbus, Ohio 43210 and Department of Pathology, University 
of Alabama, Birmingham, Alabama 35294 

ABSTRACT 

Smooth muscle celt cultures were obtained from the aortas of prepubertal guinea pigs. 
Cell proliferation in these cultures was inhibited by 8,11,14-eicosatrienoic acid, 5,8,11,14- 
eicosatetraenoic acid, and their prostaglandin E derivatives, PGE l and PGE 2. Prostaglan- 
din F derivatives, PGFIoe and PGF2c~, stimulated cell proliferation. Cell proliferation was 
also inhibited by 5,8,11-eicosatrienoic acid and t 1,14,17-eicosatrienoic acid. The mono- 
ene and diene precursors of the triene and tetraene acids, 9-octadecenoic acid and 9,12- 
octadecadienoic acid, did not inhibit cell proliferation, lndomethacin alone had no effect 
on cell proliferation, and indomethacin did not suppress the inhibition of cell prolifela- 
tion with a triene acid. The antioxidant O~-naphthol alone stimulated cell proliferation and 
suppressed prostaglandin E formation, o~-Naphthol in the presence of either triene or 
tetraene acids also stimulated cell proliferation and suppressed prostaglandin E formation. 
The antioxidants butylated hydroxy toluene and 6-hydroxy-2,5,7,8-tetramethylchroman- 
2-carboxylic acid either alone or in the presence of triene and tetraene acids stimulated 
cell proliferation and had no effect on prostaglandin E formation. Vitamin E either alone 
or in the presence of triene or tetraene acids stimulated cell proliferation and had no 
effect on prostaglandin E formation. More prostaglandin E was formed from 8,11,14- 
eicosatrienoic acid than from 5,8,11,14-eicosatetraenoic acid in the presence of antioxi- 
dants. Vitamin E suppressed the inhibitory effects of both PGE 2 and palmitic acid on cell 
proliferation. The cyclic nucleotide phosphodiesterase inhibitors, caffeine and papaverine, 
suppressed the stimutatory effect of vitamin E on cell proliferation and enhanced the 
inhibitory effect of a triene acid on cell proliferation. Substrate and inhibitor specificities 
are consistent with the oxidative regulation of cell proliferation through the formation of 
hydroperoxy fatty acids. We propose that hydroperoxy fatty acids may regulate both 
cyclase and cyclic nucleotide phosphodiesterase enzymes through sulfhydryl-disulfide 
interconversions. We suggest that this regulatory mechanism may help to explain the ac- 
culation of 5,8,11-eicosatrienoic acid in essential fatty acid deficiency, the effects of 
antioxidants on cell proliferation, and one of the several effects of polyunsaturated fatty 
acids in proliferative disorders such as cancer and atherosclerosis. 

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

The accumula t ion  of  cholesterol  and 
cholesteryl  esters in aortas was an early 
observat ion (1) and has been repeatedly con- 
f irmed in studies on the deve lopment  of  a thero-  
sclerosis (2-6). Studies relating morpho logy  and 
lipid compos i t ion  demons t ra te  that  there is no 
simple progression in e i ther  relative lipid 
compos i t ion  on total  lipid con ten t  f rom normal  
int ima to fa t ty  streaks to f ibrous plaques (7,8). 
However,  it is clear that  the relative amoun t  of 
chotesteryl  ester increases wi th  the appearance 
of  intracellular lipid in the fa t ty  streak lesion 
(7-9). The physical  proper t ies  and the fa t ty  acid 
compos i t ion  of  this cholesteryl  ester fract ion of  
aortic lipid may have p ro found  consequences  
on the metabol i sm of  the aort ic  smoo th  muscle 
cell. 

Cholesteryl  esters of  long chain fa t ty  acids 
are only slightly soluble in o the r  lipids (10) and 
are no t  surfactants  (11,12). Thus, an inc remen t  

in the relative and /o r  absolute cholesteryt  ester 
con ten t  of  the cell should result  in the separa- 
t ion of  cholesteryl  ester drople ts  f rom o ther  
lipids. Indeed,  anisotropic  lipid drople ts  were 
observed in int ima as early as 1902 (13), and 

drople ts  have been described in a n u mb er  of 
subsequent  studies (14,15).  These lipid drople ts  
were later found to be ahnost  pure cholesteryl  
ester (16). An extensive s tudy of  lipid phase 
behavior  has demons t r a t ed  unequivocal ly  that  
the cholesteryl  ester drople t  is characterist ic  of 
the fa t ty  streak lesion (8) where it forms a 
relatively inert  lipid pool  (8,17).  

The fa t ty  acid compos i t i on  of  choles teryl  
esters in the fa t ty  streak lesion is unique (2). 
The relative amounts  of  oleate and an eicosatri-  
enoate  are high, the relative a m o u n t  of  arachi- 
dona te  is unchanged,  and the relative amo u n t  
of l inoleate is low in fa t ty  streaks (2,8,9,18-20) 
compared  to normal  int ima (2,8,9,18-20) or 
b lood (2,21). The cholesteryl  esters of  the fa t ty  
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CHOLESTEROL CHOLESTERYL 

~ ESTERS 

9,f2-1812-~lb 8,11,14-203 ~--~5,8,1134-20~4 H~F~^DROPEROXY 
(n-6) (n-6) (n-6) i T r~TTY ACIDS 

(HPETE) 

ENDOPEROXrDES 

PROSTAGLANDINS 
(PGE,PGF) 

FIG. 1. Fatty acid metabolism in the microsome 
showing desaturation (in rectangle), cholesterol 
esterification, and oxidation through the endoperox- 
ide-prostaglandin and hydroperoxide (HPETE) path- 
ways. 

streak, particularly their eicosatrienoate con- 
tent, are very similar to cholesteryl esters of the 
adrenal and probably represent de novo synthe- 
sis and intracellular storage in both tissues (2). 
The eicosatrienoate has been identified (22) as 
the 8,11,14 isomer, 20:3 (n-6), a fatty acid 
formed during the biosynthesis of arachidonic 
acid, 20:4 (n-6), from linoleic acid, 18:2 (n-6), 
desaturation-chain elongation in the microsome 
(23). Both 20:3 (n-6) and 20:4 (n-6) are 
converted to endoperoxides by microsomal 
cyclooxygenase, and these endoperoxides are 
then converted to prostaglandin E 1 (PGEI) and 
prostaglandin E 2 (PGE2) , respectively (24,25). 
It is apparent that the fatty acid precursors of 
PGE 1 and PGE 2 accumulate in cholesteryl 
esters as the cholesteryl ester content increases 
in fatty streak lesions. 

Most cells in the intimal lesion are smooth 
muscle (26). Proliferation of smooth muscle 
cells is a consistent feature of atherosclerotic 
lesions of all types (27-32). A number of 
studies have concentrated on a mitogenic 
factor(s) released from platelets (28) or present 
in serum (29,32) as agents in the proliferation 
of smooth muscle cells. We (2,33,34) have 
proposed that cell proliferation also results 
from cholesterol esterification in the fatty 
streak lesion. Cholesterol esterification (4), 
fatty acid desaturation-chain elongation (23), 
and prostaglandin biosynthesis (24,25) are all 
microsomal reactions (Fig. 1). It seemed highly 
probable that esterification shunted the precur- 
sor fatty acids from the endoperoxide pathway 
(Fig. 1) making prostaglandins less available as 
mediators (35,36) of cell proliferation. 

Preliminary experiments in this laboratory 
showed that polyunsaturated fatty acids had 
highly specific effects on proliferation in both 
mammalian smooth muscle cell and human 

fibroblast cultures (37,38). The precursor fatty 
acids, 20:3 (n-6) and 20:4 (n-6), inhibited 
proliferation in cultures of aortic smooth 
muscle cells (37,38). Their prostaglandin 
derivatives are synthesized by the smooth 
muscle cell (39). We found that PGEt and 
PGE 2 were even more potent inhibitors of cell 
proliferation (37). New and more detailed 
experiments with specific inhibitors and other 
precursor fatty acids suggest that hydroperoxy 
trienoic and tetraenoic fatty acids (HPETE), 
synthesized in the microsome by an alternative 
lipoxygenase pathway (40,41)  (Fig. 1), were 
mediators of cell proliferation. These experi- 
ments, which may also explain both the role of 
vitamin E in cell proliferation (42) and the role 
of 5,8,11-eicosatrienoic acid in essential fatty 
acid deficiency (43), are described in the 
present investigation. 

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

Materials 
All fatty acids were purchased from Nu- 

Chek Prep (Elysian, MN) except 20:3 (n-9) 
which was kindly supplied by Dr. H. Sprecher. 
Fatty acids were monitored for the absence of 
peroxides by thin layer chromatography on 
Silica Gel G using heptane/ether/acetic acid 
(50: 50:0.8, v/v) as the developing solvent and a 
potassium iodide-starch spray. Prostaglandins 
were kindly supplied by Dr. J. Pike (The 
Upjohn Co.) and Ono Pharmaceutical Co., 
Osaka, Japan. Indomethacin was kindly sup- 
plied by Dr. F.A. Kuehl, Jr. (Merck Institute). 
d~-Tocopherol was purchased from Eastman 
Organic Chemicals (Rochester, NY). 6-hydroxy- 
2,5,7,8-tetramethylchroman-2-carboxylic acid 
(Trolox C) was kindly supplied by Dr. W.E. 
Scott (Hoffman-La Roche). Butylated hydroxy 
toluene (BHT) and a-napthol were purchased 
from Aldrich Chemical Co. (Milwaukee, WI). 
Caffeine was purchased from J.T. Baker Chemi- 
cal Co. (Phillipsburg, NJ) and papaverine was 
purchased from Sigma Chemical Co. (St. 
Louis, MO). 

Tissues Culture for Smooth Muscle Cells (SM)  

Our methodology for SM cultures is de- 
scribed elsewhere in detail (44). Growth medium 
was prepared from 1 X Eagle's minimum 
essential medium containing Hank's salts (Flow 
Labs, Rockville, MD) supplemented with 50 ;tg 
per ml gentamycin sulfate (Schering Corp, 
Newark, N J), 2 mM glutamine (GIBCO, Grand 
Island, NY), 1 X nonessential amino acids 
(Microbiological Associates, Inc., Walkersville, 
MD) and 2.2 mg/ml of sodium bicarbonate. 
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Growth medium was supplemented with 5% 
fetal bovine serum (Biofluids, Lot 829096; 
Armour-Reheis, Lot M 27003). The free fatty 
acid level, 286 /aM in both lots of fetal bovine 
serum (38), was similar to the mean free fatty 
acid level reported for commercial fetal bovine 
serum (45). Fetal bovine serum was checked for 
mycoplasma contamination (46) and for 
adequate growth-supporting properties (47). 

SM cultures were derived as primary cultures 
from the aortas of male guinea pigs as previous- 
ly described (44). SM cells from population 
doubling level two were cloned at low cell 
densities (200 cells/cm 2) in Falcon 4-well 60 x 
15 mm cluster dishes. Growth media was 
supplemented with 20% fetal bovine serum 
when cells were cloned at low cell densities. 
Seeding and plating efficiencies, defined by 
standard cell culture terminology (48), were 
measured. 

Water insoluble compounds were dissolved 
in 95% ethanol, diluted 1 to 500 with complete 
medium, and added as 0.1 ml aliquots to 4.9 ml 
of complete medium in the Falcon well. An 
ethanol blank was added to the control culture. 
The final ethanol concentration was 0.04 M. 

The proliferative potential of SM cultures 
was measured as previously described (38). 
After 7-9 days in culture, plates were fixed with 
formalin and stained with Ehrlich's glycerin 
alum hematoxylin or May-Grumwald Giemsa 
stain. Clones that contained at least 50 cells 
were counted under a dissecting microscope to 
determine the plating efficiency. All values 
were corrected to 100% seeding efficiency. The 
data are reported as plating efficiency in 
control and treatment cultures or as relative 
plating efficiency. Relative plating efficiency is 
defined as the ratio of the plating efficiency 
obtained with a specific treatment to the plat- 
ing efficiency obtained with the control in %. 

Radioimmunoassay of Prostaglandins 

The PGE concentration in the tissue culture 
medium was measured by radioimmunoassay 
(49,50) with antiserum to PGE kindly supplied 
by Dr. L. Levine and goat antibody to rabbit 
T-globulin (Clinical Assays, Inc., Cambridge, 
MA). PGE] and PGE 2 showed similar cross- 
reactivities with the antibody (37). Fatty acid 
precursors gave false-positive PGE values of 1030 
pg/ml and 125 pg/ml when 160/am 20:3 (n-6) 
and 160 /aM 20:4 (n-6), respectively, were 
incubated with buffer alone (37). 

RESULTS 

Fatty Acid Precursors of the Prostaglandins 

Figure 2 describes the effects of increasing 
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FATTY ACID CONCENTRATION (.~zM) 

FIG. 2. Effects of increasing concentrations of 
unsaturated fatty acids in the n-6 series on prolifera- 
tion in SM cultures. Data for 20:3 (n-6) and 20:4 (n-6) 
were reported previously (38). 

concentrations of 18:2 (n-6), 20:3 (n-6) and 
20:4 (n-6) on the proliferation of SM cultures. 
At the lowest concentration level, 18:2 (n-6) 
inhibits proliferation (p<0.03 using the Student 
" t"  test for paired means), while its desatura- 
tion-chain elongation products (Fig. 1)have no 
effect on proliferation. 18:2 (n-6) appears to 
stimulate proliferation at higher concentrations, 
but proliferation at these concentrations does 
not differ significantly from proliferation in 
control samples. 20:4 (n-6) inhibits prolifera- 
tion significantly (p<0.02) at a 16 pM concen- 
tration. Higher concentrations of both 20:3 
(n-6) and 20:4 (n-6) inhibit proliferation. These 
data show clearly that the immediate precursors 
of prostaglandin endoperoxides, 20:3 (n-6) and 
20:4 (n-6), inhibit cell proliferation in SM 
cultures, while the parent fatty acid, 18:2 (n-6), 
has little effect on cell proliferation in SM 
cultures. 

While 20:3 (n-6) and 20:4 (n -6 )a lways  
inhibit proliferation, different primary cultures 
are inh ib i ted  to a d i f f e ren t  extent by the same 
fatty acid concentration. The inhibition ob- 
tained with the specific primary culture is 
noted in every experiment. 

Prostaglandins 

Figure 3 describes the effects of increasing 
concentrations of PGE l and PGE 2 on the 
proliferation of SM cultures. PGE] inhibits 
proliferation significantly (p<0.001) at a 1.6 
/aM concentration. Thus, prostaglandin E 
derivatives are more potent inhibitors of cell 
proliferation in SM cul tures  than their fatty 
acid precursors (Fig. 2). 

Figure 4 describes the effects of increasing 
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FIG. 3. Effects of increasing prostaglandin E 
concentrations on proliferation in SM cultures. Hori- 
zontal lines show the relative plating efficiencies 
obtained with the same primary cultures for precursor 
fatty acids at the 160 #M level. Some of the data for 
PGE 1 and PGE 2 were reported previously (37). 
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FIG. 5. Effects of increasing indomethacin concen- 
trations on proliferation in SM cultures. Indomethacin 
was added either alone (control) or together with 160 
#M 20:3 (n-6). The horizontal line shows the relative 
plating efficiency obtained with the same primary 
culture for 160 uM 20:3 (n-6) alone. 
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FIG. 4. Effects of increasing prostaglandin F 
concentrations on proliferation in SM cultures. Hori- 
zontal lines show the relative plating efficiencies 
obtained with the same primary cultures for precursor 
fatty acids as the 160 #M level. 

c o n c e n t r a t i o n s  of  P G F l a  and  PGF2c ~ on  the  
p ro l i fe ra t ion  of  SM cultures.  A t  low concen-  
t ra t ions ,  P G F I ~  and PGF2c ~ have n o  ef fec t  on  
pro l i fe ra t ion .  B o t h  PGF 1 c~ and  P G F 2 a  s t imula te  
p ro l i fe ra t ion  s ignif icant ly  ( p < 0 . 0 2 )  at a 16 #M 
concen t r a t i on .  It is a p p a r e n t  t ha t  p ros t ag land in  
F derivat ives s t imula te  cell p ro l i f e ra t ion  in SM 
cul tures  at a c o n c e n t r a t i o n  level where  prosta-  
g landin  E der ivat ives  inh ib i t  (Fig. 3) this  process. 

Indomethacin 

The a n t i - i n f l a m m a t o r y  agen t  i n d o m e t h a c i n  

inh ib i t s  e n d o p e r o x i d e  f o r m a t i o n  and  prosta-  
g landin b iosyn thes i s  (24 ,25)  b u t  has  l i t t le  e f fec t  
on  the  HPETE p a t h w a y  (40,51) .  The  specif ic i ty  
of  i n d o m e t h a c i n  is descr ibed in Figure 1. In a 
previous  s tudy  (37) ,  we showed  t h a t  i n d o m e t h -  
acin at 5.6 /~M and 11.2/JM c o n c e n t r a t i o n s  
i nh ib i t ed  PGE b iosyn thes i s  in SM cul tures .  
I n d o m e t h a c i n  in this  c o n c e n t r a t i o n  range has  
l i t t le  e f fec t  on  p ro l i f e ra t ion  in con t ro l  SM 
cul tures  (Fig. 5). P ro l i fe ra t ion  decreases  
t h r o u g h o u t  the  c o n c e n t r a t i o n  range. However ,  
relat ive p la t ing  eff ic iencies  do  no t  vary signifi- 
can t ly  f rom the i r  con t ro l  values. F u r t h e r m o r e ,  
i n d o m e t h a c i n  has  n o  ef fec t  on  the  inh ib i t i on  of  
cell p ro l i fe ra t ion  by  160 pM 20:3  (n-6).  These  
data  s t rongly  suggest t ha t  20 :3  (n-6)  does  no t  
exer t  its i n h i b i t o r y  ef fec t  solely t h r o u g h  the  
b iosyn thes i s  of  PGE1 ,  even t h o u g h  PGE l is 
i tself  a p o t e n t  i nh ib i t o r  (Fig. 3) of cell prol if-  
e ra t ion .  

S y n t h e t i c  A n t i o x i d a n t s  

Several inves t igators  (52 ,53)  have shown  
tha t  a n t i o x i d a n t s  inh ib i t  p ros tag land in  b iosyn-  
thesis.  In a r ecen t  su tdy  we (54)  r epo r t ed  t h a t  
some syn the t i c  a n t i o x i d a n t s  such as a - n a p h t h o l  
inh ib i t  p ros tag land in  b iosyn thes i s ,  while o t h e r  
syn the t i c  a n t i o x i d a n t s  such as BHT and Tro lox  
C (55)  have l i t t le  ef fec t  on  p ros tag land in  
b iosyn thes i s  in mic rosomes  f rom the  bovine 
vesicular gland and in h u m a n  platelets .  A n o t h e r  
recent  s tudy  (56)  also showed  t h a t  BHT did n o t  
al ter  PGE 2 b iosyn thes i s  in slices f rom the  renal  
medul la  of  the  rat .  These  observa t ions  were 
c o n f i r m e d  in the  p resen t  s tudy  (Table  I). 
a - N a p h t h o l  s t imula tes  SM pro l i fe ra t ion  and  
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T A B L E  I 

E f f ec t  o f  A n t i o x i d a n t s  on  the  P ro l i f e r a t i on  o f  S m o o t h  
Muscle Cells and  the  B iosyn thes i s  o f  P ros tag land in  E 1 and  E 2 

Clones PGE 
T r e a t m e n t  (Mean _+ S.D.)  ( pg /ml )  

A. Con t ro l  + a n t i o x i d a n t  

Co n t r o l  420  +- 25 2 7 0 0  
C o n t r o l +  1 0 / . t M a - n a p h t h o l  920-+ 76 a 590 
Con t ro l  + 50/.tM c~-naphthol 780  + 19 a 860 

Con t ro l  620 -+ 84 1060 
Cont ro l  + 50 /aM BHT 1080 -+ 16 a 1400 

Co n t r o l  510-+ 48 1030 
Con t ro l  + 160 ~M Tro lox  C 1210 • 61 a 2 2 0 0  

Con t ro l  4 2 0  + 30 2 7 0 0  
Con t ro l  + 10 #M v i t a m i n  E 1120 -+ 109 a 4 4 0 0  

B. 160 #M 2 0 : 3  (n-6) + a n t i o x i d a n t  

2 0 : 3  (n-6)  530 + 28 7000  
2 0 : 3  ( n - 6 ) +  50gtM c~-naphthol 510  + 79 440  

2 0 : 3  (n-6)  190 -+ 33 4 9 0 0  
2 0 : 3  (n-6) + 50 ~M B H T  800 + 105 a 7 0 0 0  
2 0 : 3  ( n - 6 ) +  1 5 0 ~ M  Tro lox  C 1080 -+ 96 a 17 ,750  

2 0 : 3  (n-6)  530-+ 28 7 0 0 0  
2 0 : 3  ( n - 6 ) +  10 #M v i t a m i n  E 1250 • 167 a 18 ,750  

C. 160 #M 2 0 : 4  (n-6)  + a n t i o x i d a n t  

2 0 : 4  (n-6) 470  • 31 2 5 0 0  
2 0 : 4  (n-6) + 50 #M ~ - n a p h t h o l  720  -+ 47 a 725 

2 0 : 4  (n-6)  250-+ 70  2 8 0 0  
2 0 : 4  (n-6)  + 50 ~tM B H T  980  -+ 117 a 4250  
2 0 : 4  (n-6) + 160 #M Tro lox  C 1170 -+ 217  a 9 2 5 0  

2 0 : 4  (n-6)  470  -+ 31 2 5 0 0  
2 0 : 4  ( n - 6 ) +  10 g M v i t a m i n  E 970  -+ 63 a 5750  

aThe  S t u d e n t  " t "  tes t  fo r  paired m e a n s  s h o w e d  tha t  the  a n t i o x i d a n t  t r e a t m e n t  was  sig- 
n i f i can t ly  d i f f e r e n t  ( p < 0 . 0 0 1 ) .  

lowers the PGE levels in media from the stimu- 
lated cultures while BHT and Tro lox  C stimu- 

late SM prol iferat ion and raise the PGE levels in 
media f rom the s t imulated cultures. It is 
impor tan t  to note  that all three ant ioxidants  
st imulate prol i ferat ion even though o n l y  
c~-naphthol inhibits prostaglandin biosynthesis  

The ant ioxidant  exper iments  were ex tended  
through studies with fa t ty  acid inhibi tors  o f  cell 
prol i ferat ion (Table I). c~-Naphthol lowers the 
PGE levels of  the media when both 20:3 (n-6) 
and 20:4 (n-6) are added to the cultures and 
o~-naphthol st imulates prol i ferat ion in the 
presence of  160 /JM 20:4 (n-6). BHT and 
Tro lox  C raise the PGE levels of  the media and 
st imulate cell prol i ferat ion when ei ther  20:3 
(n-6) or 20:4 (n-6) are added to the cultures. 
These data support  the indomethac in  experi-  
ments since ant ioxidants  which inhibit  and 
ant ioxidants  which do not  inhibit  prostaglandin 
biosynthesis  both stimulate cell prol i ferat ion.  It 
is apparent  that  cell prol i fera t ion is mediated,  

at least in part,  by a process different  from the 
endoperoxide-prostaglan din pa thway.  

Vitamin E 

The natural ant ioxidant  vi tamin E has little 
effect  on prostaglandin biosynthesis  in micro- 
somes f rom the bovine vesicular gland (54), 
human platelets (54), and slices f rom the renal 
medulla of  the rat (56). Vitamin E behaves very 
much like its soluble analog Trolox C and like 
BHT in these systems. Vitamin E also behaves 
like these ant ioxidants  when it is added to SM 
cultures (Table I). Vi tamin E stimulates cell 
prol i ferat ion and raises the PGE level both  in 
control  cultures and in cultures inhibi ted by 
20:3 (n-6) and 20:4 (n-6). Vitamin E is appar- 
ently more po ten t  than ei ther Trolox C or BHT 
since its s t imulatory effects  are noted  at a much  
lower concent ra t ion  (Table I). The dramatic 
effects  of  vitamin E are shown in photographs  
of  representat ive tissue cultures (Fig. 6). 

The role of  vi tamin E in cell prol i ferat ion 
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FIG. 6. Photographs of representative wells from 
tissue cultures treated with 20:3 (n-6) and vitamin E. 
A, control; B, control + 10 #M vitamin E; C, control + 
160 pM 20:3 (n-6); D, control + 160 pM 20:3 (n-6) + 
10 pM vitamin E. 
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FIG. 7. Effects of increasing vitamin E concentra- 
tions on proliferation and PGE levels in SM cultures. 
The relative plating efficiency (100%) is noted for the 
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horizontal line. 

and PGE b iosyn thes i s  was nex t  s tudied  in 
detail .  Figure 7 describes the  effects  of  in- 
creasing c o n c e n t r a t i o n s  of  v i t amin  E on  cell 
p ro l i fe ra t ion  and  the  PGE level in SM cul tures .  
The relat ive pla t ing ef f ic iency is e levated 
dramat ica l ly  ( p < 0 . 0 0 1 )  when  as l i t t le as 0.1 /~M 
vi tamin  E is added  to the  cul ture .  The  relat ive 
pla t ing eff ic iency remains  elevated t h r o u g h o u t  
the  concen t r a ion  range. However ,  the  relat ive 
pla t ing eff ic iency begins to decrease at h igher  
v i t amin  E levels. In fact ,  all a n t i o x i d a n t s  used in 
this  s tudy  were toxic  at h igh concne t r a t i ons .  
The PGE level in the  t issue cul ture  media  is 
e levated t h r o u g h o u t  the  v i t amin  E concen t r a -  
t ion  range (Fig. 7). These  s tudies  ind ica te  t h a t  
SM cell p ro l i fe ra t ion  is con t ro l l ed  by  ox idan t  
stress even in the  absence  of  exogenous  po lyun-  
sa tu ra ted  fa t ty  acids. 
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RELATIVE PLATING EffICIENCY WITH 
160#,M 20;4 (n-6}  

WITH 160~M 20:4 In-6) + 
vrr~MiN E . . . . . . . e . .  . . . .  . �9 

. .  ~ . . . . .  
, ,~  -. -..-_ -_-_ -..'L 1 . . "  . . . . . . . . . . . . . . . . . . . . .  

P~E WITH 160~M 2014 (n-6)  
i i 

0.I I~.0 lO.O 

VITAMIN E CONCENTRATION (~M)  

g 
24 .000  

18,000 

12, 0 0 0  o 
uJ 

6,ooo  ~, 

FIG. 9. Effects of increasing vitamin E concentra- 
tions on proliferation and PGE levels in SM cultures 
treated with 160p'M 20:4 (n-6). The relative plating 
efficiency and the PGE level found with 20:4 (n-6) 
alone are shown by horizontal lines. 

Figures  8 and  9 descr ibe the  effects  of  
increas ing c o n c e n t r a t i o n s  of  v i t amin  E on  cell 
p ro l i f e ra t ion  and  PGE levels in SM cul tures  
i nh ib i t ed  by  e i the r  160 /JM 20 :3  (n-6)  or  160 
~M 20 :4  (n-6). Cell p ro l i f e ra t ion  (Fig. 8) in the  
presence  of  20 :3  (n-6)  is n o t  s t imula ted  signifi- 
can t ly  by 0.1 /aM v i tamin  E. Relat ive p la t ing  
eff ic iencies  are very m u c h  elevated ( p < 0 . 0 0 1 )  
by  higher  c o n c e n t r a t i o n s  of  v i t amin  E. Cell 
p ro l i f e ra t ion  (Fig. 9) in the  presence  of  20 :4  

(n-6)  is s t imula ted  s ignif icant ly  by  v i t amin  E at 
all c o n c e n t r a t i o n s  ( p < 0 . 0 5  at 0.1 /JM v i tamin  E 
and p < 0 . 0 0 1  at all o t h e r  v i t amin  
E co n cen t r a t i o n s ) .  PGE levels are elevated 
t h r o u g h o u t  the  v i t amin  E c o n c e n t r a t i o n  range 
when  e i the r  f a t ty  acid p recurso r  is added  to 
the  t issue cu l ture  (Figs. 8 and  9). I t  is in teres t -  
ing t ha t  20 :3  (n-6) genera tes  a m u c h  h igher  
PGE level t han  20 :4  (n-6),  an  obse rva t ion  
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FIG. 10. Effects of increasing concentrations of 
unsaturated fatty acids in the n-9 series on prolifera- 
tion in SM cultures. Data for 18:1 (n-9)were reported 
previously (38). 
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FIG. 11. Effects of increasing vitamin E concentra- 
tions on proliferation in SM cultures treated with 160 
uM 20:3 (n-9). The relative plating efficiency found 
with 20:3 (n-9) alone is shown by the horizontal line. 

suggested in our initial study (37). This dif- 
ference in PGE levels with the two fatty acid 
substrates may reflect the preferential synthesis 
of prostacyclin rather than PGE from 20:4 
(n-6) that was recently noted in lysed aortic 
smooth muscle cells (57). The data with the 
natural antioxidant vitamin E further support 
the observation that proliferation is not con- 
trolled simply by the prostaglandin level. 

Fat ty  Acids  in t h e  5 , 8 , 1 1 - E i c o s a t r i e n o i c  
Acid Pathway 

5,8,11-Eicosatrienoic acid, 20:3 (n-9), is 
synthesized from oleic acid, 18:1 (n-9), by 
microsomal desaturation-chain elongation 

120 
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FIG. 12. Effects of increasing 20:3 (n-3) concen- 
trations on proliferation and PGE levels in SM cul- 
tures. The PGE level in the media from the control 
culture is shown by the horizontal line. 

(23,58). 20:3 (n-9) accumulates during an 
essential fatty acid deficiency (EFA), and this 
fatty acid is used as the biochemical index of 
EFA (43,58). 20:3 (n-9)does not serve as a 
precursor of the prostaglandins (24,25). 

The effects of increasing concentrations of 
18:1 (n-9) and 20:3 (n-9) on cell proliferation 
are described in Figure 10. The precursor fatty 
acid, 18:1 (n-9), stimulates proliferation 
significantly (p<0.05 at a 18/aM concentration 
and p<0.01 at a 90/aM concentration) behaving 
very much like 18:2 (n-6), the analogous fatty 
acid for the n-6 desaturation-chain elongation 
series (Fig. 2). 20:3 (n-9) inhibits proliferation 
significantly (p<0.002 at 80 /aM and 160 /aM 
concentrations) behaving very much like 20:3 
(n-6) and 20:4 (n-6), the prostaglandin precur- 
sors formed in the n-6 desaturation-chain 
elongation series (Fig. 2). These data show 
clearly that a polyunsaturated fatty acid which 
does not function as a prostaglandin precursor 
inhibits SM cell proliferation. 

Figure 11 describes the effects of increasing 
concentrations of vitamin E on cell prolifera- 
tion in cultures inhibited by 20:3 (n-9). The 
relative plating efficiency is elevated signifi- 
cantly (p<0.0001) at all concentrations of 
vitamin E added to the culture. Thus, the 
natural antioxidant vitamin E overcomes the 
inhibitory effect of a polyunsaturated fatty 
acid that cannot serve as a prostaglandin 
precursor. 

11,14,17-Eicosatrienoic Acid 

l l,14,17-Eicosatrienoic acid, 20:3 (n-3), 
may be synthesized from 18:3 (n-3) by a minor 
pathway (59). 20:3 (n-3) does not itself serve as 
a prostaglandin precursor (25) although it is 
partially degraded (58,60,61)to 18:3 (n-3), the 
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Rela t ive  p la t ing  e f f i c i e nc y  

PGE 2 16:0  
T r e a t m e n t  (16 juM) (180  ~uM) 

A. W i t h o u t  a n t i o x i d a n t  31 
+ O.l /.tM a - n a p h t h o l  22 
+ 1.0 #M ce-naphthol 34 
+ 10 #M c~-naphthol 48 a 
+ 50/~M c~-naphthol 54 a 

13. Wi t h o u t  a n t i o x i d a n t  7 
+ 1.6 #M Tro lox  C 25 
+ 16 #M Tro lox  C 40 a 
+ 80 #M Tro lox  C 61 a 
+ 160 #M Trolo•  C 13 

C. Wi thou t  a n t i o x i d a n t  47 
+ 0.1 #M v i t a m i n  E 107 a 
+ 1.o/2M v i t a m i n  E 177 a 
+ 10/2M v i t a m i n  E 128 a 
+ 50/2M v i t a m i n  E 57 

7 
17 a 
37 a 
83 a 
60 a 

6 
7 

32 a 
53 a 
42 a 

a T h e  S t u d e n t  " t "  test  for  paired m e a n s  s h o w e d  t h a t  the  a n t i o x i d a n t  t r e a t m e n t  was  
s ign i f i can t ly  d i f f e r e n t  ( p<O.005 ) .  

ultimate precursor of 20:5 (n-3) and PGE 3. 
20:3 (n-3) is particularly interesting because 
some data (62) suggest that n-3 acids, which do 
not contain double bonds at the 8 and 11 
positions, will not function as substrates for 
lipoxygeanse. 

Figure 12 describes the effects of increasing 
concentrations of 20:3 (n-3) on both cell 
proliferation and PGE levels in SM cultures. 
20:3 (n-3) inhibits proliferation significantly 
(p<0.005 at a 80 /~M concentration and P~  
0.001 at a 160 /.tM concentration) behaving 
very much like the triene acids in n-6 (Fig. 2) 
and n-9 (Fig. 11) series. 20:3 (n-3) does not 
appear to stimulate PGE production and indeed 

the shape of the PGE curve mirrors the shape of 
the relative plating efficiency curve. These data 
indicate that 20:3 (n-3), like 20:3 (n-9), inhib- 
its proliferation without stimulating prosta- 
glandin biosynthesis. 

Other Antioxidant Effects 

Increased amounts of PGE are found in the 
media when precursor fatty acids are added to 
tissue cultures together with the antioxidants 
Trolox C (Table I) and vitamin E (Figs. 8 and 
9). PGE t and PGE2 are more potent (Fig. 3) 
than their precursor fatty acids (Fig. 2) in the 
inhibition of cell proliferation. Yet, antioxi- 
dants prevent the inhibition of cell proliferation 
in these tissue culture systems (Table 1 Figs. 8 
and 9). These data suggest that antioxidants 
may exert an effect on the inhibition of cell 

proliferation by PGE. The data in Table II show 
that o t -naphtho l ,  an antioxidant that blocks 
PGE biosynthesis (Table I), and both Trolox C 
and vitamin E, antioxidants that do not block 
PGE biosynthesis (Table I, Figs. 8 and 9), all 
suppress inhibition with PGE 2. Thus, relative 
plating efficiencies increase, and in one instance 
surpass the control level (vitamin E), when 
antioxidants are added together with PGE 2. 

Various saturated fatty acids inhibit cell 
proliferation (37), and it is interesting that 
antioxidants suppress the inhibitory effect of 
palmitic acid on cell proliferation (Table II). 
The PGE2, palmitic acid, and polyunsaturated 
fatty acid data suggest that antioxidants may 
actually function at several points in the 
control of cell proliferation. 

Cyclic Nucleotide Phosphodiesterase (PDE) Inhibitors 

Many investigators (63-65) have begun to 
correlate prostaglandins with cyclic nucleotides 
and their effects on cell proliferation. These 
correlations prompted us to study PDE inhibi- 
tors (66) in SM cultures where proliferation was 
either inhibited with 20:3 (n-6) or stimulated 
with vitamin E. The xanthine derivative, 
caffeine, and the isoquinoline derivative, 
papaverine, were used as PDE inhibitors. The 
results are summarized in Table III. 

Both papaverine and caffeine inhibit SM cell 
proliferation (Table III). The PDE inhibitors 
enhance the inhibition obtained with 20:3 
(n-6). For example, 50 /2M papaverine and 1 
mM caffeine inhibit control cultures less than 
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T A B L E  l I I  

E f f e c t  o f  C y c l i c  N u c l e o t i d e  P h o s p h o d i e s t e r a s e  ( P D E )  I n h i b i t o r s  
o f  t h e  P r o l i f e r a t i o n  o f  S m o o t h  M u s c l e  Cel ls  

R e l a t i v e  p l a t i n g  e f f i c i e n c y  

2 0 : 3  (n -6 )  V i t a m i n  E 
T r e a t m e n t  C o n t r o l  160  ,uM I 0  ]~M 

A.  

B. 

W i t h o u t  P D E  i n h i b i t o r  100  36 143  
+ 0 .1  M p a p a v e r i n e  92 45 147  
+ 1.0 M p a p a v e r i n e  102 34 116  a 
+ 10 M p a p a v e r i n e  86 29  119  a 
+ 50  M p a p a v e r i n e  56 a 0 a 80  a 

W i t h o u t  P D E  i n h i b i t o r  100  37 167  
+ 0. l m M  c a f f e e i n e  123  a 26  2 1 2  
+ 1 m M  c a f f e i n e  71 a 9 a 62  a 

a T h e  S t u d e n t  " t "  t e s t  f o r  p a i r e d  m e a n s  s h o w e d  t h a t  t h e  i n h i b i t o r  t r e a t m e n t  w a s  s ign i f -  
i c a n t l y  d i f f e r e n t  ( p < O . O 0 1 ) .  

50%. Yet,  these PDE inhibi tors  tend to elimin- 
ate prol i ferat ion in cultures treated with 160 
/JM 20:3 (n-6). The PDE inhibitors overcome 
the s t imulat ion obta ined with vi tamin E. The 
caffeine effect  is most  interesting. A low con- 
centra t ion of  this PDE inhibi tor  st imulates 
prol i ferat ion in both  control-  and vi tamin 
E-treated cultures. A higher concent ra t ion  of  
caffeine has a marked inhibi tory  effect  on the 
vi tamin E-treated cells. These data suggest but 
do not  prove that  polyunsaturated fat ty acid 
and ant ioxidant  effects are related to cyclic 
nucleot ide  levels. 

DISCUSSION 

Fat ty  acids may funct ion as anionic deterg- 
ents, and every study that  identifies a fat ty acid 
effect  on a biological system must consider 
detergency as one explanat ion for the biological 
effect .  This problem has been debated recently 
in relation to 20:4 (n-6) and platelet aggrega- 
t ion (67-69). The argmnents  against detergency 
are based on concent ra t ion ,  specificity and 
inhibi t ion.  We believe that  these are compell ing 
arguments in the in terpre ta t ion  of our data 
with SM cells in culture.  

The role of  concent ra t ion  in generating a 
specific fa t ty  acid effect  or  a nonspecif ic  
detergent  effect  has been well documented  in 
many studies. For  example,  low concent ra t ions  
of  fatty acids in the 20 nmole /mg  protein range 
have a very different  effect  on energy coupling 
in mi tochondr ia  than fat ty acids at 10- to 
100-fold higher concent ra t ions  (70,71). I tow- 
ever, fat ty acids in the higher concent ra t ion  
range which were added as an albumin com- 
plex, 1 /amole/100 mg albumin,  do not  exhibit  
this detergency effect  (72). In the present 
study,  we added fat ty acids at concentra t ions  

below their critical micelle concentra t ions  
(73) to complete  media which contained 20% 
fetal bovine serum (see Methods) .  Serum 
albumin has a number  of  strong binding sites 
for fa t ty  acids (67,74) and even 20% fetal 
bovine serum should contain sufficient albumin 
(45) to prevent a detergent  effect  with fat ty  
acids added in the 100 /~M concent ra t ion  
range. 

The prol i ferat ion of  SM cells in culture is 
inhibited by specific fat ty acids. All triene and 
tetraene acids examined in this s tudy inhibited 
prol iferat ion (Figs. 2,10,12).  Monoene  and 
diene precursors of  the triene acids behaved in a 
very different  manner  by actually st imulating 
cell prol i ferat ion (Figs. 2 and 10). It has been 
suggested (67) that  20:4  (n-6) specificity in 
platelet  aggregation may be explained by the 
greater solubil i ty of  20:4 (n-6). S incethecr i t ica l  
micelle concent ra t ion  for the 18:2 (n-6) anion 
is 150 ~M, it is unlikely that  solubil i ty is 
a factor in a s tudy  where the highest 
fa t ty  acid concent ra t ion  is 180 /IM. Further-  
more,  20:4  (n-6) stimulates prol i ferat ion in 
human fibroblasts (38) while 18:0, a less solu- 
ble fa t ty  acid anion,  inhibits prol i fera t ion in 
this cell line (38). These data are not  easily ex- 
plained by a nonspecif ic  detergent  effect  
related to fat ty acid solubility. 

Ant ioxidants  overcome the inhib i tory  effect  
o f  triene and te t raene fatty acids on cell proli- 
feration (Table I; Figs. 6-9,11). This effect  
which is found with a number  of  ant ioxidants  
such as ~-naphthol ,  BttT,  Tro lox  C and 
vi tamin E is difficult  to explain if the fat ty acid 
anions are acting only as detergents.  The 
soap might conceivably damage a lysosomal 
membrane  and increase cellular susceptibil i ty to 
oxidant  stress. Detergents  have been shown to 
damage cytoplasmic membranes  in bacteria 
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FIG. 13. Proposed biosynthesis of HPETE from 
20:3 (n-9) and 20:3 (n-3). 

(75). However, antioxidants also suppress the 
inhibitory effects of PGE 2 and a saturated fatty 
acid (Table II). It is difficult to imagine that a 
variety of inhibitory compounds such as poly- 
unsaturated fatty acids, saturated fatty acids, 
and some prostaglandins all exert a nonspecific 
detergent effect on cytoplasmic membranes 
while other fatty acids and other prostaglandins 
have not effect on this system. Finally, PGF2~ 
enhances lysosomal enzyme release (76), and 
yet this prostaglandin stimulates cell prolifera- 
tion (Fig. 4). 

Since precursor fatty acids and their prostag- 
landin E derivatives (Figs. 2 and 3) all inhibited 
cell proliferation, we initially proposed (37) 
that 20:3 (n-6) and 20:4 (n-6) mediated cell 
proliferation through the prostaglandin-endo- 
peroxide pathway. Three experimental observa- 
tions do not support this hypothesis. Indo- 
methacin inhibits prostaglandin biosynthesis 
(24,25,37) but has no effect on the inhibition 
of cell proliferation with a precursor fatty acid 
(Fig. 5). Two triene fatty acids, 20:3 (n-9) and 
20:3 (n-3), inhibit cell proliferation (Figs. 10 
and 12) even though they do not serve as 
prostaglandin precursors (24,25). Finally, anti- 
-oxidants that inhibit prostaglandin biosynthe- 
sis such as a-naphthol (Table 1) and anti- 
oxidants that have little effect on prostaglandin 
biosynthesis, such as BHT, Trolox C, and 
vitamin E (Table I, Fig. 7-9,11), all suppress the 
inhibition of cell proliferation by triene and 
tetraene fatty acids. These data suggest that a 
different oxidation product of the polyun- 
saturated fatty acids is involved in the inhibi- 
tion of cell proliferation. 

HPETE derivatives of the polyunsaturated 
fatty acids are synthesized by lipoxygenases. 
Soybean lipoxygenase (Linoleate: 02 Oxi- 
doreductase EC 1.13.11.12) has been studied in 
great detail (77-80). Mammalian lipoxygenases 
have recently been isolated from platelets 
(40,41,62), neutrophils (81), lung (82), spleen 
(82) and perhaps the sheep vesicular gland 
(52,83). Substrate and inhibitor specificities in 
our tissue culture sysstem suggest that polyun- 
saturated fatty acids mediate cell proliferation 
through the lipoxygenase pathway. 

20:3 (n-6) and 20:4 (n-6) are both good 

substrates for platelet lipoxygenase while 18:2 
(n-6) is a poor substrate for this enzyme (62). 
These data could explain the inhibition pattern 
obtained with fatty acids in the n-6 series (Fig. 
2). 20:3 (n-9) is a good substrate for lipoxy- 
genase (62), and its conversion to a HPETE 
derivative could explain inhibition with this 
fatty acid (Fig. 10). 20:3 (n-3) has not been 
tested as a substrate for lipoxygenase (62). 
Although this fatty acid does not appear to 
have the necessary double bond configuration 
(62), it is a good inhibitor of cell proliferation 
(Fig. 12). We suggest that both 20:3 (n-9) and 
20:3 (n-3) function through their HPETE 
derivatives (Fig. 13). 

Indomethacin does not inhibit mammalian 
lipoxygenase (39,5 1,62), and indomethacin will 
have little effect on polyunsaturated fatty acid 
inhibition of cell proliferation if inhibition is 
mediated through the HPETE pathway. Thus, 
indomethacin data (Fig. 5) are consistent with 
the HPETE hypothesis. Antioxidants that 
inhibit prostaglandin biosynthesis and anti- 
oxidants that do not inhibit prostaglandin 
biosynthesis all inhibit  soybean lipoxygenase 
(54). Indeed, vitamin E is one of the most 
effective inhibitors of this enzyme. Vitamin E 
does not appear to inhibit platelet lipoxygenase 
when vitamin E is added, in vitro, as an alco- 
holic solution (84,85). However, a very im- 
portant recent study (85)shows that platelet 
HPETE production is significantly greater in 
platelets from vitamin E-deficient animals than 
platelets from vitamin E-supplemented animals. 
These observations are consistent with the well 
established role of vitamin E as an inhibitor of 
lipid peroxidation, in vivo (86,87). We suggest 
that vitamin E and other antioxidants could 
suppress the inhibitory effect of polyunsatu- 
rated fatty acids on cell proliferation (Table 
I, Figs. 6-9,11) by inhibiting the biosynthesis of 
HPETE. These inhibitor effects are summarized 
in Figure 1. 

Cyclic nucleotides are important in the 
control of cell proliferation (63-65). Cyclic 
nucleotides are regulated by cyclase and cyclic 
nucleotide phosphodiesterase (PDE) activities. 
HPETE derivatives may function through the 
regulation of both cyclase and PDE. The 
oxidative regulation of guanylate cyclase has 
been summarized in several reports (65,88). 
Guanylate cyclase is apparently activated by a 
sulfhydryl-disulfide interconversion involving 
either endoperoxides (89-93) or hydroper- 
oxides (93,94) in the generation of hydroxyl 
radical (95-97). Furthermore, the antioxidant 
butylated hydroxyanisole prevents guanylate 
cyclase activation by agents such as N-methyl-N' 
-nitro-N-nitrosoguanidine (98). 18:1 (n-9), 
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18:2 (n-6) and saturated fatty acids also acti- 
vate guanylate cyclase (99,100), but activation 
with these fatty acids is found at concentra- 
tions that could suggest a detergent effect. We 
propose the HPETE derivatives of the polyun- 
satuarted fatty acids alter cyclic nucleotide 
levels through cyclase activation. This hypoth- 
esis is consistent with the synergism between 
20:3 (n-6) and PDE inhibitors (Table III) and 
explains the role of  vitamin E and other anti- 
oxidants. The hypothesis is described in Figure 
14. 

The HPETE-oxidant stress hypothesis that 
we propose in Figure 14 is based on the many 
known interactions between redox systems and 
membrane-bound enzymes (101-103). HPETE 
will initiate the formation of  oxygen centered 
radicals and singlet oxygen (104-106). Vitamin 
E and other antioxidants may prevent either 
the formation of HPETE (54,85-87) or the 
biological effects of  oxygen-centered radicals 
and singlet oxygen formed from HPETE 
(104-107). The exact locus of vitamin E ac- 
tivity is deliberately omitted from Figure 14. 
Indeed, we stress that our HPETE-oxidant 
stress hypothesis is based, at this time, on 
inhibitor and fatty acid substrate specificities 
and not the identification and quantitative 
estimation of HPETE and its products. 

Polyunsaturated fatty acid and antioxidant 
effects on proliferation in SM cultures may be 
explained by the oxidative regulation of a 
cyclase. This regulatory mechanism does not 
explain why antioxidants suppress the inhibi- 
tory effect of PGE 2 on cell proliferation (Table 
II). PGE1, PGE2, ' and prostacyclin stimulate 
cAMP formation. These effects have been 
described by many investigators and only a few 
representative reviews and papers are cited here 
(35,36,63-65,108-112). We suggest that anti- 
oxidants may control a prostaglandin-mediated 
cyclic nucleotide response by protecting PDE. 
Two exhaustive reviews of  PDE (66,113) 
conclude from the available literature that PDE 
may be a sulfhydryl enzyme stabilized by 
agents such as dithiothreitol. We propose that 
antioxidants protect PDE from HPETE and 
other sources of  oxidant stress (Fig. 14). This 
hypothesis is consistent with our experimental 
data. If vitamin E protects PDE, it will facilitate 
the removal of cyclic nucleotides and suppress 
the inhibitory effect of  PGE 2 (Table II). If 
vitamin E protects PDE, caffeine and papa- 
verine will suppress the stimulatory effect of  
vitamin E on cell proliferation (Table III). A 
relationship between PDE activity and vitamin 
E levels, in vivo, was proposed previously (114). 
We suggest that the higher PDE level found in a 
vitamin E-deficient animal may result from an 

TRIENE AND TETRAENE 
FATTY ACIDS 

PGE CAFFEINE 
PAPAVERINE 

FIG. 14. Hypothetical scheme explaining the 
effects of polyunsaturated fatty acids and vitamin E 
on cyclic nucleotide levels. The scheme explains how 
PDE inhibitors may both enhance the inhibitory 
effect of triene and tetraene acids and suppress the 
stimulatory effect of vitamin E, and how vitamin E 
may suppress the inhibitory effect of PGE 2. 

attempt to overcome oxidant stress. This sug- 
gestion is supported by the observations that 
vitamin E and other antioxidants protect cells 
depleted of sulfhydryl groups (115) and that 
both vitamin E and selenium, a component of  
glutathione peroxidase, stimulate growth in 
tissue cultures (116). A certain economy is 
provided in cell regulation if oxidant stress 
stimulates cyclase and suppresses PDE (Fig. 
14). However, we are aware that the conse- 
quences of oxidant stress may be considerably 
more complex than our hypothetical model 
implies. For example, oxidant stress actually 
inhibits adenylate cyclase in adrenal cells (117). 

The oxidant stress hypothesis may even 
explain why antioxidants suppress the inhibi- 
tory effect of saturated fatty acids on cell 
proliferation. Saturated fatty acids stimulate a 
cyc l a se  (99). However, the most effective 
saturated acid in that system, 14:0, is the least 
effective saturated acid in SM cultures (38). 
Some PDE enzymes are activated by a Ca ++ 
-protein complex (65,66,113). Saturated fatty 
acids such as 18:0 have unique Ca ++ binding 
properties (118), and indeed saturated fatty 
acids suppress the effect of the Ca++-protein 
modulator (119). The interpretation of these 
data is complicated by the observation that 
relatively high concentrations of the fatty acids 
themselves activate PDE in the absence of  the 
Ca++-protein modulator (119). If saturated 
fatty acids suppress PDE through Ca ++ binding, 
antioxidants may overcome their effects by 
protecting PDE from oxidant stress (Table II). 
Ca++-cyclic nucleotide interactions are complex 
(120) and not easily interpreted. Indeed, other 
attractive hypotheses have been proposed in 
discussions of the relationships between oxi- 
dant stress, sulfhydryl groups, cyclic nucletides, 
Ca ++ and cellular control processes (121,122). 
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The HPETE ox idan t  stress hypo thes i s  t ha t  
we propose  in this  s t udy  has  a n u m b e r  of  
impl ica t ions .  This  hypo thes i s  m ay  help  to 
expla in  the  a c c u m u l a t i o n  of  20 :3  (n-9) in an  
E F A  def ic iency,  the  e f fec t  o f  a n t i o x i d a n t s  on  
cell p ro l i fe ra t ion ,  and  the  role o f  p o l y u n -  
sa tu ra ted  f a t t y  acids in prol i fera t ive  disorders  
such as cancer  and  a theroscleros is .  

20 :3  (n-9)  a c c u m u l a t i o n  is the  b iochemica l  
i n d e x  of  E F A  def ic iency (43 ,57) .  I t  is d i f f icul t  
to  imagine  t h a t  20 :3  (n-9)  will a f fec t  m e m b r a n e  
f lu idi ty  because  a s ignif icant  biological  ef fec t  
on  f luidi ty  occurs  on ly  b e t w e e n  a sa tu ra ted  
fa t ty  acid and  the  i n t r o d u c t i o n  of  one  doub le  
b o n d  to  t h a t  acid (123 ,124) .  20 :3  (n-9)  does  
no t  serve a s . a  p recursor  of  p ros tag land ins  
(24 ,25) .  However ,  20 :3  (n-9)  inh ib i t s  t he  
isomerase  t h a t  conver t s  p ros tag land in  H to PGE 
(125) .  The  i n h i b i t o r y  e f fec t  on  cell prol i fera-  
t ion  t ha t  we f ind is no t  cor re la ted  wi th  any  
ef fec t  on  p ros tag land in  levels, and  it  appears  
unl ikely  t ha t  20 :3  (n-9)  acts in our  sys tem by 
inh ib i t ing  the  i somerase .  We p ropose  t h a t  20 :3  
(n-9)  may  yield a HPETE derivat ive t ha t  is 
i m p o r t a n t  in me tabo l i c  regu la t ion  dur ing  an  
E F A  def ic iency.  

E n h a n c e d  cell p ro l i fe ra t ion ,  one  o f  the  first 
biological  e f fec ts  ident i f ied  wi th  v i t amin  E 
(42) ,  has  been  con f i rmed  in r ecen t  s tudies  
(116 ,126) .  O t h e r  a n t i o x i d a n t s  such as BHT also 
s t imula te  cell p ro l i f e ra t ion  (127). Indeed ,  rap id ly  
pro l i fe ra t ing  cells are res i s tan t  to  p e r o x i d a t i o n  
(128)  and  may  genera te  an a n t i o x i d a n t  (129) .  
We suggest t h a t  these  effects  m ay  be expla ined ,  
in par t ,  by  the  con t ro l  o f  oxida t ive  r egu la t ion  
t h r o u g h  HPETE.  Di f fe ren t  cells m a y  be  af- 
fected in d i f fe rent  ways by specific po lyun-  
sa tu ra ted  f a t t y  acids (38) ,  and it  is possible  t h a t  
oxidat ive  regu la t ion  t h r o u g h  HPETE is involved 
in cor re la t ions  b e t w e e n  d ie ta ry  fat  and  cancer  
t ha t  are suggested b o t h  b y  ep idemio logy  
( 1 3 0 , 1 3 1 )  and  by  l a b o r a t o r y  inves t iga t ions  
( I  31).  The  HPETE h y p o t h e s i s  may  even help to 
expla in  why  agents  t h a t  in i t ia te  cellular redif-  
f e r en t i a t ion  are also good  h y d r o x y l  radical  
scavengers (132) .  It  mus t  be n o t e d  t ha t  the  
effects  of  HPETE and  v i tamin  E on  cell prol if-  
e ra t ion  are qu i te  d i f fe ren t  f rom any ef fec t  t ha t  
v i t amin  E m a y  or  m a y  n o t  have on  the  l i fespan 
of  cu l tu red  h u m a n  diploid cells (133-135) .  
Regu la to ry  con t ro l  m a y  exist  u l t ima te ly  wi th in  
quan t i t a t ive  i n t e r r e l a t i onsh ips  b e t w e e n  pros ta-  
glandins,  p ros tacyc l in ,  and  HPETE.  Thus ,  we 
suggest t ha t  e n h a n c e d  p ros tag tand in  synthes i s  
in pro l i fe ra t ing  tissue (136 )  could  ref lect  
p recursor  shun t ing  f rom the  HPETE p a t h w a y  
to the  p ros tag land in  p a t h w a y  jus t  as d imin i shed  
g rowth  in t u m o r s  t r ea ted  wi th  i n d o m e t h a c i n  
(137)  could  ref lect  p recursor  shun t ing  f rom t he  

p ros tag land in  p a t h w a y  to the  HPETE pa thway .  
We ini t ial ly p roposed  (2 ,33 ,34 ,37 )  tha t  the  

p ro l i fe ra t ion  of  s m o o t h  muscle  cells was 
con t ro l l ed ,  in par t ,  by  the  availabil i ty of  
p o l y u n s a t u r a t e d  fa t ty  acids for  p ros tag land in  
b iosyn thes i s  (Fig. 1). We n o w  believe t ha t  
po lyunsa tu r a t ed  fa t ty  acids may  regula te  SM 
celI p ro l i fe ra t ion  t h r o u g h  the  HPETE p a t h w a y  
(Fig.  1). F u r t h e r  s tudies  on  the  iden t i f i ca t ion  of  
HPETE,  the  possible role of  p ros tacyc l in ,  and 
o t h e r  aspects  of  this  sys tem are in progress.  
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Stereospecificity of Linoleic Acid Hydroperoxide Isomerase 
from Corn Germ 

H.W, GARDNER, Northern Regional Research Center, Federal Research, Science and 
Education Administration, U.S. Department of Agriculture, 1 Peoria, Illinois 61604 

ABSTRACT 

Linoleic acid hydroperoxide isomerase from corn germ inverted the stereoconfiguration of its 
substrate. 9-D(S)-Hydroperoxy-trans-lO,cis-12-octadecadienoic acid was converted to 10-oxo-9-L(R)- 
hydroxy-cis-12-octadecenoic acid. Presumably, the H20 solvent of OH" acted as a nucleophile. In the 
presence of another nucleophile, linoleate, the 9-D(S)-hydroperoxide was transformed into 9-L(R)- 
linoleoyloxy-10-oxo-cis-12-octadecenoic acid. The substitution of nucleophiles from the incubation 
solution and the inversion of stereoconfiguration at carbon-9 are consistent with a bimolecular nucleo- 
philic substitution (SN2) mechanism. 

INTRODUCTION 

Linoleic acid hydroperoxide isomerase 
(LAHI), an enzyme which catalyzes the pro- 
duction of c~-ketol fatty acids from hydroper- 
oxylinoleic acid, was discovered in flaxseed by 
Zimmerman (1). Flaxseed LAHI required 
13-hydroperoxylinoleic acid as a substrate 
(2); whereas, LAHI from corn germ converted 
both isomeric 9- and 13-hydroperoxylinoleic 
acids to the corresponding 10-oxo-9-hydroxy- 
cis-12-octadecenoic and 12-oxo-13-hydroxy-cis- 
9-octadecenoic acids, respecitvely (3). Also, 
corn germ LAHI produced 3'-ketols; i.e., 9- 
and 13-hydroperoxylinoleic acids are trans- 
formed into lO-oxo-13-hydroxy-trans-t I-oct- 
adecenoic and 12-oxo-9-hydroxy-trans-10-oct- 
adecenoic acids, respectively (3,4). In the for- 
mation of ketols, both flaxseed (5) and corn 
germ (6) LAHI transferred one of the hydroper- 
oxide oxygens to the vicinal olefinic carbon. 
Thus, a 13-hydroperoxy oxygen became in- 
corporated into a 12-oxo group, whereas a 
9-hydroperoxy oxygen became a 10-oxo 
oxygen. The hydroxyl function of  ~- and 
y-ketols did not arise from the hydroperoxy 
function, but instead, presumably originated 
from the solvent, H20 (5,6). Various nucleo- 
philes other than H20 can participate in the 
LAHI reaction (7). Either linoleate (K salt), 
oleate, ethanethiol, or CH3OH substituted at 
the carbon that normally bore the hydroxyl 
group, and thus, ~-ketol analogues were formed 
that contained either linoleoyloxy, oleoyloxy, 
ethylthio, or methoxy substituents, respec- 
tively. Similarly, ")'-ketol analogues were pro- 

1The mention o f  f i r m  n a m e s  or t r a d e  pro- 
ducts does not imply that they are e n d o r s e d  
or recommended by the U.S. Department 
o f  Agriculture over other firms or similar pro- 
ducts n o t  mentioned. 

duced by nucleophiles other than Ha0 (4). 
In this communication the stereochemistry 

of c~-ketol formation is reported. 

METHODS 

Isomerase products 

Products were formed by the sequential 
action of corn germ lipoxygenase (8) and corn 
germ LAHI (3). The enzymes were buffer- 
extracted from whole germ (16 g) dissected 
from air-dried field corn (Zea mays), and the 
supernatant obtained from centrifugation of  
the extract was prepared and used as described 
before (3). The germ extract converted linoleic 
acid (0.546 g)into the products, 94inoleoyloxy- 
10-oxo-cis-12-octadecenoic acid and 10-oxo- 
9-hydroxy-cis-12-octadecenoic acid. The pro- 
ducts were isolated by column chromatography 
(3). 

Derivatives 

Methyl 9,10-dihydroxystearates were syn- 
thesized from the LAHI products. The sample 
of 10-oxo-9-hydroxy-cis-12-octadecenoic acid 
was: (a) hydrogenated with H2-Pd (10% Pd on 
carbon ; Matheson, Coleman and Bell, Norwood, 
OH) in CH3OH at 1 atm and 25 C for 45 rain, 
(b) reduced with NaBH4 in CH3OH at 25 
C for 30 min, and (c) esterified with diazo- 
methane in ether-CH3OH, 9 : 1.9-Linoleoyloxy- 
10-oxo-cis-12-octadecenoic acid was: (a) 
hydrogenated as above for 75 min, (b)NaBH4- 
reduced as above for 50 min, (c) deacylated 
with 0.1 N KOH in CH3OH for 4.5 hr at 25 C, 
and (d) esterified with diazomethane as above. 

Methyl 9,10-bis(trimethylsilylo xy)stearate 
was synthesized from methyl 9,10-dihydroxy- 
stearate with he xamethyldisilazane-chloro- 
trimethylsilane-pyridine, 2:1 : 1. 
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H 0~0~ H 

'" 0 0 R 

HO H 

1.) H2-Pd 
2.) NaBH4 

3.) CH2N 2 

OH 

+ 

.) H2-Pd 
/ (2. j  NaBH4 

/ ( 3 . 1  KOH-MeOH 
[4.) CH2N 2 

(+] Optical rotation 

FIG. 1. Formation of products by linoleic acid 
hydroperoxide isomerase (LAHI) and the chemical 
transformations required to establish stereocon- 
figuration at carbon-9. Structures are abbreviated; the 
structure at the top represents 9-D(S)-hydropcroxy- 
trans-1 O, cis-I 2-octadecadienoic acid. 

Chromatography and Spectral Methods 

Syntheses of the methyl 9,10-dihydroxy- 
stearates from LAHI products resulted in a 
racemic mixture of erythro and threo isomers. 
This isomeric pair was separated by sodium 
arsenite-impregnated thin layer chromato- 
graphy (TLC) plates (9), and by this method, 
the threo isomer was isolated from a 1-mm 
thick preparative plate. 

IR spectra were recorded with a Perkin- 
Elmer Model 621 spectrometer using 10% solu- 
tions of sample in CC14 with a 0.1 mm NaC1 
cell. 

Gas liquid chromatography-mass spectro- 
scopy (GLC-MS) was used to analyze samples 
of methyl 9,10-bis(trimethylsilyloxy)stearate 
(10). The GLC column (1.8 m x 4 ram) was 
packed with 5% Apiezon L on Gas-Chrom Q. 
The column temperature was programmed from 
190-250 C at 5 C/rain. 

Optical rotations were measured as reported 
before (8). 

RESULTS AND DISCUSSION 

Isomerase Products 

Corn germ extracts oxidize linoleic acid to 
lO-oxo-9-hydroxy-cis-12-octadecenoic and 9- 
linoleoyloxy-10-oxo-cis-12-octadecenoic acids 
as shown previously (3). These products arise 
from a sequential reaction during which corn 
germ lipoxygenase oxidizes linoleic acid to an 
intermediate 9-D(S)-hydroperoxy-trans-10,cis- 

TABLE I 
Optical Rotations of Products Derived From the Action of Linoleic 

Acid Hydroperoxide Isomerase (LAHI) 

546.1 nm 
Product [a ] (c:solvent) Origin 

.4.7~ c~-Ketol product of LAHI 

+8.7~ (1.5:CH3OH) 

+ o 
31.0 (0.7:CH3OH) 

+45.4 ~ (0.8:CH3OH) 

+13.6 ~ (0.5:CH3OH) 

I O-Ox o-9-hy drox y-cis-t  2- 
octadecenoic acid 
Methyl 9,10-dihydroxystearate 
(mixture of erythro and 
threo isomers) 
Methyl threo-9 ,10- 
dihydroxystearate 
(Partial arsenite complex) 
Methyl threo-9 ,10- 
dihydroxystearate 
(Partial arsenite complex) 
Methyl threo-9 ,10- 
dihydroxystearate 

Methyl threo-9 , l  O- 
dihydroxystearate 

Methyl threo-9-L,  10-D- 
dihydroxystearate 

+16.9 ~ (0,9:CH3OH) 

+22.5 ~ (1.2:CH3OH) 

Synthesized from e~-ketol 

From a-ketol; isolated 
from TLC; complexed 
with arsenite 
From acyl producta; 
isolated from TLC ; 
complexed with arsenite 
Synthesized from a-ketol; 
threo isomer isolated by 
TLC; arsenite removed 
w i t h  mann i to l  
Synthesized from acyl 
producta; threo isomer 
isolated by TLC; arsenite 
removed with mannitol 
See Morris and Crouchman 
(12) 

a9-Linoleoyloxy-10-oxo-cis-12-octadecenoic acid. 
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12-octadecadienoic acid (8). Before it can 
accumulate, the hydroperoxide is converted 
by LAHI to 10-oxo-9-hydroxy-cis-12-octade- 
cenoic and 9-1inoleoyloxy-lO-oxo-cis-12-octade- 
cenoic acids. Because the substituent at carbon- 
9 is derived from certain nucleophiles present 
during the LAHI reaction (7), the 9-hydroxy 
product is derived from H20 and the 9-1inole- 
oyloxy product originates from the presence of 
linoleate. The sequential enzyme reaction 
affords the convenience of not having to isolate 
specific isomers of hydroperoxylinoleic acid 
nor accounting for possible racemization and 
rearrangement of an isolated hydroperoxide 
(I1). The previous study ( 3 ) o f  the sequential 
enzyme oxidation of linoleic acid did not reveal 
the presence of 12-oxo-13-hydroxy-cis-9-octa- 
decenoic acid probably because 13-hydroper- 
oxytinoleic acid did not form either by 
autoxidation or rearrangement of the 9-hydro- 
peroxide. 

In the present study, GLC-MS data from 
m e thy l  9,1 0-bis(trimethylsilyloxy)stearate 
derived trom LAHI products did not show 
evidence for the corresponding isomer derived 
from 13-hydroperoxylinoleic acid [methyl 
12,13-bis(trimethylsilyloxy)stearate]. The mass 
spectra showed the same fragmentation pattern 
as methyl 9,10-bis(trimethylsilyloxy)stearate 
prepared from authentic methyl threo-9,10- 
dihydroxystearate (Analabs, North Haven, CT). 
Fragment ions from cleavage between carbons-9 
and -10 were most intense [215 m/e, 100% 
relative intensity (RI); 259 m/e, 83.7% RI].  
Fragmentations characteristic of methyl 12,13- 
bis(trimethylsilyloxy)stearate were a lmos t  
absent (173 m/e, 0.5% RI; 301 m/e, 0.2% RI); 
thus, only a trace of 12-oxo-13-hydroxy-cis- 
9-octadecenoic acid was present. 

Stereoconfiguration 

Since the two LAHI products, 0e-ketol and 
its fatty acyl ester, could be converted to a 
compound of known stereoconfiguration, i.e., 
methyl 9,10-dihydroxystearate ( t 2), this 
derivative was synthesized (Fig. 1). 

Because the 10-oxo was reduced, the result- 
ant 10-hydroxy was optically racemic, There- 
fore, if the 9-hydroxy was stereochemically 
pure, the dihydroxystearates were a pair of 
diastereomers with erythro and threo configura- 
tion (Fig. 1). The erythro and threo isomers 
were isolated from sodium arsenite TLC plates; 
however, the isolates obtained from arsenite 
TLC plates were arsenite complexes which 
resisted dissociation by the alkaline hydrolysis 
method of Morris and Wharry (13). The com- 
plex was problematic because it could not be 

OH 

OH 

H X+7 0 ~OH 
x o 

FIG. 2. Proposed mechanism for the action of 
linoleic acid hydroperoxide isomerase on 9-D(S)- 
hy_droperoxy-trans-lO,cis-12-octadecadienoic acid. 
X represents a nucleophile. 

used for optical rotations to compare with 
literature values. The arsenite complex gave 
higher optical rotation than the uncomplexed 
methyl threo-9,10-dihydroxystearate (Table I). 
Infrared (IR) spectroscopy was an effective 
method of assessing the presence of arsenite. 
For the complex, IR absorptions at 3420 cm -t 
(OH) were absent and a strong absorption was 
noted at 655 cm -1 (probably arsenite). 

The arsenite complex, partly dissociated by 
alkaline hydrolysis, was completely decom- 
posed by an acidic mannitol solution. The 
sample was dissolved in 4 ml CH3OH-H20, 1 : 1, 
containing 0.3 g mannitol. Two drops 1 N HC1 
were added, and the solution was kept at 25 C 
for 90 min, after which 4 ml CHC13 was added. 
The CHC13 layer was collected and given two 
H20 washes. As a precaution to remove trace 
impurities, the sample was purified once again 
by a 0.5 mm thick TLC plate spread with Silica 
Gel G (devoid of sodium arsenite). The TLC 
plates were developed twice with CHC13- 
CH3OH , 98:2, and TLC scrapings of the 
separated band were eluted with CHC13- 
CH3OH , 2:1. Water was added to the eluted 
solution so that the final solvent composition 
was CHC13-CH3OH-H20 , 2:1:1. The CHC13 
layer was collected to obtain pure methyl 
threo-9,10-dihydroxystearate which gave an Rf 
value by sodium arsenite TLC comparable with 
an authentic standard. 

According to Morris and Crouchman (12), a 
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positive rotation is observed for the methyl 
9-L,10-D-dihydroxystearate (threo) [a]546.1 
nm = +22.5~ 9-D,10-L (threo) and 
9-D,10-D (erythro) gave negative values, [a] 
546.1 nm = -206 ~ and -0.12 ~ respectively. In 
this study, the threo isomer was selected for 
measurement because it has a relatively large 
rotation at 546.1 nm. As shown in Table I, 
the methyl threo 9,10-dihydroxystearates were 
9-L,10-D [+] regardless of  which LAHI product 
served as a precursor. Thus, LAHI catalyzed 
the inversion of stereoconfiguration at carbon-9 
from D(S) to L(R) regardless of whether OH" 
(H20) or linoleate served as the nucleophile. 

The inversion of  stereoconfiguration is 
typical of a bimolecular nucleophilic substitu- 
tion (SN2). This finding and others suggest 
the heterolytic mechanism proposed in Figure 
2. An epoxy-cation could serve as a transient 
intermediate which accepts a nucleophile (X-) 
at carbon-9, as well as transfers hydride from 
carbon-10 to carbon-11. The proposed hydride 
shift from an epoxide carbon to a vicinal 
carbon is similar to the "NIH Shift" observed 
in many biological reactions (14). The 
mechanism is consistent with: (a) the observed 
products, (b) transfer of hydroperoxy oxygen 
from carbon-9 to carbon-10 (5,6), and (c) 
substitution by nucleophiles (7). Veldink et al. 
(2) already had anticipated the possible in- 
volvement of an epoxy intermediate. However, 
they discovered that isomeric 12,13-epoxyoleic 
acids were unreactive with flaxseed LAHI. The 
epoxides tested by them were uncharged; 
whereas, the proposal illustrated by Figure 2 
requires a cationic species as an intermediate. 

The 7-ketol also could be formed by an 
analogous mechanism. If the carbon-1 1 cation 
distributed its charge over carbons-1 I to -13 
to form an allylic hybrid, the nucleophile could 
substitute at carbon-13 and hydride could 
transfer from carbon-10 to carbon-9. 

Presumably the substitution is enzymically 
mediated; however, an enzyme is not a pre- 

requisite for retention of optical activity. A 
nonenzymic SN2 reaction also could result in 
inversion and retention of optical activity. 
Since the values of rotation found in this study 
were lower than those reported by Morris and 
Crouchman (see Table I), one could argue for 
a nonenzymic reaction. However, the lower 
rotation values may be due to possible 
isomerization of  the a-ketol into an enediol 
form as suggested by Zimmerman and r i c k  
(15). 
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Oxidative Activation of Guanylate Cycl,ase by Prostaglandin 
Endoperoxides and Fatty Acid Hydroperoxides 1 ,2 

GUSTAV GRAFF ,  ,IANIS H. STEPHENSON, RODNER R. WINGET,  and NELSON D. GOLDBERG,  
Department of Pharmacology and Department of Pathology and Laboratory Medicine, 
University of Minnesota Medical School, Minneapolis, Minnesota 55455 

ABSTRACT 

Purified prostaglandin endoperoxides  (PGG 2 and PGH 2) and hydroperoxides  (15-OOH-PGE2) as 
well as fat ty acid hydroperoxides  (12-OOH-20:4, 15-OOH-20:4 and 13-OOH-18:2)were  examined as 
effectors o f  soluble splenic celt guanylate cyclase activity. The procedures employed for the  pre- 
paration and purification o f  these components  c ircumvented the use o f  diethyl e ther  which obscured 
effects o f  lipid effectors because of  contaminants  presumed to be ether  peroxides which were st imu- 
latory to the cyclase. Addit ion o f  prostaglandin endoperoxides  or fat ty acid hydroperoxides  to the 
reaction mixture  led to a t ime-dependent  activation of  guanylate cyclase activity; 2.5- to 5-fold 
s t imulat ion was seen during the first 6 min.  The degree of  s t imulat ion and rate of  activation were 
dependent  on the concentrat ion o f  the fat ty acid effector;  when initial velocities (6 min)  were 
assessed, half  maximal  s t imulat ion was achieved in the range of  2 to 3 uM. However, by extending the 
incubation time to 90 min,  similar maximal  increases in specific activity could be achieved with 3 or 
10 ~tM PGG 2 or PGH 2. Activation of  guanylate cyclase upon  addition of  prostaglandin endoperoxides  
or fat ty acid hydroperoxides  was prevented or reversed by the thiol reductants  di thiothrei tol  (3 to 5 
mM) or gluthathione (10 to 15 mM). Na2S204 ,  not  known as an effective reducing agent o f  disul- 
fieds, prevented but  was relatively ineffective in reversing activation after it had been induced by 
PGG 2. Pretreatment  of  the enzyme preparation with increasing concentrat ions o f  N-ethyl-maleimide 
in the range of  0.01 to 1.0 mM prevented activation by PGG 2 wi thout  effecting basal guanylate 
cyclase activity. These observations indicate that  fat ty acid hydroperoxides  and prostaglandin endo- 
peroxides promote  activation o f  the cyclase by oxidation of  enzyme-related thiol functions.  In con- 
trast, PGE2, PGF2a,  hydroxy  fat ty acids (13-OH-18:2, 12-OH-20:4) as well as saturated (18:0), 
monoenoic  (18:1), dienoic (18:2),  and tetraenoic (20:4) fat ty acids were ineffective in promot ing  
cyclase activation in the range of  1 to 10 uM. Studies to ident i fy  the species of  the rapidly metabo-  
lized prostaglandin endoperoxides  that  serve as effectors of  the cyclase indicated that  PGG 2 bu t  not  
15-OOH-PGE 2 (the major  buffer-rearrangement product  o f  PGG 2) is mos t  likely an activator. In the 
case o f  PGH2, a rapidly generated (30 sec) metaboli te  o f  PGH 2 was found which contained a hydro- 
peroxy or endoperoxy funct ional  group and was equally as effective as PGH 2 as an apparent  activator 
o f  the enzyme.  The combined effects of  PGG 2 and dehydroascorbic acid, another  class o f  activator, 
exhibited additivity with respect to the rate at which the t ime-dependent  activation was induced.  
These results suggest that  activation o f  soluble guanylate cyclase from splenic ceils can be achieved by 
the oxidation o f  sulfhydryls that  may be associated with specific hydrophobic  sites o f  the enzyme or 
a related regulatory component .  

IThis report  is an abbreviated form of  a manu-  
script to be published in the Journal of  Biological 
Chemistry,  (1978), (viz. Ref. 12). 

2Abbreviations used in the text:  PGG 2 = l$- 
hydroperoxy-9,11-peroxido-prosta-S,13-dienoic acid 
(prostaglandin G2); PGH 2 = 15-hydroxy-9,1 l-peroxi- 
do-prosta-5,13-dienoic acid (prostaglandin H2); 15- 
OOH-PGE 2 = l l -hydroxy-15-hydroperoxy-9-oxo-pro-  
sta-5,13-dienoic acid; PGE 2 = 11,15-dihydroxy-9-oxo- 
prosta-5,13-dienoic acid (prostaglandin E2); PGF2c ~ = 
9,11,15-tr ihydroxy-prost  a- 5,13-dienoic acid (pro- 
staglandin F2a);  13-OOH-18:2 = 13-hydroperoxy- 
9,11-octadecadienoic acid; 13-OH-18:2 = 13-hydroxy- 
9,11-octadecadienoic acid; 15-OOH-20:4 = 15-hydro- 
peroxy-5,8,11,13-eicosatetraenoic acid ; 15-OH-20:4 = 
15-hydroxy-5,8,11,13-eicosatetraneoic acid ; 12-OOH- 
20:4 = 12-hydroperoxy-5,8,10,14-eicosatetraenoic 
acid; 12-OH-20:4 = 12-hydroxy-5,8,10,14-eicosatetra- 
enoic acid; 18:0 = octadecanoic acid (stearic acid); 
18:1 = 9-octadecenoicacid (oleic acid); 18:2 = 9,12- 
octadecadienoic acid (linoleic acid); 20:4 = 5,8,11,14 
eicosatetraenoic acid (arachidonic acid); ETY = 
5,8,11,14 eicosatetraynoic acid. 

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

Cyc l i c  G M P  h a s  b e e n  i m p l i c a t e d  as a b io log i -  
cal  r e g u l a t o r y  c o m p o n e n t  in  t h e  e x p r e s s i o n  o f  a 
n u m b e r  o f  h o r m o n e  a c t i o n s ,  in  m i t o g e n  a c t i o n ,  
a n d  in  a va r i e t y  o f  a l t e r e d  p h y s i o l o g i c a l  s t a t e s .  
T h e  e v i d e n c e  in s u p p o r t  o f  an  i n v o l v e m e n t  o f  
c G M P  in  t h e s e  p r o c e s s e s  is i n d i r e c t ,  d e r i v ing  

p r i m a r i l y  f r o m  t w o  l ines  o f  i n v e s t i g a t i o n :  a) 
t h a t  t h e  a c t i o n  o f  t h e s e  a g e n t s  o r  c o n d i t i o n s  is 
a s s o c i a t e d  w i t h  e n h a n c e d  ce l lu l a r  a c c u m u l a t i o n  

o f  t h i s  cyc l ic  n u c e l o t i d e ,  a n d  b )  t h a t  e x o g e n o u s  
a d d i t i o n  o f  cyc l ic  G M P  or  d e r i v a t i v e s  (e .g. ,  8-  
b r o m o  or  d i b u t y r y l )  c an  m i m i c  s o m e  o f  t h e  

ce l lu l a r  a c t i o n s  o f  t h e s e  a g e n t s  a n d  c o n d i t i o n s .  
A l t h o u g h  t h i s  s e e m s  to  c o i n c i d e  w i t h  t h e  so r t  
o f  e v i d e n c e  t h a t  h a s  b e e n  u s e d  to  d e f i n e  t h e  
b io log i ca l  i m p o r t a n c e  o f  cyc l i c  A M P  as a 
m e d i a t o r  o f  h o r m o n e  a c t i o n  a n d  u n d e r s c o r e s  
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a parallelism between cyclic GMP and cyclic 
AMP, it is becoming increasingly apparent that 
the differences between the two cyclic nucteo- 
tide systems are more striking than their simi- 
larities. Further, in spite of the fact that each 
cyclic nucleotide system is comprised of analo- 
gous metabolic components (e.g., cyclases, 
phosphodiesterases, and protein kinases) that 
catalyze seemingly similar metabolic steps, 
some of the evidence emerging indicates that 
they may be interposed at different sites in 
very dissimilar biological communication and 
regulatory systems. 

How cellular guanylate cyclase-catalyzed 
generation of cyclic GMP is regulated remains a 
key process to be defined in elucidating the role 
played by the cyclic GMP system in biological 
communication and regulation. Guanylate 
cyclase and adenylate cyclase catalyze seem- 
ingly identical reactions with the appropriate 
nucleoside triphosphates, but the two cyclases 
exhibit strikingly different characteristics (1). 
Adenylate cyclase is located almost exclusively 
in cell membranes and can be stimulated in cell- 
free systems by membrane-active hormonal 
agents (i.e., epinephrine, glucagon, etc.) which 
promote cyclic AMP accumulation in the intact 
cell. On the other hand, guanylate cyclase is 
distributed in both soluble and particulate 
subcellular fractions and is not stimulated 
by agents (a number of which are thought to 
be membrane-active) known to promote accu- 
mulation of this cyclic nucleotide in the intact 
cell (1). This apparent hormonal insensitivity of 
guanylate cyclase in cell-free systems suggests 
that the regulation of this enzyme is accom- 
plished indirectly and/or that a greater degree 
of cell integrity is necessary to transmit 
regulatory signals to guanylate cyclase. Inter- 
mediate components which arise as a result of 
hormone interaction at the cell plasma mem- 
brane may, therefore, be interposed between 
the hormone receptor and guanylate cyclase. 

Several cellular constituents which could 
conceivably participate in an indirect mecha- 
nism of control have recently been reported to 
support or to alter guanylate cyclase activities 
from various sources. These include Ca 2+ (2,3), 
lysophosphatides (4), phospholipids (5), and 
fatty acids (6,7). A meaningful correlation has 
not, however, been made between changes in 
the intracellular concentrations of any of these 
cell constituents and alterations that occur in 
cellular cGMP concentration or guanylate 
cyclase activity. 

We recently suggested that cellular events in- 
volving oxidation and reduction may represent 
a general mechanism for regulating guanylate 
cyclase activity and the metabolism of cGMP 

(8-12). This concept was developed from obser- 
vations that oxidants increase and reducing 
agents decrease splenic cell cGMP concen- 
trations. Some more direct evidence that guany- 
late cyclase may be activated by a process in- 
volving oxidation has appeared; the soluble en- 
zymes from lung (2,13), platelets (6), and 
splenic cells (9,10) can undergo a spontaneous 
activation in room air which can be prevented 
or suppressed by dithiothreitol or a N 2 atmos- 
phere. It has also been shown that substances 
which activate guanylate cyclase, such as NAN3, 
NH2OH , and nitroprusside (14,15), may 

generate oxidizing equivalents in the form of 
nitric oxide (14), which is a potent activator of 
the cyclase. It has been suggested that free 
radicals generated by carcinogenic nitrosamines 
may also stimulate the enzyme (16) and that 
hydroxyl free radicals are effective activators. 

We have demonstrated that soluble guany- 
late cyclase from splenic cells can be activated 
by at least one naturally occurring oxidant, de- 
hydroascorbic (DHA) acid. In these studies 
evidence was presented that the cyclase could 
be modulated by the interconversion of sulfhy- 
dryl groups to disulfides and vice-versa in the 
intact cell and with a soluble preparation of the 
enzyme employing the mild oxidant DHA or 
thiol reducing agents such as dithiothreitol or 
glutathione. 

We have also reported that polyunsaturated 
fatty acids with n-6 structure selectively 
activated guanylate cyclase (6). Since fatty acid 
hydroperoxides and prostaglandin endoper- 
oxides exhibit both hydrophobic and oxidant 
properties, these substances should be rea- 
sonably effective activators of this cyclase. 

In this report we describe the effectiveness 
of fatty acid hydroperoxides and prostagiandin 
endoperoxides to stimulate the soluble form of 
guinea pig splenic cell guanylate cyclase and 
some of the characteristics of the activation in- 
ducible by these lipid components. 

METHODS AND MATERIALS 

Materials 

ATP, GTP, cAMP, cGMP, dithiothreitol, 
bovine serum albumin, sodium borohydride, N- 
methyl-N-nitroso-p-toluene sulfonamide, N- 
ethylmaleimide, cysteine and glutathione were 
obtained from Sigma Chem. Co. (St. Louis, 
MO). Dehydroascorbic acid was purchased 
from ICN, (Plainview, NY) and Chemical 
Procurement Laboratories. Dehydroascorbic 
acid solutions were dissolved in distilled 
water immediately before use. Creatine phos- 
phate and creatine phosphokinase were obtained 
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f rom Boehringer-Mannheim (Indianapolis ,  IN), 
3 - i sobuty l - l -methylxanth ine  was f rom Aldrich 
Chem. Co. (Milwaukee, WI), RPMI 1640 media 
was from Grand Island Biological Co., Na 12sI  
was purchased f rom New England Nuclear 
(Boston,  MA). Ant ibodies  against cGMP were 
prepared in this laboratory  f rom goats. Succinyl  
cGMP tyrosine methyl  ester from Sigma was 
iodinated according to the me thod  of  Steiner et 
al. (17). 

Guanylate Cyclase Preparation 

Spleens were removed from decapi ta ted 200- 
250 g male Hart ley guinea pigs and homo-  
genized in 10 ml of  phosphate  (100 mM) 
buffered saline, pH 7.4 (PBS). Connect ive tissue 
was removed by sedimentat ion and the red 
blood cells lysed by incubat ion for 10 min at 
37 C in 10 mM Tris-HCl, pH 7.5, containing 
0.83% ammonium chloride. All solutions were 
equil ibrated with argon. The white cells were 
sedimented and washed 3 times by successive 
centr i fugat ion and resuspension in PBS. The 
cells were finally suspended at a density of  200 
x 106 cells per ml PBS and lysed by sonicat ion 
(under  argon or nitrogen). Cell disruption was 
determined to be ca. 95%. The cell lysate was 
centr ifuged at 105,000 x g for 60 min to 
separate the soluble and particulate enzyme 
fractions. The soluble fract ion was removed 
and maintained for no longer than 60 min at 
4 C under  argon or ni t rogen until  assayed. 

Guanylate Cyclase Assay 

Activi ty of the enzyme was measured by a 
modif ica t ion  of  the me thod  of  Kimura and 
Murad (18). Unless otherwise noted,  final con- 
centrat ions of the componen t s  in the cyclase 
assay (30 /21) were 1 mM GTP, 2 mM MnC12,5 
mM 3-isobutyl-l-me thylxanthine ,  15 mM 
creatine phosphate ,  and 0.2 mg/ml  of creatine 
phosphokinase in 50 mM Tris.HC1, pH 7.5. 
Fa t ty  acids and prostaglandins tested as pos- 
sible effectors  of  guanylate cyclase were added 
prior to addi t ion of  the reaction mixture  and 
enzyme to react ion tubes which were s toppered 
and maintained on dry ice. Solvent,  containing 
the lipid componen t ,  was evaporated under  
vacuum (10-20 sec) before addi t ion of  react ion 
mixture  fol lowed by the enzyme extract  (10 
/~1 containing 10-12/Jg prote in) ;  addi t ion of  the 
reaction mixture  preceded the enzyme by 5 sec. 
Appropria te  volumes of  the solvent,  alone 
representative of  those used to transfer the lipid 
ef fec tor  to the react ion tube,  were employed  
for control  reactions. The cyclase reaction was 
conducted  at 30 C for the t imes designated and 
terminated by the addi t ion of  30 #1 of  110 mM 
sodium acetate pH 4.0 containing 11 mM 

EDTA fol lowed by heating at 90 C for 3 min. 
Blank reactions were represented by enzyme 
extract  added to the sodium ace ta t e /EDTA 
solut ion heated at 90 C for 3 min fol lowed by 
the addit ion of the react ion mixture .  

When the cyclase velocities were determined 
under  anaerobic condit ions,  in addi t ion to 
employing  deaerated solutions equil ibrated 
with ni trogen or argon as described above, the 
cyclase reactions were conduc ted  in rubber  
s toppered tubes which were evacuated then 
gassed with ni trogen or  argon. The react ion 
mixture  and enzyme were added separately to 
these reaction vessels with a Hamil ton  syringe 
and samples withdrawn from stoppered vessels 
by syringe and transferred to tubes in which 
reactions were terminated as described above. 

The protein concentra t ion  of  the extract  was 
determined by the me thod  of  Bradford (19) 
and adjusted to 1.0-1.2 mg per ml prior to 
assay. The cGMP formed was conver ted to the 
2 '-0-acetyl  derivative (20) and assayed by radio- 
immuno-assay as previously described (6). The 
binding reaction (300 /Jl) was conducted  in 50 
mM sodium acetate,  pH 4.0, containing 20 mM 
CaCI2,0 .5  mg gamma globulin,  0.75 mg bovine 
serum albumin, 25,000 cpm of 125I succinyl 
cGMP tyrosine methy l  ester, and ant ibody 
sufficient to bind 40% of the total  CPM added. 
Incubat ion at 4 C was terminated  after 14 or  
more hr by ethanol  precipi ta t ion and the pre- 
cipitated ant igen-ant ibody complexes  counted  
in a gamma spectrometer .  Standard curves were 
prepared in glass-distilled water  and in the 
presence of  all the reaction componen t s  (in- 
cluding boiled enzyme)  to control  for any 
possible interference by the reactants in the 
acetylat ion or binding reactions.  

Isolation and Characterization of 
Fatty Acid and Prostaglandin Metabolites 

A detailed description of the methods  used 
for the isolation and purif icat ion of  the fat ty  
acid and prostaglandin components  examined 
in these studies as well as the evidence obtained 
to document  their  chemical  structure has been 
described elsewhere (12). 

RESULTS 

Soluble guinea pig splenic cell guanylate cy- 
clyase, like the soluble form of the enzyme 
from lung (2,13) and platelets (6,21), under- 
goes a spontaneous increase in activity upon 
incubat ion of  tissue extracts in air (Fig. 1). 
Spontaneous  act ivation was suppressed when 
reactions were conducted  in an argon atmos- 
phere (and deaerated argon saturated reagent) 
(viz. Fig. 3). It has been suggested that this 
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s p o n t a n e o u s  ac t iva t ion  in air results  f rom an 
oxidat ive  process  (6 ,13 ,21) ;  in the  case of  the  
splenic cell enzyme ,  it has been  r epo r t ed  to 
involve the  ox ida t ion  of  th io l  f unc t i ons  of  the  
e n z y m e  or  a closely associated c o m p o n e n t  
(9,10) .  This  is cons i s ten t  wi th  the  e f fec t  t ha t  
the  th io l  r e d u c t a n t ,  d i th io th re i to l ,  has  to  

prevent  (Fig. 1) or to reverse (viz., Fig. 8) this  
ac t iva t ion  of  the  splenic cell enzym e ;  3 mM di- 
t h io th r e i t o l  was requi red  to comple te ly  p reven t  
ac t iva t ion  while lower  c o n c e n t r a t i o n s  (i.e., 0.1 
and  1.0 mM) were only  par t ia l ly  effect ive (Fig. 
1). Qual i ta t ive ly  similar resul ts  were ob t a ined  

wi th  g lu ta th ione ,  bu t  the  effect ive  concen-  
t r a t ion  range was 10 to 15 mM (viz., Fig. 2). In 
add i t ion  to p revent ing  s p o n t a n e o u s  ac t iva t ion ,  
d i th io th re i to l ,  at  the  highest  c o n c e n t r a t i o n  (3 
mM) employed ,  also suppressed basal act ivi ty.  

This  i nh ib i t i on  is appa ren t  f rom the  decreased 
velocit ies dur ing the  early (i.e., 2 to  6 min)  
course of the  reac t ion  when  the  rates  of  cGMP 
p r o d u c t i o n  are l inear  wi th  respect  to  t ime (Fig. 
1) wi th  or w i t h o u t  d i th io th re i to l .  Because of 
this  appa ren t  i nh ib i t i on  of  basal  act ivi ty  by  the  
th io l  r educ t an t ,  veloci t ies  ob t a ined  in the  
presence of  th iol  reduc ing  agents  could no t  be 
used as a valid r ep r e sen t a t i on  of  con t ro l  rates  to  
compare  wi th  those  ob t a ined  in the  presence  of  
lipid pe rox ides  wi th  which  r e d u c t a n t s  could 
obviously  no t  be used. Such a compar i son  
would  overes t imate  any s t imu la to ry  ac t ion  of  a 
lipid effector .  As d e m o n s t r a t e d  by White  et  al. 
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HG. l. Prevention of spontaneous activation in air 
of soluble splenic cell guanylate cyclase by increasing 
concentrations of dithiothreitol. The activity of the 
soluble fraction of guanylate cyclase from splenic cell 
lysates was assayed as described in METHODS in the 
absence or presence of dithiothreitol at the concentra- 
tions indicated. The values represent the mean of 
duplicate determinations. 

(13) ,  wi th  the  e n z y m e  in soluble  lung ext rac ts ,  
the  reac t ion  rates  wi th  the  splenic cell cyclase 
at 30 C are relat ively l inear  for  the  first  5 to  6 
min  before  ac t iva t ion  becomes  apparen t .  The  
early l inear  p o r t i o n  of  the  reac t ion  veloci ty  
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FIG. 2. Activation of guanylate cyclase by a nonvolatile component from diethyl ether. Panel A: Diethyl 
ether (60 tad from a freshly opened can was evaporated under vacuum (-70 C) and guanylate cyclase reaction 
mixture without or with glutathione (GSH) (10 mM) followed by enzyme extract was added. In reactions not 
containing glutathione at the onset, the reducing agent (10 raM) was added where indicated 5 rain (5') after 
initiation of the reaction and the cGMP formed thereafter was determined (,dashed line). Panel R: Diethyl ether 
(60 /d) from either a freshly opened can (designated STOCK), after storage for 7 days at room temperature in a 
clear glass container (designated AGED) or after exposure to a short wave ultraviolet (Mineralite) hand lamp for 
24 hr (designated UV-EXPOSED) was evaporated to dryness under vacuum. Guanylate cyclase reaction mixture 
was added followed by the addition of cell extract to initiate the reaction and the cGMP formed after 10 rain 
determined as described in METHODS. Each value represents the mean of duplicate determinations; the range is 
indicated by the vertical bars. 
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FIG. 3. Time course of PGG 2 and PGH 2 activation 

of soluble splenic cell guanylate cyclase in air or argon. 
The reactions were conducted as described in 
METHODS. The concentration of PGG? and PGH 2 
was 10 ,*M. The values represent the means of duph- 
cate determinations and the vertical bars represent the 
range. 

(i.e., at or before 6 rain) was, therefore ,  used 
when assessing alterations inducible by fat ty 
acid derivatives in enzyme activity at a fixed 
t ime of reaction.  

Another  potent ia l  source of  error that was 
identif ied during the initial phase of this work 
related to the convent ional  procedures  used to 
extract ,  purify,  and store fa t ty  acid metabol i tes  
(22,23) in which diethyl  ether  is employed  as 
the solvent. A visibly undetec table ,  apparent ly 
nonvolat i le  substance(s) remaining after  
evaporat ion of  the solvent (i.e., diethyl  ether) ,  
was found to be s t imulatory to guanylate  
cyclase (Fig. 2). The residue after  evaporat ion 
of  aged (i.e., s tored in clear glass container  for 
seven days ), ul t raviolet-exposed (i.e., for  24 hr) 
of  freshly opened diethyl  e ther  all s t imulated 
(200 to 500%) the cyclase (Fig. 2B). The stimu- 
latory effect  of  the nonvolat i le  diethyl  e ther  
componen t  could be prevented and reversed 
with glutathione (10 mM) (Fig. 2A) or  dithio- 
threitol  (3 mM) (not  sown), indicating that  the 
alteration in enzyme  activity involved oxida- 
tion. Al though the nonvolat i le  cons t i tuent  
remaining after evaporat ion of  diethyl  e ther  
was not  characterized,  the propert ies  exhibi ted  
correspond to those of  nonvolat i le  e ther  
peroxides  which are readily formed from 
diethyl  e ther  upon light exposure  or  prolonged 
storage (24). Because there was no assurance 
that diethyl  e ther  employed  for fat ty acid 
metabol i te  purif icat ion,  even if initially distilled 

over l i thium aluminum hydride to remove  ether  
peroxides,  did not  undergo subsequent  oxida- 
tion due to unavoidable light exposure,  or 
perhaps, as a result o f  e ther  radical format ion  
init iated by the fat ty acid hydroperox ides  
and endoperoxides ,  diethyl  e ther  was elimi- 
nated as the solvent f rom all pur i f icat ion proce- 
dures. This necessitated the deve lopment  of  
new procedures  for extract ing,  purifying, and 
stabilizing the labile prostaglandin endo-  
peroxides and the fat ty acid hydroperoxides .  
The basic modif ica t ion  in the me thod  devised 
was the use of  a solvent comprised of  e thyl  
acetate and purified pe t ro leum ether,  both  of  
which are not  known to form oxida t ion  
products.  The basic solvent,  which was a 
mixture  of 20% ethyl  acetate in pe t ro leum 
ether,  was determined in 20 separate experi- 
ments  to have no significant ( i .e . ,117%-+3.5)  
effect  on guanylate cyclase velocity.  

Because of earlier reports  (6) that  soluble 
guanylate cyclases (i.e., from platelets) can be 
st imulated by (n-6) polyunsatura ted  fa t ty  acids, 
it was judged essential to el iminate endogenous 
lipid componen t s  (i.e., nonradiolabeled)  and 
possible oxidized lipid products  deriving from 
freshly prepared microsomes or acetone powder  
preparat ions of  microsomes which are ordi- 
narily used to generate the prostaglandin endo- 
peroxides.  The precaut ion taken to el iminate 
this potent ial  source of  error was to lipid 
deplete (25) the sheep vesicular gland micro- 
somes used for the enzymic  generat ion of  
PGG 2 and PGH 2. From 300 mg of  microsomes 
prepared by this procedure (i.e., the amount  
used in a standard react ion mixture  to generate 
prostaglandin endoperoxides) ,  there was no 
lipid detectable upon thin layer chromato-  
graphy of pooled extracts  obtained from three 
successive extract ions with chloroform-  
methanol  (2:1).  It was also determined that  
fractions from silicic acid chromatography  
corresponding to those containing PGG 2 and 
PGH 2 had no detectable effect  on guanylate 
cyclase activity when extracts of  l ipid-depleted 
microsomes wi thout  added arachidonic acid 
were chromatographed  (not  shown). 

Activation by Prostaglandin Endoperoxides 
and Fatty Acid Hydroperoxides 

Micromolar  concent ra t ions  of  prostaglandin 
endoperoxides  PGG 2 and PGH 2 were found to 
be effect ive activators of  the soluble form of 
splenic cell guanylate cyclase (Fig. 3). Guany- 
late cyclase veloci ty  was increased over four- 
fold upon the addi t ion o f  PGG 2 (10 pM), and 
over three-fold when PGH 2 (10 tiM) was added 
to the reaction.  Act ivat ion was apparent  with 
the inclusion of  e i ther  prostaglandin endo-  
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FIG. 4. Time course of the activation of soluble 
splenic cell guanylate cyclase by various concentra- 
tions of PGG2, 13-OOH-18:2, 15-OOH-20:4 and 12- 
OOH-20:4. Conditions and procedures are described 
in METHODS. The values represent average of tripli- 
cate determinations_+SEM. 

peroxide when the reaction was conducted in 
room air or in an argon atmosphere with 
argon equilibrated reagent. Because sponta- 
neous activation was suppressed in reactions 
conducted in argon, the relative increase in 
activity attributable to PGG 2 or PGH 2 under 
these conditions was slightly greater (Fig. 3). 
The stimulatory effectiveness of these prostag- 
landin endoperoxides in an argon atmosphere 

indicates that they are not merely accelerating 
the process by which the undefined sponta- 
neous activation is promoted and that their 
stimulatory effect is not dependent upon the 
presence of molecular oxygen. 

The fatty acid hydroperoxides, 15-OOH- 
20:4, 12-OOH-20:4 and 13-OOH-18:2 (Fig. 
4B,C,D) also serve as effective enhancers of the 
cyclase activity; the stimulatory effect is con- 
centration dependent with respect to the lipid 
effector. The time course of the reaction (in 
room air) in the presence of 1, 3, or 6 pM 
PGG 2 (Fig. 4A), or the fatty acid hydroperoxides 
(Fig. 4B,C,D), indicates that the stimulatory 
effect of  these lipid metabolites is time-depen- 
dent. This progressive increase in enzyme 
activity is apparent with all concentrations of 
the activators tested. With the lowest concen- 
tration (1 /aM), little or no increase in activity 
is detectable until some time between 2 and 4 
min of the reaction. With higher concentrations 
of the fatty acid effectors [3 and 6 /aM (Fig. 
4) or 10 /aM (Fig. 3)] ,  activation is apparent 
at the earliest time (i.e., 2 min) examined and 
velocities become progressively greater with 
time. A more extensive examination of  the 
characteristics of the time-dependent activation 
is shown in Figure 5 where the changes in 
guanylate cyclase specific activity are plotted 
with respect to time over a period of 90 min; 
this extended incubation period permitted 
apparent completion of the activation that 
occurred spontaneously or in the presence of 
PGG 2 or PGH 2. The specific activity increased 
over 3.5-fold from 163 to 600 pmole/min/mg 
protein as a result o f  spontaneous activation 
and ca. 8.5-fold to values between 1,300 to 
1,500 pmole/min/mg protein in the presence of 
PGG 2 or PGH~. The maximal increase in 
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FIG. 5. Changes in guanylate cyclase specific activity during an extended incubation with different concen- 
trations of PGG 2 and PGH 2. The enzyme reactions were conducted as described in METHODS in the presence 
or absence of  3 or 10 pM PGG 2 or PGH 2 as indicated and the mean specific activities during the time intervals 
shown determined. The values shown represent the means of  quadruplicate determinations +- SEM. 
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FIG. 6. Concentration dependence of the activation of soluble splenic cell guanylate cyclase by prostaglan- 
din endoperoxides, fatty acid hydroperoxides and hydroxy fatty acids, cGMP generation after a 6 min incuba- 
tion with the designated concentration of the lipid component was compared with that in control reactions 
containing equivalent volumes of the solvent which was evaporated before initiating the reaction as described in 
METHODS. The values represent averages of 2 to 10 determinations. 

specific act ivi ty was comparable  with ei ther  of  
the prostaglandin endoperoxides ,  but  the t ime 
required for maximal  act ivation in the presence 
of  10/IM PGG 2 was considerably shorter  (ca. 15 
min) than with 10 /aM PGH 2 (ca. 45 min). 
Fur thermore ,  virtually the same m a x i m u m  
specific activity was achieved with 10 /IM as 
with 3 /IM concent ra t ions  of  ei ther  prostaglan- 
din endoperoxide ,  but  the rate at which activa- 
tion proceeded was faster with the higher con- 
centrat ion of  each. 

The concent ra t ion  dependence  of  guanylate  
cyclase act ivation by the various fat ty  acid 
hydroperoxides  and prostaglandin endoper-  
oxides determined after a 6 min react ion in 
room air is shown in Fig. 6A. PGG 2 and 15- 
OOH-PGE 2 appear to be among the most  
po ten t  of  the componen t s  exhibi t ing stimu- 
latory act ivi ty;  half maximal  act ivat ion is 
achieved at 2 to 3 /aM and increases in act ivi ty 
of  300 to 400% at 10 /IM under  the experi-  
mental  condi t ions  employed.  The hydrope roxy  
fat ty acids, 13-OOH-18:2,  t2 -OOH-20:4 ,  15- 
OOH-20:4 ,  and PGH 2 produced more than a 
doubling of  activity at concent ra t ions  be tween 
5 and 10 /~M in these exper iments  when rates 
were determined at 6 min. The ex ten t  to which 
enzyme activity is enhanced by these stimula- 
tory fat ty acids varies among exper iments  and 
can range f rom 250% as shown here for PGH 2 
and three of  the hyd rope roxy  fat ty acids, to 

300 to 500% (viz., Figs. 3 and 4). However ,  
under  the condi t ions  employed ,  the concen-  
trat ion dependence of  the effect  of  the stimula- 
tory lipids remains relatively constant  be tween  
2 and 3 /JM for half maximal  activation.  Con- 
sidering the t ime-dependent  nature of  the 
activation,  addit ional  complicat ions  of  spon- 
taneous activation and the presence of  o ther  
componen t s  in the crude cell extract  with 
which these effectors  probably interact ,  these 
values should be considered only as first 
approximat ions  of  effect ive act ivator  concen- 
trations. 

The relative ineffectiveness of  12-OH-20:4 
compared to its hydroperoxy-conta in ing  coun- 
terpart  (i.e., 12-OOH-20:4)  is also apparent  
(Fig. 6A): the hydroxy  fa t ty  acid was ineffec- 
tive until  a concent ra t ion  o f  50 /aM was 
achieved. Similarly, the 13-OH analogue of  the 
s t imulatory 13-OOH-18:2 was total ly ineffec- 
tive at concent ra t ions  of 1, 3 and 10 /IM (not  
shown).  As shown in Fig. 6B, 18:1, and 18:0 
and 5,8,11,14-eicosatetraynoic acid (ETY) are 
relatively ineffect ive in the 1 to i0 / . tM range; 
only 20:4 and 18:2 produce any s t imulatory 
effect ,  but  max imum activation by these two 
fat ty  acids is no more than 50% at concentra-  
t ions be tween  50 and 100/aM. The splenic cell 
soluble guanylate cyclase, therefore ,  differs 
f rom the soluble platelet  enzyme with respect 
to eicosatetraenoic acid s t imulabil i ty since the 
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G U A N Y L A T E  C Y C L A S E  A C T I V A T I O N  

T A B L E  I 

Effec t  o f  Aque ous  R e a r r a n g e m e n t  Produc t s  o f  PGG 2 and PGH 2 on 
Gua ny l a t e  Cyclase Act iv i ty  a 

219 

Prostaglandin  
e n d o p e r o x i d e  T ime  o f  r e a r r a n g e m e n t  Gu an y l a t e  cyclase act iv i ty  

(10/.aM) in buf fe r  (rain)  (pmole  c G M P / m i n / m g  p ro te in )  

. . . . . .  78_+0 
PGG 2 0 344 -+ 19 

3 322 + 4 
5 286 + 2 

10 370 + 5 
15 330 + 3 
30 332 -+ 30 
60 343 + 18 

. . . . . .  103 + 6 
PGH 2 0 259 -+ 24 

2 205 + 4 
5 188 -+ 11 

tO 131 -+ 9 
30 123 -+ 3 

aThree  h u n d r e d  nmoles  o f  PGG 2 or  PGH 2 was  incuba ted  at 30 C for  the t imes  indi- 
ca ted  in 1.8 ~1 of  50 mM Tris.HC1, pH 7.5. Guany la t e  cyclase reagent  (20 #1) fo l lowed  by 
soluble cell ex t r ac t  (10 #1) was then  added  and the  cyclase reac t ion  c o n d u c t e d  for  6 min .  
The  values represent  the  m e a n  o f  t r ipl icate  d e t e r m i n a t i o n s  + SEM. 

T A B L E  II  

Preven t ion  and Reversal  by Di th io thre i to l  o f  Gu an y l a t e  Cyclase 
Act iva t ion  in the  Presence o f  PGH 2 or  PG (Rf  0.7 l )  

pmole  c G M P / m i n / m g  pro te in  a 

Addi t ions  w i thou t  DTT D T T *  0 min  D T T  b 5 min  c 

Cont ro l  62-+ 4 42 +- 7 38-+ 7 
PG ( R f 0 . 7 1 )  199 -+ 47 52 -+ 12 68-+ 34 

10 #M 
PGH 2 183 • 22 34 -+ 20 60-+ 11 

10 #M 

aSpecif ic  act iv i ty  ca lcula ted  dur ing  a 3 rain in terval  r ep resen t ing  the 5 to 8 min  per iod  o f  
the incuba t ion .  

b Di th io thre i to l  c o n c e n t r a t i o n  was 2 mM. 
CDithiothrei tol  was  added  at 5 rain and the ve loc i ty  dur ing  the  subsequen t  3 rain per iod 

de t e rm i ned .  

activity of  the platelet  enzyme is enhanced 
significantly by eicosatet raenoic  acid at concen-  
trat ions in the range of  1 to 10 /aM (6). It is 
n o t e w o r t h y  that  H 2 0 2  at concent ra t ions  as 
high as I00  /aM had no ef fec t  on splenic cell 
cyclase, while the more hydrophob ic  benzoyl  
peroxide st imulated activity 70% at a concen-  
t rat ion as low as 2 /aM and as much  as 300% 
with increasing concentra t ions  f rom 10 to l O0 
/aM (not  shown).  

The Effector Species of 
Prostaglandin E ndoperoxides 

A characterist ic of  the prostaglandin endo-  
peroxides  PGG 2 and PGH2 is their  lability in 
aqueous solut ion (i.e., T �89 of  4.5 to 5.5 min) 
(22,26). Both  the PGG 2 and PGH 2 used in 

these exper iments  were found to undergo 
degradation in buffer  with a half-t ime of  4 to 
4.5 min determined by the loss of  the charac- 
teristic biological  act ion each has to p romote  
aggregation of  washed human platelets (not  
shown).  To aid in establishing that  the acti- 
vat ion of  guanylate cyclase observed with 
PGG 2 or  PGH 2 added to the react ion mixture  
results f rom an action of  the prostaglandin 
endoperoxides  rather  than f rom a product  de- 
riving f rom aqueous rearrangement ,  the effect  
of  preincubat ing the endoperoxides  in the reac- 
tion mixture  before addi t ion of  the enzyme-  
containing extract  was examined (Table I). The 
s t imulatory  effect iveness of  PGH 2 disappeared 
(T�89 of  5.5 min)  upon incubat ion in the 
aqueous  solution.  The major  aqueous  rearrange- 
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ment product of PGH 2 was shown to be PGE 2 
(12) in confirmation to previous reports (22); 
PGE 2 at concentrations up to 10/IM has no 
effect on soluble splenic cell guanylate cyclase 
(Table II). In contrast to the loss ofPGH 2 effec- 
tiveness upon its rearrangement in buffer, incu- 
bation of PGG 2 for as long as 60 min before 
addition of the enzyme did not result in any 
loss of stimulatory activity (Table I). The basis 
for the result was investigated by isolating the 
major products of PGG 2 rearrangement and 
examining their effect on guanylate cyclase 
activity. Four t 4Cqabeled rearrangement 
products were detectable by thin layer chro- 
matography (TLC) (12). Of these four com- 
ponents isolated by chromatography on silicic 
acid, one of the major products was found to 
be as potent as PGG 2 with regard to activating 
guanylate cyclase. This component was conclu- 
sively identified as 15-OOH PGE 2 (12). This 
agrees with the findings of Hamberg et al. (22) 
who reported 15-OOH PGE 2 to be the major 
product of PGG 2 degradation in buffer. The 
characteristics of the stimulatory action of  15- 
OOH-PGE 2 with respect to the time course of 
enhancing enzyme activity (time-dependent, 
progressive enhancement of  activity) were 
found to be identical to those exhibited by 
PGG 2 ( I0  /JM) (not shown); their relative 
potencies were comparable (viz., Fig. 6A). 
Guanylate cyclase stimulatory activity was also 
found with one of the minor components 
generated that migrated similarly to PGA2; it 
was similar in potency to PGG 2. The compo- 
nent was not characterized. The demonstra- 
tion that two of the hydrolytic rearrangment 
products of PGG 2 can stimulate the cyctase 
explains the persistence of stimulatory activity 
after PGG 2 degradation in aqueous solution 
and the presence of a hydroperoxy function on 
the major product formed (i.e., 15-OOH-PGE 2) 
provides a basis for explaining the stimulatory 
effectiveness of this component.  

The possibility that the stimulation of 
guanylate cyclase activity seen upon addition of 
PGG 2 to the enzyme reaction mixture may 
derive from a rearrangement of PGG 2 to 15- 
OOH-PGE 2 (or other hydroperoxy-containing 
products) was further examined by determining 
the steady state level of 15-OOH-PGE 2 
achieved in the cell extract-containing reaction 
mixture. 

As shown in Figure 7 (Panels A-D), some of 
the products generated from PGG 2 upon incu- 
bation (1 and 6 rain) in the cell extract-con- 
taining reaction mixture (Panels B and C) differ 
from those formed upon incubation in buffer 
alone (Fig. 7, Panel D). [The products obtained 

in buffer alone were identical to those found to 
be generated in reaction mixture devoid of 
enzyme (not shown)]. One of  the marked dif- 
ferences in the products generated in the 
presence or absence of cell extract is that the 
15-OOH-PGE 2 (Rf 0.39) is not detectable in 
the enzyme-containing reaction mixture at 1 or 
6 rain (Fig. 7B and C) or at 15, 30, or 120 sec 
(not shown). In the presence of the soluble cell 
extract, the major product generated (16% at 
1 rain and 32% at 6 rain) chromatographed 
with authentic PGE 2. Also apparent is that 
PGG 2 is the major component  present in the 
extract-containing reaction mixture at 1 and 6 
rain of incubation (64 and 34%, respectively) 
[i.e., accounted for by the chromatographic 
degradation product of PGG 2 plus undegraded 
PGG 2 (see Legend Fig. 7)]. These findings 
help to establish that activation of guanylate 
cyclase by PGG 2 is not due to the formation of  
15-OOH-PGE 2. Also, since PGE2, the major 
metabolic product, is ineffective as an activator 
in the 1 to 10/~M concentration range, a reason- 
able conclusion is that PGG 2 probably serves as 
an activator of the cyclase. The possibility that 
other still unidentified metabolic products of 
PGG2, which constitute no more than 35% of 
the total lipid present at 6 min, may be stimula- 
tory to guanylate cyclase has, however, not 
been eliminated. 

A similar assessment was made of the 
products generated from PGH 2 during incuba- 
tions in reagent with and without cell extract. 
As shown in Fig. 7F-H, some additional compo- 
nents are generated from PGH 2 in the cell 
extract-containing reaction. It is also apparent 
that PGH 2 (Rf 0.60) undergoes a much more 
rapid metabolic conversion than PGG 2 in reac- 
tion mixture containing splenic cell extract; by 
0.5 min, the small amount of PGH 2 remaining 
(ca. 10 to 15%) appeared as small shoulder of  a 
major component generated with an Rf value of 
0.71. The different chromatographic behavior 
of PGH 2 and this PGH2-derived component 
could be established in two additional chroma- 
tographic systems (not shown). After 1 rain 
(not shown), as in the example shown in 6 min 
(Fig. 7, Panel G), no detectable PGH 2 re- 
mained. It was pointed out above that the 
aqueous rearrangement products of PGH 2 are 
ineffective in stimulating guanylate cyclase 
(viz., Table I). This is consistent with the 
demonstration that the major product formed 
(40%) from PGH 2 in buffer is PGE 2 (Fig. 7H) 
and indicates that the minor product (19.3%) 
(shoulder of PGE 2 with Rf 0.43), which 
migrated identically to authentic PGD 2 in this 
system (not shown), is also not a stimulatory 
product of PGH 2. Therefore, the additional 
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FIG. 7. Thin layer chromatographic analysis of organic extracts obtained from incubations of [ 1-14C] PGG 2 
and [1-14C]PGH2 with buffer or reaction mixture containing the soluble enzyme fraction from guinea pig 
splenic cells. Panels A and E: chromatography of unreacted PGG 2 (A) and PGH 2 (E). Panels B and C or E andG: 
10 pM [1-14C]PGG2 (B,C) or 10 #M [1-14C]PGH2 (F,G) was incubated at 30 C with 0.75 ml of complete 
guanylate cyclase reaction mixture as described in METHODS containing 0.27 mg/ml of soluble enzyme fraction 
from guinea pig splenic cells. Panels D and H: reaction products isolated from incubation of 10 pM PGG 2 (D) 
or 10 pM PGH 2 (H) in 0.75 ml of 1O0 mM phosphate buffer, pH 7.4. Incubations were conducted for the times 
indicated. Reactions were terminated by addition of 3 ml of -20 C ethyl acetate-petroleum ether (1:1, v/v) fol- 
lowed by the addition of 2 ml 0.2 M citric acid. The combined extract of two sequential extractions resulted in 
an overall isotope recovery of 92.9 -+ 5.8% (n=26) with 84.5 +- 8.1% distributed in the organic extract and 8.4 -+ 
0.5% in the aqueous fractions. Thin layer chromatography was carried out with a solvent system consisting of 
chloroform/methanol/acetic acid/water (90:8:1:0.8, v/v). Chromatography (Panel A) in the above solvent 
system at room temperature caused a small but detectable degradation of PGG 2 which did not occur when 
chromatography was carried out at 4 C with iso-octane/petroleum ether/ethyl acetate/acetic acid (50:20:50:0.3, 
v/v) as the eluting solvent. 

major  p roduc t s  o f  PGH 2 fo rmed  in ext rac t -  as a s t imulator  o f  the  cyclase a t  a concent ra-  
conta ining media  are represen ted  b y P G F 2 (  x t ion of  10 /~M (viz., Table III), the only re- 
(22 .6%at  6 min)  and the  c o m p o n e n t  wi th  Rf  maining candidate  of  the major  c o m p o n e n t s  
0.71. Since PGF2a  was shown to  be ineffect ive generated,  besides PGH2,  tha t  might  serve as an 
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TABLE III 

Ineffectiveness of  PGE 2 or PGF2~ to Activate or to Prevent Activation of 
Soluble Splenic Cell Guanylate Cyclase by PGG 2 or 15-OOH-PGE2a 

Prostaglandin Guanylate cyclase activity 
t~M pmol cGMP/min/mg prot. 

PGG 2 i~GF2c~ 

"'- --- 139 • 16 
4 6 311 • 7 
6 --- 355 • 7 

--- l0 140 -+ 10 
4 10 269 • 15 
6 l 0 340 • 5 

15-OOH-PGE 2 PG F2c ~ 

--- --- 6 7 2  5 
-- 10 75 • 3 
I0 --- 291 -+ 28 
10 3 259 • 4 
10 10 242 • 33 

15-OOH-PGE 2 PGE 2 

--  --- 6 7 -  + 5 
--- 10 86 • 6 
10 --- 291 • 28 
10 3 306 • 2 
10 10 319 • 22 

al'GE2 or PGF2~ in absolute ethanol or absolute ethanol alone was transferred to a tube 
from which the ethanol was evaporated under vacuum and to which reagent and soluble 
enzyme extract was added. A 30 /al aliquot was immediately transferred to a tube with 
PGG 2 or 15-OOH-PGE 2 present or absent  and the reaction conducted for 6 rain at 30 C. 
The values represent the mean of the triplicate determinat ions • SEM. 

a c t i v a t o r  o f  t h e  e n z y m e  is t h e  c o m p o n e n t  w i t h  
R f  0 .71  w h i c h  r e p r e s e n t s  49% a n d  23 .7% o f  t h e  
d e g r a d e d  P G H  2 at  0 .5  a n d  6 m i n ,  r e s p e c t i v e l y .  

T h i s  P G H 2 - d e r i v e d  c o m p o n e n t  was i s o l a t e d  
by  silicic ac id  c h r o m a t o g r a p h y  u p o n  e l u t i o n  
w i t h  20% e t h y l  a c e t a t e  in p e t r o l e u m  e t h e r .  
W h e n  t e s t e d  as a pos s i b l e  e f f e c t o r  o f  g u a n y l a t e  
cyc l a se  ac t i v i t y ,  it  was  f o u n d  t h a t  th i s  m e t a b o -  
l i te  at  a c o n c e n t r a t i o n  o f  10 /.tM s t i m u l a t e d  
cyc l a se  ac t i v i t y  3 . 2 - fo l d  ( T a b l e  II) c o m p a r e d  to  
D0/~M P G H 2 ,  w h i c h  e n h a n c e d  e n z y m e  ac t i v i t y  
2 . 9 5 - f o l d  in th i s  e x p e r i m e n t .  T h e  a c t i v a t i o n  in-  
d u c e d  by  t h e  P G H 2 - d e r i v e d  m e t a b o l i t e  ( P G - R f  
0 . 7 1 )  as  well  as P G H  2 c o u l d  be  p r e v e n t e d  a n d  
r e v e r s e d  by  d i t h i o t h r e i t o l  ( T a b l e  II). T h i s  
r a p i d l y . g e n e r a t e d  m e t a b o l i t e  o f  P G H  2 d o e s  n o t  
c o r r e s p o n d  to  a n y  m e t a b o l i t e  o f  P G H  2 t h a t  h a s  
b e e n  r e p o r t e d  to  d a t e  (Fig.  7 F  a n d  G).  Al- 
t h o u g h  t he  c h a r a c t e r i z a t i o n  o f  t h i s  c o m p o n e n t  
h a s  n o t  b e e n  a c c o m p l i s h e d ,  o n e  c h a r a c t e r i s t i c  
o f  it  t h a t  h a s  b e e n  u n c o v e r e d  is a pos i t i ve  
r e a c t i v i t y  w i t h  N , N - d i m e t h y l - p - p h e n y l e n e -  
d i a m i n e ,  w h i c h  i n d i c a t e s  t he  p r e s e n c e  o f  a 
p e r o x y  f u n c t i o n a l  g r o u p .  T h i s  is a c h a r a c t e r i s -  
t ic o f  all o f  t h e  o t h e r  f a t t y  ac id  a n d  p r o s t a g l a n -  
d in  m e t a b o l i t e s  w h i c h  have  b e e n  f o u n d  to  be  
s t i m u l a t o r y  to  s o l u b l e  s p l e n i c  cell  g u a n y l a t e  
cyc lase .  

T h e  s t r u c t u r a l  s imi l a r i t i e s  o f  t h e  p r o s t a g l a n -  

d in s  E 2 a n d  Fsc  ~ w i t h  P G G  2 a n d  e spec i a l l y  w i t h  
1 5 - O O H  P G E  2 p r o m p t e d  an  e x a m i n a t i o n  o f  t h e  
e f f e c t i v e n e s s  o f  t h e s e  p r o s t a g l a n d i n s  to  serve  as 
m o d i f i e r s  o f  g u a n y l a t e  cyc l a se  a c t i v i t y ,  p a r t i c u -  
lar ly  w i t h  r e s p e c t  to  an  i n t e r a c t i o n  w i t h  t h e  
e n z y m e  t h a t  w o u l d  i n t e r f e r e  w i t h  P G G  2 o f  15- 
O O H - P G E  2 p r o m o t e d  a c t i v a t i o n .  It  was  f o u n d  
(Tab l e  III) ,  as p o i n t e d  o u t  ear l ie r ,  t h a t  n e i t h e r  
P G F 2 c  ~ or  P G E  2 a l o n e  h a d  a n y  s i g n i f i c a n t  in-  
f l u e n c e  on  t h e  cyc l a se  a c t i v i t y  at  c o n c e n t r a -  
t i o n s  o f  3 or  10/~M or  at  c o n c e n t r a t i o n s  as h i g h  
as 50 /IM ( n o t  s h o w n ) .  P G F 2 ~  ( 1 0 / I M )  also d id  
n o t  i n t e r f e r e  s i g n i f i c a n t l y  w i t h  a c t i v a t i o n  
i n d u c e d  by  P G G  2 (2 o r  6 /IM) o r  b y  1 5 - O O H -  
P G E  2 (10  ~tM), n o r  d id  P G E  2 (3 o r  10 /aM) 
d i m i n i s h  t h e  s t i m u l a t o r y  e f f e c t i v e n e s s  o f  15- 
O O H - P G E  2 ( 10/ . tM).  T h e  a p p a r e n t  l a ck  o f  c o m -  
p e t i t i o n  b e t w e e n  t h e s e  s t r u c t u r a l l y  s imi la r  s u b -  
s t a n c e s  w i t h  c o n t r a s t i n g  s t i m u l a t o r y  e f f ec t i ve -  
n e s s  s u p p o r t s  t h e  c o n c l u s i o n  t h a t  an  o x i d i z i n g  
f u n c t i o n  (i .e. ,  e n d o p e r o x y  o r  h y d r o p e r o x y  
g r o u p s )  is r e q u i r e d  fo r  a c t i v a t i o n  o f  t h i s  e n z y m e  
b y  f a t t y  ac id  m e t a b o l i t e s .  

Oxidative Mechanisms of 
Guanylate Cyclase Activation 

T h a t  t h e  a c t i v a t i o n  by  t h e s e  e n d o p e r o x y -  
a n d / o r  h y d r o p e r o x y - c o n t a i n i n g  f a t t y  ac ids  
de r ives  f r o m  t h e i r  o x i d i z i n g  p o t e n t i a l  is s t r o n g -  
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FIG. 8. Effectiveness of dithiothreitol and relative ineffectiveness of Na2S204 to reverse activation of soluble 
guanylate cyclase promoted upon the addition of PGG 2 or 13-OOH-18:2. A: Soluble splenic cell guanylate 
cyclase was assayed in the presence or absence of 6 #M PGG 2. Dithiothreitol (3 mM) was present when the 
reaction was initiated (O') or added at 5 rain (5') or 10 rain (10') as indicated by the origin of the dashed lines 
which represent cGMP generation in the presence of the reducing agent. B: Same protocol as in Panel A except 
that 10 ~M PGG2was employed and Na2S204 (5 mM) was used as the reducing agent. C: Same protocol as a 
Panel A except that 10 #M 13-OOH-18:2 (18:2-OOH) and 1 mM dithiothreitol were used. The values shown 
are the means of triplicate determinations which did not differ by more than 10%. The differences in specific 
activity of guanylate cyclase in the three experiments reflects the variation ordinarily encountered with the 
enzyme activity from this source. 
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FIG. 9. Prevention of guanylate cyclase activity 
with PGG 2 upon pretreatment of soluble cell extract 
with N-ethylmaleimide. The cell extract was incubated 
for 5 min at 4 C with or without the concentration of 
N-ethylmaleimide indicated, and a 10 #1 aliquot was 
then transferred to the cyclase reaction mixture as de- 
scribed in METHODS with or without 10 #M PGG 2. 
The guanylate cyclase reaction was conducted for 6 
rain at 30 C. The values represent the means of dupli- 
cate determinations, the vertical bars represent the 
range. 

ty suggested by  the  d e m o n s t r a t i o n  t ha t  th io l  
r e d u c t a n t s  such as d i t h i o t h r e i t o l  or  g lu t a th ione  
n o t  on ly  prevent ,  bu t  also reverse,  the  activa- 
t ion  they  induce.  In Fig. 8A and  C the  ef fec t  of  
d i t h io th r e i t o l  to  p reven t  and  to reverse the  acti-  
va t ion  5 or 10 m i n  a f te r  it occurs  in the  
presence  of  e i the r  PGG 2 or  13-OOH-18:2  is 
shown.  Iden t ica l  results  were o b t a i n e d  wi th  
g lu t a th ione  and  wi th  e i the r  of  the  r e d u c t a n t s  

w h e n  ac t iva t ion  is p r o m o t e d  in the  presence  of  
PGH2,  (viz., Table  II) or  12-OOH-20:4  and 15- 
OOH-20 :4 ,  (no t  shown) .  In con t r a s t  to this  
ac t ion  of  th io l  r e d u c t a n t s  to  reverse cyclase 
ac t iva t ion ,  N a 2 S 2 0 4  was relat ively ineffect ive  
in reversing PGG 2 ac t iva t ion  once  it has  been  
induced  (Fig. 8B). N a 2 S 2 0 4  could,  however ,  
p reven t  PGG 2 ac t iva t ion  w h e n  presen t  at  the  
onse t  of  the  reac t ion .  The con t r a s t ing  results  
wi th  these  two  classes of  r educ ing  agents  wi th  
regard to reversing P G G 2 - i n d u c e d  ac t iva t ion  is 
cons i s ten t  wi th  the  concep t  t h a t  su l fhydry l  
func t ions  associated wi th  a h y d r o p h o b i c  site on  
the  e n z y m e  (or  re la ted  c o m p o n e n t )  unde rgo  
ox ida t i on  p r o m o t e d  by the  l ipid ox idants .  The  
e f f e c t t h a t N a 2 S 2 0 4  and  the  th io l  r e d u c t a n t s  
have to p reven t  ac t iva t ion  p r o b a b l y  derives 
f rom ac t ions  b o t h  have to  reduce  the  oxidiz ing 
c o m p o n e n t  (27).  The  p r e v e n t i o n  of  spon-  
t aneous  ac t iva t ion  by  N a 2 S 2 0 4  and  d i th io-  
th re i to l  (Fig. 8) would  also be cons i s t en t  wi th  
rapid  removal  (i.e., by  chemica l  r educ t ion )  of  
the  oxidiz ing species which  is genera ted  (e.g., 
spon taneous ly ) .  However ,  t he  r e d u c t i o n  of  
t r ans i t ion  meta l s  or h e m e  i ron  t h a t  m a y  be in- 
volved in the  r edox  reac t ions  unde r ly ing  the  
s p o n t a n e o u s  ac t iva t ion  is also possible.  The  in- 
vo lvemen t  of  su l fhydry ls  in the  ac t iva t ion  of  
PGG 2 is also ind ica ted  by  the  e f fec t  t ha t  N- 
e thy lma le imide  has  to  b lock  ac t iva t ion  by  the  
p ros tag land in  e n d o p e r o x i d e s  (Fig. 9). Pre t rea t -  
m e n t  of  the  soluble e n z y m e  f rac t ion  wi th  
increasing c o n c e n t r a t i o n s  of  N-e thy lma le imide  
f rom 0.01 to 1.0 mM, which  have l i t t le  or n o  
ef fec t  on  basal guany la te  cyclase act iv i ty ,  leads 
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FIG. 10. Effect of PGG 2 and dehydroascorbic acid 
alone and in combination to activate soluble splenic 
cell guanylate cyclase. PGG 2 (6 gM) and/or dehydro- 
ascorbic acid (DHA) (5 mM) was present at the onset 
of the reaction (O'), or tile second effector was added 
at 4 rain (intercept of dashed line) to reactions which 
originally contained only PGG 2 or DHA. The values 
on the lines connecting each time point represent the 
average specific activities (pmole/min/mg) determined 
during that time interval. Inset: the changes in specific 
activity of soluble splenic cell guanylate cyclase 
plotted with respect to time of incubation. The reac- 
tions were conducted in the presence or absence of 15 
jaM PGG 2 and/or 5 mM dehydroascorbic acid. 

to a progressive loss of  PGG 2 stimulabili ty.  

The Possibility of Separate 
Hydrophobic and Hydrophilic Sites 

It has been suggested that  dehydroascorbic  
acid activates soluble guanylate cyclase f rom 
guinea pig splenic cells by an oxidat ive 
mechanism involving sulfhydryl-disulfide inter- 
conversion at a site distinct f rom the catalyt ic 
site (10). At least two classes of  oxidants  are, 
therefore ,  represented by the agents which have 
thus far been shown to serve as activators of  
this cyclase; the hydrophob ic  fat ty acid hydro-  
peroxides  and endoperoxides ,  and the hydro-  
philic dehydroascorbic  acid, The possibili ty 
that  there are separate hydrophob ic  and hydro-  
philic ligand sites associated with the enzyme 
was investigated by determining if the effects  of  
the two classes of  oxidants  exhibi t  addit ivi ty 
(Fig. 10). With saturating concent ra t ions  of  de- 
hydroascorbic  acid (5 mM) and 6 /IM PGG 2 
added at the onset of  the reaction,  the veloci ty  
measured during the first 4 rain (502 pmoles /  
min /mg)  was equivalent  to the sum of the rates 

G U S T A V  G R A F F  ET AL.  

T A B L E  IV 

Ac t ivab i l i t y  o f  Soluble  G u a n y l a t e  Cyclase  by PGG 2 or  
D e h y d r o a s c o r b i c  Acid  w i t h  Mn 2+, Mg 2+, or  

Ca 2+ as the  Diva len t  Ca t ion  a 

E n z y m e  ac t iv i ty  
A d d i t i o n s  (pmole  c G M P / m i n / m g  protein) 

A. b + P G G  2 

Ca 2+ 2.3 + 0.5 6.7 -+ 0.6 
Mg 2+ 14.2 -+ 1.3 88.3 + 2.7 
Mn 2+ 76.2  + 8.0 377 .0  + 13.0 

B. c + D H A  

Ca 2+ 0.5 +- 0.0 0.5 -+ 0.1 
Mg 2+ 7.1 + 0.2 13.2 + 0 .0  
Mn 2+ 45 .0  -+ 6.0 104.1 +- 3.8 

aEach divalent  ca t ion  was  p re sen t  at a concen t ra -  
t ion o f  2 m M  and the  G T P  c o n c e n t r a t i o n  w a s  1 m M .  

b R e a c t i o n s  were  c o n d u c t e d  for  6 m i n  in the  
p resence  or absence  o f  10 jaM P G G  2. 

CA separa te  e x p e r i m e n t  in w h i c h  r eac t ions  were  
c o n d u c t e d  for  10 min  in the  p resence  or  absence  o f  
5 m M  d e h y d r o a s c o r b i c  acid  ( D H A ) .  Values  are the 
m e a n s  o f  dup l ica te  d e t e r m i n a t i o n s  �9 range .  

at 4 min with dehydroascorbic  acid (201 
pmoles /min /mg)  or  PGG 2 (302 pmoles /min /  
mg) alone. In this exper iment ,  PGG 2 and dehy-  
droascorbic acid alone st imulated the cont ro l  
rate (72 pmo le /min /mg  prot .)  at 4 rain, 4.2- 
and 2.8-fold, respectively,  while the act ivation 
produced by the two activators together  was 
7-fold by 4 min. The addi t ion at 4 min of  
PGG 2 or dehydroascorbic  acid to reactions 
initially exposed to only dehydroascorbic  acid 
or  PGG2, respectively,  p romoted  addit ional  
enhancement  of  enzyme specific activity 
measured at 7 min;  the specific activity of  the 
enzyme in the react ion originally containing 
only dehydroascorbic  acid increased from 291 
to 458 p m o l e / m i n / m g  protein after addi t ion of  
PGG2,  and the veloci ty of  the PGG2-containing 
react ion increased from 454 to 718 p m o l e / m i n /  
mg protein after addi t ion of  dehydroascorbic  
acid. In the inset of  Fig. 10, the results of  
another  exper iment  are shown in which the 
changes in specific activities of  the cyclase are 
plot ted  with respect to the t ime of  incubat ion  
with one or the o ther  or  a combina t ion  of  the 
activators.  In this exper iment ,  a concent ra t ion  
of  PGG 2 (15 ktM) was employed  which pro- 
duced near  maximal  s t imulat ion within 6 min 
[442 pmoles /min /mg (viz., Fig. 6) ] .  Even under  
these condit ions,  the specific activities mea- 
sured during the early course (2 rain) of  the 
react ion were substantially greater than 
dehydroascorbic  acid (5 mM) which was in- 
cluded with the prostaglandin endoperoxide .  
Al though the complexi t ies  of  the t ime-depen- 
dent  enzyme activation preclude any unequiv-  
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ocal conclusions, these results suggest the 
presence of separate hydrophobic and hydro- 
philic regulatory sites. However, from the 
results obtained thus far, it can be concluded 
only that oxidation at these two proposed sites 
accelerates the rate at which the enzyme 
achieves a state of enhanced catalysis since it 
has not been determined if a greater specific 
activity is ultimately achieved with PGG 2 and 
dehydroascorbic acid together than with either 
alone. 

Another indication that hydrophobic and 
hydrophilic oxidants may act at separate sites 
or at least promote distinctive alterations in the 
cyclase is the different kinetic behavior of the 
enzyme seen upon stimulation by the two 
classes of activator. It was found earlier (10) 
that activation of soluble splenic cell guanylate 
cyclase induced by dehydroascorbate or by the 
spontaneous process that occurs in air leads to 
greater measurable velocity when Mn 2+ or 
Mg 2 +, but not when Ca 2 + is the divalent cation 
used to support activity (Table IV). Stimulation 
by PGG2, however, leads to a greater velocity 
with Ca 2+ as well as with Mg 2+ or Mn 2+ (Table 
IV), although Ca 2+ supports only 1-3% and 
Mg2+ 10-20% of the activity achievable with 
optimal levels of Mn 2+. The degree of stimu- 
lation of PGG 2 at subsaturating concentrations 
of GTP (i.e., 0.1 mM with a fixed 2 mM excess 
of divalent cation) is comparable with Mn z+, 
Mg 2+, or Ca 2+ as the divalent cation. This 
suggests that the stimulatory effect of PGG 2 
derives primarily from an alteration of the 
Vmax. 

It was also found that 10 /aM PGG 2 and 
PGH 2 have little, if any, effect (i.e., less than 
25%) on the particulate fraction of splenic cell 
guanylate cyclase (not shown), whereas de- 
hydroascorbic acid produces a significant acti- 
vation of the particulate enzyme (10). 

DISCUSSION 

The results of the present experiments indi- 
cate that purified fatty acid metabolites with 
oxidizing functions represented by hydro- 
peroxy or endoperoxy groups are effective 
stimulators of splenic cell guanylate cyclase 
activity. The results also indicate that activation 
of the cyclase by these lipid components 
involves oxidation of the enzyme or a closely 
associated regulatory component.  

Of the fatty acid components tested, the 
fatty acid hydroperoxides represented by 12- 
OOH-20:4, 15-OOH-20:4, and 13-OOH-18:2, as 
well as the prostaglandin hydroperoxide, 15- 
OOH-PGE2, activated the soluble splenic cell 
gluanylate cyclase 250 to 500%. Half maximal 

activation was achieved with concentrations of 
these lipid hydroperoxides in the 2 to 3 /aM 
range. In contrast, the hydroxy-containing 
analogues of these fatty acids that were 
examined (e.g., 12-OH-20:4, 13-OH-18:2, of 
PGE 2 and PGF2~) , as well as the fatty acids 
18:0, 18:1, 18:2, and 20:4, were ineffective in 
a comparable concentration range (i.e., 1 to 10 
/aM). The relatively small stimulatory effect (ca. 
15%) produced by 12-OH-20:4 and the fatty 
acids 20:4 and 18:2 at much higher concentra- 
tions (i.e., 50 to 100/aM) suggests that soluble 
splenic cell guanylate cyclase may be activable 
by a mechanism involving lipid interaction 
with hydrophobic enzyme sites. Fatty acid 
activation of guanylate cyclase has been demon- 
strated with the soluble enzyme f rom  platelets 
(6,28), and the particulate enzyme from fibro- 
blasts (7) and adipocytes (29). Some specificity 
with regard to the fatty acid activator is sug- 
gested even with the minimally effective fatty 
acids (i.e., 20:4, 18:2 and 12-OH-20:4) since 
monoenic (18:1) and saturated (18:0) fatty 
acids were totally ineffective even in the high 
concentration range tested. A high degree of 
specificity for lipid structural determinants was 
exhibited by the reduced form of the soluble 
platelet guanylate cyclase (i.e., assayed with 
dithiothreitol) which was stimulated by micro- 
molar levels of polyunsaturated fatty acids with 
n-6 structure (6). These observations suggest 
the presence of hydrophobic sites on the 
enzyme from splenic cells and from other cell 
and tissue sources. 

From what is presently known about the 
metabolism of hydroperoxy fatty acids, it is 
unlikely that metabolites other than the 
hydroxy fatty acids are generated in tissue ex- 
tracts. Since the hydroxy fatty acid analogues 
of the hydroperoxy fatty acids were found to 
be relatively ineffective in the 1 to l0 /aM 
range, it is reasonable to conclude that hydro- 
peroxy fatty acids represent effective activators 
in the low micromolar range while the non- 
hydroperoxy-c ont aining component may 
affect the enzyme activity less specifically at 
higher concentrations. It has been suggested 
(30,31) that fatty acid hydroperoxides may 
activate guanylate cyclase from studies in 
which a reaction mixture containing 20:4 or 
18:2 and lipoxygenase led to activation of a 
partially purified soluble guanylate cyclase 
from platelets. The identity of the fatty acid 
products was, however, not established in these 
studies, but a correlation was made between 
peroxide equivalents present and the extent of 
cyclase activation (30). 

Although both PGH 2 and PGG2, when 
introduced into the reaction, appeared to be 
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hal f  max imal ly  effect ive as ac t iva tors  of  the  
cyclase in the  range of  2 to  3 /.tM, and b o t h  
b rough t  a b o u t  as m u c h  as a 250 to 500% st imu- 
l a t ion  of  the  e n z y m e  dur ing the  first 6 min  of  
the  i ncuba t ion ,  i t  is n o t  cer ta in  to  wha t  e x t e n t  
the  paren t  c o m p o u n d  a n d / o r  me tabo l i t e s  of  
these relat ively rapidly  me tabo l i zed  c o m p o -  
nen t s  may  have c o n t r i b u t e d  to the  ac t iva t ion  
seen. The  appa ren t  ac t iva t ion  by PGG 2 or 
PGH 2 did n o t  require  molecu la r  oxygen  and  
the  effects  i nduced  by b o t h  p ros tag land in  
endope rox ides  were reversible and  p reven tab le  
by  th iol  r educ tan t s .  This  indica tes  t h a t  the  
s t imula to ry  species of  p ros tag land in ,  w h e t h e r  
represen ted  by the  p a r e n t  c o m p o u n d  or 
me tabo l i t e s  genera ted  in the  reac t ion  mix tu re ,  
are effect ive by  vir tue of  the i r  oxidiz ing po ten -  
tial. Some  evidence in favor  of  PGG 2 repre-  
sent ing  a species of  p ros tag land in  tha t  ac t ivates  
the  cyclase is tha t :  a ) a l t h o u g h  15-OOH-PGE 2 
is a major  chemica l  r ea r r angemen t  p r o d u c t  of  
PGG 2 fo rmed  in aqueous  so lu t ion ,  15-OOH- 
PGE 2 is no t  genera ted  in the  cell ex t rac t -con-  
ta ining reac t ion ;  b) the  ma jo r  p r o d u c t  of  PGG 2 
me tabo l i sm in the  ex t r ac t  is PGE 2 which  is 
n o n s t i m u l a t o r y ;  and c) 64% and 35% of the  
pa ren t  endope rox ide  still r emain  at  1 and 6 
rain,  respectively.  It r emains  to  be d e t e r m i n e d  
whe the r  one or more  of  the  presen t ly  un iden t i -  
fied c o m p o n e n t s  which  t oge the r  represen t  no  
more  than  35% of the  to ta l  c o n s t i t u e n t s  p resen t  
in the  PGG2-con ta in ing  reac t ion  at 6 rain m ay  
also be s t imula to ry  to the  enzyme.  

Since PGG 2 con ta ins  b o t h  h y d r o p e r o x y  and 
e n d o p e r o x y  func t iona l  groups,  its e f fec t iveness  
as an ac t iva tor  would seem pred ic tab le  f rom the  
s t imula to ry  ef fec t  all h y d r o p e r o x y - c o n t a i n i n g  
fat ty  acids were found to have on the cyclase. What  
effect iveness  to  a t t r i bu te  to  the  e n d o p e r o x y  
func t ion ,  wh ich  also possesses oxidiz ing po ten-  
tial, is no t  as clear f rom these  studies.  A l t h o u g h  
the  add i t ion  of  PGH 2 led to ac t iva t ion  of  the  
cyclase, it was found  t ha t  this  p ros tag land in  
e n d o p e r o x i d e  was vir tual ly all me tabo l i zed  by  
60 sec in the  reac t ion  m i x t u r e  con ta in ing  cell 
ex t rac t .  A l though  PGH 2 remains  a l ikely candi-  
date  as an ac t iva tor  species, evidence was ob-  
ta ined  tha t  a me tabo l i t e  of  PGH 2 may repre- 
sent  an a l ternat ive  or add i t iona l  s t imula tor .  
PGE 2 and  a c o m p o n e n t  t ha t  comigra ted  wi th  
PGD 2 are two of  the  ma jo r  me tabo l i t e s  of  
PGH 2 t ha t  were ident i f ied .  Nei ther  of these 
c o m p o n e n t s  could  be cons idered  effect ive 
me tabo l i t e s  because they  are a m o n g  the  
aqueous  r ea r r angemen t  p roduc t s  of  PGH 2 
which  are all n o n s t i m u l a t o r y .  The  un iden t i f i ed  
c o m p o n e n t  to  which  ca. 50% of  the  PGH 2 
was conver t ed  by  30 sec was found  to be s t imu-  
l a to ry  to the  cyclase. This  PGH 2-derived 

me tabo l i t e  p r o m o t e d  e n z y m e  ac t iva t ion  t ha t  
could be p reven ted  or reversed by  d i t h io th r e i t o l  
which  suggests tha t  i t  con ta ins  an oxidizing 
func t ion .  The presence of  an oxidiz ing group 
on  this  c o m p o n e n t  was conf i rmed  by the  posi- 
tive react iv i ty  it was found  to have wi th  N,N- 
d ime thy l -p -pheny lened iamine .  

The  i nvo lvemen t  of  p ro te in  su l fhydryls  and 
the i r  convers ion  to disulfides as a result  of  an 
ox ida t ion  tha t  appears  to under l ie  the  activa- 
t ion  is also ind ica ted  by  the relat ive ineffect ive-  
ness of Na 2 S 2 0 4  compared  to the  ef fec t iveness  
of  d i th io th re i to l  to  reverse ac t ivat ion.  The  in- 
h ib i t i on  of  PGG2- induced  ac t iva t ion  by pre- 
t r e a t m e n t  of  the  soluble e n z y m e  p repa ra t ion  
wi th  the  su l fhydryl  reactive N-e thy lmale imide  
at  c o n c e n t r a t i o n s  of this  reagent  t ha t  did no t  
af fec t  basal e n z y m e  act ivi ty  also argues in favor 
of  sul fhydryl -disul f ide  in te rconvers ion  in the  
ac t ivat ion.  The fact  tha t  PGE 2 and P G F 2 a  , 
which  were ineffect ive  as act ivators ,  also did 
no t  in ter fere  wi th  PGG 2 or 15-OOH-PGE 2 
ac t iva t ion  indica tes  t ha t  the  ef fec t iveness  of  
th iol  r educ t an t s  to reverse ac t iva t ion  does no t  
derive f rom the  genera t ion  of  r educ t i on  
p roduc t s  (i.e., PGE 2 and  PGF2c ~) which  m a y  
serve as inh ib i to r s  of  the  enzyme.  The  appa ren t  
lack of  c o m p e t i t i o n  be tween  PGE 2 or P G F 2 a  
and PGG 2 or 14-OOH PGE 2 also underscores  
the  i m p o r t a n c e  of  an oxidiz ing func t ion  for  
i n t e r ac t i on  with e n z y m e  (or  e n z y m e  complex) ,  
bu t  the  ineffect iveness  of  H 2 0 2  to act ivate  also 
emphas izes  the  h y d r o p h o b i c  r e q u i r e m e n t  for  
the  l igand. The lack of  ef fec t  of  H 2 0 2  to acti-  
vate soluble guany la te  cyclase f rom liver (32)  
has already been  repor ted ,  a l t h o u g h  it  has been  
suggested tha t  H 2 0 2  may  under l ie  the  spon- 
t aneous  ac t iva t ion  in air of  the  soluble  cyclase 
f rom lung (13).  

It has recen t ly  been  suggested (9) t ha t  oxida-  
t ion  of  p ro te in  th io l  f unc t i ons  is impl ica ted  in 
the  ac t iva t ion  of  soluble  splenic cell guanyla te  
cyclase induced  by  a n o t h e r  ox idan t ,  dehydro -  
ascorbic  acid. The  evidence in suppo r t  of  t ha t  
conc lus ion  was similar  to  t h a t  ob t a ined  wi th  
the  l ipid ox idan t s ,  inc luding  the  reversal of  
dehydroasco rb i c  ac id -p romoted  ac t iva t ion  by  
th io l  r educ t an t s  and p r e v e n t i o n  of  ac t iva t ion  by  
N-e thy lmale imide .  DeRuber t i s  and  Craven (16)  
have also recen t ly  d e m o n s t r a t e d  t ha t  the  
ac t iva t ion  of  soluble hepa t i c  guany la te  cyclase 
by the  chemica l  carc inogen,  N-methy l -N ' -n i t ro -  
N-n i t roguan id ine  (MNNG),  is reversed by 
d i t h io th r e i t o l  and t h a t  the  s t imu la to ry  effects  
of  MNNG and n i t ropruss ide  on  the  soluble 
hepa t ic  guany la te  cyclase are p r even t ed  by  
N-e thy lmale imide .  F r o m  these s tudies ,  
DeRube r t i s  and Craven p roposed  t ha t  s t imu- 
l a t ion  of  hepa t ic  guany la te  cyclase by  these  
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activators may involve oxidation of tissue 
sulfhydryls (16). The process of oxidation as a 
mechanism of guanylate cyclase activation is 
also implied by studies showing that oxidants 
such as periodate (33) and a group of chemical 
agents represented by azide, nitroprusside, 
hydroxylamine, nitrite, hydrazine (2,14,34-39), 
and numerous N-nitroso-containing compounds 
(16,40,41) either elevate cellular cGMP levels 
and/or stimulate guanylate cyclase activity in a 
variety of cell-free systems. This latter group of 
agents are believed to form highly reactive 
nitroxides as a consequence of their cellular 
metabolism (40,14). Activation of guanylate 
cyclase by nitric oxide has indeed been demon- 
strated (14). The possibility that hydroxyl free 
radicals may represent a species of oxidizing 
equivalents within the cell that stimulate the 
cyclase under certain conditions has also 
been suggested (32). The fact that thiol reduc- 
tants have been shown to produce an effect 
opposite to that of oxidants on cGMP metabo- 
lism in intact cells (i.e., lower cGMP steady 
state levels) and to bring about a corresponding, 
reversible suppression of the activity of guany- 
late cyclase from the same cells (9), lends cre- 
dence to the possibility of an oxidative-reduc- 
tive mechanism of modulating guanylate 
cyclase activity. 

One characteristic of the lipid hydroperoxy- 
and/or endoperoxy-induced stimulation of 
soluble guanylate cyclase from splenic cell is 
that the activation is a time-dependent process. 
Although it is possible that one component of 
the time-dependence may derive from the rate 
at which effective metabolites are generated 
from the parent compounds, this is probably 
not the only or even the major contributing 
factor since the hydroperoxy fatty acids which 
probably do not generate secondary oxidizing 
metabolites and dehydroascorbate which was 
not found to undergo any detectable metabolic 
conversion (10), promote activation in a similar 
time-dependent manner. The rate at which 
activation occurs appears to increase with in- 
creasing concentrations of effector, but essen- 
tially the same maximal increases in specific 
activity can be achieved with 3 or 10 /JM con- 
centrations of either PGG 2 or PGH 2 if the incu- 
bation is extended for a time (60 to 90 min) to 
permit completion of the activation process. 
The demonstration that the rate of activation 
in the presence of near maximally effective con- 
centrations of PGG 2 is accelerated when 
another class of oxidant such as dehydro- 
ascorbic acid is also included underscores the 
time-dependent nature of the activation process 
and also raises the possibility that sulfhydryls 
associated with separate hydrophobic and 

hydrophilic sites may undergo oxidation. The 
time-dependence of the activation process 
could be explained merely on the basis of time- 
dependent chemical oxidation of protein sul- 
fhydryls at specific enzyme sites. It is equally 
likely that oxidation of the free protein thiols 
occurs relatively rapidly. If so, an initial altera- 
tion in the state of the enzyme or of a compo- 
nent in the enzyme complex could occur along 
with a corresponding increase in enzyme 
activity represented by the early stimulation 
seen. The progressively greater increase in 
activity could result from a secondary, time- 
dependent, conformational change that ulti- 
mately leads to a maximally activated enzyme 
state. The initial interaction with effcctor and 
degree of oxidation it may induce could deter- 
mine the rate at which the secondary conforma- 
tional change takes place. 

Although the fatty acid and prostaglandin 
metabolites shown in this study to be effectors 
of the splenic cell guanylate cyclase are 
naturally occurring components (in contrast to 
chemical substances such as those cited above 
which may provide oxidizing equivalents 
through nitroxide radicals), the physiological 
s i g n i f i c a n c e  o f  the  activation that they 
produce remains obscure. PGG 2 and PGH2 
formation have been implicated with the 
enhanced accumulation of cyclic GMP levels 
that occurs when aggregation of human plate- 
lets is induced by collagen or thrombin (42,43, 
44). Enhanced cellular accumulation of cGMP 
in epidermis has also been associated with 
markedly increased levels of 12-0H-20:4 (45) 
and it would be expected that correspondingly 
greater amounts of its precursor, 12-OOH-20:4, 
would be generated under such conditions. 
Since hormones and other cell membrane 
active substances which promote cellular 
accumulation of cyclic GMP are ineffective as 
activators of guanylate cyclase (1), other com- 
ponents which may be generated upon cell 
stimulation could be envisaged to serve as 
modulators of the enzyme. Although the com- 
pounds tested here or their metabolites are 
attractive candidates for coupling cell mem- 
brane-generated signals with the modulation of 
guanylate cyclase activity, it is not  possible at 
this time to determine whether the stimulatory 
effects of the lipid components described here 
play such a role in si tu.  
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Enzymic Regulation of Arachidonate Metabolism in Brain 
Membrane Phosphoglycerides 

G.Y. SUN, K.L. SU, O.M. DER,and W. TANG, Sinclair Comparative Medicine Research Farm 
and Biochemistry Oepartment, University of Missouri, Columbia, Missouri, 65211 

ABSTRACT 

The metabolism of arachidonate in brain membrane phosphoglycerides was investigated in vivo by 
intracerebral injection of labeled arachidonate and by in vitro assay of enzymic systems associated 
with the metabolism. After intracerebral injection, labeled arachidonate was incorporated rapidly into 
brain phosphoglycerides with radioactivity distributed mainly in diacyl-sn-glycero-3-phosphoinositols 
(GPI) and diacyl-sn-glycero-3-phosphocholines (GPC). Some evidence of a metabolic relationship 
between diacyl-sn-glycerophosphoinositols (diacyl-GPI) and diacylglycerols was observed. Among the 
phosphoglycerides labeled with [ 14C] arachidonoyl groups, diacyl-GPI were most rapidly metabolized 
in brain microsomal and synaptosomal fractions. The decay of diacyl-GPI in brain synaptosomes may 
be represented by two pools with half-lives of 5 hr and 5 days. Three types of enzymic systems related 
to metabolism of the polyunsaturated fatty acids in brain were investigated. The first system involves 
the cyclic events relating the ATP-dependent activation of polyunsaturated fatty acids (PUFA) to their 
acylCoA by the acylCoA ligase and subsequent hydrolysis of acylCoA to free fatty acids by the 
acylCoA hydrolase. It is apparent that fatty acid activation and hydrolysis is under stringent control in 
order to maintain suitable levels of free fatty acids and acylCoA in the brain tissue for various 
metabolic use. Factors involved in the regulation may include the level of ATP, divalent cations and 
the nature of substrates. The second enzymic system pertains to deacylation via phospholipase A 2 and 
reacylation via the acyltransferase of membrane phosphoglycerides. In brain tissue, activity of the 
acyl transferase is generally higher than that of the phospholipase A 2. Factors known to affect specifi- 
city of the acyltransferase include substrate concentration and the nature of the acyl groups and lyso- 
phosphoglycerides. The acyltransferase(s) in brain preferentially transfers arachidonate to 1-acyl-GPL 
Activity of the acyltransferase can be inhibited by a number of lypophilic compounds including local 
anesthetics and cell surface agents. Activity of the phospholipase A 2 in brain may depend on the 
physical form of the substrates, i.e., whether the substrates are in ruonomeric or micellar form. The 
third process is associated with the degradation of diacyl-GPI by enzymes present in brain subcellular 
membranes. Incubation of brain subcellular membranes with 1-acyl-2-[ 14C] arachidonoyl-GPI yielded 
labeled diacylglycerols and arachidonate. The phospholipase C action is specific for hydrolysis of 
diacyl-GPI. The arachidonate released from incubation of labeled diacyl-GPI may be the result of 
phospholipase A 2 action which is not specific for diacyl-GPI or the hydrolysis by lipase acting on the 
diacylglycerols formed from the phospholipase C activity. Enzymic hydrolysis of diacyl-GPI is most 
active in the microsomal fraction, but upon disruption of synaptosomes, enzyme in synaptic plasma 
membranes is also active in degradating this glycerophospholipid. In general, the results of in vitro 
studies are in good agreement with those observed in vivo and the information yielded has contributed 
towards understanding the metabolism of polyunsaturated fatty acids in brain subcellular membranes. 

INTRODUCTION 

The  brain  is highly en r i ched  in p o l y u n s a t u -  
ra ted  f a t ty  acids ( P U F A )  such as 20 :4 (n-6) ,  
22 :4 (n -6 )  and  22 :6 (n -3 )  (1,2) .  Since these f a t ty  
acids are largely es ter i f ied wi th  the  m e m b r a n e  
phosphoglycer ides ,  only  t race a m o u n t s  of  the  
P U F A  are p resen t  in the  free acid form.  A rapid  
increase in the  free fa t ty  acid ( F F A )  level has  
been  s h o w n  in b ra in  dur ing  i schemia  and dur ing  
s t imu la t ion  by  e lect ro-convuls ive  shock  (3,4) .  
U n d e r  these  cond i t ions ,  the  P U F A ,  such as 
a rach idona te ,  were pre fe ren t ia l ly  released.  
A p p a r e n t l y ,  f a t ty  acid me tabo l i sm in brain is 
u n d e r  str ict  regula t ion ,  and  the  F F A  pool  is 
m a i n t a i n e d  in a dynam i c  equ i l ib r ium wi th  the  
phosphoglycer ides .  Consequen t ly ,  a d i s tu rbance  
of  the  equ i l ib r ium due to  fac tors  a f fec t ing  the  
me tabo l i sm may  resul t  in an a c c u m u l a t i o n  of  

the  FFA.  
A m o n g  the  ma jo r  P U F A  in bra in ,  me t abo -  

lism of  a r ach idona t e  is of  special in teres t  
because it is act ively me tabo l i z ed  and  also 
serves as a p recursor  for  the  p ros tag land ins  
synthesis .  A l t h o u g h  a r a c h i d o n o y l  groups  are 
present  in mos t  bra in  m e m b r a n e  p h o s p h o -  
glycerides,  t hey  are h ighly  en r i ched  in diacyl-  
sn -g lyce rophospho inos i t o l s  in (diacyl-GPI) (5,6). 
Thus,  the  s t ea roy l -a rach idonoyl -GPI  species 
a c c o u n t  for  over  80% of  the  diacyl-GPI in brain  
(5).  The  func t iona l  impl i ca t ion  of  this  highly 
specific acyl group prof i le  of  diacyl-GPI in the  

brain is n o t  well u n d e r s t o o d .  In thy ro id  tissue, 
diacyl-GPI is i m p o r t a n t  in releasing the  arachi-  
d o n o y l  group for  p ros tag land in  b iosyn thes i s  
(7,8) .  The  release of  a r a c h i d o n o y l  groups  f rom 
diacyl~GPI was shown  to be u n d e r  regula t ion  by  
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hormones from the gland. The mode of meta- 
bolism of arachidonate in brain phosphoglycer- 
ides has not been investigated. In this presenta- 
tion, the metabolism of arachidonate in brain 
from results of in vivo and in vitro studies are 
described. 

In Vivo Metabolism of Arachidonate in Brain: 
Uptake by Phosphoglycerides 

Results from earlier studies have demon- 
strated the feasibility of investigating brain 
fatty acid metabolism by intracerebral injection 
of labeled fatty acids into brain tissue (9). 
When mice were injected intracerebrally with 
[ 1 -l 4C] arachidonate, radioactivity of the pre- 
cursor was incorporated rapidly into the 
glycerolipids with a half-life around 5 min (10). 
Between one to 40 min after injection, differ- 
ent modes of arachidonate incorporation by 
individual glycerolipids were observed. A large 
portion of the label was distributed in the 
diacyl-glycerophosphocholines (diacyl-GPC) 
and diacyl-GPI. However, very little radioac- 
tivity was found incorporated into the diacyl 
glycerophosphoethanolamines (diacyl-GPE) and 
alkenylacyl-GPE during the initial hour after 
injection, although these phosphoglycerides 
also contain a large proportion of arachidonoyl 
groups. Labeled arachidonate was also incor- 
porated into the diacylglycerols and triacyl- 
glycerols (10). Since the less polar glycerolipids 
are only present in trace levels in the brain (6), 
the active incorporation suggests that the 
diacylglycerols and triacylglycerols may also 
play a role in metabolizing the arachidonate in 
brain. 

The uptake kinetics of [14CJarachidonate 
and [3H]stearate were compared by simul- 
taneously injecting these two precursors into 
the brain tissue (11). Results indicated a more 
rapid uptake and incorporation of the labeled 
arachidonate into brain phosphoglycerides as 
compared to the labeled stearate. It is possible 
that arachidonate which is more unsatuarated 
than the stearate may be more rapidly activated 
to arachidonoylCoA by the acylCoA ligase. 
However, the rapid incorporation of the arachi- 
donoyl groups into diacyl-GPl and diacyl-GPC 
can also be attributed to the presence of a 
direct acylation system preferential in transfer- 
ring the arachidonate to these phosphoglycer- 
ides (12). After intracerebral injection of 
labeled fatty acids into rat brain, a selective 
synthesis of some molecular species of the 
glycerolipids was observed (13,14). The results 
indicated that both de  n o v o  synthesis and 
direct acylation are present in brain. 

An in vivo study was conducted to examine 

the effect of carbamylacholine on brain glyc- 
erolipids metabolism (14). The stimutatory 
effect of cholinergic neurotransmitter sub- 
stances on 32pi incorporation into phospho- 
lipids in nervous tissues is well recognized 
(16-20). However, a study of the carbamylcho- 
line action in brain in vivo with labeled arachi- 
donate should yield new findings relating the 
metabolism of phosphoglycerides with other 
lipid components. In this experiment, injection 
of 4 /lg of carbamylcholine together with the 
labeled arachidonate resulted in a decrease in 
the incorporation of labeled fatty acid into the 
phospholipids (15). The decrease in phospho- 
lipid iabeIing, which was manifested mainly in 
diacyl-GPI and diacyl-GPC, was accompanied 
by an increase in the labeling of  diacylglycerols 
and triacylglycerols. These events occurred ini- 
tially in the synaptosomal fraction at 1 to 3 min 
after injection of labeled arachidonate and car- 
bamylcholine, but the microsomal fraction also 
showed some changes during the later time 
periods. The decrease in arachidonate incorpor- 
ation into brain phosphoglycerides during 
carbamylcholine stimulation was attributed to a 
dilution of the labeled precursor by the in- 
creased endogenous free fatty acid pool. 
Alternately, the decreased acylation may be 
due to an inhibition of the energy dependent 
activation of arachidonate to its acylCoA, since 
regulation of this activation process is likely to 
occur under different physiological conditions. 

Turnover of Arachidonoyl Groups in Brain 
Membrane Phosphoglycerides 

Since over 80% of the labeled arachidonate 
is esterified and incorporated into membrane 
phosphoglycerides by 1 hr after intracerebral 
injection, the pulse-like labeling of brain 
glycerolipids has proven to be a good model for 
studying membrane lipid turnover. In this 
study, mouse brain subcellular fractions were 
prepared at 1, 12, 24 hr and 3 and 8 days after 
intracerebral injections of [ 1 -j 4C] arachidonate 
(21). Analysis of the glycerolipids gave differ- 
ences in the decay rate of individual phospho- 
glycerides depending on the subcellular frac- 
tion with which they were associated. Initially, 
radioactivity was mainly distributed in the 
microsomal and synaptosomal fractions, but 
the proportion of radioactivity in the myelin 
increased from 5 to 16% of the total within 8 
days. In the microsomal fraction, the radioac- 
tivity of diacyl-GPC and diacyl-GPI declined 
rapidly between 1 and 24 hr while all other 
phosphoglycerides were still acquiring the label. 
The half-lives for diacyl-GPI in the microsomes 
were 14 hr and 7 days as compared to 12 hr 
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T A B L E  I 

E f fec t s  o f  Ca ++ a n d  Mg ++ o n  I n c o r p o r a t i o n  o f  Labe l ed  O l e o y l C o A  in to  
D iacy l -GPC,  O l e o y l C o A  H y d r o l a s e  Ac t iv i t y  a n d  F o r m a t i o n  o f  a C o m p l e x  

w i th  the  Brain M i c r o s o m a l  L ip ids  a 

C o m p l e x  
A d d i t i o n s  ( u n i d e n t i f i e d  

O l e o y l C o A  h y d r o l a s e  

D iacy l -GPC F F A  % 

c p m  

N o n e  2 4 3  5 7 3  12391  1 0 0 . 0  
Ca ++, 1 mM 3 0 2 0  4 8 3 0  7 4 5 8  60 .2  
Ca ++ , 2 mM 5 2 7 0  3161  7 0 7 8  57.1 
Ca ++,  3 mM 7 9 3 4  5101  6 0 8 4  49 .1  
Mg ++, 1 m M  381 1 2 3 4  1 0 8 9 7  87 .9  
Mg ++, 2 m M  6 7 0  961  7 6 0 0  61 .3  
Mg ++, 3 m M  6 4 0  1 2 5 8  5 6 0 5  45 .2  

a M o u s e  b ra in  m i c r o s o m e s  were  i n c u b a t e d  w i t h  [ 1 4 C ] o l e o y l C o A  (0.1 /.tCi, 10 ~tM), 
0 .31  M sucrose  w i t h  50  m M  Tris-HC1 (pH 7 .4) ,  and  the  c a t i o n s  spec i f i ed .  A f t e r  i n c u b a t i o n  
at  37 C f o r  10 m i n ,  r e a c t i o n  was  t e r m i n a t e d  b y  a d d i n g  4 vol o f  c h l o r o f o r m / m e t h a n o l  ( 2 : 1 ,  
v/v) .  The  l ipid e x t r a c t  was  s e p a r a t e d  b y  TLC us ing  so lven t  s y s t e m  c o n t a i n i n g  c h l o r o f o r m /  
m e t h a n o l / 1 5 N  N H 4 O H  ( 1 3 0 : 5 5 : 1 0 ,  v/v) .  Three  l ip id  a reas  w e r e  o b t a i n e d  fo r  c o u n t i n g :  1. 
m a t e r i a l  r e m a i n i n g  a t  t he  o r ig in  ( th is  is c o n s i d e r e d  as a c o m p l e x  s ince  th i s  m a t e r i a l  is f o r m e d  
o n l y  in t he  p re sence  o f  c a l c i u m ) ,  2. r a d i o a c t i v i t y  o f  d i a c y l - G P C  ( r e p r e s e n t i n g  the  a m o u n t  o f  
e n d o g e n o u s  l - a c y l - G P C  in the  m i c r o s o m e s ) ;  a n d  3. o le ic  acid  f o r m e d  f r o m  o l e o y l C o A  
b y d r o l a s e .  The  i n h i b i t i o n  o f  o l e o y l C o A  h y d r o l a s e  ac t iv i ty  by  Ca  ++ a n d  Mg ++ is e x p r e s s e d  
as p e r c e n t  o f  c o n t r o l .  (Da ta  f r o m  T a n g  a n d  Sun ,  u n p u b l i s h e d ) .  

and 14 days for diacyl-GPC. In the synapto- 
somes, only diacyl-GPI showed an initial rapid 
decline in radioactivity and the mode of diacyl- 
GPI decay was biphsaic with half-lives of 5 hr 
and 5 days. 

Although similar studies have been con- 
ducted with various types of precursors to 
probe the turnover of brain membrane glycer- 
olipids (22-24), the mode of metabolism of 
arachidonate among the different phospho- 
glycerides has not been investigated previously. 
The results obtained in this study indicated a 
more rapid metabolism of the arachidonoyl 
groups in diacyl-GPI as compared to those in 
other glycerophospholipids. The rapid diacyl- 
GPI metabolism is probably due to the presence 
of enzymes specific for metabolizing these 
glycerophospholipids. 

InVitro Investigation on the Metabolism of 
Polyunsaturated Fatty Acids in Brain 
Subcellular Membranes 

AcylCoA hydrolases, (EC 3.1.2.2). The 
acylCoA hydrolases are responsible for hy- 
drolysis of the acylCoA to free fatty acids 
and CoA. The free fatty acids formed may, 
in turn, be activated to their acylCoA by 
the ATP-dependent fatty acid-CoA ligase 
(EC 6.2.1.3). This cyclic event is probably 
highly regulated so that a critical level of 
free fatty acids and acylCoA may be main- 
rained in the brain tissue for cellular metabo- 
lism. An active acylCoA ligase activity in brain 
has been implicated in in vivo studies since 

labeled fatty acids were rapidly activated and 
incorporated into the membrane phospho- 
glycerides (9,10). Activation of the fatty acids 
requires ATP, Mg ++ and CoA, and these 
cofactors may be regulatory for the cyclic 
metabolism (25). Furthermore, specificity of 
the enzyme towards different fatty acid sub- 
strates is also a possible factor in the regulation. 
Brophy and Vance (26) reported that specific 
activity of the ligase in brain is higher with the 
18-carbon fatty acids than with the 20-carbon 
ones. In this regard, it is reasonable to expect 
that the ligase may prefer the PUFA more than 
saturated acyl groups. 

Brain tissue is especially high in acylCoA 
hydrolase(s) activity (27,28), implicating possi- 
ble involvement in neuronal processes. The 
active acylCoA hydrolase(s) may account for 
the high susceptibility of brain tissue to free 
fatty acid accumulation during stimulation, 
ischemia and postmortem autolysis (3,4,15). 
AcylCoA hydrolases in brain are present in the 
soluble and particulate fractions (28). They 
seem to vary widely in physical properties and 
substrate specificities. The membrane-associ- 
ated oleoylCoA hydrolase activity in brain is 
high in the mitochondrial and microsomal 
fractions (Sun et al., unpublished data). Never- 
theless, all other subcellular membranes, 
such as myelin, synaptic vesicles and synaptic 
plasma membranes also exhibited a consider- 
able amount of the hydrolase activity. 

We have evidence that divalent cations such 
as Mg ++ and Ca ++ are inhibitors for the acyl- 
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CoA hydrolase(s) (Table I). Since the forward 
reaction for activation of fatty acids to their 
acylCoA requires ATP and Mg ++ for activity, 
an inhibition of the hydrolase reaction by Mg ++ 
would allow the cyclic event to favor synthesis 
of acylCoA. Calcium is known to play an 
important role in regulating neuronal functions. 
As shown in Table I, calcium also shows a 
tendency to form a complex with the acylCoA 
and membrane lipids (Tang and Sun, unpub- 
lished observation). This complex may further 
limit the availability of acylCoA for the acyl 
transfer reactions. Thus, Ca ++ intervention in 
the fatty acid activation and hydrolysis pro- 
cess may be an important factor in regula- 
ting the overall membrane lipid metabolism in 
excitable tissues and may account for the rapid 
free fatty acid accumulation under the stimu- 
lated conditions. 

A eylCoA :I -acyl-phosphoglyeerides aeyltrans- 
ferase(s) (EC 2.3.1). The enzymic transfer 
of fatty acids from acylCoA to 1-acylphos- 
phoglycerides is an important mechanism 
through which PUFA may be directed to 
specific membrane phosphoglycerides (29). The 
mechanism of the acyltransferase reaction is 
intriguing since this type of enzyme utilizes and 
must interact with two lipophilic molecules as 
substrates. It has been shown that the enzyme 
exhibits a high specificity towards the substrate 
molecules. Besides the chain length and degree 
of unsaturation of the acyl groups (30,31), the 
nature of the polar head groups on 1-acyl-phos- 
phoglycerides is also important in determining 
the activity of the enzyme (32-34). Thus, 
arachidonoylCoA is preferably acylated to 
1-acyl-GPI and I-acyI-GPC by the acyltrans- 
-ferase of brain microsomes (32). When labeled 
arachidonate was incubated with synaptosomes 
in the presence of ATP, CoA and Mg ++, the 
relative order for arachidonoyl transfer was 
1-acyl-GPI~l-acyl-GPC~l-acyl-GPE (35). The 
ester linkage at the C-1 position of 1-acyl-phos- 
phoglycerides is apparently needed for activity 
because little transfer activity was obtained 
when 1-alkenyl-GPE was used as the acceptor 
molecule for arachidonate transfer. The acyl- 
transferase activity depends on the amount of 
lyso-substrate present in the tissue. In the liver, 
Holub (36) has shown that a high specificity for 
arachidonoyl transfer to 1-acyl-GP1 occurred 
when the acceptor concentration was low. 
Supporting evidence for this type of specificity 
is the recent finding that the acyltransferase in 
brain microsomes is mediated by a "ping pong 
bi-bi" mechanism (37). 

Although the acyltransferase is bound to 
cellular membranes, it is readily accessible to 
the substrates and does not require detergent 

for activity. In fact, most non-ionic detergents 
are potent inhibitors of the acyltransferase 
(34). The acyltransferase is also easily affected 
by lipophilic compounds and drugs which may 
interact with the cell membranes (38-41). We 
have recently shown that the activity of 
oteoylCoA:l-acyl-GPC acyltransferase in brain 
synaptosomes was inhibited by aliphatic 
alcohols (Sun et al., unpublished data). The 
inhibitory potency (Is0) correlates well 
with carbon chain length of the alcohols and 
their lipid solubility. The enzyme is also suscep- 
tible to inhibition by various types of 
lysocompounds which may be generated in the 
tissues as a result of phospholipase A action 
(34). 

Different types of phospholipases are known 
to be present in brain subcellular membranes 
and different cell types (42-47); however, the 
activity is generally quite low compared to the 
acyltransferase activity. An increase in phos- 
pholipase activity has been shown during nerve 
degeneration (48) and in pathologic conditions 
such as during the acute stage of experimental 
allergic encephalomyelitis (EAE) (49,50). When 
lyso-compounds begin to accumulate in the 
brain due to an increase in phospholipase 
activity, it is possible that the acyltransferase 
activity may be inhibited, and their specificity 
in directing PUFA groups to the membrane 
phosphoglycerides may be altered. Further- 
more, the PUFA released may give rise to an 
increase in the PUFA which, in turn, may affect 
prostaglandin synthesis. Evidently, a disturb- 
ance of the cyclic event mediating the deacyla- 
tion and reacylation process involving mem- 
brane phosphoglycerides may lead to important 
consequences in altering cellular lipid metabo- 
lism in general. 

Enzymic degradation of  diacyl-GPl by brain 
subcellular membranes. Labeled diacyl-GPI 
(1-acyl-2-[ 14 C ] arachidonoyl-GPI) were synthe- 
sized and incubated with different brain mem- 
brane preparations (51). When incubations were 
conducted in the presence of deoxycholate, 
labeled diacylglycerols were formed as the 
major metabolic products. The susceptibility of 
diacyl-GPl to hydrolysis by a membrane-bound 
enzyme (PI-C, EC 3.1.4.10) giving rise to 
diacylglycerols, inositol and cyclic inositol 
phosphates as products has been described (52). 
The phosphodiesterase acting on diacyl-GPI in 
ox brain was found in membrane-bound as well 
as in soluble forms (53). This type of enzyme is 
especially active in excitable membranes 
(54-56), and its activity is stimulated by Ca ++ 
as well as by various muscarinic cholinergic 
compounds. Although the exact function of 
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Time (rain)  

Phosphog lyce r ides  P roduc t  0 10 30 60 

% 
1-Acyl-2-[ 14C ]- DG 1.0 5.0 13.6 15.5 
a r ach idonoy l -GP l  F F A  2.8 3.4 5.7 6.8 

1-Acyl-2-[ 14 C ]" DG 0.4 0.4 0.5 0.5 
a rach idonoy l -GPC F F A  3.4 4.4 7.8 8.9 

1-Acyl-2-[ 14C]-  DG 0.6 . . . . . .  0.7 
o leoyl -GPC F F A  0.2 . . . . . .  4 .6  

1-Palmitoyl-2-  DG 0.4 . . . . . .  0 .8  
[ 14C] pa lmi toy l -GPC F F A  0.6 . . . . . .  2.3 

aLabe led  p h o s p h o g l y c e r i d e s  were  i n c u b a t e d  at  37 C wi th  bra in  s y n a p t o s o m e s  ( suspended  
in 0.32 M sucrose  w i t h  50 mM Tris-HC1 buffer ,  pH 7.4)  and  sod ium d e o x y c h o l a t e  (0.2 
m g / m l )  for  the  t ime  per iod ind ica ted .  Reac t ion  was  t e r m i n a t e d  by  add ing  4 vol o f  
c h l o r o f o r m / m e t h a n o l  (2 :1 ,  v/v) to  the  i n c u b a t i o n  mix tu re .  The d iacy lg lycero l s  (DG) and 
the  free f a t t y  acids ( F F A )  f o r m e d  were  d e t e r m i n e d  by  sepa ra t ing  the l ip id  ex t r ac t  on TLC 
pla tes  wi th  a so lven t  sy s t em c o n t a i n i n g  chloroform/methanol/l 5N NH4OH ( 1 3 0 : 5 5  : 10, v/v). 
Resul ts  are expressed  as percen t  o f  the  labe led  p r o d u c t s  f o n d e d  w i t h  respec t  to  d i f fe ren t  in- 
c u b a t i o n  t ime.  Data  are r e p r o d u c e d  f rom reference 58. 

this process in cellular metabolism is not yet 
defined, its role in cell surface receptor .func- 
tion has been suggested (57). 

Besides the hydrolysis of diacyl-GPI leading 
to diacylglycerols and inositolphosphate, a 
small amount of labeled arachidonate was also 
released during incubation of diacyl-GPI with 
the brain membranes (51,58). The release of 
labeled arachidonate from diacyl-GPI may be 
the result of an active lipase which has been 
described in brain (59-62). However, under the 
condition for incubation, the re/ease of labeled 
arachidonate is more likely to be due to the 
action of phospholipase A 2. Unlike the diacyl- 
glycerol formation, which is specific for 
diacyl-GPI, activity of phospholipase A 2 is 
observed with other glycerophospholipids 
(Table II). The data in Table II also indicate 
that the phospholipase A 2 prefers phospho- 
glycerides with unsaturated and polyun- 
saturated acyl groups. Among the subcellular 
membrane fractions, activities for diacyl-GPI 
degradation (for both diacylglycerols and FFA) 
were highest in the microsomal fraction (58). 
However, upon disruption of the synaptosomes, 
activities were found enriched in the synaptic 
plasma membranes. The presence of enzymes 
actively degrading diacyl-GPI in the synaptic 
plasma membranes suggests an apparent involve- 
ment of the processes in neuronal functions. 

The presence of an enzymic system for 
degradation of diacyl-GPI in brain has been 
implicated in studies in vivo (12,21). Subse- 
quent investigation with carbamylcholine stim- 
ulation further indicated a metabolic relation- 

ship between arachidonate incorporation into 
diacyl-GPI and diacylglycerols (15). Analysis of 
the acyl group composition of diacylglycerols 
in brain indicated a close resemblance in acyl 
group profile of diacylglycerols and diacyl-GPI 
(5,6,63). O'Brien and Geison (64) showed that 
over 70% of the molecular species of brain 
diacylglycerols corresponded to the steroyl- 
arachidonoyl species. The increase in diacyl- 
glycerols level during early brain ischemia (61) 
together with the increase in diacylglycerol 
labeling during carbamyl-choline stimulation 
(15) imply that the phospholipase C specific for 
diacyl-GP1 may have an important effect in 
neuronal processes. 

CONCLUSION 

It is concluded that the polyunsaturated 
fatty acids in brain are metabolically active. In 
vivo experiments have shown that labeled 
arachidonate is rapidly activated to its acylCoA 
and subsequently incorporated into the glycero- 
lipids, especially the diacyl-GPI and diacyl-GPC. 
In the first few minutes after injection, labeled 
arachidonate is also incorporated into diacyl- 
glycerols and triacylglycerols which, in turn, are 
available for biosynthesis of the phospho- 
glycerides via the de novo route. Upon stimula- 
tion by carbamylcholine, an increase in arachi- 
donate incorporation into diacylglycerols and 
triacylglycerols with a decrease in labeling of 
diacyl-GPI was observed. Results are in agree- 
ment with the suggested metabolic relationship 
between diacyl-GPI and diacylglycerols based 
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FIG. 1. A scheme showing the metabolic  relationship between polyunsaturated fatty acids and membrane 
phospholipids in brain. 

upon similarity of their acyl group profiles. 
Among the phosphoglycerides prelabeled with 
arachidonoyl groups, the diacyl-GPI in synapto- 
somes were metabolized most rapidly with 
half-lives of 5 hr and 5 days. 

In vitro experiments have shown that two 
types of cyclic events are related to metabolism 
of brain fatty acids: 1. the ATP-dependent 
activation of fatty acids to their acylCoA via 
the acylCoA ligase and subsequent hydrolysis 
of acylCoA by acylCoA hydrolase(s), 2. the 
release of polyunsaturated fatty acids from 
membrane phosphoglycerides via phospholipase 
A 2 and subsequent reacylation of the lyso- 
phosphoglycerides by the acyltransferases. The 
polyunsaturated fatty acid level in brain may be 
regulated by enzymes responsible for both 
cyclic events (Fig. 1). Since activities of the 
acylCoA ligase and hydrolase in brain are higher 
than the phospholipase and acyltransferase, 
regulation by the first cyclic event may be more 
pertinent in maintaining a constant level of free 
fatty acids in brain. In this regard, the avail- 
ability of ATP in the cells and divalent cation 
concentrations may be important in regulating 
fatty acid activation and hydrolysis. 

Phospholipases A 2 are active in hydrolyzing 
arachidonate and other unsaturated and poly- 
unsaturated acyl groups from membrane 
phosphoglycerides in brain tissue. Phospho- 
lipase A 2 activity could account for the rapid 
turnover of phosphoglycerides with polyunsatu- 
rated acyl groups. However, the rapid turnover 
of arachidonoyl groups in diacyl-GPI is attri- 
buted largely to the presence of an active 

phospholipase C specific for hydrolysis of this 
phospholipid giving rise to diacylglycerols. In 
the synaptosomes, activity of this enzyme is 
enriched in the synaptic plasma membrane 
fraction. The diacylglycerols formed may then 
be utilized for de novo synthesis of other 
phosphoglycerides or be further hydrolyzed to 
give arachidonate for prostaglandin biosynthesis 
(Fig. 1 ). 
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Cardiac and Renal Lipases and Prostaglandin Biosynthesis 
WEI HSUEH and PHILIP NEEDLEMAN, Departments of Pharmacology and Pathology, 
Washington University, St. Louis, Missouri 63110 

ABSTRACT 

The tissue phospholipids of isolated Krebs perfused rabbit hearts and kidneys can be 
efficiently labeled with [laC]arachidonic acid. Subsequent stimulation of the prelabeled 
organ with hormones or ischemia results in release of [14C] prostaglandins (PG). There is 
a highly efficient acylation mechanism existing in these perfused organs. Thus, tissue 
lipase activity can only be quantitatively assessed by measuring the [14C]arachidonic 
acid in the venous effluent in the presence of albumin infusion which "traps" the released 
fatty acid. Two types of tissue lipases appear to exist. One is a highly specific phospho- 
lipase which is hormone sensitive, thus selectively liberates [t4C]arachidonate (but not 
[ 14C loleate, linoleate, and palmitate) from tissue lipids. The other nonspecifically 
responds to noxious stimuli such as ischemia and releases all fatty acids (e.g., including 
arachidonic and oleic acid) from tissue lipids. The hormone sensitive lipase appears to be 
predominantly localized in the vascular tissue (in hearts and kidney cortex), while non- 
specific lipase activity is widely distributed in myocardial cells and renal tubules. There- 
fore, hormone stimulation elicits tightly coupled PG synthesis in the vasculature which 
possess both phospholipase and the cyclooxygenase while ischemia induced deacylation 
in the entire tissue, but the majority of the arachidonic acid released is not converted to 
PG due to a relative lack of cyclooxygenase activity in myocytes and renal tubules. 

PHOSPHOLIPID LABELING TECHNIQUES 
A N D  H O R M O N E - I N D U C E D  D E A C Y L A T I O N  

The synthesis and release of  prostaglandins 
(PG) requires the act ivation of  tissue lipases to 
release arachidonic acid (1). The released 
arachidonic acid is enzymat ical ly  conver ted  by 
cyclooxygenase  to the unstable endoperox ide  
intermediates  PGG 2 and PGH 2 which,  in turn,  
are metabol ized  to several PG end-products  
having varying biological activities. 

To study the relationship be tween  tissue 
phospholipase activation and prostaglandin 
synthesis in isolated perfused heart  and kidney 
preparat ion,  we have employed  a technique  
.,'hich labels the precursor phosphol ipid  pool  
(2-4). We found that  these perfused organs 
eff iciently (85-90%) incorpora ted  infused [14C] - 
arachdionate  in to  tisue lipids, p redominant -  
ly into phosphat idylchol ine  and phosphat idyl-  
e thanolamine  (4). Much less radioact ivi ty was 
found in the neutral  lipid and the free fat ty 
acid fractions f rom the ch lo ro fo rm/me thano l  
extract  of  the tissue homogena te  (4). Hormone  
(bradykinin,  angiotensin) s t imulat ion of  these 
prelabeled t issues resulted in the release of only 
[ 14C] PGs wi thout  [ 14C] arachidonic acid (3). 
The lack of  detectable  radioactive fat ty acids in 
the venous eff luent  was presumably the result 
of  a highly eff icient  reacylat ion mechanism in 
the tissue, which immedia te ly  re incorporated 
arachidonic acid that  had no t  been conver ted to 
PGs into tissue lipids. We resorted to the use of  
fat ty acid-free bovine serum albumin in the 
perfusate as a " t r a p "  of  free fa t ty  acid (3). In 
the presence of  albumin infusion, a substantial 

release of  radioactive arachidonic acid was 
observed in response to h o r m o n e  st imulation.  
Depending on the organ used, the arachidonate  
release varied from 3 to 10 t imes greater than 
the PG release for a given st imulus (3). Indo- 
methacin infusion complete ly  blocked the PG 
releasing response to bradykinin,  but  had no 
effect  on the deacylat ion mechanism (3). 

To investigate the specificity of  the deacyla- 
t ion reaction,  we prelabeled the heart  with 
several radioactive long chain fat ty acids. The 

infused radioactive arachidonate ,  l inoleate,  and 
oleate were all incorpora ted  into  tissue lipid 
with equal  eff iciency (Table I), p redominant ly  
in the 2 posit ion of  phosphat idylchol ine  (4). 
while [ 14C] palmitate  was esterified into both  
the 1 and 2 posi t ion (4). Bradykinin released 
comparable  amounts  of  bioassayable PGs (300 
ng) f rom hearts prelabeled with  various radioac- 
tive fat ty acids; however ,  only  [14C]arachi -  
donate  (928 CPM) (but  no t  [ t a C ] l i n o l e a t e ,  
[ 14 C ] oleate,  or [ 14 C ] palmitate)  was l iberated 
by bradykinin accompanying  the PG release 
(Table I) (4). This selective bradykinin effect  
on fat ty  acid release suggested that  ho rmone  
s t imulat ion ei ther  activates a specific lipase that  
distinguishes different  fa t ty  acids in the 2 
posi t ion or activates lipase which is selectively 
compar tmen ted  with phospholipids containing 
arachidonic acid. Ischemia, on the o ther  hand,  
resulted in a nonselect ive act ivat ion of  tissue 
lipases and released bo th  [ 14C] oleate as well as 
[ 14C] arachidonate  (Table I) (4). Fur thermore ,  
ischemia was less eff icient  than bradykinin in 
PG product ion  in the heart. This is indicated by 
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FIG. 1. Autoradiograms of hearts labeled with method A (infusion of [ 14C] arachidonic acid in the absence 
of albumin) and method B (recirculation of [ 14C] arachidonic acid with albumin). Method A resulted in selective 
labeling of arteries (double arrows) and arterioles (arrow) (the veins and venules are only weakly labeled), while 
method B resulted in a diffuse and uniform labeling of the entire tissue. 

a large amount  of  arachidonic  acid release with 
a concomi tan t ly  smaller amount  of  PGs than 
obtained with bradykinin s t imulat ion (Table I). 
One explanat ion for this poor  coupling be tween 
lipase ( [14C]arach idonic  acid release) and 
cyclooxygenase ([ 14C]PGs produc t ion)  is that  
ischemia activates deacylat ion at sites r emote  
from the PG synthesis complex ,  while brady- 
kinin stimulates deacylat ion at sites close to or  
continguous with cyclooxygenase and is more 
t ightly coupled with PG synthesis than is 
ischemia. Ano the r  possibili ty is that  ischemia 
inhibits cyclooxygenase activity.  

SITES OF LIPASE ACT IVAT ION 
AND PG SYNTHESIS 

In an a t t empt  to correlate the enzyme 
activity with its anatomical  localizat ion,  we 
used two methods  to label the tissue lipid with 
[14C]arachidonic  acid: slow influsion of  
[ 14C] arachidonic acid in to  the perfused o r g a n  
wi thout  a lbumin (me thod  A), and recirculat ion 
of  [14C]arachidonic  acid in Krebs solut ion 
containing albumin (method  B) (5). Autoradio-  
graphy of  the labeled organs demonst ra ted  that  
me thod  A selectively labeled the vascular tissue, 
p redominant ly  arteries and arterioles (me thod  

A), while me thod  B nonselect ively and uni- 
formly labeled the entire tissue, including 
vasculature,  myocardia l  cells and inters t i t ium 
(Fig. 1) (5). Dete rmina t ion  of  [14C]arachi -  
donic acid and [14C]PG as well as the bioassay- 
able PG (total  PG) in the venous ef f luent  f rom 
prelabeled organs enables quant i ta t ive  assess- 
ment  of  the PG synthesis and its specific 
activity as well as a comparison of  the lipase 
activity of  vascular tissue (me thod  A) and 
nonvascular tissue in heart  and kidney.  

The pat tern of  incorpora t ion  of  [14C] arach- 
idonic acid into tissue lipids was very similar 
be tween method  A and me thod  B; i.e., the 
major i ty  of  the radioact ivi ty was found in the 
phospholipids (80-85% in heart,  and 70-75% in 
kidneys) (5), p redominan t ly  phosphat idyl  
choline and phosphat idyl  e thanolamine  (5). 

Peptide hormone  st imulat ion (bradykinin)  and 
nonspecif ic  noxious  s t imulat ion (with transient 
ischemia) were employed  to elicit lipase activa- 
t ion (i.e., release of  [ 14C] arachidonate)  and PG 
synthesis. In the isolated, perfused heart ,  the 
radioactive PG release in response to bradykinin 
and ischemia was higher with me thod  A than 
with me thod  B (865 cpm vs. 572 with brady- 
kinin, and 289 cpm vs. 147 with  ischemia) (5) 
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FIG. 2. Autoradiograms of hydronephrotic kidneys labeled with method A (infusion of [ 14C] arachidonic acid 
in the absence of albumin) and method B (reciruclation of [ 14C] arachidonic acid with albumin). Method A 
resulted in selective labeling of arteries, arterioles (arrow) and glomeruli while method B resulted in a diffuse 
labeling of the entire tissue. 

despite the appearance of comparable amounts 
of bioassayable PG release (270-300 ng with 
bradykinin, 40-60 ng with ischemia) (5). As 
mentioned above, the labeling was confined to 
the vascular tissue in heart labeled with method 
A, while the labeling was also in the myocardial 
cells with method B; therefore, the greater 
release of radioactive PGs with method A 
would indicate the sites of PG synthesis in 
response to both hormone stimulation and 
ischemia to be primarily in the vasculature. 
However, the [14C]arachidonic acid ([14C]- 
AA) release with method B during ischemia 
was much greater than with method A (2481 
cpm vs. 1248) (5), suggesting that the site of 
lipase activation during ischemia is also in the 
myocardial cells outside the vascular tissue. 
However, despite the high lipase activity in 
myocardial cells, the conversion of released 
[ 14C1 arachidonate to PG was rather inefficient 
(shown by the low [14C]PG release with 
method B), indicating the the relative lack of 
cyclooxygeanse in these cells. Comparing the 
[14C]AA/[14C]PG ratio during ischemia be- 
tween methods A and B (4:4 vs. 19:2) (5) 

showed that with method A ca. 1 out of every 
4 moles of [ 14C] arachidonate was converted to 
PG while with method B only one out of 19 
moles of [ 14C] arachidonate was converted to 
PG. This high [14C]AA/[14C]PG ratio of 
method B during ischemia suggests that most of 
the [ 14C] arachidonate released during ischemia 
(with method B) was from myocardial cells, 
while the cyclooxygenase was predominantely 
in the vasculature, thus only the [ 14C] arachi- 
donic acid released in the vascular tissue was 
converted to PGs. These observations have 
physiological and pathological implications. 
Thus, the regulation of coronary arterial 
resistance by hormonal and metabolic factors, 
nerve stimulation and anoxia could be mediated 
by PGs (6-9). Furthermore, the lipases in 
myocardial cells are activated to provide fatty 
acid for metabolic needs. Thus, stimulation of 
cardiac lipases and PG synthetase might play an 
important role in the recovery from coronary 
ischemia and myocardial injury. 
The same labeling methods were applied to 
perfused hydroephrotic kidneys(5). Autoradio- 
graphy showed that method A resulted in 
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selective labeling of the arteries, arterioles and 
glomeruli in renal cortex, while method B also 
labeled the tubules and interstitium (Fig. 2) (5). 
Analysis of tissue lipids showed a similar 
pattern of incorporation of radioactive arachi- 
donic acid between methods A and B (5). 
Following bradykinin (250 ng) injection and 
ischemia, the bioassayable PG (total PG) release 
was comparable with both methods (2.1-2.3/ag 
with bradykinin, and 430-432 ng with 
ischemia) (5). However, the radioactive PG 
release in response to bradykinin and ischemia 
with method A was much greater than with 
method B (3222 cpm vs. 1575 with bradykinin, 
and 1044 cpm vs. 452 with ischemia) (5), 
indicating the sites of PG synthesis in the 
hydronephrotic kidney (cortical region) to be 
predominantly in the vascular tissue. Further- 
more, the [14C]arachidonic acid release in 
response to bradykinin stimulation in hydro- 
nephrotic kidneys was also 3 times higher with 
method A than with method B (15365 cpm vs. 
5542) (5), suggesting that the primary sites of 
hormone-specific lipase activity are also in the 
vasculature. However, the [ 14C] arachidonic 
acid release in response to ischemia was much 
higher with method B than with method A 
(1440 cpm vs. 492) (5), suggesting that the site 
of nonspecific lipase activation in the hydro- 
ephrotic kidney is also in the renal tubules. 

This observation is of particular interest 
since it not only further confirmed the presence 
of cortical synthesis of PGs (because the 
majority of the labeling was in the cortex), but 
also showed synthesis of these potent vasoac- 
tive materials to be in the cortical vessels 
themselves. The local synthesis of the potent 

vasoactive PGs in the afferent and efferent 
arterioles themselves may provide an efficient 
means of regulating renal resistance. Further- 
more, PGs have been reported to play a role in 
the regulation of renin secretion (10,11) which 
is synthesized and released by specialized cells 
in afferent arterioles in the cortex. 
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Study of the Two Pathways for Arachidonate Oxygenation 
in Blood Platelets 
C.E. DUTILH, E. HADDEMAN, G.H. JOUVENAZ, F. TEN HOOR and D.H. NUGTEREN, 
Unilever Research, Vlaardingen, PO Box 114, 3130 AC Vlaardingen, The Netherlands 

ABSTRACT 

During collagen-induced blood platelet aggregation, arachidonic acid is set free from nlembrane 
phospholipids and subsequently converted into 12-hydroxyeicosatetraenoic acid by arachidonate lip- 
oxygenase and into thromboxane A2, 12-hydroxyheptadecatrienoic acid (HETE)and malondialde- 
hyde by cyclooxygenase and thromboxane synthase. Lipoxygenase and cyelooxygenase have optimal 
activity at neutral to basic pH, while the thromboxane synthase is pH-independent between 5 and 9. 
These enzymes are membrane-bound. The cyclooxygenase is rapidly inactivated upon membrane dis- 
ruption by nonionie detergents or phospholipid degradation with phospholipase A 2. It was found that 
platelet phospholipase A 2 preferentially splits off fatty acid with four double bonds. Eicosatetraynoic 
acid was used to investigate the physiological fimction of the arachidonate lipoxygenase during 
collagen-induced aggregation of rat blood platelets. This fatty acid is a more efficient inhibitor of 
lipoxygenase than of cyclooxygenase. At an inhibitor concentration of 0.6 t~g/ml, platelet aggreation, 
12-hydroxyeicosatetraenoic acid production as well as 15-hydroxytryptamine release ,are completely 
inhibited, while there is an apparent stimulation of the cyclooxygenase. These results indicate that 
arachidonate lipoxygenase is essential for irreversible blood platelet aggregation. 

INTRODUCTION 

Arachidonic  acid can be conver ted in a 
b lood platelet  suspension by two enzyme path-  
ways (Fig. 1). On the one hand,  this fa t ty  acid 
is conver ted by arachidonate  l ipoxygenase into 
12-hydroperoxyeicosa te t raenoic  acid, which is 
subsequent ly  reduced to give ]2-hydroxyeico-  
satetraenoic acid (HETE)  (1,2).  The l ipoxy-  
genase act ion can be inhibi ted by low con- ,  

centrat ions of  e icosate t raynoic  acid (1). On the 
o ther  hand, prostaglandin endoperox ide  
synthase or  cyc looxygenase  produces  endo- 
peroxides  (1,3). These labile compounds  are 
conver ted by th romboxane  synthase into 12- 
hydroxyhep tadeca t r i eno ic  acid plus malondial-  
dehyde  and th romboxane  A2, which is a s t rong 
aggregatory substance for human blood plate- 
lets (3). T h r o m b o x a n e  A 2 is a very unstable 

phospholipids 

I I Phospha~se A2 I 

arachiabnir acid 
[Arachidonate lipoxygen~_eJ / ~:~ostaglandin endopero;(ide $ynll~se I 

ASpirin inhibitor C20~4 ~ ~ inhibitor C20~4 
/ Indomet hacin 

, ~ ~ c o o -  / ~ , ,  - - . -~ . - - .~  cO0- 

O(O) H 
OOH prostaglandin e ~ x i d e  

12 hydropemxy C20:t. I ~ T h r ~ n ~  
nhibitor Im~azo~ I coo_ 
' " 0 ~  

6N 
thmmboxane A2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

o. I 
cO0- Q~H~C_ + ~ - -  CO0- ~ , ' ~ C O 0 -  stable 

O #-H ~H OH products OH 
12 hydroxy C20:4 (HETE) MDA 12 hydroxy C17:3 (HHT) thromboxane B Z (TXB2) 

FIG. 1. Pathways for arachidonic acid conversion in blood platelets. 
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FIG. 2. Production of arachidonate metabolites 
during collagenT~nduced aggregation of rat blood plate- 
lets (1.6 x i0 ). The products are quantitated by 
GLC/MS, using deuterated standards. 

p r o d u c t  in water  and hydro lyses  in to  t h r o m -  
b o x a n e  B 2 (3).  It is well k n o w n  tha t  the  forma-  
t ion  of  e n d o p e r o x i d e s  by cyc looxygenase  can 
be inh ib i t ed  by n o n - s t e r o i d a l a n t i i n f l a m a t o r y  
drugs such as aspirin and i n d o m e t h a c i n  (1), 
bu t  e i cosa te t r ayno ic  acid can also be used (1). 

I nh ib i t i on  of  the  cyc looxygenase  wi th  
t e t r ayno ic  acid is ob t a ined  at a h igher  con-  
c e n t r a t i o n  t han  inh ib i t i on  of  the  l ipoxygenase  
(4).  The act ivi ty of t h r o m b o x a n e  syn thase  
can be measured  separate ly  by  i n c u b a t i o n  of  
b lood  plate le ts  wi th  p ros tag land in  endope r -  
oxide .  Need leman  and coworkers  r epo r t ed  t h a t  
this e n z y m e  sys tem can be inh ib i t ed  wi th  
imidazole  (5). 

This  article deals wi th  some b iochemica l  
aspects  o f  the e n z y m e  sys tems involved in 
a rach idonic  acid convers ion ,  and evidence is 
p resen ted  tha t  the  act ivi ty of  the  a r ach i dona t e  
l ipoxygenase  is essential  for b lood  pla te le t  
aggregat ion.  

PROCEDURES 

Materials. [ 1 - ] 4 C ] a r a c h i d o n i c  acid and 14C- 

h y d r o x y t r y p t a m i n e  were ob t a ined  f rom Amer-  
sham,  Rad iochemica l  Centre .  

Tween-20  was purchased  f rom Brocades ,  
Tr i ton  X-100 f rom Serva and  Dobano l  91-8 
f rom Shell. 

E icosa te t r ayno ic  acid and all re ference  pro-  
duc ts  were f rom own  stocks.  Pros tag landin  
e n d o p e r o x i d e  was prepared  as descr ibed earl ier  
(6). 

Platelets.,Fresh b lood  was col lec ted  in to  0.1 
vol of  t r i sod ium ci t ra te  (38 g / l ) .  Platelet-  
r ich plasma (PRP) was p repared  by  cent r i fuga-  
t ion  at  r oom t e m p e r a t u r e  for  10 rain at  120 g. 
Washed platelets  were p repared  b y  add i t ion  of  
0.1 vol EDTA so lu t ion  (28.6  g/1 EDTA, 7 
g / l  NaC1)  to PRP in s i l iconized glass tubes  and  
cen t r i fuga t ion  for a n o t h e r  10 rain at 600 g. 
The supe rna t an t  was r emoved  comple te ly  and  
the  pla te le t  pel let  was resuspended  in a phos-  
pha te -buf fe red  salt so lu t ion  (pH 7.4) con ta in -  
ing glucose (2 g / l ) .  Large a m o u n t s  of  bov ine  
pla te le ts  were col lected as descr ibed earlier (2). 

Aggregation reaction.~ Ptate le t  aggregat ion 
was m o n i t o r e d  in a Born aggregometer ;  20 /~1 
CaC12 so lu t ion  (100  mM) was added  to 0.8 ml 
p la te le t  suspens ion  ( a b o u t  2 x 109 platelets) .  
Af te r  3 rain s tab i l iza t ion ,  100 /al of  a so lu t ion  
of  e i cosa te t r ayno ic  acid in a phospha t e -bu f -  
fered salt so lu t ion  was added.  Af te r  2 min  
pla te le t  aggregation was induced  by  add i t ion  
of  collagen toge the r  wi th  20 ~1 14C_arachidoni c 
acid so lu t ion  (50 pg/ml) .  Fou r  min  af te r  induc-  

t ion  of  the  reac t ion ,  the enzymic  convers ions  
were s topped  by  add i t i on  of  0.2 ml citric acid 
(2.3 M). 

Product analysis., Radioact ive  p roduc t s  were 
ex t rac ted  f rom the  incuba tes  wi th  e ther ,  dried 

and separa ted  by  silica th in  layer  c h r o m a t o -  
g raphy  (TLC) using c h l o r o f o r m  m e t h a n o l  acetic 
acid wa te r  ( 9 0 : 6 : 1 : 0 . 7 5 )  as a solvent .  Ident i -  
f i ca t ion  was p e r f o r m e d  by c o c h r o m a t o g r a p h y  

of  inact ive  s tandards .  The  rad ioac t ive  zones  
were scraped off  and q u a n t i t a t e d  by  l iquid scin- 

TABLE I 

l, atty Acid Composition of the Lipids and 
Hydroxy Acids Released during Aggregation 

with Rat Platelets a 

Fatty acid composition 
(~  of total lipids) 

Hydroxy acid after aggregation 
(ng/109 platelets) 

Diet 20:4 20 : 3 12 -OH-20:4 12 -OH-20 : 3 

With 5 en% linoleic acid 26.4 0,1 810 0 
In EFA deficiency 4.5 19.2 12 <5 

aplatelets were obtained from rats on linoleic acid (5% of total dietary energy, 5 en%) 
and essential fatty acid deficient diets. The hydroxy acids were determined 20 rain after 
collagen-induced aggregation (20:4 = 5,8,11,14-eicosatetraenoic acid; 20:3 = 5,8,11- 
eicosatrienoic acid). 
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FIG. 3. Conversion of different substrates by 
washed bovine blood platelets (109) at different pH. 

~--A formation of HHT + TXB2 ~ from arachi- 
o--e formation of HETE ~ donic acid 
o.. o formation of HHT + TXB 2 fiom PGH 2 

t i l lat ion counting.  In separate exper iments  
unlabelled react ion products  were quant i ta ted  
after  TLC by gas l iquid chromatography-mass  
spec t romet ry  (GLC-MS), using deuterated 
internal  standards. 

14C.hydroxy t ryp tamin  e release was measured 
according to Smith et al. (7). 

RESULTS AND DISCUSSION 

Release and Conversion of Endogenous 
Arachidonic Acid 

The produc t ion  of  arachidonate metabol i tes  
during co l lagen- induced  aggregation of  rat b lood 
platelets  is shown in Figure 2. The aggregation 
curve almost coincides with that of  th rom-  
boxane format ion ,  whereas HETE format ion  
cont inues  for a much  longer period.  Very 
similar results have been obtained with bovine 
and human  platelets.  

We also studied platelets of  rats which had 
been on an essential fa t ty  acid-deficient diet. 
Table I shows that  the platelets of  these animals 
contain only small amounts  o f  arachidonic 
acid, which turns out  to be replaced mainly  by 
5,8,11-eicosatr ienoic acid, which is no t  a sub- 
strate for t h romboxane  format ion .  Upon  
addi t ion of  5,8,11-eicosatr ienoic acid to washed 
platelets suspended in buffer ,  this fa t ty  acid is 
readily conver ted by l ipoxygenase into 12- 
h y d r o x y  C20:3 (cf. Ref.  2). 

Blood platelets from essential fa t ty  acid- 
deficient  rats do aggregate upon addi t ion of  
collagen (8), but  during this process hardly any 
metabol i tes  are formed,  ne i ther  from arachi- 
donic  acid nor f rom 5,8,11-eicosatr ienoic acid 
(Table I). The format ion  of  the oxygena t ion  
products  is preceded by release of  the fat ty  

log slope/ 
arb. units 

t 

/ 
/ 

o / / 
/ 

transmission % 
e 

'~176 I 
addle l ion i t 
detergent  

t i m e  

0 0.05 

concentration of triton X-100 in solution (%w/w) 

FIG. 4. Solubilization of washed rat blood plate- 
lets as a function of Triton X-100 concentration. 
Inset: Recording of the light transmission of a blood 
platelet suspension after addition of Triton X-100. 

acids by phosphol ipase A 2 action,  and a pos- 
sible explanat ion for the above results with 
EFA-def ic ient  platelets might  be a very pro- 
nounced  preference of  the t h r o m b o c y t e  phos- 
pholipase A 2 for the release of  fa t ty  acids with 
four  double  bonds.  Using different  techniques ,  
)oth Derksen and Cohen (9) and Bills et al. 

(10) repor ted  similar observations.  

Influence of  pH on Substrate Conversion 

To study the l ipoxygenase and cyc looxy-  
genase independent ly  of  blood platelet  aggrega- 
t ion and endogenous  substrate release, added 
14C_substrat  e was used to measure the enzymic  
activity.  Both normal  and EFA-def ic ien t  plate- 
lets were found to convert  added arachidonic 
acid or  prostaglandin endoperox ide  to the same 
ex ten t ,  so there is no defect  in the arachidonic 
acid metabol iz ing enzymes.  

Blood platelets can t ransform large amounts  
of  arachidonic acid into t h romboxane  A2, 
wi thou t  any aggregation, provided there are no 
calciu.m ions present.  Bovine platelets were 
incubated  in the absence of  calcium with arach- 
idonic acid and with prostaglandin endoper-  
oxide  at different  pH values. 

For  washed intact  bovine blood platelets, 
a basic pH op t imum was found for the cyclo- 
oxygenase as is shown in Figure 3. The same 
has been repor ted  for cyclooxygenase  from 
o ther  sources (1 1 ). 
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T A B L E  I! 

C o n v e r s i o n  o f  1 g g  o f  1 4 C - a r a c h i d o n i c  Ac id  b y  Bovine B lood  
Pla te le ts  ( 1 0 9 )  u n d e r  D i f f e r e n t  C o n d i t i o n s  ( p H  8 .0 ,  a t  36  C f o r  15 min )  a 

A f t e r  
A f t e r  s o l u b i l i z a t i o n  

Platelet  Fresh  a g g r e g a t i o n  T r i t o n  X - 1 0 0  T w e e n - 2 0  
p r e t r e a t m e n t  p la te le t s  w i th  co l l agen  (0 .5% w / w )  ( 0 . 5 %  w / w )  

P r o d u c t  
T h r o m b o x a n e  B 2 20  7 4 17 
12 -OH-C 17 :3  ( H H T )  22 8 7 22 
1 2 - O H - C 2 0 : 4  ( H E T E )  4 8  70  57 52 
A r a c h i d o n i c  acid l 0 15 33 9 

a T h e  p e r c e n t a g e  o f  t he  to t a l  r a d i o a c t i v i t y  in t he  d i f f e r e n t  f r a c t i o n s  is i n d i c a t e d .  

T A B L E  III 

C o n v e r s i o n  o f  1 #g  1 4 C - a r a c h i d o n i c  Ac id  b y  Washed  Bovine 
B lood  Pla te le ts  ( 1 0 9 )  a f t e r  P r e i n c u b a t i o n  fo r  15 m i n  w i th  

D i f f e r en t  A m o u n t s  o f  A r a c h i d o n i c  Acid  a 

P r o d u c t  TXB 2 H H T  H E T E  

A m o u n t  o f a r a c h i d o n i c  
acid  d u r i n g  p r e i n c u b a t i o n  

#g  

- -  16 16 4 8  
4 12 13 41 

10 10 13 31 
2 0  5 7 14 

a T h e  p e r c e n t a g e  o f  t h e  t o t a l  r a d i o a c t i v i t y  in t he  d i f f e r e n t  f r a c t i o n s  is i n d i c a t e d .  

We found that the conversion of prosta- 
glandin endoperoxide by thromboxane syn- 
thase is pH-independent (Fig. 3). 

We could also demonstrate that endoper- 
oxide methyl ester is converted by blood plate- 
lets into the corresponding thromboxane B 2 
methyl es ter .  This means that the carboxyl 
group is not essential for the thromboxane 
synthase as it is for lipoxygenase (2) and cyclo- 
oxygenase (i 2,13). 

Solubilization of the Enzymes 

Solubilization and purification was attempt- 
ed to be able to study lipoxygenase and cyclo- 
oxygenase in more detail. These enzymes are 
both membrane-bound (14,15) and, therefore, 
solubilization with nonionic detergents was 
necessary before purification could be started. 
Prior to fractionation, it was checked whether 
the enzyme systems studied are influenced by 
detergents. The solubilization of  washed plate- 
lets was monitored by a Born aggregometer, 
and the platelet proteins were incubated with 
14C-arachidonic acid before and after solubil- 
ization. 

The results of the experiments where Triton 
X-100 was used as detergent are shown in 
Figure 4. Above a certain detergent concentra- 
tion, a sudden and complete solubilization of 

the thrombocytes was observed. Similar results 
were obtained with human and bovine platelets, 
and also when Dobanol, a polyoxyethylene 
alcohol, was used as a detergent. However, 
Tween-20 (0.5% w/w), which is a more hydro- 
philic detergent, was not able to solubilize the 
blood platelets. 

Table I! summarizes the results obtained by 
incubation with arachidonic acid for washed 
bovine platelets, before and after solubilization 
or collagen-induced aggregation. It can be seen 
that especially the cyclooxygenase is a very 
labile enzyme, which is readily inactivated upon 
disturbance of its natural membrane environ- 
ment. 

Solubilization of platelet suspensions that 
had been kept several days at 4 C in EDTA- 
containing buffer yielded some cyclooxygenase 
activity in the solubilized fraction. However, 
Sepharose 6B column chromatography indi- 
cated that this fraction had a molecular weight 
of several hundred thousand dalton and still 
contained phospholipids. The enzymic activity 
obtained in this way turned out to be very un- 
stable, especially upon addition of Ca-ions. 

In our opinion, the Ca-ions activate the 
phospholipase A e still present in this fraction 
and, thus , the phospholipids can be degraded. 
This results in an inactivation of the cyclo- 

LIPIDS,  V O L .  14, NO.  2 



PLATELET ARACHIDONATE OXYGENATION 245 

~1= human 

! I I I I I I 

t i m e l m i n  

FIG. 5. Effect of prostaglandin endoperoxide on 
human and rat platelets in suspension. 
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FIG. 6. Effect of eicosatetraynoic acid (TYA) on 
collagen-induced rat blood platelet aggregation. 

oxygenase as was also observed during collagen- 
induced blood platelet aggregation. Replace- 
ment of  blood platelet phospholipids by non- 
ionic detergents also leads to inactivation of  
the cyclooxygenase and, therefore, we suppose 
that this enzyme requires a certain amount of  
phospholipids for its enzymic activity. How- 
ever, our attempts to reactivate the enzyme by 
addition of  several phospholipids were not 
successful. 

The lipoxygenase appears to be more stable, 
which can also be concluded from our study of  
the generation of reaction products during 
platelet aggregation (Fig. 2). 

The inactivation of  the cyclooxygenase is 

residual effect (%) 

\ 
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0 

50 
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FIG. 7. Effect of eicosatetraynoic acid (TYA) on 
different parameters durinz collagen-induced rat 
blood platelet aggregation.(zeroTYA concentration = 
100%). �9 slope aggregation curve (cf. Fig. 6), o 15 
hydroxytryptamine release, ~ HETE production, �9 
HHT + TXB2 production. 

not caused by product formation as is shown 
in Table III: preincubation of a platelet suspen- 
sion with different amounts of  arachidonic acid 
did not essentially change the ratio between 
thromboxane B 2 + HHT and HETE production 
from subsequently added 14C_arachidoni c 
acid. This again indicates that not product 
formation, but rather membrane destruction, 
can lead to inactivation of the cyclooxygenase. 

The solubilized thromboxane synthase, 
which converts prostaglandin endoperoxide 
into thromboxane, was found to be fairly 
stable and could be kept for weeks a t4C,  

Yoshimoto et al. (16) and Hammarstrgm 
and Fallardeau (17) also tried to solubilize and 
resolve the thromboxane synthetizing system 
from blood platelets. They claim a separation 
of the cyclooxygenase but, unfortunately,  they 
do not give details about the nature and purity 
of their enzyme preparations. We assume that 
both groups isolated an unstable enzyme frac- 
tion, which still contains membrane fragments. 

Physiological Function of 
Arachidonate Lipoxygenase 

Thromboxane A 2 is known to be an active 
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pro-aggregatory agent for human blood plate- 
lets (1). However, as indicated in Figure 5, the 
effect of  prostaglandin endoperoxide, which 
is rapidly converted into thromboxane A2, is 
very different for human and rat blood plate- 
lets; in rat platelets there is no aggregation at 
all. This observation does not imply that throm- 
boxane A 2 formation is not important during 
rat platelet aggregation. Aspirin inhibits the 
collagen-induced platelet aggregation and 
thromboxane A2 formation both in human and 
rat platelets. The physiological role of the 
arachidonate lipoxygenase is, however, not  yet 
known. 

Unfortunately no inhibitor specific for this 
enzyme is known yet and, therefore, we studied 
the influence of increasing amounts of eicosate- 
traynoic acid on collagen-induced blood 
platelet aggregation because this substance 
inhibits lipoxygenase more effectively than 
cyclooxygenase (4). To study especially the 
activity of the enzymes which convert arachi- 
donic acid, we added 14C-arachidonic acid 
together with the collagen. After 4 min, the 
reactions were terminated by acidification with 
citric acid. 

The aggregation patterns at different inhib- 
itor concentrations are shown in Figure 6. It is 
clear that 0.6 /lg eicosatetraynoicacid causes 
complete inhibition of the aggregation. The 
slope of these aggregation curves was used as a 
measure of inhibition efficiency. In Figure 7 
these slopes have been plotted as a function of 
inhibitor concentration and it also indicates 
product formation. It can be seen that a de- 
creased platelet aggregation corresponds to a 
decreased lipoxygenase action, and this is 
accompanied by an apparent increase in cyclo- 
oxygenase activity. In similar experiments it 
was demonstrated that 15-hydroxytryptamine 
release, which is another parameter for blood 
platelet aggregation, decreases in the same way 
as the aggregation itself. These results indicate 
that rat blood platelets do not aggregate unless 
both lipoxygenase and cyclooxygenase are 
active. As the 15-hydroxytryptamine release 
coincides with the second phase aggregation 
(18), we suggest that HETE production induces 

this second phase aggregation, while throm- 
boxane A 2 formation only induces the first- 
phase aggregation (19). We, therefore, suggest 
that for irreversible blood platelet aggregation, 
the activity of arachidonate lipoxygenase is 
possibly as essential as that of  the cyclooxy- 
genase. If one of these enzyme pathways is 
blocked, aggregation of  rat blood platelets is 
always inhibited. 
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The Relationship of Dietary Fats to Prostaglandin Biosynthesis 

M E L V I N  M. M A T H I A S  and JACQUELINE DUPONT 1 Department of Food Science and 
Nutrition, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

The direct and indirect evidence that the fatty acid composition of dietary fat is involved in the 
regulation of prostaglandin biosynthesis was reviewed. Direct evidence included effects of essential 
fatty acid deficiencies and excesses on endogenous tissue levels and production rates of prostaglandins 
by several tissues. Indirect evidence included lipolytic, plateletaggregatory, hypertensive, inflamma- 
tory and immune responses. In general, composition of dietary fat did not affect prostaglandin biosyn- 
thesis unless a biochemical essential fatty acid deficiency was induced or the linoleate to saturated 
fatty acids ratio of the dietary fat was greater than 5. Most results were interpreted in light of changing 
fatty acid composition;however, very few direct measurements have been made. 

In 1964, Bergstrom et al. (1) and Van Dorp 
et al. (2) discovered that arachidonate was 
incorporated into prostaglandin (PG) E 2. In 
most species arachidonate is derived from 
dietary linoleate. The control of the conversion 
of linoleate to arachidonate by diet and physio- 
logical parameters is complex and will not be 
covered in this review. The reader is referred to 
several excellent reviews by Klenk (3), Holman 
(4), Mead (5), Brenner (6), and Sprecher (7). It 
is well accepted that in most tissues the pre- 
cursor pool of arachidonate that is utilized for 
PG synthesis is the membrane phospholipids 
and the availability of arachidonate is regulated 
by phospholipase A 2 activity (8-11). The 
objective of the following report is to review 
the direct and indirect evidence for the relation- 
ship between the fatty acid composition of  
dietary fat and regulation of the PG biosyn- 
thesis, through the former's involvment in 
altering tissue stores of polyunsaturated fatty 
acids. Very little distinction will be made 
between the different PG, such as A,D,E,F,I 
and thromboxane or the 1 and 2 series, due to 
lack of  suitable methodologies and, there- 
fore, information. 

DIRECT EVIDENCE 

Essential Fatty Acid Deficiency 

What is the direct evidence that dietary 
essential fatty acid (EFA) deficiency lesions are 
associated with a lack of  PG? The scaly lesions 
of  EFA deficiency in the rat are improved by 
the topical application of PGE (12), and the 
infertility is corrected by PGE 2 administration 
(13). The abnormal fatty acid 5,8,11-eico- 
satrienoate that accumulates in essential fatty 
acid deficiency (4) is not a substrate for PG 
synthesis (14,1 5). It also has the characteristic 

1present address: Department of Food and Nutri- 
tion, Iowa State University, Ames, Iowa. 

of allosterically inhibiting the conversion of 
PGH~E (16). 

What is the direct evidence that a dietary 
EFA deficiency alters PG biosynthesis? The most 
frequently used research design has been to 
harvest tissue under a standardized method and 
determine PG concentration. The measurement 
has usually been described as indicating endo- 
genous PG content, but one must recognize 
that the in vivo level is probably much lower 
because the mildest trauma will markedly 
stimulate and/or initiate PG production 
(11,17). The more proper interpretation of this 
type of  measurement is the short term potential 
for PG production from endogenous precursors. 

Van Dorp (18) determined from limited 
results that EFA deficiency caused a decreased 
PGE 2 content in a small number of observa- 
tions using rat epidermis and inner medulla 
from rabbit kidney. Tan and Privett (19)made 
rats EFA-deficient by feeding a fat-free diet for 
1 year and found a 5(1% decrease in PGE 
content of  rapidly frozen vesicular glands that 
had been powdered and extracted with organic 
solvents. 

Another approach to the study of  the effect 
of composition of  dietary fat is to allow PG 
synthesis and release from endogenous pre- 
cursor pools to occur by incubation an intact 
tissue or a homogenized tissue for a specified 
period of time. Time courses have been pub- 
lished for clotting dog blood (20), thrombin- 
induced aggregating human platelets (21), and 

'slices of  rat renal papilla (22). Platelets, fat 
pads, brain slices, aortic tissue and exudates due 
to an inflammatory response have been studied. 

Vincent and Zijlstra (23) showed that EFA 
deficiency markedly reduced the thromboxane 
Az-like activity, and PG formed when rat 
platelets were incubated with phospholipase 
Az. Epididymal fat pads from EFA-deficient 
rats when compared to controls showed a 
reduction of 70% in the release of PGE2, and 
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T A B L E  I 

Ef fec t  of  Die tary  Fat  Co mp o s i t i o n  on 
Prostaglandin  Levels in Rat  Liver ,  Lung  and S e r u m  

Dietary fat  a E n d o g e n o u s  In cu b a t ed  for  10 min  at 37 C 
Calories P/S Lung,. Liver  -" Lung  L i v e ~ j  
(%) (ng/g)  (ng/g)  (ng/g)  (ng/g)  

S e r u m  
(ng / lO  9 plate le ts)  

20 

40 

20 

40 

PG F 2 a 
0.4 12.8 • 1.4 b 2.8 • 0.5 c,d 1320 • 246  d 902_+ 143 
0.8 8.3 -+ 0.5 8.1 • 2.3 372 • 93 650 • 134 
5.5 10.2 • 1.2 9.1 • 1.4 4 9 6  + - 79 1030 • 491 
0.4 1 4 . 8 •  4.2 7.1 • 0.8 6 4 6 •  111 9 9 3 •  134 
0.8 12.7 • 1.3 11.0 • 1.8 SO0 • 68 807 • 155 
5.5 11 , 7 •  1.3 13.7 • 0 .6  430  • 47 1170 • 218 

PGE 2 
0.4 7.5 • 1.3 1.8 • 0 .6c ,  d 371 • 38 d 637 • 76 
0.8 4.0 • 0 .4 3.8 • 0 .6  182 • 31 567 • 91 
5.5 5 . 0 •  3 . 9 •  2 2 3 •  9 1 0 •  137 
0.4 8 . 2 •  3 . 8 •  3 1 6 •  7 0 8 •  
0.8 6 , 9 •  5 . 4 •  2 4 1 •  6 3 7 •  
5.5 5 . 6 •  6 . 8 •  2 0 1 •  7 2 9 •  

5 . 2 •  
4 . 5 •  
3 . 8 •  
3 . 2 •  
4 . 6 •  
3 . 8 •  

7 . 3 •  
6 . 2 •  
5 . 4 •  
4 . 0 •  
5 . 4 •  
5 . 9 •  

aDetails of  diet  com p os i t i on  can be found  in re fe rence  35. 
bMean  • SEM; N=7 or 8. 
Cln factor ia l  analysis  of  var iance ,  e f fec t  of  calories was s ignif icant  (P<0 .01  ). 
d in  factor ia l  analysis of  var iance ,  e f fec t  of  P/S was  significant (P<0 ,0 1 ) .  

PGE 1 release was abolished (24). Weston and 
Johnston (25) reported that EFA deficiency 
decreased PGE synthesis by rat cerebral slices 
only 30% (P=0.05). Hornstra et al. (26.) used a 
bioassay system to demonstrate an 83% de- 
crease due to EFA deficiency in production of 
PGI 2 by intact aortic endothelium. No depres- 
sion was observed when hydrogenated coconut 
oil was fed for only 2-3 weeks, possibly because 
a frank deficiency had not  been produced. One 
report (27) has appeared on exudation, and 
EFA deficiency virtually abolished PGE 2 
content. 

When the above research approach is used, 
one must be aware of the fact that EFA- 
deficient rat tissues, such as lung and small 
intestine (28) or kidney medulla (29) but not  
vesicular gland (19), respond by increasing their 
capacity to convert exogenous precursors to 
PG. Thus, a lack of substrate could be partially 
overcome by synthesizing more PG synthetase 
complex. 

Linoleate Excess 

Hulan and Kramer (30) utilized a procedure 
similar to the one published by Tan and Privett 
(19) to measure endogenous PGE 2 content in 
rat skin. When corn oil replaced lard as the 
dietary fat, the PGE 2 level doubled (P<0.01.). 
From their fatty acid analysis of the dietary 
fats, this would be an increase in linoleate/satu- 
rated fatty acids (P/S) ratio from 0.2 to 4.9. 
Meydani et al. (31) chose to homogenize rat 
lung in a solution containing an excessive 

amount (42 raM) of aspirin. They reported an 
8-fold increase in PGF2a , 13-fold increase in 
PGE 2 and l l - fo ld  increase in PGE1, when 
safflower oil (P/S ratio of 9) replaced beef 
tallow (P/S ratio of 0.1) in the diet. Using the 
same techniques (31) but utilizing various levels 
and mixtures of soybean oil and beef tallow to 
produce P/S ratios of 0.4, 0.8 and 5.5, no 
changes in endogenous PGF2a and E 2 levels in 
lung were shown (Table I). Possibly, extreme 
differences in P/S ratio are required to 
markedly alter lung PG content. The endo- 
genous PGF2a and E 2 levels in the liver ca. 
doubled when the P/S ratio was raised from 0.4 
to 5.5 (Table I). There was a strong positive 
linear correlation (1=.88 for PGF2a and .89 for 
PGE2, P<0.03) between PG levels and percen- 
tage linoleate calories, i.e., 2.3, 3.8, and 8.4% 
for the 20% fat calories and 4.6, 7.6 and 16.7% 
for the 40% fat calories. This suggests that the 
absolute amount, and not  proportion, of 
linoleate was responsible for the increase in PG 
levels. An increase in consumption of linoleate 
can easily increase the arachidonate stores in 
the liver (4). 

Measurement of serum levels of PG is 
analogous to performing an aggregating platelet 
incubation. In the initial experiment from this 
laboratory (32), the incubation conditions were 
not  controlled, but we showed a 50% and 37% 
increase in PGE 1 and a 56% and 27% increase 
in PGF2c ~ in serum from fed and fasted rats, 
respectively, when corn oil replaced beef tallow 
(P~0.05). In follow-up studies, rat blood was 
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FIG. 1. Ex vivo prostaglandin (PG) synthesis by rat 
lung homogenates (N=48) in 0.1 M potassium phos- 
phate buffer, pH 7.4, at 37 C. Point A signifies homo- 
genization in presence of 42 mM aspirin. 

allowed to clot at 37 C for 10 min, then aspirin 
was added at the level of 0.17 mM and PG 
determined by radioimmutaoassay (20). Varying 
dietary P/S ratios between 0.4 and 5.5 did not 
significantly affect serum PGF2a or E 2 levels 
(see Table I and reference 33). When safflower 
oil which has a P/S ratio of ca. 9 was fed, 
however, the serum PG levels increased 
markedly (34). 

Adipocytes in which lipolysis was stimulated 
by adding norepinephrine showed a 3- and 
4-fold increase in PGF2c ~ and E 2 production, 
respectively, when the dietary P/S ratio was 
increased from 0.2 to 5.5 (35). PG synthesis by 
liver and lung homogenates from rats fed diets 
containing P/S ratios analogous to those dis- 
cussed above were also determined and are re- 
ported herein. Since the hypothesis to be tested 
was that dietary fat affects PG synthesis by 
altering the composition of endogenous pre- 
cursos fatty acid pools, no exogenous substrate 
was added. This is called an ex vivo incubation. 
Addition of aspirin at a final concentration of 
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FIG. 2. Ex vivo prostaglandin (PG) synthesis by a 
rat liver homogenate in 0.1 M potassium phosphate 
buffer, pH 7.4, at 37 C. 

14 mM was used to stop PG synthesis. The 
effectiveness of this concentration of aspirin is 
substantiated in the time course of ex vivo PG 
synthesis shown in Figures 1 and 2. The effect 
of dietary fat upon ex vivo PG synthesis by 
lung and liver was tested at the 10 min time 
point which was just before the plateau. The 
results are shown in Table l and differ markedly 
from the responses observed in endogenous 

levels, which were discussed above. Dietary fat 
P/S ratio did not affect liver production (P> 
0.05) and lung PG production decreased as the 
P/S ratio increased (P<0.01). Possibly, the 
endogenous PG precursor pool, arachidonate, 
was not altered nor released in a positive linear 
relationship to dietary linoleate. Another 
plausible explanation is that the tissue stores of 
linoleate were increased and, if released during 
PG synthesis, could have acted as a competitive 
inhibitor to the substrate, arachidonate (36,37). 
Changes in fatty acid composition of the 
different lipid classes, unfortunately, were not  
determined. This type of information could 
help establish which lipid class is the primary 
source of the precursor fatty acids for PG 
synthesis in these tissues. 

Other Dietary Fatty Acids 

Partial hydrogenation of fats is a common 
practice in the food industry. The 12-trans 
isomers of dihom o-gamin a-linolenate and 
arachidonate have been shown to be inhibitors 
of PG synthesis in vitro (38,39). The dietary 
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precursor of these fatty acids is t r a n s  linoleate. 
Hwang and Kinsella (40) fed t r a n s  linoleate at 
the level of  5% of  the diet and found a 90% 
reduction in PGF2a production by rat blood 
allowed to clot at 37 C for 60 rain. They 
concluded that the reduction was due to a 
marked depression in arachidonate and not due 
to a build up of t r a n s  isomers. Feeding a diet 
containing rapeseed oil, in place of corn oil, 
depressed ACTH-induced PGE 2 and F2c~ 
production by rat adrenal homogenates ca. 40% 
(41). This was attributed to the accumu- 
lation of erucic acid in the cholesterol fraction, 
which cannot serve as a precursor of  PG. Hulon 
and Kramer (30) fed several varieties of  rape- 
seed oil to rats and measured PGE 2 synthesis in 
skin. The rapeseed oils did not alter endogenous 
PGE 2 levels but did depress PGE? synthesis 
from exogenous arachidonate when compared 
to corn oil. 

Arachidonate and dihomo-gamma-linolenate 
make up a very small portion of human food 
fats so increasing their consumption could alter 
PG synthesis. Seyberth et al. (42) fed 6 g of 
ethyl arachidonate/day for two weeks to three 
men, and the urinary excretion of the major 
metabolite of PGE increased 47%. In addition, 
their platelets were more reactive, which 
reflects an increase in aggregating PG. When 
dihomo-gamma-linolenate was fed to laboratory 
animals, the urinary excretion of the major 
urinary metabolite of PGE increased 4.6-fold 
(43), and platelets were less reactive in most 
cases, which reflects a shift toward PGE 1 
production (44-46). What happens in man will 
be the subject of another paper in this sympo- 
sium. 

INDIRECT EVIDFNCE 

There is extensive indirect evidence that 
dietary fat alters PG biosynthesis. Measurement 
of physiological responses that are well docu- 
mented to be mediated by PG is the process 
used. Lipolysis by adipose tissue, platelet 
aggregation and blood clotting, hypertension, 
inflammation and immunity are excellent 
examples. 

Lipolysis 

Adipose tissue lipolysis has been shown to 
be feedback regulated by PGE (47-51), and 
thus, lipolytic rates and/or mobilization of 
fatty acids should be enhanced when EFA are 
limited. This enhancement has been demon- 
strated in several laboratories (24,52-54) but 
could be an artifact caused by a lowering of 
lipid content  and increasing protein content  of 
adipose tissue due to EFA deficiency (55). A 

research approach that circumvents this prob- 
lem is to compare lipolytic rates from rats that 
have been fed diets that contain adequate and 
excessive amounts of linoleate. Lipinski and 
Mathias (35) concluded that published work, 
which compared various dietary fats, indicated 
highly variable results. In all cases, fat pads 
were used to assess lipolytic rats. They opti- 
mized the conditions of  lipolysis in norepine- 
phrine-stimulated isolated adipocytes and could 
find no change in adipocyte lipolysis, even 
though PGE? release was altered 4-fold (35). 

Platelet Aggregation 

It is well established that saturated dietary 
fat is thrombogenic in rats and rabbits (56-58). 
In humans, increasing the proportion of dietary 
linoleate reduces platelet aggregation (59-65). 
These effects could be mediated by PG, but the 
exact mechanisms are not understood due to 
the complexity of PG metabolism in platelets 
(21,46,66-69). Arachidonate can be converted 
to the pro-aggregating agents, PGE2, G2, H 2 
and thromboxane A 2 or to the anti-aggregating 
agents, PGD 2 and 12. Dihomo-gamma-lino- 
lenate can be converted to PGE1, an anti- 
aggregating agent. Thus, dietary linoleate can be 
converted to either pro- or anti-aggregating 
agents or, as discussed earlier, act as a competi- 
tive inhibitor of total PG synthesis. In addition, 
there are marked species differences which 
make interpretation difficult (46). Non-PG 
mechanisms, such as changes in blood 
cholesterol or platelet factor 3, are also distinct 
possibilities. In conclusion, before one can use 
the fact that dietary fat affects platelet aggre- 
gation as indirect evidence that dietary fat 
alters PG synthesis, much more must be known 
about the mode of  action of different PG 
in aggregation. 

Hypertension, Inflammation and Immunity 

These responses are altered in several ways 
by PG. EFA deficiency induced an increase in 
blood pressure in rats (70,71), and increased 
linoleate consumption was associated with a 
decrease in blood pressure in man (72,73). EFA 
deficiency altered the inflammatory response in 
several models (74-76) and linoleate treatment 
inhibited immune responses (77-82). However, 
the ambivalent (pro- and anti-) role of P G - a  
term used by Bonta et al. (27) - in  the etiologies 
of these responses, does not  allow further 
interpretations. 

CONCLUSION 

In general, it appears that PG synthesis can 
be depressed by biochemical EFA deficiency 
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and enhanced when the P/S ratio reaches 5 up 
to 9. Smaller changes in the P/S ratio only 
affected PG release by norepinephine-stimu- 
lated adipocytes. Under certain conditions the 
response to dietary fat was due more to inhibi- 
tion of the PG synthesis by other fatty acids 
than to change in amount of PG precursor fatty 
acid. 

The obvious connection between compo- 
sition of dietary fats and PG synthesis is tissue 
fatty acid composition. As we gain an under- 
standing of the precursor pools (83-85), then 
meaningful tissue fatty acid determinations can 
be made. At present the subcellular complexity 
(86) and the numerous possible pools limit the 
use of gross tissue fatty acid determinations. 
The positive aspects is that now we know that 
we can perturb regulation of PG synthesis by 
extreme dietary fat manipulation, which 
presumably does affect tissue fatty acid compo- 
sition. 
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Fatty Acids in Female Macracanthorhynchus hirudinaceus 
(Acanthocephala) 
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ABSTRACT 

Neutral lipids and phospholipids in the body wall, lemnisci and pseudocoel and neutral 
lipids of fluid found in the "tube" system of the lemnisci and the lacunar system of the 
body wall of Macracanthorhynehus hirudinaeeus (Acanthocephala) were determined by 
the technique of thin layer chromtography and gas chromatography (GC). Sixteen 
different fatty acids from nonpolar lipids were identified as follows: 8:0, 10:0, 11:0, 
12:0, 13:0, 14:0, 14:1, 16:0, 18:0, 18:1, 18:2 and/or 20:0, 18:3 and/or 20:1, 20:3, 
22:1, 24:1 and 22:6. In addition, there were three unidentified GC peaks corresponding 
to chain lengths greater than 20 carbons. Sixteen different fatty acids from phospholipids 
were identified in each of the three fractions analyzed. They were as follows: 10:0, 11:0, 
12:0, 13:0, 14:0, 14:1, 16:0, 16:1, 18:0, 18:1, 18:2 and/or 20:0, 20:2, 20:3, 22:1, 24:1, 
and 22:6. Four unidentified peaks were also observed. There was a significant difference 
in the percentage of lipid as well as the concentration of particular fatty acids when each 
fraction was compared. There was also an abundant supply of sterols and glycerides in 
each fraction. 

INTRODUCTION 

Lipids are a major  const i tuent  in he lminths  
in which unsaturated fat ty  acids predomina te  
and occur  in equal amounts  wi th  triglycerides 
and phospholipids (1). One might  expec t  
the reverse to be the case since in most  meta-  
zoans oxygen is an essential ingredient  for  the 
biosynthesis  of  unsaturated fat ty  acids (2). 
However ,  the adult acanthocephalan  inhabits  
the vertebrate  small intestine where oxygen  
tension is low or nonexis ten t  (3) and yet  
possesses a number  of  unsaturated fat ty  acids. 
Unfor tuna te ly ,  it is not  known how Acantho-  
cephala metabol ize  lipids. Kilejian et al. (4) 
po in ted  out  that  in Hymenolepis diminuta 
(cestode) the large degree of  unsatura t ion  in its 
triglyceride fract ion was a result of  absorpt ion 
of  bile and o ther  intestinal secretions. Appar- 
ent ly,  H. diminuta has taken advantage of  
micelle absorpt ion by increasing the uptake  of  
monoglycer ides  and free fat ty  acids (5) f rom 
the gut contents .  Moreover ,  it has been shown 
(6) that  unsaturated fat ty acids are relatively 
more soluble than their  saturated counterparts .  
This may help explain why these parasites have 
such a high con ten t  of  unsaturated fat ty  acids. 

Intestinal  helminths  apparent ly use those 
fat ty  acids available in the enteric  fluid of  their  
host  to fill their  own needs. These molecules  
are first absorbed then in terconver ted  into 
those chain lengths required by the parasite 's  
metabol ic  machinery.  The exact  ex ten t  to 
which the various molecules  can be changed is 
not  known for Acanthocephala .  However ,  
current  data (7) indicate that  cestodes, 
t rematodes ,  and Acanthocephala  are not  

capable of  de novo "synthes is"  of  long chain 
saturated or unsaturated fat ty  acids. Moreover ,  
some studies (8) indicate that  cestodes are 
incapable of desaturat ing absorbed fat ty  acids, 
whereas specific saturated and unsatura ted  
fat ty  acids may be elongated.  Perhaps the best 
studied he lminth  has been tt. diminuta in Which 
it has been shown (8) that  labeled ace ta t e  
incorpora t ion  occurred in phosphol ipids  and 
neutral  lipids at the same rate under  aerobic or  
anaerobic condit ions.  It has also been shown,  
al though the number  of  species studied has 
been minimal,  that  water  soluble componen t s  
of complex  lipids are freely synthesized f rom 
various precursors (7). 

This s tudy a t tempts  to ident i fy  some of the  
fat ty acids present in various body componen t s  
of  female Macracanthorhynehus hirudinaceus 
(Acanthocephala) .  

MATERIALS AND METHODS 

M. hirudinaceus were obta ined f rom pigs at 
Swift Fresh Meats Company  in East St. Louis,  
IL. Fol lowing removal,  the worms were trans- 
por ted  to the labora tory  in Dewar flasks 
containing gut contents .  Female  worms were 
washed and cleaned in 30% artifical sea water  
(9). A small incision was then made at the 
caudal end of  the body wall and pseudocoel  
contents  " m i l k e d "  into  a test tube and immedi-  
ately sealed under  N 2. The entire length of  the 
body was then split and lemnisci  separated 
f rom 20 worms prior  to extract ion.  Contents  
of  the lacunar ne twork  and large ducts  in the 
lemnisci  were col lected in micropipet tes .  

253 



254 W A Y N E  S M I T H ,  T .T .  D U N A G A N ,  A N D  D O N A L D  M. M I L L E R  

T A B L E  I 

Tissue Wet Lipid 
f rac t ion  weight  weight  % Lipid 

Body  wall  0 .616  g 39 mg  4.7 
Pseudocoel  0 .982 g 23 mg  2.3 
Lemnisc i  0 .308  g 32 mg  10.4 

Extraction of tissue lipids and separation of 
major lipid classes followed standard pro- 
cedures using chloroform and methanol and 
Silica Gel G plates having a thickness of 250 
microns. The first development of the plates 
consisted of chloroform/methanol/water/am- 
monium (130:70:8:0.5,  by vol) followed by 
development in the second direction with a 
mixture of chloroform/acetone/methanol/ac- 
etic acid/water (100:40:20:10,  by vol). The 
various spots were detected with iodine vapors. 

The technique of Morrison and Smith (10) 
was followed for esterification of neutral and 
phospholipids. Dragendorff's reagent (for cho- 
line-containing compounds), diphenylamine 
(for glycolipids), ninhydrin (for free amino 
compound), 2,7-dichlorofluorescein (for satu- 
rated and unsaturated lipids), and Rhodamine 
6G were used to identify the various lipid 
fractions. 

The methyl esters were further purified by 
one-dimensional development on thin layer 
plates using benzene as the developing solvent. 

Methyl esters from neutral and phospho- 

lipids were fractionated by gas liquid chroma- 
tography (GLC) in a Beckman GC-45 instru- 
ment equipped with a flame ionization detector 
and a 1/8" i.d., 6 ft glass column packed with 
SP-2340 (76% cyanopropyl) on 100/120 mesh 
Chromosorb WAW (Supelco, Inc., Bellefonte, 
PA), programming from 70 C to 210 C, with a 
helium flow rate of 20 cc/min. Methyl esters 
were identified by comparing their absolute 
retention times with those of authentic methyl 
esters. Absolute identification requires more 
than a single column since saturated esters may 
coincide with shorter unsaturated esters on any 
given column. 

RESULTS 

The major phospholipids detected were 
phosphatidylcholine and phosphatidylethano- 
lamine. Small amounts of sphingomyelin and 
lysophosphatidylcholine were also detected in 
each fraction by using two-dimensional thin 
layer chromatography (TLC) and charring with 
50% sulfuric acid. 

The percentage of lipid found in the body 
wall, lemnisci, and pseudocoel is shown in 
Table I. Note that the lemnisci contain much 
more lipid than either the body wall or pseudo- 
coel. 

By comparing the fatty acids of the phos- 
pholipids with those of the neutral lipids (Table 
II and Table liD, it is obvious that those fatty 

T A B L E  II 

Nonvola t i le  F a t t y  Acids  o f  the  Neutra l  Lipids a 

F a t t y  Body  La c una r  Lemnisc i  
acids b wall f luid Pseudocoel  Lemnisc i  fluid 

8 :0  tr tr 
10:0 tr c tr  tr tr tr  
1 1 : 0  0.2 tr 0 .1  
W 0.4 1.3 2.3 
1 2 : 0  0 . 3  tr tr 0 . 7  tr 
13:0  1.5 1.0 0.8 1.0 1.6 
14:0  4.8 4.4 1.8 4.0 8.2 
14:1 10.1 11.3 3.5 1 t .3  13.1 
16:0  17.2 19.3 5.3 15.0 12.7 
18:0 13.4 18.5 8.2 13.9 11.6 
18:1 13.8 13.2 9.4 10.5 9.9 
18 :2 ,  20 :0  10.4 11.4 15 .0  8.5 8.3 
18:3 ,  20:1 6.3 8.6 11.7 6.6 7.6 
20 :3  5.9 $.0 11.1 5.6 7.0 
22 : 1 3.3 2.2 7.0 5.0 6.7 
24:1 2.9 1.7 4.3 4.9 6.8 
X 3.4 1.3 6.9 5.0 3.9 
22 :6  2.7 ,8 2.9 6.2 1.8 
Y 2.6 1.4 9.2 0.2 .9 
Z tr .3 tr 0.2 .4 

aMethy l  esters as pe r c e n t  of  to ta l .  

bC a rbon  chain:  double  b o n d  n u m b e r ;  W, X, Y, 

CTrace a m o u n t s  p resen t ;  less t han  0.1%. 
Z are u n k n o w n  f a t t y  acids. 
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TABLE IIl 

Nonvolatile Fatty Acids of the Phospholipids a 
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Fatty acids b Body wall Pseudocoel Lemnisci 

l 0:0 tr c tr tr 
1 1 : 0  tr tr tr 
12:0 tr 0.1 tr 
13:0 tr tr 0.3 
14:0 1.5 1.5 1.9 
14:1 3.9 2.8 3.1 
16:0 4.7 5.8 5.8 
16:1 13.0 10.7 10.3 
18:0 14.3 14.7 15.6 
18:1 15.9 16.4 16.7 
18:2, 20:0 13.3 13.9 15.8 
20:2 12.0 10.4 10.9 
20-3 6.8 8.1 7.2 
22:1 5.1 7.1 4.2 
W 3.9 3.1 2.8 
24:1 1.9 1.3 1.1 
22:6 0.9 0.5 0.4 
X 0.2 0.2 tr 
Y 4.6 2.7 3.1 

aMethyl esters as percent of total. 
bCarbon chain: double bond number; W, X, Y are unknown 
CTrace amounts present; less than 0.1%. 

fatty acids. 

acids wi th  .18 ca rbons  a c c o u n t e d  for  the  major -  
i ty  o f  f a t ty  acids in each f rac t ion.  The  degree of  
u n s a t u r a t i o n  of  ident i f ied  neu t r a l  lipid f a t ty  
acids averaged a b o u t  60% while  the  degree of  
u n s a t u r a t i o n  of  phospho l ip ids  was a b o u t  71%. 
This  large degree of  u n s a t u r a t i o n  agrees wi th  
t ha t  observed  in ces todes  (1) and  o t h e r  acan-  
t h o c e p h a l a n s  (11) .  Previous  work  by Beames  
and  Fisher  (11)  did no t  ind ica te  n o n p o l a r  l ipids 
of  a chain  l eng th  greater  t h a n  20 carbons ,  b u t  
as s h o w n  in Table  II, 22 :1 ,  24:1  and  22 :6  are 
p resen t  a long wi th  u n k n o w n  fa t ty  acids X, Y, 
and  Z, which  also have a chain  length  grea te r  
t han  20 carbons .  Table  II ind ica tes  t h a t  the  
phospho l ip ids  also con ta in  f a t ty  acids longer  
t h a n  20 carbons .  In mak ing  a c o m p a r i s o n  
be tween  fa t ty  acids f o u n d  in th is  s tudy  wi th  
those  r epo r t ed  by  Beames  and  Fisher  (11) ,  it 
shou ld  be n o t e d  t h a t  the  odd  ca rbon ,  shor t  
chain  f a t t y  acid 13:0  was de t ec t ed  in b o t h  

studies.  However ,  11:0,  14:1 and  20 :3  are 
r epo r t ed  for  the  first  t ime  in this  s tudy.  T he  
di f ferences  observed  be t w een  these  two  s tudies  

are p r o b a b l y  the  resul t  of  d i f fe ren t  e x t r a c t i o n  
p rocedures  or  es te r i f ica t ion  processes.  The  
m e t h o d '  of  Morr i son  and  Smi th  (10)  which  was 

used in this  s tudy  was designed to es ter i fy  f a t ty  
acids o f  a h igher  c a r b o n  cha in  l eng th  by  the  
add i t i on  of  benzene  and m e t h a n o l  to  the  
r eac t ion  mix tu re .  

The  fa t ty  acid pe rcen tages  of  p h o s p h o l i p i d s  
do  n o t  appear  to  be d i f fe ren t  b e t w e e n  d i f f e ren t  
w o r m  frac t ions ;  bu t  if  one  considers  the  f a t t y  

acids of  the  neu t ra l  lipids, one can see t h a t  
the re  is a subs tan t ia l  d i f ference  be tween  the  
b o d y  wall, lemnisci ,  and  pseudocoe l ,  par t icu-  
larly wi th  respect  to  14:1,  16:0,  18:2,  18:3,  
20 :1 ,  20 :3  and 22:1 .  The  lemnisci  f luid and  
lacunar  fluid f rom the i r  respect ive t ube  sys tems 
are also s ignif icant ly  d i f fe ren t  for  mos t  ca rbon  
lengths .  

DISCUSSION 

Only  l imi ted  i n f o r m a t i o n  is available on  
l ipids in A c a n t h o c e p h a l a .  Neu t ra l  l ipids and  
phospho l ip id s  of  male  and  female  M. hirudina- 
ceus and Moni l i f o rmi s  dub ius  were s tudied  by  
Beames  and  Fisher  (11).  In th is  s tudy ,  the  f a t ty  
acids of  the  whole  worm were ex t r ac t ed  and  
analyzed by  GLC. These  au tho r s  r epo r t ed  t ha t  
males  of  b o t h  species had  1.7 t imes  more  lipid 
t h a n  females,  and  b o t h  species had  C-10 
t h r o u g h  C-21 f a t t y  acids. They  r epo r t ed  16 
nonvola t i l e  acids in M. h irudinaceus  and  29 
fa t ty  acids in M. dubius.  Only f a t t y  acids f rom 
the  neu t r a l  l ipids were analyzed by  GLC. F a t t y  
acids f rom the  phospho l ip id s  were n o t  s tudied  
by  Beames  and  Fisher  (11) ,  n o r  have they  been  
r epo r t ed  previously  f rom A c a n t h o c e p h a l a  
(7,12) .  

The  m e c h a n i s m  of  f a t ty  acid abso rp t ion ,  
me tabo l i sm,  and  i n c o r p o r a t i o n  has  n o t  been  
d e t e r m i n e d  in A c a n t h o c e p h a l a ,  a l t h o u g h  i t i s  
clear f rom the  s tudies  of  B y r a m  and F i sher  
(13)  t h a t  p inocy tos i s  is a ma jo r  act ivi ty  of the  
t e g u m e n t  in M. dub ius  and  may  par t i c ipa te  in 

LIPIDS, VOL. 14, NO. 3 



256 WAYNE SMITH, T.T. DUNAGAN, AND DONALD M. MILLER 

the uptake of these molecules throughout this 
phylum. However, the importance of other 
structures in internal manipulation of lipids is 
poorly understood even including the lemnisci, 
which have long been suspected of participating 
in lipid metabolism (14). Pflugfelder (15) 
reported that the lemnisci and praesoma were 
sites of fat absorption. Later Crompton and Lee 
(16) proposed that lipid entered through the 
lemnisci and then into the body cavity follow- 
ing absorption through the praesoma area. The 
lipid was then thought to move through the 
body wall and into the radial layer of muscle, 
where it was utilized. However, Hammond's 
(17) studies ruled out the lemnisci as the site 
where lipid entered this parasite. He showed, 
with the use of labeled substrates and radio- 
autographs, that lipid absorption took place 
over the entire body surface (metasoma area). 

Hammond indicated that lipid precursors, 
produced from carbohydrate metabolism, were 
absorbed by the lemnisci from the pseudocoel. 
Once in the lemnisci, they aggregated into lipid 

bodies and were synthesized into neutral fats. 
He suggested that lipid then traveled through 
the lacunar system to the praesoma area for 
excretion to the outside. 

Table I is in agreement with the work of 
Crompton and Lee (16) and Hammond (17,18) 
in that the lemnisci contain a much higher 

percent lipid than the body wall. However, 
this does not necessarily support the idea of 
Bullock (19) that the lemnisci contain lipase 
activity, but it does suggest that the metabolic 
role of the lemnisci is different from that 
of the pseudocoel or body wall. If the work of 
Hammond (17) is verified, then the praesoma 
and lemnisci have no unique role, if any, in 
lipid absorption, but have a major role in 
fatty acid chain elongation following absorp- 
tion by the tegument. Nevertheless, the chloro- 
form-methanol extracts of the lemnisci as well 
as those of the body wall have a green-brown 
discoloration not observed in samples from the 
pseudocoel. The simplest explanation of this 
color seems to be that it represents bile pig- 
ments from the  intestinal fluid, and this sug- 
gests that the absorption issue may not yet be 
resolved satisfactorily. 

Fatty acids of neutral lipids (Table II) 
apparently undergo some biochemical modifi- 
cation as they enter the pseudocoel. As indi- 
cated in these results, there is a substantial 
reduction in the percentages of 14:1, 16:0, 
18:0 and 18:1 in the pseudocoel as compared 
to the body wall and lemnisci. At the same 
time, there is a substantial increase in the 
amount of 18:2, 20:0, 18:3, 20:1 and 20:3 in 

the pseudocoel. It is known that in other 
metazoans (20) palmitic acid (16), which has 
the largest percentage change of fatty acids 
in the pseudocoel, is the one most readily 
modified. It is possible that both elongation 
and desaturation may be operative in M. 
hirudinaceus as the fatty acids enter the 
pseudocoel because, in order to increase the 
amount of 18:2, 20:0 and 20:3, there must be 
two-carbon additions. This same type of change 
in fatty acid composition of phospholipids 
(Table III) does not occur. A similar modifica- 
tion of C-16 and C-18 fatty acids, as suggested 
above, has been observed by Buteau et al. (2 I). 
Finally, it should be noted that M. hirudinaceus 
does not smell like it excretes volatile fatty 
acids, certainly not to the extent of many of 
the ascarids. 
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Trans Fatty Acids: Positional Specificity in Brain Lecithin 
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ABSTRACT 

Fifteen-day-old rats were divided into three groups: one group received an intracerebral injection of 
5 I~Ci of%trans,12-trans [1-14C] octadecadienoic acid; the second group was given 5 ~Ci of the same 
compound plus an equal wt of nonradioactive all cis arachidonic acid; the third group was given 5 #Ci 
of 9-trans [l-14C] octadecenoic acid. All animals were sacrificed 8 hr after injection. Glycerophos- 
phocholine (GPC) was isolated and partically deacylated with phospholipase A 2 from Crotalus 
Adamanteus venom. The results of this study were as follows: 1) after t[ 1-14C] 18:1 injection, there 
was twice as much radioactivity in the l-position as in the 2-position; 2) when tt [ 1-14 C] 18:2 was 
injected, more than 90% of the total radioactivity was found in the 2-position; 3) following tt[ 1-14C] - 
18:2 + nonradioactive arachidonate injection, ca. 75% of the total radioactivity still remained in the 2- 
position; and 4) all of the injected [ 1-14C]-tracers showed evidence of undergoing 13-oxidation tO form 
acetyl-CoA, which was converted to radioactive palmitate. The possibility .is discussed that the 
observed distribution pattern of the injected radioactive tracers may be attributed to t-issue metabolic 
specificity. Ramifications of the deposition of dietary trans fatty acids in the brain during the de- 
velopmental stage of the central nervous system are also discussed. 

INTRODUCTION 

Select ivi ty of acyltransferases that control  
the incorpora t ion  of  nutr ient  fat ty acids into 
membrane  lipids is a subject of  active investiga- 
tion (1). Akesson et al. (2,3) have repor ted  on 

the in vivo synthesis of  phosphat idate  (PA) 
after  intraportal  inject ion of  [3H] palmitate  and 
[14C]l inolea te .  They found that  90% of the 
palmitate  was in the 1-position in PA, whereas, 

90% of the l inoleate was found in the 2-posi- 
tion. Trewhella and Collins (4) administered 
[32p]phospha te ,  [3H]chol ine ,  and [ 1 4 C ] -  
ethanolamine  simultaneously to rats. They 

repor ted  that 1-palmitoyl-2-1inoleoyl glycero- 
phosphochol ine  (GPC) was formed mainly via 
CDP choline and diglyceride, the diglyceride 
being formed from phosphat idic  acid. This 
selectivity may not  be universal for all tissues. 
For  example,  when [ 14C] l inoleate was injected 
intracerebral ly (5), 53-61% of  the radioact ivi ty 
was found in the 2-position of  brain GPC, 
indicating that  an appreciable por t ion  of  
the radioact ivi ty of  [14C] l ino lea te  was in the  
1-position. This distr ibution is markedly  
different  from that  repor ted  in rat liver GPC 
(6,7). Trans fa t ty  acids behave different ly  f rom 
their  cis counterpar ts ;  for  example,  9-trans 
octadecenoic  acid was found predominan t ly  in 
the 1-position of  GPC whereas its cis counte-  
rpart,  oleic acid, was found predominant ly  in 
the 2-position of  liver GPC (8). The absence of  
reports  on the esterif icat ion of  trans fat ty acids 
in the brain led us to under take this s tudy.  Our 
results show that the all trans 9,12-octadeca- 
dienoic acid was p redominan t ly  esterified in the 
2-position of  brain GPC whereas, 9-trans 
octadecenoic  acid was esterified in the propor-  

t ion of  65:30  in posit ions 1 and 2, respectively.  

MATERIALS AND METHODS 

9-Trans, 12-trans [ 1-14C] octadecadienoic  acid 
(l inoelaidic acid), 52.5 mCi /mM, and 9-trans 
[ 1-14C] octadecenoic  acid (elaidic acid), 55 
mCi/mM, were purchased f rom DHOM Pro- 
ducts (Hol lywood,  CA). A fat ty acid-albumin 
complex  was prepared as described earlier 
(9). 

Five 15-day old rat pups, with an approx- 
imate mean weight of  23 g, were given 5/ tCi  of  
t t [ l - 1 4 C ] 1 8 : 2  as the albumin complex  by 
intracerebral  inject ion.  These animals were 
sacrificed 8 hr later. Ano the r  group of  five 
15-day-old pups (the same size as above) was 
given 5 /~Ci of  t t [1-14C] 18:2 + equal  /~M of 
nonradioact ive  20:4 and killed 8 hr  later. A 
third group of  ten 15-day-old rat pups was 
given 5 /~Ci of t[ 1-14C] 18:1 and sacrificed 8 hr  
later. 

The brain tissue was excised, washed free of 
b lood,  and quickly blended in cold chloro- 
f o rm/me thano l  (2:1,  v/v). The extract  was 
purified by the me thod  of  Folch et al. (10) to 
obtain total  lipids. 

Distr ibut ion of  radioact ivi ty in various lipid 
componen t s  was determined by thin layer 
chromatography  (TLC) me thods  using 
pen tane /e ther /ace t ic  acid (80 :20 :1 ,  v/v) for 
neutral  lipids and ch lo ro fo rm/methano l / ace t i c  
ac id /water  ( 1 0 0 : 5 0 : I 6 : 8 ,  v/v) as the solvent 
systems for phosphol ipids  (11 ). 

Isolation and Purification of Lecithin 

The total  lipids were f ract ionated according 
to the me thod  described by Rouser  et al. (12). 
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TABLE I 

Percent Incorporation and Distribution of Radioactivity in Various Nonpolar and Polar Lipid 
Components of Brain Lipid 8 hr Following Intracranial Injection 

II-14C] 11-14C l 
9 t, 18:1 9,12 tt 18:2 

Tracer 

[1-14C] 
9,12 t t  18:2 

+ 
all cis 2 0 : 4  

[1-14c]a 
9,12 cc 18:2 

% Dose incorporated b 10.6 8.8 11.9 15.9 
% Distribution in total lipids 

Sterol esters 0.2 0.3 0.3 0.3 
Acyl  glyeeridos 6.5 1.8 2.2 2.1 
Free fatty acids 1.9 1.4 1.2 1.3 
Free sterol 7.8 7.5 6.7 5.7 
Polar lipids 83.5 88.5 89.7 90.7 

% Distribution in major PL 
Choline phosphoglycerides 50.3 52.4 55.4 52.5 
Ethanolamine phosphoglycerides 28.0 36.0 24.6 16.8 
Serine phosphoglycerides 21.1 11.2 19.9 14.9 

aValues as reported earlier in Ref. 15. 

bDose incorporated = Radioactivity in TL/g wet brain 
Dose injected (#Ci) x 100. 

The isolated leci thin f ract ion was first tes ted  
for  pur i ty  by TLC and then  subjec ted  to  
hydrolys is  by Cro ta lus  A d a m a n t e u s  (Sigma, St. 
Louis,  MO) as suggested by Robe r t son  and 
Lands (13). The comple teness  of  hydrolys is  of  
fa t ty  acids at the 2-posi t ion was checked at 1/2 

hr  intervals by wi thdrawing a small a l iquot  
and test ing this on a small TLC plate 
using c h l o r o f o r m / m e t h a n o l / f o r m i c  ac id /water  
(70 :28 :7 .5 :2 .5 ,  v/v) as the  developing solvent  
(14). Af te r  hydrolysis ,  the  mix ture  o f  free fa t ty  
acids, ( l iberated f rom the 2-posi t ion),  and 
lysoleci thin,  were separated f rom each o t h e r  on 
a 5 x 20 cm SiO2-TLC plate using the  above 
solvent mixture .  Brief exposure  to iodine fumes  
resulted in visualization to mark  the  lipid areas. 
The plate was scanned for  radioact ivi ty by a 
Packard Rad iochromatogram TLC scanner  
(Model 7200). Areas u n d e r  the peaks were 
measured by tr iangulation.  Visualized bands  

from several TLC plates were then collected to 
obtain adequate amounts of fatty acids and 
lysoleci thin,  which  were me thy la t ed  overnight  
(14) to obtain fa t ty  acid m e t h y l  esters. Analysis  
of  the  fa t ty  acid me t h y l  esters ob ta ined  f rom 
the lysoleci thin f ract ion represen ted  the fa t ty  
acids at pos i t ion  1, and the  me t h y l  esters 
ob ta ined  f rom the fa t ty  acids l iberated by the  
venom f rom the 2-posi t ion represen ted  those  at 
the 2-posit ion.  Dis t r ibut ion of  radioact ivi ty was 
measured using a Packard Radio-GLC mode l  
824 as descr ibed before  (14),  which measures  
mass and radioact ivi ty  s imul taneously .  

RESULTS 

Table I shows the % of  the in jec ted  dose tha t  
was re ta ined in the brain 8 hr  af ter  in ject ion.  It 
seems tha t  more  radioact ivi ty was re ta ined in 
the brain af ter  cc-18:2 in ject ion than  af ter  
t t -18:2.  The dis t r ibut ion of  radioact ivi ty in 

TABLE II 

Positional Distribution of Fatty Acids in Brain Lecithin (GPC) a 

Reconstituted 
Pos. 1 + Pos. 2 

Fatty acid l-Position 2-Position 2 Total GPC 

16:0 65.0 42.1 53.5 49.5 
16  : 1 1 .7  5 .5  3 . 6  5 .9  
18:0 17.6 3.2 10.4 7.9 
18:1 13.3 26.2 19.7 20.8 
18:2 __ 3.4 1.7 3.2 
20:4 --- 11.7 5.8 7.4 
22:6 --- 3.8 1.9 2.6 

aAverage of triplicate analysis of pooled brain samples. 
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T A B L E  II I  

Posit ional  Dis t r ibu t ion  of  Rad ioac t iv i ty  in Brain Lec i th in  8 hr  Fol lowing  I.C. In jec t ion  o f  
[ 1-14 C ] t -18 :1 ,  [ 1 1 4  C ] tt-18:2 and Radioac t ive  tt-18:2 + Nonrad ioac t i ve  20 :4  
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% Radioac t iv i ty  by  TLC scanner  

9 ,12 - t t  18:2 
9-trans 18:1 9 ,12 - t t  18:2 + 9 ,12-ce  18:2 a 

in ject ion in ject ion all eis 20 :4  inject ion 

Posit ion 1 65 .6  9.4 25.2 42 .9  
Posi t ion 2 29 .4  90.3 74 .8  57.1 

aAverage  o f  values r e p o r t e d  by  Baker  a nd  T h o m p s o n  (5) .  

various components of the total brain lipids 
indicated that the free fatty acid fraction 
contained less than 2% of the total activity 
indicating almost complete incorporation of all 
the tracers into lipids. In most cases, polar 
lipids and free sterols accounted for the major 
portion of the total radioactivity. As far as 
radioactivity in choline phosphoglycerides is 
concerned, about 1/2 of the total radioactivity 
was found in this component irrespective of the 
tracer injected. The differences in distribution 
of radioactivity after the all trans and the all cis 
injection (15) were noticed in other polar lipid 
fractions. For example, the glycosphingolipids 
contained about 16% of the total radioactivity 
following all cis-18:2 administration, whereas, 
when the other tracers were injected, less than 
1% was found in this component. 

Table II shows the average values of tripli- 
cate analysis of fatty acids obtained from total 
and partially hydrolyzed GPC from pooled 
brain tissue lipids. Unsaturated fatty acids 
containing two or more double bonds were not  
found among the fatty acids from position 1 of 
GPC. On the contrary, polyunsaturated fatty 
acids formed ca. 19% of the fatty acids in the 
2-position of GPC. Reconstituted values, 
obtained by averaging the fatty acid concentra- 
tions at positions 1 and 2, were very close to 
those found when the total unhydrolyzed 
lecithin was subjected to methanolysis and 
fatty acid composition was determined. This 

indicated that hydrolysis was specific to the 
2-position and that all the fatty acids were 
liberated from the 2-position. The products of 
phospholipase-A 2 hydrolysis were analyzed for 
radioactivity distribution by the radio-TLC 
scanner (Table liD. After t[1-14C] 18:1 injec- 
tion, there was twice as much radioactivity in 
the 1-position than in the 2-position. When 
tt[ 1-14C] 18:2 was injected, more than 90% of 
the total radioactivity was found in position 2. 
Finally, when nonradioactive arachidonate in 
equimolar amount was injected mixed with 
radioactive tt-18:2, ca. 75% of the total radio- 
activity still remained in the 2-position. The 
radioactivity in the 1-position, however, in- 
creased almost 3 times when 20:4 was simul- 
taneously administered as compared to linoel- 
aidate alone. 

The total radioactivity in any position may 
not  come from the injected tracer, since the 
possibility of metabolic transformation of the 
injected tracer does exist. Therefore, radio gas 
liquid chromatography (GLC) analysis was 
done to examine this possibility. Table IV 
shows that the injected tracers had indeed been 
metabolized to give rise to other radioactive 
fatty acids in the brain. It is thus necessary to 
compare the values in Table IV with those in 
Table III. After injection of t[ 1-14C] 18: 1, 87% 
of the total radioactivity in position 1 came 
from the injected tracer and the remaining 
12.5% came from palmitate synthesized from 

T A B L E  IV 

Radioac t iv i ty  in Fa t ty  Acids o f  1- and 2-Posit ions o f  Brain Leci th in  Fol lowing I.C. In jec t ion  o f  
[ l -14C]9- trans-18: l ,  [1-14C]9,12-trans, trans-18:2 and Radioac t ive  9 ,12  trans, trans-18:2 

+ N o n r a d i o a c t i v e  Arach id o n i c  Acid 

Fa t ty  acid 
(Ra t io -GLC)  

9 to18:l  9,12 t t -18:2  9,12 t t -18:2  + 20 :4  

1 Pos 2 Pos 1 Pos 2 Pos 1 Pos 2 Pos 

16:0 12.5 24.2 trace 20.9 69.6 13.4 
e-18:1 . . . . . . . . .  8.8 . . . . . .  
t-18:1 87.4 75.7 . . . . . . . . . . . .  
tt- 18:2 . . . . . .  t race 70.3 30.4 86.5 
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acetyl CoA derived from t-oxidat ion of the 
tracer fatty acid. In addition, the values in 
Table IV show that although only about 30% of 
the total radioactivity was originally present in 

the 2-position of the lecithin, this radioactivity 
was contributed largely by radioactive elaidate, 
the injected tracer (Table III). In the case of 
tt-18:2 injection, the radioactivity in the 
1-position of brain GPC was only 10% of the 
total and, therefore, inadequate for radio GLC 
analysis. However, the radioactivity (90.3%, 
Table III) in the 2-position consisted largely of 
the injected tracer (Table IV). When equimolar 
amounts of radioactive t t-18:2 and nonradioac- 
tive all cis 20:4 were administered simultane- 
ously, there was a slight decrease in the radioac- 
tivity in the 2-position, and again this radioac- 
tivity consisted largely of the injected tracer. 
However, the radioactivity in the 1-position 
(25.2%, Table l i d  was largely due to palmitic 
acid, which was formed from the injected radio- 
active tt-18:2. The values reported after in- 
jection of c,c-18:2 are from the report of Baker 
and Thompson (5) and are included for com- 
parison only. 

DISCUSSION 

Fatty acyl substituents of phospholipids are, 
for the most part, nonrandom and may indicate 
tissue specificity. It has been found that leci- 
thins from lung and the brain tissue showed 
many similarities but differed from the liver 
lecithins. In addition, lecithins containing one 
saturated and one polyunsaturated fatty acid 
constituent were abundant in the liver, whereas 
the brain lecithins were largely of the 1-pal- 
mitoyI-2-oleoyl variety (7). When labeled fatty 
acids were injected directly into the brain (5) or 
were incubated with respiring slices of rat 
cerebrum (16), it was observed that radioactive 
linoleic acid, for example, was not restricted to 
the 2-position in lecithin, but was more or less 
evenly distributed between both acyl positions. 
This is in contrast to the results found in the 
liver following an intraportal in vivo injection 
of linoleate (3,4). Esterification of trans fatty 
acids in lecithin biosynthesis in the liver was 
studied by Lands et al. (17). They found that 
the trans configuration was slightly favored 
over the saturated fatty acids at the 1-position. 
In these experiments, linolaidate was esterified 
rapidly at the 1-position when the substrate was 
2-acyl GPC. Feeding fats supplemented with 
various trans isomers, Privett et al. (18) 
found that in rat liver lecithin, the trans, trans 
18:2 isomer was esterified predominantly at the 
1-position. The differences between the present 
study and those in the liver may be attributed 

to tissue metabolic specificity and possibly due 
to the method of introduction of the labeled 
compounds. In the liver, de novo synthesis, 
deacylation-reacylation reactions, and the 
stepwise methylation pathways, can lead to the 
biosynthesis of lecithin, but the brain lacks the 
capacity to carry out the stepwise methylation 
of glycerophosphoethanolamine to GPC, al- 
though the other reactions have been clearly 
demonstrated (19,20). It has also been recog- 
nized that the distribution of fatty acids 
between positions 1 and 2 is influenced by 
competition from other fatty acids (17,18). It 
was found that the trans-9,cis-12-18:2 isomer 
distributed evenly between both positions in 
the absence of competition from the all trans 
9,12-18:2; but in the presence of the all trans 
isomer, the trans, cis isomer favored esterifica- 
tion at the 2-position. Similarly, Privett, et al. 
(18) found that in the presence of saturated 
acids, the all trans isomer was incorporated into 
the 2-position rather than the usual 1-position. 
Since earlier work (5,7) had indicated that all 
cis 20:4 predominantly sought the 2-position of 
brain as well as liver GPC, whereas c,c-18:2 is 
distributed about evenly between the 1 and 2 
position (5), simultaneous injection of  20:4 and 
tt-18:2 was included in the present work. This 
resulted in some decrease in the amount of 
radioactivity from tt-18:2 found in the 2- 
position, in agreement with the observations 
cited above. Thus, all trans 18:2 sought the 
2-position, whereas trans 18:1 favors position 1 
in the brain GPC. The finding of radioactivity 
in palmitate at the 2-position, in general, could 
be due to the fact that brain lecithin contains 
ca. 15% dipalmitoyl lecithin (21). After the 
injection of t t -18:2,  there was only a very small 
amount of activity in the 1-position of brain 
lecithin, and it could not be further analyzed 
by radio-GLC due to instrument limitation. 

If trans fatty acids are deposited in the brain 
during the developmental stage of the central 
nervous system as a result of dietary intake, 
they would be incorporated into the brain 
lecithin. The trans fatty acids could be removed 
by the action of phospholipases and utilized for 
the synthesis of cholesteryl esters. 
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AComparative Study of the Lipid Composition of 
Isolated Rat Sertoli and Germinal Cells 
J.K. BECKMAN and J.G. CONIGLIO,  Department of Biochemistry, 
Vanderbilt University, Nashville, Tennessee 37232 

ABSTRACT 

The lipid composition of enriched preparations of sertoli cells and of germinal cells, isolated from 
the testes of mature rats, has been investigated. Sertoli cells contained a much lower content of 
phospholipids (in particular, much less phosphatidylcholine and phosphatidylethanolamine) and a 
higher content of triacylglycerols than did germinal cells. In addition, the Sertoli cells had a higher 
ratio of esterified to unesterified cholesterol than did germinal cells. Total lipids of Sertoli cells con- 
tained considerably lower levels of palmitic and docosa-4,7,10, l 3,16-pentaenoic acids and higher levels 
of stearic and oleic acids than did the total lipids of germinal cells. The major phospholipid classes and 
the triacylglycerols of Sertoli cells similarly contained less palmitic and docosa-4,7,10,13,16-penta- 
enoic acids, more stearic and oleic acids and also more arachidonic acid than did the corresponding 
lipid classes of the germinal ceils. Minor differences between cell types were also noted for the content 
o f palmitoleic, linoleic, docosa-7,10,13,16-tetraenoic, doco sa-4,7,10,13,16,19-hexaenoic and tetraco sa- 
9,12,15,18-tetraenoic acids. 

INTRODUCTION 

It has become increasingly evident  in recent  
years that  lipids are of  impor tance  to the 
deve lopment  and funct ioning of  testicular 
tissue. Of part icular  interest  is the fact that  
22-carbon polyenes  (docosa-4,7,10,13,16- 
pentaenoic  acid in the rat ;  docosa-7,10,13,16-  
te t raenoic  acid in the rooster;  and docosa-4,7,-  
10,13,16,19-hexaenoic  acid in the human)  
accumulate  in testes in large quant i t ies  during 
the t ime of sexual matura t ion  (1,2). Numerous  
factors which adversely affect testicular devel- 
opmen t  are associated with  decreased levels of  
these fat ty acids (3). 

The testis is an organ composed of  many  
different  cell types, o f  which some are hor- 
monal  in nature  while others act as precursors 
o f  spermatozoa.  Thus,  in order  to define 
more clearly the role that  specific lipids may 
have in testicular tissue, i t  is necessary to s tudy 
their  b iochemis t ry  at a cellular level. Recent ly ,  
we ini ta ted such a study and repor ted  the lipid 
composi t ion  of  enriched fract ions of  the majbr  
germinal cell types of  rat testes, separated by 
centrifugal e lut r ia t ion (4). Of  major  interest  
was the finding that  spermatids conta ined large 
quanti t ies  of  docosa-4,7 ,10,13,16-pentaenoic  
acid (220% of the total  fa t ty  acids), while 
spermatocytes  contained much  smaller amounts  
of  this po lyene  (<10% of the total  fa t ty  acids). 

In the present  communica t ion ,  we sum- 
marize the lipid composi t ion  of  enriched 
fract ions of  Sertoli  cells and compare  it  wi th  
that  of  the germinal cells isolated f rom the 
testes of  mature  rats by means of  enzymat ic  
t reatments .  Sertoli  cells, a l though nongerminal ,  
have been impl icated in a diverse number  of  
funct ions  concerned with the regulat ion of  

spermatogenesis (for a review see (5)). One such 
role of  the Sertoli  cells is to  provide nut r i t ion  
for developing germ cells. In this regard, many  
authors have suggested that  Sertoli  celt lipid 
droplets are absorbed into spermatids during 
specific stages of  spermatogenesis  in which the 
spermatids are embedded  in Sertoli  cell cyto-  
plasm (6,7). The lipid b iochemis t ry  of  Sertoli  
cells may,  therefore ,  have an impor tan t  role in 
testicular deve lopment  and in spermatogenesis.  

EXPERIMENTAL PROCEDURES 

Sprague-Dawley rats of  60-150 days of  age 
maintained on Purina labora tory  chow were 
used in these studies. Enriched fract ions of  

Sertoli  cells and of  germinal cells were prepared 
from testicular tissue essentially according to 
the m e t h o d  of  Steinberger et al. (8) wi th  minor  

modif icat ions .  Each rat testis was sliced with  a 
razor  blade into 10-12 pieces and incubated in 
30 ml of  Ca ++ free Hank's  balanced salt solut ion 
containing 0.25% (w/v) t rypsin for 15 min at 
37 C. The tubules were then washed on top of  a 
125/1 stainless steel grid wi th  cold Hank 's  
balanced salt solut ion (containing Ca++), 
col lected off  the grid, and incubated  in 30 ml 
of  the same buffer  containing 0.1% w/v col- 
lagenase for 65 min at 37 C wi th  f requent  and 
vigorous agitation. Five minutes  before the end 
of  this incubat ion,  20 ~g of  DNAse was added 
to the suspension. Fol lowing the collagenase 
t rea tment ,  the cell suspension was fi l tered 
through a 75 ju stainless steel grid. Germinal  
cells and peri tubular  cells passed through the 
grid while Sertoli  cells remained in te rconnec ted  
in clusters on top of  the grid. They were thus 
easily separated. Both the fil trate (primarily 
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S E R T O L I  A N D  G E R M I N A L  C E L L  L I P I D S  

T A B L E  I 

Compos i t ion  o f  T o t a l  L ip ids  in Enriched Fractions o f  Ser to l i  
and G e r m i n a l  Cells I so la t ed  f r o m  M a t u r e  Rats a 
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Cell t y p e  

Lipid class Ser to l i  G e r m i n a l  P va lue  

Phospholipids 5.3 -+ 0.58 b 17.4 • 0.59 <0.001 
(8) (8) 

Triacylglycerols 5.0 • 0.25 3.2 +- 0.13 <0.001 
(s) (s) . 

Cholesterol 2.5 -+ 0.33 4.0 + 0.21 <0.01 
(4) (6) 

Cholesteryl esters 1.1 +- 0.13 0.4 -+ 0,1 <0.01 
(4) (4) 

aData are expressed as /~mol/g wet weight of cells. Analyses were done as described un- 
der Experimental Procedure. 

bMean • S.E.; number of samples in parentheses. 

germinal cells) and the cell clusters (Sertoli 
cells) were then pelleted and resuspended in a 
small volume of Hank's balanced salt solution. 
Air-dried smears of the fractions were fixed and 
stained according to Meistrich et al. (9) for 
differential counting of cells. The identification 
of cells was done using criteria described by 
Meistrich et al. (9). The wet weight of the cell 
fraction was obtained after pelleting in a tared 
centrifuge tube prior to the extraction of lipids. 
Procedures for the extraction and hydrolysis of  
lipids, extraction of fatty acids, and quantita- 
tive gas chromatographic analysis have been 
described previously (10,11). The content of 
lipid phosphorus, triacylglycerols, cholesterol, 
and cholesteryl ester was determined by s tan-  
dard procedures (12-14). Classes of lipids were 
separated by thin layer claromatography using 
the solvent system light petroleum/diethyl 
ether/acetic acid (80:20:1,  v/v), and major 
classes of phospholipids were separated using 
the method of Skipski et al. (15). Quantifica- 
tion of the major phospholipids was done by 
phosphorus determination performed directly 
on silicic acid following the chromatographic 
separation. Separated classes of lipids and of 
phospholipids were trans-esterified by the 
methods of  Morrison and Smith (16) prior to 
fatty acid analysis by gas chromatography. 

RESULTS 

The cell clusters obtained from the collagen- 
ase-digested rat testes contained 80-90% Sertoli 
cells, the remainder being mostly germinal cells. 
The germinal fraction contained primarily 
spermatids, but spermatocytes and peritubular 
cells were also present in smaller numbers. 

The content of the major classes of lipids of 
Sertoli and of germinal cells is given in Table I. 
Sertoli cells contained less phospholipid and 

more triacylglycerol than germinal cells. In 
addition, the Sertoli cells had more cholesteryl 
esters and less uuesterified cholesterol. The 
content of mono- and diacylglycerols and of 
unesterified fatty acids was judged by thin layer 
chromatography not to be significant and was 
not investigated further. 

The fatty acid patterns of the total lipids of 
the separated cell fractions are given in Table II. 
Sertoli cells contained less palmitic and docosa- 
4,7,10,13,16-pentaenoic acids and more stearic 
and oleic acids than did the germinal cell 
fractions. Significant differences between the 
cell types were also found for palmitoleic, 
linoleic, docosa-7,10,13,16-tetraenoic, docosa- 
4,7,10,13,16,19-hexaenoic and tetracosa- 
9,12,15,18-tetraenoic acids. 

The amounts of various types of phospho- 
lipids in these cell fractions are given in Table 
tit. The Sertoli cells contained considerably 
smaller amounts of phosphatidylcholine and 
phosphatidylethanolamine than did the germi- 

nal cells. A greater proportion of the phospho- 
lipid of Sertoli cells than of germinal cells was 
composed of phosphatidylserine, phosphatidyl- 

inositol, sphingomyelin, lysophosphatides and a 
fraction migrating with neutral lipids. Subse- 
quently, it was shown that the latter fraction 
was composed of a number of minor phosphor- 
us-containing compounds .  

The fatty acid profiles of the major phos- 
pholipid classes and of the triacylgtycerols in 
Sertoli and germinal cells are given in Table IV. 
The fatty acid profiles of phosphatidylcholine, 
phosphatidylethanolamine, and phosphatidyl 
serine all contained less palmitic and docosa- 
4,7,10,13,16-pentaenoic acids and more stearic, 
oleic, arachidonic, and docosa-7,10,13,16-tetra- 
enoic acids than did the corresponding phos- 
pholipids of the germinal ceils. The fatty acid 
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T A B L E  II 

Fa t ty  Acid Compos i t i on  o f  the  Tota l  Lipids o f  Enr iched  Frac t ions  
of  Sertoli  and Germina l  Cells Isola ted f rom Mature  Rats  a 

Cell t ype  

Fa t ty  acidb Sertoli  Germina l  P Value 

16:0 28.4 • 0.4 c 39.1 • 0.6 c <0 .001  
16:1 3.4 • 0 .26  1.2 • 0 .20  < 0 . 0 0 1  
18:0 12.8 • 0 .4 4.4 • 0.5 < 0 . 0 0 1  
!8 :1  18.4 • 0.7 10.0 • 0.4 < 0 . 0 0 1  
18:2 5.0 • 0 .47  3.2 • 0 .27  <0 .0 1  
20 :3  1.1 • 0.11 0.9 • 0 .09  
20 :4  17.2 _+ 0.5 17.0 • 0.6 
22 :4  2.5 +- 0 .46  1.3 • 0 .07 < 0 . 0 0 1  
22:5  8.3 • 0 .39  19.0 • 0.6 < 0 . 0 0 1  
22 :6  0.91 • 0 .13  2.4 • 0.45 <0 .0 1  
24 :4  1,1 • 0.2 0.6 • 0 .10  < 0 . 0 5  

aData  are expressed  as we igh t  pe r c e n t  of  to ta l  fa t ty  acids. 

b N u m b e r  o f  carbons:  n u m b e r  o f  double  bonds.  

CMean + S.E. o f  7 samples .  

T A B L E  111 

Phosphol ip id  Compos i t i on  o f  Enr iched  F'ractions o f  Sertoli  and 
Germina l  Cells Isolated f rom Mature  Rats a 

Cell type  

Phosphol ip id  class Sertoli  Germina l  P value 

Phospha t idy lcho l ine  20.8 • 1,8 b 44 .4  • 0.5 < 0 , 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  17.8 • 1.5 25.5 • 1.2 < 0 . 0 1  
Phospba t idy lse r ine  15.4 • 1.4 11.7 • 0.5 < 0 . 0 5  
Phosphat idyl inos i to l  5.6 • 1.0 2.0 • 0 .75  < 0 . 0 5  
Sph ingomye l in  14.2 • 0.5 6.3 • 0.35 < 0 . 0 0 1  
L y s o p h o s p h a t i d y l c h o l i n e  9.4 • 0 .86  4.3 • 0 .07  < 0 . 0 0 1  
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  4.0 • 0 .67 1.9 • 0 .52 < 0 . 0 5  
" O t h e r  Phosphol ipids  ' 'c  t2 .3  -+ 2.1 3.7 +- 0 .47  <0 .01  

aData  are expressed  as pe rcen t  o f  to ta l  lipid phosphorus .  
bMean + S.E. o f  4 samples .  

CConsisting o f  m ino r  quant i t ies  o f  var ious  phosphol ip ids  inc luding cardiol ipin ,  phos-  
pha t id ic  acid and phos pha t i dy lg lyc e ro l .  

patterns of the total phospholipids of Sertoli 
and germinal cells were also determined and 
were essentially in agreement with the data for 
the individual phospholipid classes. The triacyl- 
glycerols of the Sertoli cells contained con- 
siderably more stearic and arachidonic acids 
and less docosa-4,7,10,13,16-pentaenoic acid 
than did the triacylglycerols of germinal cells. 
Minor differences between triacylglycerols of 
Sertoli and germinal cells were also found in the 
content of palm• palmitoleic, oleic, docosa- 
7,10,13,16-tetraenoic, docosa-4,7,10,13,16,19- 
hexaenoic, and tetracosa-9,12,15,18-tetraenoic 
acids. 

DISCUSSION 

The lipid composition of the total germinal 
cells of rat testes is reflective of the data 

obtained from whole tissue (17) or from 
isolated spermatids (4). This is not surprising as 
germinal cells, and, in particular, spermatids, 
make up the majority of the testicular volume. 
The lipid composition of Sertoli cells, on the 
other hand, is quite distinct. Significant dif- 
ferences between Sertoli and germinal cells 
were found in the content of every major lipid 
and phospholipid class and in the content of 
most of the fatty acids within those classes. 

Unlike germinal cell lipid, which is predom- 
inately phosphotipid, Sertoli cell lipid is quite 
rich in triacylglycerols. It is worth noting that 
the testes of immature rats contain about twice 
as much triacylglycerol as do those of mature 
rats, despite the fact that spermatocytes con- 
tain less triacylglycerol than do spermatids 
(17). Thus, the greater concentration of triacyl- 
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glycerols in immature  rats may likely be due to 
the larger p ropor t ion  of  Sertoli  ceils in this 
tissue. Sertoli  ceils also have a higher rat io o f  
esterified to unesterif ied cholesterol  than do 
germinal cells. Evidence has been accumulat ing  
suggesting that  cholesteryl  esters may  serve as a 
source of  cholesterol  for  steroid h o r m o n e  
synthesis by adrenals (18), ovaries (19), and 
testes (20). Perhaps cholesteryl  esters play a 
similar role in Sertoli  ceils, since this cell type  is 
known to metabol ize  (21) steroid hormones .  

Differences be tween  germinal  and Sertoli  
ceils in fa t ty  acid pat terns  o f  the various lipid 
classes and of  various types of  phosphol ipids  
ref lected differences seen in the fat ty  acid 
profi les of  total  lipids. The major  differences in 
the total  lipid fa t ty  acid pat terns  of  the two cell 
types (a lower  concent ra t ion  of  palmit ic  and 
docosapentaenoic  acids and a higher concentra-  
t ion o f  stearic and oleic acids in Sertoli  cells) 
were present in both the tr iacylglycerols  and 
the phospholipids.  The higher levels of  palmit-  
oleic,  l inoleic and docosate t raenoic  acids in the 
total  lipids of  Sertoli  cells compared  to 
germinal cells may be explained by the higher 
levels of  palmitoleic  and l inoleic acids in Sertoli  
cell tr iacylglycerols and the higher  level of  
docosate t raenoic  acid in Sertoli  cell phospho-  
lipids than in the corresponding lipid classes of  
the germinal cells. The lower  concent ra t ion  of  
docosahexaenoic  acid in Sertoli  cell total  lipid 
was reflected in its lower  concent ra t ion  in 
Sertoli  cell triacylglycerols.  Arachdionic  acid 
was present in higher concent ra t ion  in Sertoli  
cell than in germinal cell t r iacylglycerols  and 
phosphol ipids  but  no t  in to ta l  lipids. This 
apparent  discrepancy is explained by the fact 
that  the phospholipids of  both  cell f ract ions 
were richer in arachidonic acid than were the 
triacylglycerols,  and the Sertoli  cells had a 
higher t r iacylglycerol /phosphol ipid  ratio than 
did the germinal cells. Similarly,  te tracosatetra-  
enoic  acid was present in higher  concent ra t ion  
in total  lipids of  Sertoli  cells than in total  lipid 
of  germinal cell despite its lower  level in Sertoli  
cell tr iacylglycerols because of  the relative 
greater abundance of tr iacylglycerols in Sertoli  
ceils compared  to germinal ceils. 

The amounts  of  the various phosphol ipid  
classes in Sertoli  cells were quite  different  f rom 
those of  germinal cells. Germinal  cells con- 
tained most ly  phosphat idylchol ine  and phos- 
phat idyle thanolamine,  while the Sertoli  cells 
had a more evenly distr ibuted phosphol ipid  
pattern.  In terms of  absolute quant i t ies  of  
phospholipid per  gram of  cells, the  amounts  of  
most  of  the minor  phosphol ipid  classes were 
quite  similar in the two fractions. However ,  
phosphat idylchol ine  and phosphat idyle thanol -  

amine were present  in much  lower concentra-  
t ions in the Sertoli  cell f ract ion.  

This s tudy demonst ra tes  that  the testis 
accumulates  large quant i t ies  of  docosa-4,7,10,-  
16,19-pentaenoic acid in the germinal  cells but  
no t  in the Sertoli  cells. Our  previous repor t  (4) 
fur ther  localized the docosapentaenoic  acid of  
the germinal cells to the spermatids.  It still 
remains to be de termined,  however ,  which cell 
type is responsible for  the biosynthesis  o f  this 
polyene and what  the specific funct ion  o f  the 
polyene  in the spermatid might  be. 

It has been suggested (6,7) that  lipid drop-  
lets in Sertoli  cells are t ranspor ted  into matur-  
ing spermatids (6,7). The chemical  nature  and 
biological funct ion of  this lipid are of  interest.  
The abundance of  tr iacylglycerols in Sertoli  
cells suggests tha the lipid droplets  are triacyl- 
glycerol-enriched.  Both spermatids (4) and 

Sertoli  cells contain significant quant i t ies  of  
docosa-4,7 ,10,13,16-pentaenoic  acid esterified 
as tr iacylglycerols (2.27 and 1.53/~moles/g cells 
in spermatids and Sertoli  cells, respectively).  

Possibly the Sertoli  cells synthesize and rapidly 
transport  docosapentaenoic  acid via the lipid 
droplets  in to  spermatids where the po lyene  
serves some vital role. Fur the r  studies are 
required to elucidate these problems.  
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In Vitro Conversion of Erucic Acid by Microsomes and 
Mitochondria from Liver, Kidneys and Heart of Rats 
PIERRE CLOUET and JEAN BEZARD, Laboratoire de Physiologie animale et de la Nutrit ion, 
Facult~ des Sciences Mirande, B.P. 138, 21004 DIJON C~dex, FRANCE 

ABSTRACT 

Microsomes and mitochondria of liver, kidneys, and heart were incubated with [14-14C] erucic 
acid in three assay media: one favorable for chain elongation (NADPH + KCN), another favorable for 
~-oxidation and the last one for shortening (NADP + KCN). Elongating reactions occurred mainly in 
microsomes, those of kidneys being very active; the mitochondria also showed some activity, heart 
mitochondria being, however, more active than the microsomes, when considering the amount of 
erucic acid activated. In the medium for 13-oxidation, practically no shortened fatty acids were found. 
On the contrary, when /3-oxidation was inhibited, and in the presence of NADP, the formation of 
shorter monoenes, probably in the outer membrane of the mitochondria, was observed, namely 
eicosenoic acid in high amount, oleic acid and hexadecenoic acid. Mitochondria from liver were very 
active as were those of heart, when compared with the quantity of activated erucic acid. In heart, the 
mitochondria shortened erucic acid into oleic acid and hexadecenoic acid, which were then probably 
used as energy substrates. With carnitine and without NADP, shortened fatty acids were formed in the 
mitochondria of liver, probably by the first reactions of 13-oxidation. In this case, the proportions of 
oleic acid and hexadecenoic acid were higher than with NADP alone. In the presence of carnitine and 
NADP, the level of the chain-shortening reaction did not differ from that observed with NADP alone. 
It appears, therefore, that the activated erucic acid is mainly directed towards shortening reactions and 
not towards transfer reactions across the mitochondrial membranes. 

INTRODUCTION 

In several animal  species, the  presence  in the  
diet  of  rapeseed oil r ich in erucic  acid (cis-13- 
docoseno ic )  causes var ious  pa tho log ica l  dis- 
orders,  especially in the  hear t .  Many r epo r t s  
have deal t  w i th  the  morpho log ica l  aspects  of  
the  af fec ted  organs  ( i -5 ) ,  o the r s  wi th  the  
m e t a b o l i c  mod i f i ca t ions  b r o u g h t  a b o u t  by  the  
diet  (6-9).  As erucic  acid has  o f t en  been  con-  
sidered respons ib le  for  such disorders ,  m a n y  
studies have been  done  on the  m e t a b o l i s m  of  
this  fa t ty  acid. The  resul ts  have s h o w n  tha t ,  
a l t hough  erucic acid was a source of  exp i red  
c a r b o n  dioxide  (10-11) ,  it was also s h o r t e n e d  
i n to  oleic acid (12-14) ,  par t icu lar ly  in the  liver, 
and  l e n g t h e n e d  in to  ne rvon ic  acid (15) ,  espe- 
cially in the  k idneys  (16)  and the  lungs (17).  
Unt i l  now,  s tudies  on  m e t a b o l i c  convers ions  
have been  carr ied ou t  in the  en t i re  an imal  
( 1 2 - t 7 ) ,  in  isolated organs  ( I 8 )  or  in t issue 
cul ture  (19).  The  purpose  of  this  work  was to 
de t e rmine  in which  cellular organelles,  mi to -  
chondr i a  or microsomes ,  these  s h o r t e n i n g  and  
l eng then ing  reac t ions  in liver, k idneys  and  hea r t  
occur.  

EXPERIMENTAL PROCEDURES 

Isolation of the Subcellular Fractions 

E x p e r i m e n t s  were p e r f o r m e d  wi th  male  
Wistar rats, weighing ca. 250  g, wh ich  had  been  
fed a ba lanced  diet  p repa red  b y  Usine Al imen-  
t a t i on  Ra t ionne l l e ,  Vi l lem oisson-sur-Orge,  
France ,  and  conta in ing ,  as pe rcen tage  by  wt,  

25% casein, 35% co rns t a r ch ,  25% sucrose,  5% 
cellulose,  5% corn  oil, 4% salt m ix tu r e  (20)  and  
1% v i tamin  m i x t u r e  p rov id ing  in mg/kg  of  
d i e t : t h i a m i n e  HC1,  7; r ibof lavin ,  6.5;  p a n t h -  
o tena te ,  16.5; py r idox ine  HC1, 2.2;  v i t amin  
B12,  0 .02;  DL a - t o c o p h e r o l  ace ta te ,  33 ;  mena-  

d ione,  2.5; n ico t in ic  acid, 75;  folic acid, 0.5; 
b io t in ,  0 .04;  chol ine  chlor ide  1,580;  v i t amin  A, 
8 ,500  IU and  v i t amin  D, 2 ,020  IU. The  an imals  
were starved 20 hr  be fore  expe r imen t s .  They  

were killed by decap i t a t i on ,  the  organs were 
r emoved  in a cold room at a t e m p e r a t u r e  of  5 C 
and  k e p t  at 0 C. Rins ing  and  h o m o g e n i z a t i o n  o f  
t issues were done  wi th  a m i x t u r e  of  0.25 M 

sucrose and  10 mM t r i e t h a n o l a m i n e  at pH 7.4. 
The  liver was cut  wi th  scissors in to  very small  
pieces and  r insed several t imes.  The  k idneys  
were first t aken  ou t  of  the i r  connec t ive  t issue 

capsule  and  the  medul la ry  pa r t  cu t  away.  F o r  
t he  hear t ,  on ly  the  ven t r i cu la r  t issue was used,  
and  the  h o m o g e n i z i n g  m e d i u m  con ta ined  10 
mM EDTA at pH 7.4,  to  comp lex  the  calc ium 
ions  which  cause m i t o c h o n d r i a l  swelling. 

The  f r agments  of  t issues were h o m o g e n i z e d  
in a Po t t e r -E lveh jem h o m o g e n i z e r  wi th  a Tef lon  
pest le .  The  m e m b r a n e s ,  nuclei ,  and  u n b r o k e n  
cells were s ed imen ted  at 800 x g for  10 min  at 
0 C. T h e n  the  m i t o c h o n d r i a  were separa ted  by 
cent r i fug ing  the  s u p e r n a t a n t  at  8 ,000  x g for  10 
m in  at 0 C. They  were r e suspended  and recen- 
t r i fuged u n d e r  the  same c o n d i t i o n s  to  r emove  
c o n t a m i n a n t s .  The  s u p e r n a t a n t  of  the  f irst  
m i t o c h o n d r i a l  s ed imen t  was first  cen t r i fuged  at 
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14,000 x g, and microsomes were fractionated 
from the supernatant at 105,000 x g for 45 min 
at 0 C. The pellet obtained was resuspended 
and resedimented for 30 min to rinse away the 
traces of cytoplasmic proteins. Mitochondrial 
or microsomal protein was measured according 
to Layne (21). 

Criteria of Purity 

The procedures described above were 
designed to minimize problems associated with 
contamination from other cellular components. 
It was not possible to check the purity of 
the subcellular preparations for each experi- 
ment. However, when techniques were being 
perfected, the integrity of the mitochondrial 
membranes and the essential absence of con- 
taminating elements were checked by electron 
microscopy (22-23). Moreover, the mitochon- 
drial oxygen consumption, as measured in a 
Gilson respirometer, indicated normal P/O ratio 
and normal respiratory control (24). For the 
microsomes, the absence of mitochondrial 
contamination was demonstrated by the 
absence of oxidation of the erucate substrate 
(see Results section). 

Incubation Conditions 

The medium used for the elongation studies 
was modified from Mohrhauer et al. (25) and 
Sprecher (26), and contained the following: 
Tris-HC1 buffer, 120 mM (pH 7.4); inorganic 
phosphate, 100 raM; MgC12, 4 mM; ATP, 5 
raM; CoA, 0.1 mM;NADPH, 1.25 raM; KCN, 1 
mM; acetyl-CoA, 0.15 mM (for mitochondria) 
or malonyl-CoA, 0.15 mM (for microsomes). 

The medium used for the oxidation studies 
contained the normal requirements for activa- 
tion, plus carnitine for the transport of acyl- 
CoA across the inner mitochondrial membrane 
(27): Tris-HC1 buffer, 10 mM (pH 7.4); in- 
organic phosphate, 10 mM; KC1, 35 mM; 
MgC12, 4 mM; ATP, 1 mM;CoA, 0.02 mM; DL 
carnitine, 2 raM; sodium malate, I raM. 

The medium used for the shortening studies 
contained: inorganic phosphate, 50 mM (pH 
7.6); KC1, 33 raM; MgCI2,4 mM; ATP, 1 mM; 
CoA, 0.05 raM; NaHCO3, 2 raM; KCN, 1 mM. 
In addition NADP, 1 mM, which is required for 
this type of reaction (28), was present. 

Purified [14-14C]potassium erucate (35 
nmol) (Centre d'Etudes Nucl~aires de Saclay, 
Gif-sur-Yvette, France.) bound to bovine serum 
albumin (4 nmol) (Fraction V, fatty acid free, 
Sigma, St. Louis, MO) was added to 2 ml of 
each of the three media. The media were 
preincubated for 15 rain at 37 C, before the 
addition of 2 mg of mitochondrial or micro- 
somal protein and prior to incubation for 10 

min at 37 C. Incubations were stopped by the 
additiola of 10 ml of 10% perchloric acid for 
study of the acid-soluble products or by the 
addition of 2 ml of 10% methanol-KOH for 
analysis of total fatty acids. 

A N A L Y T I C A L  TECHNIQUES 

Products Recovered after Incubation 

The perchloric acid-treated sample was 
filtered on Millipore filters (diameter of pores 
0.45 /a). The radioactivity of the filtrate corres- 
ponds to that of the small molecules formed 
during /3-oxidation and soluble in aqueous 
perchloric acid. They are referred to as acid- 
soluble products (ASP). The deposit on the 
filter was washed clean of the remaining free 
fatty acids by three five-hour contacts with 
petroleum ether. The radioactivity which 
remained on the filter corresponds to that of 
fatty acid molecules activated by CoA, present 
as acylcarnitines if the medium contained 
carnitine, or incorporated into phospholipids. 
The erucic acid activated was designated as the 
total radioactivity remaining on the filter 
and in the filtrate (acid-soluble fraction). 

Negligible amounts of radioactive CO2 were 
formed during these short times of incubation, 
especially in the presence of cyanide, as was 
anticipated. Thus, the formation of radioactive 
CO 2 was not measured in these present studies. 

Fatty Acid Analysis 

The methanol-KOH-treated sample was 
saponified for 1 hr at 70 C as prescribed by 
Sprecher (26). After acidification with HC1, 
the fatty acids were extracted by 10 ml of 
chloroform, then methylated in a sealed tube in 
methanol-H2SO 4 (50:1, v/v) at 100 C for 3 
hr. After concentration of the medium with 
nitrogen and neutralization with 5% K~CO3, 
the methyl esters were extracted by 
pentane, separated by gas liquid chromatog- 
raphy, collected individually on glass wool, as 
prescribed by Bezard et al. (29), and their 
radioactivity was measured. 

Measurement of Radioactivity 

Prior to radioactivity determination, aque- 
ous samples were solubilized in an appropriate 
scintillating liquid (Instagel, Packard) and a 
solution of Permafluor III (Packard)-Xylene 
(1:9, v/v) was added to lipid samples. All 
measurements for radioactivity were carried out 
with a Packard Tricarb 544 Spectrometer. 

RESULTS 

For the first series of experiments, a medium 
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270 P I E R R E  C L O U E T  A N D  J E A N  B E Z A R D  

T A B L E  I 

A m o u n t s  o f  E r u c i c  A c i d  A c t i v a t e d  b y  C o A  a a n d  P e r c e n t a g e  b T r a n s f o r m e d  in to  
N e r v o n i c  A c i d  in a M e d i u m  F a v o r a b l e  f o r  E l o n g a t i o n  

Liver  K i d n e y s  H e a r t  

M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  

n m o l  o f  a c t i v a t e d  
e ruc ic  ac id  e 14 .4 ;  14 .7  d 6 .7 ;  7 .3  8 .6 ;  8 .8  2 .1 ;  2.5 10 .3 ;  11 .2  3 .7;  4 .4  

P e r c e n t  f o u n d  
in n e r v o n i c  ac id  0 .2 ;  0 .4  2 .4 ;  2 .8  0 .4 ;  0 .7  18 .2 ;  2 1 . 4  0 .3 ;  0.5 0.1 ; 0 .6  

a C o m p r i s e s  as e n d  p r o d u c t s  e r u c o y l - C o A  r e c o v e r e d  u n r e a c t e d  or  t r a n s f o r m e d  a f t e r  i n c u b a t i o n  (See 
e x p e r i m e n t a l  s e c t i o n ) .  

b p e r c e n t a g e  o f  the  a c t i v a t e d  e r u c i c  ac id .  

C p r o d u c e d  in the  p resence  o f  35 n m o l  o f  e ruc i c  ac id  a n d  2 mg o f  m i t o c h o n d r i a l  o r  m i c r o s o m a l  p r o t e i n .  

d T h e  t w o  values  we re  o b t a i n e d  f r o m  t w o  m e a s u r e m e n t s  o n  a p r e p a r a t i o n  o f  m i t o c h o n d r i a  o r  m i c r o s o m e s  
f r o m  t en  ra t s .  

T A B L E  II 

A m o u n t s  o f  Eruc ie  Ac id  A c t i v a t e d  b y  C o A  a a n d  Pe rcen t age  b T r a n s f o r m e d  i n t o  
Oleic  A c i d  ( 18 :1 )  o r  R e c o v e r e d  as Ac id - so lub l e  P r o d u c t s  (ASP)  e, 

in a M e d i u m  F a v o r a b l e  f o r / 3 - O x i d a t i o n  

Liver  K i d n e y s  H e a r t  

M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  

n m o l  o f  a c t i va t ed  
e r u c i c  ac id  c 12 .0 ;  12 .3  d 2 .7 ;  2 .8  3 .4 ;  3 .7  0 .6 ;  0 .9  5.1 ; 5 .9  0 .3 ;  0 .4  

Pe r cen t  ~ 18:1 0 . 3 ; 0 . 5  0 . 5 ; 1 . 0  1 . 3 ; 1 . 9  0 . 1 ; 0 . 5  0 . 5 ; 0 . 9  0 
f o u n d  in ~ A S P  3 8 . 8 ; 4 0 . 6  0 19 .6 ;  21 .5  0 51 .0 ;  7 0 . 0  0 

a , b , c , d s e e  f o o t n o t e s  in Tab le  I. 

eSmal l  m o l e c u l e s  f o r m e d  d u r i n g / 3 - o x i d a t i o n  a n d  so lub le  in a q u e o u s  p e r c h l o r i c  ac id .  

favorable for e longat ion of  fa t ty  acid was used. 
The results (Table I) show that the greatest 
lengthening activity was possessed by the 
microsomal  fraction.  Kidney microsomes  were 
the most  active, whereas those of  heart  were 
not  very active at all. The activity of  liver 
microsomes was intermediate ,  but the effects  
should no t  be underes t imated ,  considering the 
mass of  microsomes in the entire organ. Liver 
mi tochondr ia  were nine t imes less active than 
the corresponding microsomes.  

For  the second series of  exper iments ,  a 
medium favorable for J3-oxidation was used. 
The results (Table II) show that  the mi tochon-  
dria o f  the three organs studied degraded 
erucate,  but  the ex ten t  varied according to the 
organ. The liver mi tochondr ia  activated more 
erucic acid than did those from kidneys  or  
heart.  The activated erucic acid H-oxidized (ASP 
formed)  was found in high percentage in the 
three series of  mi tochondr ia ,  but  in each case 
the amount  of  radioactive oleate appearing in 
the medium was almost negligible. The presence 
of  oleate in only trace amount ,  and the absence 

of  any radioact ivi ty in the acid-soluble products  
with microsomes from the three organs proved 
their  inabili ty to produce smaller molecules  
f rom erucate. 

Moreover,  the absence of  radioact ivi ty 
demonst ra ted  the absence of  contamina t ion  of  
the microsomal  fract ion with mi tochondr ia .  

In the third series of exper iments ,  a t tempts  
were made to determine whether  the chain- 
shortening reaction might  be the reverse of  
elongation.  Thus, oxidat ion  was s topped by 
the addit ion of  cyanide,  and the absence of  
carnitine prevented the penet ra t ion  of  fa t ty  
acids into the mi tochondr ia  and also a possible 
accumulat ion  of  fat ty acids bound to carnitine. 
NADP was used in place of  NADPH,  the la t ter  
being necessary for the reducing reactions of  
elongation.  

Under  these condi t ions  (Table III), it can be 
seen that  tile radioact ivi ty of  the acid-soluble 
products  was very l ow  in each case, or  even 
nonexistent .  But, contrary to previous observa- 
tions, monounsa tu ra ted  fat ty  acids shorter  than 
erucic acid appeared,  mainly after incubat ion  
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T A B L E  III 

A m o u n t s  o f  E ruc i c  Ac id  A c t i v a t e d  b y  C o A  a a n d  P e r c e n t a g e  b R e c o v e r e d  in 
E i c o s e n o i c  A c i d  ( 2 0 : 1 ) ,  Oleic  Ac id  ( 1 8 : 1 ) ,  H e x a d e c e n o i c  A c i d  ( 1 6 : 1 )  

a n d  in the  Ac id - so lub l e  P r o d u c t s  (ASP)  e,  in a M e d i u m  F a v o r a b l e  f o r  S h o r t e n i n g  

Liver  K i d n e y s  H e a r t  

M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  

n m o l  o f  a c t i v a t e d  
e ruc ic  ac id  c 13 .4 ;  13.9  d 3 .9 ;  4 .3  2 .2 ;  2 .4  1.9; 2.1 1.9; 2.1 0 .3 ;  0 .4  

( 20 :1  5 .7 ;  6.2 2 .0 ;  2 .7  5 .0;  6.1 1.4; 2.1 6 .7;  7 .6  
Pe r cen t  } 18:1  1.2;  1.5 0 .1 ;  0 .4  1.9;  2 .9  0 .7 ;  0 .9  5 .1;  5 .8  f 
f o u n d  in <) 16:1  0 .3 ;  0.5 0 . 1 ; 0 . 4  0 .7 ;  1.1 0 .4 ;  0 .7  2 .5 ;  3.2 

A S P  4 . 6 ; 4 . 8  0 .2 ;  0 .6  0 .3 ;  0 .8  0 0 .1 ;  0 .7  0 

a , b , c , d , e s e e  f o o t n o t e s  in Tab le  II.  
f A c t i v a t i o n  a n d  s h o r t e n i n g  d id  n o t  o c c u r  to  a s u f f i c i e n t  e x t e n t  to  give a n y  s ign i f i can t  f igures .  

T A B L E  IV 

A m o u n t s  o f  E ruc i c  A c i d  A c t i v a t e d  by  C o A  a a n d  Pe rcen t age  b R e c o v e r e d  in 
E i coseno i c  Ac id  ( 2 0 : 1 ) ,  Oleic  A c i d  ( 1 8 : 1 ) ,  H e x a d e c e n o i c  A c i d  ( 1 6 : 1 )  

a n d  in the  Ac id - so lub l e  P r o d u c t s  (ASP)  e,  a f t e r  S h o r t e n i n g  b y  Liver  M i t o c h o n d r i a  f 

S h o r t e n i n g  m e d i u m  

N A D P  1 m M  - + - - 

D L  C a r n i t i n e  2 mM -- -- + + 

n m o l  o f  a c t i v a t e d  
e ruc i c  ac id  c 13 .3 ;  13.7  d 12 .7 ;  13 .0  17 .4 ;  17 .7  17 .5 ;  17.7  

20 :1  2 .0 ;  2 .2  12 .2 ;  12.5 7 .5 ;  7 .7  11 .6 ;  12 .0  
P e r c e n t  18;1 0 .6 ;  0 .8  5 .6 ;  5.8 4 .7 ;  4 .9  5 .3 ,  5.5 

16:1  0 .2 ;  0 .3  3 .8;  4 .0  5 .7 ;  6 .0  3 .6;  3 .8  

f o u n d  in A S P  7 .9 ;  8.1 6 .7;  7 .0  5 .3 ;  5 .7  3 .3 ;  3 .6  

a , b , c , e s e e  f o o t n o t e s  in Tab le  II. 
d T h e  t w o  values  were  o b t a i n e d  f r o m  t w o  m e a s u r e m e n t s  o n  a p r e p a r a t i o n  o f  l iver 

m i t o c h o n d r i a  f r o m  6 n o r m a l l y  fed ra ts .  

f T h e  m i t o c h o n d r i a  w e r e  i n c u b a t e d  f o r  15 min  a t  35 C .  

with mitochondria. Those were eicosenoic acid 
(20:1 n-9), oleic acid (18:1 n-9) and hexa- 
decenoic acid (16:1 n-9), as previously shown 
in vivo (12,16). The microsomes were less 
active but nevertheless capable of shortening 
reactions. For the mitochondria, the high 
percentage of 20:1 was noteworthy,  for only 
small quantities are found in vivo (14). The 
conversion of 20:1 to 18:1 and then to 16:1 
seems to be achieved more easily with heart 
mitochondria than with those of liver. 

To determine whether the presence of a 
large quantity of  20:1 in the fatty acids formed 

by shortening erucic acid, in vitro, results from 
the accumulation of this fatty acid in the first 
steps of the intramitochondrial ~3-oxidation 
when using cyanide, a fourth series of experi- 

ments was undertaken. Liver mitochondria 
were used, as they are active in the shortening 
of erucic acid and because, in vivo, essentially 
only 18:1 was found in liver (14). They were 

incubated in the same medium as for the 
previous experiments but in the presence or 
absence of NADP in order to confirm the role 
of this coenzyme in shortening reactions, and 
also in the presence or absence of carnitine, to 
see whether the facilitated transport of acyl- 
carnitines into the mitochondria to the sites of 
/3-oxidation modifies the quantities and the 
proportions of the fatty acids formed by 
shortening. In each case, 13-oxidation was 
stopped by addition of cyanide. 

The results (Table IV) showed that in 
absence of carnitine the shortening reaction was 
significant only when NADP was added. How- 
ever, with carnitine, but without NADP, 

the shortening reaction occurred and the 
percentage of acids formed was relatively high. 
If both NADP and carnitine were added, the 
percentage of the three fatty acids formed 
was not higher but nearly the same as with 
NADP alone. 

LIPIDS,  V O L .  14,  NO.  3 



272 PIERRE CLOUET AND JEAN BEZARD 

In each case, the percentage of radioactivity 
present in the acid-soluble products was very 
low, which demonstrates the efficiency of 
cyanide in the inhibition of ~-oxidation. 

DISCUSSION 

When a medium favorable for elongation was 
used, it was observed that microsomes showed 
the greatest activity, especially those from 
kidneys. The localization of erucic acid elonga- 
tion in the microsomes is thus the same as had 
already been determined for other fatty acids, 
whose length did not exceed 18 carbon atoms 
(28,30). In mitochondria, the extent of elonga- 
tion appears to be very small, since, in liver, 
they were nine less active than microsomes. The 
possibility that chain elongation in mitochon- 
dria might originate from microsomal contam- 
ination cannot be discarded. 

From the results obtained in the media 
favorable for oxidation and shortening, it 
appeared that the shortening of erucic acid did 
not follow the same pathway as in t ramitocho-  
ndrial ~oxidation.  Nor does it follow the 
pathway of the reverse reaction of elongation, 
since microsomes, which can elongate, should 
also shorten erucic acid. On the other hand, 
mitochondria, which can actively shorten erucic 
acid, are able to elongate only poorly. This 
suggests the existence of two separate enzyma- 
tic systems, one for chain-shortening, essential- 
ly localized in mitochondria, the other one for 
elongation, essentially localized in microsomes. 

The capacity for chain-shortening was 
observed to vary with the origin of mitochon- 
dira. Those from liver were seen to be particu- 
larly active, and this can be explained by their 
very great activating possibilities (3 1). 

In absence of carnitine, erucic acid cannot 
pass through the inner mitochondrial mem- 
brane, which is, in addition, impermeable to 
NADP. It can, therefore, be deduced that the 
shortening system is not localized in the inner 
mitochondrial membrane, nor inside the 
mitochondria. 

The addition of carnitine to the incubation 
medium without NADP increased the quantity of 
shortened fatty acids. Those were probably 
formed at the beginning of the 13-oxidation 
reactions, as concluded by Stanley and Tubbs 
(32) from their results obtained with rat liver 
mitochondria in similar conditions. Since, 
moreover, the quantity of the short acid-soluble 
molecules was low, it seems that the shortened 
fatty acids then left the mitochondria as 
acylcarnitines, the presence of a carnitine- 
acyltransferase in the mitochondrial matrix 
facilitating this passage (33-35). Carnitine thus 

greatly facilitates also the passage outwards of 
shortened fatty acids formed in the matrix, just 
as it facilitates the entry of erucic acid into the 
mitochondria. 

When both NADP and carnitine were added 
to the incubation medium, it might be expected 
that the two shortening processes (true chain- 
shortening and 13-oxidation) would take place 
simultaneously. However, the very low radio- 
activity of the acid-soluble products suggests 
that carnitine played no major part, in this case, 
to facilitate the entry of erucic acid inside 
mitochondria towards the sites of/3-oxidation. 
On the other hand, the relative proportions of 
the three shortened fatty acids in the activated 

fraction were the same, in the presence of 
NADP alone or associated with carnitine. It 
thus seems probable that erucic acid activated 
by CoA was mainly channeled towards shorten- 
ing reactions, before it was transesterified with 
carnifine. This suggests that the shortening 
system is more likely localized in the outer 
mitochondrial membrane. If the relative 
amounts of the different fatty acids formed by 
shortening are now compared, it appeared that 
the proportions of oleic and hexadecenoic acids 
were the highest with heart mitochondria. 

These two common fatty acids are better 
oxidized than erucic acid by the cardiac mito- 
chondria, as has already been demonstrated 
(24,36). The easier entry of these two fatty 
acids into the mitochondria would explain their 
low percentage found in the whole heart in vivo 
(14). 

The hypothesis that erucic acid is used by 
the cardiac cells after shortening has already 
been suggested by Pinson and Padieu (19), from 
results obtained with myocytes in culture. 
Evidence for the shortening of erucic acid by 
heart mitochondria is now presented in this 
paper. The results also strongly suggest that 
heart mitochondria then utilize the fatty acids 
thus formed by shortening for /3-oxidation 
reactions. 

The hypothesis that there is a shortening 
step for the use of erucic acid by the heart can 
explain a certain number of facts observed in 
that organ when animals are kept on a diet 
rich in rapeseed oil. Thus, the early accumula- 
tion of triglycerides rich in erucic and eicosen- 
oic acid (37,38) probably reflects a deficiency 
of the mitochondrial shortening systems, 
which would normally work very little with the 
usual fatty acids. The accumulation of these 
fatty acids would then lead to an increase in the 
shortening capacity by a large increase of 
the number of mitochondria in the cardiac 
cells, which can in fact be very clearly observed 
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after forty days on diet (23,39). The presence 
of megamitochondria could constitute an 
abnormal exaggeration of this adaptation. 

Finally, one last point merits discussion: the 
necessity of NADP in shortening reactions. In 
the cell, the de novo synthesis of fatty acids is 
considered to supply most of the oxidized 
NADP. With a diet rich in lipids, this synthesis 
is lowered, which can lead to a reduction of the 
shortening processes and favor an accumulation 
of erucic acid in the myocardium, especially in 
young animals where the enzyme systems have 
not yet reached their full potential. Moreover, 
the shortening reactions are in competit ion 
with the reactions of the pentose cycle which 
also require NADP. This could lead to a reduc- 
tion in the synthesis of ribose and deoxyribose, 
and eventually of nucleic acids and thus to a 
deterioration in metabolic regulations. On the 
other hand, the increase in NADPH concentra- 
tion in the cell, following an active chain- 
shortening of erucic acid, may direct the 
glucose towards lipogenesis, eliminating it from 
the oxidation pathway and thus modifying the 
oxidative metabolism of the cell. 

From these few examples, it appears that 
utilization of NADP in shortening processes can 
considerably modify the cellular metabolic 

equilibria. These modifications are able to 
cause pathological changes, especially in very 
specialized cells, such as cardiac cells, where 

there is not much metabolic diversity. The 
reverse may be true in the liver where the 
metabolic diversity allows an abnormal situa- 
tion to be confronted, which can prevent any 
pathological effect. 
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Sterols and Fatty Acids of Epifagus virginiana, 
a Nonphotosynthetic Angiosperm 1 
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ABSTRACT 

The steroI and fatty acid compositions of Epifagus virginiana, which is a nonphotosynthefic flower- 
ing plant, have been examined by combined gas liquid chromatography-mass spectrometry (GLC-MS) 
and nuclear magnetic resonance (NMR). The organism exhibited a typical higher plant zxS-sterol pro- 
file with the C-24 alkyl group oriented "c~" for the major sterol. Trace amounts of 24-methylenecyclo- 
artanol and cycloeucalenol established connection with the first cyclic intermediate (cycloartenol) 
in photosynthetic plant sterol biosynthesis. In a separate in vitro experiment, excised root and stem 
tissue were incubated with two labeled triterpenoid precursors, [2-3H] lanosterol and [2-3H] cyclo- 
artenol. Both the radioactive compounds were converted to labeled [3H]sitosterol indicating the 
presence of an active biosynthetic pathway in Epifagus. Characteristic photosynthetic higher plant 
fatty acids were also present, and the polyenic acid was identified as aqinolenic acid. 

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

During the last decade, the use of sterols, 
sterol precursors, and unsaturated fatty acids 
have been shown to be a means of determining 
phylogenetic relationships (1-4). There are 
three structural features of lipids which have 
been used to discriminate between higher 
evolved and lower evolved plants as well as to 
distinguish between photosynthetic and non- 
photosynthetic organisms. The configuration 
of  the sterol side chain at C-24 (~ or ~) and the 
position of the double bonds in an unsaturated 
fatty acid (A6,9,12 or A9,12,15) are used as 
biochemical markers to differentiate between 
higher and lower evolved plants. Differentiation 
between photosynthetic and nonphotosyn- 
thetic organisms has been made through the 
study of the first tetracyclic intermediate after 
the cyclization of  squalene. There are two 
frequent products of squalene cyclization, 
cycloartenol and lanosterol. Cycloartenol is 
found in all photosynethetic organisms but is 
never biosynthesized by mammalian tissues 
(3,5). Conversely, lanosterol, which is ubiquit- 
ous in mammals and other nonphotosynthetic 
organisms, has only been isolated and identified 
in a few photosynthetic plants (3,5). Since 
cycloartenol and lanosterol are equally effective 
in photosynthetic plants as the primary cyclic 
intermediate following the cyclization of  squal- 
ene, it has been suggested that a cycloartenol- 
lanosterol bifurcation exists, which for phylo- 
genetic purposes can be used to distinguish 
between photosynthetic and nonphotosyn- 
thetic organisms (1,6). Recently, the use of 
biological and ceil-free systems has confirmed 

lScientific Article No. A2451. Contribution 
No. 5480 of the Maryland Agricultural Experi- 
ment Station. 

the view that either cycloartenol or lanosterol 
can be an acceptable precursor in the biosyn- 
thesis of the major sterols in photosynthetic 
plants (6). Thus, the sterol biosynthetic path- 
ways through cycloartenol or lanosterol must 
have a phylogenetic rather than a functional 

basis (5). 
Many higher evolved photosynthetic plants 

have been examined to obtain sterol and fatty 
acid compositional data. However, only a few 
nonphotosynthetic flowering angiosperms have 
been examined for their lipid composition 
(7,8). All six of  the previous species examined 
exhibited sterols typical of  photosynthetic 
higher plants. These sterols could be assimilated 
from the host through haustorial contact and 
transported to stems and roots of the parasite. 
In three species, however, it was demonstrated 
that the sterol biosynthetic pathway was func- 
tioning in the organisms independently of the 
host, and that de novo sterol biosynthesis 
followed the cycloartenol route used by photo- 
synthetic plants (8). Fatty acid data from the 
three species was less conclusive. From a phy- 
logenetic point of  view, parasitic nonphotosyn- 
thetic plants are of interest because they are re- 
presentative of a range of  plant families and are, 
therefore, not monophyletic.  In order to 
extend the compositional and biosynthetic data 
on sterols and fatty acids in this area, the 
broomrape, also known as Beech Drops, E. 
virginiana (Orobanchaceae), was selected for 
comparison with the other three genera of  non- 
photosynthetic plants which have been invest- 
igated previously (7,8). 

EXPERIMENTAL PROCEDURE 

Materials and Methods 

E. virginiana (Beech Drops) was collected 
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from beneath a large stand of beech trees on 
the Patuxent Wildlife Refuge in Maryland. 
Fresh material was washed and divided into 
stems and roots, freeze-dried and extracted 
with chloroform methanol (2:1) in a Soxhlet 
apparatus. Processing of  the lipid fraction and 
separation of  fatty acid and sterol fractions 
were by the method of Orcutt and Patterson 
(9). Sterols were isolated by digitionin precip- 
itation and by chromatography on a lipophilic 
Sephadex LH-20 column (10). Some fractions 
were also purified by acetylation and separation 
of the acetates on argentation this layer chrom- 
atography (TLC). Identifications of  sterols were 
made by GLC on SE-30, QF-1, and OV-17 
columns and by GLC-mass spectroscopy and 
NMR in the case of sitosterol. Fatty acid 
separations and identifications were made by 
argentation TLC and by GLC. Tentative 
qualitative and quantitative determinations on 
root and stem tissues were made on a 1% SE-30 
GLC column (sterols) and a 15% HI-EFF 8BP 
column (methylated fatty acids). 

In separate labeling experiments, [2-3H-] - 
lanosterol (8 /JC) and [2-3H]cyloartenol (4.5 
~C) synthesized from the unlabeled com- 
pounds, as described by Thompson et al. (11), 
were incubared with 25 g portions of fresh 
sliced tissue (0.5 cm slices) in 0.01 M citrate 
buffer at pH 6.0 for 12 hr at room temperature. 
Tissue was washed twice with buffer and then 
freeze-dried before extraction and analysis as in 
nonradioactive experiments. Radioassays were 

made on a Tricarb 6 liquid scintillation spec- 
trometer Model 500 P. 

RESULTS A N D  DISCUSSION 

The fatty acid composition of  E. virgin- 
iana (Table I) is similar to that of a normal 
photosynthetic higher plant (12,13) and in 
particular is comparable to the two Monotropa 
species which have been analyzed (7). The 18:3 
acid was identified as a-linolenic acid by com- 
parison with a- and 7-1inolenic acid standards. 
The aqinolenic acid content of  7L virginiana 
occurred in greater concentrations in the root 
than the stem. Radioactively labeled [14C-]- 
acetate was incorporated into the C-18 unsat- 
urated fatty acids indicating that the fatty acid 
biosynthetic pathway was present. 

E. v(rginiana has also been examined for its 
total sterol composition (Table II). Confirma- 
tion of structure of the sterols and triterpenoids 
was by GLC and mass spectroscopy. GLC on 
three columns and GC-MS showing peaks due 
to a 9,19 cyclopropane ring and a nine-carbon 
side chain confirmed that the 4-methyl and the 
4,4-dimethyl compounds were of  the cyclo- 

T A B L E  I 

P e r c e n t a g e  F a t t y  A c i d  C o m p o s i t i o n  o f  
E. virginiana R o o t  a n d  S t e m  Tissue  a 

F a t t y  ac ids  R o o t s  S t e m s  

12:0  1.1 - - - 
14 :0  2 .1  tr 
16 :0  32 .9  8.2 
18 :0  0 .8  0 .6  
18 :1  1.9 14.0  
18:2  4 2 . 8  69 .3  
18 :3  ( a )  18 .6  7 .9  
T o t a l  f a t t y  ac ids  
(% d ry  w e i g h t )  0 .11  0 . 9 7  

aAs  % o f  t o t a l  f a t t y  ac id .  

T A B L E  II 

P e r c e n t a g e  S t e ro l  C o m p o s i t i o n  o f  
E. virginiana R o o t  a n d  S t e m  Tissue a 

R o o t  (%) S t e m  (%) 

2 4 - m e t h y l e n e  c y c t o a r t e n o l  t r  tr 
c y c l e u c a l e n o l  tr tr 
c h o l e s t e r o l  tr tr 
2 4 - m e t h y l  c h o l e s t e r o l  1.5 2 .0  
s t i g m a s t e r o l  6 .8  8.5 
s i t o s t e ro l  9 1 . 7  89 .5  
2 8 - i s o f u c o s t e r o l  tr tr 
T o t a l  s t e ro l  (% d r y  w e i g h t )  0 .12  0 .22  

aAs  % o f  t o t a l  s t e ro l ,  

artane and not the lanostane type. Only sito- 
sterol was examined by NMR. The NMR 
spectrum of sitosterol when compared to an 
authentic standard (14) was unequivocably that 
of  a 24 a-ethyl sterol with no detectable clion- 
asterol (24/~-ethylcholesterol) present. Thus, 
based on the configuration at C-24 as "a , "  the 
classification of E. virginiana by plant taxono- 
mists as a more highly evolved plant has been 
confirmed and the position of the Orobanch- 
aceae, placed above the Leguminosae, on a 
linear scale, is in harmony with the classifica- 
tion of  Tracheophyte families by using the con- 
figuration at C-24 of the sterol side chain pro- 
posed by Nes et al. (15). 

The roots and stems of  E. virginiana have 
been incubated in vitro with various radio- 
actively labeted precursors to check whether 
the sterol biosynthetic pathway was operative. 
Both tritiated lanosterol (4x107 dpm /m g)and  
cycloartenol (5x107 dpm/mg) were converted 
to tritiated sitosterol and diluted 100-fold by 
unlabeled sitosterol. Labeled sitosterol was 
purified by Sephadex chromatography and sub- 
sequent GC analysis showed that it approached 
100% purity. The sample was rechromato- 
graphed on TLC until a constant specific activ- 
ity was obtained. The specific activity of  iso- 
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lated s i tos tero l  (d i lu t ion  a c c o u n t e d  for)  was 4.7 
x 104 d p m / m g  for  the  cyc loa r t eno l  e x p e r i m e n t  
and 4 . 2 x l  04 d p m / m g  for  the  l anos te ro l  exper i -  
m e n t .  The  pe rcen tage  convers ion  o f  cyclo-  
a r t eno l  and  lanos te ro l  to s i tos terol  was 0.3% 
and 0.2%, respec t ive ly .  Labeled  14C-aceta te  
and 14C-meva lona te  were also conver ted  to 
s i tos terol  in s t e m s  and  roo t s  in vi t ro.  

F r o m  iden t i f i ca t ion  o f  the  ma jo r  s terols  
ex t r ac t ed  f ro m  E. virginiana, it would  appear  
tha t  the  o rgan i sms  possess  cyc loa r t eno l  
me tabo l i t e s ,  a typica l  p h o t o s y n t h e t i c  h igher  
p lan t  ~5-s tero l  c o m p o s i t i o n ,  and  c~-linolenic 
acid (A9.12.15) ,  wh ich  is in a g r e e m e n t  wi th  pre-  
v ious  work  on  o th e r  n o n p h o t o s y n t h e t i c  p lan t s  
(7,8) .  R o h m e r  et  al. (8)  have also e x t e n d e d  
thei r  data ,  t h r o u g h  the  use o f  labeled precurs -  
ors,  to sh o w as this  s t u d y  has  done ,  t ha t  he t e ro -  
t roph ic  p lan t  paras i tes  are capable  o f  syn thes i z -  
ing the i r  o wn  s terols .  T h u s ,  f r o m  the c o m b i n e d  
lipid s tud ies  on n o n p h o t o s y n t h e t i c  o rgan i sms ,  
we c o n c l u d e  t h a t  n o n p h o t o s y n t h e t i c  angio-  
spe rms  are of  p h o t o s y n t h e t i c  origin,  and  t ha t  
E. virginiana sterols  and  f a t t y  acids are pro-  
duced  pr imar i ly ,  i f  no t  exclus ively ,  in the  para-  
site i tself .  
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The Effects of Phenobarbital on Biliary Lipid Metabolism in 
Cholesterol Gallstone Subjects 1 
R.N. REDINGER, University Hospital, Departments of Medicine, London, Ontario, 
Canada and Boston University School of Medicine, Boston, Massachusetts 

ABSTRACT 

The effect of 1.7-2.2 mg/day oral phenobarbital over short (1 MO) and long term (6-24 MO) treat- 
ment on primary bile acid (BA) secretion, composition, synthesis, pool size, and enterohepatic cycling 
rates as well as phospholipid (PL) and cholesterol (C) secretion rates and biliary composition was 
determined in 12 asymptoinatic cholesterol gallstone subjects while 5 normals had only short term 
studies. Phenobarbital enhanced BA and C secretion (BA-636 -+ 166 to 2110 +- 382 mg/hr, p<0.001 
and C-42 • 5 to 224 -+ 48 mg/hr, p<0.001) and BA cycling rate in all subjects studied during stimu- 
lated enterohepatic circulation but, during fasting, it only enhanced BA secretion (451 -+ 129 vs. 759 
+- 159 mg/hr, p<0.05) in gallstone subjects. Cholic acid (CA) production rate (171 -+ 28 to 395 -+ 9 
mg/hr, p<0.05) and pool size (727 _+ 80 to 1209 -+ 132 mg/hr, p<0.05) were increased during long 
term treatment of gallstone subjects, while the proportion of CA in bile and deoxycholic acid (DCA) 
in feces increased. Treatment decreased biliary cholesterol from supersaturated to saturated levels (9.5 
-+ 0.6 vs. 6.1 +- 0.9 moles %, p<0.02) in all fasting gallstone subjects and decreased cholesterol crystal 
loads during long term treatment; but, while prohibiting gallstone growth, it did not affect stone dis- 
solution over 24 months'  treatment. Phenobarbital also failed to affect biliary lipid composition or bile 
acid pool size in short term treatment of normals. Thus, phenobarbital affected hepatic metabolism of 
CA by enhancing production rate, secretion, and pool size;and intestinal metabolism of both CA and 
chenodeoxycholic (CDC) acids by increasing their cycling rates. Phenobarbital may have failed to 
produce stone dissolution by enhancing CA production and pool size more than that of CDC. 

INTRODUCTION 

The sine qua  n o n  of  cho les te ro l  gal ls tone 
disease is the  secre t ion  of  bile supe r sa tu ra t ed  
wi th  cho les te ro l  (1,2).  Defect ive  cho les te ro l  
so lub i l iza t ion  as the  cause for  cho les te ro l  
gal ls tone f o r m a t i o n  m ay  occur  in associa t ion  
wi th  a r educed  bile acid pool  (3 ,4)  or  wi th  
excessive sec re t ion  of  bi l iary cho les te ro l  in 
obese  gal ls tone subjects  (3,5).  Pha rmaceu t i ca l  
t he rapy  a imed at decreasing choles te ro l  satura-  
t ion  by  a l ter ing the  bile acid pool  is as ye t  
expe r imen t a l  on  the  N o r t h  Amer i can  c o n t i n e n t ,  
a l t hough  c h e n o d e o x y c h o l i c  acid and its deriva- 
tive, u r sodeoxycho l i c  acid, have been  r epo r t ed  
to be effect ive in dissolving choles te ro l  gall- 
s tones  in subjects  wi th  f unc t i on i ng  gal lbladders  
(6-8). While the  m o d e  of  ac t ion  of  cheno-  

deoxycho l i c  ac id- induced  gal ls tone d isso lu t ion  
appears  re la ted to  decreased bi l iary cho les te ro l  
secre t ion ,  o t h e r  agents capable  of  e n h a n c i n g  
bile acid synthes i s  or sec re t ion  have been  
sough t  to  gain an effect ive  medica l  t r e a t m e n t  o f  
this  c o m m o n  ma lady  (9 ,10) .  We found  t h a t  
p h e n o b a r b i t a l  e n h a n c e d  bile acid synthes is ,  
secre t ion ,  and  pool  size b u t  n o t  cho les te ro l  

1portions of this work were presented at the 
National Meeting of the American Federation of 
Clinical Research, Atlantic City, April 29, 1973 and 
at the Annual Meeting of the Canadian Society of 
Clinical [nvestigation, Winnepeg, Manitoba, January 
21. 1975 as well as that of the Royal College of 
Physicians and Surgeons of Canada, January 27, 1977 
at Toronto, Canada. 

secre t ion  in bile of  rhesus m o n k e y s  (11),  so 
tha t  bi l iary choles te ro l  s a tu ra t i on  decreased.  
Repor t s  of  the  e f fec t  of  p h e n o b a r b i t a l  on  
bi l iary l ipid m e t a b o l i s m  in m a n  have been  
con t r ad i c to ry ,  since some have r epo r t ed  
e n h a n c e m e n t  of  bile acid poo l  size (10 ,12)  and  
decreased bi l iary cho les te ro l  s a tu ra t i on  (9 ,13) ,  
while  o thers  could  d e m o n s t r a t e  n o  ef fec t  o n  
bil iary l ipid compos i t i on ,  secre t ion ,  or poo l  size 
in subjects  wi th  gal ls tones (14)  or  in  no rma l s  
dur ing  shor t  t e rm t r e a t m e n t  (15).  Since l eng th  
of  t r e a t m e n t  as well as sub jec t  se lec t ion m a y  
have c o n t r i b u t e d  to these  diverse f indings,  a 
def ini t ive  s tudy  addressed to charac te r ize  the  
me tabo l i c  effects  of  shor t  t e rm in no rma l s  and  
b o t h  shor t  and  long  t e rm t r e a t m e n t  in  asymp-  
t oma t i c  subjec ts  wi th  cho les te ro l  gal ls tones  was 
carr ied out .  

EXPERIMENTAL PROCEDURES 

Subjects, Length of Study, Drug Administration 

Approva l  was o b t a i n e d  for  these  s tudies  
f rom the  Research  Counci l ' s  S u b c o m m i t t e e  o n  
Research Involving H u m a n  Research  at t he  
Univers i ty  of  Western  Ontar io ,  and  all sub- 
jec ts  p rov ided  i n f o r m e d  consen t  and  en t e red  
the  s t u d y  wi th  n o r m a l  l iver f u n c t i o n  and  se rum 
lipids. None  of  the  pa t i en t s  was m o r b i d l y  
obese,  a l t hough  3 males  were in excess of  
110% ideal  b o d y  weight .  Twelve a s y m p t o m a t i c  
subjects  w i th  r ad io lucen t  cho les te ro l  gal ls tones  
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in a functioning gallbladder (10 men, aged 51 
to 63; two women, ages 37 and 72) were 
studied while on long term phenobarbital 
treatment 1.7 to 2.2 mg/kg: 6 subjects during 6 
to 12 months of therapy, the rest to 24 
months. By contrast, 5 normal subjects with no 
radiologic evidence of gallstones (aged 24 to 
59) received identical therapy: 4 subjects for I 
month and the other for 6 months. Six treated 
gallstone subjects had studies performed I to 6 
months following cessation of treatment, 
whereas 3 were also studied during 1 month of 
short term therapy. Another group of 5 un- 
treated subjects with asymptomatic cholesterol 
gallstones were also followed for 1 to 3 years. 
Cholesterol gallstones were verified by exami- 
nation of biliary sediment by polarizing micro- 
scopy for cholesterol crystals, the finding of 
radiolucent stones by X-ray, and stone analysis 
in 3 subjects requiring cholecystectomy. 
Termination of the study occurred at the 
patient 's request, with drug intolerance, the 
finding of a nonfunctioning gallbladder by 
cholecystogram, onset of symptoms character- 
istic of gallstone disease, or after 24 months '  
treatment. 

EXPERIMENTAL STUDIES AND ANALYSES 

Biliary Lipid Composition and Secretion Rates 

Composition. Biliary drainage studies were 
carried out on all gallstone subjects before and 
every 3-6 months during phenobarbital treat- 
ment while 6 of these subjects had studies 
following cessation of treatment (1-6 months) 
also. Drainage studies were carried out in 5 
normals before and after short term treatment 
(1-6 months) and 5 untreated subjects at 
irregular intervals over 3 years. Three gallstone 
subjects also had studies carried out after 1 
month of treatment. Bile-rich fluid was ob- 
tained by duodenal intubation with a small 
0.2 mm ID double-lumen tube in overnight 
fasted subjects after stimulation of the gall- 
bladder with intraduodenal MgSO 4. Six cc of 
bile in total was collected as 1-2 cc samples 
over 1 hr and the most concentrated sample 
used for comparison of biliary lipid composi- 
tion. In all samples the bile was immediately 
centrifuged (1500 g x 15 min at 25 C) and 
the sediment examined immediately for choles- 
terol crystals by polarizing microscopy. The 
supernatent was frozen to -20 C, and bile salt 
(16), phosphollpid (17), and cholesterol (11) 
content determined within 2 weeks. The 
relative proportions of individual biliary lipids 
were plotted on triangular coordinates 
according to the method of Admirand and 

Small (1) and limits of cholesterol solubility 
determined as established by Hegardt and Dam 
(18). 

Secretion rates. Biliary lipid secretion rates 
were assessed on and off treatment with pheno- 
barbital for 1-2 months in 3 of the gallstone 
subjects and 2 normals by a modification 
of the intestinal perfusion method developed 
by Grundy et al. (19). A double-lumen tube 
was positioned fluoroscopically in fasting 
subjects at 7 a.m. with proximal perfusing port 
at the level of the ampulla of Vater and 
aspirating port 15 cm distal in the duodenum. 
Steady state conditions in the perfused segment 
were established by perfusing 0.15M saline 
and 10 mg per dl sulfobromophthalein (BSP), 
adjusted to pH 6, for 6 hr at 2 ml/min with 
hourly aliquots aspirated for analysis as de- 
scribed below. Cholecystokinin (75 Ivy dog 
units, Karolinska Institutet, Stockholm, 
Sweden) was then administered intravenously 
and immediately thereafter 30/Jc 2-4 3H cholic 
acid in 20 ml NaHCO 3 and 10/Jc 14C cheno- 
deoxycholic acid in 10 ml ethanol were flushed 
through the proximal port followed by 25 cc 
NaHCO3 to label the primary bile acids for 
consequent assessment of primary bile acid 
pool sizes. Thereafter, an amino acid mixture 
(230 mM amino acid solution adjusted to pH 
6-8 containing L-leucine, L-phenylalanine, 
L-methionine, L-lysine, L-isoleucine, L-vallne, 
L-histidine, L-threonine, L-tryptophan, L- 
alanine, L-arginine, L-proline, L-tyrosine to 
provide only 26.3 cal/l [Eastman Kodak Co., 
Rochester, NY] ) to provide a maximal stimulus 
to bile flow (3) with BSP 10 mg/dl was infused 
at 2 ml/min over the next 6 hr, but hourly bile 
samples were collected by continuous aspira- 
tion only over the last 4 hr of this period as 
described below. Lipid in the form of 
10% intralipid (Intrallpid 10%, [Pharmacia 
Ltd., Dorval, Quebec]). The contribution of 
phospholipid in the aspirate provided by egg 
lecithin in intralipid was calculated knowing the 
proportion of lipid to exogenous marker BSP in 
the infusate) was then added to the mixture to 
provide 1.1 cal/cc and perfused for another 5-6 
hr at the same rate. Billary lipid secretion rates 
and bile acid specific activities were assessed 
from 4 to 6 cc accumulated hourly samples 
with continuous aspiration from the distal port 
into a syringe prefilled with 2 ml methanol. Bile 
acid secretion rate was assessed following the 
method of Grundy et al. (19)using the formula 

BA secretion (mg/hr) = 
BA Concentration (mg/ml in aspirate) 

BSP infused mg/hr 
X BSP cone in distal aspirate (mg/ml) 
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Secretion rates of the other biliary lipids (i.e., 
phospholipid and cholesterol) were similarly 
calculated from respective analysis of these 
samples (19). Bile acid specific activities were 
used in the assessment of bile acid pool size 
described below. 

Bile Acid Composition in Bile, Urine, and Feces 

Nonsulfated bile acids in bile. For most bile 
samples, hydrolysis and purification were 
carried out as described previously (11 )wi th  
quantitation by gas liquid chromatography 
(HP-Model 5710) using 4-ft coiled columns 
packed with QF-I% on Gas Chrom Q 
(80:100 mesh) and programmed oven temper-  
atures of 210-230 C. 5a-Cholestane was added 
to each sample and each run accompanied by 
bile acid standards to determine individual bile 
acid masses with an Autolab System t com- 
puting integrator. Thoroughness of bile acid 
recovery was checked by addition of 14C-CDC 
to the samples at the beginning of analysis and 
60-95% efficiency was obtained. 

Total bile acid in bile, feces, and urine. 

BILE- In  four gallstone subjects treated with 
phenobarbital, simultaneous collections of 
feces, urine (3 day and 1 day pooled samples, 
respectively) and concentrated duodenal bile 
were analyzed for nonsulfated and sulfated bile 
acids before and during long term treatment. 
Internal standards of 14C sulfated LCA pre- 
pared according to the method of Stiehl et al. 
(20) and 3H nonsulfated DCA or CDC 
(Amersham-Searle) were added prior to analysis 
to follow recovery of both sulfated and nonsul- 
fated bile acids. All radioisotopes were ~95% 
pure as determined by thin layer and/or gas 

liquid chromatography. Recovery efficiencies 
of greater than 60% for nonsulfated and sul- 
fated bile acids were accepted. 

FECES-Fecal  samples containing ca. 3 g of 
fecal water homogenate (1:2) were subjected to 
mild saponification prior to petroleum ether 
extraction to remove nonsaponifiable neutral 
lipids according to the method of Grundy et al. 
(21). All alkaline mixtures were then subjected 
to 2.5 N KOH for 4 hr in a sandbath at 170 C 
to complete hydrolysis and the bile acids then 
extracted with equal volumes of normal 
butanol. After drying, the residue was taken up 
in 25 ml 1% propionic acid and transferred to 
an activated florisil column according to the 
method of Campbell and McIvor (22). The fatty 
acids were eluted with 50 ml 1% propionic acid, 
followed by 100 ml acetic acid/ethyl ether 
(1:9) to elute the nonsulfated bile acids. After 
evaporation these bile acids were extracted with 

ethyl acetate from the aqueous solution and 
prepared for gas liquid chromatography as 
described previously (11). Following elution of 
the nonsulfated bile acids, the sulfated bile 
acids were eluted from the column with 100 cc 
2% HC1 in methanol and then solvolized 
according to the method of Palmer and Bolt 
(23) prior to preparation for GLC. Similar bile 
acid standards as above were used and recovery 
efficiencies of greater than 50% accepted. 

URINE-30  ml urine samples were lyophi- 
lized, then taken up in 4 ml water and placed 
on an XAD-2 column. Urinary bile acids were 
eluted from this column according to the 
method of Makino et al. (24) and prepared for 
GLC as above. 

Bile Acid Pool Size, Production Rate, and Half-Life 

Bile acid turnover studies were performed by 
the method of Lindstedt (25) before and after 
short term phenobarbital (1 month) treatment 
in 3 gallstone subjects and 3 normals, as well as 
in 3 gallstone subjects after long term pheno- 
barbital treatment (6 month-2 years) after 
administration of t5 pc 14C-CDC in a smaU 
amount of ethanol administered orally in 
orange juice and 15 pc 14C-CA or30/ac  3H-CA 
in NaHCO 3. Serial bile samples were obtained 
over the next 7 days and CA and CDC specific 
activities assessed by the method of Vlahcevic 
et al. (4), whereby cholic and CDC pool sizes, 
production rates, and half-lives were deter- 
mined from the dilution of respectively admin- 
istered radioactive bile acids by newly synthe- 
sized bile acids. 

Bile acid pool sizes were also determined by 
a single intubation method modified after that 
described by Duane et al. (26) in 5 subjects (2 
gallstone and 3 normals) before and after 1 
month treatment with phenobarbital as well as 
in 3 gallstone subjects treated for 12 to 24 
months. Five pc of 14C-CA and 14C-CDC (or 
10 pc 2-4 3H) was administered orally before 
the evening meal 15-18 hr prior to duodenal 

aspiration next morning for assessment of CA 
and CDC specific activity in bile. In addition, 
during biliary lipid secretion studies after 
labeling as described above, individual BA 
specific activities were determined 8 to 24 hr 
following isotopic administration and BA pool 
size calculated according to the formula 

Pool Size mg = Dpm lngested 
S.A. (Specific Activity) 

In selected instances, these values were com- 
pared to values obtained in the same patients 
by the Lindstedt technique (25). 
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FIG. 1. Bile Acid Composition is depicted by a 
triangular coordinate graph showing only the pertinent 
portion of the triangle. Cholesterol saturation lines are 
shown for 10% solids by the method of Admirand and 
Small (A&S) (1) as well as by Hegardt and Dam (H&D; 
dashed line) (18). Open circles represent composition 
from treated subjects at 6, 12, and 24 month intervals, 
while the triangle represents composition before treat- 
ment. The upper shaded area represents overlaps of 
-+ 1 SE of the mean for all untreated gallstone subjects 
including pre and posttreatment controls, while the 
lower area represents that for treated and normals 
with respect to the relative proportion of each biliary 
lipid in moles percent. 

Cholecystograms and Microscopic Examination 

Cholecystograms were performed and 
evaluated by radiologists independent of the 
study before and at 6 months to 1 year inter- 
vals of treatment by radiological technique 
employing abdominal markers, constant focal 
points, and standard views to evaluate changes 
in stone size in phenobarbital-treated and 
control subjects. The number of cholesterol 
crystals per hpf in bile sediment was graded as 
0, small 1-2, moderate 2-10, or multiple ~10  by 
polarizing microscopy. 

Statistical evaluation. The paired Student 
t-test was applied to control vs. treatment data 
for all indices studied including biliary lipid 
composition, secretion rates, bile acid compo- 
sition, bile acid pool size, and turnover. The 
unpaired Student t-test was applied to data for 
assessment of  differences between normals, 
treated and untreated gallstone subjects (27). 

RESULTS 

B i l i a r y  L=p=d C o m p o s = t i o n  and 
Microscopic Examination 

Figure 1 is a summary of  changes observed 
in biliary lipid composition as plotted by the 
method of  triangular coordinates for all treated 
gallstone subjects. Changes in biliary lipid 
composition were noted in most subjects within 
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FIG. 2. Biliary Lipid Secretion Rates. Mean -+ 1 
SE for bile acid (BA), phospholipid (PL), and choles- 
terol (CH) secretion rates in mg/hr are shown for con- 
trol (untreated) studies by triangles and paired treat- 
ment studies (Rx) by open circles in five subjects 
studied during fasting and stimulated EHC by intra- 
duodenal amino acid perfusion (AA) or AA + fipid. 
Asterisk values indicate significant difference from 
control p<0.05 or better. 

6 months'  treatment, and, while some fluctua- 
tion in cholesterol saturation occurred over 24 
months of  treatment, decreased biliary choles- 
terol saturation persisted in most subjects 
throughout the study (9.5 -+ 0.6 vs. 6.05 -+ 0.9 
moles %, p~0.02 @ 24 mo). Posttreatment bile 
analysis in 6 subjects (1-6 months) revealed an 
increase in biliary cholesterol saturation from 
treatment in all but one of these subjects (5.92 
-+ 1.0 vs. 8.5 -+ 0.65 moles %, p<0.05). Biliary 
lipid composition was similar in gallstone 
subjects before (9.5 -+ 0.6) and following 
cessation of treatment (8.5 -+ 0.7) compared to 
untreated controls (9.2 -+ 0.8 moles %).Biliary 
lipid composition in subjects treated for greater 
than 1 year was not significantly different from 
composition in normals (e.g., C-6.05 +- 0.9 vs. 
5.7 +0.4 moles %, NS). Biliary cholesterol 
saturation decreased in short term studies only 
in gallstone subjects (8.64 -+ 2.2 vs. 3.85 + 1.0 
moles %, p<0.05) but not in normals (6.27 -+ 
2.0 vs. 3.30 -+ 1.1,NS). 

Biliary Lipid Secretion Rates 

Figure 2 is a summary of  biliary lipid secre- 
tion rates determined in 5 subjects (3 gallstone 
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TABLE I 

Bile Acid Composition in Bile and Feces a 
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Bile Feces 

Control Treatment Control Treatment 

NS % % % Absolute mg Absolute 

CA 38.7 +- 2.1 42.8 -+ 2.0 b 8.9 -+ 1.9 8.8 -+ 2.4 18.4 -+ 4 37.2 + lO b 
CDC 37.2 -+ 2.6 36.1 -+ 2.4 12.9 -+ 2.0 9.3 -+ 1.5 b 26.8 -+ 4 39.4 -+ 6 
DCA 23.0 -+ 2.5 20.1 -+ 3.2 35.7 -+ 2.3 39.2 -+ 4.7 73.8 -+ 5 165.8 + 19 b 
LCA 1.1 -+ 0.2 1.0 -+ 0.3 42.4 -+ 3.4 42.6 -+ 5.8 87.8 -+ 7 180.2 -+ 25 b 

S 

CA 0 0 1.9 + 0.5 9.1 -+ 4.5 b 0.6 -+ 0.2 3.8 -+ 0.2 b 
CDC 0 0 14.5 +- 6.2 9.9 -+ 3.1 4.8 -+ 2 4.0 -+ 1 
DCA 0 0 36.5 +- 4.4 32.6 -+ 5.5 12.2 -+ 1 13.4 + 2 
LCA less than 5% of total 47.0 -+ 6.0 51.3 -+ 6.8 15.8 -+ 2 21.0 -+ 2 

aValues indicate mean -+ 1 SE for percent composition of individual nonsulfated (NS) and sulfated 
(S) bile acids in bile and feces as well as absolute amounts in feces for simultaneous collections. 

blndicates significant difference from control (p<O.05 or better). 

and 2 normals)  by the  perfus ion t echn ique  
before  and fol lowing 1 to  2 m o n t h s ' t r e a t m e n t .  
In tuba t ion  and consequen t  per fus ion  o f  the 
d u o d e n u m  wi th  saline and BSP marker  for  6 hr  

resul ted in relatively s teady state  cond i t ions  of  
biliary lipid secre t ion  wi thin  3 to 4 hr. No 
significant d i f ferences  in the  rates o f  bile acid, 
phosphol ip id ,  or choles terol  secre t ion  be tween  

con t ro l  and t r e a t m e n t  per iods  were n o t e d  
during the fasting (i.e., uns t imula ted)  per iod  
when all s tudies were analyzed,  but  increased 
bile acid secre t ion was no ted  for  gallstone 

subjects  (451 -+ 129 to  769 + 159 mg/hr ,  
p<0 .05) .  Within 5 hr, the  s t imulated  bile f low 
p roduced  by amino  acid per fus ion  increased the 
secret ion rates of  bile acid and phospho l ip id  

three-fold compa red  to fasting in bo th  con t ro l  
(i.e., BA-360 • 85 to  950 -+ 197 mg/hr ,  p <  
0.001 and PL-261 +77 to  794 -+ 97 mg/hr ,  
p < 0 . 0 0 1 )  and t r e a t m e n t  expe r imen t s  (i.e., 

BA-636 + 166 to  2110 • 382, p<0 .001  and 
PL-383 • 111 to 898 -+ 44 mg/hr ,  p<0 .001) .  
Increased choles terol  secre t ion rates no t  n o t e d  
during amino  acid s t imula t ion  in cont ro l  s tudies  

occur red  during t r e a t m e n t  s tudies  (i.e., 42 -+ 5 
vs. 90 -+21 mg/hr  @ 12 hr  AA St imulat ion,  
p<0 .01) .  Add i t ion  of  lipid to  the  infus ion 
mix ture  resul ted in fu r ther  e n h a n c e m e n t  (i.e., 
up to five-fold over fasting) o f  all lipid secre t ion  
rates during t r e a t m e n t  but  n o t  cont ro l  s tudies  
which was significant for  b o t h  BA and choles- 
terol  secre t ion rates (i.e., @ 12 hr  AA BA-114 -+ 
191 vs. 17 hr  AA + lipid 4305 +- 1128 mg/hr ,  
p<0 .01  and C-70 -+ 15 vs. 224 + 48 mg/hr ,  
p<0 .01) .  Similar d i f ferences  be tween  con t ro l  
and t r ea tmen t  per iods  in phospho l ip id  secre t ion  
were no t  as obvious,  however  (i.e., 893 -+ 489 
vs. 1089 + 213 mg/hr) .  

Bile Acid Composition in Bile, Urine, and Feces 

Phenobarb i ta l  increased the  p r o p o r t i o n  of  
cholic acid (38.7 -+ 2.1 vs. 42.8 -+ 2.0 %, p <  
0.005) in bile shown in Table I, but  had no  
o t h e r  ef fec ts  on  biliary bile acids over all 
lengths  of  t r ea tmen t .  Sulfated bile acids 
a m o u n t e d  to  less than 5% of  tota l  biliary bile 
acids in all cases and were no t  a f fec ted  by 
t r ea tmen t .  Analysis o f  urine for  bile acids 
revealed traces o f  mainly  sulfated bile acids 
similar in bo th  con t ro l  and t r ea tmen t  studies. 

Phenobarb i ta l  increased the  exc re t ion  o f  
tota l  bile acids in feces two-fo ld  during treat-  
men t .  Table I also shows the effect  o f  t reat-  
m e n t  on b o t h  the  p ropo r t i on  and absolute  
quant i t ies  o f  individual bile acids in feces. 

T rea tmen t  decreased the  p r o p o r t i o n  of  to ta l  
CDC in feces (13.2 vs. 9.3 %, p<0 .05 )  and 
increased the p r o p o r t i o n  o f  sul fa ted  chollc acid 
(1.9 + 0.5 to 9.1 -+ 4.5%, p<0 .05) .  Thus,  ex- 
cept  for  CDC, the absolute amoun t s  of  all bile 
acids in feces increased during t r ea tment .  
Changes in sulfa ted bile acids were minor ,  
however ,  and accoun ted  for  less than  15% o f  
the bile acids found  in feces. 

Bile Acid Pool Size and Turnover 

Figure 3 i l lustrates the  effects  o f  pheno-  
barbital  t r e a t m e n t  u p o n  pr imary bile acid pool  

size in subjects  t rea ted  for  1 m o n t h  or longer  
(6 m o n t h s  to  2 years).  Phenobarb i ta l  had no  
significant e f fec t  on bile acid pool  size in 

normals  t reated for  1-6 m o n t h s  but  did increase 
cholic acid pool  size in gal ls tone- t reated sub- 
jec ts  in bo th  shor t  and long te rm t r e a t m e n t  
(i.e., 1 m o  1011 + 88 to  1637 + 171 a n d 6  m o  
727 -+ 80 to  1209 -+ 132 mg, p<0 .05 ) .  Cheno-  
deoxychol ic  acid pool  size was increased 
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FIG. 3. Pool sizes for cholic acid (CA) and cheno- 
deoxycholic acid (CDC) in mg are shown by height of 
bars (clear untreated control periods vs. stippled treat- 
ment periods) with 1 SE represented by vertical in- 
serts. Treatment for 1 month in normals, and 1 month 
and 6 or more months in gallstone subjects are com- 
pared with asterisks denoting significant difference 
from control (p<0.05). 

fo l lowing long  t e rm (789  + 137 to 1321 -+ 
134 nag, p < 0 . 0 5 )  bu t  n o t  shor t  t e rm  t r e a t m e n t  
(1751  + 115 to  1745 + 2 8 9 m g ,  NS). Table  II 
shows the  ef fec t  of  p h e n o b a r b i t a l  on  bile acid 
t u r n o v e r  as d e t e r m i n e d  by  the  L inds t ed t  
m e t h o d  (25).  As n o t e d  in Figure 3 where  all 
da ta  was summar i zed ,  CA poo l  size did n o t  
increase  in no rma l s  dur ing p h e n o b a r b i t a l  
t r e a t m e n t ,  a l t hough  a t r e n d  toward  e n h a n c e d  
CDC pool  size was ev iden t  (i.e., CA-772  -+ 88 to 

611 • 58 m g a n d  CDC-946 + 89 to  1421 + 215,  
NS). Fo l lowing  6 or more  m o n t h s  of  t r e a t m e n t  
in  gal ls tone subjects ,  CA poo l  was e n h a n c e d  in 
all ins tances  (i.e., 365 + 103 to  741 + 233 mg, 
p < 0 . 0 5 ) .  No t  dissimilar  f indings  were n o t e d  for  
CDC poo l  size dur ing  long  t e rm  t r e a t m e n t  (i.e., 
1243 + 343 to 1734 -+ 276 mg)  bu t ,  because  of  
p a t i e n t  var iabi l i ty ,  these values did n o t  achieve 

s ta t is t ical  significance.  The  p r o d u c t i o n  rate  was 
l ikewise increased  for  chol ic  acid on ly  for  
gal ls tone subjects  t r ea ted  for  m o r e  t h a n  6 
m o n t h s  (i.e., 1 m o n t h - n  254  +- 67  to  244 -+ 31 
m g / d a y , N S ;  6 m o n t h  s tones  171 -+ 28 to  395  +- 
9 mg /day ,  p < 0 . 0 5 ) .  The  p r o d u c t i o n  rate  of  
CDC was, however ,  increased s igni f icant ly  
dur ing  shor t  t e rm t r e a t m e n t  in  normals  (i.e., 
150 + 33 to 236 • 32  rag /day ,  p < 0 . 0 5 )  bu t  n o t  
for  ga l l s tone- t rea ted  subjec ts  (i.e., 6 m o n t h  304  
-+ 64  to  484  + 155 mg/day ,  NS). 

Table  III  shows  the  e f fec t  of  p h e n o b a r b i t a l  
on  cycl ing of  ind iv idual  p r ima ry  bile acid pools  
in  4 subjects  t r e a t ed  for  1-2 m o n t h s  in which  
BA poo l  size and  secre t ion  ra te  were deter-  
mined .  Phenoba rb i t a l  increased  bile acid 
secre t ion  rate  in these  subjec ts  in b o t h  uns t imu-  
la ted  and s t imu la t ed  per iods  bu t  on ly  increased  
chol ic  acid poo l  size (i.e., CA-1001 -+ 94 to  
1510 + 166, p < 0 . 0 5  and  CDC-1270  -+ 191 to  
1313 + 236,  NS). Bile acid cycl ing was more  
no t i ceab ly  e n h a n c e d  in the  s t imu la t ed  per iods  
(i.e., AA-CA-8.0  to 14.1 and  CDC-7.7 to  18.3, 
and  AA + lipid CA-9.7 to  25.3 and  CDC-9.3 to  
32.8  cycles pe r  day)  t han  in the  u n s t i m u l a t e d  
per iods  dur ing  p h e n o b a r b i t a l  t r e a t m e n t  (i.e., 
CA-3.1 to 2.9 and  CDC-3.7 to  4.8) .  Phenoba r -  
b i ta l  t r e a t m e n t ,  however ,  appea red  to  e n h a n c e  
CDC cycling sl ightly more  t h a n  t h a t  of  CA. 

Cholecystograms and Bile Sediment. No 
s igni f icant  d i f ferences  in  gal ls tone size were 
n o t e d  dur ing  t r e a t m e n t  o f  gal ls tone  subjec ts  in  
cho lecys tog rams  read b l ind ly  by  two  indepen -  
den t  observers.  While increase in gal ls tone size 
was n o t  n o t e d  dur ing  the  s tudy ,  a decrease in 
bi l iary cho les te ro l  crys ta l  load  ( f rom > 1 0  to  

< 1 0 / h p f ) ,  was no ted ,  however ,  in the  ma jo r i t y  
o f  t r ea t ed  subjects .  Three  subjects ,  however ,  
n o t e d  to have an increase  o f  the  n u m b e r  of  
small  s tones  by  X-ray, were also observed to 
have  increased crystals  in bile and  deve loped  

TABLE II 

Bile Acid Pool Turnover, Lindstedt Method, (25) a 

Pool Size Prod rate 
mg mg 

C R x C R x 

Normals CA 772 -+ 88 611 -+ 58 254+- 67 244 + 31 
(1 month) 

n=3 CDC 946 + 89 1421 + 215 150 +- 33 236 -+ 32 b 

Gallstones CA 365 -+ 103 741 + 233 b 171 -+ 28 395 + 99 b 
(6 month) 

n=3 CDC 1243 -+ 343 1734 +- 276 304 -+ 69 484 -+ 155 

aValues represent mean -+ 1 SE for pool size and production rate of cholic acid (CA) and 
chenodeoxycholie acid (CDC) for control vs. R x studies in three normals and three gall- 
stone subjects. 

bIndicates significant difference from control (p<0.05 or better). 
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TABLE III 

Effect of Phenobarbital on EHC of Bile Acids a 
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Secretion rate Pool size EHC 
(g[24 hr) (rag) cycles/day 

CA CDC CA CDC CA CDC 

Unstimulated 

Stimulated 
AA 

Stimulated 
AA + lipid 

off 3.06 -+ 0.7 3.71 -+ 0.9 1001 +- 94 1270 -+ 191 3.1 2.9 
on 5.65 b -+ 1.4 6.37 b -+ 1.6 1510-+ 166 1313 -+ 236 3.7 4.8 

off 8.06 -+ 1.6 9.79 -+ 2.0 1001 -+ 94 1270 +- 191 8.0 7.7 
on 21.28 b -+ 5.5 24.01 b -+ 6.2 1510 -+ 166 1313 -+ 236 14.1 18.3 

off 9.69 + 1.1 11.77 -+ 1.3 1001 -+ 94 1270-+ 191 9.7 9.3 
on 38.23 b-+ 10.0 43.14 b +- 11.3 1510 -+166 1313 -+ 236 25.3 32.8 

aEHC in cycles/day of both cholic acid (CA) and chenodeoxycholic acid (CDC) have been deter- 
mined by dividing respective secretion rates by pool size during unstimulated and stimulated periods 
with amino acid (AA) or amino acid + lipid for control and treatment periods in three gallstone sub- 
jects and one normal. Values indicate mean -+ l SE. 

blndicates significant difference from control (p<O.05 or better). 

s y m p t o m s  leading to c h o l e c y s t e c t o m y .  In two 
of  th ree  subjects ,  bile c o m p o s i t i o n  did n o t  
change  wi th  this  d e v e l o p m e n t  while the  t h i rd  
showed  increased choles te ro l  sa tu ra t ion .  At  
surgery,  cho les te ro l  gal ls tones  which  were sof t  
and  easily f r agmen tab le  were verified.  

DISCUSSION 

Our  s tud ies  revealed a d i f fe rence  in the  
ef fec t  of  p h e n o b a r b i t a l  on  no r m a l s  and  gall- 
s tone  subjects  dur ing  shor t  t e rm  the rapy .  No 
s ignif icant  effects  o f  shor t  t e rm t he r apy  were 
n o t e d  in fas ted  n o r m a l  subjec ts  in  respect  to  
bile compos i t i on ,  bi l iary l ipid secre t ion ,  or  bile 
acid poo l  size while  such t r e a t m e n t  decreased 
bi l iary cho les te ro l  s a t u r a t i o n  in gal ls tone 
subjec ts  by  e n h a n c i n g  bile acid secre t ion  ra tes  
even dur ing  fasting. An increase  in chol ic  bu t  
n o t  c h e n o d e o x y c h o l i c  acid poo l  size was, 
however ,  a p p a r e n t  a f te r  sho r t  t e rm  t r e a t m e n t  
in  gal ls tone subjects .  An  increased  p r o d u c t i o n  
rate  o f  CDC wi th  a t r end  t o w a r d  increased  CDC 
poo l  size, however ,  was n o t e d  in no rma l s  while  
e n h a n c e d  bi l iary bile acid and  cho les te ro l  
sec re t ion  rates  were n o t e d  dur ing  s t imu la t ed  
bile f low in  b o t h  no rma l s  and  gal ls tone subjec t s  
a f te r  shor t  t e rm  the rapy .  E n h a n c e m e n t  of  
bi l iary l ipid sec re t ion  by  a m i n o  acids was 
h e i g h t e n e d  by  the  add i t i on  o f  l ipid and  there-  
fore calories  to  the  in fusa te  dur ing  c o n t r o l  
s tudies ,  bu t  these  effects  were f u r t h e r  e n h a n c e d  
by  p h e n o b a r b i t a l .  In add i t ion ,  p h e n o b a r b i t a l  
increased  chol ic  and  c h e n o d e o x y c h o l i c  acid 
cycl ing f requencies .  This  in t e s t ina l  e f fec t  o f  
p h e n o b a r b i t a l ,  however ,  appea red  to increase  
CDC cycl ing more  t h a n  t h a t  o f  CA. Since long  
t e rm  t r e a t m e n t  wi th  p h e n o b a r b i t a l  was n o t  

feasible in normals ,  on ly  such  t r e a t m e n t  in  
gal ls tone subjects  resu l ted  in pe rs i s t en t  lower ing  
o f  bi l iary cho les te ro l  s a t u r a t i o n  t h r o u g h o u t  
t he i r  t r e a t m e n t ,  wi th  revers ion to p r e t r e a t m e n t  
levels on  d i s con t i nuance  o f  p h e n o b a r b i t a l  
wi th in  1 to  6 m o n t h s .  While p h e n o b a r b i t a l  
e n h a n c e d  b o t h  CA and  CDC poo l  size, i t  
increased  the  p r o d u c t i o n  ra te  of  CA more  
dur ing  l ong  t e rm studies .  

P h e n o b a r b i t a l  e n h a n c e d  fecal exc re t ion  o f  
bile acids a lmost  two- fo ld  as d e t e r m i n e d  by  
gravimetr ic  fecal analysis,  which  also paral le led 
the  e n h a n c e d  p r o d u c t i o n  ra te  of  bile acids 
(i.e., 240.6 vs. 464  mg/day ,  p < 0 . 0 1 )  deter~ 
m i n e d  by  the  L inds t ed t  m e t h o d  (25)  dur ing  
long  t e rm  t r e a t m e n t .  The  grea te r  p r o p o r t i o n  
and  quan t i t i e s  o f  chol ic  acid in bile and  s tool ,  
a long wi th  i ts bacter ia l  degrada t ion  p r o d u c t  
deoxycho l i c  acid in feces, appea red  to resul t  
f rom increased hepa t i c  p r o d u c t i o n  and  secre- 
t i on  o f  chol ic  acid dur ing  t r e a t m e n t .  E n h a n c e d  
c h e n o d e o x y c h o l i c  acid r e a b s o r p t i o n  f rom the  
in tes t ine  m a y  have c o n t r i b u t e d  to  the  decreased 
p r o p o r t i o n  o f  c h e n o d e o x y c h o l i c  acid in s tool  
since, while i ts cycl ing f r equency  was e n h a n c e d  
even more  t h a n  t h a t  of  CA, t he  p r o p o r t i o n  of  
i ts  bacter ia l  degrada t ion  p r o d u c t  l i t hocho l i c  
acid did n o t  change  wi th  t r e a t m e n t .  In spite 0 f  
increased cholic  acid cycl ing dur ing  s t imu la t ed  
EHC, t he  p r o p o r t i o n  o f  DCA decreased  in bile 
as well, i nd ica t ing  possible  e n h a n c e d  in tes t ina l  
r e a b s o r p t i o n  of  chol ic  acid also. While en- 
h a n c e m e n t  of  bile acid pool  size was f o u n d  
dur ing  long  t e rm t r e a t m e n t  wi th  p h e n o b a r b i t a l  
by  b o t h  the  L inds t ed t  t e c h n i q u e  and  t he  single 
i n t u b a t i o n  m e t h o d  of  assessing bile acid poo l  
size by  i so tope  di lu t ion ,  the  l a t t e r  m e t h o d  was 
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unreliable in evaluating pool size earlier than 8 hr 
after labeling, probably as a consequence of 
inadequate mixing of ingested isotope, as well 
as after 18 hr, as a consequence of isotope 
dilution by newly synthesized bile acid. While 
the modified Duane method slightly overesti- 
mated bile acid pool size compared to the 
Lindstedt technique in the same subjects (i.e., 
CA-917 + 203 vs. 1001 -+ 94 mg), the latter 
technique was extremely useful in allowing 
greater flexibility in the study of bile acid 
pool size in ambulatory subjects. Stimulation of 
the enterohepatic circulation during the 
secretory studies did not appear to significantly 
alter pool size determinations when compared 
to other studies. 

In summary, three factors were identified 
which may have prohibited optimal conditions 
for stone dissolution in gallstone subjects even 
though decreased crystal loads and failure of 
stone growth were noted during phenobarbital 
treatment. First, phenobarbital appeared to 
enhance cholic acid production, pool size, and 
secretion more than that of chenodeoxycholic 
acid in gallstone subjects. It has been shown 
that expansion of the bile acid pool with 
chenodeoxycholic acid but not cholic acid 
affects stone dissolution (6). Of interest was the 
apparent enhancement of CDC rather than CA 
production rate and pool size in normals only. 
Second, phenobarbital also enhanced choles- 
terol secretion during stimulated EHC so that 
normal biliary cholesterol desaturation was less 
evident during such periods. Third, while 
cholesterol saturation was decreased during 
fasting from supersaturated levels after long 
term treatment, bile did not become less than 
saturated by the criterion of Hegardt and Dam 
(18). Finally, a species difference in the effect of 
phenobarbital on biliary lipid metabolism 
between human and rhesus monkey was found 
since man responded to phenobarbital treat- 
ment by increasing cholesterol secretion while 
the monkey did not (1 1). These studies, how- 
ever, show that phenobarbital has well defined 
effects on hepatic metabolism of biliary lipids 
and suggested enhancement of intestinal 
absorption and bile acid cycling frequency. 
Phenobarbital may, therefore, be of use in 
enhancing intestinal reabsorption of bile acids in 
bile acid enteropathies and protect against bile 
acid pool depletion and bile acid-induced 
diarrhea. These studies show that phenobar- 
bital, although not affecting stone dissolution 
by not allowing enhanced crystal formation or 
stone growth, should be safe in the study of 
pool depletion syndromes where the risk of 
stone formation may be increased (28). The 
difference in bile acid metabolism observed in 

normals vs. gallstone subjects also suggests an 
underlying metabolic difference in the response 
to phenobarbital between these groups. It may 
be that only subjects with reduced bile acid 
pools respond to phenobarbital treatment by 
enhancing cholic acid metabolism. 

ACKNOWLEDGMENTS 

Grant support for this research was provided by the 
Medical Research Council of Canada -- Grant MA 
4488. 

RE FERENCES 

1. Admirand, W.H., and D.M. Small, J. Clin. Invest. 
47:1043 (1968). 

2. Small, D.M., Adv. Int. Med. 16:243 (1970). 
3. Shaffer, E.A., and D.M. Small, J. Clin. Invest. 

59:828 (1977). 
4. Vlahcevic, Z.H., C.C. Bell, I. Buhac, 3.T. Farrar 

and L. Swell, Gastroenterology 59:165 (1970), 
5. Bennion, L.J., and S.M. Grundy, J. Clin. Invest. 

56:996 (1975). 
6. Danzinger, R.G., A.F. Hofmann, L.J. Schoen- 

field, and J.L. Thistle, N. Engl. J. Med. 286:1 
(1972). 

7. lser, J.H., R.H. Dowling, H.Y.I. Mok, and G.D. 
Bell, N. Engl. J. Med. 293:378 (1975). 

8. Makino, .I., K. Shinozaki, K. Yoshino, and S. 
Nakagawa, Jpn. J. Gastroenterol. 72:690 (1975). 

9. Redinger, R.N., Clin. Res. 21:522A (1973). 
10. Redinger, R.N., Clin. Res. 22:737A (1974). 
11. Redinger, R.N., and D.M. Small, J. Clin. Invest. 

52:161 (1973). 
12. Miller, N.E., and P.J. Nestel, Clin. Sci. Mol. Med. 

42:257 (1973). 
13. Coyne, M.J., G.G. Bonorris, A. Chung, L.J. Gold- 

stein, D.Lahana, and L.J. Schoenfield, N. Engl. 
J. Med. 292:604 (1975). 

14. Hepner, G.W., Am. J. Dig. Dis. 21:370 (1976). 
15. Ginsberg, R.L., and M.B. Garnick, Gastro- 

enterology, 72:1221 (1977). 
16. Talalay, P., Methods Biochem. Anal. 8:119 

(1960). 
17. Bartlett, G.R., J. Biol. Chem. 234:466 (1959). 
18. Hegardt, F.G., and H. Dam, Z. Ernaebr. 1 0 : 2 2 3  

(1971). 
19. Grundy, S.M., W.C. Duane, R.D. Adler, J. M. 

Aron, and A.L. Metzzer, Metab, Clin. Exp. 23:67 
(1974). 

20. Stiehl, A., D.L. Earnest, and W.H. Admirand, 
Gastroenterology 68:534 (1975). 

21. Grundy, S.M., E.H. Ahrens, Jr., and T.A. Mietti- 
nen, J. Lipid Res. 6:397 (1965). 

22. Campbell, C.B., and W.E. Mclvor, Pathology 
7:157 (1975). 

23. Palmer, R.H., and M.G. Bolt, J. Lipid Res. 
12:671 (1971). 

24. Makino, I., K. Shinozaki, S. Nakagawa, and K. 
Mashimo, J. Lipid Res. 15:132 (1974). 

25. Lindstedt, S., Acta Physiol. Scand. 40:1 (1957). 
26. Duane, W.D., R.D. Adler, and L.J. Bennion, J. 

Lipid Res. 15:155 (1975). 
27. Snedecor, G.W., and W.G. Cochran, "Statistical 

Methods," Sixth Edition, Iowa State Univ. Press, 
Ames, IA, 1967. 

28. Heaton, K.W., and A.E. Read, Br. Med. J. 3:494 
1969. 

[Received June 5, 1978] 

L[PIDS, VOL. 14, NO. 3 



The Content and Composition of Sterols and Sterol Esters in 
Sunflower and Poppy Seed Oils 
ANNA 3OHANSSON, Department of Food Hygiene, Swedish University of Agricultural Sciences, 
Roslagsv~gen 101, S-104 05 Stockholm, Sweden 

ABSTRACT 

The composition and proportion of free sterols and sterol esters in crude sunflower and poppy seed 
oils were determined, using preparative thin layer chromatography followed by gas chromatography 
with cholesterol as an internal standard. Free sterols and sterol esters were also isolated in a liquid 
fraction obtained by low temperature crystallization (-80 C) of the oils and enriched with minor lipid 
classes. This enrichment procedure provided a liquid fraction suitable for studies of minor components 
in the oils. However, selectivity towards sterol esters was observed since sterols esterified to very long 
chain fatty acids (C20-C24) were preferentially retained in the precipitate. The proportions of free and 
esterified sterols were found to be 0.34% and 0.28%, respectively, in the sunflower off, whereas the 
corresponding figures for poppy seed oil were 0.33% and 0.05%. Sunflower oil was characterized by a 
relatively high percentage of A7-sterols, preferentially obtained in the esterified fraction, and by very 
long chain saturated fatty acids of sterol esters. The sterols in poppy seed oil were composed ahnost 
entirely of eampesterol, stigmasterol, sitosterol and ~5-avenasterol, although their percentage distribu- 
tions were remarkably different in the free and esterified fraction. 

INTRODUCTION 

Sterols  are the  ma jo r  nong lycer ide  l ipids in 
m a n y  vegetable  oils. In the  crude oil, t hey  
main ly  exist  as free sterols  and  as s terol  esters,  
a l t h o u g h  sterol  glucosides and  acyla ted  s terol  
glucosides are also p resen t  (1,2).  Af te r  the  
d e g u m m i n g  of  sunf lower  oils, on ly  free s terols  
and  s terol  esters  r emain  (3). The  to ta l  s terol  
pa t t e rn s  a f te r  sapon i f i ca t ion  are used to charac-  
ter ize the  vegetable  oils and  to de tec t  adu l te ra t -  
ions (4). However ,  the  com pos i t i ons  of  free 
and ester i f ied s terols  are available for  very few 
oils (3,5).  

Sterols  are par t ly  r emoved  in the  indus t r ia l  
process ing of  the  oil, and  ar t i fac ts  are fo rmed  
dur ing  t r e a t m e n t  wi th  b leaching  ea r th  (6).  It is 
l ikely tha t  free and  ester i f ied sterols  behave  
d i f fe ren t ly  u n d e r  such c o n d i t i o n s  and  the  con-  
t e n t  of  free and  ester i f ied s terols  in the  oil is 
the re fo re  of  in teres t .  

This  paper  p resen t s  da ta  on  free and esteri-  
fled sterols  as well as on  the  fa t ty  acids of  the  
s terol  esters  for  one  var ie ty  of  sun f lower  and  
th ree  of  poppy  seeds. Oils f rom sunf lower  seeds 
are used in the  margar ine  indust r ies ,  and  
sunf lower  and  p o p p y  seeds are of  po ten t i a l  
in te res t  as oil crops  in the  Swedish agricul ture.  

MATERIAL AND METHODS 

Materials 

High qua l i ty  seeds were suppl ied  by  the  
Swedish Seed Assoc ia t ion ,  Sval/Sv. One cul t ivar  
of  sunf lower ,  Sunbred ,  and  th ree  cult ivars of  
poppy  seeds, viz.,  Soma,  Indra  and  Bialy 
Oleis ty ,  were  inves t igated .  Reagen ts  and  chro-  

ma tog raph i c  mater ia l s  used were similar to 
those  descr ibed in a previous  inves t iga t ion  (5).  

Extraction 

P o p p y  seeds were ex t r ac t ed  w i th  h e x a n e /  
e t hano l  (3 :1 ,  v/v)  (5). The same e x t r a c t i o n  
p rocedure  was used for  sunf lower  seeds wi th  
the  e x c e p t i o n  t ha t  the  seeds were c rushed  
before  the  solvent  ex t r ac t ion  t o o k  place. Three  
g of  sun f lower  seeds and four  steel balls were 
shaken  in the  tubes  for  30 mirL The  solvent  was 
t hen  added  and the  p rocedure  c o n t i n u e d  as 
previously  r epo r t ed  (5) .  

Isolation of Free Sterols and Sterol Esters 

Nont r iacy lg lycero l s  were enr iched  in a l iquid 
f r ac t ion  by low t e m p e r a t u r e  c rys ta l l iza t ion  of  
the  oils (5).  Free  sterols  and s terol  esters were 
isola ted f rom the  l iquid f rac t ion  and f rom the  
crude oil by  prepara t ive  th in  layer  ch roma-  
t o g r a p h y  (TLC),  us ing h e x a n e / d i e t h y l  e the r /  
acet ic  acid (70 :30 :  1, v/v)  as developing  solvent .  
Sterol  esters  were h y d r o l y z e d  in m e t h a n o l i c  
NaOH, and  the  s terols  and fa t ty  acids were 
isola ted by TLC. Sterols  were si lylated and  
fa t ty  acids were m e t h y l a t e d  as previous ly  
descr ibed (5). 

S terol  pa t t e rn s  were ob t a ined  in the  l iquid 
f r ac t ion  and  in the  crude oil. Quan t i t a t ive  
analyses were made  on  the  crude oil using 
cho les te ro l  as an in te rna l  s tandard .  

Gas Liquid Chromatography (GLC) and 
Gas Chromatography-Mass Spectrometry (GC-MS) 

The  si lylated (TMS) s terols  were analyzed by  
GLC on  two d i f fe ren t  co lumns  wi th  3% SE-30 
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STEROLS IN SUNFLOWER AND POPPY SEED 
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FIG. 1. Thin layer chromatogram of a precipitate 
from the crystallization of crude, laboratory-extracted 
sunflower oil (Sunbred). Absorbent: Silica Gel H. 
Solvent: hexane/diethyl ether/acetic acid (70:30:1, 
v/v). The colors noted are those observed for non- 
sterolic components fluorescent under UV-light (365 
nm). The location of the known standards, visible 
under UV-light after spraying with dichlorofluore- 
scein, are denoted by Roman numerals. I = sterols (Rf 
= 0.17-0.21), II = triterpene alcohols (Rf = 0.27-0.30), 
I I I =  free fatty acids ~Rf = 0.37-0.41), IV = triacyl- 
glycerols (Rf = 0.73-0.78), V = sterol esters (Rf = 
0.87-0.90). 

and  1% OV-17 as s t a t iona ry  phases.  The  s terols  
m a r k e d  I and  II in  Table  I were ca lcula ted  f rom 
analyses on  the  SE-30 co lumn  and  the  rest  f r om 
analyses on  OV-17.  F a t t y  acid m e t h y l  esters  
were analyzed on  6% E G A  and  cor rec ted  for  
c o n t a m i n a n t s  accumula t ed  in a b l a n k  sample  
dur ing  the  TLC procedure .  The  figures pre- 
sen ted  are the  m e a n  of  dupl ica te  GLC analyses.  
The  analyses were p e r f o r m e d  in a Var ian  
Aerograph  Model 2100 gas c h r o m a t o g r a p h ,  and  a 
Var ian  480  digital i n t eg ra to r  was used for  the  

ca lcu la t ion  of  peak  areas. The  mass  spect ra  
were ob t a ined  on  a LKB-9000  gas ch roma-  
tograph-mass  s p e c t r o m e t e r  (5).  

RESULTS 

Enrichment of Nontriacylglycerols 

The l iquid f rac t ions  o b t a i n e d  by  the  low 
t e m p e r a t u r e  c rys ta l l iza t ion  of  the  oils were 
great ly enr iched  wi th  " m i n o r "  l ipid classes, 

I t 
( yellow ) (II~) 

( l ight turquoise ) CI-~) 

( red ) 

( violet ) 
white S 

FIG. 2. Thin layer chromatogram of a precipitate 
from the crystallization of crude, laboratory-extracted 
poppy seed oil (Soma). Absorbent: Silica Gel H. 
Solvent: hexane/diethyl ether/acetic acid (70:30:1 
v/v). The colors noted are those observed for non- 
sterolic components fluorescent under UV-light (365 
nm). The location of the known standards, visible 
under UV-light after spraying with dichlorofluore- 
scein, are denoted by Roman numerals. I = sterols (Rf 
= 0.17-0.21), II = triterpene alcohols (Rf = 0.27-0.30), 
II = free fatty acids (Rf = 0.37-0.41), IV = triacyl- 
glycerols (Rf = 0.73-0.78), V = sterol esters (Rf = 
0.87-O.90). 

whereas  the  p rec ip i t a te  cons is ted  a lmos t  
en t i re ly  of  t r iacylglycerols .  Besides those  l ipid 
classes general ly  o b t a i n e d  as " s t a n d a r d  un-  
s apon i f i ab le , "  e.g., h y d r o c a r b o n s  and  free 
sterols,  the  l iquid f r ac t ion  c o n t a i n e d  fa t ty  acid 
esters  of  sterols,  t r i t e rpenes ,  and  h igher  a lcohols  
as well  as e x t r e m e l y  polar  subs tances  wh ich  are 
general ly  lost  du r ing  the  sapon i f i ca t ion  pro-  

cedure.  The  l iquid f r ac t ion  also c o n t a i n e d  large 
a m o u n t s  o f  t r iacylglycerols ,  smal ler  a m o u n t s  of  
m o n o -  and  diacylglycerols ,  and  free f a t ty  acids. 
The  c o m p l e x  c o m p o s i t i o n  of  the  l iquid f rac t ions  
has  previously  b e e n  d e m o n s t r a t e d  in s tudies  

wi th  olive oil (7). 
In the  p resen t  work ,  ca. 6% of  the  sunf lower  

and  ca. 3-4% of  the  p o p p y  seed oil were re- 
covered in the  l iquid f rac t ion .  The  s t andard  
unsapon i f i ab le s  usual ly  a m o u n t e d  to  0.8-0.9% 
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TABLE II 

Content  of Free and Esterified Sterols in Crude, Laboratory-Extracted,  
Sunflower and Poppy Seed Oils a 

% of oil 

Free Esterified Calculated 
Species sterols sterols sterol esters 

Sunflower (Sunbred) 0.34 0.28 0.46 
Poppy Seed (Soma) 0.33 0.05 0.08 

aIsolation was performed by direct preparative TLC of  the oil, and cholesterol was used 
as an internal standard.  

TABLE III 

Some Characteristic Fragmentat ions  and Their Relative Intensi ty of AS-Avenasterol,  
A7-Stigmastenol and A7-Avenasterol in GC-MS 

A5- AT- AT- 
Fragmentat ion Avenasterol Stigmastenol Avenasterol  

Molecular ion 484 ( 1 4 )  486 (100) 484 ( 1 4 )  
M-(C23-C29+ 1 x H )  a 386 (100) 388 ( - - - )  386 ( 5 6 )  
M-(C23-C29 + 1 x H  + TMSOH) 296 ( 7 0 )  298 ( 2) 296 ( 5) 
M-(side chain + 2 x H) b 343 ( 4) 343 ( 3) 343 (100) 
M- ( s idecha in+TMSOH)  255 ( - - )  255 ( 7 0 )  255 ( 8) 

aArises from part of  side chain by a McLafferty rearrangement and is typical  for sterols 
containing a &24(28)-bond. 

bCharacteristic of  A7,24(28)-sterols and also registered for two A7,24(28)-mono/methyl-  
sterols, see ref. 27. 

in the sunflower oil (8) and 0.5% of the poppy 
seed oil (9). 

After separation of the lipid classes in the 
liquid fraction by TLC, some components 
showed fluorescent colors when the plate was 
viewed under UV-light (Figs. 1 and 2). Charac- 
teristics of poppy seed oil were a bright yellow 
band located below the free fatty acids and a 
red band below the sterols. A distinct turquoise 
band located between the sterols and the 
triterpene alcohols was typical of the liquid 
fraction of sunflower oil. These fluorescent 
areas were helpful markers in the location of 
lipid classes. 

Composition of Free Sterols and 
Sterol Esters in Sunflower Oil 

The free sterols and esterified sferols deter- 
mined by direct preparative TLC accounted for 
0.34% and 0.28% of the oil, respectively (Table 
II). The sterol esters, calculated as sitosterol 
linoleate, amounted to 0.46% of the oil. 

The free sterols displayed a different com- 
position from that of the esterified sterols. 
The differences were related to A7-sterols, 
stigmasterol, and some unidentified sterols, 
whereas the percentages of sitosterol (55%), 
campesterol (8%) and A5-avenasterol (8%) were 
almost the same in the two fractions (Table I). 

A7-Stigmastenol and A7-avenasterol amounted 
to 22% in the esterified fraction and 9% in the 
free fraction, while the corresponding figures 
for stigmasterol were 3% and 15%, respectively. 
Two unidentified components (ca. 4%), with 
relative retention times shorter than that for 
campesterol, appeared preferentially in the free 
fraction. A third, unidentified component (ca. 
5%) was eluted between stigmasterol and 
sitosterol and appeared only in an esterified 
form. One sterol from sunflower oil with the 
same relative retention time has previously been 
identified as 24-methyl-cholest-7-enol (AT- 
campesterol) (10). Small amounts of choles- 
terol in the free fraction and brassicasterol in 
the esterified fraction were also observed. 

Fragmentation patterns, obtained by com- 
bined GC-MS of TMS sterol derivatives, agreed 
with those reported by Knights (11). This 
author has, however, not reported the pattern 
of A7-stigmastenol. The relative intensity of 
some fragments of A5-avenasterol and A7-aven- 
asterot compared to those of A7-stigmastenol is 
given in Table III. Other characteristic frag- 
ments of A7-stigmastenol appeared at m/e 471 
(M-15) (24%), m/3 396 (M-90)(90%), m/e 381 
(M-90-15) (15%), m/e 229 (M-side chain-TMSO- 
27) (28%) and m/e 213 (M-side chain-TMSOH- 
42) (29%). 

L1PIDS, VOL. 14, NO. 3 



STEROLS IN SUNFLOWER AND POPPY SEED 

The composition of sterols isolated in the 
liquid fraction was slightly different from that 
obtained in the crude oil (Table I). For sito- 
sterol, the difference was as much as 9% in the 
free sterol fraction and 7% in the esterified 
fraction. 

The total sterol composition was calculated 
to be as follows: 7.9% campesterol, 9.7% 
stigmasterol, 54.7% sitosterol, 7.8% A5-avena- 
sterol, 9.3% AT-stigmastenol, 5.5% A7-avena- 
sterol and 5.1% other sterols. 

Linoleic acid amounted to 35% of the fatty 
acid content of the sterol eSters, and this 
can be compared to 77% in the total fatty acids .~ 
which were mainly derived from triacylglyc- O 
erols (Table IV). Fatty acids esterified to sterols "~ 
also contained some longer chain fatty acids, 
(12% of 20:0, 22% of 22:0 and 9% of 24:0), 
whereas the percentages of palmitic acid, stearic r 
acid and oleic acid were almost the same as in 
the total fatty acids. 

Enrichment of sterol esters by the low 
temperature crystallization technique reduced 
sterols esterified to 20:0 and 22:0, compared to 
the direct preparative TLC technique (Table IV). .= 

Composition of Free Sterols and 
Sterol Esters in Poppy Seed Oil > 

Free sterols from seeds of the cultivar, ~ 
Soma, amounted to 0.33% of the oil and ~ 
esterified sterols to 0.05% (Table II). The sterol ~< ~ 
esters, calculated as sitosterol linoleate, "~ 
amounted to 0.08% of the oil. < 

Although qualitatively the same sterols were 
obtained in the two fractions, with the excep- 
tion of traces of brassicasterol, which only .~ 
appeared in esterified form, the composition of 
free sterols was remarkably different from that 
of the esterified sterols (Table I). Sitosterol -~ 
predominated (ca. 70%) in the free sterol 
fraction and campesterol and A5-avenasterol 
accounted for 19 and 7%, respectively. In the 
esterified fraction, only 40% appeared as -~ 
sitosterol while the percentages of campesterol 'g 
(32%) and A5-avenasterol (25%) were much ~ 
higher than in the free fraction. These figures ~- 
were obtained directly from the crude oil and 
differed by less than 4% from those obtained 
from the liquid fraction after crystallization of 
the oil. 

Only small differences were observed in the 
sterol patterns of the cultivars investigated 
(Table I). The morphine-"free" cultivar, Soma, 
displayed, however, slightly lower percentages 
of sitosterol and higher A5-avenasterol in the 
esterified fraction than Indra and Bialy Oleisty. 
The total sterot pattern of the Soma cultivar 
was as follows: 21.6% campesterol, 3.3% 
stigmasterol, 66.1% sitosterol and 9.0% A5- 
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avenasterol. 
A lower percentage of linoleic acid (51%) 

was obtained among the sterol-bound fatty 
acids than among the total fatty acids (77%), 
whereas fatty acids esterified to sterols con- 
tained a higher percentage of 16:0, 16:1 and 
18:1 (Table IV). The pattern of the fatty acids 
esterified to sterols in the Soma cultivar was 
slightly different from those of Indra and 
Bialy Oleisty. The analyses of Soma were, 
however, performed on freshly harvested seeds 
while the others had been stored for about 10 
months. Analyses of fatty acids esterified to 
sterols in Soma after the same period of storage 
showed the following composition: 27% 16:0, 
tr 16.1, 12% 18:0, 28% 18:1 and 33% 18:2, 
which agree with the patterns found for Indra 
and Bialy Oleisty. Enrichment of the sterol 
esters by the low temperature crystallization 
technique resulted in a loss of sterols esteri- 
fled to 16:1 and 18:2, which tended to separate 
out in the precipitate (Table IV). 

DISCUSSION 

Concentration of minor lipid classes by low 
temperature crystallization of vegetable oils has 
previously proved selective towards some sterol 
esters in rapeseed oil (5), and recovery factors 
are needed in quantitative studies. Since the 
technique yielded different amounts of "liquid 
fraction" for various oils, it is likely that 
different recovery factors are also needed. 
This would make the technique unpractical for 
quantitative studies. In the present investiga- 
tion, all quantitative determinations have been 
performed by direct preparative TLC of the 
original oils. However, we consider the crystal- 
lization technique still of interest in qualitative 
studies of minor components, and a comparison 
between this technique and the direct prepara- 
tive TLC technique was made. 

The content of sterols in the sunflower oil 
(0.62%) was higher than that previously re- 
ported for similar oils. A German study (8) on 
six varieties showed 0.42-0.48% and others have 
reported 0.25-0.35% (1,12,13). In these investi- 
gations, the sterols were determined in the 
nonsaponifiable fraction by the digitonin 
method. Two reports (1,13) show great dif- 
ferences on the quantities of free and esterified 
sterols. The free sterols account for three times 
as much as the esterifled sterols in one report 
(I). In the second (13), approximately similar 
amounts were found and this agrees with the 
data in the present investigation. These dif- 
ferences in quantities of sterols might be due to 
the anaytical techniques used, plant cultivars 
or climatic influences. 

Reports on the sterol composition of sun- 
flower oils (8,14-22) show a great diversity, and 
ranges are: 0-0.7% cholesterol, 7.6-13.6% 
campesterol, 4.8-13.1% stigmasterol, 0-2.8% A7- 
campesterol, 53.6-69.0% sitosterol, 3.0-19.3% 
A5-avenasterol, 4.1-15% A7-stigmastenol and 
tr-7.2% A7-avenasterol. The results obtained in 
the present investigation were within the 
ranges reported in the literature. Small amounts 
of two A7-stigmastadienols and one A7-stigma- 
statrienol, not usually detected in nature, have 
been isolated from sunflower (11). It is, how- 
ever, unlikely that the unidentified components 
in this investigation, having relative retention 
times shorter than that of campesterol (Table 
I), represent any of these sterols. GLC analyses 
of sterols on capillary columns show traces of 
other components which are usually not 
observed in analyses on packed columns 
(18,19,23). 

A7-Stigmastenol and A7-avenasterol were 
found in smaller amounts in the free than in the 
esterified fraction (9% vs. 22%), while other 
workers have found that A7-sterols only occur 
in the esterified fraction and are absent in the 
free fraction (3). The differences could be due 
to a number of variables. However, it has been 
observed that A7-sterols in rapeseed occurred 
in lower amounts in seeds that had been stored 
for six months compared to freshly harvested 
seeds (24). This observation might be of im- 
portance also for A7-sterols in sunflower seeds. 
A7-Stigmastenol is of special interest, since a 
relatively high amount of this sterol has been 

suggested as characteristic of Compositae oils 
(25). The mass spectra of TMS-A7-stigmastenol 
had a very high relative intensity of the molecu- 
lar ion (100% at m/e 486) whereas others (26) 
have found a relative intensity of 70% for the 
molecular ion and a base peak at m/e 255. 
This difference is probably due to instrumental 
parameters, which influence the mass spectra of 
trimethylsilyl ethers of sterols (27). 

The fatty acids esterified to sterols in 
sunflower oil were characterized by relatively 
high percentages of very long chain fatty acids. 
It is probable, however, that these fatty acids 
might be bound to 4-monomethyl sterols or 
4,4-dimethyl sterols, which appear in large 
amounts in sunflower oil (12,25), rather than 
to the desmethyl sterols, since such esters were 
not  fully separated in the TLC system used. 
Attempts to separate des-, mono- and dimethyl 
sterol esters in citrus species by argentation 
TLC (28) indicated that very long chain fatty 
acids were esterified primarily to dimethyl 
sterols. A previous report on fatty acids in 
sunflower oil did not show any long chain fatty 
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acids (3). The investigators isolated the sterol 
esters by adsorption TLC with a somewhat less 3. 
polar developing system than in the present 4. 
investigation. From experience in our labora- 
tory, this is, however, not sufficient to separate 5. 
des-, mono- and dimethyl sterol esters. 

The content of sterols in poppy seed oil 6. 
(0.38%) was found to be slightly higher than 
previously found (0.25-0.28%) (9,12,13). No- 7. 
thing seems to be reported on the quantita- 8.  

tire composition of the separate free and 
esterified sterols, whereas the total sterol 9. 
pattern in the present investigation agrees 
rather well with literature data (9,13). It is Io. 
noteworthy that A5-avenasterol, which is of 11. 
interest since it might be effective in retarding 12. 
the oxidative polymerization of oils during 
heating (29-31), accounted for 26-29% of the 13. 
esterified sterols. 

The composition of sterols in the free form 14. 
was remarkably different from the composition 
in the esterified form in the poppy seed oils. 15. 
Thus, the total sterol patterns are dependent 16. 
on the quantities of free and esterified sterols. 
Factors such as cultivar, place of cultivation, 17. 
etc., that might influence these quantities may 18. 
also effect the total sterol pattern. 

Differences were observed in the sterol- t9. 
bound fatty acids in the three cultivars of 
poppy seed. Caution must be taken, however, 20. 
in drawing any conclusions about cultivar 21. 
differences since the analytical procedure 
involves many steps, and analytical errors 22. 
cannot be excluded. Whether any changes in 

23. 
the patterns of fatty acids of the sterol esters 
occur during storage is also uncertain. 24. 
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Metabolism of Naphthenic Hydrocarbons. Utilization of a 
Monocyclic Paraffin, Dodecylcyclohexane, by Rat 
JACQUESE.  T U L L I E Z  a n d G E O R G E S F .  BORIES, LaboratoiredeRecherchessurlesAdditifs 
Alimentaires, I .N.R.A. -- 180, chemin de Tournefeuille, 31300 Toulouse, France 

ABSTRACT 

3H-Dodecylcyclohexane was incorporated in rat diet in order to study the metabolic utilization by 
mammals of a monocycloparaffin chosen as a typical naphthenic constituent of mineral oils. 
Dodecylcyclohcxane was largely absorbed. No elimination of the hydrocarbon was observed in urine 
while an extended excretion of 3H occurred via this route. About 7% of absorbed dodecylcyclohexane 
was stored in the carcass, while the rest was co-oxidized to cyclohexyldodecanoic acid, which 
incorporated into neutral lipids and phospholipids. The aliphatic chain of this unusual fatty acid 
underwent the normal fatty acid degradation pathways, leading to even fatty acids, squalene, 
cholesterol and nonlipid resynthesis, while the cyclohexyl ring was eliminated as urinary metabolites. 
Incorporation of co-cyclohexyl fatty acids in phospholipids may raise a point of toxicological 
significance which is to be investigated. 

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

Saturated hydrocarbons  are widespread in 
the envi ronment  (1), and it is now well estab- 
lished that  they are ubiqui tous  th roughout  the 
animal k ingdom;  their  presence in mammal ian  
tissues is not  complete ly  elucidated,  but  a 
dietary origin is commonly  admit ted.  

Normal  and branched paraffins are known to 
be synthesized (2-5) by marine and terrestrial 
plants, and thus are present in most  mammal  
diets. Moreover,  fossil hydrocarbons  const i tute  
the main source of naphthenic  hydrocarbons ,  
and pet ro leum industry derivatives, such as 
mineral  oils, contain 70 to 85% of these com- 
pounds,  distr ibuted mainly in mono-,  di-, tri- 
and te t racycloparaff ins  with alkyl side chains. 
Since 1945, an increasing accumula t ion  of  
cyclic paraffins in human tissues has been 
ment ioned  (6), and correlated to an increasing 
use of mineral oil in the food processing in- 
dustry. These contaminat ions ,  associated with 
dietet ic  and therapeut ic  uti l izations,  provide a 
human exposure  of  significant magnitude.  

Unti l  it has been recent ly established that 
dodecy lcyc lohexane  was highly absorbed by rat 
(7) and stored in adipose tissue (8), t h e n  that  
the terminal  oxidat ion  and subsequent  oxida- 
tion of  the n-alkyl side chain occurred (9), no 
data were available concerning the metabol ic  
fate of  cycloparaffins.  The jo in t  FAO/OMS 
Exper t  Commi t t ee  on Food  Addit ives (1974)  
underl ined the need of  investigations on the 
metabol ic  fate of  such compounds  and the 
significance of  their  storage. The aim of  this 
work  was to comple te  these partial data in 
order  to obtain a general view of the metabol ic  
ut i l izat ion of  these u n c o m m o n  carbon chains 
by mammals .  Moreover,  because fat ty  acids 
with cyclic structure result  f rom the initial 

oxidat ion  step, incorpora t ion  into the lipid 
compar tmen t  as well as the possible interac- 
t ions with lipid metabol i sm were part icularly 
pointed out. 

Dodecylcyc lohexane ,  already identif ied as a 
normal  componen t  of  mineral  oils (10), was 
chosen as a mode l  of  monocyc lopara f f in .  

EXPERIMENTAL PROCEDURES 

Phenyldodecane  (Fluka) was tr i t iated in the 
Service of  Labeled Molecules at the C.E.A. 
(Saclay, France)  by direct contac t  of  2 g 
phenyldodecane  with  t r i t ium gas (Wilzbach 
method) .  3H-dodecylcyc lohexane  was pre- 
pared in our labora tory  by catalyt ic  hydrogena-  
t ion of 3H-phenyldodecane ;  500 mg dodecyl-  
benzene in acetic acid (5 ml) were hydrogen-  
ated in an autoclave at 10 arm in the presence 
of  Adam's  catalyst  (50 nag). Af te r  24 hr, 
hydrocarbons  were extracted with hexane,  and 
the product  obta ined was freed f rom traces of  
unreacted  phenyldodecane  by preparative thin 
layer chromatography  on silica gel, using hexane 
as developing solvent. Chemical  and radiochem- 
ical purit ies were checked by gas chroma-  
tography and rad iochromatography,  respec- 
tively. Specific activity of  3H-dodecylcyclo-  
hexane obtained was 116 mCi/mM. 

Wistar male rats weighing about  200 g were 
fed "ad l ib i tum"  onca semisynthet ic  diet,  the 
composi t ion  of  which1 has been given previously 
(11). 3H-dodecylcyc lohexhne  diluted with 
analytical  grade (99% min) dodecy lcyc lohexane  
(J.T. Baker Chem.) was incorpora ted  in the 
peanut  oil of  the diet. As in previous experi-  
ments ,  a small amount  of  feed was distr ibuted 
to the animals the day before adminis t ra t ion of  
the labeled hydrocarbon ,  so that  3H-dodecyl-  
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cyc lohexane  would  be ingested wi th in  15 rain;  
t h e n  con t ro l  die t  was given " ad  l i b i t u m . "  

Lipid  i n c o r p o r a t i o n  k ine t ics  were s tud ied  in 
an imals  kil led 6 hr ,  12 hr ,  24 hr ,  48 hr  and  on  
the  7 th  day,  respect ively ,  a f te r  inges t ion  of  
labe led  dodecy l cyc lohexane .  

The  m e t h o d s  used for  separa t ion  of  to t a l  
l ipids in to  d i f fe ren t  classes as well as for  separa-  
t i on  of  each  class in to  i ts d i f fe ren t  c o m p o n e n t s  
have been  descr ibed (11).  Urea  adduc t s  of  
s t ra ight  chain  f a t ty  acid m e t h y l  es ters  were 
p repa red  (12)  in  o rder  to  en r i ch  the  f r ac t ion  
con ta in ing  b r a n c h e d  and  cyclic fa t ty  acids. 

To ta l  r ad ioac t iv i ty  of  t issues,  ur ine ,  and  
feces was measu red  af te r  c o m b u s t i o n  in an 
ox id izer  ( I n t e r t e c h n i q u e ,  O x y m a t ) .  E s t i m a t i o n  

s ,a .=  117 .3  s . a ,=  11~ .1  

FIG. 3. Radio gas chromatography of hydrocarbon 
fed and of hydrocarbon in adipose tissue: upper trace 
= radioactivity; lower t race- -  mass; s.a. = specific 
activity (mCi/mM). 

of  t r i t i a t ed  wa te r  was ob t a ined  by  c o m p a r i n g  
rad ioac t iv i t ies  in f resh and  lyophi l ized  samples,  
a f te r  it has  been  es tab l i shed  tha t  n o  loss of  
u n c h a n g e d  h y d r o c a r b o n  or me t abo l i t e s  oc- 
cur red  dur ing  the  f reeze-drying process.  Radio-  
act ivi ty  on  th in  layer  plates  was local ized by  
using a Be r tho ld  II t h i n  layer  scanner .  Labeled  
fa t ty  acids were ident i f ied  by rad io  gas ch roma-  
t og raphy  using a r eac to r  (RGC 170 Perk in  
E lmer )  c o n n e c t e d  to  the  gas c h r o m a t o g r a p h  
(Packard  7300) .  Tr i t i a ted  wate r  resu l t ing  f rom 
hydrogena t ive  c rack ing  was measured  wi th  a 
p r o p o r t i o n a l  coun t ing  tube .  
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TABLE I 

Distribution of 3H in Tissues 24 hr after 
Oral Administration of 3H Dodecylcyelohexane 

Tissue dpm/mg 

Adipose tissue 2846 
Kidney 660 
Liver 596 
Lung 424 
Spleen 390 
Brain 380 
Testes 343 
Thymus 341 
Heart 254 
Blood 22 

RESULTS 

The  m e t a b o l i c  ba lance  was es tab l i shed  a f t e r  a 
single admin i s t r a t i on  to  a ra t  of  two  doses of  
3H-dodecy lcyc lohexane  (20 and  200  mg),  and 
was calcula ted f rom the  rad ioac t iv i ty  exc re t ed  
in ur ine  and feces for  6 days and  f rom the  
residual  rad ioac t iv i ty  measu red  in the  whole  
carcass at t he  end  of  the  e x p e r i m e n t  (Fig. 1). 

In the  first 48  hr ,  95% of  to t a l  3H exc re t i on  
occurred ,  bu t  a ma jo r  d i f fe rence  is observed  in 
the  e x t e n t  of  fecal rad ioac t iv i ty  exc re t ion .  The  
na tu re  of  labeled subs tances  in feces was 
n o t  s tud ied  in detail .  However ,  i t  was s h o w n  
tha t  the  percen tage  of  3H-dodeey l cyc lohexane  
(Fh)  decreased wi th  t ime.  H y d r o c a r b o n  oxida-  
t ion  by  the  in tes t ina l  f lora has  been  inves t iga ted  
by  several au thors  (13) ,  w ho  conc luded  t h a t  no  
a t t ack  occurs  at  e x t e n d e d  level. Moreover ,  no  
r e c i r c u l a t i o n o f u n c h a n g e d  h y d r o c a r b o n  via the  
bil iary rou te  was no t i ced  (13 ,14) .  There fo re ,  it 
may  be s ta ted  t h a t  labeled h y d r o c a r b o n  in feces 
cor responds  to  the  n o n a b s o r b e d  f r ac t ion  of  
ingested dodecy lcyc lohexane .  The  a b s o r p t i o n  
level is clearly re la ted to  the  admin i s t e red  dose. 

No trace of  h y d r o c a r b o n  was de t ec t ed  in 
ur ine  when  a h igh level of  rad ioac t iv i ty  was 
excre ted  by  this  rou te ,  ind ica t ing  a m e t a b o l i c  

t r a n s f o r m a t i o n  of  dodecy l cyc lohexane .  This  
fact  is unde r l i ned  by  the  c o n t i n u o u s  and  slow 
decrease  of  carcass rad ioac t iv i ty  over  the  7 day 
per iod  and  c o n c o m i t a n t  increase  of  u r inary  
excre t ion .  

Kinet ics  of  the  d i s t r ibu t ion  of  the  radioac-  
t ivi ty in liver, r ema in ing  carcass w i t h o u t  diges- 
t ive t rac t ,  and ur ine ,  over the  7 day per iod ,  are 
r epo r t ed  in Figure 2. They  show a b iphas ic  
p h e n o m e n o n .  As a l ready m e n t i o n e d ,  m o s t  of  
the  u r inary  exc re t ion  occurs  dur ing  the  first 48  
hr ;  at the  same t ime,  rad ioac t iv i ty  in liver and  
carcass decreases rapidly .  These  obse rva t ions  
under l ine  the  in tens i ty  of  the  m e t a b o l i c  t rans-  
f o r m a t i o n s  of  dodecy l cyc lohexane .  The analy-  
sis of  the  label ing of d i f fe ren t  c o m p a r t m e n t s  
indica tes  t ha t  3H was largely i n c o r p o r a t e d  i n to  
l ipids as early a 6 h r  a f te r  inges t ion o f  the  
h y d r o c a r b o n ;  however ,  3H i n c o r p o r a t i o n  in the  
non l ip ids  and  the  t r i t i a ted  wate r  was delayed,  
reach ing  a m a x i m u m  af ter  24 hr,  wh ich  would  
suggest successive m e t a b o l i c  steps.  

Specif ic  act ivi ty  of  s tored  h y d r o c a r b o n  was 
compared  to t ha t  of  h y d r o c a r b o n  fed (Fig. 3); 
resul ts  are in ag reemen t  and  es tab l i sh  t h a t  the  
d i s t r ibu t ion  of rad ioac t iv i ty  in c o m p o u n d s  
o t h e r  t h a n  h y d r o c a r b o n  was en t i re ly  due to 
m e t a b o l i s m  and  n o t  exchange .  

P h e n o m e n a  occur ing  b e t w e e n  48 h r  and  7 
days are very slow. Rad ioac t iv i ty  in the  fo rm of  
dodecy l cyc lohexane  r ema ined  a lmos t  un-  
changed  in the  carcass, and  the  weak  evolving 
of  label  in the  non l ip id  f rac t ion  m u s t  be re la ted  
to  the  slow t u r n o v e r  of  body  c o n s t i t u e n t s  such  
as pro te ins .  The  d i s t r ibu t ion  of  3H a m o n g  body  
tissues, as measured  24  hr  a f te r  oral admin is t ra -  
t i on  of  3H dodecylcyclohexane, is shown  in 
Table  I; the  ma in  par t  of  the  rad ioac t iv i ty  was 
associa ted w i th  the  l ipidic f r ac t ion  of  the  
tissues. 

NEUTRAL LIPIDS 

Neut ra l  l ipids of  liver and  adipose  tissue, 

TABLE II 

Distribution of 3H in Liver Neutral Lipids 24 hr after 
Ingestion of 3H Dodecylcyclohexane 

Fraction Percent of total 3Ha Specific activity b 

Monoglycerides 2.1 12050 
Diglycerides + cholesterol 17.6 4390 
Free fatty acids 11.2 39600 
Triglycerides 35.7 2940 
Cholesteryl esters + squalene 33.4 c 19320 

a3H in neutral lipids freed from saturated hydrocarbons.  
bdpm/mg. 
CFurther separation indicated that 3H was distributed in cholesterol 6.6, fatty acids 25.3 

and squalene 1.5. 
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TABLE III 

Distribution of 3H in Fatty Acids from Liver Neutral Lipids 

295 

Radioactivity b 

Fatty acid Composition a After 6 hr After 24 hr 

14:0 1.4 N.D, 2.5 
16:0 22.8 1.8 18.4 
Cyclohexyloctanoic N .D. N.D. 1.2 
16:1 and/or C yclohexyloctenoic 3.8 c 0.6 1.1 
18:0 2.4 1,2 12.1 
Cyclohexyldeeanoic N.D. 11.1 20.2 
18:1 and/or Cyclohexyldecenoic 53.2 c 2.1 2,6 
18:2 13.2 . . . . . .  
20:0 + 18:3 0.3 N.D. N.D. 
Cyelohexyldodecanoic N .D. 80.9 40,6 
20:1 and/or Cyclohexyldodecenoic 0.7 c 2.3 1.3 
20:4 1.2 . . . . . .  

ap.100 of total fatty acids determined by GLC on DEGS. 
bp.100 of 3H in fatty acids, 
CMonounsaturated cyclohexyl fatty acids were undetectable, but their theoretical 

retention time on DEGS were the same as for monounsaturated even fatty acids. 

f reed f rom hydroca rbons ,  were separated into 
their  d i f fe ren t  classes (Table II). If t r iglycerides 
were the  mos t  labeled f rac t ion of  adipose 
tissue (70% of  to ta l  radioact ivi ty) ,  radioact ivi ty 
was widespread in the lipid classes of  the liver. 
Specific activity of  free fa t ty  acids was the 
highest  one,  due to  the first  step of  hydroca r -  
b o n  metabol i sm.  F rac t iona t ion  o f  the  unre-  
solved fract ion squalene + choles teryl  esters 
in to  its c o m p o n e n t s  showed tha t  squalene and 
choles terol  were t r i t ia ted and cor respond  
to  "de  n o v o "  synthesis  f rom tr i t ia ted acetyl-  
CoA result ing f rom /3-oxidation of  the alkyl 
subs t i tuen t  o f  cyclohexyldodecanoic acid. 

Analysis of  liver fa t ty  acids indicated tha t  6 
hr  as well as 24 hr af ter  ingest ion of  3H. 
dodecy leyc lohexane ,  95% of  the radioact ivi ty  
was bound  to sa tura ted acids and the rest to 
m o n o u n s a t u r a t e d  acids. Dis t r ibut ion  according 
to  the chain length was s tudied at d i f fe rent  
t imes  after  h y d r o c a r b o n  ingest ion (Table III). 
Af te r  6 hr,  97% o f  the labeled sa tura ted fa t ty  
acids were co-cyclohexyl-acids (Fig. 4), whereas  

TABLE IV 

Incorporation of 3H in Tissue Phospholipids 24 hr 
after Ingestion of 3H Dodeeylcyclohexane 

Tissue Specific activity a 

Liver 35400 
Heart 2500 
Brain 4500 
Spleen 6000 
Kidney 6000 
Testes 1100 

adpm/mg phospholipids. 

24 hr  later these c o m p o u n d s  represen ted  no 
more  than  65% of  the  labeling, and resynthes is  
of  even fa t ty  acids (stearic and palmit ic)  was 
impor tan t ,  Regarding labeled m o n o u n -  
sa tura ted  fa t ty  acids,  we were unable ,  due to  
their  weak specific activity,  to  de te rmine  
w h e t h e r  they  were unsa tura ted  co-cyclohexyl-  
acids or  resynthes ized  even fa t ty  acids. 

In adipose tissue, the  radioact ivi ty  was 

TABLE V 

Distribution of 3H in Liver Phospholipids 6 hr 
after Ingestion of 3H Dodecylcyclohexane a 

Percent of total 3H Specific activity b 

Phosphatidic acid 2.9 638 
Phosphatidyl ethanolamine 37.1 842 
Phosphatidyl serine 7.7 568 
Phosphatidyl choline 48.4 406 
Sphingomyelin 3.9 478 

alO/~Ci 3H dodecylcyclohexane. 
bdpm/mg. 
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C16 

C18 

| 

FIG. 4. Gas liquid radiochromatography of saturated fatty acid methyl esters derived from neutral lipids of 
rat liver 6 hr after ingestion of 3H-dodecylcyclohexane; cyclohexyl fatty acids were concentrated by complexa- 
tion with urea of straight chain fatty acids; 1 = cyclohexyldodecanoic acid; 2 = cyclohexyldecanoic acid; upper 
trace = radioactivity; lower trace = mass. 

distributed between saturated and monounsatu- 
rated fatty acids, the same as in the liver; after 
7 days, co-cyclohexylacids represented 70% of 
the labeling. 

PHOSPHOLIPIDS 

All organs incorporated radioactivity into 
their phospholipids within the first 24 hr (Table 
IV), and the major labefing was observed in 
liver. Phospholipid fatty acids were found to 
contain 99% of total 3H; when separated 
according to the degree of unsaturation, 90% of 
the radioactivity was associated with saturated 
acids and the rest with monounsaturated acids. 
Analysis of phospholipid fatty acid methyl 
esters indicated that 80% of the saturated 
fraction were co-cyclohexyl acids. 

Separation of the different classes of liver 
phospholipids (Table V) revealed that most of 
the radioactivity was in phosphatidylcholine. 
Determination of the specific activities indicat- 
ing an homogeneous distribution, it can be 
stated that w-cyclohexylacids are incorporated 
into all phospholipid classes at about the same 
rate. 

DISCUSSION 

The present work is the first investigation of 

the metabolic utilization of an alkyl-substituted 
cycloparaffin by mammals; it has been con- 
ducted with the same methodology as already 
used for the study of n-heptadecane metabo- 
lism (11). Our results clearly show that absorp- 
tion, storage, and oxidation of the aliphatic 
chain of dodecylcyclohexane occur in the 
same way as for the n-paraffin. Among data 
available concerning hydrocarbon absorption, 
only one refers to naphthenes, namely penta- 
decylcyclohexane (13), which were given by 
stomach probe. In our study, a higher absorp- 
tion level of dodecylcyclohexane is observed, 
owing to the incorporation of hydrocarbon in 
the animal diet that mimics food contamination 
conditions. It was pointed out that absorption 
was related to the administered dose, and from 
this point of view, no difference between 
cycloparaffins and n-paraffins can be noticed, 
at least when total number of carbon atoms are 
in the same range. As shown for n-heptadecane, 
dodecylcyclohexane accumulates in the carcass 
during the first hours, then levels of f ;  distribu- 
tion in the organism suggests that dodecylcy- 
clohexane is likely transported via lymphatic 
route and reaches the tissues, especially adipose 
tissue, where it accumulates because of its 
lipophilic nature (14,15). Stored hydrocarbon 
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evolves little between 48 hr and 7 days after 
ingestion, and this is in agreement with what 
was observed previously (7). 

Evidence for co-oxidation of the aliphatic 
chain by the rat has been given (9). This fact is 
underlined by the presence of cyclohexyldo- 
decanoic acid in liver and adipose tissue. It is 
noteworthy that conversion of paraffinic and 
naphthenic hydrocarbons to the corresponding 
acids occurs in the microsomal fraction of rat 
liver (Durand and Tulliez, unpublished results), 
but it is not excluded that the reaction might 
happen in the mucosa of the small intestine 
(16) during the absorption process. The alkyl 
chain undergoes the classical fatty acid degrada- 
tion pathway, as shown by the presence of 
cyclohexyldecanoic acid. Metabolic utilization 
of the resulting labeled acetyl-CoA explains the 
extent of resynthesis of labeled fatty acids as 
soon as 6 hr after ingestion of the hydrocarbon. 1. 
If incorporation of  tritium in the nonlipids 
is noticeable in the carcass at 6 hr, it reaches a 2. 
maximum at 24 hr. Moreover, it was not 3. 
possible to know whether radioactivity in the 4. 
tissues was bound to normal body components 
(carbohydrates, proteins) or associated to 5. 
labeled metabolites with cyclohexane ring. 

Metabolism of fatty acids produced by 6. 
co-oxidation of linear and branched paraffins 7. 
has been described (11,17) and thus, if the 
metabolic behavior of the saturated linear chain 8. 
of n-alkyl substituted cycloparaffins is clearly 9. 
established, the fate of the residual cyclic 
structure is not elucidated until now. It may be 10. 
supposed that the /3-oxidation process leads to 

11. 
cyclohexylacetic acid and such an assumption is 12. 
supported by the identification in the urine of a 13. 
metabolite with cyclic structure, namely a 
glycine conjugate of cyclohexenylacetic acid 14. 
(18). 15. 

It has been shown that oxidation of n-alkyl 
substituted cycloparaffins may occur in some 16. 
microorganism species, mainly from soil (19), 17. 
and that the resulting acids were incorporated 
predominantly in the structural lipids. The 18. 
identification of minute quantities of cyclo- 
hexylundecanoic acid in butter (20) and sheep 19. 
perinephric fat (21) has been related to the 2o. 
metabolic activity of the rumen microflora 
(22). It results that incorporation of co-cyclo- 21. 
hexyl substituted fatty acids into lipids and, 22. 
more particularly in phospholipids, raises a 
point of toxicological significance. A prelimin- 

ary study was carried out, the goal of which 
was to determine the extent of this phenome- 
non. Rats maintained on a diet containing 1% 
dodecylcyclohexane for two months exhibited 
6o-cyclohexyl fatty acid levels corresponding to 
3% of the total fatty acids in whole body 
phospholipids. Thus, it will be of interest to 
investigate the possible interactions of such 
uncommon fatty acids with the biochemical 
mechanisms in which the structural lipids are 
involved. 
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ABSTRACT 

Liver, heart, kidneys, muscle and adipose (perirenal and subcutaneous) tissues were collected from 
six animals for analysis of their hydrocarbon composition. Qualitative and quantitative determinations 
were carried out by gas chromatography and combined gas chromatography-mass spectrometry. Al- 
though differing in the proportions, a homologous series of n-alkanes ranging from n-C 12 to n-C 31 was 
found in all the samples examined. The isoprenoid hydrocarbons phytane and phytene (phyt-l-ene 
and phyt-2-ene) were also identified. 

INTRODUCTION 

Several au tho r s  have r epo r t ed  the  presence 
of  d i f fe ren t  classes of  h y d r o c a r b o n s  (l inear,  
b r anched  and i sopreno id)  in an imal  t issue (1-4), 
h u m a n  tissue (5-7), m ic roo rgan i sms  (8-10),  
mi lk  fat  and seed oil (11-13) ,  and whea t  f lour  
(14).  A l t h o u g h  the  origin of  h y d r o c a r b o n s  in 
an imal  t issues has no t  ye t  been  e luc ida ted ,  they  
are t h o u g h t  to  be derived e i the r  f rom na tu ra l  
b i o s y n t h e t i c  processes  (15) ,  e n v i r o n m e n t a l  
po l lu t ion ,  or the use of  paraff ins  and  minera l  
oils in food  t echno logy .  F u r t h e r m o r e ,  the  
p roposed  u t i l i za t ion  of  single cell p ro te ins  
(SCP) as par t ia l  p ro t e in  source in cat t le  feed 
may  c o n t r i b u t e  to  the  t ransfer r ing  of  n-alkane 
residues to  an imal  tissues and hence  to the  food  
chain.  

A l t h o u g h  the  me tabo l i c  role and  biological  
significance of h y d r o c a r b o n s  have no t  been  
clarified, the i r  presence has been associated 
wi th  several h u m a n  pa thologica l  cond i t ions ,  
such as splenic foll icular  l ipidosis (16) ,  h u m a n  
a therosc le ro t ic  p laques  (7 ,17)  and neoplas t ic  
t issues (5). More recen t ly ,  the  cocarc inogen ic  
and  t u m o r - p r o m o t i n g  activi t ies of  n-a lkanes  
have been  s tud ied  in re la t ion  to  possible  effects  
on  m e m b r a n e  t r anspor t  processes  (18 ,19) .  

C o n s e q u e n t l y ,  because of  the  po t en t i a l  
ef fects  of  n-alkanes on h u m a n  hea l th ,  a deter-  
m i n a t i o n  of  levels and d i s t r ibu t ion  of  n-a lkanes  
in var ious  bovine  tissues was carr ied ou t  wi th  
the  aim of  es tabl ishing basel ine values which  
would  fu r t he r  allow compar i son  be t w een  tissue 
d i s t r ibu t ion  and  a c c u m u l a t i o n  in t rad i t iona l ly  
and SCP fed cows. 

n -Alkanes  ranging f rom CI2  to C32 and  
some i sopreno id  h y d r o c a r b o n s  were ident i f ied  
and quan t i t a t ive ly  d e t e r m i n e d  in t issues f rom 
cows aged 8-12 yr. Liver, hear t ,  k idney ,  muscle  
and  adipose tissues were separate ly  col lected 
f rom six an imals  and  analyzed for  h y d r o c a r b o n  
con ten t .  

Var ia t ion  in values in d i f fe ren t  t issues f rom 
the  same an imal  was i n t e r p r e t ed  as due to 

d i f ferences  in kinet ics  of  depos i t ion  or  me tabo l -  
ic pa thways .  

M A T E R I A L S  AND METHODS 

All solvents  (analyt ica l  grade reagents)  used 
were redist i l led using a 40 cm co lumn  packed  
wi th  Raschig rings. The  adso rben t s  for  col- 
u m n  c h r o m a t o g r a p h y  and  the  a n h y d r o u s  so- 
d ium sulfa te  were ex t r ac t ed  wi th  _pet~7oleum 
e the r  (40-60 C) in a Soxh le t  appara tus .  All 
glassware was washed  wi th  d ie thy l  e the r  and  
n -pen tane .  Only  separa tory  funne l s  wi th  Tef lon  
s t opcocks  were used  and  the  samples  were 
never  a l lowed to come  in c o n t a c t  wi th  r u b b e r  
or  plastic.  Comple t e  p rocedure  b lanks  were 
o f t en  made  to ascer ta in  the  presence  of  any  
c o n t a m i n a t i o n .  

The  tissues were ob t a ined  f rom freshly  
b u t c h e r e d  animals ,  wrapped  in a l u m i n u m  foil 
previously  washed  wi th  d ie thy l  e the r  and  
n -pen tane ,  chi l led and  t r a n s p o r t e d  immed ia t e ly  
to  the  l abo ra to ry  for  analysis.  An  ou te r  layer  of  
ca. 1 cm was always d iscarded  using solvent-  
washed  blades.  Major  ar ter ies  and  veins were 
also r emoved  f rom the  organs.  

Extraction and Isolation 

The minced  sample (25 g, wet  weight)  was 
saponi f ied  by ref luxing  for 2 h r  wi th  100 ml of  
95 e thano l  con ta in ing  25 g of  KOH and 50 ml  
of  water .  The  l ukewarm so lu t ion  was t hen  
t rans fe r red  to a separa to ry  funne l  and  the  
sapon i f i ca t ion  flask r insed wi th  small  a m o u n t s  
o f  water ,  e t hano l  and  n -pen tane ,  in t h a t  order .  
The  mix tu r e  was ex t r ac t ed  wi th  3 x 50 ml 
p o r t i o n s  of  n -pen tane .  The  c o m b i n e d  p e n t a n e  
phases  were e lu ted  on  a glass co lumn  (20 m m  
i.d. x 200 m m  high)  packed  w i th  ( f rom b o t t o m  
to top)  a 2 cm layer  of  nonac t l va t ed  silica 
gel fol lowed by an 8 cm layer  of  a n h y d r o u s  
sod ium sulfate.  The  separa to ry  funne l  and  the  
c o l u m n  were washed wi th  n - p e n t a n e  (3 x 20 
ml). The  so lu t ion  was careful ly  c o n c e n t r a t e d  
to  a vo lume  of  ca. 1 ml u n d e r  reduced  pressure  
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FIG. 2. Gas liquid chromatogram of tire hydro- 
carbon fraction of three bovine tissues. For experi- 
mental conditions, see Materials and Methods. 

FIG. 1. Gas liquid chromatograms of the hydro- 
carbon fraction of three bovine tissues. For experi- 
mental conditions, see Materials and Methods. 

o n  a ro ta ry  evapora to r  at 30 C, and  the  concen-  
t ra te  was appl ied as a na r row band ,  e x t e n d i n g  
over  a l eng th  of  18 cm, on  a silica gel p la te  (0.5 
m m  th ick ,  washed  wi th  d i e thy l  e t h e r  and  
ac t iva ted  for  1 h r  at  105 C). 

The  pla te  was developed w i th  n - p e n t a n e  and  
t h e n  sprayed w i th  an 0.2% e t h a n o l  so lu t ion  of  
2t,7 r -d ich lorof luoresce in .  The  b a n d  corres- 
p o n d i n g  to the  Rf  of  a s t andard  n-C 16 (Appl ied  
Science Labs.,  Inc. ,  State  College, PA) was t h e n  
scraped f rom the  p la te ,  t r ans fe r red  to  a small  

glass c o l u m n  and  e lu ted  wi th  15 ml of  a 1:1 
m i x t u r e  of  d ie thy l  e t h e r  and  pen tane .  The  
e luate  was col lec ted  in a g radua ted  tube .  A 
small  a m o u n t  of  i so-octane  (0.2-0.3 ml)  was 
t h e n  added  to  the  sample pr ior  to  concen t r a -  
t ion  to a final vo lume  of  ~ 0 . 5  ml on  a ro t a ry  
evapora to r .  

Identification and Quantitative Determination 

H y d r o c a r b o n s  were ana lyzed  by  gas ch roma-  
t o g r a p h y  on  a 3 m x 3 m m  i.d. glass c o l u m n  
packed  wi th  5% OV-61 on  8 0 / 1 0 0  mesh  
C h r o m o s o r b  W-HP p r o g r a m m e d  f rom 100 to  
250  C, 6~  and  t h e n  run  at  250  C for  a 
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_S 

FIG. 3. Gas liquid chromatogram of the hydrocar- 
bon fraction of perirenal subcutaneous tissue on a 
capillary column. For conditions, see Materials and 
Methods. 

fu r the r  30 min.  The gas c h r o m a t o g r a p h  ut i l ized 
was a Carlo Erba  Frac tovap  2200 ,  equ ipped  
wi th  a f lame ion iza t ion  de tec tor .  The  areas of 
the  peaks  were quan t i f i ed  by  an e lec t ron ic  
in tegra t ing  un i t  (Var ian,  mode l  CDS 101) wi th  
the basel ine t echn ique .  

The  iden t i f i ca t ion  was achieved by  compar i -  
son wi th  a s t andard  m i x t u r e  o f  e v e n - n u m b e r e d  
n-alkanes f rom C12 to  C32 (Appl ied  Science 
Labs Inc., State  College, PA). The  iden t i f i ca t ion  
was conf i rmed  fu r t he r  by in jec t ing  a small 
a m o u n t  of  the  s tandard  wi th  the  sample  and  
observing the  e n h a n c e m e n t  of  the  co r respond-  
ing peaks.  

Quan t i t a t ive  d e t e r m i n a t i o n  was p e r f o r m e d  
by adding  to the  final ex t r ac t  an appropr i a t e  
a m o u n t  of  an n-a lkane no t  p resen t  in the 
c h r o m a t o g r a m  or present  in a small am oun t .  

The  samples  were successively analyzed on  a 
90 m x 0.25 m m  i.d. stainless steel capil lary 
c o l u m n  c o a t e d  wi th  Ap iezon  L ope ra t ed  
i so the rmal ly  at 175 C, spl i t ter  ra t io  at the 
in jec t ion  por t  1/50,  carr ier  gas he l ium.  

Gas c h r o m a t o g r a p h y - m a s s  s p e c t r o m e t r y  
(GC-MS) was e m p l o y e d  as a c o n f i r m a t o r y  
t e chn ique  using an LKB 9000S  uni t .  The gas 
c h r o m a t o g r a p h i c  cond i t i ons  previously  de- 
scr ibed were ut i l ized for  the  GC/MS analysis,  
e m p l o y i n g  he l ium as the  carrier  gas. Mass 
spectra  were recorded  at the  m a x i m u m  of  the  
mos t  in tense  gas c h r o m a t o g r a p h i c  peaks  at  an 
ionizing energy of  20 eV. 

The  ex t rac t s  p repa red  accord ing  to the  
m e t h o d  descr ibed o f t en  c o n t a i n e d  cons iderab le  
a m o u n t s  of  phy tenes ,  wh ich  are p r e d o m i n a n t  
a m o n g  the u n s a t u r a t e d  h y d r o c a r b o n s .  To 
conf i rm the i r  iden t i ty ,  the  samples  were sub- 
mi t t ed  to ca ta ly t ic  h y d r o g e n a t i o n  and  then  
reanalyzed.  The  h y d r o c a r b o n  mix tu re ,  dis- 
solved in iso-octane,  was t r ans fe r red  to a 

Packard  m i c r o h y d r o g e n a t o r  to which  10-15 mg 
of  PtO2 had been  previously  added.  Af t e r  
s a tu ra t ion  of  the  c h a m b e r  wi th  pure  h y d r o g e n ,  
the  so lu t ion  was kep t  u n d e r  b u b b l i n g  h y d r o g e n  
for  30 rain at r o o m  t e m p e r a t u r e  and  t hen  
f i l tered to remove the  catalyst .  

By the  use of  n -pen t ane  for  the  e x t r a c t i o n  
and  pur i f i ca t ion  of  the  h y d r o c a r b o n  f rac t ion ,  it 
was possible to min imize  the  losses of  some of  
the  mos t  volat i le  n-alkanes.  Percen t  recoveries,  
pe r fo rmed  at the  2 ppm level, gave values of  
over  90% for all n-a lkanes  f rom n-C16 up,  while  
for  n - C j a  and  n-C12 the  values were 72% and  
60%, respect ively.  

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

The analyses revealed a comple t e  homolo -  
gous series of  n-a lkanes  f rom C12 to C 3 1 . T h e  
c h r o m a t o g r a m s  r epo r t ed  in Figures  1 and  2 
show some c o m p l e x i t y  in the  area co r respond-  
ing to the  n - C l 8 .  When the  same samples  were 
ana lyzed  on  a capil lary co lumn ,  the  area 
co r r e spond ing  to n - C l 8  displayed two  peaks  
(Fig. 3). The  c o m p o u n d  respons ib le  for  one  of  
t hem was par t ia l ly  d i f f e ren t i a t ed  by successive 
GC/MS analysis  on  a packed  co lumn  and  
iden t i f i ed  as p h y t a n e  (2 ,6 ,10 ,14 - t e t r ame thy l -  
hexadecane )  by compar i son  wi th  mass spectra  
r epo r t ed  in the  l i tera ture  for  th is  c o m p o u n d .  
F u r t h e r  GC/MS analyses  ev idenced  also phyt -1-  
ene ( 3 , 7 , 1 1 , 1 5 - t e t r a m e t h y l h e x a d e c - l - e n e )  and  
phy t -2 -ene ,  as iden t i f i ed  by  compar i son  wi th  
mass spectra  r epo r t ed  by Urbach  and  Stark 
(13) .  In ag reement  wi th  these au thors ,  the  peak  
iden t i f i ed  as p h y t - l - e n e  showed  a r e t e n t i o n  

t ime  shor t e r  than  t ha t  of phy t -2 -ene  when  a 
n o n p o l a r  co lumn (OV-101, OV-61 ,  Apiezon  L) 
was ut i l ized.  F u r t h e r m o r e ,  af ter  h y d r o g e n a t i o n ,  
the  two peaks resul ted  in a single peak wi th  
r e t e n t i o n  t ime and  mass spectra  co r re spond ing  
to  those  of  phy t ane .  

In some cases, mass  spectra  recorded  on  the  
tail of  the  peak ident i f ied  as phy t -2 -ene  showed  
a molecu la r  ion at m/e  278,  suggesting the  
presence  of  n e o - p h y t a d i e n e  (3 -me thy l ene -  
7 , 1 1 , 1 5 - t r i m e t h y l h e x a d e c - l - e n e ) ,  which ,  ac- 
cord ing  to U r b a c h  and  Stark (13), is no t  well 
separa ted  f rom phy t -2 -ene  on  packed co lumns .  

In the  area of  n-C 18, two  add i t iona l  peaks  
were observed;  these peaks  were des ignated  as 
x I and  x 2. Because of  the i r  low c o n c e n t r a t i o n ,  
no  clear i den t i f i ca t ion  was possible.  However ,  
because  of  the i r  r e t e n t i o n  t ime  (no t  corres- 
p o n d i n g  to any n-a lkane) ,  the  fact tha t  they  do 
n o t  undergo  h y d r o g e n a t i o n  and are well sepa- 
ra ted  f rom phy tane ,  they  can on ly  be h y p o t h e -  
sized to be long  to the  group of  the  b r anched  
n-a lkanes  a n d / o r  a lky l - subs t i tu ted  cyc lohexanes  
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H Y D R O C A R B O N S  IN B O V I N E  T I S S U E S  

T A B L E  I 

R a n g e  Va lues  ( p p m )  fo r  E a c h  H y d r o c a r b o n  Iden t i f i ed  in  the  Tissues  o f  the  Six A n i m a l s  E x a m i n e d  

301 

A d i p o s e  t i ssues  

H y d r o c a r b o n  S u b c u t a n e o u s  Per i rena l  Muscle  Liver H e a r t  K i d n e y  

C 1 2  0 . 0 3 -  0 .28  0 .10 -  0 .23  0 . 0 2 - 0 . 0 9  0 . 0 8 - 0 . 3 5  0 . 0 4 - 0 . 1 0  0 . 0 2 - 0 . 0 8  
C 13 0 . 0 1 - 0 . 0 2  0 . 0 2 - 0 . 0 3  
C 1 4  0 . 0 3 -  0 .78  0 . 2 7 -  0 .56  0 . 1 4 - 0 . 3 4  0 . 2 3 - 1 . 6 6  0 . 1 4 - 0 . 3 0  0 . 0 5 - 0 . 2 2  
C15  0 . 0 4 -  0 .45  0 . 1 6 -  0 .37  0 . 0 9 - 0 . 2 7  0 . 0 4 - 0 . 1 4  0 . 0 5 - 0 . 1 9  0 . 0 2 - 0 . 1 5  
C 1 6  0 . 1 1 -  0 . 7 6  0 . 4 4 -  0 .62  0 . 2 5 - 0 . 5 4  0 . 4 6 - 2 . 0 4  0 . 2 1 - 0 . 7 2  0 .08 -0 .31  
C17  0 .09 -  1 .18  0 . 1 6 -  0 . 4 8  0 . 0 3 - 0 . 1 7  0 . 1 3 - 0 . 3 8  0 . 0 7 - 0 . 5 5  0 . 0 3 - 0 . 0 6  
P h y t - I - e n e  3 .46 -  6 .83  1 . 8 8 - 1 5 . 5 7  0 . 2 2 - 3 . 0 9  
C 1 8  2 . 2 6 -  5 .00  2 . 5 8 -  4 .11  0 . 2 1 - 0 . 2 8  0 . 1 5 - 1 . 3 0  0 . 2 3 - 0 . 3 5  0 . 1 3 - 0 . 3 5  
P h y t a n e  2 . 0 3 -  3 .50  2 . 0 5 -  4 . 8 9  0 . 1 0 - 0 . 2 5  0 . 1 1 - 0 . 4 0  0 . 1 5 - 0 . 2 2  t r -0 .35  
x I 0 . 5 3 -  0 . 7 6  0 , 3 7 -  0 .42  0 . 0 5 - 0 . 0 8  0 . 0 3 - 0 . 0 6  
x 2 0 .98 -  2 .49  0 . 6 0 -  1 .30  0 . 0 7 - 0 . 2 3  t r - 0 . 08  t r - 0 . 92  
P h y t - 2 - e n e  4 . 8 8 - 7 1 . 3 6  2 . 4 7 - 4 3 . 6 0  0 . 2 6 - 5 . 5 6  t r - 2 . 7 6  t r - l . 0 8  
C 1 9  0 . 0 8 -  0 .33  0 . 1 5 -  0 .85  0 . 0 4 - 0 . 1 5  0 . 0 8 - 0 . 1 1  0 . 0 5 - 0 . 3 6  
C 2 0  0 . 2 5 -  2 . 0 0  0 .10 -  0 .38  0 . 0 4 - 0 . 2 2  0 . 0 8 - 0 . 7 8  0 . 0 7 - 0 . 2 4  0 . 0 8 - 0 . 1 8  
C. 21 0 . 2 9 -  0 .81  0 . 1 2 -  2 .02  0 . 0 6 - 0 . 3 5  0 . 0 7 - 0 . 0 8  0 . 0 8 - 0 . 2 0  0 . 0 2 - 0 . 0 8  
C22  0 . 0 6 -  0 .34  0 . 0 4 -  1 .06  0 . 0 5 - 0 . 2 6  0 . 0 6 - 0 . 4 3  t r - 0 . 2 0  0 . 0 5 - 0 . 1 8  
C 2 3  0 . 2 4 -  0 .81  0 . 1 2 -  4 . 3 4  0 . 0 5 - 0 . 3 4  0 . 0 6 - 0 . 2 0  0 . 0 5 - 0 . 1 3  0 . 0 4 - 0 . 0 9  
C 2 4  0 .12 -  0 . 2 6  0 . 0 5 -  1 .50  0 . 0 3 - 0 . 1 5  t r - 0 . 14  0 . 0 6 - 0 . 0 7  0 . 0 4 - 0 . 0 9  
C25 0 . 3 8 -  1 .77 0 . 3 5 -  4 . 0 0  0 . 0 5 - 5 . 0 0  0 . 0 6 - 0 . 0 7  0 . 0 3 - 0 . 2 5  t r - 0 . 20  
C 2 6  0 .20 -  0 .40  0 . 0 4 - 0 . 2 7  t r - 0 . 0 6  
C 2 7  0 .29 -  2 .89  0 . 0 7 -  1 .58  0 . 0 5 - 0 . 8 6  0 . 1 0 - 0 . 1 8  t r -0 .35  
C 2 8  0 . 3 0 -  0 .50  0 . 0 6 -  3 .00  0 . 0 4 - 0 . 2 5  t r -0 .04  
C 2 9  1.15-  5 .99  3 . 3 8 - 1 8 . 5 5  0 . 0 6 - 1 . 9 3  0 . 0 9 - 0 . 2 7  t r - 0 . 5 0  t r - 0 . 80  
C 3 0  0 . 1 9 -  0 .33  0 . 2 0 -  2 . 6 8  0 . 1 0 - 0 . 1 1  
C31 0 .49 -  3 .58  0 . 2 2 - 2 1 . 2 2  0 . 1 8 - 0 . 7 6  t r - 0 . 30  t r - 0 . 27  

ppm 
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FIG.  4 .  D i s t r i b u t i o n  o f  t he  t o t a l  n - a l k a n e s  in t he  
v a r i o u s  t i ssues  o f  t he  six b o v i n e s  e x a m i n e d .  

of the type described by Nagy et al. (2). Some 
other peaks, smaller than those relative to 
n-alkanes, can also be observed in the chroma- 
tograms. Such peaks were not identified but 
can be assumed to be unsaturated, branched 
and cyclic hydrocarbons, showing on thin layer 
chromatography (TLC) the s a m e  Rf as the 
n-alkane band. 

The presence of  squalene is not reported 
here, because by the method utilized, this 
compound was purposely eliminated during 
TLC to facilitate the quantitative determination 
of n-alkanes in the area of n-C28. Furthermore,  

its determination was not relevant to the 
purpose of this work. All other polyunsaturated 
hydrocarbons and diunsaturated terpenoids, if 
present, were removed by TLC. Saturated 
(linear, branched, alicyclic) and monounsatu- 
rated hydrocarbons were recovered in the 
scraped band. 

Under the gas chromatographic conditions 
utilized, squalane could be expected between 
n-C26 and n - C 2 7 .  Its presence cannot be ruled 
out, owing to a small peak in this zone which 
from time to time has been observed and was 
not amenable to identification. 

The tissues analyzed were obtained from 6 
cows, between 8 and 12 yr of age, stall-fed on 
hay and dried forage in winter and fresh forage 
for the rest of the year. The choice of aged 
animals was justified on the basis of expected 
equilibrium between ingested and metabolized 
hydrocarbons which should result in a steady 
state of tissue concentration. 

Range-values in ppm (mg/kg, wet weight) for 
each hydrocarbon identified in the tissues 
examined are reported in Table I. The distribu- 
tion of the total n-alkanes in the various tissues 
of the six animals is reported in Figure 4. It can 
be observed that the n-alkanes are concentrated 
preferentially in the adipose tissues. For the 
sake of brevity, the hydrocarbon distribution in 
the various tissues of only one animal is re- 
ported in Table II. 
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TABLE I1 

H y d r o c a r b o n  Distr ibut ion in the Various Tissues o f  a Single Animal  (C) 

Adipose tissues 

H y d r o c a r b o n  Subcu taneous  Perirenal Muscle Liver Hear t  Kidney 

C12 
C13 
C14 0.17 0 .56 
C15 0 .06 
C 16 0.71 0.62 
C17 0 .39 0.65 
Phy t - l - ene  6.82 2 .14 
C 18 2 .26 2 .60 
Phy tane  2 .03 2 .18 
x t 1.60 0 .40 
x 2 2.49 0 .64 
Phyt-2-ene 71 .36  18.45 
C19 0.12 0.19 
C20 0.77 0.44 
C21 0 .29 0.59 
C22 
C23 0.41 1.05 
C24 0.32 
C25 1.01 2.22 
C26 0.27 
C27 1.78 3.74 
C28 0 .16  
C29 3.07 5.72 
C30 0 .19 
C31 2 .19 3.27 

0 .23 0.09 0 .08 0 .04 
0.02 0.01 
0.34 0.23 0.14 
0.27 0 .04 0.05 
0 .54 0 .46 0.21 
0.27 0 .13 0.11 

0.07 
0.23 
0.17 
0 .06 

0.25 0.15 
0.12 0.11 

0 .03 
0 .08 

0.33 
0 .10 0.11 
0 .20 0.08 
0.17 0.08 
0.  l 1 0 . 0 6  
0.07 0 .10 

0 .10 0.07 
0 .04 0 .06 
0.12 0 .10 
0.05 0.04 
0.19 0 .09 

0 ,18 

0 .43 
0.05 
0.07 
0.09 

tr 
0.09 
0.07 
0 .06 

0.05 

0.09 

tr 

0.08 

0.35 
0.15 
0 .30 
0.07 

0.13 
0.05 

tr  

0.08 
0.02 

0.04 
0 .04 

In the adipose tissues (Fig. 1), a marked 
predominance of odd-numbered hydrocarbons 
in the upper part of the chromatogram, in 
particular of n-nonacosane, can be observed, 
while in the lower part, n-octadecane among 
the linear, phytane among the saturated 
branched, and phytene among unsaturated 
branched hydrocarbons predominate. 

In the case of liver (Fig. 2), a homologous 
series of n-alkanes, both odd- and even-num- 
bered, with a predominance of even-numbered 
n-alkanes, with a bell shaped distribution 
centered on n-C16 , can be noted. An analogous 
distribution was reported by Ferretti  and 
Flanagan (20) in rabbit liver, but with the apex 
at n-C23. A baseline hump, probably due to 
small amounts of several unresolved branched 
isomers can be similarly observed. 

A predominance of short chain, odd- and 
even-numbered hydrocarbons (from C 12 to C 18) 
can be observed in muscle tissue (Fig. 1). The 
hump attributed to unresolved, branched 
hydrocarbons can be observed again. 

The hydrocarbon distribution in adipose 
tissue, liver and muscle appears to be quite 
uniform in all the animals examined. In kidney 
and heart (Fig. 1 and 2), on the other hand, the 
hydrocarbon distribution was not particularly 
characteristic and changed from animal to 
animal. In all the samples of liver examined, the 

constant absence of both phytenes was ob- 
served. 

Results are available indicating that in rats 

and pigs fed SCP, even- and odd-numbered 
n-alkanes, between C12and C20 , employed as 
substrates for yeast growth, are found in 

significant amount in muscle tissue (21). 
However, n o  data are available from the litera- 
ture for muscle tissues from bovines fed SCP. 
The results reported in this study will contrib- 
ute to establishing baseline values, particularly 
with respect to important edible portions of 
bovines. 
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METHODS 

Determination of Free Choline and Phosphorylcholine 
in Rat Liver 

ANTHONY J. BARAK 1 and DEAN J. TUMA, Liver Study Unit, Veterans Administration Hospital 
and the Departments of Internal Medicine and Biochemistry, University of Nebraska Medical 
Center, Omaha, Nebraska 

ABSTRACT 

A simple procedure for the determination of levels of free choline and phosphorylcholine in hepa- 
tic tissue is outlined. The method makes use of the enzyme acid phosphatase to liberate choline from 
phosphorylcholine and incorporates the ability of choline to react with potassium triiodide to yield 
choline periodide for the measurement of choline and phosphorylcholine in liver. The method is 
accurate for both entities (recovery of 97-100% for choline and 92-98% for phosphorylcholine). For 
phosphorylcholine, the method is markedly simpler than other methods previously described and the 
results for normally fed rats are of the same order of magnitude. The applicability of the method was 
shown when it was demonstrated that diets containing different amounts of choline influenced the 
level of choline and phosphorylcholine in liver. 

INTRODUCTION 

It has recent ly been established that  choline 
is the key l ipotropic  substance in animals. Upon  
being taken up by the liver, this substance is 
subject to two main metabol ic  fates. First,  
choline is readiIy oxidized by choline oxidase 
to betaine aldehyde and betaine (1) and second- 
ly, it is conver ted  by choline phosphokinase  to 
phosphorylchol ine  (2). Since phosphory lcho-  
line, which is not  oxidized by choline oxidase,  
composes  10% of the water  soluble phosphate  
of  the liver (3,4) and is reduced with the 
deplet ion of  choline f rom the diet (4), this 
choline derivative may play a vital role in the 
l ipotropic  activity of  choline.  

Presently the methods  used for the analysis 
of  phosphorylchol ine  in tissues involve ei ther  
paper  chromatographic  separation (3) or 
co lumn chromatographic  (5,6) separat ion from 
interfer ing substances before  analyses can be 
carried out.  This makes the measurement  of  the 
pool  sizes of  phosphorylchol ine  quite  cumber-  
some even f rom an investigative s tandpoint .  

The  current  procedure utilizes the features 
of  the accepted m e t h o d  of  Apple ton  et al. (7) 
for the sensitive analysis of  free choline in 
plasma and adapts it for use in liver tissue. This 
me thod  is based on the ability of  choline,  a 
quaternary a m m o n i u m  compound ,  to react 
with potassium tr i iodide and form choline 

1To whom correspondence should be addressed. 

periodide,  a colored complex  measureable in 
e thylene  dichloride. The me thod  also incorpor-  
ates the use of  acid phosphatase,  initially used 
by Wittenberg and Kornberg (8) to l iberate free 
choline from esterified choline.  In this way, the 
level of  phosphorylchol ine  is arrived at by 
difference f rom the total  choline and free 
choline contents  in acid extracts  of  liver. 

MATERIALS AND METHODS 

Reagents 

Potassium triiodide. 15.7 g of  iodine reagent 
grade and 20 g of  potassium iodide,  reagent 
grade, were dissolve in 100 ml  of  water  shaken 
for  45 min on a mechanical  shaker to affect  
solut ion and stored at 4 C. 

Standard choline solution. Choline chloride, 
C.P., was dried over concent ra ted  sulfuric acid 
in vacuo.  A standard solut ion was prepared 
containing 1 mg of base per ml of  water.  
Working standards were prepared by suitable 
dilution of  the s tock solut ion with water.  

Standard phosphorylcholine solution. The 
calcium salt of  phosphory lchol ine  (crystalline 
wi th  5 H 2 0  from Sigma Chemical  Co., St. 
Louis,  MO,) was used as the standard for this 
method .  A stock solut ion of  phosphorylchol ine  
containing 2 0 0 / l g  of  choline base per  0.5 ml of  
water  was prepared.  Working standards were 
prepared by a suitable di lut ion of  this s tock 
solution.  
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Acid phosphatase solution. Pota to  acid 
phosphatase (E.C. 3.1.3.2) f rom the Sigma 
Chemical  Co., St. Louis, MO, was used for this 
determinat ion.  A fresh solut ion of  this enzyme 
(0.4 IU/mg) was made up before each determin-  
ation at a concent ra t ion  of  50 mg/10  ml. 

Other reagents: (a) 15% and 75% trichlor- 
oacetic acid solutions, (b) e thyl  ether,  (c) 
e thylene  dichloride,  (d) citrate buffer,  0.1 M, 
pH 4.8. Only reagent grade chemicals were 
used. 

Choline Standard Curve 

Varying amounts  of  pure choline in solut ion 
were added to propor t ional  amounts  of  the 
incubat ing medium (citrate buffer  and enzyme 
solution) as used in the procedure  for total  
choline below. This mixture  was carried 
through the incubat ion,  protein precipi ta t ion,  
and ether  ext rac t ion  steps and choline (10 to 
50 / Jg  of  base) was precipi ta ted from 0.5 ml of  
this solution with 0.2 ml of  the potassium 
tri iodide reagent. When the precipi tate  was 
dissolved in 10 ml of  e thylene dichloride and 
the absorbance measured at 365 rim, the 
standard curve shown in Figure 1 was obtained.  
Solut ions of  phosphorylchol ine  containing 
equivalent  amounts  of  choline base yielded the 
same standard curve fol lowing enzyme hydro ly-  
sis. Since in the me thod  esterified choline 
(phosphorylchol ine)  was determined as choline,  
the standard curve obtained was used for the 
determinat ion  of  both  free choline and total  
choline in the acid extracts.  

Preparation of Liver Extract 

Male Sprague-Dawley rats were placed 
under  e ther  anesthesia and surgically opened  and 
their l ivers  freeze-clamped in-situ. These livers 
were then stored at -70 C until  analyzed. Two 
grams of frozen livers were placed in 8 ml of  
15% tr ichloroacet ic  acid and homogen ized  in a 
Pot ter  homogenizer .  This mixture  was centri-  
fuged at 12,000 rpm for 20 rain and the super- 
na tant  was decanted and saved. The liver pellet  
was washed one t ime with 5 ml of  15% tri- 
chloroacet ic  acid, centr ifuged at 12,000 rpm 
for 10 rain, and the supernatant  solut ion 
combined  with the orignal extract  in a 20-25 
ml graduate test tube and the volume indicated.  
The  extract  was then extracted 3 t imes with 10 
ml of e thyl  e ther  to remove the t r ichloroacet ic  
acid. The solution was then subjected to a 
stream of air for 60 min at room tempera ture  
to remove residual ether.  Fol lowing this, the pH 
of  the solut ion was adjusted to be tween  7 and 8 
and the solution brought  back to its original 
vo lume with water.  

1.0. 

0.9. 

0.8. 

O,T. 

0.6. 

~0.5. 
0.4. 

0.3. 

0.2. 

OJ. 

fb zo 3o 40 5b 

CHOLJNE BASE (#g) 

FIG. 1. Standard curve constructed from pure 
choline solutions that were carried through the various 
steps of the analytical procedure. 

Determination of Free Choline 

Two milliliters of  the liver extract  were 
added to a 15 ml graduated centrifuge tube 
with a vary narrow tip. Af te r  chilling in ice, 
0.2 ml of  the potassium tr i iodide solut ion was 
added,  the sample mixed,  covered and refriger- 
ated overnight.  The sample was then centri- 
fuged at 3000 rpm for 15 rain and the super- 
natant  solut ion aspirated off  with care being 
taken no t  to disturb the dark precipi tate  at the 
b o t t o m  of the test tube.  The precipi tate  was 
then dissolved in 5 or  10 ml of  e thylene  dichlo- 
ride depending on the amount  of  precipi ta ted 
choline present and the absorpt ion read in a 
spec t ropho tome te r  at 365 nm using e thylene  
dichloride as a blank. The free choline con ten t  
of  liver was est imated f rom the standard curve 
and the level expressed as /Jmoles of  choline 
base per gram liver. 

In the procedure  fol lowing e ther  ext rac t ion  o f  
the t r ichloroacet ic  acid from the tissue extracts,  
the pH still remains at 2.6 to 3.0. As demon-  
strated by Wall et al. (9) if  choline is pre- 
cipi tated as the periodide in this pH range, 
exist ing betaine would interfere and enhance 
the value for choline.  In order  to c i rcumvent  
betaine interference,  the procedure  calls for the 
adjus tment  of  the tissue extracts  to be tween  pH 
7 and 8 where it has been shown (9) that  
betaine is not  precipi ta ted as the periodide.  In 
our  hands,  we have found that  failure to 
make the pH adjus tment  significantly enhances 
the value for choline in liver tissue. In fur ther  
studies we have found that  betaine interference 
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T A B L E  I 

Recove ry  of  Chol ine  and  Phosphory lcho l ine  f r o m  Rat  Liver a 

Chol ine  Phosphory lcho l ine  

A m o u n t  Mean a m o u n t  A m o u n t  Mean a m o u n t  
added  recovered  Percent  added  r ecove red  Percen t  

Diet #g  #g  r ecovery  Ng ~ug r ecove ry  

Purina rat  pellets 20 20 .0  -+ 2.4 100.0 20 18.4 -+ 0.7 92.0 

Purina rat  pellets 40 39.0 -+ 3.3 97.5 40 39.3 -+ 3.0 98.3 

aAIl recover ies  r ep resen t  4 dupl ica te  d e t e r m i n a t i o n s  on 4 d i f f e ren t  livers of  animals  fed Purina C o m m e r c i a l  
Rat  Diet for  30 days.  

T A B L E  II 

Effec t  o f  Die tary  Choline on Choline and Phosphory leho l ine  in Rat  Liver 

Choline level a Phosphory lcho l ine  level a 
Average  

No.  daily in take  /~M ol/ l iver/  gMol / l iver /  
Diet animals  MG gMol /g  100 g body  we igh t  /.tMol/g 100 g body  we igh t  

Chol ine  def ic ien t  5 0 0 .37  _+ 0 .07  1.95 -+ 0.38 0.91 +- 0 .26  4 .73  + 1.19 
(5 days)  

Mixed def ic ient  5 57 0 .70  +-0.11 b 3.64 +-0.75 c 1.57-+ 0 .14  c 8 .04 -+0.92 d 
and con t ro l  
(5 days)  

Cont ro l  5 114 0.92 -+0.06 b 4.65 -+0.41 b 2.79-+ 0 .69  b 14.0 - 3 . 0 2  b 
(5 days)  

R a t c h o w  5 34 0 .60  + 0 . 0 6  3.07 +0 .31  1.48_+ 0 .38  7.57 -+1.96 
(30 days)  

aValues  are m eans  -+ S.D. 

bWhen c o m p a r e d  to chol ine  def ic ient  die t :  p < 0 . 0 0 1 ; c  = < 0 . 0 l ; d  = < 0 .002 .  

can be e l imina ted  by pH a d j u s t m e n t  even w h e n  
50 and 100% of  the  level of  be ta ine  no rma l ly  
f o u n d  in liver (10)  was art i f icial ly added  to l iver 
ext rac ts .  

Determination of Free Phosphorylcholine in Liver 

Two  mill i l i ters  of the  original  ex t r ac t  was 
placed in a tes t  tube  to wh ich  was added  3.6 ml  
of  0.1 M ci t ra te  buf fe r  (pH4 .8 )  and  2.0 ml of  
acid phospha t a se  so lu t ion ,  in t ha t  order .  
This  m ix tu r e  was i n c u b a t e d  in a D u b n o f f  wa te r  
ba th  at  32 C for  16 hr  (overn ight ) .  Fo l lowing  
this, 0.4 ml  of  75% t r i ch lo roace t i c  acid was 
added to the m i x t u r e  and  a l lowed to s tand 
for  10 min .  The  so lu t ion  was cen t r i fuged  at 
2 ,500 rpm for  I0  min  to s ed imen t  the  e n z y m e  
pro te in .  The  s u p e r n a t a n t  so lu t ion  was t hen  
t rans fe r red  to a g radua ted  tes t  t ube  and  the  
the  vo lume  indica ted .  This  so lu t ion  was ex- 
t rac ted  3 t imes  wi th  10 ml  of  e thy l  e the r  to  
remove the  t r i ch lo roace t i c  acid and  the  residual  
e the r  was r emoved  in the  same m a n n e r  de- 
scribed above.  The  pH of  the  so lu t ion  was t h e n  
adjus ted  to b e t w e e n  7 and 8 and  the  so lu t ion  
b r o u g h t  back  to i ts or iginal  vo lume wi th  water .  
Two  mil l i l i ters  of th is  so lu t ion  were p laced in a 

g radua ted  cent r i fuge  tube ,  the  chol ine  per iod-  
ide p rec ip i t a ted  as descr ibed above ,  and  the  
to ta l  chol ine  measu red  as descr ibed for  free 
chol ine.  Fol lowing the  convers ion  of  the  level 
of  to ta l  chol ine  t o / a m o l e s  pe r  gram of  liver, t he  
level of  p h o s p h o r y l c h o l i n e  was e s t ima ted  by  
sub t r ac t ing  the  free chol ine  c o n t e n t  f rom the  
to ta l  chol ine.  

In the  p rocedure  for  the  d e t e r m i n a t i o n  of  
phospho ry l cho l i ne ,  it was f o u n d  t ha t  two  
subs tances  na tu ra l ly  occurr ing  in liver, i.e., 
CDP-chol ine  and c~-gly c e r o 1-phosphoryl-  
chol ine,  did no t  in te r fe re  in the  d e t e r m i n a t i o n .  
Art i f ica l ly  add ing  to the  l iver ex t rac t s  100% 
more  a - g l y c e r o p h o s p h o r y l c h o l i n e  and  20 t imes  
more  CDP-chol ine  as r epo r t ed  in liver by  
Sund le r  et  al. (6) and  Haines  and  Rose (11) ,  
respect ively,  did n o t  cause e n h a n c e m e n t  in the  
e s t ima t ion  of p h o s p h o r y l c h o l i n e .  

EXPERIMENTAL 

To d e m o n s t r a t e  the  in f luence  of  d ie tary  
chol ine  on  hepa t i c  levels of  chol ine  and  phos-  
phory lcho l ine ,  male  Sprague-Dawley rats  (250  
g) were divided in to  three  groups.  One group  
was fed the  cho l ine-def ic ien t  diet  of  F r e n c h  
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(12) for five days and another group was fed 
the French (12) control diet for the same 
period. A third group was fed a 50:50 mixture 
by weight of the choline deficient diet and the 
control diet. The daily intake of choline of the 
animals on the deficient diet was negligible, 
where with the control diet the average daily 
intake was 114 mg and with the mixed diet 57 
mg. The animals were killed in the nonfasting 
state and their livers promptly assayed for 
levels of choline and phosphorylcholine. 

Also, in order to establish the levels of 
choline and phosphorylcholine in animals fed 
regular commercial rat diet, rats similar to those 
above were fed Purina rat pellets for 30 days 
and the nonfasted livers assayed for these 
metabolites. 

In this study animals fed choline were 
compared to animals on a choline-deficient diet 
which is known to produce some fatty infiltra- 
tion of the liver in five days. In addition to 
expressing results on the basis of/1moles per g 
of tissue, they were also expressed on the basis 
of  /amotes per total liver per 100 g of body 
weight for proper comparison (13). 

RESULTS 

One of the main advantages of the present 
method for the analyses of choline and phos- 
phorylcholine in livers is that it is markedly 
simpler than other methods previously de- 
scribed and the results obtained are of the same 
order of magnitude as those reported by other 
investigators (14,15). As shown in Figure 1, the 
standard curve is linear, and this is true whether 
the standard is choline or phosphorylcholine 
which has been hydrolyzed by acid phospha- 
tase. 

The reliability of the method lies in the 
recovery studies which were conducted on 
livers from animals fed a commercial rat chow 
(Purina). Table I shows that good recoveries 
were obtained at two different levels for both 
choline and phosphorylcholine. Table II dem- 
onstrates that hepatic pool sizes of both com- 
pounds vary with the availability of choline in 
the diet. 

DISCUSSION 

In the development of the present method, 
advantage was taken of the earlier finding (8) 
that semen acid phosphatase can be used to 
liberate choline from the "esterified choline" 
(phosphorylcholine). Since semen acid phos- 
phatase was unavailable, acid phosphatase 
obtained from wheat germ (Sigma Chemical 
Co.) was tested but found to be ineffective in 
hydrolyzing phosphorylcholine to free choline. 

The use of acid phosphatase from a potato 
source (Sigma Chemical Co.), however, was 
found to effect total hydrolysis in a 0.1 M 
citrate buffer at pH 4.8 and hence afforded the 
analysis of phosphorylcholine by difference 
using the procedure of Appleton et al. (7) for 
free choline before and after enzyme hydroly- 
sis. 

The data listed in Table II show that an 
increased dietary level of choline does reflect 
itself in the hepatic choline and phosphorylcho- 
line pool sizes. These data tend to confirm 
earlier work conducted in this laboratory (16) 
using the isolated perfused liver technique 
which demonstrated that the uptake of choline 
by the liver is directly related to the level 
of choline presented to it in the perfusate. 

The data in Table II also tends to confirm 
the work reported by Thompson et al. (4) that 
a diet deficient in choline depresses the phos- 
phorylcholine pool in the liver. Since, as 
stated above, the phosphorylcholine pool in 
liver may be highly important from a lipotropic 
standpoint, any agent which may impede the 
absorption of choline or the uptake of choline 
by the liver may be detrimental to liver integ- 
rity. 

The procedure described herein for the 
convenient, specific, and accurate measurement 
of hepatic choline and phosphorylcholine is 
submitted to permit further studies into the 
roles played by choline and phosphorylcholine 
in the well-being of the liver and the disease 
states of this organ. 
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COMMUNICATIONS 

Substrate Selectivity of Diacylglycerol Kinase in Guinea Pig 
Brain 1 

B.J. HOLUB and J. PIEKARSKI,  Department of Nutrition, University of Guelph, 
Guelph, Ontario, Canada N1G 2W1 

ABSTRACT 

The present study was conducted to test the selectivity of the microsomal diacylglycerol kinase 
(ATP:l,2-diacyl-sn-glycerol phosphotransferase) from guinea pig brain towards different 1,2-diacyl-sn- 
glycerols. The molecular species added to the incubation medium as substrates were a mixture of the 
1-[3H]palmitoyl plus 1-[14C]stearoyl homologs of either the monoenoic (2-oleoyl), dienoic 
(2-linoleoyl), tetraenoic (2-arachidonoyl), or hexaenoic (2-docosahexaenoyl) diacylglycerolso Rates of 
phosphatidic acid synthesis (1-palmitoy plus 1-stearoyl homologs) with each of the four classes of un- 
saturated diacylglycerols were not greatly different, although they were moderately higher in the case 
of the monoenes. No marked enzyme selectivity for either the 1-palmitoyl or 1-stearoyl homolog of 
the various 1-saturated 2-unsaturated diacylglycerols was apparent. Generally similar results were 
obtained with the diacylglycerol kinase in rat brain microsomes. 

INTRODUCTION 

The pioneering work of Hokin and Hokin 
(1) characterized the presence of diacylglycerol 
kinase (ATP:l,2-diacyl-sn-glycerol phospho- 
transferase) in microsomal preparations from 
guinea pig brain. The stimulatory effect of  
added diacylglycerol prepared from cabbage 
phosphatidic acid on phosphatidate synthesis 
was 20- and 82-fold greater than that found 
with diacylglycerol from brain phosphatidyl- 
choline and 1-palmitoyl 2-oleoyl diacylglycerol, 
respectively (1). Previous experiments have 
revealed that the diacylglycerol kinase in rat 
brain microsomes shows only a moderate 
selectivity towards various diacylglycerols 
which contained saturated fatty acids in the 
1-position (mixture of palmitate plus stearate) 
and different unsaturated acids in the 2-posi- 
tion (2). The work of Kanoh and Akesson (3) 
indicated that the microsomal and soluble 
diacylglycerol kinase from rat liver did not 
possess marked selectivity in utilizing diacyl- 
glycerols of different unsaturation. 

The purpose of the present investigation was 
to compare various 1-saturated 2-unsaturated 
diacylglycerols, as well as their 1-palmitoyl and 
1-stearoyl homologs, as substrates for the 
diacylglycerol kinase in microsomes from 
guinea pig brain. The 1-saturated 2-oleoyl, 

1presented in part at the AOCS Annual Meeting, 
St. Louis, May 1978. 

2-1inoleoyl, 2-arachidonoyl, and 2-docosahexa- 
enoyl diacylglycerols were tested as substrates 
since these molecular speices predominate in 
phosphatidic acid from guinea pig brain (4). 
For comparative purposes, parallel experiments 
were conducted on the diacylglycerol kinase in 
rat brain microsomes. 

EXPERIMENTAL PROCEDURES 

Microsomes were prepared from the pooled 
brains of male guinea pigs or rats according to 
the method of Eichberg et al. (5). Microsomal 
protein was determined as described by Lowry 
et al. (6). Assay conditions for measuring 
phosphafidic acid synthesis via the diacylglyc- 
erol kinase were based on the work of Holub 
and Piekarski (2) as modified from Lape- 
tine and Hawthorne (7). The reaction mixture 
consisted of  50 mM potassium phosphate 
buffer (pH 7.4), 0.6 mM 1,2-diacyl-sn-glycerol, 
8.0 mM MgC12, 10.0 mM NaY, 2.4 mM sodium 
deoxycholate, 5.6 mM ATP, and 0.6 mg of 
microsomal protein in a total volume of 0.5 ml. 
The radioactive diacylglycerols were prepared, 
characterized, and introduced into the incuba- 
tion medium exactly as described (2,8). The 
molecular species added to the medium were a 
mixture of the 1-[ 3H] palmitoyl and 1-[ 14C]. 
stearoyl homogs of either the 2-oleoyl (mono- 
enoic), 2-1inoleoyl (dienoic), 2-arachidonoyl 
(tetraenoic), or 2-docosahexaenoyl (hexaenoic) 
diacylglycerols having (palmitate/stearate) 
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TABLE 1 

Utilization of Different Molecular Species of Diacylglycerols by Diacylglycerol 
Kinase in Guinea Pig and Rat Brain Microsomes a 

Rate of phosphatidate synthesis (nmol/min /mg  protein) 

Guinea pig brain Rat brain 

Molecular species 1-Palmitoyl 1-Stearoyl 1-Palmitoyl 1-Stearoyl 
of diacylglycerols homolog homolog Total homolog homolog Total 

Monoenes 7.60 • 0.55 1.86 -+ 0.19 9.46 + 0.75 h 4.51 + 0.18 1.20 • 0.09 5.71 + 0.26 b 
(1-saturated 2-oleoyl) 

Dienes 3.35 • 0.20 3.17 • 0.42 6.52 • 0.43 c 1.81 • 0.30 1.78 • 0.29 3.59 • 0.59 c 
(1-saturated 2-1inoleoyl) 

Tetraenes 2.29 • 0.29 2.41 • 0.26 4.70 • 0.55 c 1.34 • 0.12 1.41 • 0.05 2.75 • 0.17 c 
(1-saturated 2-arachidonoyl) 

Hexaenes 2.54 • 0.30 1.70 • 0.16 4.24 • 0.46 c 2.11 • 0.18 1.48 • 0.09 3.60 + 0.26 c 
( 1 -saturated 2-docosahexaenoyl) 

aAll values are given as means • S.E. (n - 3). Means in the vertical columns for the total phosphatidate (1-palmitoyl 
plus 1-stearoyl homologs) having different superscript letters are significantly different from each other (P<0.01) as 
determined by analysis of variance and Duncan's multiple range test (9). 

TABLE II 

Relative Utilization of 1-Palmitoyl and 1-Stearoyl Homologs of Various Classes of 
Diacylglycerols by Diacylglycerol Kinase in Guinea Pig and Rat Brain Microsomes a 

Molecular species Selectivity index 
of diacylglycerols Guinea pig brain Rat brain 

Monoenes 1.19 -+ 0.04 1.09 + 0.03 
(1-saturated 2-oleoyl) 

Dienes 0.97 +- 0.14 0.90 + 0.01 
(1-saturated 2-1inoleoyl) 

Tetraenes 1.07 + 0.02 1.08 -+ 0.06 
(l-saturated 2-arachidonoyl) 

Hexaenes 0.88 -+ 0.02 0.84 +- 0.02 
(1-saturated 2-docosahexaenoyl) 

aAll values are given as means -+ S.E. (n = 3). The selectivity index was calculated for 
each unsaturation class as (rate of  synthesis of  1-palmitoyl phosphatidate]rate of synthesis 
of 1-stearoyl phosphatidate) divided by molar ratio (1-palmitoyl homolog/1-stearoyl 
homolog) in corresponding diacylglycerol precursor. 

m o l a r  r a t io s  o f  3 .45 ,  1.13,  0 .88 ,  and  1.69,  
r e spec t ive ly ,  and  i s o t o p e  r a t io s  ( 3 H / 1 4 C )  o f  ca. 
1.00. A f t e r  a p r e i n c u b a t i o n  pe r i od  o f  2 m i n ,  
t h e  r e a c t i o n  was  in i t i a ted  b y  the  a d d i t i o n  o f  
e n z y m e .  I n c u b a t i o n s  were  c o n d u c t e d  at 37 C 
f o r  5 m i n  a f t e r  w h i c h  the  r eac t i on  was  t e rmi -  
n a t e d  and  p r o d u c t  f o r m a t i o n  was  m e a s u r e d  as 
p r e v i o u s l y  desc r ibed  (2) .  

RESULTS A N D  DISCUSSION 

Table  I gives the  r e a c t i o n  r a t e s  fo r  p h o s p h a -  
t idic  acid s y n t h e s i s  w h e n  the  d i f f e r en t  diacyl-  
g lycero l s  were  t e s ted  as subs t r a t e s .  Wi th  the  
m i c r o s o m e s  f r o m  gu inea  pig bra in ,  ra tes  fo r  t h e  
to t a l  m o n o e n e s ( 1 - p a l m i t o y l  p lu s  1-s tearoyl  
h o m o l o g s )  were  m o d e r a t e l y  g rea t e r  t h a n  t h o s e  

f o r  the  dienes ,  t e t r aenes ,  o r  h e x a e n e s  in a 
m a n n e r  w h i c h  was  s ta t i s t ica l ly  s ignf ican t  
( P < 0 . 0 1 ) .  The  ra tes  f o r  the  l a t t e r  th ree  classes 
were  n o t  s igni f icant ly  d i f f e r e n t  ( P > 0 . 0 1 ) .  In  
t he  case o f  ra t  b r a in  m i c r o s o m e s ,  t he  ra tes  fo r  
t he  to t a l  m o n o e n e s  were  m o d e r a t e l y  g rea te r  
t h a n  t h o s e  f o r  the  m o r e  u n s a t u r a t e d  classes in 
a g r e e m e n t  w i t h  p r e v i o u s  f ind ings  (2) .  

T h e  select ivi ty  o f  the  d iacy tg lycero l  k inase  
f o r  e i the r  the  t - p a l m i t o y l  o r  1-s tearoyl  h o m o -  
log o f  the  va r ious  2 - u n s a t u r a t e d  d iacy lg lycero l s  
was  ca lcula ted  (Tab le  I I ) .  A se lec t iv i ty  i n d e x  o f  
t .00 ind ica tes  n o  e n z y m e  se lec t iv i ty ,  w h e r e a s  a 
m e a n  i ndex  w h i c h  is s ign i f ican t ly  g rea t e r  o r  less 
t h a n  1.00 w o u l d  r e p r e s e n t  a p r e f e r e n c e  fo r  the  
1 -pa lmi toy l  and  1-s tearoyl  species ,  r e spec t ive ly .  
Regard less  o f  t he  u n s a t u r a t e d  f a t t y  acid in t he  
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2-posi t ion,  the  microsomal  enzyme  from guinea 
pig brain gave selectivity indices which were 
wi thin  19% of  uni ty  and wi thin  30% of  each 
other .  The diacylglycerol  kinase f rom rat brain 
also exhib i ted  very little selectivity for  palmi- 
tate or stearate in the 1-position in accordance  
wi th  an earlier s tudy (2). 

The present  work was of  part icular  interest  
because of  an earlier repor t  tha t  the effect ive-  
ness of  diacylglycerols f rom various sources as 
substra tes  for  the microsomal  diacylglycerol  
kinase from guinea pig brain differed by up to 
82-fold (1). The 1-saturated 2-unsaturated 
diacylglycerols tes ted herein  co r r e sponded  to 
those molecular  species present  in phospha t id ic  
acid f rom guinea pig brain (4). Only a modera t e  
preference  of  the  kinase for  tota l  (1-palmitoyl  
plus 1-stearoyl homologus )  m o n o e n o i c  relative 
to o ther  unsa tura ted  diacylglycerol  mix tures  
was indicated.  The enzyme  f rom guinea pig 
brain did no t  exhibi t  a significant preference  
for e i ther  palmita te  or s tearate in the 1-posi- 
t ion.  

ACKNOWLEDGMENT 

This work was supported by a grant from the 
Medical Research Council of Canada. 

REFERENCES 

1. Hokin, M.R., and L.E. Hokin, J. Biol. Chem. 
234:1381 (1959). 

2. Holub, B.J., and J. Piekarski, J. Neurochem. 
31:903 (1978). 

3. Kanoh, H., and B. Akesson, Eur. J. Biochem. 
85:225 (1978). 

4. Luthra, M.G. and A. Sheltawy, J. Neurochem. 
27:1503 (1976). 

5. Eichberg, J., V.P. Whittaker, and R.M.C. Dawson, 
Biochem. J. 92:91 (1964). 

6. Lowry, O.H., N.J. Rosebrough, A.L. Farr, and 
R.J. Randall, J. Biol. Chem. 193:265 (1951). 

7. Lapetina, E.G., and J.N. Hawthorne, Biochem. J. 
122:171 (1971). 

8. Holub, B.J., J. Biol.  Chem. 253:691 (1978). 
9. Steel, R.G.D., and J.H. Torrie, "Principles and 

Procedures of Statistics," McGraw-Hill Book 
Company, Inc., New York, 1960, pp. 194-253. 

[Received November  I4 ,  1978] 

Back Copies Needed 
AOCS needs the following back copies of Lipids: Volume 12(1977) January and 

February. 
The Society will pay $1.50 for each copy received in reusable condition. Send to 

AOCS, 508 South Sixth Street, Champaign, I L 61820. 

LIPIDS, VOL. 14, NO. 3 



Fatty Acid Metabolism in the Calanoid Copepod Paracalanus 
parvus: 1. Polyunsaturated Fatty Acids 
VICTOR J. MORENO, JULIA E.A. DE MORENO 1, and RODOLFO R. BRENNER 2, 
C~tedra de Quimica Biol@ica, Dpto. de Biologh, Universidad Nacional de Mar del Plata and 
I.N.I.D.E.P. 3 Mar del Plata and C~tedra de Bioquknica, Instituto de Fisiologia, Facultad de Ciencias 
Mddicas, Universidad Nacional de La Plata, Argentina 

AgSTRACT 

The metabolic fate of radioactive linoleate and a-linolenate administered to the South Atlantic 
copepod Paracalanus parvus was studied. The wild copepod was able to incorporate the labeled acids 
dissolved in seawater. The radioactive linoleate was elongated to 20:2to6 and 22:2w6 and desaturated 
by a A6 desaturase to 18:3w6. a-Linolenate was also desaturated by a A6 desaturase to 18:4eo3 and 
elongated to 20:3~03. The copepod was able to convert a-18:3 to 20:5co3 and 22:6~o3. 

INTRODUCTION 

Phy top lank ton  is the first l ink of  the food 
chain in the sea. Some algae are able to synthe-  
size de novo the polyunsatura ted  acids 20:56o3 
and 22:6663 (1,2) that  are preferent ial ly  found 
in marine animals instead of  20:4606 acid that  
is found predominan t ly  in land animals. We 
have shown in previous work (3) that  the 
phy top lank tofagous  mollusc M e s o d e s m a  mac- 
troides is no t  only able to incorporate  polyun-  
saturated acids of  phy top lank ton ,  but  also to 
convert  l inoleic,  and a-l inolenic acid to higher 
members  of  the families. Therefore ,  these 
animals and others  may  cont r ibute  to modi fy  
the primary fa t ty  acid compos i t ion  synthesized 
by the phy top lank ton .  

Zoop lank ton  is an impor tan t  link in the 
marine food chain and calanoid copepods  
especially are crucial,  since they are phy to-  
planktofagous and the major  food of  a variety 
of  fish. For  this reason, we have decided to 
study the capacity of  Paracalanus parvus  to 
convert  l inoleic and ce-linolenic acids to highly 
polyunsaturated acids. P. parvus  is a cosmopol i -  
tan calanoid copepod,  abundant  in Argent ine  
sea waters. It largely modif ies  the amoun t  and 
composi t ion  of the fa t ty  acids with the eco- 
logical condi t ions  (4). 

MATERIALS AND METHODS 

Materials 

The acids [l-14C] l inoleic (56 mCi /mmol )  and 
[1-14C]a- l inolenic  (57 m C i / m m o l )  were p r o -  

lMember of  the Carrera del Investigador Cient{fico 
of the Comisidn de Investigaciones Cient{ficas de la 
Provincia de Buenos Aires. 

2Member of the Carrera del Investigador Cient|fico 
of the Consejo Nacional de Investigaciones Cientlficas 
y T~cnicas. 

3Address: Instituto Nacional de Investigacidn y 
Desarrollo Pesquero Casilla de Correo 175, 7600-Mar 
del Plata, Argentina. 

vided by Amersham-Searle  (Amersham,  Eng- 
land). The radiochemical  puri ty was higher than 
99%. 

Organisms 

Calanoid copepods  P. parvus of 0.75-0.80 
mm were col lected in September ,  in shore, in 
Mar del Plata, Buenos Aires Province,  Argen- 
tina, wi th  zoop lank ton  nets (160-180/ . t  mesh).  
In the laboratory  they were suspended in fresh, 
sterile sea water  and fi l tered through a th icker  
sieve to el iminate larger organisms than this 
copepod.  They were concent ra ted  on the 
surface of  the water  by light a t t ract ion,  f i l tered 
through a 160-180 p mesh and washed with  
sterile sea water.  The sample of  P. parvus  so 
obtained was more  than 90% pure. The organ- 
isms were then transferred to the incubat ion  
solution.  

Incubation 

The incubat ion solut ion was prepared with  
sterile synthet ic  sea water  and the a m m o n i u m  
salt of  the radioactive fat ty  acids. The concen-  
t ra t ion of  the fa t ty  acids in the med ium was 
0.06-0.10 ~tM. 

One gram (wet weight)  of  the wild P. parvus  
was incubated  in 2400 ml of  incubat ion  solu- 
t ion at 15 -+ 2 C. A stream of  air was gently 
passed through the solution. Af te r  de termined  
periods of  t ime,  the copepods  were col lected in 
a net  and repeatedly  washed with  fresh syn- 
thet ic  sea water  unti l  the washings were free o f  
radioactive material .  The copepods  were then 
dried on filter paper and the  lipids ext rac ted  
with  ch lo ro fo rm-methano l  (2:1 v/v) (5). The  
lipids were weighed and the radioact ivi ty 
counted  in a Packard scinti l lation counter .  
They were saponified,  the nonsaponif iable  
ext rac ted ,  the aqueous-alcohol ic  solut ion acidi- 
fied and the free acids were taken in pe t ro leum 
ether.  The free acids were esterified with  
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T A B L E  I 

Rad ioac t iv i ty  I n c o r p o r a t e d  in the Lipids o f  P. parvus  a f t e r  I n c u b a t i o n  
wi th  [ 1-14C ] Linoleic  and [ 1 -14 Cla -L in o l en i c  Acids  a 

Rad ioac t iv i ty  

Subs t ra te  Fa t ty  acids Nonsapon i f i ab le  Water  soluble p r o d u c t s  Non iden t i f i ed  

[ I - 1 4 C ]  18:2606 74.8 18.2 1.0 6.0 

[ 1-14C] 18:3603 73.2 18.5 1.2 7.1 

a T h e  c o p e p o d s  were  i n c u b a t e d  dur ing  5 hr .  Resul ts  r ep re sen t  the  p e r cen t  d i s t r ibu t ion  o f  the  radio-  
act iv i ty  in the tota l  lipids e x t r a c t e d  wi th  C 1 3 C H - C H 3 O H  (2:1 v /v) .  T h e y  are the m e a n  of  two  incuba-  
t ions o f  ca.  1 g cope pods .  

T A B L E  II  

Rad ioac t iv i ty  Dis t r ibu t ion  in P. 14 parvus  Fa t ty  Acids  
a f te r  I n c u b a t i o n  wi th  [ I-  C] Linoleic  Acid  a 

T i m e  of  i ncuba t ion  (hr)  

Fa t ty  acids 1 hr  5 hr  12 hr 

14:0 --- 0 .6 + 0 --- 
1 6 : 0 +  16:1 0.8 • 0.1 4 . 0 -  + 0.6 3.3-+ 0 . I  
18:0  + 18:1 2.3 • 0.2 0.8 -+ 0.2 1.5 -+ 0.1 
18:26o6 86.5 -+ 0.5 85.3 • 1.0 86.1 -+ 0.9 
18:3606 1.5 • 0.1 1.8 • 0 .4 1.6 -+ 0.3 
20 :0  1.3 +_ 0.1 . . . . . .  
20:1 0.9 -+ 0.1 --- 1.7 -+ 0.2 
X 1.9 -+ 0.1 . . . . . .  
20:2606 1.0 • 0.1 4.6 • 0.8 4.1 -+ 0.1 
20:3606 1.S • 0.1 0.7 • 0.1 --- 
22:2606 2.3 • 0.5 2.1 +- 0.3 1.7 + 0.2 
Total  i nco rpo ra t ion  
in the lipids (%) 4.1 -+ 0.5 b 9.3 -+ 0.6 12.2 -+ 1.8 

aResul t s  r ep re sen t  the  presen t  d is t r ibut ion  of  the  rad ioac t iv i ty  in the f a t t y  acids. T h e y  
are the  mean  of  the  analysis of  t w o  samples  o f  1 g copepods  _+ e x t r e m e  values.  Th e  e h r o m a -  
t o g r a m  was run  until  2 2 : 6  603 peak .  

bThe  rad ioac t iv i ty  m e a s u r e d  in the  m e d i u m  before  incuba t ion  was cons idered  100%. 

methanol and sublimated (6). 
The distribution of radioactivity in the fatty 

acid methyl esters was determined by gas liquid 
radiochromatography in a Pye apparatus 
equipped with a proportional counter as 
described previously (3). 

RESULTS AND DISCUSSION 

Radioactivity Incorporation in the Lipids 

The incorporation of the radioactivity of the 
fatty acids in the lipids of P. parvus is summa- 
rized from Tables I to III. After 1 hr incuba- 
tion, 4.1 to 4.2% of the radioactivity of [1-14C] 
linoleic and [1-14C] a-linolenic acids was 
incorporated in the lipids of P. parvus. These 
figures increased with time, reaching 12.2% and 
13.2%, respectively, after 12 hr. Therefore, the 
wild copepod is able to absorb fatty acids 
dissolved in the sea water and incorporate them 
to the lipids. Table I shows that after 5 hr, 
more than 70% of the incorporated radioactiv- 

ity was present in the fatty acids and the rest in 
the nonsaponifiable, water soluble compounds 
and unidentified products. Therefore, although 
the majority of the labeling remained in the 
substrate and the fatty acids derived from the 
substrate, part of the linoleic and a-linolenic 
acids was metabolized. A substantial proportion 
of the [ t4C] of both substrates went to the 
nonsaponifiable fraction. Unfortunately, this 
fraction was lost, and we could not determine if 
the radioactivity was present in wax esters, 
alcohols or other similar products that have 
been found in copepods (7). However, previ- 
ously we found that samples of P. parvus 
collected in July and October contained little 
wax esters (4). Therefore, the labeled non- 
saponifiable might represent another lipid, but 
this is improbable. 

Biosynthesis of Fatty Acids of 
Linoleic Acid Family 

The distribution of the radioactivity in the 

LIPIDS,  VOL.  14, NO. 4 



P O L Y U N S A T U R A T E D  A C I D S  I N  P. P A R  V U S  

T A B L E  I I I  

L a b e l i n g  Dis t r ibu t ion  in  P. parvus  F a t t y  A c i d s  
a f t e r  I n c u b a t i o n  w i t h  [ 1 -14  C ] c~-Linolen ic  A c i d  a 
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T i m e  o f  i n c u b a t i o n  ( h r )  

Fatty a c i d s  1 h r  5 h r  

1 4 : 0  ___ 0 . 9  -+ 0 
1 6 : 0  + 1 6 : 1  0 . 7  -+ 0 . 3  5 .9  +- 0 .5  
1 8 : 0  0 . 3  + 0 .1  0 . 9  -+ 0.1 
1 8 : 1  0 .2  -+ 0.1 1 .6  +- 0 .2  
1 8 : 2 c o 9  0 . 2  • 0 .1  - -  
1 8 : 3 c o 3  9 0 . 2  + 1.1 7 8 . 2  -+ 1.2 
1 8 : 4 c o 3  2 . 4  -+ 0.1 2 .1  +- 0 .1  
X 1.7  +- 0 .1  - -  
2 0 : 3 t o 3  3 .4  +- 0 . 5  5 .7  +- 0 . 3  
2 0 : 4 t o 3  0 . 9  • 0 . I  0 . 6  +- 0 .1  
2 0 : 5 6 o 3  ___ 1.9 +- 0 . 3  
2 2 : 3 t o 3  -_. 0 . 8  -+ 0 . 2  
2 2 : 4 0 ) 3  . .-  0 .5  • 0. I 
2 2 : 5 t o 3  ._  0 . 3  • 0 
2 2 : 6 6 0 3  - -  0 . 6  • 0 .1  
T o t a l  i n c o r p o r a t i o n  
in  t h e  l i p i d s  (%)  4 . 2  + 0 . 2  b 1 0 . 4  -+ 1.5 

a R e s u l t s  r e p r e s e n t  t h e  p e r c e n t  d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v i t y  in  t h e  f a t t y  a c i d s .  T h e y  
a re  t h e  m e a n  o f  t h e  a n a l y s i s  o f  t w o  s a m p l e s  o f  1 g c o p e p o d s  + e x t r e m e  v a l u e s .  T h e  c h r o m a -  
t o g r a m  w a s  r u n  u n t i l  2 2 : 6 ~ o 3  p e a k .  

b T h e  r a d i o a c t i v i t y  m e a s u r e d  in  t h e  m e d i u m  b e f o r e  i n c u b a t i o n  w a s  c o n s i d e r e d  1 0 0 % .  

fatty acids of P. parvus after the incubation of 
the copepod with [1-14C]linoteic acid is 
illustrated in Table II. The total radioactivity 
incorporated in lipids increased with the 
incubation time, but most of this increase 
occurred between 1 and 5 hr. Therefore, since 
the percent distribution in the fatty acids 
remained rather constant from 1 to 12 hr 
incubation, it means that the radioactivity 
increased steadily in all the fatty acids of Table 
II. The wild organism was able to elongate and 
desaturate the fatty acids, but since small 
amounts of labeling were also found in the 
fatty acids: 14:0, 16:0, 16:1, 18:0, 18 :1 ,20 :0  
and 20:1, we may admit that part of the 
substrate was oxidized and labeled acetate so 
formed was used in de novo synthesis of fatty 
acids. 

Labeled linoleic acid was converted to 
18:36o6. Therefore, we must conclude that a 
A6 desaturase is present. In addition, 20:26o6, 
20:3666 and 22:26o6 acids were also labeled, 
suggesting the existence of elongating enzymes. 
Both types of enzymes are present in land 
animals and, together with a A5 desaturase that 
converts 20:3606 to 20:4606, contribute to the 
synthesis of arachidonic acid (8). However, 
even after 12 hr incubation, no labeling in 
arachidonic acid was detected. Similar results 
were also obtained by us when [ 1-I4C]linoleic 
acid was administered to the marine mollusc 
M e s o d e s m a  mac t ro ides  (3). The difficulty in 

synthesizing arachidonic acid in both marine 
animals could be attributed to the absence or 
very low activity of the A5 desaturase, since the 
desaturation does not go farther than 20:3606. 
However, the absence of the enzyme is appar- 
ently not admissible, since [ 1-14C1 ot-linolenic 
acid was converted by the copepod to 20:5663 
acid (Table Ill). Besides, it is known (9) that 
the same A5 desaturase converts 20:36o6 to 
20:4606 and 20:4603 to 20:56o3. Therefore, it 
would be easier to admit that the absence or 
very low synthesis of arachidonic acid, when 
compared to the synthesis of 20:5603 shown in 
Table III, is apparently the consequence of low 
A5 desaturase activity and preferential inhibi- 
tion of the A5 desaturation of fatty acid of  
linoleic acid family. Note that the activity of 
the A5 desaturase is lower in the fish Pirnelodus 
macula tus  than in the rat, whereas the activity 
of the A6 desaturase is higher (9). 

Biosynthesis of Fatty Acids of 
~-Linolenic Family 

The distribution of the radioactivity of 
[ 1-14C]c~-linolenic acid in the fatty acids of P. 
parvus is shown in Table III. Again the amount 
of the labeled acid incorporated increased with 
the incubation time. Some oxidation of the 
substrate and de novo synthesis of fatty acids 
took place apparently, since the radioactivity 
was also detected in 14:0, 16:0, 16:1, 18:0, 
18:1 and 18:2669 peaks. 
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FIG. 1. Possible biosynthetic chains of the fatty 
acids of co6 and co3 families in P. parvus. 

During 1 hr incubation, the 18:3co3 acid 
apparently followed two independent 
biosynthetic pathways. On one side, it was 
elongated to 20:3003 and, on the other, it was 
converted to 18:4co3 by a A6 desaturase. After 
this time, the biosynthetic route only reached 
18:4co3 acid step. After 5 hr incubation, the 
biosynthesis went farther on synthesizing the 
acids of 003 family: 20:5, 22:3, 22:4, 22:5 and 
22:6. Therefore, it is possible to deduce that 
the wild P. parvus has the full array of enzymes, 
A 6, A5 and A4 desaturases as well as the 
elongating systems, recognized in the mammals 
to synthesize 20:5003 and 22:6 6o3 from 
1 8 : 3 c o 3  (Figure 1). However, it was apparently 
some catabolism of administered [ 1-14C] a-lin- 
olenic acid to [1-14C]acetate which, in turn, 
was used to synthesize 14:0, 16:0, 18:0, and 
18:1 acids. Therefore, it could be expected 
that labeling of polyunsaturated fatty acids of 
20 and 22 carbons could be produced by 
biosynthesis from this [14C] acetate. The same 
reasoning could be applied to the polyunsatu- 
rated acids 20:2co6, 20:3006, and 22:2006 
biosynthesized when [ 1-14C]linoleate was 
administered. However, the different labeling 
patterns produced from [ 1-14C]linoleate com- 
pared to [ 1-14Cla-linolenate seem to indicate 
the desaturation and elongation of exogenous 
linoleate and a-linolenate. This would confirm 
the lack of label in the polyunsaturated fatty 
acids of 20 and 22 carbons following adminis- 
tration of [ 1-14C] acetate (10). 

The biosynthetic route outlined in Figure 1 
has been also suggested for other marine 
animals. Morris et al. (11) showed the bio- 
synthesis of 20:5003 and 22:6003 in N e o m y s i s  
integer after the administration of labeled 
18:3co3 acid. Moreno et al. (3) also showed 
that the clam M. mac t ro ides  converts 18:3co3 
to 18:4co3 and 20:3003 acids. Kayama et al. 
(12), after [1-14C 1 18:3o03 injection to the fish 
Paralabrax c lathratus  suggested that 20:5co3 
and 22:6co3 biosynthesis was produced by the 
same pathways found in the rat (8,13,14). 
Besides, the properties of the A6 desaturase in 
the fish P. macu la tus  and the conversion of 

18:36o3 to 18:4co3 and 18:2co6 to 18:36o6 
acids have been carefully studied (9,15). 
Therefore, in spite of the scarce information 
available and the large variety of marine life, it 
is possible to consider that at least in many sea 
animals the biosynthetic chain of polyunsatu- 
rated fatty acids is the same recognized in 
mammals. 

Since all the experiments shown in this work 
were not performed with axenic cultures, but 
with wild copepods with less than 100% purity, 
it is possible to discuss if the biosynthetic 
pathways outlined in Figure 1 correspond to P. 
parvus or if they are the joined contribution of 
P. parvus and other microorganisms. This last 
possibility is rather unlikely since the purity of 
the sample was higher than 90%, and the 
biosynthetic routes found did not deviate from 
the "normal" pathways typical of animals. 
Therefore, if some other microorganisms also 
contributed to the results, this contribution 
would be very small, and it would not invali- 
date the conclusions. 

The presence of 18:36o3 in diatoms and 
other components of phytoplankton constitut- 
ing P. parvus food is not very high, whereas 
20:56o3 and 22:6co3 acids are rather abundant 
in the same food sources (1,2,4). Therefore, 
although the copepod has the capacity to 
synthesize its own 20:5co3 and 22:6co3 acids 
from a-linolenate, the predominance of these 
fatty acids in the copepod composition (4) is 
apparently mainly due to the food composition 
(Fig. 1). In the last instance, some unicellular 
components of phytoplankton for still un- 
known reasons, require and synthesize de novo 
20:5w3 and 22:6co3 acids. 
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ABSTRACT 

The de novo biosynthesis of fatty acids in the wild, calanoid copepod Paracalanus parvus was 
studied. The incubation of labeled acetate proved the de novo biosynthesis of saturated and 
monounsaturated even fatty acids from 14 to 20 carbons and the 22:1 acid. Saturated and monoun- 
saturated uneven fatty acids from 15 to 21 carbons were also synthesized. The copepod could not syn- 
thesize linoleic and c~-linolenic acids. By administration of [1-14C]palmitate, [1-14C]stearate and 
[1-14C] oleate, it was possible to elucidate the general pattern of the de novo biosynthesis of fatty 
acids in the wild P. parvus. 

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

In a previous  paper  (1) ,  the  l ipid and the  
fa t ty  acid c o m p o s i t i o n s  of  the  wild c o p e p o d  
Paracalanus parvus col lec ted  in Mar del Plata 
shores,  Argent ina ,  were repor ted .  It  was also 
r epo r t ed  (2)  t ha t  e i the r  c~-linolenate or  l inolea te  
dissolved in the sea wa te r  were i n c o r p o r a t e d  
in to  the  l ipids of  the  copepod  and conve r t ed  to 
h igher  homologs .  T he  c rus tacean  had  a A6 
desaturase  t ha t  conver t ed  18:2co 6 to 18:3co6 
and  18:3co3 to 18:4co3. It was also able to  
e longate  b o t h  subs t ra tes  to  f a t ty  acids of  20 
and  22 carbons .  

E i c o s a p e n t e n o i c  ( 2 0 : 5 0 ) 3 ) a n d  22:6~o3 acids 
were syn thes ized  by the  c o p e p o d  f rom ~-lino- 
l ena te  appa ren t ly  fo l lowing the  no rma l  rou te  
f o u n d  in m a m m a l s  (3).  

In the  p resen t  work ,  these  r epor t s  are 
c o m p l e t e d  by  the i n c u b a t i o n  of  the  c o p e p o d  
wi th  labeled ace ta te ,  pa lmi ta t e ,  s teara te  and  
oleate .  In this  way ,  the  de n o v o  b iosyn thes i s  of  
fa t ty  acids was invest igated.  

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

Materials 

[C 14 ] Labe led  stearic,  pa lmi t ic ,  and  oleic 
acids as well  as sod ium [ l [ 4 C ] a c e t a t e  were 
p rov ided  by  Amersham-Sear le  ( A m e r s h a m ,  
England) .  The  r ad iochemica l  pur i ty  was h igher  
t han  99%. 
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Provincia de Buenos Aires. 
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Organisms 

The calanoid copepods  P. parvus were 
col lec ted  in S e p t e m b e r  (in the  Sou th  At lan t i c  
coast ,  in Mar del Plata,  Argen t ina )  wi th  a 
z o o p l a n k t o n  ne t  of  160 /180  mesh.  They  were 
pur i f ied  and c o n c e n t r a t e d  by  the  ' p rocedure  
already descr ibed (2).  

P r ocedu re 

The  same m e t h o d  descr ibed in the  previous  
paper  (2)  was fo l lowed,  A p p r o x i m a t e l y  1 g of  
copepods  was i n c u b a t e d  in 2400  ml  sterile sea 
wate r  in the presence  of  e i t he r  0 .06-0 .10  /.tM 
[ 1 - 1 4 C l a c i d s  or  0.3 //M sod ium [1-14C] - 
aceta te .  The  t e m p e r a t u r e  of  i n c u b a t i o n  was 
15 -+ 2 C. Af te r  d e t e r m i n e d  per iods  of  t ime,  the  
i n c u b a t i o n  was s t opped  and  the  copepods  were 
col lected and t h o r o u g h l y  washed .  Lipids  were 
ex t r ac t ed  wi th  C13CH-CH3OH (2:1 v/v)  and  
then  saponif ied.  The  d i s t r ibu t ion  of  the  radio-  
ac t iv i ty  a m o n g  fa t ty  acids, nonsapon i f i ab l e ,  and  
wa te r  soluble p r o d u c t s  was measu red  in a 
Packard  sc in t i l la t ion  counter .  The  d i s t r i bu t ion  
of  the  label ing a m o n g  the  f a t ty  acids was 
d e t e r m i n e d  by  gas l iquid r a d i o c h r o m a t o g r a p h y  
of  the  m e t h y l  esters  in a Pye appa ra tus  wi th  a 
p r o p o r t i o n a l  counte r .  The  co lumn ,  expe r imen-  
tal cond i t ions ,  and  p rocedure  used to  iden t i fy  
and  q u a n t i t a t e  the  labeled esters  were as 
descr ibed (2). 

The  specific r ad ioac t iv i ty  of  the  syn thes ized  
fa t ty  acid was d e t e r m i n e d  in some cases. The  
f a t t y  acid m e t h y l  es ters  were separa ted  b y  gas 
l iquid c h r o m a t o g r a p h y  in a F and  M appa ra tu s  
e q u i p p e d  wi th  a c o l u m n  of  15% die thylene-g ty-  
col-succinate  in C h r o m o s o r b  W ( 8 0 / 1 0 0  mesh) .  
They  were col lec ted  f rom the  e f f luen t  in 
c o u n t i n g  so lu t ions  of  4 g of  2 ,5 -d ipheny loxazo l  
(PPO) and  100 m g  of  1,4-bis-2(5 p h e n y l o x a -  
zo ly l )bencene  (POPOP)  per  l i ter  in to luene .  The  
rad ioac t iv i ty  was assayed in a Packard  scintill-  
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T A B L E  I 

Rad ioac t iv i ty  I n c o r p o r a t e d  in the  Lipids o f  P. parvus  af ter  the 
I n c u b a t i o n  wi th  [ 1-14C] 16:0  and [ 1-14C] 18:0 dur ing  5 hr  a 
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Rad ioac t i v i t y ,  %b 

Radioac t ive  F a t t y  Water  soluble 
subs• acids Nonsapon i f i ab le  p roduc t s  Not  d e t e r m i n e d  

16:0 73.5 20.2 0.2 6.1 
1 8 : 0  75 .4  18 .4  0.2 6.0 

aResul ts  are the m e a n  o f  t w o  samples  of  1 g of  wild c o p e p o d s  i n cu b a t ed  at  15 • 2 C. 

bCalcula ted  cons ider ing  tha t  the r ad ioac t iv i ty  of  tota l  lipids was  100%. 

a t i o n  c o u n t e r .  T h e  t o t a l  r a d i o a c t i v i t y  r e c o v e r e d  

w a s  7 0 - 7 2 % .  T h e  r e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  

o f  e a c h  m e t h y l  e s t e r  w a s  c a l c u l a t e d  d i v i d i n g  t h e  

d . p . m ,  c o u n t e d  in  e a c h  p e a k  b y  t h e  a r e a  o f  t h e  

p e a k  in  t h e  c h r o m a t o g r a m .  

RESULTS AND DISCUSSION 

Incorporation of [1-14C] Acetate and of 
[1-14C] Fatty Acids dissolved in the Sea Water 

Results  in Tables I to V show that  wild P. 
parvus is able to absorb and incorpora te  e i ther  
labeled acetate or  stearate, palmita te  and oleate 
in to  the lipids. The saturated and m o n o e n o i c  
acids were absorbed similarly to l inoleic and 
l inolenic acids (2). Tes terman (4) has also 
shown that  the poliquetousStauronereis rudol- 
phi absorbed fa t ty  acids dissolved in sea water  
and Moreno et al. (5,6) found similar incorpora-  
t ions in Mesodesma mactroides. However ,  since 
the P. parvus studied were no t  axenic and 
represented samples of  wild organisms more  
than 90% pure,  the incorpora t ion  and meta-  
bolic fate of  the substrates studied may show 
the effect  evoked by the copepod  and o ther  
possible microorganisms present  in the sample. 
However ,  this possibili ty,  as it was previously 
discussed (2), does no t  invalidate the results 
here. They may show the densi ty of  the tested 
substrates in the wild copepod  in condi t ions  

rather  similar to the natural  ones. 
When [ 1 - 1 4 C ]  16:0 and [ 1 - 1 4 C ]  18:0 acids 

were incubated ,  the label of  the substrates was 
mainly incorpora ted  in the fat ty acids of  the P. 
parvus, but  some radioact ivi ty  also appeared in 
the nonsaponif iable  and in unident i f ied  com- 
pounds  (Table I). The p ropor t ion  of  the to ta l  
[14C] absorbed which was found in the non-  
saponifiable was remarkably  constant ,  regard- 
less of the source of  exogenous  label; it was 
18.4% and 20.2% for 18:0 and 16:0 or 18.2% 
and 18.5% for 18:2 and 18:3 acids, respect ively 
(2). As discussed in part I of  this series (2), it is 
possible that  this nonsaponif iable  corresponds 
to wax esters that  are c o m m o n  const i tuents  of  

crustaceans,  a l though these lipids were minor  
const i tuents  of  our  samples of  P. parvus (1). 
Also it is unlikely that  this copepod  biosynthe-  
sized sterols de novo from the breakdown 
products  of  labeled acids since it has been 
shown that  o ther  crustaceans fail to utilize 
acetate  to synthesize cholesterol  (7,8). 

De Novo Biosynthesis of Fatty Acids 

The incubat ion  of  P. parvus with [ 1 - 1 4 C ]  - 

acetate during increasing periods o f  t ime 
showed,  as expec ted ,  that  the copepod was able 
to synthesize de novo saturated and monoeno ic  
acids (Table II), but  it was unable to form 
linoleic and a- l inolenic acids. The crustacea 
synthesized all the saturated and monoeno ic  
acids of  even number  of  carbons f rom 14 to 20 
carbons as well as 22:1 acid. However ,  it is 

T A B L E  II  

Labe l ing  Dis t r ibu t ion  in the  Fa t t y  Acids  o f  the  
C o p e p o d  a f te r  A d m i n i s t r a t i o n  o f  [ 1-14 C ] Ace t a t e  a 

T ime  of  i ncuba t ion  (hr)  

F a t t y  acids 7 15 

XI  0.5 • 0.1 0.5 • 0 .0  
14:0 1.1 -+ 0.2 0.9 + 0.2 
14:1 0.3 • 0.1 0.2 • 0.1 
15:0 5.5 • 0 .6 3.4 • 0 .4 
15:1 2.4 • 0 .4 1 . 6 •  0.3 
16:0  24 .0  • 2.1 17.1 + 1.4 
16:1 27 .9  • 2.8 29.8 + 2.1 
17:0  5.9 +- 0.7 7.2 • 0.7 
17:1 14.8 • 0 .9 13.2 • 1.0 
18:0  2.2 -+ 0.5 2.2 +- 0.4 
18:1 13.3 • 0.9 17.9 + 1.6 
19:1 1.0 • 0.1 1.7 + 0.3 
20 :0  0.6 • 0.2 0.9 -+ 0.1 
20:1 0.5 • 0.1 0.7 • 0.1 
21 :0  --- 0 .6 +- 0.2 
21:1  --- 1.3-+ 0.4 
22:1 --- 0 .6 • 0.1 
X 2 --- 0.2 • 0.1 

aResul t s  are expressed  as pe rcen t  of  to ta l  r ecovered  
[ 1 4 C ] .  T h e y  are the  m e a n  o f  two  samples  • e x t r e m e  
dev ia t ion  of  the  m e a n .  Th e  c h r o m a t o g r a m  was run  
unti l  the 22:6co3 peak  was e lu ted .  
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T A B L E  II I  

Labe l ing  Dis t r ibu t ion  in P. parvus  Fa t ty  Acids  a f te r  
A d m i n i s t r a t i o n  o f  [ 1-14C] Pa lmi ta te  Dissolved in Sea Water  a 

T ime  of  i n c u b a t i o n  (hr)  

1 5 

Fat ty  acids Percen t  Percent  d p m ] p e a k  area 

14:0  --- 1.6 f 0 10 -+ 0 
16:0 95 .0  • 1.1 90.5 • 1.0 131 • 10 
16:1 2.2 • 0 .6  2 .6  • 0.2 17 • 2 
16:2 0.6 • 0.2 0.8 • 0.1 13 • 1 
18:0 1.1 -+ 0.2 3.2 -+ 0.1 13 • 2 
18:1 0.6-+ 0.1 1.3 • 0.1 6 • 1 
To ta l  i nco rpo ra t ion  
in the lipids %b 3 . l  • 0.2 9.3 -+ 1.2 

aResul t s  are the m e a n  of  the analysis  of  two  samples  • e x t r e m e  devia t ions  f r o m  the  
m e a n ,  The  c h r o m a t o g r a m  was run  unt i l  22:66o 3 peak.  

bThe  rad ioac t iv i ty  measu red  in the m e d i u m  before  incuba t ion  was  cons idered  100%. 

remarkable that the odd chain fatty acids of 15 
to 21 carbons saturated and monounsaturated 
were also synthesized. The highest radioactivity 
found in the fatty acids of uneven number of 
carbons was restricted to 15:0, 17:0 and 17:1 
acids. The presence of  the uneven fatty acids 
13:0, 15:0, 15:1 and 17:0 was already recog- 
nized in the fatty acid composition ofP. parvus 
(1) and are normal components of the copeood. 
The high yield of the de novo biosynthesis of 
whole series of uneven fatty acids suggests that 
an uneven acid of short chain has been used as a 
primer for successive additions of the label of 
the acetate. This primer could be propionate. 
However, while exogenous [14C] acetate 
labeled 17:1 and 18:1 about equally, there was 
presumably a complete absence of 17:1 bio- 
synthesis from endogenous [14C]acetate de- 

rived from catabolism of 16:0, 18:0, 18: 1, 18:2 
and 18:3 (Tables III to V)(2) .  Different pools 
of acetate could explain these findings. 

Data collected in Table II also show that 
after the incubation labeled acetate was mainly 
incorporated in 16:0 and the monoenoic acids, 
16:1, 17:1 and 18:1. By increasing the time 
of  incubation to 15 hr, the pattern of labeling 
was similar, but a shift of the radioactivity to 
the acids of higher chain length is easily recog- 
nizable. The amount of synthesized monoenoic 
acids was remarkably high. They constituted 
60.2% of all labeled acids after 7 hr administra- 
tion and increased to 67.0% after 15 hr. These 
results would apparently indicate a special 
requirement of unsaturated fatty acids in the 
copepod probably related with the synthesis of 
lipids of appropriate "f luidi ty."  

T A B L E  IV 

Label ing Dis t r ibut ion  in P. parvus  Fa t ty  Acids  af ter  
A d m i n i s t r a t i o n  o f  [ 1 - I4C ] S tea ra te  
Dissolved in Sea Water  Dur ing  5 hr  a 

Fa t t y  acids Rad ioac t iv i t y ,  % 

14:0  0.6 • 0.2 
16:0 + 16:1 6.0 • 0.2 
16:2 .__ 
18:0 82.7 • 0.3 
18:16o9 6.2 • 0 
18:26o9 1.4 • 0.4 
2 0 : 0  0.9 • 0 
20:16o9 1.3 • 0 
20 :2  0.9 • 0.1 
Tota l  i nco rpo ra t ion  
in the lipids, %a 9.3 • 1.2 

aResul ts  are the  m e a n  of  the  analysis o f  t w o  
samples  • e x t r e m e  devia t ions  f r o m  the m e a n .  The  
c h r o m a t o g r a m  was run  until  22:66o3 peak .  

bThe  rad ioac t iv i ty  m e a s u r e d  in the m e d i u m  be- 
fore  i ncuba t ion  was  cons idered  100%. 

Fate of Administered Palmitic, Stearic 
and Oleic Acids 

The fate of [1-14C]palmitic acid adminis- 
tered to P. parvus is shown in Table III. The 
acid followed two routes. On the one hand, it 
was presumably desaturated by a A9 desaturase 
to 16:1 and then desaturated again by a A6 
desaturase to 16:2 acid. On the other hand, 
palmitic acid was elongated to 18:0 and then 
desaturated to 18:1 acid. The 18:1 acid so 
synthesized is oleic acid. However, it is not 
unlikely that some 18:1667 would be also 
produced by elongation of 16: 16o7. 

Similar sequences of reactions were found 
when [1-14C] 18:0 acid was incubated. Stearic 
acid was converted by the A9 desaturase to 
18:1 co9 that was presumably again desaturated 
by the 216 desaturase to 18:26o9 acid. The 
existence of a A6 desaturase in P. parvus was 
shown in a previous work (2). The enzyme 

LIPIDS,  VOL.  14, NO. 4 



F A T T Y  A C I D S  S Y N T H E S I S  IN P. P A R  r / u s  321 

T A B L E  V 

L a b e l i n g  D i s t r i b u t i o n  in P. parvus  F a t t y  A c i d s  a f t e r  
A d m i n i s t r a t i o n  o f  [ 1 -14C-Olea te  

Dis so lved  in Sea W a t e r  a 

R a d i o a c t i v i t y  

F a t t y  ac ids  P e r c e n t  d p m / p e a k  a rea  

14 :0  0.4_+ 0 1 _+ 0 
16 :0  + 16:1,,.o7 4 ,9  _+ 0 . l  3 +_ 0 
1 8 : 0  0.1 _+ 0.1 0 .3  -+ 0 
18 :16o9  81 .7  +- 0 .7  2 7 7  -+ 9 
18:2(.o9 1.9 +_ 0 59  _+ 1 
2 0 : 1 e 0 9  9.1 -+ 0 .3  33 -+ 1 
2 0 : 2 c o 9  1.9 +- 0 . 6  55 +- 7 

a R e s u l t s  are  the  m e a n  o f  the  ana lys i s  o f  t w o  
s a m p l e s  o f  1 g c o p e p o d s  each  fed  d u r i n g  5 h r  +_ ex-  
t r e m e  dev i a t i on  f r o m  the  m e a n .  

Acet e 
,t 
t 

4 4 : 0  - 44:4 
t, 

4 6 : 0  = 46:t 
t, 

48:0----'t8:1 
2 ):0 20:1 

l 
22:4 

= 46:2 
t8:2 
20:2 

FIG. 1. Suggested pathways in the de novo bio- 
synthesis of fatty acids in P. parvus. 

desaturated 18:2666 to 18:36o6 and 18:36o3 to 
18:46o3 acids. 

Since 18:0 acid was elongated to 20:0 and 
since the label was also found in 20:1 and 20:2 
acids, it is possible that 20:0 was converted to 
20:1 and then desaturated again to 20:2. 
However, it is also possible that 20:1 was the 
product of 18:1 elongation and 20:2 the 
elongation product of 18:2 acid. This uncer- 
tainty could be resolved by determining the 
structure of the fatty acids. However, the 
scarcity of labeled 20:1 and 20:2 acids impeded 
this determination. 

This puzzle might be resolved by incubation 
of the copepod with [ 1-14C] oleic acid (Table 
V). In Table V, it is shown that oleic acid was 
desaturated by the A6 desaturase to 18:2o99 
acid and also elongated to 20: 16o9. In addition, 
the analysis of the relative specific radioa- 
ctivities of the different fatty acids suggests 
that 20:2609 acid is produced by elongation of 
18:26o9 and not by desaturation of 20:16o9 
acid. 

Thus, we can suggest that the following 
sequence of reactions takes place in the de novo 
biosynthesis of fatty acids of  even number of 
carbons in P. parvus (Fig. 1). This scheme is 
very probable since it results after comparing 
the present data with the biosynthetic routes of 
other animals, although the structure of the 
formed acids was not unequivocally proved. 
Therefore, this synthesis would evoke the 
formation of 20:1A11 and 20:2A8,11 acids. 
Reduced amounts of these acids have been 
recognized in the fatty acid composition of P. 
parvus (1). In addition, 20:1 acid has been 
identified in marine crustaceae (9-11) and other 
salt water organisms (12,13). The A1J isomer 
was reported for the first time in menhaden oil 
(14), and it is a major component of the 

blubber of the sea whale Balaenoptera  borealis 
(15). 

A monoenoic acid of 22 carbons was also 
synthesized by P. parvus  when labeled acetate 
was administered (Table II). This acid would be 
produced very probably by elongation of  
20:1 acid and not by desaturation of 22:0 acid 
since no radioactive 22:0  acid was detected 
when labeled acetate was incubated. Therefore, 
one can speculate that the synthesized 22:1 
acid would correspond to a A 13 structure, but 
it was not  reported in the fatty acid composi- 
tion of P. parvus  (1). Therefore, the contribu- 
tion of the de novo biosynthesis of 20:16o9 and 
22:1669 acids to the composition of the lipids 
of  this copepod is conceivable but low. 

By means of a whole survey of the results 
obtained in part I and H of these series (2), we 
may conclude that P. parvus is able to synthe- 
size fatty acids following the typical animal 
pathways. It would possess fatty acid synthe- 
tase, A9, A6, A5 and A4 desaturases and 
elongating enzymes. However, for some still 
unknown reasons, the polyunsaturated fatty 
acids prefereably synthesized correspond to the 
663 series. 
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Lipid Composition of Yoshida Ascites Hepatoma and of 
Livers and Blood Plasma from Host and Normal Rats 
S. RUGGIERI and A. FALLANI, Institute of General Pathology, 
University of Florence, Florence, Italy. 

ABSTRACT 

The lipid composition of Yoshida ascites hepatoma ceils was analyzed together with that of ascitic 
plasma and of livers and blood plasma from host and normal rats. In comparison to normal livers, host 
livers showed no significant differences in the content of the various lipid classes, but contained a 
higher percentage of palmitic acid and a lower proportion of arachidonic acid in the major phospho- 
lipid classes. In addition, tumor growth induced a marked hypertriglyceridemia in host animals; 
changes in the concentration of other plasma lipid classes were not statistically significant. The ascitic 
plasma contained small amounts of lipids mainly constituted by chotesteryl esters and phospholipids. 
Yoshida hepatoma cells contained less phospholipids in comparison to both host and normal liver, 
while the increased level of triglycerides and the decrease of free fatty acids were not statistically 
significant. Hepatoma cells showed appreciable amounts of ether-linked lipids associated in part to 
neutral lipids (as glyceryl ether diesters) and, in part, to ethanolamine and choline phosphoglycerides. 
The alkyl groups in GEDE as well as in ethanolamine and choline phosphoglycerides were mainly 
constituted by C16:0 and C18:0 followed by C18:1. The alk-l-enyl groups in ethanolamine and 
choline phosphoglycerides were C16:0 and C18:0 with only a minor proportion of CI8:I. In 
comparison to both host and normal liver, Yoshida hepatoma cells showed significant changes in the 
fatty acid composition, of neutral lipids and phospholipids. Some of the major changes consisted of an 
increase of monoenoic acids associated with a decrease of arachidonic and docosahexaenoic acids in 
phosphatidylethanolamine, phosphatidylcholine, and phosphatidylinositol. 

INTRODUCTION 

It is well known tha t  the lipid compos i t ion  
of  animal tissues, even within  a given species, 
varies considerably f rom one tissue to another  
(1) and is affected by several factors such as 
compos i t ion  o f  diet (2), sex (3), age (4),  
circadian rhy thm (5), feeding state (6) and 
envi ronmenta l  condi t ions  (7). In the case of  
tumors ,  o ther  factors may  possibly inf luence 
their  lipid compos i t ion ,  e.g., degree of  differ- 
ent ia t ion,  form of  neoplasia (solid or ascitic, 
pr imary or  t ransplantable)  and period o f  
growth.  T u m o r  lipids may also be inf luenced by 
the tumor-hos t  relat ionships (8). In fact,  changes 
in host  fluids i nducedby  the presence of  tumors  
may affect  the lipids of  host  tissues, including 
the t umor  itself. In this regard, it should also be 
men t ioned  that  use of  host  tissues as term of  
compar ison in the s tudy of  t u m o r  lipids may be 
misleading if the possible changes induced  in 
the host  tissues by the presence of  tumors  are 
no t  taken into  considerat ion.  Therefore ,  the 
"neop las t i c "  relevance of  the lipid compos i t ion  
of  tumors  may  be assessed only after taking 
into  account  all the above men t ioned  variables. 

Numerous  laboratories  have studied the lipid 
compos i t ion  o f  tumors  (9-11). However ,  only  
in a few cases have t umor  lipids been analyzed 
concomi tan t ly  wi th  lipids of  both  host  and 
normal  animal tissues (12-14),  a l though there 
are specific studies on the lipid changes induced 
by t umor  growth  on host  tissues (15-21) and 
fluids (22-29). 

In the present investigation,  the lipids of  
Yoshida hepa toma  cells and ascitic plasma have 
been studied together  with the lipids of  bo th  
b lood plasma and livers f rom normal  and 
tumor-bear ing rats. The aim of this s tudy was 
to discriminate the lipid changes typical  of  
neoplasia per se f rom those dependen t  on 
tumor-hos t  relationships.  

MATERIALS AND METHODS 

Animals and Tumors 

The Yoshida ascites hepa toma  AH130  was 
mainta ined in t w o - m o n t h  old male Wistar rats 
by inoculat ing ca. 107 cells. Animals  were fed 
a commerc ia l  s tock diet with the same lipid 
compos i t ion  as described in a previous paper  
(30).  

Extraction of Lipids 

Seven to ten days after  t umor  inocula t ion ,  
host  rats were fasted overnight  and exsanguin- 
ated under  diethyl  e ther  anaesthesia by hear t  
puncture  using heparinized syringes. The 
b lood was centr i fuged at r o o m  tempera ture  and 
the separated plasma was ext rac ted  by the 
m e t h o d  of  Fo lch  et al. (31).  Tumors  were 
col lected from the exsanguinated rats and 
centr i fuged for 15 min in the cold at 1000 x g 
to separate the ascitic plasma f rom the hepa- 
t oma  cells. The ascitic plasma was immedia te ly  
ext rac ted  by the m e t h o d  of  Bligh and Dyer  
(32) and the  hepa toma  cells were washed twice 
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in a 0.14 M NaC1 solution and extracted (32) 
after homogenization in 3 vol of 0.04% CaC12. 
The livers of host rats were pooled, homog- 
enized in 3 vol of the 0.04% CaC12, and 
extracted according to Folch et al. (32). 

In parallel experiments, three normal rats of 
the same age as the host rats were fasted 
overnight and then killed by exsanguination; 
blood and livers were processed as in host rats. 

Analytical Procedures 

Total lipids were determined gravimetrically 
on portions of lipid extracts evaporated at 
room temperature under a flux of nitrogen. 
Lipid-flee dry weight, calculated as the dif- 
ference between total lipids and constant dry 
weight, was used as a basis to express quantita- 
tive results in this study. The percentage of 
water, calculated as the difference between 
constant dry weight and wet weight, was 70, 72 
and 82 in normal liver, host liver and Yoshida 
hepatoma cells, respectively. Before calculating 
the water content of hepatoma cells, the wet 
weight was corrected by a 17% extracellular 
water which was trapped in the pellet of packed 
cells. 

Total lipids were fractionated into neutral 
lipids and phospholipids (PL) by silicic acid 
column chromatography. Neutral lipids were 
sequentially separated into cholesteryl esters, 
triglycerides (TG), diglycerides (DG), free 
cholesterol, monoglycerides (MG) and free 
fatty acids (FFA) on Florisil columns (Florisil 
60/100 mesh, Fisher Scientific Co., Fair Lawn, 
NJ) (33). TG, DG and MG were estimated by 
glycerol determination (34) and by using 
molecular weights derived from the fatty acid 
composition of the individual glycerides in the 
various tissues examined. Free and esterified 
cholesterol was determined according to 
Cramer and Isaksson (35) and FFA following 
the method of Duncombe (36). 

The hapatoma cell TG fraction eluted from 
Florisil columns was found to contain appreci- 
able amounts of glyceryl ether diesters (GEDE). 
These were separated from TG by preparative 
thin layer chromatography (TLC) on Silica Gel 
H with hexanes/diethyl ether/acetic acid 
(85:15 : 1, v/v) and submitted to hydrogenolysis 
with 65% Sodium-bis-(2-methoxyethoxy)- 
aluminum hydride in toluene following the 
method of Su and Schmid (37). The released 
alkyl glycerols were then determined by the 
quantitative gas chromatographic analysis of 
the isopropylidene derivatives (38) using a 
pentadecyl glycerol internal standard. 

PL were separated into diphosphatidylglyc- 
erol (DPG), phosphatidylethanolamine (PE) 

plus phosphatidylserine (PS), phosphatidylino- 
sitol (PI), phosphatidylcholine (PC), sphingo- 
myelin (SP) and lysolecithin (LPC) by silicic 
acid (Unisil 200/325 mesh, Clarkson Chemical 
Co. Inc., Williamsport, PA), column chromatog- 
raphy using a stepwise elution system reported 
in a previous paper (30). Phospholipids were 
determined by multiplying x 25 the phospho- 
lipid-phosphorus assayed following the method 
of Martin and Doty (39) after digestion with 
sulfuric acid-perchloric acid (3:2, v/v). 

The ether-linked moieties present in PE and 
in PC of Yoshida hepatoma cells were analyzed 
in detail on the basis of the indications from 
previous work by this laboratory on the same 
cells (40). For this study, tumor phospholipids 
were fractionated by bidimensional TLC with 
chloroform/methanol/ammonia (90:45:11, v/v) 
and chloroform/methanol/acetic acid/water 
(90:40:12:2,  v/v), and PE and PC were re- 
covered from the absorbent by elution with 
chloroform/methanol (3:2, v/v) followed by 
methanol. PE and PC were then submitted to 
the procedure of Su and Schmid which trans- 
formed the alk-l-enyl and alkyl groups into 
alkyl substituted dioxanes and alkyl glycerols, 
respectively (37). The alkyl substituted dioxanes 
and alkyl glycerols were then separated from 
the other reaction products by TLC (37) and 
recovered from the absorbent by exhaustive 
elution with diethyl ether/methanol (90:10, 
v/v). The alkyl glycerols converted into isopro- 
pylidene derivatives (38) and the alkyl substi- 
tuted dioxanes were quantitatively analyzed by 
gas liquid chromatography using pentadecyl 
glycerol and 1-1-dimethoxytetradecane, respec- 
tively, as internal standards added to the 
reaction mixture at the beginning of the pro- 
cedure. 

Gas Liquid Chromatography 

The acyl group composition of individual 
lipid classes was determined by the gas chroma- 
tographic analysis of the methyl esters obtained 
by H2SO4-methanolysis. Methyl esters were 
analyzed at 185 C on an Aerograph model 1520 
gas chromatograph using 6 ft x 1/8 in. (i.d.) 
stainless steel columns packed with 15% 
EGSS-X on Gas Chrom P 100/120 mesh, 
(Applied Science Lab., State College, PA) and 
identified on the basis of several parameters 
(30). Quantitative response was routinely 
checked by using the calibrated KF mixture 
from Applied Science. The unsaturated fatty 
acids were designated by the trivial name of the 
more common isomer, although the location of 
the double bonds in the hydrocarbon chains 
was not determined. 
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TABLE I 

Content  of Neutral Lipid Classes in Normal and Host Rat Livers, 
and Yoshida Hepatoma Cells (AH130) a 
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Lipid class Normal liver Hos t  liver Hepatoma ceils 

Esterified cholesterol 1.0 -+ 0.2 (5) 1.3 -+ 0.2 (11) 2.1 -+ 0.4 (10) 
Free cholesterol 7.5 -+0.1 (5) 8.3-+ 1.5(11) 9.4-+ 0.7 (10) 
Glyceryl ether diesters b ND c (5) ND c (11) 0.4 -+ 0.0 (5) 
Triglycerides d 38.8 -+ 7.2 (5) 51.5 -+ 11.7(11) 63.3 -+ 10.9 (10) 
Diglycerides d 1.8-+0.1 (5) 3.9 +- 1.0(11) 2.8 +- 0.8 (10) 
Monoglycerides d 0.1 -+ 0.1 (5) 0.3 -+ 0.9(11) 0.2 -+ 0.0 (10) 
Free fatty acids 2.4-+0.3 (5) 4.2-+ 0.9(11) 1.9-+ 0.5 (10) 

aThe values, expressed as mg/g lipid-free dry weight, are the mean -+ SE of the number of 
experiments listed in parentheses. 

bAmounts of glyceryl ether diesters were obtained by multiplying the alkyl glycerol 
values x 2.5 (m.w. 830). 

eND = not detectable under the analytical conditions used. 
d818, 546 and 267 were the molecular weights used to calculate the amounts of tri-, di- 

and monoglycerides, respectively, in livers and hepatoma cells. 

The  alkyl  s u b s t i t u t e d  d ioxanes  and  isopro-  
py l idene  derivat ives of  alkyl  glycerols  were 
b o t h  ana lyzed  at 195 C on  6 ft x 1/8 in. glass 
co lu mns  packed  wi th  10% EGSS-X in a Perk in-  
E lmer  mode l  3920  gas c h r o m a t o g r a p h .  Quan t i -  
ta t ive  response  of  the  appa ra tu s  to  a lkyl  glyc- 
erols was checked  by  using a k n o w n  m i x t u r e  of  
pen t adecy l ,  hexadecy l ,  and  oc t adecy l  glycer-  
ols, wh ich  were p repa red  in our  l a b o r a t o r y  
fo l lowing  the  m e t h o d  of  Oswald et  al. (41) .  

Statistical Analyses 

Stat is t ica l  s ignif icance of  the  d i f fe rences  
b e t w e e n  n o r m a l  and  hos t  ra t  livers, n o r m a l  and  
hos t  b lood  p lasma and t u m o r  cells and  hos t  or  
n o r m a l  rat  livers was assessed by  using t he  Stu- 
d e n t ' s  t test .  The  m i n i m u m  level of  s ignif icance 
was cons idered  to be the  5% level. 

RESULTS AND DISCUSSION 

Table  I shows  t h a t  t u m o r  g rowth  did n o t  
in f luence  the  c o n c e n t r a t i o n  of  free and  esteri-  
fled cho les te ro l  in the  liver of  ra ts  bear ing  
Yosh ida  ascites h e p a t o m a .  In these  livers, the  
levels of  TG,  DG,  MG and  F F A  were increased 
as c o m p a r e d  to n o r m a l  livers, b u t  also these  
d i f fe rences  were n o t  s ta t is t ical ly  s ignif icant .  In 
th is  regard,  i t  shou ld  be m e n t i o n e d  t h a t  in 
g l ioma-bear ing  mice (17)  as well  as in Ehr l i ch  
ca rc inoma-bea r ing  mice (20)  the  sequen t i a l  
d e t e r m i n a t i o n  of  l iver TG revealed,  a f t e r  an  
in i t ia l  fall, a sharp  increase  of  T G  fo l lowed by  a 
s u b s e q u e n t  decrease  which  pers is ted  over  the  
r ema in ing  per iod  o f  obse rva t ion .  Moreover ,  t he  
liver of  ra ts  bear ing  a 4-5 week-old  7288  CTC 
h e p a t o m a  has been  f o u n d  to  con t a i n  lower  
a m o u n t s  o f  TG and  choles te ro l  t h a n  n o r m a l  ra t  
live r (12).  

F r o m  the  e x a m i n a t i o n  of  Table  I, i t  is 
appa ren t  tha t ,  in compar i son  to  b o t h  no rma l  
and  hos t  rat  livers, Yosh ida  h e p a t o m a  cells 
c o n t a i n e d  h igher  a m o u n t s  of  es ter i f ied and  free 
cho les te ro l  and  of  TG, and  lower  a m o u n t s  of  
FFA,  bu t  these  d i f ferences  were n o t  statisti-  
cally s ignif icant .  Higher  c o n c e n t r a t i o n s  of  
choles te ry l  esters, free cho les te ro l  and F F A  have 
been  f o u n d  b y  Snyde r  et  al. (42)  in b o t h  the  
fast growing 7777 and  slow growing 7 7 9 4 A  
Morris  h e p a t o m a s  c o m p a r e d  wi th  n o r m a l  rat  
liver. The  same s tudy  (42)  also showed  t h a t  T G  
were r educed  in the  7777  h e p a t o m a  but  un-  
changed  in the  7 7 9 4 A  h e p a t o m a  in respect  to  
n o r m a l  rat  liver. A lower  c o n c e n t r a t i o n  of  TG 
associa ted wi th  a h igher  level of  cho les te ro l  was 
also f o u n d  by Wood  et al. (12)  in the  7288  CTC 
h e p a t o m a  when  c o m p a r e d  wi th  e i t he r  n o r m a l  
or hos t  ra t  livers. 

Tab le  I also shows t h a t  in Yosh ida  h e p a t o m a  
cells the  level o f  G E D E  was lower  t h a n  t h a t  
r e p o r t e d  for  7777  Morr is  h e p a t o m a  (42)  and  
for  Ehr l i ch  ca r c inoma  (43) .  In add i t ion ,  Yoshi -  
da h e p a t o m a  cells c o n t a i n e d  small  a m o u n t s  of  
DG and  MG, at var iance  wi th  the  cons iderab le  
q u a n t i t y  o f  MG no t i c ed  by  Gray ( 4 4 ) i n  the  
L a n d s c h u t z  ascites c a r c inoma  cells. 

The  c o n c e n t r a t i o n  of  to t a l  PL and of  the  
indiv idual  PL classes in the  livers of  b o t h  hos t  
and  n o r m a l  rats  and  in Yosh ida  h e p a t o m a  cells 
are r e p o r t e d  in Table  II. In ag reemen t  wi th  the  
obse rva t ion  by  Wood c o n c e r n i n g  7288  CTC 
h e p a t o m a  (13) ,  n o  s ignif icant  d i f ference  was 
f o u n d  in the  level of  e i t he r  to ta l  PL or individ-  
ual PL classes b e t w e e n  n o r m a l  and  hos t  livers. 
These  resul ts  are at  var iance wi th  those  of  a 
s t udy  by  Car ru the r s  and  Kim (18)  reveal ing an 
increase of  PL in the  liver of  rats  bear ing  
m a m m a r y  ca rc inomas  ( w h e n  the  t u m o r s  had  
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T A B L E  II 

C o n t e n t  o f  P h o s p h o l i p i d  Classes  in N o r m a l  and  H o s t  R a t  Livers ,  
a n d  Y o s h i d a  H e p a t o m a  Cells ( A H  130)  a 

N o r m a l  liver H o s t  l iver H e p a t o m a  cells 
L ip id  class b n = 2 n = 7 n = 7 

T P L  1 2 0 . 0  • 5 .4  1 2 5 . 0  • 2 .8  85 .0  • 4 .5  
D P G  6.5 • 0 .3  (5 .4 )  7.1 • 0 .8  (5 .7 )  4 .4  • 0 . 6  (5 .1 )  
PE (p lus  PS) c 36 .8  _+ 4 .2  ( 3 0 . 6 )  4 1 . 5  • 0 .9  ( 3 3 . 4 )  27 .0  -+ 0 .8  ( 3 1 . 7 )  
PI 9.1 • 0 .5  (7 .6 )  4.1 -+ 0 .8  (3 .2 )  4 .3  _+ 0 .7  (5 .1 )  
PC 5 9 . 2 •  ( 4 9 . 4 )  6 4 . 8 •  ( 5 1 . 4 )  4 3 . 4 _ + 0 . 9 ( 5 1 . 1 )  
SP 6 . 6 •  0 .8  (5 .5 )  5.7 § 0 .7  (4 .8 )  5.3 • 0 .4  (6 .3 )  
LPC 1.7 • 0 .2  (1 .4 )  1.6-+ 0 .3  (1 .4 )  0 .6  • 0.1 (0 .7 )  

a T h e  values  are  m e a n s  -+ SE a n d  a re  exp re s sed  as m g / g  l ip id-f ree  d r y  w e i g h t ,  n = n u m b e r  
o f  e x p e r i m e n t s .  F igures  in p a r e n t h e s e s  r e p r e s e n t  p e r c e n t a g e s  o f  t o t a l  l ipid p h o s p h o r u s .  

b T P L  = T o t a l  p h o s p h o l i p i d s ;  D P G  = d i p h o s p h a t i d y l g l y c e r o l ;  PE (plus  PS) = p h o s p h a -  
t i d y l e t h a n o l a m i n e  plus  p h o s p h a t i d y l s e r i n e ;  P1 = p h o s p h a t i d y l i n o s i t o l ;  PC = p h o s p h a t i d y l c h o -  
l ine;  SP = s p h i n g o m y e l i n ;  LPC = l y s o p h o s p h a t i d y l c h o l i n e .  

CWhen in a f e w  e x p e r i m e n t s ,  PE (p lus  PS) was  f u r t h e r  a n a l y z e d  ( 4 5 ) ,  PS was  f o u n d  to  
a c c o u n t  f o r  2 . 5 - 5 . 8 %  o f  t o t a l  f r a c t i o n  in b o t h  livers a n d  h e p a t o m a  cells.  

T A B L E  III 

P e r c e n t a g e s  o f  E t h e r - l i n k e d  S u b f r a c t i o n s  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  a n d  
P h o s p h a t i d y l c h o l i n e  f r o m  Y o s h i d a  H e p a t o m a  Cells (AH 130)  a 

P e r c e n t a g e  o f  t h e  
Class t o t a l  p h o s p h o l i p i d  class 

D i a c y 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  
A l k y  l - acy lph  o s p h a t i d y l e t  h a n o l a m i n e  
Alk-1  - e n y l - a c y l p h  o s p h a t i d  yle t  h a n o l a m i n e  

D i a c y l p h  o s p h a t i d y l c h o l i n  e 
A l k y l - a c y l p h  o s p h a t i d y l c h  ol ine  
Alk-1 - e n y l - a c y l p h  o s p h a t i d  y lch ol ine  

73 .4  ( 7 1 . 9 - 7 5 . 1 )  
12.7 (12 .8 -12 .6 )  
14.3  ( 1 6 . 3 - 1 2 . 3 )  

86 .9  ( 8 6 . 1 - 8 7 . 8 )  
10.0 ( 1 1.0-9.0) 

3.1 (2 .9 -3 .2 )  

a M e a n s  o f  t he  va lues  o f  t w o  e x p e r i m e n t s  r e p o r t e d  in p a r e n t h e s e s .  P e r c e n t a g e  o f  e ach  
i n d i v i d u a l  s u b f r a c t i o n  w a s  e v a l u a t e d  in t he  p h o s p h o l i p i d  class i so l a t ed  b y  TLC (see Mater ia l s  
a n d  M e t h o d s ) .  Va lues  we re  c a l c u l a t e d  f r o m  t h e  a m o u n t s  o f  a lky l  a n d  a l k - l - e n y l  
p h o s p h o l i p i d s  a n d  the  a m o u n t  o f  t he  p h o s p h o l i p i d  class d e t e r m i n e d  o n  the  basis  o f  
p h o s p h o r u s  c o n t e n t .  The  a lky l  a n d  a l k - l - e n y l  p h o s p h o l i p i d s  we re  e v a l u a t e d  f r o m  the  a lky l  
g l y c e r o l  a n d  a l k - l - e n y l  g r o u p  c o n t e n t s  m u l t i p l i e d  b y  a p p r o p r i a t e  f a c t o r s .  2 .4  a n d  3.5 we re  
the  f a c t o r s  used  to  ca l cu l a t e  t he  a l k y l P E  ( m . w .  7 3 9 )  a n d  a l k - l - e n y l P E  ( m . w . 7 3 8 ) ,  
r e spec t i ve ly ;  2.5 a n d  3.7 we re  the  f a c t o r s  used  t o  ca l cu l a t e  the  a lky lPC  ( m . w .  7 7 3 )  a n d  
a lk -1 - eny lPC  (m . w . 7 8 6 ) ,  r e s p e c t i v e l y .  

reached 47% of the body weight) as well as 
with the results by Nakazawa and Mead (21) 
showing an increase of PL in the liver of mice 
transplanted with human ovarian carcinoma. 

In comparison to both normal and host rat 
livers, Yoshida hepatoma cells showed the 
reduction of PL concentration that was repeat- 
edly found in different tumors when compared 
with normal tissues at the level of whole 
homogenate (12,42,46-48). and of microsomal 
fraction (14,30,49,50). Moreover, different 
ascites tumors (44,47,51) showed phospholipid 
concentrations similar to that found in Yoshida 
hepatoma cells, provided that the results were 
expressed on the same basis. From Table II it is 
also apparent that, with the exception of minor 
variations in the percentage of PI, SP and LPC, 

the phospholipid pattern was almost the 
same in livers and hepatoma cells, indicating 
that the reduction of tumoral PL interested all 
the major phospholipid classes. 

The analyses of ether-linked forms of PE 
and PC in hepatoma cells revealed that alkyl 
and alk-l-enyl species represent 13 and 14% of 
PE and 10 and 3% of PC, respectively (Table 
liD. In comparison to the results on Yoshida 
ascites hepatoma, Snyder et al. (42) found 
lower percentages of alkyl and alk-l-enyl 
species in both PE and PC from 7794A and 7777 
Morris hepatomas, while Wood and Snyder 
(52) observed higher proportions of alkyl, but 
similar percentages of alk-l-enyl species in PE 
and PC of Ehrlich carcinoma. On the other 
hand, Su and Schmid (37) found lower levels of 
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T A B L E  IV 

Lipid C o n c e n t r a t i o n s  in B l o o d  P l a sma  f r o m  N o r m a l  Ra t s  a n d  in B l o o d  a n d  
Asc i t i c  P lasma f r o m  R a t s  B e a r i n g  Y o s h i d a  H e p a t o m a  (AH 130)  a 
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N o r m a l  r a t  H o s t  r a t  
L i p i d  class b l o o d  p l a s m a  b l o o d  p l a s m a  Asc i t i e  p l a s m a  

T o t a l  p h o s p h o l i p i d s  1 2 5 . 0  -+ 2 3 . 4 ( 5 )  152 .5  -+ 2 3 . 3 ( 7 )  42 .5  • 5 .3  (5)  
Es te r i f i ed  c h o l e s t e r o l  36 .2  • 3 .7  (5)  35 .3  • 5 .9  (6)  2 2 . 4  • 0.1 (5)  
F ree  c h o l e s t e r o l  15.9  • 2 .0  (5)  30 .0  -+ 9.1 (6)  6.0 • 0 . 8  (5)  
T r ig lyce r ide s  b 68 .4  +- 16.1 (3)  1 9 6 . 3  -+ 36 .4  (3)  c 4 .9  • 0 .5  (3)  
F ree  f a t t y  ac ids  28 .5  -+ 9 .4  (5)  18 .6  -+ 3.2 (5)  2.2 • 0 .0  (5)  

a T h e  va lues ,  exp re s sed  as m g / 1 0 0  ml  b l o o d  or  asc i t ic  p l a s m a ,  are  t he  m e a n s  _+ SE o f  t h e  
n u m b e r  o f  e x p e r i m e n t s  l is ted in p a r e n t h e s e s .  

b 8 2 4 ,  8 2 0  a n d  8 1 7  w e r e  the  m o l e c u l a r  w e i g h t s  used  to  ca l cu la t e  t he  a m o u n t s  o f  t r ig lyc -  
e r ides  in n o r m a l  a n d  h o s t  r a t  b l o o d  p l a s m a  a n d  in asc i t ic  p l a s m a ,  r e s p e c t i v e l y .  

CSigni f ican t ly  d i f f e r e n t  f r o m  n o r m a l  r a t  b l o o d  p l a s m a  a t  P < 0 . 0 5 .  

total alkyl glycerols and higher concentrations 
of total alk-l-enyl glycerols in a series of 
transplantable tumors including Novikoff 
hepatoma. 

It is worth noting that, taken altogether, the 
different ether-linked moieties of Yoshida 
hepatoma cells represented 3.3% of total lipids. 
This value falls in the range reported by Wood 
and Snyder in different rat and mouse trans- 
plantable tumors (53) and by Howard et al. in 
hepatomas with a high growth rate (54). 

Table IV shows the lipid class content of 
blood plasma from normal rats and of blood 
and ascitic plasma from tumor-bearing rats. In 
comparison to the normal rats, tumor-bearing 
animals showed in their blood plasma higher 
levels of PL, free cholesterol and TG and lower 
concentrations of FFA. 

However, when all these differences were 
submitted to the Student's t test, only the 
increase of plasma TG in host rats was signifi- 
cant. An increased level of plasma TG was also 
found in rats bearing Walker carcinoma 256 by 
Barklay et al. (23) and in mice bearing Ehrlich 
carcinoma by Brenneman et al. (26) and by 
Kannan and Baker (27). A recent investigation 
by Kannan and Baker (29) on this topic re- 
vealed that the magnitude of tumor-induced 
hypertriglyceridemia seems to be affected by 
the duration of tumor growth, variation in 
animal strain and feeding condition. However, 
hypertriglyceridemia cannot be considered a 
constant change associated with the growth of 
tumor. In fact, in the blood plasma of host rats 
bearing 7777 Morris hepatoma, Grigor et al. 
(22) found a decrease of TG associated with a 
rise of free and esterified cholesterol, and 
Narayan and Morris (25) reported an increase 
of cholesterol-rich high density lipoproteins. As 
far as plasma FFA are concerned, Bizzi et al. 
(24) found an increased level of plasma FFA in 

fed animals bearing different tumors, including 
Yoshida hepatoma AH130, when compared to 
the controls under the same feeding conditions. 
These authors also noted (24) that overnight 
fasting induced a marked increase of the plasma 
FFA of the controls, that was progressively less 
evident, however, in host animals as the tumor 
continued to grow. This effect may explain 
why our tumor-bearing animals, that were 
fasted overnight before blood sampling, con- 
tained a reduced level of plasma FFA as com- 
pared to the controls. 

Ascitic plasma contained very low amounts 
of TG and FFA in comparison to the host 
blood plasma, while PL and esterified choles- 
terol were still present in appreciable amounts. 
The ratio of esterified to free cholesterol was 
much higher in ascitic plasma than in host 
blood plasma. Differences of the lipid pattern 
between the ascitic and the blood plasma of 
hepatoma-bearing rats would seem to indicate a 
selective permeability of the peritoneal wall 
towards plasma lipoproteins and/or a prefer- 
ential utilization of certain lipid classes in 
ascitic plasma by the tumor cells. The ascitic 
plasma of Ehrlich carcinoma-bearing mice 
studied by Yamakawa and Ueta (55) also 
contained small concentrations of lipids mainly 
constituted by neutral lipids with a relatively 
high contribution of cholesteryI esters. In 
addition, the TG concentration found by 
Kannan and Baker (27) in the ascitic plasma of 
Ehrlich carcinoma-bearing mice was much 
similar to that reported in the ascitic fluid of 
our tumor-bearing rats. However, when CBA 
mice were used to grow Ehrlich carcinoma, an 
elevated amount of TG was found in their 
ascitic plasma by Spector's group (26,28), a 
result possibly accounted for by the remarkably 
high tumor-induced hypertriglyceridemia in 
mice of this strain. 
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The fatty acid compositions of neutral lipid 
classes, glycerophospholipids and sphingo- 
myelin from host and normal rat livers and 
Yoshida hepatoma cells are reported in tables 
V, VI and VII. 

As shown in Table V, no significant dif- 
ferences were found in the fatty acid composi- 
tion of cholesteryl esters, TG and FFA of host 
and normal rat livers. In comparison to the 
livers, Yoshida hepatoma cells had a signifi- 
cantly higher proportion of myristic and a 
lower percentage of palmitic acids in cho- 
lesteryl esters; furthermore, hepatoma choles- 
teryl esters contained a higher proportion of 
stearic acid in comparison to host liver and a 
lower level of linoleic acid in respect to normal 
rat liver. TG of Yoshida hepatoma cells con- 
tained a lower proportion of palmitic and a 
higher level of  stearic acid than TG of liver of 
both normal and host rats; in addition, tumor 
TG had a higher percentage of palmitoleic acid 
as compared to host liver TG and a higher 
percentage of  oleic acid in comparison to 
normal liver TG. The finding that Yoshida 
hepatoma cells compared with the rat liver 
contain a lower proportion of palmitic and a 
higher percentage of stearic acid in TG is 
consistent with previous results concerning TG 
of 7777 Morris hepatoma (42) and of 7288 
CTC hepatoma (12). In TG and cholesteryl 
esters of  these tumors, however, there were 
elevated quantities of C 22 polyunsaturated acids 
that were not found in the present study. Table 
V also shows that FFA of Yoshida hepatoma 
cells contained a lower proportion of palmitic 
acid and higher percentages of palmitoleic and 
oleic acids than FFA of both host and normal 
livers. 

Table VI shows that, in comparison to the 
normal liver, the liver of the host exhibited a 
higher percentage of palmitic acid in PC and PI 
and a lower proportion of arachidonic in PE 
(plus PS), PC and PI. In the DPG, the host liver 
had significantly lower proportions of palmit- 
oleic and oleic acids and a higher level of 
linoleic acid than the normal liver. In other 
laboratories, an increase of palmitic acid 
associated with a decrease of arachidonic acid 
was observed in the liver PL of rats bearing 
Walker carcinoma 256 (19) and in the liver PE 
and PC of rats bearing 7288 CTC hepatoma 
(13). Moreover, Ueta et al. (15) reported an 
increase of stearic and a decrease of oleic 
acid in total lipids of mouse liver after intra- 
peritoneal inoculation of both Ehrlich carcin- 
oma and MH-134 hepatoma cells. However, no 
significant variations were found in the fatty 
acid composition of the liver PL from mice 

bearing a transplantable glioma (16) and of the 
PC and PE of  liver organelles from rats bearing 
Morris hepatoma 7777 (14). 

In Yoshida hepatoma cells, diacylPE and -PC 
contained lower proportions of stearic, arachi- 
donic, and docosahexaenoic acids and higher 
percentages of palmitoleic, oleic, and linoleic 
acids in comparison to PE (plus PS) and PC of 
either host or normal liver. An increase of oleic 
acid associated with a decrease of arachidonic 
and docosahexaenoic acids was also observed in 
the hepatoma PI in comparison to the PI of 
normal and host livers. In DPG, hepatoma cells 
revealed an unchanged fatty acid composition 
when compared to the normal liver, while 
showing a higher level of oleic acid and a lower 
proportion of linoleic acid with respect to host 
liver. These differences are consistent with 
those observed by Wood (13) in DPG of 7288 
CTC hepatoma. 

In SP (Table VII), host livers compared to 
normal livers showed higher levels of  palmitic 
and nervonic acids and lower proportions of  
tricosanoic and lignoceric acids in agreement 
with the results reported by Wood (13) in rats 
bearing 7288 CTC hepatoma. When compared 
with normal liver, Yoshida hepatoma cells 
showed in SP higher levels of palmitic, arachidic 
and behenic acids and a lower percentage of 
tricosanoic and nervonic acids. In comparison 
to the host liver, tumor SP showed an increase 
of arachidic and behenic acids associated with a 
decrease of tricosanoic and lignoceric acids. In 
SP of Yoshida hepatoma cells, we did not find 
the relevant amount of C24:2 observed by 
Wood in SP of either Ehrlich carcinoma (58) or 
several other transplantable tumors (59). 

It should be mentioned that the fatty acid 
profiles of the various lipid classes from 
Yoshida hepatoma cells reported in this study 
confirm our earlier data on this hepatoma 
studied at the level of subcellular fractions (30). 
They are also similar, with only minor dif- 
ferences, to those found when Yoshida hepa- 
toma cells were grown in control animals kept 
on a semisynthetic diet during a study of the 
effects of  essential fatty acid deficiency on the 
lipids of tumor cells (60). In particular, the high 
levels of palmitoleic and oleic acids associated 
with low percentages of arachidonic and/or C 22 
polyunsaturated acids of Yoshida hepatoma 
cells are consistent with similar changes found 
in other hepatomas compared with liver 
(13,14,42,46,61-63). Recent studies by Wood 
et al. (64-66) indicate that vaccenic acid may 
partly account for the "oleif icat ion" observed 
in tumor cells. 

Table VIII gives the composition of ether- 
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T A B L E  VIII  

C o m p o s i t i o n  o f  E t h e r - l i n k e d  G r o u p s  in G l y c e r y l  E t h e r  Dies te rs  ( G E D E )  a n d  
P h o s p h o g l y e e r i d e s  f r o m  Y o s h i d a  H e p a t o m a  Cells ( A H 1 3 0 )  
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Side c h a i n  

G E D 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  a P h o s p h a t i d y l c h o l i n e  a 

A l k y l  b A l k y l  A l k - l - e n y l  e A l k y l  A l k - l - e n y l  c 
(5)  (3 )b  (3)  (3 )b  (2)  

1 4 : 0  1 .6  • 1.2 d . . . . . . . . . . .  
1 6 : 0  39 .6  +- 2 .8  35 .6  • 4 .2  47 .1  -+ 0 .7  4 1 . 0  -* 0 .9  47 .2  • 0 . 8  
16 :1  tr tr tr  tr tr 
1 8 : 0  38 .5  _+ 2 .9  49 .1  + 5 .3  4 5 . 0  +- 1.1 38 .8  • 2 .3  4 5 . 7  • 0 .5  
18 :1  19 .0  • 2 .4  15 .3  -+ 1 .6  8.1 -+ 1.0 2 0 . 3  • 1.6 7.2 • 0 .3  
18 :2  1.3 -+ 0 .5  . . . . . . . . .  

a l s o l a t e d  b y  T L C  (see Mater ia l s  a n d  M e t h o d s ) .  

b A l k y l  g r o u p s  we re  a n a l y z e d  by  gas l iqu id  c h r o m a t o g r a p h y  as a lky l  g l y c e r o l  i s o p r o p y l i d e n e  der iva t ives  (see 
Mate r ia l s  a n d  M e t h o d s ) .  

e A l k - l - e n y l  g r o u p s  w e r e  a n a l y z e d  b y  gas l i qu id  c h r o m a t o g r a p h y  as a l k y l  s u b s t i t u t e d  d i o x a n e s  (see Mater ia l s  
a n d  M e t h o d s ) .  

d V a l u e s  r e p r e s e n t  w e i g h t  p e r c e n t a g e s  a n d  are t he  m e a n s  • SE o f  t h e  n u m b e r  o f  e x p e r i m e n t s  l is ted in 
p a r e n t h e s e s .  

linked moieties in GEDE, PE and PC of Yo- 
shida hepatoma cells. GEDE as well as PE and 
PC contained similar elevated amounts of alkyl 
C16:0 and C18:0 with lower proportions of 
C18:1 and minor percentages of C14:0 and 
C18.2. Alk-l-enyl moieties in PE and PC were 
made up mostly of C16:0and C18:0 chains, 
while C 18:1 represent a minor component. The 
alkyl and alk-l-enyl moieties of Morris hepa- 
toma 7777 studied by Snyder et al. (42) were 
made up of a lower proportion of C18:0 and a 
higher proportion of C 18:1 chains in compari- 
son to the values reported in the present study. 
Moreover, in the detailed study by Wood and 
Snyder (52) of ether-linked lipids of Ehrlich 
carcinoma, the alkyl chain composition of 
GEDE and PE was similar to that found in 
Yoshida hepatoma cells, while, in comparison 
to these latter, Ehrlich carcinoma cells contained 
lower proportions of C16:0 and C18:0 and a 
higher percentage of C 18:1 in alkyl PC. The 
prevalence of C16:0 over C18:0 alk-l-enyl 
chains found in PE of Ehrlich carcinoma (52) 
was not observed in the present study. The 
profiles of alkyl and alk-l-enyl moieties found 
by Su and Schmid (37) in Novikoff hepatoma 
were approximately the same as those found in 
Yoshida hepatoma. 

Table IX shows that the presence of the 
tumor did not appreciably affect the fatty acid 
composition of cholesteryl esters, TG, FFA and 
PL, with the exception of a higher level of 
stearic acid in PL. The fatty acid compositions 
of the various lipid classes in ascitic plasma 
approximately reflect those found in host 
blood plasma, with the exception of a higher 
proportion of stearic acid associated with a 
lower level of oleic acid in FFA and of a lower 

proportion of stearic acid and a higher level of 
docosahexaenoic acid in PL. 

In conclusion, this study revealed that 
growth of Yoshida ascites hepatoma did not 
significantly affect the lipid composition of 
host rat liver with the exception of moderate 
changes in the phospholipid fatty acid pattern. 
Therefore, the low level of phospholipids, the 
occurrence of relevant amounts of ether-linked 
lipids and the variations of the fatty acid 
profiles found in several lipid classes of Yoshida 
hepatoma cells do not seem to be related to 
host-tumor relationships but rather to meta- 
bolic derangements in those cells. Moreover, 
this study revealed that the major tumor- 
induced change in blood plasma consisted in a 
noticeable hypertriglyceridemia, the relevance 
of which in determining the pecularities found 
in tumor lipids is still to be clarified. 
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Identification of 15-Keto-9,11-Peroxidoprosta-5,13-D ienoic 
Acid as a Hematin-Catalyzed Decomposition Product of 
15-Hydroperoxy-9,1 1-Peroxidoprosta-5,13-Dienoic Acid 
G. GRAFF, E.W. DUNHAM, T.P. KRICK, and N.D. GOLDBERG, Departments of Pharmacology, 
Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, Minnesota 55455 

ABSTRACT 

A labile prostaglandin was isolated as one of the products generated from [1-14C] eicosatetraenoic 
acid incubated with sheep vesicular gland mierosomes. The eicosatetraenoic acid metabolite 
amounted to ca. 16% of the total radiolabeled products. Formation of this new prostaglandin was pre- 
vented when heat-denatured microsomes were employed or when incubation mixtures were 
supplemented with indomethacin or phenol. However, incubation of prostaglandin G 2 (PGG2) with 
hematin in the presence or absence of catalytically active or heat-inactivated microsomes led to 
production of approximately the same quantity of the new prostaglandin. These results indicated 
that the new prostaglandin can be formed nonenzymically. The new prostaglandin was conclusively 
identified by gas liquid chromatography-mass spectrometry analysis as 15-keto-9,1 1-peroxidoprosta- 
5,13-dienoic acid (15-keto-PGG2) after chemical conversion to known prostaglandins. The effects of 
15-keto-PGG 2 and PGG 2 were similar on canine lateral saphenous vein; both promoted contraction 
followed by prolonged relaxation, but 15-keto-PGG 2 appeared to be 1/50 as potent as PGG 2. 

INTRODUCTION 

In a recent investigation (I)  that involved 
extensive purification of  prostaglandin (PG) 
endoperoxides PGG 2 and PGH 2 generated by 
l ipid-depleted sheep vesicular microsomes, a 
radioactive eicosatetraenoic acid-derived 
product was discovered that copurified with 
PGG 2 in previously described i so l a t i on  
systems (1), but was distinguishable from PGG 2 
by more rigorous purification and analytical 
procedures. In the present communication, we 
described the purification of this eicosatetra- 
enoic acid-derived product, its nonenzymic 
generation, its chemical modification, and its 
identification as 15-keto-9,11-peroxidoprosta- 
5,13-dienoic acid (15-keto-PGG 2 ). 

MATERIALS AND METHODS 

5,8,11,14-Eicosatetraenoic acid and other 
fatty acids were obtained from NuChek Prep, 
Elysian, MN. [ 1-14C] 5,8,11,14-Eicosatetra- 
enoic acid was purchased from Rosechem, 
Los Angeles, CA; its purity was established to 
be greater than 99% as judged by gas liquid and 
thin layer chromatography. Triphenylphos- 
phine was a product of Pierce Chemical, Rock- 
ford, IL, Hematin, sodium borohydride and 
p-hydroxymercuribenzoate were obtained from 
Sigma, St. Louis, MO. Methoxyamine-HC1 and 
N,O-bis-(trimethylsilyl) t r i f l u o r o a c e t a m i d e  
(BSTFA) were products from Supelco, Belle- 
fonte, PA. Petroleum ether (bp. 30-60 C) was 
treated with concentrated sulfuric acid, washed 
with water, and distilled over lithium aluminum 
hydride prior to use. Ethyl acetate (spectral 
grade) was obtained from Matheson, Coleman 

& Bell, Norwood, OH, and used without further 
purification. Silicic acid (100 mesh) (Mallin- 
ckrodt, St. Louis, MO) was exhaustively washed 
with distilled water and activated at 150 C 
overnight prior to use. All other chemicals used 
were of analytical grade and were products of 
either Mallinckrodt, J.T. Baker, Cleveland, OH, 
or Fisher Scientific, Chicago, IL. Vesicular 
glands from noncastrated sheep were obtained 
from a local slaughter house and were stored at 
-70 prior to use. 

Thin layer chromatography (TLC) of  cyclo- 
oxygenase reaction products before or after 
purification on silicic acid columns was carried 
out with TLC plates precoated with 0.25 
mm Silica Gel G (Mallinckrodt) and developed 
with one of the following solvent systems: 
Solvent A: ethyl acetate/2' 2,4trimethyl- 
p e n t a n e / p e t r o l e u m  e t h e r / a c e t i c  acid 
(50:50:20:0.3,  by vol); Solvent B: ethyl 
a c e t a t e / 2 , 2 , 4 t r i m e t h y l p e n t a n e / a c e t i c  acid 
(50:50:0.3, by vol) (2); Solvent C: isopropyl 
ether/2-butanone/acetic acid (50:40:1, by vol) 
(3); Solvent D: chloroform/methanol/acetic 
acid/water (90:8:1:0.8,  by vol) (4); Solvent E: 
ethyl acetate/acetic acid (100:1, by vol). 
Chromatography with solvents A and B was 
carried out at 4 C in TLC-tanks lined with filter 
paper (10 x 55 cm) that were preequilibrated 
for 20 min with the developing solvent. Chro- 
matography with solvent systems C, D and E 
was performed similarly at room temperature. 
The location of radioactivity on TLC plates 
was determined with a Berthold Diinnschicht 
scanner. In addition to radioisotope scanning, 
cyclooxygenase reaction products were 
localized on TLC plates by exposure to 12 
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vapor or by spraying with 50% sulfuric acid and 
charring. Radioactive zones on silica gel plates 
were scraped off with a razor blade, and radio- 
activity was determined by liquid scintillation 
counting using Aquasol-2 (New England Nuc- 
lear, Boston, MA) containing 5% water. Hydro- 
peroxy and/or endoperoxy containing cycloox- 
ygenase reaction products were made visible 
after TLC analysis by spraying with a solution 
containing 0.1% N, N-dimethyl-p-phenylenedi- 
amine in chloroform/acetic acid/water (5:5:1,  
by vol) (5). Purification of cyclooxygenase 
reaction products of [1-14C] eicosatetraenoic 
acid was carried out as previously described (1) 
in a -20 cold room by chromatography on 
silicic acid (1.5 g in a 1.0 cm diameter glass 
column) and elution with solvent mixtures 
containing various proportions of ethyl acetate 
in purified petroleum ether. Gas liquid chroma- 
tography (GLC) was carried out isothermally at 
220 C with a Varian gas liquid chromatograph 
(model 3700) equipped with a 2 ft x 0.125 in 
column and a flame ionization detector. The 
column support used was 5% OV-101 on 
80/100 mesh chromosorb WAW. GLC-mass 
spectrometry (MS) was performed with a 
LKB-9000 and a column (4 ft x 0.125 in) 
packed with 3% OV-17 on 80/100 mesh 
Supelcoport. Chromatography was carried out 
with constant temperature of 220C. Mass 
spectra were recorded at 20 eV. 

Cyclooxygenase Preparation 

Sheep vesicular gland microsomes were 
prepared as follows: excess fat was removed 
from glands which were then homogenized in 
ice cold 0.25 M sucrose (pH 7.4) containing 
1 mM EDTA (sucrose-EDTA solution) (1.3 ml 
sucrose-EDTA solution per g tissue). The 
homogenate was filtered through cheese cloth 
and centrifuged for 20 min at 12,000 x g. 
The supernatant was collected and the pellet 
reextracted by homogenization with the 
sucrose-EDTA solution (1.0 ml per g of starting 
material) with a Potter-Elvehjem homogeni- 
zer. The homogenate was transferred into a 
round bottom flask, frozen (-70 C) and lyophi- 
lized overnight. The freeze-dried microsomes 
were lipid-depleted as described previously (1). 
Microsomal preparations that were not sub- 
jected to lipid depletion were resuspended in 
ice cold 100 mM phosphate buffer (pH 7.4) 
(0.3 ml per g starting material), kept on ice and 
used within 60 rain. 

Cyclooxygenase Reaction 

[ 1-14C] 5,8,11,14-Eicosatetraenoic acid was 
diluted with unlabeled fatty acid to a final 

specific activity of  2000 cpm/nmol.  The fatty 
acid was converted to the ammonium salt and 
dissolved in either 4.0 ml 0.1 M Tris-HC1 buffer 
pH 8.0, or in 250/alof  0.1 M phosphate buffer pit 
7.4 when reactions were conducted with 
lipid-depleted or freshly prepared sheep vesicu- 
lar gland microsomes, respectively. When 
lipid-depleted microsomal preparations were 
used, 300 mg (dry weight) of microsomal 
powder was homogenized in 4.0 ml ice-cold 0.1 
M Tris-HC1 buffer, pH 8.0, containing 2 mM 
p-hydroxymercuribenzoate,  2 /aM hematin, 
0.75% Tween-40 and 10% glycerol. The micro- 
somal suspension was incubated for 3 min at 37 C 
before transfer of 1.0 ml of the suspension to a reac- 
tion vessel containing [1-14C] eicosatetraenoic 
acid. After an initial incubation for 15 sec at 37 C 
carried out with constant stirring and oxygena- 
tion (30 ml O2/min), the remaining 3.0 ml of 
the microsomal suspension was added and the 
incubation was continued for 30 sec under the 
same conditions. The final concentration of 
[1-14C]eicosatetraenoic acid was 625 ,uM. 

When freshly prepared sheep vesicular gland 
microsomes were used, the experiment was 
conducted as follows: to 18.0 ml of 0.1 M 
phosphate buffer, pH 7.4, containing 1 mM 
p-hydroxymercuribenzoate and [1-14C]eico- 
satetraenoic acid (preequilibrated to 37 C), 0.5 
ml of microsomal homogenate (17.4 mg pro- 
tein/ml) (preequilibrated to 37 C) was added. 
After an initial 15 sec incubation at 37 C with 
constant stirring, a second aliquot of 1.5 ml of 
microsomal homogenate was added and the 
reaction incubated for an additional 30 sec. 
The final concentration of [ 1-14C] eicosatetra- 
enoic acid was 190/aM. 

Cyclooxygenase reactions were terminated 
by pouring the reaction mixture into a separa- 
tory funnel containing 100 ml of ethyl acetate/ 
petroleum ether (1:1, by vol) precooled to 
-40 C followed by the addition of 4.0 ml 1 M 
citric acid. After vigorous shaking, the phases 
were allowed to separate and the organic phase 
was collected. The aqueous phase was reex- 
tracted with I00 ml of the ethyl acetate/ 
petroleum ether mixture (-40 C). The combined 
organic extract was dried over sodium sulfate, 
filtered, and concentrated on a rotary evapo- 
rator under high vacuum. This extraction 
procedure resulted in an overall isotope re- 
covery of 91.5 -+ 9.8% (mean +- SEM, n = 12) 
with 36.0 -+ 16.6%, distributed in the aqueous 
phase and 55.7 -+ 7.3% in the organic phase 
when reactions were conducted without 
oxygenation. When reactions were conducted 
with oxygenation, the overall isotope recovery 
was 90.1 + 9.1% (mean + SEM, n = 12) with 
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FIG. 1. Thin layer chromatography in solvent A of: (A) reaction products isolated from incubation of 
[ 1-14 C] eicosatetraenoic acid with lipid-depleted sheep vesicular gland microsomes as described in Methods; 
(B) the radioactive material isolated by the initial silicic acid column chromatography upon elution with 15% 
ethyl acetate in petroleum ether; (C) the component eluted from silicic acid with 20% ethyl acetate (coalponent 
II, fractions 51-80 in Fig. 2) upon rechromatography of the peak eluted with 15% ethyl acetate from the initial 
silicic acid chromatography; and (D) the component eluted from silicic acid with 10% ethyl acetate (component 
I, fractions 21-40 in Fi~. 2) upon re-chromatography of the material eluted with 15% ethyl acetate from the 
initial silicic acid column chromatography. Abbreviations used: 20:4 = 5,8,11,14eicosatetraenoic acid; Ric = 
rieinoleic acid (12-hydroxy-9-octadecenoic acid);B 2 = Prostaglandin B 2. 
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FIG. 2. Rechromatography on silicic acid of the 
radiolabeled material eluted with 15% ethyl acetate 
during the initial purification of the reaction products 
from an incubation of [1-14C]eicosatetraenoic acid 
with lipid-depleted microsomes. Chromatography (1.5 
g silicic acid) was carried out at -20C with a 1 x 
1.5 cm column. Fractions of 5 ml were collected and 
50 ~1 aliquots were removed for liquid scintillation 
counting. The different proportions of ethyl acetate 
(EA) to petroleum ether (PE) in the developing solvent 
are indicated. 

16.5 +- 9.5% of  the  rad ioac t iv i ty  d i s t r ibu ted  in 
the  aqueous  phase  and  73,5 -+ 9.8% in the  
organic phase.  

Vasoa�9 and Platelet Aggregation 

Canine  lateral  s aphenous  vein (LSV)  s t r ips  
were prepared  for  m e a s u r e m e n t  of  changes  in 
con t r ac t i l i t y  as descr ibed  previously  (6)  excep t  
t ha t  the  s tr ips  were suspended  in a 2 ml muscle  
ba th  and  washed c o n t i n u o u s l y  by  overf low wi th  
Krebs  so lu t ion  con ta in ing  i n d o m e t h a c i n  (2.8 
pM)  and pheny l eph r ine - t tC1  (0 .1-0 .4  pM).  
Washed h u m a n  pla te le ts  were prepared  and  
the i r  aggregat ion d e t e r m i n e d  as descr ibed 
previously  (7). 

RESULTS 

TLC analysis  of  the  r eac t ion  p roduc t s  t ha t  
were genera ted  by i n c u b a t i n g  [ 1-14C] eicosat-  
e t raenoic  acid wi th  l ip id-deple ted  mic rosomes  
in the  presence of  molecu la r  oxygen  (Fig. 1A) 

showed  tha t  4% of  the  rad ioac t iv i ty  was repre-  
sen ted  by  u n r e a c t e d  fa t ty  acid, 39% by a 
f rac t ion  compr i sed  of  two  c o m p o n e n t s  (R f  
0 .56 and 0 .53)  t h a t  migra ted  be low a m o n o -  
h y d r o x y  fa t ty  acid s t anda rd  (r ic inoleic  acid),  
34% by a c o m p o n e n t  wi th  an  Rf value of  0 .29  
and  23% by more  polar  c o m p o n e n t s  t h a t  
r ema ined  at or  near  the  origin in the  ch roma-  
tograph ic  sys tem used. Ini t ial  pur i f i ca t ion  of  
the  p r o d u c t s  of  the  r eac t ion  mix tu r e  was 
achieved by silicic acid c o l u m n  c h r o m a t o g r a p h y  
(-20 C) as descr ibed previously  (1), e m p l o y i n g  
e thy l  ace ta te  (EA)  and  pur i f ied p e t r o l e u m  e the r  
(PE) as the  e lu t ing  solvent .  U n d e r  these  
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15-KETO-PGG 2 

TABLE I 

Component I formation from 15-hydroperoxy-9,1 l-peroxidoprosta-5,13-enoic acid (PGG2). 
The complete reaction mixture contained 292/aM [ 1-1'+C I PGG2 (spec. activity = 
2,000 cpm/nmole) 7.5 mg (dry weight) lipid depleted microsomes, 1 /aM hematin, 

0.1 M Tris-HC 1, lmM p-hydroxymercuribenzoate, 0.75% Tween-40 and 10% glycerol, pH 
8.0. Reactions were carried out at 37 C for 45 sec in a final volume of 0.4 ml. 

Reaction products were isolated as described in Methods. Component 1 formation was 
determined by reduction with triphenylphosphine of component I, 

PGG 2 and PGH 2 after their isolation from a silicic acid column 
upon elution with 20% EA in PA 

337  

No. Active Heat denatured 
microsomes microsomes microsomes 

Peak I 22.3 22.0 19.2 
PGG 2 51.1 4.5 40.2 
PGH 2 7.3 45.4 12.3 
Other more polar products 19.3 28.1 28.3 

cond i t ions ,  th ree  radioac t ive  c o m p o n e n t s  were 
resolved. Unreac ted  e i cosa te t r aeno ic  acid (5%) 
was e lu ted  wi th  10% EA, a ma jo r  radioac t ive  
peak (42%) was e lu ted  wi th  15% EA, and  a 
th i rd  c o m p o n e n t  (33%) e lu ted  wi th  20% EA. 
The  rad ioac t iv i ty  r ema in ing  on  the  c o l u m n  
(19%) could  be recovered  u p o n  e lu t ion  wi th  
100% EA. Very similar  results  were o b t a i n e d  in 
ten  repl icate  exper imen t s .  Silicic acid c o l u m n  
c h r o m a t o g r a p h y  appa ren t ly  causes a m i n i m u m  
or no  b r e a k d o w n  of  the  original  r eac t ion  
p roduc t s  iden t i f i ed  as ind ica ted  by  the  quan t i -  
ta t ive recovery of the  to ta l  rad ioac t iv i ty  appl ied 
and  the  qual i ta t ive  and  quan t i t a t i ve  co r re spond-  
ence o f  the  silicic acid co lumn-de r ived  com- 
p o n e n t s  wi th  the  original  reac t ion  p r o d u c t s  
ident i f ied  on  the  basis of  the i r  relative migra-  
t i on  on TLC. The  c o m p o n e n t  f rom the  silicic 
acid c o l u m n  e lu ted  wi th  20% EA t h a t  corres-  
p o n d e d  to the  c o m p o n e n t  wi th  Rf value  of  
0 .29 was conclus ively  iden t i f i ed  as p ro t ag l and in  
H 2 by p rocedures  previously  descr ibed (1,2) .  
TLC analysis  of  the  peak e lu ted  wi th  15% EA 
showed  tha t  it was compr i sed  of  two  c o m p o -  
nen t s  wi th  Rf values of  0 .56 and  0.53 (Fig. 1B). 
R e c h r o m a t o g r a p h y  o f  t h e  c o m p o n e n t s  
c o m p r i s i n g  t h i s  p e a k  o n  s i l i c i c  a c i d  
(-20 C) e m p l o y i n g  s tepwise  e lu t ion  wi th  10 and  
20% EA in PE resul ted  in the  r e so lu t ion  of  two 
c o n s t i t u e n t s  r ep resen ted  by f rac t ions  21-47 
( c o m p o n e n t  1) and  48-80 ( c o m p o n e n t  II) (Fig. 
2). TLC analysis  o f  c o m p o n e n t s  I (Fig. 1 D) and  
II (Fig. 1 C) showed  single separable  subs tances  
by rad io i so tope  scanning,  or a f te r  exposure  to  
12 vapor.  B o t h  c o m p o n e n t s  showed  posi t ive re- 
ac t ion  wi th  N,N-dimethyl-p-phenylenediamine 
ind ica t ing  the  presence  of  e i the r  a h y d r o p e r o x y  
a n d / o r  e n d o p e r o x y  func t iona l  g roup  in b o t h  
substances .  C o m p o n e n t  II was conclus ively  
ident i f ied  as previously  descr ibed (1 ,2)  by TLC 
and  GLC-MS analysis  as p ros tag land in  G 2 
(PGG2) .  

E x a m i n a t i o n  of  c o m p o n e n t  I f o r m a t i o n  wi th  
f reshly  p repa red  mic rosomes  u n d e r  c o n d i t i o n s  
similar  to those  descr ibed by Hamberg  et al. 
(2) ,  w i th  the  e x c e p t i o n  of  add ing  mic rosomes  
in two stages (see METHODS) ,  showed  the  
f o r m a t i o n  of  16 -+ 3% ( m e a n  and  range of  two 
e x p e r i m e n t s )  c o m p o n e n t  I and  84 -+ 3% PGG 2 
in the  compos i t e  peak  f rom the  silicic acid 
c o l u m n  tha t  was e lu ted  wi th  15% EA. In 
ident ica l  e x p e r i m e n t s  c o n d u c t e d  in the  pres- 
ence  o f  exogenous  oxygen ,  the  p r o d u c t i o n  of  
c o m p o n e n t  I increased  to 23 +- 3% (n = 2) of  
the  c o m p o s i t e  peak.  When  l ip id-deple ted  
m i c r o s o m e s  were used and  the  i n c u b a t i o n  
c o n d u c t e d  wi th  exogenous ly  suppl ied  oxygen  
and  1 /aM h e m a t i n ,  c o m p o n e n t  I compr i sed  42  
+- 2% (n = 2) and  PGG 2 58 +- 2%, respect ively,  
of the  p roduc t s  p resen t  in the  compos i t e  peak.  

The  poss ib i l i ty  of  n o n e n z y m i c  f o r m a t i o n  of  
c o m p o n e n t  I was e x a m i n e d  by de t e rmin ing  if  
th is  p r o d u c t  was genera ted  f rom [ 1 - 1 4 C ] e i c o  - 
s a t e t r aeno ic  acid wi th  hea t - inac t iva ted ,  l ipid- 
dep le ted  mic rosomes  or wi th  mic rosoma l  
r eac t ion  mix tu re s  s u p p l e m e n t e d  w i th  a cyclo- 
oxygenase  inh ib i to r ,  i n d o m e t h a c i n  (5btM). With 
e i the r  hea t - inac t iva ted  mic rosomes  or indo-  
m e t h a c i n - c o n t a i n i n g  reac t ions ,  on ly  unreac-  
t ed [  1-14C] e i cosa te t r aeno ic  acid was de t ec t ed  
(no t  shown) .  C o n d u c t i n g  the  cyc looxygenase  
r eac t ion  wi th  l ip id-deple ted  mic rosomes  u n d e r  
s t anda rd  c o n d i t i o n s  in  the  presence  of  0.5 mM 
p h e n o l  (a pe rox idase  cosubs t ra t e ,  which  pro- 
m o t e s  PGH 2 b iosyn thes i s  wi th  min ima l  accum-  
u l a t i on  of  PGG 2 (8) )  resul ted  in the  f o r m a t i o n  
of  on ly  PGH 2 ; t he re  was no  de tec t ab le  fo rma-  
t ion  o f  the  c o m p o n e n t  I ( n o t  shown) .  The  
a p p a r e n t  lack of  c o m p o n e n t  I f o r m a t i o n  in 
r eac t ion  mix tu re s  c o n t a i n i n g  e i t he r  i n d o m e t h -  
acin,  phenol ,  or  hea t - inac t iva ted  mic rosomes  
suggested its f o r m a t i o n  requi red  the  accumula-  
t ion  o f  PGG 2 in the  reac t ion  mix tu re .  This  
poss ibi l i ty  was e x a m i n e d  by  d e t e r m i n i n g  if  
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FIG. 3. Thin layer chromatography of component I represented by fractions 21-40 in Fig. 2 and PGG 2 
([component II] represented by fractions 50-80 in Fig. 2) and their respective reaction products formed after 
various chemical treatments. Thin layer chromatography of: (A) purified component I; (B) component I after 1 
hr of reaction in 100 mM phosphate buffer, pH 7.4 ; (C) base treatment (1N KOH in methanol, 15 min) of the 
purified reaction product obtained from treatment of component I with phosphate buffer (as in (B)); (D) 
component I after reduction with triphenylphosphine in diethyl ether or stannous chloride in buffered ethanolic 
solution; (E) component I after reduction with sodium borohydride in methanol; (F) purified PGG 2 (component 
II represented by fractions 51-80 in Fig. 2); (G) PGG 2 after 1 hr in 100 mM phosphate buffer, pH 7.4; (H) PGG 2 
after reduction with triphenylphosphine in diethyl ether or with stannous chloride in buffered ethanolic solu- 
tion. Chromatography was carried out with solvent A (panels A and F) or solvent D (panels B,C,D,E,G,H) as 
described in Methods. Abbreviations used: 15-k-B 2 = 15-keto-prostaglandin B2, 15-keto-PGE 2 = 15-keto- 
prostaglandin E2, E2 = prostaglandin E2, F2c~ = prostaglandin F2a;; for others see Fig. 1. 

c o m p o n e n t  I could  be gene ra t ed  f rom [ 1-14C]-  
PGG 2 in r eac t ion  mix tu re s  con ta in ing  cataly-  
t ical ly act ive mic rosomes ,  hea t - inac t iva ted  
m i c r o s o m e s  or r eac t ion  bu f fe r  a lone  wi th  the  
same h e m a t i n  c o n c e n t r a t i o n  (1 /aM) used wi th  
the  m i c r o s o m e - c o n t a i n i n g  reac t ions .  As s h o w n  
in Table  I, i n c u b a t i o n  of  PGG 2 in r eac t ion  
mix tu re s  c o n t a i n i n g  mic rosomes ,  hea t - inac t i -  

va ted  mic rosomes ,  or  r eac t ion  bu f fe r  a lone,  
resu l ted  in the  f o r m a t i o n  of  a p p r o x i m a t e l y  the  
same quan t i t i e s  of  c o m p o n e n t  I (19  to 22%). 

These  obse rva t ions  con f i r m  t h a t  PGG 2 prob-  
ably represen ts  the  p recursor  of  c o m p o n e n t  I. 

The  data  also es tabl i shed  t h a t  c o m p o n e n t  I 
p r o d u c t i o n  can be ca ta lyzed  n o n e n z y m i c a l l y  

f rom PGG 2 since hea t - inac t iva ted  m i c r o s o m e s  
as well as r eac t ion  buf fe r  a lone  genera ted  
v i r tua l ly  the  same quan t i t i e s  of  c o m p o n e n t  I. 

Chemical Characterization of Component I 

C o m p o n e n t  I, l ike PGG2(2) ,  was found  to  
be labile (T �89 4 to 5 ra in)  in aqueous  so lu t ion  
( 1 0 0  mM p h o s p h a t e  buf fer ,  pH 7.4, 3 0 C ) ;  
however ,  t he  ma jo r  aqueous  r e a r r a n g e m e n t  
p r o d u c t s  f rom these  two c o m p o n e n t s  were 
di f ferent .  The  ma jo r  p r o d u c t  resu l t ing  f rom 
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FIG. 4. Thin layer chromatography of: (A) 
component I after 1 hr of reaction in 100 mM 
phosphate buffer, pH 7.4, (B) sodium borohydride 
reaction products obtained from treatment of com- 
ponent I with phosphate buffer (as in (A)). 
Chromatography was carried out with solvent E as 
described in Methods. Abbreviations used are as in Fig. 
1 and Fig. 3. 

FIG. 5. Mass spectrum of the (A) methyl ester 
of the base treated buffer rearrangement product of 
component I (see Fig. 3C); (B) methyl ester trimethyl- 
silyl ether derivatives of component I after sodium 
borohydride reduction; (G) methyl ester methyloxime 
trimethylsilyl ether derivative of component I after 
stannous chloride reduction. 

buffer rearrangement of component I (77%) 
co-migrated with an authentic standard of 
15-keto-PGE 2 (Rf 0.67, Fig. 3B) and showed 
UV absorbtivity. In constrast, the major buffer 
rearrangement product of PGG 2 exhibited an 
Rf value of 0.46 (Fig. 3G). This product 
was conclusively identified as 15-OOH-PGE 2 as 
previously described (1,2). Base treatment of 
the buffer rearrangement product of compo- 
nent  I (in 0.2 ml 1N KOH in methanol for 
15 rain) resulted in the formation of a UV- 
absorbing, less polar product (Fig. 3C) with an 
Rf value of 0.83 which is identical to the 
product obtained from base treatment of 
authentic 15-keto-PGE 2 (e.g., 15-keto-PGB 2). 
GLC analysis of the methyl ester of the base- 
treated, buffer rearrangement product of 
component I showed a peak with an equivalent 
chain length (ECL) value of 24.32, which was 
identical to that of the methyl ester of a 
standard of 15-keto-PGE 2 that underwent base 
treatment (Me-15-keto-PGB2). The mass spec- 
tra of the methyl esters of these two compo- 
nents were found to be identical showing a 

molecular ion (M) at m/e 346 (Fig. 5A) and 
ions at m/e 331 (M-15, loss of "CH3), 315 
(M-31, loss of ~ 314 (M-32, loss of 
CHaOH) , 286 (M-60, loss of CH3COOH), 273 
(M-73, loss of ~ 258 (M-60 + 
28), loss of CH3COOH plus CO), 229 (M-(60 + 
57), loss of CH3COOH plus "(CH2)3CH3), 206, 
205 (M-141, loss of r 
-COOCH3). 

When the buffer rearrangement product of 
component I was reduced with either triphenyl- 
phosphine in diethyl ether or with stannous 
chloride in methanol, no further modification 
of this component  was observed (not shown); 
this indicates that hydroperoxy or endoperoxy 
functional groups are absent in the rearrange- 
ment product. In contrast, 15-OOH-PGE2, the 
major buffer rearrangement product of PGG 2 
is further reduced with either triphenylphos- 
phine or with stannous chloride (1,2) to PGE z. 

Direct reduction of component I with either 
triphenylphosphine in diethyl ether or with 
stannous chloride in buffered ethanolic solution 
led to the formation of a major product (ca. 
80%) that migrated slightly ahead of PGE 2 in 
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FIG. 6. Isotonic responses of canine lateral saphen- 
ous vein 1o pros'taglandins. The vein strips were con- 
tinually washed by overflow (1 mi/min) in a 2 ml 
bath. The Krebs solution contained phenylephrine- 
HCI (0.1-0.4 uM) and indomethacin (2.8 ~sM) which 
submaximally contracted the strips from their passive 
length (0). The prostaglandins were introduced (ar- 
rows) while momentarily stopping the wash (15 see). 
Representative responses of vein strips from 3 separate 
dogs (top, middle and bottom panels) are shown. (A) 
2 nmol 15-keto-PGG2; (B) 0.5 nmol buffer rearranged 
15-keto-PGG2; (C) 0.6 pmol PGE2; (D) 40 pnrol 
PGG2; (E) 5 pmol buffer rearranged~, PGG2; (F) 1.2 
pmol PGE2; (G) 2 nmol 15-keto-PGE2; (H) 1 nmC 
buffer rearranged 15-keto-PGG2; and (1) 1.4 pmol 
PGE 2. 

solvent system C (not shown) or in solvent 
system D (R r 0.43) (Fig. 3D). On the other 
hand, treatment of PGG 2 with either triphenyl- 
phosphine or with stannous chloride resulted in 
the formation of PGF2c~ (Rf 0.23) as shown in 
Fig. 3H. Reduction of component I with 
sodium borohydride in methanol resulted in the 
formation of approximately equal quantities of 
two products; one migrated between PGE 2 and 
thromboxane B 2 (Rf 0.29) and the other 
comigrated with PGF2a (Rf 0.18, Fig. 3E). 
Purification of the sodium borohydride reduc- 
tion products by silicic acid column chroma- 
tography (components Rf 0.29 and Rf 0.18, Fig. 
3E) and derivatization of the isolated compo- 
nents into their respective methyl ester tri- 
methyl silyl ethers (Me-OTMSi) showed peaks 
with ECL values of 24.23 (component with 
Rf 0.29, Fig. 3E) and 24.12 (component with 
Rf 0.18, Fig. 3E), respectively. GLC-MS analy- 
sis of these respective Me-OTMSi derivatives 
showed an identical cleavage pattern upon 
ion impact with minor differences in the 
relative intensities of the ions formed. The mass 
spectra showed a molecular ion (M) at m/e 584 
(Fig. 5B) and a major ion o fm/e  191 ((TMSiO- 
= C H - O T M S i )  +). Less i n t e n s e  ions were 
present at m/e 569 (M-15, loss of "CH3); 513 

(M-71, loss of "(CH2)4CH3);494 (M-90, loss of 
TMSiOH); 404 (M-(2 x 90)); 397, 333 (M-(2 x 
90 + 71)); 307, 217 [TMSiO-CH=CH-CH= 
OTMSi+) +] and 173 ((CH(=OTMSi)(CH2)4CH3)+). 
The mass spectrum obtained conclusively 
identifies the sodium borohydride reaction 
products generated from component I as 9,11,15 
trihydroxyprosta-5,13-dienoic acid stereo iso- 
mers. On the basis of the TLC migration of the 
sodium borohydride reduction products of 
component I and their respective ECL values 
determined upon derivatization and GLC 
analysis compared to those reported for PGF2~ , 
PGF2~ (9,10) and 15-epi PGF2~ (11), the 
product with Rf of 0.18 and ECL-value of 
24.12 most probably represents 9a, l la,15(S) 
prosta-5,13-dienoic acid (PGF2~)and that with 
Rf of 0.29 and EC1 of 24.23 represents 9a, l l a ,  
15(R) prosta-5,13-dienoic acid (15-epi-PGFzc 0. 
Sodium borohydride reduction of the prod- 
ucts of component I obtained from buffer rear- 
rangement resulted in the formation of 
several products (Fig. 4). Although none of the 
products was further characterized, the compo- 
nents with Rf values of 0.10, 0.17 and 0.30 
were tentatively identified as PGF2~ , a mixture 
of PGF2c~ plus 15-epi-PGF2#, and 15 epi-PGF 2 
c~, respectively. These assignments are based on 
(a) the TLC migration observed for the pro- 
ducts generated compared to those reported by 
others (9-11) using a similar eluting solvent and 
(b) the relative radioactivity ratio of 
1.0:1.7:1.1 determined for the components 
with Rf values of 0.10, 0.17 and 0.30 as com- 
pared to the expected theoretical ratio of 
1:2:1 assuming that PGF2c ~ and 15-epi-PGF2~ 
comigrate, which is anticipated upon reduction 
of 15-keto-PGE 2. 

GLC analysis of the methyl ester methyl- 
oxime trimethylsilyl ether (Me-MeO-TMSi) 
derivative of the purified stannous chloride 
reduction product of component I showed a 
peak with an ECL-value of 24.75. The mass 
spectrum of the Me-MeO-TMSi derivative 
showed a molecular ion (M) at m/e 539 (Fig. 
3C) and ions at m/e 524 (M-15, loss of "CH3) , 
508 (M-31, loss of "OCH3) , 483 (M-56, loss of 
CHz=CH-CHz-CH3) , 418 (M-(90 + 31)), loss of 
TMSiOH plus "OCH3) , 398 (M-141, loss of 
�9 CH-CH=CH-(CH2)3COOCH3), 392 (M-(90 + 
57), loss of TMSiOH plus "(CHz)3CH3), 328 
(M-(2 x 90 + 31), 302 (M-(2x 90 + 57)), 282 

((TMSiO=CH-CH=C H-C=(N-OCH 3)-(CH 2)4-CH3 +). 
The mass spectrum conclusively identifies 
the stannous chloride reduction product of 
component I as 15-keto-9,1 l-dihydroxyprosta 
5,13-dienoic acid (15-keto-PGF2c~). 
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Biological Activity 

The biological activities of component I 
were compared to those of PGG 2 on canine 
lateral saphenous vein (LSV) strips and washed 
human platelets. Component I, added to 
the muscle bath within 15 sec after mixing with 
Krebs solution, elicited a biphasic response of 
vein strips (Fig. 6A) qualitatively similar to that 
observed with PGG 2 (Fig. 6D). The response 
observed with both component I and PGG 2 was 
an immediate contraction which rapidly pro- 
ceeded into a prolonged relaxation; this was 
distinguishable from the response to PGE 2 
which produced relaxation only (Fig. 6C, F, I). 
Qualitatively and quantitatively similar activity 
of component I was observed in eight experi- 
ments on LSV strips from separate animals and 
employing three different preparations repre- 
sentative of component  I. Following incubation 
(37 C 30 min) of component  I or PGG 2 in 
Krebs solution, the rearrangement products of 
both substances failed to produce contraction, 
but elicited a prolonged relaxation (Fig. 6B, E, 
H) similar to that produced by PGE2(Fig. 
6C, F, I). Although the vasoactivity of compo- 
nent I, PGG 2 and their aqueous rearrangement 
products were qualitatively similar, PGG 2 and 
its aqueous rearrangement products appeared to 
be ca. 50 to 100 times more potent than 
component I and its derived products under 
the conditions employed. Authentic 15-keto- 
PGE2 consistently appeared less potent with 
respect to the onset and extent of relaxation 
(Fig. 6G, H) than the product(s) resulting from 
rearrangement of component I in Krebs solution. 
The difference in potency could conceivably 
result from potentiating effects of minor 
amounts of nonrearranged material of compo- 
nent I and/or other side products which remain 
even after 1 hr of buffer rearrangement. 

Component I was clearly different from 
PGG 2 as an effector of  human platelet function 
since it (0.1 to 1.0 pM) failed to mimic, pro- 
mote or prevent eicosatetraenoic acid (3.3 hiM) 
or PGG2-induced (0.1 pM) platelet aggregation. 

DISCUSSION 

In this report, evidence is presented that 
sheep vesicular gland microsomes in the pres- 
ence of hematin generate a labile oxygenated 
product from 5,8,11,14-eicosatetraenoic acid in 
addition to the previously described cyclo- 
oxygenase products, PGG2and PGH 2 (2). The 
newly isolated prostaglandin was conclusively 
identified as 15-keto-9,11-peroxidoprosta-5,13- 
dienoic acid (15-keto-PGG 2). This structure 
assignment was based on several lines of evi- 
dence which are outlined below and in Figure 
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FIG. 7. Reactions performed on component I 
(fractions 2140 in (Fig. 2), (15-keto-PGG2). R 1 = 
(CH2)3-COOH; R 2 = (CH2)4-CH3. 

7. Reduction of 15-keto-PGG2 with sodium 
borohydride resulted in the formation of 
PGF2c ~ and 15-epi-PGF2e (Fig. 3E and 4B). 
These results do not permit distinction among 
keto, hydroperoxy and endoperoxy functional 
groups in the parent molecule. However, 
evidence for the presence of a C9-C11 endo- 
peroxy-bridge was obtained by treatment of 
15-keto-PGG 2 with a mild reducing agent (i.e., 
stannous chloride or triphenylphosphine) (2) 
which reduced the 9,11-endoperoxy bridge to 
the 9,11-diol without altering the 15-keto 
group; this yielded the product 15-keto-PGF 2 c~ 
(Fig. 3D, 5C). Exposure of 15-keto-PGG 2 to 
aqueous medium yielded a product that was 
chromatographically identical to  an authentic 
standard of 15-keto-PGE 2 (Fig. 3B), which 
indicates an isomerization of the 9,11-endoper- 
oxide functional group (2) in the parent com- 
pound. Further evidence for the formation of 
15-keto-PGE 2 after aqueous isomerization of 
15-keto-PGG 2 was provided by demonstrating 
that the aqueous isomerization product of both 
15-keto-PGG 2 and an authentic standard of 
15-keto-PGE 2 underwent base-catalyzed water 
elimination (12) to yield identical products 
identified chromatographically (Fig. 3C) as well 
as by GLC-MS analysis (Fig. 5A) as 15-keto- 
PGB 2. The similar half-lives of 4 to 5 min 
determined for 15-keto-PGG2, PGG 2 and 
PGH 2 in aqueous medium is also consistent 
with the presence of an endoperoxy functional 
group on the newly discovered component.  

Although 15-keto-PGG 2 was detectable as a 
product generated from eicosatetraenoic acid 
by sheep vesicular microsomes under incuba- 
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tion conditions approximating those employed 
by Hamberg et al. (2), it represented a relatively 
minor constituent (i.e. 4.5% of the total pro- 
ducts formed under those conditions). In the 
present investigation in which reactions were 
conducted in the presence of hematin with a 
constant supply of  exogenous 0 2 and with lipid 
depleted microsomes, 1 5-keto-PGG 2 consti- 
tuted 16% of the total products formed. A 
more detailed examination of 15-keto-PGG 2 
production revealed that its generation occur- 
red nonenzymically from PGG 2 presumably by 
a hematin-catalyzed reaction. This was indi- 
cated by the observation that reaction buffer 
containing 1 taM hematin, but no microsomes, 
or reaction buffer containing heat-inactivated 
microsomes promoted formation of equal 
quantities of  15-keto-PGG 2 (19-22%) from 
PGG2, whereas incubation of PGG 2 in aqueous 
medium (phosphate buffer, pH 7.4) has been 
shown (1,2) to lead to the formation of 
15-OOH-PGE 2 . 

Hamberg (13) reported a rapid decomposi- 
tion of 13-hydroperoxi-9,11-octadecadienoic 
acid in phosphate buffer at 37 C in the presence 
of 3 to 80 mM hemoglobin over a 5 min incu- 
bation period. Under these conditions, over 
90% of the starting material was converted to 
five identifiable products of which 11% was 
represented by 13-keto-9,11-octadecadienoic 
acid. Similar results were reported by Gardner 
et al. (14) using an isomeric mixture of linoleic 
acid hydroperoxide with an Fe(IlI)-cysteine 
couple. Miyamoto et al. (15), however, did not 
report any generation of 15-keto-PGG l in 
reaction mixtures containing purified cyclo- 
oxygenase, 8,11,14-eicosatrienoic acid and 
hematin. Under these conditions, we observed a 
relatively substantial production of 15-keto- 
PGG 2 in reaction mixtures supplemented with 
eicosatetraenoic acid, sheep vesicular micro- 
somes, and hematin. 

Numerous reports have appeared showing 
that 15-keto-analogs are less potent than their 
hydroxy-containing counterparts especially 
with respect to vasodilator activity (16). Our 
results comparing the vasoactivity of  PGG 2 and 
15-keto-PGG 2 on dog LSV preparations extend 
these findings with respect to hydroperoxy vs. 
keto functions on prostaglandin endoperoxides. 

KRICK, AND N.D. GOLDBERG 

The 15-keto substitution of the hydroperoxy 
function on PGG 2 diminishes the biological 
activity of the prostaglandin endoperoxide by 
ca. 50-fold. These strikingly different pot- 
enc ies  o f  PGG 2 and 1 5 - k e t o - P G G  2 
provide a means of distinguishing between these 
two prostaglandin endoperoxides which are 
isolated only with relative difficulty. These 
findings underscore the importance of rigorous 
purification and identification of prostaglandin 
products generated in cyclooxygenase reaction 
mixtures, especially when they are supple- 
mented with hematin. 
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Apoproteins in Association with Intralipid Incubations in Rat 
and Human Plasma 
STUART F. ROBINSON and STEVEN H. QUARFORDT,  Division of Gastroenterology, 
Department of Medicine, Duke University Medical Center, Durham, North Carolina 27710 

ABSTRACT 

Intralipid was incubated with rat and human plasma and examined for changes in lipid and apopro- 
rein composition. Upon incubation in rat plasma, Intralipid acquired an apoprotein complement 
similar to that found in chylomicrons following plasma incubation or in chylomicrons after alimentary 
lipemia. Since the apoproteins of lipoproteins probably govern their metabolism, these results suggest 
that Intralipid and chylomicrons undergo similar metabolic fates. This pattern is characterized by a 
predominance of Apo E (the arginine-rich apoprotein) and Apo C. Incubation of lntralipid with 
human plasma showed the uptake of Apo A-I and Apo A-IV as well. Density fractionation of the 
plasma into separate lipoprotein classes facilitated identification of high density lipoprotein as tile 
major apoprotein donor to the ln tralipid. When rat lipoprotein-free plasma (6 > 1.21) was incubated 
with Intralipid, a different apoprotein pattern appeared in the particles of Sf>400 depending on 
whether the entire Intr'alipid preparation or only the Sf>400 fraction alone was incubated. The 
difference consisted of a virtual total absence of the arginine-rich protein on the Sf>400 particles in 
whole lntralipid incubations. Density fractionation of the Sf<400 particles of lntralipid and recom- 
bination of these fractions with the Sf>400 fraction before incubation revealed the major inhibitory 
fraction to be 6 <1.006 (Sf 20-400). 

INTRODUCTION 

Ten percent  Intralipid, an emulsion of  
soybean oil in egg phosphol ipid ,  has been 
f requent ly  used as a calorie source in human 
total  parenteral  a l imentat ion.  The rationale has 
been to provide a nutr i t ional  source resembling 
chylomicrons ,  both  in physical characteristics 
and behavior.  Though the kinet ic  behavior  of  
the infused Intralipid has been described (1), 
and intravenous fat tolerance tests have been 
developed (2), little is known about  the changes 
that  occur  upon  initial exposure  to plasma. 

The purpose of  this s tudy is to examine  the 
analogy be tween  Intralipid and chylomicrons .  
It is known that  chylomicrons ,  when trans- 
por ted to plasma from lymph,  undergo a 
major  change in apoproteins  to a characterist ic 
apoprote in  pat tern (3). Since these apoprote ins  
probably dictate the  subsequent  metabol ic  fate 
of the chylomicrons ,  it becomes  impor tan t  as 
well to documen t  the apoprote in  changes in 
Intralipid upon its entering plasma. This s tudy 
finds that  after plasma incubat ion,  Intral ipid 
acquires an apoprote in  complemen t  similar to 
that  of  chylomicrons  after  initial plasma 
exposure.  The transfer of  apoprote ins  on to  
Intralipid or  chylomicrons  does no t  depend on 
any previous complemen t  of  apoproteins .  The 
results also suggest that  Intralipid and chylomi-  
crons subsequently undergo similar metabol ic  
fates. 

PROCEDURES 

Preparation of Intralipid 

The soybean oil emulsion,  Intralipid (Cut ter  

Laboratories ,  Berkeley,  CA), was used for the 
incubat ions  in the exper iment .  In addi t ion to 
the unspun 10% emuls ion,  the Intralipid was 
divided into two fract ions by ultracentrifuga- 
tion (Beckman Spinco,  Model  LB-65, Palo Alto,  
CA) at 6 x l0  s g/min.  Under  these condi t ions,  
most  of  the emulsion was concent ra ted  in a 
semisolid layer at the top of  the centrifuge 
tube, and was easily separated f rom the re- 
maining suspension. This top f ract ion was twice 
resuspended in 0.15 M NaC1 and 0.001 M 
EDTA and recentr i fuged at 6 x l0  s g/min 
before storage at 4 C unt i l  use. The particles in 
the top fract ion had a f lo ta t ion  greater than Sf 
400, analogous to chylomicrons  isolated in a 
similar manner ,  The  b o t t o m  fract ion of  the 
initial centr i fugat ion was also respun twice to 
el iminate all particles of  f lo ta t ion  greater  than 
St 400.  

The Intralipid infranate was fur ther  sepa- 
rated into  four  density fract ions by ultracentri-  
fugal f lotat ion:  6>1 .006 ,  6<1 .006 ,  61.006-  
1.063, and 6>1 .063 .  This was accomplished 
by adjusting the density with KBr and centrifu-  
gation according to a standard procedure  (4). 

Preparation of Serum and Plasma Density Fractions 

Afte r  an overnight  fast, adult  male Sprague- 
Dawley rats were exsanguinated with 0.4 M 
EDTA (0.01 m h l 0  ml blood) used as the 
anticoagulant .  The cells were separated by 
low-speed centr i fugat ion (Sorvall RC centri- 
fuge, Norwalk,  CT; 5000 rpm for 15 min),  and 
the resulting plasma was spun at 6 x 107 g/min 
to separate the l ipoprote ins  of  f lo ta t ion  greater 

343 



344 S T U A R T  F. R O B I N S O N  A N D  S T E V E N  H. Q U A R F O R D T  

FIG. 1. SDS-polyacrylamide gel electrophoresis of 
apoproteins associated with Intralipid (left) and with 
chylomicrons (right) after plasma incubation. Band 7 
is Apo A-66-1V; Band 8, ARP; Band 9, Apo A-I; and 
Band 11, Apo C. 

than Sf 100, which were discarded. The infra- 
nate fractions with lipoproteins less than Sf 100 
were pooled for use in the experiments. 

Whole blood, with EDTA used as the anti- 
coagulant, was also obtained from a normo- 
lipemic human donor according to guidelines 
approved by the Duke University Medical 
Center Committee for clinical investigations. 
This human blood was handled similarly to the 
rat blood. Portions of both the rat and human 
plasma were further separated by ultracentrifu- 
gation flotation into three density fractions. 
The rat plasma was separated into 6~1.070 
containing primarily very low density lipopro- 
tein (VLDL) and low density lipoprotein 
(LDL); 61.070-1.21 containing pure high 
density lipoprotein (HDL), and 6~1.21 or 
lipoprotein-free plasma. The human plasma was 

separated into corresponding fractions of 
8<1.063,  61.063-1.21, and 6>1.21. The 
relative purity of the respective density frac- 
tions was assessed by lipoprotein agar gel 
electrophoresis. 

Preparation of Chylomierons 

Mesenteric lymphatic chylomicrons were 
harvested from adult male Sprague-Dawley rats 
after intraduodenal administration of corn oil. 
The mesenteric lymphatic had been cannulated 
as previously described (3), and the tip of the 
lymphatic catheter placed under 1 ml of a 
solution of 0.4 M EDTA and 0.15 M NaC1 at 
the bottom of a glass centrifuge tube. This tube 
was in ice for the duration of the collection, 
and the lymph was stored at 4 C until further 
u s e .  

Incubation 

Aliquots of the 10% Intralipid emulsion and 
of the top fraction (Sf<400) of  the spun Intra- 
lipid were incubated with both the rat and 
human plasma density fractions in a Gyrotary 
Water Bath Shaker, Model G76 (New Bruns- 
wick Scientific, New Brunswick, NJ) at 37 C 
for one hour. The triglyceride concentrations of 
the incubation mixtures varied from 1500 to 
3000 mg per dl. The top fraction (Sf>400) of  
the spun Intralipid was also recombined with 
the bottom fraction (Sf<~400)and with the 
various lntralipid density fractions for incuba- 
tion with rat lipoprotein-free plasma (3>1.21). 
In addition, incubations of chylous lymph with 
plasma were done at similar triglyceride concen- 
trations. 

After incubation, the mixtures were spun to 
reisolate only the lipoproteins of Sf~400 (6 x 
105 g/min), and then these were washed twice 
by resuspension and recentrifugation as in the 
initial preparation procedures. The reisolated 
emulsions were then suspended in 5 ml of 
distilled water, and an aliquot was removed for 
quantitative total protein determination. The 
remaining suspension was lyophilized and 
subsequently delipidated at 4 C with two 
washes of ethanol/diethyl ether (3:1 v/v). The 
protein residue was dried under nitrogen and 
stored at 4 C prior to analysis. 

Polyacrylamide Eleetrophoresis 

The Intralipid-associated proteins were 
analyzed by polyacrylamide electrophoresis 
according to the procedure of Weber and 
Osborne (5), using the apparatus of Hoefer Co. 
(San Francisco, CA). Gels of  10% acrylamide 
were prepared in a 0.05 M phosphate buffer, 
pH 7.4, and 0.2% sodium dodecyl sulfate. The 
gels were stained with Amido Black (Millipore 
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TABLE I 

Lipid Changes after Incubation of Intralipid and Whole Plasma 
and Plasma Lipoprotein Fractions for One Hour at 37 C 
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Intralipid Total 
incubation Triglyceride (mg) Phospholipid (mg) cholesterol (rag) Protein (mg) 
(number) (% +_ SE) a (% -+ SE) a (% -+ SE) a (% + SE) a 

Saline (4) 148.6 6.23 0.427 0.117 
(95.68 -+ 0.17) (4.04 +- 0.15) (0.28 +- 0.015) (0.06) 

Rat  plasma 
Plasma (3) 115.7 3.22 0.473 0.544 

(96.93 +- 0.26) b (2.70 + 0.24) c (0.36 -+ 0.02) b (0.70) 
6<1.070 (1) 195.8 6.63 0.640 0.117 

(96.42) (3.27) (0.32) (0.06) 
61.070-1.21 (3) 164.8 4.48 0.612 0.867 

(97.07 -+ 0.17) c (2.55 -+ 0.21) c (0.38 -+ 0.08) NS (0.69) 
6>1.21 (4) 108.6 3.50 0.340 0.398 

(96.70 _+ 0.17) c (3.01 + 0.16) c (0.30 -+ 0.01) NS (0.46) 
Human plasma 
Plasma (3) 132.3 3.32 0.614 0.498 

(96.37 +- 0.11) b (3.18 -+ 0.13) c (0.45 -+ 0.02) d (0.56) 
6<1.063 (I) 65.6 2.73 0.309 0.076 

(95.57) (3.89) (0.45) (0.11) 
61.063-1.21 (3) 93.8 3.12 0.342 0.570 

(96.44 + 0.125) b (3.21 -+ 0.14) b (0.35 -+ 0.01) b (0.58) 
6>1.21 (2) 89.5 3.00 0.306 0.390 

(96.43 +- 0.01) b (3.24 -+ 0.01) c (0.33 +- 0.01) b (0.39) 

apercentage of total lipid by weight -+ standard error. 
bp<o.05. 
Cp<O.O1. 
dp<o.o01. 

Biomedica,  Ac ton ,  MA) in 5% acetic acid. 
Destaining was accompl ished wi th  a solut ion 
conta ining 7.5% acetic acid and 5% me thano l  in 
water .  The relative densit ies of  the d i f ferent  
bands were p lo t t ed  by use of  a Gilford linear 
scanner  (Gilford Ins t rumen t  Labora tor ies ,  

Oberl in,  OH) a t tached  to a Beckman DU 
s p e c t r o p h o t o m e t e r ,  and the areas under  the 
curves were quan t i t a ted  by p lan imet ry .  With 

the use of k n o w n  inc rements  of par t icular  
apopro te ins ,  l inearity of  ch romogen ic i ty  was 
establ ished over the mass ranges used in these 
e lec t rophoreses .  Each apopro te in  band was 
assigned a value depending  on its f ract ional  area 
as de te rmined  by p lanimetry .  This value was 
normal ized  to the amoun t  of  Intralipid asso- 
ciated prote in  per  100 mg of  tr iglyceride.  This 
calculat ion,  while not  defining the absolute 
apopro te in  con t en t  because of  their  differing 
chromogenic i t ies ,  does allow assessment  of  the 
relative magni tudes  of similar apopro te ins  
among  the d i f fe rent  incubat ions .  

Methods of Assay 

Triglyceride de te rmina t ions  on the Intral ipid 
e thano l / e the r  ext rac ts  were ob ta ined  by an auto- 
mat ic  f luoromet r ic  t echnique  (6). Total  choles- 
terol  was assayed by the m e t h o d  of Abell  et  al. 
(7), and unester i f ied  choles terol  by the m e t h o d  
of  Schoenhe imer  and Sperry (8). Phosphol ip id  

de te rmina t ions  were pe r fo rmed  on the Intra- 
lipid ext rac ts  by the m e t h o d  of  Ames  and 
Dubin (9). Pro te in  was de te rmined  by the 
Lowry  m e t h o d  (10), incorpora t ing  successive 

e ther  ex t rac t ions  of  the samples and standards.  
Significance of  the lipid changes be tween  
plasma- and sal ine-incubated prepara t ions  was 
ob ta ined  by S tuden t ' s  t-test .  

RESULTS 

The apopro te in  and lipid al terat ion upon  
plasma exposure  have been def ined in chylomi-  
crons (3). For  compar ison  of  the apopro te in  

changes of  incuba ted  chy lomicrons  and Intra- 
lipid, whole  chylous  lymph  was incuba ted  in rat 
plasma in a similar man n e r  as the 10% Intral ipid 
incubat ions .  The results,  shown in Figure 1, 
demons t ra t e  that  the apopro te in  changes seen 
in chy lomicrons  upon  incuba t ion  in rat plasma 
are substant ial ly ref lected in the plasma- 
incuba ted  Intralipid particle. Subsequent ly  it 
was de te rmined  that  the Intral ipid undergoes  
changes in lipid compos i t ion  similar to chylomi-  
crons. 

Incuba t ions  of  Intral ipid were made wi th  
bo th  rat and human  plasma along wi th  the 
plasma l ipoprote in  fract ions.  When the compo-  
sit ion of  the emuls ion  was expressed on the 
basis of  weight  percen t  (Table I), an appreciable 
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FIG. 2. SDS-polyacrylamide gel electrophoresis of 
apoproteins associated with lntralipid after incubation 
with rat plasma and plasma density fractions. From 
left to right: incubation with whole plasma, incuba- 
tion with plasma 6<1.070, incubation with plasma 
1.070<6 < 1.21, and incubation with plasma 6 > 1.21. 
The Bands and their corresponding apoproteins are as 
in Figure 1. 

increase in the relative protein content of the 
emulsion was observed for both plasmas. 

Significant increases in cholesterol and 
decreases in phospholipid contents were also 
noted in both. Cholesterol increments were 
uniformly somewhat higher in human plasma. 
The relative increment in triglyceride percen- 
tage is obviously the result of the substantial 
phospholipid loss. The HDL of both human 
(61.063 <1.21) and rat (61.070 <(1.21 ) plasma 
reproduced the whole plasma effect on the 
emulsion. The fractions6<(1.21 of  both plasmas 
produced similar changes to the HDL fractions 
but of somewhat lesser magnitudes. Not enough 
incubations with the VLDL-LDL fractions were 
done to assess the effect in the lipid changes. 

The Intralipid-associated apoproteins were 
analyzed by SDS-polyacrylamide gel electro- 
phoresis and are shown in Figures 2 and 3 for 
incubations with rat and human plasma frac- 
tions, respectively. In Figure 2, the major 

FIG. 3. SDS-polyacrylamide gel electrophoresis of 
apoproteins associated with Intralipid afte~ incubation 
with human plasma and plasma density fractions. 
From left to right: incubation with whole plasma, 
incubation with plasma 6<1.063, incubation with 
plasma 1.063<6<1.21, and incubation with plasma 
6>1.21. The Bands and their corresponding apopro- 
teins are as in Figure 1. 

Intralipid-associated proteins appear to be Band 
8, which cochromatographs with arginine-rich 
protein (ARP), Band 11 or the Apo C peptides, 
and Band 7 or Apo A-IV. These apoproteins 
were transferred quantitatively by incubations 
with rat HDL (Table II), and not with incuba- 
tions with density fractions 6<(1.070 or 6~1.21 
(lipoprotein-free plasma). Indeed, incubation 
with 6<1.070 results in hardly any apoprotein 
transfer, while only large molecular weight 
proteins are transferred on incubations with rat 
lipoprotein free plasma. In Figure 3, showing 
incubations with human density fractions, the 
major Intralipid-associated proteins appear to 
be Band 7 (Apo A-IV), Band 8 (ARP), Band 9 
(Apo A-I), and Band 11 (Apo C). As in the rat 
incubations, incubation with density fraction 
6<1.063 results in no transfer of apoproteins. 
The Apo C, Apo A-I, and ARP are transferred 
by HDL incubations, while incubations with 
lipoprotein-free plasma result in transfer of Apo 
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TABLE II 

Intralipid Apoprote in  Changes during Incubation wi th  Whole 
Plasma and Plasma Density Fractions for One Hour at 37 C 
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Apoprotein dis tr ibut ion 
Intralipid (densi tometry un i t s / t00  ~g recovered triglyceride) 

incubation Band 7 (%)a Band 8 (%)a Band 9 (%)a Band 11 (%)a Total 

Rat plasma 

In plasma 97.4 (17.1) 193.7 (34.0) 34.8 (6.1) 190.3 (33.4) 569.8 
--- 59.8 In 6<1 .070  . . . . . . . . .  

In 1 .070<6<1.21 51.0 (7.2) 344.7 (48.7) 1.4 (0.2) 201.0 (28.4) 707.8 
In 8>1.21 --- 7.1 (3.6) --- 13.0 (6.6) 196.2 

Human plasma 

In plasma 211.2 (29.6) 13.27 (18.6) 85.6 (12.0) 250.5 (35.1) 713.6 
--- 115.8 In 6<1 .063  . . . . . . . . .  

In 1.063<8<1_21 8.9 (1.5) 87.0 (14.6) 262.9 (44.1) 197.9 (32.2) 596.2 
In 6>1.21 200.7 (49.2) 40.8 (10.0) 129.7 (31.8) --- 407.9 

apercentages of  total  apoprotein density.  

A-IV and higher molecular weight proteins, 
as well as ARP and Apo A-I. 

The apoproteins from incubations of rat 
lipoprotein-free plasma (6>1.21) with whole 
10% Intralipid and the Intralipid top fraction 
(Sf>400) are quite different (Fig. 4). The 
incubation with the top fraction alone shows 
substantial pickup of ARP (Band 8), and 
modest transfers of Apo A-I and Apo A-IV, in 
contrast to incubation with whole Intralipid 
in which these apoproteins are virtually absent. 
Experiments in which the top (Sf>400) and 
bottom (Sf<400) Intralipid fractions were 
recombined before incubation with lipopro- 
tein-free rat plasma (6>1.21) showed an 
apoprotein pattern similar to that using the 
whole 10% Intralipid. Incubations with the top 
fraction of Intralipid with the other density 
fractions of both rat and human plasma showed 
no difference in apoprotein pattern from 
incubations with whole 10% Intralipid. 

Further investigation was made into the 
nature of the Intralipid bottom fraction 
(Sf<~400) which appeared to inhibit uptake of 
ARP and Apo A-I from lipoprotein-free rat 
plasma onto the Sf>400 Intralipid fraction 
when incubations with unspun 10% Intralipid 
were run. This was done by dividing the bottom 
fraction into density fractions (6<1.006, 
6>1.006, 61.006-1.063, 6>1.063),  and recom- 
bining each fraction prior to incubation with 
the top fraction (Sf>400). The 6>1.063 frac- 
tion was found to be virtually lipid-free. (Re- 
combining in this manner had no effect on the 
incubations with human plasma or plasma 
density fractions.) A marked difference in the 
uptake of apoproteins resembling whole Intra- 
lipid could be seen in incubations using the 

Sf>400 fraction recombined with the 6<1.006 
fraction. Such changes were not so evident in 
recombinations using the 6>1.006 fractions, 
and these incubations resembled more closely 

FIG. 4. SDS-polyacrylamide gel e lectrophmesis  of 
apoproteins  associated with lntral ipid after incubat ion 
with rat plasma density fraction 6>1.21 .  On the left 
are apoproteins from an incubat ion of the Sf>400 
fraction of lntral ipid with the l ipoprotein-free plasma. 
On the right, whole lntral ipid (unspun) was incubated 
with the l ipoprotein-free plasma. The Bands and their 
corresponding apoproteins  are as in Figure 1. 
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FIG. 5. SDS-polyacrylamide gel electrophoresis of 
apoproteins associated with Intralipid after incubation 
with rat plasma density fraction 6>1.21. From left to 
right: incubation with Intratipid Sf>400 fraction only; 
incubation with Intralipid Sf>400 fraction plus 
Intralipid density fraction 6 <1.006; incubation with 
Intralipid Sf>400 fraction plus Intralipid density 
fraction 6 > 1.006. The Bands and their corresponding 
apoproteins are as in Figure 1. 

the incubations with the top fraction alone 
(Fig. 5). No effect was obtained by incubating 
with the top fraction recombined with the 
6 1.006-1.063 or the 6>1.063 fractions. 

DISCUSSION 

Chylomicrons and Intralipid share many 
functional similarities. Both consist largely of 
triglyceride, stabilized by a surface coat of a 
similar phospholipid, phosphatidylcholine. 
Both serve to deliver calories to body tissues in 
the form of triglycerides. Both have identical 
kinetics for their plasma elimination in dog and 
man (11), and both share similar kinetic be- 
havior as substrates in vitro for post-heparin 
lipoprotein lipase (12). Since chylomicrons 
have been shown to undergo lipid and protein 
alterations upon in vitro and in vivo exposure 
to plasma (3), it would not be surprising, 
therefore, to see Intralipid undergoing many of 
the same changes. The above in vitro incuba- 

tions in rat plasma have shown a similar com- 
plement of apoproteins in both lntralipid and 
chylomicrons. Since the apoproteins probably 
dictate the metabolic fate of  the lipoproteins, 
these findings suggest that the metabolic 
sequences of the Intralipid and chylomicrons 
would be fairly similar. 

The uptake of proteins onto artificial 
emulsions has been known for some time. 
Scanu and Page (13) incubated chylomicron- 
free human serum and an emulsion of coconut 
oil and found after separation that 1.5-1.8% by 
weight protein remained associated with the 
emulsion, lacono et al. (14) infused Lipomul 
I.V., a cottonseed oil emulsion, into human 
volunteers and recovered particles with 0.8- 
0.9% associated protein. The incubations 
described in this paper have demonstrated as 
well a consistent and reproducible association 
of plasma proteins with the soybean oil emul- 
sion, Intralipid. Moreover, the apoprotein 
pattern of the plasma-exposed Intralipid was 
similar to that seen in incubated chylomicrons 
and in chylomicrons after alimentary lipemia 
(3). Further, Intralipid incubation in HDL 
yields an apoprotein pattern similar to that seen 
in whole plasma incubations. 

Elucidation of the major apoproteins of 
Intralipid after plasma exposure has been less 
clear. Scanu and Page (13) found quite similar, 
but not identical, "fingerprints" of proteins 
from chylomicrons and from incubated coco- 
nut oil emulsion. Sata et al. (15) incubated 
Intralipid with the 6>1.21 fraction from 
human plasma and found Apo A-I to be a major 
constituent. They also described an associated 
apoprotein rich in proline, with molecular 
weight of 74,000 Daltons. In the lntralipid 
incubations described here, the ARP is clearly 
one of the major apoproteins associated after 
plasma exposure. Apo A-IV and the Apo C 
peptides are also substantially present. In 
human incubations, however, Apo A-I is also 
present to a major degree, along with Apo C, 
Apo-IV, and ARP. A protein of the size of the 
proline-rich protein (Bands 1-6) was not seen as 
a major constituent of Intralipid after incuba- 
tions with either whole human plasma or the 
6>1.21 fraction. 

The fact that Intralipid upon plasma expo- 
sure can acquire an apoprotein pattern similar 
to that of the chylomicron upon plasma expo- 
sure in vitro or in vivo suggests that the altera- 
tions in the chylomicron do not depend on any 
previous complement of apoproteins in the 
nascent state. It also suggests that the transfers 
are a property of the phospholipid-triglyceride 
emulsion, not requiring a protein mediator. 
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Thus, the nascent apoproteins in the chylomi- 
cron may not be necessary to effect protein and 
lipid transfers, nor to mediate subsequent 
metabolism. 

Further similarities between Intralipid and 
chylomicrons can be seen in the changes in lipid 
composition after plasma incubation. Chylomi- 
crons, harvested from the lymphatics, have 
been shown to lose phospholipid and gain 
cholesterol upon plasma exposure (3,16). 
Similar changes have been shown for infused 
Lipomul (14), and these experiments document 
that Intralipid loses phospholipid and gains 
cholesterol after in vitro plasma incubation. 

Incubations of the rat 6>1.21 density 
fraction with Intralipid posed a unique situa- 
tion, in that the transfer of ARP onto the 
particles of flotation greater than Sf400 was 
absent unless particles of lesser flotation were 
eliminated from the incubation. These inhibi- 
tory particles were found to be primarily in the 
6<1.006 (Sf 20-400) fraction. One possible 
explanation is that the quantity of ARP in the 
rat ~>1.21 fraction is quite limited, and that 
the smaller Intralipid particles in the Sf%400 
fraction preferentially compete for the limited 
supply. Indeed, others have found ARP in the 
lipoprotein-free plasma of rats (17), but evi- 
dence exists that this is, in part, an artifact of 
centrifugation (18). Nonetheless, the apopro- 
tein pattern from selective incubation of 
Intralipid with the rat lipoprotein-free plasma 
resembles its chylomicron counterpart only 
when the smaller particles are removed from 
the emulsion before incubation. 
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Characterization of Branched-Chain Fatty Acids from Fallow 
Deer Perinephric Triacylglycerols by Gas Chromatography- 
Mass Spectrometry 
A. SMITH and W.R.H. DUNCAN, Rowett Research Institute, Bucksburn, Aberdeen, Scotland AB2 9SB 

ABSTRACT 

Branched-chain fatty acids of perinephric triacylglycerols of semi-feral fallow deer (Dama dama 
dama) were analyzed by high resolution gas chromatography-mass spectrometry. Of the total fatty 
acids, 15.50% were Branched-chain components including 8.96% iso acids, mostly 14-methylpenta- 
canoic acid, 2.85% anteiso acids and 1.73% of other monomethyl-substituted acids; dimethyI-branched 
acids with an iso structure (1.05%) and with an anteiso structure (0.18%) were also present. Whereas 
the predominant iso acids and methyl-substituted iso acids had chain lengths of 13 and 15 carbon 
atoms, the anteiso acids and methyl-substituted anteiso acids had chain lengths of 14 and 16 carbon 
atoms. Methyl substitution occurred on the even numbered carbon atoms relative to the carboxyl 
group. The general composition is also given of the fatty acids comprising the triacylglycerols of sub- 
cutaneous (rump area) and perinephric adipose tissue. 

INTRODUCTION 

The branched-chain fat ty  acids normal ly  
occurr ing in tissue tr iacylglycerols of  domest i -  
cated ruminants  are mos t ly  of  the iso and 
anteiso series and account  for 1-2% of the total  
fa t ty  acids (1). These acids vary in chain length 
f rom 13 to 18 carbon a toms and are derived 
f rom the assimilation of  branched-chain fat ty  
acids of  rumen  bacterial  lipids (2). M o n o m e t h y l  
branched-chain fat ty acids, o ther  than those 
of  the iso and anteiso configurat ion,  occur  in 
traces in ruminant  tissue tr iacylglycerols (3), 
and in enhanced propor t ions  in those of  sheep 
and goats given carbohydrate-r ich (cereal) 
diets (4-6). 

This paper  reports  the occurrence of  methyl -  
subst i tuted iso and anteiso acids and mono-  
methyl -subs t i tu ted  acids, together  wi th  
enhanced propor t ions  of  iso acids in the tri- 
acylglycerols of  the fallow deer (Dama dama 
dama). Methyl-subst i tu ted iso (anteiso) acids 
are defined as acids with an iso (anteiso) con- 
f igurat ion and which have an addit ional  me thy l  
subst i tuent  on an even numbered  carbon rela- 
tive to the carboxyl  group;  for brevi ty,  these 
are referred to subsequent ly  as methyl-subst i tu-  
ted iso and anteiso acids (cf. ref. 22). The acids 
were ident i f ied using high resolut ion gas 
chromatography  combined  with  mass spectro-  
metry .  A br ief  account  of  this work  has been 
given in a prel iminary communica t ion  (7). 

MATERIALS AND METHODS 

Source of Fatty Acid Methyl Esters 

Samples of  per inephr ic  and subcutaneous  
(rump) adipose tissue were obta ined f rom three 
male semi-feral fallow deer  which were shot  in 
the Midlands of  England in September ,  1975. 

Tissue tr iacylglycerols were ex t rac ted  with ace- 
tone and their  c o m p o n e n t  fa t ty  acids conver ted  
to me thy l  esters (8). Straight chain esters were 
removed from the hydrogena ted  total  fa t ty  acid 
me thy l  esters by urea adduct  fo rmat ion  (9) 
to yield a f ract ion rich in branched-chain 
components .  

Gas Liquid Chromatography (GLC) 

Convent ional  GLC of  the fat ty  acid me thy l  
esters, before and after  hydrogenat ion,_ was 
carried out on a Pye Series GCD gas chroma- 
tograph (Pye-Unicam Ltd. ,  Cambridge,  
England)  f i t ted with  a flame ioniza t ion  de tec tor  
(FID)  using 1.5 m x 4 mm i.d. glass columns 
packed ei ther  wi th  15% (w/w) e thylene  glycol  
adipate (Supelco Inc., Bel lefonte ,  PA) or  with 
10% (w/w)  Apiezon  L grease (Shell Chemicals  
Ltd. ,  London)  on acid-washed, silane-treated 
Celite 545 (80/100  mesh);  the co lumn operat-  
ing tempera tures  were 175 C and 200 C, respec- 
t ively,  and the carrier gas was argon at 50 
ml /min .  

So that  the bulk of  the major  componen t s  
was excluded leaving minor  componen t s  in 
increased concent ra t ion  for analysis, five frac- 
t ions of  the branched-chain ester concent ra te  
were produced  by preparative chromatography  
in a Pye Series 104 heated dual-FID program- 
med  chromatograph  (Pye Unicam Ltd. ,  
Cambridge,  England) using a 4.6 m x 9 mm o.d. 
glass column packed with 15% ( w / w ) A p i e z o n  
L grease on Celite 545 (80/100  mesh), as 
described above, at an operat ing tempera ture  
of 200 C. The carrier gas was argon at 100 
ml /min .  

High resolut ion GLC of  the total  branched- 
chain esters and the fract ions obta ined  there- 
f rom was carried out  using a stainless-steel open 
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tubular  co lumn (Perkin-Elmer Ltd. ,  Beacons- 
field, Bucks, England),  100 m x 0.25 mm i.d. 
coated with  po lymet ized  butanediol  succinate.  
The  co lumn was operated isothermal ly  at 165 C 
with  argon at 1 ml /min  as cartier gas in a Pye 
Series 104 gas chromatograph  f i t ted with a 
splitless inject ion system (Scientif ic Glass 
Engineering (U.K.) Ltd.,  London) .  The de tec to r  
oven tempera ture  was 250 C, and the inject ion 
por t  hea te r  was mainta ined at 200 C. 

Gas Chromatography/Mass Spectrometry (GC/MS) 

The branched-chain ester  concent ra te  and 
those fract ions obta ined by preparative GLC 
were subjected to analysis by GC/MS. The high 
resolut ion GC system was that  described above, 
except  that  the carrier gas was hel ium at a f low 
rate of  1 ml /min  and that  the gas chromato-  
graph did no t  have a separate detector .  The gas 
chromatograph  was interfaced through an all- 
glass direct inlet  system mainta ined at 250 C 
to a VG Micromass 16F single focusing mass 
spec t rometer  (VG Micromass Ltd. ,  Al t r incham,  
Cheshire). The mass spec t rometer  was operated 
at 4 kV wi th  an ionizat ion energy of  70 eV and 
an ion source tempera ture  o f  200 C. Mass 
spectra were recorded at a scan speed of  1 sec/ 
decade and a resolut ion o f  1000. 

The structures of  chromatographic  compon-  
ents were assigned f rom mass spectral evidence 
according to established me thods  (10). Com- 

ponents  with an iso structure were readily 
distinguishable f rom the corresponding straight 
chain esters by the difference in the relative 
equivalent  chain length (ECL) values and by the 
presence of  a peak at M-65 and a double t  at 
M-55 and M-56 in their  mass spectra (11);  the 
intensi ty  of  the M-65 peak was of  the order  of  
3% of  the base peak. Compounds  with an 
anteiso conf igurat ion were ident i f ied by the 
feature M-29 > M-31 and by the presence of  
ke tene  and ketene-H 20 peaks. The posi t ion of  
the subst i tuent  in m o n o m e t h v l  acids (o ther  
than iso and anteiso) and in methyl -subs t i tu ted  
iso and anteiso acids was determined f rom 
known  f ragmenta t ion  pat terns;  part icularly 
significant were the ions at -~  87 and 88 which 
are the base peaks for esters wi th  4-methyl  and 
2-methyl  substi tuents,  respect ively,  and M-76 
indicat ing 6-methyl  subst i tut ion.  The presence 
of  ketene and ketene-H20 ions denoted  sub- 
s t i tu t ion  at o the r  posi t ions in the fa t ty  acyl 
chain. 

R ESU LTS 

The fa t ty  acid compos i t ion  of  the sub- 
cutaneous  (rump area) and per inephric  adipose 
tissue tr iacylglycerols is given in Table I; the 

TABLEI 

Component Fatty Acids of 
Triacylglycerols of Perinephric (P) 

and Subcutaneous (S) 
Adipose Tissue of Fallow Deer a 

Fatty acid P S 

12:0 0.1 0.1 
14:0 3.0 3.3 
15:0 2.1 1.8 
16:0 20.6 21.0 
16:1 1.0 2.2 
17:0 2.8 2.9 
17:1 0.3 0.7 
18:0 37.5 20.9 
18:1 15.3 27.0 
18:2 2.1 1.8 
18:3 1.2 1.0 
19:1 0.3 0.3 
20:4 0.4 0.5 
branched chain 13.3 b 16.5 

aValues, means of three animals, as % by weight of 
total fatty acids. 

bSubsequent high resolution GC analysis of the 
branched-chain fatty acids (as their methyl esters) 
revealed that of the total fatty acids, 15.50% were 
branched chain components; these comprised 8.96% 
iso acids, 2.85% anteiso acids, 1.05% methyl-substituted 
iso acids, 0.18% methyl-substituted anteiso acids, 
1.73% monomethyl-substituted acids (other than iso 
and anteiso), 0.56% polymethyl-substituted acids and 
0.17% unidentified acids. 

analyses were carried out  using convent ional  gas 
chromatography.  The  major  fat ty acids in the 
subcutaneous  tr iacylglycerols were palmit ic  
(21.0%), stearic (20.9%) and oc tadecenoic  
(27.0%); the branched-chain fat ty  acids repre- 
sented 16.5% of  the total  fat ty acids. The fat ty  
acids of  the per inephric  tr iacylglycerols  were 
more  saturated than those of  the subcutaneous  
triacylglycerols,  the cont r ibut ion  of  palmit ic ,  
stearic and octadecenoic  acids being 20.6%, 
37.5% and 15.3%, respectively;  of  the total  
fa t ty  acids, 13.3% were branched-chain com- 
ponents .  The values expressed for the branched-  
chain fa t ty  acids do no t  include the small con-  
t r ibut ion  of  methyl -subs t i tu ted  anteiso acids 
which did no t  separate f rom straight chain 
saturated acids under  the GC condi t ions  
employed .  Af te r  removal  of  the straight-chain 
componen t s  by urea  adduct  format ion ,  analysis 
of  the resulting concent ra te  on high resolut ion 
GC showed that  the p ropor t ion  of  branched-  
chain componen t s  in the per inephric  triacylgly- 
cerols was 15.5%. 

The me thy l  esters prepared f rom the three 
samples of  perinephric  tr iacylglycerols were 
pooled  and hydrogenated .  The hydrogena ted  
total  fa t ty  acid me thy l  esters (1.969 g) were 
t reated wi th  me thano l  saturated with urea 
(2 ml /25 mg esters) yielding a nonadduc t ing  
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FIG. 1. Integrated ion chromatogram (magnet scan range 60 to 120 a.m.u.) of branched-chain concentrate of 
fatty acid methyl esters of fallow deer perinephric triacylglycerols. See text for GC-MS conditions. Peak numbers 
refer to those components examined by GC-MS and whose identities are given in Tables II and III. Methyl 
stearate (peak 42) was eluted after 56 min. 

TABLE II 

Methyl-Substituted Iso and Anteiso Acids of Fallow Deer Perinephric Triacylglycerols 
FCL a Values and Identity of Components Examined by GC-MS 

Position of additional methyl substituent 
Chain length 
of iso acid 4 6 8 10 12 

11 
13 
15 

Chain length 
of anteiso acid 
14 
16 

Other acids identified: 

0.972 
0.9213 0.8011 0.8011 0.8512 
0.9629 0.8627 0.8627 0.8627 

1.0023 
1.0037 

4,8,12-trimet hyltridecanoic 
2,6,10,14-t etr amethylpent adecanoic 
3,7,11,15-tetramethylhexadcanoic 

1.0023 
1.0037 1.0037 

FCL a 1.1515 
FCL a 0.8627 
FCL a 1.1038 (SRR) 
FCL a 1.1339 (RRR) 

0.8928 

1.0037 

aFractional chain length. Values taken from GC of methyl esters (see text for GC conditions). Superscripts 
refer to peak numbers in Figure 1. 

f ract ion (48 mg) and an adduc t  f rac t ion (1.891 

g) which  on fu r the r  t r e a tmen t  with m e t h a n o l /  
urea solut ion (1 ml/25 mg esters)  y ie lded a non-  
adduct ing  f rac t ion of  163 mg. The combined  
nonadduc t ing  f ract ions  (211 mg) of  which  the 
branched-chain  c o m p l e m e n t  (202 rag) repre-  

sented  10.26% of  the original to ta l  fa t ty  acids 
were used in the subsequen t  GC-MS analysis. 
Figure 1 shows the in tegra ted  ion ch roma to -  
gram o f  this f ract ion,  the scan range of  the 
magnet  being 60 to 120 a tomic  mass units .  
The n u m b e r e d  peaks are those  which were 
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examined by GC-MS, and the component 
identities together with their fractional chain 
length (FCL) values are given in Tables II and 
III. FCL is the fraction of a carbon number 
which is attributable to a methyl substituent 
at a specific position in the fatty acyl chain 
(12). The minor components in the sample 
were identified by examination of the fractions 
obtained by preparative GC. 

In the urea adduct fraction, 5.24% of the 
total fatty acids were iso and anteiso acids. 
Thus, of the total fatty acids of fallow deer per- 
inephric triacylglycerols, 15.50% were 
branched-chain acids (Table I); these comprised 
8.96% iso acids, 2.85% anteiso acids, 1.05% 
methyl-substituted iso acids, 0.18% methyl- 
substituted anteiso acids, 1.73% monomethyl-  
substituted acids (other than iso and anteiso) 
and 0.56% polymethyl-substituted acids; 0.17% 
of the total acids were not identified. 

Those iso acids with an odd number of 
carbon atoms in the chain, i.e., 12-methyltri- 
decanoic and 14-methylpentadecanoic (Table 
III and peaks number 10 and 26 in Fig. 1), 
were the predominant branched-chain com- 
ponents. The methyl-substituted iso acids also 
had an odd number of carbon atoms in the 
chain, and methyl  substitution occurred on the 
even numbered carbon atoms relative to the 
carboxyl group. Thus, substitution was evident 
at positions 4, 6, 8, 10 and 12 in iso acids with 
13 and 15 carbons in the chain, whereas in the 
iso acids with 11 carbons in the chain, sub- 
stitution was apparent only at the 4 position 
(Table II). With regard to the gas chromato- 
graphic behavior of these methyl-substituted 
iso acids, it can be seen from Figure 1 and 
Table II that, of the iso-C~3 acids present, 
only those substituted at the 6 and 8 positions 
were not separated. Iso acids with a methyl 
substitutent in the 2 position were not  
detected. Acids substituted at position 4 were 
present in greatest abundance among the 
methyl-substituted iso acids and monomethyl  
substituted acids. 

Methyl-substituted anteiso acids could not 
be separated under the GC conditions 
employed (Fig. 1 and Table II), and their 
identities were based solely on MS evidence. 
Nevertheless, by taking MS scans at different 
points of the chromatographic peak, it was 
possible to establish the presence of all the even 
numbered positional isomers of 14-methyl- 
hexadecanoic acid, except those substituted in 
positions 2 and 4. 

The polymethyl-substituted acids identified 
in the urea nonadducting fraction were 3,7,11, 
15-tetramethylhexadecanoic acid (phytanic 
acid) and its catabolities, 2,6,10,14-tetra- 
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methylpentadecanoic acid (pristanic acid) and 
4,8,12-trimethyltridecanoic acid (peaks 39, 
38, 27 and 15, respectively in Fig. 1). It is 
noteworthy that the RRR and SRR diaster- 
eoisomers of phytanate were partly resolved. 

A diagnostic feature in the mass spectra of 
methyl-substituted anteiso acids was the pre- 
sence of ketene and ketene-H20 ions with an 

increment of 14 atomic mass units compared 
to those of the corresponding unsubstituted 
anteiso acids. Thus, in the mass spectrum of 
methyl 6,14-dimethylhexadecanoate, apart 
from the features denoting 6-methyl substitu- 
tion and M-29 ~ M-31 for the anteiso config- 
uration, ions at em----237 and 219 w e r e  present. 

DISCUSSION 

The adipose tissue triacylglycerols of the 
domesticated species of ruminants so far 
examined contain ca. 2% branched-chain fatty 
acids which consist almost entirely of acids of 
the iso and anteiso series; normally acids with 
the anteiso configuration predominate (1). 
The content and proportions of branched- 
chain fatty acids in the adipose tissue triacyl- 
glycerols of feral species of ruminants, namely 
reindeer (Rangifer tarandus), red deer (Cervus 
elephus), elk (Rangifer canadensis) and white- 
tailed deer (Odocoileus virginianus) are similar 
to those found in the domesticated species 
(13,14). In contrast, fallow deer perinephric 
triacylglycerol fatty acids contain 15.5% 
branched-chain fatty acids including 10.0% 
iso and methyl-substituted iso acids and 3.0% 
anteiso and methyl-substituted anteiso acids. 
Thus, the increased proportions of iso acids in 
fallow deer perinephric triacylglycerols gives 
rise to a fatty acid composition which is atypical 
of ruminant depot lipids. 

Monomethyl acids (other than iso and 
anteiso) are normally present in trace amounts 
in ruminant tissue lipids (3), and in consider- 
ably greater proportion in the subcutaneous 
triacylglycerols of lambs and goats given a 
carbohydrate-rich (cereal) diet (4-6). The 
ruminal fermentation of such diets results in 
enhanced availability of propionate to the host 
animal (15), and it was suggested that when the 
capacity for hepatic metabolism of propionate 
is exceeded, methylmalonyl-CoA, which is the 
carboxylation product of propionyl-CoA, 
accumulates and becomes available for incor- 
poration into newly synthesized fatty acids 
(16). Fat ty acids with methyl  substituents on 
the even numbered carbons arise from the 
incorporation of methylmalonyl-CoA into the 
fatty acyl chain. This has been demonstrated 
clearly using fatty acid synthetase preparations 

from the liver and uropygial gland of the goose, 
rat liver (17,18), chicken liver, and sheep 
adipose tissue (19). 

In fallow deer, the occurrence of 
monomethyl-substituted fatty acids in pro- 
portions greater than those normally found in 
ruminant tissue lipids (3) indicates the avail- 
ability of methylmalonyl-CoA for incorpora- 
tion into the fatty acyl chain. Methylmalonyt- 
CoA can arise from a number of metabolic 
pathways (20), but its origin in fallow deer is 
as yet unknown. It is evident that methyl- 
substituted iso and anteiso acids are synthesized 
from isobutyryl-CoA and 2-methylbutyryl- 
CoA, respectively (21); the substitution of 
methylmalonyl-CoA for malonyl-CoA yields 
the various positional isomers. Although the 
presence of methyl-substituted iso and anteiso 
acids in ruminant tissue triacylglycerols has 
not been reported hitherto, such acids do occur 
in other tissues such as the wax esters of vernix 
caseosa, the greasy material which covers the 
newborn baby (22). 

It is believed that fallow deer were intro- 
duced to the British Isles from the Mediterran- 
ean region of southern Europe. Thus, it may be 
that the predominance of  iso acids in the 
branched-chain fatty acid complement of 
fallow deer perinephric triacylglycerols is 
associated with an inborn error of metabolism 
arisen through in-breeding, although the pos- 
sibility of a dietary contribution cannot be 
excluded. Whether this metabolic peculiarity 
is present in indigenous fallow deer must await 
further investigation. 
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Comparison of Lipid Status in the Hearts of Piglets and Rats 
on Short Term Feeding of Marine Oils and Rapeseed Oils 
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ABSTRACT 

A series of 4 experiments with piglets and one experiment with rats has been conducted to estab- 
lish the cardiac lipid status of weanling (3 weeks old) male animals fed fats with different contents of 
docosenoic fatty acids. Experimental fats were rapeseed oil (RSO) (48.0% 22:1), refined fish oil 
(RFO) (14.6% 22: 1), partially hydrogenated fish oil (PHFO) (14.3% 22:1) and lard (0% 22:1) com- 
bined with sunflower seed oil (SFO) in different proportions in diets with 21% total fat. Lipidosis 
could not be detected in piglets as increased heart weights, by chemical assay for myocardial contents 
of triglycerides, or by accumulation of docosenoic fatty acids or nonesterified fatty acids (NEFA). In 
rats, diets with RSO at a level of 16% increased myocardial triglyceride and docosenoic fatty acid 
contents about 7 times while the effect on cardiac NEFA was inconsistent. Histological examinations 
of the hearts revealed stainable intracellular fat droplets in some piglets fed 16% RSO for 8 to 13 days, 
but not after 2, 4 and 6 and 16, 19 and 22 days of feeding. After 10 days of feeding, mild to moderate 
histological lipidosis was found in piglets fed diets containing 2% or more of 22:1 fatty acids, with no 
significant difference between RSO, RFO and PHFO in this respect. The same diets in rats gave about 
5 times more histological lipidosis than in piglets. This is attributed to a difference in species response, 
the rat reacting in a more pronounced manner than the piglet. The cardiac lipidosis no-effect level in 
piglets corresponded to a daily intake of docosenoic fatty acids of 0.4 g per kg body weight. Mild 
lipidosis was also found in a few animals on docosenoic acid-free diets. 

INTRODUCTION 

It is established that  feeding of  diets incor- 
porat ing high levels of  rapeseed oil containing 
modera te  to high levels of  erucic acid causes 
t ransi tory lipid accumula t ion  in the myocar-  
dium of  the male weanling rat (1-3). The 
condi t ion  has been described as lipidosis, and is 
characterized by intracellular accumula t ion  of  
tr iglycerides and of  free fa t ty  acids, as mani- 
fested by chemical  de terminat ions  and /or  light 
microscopy (4). Partially hydrogena ted  fish oil, 
containing high levels of  docosenoic  fa t ty  acids 
may also cause lipidosis in the rat (2,3),  but  
it is not  established to what  ex ten t  such effects  
are caused by commercia l ly  available types of  
partially hydrogena ted  fish oils containing 
modera te  to low levels of  docosenoic  fat ty 
acids. In format ion  on lipidosis in young  mam-  
mals o ther  than the rat is scarce, with a lack of  
data f rom work  with alternative species of 
similar age fed similar diets. However ,  l imited 
studies with young  pigs indicate that  this 
species may be less susceptible to lipidosis than 
the rat (5,6). The present  invest igation was 
under taken  to study the lipid status of  the 

1UUevaal Hospital, Oslo, Norway. 
2 Rikshopitalet, Oslo, Norway. 
3International Association of Fish Meal Manufac- 

turers, Hoval House, Orchard Parade, Mutton Lane, 
Potters Bar, Herts, EN6 3AR, England. 

4International Consultancy to Food Animal Pro- 
duction and Pharmaceutical Industries, Surrey, KT11 
2QW, U.K. 

hearts of  male weanling piglets in comparison 
with male weanling rats when fed diets with 
different  contents  of  refined fish oil, partially 
hydrogenated  fish oil, or rapeseed oil, to supply 
varying levels of  docosenoic  fa t ty  acids wi th  the 
objective of establishing the  no-effect  level. 

MATERIAL AND METHODS 

Diets and Experimental Design 

The fol lowing fats and oils were used: 
rapeseed oil (RSO) (DeNoFa  og Lilleborg 
Fabriker,  Fredrikstad,  Norway)  refined (RFO)  
and partially hydrogena ted  (PHFO) capelin fish 
oil (DeNoFa  og Lil leborg Fabriker,  Fredrikstad,  
Norway)  lard (A/S C.E. Basts Eftf . ,  Copen-  
hagen, Denmark)  and sunf lower  seed oil (SFO) 
(Wilhelm Connemann ,  Leer  (Ostfriesi), W. 
Germany) .  The fa t ty  acid compos i t ion  o f  the 
different  fats and oils was determined at five 
di f ferent  laboratories.  The individual laboratory  
figures showed good agreement ,  and Table I 
shows the averaged composi t ions .  

The basal ingredients were similar to those 
used by Gjefsen (7) to suppor t  m a x i m u m  feed 
intake and growth in the weanling piglet. In the 
rat exper iment ,  one-half  of  the dried skim milk 
was replaced by maize starch and acid casein 
due to the lower  lactose tolerance in these 
animals. The basal ingredients made up 79% of  
the exper imenta l  diets. The remaining 21% 
came from added fats. Table II shows the 
propor t ions  of  the di f ferent  fats in the different  
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T A B L E  I 

Average Fa t ty  Acid Compos i t i ons  (wt  %) o f  Expe r imen ta l  Fats and Oils 

3 5 7  

Sunf lower  Partially h y d r o g e n a t e d  Ref ined fish 
Fa t ty  seed oil Rapeseed oil capelin oil oil 
acid a (SFO) Lard  (RSO)  (PHFO)  ( R F O )  

14:0 --- 1.67 0.05 6.79 7 .23  
1 6 : 0  7 . 2  27 .93  3 . 1 3  1 3 . 3 4  12.05 
1 6  : 1 --- 2 . 5 7  0 . 2 5  8 . 6 2  8 . 6 9  
18:0 4.4 16.06 1.09 3.27 1.45 
18:1 25.5 41 .42  12.10 14.55 13.16 
18:2 59.6 6 .46  14.32 2 .83  1.72 
18 : 3 1.3 1.34 8.82 --- 1.25 
18:4 . . . . . . . . . . . .  4 .11 
20 :0  --- 0 .73 0 .66  1.84 0 .18  
20 1 --- 1.23 8.25 14.38 13.94 
20:2 . . . . . .  0 .33  5.09 b --- 
20 :3  . . . . . . . . .  1.38 b --- 
20 :4  . . . . . . . . . . . .  0 .24  
20:5 . . . . . . . . . . . .  8 .16 
22 :0  . . . . . .  0 .53  2 .14  --- 
22:1 . . . . . .  48 .03  14.34 14.55 
22 :2  . . . . . .  0 . 73  5.31 b --- 
22 : 3 . . . . . . . . . .  1.86 b --- 
22 :6  . . . . . . . . . . . .  7 .18 

a c a r b o n  a toms :  n u m b e r  o f  double  bonds .  F a t t y  acids o f  m in o r  i m p o r t a n c e  o m i t t e d .  
bMixtures  o f  d i f ferent  posi t ional  and geomet r i ca l  i somers ,  mos t ly  f o r m e d  dur ing  the h y d r o g e n a -  

t ion process .  

T A B L E  II 

C o m p o s i t i o n  a (%) of  Diets and Expe r imen ta l  Design 

Diet c 

Fats b Lard- I  6 RFO-20  P HF O-16  PHFO-14  PHFO-12  PHFO-8  RSO-I  6 RSO-5 

SEO 5.00 0 .50  5.00 5.00 5.00 5.00 5.00 5.00 
Lard  16.00 . . . . . .  2 .18  4.18 8 .00  --- 10.91 
RFO --- 20 .50  . . . . . . . . . . . . . . . . . .  
P H F O  . . . . . .  16.00 13.82 11.82 8.00 . . . . . .  
RSO . . . . . . . . . . . . . . . . .  16.00 5.09 
Tota l  22: 1, 
% of  diet  0 2 .98  2 .29  1.96 1.69 1.15 7 .86  2 .45  
No. o f  animals  
per  diet:  
Piglet expt .  I 9 . . . . . . . . . . . . . . .  27 --- 
Piglet exp t .  II 6 6 6 . . . . . . . . .  6 6 
Piglet exp t .  I I I  7 --- 7 --- 7 7 --- 7 
Piglet exp t .  IV 10 --- 10 10 10 --- 5 --- 
Rat exp t .  21 --- 21 . . . . . . . . .  21 21 

aThe  diets con ta ined  in addi t ion  to the  fa t /d r ied  skim mi lk ,  piglet diets  63%, rat  diets 30%, casein (acid) ,  ra t  
diets 13.29%; f inely g round  oat  hulls 2% and maize  s tarch to 100%. A d d e d  minera l s  and v i t amins  were  per  kg 
o f  diet:  C a H P O 4 . 2 H 2 0  , ra t  diets 14.60 g; FeSO 4 �9 7 H 2 0 ,  0.4 g; MnSO 4 - 4 H 2 0 ,  piglet diets  0 .06  g ,  rat  diets  
0.08 g; ZnCO3,  0.09 g; K 1 , 0 . 2 6  rag; N a H S e O 3 , 0 . 2 2  rag; v i t amin  A, 10 .000 I.U.;  v i t amin  D 3, 1,000 I.U.; v i tamin  
E, 100 I.U.; chol ine  chlor ide ,  0 .23  g; niacin,  0 .02 g, and all diets we re  s u p p l e m e n t e d  wi th  D L - m e t h i o n i n e  1.8 g, 
zinc baci t rac in  0.5 g and e t h o x y q u i n  0.15 g per  kg.  

b S F O  = sunf lower  seed oil ,  R F O  = re f ined  fish oil, P H F O  = part ia l ly  h y d r o g e n a t e d  fish oil, RSO = rapeseed  
oil. 

CAbbreviat ions:  fat  source-level  o f  i n c o r p o r a t i o n .  

d i e t s  a n d  a l s o  s h o w s  t h e  n u m b e r  o f  a n i m a l  f e d  

t h e  d i f f e r e n t  d i e t s  in  e a c h  e x p e r i m e n t .  E x c e p t  

f o r  d i e t  R F O - 2 0  ( s o u r c e  o f  f a t - l e v e l  o f  i n c o r -  

p o r a t i o n  in  d i e t )  w i t h  2 0 . 5 %  R F O  w h i c h  

s u p p l i e d  a h i g h  l e v e l  o f  p o l y e n o i c  f a t t y  a c i d s ,  

a d e q u a t e  s u p p l i e s  o f  e s s e n t i a l  p o l y e n o i c  f a t t y  

a c i d s  w e r e  a s s u r e d  b y  t h e  a d d i t i o n  o f  5 %  o f  

S F O .  I t  w a s  i n t e n d e d  t o  c o m p a r e  t h e  t e s t  f a t s  

a t  a s i m i l a r  l e v e l  o f  i n c l u s i o n  as w e l l  as  a t  l e v e l s  

w h i c h  g a v e  e q u a l  d i e t a r y  c o n t e n t s  o f  2 2 : 1  f a t t y  

a c i d s .  D u e  t o  a n  e r r o r  in  t h e  i n i t i a l  f a t t y  a c i d  

d e t e r m i n a t i o n ,  t h e  l a t t e r  o b j e c t i v e  w a s  n o t  
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entirely achieved. 
In the first piglet experiment, three piglets 

fed the 16% RSO diet and one piglet fed the 
16% tard control diet were killed after 2, 4, 6, 
8, 10, 13, 16, 19 and 22 days of feeding. 
In piglet experiments II, Ill and IV, all piglets 
were killed after 10 days of feeding, and in the 
rat experiment, the rats were killed after 4 days 
of feeding. 

Animals and Management 

Male piglets of the Norwegian landrace 
breed, 18-21 days of age, were obtained 
directly from local breeders after having had 
access to a creep feed comprising the basal 
ingredient mixture with the addition of 1% of 
SFO. They were weaned abruptly with access 
only to the experimental feed. One piglet from 
each litter was distributed randomly to each 
diet according to a randomized block design 
(8). There were 5 piglets per cage with arrange- 
ments for recording the feed intake of indi- 
vidual animals. They had free access to feed for 
about 1�89 hr 3 times per day at 8.00, 12.00 and 
16.00 hr, water being available ad lib#urn. 
Room temperature, relative air humidity, light 
intensity and lighting time were automatically 
controlled at 25 C, 60%, 20 lux and 12 hr, 
respectively. Three week old, male Wistar rats 
(Mollegaard, Denmark) were used in the rat 
study. Prior to weaning, they had access to a 
laboratory stock diet, which also was fed for 
three days after weaning, the experimental diets 
being given thereafter. The rats were kept 
individually in cages after weaning, and given 
feed and water ad libitum. 

Recording and Sampling 

The piglets were weighed individually at the 
start of the experiments and on the day of 
sacrifice. In the first piglet experiment and in the 
rat experiment, the animals were weighed every 
second or third day in the experimental period, 
and feed consumption was recorded daily in 
these experiments. In the remaining piglet 
experiments, feed consumption was recorded 
for the entire experimental periods. 

Piglets and rats were anesthesized with ethyl 
ether 1-2 hr postfeeding and before sampling. 
In the first piglet experiment, blood samples 
were drawn from the abdominal aorta and 
chilled in an ice bath pending analyses of serum 
lipids and serum nonesterified fatty acids 
(NEFA). Samples for the determination of 
NEFA in cardiac tissue in piglet experiment I 
were the same as those used for the determina- 
tion of total lipids, but in piglet experiment II, 
III and IV and in the rat experiment, they were 
obtained by freeze-clamping tissue from the 

apex (piglet experiments) or of the whole heart 
(rat experiment). After sampling for NEFA 
determination, the hearts were removed and 
weighed, then sectioned in transverse sections 
from the apex to the coronary groove in slices 5 
mm thick. Every second slice was used for 
analyses of total lipids and/or triglycerides and 
immediately placed in an ice bath. The other 
slices were used for histological examination 
and were quickly placed in a buffered (9.52 g 
Na2 HPO4 . 2H2 0 + 0.818 g K 2 HPO 4 . 2H 2 0 per 
liter) 4% fonnaline solution. In the rat experi- 
ment, the whole hearts from 9 animals were 
used for histology, the whole heart of 6 animals 
for NEFA determination and 3 pooled samples 
of 2 hearts each for triglyceride determination. 

Chemical Analyses and Histological Examination 

The fatty acid composition of the experi- 
mental fats and oils was determined by gas 
liquid chromatography (GLC) in a collaborative 
trial at five different laboratories. NEFA 
was determined by Dole's method (9) as 
modified by Trygstad (10) and total lipids 
according to Sperry and Brand (11) and Henry 
(12) in blood serum obtained in piglet experi- 
ment ! from chilled blood (without anticoagu- 
lant) by centrifugation at 2800 g for 10 rain. 
Total lipids in cardiac tissue from piglet experi- 
ment I was determined as described above 
(11,12) on a suspension obtained by homo- 
genizing 10 g of chilled (0 C) cardiac tissue with 
50 ml of water for 90 sec in an MSE homo- 
genizer at 14,000 r.p.m., and in piglet experi- 
ments II and III as described by Folch et al. 
(13). Triglycerides in cardiac tissue from piglet 
experiment II were determined enzymatically 
(Boehringer, Mannheim CMBH, Biochemica 
Test-kit mat. no. 159 89) on lipids obtained as 
described above (11,12), and in piglet experi- 
ments III and IV and in the rat experiment by a 
combination of thin layer chromatography 
(TLC) and GLC on an aliquot of the Folch et 
al. (13) extract. Tripentadecanoin was added to 
the extract as an internal standard and the 
triglycerides were separated by TLC (14). The 
TLC spots containing triglycerides were hydro- 
lyzed in NaOH and methylated as in ref. 15. 
The esterified fatty acids were quantitatively 
determined by GLC on a Carlo Erba mod. 2351 
A equipped with a flame ionization detector. 
The glass column (6ft, 4 mm i.d,) was packed 
with 15% HI-EFF-4BP (Applied Science 
Laboratories Inc., State College, PA) on Supel- 
coport (100/120 mesh). Methyl esters were 
chromatographed isothermically at 215 C and 
identified by their retention times compared to 
known standards. Fatty acids from triglycerides 
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FIG. 1. Feed consumption (A), body weight gain (B), blood lipids (C) (averaged -+ standard deviation) and 
blood N E F A  (D) (average +- standard deviation) in piglets fed high fat diets for varying lengths of time in piglet 
experiment I. 

were calculated from peak area (HP-10 integra- 
tor system). NEFA in cardiac tissue from piglet 
experiments I and II were determined titrio- 
metrically (9,10),  and from piglet experiments 
III and IV and from the rat experiment by a 
TLC-GLC technique. The freeze-clamped 
samples were dropped in liquid nitrogen, 

ground, weighed without thawing and extracted 
according to Dole (9). Pentadecanoic acid was 
added to an aliquot of the extract as an internal 
standard. The fatty acids were separated by 
TLC as described by Litchfield (14), methyl- 
ated according to Metcalfe et al. (15) and 
chromatographed by GLC as described for the 

LIPIDS, VOL. 14, NO. 4 



360 J. OPSTVEDT ETAL.  

determination of triglycerides. 
One cardiac tissue section was prepared for 

histological examination from each fixed cardiac 
tissue slice by washing the hxed shces in tap 
water, embedding in gelatin, freezing in liquid 
nitrogen and staining with Oil-Red-O stain. 
Sections were examined by light microscope 
without knowledge of dietary treatment. 
Intracellular lipidosis was graded as follows: 0 = 
negative; + = trace amounts of lipids in less than 
5% of the muscle cells; 1 = lipid droplets in 
less than 25% of the muscle cells; 2, 3 and 4 
respectively, -- lipid droplets in 25-50%, 50- 
75%, and in more than 75% of the cells in the 
whole section. Since lipidosis was not equally 
pronounced in all parts of the heart, the section 
which exhibited the most pronounced degree 
of lipidosis determined the grading for a par- 
ticular heart. A lipidosis index was calculated 
as the sum of the lipidosis grading (+ = 0.5, 
1 = 1.5, 2 = 2.5, 3 = 3.5) for the individuals 
in each group divided by the number of animals 
in the group. 

Statistical Calculations 

Statistical calculations were conducted 
according to Snedecor (8) using nonparametric 
tests for the evaluation of the histological data. 

RESULTS 

Piglet Experiment 1 

All piglets appeared in good health condition 
throughout the trial except for a few episodes 
of diarrhea of short duration which were cured 
by medication (Neomycini sulfas, about 0.25 g 
per day). Average growth and food consump- 
tion graphs are shown in Figure 1. Feed intake 
was low at the start and increased linearly from 
about day 2 to 10 and more slowly thereafter 
(Fig. I A). Consequently, the piglets lost weight 
during the first 2 days, but gained weight 
during the rest of the period (Fig. 1B). The 
length of the feeding period had no consistent 
effect on total blood lipid levels (Fig. 1C), but 
elevated serum NEFA (Fig. 1D) in the first 2 
days seemed to be associated with the reduced 
feed intake and likely with a negative energy 
balance in that period. 

Heart weights and cardiac chemical lipid 
status are shown in Table III. Heart weights and 
cardiac content of total lipids and NEFA were 
not consistently different on the two diets and 
in piglets killed after different lengths of 
feeding. Lipidosis was detected by histological 
examination of hearts from 7 of the 9 piglets 
fed the RSO-16 diet for 6, 8 and 13 days, but 
in none from those fed the same diet for 2, 4, 

10, 16, 19 and 22 days, and trace lipidosis was 
seen in the heart of one piglet fed the control 
lard diet for 8 days. Thus, in the piglet, the 
lipidosis evidently reached a maximum between 
8 and 13 days of feeding and regressed there- 
after. Consequently, a feeding period of 10 
days was chosen in the suceeding piglet experi- 
ments. 

Piglet Experiments I I ,  I I I  and IV 

The health condition of the piglets was 
generally good, but a few episodes of diarrhea 
occured on all diets. These were, however, of 
short duration and were cured by medication. 
Occasionally, irrespective of dietary treatment, 
one piglet in an experiment had reduced feed 
intake and growth, but at post mortem exami- 
nation, no macroscopical changes were seen 
except for the piglets in question being lean. 

Feed consumption and body weight gain are 
shown in Table IV. Overall, the piglet consump- 
tion of the different diets, per kg of body 
weight, was apparently not related to the 
type of fat used and not significantly different 
for the different diets. However, in piglet 
experiment II, the growth rate was significantly 
different on the different diets with the lowest 
body weight gain on the RSO-16 diet. In the 
other piglet experiments, the growth rate was 
not significantly different on the different 
diets. 

There were no significant differences in 
heart weight per kg of body weight between 
dietary treatments within experiments (Table 
V). In piglet experiments II and lII, the content 
of  total lipids and triglycerides in the hearts was 
not significantly different between the different 
diets within experiments (Table V). In piglet 
experiment IV, the piglets fed the lard diets had 
significantly higher content of triglycerides in 
their hearts than the piglets fed the other diets. 

Cardiac tissue content of  NEFA is shown in 
Table V. The titration method (9,10) yields 
results in equivalents of acid, the TLC-GLC 
method in weight units. Using freeze-clamping 
of the samples and grinding under nitrogen 
reduced average cardiac tissue NEFA levels by 
nearly 40% compared to chilling of the samples 
(Piglet experiment 1, Table III vs. Piglet experi- 
ment II, Table V). When the fatty acid compo- 
sition is known, results from the TLC-GLC 
method can be calculated to show the corre- 
sponding equivalents of acid. Six samples which 
were analyzed by the titration method (9,10) 
and by the TLC-GLC method gave average 
NEFA contents of 2.76 • 0.58 and 0.66 • 0.15 
mEq per g of wet tissue, respectively. The 
coefficient of correlation (r) between the two 
sets of data was -0.42 (P>0.1). Thus, data 
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obtained by the two methods  are not  com- 
parable, e i ther  in absolute figures or in relative 
values. 

The cardiac N E F A  conten t  was 3-4 t imes 
higher in piglet exper iment  IV compared  with  
exper iment  IIl  for reasons which are not  
known.  In nei ther  exper iment  were there 
significant differences in cardiac N E F A  levels 
be tween dietary t reatments .  

Feeding the various fat mixtures  to piglets 
did no t  p rofoundly  change the cardiac trigly- 
ceride fat ty acid pat terns  compared  with that  
of  the lard-fed piglets (Table VI). The higher 
con ten t  of  20:1 and 22:1 in RSO, RFO and 
PHFO compared  with lard increased the con- 
tent  of  these fat ty  acids somewhat  in the 
cardiac tr iglycerides wi th  a slight compensa tory  
reduct ion  in the con ten t  of  18: 1. However ,  the 
levels of  22:1 in cardiac triglycerides never 
exceeded those in the dietary fat and were 
most ly f rom 1/3 to 1/5 of  the levels in the 
respective dietary fats. It is no t ewor thy  that  
20:1 and 22:1 were present  at appreciable 
levels in cardiac triglycerides of  piglets fed lard 
which contained no 22:1 and only a very low 
level of  20: 1. 

The different  diets had no consistent  effect  
on the compos i t ion  of  the cardiac NEFA,  and 
piglets fed the lard diet which did no t  contain 
22:1 fat ty  acids had about  the same levels of  
these fa t ty  acids in their  N E F A  as had those fed 
the diets containing 22:1 fat ty acids (Table 
VII). 

All piglet hearts appeared normal  on macro-  
scopical examinat ion .  The  results of  the histo- 
logical examina t ion  of  the hearts by light 
microscopy are shown in Table VIII.  There 
were no significant differences be tween  diets in 
piglet exper iments  II and III with regard to 
incidence (i.e., hearts found to contain stain- 
able lipids) and severity (i.e., the area of  the 
cardiac section covered with stainable lipids) of  
lipidosis. In piglet exper iment  IV, there were 
significant differences be tween  diets in lipidosis 
incidence and severity. Of  a total  of  23 hearts 
examined from piglets fed the lard diet ,  traces 
of  lipidosis (grade +) were found in one heart  
and more  p ronounced  lipidosis (grade 2) in 
another  heart  which also showed pericardial 
inf lamat ion (pericarditis).  

No lipidosis was seen in the hearts f rom 
piglets fed PHFO at levels of  8.0, 12.0 and 
14.0% of  the diets (equivalent  to 1.2-2.0% of  
22:1 fat ty  acids). Diets containing f rom 2.3 to 
7.7% of  22:1 fat ty  acids f rom RSO, RFO and 
PHFO when fed to piglets in exper iments  II and 
III appeared to give slightly, but  not  signifi- 
cantly,  more lipidosis than the control  lard diet,  
while 2.3% 22:1 fat ty  acids f rom P H F O  did no t  
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T A B L E  VII  

Fa t ty  Acid Compos i t i on  o f  Cardiac  N E F A  in Piglet E x p e r i m e n t s  III  and IV 
(Dura t ion  10 Days)  and in Rat E x p e r i m e n t  (Dura t ion  4 Days)  

Diet  a 

Fa t ty  
acid b E x p e r i m e n t  Lard-16  RSO-20 PHFO-16  PHFO-14  PHFO-8 RSO-16 RSO-5 SEM c 

14:0 Piglet e x p t .  I I I  3.2 --- 3.3 2.6 2.7 --- 2 .8 0.44 
Piglet exp t .  IV 2.1 --- 2.8 . . . . .  2.2 --- 0 .18  
Ra t .  exp t .  3.2 2.0 2.8 . . . . .  0.7 2.2 0.49 

16:0 Piglet e x p t .  I I I  2 1.5 --- 20 .0  18.5 19.0 --- 17.4 1.34 
Piglet exp t .  IV 12 .4 --- 14.3 . . . . . .  13.1 --- 0 .84  
Rat exp t .  20 .6  15.6 17.2 . . . . . .  8.5 15.9 1.26 

16:1 Piglet exp t .  I I I  2.1 --- 2.5 2.7 2.5 --- 2.4 0.47 
Piglet exp t .  IV 1.2 --- 1.8 . . . . . .  1.4 --- 0 .54  
Rat exp t .  3 .6 1,4 2.1 . . . . . .  0.9 2.8 0.77 

18:0 Piglet exp t .  I I I  28.7 --- 25.5 33.3 31.8 --- 32.3 3.77 
Piglet e x p t .  IV 20.0  --- 16.1 . . . . . .  18.1 --- 1.57 
Rat  exp t .  24.4 28.2 19.9 . . . . . .  20 .3  25.2 2.67 

18:1 Piglet e x p t .  I l I  20.9 --- 27.5 20 .6  24.3 --- 20.9 1.90 
Piglet exp t .  IV 24.5 --- 27.4 . . . . . .  31.4 --- 3 .20 
Rat exp t .  18.5 15.1 18,4 . . . . . .  16.4 16,3 1.42 

18:2 Piglet exp t .  I I I  8,6 --- 9.1 7.8 5.8 --- 7.5 1.25 
Piglet exp t .  IV 1,49 --- 16.6 . . . . . .  13.3 --- 2 .04  
Rat exp t .  17.3 8.2 21.8 . . . . . .  10.4 18.2 1.67 

20 :0  Piglet exp t .  III  0.1 --- 0.2 0.1 nd .  --- 0 .3 0.09 
Piglet exp t .  IV 0,3 --- 0.1 . . . . .  0.2 --- 0 .16  
Rat exp t .  nd.  d 0.1 0 . , 1  . . . . .  0.2 --- 0.09 

20:1  Piglet exp t .  III  0.1 --- 0.2 0.2 0.3 --- 0,2 0.11 
Piglet exp t .  IV 0.3 --- 0.3 . . . . . .  0 .8 --- 0 .29  
Rat exp t .  0,1 4.0 2.4 . . . . .  2 .8 1.0 0 .60  

20 :3+  Piglet exp t .  III  2.8 --  3.0 3.8 4.8 --- 2.5 0.44 
20 :4  Piglet exp t .  IV 3.3 --- 6,4 . . . . . .  2.9 --- 2 .27 

Rat  exp t .  8 .3 9.7 6.4 . . . . .  3.5 7.5 2 ,77  
22:0  Piglet exp t .  I I I  nd .  --- nd .  1.0 nd .  --- nd .  0.45 

Piglet exp t .  IV nd.  --- 0.4 . . . . . .  nd .  --- 0,21 
Rat exp t .  nd .  nd.  rid. - . . . . .  nd ,  nd .  --- 

22:1 Piglet exp t .  I I I  0.6 --- 0.5 0.7 0.7 --- 2.7 0.67 
Piglet exp t .  IV 2,2 --- 2.4 . . . . . .  3.6 --- 0 .93  
Rat  exp t .  nd .  7.4 5.6 . . . . . .  31.7 6.7 1.97 

aFor  exp lana t ion  o f  diet abbrev ia t ions ,  see Table  II. 
bCarbon  n u m b e r :  n u m b e r  o f  doub le  b o n d s .  Fa t ty  acids o f  m in o r  i m p o r t a n c e  exc luded .  
CSEM = S tandard  er ror  o f  m e a n .  
d n d . =  no t  de tec t ab le .  

cause lipidosis in 10 piglets in experiment IV. 
None of the piglet hearts examined had lipido- 
sis of a severity exceeding grade 2 (i.e., less than 
50% of the section cell area containing stainable 
l i p i d s  as p r e v i o u s l y  d e f i n e d ) .  

Rat Experiment 

T h e  h e a l t h  c o n d i t i o n  o f  t h e  r a t s  w a s  e x c e l -  

l e n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  F e e d  i n t a k e  

w a s  s i g n i f i c a n t l y  d i f f e r e n t  o n  t h e  d i f f e r e n t  d i e t s  

w i t h  l o w e s t  i n t a k e  o n  t h e  d i e t  c o n t a i n i n g  

16% P H F O ,  2 0 %  R F O  a n d  5% R S O  ( T a b l e  I V ) .  

A l s o ,  g r o w t h  r a t e  w a s  s i g n i f i c a n t l y  d i f f e r e n t  o n  

t h e  d i f f e r e n t  d i e t s  w i t h  t h e  l o w e s t  g r o w t h  r a t e  

o n  t h e  16% P H F O  d i e t  ( T a b l e  I V ) .  

T h e  c a r d i a c  c o n t e n t  o f  t r i g l y c e r i d e s  w a s  

s i g n i f i c a n t l y  d i f f e r e n t  o n  t h e  d i f f e r e n t  d i e t s  

( T a b l e  V ) .  H e a r t s  o f  r a t s  f e d  16% R S O  c o n -  

t a i n e d  a b o u t  7 t i m e s  m o r e  t r i g l y c e r i d e s  t h a n  

t h o s e  o f  r a t s  f e d  t h e  c o n t r o l  l a r d  d i e t ,  w h i l e  t h e  

h e a r t s  o f  t h e  r a t s  f e d  1 6 %  P H F O ,  5 %  R S O  a n d  

2 0 %  R F O  h a d  i n t e r m e d i a t e  c o n t e n t s  o f  t r i g l y -  

c e r i d e s .  C o n t e n t s  o f  N E F A  in  c a r d i a c  t i s s u e  

w e r e  a b o u t  3 t i m e s  h i g h e r  in  r a t s  f e d  1 6 %  R S O  

a n d  2 0 %  R F O  t h a n  in  t h o s e  f e d  t h e  c o n t r o l  l a r d  

d i e t .  R a t s  f e d  1 6 %  P H F O  o r  5 %  R S O  d i d  n o t  

h a v e  c o n t e n t s  o f  N E F A  in  c a r d i a c  t i s s u e  a p p r e -  

c i a b l y  d i f f e r e n t  f r o m  r a t s  f e d  l a r d  ( T a b l e  V ) .  

N o n e  o f  t h e  d i f f e r e n c e s  in  c a r d i a c  N E F A  

c o n t e n t s  w e r e  s i g n i f i c a n t  ( P > 0 . 0 5 ) .  

C o n t r a r y  t o  w h a t  w a s  f o u n d  in  t h e  p i g l e t s ,  

t h e  f e e d i n g  o f  d i e t s  r i c h  in  2 0 : 1  a n d  2 2 : 1  f a t t y  

a c i d s  t o  r a t s  c a u s e d  a m a r k e d  c h a n g e  in  t h e  

f a t t y  a c i d  c o m p o s i t i o n  o f  t h e i r  c a r d i a c  t r i g l y -  

c e r i d e s  ( T a b l e  V I ) .  R S O - f e d  r a t s  h a d  i n c r e a s e d  

l e v e l s  o f  2 2 : 1 , 2 0 : 0  a n d  2 0 : 1  a n d  r e d u c e d  l e v e l s  

o f  1 8 : 0 ,  1 8 : 1 ,  1 6 : 0 ,  16 :1  a n d  1 4 : 0  in  t h e i r  

c a r d i a c  t r i g l y c e r i d e s  c o m p a r e d  w i t h  t h o s e  o f  
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rats fed lard. Compared with the lard-fed rats, 
PHFO and RFO had less effect than RSO on 
cardiac triglyceride fatty acid pattern, but did 
cause an increase in 14:0, 16:1, 22:1 and 20:1 
and a compensatory reduction in 16:0, 18:0, 
18:1 and 18:2. The content of 22:1 in the 
cardiac triglycerides of the rats was about 30% 
higher than that of the respective dietary fats, 
and 22:1 was found in appreciable amounts in 
rats fed lard which did not contain 22:1. 

The feeding of diets rich in 20:1 and 22:1 
fatty acids significantly increased the content 
of these fatty acids in the cardiac NEFA to a 
level of about 50-90% of that of the dietary fat 
(Table VII). 

On macroscopic examination, hearts of rats 
fed 16% RSO were enlarged and yellowish in 
appearance, while those of other treatments 
were normal. There were significant differences 
between diets with regard to incidence and 
severity of lipidosis (Table VIII). Severe lipido- 
sis was found by microscopic examination in all 
hearts of rats fed 16% RSO. Lipidosis was also 
found in the hearts of rats fed 16% PHFO, 5% 
RSO or 20% RFO, but the severity was less 
than that of those fed 16% RSO. 

DISCUSSION 

Substantial numbers of piglets were em- 
ployed in the present study, namely a total of 
147 representing 63, 51 and 32 animals re- 
ceiving marine oils, rapeseed oil and the control 
diet, respectively. Age of piglets and dietary fat 
levels were chosen so as to be as similar as 
possible to those commonly used in important 
rat studies, but in order to achieve maximal 
myocardial lipidosis, a somewhat longer period 
was found to be necessary in the piglet com- 
pared with the rat (i.e., 10 days vs. 4 days). The 
piglet proved to be a suitable animal for this 
type of study, having satisfactory feed con- 
sumption and growth rate and apparently 
maintaining good clinical conditions. 

The rat experiment, although including 
relatively few animals, gave results in general 
agreement with previous observations in rats 
fed high levels of high erucic acid RSO (1-3,5, 
16,17), thus confirming that the experimental 
procedure applied resembled that used by 
others studying the same phenomenon. 

Markedly lower myocardial lipid responses 
of the piglet to high fat feeding, compared to 
the weanling rat, show a species difference. This 
interspecies difference was evident for all 
criteria tested, including myocardial triglyceride 
content determined chemically, absolute and 
relative content of fatty acids in triglycerides, 
and incidence and severity of stainable myocar- 

dial intracellular lipid droplets. The increase in 
heart weight frequently found in rats when fed 
high levels of high erucic acid RSO (1,2,5,16, 
18) was not observed in piglets even when 
consuming diets with 16% RSO (7.7% of erucic 
acid in the diet). Feeding the rats 16% RSO 
increased the content of myocardial trigly- 
cerides nearly 6 times compared with that from 
16% lard, while RSO and lard did not give 
significantly different myocardial triglyceride 
contents in the piglets. Although the fatty acid 
pattern of the myocardial triglycerides in the 
piglets to some extent resembled that of the 
dietary fat, the differences between piglets fed 
the different fats were minor compared with 
those of the rat. Docosenoic acids seemed to 
accumulate in rat hearts since the percentages 
in myocardial triglycerides were higher by 
15-40% compared with those of the dietary 
fats. In contrast docosenoic acids did not 
accumulate in the myocardial triglycerides of 
piglets which contained only one-third to 
one-fifth of the level of docosenoic acids 
present in the dietary fat. 

Fats with high contents of docosenoic fatty 
acids, when fed at high levels, caused an in- 
crease in incidence and severity of stainable 
intracellular lipid droplets in some piglet 
experiments over and above effects from fats 
without docosenoic fatty acids, but the re- 
sponse in the piglets was very much lower than 
that in the rats. Thus, when incidence and 
severity of lipidosis are given a combined 
numerical value in the lipidosis index, the 
response was 4-5 times greater in the rats 
compared with the piglets. 

To our knowledge, the fiterature contains 
only two reports of limited studies with piglets 
of ages similar to those used in the present 
experiments and which were fed high fat 
diets containing high levels of docosenoic fatty 
acids. Feeding 10 or 20% of high erucic acid 
RSO to four miniature piglets for one week and 
to four commercial piglets for two weeks, 
Beare-Rogers and Nera (5) found no increase in 
the myocardial content of docosenoic or other 
fatty acids, but revealed myocardial fat droplets 
histologically. Myocardial fat accumulation was 
not  demonstrated histologically by Aherne et 
al. (6) in four piglets fed 15% high erucic acid 
RSO for four weeks. Lipid and docosenoic 
fatty acid accumulations were not found by 
chemical analyses of hearts from somewhat 
older pigs fed high erucic acid RSO in studies 
by Kramer et al. (19) or in our own studies 
(Svaar et al., unpublished data). However, using 
light or electron microscopy, moderate to slight 
lipid accumulation was detected in some older 
pigs when fed high erucic acid RSO in studies 
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by Levillain et al. (20), and Vodovar et al. 
(21,22), and in our own studies (Svaar et al., 
unpublished data). It thus seems evident that 
the pig, in contrast to the rat, does not respond 
to diets high in docosenoic fatty acids by a 
transient increase in myocardial lipids detect- 
able by chemical means, but the myocardial 
cells of some pigs fed high docosenoic fatty 
acid diets may transitorily contain lipid drop- 
lets which are detectable histologically. 

The physiological reason for the difference 
with regard to cardiac lipid response between 
rats and pigs is not immediately apparent. Since 
the digestibility of docosenoic acids is found to 
be high in piglets (23) and comparabl.e to that 
in the rat (24), differences in absorption are not 
the explanation. However, the rats consumed, 
per kg of body weight, about 5 times more 
docosenoic fatty acids on any diet than did the 
piglets (Table IV), and their lipidosis index was 
also 4-5 times higher (Table VIII). Thus, it is 
possible that the difference between the piglet 
and the rat is due to the voraciousness of the 
latter. On the other hand, since docosenoic 
acids are readily metabolized in the body (25) 
and serve as a source of energy, interspecies 
comparison of intake might better be based on 
metabolic body weight (i.e., body weight 0.75) 
than on body weight directly (26,27). Using 
this factor, the rats per kg body weight 0.75 
consumed only one-third more docosenoic 
fatty acids than the piglets, a difference which 
can hardly explain the difference in lipidosis. 
It is, therefore, possible that the more moderate 
lipidosis in the piglets than in the rats was due 
to a higher metabolic capacity for handling 
these acids (28). This question is of utmost 
importance since it is related to the problem of 
extrapolating findings from rat studies to the 
human nutri t ion situation, and deserves, there- 
fore, further studies. 

Three types of fats were compared as 
sources of docosenoic fatty acids in the present 
study: RSO containing erucic acid (22:lo)9 cis) 
(29), RFO containing mainly cetoleic acid 
(22: lcol 1 cis) and PHFO containing mainly 
cetoleic acid, but also some erucic acid and, in 
addition, other positional isomers of doco- 
senoic acid and also respective trans isomers 
(30). When compared at a similar dietary level 
of fat, RSO gave consistently more lipidosis 
than did RFO and PHFO in both piglets and 
rats. At levels which supplied approximately 
similar dietary levels of docosenoic fatty acids, 
different fats were not significantly different in 
inducing lipidosis in either species. Our results 
are not entirely consistant with those pre- 
viously reported where cetoleic acid (22: lcol 1) 
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in fish oil was found to cause less lipidosis than 
erucic acid (22:1o09) in rapeseed oil (18,31), 
and brassidic acid (22:1co9 t r a n s ) i n  hydro- 
genated rapeseed oil to cause less lipidosis than 
erucic acid (22:1o09 cis) in unhydrogenated 
rapeseed oil (32). 

Lipidosis was not generally found in piglets 
consuming diets with less than 2% 22:1 fatty 
acids. When related to feed intake and body 
weight, the no-effect level for cardiac lipidosis 
was 0.4 g 22:1 fatty acids per kilogram body 
weight per day, a substantial level of intake. 

Some piglets and rats fed high fat diets 
without docosenoic fatty acids and with only 
trace levels of eicosenoic acids, i.e.,the control 
lard diet, developed lipidosis which, in general, 
was mild, but moderate in one pig suffering 
from pericarditis. Thus, lipidosis was not 
confined to the feeding of fats high in doco- 
senoic fatty acids. In this respect, cardiac 
lipidosis from high fat diets, not necessarily 
containing docosenoic fatty acids, has been 
observed in cynomolgus monkeys and man 
(33-35). 

The low levels of docosenoic fatty acids 
found in the cardiac triglycerides and cardiac 
NEFA of the lard-fed piglets are of a mangitude 
similar to that previously observed in animals 
fed docosenoic acid-free diets (33). However, in 
the present study, the rats fed the lard control 
diet with no obvious docosenoic fatty acid 
component had appreciable levels of doco- 
senoic fatty acids in their cardiac triglycerides 
(i.e., 6.0%), but not in their cardiac NEFA. 
This finding is in agreement with Utne et al. 
(17) who found cardiac neutral lipids of rats 
fed docosenoic acid-free (0.2%) lard to contain 
7.7, 0.5, 0.4 and 0.3% docosenoic fatty acids 
after 1, 2, 6 and 12 weeks of feeding. The 
physiological explanation for these findings is 
not immediately apparent. 

With regard to NEFA, two hypotheses have 
been advanced, first that cardiac lipidosis is due 
to a malfunctioning of the mitochondria caused 
by elevated NEFA levels in the heart of rats fed 
diets high in eurcic acid (36), and second that 
elevation of NEFA in cardiac cells is responsible 
for lesions of a necrotic and fibrotic nature 
observed in male rats after long-term feeding of 
rapeseed oil (37). The present study demon- 
strates that the determination of cardiac NEFA 
is rather demanding. Separation of NEFA on 
TLC and quantitative determination on GLC 
gave values for NEFA which were only one 
fourth of those obtained by the titration 
method (9,10). The lack of a correlation 
between data obtained by the TLC-GLC 
method and by the titration method would 
indicate that substances other than NEFA are 
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titrated. Immediate freezing of the tissues 
reduced titrable NEFA to nearly half the values 
found with chilling of the tissues prior to 
extraction. Similar effects of post mortem 
autolyses on the cardiac NEFA levels have also 
been demonstrated by Kramer and Hulan (38) 
in a publication appearing after this work was 
completed. Thus, it appears that the previously 
reported data on cardiac NEFA levels (3,36), 
on which the hypotheses on deleterious roles of 
elevated cardiac NEFA in lipidosis and long 
term lesions is based (4, 36,37), may have been 
erroneously high by a factor of 10-20 due to 
artifacts and methodology. In the present 
study, regardless of methodology used, no 
consistent differences in cardiac NEFA levels 
were found between piglets fed on the different 
dietary fats. In the rat experiment, there were 
no significant differences in cardiac NEFA 
levels between dietary treatments, but rats fed 
16% RSO or 20% RFO had 2-3 times higher 
NEFA levels in their hearts than in those of rats 
fed the other experimental fats, the latter 
groups all being similar. Kramer and Hulan (38) 
observed an increase in cardiac NEFA levels in 
rats fed high Ievels of RSO rich in erucic acid 
for 3 days, but  no comparable observations on 
control rats fed other fats for a similar period 
of time were made in that study. If the dif- 
ferences in the cardiac NEFA levels found in 
the rat experiment were real and not  caused by 
change, cardiac NEFA levels were not related to 
the degree of lipidosis. The hypothesis of a role 
of NEFA in cardiac lipidosis seems, therefore, 
to be of doubtful  value. 
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Inhibition of Sterologenesis in Brain and Liver of Fetal and 
Suckling Rats from Dams Fed Di-2-Ethylhexyl Phthalate 
Plasticizer 
FRANK P. BELL, M. MAKOWSKE, D. SCHNEIDER, and C.S. PATT, The Upjohn Company, 
Diabetes and Atherosclerosis Research, Kalamazoo, MI, 49001 USA 

ABSTRACT 

The effect of di-2-ethylhexyl phthalate (DEHP) on lipid metabolism was studied in liver and brain 
from fetal rats taken 3 days before parturition from dams receiving dietary DEHP during gestation. In 
fetuses from rats receiving 0.5% or 1.0% DEHP in a stock diet, the incorporation of 14C-acetate and 
labeled mevalonate (3H or 14C) into the C27 sterols, C30 sterols, and squalene fractions of brain 
tissue incubated in vitro was significantly reduced between the confidence limits P <0.05 to P <0.001. 
When liver from fetuses was incubated with labeled mevalonate, incorporation of label into the C27 
sterol and C30 sterol fractions was significantly reduced as well (P <0.02 to P <0.001), whereas 
incorporation of labeled mevalonate into the squalene fraction was not significantly altered. The in- 
corporation of 14C-acetate into total hepatic lipids of the fetal rats was also studied, and statistically 
significant reductions in incorporation were observed in the lanosterol fraction (P <0.001), the com- 
bined fraction of sterol esters + squalene (P <0.02), and the combined fraction of cholesterol + 
diglycerides (P <0.01). No significant changes were observed in the incorporation of 14C-acetate into 
phospholipids, free fatty acids, or triglycerides. In 8-day old suckling rats delivered from dams fed 
0.5% DEHP for the last 16 days of gestation and maintained on the same diet during the nursing 
period, the incorporation of 14C-mevalonate into hepatic C27 sterols, in vitro, was significantly de- 
pressed (P <0.05) whereas in corporation into C30 sterols and squalene was similar to control values. 
In these same suckling rats, body weights were significantly lower in the control group (21.7 vs. 18.8 
g, P <0.01), whereas liver weight as a % of body weight was significantly higher (P <0.01) in rats 
nursing from the DEHP-fed dams. The results ind'teate that the inhibitory effect of dietary DEHP on 
lipid metabolism in the mature rat is transmitted across the placental barrier to the developing fetus 
and that the abnormal pattern of lipid metabolism in rats delivered from DEHP-fed females is only 
partially restored to normal during the suckling periods. 

INTRODUCTION 

Phtha l i c  acid esters  (PAE)  m ay  n o w  be 
inc luded  on  the  growing  list o f  e n v i r o n m e n t a l  
po l lu tan t s .  PAE have such a b r o a d  s p e c t r u m  of 
indus t r ia l  and  m a n u f a c t u r i n g  use (1) t ha t  
annua l  PAE p r o d u c t i o n  app r ox i m a t e s  5 x 108 
kg (2). U n f o r t u n a t e l y  the  widespread  use of 
PAE has  led to  the i r  dispersal  in to  the  envi ron-  
m e n t  to  such an e x t e n t  t h a t  PAE are f o u n d  in 
air (2,3) ,  wa te r  (2,3),  soil (2 ,4) ,  mi lk  (5),  and  
tissues f rom m a n  (6-9) and  animals,  inc lud ing  
l ives tock and  fish m a r k e t e d  for  h u m a n  con-  
s u m p t i o n  (10-13)  as well  as mar ine  life (2 ,14) .  
Un t i l  r ecen t ly  (wi th in  the  last  5 years) ,  infor-  
m a t i o n  available on  the  biological  e f fec ts  of  
PAE was largely l imi ted  to classical tox ico logy .  
It  is now clear f rom our  s tudies  (15-19)  and  
those  of  o thers  (20-22)  t h a t  exposure  to  PAE 
admin i s t e red  orally to  e x p e r i m e n t a l  an imals  
resul ts  in n u m e r o u s  a l t e ra t ions  in tissue bio-  
chemis t ry  and  u l t r a s t ruc tu r e  (20-22) .  Our  
s tudies  have d o c u m e n t e d  the  fact  t h a t  di-2- 
e t h y l h e x y l  p h t h a l a t e  (DEHP) ,  the  m o s t  com- 
m o n l y  used  PAE,  is an  i n h i b i t o r  of  s te ro logen-  
esis in m a m m a l i a n  liver (16 ,19)  and  testes  
(19).  

The  p re sen t  s tudies  of  s terologenesis  in fetal  

and  suckling rats  f rom dams fed DEHP was 
p r o m p t e d  by  the  evidence t h a t  PAE unde rgo  
p lacen ta l  t r ans fe r  in the  rat  (23)  and  t h a t  PAE 
have been  associated wi th  te ra togenes i s  and  
mutagenes i s  in r oden t s  (24 ,25)  and  developing 
chick  e m b r y o s  (26-28) .  

EXPERIMENTAL PROCEDURES 

Animals and Diets 

Female  Sprague-Dawley rats  ( U p j o h n  s t ra in)  
were b red  at 250  -+ 3 g (n = 23)  dur ing  a 10 h r  
exposure  to  a male  rat .  Presence of  a vaginal  
plug was t aken  as evidence of  i n semina t ion .  
The rats  were ind iv idua l ly  caged wi th  free 
access to  food  and  wa te r  and  were fed e i t he r  a 
s tock  diet  (Pur ina  Chow)  or  the  s tock  diet  
s u p p l e m e n t e d  w i th  0.5% or  1.0% di-2-ethyl-  
hexy l  p h t h a l a t e  (DEHP)  as in our  prev ious  
s tudies  (15-19) .  DEHP feeding was in i t i a t ed  
e i t he r  5 days (0.5% diet)  or  10 days (1.0% 
diet )  a f te r  b reed ing  the  rats. The  dams were 
decap i t a t ed  on  the  18 th  day of  ges ta t ion  and  
the  fetuses  r e m o v e d  for  s tudy .  In one experi-  
men t ,  female  rats  fed 0.5% DEHP were per- 
mit ted  to  del iver  and  to nur se  the  pups  while  
c o n t i n u i n g  to receive the  0.5% DEHP diet.  The  
pups  were killed by  decap i t a t i on  at  8 days  of  
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TABLE I 

Incorporation of DL-Mevalonic-2-14C Acid into Brain Lipids 
of Fetal Rats from Dams Fed 0.5% DEHP during Gestation a 

373 

Incorporation (dpm/brain) b 

C27 Sterol C30 Sterol Squalene 

Control (n=7) 13570 c -+ 700 8807 -+ 291 6006 +- 346 
DEHP(n=7) 11509 + 520 7693 + 276 4782 -+ 118 

P<0.05 d P<0.02 P<0.0I 

apregnant rats were fed the DEHP-containing (0.5%) diet for 13 days beginning on the 
5th day of gestation. Fetal rats were delivered by Cesarean section on the 18th day of ges- 
tation. 

bThe entire brain from each fetus was incubated as described under Experimental 
Procedures. 

CValues are the means + SEM of 7 animals (n); each animal was obtained from a 
different dam. 

dp values obtained using Student's independent t-test. 

age and  the i r  tissues r emoved  for  expe r i m en t a -  
t ion .  All animals  were killed be tween  9 AM and 
10:30  AM. 

Tissue Incubations 

The ent i re  liver and bra in  f rom fetal  ra ts  
were i ncuba t ed  in tac t ;  livers of  suckl ing rats, 
be ing  larger t han  fetal  rat  livers, were m i n c e d  
(15)  p r io r  to i n c u b a t i o n  in order  to ensure  
subs t ra te  p e n e t r a t i o n  of  the tissue. 

All i ncuba t i ons  were p e r f o r m e d  at 37 C in 
25 ml E r l e n m e y e r  flasks in a to ta l  vo lume  of  
3.5 ml  of Krebs -Ringer -b ica rbona te  bu f f e r  at 
pH 7.4 which  con ta ined  2 / I C i  each of  sod ium 
ace t a t e - l -14C (59 m C i / m M )  and DL-mevalonic-  
5-3H acid, d ibenzy le thy l ene  d iamine  salt (5 
Ci /mM) in c o m b i n a t i o n ,  or 2 /ICi of  DL- 
mevalonic-2-14C,  d ibenzy l e t hy l ene  d iamine  salt 
(46 m C i / m M )  alone.  The labeled precursors  
were ob ta ined  f rom New England  Nuclear  
Corp. ,  Bos ton ,  MA. The buf fe r  was gassed wi th  
oxygen-CO 2 (95%-5%) pr io r  to  use. 

The  whole  fetal  bra ins  used in these s tudies  
all weighed wi th in  3% of 0.11 g. Since the  
cons i s tency  of  the tissue did no t  pe rmi t  us to 
b lo t  the  b ra in  before  weighing,  we cons idered  
the  tissues to  be of  the  same weight  and 
r epo r t ed  all data  on a per  bra in  basis. 

Analyses 

Brain lipid was saponif ied  by t r e a t m e n t  of  
the tissue wi th  15% alcohol ic-KOH as previous-  
ly descr ibed in detai l  (16)  and  the  nonsapon i f i -  
able l ipid f r ac t ion  was ex t r ac t ed  wi th  n -hexane  
(16).  Liver samples  were ex t r ac t ed  by 
h o m o g e n i z a t i o n  wi th  CHC 13-methano l ,  2: 1, as 
descr ibed previously  (15) ,  and  the  lipid ex t rac t s  
washed according  to Fo lch  et  al. (29) .  In some 
expe r imen t s ,  a l iquots  of  the  CHC13-MeOH 
ex t rac t s  of  liver were evapora t ed  to dryness  

u n d e r  N 2 and then  the l ipid residues were 
saponif ied  wi th  a lcohol ic-KOH (16)  and  t rea ted  
in the  same m a n n e r  as bra in  lipids. 

F r a c t i o n a t i o n  of  l ipids in the  washed  lipid 
ex t rac t s  was achieved on  Silica Gel G-coa ted  
th in  layer  plates  using n - h e x a n e / d i e t h y l e t h e r /  
acet ic  acid ( 1 4 6 : 5 0 : 4 ,  v /v /v)  as a developing  
solvent .  This  sys tem will separate  polar  l ipids 

(phospho l ip ids )  f rom the  var ious  classes of  
neu t ra l  l ipids (30)  as well as f r ac t i ona t e  t issue 
nonsapon i f i ab le  lipids i n to  the  C27 sterols,  

C30 sterols,  and h y d r o c a r b o n s  (squalene)  (16) .  
Me thods  for  i den t i fy ing  the  var ious lipids 
f r ac t iona ted  by th in  layer  c h r o m a t o g r a p h y ,  and  
the s u b s e q u e n t  p r epa ra t i on  of  the  samples  for  
radioact ive  assay by l iquid-sc in t i l la t ion  spec- 
t r o m e t r y  have been  descr ibed in detai l  pre- 
viously t 5,16).  

RESULTS A N D  DISCUSSION 

In view of  our  previous  observa t ions  t h a t  
DEHP feeding can s ignif icant ly  m o d i f y  l ipid 
me tabo l i sm in ma tu re  rats  (15-18) ,  and t ha t  
DEHP is capable  of  p lacenta l  t r ans fe r  (23) ,  
we inves t iga ted  lipid me tabo l i sm in t issues of  
developing fetuses f rom dams fed e i t he r  0.5% 
or 1.0% DEHP dur ing  ges ta t ion .  The results  of  
the  s tudies  set f o r th  in the  tables  which  fo l low 
a t tes t  to  the  fact  t ha t  inges t ion  of  DEHP by 
p regnan t  rats does  resul t  in a l t e ra t ions  in l ipid 
m e t a b o l i s m  in the  developing  fetus.  

Studies with Fetal Tissue from 
Dams Fed 0.5% DEHP 

In these  studies,  p r e g n a n t  rats  were fed 
DEHP at a level of  0.5% beg inn ing  on the 5 th  
day of  ges ta t ion  and  the  fetuses  were t aken  on  
the 18 th  day (4 days before  t e rm)  by  cesarean 
sect ion.  Lipid me tabo l i sm was s tudied  in 

LIPIDS, VOL. 14, NO. 4 



374 F.P. BELL,  M. M A K O W S K I ,  D. S C H N E I D E R ,  AND C.S. P A T T  

T A B L E  II 

I n c o r p o r a t i o n  o f  DL-Mevalonic -5-3H Acid into Hepat ic  Lipids 
o f  Fetal  Rats f r o m  Dams Fed 0.5% D E H P  dur ing  Ges ta t ion  a 

I n c o r p o r a t i o n  ( d p m / m g  dry  w t )  b 

C27 Sterol  C30 Sterol  Squalene  

C o n t r o l ( n - t 4 )  6681 c-+ 301 533 +- 46 2 8 7 4  +- 186 
D E H P ( n = 1 3 )  5674  +- 220 331 -2_ 23 2 5 5 0  + - 191 

P<0 .02  d P<0.001  NS 

aSee f o o t n o t e  to Table  I. 

bThe  liver f r o m  each fetal  rat  was i ncuba ted  as descr ibed under  E x p e r i m e n t a l  Procedures .  

CValues are me a ns  +- (SEM of  the  n u m b e r  o f  animals  (n) given in parentheses .  Animals  
in the Cont ro l  g roup  were  ob ta ined  f r o m  8 dams  and those in the D E H P  group  were  
ob t a ined  f rom 7 dams ;  no t  m o r e  t han  2 animals  were  ob ta ined  f r o m  an individual  dam.  

dp  values ob t a ined  using S tude n t ' s  i n d e p e n d e n t  t-test. 

T A B L E  Il i  

I n c o r p o r a t i o n  o f  Ace ta te -  1-14 C into Hepa t i c  Lipids 
o f  Fetal  Rats f r o m  Dams  Fed 0.5% D E H P  dur ing  Ges ts t ion  a 

I n c o r p o r a t i o n  ( d p m / m g  dry  w t )  b 

C27 Sterol  
Phosphol ip id  + DG C30 Sterol  F F A  TG CE/SQ c 

C o n t r o l ( n = 1 4 )  3738 d +- 234 13603 +- 709 481 +- 36 68 -+ 4 3580 -+ 373 4429  + 337 
D E H P ( n = 1 3 )  3935 + 205 11046 -+ 440  247 -+ 21 59 +- 3 2795 +- 238 3289 +- 256 

NS e P<0 .01  P<0 .001  NS NS P<0 .02  

a ,b see  f o o t n o t e  to Table  II. 

CDG, d ig lycer ides ;  FFA,  free fa t ty  acids;  TG,  t r ig lycer ides;  CE, choles te ry l  esters;  SQ, squalene.  

dSee f o o t n o t e  c o f  Table  II. 

eNS, not  s ignif icantly d i f fe ren t  f r o m  Cont ro l  values by  S tuden t ' s  i n d e p e n d e n t  t-test;  P values indicate  
s tat is t ical ly s ignif icant  d i f ferences  at the levels shown.  

vitro by incubating fetal brain and liver with 
radioactive acetate and/or mevalonate 

Incorporation of I4C-mevalonate into the 
nonsaponifiable lipids of fetal brain is shown 
in Table I. Significant reductions in the incor- 
poration of 14C-mevalonate into C27 sterols 
(P <0.05), C30 sterols (P <0.02), and into the 
sterol precursor squalene (P "(0.01) was 
observed in brain tissue of fetuses derived from 
DEHP-fed pregnant femals. The extent of the 
inhibition of incorporation into all 3 fractions 
was ca. 15% (Table I). 

Hepatic synthesis of nonsaponifiable lipid 
from labeled mevalonate was also reduced in 
fetuses from females fed DEHP (Table II); 
significant reductions in the incorporation of 
3H-mevalonate were observed in the C 27 sterol 
fraction (P <0.02) and in the C30 sterol frac- 
tion (P <0.001). The reduced incorporation of 
3H-mevalonate into C27 and C30 sterols by 
fetal liver derived from DEHP-fed females was 
not paralleled by a significant reduction of 
incorporation into squalene suggesting, perhaps, 
that the inhibition of sterol synthesis in these 

fetuses occurs at a point beyond squalene for- 
mation in the biosynthetic pathway. 

Lipid biosynthesis from I4C-acetate was 
also studied in the fetal liver and the results are 
presented in Table III. 

Feeding 0.5% DEHP to pregnant rats 
resulted in significant reductions in 14C-acetate 
incorporation into several lipid fractions in the 
fetal liver. Incorporation into lanosterol was 
reduced 49% (P <0.001), while incorporation 
into the combined fractions of cholesterol + 
diglyceride, and steryl esters + squalene was 
reduced 19% (P <0.01) and 26% 
(P <0.02) respectively. In contrast, 14C- 
acetate incorporation into phospholipids 
free fatty acids, or triglycerides (Table III) was 
not significantly affected. This latter observa- 
tion is interesting in that DEHP feeding inhibits 
phospholipid and triglyceride synthesis in the 
liver of mature rats (15,18). The data suggest 
that modification of phospholipid and triglycer- 
ide synthesis in liver may be a response related 
to growth and development since we have 
observed in some rapidly growing rats (3-4 

LIPIDS,  V O L .  14, NO. 4 
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TABLE IV 

Incorporation of Acetate- t -14C and DL-Mevalonic-5-3H Acid into Brain Lipids 
of  Fetal Rats from Dams Fed 1% DEHP during Gestation a 

3 7 5  

Incorporat ion (dpm/brain)  b 

C27 Sterol C30 Sterol Squalene 
14 C 3H 14 C 3H 14C 3H 

Control (n=8) 25300 c + 1796 19283 • 1452 6355 • 473 6379 • 527 1905 + 113 2728 • 269 
DEHP(n=6)  18377 +- 2242 11759 • 1543 4121 • 451 3277 • 419 1285 +- 84 1220 • 153 

P<0.05 d P<0.0  t P<0.01 P<0.001 P<0.01 P<0.001 

apregnant rats were fed the  DEHP-containing (1.0%) diet for 8 days beginning on the  10th day o f  gestation. 
Fetal rats were delivered by Cesarean section on the 18th day o f  gestation. 

bSee footnote  to Table I. 
CValues are means  -+ SEM of  the number  of  animals (n) given in parentheses. Animals  in the Control group 

were obtained f rom 3 dams, and those in the DEHP group were obtained from 2 dams;  not  more  than 3 animals 
were obtained f rom an individual dam. 

dSee footnote  to Table I. 

TABLE V 

Incorporat ion of  DL-Mevalonic-5-3H Acid into Hepatic Lipids 
of  Fetal Rats f rom Dams Fed 1% DEHP during Gestat ion a 

Incorporat ion (dpm/mg  dry wt) b 

C27 Sterol C30 Sterol Squalene 

Control (n=9) 4992 c • 491 387 • 53 2895 • 695 

P<0.01 d P<0.01 P<0.01 

DEHP, 8 days (n=6) 3009 • 169 165 -2_ 6 289 • 17 
DEHP, 14 days (n=2) 2637 250 2375 

apregnant rats were fed the DEHP-containing (1%) diet for 8 or 14 days beginning on the  10th or 4th  day o f  
gestation, respectively. Fetal rats were delivered by Cesarean section on the 18th day o f  gestation. 

bSee footnote  to Table II. 
CValues are means  or means  _+ SEM of  the  number  of  animals shown in parentheses.  Animals in each group 

were obtained from 2 dams treated appropriately wi th  respect to diet and durat ion of DEHP feeding. 
dsee  footnote  to Table I. 

w e e k s  o ld )  an  a c t u a l  s t i m u l a t i o n  o f  p h o s p h o -  
l ip id  and  t r i g l y c e r i d e  s y n t h e s i s  w h e n  D E H P  
was  fed  (Bel l ,  u n p u b l i s h e d  r e su l t s ) .  

Studies with Fetal Tissue From 
Dams Fed 1.0% DEHP 

In  t h e s e  s t u d i e s ,  p r e g n a n t  r a t s  w e r e  f ed  

D E H P  at  a level  o f  1 .0% b e g i n n i n g  o n  t h e  1 0 t h  
d a y  o f  g e s t a t i o n ,  a n d  t h e  f e t u s e s  wee  t a k e n  
b y  c e s a r e a n  s e c t i o n  o n  t h e  1 8 t h  d a y  o f  ges t a -  

t i on .  Fe t a l  b r a in  a n d  l iver  was  i n c u b a t e d  w i t h  
l a b e l e d  l ip id  p r e c u r s o r s  as in  t h e  p r e v i o u s  
e x p e r i m e n t s ,  b u t  o n l y  t h e  n o n s a p o n i f i a b l e  

l ip ids  we re  s t u d i e d .  
T a b l e  IV s h o w s  t h a t  1% D E H P  f e e d i n g  to  

p r e g n a n t  r a t s  h a s  m o r e  p r o n o u n c e d  e f f e c t s  o n  
fe ta l  b r a i n  l ip id  b i o s y n t h e s i s  t h a n  w e r e  
o b s e r v e d  w h e n  D E H P  w a s  fed  a t  t h e  0 . 5 %  level  
( T a b l e  I). T h e  i n c o r p o r a t i o n  o f  b o t h  14C-ace -  
t a t e  a n d  3 H - m e v a l o n a t e  i n t o  C 27  s t e r o l s ,  C30  

s t e ro l s ,  a n d  s q u a l e n e  was  s i g n i f i c a n t l y  r e d u c e d  
(P < 0 . 0 4  - P < 0 . 0 5 )  b y  ca. 4 0 %  in fe ta l  b r a i n  
f r o m  D E H P - t r e a t e d  d a m s .  T h e  l ivers  f r o m  

t h e s e  s a m e  fe ta l  r a t s  we re  u s e d  t o  s t u d y  t h e  
i n c o r p o r a t i o n  o f  3 H - m e v a l o n a t e  i n t o  h e p a t i c  
n o n s a p o n i f i a b l e  l ip ids  ( T a b l e  V) ;  i n c l u d e d  also 

in t h e s e  e x p e r i m e n t s  we re  l ivers  f r o m  2 f e t a l  
r a t s  t a k e n  f r o m  a d a m  t h a t  r e c e i v e d  1% D E H P  
b e g i n n i n g  o n  t h e  4 t h  day  o f  g e s t a t i o n  ( T a b l e  

V).  In  f e t u s e s  w h o s e  d a m s  were  c o n s u m i n g  
D E H P  f o r  8 d a y s  o f  g e s t a t i o n  p r i o r  to  c e s a r e a n  
s e c t i o n ,  i n c o r p o r a t i o n  o f  3 H - m e v a l o n a t e  i n t o  
C27  s t e r o l s  a n d  C30  s t e r o l s  was  r e d u c e d  
s i g n i f i c a n t l y  (P < 0 . 0 1  in  e a c h  case )  ( T a b l e  V) .  

T h e  r e d u c t i o n  o f  i n c o r p o r a t i o n  i n t o  t h e  
s t e ro l s ,  r e la t ive  to  c o n t r o l  va lues ,  w a s  ca. 2 
to  3 - fo ld  g r e a t e r  t h a n  w a s  o b s e r v e d  in  s im i l a r  
fe ta l  s t u d i e s  in  w h i c h  t h e  d a m s  we re  f ed  0 . 5 %  
fo r  13 days .  In  c o m p a r i n g  t h e  d a t a  f r o m  T a b l e s  
II a n d  V, i t  a p p e a r s  t h a t  t r e a t m e n t  o f  t h e  
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TABLE VI 

Incorporation of DL-Mevalonic-2-14C Acid into Hepatic Lipids 
of 8-Day Old Suckling Rats of Dams Fed 0.5% DEHP a 

Incorporation 
(dpm/g wet wt) b 

Pup Wt Liver Wt C27 + C30 
(g) (% body wt) Sterol Squalene 

Control (n-10) 21.7 c -+ 0.3 2.75 • 0.03 390594 • 28088 231670 -+ 12602 
DEHP(n=I2) 18,8 -+ 0.7 3.01 -+ 0.06 310739 +- 20798 290598 +- 24933 

P<0.01 d P<0.01 P<0_05 NS 

aFemale rats were fed the DEHP-containing (0.S%) diet beginning on the 5th day of gestation and permitted 
to deliver and nurse the pups for 8 days while continuing to receive the DEHP-containing diet. 

bLivers were removed from the 8-day-old suckling rats, minced, and incubated as described under 
Experimental Procedures. 

CValues are means • SEM of the number of animals (n) given in parentheses. Control animals were obtained 
from one dam; animals in the DEHP group were obtained in equal numbers from 2 dams. 

dSee footnote to Table I. 

p r egnan t  ra ts  wi th  the  h igher  level o f  DEHP 
(1%) for  a shor t  per iod  (8 days)  has a grea ter  
ef fec t  on  fetal  hepa t i c  l ipid synthes is  t han  a 

lower  level (0.5%) for  a longer  per iod o f  t ime  
(13 days)  

The data  f rom the 2 fetuses  whose  dams 
were fed 1% DEHP for  14 days of ges ta t ion  also 
had  lower  levels of  i n c o r p o r a t i o n  i n to  C27 and 
C3 o sterols ,  relative to con t ro l  fetuses;  these 
same two  animals  also showed  a lower  incor-  
po ra t i on  of  label  i n to  squalene,  bu t  no  
s tat is t ical  test  could  be made  on  the  da ta  wi th  
only  2 observat ions .  

Studies With Suckling Rats 

The i n c o r p o r a t i o n  of  14C-mevalona te  in to  
hepa t ic  nonsapon i f i ab le  l ipids of  suckl ing rats  
delivered by  dams fed 0.5% DEHP dur ing  gesta- 
t ion,  as well as dur ing the  nurs ing  per iod ,  was 
also s tud ied  (Table  VI). I t  is clear f rom the  
data  of Table  VI t ha t  the  i nh ib i t i on  of  hepa t i c  
C27 s terol  b iosynthes i s  observed in the  
fetal  rats  is sus ta ined dur ing  the  pos tna t a l  
per iod;  the  r educ t i on  in i n c o r p o r a t i o n  of  14C- 
mevalona te  i n to  the C27 s terol  f rac t ion  of  liver 
in the  suckl ing rats  was s igni f icant ly  lower  t han  
in con t ro l  livers (ca. 24% reduced ,  P < 0 . 0 5 )  
(Table  VI).  O t h e r  evidence of  tox ic i ty  inc luded  
s ignif icant ly  lower  body  weights  in pups  f rom 
the  DEHP-fed dams (P < 0 . 0 1 )  and  s igni f icant ly  
greater  relat ive liver weights  (P <0 .01 ) .  

Since ne i t he r  the  suckl ing ra t  t issues n o r  the  
mi lk  f rom the  dams was ana lyzed  for DEHP, we 
are unab le  to  say w h e t h e r  or n o t  the  sus ta ined  
inh ib i t i on  of  C 27 s terol  b iosyn thes i s  ref lects  an 
a c c u m u l a t i o n  of  t issue DEHP (or  DEHP 
me tabo l i t e )  carr ied over  f rom in u te ro  exposure  
or a c o n t i n u o u s  exposure  via t rans fe r  of  DEHP 
f rom the  dam via the  milk,  or  b o t h .  The  fact  

t ha t  the  i n c o r p o r a t i o n  of  14C-mevalona te  in to  
the  C30 sterols  did n o t  differ  in the  two groups  
of suckl ing rats  (Table  VI),  suggests, perhaps ,  
t ha t  the  b iochemica l  e f fec ts  resul t ing f rom in 
u te ro  exposure  to  DEHP (Tables  II and V) 
are reversible to  some e x t e n t  dur ing  the  post-  
na ta l  per iod.  The  fact  t ha t  DEHP feeding to the 
dams had  no  s ignif icant  e f fec t  on  the  incor-  
po ra t ion  of  labeled meva lona te  in to  squa lene  
in the suckl ing rat  livers (Table  VI),  or in the 
fetal  ra t  livers (Tables  II and  V), is s o m e w h a t  
puzz l ing  in tha t ,  in ou r  previous  studies wi th  
ma tu re  rats  fed DEHP (16 ,18) ,  i n c o r p o r a t i o n  of  
labeled meva lona te  in to  hepa t i c  squalene was 
s ignif icant ly  r educed  (P < 0 . 0 1 ) .  

The dif ference in response  of  livers f rom 
fetal  ra ts  (Table  II) or  y o u n g  rats  (Table  VI)  vs. 
those  of  the  ma tu re  rat  (16 ,18) ,  w i th  respect  to  
the  ef fec t  of DEHP on squalene  b iosyn thes i s ,  
m ay  ref lect  adap ta t ive  changes  which  develop 
dur ing  in u te ro  exposu re  to  DEHP which  are 
no t  operab le  in the  m a t u r e  rat .  

CONCLUSIONS 

The s tudies  p resen ted  here  represen t  a con-  
t i n u a t i o n  of  our  work  on the  effects  of 
p h t h a l a t e  esters on m a m m a l i a n  lipid 
me tabo l i sm.  F r o m  these data,  as well as f rom 
our  previous  data  (15-18) ,  it is clear t ha t  
p h t h a l a t e  esters can s ignif icant ly  pe r t u rb  lipid 
me tabo l i sm in liver, testes,  hear t ,  brain and  
fa t ty  t issue;  a l te r  the  p a t t e r n  of  p lasma l ipopro-  
teins;  and  exer t  an e f fec t  on  the  developing  
fe tus  in u tero .  A l t h o u g h  mos t  of  our  s tudies  
have been  c o n d u c t e d  in rats,  we have done  
l imi ted  studies wi th  rabb i t s  (17 ,19 )  and  pigs 
(17)  which  ind ica te  tha t  the  ef fec t  of 
ph tha l a t e s  on lipid m e t a b o l i s m  is n o t  l imi ted  to  
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a single species. Because of the widespread 
environmental contamination by phthalates and 
their increasing use by industry, their potential 
for producing serious biological effects needs 
to be assessed immediately. 
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Linoleic Acid Absorption in the Unanesthetized Rat: 
Mechanism of Transport and Influence of Luminal Factors on 
Absorption 
S.L. CHOW and D. H O L L A N D E R  1 , Division of Gastroenterology, Wayne State University, 
The University of California at Irvine, and the Long Beach Veterans Administration 
Medical Center, 5901 E. 7th St., Long Beach, CA 90822 

ABSTRACT 

Linoleic acid intestinal absorption was studied in the unanesthetized rat. At low (21-1260 #M) 
intraluminal concentrations, absorption took place by facilitated diffusion; while at high (1.26-2.5 
raM) concentrations, simple diffusion was the predominant mechanism of transport. At low concen- 
trations (840 ~M), the equimolar additions of oleic, linolenic, and arachidonic acids or lecithin 
inhibited the absorption of linoleic acid. Substitution of potassium for sodium in the buffer solution, 
substitution of Tween 80 for sodium taurocholate, or decrease in the hydrogen ion concentration all 
resulted in decreased rate of linoleic acid absorption. Increase in sodium taurocholate concentration, 
or perfusate flow rate increased linoleic acid's absorption. These experiments demonstrate that lilToleic 
acid is absorbed by a concentration-dependent dual mechanism of transport. The absorption rate is 
modified by the pH, surfactant type and concentration, the simultaneous presence of other polyun- 
saturated fatty acids, and the thickness of the unstirred water layer. 

INTRODUCTION 

Linoleic acid is the major  dietary essential 
fa t ty  acid in man. It is a polyunsaturated long 
chain fat ty acid which cannot  be synthesized 
by mammals  but  is synthesized readily by 
plants. Gastrointest inal  absorpt ion of  this 
essential fat ty acid is crucial in maintaining 
proper  and adequate  supply of  this fat ty acid. 
Dietary deficiency of  l inoleic acid or its intes- 
tinal malabsorpt ion can result in reduced 
growth rate, wide variety of  skin disorders, 
increased platelet  aggregation, decreased pro- 
staglandin synthesis, and perhaps increased 
incidences of  arteriosclerotic cardiovascular 
disease (1). 

Despite its immense biological impor tance  
and despite the fact that  intestinal absorpt ion 
of  l inoleic acid is crucial for its proper  supply,  
in format ion  regarding its mechanism of absorp- 
t ion by the small intestine and the factors 
which may influence the absorpt ion process is 
not  available. We have previously studied the 
basic uptake  mechanism of this essential fa t ty  
acid by everted gut  sacs in vitro. These experi-  
ments  demonst ra ted  that ,  in vi tro,  this fat ty 
acid is absorbed by a concen t ra t ion-dependent  
dual mechanism of  transport .  Carrier-mediated 
passive diffusion was found to be the predomi-  
nant  mechanism of absorpt ion at low concen-  
trat ions while at higher concentrat ions ,  passive 
diffusion was found to be p redominan t .  The 
absorpt ion rate of  l inoleic acid in vi t ro  was 
found to be inf luenced by the pH, surfactant  
type and concent ra t ion ,  the s imultaneous 

l Person to whom correspondence should be sent. 

presence of  o ther  polyunsatura ted  fat ty acids, 
and the thickness of  the unstirred water  layer 
(2). 

Since the above in format ion  was obtained in 
vitro with everted gut sacs, we decided to 
confirm and ex tend  these observations in vivo 
in the unanesthet ized rat. Studies using everted 
gut sacs have the advantages of  allowing strict 
control  over exper imenta l  variables and of 
providing the abili ty to test the absorptive 
process for energy dependence  by the use of  
metabol ic  inhibitors (3). However ,  in vi tro 
absorpt ion studies suffer a disadvantage of  a 
constant ly deteriorat ing tissue which is not  
supplied by normal  lymphat ic  and vascular 
circulations (4). Fur ther ,  since they are unable 
to transfer lipids into the serosal compartment, 
everted gut sacs are especially unsuitable for the 
study of  transmural t ransport  of  lipid com- 
pounds  such as l inoleic acid. Therefore ,  in order 
to gain a fuller understanding of the absorptive 
mechanism of l inoleic acid, we have under taken  
to study the process by perfusion of  the fat ty 
acid through intact  small intestinal segments 
with well preserved vascular and lymphat ic  
circulat ions in the conscious restrained rat. 

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

[ 1 -I 4C] Linoleic acid (New England Nuclear,  
Boston,  MA) with  specific act ivi ty of  50.6 
mCi /mmole  was used as a t racer  compound .  
The  radiochemical  pur i ty  of  the compound  
was greater than 98% by thin layer chromatog-  
raphy (TLC) on Silica Gel G developed in 
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hexane/diethyl ether/acetic acid (70:30: 1). 
Nonradioactive linoleic acid (Sigma Chemical 
Co., St. Louis, MO) was found to have less than 
1% impurities by TLC. (3H)Inulin (Amersham/ 
Searle Corp., Arlington Heights, IL) with 
specific activity of 0.9 Ci/mmole and radio- 
chemical purity of greater than 99% was used as 
a nonabsorbable marker (5). Purified grade 
sodium taurocholate (Calbiochem Co., San 
Diego, CA) was found to have less than 1% 
impurities by TLC (6). In some experiments, a 
nonionic surfactant Tween 80 (Fisher Scientific 
Co., Fairlawn, NJ) was used for solubilizing 
linoleic acid. Oleic, linolenic, and arachidonic 
acids with purity greater than 99% were ob- 
tained from Sigma Chemical Co.; L-c~qecithin 
type III-E from egg yolk was purchased from 
Sigma Chemical Co. Analytical Reagent grade 
sodium or potassium salts of monobasic or 
dibasic phosphate (J.T. Baker Chemical Co., 
Phillipsburg, NJ) were used as buffer compo- 
nents. A micellar solution of the surfactant in 
the phosphate buffer was prepared by ultra- 
sound irradiation for 5 min at 70 watts of 
power with a sonicator (Artek Corp., Farming- 
dale, NY). The standard micellar perfusate (pH 
6.5) contained the following components: 
linoleic acid (0.84 mm), sodium taurocholate 
( 10 raM), sodium dihy drogen phosphate (85.67 
mM), disodium hydrogen phosphate (45.56 
mM), and tracer amounts of 14C-linoleic acid 
and 3H-inulin. On separate occasions, ex- 
cipients such as lecithin and fatty acids other 
than linoleic were added to the buffer solution 
at equimolar concentration of 0.84 mM. The 
pH of the perfusion solution was varied be- 
tween 5.4 and 7.4 by changing the relative 
concentrations of the sodium salts or potassium 
salts of phosphate. The osmolarity of the final 
solution ranged from 285 to 315 mosmoles per 
liter (7). 

Experimental Methods 

Male Sprague-Dawley rats (Spartan Research 
Animals, Inc., Haslett, MI) weighing 200-250 g 
had free access to water and Purina Rat Chow 
(Ralston Purina Co., St. Louis, MO), and were 
not fasted prior to experimentation. After the 
rat was anesthetized with ether, its jejunum was 
exposed by a midline abdominal incision. An 
inflow microbore tubing (S-54-HL, Scientific 
Products, McGraw Park, IL) was introduced 
into the Jejunum 5 cm distal to the ligament of 
Treitz and was secured in place by encircling 
ligatures. The jejunum, 15 cm distally to the 
inflow cannula, was cannulated with an L- 
shaped glass tubing (0.098 x 0.157 in) with a 
funnelled cannulating tip. The inflow tube and 
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the outflow cannula were secured to the 
abdominal wall and the rat's abdomen was 
closed with sutures. The rat was allowed to 
awaken and was placed in a plexiglass restraint 
cage. The rat's body temperature was main- 
tained at 37 C with a heating pad connected to 
a thermostatic temperature controller (Yellow 
Springs Instrument Co., Yellow Springs, OH) 
which was activated by a rectal temperature 
probe. A syringe pump (H 351, Sage Instru- 
ments, Cambridge, MA) was used to infuse the 
micellar solution at a constant flow rate of 0.53 
-+ 0.01 ml/min. The perfusate was collected out 
of the outflow cannula in six separate 10 min 
collections. 100 pl Aliquots were withdrawn in 
triplicates from each 10 min collection for 
determination of the remaining unabsorbed 
linoleic acid. Infusate samples taken prior to 
perfusion were used for determination of the 
initial specific activity of linoleic acid. At 
the end of perfusion, the rats were sacrificed by 
an overdose of ether, and the length of the 
perfused jejunum was measured with standard- 
ized methods of stretching and dessication (8). 

Radioactivity Determinations 

Aliquots of the perfusate (100 pl) were 
placed directly into liquid scintillation counting 
vials containing 10 ml of a dioxane-based 
scintillation cocktail (9). Radioactivity was 
measured to a + 1% counting error by using a 
liquid scintillation counter with automatic 
quench calibration at ambient temperature 
(Beckman LS 250, Beckman Instruments, 
Fullerton, CA). 

Calculations and Statistical Analysis 

Absorption rates were calculated according 
to the following equation: 

CPMo - CPM t A ' V  10 
R = 

CPMo T L 

where R is absorption rate (nmoles/min per 10 
cm); CPMo and CPM t are specific activities of 
linoleic acid at zero time and at given time, 
respectively; A is amount (nmoles) of linoleic 
acid in 1 ml of perfusate; V is the volume (ml) 
of perfusate within a given interval; T is time 
period (min) of sample collection; and L is the 
length (cm) of the perfused segment. The 
absorption rates of linoleic acid under various 
experimental conditions were compared statisti- 
cally to base-line data by using Student's t-test 
(10) and ANOVA (11). The data were plotted 
and analyzed using the least squares method of 
regression analysis (12) and a NLIN computer 
program. 
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FIG. 1. Absorption rate of linoleic acid at low 
intraluminal concentrations. Each point represents 
mean • S.E. absorption rate of at least four separate 
rat experiments. The rectangular hyperbolic equations 
were obtained by an NLIN regression analysis pro- 
gram. 

R ESU LTS 

Assessment of Fluid Shifts 

Fluid shifts  tha t  may  have t aken  place 
dur ing  the  1 hr  of per fus ion  were eva lua ted  by  
the add i t ion  of  3H-inulin to  the pe r fus ion  
so lu t ion  which  con ta ined  840  pM nonrad io -  
active l inoleic acid, 10 mM sodium t a u r o c h o l a t e  
in the s t andard  p h o s p h a t e  buf fe r  (pH 6.5).  Less 
than  1% ne t  fluid abso rp t ion  was found  to  take 
place dur ing three  1-hr pe r fus ion  expe r imen t s .  
Since the  a m o u n t  of  wa te r  abso rp t ion  was 
min imal ,  the  e x p e r i m e n t a l  results  r epo r t ed  in 
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FIG. 2. Absorption rate of linoleic acid at high 
intraluminal concentrations. Each point represents 
mean • S.E. absorption rate of at least four different 
rat experiments. The regression line was plotted by the 
least squares method. 

this  c o m m u n i c a t i o n  were no t  cor rec ted  for  
f luid shifts.  

Influence of Linoleic Acid 
Concentration on its Absorption Rate 

The  re la t ionship  be tween  the  c o n c e n t r a t i o n  
of  l inoleic acid and its a b s o r p t i o n  rate  was 
s tud ied  in a micel lar  so lu t ion  which  c o n t a i n e d  
varied c o n c e n t r a t i o n s  of  l inoleic acid, and  
10 mM sodium t au rocho l a t e  in the  s t andard  
p h o s p h a t e  buf fe r  (pH 6.5).  A t  first,  a b s o r p t i o n  
e x p e r i m e n t s  were p e r f o r m e d  in the  low range 
of i n t r a lumina l  c o n c e n t r a t i o n s  of l inoleic 
acid (21-1260  /JM). In each e x p e r i m e n t ,  the  
var iabi l i ty  in l inoleic acid abso rp t ion  rate 
be tween  the d i f fe ren t  10 min  col lec t ions  was 
negligible. At  least  four  d i f fe ren t  an imal  experi-  
m e n t s  were p e r f o r m e d  at each l inoleic acid 
c o n c e n t r a t i o n  and  the  resul ts  f rom all the  
separate  10 min  col lec t ions  were poo led  and  
expressed  as a m e a n  -+ S.E. rate of  absorp t ion .  
The  re la t ionship  b e t w e e n  l inoleic  acid 's  absorp-  
t ion  rate and its c o n c e n t r a t i o n  at  the  low range 
of i n t r a lumina l  c o n c e n t r a t i o n s  was f o u n d  to fi t  
best  to  a rec tangula r  h y p e r b o l a  (Fig. 1) indi- 
cat ing tha t  a sa turable  abso rp t ion  mechan i sm is 
the  p r e d o m i n a n t  process  of  t r anspo r t  at  th is  
range of  concen t r a t i ons .  On the  o the r  hand ,  at 
the h igher  ~ange of  i n t r a lumina l  c o n c e n t r a t i o n s  
of  l inoleic acid (1 .26-4.2 mM),  the  re la t ionsh ip  
be tween  the abso rp t ion  rate and the concen t ra -  
t ion  f i t ted  best  to  a l inear  p lo t  (Fig. 2) indi-  
ca t ing tha t  a s imple d i f fus ion  m e c h a n i s m  may  
be the  d o m i n a n t  process  of  t r a n s p o r t  of  l inoleic 
acid in the  h igher  range of i n t r a lumina l  concen-  
t ra t ions .  

Influence of Other Fatty Acids and 
Lecithin on Linoleic Acid Absorption 

In o rder  to evaluate  the  poss ibi l i ty  of  
in t e rac t ions  b e t w e e n  l inoleic acid and o t h e r  
fa t ty  acids, the  u n s a t u r a t e d  long chain  f a t ty  
acids oleic (18: 1), l ino lenic  (18 :3 ) ,  and arachi-  
donic  ( 2 0 : 4 )  were added  separa te ly  at 8 4 0 / I M  
c o n c e n t r a t i o n  to the  s t andard  micel lar  so lu t ion  
con ta in ing  equ imola r  c o n c e n t r a t i o n s  of l inoleic  
acid and 10 mM sodium t a u r o c h o l a t e  at pH 6.5. 
The  a b s o r p t i o n  rate of  l inoleic acid decreased 
marked ly  as the  n u m b e r  of double  b o n d s  of  the  
added  fa t ty  acid increased (Table  I). To assess 
the  possible in f luence  of  the  p h o s p h o l i p i d  
lec i th in  on  the abso rp t ion  of  l inoleic acid, 
lec i th in  was added at 840 /.tM to the  s t andard  
micel lar  so lu t ion  con ta in ing  equ imo la r  concen-  
t r a t i on  of l inoleic acid solubi l ized in 10 mM 
sodium t au rocho la t e  at pH 6.5. A s t r ik ing  
decrease in the  abso rp t ion  rate  of  l inoleic acid 
was observed fo l lowing the  add i t i on  of  lec i th in  
(Table  II). 
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TABLE I 

Inf luence  o f  O the r  Unsa tu r a t ed  Fa t ty  Acids  
on 840 #M Linole ic  Acid  A b s o r p t i o n  

381 

Fa t ty  No. 
acid of  A b s o r p t i o n  

added  Animals  n m o l / m i n / 1 0 c m  a P value b 

None  5 48 .5  • 5.5 --- 
Oleic 4 28.4 • 0.7 < 0.01 
Lino len ic  4 27.2 • 1.3 < 0.01 
Arach idon ic  4 25.8 • 0.7 < 0.01 

aMean • S.E. 
bS ta t i s t i ca l  analys is  o f  the  da ta  was  m a d e  by c o m p a r i n g  the abso rp t i on  rate of  l ino le ic  

acid in the  presence  o f  o the r  f a t t y  acids to  i ts  ab so rp t i on  rate  in the i r  absence .  

TABLE I1 

In f luence  of  Lec i th in  and Po tass ium on 
840 #M Lino le ic  Acid A b s o r p t i o n  

No. 
Addi t ive  o f  A b s o r p t i o n  

(nM) An ima l s  n m o l / m i n / l  0 c m  P Value  

None  5 48 .5  +- 5.5 --- 
Lec i th in  

(0 .84)  4 15.5 -+ 0.9 < 0.01 
Po tass ium a 

(176 .8)  4 29.2 • 1.4 < 0.01 

aper fus ion  so lu t ion  was  p repa red  by  the  r e p l a c e m e n t  of  s o d i u m  p h o s p h a t e  w i t h  
po ta s s ium p h o s p h a t e  in the  buffer .  

TABLE III  

In f luence  o f  Sur fac tan t s  on 840 /gM 
Lino le ic  Acid  A b s o r p t i o n  

No.  
Sur fac tan t  o f  A b s o r p t i o n  

(nM) An ima l s  n m o l / r a i n  / 10cm P Va lue  

Tween 80 
(5) 4 18.2 • 1.2 < 0.01 

Tau rocho la t e  
(5) 4 37.4 +- 1.1 --- 

Tau rocho la t e  a 
(7) 4 42 .8  -+ 1.8 < 0.05 

Taurocho la t e  
(10)  5 48 .5  • 5.5 < 0.01 

a A b s o r p t i o n  at  5 mM sod ium t a u r o c h o l a t e  c o n c e n t r a t i o n  served as a basel ine value for  
compar i son  wi th  abso rp t i on  unde r  the  o t h e r  e x p e r i m e n t a l  cond i t i ons .  

Influence of Replacement of Sodium with 
Potassium on Linoleic Acid Absorption 

In this series of experiments, NaH2PO 4 and 
N a 2 H P O  4 w e r e  r e p l a c e d  w i t h  K H 2 P O  4 a n d  

K 2 H P O  4 .  T h e  f i n a l  b u f f e r  s o l u t i o n  c o n s i s t e d  o f  

8 5 . 6 7  m M  K H 2 P O  4 a n d  4 5 . 5 6  m M  K 2 H P O  4 .  

T h e  t o t a l  p o t a s s i u m  i o n  c o n c e n t r a t i o n  w a s  

1 7 6 . 7 0  m M .  T h e  c o m p l e t e  s u b s t i t u t i o n  o f  N a +  

w i t h  K +  r e s u l t e d  i n  a m a r k e d  d e c r e a s e  i n  t h e  

a b s o r p t i o n  r a t e  o f  l i n o l e i c  a c i d  ( T a b l e  I I ) .  

Influence of Surfactants on Linoleic Acid Absorption 

The absorption of 840/2M linoleic acid was 
investigated in the presence of 5, 7, or 10 mM 
sodium taurocholate in the standard phosphate 
buffer solution. The absorption rate increased 
with the increase in sodium taurocholate 
concentration (Table III). Since sodium tauro- 
cholate is an anionic surfactant, we also studied 
the influence of a nonionic surfactant, Tween 
80, on linoleic acid absorption. Sodium tauro- 
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TABLE IV 

Influence of Perfusate Flow Rate on 
840 #M Linoleic Acid Absorption 

}low No. 
Ratea of Absorptiona 

(ml/min) Animals nmol/min/10cm P Value b 

0.14 + 0.01 4 19.8 + 0.7 --- 
0.33 -+ 0.01 4 33.1 -+ 1.0 <0 .01  
0.53 + 0.01 5 48.5 -+ 5.5 < 0.01 
4.25 -+ 0.12 4 70.5 • 10.0 < 0.01 
8.65 + 0.47 4 133 -+ 12.3 < 0.01 

aValues are mean • S.E. 
bStatistical differences in absorption were calculated by comparing absorption rate with 

the next lower flow rate absorption. 

TABLE V 

Influence of the Hydrogen Ion Concentration 
on 840 ~zM Linoleic Acid Absorption 

No. 
of Absorption 

pH Animals nmol/min/10cm P Value a 

7.3 4 35.3 + 3.2 --- 
6.5 5 48.5 -+ 5.5 < 0.01 
5.4 4 51.8 -+ 2.4 < 0.01 

aStatistical analysis of the data was made by comparing absorption at pH 7.4 to absorp- 
tion at lower pH values. 

cho la te  was  rep laced  by  T w e e n  80 in sepa ra te  
series o f  e x p e r i m e n t s  at 5 mM c o n c e n t r a t i o n .  A 
s igni f icant  decrease  in the  a b s o r p t i o n  rate  o f  

l inoleic  acid was  seen in the  p resence  o f  T w e e n  
80 (Table  I I I ) .  

Influence of Perfusion Rate on 
Linoleic Acid Absorption 

T o  evalua te  the  in f luence  o f  the  t h i c k n e s s  o f  
the u n s t i r r e d  w a t e r  l ayer  on  l inoleic  acid 

a b s o r p t i o n ,  the  p e r f u s i o n  rate was  var ied f r o m  
0 .14  to 8.65 m l / m i n  in o r d e r  to  decrease  
the  th i ckness  o f  the  u n s t i r r e d  w a t e r  layer  (13) .  

The  a b s o r p t i o n  rate  o f  840 /aM l inoleic  acid 
increased  w i t h  the  increase  in p e r f u s i o n  ra te  
(Table  IV).  

TABLE VI 

Linoleic Acid Absorption Expressed as 
a Percentage of the Amount of Linoleic Infused a 

Concentration 
(raM) 0.21 0.42 0.63 1.05 

% Absorption 23 15 13 11 
Concentration 

(mM) 1.26 1.68 2.52 4.20 
% Absorption 9.8 8.9 8.3 8 

apercentage absorption represents the mean value 
of all the experiments performed at each concen- 
tration. 

Influence of Hydrogen Ion Concentration 
on Linoleic Acid Absorption 

T h e  pH o f  the  p e r f u s i o n  s o l u t i o n  was  varied 
f r o m  5.4 to 7.4 by  chang ing  the  relative a- 
m o u n t s  o f  the  m o n o b a s i c  and dibasic  salts o f  
p h o s p h a t e  in the  so lu t i on .  The  p e r f u s i o n  
s o l u t i o n  c o n t a i n e d  840 /aM l inoleic  acid and 10 
mM s o d i u m  t a u r o c h o l a t e .  A s igni f ican t  increase  
in the  a b s o r p t i o n  rate  o f  l inoleic acid was  f o u n d  

as the h y d r o g e n  ion c o n c e n t r a t i o n  was  in- 
c reased  (Table  V).  

Percentage Absorption of Infused Linoleic Acid 

The  a b s o r p t i o n  o f  l inoleic  acid was  calcu-  
la ted  in t e r m s  o f  p e r c e n t a g e  a b s o r p t i o n  o f  the  

a m o u n t  in fused  per  h o u r .  The  m e a n  p e r c e n t  
value was  ca lcula ted  f r o m  the  data  used  for  

p l o t t i n g  F igures  1 and  2. At  low i n t r a l u m i n a l  
c o n c e n t r a t i o n s  (0 .21-1 .05  m M ) ,  11-23% o f  the  
in fused  fa t ty  acid was  a b s o r b e d .  At  h igh  

i n t r a l u m i n a l  c o n c e n t r a t i o n s  (1 .26 -4 .20  mM),  
o n l y  8-9.8% o f  the  in fused  fa t ty  acid was  
a b s o r b e d  (Table  VI) .  

DISCUSSION 

T h e  in tes t ina l  t r a n s p o r t  m e c h a n i s m  and  the  
p h y s i c o - c h e m i c a l  f ac to r s  o p e r a n t  in l inoleic 
~cid a b s o r p t i o n  were  s tud ied  in vivo in the  
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unanesthetized rat. The relationship between 
its concentration and its absorption rate was 
examined over a wide range of concentrations 
(21 pM-4.2 mM). At low intraluminal concen- 
trations of linoleic acid (21-1260 pM), its 
absorption delineated apparent saturation 
kinetics (Fig. 1); therefore, in this range of 
concentrations facilitated transport is the 
predominant mechanism of absorption and may 
be either energy-requiring or passive. These 
observations, coupled with previous findings of 
no change in linoleic acid absorption following 
the additions of metabolic inhibitors and 
uncouplers in vitro (2), indicate that linoleic 
acid absorption in this range of concentrations 
occurs by facilitated diffusion. At higher 
intraluminal concentrations (1.26-4.2 mM), 
the relationship between the concentration and 
absorption rate was linear (Fig. 2), indicating 
that linoleic acid absorption in this range of 
concentrations is taking place by passive 
diffusion. These findings, which are consistent 
with the previous in vitro observations (2), lead 
us to conclude that passive diffusion, which is 
the predominant mechanism of linoleic acid 
absorption at high concentrations, conceals the 
coexisting facilitated diffusion that was domi- 
nant at lower concentrations. A similar concen- 
tration-dependent dual mechanism of transport 
h a s  been reported for other nutrients such as 
thiamine (14,15), eyanocobalamine (16), reti- 
nol (8), and arachidonic acid (17). 

At low intraluminal linoleic acid concentra- 
tions, where facilitated diffusion is the pre- 
dominant mechanism of transport, 11-23% of 
the infused fatty acid was absorbed. On the 
other hand, only 8-9.8% of linoleic acid was 
absorbed in the millimolar range of concentra- 
tion with a predominant passive diffusion 
mechanism of transport. Thus, it appears that 
the facilitated diffusion mechanism which 
predominates at low intraluminal concentra- 
tions is associated with a greater efficiency of 
absorption of linoleic acid than the passive 
diffusion at high intraluminal concentrations 
(Table VI). 

In order to gain more insight into the 
mechanism of transport, we evaluated the 
influence of other polyunsaturated fatty acids 
on linoleic acid's absorption. The separate 
additions of oleic, linolenic, and arachidonic 
acids to the perfusion solution significantly 
decreased the absorption rate of linoleic acid 
(Table I). The addition of these long chain 
fatty acids causes an enlargement of the 
micelles which reduces their diffusion rate 
towards the absorptive cell membrane and 
results in a decrease in linoleic acid's absorption 
rate. The added fatty acids may also hinder 

linoleic acid's absorption by competing with it 
for binding to the fatty acid binding protein 
(FABP) which is thought to facilitate the 
intracellular transport of long chain fatty acids 
from the lipid cell membrane through the 
aqeuous cytosol to the intracellular organelles 
(18-20). The longer their chain length and 
the greater the number of unsaturated double 
bonds per molecule (18), the tighter is the fatty 
acid's binding affinity for the FABP. These 
properties of FABP would account for the 
greater inhibitory effect of arachidonic acid 
than that of  oleic acid (18: 1) on linoleic acid's 
absorption (Table I). These results suggest that 
FABP could be the common carrier involved in 
the absorption of fatty acids and could be 
responsible for the saturation kinetics of 
linoleic acid's absorption at low luminal con- 
centrations (Fig. 1). 

Lecithin, a common phospholipid which is 
secreted with bile into the proximal small 
intestinal lumen, was found to be a potent 
inhibitor of linoleic acid absorption (Table II). 
Lecithin may inhibit linoleic acid absorption by 
expanding the micellar size and thereby de- 
creasing the rate of diffusion of the micelles 
towards the absorptive cell membrane (21). 
Furthermore, lecithin has been shown to cause 
changes in the physical characteristics of cell 
membranes (22}; these changes may hinder the 
transfer of linoleic acid across the absorptive 
cell membrane. 

The hydrogen ion concentration in the 
lumen of the small bowel decreases as a func- 
tion of the distance of the intestinal segment 
from the pylorus. We investigated the influence 
of the hydrogen ion concentration on the 
absorption of linoleic acid by modifying the 
components of the buffer solution to vary the 
pH from 7.4 to 5.4. The absorption rate of 
linoleic acid increased markedly (Table V) as 
the hydrogen ion concentration increased. Two 
separate mechanisms may account for this 
finding. The first mechanism has to do with 
neutralization of  the negative surface charge of 
the absorptive cell membrane. Since the luminal 
absorptive cell membrane and the micelles are 
negatively charged (21, 23), the amount of 
resistance to the micellar diffusion increases as 
the micelles approach the absorptive cell 
membrane (24). The addition of hydrogen ions 
to the perfusate would lower the negative 
surface charge of the absorptive cell membrane 
and thereby the resistance to the diffusion of 
the micellar particles. The result would be an 
increase in linoleic acid absorption rate (Table 
V). Changes in the degree of ionization of 
linoleic acid itself could offer another explana- 
tion for the increase in linoleic acid absorption 
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at higher hydrogen ion concentrations. Linoleic 
acid possesses a pKa of 6.5 in a sodium tauro- 
cholate micellar solution (25). Therefore, as the 
hydrogen ion concentration is increased, the 
proportion of linoleic acid in the protonated 
form would also increase. The shift of linoleic 
acid to the protonated form would cause a 
decrease in the negative surface charge of  the 
linoleic acid carrying micelles and would, 
therefore, decrease the diffusional resistance of 
the micelles towards the absorptive cell mem- 
brane as well. Both of these postulated 
mechanisms indicate that the relative acidity of 
the proximal small bowel is advantageous for 
the absorption of linoleic acid. 

We studied the influence of the bile salt 
concentration on the absorption rate of linoleic 
acid by varying the sodium taurocholate 
concentration from 5 to I0 mM. An increase in 
the sodium taurocholate concentration resulted 
in a parallel increase in the absorption rate of 
linoleic acid (Table III). As the bile salt concen- 
tration is increased, fatty acids such as linoleic 
would shift from the oil to the micellar phase in 
the lumen of the small bowel (26). Absorption 
of linoleic acid appears to be directly propor- 
tional to its micellar concentration which, when 
raised by higher sodium taurocholate concen- 
trations, would increase the driving force of the 
micelle across the unstirred water layer towards 
the absorptive cell membrane itself (27). 

When the nonionic surfactant, Tween 80, 
was substituted for sodium taurocholate, the 
absorption rate of linoleic acid decreased from 
37.4 -+ 1.1 to 18.2 -+ 1.2 nmoles/10/cm/min.  
Tween 80, with a molecular weight of 1308, is 
a much larger molecule than sodium taurocho- 
late and combines with linoleic acid to form a 
larger sized micellar particle which would be 
absorbed at a slower rate. It is also possible that 
the micellar particles formed by Tween 80 have 
a greater affinity for linoleic acid than those 
formed by sodium taurocholate. An increased 
affinity for linoleic acid would explain the 
decreased rate of linoleic acid absorption 
observed in the presence of Tween 80 micelles. 

In order to assess the possibility of sodium 
dependence of the linoleic acid absorption 
process, we substituted potassium phosphate 
for sodium phosphate in the buffer base. The 
absorption rate of linoleic acid decreased 
markedly in the absence of sodium in the 
luminal perfusate (Table II). The transport of 
sugars and amino acids has been known to 
depend on the presence of sodium ions (28). 
Sodium ions could be necessary for the forma- 
tion of the proper complex between linoleic 
acid and its carrier in much the same way as 

sodium is needed for the cotransport of sugars 
or amino acids. In the absence of sodium ions, 
the facilitated portion of linoleic acid's absorp- 
tion is markedly inhibited (Table II), and 
transport could be taking place primarly via the 
passive diffusion route. 

The unstirred water layer at the luminal cell 
surface is a known barrier to absorption of  lipids 
(26,27). We investigated the influence of the 
thickness of the unstirred water layer on 
linoleic acid absorption by a stepwise increase 
in the flow rate of the perfusate from 0.14 to 
8.65 ml/min. As the flow rate of the perfusate 
is increased, the thickness of the unstirred 
water layer is decreased. In the present series of 
experiments, the absorption rate of linoleic acid 
increased in parallel with the increase in flow 
rate (Table IV). This observation indicates that 
the unstirred water layer is indeed a significant 
limiting step in the absorptive pathway of 
linoleic acid and that factors which modify its 
thickness in vivo (29) may also modify the 
absorption rate of this essential fatty acid. 

Linoleic acid is an essential dietary fatty acid 
in man. It is able to participate and influence 
the metabolism of prostaglandins. It is also 
thought to be important in modifying choles- 
terol absorption and metabolism and thereby 
modifying the process of atherosclerosis. The 
present information regarding the absorption of 
linoleic acid in vivo coupled with the previous 
observations regarding its absorption in vitro (2) 
provide us with an understanding of the 
mechanisms responsible for the absorption of 
this fatty acid and some of the physiological 
factors which modify its rate of absorption. 
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Cholesterol Metabolism in the Liver and Intestine of the 
Chick" Effect of Dietary Cholesterol, Taurocholic Acid and 
Cholestyramine 
D. SKLAN and P. BUDOWSKI, Faculty of Agriculture, The Hebrew University 
of Jerusalem, Rehovot, Israel 

ABSTRACT 

The effect of feeding cholesterol, taurocholic acid, or cholestyramine to chicks on cholestero- 
genesis from [ 1-14C] acetate in liver and intestine was determined in vitro using tissue slices, and in 
vivo by i.v. injection of [ 14C] acetate. The conversion of cholesterol to bile acids in liver in vivo was 
measured in the same treatments after i.v. injection of [3H] cholesterol. Hepatic cholesterogenesis in 
vitro and in vivo was depressed by dietary cholesterol and taurocholate and enhanced by 
cholestyramine. Intestinal cholesterogenesis in vivo was depressed only by taurocholate whereas ileal 
cholesterogenesis in vitro was reduced by dietary cholesterol. Conversion of cholesterol to bile acids 
was enhanced by dietary cholesterol and cholestyramine and depressed by taurocholate. Hepatic cho- 
lesterol metabolism in the chick appears to be regulated by mechanisms similar to those reported for 
other species. 

INTRODUCTION 

Hepat ic  cholesterol  metabol ism is sensitive 
to dietary cholesterol  which inhibits cholesterol  
synthesis by a negative feedback act ion at the 
level of  the 3-hydroxy-3-methylg lu tary l -CoA 
reductase (HMG, EC 1.1.1.34) (1), and in- 
creases cholesterol  conversion to bile acids 
(2,3). Fur the rmore ,  increasing the amoun t  of  
bile acids circulating be tween liver and small 
intestine reduces the synthesis of cholesterol  
and its conversion to bile acids (1,4,5). 

Intest inal  cholesterogenesis has been re- 
por ted  by some to be inhibi ted by dietary 
cholesterol  (6-8), whereas others  were no t  able 
to observe any effect  (9,10). Dietschy (11) 
showed that  intestinal cholesterogenesis  was 
inversely correlated with the bile acid concen-  
t rat ion in the intestinal lumen in the rat. 
Subsequent  exper iments  by Shefer et al. (12) 
indicated that  the effect  was indirect ,  resulting 
f rom enhanced cholesterol  absorpt ion at high 
bile acid concentrat ions.  

In the chicken,  dietary cholesterol  has been 
shown to depress hepat ic  cholesterogenesis  
(13), whereas choles tyramine produces the 
opposi te  effect  (14). However ,  in this species, 
the factors affecting bile acid produc t ion  and 
the regulation of  intestinal cholesterogenesis  are 
no t  known.  The object  of  the present  s tudy was 
to investigate cholesterol  synthesis in the liver 
and intest ine of  the chick in vitro and in vivo, 
and, s imultaneously,  hepat ic  conversion of 
cholesterol  to bile acids in vivo. 

MATERIALS AND METHODS 

Day-old New Hampshire  x Leghorn male 
chicks were mainta ined in a bat tery brooder  for 
21 days and fed a commerc ia l  starter  diet. 

Chicks were then allowed access ad l ibi tum to 
the exper imenta l  diets detailed in Table I for 7 
days. The diets differed f rom each o ther  by the 
inclusion of  cholesterol  (Sigma Chemical  Co., 
St. Louis,  MO, recrystall ized from ethanol) ,  
taurochol ic  acid (Sigma Chemical  Co.) or 
cholestyramine ( "Cuemid , "  Merck, Sharp and 
Dohme,  West Point ,  PA). The control  diet 
contained no cholesterol .  

At  the end of  7 days on the diet,  weight  
gains were similar in all groups, and in vitro and 
in vivo incorpora t ion  tests were performed.  All 
exper iments  were carried out  at the same t ime 
of  day. All labeled compounds  used in these 
tests were from the Radiochemical  Centre,  
Amersham.  The in v i t ro  tests were carried out  
by incubat ing tissue slices with sodium [ 1-t 4 C ] .  
acetate (specific act ivi ty 59.5 mCi /mmol ) ,  as 
previously described (16). The in vivo tests 
were per formed as fol lows:  chicks were given 
an intravenous inject ion of  2.0 /2Ci sodium 
[1-14C]-aceta te  (specific activity 12.0 mCi/  
mmol )  and 6.0 /2Ci of  (1,2-3H) cholesterol  
(specific activity 310 mCi /mmol ) .  The labeled 
compounds  were dispersed in 0.9% NaC1 to 
which 0.25% Tween  80 had been added, the 
vo lume injected into  each chick being 0.5 ml. 
Thir ty  min after the inject ion,  animals were 
killed by decapi tat ion and por t ions  of  liver, 
j e junum and i leum were removed immedia te ly  
and homogenized  with  15% ethanol ic  KOH 
(w/v)  in a high speed homogenizer .  The jejunal  
segment  was 5 cm long, start ing f rom a poin t  
10 cm distal to the c o m m o n  bile duct,  and the 
ileal segment ex tended  f rom 15 to 10 cm from 
the caecal junct ion .  Samples were heated under  
reflux for 30 min,  di luted with  an equal  vo lume 
of  water,  and extracted three t imes with 
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TABLE I 

Composition of Experimental Diets (%) 

387  

Designation of dietary treatments 

Taurocholic 
Ingredient Control Cholesterol acid Cholestryamine 

GI u cose 36.4 36.2 36.1 35.4 
Cellulose 4.0 4.0 4.0 3.5 
Cholesterol -- 0.2 . . . . . .  
Taurocholic acid . . . . . .  0.3 -- 
Cholestyramine . . . . . . . . .  1.5 
Constant ingredients a 59.6 59.6 59.6 59.9 

aln % of diet: olive oil, 5; defatted soybean meal (45% protein), 50; vitamin mixture (15), 0.4; 
mineral mixture (15), 0.1; sodium chloride, 0.25; choline chloride (50%), 0.2; DL-methionine, 0.15; 
dicalcium phosphate, 2.5; calcium carbonate, 1.0. 

p e t r o l e u m  e ther .  The  successive ex t rac t s  of  
unsapon i f i ab le  mater ia ls  were c o m b i n e d  and 
washed wi th  5% (w/v)  aqueous  KOH and  t hen  
wi th  water .  The  alkal ine and  aqueous  washings 
were c o m b i n e d  and  added back  to the  corres- 
p o n d i n g  saponif ied  aqueous  solu t ions .  These  
were t hen  acidif ied wi th  He1  to the  m e t h y l  red 
end  p o i n t  and acidic mater ia l  was ex t r ac t ed  
th ree  t imes  wi th  d ie thy l  e ther .  Ca l ib ra t ion  of  
the  m e t h o d  wi th  t au rocho l i c  and glycochol ic ,  
acids resul ted  in recovery of  90.3 -+ 1.6 and  
90.8 -+ 1.4%, respect ively  (Mean +_ SD of  five 
repl icates) .  The  e the r  ex t rac t s  were c o m b i n e d  
and  washed  t h o r o u g h l y  wi th  water .  A l iquo t s  
of  the  unsapon i f i ab le  mater ia l  wero t aken  for  
cho les te ro l  d e t e r m i n a t i o n  by  the  co lor imet r ic  
m e t h o d  of  Searcy and Bergquis t  (17) .  Gas 
c h r o m a t o g r a p h y  of  the  unsapon i f i ab le  f r ac t ion  
(15)  f rom the  d i f fe ren t  t issues revealed t h a t  
over  95% of  this  f rac t ion  was choles tero l .  
A l iquo t s  were also t aken  f rom the  e t h e r  ex t r ac t  
of acidic mater ia l  for  bile acid d e t e r m i n a t i o n  by  
the  m e t h o d  of  Singer and F i t schen  (18) .  
Rad ioac t iv i ty  was d e t e r m i n e d  in add i t iona l  
a l iquots  by  l iquid sc in t i l la t ion  us ing separate  
channe ls  for  de t e rmin ing  3H and  14C simul-  
taneous ly .  The  effects  of  q u e n c h i n g  and of  
coun t s  of  one i so tope  in the  channe l  of  the  
o t h e r  were cor rec ted  us ing in te rna l  s t andards  of  
b o t h  isotopes .  

Calculations 

The e x t e n t  of  i n c o r p o r a t i o n  of  labeled 
ace ta te  in to  choles te ro l  and bile acids in v i t ro  
and in vivo was expressed as a pe rcen tage  o f  the  
dose per  g tissue. The convers ion  of  [ 3 H I -  
choles te ro l  to  bile acids was similarly expressed,  
bu t  in add i t ion ,  convers ion  ra tes  k were also 
calcula ted,  based on  the  l inear  increase in 
rad ioac t iv i ty  of  bile acids RBA wi th  t ime  t ,  
RBA = k( t - to ) ,  where  to is the  t ime  lag before  
the  appearance  of  rad ioac t iv i ty  in the  bile acids. 
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FIG. 1. Time course of incorporation of 14C into 
hepatic cholesterol (Ch) and bile acids (BA) after i.v. 
injection of sodium [I-14C] acetate. Each point is the 
mean of three chicks; SE values are shown where they 
do not fall within the circles. Note the different incor- 
poration scales for cholesterol and bile acids. 

Such a re la t ion  was f o u n d  for  the  con t ro l  group 
(see Fig. 1) and  was assumed to apply  also to 
the  o the r  groups.  It can readi ly  be seen t ha t  the  
cons t an t  rate of  increase  of  rad ioac t iv i ty  RBA 
wi th  t ime  represen ts  a special case of  the  
general  ra te  e q u a t i o n  for  the  f o r m a t i o n  of  
labeled p r o d u c t  d R B A / d t  = k ' S c h ( t ) ,  where  
S c h  represen ts  the  specific rad ioac t iv i ty  of  the  
cho les te ro l  p recursor  and  k '  is the  rate con-  
s tant .  Over  the  30 min  t ime  per iod  s tudied ,  SCh 
varies by  less t han  5%and may  thus  be con-  
s idered cons t an t ,  hence  the  above l inear  rela- 
t ion  b e t w e e n  RBA and t. 

Analys is  of  var iance and mul t ip le  range tests  
were p e r f o r m e d  accord ing  to s t andard  pro- 
cedures  (19).  

R ESU LTS 

The  effects  of  the  var ious  t r e a t m e n t s  on  
hepa t ic  cho les te ro l  and  bile acid c o n c e n t r a t i o n s  
in l iver and  in te s t ine  are s u m m a r i z e d  in Table  
II. A m o n g  the  t r e a t m e n t s ,  on ly  d ie ta ry  choles-  
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T A B L E  II  

Hepa t i c  Choles te ro l  and Bile Acid  C o n c e n t r a t i o n s  and Choles tero l  
C o n c e n t r a t i o n s  in In tes t ina l  Wall o f  Chicks on the E x p e r i m e n t a l  Diets a 

Die ta ry  t r e a t m e n t s  

Tauro  cholic 
Cont ro l  Choles tero l  acid C h o l e s t y r a m i n e  

mg /g  tissue 

Liver 
Choles tero l  2.35 + 0 .03a  2.77 + 0.03b 2 .26  +- 0 .04a  2.31 + O.04a 
Bile acids 0 .47 + 0 .02a  0.58 +- 0 ,05a  1.1 l + 0 .09b  0 .48  ~-. 0 ,02a  

J e j u n u m  
Choles te ro l  1 .06 +- 0 .06a 1,12 -+ 0 .01a  1.06 + 0 .04a  1.05 + 0 .02a  

I leum 
Choles terol  1.01 + O.03a 1.02 +- 0 ,04a  0 .96  + O.01a 1.01 + 0 .04a  

aMeans + SE for 6 chicks.  Values in rows  not  fo l lowed by the  same let ter  differ  s ignif icantly 

(P < 0 .05) .  

T A B L E  II I  

I n c o r p o r a t i o n  o f  [ 1 4 C ] A c e t a t  e into Choles tero l  
in Vit ro  a 

Die ta ry  t r e a t m e n t s  

Cont ro l  Choles tero l  

% of  dose /g  tissue 

Liver 1.73 + 0 .11a  0.95 + O,08b 
J e j u n u m  0.21 + 0 .01a  0 .20  + 0 .02a  
I l eum 0.50 +- 0 .02a  0.41 + O.02b 

aMeans +- SE for 5 chicks.  Values in rows  no t  fol- 
lowed by the same let ter  d i f fer  s ignif icantly (P < 0 .05 ) .  

terol  significantly affected hepat ic  cholesterol  
concentra t ion.  Liver bile acids were increased 
slightly by dietary cholesterol  and considerably 
by dietary taurocholate .  The dietary t rea tments  
did not  alter intestinal cholesterol  levels. 

In vi t ro  incorpora t ion  of  [ 1-14C] acetate 
into cholesterol  was measured in livers and 
intestines of  chicks receiving the cont ro l  and 
cholesterol  diets detailed in Table I, and results 
are presented in Table III. Dietary choles terol  
depressed hepat ic  cholesterogenesis by nearly 
one-half,  and also slightly reduced ileal synthe-  
sis, but  had no significant effect  in the jejunum. 
The capaci ty of  the i leum for cholesterol  
synthesis in the cont ro l  group was over  twice 
that  of  the j e junum but less than one-third that  
of  the liver. 

The t ime course of  the in vivo incorpora t ion  
of  [ 1-14C] acetate  into hepat ic  cholesterol  and 
bile acids in cont ro l  chicks is shown in Figure 2. 
Af te r  an initial lag period of  ca. 12 min,  14C 
began to appear in liver cholesterol ,  reaching a 
max imum between  30 and 60 min after injec- 
tion. I4C began to appear in bile acids in liver 
af ter  a similar lag period, and its amount  rose at 
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FIG. 2. Time course of incorporation of 3H into 
hepatic bile acids after i.v. injection of [3H]cholest- 
erol. Each point is the mean of three chicks; SE values 
are shown where they do not fall within the 
circles. The regression equation is: Incorporation (% of 
dose/g tissue) = 0.164 t - 1.982, r = 0.98, when t is the 
time in minutes after the injection. The values of % 
incorporation per g of gall bladder bile acids were 
identical with the liver values. 

a steadily increasing rate unti l  60 min. How- 
ever, the radioact ivi ty  of the bile acids was 
comparat ive ly  low, of  the order  of  1% of that  
of  cholesterol.  The t ime course of  [3H]b i l e  
acid format ion  in the liver bile acids after  
inject ion of tr i t iated cholesterol  is shown in 
Figure 1. Again, a lag period of  some 12 min 
was observed after  which the amount  of  3H 
increased linearily unti l  90 min.  Incorpora t ion  
measurements  into gall bladder bile acids 
yielded identical  results. 

Results of  cholesterol  labeling after in ject ion 
of  [14C]ace ta te  are summarized in Table IV. 
Dietary taurochola te  depressed 14C incorpora-  
t ion into cholesterol  in liver and in bo th  intest-  
inal segments tested. Dietary cholesterol  
decreased cholesterogenesis  in liver, but  its 
effects  in the j e junum and i leum were no t  
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TABLE IV 

Incorporation of [ 14 C ] Acetate into Cholesterol in Vivo in Chicks, 
30 Min after I.V. Injection of Labeled Acetate a 
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Dietary treatments 

Taurocholic 
Control Cholesterol acid Cholestyramine 

% of dose/g tissue 

Liver 0,098 -+ 0.003a 0.069 -+ 0.002b 0,060 +- 0.003b 0.124 + 0.004e 
Jejunum 0,030 + 0.002a 0.031 +- 0.O02ab 0.025 -+ 0,002b 0.037 -+ 0,002a 
Ileum 0.042 + 0.004a 0.032 + 0.004ab 0,027 + 0.001b 0.039 + O,002a 

aMeans -+ SE for 6 chicks. Values in rows not followed by the same letter differ significantly 
(P < 0.05). 

TABLE V 

Hepatic Conversion of [3H] cholesterol to Bile Acids, and Specific Activity of 
Cholesterol in Liver, 30 Min after IN.  Injection of Labeled Cholesterol into Chicks a 

Dietary treatments 

Taurocholic 
Control Cholesterol acid Cholestryamine 

Incorporation 
%ofdose/gliver 0.104 +_ 0.021a 0.214 -+ 0.033b 0.089 -+ 0.007a 
Rate constant a, #g/min/g liver 8.0 +- 0.4a 18.8 -+ 1.4b 6.8 -+ 0.3c 

Specific activity + + + 
Cholesterol,dpm/#g 61.1 -+ 4.5a 53.9 _+ 4.4a 63,3 -+ 5.0a 

0.167 + 0.027b 
13.0 +_ 1.1d 

+_ 

61.2 -+ 3,8a 

aMeans -+ SE for 6 chicks. Values in rows not followed by the same letter differ significantly 
(P < 0.05). 

bk' = RBASch "l(t - to)d0 where RRA is the radioactivity of the bile acids after 30 min; SCh is 
h f . . . . .  t e real specific activity of cholesterol; t = 30 min; and t o = 12.5 rain. 

significant.  The cho les ty ramine  t r e a t m e n t  
caused a p r o n o u n c e d  increase in 14 C incorpora-  
t ion in to  liver cholesterol ,  but  failed to  affect  

choles terol  synthesis  in the  intest inal  segments .  
T rea tmen t  ef fec ts  on  choles tero l  specific 
activity (no t  shown)  paralleled the incorpora-  
t ion results.  

Results o f  bile acid labeling in the  livers of  
chicks in jec ted  wi th  [ 3 H] choles terol  are 

p resen ted  in Table V. The choles terol  and 
cho les ty ramine  t r ea tmen t s  resul ted in enhanced  
incorpora t ion  of  label, c o m p a r e d  wi th  the  

controls ,  while t aurochola te  depressed the  
incorpora t ion .  The same ef fec ts  were found  
when  incorpora t ion  rate cons tan t s  were calcu- 
lated,  as descr ibed unde r  Methods .  

DISCUSSION 

The incorpora t ion  o f  [ 14C]ace t a t e  in to  
choles terol  in vi tro measures  the  capaci ty  o f  the  
tissue under  the given exper imenta l  cond i t ions  
to  synthes ize  choles terol  bu t  does no t  necessar-  
ily reflect  convers ion  in vivo. In this s tudy ,  the  
in vitro approach  yie lded cons iderably  higher  

incorpora t ion  values than  the in vivo technique ,  
part icularly in the  i leum. 

Choles terol  caused a r educ t ion  of  choles terol  
synthesis  f rom aceta te  in vitro in liver and to a 

lesser ex t en t  in the i leum, but  it  had  no ef fec t  
in the  je junum.  These results agree wi th  repor t s  
and magni tudes  repea ted  for o the r  species, in 
which  choles tero l  synthesis  was more  sensitive 
to dietary choles tero l  in the  liver than  in the 

in tes t ine  (6,7,20).  The guinea pig cons t i tu tes  an 
excep t ion  to  this rule (8). 

The results on hepat ic  aceta te  i nco rpo ra t ion  
in vivo also resemble the  pa t t e rn  found  in o the r  
species (7,9,10),  wi th  dietary choles terol  and 
taurochola te  showing depressing effects ,  while 
cho les ty ramine  enhanced  cholesterogenesis .  
Intest inal  synthesis  was a f fec ted  significantly 
only by taurochola te ,  a l though choles terol  also 

cons is ten t ly  t ended  to  depress it. 
While it is reasonable  to assume that  the  

specific activity o f  the  acetate  precursor  is the  

same in the  d i f fe rent  tissues and in the  d i f fe ren t  
t r e a tmen t s  after in jec t ion,  and thus  the per- 
centage inco rpo ra t ion  of  the dose per  g tissue is 
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a suitable basis for  compar ing  choles terogenesis  

(21,22),  this is no t  the  case for bile acid syn- 
thesis f rom [3H] cholesterol ,  where  d i f fe rent  
choles terol  specific activities are found  in 

d i f ferent  tissues and for d i f fe rent  t rea tments .  In 
tha t  case, the  general equat ion ,  according to 
which  the rate of  increase in radioact ivi ty  in the 

p roduc t  at any one  t ime is p ropor t iona l  to the 
specific radioact ivi ty of  the  precursor  at that  
t ime,  should  be used. But since the choles terol  

specific activity was practically cons tan t  during 
the t ime interval s tudied,  bile acid radioact ivi ty  
was a simple linear func t ion  of  t ime,  so that  the 

rate cons t an t  could readily be de te rmined  
exper imenta l ly .  Accord ing  to bo th  percentage  
incorpora t ion  and rate measurements ,  bile acid 

p roduc t i on  was found  to be s t imulated  by 
dietary choles terol  and choles tyramine ,  wi th  
slight dif ferences  in the quant i ta t ive effects  of  
the t r ea tmen t s  being observed be tween  these 
two approaches .  

In summary ,  regulat ion of  hepat ic  choles- 
terogenesis  in the  chick appears  to be similar to 
tha t  found  in o the r  species,  with die tary  
choles terol  depressing choles terol  synthesis  
and enhancing bile acid p roduc t ion ,  tauro-  

chola te  depressing bo th  choles terol  and bile 
acid synthesis ,  and cho les ty ramine  increasing 
bo th  choles terol  and bile acid synthesis .  How- 
ever, intest inal  choles terogenesis  was inf luenced  
mainly  by taurochola te ,  which could be due to  
a double  feedback  inhib i t ion  of  choles tero l  
synthesis  at the HMG CoA reductase  level. 
Alternat ively,  the taurochola te  could exer t  its 
act ion by increasing choles terol  absorp t ion .  

However,  this did no t  seem to be the case in 
rats, where  feeding taurochola te  did no t  reduce 
the  intest inal  HMG CoA reductase  act ivi ty (1 2). 
It should be no ted  that  t aurochola te  is no t  the 
major  bile acid in the chick. 
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Influence of Elevated Levels of Linoleic Acid on the Thermal 
Properties of Bovine Milk Fat 

I.M. MORRISON 1 and J.C. HAWKE, Department of Chemistry, 
Biochemistry and Biophysics, Massey University, Palmerston North, New Zealand 

ABSTRACT 

The thermal properties of bovine milk fat containing 15.5% linoleic acid have been compared with 
those of milk fat containing a normal level (1.8%) of linoleic acid in order to examine the influence of 
altered triglyceride (TG) composition on their physical characteristics. The total TGs of 18: 2-rich milk 
fat melted over the range -38 to 30 C compared with the range -33 to 34 C for control milk fat. 
Polymorphism exhibited by the high mol wt TGs of control milk fat was absent in the same fraction 
of 18:2-rich milk fat. Similarly, the complex melting thermogram of the low mol wt TGs of control 
milk fat and its obvious polymorphic behavior contrasted with the single broad melting peak of the 
low mol wt TGs of 18:2-rich milk fat. This solid miscibility in the 18:2-rich milk fat could be a 
consequence of the lower proportion of saturated TGs or the presence of high proportions of diene 
and triene TGs containing 18:2 instead of monoene and diene TGs containing 18:1. 

INTRODUCTION 

The  pos i t iona l  specif ici ty  of  fa t ty  acids in 
the  t r iglycerides  of  bovine  mi lk  fat  is relat ively 
c o n s t a n t  (1-3),  and  n o r m a l  seasonal  f luctua-  
t ions  in the  f a t ty  acid com pos i t i on  (4) ,  and  
ma jo r  changes  i nduced  by  special feeding 
p rocedures  (5)  af fec t  the  relative p r o p o r t i o n s  of  
the c o n s t i t u e n t  t r iglyceride species r a t h e r  t han  
the i r  na tu re .  

Increased levels of  18:2 in bovine  mi lk  fat  
were a c c o m p a n i e d  by  decreased levels of  14 :0  
and 16:0 (3,6)  t h e r e b y  increas ing the  p r opo r -  
t ions  of h igh molecu la r  weight  t r iglycerides  and 
decreasing the  p r o p o r t i o n s  o f  low molecu la r  
weight  t r iglycerides.  Wi th in  each of  these  broad  
molecu la r  weight  groupings ,  there  were h igher  
p r o p o r t i o n s  of diene,  t r iene ,  and t e t r aene  
tr iglycerides and  lower  p r o p o r t i o n s  of  sa tu ra ted  
and m o n o e n e  t r iglycerides  (3). The  i so la t ion  
and  chemical  cha rac te r i za t ion  of  t r ig lycer ide 
f rac t ions  of  marked ly  d i f fe ren t  fa t ty  acid and  
tr iglyceride composition f rom bovine  mi lk  fa t  
have provided  the  o p p o r t u n i t y  to assess the 
c o n t r i b u t i o n  of  these  changes  to  the  physical  
character is t ics  of  milk fat.  

MATERIALS AND METHODS 

The milk fat  used for  t h e r m a l  analysis  was 
ob ta ined  f rom a pair  of  m o n o z y g o u s  twin cows 
fed the same basal  diet  of  fresh and dried grass. 
The  diet  of  one  cow was s u p p l e m e n t e d  w i th  
f o r m a l d e h y d e - t r e a t e d  sunf lower  seed. The  cows 
were in the  2nd  m o n t h  of  l ac ta t ion ,  and  the  
milks ana lyzed  were represen ta t ive  of  the  12th  
day of the  e x p e r i m e n t a l  feeding per iod .  The  

1present address: Dairy Division, Department of  
Agriculture and Fisheries, Box lIO, New Plymouth, 
New Zealand. 

fats  wi th  n o r m a l  (1.8 mole  %) and  elevated 
(15.5 mole  %) levels of  18:2 were each sepa- 
ra ted  in to  t r iglyceride f rac t ions  of  h igh,  
m e d i u m  and  low molecu la r  weight  by  silicic 
acid c h r o m a t o g r a p h y  and  each f rac t ion  sub- 
jec ted  to s tereospecif ic  analysis  (3,5) .  

T h e r m a l  analysis of  the  to ta l  mi lk  fats and  
the i r  c o n s t i t u e n t  f rac t ions  was carr ied out  using 
the  Pe rk in -E lmer  d i f ferent ia l  scanning  calori- 
m e t e r  ( m o d e l  DSC-1B),  ca l ibra ted  as descr ibed 
by Norr is  e t  al. (7). Data  f rom the  DSC was 
cor rec ted  for t he rma l  lag, t e m p e r a t u r e  and  
power  ca l ib ra t ion  us ing a Hewle t t -Packard  9830  
ca lcu la tor  coupled  to a data  acquis i t ion  system.  
Tr iglycer ides  were me l t ed  and 5-8 mg  trans-  
ferred to  a p reweighed  sample  pan.  The  sample 
was shock-cooled  to -100 C in l iquid N 2 and,  
a f te r  equ i l ib ra t ion ,  a hea t ing  t h e r m o g r a m  
recorded  up  to 50-60 C at a ra te  of  16 C /min .  
The  hea t ing  t h e r m o g r a m s  for the  con t ro l  mi lk  
fa t  and  its f rac t ions  co r r e sponded  closely wi th  
those  ob t a ined  using a hea t ing  rate  of  8 C /min  
(8). The  t e m p e r i n g  p rocedure  for  samples  
showing  an e x o t h e r m i c  t r ans i t ion  consis ted  of  
hea t ing  the  sample  f rom -100 C at 16 C/min  to 
the  t e m p e r a t u r e  of  the  e x o t h e r m i c  t r ans i t ion ,  
ho ld ing  at this  t e m p e r a t u r e  for  5 min ,  fo l lowed 
by  shockcoo l ing  to -100 C and  equ i l ib ra t ing  at 
th is  t e m p e r a t u r e  for  5 min  before  record ing  the  
hea t ing  t h e r m o g r a m .  

Liquid  fat  c o n t e n t s  were es t imated  by 
c o n s t r u c t i n g  an integral  curve f rom hea t ing  
t h e r m o g r a m s ,  assuming a c o n s t a n t  hea t  of  
mel t ing ,  a f te r  they had  been  cor rec ted  for  
t e m p e r a t u r e  and p o w e r  ca l ibra t ion  and  thermal -  
lag ef fec ts  (9). 

RESULTS AND DISCUSSION 

Changes in Triglyceride Composition and Structure 
The fa t ty  acid and tr iglyceride compos i t i on  

391 



392 

0 o 

~o 

< 

r~. i 

,.,-' 

"" O 

.s 

e~ 

e- 
O 

I.M. MORRISON AND J.C. HAWKE 

~ O  

-~ddd4~ 

~ ' ~ - ~  

�9 ~'~ ~ . ~ . ~  
o u . ~ . ~  u u 

~ . ~ ~  

~ . ~  ~ . ~  
-~-= ~ ~ 5 ~  ~ 

~ N N N N M M  

F -  t 

2 ~  t 

02 
40 

20 

!- c~ 

�9 a0  

�9 1 

m , l k  f a t  

m ium m ed ol 

2O 

2 wmo w 

~'0 ~0 2'0 ; ~'0 ,'0 
temperature ~ 

FIG. 1. Heating thermograms of the triglycerides 
of milk fat containing normal levels of 18:2, and its 
high, medium and ~ow molecular weight fractions. 

and the stereospecific analysis of the high, 
medium and low molecular weight triglycerides 
from the control and t8:2-rich milk fats 
which were thermally analyzed in these experi- 
ments have been described in detail (3,5). The 
stereospecific distribution of the major fatty 
acids was virtually unchanged when elevated 
levels of 18:2 were present (5), thus the 18:2- 
rich milk fat appeared to contain the same 
range of molecular species of triglyceride as 
milk fats of normal composition, although their 
relative proportions were considerably altered 
(Table I). In summary, the major changes 
(without regard to positional specificities) in 
the 18:2-rich milk fat, as compared to the 
control milk fat, were lower proportions of 000 
(saturated fatty acids -- 0; monoenoic fatty 
acids - 1; dienoic fatty acids -- 2) (25.8% 
compared to 40.7%) and 001 (26.2% compared 
to 38.6%) which were compensated by much 
increased proportions of triglycerides such as 
002 (18.8% compared to 1.8%), 012 (11.0% 
compared to 2.8%) and 022 (9.5% compared to 
0%) (3). 
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Melting Curves of Control and 
18:2-Rich Milk Fat 

The most notable features of the melting 
curves of the two total milk fats were an 
increased proportion of TGs melting below -13 
C in the 18:2-rich milk fat (23% compared 
to 8%) and a decreased proportion of TGs 
melting above 17 C (13% compared to 27%). 
The proportion of TGs melting between -13 
and 17 C remained at 64-65%. Increasing the 
18:2-content of milk fat removed the broad 
high melting peak at 21-31 C in the melting 
curves as well as moving the main melting peak 
from 14 to 12, and lowering the temperature 
for the start (-33 C to -38 C) and the finish to 
melting (34 C to 30 C) (Figs. 1 and 2). Tem- 
pering did not remove the large gap occurring at 
18 C in the control milk fat suggesting that a 
polymorphic transition was not occurring at 
that temperature unless the transition was 
replaced by a melting gap introduced by 
tempering. The liquid fat content of the 18:2- 
rich milk fat at all temperatures between -30 
and 30 C was greater than that of the control 
milk fat, which was similar to results obtained 
by Edmondson et al. (10). 

Melting Cu ryes of Milk Triglyceride Fractions 

The lower temperature for the finish of 
melting of the high molecular weight trigly- 
cerides from 18:2-rich milk fat (Figs. 1 and 2) 
was probably due to the reduction in the 
proportions of s a t u r a t e d  triglycerides since, 
when isolated, these saturated constituents 
melted between 35 and 45 C (8). Tempering 
the control fraction removed the dip in the 
thermogram centered at 15 C without affecting 
the remainder of the thermogram, thus indi- 
cating a polymorphic transition. The absence of 
a division of the high molecular weight trigly- 
cerides of the 18:2-rich milk fat into two 
melting peaks could be due to solution effects 
arising from the presence of ca. 14% 002 (5). 
The triglycerides melting below -20 C would 
most likely be polyene species (Table I), e.g., 
121 and 122. 

The thermogram of the low molecular 
weight fraction of the control milk fat has a 
large broad peak melting between -41 and 4 C 
followed by an exothermic transition at 6 C, 
a dip at 13 C and the main melting peak at 19 C 
(Fig. 1). Tempering at 6 C substantially re- 
moved the exothermic transition at 6 C (Fig. 
1), indicating the presence of a polymorphic 
transition at 6 C. In contrast, the thermogram 
of the low molecular weight fraction of the 
18:2-rich milk fat exhibited one broad melting 
peak centered around 0 C (Fig. 2) corre- 
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FIG. 2. Heating thermograms of the triglycerides 
of 18:2-rich milk fat and its high, medium and low 
molecular weight fractions. 

sponding closely in shape with that region in 
the corresponding fraction of the control milk 
fat melting below 6 C, which in turn is similar to 
the thermogram of the unsaturated triglycerides 
of low molecular weight in normal milk fat (8). 
This suggests that the saturated and unsaturated 
triglycerides in this fraction of 18:2-rich milk 
fat exhibit appreciable solid solution formation, 
which is in contrast to the corresponding 
control fraction where little solid miscibility 
occurs. This could be a consequence of the 
lower proportion of saturated triglycerides or 
the presence of high proportions of diene and 
triene triglycerides containing 18:2 instead of 
monoene and diene triglycerides containing 
18:1 (3). 

The medium mol wt fraction of the control 
milk fat melted over the range -25 to 25 C with 
a single main melting peak at 19 C following a 
minor melting peak at 10 C (Fig. 1). On the 
other hand in the 18:2-rich milk fat, the 
medium mol wt fraction contained two major 
melting peaks centered at -2 and 13 C. Tem- 
pering this sample at the temperature of the dip 
between the melting peaks caused the first peak 
to be shifted from -2 C to -10 C (Fig. 2) but did 
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not remove the gap occurring at 5 C, suggesting 
that a polymorphic transition was not occurring 
at that temperature. 

Liquid Fat Contents 

At 0 C, the high, medium and low mol wt 
fractions of the 18:2-rich milk fat contained 
21%, 56% and 79% liquid fat, respectively, as 
measured by integrating under the melting 
curves, compared to 11%, 21% and 52% for the 
same fractions of the control milk fat. At 20 C 
where the low and medium mol wt fractions of 
the 18:2-rich milk fat were completely in the 
liquid state and the high mol wt fraction was 
64% liquid, the high mol wt fraction of the 
control milk fat was only 24% liquid and the 
low and medium mol wt fractions of this milk 
fat were 95% and 92% liquid, respectively. 

The suitability of milk fats containing 
increased levels of 18:2 for use in the manufac- 
ture of butter with modified spreadabilities 
may be judged by their melting characteristics. 
At 2-5 C, the 18:2-rich milk fat, containing 
15.5 moles % 18:2 and having 45-51% liquid 
phase, was considered almost spreadable, 
whereas the control milk fat was not (29-2L4% 
liquid phase). A problem associated with milk 
fats containing 15-20 moles % 18:2 is their very 
narrow spreadable range as a result of the fat 
greatly favoring the liquid state at temperatures 
above 20 C (>90%). This is consistent with the 
oiling off at 20 C observed by Wood et al. (11) 
in butter made from milk fat containing more 

than 15% 18:2. 
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Effect of Lecithin on Jejunal Absorption of Micellar 
Lipids in Man and on Their Monomer Activity in vitro 
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and Mayo Foundation, Rochester, Minnesota 55901 ; Gastroenterology Section, Medical 
Service, Veterans Administration Center, Wood (Milwaukee), Wisconsin 53193; and 
Department of Medicine, The Medical College of Wisconsin, Milwaukee, Wisconsin 53233 

ABSTRACT 
The effect of lecithin on jejunal absorption of fatty acids and octadecenoylglycerol 

was studied in healthy volunteers with a jejunal perfusion system which excluded pan- 
creatic and biliary secretions from the test segment. Lecithin significantly reduced the 
absorption of oleic acid (P < 0.05) and octadecenoylglycerol (P < 0.01), while it had 
no effect on the absorption of ricinoleic acid. In vitro, lecithin reduced monomer 
activities of all three lipids; the changes were greater for oleic acid and octadecenoyl- 
glycerol than for ricinoleic acid (P < 0.02). From these data it is concluded that lecithin 
reduces monomer activity of fatty acids in mixed micellar solutions and that it can 
thereby reduce the absorption rates of micellar lipids. Intact lecithin is not absorbed 
under these conditions. Maldigestion of lecithin in pancreatic insufficiency may, there- 
fore, aggravate the steatorrhea observed in this condition. 

INTRODUCTION 

Lecithin ( 1,2-diacyl-sn-glycero-3-phospho- 
choline) is an obligatory component of bile. 
It facilitates solubilization of biliary cholesterol 
(1) and protects the mucosa of the gallbladder 
(2) and small bowel (3) from the adverse effects 
of dihydroxy bile acids. Its role in the process 
of fat absorption is only incompletely defined. 
In the intestinal lumen, dietary and biliary 
lecithin is under normal circumstances hydro- 
lyzed to lysolecithin (1-acyl-sn-glycero-3-phos- 
phocholine) and fatty acids (4). Lysolecithin 
is effectively absorbed from the intestine 
(4-7). In rats with biliary fistulae, fat release 
from the mucosa into the lymph is significantly 
impaired in the absence of lecithin (8,9). On 
the other hand, lecithin impairs uptake of fatty 
acids and cholesterol by everted sacs of  rat 
intestine in vitro (10) and inhibits the absorp- 
tion of fatty acids and bile acids by the rat 
small intestine in vivo in the absence of pan- 
creatic phospholipase A 2 (EC 3.1.1.4) (11). 
The mechanism by which lecithin exerts this 
effect is not clear. 

This paper reports studies in the human 
jejunum of the effects of  lecithin on absorption 
of fatty acids and a monoacylglycerol, 2- 
octadecenoylglycerol, in comparison with a 
nonmicellar solute, glucose. In addition, we 
determined monomer activities of fatty acids 
and 1-octadecenoylglycerol in mixed micellar 
solutions under the influence of lecithin in 
vitro. The results offer an explanation how 
unhydrolyzed lecithin inhibits lipid absorption. 

METHODS 
Materials 

Chemicals used were identical to those 

described in a previous paper (12) with the 
following additions: glycodeoxycholic acid was 
synthesized as described previously (13); the 
final product was greater than 95% pure by thin 
layer chromatography (TLC). Deoxycholate 
was purchased from Schuchardt (Munich, 
Germany). For the in vitro experiments, 1- 
octadecenoylglycerol was purchased from Nu 
Chek Prep (Elysian, MN) and 1-octadecenoyl- 
[2 -3H] glycerol from ICN Pharmaceuticals, 
Clevelenad, OH. Highly purified egg lecithin 
(Sigma, St. Louis, MO) was further purified 
by column chromatography (14). The final 
product was greater than 98% pure by TLC. 
Prior to use in the partition experiments, all 
labeled compounds were repurified by TLC. 

Perfusion Technique 

The subjects were healthy male volunteers 
age 21 or older who gave informed written 
consent. The experiments were performed 
according to protocols approved by the Human 
Studies Committee of the Mayo Clinic. A 
4-lumen tube was used with an occluding 
balloon positioned at the ligament of Treitz 
to exclude pancreatic and biliary secretions 
from the test segment of proximal jejunum 
(15). The intubation procedure has been 
described in detail elsewhere (12). Perfusates at 
370 C weredelivered at a constant rate of 10 
ml/min through a port just distal to the balloon 
and were sampled 25 cm distally by siphonage. 
An aspiration lumen proximal to the balloon 
was suctioned intermittently to remove duo- 
denal contents. Test solutions were perfused 
for 90 min; the first 30 min were used for 
equilibration. Thereafter, each study period 
consisted of six consecutive 10 min samples. 
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"Steady state conditions" were confirmed by 
stable concentrations of polyethylene glycol 
during these sequential sampling periods, and 
all results refer to observations during the 
steady state (12,16). 

Experimental Design and Composition 
of Perfusion Solutions 

Data from two groups of experiments are 
reported, and those of a third group of experi- 
ments reported previously (12,16) are used for 
comparison. Each group of experiments com- 
prised a set of four perfusions in each of four 
healthy volunteers. The first group of experi- 
ments (Group I) was originally designed to 
study the effects of 2-octadecenoylglycerol and 
lecithin on fluid secretion induced by ricinoleic 
acid ( 12-hydroxy-A9,10-octadecenoic acid) 
(12). Each of the four subjects was perfused 
with (a) an electrolyte solution, (b) the 
electrolyte solution with ricinoleic acid 5 mM, 
(c) the electrolyte solution with ricinoleic acid 
5 mM and 2-octadecenoylglycerol 2.5 mM, and 
(d) the electrolyte solution with 5 mM ricin- 
oleic, 2.5 mM 2-octadecenoylglycerol and 2.5 
mM lecithin. The control electrolyte solution 
contained (in raM); Na 120, K 10, C1 100, 
HCO 3 30, glucose 11.2, xylose 11.2, and tauro- 
cholate 10 for micellar solubilization; pH was 
7.5 and osmolality 280 mOsm/1. All solutions 
contained polyethylene glycol-4000 (PEG) 
5 g/1 as nonabsorbable marker. Appropriate 
test solutions contained [14C] octadecenoyl- 
glycerol 5 /~Ci/1 or [3H]ricinoleic acid 25 
/aCi/1 or both. The results of net water move- 
ment and sugar absorption have been reported 
previously (12,16). Here net movement of 
lecithin and the absorption of 2-octadecenoyl- 
glycerol and ricinoleic acid in the presence and 
absence of lecithin will be reported. 

The second experiment (Group II) was 
initally designed to examine the effects of 
ricinoleic acid, oleic acid and two conjugated 
bile acids on lecithin absorption. The perfusates 
were: (a) electrolyte solution with 1.25 mM 
lecithin and 5 mM taurocholate; (b) electro- 
lytes, lecithin, taurocholate and 5 mM ricin- 
oleic acid; (c) electrolytes, lecithin, taurocho- 
late and 5 mM oleic acid; and (d) electrolytes, 
lecithin and 5 mM glycodeoxycholate. The 
electrolyte solution contained the following 
(in mM): Na 120, K 10, C1 100, HCO 3 30, 
glucose 11.2 and xylose 11.2; PEG 5 g/1 with 
[ ] 4C] PEG 5 ~tCi/1 ; pH was 7.5 and osmolality 
280 mOsm/1. Solutions b and c also contained 
[3H] ricinoleic acid or [3H] oleic acid, respec- 
tively, at 20 #Ci/1. Oleic acid absorption during 
perfusion with solution d was compared with 
data of fatty acid absorption during perfusion 

of 5 mM oleic acid in the absence of lecithin, 
which have been reported previously (12). 

Analytical Methods 

PEG was determined chemically or as 
[14C] PEG (17). Absorption of fatty acids and 
octadecenoylglycerol was measured by the 
recovery of tritium or  14C in the perfusion 
solutions. For isotope determinations, 1 ml of 
perfusate of effluent was mixed with 15 ml of 
a scintillation cocktail composed of toluene 
and emulsifier (Ready Solv VI, Beckman 
Instruments, Inc., Fullerton, CA)and  counted 
in a liquid scintillation counter (Beckman, 
Model LS-255). Quench correction was made 
by external standardization. Samples contain- 
ing two isotopes were counted in two channels. 
Counts per min were converted into disintegra- 
tions per min for each isotope with a computer 
program which corrected for quesching and 
spillover of 14C into the tritium channel (18). 
Spillover of tritium into the 14C channel was 
less than 1%. 

Isomerization of 2-octadecenoylglycerol was 
measured in samples removed from the perfus- 
ion reservoir (37 C) at 0, 15, 30, 60 and 90 min 
and compared with that in samples of intestinal 
effluent taken during each 10 min "steady 
state" collection period (30-90 min). One ml 
of each sample was immediately mixed with 3 
ml of heptane/ethanol/ether (1:1:1, v/v) (19) 
and after extraction cooled in dry ice-acetone 
until the organic phase could be plated on TLC 
plates of silica gel impregnated with boric acid. 
The plates were immediately developed in a 
solvent system containing chloroform/acetone/ 
methanol/acetic acid (85:12.5:2.5:0.5, v/v) 
(20). This sytem separates 2- and 1-octadecen- 
oylglycerol and free fatty acids. Spots contain- 
ing fatty acids and octadecenoylglycerol were 
identified with iodine vapor, scraped off and 
extracted into a solution containing 10% 
acetic acid and the toluene-based scintillation 
cocktail and subsequently counted. Isomeriza- 
tion was calculated in percent from the ratio 
of radioactivities recovered from the 2- and 1- 
octadecenoylglycerol bands. 

Effluents were analyzed for phospholipids 
by extracting 1 ml aliquots immediately into 5 
ml of chloroform/methanol (2:1, v/v) (21). 
Samples were stored in tightly sealed vials until 
the chemical determination of lecithin as the 
organically bound phosphorus extracted in the 
chloroform phase according to the method 
of Kraml (22). This is a semiautomated method 
for the determination of phospholipids in 
which stannous chloride-hydrazine is used as 
reducing agent. Glucose was determined by the 
glucose-oxidase method (Boehringer). 
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Test  c i r cums tances  
(Concen t r a t i on  in m M)  

A b s o r p t i o n / 2 5  c m  j e j u n u m  

F a t t y  acid O c t a d e c e n o y l g l y c e r o l  Glucose  
~tmol /min ~ m o l / m i n  t t m o l / m i n  

Water  b 
m l / m i n  

I. Ric inolea te  ( R A )  5 4 14.6 • 1.2 --- 
R A  5 + O c t a d e c e n o y l -  4 14.3 • 5.0 6.3 • 2 .4 

g lycerol  2.5 
RA 5 + O c t a d e c e n o y l -  4 13.3 • 3.7 2.3 +- 1.7 d 

g lycerol  2.5 
+ L e c i t h i n  (Lec )  2.5 

II. Oleate  5 + Lec  1.25 4 11.8 • 3.2 e --- 
I I I .  Oleate 5 e 4 28.2 • 4.1 --- 

4 0 . 3 •  c - 1 . 7 •  c 
41.1 • 11.8 c -1.5 •  c 

4 3 . 7 •  c - 1 . 4 •  c 

7 3 . 1 + 1 3 . 1  0.S •  
7 7 . 3 •  0 . 2 •  

aValues are m e a n  (• SE); so lu t ions  were  per fused  in r a n d o m  sequence ;  da t a  f r o m  3 groups  o f  e x p e r i m e n t s  
(I-III) ;  per fus ion  rate  10 m l / m i n .  

o_ = Net  fluid secre t ion .  
eData f r o m  previous  publ ica t ions  (12 ,16) .  
dp  < 0.01 vs. R A  5 + O c t a d e c e n o y l g l y c e r o l  2.5 (paired t - tes t ) .  
ep < 0.05 vs. I II  (unpai red  t - tes t ) .  

Determination of Monomer Activities 

The effect of lecithin on monomer  activites 
of fatty acids and octadecenoylglycerol was 
studied by the method of Sallee (23). The 
technique is based on the partitioning of lipids 
between the true aqueous solution and a solid 
organic phase, a polyethylene disc, and on the 
assumption that fatty acid interaction with 
micelles is similar to a phase distribution 
system. Polyethylene discs were incubated in 
mixed micellar solutions containing 3H-labeled 
fatty acids or 1-octadecenoylglycerol. The poly- 
ethylene discs, 0.5 in. in diameter, were 
punched from polyethylene film, 0.006 in. 
thick. The discs were washed in methanol and 
distilled water and were dried before use to 
remove oil and debris from the puching opera- 
tion. The average weight of the discs was 19.4 
mg with a range from 18.8 to 19.6 rag. Discs 
falhng outside this range were eliminated. All 
experiments were conducted in 20 mM Na 
phosphate buffer, pH 7.4, with 120 mM NaC1 
added to keep Na concentrations similar to the 
conditions prevailing in the intestinal lumen. 
All solutions contained, in addition, 10 mM 
taurocholate for micellar solubilization and 5 
mmol/1 of  one of three lipids: [3H] oleic acid 
(specific activity 0.14 mCi/mmol),  [3H}ricin- 
oleic acid acid (specific activity 0.21 mCi/ 
mmol), or [3H]octadecenoylglycerol (specific 
activity 0.16 mCi/mmol).  The concentration of 
added lecithin was 2.5 or 5 mM. The discs were 
impaled on a needle and placed into 20 cc of 
the test solution in a capped vial under argon 
atmosphere and equilibrated for 48 hr at room 
temperature under constant shaking at 100 
oscillations per min. After completion of the 
incubation, the discs were rinsed with 10 mM 

taurocholate to remove fatty acids adhering to 
the surface and placed into counting vials with 
10 cc of Ready Solv VI for the determination 
of radioactivity by liquid scintillation counting. 
Since disc size, specific activitires of the lipids, 
and lipid concentration in the incubation solu- 
tion were kept constant, the change of uptake 
of  radioactivity by the discs under the influence 
of lecithin is a direct experession of the changes 
in monomer  activity. The data are reported as 
lipid uptake by the discs (nmol/disc). To com- 
pare the relative changes in monomer  activity 
induced by lecithin, the data were normalized 
by assigning the uptake by the discs in the 
absence of lecithin the value of 100%. All 
values are reported as the mean (-+ SE) of 6 
determinations. 

Determination of absolute monomer con- 
centrations was not possible since it requires 
an accurate measurement of the partition co- 
efficient for the distribution of the fatty acids 
between nonmicellar dilute aqueous solutions 
and the polyethylene discs. In the case of oleic 
acid, however, an increase of fatty acid con- 
centration from 7.5 x 10 -s M to 4.8 x 10 .6 M 
was associated with a significant rise in the 
partition coefficient. This is probably due to 
formation of fatty acid dimers at the higher 
fatty acid concentrations (23). 

Calculation and Statistical Analysis 

Absorption of water and solutes in the 25 
cm test segment was calculated from the 
changes in the concentrations of PEG and 
solutes (12,16). Absorption rates were 
expressed as ml/min/25 cm or as ~mol/min/25 
cm of jejunum and are the mean of 6 consecu- 
tive 10 min collection periods. Differences in 

LIPIDS,  VOL.  14, NO. 4 



398 H.V.  A M M O N ,  P.J .  T H O M A S ,  A N D  S,F .  P H I L L I P I S  

T A B L E  11 

A b s o r p t i o n  o f  L e c i t h i n  in t h e  H u m a n  J u j e n u m a  

Test  c i r c u m s t a n c e s  A b s o r p t i o n  
( C o n c e n t r a t i o n s  in m M )  ( g m o l / m i n / 2 5  cm)  

I. T a u r o c h o l a t e  (TC) 10 
TC 10, R i c i n o l e a t e  ( R A )  5 
TC 10,  R A  5, O c t a d e c e n o y l g l y c e r o l  2 .5  
TC 10,  R A  5, O c t a d e c e n o y l g l y c e r o l  2 .5 ,  L e c i t h i n  2 .5  

II. TC 5, L e c i t h i n  1.25 
TC 5, O l e a t e  5, L e c i t h i n  1.25 
TC 5, R A  5, L e c i t h i n  1.25 
G l y c o d e o x y c h o l a t e  5, L e c i t h i n  1.25 

0 
- 1 . 5 •  
0 . 7 •  

- 1 . 6 •  b 

0 . 6 •  
0 . 2 •  

- 1 . 4 •  c 
- 0 . 2 •  

a. ~- Net  s ec r e t i on ;  resu l t s  f r o m  2 g r o u p s  o f  e x p e r i m e n t s  (I and  II). F o u r  v o l u n t e e r s  w e r e  
s t u d i e d  in each  g r o u p ;  4 s o l u t i o n s  w e r e  p e r f u s e d  in r a n d o m  s e q u e n c e  in each  g r o u p ;  per-  
f u s ion  r a t e  10 m l / m i n .  

b D i f f e r e n t  f r o m  0 (P < 0 . 0 l ) .  
CDif fe ren t  f r o m  0 (P < 0 . 0 5 ) .  

T A B L E  11I 

E f f e c t  o f  L e c i t h i n  o n  P a r t i t i o n i n g  o f  L ip ids  in to  P o l y e t h y l e n e  Discs 

U p t a k e  o f  L ip ids  i n t o  P o l y e t h y l e n e  Discs ( n m o l / d i s c )  a 

L e c i t h i n  c o n c e n t r a t i o n  (mM)  

Lip id  t e s t e d  0 ( C o n t r o l )  1.25 2,5 5 

O l e a t e  5 m M  124 .8  +- 6 .7  106 .9  -+ 9 .8  77 ,5  -+ 4 . 4  b 38 .0  • 1.5 b 
R i c i n o l e a t e  5 m M  4 .0  • 0 .3  3.4 • 0 .2  2 .9  +- 0.2 c 2 .5  • 0.2 c 
O c t a d e c e n o y l g l y c e r o l  5 mM 3.9 +- 0 . 4  --- 2.1 -+ 0 .3  d 1.5 -+ 0.2 c 

aValues  are  m e a n  (_+SE) o f  6 d e t e r m i n a t i o n s .  All s o l u t i o n s  c o n t a i n e d  10 mM t a u r o c h o l a t e ,  2 0  m M  Na- 
p h o s p h a t e  b u f f e r  (pH 7 .4 )  a n d  120 mM NaC1. P o l y e t h y l e n e  discs  (0.5 in. in d i a m e t e r ,  0 . 0 0 6  in. t h i c k )  w e r e  
i n c u b a t e d  in 2 0  cc o f  tes t  s o l u t i o n  fo r  48  h r  at r o o m  t e m p e r a t u r e .  

b p  < 0 . 0 0 1  vs. C o n t r o l  ) 
c p  < 0 . 0 0 5  vs. C o n t r o l  ~ U n p a i r e d  t - tes t  
d p < 0 . 0 1  vs. C o n t r o l  

net movement of water or solututes and in the 
partitioning into polyethylene discs were 
evaluated statistically by paired or unpaired 
t-tests. 

RESULTS 
Effect of Lecithin on Absorption of 
Micellar and Nonmicellar Solutes (Table I) 

Ricinoleic acid induced net fluid secretion 
(12). The addition of lecithin significantly re- 
duced absorption of 2.5 mM octadecenoyl- 
glycerol (P < 0.01), while it had no effect on 
water transport or the absorption of ricinoleic 
acid or glucose. Oleic acid absorption in the 
presence of lecithin was significantly less than 
during perfusion with oleic acid alone (P < 
0.05), while net water movement and absorp- 
tion of glucose were comparable between the 
two groups of  subjects. 

Absorption of Lecithin (Table II) 

Lecithin recovery was determined under 
eight different experimental conditions. In no 
instance was significant net absorption of 

lecithin observed. Small but significant net 
secretion of phospholipid occurred in the 
presence of ricinoleic acid (P < 0.05). 

Isomerization of Octadecenoylglycerol 

Isomerization of 2- to 1-octadecenoylgly- 
cerol was assessed in 7 of 8 studies. Isomeriza- 
tion proceeded at the same rate in vitro as 
during perfusion through the jejunal segment. 
At the beginning of  the perfusion, 83.6 -+ 2.4% 
were present as 2-octadecenoylglycerol and 
after 90 min, 74.3 + 2.1%. 

Effect of Lecithin on Monomer Activities 
of Fatty Acids and Octadecenoylglycerol 

Lecithin (2.5 and 5 raM) reduced monomer 
activity of all three lipids significantly (P < 
0.01) (Table llI).The more polar ricinoleic acid 
was significantly less affected by the addition 
of 5 mM lecithin than oleate (P < 0.001) and 
octadecenoylglycerol (P < 0.02) (Fig. 1). 

DISCUSSION 

Lecithin significantly reduced the absorption 
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of oleic acid and octadecenoylglycerol from 
mixed micellar solutions in the human jejunum. 
This observation is in agreement with observa- 
tions in the rat small intestine where 3 mM 
lecithin reduced the absorption of 2 mM lin- 
oleic acid (11) and 2 mM diether phosphatidyl- 
choline reduced the absorption of 6 mM oleic 
acid (10) in vivo. 

Fatty acids affect water and solute trans- 
port, whereby a close linear relationship exists 
in the jejunum between changes in water trans- 
port and solute transport, including the absorp- 
tion of fatty acids (16,24). Water transport and 
glucose absorption were not affected by the 
addition of lecithin in the current studies. 
Therefore, the observed changes in lipid trans- 
port can be definitely attributed to the addition 
of lecithin to the perfusion solutions. 

The mechanism by which lecithin inhibits 
the absorption of fatty acids is not well estab- 
lished. Since lecithin by itself was not absorbed 
under any experimental condition, the observed 
effect of lecithin has to be due to intraluminal 
events. Lecithin expands the size of mixed 
micelles (25), and it has been postulated that 
expansion of micellar size will reduce monomer 
activity of the lipids present in mixed micellar 
solutions (26). Our studies confirm this pre- 
diction. The more polar ricinoleic acid was less 
affected than oleic acid and octadecenoylgly- 
cerol, which supports the concept that fatty 
acid interaction with mixed micelles is similar 
to a phase distribution system (22). The theore- 
tical limitations of this analogy have been 
discussed elsewhere (27). Since the rate-limiting 
step for absorption of most long chain fatty 
acids is the monomer concentration at the 
brush border membrane (28), reduction in 
monomer activity will result in a reduction of 
fatty acid absorption. If this explanation is 
correct, the dissociation of the effects of leci- 
thin on the absorption of  oleic acid and 
octadecenolyglycerol on one hand, and on the 
absorption of  ricinoleic acid on the other hand, 
will require an explanation. The changes in 
monomer activity for ricinoleic acid were less 
than those of the two other lipids (Fig. 1). The 
differences at the lower concentrations of 
lecithin, however, probably were not big 
enough to explain the different effects on fatty 
acid absorption. This would suggest that the 
rate-limiting step for the absorption of the 
more polar ricinoleic acid is not its monomer 
concentration at the mucosal surface, but 
rather the uptake by the mucosal cell mem- 
brane or steps in the further disposal of the 
fatty acid by the enterocyte. Uptake by the 
enterocyte, for example, can be rate4imiting 
for other more water-soluble fatty acids such as 

, o 0  

/ ~ - - A  RICINOLEATE 
o - - o  OCTADECENOYLGLYCEROL 

O - - O  OLEATE -I~ P < 0.02  

0 ~ 2'.5 ~i 

LECITHIN (raM) 

FIG. 1. Effect of lecithin on uptake of lipids 
(5 mM) into polyethylene discs. Values are 
mean (-+ SE) of six determinations. Polyethy- 
lene discs (0.5 in. in diameter, 0.006 in. thick) 
were incubated in 20 cc of test solution for 48 
hr at room temperature. All solutions contained 
10 mM taurocholate, 20 mM Na-phosphate 
buffer (pH 7.4), 120 mM NaC1, and 3H-labeled 
lipids. For purposes of comparison, lipid uptake 
by the discs in the absence of lecithin was 
assigned the value 100%. * P < 0.02 ricinoleate 
vs. oleate or octadecenoylglycerol (unpaired 
t-test). 

octanoic acid (29). In addition, activation of 
ricinoleic acid by Acyl-CoA synthetase (EC 
6.2.1.3) in the rat intestinal mucosa was tess 
efficient than the activation of oleic acid (30). 
Although the changes in monomer activity 
would adequately explain the effects of lecithin 
on the absorption of  oleic acid and octadecen- 
oylglycerol, the present experiments do not 
exclude the possibility that reduced diffusion 
of the enlarged mixed micelles across the 
unstirred water layer (31) contributes to the 
reduction of lipid absorption as well. 

Recovery of phospholipids relative to PEG 
was at least 100% of the amount infused, indi- 
cating a lack of  absorption of intact lecithin. A 
significant but small net secretion of  phospho- 
lipids was observed in the presence of  ricinoleic 
acid. This probably reflects the shedding of 
membrane phospholipids and is in agreement 
with observations in the rabbit intestine (32). 
The small rate of phospholipid secretion noted 
in only one of the three lecithin-free perfusion 
solutions also provides evidence against any 
major exchange between intraluminal and 
membrane phospholipids. Thus, the present 
data support and extend the findings of others 
(5,6,8) that lecithin is not absorbed in the 
absence of pancreatic phospholipase. Our 
observations are in conflict with those of 
Wingate et al. (3) who used an identical perfus- 
ion system to study the effect of lecithin on 
water secretion induced by glycodeoxycholate 
and found 72-90% absorption of lecithin. Since 
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the e x p e r i m e n t s  in Group  I sugges ted  tha t  
lec i th in  was n o t  absorbed  in the  p resence  o f  10 
m M  t au ro ch o l a t e ,  we p roceeded  to m i m i c  the  
c o n d i t i o n s  used  by Wingate  et al. (3) in the  
e x p e r i m e n t  o f  Gro up  II and  to c o m p a r e  the  
e f fec t  of  t a u r o c h o l a t e  and  g l y c o d e o x y c h o l a t e  
on  lec i th in  abso rp t ion .  The  d i s ag reemen t  in the  
obse rva t ions  can  be exp la ined  by d i f fe rences  in 
m e t h o d o l o g y ,  since in the  p resen t  s t u d y  phos-  
phol ip ids  were ex t r ac t ed  i m m e d i a t e l y  in to  
c h l o r o f o r m - m e t h a n o l ,  whereas  Wingate  et al. 
ex t r ac t ed  p h o s p h o l i p i d s  on ly  af ter  s torage  o f  
the i r  s amples  for  several weeks  or  m o n t h s .  This  
cou ld  have resu l ted  in hyd ro lys i s  o f  the  
leci thin.  

The  rate  o f  i somer i za t i on  o f  2 -oc tadecen-  
oylg lycero l  in vi t ro fol lows first o rder  k ine t ics  
and  varies wi th  t e m p e r a t u r e  and  pH (33) .  The  
cu r r en t  e x p e r i m e n t s  d e m o n s t r a t e  tha t  dur ing  
the  in vivo pe r fus ion  o f  a s e g m e n t  o f  in tes t ine ,  
i somer i za t i on  o f  2 -oc t adecenoy lg lyce ro l  
occur red  at the  same  rate as in vitro.  

Our  obse rva t ions  m a y  have clinical rele- 
vance.  Normal ly ,  p h o s p h o l i p i d s  are h y d r o l y z e d  
to  lyso lec i th in  and  are readi ly absorbed .  The  
abso rbed  lyso lec i th in  m a y  improve  the  release 
o f  absorbed  l ipids f r o m  the  e n t e r o c y t e  (8,9).  
In cases of  pancrea t ic  in su f f i c i ency ,  however ,  
lec i th in  d iges t ion  is impa i r ed  due  to the  lack o f  
phospho l ipase .  The  n o n a b s o r b a b l e  i n t ac t  leci th-  
in will t h e n  fu r t h e r  impa i r  a b s o r p t i o n  o f  o t h e r  
lipids such  as f a t ty  acids, m o n o a c y l g l y c e r o l s  
and  p ro b ab ly  fa t -soluble  v i t amins .  This  h y p o -  
thesis  is f u r t h e r  s u p p o r t e d  by the  obse rva t ion  
t ha t  the  d ie the r  ana logue  o f  lec i th in ,  which  
c a n n o t  be h y d r o l y z e d ,  inh ib i t s  a b s o r p t i o n  o f  
lipid in feeding e x p e r i m e n t s  in the  rat  (34).  
Thus ,  in pancrea t ic  insu f f i c i ency ,  s t e a t o r r h e a  is 
the  resul t  o f  impa i red  h y d r o l y s i s  o f  t r iglycer-  
ides, as well as impa i r ed  abso rp t i on  o f  free f a t t y  
acids due to the  p resence  o f  n o n a b s o r b a b l e  
phosp h o l i p id s  in the  in tes t ina l  l u m e n .  

ACKNOWLEDGMENT 

This work was supported in part by Research 
Grant AM6908, AM17941 and Training Grant 
TIAM5259 from the National Institutes of Health, 
United States Public Health Service. It was also 
supported by the Medical Research Service of the 
Veterans Administration. The authors thank Dr. L.J. 
Morris, Unilever Research, Sharnbrook, Bedford, 
England for supplying 19,10"3H ] rieinoteic acid. Tech- 
nical assistance was by Ms. Anne Haddad, Mr. Rodney 
Sandberg and Ms. Louise Luedtke. 

REFERENCES 

1. Admirand, W.H., and D.M. Small, J. Clin. Invest. 

47:1043 (1968). 
2. Ammon, H.V., Gastroenterology 66:660 (1974). 
3. Wingate, D.L., S.F. Phillips, and A.F. Hofman, J. 

Clin. Invest. 52:1230 (1973). 
4. Arnesjo. B.A. Nilsson, J. Barrowman, and B. 

Borgstrom, Scand. J. Gastroenterol. 4:653 (1969). 
5. Scow, O., Y. Stein, and O. Stein, J. Biol. Chem. 

242:4919 (1967). 
6. Nilsson A., and B. Borgstrom, Biochim. Biophys. 

Acta 137:240(1967). 
7. Rodgers, J.B., O'Brien, and J.A. Balint, Am. J. 

Dig. Dis. 20:208 (1975). 
8. O'Doherty, P.J.A., G. Kakis, and A. Kuksis, 

Lipids 8:249 (1973). 
9. Tso, P., J.A. Balint, and W.J. Simmonds, Gas- 

troenterology 73:1362 (1977). 
10. Rodgers, J.B., and P.J. O'Connor, Biochim. Bio- 

phys. Acta 409:192 (1975). 
11. Saunders, D.R., and J. Sil!ery, Lipids 11:830 

(1976). 
12. Ammon, H.V., P.J. Thomas, and S.F. Phillips, 

J. Clin. Invest. 53:374 (1974). 
13. Hofmann, A.F., Biochem. J. 89:57 (1963). 
14. Singleton, W.S., M.S. Gray, M.L. Brown, and J.L. 

White, J. Am. Oil C h e m .  Soc. 42:53 (1965). 
lS. Phillips, S.F., and W.H.J. Summerskill, Mayo 

Clin. Proc. 41:224 (1966). 
16. Ammon, H.V., P.J. Thomas, and S.F. Phillips, 

Gut 18:805 (1977). 
17. Wingate, D.L., R.J. Sandberg, and S.F. Phillips, 

Gut 13:812 (1972). 
18. Okita, G.T., J.J. Kabara, F. Richardson, and G.V. 

LeRoy, Nucleonics 15 :l l 1 (1957). 
19. Blankenhorn, D.H., and E.H. Ahrens, Jr., J. Biol. 

Chem. 212:69 (1955). 
20. Thomas, A.E. lit, J.E. Scharoun, and H. Ralston, 

J. Am. Oil Chem. Soc. 42:789 (1965). 
21. Folch, J., M. Lees, and G.H.S. Stanley, J. Biol. 

Chem. 226:497 (1957). 
22. Kraml, M., Clin. Chim. Acta 13:442 (1966). 
23. Sallee, V.L., J. Lipid Res. 15:56 (1974). 
24. Wanitschke, R., and H.V. Ammon, J. Clin. Invest. 

61:178 (1978). 
25. Mazer, N.A., R.F. Kwasnick, M.C. Carey, and 

G.B. Benedek, in "Micellization, Solubilization 
and Microemulsions," Vol. 1, Edited by K.L. 
Mittal, Plenum Press, 1977, p. 383. 

26. Helenius, A., and K. Simons, Biochim. Biophys. 
Acta 415:29 (1975). 

27. Tanford, C., in "The Hydrophobic Effect," 
Edited by C. Tanford, John Wiley & Sons, New 
York, 1973, pp. 81-85. 

28. Simmonds, W.J., Aust. J. Biol. Med. Sci. 50:403 
(1972). 

29. Clark, S.B., and P.R. Holt, J. Clin. Invest. 47:612 
(1968). 

30. Watson, W.C., and R.S. Gordon, Jr., Biochem. 
Pharmacol. 11:229 (1962). 

31. Wilson, E.A., V.L. Sallee, and J.M. Dietschy, 
Science 174:1031 (1971). 

32. Cline, W.S., V. Lorenzsonn, L. Benz, P. Bass, 
and W.A. Olsen, J. Clin. Invest. 58:380 (1976). 

33. Hofmann, A.F., Biochim. Biophys. Acta 70:306 
(1963). 

34. Rodgers, J.B., J.D. Fondacaro, and J. Kot, J. 
Lab. Clin. Med. 89:147 (1977). 

[Rece ived  S e p t e m b e r  5, 1978] 

LIPIDS, VOL. 14, NO. 4 



Thiobarbituric Acid Test for Detecting Lipid Peroxides 
T. ASAKAWA and S. MATSUSHITA, Research Institute for Food Science, 
Kyoto University, Uji, Kyoto, 611, Japan 

ABSTRACT 

The thiobarbituric acid (TBA) test has been used in the field of medical science in recent years to 
detect lipid peroxides. In this case, it is necessary for hydroperoxides to be decomposed to secondary 
products during the reaction. When purified methyl linoleate and methyl linolenate monohydro- 
peroxides were used as the sample for the TBA test, they did not decompose entirely to secondary 
products, but did so completely when an iron catalyst (ferrous sulfate) was added. However, the iron 
catalyst also accelerated the autoxidation of coexisting unsaturated fatty acids. Therefore, the addi- 
tion of antioxidants was required. Fifteen min of heating was sufficient to complete the reaction. 
With additions of catalyst and antioxidant to the TBA test, it may be possible to make useful dis- 
tinctions between hydroperoxides and secondary products of lipid oxidation. 

INTRODUCTION 

The thiobarbituric acid (TBA) test is one of 
the common methods used for detecting 
oxidation of lipids. This test is simple to 
conduct and is also highly sensitive, although its 
specificity is rather uncertain. Therefore, it has 
been used in the field of food science for the 
past two decades, and during this period, some 
improved methods have been proposed an'd 
several reports on the TBA method have been 
made (1,2). 

In the field of medical science, the relation- 
ship between lipid peroxides and diseases has 
been discussed (3,4), and the application of the 
TBA test to blood and tissues has been investi- 
gated (5-7). 

The TBA test is, in general, the reaction 
between TBA and some aldehydes contained in 
the so called secondary products formed from 
lipid peroxides. There are two absorption 
maxima associated with TBA test, one at ca. 
450 nm and the other at 532 nm. Patton et al. 
(8-10) showed that the latter is apparently 
specific for malonaldehyde and products 
which will derive malonaldehyde during the 
test. Sinnhuber and Yu (11) demonstrated the 
mechanism of pigment formation between 
malonaldehyde and TBA reagent. 1,1,3,3- 
Tetraethoxypropane which liberates malon- 
aldehyde and ethyl alcohol under mild acid 
conditions was used as the standard substance 
(12). The mechanism of malonaldehyde libera- 
tion from linolenic acid has been suggested 
(13-15). However, secondary products from 
linoleic acid also form a red pigment with the 
TBA test. It has been reported that 2,4-alka- 
dienal forms the red pigment, but the red 
pigment formed by 2,4-alkadienal was sug- 
gested to be caused by further oxidation of 
alkadienal to malonaldehyde ( 16-21). 

In the field of food science, the TBA test has 
been used to detect so called secondary prod- 

ucts, that is, the value has been used as a guide 
in evaluating deterioration of oils. However, in 
the field of medical science, it has been used to 
test for lipid peroxides. Therefore, there are 
some differences in procedures of the two 
fields. The heating time required by the former 

(22) is shorter than that required by the latter 
(5-7), because the former application deter- 
mined the existence of only secondary products 

which coexist with lipid peroxides. On the 
other hand, the latter application aims to 

ascertain the presence of only lipid peroxides, 
and the heating time required is longer. How- 
ever, the prolonged heating alone is not enough 
to decompose hydroperoxides to their secon- 
dary products. 

To examine the suitability of the TBA 
method for the detection of lipid peroxides, the 
authors used purified methyl linoleate mono- 
hydroperoxides and methyl linolenate mono- 
hydroperoxides for the substrate of the TBA 
test. The results showed that the decomposition 
of hydroperoxides by the conventional 
methods (5-7,22) was not complete. 

To determine the presence of lipid perox- 
ides, it is necessary for hydroperoxides to 
decompose to their secondary products during 

the heating procedure. Some catalyst must 
be added. The first evidence that prooxidant 
trace metals (copper) induce increased absorp- 
tion in the test was provided by Patton and 
Kurtz (23). Iron is also an effective catalyst 
for the decomposition of hydroperoxides. 
Therefore, an iron catalyst could be used for 
this reaction. But the iron catalyst would also 
accelerate autoxidation of coexisting unsatu- 

rated fatty acids. Therefore, the addition of an 
antioxidant is also required. 

In this paper, a modified TBA test for 
detecting lipid peroxides is proposed. 
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FIG. 1. Effects of iron catalyst on the TBA 
test of MLHPO. Each tube contained 10 umoles 
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Ferrous sulfate, �9 100 gmoles, za 10 umoles, 
zx 1 ~tmole, �9 none. 
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FIG. 2. Effects of BHT addition to the TBA 
test mixture (MLHPO) containing the iron 
catalyst. Each tube contained 10 ~moles 
MLHPO, 10 /~moles ferrous sulfate, and 0.1-I 
#mole BHT. BHT amount: (1). 0.l /~mole, (2). 
0.5 /~mole, (3). 1 gmole, (4). without BHT, (5). 
without both BHT and ferrous sulfate. 

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

Methy l  l ino lea te  ( T o k y o  Kasei  Co.),  m e t h y l  
l ino lena te  ( T o k y o  Kasei Co.),  m e t h y l  arachi-  
dona te  (Sigma Chem.  Co. St. Louis ,  MO), 
glycerol  t r i l inolea te  (Nakara i  Chem.  Co.,  
Kyo to ) ,  and glycerol  t r i l ino lena te  (Nakara i  
Chem.  Co.)  were ob ta ined  f rom commerc i a l  
sources.  F a t t y  acid es ters  were dissolved in 
hexane ,  and  were pur i f ied  t h r o u g h  a Florisil  
co lumn (24) .  The i r  pur i t ies  were e s t ima ted  to 
be h igher  t han  99% by gas c h r o m a t o g r a p h y .  

l , l , 3 , 3 - t e t r a e t h o x y p r o p a n e  was ob t a ined  f rom 
T o k y o  Kasei Co. 

Me thy l  l inoleate  m o n o h y d r o p e r o x i d e s  
(MLHPO)  and m e t h y l  l ino lena te  m o n o h y d r o -  
pe rox ides  (MLNHPO)  were f r ac t i ona t ed  by 
silica gel c o l u m n  c h r o m a t o g r a p h y  f rom fa t ty  
acid esters  au tox id ized  at 37 C (25) .  The i r  
pur i t ies  were calcula ted to be over  95% f rom 
the  m e a s u r e m e n t  of  pe rox ide  value  (26).  

As a ca ta lys t  for  decompos ing  h y d r o p e r o x -  
ides, ferrous  sulfate ( F e S O 4 . 7 H 2 0 )  was used.  
Bu ty l a t ed  h y d r o x y t o l u e n e  (BHT)  was used as 
an an t iox idan t .  

The  O t to l engh i  m e t h o d  (22)  was chosen  for  
the  TBA test .  Two  ml of  0 .36% TBA so lu t ion  
and  1 ml  of  35% t r i ch lo roace t i c  acid were 
added  to the sample (0.1-0.2 ml  h e x a n e  solu- 
t ion )  in a 20 ml tes t  tube .  A glass bead was pu t  
on  the  tes t  t ube  as a cap. The mix tu r e  was 
h e a t e d  for  15 min  in a boi l ing wa te r  ba th .  Af t e r  
cooling,  1 ml  of  glacial acet ic  acid and  2 ml of  
ch lo ro fo rm were added .  The m i x t u r e  was t hen  
shaken  and  cent r i fuged .  The  opt ica l  dens i ty  of  
the  s u p e r n a t a n t  was d e t e r m i n e d  at  532 n m  
using a 1 cm cuve t te .  The  vo lume  of  aqueous  
layer  is e s t ima ted  to  be ca.  4 ml.  When  fe r rous  
sulfate  so lu t ion  ( F e S O 4 . 7 H 2 0  2.78 g /100  ml 
water )  and  0.1 ml of  BHT so lu t ion  (BHT 220 
m g / 1 0 0  ml e thy l  a lcohol)  were added ,  t he  
vo lume  of  the aqueous  layer  is e s t ima ted  to be 
ca. 4.2 ml. Fe r rous  sulfate so lu t ion  was pre- 
pared  daily.  In these expe r imen t s ,  r u n n i n g  
b lanks  are necessary.  When  the  color  i n t ens i ty  
was t oo  high,  the  opt ica l  dens i ty  was measu red  
a f t e r  the  so lu t ion  was d i lu ted  wi th  50% acet ic  
acid.  The  values were conve r t ed  to  the  a m o u n t  
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FIG. 4. Effects of  ferrous sulfate and BHT 
additions to the autoxidation of methyl lino- 
leate. Each tube contained 100 pmoles of 
methyl linoleate, 10 pmoles ferrous sulfate, and 
0.1-1 pmole BHT. Symbols and numbers are 
the same as in Figure 2. 
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additions on the autoxidation of methyl 
linolenate. Each tube contained 85 pmoles of 
methyl linolenate, 10 #moles of ferrous sulfate, 
and 0.1-1 pmole BHT. Symbols and numbers 
are the same as in Figure 2. 
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FIG. 6. Effects of the iron catalyst and BHT 
additions on the autoxidation of  methyl 
arachidonate. Each tube contained 15 pmoles 
of methyl arachidonate, 10 pmoles of ferrous 
sulfate, and 0.1-I pmole BHT. Symbols and 
numbers are the same as in Figure 2. 
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FIG. 7. Effects of  the iron catalyst and BHT 
additions on the autoxidation of trilinoleate. 
Each tube contained 14 pmoles of trilinoleate, 
10 #moles of  ferrous sulfate, and 0.1-1 #mole 
BHT. Symbols and numbers are the same as in 
Figure 2. 

of  m a l o n a l d e h y d e  (O.D. 1 at 532 n m  corre-  
sponded  to 0 .02 /amole m a l o n a l d e h y d e  w h e n  
the  aqueous  layer  is 4.2 ml)  as shown  in the  
figures. As a s t andard ,  1 ,1 ,3 ,3 - t e t r ae thoxypro -  
pane  (11)  was used.  

Most  of  the  e x p e r i m e n t s  in th is  paper  were 
tes ts  involving hea t ing  t imes  (Figs. 1-8). The  
e x p e r i m e n t s  were designed to  evaluate  four  or  
five d i f fe ren t  cond i t ions .  In each  cond i t i on ,  the  
color  in tens i t ies  were measu red  at two  to five 

d i f f e ren t  hea t ing  t imes  by tak ing  two t u b e s  
each t ime.  Blank tubes  were also tes ted  at each 
hea t ing  t ime.  Fo r  ins tance ,  in the  case of  Fig. 1, 
four  d i f fe ren t  cond i t i ons  were tes ted  th ree  
t imes.  There fore ,  30 tubes  were i n c u b a t e d  at 
the  beg inn ing  inc lud ing  b l ank  tests.  

RESULTS 

H y d r o p e r o x i d e s  c a n n o t  be d e c o m p o s e d  
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10 ttmoles of ferrous sulfate and 0.1-1 ~mole 
BHT. Symbols and numbers are the same as in 
Figure 2. 

0 , 0 2  

~ 0 . 0 2  

o 
E 
:a. 

. c  

0.01 

8 
f~ 
sr 

0 . 0 0  i x t 

0 1 2 3 
Sample (pmoles MLNHPO ) 

FIG. 10. Calibration curve of TBA test on 
MLNHPO with and without the presence of 
methyl linolenate. Each tube contained 10 
#moles ferrous sulfate and 1 #mole BHT. o 
0.19-3.8 /zmoles MLNHPO, �9 0.19-3.8 #moles 
MLNHPO and 10 /zmoles methyl linolenate. 
Heating time was 15 min. 
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FIG. 9. Calibration curve of TBA test on 
MLHPO with and without the presence of 
methyl linoleate. Each tube contained 10 
#moles ferrous sulfate and 1 #mole BHT. o 
0.42-8.4 #moles MLHPO, �9 0.42-8.4 t~moles 
MLHPO and 100 #moles methyl linoleate. 
Heating time was 15 min. 

comple t e ly  to  secondary  p r o d u c t s  dur ing  the  
TBA reac t ion .  To accompl i sh  this  in a shor t  
t ime,  the  add i t i on  of  an i ron  cata lys t  is neces- 
sary.  Figure 1 shows the  e f fec t  of  d i f fe ren t  
c o n c e n t r a t i o n s  of  the  i ron catalyst .  When  the  
i ron  cata lys t  was added to  MLHPO,  the  ra te  of  
f o r m a t i o n  and  the  a m o u n t  of  red p i g m e n t  were 
measured .  W i t h o u t  any i ron catalyst ,  t he  

resu l t ing  color  in t ens i ty  was very low, b u t  a 
value five t imes  h igher  was o b t a i n e d  by  adding  
fe r rous  sulfate  10 p m o l e / t u b e .  The  grea te r  the  
a m o u n t  of  i ron cata lys t  added ,  the  h igher  was 
the  value  ob t a ined ;  bu t  the  i ron  cata lys t  also 
accelera tes  the  a u t o x i d a t i o n  of  coexis t ing  
unox id ized  u n s a t u r a t e d  fa t ty  acids. F i f t een  min  
of  hea t ing  was e n o u g h  to comple t e  the  reac- 
t ion .  

To depress  the  a u t o x i d a t i o n  of  u n s a t u r a t e d  
fa t ty  acids coexis t ing,  a n t i o x i d a n t s  mus t  be 
added.  However ,  radical  r eac t ion  also is gn- 
volved in the  d e c o m p o s i t i o n  of  h y d r o p e r o x i d e s ,  
and  a n t i o x i d a n t s  m a y  cause the  color  in t ens i ty  
to decrease.  F igures  2 and  3 show the  ef fec t  of  
BHT in the  r eac t ion  mix tu re .  By the  concen t r a -  
t ion  used here,  n o  ef fec t  f rom the  a n t i o x i d a n t  
was observed.  W h e n  the  data  of  Figures  2 and  3 
are compared ,  the  color  yield per  mole  of  
MLHPO is a b o u t  one-hal f  t h a t  of  MLNHPO.  

When  b o t h  h y d r o p e r o x i d e s  and u n s a t u r a t e d  
fa t ty  acids are p resen t ,  the  comple t e  d e c o m p o -  
s i t ion  of  h y d r o p e r o x i d e s  is achieved by  the  
add i t i on  of  an i ron  catalyst ,  a l t h o u g h  there  is a 
posibi l i ty  of accelera t ing  the  a u t o x i d a t i o n  of  
u n s a t u r a t e d  fa t ty  acids. Figures  4-8 show the  
e f fec t  of  a n t i o x i d a n t  added  to the  r eac t ion  
cond i t i ons  con ta in ing  an i ron  catalyst .  F o r  
m e t h y l  l inolea te  (Fig. 4) and  m e t h y l  l ino lena te  
(Fig. 5), the  add i t i on  of  1 /amole B H T / t u b e  
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prevented most of the autoxidation from 
occurring. However, at the lower level of BHT, 
the formation of hydroperoxides progressed 
under long heating time. As arachidonic acid 
(Fig. 6) is very easily oxidized, no complete 
inhibitory effect of the antioxidant was ob- 
served. Glycerol trilinoleate (Fig. 7) and gly- 
cerol trilinolenate (Fig. 8) acted in the same 
way as their corresponding fatty methyl esters. 

From the above results, it seems that the 
addition of 10 pmoles of ferrous sulfate and 1 
/~mole of BHT per tube was the most appro- 
priate for the TBA test of hydroperoxides. 

Figures 9 and 10 show the relationship 
between amount of hydroperoxides and the 
optical density in the TBA test. When methyl 
linoleate coexisted with hydroperoxides, a 
value slightly lower than that from hydro- 
peroxide alone was obtained (Fig. 9), but in the 
case of MLNHPO (Fig. 10), it was shown that 
the value included that of coexisting autoxi- 
dized linolenate. The strange results of Figure 9 
in which coexisting linoleate made the value 
lower could not be explained, but this tendency 
was reproducible in several repetitions of the 
experiment. 

The TBA test containing an iron catalyst and 
an antioxidant was applied to the autoxidation 
process of soybean oil. The values were com- 
pared with those of PV and ordinary TBA test 
as shown in Figure 11. Without the iron 
catalyst, secondary products were detected, and 
with the catalyst, it was possible to detect both 
the secondary products and peroxides. The 
TBA test with the iron catalyst showed a curve 
similar to that of the peroxide value. 

D I S C U S S I O N  

When the TBA test was applied to purified 
MLHPO and MLNHPO, only a partial decompo- 
sition of the hydroperoxides was achieved by 
heating in an acid medium, and the reaction 
was not completed until an iron catalyst was 
added. It also must be recognized that the TBA 
test does not  determine only the secondary 
products when hydroperoxides coexist. A part 
of hydroperoxides may decompose to their 
secondary products even in the absence of an 
iron catalyst. The absorbance at 532 nm in the 
test reflected these facts (Figs. 1-3). It is also 
noticeable that less than 1% of MLHPO or 
MLNHPO contributed to the formation of 
malonaldehyde (Figs. 2 and 3). 

On the other hand, the iron catalyst must 
catalyze the autoxidation of unsaturated fatty 
acids in the presence of unoxidized unsaturated 
fatty acids (Figs. 4-8). One ~mole of BHT was 
added to 100 /amoles methyl linoleate, to 85 
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FIG. 11. App[ication of the TBA test to the 
autoxidation of soybean oil. Soybean oil, 50 
g, was incubated in a Erlenmeyer flask of 1,000 
ml. In the case of PV determination, 1-2 g of 
oil was used in each experiment. In the case of 
TBA test, 0.1 ml sample oil was taken with a 
pipet. �9 with 10 #moles ferrous sulfate and 1 
~mole BHT, o without both ferrous sulfate and 
BHT, c~ peroxide value (PV) (26). 

pmoles of methyl linolenate and to 15 pmoles 
of methyl arachidonate. Autoxidation was 
limited in the case of linoleate and linolenate, 
but with arachidonate addition of 1/~mole BHT 
could not completely prevent autoxidation. 
However, since the content of arachidonic acid 
is not usually as high as those of linoleic and 
linolenic acids in living materials, 10 pmoles of 
the iron catalyst and 1 pmole BHT per tube 
were chosen as the appropriate amounts for the 
reaction. This amount of antioxidant did not 
influence the pigment formation from hydro- 
peroxides (Figs. 2 and 3). Fifteen min heating 
was enough to complete the reaction (Figs. 
1-3). The longer heating time promotes only 
the autoxidation of unoxidized fatty acids. 

Generally, two absorption maxima are 
characteristic of the TBA test as it is applied to 
autoxidized oils. The yellow pigment around 
450 nm can be eliminated by adding 0.1% 
sodium sulfite (anhydrous) to the TBA reagent 
solution (20,27). However, the addition of 
sulfite interfered with the effect of an iron 
catalyst in the TBA test procedure proposed 
here. 

Although Nishigaki et al. (6) have already 
discussed the addition of iron salt to the TBA 
test, the materials they used were not purified. 
Therefore, their conclusions are quite different 
from ours. 

By using both the TBA test proposed here 
and the ordinary TBA test, it may be possible 
to make useful discussions between hydroper- 
oxides and secondary products of lipid oxida- 
tion. Further, this method may be useful for 
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detecting peroxides in blood serum. Direct 
application of this method to complicated 
systems such as meat or tissues which contain 
heme (iron) compounds and large amounts of 
protein may necessitate further studies (28). 
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The Use of Essential Fatty Acid Deficient Rats to Study 
Pathophysiological Roles of Prostaglandins. Comparison of 
Prostaglandin Production with Some Parameters of Deficiency 
M.J. PARNHAM, J.E. VINCENT, F,J. ZIJLSTRA, andI.L. BONTA, Department of Pharmacology, 
Erasmus University Rotterdam, PO Box 1738, Rotterdam, The Netherlands 

ABSTRACT 
In a retrospective study on essential fatty acid deficient (EFAD) rats used to study pathophysio- 

logical roles of prostaglandins (PGs), slight increases in the linoleic acid content of the diet were found 
to gradually restore the depressed growth rate and to increase the reduced endogenous PG production. 
These apparently poorly deficient animals had a serum triene tetraene (eo9:~o6) ratio much higher than 
the value of 0.4 used as a criterion for EFA deficiency by nutritionists. Changes in body weight, serum 
co9:to6 and platelet PG production were not correlated with each other. Feeding rats on a diet 
containing <0.1 mg/g/linoleic acid led to decreasing platelet PG production as the degree of EFA de- 
ficiency increased. At this high level of deficiency, a serum ~9:eo6 ratio of 6 or over was achieved. 
This high ratio may be taken as an indicator of the degree of EFA deficiency required for studies on PG 
deprivation, but PG production by the tissue investigated or by platelets should preferentially be 
measured. 

INTRODUCTION 

Since the first description by Burr and Burr 
(1) of  the deve lopment  of  essential fa t ty  acid 
(EFA)  deficiency symptons  in rats fed a fat-free 
diet, the use of  this def iciency disease has 
been restricted most ly  to nutr i t ional  studies 
(2). However,  several recent  studies have 
indicated the usefulness of  the E F A  deficiency 
state in the s tudy of  possible pathophysiologi-  
cat roles of  prostaglandins (PGs), because EFAs  
are the endogenous  precursors of  PGs and the 
lack o f  the lat ter  may  account  for some changes 
seen during E F A  deficiency (3). Thus, altera- 
t ions in platelet  funct ion  induced by EFA 
deficiency in rats (4-6) and in newborn  babies 
(7) may be a t t r ibutable  to lack of  PGs and /or  
t h romboxanes ;  dermal changes produced  by the  
deficiency syndrome in rats (8-9) and mice (10) 
may also be related to changes in PG produc- 
t ion;  and E F A  deficiency in rats has been used 
to s tudy the roles of  PGs in models  of  acute 
(11-14) and chronic  in f lammat ion  (15-18). It 
should be noted ,  however ,  that  many  conse- 
quences of  dietary E F A  deficiency cannot  be 
prevented by supplementa t ion  with PGs, even 
over a long period of  t r ea tment  (19). In most  of  
these studies, the cr i ter ion accepted for E F A  
deficiency was that  of  Holman (20), namely  a 
t r iene/ te t raene  (609:6o6) ratio greater than 0.4. 
This ratio is based on the fact that ,  under  
E F A D  condi t ions,  the normal ly  abundant  
te t raenoic  fat ty acid, arachidonic acid 
(20:4606), is replaced in tissue lipids by 5,8,1 1- 
eicosatr ienoic acid (20:3609). A value o f  0.4 or 
lower is considered by most  nutr i t ionists  to be 
normal,  indicating that the min imum require- 
ment  for EFAs is being met  (2). However ,  the 
applicabil i ty of  this value as an indica tor  of  the 

min imum nutr i t ional  EFA requi rement  has 
recent ly been quest ioned (21). The present 
report  shows that  a value for the serum 609:606 
ratio of  0.4 is also inadequate  to ensure a 
sufficient  degree of  EFA deficiency for studies 
on PG deprivation.  Since PGs are very po ten t  
compounds ,  it was considered necessary to 
reassess the methods  for de terminat ion  of  E F A  

deficiency to obtain  rats which had sufficiently 
reduced endogenous  PG-producing capacity to 
be useful in studies on pathophysiological  roles 
of  PGs. We present here  a re t rospect ive analysis 
of  data on E F A D  rats obtained over  a 3 y r  
period,  demonst ra t ing  the need to incorpora te  
measurement  of  PG produc t ion  into determina-  
t ion of  the ex ten t  of  E F A  deficiency during 
such studies on endogenous  PGs. 

METHODS AND MATERIALS 

Animals and Diet 

All exper iments  were carried out  with male 
albino rats of  the Wistar strain (TNO Central  
Breeding Inst i tute,  Zeist, The Netherlands).  
Contro l  animals were fed a normal  labora tory  
animal diet, containing 3.5% of  its calories as 
l inoleic acid (Hope  Farms, Woerden,  The 
Netherlands),  af ter  weaning and were caged on 
sawdust  bedding or  on "Sol -Speedi -Dry"  
(Metal lochemie,  Ramondt ,  The Netherlands),  
an absorbant  grit. In order  to induce EFA 
deficiency,  pregnant  female rats were fed the 
E F A D  diet (Table I) f rom 5 days before de- 
livery and th roughou t  the weaning period (5). 
Af te r  weaning, the male pups were also placed 
on the E F A D  diet, kept  in wire cages or on 
"Sol-Speedi  D r y "  bedding and were used for 
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TABLE I 

EFAD Diet for Rats a 

% 

Casein 20.0 
Glucose (cerelose) 65.0 
a-Cellulose 4.0 
bHydrogenated coconut oil 4.0 
Dried yeast 1.0 
CaCO3 1.0 
Ca(PO4)2 1.6 
KC 1 1.0 
NaCl(iodinated) 0.5 
MgO 0.3 
CVitamins and trace elements 

(added in glucose) 1.4 
dl-Methionine 0.2 

aprepared by Hope Farms, Woerden, The Nether- 
lands. 

bCoconut oil Constituents (5): stearic acid (18:0) 
9.5, palmitic acid (16:0) 8.5, myristic acid (14:0) 20.0. 
laurie acid (12:O) 49.0, capric acid (10:0) 6.3, caprylic 
acid (8:0) 6.2. 

cVitamins and  trace elements (per kg diet)-Vita- 
m i n  A 18,000 I.E, Vitamin D 3 2,000 I.E, Vitamin K 3 
30 mg, Vitamin E 125 rag, Thiamin HCI 20 mg, Ribo- 
flavin 12 rag, Pyridoxine He1 15 mg, Niacin 40 rag, d.l 
Ca-pantothenate 35 rag, Vitamin B12 50 gg, Biotin 
300 ~tg, Folic acid 8 mg, Inositol 220 rag, 50% Choline 
chloride 4,000 rag, Fe (CO3) 2 (57% Fe) 200 mg, Cu 
(CO3) 2 (55% Cu) 30 mg, MnO (62% Mn) 100 mg, 
ZnO (78% Zn) 60 rag. 

e x p e r i m e n t s  at 14-16 weeks old. Data  s h o w n  in 
this  paper  were ob ta ined  f rom rats  fed an 
E F A D  diet  which  were used,  one  week af te r  
d e t e r m i n a t i o n  of  EFAD parameters ,  for  exper-  
imen t s  on  pla te le t  aggregat ion and  release 
reac t ion  (5 ,6 ,22 ,23) ,  car rageenan  paw o e d e m a  
(11 ,13 ,14) ,  ad juvan t  a r thr i t i s  (16)  and  experi-  
m e n t a l  g r anu loma  models  (17 ,18 ,24) .  Rats  
wh ich  yie lded apprec iable  a m o u n t s  of  PGE-like 
mater ia l  e i the r  dur ing  pla te le t  aggregat ion in 
v i t ro  or in any tissue fluid (e.g., i n f l a m m a t o r y  
exuda t e )  were no t  ut i l ized for  any  pub l i shed  
e x p e r i m e n t a l  inves t iga t ions  on  p a t h o p h y s i o -  
logical roles of  PGs. Some of  the  more  recent  
data  were ob t a ined  f rom rats  used in s tudies  
which  are, as yet ,  unpub l i shed .  

Available Parameters of EFA Deficiency 

Apar t  f rom the  c o m m o n l y  used 669:666 
fa t ty  acid rat io,  several o t h e r  pa ramete r s  m ay  
be used as ind ica tors  of  E F A  def ic iency and  
these  have been  reviewed (1-3 ,10 ,25 ,26) .  They  
inc lude  d imin i shed  g rowth  rate ,  scaly, d ry  skin, 
loss of  hair,  degene ra t ion  of  gonads,  increased 
ep idermal  DNA synthes is ,  swelling of  mi to -  
chondr ia ,  increased t r ansep ide rma l  water  loss 
leading to increased water  in take ,  and  decreased  
f o r m a t i o n  of  PGs by var ious  tissues. Since the  
609:606 ra t io  is the  mos t  objec t ive  of  the  above  

parameters ,  we chose this  as one  pa rame te r  of  
E FA def ic iency,  t oge the r  wi th  p r o d u c t i o n  of  
PGE-like mater ia l  by  aggregating platelets .  This  
l a t t e r  p a r a m e t e r  was chosen  since p la te le t  
aggregation,  coupled  wi th  bioassay,  is a quick  
and c o n v e n i e n t  rou t ine  t echn ique ,  widely used 
in l abora tor ies  carrying ou t  PG research.  
Change  in body  weight  was also chosen  as a 
s imple p a r a m e t e r  sui ted for  rou t ine  measure-  
men t .  

Serum Fatty Acid Determination 

For  serum fa t ty  acid and  pla te le t  PG de- 
t e rmina t ions ,  two E F A D  and  two  n o r m a l  rats  
were r a n d o m l y  chosen  f rom the  comple t e  ba t ch  
of  E F A D  and l i t t e r -mate  con t ro l  rats (20-22  
rats  of each type)  ut i l ized for  each  experi-  
m e n t a l  invest igat ion.  Hepar in ized  b lood  was 
ob ta ined ,  e i ther  by cardiac p u n c t u r e  or by  
cu t t i ng  of f  the  end of  the  tail, and  left  to  s tand  
for 1 hr  before  co l lec t ion  of  serum. The  se rum 
was saponif ied  wi th  1 N m e t h a n o l i c  po tass ium 
h y d r o x i d e  at 100 C, and unsapon i f i ab le  ma- 
terial  r emoved  by  e x t r a c t i o n  wi th  p e n t a n e /  
e the r  (1 : 1). This ex t rac t  was t h e n  washed wi th  
0.1 N sod ium h y d r o x i d e  to recover  any  dis- 
solved fa t ty  acids. The  c o m b i n e d  soaps were 
acidif ied to pH 2 wi th  p h o s p h o r i c  acid and the  
fa t ty  acids ex t r ac t ed  wi th  p e n t a n e / e t h e r  (1 :1) .  
The  a n t i o x i d a n t  b u t y l a t e d  h y d r o x y t o l u e n e  
(BHT)  was added,  the  mix tu r e  was evapora ted  
to dryness  and  fa t ty  acids m e t h y l a t e d  wi th  
d i a z o m e t h a n e  before  being sub jec ted  to gas 
l iquid c h r o m a t o g r a p h y  (GLC).  For  de t e rmina -  
t ion  of  the  l inoleic acid c o n t e n t  of  the  rat  diet ,  
f a t ty  acids were ex t r ac t ed  f rom the  food,  in a 
Soxhle t  appara tus ,  w i th  e i the r  n -hexane  or  
c h l o r o f o r m / m e t h a n o l  (2 :1 )  and  t hen  me th -  
y la ted  using the  b o r o n  t r i f luor ide  m e t h o d  
before  be ing  subjec ted  to GLC. Separa t ion  and  
d e t e r m i n a t i o n  of  f a t ty  acids was carr ied o u t  on  
a Packard  Becker  Model  419  gas l iquid  ch roma-  
tograph,  us ing a SCOT/OV-275  c o l u m n  (80  m 
length ,  0.5 m m  int .  d iameter ,  Nef f = 82 ,000,  
Nth = 109 ,000  (20:3669)  at a split ra t io  of  
1:25 and the  fo l lowing t e m p e r a t u r e s :  In jec to r /  
C o l u m n / D e t e c t o r ,  2 2 0 : 2 0 0 : 2 2 0  C. 

Platelet PG Production 

Plate le t  aggregat ion in the  presence  of  
phospho l ipase  A 2 (EC 3 .1 .1 .4)  ( 4 0 ~ g )  was 
carr ied ou t  as descr ibed previously  (23) ,  and  
a l iquots  of  the  s u p e r n a t a n t  were b ioassayed  for  
PGE-like mater ia l  against  a u t h e n t i c  PGE 2 on  
the  isola ted rat  s t o m a c h  str ip  as descr ibed by  
Ferrei ra  and  de Souza Costa  (27) .  

Expression of EFAD Parameters 

Differences  in b o d y  weight  and  PG produc-  
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FIG. 1. Body weights and values for PGE-like material obtained from batches of 13-14 week old EFAD (E) 
and normal (N) rats over a 2�89 yr period. Lower section: mean batch E:N ratios for body weight (each point 
represents the value calculated for 18-22 EFAD and 18-22 normal rats per batch). Upper section: mean batch 
E:N ratios for PGE-like materials formed by aggregating platelets (P), as described elsewhere (6,23), or for 
PGE-like material detected in exudates from kaolin pouch granulomata or carrageenin sponge granulomata (E), 
as described elsewhere (17). The arrows indicate the groups of animals from which the mean batch E:N ratios for 
PGs were obtained. 

t ion were quant i ta ted  by calculating mean  
E F A D / N o r m a l  (E:N)  ratios for batches of  
18-22 E F A D  and 18-22 cont ro l  rats delivered at 
the same t ime to the Dept.  of  Pharmacology.  
Because serum co9:c06 ratios in normal  rats 
were always <0 .01 ,  this E F A  deficiency param- 
eter was expressed as the mean serum co9:co6 
ratio in E F A D  rats only. 

Statistical Analysis 

Correlations between  changes in various 
parameters  o f  EFA deficiency were assessed by 
de terminat ion  of  the Spearman rank correlat ion 
coeff icient ,  rs (28). 

RESULTS 

Retrospective Analysis of Body Weight and 
PG Production in EFAD Rats 

Figure 1 summarizes published and unpub-  
lished data on body weight and PG produc t ion  
by platelets and in in f l ammato ry  exudates  
obtained from batches of  EFAD and normal  
rats over a per iod of  ca. 21A yr. It can be clearly 
seen that  during 1976 and early 1977 both  the 
depressed body  weights and the depressed 
endogenous  PG produc t ion  in E F A D  rats 
tended to increase towards the values for 
cont ro l  rats, i.e., E:N ratios tended towards 
unity.  These later rats thus became useless for 
studies on PG deprivation.  The reason for this 
change in E :N ratios became apparent  fol lowing 

analysis (in January 1977) of  the l inoleic acid 
con ten t  of  the E F A D  diet (Table II). New 
supplies of  coconut  oil used to prepare the diet 
(Table I) unexpec ted ly  conta ined  higher 
amounts  of  l inoleic acid, and these had gradu- 
ally been incorpora ted  into the diet. 

Despite the tendency for the E:N ratios for 
both  body weight and PG produc t ion  to 
increase with t ime, when values for PG produc- 
t ion were compared  with those for body  
weight in the same batches of  rats, there was no 
significant correlat ion be tween  the two 
(rs=0.511 , p>0 .05 ,  when using E:N ratios for 
PG produc t ion  by platelets and in exudates ;  
rs=0.619, p>0 .05 ,  when using E:N ratios for 
PG produc t ion  by platelets only). However,  
since these data were obtained from a variety of  
different  studies, more  control led  investigations 
were necessary. 

Relationships between Var ious Parameters of  

EFA Deficiency and EFAD Diet 

In order to provide an indicat ion of  the 
degree of  EFA deficiency required for studies 
on PG deprivation,  a detailed analysis of  body 
weight,  platetet  PG produc t ion  and the sentm 
co9:o~6 ratio was carried out  on both  the 
poor ly  E F A  deficient  rats (batches 44 and 45, 
early 1977) and rats which w e r e , f e d  a diet 
conta ining <0.1  mg/g l inoleic acid (as suggested 
by B. Folkersma,  Unilever Research Labs., 
Vlaardingen). In these studies, the methods  
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TABLE II 

Data Obtained from Eight Different Batches of Rats Delivered to the 
Pharmacology Department, Rotterdam at 13-15 Weeks Old 

Mean batch E:N ratio a EFAD diet analysis 

Batch Delivery Body Plate!et Serum Linoleic acid 
No. date weight PGs co9 :co 6 b Date (mg/g food) 

44 3/15/77 0.77 0.18 3.5 
45 4/5/77 0.90 0.18 3.7 

1 8/9/77 0.82 0.13 6.1 
2 8/30/77 0.76 0.12 8.2 
3 9/20/77 0.75 0.11 7.2 
4 10/11/77 0.77 0.10 5.0 
5 11/1/77 0.86 0.10 6.4 
6 4/25/78 0.62 0.08 6.0 

Jan. 1977 1.0 c 
Mar. 1977 0.17 c 

Sept. 1977 0.08 d 

aDetermined as x 1 + x 2 . . . . . . . .  Xn/Yl + Y2 . . . . . . .  Yn where x is the individual value 
for one EFAD rat, y is the individual value for one normal rat, n is 20-22 for body wt. (de- 
pending on the batch), n is 2 for platelet PGs. 

bValues from 2 EFAD rats per batch only. Values for normal rats were always <0.01. 
CExtraction of linoleic acid carried out with n-hexane. 
dExtraction of linoleic acid carried out with chloroform/methanol (2:1). 

TABLE III 

Relationships between Body Weight, Platelet PG 
Production and Serum to9 :co6 in EFAD Rats a 

Relationship r s p 

E:N ratio for body weight 
vs. 0.506 >0.5 
E:N ratio for platelet PGs 

E:N ratio for body weight 
vs. -0.327 >>0.5 
Serum co9 :t~6 

E:N ratio for platelet PGs 
vs. -0.345 ~>0.5 
Serum to9:tu6 

aValues for the Spearman rank correlation coef- 
ficient were calculated using the data shown in Table 
II. 

descr ibed above were used and the data are 
shown in Table II. It can be seen that ,  while the  
serum w 9 : w 6  ratios in EFAD rats f rom batches  
44 and 45 were very m u c h  higher  than  0.4, the 
nu t r i t ion is t s '  cr i terion for  EFA def ic iency (2), 
PG p roduc t i on  by platelets  was still appreci-  
able. Af te r  changing the EFAD diet to  the  one  
conta in ing  <0.1  mg/g linoleic acid, the  serum 
w9:606 ratio in EFAD rats increased fur ther  
and the E:N ratio for  p la te le t  PG p r o d u c t i o n  
decreased to  m u c h  lower  values. Al though  the  
E:N rat ios for  body  weight  also showed  a 
t endency  to decrease wi th  increasing E F A  
def ic iency,  the change was very slight (Table II). 

Possible corre la t ions  be tween  the  changes in 
the  three parameters  were invest igated and the  
results are p resen ted  in Table III. There  was no  

significant corre la t ion be tween  any o f  the  
parameters .  

DISCUSSION 

During studies designed to investigate the 
effects  o f  PG depr ivat ion on various pa thophys -  
iological funct ions ,  we observed tha t  rats which  
had been fed an EFAD diet  began to p roduce  
appreciable  amounts  of  endogenous  PGs. The 
data p resen ted  here  show tha t  this was a 
gradual e f fec t  b rought  about  by an unforeseen  
increase in the linoleic acid co n t en t  o f  the  
EFAD diet. The re t rospect ive  analysis o f  the  
accumula ted  data  revealed tha t  the  depressed 
g rowth  rate of  EFAD rats was also gradually 
reversed, apparen t ly  in parallel with the  increas- 
ing PG produc t ion .  However,  since the two  
parameters  were n o t  s ignif icantly corre la ted ,  it  
is clear that  g rowth  rate and endogenous  PG 
p roduc t i on  are dif ferent ia l ly  sensitive to 
changes in E F A  intake.  This was fur ther  con-  

f i rmed in the more  detai led converse  s tudy,  in 
which rats were made  progressively more  EFA 
deficient ,  where  changes in b o d y  weight  and in 
PG p roduc t ion  were also no t  s ignif icantly 
correla ted.  The data in Table II suggest tha t ,  
while PG p roduc t ion  progressively falls wi th  
increasing EFA def ic iency,  b o d y  weight  de- 
creases erratically t hen  falls m o r e  rapidly when  
E F A  def ic iency b eco mes  more  extensive (cf. 
ba tch  6, Table II). It is thus  obvious  tha t  b o d y  
weight  cannot  be used as an indica tor  o f  the  
ex t en t  o f  EFA def ic iency in s tudies  on PG 
deprivat ion.  

Analysis of  the  serum w 9 : w 6  ratio in the  
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rats  which  were poor ly  E F A  def ic ien t  accord ing  
to body  weight  and  PG p r o d u c t i o n  revealed an 
u n e x p e c t e d l y  high value for  this  f a t t y  acid 
rat io.  This  pa radox  was p r o b a b l y  a t t r i b u t a b l e  
to  p re fe ren t ia l  a c u m u l a t i o n  of  the  PG precur-  
sor, a rach idon ic  acid (20:4606) ,  by  some t issues 
as c o m p a r e d  wi th  o thers .  In fact ,  in rats  or mice  
fed an E F A D  diet ,  i t  has  been  observed  t h a t  
while the  bra in  or e r y t h r o c y t e  6o9:606 ra t io  
m a y  rise well above  0.4, the  a rach idon ic  acid 
c o n t e n t  of  these  t issues remains  relat ively h igh 
( D e b y  and  Bacq,  personal  c o m m u n i c a t i o n ,  
refs. 29,30).  Appa ren t ly ,  20:3609 levels in 
e r y t h r o c y t e s  increase  u n d e r  E F A D  cond i t ions ,  
r a the r  t han  20:46o6 levels decreasing.  Af te r  
feeding rats  the  diet  c o n t a i n i n g  <0 .1  mg/g 
l inoleic acid, the  desired decrease  in endogen-  
ous  PG p r o d u c t i o n  was associa ted wi th  a 
f u r t h e r  increase  in the  se rum 6o9:6o6 rat io.  
However ,  the  fact  t h a t  the  changes  in the  two 
pa rame te r s  were no t  s ignif icant ly  cor re la ted  
ind ica ted  tha t ,  as wi th  PG p r o d u c t i o n  and  b o d y  
weight ,  se rum fa t ty  acid levels also show a 
d i f fe rent ia l  sens i t iv i ty  to  changes  in E FA  
in take .  In fact ,  b o d y  weight  and  se rum 6o9:6o6 
values were also no t  s igni f icant ly  corre la ted .  

These  f indings have several impl i ca t ions  for  
the  use of  EFAD animals  to  s tudy  p a t h o p h y s i o -  
logical roles of  PGs. First,  while being a s imple 
and  easily p e r f o r m e d  test  for  E FA  def ic iency,  
m e a s u r e m e n t  of  b o d y  weight  is no t  a valid 
check  on  def ic iency  for  s tudies  on  PG depriva-  
t ion.  Second,  a l t h o u g h  the  rate of  change  in the  
serum 609:6o6 ra t io  is n o t  cor re la ted  wi th  the  
ra te  of  change in e n d o g e n o u s  PG p r oduc t i on ,  a 
value  for this  rat io  of  6 or  above  does appea r  
to  be a valid indicator  of the  degree of  E F A  
def ic iency requi red  to s tudy  effects  of  PG 
depr iva t ion .  However ,  this  value c a n n o t  be used 
as a cr i ter ion of  def ic iency pe r  se in the  same 
way as a value of  0.4 is used by  nu t r i t i on i s t s  as 
a c r i te r ion  for  the  m i n i m u m  E F A  r e q u i r e m e n t s  
(2). To ob ta in  the  h ighes t  possible  6o9:6o6 
ratio,  it is obvious  t ha t  the  lower  the  l inoleic 
acid levels in the  E F A D  diet  the  be t te r ,  al- 
t h o u g h  it is possible  tha t  a c o m p l e t e  absence  of  
l inoleic acid may  resul t  in  undes i rab le  degenera-  
t ion  of  m e m b r a n e s .  Our  data  ind ica te  t h a t  a 
level of  <0 .1  mg/g  in the  diet  is sui table  for  
s tudies  on  PG depr iva t ion .  It is also clear f rom 
our  results  t h a t  fairly regular  analysis of  the  
f a t ty  acid c o n t e n t  of  the  diet  shou ld  be  carr ied 
ou t  to  avoid u n e x p e c t e d  ( and  cos t ly)  increases  
in  l inoleic acid levels. A f u r t he r  imp l i ca t i on  of  
our  f indings is t ha t  m e a s u r e m e n t  o f  e n d o g e n o u s  
PG p r o d u c t i o n  is essential  when  using E F A D  
animals  for  s tudies  on  pa thophys io log ica l  
roles of  these  local  h o r m o n e s .  Wheneve r  possi- 
ble, the  PG assay should  be carr ied ou t  on  the  

t issue u n d e r  inves t igat ion.  This  is of  par t i cu la r  
i m p o r t a n c e  when  s tudy ing  the  role of  PGs in 
the  brain  and  o t h e r  tissues, in which  arachi-  
donic  acid is p re fe ren t ia l ly  accumula t ed .  In 
several r ecen t  s tudies ,  E F A D  rats  have,  in fact,  
been  used to s tudy  the  role o f  PGs in the  b ra in  
(30-33) .  In some cases t h o u g h ,  i t  is n o t  possible  
to  d i rec t ly  measure  PG p r o d u c t i o n  by  the  t issue 
u n d e r  inves t iga t ion .  U n d e r  these  c i rcumstances ,  
p r o d u c t i o n  of  PGs by  platelets ,  as d e t e r m i n e d  
in the  p resen t  s tudies ,  would  appear  to be a 
good  check  on  the  degree of  E F A  def ic iency.  
The  da ta  s u m m a r i z e d  in Figure 1 show t h a t  
PG p r o d u c t i o n  in i n f l a m m a t o r y  exudates ,  at 
least,  is s imilar  to  t h a t  by  aggregat ing platelets ,  
w h e n  expressed  as an E:N ratio.  

In conc lus ion ,  we suggest tha t ,  while assay 
of  PG p r o d u c t i o n  by the  s tud ied  tissue is 
prefered,  when  us ing  EFAD animals  to  s t u d y  
effects  o f  PG depr iva t ion ,  d e t e r m i n a t i o n  of  
the  se rum co9:6o6 ra t io  and  p la te le t  PG produc-  
t ion  is a useful  s econda ry  means  for  e s t ima t ing  
the  e x t e n t  o f  the  def ic iency.  When  using the  
m e a n  E:N rat io for  p la te le t  PG p r o d u c t i o n ,  the  
values we ob t a ined  in rats  m a y  be comparab l e  
wi th  values in o t h e r  re la ted  an imal  species, such  
as mice  (10)  and  r abb i t s  (34) .  Cer ta inly ,  the  
data  p re sen ted  here  o f fe r  guidel ines  for  f u r t h e r  
s tudies  involving the  use of  E F A D  animals  to 
s tudy  pa thophys io log ica l  roles of  PGs. 
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StearoyI-Coenzyme.A Desaturase Activity in 
Novikoff Hepatoma 
M. RENUKA PRASAD and VASUDEV C. JOSHI, Marrs McLean Department of 
Biochemistry, Baylor College of Medicine, Houston, TX 77030 

ABSTRACT 

The activities of microsomal stearoyl-CoA desaturation, NADH-cytochrome b 5 reductase, NADH- 
cytochrome c reductase, and the content of cytochrome b 5 were similar in livers of normal and host 
rats. On the other hand, stearoyl-CoA desaturation activity was absent in Novikoff hepatoma. The 
activities of NADH-cytochrome b 5 and NADH-cytochrome c reductases in the hepatoma microsomes 
were 4.8% and 2.2%, respectively, of those in normal liver. Furthermore, in hepatoma microsomes, 
cytochrome b 5 was absent. An active stearoyl-CoA desaturation was reconstituted only on addition 
of both cytochrome b 5 and the terminal desaturase enzyme to the hepatoma microsomes. These 
results indicated that a complete absence of cytochrome b 5 and terminal desaturase is responsible for 
the lack of stearoyl-CoA desaturation in Novikoff hepatoma microsomes. 

INTRODUCTION 

It is well recognized that  physiological  con- 
trol  of  lipogenesis is defective in pr imary and 
transplanted hepatomas  (1-3). The stearoyl-  
CoAdesa tu r a se  activity in Morris hepa tomas  
5123C and 7777 and in hepa tomas  SS1K and 
SS1H mainta ined in mice was 12-40% o f  that  
of  their host  livers (4-6), whereas the act ivi ty 
in Morris hepa toma  7800 was two-fold higher 
than in normal  liver (6). The conversion of  
s tearoyl-CoA to o leoyl -CoA is catalyzed by the 
microsomal  s tearoyl-CoA desaturase system, 
which consists of  N A D H - c y t o c h r o m e  bs 
reductase, cy toch rome  b 5 and the terminal  
desaturase protein.  A recent  repor t  by Mercuri 
and DeTomas (7) indicated that  the fast grow- 
ing hepa toma  SSlK,  which has 20% o f  the 
desaturase act ivi ty of  normal  mouse  liver, 
conta ined one-f i f th  of  the N A D H - c y t o c h r o m e  

bs reductase and similar activity of  the 
NADH-cy toc rhome  c reductase as compared  to 
normal  liver, a l though no exper imenta l  data 
were presented.  Since the turnover  number  of  
the NADH-cy toch rome  b 5 reductase is 1,000 
t imes higher than that  of  desaturase (8,9), 
these authors concluded that  the low activity 
of  NADH-cy toch rome  b s reductase was not  
l imit ing the overall desaturat ion and that  the 
reduced desaturat ion capaci ty of  the hepa toma  
microsomes was due to the low level of  the 
terminal  desaturase protein.  This conclus ion 
is equivocal  since no direct measurements  of  
the contents  o f  c y t o c h r o m e  b s and terminal  
desaturase were made. Hence, we have carried 

ou t  a systemat ic  s tudy of  the s tearoyl-CoA 
desaturase system and its e lec t ron t ransport  
componen t s  in the rapidly growing Novikof f  
hepa toma.  

MATERIALS AND METHODS 

Novikof f  hepa toma  was implanted  in male 
Hol tzmann  rats, weighing 150-200 g (10). 
Microsomes f rom livers and hepa toma  cells 
were prepared as described previously (10,11). 

The activities of  microsomal  s tearoyl-CoA 
desaturase and of  NADH-ferr icyanide ,  NADH- 
c y t o c h r o m e  c and NADPH-cy toch rome  c reduc- 
tases were measured as described by Wilson 
et al. (11). The microsomal  con ten t  of  cyto-  
chrome bs was measured f rom the NADH- 
reduced minus oxidized spectra be tween 429- 
409 nm using a full scale cal ibrat ion of  0.02 
and 0.05 absorbances (11). Recons t i tu t ion  of  
desaturase activity using microsomes,  purified 
c y t o c h r o m e  b s (detergent  ext rac ted  from 
rabbit  liver) and rat liver terminal  desaturase 
was accomplished by the m e t h o d  of  Joshi et al. 
(12). Terminal  desaturase was purified from rat 
l iver microsomes  by the m e t h o d  of  S t r i t tmat te r  
et al. (9). 

RESULTS AND DISCUSSION 

The act ivi ty of  NADH-ferr icyanide  reductase 
reflects the act ivi ty  of  the f lavoprotein,  
N A D H - c y t o c h r o m e  bs reductase,  while the 
N A D H - c y t o c h r o m e  c reductase activity is a 
measure o f  the f lavoprotein and the amount  of  
c y t o c h r o m e  bs.  The results presented in Table 
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TABLE I 

Activities of the Components of Stearoyl-CoA Desaturation in Microsomes 
from Novikoff Hepatoma and Normal and Host Rat Livers 

NADH- NADH- NADPH- 
Ferricyanide cytochrome c cytochrome c stearoyl-CoA 

reductase reductase a reductase cytochrome b 5 desaturation 
Source of nmol/min/mg nmol/min/mg nmol/min/mg pmol/mg pmol/min/mg 
microsomes protein protein protein protein protein 

Normal liver b 3920 + 110 410 +- 30 50 -+ 4 350 -+ 20 590 + 14 
Host liver b 3600 • 71 350 • 6 50 • 3 260 • 30 420 • 55 
Novikoff hepatoma c 187 -+ 35 9 • 1 1.2 • 0.1 0 d 0 

aAddition of antimycin A (0.45 /aM) did not affect the enzyme activity indicating absence of mitochondrial 
contamination. 

bValues are mean • SEM from 3-4 rats. 
CValues are mean +- SEM from 3 different microsomal preparations. 
dNot measurable; value is < 10 pmol/mg protein. 

I show tha t  the  s tearoyl -CoA desa turase  act iv i ty  
of  hos t  l iver mic rosomes  was similar  to the  
act ivi ty  in n o r m a l  rat  liver. The  similar  
desaturase  act ivi ty  of  the  mic rosomes  f rom the  
two sources  was f u r t he r  cor re la ted  wi th  
ident ical  act ivi t ies of  NADH-fe r r i cyan ide  and  
N A D H - c y t o c h r o m e  c reductases  and the  con-  
t e n t  of  c y t o c h r o m e  b s in the  livers of  n o r m a l  
and  hos t  rats. These  results  i nd ica t ed  t h a t  in the  
livers of  rats  car ry ing  rapid ly  growing Novikof f  
h e p a t o m a  cells, t he re  was no t  a drastic reduc-  
t ion  of  s tearoyl -CoA desaturase  c o m p o n e n t s  
and,  the re fore ,  hos t  liver shou ld  be capable  of  
m a k i n g  oleic acid as effect ively  as liver of  
no rma l  rat.  The  no rma l  abi l i ty  of  hos t  l iver 
mic rosomes  to ca ta lyze  s tea roy l -CoA desatura-  
t ion  was also s h o w n  in animals  bear ing  SS1K 
h e p a t o m a s  (4) and  Morris  h e p a t o m a s  5123C 
and  7800  (5,6).  

In con t ras t  to the  hos t  liver, t he  s tearoyl-  
CoA desaturase  act ivi ty  was c o m p l e t e l y  absen t  
in  Nov iko f f  h e p a t o m a  mic rosomes  (Table  I). 
The  h e p a t o m a  mic rosomes  c o n t a i n e d  on ly  4.8% 
of  the  NADH-fe r r i cyan ide  reduc tase  and 2.2% 
of  the  N A D H - c y t o c h r o m e  c reduc tase  act ivi t ies  
tha t  are p resen t  in normal  liver. The  la t t e r  value  
ind ica ted  t ha t  the  h e p a t o m a  m i c r o s o m e s  con-  
ta in  very low levels of  c y t o c r h o m e  b s. Indeed ,  
the  direct  d e t e r m i n a t i o n  o f  c y t o c h r o m e  b s 
showed  tha t  these  mic rosomes  had  less t han  10 
pmol  of c y t o c h r o m e  b s per  mg pro te in .  The  
N A D P H - c y t o c h r o m e  c reductase ,  wh ich  is pre- 
sumab ly  involved in the  desa tu ra t i on  sys tem 
w h e n  NADH is replaced by  NADPH (13) ,  is 
also r educed  by  an equ iva len t  a m o u n t  as 
N A D H - c y t o c h r o m e  C reduc tase  in the  hep-  
a t o m a  microsomes .  These  resul ts  suggest t h a t  
the  absence  of  s tea roy l -CoA d e s a t u r a t i o n  in 
the  h e p a t o m a  mic rosomes  m ay  be due to the  
to ta l  absence  of  c y t o c h r o m e  bs a n d / o r  low 
levels of  N A D H - c y t o c h r o m e  b s reductase .  

However ,  i t  is also possible t ha t  the  t e rmina l  
desaturase  p ro te in  is to ta l ly  absent .  

The  absence  of  specific c o m p o n e n t s  o f  the  
desa tu ra t i on  sys tem in Nov iko f f  h e p a t o m a  
mic rosomes  was deduced  f rom the  abil i ty of  
exogenous  c o m p o n e n t s  to genera te  an active 
desa tu ra t ion  in the  h e p a t o m a  microsomes .  The  
s tearoyl -CoA desa turase  act ivi ty of  the  n o r m a l  
and  hos t  liver mic rosomes  decreased by ca. 
65% w h e n  assayed in the  presence  of  T r i t on  
X-100 (Table  II;  cf  Table  I). S u p p l e m e n t a t i o n  
of  n o r m a l  and hos t  l iver m i c r o s o m e s  wi th  cyto-  
c h r o m e  b s did no t  change  the  desa tu ra t i on  
act ivi ty ,  ind ica t ing  t ha t  c y t o c h r o m e  b s is n o t  
l imi t ing  in these  mic rosomes .  However ,  t he  
add i t i on  of  the  t e rmina l  desaturase  to n o r m a l  
and  hos t  liver mic rosomes  resul ted  in 2 0 - a n d  
40-fold  increase in desa turase  act ivi ty ,  respec- 
tively, suggest ing t h a t  the  a m o u n t s  of  f lavopro-  
te in  and  c y t o c h r o m e  b s p resen t  in these  micro-  
somes are in excess over  t he  t e rmina l  desat-  
urase.  When h e p a t o m a  mic rosomes  were supple-  
m e n t e d  wi th  the  t e rmina l  desa turase  a lone,  n o  
e n z y m e  act ivi ty  was observed,  which  c o n f i r m e d  
the  absence  of  c y t o c h r o m e  b s (Tab le  II), n o r  
did i n c u b a t i o n  of  the  h e p a t o m a  mic rosomes  
wi th  c y t o c h r o m e  b s a lone genera te  an active 
s tearoyl -CoA desa tu ra t i on  ind ica t ing  the  
absence  o f  t e rmina l  desa turase  in these  micro-  
somes. On the  o t h e r  hand ,  when  h e p a t o m a  
mic rosomes  were s u p p l e m e n t e d  wi th  b o t h  
c y t o c h r o m e  b s and  t e rmina l  desaturase ,  an 
active desa tu ra t ion  of  s tea roy l -CoA was 
observed.  This r e c o n s t i t u t e d  act ivi ty  of  the  
h e p a t o m a  mic rosomes  was four  t imes  h igher  

t han  the  act ivi ty of  n o r m a l  l iver mic rosomes  
(Table  II). These  results  clearly ind ica te  t ha t  
the  low N A D H - c y t o c h r o m e  b s r educ tase  
act iv i ty  of  the  h e p a t o m a  mic rosomes  is no t  
l imi t ing  the  s tearoyl -CoA d e s a t u r a t i o n  in these  
microsomes .  It  is the  absence  of  c y t o c h r o m e  
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TABLE II 

Reconst i tut ion of  Desaturase Activity by Added Cytocbrome b 5 and Terminal Desaturase 

415 

Component  added 
Stearoyl-CoA desaturation a 

pmol /min  

terminal 
Cytochrome b 5 desaturase 
pmol (~g) Normal liver Host liver Novikoff  hepatoma 

0 0 90 40 0 b ( 0  c) 
250 0 85 51 0 b (0 c) 

0 20 1720 1780 0 b ( 0  c) 
250 20 2175 1875 300 b (390 c) 

a400 /~g of microsomal protein was preineubated with or wi thout  cytochrome b 5 and terminal desaturase in 
50 E1 containing 1% Triton X-IO0 for 10 rain (12). S tea roy l -CoAdesa tu ra t ionwasassayed  as described in text.  

~ reductase activity of the microsomal preparation was 4.29% of  normal liver. 
CNADH-ferricyanide reductase activity of the microsomal preparation was 7.1% of  normal liver. 

b 5 and terminal desaturase protein which is 
responsible for the loss of stearoyl-CoA desat- 
uration in Novikoff hepatoma. It is clear from 
the data presented in Table II that reconstitu- 
tion of desaturation activity with the terminal 
protein is much greater in normal or host liver 
microsomes with endogenous cytochrome b5. 
than in hepatoma microsomes supplemented 
with a higher concentration of exogenous 
cytochrome b 5. This may result either from the 
lower efficiency of exogenous cytochrome b 5 
to form a catalytically active complex than 
with endogenous cytochrome b 5 dr from the 
differences in the lipid composition of these 
microsomes. The Novikoff hepatoma lipids 
contain about twice the amount of  oleic acid 
and one-fourth the amount of archidonic acid 
as compared to host liver (14). Since the host 
liver is efficient in stearoyl-CoA desaturation, 
it is likely that it may be one of  the sources of 
oleic acid to the growing tumor. 
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The Effect of Exercise on Plasma High Density Lipoproteins 

PETER O. WOOD and W I L L I A M  L. HASKELL,  Stanford Heart Disease 
Prevention Program, Stanford University, Stanford, California 

ABSTRACT 

The influence of vigorous activity in man on plasma lipids and lipoproteins is reviewed, with 
particular emphasis on high density lipoproteins. Both cross sectional and longitudinal (or training) 
studies have been reported, many of them of less than ideal design. Nonetheless, a consistent pattern 
emerges in which increased exercise levels lead to lower plasma concentrations of triglycerides and 
very low density lipoproteins, and of low density lipoproteins. High density lipoprotein levels increase. 
Sometimes, but not uniformly, plasma total cholesterol level falls as the result of these changes. The 
increase in plasma high density lipoprotein appears to be the result largely of an increase in the less 
dense HDL 2 subfraction. Plasma apolipoprotein A-I levels (but not apo-A-ll levels) seem to increase 
concomitantly. The precise biochemical mechanism responsible for these changes has not been eluci- 
dated; but the recent finding of increased lipoprotein tipase activity in adipose tissue and muscle of 
endurance runners suggests that increased lipolytic rate of triglyceride-rich lipoproteins may be an 
initial step in a sequence of events leading to higher plasma levels of HDL 2. 

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

The topic of  exercise in relat ion to plasma 
high density l ipoprote in  (HDL) concent ra t ion  
now lies at the intersect ion of  two areas of  
increasing scientific s tudy and of  considerable 
public health concern.  Interest ingly,  both  
exercise and HDL concent ra t ion  had received 
Cinderella t r ea tment  for many years, while the 
preponderance  of  investigative a t ten t ion  was 
directed towards their  more glamorous sisters, 
diet and low density l ipoprote in  (EDL),  respec- 
tively. Remarkable  changes of  scientific empha-  
sis have occurred recent ly ,  part icularly in the 
Uni ted States, dating from about  1975. In this 
year, the classic paper of  Miller and Miller (1) 
appeared,  pulling together  numerous  exist ing 
lines of  evidence suggesting that  low levels of 
plasma HDL are strongly associated with 
increased risk of  coronary  heart  disease (CHD) 
in man. Intense activity in this area has con- 
t inued in the realms of  ep idemiology,  bio- 
chemistry and physiology,  with the great 
major i ty  of  subsequent  reports  suppor t ing and 
extending  the original hypothesis  (2). The 
concept  that  relatively high plasma HDL levels 
are associated with less CHD, and that  a high 
HDL level might  actually be "p ro t ec t i ve , "  has 
become familiar to a large section of  the 
general public (3). Almost  coincidental ly  with 
this upsurge of  interest  in HDL as a "nega t ive"  
risk factor  for CHD, increased exercise in 
leisure t ime has become progressively more 
popular  in the Uni ted States (4,5). The present  
paper  a t tempts  to review the current  state of 
knowledge of  the influence of  the more 
vigorous,  aerobic types o f  exercise upon plasma 
lipid and l ipoprote in  levels, with part icular  
a t ten t ion  to studies of  high density l ipoprote ins  
in man. Cross sectional studies will be reviewed 

first, fol lowed by longitudinal  (or training) 
studies and finally by considerat ion of  some 
biochemical  mechanisms that may be involved.  

CROSS SECTIONAL STUDIES 

Plasma Triglycerides 

It is now clear from increasing numbers  of  
cross sectional studies that  very active indi- 
viduals generally exhibi t  lower  plasma concen- 
trat ions of  triglycerides, and thus of  very low 
density l ipoproteins  (VLDL)  than sedentary 
individuals of  the same sex and age range. 
Bjorntorp et al. (6) repor ted  significantly lower 
tr iglyceride concent ra t ions  for 15 physically 
well t rained men aged 52-56, compared  with 
45 sedentary cont ro l  men. Hur ter  et ah (7) 
similarly found lower  plasma tr iglyceride levels 
in younger  male long distance runners com- 
pared to sedentary men. Using standardized 
assays (8), Wood et al. (5) examined 41 male 
and 43 female long distance runners, and rela- 
tively sedentary control  groups,  randomly 
selected from three nor thern  California towns,  
while Martin et al. (9) repor ted  on 20 young  
elite male runners and sedentary controls.  As 
shown in Table I, the more active groups were 
found to have significantly lower  tr iglyceride 
levels, for both sexes. Leh tonen  and Viikari 
(10) measured lower triglycerides in 23 men 
aged 35-68 who  were running or skiing 83 km 
per week in compar ison with 15 heal thy but  
inactive men aged 33-58. The same authors (11) 
also found lower plasma tr iglyceride levels in 12 
Finnish lumberjacks compared  with levels in 15 
electricians; this s tudy suggests that vigorous 
physical activity at work,  as well as vigorous 
leisure t ime activity,  results in relatively low 
plasma tr iglyceride concentrat ions.  

417 



418 PETER D. WOOD AND WILLIAM L. HASKELL 

These and other studies are consistent in 
their findings of  low mean triglyceride levels in 
physically very active groups. It is noteworthy 
that the spread of values (as indicated by 
standard deviations) is also consistently lower 
in the active groups. Measurements of VLDL 
cholesterol in male and female long distance 
runners have confirmed that the trigly- 
ceride-rich VLDL is indeed at a very low level 
in these very active individuals (5). 

Plasma Total Cholesterol 

Numerous cross sectional studies have 
addressed the question whether or not the 
vigorously active lifestyle is associated with 
relatively low levels of plasma total cholesterol. 
Several reports indicate that significantly lower 
total cholesterol levels (compared to sedentary 
controls) are associated with vigorous activity, 
for instance in cross-country runners and skiers 
(6); in middleaged male (12) and female (5) 
long distance runners; and in young elite 
(national class) long distance runners (9). On 
the other hand, many studies have failed to 
show significant differences between active 
groups and sedentary controls, for instance in 
male marathon runners aged 24-43 (7), in 
English male civil servants aged 40-64 who 
reported vigorous leisure time activity (13), in 
Norwegian male cross-country skiers aged 16-74 
(14), in Finnish male runners and skiers aged 
35-68 (10), and in Finnish lumberjacks (t 1). A 
study by Montoye et al. (15) on 1060 males 
and 119 females from the Tecumseh Com- 
munity Health Study reported no relationship 
between maximal oxygen uptake (a measure of 
physical fitness) and plasma total cholesterol 
concentration, when the effects of age, weight 
and adiposity were removed. Several other 
apparently contradictory cross sectional studies 
have been reviewed by Naito (16). In summary, 
there is at present no clear consensus on the 
question of physical activity level in relation to 
plasma total cholesterol concentration. 

There seem to be several reasons for this lack 
of  consensus. In a number of studies, the 
difference in level of physical fitness between 
the active and the sedentary groups may 
have been too small for an effect to be 
apparent; and in some instances, the numbers in 
the groups were quite small. In addition, less 
than adequate total cholesterol assays in 
some studies may have contributed to variance 
to such an extent  that true differences between 
groups were obliterated. Again, lack of appro- 
priate analytical control on certain concomi- 
tants of high levels of physical activity (lean- 
ness, abstinence from cigarette smoking, 
possible dietary differences) may have led to 

reporting of significant differences in total 
cholesterol level that were not due to dif- 
ferences in exercise level per  se, or alternatively 
may have obscured true differences when they 
did exist. 

The traditional interest in total ctmlesterol 
level derives, of  course, from the positive 
correlations usually found in westernized 
populations between plasma total cholesterol 
concentration and risk of future CHD. This 
relationship results, in turn, from a strong 
positive correlation in many populations 
between plasma total cholesterol and the 
concentration of the atherogenic low density 
lipoprotein (LDL) fraction. As the proportion 
of the total cholesterol carried in LDL becomes 
less, and the proportion carried in HDL be- 
comes greater, the predictive power of a total 
cholesterol measurement presumably becomes 
less. In populations, HDL cholesterol concen- 
tration generally correlates poorly or not at all 
with total cholesterol (17); however, in very 
active populations HDL cholesterol (which 
constitutes a larger than usual proportion of the 
whole) may correlate positively with plasma 
total cholesterol level (14). In view of these 
considerations, and of the fact that a total 
cholesterol measurement contains within it the 
elements of a positive (LDL) and a negative 
(HDL) risk factor, the predictive importance of 
total cholesterol is probably considerably 
diminished, particularly in physically active 
populations. The focus of attention, then, has 
moved on from total cholesterol to the lipopro- 
tein fractions, notably HDL. 

Plasma High Density Lipoprotein 

One of the first observations of the associa- 
tion of the vigorously active lifestyle with 
plasma HDL concentration was that of Carlson 
and Mossfeldt in 1964 (18); male Swedish 
skiers showed higher mean HDL cholesterol 
levels than have been reported for the general 
male population (19). The twin observations 
that male Eskimos in northwest Greenland 
have high plasma HDL levels, and low CHD 
mortality rates, have been ascribed a common 
cause - the high physical activity level in this 
population (20). 

Our group has conducted several cross 
sectional studies in middleaged male and female 
runers (5,12) and in young, elite long distance 
runners (9), each in comparison with a ran- 
domly selected control group of appropriate 
age and sex. Plasma lipid and lipoprotein 
concentrations recorded are summarized in 
Table L Comparisons are made between groups 
of dedicated long distance runners and age- and 
sex-matched control groups, without any 
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attempt to adjust for factors such as adiposity 
and smoking habits. From these crude com- 
parisons, it was clear that the active groups, in 
each case, exhibited significantly and impor-  
tantly lower plasma total and LDL cholesterol  
concentrations,  and high HDL cholesterol  
concentrations.  

In an attempt  to further characterize the 
HDL elevation that appeared to be frequent 
among very active runners, we and our co- 
workers examined a subset o f  the individuals 
described in Table I, using the analytical 
ultracentrifuge for quantitat ion of  HDL sub- 
fractions (HDL 2 and HDL 3) and radial 
i m m u n o d i f f u s i o n  for assay of  apol ipoproteins  
A-I and A-II (21).  Seven male  runners (aged 
42-58)  and 6 premenopausal  female runners not  u 
on hormones  (aged 34-46)  were compared to 
randomly  selected control  groups of  similar age .~ 

believed to be representative of  the U.S. adult 
populat ion (Table II). Our conclusions from == 
this small study are as fol lows:  the elevated 
plasma HDL cholesterol  concentration charac- 
teristic of  runners (male or female)  represents 
an increased total mass o f  the HDL fraction. ~" 
This increase is predominant ly  in the less dense, 
larger particle size HDL 2 subfraction,  and is 
accompanied by an elevation of  plasma apolipo-  - 
protein A-I but not  of  apol ipoprotein A-II. ~ = 
Male runners thus exhibit  an HDL pattern N "~ 
similar to that generally found in w o m e n .  <~ 

Mean plasma HDL cholesterol  in a group of  
220 male Norwegian skiers was significantly 
higher than that of  several other groups of  ~ 
relatively sedentary Norwegian men  (14).  
Twenty-three  male Finnish runners and skiers 2 
(mean age 44)  had an HDL cholesterol  that was = 
significantly higher than that of  an inactive "~ 
control  group of  similar age, according to 
Lehtonen and Viikari (10).  These same authors 
(11)  also reported recently that Finnish lumber-  
jacks have significantly higher HDL cholesterol  
levels than relatively sedentary electricians of  
similar age (75 vs. 55 m g / 1 0 0  ml) .  This is of  '~ 
interest, since Finnish lumberjacks have often ".5 
been cited as a group that is not protected 
against CHD (they have a high r a t e ) e v e n  ~2 
though they have a very high level of -occupa-  
tional activity,  because they eat a particularly 
atherogenic diet. This study indicates that they 
do have a high plasma HDL cholesterol level, as 
one might  anticipate; but surprisingly, their 
reported mean total cholesterol  (224 m g / 1 0 0  
ml)  and calculated LDL cholesterol (138 
m g / 1 0 0  ml)  were not particularly high by U.S. 
standards. Probably cigarette smoking  is an 
important  risk factor in this populat ion.  In 
spite of  their high occupational  activity level, 
they apparently exhibit  a high frequency of  
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TABLE II 

Concentration a of HDL Subfractions (HDL 2 and HDL3), HDL Cholesterol 
and Apolipoproteins A-] and A-If in Long Distance Runners 

and Randomly Selected Controls Aged 30-59 (21) 

Runners Random controls 

Males Females Males Females 
(n=7) (n=6) (n=38) (n=20) 

HDL 2 119 +47 b 218 +- 79 b 53 • 44 122 + 85 
H D L  3 259 • 22 c 220 • 38 c 227 • 45 220 + 28 
Apo-A-I 163 • 14 b 176 -+ 26 b 120 • 20 130 • 22 
Apo-A-II 30 • I c 30• 2 c 33 • S 34• 5 
HDL Cholesterol  70 • 10 85 + 27 . . . . . .  

amg/lO0 ml; mean +- SD. 
bMean for runners is significantly different (p<0.05) from control. 
CNo significant difference between means for runners and controls. 

smoking.  
Finally,  a recent  s tudy by Hartung et  al. 

(22),  repor ted  in abstract ,  indicates  that  a 
group of  59 male mara thon  runners  and a 
second group of  85 male joggers showed 
significantly higher plasma HDL choles terol  
levels than a sedentary  cont ro l  group (65 vs. 58 
vs. 44 mg/100  ml, respectively).  Thus,  the 
joggers exhib i ted  increased HDL choles terol  
levels a l though their  mean jogging distance was 
no more  than  11 miles/week.  The study also 
failed to show any significant relat ionship of  
dietary intake to HDL level for men in these 
di f ferent  activity level classes. 

L O N G I T U D I N A L  T R A I N I N G  STUDIES 

Longitudinal  studies should be more  re- 
vealing than cross sectional  compar isons  in at 
least one respect:  self-selection of  groups,  
which is the rule in cross sectional  studies,  is 
reduced ,  and each par t ic ipant  acts as his own 
control .  However ,  few if any " idea l"  longitu-  
dinal training studies have been  repor ted .  New 
and di f ferent  p roblems beset  the longi tudinal  
approach .  It is more  difficult  to ob ta in  ade- 
quate  numbers  of  par t ic ipants  in training 
studies; somet imes  the length of  the trial has 
been  too  short  to represent  a real-life con- 
di t ioning program;  if the training program is 
pro longed ,  d ropou t s  may become a p rob lem,  
and the self-selection process  is r e in t roduced ;  
and in some cases the lipid or l ipopro te in  assays 
were probably  poor ly  quali ty cont ro l led ,  so 
tha t  methodolog ica l  " d r i f t "  may have become  a 
serious p rob lem for studies that  lasted for  
per iods  of  mon ths .  This methodolog ica l  prob-  
lem c o m p o u n d s  the high biological variance of  
some lipids (part icularly triglycerides) so that  
large number s  of  par t ic ipants  may be required 
in some c i rcumstances  to obta in  statistically 
significant d i f ferences  fol lowing training. 

Plasma Triglycerides 

In the early 1960s, it was no ted  tha t  
vigorous exercise fol lowing a fa t ty  meal  reduces 
the degree of  a l imentary l ipemia (23,24).  Since 
tha t  t ime a n u m b e r  of  s tudies have been re- 
po r t ed  in which the effect  o f  acute or chronic  
exercise upon plasma triglyceride levels was 
s tudied longitudinal ly.  These are briefly dis- 
cussed under  the headings of  acute studies,  
and long term studies on normal  subjects ,  on 
hype r l i popro te inemic  subjects  and on CHD 
pat ients ,  respectively.  

The a c u t e  effects  of  vigorous exercise on 
plasma tr iglycerides have been s tudied by 
several investigators.  Carlson and Mossfeldt  (18) 
found  a significant mean decrease in trigly- 
cerides f rom 108 to 69 mg/100  ml in male 
par t ic ipants  in an 85 km ski race. Carlson and 
Froberg  (25) r epor ted  on a group of  twelve 
men  who walked 50 km per day for  I0 days 
wi th  very little caloric intake.  Plasma trigly- 
ceride fell by more  than 50% af ter  three days, 
and then  rose slightly over the next  seven 
exercising days. Par t ic ipants  lost a considerable  
amo u n t  of  weight  during the walk. Oscai et  al. 

(26) exercised seven hyper t r ig lycer idemic ,  
middleaged men during four  successive days by 
having them run 3-4 miles in 40 min each day.  
Mean plasma tr iglyceride at baseline was 235 
mg/100 ml, while levels af ter  successive days of  

exercise were 173, 136, 119 and 104 mg/100  
ml. Most of  these di f ferences  were significant. 

Hur te r  et al. (7) measured tr iglycerides in 14 
trained athletes before  and af ter  a ma ra t h o n  
race and found  a small but  insignificant  in- 
crease. A variable degree of  h e m o c o n c e n t r a t i o n  

probably  occurs in such very acute  exercise 
studies,  tending to increase concen t ra t ions  of  
all l ipoprote ins  temporar i ly .  This ef fect  is 
se ldom the  object  o f  cor rec t ion ,  or even dis- 
cussion, in these reports .  
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Long term training studies in apparently 
normal subjects, with initial triglyceride levels 
generally within the normal range, have yielded 
a mixed bag of significant decreases in plasma 
triglyceride concentration (e.g., 27) and insigni- 
ficant decreases and increases (28-31). Some 
studies have investigated the effect of a com- 
bined exercise and caloric restriction program 
upon plasma triglycerides. Lewis et al. (32) 
followed plasma triglyceride levels in 22 obese 
women aged 30-52 who lost an average of 17% 
of their body fat during a 17-week program 
including both jogging and voluntary caloric 
restriction, and found no significant difference 
at the end of the program. Widhalm et al. (33) 
found no significant change in triglyceride level 
in 7 girls and 7 boys (aged 11-13) who were 
overweight, following a 3-week program of 
weight loss through a low calorie diet and 
exercise. 

Several investigators have examined trigly- 
ceride changes following exercise in subjects 
who were initially hyperlipoproteinemic. 
Holloszy et al. (34) studied 15 professional 
men, aged 35-55, whose initially high mean 
triglyceride (208 mg/100 ml) fell to a mean of 
125 mg/100 ml during the course of a 6-month 
program of distance running and calisthenics. 
Oscai et al. (26) found a progressive decrease in 
triglycerides to normal levels among 7 hypertri- 
glyceridemic males during 4 days of exercise. 
Gyntelberg et al. (35) found a significant 
decrease in mean plasma triglyceride in 5 Type 
IV subjects who exercised by walking for 30 
min on a treadmill for 4 days. This decrease 
occurred whether or not the increased caloric 
expenditure was compensated for by increased 
food intake. Lampman et al. (36) examined the 
effect of 10 weeks of high intensity physical 
training on 23 middleaged men with Type IV 
hyperlipoproteinemia and reported a significant 
decrease in both plasma triglycerides and 
insulin. Melish et al. (37) reported (abstract) on 
29 men with Type II hyperlipoproteinemia 
(elevated LDL); 18 exercised for 6 months 
while 11 acted as sedentary controls. Plasma 
triglyceride fell from 155 to 110 mg/100 ml in 
the exercising group, while there was no change 
in the controls. 

Lastly, some observations have been made in 
subjects with proven CHD. For instance, 
Erkelens et al. (38) reported (abstract) that 18 
survivors of myocardial infarction who exer- 
cised moderately for 3 months showed an 
unchanged triglyceride concentration. 

From this selection of longitudinal studies, it 
appears that relatively high levels of plasma 
triglyceride can be considerably lowered by a 
program of vigorous physical activity. Low 

initial levels of triglyceride are less predictably 
affected by exercise, perhaps because at such 
low levels a larger proportion of the total 
plasma triglyceride is carried in the LDL and 
HDL fractions, and less in the VLDL, which is 
the lipoprotein fraction most decreased by 
exercise. Triglyceride reduction by exercise in 
postmyocardial infarction subjects and other 
people with CHD has apparently been rather 
unsuccessful, probably due to the relatively low 
level of fitness that the subjects were able to 
attain. 

Plasma Total Cholesterol 

As might be predicted from the results of 
cross sectional studies discussed earlier, longi- 
tudinal studies have provided no clear consen- 
sus on the question of exercise in relation to 
plasma total cholesterol concentration. A 
review of some early studies has been published 
(39). 

In several studies on normal subjects (27-29) 
a significant decrease in total cholesterol has 
accompanied an exercise program. Campbell 
(40) noted that vigorous, dynamic sports, 
in particular cross-country running and tennis, 
resulted in significant decreases in total cho- 
lesterol in young male students, whereas 
relatively static sports, such as wrestling and 
weight training did not. Melish et al. (37) found 
a significant reduction in total cholesterol 
following a 6-month exercise program in a 
group of Type II hyperlipoproteinemic men 
(elevated total cholesterol and LDL choles- 
terol). Considerable reductions in plasma total 
cholesterol have been reported in circumstances 
where caloric restriction and significant weight 
loss accompanied the exercise (25,33). A report 
in abstract by Weltman et al. (41) suggests that 
an exercise program alone is equally as effective 
as exercise plus diet (presumably a weight-loss 
diet) in bringing about reduction of plasma 
total cholesterol concentration. 

On the other hand, a number of authors 
have reported no significant change in total 
cholesterol concentration during a variety of 
short term and longer term exercise programs 
(7,18,30,31,34,42,43). Several of these studies 
showed considerable reductions in mean 
cholesterol with exercise, although statistical 
significance was not reached. In three studies 
(26,35,36), Type IV men (with elevated trigly- 
cerides and VLDL) showed a reduction of 
triglyceride level with exercise, but cholesterol 
concentration change was not significant. In 
one study (32), where considerable weight loss 
accompanied completion of an exercise pro- 
gram in obese women, significant reduction in 
total cholesterol was not seen. 
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Almost certainly these apparently con- 
flicting results reflect two situations: (a) in 
many studies inadequately quality-controlled 
cholesterol assay methods were employed; and 
(b) plasma total cholesterol concentration 
changes are the sum of changes in the choles- 
terol content of the major lipoprotein classes, 
HDL, LDL and VLDL. As we shall review in 
the next section, HDL tends to increase with 
exercise, while LDL and VLDL tend to de- 
crease; thus, it is not surprising that the be- 
havior of plasma total cholesterol is somewhat 
unpredictable during exercise programs of 
varying length and intensity. 

Plasma HDL and LDL 

Training studies in which plasma trigly- 
cerides and total cholesterol were the only 
measures used as indicators of plasma lipopro- 
rein changes are of limited value. A number of 
longitudinal studies have included measures of 
the major specific lipoprotein classes, usually 
by assay of the cholesterol (esterified plus 
unesterified) content of the separated HDL, 
LDL and VLDL fractions. These reports will 
now be considered. 

The early report by Carlson and Mossfeldt in 
1964 (18) on men before and after participa- 
tion in an 85 km ski race showed a slight but 
nonsignificant decrease in LDL cholesterol. 
During the course of the 500 km 1Q-day walk 
reported by Carlson and Froberg (25), the 
participants showed a large and continuous 
decrease in LDL cholesterol (129 rag/100 
ml at baseline reduced to 61 m g / 1 0 0  ml at the 
tenth day) and an increase in HDL cholesterol 
that was significant at the sixth day of the walk 
(62 rag/100 ml increased to 70 mg/100 ml). 
Participants experienced considerable weight 
loss during the walk. The 39 male subjects (age 
18-59) in Altekreuse and Wilmore's training 
study (29) showed a significant increase in the 
mean proportion of alpha lipoprotein (HDL) in 
total lipoprotein after i0 weeks. The propor- 
tions of LDL and VLDL in total lipoprotein 
each decreased significantly. Although absolute 
concentrations of lipoprotein fractions were 
not determined in this study, it was one of the 
first to show a significant redistribution of 
plasma lipoproteins in an apparently desirable 
direction in a group of initially rather sedentary 
men following only ten weeks on a vigorous, 
but not unduly demanding exercise program 
(an average of only 5 miles per week was run at 
an average speed of 7.5 miles per hour). The 
mean weight loss reported was only 2 kg. 

Lopez et al. (27) studied 13 young male 
medical students who underwent an exercise 
program (jogging, cycling, calisthenics) of four 
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daily 30-rain sessions per week for 7 weeks. The 
mean concentration of alpha lipoprotein (HDL) 
increased significantly. Beta lipoprotein (LDL), 
and also LDL cholesterol both decreased 
significantly, in agreement with the propor- 
tional changes found by Altekreuse and Wil- 
more. Lewis et al. (32) found a decrease in 
mean LDL cholesterol and an increase in HDL 
cholesterol (neither of which reached signifi- 
cance) in their study of 22 obese women who 
lost an average of 4.2 kg body weight during a 
17-week program of jogging and self-deter- 
mined caloric restriction. However, a significant 
increase in the ratio HDL cholesterol/LDL 
cholesterol was observed following the program 
(0.38 increased to 0.43). 

Leon et al. (43) observed a significant 
increase in HDL cholesterol in 6 obese young 
college men who exercised for 1.5 hr/day for 
16 weeks (3% loss of body fat). 

The remaining reports of  which we are 
aware, describing recent longitudinal work in 
the exercise-plasma lipoprotein area, were all 
published in 1978, and most are at present in 
abstract form. Ratliff et al. (31)s tud ied  14 
previously untrained middleaged firefighters 
who exercised three times per week for 20 
weeks, while 14 others acted as sedentary 
controls. The only significant change in lipopro- 
tein cholesterol levels was an increase in HDL 

cholesterol (42 to 50 mg/100 ml)in exercisers. 
The percent of body mass as fat decreased 
significantly in the exercise group compared to 
the controls. Weltman et al. (41) looked at the 
effects of either 10 weeks of exercise or 10 
weeks of exercise plus a weight-loss diet in 
groups of middleaged sedentary men and 
women, vs. an untreated control group. There 
was a significant decrease in total cholesterol 
and LDL cholesterol, and a decrease in the LDL 
cholesterol/HDL cholesterol ratio in the exer- 
cising groups whether or not the exercise was 
accompanied by a weight-loss diet. Gilliam and 
Burke (42) studied 14 girls (aged 8-10) during a 
9-day training period. A significant increase in 
HDL cholesterol was found, but data on 
LDL-cholesterol were not given. Melish et al. 
(37) worked with men (aged 35-58) with Type 
II hyperlipoproteinemia, who were already 

being treated (by diet only) for their elevated 
plasma LDL cholesterol. Eighteen were assigned 
to an exercise group for 6 months and 11 to a 
sedentary control group. The exercisers showed 
significant decreases in total cholesterol, and 
LDL cholesterol but no change in HDL choles- 
terol. Total body weight did not change in the 
exercisers, but estimated body fat mass fell 
from 22.5 to 20.0%. Widhalm et al. (33) 
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observed 7 boys and 7 girls aged 11-13 during a 
3-week weight reduct ion  program at a diet 
camp. An average weight loss of  4.7 -+ 1.1 kg 
occurred as a result of a 1000 kilocalorie per 
day diet and a daily sports program. There was 
a significant decrease in LDL cholesterol  
accompanied by a nonsignificant  decrease in 
HDL cholesterol .  It is impossible in this study 
to separate the effects  of exercise from those of  
caloric restriction.  Erkelens et al. (44) repor ted  
on 18 survivors of myocardia l  infarct ion who 
underwent  a 3-month  exercise training pro- 
gram. Compared  to the untra ined state, mean 
HDL cholesterol  increased significantly after 
only one week on the exercise program (35 to 
40 mg/100 ml) and remained significantly 
elevated after  3 months  of  training. There was 
no significant change in plasma total  choles- 
terol or triglycerides; LDL cholesterol  level was 
no t  reported.  

In summary,  repor ted  training studies cover 
a range of  different  groups men and women ,  
old and young,  normal  and hyper l ipopro-  
teinemic.  Many of the studies fell considerably 
short of  the " idea l"  longitudinal  design. Not-  
withstanding these shortcomings,  a c o m m o n  
pat tern of  change in plasma l ipoprote in  concen-  
trat ions runs through these reports that  is 
consistent  with the findings of  the cross sec- 
tional studies and strongly suggests that  the 
apparently desirable changes can indeed be 
induced in initially sedentary people by 
exercise training programs. The major  changes 
seen are a reduct ion  of plasma tr iglyceride and 
VLDL cholesterol  levels (especially where 
VLDL levels are initially elevated);  a reduct ion  
of  LDL cholesterol  level and an increase of  
HDL cholesterol  level; and no t  infrequent ly  a 
resultant  reduct ion  of total  cholesterol  level. So 
far as we are aware, no longitudinal exercise 
studies have ye t  repor ted  data on HDL subfrac- 
tions or on apol ipoprote in  concentrat ions .  A 
critical quest ion is whether  or not  concomi tan t  
physiological changes, apart f rom increasing 
physical fitness per se, are partially or  even 
to ta l ly  responsible for the observed changes in 
l ipoprotein pat tern.  Loss of  fat tissue mass is 
clearly a prime candidate,  and this and o ther  
possible factors are dicussed in the next  section. 

ASSOCIATIONS A N D  MECHANISMS 

In considering the plasma l ipoprote in  
pat tern (and notably  the high HDL concentra-  
t ion) apparent ly characterist ic of the relatively 
fit, physically trained individual,  we must  
take note  of  o ther  c o m m o n  characteristics of  
such individuals that might  at least in part 
explain differences from sedentary controls .  
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Some of these factors will now be examined.  

Sex, Age and Inheritance 

These nonenvi ronmenta l  influences affect 
plasma HDL levels, and should be borne in 
mind when comparing active with sedentary 
groups. Women generally show lower levels 
of plasma triglyceride (45) and VLDL (46) than 
men of similar age. Women also generally show 
higher levels of  plasma HDL cholesterol  and 
total  HDL mass (46) than men of similar age. 
The increment  in total  HDL in women is 
p redominant ly  the result of  an increased 
concent ra t ion  of  the less dense HDL 2 subfrac- 
t ion,  rather than of  the HDL 3 subfract ion 
(Table I1). The sex differential  in HDL choles- 
terol  concent ra t ion  is maintained when groups 
of male and female runners, each training at a 
similar level, are examined  (Table I). However ,  
male runners show lower  levels of  triglycerides 
and higher HDL cholesterol  levels than do 
relatively sedentary women  of similar age 
(Table I); and this seems to be ref lected in a 
higher plasma concent ra t ion  of  apol ipoprote in  
A-I in the male runners (Table II). Tradi t ional  
sex differences in plasma l ipoprote in  concentra-  
t ions can thus be overcome by physical activity.  

As seen in large scale, cross sectional studies 
(47), there are age trends for all plasma lipids 
and l ipoproteins  for both  sexes. These trends 
are, of  course, no t  necessarily the same as 
changes with t ime that  might be observed if a 
single cohor t  was fol lowed for many years. In 
particular,  there appears to be a slow but steady 
rise in plasma HDL cholesterol  for women  from 
the ages of  20 to 65. For  men  between the ages 
of  20 and 50, there appears to be almost no 
change in popula t ion  HDL cholesterol  means, 
as viewed cross sectionally.  Women runners 
maintained their  HDL cholesterol  at higher 
than sedentary control  levels across the age 
span 30-59. The considerable increase in 
tr iglycerides with age in the general popula t ion  
(45) is not  seen in groups of  male and female 
runners (5). 

Families in which high levels of  HDL choles- 
terol  (above 75 mg/100  ml) seem to be in- 
her i ted  have been studied by Glueck et al. 
(48,49).  These hypera lpha l ipopro te inemic  indi- 
viduals seem to live longer and to suffer less 
CHD than does the general U.S. popula t ion .  
While the f requency of  such individuals in 
popula t ions  is probably low, their  occurrence 
should be remembered  when data from small- 
group exercise training studies are examined.  
Fo r  instance,  a single individual with an initial, 
sedentary HDL cholesterol  concent ra t ion  of, 
say, 125 mg/100  ml could considerably in- 
f luence the statistical ou tsome of  a small " n "  
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study. 
In summary, training studies should be 

subject to sex-specific analysis, and the in- 
fluence of age (though generally fairly small) 
should be eliminated or adjusted for. The 
possible occurrence of individuals with familial 
hyperalphalipoproteinemia should be kept in 
mind. 

Socio-Economic Status 

There is some indication, somewhat contrary 
to traditional views, that plasma concentrations 
of cholesterol and triglycerides in populations 
are inversely related to socio-economic status 
(that is, groups with more education and higher 
incomes tend to have lower plasma lipid levels). 
It is quite probable that a similar but positive 
correlation between plasma HDL level and 
socio-economic status may emerge from on- 
going analyses. Certainly, there are many 
indications (but few published reports) that 
individuals of higher socioeconomic status are 
particularly well represented among long 
distance runners. Cross sectional comparisons 
of HDL levels of active and sedentary groups, in 
which socio-economic status is held constant, 
do not seem to have been carried out, but 
would be of interest. 

Smoking 

A negative association of cigarette smoking 
and plasma HDL cholesterol has been reported 
for men and women of the Framingham study 
(50). When heavy drinkers were eliminated, a 
significant negative relationship, independent of 
alcohol consumption and obesity, was found 
for both sexes between number of cigarettes 
smoked per day and HDL cholesterol concen- 
tration. The authors of this study consider 
several other possible associated characteristics 
of smokers (adiposity, alcohol intake, dietary 
pattern) that might be responsible for the 
observed association, but they do not consider 
the physical activity habits of smokers (perhaps 
because such data were not available to them). 
At one extreme of the physical activity spec- 
trum (for instance in marathon runners), 
cigarette smoking is at a very low level, or is 
nonexistent (5). It appears very probable to us 
that differences in physical activity level may, 
in fact, largely account for the HDL cholesterol 
differences between smokers and nonsmokers 
in the Framingham study. It seems unnecessary 
to propose a direct depressing effect of some 
component of  cigarette smoke upon plasma 
HDL, although such may, of course, prove to 
be the case. In our study of runners (5), 
smoking and nonsmoking sedentary controls 
showed similar HDL cholesterol levels. 

Oral Contraceptives and Estrogen 

Estrogen administration in women is asso- 
ciated with increased HDL cholesterol levels 
while progestin use is associated with decreased 
levels. The effect on HDL of a combination 
oral contraceptive depends on its formulation 
(5 1). The use and nature of such compounds 
should be taken into account in exercise studies 
including women, if plasma lipoproteins are to 
be investigated. In our study of long distance 
runners (5), the great majority of the women 
took no hormone preparations, indicating that 
the high mean HDL cholesterol (Table I) was 
not the result of unusually prevalent estrogen- 
taking among women runners. It has also been 
shown that oral contraceptive use is associated 
with higher plasma triglyceride levels in women 
(52). It is of interest that the small proportion 
of women runners in our study (5) who were 
taking oral contraceptives showed the typical, 
low plasma triglyceride concentrations of 
women runners not on hormones, suggesting 
that vigorous activity may effectively counter- 
act the hypertriglyceridemic effects of oral 
contraceptive use. 

AdiposiW 
Very active individuals tend to be lean (i.e., 

they have a relatively low percentage of total 
body weight in the form of fat). Since adiposity 
is correlated with plasma levels of several lipids 
and lipoproteins, the relative contributions of 
leanness on the one hand, and physical activity 
level on the other, are difficult to dissect out. 
By matching runners to controls on the basis of 
relative weight in our studies (5), we estimated 
that about 50% of the difference in triglyceride 
level between runners and sedentary controls 
could be accounted for by the greater relative 
weight of the controls. Body fat percentage 
(from hydrostatic weighing) would be a prefer- 
able measure of adiposity; but a very large 
sedentary control group on which this expen- 
sive determination had been performed would 
be required to adequately match a group of 
lean runners. 

The situation with regard to the interrela- 
tions of HDL, physical activity and adiposity is 
more obscure, and requires further investiga- 
tion. Several studies have shown that relative 
weight is inversely related to plasma HDL 
cholesterol (12,53), and indeed very active 
individuals tend to show low relative weights 
(5). On the other hand, Hulley et al. (54), 
studying men in the Multiple Risk Factor 
Intervention Trial (MRFIT) in San Francisco, 
found a nonsignificant negative association 
between HDL cholesterol and body mass 
index when baseline data were subject to 
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multivariate analysis. Changes in body mass 
index over a one-year period of observation 
were negatively associated with changes in HDL 
cholesterol, but again the association was not 
significant in the multivariate analysis. 

In several training studies, an increase in 
plasma HDL cholesterol has been accompanied 
by at least some reduction in percent body fat 
(31,32). But in others, HDL cholesterol has 
increased without any significant loss of weight 
(27). Lehtonen and Viikari (10) considered 
young male runners' low adiposity not to be 
responsible for their high HDL cholesterol, 
since a sedentary control group of young men 
were lower than the runners in this respect, but 
nevertheless had HDL cholesterol levels as low 
as those of much more obese, older sedentary 
males. A study by our group showed a small 
but significant decrease of both plasma trigly- 
ceride and HDL cholesterol immediately after a 
mean diet-induced weight loss of 8.6 + 3.9 kg in 
15 considerably obese females (55). A follow- 
up 6 months later in those women who had 
maintained the weight loss showed no signifi- 
cant difference between baseline and post- 
weight-loss plasma HDL cholesterol. This study 
suggests that moderate weight loss by caloric 
restriction alone may have little effect on 
plasma HDL cholesterol. In the study of 
Gyntelberg et al. (35) on Type IV subjects, an 
exercise program resulted in reduction of 
plasma triglycerides and weight loss, but no 
change of HDL cholesterol level. 

The possibility exists that the low adiposity 
of very active individuals in part explains their 
characteristically high HDL cholesterol levels. 
However, better designed studies are required 
to settle this important point in a convincing 
manner. 

Diet and Alcohol 

Active individuals may tend to select food 
differently from sedentary individuals, and in a 
way that could result in a high HDL cholesterol 
level. Certainly very active individuals will, in 
the steady state, comsume more calories than 
otherwise similar, sedentary individuals. How- 
ever, our preliminary studies by dietary ques- 
tionnaire suggested that the composition of the 
diet (intake of saturated and polyunsaturated 
fat, P/S ratio, cholesterol intake) was similar 
between runners and sedentary controls (5). We 
have recently confirmed this impression by 
administration of 3-day food records to male 
and female runners and controls. Lehtonen and 
Viikari (10) also found similar dietary intakes 
in their runners and skiers as compared with 
sedentary controls. Hartung et al. (22) found 

diet unrelated to HDL cholesterol in men of 
different activity levels. 

Increasing alcohol intake is known to be 
associated with increasing plasma HDL choles- 
terol level (56,57). In our studies, a larger 
proportion of runners than controls reported 
drinking, but among the drinkers the amount of 
alcohol consumed appeared to be similar 
between the two groups. This has also been 
confirmed recently by administration of 
3-day diet records. When the drinking runners 
were compared to nondrinking runners, or the 
drinking controls to nondrinking controls, no 
significant difference in plasma HDL choles- 
terol concentration emerged. Certainly, absti- 
nent long distance runners maintain much 
higher HDL cholesterol levels than have been 
reported for moderate drinkers in population 
studies of (presumably) rather sedentary 
individuals. 

A m o u n t  of Exercise in Relation to H D L  Level 

There are some indications that relatively 
low intensity training (jogging three times per 
week) for reasonably short periods (20 weeks) 
can produce significant increases in HDL 
cholesterol (31). In the study of Erkelens et al. 
(38), an increase in HDL cholesterol was seen 
after only one week of training in myocardial 
infaction survivors. Leon et al. (43) found a 
significant increase in HDL cholesterol in obese 
young men following a 16-week program of 
walking. Hartung et al. (22) conclude "Even 
men who jog 11 miles per week have signifi- 
cantly higher HDL levels than sedentary men." 

However, there does sometimes seem to be a 
positive correlation between amount of exercise 
and level of plasma HDL. Lehtonen and Viikari 
(10) found a correlation between HDL choles- 
terol level and the reported weekly mileage of 
runners and skiers; while Enger et al. (14) 
report for their skiers: "The fastest skiers, 
presumably the best trained, have a trend 
towards higher levels than the slowest." 

Biochemical Mechanisms 

The precise mechanisms whereby increased 
physical activity level leads to a higher plasma 
concentration of HDL, and to other changes of 
lipoproteins, is currently not known. Several 
pieces of the metabolic jigsaw puzzle are 
thought to be important, and will be briefly 
enumerated. 

Plasma VLDL concentration is inversely 
correlated with HDL cholesterol concentration. 
Very active groups show remarkably low 
plasma triglyceride levels. Long distance run- 
ners have been shown recently to have higher 
levels of muscle and adipose tissue lipoprotein 
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lipase activity than sedentary controls, and 
whole-body lipoprotein lipase activity was 
estimated as 1.5-2.3 times higher in the runners. 
Serum HDL cholesterol level and lipoprotein 
lipase activity of adipose tissue correlated 
highly (58). It seems quite probable that 
increased physical activity leads to increased 
muscle and adipose tissue lipoprotein lipase 
activity which, in turn, leads to lowered plasma 
triglyceride concentration and ultimately to 
increased HDL concentration. 

On the other hand, decreased p r o d u c t i o n  of 
plasma VLDL has been demonstrated in the 
chronically exercising rat (59). 

The enzyme LCAT (lecithin/cholesterol 
acyltransferase), which may be involved in the 
transfer of unesterified cholesterol from cells to 
"nascent" HDL, has been reported to have 
increased activity in exercising individuals (27). 
The predominant apolipoprotein of HDL, 
apo-A-I, which is increased in runners compared 
to controls (Table II), is an essential activator 
of the LCAT reaction. HDL cholesterol (un- 
esterified) has been shown recently to be the 
preferred source of cholesterol (as compared 
with LDL cholesterol) for incorporation into 
human biliary cholesterol (60) and bile acids 
(61). Interesting interrelationships among sub- 
classes of HDL and LDL are apparent when the 
lipoprotein spectrum of male or female runners 
is compared with that of appropriate sedentary 
controls (62). 

No doubt in the near future these frag- 
ments will be put together to reveal the entire 
sequence of events among the lipoproteins that 
ensues when the sedentary individual begins to 
exercise. 

CONCLUSIONS 

Consideration of published reports indicates 
that regular endurance sports such as skiing and 
running generally result in a characteristic 
pattern of plasma lipids and lipoproteins. 
Strenuous occupational activity seems to have 
the same effect. Specifically, very active indi- 
viduals are usually distinguished from rela- 
tively inactive individuals of the same sex and 
similar age by their low plasma VLDL concen- 
trations, relatively low LDL concentrations and 
high HDL concentrations. As a consequence of 
this, plasma triglyceride concentration is low; 
total cholesterol concentration is often, but not 
invariably, lower than is the case in the seden- 
tary condition. 

A number of aspects of this subject remain 
unclear and indicate the need for further study. 
The extent to which certain physiological 
concomitants of the active lifestyle, rather 

than exercise per  se, may account for the 
lipoprotein differences remains to be deter- 
mined by experiments designed to distinguish 
these factors. Leanness is the chief potential 
candidate here. The mechanism by which 
increased exercise (or its accompanying 
changes) leads to the characteristic lipoprotein 
pattern is not  known, although there are 
already some interesting glimpses of the overall 
sequence of events. Finally, the important 
general question remains unanswered: does 
change from the lipoprotein pattern of the 
average north American to that typical of the 
chronic exerciser (however achieved) result 
in worthwhile reduction of atherosclerotic 
disease? 
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ABSTRACT 

The human plasma high density lipoproteins (HDL) are a heterogeneous ensemble of five proteins 
associated with both neutral and polar lipids. The sequences of all five proteins are known. ApoA-1 
and apoA-II are the major protein components; apoC-I, apoC-II and apoC-]II are the minor protein 
components. All these apoproteins spontaneously recombine with phospholipids to give stable lipid- 
protein complexes and freely exchange between the two major HDL subclasses, HDL 2 and HDL 3. 
In addition, ApoC-I, apoC-II, and apoC-III exchange between HDL and very low density lipoproteins. 
Furthermore, certain HDL apoproteins are activators for plasma enzymes that are important in lipid 
metabolism. ApoA-I and apoC-I activate lecithin/cholesterol acyltransferase;apoC-lI is an activator of 
lipoprotein lipase. The regions of apoC-I and apoC-II that are involved in the activation of these 
enzymes have been localized with synthetic peptides. Studies of synthetic and native fragments of 
apoA-ll, apoC-I, apoC-II, and apoC-III as well as model lipid-binding peptides have identified specific 
regions with structural features common to lipid-binding proteins. These special properties, which 
include helical potential, sequences with a critical amphipathic length, and high hydrophobicity of the 
nonpolar side of the amphipathic helix, are the determinants of HDL structure and metabolism. 

INTRODUCTION 

The human plasma lipoproteins are opera- 
tionally defined according to their densities as 
the high, low and very low density lipoproteins 
(HDL, LDL, and VLDL), respectively. The 
lipoproteins and their component lipids and 
proteins are the primary vehicles for the trans- 
port of plasma lipids and are also important 
as activators of some of the lipid catabolizing 
enzymes (1). Because of  the inverse correlation 
of coronary artery disease and the plasma HDL 
levels, increasing interest has been focused upon 
the HDL (2). HDL contain a variety of lipid 
and protein components whose m a c r o - a n d  
microscopic structures may be correlated with 
their stability and with the mobilization of 
lipids and apoproteins among other lipoproteins 
and tissue. The major components of  HDL are 
apoprotein, cholesterol and phospholipids (Fig. 
1). The proteins are apoA-I, apoA-II and minor 
amounts of apoC; the latter are also found in 
the VLDL (1). 

Herein, we shall summarize five properties of 
the HDL apoproteins which distinguish them 
from other proteins. HDL apoproteins are 
water-soluble even in the absence of other 
surfactants. ApoA and apoC of HDL spontan- 
eously associate with phospholipids and self- 
associate in the absence of  lipids (3). HDL apo- 
proteins exchange or transfer in vitro and in 
vivo (4). Some of the HDL apoproteins activate 
the enzymes of  intravascular lipid metabolism 
(5,6). In HDL and in lipid-protein recombin- 
ants, a large fraction of  the HDL apoproteins 
probably has a helical conformation;  this 

observation has promoted the design of the 
amphipathic helical model of  apoproteins in 
lipoproteins (7). 

All of the interactions of the HDL apopro- 
teins have not been studied adequately. Herein 
we focus on the properties of  native apopro- 
teins and their native and synthetic fragments 
that illustrate unique properties of  HDL apo- 
proteins that can be associated with specific 
segments of  their primary structure. 

DYNAMICS OF LIPID-PROTEIN INTERACTIONS 

ApoA-I, the major apoprotein of HDL, 
associates with DMPC (dimyristoylphospha- 
tidylcholine) to give soluble complexes which 
are sufficiently stable to isolate by gel filtra- 
tion. DMPC is a synthetic lecithin which under- 
goes a transition of  its acyl chains from a gel 
(solid) to a liquid crystalline (fluid) phase at 
23.5 C (8). ApoA-I and DMPC applied separ- 
ately elute from the column at different posi- 
tions (Fig. 2A). In Figure 2B, apoA-I and 
DMPC coelute after being mixed for a few min- 
utes at the transition temperature of DMPC, 
23.5 C. At temperatures above and below the 
transition temperature of DMPC (Fig. 2C and 
D), complete association of DMPC and apoA-I 
is not achieved even after a 48 hr incubation, 
indicating enormous temperature effect on the 
rate of association of  DMPC with apoA-I. The 
rate of apoA-1-DMPC association has also been 
studied by measuring the rate of disappearance 
of liposomal turbidity. The results are summar- 
ized in Fig. 3A and B. By this index for inter- 
action, the maximal rate of  association of 
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FIG. 1. Composition of HDL. The large circle 
contains the entire composition of HDL; the lower 
and right hand circles contain the detailed composi- 
tions of the protein and phospholipid components 
(Permission granted by Baylor College of Medicine). 
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FIG. 2. Gel filtration of (_A) DMPC liposomes 
(3 ml of 0.5 mg/ml) or apoA-I (3 ml of 0.1 mg/ml). 
(_13) DMPC-apoA-I complexes formed after 5 min incu- 
bation at 23.5 C of DMPC (1.5 rag) and apoA-I 
(0.3 rag) in a final volume of 3 ml. (_C) DMPC-apoA-I 
complexes formed after a 48 hr incubation of DMPC 
(1.5 mg) and apoA-I (0.3 mg) at 20 C in a final volume 
of 3 ml. (~) DMPC-apoA-I complexes formed after a 
48 hr incubation of DMPC (1.5 rag) and apoA-I 
(0.3 mg) at 30 C in a final volume of 3 ml. Conditions: 
1.6 x 90 cm column of Sepharose 4B; flow rate 8 
ml/hr;4.4 ml/fraction. Each sample was run separately 
in a water-jacketed column at 23.5 C or at the temper- 
ature of complex formation. DMPC and apoA-I 
concentrations were measured by scintillation count- 
ting of [3H] DMPC and -y-counting of [125I] apoA-I, 
respectively. Recovery of liposomes alone was 50%. 
Recovery of DMPC with apoA-I complexes was >90%. 
Protein recovery was quantitative, -+ 5%. (Permission 
granted (9)). 
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FIG. 3. Temperature dependence of the rate of 
apoA-I-DMPC association. Linear plot of kl/z vs tem- 
perature, where k�89 = I / t �89 and t�89 is the half-time 
for the initial reaction rate. (Permission granted by 
Baylor College of Medicine). 

apoA-I  w i th  DMPC occurs  at  t he  t r ans i t i on  tem-  
pe ra tu r e  of  the  lipid. We suggest t ha t  this  
e n h a n c e d  ra te  o f  associa t ion  occurs  at  la t t ice  
defec ts  loca ted  at  t he  b o r d e r  of  coexis t ing  
f rozen  and  fluid DMPC (9).  

Hypo the t i ca l ly ,  add i t i on  of  an i m p u r i t y  to  a 
crys ta l l ine  la t t ice  such  as a p h o s p h o l i p i d  m a t r i x  
would  e n h a n c e  the  ra te  at  wh ich  apoA-I  b inds  
to DMPC. To tes t  this  we se lected a physio-  
logical ly i m p o r t a n t  " i m p u r i t y , "  choles tero l ,  
and  f o u n d  t ha t  t he  c o m b i n e d  effects  of  cho-  
les terol  and  t e m p e r a t u r e  a l ter  the  ra te  o f  assoc- 
i a t ion  o f  apoA-I  w i th  DMPC over  th ree  orders  
of  magn i tude .  The  m a x i m u m  ra te  is always 
observed  at 12.5 mole  % cho les te ro l  at any  
t e m p e r a t u r e  and  always at  To, i n d e p e n d e n t  o f  
cho les t e ro l  c o n t e n t  (10) .  F igure  4 con t a in s  a 
mode l  w h i c h  is cons i s t en t  w i th  ou r  data.  
ApoA-I ,  as a m o n o m e r ,  inser ts  i n to  a defec t  in  
a l ipid m a t r i x  c rea ted  at  t he  b o r d e r  of  
choles te ro l - r ich  and  pure  DMPC phases.  The  
m a x i m a l  ra te  obse rved  was 2 min  -1 if  t he  pro-  
cess is cons ide red  to have first o rde r  kinet ics .  

We have obse rved  similar  behav io r  wi th  apoC-II,  
apoC-III  and  apoA-II .  Thus,  the  rapid  and  spon-  
t a n e o u s  so lub i l i za t ion  o f  p h o s p h o l i p i d s  is a 
s ingular  chemica l  p r o p e r t y  c o m m o n  to t he  
HDL apopro te ins .  

Di f fe ren t ia l  scann ing  ca lo r ime t ry  gives a clue 
to the  s t ruc tu r e  o f  l ipids in l ipopro te ins .  As a 
resul t  of  i n c o r p o r a t i o n  o f  HDL apop ro t e in ,  the  
p h o s p h o l i p i d  m a t r i x  m a y  be  crysta l l ized as 
r epo r t ed  for  a p o H D L  and apoA-I  by  Tall et  al. 
(11) .  Similar  resul t s  are s h o w n  in Fig. 5 for  the  

, c o m p l e x  of  apoC-III  and  DMPC. In t he  absence  

o f  p ro te in ,  the  DMPC exhib i t s  t he  usual  me l t i ng  
p a t t e r n  wi th  i ts ma in  e n d o t h e r m  at ~ 24 C. 
Wi th  increas ing a m o u n t s  of  apoC-III ,  t h e  endo-  
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FIG. 4. A hypothetical model for the mechanism by which apoA-I associates with a DMPC matrix. On the 
left is shown a section of the surface of a liposome in which a DMPC and a 1:3 cholesterol/DMPC phase coexist. 
Each phase is bounded by interfacial lipid;the interfacial lipid of each phase is separated from that of the other 
phase by a hole or channel defect. ApoA-1 may insert into this defect to give the initial lipid-protein intermediate 
on the right. The apoA-I in the lipid matrix is drawn as a helical structure since it probably exists as such as HDL 
and in apoA-I:PC complexes. (Permission granted (10)). 
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FIG. 5. Traces from the differential scanning 
calorimetry of (A_), DMPC liposomes; (B_), DMPC 
single-bilayer vesicles; (C_), DMPC: apoC-III complex 
with a lipid to protein ratio of 66 : 1. Samples (~(8 mg) 
were measured in a sealed 75 #1 stainless steel pans and 
run against an equal volume (50 #1) of water. The 
liposomes were prepared by dispersing a known weight 
of DMPC in buffer at >24 C for 10'. DMPC vesicles 
were prepared by ultrasonic irradiation. Complexes 
were prepared by mixing DMPC liposomes with 
apoC-III; after chromatography on Sepharose CL-4B, 
the fractions containing the complexes were pooled 
and concentrated. (Permission granted by Baylor 
College of  Medicine). 

therm at 24 C disappears; concomitantly,  a new 
broad endotherm assigned to the complex 
appears at ~ 27 C. Since crystallization is an 
exothermic process, this result suggests that 
between the endothermic maximum of  the 
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FIG. 6. Temperature dependence of the enthalpy 
of  interaction of  apo-C-1II (200 #g) with vesicles of 
DMPC (2 mg). Mixing was achieved in an LKB Batch 
Microcalorimeter, calibrated with an electrical stan- 
dard, (Permission granted by Baylor College of Medi- 
cine). 

vesicles and that of the complex the association 
of apoC-III with DMPC should be exothermic. 
The temperature dependence of  this process 
(Fig. 6) confirms this prediction. The enthalpy 
of  association of  apoC-III is maximal at Tc, i.e. 
-240 kcal/mole protein or about 3.6 kcal/mole 
DMPC. The result requires that the heat of 
association of apolipoproteins with phospho- 
lipids contributes to the free energy of lipid- 
protein association. 

STRUCTURE-FUNCTION RELATIONSHIPS 
OF THE APOLIPOPROTEINS 

Support for the hypothesis that the 
functions of the apolipoproteins can be 
localized to specific regions of  their primary 
structure has been provided by studies of lipid- 
binding fragments of  apoC-III and of  the activa- 
tion of lipoprotein lipase by fragments of  
apoC-II; each has certain functions which are 
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FIG. 7. Circular dichroic spectra of the fragment of 
apoC-IlI containing residues 40-79. (_A), apoC-IllB 
with added DMPC; (B), apoC-IIIB with added 1- 
palmitoyl-2-oleoyl phosphatidylcholine; o, protein 
alone; 2x, 13 moles lipid per mole of peptide; o, 39 
moles lipid per mole of peptide. Spectra were 
measured through a 0.5 mm cell path in a Cary 61 
Spectropolarimeter. (Permission granted (12)). 

associated with specific regions of the apo- 
protein sequence. 

Cleavage of apoC-III provides two peptides, 
each containing half the native molecule, 
ApoC-III A (residues 1-40) and apoC-III B 
(residues 41-79). Lipid-binding by physical 
methods shows that apoC-III A does not bind to 
DMPC or to 1-palmitoyl-2-oleoylphosphatidyl- 
choline (12). These lipids and apoC-IIl A do 
not form a complex sufficiently stable for 
isolation by density gradient ultracentrifuga- 
tion. In addition, there are no changes in the 
ultraviolet, circular dichroic or fluorescence 
spectra of apoC-III when this peptide is com- 
bined with lipid. By contrast, apoC-III B (Fig. 7) 
undergoes major spectral changes as assessed by 
circular dichroism. These changes suggest that 
the protein becomes more helical with addition 
of increasing amounts of lipid. Figure 8 shows 
that apoC-III B and DMPC form a stable com- 
plex which can be isolated in a salt gradient. 
The enthalpy of association of apoC-III A with 
lipids is nil (-35 kcal/mole) while that of 
apoC-III B (-170 kcal/mole) is similar to that of 
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FIG. g. Ultracentrifugal distribution of an 
apoC-IIIB-DMPC complex in a density gradient of 
cesium chtoride. The protein was monitored by 
measuring the absorbance at 280 nm. 3H-Labeled 
DMPC was quantitated by liquid scintillation count- 
ing. The density was determined by refractometry. 
(Permission granted (12)). 

intact apoC-III (-240 kcal/mole). Thus, the 
lipid-binding region of apoC-III is found in the 
carboxyl terminal half. We have correlated the 
sequence of apoC-III with helical probability 
(13), /3-structure probability (13) and hydro- 
phobicity (14). The mean residue hydropho- 
bicity of various segments, shown at the top of 
Fig. 9, is notable in three respects. ApoC-III A 
region is predicted to have the greatest helical 
content;  it does not, however, bind lipid. 
ApoC-III B has a higher hydrophobicity and a 
lower predicted helical content;  upon binding 
lipid, it becomes highly helical. Shorter analogs 
of this protein containing 20 amino acid 
residues have been synthesized. Lipid-binding 
studies show that some associate with lipids and 
concomitantly form a helical structure; removal 
of 4 residues from the amino terminal end 
abolished this behavior. 

Thus, we have modified our design of a lipid- 
binding protein to accommodate the following 
three features. The peptide need not have 
helical structure in solution but must have the 
potential to form a helix. The peptide must 
have a certain length, the critical amphipathic 
length of ca. 20 residues. Finally, as shown in 
Fig. 10, the peptide must have a high hydro- 
phobicity; when arranged in a helical structure, 
the hydrophobic residues should appear on one 
face of the helix which, presumably, would 
penetrate the lipid matrix. In the helical 
segment of apoC-III (40-72), there is a distribu- 
tion of the charged residues on one face of the 
helix with the hydrophobic residues appearing 
on the opposite face. Similar though less defini- 
tive studies of apoA-I, apoA-II, apoC-I, and 
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FIG. 9. Correlation of the hydrophobicity of each amino acid residue of apoC-IIl with its probability of 
appearing in a ~-pleated sheet (P#) or an a-helix (PaL The probabilities and hydrophobicities are plotted as a 
function of the amino acid sequence. Values of Pc~ and P/3 which are greater than those indicated by the dashed 
lines of the upper and middle panels, respectively, are predicted to exist in a-helical and/3-pleated sheets. In the 
lower panel, the hydrophobicity values appearing below the dashed line are predicted to partition into a hydro- 
phobic environment. The lines at the top refer to the fragments discussed in the text and contain their respective 
hydrophobieities. (Permission granted by Baylor College of Medicine). 

apoC-lI also suggest a localization of lipid- 
binding regions to specific segments of those 
proteins. 

The activation of lipid metabolizing enzymes 
by apolipoproteins can also be localized to 
specific regions of the primary structure. 
ApoC-II is an activator of lipoprotein lipase, 
an enzyme at the plasma/endothelial cell inter- 
face which hydrolyzes triglyceride (5). Frag- 
ments of apoC-II have been obtained by cyano- 
gen bromide cleavage or by solid phase peptide 
synthesis (15). The relative activation of lipase 
by these fragments is shown in Table I. Syn- 
thetic fragment apoC-II (55-78) activates as 
well as native apoC-II; both native and synthe- 
tic fragments of apoC-II (60-78) activate lipase 
nearly as well. Removal of  the highly charged 
carboxyt terminal tripeptide destroys the 
ability to activate. In other studies, we have 
found that the amino terminal half of apoC-II 
binds to phospholipid, but the carboxyl half 
does not. Our present view of apoC-II structure- 
function correlation is summarized in Fig. 11. 
We assign the lipid-binding region to the amino 
terminal half of the apoprotein. The activating 
region is located in the carboxyl half of apoC-II. 
The charged tetrapeptide at the carboxyl 
terminus is hypothesized to interact electro- 
statically with lipoprotein lipase. Thus, we have 
localized both the enzyme-activating and lipid- 

binding determinants of apoC-lI to specific but 
different regions of the primary structure. A 
similar view may emerge from detailed studies 
of the apoA-I and apoC-I activation of lecithin/ 
cholesterol acyltransferase and the interaction 
of apolipoproteins with other as yet unknown 
plasma and cell membrane factors. 

MECHANISM OF APOPROTEIN 
MOBIL IZATION 

Finally, we would like to speculate upon the 
mechanism of apoprotein movement between 
the HDL. It has been shown by Charlton and 
coworkers (16,17) that the hydrophobic fluoro- 
phore, pyrene, exchanges freely between the 
HDL. The reaction halftime is independent of  
HDL and pyrene concentration and is ca. 3 
msec. The mechanism for transfer of  this rela- 
tively insoluble substance is dissociation of 
pyrene into water and a diffusion-controlled 
collision with unlabeled HDL. Since the apo- 
proteins of HDL are water soluble, it is possible 
that this mechanism is also valid for apoprotein 
transfer and for exchange between other lipo- 
proteins, tissue sites and enzymes. Figure 12 
shows initial data on the behavior of HDL 
labeled in vitro with 12Sl_apoA_ I and total 
apoC proteins containing a 1311_label. In Fig. 
12A, the elution profile of HDL labeled with 
125|_apoA_i from Sephacryl S-200 contains a 
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Polar face Non- polar face 

FIG. 10. Space-filling models of a fragment of 
apoC-lll (40-72). Note that polar and nonpolar amino 
acid side chains appear on the opposite sides of the 
helix. (Permission granted by J.D. Morrisett). 

TABLE I 

Activation of Lipoprotein Lipase 
by Fragments of apo-lI 

Fragment Activation 

1-78  ++ 
43-78 ++ 
50-78 ++ 
55-78 ++ 
60-78 + 
66-78 
60-75 

large peak at tube No. 45, demons t ra t ing  coelu- 
t ion o f  apoA-I  and HDL phosphorus.  In addi- 
t ion,  a second small peak of  free apoA-I  elutes 
after HDL. This peak has an apoA-I  concentra-  
t ion o f  ~ 0.003 mg/ml ,  a value comparable  to  
that  published by Scanu and coworkers  for  the  
critical m o n o m e r  concen t ra t ion  of  apoA-I  (18). 
Thus, it is possible that  m o n o m e r  apoA-I  exists 
in plasma in equi l ibr ium with  apoA-I  bound  to 
HDL. In Fig. 12B, the addi t ion  of  apoC pro- 
teins to HDL can displace apoA-I  to form a new 
structure  enriched in apoC and devoid of  most  
of  its apoA-I. This new particle has a molecular  
weight  o f  400 ,000  and has the compos i t ion  o f  
LP-C (18). Since an apoC specie displaced an 
apoA specie, these results suggest that  apoA 
and apoC cannot  be assigned to different  l ipo- 
pro te in  particles or  families (19). 
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FIG. 11. Assignments of apoC-II functions to 
various regions of the peptide were based upon the 
activation of lipase and the lipid-binding studies 
conducted on synthetic and native fragments. (Permis- 
sion granted by Baylor College of Medicine). 
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FIG. 12. (A). Gel filtration profile of HDL (6.5 
mg) phosphorus and [ 125I] -apoA-I. (~). Gel filtration 
profile of the products formed by the interaction of 
6.5 mg HDL (containing [1251]-apoA-l) and 5.5 mg 
total apoC proteins ([1311]-labeled). The profile of 
the absorbance at 280 nm was approximately equal 
to the sum of the [1251] and [1311] profiles. (Per- 
mission granted by H.J. Pownall). 

S U M M A R Y  

We have shown that  the  apoprote ins  can 
bind rapidly to synthet ic  lipids and that  the  
rate is a funct ion  of  lipid s tructure.  We have 
shown that  the funct ions  of  HDL apoprote ins  
can be localized to specific regions. Chemical  
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synthesis of these peptides is a powerful method 
to test theories of lipid-binding and enzyme 
activation. We suggest a mechanism for the 
mobilization of apolipoproteins in vitro; i.e. 
that the apoC of HDL may be transferred from 
the aqueous to the lipoprotein phase and that 
the reverse process can occur for apoA-I. The 
relative importance of these findings in a 
physiologic setting remains a challenging area 
of research. 
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Mitochondrial and Microsomal Phospholipid Phosphorus 
Metabolism during Postnatal Growth in Rat Heart and Liver 
MIKKO HALLMAN 1, and PAAMO KANKARE, Department of Pediatrics and 
Medical Chemistry, University of Helsinki, Helsinki, Finland 

ABSTRACT 

The relative specific activities of phospholipids of hearts and livers of newborn and older rats 
were measured 2 hr after intraperitoneal 32P-orthophosphate. There was a close linear correlation 
between the specific activity of cardiolipin and the net increase in the amount of this phospholipid. 
In one-day-old animals, the relative specific activities in the heart and liver were highest and exceeded 
by 7.3- and 3-fold, respectively, the corresponding activities in the adult. The apparent half-lives of 
cardiolipins were calculated on the basis of  the linear correlation that was found between the net 
increase in cardiolipin and the rate of incorporation. These half-lives were 4.7 days in liver and 6.4 
days in heart. Though the changes in the phospholipid composition of the organelles during neonatal 
development were small, the relative specific activities of the individual phospholipids varied con- 
siderably. In addition to cardiolipin, there was a good correlation between the specific activity and the 
net increase in mitochondrial phosphatidylinositol. At birth, the specific activity of mitochondrial 
phosphatidylcholine in liver was 2.9 times that in microsomes. During the 12 neonatal hours, the 
specific activity of microsomal phosphatidylcholine increased 6.3-fold and exceeded the corresponding 
mitochondrial activity. The relation between the activation of microsomal phosphatidylcholine 
synthesis and the induction of serum lecithin synthesis in newborn liver is discussed. The finding that 
at birth the specific activity of mitochondrial phosphatidylcholine unexpectedly was higher than that 
of microsomal phosphatidylcholine points out the difficulties in interpreting the in vivo evidence for 
precursor-product relationship. 

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

The neonata l  period is character ized by 
growth and by adapta t ion  to an abrupt ly  
changed environment .  Many funct ions  asso- 
ciated with the intracellular membranes ,  
particularly with microsomes and mi tochon-  
dria, increase in activity. In addit ion,  the 
phosphol ipids  o f  the membranes  change during 
postnatal  g rowth  ( 1 ). 

Labeled phosphate  has been used to s tudy 
phosphol ipid  metabol i sm in a steady state (2,3) 
and during growth (4). The incorpora t ion  rates 
do not  necessarily reflect  the net  membrane  
biosynthesis,  since factors such as exchange 
phenomena ,  t ransport ,  changes in turnover  
rates and reut i l izat ion of  the precursor  may 
modi fy  the  activities measured.  Cardiolipin is 
unique  among the  phospholipids ,  being specifi- 
cally mi tochondr ia l  wi th  respect to bo th  
local izat ion and biosynthesis  (5,6). By calcu- 
lating the decay of  the phosphate  label, the  
apparent  half-life o f  cardiolipin in rat l iver was 
11.5 days and even longer  in the heart  (7). 
However ,  proteins  o f  the inner  mi tochondr ia l  
membranes  o f  rat liver and heart  had half-lives 
ranging be tween  5.5 and 6.2 days, when  non-  
reuti l izable precursors  were used (8). In the 
present s tudy,  the  apparent  half-life of  cardio- 
lipin-P calculated during growth  was no t  very 

1Address for correspondence: University of Cali- 
fornia, San Diego School of Medicine, Department of 
Pediatrics, C-019, La JoUa, California 92093. 

different  from that  of  the proteins  bound  to 
the inner  mi tochondr ia l  membrane .  

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

Rats of  the Sprague-Dawley strain were 
used. In labeling exper iments  using 0-hour-old 
animals, the fetuses were removed  from the 
uterus by cesarean sect ion at term (21.4-21.8 
days from concept ion) .  Only litters with 
be tween  7 and 11 young  were used. The 
individuals of  a l i t ter  aged 10 days or  less were 
killed at the same age. a2p-or thophospha te  
was purchased f rom Radiochemical  Centre,  
Amersham,  and used within two  weeks. The 
in t raper i toneal  dose of  32p was 1.8 pCi /g  body 
weight.  

Liver mi tochondr ia  were isolated by dif- 
ferential  cent r i fugat ion essentially as described 
earlier (9). The mi tochondr ia l  f ract ion was 
sedimented at 9000 g for  10 rain. Mi tochondr ia  
were washed twice in 10 ml of  the isolation 
medium by resuspension and sedimenta t ion  at 
7500 g for  I0 min. Heart  mi tochondr i a  were 
isolated by modif ica t ion  (9) of  the me thod  of  
Tyler  and Gonze  (10). Microsomes were ob- 
ta ined as follows: pos tmi tochondr ia l  super- 
natant  was spun for  110,000 x g rain. The new 
supernatant  was spun for  60 rain at 105,000 g 
and washed once  by resuspension and sedimen- 
tat ion.  

Inorganic phosphate  in liver and heart  
homogena tes  was analyzed according to Ernster  
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TABLE I 

Heart Weights and Mitoehondrial Phospholipid Pools during Postnatal Growth 

Age Weight Cardiolipin Phosphafidylinositol Phosphatidylcholine Ph osphatidyleth an ol amine 
(days) (mg) Ozg phosphorus) 

0 22.1 0.94 0.30 2.38 1.83 
1 25.9 1.41 0.46 2.93 2.73 
2 30.3 2.16 0.76 5.62 5.24 
4 41.8 3.42 1.16 8.49 8.04 
6 60.0 5.29 1.65 12.09 12.00 

10 117.6 8.88 2.89 20.98 19.59 
15 161.1 12.99 4.02 31.79 28.37 
20 218.4 20.14 5.25 45.16 40.77 

TABLE II 

Liver Weights and Mitochondfial Phospholipid Pools during Postnatal Growth 

Age Weight Cardiolipin Phosph atidylinosit ol Phosph atidylcholine Phosphatidyleth anol amine 

(days) (nag) 0zg phosphorus) 

0 249.2 4.60 3.10 18.67 13.14 
1 240.0 5.67 3.85 20.24 16.65 
2 285.8 7.42 4.92 26.17 22.73 
4 335.1 10.14 6.86 38.63 31.19 
6 408.0 12.70 8.59 43.95 41.50 

10 595.3 22.86 12.63 76.20 62.16 
15 820.0 37.11 19.33 136.59 90.44 
20 1219.6 49.54 29.44 207.04 139.74 

and  coworkers  (11) .  The  l ipid f r ac t ion  was 
ex t r ac t ed  accord ing  to  F o l c h  e t  al. (12) .  Separa-  
t ion  of  p h o s p h o l i p i d s  was p e r f o r m e d  by m e a n s  
of  two-d imens iona l  t h in  layer  c h r o m a t o g r a p h y  
as descr ibed  earl ier  (13) .  The  ind iv idua l  phos-  
phol ip ids  were de t ec t ed  by  iodine  vapo r  and  
quan t i f i ed  by  measur ing  t he i r  p h o s p h o r u s  
c o n t e n t s  (14) .  Therea f te r ,  t h e  samples  were 
decolor ized  and  the  rad ioac t iv i ty  measu red  
accord ing  to  St. C. Pa lmer  (15)  us ing a Packard  
2002  l iquid sc in t i l la t ion  spec t rome te r .  The  
c o u n t i n g  eff ic iencies  were d e t e r m i n e d  by  
in te rna l  s t anda rd i za t ion .  

The  relat ive ra te  of  increase  in the  a m o u n t  
of  phospho l ip id ,  (G),  was measu red  as fol lows:  
the  ra te  in  the  increase  in t he  a m o u n t  o f  the  
p h o s p h o l i p i d  was divided by  the  a m o u n t  
of  the  p laosphol ip id  at  the  t ime  o f  t he  i n j ec t i on  
of  the  i so tope .  For  ins tance ,  the  relat ive ra te  of  
increase in p h o s p h o l i p i d  b e t w e e n  the  12 th  and  
14th  n e o n a t a l  hou r s  was as fol lows:  G = (M24-  
Mo) /  1 x M12 [/Jg/d x # g ] ,  where  Mo, MI 2  and  
M24 are t he  a m o u n t s  o f  p h o s p h o l i p i d s  p re sen t  
at  t he  ages of  0, 12 and  24 hr ,  respect ively .  

The  a m o u n t  of  p h o s p h o l i p i d  was measu red  
f rom 0 t o  60  h r  before  3 2 P - o r t h o p h o s p h a t e  and  
f rom 12 to  60 h r  a f t e r  3 2 p - o r t h o p h o s p h a t e ,  
depend ing  o n  t he  p o s t n a t a l  age. The  ca lcu la t ion  
of  the  ra te  o f  increase  in t he  a m o u n t  of  phos-  
pho l ip id  was based  u p o n  these  measu remen t s .  

However ,  the  g r o w t h  ra tes  were  no t  qu i te  l inear  
(Tables  I and  II),  causing some e r ror  in the  
ca lcula t ion .  This  e r ror  is pa r t ly  c o m p e n s a t e d  
for  by  the  fact t h a t  at  t he  age o f  less t h a n  t w o  
days, g r o w t h  deviates pos i t ive ly  and  la te r  
negat ively  f rom the  l inear  g rowth .  

The  e l ec t ron  m i c r o s c o p y  was p e r f o r m e d  as 
descr ibed  in t he  p rev ious  communication (9).  
The  results  are expressed  as means  + SEM. 

RESULTS 

Purity of Organelles 

The  pur i ty  of  the  m i t o c h o n d r i a l  f r ac t ions  
was checked  by  e l ec t ron  mic roscopy .  Liver  and  
hea r t  m i t o c h o n d r i a l  f r ac t ions  f rom 0, 1, 4 and  
8 day-old  animals  as well as f rom adul ts  con-  
t a ined  on ly  small  quan t i t i e s  of  n o n m i t o c h o n -  
drial  m e m b r a n e s .  The  c o n t a m i n a t i o n  of  micro-  
somes  by  the  i n n e r  m i t o c h o n d r i a l  m e m b r a n e s  
was es t imated  by  measur ing  t he  ra t io  of  cardio-  
l ipin in mic rosomes  and  in mitochondria. In 
mos t  cases, t he  m i t o c h o n d r i a l  c o n t a m i n a t i o n  
was be tween  2 and  10%. However ,  in hea r t  
m ic rosomes  f rom animals  15 or  more  days old,  
m i t o c h o n d r i a l  c o n t a m i n a t i o n  to ta l led  14 to 
28%. 

Amount of Phospholipids 

The  individual  p h o s p h o l i p i d s  in m i t o c h o n -  
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FIG. 1. Labeling of inorganic phosphate in heart 
(left) and liver (tight) after intraperitoneal 32p-ortho- 
phosphate into 2-4-hour-old (o), 3-day-old (A), or 
adult (o) rats. For comparison, the specific activities 2 
hr after the injection have been equalled. The results 
are the means of 3 to 6 individual measurements. 

dria and in microsomes were expressed as a 
percentage of  to ta l  phosphol ipid .  There were 
only small changes during development ,  indi- 
cating that  the ne t  synthesis rates of  individual 
phosphol ipids  were rather constant  (data no t  
shown,  cf. refs. 16 and 17). Tables I and II 
show the pool  sizes of  some mi tochondr ia l  
phosphol ipids  during postnata l  development .  It 

was assumed that  cardiolipin is exclusively 
present  in mi tochondr ia .  The o ther  phospho-  
lipids were calculated on the basis of  the 
percentages of  mi tochondr ia l  phosphol ipids  and 
of  the total  amoun t  of  cardiolipin. The relative 
growth rates of  phosphol ipid  pools  were most  
rapid during the first neonata l  days. 

Label ing Exper iments  

We injected 32P-or thophosphate  intraperi-  
tonealty and measured the  ent ry  of  the isotope 
into the nonl ipid phosphate  pools.  Three 
different  age groups were studied. Figure 1 
presents data f rom 2-4 hour-old ,  3-day-old and 
adult animals. There were only small dif- 
ferences in the labeling of  phosphate  in bo th  
liver and heart in the different  age groups. 

Figures 2 and 3 show the relative specific 
activities of  mi tochondr ia l  and microsomal  
phosphol ipids  as measured f rom liver and heart ,  
respectively.  Cardiolipins were assayed bo th  in 
mi tochondr ia  and in the total  homogena te .  
These measurements  gave essentially the same 
result, suggesting that  the average rates of  
cardiolipin synthesis did no t  differ in the 
mi tochondr ia l  f ract ion and in those mi tochon-  
dria that  sediment  together  with o ther  cell 
fractions. 

The relative specific activities o f  cardiolipin 
were about  one order  of  magni tude lower  than 
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FIG. 2. Relative specific activities of phospholipid-P in heart microsomes (left) and mitochondria (right) 
2 hr after the intraperitoneal 32p-orthophosphate as a function of  postnatal age. The relative specific activity 
was the ratio of  the specific activity of the phospholipid fraction to the specific activity of the inorganic phos- 
phorus. The results are expressed in a semilogarithmic scale as means -+ SEM of 3 to 8 individual measurements. 
Cardiolipin (o), phosphatidylinositol (A), phosphatidylcholine (o), phosphafidylethanolamine (a). 
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FIG. 3. Relative specific activities of phospholipid phosphorus in liver microsomes (left) and mitochondria 
(right) 2 hr after the intraperitoneal 32P-orthophosphate as a function of postnatal age. Cardiolipin (*), phos- 
phatidylinositol (A), phosphatidylcholine (o), phosphatidylethanolamine (~). For other details see Figure 2. 

those of phosphatidylinositol, and the specific 
activities of these two phospholipids changed 
during development in a similar way. In general, 
the activities were higher during growth than in 
the adult. 

The specific activity of phosphatidylcholine 
in fiver microsomes at birth was lower than that 
in liver mitochondria. However, during the 12 
neonatal hours, the microsomal activity in- 
creased 6.3-fold, and by that time exceeded the 
corresponding mitochondrial activity. The 
specific activities of phosphatidylethanolamines 
showed only small developmental changes. 

Figure 4 shows the relation between the 
specific activities of cardiolipin and the relative 
rates of increase in this phospholipid in liver 
and heart. A good linear correlation was shown 
between these two parameters (r = 0.961 in 
liver, r = 0.968 in heart). 

DISCUSSION 

According to the present results, the rate of 
cardiolipin synthesis correlates with the relative 
specific activity of cardiolipin labeling using 
32P-orthophosphate as a precursor. The fact 
that the corresponding correlation with the 
other phospholipids was worse or not present at 
all may be due to several factors. 

Exchange Phenomenon 

According to McMurray and Dawson, 

phosphate incorporates into phosphatidylcho- 
line, phosphatidylethanolamine and phospha- 
tidylinositol by a rapid exchange mechanism 
(2). The contribution of the exchange phenom- 
enon to the specific radioactivities in the 
present results remains unclear. At least the rate 
of phosphatidylinositol incorporation bears a 
fairly good correlation to the growth, despite 
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FIG. 4. Relationship between the relative specific 
activity of cardiolipin and the relative growth rate of 
cardiolipin pool (relative rate of increase in the a- 
mount of cardiolipin, G) in heart (left) and liver 
(right). The straight lines fitted to the data from 
heart and liver are y = 11.603 x + 1.268 (r=0.968); y = 
10.125 x + 1.499 (r=0.961), respectively. 
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the exchange phenomenon. However, there is 
no evidence indicating the exchange of cardio- 
lipin phosphorus. 

Precursor-Product Relationship 

The phospholipid may be either a biochemi- 
cal precursor, such as phosphatidylethanol- 
�9 amine, or else transported to or from another 
compartment. According to the present evi- 
dence, mitochondrial phospholipids are mostly 
derived from microsomes (3,6,18). In contrast, 
cardiolipin is synthesized only in mitochondria 
(5,6). 

On the basis of the assumed precursor- 
product relationship, it was unexpected that 
the specific activity of phosphatidylcholine was 
higher in mitochondria than in microsomes 
at birth. It is unlikely that a rapid mitochon- 
drial biogenesis could cause such an abnormal 
relationship between mitochondrial and micro- 
somal specific activities, since this relationship 
normalized shortly after birth, despite con- 
tinuing rapid growth. According to the  mea- 
surements of CDP-choline and S-adenosyt- 
methionine incorporation into lecithins using 
mitochondria and microsomes isolated from 
newborn rat liver, mitochondrial phosphafidyl- 
choline synthesis was not abnormally high at 
birth (unpublished results). On the other hand, 
there is evidence that plasma lecithin in the 
fetus comes from the placenta (19). It is 
tempting to speculate that the low rate of 
phosphate incorporation into phosphatidyl- 
choline at birth and its rapid increase reflects an 
induction of plasma lecithin synthesis in liver 
microsomal fraction. This possibility remains to 
be studied further. Nonetheless, the finding 
that at birth the specific activity of mitochon- 
drial phosphatidylcholine exceeds that of 
microsomes points to the difficulties in inter- 
preting the in vivo data in favor of or against 
the evidence for a precursor-product relation- 
ship. 

Rate of Phosphate Uptake and Labeling of 
Intermediates of the Biosynthetic Pathway 

As shown in Figure 1, the pattern of phos- 
phate uptake was affected very little by age. We 
additionally measured the specific activities of 
phosphatidic acid and found that they re- 
sembled those of inorganic phosphate, though 
low concentrations of phosphatidic acid 
rendered these measurements difficult. The 
analysis of the specific activities of the pre- 
cursors of cardiolipin, CDP-diglyceride and 
phosphatidylglycerol was associated with even 
greater problems of quantitation. Therefore, we 
expressed the relative specific activities of the 
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phospholipids on the basis of the specific 
activities of inorganic phosphate. 

Stability of Half-Life during Growth 

There is evidence that, during logarithmic 
growth, tissue breakdown is minimal (1). 
However, the linear correlation between the 
actual rate of increase in cardiolipin and the 
relative specific activity of cardiolipin synthesis 
(Fig. 4) does not support the alternative that 
the half-life varies during linear growth. 

On the basis of the previous discussion, it 
seems that in the present conditions the relative 
specific activity of cardiolipin closely correlates 
with the total de novo synthesis (i.e., the 
turnover) of this phospholipid. This association 
enables the calculation of the apparent half-life. 

In the nongrowing rat, the relative specific 
activity of cardiolipin (RSA o) represents the 
"prepair synthesis" (P). The "prepair synthesis" 
can be defined as the derivative of the exponen- 
tial function (y=k x, where y = the amount of 
cardiolipin, x = time, k = constant): P = In  k (x 
= 0 ,  y = 1). 

During growth, the total synthesis is the sum 
of the "prepair synthesis" and the "growth 
synthesis." The latter equals the relative rate of 
increase in cardiolipin, (G). The following 
correlation exists between the specific activities 
and the actual biosynthesis rates of cardio- 
lipins: 

In k/RSA o = (In k + G)/RSAI, where 
RSA 1 = relative specific activity during growth. 

The half-life of cardiolipin could be expres- 
sed as follows: 
T�89 = log o.sflog k = 0.693 (RSA 1 - RSAo)/RSA o x G 

The calculated half-lives for cardiolipins in 
the liver and the heart were 4.7 and 6.4 days, 
respectively. The corresponding values as 
measured by Gross and associates on the basis 
of the decay rate of 32P-orthophosphate were 
considerably longer (7). As pointed out by 
these authors, isotope reutilization could 
artificially prolong the half-lives, whereas in the 
present method this is not a likely source of 
error. On the other hand, particularly the 
difficulty in measuring the actual relative rate 
of increase in cardiolipin may cause our calcula- 
tions to deviate. Half-lives of cardiolipins 
remain to be further measured using other 
techniques. 

The similarity in the apparent turnover rates 
as compared between cardiolipin and other 
components of the inner mitochondrial mem- 
brane (8) suggests that the biogenesis and 
the breakdown of the inner mitochondrial 
membrane takes place as a unit. This view does 
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n o t  e x c l u d e  t h e  p o s s i b i l i t y  t h a t  t h e  m e m b r a n e  
b i o s y n t h e s i s  t a k e s  p l a c e  s t e p w i s e  a n d  t h a t  s o m e  
o f  t h e  m e m b r a n e  c o m p o n e n t s ,  s u c h  as t h e  f a t t y  
a c id s  o f  t h e  p h o s p h o l i p i d s ,  h a v e  a d d i t i o n a l  
t u r n o v e r  m e c h a n i s m s  (20 ) .  
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Biliary Cholesterol Absorption in Normal and L-Thyroxin-Fed 
Rats 
C. LUTTON and E. BROT-LAROCHE,  Laboratoire de Physiologie de la Nutrition, 
Universit~ Paris X I -- B~t. 447, 91405 Orsav Cedex, France. 

ABSTRACT 

Infusion of bile containing labeled cholesterol into bile fistula rats has permitted an in 
vivo study of the movements and of the absorption of biliary cholesterol in the digestive 
tract. The specific activities of cholesterol were similar in the micelles and the sediment of 
the luminal content after a 6 hr infusion, indicating rapid exchange of cholesterol 
between these fractions. In animals fed a basal diet, the biliary cholesterol absorption was 
higher (83%) than that of dietary cholesterol (70%). Bile cholesterol is essentially 
absorbed in the jejunum while the absorption of cholesterol from the diet takes place all 
along the small intestine but preferentially in its second and third quarters. Both alimen- 
tary cholesterol and bile cholesterol enter the top cells of the villi in preference to those 
of the crypts. In L-thyroxin-fed rats, a parallel decrease in biliary and dietary cholesterol 
absorption was observed. The increase in the intestinal transit of cholesterol and 
epithelium cell renewal of the jejunum accounted for this observation. 

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

Many authors have studied the various 
aspects of dietary cholesterol absorption; i.e., 
movements of  sterols in the gut (1,2), physico- 
chemical characteristics and localization of 
its absorption (3-5), and formation and trans- 
port of chylomicrons (5-8). We know that 
dietary cholesterol is not  homogenously mixed 
with endogenous (biliary plus intestinal) 
cholesterol in the intestinal lumen. There are, in 
fact, two cholesterol compartments ("interme- 
diary" and "axial") with a transfer of  endogen- 
ous cholesterol from the intermediary to the 
axial compartment (2). Since the intestinal 
content is a nonhomogenous mixture of ex- 
ogenous and endogenous cholesterol, the 
behavior of each component can be different, 
in particular the localization and the rate of 
biliary vs. dietary cholesterol absorption. 
Therefore, we were interested in the in vivo 
absorption of biliary cholesterol and set up 
experiments in which the movements of  biliary 
cholesterol in the digestive tract could be 
differentiated from those of  plasma cholesterol. 
Furthermore, we sought to compare rats fed 
L-thyroxin to ones fed a basal diet because 
L-thyroxin administration strongly increases 
fecal cholesterol excretion and decreases 
dietary cholesterol absorption (9). 

EXPERIMENTAL PROCEDURES 

Experiments were done either with bile 
fistula rats receiving a compensatory infusion of  
bile (infusion experiments) or with animals who 
did not  undergo any surgical stress (isotopic 
equilibrium experiments). 

Radioactive Cholesterol 

[4-] 4C] cholesterol and [3H] G-cholesterol 
(40-50 mCi/mmole) were purchased from 
C.E.A. (France). Purity was checked by thin 
layer chromatography on Silica Gel G with 
hexane/ethylacetate (80: 20, v/v) and was found 
to be ~> 97%. 

Animals and Diets 

Control animals were 3 month-old male 
Wistar rats weighing an average of 250 g. The 
composition of  semipurified basal diet was: 
casein 23%, sucrose 53%, yeast 2.5%, skim 
milk 4%, walnut oil 0.8%, lard 9.2%, salt 
mixture 5%, vitamins 0.2%, and agar-agar 2.3% 
(9). This diet was nearly free of  cholesterol and 
phytosterols (0.015%). L-thyroxin-fed rats 
received the control diet supplemented with 5 
mg L-thyroxin/kg for 11 days. Since these rats 
lost an average of 15 g in weight during the 
treatment,  we chose proportionately bigger rats 
for these experiments. After thyroxin ingestion, 
the final weight was 370 to 400 g (Table I). The 
housing and the strict lighting schedule have 
been described (10). All rats were fed ad 
libitum. Bile donors were grown in the same 
conditions as experimental rats except that 
their diet contained trace amounts of  [4-14C]- 
cholesterol (300/~Ci/kg). The day before an 
infusion experiment, the labeled bile was 
collected for 2 hr and kept at 4 C overnight. 

Infusion Experiments 

The common bile duct was doubly cathete- 
rized: first, to collect bile (PE 10 intramedic); 
and second, the perfuse (Biotrol n ~ 3) bile 
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containing [4 -14C] cholesterol at the rate 
of 0.9 ml/hr. This type of bile perfusion cir- 
cumvents the interruption of bile acid entero- 
hepatic circulation. It was always begun at 10 
a.m., and the rat was placed in a restraining 
cage for 6 hr. As the experiment took place 
during a period of the day when rats do not 
normally eat (11), they just received water. At 
the end of the infusion (4 p.m.), rats were 
anesthesized with pentobarbital and killed by 
aortic puncture. After 3 to 4 washings with 
saline, the liver and the digestive organs (stom- 
ach, intestine divided into two equal fractions, 
caecum-colon) were removed. The intestinal 
contents were collected and the walls were 
washed with a citrate buffer (NaC1, 96 mM; 
KH2PO4, 8mM; Na2POaH , 14 mM; KC1, 15 
mM; Na3C6Hs07, 20 raM; pH = 7.4). The 
intestinal contents were then centrifuged at 
54,000 g for 30 min in order to separate the 
micellar fraction from the sediment (1). The 
infused bile carried through the same centrifug- 
ing procedure showed no radioactivity in the 
sediment. Jejunal and ileal epithelial cells 
were also collected with the citrate buffer (12). 
With this method, we obtained essentially the 
epithelial cells of the top of the villi, as con- 
firmed by optical microscopy. 

Isotopic Equilibrium Experiment 

An isotopic e q u i l i b r i u m  experiment as 
described earlier (13) was performed in three 
rats fed the basal diet. These animals received a 
daily subcutaneous injection of 13H]choles- 
terol (0.1 mg 1 /ICi) and trace amounts of 
[4-14C] cholesterol in their diet (2.5 /ICi/kg). 
After 4 weeks, the specific activity of choles- 
terol in the plasma, {-ed cells, liver, and bile 
reached the same value. Under these conditions 
the value (x) of cholesterol-specific activity in 
an organ (expressed as a percentage of the 
blood cholesterol specific act ivi ty) indicates  
that a fraction (equal to x %) of cholesterol 
present in that organ has been exchanged with 
plasma cholesterol (14). In this experiment, the 
rats were allowed to move freely about in their 
cages and were sacrificed at 4 p.m. The techni- 
que used for tissue collection was the same as 
above, except for the epithelial cells in the 
intestine. In this case, the method of Weiser 
(15) was used which permits the collection of 
cell fractions beginning at the top of the villi 
and ending with the crypts. 

Analytical Methods 

Tissue lipids were extracted overnight with 
boiling ethanol (16) or with chloroform/ 
methanol (2: 1, v/v). The extracts were washed 

and dried, and the free cholesterol was sepa- 
rated from its ester on a silicic acid column, 
following the modified method of Hirsch and 
Ahrens (17). After hydrolysis of the esterified 
cholesterol, cholesterol was extracted with 
petroleum ether and quantified by the Lieber- 
mann-Burchard reaction with the digitonin 
complex (18) or by gas liquid chromatography 
(19). The bile and intestinal contents were 
directly saponified 2N KOH in ethanol for 3 
hr). Neutral sterols were extracted by petrol- 
eum ether from the ethanol/water (1:1, v/v) 
phase, and quantified as above. The bile acids 
present in the water phase were discarded. 

Radioactivity was measured in a toluene 
solution containing PPO and dimethyl-POPOP 
with a liquid scintillation spectrometer (Inter- 
technique, Plaisir, France). 

R E SU LTS 

Mean body weights, cholesterol concentra- 
tions in bile, plasma, liver and digestive tract, 
and quantities of cholesterol in the intestinal 
contents are given in Table I. As the rela- 
tive concentration of esterified cholesterol in 
the digestive tract walls was very low (1-5% of 
the free), only total cholesterol levels are 
reported in Table I. In this study, "control" 
rats are the bile fistula rats of the infusion 
experiments fed the basal diet, as opposed to 
those fed L-thyroxin. On the other hand, 
"normal" rats are the isotopic equilibrium 
animals who did not undergo any surgical 
stress. Cholesterol concentrations in the various 
digestive tract walls were the same in control 
bile fistula and in normal (isotopic equilibrium) 
rats (Table I). Also, the quantities of choles- 
terol found in the intestinal contents were 
similar. 

Cholesterol Radioactivity of Digestive Contents 

The total amount of biliary [14C]cho- 
lesterol radioactivity infused over the 6 hr 
period was 25,000 to 90,000 dpm. No radioac- 
tivity was found in the contents of the 
stomach. However, bile cholesterol was found 
in the caecum and colon. In the control rats, 
one-third of the total infused cholesterol 
radioactivity (32 -+ 6%) was found in the lumen 
of the digestive tract of control rats at their 
sacrifice. Almost all of it was localized in the 
intestine (95 -+ 2%). In L-thyroxin-fed rats, 
more than half of the infused biliary cholesterol 
radioactivity (52 -+ 10%) was still present in the 
contents of the digestive tract. Proportionately 
less radioactivity was found in the intestine (66 
-+ 9%) but more in the caecum and colon (28 + 
12%). Also, the mean relative proportions of 
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TABLE I 

The Cholesterol Content of Bile, Plasma, Liver and Digestive Tract of Control and L-Thyroxin-Fed 
Rats with a Bile Fistula (Infusion Experiments) and of Normal Rats (Isotopic Equilibrium Experiment) 

Isotopic 
Type of experiment Infusion equilibrium 

Diet Basal Basal L-thyroxin Basal 

Number of rats 5 4 3 
Mean weight of rats (g) 352 -+ 4 a 384 +- 6 446 + 5 

Cholesterol concentrations in: 

Bile free (mg/ml) 

Plasma free (mg/ml) 
Plasma esterified (mg/ml) 

Liver free (mg/g wet wt) 
Liver esterified (mg/g wet wt) 

Stomach total (mg/g wet]wt) 

Intestine 
first half total (mg/g wet/wt) 
second half total (mg/g wet wt) 

Caecum-colon total (mg/g wet/wt) 

Cholesterol in intestinal contents: 

first half Micelles 
(mg) Sediment 

second half Micelles 
Sediment 

0.13 -+ 0.01 0.15 +- 0.03 --  

0.16 -+ 0.02 0.16 + 0.01 0.18 -+ 0.02 
0.38 -+ 0.05 0.38 -+ 0.05 0.38 -+ 0.04 

1.64 -+ 0.05 1.68 -+ 0.05 1.74 + 0.06 
0.42 -+ 0.11 0.28 +- 0.08 0.53 -+ 0.10 

2.10 +- 0.14 2.02 -+ 0.14 2.04 -+ 0.07 

1.89 + 0.06 1.98 -+ 0.07 1.95 -+ 0.05 
1.95 -+ 0.05 1.91 -+ 0.06 1.92 -+ 0.04 

1.98 -+ 0.11 2.02 +- 0.05 2.01 -+ 0.06 

0.06 + 0.02 0.10 -+ 0.04 0.10 b 
0.42-+ 0.08 0.32 -+ 0.10 0.12 b 

0.08 + 0.03 0.05 + 0.02 0.05 b 
0.62-+ 0.14 0.54 -+ 0.16 0.65 b 

aMean -+ SEM. 
bAverage of three pooled samples. 

bile radioact ivi ty found  in the ileal vs. the  
jejunal  con ten t s  was greater  (157 :100)  than  in 
the  cont ro ls  (69:100) .  

Both  the sed imen t  and the micelles in the 
first and second part  o f  the  in tes t ine  con ta ined  
biliary cholesterol .  This is shown  by the  relative 
cholesterol-specific activities o f  these fract ions 
(Table II). This table conta ins  also the  results 
ob ta ined  f rom the  i so topic  equi l ibr ium experi-  
ment .  Plasma [ 3 H] cholesterol-specif ic  activity 
was very similar in the  micelles and in the  
sed iment  f rom jejunal  or ileal con ten ts .  For  

dietary [14C]cho les te ro l ,  the specific act ivi ty 
values are also very close in the  sed imen t  and 
micelles o f  the ileal con ten t .  The di f ference  
be tween  the  two values was slightly larger in 
the je junum.  We no ted  tha t  the choles terol  
specific activity was greater  in the in tes t inal  
con ten t s  o f  the  ileum. 

Cholesterol Radioactivity 
of Intestinal Walls 

Neither  the wall o f  the  s t omach  nor  tha t  o f  
the caecum or the  colon con ta ined  any radioac- 
tivity. In the con t ro l  rats, 60 -+ 5% o f  the 
infused biliary choles terol  was present  in 
the in tes t inal  wall. Most o f  it  (95 -+ 3%) was in 
t he  first half  o f  the  in tes t ine  at the  end of  the  

infusion (Fig. 1). In the  thy rox in - fed  animals, 
42 + 5% of  the infused  biliary choles tero l  was 
found  in the  in tes t inal  wall, and again the  major  
part  (90 + 3%) in the  first half. 

In the i sotopic  equi l ibr ium expe r imen t ,  the  
[ 14C] choles terol  radioact ivi ty  in the in tes t inal  
wall was due to  its exchange wi th  plasma and 
wi th  the  recent ly  absorbed  a l imentary  choles- 
terol. The [3H]cho le s t e ro l  radioact ivi ty  was 
due only  to exchanges  wi th  plasma. Af te r  
subtract ing the [14C]cho le s t e ro l  exchanged  
wi th  plasma, it was possible to calculate the  
quan t i ty  of  dietary choles terol  present  in the  
walls at the t ime o f  sacrifice. It has been 
expressed as the percen t  o f  to ta l  dietary cho- 
lesterol  present  in the in tes t inal  wall (Fig. 
1). 

The mean  [H 3]choles te ro l -spec i f ic  activity 
f rom plasma origin was the  same in the c rypts  
and in the  top  cells of  the villi during the  
i sotopic  equi l ibr ium expe r imen t  (Table II). 
It was d i f ferent  for  [ 14C] choles terol  where  the  
mean cholesterol-specif ic  activity appeared to 
be higher  in the cells at the top  versus those o f  
the c rypts  in the second  half  o f  the intest ine.  

DISCUSSION 

The fact  that  all results concern ing  the  
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TABLE II 

Relative Cholesterol Specific Activities in Plasma and Intestine (Contents and Walls) a 

Type of experiment Infusion Isotopic equilibrium 

Diet Basal Basal 

Label [414C] 1414C] [3141 
Radioactive cholesterol Route administered bile diet subcutaneous 

Cholesterol specific activity in: 

Bile 
Plasma 

First half of intestine 

Second half of intestine 

100 b b 
<0.1 100 -+ 2 c 100 -+ 3 

Content  Micelles 21.1 +- 6.6 d 131e 88 
Sediment 21.1 -+ 4.5 119 83 

Wall 3.5 _+ 0.7 84 59 
Epithelial Villi 13.8 • 4.6 121 56 
Cells Crypts n.d. 114 55 

Content Miceiles 10.9 -+ 5.0 224 85 
Sediment 11.6 • 3.7 205 72 

Wall 0.2 -+ 0.1 97 61 
Epithelial Villi 2.2 -+ !.2 180 60 
Cells Crypts n.d. f 144 54 

aThe intestine was divided into two parts. Results are expressed as a percentage of cholesterol specific ac- 
tivity in bile (infusion experiments) or as a percentage of plasma cholesterol specific activity (isotopic 
equilibrium experiment). 

bThe specific activity of bile cholesterol is identical to that of plasma cholesterol in these rats (20). 
CMean • SEM (3 rats). 
dMean + SEM (S rats). 
eValue of three pooled samples. 
fn.d. = Not determined. 

concen t r a t ions  of  choles terol  in various tissues 
of  rats submi t t ed  to the  infus ion e x p e r i m e n t  
came ou t  abou t  the same as the normal  rats 
used in the i so top ic  equil ibr ium e x p e r i m e n t  
suggests that  the surgical stress exper ienced  by 
the bile fistula rats did no t  cause major  per- 
tu rba t ions  in choles terol  turnover .  In con t ro l  
rats, the  mean  concen t r a t ion  o f  bile choles terol  
(0.13 -+ 0.01 mg/ml)  as well as its excre t ion  rate 
(0.1 1 -+ 0.02 mg/hr )  in the  6-hr infus ion experi-  
men ts  agree wi th  previous results f rom our 
labora tory  and with those  ob ta ined  f rom bile 
fistula rats w i thou t  re infusion (21-23). 

When rats were fed an L- thyroxin  diet ,  
ne i ther  choles terol  concen t r a t i on  in the walls of  
the  digestive tract  nor  its quan t i ty  in the 
in tes t inal  con ten t s  was significantly affected.  
Al though  hype r thy ro id i sm is k n o w n  to  lower  
the  choles tero lemia  (5,24),  its level was un- 
changed in our  expe r imen t s  (Table I). This may 
be related to the  dura t ion  o f  the  expe r imen t  (11 
days), which perhaps  is too  short  to p roduce  a 
significant e f fec t  on plasma levels. Fur ther -  
more ,  the concen t r a t i on  of  bile choles terol  was 
no t  a f fec ted  by L- thyroxin .  Al though  slightly 
higher  on the average in thy rox in - fed  animals, 
the  mean hour ly  choles terol  excre t ion  in bile 
was no t  s ignif icantly d i f fe rent  f rom tha t  o f  the  
con t ro l  (0.15 m g  +- 0 .03  m g  vs. 0.11 m g  +- 0 .02  
mg). Therefore ,  we conc lude  tha t  under  our  

cond i t ions  L- thyrox in  does no t  modi fy  the rate 
o f  bile choles terol  excre t ion .  As rats with 
chronic  biliary drainage exhib i t  a circadian 
r h y t h m  of  the bile f low and of  the excre to ry  
rates o f  bile salts, choles terol  and phosphol ip ids  
(25), we measured the hour ly  rate of  biliary 
choles te ro l  exc re t ion  be tween  10 p.m. and 4 
a.m. in cont ro l  (0.10 -+ 0.03 mg/hr ,  4 values) 
and in L- thyroxin-fed  rats (0.13 -+ 0.03 mg/hr ,  
4 values). Again, there  was no  significant 
dif ference.  

Biliary Cholesterol Distribution in the 
Digestive Contents 

The data p resen ted  here show that  the  
duodena l  co n t en t  does n o t  reflux into the  
s tomach.  Bile choles terol  found  in the caecum 
and colon indicates  tha t  no t  all o f  the cho-  
lesterol  is absorbed in the in tes t ine .  

The presence of  biliary choles terol  in the 
sed imen t  could be due to  an exchange be tween  
micelles and sed iment ,  or  to  desquamated  
epithelial  cells conta in ing  recent ly  absorbed 
biliary choles terol ,  or  to bo th  mechanisms.  
Since the specific activity of  choles terol  in the 
cells was m u c h  lower  than  in the  adjacent  
con ten t ,  part icularly in the i leum, the role of  
cell sloughing is small compared  to tha t  o f  the 
exchange o f  choles terol  be tween  the  two 
fractions.  This conclus ion is cons is ten t  wi th  the  
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results of MacIntyre et al. (1). They found a 
similar sterol pattern in the micelles and in the 
corresponding sediment. Moreover, the similar- 
ity of the cholesterol-specific activities in the 
sediment and the micelles in both halves of the 
intestine (Table II) suggests that the biliary 
cholesterol exchanges very rapidly between the 
two fractions. Results obtained from the 
isotopic equilibrium experiment as well as from 
the L-thyroxin-fed rats lead to this same 
conclusion. However, the differences found in 
the distribution of the infused biliary choles- 
terol at the end of the infusion experiments 
show that there is an accelerated intestinal 
transit in the L-thyroxin-fed rats compared to 
the controls. 

In the isotopic equilibrium experiment, the 
higher cholesterol-specific activity of the ileal 
content (Table II) compared to that of jejunum 
is due to the increasing proportion of exogen- 
ous versus endogenous cholesterol, as shown in 
a previous report (2). 

Biliary Cholesterol Distribution in the 
Intestinal Wall 

The absence of radioactivity in the walls of 
the stomach, caecum, and colon is additional 
supportive evidence that cholesterol absorption 
takes place only in the intestine (2). 

Since 68% of the infused biliary cholesterol 
had been absorbed at the end of the infusion 
experiment, the absorption coefficient of bile 
cholesterol has to be at least 68%. To obtain a 
more precise value for this coefficient, we 
infused bile fistula rats with bile containing 
labeled cholesterol for 6 hr and then re-estab- 
lished normal bile circulation. The unab- 
sorbed biliary cholesterol was measured from 
the unsaponifiable fraction of feces collected 
during the following 3 days. Under these 
conditions, the absorption coefficient of bile 
cholesterol averages 83-  + 4% (4 rats), which is 
higher than that of diet cholesterol, found to be 
69.9 -+ 1.1% (5 rats) by an isotopic equilibrum 
method (26). 

As shown by Figure 1, the biliary cholesterol 
is essentially absorbed in the first half of the 
intestine. In contrast, the absorption of dietary 
cholesterol takes place all along the intestine. In 
a complementary isotopic equilibrium experi- 
ment of four rats fed the basal diet, the percent 
distribution of the total alimentary cholesterol 
present in the wall of the intestine was: 15- + 3% 
(first quarter), 33 -+ 4% (second), 38 -+ 4% 
(third) and 14 -+ 2% (fourth). Similar data were 
also obtained in our laboratory with other 
dietary conditions. These results agree with 
previous data of Swell et al. (27), who obtained 
similar results in lymph fistula rats fed a test 
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FIG. I. Percent of absorbed biliary ([]) choles- 
terol (infusion experiments) and dietary (N) cho- 
lesterol (isotopic equilibrium experiment) present in 
the first and the second halves of the intestinal wall. 

meal containing 40-44 mg [4-14C]cholesterol 
but concluded that the upper half of the 
intestine is the chief site of cholesterol absorp- 
tion. 

Location of Absorption Activity in the Villi 

Since the specific activity of [ 1 4C] choles- 
terol in the cells was obtained on pooled 
samples (isotopic equilibrium experiment, 
Table II), no definite statistical conclusions can 
be drawn. However, the variance of specific 
activity of plasma cholesterol for each rat was 
less than 10%. Also, the higher mean specific 
activity of [ 1 4C] cholesterol in the top cells of 
the ileal villi than those of the crypts suggests 
that dietary cholesterol absorption takes place 
preferentially in the villus, as proposed by 
Sylven and Nordstrom (4). Biliary cholesterol 
is also probably preferentially absorbed in the 
top ceils since three to four times more radioac- 
tivity was found in the tops  of the villi than in 
the crypts (jejunum) 3 hr after a duodenal 
infusion of bile containing labeled cholesterol 
(2 rats, data not included). 

L-Thyroxin Influence on Biliary 
Cholesterol Absorption 

The minimal absorption coefficient of the 
biliary cholesterol calculated for the thyroxin 
fed rats after the 6 hr infusion experiments 
reached only 47 .+ 5%. The rest of the choles- 
terol was found in the luminal contents. If feces 
are collected during the three days following an 
infusion of labeled bile, as discussed above for 
control rats, the absorption coefficient of 
cholesterol reaches 59 -+ 2% (4 rats). Therefore, 
L-thyroxin ingestion has a negative effect on 
bile cholesterol absorption. This result is to be 
expected, since a decrease in dietary cholesterol 
absorption under the same conditions has been 
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d e s c r i b e d  p r e v i o u s l y  (9).  A f t e r  a 6 - h r  i n f u s i o n  
o f  l a b e l e d  bile,  t h e r e  is p r o p o r t i o n a t e l y  m o r e  
bile c h o l e s t e r o l  in  t h e  i l e u m  a n d  c o l o n  c o n t e n t s  
a n d  less  in t h e  j e j u n u m  t h a n  fo r  t h e  c o n t r o l s .  
M o r e o v e r ,  a h i g h e r  a m o u n t  o f  b i l i a ry  c h o l e s -  
t e ro l  c a n  be  f o u n d  in  t h e  i leal  s e d i m e n t .  T h e  
l o w e r e d  c h o l e s t e r o l  a b s o r p t i o n  a n d  t h e  m o d i -  
f i ed  l o c a t i o n  o f  t h e  b i l i a ry  c h o l e s t e r o l  in  t h e  
L - t h y r o x i n - f e d  r a t s  ag ree  w i t h  t h e  a c c e l e r a t e d  
i n t e s t i n a l  t r a n s i t  a n d  t h e  h i g h e r  t u r n o v e r  o f  
i n t e s t i n a l  e p i t h e l i u m  d e s c r i b e d  p r e v i o u s l y  fo r  
h y p e r t h y r o i d  r a t s  (28) .  
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ABSTRACT 

The developmental pattern of microsomal 3-hydroxy-3-methylglutaryl coenzyme A reductase (EC 
1.1.1.34), which catalyzes the rate-limiting step of cholesterol biosynthesis, was studied in lung, liver 
and brain of Sprague-Dawley rats. Each tissue exhibited a distinct pattern. Reductasc activity in 
the fetal lung reached a peak at 19 days of gestation, which corresponds to the onset of active 
surfaetant production. This observation is consistent with the suggestion that the fetal lung synthesizes 
all surfactant components including cholesterol. In the liver, reductase activity varied in a ieciprocal 
fashion with serum cholesterol levels. The peak of brain Ieductase activity occurred at 3 days "alter 
birth at the onset of rapid brain growth despite rapidly rising serum cholesterol levels. 

A deficiency in the production of lung 
surfactant is presently considered a principle 
cause of the Respiratory Distress Syndrome 
seen in the newborn (1). Since surfactant 
contains large amounts of  fully saturated 
phosphatidylcholines, mainly dipalmitoyl phos- 
phatidylcholine, the synthesis of this phospho- 
lipid by alveolar cells has been extensively 
investigated (1). The chemical composition of 
surfactant shows that this material is not solely 
dipalmitoyl phosphatidylcholine but rather a 
complex mixture of several species of phospho- 
lipids, neutral lipids and proteins (2). The 
neutral lipid is mostly cholesterol which on a 
molar basis comparises 10-25% of the total lipid 
of surfactant (2) and may serve an extremely 
important physiochemical function. Although 
dipalmitoyl phosphatidylcholine would by 
itself provide a sufficiently low alveolar surface 
tension, its phase transition temperature is 41 C 
which means that it would be in a "solid gel" 
state at body temperature (3). The addition of  
cholesterol to dipalmitoy! phosphatidylcholine 
lowers the transition between the gel and liquid 
crystalline phase to below 37 C (3). Monoenoic 
phospholipids exhibit a similar effect. The 
presence of these lipids in surfactant would be 
expected to lower the phase transition 
temperature of the complex and thus insure 
proper adsorption of  the surface active material 
at the alveolar interface (2). 

Surfactant is produced and secreted by 
alveolar type II epithelial cells (4,5). These cells 
have the capability to synthesize monoenoic 
and fully saturated phospholipids (1,6). Devel- 
opmental studies indicate that the enzyme 
activities responsible for the synthesis of these 
lipids reach maximal levels at 85 to 90% of 
term which corresponds to the onset of lung 
surfactant production (1). It is implied that all 
surfactant components are synthesized in the 

lung. However, no information is presently 
available concerning the levels of  the enzyme 
activities involved in lung cholesteroi bio- 
synthesis during the fetal and neonatal periods. 

In view of  these observations, we have 
investigated the development of 3-hydroxy-3- 
methylglutaryl coenzyme A reductase (HMG- 
CoA reductase) activity in lungs from fetal 
and neonatal rats. This enzyme catalyzes the 
rate-limiting reaction of cholesterol biosynthe- 
sis (7). For the purposes of controls and com- 
parison, we also measured HMG-CoA reduct- 
ase in livers and brains during development. 

MATERIALS AND METHODS 

Timed, pregnant Sprague-Dawley rats were 
purchased from ARS/Sprague Dawley, Madi- 
son, WI. The animals were housed in individual 
cages in a windowless room with lights on from 
600 hr to 1800 hr and were fed Wayne Lab 
Blox and water ad libitum. Pregnant females at 
16.5 to 21.5 days of gestation were killed by 
decapitation at 900 hr. The fetuses were 
removed by hysterotomy and immediately 
decapitated. A blood sample was obtained. The 
lungs, livers and brains from littermates were 
pooled and weighed. Suckling rats were killed 
at 900 hr also. For postweanling studies, the 
pups were removed from their mothers at 18 
days of  age and fed solid food in a windowless 
room with lights on from 2200 hr to 1000 hr 
the following day. All postweanling animals 
were killed at 1300 hr. 

The tissues were minced and then homog- 
enized with a motor-driven Teflon-glass Potter 
Elvehjem homogenizer using 10 ml of  ice cold 
0.3 M sucrose containing 1 mM dithiothreitol 
(SD) per gram of tissue. The broken cell prepa- 
ration was centrifuged at 10,500 x g for 15 
rain. The resulting supernatant fraction was 
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FIG. 1. Rat lung microsomal HMG-CoA reductase 
activity during development. The means and standard 
deviations are presented. Each point represents at least 
3 litters or in the case of suckling pups at least 6 
animals. 
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FIG. 2. Rat liver microsomal HMG-CoA reductase 
activity during development. The means and standard 
deviations are presented. Each point represents at least 
3 litters or in the case of suckling pups at least 6 
animals. Rat pups were weaned at 18 days of age. 

centrifuged for 45 min at 145,000 x g. The 
pellet which contained the microsomes was 
resuspended in cold SD media using 1.5 ml per 
gram of tissue. 

HMG-CoA reductase activit3~ of these 
microsomal preparations was determined as 
described by Shapiro et al. (8). This method 
measures the formation of radioactive mevaton- 
ate from [14C]HMG-CoA. The labeled meva- 
lonate was converted to mevalonolactone and 
separated from the substrate by thin layer 
chromatography using acetone/benzene (1:1). 
Separation of labeled mevalonolactone from 
HMG-CoA by the frequently used anion ex- 
change method (9) leads to erroneous values for 
HMG-CoA reductase activity caused by inter- 
fering enzyme activities present in isolated 
microsomes (10). Reductase activity was 
expressed in terms of nmol  of mevalonate 
formed per min per mg of microsomal protein. 

Microsomal protein was determined by a 

biuret method (11). Serum cholesterol levels 
were determined by the method described by 
Abell et al. (12). 

RESULTS 

If the cholesterol needed for the production 
of surfactant is derived from synthesis by the 
fetal lung, one would expect the development 
of cholesterol biosynthesis to parallel that of 
the other surfactant components. It has been 
shown that lung phospholipid synthesis and 
surfactant production increase sharply at ca. 
90% of term (13). The developmental pattern 
of HMG-CoA reductase activity in rat lung 
microsomes is shown in Figure 1. A pro- 
nounced peak of reductase activity occurred at 
ca. 19 days of gestation or 86% of term 
(full term is 22 days). The activity then 
fell sharply before birth and remained at low 
levels. This pattern closely parallels that of fetal 
lung lecithin biosynthesis by the CDP-choline 
pathway (1). The peaks of lung cholesterol and 
phospholipid biosynthesis both occur at the 
onset of lung surfactant production. 

Since the liver is considered to synthesize 
most body cholesterol, the development of 
hepatic HMG-CoA reductase was examined. As 
shown in Figure 2, hepatic microsomal HMG- 
CoA reductase activity is elevated during the 
last 4 days of gestation, when surfactant is 
being actively produced. Liver reductase 
activity declines after birth and reaches very 
low levels at 8 to 17 days of age. The activity 
then rises sharply as the rat pups are weaned 
onto solid food. These levels are considerably 
higher than those observed in adult rats. This 
general pattern for hepatic reductase activity 
agrees with that reported by McNamara et al. 
(14). 

Since rat milk contains cholesterol and since 
it has been established that hepatic reductase 
activity decreases markedly in adult rats fed 
cholesterol (15), serum cholesterol levels were 
determined as a function of development (Fig. 
3). Serum cholesterol levels increased 2- to 
3-fold during the suckling period, when liver 
reductase levels reached their lowest values. 
Upon weaning, serum cholesterol levels fell 
concomitant with the sharp rise in hepatic 
reductase activity. 

In contrast to the pattern in lung and liver, 
brain microsomal HMG-CoA reductase activity 
increases after birth reaching a peak at 3 days 
of age (Fig. 4). The time at which peak activity 
occurs corresponds to the onset of rapid brain 
growth. After 3 days of age, the specific ac- 
tivity of brain reductase steadily declines and 
does not  increase when the rat pups are weaned 
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onto solid food as does the liver enzyme. Thus, 
brain microsomal reductase appears to be 
regulated independent of changes in serum 
cholesterol levels. 

D I S C U S S I O N  

The essentiality of  cholesterol biosynthesis 
to normal cell growth and function has been 
emphasized by the experiments of Kandutsch 
and Chen (16). These investigators have shown 
that when cholesterol biosynthesis in cultured 
cells is inhibited by the addition of oxygenated 
cholesterol derivatives, a number of conse- 
quence follow. These include: a decrease in 
intraceltular sterol concentrations; followed by 
a decline in DNA synthesis; decreased rate of  
cell growth and ultimately cell death (16). 
These consequences can be prevented by adding 
mevalonate or cholesterol to the culture media. 
In experiments with phytohemaggiutinin-stimu- 
lated lymphocytes,  it was shown that a period 
of increased sterol synthesis must precede the 
synthesis of  DNA and blastogenic transforma- 
tion (17). Thus, it is of particular interest that 
HMG-CoA reductase, which catalyzes the 
rate-limiting reaction in cholesterol biosynthe- 
sis, reaches its peak activity in brain at 3 days 
after birth which corresponds to the onset 
of rapid brain growth. The high levels of  brain 
HMG-CoA reductase observed in suckling rats 
(Fig. 4) are consistent with the previous sug- 
gestion (18) that the cholesterol required for 
myelin formation is derived from synthesis 
within the neural tissue. 

The developmental pattern of brain choles- 
terol biosynthesis has been examined in mice 
by Kandutsch and Saucier (19). These investi- 
gators found a peak of synthesis at ca. 11 days 
after birth followed by a steady decline. In the 
only previous study of the developmental 
pattern of  HMG-CoA reductase activity in rat 
brain, Aragon et al. (20) reported two peaks of 
enzymic activity; one at 10 days of age and the 
other at 20 dys of age immediately following 
weaning. These invetigators (20) also report 
only a 2- to 3-fold decrease in HMG-CoA 
reductase specific activity in the adult as 
compared to the newborn rat. These results 
differ considerably from those reported in 
Figure 4. The very low levels of HMG-CoA 
reductase activity found in adult brain in the 
present study are in good agreement with 
previous reports (21,22) of  the rate of  acetate 
incorporation into cholesterol. In these earlier 
studies, cholesterol synthesis was found to be 
markedly reduced with age and in some cases 
was not detectable. 

In comparing the developmental patterns of 
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FIG. 3. Changes in serum cholesterol levels during 
development. The means and standard deviations are 
presented. Each point represents at least 3 liters or in 
the case of suckling pups at least 6 animals. 

microsomal HMG-CoA reductase from lung, 
liver and brain, it is evident that the enzyme is 
not coordinately regulated. Rather, the enzyme 
activity appears to be responsive to the physio- 
logical demands of each tissue for cholesterol 
synthesis. For example, hepatic HMG-CoA 
reductase activity appears to vary in response to 
dietary intake of cholesterol. In the adult rat, 
these adaptive changes in hepatic HMG-CoA 
reductase activity appear to be mediated by 
changes in the intracellular concentrations of 
cholesterol and cholesterol esters (23,24). In 
the suckling rat, McNamara et al. (14) showed 
that liver cholesterol levels did not differ from 
those of the adult, but yet  hepatic reductase 
activity was markedly lower. From the data 
presented in Figures 2 and 3, it is apparent that 
in the suckling rat hepatic reductase activity 
is inversely related to serum cholesterol levels. 

The observation that in fetal lung the 
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FIG. 4. Rat brain microsomal HMG-CoA reductase 
activity during development. The means and standard 
deviations are presented. Each point represents at least 
3 litters or in the case of suckling pups at least 6 
animals. Brain weight is presented in terms of wet 
weight. The values represent the means of at least 4 
individual brains. 
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enzyme,  which  catalyzes the  rate-l imit ing 
reac t ion  in choles terol  b iosynthes is ,  undergoes  
a sharp increase in activity at the  t ime when  
surfactant  p roduc t i on  begins provides suppor t  
for the view tha t  the fetal lung has the  capa- 
bility of  synthes iz ing each of  the  major  compo-  
nents  o f  surfactant  including cholesterol .  
Studies on the  deve lopmen t  of  sur fac tan t  
p roduc t i on  by the  fetal lung have cen te red  on 
the  enzymes  involved in phospho l ip id  bio- 
synthesis ,  part icularly those  responsible  for  the  
synthesis  of  d ipalmi toyl  phospha t idy lcho l ine .  
As po in t ed  out  by Farrell and Avery (1), 
relevant  data on the  synthesis  of  apopro te ins  
and o the r  lipid cons t i tuen t s  by the  fetal lung is 
present ly  unavailable. A defect  in the  bio- 
synthesis  o f  any of  the cons t i tuen ts  o f  surfact-  
ant could result in a def ic iency of  sur fac tan t  
and in impaired respira tory  function. 
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ABSTRACT 

De novo synthesis and mitochondrial elongation of fatty acids have been demonstrated in sub- 
cellular fractions from hog and human aorta. Microsomal fatty acid elongation has been shown in hog 
aorta. The activity catalyzing the formation of fatty acids from acetyl and malonyl CoA was asso- 
ciated with a high molecular weight complex in the 6 x 106 g x rain supernatant fraction. The princi- 
pal product was palmitic acid. Some myristic and stearic acids were also formed. One elongation 
system was associated with protein which sedimented between 4500 g x min and 150,000 g x min. It 
used acetyl CoA but not malonyl CoA, and NADH was the preferred reducing agent. Radioactivity 
from acetyl CoA was incorporated into many fatty acids. In hog aorta a second elongation system was 
found associated with protein which sedimented at 6 x 106 g x rain. It used malonyl CoA preferen- 
tially as substrate and either NADH or NADPH as reducing agent. 

INTRODUCTION 

Studies from several laboratories have shown 
that the arterial wall can incorporate 14C from 
acetate or glucose into fatty acids. Chernick et 
al. (1) showed in 1949 that [14C]acetate is 
incorporated into fatty acids in rat aorta. Vost 
(2) and Howard (3) showed that [14Cl acetate 
is incorporated into fatty acids by the perfused 
rabbit aorta, and that both de  n o v o  synthesis 
and elongation were occurring. Chobanian and 
Manzur (4) have shown that segments of human 
aorta incorporate radioactive acetate into lipid. 
The major product corresponded in equivalent 
chain length to a fatty acid 22 carbons long 
with 4 double bonds. Whereat (5) isolated 
functioning mitochondria from both normal 
and atherosclerotic rabbit aorta, and showed 
that they carry out elongation of fatty acids 
with acetyl CoA. He did not  find de  n o v o  
synthesis, although the work of Vost (2) and 
Howard (3) had suggested that the rabbit aorta 
carries out this process. Howard (6), using 
subcellular fractions of monkey aorta, found 
that the cytoplasmic fraction catalyzed de  n o v o  

synthesis and that both the mitochondfial and 
the microsomal fractions catalyzed elongation 
of fatty acids. Wilson et al. (7) have partially 
purified the fatty acid synthetase of chicken 
aorta. They also measured de  n o v o  fatty acid 
synthesis, and the rates of elongation catalyzed 
by mitochondrial and microsomal fractions 
from human aorta. 

Changes in fatty acid composition in aorta 
lipids which suggest significant in s i tu  lipid 
synthesis are typical of the early fatty lesions of 
atherosclerosis (8-10). Therefore, it seemed 
useful to examine more closely the enzymes 

capable of modifying the composition of the 
fatty acid pool in human arterial wall. Subcellu- 
lar fractions from hog aorta were used to 
determine optimum experimental conditions, 
and then experiments were performed on 
human aorta samples as they became available 
from autopsy. D e  n o v o  fatty acid synthesis and 
mitochondrial and microsomal elongation were 
examined. Substrate and cofactor requirements 
and product composition are described. 

METHODS 

Materials 

Glucose-6-phosphate, glucose-6-phosphate 
dehydrogenase, Coenzyme A, nicotinamide, 
NADP, NADH, NADPH, ATP, methyl benze- 
thonium hydroxide, dithiothreitol and oleic 
acid were purchased from the Sigma Chemical 
Co., St. Louis, MO. Solutions of Coenzyme A 
and dithiothreitol were prepared fresh for each 
experiment, and the concentration of free 
sulfhydryl groups determined using Ellman's 
reagent. [ 1,3-14C] Malonyl CoA, [ 1-14C] acetyl 
CoA, [ l-14C1 palmitic, [ 1- I4C1 oleic and 
[ 1-14C] linoleic acids were purchased from New 
England Nuclear Corp., Boston, MA. The 
labeled acetyl CoA and malonyl CoA were 
purified by descending chromatography on 
Whatman no. 3 MM paper in a solvent system 
composed of isobutyric acid/ammonia/0.1 M 
EDTA, pH 4.5/water, 124:4.9:2.0:0.75. Fatty 
acid methyl ester standards for gas chromatog- 
raphy were purchased from Applied Science 
Corp., State College, PA. 

Purified fatty acid synthetase from pigeon 
liver was a gift from Dr. Richard A. Muesing. 
Hog aortas were a gift from the Oscar Meyer 
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Company, Madison, WI, or were purchased 
from the Szala Slaughterhouse, Amherst, MA. 
Segments of human aorta removed during 
postmortem examination were obtained from 
the Departments of Pathology of the Veterans 
Administration Hospital and the University of 
Wisconsin Hospital, Madison, WI, and from Dr. 
William Doyle of Franklin County Hospital, 
Greenfield, MA. 

Preparation of Subcellular Fractions 

Hog aortas were obtained at the time of 
s laughter  and kept on ice unt i l  homogenized. 
Segments of human aorta were obtained during 
postmortem examination, Only samples which 
could be obtained within 12 hr of death were 
used; most samples being obtained within 6 hr 
of death. Homogenates were prepared in a 
buffer of 0.10 M potassium phosphate, pH 7 
and 0.001 M EDTA. 

The aorta was opened longitudinally and the 
inner surface rinsed with buffer. A layer con- 
sisting of the intima and part of the media was 
stripped from the remaining media plus adven- 
titia. Buffer, 4 ml, was added to 2 g portions of 
the intima-media and the tissue was finely 
minced with scissors. The mince was homo- 
genized in a Kontes Duall ground glass, motor- 
driven homogenizer. The homogenate was 
transferred to a centrifuge tube, and the homo- 
genizer rinsed with an additional 2 ml of buffer. 
The homogenate was centrifuged for 4,500 
g x min and the pellet discarded. Mitochondria 
were collected by centrifugation for 150,000 
g x rain. The 150,000 g x min pellet was resus- 
pended in buffer and again collected by centri- 
fugation for 150,000 g x min. This pellet was 
resuspended and the suspension centrifuged for 
4,500 g x min. The sedimented material was 
discarded, and the mitochondria again collected 
by centrifugation for 150,000 g x rain. 

The microsomal fraction was collected by 
centrifugation of the first 150,000 g x min 
supernatant for 6 x 106 g x rain. The micro- 
somes were washed by resuspending them in 
the original volume of buffer and collecting 
them again by centrifuging for 6 x 106 g x min. 

Measurement of Enzyme Activities 

The activity of cytoplasmic fatty acid 
synthetase was measured by a modification of 
the procedure described by Hsu et al. (11). The 
incubation mixture contained potassium phos- 
phate buffer, pH 7, 50 /.tmoles; EDTA, 1.5 
pmoles; DTT, 2.5 /2moles; NADP, 0.5 /2mole; 
glucose-6-phosphate, 1 /2mole; glucose-6-phos- 
phate dehydrogenase, 0.6 units; acetyl CoA, 42 
nmoles, [2-14C]malonyl CoA or [1,3-14C]- 
malonyl CoA, 100 nmoles, 0.5-1 mCi/mmol; 
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and up to 1.5 mg protein from the 6 x 106 
g x min supernatant in a total volume of 0.50 
ml. Protein solutions, whether freshly prepared 
or stored frozen, were made 0.01 M in DTT and 
preincubated at room temperature for 30 min 
to insure that the fatty acid synthetase was 
completely activated. The mixture was incu- 
bated at 37 C for 15 rain and the reaction 
stopped by the addition of 0.015 ml of 68% 
HC104. Ethanol, 0.50 ml, was added, and the 
product fatty acids extracted with three 1.2 ml 
aliquots of petroleum ether (b.p. 30-60 C). The 
petroleum ether extracts were washed with a 
solution containing 0.05 M malonic acid and 
0.05 M acetic acid. The radioactivity in the 
combined petroleum ether extracts was mea- 
sured, after evaporation of the solvent, as 
described below. The rate is expressed in nmol 
or pmol of malonyl CoA incorporated. 

For the measurement of the rate of elonga- 
tion of fatty acids catalyzed by mitochondria, 
incubation mixtures contained ATP, 2.5 
,umoles; MgC12, 5 /2moles; nicotinamide, 0.6 
/2mole; NADH, 0.15 /2mole; [1AaC]acetyl  - 
CoA, 50 nmoles and 2-3 mCi/mmole; and up to 
1 mg of mitochondrial protein in potassium 
phosphate buffer, pH 7, 20/2moles containing 
0.2 /2mole EDTA. The total volume of the 
incubation mixture was 0.50 ml. 

The reaction mixture for the measurement 
of the rate of fatty acid elongation in micro- 
somes contained potassium phosphate buffer, 
pH 7, 70 /2moles; EDTA, 0.2 mole; ATP, 
2.5 /2moles; MgC12, 5 /.tmoles; NADPH, 0.15 
/2mole; Coenzyme A, 2.5 nmoles; [1,3-14C]- 
malonyl CoA, 50 nmoles, 1-3 mCi/mmol; and 
up to 1.5 mg microsomal protein, in a total 
volume of 0.50 ml. 

Reaction mixtures containing mitochondria 
or microsomes were incubated for 30 min at 37 
C and the reaction stopped by addition of 0.50 
ml of 10% KOH in ethanol/water (9:1). The 
mixture was heated at 75 C for 1 hr, cooled, 
and while still alkaline, extracted twice with 3 
ml portions of petroleum ether. This petroleum 
ether extract was discarded. The reaction 
mixture was then acidified, and extracted for 
fatty acids as described above. 

When the product fatty acids were to be 
isolated for further characterization, the 
substrates used had a specific radioactivity of 
50 mCi/mmol. For the particulate systems, 
amounts of protein up to 10 mg were used, and 
both NADH and NADPH (0.15/~moles of each) 
were included in the reaction mixtures. Cyto- 
chrome oxidase was measured as described by 
Magargal et al. (12). 
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Partial Purification of the 
Fatty Acid Synthetase Complex 

The 6 x 106 g x min supernatant solution 
was collected from a homogenate prepared 
from hog or normal segments of human intima- 
media. An aliquot of 15 ml was treated with 
solid ammonium sulfate. The protein fraction 
which precipitated between 20 and 40% satura- 
tion was collected, resuspended in 1.5 ml of 
potassium phosphate buffer, 0.10 M, pH 7, 
containing 0.001 M EDTA and 0.001 M dithio- 
threitol and dialyzed against the same buffer 
for 24 hr. A small aliquot of the dialyzed 
protein solution was taken for analysis, and the 
remainder was layered on a 5-20% sucrose 
gradient prepared in the same buffer. Purified 
fatty acid synthetase from pigeon liver was 
layered on an identical gradient. The gradients 
were centrifuged at 25,000 rpm in a Beckman 
SWaT rotor for 36 hr at 10 C. 

Product Identification 

Free fatty acids were separated from other 
lipids on Silica Gel H plates with a solvent 
system containing petroleum ether/diethyl 
ether/acetic acid (70:30:1). Methyl esters of 
fatty acids were separated from other lipids on 
Silica Gel G plates using a solvent system 
containing 3% diethyl ether in petroleum ether. 

Gas liquid chromatography was carried out 
with Barber Colman model 10 or model 5000 
instruments. Columns (6 ft x 6 ram) were 
packed with diethylene glycol succinate (12% 
by weight on Gas-Chrom P). The column 
temperature was 198 C; the carrier gas nitrogen, 
and the effluent gas flow 60-70 ml/min. The 
model 5000 was equipped with a gas flow 
counter for monitoring radioactivity. 

Methyl esters of fatty acids were prepared 
using diazomethane. Decarboxylation of fatty 
acids was carried out as described by Brady et 
al. (13). Since Dahlen (14) has shown that 
unsaturated acids may not be completely 
decarboxylated, fatty acids from incubation of 
particulate fractions were hydrogenated before 
decarboxylation. Reduction was done by the 
microhydrogenation procedure described by 
Appleqvist (15). [ 1-14C] Palmitic acid was used 
as a standard for the decarboxylation procedure 
alone. [1A4C] Linoleic acid was used to verify 
that recoveries were complete for the reduction 
followed by decarboxylation. Recovery of 
[14C] from standards varied from 91-109% in 
12 analyses. 

Radioactivity was determined in either 
toluene-phosphor solution (4 g of 2,5-dipheny- 
loxazole and 0.1 g of 2,5-bis[5-tert-butylben- 
zoxazole)] 2-thiophene per liter of toluene), or 
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dioxane-phosphor solution (60 g of naptha- 
lene, 10 ml of ethylene glycol, 4 g of 2,5- 
diphenyloxazole, and 0.2 g of 2,5-bis[5-tert- 
butylbenzoxazole)]-2-thiophene per liter of 
dioxane) in a Packard Tri-Carb model 3365 or 
Beckman LS-250 liquid scintillation spectro- 
meter. 

RESULTS AND DISCUSSION 

Preliminary experiments were done using 
homogenates of normal hog artery. Subsequent 
experiments were carried out with human tissue 
from autopsy as it became available. The 
cytoplasmic fatty acid synthetase and the 
mitochondrial elongation system behaved simi- 
larly whether hog or human tissue was used. 
For brevity, and since the human systems 
are of greater interest, only the data obtained 
with human aorta are presented for most 
experiments with these two systems. 

Fatty Acid Synthetase 

When protein in the 6 x 106 g x min super- 
natant fraction was incubated with [14C]- 
malonyl CoA as described above, the incorpora- 
tion of radioactivity into fatty acid was propor- 
tional to time for 15 min and to protein up to 
at least 1.5 rag. The fraction of supernatant 
protein which precipitated between 20 and 40% 
saturation with ammonium sulfate contained 
58% of the total activity, and the specific 
activity was twice that of the crude supernatant 
solution. This fraction was examined by sucrose 
density gradient centrifugation (Figure 1). The 
fatty aicd synthetase activity was separated 
from most of the rest of the protein by this 
procedure, and its location coincided with that 
of purified pigeon liver fatty acid synthetase 
centrifuged on an identical gradient. The 
recovery of total activity placed on the gradient 
was 70%. 

The fractions from the gradient which 
contained fatty acid synthetase activity were 
combined, and the protein concentrated using 
an Amicon PM 10 filter. This partially purified 
fatty acid synthetase was incubated with 
[1,3A4C] malonyl CoA, and the product fatty 
acids isolated. The methyl esters of the product 
were prepared and purified by thin-layer 
chromatography (TLC). The radioactive 
product was added to a mixture of nonradio- 
active methyl esters of the fatty acids 12:0, 
14:0, 16:0, 18:0 and 20:0 and chromato- 
graphed on the Barber-Colman model 5000. Of 
the radioactivity detected, 78% coincided with 
methyl palmitate, 20% with methyl stearate, 
and 2% with methyl myristate. The peak of 
radioactivity associated with methyl myristate 
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FIG. 1. Distribution of  protein and fatty acid 
synthetase  activity from human  aorta ammon i um 
sulfate fraction on a 5-20% sucrose density gradient. 
Protein was est imated by measur ing the absorbance at 
280 nm. Enzyme  activity was measured as described 
in the text.  Total activity in each fraction is shown. 
" - ,  protein in purified fat ty  acid synthetase f rom 
pigeon liver; o - _ _ o  protein, aorta; ~-----~, fa t ty  acid 
synthetase activity, aorta. 

was small, but occurred reproducibly. No 
radioactivity appeared after methyl stearate in 
chromatograms monitored for as long as 30 min 
after the appearance of methyl arachidate. 
Radioactive products were also purified as free 
fatty acids by TLC and decarboxylated. The 
carboxyl carbon was found to contain 14.7% of 
the total radioactivity. 

From the distribution of radioactivity 
among product fatty acids, the fraction of total 
radioactivity found in the carboxyl carbon, and 
the behavior of the catalytic activity on sucrose 
density gradients, we conclude that human and 
hog aorta contain a cytoplasmic fatty acid 
synthetase complex of high molecular weight 
like that described from avian and mammalian 
liver by many other workers. Howard (6) found 
such an activity in the high-speed supernatant 
of monkey aorta, and Wilson et al. have shown 
that chicken aorta has a fatty acid synthetase 
complex like the one in chicken liver (7). The 
apparent absence of such an activity in homo- 
genates of rabbit aorta reported by Whereat (5) 
could have been due to use of NADH as a 
reducing agent, or to lack of added malonyl 
CoA, even though the supernatant contained 
significant acetyl CoA carboxylase activity. 
Katiyar and Porter (16) have shown that the 
rate of the FAS reaction is quite sensitive to the 
ratio of the acetyl to malonyl CoA present in 
the reaction mixture. At an acetyl/malonyl 
ratio of 4:1, the reaction is 75% inhibited. In a 

reaction mixture which contained 75 nmoles 
acetyl CoA and in which at most 5-10 nmoles 
of malonyl CoA could be generated in the time 
period of incubation (estimated from ref. 6), 
the observable fatty acid synthetase activity 
should be negligible. 

Segments of intima-media of six of the 
human aortas used in this study were dissected 
according to their degree of atherosclerotic 
involvement. They were judged by visual 
inspection, and classified as normal, fatty 
streaked, or an involvement greater than fatty 
streak. The fatty acid synthetase activity was 
measured in homogenates prepared from the 
separated classes. In general, both specific and 
total activities were slightly lower in more 
diseased segments than in less diseased seg- 
ments from the same individual, but the dif- 
ferences were small, less than 2-fold in the 
greatest case. The range of amounts of activity 
for the six individuals was 8-44 pmol substrate 
incorporated]rain/rag protein. Similar observa- 
tions have been made by Wilson et al. (7). 

Fatty Acid Elongation 

The microsomes (fraction which sediments 
between 1.5 x 105 and 6 x 106 g x min) 
isolated in this study contained up to 30% of 
the total tissue cytochrome oxidase activity, 
indicating contamination with mitochondrial 
fragments. Thus, when the terms "mitochon- 
drial elongation system" and "microsomal 
elongation system" are used below, they refer 
to fatty acid elongation systems of particular 
characteristics which have been shown by 
others to be associated with mitochondria (17) 
and microsomes (18), respectively. It is possible 
to establish the presence of each of these 
systems in preparations which contain both, 
because of differences in their properties, as 
summarized below. 

Washed mitochondria were incubated with 
[1A4C]acetyl CoA, and fatty acids were 
recovered after saponification. The incorpora- 
tion of radioactivity into total fatty acids was 
proportional to time for 30 min, and propor- 
tional to protein for amounts up to 1 mg. 
Washed microsomes from hog aorta or human 
aorta were incubated with [14C]malonyl 
CoA, and total fatty acids were recovered after 
saponification. The incorporation of radio- 
activity into total fatty acids was proportional 
to time for 40 rain and proportional to protein 
for amounts up to 1.5 mg. This activity was 
found in every preparation of hog aorta micro- 
somes examined. Human aorta microsomes 
were active if the microsomes were used with- 
out washing. However, only two preparations 
out of twelve tested were active if the micro- 
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TABLE I 

Properties of Fatty Acid Elongation Systems 
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Relative rate of reaction a 

Mitochondria Microsomes 

Hog Human Hog 

Substrate specificity 
Acetyl CoA 1.0 1.0 0.2 
Malonyl CoA 0.05 --- 1.0 

Reducing agent 
None . . . . . .  0 
NADH 1.0 1.0 1.0 
NADPH 0.16 0.19 1.0 

ATP Requirement 
No ATP --- 0.06 0.09 

Specific activity 
pmoles/min/mg, 6.8-16.3 (3)b 4.6,3 5.0 0.7 -6.8 (5) 
standard 
reaction mixture 

aThe data are reported as the ratio of the rate observed under the specified condition 
to the rate with the standard reaction mixture for the particulate fraction used. The stan- 
dard reaction mixture for mitochondrial incubations contained [ 1-14C~ acetyl CoA, NADH, 
ATP, MgC12, and buffer and mitochondrial protein. The standard reaction mixture for 
microsomal incubations contained [l,3-14C]malonyl CoA, NADPH, ATP, MgC12, 
Coenzyme A, buffer and microsomal protein. 

bThe number in parentheses is the number of  different enzyme preparations for which 
this measurement was made. 

somes were washed.  Addi t ion  of  oleic acid or  
oleyl CoA as acceptor  did no t  restore activity.  
Microsomal data below are for hog microsomes.  

The substrate specifici ty,  ATP requirements ,  
and reducing agent specificity of  the part iculate 
systems are shown in Table I. Mi tochondr ia  
uti l ized acetyl CoA,  and no t  malonyl  CoA.  
Microsomes ut i l ized malonyl  C o A  in preference  
to acetyl CoA. Mitochondr ia  uti l ized N A D H  
more efficiently than NADPH as a reducing 
agent. Microsomes did no t  distinguish be tween  
the reducing agents. Endogenous  fat ty  acids 
were used as acceptors for both  part iculate 
systems. Apparent ly ,  act ivat ion of  the  fat ty  
acid is required,  since very lit t le e longat ion 
occurred in the absence of  ATP. However ,  
nei ther  system shows an absolute  requ i rement  
for added Coenzyme  A (Fig. 2). Fo r  the  micro-  
somal system, the  highest activity is observed in 
the presence of  5 x 10-6 M Coenzyme  A. The 
mi tochondr ia l  system is inhibi ted by concentra-  
t ions of  free Coenzyme  A greater than 10 -6 M. 
The activities of  bo th  systems are strongly 
inhibi ted by 10 -3 M Coenzyme  A (not  shown).  
The mi tochondr ia l  system is also inhibi ted by 
10-3 M glutathione or  mercaptoe thanol .  

Radioact ive fat ty  acids formed by each 
system were purified by TLC,  hydrogenated ,  
and decarboxyla ted .  The carboxyl  carbon 
contained 67% of the to ta l  radioact ivi ty  found 
in long chain fa t ty  acids f rom human mi tochon-  

drial incubat ions  and 100% of the radioact ivi ty  
found in acids f rom hog microsomal  incuba- 
tions. The dis t r ibut ion of  radioact ivi ty  among 
product  fa t ty  acids was de termined  for incuba- 
t ions using human mi tochondr ia .  The distribu- 
t ions differed f rom preparat ion to preparat ion,  
which presumably reflects differences in the 
pool  available for elongat ion.  More than 50% of 
the radioact ivi ty was always found in acids 18 
carbons or  longer. Ten percent  or  more was 
always found in acids 20 or  22 carbons long 
containing 3 or  more  double bonds. 

The substrate specificity,  NADH require- 
ment ,  the dis t r ibut ion of  14C in p roduc t  fa t ty  
acids, and the fract ion of  total  14C found in 
the carboxyl  carbon for p roduc t  fo rmed  
using washed mi tochondr ia  conf i rm that  the  
mi tochondr ia  f rom hog and human aorta 
contain a fa t ty  acid elongat ing system like that  
described for liver (17) and heart  (19) and for  
rabbit  and monkey  aorta (5,6). Harlan and 
Wakil (17)  and Dahlen and Por ter  (19) found 
that  the  e longat ion required ATP if free fa t ty  
acid was used as substrate,  but  no t  i f  acyl 
CoA was used. The mi tocondr ia l  system re- 
por ted  here also required ATP, using endo-  
genous fat ty  acids as primers. However ,  free 
Coenzyme  A at concent ra t ions  greater than 
10 "6 M dramatical ly inhibi ted the  react ion.  
Both Howard  (6) and Whereat  (5) used endo-  
genous fat ty  acids wi th  added ATP as acceptors  
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FIG. 2. Effect of Coenzyme A on the rate of 
elongation of fatty acids catalyzed by hog mitochon- 
dria or microsomes. Enzyme activity was measured as 
described in the text. Rates are given as pmol substrate 
incorporated/rain/rag protein. -- e, mitochondria; 
o - _ - o ,  microsomes. 

for  f a t ty  acid e longa t ion ,  and  inc luded  free 
C o e n z y m e  A in the  r eac t ion  mix tu re s  at  con-  
c en t r a t i ons  wh ich  this  s t udy  suggests m ay  have 
been  inh ib i t o ry .  The  sys tem descr ibed  by  
Wherea t  requi red  C o e n z y m e  A; however ,  he  
used ace ta te  r a t h e r  t h a n  ace ty l  CoA as a 2-car- 
b o n  source.  P re sumab ly ,  the  C o e n z y m e  A was 
requ i red  for  ace ty l  CoA f o r m a t i o n .  Wilk inson  
(20)  has  r epo r t ed  t h a t  i n c o r p o r a t i o n  o f  acetyl  
CoA in to  f a t ty  acids by  m i t o c h o n d r i a  f rom 
mouse  skin is i nh ib i t ed  by  free C o e n z y m e  A. 
The  d e p e n d e n c e  o f  i n h i b i t i o n  on  the  concen t r a -  
t ion  o f  C o e n z y m e  A is s imilar  to  t h a t  r e p o r t e d  
here .  Howard  (6)  also found  some degree of  
i n h i b i t i o n  by  free C o e n z y m e  A. Possibly  the  
i m m e d i a t e  subs t ra t e  of  m i t o c h o n d r i a l  f a t ty  acid 
e longa t ion  is an ac t iva ted  acyl m o i e t y  o t h e r  
t han  the  C o e n z y m e  A ester ,  and  the  p resence  of  
free C o e n z y m e  A tends  to  fo rm acyl CoA and  
deple te  the  supply  of  o t h e r  ac t iva ted  acyl  
groups.  O t h e r  su l fhydry l  c o m p o u n d s  also 
inh ib i t  e longa t ion ,  bu t  m u c h  h igher  concen t r a -  
t ions  are required .  It  may  also be t ha t  free 
C o e n z y m e  A and  o t h e r  su l fhydry l  g roups  
p r o m o t e  th io ly t i c  cleavage of  the  13-ketoacyl 
i n t e r m e d i a t e  f o r m e d  in the  e longa t ion  se- 
quence .  

The  act ivi ty  for i n c o r p o r a t i o n  of  m a l ony l  
CoA in to  fa t ty  acid observed using mic rosomes  
can be  assigned u n a m b i g u o u s l y  to  a m i c r o s o m a l  
sys tem for  hog  aorta .  I t  can be d is t inguished 
f rom the  m i t o c h o n d r i a l  sys tem by subs t r a t e  
speci f ic i ty ,  by  its u t i l i za t ion  of  NADPH,  and  by  
t he  s t r ik ing  d i f fe rence  in response  to C o e n z y m e  
A levels. I t  can be d is t inguished  f rom super-  
n a t a n t  f a t ty  acid syn the ta se  by  its ATP requi re-  

m e n t ,  i ts  pers is tence  in washed  mic rosomes ,  
and  the  f r ac t ion  of  t o t a l  rad ioac t iv i ty  f o u n d  in 
the  ca rboxy l  ca rbon .  The  act iv i ty  for  i nco rpora -  
t i on  of  ma lony l  CoA in to  f a t t y  acids ca ta lyzed  
by  hog  aor t a  m i c r o s o m e s  is s imilar  to  t h a t  first  
r e p o r t e d  by  L o r c h  et  al. (21)  in ra t  liver, and  
s u b s e q u e n t l y  descr ibed  in detai l  by  several 
o t h e r  l abora to r ies  (18 ,22-25) .  

The  da ta  o b t a i n e d  in th is  s t udy  using micro-  
somes  p repared  f rom h u m a n  aor ta  do n o t  
es tab l i sh  unequ ivoca l ly  the  presence  or absence  
of  mic rosoma l  e longa t ion .  The  act iv i ty  ob-  
served could be a c c o u n t e d  for  by  a m i x t u r e  of  
m i t o c h o n d r i a l  f r agments  and  t r a p p e d  super- 
n a t a n t  in the  u n w a s h e d  m i c r o s o m a l  pel let .  
Assuming  t ha t  the  role of  the  mic rosoma l  
e longa t ion  sys tem is to  m o d i f y  the  poo l  of  
f a t t y  acids available to  the  cell (18 ,26) ,  t h e n  
the  pa r t i c ipa t ion  of  th is  sys tem in the  conver-  
s ion of  l inoleic  and  l ino len ic  acids to  acids 
wh ich  are p ros tag land in  precursors  seems a 
par t icu lar ly  i m p o r t a n t  aspect  o f  this  role.  
Suppos ing  tha t  h u m a n  aor ta  real ly has  a very 
low capaci ty  for  mic rosoma l  f a t ty  acid elonga- 
t ion ,  the  t issue would  be d e p e n d e n t  on  exo-  
genous  sources  for  supp ly ing  p ros t ag land in  
p recu r so r  acids. This  seems a ser ious d isadvan-  
tage,  given the stresses to  which  it  is subjec ted .  
It  is n o t  pract ica l  to  con t inue  to s tudy  the  
p r o b l e m  using h o m o g e n a t e s  of  who le  t issue 
f rom au topsy .  However ,  s ince b o t h  endo the l i a l  
and  s m o o t h  muscle  cells f rom h u m a n  b l o o d  
vessels can be g rown in cu l ture  (27) ,  t he  ques- 
t ion  can be r e e x a m i n e d  using cu l tu red  cells. 
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The Effect of Steroids and Their Solubilizing Agents on 
Mycelial Growth of Phytophthora cactorum 1 
W. DAVID NES, GLENN W. PATTERSON, and GEORGE A. BEAN, 
Department of Botany, University of Maryland, College Park, MD 20742 

ABSTRACT 

Mycelia of Phytophthora cactorum, a fungus unable to synthesize sterols, were incubated with a 
series of sterols and several common sterol solubilizing agents. Cholesterol, campesterol, and sitosterol 
promoted growth, while carpesterol, saringosterol, 20a-hydroxy cholesterol, coprostanol, and 5a- 
cholestane inhibited growth. Cholestanol, epicholestanol, and 5a-cholestan-3-one had no significant 
effect on growth relative to the sterot-free control. All steroids were solubilized in ethanol for studying 
structure-activity correlations. The added steroids were reisolated from mycelia and their identity con- 
firmed by gas liquid chromatography (GLC) or combined gas liquid chromatography-mass spectrometry 
(GLC-MS). Tween 80 promoted growth, Triton X-100 inhibited growth, and ethanol had no effect on 
growth relative to a control. 

INTRODUCTION 

Phytophthora caetorum, like other members 
of  the Pythiaceae (fungi: oomycetes), is unable 
to synthesize sterols (1,2). Although these 
fungal pathogens have no requirement for 
sterols for vegetative growth, they have an 
obligatory requirement for sterols to induce 
sexual reproduction (3,4). A similar situation 
exists for mycoplasmas. Certain species require 
sterols or membranous sterol-like compounds. 
However, sterols have not been shown to 
induce sexual reproduction (5-7). It has been 
suggested that sterols play a dual role in pythi- 
aceous fungi: as an architectural component of 
membranes (2,3,8), and as a precursor to 
steroidal fungal hormones (analogous to oogo- 
niols and antheridiol in Achlya) (2,9,10). In 
support of  the membranous role of sterols in 
pythiaceous fungi, Phytophthora and Pythium 
have been shown to incorporate sterols from 
the growth medium into mycelial subcellular 
fractions (11,12) resulting in altered membrane 
permeability (13,14). 

In the present investigation, we were inter- 
ested in whether mycelial growth rates vary in 
response to precise molecular features of  added 
steroids. We assumed the primary effect of  
adding sterol to the growth medium of cultures 
growing vegetatively would be alterations in 
membrane structure and function. The study is 
an extension of  the exploratory research by 
Elliott, Knights, and Hendrix and coworkers, 
who have shown that cholesterol- and sito- 
sterol-supplemented cultures promote growth 
of  Phytophthora and Pythium relative to a 
control (15-17). These authors have also shown 
that sterol metabolism occurs in liquid culture; 

1Scientific Article No. A2441, Contribution No. 
5469 of the Maryland Agricultural Experiment Sta- 
tion. 

i.e., cholesterol is esterified and also metabo- 
lized to some "polar"  form (18-20). 

MATERIALS AND METHODS 

Culture Methods 

Phytophthora cactorum, strain IMI 21168, 
was a gift from C. Elliott. Still cultures were 
grown over a period of 18 days at room temper- 
ature. The fungus was cultured on a synthetical- 
ly defined medium as described by Elliott et al. 
and modified only by the inclusion of  0.1 
g/liter of calcium chloride (21). Cultures were 
grown in 250 ml flasks containing 50 ml of 
autoclaved medium. The steroids (9 mg)were  
solubilized in 2 ml of  ethanol and added to 1 
liter of  medium. Flasks were inoculated with a 
plug of agar 5 mm in diameter cut from a 
colony growing on basal medium. The weight 
of  the plug varied in dry weight from 0.2 to 0.5 
mg depending on the age or place from which 
the inoculum was cut from the agar plate. 
We were, however, able to reduce variation in 

apparent mycelial growth rates by inoculating 
liquid cultures with a plug of  agar cut from 
12-day cultures previously grown on solid 
medium. It was also important to cut on the 
same perimeter around the plate, preferably 
toward the outer edge of the colony. Eighteen 
flasks were inoculated in this manner for each 
steroid treatment. At 3-day intervals after 
inoculation, 3 flasks were harvested at random 
constituting 3 replicates for a given treatment. 
Each treatment was reproduced a minimum of 
3 times, and the coefficient of  variation at each 
harvest did not exceed + 5% for any treatment 
throughout its growth period. The coefficient 
of variation between the growth rates for each 
particular sterol when the experiment was 
repeated did not exceed + 5% in late log phase 
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SCHEME 1. Structures of various steoids administered to growing mycelia of Phytophthora cactorum. 

but was as high as + 10% in early log phase. The 
cultures were routinely examined microscopic- 
ally at each harvest. 

Chemicals 
Cholesterol, 5ot-cholestan-3-one, 3-epichole- 

stanol, 5~-cholestane, and coprostanol were 
recrystallized commercial samples. Sitosterol 
and 200t-hydroxy cholesterol were gifts from 
W.R. Nes. Campesterol and cholestanol were 
gifts from H. Kircher. Carpesterol was a gift 
from Y. Sato, and saringosterol, a probable 
autooxidation product of fucosterol, was 
previously isolated from Laminaria (22). 
Structure of the steroids incubated with P. 
cactorum are shown in Scheme 1. All com- 
pounds used were greater than 99% pure by gas 
liquid chromatography (GLC), and the reten- 
tion times relative to cholesterol were in 
agreement with those of authentic standards 
reported previously from this laboratory (23). 

Mass spectra of the compounds used in the 
present study have also been reported (24,25). 
Tween 80 and Triton X-100 were purchased 
from Sigma Chemical Company, St. Louis, MO. 

Recovery of Sterols from Mycelia 
Mycelia were collected on filter paper, 

washed 3 times with distilled water, and lyo- 
philized for 24 hr. The freeze-dried mycelia 
were extracted for 24 hr in chloroform/meth- 
anol (2:1). The chloroform/methanol extract 
was brought to dryness under a stream of 
nitrogen and the total weight of lipid obtained. 
The total lipid was chromatographed on a thin 
layer of Silica Gel G and developed in benzene/ 
ether (9:1). Cholesterol was routinely placed on 
the edge of the plate to act as the desmethyl 
standard. Qualitative and quantitative analyses 
were made only for the free sterol because free 
sterol and not sterol ester is believed to be 
important in membranes. Visualization of the 
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FIG. 1. The effect of the solubilizing agents 
TWEEN 80 and TRITON X-100 on mycelial growth of 
Phytophthora cactorum (at 5 ml/liter). 

free sterol band was by use of  a 2',7'-dichloro- 
f/uoroscein spray. Sterols were identified by 
GLC on a Varian series 3700 gas chromato- 
graph equipped with a flame ionization detec- 
tor and a CDS 111 data system. A 1/4" (O.D.) 
x 2 mm (I.D.) x 200 cm column with a liquid 
phase of  either 1% SP-1000 or 1% SE-30 
(Applied Science Lab, State College, PA) was 
used with the carrier gas (helium) pressure at 35 
psi and a column temperature of  245 C. Identi- 
fication o f  4 sterols reisolated from the fungus, 
campesterol sitosterol, cholesterol, and choles- 
tanol, was by combined gas liquid chromatog- 
raphy-mass spectrometry (GLC-MS). 

Addition of Sterol with Its Solubilizing 
Agent to Mycelium 

Sterols were initially solubilized in Triton 
X-100, and no stimulation was observed relative 
to cultures containing no sterol and no deterg- 
ent. This led us to study the effect of  three 
common solubilizing agents, Tween 80, Triton 
X-100, and 100% ethanol, on the growh of P. 
cactorum with or without added sterols. For 
determination of  absolute growth rates, the 
following formula was used (26): 

79.7 logl0 N = K 
At N o  

K = absolute growth rate in doublings per day 
At = time period of growth in hours 
N = mycelial dry weight at end of growth period 
No = mycelial dry weight at beginning of growth period 

RESULTS AND DISCUSSION 

A marked difference in the initial growth 
was observed, depending upon whether the 
solubilizing agent was Triton X-100, Tween 80, 
or ethanol. When the mycelium was supple- 
mented with different concentrations of  
ethanol (0.5-2 ml/1), its growth was essentially 
the same as without ethanol. Tween 80 added 
to the growth medium at various concentra- 
tions (I-5 ml//) stimulated growth while Triton 
X-100 (1-5 ml/1) inhibited growth (Fig. 1). In 
previous studies where sterols were solubilized 
in Tween 80, Tween 20, or ether, it is unclear 
whether the surfactant or the sterol was 
responsible for promoting or retarding growth 
of the fungus. In the present investigation, the 
sterol was solubilized in ethanol because the 
latter had no significant effect on mycelial 
growth. 

It has been known for over 15 years that 
sterols added to the culture medium of pythi- 
aceous fungi alter growth (2). In order to assess 
whether the change in growth exhibited by 
fungal cultures supplemented with various 
sterols was due to a difference in the absolute 
growth rate " K "  or to a shortened lag phase, we 
grew the fungus over an 18-day period. A 
typical growth curve of 3 representative steroid 
treatments and the control is shown in Figure 
2. Examination of  growth rates over the 18-day 
growth period shows that none of  the steroids 
stimulates the absolute growth rate (expressed 
as K) during the log phase of  growth. Choles- 
terol, however, apparently stimulates growth in 
Phytophthora mycelia by stimulating the 
growth rate in the lag phase in days 0-3, where 
absolute growth rates could not be measured. 
In spite of  rigid measures taken to standardize 
the inoculum, cholesterol cultures still showed 
greater growth during the first 3 days. The 
absolute growth rates of all cultures were 
unaffected by steroids after the third day of  
growth. Thus, cholesterol stimulates the 
mycelial growth of  Phytophthora by stimulat- 
ing growth during the lag phase and not by 
increasing the absolute growth rate of  the 
mycelium. 

The combined mycelia from each treatment 
harvested from days 6-15 were extracted, and 
the added steroid was reisolated unchanged 
from the free sterol fraction. The identity of  
the compounds was confirmed by comparison 
with authentic compounds through the use of  
GLC on 2 liquid phases and in four cases, use of 
combined GLC-MS. The amount o f  mycelium 
which was extracted ranged from 50 to 450 mg 
depending on the steroid added to the culture 
medium. For mycelia incubated with added 
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sterol, the amount of steroid recovered did not 
vary significantly among the treatments and 
was ca. 0.01% free sterol/dry weight mycelium. 
When Tween 80-supplemented cultures and the 
control cultures were grown in large quantities 
(20 g dry weight mycelium) and the chloro- 
form/methanol extract analyzed, a spectrum of 
compounds of unknown structure was isolated 
from the "sterol fraction." In both cases, the 
major compound in the spectrum had a molecu- 
lar ion of m]e 442 and a retention time relative 
to cholesterol on 1% SE-30 of 1.34. It is 
tentatively identified as a polycyclic terpenoid, 
but definitely not a sterol. The unknown 
terpenoid recovered from 20 g of dry weight 
mycelia was 0.0001% unknown terpenoid/dry 
weight mycelium. The identity of the unknown 
is under investigation. 

These data are in agreement with Knights 
and Elliott and coworkers, who found no sterol 
in P. cactorum(4) and that AS-sterols were 
recovered from the mycelium unchanged (27). 
Knights and Elliott, however, have shown that 
As,7 and AV-sterols are converted to AS_sterols 
(27). We have also examined the fatty acids of 
the polar lipids for each treatment. The fatty 
acid spectrum of the control was not altered by 
adding sterol(s) to the fungus. We will report on 
the fatty acid composition of P. cactorum in a 
subsequent communication. 

From our present investigation, we could 
evaluate the effectiveness of precise molecular 
features of the sterol on growth of P. cactorum. 
Cholesterol, campesterol, and sitosterol treat- 
ments grew in synchrony, all promoting growth 
while cholestanol, 5~-cholestan-3-one, and 
epicholestanol-supplemented cultures had no 
significant effect on growth relative to a con- 
trol. 5a-Cholestane and coprostanol treatments 
slightly inhibited growth while saringosterol, 
carpesterol, and 20a-hydroxy cholesterol 
strongly inhibited growth. Those sterols which 
promote growth have a AS-bond in the nucleus 
with a 3/3-hydroxyl group and a side chain with 
8-10 carbon atoms, features which allow the 
molecule to pack well into a phospholipid 
layer. We assume that the stimulation of growth 
reflects the good fit of those sterols into the 
mycelial membrane, although we recognize that 
other possibilities could explain the enhanced 
growth. 

The effect of highly oxygenated steroids on 
mycelial growth are not as easily explained. We 
have considered two possibilities. The hydrox- 
ylated side chain, when presented to the 
lipid bilayer, would by means of hydrogen 
bonding or steric hindrance act to disrupt Van 
der Waals' interactions, thereby causing a 
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FIG. 2. Growth curves of Phytophthora cactorum 
mycelia as affected by various steroid additions to the 
growth medium (at 9 nag/liter). 

packing constraint between itself and some 
other neighboring membrane component result- 
ing in growth inhibition. There is some evidence 
for the latter hypothesis in studies with anaero- 
bic yeast (28) and Tetrahymena pyriformis(29). 
An alternative explanation is that the highly 
oxygenated steroids are regulating HMG-CoA 
reductase, thereby regulating dolichol and 
glycoprotein biosynthesis. Recent evidence has 
shown that sitosterol, cholesterol, and stigma- 
sterol have no effect on dolichol biosynthesis, 
but oxygenated sterols have an effect (30). It is 
likely there is more than one mycelial response 
mechanism (membranous-allosteric) which is 
involved when exogenous sterol is taken up 
from the culture medium and utilized by P. 
cactorum. Thus, the extent to which growth is 
influenced by the effect of certain sterols on 
membrane structure requires further study. The 
effect on mycelial growth of adding various 
detergents is not clear but may have to do with 
the mechanism of action of detergents; i.e., it 
has been shown in some cases detergents act as 
delipifying agents when cell-free systems are 
used (31). 

A C K N O W L E D G M E N T  

We t h a n k  P. H a n n e r s  fo r  exce l l en t  t e c h n i c a l  assist- 
a n c e  a n d  S. D u t k y ,  U .S .D .A. ,  Beltsvil le,  M a r y l a n d  fo r  
mass  s p e c t r o s c o p y .  A p r e l i m i n a r y  r e p o r t  o f  th i s  w o r k  
has  b e e n  p r e s e n t e d  (1).  

L IPIDS,  V O L .  14, N O .  5 



462 W.D. NES, G.W. PATTERSON, AND G.A. BEAN 

REFERENCES 

1. Nes, W.D., G.W. Patterson, and G.A. Bean, J. 
Am. Oil. Chem. Soc. 55:247(A) (1978). 

2. Elliott, C.G., Adv. Mierobiol. Physiol. 15:121 
(1977). 

3. Hendrix, J.W., Ann. Rex,. Phytopathol .  8:111 
(1970). 

4. EUiott, C.G., M.R. Hendrie, B.A. Knights,  and W. 
Parker, Nature 203:427 (1964). 

5. Rot tem,  S., E.A. Pfendt,  and L. Hayflick, 1. 
Bacteriol. 105:323 (1971). 

6. deKruyff ,  B., W.S. deGreef, R.V.W. van Eyk, 
R.A. Demel, and L.L.M. van Deenen,  Biochim. 
Biophys. Acta  298:479 (1973). 

7. Norman,  A.W., R.A. Demel, B. deKruyff ,  and 
L.L.M. van Deenen,  J. Biol. Chem. 247:1918 
(1972). 

8. Nes, W.R., Lipids 9:496 (1974). 
9. Hendrix, J.W., and D.K. Lauder, J. Gen. Micro- 

biol. 44:115 (1966). 
10. McMorris, T.C., and R.H. White, Phytochemis t ry  

16:359 (1977). 
11. Langcake, P., Trans. Br. Mycol. Soc. 63:573 

(1975). 
12. Sietsma, J.H., and R.H. Haskins, Can. J. Bio- 

chem. 46:813 (1968). 
13. Sietsma, J.H., and R.H. Haskins, Can. J. Bio- 

chem. 13:361 (1967). 
14. Child, J.J., G. Defago, R.H. Haskins, Can. J. 

Microbiol. 15:599 (1969). 
15. Eniott ,  C.G., and B.A. Knights, J. Sci. Food 

Agric. 20:406 (1969). 

16. EUiott, C.G., J. Gen. Microbiol. 51:137 (1968). 
17. Hendrix, J.W., S. Gut tman ,  and D.L. Wightman,  

Phytopathology 59:1620 (1969). 
18. Hendrix, J.W., R.D. Bennett ,  and E. Hef tman,  

Microbios 5 :I 1 (1970). 
19. Elliott, C.G., and B.A. Knights,  Biochim. Bio- 

phys. Acta 360:78 (1974). 
20. Hendrix, J.W., Mycologia 67:663 (1975). 
21. Elliott, C.G., M.R. Hendrie, and B.A. Knights,  J. 

Gen. Microbiol. 42 :424  (I 966). 
22. Patterson, G.W., Comp. Biochem. Physiol. 

24:501 (1968). 
23. Patterson, G.W., Anal. Chem. 43:1165 (1971). 
24. Nes, W.R., K. Krevitz, J. Joseph,  W.D. Nes, B. 

Harris, G.F. Gibbons,  and G.W. Patterson, Lipids 
12:511 (1977). 

25. Brooks, C.J.W., E.C. Horning, and JoS. Young,  
Lipids 3:391 (1968). 

26. MacCarthy, J.J., and G.W. Patterson, Plant 
Physiol. 54:133 (1974). 

27. Knights,  B.A., and C.G. Elliott, Biochim. Bio- 
phys.  Acta 441:341 (1976). 

28. Nes, W.R., B.C. Sekula, W.D. Nes, and J.H. Adler, 
J. Biol. Chem. 253:6218 (1978). 

29. Conner,  R.L., J.R. Landrey, J. Joseph,  and W.R. 
Nes, Lipids 13:692 (1978). 

30. Mills, J.T., and A.M. Adamany ,  J. Biol. Chem. 
253:4270 (1978). 

31. Gelman, N.S., M.A. Lukoyanova,  and D.No 
Ostrouskii,  in "Biomembranes , "  Vol. 6, Plenum 
Press, New York, 1975, pp. 99-104. 

[Revision received January 23, 1979] 

LIPIDS, VOL. 14, NO. 5 



Age-related Changes in Glycerolipid Formation in Lean and 
Obese Zucker Rats 
SUBHASH C. JAMDAR 1, Departments of Internal Medicine and Biochemistry, 
Medical College of Virginia, Richmond, Virginia 23298 

ABSTRACT 

Age-related changes in hepatic and adipose glycerolipid formation have been described in Zucker 
rats. Gtycerolipid formation was measured in vitro in the presence of  [ 14C] glycerol-3-phosphate, 

palmitate, ATP, CoA, and Mg 2+ by using liver and adipose tissue homogenates derived from various 
age groups of  animals. Hepatic glycerolipid formation increased after birth to reach a peak value at 
1 day of age. This period was followed by a decline in the rates of glycerolipid formation. Hepatic 
glycerolipid formation increased again at the time of weaning and continued to rise up to 32 days in 
lean rats and 42-44 days in obese rats. Obesity in rats was recognizable at the age of 32 days and was 
associated with increased rates of glycerolipid formation in both liver and adipose tissue. As far as 
the changes in hepatic glycerolipid formation and triglyceride accumulation are concerned, obese rats 
showed more resemblance to 1-day-old rats than to lean animals of similar age groups. Glycerolipid 
formation decreased in liver and increased in adipose tissue with age in both lean and obese rats. These 
studies suggest that hepatic and adipose tissue glycerolipid formation is significantly influenced by 
age and obesity in Zucker rats. 

INTRODUCTION 

Genet ical ly  t ransmit ted  obesity has been 
described in several strains o f  rodents  (1). In 
Zucker  obese rats, the  abnormal i ty  is inheri ted 
as au tosomal  recessive. The pheno typ ic  expres- 
sion of  this trait is no t  apparent  at birth but  can 
be recognized at 2-3 weeks of  age. By this t ime,  
the animals are hyperphagic  and show increased 
body fat and elevated levels of  plasma insulin 
(1). Obesity in this animal model  is accom- 
panied by enhanced  rates o f  tr iglyceride forma-  
t ion in both liver and adipose tissue (2,3). 
Recent  studies from this laboratory  demon-  
strate that  the period be tween  birth and 3 
weeks o f  age is active in hepat ic  t r iglyceride 
format ion  in Sprague Dawley rats (4). In the 
present studies, age-related changes in hepat ic  
and adipose tissue tr iglyceride format ion  have 
been investigated in Zucker  rats to de termine  
whether  increased potent ia l  o f  tr iglyceride 
format ion  is responsible for the  genetic expres- 
sion of  obesi ty in this animal model .  

MATERIALS AND METHODS 

s n  [ 1,3 -I 4C] glycerol-3-phosphate (sp. radio- 
activity 30 mCi /mmol )  was purchased from 
ICN Chemicals  and Radioisotope  Division, 
Irvine, CA. Most of  the o ther  chemicals were 
of  A.R. grade qual i ty  and were purchased f rom 
the sources repor ted  previously (3,4). Male and 
female obese (fa/fa)  rats and their  lean controls  
(FA/-)  were e i ther  from our  animal co lony  or  

1present address - Medical Research Institute, 
Florida Institute of Technology, Melbourne, Florida 
32901. 

were purchased f rom Harriet  G. Bird Memorial  
Labora tory ,  Stow, MA. Birth dates and t ime of  
weaning (21 days of  age) were recorded care- 
fully. Af te r  weaning, all rats received Purina 
Chow diet, Rals ton Purina Co., St. Louis,  MO. 
The animal colony was mainta ined in a tem- 
perature-control led room with  a 12 hr  on,  12 hr  
of f  l ight cycle. Fo r  developmenta l  studies, 
animals f rom both  sexes were selected. Animals  
were killed by decapi ta t ion and b lood was 
col lected in heparinized tubes. In some studies, 
b lood  was pooled f rom 2 or  3 animals (new- 
born animals) to obtain suff icient  plasma for  
t f iglycefide determinat ion.  All animals were 
killed be tween  9 and 11 a.m. 

Init ial  studies were conduc ted  wi th  liver and 
adipose tissue from albino rats to de termine  
op t imum condi t ions  used in various assays. 
Sprague Dawley rats o f  the same age as the 
Zucker  rats were f rom our  animal colony.  The 
incubat ion  condi t ions  developed in tissues f rom 
albino rats were satisfactory to measure the  
estef if icat ion rates in liver and adipose tissues 
from Zucker  rats. 

Preparation of Homogenates 

Livers were removed,  b lo t ted  free of  b lood ,  
and weighed. They were homogen ized  (at 4 C) 
in a Tef lon glass homogenizer  with 4 vol of  
buffer  (0.25 M sucrose, 1 mM di th io thre i to t ,  1 
mM EDTA,  and 1 mM Tris, pH 7.5) and the 
resultant  homogena te  was used in various 
assays. Gonadal  adipose tissues were removed 
and homogenized  with 3 vol  of  buffer.  The 
homogeniza t ion  was per formed  at speed 5 for  
30 sec in the cold (4 C) with a Tekmar  Tissu- 
mizer  (Tekmar  Ins t ruments ,  Cincinnati ,  OH). 
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TABLE I 

Changes in Hepatic and Plasma Triglyceride Concentrations as a Function of Age a 

Group 

Trigly ceride 

No. and age Body weight Liver weight Liver Plasma 
of animals (g) (g) (rag/g) (rag %) 

Lean 
Obese 
Lean 
Obese 
Lean 
Obese 
Lean 
Obese 

18hr (12) 5.5 -+ O.S 0.23 +- 
1 day (8) 6.0_+ 0.5 0.21• 
4-6 days (23) 10 _+ 1 0.30 • 
11 days (11) 18 • 1 0.50 • 
15 days (5) 27 • 3 1.2 • 
20 days (8) 33 +_ 3 1.3 • 
22 days (8) 42 +_ 3 1.6 • 
32 days (4) 75 • 8 3.0 • 
32 days (4) 83 • 9 4.0 • 
42-44 days (8) 114 • 17 S • 
42-44 days (8) 111 • 19 5 • 
67-69 days (5) 192 • 45 8 • 
67-69 days (5) 268 b • 30 11 b • 
75-79 days (4) 287 • 11 12 • 
75-79 days (4) 326 • 28 15 b • 

0.02 18 -+ 3 110 • 20 
0.02 30 • 4 
0.02 7 -+ 4 140 • 18 
0.04 6.0 + 0.5 141 _+ 19 
0.1 • 
0.2 1.2 • 0.3 237 • 85 
0.1 3 • 1 114 • 52 
0.2 3 • 1 76 _+ 10 
0.4 6.2 b -+ 1.2 79 • 20 
1 2.6 +_ 1.2 90 • 40 
1 6.5 b • 2.4 138 • 22 
1 1.7 _+ 0.8 71 + 32 
2 5 b • 2 197 b + 38 
1 1.5 _+ 0.4 75 • 23 
1 9 b • 3 323 b _+ 104 

aEach value is mean • S.D. from the number of rats referred to in parentheses .  
bp <0.05 tP  <0.01. 

The homogena te  was cent r i fuged at 600 g for  
15 min and separated in to  uppe r  fat cake, a 
pellet  (conta ining nuclei,  cell debris, and o the r  
tissue fragments) ,  and an in te rmedia te  layer. 
This in te rmedia te  layer, called the  fat-free 
homogena te ,  was used to  measure  triacylgly- 
cerol format ion .  

Conversion of [14C] Glycerol-3-Phosphate into 
Lipid by Liver and Adipose Tissue Homogenates 

sn-Glycerol -3-phosphate  acyl transferase (E.C. 
2.3.1.15) was measured in the  presence  of  
palmita te ,  ATP, CoA, and MgC12 by using 
e i ther  liver or adipose tissue homogena t e s  
described earlier (3,4). Fo r  liver homogena tes ,  
the  incuba t ion  mix ture  (0.7 ml) con ta ined  17.5 
mM Tris, pH 7.5, 50 mM KC1, 0.84 mM sn- 
glycerol-3-phosphate  wi th  0.1 /aCi o f  [ 14C] sn- 
g lycerol-3-phosphate ,  0.7 mM di th io thre i to l ,  
0.039 mM CoA, 3.60 mM MgC12, 3.55 mM 
ATP,  and 1.4 mM NH4-palmita te  complexed  
with 1.25 mg of  fa t ty  ac id-poor  a lbumin.  The 
react ion was ini t ia ted by the  addi t ion  o f  0.1-0.2 
ml o f  homogena t e  (1.5-3 mg prote in) .  To 
de te rmine  tr iglyceride fo rma t ion  by adipose 
tissue homogena tes ,  the reac t ion  mix ture  (0.75 
ml) con ta ined  24 mM Tris, pH 7.5, 50 mM KC1, 
0.84 mM sn [ 14C] glycerol -3-phosphate ,  0.7 mM 
di th io thre i to l ,  1.05 mM a m m o n i u m  palmi ta te ,  
3 mM ATP, 3.6 mM MgC12,0.01 mM CoA, and 
1.25 mg fa t ty  ac id-poor  a lbumin.  The reac t ion  
was ini t ia ted wi th  0.1-0.2 ml of  homogena t e  
conta in ing  200-300 /.tg of  p ro te in .  Incuba t ion  
was unde r  air at 37 C in a shaking water  bath.  
The react ions were linear wi th  t ime for  30 and 
20 min for  liver and adipose tissue, respect ively.  

Tile radioactive lipids fo rmed  were ex t rac ted  
as descr ibed by van den Bosch and Vagelos (5) 
and dried under  N 2. The dry lipids were dis- 
solved in 0.5 ml of  benzene  and s tored  at -30 C. 
Samples (0.1 ml) were appl ied to  Silica Gel G 
plates impregnated  wi th  0.1 M bora te ,  and 
neutral  lipids were separated with a solvent  
sys tem of  hexane /e the r / ace t i c  acid, 73 :25:2  
(by volume).  Phosphol ip ids  were separa ted  wi th  
c h l o r o f o r m / m e t h a n o l / a c e t o n e / a c e t i c  a c i d /  
water ,  100 :20 :40 :20 :10  (by volume)  on silica 
gel HR plates slurried in 10 ram sodium carbo- 
nate (6). The d i f ferent  classes of  lipids were 
ident i f ied  by au then t ic  s tandards.  Various 
lipids were visualized by exposure  to iodine.  
Af te r  subl imat ion  of  iodine,  appropr ia te  areas 
f rom the plates were scraped direct ly in to  
scint i l lat ion vials conta in ing  10 ml of  Liquif luor  
in to luene,  and the radioact ivi ty was deter-  
mined  in a Beckman LS 250 scint i l lat ion 
counter .  

The rates of  incorpora t ion  of  [ 14C] glycerol- 
3 -phospha te  in to  lipid were  expressed as 
nmoles  o f  p roduc t s  f o rmed /30  min /mg  of  
h o m o g e n a t e  pro te in  for  liver. In adipose t issue,  
these rates were expressed in relat ion to  fat cell 
number .  Previously,  we have demons t r a t ed  tha t  
this cons idera t ion  is part icularly i m p o r t a n t  in 
the  studies wi th  obese animals because obesi ty  
in animals is associated wi th  a significant 
increase in the nonfa t  cell popu la t ion ,  which 
causes a rise in the  p r o p o r t i o n  of  adipose tissue 
p ro te in  c o n t e n t  derived f rom n o n f a t  cells (7). 
Por t ions  of  the  adipose tissue used for  glycero- 
lipid fo rma t ion  were processed for  the deter-  
mina t ion  o f  ad ipocy te  n u m b e r  by the  m e t h o d  
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Glycerolipid Formation by Liver Homogenates as a Function of  Age a 
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Glycerolipid formation % Distribution of c~GP into 
No. and age 

Group of animals (nmoles/30 min/mg protein) Phospholipid Digiyceride Triglyceride NL/PL 

18 hr (12) 14 • 3 33 • 3 27-+ 4 40 -+ 4 2.0 • 0.3 
1 days (8) 22 • 30 • 3 26 -+ 4 44 -+ 6 2.3 • 0.4 
4-6 days (23) 7 + 1 53 +- 6 23 • 3 24-+ 7 0.9 • 0.2 
11 days (11) 4.2 • 0.4 53 • 3 30-+ 2 16-+ 1 0.9 • 0.1 
15 days (5) 4 -+ 1 59-+ 10 21 • 4 20-+ 8 0.7-+0.3 
20 days (8) 7.0 • 57 • 4 27 • 3 16 • 3 0.8 • 
22 days (8) 7 • 1 34 • 7 24 • 14 38 +- 14 1.8 • 0.6 

Lean 32 days (4) 16.0 • 2.3 46 • 8 33-+ 8 21+- 1 1.2 • 
Obese 32 days (4) 23.0-+ 3.4 34-+ 9 37-+ 3 29 • 3 2.1 • 
Lean 42-44 days (8) 14.0 • 2.4 55 • 3 25 +- 2 20 +- 2 0.8 • 0.1 
Obese 42-44 days (8) 24~.0 +_ 1.3 41 -+ 8 30 -+ 2 29 • 8 1.5 +- 0.6 
Lean 67-69 days(S) 10.5-+ 1.5 43 +- 5 30 • 3 27 • 3 1.3• 
Obese 67-69 days (5) 17" • 5 36 • 6 31 • 3 33 • 5 1.8 • 0.3 
Lean 75-79 days (4) 6.0-+ 1.3 53 • 1 26-+ 1 21 • 6 0.9 • 
Obese 75-79 days (4) 12"0 • 1.3 39 -+ 5 32 • 2 29 -+ 5 1.6 -+ 0.4 
*P<0.05, tP<0.O 1 

aGlycerolipid formation was measured in the presence of [14C]glycerol-3-phosphate and palmitoyl CoA 
generating system by liver homogenates derived from various age groups of  animals. Each value represents mean 
-+ S.D. of assays conducted in duplicate using liver homogenates from the number of rats given in parentheses.  
c~GP = a glycerophosphate, NL = neutral lipid (sum of di- and triglyceride), PL = phospholipid. 

o f  Hirsch and Gallian (8). 
Hepat ic  and plasma triglyceride concent ra-  

t ions  were  de te rmined  according to Haux and 
Nate tson (9). Prote in  was de te rmined  by the  
p rocedure  o f  Lowry  et al. (10) wi th  bovine 
crystal l ine a lbumin as s tandard.  

RESULTS AND DISCUSSION 

Changes in Hepatic and Plasma 
Triglyceride Concentration 

Al though  the p h e n o t y p i c  express ion o f  
genet ic  obesi ty  in Zucker  rats is apparen t  at 2-3 
weeks of  age, the  pr imary metabol ic  event(s)  
leading to obes i ty  in this animal model  is 
no t  ye t  ident i f ied  (1). Since obesi ty  in adult  
rats is associated with increased neutral  lipid 
fo rma t ion  in bo th  liver and adipose tissue (2,3),  
this  pa ramete r  was examined  in re la t ion to  
genet ic  express ion of  obesi ty  in Zucker  rats. 
However ,  various measurements  pe r fo rmed  
such as changes in body  weight ,  plasma and 
hepat ic  t r iglyceride concen t ra t ion ,  and hepat ic  
glycerol ipid fo rma t ion  in the  early ages of  
Zucker  rats did n o t  appreciably differ  f rom one 
animal to  the  o the r  in the  same l i t ter  (Tables I 
and II). In o the r  words ,  p reobese  animals were 
n o t  recognizable  f rom their  th in  l i t te rmates  on 
the  basis of  these measurements .  It has been 
d e m o n s t r a t e d  recent ly  that  a decrease in 0 2 
c o n s u m p t i o n  is a reliable ind ica tor  to  predict  
obes i ty  in mice at early ages (1 1). However ,  no  
such in fo rma t ion  is available for  obese rats. 

In the p resen t  s tudy,  obes i ty  is recognized  

on the basis o f  visual examina t ion  of  sub- 
cu taneous  and o the r  fat deposits .  Animals 
which  showed p r o n o u n c e d  deve lopmen t  o f  
adipose tissue were considered obese and the  
earliest t ime per iod when  obesi ty  in animals 
was clearly recognizable was at 32 days. There-  
fore,  results  ob ta ined  before  this age represent  
the changes in early growing per iod  in Zucker  
rats. The results ob ta ined  at 32 days and 
the rea f t e r  represent  the  changes in tr iglyceride 
metabol i sm with  age and the  deve lopmen t  of  
obesi ty  in Zucker  animals. 

Table I shows the age-related changes in 
plasma and hepat ic  tr iglycerides in n ew b o rn ,  
neonata l ,  adult  lean and obese Zucker  rats. 

Fol lowing bir th,  plasma tr iglycefide concent ra-  
t ion reached a peak value at 20 days of  age. 
Thereaf te r ,  during the  pos twean ing  per iod,  
plasma tr iglyceride began to  decrease gradually.  
As obesi ty  progressed wi th  age, plasma trigly- 
ceride concen t r a t ion  increased again. Thus, at 
75-79 days of  age, obese rats showed  4 t imes 
higher  plasma tr iglyceride concen t r a t ion  com- 
pared to  lean animals. 

The hepat ic  tr iglyceride concen t ra t ion  in- 
creased af ter  bi r th  to  reach a peak level at 1 day 
of  age and then  decreased wi th  age to  an adult  
level (lean adult)  by 20 days o f  age. As obesi ty  
progressed wi th  age, hepat ic  tr iglyceride con- 
cent ra t ion  increased again. Al though  the  overall 
deve lopmenta l  changes of  plasma and hepat ic  
tr iglyceride concen t ra t ions  in the  early growing 
per iod of  Zucker  rats were comparable  to  tha t  
with Sprague Dawley rats (4), a close examina-  
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tion of these changes showed some differences. 
In Zucker rats, the rise of plasma triglyceride 
concentration after birth was sharper than 
found in Sprague Dawley rats. As far as the 
hepatic triglyceride concentration in these two 
species of rats are concerned, triglyceride level 
reached a peak level at 1 day of age. However, 
it dropped more slowly in Zucker rats com- 
pared to Sprague Dawley rats. Thus, an adult 
level of hepatic triglycerides was reached at 20 
days of age in Zucker animals instead of at 10 
days of age in Sprague Dawley rats (4). The 
reasons for these differences are not clear. 

Changes in Hepatic Glycerolipifl Formation with Age 

As reported previously (4), the newborn 
Zucker rats also showed high rates of hepatic 
glycerolipid formation (Table II). This was 
followed by a decline in the rates of glycero- 
lipid formation as the rats grow older. Hepatic 
glycerolipid formation increased again at day 
20 and continued to increase up to 32 days of 
age in lean rats and 42-44 days in obese rats. 
This period was then followed by the gradual 
decrease in the rates of glycerolipid formation 
with age in both lean and obese animals. Obese 
rats showed significantly higher rates of gly- 
cerolipid formation compared to lean animals 
in various age groups of animals. In our pre- 
vious studies (4), the early rise in glycerolipid 
formation after birth was related to increased 
synthesis of esterifying enzymes rather than the 
activation of preformed enzymes. It is likely 
that the early rise in glycerolipid formation 
observed in Zucker animals after birth may also 
be due to increased synthesis of esterifying 
enzymes. 

In our earlier studies, measurements of the 
hepatic glycerophosphate concentration at 
various ages indicated that the changes in 
hepatic glycerolipid formation with age were 
related to changes in enzyme concentration 
rather than to variation in the glycerophosphate 
pool (4). In the present studies, glycerophos- 
phate concentration was not measured. How- 
ever, it is possible that the age-related changes 
reported here may also be due to changes in 
enzyme concentration involved in glycerolipid 
formation. 

Liver homogenates derived from newborn, 
neonatal, lean and obese rats formed phospho- 
lipid (largely phosphatidate), diglyceride, and 
triglyceride from sn-glycerol-3-phosphate and 
palmitoyl CoA generating system (Table II). In 
the preweaning period, liver homogenates from 
1-day-old rats were most active and formed 
more neutral lipids (sum of di-and triglyceride) 
compared to phospholipids. This was followed 

by a decline in the rates of glycerolipid forma- 
tion. Following weaning, the rates of glycero- 
lipid formation increased again, which were 
accompanied by the increase in neutral lipid 
and decrease in phospholipid formation. At any 
given age, obese rats showed higher rates of 
total and neutral lipid formation. These changes 
in the product formation are consistent with 
the alteration of both sn-glycerol-3-phosphate 
acyltransferase and phosphatidate phosphohy- 
drolase activities in the liver homogenates as a 
function of age. In the present studies, indi- 
vidual enzyme activities involved in hepatic 
glycerolipid formation were not  measured. 
However, previous studies demonstrate that the 
ratio of neutral lipid to phospholipid formed 
from sn-glycerol-3-phosphate and palmitoyl 
CoA generating system is a reliable index of 
phosphatidate phosphohydrolase activity (12). 
As indicated by this ratio of product formation, 
phosphohydrolase activity was high when 
neutral lipid formation was increased (in 
newborn, postweaning, and obese rats), and the 
activity of this enzyme decreased with age. It 
was suggested earlier that phosphatidate phos- 
phohydrolase plays an important role in neutral 
lipid formation (12,13), and this was also 
apparent in the present studies. 

It is apparent from the present as well as 
from the earlier studies (4) that there are 
certain periods in the life of a laboratory rat 
when hepatic glycerolipid formation is very 
active. These are: (a) the period between birth 
and 1 day of age and (b) the period between 
15-25 days of age. Both of these periods are 
accompanied by the sudden changes in the 
dietary intake of growing animals. During the 
first period, high carbohydrate content of 
transplacental food is replaced by high-fat 
content of a milk diet. In the second period, 
the milk diet of suckling is replaced by the 
laboratory diet which has a high carbohydrate 
and low fat content. In addition to these 
dietary changes, hormonal changes are also 
occurring during development (14,15). There- 
fore, the interaction between both hormonal 
and dietary factors may be important in regu- 
lating the age-related changes in hepatic gly- 
cerolipid formation, possibly through altera- 
tions in the activities of enzymes involved in 
fatty acid esterification. 

As far as the changes in hepatic glycerolipid 
formation in obese rats are concerned, obese 
rats showed more resemblance to newborn 
animals than to lean animals of similar ages. 
The presence of a factor(s) common to both 
newborns and obese animals may be responsible 
for the increased rates of hepatic triglyceride 
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Group 

Glycerolipid formation % Distribution o faGP into 
No. and age 
of animals nmoles/min/10 6 adipocytes Phospholipid Diglyceride Triglyceride NL/PL 

Lean 42-44 days (3) 3 • 1 13 • 3 6 +- 1 81 + 4 6.8 -+ 0.7 
Obese 42-44 days (3) 23 b + 2 11 -+ 3 7 -+ 1 81 -+ 4 8.5 -+ 2.7 
Lean 67-69 days (8) 8 +- 3 56 • 6 9 • 1 35 • 5 0.7 • 
Obese 67-69 days (5) 22 b+- 5 32 -+ 5 14 • 2 54 • 5 2.0 • 0.4 
Lean 75-79 days (7) 10 + 3 44 • 13 11 • 4 45 + 13 1.3 • 
Obese 75-79 days (7) 38 b • 12 34 • 12 15 • 13 51 • 13 2.0 • 0.4 

aGlycerolipid formation was measured in the presence of [14C]glycerol-3-phosphate and palmitoyl CoA 
generating system as described in the Methods. Each value represents mean • S.D. of  assays conducted in dupli- 
cate using adipose tissue homogenates from the number of  animals given in parentheses. Details of animals are 
given in Table I. 

bp<0.01. 

f o r m a t i o n  and  hepa t i c  t r ig lycer ide a c c u m u l a -  
t ion  u n d e r  these  cond i t ions .  

Glycerolipid Formation by 
Adipose Tissue Homogenates 

Although, on the basis of visual examination 
of subcutaneous and other fat deposits, obesity 
in Zucker animals was apparent as early as 32 
days, sufficient adipose tissue was not available 
to  c o n d u c t  var ious  m e a s u r e m e n t s  before  42 
days  o f  age. The re fo re ,  changes  in adipose  
t i ssue glycerol ipid  f o r m a t i o n  were m e a s u r e d  
b e t w e e n  42-79  days  o f  age in lean and  obese  
rats  (Table III). 

Ad ipose  t i ssue g lycerol ip id  f o r m a t i o n  in- 
creased wi th  age in b o t h  lean and  obese  
animals .  As n o t e d  earlier (3), adipose  t i ssue 
h o m o g e n a t e s  i n c u b a t e d  in t he  p resence  of  
sn -g lyce ro l -3 -phospha te  and  pa lmi toy l  CoA 
genera t ing  s y s t e m  fo rmed  p h o s p h a t i d a t e ,  digly- 
ceride, and  tr iglyceride.  The  h o m o g e n a t e s  
derived f ro m  42-44-day-o ld  lean and  obese  

rats f o r m e d  m o r e  neu t ra l  l ipids c o m p a r e d  to  
p h o s p h a t i d a t e ,  and  as the  rats  grew older,  
phosp h o l i p id  f o r m a t i o n  increased  wi th  con-  
c o m i t t a n t  decrease in neu t r a l  lipid f o r m a t i o n .  
Similar  age-related changes  in the  p r o d u c t  
f o r m a t i o n  were also ev iden t  in t he  liver h o m o -  

gena tes  derived f r o m  var ious  age g roups  o f  rats  
(Table II). As ind ica ted  by neu t ra l  lipid to 
p h o s p h o l i p i d  rat io  ( N L / P L  rat io) ,  the  p h o s p h a -  
t ida te  p h o s p h o h y d r o l a s e  seems  to  decrease  wi th  
age in b o t h  liver and  adipose  t i ssue (Tables  II 
and  l iD.  

Wh en  the  overall changes  of  g lycerol ipid  
f o r m a t i o n  in liver and  adipose  t issue were t a k e n  
in to  cons ide ra t ion ,  g lycerol ipid  f o r m a t i o n  in 
liver t en d s  to  decrease wi th  age and  t ha t  in 
adipose  t issue increases  wi th  age. Thus ,  there  
was a shi f t  in g lycerol ip id  f o r m a t i o n  f r o m  liver 
to  ad ipose  t i ssue as a f u n c t i o n  o f  age. As far as 

the  neu t ra l  lipid f o r m a t i o n  is c onc e rne d ,  it 
decreased  wi th  age in b o t h  liver and  adipose 

t issue.  
As n o t e d  in the  earlier s tud ies  (2,3) ,  obes i ty  

in Zuc ke r  ra ts  was assoc ia ted  wi th  an increase  
in glycerol ipid  f o r m a t i o n  in b o t h  liver and  

adipose  t issue.  However ,  changes  in glycerol ipid  
f o r m a t i o n  in the  ear ly ages o f  Z u c k e r  rats  do 

no t  indica te  tha t  t he  increased po ten t i a l  o f  
hepa t i c  glycerol ipid  f o r m a t i o n  is a p r ima ry  
defec t  leading to  obes i ty  in these  animals .  
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Effects of Diets High in Saturated Fat and Cholesterol on the 
Lipid Composition of Canine Platelets 
R.E. PITAS 1, G.J. NELSON 2, R.M. JAFFE, and R.W. MAHLEY,  Laboratory of Experimental 
Atheroclerosis, and the Division of Blood Diseases and Resources, National Heart, Lung, and 
Blood Institute and Clinical Pathology Department, Clinical Center, National Institutes of Health, 
Bethesda, Maryland 20014 

ABSTRACT 

The phospholipid composition of platelets from dogs on various experimental diets was deter- 
mined. Thyroidectomized foxhounds were fed a control diet or the control diet supplemented with 
(1) beef tallow, (2) beef tallow and cholesterol, or (3) beef tallow, cholesterol, and safflower oil for 
23 weeks prior to isolation of platelets. Platelets from animals fed the control diet contained 36.7% 
phosphafidylcholine (PC), 22.8% phosphatidylethanolamine (PE), 18.4% sphingomyelin (Sph), 11.8% 
phosphatidylserine (PS), 6.3% phosphatidylinositol (PI), and 2.2% lysophosphatidylcholine. The PE 
was 77.6% in the plasmalogen form. No highly significant changes in the phospholipid class composi- 
tion resulted from the experimental diets. Cholesterol supplementation of the diets, however, caused 
consistent alterations in the fatty acid compositions of the platelet phospholipids including increases 
in the percentages of 18 : lco9 (oleic acid), 18:2c06 (linoleic acid), and 20:3~6 (homo-gamma linolenic 
acid) and a decrease in the percentage of 20:4w6 (arachidonic acid). Addition of safflower oil to the 
tallow-cholesterol diet partially reversed these effects. These cholesterol-induced alterations in fatty 
acid composition could be due to exchange with plasma lipids, de novo synthesis, or altered platelet 
metabolism. The mechanism remains to be determined. 

INTRODUCTION 

Platelets and platelet  factors may be impli- 
cated in the genesis of  atherosclerosis (1), and 
alterations in pla te le t  half-life in exper imenta l  
animals have been correlated with int imal 
injury and degree of  atherosclerosis (2). It has 
been suggested that  the role o f  platelets in the 
disease process may  be to release factors which 
lead to smooth  muscle cell prol i ferat ion (3). 
This release is triggered by platelet  aggregation. 

Platelet  aggregation can be s t imulated by 
th romboxanes  and o ther  oxygenated  products  
of  fat ty acids derived f rom platelet  phospho-  
lipids (4). Since phospholipid has obvious 
impor tance  in platelet  funct ion,  it is of  interest  
to study the effect  of  a therogenic  diets on the 
phospholipid compos i t ion  of  ptatelets. 

Composi t ion  of  the platelet  lipids as well as 
the lipid envi ronment  of  platelets  can be deter- 
minants of  platelet  funct ion,  and may thereby 
be factors in the atherosclerot ic  disease process. 
Both  of  these propert ies may be altered by diet. 
Epidemiologic  studies with humans (5) and 
dietary studies with animals (6) have suggested 
that diets high in cholesterol  and saturated 
fat may  be associated with increased risk of  
atherosclerosis. Our laboratory  has previously 
repor ted  the occurrence of  thrombosis  in 
association with accelerated atherosclerosis in 

1Dr. Pitas's address is Meloy Laboratories Inc., 
6715 Electronic Drive, Springfield, Virginia 22151. 

2Dr. Nelson's current affiliation is the Lipid Met- 
abolism Branch, Division of Heart and Vascular 
Diseases, National Heart, Lung, and Blood Institute. 

dogs fed saturated fat and cholesterol  (7). By 
contrast ,  human consumpt ion  of  polyunsat-  
urated fat ty  acids seems to correlate  wi th  lower  
levels of  circulating cholesterol  (8) and possibly 
with lower  risk o f  atherosclerosis and myocar-  
dial infarct ion.  This paper  reports  a s tudy of  
the effects  o f  diet and part icularly the effects  
of  both  saturated and unsaturated fats, and 
cholesterol ,  on the phosphol ipid  composi t ion  
o f  canine platelets. These results, combined  
with others,  including those of  a previous study 
on the fat ty  acid composi t ion  of  sphingomyel in  
(Sph) f rom canine platelets (9), may give some 
insight into the role played by platelet  lipids in 
the deve lopment  of  atherosclerosis.  

MATERIALS AND METHODS 

The exper imenta l  diets were init iated one 
week after t h y r o i d e c t o m y  of  n ine-month-old  
foxhounds.  The animals were fed a basal diet 
(Table I) [Zeigler Brothers,  Inc., Gardners, PAl 
or the basal diet supplemented  with  one of  the 
fol lowing: 0.75% taurochol ic  acid; 15% beef  
ta l low; 12.0-14.5% beef  tallow, 0.5-3.0% 
cholesterol ,  and 0.75% taurochol ic  acid or  
0.75% cholic acid; or  10.5-13.0% beef  tallow, 
0.5-3.0% cholesterol ,  0.75% taurochol ic  acid, 
and 1.5% saff lower oil, as previously described 
(9). The cholesterol  con ten t  of  the cholesterol-  
supplemented  diets was varied weekly in order  
to maintain a blood cholesterol  level of  ca. 
1500 mg/dl .  All dogs were surgically thyroidec-  
tomized  and mainta ined in a hypo thy ro id  con- 
di t ion by administer ing 500 mg of  propyl th io-  
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TABLE I 

Composition of Experimental Diets a 

Basal (Control) Diet 

Ingredients Amount  

Percentage by weight 

Corn flakes 33.44 
Beet pulp 11.80 
Soybean meal (48.5% protein) 11.80 
Corn gluten meal (60% protein) 5.85 
Egg white solids 5.85 
Brewer's dried yeast 2.95 
Dried whey 5.85 
Casein (lactic acid precipitated) 11.80 
Dicalcium phosphate 5.50 
Limestone 1.80 
Salt 0. 60 
Choline chloride (50% choline) 0.64 
Sodium tripolyphosphate 1.12 
Potassium chloride .90 
Vitamin premix .05 
Mineral premix .05 

100.00 

Vitamin premix Amount  per kg premix 
Vitamin A (IU) 34,750,000 
Vitamin D 3 (IU) 1,600,000 
DL-a-Tocopheryl acetate (50%) (g) 363.0 
Vitamin B12 (mg) 80.0 
d-Calcium pantothenate (g) 18.1 
Pyridoxine laydrochloride (g) 28.8 
Biotin 1% (g) 17.6 
Cornstarch to 1000.0 g 

Mineral premix g per kg premix 
Potassium chloride 619.6 
Ferrous sulfate 134.0 
Copper sulfate 26.4 
Zinc oxide 220.0 

1000.0 g 

aDiet formulated to supply 120 and 110% of the NRC recommended vitamin and 
mineral requirements, respectively, when test animals consumed 85% basal diet and 15% 
fat. The basal diet contained less than 2% crude fat. 

uracil daily as described (7). The animals were 
maintained on diet for 23 weeks, after which 
platelets were isolated and lipids were extracted 
and purified as described previously (9). The 
general health of all animals was excellent and 
hematologic studies revealed no anemia (R.M. 
Jaffe, unpublished observations). 

Cholesterol was determined by gas liquid 
chromatography (GLC) after separation of free 
and esterified cholesterol on a silicic acid-Celite 
column (10). Stigmasterol was used as an 
internal standard. Phospholipids were separated 
using two-dimensional thin layer chromato- 
graphy (TLC), and the phospholipid spots were 
visualized by spraying with 0.6% K2Cr207 in 
50% H 2 S O  4 and then charring for 20 min at 
175 C or by spraying with 2'7'-dichlorofluor- 
escein and then using UV light to visualize the 
spots (11,12). Phospholipids were quantitated 
by analyzing the phosphorus content of the 
spots scraped from the charred plates (13). All 

phosphorus analyses were performed in tripli- 
cate. Methyl esters and dimethylacetals (DMA) 
were prepared in the presence of the TLC 
adsorbant by heating the TLC spot in a sealed 
tube with 3N methanolic HC1 for 1 hr at 70 C. 
Methyl heptadecanoate was added as an 
internal standard. 

Phosphatidylethanolamine (PE) isolated by 
two-dimensional TLC was eluted from the 
adsorbant with chloroform/methanol/H 20 
(65:35:2, v/v) containing 5 ~g/mt of butylated 
hydroxytoluene. It was then hydrolyzed with 
phospholipase C (14). The diacyl and alkeny- 
lacyl glycerides formed enzymatically from the 
diacyl and plasmalogen PE, respectively, were 
extracted from the reaction mixture with 
diethyl ether. The free hydroxy groups were 
acetylated with acetic anhydride/pyridine (5:1, 
v/v), reagents were removed under nitrogen, 
and the products were separated by TLC on 
Silica Gel G plates using a solvent system of 
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TABLE II 

Percentage of Cholesterol, Cholesteryl Ester, and Phospholipid 
in Platelets of Dogs on Experimental Diets 

471 

D i e t  a 

Tallow Tallow, SFO 
Component b Control Tallow cholesterol cholesterol 

Phospholipid 79.4 + 0.4 c (78.6,80.3) 77.3 • 4.2 76.2 • 0.9 d 
Cholesterol 19.7 • 0.4 (19.7,19.3) 18.8 + 2.5 21.6 • 0.7 d 
Cholesteryl Ester 0.9 +- 0.5 ( 1.6, 0.4) 3.9 +- 2.1 e 2.2 • 0.5 e 
(n) f (4) (2) (4) (3) 

aSee text for composition of diets; SFO, safflower oil. 
bphospholipid determined by multiplying phosphorus X 25. Cholesteryl ester reported as 

weight of  free cholesterol. 
CWeight percent, reported as the mean • SD (n= 3 or 4) or as the individual results (n=2). 
dSignificantly different from control group, P < 0.01. 
eSignificantly different from control group, P < 0.05. 
f(n) = number of  animals. 

TABLE III 

Phospholipid Composition of  Platelets from Dogs on Experimental Diets 

Diet a 
Tallow Tallow, SFO 

Fraction Control Tallow cholesterol cholesterol 

Phospholipidsb, c 
PC 36.7 -+ 1.3 d (35.6,36.2) 42.4 • 3.2 e 39.6 -+ 1.4 e 
PE 22.8 -+ 0.6 (22.4,23.4) 22.0 -+ 2.3 23.6 • 0.5 
Sph 18.4 • 0.7 (18.0,19.4) 16.4 + 1.4 e 18.0 • 0.2 
PS 11.8 +- 0.7 (11.3,12.8) 10.8 -+ 1.3 12.2 -+ 0.5 
PI 6.3 • 0.8 ( 6.4, 5.2) 5.2 • 0.9 4.8 • 0.2 e 
LPC 2.2 • 0.6 ( 3.7, 1.9) 1.8 • 0.8 1.2 -+ 0.4 
PA 0.3 • 0.4 ( 1.1, 0.2) 0.3-+ 0.3 0 . 0 •  
unk 1.3 -+ 0.4 ( 1.4, 0.8) 1.2 • 0.7 0.5 • 0.2 e 

PE 
Diacyl 22.4 • 2.0 (18.9,19.0) 18.8 • 3.9 19.8 • 6.3 
Alkenylacyl f 77.6 • 2.0 (81.1,81.0) 81.2 • 3.9 80.2 • 6.3 

(n)g (4) (2) (4) (3) 

aSee text for composition of  diets; SFO, safflower oil. 
bDetermined by phosphorus analysis following two-dimensional thin layer chroma- 

tography. 
cpc, phosphatidylcholine ; PE, phosphatidylethanolamine ; Sph, sphingomyelin ; PS, phos- 

phatidylserine; PI, phosphatidylinositol; LPC, lysophosphatidylcholine; PA, phosphatidic 
acid- unk, unknown. 

~Reported as the mean • SD (n=3 or 4) or as the individual results (n=2). 
eSignificantly different from control group, P < 0.05. 
fAlkenylacyl = plasmalogen fraction. 
g(n) = number of  animals. 

t o l u e n e / m e t h a n o l  ( 1 0 0 : 0 . 5  v /v)  (15) .  S e p a r a t e d  
b a n d s  were  c o n v e r t e d  to  m e t h y l  es te rs  and  
DMA w i t h  m e t h a n o l i c  HC1 (3N)  as desc r ibed  
above.  P l a sma logen  and diacyl  f o r m s  o f  PE 
were  q u a n t i t a t e d  b y  GLC o f  the  p r o d u c t s  
der ived f r o m  the  a lkeny lacy l  and diacyl  

ace ta tes ,  respec t ive ly ,  and  by  r e f e r ence  to  
t he  i n t e rna l  s t a n d a r d .  

A glass capi l la ry  c o l u m n  wall  coa ted  w i t h  SP 
2340  was  used  to s epa ra t e  and  q u a n t i t a t e  f a t t y  
acid m e t h y l  es te rs  and  d i m e t h y l a c e t a l s  b y  G L C  
(9). The  c h r o m a t o g r a p h  was  e q u i p p e d  w i t h  a 
digital c o m m u n i c a t i o n s  in t e r f ace  ( H e w l e t t  

Parkard ,  Avonda le ,  PA),  and  the  data  were  
r e c o r d e d  o n  casse t t e  t apes  us ing  a Texas  
I n s t r u m e n t s  Si lent  700  A S R  E lec t ron i c  Da ta  
Te rmina l .  Relat ive r e t e n t i o n  t imes  and  sample  
we igh t  we re  ca lcu la ted  b y  c o m p u t e r .  Peak 
areas  c o n t r i b u t e d  b y  f a t t y  acid c o n t a m i n a t e s  
obse r ve d  in t he  e n z y m e s  and  r eagen t  b l anks  were  
a u t o m a t i c a l l y  s u b t r a c t e d  f r o m  the  data.  Stat is-  
tical s igni f icance  was  ca lcu la ted  by  use o f  the  t- 
t es t  (16) .  

Me thy l  es te rs  were  iden t i f i ed  b y  c o m p a r i s o n  
o f  relat ive r e t e n t i o n  t imes  w i t h  t h o s e  o f  a u t h e n -  
tic s t a n d a r d s  (NU Chek  Prep,  Inc. ,  E lys ian ,  MN).  
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T A B L E  IV 

Fa t ty  Acid C o m p o s i t i o n  o f  Phospha t idy lcho l ine  f rom Platelets  o f  Dogs  
on E x p e r i m e n t a l  Diets 

Diet a 

Fa t ty  Ta l low Tal low,  SFO 
acid Contro l  Ta l low choles terol  choles tero l  

16:0 26 .4  • 0.7 b (22 .5 ,22 .9 )  20.8 • 0.6 c 21 .4  • 1.2 c 
16:1 1.2 • 0.1 ( 1.2, 1.4) 2.1 • 0.6 1.7 • 0 .4 
18:0 17.2 • 1.3 (18 .7 ,19 .6 )  18.6 -+ 1.6 18.6 • 0 .7 
18:1609 13.2 • 0.3 (15 .7 ,13 .0 )  19.0 -+ 2.5 c 11.8 • 1.3 d 
18:1607 3.7 • 0.2 ( 2.8, 2 .5)  2.7 +- 0.6 e 2.5 • 0 .4 c 
18:2606 11.5 • 1.0 ( 9.0,  6 .9)  14.7 + 2.3 21 .3  +- 2.0c,  f 
20:1609 1.4 • 0.1 ( 1.6, 1.2) 1.4-+ 0.5 1.0 • 0.1 
20:3609 0.1 • 0.0 ( 0.4,  0 .2)  0.3 • 0 . 2 e  ... 
20:3606 2.0+- 0.1 ( 2.2, 1.6) 4 . 0 +  0.7 c 2.0-+ 0.1 d 
20:4606 21.9 • 1.0 (23 .3 ,29 .3 )  14.1 + 3.5 c 18.5 • 2.3 
20:5603 0.2 • 0.1 ( 1.0, 0 .4 )  1.1 • 0.5 e 0.2 • 0.0 f 
22:4606 1.0 • 0.2 ( 1.1, 1.4) O.S +-- 0.2 c 0.6 • O.I e 
22:x603g 0.2 • 0.1 ( 1.0, 0 .7 )  0.7 •  e 0 . 3 •  0. I 
(n)h (4) (2) (4) (3)  

aSee t e x t  for  c o m p o s i t i o n  o f  diets ;  SFO, sa f f lower  oil. 
bWeight  pe rcen t ,  r e p o r t e d  as the  m e a n  • SD (n=3 or 4) or  as the  individual  results  (n=2) .  
CSignificantly d i f fe ren t  f r o m  c on t ro l  g roup ,  P < 0.01.  
dSigni f icant ly  d i f fe ren t  f r o m  ta l low-choles te ro l  g roup ,  P < 0.01.  
eSignif icant ly  d i f fe ren t  f r o m  con t ro l  g roup ,  P < 0.05.  
fSignif icant ly  d i f fe ren t  f r o m  ta l low-choles te ro l  g roup ,  P < 0.05.  
g22:x603 = 22:5003 plus 22:6603.  
h(n)  = n u m b e r  o f  animals .  

Dimethylacetal standards were prepared by 
heating aldehydes (synthesized from fatty 
alcohols (17)) with methanolic HC1. The DMAs 
liberated from the reaction mixture were 
extracted after saponification to remove traces 
of fatty acid methyl esters. 

R ESU LTS 

The addition of taurocholate to the basal 
diet had no effect on the composition of the 
phospholipid classes or on the fatty acid compo- 
sitions as compared with the results obtained 
for the platelets of dogs on the basal diet; 
therefore, the data from these two groups were 
averaged (referred to as control in the tables). 
Likewise, the data from the dogs fed beef 
tallow, cholesterol, and either taurocholate or 
cholate were averaged (referred to as tallow- 
cholesterol group, Tables II-VIII). The contents 
of cholesterol, cholesteryl ester, and phospho- 
lipid found in the platetets of the animals on 
the various diets are reported in Table II. 
Incorporation of safflower oil into the tallow- 
cholesterol diet caused a decrease in platelet 
phospholipid content and an increase in the 
percentage of platelet cholesterol in com- 
parison with platelets from control animals. 

Phospholipid Composition 

The phospholipid compositions of canine 
platelets are listed in Table III. No highly 

significant changes in the composition resulted 
from the experimental diets. Platelets from 
animals fed the tallow-cholesterol diet had 
more phosphatidylcholine (PC) and less sphin- 
gomyelin (Sph) than platelets from either the 
control or tallow-fed animals. Supplementing 
the tallow-choIesterol diet with safflower oil 
increased the Sph to control levels and reduced 
the PC slightly. The PC, however, remained 
significantly above the level in the control 
group, while phosphatidylinositol (PI) and an 
unidentified component were reduced. The 
unidentified component,  which contained phos- 
phorus, was observed in platelets from all 
animals. On two-dimensional TLC, this com- 
ponent  migrated with PE in the first dimension 
(basic system) and slightly further than PE in 
the second dimension (acidic). Phosphatidyl- 
ethanolamine isolated from the platelet phos- 
pholipids contained a high percentage of plas- 
malogen (Table III). No significant changes 
were caused by supplementing the control diet 
with tallow plus cholesterol or with tallow, 
cholesterol, and safflower oil. Alkylacyl PE was 
not observed in any of these samples. 

Fatty Acid Composition of Platelets 
from Animals on Control Diets 

Tables IV-VIII report the fatty acid compos- 
itions of the phospholipids from platelets of 
control animals. Components which comprised 
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T A B L E  V 

Fa t ty  Acid Composition of  P h o s p h a t i d y l i n o s i t o l  f rom Pla te le ts  o f  Dogs on  
E x p e r i m e n t a l  Diets  

473 

Diet a 

F a t t y  Ta l low Tal low,  SFO 
acid Con t ro l  Ta l low cho les t e ro l  cho les t e ro l  

16:0  0.8 + 0.2 b ( 1.1, 0 .7)  1.0-+ 0.4 0.6 + 0.1 
18:0  40 .5  + 1.2 (49 .5 ,48 .4 )  39.3 +- 1.4 41 .0  + 4.0 
18:1609 4.8-+ 0.2 ( 4.5, 4 .6 )  7.6-+ 1.7 c 5.6 + 0 . 8  
18:1607 2.1 + 0.2 ( 1.1, 1.3) 1.7-+ 0.4 1.7 • 0.3 c 
18:26o6 0.4 + 0 . l  ( 0.2, 0 .2)  0.6 + 0 . 3  0.7 + 0.1 
20:1609 0.9 -+ 0.1 ( 0.7, 0 .6)  0 .8  + 0.3 0.8-+ 0.1 
20:3609 0.1 -+ 0.1 ( 0.3, 0 .2)  0.6-+ 0.4 c --- 
2 0 : 3 t o 6  0.3 --- 0.1 ( 0.2, 0 .1 )  0.9 + 0 .4  c 0 .4  + 0.1 
20:4606 49 .6  -+ 0.7 (41 .4 ,43 .6 )  46.1 -+ 3.4 49 ,0  • 4 .5  
20:5603 0.3 +- 0.3 ( 0.6, 0 .1)  1.3 +- 0,6 c 0.1 + 0.1 d 
22:4606 0.2 +- 0.0 ( 0.4, 0 .1)  --- 0.1 •  
(n) e (4) (2) (4) (3) 

aSee t ex t  for  c o m p o s i t i o n  of  d ie t s ;  SFO, sa f f lower  oil. 
b w e i g h t  percent ,  r epo r t ed  as the  m e a n  + SD (n=3 or 4) or as the  ind iv idua l  resul ts  (n=2).  
CSignif icant ly  d i f fe ren t  f r o m  con t ro l  g roup ,  P < 0.01.  
dS ign i f i can t ly  d i f fe ren t  f rom t a l low-cho le s t e ro l  group,  P < 0.05.  
e(n) = n u m b e r  of  animals .  

T A B L E  VI 

Fa t ty  Acid C o m p o s i t i o n  of  Phospha t idy l se r ine  f rom Pla te le ts  o f  Dogs 
on  E x p e r i m e n t a l  Diets  

Diet  a 

Fa t ty  Ta l low Tallow, SFO 
acid Con t ro l  Ta l low cho les te ro l  cho les t e ro l  

16:0 0.5-+ 0.5 b ( 0.3,  0 .2)  0 . 8 + - 0 . 9  0.2 + 0.1 
16:1 0.6+- 0.5 ( 0.4, 0 .3)  0 .7  + 0.6 0.3-+ 0.1 
18:0  45 .3  • 1.2 (43 .3 ,51 .6 )  42 .8  -+ 0.5 c 46 .4  +- 5.8 
18:1609 7.6-+ 0.5 (10.8,  5.1) 11.4-2- 1.9 c 5.4 • 0.2c,  d 
18:16o7 0.5 + 0.1 ( 0.6, 0 .5)  0.4 + 0.3 0.4 ~ 0.0 
18:2606 12.8-+ 2.0 (11.5,  6 .8)  17.8-+ 4.2 22 .0  • 5.5 e 
20 :0  1.0-+ 0.1 ( 1.3, 0 .9)  1.1 • 0 .0  1.3-+ 0.1 c 
20:16o9 1.0-+ 0.1 ( 1.2, 0 .7)  1.2-+ 0.3 1.I  -+ 0.2 
20:3609 0.1 •  ( 1.0, 0 .4)  0.5-+ 0.4 0.1 + 0 . 0  
20:3606 4.3 -+ 1.5 ( 4.2,  2.2) 4.7-+ 1.4 2.3-+ 1.0 
20:4606 25.0 -+ 3.3 (23 .4 ,29 .3 )  16.9 +- 5.7 19.5 • 2.1 
20:5603 0.1 -+ 0.0 ( 0.5,  0 .2)  0 .7  -+ 0 .4  e 0.1 • 0 .0  
22:4606 1.2 -+ 0.4 ( 1.7, 1.6) 0.8-+ 0.5 0.7 • 0.2 c 
(n) f (4) (2)  (4) (3) 

aSee t e x t  for  c o m p o s i t i o n  o f  d ie t s ;  SFO, sa f f lower  oil.  
bWeight  percent ,  r epo r t ed  as the  m e a n  -+ SD (n=3 or 4) or as the  ind iv idua l  resul ts  (n=2).  
CSignif icant ly  d i f fe ren t  f rom con t ro l  g roup ,  P < 0.01.  
dS ign i f i can t ly  d i f fe ren t  f rom t a l low-cho les t e ro l  group,  P<0 .01 .  
eS ign i f i can t ly  d i f fe ren t  f rom con t ro l  group,  P<  0.05. 
f(n) = n u m b e r  of  animals .  

less then 0.5% of the sample were omitted from 
the tables unless they were considered to be of 
possible metabolic importance. Each of the 
phospholipid classes had a distinct fatty acid 
pattern. The percentage of 16:0 in PC (Table 
IV) was at least eight times the percentage of 
16:0 noted in any of the other phospholipids 
reported. The fatty acid composition of PI 

( T a b l e  V)  w a s  s i m i l a r  t o  t h a t  o f  p h o s p h a t i d y l -  
s e r i n e  ( P S )  ( T a b l e  V I ) ,  w i t h  1 8 : 0  a n d  2 0 : 4 c o 6  

p r e d o m i n a t i n g .  T h e  a m o u n t s  o f  1 8 : 0  w e r e  
s i m i l a r  i n  P I  a n d  PS,  b u t  t h e  c o n t e n t s  o f  

2 0 : 4 w 6  w e r e  4 9 . 6 %  a n d  2 5 . 0 % ,  r e s p e c t i v e l y .  
F u r t h e r m o r e ,  PS h a d  h i g h e r  p e r c e n t a g e s  o f  
1 8 : 2 c o 6 ,  1 8 : 1 c o 9 ,  a n d  2 0 : 3 0 ) 6  t h a n  PI.  I n  
d i a c y l  P E  ( T a b l e  V I I ) ,  1 8 : 0  a n d  2 0 : 4 c 0 6  a l s o  
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T A B L E  VII  

F a t t y  Ac id  C o m p o s i t i o n  o f  Diacy 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  f r o m  Pla te le t s  o f  Dogs  
o n  E x p e r i m e n t a l  Diets  

Diet  a 

F a t t y  T a l l o w  Ta l low,  S F O  
acid  C o n t r o l  T a l l o w  c h o l e s t e r o l  c h o l e s t e r o l  

16 :0  2 .9  +- 0 .5  b ( 3 .5 ,  3 . 0 )  2 .7  +- 0 .4  4 .2  -+ 1.6 
16:1  0 .4-+ 0.1 ( 1.0,  0 . 5 )  0 .4+-  0 .2  0 . 5 - + 0 . 4  
18 :0  36 .0  +- 2 .9  ( 3 8 . 6 , 3 5 . 9 )  33 .9  -+ 3.7 37 .0  -+ 3 .7  
18 :1o99  6.3 -+ 0 .7  ( 7 .7 ,  5 .2 )  10.1 -+ 2 .0  c 7 .0  +- 1.1 
18 :1o97  1.8-+ 0 .2  ( 1.4,  1 .5)  1.9 +- 0 .5  1.6 + 0 .4  
18 :2o96  6.8-+ 0.2 ( 4 .6 ,  2 . 8 )  11 .0  +- 4 .0  12.2  -+ 4.1 
20 :3o99  0 .2  +- 0 .0  ( 1.4, 0 . 5 )  1.1 + 0 .5  c 0.1 +- 0.1 d 
20 :3o96  2 .4  +- 0.2 ( 1.8, 1 .0)  3 .4  + 0 .6  c 1.7 +- 0 .7  d 
20 :4o96  37 .7  +- 3.4 ( 3 4 . 2 , 4 1 . 6 )  31 .3  -+ 5.7 32 .5  -+ 0 .8  
20 :5oo3  0 .2  +- 0.1 ( 0 .7 ,  0 . 3 )  1.8-+ 0 .4  0.1 -+ 0.1 
2 2 : 4 o 9 6  5.5-+ 1.3 ( 5.1,  7 . 7 )  4 .3-+ 1.7 3.3-+ 1.0 
(n)  e (4)  (2 )  (4 )  (3)  

aSee t ex t  f o r  c o m p o s i t i o n  o f  d ie t s ;  S F O ,  s a f f l o w e r  oil.  
bWeigh t  p e r c e n t ,  r e p o r t e d  as t he  m e a n  �9 SD ( n = 3  o r  4) or  as t h e  i nd iv idua l  resu l t s  (n=2) .  
CSign i f i can t ly  d i f f e r e n t  f r o m  c o n t r o l  g r o u p ,  P < 0 .01 .  
d S i g n i f i c a n t l y  d i f f e r e n t  f r o m  t a l l o w - c h o l e s t e r o l  g r o u p ,  P < 0 . 0 1 .  
e(n)  = n u m b e r  o f  an imals .  

T A B L E  VIII  

C o m p o s i t i o n  o f  A l k e n y l a c y 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  f r o m  
Pla te le t s  o f  Dogs o n  E x p e r i m e n t a l  Diets  

Diet  a 

F a t t y  
ac id  o r  T a l l o w  Ta l low,  S F O  
a l d e h y d e  C o n t r o l  T a l l o w  c h o l e s t e r o l  cho l e s t e ro l  

1 6 : 0  b 4 .0-+  0 .2  c ( 2 .8 ,  3 .6)  3.1 +- 0 .3  d 3 . 4 - + 0 . 9  
1 8 : 0  b 31 .7  -+ 2 .4  ( 3 1 . 9 , 3 2 . 9 )  32 .0  + 2 .7  32 .6  -+ 1.7 
18 :1o99  b 5 . 6 +  0 .0  ( 5.5,  4 . 5 )  5.6 + 0 .8  5.3+- 1.3 
18 :1o97  b 2 .2  + 0 .4  ( 1.5,  1 .5)  2 .7-+ 2 .5  1.4 +_ 0 .5  
18 :1o99  1.8-+ 0 .6  ( 2 .0 ,  0 .8 )  2 .0  + 0 .7  1.2 -+ 0.1 
18 :26o6  1.0_+ 0.1 ( 1.6, 0 . 4 )  4 .7-+ 3.1 3.2-+ 1.2 e 
2 0 : 3 w 9  --- ( 0 .6 ,  0 . 2 )  0 . 7 + - 0 . 5  --- 
20 :3o96  0.7-+ 0.1 ( 0 .7 ,  0 . 3 )  2.3-+ 1.0 e 0 .7  + 0 .4  
20 :4o96  4 6 . 3  +- 2 .6  ( 44 .9 ,4 ' 7 . 4 )  39 .0  + 6 .0  4 5 . 8  + 1.6 f 
20 :5o93  0 .5-+ 0 .4  ( 1.9,  0 . 7 )  0 .8+-  0 .5  0 .6  + 0.1 
2 2 : 4 o 9 6  3 . 0 +  2 .2  ( 2 .3 ,  3 . 3 )  3 .9  + 1.5 1.5-+ 0 .8  
D M A g  3.3-+ 2 .0  ( 3 .9 ,  3 .6)  3.0-+ 1.2 4.1 +- 1.5 
(n) h (4)  (2)  (4 )  (3)  

aSee t e x t  f o r  c o m p o s i t i o n  o f  d ie t s ;  SFO,  s a f f l o w e r  oil.  
b D i m e t h y l a c e t a l .  
CWeight p e r c e n t ,  r e p o r t e d  as m e a n  -+ SD ( n = 3  o r  4) o r  as t he  i nd iv idua l  resu l t s  (n=2) .  
d S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l  g r o u p ,  P < 0 .01 .  
e S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l  g r o u p ,  P < 0 . 0 5 .  
f S i g n i f i c a n t l y  d i f f e r e n t  f r o m  t a l l o w - c h o l e s t e r o l  g r o u p ,  P < 0 . 0 5 .  
g S u m  o f  m i n o r  d i r n e t h y l a c e t a l  c o m p o n e n t s .  
h (n )  = n u m b e r  o f  an ima l s .  

predominated,  and this phospholipid contained 
the highest percentage of 22:46o6 (5.5%). Plas- 
malogen PE (Table VIII) was high in 20:46o6 
(46.3%), as was the diacyl form. Dimethylace- 
tals, formed by the action of MEOH-HC1 on 
the a,3-unsaturated ether linkages of the plas- 
m a l o g e n s ,  w e r e  c o m p o s e d  p r i m a r i l y  o f  1 8 : 0  

D M A  ( 3 1 . 7 % ) ,  1 8 : 1  D M A  ( 7 . 8 % ) ,  a n d  1 6 : 0  

DMA (4.0%) (Table VIII). 

Effect of Supplementation with Tallow 

Addit ion of tallow to the control diet 
caused a variable decrease in the percentage of 
1 8 : 2 6 o 6  i n  a l l  o f  t h e  p h o s p h o l i p i d s  e x c e p t  P E  

p l a s m a l o g e n  ( s e e  T a b l e s  I V  t h r o u g h  V I I I ) .  
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TABLE IX 
Relative Ratio a of 20:4co6 to 20:30)6 in the Phospholipids from 

Platelets of Dogs on Experimental Diets 

Phospholipid c 
Diet b PC PI PS PE PPE n d 

Control  1.0 1.0 1.0 1.0 1.0 4 
Tallow 1.3 1.3 1.4 1.7 1.4 2 
Tallow Chol 0.3 0.3 0.6 0.6 0.3 4 
Tallow, 

Chol, SFO 0.8 0.7 1.5 1.2 1.0 3 

aRelative ratio is the  ratio of 20:4t.o6 to 20:3~o6 in the platelets of the experimental 
animals divided by that of the  contro l  animals. 

bSee tex t  for c o m p o s i t i o n  of diets; SFO, safflower oil. 
cpc, phosphatidylcholine; PI, phosphatidylinositol; PS, phosphatidylserine; PE, phos- 

phatidylethanolamine ; PPE, plasmalogen phosphatidylethanolamine. 
d(n) = number of animals. 

Effect of Cholesterol Supplementation 

The addition of cholesterol to the tallow- 
containing diet resulted in several distinct 
alterations in the fatty acids of the platelet 
phospholipids. By comparison to control 
values, statistically significant increases 
occurred in 18:1co9 (in PC, PI, PS, and diacyl 
PE) and 20:3co6 and 20:3co9 (in PC, PI, diacyl 
and alkenylacyl PE). Increases in 20:3co6 and 
18:1~o9 also occurred relative to the tallow- 
fed animals. Arachidonic acid was significantly 
decreased in the PC of cholesterol-fed animals. 
Although changes in 18:2co6 and 20:4co6 
were not generally statistically significant 
because of  the large variation among animals, a 
consistent effect of adding cholesterol to the 
diet was apparent. Tallow-cholesterol feeding 
caused an increase in 18:2co6 and a decrease in 
20:4006 relative to both control and tallow-fed 
animals in all the phospholipids except PI, in 
which the 20:4co6 was decreased compared to 
control values but was the same as in tallow-fed 
animals. 

Supplementation of the tallow-cholesterol 
diet with a polyunsaturated oil (safflower oil) 
caused a reduction in the percentages of 
20:3co9 and 20:30)6 in all the phospholipids to 
the levels observed in the control animals, or 
below, thus reversing the effect of the 
cholesterol supplementation. The addition of 
safflower oil also elevated the arachidonic acid 
content above the level in the tallow-cholesterol- 
fed animals and, in some cases, to the control 
level in all the phospholipids except alkenyl- 
acyl PE. 

A summary of the effects of the experi- 
mental diets on the ratio of 20:4co6 to 20:3096 
in the platelet phospholipids is presented in 
Table IX. Tallow feeding produced an increase 
in the ratio relative to control animals in all of 
the phospholipids. Supplementation of the 
tallow diet with cholesterol was associated with 

a reduction of the ratio of 20:4co6 to 20:3co6 
to below the value in either the control or the 
tallow-fed group, reflecting the increased per- 
centage of 20:3co6 and decreased 20:4co6 
resulting from cholesterol supplementation of 
the tallow-containing diet. The addition of saf- 
flower oil to the tallow-cholesterol diet resulted 
in an increase in this ratio relative to the value 
in unsupplemented animals due to a partial 
reversal of the effect of  cholesterol on the con- 
tent of  20:3co6 and 20:4co6. 

DISCUSSION 

Human platelet lipids have been reported to 
contain 79% phospholipid (18). Results 
obtained for canine platelets from the control 
and tallow-fed animals (Table II) agreed with 
this value. Furthermore, the phospholipid com- 
position of canine platelets (Table IID was 
similar to that of human platelets. Averaging 
literature values gave a composition for human 
platelets of PC, 38.3%; PE, 26.0%, Sph, 18.5%; 
PS, 9.5%; and PI, 4.5% (18-20). Lysolecithin 
ranged from 0.7 to 1.7% (18,19). The content 
of plasmalogen, 72.5 to 84.1% of the canine 
platelet PE (Table III), was higher than results 
reported for human platelets, for which values 
ranging from 50 to 60% have been reported 
(18,19). The absence of alkylacyl PE is con- 
sistent with the observation that the diacyl 
form and either the alkenylacyl (plasmalogen) 
or alkylacyl form, but not both, can exist in 
cells of  the same species (21). 

The fatty acid composition of canine plate- 
let phospholipids was qualitatively similar to 
that of  human platelets (22). The greatest 
difference in composition appeared to be in the 
percentages of 18:1 and 18:2o)6. PC from 
platelets of control animals contained 16.9% 
18:1 and 11.5% 18:2co6, while the percentage 
of 18:1 and 18:2o)6 in PC from human plate- 
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lets ranged f rom 27.5 to 31.6% for  18:1 and 
f rom 7.0 to  9.3% for 18:2666. PS, PI, and 
diacyl and alkenylacyl  PE f rom canine platelets  
all had higher percentages  of  oleic and lower  
percentages  of  linoleic acid than  h u m a n  plate- 
lets. 

Animals fed the ta l low-choles terol  and 
ta l low-choles terol -saff lower  oil diets, in agree- 
men t  wi th  previous results (7), had severe 
a therosclerot ic  disease. Fur the rmore ,  platelets  
f rom animals fed ta l low-choles terol  and tallow- 
choles terol -SFO,  but no t  f rom tal low-fed 
animals, showed  a substantial  increase in sen- 
sitivity of  platelets  to aggregation at low levels 
o f  ADP or  collagen (R.M. Jaffe,  unpubl i shed  
observat ions) .  The cause of  the al terat ions in 
platelet  func t ion  no ted  u p o n  choles terol  
supp lemen ta t i on  of  the diets is unknown .  How- 
ever, platelet  hypersensi t iv i ty  to aggregation has 
been repor ted  in pat ients  with Type  lI hyper-  
choles te ro lemia  which is associated wi th  
accelerated atherosclerosis  (23). 

Add i t ion  o f  choles terol  to the diet  was also 
associated with al terat ions in lipid compos i t ion .  
The most  striking observat ion related to the 
phospho l ip id  fat ty acid compos i t i on  o f  plate- 
lets f rom these animals was a cons is ten t  reduc- 
t ion in the ratio of  20:46o6 and 20:36o6 follow- 
ing the addi t ion  of  choles terol  to  the diet. The 
presence  of  saff lower oil modu la t ed ,  to a cer- 
tain ex ten t ,  the effect  of  the  choles terol  on the 
c o n t e n t  o f  20:46o6 and 20 :3w6.  

Fur the rmore ,  we observed a decrease in the 
ratio of  20:4606 to 20:36o6 in the PC of  plasma 
phosphol ip ids  f rom animals on the cholesterol-  
supp lemen ted  diets and in the e ry th rocy t e s  of  
these animals (unpubl i shed  observat ions) .  Other  
investigators have noted  an increase in the per- 
centage of  20:36o6 and a decrease in 20:4606 in 
the liver phosphol ip ids  of  animals fed diets 
supp lemen ted  with choles terol  (24,25).  The 
reason for this decreased ratio is unknown ,  but 
it has been pos tu la ted  to be the result  o f  utiliza- 
t ion of  20:4666 for  choles terol  ester synthesis ,  
wi th  a resul tant  deple t ion  of  liver a rachidonate  
and a build up of  its metabol ic  precursors  (24). 
Conversely,  data suggesting a direct  inhib i t ion  
of  convers ion of  20:3606 to 20:4606 in the liver 
has also been  repor ted  (25). 

The mechan ism which leads to al terat ions in 
the fa t ty  acid compos i t i on  of  platelets  is 
complex ,  since platelet  phosphol ip ids  are in a 
dynamic  state.  Their  fa t ty  acid compos i t ions  
are t h e  result  of  a balance be tween  up take  and 
incorpora t ion  of  serum lipids (26), de novo 
synthesis  (27), and metabol i sm (28) of  fa t ty  
acids. The reduc t ion  in the ratio of  20:4666 to 
20:3~o6 associated with choles terol  supple- 
men ta t i on  of  the diet may  be the result  o f  one  

or a combina t i on  of  the above factors ;  the 
mechan ism causing the  al terat ion remains to be 
de termined.  
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Utilization of Various Sterols by Lecithin-Cholesterol 
Acyltransferase as Acyl Acceptors 
URI PIRAN 1 and TOSHIRO NISHIDA 2, The Burnsides Research Laboratory, 
Department of Food Science, University of Illinois, Urbana, I L 61801 

ABSTRACT 

Highly purified lecithin-cholesterol acyltransferase of human plasma was used to study the utiliza- 
tion of various sterots as the acyl acceptor. The esterification of sterols was facilitated by the presence 
of a 30-hydroxyl group and the trans configuration of the A/B rings, as was evident from the lack of 
acceptor activity of all 3a-hydroxy sterols tested and coprostanol. Cholesterol analogs in which the 
side chain is modified, such as campesterol, ~-sitosterol, desmosterol and stigmasterol, were less 
effective than cholesterol as acyl acceptors. However, androstan-3t3-ol, which completely lacks the 
side chain, was found to be more active than cholesterol. The transfer of the acyl group to all effective 
sterols required the presence of the cofactor peptide apolipoprotein A-I. 

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

Lecithin-cholesterol acyltransferase (EC 
2.3.1.43) is known to catalyze the transfer of 
an acyl group from the carbon-2 position of 
phosphatidylchotine to cholesterol (1). The 
substrate specificity of the enzyme with respect 
to the acyl donor has been the subject of 
several studies which indicate a high specificity 
for phospholipids containing a basic nitrogen 
atom, and an increased reaction rate by N- 
methylation (2). Only the fatty acid esterified 
at the carbon-2 position of the phospholipid 
can be transferred (3); this fatty acid, however, 
can be of various chain lengths and degrees of 
saturation (4-7). 

The specificity of the enzyme toward the 
acyl acceptor has been less thoroughly investi- 
gated. It has been shown that cholestanol, 
desmosterol, and /3-sitosterol are esterified in 
human plasma (8,9), thus indicating that sterols 
other than cholesterol can also serve as the acyl 
acceptor. Water may also be considered as an 
acyl acceptor in view of a phospholipase 
A2-like activity that was demonstrated with a 
partially purified enzyme (10) and confirmed 
with pure enzyme preparations (1 t,12). The 
present study was conducted to identify the 
structural features of sterols required for 
effective participation in the enzymatic trans- 
acylation. 

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

Experiments were performed in phosphate 
(KH2PO4-Na2HPO 4) buffer, pH 7.4, ionic 
strength 0.1, containing 0.025% EDTA unless 
specified otherwise in the text. Lecithin- 
cholesterol acyltransferase was purified from 

1present address: Department of Pathology, 
Harbor-UCLA Medical Center, Torrance, California 
90509. 

2person to whom correspondence should be sent. 

human plasma according to the method recent- 
ly developed in our laboratory (11). The 
enzyme showed a single band on both disc and 
sodium dodecyl sulfate electrophoreses (11). 
Apotipoprotein A-I and egg phosphatidylcho- 
line were prepared as previously described (11). 
[ 2-(9,10)-3 H] Dipalmitoyl phosphatidylcholine 
(13) mCi/mmole) was purchased from Applied 
Science Laboratories, Inc., (State College, PA), 
and its specific labeling was confirmed by the 
hydrolysis with phospholipase A 2 from Naja 
naja (t I). [7a-all]  Cholesterol (9.3 Ci/mmole), 
and [22,23-3H]/3-sitosterol (47 Ci/mmole) were 
obtained from Amersham/Searle Corporation 
(Arlington Heights, IL). The radiochemical 
purity of these labeled compounds, given by 
the supplier, was in the range of 98-99%. 
Cholesterol (99+%) was obtained from Sigma 
Chemical Company (St. Louis, MO). Des- 
mosterol (95%), fl-sitosterol (98+%), stigma- 
sterol (99.5%), campesterol (99%), cholestanol 
(95+%), and coprostanol (95+%) were 
purchased from Applied Science Laboratories, 
Inc. Epicholesterol (95+%), epicholestanol 
(95+%), lathosterol (95+%), androstan-3a-ol 
(95+%) and androstan-3a-ol (95+%) were pur- 
chased from Research Plus Steroid Labora- 
tories, Inc. (Denville, NJ). The purity given in 
parentheses was supplied by the manufacturers. 
These materials were used without further pur- 
ification. 

The assay mixture for the transacylation 
consisted of the substrate vesicles (25 nmoles of 
sterols and 100 nmoles of phosphatidylcho- 
line), 15 //g apolipoprotein A-I, 10 mM 2-mer- 
captoethanol, 0.7 mM EDTA, 2.5 mg bovine 
serum albumin, and 10 /21 of the purified 
enzyme (40 ng as protein) in a final volume of 
250/~1 in phosphate buffer. For the determina- 
tion of phospholipase A2-1ike activity of 
lecithin-cholesterol acyltransferase in the ab- 
sence of sterols, the substrate vesicles in the 
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TABLE I 

Comparison of Methods for Determination of Aeyl Acceptor Activity 

479  

Ester formed or phosphatidylcholine 
hydrolyzed (nmoles/hr/ml) 

Ratio of 
Acyl acceptor Method I a Method II b Method I/Method II 

Cholesterol 61.1 -+ 1.4 c 33.3 +- 1.0 c 1.83 
/3-Sitosterol 48.1 -+ 1.2 26.3 -+ 0.9 1.83 

- -  1S.3 +- 0.7 8.3 +- 2.6 1.84 

aln Method I, vesicles of [2-(9,10)-3H]dipalmitoyl phosphatidylcholine-egg phospha- 
tidylcholine mixture (molar ratio, 1:4) containing 20 mole % of acyl acceptors, or vesicles 
of the phospholipid mixture alone were incubated for 30 min with purified enzyme. The 
rates of conversion of cholesterol and /3-sitosterol to their corresponding esters were 
calculated from the percentage of the labeled palmitoyl group transferred from the dipal- 
mitoyl phosphtidylcholine. The phospholipase A2-1ike activity was calculated from the rate 
of the release of the labeled palmitic acid. All the rates were obtained assuming that the 
enzyme utilizes dipalmitoyl phosphatidylcholine and egg phosphatidylcholine equally, 
without any preference. 

bin Method II, vesicles of egg phosphatidylcholine containing 20 mole % 17c~-3H] cho- 
lesterol, [22,23-3H]/3-sitosterol, or no sterol were incubated for 30 min with purified 
enzyme. The rate of ester formation was obtained from the amount of [7~-3H] cholesterol 
and [22,23-3H] fl-sitosterol esterified. The rate of hydrolysis in the absence of acyl acceptor 
was determined by extracting the lipids from 1 ml incubation mixture and by analyzing the 
phosphorus content of the lysophosphatidyleholine and phosphatidylcholine fractions sepa- 
rated by thin layer chromatography on Silica Gel G using chloroform/methanol/acetic acid/ 
water (75:45:12:6, v/v/v/v) as the developing solvent. 

CThe incubations were carried out in quadruplicate and the values represent means -+ 
standard deviation. 

assay mix tu r e  c o n t a i n e d  p h o s p h a t i d y l c h o l i n e  
a lone.  The  subs t ra t e  vesicles were p repa red  in  
p h o s p h a t e  bu f f e r  con ta in ing  10 mM 2-mercap-  
t o e t h a n o l  essent ia l ly  as descr ibed by  Batzr i  and  
Korn  (13) .  The  com pos i t i ons  of  l abe led  sub-  
s t ra te  vesicles are descr ibed in the  text .  The  
vesicle so lu t ion  and  apo l i pop r o t e i n  A-I were 
p r e i n c u b a t e d  for  30 rain  at  37 C u n d e r  N 2 p r io r  
to  add i t i on  i n t o  t he  assay mix tu re .  The  incuba-  
t i on  m i x t u r e s  in 8 ml  screw-capped  tubes  were 
f lushed w i th  n i t rogen ,  capped ,  and i n c u b a t e d  
for  30  min  at 37 C wi th  mechan ica l  shaking.  
Af te r  the  i n c u b a t i o n ,  the  l ipids 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 n o l  (2 :1 ,  v/v) ,  washed  
(14) ,  and  separa ted  on  silicic ac id - impregna ted ,  
glass f iber  sheets  (Type  ITLC-SA, G e l m a n  
I n s t r u m e n t  C o m p a n y ,  A n n  Arbor ,  MI) us ing 
h e x a n e / d i e t h y l  e the r / ace t i c  acid ( 7 0 : 3 0 : 1 ,  
v /v /v )  as the  developing  solvent .  The  dis t r ibu-  
t i o n  o f  rad ioac t iv i ty  on  t he  c h r o m a t o g r a m s  was 
measu red  by  cu t t i ng  t he  l ipid spots  and  coun t -  
ing in a B e c k m a n  LS-250 l iquid  sc in t i l la t ion  
spec t rome te r .  The  sc in t i l l a t ion  m i x t u r e  con-  
t a ined  5 g PPO, 300  mg POPOP, 130 ml m e t h -  
anol,  100 ml  B e c k m a n  Biosolve BBS-3, and  was 
d i lu ted  to  1 l i ter  by  to luene .  The  n u m b e r  of  
n m o l e s  of  es ter  and  fa t ty  acid p r o d u c e d  was 
ca lcu la ted  f rom the  d i s t r ibu t ion  of  rad ioac t iv i ty  
in the  l ipid spots  and  f rom the  ini t ia l  concen -  
t r a t i ons  o f  labeled subst ra tes .  The  resul ts  were 
co r rec ted  for  the  values o b t a i n e d  wi th  con t r o l  

assays. All the  reac t ions  were l inear  dur ing  a 30 
rain i n c u b a t i o n  per iod  u n d e r  the  assay condi-  
t ions  used.  

The  p ro t e in  c o n t e n t s  were d e t e r m i n e d  by  the  
m e t h o d  o f  Lowry  et al. (15)  w i t h  crys ta l l ine  
bovine  p lasma a lbumin  as s t andard .  Choles te ro l  
and  p h o s p h o l i p i d  p h o s p h o r u s  were d e t e r m i n e d  
by  m e t h o d s  previously  descr ibed (16) .  

R ESU LTS 

St ruc tu ra l  fea tures  of  var ious  sterols  wh ich  
faci l i ta te  the i r  t r ansacy l a t i on  by  lec i th in-cho-  
les tero l  acy l t ransferase  can be  d e t e r m i n e d  by  
the  use o f  labeled  p h o s p h a t i d y l c h o l i n e  and  un-  
labeled sterols  or  by  the  use of  un labe led  
p h o s p h a t i d y l c h o l i n e  and  labeled  sterols.  It was 
observed  t h a t  [ 2-(9 ,10)  -3H] d ipa lmi toy l  phos-  
pha t i dy l cho l i ne  mixed  wi th  egg phospha t i dy l -  
cho l ine  at  the  m o l a r  ra t io  o f  1:4 served as an  
ef f ic ient  acyl  donor .  The  ra tes  of  t ranses tef i f i -  
ca t ion  of  cho les te ro l  and /3-s i tos te ro l  ca lcu la ted  
f rom the  t rans fe r  o f  the  labe led  pa lmi toy l  
group f rom the  ca rbon-2  pos i t ion  of  the  di- 
pa lmi toy l  p h o s p h a t i d y l c h o l i n e  were ca. 80% 
h igher  t h a n  those  c o m p u t e d  f rom the  esterif ica-  
t ion  o f  the  co r r e spond ing  radioac t ive  acyl 
acceptors  (Table  I). This  effect ive  and  near ly  
equa l  degree of  p re fe ren t ia l  u t i l i za t ion  of  
d ipa lmi toy l  p h o s p h a t i d y l c h o l i n e  by  the  acyl  
acceptors  p rov ided  a c o n v e n i e n t  means  for  the  
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TABLE II 

Transesterification of Various Sterols by Purified Lecithin-Cholesterol 
Acyltransferase, and the Simultaneous Fatty Acid Release from Phosphatidylcholine a 

Palmitoyl ester formed Palmitic acid released 
Acyl acceptor (nmoles/hr/ml) (nmoles/hr/ml) 

Cholesterol (Cholest-5-ene-3~-ol) 
Cholestanol (Cholestan- 3/3-ol) 
Lathosterol (Cholest-7-ene- 3fl-ol) 
Campesterol (24-iso ergost-5-ene- 3~-ol) 
fi-Sitosterol (Stigmast- 5-ene- 3~-ol) 
Desmosterol (Cholest-5,24-diene-3/~-ol) 
Stigmasterol (Stigmast-5,22-diene- 3fl-ol) 
Androsterol (Androstan-3~-ol) 
Coprostanot (Coprostan-3/3-ol) 
Epicholesterol (Cholest-S-ene-3c~-ol) 
Epicholestanol (Cholestan-3~-ol) 
Epiandrosterol (Androstan-3a-ol) 
None 

12.2 • b 1.8• b 
11.7• 1.8• 
10.1 •  2.0• 
10.9• 1.7• 
9.6• 1.9• 
5.6• 2.0• 
4.2• 2.9• 

15.6• 2.2• 
<0.1 3.2• 
<0.1 3.2• 
<0.1 3.1• 
<0.1 3.6• 

-- 3.1• 

aVesicles of [2-(9,lO)-3H]dipalmitoyl phosphatidylcholine-egg phosphatidylcholine mixture 
(molar ratio, 1:4) containing 20 mole % of the various sterols were incubated in quadruplicate for 30 
rain with lecithin-cholesterol acyltransferase. The extent of labeled palmitoyl ester formation 
represents the acyl acceptor activity of the sterols, while the amount of labeled palmitic acid released 
shows the phospholipase A2-1ike activity in the presence of sterois. When apolipoprotein A-I was 
omitted from the assay media, the results obtained did not differ significantly from those obtained 
with the control assay media. 

bThe values represent the means of the analysis of quadruplicate samples • standard deviation. 

determination of the effectiveness of  the 
t~ansacylation of various unlabeled sterols. The 
phospholipase A2qike activity of lecithin-cho- 
lesterol acyltransferase was also determined 
by utilizing phosphatidylcholine alone as a 
substrate. The rate of the hydrolysis of phos- 
phatidylcholine as determined from the libera- 
tion of labeled palmitic acid was also 80% 
higher than the rate obtained from the phos- 
phorus analysis of  lysolecithin produced (Table 
I). 

The comparison of  acyl acceptor activity of  
cholestanol and lathosterol with that of cho- 
lesterol revealed that the absence of the double 
bond in the steroid nucleus, or the presence of 
a double bond at carbon-7 instead of carbon-5, 
did not appreciably affect the acceptor activity 
(Table II). Only a small reduction in acceptor 
activity was observed with campesterol and 
fl-sitosterol which possess methyl and ethyl 
groups, respectively, at carbon-24. The presence 
of a double bond at carbon-24 (desmosterol) or 
the presence of  both a double bond and an 
ethyl group on the side chain (stigmasterol) 
reduced the acceptor activity to less than 50% 
of that of cholesterol. Interestingly, andro- 
stan-3~-ol, which lacks a side chain, showed a 
higher acceptor activity than cholesterol. 
Coprostanol was completely inactive, indicating 
the absolute requirement for the planar or trans 

configuration of  the A/B rings. Epicholesterol, 
epicholestanol, and androstan-3a-ol were also 
not utilized by the enzyme, suggesting that the 

hydroxyl group at the position 3 must be in the 
fl conformation. None of  the sterols tested was 
esterified in the absence of apolipoprotein A-I. 
Various sterols differing in the side chain, sterol 
nucleus, and the configuration of the A/B 
rings and 3-hydroxyl group, were previously 
shown to be incorporated in egg phosphatidyl- 
choline vesicles at concentrations considerably 
greater than that used in the present study (17). 

When the substrate contained only phospha- 
tidylcholine, the rate of palmitic acid release 
was about 3 nmoles/hr/ml (Table II). This 
hydrolytic activity of  the enzyme, manifested 
by the release of  free fatty acids, was reduced 
in the presence of 20 mole % of sterols. The 
degree of  this reduction was generally greater 
with sterols exhibiting higher acyl acceptor 
activities. 

DISCUSSION 

In order for sterols to exhibit acyl acceptor 
activity, the following two structural features 
are absolutely required. (a) The hydroxyl  group 
at carbon-3 must be in the ~ configuration, as 
evidenced by the complete lack of  acyl accep- 
tor activity shown by epicholesterol, epicho- 
lestanol, and androstan-3a-ol, in contrast to the 
high activity of  the corresponding /3-hydroxy 
sterols. (b) The A and B rings must be in the 
planar, t rans  configuration, since coprostanol, 
which is the A/B cis isomer o f  cholestanol, did 
not  show acyl acceptor activity. Among sterols 
that satisfy the above requirements, androstan- 
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3/3-ol, completely lacking a side chain, was 
found to be more effective than either/~-choles- 
tanol or cholesterol. This suggests that the 
hydrophobic side chain of sterols at the carbon- 
17 is not required for acyl acceptor activity. 
Moreover, sterols in which the side chain is 
more bulky and rigid due to the presence of an 
additional methyl or ethyl group were less 
active than cholesterol. It thus appeared that 
the presence of the side chain, especially when 
bulky or rigid, tends to interfere with the 
acceptor activity of sterols. On the other hand, 
the presence or absence and the location of the 
double bond in the B ring were not important 
for effective acyl acceptor activity. 

Cholesterol and several other sterols are 
known to exhibit a condensing effect on 
phospholipids in the liquid expanded state of 
monolayers and to reduce the permeability of 
their bilayers as recently reviewed (18). These 
effects required not  only the presence of a 
3/3-hydroxyl group and a trans A/B configura- 
tion but also a side chain at carbon-17 in the 
sterol molecule (17-19). Although the first two 
of these structural features were required for 
acyl acceptor activity, the side chain was not 
required, and it rather interfered with the 
transesterification by lecithin-cholesterol acyl- 
transferase, possibly by reducing the mobility 
of sterols in the vesicles. Therefore, the sterol- 
phosphatidylcholine interaction which leads to 
the condensing effect and to the permeability 
changes, is not  a prerequisite for the transesteri- 
fication reaction. The /3 configuration of the 
hydroxyl group and t rans  A/B configuration 
may be important in providing an optimal 
orientation of the hydroxyl group for the 
transacylation at the active site of the enzyme 
bound to substrate vesicles. 

We previously demonstrated the phospho- 
lipase A24ike activity of lecithin-cholesterol 
acyltransferase (10,11). It is possible that the 
lecithin-cholesterol acyltransferase reaction 
proceeds via an acyl-enzyme intermediate. 
When an effective acyl acceptor, such as cho- 
lesterol, is present at the active site with the 
proper orientation of the hydroxyl group, the 
acyl group may be transferred mostly to the 
acyl acceptor. However, a small portion of the 
acyl enzyme intermediate may always be 
hydrolyzed, this hydrolysis being at a slower 
rate in the presence of effective acyl acceptors. 
The slow rate of fatty acid and lysophospha- 
tidylcholine liberation even in the presence of 
phosphatidylcholine alone as the substrate 
suggests a limited accessibility of water mole- 
cules to the active site. 

Although pure dipalmitoyl phosphatidylcho- 

line as such is a poor substrate of lecithin- 
cholesterol acyltransferase (6) due to its highly 
ordered bilayer structure, the mixing with 
egg phosphatidylcholine at the molar ratio of 
1:4 allowed the preferential utilization of the 
saturated phosphatidylcholine for the trans- 
acylation over egg phosphatidylcholine, which 
is primarily unsaturated at the carbon-2 posi- 
tion. This preferential utilization is in accord- 
ance with the results of Glomset et al. (20); 
their study showed a more effective transfer of 
the saturated acyl group of the endogenous 
phosphatidylcholine to cholesterol than of the 
unsaturated acyl group upon incubation of 
whole plasma. Apparently, the slow utilization 
of dipalmitoyl phosphatidylcholine in the 
absence of unsaturated phosphatidylcholine (6) 
is due to a strong intermolecular interaction 
between the saturated acyl groups (21). 
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METHODS 

Simultaneous Mass Spectrometric Measurement of 
Prostaglandins E 1 (PGE 1 ) and PGE 2 with a Deuterated 
Internal Standard 1 

A L D O  FERRETTI 2 and VINCENT P. FLANAGAN, Lipid Nutrition Laboratory, 
Nutrition Institute, Human Nutrition Center, Science and Education Administration, 
U.S. Department of Agriculture, Beltsville, Maryland 20705 

ABSTRACT 

The use of (3,3,4,4-2H4)PGE 2 as internal standard for the quantitative measurement of PGE I by 
gas chromatography-mass spectrometry is reported. A method for the simultaneous analysis of PGE 1 
and PGE 2 is also described. The prostaglandins were analyzed by selected ion monitoring as the 
methyl ester-trimethylsilyl ether (ME-TMS) derivatives of PGB 1 and PGB 2, respectively. In all cases, a 
linear response over the range 1 to 70 ng (2.8 to 198 pmoles) was demonstrated. The use of this 
procedure is exemplified by its application to the PG analysis of sheep seminal vesicles. 

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

Highly sensitive and specific analytical 
methods  for the analysis o f  prostaglandirls are 
essential to fur ther  the s tudy of  their  physiolog- 
ical role in animal tissues. Radio immunoassay  
(RIA)  is somet imes  the preferred m e t h o d  
because o f  its sensitivity in the picogram range, 
the need for li t t le or  no prel iminary 
puri f icat ion o f  the extracts ,  and the s implici ty 
o f  the equ ipmen t  required.  However ,  the  
problem of  cross react ivi ty  be tween PGE 1 and 
PGE 2 and their  opposing antisera has no t  ye t  
been entirely solved. In spite of  recent  develop- 
ments in RIA technology  ( 1 , 2 ) a n d  its inheren t  
advantages for analysis of  large numbers  of  
samples, combined  gas chromatography-mass  
spect rometry  (GC-MS) has emerged as the  
preferred method.  

Samuelsson and col laborators  (3) first 
in t roduced  the stable isotope di lut ion and the 
selected ion moni tor ing  (SIM) techniques  in 
prostaglandin analysis. In their  me thod ,  which 
was used to measure PGE1,  a ( 2 H 3 ) m e t h o x i m e  
analog was the internal  s tandard,  and its addi- 
t ion after the derivat izat ion stage was a dis- 
advantage. Later Axen  et al. (4) overcame 
this problem by using (3,3,4,4-2H4)PGE2 and 
(3 ,3 ,4 ,4-2H4)PGF2a for the analysis of  PGE 2 
and PGF2a , respectively.  Because those deuter-  

1Mention of a trademark or proprietary product 
does not constitute a guarantee or warranty of the 
product by the U.S. Department of Agriculture and 
does not imply its approval to the exclusion of other 
products that may also be suitable. 

2Author to whom correspondence should be 
addressed. 

ated molecules  can be in t roduced  before  
isolation and derivat izat ion,  they  are nearly 
perfect  standards. 

In recent  impor t an t  deve lopments  in prosta- 
glandin analysis, the use of  GC-MS-SIM was 
ex tended  to o ther  prostaglandins,  new deriva- 
tives and reagents were in t roduced ,  and the 
use of  deutera ted species was somet imes  
abandoned  (5-10). Thus,  Kelly (8) in t roduced  
the use o f  a 9 ,11-buty lborona te  derivative for 
the analysis of  PGF2~.  Middleditch and Desi- 
derio (9) examined  the use of  co-homo-PGE 1 
and co-nor-PGE2, in place of  deuter ium-labeled 
analogs, as suitable internal  standards for the 
analysis of  prostaglandins of  the E series. The 
m e t h o d  of  Nicosia and Galli (10), who used 
t r imethyls i ly l imidazole  (TSIM) in piperidine,  is 
applicable to all four  pr imary PGs, and was a 
decisive improvement  over existing ones. That  
me thod ,  which affords instant  derivat izat ion of  
PGE 1 and PGE 2 and their  concomi t an t  con- 
version to PGB1 and PGB2, respectively,  
e l iminated the two major  problems inherent  in 
the  ox ima t ion  procedure ,  namely  long react ion 
times, and the fo rmat ion  of  (syn-anti) isomeric 
pairs of  derivatives (4,9,11,12).  It also elimi- 
nated delicate dehydra t ion  procedures  some- 
t imes used to  conver t  PGE into PGB with caus- 
tic (7). Nicosia and Galli (10) proposed  the use 
of  the C 20 fat ty acid me thy l  ester as internal  
standard for the measurement  of  PGE 1. The 
drawbacks o f  such a procedure  are: (a) methy l  
arachate cannot  func t ion  as a carrier too ;  (b) 
the l ineari ty range (to 17 ng) is shorter  than 
might  somet imes  be desirable. 
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FIG. 1. Quadrupole mass spectra (40 eV) of PGB2-ME-TMS (upper spectrum), (3,3,4,4-2H4)PGB,-ME-TMS 
(middle spectrum), and PGB1-ME-TMS (lower spectrum) obtained by derivatization of their PGE codnterparts. 

We now report the successful use of  (3,3,4,4- 
2H4)PGE 2 as internal standard and carrier for 
the measurement of  PGE t. A procedure for the 
simultaneous analysis of PGE 1 and PGE 2 is 
also described. When this method is applied to 
a biological sample, the chiomatographic 
system(s) used for the cleanup must be non- 
specific toward PGE] and PGE2, i.e., the two 
species must elute together. We describe the 
application of the method to the analysis of 
sheep seminal vesicles. 

Recently Perry and Desiderio (13) described 
the use of (2H4)PGE 2 as an internal standard 
to simultaneously quantify PGEj,  PGE2, 19- 
hydroxy PGE 1, and 19-hydroxy PGE 2 in 
seminal fluid. However, their method of collect- 
ing and handling data is entirely different from 
the procedure we used. Some advantages re- 
lated to accuracy and precision inherent in our 
procedure will be discussed below. 

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

M a t e r i a l s  

PGE 1 , PGE2, and (3,3,4,4-2 H4)PGE2 
were provided by J. Pike and U. Axen of the 
Upjohn Co. TSIM was purchased from Pierce 
Chemical Co., Rockford, IL. Piperidine was 
Fisher-certified (Fisher Scientific Co., Fair 

Lawn, NJ) and freshly distilled. Diazomethane 
was prepared by the action of KOH on N- 
methyl-N-nit roso-p-toluenesulfonamide (Aldrich 
Chemical Co., Milwaukee, WI) and collected in 
diethyl ether. We observed no adverse effect 
whatsoever when the reagent was used after 
storage at -28 C for up to 8 weeks. Lipidex- 
5000 was purchased from Packard Instrument 
Co., Downers Grove, IL. 
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n e n o g r a m s  PGE 2 

F |G.  2. Ratios o f  peak heights  o f  (! H)PGE 2 and 1 
ng of (2H4)PGE 2 vs. amount of (IH)PGE 2 injected. 
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M E T H O D S  

T A B L E  I 

C a l i b r a t i o n  o f  P G E  2 (See Fig. 2).  R e s p o n s e  R a t i o s  

( I H ) P G E  2 i n j e c t e d  (ng) y + SEM n 

485 

100 93 .4  -+ 0 .4  5 
90  80 .6  -+ 0 .3  4 
80  71 .2  + 0 .2  4 
7 0  66 .1  +- 0.1 4 
6 0  57 .6  -+ 1.0 7 
5 0  49 .5  -+ 0.1 4 
4 0  39 .5  + 0.5 4 
30  27 .7  -+ 0.1 4 
2 0  1 8 . 3 0  -+ 0 .01  4 
10 9 . 7 8  -+ 0 .07  5 

5 5 .62  +- 0 .02  4 
2 .5  3 .32  + 0 . 0 3  4 

1 1 .25 + 0 . 0 3  4 

T A B L E  II 

B l a n k  Va lues  f o r  t h e  I o n  T r i a d  m / e  3 2 1 ] 3 2 3 / 3 2 5  
f r o m  Pure  De r iva t i zed  P G E s  

I o n  pa i r  ( m / e )  B l a n k  va lue  a 

3 2 3 / 3 2 1  0 . 0 7 0 4 - +  0 . 0 0 0 6  ( n = 8 )  
PGB2 3 2 5 / 3 2 1  < 0 . 0 0 2 5  ( n = 8 )  

3 2 5 / 3 2 3  0 . 0 7 1 9 - + 0 . 0 0 1 8  (n=5)  
PGB1 3 2 1 / 3 2 3  0 . 0 3 1 1  - + 0 . 0 0 1 1  (n=5)  

( 2 H 4 ) P G B  2 3 2 3 [ 3 2 5  0 . 0 1 5 1  + - 0 . 0 0 0 7  ( n = 6 )  
3 2 1 / 3 2 5  0 . 0 2 9 5  - + 0 . 0 0 0 4  (n=6)  

a M e a n s  + SEM. 

P r e p a r a t i o n  o f  P G  D e r i v a t i v e s  

All analytical operations were performed in 
silanized glassware, and evaporations were 
conducted under a stream of N 2. Methylations 
were carried out by exposure of  the dry resi- 
dues to excess CH 2N 2 for 10 min. The methyl 
esters (ME) were converted to the ME-TMS 
derivatives of  their PGB counterparts by action 
of TSIM in piperidine (1:1) according to a pub- 
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FIG.  3. R a t i o s  o f  p e a k  h e i g h t s  o f  P G E  1 a n d  1 n g  
o f  ( 2 H 4 ) P G E  2 vs. a m o u n t  o f  P G E  1 i n j ec t ed .  

T A B L E  III 

C a l i b r a t i o n  o f  P G E  1 (See Fig.  3).  R e s p o n s e  R a t i o s  

P G E  1 i n j e c t e d  (ng)  y-+ SEM n 

7 0  1 1 1 . 9  + 0 .7  4 
60  9 9 . 4  -+ 1.1 5 
50 84 .2  -+ 0 .6  4 
4 0  6 6 . 8  -+ 0 . 6  5 
30  4 8 . 5  -+ 0 .3  4 

2 0  32 .7  +- 0.1 4 
10 16 .3  + 0.1 4 

5 8 .97  "2_ 0 . 0 3  4 
2 .5  4 . 9 2  +- 0 .01  4 
1 2 . 5 6  +- 0 .01  4 
0 .5  1 .70  -+ 0 .02  4 
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fished p rocedure  (10) and analyzed by gas chro-  
matography-mass  spec t rome t ry .  The derivatized 
PGs were generally used wi thin  a few rain, but  
they  remained  viable for  at least 48 hr  when 
s tored in the dark at 4 C. 

Analysis of Sheep Seminal Vesicles 

Sheep seminal  vesicles (240 mg) were  ground 
with  a tef lon pestle homogen ize r  in 24 ml of  
0.05 M phospha te  buffer  (pH 7.5). The homog-  
enate  was cent r i fuged at 500 x g at 4 C for  10 

rain, and the supe rna tan t  was incuba ted  at 37 C 
for 10 min. The pH was then  b rough t  to  3.5 by 

/ /  
/ [3 PGE I 

e~ I 0 0  / 

c9 l ~ GE 2 

, /  
D / oc ,' , / I  / "  

o - / , o  I- 
4C /// /// 

L Z I  = 5 

r ~  Zc - j 

20 4 0  60  80  I00  

nanograms PGE 

FIG. 4. Ratios of peak heights of PGE 1 and 
PGE 2 and 1 ng of (2H4) PGE 2 vs. amount of PGE 1 
and PGE 2 injected in simultaneous measurements. 

addi t ion  of  2 M citric acid, and 8/ag of  (2H4)- 
PGE 2 was added immedia te ly  thereaf ter .  Six 

3-ml aliquots o f  fluid were placed in 6 centr i-  
fuge tubes. Exact  and increasing amounts  of  
P G E I ( 2 0 0  to 1000 ng) and PGE 2 (50 to  500 
ng) were added to 5 of  the  6 tubes.  The 
con t en t s  o f  each tube  were then  ex t rac ted  
twice with 5 mt of  AcOEt .  The combined  
ext rac ts  were evapora ted  and the residues were 
t rea ted  with CH2N 2. The materials  left  af ter  
evapora t ion  were dissolved in 0.1 ml of  hep-  
t ane / ch l o ro fo rm  (7:3)  and subjec ted  to 
straight phase liquid-gel ch ro ma t o g rap h y  on a 
10 x 200 m m  Lipidex-5000 co lumn with the  
same solvent  system. The rate of  e lut ion was 15 
ml /h r  while the  t empera tu re  was main ta ined  at 
25-26 C. The first 70 ml of  the eluates were 
discarded.  The fol lowing 30-ml fract ions,  which 
con ta ined  more  than  90% of  the PG unde r  
investigation,  were evapora ted ,  and the residues 
were t rea ted  wi th  TSIM and analyzed wi th  the 
GC-MS system. The amoun t s  o f  PGE 2 and 
PGE 1 in e a c h  sample were de te rmined  f rom 
s tandard  curves. 

Instrumentation 

The GC-MS sys tem we used was a Finnigan 
3200F  with an all-glass jet  molecular  separator .  
The mass spec t rome te r  was opera ted  at 40 or 
70 eV, and the con t inuous  d y n o d e  e lec t ron  
mult ipl ier  was set at 2.3 kV. The U-shaped glass 
columns,  1.52 m long x 2 m m  i.d., were t rea ted  
wi th  d imethylch loros i lane  and packed with 1% 
OV-101 on 100/120 mesh  Gas Chrom Q. 
Tempera tures  were:  injector ,  235 C; co lumn,  
225 C; separator ,  230 C. The carrier gas (He) 

TABLE IV 

Simultaneous Calibration (See Fig. 4). Response Ratios 

(1H)PGE 2 and PGE 1 

injected (ng each) 

y-+- SEM 

PGE 2 PGE 1 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
5 
2.5 
1 

94.4 • 0.7 a 4 
84.4 +- 0.7 a 4 
76.4 +- 1.0 a 6 
67.2 +- 0.4 104.6 -+ 0.8 4 
58.3 +- 0.1 92.6 • 1.0 4 
46.0 -+ 0.4 81.6 +- 0.9 4 
36.0 +- 0.2 63.8 +- 0.3 4 
26.6 -+ 0.3 46.6 -+ 0.8 6 
20.1 • 0.1 33.3 + 0.3 4 
10.15 -+ 0.22 17.8 -+ 0.1 4 
4.70 • 0.08 10.05 +- 0.39 4 
2.76 • 0.08 5.65 +- 0.03 4 
1.31 • 0.03 2.37-+ 0.06 5 

aNonlinear area. 
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was suppl ied  at  a head  pressure  o f  1.26 kg / cm 2 
and  the  f low ra te  was a b o u t  20 m l / m i n .  A 
manua l ly  o p e r a t e d  e f f luen t  d iver ter  was o p e n e d  
75 sec a f te r  each  in jec t ion .  A s t anda rd  
PROMIM (F inn igan)  m o d u l a r  e lec t ron ic  pro-  
g r a m m e r  was used for  se lected ion  mon i to r ing .  

6 0 -  Y = 0 . 1 9 9  + 0 . 9 8 4 X  
/ 

. r = .9998 / 

/ 

o r . . . . . .  
0 2 0  4 0  6 0  

ng PGE I INJECTED 

FIG. 5. Calibration line for PGE 1. 

TABLE V 

Effect of Reconditioning of the Ion Source. 
Calibration of PGE 1 (see Fig. 5). Response Ratios 

PGE 1 injected (ng) y-• SEM a 

60 59.8 • 0.4 
40 38.8 + 0.2 
20 19.7 • 0.1 
15 15.1 • 0.1 
10 9.78 -+ 0.06 

5 5.21 -+ 0.02 
3 3.30 • 0.03 
1 1 . 4 5  • 0.01 

an=  5. 

487  

The  ions  se lected to  m o n i t o r  the  p ros tag land ins  
were:  m /e  321 for  PGE2,  m /e  323 for  PGE 1, 
and  m / e  325 for  ( 2 H 4 ) P G E  2. The  signal f rom 
each  se lected m/e  value was d isplayed on  a 
R ikadenk i  m u l t i c h a n n e l  pen  recorder .  Calibra- 
t ion  and  recovery  curves were c o n s t r u c t e d  f rom 
peak  he igh t  measu remen t s .  

RESULTS 

The Method 

Figure 1 shows the  q u a d r u p o l e  mass spect ra  
of  the  ME-TMS derivat ives  of PGB2,  (3,3,4,4- 
2H4)PGB2 ,  and PGB 1 o b t a i n e d  by derivat iza-  
t ion  of  t he i r  PGE c o u n t e r p a r t s  as descr ibed  
u n d e r  " E x p e r i m e n t a l . "  

In the i r  exce l l en t  article,  S w e e t m a n  et al. (7)  
r epo r t ed  t h a t  a " b l a n k "  can arise f rom the  use 
of  a large excess of  the  d e u t e r a t e d  analog of  
PGE 2. Such a "ca r r ie r  b l a n k "  would  resul t  
f rom the  presence  of  some p r o t i u m  fo rm t h a t  
would  regis ter  in the  p r o t i u m  ( m / e  321)  chan-  
nel. Accord ing ly ,  those  au tho r s  suggested use of  
the  smallest  possible a m o u n t  of  carrier.  They  
also were first to  call a t t e n t i o n  to a " f r a g m e n t a -  
t ion  b l a n k "  at m /e  321,  which  occur red  wi th  

(2H4)PGB2-ME-TMS,  in add i t i on  to the  ma jo r  
ion at m /e  325.  This  m /e  321 ion is ana logous  
to t h a t  a t  m /e  317  in the  p r o t i u m  c o m p o u n d .  
Those two  ions  are clearly visible in the  spec t ra  
of  der ivat ized (2H4)PGB2 ( m / e  321)  and  PGB 2 
(m/e  317)  (Fig. 1), and  in b o t h  t hey  are a b o u t  
3% of  the i r  respect ive  base peaks.  When  we 
d e t e r m i n e d  a ca l ib ra t ion  curve for  PGE 2, wi th  
( 2 H 4 ) P G E  2 as s t andard ,  we subs t r ac t ed  the  
c o n t r i b u t i o n  of  the  labeled  c o m p o u n d  to the  
m/e  321 channe l  f rom the  observed  peak  he igh t  
at m / e  321.  Figure 2 shows a typica l  ca l ib ra t ion  
curve wi th  a c o n s t a n t  a m o u n t  (50  ng) o f  
( 2 H 4 ) P G E  2. The  re su l t an t  best  f i t t ing  s t ra ight  
l ine has a l inear  regression coef f i c ien t  o f  0 .914  
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FIG. 6. Simultaneous calibration lines for PGE 1 and PGE 2 obtained when equal amounts were injected. 
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T A B L E  V I  

Effec t  o f  R e c o n d i t i o n i n g  o f  the  Ion Source .  
S i m u l t a n e o u s  Cal ibrat ion  ( S e e  F ig .  6) .  

Response  Rat ios  

( 1 H ) P G E 2  a n d  P G E  1 Y + S E M a  

Injected (rig each)  P G E  2 P G E  1 

6 0  5 8 . 0  +- 0 . I  58 .1  • 0 .2  
4 0  3 8 . 0  • 0. I 38 .1  + 0 .2  
2 0  19 .0  -+ 0 .1  19 .2  • 0 .1  
15 1 4 . 4 0  -+ 0 . 0 3  1 4 . 7 6  -+ 0 . 0 6  
10 9 . 4 6  • 0 . 0 2  9 . 7 1  -+ 0 . 0 7  

5 4 . 4 9  • 0 . 0 3  4 . 9 8  • 0 . 0 2  
3 2 . 6 8  -+ 0 . 0 1  3 . 1 6  + 0 . 0 1  
1 0 . 7 4  • 0 . 0 1  1 . 4 0  • 0 . 0 4  

a n =  5. 

and an intercept of  0.96. The mean values of  
the response ratios (~)  and the number of  
injections are listed in Table I. 

When PGE 1 is measured with (2 H4)PGE 2 as 
the internal standard, the situation is further 
complicated by the presence of  the silicon 
satellites, specifically of  a relatively intense 
ion (ca. 7% of  the base peak) at m/e  325 in the 

spectrum of PGB1-ME-TMS (Fig. 1). In SIM, 
this ion, of  course, registers in the d 4 channel. 
Consequently, the gas chromatographic condi- 
tions must insure that the elution times o f  the 
two species either are sufficiently apart for SIM 
analysis without interference, or are coincident. 
In the former case, cross contributions can be 
ignored; in the latter, they must be fully taken 
into account. We found that coincidence is 
easier to attain than separation if  the elution 
time is to be kept relatively short. The average 
elution times from several determinations at 
225 C were as follows: 368 sec for (2H4)PGB 2- 
ME-TMS and PGB2-ME-TMS , and 373 sec for 
PGB1-ME-TMS. In general, cross contributions 
may result not only from the Si satellites but 
also from "fragmentation blanks" of  the type 
described by Sweetman et al. (7). The elemen- 
tat compositions and structures o f  such contri- 
buting ions can be determined only by high- 
resolution mass spectrometry which so far has 
not been applied to the PG derivatives under 
consideration. Here, however, we must be 
concerned with total peak heights (or areas) at 
nominal masses. For this reason, we decided to 
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F I G .  7. S i m u l t a n e o u s  ca l ibrat ion  l ines  for PGE 1 and PGE 2 o b t a i n e d  w h e n  a m o u n t s  o f  PGE 2 injected  were  
s y s t e m a t i c a l l y  f ive t imes  larger than those  o f  P G E  1. 

T A B L E  V I I  

Effec t  o f  R e c o n d i t i o n i n g  o f  the  Ion Source .  
S i m u l t a n e o u s  Cal ibrat ion  ( S e e  F ig .  7 ) .  Response  Rat ios  

( I H ) P G E  2 P G E  1 

ng Injected y -+ S E M  a ng Injected ~ • S E M  a 

6 0  
40  
20  
15 
10 

5 
3 
1 

5 5 . 3  -+ 0 . 3  12 
3 7 . 3  -+ 0 .1  8 
18 .6  -+ 0 .1  4 
1 4 . 0 2  + 0 . 0 2  3 

9 . 3 6  -+ 0 . 0 4  2 
4 . 2 6  + 0 . 0 1  1 
2 . 5 4  -+ 0 . 0 3  0 . 6  
0 . 7 5  + 0 . 0 1  0 .2  

1 1 . 3 4  • 0 . 0 5  
8 . 0 0  • 0 . 0 5  
4 . 4 1  + 0 . 0 3  
3 . 2 0  + 0 . 0 1  
2 . 2 8  + 0 . 0 2  
1 . 3 0  + 0 . 0 1  
1 . 0 0  + 0 . 0 1  
0 . 6 4  • 0 . 0 1  

a n =  5. 
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determine the blank values for the ion triad m/e 
321/323/325 using pure PGB derivatives under 
closely controlled experimental conditions (see 
below). The results are shown in Table II. 

In the present study, when PGE 1 was 
measured with (2H4)PGE 2 as standard, the 
blank value for the ion pair m/e 325/323 (Table 
II) was used to calculate the contribution of 
PGE 1 to the m/e 325 channel. This contribu- 
tion was subtracted from the peak heights of 
the m/e 325 ion. The results are shown in 
Figure 3. The best fitting straight line has a 
linear regression coefficient of 1.623, and an 
intercept of 0.81. The constant amount of 
(2 H4)PGE 2 injected was 40 ng. The linearity is 
limited to 70 ng, beyond which the curve 
bends. The mean values of the response ratios 
(~) and the number of injections are shown in 
Table III. 

Simultaneous determination of  PGE 1 and 
PGE 2 by use of  the set of ions at m/e 321, m/e 
323 and m/e 325 in SIM is possible if the GC 
operating parameters allow simultaneous elu- 
tion of the three species, and all relevant blanks 
are taken into consideration. We used the blank 
values of the ion pairs m/e 323/321, m/e 
325/323, m/e 321/323, and m/e 321/325 (see 
Table II) in that sequence. Identical amounts of  
PGE 1 and PGE 2 were injected. The results are 
shown in Figure 4. Least-square analysis of  the 
data points from this simultaneous calibration of  
PGE 2 and PGE 1 gave linear regression lines 
with practically the same slope coefficients as 
those from separate determinations. Table IV 
shows the mean values of  the response ratios (y-) 
relative to this simultaneous calibration. 

Relative ion abundances in a mass spectrum 
are functions of the residence times of the 
various ions, which in turn depend on instru- 
mental parameters (14). Because the fidelity of 
the data in SIM work rests on the accurate and 
reproducible measurements of peak heights, the 
GC-MS conditions used to collect data for the 
calibration curve must be reproduced during 
the analysis of the biological materials. This 
important point is illustrated by Figure 5 and 
Table V which show calibration data for PGE 1 
obtained after reconditioning of  the ion source. 
Figure 6 and Table VI show results of a simul- 
taneous calibration of PGE 2 and PGE 1 con- 
ducted under identical instrumental conditions. 
Equal amounts of  the two species were injected 
in this experiment. Whereas the slopes in the 
PGE 2 plots did not change significantly (com- 
pare with Figs. 2 and 4), thanks to chemical 
identity between PGE 2 and the internal stand- 
ard, the slopes in the PGE 1 plots decreased. We 
attribute this phenomenon to reconditioning of 
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FIG. 8. Simultaneous calibration line for PGE 1 
using response ratios corrected for the m/e 323/325 
blank. 

TABLE VIII 

Effect of Reconditioning of the ion Source. 
Simultaneous Calibration (See Fig. 8). 

Corrected Response Ratios 

PGE 1 injected (ng) y -+ SEM a 

12 10 .95  -+ 0 . 0 5  
8 7 .41  -+ 0 . 0 5  
4 3 . 8 0  + 0 . 0 3  
3 2 .52  -+ 0 . 0 1  
2 1 .63  -+ 0 . 0 2  
1 0 .65  -+ 0 .01  
0 .6  0 .32  -+ 0 .01  
0 .2  - 0 . 0 4  -4- 0 .01  

a n =  5- 

the ion source. Clearly, new standard curves 
must be obtained each time the ion source 
parameters are changed. 

Figure 7 and Table VII display data from a 
simultaneous calibration where the ratio of 
protium PGE2 to PGE 1 injected was systemati- 
cally 5 to 1. The high intercept in the PGE 1 
plot is due to the m/e 323/325 blank which 
becomes important because of the relatively 
low levels of  PGE1 being measured. When the 
appropriate peak height correction was intro- 
duced, the "normal"  curve of Figure 8 was 
obtained (see Table VIII). 

Analysis of Sheep Seminal Vesicles 

Straight phase liquid-gel chromatography 
with Lipidex-5000 afforded simultaneous elu- 
tion of  PGE 2 and PGE1, and proved a satis- 
factory tool for cleanup of the biological 
extract as documented by the recovery curve 
shown in Figure 9. Table IX shows mean PG 
amounts calculated from five injections, and 
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FIG. 9. Prostaglandin recovery from incubated 
sheep seminal vesicles. 

T A B L E  IX 

R e c o v e r y  o f  P G E  2 a n d  P G E  1 f r o m  
I n c u b a t e d  S h e e p  S e m i n a l  Vesicles  

ng  P G E  2 n g  P G E  1 

A d d e d  Measured  a A d d e d  M e a s u r e d  a 

0 169 .8  + 1.2 0 1 0 7 1 . 8  _+ 13.3  
50  2 2 6 . 0  -+ 1.3 2 0 0  1 2 2 8 . 4  -+ 4 .3  

100  2 8 5 . 6  -+ 1.7 4 0 0  1 5 7 2 . 8  -+ 10 .7  
2 0 0  3 7 8 . 2  + 1.6 6 0 0  1720 .1  -+ 9.1 
3 0 0  4 8 7 . 7  + 1.4 8 0 0  2 0 3 4 . 3  + 19 .4  
5 0 0  7 2 8 . 3  -+ 3.1 1 0 0 0  2 2 0 2 . 8  -+ 19 .2  

aMeans  +- s t a n d a r d  e r ro r s  (n = 5). 

the standard errors are relative to the GC-MS 
analysis. 

DISCUSSION 

Murphy et al. (15) showed that precision 
and accuracy are lost when the mass interval is 
large (several a.m.u.) between the ions used for 
SIM. In their work, with a 14 a.m.u, interval, 
the losses of accuracy and precision were 
severe. We therefore believe that, in this re- 
spect, our method of  quantitative measurement 
of PGE 1 with (2H4)PGE 2 as the internal 

M E T H O D S  

standard is superior to the method with 60- 
homo-PGE 1 as the internal standard for which 
the interval between the selected ions is 14 
a.m.u. (9). 

Some authors (9,13) implied that simultane- 
ous elution is not necessary for SIM work, but 
we think that such chromatographic behavior is 
desirable in dealing with very small amounts of 
easily degradable materials like the PGs. 
Murphy et al. (15), on the basis of their studies, 
concluded that large differences in elution 
times between the standard and the species to 
be measured can also lead to loss of accuracy 
and precision, possibly due to time-dependent 
variations in ionization conditions or ion 
detection sensitivity. Furthermore, differences 
in elution times may result in different degrees 
of absorption of the biological compound and 
the internal standard. Our method, which is 
based on the simultaneous elution of PGE 1 and 
(2H4)PGE2, is not subject to such potential 
sources of error. Thus, we extended the linear- 
ity range from that afforded by the use of 
methyl arachate as internal standard (10), 1 to 
17 ng for PGEI,  to 1 to 70 ng. That extension 
might be attributed to the fact that PGB1-ME- 
TMS and (2 H4 ) PGB 2-ME-TMS have essentially 
identical elution times. 

In conclusion, our study shows that both 
prostaglandins of the E series can be simultane- 
ously quantified by use of (2H4)PGE 2 as the 
internal standard, if the GC conditions allow 
concurrent elution of the standard and the 
species to be measured, and if the cross contri- 
butions (blanks) are determined and properly 
subtracted. A nonspecific chromatographic 
system must be used for cleanup of biological 
extracts. This study demonstrates that Lipidex- 
5000 is a satisfactory tool to that effect. 
Chemical reactivity and partition coefficients 
of PGE 1 and (2  H4)PGE 2 can safely be assumed 
to be identical  On this basis, (2H4)PGE 2 is a 
nearly ideal carrier/internal standard. 
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A Rapid Sensitive Method for Determining Phospholipid 
Phosphorus Involving Digestion with Magnesium Nitrate 
CORAL G. DUCK-CHONG, Department of Histology and Embryology, 
University of Sydney, Sydney, N.S,W., Australia 2006 

ABSTRACT 

A method is described for the rapid determination of phospholipid phosphorus in samples con- 
taining less than 0.5 t~g phosphorus. Phospholipid phosphorus is first converted to inorganic phosphate 
by heating a dried lipid extract briefly over a Bunsen flame in the presence of magnesium nitrate, then 
dissolving the resulting residue in dilute hydrochloric acid at 95 C. The determination of the inorganic 
phosphate content of the sample then requires only the addition of Triton X-100 and an acidic ammo- 
nium molybdate-malachite green reagent. Absorbance is measured at 650 nm after 5 min at room 
temperature. 

INTRODUCTION 

For many years, phospholipid phosphorus 
has been determined in this laboratory by 
digesting lipid extracts with perchloric acid, 
then assaying inorganic phosphate (in the 
range 0-5 /lg P) by a modification of the 
method of Chen et al. (1,2). The present 
method was developed to satisfy our require- 
ment for a convenient, less time-consuming 
procedure with sensitivity in the range 0-0.5/lg 
P for a specific clinical application (2). 

Phospholipid digestion can be achieved in a 
few seconds by ashing over a Bunsen flame in 
the presence of magnesium nitrate (3). This 
rapid digestion procedure has been coupled 
with a modification of  a sensitive method for 
determining inorganic phosphate, based on the 
formation of a complex between phospho- 
molybdate and the basic dye, malachite green 
(4). 

MATERIALS AND METHODS 

All solutions were prepared from analytical 
grade reagents, unless otherwise stated, using 
glass distilled water. Because of the extreme 
sensitivity of the method, special care is re- 
quired in the washing of glassware. All glass- 
ware was immersed overnight in cone. sulphuric 
acid containing ca. 5% cone. nitric acid, then 
rinsed thoroughly with tap water and glass 
distilled water. 

Digestion of Phospholipifl 

A sample of washed lipid extract (up to 4 
ml) containing ~< 0.5 /ag phosphorus was mixed 
with 30 / l l  of magnesium nitrate solution, 10% 
(w/v) Mg(NO3)2.6H20 in methanol, in a 17 
mm test tube and evaporated to dryness by 
heating in a water bath at 85-100 C in a fume 
hood. Larger volumes were sometimes used, but 
care was necessary to avoid losses due to 

bumping of the solvent. 
Digestion was achieved by heating the 

sample for 15 seconds in the top portion of a 
Bunsen flame, then lowering the tube so that its 
base was at the tip of the blue cone of the 
flame and heating steadily for a further 10 
seconds. Because the toxic gas nitrogen dioxide 
is released during this procedure, both the 
digestion and subsequent cooling of the tubes 
should be carried out in a fume hood. 

After brief cooling (to less than 100 C), 1 ml 
1 M HC1 was added. The tube was covered with 
a glass marble to minimize evaporation and 
heated together with suitable standards at 
90-95 C for 15 min, then cooled to room 
temperature by immersion in tap water before 
proceeding with the determination of inorganic 
phosphate. Standards containing 0-0.5 /lg 
inorganic phosphate-phosphorus (KHzPO 4) in 
1 ml M HC1 were prepared in tubes in which 30 
/al of magnesium nitrate solution had previously 
been evaporated to dryness and "digested" as 
described above. 

Determination of Inorganic Phosphate 

The following reagents were prepared. 
A. 4.2% (w/v) ammonium molybdate in 

HCI: cone. HC1 was diluted to 4.5 M, 
then used to dissolve the molybdate, 
(NH4)6 MoTO24.4H20. 

B. 0.3% (w/v) malachite green solution: 
B.D.H. product No. 34045, color index 
42000, was dissolved in distilled water 
just before use. 

C. Dye-molybdate reagent: reagent A (1 
vol.) was mixed with reagent B (3 vol.) 
and left at room temperature for 2-3 hr 
with occasional mixing, before filtering 
through Whatman No. 1 filter paper. The 
reagent is stored at room temperature and 
is stable for 3-5 weeks. A small amount of 
precipitate may form after 3 weeks. The 
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FIG. 1. Standard curves for inorganic phosphate 
prepared by the routine procedure (o,o) as described 
in the text, or by the method of Itaya and Ui (4) (D,I) 
in a final reaction volume of 3.l ml. Mg 2+ was in- 
cluded in some tubes (e,i) ,  as described in the text. 
Absorbance was measured at 650 nm (o,o) or 660 nm 
(~,=). 
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FIG. 2. The effect of Triton X-100 on absorbance 
in the determination of inorganic phosphate by the 
routine procedure; 0-50/~1 of a 2% solution of Triton 
X-100 was used. The absorbance at 650 nm of both 
the reagent blank (o), and a 0.5 gg P standard (o) 
corrected for the reagent blank are shown. Mg 2+ was 
included in "all samples. 

reagent  is still usable  p rov ided  t ha t  the  
p rec ip i t a te  is r em oved  by  f i l t ra t ion ,  b u t  
shou ld  be discarded w h e n  f u r t he r  precipi-  
t a t i o n  occurs.  

D. T r i t o n  X-100  ( R o h m  and  Haas):  a 1% 
(w/v)  so lu t ion  in dist i l led water .  This  
reagent  mus t  be refr igerated.  It  shou ld  be 
replaced every 3 m o n t h s  or  at  t he  first 
sign of  cloudiness.  

In the routine procedure, 30/ .d of  reagent  D 
was added  to  1 ml of  tes t  so lu t ion  or  s t andard  
con ta in ing  up to 0.5 /~g P, as inorganic  phos-  
pha te ,  in 1 ml 1 M HC1. Reagen t  C (2 ml)  was 
added  w i th  i m m e d i a t e  mix ing  and  the  color  was 
a l lowed to  develop at  r o o m  t e m p e r a t u r e  (15-25 
C) w i t h o u t  f u r t h e r  mixing.  The  abso rbance  at  
650  n m  was measu red  5-40 rain  af te r  the  
add i t ion  of  the  color  reagent  us ing a Un icam 
SP800 or a T u r n e r  Model  350  s p e c t r o p h o t o -  
meter .  In  some expe r imen t s ,  25 #1 of  2% Tr i ton  
X-100  was used,  and  the  abso rbance  was 
measu red  5-20 min  af te r  the  add i t i on  o f  the  
color  reagent .  Because the  d y e - p h o s p h o m o l y -  
bda t e  complex  t ends  to absorb  to  glass (5 ,6) ,  
t he  use of  d isposable  plast ic  cuve t tes  (Ra t io l ab )  
is r e c o m m e n d e d .  

Preparation of Lipid Extracts 

The  liver of  an  adul t  female  Wistar ra t  was 
h o m o g e n i z e d  in 0.9% NaC1 (5 ml /g  liver) and  a 
p o r t i o n  was ex t r ac t ed  wi th  20 vol c h l o r o f o r m /  
m e t h a n o l  (2: 1, v/v).  The  ex t r ac t  was washed  to  
remove non l ip id  p h o s p h o r u s  (7). Washed l ipid 
ex t rac t s  were p repa red  in the  same way f rom 

samples  of  h u m a n  amnio t i c  fluid,  col lec ted  by  
amniocen te s i s  dur ing  late p regnancy  as par t  of  
r ou t i ne  clinical m a n a g e m e n t .  The  ex t rac t s  were 
m a d e  to a k n o w n  vo lume  wi th  c h l o r o f o r m /  
m e t h a n o l  ( 1 : 1, v/v). 

R ESU LTS 

The Standard Curve and Absorption Spectrum 

The  rou t i ne  p r o c e d u r e  gave a l inear  s t andard  
curve up  to 0.5 /.tg P (Fig. 1). B e y o n d  0.5 gg P, 
there  was a gradual  depar tu re  f rom l inear i ty ,  
t he  abso rbance  for  0.7 ~tg P be ing  a b o u t  8% 
lower  t h a n  t h a t  p red ic t ed  by  e x t r a p o l a t i o n  of  
the  s t andard  curve. 

S t anda rd  curves ob t a ined  by  the  recom-  
m e n d e d  p rocedu re  and  the  original  m e t h o d  of  
I t aya  and  Ui (4)  are c o m p a r e d  in Figure 1. Fo r  
the  r e c o m m e n d e d  p rocedure ,  the  mo la r  ex t inc-  
t ion  coef f ic ien t  of  the  d y e - p h o s p h o m o l y b d a t e  
comp lex  was 115,000.  In this  l abo ra to ry ,  the  
mo la r  e x t i n c t i o n  coef f ic ien t  of  9 6 , 0 0 0 - 1 2 3 , 0 0 0  
r epo r t ed  by  I taya  and  Ui (4) was n o t  achieved 
using t he i r  m e t h o d ;  the  data  in Figure 1 indi-  
cate a m o l a r  e x t i n c t i o n  coeff ic ient  of  84 ,000  
for  the  I taya-Ui  m e t h o d .  In the  r e c o m m e n d e d  
p rocedure ,  the  f o r m a t i o n  of  the  dye -phospho-  
m o l y b d a t e  comp lex  caused a shif t  in a b s o r p t i o n  
m a x i m u m  f rom 625 n m  to 640-650  nm.  The  
a b s o r p t i o n  spec t rum of  the  complex ,  wh ich  was 
no t  a f fec ted  by the  inc lus ion  of  Mg2+, was 
similar  to  tha t  r epo r t ed  for  the  original  m e t h o d  
(4).  
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T A B L E  I 

T he  Ef fec t  o f  T r i t on  X-IO0 on the  
Stabi l i ty  o f  the  Color a 

Tr i ton  X-lO0 (~1) 

T ime  15 b 25 50 

min  % % % 
5 98 - 2 1 0 0  1 0 0  

10 99 -+ 1 98 97 
20 100 +- 0 96  95 
40 96 -+ 0 92 89 
60 95 -+ 2 88 85 

120 88 + 1 86 71 

aFor  each t ime  point ,  a r eagen t  b lank  and a stan- 
dard  (0.5 /~g P) were  p r epa red  in tubes  in wh ic h  30 
/.d o f  10% m a g n e s i u m  n i t ra te  so lu t ion  had been ashed.  
Af t e r  the add i t ion  o f  2% Tr i ton  X-100  and co lo r  
reagent ,  the tubes  were  i nc uba t e d  at 20  C fo r  the  
t ime  ind ica ted  be fo re  measur ing  abso rbance  at 650 nm.  
The absorbance  is expressed  as a pe rcen t age  o f  m a x i m a l  
abso rbance  at each concentration o f  Tr i ton  X-J 0 0 .  

bEach  result  r ep resen t s  the  m e a n  o f  2 i n d e p e n d e n t  
e x p e r i m e n t s  -+ range.  

In the present  method ,  the final concentra-  
t ion of  a m m o n i u m  molybda te  is lower than in 
the Itaya and Ui me thod  (4). Increasing the 
concent ra t ion  of  molybda te  in the color  
reagent to provide the same final concent ra t ion  
as in the original me thod  did not  affect  the 
sensitivity of  the me thod  but reduced the 
stability of  the color  reagent. 

Triton X- lO0 and the Stability of  the Color 

The inclusion of  10-50/al of  a 2% solut ion o f  
the nonionic  detergent  Tr i ton  X-100 in the 
react ion mixture  caused a 37-38% increase in 
sensitivity, with negligible increase in the 
reagent blank provided that  less than 30 gl of  
Tr i ton  X-100 was used (Fig. 2). In the original 
me thod  of  I taya and Ui (4), the detergent ,  
Tween  20, ~. added to the react ion 
mixture  after the color  reagent, served to 
stabilize the color;  if added before the color  
reagent,  it inhibi ted color  format ion.  In the 
present  me thod ,  the absorbance and stability 
were the same whether  the Tr i ton  X-100 was 
added before  or  after the color  reagent, 

Increasing the concent ra t ion  o f  Tr i ton  
X-100 beyond  the opt imal  level had a detri- 
menta l  effect  on the stability of  the color 
(Table I). When 50 pl of  2% Tri ton X-100 was 
used, the dye-phosphomolybda te  complex  
began to precipi tate  wi thin  120 rain. Stabil i ty 
was also reduced if the samples were mixed  
vigorously after color deve lopment  was com- 
plete. Optimal  sensitivity and stability were 
achieved with 15 /al of  2% Tr i ton  X-100 solu- 
t ion was used (Fig. 2, Table I). Under  these 
condit ions,  the absorbance of  bo th  the reagent 
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FIG. 3. The effect of acid on absorbance in the 
determination of inorganic phosphate by the routine 
procedure (o,e) and in the presence of Tween 20. The 
concentration of HCI in the sample was varied so that 
the acid concentration indicated was achieved in the 
final reaction mixture. In some samples (D,=), Triton 
X-100 was omitted and Tween 20 at the concentration 
recommended by Itaya and Ui (4) was added after the 
color reagent. The absorbance at 650 nm of both the 
reagent blank (o,D), and a 0.5 ug P standard (e,m) 
corrected for the reagent blank are shown. Mg 2+ was 
included in all samples. 

blank and standard were vir tually constant  for 
5-40 min after the addi t ion of  the color  
reagent. To enhance p ipet t ing  accuracy,  it is 
r ecommended  that  30 #1 of  a 1% solut ion of  
Tr i ton  X-100 be used rout inely .  

The Effect of Acid Concentration 

In the routine procedure ,  the HC1 in the 
dye-molybdate  reagent itself produces  a final 
acid concent ra t ion  of  0.75 M. The effect  on 
absorbance of  varying the final acid concentra-  
t ion f rom 0.75-1.5 M by the addi t ion of  HC1 to 
the 1 ml sample is shown in Figure 3. Maximal 
absorbance was achieved at a final acid concen- 
t ra t ion of  1.0-1.2 M; the final acid concentra-  
t ion in the rout ine procedure  is ca. 1.1 M. 
Fur ther  tests were carried out  at final concen-  
trat ions o f  I or  1.2 M HCI. It  was found that  
the final acid concent ra t ion  could be varied 
within these limits wi thou t  significantly af- 
fecting the sensitivity or  l ineari ty of  the 
me thod  or  the stability of  the color.  However ,  
as the absorbance of  the reagent blank is 
dependent  on acid concent ra t ion  (Fig. 3), it is 
important that the  final acid concent ra t ion  be 
carefully control led within a given batch of  
samples and standards. 

When Tween 20, at the  concent ra t ion  
suggested by Itaya and Ui (4), was used in the 
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of Digestion Time and Glassware on the Determination of 
Phospholipid Phosphorus a 
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Digestion procedure b Apparent P content 

Batch I c Batch 2 c 
Step 1 Step 2 Mean S.D. Mean S.D. 

sec sec #g #g 
10 5 0.437 • 0.017 0.404 -+ 0.009 
15 10 0.432 • 0.006 0.405 +- 0.010 
15 30 0.426 +- 0.010 0.404 • 0.005 

aReplicate samples of a washed lipid extract of amniotic fluid were digested under var- 
ious conditions. Each result represents the mean of three determinations. 

bDigestion was carried out as described in the Materials and Methods section. Step 1 
represents the first stage of digestion at the top of the Bunsen flame; step 2 represents the 
second stage of digestion at the top of the blue cone of the flame. 

CEach batch was set up in test tubes supplied by a different manufacturer. Standards 
and the reagent blank were prepared in test tubes of the type used for batch 1. 

p resent  m e t h o d  ins tead  of  T r i t on  X-100,  
comparab l e  results  were ob t a ined  in the  ab- 
sence of  added  HC1, bu t  there  was a m a r k e d  
loss of  sensi t ivi ty  w h e n  the  final acid concen t ra -  
t i on  was increased  to  1.2 M (Fig. 3). 

The Effect of Temperature 

The  rate of  f o r m a t i o n  of  the  color ,  its 
s tabi l i ty  and  the  m a x i m u m  abso rbance  for  0.5 
/ag P were vir tual ly  ident ica l  at  15, 20 or 25 C. 
The  reac t ion  can,  the re fore ,  be safely carr ied 
ou t  at r o o m  t e m p e r a t u r e  in m o s t  labora tor ies .  
Since br ie f  warming  at 37 C was s h o w n  to  cause 
ins tab i l i ty  of  color ,  all samples  and  s t anda rds  
mus t  be  at r oom t e m p e r a t u r e  w h e n  the  color  
reagent  is added.  

The Choice of Dye 

It  is r e c o m m e n d e d  t h a t  ma lach i t e  green be 
pu rchased  f rom the  source  indica ted .  When  
malach i t e  green f rom a n o t h e r  m a n u f a c t u r e r  was 
used, the re  was a 28% loss of  sensi t ivi ty  in t he  
p resen t  m e t h o d ,  while the  I taya-Ui  m e t h o d  
b e c a m e  unusab l e  because  o f  loss of  b o t h  
l inear i ty  and  sensi t ivi ty .  

The Digestion Procedure 

A n  early r epo r t  of  th is  p rocedu re  ind ica t ed  
t h a t  d igest ion takes  on ly  a few seconds  and  t h a t  
s u b s e q u e n t  acid hydro lys i s  is necessary to 
conver t  any  p y r o p h o s p h a t e  fo rmed  dur ing  
diges t ion i n to  inorganic  p h o s p h a t e ,  bu t  pro-  
v ided  n o  s u p p o r t i n g  data  (3).  The  p rocedu re  
was, the re fore ,  t e s ted  to  de t e rmine  op t ima l  
cond i t ions  for  the  p re sen t  purpose .  

Digestion time. Three  d iges t ion p rocedures  
were compared ,  wi th  special a t t e n t i o n  be ing  
given to  the  pos i t i on  of  the  t ube  in the  Bunsen  
f lame (Table  II). A l t h o u g h  digest ion was 
comple t e  w i th in  15 sec, the  25 sec p r o c e d u r e  is 

r e c o m m e n d e d ,  since ca rbon  some t imes  r ema ined  
in samples  con ta in ing  a large a m o u n t  of  organic  
mater ia l  if  a sho r t e r  digest ion t ime  was used.  

Glassware. The data  in Table  II emphas ize  
the  need  for  cau t ion  in the  choice  of  glassware, 
as p o i n t e d  ou t  in the  or iginal  repor t  of  the  
magnes ium n i t r a t e  digest ion p rocedure  (3).  
In te r fe r ing  subs tances  arising f rom the  glass- 
ware may  c o n t r i b u t e  s ignif icant ly  to  the  
a p p a r e n t  P c o n t e n t  of  the  sample.  This p rob -  
lem,  which  persi ts  even af ter  repea ted  washing 
and  reusing of  the  tubes ,  is adequa te ly  cor rec ted  
for  by  s t andard iz ing  on  one  b r a n d  of  glassware 
and  b y  p repar ing  the  reagent  b l ank  and  stan-  
dard  curve in tubes  in which  magnes ium n i t r a t e  
has  been  "d iges t ed . "  

Acid treatment. The  data  for  m e t h o d  A in 
Table  III  ind ica te  t ha t  the  P c o n t e n t  of  some 
p h o s p h o l i p i d  samples  would  be var iably  under -  
e s t imated  if  the  acid t r e a t m e n t  of  the  digested 
residue were o m i t t e d ,  a f inding cons i s t en t  w i th  
the  suggest ion t h a t  some inorganic  p y r o p h o s -  
p h a t e  is fo rmed  dur ing  diges t ion (3). The  m e a n  
di f ference  be tween  all t r ea ted  and  u n t r e a t e d  
samples  was on ly  4%, bu t  for  indiv idual  samples  
a m a x i m u m  di f fe rence  of  9% was observed  for  
b o t h  liver and  a m n i o t i c  fluid ext rac ts .  The  acid 
t r e a t m e n t  also ensures  t h a t  the  digested residue 
is comple t e ly  solubi l ized before  the  add i t i on  of  
the  color  reagent .  

A Comparison of the Present Method with Another 
Method for Determining Phospholipid Phosphorus 

The presen t  m e t h o d  for  de t e rmin ing  phos-  
pho l ip id  p h o s p h o r u s  was c o m p a r e d  w i t h  an 
a l te rna t ive  m e t h o d  which  had  been  used 
rou t ine ly  in this  l a b o r a t o r y  for  m a n y  years. The  
l a t t e r  p rocedu re  involves d iges t ion o f  the  
p h o s p h o l i p i d  by  hea t ing  for  1�89 h r  w i th  per- 
chlor ic  acid before  d e t e r m i n i n g  inorganic  
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TABLE III 

A Comparison of Two Methods for the Determination of Phospholipid Phosphorus 

Method A b 

Source of  Expt. Not heated Heated 95 C Method B c 
lipid e x t r a c t  a No. mean -+ S.D. mean -+ S.D. mean • S.D. 

Liver 

Amniotic fluid 

/zg P/100 ml /~g P/100ml /zg P/100ml 

1 13.2 +- 1.2 12.7 +- 0.7 13.1 -+ 0.4 
2 21.4 -+ 1.5 23.4 • 0.3 23.3 • 1.1 
3 31.3 +- 0.2 31.9 • 0.6 33.4 • 0.5 
4 39.1 +- 0.8 37.7 -+ 1.4 36.1 • 0.6 
5 42.9 + 0.5 45.4 • 0.1 45.0 -+ 0.8 
2 9.7 + 0.3 9.9 • 1.1 11.3 • 0.6 
3 19.3 +- 0.6 21.0 +- 0.5 19.9 -+ 0.5 
4 20.7 + 0.2 20.4 • 0.5 20.3 -+ 0.7 
5 45.5 • 0.5 49.1 • 0.9 47.2 • 0.5 
6 48.0 -+ 2.0 51.5 • 1.0 49.4 -+ 0.8 

aExtracts from rat liver were assayed at different dilutions corresponding to 12-36 mg 
liver/lO0 ml extract. Five different samples of  amniotic fluid were extracted; I00 ml extract 
was derived from 6.25 ml amniotic fluid in each case. 

bFor each determination, six 0.8 ml samples were assayed by the routine procedure, as 
described in the text. For 3 of the samples, the incubation at 95 C after the addition of HC1 
was omitted. 

CFor each determination, three 4 ml samples were evaporated to dryness and digested 
with 70% perchloric acid at 180 C for 1% hr. Inorganic phosphate was determined by a 
modification of the method of Chert  et al. (1,2). 

phospha te  by a m e t h o d  based on  the  reduc t ion  
of  p h o s p h o m o l y b d a t e  by ascorbic acid (1,2).  
Washed lipid ext rac ts  f rom rat liver or  h u m a n  
amnio t ic  fluid were assayed in tr ipl icate by 
b o t h  procedures ,  the sample size being adjusted 
to allow for  the  ca. 5-fold d i f ference  in sensi- 
t ivity o f  the  two  m e t h o d s  (Table III). Compari-  
son of  data in co lumn 2 (Method  A, hea ted  95 
C) and co lumn 3 (Method  B) of  Table III 
indicates  tha t  there  is sat isfactory agreement  
be tween  the two  methods .  

DISCUSSION 

Several m e t h o d s  for the de te rmina t ion  of  
phospho l ip id  p h o s p h o r u s  making use of  mala- 
chite green for the  de te rmina t ion  of  inorganic 
phospha te  have already been descr ibed (5, 
8-11). In every case, perchlor ic  acid or a mix-  
ture of  sulphuric  an~d perchlor ic  acids was used 
for  digesting the phosphol ip id .  Digestion wi th  
70% perchlor ic  acid at 180 C may take 60 min 
or longer (C.G. Duck-Chong,  unpubl i shed  data). 
The addi t ion  of  sulphuric acid accelerates the 
process,  but  comple te  digest ion may  still take 
up to  50 min (11). (A shor te r  digest ion proce-  
dure involving heat ing  wi th  perchlor ic  and 
sulphuric  acid over a Bunsen flame (9) is 
considered undesirable  because of  the risk of  
explosion) .  The digestion p rocedure  of  Ames  
(3) used in the present  m e t h o d  takes no  more  
than  20 rain, including the 10-15 rain acid 
t r e a t m e n t  at 95 C, and therefore  offers  a 

considerable  saving of  t ime.  
Fo r  the  de te rmina t ion  of  inorganic phos-  

phate ,  the use of  Tri ton X-100 in the present  
m e t h o d ,  instead of  Tween 20 as in the original 
m e t h o d  (4), increases the sensitivity of the  
m e t h o d  (Fig. 1) and provides an opt imal  acid 
concen t ra t ion  in a region which readily accom- 
moda tes  the addi t ional  acid required for  the  
hydrolys is  o f  p y r o p h o s p h a t e  fo rmed  during 
digestion (Fig. 3). An addi t ional  advantage is 
the rapid rate at which a plateau of  absorbance  
is reached in bo th  samples and reagent  blanks 
on addi t ion  of  the  color  reagent  (Table I). In 
this labora tory ,  the  absorbance  of  bo th  reagent  
blanks and samples processed by the  original 
m e t h o d  (4) con t inued  to increase for more  than  
20 min,  whe the r  Tween  20 was added imme-  
diately af ter  the color  reagent  or af ter  a delay 
of  several minutes.  

O the r  modi f i ca t ions  o f  the  original m e t h o d  
have been descr ibed for the  de te rmina t ion  of  
inorganic phospha te .  However,  for  the  purposes  
of  this labora tory ,  they  are considered to  be 
less sat isfactory than the  p resen t  m e t h o d  for  
o n e  or  more  of  the fol lowing reasons: (a) they  
are less sensitive (12-14),  (b) the rate of  color  
deve lopment  is s lower (12,13,15,16) ,  or (c) the 
color  reagent is less stable (11,13).  The m e t h o d  
descr ibed in this paper  is r e c o m m e n d e d  for any 
appl icat ion where  the speed of  processing is an 
impor t an t  considera t ion.  Since the digest ion 
procedure  of  Ames  (3) is suitable for the  
de te rmina t ion  of  p h o s p h o r u s  in a wide variety 
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of biological materials, the present method may 
have a more general application in the deter- 
mination of organic phosphorus in compounds 
other than phospholipids. 
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Desaturation of Eicosa-11,14-Dienoic Acid in Human Testes 
D.H. ALBERT 1, R.K. RHAMY, and J.G. CONIGLIO, Departments of Biochemistry and 
of Urology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232 U.S.A. 

ABSTRACT 

The metabolism of [1-14C]eicosa-ll,14-dienoic acid was investigated in human testes using 
whole tissue minces and microsomal preparations. Both types of preparations catalyzed the desatura- 
tion of the labeled diene to eicosa-8,11,14-trienoic as well as eicosa-5,11,14-trienoic acid. The reported 
results, therefore, indicate that human testicular tissue, as well as rat testicular tissue (reported pre- 
viously), is capable of utilizing eicosa-11,14-dienoic acid as a precursor of arachidonic acid. Since it 
is known that there is no ~8 desaturase activity in rat liver and brain, these studies support the 
concept that there is a tissue variation in this enzymatic pathway. 

INTRODUCTION 

The lipids of human testes contain a large 
proportion of polyunsaturated fatty acids, 
including arachidonic acid (1). Although it has 
been demonstrated that human testes can 
synthesize polyunsaturated fatty acids from 
labeled precursors (2), the particular pathways 
used for the biosynthesis of polyunsaturated 
fatty acids such as arachidonate have yet 
to be established in this tissue. Biosynthesis of 
arachidonate is generally thought to proceed 
through the intermediates octadeca-6,9,12- 
trienoic and eicosa-8,11,14-trienoic acids (3), 
although an alternative pathway in which 
linoleic is first elongated to eicosa-l l ,14-  
dienoic acid before desaturation to eicosa- 
8,11,14-trienoic and finally to arachidonic acid 
has been proposed (4). The latter pathway is 
inoperative in rat liver (5) and rat brain (6) but 
may be functional in rat testis (7) as well as 
human normal and cancerous colonic, bladder, 
and ovarian tissue (8). Thus, there is apparently 
a variation among tissues in A8 desaturase 
activity, and there may also be a variation 
among species. Since evidence had already been 
obtained of  A8 desaturase activity in rat testis, 
it appeared that A8 desaturase activity variation 
was probably due to tissue differences. In view 
of these previous findings and since the fatty 
acid spectrum of testicular lipids of rat differs 
from that of the human (9), we thought it 
important to establish whether or not human 
testicular tissue can desaturate eicosa-l l ,14-  
dienoic acid and utilize it for synthesis of 
arachidonic acid. 

lpresent address: Department of Obstetrics and 
Gynecology, College of Physicians and Surgeons, 
Columbia University, New York, New York 10032. 

METHODS 

Testes were placed directly into ice after 
removal at orchidectomy from patients with 
prostatic cancer. The testes themselves were not  
affected by the disease. The tissue was freed of  
extraneous material and the tunica albuginea 
was removed. Approximately two grams of the 
tissue was either thoroughly minced with a 
razor blade for tissue mince incubations or 
homogenized for preparation of  the microsomal 
fraction as described by Peluffo et al. (10). 
Incubations were in 3 ml of the medium 
described by Ayala et al. (11), containing the 
following: 10-20 mg protein, tissue mince or 
microsomal fraction, 0.45 mmol KC1, 0.75 

mmol sucrose, 4 /Jmol ATP, 2.5 /.tmol NADH, 
15 #mol MgC12, 4.5 /~mol glutathione, 1 /Jmol 
nicotinamide, 125 /lmol NaF, 125 /~mol phos- 
phate buffer (pH 7.0), 0.2/~mol CoA, and 1 ~Ci 
of [1A4C]eicosa-11,14-dienoic acid (specific 
activity 59 #Ci/~mol; DHOM Products, Holly- 
wood, CA) dissolved in 10 /ll propylene glycol. 
Duplicate incubations were done for 3 hr at 37 
C under oxygen and terminated by addition of 
potassium hydroxide. Procedures for the 
hydrolysis, extraction and methylation of total 
fatty acids from incubation mixtures were 
previously described (7). Total fatty acid 
methyl esters were separated by degree of 
unsaturation on layers of silica gel impregnated 
with 9% silver nitrate and the triene fraction 
subjected to ozonolysis followed by reduction 
with triphenylphosphine. Gas radiochromatog- 
raphy of methyl esters and of aldehydo esters 
produced from the ozonolysis and reduction of 
methyl esters was done as described previously 
(7). 
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TABLE I 

Distribution of Radioactivity in Products Formed during Incubation of Tissue 
Minces and of Microsomes from Human Testes with [ 1-14C ] eicosa-11,14-dienoic Acid 
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% o f Desaturation 
product formed a % of [ 14C] of Eicosatrienoic Acid 

fraction b 
Tissue Eicosatrienoic Arachidonic 

preparation acid acid 5,11,14 Isomer 8,11,14 Isomer 

Mince 87.7 (3.74) 12.3 (3.74) 19.8 (10.1) 80.2 (10.1) 
Microsomes 32.5 (15.0) 67.5 (15.0) 

aResults are means of triplicate analyses of two different tissues with standard deviation 
in parentheses. 

bResults are means of duplicate analyses of two different tissues with standard deviation 
in parentheses. 

RESULTS AND DISCUSSION 

H u m a n  tes t icular  t issue was s h o w n  to 
me tabo l i ze  eicosa- 1 1 ,14-dienoic  acid by desatu-  
ra t ion .  Af te r  i n c u b a t i o n  o f  minced  t issue wi th  
the  labeled  subs t ra te ,  ca. 5% of  the  recovered  
rad ioac t iv i ty  was f o u n d  in uns a t u r a t ed  fa t ty  
acids (name ly  e icosa t r ienoic  and  e icosa te t ra-  
enoic  acids) o t h e r  t han  the  ini t ia l  subs t ra te .  A 
subs tan t i a l  p r o p o r t i o n  of  this  a m o u n t  was 
f o u n d  in a r ach idona t e  (Table  I) ind ica t ing  t h a t  
e i c o s a - l l , 1 4 - d i e n o i c  acid can be m e t abo l i z ed  
by  the  test is  to  an i n t e r m e d i a t e  such as eicosa- 
8 ,11 ,14- t r i eno ic  acid wh ich  is sui table  for  
de sa tu r a t i on  to  a rach idona te .  

T h a t  h u m a n  test is  is in fact  capable  of  
fo rming  eicosa-8,1 1 ,14- t r ienoic  acid as an 
i n t e r m e d i a t e  was c o n f i r m e d  by analysis  of the  
labeled i somers  in the  e icosa t r ienoic  acid 
f r ac t ion  o b t a i n e d  in i n c u b a t i o n s  wi th  [ 1-14C]-  
eicosa-1 1 ,14-dienoic  acid. A l t h o u g h  mos t  of  the  
label  was p resen t  in the  8 ,11 ,14- isomer ,  a 
subs tan t ia l  p r o p o r t i o n  was f o u n d  in the  5,1 1,14 
i somer  (Table  I). The  l a t t e r  i somer  is bel ieved 
to be a " d e a d - e n d "  p r o d u c t  unsu i t ab l e  for  
f u r t he r  de sa tu ra t i on  (12) ,  whereas  the  f o r m e r  
can be  readily desa tu ra t ed  to  a r ach i dona t e  (3). 
Microsomal  p r epa r a t i ons  also syn thes ized  
labeled eicosa-8,1 1 ,14- t r ienoic  acid u p o n  incu-  
ba t ion  wi th  [ 1-14C] eicosa-1 1 ,14-dienoic  acid,  
thus  ind ica t ing  t h a t  the  labeled eicosa-8,1 1,14- 
t r i eno ic  acid was no t  derived f rom m i t o c h o n -  
drial  e longa t ion  of  oc tadeca-6 ,9 ,12- t r i eno ic  acid 
(Table  I). 

I t  is no t  ye t  clear w h e t h e r  the  desa tu ra t i on  
of  e i c o s a - l l , 1 4 - d i e n o i c  acid in test is  results  
f rom a specific A8 desa turase  or  f rom a A9 
desaturase  wi th  less specif ic i ty  t han  the  ones  
f o u n d  in l iver and  in o t h e r  t issue wi th  no  A8 
desaturase  act ivi ty .  The  la t t e r  poss ibi l i ty  was 
p roposed  by  Gur r  et al. (13)  to  expla in  the  
abi l i ty  o f  some animal  species (e.g., chickens ,  
goat ,  pig) bu t  no t  o thers  ( ra t  and  h a m s t e r )  to  
desa tu ra te  12-oc tadeceno ic  to  oc tadeca-9 ,12-  

d ienoic  acid. They  p roposed  tha t  the  t issues 
active in this  de sa tu ra t i on  con ta in ,  in add i t i on  
to  s tearoyl  CoA desa turase ,  a s econd  desa turase  
wi th  m o r e  act ivi ty  t o w a r d  shor t  cha in  sa tu ra t ed  
acids bu t  capable  of  desa tu ra t ing  longer  chain  
m o n o e n e s  because  of  the i r  geomet r ica l  configu-  
r a t i on  (13 ,14) .  I f  t h a t  were so, i t  m igh t  no t  be 
un rea sonab l e  to  suggest t h a t  t he  t w e n t y - c a r b o n  
diene m i g h t  also serve as a subs t ra te  for  the  
same sho r t  cha in  desa turase .  However ,  n o  
evidence  is available for  or  against  this  possi- 
bi l i ty.  

The  i m p o r t a n c e  of  this  p a t h w a y  to the  
overall  ra te  of  b iosyn thes i s  of  a r ach idona t e  in 
test is  and  in the  organs in wh ich  it has  been  
r epo r t ed  is no t  k n o w n .  Even if  it is a m i n o r  
p a t h w a y ,  i t  m igh t  p r e sumab ly  b e c o m e  impor -  
t an t  in the  even t  of  a decrease in ac t iv i ty  of  the  
regular  p a t h w a y .  

The  resul ts  of  the  p resen t  inves t iga t ion  and  
those  previous ly  r epo r t ed  by  us (2)  and  by  
o the r s  (8)  ind ica te  t h a t  there  is a var ia t ion  in 
tissue A 8 desaturase  act ivi ty  r a t h e r  t han  a 
va r ia t ion  in d i f fe ren t  species. 
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/3-Oxidation of the Coenzyme A Esters of Vaccenic, Elaidic, 
and Petroselaidic Acids by Rat Heart Mitochondria 
LARRY D. LAWSON 1 and FRED A. KUMMEROW, Burnsides Research 
Laboratory, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Rates of l%oxidation of the coenzyme A esters of vaccenic, elaidic, and petroselaidic acids as well 
as their respective cis isomers by rat heart mitochondria were measured and compared. At all concen- 
trations studied, vaccenoyl-CoA was oxidized more rapidly than elaidoyl-CoA, but more slowly than 
oleoyl-CoA except at high substrate concentrations. All trans octadecenoyl-CoA esters were oxidized 
at a slower rate than their respective cis or saturated isomers. Oxidation rates decreased as the double 
bond approached the carboxyl-end. 

INTRODUCTION 

Vaccenic acid ( t rans-11-oc tadecenoic  acid) is 
the major trans fatty acid found in the milk fat 
(1,2) and the adipose tissue (3,4) of ruminants 
and is the only significant natural trans fatty 
acid consumed in the Western diet. Vaccenic 
acid is a product of rumen bacterial fermenta- 
tion and constitutes ca. 1-6% of the total 
bovine milk fat, varying somewhat with sea- 
sonal changes (1,2). Ruminant adipose tissue 
generally contains ca. 5% vaccenic acid (3,4). 
Partially hydrogenated plant oils are also a 
major source of  vaccenic acid and contain 4-8% 
of the acid, representing ca. one-fourth of  the 
total trans fatty acid content (5). 

In light of recent concern about dietary 
trans fatty acids and with evidence mounting 
that elaidic acid ( t rans-9-octadecenoic  acid) is 
catabolized at a significantly slower rate than is 
its cis isomer, oleic acid, by both rat heart and 
liver mitochondria (6,7), it was considered 
important to compare the rate of  13-oxidation of 
vaccenic acid relative to elaidic acid as well as 
to oleic, stearic, and palmitic acids. To facilitate 
the comparison of oxidation rates with respect 
to double bond position, the t3-oxidation rate of 
petroselaidic acid ( t rans-6-octadecenoic  acid), 
which is present in small amounts (0-1.5%) in 
partially hydrogenated plant oils (5), was also 
examined and compared to its cis isomer, 
petroselinic acid. 

MATERIALS AND METHODS 

Chemicals 

Oleic acid (99%), cis-vaccenic acid (99%), 
trans-vaccenic acid (99%), coenzyme A/lithium 
salt (84%), adenosine 5'-diphosphate (ADP)/ 
sodium salt (97%), and fatty acid free bovine 

1 Present address: The Hormel Institute, University 
of Minnesota, 801 16th Avenue N.E., Austin, MN 
55912. 

serum albumin were purchased from Sigma, St. 
Louis, MO. Petroselaidic (99%) acid and petro- 
selinic acid (99%) were purchased from NuChek 
Prep, Elysian, MN. Elaidic acid (99+%)was  
purchased from Aldrich, Milwaukee, WI. 
(-)-Carnitine chloride was purchased from 
Koch-Light, Colnbrook, Bucks, England. 

Synthesis of AcyI-CoA Esters 

The CoA esters of the fatty acids were 
prepared by the method of Goldman and 
Vagelos (8). Acyl-CoA esters were assayed on 
the basis of molar absorbance at 260 nm. The 
molar extinction coefficient of  oleoyl-CoA 
(Sigma) of  known purity was used as a stan- 
dard; it was found to be 13.7 mM-lcm -1 a tpH 
7.0. Purities for the acyl-CoA esters were 90 
to 99%. The absorbance ratio of 232/260 nm 
was also determined and ranged from 0.49 to 
0.57, a range similar to previous reports for 
acyl-CoA esters (9). 

Mitochondrial Oxidations 

Hearts were removed from 450 +- 40 g male 
Holtzman rats after short ether exposure and 
decapitation. The mitochondria from single 
hearts were immediately isolated by a minor 
modification of the procedure of Pande and 
Blanchaer (10). The use of a 50 mM, rather 
than I0 raM, Tris-C1 buffer (pH 7.4) during the 
Nagarse incubation was found to improve 
mitochondrial respiratory control ratios. 
Approximately 0.25 mg of mitochondrial 
protein was used per assay. Protein was deter- 
mined by the method of Lowry et al. (11), 
with bovine serum albumin as the protein 
standard. The mitochondria maintained high 
respiratory control ratios (5.5-11 for oleoyl- 
CoA) and high ADP/O ratios (2.8-3.1 for 
oleoyl-CoA) for 6 to 9 hr after isolation. 

Oxygen uptake rates were measured polaro- 
graphically using a Yellow Springs Instrument 
Model 53 (Yellow Springs, OH) equipped with 
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TABLE I 

Mitochondrial Oxidation of  the Geometric Isomers of 6-, 9-, and 
1 1 - O c t a d e c e n o y I - C o A ,  Stearoyl-CoA, and Palmitoyl-CoA 

Optimal substrate Oxygen uptake 
to albumin ratio (natoms/min Relative 

AcyI-CoA a (mole/mole) per mg protein) rate b 

18:1 All-trans 2.5 350 • 10 (4) c,d 0.83 
18:1 A9-trans 2.5 250 • 5 (4) 0.60 
18:1 A6-trans 2.5 95 • 5 (3) 0.23 

18:1 All-cis 1.9 445 • 5 (4) 1.06 
18:1 A9-cis 2.2 420 • 5 (4) 1.00 
18:1 A6-CiS 2.5 195 -+ 10 (3) 0.46 

18:0 2.7 430 -+ 10 (4) 1.02 
16:0 1.8 430 • 15 (4) 1.02 

aAll substrates were used at a concentration of 20 #M. 
bOxygen uptake rate relative to oleoyl-CoA. 
CMean • S,E. for the indicated number of experiments. 
dAll cis.trans, trans-trans and saturated-trans differences are s igni f icant  (P < 0.005). 

400 
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~176 18:1 ix 9 0s 
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0 I I I I I 

0 I0 20 ~ 40 50 

ACYL-CoA (pM) 

FIG. 1. The effect of substrate concentration on 
the /3-oxidation rates of oleoyl-CoA (o), vaccenoyl- 
CoA (a), and elaidoyl-CoA (e), at optimum substrate/ 
albumin ratios. 

a Clark oxygen  e lec t rode .  The  i n c u b a t i o n  
m e d i u m  used by  S w a r t t o u w  (12)  for  o x i d a t i o n  
of  acy lca rn i t ine  esters  was used  e x c e p t  t h a t  
add i t ion  of  c y t o c h r o m e  C was f o u n d  to  be 
unnecessa ry  and,  the re fo re ,  was omi t t ed .  To 
2 .90 ml  of  a i r -sa tura ted  i n c u b a t i o n  m e d i u m  
m a i n t a i n e d  at 37 C were added  2 mM (-)-carni- 
t ine  chlor ide ,  a lbumin ,  and  subs t ra te .  One 
m i n u t e  af te r  adding  the  m i t o c h o n d r i a ,  300 
nmoles  of  ADP were added,  br inging  the  t o t a l  
r eac t ion  cell vo lume  to  3 ml. The  oxygen  
u p t a k e  rate,  resp i ra to ry  con t ro l  rat io,  and  
ADP/O rat io  were d e t e r m i n e d  as descr ibed  by  
E s t a b r o o k  (13) .  

M i t o c h o n d r i a l  o x i d a t i o n  rates decreased 
sl ightly,  bu t  p r o p o r t i o n a l l y  to  the  l eng th  of  
t ime  a f te r  isolat ion.  Consequen t ly ,  subs t ra t e  
compar i sons  were made  by a l t e rna t ing  the  

subs t ra t e  order.  Af t e r  app ly ing  the  F-test  for  
de t e rmin ing  equal  variances,  data  were com- 
pared  for  s ignif icant  d i f fe rences  by  the  S t u d e n t  
t -d i s t r ibu t ion  test.  

RESULTS A N D  D ISCUSSION 

Rates  of  f a t ty  acid o x i d a t i o n  by  isola ted 
m i t o c h o n d f i a  are d e p e n d e n t  on  the  subs t r a t e /  
a l bumin  ra t io  (12 ,14) .  Consequen t ly ,  the  
op t ima l  ra t io  was d e t e r m i n e d  for  each  subs t ra t e  
for  each m i t o c h o n d r i a l  p repa ra t ion .  Given 
o x i d a t i o n  rates are those  observed  at  the  
op t ima l  s u b s t r a t e / a l b u m i n  rat io .  

As dep ic ted  in Table  I, vaccenoy l -CoA was 
ox id ized  at a s igni f icant ly  fas ter  ra te  t h a n  was 
ela idoyl-CoA, b u t  more  s lowly t h a n  was oleoyl-  
CoA or  cis-vaccenoyl-CoA. With increas ing 
subs t ra t e  concen t r a t i ons ,  as can be seen f rom 
Figure l ,  the  ox ida t i on  rate  of  vaccenoy l -CoA 
rema ined  i n t e r m e d i a t e  b e t w e e n  t h a t  of  oleoyl-  
CoA and  of  e la idoyl-CoA,  and  at h igher  concen-  
t r a t ions  (50 /~M), the  o x i d a t i o n  rates  for  
o leoy l -CoA and  vaccenoy l -CoA b e c a m e  near ly  
equal.  The  physio logica l  c o n c e n t r a t i o n  of  long  
chain  f a t t y  acyl-CoA esters  in  ra t  hea r t  has  b e e n  
d e t e r m i n e d  to be  43 #M, a l t h o u g h  the  t rue  con-  
c e n t r a t i o n  is p r o b a b l y  lower  due to  in t race l lu la r  
b ind ing  (15) .  There fo re ,  at  phys io logica l  
c o n c e n t r a t i o n s  the  ox ida t i on  rate  of  vaccenoyl -  
CoA is p r o b a b l y  lower  t han  t h a t  of  o leoyl-CoA.  

F r o m  Table  I it can be seen t h a t  the  oxida-  
t i on  rates  of  b o t h  the  trans and the  cis acyl- 
CoA esters decreased as the  double  b o n d  
a p p r o a c h e d  the  carboxyl -end .  Ra te  d i f fe rences  
be tween  the  A9 and  A6 i somers  decreased 
marked ly .  Such di f ferences  were expec t ed  for  
t he  cis i somers  because  /~-oxidation of  cis 
u n s a t u r a t e d  fa t ty  acids wi th  even-pos i t ioned  
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double  bonds  requires  an auxiliary enzyme ,  3- 
h y d r o x y  fa t ty  acyl-CoA epimerase (16). How-  
ever, g-oxidat ion  of  trans unsa tura ted  fa t ty  
acids wi th  even-posi t ioned double  bonds  does  
no t  require addi t ional  t r ans fo rma t ion  and,  in 
fact ,  bypasses  the first step of /3-oxidat ion,  fa t ty  
acyl-CoA dehydrogenase .  F r o m  these considera-  
t ions,  pe t rose la idoyl -CoA would  be expec ted  to  
be oxidized at a faster rate than  would  be its cis 
isomer.  On the  cont rary ,  however ,  pe t ro-  
selaidoyl-CoA was oxidized at only  ha l f  the  rate 
of  its cis isomer.  Evident ly ,  t ranspor t  o f  pe t ro-  
selaidoyl-CoA across the  mi tochondr ia l  mem-  
brane  was inhibi ted .  

These results demons t r a t e  tha t  vaccenic acid 
may  be a be t t e r  substrate  for  hear t  m i t o c h o n -  
drial ox ida t ion  in vitro t han  elaidic acid. 
Indeed ,  fa t ty  acids which are slowly oxid ized  
by heart  mi tochondr i a ,  such as elaidic and 
erucie acids, have been  shown  to  accumula te  in 
the  cardiac tissue (6,17).  
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Evidence for the Lipoprotein Heterogeneity of Human Plasma 
High Density Lipoproteins Isolated by Three Different 
Procedures 1 
A. SUENRAM2,W.J. McCONATHY, and P. ALAUPOVIC 3, Laboratory of Lipid and 
Lipoprotein Studies, Oklahoma Medical Research Foundation, and Department of 
Biochemistry and Molecular Biology, University of Oklahoma Health Sciences Center, 
Oklahoma City, Oklahoma 73104 

ABSTRACT 
Quantitative electroimmunoassays of apolipoproteins in ultraeentrifugally isolated high density 

lipoproteins (HDL) of normolipidemic subjects showed that A-I and A-II are the major (80-85% of 
total HDL protein) and B, C-III, E, D and F are the minor protein constituents of this density class. A 
comparison between the apolipoprotein composition of ultracentrifugally isolated HDL and heparin- 
Mn ++ supernates showed no significant difference in the levels of A-I and C-III. However, the 
concentration of ApoE in the heparin-Mn ++ supernates was almost twice as high as that in the ultra- 
centrifugally isolated HDL; ApoB was only detectable in trace amounts in the heparin-Mn ++ super- 
nates. To establish whether these apolipoproteins are parts of a single macromolecular complex or 
form separate, discrete lipoprotein particles, the high density lipoproteins were isolated by three 
different procedures including ultracentrifugation, heparin-Mn ++ precipitation and agarose column 
chromatography. The double diffusion analyses of each of these I-IDL preparations with antisera to 
A-I, A-II, ApoB, C-III, ApoD, ApoE, and ApoF showed nonidentity reactions between each possible 
combination of these antisera. The only exception was a reaction of partial identity between antisera 
to A-I and A-H potypeptide~ indicating the occurrence of two types of lipoprotein particles, a major 
one (LP-A) containing both polypeptides and a minor one (LP-A-I) containing A-I as the sole pro- 
tein constituent. These findings indicate that high density lipoproteins, regardless of the manner of 
isolation, do not consist of a single macromolecular complex, but represent a mixture of several, dis- 
crete lipoprotein families. 

INTRODUCTION 

Gofman and his coworkers demonstrated 
that the human serum lipoproteins represent a 
wide spectrum of particle sizes and hydrated 
densities characterized by regions of maximal and 
minimal concentrations of 0.92-1.20 g/ml (1-3). On 
the basis of  this discontinuous distribution, 
lipoproteins were classified into five major 
density classes including chylomicrons, very 
low density (VLDL), low density (LDL), high 
density (HDL) and very high density (VHDL) 
lipoproteins. The availability of  ultracentrifugal 
techniques for the preparative isolation of 
lipoproteins (3,4) in conjunction with numer- 
ous clinical studies which related a particular 
density class to a lipid transport derangement 
(5) has led to the prevailing conceptual view 
that density classes represent the fundamental 
physical-chemical and metabolic entities of  the 
plasma lipoprotein system. However, more 
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Alaupovic, Ph.D., Laboratory of Lipid and Lipopro- 
tein Studies, Oklahoma Medical Research Foundation, 
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73104. 

recent studies on the characterization and 
distribution of apolipoproteins have shown that 
the major density classes are heterogeneous not 
only with respect to particle size and hydrated 
density but also with respect to apolipoprotein 
composition (6-8). To account for the hetero- 
geneity of proteins in density classes, we postu- 
lated (6,9) that the serum lipoprotein system 
consists of discrete lipoprotein families or 
particles each of which is characterized by the 
presence of a single apolipoprotein or its 
constitutive polypeptides. Studies on the 
isolation of lipoprotein X (LP-X), an abnormal 
low density lipoprotein of obstructive jaundice, 
provided the first experimental evidence for the 
existence of lipoprotein families (10). By 
employing a procedure which combined ultra- 
centrifugation, heparin precipitation and etha- 
nol fractionation, the LDL were separated 
into lipoprotein A (LPA), lipoprotein B (LP-B) 
and LP-X. More recently, several procedures 
have been developed in this and other labora- 
tories for the isolation of lipoprotein families 
from LDL (11-15) and HDL (16-23). By 
demonstrating that both of these two major 
density classes represent mixtures of  discrete, 
separable lipoprotein families, these studies 
have disclosed an unexpected complexity of 
lipoproteins and cast serious doubts on the 
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validity of concepts which consider operat- 
ionally defined lipoproteins as the fundamental 
physical-chemical entities of the system. Recent 
epidemiological studies (24) substantiating 
earlier reports (25,26) on the inverse relation- 
ship between the levels of HDL and the inci- 
dence of coronary heart disease have created, if 
not necessitated, a renewed interest in studies 
on the lipoprotein composition of density 
classes, in general, and HDL, in particular. 

The purpose of this study was to determine 
the apolipoprotein composition of normolipid- 
emic human HDL and to establish whether 
these apolipoproteins are parts of a single 
macromolecular complex or form discrete 
lipoprotein families. Since ultracentrifugation 
may cause compositional and structural altera- 
tions in major lipoproteins (27-30), experi- 
ments described in this report were carried out 
with HDL isolated by three different proce- 
dures including ultracentrifugation, heparin- 
Mn § precipitation and agarose column 
chromatography. 

MATERIALS AND METHODS 
Blood Donors 

Blood was drawn into tubes containing solid 
Na 2EDTA by venipuncture from healthy, 
normolipidemic, young men and women who 
had fasted overnight. The plasma was separated 
from formed cells by low-speed centrifugation 
at 4 C. Plasma samples for ultracentrifugal 
isolation of lipoproteins were obtained from 
the same donors by plasmapheresis. All plasma 
samples contained sodium azide (1 mg/ml) and 
Thiomerosal (0.1 mg/ml) as preservatives. 

Isolation of HDL by Ultracentrifugation 

Plasma samples were adjusted to a solution 
density of 1.073 g/ml by adding solid KBr (this 
corresponds to a small molecule solvent density 
of 1.062 g/ml which after salt redistribution 
yields an average density of 1.053 g/ml), and 
the mixtures were centrifuged in the Ti60 
rotors of the Spinco Model L-265B ultracentri- 
fuges for 22 hr at 105,000 x g at 5 C. The top 
lipoprotein layer was removed by a tube-slicing 
technique, and the solution density of the 
bottom portion was adjusted to 1.23 g/ml by 
adding solid KBr. After centrifuging for 22 hr 
at 105,000 x g, the HDL present in the top 
layer were removed and recentrifuged three 
times under identical conditions until free of 
albumin, as demonstrated by immunodiffusion 
tests (9). 

Isolation of HDL by Heparin-Mn ++ 
Precipitation 

Plasma samples were treated with 5% 

heparin solution (Heparin sodium, I00 U/mg, 
ICN Pharmaceuticals, Inc., Cleveland, OH) and 
1 M MnC12 according to the procedure de- 
scribed by Burstein et al. (31); final concentra- 
tions in plasma were 0.2% hepafin and 0.05 M 
MnC12. After addition of reagents, samples 
were kept for 30 min at 4 C and the precipita- 
ted ApoB-containing lipoproteins were sedi- 
mented by centfifugation at 10,000 x g for 10 
min at 6 C. The clear supernatant solutions 
were removed by aspiration. Aliquots of some 
of the supernatant solutions were adjusted to a 
solution density of 1.23 g/ml, and the mixtures 
were centrifuged for 22 hr at 105,000 x g to 
obtain concentrated HDL preparations for 
immunologic characterization. The floating 
HDL were removed by a tube-slicing technique 
and dialyzed for 48 hr against three changes of 
0.15 M NaC1 containing 0.05% Na2EDTA. 

Isolation of HDL by Agarose Column 
Chromatography 

The isolation of HDL by agarose column 
chromatography was carried out according to a 
modified procedure of Margolis (32). Plasma 
samples (5 ml) were chromatographed on a 
Sepharose 6B (Pharmacia Fine Chemicals, 
Uppsala, Sweden) column (2.5 x 90 cm) 
employing 0.05 M potassium phosphate, pH 8, 
as equilibrating and eluting buffer. The column 
was run at 4 C. The second major peak eluting 
between 390-510 ml was considered to be 
analogous to HDL because it was the only 
segment of the elution profile that reacted with 
antibodies to A-I and A-II as demonstrated by 
immunodiffusion tests. 

Immunological Methods 

The double diffusion analyses of HDL 
preparations were performed in 1% agarose 
(Seakem Agarose, Bausch and Lomb, Inc., 
Rochester, NY) employing Veronal buffer, pH 
8.6, ionic strength 0.1 (33). The immunodiffu- 
sion reactions of identity, partial identity and 
nonidenti ty between various antigens were 
evaluated according to the recommendations of 
Ouchterlony (34). 

Apolipoproteins A-I, A-II, C-l, C-II, C-Ill, D, 
E and F and lipoprotein B, and their corres- 
ponding monospecific antisera were prepared 
and characterized according to the previously 
published procedures from this laboratory 
(9,11,17,20,22). Rabbit antiserum to human 
albumin was purchased from Behring Diagnos- 
tics, Inc., Woodburry, NY. 

Electroimmunoassay of HDL Apolipoproteins 

The quantitative determination of apolipo- 
proteins in HDL preparations isolated either by 
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TABLE I 

Concentrations of Apolipoproteins in Ultracentrifugally Isolated 
HDL from Norrnolipidemic Subjects a 
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A-I A-II ApoB C-I C-II C-III ApoD ApoE ApoF 

97 -+ l0 b 50 +- 5 12 -+ 5 4.8 -+ 1.7 2.2 -+ 0.8 7.0 -+ 2.5 5.5 +- 1.5 3.4 -+ 1.7 1-2 
(52.9) c (27.3) (6.5) (2.6) (1.2) (3.8) (3.0) (1.9) (0.8) 

aResults represent five separate HDL preparations obtained from male subjects. 
bValues are means --+ SD. 
CResults expressed as a percentage of the sum of individually determined apolipoprotein values. 

TABLE II 

Concentrations of Apolipoproteins in the Heparin-Mn ++ Supernates 
of Normolipidemic Men and Women 

Subjects Number A-I ApoB C-III ApoE 

Men 6 104,0 +- 20.2 a < 1.0 6.74-+ 1.91 5.98 +- 3.55 
Women 4 103.48 -+ 17,6 < 1.0 7.92 +- 2.75 7.81 +- 3.34 

aValues are means -+ SD. 

u l t r acen t r i fuga t ion  or  the  hepar in -Mn ++ precip-  
i t a t ion  m e t h o d  was carr ied ou t  by  previously  

descr ibed e l e c t r o i m m u n o a s s a y s  inc lud ing  A-I 
and  A-II (35) ,  ApoB (36) ,  C-l, C-II and  C-III 
(37) ,  ApoD (38)  and  ApoE  (39) .  The  A p o F  was 
also d e t e r m i n e d  by  e l e c t r o i m m u n o a s s a y  (un-  
pub l i shed  exper imen t s ) .  

R ESU LTS 

Qual i ta t ive  doub le  d i f fus ion  analyses s h o w e d  
tha t  all k n o w n  apo l ipop ro t e in s  (A-I, A-II, B, 
C-I, C-II, C-III, D, E and  F)  were p resen t  b o t h  
in the  u l t r acen t r i fuga l ly  i sola ted HDL and  
hepar in -Mn ++ supernates .  A deta i led  quan t i t a -  
tive analysis  of  u l t r acen t r i fuga l ly  i sola ted HDL 
(Table  I) revealed t h a t  A-I and  A-II po lypep-  
t ides a ccoun t  for  80-85% of  the  to ta l  apol ipo-  
p ro t e in  c o n t e n t  o f  this  dens i ty  class. The  A p o C  
po lypep t ides  and  ApoB m a y  compr ise  up  to 
15% and apo l ipop ro t e in s  D, E and  F a c c o u n t  
for  the  r e m a i n d e r  of  the  HDL pro te ins .  The  
levels of  apo l ipop ro t e in s  A-I and  C-1II in  
hepar in -Mn ++ superna tes  (Tab le  II) were similar  
to  those  in u l t racen t r i fuga l ly  i so la ted  HDL. On 
the  o t h e r  hand ,  the  levels of  A p o E  in the  
hepar in -Mn ++ s u p e m a t e s  were a lmos t  twice  as 
high as those  in the  u l t r acen t r i fuga l ly  i so la ted  
HDL. The  ApoB was on ly  de t ec t ab le  in t race  
a m o u n t s  ( <  1 mg/d l )  in the  hepar in -Mn ++ 
supernates .  The  c o n c e n t r a t i o n s  of  C-III and  
A p o E  were sl ightly h igher  in w o m e n  t h a n  m e n  
(Table  II). 

I m m u n o l o g i c a l  cha rac te r i za t ion  of  u l t ra-  
cent r i fugal ly  i so la ted  HDL con f i rmed  results  of  
several previous  s tudies  ind ica t ing  t ha t  apol ipo-  
p ro t e in s  A (A-I and  A-II), B, C (C-I, C-II and  

C-Ill) ,  D, E and  F reside on  discrete  l i popro te in  
part icles  (11 ,14 ,15 ,17 -23 ,39 ) .  To es tabl ish  the  
possible ef fec t  of  prepara t ive  u l t r acen t r i fuga-  
t ion  on  the  s t ruc tu ra l  in tegr i ty  of  f ipoprote ins ,  
double  d i f fus ion analyses were also carr ied ou t  
wi th  HDL p repa ra t ions  isola ted by  hepar in-  
Mn +§ p rec ip i t a t ion  m e t h o d  and agarose c o l u m n  
c h r o m a t o g r a p h y .  The  hepa r in -Mn++supe rna t e s  
showed  n o n i d e n t i t y  reac t ions  wi th  every tes ted  
c o m b i n a t i o n  of  monospec i f i c  an t i sera  to  k n o w n  
apo l ipopro te ins .  Thus ,  the  prec ip i t in  fines of  
even the  negligible a m o u n t s  of  ApoB-con t a in ing  
l i pop ro t e in  par t ic les  crossed those  o f  A-I, A-II, 
ApoD,  ApoE,  A p o F  (Fig. 1) and C-Il l  (Fig. 
2). The  i m m u n o d i f f u s i o n  p a t t e r n  in Figure 1 
also shows a n o n i d e n t i t y  reac t ion  be tween  the  
ApoD-  and  A p o E - c o n t a i n i n g  l ipopro te ins .  The  
immuno log ica l  behav io r  of  A p o C - c o n t a i n i n g  
l i popro te ins  was s tud ied  wi th  an t ibod ies  to  
C-III, t he  ma jo r  po lypep t i de  o f  ApoC.  As 
s h o w n  in Figure 2, the  p rec ip i t in  l ines of  C-III 
d isplayed the  typica l  n o n i d e n t i t y  reac t ions  wi th  
those  of  A-l, ApoD and  ApoE.  Final ly ,  the  
tes t ing  of  hepa r in -Mn ++ superna tes  wi th  
ant i sera  to  ApoE  and A p o A  po lypep t i de s  
s h o w e d  n o n i d e n t i t y  reac t ions  be tween  ApoE  
and  b o t h  A-I and  A-II (Fig. 3). There  was no  
d i f ference  in the  i m m u n o l o g i c a l  behav io r  
be tween  the  hepar in -Mn §247 superna tes  and  
those  superna tes  washed  by  u l t r acen t r i f uga t i on  
at  1.23 g/ml.  

The  i m m u n o l o g i c  behav ior  of  l i popro te ins  
isola ted by  agarose c o l u m n  c h r o m a t o g r a p h y  of  
whole  p lasma was on ly  s tud ied  wi th  the  second 
ma jo r  peak  (390-510  ml)  which ,  due to i ts  
posi t ive reac t ions  wi th  an t ibod ies  to A-I and  
A-II, was cons idered  to be ana logous  to HDL. 
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FIG. 3. Double diffusion analyses of HDL isolated 
by heparin-Mn ++ procedure. The HDL samples are 
placed in the lower left wells. The placement of 
antisera is indicated in each pattern; a = anti. 

FIG. 1. Double diffusion analyses of HDL isolated 
by heparin-Mn ++ procedure. In the upper patterns, 
HDL sample is placed in the lower left wells. In the 
bottom pattern, HDL sample is placed in the center 
well. The placement of antisera is indicated in each 
pattern; a = anti. 

FIG. 4. Double diffusion analysis of HDL isolated 
by agarose column chromatography. The HDL sample 
is placed in the lower left well and the antisera to A-II 
and ApoD as indicated in the pattern; a = anti. 

FIG. 2. Double diffusion analyses of HDL isolated 
by heparin-Mn ++ procedure. In the upper left pattern, 
HDL sample is placed in the center well. In all other 
patterns, HDL sample is placed in the lower left well. 
The placement of  antisera is indicated in each pattern; 
a = anti. 

Double  diffusion analysis of  this fract ion with 
antisera to  A- I I  and A p o D  showed a n o n -  
ident i ty  react ion be tween these two apolipo- 

proteins (Figure 4). The non iden t i ty  reactions 
were also observed between antisera to A-II and 

ApoE,  A-I and ApoD,  and A-I and ApoE.  
However,  ApoC polypept ides  were not  detecta- 

ble in this fract ion,  because the major  part of  
this l ipoprote in  family is e luted prior to the 

elut ion of  the major  HDL peak examined  in 
this study. 

In analogy with the previously published 
results on the ultracentrifugally isolated HDL (16, 

17,19,20),  the  heparin-Mn ++ supernates and the  
major  HDL peak obta ined  by the agarose 

co lumn chromatography  gave react ions of  

partial iden t i ty  between A-I and A-II w h e n  

tested by double diffusion (Fig. 5). 

FIG 5. Double diffusion analysis of HDL isolated 
by heparin-Mn ++ procedure. The HDL sample is 
placed in the center well, and the antisera to A-I and 
A-II as indicated in the pattern; a = anti. 

DISCUSSION 

Results of  this s tudy conf i rm the already 
established apol ipopro te in  he te rogenei ty  of  
HDL isolated by preparative u l t racent r i fugat ion  
(6-9) and provide for the first t ime a comple te  
set of  data on the concen t ra t ion  of  all nine well 
characterized polypept ides  of  the apol ipopro-  
reins. Al though A-I and A-II a c c o u n t  for the 
major  part of  the HDL protein ,  the contr ibu-  
t ion of  apol ipoprote ins  B, C (C-I, C-II, C-III), 
D, E and F may be as high as 20% of  the to ta l  
protein.  Significant differences in the molar  
concent ra t ions  be tween  the major  (A-I and 
A-II) and minor  (B, C-III, D, E and F) apolipo- 
proteins argue against the concept  of  a single 
HDL complex  with all apol ipoprote ins  present  
in each l ipoprote in  particle. 

The most  significant difference be tween  the 
composi t ions  of  HDL isolated by ul t racentr i fu-  
gation and the heparin-Mn ++ procedure  was the 
very low concent ra t ion ,  i f  no t  absence, of  
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ApoB-containing lipoproteins in the latter 
preparation. The ApoB in ultracentrifugally 
isolated HDL occurs as LP-B of high hydrated 
density (12,17,21,40) and as part of the protein 
moiety of Lp(a) (41). The presence of small 
amounts of ApoB in heparin-Mn ++ supernates 
is due to its incomplete precipitation by 0.05 M 
MnC12 (42). The difference in the concentra- 
tion of ApoE between HDL isolated by ultra- 
centrifugation and the heparin-Mn ++ procedure 
most probably reflects the polydisperse 
character of its lipoprotein family; heparin- 
Mn ++ supernates contain LP-E particles of both 
low and high hydrated densities, whereas 
ultracentrifugally isolated HDL only contain 
particles of densities greater than 1.063 g/ml. 
The similarity in the concentration of A-I and 
C-III in HDL preparations isolated by ultra- 
centrifugation and the heparin-Mn ++ procedure 
indicates that the major part of their polydis- 
perse lipoprotein families have high hydrated 
densities. 

Immunologic analyses of HDL preparations 
isolated by three different procedures showed 
clearly that apolipoproteins A (A-I + A-II), B, 
C-III, D, E and F reside on separate, discrete 
lipoprotein particles. Identical immunologic 
behavior of all three HDL preparations also 
shows that the already recognized occurrence 
of discrete lipoprotein particles in ultracentri- 
fugally isolated HDL (11,14,15,17-23,39) is a 
result of normal metabolic processes rather 
than dissociation of a macromolecular lipopro- 
tein complex during ultracentrifugation of 
serum in salt solutions of high ionic strength. 
The reported enrichment of VHDL with ApoA- 
and ApoE-containing lipoproteins (28,30) dur- 
ing ultracentrifugation of HDL is most prob- 
ably due either to a partial loss of lipids (27,28) 
or apolipoprotein (29,30) from these lipopro- 
tein particles accompanied by a concomitant 
increase in their hydrated densities. However, 
there is also evidence (unpublished experiments) 
for an opposite effect, i.e., formation of lipo- 
protein associations in a manner similar to that 
described for VLDL in the Sf 100-400 range 
(29). Although each of the isolation procedures 
used in this study yields HDL preparations 
characterized by the presence of several discrete 
lipoprotein families or particles, there are some 
differences in the apolipoprotein composition 
between HDL preparations commensurate with 
the nature of their isolation. For this reason, it 
is advisable to conduct studies on the composi- 
tion and interaction of lipoprotein families 
within the HDL range with preparations iso- 
lated by at least two different procedures. This 
applies especially to HDL from patients with 
various types of dyslipoproteinemia. 

The reaction of partial identity between the 
A-I and A-II precipitin lines indicates the 
existence of two types of lipoprotein particles: 
the major one, referred to as LP-A, is 
characterized by the presence of both polypep- 
tides, whereas the minor LP-A-I contains only 
A-I as its protein moiety. Both of these lipopro- 
teins have already been identified and described 
(16,17,19). It still remains to be established, 
however, whether ApoC polypeptides comprise 
the protein moiety of a lipoprotein family 
(LP-C) and/or separate subfamilies (LP-C-I, 
LP-C-II, LP-C-III, etc.) in the HDL range. 

The present findings of lipoprotein heterog- 
eneity of HDL preparations, regardless of the 
manner of isolation, are incompatible with the 
view that operationally defined lipoproteins 
represent the fundamental physical-chemical 
entities of the system. These experimental 
findings provide, however, strong evidence for 
the lipoprotein family concept which views 
serum lipoproteins as a system of polydisperse 
lipoprotein families each of which is character- 
ized by the presence of a single apolipoprotein 
(6,9,43). According to this concept, the in- 
dividual lipoprotein families represent the 
fundamental physical-chemical entities of the 
system and exist as discrete, free forms at 
higher densities and as various association 
complexes at lower densities of the spectrum. 
In a recent review (8), Osborne and Brewer 
have suggested that the free forms of lipopro- 
tein families be referred to as "primary" 
lipoproteins and the association complexes as 
"secondary" lipoproteins. Some lipoprotein 
families or "primary" lipoproteins can reversi- 
bly interact with other lipoprotein families to 
form the association complexes. For example, 
lipoproteins C and E form association com- 
plexes or "secondary" lipoproteins with the 
triglyceride-rich lipoprotein B (8,9,39,44-47). 
In turn, such association complexes of very low 
hydrated densities are dissociated during 
lipolysis into free forms of lipoprotein families 
B, C and E of higher hydrated densities 
(8,48,49). Some free forms of lipoprotein 
families such as LP-A, LP-A-I, LP-C and LP-E, 
seem to be secreted from liver and/or intestine 
as the so called nascent lipoproteins (50-53). 

In conclusion, this study presents data on 
the concentration of apolipoproteins in high 
density lipoproteins from normolipidemic sub- 
jects and provides evidence that this density 
class consists of a mixture of free forms of 
lipoprotein families or "primary" lipoproteins. 
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The Composition and Metabolism of High Density Lipoprotein 
Subfractions 
ERNST J. SCHAEFER, DAVID M. FOSTER 1, LESLIE L. JENKINS, FRANK T. L INDGREN 2, 
MONES BERMAN 1, ROBERT I. LEVY,  and H. BRYAN BREWER, JR., Molecular Disease Branch, 
National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD 

ABSTRACT 

The composition and metabolism of high density lipoprotein (HDL) subfractions were investigated 
in seven normal individuals. Mean HDL 2 (d, 1.063-1.125 g/ml) composition (by weight) was 43% 
protein, 28% phospholipid, 23% cholesterol, and 6% triglyceride, and mean HDL 3 (d, 1.125-1.21 
g/ml) composition was 58% protein, 22% phospholipid, 14% cholesterol, and 5% triglyceride. The 
mean apoA-l; apoA-II weight ratio was 4.75 for HDL 2 and 3.65 for HDL 3. HDL 2 protein was propor- 
tionally slightly richer in C apolipoproteins and higher molecular weight constituents (including 
apoE) than HDL 3. Kinetic studies utilizing radiolabeled HDL A (d, 1.09-t .21 g/ml), HDL 2, and HDL 3 
demonstrated rapid exchange of apoA-I and apoA-II radioactivity among HDL subfractions, similar 
fractional rates of catabolism of apoA-I and apoA-II within HDL, and similar radioactivity decay 
within HDL subfractions. Mean plasma residence time was 5.74 days for radiolabeled HDL 2 and 5.70 
days for radiolabeled HDL 3. Differences in HDL protein mass among individuals were largely due to 
alterations in catabolism, and in general both HDL 2 and HDL 3 were catabolized via a plasma and a 
nonplasma pathway. Data from simultaneous radiolabeled very low density lipoprotein and HDL 
studies in 2 individuals aie consistent with the concept that apoC-II and apoC-III are catabolized at 
a different rate than are apoA-I and apoA-II within the HDL density range. 

INTRODUCTION 

The composition and metabolism of  high 
density lipoproteins (HDL) have recently 
become a subject of increasing interest, largely 
due to the finding that the cholesterol con- 
stituent of these lipoproteins is inversely 
correlated with the incidence of  coronary 
artery disease (1-4). Human HDL, isolated by 
ultracentrifugation in the density range 1.063- 
1.21 g/ml from plasma, are composed (weight 
percent) of ca. 50% protein, 25% phospholipid, 
20% cholesterol, and 5% trigiyceride (5,6). 
Apolipoproteins (apo) A-I, A4I, B, C-I, C-II, 
C-III, D, E, and F are all protein constituents of  
HDL (7-10). ApoA-I and apoA-II comprise ca. 
90% of HDL protein, with an apoA-I:apoA-II 
weight ratio of ca. 3:1 (5-10). ApoA-I has a 
molecular weight of ca. 28,000 and has been 
reported to activate the enzyme lecithin choles- 
terol acyl transferase (11-13). ApoA-II consists 
of two identical peptides linked by a single 
disulfide bond (14,15). Research on the lipid- 
binding properties of apoA-I and apoA-II have 
recently been reviewed (6,16). These proteins 
also self associate in aqueous solutions (17,18). 
In plasma from normal human subjects, almost 
all apoA-I and apoA-II is found within HDL 
(19-21). 

Total HDL levels in normal human plasma 

1Laboratory of  Theoretical Biology, National 
Cancer Institute, National Institutes of Health, 
Bethesda, MD. 

2Donner Laboratory, Lawrence Berkeley Labora- 
tory, University of California, Berkeley, California. 

are around 270 mg% (22). Classically, HDL has 
been divided into two density classes: HDL 2 (d, 
1.063-1.125 g/m1) and HDL 3 (d, 1.125-1.21 
g/ml) (23), largely due to the demonstration of 
a bimodal distribution of particle flotation 
within HDL (24). HDL 2 is composed of ca. 
55% lipid and 45% protein, while 55% of HDL3 
mass is due to protein (6,25). Recently HDL 
has been separated into three subfractions, and 
these have been designated HDL2b (d, 1.063- 
1.100 g/ml), HDLza (d, 1.100-1.125 g/ml), and 
HDL 3 (d, 1.125-1.21 g /ml ) (26) .  Fluctuations 
in HDL levels are largely due to variations in 
HDL 2 levels (22,27). In the present study, 
we have investigated the composition and 
metabolism of several HDL subfractions. 

METHODS 

Subjects Studies 

The sex, age, height, weight, plasma lipid 
and lipoprotein cholesterol values for the 
subjects studied are given in Table I. All subjects 
had normal hepatic, renal, and thyroid func- 
tion, and were studied while on an isocaloric 
20N protein, 40N carbohydrate, 40N fat 
(polyunsaturated/saturated ratio 0.2) 300 mg 
cholesterol diet. The diet was begun at least 
two weeks prior to the start of the metabolic 
study and continued throughout the course of 
the study. Normal activity was permitted, and 
the subjects were requested to adhere to the 
same amount of  activity daily. For subject six 
(Table I), normal physical activity including 
running 8 miles per day in the evening, which 
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T A B L E  1 

Subjects  S tud ied  a 

Plasma Plasma Choles tero l  
Age Height  Weight  cholesterol  t r iglycer ide V L D L  L D L  H D L  

Subject  (yrs)  Sex cm KG mg/dl  mg/d l  mg/d t  mg/d l  mg/dl  

1 23 F 160 57.1 177 84 15 121 41 
2 21 F 172 50.2 159 40 8 98 53 
3 22 F 160 59.6 136 58 |1 86 39 
4 23 F 172 53.5 177 117 22 115 40 
5 21 F 165 53.6 249 76 15 152 82 
6 23 M 184 72.3 134 42 5 60 69 
7 22 M 177 64.2 181 79 16 116 49 

aRepresen t s  the  m e a n  o f  14 p lasma choles tero l  and 
d e t e r m i n a t i o n s ;  the s tandard  devia t ion  for  all values  was  

he continued daily during the baseline and 
study period. Subjects were given supersatu- 
rated potassium iodide (1 g/day) to block 
thyroid uptake of  radioactivity, and ferrous 
sulfate (900 mg/day) before and during the 
metabolic study. No other medications were 
given during the study. During all studies, the 
body weight of subjects fluctuated by less than 
1 kg. Informed consent was obtained from all 
subjects. 

Isolation, Characterization and 
Labeling of Lipoproteins 

Plasma and lipoprotein cholesterol and 
triglyceride concentrations were measured by 
the Lipid Research Clinic protocol  utilizing 
Autoanalyzer II methodology (28). The collec- 
tion of plasma, the isolation, radioiodination, 
and characterization of HDL, as well as immu- 
noelectrophoresis techniques, were carried out 
as previously described (29). All HDL prepara- 
tions utilized for radiolabeling were isolated in 
Beckman 60 Ti rotors, (Beckman Instruments, 
Inc., Fullerton, CA) at 59,000 rpm and were 
subjected to equal amounts of centrifugation 
time (29). Aliquots of  each preparation were 
delipidated and chromatographed on Sephadex 
G-200 (superfine) (29). The apolipoprotein 
composition of the peaks eluting from the 
column was determined by sodium dodecyl 
sulfate (SDS) polyacrylamide gel electrophore- 
sis (PAGE) (29,30), and tetramethylurea 
(TMU) PAGE (31). 

The following HDL preparations were used 
for kinetic studies: Subjects 1 and 2, HDL A (d, 
1.09-1.21 g/ml); subject 3, HDL 3 (d, 1.125- 
1.21 g/ml); subject 4, HDL 2 (d, 1.063-1.125 
g/ml), and subjects 5, 6, and 7, HDL2 and 
HDL3. In subjects 3 and 4, very low density 
l ipoproteins (VLDL) were also isolated, charac- 
terized, and radiolabeled as previously described 
(32), for simultaneous VLDL and HDL studies. 
Autologous, radiolabeled, sterile, and pyrogen- 

t r ig lycer ide  d e t e r m i n a t i o n s  and 3 l ipopro te in  choles te ro l  
<~ 8%. 

free l ipoproteins were given intravenously in all 
subjects (29). The following tracers were used: 
Subjects 1 and 2, [12sI ] -HDLA; subject 3, 
[125I]-VLDL and [131I]-HDL3; subject 4, 
[125I]-VLDL and [131I]-HDL2; subjects 5, 6, 
and 7 [125I]-HDL 2 and [131I]-HDL3. The 
characterization of radiolabeled lipoproteins 
was carried out as previously described (29). 

Metabolic Studies 

Blood samples in all studies were obtained 
just prior to injection, at 10 min, 6, 12, and 24 
hr, and then daily for 14 days following injec- 
tion. In subjects 3 and 4, samples were also 
obtained at 3 and 9 hr after injection. All 
samples were collected in 0.1% EDTA, and 
immediately placed on ice. Plasma was sepa- 
rated from blood by a brief centrifugation. 
All urine output  was collected, and collections 
were ended and restarted at the time blood 
samples were obtained. Radioactivity in urine, 
plasma, and plasma lipoprotein fractions 
was determined by a Packard Model 3375 
gamma counter (Packard Instrument Company, 
Downers Grove, IL). In subjects 1 and 2, HDL B 
(d, 1.063-1.09 g/ml) and HDL A (1.09-1.21 
g/ml) were isolated from plasma obtained prior 
to injection, and at 10 min, 6, 12, and 24 hr, 
and day 4, 7, 10, 12, and 14 following injec- 
tion. In subjects 3, 4, 5, 6, and 7 HDL 2 and 
HDL 3 were isolated from plasma obtained at 
these same time points. In subjects 3 and 4, 
VLDL (d < 1.006 g/ml), intermediate density 
l ipoproteins (IDL, d, 1.006-1.019 g/ml), and 
low density l ipoproteins (LDL, d, 1.0l 9-1.063 
g/ml) were also isolated at these same time 
points, as well as at 3 and 9 hr following 
injection. 

All l ipoprotein density fractions from these 
time points were isolated in Beckman 40.3 
rotors at 39.000 rpm, and their composition 
(protein,  phospholipid,  cholesterol, and trigly- 
ceride) was quantified as described previously 
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Prote in  Phosphol ip id  Choles te ro l  Tr ig lycer ide  Tota l  
Subjec t  rng% rag% mg% mg% rag% 

1 HDL B 18 ( .41) 11 ( .26) 1 0 ( . 2 4 )  4 ( .10)  43 
HDL A 137 ( .66) 32 ( .15) 30 ( .15) 8 ( .04) 207 
HDL 155 ( .62) 43 (.17) 40 ( .16) 12 ( .05) 250 

2 HDL B 30 ( .43) 19 ( .28) 17 ( .25) 3 ( .04) 69 
HDL A 126 ( .64)  30 ( .15)  35 ( .18) 6 ( .03)  197 
HDL 156 ( .58) 49 ( .18) 52 ( .19) 9 ( .03) 267 

3 HDL 2 47 ( .53) 12 ~(.14) 24 ( .27)  5 ( .05) 88 
HDL 3 7 2 ( . 6 3 )  1 9 ( . 1 7 )  1 6 ( . 1 5 )  7 ( , 0 5 )  114 
HDL 119 ( .59) 31 (.15) 40 ( .20) 12 ( .05) 202 

4 HDL 2 67 ( .50)  35 ( .26)  25 ( .19) 8 ( .06)  135 
HDL 3 89 ( .65) 29 (.22) 15 ( .11) 4 ( .03)  137 
HDL 156 ( .51) 64 ( .24) 40 (.15) 12 ( ,04)  272 

5 HDL 2 84 ( .39) 67 ( .31) 49 ( .23) 16 ( .07)  216  
HDL 3 111 ( .54)  48 ( .23)  34 ( .17) 13 ( ,06)  206  
HDL 195 ( .46)  115 ( .27)  83 ( .20) 29 ( .07)  422 

6 HDL 2 80 ( .40)  58 ( .29)  51 ( .26) 8 ( .04) 198 
HDL 3 72 ( .59) 29 ( .24) 18 ( .15) 4 ( .03) 123 
HDL 152 ( .47) 87 ( .27) 70 ( .22) 12 ( .04) 321 

7 HDL 2 61 ( .42) 48 ( .33) 29 ( .20) 6 ( ,04)  144 
HDL 3 87 ( .58)  38 ( .26)  20  ( .14)  6 ( .04) 15t  
HDL 148 ( .50)  86 (.29) 49 ( .17) 12 ( .04) 295 

Mean HDL B 24  ( .42) 15 ( .27) 14 ( .24) 4 ( .07) 56 
HDL A 143 ( .65) 3 t  ( .15) 33 ( .16) 7 ( .03) 203 
HDL 2 78 ( .43) 44 ( .28) 36 ( .23) 9 ( .06) 157 
HDL 3 86 ( .58)  33 ( .22)  21 ( .14)  7 ( .05) t 47  
HDL 154 ( .53) 67 ( .23) 53 ( .18) 14 ( .05) 288  

aHDL B = (1 .063-1 .09  g /ml) ,  HDL A - (1 .09-1 .121 g /ml) ,  HDL 2 = ( l . 0 6 3 - 1 . 1 2 5  g /ml) ,  
HDL 3 - (1 .125-1 .21 g/ml) ,  HDL = (1 .063-1 .21 g/ml) .  Number s  in pa ren these  ind ica te  frac- 
t ion  o f  to ta l .  The  values  g iven for HDL pro te in ,  phospho l ip id ,  choles te ro l ,  and t r ig lycer ide  
represent  the  sum o f  the  HDL subf rac t ion  values.  

(29). All HDL fractions were isolated by 
sequential ultracentrifugation, and were sub- 
jected to the same amount of ultracentrifuga- 
tion. The distribution of radioactivity within 
lipoproteins apoproteins was assessed by SDS 
and TMU PAGE (30,31). In subjects 1 and 2, 
apoA-I and apoA-II specific activity were 
determined within HDL (1.063-1.21 g/ml) 
isolated from plasma obtained at 10 min, and 
day 1, 4, 7, 10, 12, and 14 following injection 
as previously described (29). In subjects 3 and 
4, the distribution of radioactivity in all lipo- 
protein fraction was assessed before and after 
TMU precipitation and by TMU PAGE in order 
to determine the radioactivity associated with 
apoC-II and apoC-III (31). In subjects 6 and 7, 
HDL; and HDL 3 were isolated from plasma, 
incubated for 30 min at 37 C with [1251]- 
HDL 2 and [131I]-HDL3, and from plasma, 
obtained 24 hr following injection. These 
fractions were subjected to Sephadex G-200 
column chromatography, in order to determine 
the apolipoprotein radioactivity distribution 
among HDL subfractions. Plasma and urine 

radioactivity data from HDL tracer studies were 
analyzed utilizing the metabolic model given 
previously (29). Plasma obtained just prior to 
injection in all subjects was shipped on ice to 
the Donner Laboratory, Berkeley, CA for 
analytical ultracentrifugation (22,23,26). 

R ESU LTS 

Plasma lipid and lipoprotein cholesterol 
values for the subjects studied are shown in 
Table I. Subjects 5 and 6 had HDL cholesterol 
levels which were significantly higher than 
the normal range in our laboratory of 50 + 14 
mg% (+ S.D.). Subject 6 was running 8 miles 
per day during the study. High density lipopro- 
rein compositional data on fasting subjects are 
given in Table II. The protein values represent 
the mean of seven determinations, and the 
phospholipid, cholesterol, and triglyceride 
values are the mean of three determinations. 
Standard deviations for all determinations were 
within -+ t0%, and little fluctuation in these 
values occurred during the course of kinetic 
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TABLE III 

Results of Analytical Ultracentrifugation a 

Subject 

VLDL IDL LDL HDL 2 HDL 3 Total 
O O O O O 

(Sf >20) (Sf 12-20) (Sf 0-12) (F 3.5-9) (F 0-3.5) HDL 

1 81.8  .4 240.1 76.9 183.1 260 .0  
2 28 .0  14.0 213 .0  119.4  201 .2  320.6  
3 54.1 3.6 235 .4  75.3 147.7 223 .0  
4 38.0 27.2 236 .4  74.6  138.6 213 .2  
5 51.0  17.1 444.7  188.7 233.5  422 .2  
6 .8 2.9 164.6 169.5 145.1 314 .6  
7 61 .6  47.7 302.8  107.7 189.6 297 .3  

aAll numbers are in mg/dl. 

HIGH DENSITY LIPOPROTEINS 
F o 120 

76 9(HDL,~ V i 119 5[HDI ~ 7461HDL,} [ 
183 1 [HDL,} ! 1 201 2rHDL ,} 

. . . .  ; , , rCrr r  i ! . . . . .  

Z 6  i : 169 51HDL J i 
145 llHDL ,) 

188 7(HOL,I 
233 51HDLs) 
Ca~ 5 

FIG. 1. Analytical ultracentrifugation patterns of 
high density lipoproteins. 

.E 

t j  
E 

c~ 
O 

,6 - 15000 

,4 -10000  

,2 -5000 

7,/ r 
45 

~ CPM/Tube 

J k ] r x /  0D280 nm . . . .  

~1/ \ \  

50 60 70 80 90 100 110 120 
Tube Number  

FIG. 2. Sephadex G-200 column chromatography 
of HDL 3 (subject 6), indicating optical density (280 
nm) and radioactivity profile. 

studies. As expected, HDL 2 was richer in lipid 
than HDL 3. The mean HDL 2 composition was: 
43% protein, 28% phospholipid, 23% choles- 
terol, and 6% triglyceride, while the mean 
HDL 3 composition was 58% protein, 22% 
phospholipid, 14% cholesterol, and 5% trigly- 
ceride. HDL B was slightly richer in lipid con- 
tent than HDL 2 . 

The results of analytical ultracentrifugation 
for each subject's plasma are shown in Table 

III. Individual HDL patterns for each subject 
are shown in Figure 1. F ~ is the HDL flotation 
rate in Svedbergs. The F ~ 3.5-9.0 and F ~ 
subclasses correspond roughly to HDL 2 and 
HDL 3 (21). Total HDL levels are comparable to 
those obtained by compositional analysis. The 
HDL 2 mass predicted by the F ~ 3.5-9 interval 
as obtained by analytical ultracentrifugation 
was consistently lower than that obtained by 
compositional studies, and the converse was 
true for HDL 3 mass. This HDL flotation 
interval (F ~ 3.5-9) therefore does not precisely 
correspond to HDL 2 mass, as determined by 
conventional methods. Subjects 5 and 6 had 
elevated total HDL and HDL 2 levels. 

The apoprotein content of  the HDL prepara- 
tions utilized for radioiodination and kinetic 
studies was determined by Sephadex G-200 
column chromatography, and a typical profile 
is shown in Figure 2. The recovery of  protein 
following chromatography averaged 92.6%. The 
initial large peak contained apoA-I, the second 
peak contained apoA-II with small amounts of 
the C apolipoproteins, and the third small peak 
contained the C apolipoproteins contaminated 
by some apoA-II. Column fractions eluting 
prior to the apoA-I peak were pooled and 
designated higher molecular weight con- 
stituents. Column fractions were analyzed by 
SDS PAGE for apolipoprotein content (Fig. 3). 
Higher molecular weight constituents (Fraction 
1) probably represent apoE and ApoA-I, while 
the other fractions represent proteins as indi- 
cated in Table IV and Figure 2. The amount of  
protein in each of  the four fractions is shown in 
Table IV. The proportion of total protein due 
to higher molecular weight constituents (Frac- 
tion 1) and C apolipoproteins (Fraction 4) 
appeared to be slightly greater in HDL 2 than in 
HDL 3. In subjects 5 and 6, the apoA-I/apoA-II 
ratio was greater in HDL 2 than in HDL 3 while 
in subject ~/ these ratios were similar. Subject 5 
had the highest HDL levels, and the highest 
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apoA-I/apoA-II ratio in both HDL 2 and HDL 3. 
The HDL preparations isolated for kinetic 

studies were free of albumin as determined by 
immunoelectrophoresis. All HDL 3 fractions 
were free of apoB, while traces of apoB were 
found in all HDL 2 preparations. Immunoelec- 
trophoresis of radioiodinated HDL with anti- 
sera to HDL demonstrated precipition lines 
identical to those obtained with unlabeled 
lipoprotein. Efficiency of labeling averaged 59% 
(range 47-73%), and the mean lipid labeling of 
radiolabeled HDL was 2.1% (range of 0.6 to 
3.4%). Lipid labeling was slightly greater for 
HDL 2 than for HDL 3. Mean specific activity 
was 256 microcuries of [125I] or [131I] per 
mg for HDL protein. A mean of 0.6 moles 
(range 0.4-0.9) of iodine per mole of HDL 
protein were incorporated into HDL during the 
labeling procedure, assuming a molecular 
weight of 30,000 for HDL protein. SDS PAGE 
of radiolabeled HDL revealed a mean (-+ stan- 
dard deviation of 51.2 + 2.4% of radioactivity 
associated with apoA-l, 33.1 -+ 1.9% associated 
with apoA-II, 10.4 + 1.4% associated with 
higher molecular weight constituents, and 4.6 + 
.8% associated with the C apo-lipoproteins. The 
percent of radioactivity associated with higher 
molecular weight constituents and the C 
apolipoproteins was consistently slightly higher 
for HDL 2 than for HDL 3. 

Following injection of radioactivity into 
plasma, a mean (+- standard deviation) of 1.9 + 
.8% of radioactivity was associated with the 
1.063 g/ml supernatant, 93.7 + 4.1% with 
HDL, and 4.4 -+ 0.7% was associated with the 
1.2t g/ml infranatant. This distribution of 
radioactivity was virtually identical regardless 
of which HDL subfraction was labeled. In 
subjects 6 and 7, HDL 2 and HDL 3 were iso- 
lated from each subject's plasma incubated with 
both tracers and from plasma obtained 24 hr 
following injection, and subjected to column 
chromatography. These studies demonstrated 
that the [131 I] HDL 3 radioactivity isolated in 
HDL 2, and the [125I]HDL 2 radioactivity 
isolated in HDL 3 following injection were due 
to the exchange of both apoA-I and apoA-II 
radioactivity, and that this exchange occurred 
with in vitro incubation as well. The apoA-I and 
apoA-II specific radioactivity for each HDL 
subfraction are given in Table I. These data are 
consistent with the concept that apoA-I and 
apoA-II can exchange among HDL subfractions 
but that their specific activities are not identical 
within these subfractions. 

In subjects 1 and 2, apoA-I and apoA-II 
specific radioactivity decay was determined in 
HDL (1.063-1.21 g/ml) following the injection 
of radiolabeled ItDL, and is shown in Figure 4. 
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FIG. 3. Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis of column fraction 1 (1), column 
fraction 2 (2), column fraction 3 (3), column fraction 
4 (4) and apo-HDL (HDL) for subject 6 for column 
elution prof'fle shown in Figure 2. 

These data are consistent with the concept that 
apoA-I and apoA-II are catabolized at similar 
rates within HDL. The decay of radioactivity 
within HDL subfractions following the injec- 
tion of HDL A, HDL2 and HDL3 is shown in 
Figure 5. In Figure 6, plasma radioactivity 
decay is shown in three subjects who simul- 
taneously received [125I]HDL2 and [1311]- 
HDL 3. These data are interpreted to indicate 
that the major protein constituents of HDL 
subfractions are catabolized at similar rates. 

The plasma and urine radioactivity data in 
all studies were analyzed with the SAAM 
computer program (33), utilizing a model 
generated from previous radiolabeled HDL 
kinetic studies (29). This model, shown in 
Figure 7, consists of a plasma and a nonplasma 
compartment, with catabolism occurring from 
both compartments. This multicompartmental 
model provides an excellent fit for the radio- 
labeled HDL kinetic data generated in this 
investigation. Mean uncertainties for metabolic 
parameters were as follows (+ fractional stan- 
dard deviation): synthesis rate (mg/kg/day) -+ 
.012; plasma residence time (days) -+ .021; 
whole body residence time (days) + .075; 
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TABLE IV 

Percent Apoprotein Composi t ion o f  HDL a 

FX 2 FX 3 
Study FX 1 (apoA-l) (apoA-ll)  I"X 4 FX 2[FX 3 FX 2 + FX 3 

1 HDL A 5.1 64.1 25.2 5.6 2.55 89.2 
2 HDL A 9.1 63.1 23.0 4.7 2.75 86.1 
3 HDL 3 4.2 62.2 20.5 13.2 3.03 82.7 
4 HDL 2 8.9 63.7 11.1 16.3 5.74 74.8 
5 HDL 2 11.4 57.8 8.2 22.6 7.05 66.0 

HDL 3 7.4 69.9 12.4 10.3 5.64 82.3 
6 HDL 2 8.7 66.8 12.4 12.1 5.39 79.2 

HDL 2 4.8 69.3 14.9 11.0 4.65 84.2 
HDL 3 1.4 66.9 23.3 8.5 2.87 90.8 

7 HDL 2 5.8 61.4 20.7 12.2 2.97 82.1 
HDL 2 5.9 61.7 22.7 9.7 2.72 84.4 
HDL 3 4.0 67.3 21.9 6.8 3.07 89.2 

Mean HDL 2 7.6 63.5 15.0 14.0 4.75 78.4 
HDL 3 4.3 66.6 19.5 9.7 3.65 86.3 

aFraction 1 (FX 1) contains high molecular weight const i tuents;  Fraction 2 (I:X 2) con- 
tains apoA-l;  Fraction 3 (FX 3) contains apoA-II, with small amounts  of  C peptides; Frac- 
tion 4 (FX 4) contains C peptides but  is contaminated  with apoA-ll.  HDL A, HDL2, and 
HDL 3 are HDL fractions having the densities as designated in the text.  For subjects 6 and 
7, HDL 2 preparations were analyzed in duplicate. Other analyses represent one column run. 

J ~  
_~z 

z ~  

DAYS 

o A l  
�9 A - I I  

FIG. 4. Normalized specific activity decay curves 
for spoA-I and apoA-II within HDL following the 
injection o f  radiolabeled HDL A in subject 1 (left 
panel) and subject 2 (right panel). 

p l a s m a  v o l u m e  ( m l )  + . 040 ;  p l a s m a  f lux  ( m g /  
k g / d a y )  -+ . 0 8 6 ;  n o n p l a s m a  f l u x  ( m g / k g / d a y )  + 
. 1 5 1 ;  p l a s m a  c a t a b o l i c  r a t e  c o n s t a n t  ( d a y s  -1) _+ 
. 0 0 9 ;  n o n p l a s m a  c a t a b o l i c  r a t e  c o n s t a n t  
( d a y s  - I )  -+ . 020 ;  e x c h a n g e  c a t a b o l i c  r a t e  c o n -  
s t a n t  ( L ( 2 , 1 ) ,  d a y s  -I ) -+ . 116  a n d  e x c h a n g e  
c a t a b o l i c  r a t e  c o n s t a n t  ( L ( 1 , 2 ) ,  d a y s  -1 ) -+. 150 .  
R e s u l t s  o f  t h e s e  a n a l y s e s  are  p r e s e n t e d  in  T a b l e  
VI.  I n  o r d e r  t o  c a l c u l a t e  s y n t h e s i s  r a t e s ,  t h e  
p r o t e i n  m a s s  o f  H D L  ( 1 . 0 6 3 - 1 . 2 1  g / m l )  was  
u s e d  in  all s t u d i e s .  T h e  p l a s m a  r e s i d e n c e  t i m e  
fo r  e a c h  t r a ce r ,  c a l c u l a t e d  f r o m  t h e  a rea  u n d e r  
t h e  r a d i o a c t i v i t y  d e c a y  cu rve ,  r e p r e s e n t s  t h e  
ave rage  l ife s p a n  in p l a s m a  fo r  t h e  t r a c e r ,  a n d  
e q u a l s  t h e  r e c i p r o c a l  o f  t h e  f r a c t i o n a l  c a t a b o l i c  
r a t e  ( F C R ) .  In  s u b j e c t s  5, 6,  a n d  7, t h e  s y n -  
t h e s i s  r a t e s  a n d  r e s i d e n c e  t i m e s  were  ve ry  
s im i l a r  r e g a r d l e s s  o f  w h e t h e r  H D L  2 o r  H D L  3 

was  u s e d  as a t r a ce r ,  c o n s i s t e n t  w i t h  t h e  c o n -  
c e p t  t h a t  t h e  m a j o r  p r o t e i n  m o i e t y  o f  b o t h  
s u b f r a c t i o n s  o f  H D L  are  c a t a b o l i z e d  a t  s im i l a r  
f r a c t i o n a l  ra tes .  In  t h o s e  s t u d i e s  w h e r e  r ad io -  
l abe l ed  H D L  2 a n d  H D L  3 we re  s i m u l t a n e o u s l y  
i n j e c t e d ,  t h e  r a d i o a c t i v i t y  c u r v e s  w e r e  f i t t e d  
i n d i v i d u a l l y .  S ince  n o  d i f f e r e n c e  in  t h e  ex -  

. . . . . . . . .  c h a n g e  r a t e  c o n s t a n t s  (L (2 ,1 )  a n d  L ( 1 , 2 )  was  
2 4 ~ 8 10 12 1, n o t e d ,  t h e  d a t a  we re  r e f i t t e d  w i t h  t h e  e x c h a n g e  

DAYS 
r a t e s  b e i n g  t h e  s a m e  for  b o t h  t r ace r s .  O n l y  
sma l l  d i f f e r e n c e s  in t h e  r a t e s  o f  c a t a b o l i s m  (L 
(3 ,1 )  a n d  L (3 ,2 )  we re  n o t e d .  S t u d i e s  in s u b -  
j e c t s  3, 4,  6, a n d  7 i n d i c a t e  t h a t  b o t h  H D L  2 
a n d  H D L  3 p r o t e i n  are  c a t a b o l i z e d  b y  a p l a s m a  
a n d  a n o n p l a s m a  r o u t e .  In  s u b j e c t  5 ,  H D L  3 was  
c a t a b o l i z e d  via  b o t h  r o u t e s ,  wh i l e  H D L  2 w a s  
c a t a b o l i z e d  so le ly  f r o m  t h e  p l a s m a  p o o l .  T h e  
r e a s o n  fo r  t h i s  l a t t e r  o b s e r v a t i o n  r e m a i n s  
u n c l e a r ,  b u t  m a y  r e f l e c t  i n c r e a s e d  l a b e l i n g  o f  
l ip id ,  h i g h e r  m o l e c u l a r  w e i g h t  c o n s t i t u e n t s ,  a n d  
C a p o l i p o p r o t e i n s  in t h i s  H D L  2 p r e p a r a t i o n .  
T h e s e  c o n s t i t u e n t s  are  p r o b a b l y  c a t a b o l i z e d  at  
a g r e a t e r  f r a c t i o n a l  c a t a b o l i c  ra te  t h a n  a p o A - I  
a n d  a p o A - l I ,  r e s u l t i n g  in a d e c r e a s e d  r e s i d e n c e  
t i m e ,  a n d  a m o r e  r a p i d  a p p e a r a n c e  o f  r ad io -  
a c t i v i t y  in  t h e  u r i ne .  T h e  m e t a b o l i c  d a t a  
p r e s e n t e d  are  c o n s i s t e n t  w i t h  t h e  v i ew  t h a t  t h e  
m a j o r  p r o t e i n  c o n s t i t u e n t s  o f  H D L  2 a n d  H D L  3 
are  m e t a b o l i z e d  at  s im i l a r  r a t e s  in  p l a s m a ,  a n d  
t h a t  in  g e n e r a l  t h e s e  c o n s t i t u e n t s  are  c a t a b o -  
l i zed  v ia  b o t h  a p l a s m a  a n d  a n o n p l a s m a  r o u t e .  

In  o r d e r  to  s i m u l t a n e o u s l y  c o m p a r e  
t h e  m e t a b o l i s m  o f  apoC- I I  a n d  apoC- I I I  w i t h i n  
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FIG. 6. Plasma radioactivity decay curves (as a fraction of  initial radioactivity per ml) in cases 5, 6, and 7 
following the simultaneous injection of  [ 12 5 I] HDL 2 and [ 1311 ] HDL 3. 

HDL with that of apoA-I and apoA-II, we also 
studied [ 125I] VLDL kinetics in subjects 3 and 
4. The mean efficiency of iodination for these 
preparations was 15.5% and the lipid labeling 
was 9.7%. A mean of 0.7 moles of iodine per 
mole of VLDL protein were incorporated into 
VLDL during labeling assuming a molecular 
weight of 250,000 for VLDL protein. The 
mean percent of radioactivity associated with 
apoB was 31.2%, with the remainder being 
primarily associated with apoC-II and apoC-III. 
ApoC-I was not labeled in these experiments 
since this protein contains no tyrosine. Follow- 
ing the injection of  radioactivity (10 min),  a 

mean of 39.2% of radioactivity was associated 
with HDL. The radioactivity associated with 
apoC-II and apoC-II was greater than 90% of 
the radioactivity remaining in all lipoprotein 
fractions following this precipitation, as as- 
sessed by TMU PAGE. In Figure 8, the radio- 
activity decay of apoC-II and apoC-III in all 
lipoprotein fractions is shown for subject 4. In 
these studies we combined apoA-II and apoC-III 
radioactivity even though it is possible that 
these proteins may be catabolized differently. 
The terminal slope of the radioactivity decay 
curve was similar in all fractions indicating 
similar rates of  catabolism in this subject, as 
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TABLE V 

Specific Radioactivity in HDL Subtractions a 

[ 12511-HDL 2 I 1311 ].HDL3 

apoA-I apoA-lI apoA-I apoA-ll 

dpm/mg protein dpm/mg protein 

Subject 6 
Incubation 

HDL 2 124344 61131 48108 57804 
HDL 3 39104 43050 15930 21330 

24 Hour Point 
HDL 2 6589 3384 976 1358 
HDL 3 2112 2510 313 526 

Subject 7 
Incubation 

HDL 2 75057 46707 19994 25980 
HDL 3 30156 33603 14184 14376 

24 Hour Point 
HDL 2 7370 5203 1427 1649 
HDL 3 3187 3571 504 912 

aRepresents the mean of four determinations from pure protein column fractions on 
single column chromatography runs; the fractional standard deviation was less than 4- .10 for 
all determinations. The incubation was carried out at 37 C for 30 rain with each subject's 
plasma. 

Synthesis 
+ 

L 11, 2) / ~  

1l k (0' 3) 

FIG. 7. Multicompartmental model utilized for 
the analysis of radiolabeled HDL plasma and urine 
radioactivity data. 

well as in subject  3. For  subject  4, the  hal f  life 
based on the terminal  slope of  apoC-II and 
apoC-IlI  radioactivi ty wi th in  HDL (HDL2 and 

HDL 3) was 1.56 days, while for  subject  3 it was 
1.29 days. These values are significantly dif- 
ferent  than  the hal f  lives (based on the terminal  

slope of  the plasma decay curve) of  HDL 
radioactivi ty (largely apoA-I and apoA-II  
radioact ivi ty)  in these same subjects,  which 

were 5.54 days and 4.83 days, respectively.  
These data are consis tent  wi th  the view tha t  
apoC-II and apoC-l lI  radioact ivi ty decay occurs 
at a significantly greater  fract ional  rate wi thin  
HDL than  does apoA-I and apoA-II radioac- 
tivity in these subjects.  

DISCUSSION 

The data p resen ted  on the  compos i t ion  of  
HDL subfract ions  are cons is tent  wi th  previous 
repor ts  indicat ing that  HDL 2 is higher in 
cholesterol  and phospho l ip id  con ten t  than 
HDL 3 (6,24,25).  With regard to  prote in  com- 
posi t ion,  it has been repor ted  tha t  the apoA-I /  
apoA-II ratio is lower(34) ,  ident ical  (35) or 
higher  (7 ,19,21,25)  in HDL 2 than in HDL 3, 
Our data would t end  to  suppor t  the  la t ter  
observations,  and also indicate  tha t  HDL 2 is 
propor t ional ly  richer in higher  molecular  
weight  cons t i tuen ts  ( including apoE)  and the C 
apo l ipopro te ins  than  is HDL 3 . 

Fol lowing the in jec t ion  of  radiolabeled HDL 
subfrac t ions ,  there  was rapid exchange  of  b o t h  
apoA-I and apoA-II among  these subfract ions .  
Similar data have previously been repor ted  
f rom bo th  in vitro (36) and in vivo experi-  
men ts  (37). In the  in vivo studies,  HDL subfrac-  
t ions  were labeled by in vitro incuba t ion  with 
radio-labeled apoA-I and the  exchange of  
radioact ivi ty among HDL subfrac t ions ,  as well 
as plasma kinet ics  were examined  in one  
individual.  We have investigated the  metabol i sm 
of  HDL subfrac t ions  utilizing radiolabeled 
l ipoprote ins .  Our data are cons is ten t  wi th  the 
concep t  tha t  apoA-I and apoA-II  can exchange 
among  HDL subfrac t ions ,  and the  specific 
radioact ivi ty of  apoA-I and apoA-II  wi thin  
these subfrac t ions  is no t  identical .  Because of  
this exchange,  the catabol ism of  apol ipopro-  
teins wi thin  HDL subfrac t ions  is diff icult  to  
evaluate. 
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FIG. 8. ApoC-II and apoC-III radioactivity decay 
(as a fraction of initial radioactivity per ml of plasma) 
in lipoprotein density classes following the injection of 
[ 125I] VLDL. 

The plasma kinetics of radioiodinated HDL 
in man have been previously studies, and 
recently reviewed (38). Plasma half lives, based 
on the terminal slope of the radioactivity decay 
curve, have ranged from 3.5 to 5.8 days (29,39- 
42). Radioactivity decay was similar if injected 
as labeled HDL or as delipidated HDL (40). It 
has been demonstrated that the decay of 
specific radioactivity of apoA-I and apoA-II 
within HDL is similar following the injection of 
labeled HDL (29). The catabolism of HDL 
proteins is enhanced in hephrotic patients (39), 
in hypertrigiyceridemic subjects (40), in normal 
individuals on high carbohydrate diets (29), and 
is markedly increased in patients with familial 
HDL deficiency (Tangier Disease) (42). In 
these latter patients, apoA-I is catabolized at a 
faster fractional rate than is apoA-I[, and a large 
fraction of both apoA-I and apoA-II apolipo- 
proteins is found in the 1.063 g/ml supernatant 
in plasma (42). In all these subjects, HDL 
protein levels were decreased, largely due to 
enhanced catabolism. In this study (Table V), 
all subjects had similar synthesis rates, and 
alterations in catabolism also appear to be 
largely responsible for variability of HDL 
protein levels among individuals. Changes in 
catabolism, therefore, appear to play a major 

role in the regulation of HDL levels. The factors 
affecting catabolism via the plasma and non- 
plasma route are not clear; however, it does 
appear that, in general, radiolabeled HDL 2 and 
HDL$ protein constituents are catabolized via 
both pathways. 

The presence of distinct lipoprotein species 
within HDL, characterized not by their hy- 
drated density, but rather by their apolipopro- 
tein content, has been reported (7-10). Two 
types of HDL particles containing apoA-I and 
apoA-II have been isolated: one in HDL 2 with 
40% protein content, and the other in HDL 3 
with a 56% protein content (7). In addition, a 
species containing only apoA-I has been noted 
within HDL 2 (LP-A-I) (25). Particles containing 
both apoA-I and apoA-II (LP-A-I, A-II) appear 
to comprise the major species within HDL. 
Other HDL species that have been reported 
include LP-C-I, C-II, C-Ill, LP-D, LP-E, and 
LP-F (7-10). LP-C-I, C-II, and C-Ill reportedly 
contains apoC-I, apoC-II, and apoC-III, and 
consists of 51% protein (7), while LP-E con- 
tains only apoE, and has been isolated within 
H D L  2 (9). The data presented in this report are 
consistent with the concept that apoA-I and 
apoA-II radioactivity decay is markedly dif- 
ferent than that observed for apoC-II and 
apoC-III within the HDL density range. Our 
data could be explained by the concept that 
different lipoprotein species exist within HDL 
(7). An alternative possibility would be that 
apoC-II and apoC-III are on the same HDL 
particles as apoA-I and apoA-II, but are re- 
moved at a faster rate than apoA-I and apoA-I 
from HDL particles during their catabolism. 
Further work is needed to elucidate the sites of 
synthesis, composition, and catabolism of the 
various lipoprotein species which appear to 
exist within HDL. 

Intestinal and liver perfusion studies in the 
rat indicate that both these organs can synthe- 
size apoA-I, while the liver appears to be the 
major source of the C apoliporoteins and apoE 
(43-47). Both apoA-I and apoA-II have been 
localized in human jejunal epithelial cells by 
immunochemical techniques (48,49). It has 
been reported that human lymph chylomicron 
apoA-I and apoA-II can serve as precursors for 
these constitutents within plasma HDL (50). 
The relative contribution of the intestine and 
the liver to apoA-I and apoA-II synthesis 
remains to be established, as do the forms in 
which lipoproteins containing these proteins 
enter the plasma. In vitro experiments indicate 
that when VLDL particles are incubated with 
lipase and albumin, particles in the HDL 
density range containing the C apolipoproteins 
can be isolated (51). Similarly, when radio 
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iodinated VLDL is injected into plasma, apoC- 
II and apoC-III radioactivity can be rapidly 
detected within HDL, and may subsequently 
recirculate back to newly formed VLDL 
(32,52). Apolipoproteins A-I, A-II, C-II and 
C-III appear to exchange among plasma l ipopro- 
teins (32,36,37,42,53). The data cited above 
are consistent with the view that constituents 
within HDL arise following the catabolism of 
both intestinal and hepatic triglyceride-rich 
lipoproteins. HDL levels are decreased in 
hypertriglyceridemic patients (1-5,22,40,54,56), 
and HDL cholesterol concentration is inversely 
correlated with adipose tissue lipase activity 
(55). In subjects who engage in strenuous 
physical activity, plasma triglyceride levels, are 
low while HDL cholesterol values are elevated 
(55,56). Synthetic pathways and the state of  
the l ipolytic system may regulate the levels 
and the catabolism of the l ipoprotein species 
within HDL. 
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Incorporation of Label from [9,10-methylene -14C] Sterculic 
Acid in Rainbow Trout, Salmo gairdneri 1 
T.A. EISELE 2, R.S. PARKER, J.K. YOSS 3. J.E. NIXON, N.E. PAWLOWSKI, and 
R.O. SlNNHUBER, Department of Food Science and Technology, Oregon State University, 
Corvallis, Oregon 97331 

ABSTRACT 

The distribution of radioactivity from sterculic acid, labeled on the 9,I0-methylene carbon of the 
cyclopropene ring, was investigated in trout, Salmo gairdneri. Fifty percent of the administered dose 
was excreted in feces and urine by 168 hr, but less than 1% of the dose was expired as carbon dioxide 
during the same time period. Incorporation of radioactivity into most organs peaked at 119 hr, and 
the majority of the label in the liver was in the fatty acid portion of the lipid fraction. Total lipid 
radioactivity in liver was higher in trout conditioned to cyclopropene lipids, and a substantial amount 
of label was found in phosphatidylcholine and ethanolamine phospholipids as well as neutral lipid. The 
data demonstrate that rainbow trout readily absorb, transport and incorporate sterculic acid into 
tissue lipid, including membrane lipid, but cannot oxidize the methylene carbon of the cyclopropene 
ring to carbon dioxide. 

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

Sterculic acid is a naturally occurring cyclo- 
propenoid fatty acid (CPFA) containing a 
highly strained and reactive unsaturated three 
membered ring in the center of an eighteen 
carbon chain. Two food oils, cottonseed oil and 
kapok oil, contain CPFA (1). Many physiologi- 
cal disorders in animals, including altered egg 
production and fertility in chickens, delayed 
sexual maturity and retarded growth in rats, 
and neonatal and postanatal mortality in rats 
are attributed to the cyclopropene ring (2,3). 
CPFA-fed rats show fatty infiltration and 
degeneration of  the livers along with renal 
tubule degeneration (3), altered lipid metabo- 
lism from inhibition of fatty acyl desaturase 
(4,5), and partial loss of  membrane integrity as 
indicated by changes in erythrocyte hemolysis 
rate, mitochondrial swelling, and microsomal 
codeine demethylase activity (6). ScarpeUi et al. 
(7) reported that hepatocytes from sterculic 
acid-fed rainbow trout and rats exhibited 
molphologic alterations in membranes of 
endoplasmic reticulum. In trout, Sinnhuber et 
al. (8) demonstrated that dietary CPFA was a 
cocarcinogen with Aflatoxin B 1 and M 1 (9), and 
recently reported dietary CPFA to be a carcino- 
gen (10). 

The metabolism and distrituion of [9,10- 
methylene-14C] sterculic acid in the Cat was 
part ial ly described by Yoss et al. (11) and 
Nixon et al. (12). They demonstrated that the 

rat could not oxidize [9,10-methylene-14C] 
sterculic acid to 14CO2, that the main excre- 
tory pathway was via the urine, and that the 
principal urinary metabolite was cis-3,4-meth- 
ylene adipic acid, a cyclopropane dicarboxylic 
acid. This metabolite was verified by Eisele et 
al. (13) along with the identity of 7 additional 
rat urinary metabolites. The formation of  these 
metabolites required /3- and co-oxidation of 
sterculate (13). 

Trout have been shown to be more sensitive 
to the physiological effects of  dietary CPFA 
than rats (14). However, little information has 
been published to explain this phenomenon, 
and sterculic acid metabolism in the rainbow 
trout has not been elucidated. The intent of  
this study was to provide basic knowledge of 
the biological pathway of this unique fatty acid 
in rainbow trout. This paper reports the distri- 
bution of label from [9,10-methylene-14C] 
sterculic acid as a function of  time after admin- 
istration in rainbow trout tissue, liver subcellu- 
lar fractions, liver fractions (acid soluble, 
protein, lipid) and liver lipid components. This 
information should prove useful for explaining 
the difference in toxic response of  trout and rat 
to dietary CPFA and may provide insight into 
the mechanism of carcinogenic activity of 
CPFA in trout and to cancer in general. This 
information also has economic significance 
because these fatty acids are included in com- 
mercial trout rations in cottonseed products. 

ITechnical Paper No. 4769, Oregon Agricultural 
Experiment Station, Oregon State University, Corvallis, 
Oregon 97331. 

2present address, Food Science Department, Wash- 
ington State University, Pullman, Washington 99164. 

3present address, Standard Brands, Inc., Margarine 
Management Division, 1102 Roosevelt Ave., Indiana- 
polis, Indiana. 

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

Source and Purity of Label 

Methyl sterculate, labeled in the 9,10-meth- 
ylene bridge of the cyclopropene ring (110 
/aCi/mmol), was synthesized in our laboratory 
(15) and shown to be 96.8 + 2.5% or 99.0 
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T A B L E  I 

R e c o v e r y  o f  R a d i o a c t i v i t y  f r o m  C o n t r o l - F e d  T r o u t  T issues  a f t e r  A d m i n i s t r a t i o n  o f  
[ 9 , 1 0 - M e t h y l e n e - 1 4 C ]  Stercul ic  Acid b y  S t o m a c h  l n t u b a t i o n  a 

Hour s  2 4 18 74 b 119 168 

S t o m a c h  98.8 -+ 10.4 49.8  • 5.2 10.9 -+ 5.9 1.4 • 1.6 2.3 -+ 2.5 0.6 -+ 0.3 
P y l o r i c c a e c u m  3.7 -+ 3.6 1.0-+ 1.6 10.9 -+ 7.8 30.2 • 14.1 21.7 • 5.5 8.2 • 3.0 
L o w e r  in tes t ine  0. l • 0.1 0 . 1 •  2 . 9 •  7 . 4 •  0.8 7 . 0 " + 0 . 7  5 . 3 •  
Bile 0 .0  0.0 0.3 -+ 0.3 4.6 • 3.3 10.0 • 4. l 10.6 +- 2 .0  
,Liver 0.0 0.0 0.4 • 0.2 2.7 • 0.1 2.8 -+ 0.6 1.3 -+ 0.6 
1Blood c 0 .0  0 .0  1.3-+ 1.3 24.4+- 0.3 50.1 • 18 13.0+- 3.4 

aDa ta  are pe rcen t  o f  a d m i n i s t e r e d  r a d i o a c t i v i t y  exp re s sed  as the  m e a n  • s t a n d a r d  dev ia t i on  f r o m  3 
t rou t .  

b D a t a  f r o m  2 t rou t .  

CRad ioac t iv i ty  in b lood  exp res sed  as d p m  per  m g  s e r u m  pro te in  d iv ided  by the  d p m  a d m i n i s t e r e d  
per kg  b o d y  we igh t .  

+- 2.0% cyclopropene by the Halphen Test (16) 
and nuclear magnetic resonance (NMR) (17), 
respectively. The methyl ester was converted to 
the free acid by saponification with 0.5 N 95% 
ethanolic KOH at 45-50 C for 30 min and again 
shown to be 93.2 + 1.1% or 96.7 + 2.0% 
cyclopropene by these assays. A second prepar- 
ation of sterculic acid (598/JCi/mmol) was used 
in the label distribution of liver lipid fractions 
and components. The radiopurity of both 
preparations was checked by thin layer chroma- 
tography (TLC) in a hexane/ethyl ether/ 
benzene (70:30:1) system, and a single radioac- 
tive spot (99 +%) for the methyl ester was 
found at an Rf of 0.60. The second preparation 
was also shown to be 97 +% radiochemically 
pure by high pressure liquid chromatography 
(HPLC) on a /.tBondapak C 18 column (Waters 
Associates, Milford, MA) with acetonitrile/ 
water (9:1) as solvent. 

Animals and Diet 

Rainbow trout, Salmo gairdneri, of the Mt. 
Shasta strain were spawned and hatched at the 
Food Technology and Nutrition Laboratory at 
Oregon State University. The fry were fed a 
basal semipurified diet described previously 
(18) and were designated control-fed trout. At 
one year of age, control-fed trout were fed a 
300 ppm cyclopropene diet for 3 or more 
months by adding CPFA to the basal diet as 
Stereulia foetida oil. The purpose was to 
condition the trout with CPFA with the intent  
of increasing the incorporation of label into 
various liver fractions and lipid components. All 
trout were fasted from 3 days prior to adminis- 
tration of labeled sterculic acid until  termina- 
tion of the experiment. Number 5 gelatin 
capsules (Eli Lilly, Indianapolis, IN) containing 
3.84 +_ i.4 i/aCi/kg body wt. of labeled sterculic 
acid (110/JCi/mmol) were inserted with a flexible 

trocar into the stomachs of control-fed trout 
weighing 356 -+ 96 g. Trout used in the excre- 
tion studies were individually placed in 3.5 x 12 
in. glass cylinder metabolism chambers in which 
water was replaced at 5 to 12 hr intervals. Air 
was bubbled through the chambers and then 
through two 100 ml IN KOH traps to collect 
14CO2. Trout used in deposition studies were 
placed in 2 x 2 x 2 ft. fiberglass tanks with a 
water flow rate of 2 gal/min and held for 
specific time periods. Each tank held 3 trout 
and all trout in each tank were dosed and 
terminated at the same time. 

Fractionation and Radioactivity 
Counting Procedures 

Organs and tissue. Blood was collected by 
heart puncture and centrifuged to prepare 
serum. Gall bladder contents were removed 
with a disposable syringe and stored frozen at 
-10 C. Organs and tissue were removed, weigh- 
ed, wrapped in aluminum foil and stored at 
-10 C, along with the carcass and metabolism 
chamber water contents. 

Organs and tissue were homogenized in 3 or 
4 volumes (w/v) distilled water with a Tissu- 
mizer SDT 100 N (Tekmar Co., Cincinnati, 
OH). Aliquots of the homogenates were di- 
gested in NCS tissue solubilizer (Amersham/ 
Searle, Arlington Heights, IL), counted in 
Aquasol (New England Nuclear, Boston, MA), 
and corrected for quenching. Aliquots of the 
chamber water and KOH traps were also 
counted in Aquasol. 

Liver subcellular fractions. A measured 
portion of the liver from each trout from above 
was used to prepare subcellular fractions (12). 
The liver tissue was minced in 4 volumes 
(w/v) 0.25 M ice-cold sucrose and homogenized 
in a Potter-Elvehjem homogenizer. A model L-2 
ultracentrifuge (Beckman, Inc., Palo Alto, CA) 
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METABOLISM OF 14C-STERCULIC ACID 

TABLE II 

Recovery of Radioactivity in Excreta and Carbon Dioxide from Control-Fed 
Trout after Intubation of [ 9,10-methylene- 14 C ] Sterculic Acida 

525 

Hours 12 24 36 48 106 b 120 b 

Excreta 20 -+ 18 23 -+ 19 36 +- 6 37 +- 6 51 52 
CO 2 0 0 0 <1 <1 <l 

aData are percent of administered radioactivity expressed as the mean -+ standard deviation from 3 
trout. 

bData from one trout. 

was used to isolate the following fractions: cell 
debris, mitochondrial, microsomal, and super- 
natant by spinning at 800 x g for 10 min, 
12,000 x g for 10 min, and 105,000 x g for 60 
rain, respectively. Each sediment was washed 
once with 0.25 M sucrose and the wash was 
combined with the previous supernatant. 
Aliquots of the subceUular fractions were 
digested in NCS tissue solubilizer and counted 
for radioactivity in Aquasol. 

Liver fractions. Four control a n d 3  CPFA- 
fed trout weighing 104 + 10 g were injected 
intraperitoneally (IP) with 5.0 /2Ci sterculic 
acid (598/aCi/mmol) in 0.2 ml corn oil. After 
42 hr, the livers were removed and fractionated 
according to the method of Shibko and co- 
workers (19) into 3 fractions: acid soluble 
compounds, lipid, and protein. The lipids were 
saponified and fractionated into 3 more frac- 
tions (20): sterols and unsaponifiable material 
(nonpolar, hexane soluble), fatty acids (ethyl 
ether soluble), and glycerol (water/ ethanol 
soluble). Aqueous samples were counted in 
Aquasol and samples in nonpolar solvents 
were counted in toluene containing 6 g 
PPO (2,5-diphenyloxazole, Sigma Chemical Co., 
St. Louis, MO) plus 50 mg POPOP (1,5-bis-[2,5- 
phenyloxazole] benzene, Nuclear; Chicago, Des 
Plaines, IL) per liter. 

Liver lipid components. Four CPFA-fed 
trout weighing 177 + 59 g were injected IP with 
5.0/aCi sterculic acid (598/aCi/mmol) in 0.2 ml 
corn oil. After 24 or 72 hr, livers were removed 
from 2 trout, perfused with cold 0.9% NaC1, 
and the lipids extracted by the method of 
Folch (21). A neutral lipid fraction was ob- 
tained by one-dimensional TLC on Silica Gel H 
developed in chloroform/methanol /ammonium 
hydroxide (65:35:5). Neutral lipids were 
separated into monoacylglycerols, diacylglyc- 
erols, triacylglycerols, and cholesteryl esters by 
one-dimensional TLC on Silica Gel G developed 
in hexane/ethyl ether/glacial acetic acid 
(80:20:1). Separation of  polar lipids was 
performed using two-dimensional TLC as 
reported previously (20). Spots were visualized 
by brief exposure to iodine vapor, scraped into 

scintillation vials, and counted in toluene- 
POPOP fluor. Known lipid standards were run 
on duplicate plates for two-dimensional TLC 
and on the same plate for one-dimensional 
TLC. 

RESULTS A N D  DISCUSSION 

Distribution of Radioactivity in Organs 
and Tissue with Time 

After 2 hr the gelatin capsules that were 
inserted into the stomachs of  the control-fed 
rainbow trout were only partially dissolved. 
Most of  the label (98.5%) was found in the 
upper intestine (pyloric caecum) and stomach 
and contents (Table I). After 18 hr, the amount 
of label in the stomach dropped to 10.9% of 
the administered dose. As the radioactivity 
decreased in the stomach and intestinal tract, 
the label in the liver increased to a peak radio- 
activity level of  2.7-2.8% of the administered 
dose between 27 and 119 hr. The radioactivity 
in the blood serum reached a peak at 119 hr 
while the label in bile began to plateau at 119 
hr and maintained a level of 10.0-10.6% of the 
administered dose to 168 hr. The relatively high 
percentages of [14C] in the intestinal tract, 
blood, liver and bile during this 3 to 5 day 
period indicated that a substantial amount of  
enterohepatic circulation had occurred. In 
contrast, we found that the rat exhibited 
minimal enterohepatic circulation of label from 
sterculate (12). The relatively high, sustained 
level of  label in the bile also suggests bile 
conjugation of sterculic acid and/or metabo- 
lites. This was supported by the finding that an 
additional 4% and 23% of the label in bile could 
be extracted into ethyl ether at pH 1 following 
13-glucuronidase and ethanolic KOH treatment. 
Retention of label in bile could also be affected 
by disruption of  normal gall bladder emptying 
patterns from fasting during the test periods. 

The excreta (urine and feces) contained 50% 
of the administered dose between 48 and 106 
hr (Table II). Flux of  label through control-fed 
trout was 3 to 6 times slower than through 
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T A B L E  111 

R e c o v e r y  o f  R a d i o a c t i v i t y  in Liver  Subce l lu la r  F r a c t i o n s  f r o m  C o n t r o l - F e d  T r o u t  
a f t e r l n t u b a t i o n  o f [ 9 , 1 0 - M e t h y l e n e - 1 4 C ]  Stercul ic  Acid a 

Hours  

Subcel lu lar  f r ac t i on  4 18 74 b 119 168 

800 x g cell cebr i  0 0 .14  + 0 .06  0 .54  • 0 .16  0.41 +- 0 .03 0.45 • 0 .26 
12,000 x g m i t r o c h o n d r i a l  0 0 .02  -+ 0.02 0 .16  • 0.02 0.35 • 0 .14 0.21 • 0 .04  
105 ,000  x g m i c r o s o m a l  0 0.05 • 0.05 1.32 +- 0.71 0.91 +- 0 .26 0 .57 • 0 .36  
S u p e r n a t a n t  0 0 .17 + 0 .10  0 .70  • 0.01 1.06 • 0.21 0 .43  • 0 .14  

a D a t a  are pe rcen t  o f  a d m i n i s t e r e d  r a d i o a c t i v i t y  expressed  as the m e a n  • s t anda rd  d e v i a t i o n  for  3 
trout. 

b D a t a  f r o m  2 t rou t .  

T A B L E  IV 

R a d i o a c t i v i t y  in Liver  F r a c t i o n s  o f  Con t ro l  and 
C y c l o p r o p e n e - C o n d i t i o n e d  R a i n b o w  T r o u t  at 42 br E x p r e s s e d  as 

Percent  o f  A d m i n i s t e r e d  Dose  o f  [ 9, I 0 -Methy lene-  14. C ] S tercul ic  Acid a 

% A d m i n i s t e r e d  Dose  

C yclo p r o p e n e - c o n d i t i o n e d  
F rac t i on  Con t ro l  livers livers 

Acid  soluble  0.22 • 0 .03 0 .20  • 0 .04  
Pro te in  0 .23  + 0.17 0.35 • 0 .10  
To ta l  l ipids 3.26 + 0 .40  14 .70  -+ 4 .22  b 

n o n s a p o n i f i e d  0 .20  -+ 0 .02  0.55 +- 0 .03  b 
f a t t y  acids  3 .00 + 0 .38  13.97 -+ 4 .10  b 
g lycero l  0 .06 • 0.01 0 .18 • 0.15 

aValues  are m e a n  • s t anda rd  d e v i a t i o n  for  l ivers f r o m  4 con t ro l s  and  3 c y c l o p r o p e n e -  
c o n d i t i o n e d  t rou t .  

b C y c l o p r o p e n e - f e d  t r o u t  s ign i f i can t ly  d i f f e r e n t  ( P < o . 0 5 )  f r o m  con t ro l s  in these  frac- 
t ions  us ing  S tuden t  " t "  test ,  

control-fed rats, which excreted 59% of the 
administered dose in 16 hr (12). 

Trout  expired less than t% of the adminis- 
tered radioactivity as carbon dioxide during test 
periods as long as 5 days (Table II). The low 
amount of label in carbon dioxide suggests that 
trout cannot oxidize the methylene carbon of 
the cyclopropene ring. The same observation 
was made with rats (12). The slow rate of 
oxidation of CPFA is not typical for oxidation 
of long chain fatty acids by salmonoids. In 
other work in our laboratory, salmon oxidized 
up to 40% of IP-injected 14C-linolenic acid to 
labeled carbon dioxide in 24 hr (22). 

Distribution of Radioactivity in Liver 
Subcellular Fractions 

It is assumed that rat liver mitochondria and 
microsomes (endoplasmic reticulum) are in- 
volved in the metabolism of sterculic acid to its 
primary urinary metabolite, cis-3,4-methylene 
adipic acid (11,13). Thus, the purpose of this 
experiment was to measure the amount of label 
from [9,10-methylene-14C] sterculic acid 

bound to trout fiver subcellular fractions as a 
function of time (Table III) to obtain an 
indication of  the sequence and involvement of  
subcellular fractions in the catalysis of various 
reactions in the oxidation of  sterculic acid. The 
microsomal fraction peaked at 74 hr compared 
to 119 hr in the mitochondria. The high ac- 
tivity in the supernatant was probably due to 
the transport of sterculic acid and/or metabo- 
lites between organelles in the cytosol. The 
variations in the relative concentration of 
radioactivity in the different fractions as a 
function of time suggest that various phases of 
sterculic acid metabolism may be catalyzed by 
different subcellular fractions. Since radioac- 
tivity peaked in the microsomal fraction prior 
to the mitochondrial fractions, it is possible the 
endoplasmic reticulum catalyzed the initial 
steps of sterculate oxidation followed by 
catalysis of subsequent steps by the mitochon- 
dria. Different rates of incorporation and 
turnover of label from sterculate and/or metab- 
olites into lipid components of  the subcellular 
fractions would influence this interpretation. 
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METABOLISM OF 14C-STERCULIC ACID 

TABLE V 

Radioactivity Incorporated into Liver Lipid Components of Cyclopropene-Conditioned 
Rainbow Trout after IP Injection with [9,10-Methylene-14C] Sterculic Acid a 
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Time (hr) 24 72 

Totallipid b 4.32 • 0.75 4.60 • 0.00 
Neutral lipid b 3.17 + 0.94 3.70 • 0.14 

Triacylglycerols c 57.67 • 25.84 75.85 • 1.88 
Diacylglycerols 6.51 + 6.12 2.40 • 0.62 
Monoacylglycerols 7.85 -+ 7.85 0.45 • 0.16 
Cholesteryl esters 1.17 -+ 0.34 0.40 • 0.00 
Free fatty acids 0.36 • 0.04 0.41 -+ 0.01 

Phospholipids b 1.15 -+ 0.18 0.90 • 0.14 
Phosphatidylcholine 14.18 • 3.77 12.01 • 1.40 
Phosphatidylethanolamine 9.13 • 4.95 4.48 • 0.21 
Phosphatidylinositol 2.18 • 1.88 1.11 • 0.68 
Phosphatidylserine 0.76 -+ 0.54 0.78 • 0.54 
Diphosphatidylglycerol 0.41 • 0.41 0.13 • 0.13 
Lysophosphatidylcholine 0.29 -+ 0.20 tr  d 

a D a t a  are  expressed as the mean • deviation of two determinations. 
bValues for total lipid, neutral lipid and phospholipid are percent of total administered 

radioactivity. 
CValues for individual lipid components are percent of radioactivity recovered in liver 

lipid. 
dThe amount of radioactivity in this component, and sphingomyelin and phosphatidic 

acid was less than 0.01% of the total organ lipid radioactivity. 

Distribution of Radioactivity 
in Liver Fractions 

Cont ro l - fed  t r o u t  were c o m p a r e d  to  CPFA- 
fed t r o u t  to  d e t e r m i n e  i f  c o n d i t i o n i n g  to  C P F A  
would  cause a change  in label  d i s t r ibu t ion .  
Table  IV shows the  d i s t r i bu t i on  of  label  in  the  
var ious  l iver f rac t ions  at  42  h r  a f te r  i n j ec t ion  
wi th  sterculic acid. Li t t le  r ad ioac t iv i ty  was 
i n c o r p o r a t e d  i n to  su bs t i t uen t s  o t h e r  t h a n  fa t ty  
acids. The  aqueous  acid soluble  f r ac t ion  p rob-  
ably  c o n t a i n e d  me tabo l i t e s  wh ich  had  n o t  been  
t r a n s p o r t e d  f rom the  liver. Only  a small  a m o u n t  
of  label,  0 .23% and  0 .35% of  the  adm i n i s t e r ed  
dose and  6% and  2% of  the  t o t a l  l iver radioac-  
t iv i ty  for  the  con t ro l  and  CPFA t r o u t ,  respec- 
t ively,  was b o u n d  to pro te ins .  In the  l ipid 
f rac t ion ,  mos t  o f  the  label  was in the  f a t ty  acid 
f r ac t ion  wi th  the  CPFA-fed  t r o u t  exh ib i t i ng  a 
4-fold increase  in f a t ty  acid rad ioac t iv i ty  over  
the  con t ro l s  (Tab le  IV). This  d i f fe rence  was 
p r o b a b l y  due to c o n d i t i o n i n g  of  the  t r o u t  to  
CPFA. Rats  fed CPFA also exh ib i t ed  an in- 
crease in m e t a b o l i s m  of  s tercul ic  acid c o m p a r e d  
to con t ro l s  (21) .  

Distribution of Radioactivity 
in Liver Lipid Classes 

CPFA-fed  t r o u t  i n c o r p o r a t e d  m o r e  label  i n to  
the  to ta l  l ipid f r ac t ion  (Tab le  IV) t h a n  c o n t r o l  
t r o u t ;  t he re fo re ,  CPFA-fed  t r o u t  were used 
exclusively  for  this  s tudy .  To ta l  l ipid radioac-  
t ivi ty  (Table  V) in l iver did n o t  change  f rom 24 
to 72 hr .  An increase  in neu t r a l  l ipids was 

ba l anced  by  a decrease  in phospho l ip id .  
Table  V shows t h a t  the  pe rcen tage  of  label  

in l iver t r iacylglycerols  increased  f rom 57% to  
75% in the  72 h r  pe r iod  while  label  in the  
c o m b i n e d  m o n o -  and  diacylglycerols  decreased  
f rom 14% to  3%. Label  was f o u n d  in cho-  
les teryl  esters  and  free f a t ty  acids at  ca. 1% or  
less. The  free f a t ty  acids m a y  be free s tercul ic  
acid a n d / o r  ca rboxy l i c  acid me tabo l i t e s .  

A subs t an t i a l  a m o u n t  of  labe l  was incorpor -  
a ted  i n to  phosphol ip ids .  Chol ine  and  e thano l -  
amine  phosphog lyce r ides  c o n t a i n e d  the  largest  
a m o u n t  of  rad ioac t iv i ty ,  and  cons iderab le  
a m o u n t s  r ema ined  a f te r  72  hr .  The  da ta  show 
tha t  label  f rom stercul ic  acid is readi ly  incor-  
po ra t ed  in to  phospho l ip ids ,  an  occur rence  
which  is of  par t i cu la r  i m p o r t a n c e  since phos-  
pho l ip ids  compr ise  a large p r o p o r t i o n  of  
cel lular  m e m b r a n e s .  The  phys ica l  and  b iochem-  
ical consequences  of  a l tered m e m b r a n e  l ipid 
g e o m e t r y  have been  n o t e d  by  several au tho r s  
(6 ,23 ,24) .  Possible a l t e ra t ions  in the  mo lecu l a r  
g e o m e t r y  of  m e m b r a n e s  resu l t ing  f rom inclus-  
ion  of  r ing s t ruc tu res  cou ld  a c c o u n t  for  some of  
t he  biological  act ivi ty  of  the  c y c l o p r o p e n o i d  
f a t ty  acids. 

The  da ta  f rom this  s t udy  d e m o n s t r a t e  t h a t  
r a i n b o w  t r o u t  readi ly  absorb  and  t r a n s p o r t  
s tercul ic  acid bu t  c a n n o t  apprec iab ly  oxidize  
the  m e t h y l e n e  c a r b o n  o f  the  c y c l o p r o p e n e  r ing 
to  c a r b o n  dioxide.  Rad ioac t iv i ty  was exc re t ed  
via the  ur ine  and  feces. C o n d i t i o n i n g  of  rain- 
b o w  t r o u t  to  CPFA appeared  to  increase  the  
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incorporat ion of radioactivity into various liver 
fractions. The phospholipids of the livers of 
condit ioned trout  contained ca. 27% of the 
liver lipid radioactivity at 24 hr. The isolation 
and identification of the excretory metabolites 
is in progress. 

ACKNOWLEDGMENTS 

This investigation was supported in part by Public 
Health Service Grants ES-00550 and CA25766 from 
the Division of  Environmental Health Service. Corn oil 
was a gift from Best Foods, a division of CPC Interna- 
tional Co., San Francisco, CA. 

REFERENCES 

1. Christie, W.W., in "Topics in Lipid Chemistry," 
Edited by F.D. Gunstone, Logos Press, London, 
1970 pp. 1-49. 

2. Phelps, R.S., F.S. Shenstone, A.R. Kemmerer, 
and R.J. Evans, Poultry Sci. 44:358 (1965). 

3. Miller, A.M., E.T. Sheehan, and M.G. Vavich, 
Proc. Soc. Exp. Biol. Med. 131:61 (1969). 

4. Reiser, R., and P.K. Raju, Biochem. Biophys. 
Res. Comm. 17:8 (1964). 

5. Raju, R.K., and R. Reiser, J. Biol. Chem. 
242:379 (1967). 

6. Nixon, J.E., T.A. Eisele, J.H. Wales, and R.O. 
Sinnhuber, Lipids 9:314 (1974). 

7. Scarpelli, D.G., D.J. Lee, R.O. Sinnhuber, and M. 
Chiga, Cancer Res. 34:2984 (1974). 

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

9. Sinnhuber, R.O., D.J. Lee, J.H. Wales, M.K. 
Landers, and A.C. Keyl, J. Natl. Cancer Inst. 
53:1285 (1974). 

10. Sinnhuber, R.O., J.D. Hendricks, G.B. Putnam, 
J.H. Wales, N.E. Pawlowski, and J.E. Nixon, Fed. 
Proc. 35:505 (1976). 

11. Yoss, J.K., J.E. Nixon, N.E. Pawlowski, D.J. Lee, 
and R.O. Sinnhuber, Fed. Proc. 33:284 (1974). 

12. Nixon, J.E., J.K. Yoss, T.A. Eisele, N.E. Paw- 
lowski, and R.O. Sinnhuber, Lipids 12:629 
(1977). 

13. Eisele, T.A., J.K. Yoss, J.E. Nixon, N.E. Pawlow- 
ski, L.M. Libbey, and R.O. Sinnhuber, Biochim. 
Biophys. Acta 488:76 (1977). 

14. Lee, D.J., J.H. Wales, J.L. Ayres, and R.O. 
Sinnhuber, Cancer Res. 28:2312 (1968). 

15. Pawlowski, N.E., J.E. Nixon, D.J. Lee, and R.O. 
Sinnhuber, J. Labelled Comp. 10:45 (1973). 

16. Hammonds, T.W., J.A. Cornelius, and L. Tan, 
Analyst 96:659 (1971). 

17. Pawlowski, N.E., J.E. Nixon, and R.O. Sinnhu- 
ber, J. Am. Oil Chem. Soc. 49:387 (1973). 

18. Sinnhuber, R.O., J.D. Hendricks, J.H. Wales, and 
G.B. Putnam, Ann. N.Y. Acad. Sci. 298:387 
(1977). 

19. Shibko, S., P. Koivistoinen, C.A. Tratnyek, A.R. 
Newhall, and L. Friedman, Anal. Biochem. 
19:514 (1967). 

20. Johnston, P.V., in "Basic Lipid Methodology," 
Special publication 19, College of  Agriculture, U 
of I at Urbana-Champaign, 1971, pp. 52-54. 

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

22. Parker, R.S., Master's Thesis, Oregon State 
University, Corvallis, OR (1978). 

23. Decker, W.J., and W. Mertz, J. Nutr. 91:324 
(1967). 

24. de Kruyff, B., P.W.M. Van Diijck, R.W. Gold- 
bach, R.A. Demel, and L.L.M. Van Deenen, 
Biochim. Biophys. Acta 330:269 (1973). 

[Received November 2, 1978] 

LIPIDS, VOL. 14, NO. 6 



The Formation of Phosphatidylinositol by Acylation of 2-Acyl- 
sn-Glycero-3-Phosphorylinositol in Rat Liver Microsomes 
BRUCE J, HOLUB and JERRY PIEKARSKI. Department of Nutrition, 
College of Biological Science, University of Guelph, Guelph, Ontario, Canada N1G 2Wl 

ABSTRACT 

The conversion of 2-acyl-sn-glycero-3-phosphorylinositol into phosphatidylinositol via acyl-CoA: 
2-acyl-sn-glycero-3-phosphorylinositol acyltransferase activity was found to occur in rat liver 
microsomes. Over a wide range of conditions, stearic acid was preferred over palmitate by the 
acyltransferase when these acids were presented in mixtures as acyl-CoA derivatives. The potential im- 
portance of this enzyme activity for the entry of stearic acid into the 1-position of hepatic phospha- 
tidylinositol is further supported by its greater preference for stearate relative to the acyl-CoA:2-acyl- 
sn-glycero-3-phosphorylcholine acyltransferase under certain assay conditions. 

INTRODUCTION 

The various phospholipids from liver and 
most other tissues contain mainly saturated 
(palmitate plus stearate) and unsaturated fatty 
acids in the 1- and 2-positions, respectively (1). 
Phosphatidylinositol (PI) from rat liver is 
known to be markedly enriched in stearic acid 
at the 1-position and arachidonic acid at the 
2-position relative to phosphatidylcholine (PC) 
such that the 1-stearoyl 2-arachidonoyl molecu- 
lar species greatly predominates in the former 
phospholipid (1). The biochemical basis for the 
characteristic fatty acid composition of PI is 
not clearly understood. It is known that arachi- 
donate can enter PI via CDP-diacylglycerol: 
inositol phosphatidyltransferase activity (2) and 
by the acylation of 1-acyl-sn-glycero-3-pho- 
sphorylinositol (1-acyl GPI) via acyl-CoA : l-acyl 
GPI acyltransferase activity as found in micro- 
somal preparations from liver (3) and brain (4). 
Liver microsomal preparations from various 
animals have acyltransferases which can acylate 
both 1- and 2-acyl-sn-glycero-3-phosphorylcho- 
line (2-acyl GPC) to form PC (5). 

The purpose of the work described herein 
was to document the acylation of 2-acyl-sn- 
glycero-3-phosphorylinositol (2-acyl G P I ) v i a  
acyl-CoA:2-acyl GPI acyltransferase activity in 
rat liver microsomes which results in the 
formation of PI. The relative rates of entry of 
palmitate and stearate into PI by the latter 
reaction were determined and compared to 
those for the corresponding enzymatic reaction 
in PC synthesis. 

MATERIALS AND METHODS 

The unlabeled acyl-CoA esters were obtained 
and characterized as described previously (3). 
The [ 1-14 C] palmitoyl-CoA, [9,10-3H(N)]- 
stearoyl-CoA, and [1-14C]oleoyl-CoA were 
purchased from the New England Nuclear Corp. 
(Boston, MA) and diluted with nonlabeled 

acyl-CoA derivatives to the desired specific 
radioactivities. PI and PC were isolated from rat 
liver by thin layer chromatography (TLC) as 
described elsewhere (6). 

For the preparation of 2-acyl GPI, hepatic PI 
(1.7 #mole) was incubated at 22 C in 1 ml of 
100 mM borate buffer (pH 7.0) containing 12.5 
mM CaC12 to which was added 500 /21 of 
diethyl ether and 200 /21 of a lipase Type IX 
suspension from Rhizopus arrhizus (Sigma 
Chemical Co., St. Louis, MO). The latter 
preparation contained 0.4 mg of protein in 3.2 
M (NH4)2SO 4 solution (pH 7.0). After an 
incubation period of 60 rain, 1 ml of ethanol 
was added, and the mixture was extracted four 
times with 2 ml of petroleum ether (30-60 
B.P.)-diethyl ether (1: I ,  v/v). The 2-acyl GPI 
was extracted from the residual aqueous phase 
using 2 ml of chloroform, and aliquots were 
taken for quantitation by gas liquid chromatog- 
raphy (6). The 2-acyl GPI was used within 2-3 
hr as a substrate for the acyltransferase. The 
preparation of 2-acyl GPC from PC utilized 
identical conditions to the above except that 
digestion times were 30 rain in duration. The 
yields of 2-acyl GPI and 2-acyl GPC were 78 + 
8% (mean -+ S.E., n = 5) and 72 -+ 5%, respec- 
tively, of theoretical values. 

Liver microsomes were prepared from male 
Wistar rats exactly as described (7). Microsomal 
protein was measured by the method of Lowry 
et al. (8). 

Unless indicated otherwise in the text, the 
standard incubation mixture for monitoring 
acyl-CoA:2-acyl GPI acyltransferase activity 
contained 32 /2M 2-acyl GPI, 16 /2M mixed 
acyl-CoA (8 /2M [14C]palmitoyl-CoA plus 8 
/2M [3H]stearoyl-CoA) containing 5,000-9,000 
cpm/nmole, and 20/2g of microsomal protein in 
500 /21 Tris-HC1 buffer (pH 7.4). Incubations 
were conducted at 37 C in a shaking water bath 
for 1 or 2 rain after which the reaction was 
terminated and P1 formation was determined 
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TABLE I 

Fatty Acid Composition of Phosphatidylinositol and 
2-Acyl-sn-Glycero-3-Phosphorylinositol 

Fatty a c i d s  Phosphatidylinositol a 2-Acyl-sn-Glycero-3-Phosphorylinositol a 

1 6 : 0  8.1 2 .6  + 0.5 
1 8 : 0  45 .2  4 ,3  + 0 .6  
1 8 : 1  2 .2  1.6 -+ 0 .2  
1 8 : 2  2 .4  5 .4  -+ 0.1 
2 0 : 2  1.8 3.5 -+ 0.1 
2 0 : 3  3.5 5 .3  -+ 0.2 
2 0 : 4  31 .7  6 4 . 4  -+ 1.2 
2 2 : 5  1.4 4 .0  -+ 0 .2  
2 2 : 6  2 .4  6 .3  +- 0 . 4  

aValues are given as mole % of the total. Any fatty acid contributing <1% has been 
omitted from the table. Data for the 2-acyl GPI are means -+ S.E. (n=5). 
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FIG. 1. The formation of PI in relation to the 
amount of microsomal protein in the incubation 
medium. D, total (1-palmitoyl plus 1-stearoyl species); 
e, 1-palmitoyl species; o, 1-stearoyl species. 

by liquid scintillation counting following TLC 
(6). Substitution of 2-acyl GPC for 2-acyl GPI 
in the assay mixture was employed when 
measuring acyl-CoA:2-acyl GPC acyltransferase 
activity. 

To confirm the positional location of the 
radioactive fatty acids in the product, 0.8 pmole 
of carrier was added, and the PI was hydrolyzed 
with phospholipase A 2 from Crotalus adaman- 
teus  (Sigma Chemical Co., St. Louis, MO). The 
phospholipid was dispersed in 3 ml of diethyl 
ether containing 1% by volume of 50 mM 
Tris-HC1 buffer (pH 7.4), 5 mM CaC12, and 
lipase (0.4 mg of lyophilized powder). After a 
digestion period of  8 hr at 22 C, the distribu- 
tion of  radioactivity among the reaction pro- 
ducts (1-acyl GPI and free fatty acids, was 
assessed following TLC (6). In the case of PC 
hydrolysis, 0.25 mg of the lipase preparation 
and a digestion period of 10 min were em- 
ployed. 

R ESU LTS 

Table I shows that the saturated fatty acids 

" (palmitate plus stearate) represented 53% of the 
total acids in hepatic PI, but only 7% of those 
in the 2-acyl GPI. The major unsaturated acid, 
arachidonate, represented 32% and 64% of the 
acids in the total PI and in the 2-position, 
respectively, in good agreement with previous 
findings (1,9). The saturated fatty acids con- 
tributed 42% to the total PC but only 7% to the 
2-acyl GPC; the latter contained oleate (8%), 
linoleate (32%), arachidonate (32%), and 
docosahexaenoate (12%) as the major un- 
saturated acids. 

Figure 1 gives the relationship between 
microsomal protein concentration and PI 
formation from 2-acyl GPI and a mixture of  
[14C]palmitoyl-CoA plus [3H]stearoyl-CoA 
under standard incubation conditions (see 
Materials and Methods). The amount of palmi- 
tate and stearate utilized for PI synthesis 
increased when the protein was increased from 
10 /ag to 40/ag per incubation. The amount of 
PI formed in the absence of  added 2-acyl GPI 
was 5% or less of that formed under standard 
assay conditions. Hydrolysis of the newly 
formed PI with phospholipase A 2 revealed that 
at least 90% of the labeled palmitate and 
stearate were incorporated into the 1-position. 
Control experiments with 2-acyl GPC revealed 
that 97% of the radioactivity fatty acids were 
esterified to the 1-position of  the newly synthe- 
sized PC. When [14C] oleoyl-CoA was the acyl 
donor, 92% of this labeled unsaturated acid was 
found associated with the 1-position of the PI 
and PC when 2-acyl GPI and 2-acyl GPC, 
respectively, served as acyl acceptors. 

An increase in acyl-CoA:2-acyl GPI acyl- 
transferase activity was observed with an 
increase in 2-acyl GPI concentration (Fig. 2a) 
from 8 to 64 ~tM. Regardless of 2-acyl GPI or 
acyl-CoA concentration (8 to 64/aM), stearate 
was preferred by 1.6 to 2.3-fold over palmitate 
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FIG. 2. The effect of (a) 2-acyl GPI and (b) acylCoA concentration on the formation of PI. Explanation of 
symbols as in Figure 1. 

T A B L E  II 

U t i l i za t ion  o f  P a t m i t a t e  a n d  S t e a r a t e  f r o m  A c y l - C o A  M i x t u r e s  fo r  A c y l a t i o n  o f  
2 - A c y l - s n - G l y c e r o - 3 - P h o s p h o r y l i n o s i t o l  o r  2-Acyl-sn-Glycero-3-Phosphorylcholine 

S y n t h e t i c  r a t e  a, n m o l e / m i n / m g  p r o t e i n  

P h o s p h o l i p i d  1 - P a l m i t o y l  1 -S t ea roy l  Se lec t iv i ty  
f o r m e d  species  species  T o t a l  i n d e x  

E x p t .  l PI 6 .33  • 1 .04  8 .95  -+ 1.21 1 5 . 2 8  • 2 .19  0 .70  -+ 0 .07  b 
PC 17 .01  -+ 1.52 13 .74-+  1 .17 30 .75  • 2 .68  1 .24  +- 0 .01  

Exp t .  2 P1 5 .32  -+ 0 .95  6 .64  • 0 ,75  1 1 . 9 6  • 1 .66  0 .76  -+ 0 . 0 8  c 
PC 7 .11  +- 0 .66  10 .01  -+ 0 . 7 3  17 .12  + 1 .38 0 . 7 0  + 0 .02  

aVa lues  f o r  E x p t .  1 (n=5)  a n d  E x p t .  2 (n-6)  are  m e a n s  -+ S.E. The  t o t a l  a c y l - C o A  (4 
/~M p a l m i t o y l  plus 4 #M s t ea roy l )  w a s  8 #M in E x p t .  1 a n d  Exp t .  2 ;  t h e  acy l  a c c e p t o r  w a s  
32 # M  a n d  8 /sM in E x p t .  1 a n d  E x p t .  2,  r e spec t i ve ly .  T h e  se lec t iv i ty  i n d e x  equa ls  ( r a t e  o f  
p a l m i t a t e  e n t r y / r a t e  o f  s t e a r a t e  e n t r y ) ;  a n  i n d e x  g r e a t e r  o r  less t h a n  u n i t y  i nd i ca t e s  e n z y m e  
se lec t iv i ty  f o r  p a l m i t a t e  o r  s t ea ra t e ,  r e spec i tve ly .  All m e a n s  in t h e  ve r t i ca l  c o l u m n  u n d e r  
se lec t iv i ty  i n d e x  are s i g n i f i c a n t l y  d i f f e r e n t  (P < 0 . 0 1 )  f r o m  1 .00  w h e n  a n a l y z e d  s t a t i s t i c a l l y  
b y  S t u d e n t ' s  t - t es t  (10) .  

b S i g n i f i c a n t l y  d i f f e r e n t  f r o m  PC in E x p t .  1 (P < 0 ,01 ) .  

CNot s i g n i f i c a n t l y  d i f f e r e n t  f r o m  PC in E x p t .  2 (P > 0 .01) .  

by the acyltransferase when these two acids 
were presented as equi-molar mixtures of their 
thiolester derivatives (Figs. 2a,2b). 

Multiple experiments were conducted with 
different microsomal preparations to compare 
the selectivities of the 2-acyl GPI and 2-acyl 
GPC acyltransferases for palmitate versus 
stearate (Table tl). With acyl acceptor and 
donor maintained at 32/~M and 8/aM, respec- 
tively, stearate was preferred in PI formation 
and palmitate in PC synthesis. Stearate was 
selectively utilized over palmitate for the 
biosynthesis of both PC and PI when both 
acceptor and donor were fixed at 8/aM. 

DISCUSSION 
The present results provide direct evidence 

for the acylation of 2-acyl GPI in rat liver 
microsomes via acyl-CoA:2-acyl GPI acyltrans- 
ferase activity. The preferential association ( )  
90%) of newly incorporated saturated and 
unsaturated fatty acids with the 1-position of 
both PI and PC indicates that the 2-acyl GPI 
and 2-acyl GPC preparations used as enzyme 

substrates were not subject to significant acyl 
migration. The moderately selective utilization 
of stearate over palmitate by the acyl-CoA: 
2-acyl GPI acyltransferase (Table II) suggests 
that it may partly contribute to the preponder- 
ance of stearic acid over palmitic acid in the 
1-position of PI isolated from rat fiver (1,9). 
The 1-stearoyl species of PI can also originate 
from CDP-diacylglycerol, which contains a 
significant amount of this acid (11), via CDP- 
diacylgiycerohinositol phosphatidyltransferase 
activity (2). However, the much higher ratio of 
stearate:palmitate in hepatic PI relative to 
CDP-diacylglycerol (11) supports the potential 
importance of deacylation-reacylation reactions 
at the level of PI for stearate entry into this 
latter phospholipid. The conversion of P1 to its 
monoacyl derivative has been demonstrated in 
mammalian tissues (12). The greater selectivity 
exhibited by the acyl-CoA:2-acyl GPI acyl- 
transferase for stearate over palmitate relative 
to the acyl-CoA:2-acyl GPC acyltransferase 
under certain conditions (Table II) may contri- 
bute to the preponderance of stearic acid 
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in the 1-position of PI relative to other phos- 
pholipids. 
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The Influence of Phthalate Esters on Human Plasma 
Lecithin/Cholesterol Acyltransferase 
M. LAGENTE, F. de L A  FARGE, and P. VALDIGUIE,  Laboratoire de Biochimie ,  
Facult~ de M~decine de Rangueil, chemin du Vallon, 31054 Toulouse Cedex, France 

A B S T R A C T  

The effect of various phthalate esters on the lecithin/cholesterol acyltransferase activity in man was 
studied in vitro. The enzymatic activity was strongly reduced with all phthalates except for the 
dimethyl phthalate. The inhibition rate depends on the phthalate concentration and also on the 
carbon number of the alkyl groups of phthalates. 

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

The intensive use in medicine as well as in 
foodstuff (1) of polyvinyl chloride materials 
plastified with phthalic acid esters results in the 
human body being contaminated by these 
phthalates. In fact, recent research works have 
shown that phthalates were present in blood 
stored in plastic bags (2) and in blood of 
patients with extracorporal circulations particu- 
larly during hemodialysis (3). Several authors 
(4) have found that rats fed phthalate esters 
had decreased cholesterol concentration in the 
blood. 

In order to define more accurately the 
influence of phthalate esters on the cholesterol 
metabolism in man, we have studied the action 
of various phthalates in vitro on the activity 
of the lecithin/cholesterol acyltransferase 
(LCAT). 

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

The blood came from voluntary donors 
whose ages ranged from 20 to 40 whose lipidic 
profiles were normal. 

The phthalates used were as follows: di- 
methyl phthalate (DMP), diethyl phthalate 
(DEP), diallyl phthalate (DAP), di-n-butyl 
phthalate (DBP), diethyl-2 hexyl phthalate 
(DEHP) and di-n-nonyl phthalate (DNP). Their 
chemical purity was checked by gas liquid 
chromatography. 

The plasma LCAT activity was determined 
in the presence of  each phthalate by the 
method of Stokke and Norum (5), and the 
results obtained were controlled by the method 
of Alcindor et al. (6). 

In the method of  Stokke and Norum (5), the 
radioact ive/  substrate was prepared as follows: 
plasma heated at 56 C for 30 min was incu- 
bated for 12 hr with 4 pCi of [4-~4C]choles - 
terol in a stabilized emulsion of albumin. The 
incubation mixture in each experiment con- 
sisted of  0.2 ml of plasma, 0.1 ml of  radioactive 
substrate and 0.7 ml of  buffer:Tris (0.01 M) 

EDTA (5 mM) NaC1 (0.15 M) at pH 7.40. The 
incubation was performed in a shaking water 
bath at 37 C for 4 hr and for 6 hr. Lipids were 
extracted according to FOLCH et al. (7). The 
lipid extract was separated by thin layer silica 
gel chromatography. The spots identified by 
autoradiography or more simply by iodine 
vapors were scraped and the esterification rate 
calculated by measuring the radioactivity of  
each in a Packard-Tri-Carb 2425 instrument. 
The phthalates were used with increasing 
concentrations from 1 to 25 /aM and, for each 
concentration, 3 tests and 3 control samples 
without any phthalate were run in parallel. 
After evaporation of  the solvent (heptane), the 
incubation mixture was added to the phthalate 
residue. 

The method of  Alcindor et al. (6) used 
[1-13H] cholesterol in plasma free of its light 
lipoproteins (LDL and VLDL) by precipitation 
with dextrane sulfate in presence of  CaC12. 
The incubation was stopped after 1 hr and after 
2 hr by propanol-2, and the esterification rate 
was obtained as in the previous method. 

INHIBITION (%) 

OEP DEHP 
METHOD OF ALCINDOR METHOD OF STOKKE 

/,~ ....... . M 
25pM 

6( tO M 

2.514M 

4( I~l ~ J ./ ts .M 
Ill / / / 1p~ 1pM 

20 !1///// , ,~ j  

; ; ,~ ; & T,M~ ,NCDB,,T,ON 
( HOURS } 

FIG. 1. Influence of incubation time on inhibition 
of LCAT activity. The DEP was studied by the 
method of Alcindor et al. (o-- e) (6) and the 
DEHP by the method of Stokke and Norum 
(* A) (5). 
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TABLE I 

Influence on LCAT Activity for 5 ~Moles of Phthalate Esters in the Incubation Mixture 

DMP DEP DAP DBP DEHP DNP 

S a A b S A S A S A S A S A 

LCAT 
activity 24.2 70.2 74.4 69.1 59.1 39.6 64.4 50.6 48.2 54.2 40.5 38.2 

% inhibition 

aMethod of Stokke and Norum (5). 
bMethod of Alcindor et al. (6). 

RESULTS A N D  DISCUSSION 

All the  ph tha l a t e s ,  excep t  for  DMP wi th  low 
concen t r a t i ons ,  r educed  the  LCAT act ivi ty.  
Such resul ts  were c o n f i r m e d  b y  the  m e t h o d  of  
A lc indo r  et al. (6)  (Table  I). There  was a 
re la t ionsh ip  b e t w e e n  the  p h t h a l a t e  c o n c e n t r a -  
t ion  and  the  i n h i b i t i o n  rate .  Indeed, t h e  inhibi-  
t i on  quick ly  increased  w h e n  the  p h t h a l a t e  
c o n c e n t r a t i o n s  were low bu t  reached  a s teady  
s ta te  wi th  h igh  concen t r a t i ons .  This expla ined ,  
for  all ph tha l a t e s ,  t he  ex is tence  of  a very good 
loga r i thmic  t y p e  co r re l a t ion  b e t w e e n  the  
i n h i b i t i o n  rate  and  t he  p h t h a l a t e  c o n c e n t r a t i o n  
- accord ing  to the  m e t h o d s  and  the  p h t h a l a t e  
es ter  types ,  t he  cor re la t ion  coef f ic ien ts  were 
f luc tua t ing  b e t w e e n  0 .82 and  0.99.  The incuba-  
t ion  t ime  in f luenced  the  i n h i b i t i o n  ra te  of  
the  e n z y m e  act ivi ty  on ly  for  t he  low p h t h a l a t e  
c o n c e n t r a t i o n s  as s h o w n  in Figure 1. For  the  
h igh p h t h a l a t e  concen t r a t i ons ,  the  m a x i m u m  
i n h i b i t i o n  was near ly  reached  in 4 h r  using 
the  m e t h o d  o f  S tokke  and  N o r u m  (5) and  in 1 
h r  w i th  the  m e t h o d  of  A lc indor  et  al. (6). 

Taking  in to  a c c o u n t  such  i n c o n t e s t a b l e  
e n z y m e  inh ib i t i on ,  several p rob l ems  can be  
discussed. The  p h t h a l a t e  i m p a c t  u p o n  the  
LCAT m e c h a n i s m  of  ac t ion  mus t  be first 
considered.  Our  first results  showed  tha t  the  
i n h i b i t i o n  was compet i t ive .  A p p a r e n t l y  there  is 
some c o m p e t i t i o n  for the  e n z y m e  b e t w e e n  
leci th in ,  wh ich  is the  LCAT na tura l  subs t ra te ,  
and  the  p h t h a l a t e  molecule  in te r fe r ing  t h r o u g h  
one  o f  its two  es ter  bonds .  

The  i n h i b i t i o n  ac t ion  is i m p o r t a n t  for  all t he  
ph tha l a t e s  t es ted  excep t  for  the  DMP wi th  
small  concen t r a t i ons ,  wh ich  was also observed  
by  Bell et al. (4). The i n h i b i t i o n  ra te  varies 
wi th  p h t h a l a t e  c o n c e n t r a t i o n s  un t i l  i t  makes  a 
s teady  level for  h igh c o n c e n t r a t i o n s ,  bu t  i t  also 
seems to d e p e n d  o n  the  c a r b o n  n u m b e r  o f  the  
alkyl  groups  of  the  i n h i b i t o r  since, for  ins tance ,  
a 5 /JM p h t h a l a t e  c o n c e n t r a t i o n  of  DEP gives 
74.4% i n h i b i t i o n  and  40 .5% only  wi th  DNP. 

The pa tho log ica l  aspect  of  such i n h i b i t i o n  of  
an  i m p o r t a n t  e n z y m e  such as LCAT in the  
choles te ro l  m e t a b o l i s m  is still to  be def ined  

more  precisely.  Ph tha la t e  ra tes  have b e e n  
f o u n d  (3) in pa t i en t s  wi th  per iodica l  hemodia l -  
ysis for  w h o m  precoc ious  a therosc leros is  can be  
observed.  Such expe r imen t s  in v i t ro  will have  to  
be compared  wi th  the  resul ts  o b t a i n e d  in vivo 
on  f r equen t ly  p h t h a l a t e - c o n t a m i n a t e d  m e n  
because  o t h e r  pa tho log ica l  ef fects  have been  
d iscovered  such as t he  decrease of  t he  squa lene  
synthes is  (8),  t he  t e ra togen ic  ac t ion  in ra ts  (9)  
or  t he  ever increas ing a b o r t i o n  f r e q u e n c y  in 
w o m e n  (10).  

CONCLUSION 

The ph tha l a t e - i nh ib i t i ng  ac t ion  u p o n  the  
e n z y m a t i c  act ivi ty seems to  have been  d e m o n -  
s t ra ted  t h a t  it depends  on  t he  p h t h a l a t e  concen-  
t r a t i on  and  also on  the  c a r b o n  n u m b e r  o f  the  
alkyl  groups o f  p h t h a l a t e  esters. The wide- 
spread d i s t r i bu t ion  o f  these  po l lu t an t s  and  t he  
f r equency  and the  ser iousness of  vascular  
diseases wi th  l i pop ro t e in  p e r t u r b a t i o n s  jus t i fy  
t he  s tudy  and  t he  d e v e l o p m e n t  of  the i r  rela- 
t ionships .  
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Isoflavones and Hypercholesterolemia in Rats 
R.D. SHARMA, National Institute of  Nutr i t ion, Indian Council of Medical Research, 
Jamai Osmania (P.O.), Hyderabad - 500 007, A.P. India 

ABSTRACT 

Isoflavones isolated from three commonly used pulses such as Bengalgram (Ocer arietinum), 
greengram (Phaseolus aureus) and blackgram (Phaseolus mungo) and p-coumaric acid were supple- 
mented to hypercholesterolemia-inducing diet of rats. Among isoflavones, Biochanin A and Formono- 
netin showed hypolipidemic activity but diadzein did not; p-coumaric acid also produced a significant 
reduction in serum cholesterol levels. 

INTRODUCTION 

Although enough experimental data has 
accumulated to show that Bengalgram (1-5) 
(Citer arietinum) can lower serum cholesterol, 
the mechanism of action is, as yet, not fully 
clear. Excretion of fecal bile acids and neutral 
sterols has been reported to increase after its 
ingestion indicating that there may be increased 
catabolism of cholesterol (3). It has also been 
suggested that Bengalgram may contain Bio- 
chanin A and Formononetin,  both of which 
have estrogenic property, and that these are the 
active compounds, since rats fed these do show 
lowered levels of serum cholesterol (5). Dor- 
mant seeds of Bengalgram do not contain these 
isoflavones, but they are found in germinated 
seeds, presumably synthesized during germina- 
tion (6) The hypocholesterolemic effect of 
Bengalgram is seen even with the use of un- 
germinated seeds (1-3), and this suggests two 
possibilities: (a) the seeds contain precursors of 
isoflavones which, during ordinary cooking 
conditions, are transformed to active com- 
pounds, or (b) the precursors themselves have 
cholesterol-lowering activity. Results of some 
studies have shown that p-coumaric acid is a 
precursor of isoflavones (7). Recently other 
legumes such as blackgram (8), soybean (9) 
and kidneybean (10) have also been found to 
have hypocholesterolemic activity. Studies 
were, therefore, undertaken to determine the 
isoflavone profile and content of Bengalgram 
and two other commonly used pulses effect of 
cooking and home processing on isoflavone 
content of Bengalgram, and effect of incorpora- 
ting these isoflavones or their precursor to diets 
of rats to titrate their effects on serum and 
tissue lipids. 

METHODS 

Commercial varieties of Bengalgram (C. 
arietinum), greengram (Phaseolus aureus) and 
blackgram (Phaseolus mungo) were germinated 
for 72 hr. Fifty g samples of  germs in duplicate 
from each type of seed were extracted with 

85% hot methanol. The alcoholic extract was 
evaporated under vaccum to a thick slurry and 
taken up in 100 ml of 70% alcohol, extracted 
with petroleum ether (5 x 150 ml), the aqueous 
alcoholic phase separated and concentrated 
under reduced pressure to remove all the 
alcohol. The residue was repeatedly extracted 
with ether (6 x 150 ml), adding each time a 
small amount of NaC1 crystals. The combined 
ether extract was dried over anhydrous sodium 
sulphate, filtered, and evaporated to dryness to 
obtain the crude isoflavone fraction. With 
respect to germ weight, the yield varied be- 
tween 0.15 to 0.18% in all the pulses studied. 

Separation of Isoflavones on Sephadex - G25 

Sephadex G 2 s (fine particles, size 20 to 80 
/J) was allowed to swell in 0.1 M aqueous 
ammonium hydroxide overnight and made into 
a column 45 x 1 cm diameter. 

The crude fraction was dissolved in aqueous 
NH4OH as described by Nilsson (11). The 
ammoniacal solution (1 ml) was applied at the 
top of the column and eluted with 0.1 M 
NH4OH at a flow rate of 1 ml/min. The absorp- 
tion of  eluted samples was recorded at 280 nm 
using a Beckman DB 2 spectrophotometer.  A 
graph was plotted with extinction as abscissa 
and serial number of tubes as ordinate (Fig. 1). 

Identification of Isoflavones 

Fractions under eack peak were pooled 
separately and lypholyzed. The residue was 
crystallized in alcohol at room temperature. 
Identification of each isoflavone was made on 
the basis of Silica Gel G thin layer chromatog- 
raphy using propyl alcohol/ammonia (10:3) as 
eluant, melting point, infrared and ultraviolet 
spectrum. 

Estimation of Isoflavones 

The fractions containing individual isofla- 
vones were combined, and the amount of each 
isoflavone was measured in a Beckman DU2 
spectrophotometer  against a blank (0.1 M 
ammonium hydroxide solution). Authentic 

535 



536 R . D .  S H A R M A  

17-- 

I.S-- 

14 

l a  

qa, 

La 

0.~-- 

0a. 

0.1- 

~.�9 

x~ _ UNt~ENrlFIEO 

X z - Olt~ZZ~H 

X 3 ~ ~A~ENSEIN 

X - FORMO.0NErl. 
X5 - BIOC.ANIN 

* ~ 6 ~ ~ 3 n ~ S S S 

SERIAL NUMBER OF TU~ES 

FIG. 1. Elution profile of isoflavones from bengalgram. 

standard solutions of individual isoflavones 
were also measured likewise at maximum 
absorption. 

Isolation and Identification of  P-Coumaric Acid 

The isolation of p-coumaric acid was carried 
out in the same manner as for isoflavones. The 
ether soluble fraction (isoflavone crude) was 
subjected to thin layer chromatography using 
Silica Gel G as absorbent and n-propyl alcohol/ 
ammonia (10:3) as eluant. An authentic sample 
of p-coumaric acid was run concurrently. The 
spots on the chromatogram were located by 
ultraviolet light (Mineral light - 365 X nm) and 
with spray reagents, diazotized sulphanilic acid 
being most suitable. 

Effect of Cooking, Digestion and Home 
Processing on Isoflavone Content of  Bengalgram 

Bengalgram was subjected to the following 
processing and the isoflavone content was 
determined: cooked 100 g of dry Bengalgram 
seeds boiled in 300 ml of water for 15 min; 
cooked and digested - the seeds cooked as 
described above and subjected to in vitro 
digestion for carbohydrate and proteins (12); 
home processed - seeds soaked for 24 hr in 
water and then boiled. 

EXPERIMENTAL STUDY 

A total of 84 male albino rats of  the Insti- 
tute's colony, weighing between 120 to 150 g, 
were used to evaluate the effect of crude 
isoflavone fractions obtained from various 
pulses on lipid levels. The animals were divided 
into 7 groups of  12 animals each. During the 
first 4 weeks, animals in all the groups were fed 
a hypercholesterolemia-inducing diet (H.I.D.) 

which consisted of  % (w/w) casein 15.0; sucrose 
66.6; hydrogenated vegetable oil 10.0; salt 
mixture (13) 4.0; cellulose 2.0; cholesterol 1.0; 
and cholic acid 0.2. From week 5 onwards, 
Group-A was continued on the H.I.D. alone, 
while the diets of  groups B, C, and D were 
supplemented with 0.15%, 0.07% and 0.030% 
(w/w) crude isoflavone fraction isolated from 
Bengalgram. Diets of groups E and F were 
supplemented with 0.15% isoflavones obtained 
from greengram and blackgram, respectively. 
Group G received 0.15% of p-coumaric acid. 
Food and water were supplied ad lib. 

Each rat was caged separately and a record 
of daily food consuption was maintained. 
Animals were weighed once a week. After 12 
weeks on this dietary regimen, all animals 
were sacrificed; 4 to 6 ml of  blood drawn by 
direct cardiac puncture and the liver, heart, and 
aorta removed. Serum cholesterol, both total 
and free, were estimated by the method of 
Zlatkis et al. (14), serum lipid phosphorus by 
that of Fiske and Subbarow (15), and trigly- 
cerides by the method of Van Handel and 
Zilversmit (16). Lipids from liver, heart, aorta 
were extracted using the Folch (17)technique,  
and total cholesterol and its fractions, lipid 
phosphorus and triglycerides were estimated by 
the methods used for serum. 

RESULTS A N D  DISCUSSION 

In Figure 1 is depicted the elution profile of 
isoflavones from Bengalgram. Fractionation of  
isoflavones using Sephadex G25 column has 
certain advantages. The contaminants in the 
crude extract are eluted before the isoflavones; 
the various components are clearly separated, 
and there is no mixing of  one component with 
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TABLE I 

Concentration of Isoflavones and p-Coumaric Acid in Various Pulses a 
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Isoflavones (mg per 100 g of germ) P-coumaric 
Pulses Pratensein Daidzein Formononetin Biochauin A acid 

Bengalgram 4.8 • 1.2 5.1 • 0.8 44.1 -+ 7.2 98.6 • 11.6 D 
Greengram ND 80.7 • 10.6 ND ND ND 
Blackgram ND 88.0 • 7.8 ND ND D 

aValues are means • S.D. of 6 samples run in duplicate; D detected in mg concentration; 
ND not detected.  

the others. Recoveries of individual compounds 
from known amounts of isoflavones were 
satisfactory. The mean percentage recovery and 
standard deviation for each isoflavone obtained 
from five separate determinations over a range 
of  100 - 200/2 g were as follows: Biochanin A, 
98 + 5.6; Formononetin,  92  +- 3.1; Daidzein, 85 
+ 2.2; Pratensein, 85 + 3.5. 

The melting point and spectral data of 
various isoflavones isolated from these pulses 
were determined and the constants agreed well 
with those reported in the literature (18). 

In Table I is presented the concentrations of 
isoflavones and p-coumaric acid in the three 
germinating pulses used in the experiment. 

Bengalgram (germ) contained all the four 
isoflavones tested, while greengram and black- 
gram contained only diadzein. These two pulses 
did not contain any methylated isoflavones. 
P-coumaric acid was detected in bengalgram 
and blackgram, but not in greengram. 

Seeds of  bengalgram, which were subjected 
to soaking for 24 hr and then boiled (i.e., home 
processed), contained 12 to 20 mg of isofla- 
vones per 100 g of dry seeds, while seeds 
which were not soaked, but cooked or cooked 
and digested in vitro did n o t  contain any of 
these four compounds. 

EXPERIMENTAL STUDY 

Weight gain and daffy diet consumption in 
the various groups of rats were essentially 
similar. 

As shown in Table II, supplementation of 
diets with crude isoflavone isolated from germs 
of Bengalgram at a level of 0.15% in the diet 
was found to significantly reduce (P<.01) 
the elevated serum cholesterol levels in rats fed 
the H.I D. This was due mainly to a reduction 
in the ester fraction. Levels of lipid phosphorus 
and triglycerides in serum were unaffected. 
These findings are similar to those reported by 
Siddiqui and Siddiqui (5). The effect on lipids 
was dose dependent with no change in animals 
fed diets containing the two lower levels of 
crude isoflavones (0.075% and 0.030%). 

The addition of crude isoflavone obtained 
from greengram had no effect on either choles- 
terol or triglyceride levels, but significantly 
lowered phospholipid concentration (P<.05). 
On the other hand, the addition of crude 
extracts from blackgram lowered both total 
c h o l e s t e r o l  and ester cholesterol fractions. 
However, only the reduction in the ester 
fraction was statistically significant (P<.05). 

Addition of p-coumaric acid to the H.1.D. 
(Group-G) resulted in a significant reduction in 
both total and esterocholesterol levels (P<0.01 
and P<~0.001, respectively). Lipid phosphorus 
and triglycerides were not affected. 

The liver, heart and aorta lipids did not  alter 
significantly (P>0.05) in any group as c o m -  
pared to that of the control group. 

Data presented here confirm a previous 
observation that germinating seeds of Bengal- 
gram lower serum cholesterol levels (19). Crude 
isoflavones obtained from Bengalgram consisted 
mainly of Biochanin A and Formononetin,  
both of which are estrogen-like compounds, 
and are most probably the active compounds 
which lowered serum cholesterol. Diadsein does 
not appear to possess hypocholesterolemic 
property, as evidenced by the fact that isolates 
from germs obtained from greengram and 
blackgram, when included in the diets of  
animals, did not reduce total serum cholesterol 
levels although some reduction in the ester 
fraction was seen. In another study recently 
completed in which pure Biochanin A, For- 
mononetin and diadzein were fed separately to 
triton-treated rats, similar results were obtained 
(to be published). The hypocholesterolemic 
property of Biochanin A and Formononetin 
may be due to the presence of a methoxyl 
group in ring B (Fig. 2). 

Methylated flavonoids are not only resistant 
to bacterial attack in the intestine, but are also 
biologically more active than their methyl-free 
counterparts (20,21). The mechanism of 
hypocholesterolemic action is not clear. 
Probably the several phenolic groups present in 
the isoflavone molecule enhance its affinity 
towards lipids and proteins, thereby affecting 
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Ho ~ o c H  3 
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FIG. 2. Molecular structures of isoflavones isolated 
from pulses. 
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FIG. 3. Derivation of coumestrol (analogous to 
stilbestrol) by rearrangement of 2-hydroxy daidzein 
corresponding to daidzein. 

l i pop ro t e in  me tabo l i sm in the  an imal  sys tem.  
A d d i t i o n  of  crude ex t rac t  ob t a ined  f rom 

bengalgram and  b lackgram resul ted  in r e d u c t i o n  
of  es ter  cholesterol .  It is n o w  cons idered  t h a t  it 
r epresen ts  a p ro tec t ive  m e c h a n i s m  against  
d e v e l o p m e n t  of  a theroselerosis .  

Ester i f ied choles te ro l  in the  fo rm of  low 
dens i ty  l ipopro te in  (LDL)  en te r s  the  s m o o t h  
muscle  cells of  the  arteries and,  i f  in excess,  
accumula tes  wi th in  the  cell. I t  triggers cell 
p ro l i fe ra t ion  and  s u b s e q u e n t  disease process  
(22) .  

The oestrogen-l ike  act ivi ty  o f  i sof lavones  is 
cons idered  to  be due  to  the  presence  o f - C  = O 
group  in ring-C, which  af te r  r ing closure 
assumes a s t ruc tu re  resembl ing  t ha t  of  stil- 
bes t ro l  (23).  The  es t rogenic  act ivi ty  ranged 
B iochan in  A < diadzein  < F o r m o n o n e t i n  (24)  
(Fig. 3). 

I t  would  thus  appear ,  t h a t  the  hypocho l e s -  
t e ro lemic  p rope r ty  and es t rogenis i ty  are t w o  
separate  en t i t i t e s  and  t h a t  these  func t i ons  are 
d e p e n d e n t  u p o n  two  d i f fe ren t  groups  p resen t  in 
the  molecules .  

Isof lavones  f rom bengalgram fed at  the  
lower  level (0 .075% and  0 .030%)  could  n o t  
reduce  choles te ro l  s ignif icant ly .  E x t r a p o l a t i o n  
of  these  f indings  to  m an  ind ica te  t ha t  one  has  

to  c o n s u m e  very large a m o u n t s  of  ge rmina t ing  
seeds to have the  desired ef fec t  on  choles terol .  
This,  however ,  is con t r a ry  to s tudies  in man ,  
where in  hab i t ua l  a m o u n t s  (3)  of  even nonger -  
m i n a t i n g  bu t  h o m e  processed seeds have been  
s h o w n  to  lead to  h y p o c h o l e s t e r o t e m i a .  

In this  con tex t ,  the  obse rva t ion  t h a t  the  
add i t i on  of  p -coumar ic  acid in  the  H.I .D. of  rats  
resu l ted  in a s ignif icant  r e d u c t i o n  in cho les te ro l  
levels becomes  relevant .  The  presence  of  this  
c o m p o u n d  in crude  ex t rac t  o b t a i n e d  f rom 
benga lgram and  b lackgram acquires  f u n c t i o n a l  
s ignif icance at least  in par t  for  the i r  h y p o -  
cholesterolemic act ivi ty .  P r o b a b l y  it  expla ins  
also t he  d i f fe ren t  e f fec ts  of  diets  E and  F, w h e n  
t hey  b o t h  con ta in  same isof lavone.  Pheno l i c  
acids can be conver t ed  in to  m e t h y l  derivat ives 
by  liver enzymes ,  t h e r e b y  increas ing t h e i r  
b iological  act ivi ty (25) .  A p p a r a n t l y ,  pulses and  
o t h e r  vegetar ian  foods  migh t  con ta in  pheno l i c  
acids in relatively lesser a m o u n t ,  bu t  m a n y  
o t h e r  c o m p o u n d s  p resen t  in the  diet  may  
c o n t r i b u t e  to  this  acid poo l  in  an imal  systems.  
F l avono ids  could  be ca tabol ized  to  such  aro- 
ma t i c  acids by  mic robes  in the  lower  in te s t ina l  
t r ac t  and  be  abso rbed  (26).  The  average daily 
i n t ake  of  f lavonoids  t h r o u g h  Western  diets  is 
more  t han  one gram. 
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Variations in the Molecular Species of Lung Phosphatidylglycerol 
GOROH OKANO and TOYOAKI AKINO, 1 Department of Biochemistry, 
Sapporo Medical College, Sapporo 060, Japan 

ABSTRACT 

Approximately 20% of the phosphatidylglycerol of the lung tissue of several animals was found to 
have both fatty acids saturated. Pulmonary washings from the lung of the rabbit and guinea pig had 
more saturated phosphatldylglycerol than the washed lung tissue. Lung-saturated phosphatidylglycerol 
was relatively low in the perinatal period, a time during which saturated phosphatidylcholine 
accumulated predominantly. This suggests that the metabolism of the saturated species of lung phos- 
phatidylcholine and phosphatidylglycerol, which are considered to be the major pulmonary 
surfaetants, may not be regulated in the same manner, at least in the perinatal lung. 

INTRODUCTION 

Phosphatidylcholine, especially the dipal- 
mitoyl species, is a major surface active compo- 
nent  of pulmonary surfactant, the material 
which stabilizes the pulmonary alveoli againt 
collapse (1). Recently, it has been noted that 
another phospholipid, phosphatidylglycerol, 
may make an important contribution to the 
surface activity of the pulmonary surfactant 
(2-4). This is supported by the following 
findings: (a) phosphatidylglycerol is one of the 
characteristic lipids in lung surfactant fraction 
(5-7); (b) the lipid associated with the apopro- 
rein isolated from canine surface active material 
showed a high content of phosphatidylglycerol 
(32% of tota l ) (8) ;  and (c)phosphatidylgiycerol 
from the lung lavage of the Beagle dog had 
surface tension lowering properties similar to 
dipalmitoyl phosphatidylchoiine (2). However, 
discrepant observations on the fatty acid 
patterns of phosphatidylglycerol isolated from 
the lung surfactant of various mammalian 
species have been presented. Some reports (2,6) 
described it as highly saturated, while others 
(5,9) found that its degree of saturation was 
much lower than that of phosphatidylcholine. 
However, no other reports have appeared on 
the molecular species of lung phosphatidyl- 
glycerol other than our original description of 
rat lung tissue (10). That study revealed that 
phosphatidylglycerol and diacylglycerol have 
considerable amounts of saturated species 
(20-22% of total). The present paper further 
describes the molecular composition of lung 
phosphatidylglycerol from several mammalian 
species. Furthermore, the molecular composi- 
tion of phosphatidylglycerol in rat lung was 
compared with that of phosphatidylcholine in 
the perinatal lung, in which the content of 
saturated phosphatidylcholine has been known 
to change predominantly (11). 

1To whom correspondences should be addressed. 

EXPERIMENTAL PROCEDURES 

Animals 

Rats were maintained on a regular Oriental 
diet (Oriental Co., Tokyo) prior to the experi- 
ments. The composition of the diet was as 
follows: 6% safflower seed oil, 48% starch, 25% 
casein, 8% cellulose, 5% sucrose, 8% salt mix- 
ture and 2% vitamin mixture. The fatty acid 
fraction of safflower seed oil was 77% in 
linoleic acid. Rabbits and guinea pigs were 
maintained on a regular diet supplied by Japan 
Kurea Co., Tokyo. The content of fat in the 
diet was 3.3%, 43% of which was linoleic acid. 
Lungs from cows and pigs were obtained from a 
slaughterhouse. Fetuses and newborns of rats 
were obtained as described previously (11). 
Alveolar washings of rabbits and guinea pigs 
were collected by the lavage procedure using 50 
ml of 0.9% saline five times for rabbits and 15 
ml five times for guinea pigs. The lung washing 
was centrifuged at 600 x g for 10 rain to 
remove cellular debris. 

Preparation of Pure Glycerolipids and Resolution 
of the Glycerolipids into Molecular Species 

Lung tissues were homogenized and ex- 
tracted according to the method of Folch et al. 
(12). The lipid of the washing was extracted by 
the method of Bligh and Dyer (13). The lipid 
classes were separated by column chromatog- 
raphy on DEAE-cellulose into neutral lipids, 
neutral phospholipids and acidic phospholipids 
as described elsewhere (10,14). Individual 
glycerolipid was further purified by thin layer 
chromatography (TLC). 1,2-Diacylglycerol 
eluted with chloroform from the column was 
isolated by means of TLC on Silica Gel G plates 
with a solvent system of hexane/ether/acetic 
acid (50:50:1, by vol). Phosphatidylcholine 
eluted with methanol from the column was 
purified as described previously (14). After the 
elution of phosphatidylserine with acetic acid 
followed by methanol washing of the column, 
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T A B L E  I 

Fatty Acid Compos i t i on  of  Lung  Phospha t idy lg lyce ro l  in Various  M a m m a l i a n  Species a 

Pig (5) b Cow (4) Rabbi t  (4) Guinea  pig (5)  

F a t t y  Whole lung Whole lung Washed Washed 
acid tissue tissue Washing Lung  Washing lung 

14:0 0 , 6 •  0 , 6 •  0 . 9 •  0 . 4 •  1.6 c 1 . 6 •  
16:0 2 7 , 1 •  3 4 . 4 •  6 1 . 7 •  2 9 . 0 •  52.8 3 6 . 5 •  
16:1 2 , 3 •  1 . 0 •  3 . 3 •  2 . 5 •  1.4 6.6 6 . 4 •  
18:0 2 1 , 1 •  1 5 . 2 •  4 . 7 •  1 9 . 3 •  8.3 1 7 . 6 •  
18:1 3 4 . 2 •  3 7 . 3 •  2 4 . 7 •  2 7 . 0 •  26 .0  2 3 . 5 •  
18:2 6 . 5 •  2 . 5 •  4 . 0 •  7 . 5 •  3.6 4 . 9 •  
18:3 0 , 8 •  2 . 4 •  - -  , 1 . 3 •  0.3 1 . 7 •  
20:1 0 , 8 •  0 . 6 •  --- 1 . 4 •  0.2 0 . 2 •  
20 :3  1 . 0 •  1 . 1 •  --- 1 . 0 •  0.6 0 . 4 •  
2 0 : 4  3 , 4 •  2 . 7 •  - -  3 . 9 •  - -  3 , 2 •  
2 2 : 4  0 . 8 •  0 . 9 •  - -  2 . 7 •  - -  1 . 6 •  
22:5  0 . 5 •  1 . 0 •  - -  3 . 0 •  - -  0 . 9 •  
22 :6  0 . 8 •  0 . 6 •  - -  1 . 0 •  --- 0 . 8 •  

aValues  are the m e a n  -+ S.D., expressed  as pe rcen t  of  to ta l  f a t ty  acid in the mix tu re .  Minor 
c o m p o n e n t s  have  been o m i t t e d .  

b N u m b e r s  in paren theses  are n u m b e r s  o f  an imal  ana lyzed .  

CThe values  were  o b t a i n e d  f r o m  pooled  samples  f r o m  five cases. 

the remaining acidic lipids were eluted with 
chloroform/methanol (2:1) containing 2% of 
28% aqueous ammonia. Phosphatidylglycerol 
was then purified by TLC on Silica Gel H using 
a solvent system of chloroform/methanol/7N 
ammonia (65:35:5, by vol). Phosphatidyl- 
glycerol was eluted from the gel with chloro- 
form/methanol/formic acid/water (97:97:4:2, 
by vol) as described by Rooney et al. (5). The 
yield of phosphatidylglycerol in this isolation 
procedure was 2.8% (mean of five rat lungs) for 
total lipid phosphorus. In order to determine 
the content of phosphatidylglycerol, the acidic 
lipid fraction was separated by two dimensional 
TLC using solvent systems of chloroform/ 
methanol/conc, ammonia (65 : 30: 5, by vol) in x 
dimension and chloroform/acetone/methanol/ 
acetic acid/water (4:3:1:1:0.5,  by vol) in y 
dimension (15). After detection with iodine 
vapor, the phosphorus of the phosphatidyl- 
glycerol spot was directly determined. Phospha- 
tidylglycerol and phosphatidylcholine thus 
obtained were converted into 1,2-diacylglycerol 
by phospholipase C from Bacillus cereus and 
Clostridium welch• respectively. The 1,2-di- 
acylglycerol formed from the phospholipids 
was extracted three times from the incubation 
mixture with ether. The ether extracts were 
evaporated under nitrogen and immediately 
acetylated with acetic anhydride and anhydrous 
pyridine. The diacylglycerol acetates were 
purified and recovered as described by Kuksis 
et al. (16). The diacylglycerol acetates were 
resolved into molecular species according to the 
degree of unsaturation by means of argentation 
TLC. Silica Gel H plates containing 10% AgNO3 

were first developed to a height of 8 cm with 
chloroform/methanol (95:5), dried under nitro- 
gen, and then further developed to a height of 
18 cm with chloroform. The diacylglycerol 
acetates were recovered from the gel by the 
method of Arvidson (17). Each diacylglycerol 
acetate was isolated as the individual molecular 
species on gas liquid chromatography, using a 
pyrex column (50 cm x 4 mm o.d.)packed 
with 1% silicone OV-1 on Gaschrom Q at 290 
C. Peak identity of the diacylglycerol acetates 
was made by comparing with calibration 
standards composed of dimyristoyl, dipalmi- 
toyl, distearoyl and diarachidoyl acetates. 

Analytical Methods 

Phosphorus was determined by the method 
of Bartlett (18). The amount of diacylglycerol 
acetates was estimated by glycerol determina- 
tion according to the method of Van Handel 
and Zilversmit (19). The DNA content was 
determined by the method of Schneider (20) 
using samples homogenized in 10% trichloro- 
acetic acid. Fatty acid methylesters obtained by 
the BF3-methanol method (21) were analyzed 
on a 2 m x 4 mm o.d. pyrex column packed 
with 10% diethleneglycol succinate on Shima- 
lite W at 185 C, in conjunction with Shimadzu 
chromatopac E-1A. 

RESULTS AND DISCUSSION 

Table I shows results on the fatty acid 
analysis of lung phosphatidylglycerol from pig, 
cow, rabbit and guinea pig. Almost identical 
fatty acid profiles were noted in phosphatidyl- 
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T A B L E  II  

C o m p o s i t i o n  o f  Molecular  Classes o f  Lung  Phospha t idy lg lyce ro l  in Various  M a m m a l i a n  Species a 

Pig (5) b Cow (4)  Rabbi t  (4)  Gu inea  pig (5)  

Whole  lung Whole lung Washed Washed 
tissue t issue Washing lung Washing lung 

Phospha t idy lg lyce ro l  
con t en t  

( n m o l e s / m g  D N A )  104.5 + 12.2 121.3 -+ 18.6 19.0 + 5.1 r 92 .0  • 7.3 19.3 • 3.2 c 112.6 -+ 19.8 

Molecular  class 
(Percen t )  
Sa tu ra tes  15.5 + 1.0 15.8 + 3.0 28 .0  • 0.4 14.5 • 1.6 32.7 19.0 • 2.7 
Monoenes  57.5 + 2.1 59.1 • 3.6 58.1 • 1.1 60.2 • 3.3 58.4 53.4 • 4.2 
Dienes 1 (MM) d 7.7 -+ 2.3 8.8 • 1.8 4.0 -+ 0.9 6.4 + 0.7 6.2 6.8 • 1.2 
Dienes II  (SD)  a 4.9 • 2 .0 5.8 • 2 .0 4.6 • 0.2 10.5 • 1.7 9.7 -+ 2.3 
Polyenes  e 14.9 • 1.9 10.4 • 2.1 5.3 • 1.5 18.1 -+ 4.2 2.7 10.1 + 1.8 

aValues  are the  m e a n  -+ S.D., expressed  as pe rcen t  o f  to ta l  mo lecu l a r  class. 

b N u m b e r s  in paren theses  are n u m b e r s  o f  an imal  ana lyzed .  

CThe values  were  ob t a ined  on t he  basis o f  D N A  values  in the  w a s h e d  lung. 

dMM and SD represen t  m o n o e n o i c - m o n o e n o i c  and sa tu ra ted-d ieno ic  species,  respect ively .  

eThe  po lyenes  inc lude  t r ienoic ,  tetraenoic, p e n t a e n o i c  and hexaenoic species. 

f T h e  values  were  ob t a ined  f r o m  samples  poo led  f r o m  five cases. 

glycerol of  the lung tissue from the mammalian 
species. The major fatty acids were 18:1, 16:0 
and 18:0, in that order. As compared to the 
results reported for rat previously (10), lower 
16:0, 18:2, 20:4 and 22:6, but significantly 
higher 18:0 and 18:1 were noted. This dif- 
ference is probably due to the higher linoleate 
content  of  the diet used for rat. In all mam- 
malian species examined, ca. 50% of  the fatty 
acids of phosphatidylglycerol from the lung 
tissue were saturated. On the other hand, in the 
washings from rabbit and guinea pig, 16:0 
accounted for over 50%. This was also much 
higher than in the washed lung (29-36%). This 
fatty acid pattern of  phosphatidylglycerol from 
lung tissue and washings generally agrees with 
previously published data for this phospholipid 
(5,9). 

As seen in Table II, the amount  of phospha- 
tidylglycerol in lung tissue was in the range of 
105-132 nmoles/mg DNA among mammalian 
species examined. Approximately  one-fifth of  
the phosphatidylglycerol in lung tissue was 
found in the washings (rabbit and guinea pig). 
It has been observed that ca. one-tenth of phos- 
phatidylcholine in lung tissue occurs in the 
washings (22,23). Hence, phosphatidylglycerol 
seems to be distributed more in alveolar space 
than in tung tissue, as compared to phospha- 
t idylcholine distribution in the lung. 

Table II gives a comparison of  the propor- 
tion of  molecular classes, characterized by their 
degree of unsaturation, of lung phosphatidyl-  
glycerol from several mammalian species. The 
molecular class composition of phosphatidyl- 

glycerol from the lung tissue were similar to 
one another among pig, cow, guinea pig and 
rabbit.  The mostly predominant  molecular class 
was monoenes. These profiles of  molecular class 
composit ion agree with the findings on their 
fatty acid patterns. The percentages of satu- 
rated phosphatidylglycerol (15-19% of total)  in 
the lung tissue were not  significantly different 
among the mammalian species. The percentages 
of the saturated class in the washing of  rabbit 
and guinea pig were significantly higher 
(28-33%) than in the lung tissue (15-19%). The 
major individual molecular species of  saturated 
phosphatidylglycerol was the dipalmitoyl com- 
pound in all samples examined (Table III). 
Palmitoyl-myristoyl and palmitoyl-stearoyl 
species were in small quantities. This analysis of 
molecular species of lung phosphatidylglycerol 
is in good agreement with the tendency ob- 
tained with the molecular species of lung 
phosphatidylcholine,  i.e., little variation in 
saturated species concentration among mam- 
malian species and a higher content  of  saturated 
species in pulmonary washing than in lung 
tissue (23). However, the degree of  saturation 
of lung phosphatidylglycerol seems to be lower 
than lung phosphatidylcholine.  In rat lung 
tissue, the percentage of saturated phospha- 
t idylchohne is 33-35% (10,14,24,25), while 
that of saturated phosphatidylglycerol is 22% 
(10). Rooney et al. (5) also described that  50% 
of  the fatty acids in phosphatidylglycerol are 
saturated, but over 60% in phosphatidylcholine 
are saturated in rabbit pulmonary wash. On the 
other hand, King et al. (8) reported that the 
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T A B L E  I I I  

C om pos i t i on  o f  Major Ind iv idua l  Molecular  Species o f  Lung  Phospha t idy lg lyce ro l  
in Various  M a m m a l i a n  Species a 

Pig (5)  c Cow (4) Rabbi t  (4) Guinea  pig (5)  

Molecular  Molecular  Whole lung Whole lung Washed Washed 
classes species b tissue tissue Washing lung Washing lung 

Satura tes  1 6 : 0 / 1 4 : 0  1.3 • 0.2 0.8 • 0.2 2.8 + 0.6 1.5 + 0.3 2.3 d 1.5 -+ 0.4 
1 6 : 0 / 1 6 : 0  12.3 + 0.3 13.9 + 0.4 23.1 • 0.7 12.0 • 0.4 30.1 17.1 +- 1.2 
1 6 : 0 / 1 8 : 0  0.8 -+ 0.2 1.1 -+ 0.3 2.0 • 0.6 1.0 • 0.3 0.3 0.3 • 0.1 

Monoenes  16 :0 /16 :1  1.8 -+ 0.2 3.8 -+ 1.0 9.8 -+ 0.5 6.9 • 1.1 9.6 6.4 -+ 0.8 
16 :0 /18 :1  19.5 • 3.0 42 .4  • 2.9 45.5 -+ 3.4 33.8 • 4.1 17.6 31.1 • 4.2 
18 : 0 /18 :1  27.2 + 3.1 12.9 • 3.7 2.8 -+ 0.4 17.3 • 4.7 1.1 15.8 -+ 3.7 

Dienes I (MM) 16 :1 /18 :1  3.1 + 0.7 1.6 + 0.4 0.2 -+ 0.1 0.5 • 0.2 1.2 • 0.4 
18 :1 /18 :1  4.4 +- 0.6 7.1 -+ 0.5 1.2 • 0.1 3.0 • 0.3 6.2 5.4 • 0.6 

Dienes II  (SD) 1 6 : 0 / 1 8 : 2  2.4 • 0.1 4.2 • 0.4 4.1 • 0.1 6.7 +- 0.9 6.9 +- 1.2 
18 : 0 /18 :2  2.1 • 0.3 1.6 -+ 0.4 0.5 -+ 0.1 3.7 • 0.8 2.7 • 1.1 

Polyenr  e 14.9 +- 1.9 10.4 -+ 2.1 5.3 • 1.5 18.1 • 4.2 2.7 10.1 • 1.8 

aValues are the  m e a n  • S.D., e x p r e s s e d  as pe rcen t  o f  total  molecu la r  species. Minor mo lecu l a r  species have  
been  o m i t t e d .  

bNo posi t ional  specif ic i ty  is impl ied  in the  s y m b o l i s m  o f  mo lecu la r  species. 

CNumbers  in pa ren theses  are n u m b e r s  o f  animals  ana lyzed .  

d T h e  values  were  ob t a ined  f r o m  samples  poo led  f r o m  five cases. 

eThe  po lyenes  include t r ienoic ,  t e t raenoic ,  pen taeno ic  and hexaeno ic  species. 

11,000 dalton apoprotein isolated from canine 
lung surface active materials contains a 
uniquely high content of phosphatidylglycerol 
(32%), the fatty acid composit ion of which is 
similar to phosphatidylcholine,  containing 16:0 
as the major fatty acid (65-70%). The physio- 
logical function of phosphatidylglycerol in 
pulmonary surfactant system remains un- 
known. Hallman and Gluck (26) suggest that,  
although phosphatidylglycerol is not an es- 
sential component  required for formation of 
the surfactant complex, it is highly important  
for improving the properties of surfactant, 
particularly after birth. 

The developmental changes of  the per- 
centage of molecular classes different in their 
unsaturation degree of  rat lung phosphatidyl-  
glycerol, phosphatidylcholine and diacylglyc- 
erol are given in Table IV. The developing 
profile of  molecular species of  lung phospha- 
tidyigiycerol was significantly different from 
that  of phosphatidylcholine,  particularly in the 
saturated species. The concentration of satu- 
rated phosphatidylcholine increased sharply 
during the lat ter  stages of  fetal development. In 
contrast, the concentration of  saturated phos- 
phatidylglycerol was very low at the perinatal 
periods and increased gradually from perinatal 
periods to adult. These results indicate that the 
content of saturated phosphatidylglycerol  was 
significantly lower in the perinatal stages when 
saturated phosphatidylcholine accumulated pre- 
dominantly in accordance with the appearance 
of  Type II cells in the lung (27). This does not  

suggest that saturated phosphatidylglycerol is a 
primary component  of  surfactant necessary for 
air-breathing immediately after birth. These 
results agree with the findings on lung sur- 
factant phospholipids of rabbits reported by 
Hallman and Gluck (26), which indicated that 
the most prominent  acidic surfactant phospho- 
lipid of fetal lung is phosphatidylinositol  and 
that phosphatidylglycerol appears at term and 
increases after birth. 

Table IV also shows data on the molecular 
species of lung diacylglycerol during perinatal 
development. Interesting is the finding that, 
although rather high proport ions of  polyenes 
were found in diacylglycerol, the developing 
profile of the saturated species was very similar 
to that of saturated phosphatidylglycerol,  but 
different from that of  saturated phosphatidyl- 
choline. These findings suggest that the satura- 
ted phosphatidylglycerol may be synthesized via 
phosphatidic acid (28) in the perinatal lung if the 
pattern of molecular species of diacylglycerol 
analyzed can be taken to reflect that of phospha- 
tidic acid. Several investigators (14,29-31) have 
demonstrated that saturated phosphatidylcho- 
line may be synthesized by auxiliary mechan- 
isms from unsaturated lecithins formed via a de 
novo pathway and the synthesizing activity, 
especially lysophosphatidylcholine/lysophos- 
phatidylcholine transacylase, may increase 
predominantly in the last stages of gestation 
(11,30) in order to provide for the increase in 
dipalmitoyl  phosphatidylcholine in the lung. 
Present results further support the above idea, 
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TABLE IV 

Composit ion of  Rat Lung Phosphatidylglycerol ,  Phosphat idylchol ine 
and Diacylglycerol at Different Developmental  Periods a 

545 

Percent composi t ion 

Content  
(nmoles/mg DNA) b Saturates Monoenes Dienes Polyenes c 

Phosphatidylglycerol  
-3 day (2) ~1 18 11.5 41.9 12.0 34.6 
-1 day (3) 58-+ 4 14.6-+ 1.5 38.2 + 3.2 13.8-+ 1.2 33.4-+ 3.5 
+2 day (3) 52 • 3 18.5 -+ 1.2 34.4 + 3.0 15.3 +- 1.4 31.8 +- 3.6 
Adult  (4) 129 -+ 11 22.2 -+ 2.3 28.5 -+ 3.0 21.2 + 2.0 28.1 +- 2.5 

Phosphatidylcholine 
-3 day (2) 828 19.2 38.4 15.6 26.7 
-1 day (4) 1308-+ 24 28.7-+ 2.7 38.3 • 3.5 14.6-+ 2.8 18.5-+ 1.5 
+2 day (4) 1556 • 121 35.1 + 1.4 31.3 -+ 1.6 12.0 +- 1.3 21.6 +- 3.7 
Adult  (4) 1790 +- 194 33.5 -+ 3.8 23.8 -+ 1.0 16.2 -+ 1.8 26.5 +- 3.3 

Diacylglycerol 
-3 day (2) 11 15.6 24.9 11.3 48.1 
-1 day (2) 13 18.3 23.8 8.3 49.5 
+2 day (2) 18 19.4 22.3 12.4 45.9 
Adult  (4) 55 -+ 5 24.1 +- 3.9 19.9 -+ 1.3 16.1 -+ 0.8 39.9 -+ 8.4 

aValues are the mean +- S.D. 

bThe DNA values (mg/g wet  tissue) were 8.21 in -3 day, 8.41 -+ 0.21 in -1 day, 
6.20 + 0.51 in adult, respectively. 

CThe polyenes include trienoic, tetraenoie,  pentaenoic and hexaenoic species. 
dThe numbers in parentheses represent numbers of separate samples analyzed. 

9.96 -+ 0.85 in +2 day and 

since the developing profiles of saturated 
species of phosphatidylcholine and diacylglyc- 
erol are different and the rather lower amounts 
of saturated diacylglycerol may be unable to 
supply sufficient amounts of saturated phos- 
phatidylcholine via a de novo pathway alone. 

The results reported in the present commun- 
ication lead us to the idea that the metabolism 
of the saturated species of lung phosphatidyl- 
choline and phosphatidylglycerol, which can be 
considered to be the major pulmonary sur- 
factants, may not be regulated in the same 
manner,  at least in the perinatal lung. 
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Incorporation of Deuterium-Labeled cis- and trans-9- 
Octadecenoic Acids in Humans: Plasma, Erythrocyte, and 
Platelet Phospholipids 
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Agricultural Research, Science and Education Administration, U.S. Department of Agriculture, Beltsville, 
MD 20705 and J.M. IACONO, Marketing, Nutrition and Engineering Sciences, Agricultural Research, 
Science and Education Administration, U.S. Department of Agriculture, Washington, DC 20250 

ABSTRACT 

The objective of this study was to follow the uptake and distribution of oleic and elaidic acids into 
human erythrocytes, platelets, and plasma phospholipids. The use of dual and triple labeling 
methodology permitted a precise comparison of elaidic and oleic acid utilization. Elaidic acid (El) was 
selectively concentrated in all the plasma phospholipids except for lysophosphatidylcholine. Three 
times more elaidic than oleic acid (O1) accumulated in the l-acyl position of phosphatidylcholine, as 
determined by hydrolysis with phospholipase A 2. Rapid incorporation and removal of elaidate were 
observed for all samples. These results support the concept that enzymes responsible for acylation of 
phospholipids are sensitive to double bond configuration and the physical properties of the fatty acid 
moieties. Labeled fatty acid levels in red cell and platelet phospholipids were much lower than for 
plasma phospholipids, indicating a relatively slow rate for the in vivo incorporation of fatty acids into 
blood cell membrane phospholipids. No isotope effect was found when oleic acid labeled with 
deuterium on the double bond was used. 

Over 5.5 bi lhon lb .  of  vegetable oil is 
hydrogenated  annually for use in margarines, 
salad oils, cooking fats, and shor tening (1). This 
hydrogena t ion  process results in the fo rmat ion  
o f  ca. 15% trans and posi t ional  fat ty acid 
isomers (2-8). These oils are a major  source o f  
dietary fat, and it is es t imated the average 
American diet contains  ca. 8% trans fa t ty  acid. 
Metabolism and biological  effects  o f  isomeric 
fa t ty  acids have been studied in rats, monkeys ,  
chickens, swine, rabbits, and man. The uptake  
and deposi t ion o f  trans isomers into rat (9), 
swine (10), and human tissue (11) has been 
documented .  Specific geometr ic  and posi t ional  
fat ty acid isomers have been shown to be 
incorpora ted  into egg yo lk  lipids (12-14), 
human b lood plasma (15), rat l iver (16-20),  rat 
fetuses (21), rabbit serum lipids (22), and 
Escherichia coli membranes  (22-27). 

Hydrogenated  fats have been correla ted wi th  
an increase in serum cholesterol  and tr iglyceride 
levels in humans  (28-32), increase in fragility of  
e ry throcytes  (17), al terat ion of  the lipid 
t ransport  funct ion  o f  rat mi tochondr ia  (17), 
increase in essential fatty acid requirements  
(33-34), increase in long chain unsatura ted  
fat ty acids con ten t  of  rat phosphol ip id  
(35-36), increases in serum choles terol  levels in 

1The mention of firm names or trade products 
does not imply that they are endorsed or recom- 
mended by the U.S. Department of Agriculture over 
other firms or similar products not mentioned. 

swine (37) and rabbits (38,39),  al terat ions in 
membrane  func t ion  in E. coli (26,27),  and 
increase in rate of  de novo fat ty  acid synthesis 
f rom acetate  in rat liver (40). 

However ,  con t rad ic to ry  results have been 
repor ted  by several researchers. For  example,  
serum choles terol  levels in man  have been 
repor ted  bo th  to  be elevated and to remain un- 
changed by diets conta in ing hydrogena ted  fats. 
Long term feeding studies have indicated no 
change in the  growth,  reproduc t ion ,  longevity,  
or  size o f  mice and rats fed hydrogena ted  
fats (41-46). 

The  results repor ted  in previous investiga- 
t ions with human subjects have all involved 
hydrogena ted  fat that  is a mix ture  o f  isomeric  
fats. This s tudy specifically compares  the 
ut i l izat ion of  oleic to elaidic acid in human 
phosphol ipids  and is an extens ion  o f  previous 
data repor ted  for human  plasma neutral  lipids 
(47). 

EXPERIMENTAL 

Experimental Design 

The metabol i sm of  elaidic ( E l )  acid and 
oleic (O1) acid in man was compared  by 
feeding pairs of  deutera ted  analogues o f  these 
acids. In these dual-labeled exper iments ,  the  
deuter ium label on at least one  of  the pairs of  
fa t ty  acids was placed in a different  posi t ion,  
and the number  of  deu te r ium labels per mole-  
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T A B L E  I 

A m o u n t  and  I d e n t i t y  o f  Due te ra t ed  Tr io le in  and Tr ie la id in  Fed to  H u m a n s  

Tota l  w t  E 1/0It 
Subjec t  F a t t y  acid fed a fed (g) E l ( % )  01(%) ra t io  

1 E l -9 ,10 -d2  + 01-12 ,12 ,13 ,13-d  4 36.2 48 .7  51.3 0.95 
2 EI -8 ,8 ,11 ,1  l , -d  4 + 01-9,10-d 2 34.0 46.5 53.5 0.87 
3b E l - 1 3 , 1 3 , 1 4 , 1 4 - d 4  + 01-9,10-d 2 + 01-8 ,8 ,13 ,13 ,14 ,14-d  6 35.5 31.4 68 .6  c 0.91 

a E l  = elaidic  acid and 01 = ole ie  ac id ;  n u m b e r s  ind ica te  pos i t ion  of  d e u t e r i u m  on  the  acyl  cha in  o f  the f a t t y  
acid. 

b E l - d 4 / 0 t - d 6  ra t io  fed = 0.91 ; 01-d2/01 -d 6 ra t io  fed = 0 .98;  E l - d 4 / ( 0 1 - d  2 + 0 l-d 6) r a t io  fed - 0.46. 
CContains 34.0% 01-9,10-d 2 and 34.6% 01-8 ,8 ,13 ,13 ,14 ,14-d  6. 

cule of fatty acid was varied as shown in 
Table I. This technique was used to detect 
analytical or biological isotope effects due to 
the position or number of deuterium labels. In 
the case of the third subject, Ol-d2, Ol-d6, 
and El-d 4 were fed in a triple-labeled experi- 
ment in order to detect specific deuterium 
isotope effects that may occur because of the 
presence of deuterium on the 9,10-double bond 
position. In dual- and triple-labeled feeding 
experiments, the same analytical and biological 
variation must occur equally to both fatty acids 
since they are fed to the same subject at the 
same time. Each subject acts as his own control 
and thus, a comparison of E1 and O1 incorpor- 
ation and disappearance in a dual-labeled 
experiment is more accurate than if only 
one labeled fatty acid was fed to each subject. 
Consequently, the effect of dietary, genetic, or 
biological variation on comparison of fatty acid 
utilization is reduced in the dual-labeled experi- 
ments. 

Calculation of  selectivity factors. Selectivity 
factors for comparing the relative utilization of 
E1 vs. O1 can be calculated and used to indi- 
cate the preference for elaidic acid uptake 
compared to oleic acid. Such calculations are 
not simple for experiments in which a single 
fatty acid is fed to a limited number of sub- 
jects, because variations in the fatty acid 
metabolism between subjects can be so large 
that the results are not statistically significant. 
Selectivity factors used in this paper are calcu- 
lated by dividing the E1/OI ratio found in 
the lipid fraction by the E1/O1 ratio of the fed 
mixture. A selectivity factor greater than 1 
indicates preferential incorporation of elaidic 
acid, and a value less than 1 indicates prefer- 
ential incorporation of oleic acid. Selectivity 
factors are used also to compare data when 
subjects are fed mixtures containing different 
E1/O1 ratios. 

Deuterated Elaidic and Oleie Acids Fed 

Oleic acid-9,10-d2 (15), oleic acid-12,12,13, 

13-d 4 (15), oleic acid-8,8,13,13,14,14-d 6 (47), 
elaidic acid-9,10-d 2 (15), elaidic acid-8,8,11, 
l l-d 4 (47), and elaidic acid-13,13,14,14- 
d 4 (15) were synthesized and converted to their 
respective triglycerides as previously described. 

Feeding and blood sampling. Three male 
Caucasians, ages 23-27, were given mixtures of 
labeled triglycerides (Table I) emulsified with 
casein (30 g), dextrose (30 g), sucrose (15 
g), and water (200-250 ml). The subjects were 
medical students who were in good health as 
judged by their general appearance, no apparent 
illness, or congenital ailments. Their weight, 
blood pressure, serum cholesterol, and triglyc- 
eride levels were normal. The diets were not 
controlled before or after administering the 
deuterated triglycerides except that food was 
withheld l0 hr before feeding and the subjects 
ate nothing for 4 hr after consuming the labeled 
fats except for juice or coffee. The subjects 
were requested not to eat high-fat meals for 12 
hr after they drank the mixture of deuterated 
triglycerides. 

Blood samples (40 ml) were drawn at 0, 2, 4, 
6, 8, 12, 16, 24, and 48 hr intervals after the 
mixture was consumed, the 0-hr sample was 
used to determine fatty acid composition 
before the deuterated fat was ingested. Blood 
samples (50 to I00 ml) were also drawn at 6, 
12, and 24 hr for platelet isolation. Procedures 
for drawing blood samples, isolating red cells, 
plasma, and platelets, and extracting lipids have 
been described previously (15,48). 

Separation and Derivatization of Phospholipids 

The phospholipids were extracted (15)and  
separated by preparative thin layer chromatog- 
raphy (TLC) on 2-ram silica gel plates. A 
chloroform/methanol/petroleum ether/water 
(8:8:6:1) solvent mixture was used a s . t h e  
developing system (49). Phospholipid bands 
were visualized by exposing the edges of the 
TLC plates to iodine vapor. The bands were 
then identified by comparing them to authentic 
standards that were chromatographed on the 

LIPIDS,  VOL.  14, NO. 6 



UTILIZATION OF ELAIDIC ACID IN MAN 549 

same plate. The phosphol ipid  bands were 
scraped from the  TLC plate and ext rac ted  
two times f rom the  silica gel using 2 : 1 C H C 1 3 /  
MeOH fol lowed by a single ext rac t ion  with  
3 :5 :2  C H C 1 3 / M e O H / H 2 0  (50). Af te r  extrac- 
t ion o f  the  phosphol ipids  ei ther  f rom the  
b lood samples or  f rom silica gel, the  tempera-  
ture o f  the extract  was kept  below 30 C and 
never evaporated to dryness. All phosphol ipid  
extracts  were stored in 19:1 ch lo ro fo rm/  
methanol  at -25 C under  ni trogen.  These pre- 
cautions are required to prevent  phospholipid 
oxidat ion,  poor  resolut ion by TLC, and loss of  
sample. Ant ioxidants  were no t  needed to 
prevent  au tox ida t ion  if the samples were 
isolated according to the  above procedure.  

Phosphat idy le thanolamine  (PE), phospha-  
t idylserine (PS), phosphat idylchol ine  (PC), and 
lysophosphat idylchol ine  (lyso PC) were meth-  
ylated by mixing with  1 ml dry benzene and 2 
ml 5% HCl -me thano l ,  flushing with ni t rogen,  
and heating at 65 C for 2 hr  in screw-cap 
culture tube. Sphingomyel in  (SM) was meth-  
ylated by mixing with  1 ml dry benzene  and 2 
ml 10% H C l - m e t h a n o l  and heat ing at 65 C for 
5 hr  (51). 

Phospholipase A 2 hydrolysis  of  PC with 
Ophiophagus hannah venom (Ross Allen 
Repti le Inst i tute,  Silver Springs, F L ) w a s  used 
to remove  the 2-acyl fat ty acid (52). Products  
f rom the react ion mix ture  were purified by 
streaking the entire react ion mixture  on a 2 mm 
preparative silica gel TLC plate and developing 
with the  c h l o r o f o r m / m e t h a n o l / p e t r o l e u m  
e ther /water  (8 :8 :6 :1 )  solvent system. The 
lysophosphat idylchol ine  (PC-l )  and free fa t ty  
acid (PC-2) react ion products  f rom phospho-  
lipase A2 hydrolysis  of  PC were ext rac ted  f rom 
the silica gel, recovered,  and methy la ted  by the  
benzene-5% H C l - m e t h a n o l  procedure.  

Analysis of Phospholipids 

The methy l  esters o f  the separated phospho-  
lipids were analyzed for deuter ium-labeled fat ty  
acid con ten t  by combined  gas chromatography-  
mass spec t romet ry  (GC-MS) using selected ion  
moni tor ing  o f  the molecular  ion or  the molecu-  
lar ion-31 peaks. A Nuclide Model  12 90 DF 
mass spec t rometer  equipped with a silicon 
rubber  membrane  separator was employed  to 
separate the carrier gas f rom the fa t ty  me thy l  
esters. The small sample size and large number  
o f  analyses did no t  permi t  extensive repl icat ion 
and classic statistical analysis o f  the  data in 
Table II. The data was determined to be ac- 
curate  and significant because o f  three factors:  
(1) data p lo t ted  in Figures 1 through 6 yield 
curves which are generally smooth ;  (2) for 
those samples where there was sufficient  sample 

TABLE II 

Analysis of Plasma Phospholipids 

Selectivity 
Subject Phospholipid a Time, hr for E I b 

1 P E  6 1 . 5 0  
2 PE 8 1.55 
3 PE 6 2.82 c 

1 PS 8 0.80 
2 PS 12 1.08 
3 PS 8 2.29 c 

1 PC 12 1 . 4 0  
2 PC 12 1.08 
3 PC 16 1.54 c 

1 PC-I 12 3.39 
2 PC-1 16 3.25 
3 PC- 1 12 4.40 c 

1 PC-2 12 0.83 
2 PC-2 16 0.31 
3 PC-2 12 0.90 c 

1 S M  12 1 . 2 4  
2 SM 12 3.50 
3 SM 12 1.24 e 

1 Lyso-PC 8 0.73 
2 Lyso-PC 8 0.92 
3 Lyso-PC 8 4.35 c 

aphospholipid abbreviations: PE = phosphatidyl- 
ethanolamine; PS = phosphatidylserine; PC - phospha- 
tidyleholine ; PC- 1 = 1-acyl phosphatidylcholine ; PC-2 
-'- 2-acyl phospbatidylcholine; SM = sphingomyelin; 
Lyso-PC = lysophosphatidylcholine. 

bE1 = elaidic acid. 
eEl selectivities for subject 3 phospholipids are 

based on E l-d4/0 l-d 6 ratios. 

for  repficate analyses, the  replicates agreed 
within several tenths o f  a percent ;  and (3) the  
select ive- ion-monitor ing analytical  procedure  
has been extensively studied and found to be 
reliable (53). In a s tudy on the  accuracy of  the  
select ive- ion-monitor ing GC-MS procedure ,  nine 
replications were made for each o f  nine dilu- 
tions, which showed that  a linear regression line 
could be drawn through the  data  such that  the  
percent  relative standard deviat ion is equal  to 
2.2Vrw , where W equals the weight of  the  
deutera ted  fat ty  acid in the sample. If this same 
error  is projec ted  to Table II, the expec ted  
standard deviations would be in the  range o f  
0.2 to 0.9%, depending on the amount  o f  
sample available for analysis and the amount  o f  
/abel in the sample. The larger standard devia- 
t ion occurs for those samples containing the 
smallest amoun t  of  sample and lowest  percent-  
age of  deutera ted  fa t ty  acids. 

The total  fa t ty  acid profi le o f  the lipid 
fractions was de termined  on a Packard Model 
7400 gas chromatograph  equipped with  flame 
ionizat ion detectors  and a 6 ft X 4 mm 10% 
EGSS-X column.  Methyl  elaidate and me thy l  
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FIG. 1. Incorporation of deuterated oleic acid (O1) 
and elaidic acid (El) into plasma phosphatidylethano- 
lamine of three human subjects. The curves identified 
as O1, El ,  and "total label" give the percent deu- 
terated O1, El ,  and O1 + E1 contained in the total 
octadecenoate portion of the samples. See Table I for 
composition of the deuterated triglyceride mixture 
fed. 
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FIG. 2. Incorporation of deuterated O1 and E1 
into plasma phosphatidylserine of three human 
subjects. The curves identified as O1, El ,  and "total 
label" give the percent deuterated O1, El ,  and O1 
+ E1 contained in the total octadecenoate portion of 
the samples. See Table I for composition of the 
deuterated triglyceride mixtures fed. 

oleate were analyzed on a 20 f t x  4 mm 10% 
silar 10 C glass co lumn or a 20 ft X 4 mm 15% 
OV 275 glass column,  and their  percentages 
were calculated by integrat ion of  the peak 
areas. 

RESULTS AND DISCUSSION 

Uptake of Deuterated Fatty Acids by 
Plasma Phospholipids 

Plasma-PE. Plasma-PE data f rom all subjects 
in Figure 1 show a defini te  preference for 
incorpora t ion  of  elaidic acid compared  to oleic 
acid. Tota l  label curves in Figure 1 indicate 
a considerable variation in the up take  o f  
labeled fat by each subject. Deutera ted fat ty  

acids accounted  for 61.7% of  the oc tadecenoic  
acids in plasma-PE of  subject 1 compared  to 
19.4% for subject 3. These differences in to ta l  
uptake reflect variat ion in our  subjects due to 
unknown  causes. This variat ion did not  change 
the  enzyme specificity for double  bond config- 
urat ion since all subjects show similar selec- 
tivities for E l .  O l -d  2 and O l - d  6 curves in 
Figure 1 for subject 3 are similar and the 
O l - d 2 / O l - d  6 ratio is the same as in the fed 
mixture .  These data indicate the  enzymat ic  
reactions involved in plasma-PE synthesis are 
no t  changed by the  deuter ium on the  9,10- 
double  bond posi t ion o f  O l - d  2. 

Plasma-PS. O1 and E1 curves shown in 
Figure 2 for phosphat idylser ine (PS) f rom 
subjects 1, 2, and 3 indicate cont rad ic tory  
results. O1 curves for subjects 1 and 2 show a 
preference for oleic acid incorpora t ion ,  but  the 
O1 curves f rom subject 3 indicate a selection for 
elaidic acid. O l - d  2 and O l - d  6 curves in Figure 
2 for subject 3 show slightly less O l - d  2 is 
incorpora ted  than Ol -d  6 due to the deuter ium 
on the double bond. Because O1-9,10-d2 was 
fed to subject 2, the selectivity factor  for O1 
uti l izat ion may be slightly diminished by a 
small dueter ium isotope effect .  Maximum tota l  
labeled fat ty  acid incorpora t ion  is similar for all 
subjects in Figure 2 a l though the  general shapes 
of  the " to ta l  label"  curves are different.  As 
previously no ted  for plasma-PE, differences in 
the " to t a l  label"  curves are caused by u n k n o w n  
factors. Lack of  published data on labeled fat 
metabol ism in humans  prevents  comparison of  
these curves with the results of  o ther  studies. 
These results indicate a specifici ty that  varies 
from individual to individual for double  bond 
conf igurat ion similar to that  for plasma-PE, 
which is sensitive to  double bond configurat ion.  

Plasma-PC. Phosphat idylchol ine  data are 
given in Figure 3. The data are inconsistent  
since the preference for elaidic acid ut i l izat ion 
observed for subject 1 disappears in the data 
for subject 2 and is only  significant for the  16 
hr  sample in subject 3. Factors  such as diet or 
difference in metabol ic  act ivi ty or  s t imulat ion 
should have an equal  effect  on bo th  O1 and E1 
uti l izat ion and thus are not  expected  to cause 
these inconsistencies.  Variat ion in plasma-PC 
data may  reflect  differences in enzyme  specifi- 
cities, but  the  reason for al tered enzyme  
specificities be tween  subjects is unknown.  The 
shape of  the " to ta l  l abe l"  curves and the 
percentage of  labeled fat ty acid incorpora ted  
are similar except  for the dip in the E l - d  4 curve 
for the 12-hr sample from the third subject. 
The " to ta l  label"  curves suggest that  the overall 
lipid metabol ism of  the subjects are similar, but  
the E1 curves indicate  that  there are differences 
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in the three subjects' abilities to specifically 
utilize El .  

The El-d 4 content of the 12-hr sample from 
subject 3 in Figure 3 would need to be ca. 12% 
in order to form a smooth curve. The dip in the 
curve cannot be explained except to postulate 
that the elaidic acid was specifically mobilized 
to supply calories or for some other use. 

Plasma PC-1. Curves in Figure 4 represent 
the fatty acid in the 1-acyl position of phospha- 
tidylcholine. Analysis of the fatty acids in the 
o n e  position of  PC allows a more detailed 
understanding of the uptake of elaidate than 
can be obtained from the total PC data shown 
in Figure 3. Unfortunately the opportunity to 
analyze the positional fatty acids in all the 
phospholipid fractions was not available be- 
cause of  small sample size. The preferential 
incorporation of E1 into the 1-acyl position of 
PC is much larger than was found for total PC 
in Figure 3. These data are consistent with in 
vitro studies using rat liver enzymes (52,53) 
which showed that E1 is preferred over O1 as 
the substrate for 1-acyl-CoA:phospholipid acyl 
transferase acylation of the 1 position of PE 
and PC. These in vivo human studies confirm 
the validity of using the in vitro data to help 
predict the metabolism of isomeric fats in 
humans. 

Plasma-SM. Results of the sphingomyelin 
analyses are given in Figure 5, and comparison 
of the O1 and E1 curves indicates enzyme 
specificities for elaidic acid. As observed for the 
PE "total  label" curves in Figure l ,  the "total 
label" .curves in Figure 5 also show considerable 
variation. The 12-hr SM sample from subject 3 
in Figure 5 shows a large reduction in total 
deuterated fat uptake. This result cannot be 
explained, but it correlates with the reduction 
in the elaidic acid level in the 12-hr PC fraction 
for subject 3 in Figure 3. Differences in the 
total deuterated fatty acid percentages shown 
by the "total  label" curves reflect variation in 
the subjects' overall lipid utilization, which 
apparently has little effect on the preferential 
utilization of E1 or O1 since selectivity for E1 
incorporation occurred in all plasma-SM sam- 
ples. Only 2 data points are plotted for subject 
1 in Figure 5 because the GC-MS data were 
not accurate for the other data points due to 
small sample size and problems with the ester- 
ification procedure. No deuterium isotope 
effect for O1-9,10-d 2 incorporation into SM 
was detected based on the O l-d 2 and O l-d 6 
curves from subject 3 in Figure 5. 

Plasma Lyso-PC. GC-MS analyses of plasma 
lyso-PC samples are plotted in Figure 6. In this 
figure, selective incorporation of oleic acid into 
plasma lyso-PC was observed in subject 1 
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FIG. 3. Incorporation of deuterated O1 and E1 
into plasma phosphatidylcholine of three human 
subjects. The curves identified as O1, El,  and "total 
label" given the percent deuterated O1, E1 and O1 
+ E1 contained in the total octadecenoate portion of 
the samples. See Table I for composition of the 
deutrated triglyceride mixtures fed. 
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FIG. 4. Incorporation of deuterated O1 and E1 
into plasma 1-acyl phosphatidylcholine of three 
human subjects. The curves identified as O1, El, and 
"total label" give the percent deuterated O1, El, 
and O1 + E1 contained in the total octadecenoate 
portion of the samples. See Table I for composition of 
the deuterated triglyceride mixtures fed. 

and 2, but in contrast, a large selectivity for 
elaidic acid was found for lyso-PC data from 
subject 3. This inconsistency is similar to the 
one noted for the PS data in Figure 2 where the 
El selectivity was also reversed for subject 3 
compared to the other two subjects. The 
percent total labeled fatty acid found in the 
lyso-PC fractions varied from 20 to 43%. The 
shape of the total label curves was similar in all 
experiments. These data support the concept 
that incorporation of individual fatty acids into 
lyso-PC is effected by double bond configura- 
tion. However, these data also indicate that 
other factors, such as diet or differences in the 
subject's metabolism, may be involved in 
controlling the fatty acids utilized in synthesis 
of lyso-PC. 

S e l e c t i v i t y  F a c t o r s  

Selectivity factors are summarized in Table 
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FIG. 5. Incorporation of deuterated O1 and E1 
into plasma sphingomyelin in three human subjects. 
The curves identified as O1, El, and "total label" give 
the percent deuterated O1, El, and O1 + E1 contained 
in the total octadecenoate portion of the samples. See 
Table I for composition of the deuterated triglyceride 
mixtures fed. 
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FIG. 6. Incorporation of deuterated O1 and E1 
into plasma lysophosphatidylcholine in three human 
subjects. The curves identified as O1, El, and "total 
label" give the percent deuterated O1, El, and O1 + 
E1 contained in the total octadecenoate portion of the 
samples. See Table I for the composition of the 
deuterated triglyceride mixtures fed. 

II for individual phospholipid samples that 
contained the maximum amounts of labeled 
fatty acid. All phospholipids selectively incor- 
porated elaidic acid except for PS samples from 
subject 1, lyso PC samples from subjects 1 and 
2, and the 2-acyl phosphatidylcholine samples 
from all three subjects. The selectivity factors 
indicate that our third subject had a greater 
tendency to incorporate elaidic acid than the 
first and second subjects. The fact that elaidic 
acid is concentrated in many of the phospho- 
lipids indicates dietary elaidic acid may have a 
larger impact on the structure of the phospho- 
lipids than would be predicted based on the 
t rans  content of hydrogenated fats. 

Average E1 selectivity for the total PC 
samples listed in Table II is 1.34. E1 selectivity 
for the 1-acyl position of PC averages 3.7 
compared to 0.68 for E1 at the 2-acyl position. 
Since phosphatidylcholine: cholesterol acyl 
transferase utilizes the fatty acids from the 

2-acyl phosphatidylcholine position, the low E1 
content of the PC-2 samples is partly responsi- 
ble for the very low (0.19) E1 selectivity we 
previously reported for cholesteryl ester 
samples (48). Thus, incorporation of E1 into 
ptasma cholesteryl ester samples is limited by 
the reduced activity of 2-acyl-CoA:phospho- 
lipid acyl transferase and phosphatidylcholine: 
cholesteryl acyl transferase for utilization of E1 
as their substrate. This concept is supported by 
the low trans content of the cholesteryl ester 
samples from rabbits fed hydrogenated olive oil 
containing 37% E1 (55). 

trans-Octadecenoic Acid Percentages 

The total percent E1 (labeled plus un- 
labeled) in phospholipids containing the maxi- 
mum amounts of deuterated fatty acids was 
determined by gas chromatography and com- 
pared to the total percent E1 in the 0-hr 
phospholipid fractions (Table III). 

All 0-hr phospholipids from subjects 1 and 3 
contained unlabeled El .  The 0-hr samples from 
subject 2 contained considerably less El ,  and 
three of the phospholipid fractions (PC, PC-l, 
lyso PC) contained no unlabeled El .  The source 
of the E1 in these samples is probably hydrog- 
enated vegetable oil. In all subjects, the total 
percent E1 (labeled and unlabeled) increase 
after deuterated E1 was fed. Maximum E1 
levels in these phospholipid samples (see Table 
III) generally coincided with the maximum 
incorporation of deuterated E1 as determined 
by mass spectroscopy (see Figs. 1-6). In all the 
phospholipid samples, the total E1 determined 
by GC was equal to or greater than deuterated 
E1 as measured by mass spectrometry. This 
comparison of GC and MS data indicates there 
were no large errors in the mass spectrometry 
data since total E1 as measured by GC cannot 
be less than deuterated E1 if the mass spec- 
trometry data is correct. In most of the phos- 
pholipid samples, total E1 percentage was 
approximately equal to the 0-hr E1 percentage 
plus percent deuterated El .  The correlation 
suggests deuterated E1 is added to the undeu- 
terated E1 already present in the phospholipids. 
PC fractions generally contained less E1 in the 
0-hr samples than other 0-hr phospholipid 
fractions, and PC fractions also accumulated 
less total deuterated El .  PC-1 samples had large 
E1 percentages in the 12- and 16-hr fractions, 
which reflects the selective incorporation of E1 
into the 1-acyl position by 1-acyl-CoA'phos- 
pholipid transferase as mentioned earlier. 

Fatty acid compositions (16:0, 18:0, 18:1, 
18:2, and 20:4) in 0-hr samples were similar to 
the fatty acid compositions found at maximum 
deuterated fat incorportion after the data 
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TABLE III 

Percent trans-Octadecenoic Acid in Plasma Phospholipid 
Fractions at 0 hr and at Maximum Deuterium Incorporation 

553 

El a (%) 
Phospholipid a Subject (0 hr) 

El  a 

% Time, hr 

PE 1 10.7 37.2 6 
PE 2 4.8 32.9 6 
PE 3 9.6 17.4 6 

PS 1 11.0 21.6 8 
PS 2 8.5 24.2 12 
PS 3 12.5 38.0 8 

PC 1 2.6 13.6 12 
PC 2 0.0 16.0 12 
PC 3 4.7 15.0 16 

PC-1 1 13.1 37.9 12 
PC-I 2 0.0 26.6 16 
PC-I 3 12.0 25.0 12 

SM 1 19.3 35.0 12 
SM 2 ND b ND --- 
SM 3 13.1 16.7 6 

Lyso PC 1 15.1 37.0 8 
Lyso PC 2 0.0 20.0 8 
Lyso PC 3 7.1 19.5 8 

aAbbreviations the same as in Table 1I. 
bND = not determined. 

are normal i zed  for  the  increase  in deu t e r a t ed  
18:1.  Thus ,  increases in E1 percen tages  are the  
resul t  of  the  deu te ra t ed  E1 di lu t ing exis t ing 
fa t ty  acids and  are no t  the  resul t  of  select ive 
r ep l acemen t  of  any  one  fa t ty  acid in the  
phospho l ip id  samples.  

Platelet and Red Blood Cell Data 

Tota l  p la te le t  and  red b lood  cell (RBC)  
phospho l ip ids  were ana lyzed  by GC-MS for  
deu te ra t ed  fa t ty  acids and  for  to ta l  E1 by  GC. 
Tota l  deu te ra ted  fa t ty  acid i n c o r p o r a t i o n  in to  
p la te le t  phospho l ip ids  was low (4 to  6% of  the  
to ta l  oc tadecenoa tes ) .  Pla te le t  p h o s p h o l i p i d  
samples  (0-hr)  con t a ined  10-15% E l .  The  
deu te ra t ed  O1 and  E1 percen tages  as deter-  
m ined  by  GC-MS c o n t a i n e d  an error  o f - + 2 %  
and,  consequen t ly ,  were no t  accura te  e n o u g h  to  
pe rmi t  mean ingfu l  select ivi ty fac tors  to  be 
calculated.  The p o o r  accuracy  was caused by a 
c o m b i n a t i o n  of  small  to t a l  sample  size and  low 
levels of  deu t e r a t ed  fa t ty  acid i n c o r p o r a t i o n  
in to  t he  p la te le t  phosphol ip ids .  

Red  b l o o d  cell (RBC)  phospho l ip ids  con-  
t a ined  smaller  levels of deu te ra t ed  fa t ty  acids 
t h a n  the  pla te le t  phos pho l i p i d  samples.  Tota l  
deu t e r a t ed  f a t t y  acid pe rcen tages  in the  RBC 
phospho l ip ids  ranged f rom 0 to  4% of  the  t o t a l  
oc t adecenoa t e s  wi th  an  er ror  of  -+1.5%. These  
data  were n o t  useful  for  ca lcu la t ion  o f  mean-  
ingful  select ivi ty factors.  Data  s u m m a r i z e d  

in th is  sec t ion  provide  direct  ev idence  for  in 
vivo i n c o r p o r a t i o n  of  d ie tary  f a t ty  acids i n to  
pla te le t  and  RBC phosphol ip ids .  Since low 
levels (less t h a n  6%) of  deu t e r a t ed  fat  were 
f o u n d  in p la te le t  and  RBC phospho l ip ids ,  th is  
ind ica tes  t h a t  e i the r  i n c o r p o r a t i o n  of  deuter -  
a ted  f a t t y  acids or exchange  o f  p la te le t  or  RBC 
phospho l ip id s  for  p lasma phospho l ip id s  occurs  
dur ing  the  10- to  12-hr per iod  t ha t  p lasma 
phospho l ip ids  con ta in  over 10% d e u t e r a t e d  
fa t ty  acids. The  p ta te le t  and  RBC phospho l i p id  
data  f rom these  s tudies  are cons i s t en t  wi th  
previous  in vi t ro  inves t iga t ions  where  h u m a n  
RBC were i n c u b a t e d  for  3-5 h r  w i th  14C- 
labeled fa t ty  acids (56 ,57)  or  ra t  RBC wi th  
32p- labe led  phospho l ip id s  (58) .  These  in vi t ro  
s tudies  were no t  designed to de t e rmine  the  
to ta l  a m o u n t s  of  RBC phospho l i p id  f a t ty  acid 
t h a t  were replaced.  N e e h o u t  (59)  r epo r t ed  
fa t ty  acid prof i les  of  h u m a n  RBC phospho l ip id s  
were n o t  measu rab ly  changed  dur ing  i n c u b a t i o n  
wi th  l inoleic acid for  48 hr.  Our  data  provide  
d i rec t  evidence t ha t  f a t t y  acid i n c o r p o r a t i o n  
in to  h u m a n  RBC and  pla te le t  phospho l ip ids  
also occurs  in  vivo at an  e s t ima ted  ra te  of  2-8% 
per  24 h r  a l t h o u g h  the  ra te  may  be governed  by  
the  l ipid level of  the  plasma.  

The  to ta l  E1 percen tages  for  RBC to ta l  
phospho l ip ids  ranged f rom 0 to  15%, which  is 
a p p r o x i m a t e l y  the  same level as the  plasma-0 h r  
E1 percen tages  given in Table  lII. The  RBC 
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a n d  p l a t e l e t  d a t a ,  s u m m a r i z e d  in t h i s  s e c t i o n ,  
i n d i c a t e  t h a t  p h o s p h o l i p i d  c o m p o s i t i o n  o f  t h e  
R B C  a n d  p l a t e l e t  m e m b r a n e  p h o s p h o l i p i d s  
r e f l e c t s  t h e  p l a s m a  l ip id  f a t t y  ac id  c o m p o s i t i o n  
a n d  t h a t  t h e  s a m e  E1 se l ec t iv i t i e s  o b s e r v e d  fo r  
i n d i v i d u a l  p l a s m a  p h o s p h o l i p i d s  p r o b a b l y  o c c u r  
in p l a t e l e t  a n d  R B C  m e m b r a n e  p h o s p h o l i p i d s .  
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Uptake of [14C] Choline and Incorporation into Lung 
Phospholipid by the Isolated Perfused Rat Lung 
RODGER G. JOHNSON, MOIRA A. LUGG, and TERENCE E. NICHOLAS, Department of 
Human Physiology, School of Medicine, The Flinders University of South Australia, Bedford Park, 
S.A. 5042 and Department of Physiology, School of Medicine, University of Hawaii, Honolulu, 
Hawaii, USA 96822. 

ABSTRACT 

We have used the isolated perfused lung (IPL) preparation from the rat to determine whether 
uptake of choline from the vascular compartment could limit the rate of synthesis of phosphatidyl- 
choline (PC). The uptake of choline was rapid and did not saturate at a concentration of 10 raM. The 
rote of incorporation of choline into phospholipid was saturated above 0.1 mM choline. Whereas, 
uptake and incorporation were depressed at 4 C, uptake was neither dependent on the extraceUular 
sodium concentration nor inhibited by equimolar concentrations of hemicholinium-3 (HC-3). We 
could find no evidence that uptake might limit synthesis of lung lecithin and conclude that uptake is 
either by free diffusion, or by a carrier-mediated process with a very high Kin. 

INTRODUCTION 

[n the mammalian lung, more than 70% by 
weight of surfactant is phosphatidylcholine 
(PC) (1). The major route for the de novo 
synthesis of PC in the lung is via the incorpora- 
tion of choline, which in turn must either be 
derived from plasma or be reutilized after 
degradation of PC within the lung. Evidence for 
the first source is provided by Chevalier and 
Collet (2), who demonstrated that an intraperi- 
toneal injection of [3HI choline in mice was 
rapidly followed by the appearance of radioac- 
tive label in the alveolar type lI cells. Whereas 
the uptake of choline from the vascular com- 
partment of the lung has not  been investigated, 
choline uptake in other non-neural tissue is 
carrier-mediated (3-5). Moreover, inhibition of 
carrier-mediated transport of choline into rat 
brain synaptosomes has effectively inhibited 
the synthesis of acetylcholine (6-8). If choline 
uptake in tung is also carrier-mediated, we pos- 
tulate that the process may be rate-limiting in 
the biosynthesis of surfactant PC. In the 
present study, we have investigated the charac- 
teristics of choline uptake by the isolated 
perfused rat lung (IPL). 

METHODS 

Lungs from male Porton rats (200-250 g) 
were perfused at l0 ml/min with Krebs bicar- 
bonate solution containing 4.5% albumin and 
ventilated with 5% CO 2 in oxygen (9). In all 
cases, the lungs were perfused for 10 rain 
before [t4 C-choline was introducted. Sodium- 
free medium was prepared as previously re- 
ported (10). [3H-methyl] choline chloride (10.1 
Ci/mmol) and [14C-methyl] choline chloride 
(52 mCi]mmoI) were obtained from the Radio- 
chemical Centre (Amersham, England). 1-Pal- 

mitoyl-2-palmitoyl [ 9,10-3 H ] phosphatidylcho - 
line (20Ci/mmol)([3H]DPPC) was obtained 
from Applied Sciences Laboratories (State 
College, PA). The purity of labeled compounds 
was checked regularly by thin layer chromatog- 
raphy (TLC). TLC plates were scanned for 
radioactivity with a Berthold TLC scanner II 
(model LB273, Wildbad, Germany). Hemicho- 
linium-3(HC-3) was obtained from Aldrich 
(Milwaukee, WI). Unlabeled choline chloride 
was added to the standard medium containing 
[14C] choline when concentrations of 0.1 mM 
and greater were required. Choline chloride, 
dipalmit oyl-DL-a-phosphatidylcholine, mixed 
PCs and sphingomyelin were obtained from 
Sigma Chemical Co. (St. Louis, MO). All other 
chemicals and solvents were obtained from 
normal commercial sources. 

Lipids were extracted from the homogenized 
lung tissue by the method of Folch et al. (11), 
and samples for counting were taken from both 
aqueous and organic phases. Samples of the 
total lipid extract were applied to silicic acid 
columns (500-750 mg silicic acid in Pasteur 
pipets), and neutral lipids were eluted with 10 
ml chloroform. The phospholipid fraction 
was eluted with 10 ml methanol, dried at 35 C 
under reduced pressure, redissolved in methanol 
(200/~1), and duplicate samples (25/11) were 
taken for counting. Samples (I0/11) were 
spotted on precoated Silica Gel G TLC plates 
(Macherey Nagel, Germany). A standard carrier 
mixture of PCs was spotted as a marker with 
each sample, and [3Hi DPPC with unlabeled 
carrier was run separately as a reference 
standard. The plates were developed according 
to Gluck et al. (12). The identity of PC was 
checked by two dimensional TLC with a 
second solvent system (13). Lipid spots were 
visualized by exposure to iodine vapors or to a 
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FIG. 1. Uptake and incorporation of [14C] choline 
into phospholipid plotted against the duration of 
perfusion of the isolated rat lung with medium con- 
taining 10 uM [laC]choline at 37~ Each point 
represents the mean -+ SE of 5 -21 experiments. 
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FIG. 2. Rate of uptake and incorporation of 
choline into phospholipid by the isolated perfused rat 
1 o o - . ung at 4 C and 37 C plotted against chohne concen- 
tration in the medium. Each point represents the mean 
-+ SE of 4 - 7 five rain perfusions. 

spray of  aqueous 0.02% dichlorofluorescene. 
All areas of radioactivity were located and 
scraped directly into counting vials. The cpm in 
each spot were expressed either as a percent of 
total cpm in that lane, or were corrected for 
quench and recovery (see below) and expressed 
as percent of label recovered as PC. In most of 
the lung perfusions, recovery was determined by 
using [3H] DPPC as an internal standard. Either 
[3H] DPPC or [3H-methyl] choline were added 
during homogenization of the tissue. Hence, the 
efficiency of partitioning choline and PC was 
analyzed and the recovery of  PC was deter- 
mined at each step in the procedure. Positive 
identification of PC by TLC was facilitated by 

comparison of the migration of lung phospho- 
lipids with both the internal [3H]DPPC stan- 
dard standard and the standards run separately. 
Following extraction, the tissue residues were 
analyzed for radioactivity after oxidation in a 
Packard model 306 Tricarb Sample Oxidizer. 
Of the [3HI DPPC added as an internal standard 
and tracer, 93.9 -+ 0.7% (mean + SE, n = 117) 
was recovered. Spfllover of  tritium into the 
aqueous methanol phase was negligible. In five 
extractions, 86.9 + 1.1% of the added [3H- 
methyl] choline was recovered in the aqueous 
phase. Recovery of tritium from the oxidized 
tissue residue was 11.9 + 1.2% and spillover of 
choline into the extracted lipid phase was 
1.24 -+ 0.06%. 

All samples were counted for 10 min on a 
Searle Analytical Mark III Liquid Scintillation 
Counter (Amersham, England) using a dual- 
label program. Efficiency of counting was de- 
termined by referring the External Standard 
Pulse reading for each sample to previously 
prepared quench curves. 

R ESU LTS 

At 37 C the rate of uptake of choline by the 
IPL at the normal plasma choline concentration 
in the rat (10 ktM) (14) was 3.78 -+ 0.05 nmol 
min-1 g-1 wet weight (n = 21) and was linear 
with time for 30 min (Fig. 1). Incorporation of  
label into phospholipid did not attain steady 
state within 30 rain; however, after 5 rain of 
perfusion, the time-averaged rate was 1.02 
-+ 0.04 nmol rain -1 g-l (n = 21). Of the label 
recovered in the lipid fractions, 87.5-+ 2.7% 
(n = 15) was identified as PC. 

Figure 2 illustrates that during a 5 min 
perfusion the uptake of choline was linear with 
perfusate concentrations of up to 10 mM. A 
maximum incorporation of 10 nmol min-1 g-1 
occurred with 0.1 mM choline in the perfusate. 
At 4 C the rate of uptake was reduced to 50% 
and the rate of  incorporation reduced to 2% of 
the values at 37 C. 

The rates of uptake and incorporation 
during a 5 min perfusion with sodium-free 
medium at 37C and 10/aM choline were in- 
creased by 39 -+ 5% and 64 + 10%, respectively, 
over controls (p'(0.001). The inclusion of 
l0/aM HC-3 in the perfusion medium had no 
effect on the uptake or incorporation of 
choline into PC. 

Forty percent of  the [14C] label present in 
the lungs following a 5 rain perfusion with 
10/aM [14C]choline then appeared in the 
effluent following a subsequent 10 min perfus- 
ion with 10/zM unlabeled choline (Fig. 3). 
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LECITHIN SYNTHESIS 

D I S C U S S I O N  

We have shown that the uptake of choline 
from the vascular compartment of the IPL is 
rapid and does not saturate at near toxic 
concentrations of choline. This finding is 
consistent with earlier work of  Gardiner and 
Gwee (15) which demonstrated both a high 
tissue/plasma ratio of free choline in the rabbit 
lung and an ability of the lung to accumulate 
three times its free choline content within 3 
rain of an intravenous injection of 300 ~umol 
kg-1 choline. Furthermore, our results are 
consistent with those of Freeman et al. (16) 
who found that the uptake of choline by the 
brain was linear with the carotid arterial plasma 
level and was not saturated at concentrations of 
up to 10 raM. In addition, they found that 
infusion of choline increased the concentration 
of free choline in the brain and suggested that 
choline enters the brain by free diffusion or by a 
carrier-mediated process with a very high Km. 
Whereas they found a net release of  choline 
from the brain (17), the (2 H4)choline removed 
from the arterial plasma was not readily re- 
leased. Freeman et al. concluded that there is 
both a rapid uptake of  choline into the brain 
and a very rapid turnover of choline within the 
brain (16). 

If we assume that the free choline pool of 
the lung is similar in the rat and rabbit (15), 
then the free choline which entered the tissue 
of the IPL of the rat per min amounted to 1.2% 
of the total free choline pool. If we then 
subtract the amount of [14Clcholine which 
was incorporated into PC (27% per 5 rain 
perfusion), then the't issue pool of free choline 
would turn over every 10 hr. Even though the 
maximum amount of  free [14C] choline would 
amount to only 4.3% of the total free choline 
within the lung at the end of a 5 rain perfusion, 
55% of that label is lost to the effluent during a 
subsequent 10 min perfusion with unlabeled 
choline. This may reflect a rapid exchange of 
choline between plasma and the lung compart- 
ment which is a major source of  choline for PC 
synthesis. Although we did not measure labeled 
or unlabeled free choline in the effluent, we 
suggest that there may be a high rate o f  ex- 
change of choline between plasma and lung 
similar to that observed in the brain (16). 

Whereas Figure 2 suggests that the synthetic 
process was saturated at a choline concentra- 
tion of 1 mM, Figure 1 shows that the rate of 
incorporation increased as the perfusion was 
extended to 30 min. This may be due to an 
increase in specific activity of  that free choline 
pool which is most readily incorporated into PC 
within the lung. This is supported by the 
observation that the high ratio of rate of  
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FIG. 3. Effiux of [14C] from the isolated lung 
after a 5 min perfusion with 10/~M |14C] choline (n = 
3). During the 10 min efflux period, the medium 
contained 10 /aM unlabeled choline. Samples of 
effluent were taken for counting at 2, 4, 6, 8 and 10 
rain. The amount of [1412] in the aliquot of effluent 
was integrated with time and is presented as a percent 
of the label present in the lung at the beginning of the 
efflux period. The amount of label present in the lung 
at the beginning of the effluxperiod was derived from 
18 control perfusions. 

incorporation/rate of uptake (0.270 after 5 min 
perfusion, 0.810 after 30 min perfusion) does 
not compare with the much lower ratio of 
uptake rate/free choline pool (0.012). 

The inability of equimolar concentrations of 
HC-3 to inhibit choline uptake in the IPL 
contrasts with the finding that choline uptake 
and PC synthesis in HeLa cells were suppressed 
by a drug similar to HC-3 (18). The mechanism 
of uptake of choline in the IPL also differs 
from that in the squid axon, where the KI for 
HC-3 was 20/.tM (19) and in rat corpus striatum 
(20) and renal proximal tubule (21) where very 
significant inhibition occurred at molar ratios 
(HC-3/choline) of  0.1 and 0.05, respectively. 

As has been reported by others (4), we 
observed that choline uptake and incorporation 
into PC was temperature-dependent. However, 
this in itself does not indicate carrier-mediated 
transport. More significant is the sodium-inde- 
pendence of  the system in the lung. In contrast 
to other reports (4,20), uptake actually in- 
creased in the absence of. sodium in the 
perfusing medium, again illustrating that uptake 
of choline by the IPL is unlike that seen in 
other tissues. 

From the present data we conclude that 
free choline in the vascular compartment is 
rapidly taken up and exchanged with pool(s) of 
free choline in the lung which have ready 
access to the enzymes of PC synthesis. We 
suggest that the uptake of choline occurs either 
by free diffusion or by carrier-mediated trans- 
port with a very high Km. 
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Serum a-Lipoprotein Responses to Variations in Dietary 
Cholesterol, Protein and Carbohydrate in Different Non- 
human Primate Species 1 
SATHANUR R. SRINIVASAN, BHANDARU RADHAKRISHNAMURTHY, EDWARD R. 
DALFERES, JR., and GERALD S. BERENSON, Department of Medicine, 
Louisiana State University Medical Center, New Orleans, Louisiana 70112. 

ABSTRACT 

Serum a-lipoprotein responses to variations in dietary cholesterol, protein, and carbohydrate were 
studied in different nonhuman primate species. Chimpanzee, rhesus, green, patas, squirrel and spider 
monkeys all showed significant interspecies differences in serum total cholesterol responses to 1.84 
mg/kcal exogenous cholesterol. Dietary cholesterol significantly increased the a-lipoprotein cholesterol 
in all species except rhesus and chimpanzee. Among these species, there was no relationship between 
the basal serum lipoprotein profile and subsequent lipoprotein responses to dietary cholesterol. 
Although the level of dietary protein at 6%, 12%, and 37% of calories had no appreciable main effect 
on serum total cholesterol in spider monkeys, very low protein diet (6% of calories) produced a signi- 
ficant elevation in c~-lipoprotein cholesterol. Serum ~-lipoprotein responses to exogenous cholesterol 
(1.84 mg/kcal) was highest for the very low protein diet and lowest for low protein diet (12% of 
calories). Diets with high sucrose (76.5% of calories) and low saturated fat (12.5% of calories) 
containing no added cholesterol were tested in squirrel and spider monkeys and produced a consistent 
serum total cholesterol response; the a-lipoprotein response was significantly higher in squirrel 
monkeys than in spider monkeys. The above findings have implications in experimentally induced and 
comparative atherogenesis. 

Epidemiological studies have indicated an 
inverse relationship between levels of serum 
a-lipoprotein and the incidence of coronary 
heart disease (1,2). The resistance of some 
species of animals, such as dogs and rats, to 
experimental atherosclerosis has been attri- 
buted to the predominance of  cirulating a-lipo- 
proteins (3). Although hyperlipoproteinemia 
is generally induced by dietary manipulation in 
a variety of  experimental animals, including 
nonhuman primates, only recently has atten- 
tion been focused on studying the changes 
of 0t-lipoproteins (4-6). Hitherto in the classical 
high fat-cholesterol dietary model, the induc- 
tion of hyperlipoproteinemia was assumed to 
result in increases of  only serum total choles- 
terol and fl-lipoprotein fractions. Consequently, 
serum cholesterol has been considered as a 
measure of  diet-induced hyper-~-lipoprotein- 
emia. Studies on nonhuman primates have 
indicated considerable species differences in the 
degree of  vascular lesions with elevated levels of  
serum total cholesterol (7). Since serum total 
cholesterol represents all of  the lipoprotein 
classes, detailed study of  specific lipoproteins 
and their responses to atherogenic diets is 
needed for a better appreciation of  the relation- 
ship to the development of experimentally 
induced lesions. In comparison to the high 
fat-cholesterol model, dietary protein and 

l presented at the Lipoprotein Symposium AOCS 
meeting, St. Louis, Missouri, May 1978. 

carbohydrates, whose nature and consumption 
vary widely among different populations, have 
received far less attention. 

We have now conducted a series of  nutri- 
tional studies in several nonhuman primate 
species to observe serum lipoprotein responses, 
and particularly a-lipoprotein responses, to 
variations in dietary cholesterol, protein, and 
carbohydrate. The availability of an easy 
method to quantitate serum lipoproteins 
repeatedly on small samples of  serum (8-! 1) has 
made it possible to follow serial lipoprotein 
changes in individual animals and observe intra 
and inter species differences in response to 
dietary changes. 

MATERIALS AND METHODS 

Animals and Diets 

The experiments were conducted as three 
different models. All species used in the study 
were adult animals of mixed sexes. Animals 
were housed in individual cages, and before 
the experiments all monkeys received Purina 
Monkey Chow 25 (Ralston Purina Co., St. 
Louis, MO) ad libitum. The chow contained by 
calories 68% carbohydrate, 23% protein, and 
9% fat. Experimental diets were fed in fixed 
quantities. The kcal/kg body weight consumed 
by each species was determined by the daily 
food intake of the individual animals for 1 
week with the following mean results for each 
species studied: rhesus, green, and spider, 85; 
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TABLE I 

Diets with Variable Protein Content 

Ingredients 
(g/lO0 g).  

High protein (25%) Low protein (8%) Very low protein (4%) 

Diet I Diet II Diet III Diet IV Diet V Diet VI  

Purina Chow 25 a 41.0 38.0 . . . . . . . . . . .  
Purina Chow 15 a . . . . .  53 52.5 27.0 27.0 
Casein 15.0 15.0 . . . . . . . . . . .  
Butter --- 5.0 --- 5.0 --- 5.0 
Corn oil . . . . . . . . .  1.0 1.0 
Dextrin . . . . . . . . . . .  30.0 20.0 
Hegsted salt . . . . . . . . .  1.0 1.0 
Vitamins  . . . . . . . . .  1.0 1.0 
Banana 12.0 12.0 15 10.0 11.0 13.5 
Cholesterol  --- 0.5 --- 0.5 --- O. 5 
Water 32.0 29.5 32.0 32.0 29.0 31.0 
Gross energy (kcal/g) 2.48 2.72 2.36 2.71 2.50 2.54 

apurina c h o w  contains  25 and 15% (by weight )  protein.  

patas, 65;  squirrel,  2 0 0 ; a n d  chimpanzee,  122. 

High Cholesterol-Low Fat Diet 

The l ipoprote in  responses to  high cholesterol  
diet were s tudied in chimpanzee  (Pan troglo- 
dytes), rhesus (Macaca mulatta), green (Cerco- 
pithecus aethiops), patas (Erythrocebus patas), 
squirrel (Saimiri sciurea) and spider (A teles sp.) 
monkeys .  Five adults of  mixed  sex for each 
species were fed the exper imenta l  diet for a 
three week period. The monkey  chow-based 
exper imenta l  diet (12) contained by weight:  
monkey  chow 51%, banana 12%, but ter  5.0%; 
cholesterol  0.5% (1.84 mg/kcal ) ;  and water  
31.5%. In order  to relate the l ipoprote in  
responses to dietary cholesterol  per se, we have 
purposely used low levels o f  fat. 

Variations in Dietary Protein 

We examined the effect  o f  varying the level 
o f  dietary prote in  on the  l ipoprote in  response 
in eight adult spider monkeys  of  mixed  sexes. 
The exper imental  diets based on Purina Mon- 
key Chow 25 and 15 (25 and 15 denote  the 
percent  protein of  the respective c h o w s ) w e r e  
arbitrarily chosen to conta in  high (25% (w/w)) ,  
low (8% (w/w)) ,  and very low (4% (w/w))levels 
of  protein,  which represent  37%, 12% and 6% 
of  calories, respectively (Table I). The diets 
contained ei ther  no or  0.5% added cholesterol .  
Each animal was given the exper imenta l  diets 
wi thout  or wi th  cholesterol  for three weeks and 
served as its own control .  To minimize  any 
possible influence o f  the dietary sequence on 
serum lipoproteins,  the  eight animals were 
divided into two groups. While one group was 
fed high prote in  diets fo l lowed by low protein 
diets, the  second group was fed low protein 
diets fol lowed by high prote in  diets. The 
animals were then grouped together  and fed 

very low protein diets. 

High Sucrose-Cholesterol Diets 

The l ipoprote in  responses to diets with a 
high level of  sucrose (69% w/w)  and a low level 
of  saturated fat (5% of  w /w b u t t e r / c o c o n u t  oil 
mixture ,  1:1) with and wi thou t  cholesterol  
were studied in five adult squirrel and five 
spider monkeys  of  mixed  sexes. In these semi- 
synthet ic  exper imenta l  diets, the  sucrose 
represented 76.5% of  the calories, the prote in  
(casein) 11.0%, and the  fat 12.5%. In addi t ion 
the diets contained by weight 2% vitamin mix,  
4% Hegsted salts and 10% cellulose. The exo- 
genous cholesterol  represented 0%, 0.036%, or  
0.36% (i.e., 0 mg, 0.1 mg and 1.0 mg/kcal) .  
Animals were al ternately fed a basal diet for a 
period o f  three weeks or  high sucrose diets with 
or  wi thout  cholesterol  for six weeks. In the 
initial stages o f  the  exper iment ,  one of  the five 
squirrel monkeys  died. We subsequent ly  added 
three monkeys  to this group. 

Serum Lipoprotein Cholesterol Measurements 

Blood (16 hr fasting) was drawn from 
femoral  vein under  sedation (Sernylan,  Bio- 
Ceutic Laboratories,  Inc., St. Joseph,  MO), and 
serum was prepared and analyzed for lipid 
and l ipoprote in  concentrat ions .  

We determined serum tota l  cholesterol  and 
tr iglycerides in an autoanalyzer  (Technicon 
AutoAna lyze r  II, Technicon Inst ruments  Corp., 
Tar ry town,  NY) using isopropanol  extracts  of  
the  serum (13). Cholesterol  in ~- and pre-~- 
l ipoprote in  fractions was determined by the 
specific and quant i ta t ive  precipi ta t ion proce- 
dure using heparin in the presence o f  Ca ++ 
(8,10). Briefly, the m e t h o d  consists of  mixing 
serum (0.2 ml), distilled water  (3.2 ml), heparin 
(0.25% 140 uni ts /mg,  0.1 ml), and CaC12 (0.5 
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Species  

D ie t a ry  
cho les te ro l  
( m g / l O 0  g)  

L i p o p r o t e i n  cho le s t e ro l  ( m e a n  • S.E.) ,  m g / 1 0 0  ml  

Tota l  c~- /3- Pre-/3 

Patas  (5)  c 0 
0.5 

Green  (5)  0 
0.5 

Rhesus  (5)  0 
0.5 

Sp ider  (5)  0 
0.5 

Squi r re l  (4)  0 
0.5 

C h i m p a n z e e  (4) 0 
0.5 

D i f f e r ences  A m o n g  
Species  ( p < )  

95.2  -+ 6.8 44.1 • 1.1 46 .4  • 5.3 4.8-+ 1.5 
162 .8  -+ 31.4  a 98.0  + 13.0 b 62.4  • 22 .3  2.6 + 1.1 
1 7 2 . 6 -  + 23 .7  76 .0  + - 12.9 91.8-+ 11.5 5.0 + 1.0 
322.2_+ 32.2  a 162.7-+ 10.8 a 156.8-+ 25 .4  3.2 + 2.1 
147 .6  +- 7.3 65.2  -+ 9.1 65.3  • 6.4 17.3 +- 5.6 
241.8_+ 31 .8  b 1 0 2 . 3 •  14.3 1 2 4 . 2 •  21.2  b 15.6 + - 2.4 
160.2 -+ 14.6 18.6 • 5.5 131.3  -+ 11.6 10.3 • 2.0 
2 1 2 . 8  -+ 13.2 a 104.5  • 9.9 a 100.2  +- 10.7 8.4 + 4 .0  
225 .0  • 17.7 102.1 • 12.0 110.5 -+ 11.1 12.7 •  
362 .5  • 23 .9  a 321 .2  • 18.6 b 129 .4  • 16.1 2.6 -+ 1.0 
282 .0  • 26 .7  120.1 + 12.9 135.8  • 11.6 26.5  -+ 5.9 
291 .0  -+ 29 .9  131 .6  +- 20.2  146.0  • 13.5 13.8 -+ 3.6 

0 .001 0 .001  0 .001 0 .005  
0 .001 0 .001  0 .025  0 .005  

a , b s i g n i f i c a n t l y  d i f f e r e n t  f r o m  basal  va lue ,  a:  p < 0 . 0 1  ; b :  p < 0 . 0 5 .  
CNu mb er  o f  an imals .  

M, 0.5 ml) and centrifuging the precipitate after 
allowing it to stand for 15 rain. The precipitate 
was analyzed for the corresponding /3- and 
pre-/3-1ipoprotein cholesterol content. The dif- 
ference between total cholesterol and /3+ 
pre-/3-1ipoprotein cholesterol was considered as 
a-lipoprotein cholesterol. 

Densitometric Ratios of ~- and Pre-~-Lipoproteins 

Electrophoretic separation of serum lipopro- 
reins was done on agar-agarose gel according to 
the method of Noble with some modification 
(9). The lipoprotein bands (/3- and pre-/3-only) 
were scanned in a densitometer equipped with a 
digital computer printout (Quick Scan, Helena 
Laboratories, Beaumont, TX), and the densi- 
tometric ratios were corrected as described 
previously (11 ). 

Estimation of (~- and Pre-~-Lipoprotein 
Cholesterol Concentrations 

We calculated the serum content of /3-1ip- 
oprotein and pre-/~-lipoprotein based on the 
densitometric ratios of/3- to pre-/3-1ipoproteins, 
/3+ pre-/3-1ipoprotein cholesterol (heparin-Ca ++ 
precipitate), and the average cholesterol con- 
tent per unit /]-lipoprotein and pre~qipopro- 
tein molecules (9,10). The molecular composi- 
tion of the lipoprotein classes of nonhuman 
primates was assumed to be similar to that of 
humans (14). This method of estimation of 
human sera was validated by analytical ultra- 
centrifugation (10). The lipoprotein values were 
converted into the corresponding lipoprotein 
cholesterol values as follows: /3-1ipoprotein 
cholesterol = mg /3-1ipoprotein X 0.469; pre-/3- 

lipoprotein cholesterol = mg pre-/3-1ipoprotein X 
0.222 (15). 

Analysis of Data 

Means, standard error, paired t-tests and 
analysis of variance were computed by standard 
statistical methods (16). 

RESULTS 

Serum Lipoprotein Responses to 
High Cholesterol-Low Fat Diet 

The effect of high cholesterol-low fat diet on 
serum total cholesterol and lipoprotein choles- 
terol (/3-, pre-/3- and a-) levels in six different 
nonhuman primates is shown in Table II. The 
initial serum total cholesterol levels as well as 
individual lipoprotein cholesterol levels differed 
significantly among the six species. Chimpan- 
zees and squirrel monkeys had the highest mean 
basal serum total cholesterol concentrations, 
and paras monkeys had the lowest. The distri- 
bution of cholesterol among lipoprotein classes 
showed that cholesterol derived from a-lipopro- 
tein constituted 42% to 46% of total choles- 
terol in all species except spider monkeys in 
which a-lipoprotein cholesterol accounted for 
only 12% of the total cholesterol. The pre-/3- 
lipoprotein cholesterol levels were relatively 
low in all species except chimpanzees. Chim- 
panzees, spider and squirrel monkeys had the 
highest basal concentrations of /3-1ipoprotein 
cholesterol, and patas monkeys had the lowest. 

The serum total and individual lipoprotein 
cholesterol levels differed significantly among 
these species when the monkeys were fed 
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TABLE III 

Effect of  Dietary Cholesterol On The Ratio of a- to fl-Lipoprotein 
Cholesterol In Six Nonhuman Primate Species 

Ratio of a- to/~-lipoprotein cholesterol Species 
(no. animals) Basal diet 0.5% Cholesterol diet 

% 

Change 

Spider (5) 0.14 a 1.04 
Green (S) 0.83 1.04 
Chimpanzee (4) 0.88 0.90 
Squirrel (4) 0.92 1.79 
Patas (5) 0.95 1.57 
Rhesus (5) 1.00 0.82 

642 
25 
2 

95 
65 

-18 

aMean values. 

TABLE IV 

Serum Lipoprotein Cholesterol Levels in Spider Monkeys Fed High 
Cholesterol Diets Containing Different Levels of Protein a 

Cholesterol fraction Dietary protein level (g/10g g) 
(mean -+ S.E. mg/100 ml) 25 8 

Analysis 
of 

variance 

Total 340.4 • 26.1 290.1 -+ 23.3 
fl-lipoprotein 261.9 -+ 27.5 216.5 -+ 32.7 
Pre-/~-iipoprotein 5.6 • 1.3 7.5 • 1.6 
a-lipoprotein 73.2 • 14.3 68.4 �9 13.1 

534.9 -+ 52.9 p<0.001 
354.0 -+ 44.4 p<0.05 

6.1 -+ 1.0 p>0.1 
176.0 -+ 23.3 p<0.01 

aNumber of animals: 8. 

cho les t e ro l - con ta in ing  diets.  Exogenous  choles-  
t e ro l  at 0.5% level, increased  the  se rum to ta l  
cho les te ro l  levels s ignif icant ly  in all species 
excep t  ch imanzees .  Se rum to t a l  cho les t e ro l  
response  to  d ie ta ry  cho les te ro l  was re f lec ted  in 
b o t h  ~x- and  13-1ipoprotein choles terol .  Three  
weeks of  choles te ro l  feeding s igni f icant ly  
increased a - l i pop ro t e in  cho les te ro l  in all species 
excep t  rhesus and ch impanzee .  On the  o t h e r  
hand ,  the  observed  increase  in 13-1ipoprotein 
cho les te ro l  to  exogenous  cho les te ro l  was 
s ta t is t ical ly  s ignif icant  on ly  in rhesus m o n k e y s .  
A l though  no t  s ta t is t ical ly  s ignif icant ,  d ie ta ry  
cho les te ro l  t e n d e d  to decrease  pre-13-1ipoprotein 
cho les te ro l  levels in all species. It can be seen 
tha t  t he re  is n o  re la t ionsh ip  b e t w e e n  the  basal 
serum to ta l  cho les te ro l  c o n c e n t r a t i o n s  and 
se rum cho les te ro l  response  to  d ie tary  choles-  
terol.  F o r  example ,  patas  m o n k e y s  r e sponded  
more  t han  ch impanzees ,  a l t h o u g h  the  ini t ial  
serum to t a l  cho les te ro l  c o n c e n t r a t i o n  was 
h ighes t  in ch impanzees  and  lowest  in patas  
monkeys .  Even wi th in  a given species, t he  
ini t ial  se rum to ta l  cho les te ro l  c o n c e n t r a t i o n  
was no t  ref lect ive o f  t he  m a g n i t u d e  of  choles-  
t e ro l  response.  

The  ef fec t  o f  d ie ta ry  cho les te ro l  on  the  ra t io  
of  a- to  13-1ipoprotein cho les te ro l  is shown  in 
Table  III. While t he  d ie ta ry  cho les te ro l  in- 
creased the  a/13 rat io  t r e m e n d o u s l y  in spider  
m o n k e y s ,  i t  decreased the  ra t io  in rhesus  

m o n k e y s .  In ch impanzees ,  the  ra t io  r ema ined  
a lmos t  the  same. F r o m  these  data ,  however ,  it 
is di f f icul t  to  ascer ta in  w h e t h e r  the  in i t ia l  
c~- to  ~3-1ipoprotein ra t io  is ind ica t ive  o f  subse- 
q u e n t  ct- l ipoprotein response  to d ie ta ry  choles- 
terol .  The  response  seems to be  charac te r i s t ic  of  
t he  species r a the r  t h a n  re la ted  to  the  basal 
l i pop ro t e in  profi le .  

Effect of Varying the Level of Dietary Protein 

In t he  absence  o f  exogenous  choles tero l ,  
w i th  reduced  in t ake  o f  d ie ta ry  p ro te in ,  the  
serum t3+ pre-13-1ipoprotein cho les te ro l  t e n d e d  
to increase sl ightly (139.5  + 14.1 mg%, 133.2 
+ 11.3 mg%, and  110.4 + 6.2 rag% at 25%, 8% 
and 4% pro te in  in take ,  respect ively) .  Of part i -  
cular  in te res t  is the  a - l i pop ro t e in  cho les te ro l  
changes  wi th  d ie ta ry  p ro t e in  levels, a - L i p o p r o -  
rein cho les te ro l  decreased  sl ightly bu t  signifi- 
cant ly  when  the  p ro t e in  i n t ake  was lowered  
f rom 25% to 8 % ( 3 8 . 1  + 2.8 mg% vs. 34.9 -+ 3.2 
mg/ ,  p < 0 . 0 5 ) .  However ,  f u r t h e r  r e d u c t i o n  in 
d ie ta ry  p ro t e in  i n t ake  to a 4% level resu l ted  in a 
s ignif icant  increase  in the  a - l i pop ro t e in  choles-  
t e ro l  (54.5 + 2.6 mg%; p < 0 . 0 0 1 ) .  

As expec ted ,  the  animals  r e sponded  to 
exogenous  choles te ro l  (0.5%), bu t  t he  l ipopro-  
te in  responses  varied s igni f icant ly  at  d i f fe ren t  
levels of  d ie tary  p ro t e in  (Table  IV). The addi-  
t i on  of  cho les te ro l  to  a 8% p ro t e in  diet  re- 
su l ted  in relat ively lower  se rum to t a l  choles-  
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TABLE V 

Effect o f  Dietary Sucrose and Cholesterol on Serum 
Lipids in Squirrel and Spider Monkeys 

563  

Species Mean +, S.E., mg/100 ml 
(no. animals) Diet Cholesterol Triglycerides 

Squirrel (4) Basal 191.5 +- 17.0 a 62.2 -+ 13.2 a 
High sucrose with 

(4) 0% Cholesterol 332.0 +, 9.6 b 135.5 -+ 37.0 a 
(7) 0.036% Cholesterol 333.7 +, 19.0 b 42.4 -+ 14.5 a 
(7) 0.36% Cholesterol 589.4 +, 61.0 c 49.9 -+ 4.0 a 

Spider (5) Basal 152.8 -+ 6.9 a 73.8 +- 8.2 a 
High sucrose with 

(5) 0% Cholesterol 208.8 +- 4.2 b 68.2 +, 9.4 a,b 
(5) 0.036% Cholesterol 211.0 +- 18.0 b 46.4 +- 4.0 b,c 
(5) 0.36% Cholesterol 327.6 -+ 34.8 c 34.4 +, 8.4 c 

a,b,CFor each species means within a column without a common superscript differ 
significantly at the p<0.05 level. 

t e ro l  responses  t h a n  the  25% p r o t e i n  diet .  In 
con t ras t ,  f u r t he r  r e d u c t i o n  in d ie ta ry  p r o t e i n  to  
t he  4% level marked ly  increased the  se rum to t a l  
cho les te ro l  response.  Since pre-j3-1ipoprotein 
cho les te ro l  levels showed  no  s ignif icant  change  
due  to  exogenous  choles te ro l  and  to  the  level of  
d ie ta ry  p ro t e in  in take ,  the  observed changes  in 
se rum to ta l  cho les te ro l  at d i f fe ren t  levels o f  
d ie tary  p ro t e in  were re f lec t ing  changes  in b o t h  
/3- and  a - l ipopro te ins .  It shou ld  be  n o t e d  t h a t  a 
marked ly  increased c~-lipoprotein response  
occur red  in the  cho l e s t e ro l - supp l emen ted  4% 
p ro t e in  diet .  The  unde r ly ing  reasons  for the  
varied effects  are no t  clear,  a l t h o u g h  t he  
synthes is  of  l iver -produced p lasma p ro te ins  is 
k n o w n  to be  regula ted  b y  d ie ta ry  p ro t e in s  and  
essential  amino  acids avai labi l i ty  (17).  

Synergistic Effect of Dietary Sucrose 
and Cholesterol 

The  ef fec t  of  d ie tary  sucrose  and  cho les te ro l  
o n  serum t o t a l  cho les te ro l  and  t r ig lycer ide  
levels in squirrel  and  spider  m o n k e y s  is given in 
Table  V. On basal  diet ,  squirre l  m o n k e y s  
had  h igher  m e a n  levels of  se rum to t a l  choles-  
te ro l  and  lower  m e a n  levels of  serum tr igly-  
cerides t h a n  spider  m o n k e y s .  Fo l lowing  six 
weeks  of  h igh  sucrose  diet  w i t h o u t  e x o g e n o u s  
choles terol ,  serum to ta l  cho les te ro l  levels 
increased in b o t h  squirrel  and  spider  m o n k e y s ,  
bu t  serum tr iglycerides  increased  on ly  in 
squirrel  monkeys .  The  add i t i on  of  exogenous  
choles te ro l  at  t he  0 .36% level to  the  sucrose 
diet  resul ted  in m a r k e d  increased in the  se rum 
to ta l  cho les te ro l  levels in  b o t h  species. The  
serum to ta l  cho les te ro l  response  even at  t h r ee  
weeks of  0 .36% cho l e s t e r o l - s upp l em en t ed  
sucrose  diet  feeding was re la t ively  h igh w h e n  
c o m p a r e d  to  the  previous  response  observed  in 

the  same species (Table  II) where  n o  sucrose  
was used as d ie tary  c a r b o h y d r a t e .  These  obser-  
va t ions  are cons i s t en t  wi th  the  cons ide ra t ion  
t ha t  e n d o g e n o u s  cho les te ro l  syn thes i s  re la ted  to  
sucrose (18-20)  or o t h e r  d ie ta ry  c o m p o n e n t s  
plays an  equal ly  i m p o r t a n t  role in  m o d u l a t i n g  
the  se rum to t a l  cho les te ro l  levels. Overall,  the  
se rum to ta l  cho les te ro l  response  of  squirre l  
m o n k e y s  was s igni f icant ly  greater  t h a n  t ha t  of  
spider  m o n k e y s  given the  same diets  ( p < 0 . 0 0 1 ) .  
Even low levels of  d ie ta ry  cho les te ro l  (0 .036%)  
t e n d e d  to  decrease the  se rum tr iglycer ide levels 
in b o t h  species. The  obse rva t ion  t h a t  exogenous  
cho les te ro l  has  marked ly  suppressed  se rum 
tr iglycer ides  in  these  two  species is in  agree- 
m e n t  w i th  t he  s tudies  of  I l l ingwor th  et  al. (21)  
who  have s h o w n  a r educed  sec re t ion  of  trigly- 
cerides in squirre l  m o n k e y s  w h e n  the  diets  
c o n t a i n e d  1.0 mg /kca l  exogenous  choles terol .  

The  ef fec t  of  d ie ta ry  sucrose  and  cho les te ro l  
on  d i f fe ren t  se rum l i pop ro t e in  f rac t ions  in 
squirre l  and  spider  m o n k e y s  is s h o w n  in Table  
VI. While d ie ta ry  sucrose  wi th  or  w i t h o u t  
exogeneous  choles te ro l  increased the  serum 
f l - l ipoprotein  cho les te ro l  in b o t h  species, t he  
above  diets  had  no  apprec iab le  e f fec t  on  serum 
p re f l - l i pop ro te in  cho les te ro l  levels, c~-Lipopro- 
te in  cho les te ro l  response  was far greater  in 
squirre l  m o n k e y s  t h a n  in spider  m o n k e y s ,  
especial ly w h e n  the  diets  c o n t a i n e d  exogenous  
choles tero l .  

DISCUSSION 

The  serum l i p o p r o t e i n  profi les  of  d i f fe ren t  
n o n h u m a n  p r ima te  species inc lud ing  ch impan-  
zees ind ica te  s ignif icant  inter-species  differ- 
ences. As wi th  m o s t  mammal s ,  a- l ipopro te in  
seems to  be the  p r e d o m i n a n t  l i pop ro t e in  in the  
ma jo r i ty  of  the  n o n h u m a n  p r ima te  species 
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TABLE VI 

Effect of Dietary Sucrose and Cholesterol on Serum Lipoproteins 
in Squirrel and Spider Monkeys 

Species 
(no. animals) 

Lipoprotein cholesterol (mean -+ S.E.), mg/100 ml 

Diet /3- Pre-fl- c~- 

Squirrel 

Spider 

(4) Basal 82.3 -+ 9.7 a 1.0 • 0.3 a 108.8 +- 10.8 a 
High sucrose with 

(4) 0% Cholesterol 167.8 +- 24.4 b 2.0 • 1.1 a 165.0 • 20.4 b 
(7) 0.036% Cholesterol 159.5 -+ 16.3 b 1.2 +- 0.2 a 158.0 + 11.1 b 
(7) 0.36% Cholesterol 260.2 + 18.2 c 1.9 +- 0.4 a 328.9 + 55.6 c 
(5) Basal 102.9 -+ 4.2 a 2.0 +- 0.2 a 48.1 -+ 4.7 a 

High sucrose with 
(5) 0% Cholesterol 141.8 • 2.3 b 3.3 • 0.5 b 64.2 + 4.2 b 
(5) 0.036% Cholesterol 153.9 + 15.9 b 3.4 • 1.0 a 54.2 • 10.4 a 
(5) 0.36% Cholesterol 242.2 +- 24.5 c 2.4 • 0.4 a 80.4 • 12.5 a 

a,b,CMeans within a column without a common superscript differ significantly at the p<0.05 level. 

s tudied.  The differences  in relative p ropor t ions  
of  d i f ferent  classes of  l ipoprote ins  among 
these species might  ref lect  their  s tatus of  lipid 
and l ipopro te in  metabol i sm.  The present  s tudy 
also indicates  that  dietary changes in choles- 
terol ,  p ro te in ,  and ca rbohydra te  affect  the 
serum a- l ipopro te in  levels as much  as, if no t  
more  than,  the o the r  serum l ipoprote ins .  
Prolonged feeding of  high cholesterol-high fat 
diets is generally cons idered  to lower  serum 
c~-lipoprotein levels in n o n h u m a n  pr imates  
(22-24). However ,  s tudies of  choles terol  
metabol i sm in baboons  have indica ted  that  
bo th  exogenous  and endogenous  choles terol  are 
generally t r anspor ted  nonprefe ren t ia l ly  by 
serum ~- and fl- l ipoproteins (25). The current  
observat ions  show that  the high choles terol  diet 
had varied effects  on serum c~-lipoprotein 
responses  of  d i f ferent  n o n h u m a n  pr imate  
species, suggesting a species-related p h e n o m e -  
non.  These findings may have some bearing on 
comparat ive  atherogenesis .  Whether  the  high 
ct-l ipoprotein response  observed in certain 
n o n h u m a n  species is a t rans i tory  response  to 
dietary changes is no t  k n o w n  al though such a 
t rans i tory  hyper -~- l ipopro te inemia  has been  
observed by Morris and Greer  (26) in rhesus 
monkeys .  

Recent ly  the  occurrence  of  an HDL-like 
l ipopro te in  (HDLc)  in the low densi ty  f ract ions  
has been r epo r t ed  in choles terol - fed minia ture  
swine,  dog, and paras m o n k e y s  by Mahley and 
coworkers  (4-6) and in rats by Lasser and 
colleagues (27). Iden t i f ica t ion  of  this newly 
recognized a - l ipopro te in  subf rac t ion  is no t  
possible by the  po lyanionic  m e t h o d  used in this 
s tudy ,  and ul t racentr i fuge studies will be 
needed  in similar dietary programs to  evaluate 
the c o m p o n e n t s  of  HDL (28). 

In view of  the precursor -produc t  re la t ionship 
among  the  l ipopro te in  classes and the  role of  

a - l ipopro te ins  in lipid-clearing and choles teryl  
esters t ranspor t  th rough  their  respective en- 
zymes,  l ipopro te in  lipase and lec i th in/choles-  
terol  acyl t ransferase (14,29) ,  species- and 
diet-related di f ferences  in a - l ipopro te in  re- 
sponse  warrant  fur ther  invest igat ion.  At  this 
junc tu re ,  we can only speculate  on the mecha-  
nisms. It is likely that  the  increase in a- l ipopro-  
tein results f rom active lipid t ranspor t ,  neces- 
sary to cope wi th  increased availability of  
endogenous  and /o r  exogenous  cholesterol .  
While d ie t - induced f l- l ipoproteinemia may pro-  
m o t e  the  flux of  cholesterol  in to  ext ra-hepat ic  
tissues, the increased levels o f  ~- l ipoprote in  
may facili tate the  t ranspor t  o f  choles terol  f rom 
peripheral  tissues to the liver for  subsequent  
metabol i sm and excre t ion  (29). The present  
s tudies provide a basis for explor ing these 
possibili t ies under  various dietary condi t ions  in 
selected n o n h u m a n  pr imate  species. 
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Plasma Lipoprotein Changes in Suckling and Weanling Rabbits 
Fed Semipurified Diets 
O.C.K. ROBERTS1, 2, M.W. HUFF 3 and K.K. CARROLL 4, Department of Biochemistry, 
University of Western Ontario, London, Ontario, Canada N6A 5C1 

ABSTRACT 

The distribution and composition of the plasma lipoproteins were studied in suckling rabbits and in 
rabbits either weaned to or fed as young adults cholesterol-free, semipurified diets containing protein 
of animal (casein) or plant (soy protein isolate) origin. The raised cholesterol levels of the suckling 
period resulted in an increase of very low density and intermediate density lipoproteins in a manner 
similar to that seen in adult rabbits fed a high fat diet supplemented with cholesterol. Young rabbits 
fed the cholesterol-free, semipurified diet containing casein also became hypercholesterolemic but, in 
this case, the increased cholesterol was found primarily in lipoproteins of intermediate density. 
Cholesterol levels remained low in those rabbits fed the soy protein isolate diet, and the lipoprotein 
distribution was somewhat similar to that of chow-fed animals. It appears that the raised cholesterol 
levels during the suckling period result in different lipoprotein patterns to those produced in young 
adult animals by a cholesterol-free, semipurified diet. 

INTRODUCTION 

It is well known that  adult  rabbits become 
hypercholes tero lemic  when fed diets conta ining 
added cholesterol  and that  certain characterist ic 
changes occur  in the dis t r ibut ion and composi-  
t ion o f  the  plasma l ipoproteins  (1-10). Choles- 
terol  levels also increase in rabbits during the 
suckling period but  decrease at weaning (11). 
This physiological  hypercholes te ro lemia  has 
been shown to depend on the cholesterol  
conten t  and, to some extent ,  the  fat con ten t  of  
mother ' s  milk (11,12).  These two  choles- 
terolemic states are produced  by the presence 
of  exogenous  cholesterol .  Ano the r  type  of  
hypercholes tero lemia  can be produced  wi thout  
the addi t ion of  exogenous  cholesterol  by 
feeding semipurif ied diets containing animal 
protein (13-15). Similar diets conta ining plant 
proteins result in normal  low plasma cholesterol  
levels being maintained (13-15). 

It has been reported that ,  in rabbits fed 
cholesterol  for short t ime periods, more than 
two-thirds  of  V L D L  cholesterol  is derived from 
chy lomic ron  cholesterol  that  is of  dietary origin 
(16) and that  the clearance of  this exogenous  
cholesterol  is delayed,  with the accumula t ion  o f  
chy lomic ron  remnants  in the V L D L  fract ion 
(10). It is also thought  that  the major  break- 
down product  o f  hepat ic  (or endogenous)  
V L D L  is l ipoprote in  o f  in termedia te  density 
( 1 . 0 0 6 < d < l  .019, IDL) (17). This s tudy reports  
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Council of Canada, and Ontario Heart Foundation. 

2Department of Biochemistry, Human Nutri t ion 
Unit, University of Sydney, N.S.W. 2006, Australia. 

3Baker Medical Research Institute, Commercial 
Road, Prahran, Vie., 3181, Australia. 

4Medical Research Associate of the Medical Re- 
search Council of Canada, 

the  l ipoprote in  pat terns in choles terolemic  
states produced with and wi thou t  exogenous  
cholesterol.  Classical " L D L "  (1.006-1.063) 
which includes IDL was subdivided to isolate 
both  IDL and LDL (1.019-1.063) in order  to 
de termine  the relative cont r ibut ion  of  each to 
the hypercholes terolemia .  The l ipoprote in  
pat terns in rabbits fed chow or a semipurif ied 
diet containing plant protein are also reported.  

MATERIALS AND METHODS 

Animals and Experimental Design 

Young adult male New Zealand White 
rabbits (1.3-1.5 kg body weight)  and mature  
female rabbits were obta ined f rom a local 
breeder.  The males were housed and maintained 
as previously described (13). The young  adult 
rabbits were fed ground chow for 1-2 weeks 
after  their  arrival and then fed the exper imenta l  
diets for a period of  4 weeks. The diets were 
ei ther commerc ia l  chow or low fat, cholesterol-  
free, semipurif ied diets containing ei ther  casein 
or  soy protein isolate (27% w/w),  dextrose  
(62% w/w),  cel luflour (5% w/w),  molasses (2% 
w/w)  and corn oil (1% w/w)  together  with 
appropr ia te  amounts  of  vi tamins and salt mix 
(13). The females were housed in breeder  cages 
o f  galvanized iron with sawdust-covered bases 
and were mated  with males f rom the breeding 
colony.  Af ter  the young  were born,  the mo the r  
remained with them unti l  they  were 4�89 weeks 
o f  age and was then  removed.  During this 
period,  the mo the r  had access to commerc ia l  
chow. 

Sampling of Blood and Analysis of Lipoproteins 

Animals were bled by heart  puncture  in to  
syringes containing E D T A  (0.4M, pH 7.4) and 
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plasma separated by centrifugation (600 g x 10 
min). Weanling rabbits and young adult rabbits 
were bled after an overnight fast. This was not 
possible for the suckling animals and therefore 
chylomicrons' were removed by a preliminary 
spin of the plasma overlayed with saline (d = 
1.006, 24,000 g x 30 min). Lipoproteins were 
separated by a discontinuous density gradient 
ultracentrifugal method (18). The lipoproteins 
were analyzed on pooled samples from 2 day 
old rabbits and 4 week old rabbits, and on 
individual samples from 7 week old rabbits 
weaned to the semipurified diets or to chow. 
After 4 weeks on diet, lipoproteins from 
individual young adult rabbits were analyzed. 

Analytical Methods 

Lipids from the different lipoprotein classes 
were extracted and protein precipitated as 
previously described (18). Cholesterol was 
analyzed after saponification (19) by the 
method of Zlatkis and Zak (20). Triglyceride 
and phospholipid were analyzed by the 
methods of Neff and Frings (21) and Eibl and 
Lands (22), respectively. The protein precipi- 
tate was dissolved in NaOH (IN) and assayed by 
direct Nesslerization of Kjeldahl digests (23). 

R ESU LTS 

Plasma Cholesterol Changes with Age and Diet 

The plasma cholesterol level of the young 
increased during the suckling period and 
declined sharply after weaning (Fig. 1). The 
level remained low in those animals weaned to 
chow or to the purified diet containing soy 
protein isolate but started to increase again by 
7 weeks of age in those animals consuming the 
casein diet. Young adult rabbits had significant- 
ly higher (P<0.001) plasma cholesterol levels 
after 4 weeks on the diet containing casein (341 
+ 37 mg/dl, mean + S.E.) than after 4 weeks on 
the diet containing soy protein isolate (48 + 6 
mg/dl). 

Lipoprotein changes with age and diet 

Suckling rabbits. The mean concentrations 
of cholesterol, triglyceride and protein were 
significantly (P<0.05) increased in VLDL and 
IDL during the suckling period, but phospho- 
lipids were little changed (Tables I and II). The 
proportion of total lipoproteins circulating as 
VLDL and IDL increased from ca. 50% to over 
70% by 4 weeks of age (Table III). 

Weanling rabbits. Compared to the suckling 
animals at 4 weeks of age, the weanling rabbits 
had reduced levels of all components of the 
lipoproteins at 7 weeks of age (Tables I,II). 

6oo 

2 
2oo 

2 

0 0._ 

DIET 

Mother 
re~noved 

AGE (weeks) 

FIG. 1. Changes in mean plasma cholesterol 
concentrations with age in rabbits abruptly weaned to 
low fat diets. Food was offered from 4 weeks and the 
mother removed at 41A weeks. Animals were weaned 
to low fat, choleSterol-free diets containing casein (CAS 
= =, 3 animais) or soy protein isolate (SOY 
A ~, 5 animals) or to commercial chow (CHOW 
o ..... o, 4 animals). The vertical bars represent the 
standard error of the mean at each time point. At 
week 8, those animals fed casein had significantly 
higher (P<0.001) plasma cholesterol levels than 
those fed soy protein isolate or commercial chow. 

There were major differences, however, be- 
tween the dietary treatments. Animals weaned 
to chow had higher (P<0.01)VLDL triglycer- 
ide and phospholipid than those weaned to 
soy protein isolate (Tables I,II), and the pro- 
portion of lipoproteins circulating as VLDL was 
increased (P<0.01 Table III). 

Animals weaned to the semipurified diet 
containing casein had similar levels of VLDL 
cholesterol, triglyceride, phospholipid and 
protein to those weaned to soy protein isolate, 
but higher (P<0.05) levels of the components 
of IDL. The increased plasma cholesterol was 
almost all in IDL (Table I), the result of which 
was a marked increase (P<0.05) in the propor- 
tion of circulating lipoprotein appearing as IDL 
(Table III). 

Young adult rabbits. Rabbits fed the casein 
diet had increase (P<0.05) levels of VLDL 
cholesterol, phospholipid and protein and of all 
components of 1DL and LDL (P<0.05) com- 
pared to those fed soy protein isolate (Tables 
I, II). The increases in the components of IDL 
were especially marked, producing a result 
similar to that in the weanling animals fed 
casein, i.e., an increase (P<0.01) in the propor- 
tion of circulating IDL to ca. 50% (Table III). 
There were differences, however, between the 
animals weaned to soy protein isolate and 
those fed it as young adults. The cholesterol 
levels of VLDL, IDL and LDL were higher 
(P<0.05) in the weanling animals fed soy 
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protein isolate than in the young adults fed that  
diet (Table I). The phospholipid and triglyc- 
eride content  of  LDL was also higher (P<0.001)  
and the protein content  of  VLDL lower 
(P<0.001) (Tables I,II). The result of these 
differences was a higher (P<0.01) propor- 
t ion of  circulating LDL and a lower proport ion 
(P<0.05) of  VLDL in the weanling rabbits fed 
soy protein isolate than in the young adult 
animals fed the same diet (Table liD. 

DISCUSSION 

As has previously been reported (11,12), 
rabbits became hypercholesterolemic during the 
suckling period, and became normocholestero- 
lemic after weaning. The changes in lipo- 
proteins which occur during the suckling period 
are essentially an increase in the proport ion of  
circulating VLDL and IDL with a concomitant  
decrease in LDL and HDL. The increase in 
VLDL and IDL is primarily caused by the 
increase in amount of circulating cholesterol 
and triglyceride. The cholesterolemia during 
this period is mainly the result of exogenous 
cholesterol and fat supplied in the milk (11,12) 
and may be compared with that  produced by 
adding cholesterol (2 g/day) to the diet of  adult 
rabbits. Under these conditions and at similar 
plasma cholesterol concentrations, Garlick et al. 
(3,24) showed that "VLDL" (d<1.1019,  that is 
VLDL+IDL) and LDL increased, while HDL 
decreased as a proport ion of  circulating lipopro- 
rein. While the l ipoprotein pattern of  choles- 
terol-fed adult rabbits is similar to that of the 
suckling rabbit in that VLDL levels are ele- 
vated, the composit ion of VLDL differs mark- 
edly. In the suckling rabbit,  VLDL cholesterol 
and triglyceride are increased, whereas VLDL 
cholesterol is increased at the expense of 
triglyceride in cholesterol-fed rabbits (7,8). The 
l ipoprotein pattern in the suckling rabbits is 
more analogous to that in adult rabbits fed a 
high fat diet containing cholesterol (8). 

The hypercholesterolemia produced by the 
cholesterol-free, casein diet results in little 
change in VLDL but a marked increase in IDL 
to ca. 50% of the circulating lipoprotein,  
both when the cholesterol level was only 
moderately elevated (weanling rabbits, ca. 170 
mg/dl) and when it was considerably elevated 
(young adults, ca. 340 mg/dl). Brattsand (25), 
using a somewhat similar semipurified diet 
containing 15% coconut oil, showed that  
"LDL"  (d 1.006-1.063) transported most of 
the serum cholesterol when the serum total  
cholesterol levels were between 175-600 
mg/dl. Above this level, VLDL became the 
major carrier of  cholesterol, Since "LDL"  was 
not subdivided into IDL and LDL, it is not 
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TABLE llI 

Proportions of Total Lipoproteins a as Individual Lipoprotein Classes 
in Rabbits: Variations with Age and Diet t' 

Total lipoprotein % mean -+ S.E. c 

VLDL IDL LDL HDL 

Suckling d 
2-3 days (3) e 26 -+ 3 28 -+ 6 26 -+ 4 19 +- 7 
4weeks(3) 35 +- 7 36 -+ 4 18-+ 4 10-+ 1 

Weanling f 
Chow (4) 45 + 4** 20 +- 2 18 -+ 2** 17 + 1" 
Soy (5) 20+- 3 25 +-4 29 +- 3 25 + 3 
Casein (3) 20 +- 5 51 -+ 6* 16 -+ 1" 12 +- 2* 

Young adultg 
Soy (6) 34 -+ 4 25 -+ 5** 13 -+ 2 28 -+ 4* 
Casein (6) 21 -+ 4 49 +- 4 16 + 3 14 -+ 2 

Total Lipoprotein = TG+TC+PL+PR for each lipoprotein class. 

~VLDL TG+TC+PL+PR 
% VLDL = 

~TOTAL VLDL+IDL+LDL+HDL 

aSee footnotes to Table I. 

possible to  say if  mos t  o f  this increase was 
conf ined  to  IDL as shown in the  present  s tudy.  

Age may also be a factor  in the  d i f fe rent  
l ipopro te in  pa t t e rns  o f  suckling, weanl ing and 
young  adult  rabbits.  However,  as the  l ipopro-  
tein pa t te rn  of  suckhng rabbi ts  appears  similar 
to  tha t  o f  adult  rabbits  fed a high fat, choles-  
t e ro l - supp lemented  diet  (8), it would seem tha t  
diet is the  more  i m p o r t a n t  factor.  In addi t ion ,  
rabbi ts  fed the  casein semipuri f ied diet r e spond  
in a similar manner  whe the r  fed f rom weaning 
or as young  adults.  Thus, diet  appears to  be the  
more  impor t an t  variable at least for  weanling 
and young  adult  rabbits.  

Compar ison  be tween  animals fed casein or 
soy pro te in  isolate shows major  d i f ferences  in 
the  d is t r ibut ion  of  the  l ipoprote ins .  The pro-  
por t ion  of  circulating IDL is not  increased in 
those  fed soy but ,  unlike animals fed the  casein 
diet ,  there  are di f ferences  be tween  those  
weaned  to  soy and those  fed it as young  adult 
animals. The p r o p o r t i o n  of  VLDL is h igher  in 
young  adult animals than  in the  weanling 
rabbits .  It should be n o t e d  tha t  at 7 weeks of  
age, the  plasma choles tero l  level o f  those  
animals weaned  to soy pro te in  was still some- 
what  elevated (124 mg/dl )  compared  to those  
weaned to chow (59 mg/dl) .  It is possible,  
therefore ,  tha t  the  plasma l ipopro te in  profile is 
in a t ransi t ional  s tate  at this t ime.  The l ipopro-  
rein d is t r ibut ion  in the  young  adult  rabbi t  fed 
soy prote in ,  in which the  choles terol  level is at 
the  normal  low level (48 mg/dl) ,  is s o m e w h a t  
similar to  the  d is t r ibut ion  in the  chow-fed  
weanling rabbits ,  wi th  mos t  o f  the  circulating 
l ipopro te in  as V L D L  (Table III). 

The reasons for  the  d i f ferences  b e t w een  the  
l ipopro te in  pa t te rns  in the  two hypercholes -  
te ro lemic  states are no t  clear. It has been  shown  
tha t  the  clearance of  exogenous  choles terol  is 
delayed in choles terol - fed rabbi ts  and tha t  there  
is an accumula t ion  o f  cholesterol-r ich chylo-  
micron  remnan t s  in t he  V LD L fract ion (10,16).  
These are p resumably  metabo l ized  to  IDL (17) 
account ing  for the  increased V L D L  and IDL 
found  in suckling and choles terol - fed rabbits .  
As there  is no die tary  choles tero l  being ab- 
sorbed in animals on the  casein diet,  VLDL 
cholesterol ,  ra ther  than  chy lomic ron  choles- 
terol ,  is p robably  the  major  source of  plasma 
cholesterol .  It is possible, there fore ,  tha t  the  
accumula t ion  of  cholesterol-r ich IDL which  
occurs  under  these cond i t ions  is analogous to  
the accumula t ion  of  cholesterol-r ich VLDL in 
choles terol - fed animals. Studies o f  the  tu rnover  
and metabo l i sm o f  these l ipopro te ins  will 
de t e rmine  if this suppos i t ion  is correct .  
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Reproduction and Survival of Rainbow Trout (Salmo 
gairdneri) Fed Linolenic Acid as the Only Source of 
Essential Fatty Acids 1 
T.C. YU, R.O. SINNHUBER, and J.D. HENDRICKS, Department of Food Science 
and Technology, Oregon State University, Corvallis, Oregon 97331 

ABSTRACT 

A semipurified test diet containing 1% linolenate as the sole dietary essential fatty acid was fed to 
a group of rainbow trout (Salmo gairdneri) for 34 months. The fish matured and the eggs produced 
were hatched. The second generation fry were fed our laboratory diet for 3 months. The growth of 
these fry was normal. Histologic examinations revealed no abnormality in liver, heart and kidney 
tissues of the fry during the three month period. 

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

Previous studies (1-3) have demonstrated 
that 1% or more of 603 fatty acids (603 FAs) are 
required in the diet of  rainbow trout if maxi- 
mum growth is to be attained. Similar results 
were reported by other investigators (4-6). 
These experiments were conducted for re- 
stricted periods of 14 to 18 weeks. It has never 
been determined whether rainbow trout can 
grow to maturity, reproduce, and produce 
viable offspring on a diet containing only 603 
FAs and without 606 FAs which are essential 
for land animals. Experiments were designed to 
answer these questions by a 34-month feeding 
experiment with two groups of  rainbow trout. 
One group was fed a test diet containing only 
linolenic acid (18:3603), The second group was 
fed the same diet with the addition of linoleic 
acid (18:2606). Fish growth and feed efficiency 
during the first 14 weeks of feeding are pre- 
sented. The fish were maintained on these diets 
for 34 months at which time the fish reached 
maturity. Reproductive products were pro- 
duced and viability for the succeeding genera- 
tion was established. 

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

Diet A contained 1% 18:36o3 fatty acid 
(FA) and Diet B contained 1% 18:36o3 + 1.5% 
18:26o6 FAs. A calculated quantity of ethyl 
laurate (12:0) was added to make the lipid 
content in each diet 6%. The diet ingredients, 
casein, gelatin, dextrin and a-cellulose were 
extracted with 4 exchanges of warm isopro- 
panol to remove trace lipids. The composition 
of test diets is presented in Table I. Ethyl 
linolenate, linoleate and laurate were used as 
sources of 18:36o3, 18:2606 and 12:0 FAs. 

1Technical Paper No. 5011, Oregon Agricultural 
Experiment Station, Oregon State University, Corvallis, 
Oregon 97331. 

These esters were obtained from Nu Chek Prep. 
Inc., Elysian, MN. Gas chromatographic (GC) 
analyses showed them to be at least 99% pure 
with the linolenate free of linoleate family. 

The diet ingredients including esters were 
mixed with hot (65 C) water. The soft diet 
(60% water) that formed upon cooling was cut 
to appropriate size cubes (7). The diet was 
prepared monthly and stored at -20 C. The 
daily ration was thawed prior to feeding. 

Eggs produced from the broodstock main- 
tained in our laboratory were hatched and the 
fry fed a fat-free diet for one month to deplete 
the essential lipids carried over from the eggs. 
Fifty fish (average initial weight 0.43 g) were 
then randomly selected and stocked in each of 
four 60-liter fiberglass tanks. The water tem- 
perature was 11.5 C and the flow rate ca. 8 
liters/min. Oxygen content in each tank, 
determined weekly, was in excess of 8 ppm. 
Each test diet was fed ad libitum to duplicate 
lots of fish 5 times daily. Fish growth, feed 
consumption and mortality were recorded 
biweekly during the first 14 weeks. 

At the end of the 14th week, each lot was 
transfered to a 380 1. fiberglass tank and fed 
twice daily. For economic reasons, and to 
lessen the consumption of the pure fatty acid 
esters, the number of fish in each lot was 
reduced to 25. At the 12th month, the fish 
number was further reduced to 15 per lot. 
Finally, the duplicate lots were combined and 
only 8 females and 5 males were maintained on 
each test diet. Due to repeated reduction of fish 
population, feed consumption, and fish weight 
gain were not recorded after the initial 14 
weeks. 

When the fish were mature, eggs were taken 
from each female and divided into two lots. 
Each lot was fertilized by milt collected from a 
selected male. For comparative purposes, male 
trout from our laboratory broodstock main- 
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TABLE I 

Percentage Composition of Diets and Growth Response of Fish 

573  

Diet No. 

Ingredients (dry) A B Laboratory Control a 

Casein (fat-free) 51.0 51.0 49.5 
Gelatin 9.0 9.0 8.7 
Dextrin 16.8 16.8 15.6 
Ethyl linolenate 1.0 1.0 --- 
Ethyl linoleate 0 1.5 --- 
Ethyl iaurate 5.0 3.5 --- 
Salmon oil 0 0 10.0 
Carboxymethylcellulose 1.0 1.0 1.0 
c~-cellulose 9.0 9.0 8.0 
Mineral and vitamin mix b 7.2 7.2 7.2 

Average initial fish 
weight (g) 0.43 0.43 see Table I11 a 

Average fish weight at 
14 weeks (g) 4.84 4.03 

Feed conversion efficiency 
(gain/feed) 1.14 0.99 

Accumulated mortality (%) 4.0 2.0 

aLaboratory control diet was used to feed the second generation fry. See Table III. 
bpercent in diet: mineral mix, 4.00; vitamin mix 2.00; choline chloride (70%), 1.00; 

vitamin E mixture, 0.20 (660 IU/kg); total 7.2%. Mineral mix: Bernhart-Tomarelli salt mix 
(9). Vitamin mix: supplies (mg/kg of diet): thiamin, 64; riboflavin, 144; niacinamide, 512; 
biotin, 1.6; capantothenate, 288; pyridoxine, 48; folic acid, 19.2; menadione, 16; cobala- 
mine, 0.16; i-inositol, 2500; ascorbic acid, 1200; PABA, 400; vitamin D 2, 4000 IU/kg; 
vitamin A, 25,000 IU/kg. 

ra ined on  commerc ia l ly  p repa red  Oregon mois t  
pel lets  (OMP) (8 ,9)  were used to  cross fert i l ize 
the  eggs p r o d u c e d  b y  the  tes t  die t  fish. The  
OMP fish eggs were also fer t i l ized by  the  tes t  
die t  males.  

The  size, n u m b e r  and  viabi l i ty  of  the  eggs 
p roduced  by  each tes t  die t  female  fish were 
de t e rmined .  The  fry h a t c h e d  f rom eggs by  A 
diet  females  X A diet  males  were c o m b i n e d ,  
and  550 fry were s tocked  in a 380  1. t ank .  The  
same n u m b e r  of  fry f rom A females  X OMP 
males;  B females  X B males ;  B females  X OMP 
males  and  OMP females  X OMP males were 
similarly s t ocked  in indiv idual  tanks.  The  f ry  
were fed l a b o r a t o r y  con t ro l  die t  (Table  I) for  3 
m o n t h s .  Weight gain and  mor t a i l i t y  o f  these  
second  genera t ion  fish were de t e r m i ned .  At  the  
end  of  the  t h i rd  m o n t h ,  a h is to logic  examina-  
t i on  was c o n d u c t e d  o n  six fish f rom each 
group.  

Af t e r  co l lec t ion  o f  eggs and  mi l t  f r om the  
3 4 - m o n t h - o l d  tes t  diet  fish,  they  were sacri- 
ficed. Tota l  l ipid was ex t r ac t ed  f rom the  whole  
fish fo l lowing the  m e t h o d  of  Fo lch  et  al. 
(10) .  Phospho l ip id s  were isola ted f rom the  
ex t r ac t ed  l ipid by  using a silicic acid c o l u m n  
(11) .  Me thy l  esters  were p repared  f rom the  
phospho l ip id s  by  t ranses te r i f i ca t ions  wi th  
bo ron - t r i f l uo r ide  (12) .  GC separa t ion  and  
iden t i f i ca t ion  o f  the  c o m p o n e n t  f a t t y  acids 
were carr ied ou t  as descr ibed previous ly  (11) .  

RESULTS A N D  DISCUSSION 

The  two  tes t  diets  p r o m o t e d  rapid fish 
g rowth  dur ing  the  ini t ia l  14 weeks. Dur ing this  
per iod ,  t he  fish weight  increased 10-fold. The  
diet  A fish showed  n o  ill ef fects  due to  lack 
of  d ie tary  18:2606 FA.  Fish weight  gain and  
feed convers ion  ef f ic iency of  diet  A fish were 
compara t ive ly  greater  t h a n  t h a t  of  diet  B fish 
(Table  I). B o t h  groups  had  very  low mor ta l i t y .  

A t  the  22nd  m o n t h ,  two  females  f rom each  
diet  g roup  ma tu red .  Eggs p r o d u c e d  were  fer t i -  
l ized and  h a t c h e d .  The  fer t i l i ty  of  the  eggs was 
e s t ima ted  to be b e t w e e n  74% and  93%. How-  
ever, ha t ch ing  was no t  successful  because  of  
b a c t e r i u m  Sphaerotitus i n fec t ion  t ha t  caused 
su f foca t ion  of the  embryos .  

Feed ing  of the  tes t  diet  to  fish was con-  
t inued .  All fish m a t u r e d  at the  3 4 t h  m o n t h .  
The  eggs p r o d u c e d  by  these  fish were pale 
yel low in color  and  were devoid o f  the  famil iar  
c a r o t e n o i d  p igments .  The  egg size varied f rom 
8.5 to 15.0 m l / 1 0 0  eggs. One  of  the  OMP diet  
females  p roduced  the  largest  eggs; however ,  t he  
o t h e r  OMP fish p roduced  the  smal les t  eggs. The  
OMP female  also p r o d u c e d  the  greates t  n u m b e r  
of  eggs ( 6 3 0 0 )  c o m p a r e d  wi th  the  least  n u m b e r  
eggs p r o d u c e d  by  an  A diet  female  (1272) .  F ry  
h a t c h e d  f rom eggs of  diet  A female  no.  1 were 
p o o r  in qua l i ty  and  were discarded.  The  n u m -  
ber,  size, and  viabi l i ty  o f  the  eggs p r o d u c e d  by  
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TABLE II 

Viability of  Trout Eggs 

Egg size Eggs 
Fertilized ml /100 total Fertile Viable g/100 Quality 

Eggs from with Eggs No. eggs, % fry, % Fry of  fry 

A Female (1) A Male 14 671 0.04 0.02 --- Slow development  
OMP Male 14 671 0.07 0.03 --- Slow development  

A Female (2) A Male 12 1 I00 68.2 51.1 14.6 Normal 
OMP Male 12 900 66.7 62.2 13.1 Normal 

A Female (3) A Male 11 727 87.4 71.5 11.6 Normal 
OMP Male 11 545 99.8 85.5 11.6 Normal 

A Female (4) A Male 11 1636 73.3 39.9 12.2 Normal a 
OMP Male 11 1181 99.9 55.1 12.2 Normal a 

OMP Female A Male 15 3200 97.9 93.8 14.0 Normal 
OMP Male 15 3100 98.9 96.8 13.8 Normal 

B Female (1) B Male 13 1384 52.9 38.5 13.8 Normal 
OMP Male 13 1230 57.5 43.1 14.2 Normal 

B Female (2) B Male 11 1363 100 73.1 12.8 Normal b 
OMP Male 11 1545 87.1 73.2 12.0 Normal b 

B Female (3) B Male 12 1000 100 98.0 13.0 Normal 
OMP Male 12 916 100 98.3 12.6 Normal 

B Female (4) B Male 12 750 77.7 20.7 13.6 Normal 
OMP Male 12 750 88.8 38,4 11.8 Normal 

OMP Female B Male 8.5 1294 66.4 64.0 11.8 Normal 
OMP Male 8.5 1765 48.7 45.7 11.8 Normal 

aA Few fish showed ascites. 
bA Few fish showed scoliosis. 

TABLE III 

Growth of  the Second Generation Fry 

Average Average wt.  
Fry hatched initial 3 mon ths  Mortality 

from wt. (g) old fish (g) (%) 

A Female X 0.15 3.04 14.6 
A Male 

A Female X 0.13 2.48 3.0 
OMP Male 

OMP Female 0.16 3.39 1.0 
X OMP Male 

B Female X 0.15 2.80 11.0 
B Male 

B Female X 0.15 2.69 5.5 
OMP Male 

each fish are summarized in Table II. 
T a b l e  III p r e s e n t s  t h e  g r o w t h  a n d  su rv iva l  

r a t e  o f  t h e  s e c o n d  g e n e r a t i o n  f ry  p r o d u c e d  b y  
t h e  t e s t  d ie t  p a r e n t s .  D u r i n g  t h e  3 m o n t h  
p e r i o d ,  t h e  g r o w t h  was  n o r m a l  fo r  all g r o u p s  
o f  f i sh .  T h e  a c c u m u l a t e d  m o r t a l i t y  w a s  14 .6% 
fo r  f ry  p r o d u c e d  b y  A f e m a l e s  X A m a l e s  a n d  
1 1 .0% b y  B f e m a l e s  X B m a l e s .  T h e s e  m o r t a l i t y  
f i gu re s  a re  n o t  c o n s i d e r e d  e x c e s s i v e l y  h i g h  in  
t h e  p r a c t i c e  o f  a r t i f i c ia l  p r o p a g a t i o n .  

R e s u l t s  o f  t h e  h i s t o l o g i c  e x a m i n a t i o n  
s h o w e d  t h a t  t h e  k i d n e y ,  h e a r t  a n d  l iver  t i s s u e s  
w e r e  n o r m a l  in  t h e  s e c o n d  g e n e r a t i o n  f i sh  
p r o d u c e d  b y  all m a l e  a n d  f e m a l e  c rosses .  

B a s e d  o n  f i sh  g r o w t h ,  r e p r o d u c t i o n  c a p a b i l i t y  
a n d  t h e  w e l l - b e i n g  o f  t h e i r  s u c c e e d i n g  g e n e r a -  

t i o n ,  t h e  d a t a  s t r o n g l y  s u p p o r t  p r i o r  f i n d i n g s  
(1 -4 )  t h a t  603 F A  are  t h e  e s s e n t i a l  d i e t a r y  
F A s  fo r  t r o u t .  A d d i t i o n  o f  a 606 F A - c o n t a i n i n g  
l ip id  to  a t r o u t  d ie t  f o r m u l a t i o n  is u n n e c e s s a r y .  
P r i o r  e x p e r i m e n t s  ( 3 , 4 )  i n d i c a t e d  t h a t  a h i g h  
p e r c e n t a g e  o f  d i e t a r y  606 F A  w o u l d  a d v e r s e l y  
e f f e c t  t h e  g r o w t h  o f  t r o u t .  

T h e  f a t t y  ac id  c o m p o s i t i o n  o f  p h o s p h o l i p i d s  
e x t r a c t e d  f r o m  t h e  d ie t  A a n d  B f i sh  c a r c a s s e s  
a n d  eggs  are  p r e s e n t e d  in  T a b l e  IV.  A h i g h  
p e r c e n t a g e  o f  t o t a l  603 F A s  was  p r e s e n t  in  
all s a m p l e s .  T h e  603 F A  c o n t e n t  in  p h o s p h o -  
l ip ids  o f  t h e  d ie t  A f e m a l e s  a n d  m a l e s  was  
c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  o f  t h e  d i e t  B f i sh .  
T h e  h i g h  606 F A  c o n t e n t  ( 1 . 5 % )  in  d ie t  B 
c o u l d  h a v e ,  to  a c e r t a i n  e x t e n t ,  i n h i b i t e d  t h e  
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T A B L E  IV 

P e r c e n t a g e  F a t t y  A c i d  C o m p o s i t i o n  o f  T r o u t  Eggs a n d  Carcass  P h o s p h o l i p i d s  
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Diet  A Diet  B 

F a t t y  ac ids  Fema le  Male Egg Fema le  Male Egg  

1 2 : 0  0 . 7  1.2 0.4  0 .2  0 .4  0 .4  
14 :0  2 .7  3 .7  3 .7  1.7 1.9 2 .6  
16 :0  19.5  2 1 . 0  15 .0  19.5  21 .7  16 .0  
16:1  6.2 7 .0  7.1 3.1 4 .0  4.1 
1 8 : 0  5.5 4 .8  10.5 7 .0  8.4 10.9  
18 :1  18.6  23 .4  24 .2  14.0 18 .7  16.1 
1 8 : 2 ~ o 9 + t o 6  1.7 1.9 1.2 . . . . . . . . .  
18 :2~o6  . . . . . . . . .  11 .4  10.9  4.1 
18 :3~o6  . . . . . . . .  0 .3  0.2 0 .2  
1 8 : 3 t o 3  6 .3  6 .2  0 .3  3.2 1.9 0 .3  
20:16o9 0 .7  0 .9  3 .0  0.8 0 .8  2.4  
1 8 : 4 t o 3  1.0 0.9  0 .4  0 .5  0 .3  0 .6  
2 0 : 2 t o 9  0 .8  0 .8  1.3 0 .4  0 .3  0 .6  
2 0 : 2 t o 6  . . . . . . . . .  0 .9  0 .8  2 .3  
2 0 : 3 c 0 9  0 .7  0 .8  4 . 4  1.4 1.0 1.5 
20 :3~o6  . . . . . . .  2 .8  2 .0  3 .5  
2 0 : 4 t o 6  0 .4  0 .5  0 .5  8.4 7 .6  8 .8  
2 0 : 4 6 0 3  1.5 2 .3  2.2 0 .4  0 .2  0 .9  
2 0 : 5 6 0 3  4 .2  3 .0  3.4 1.9 1.6 2 .2  
2 2 : 4 t o 6  . . . . . . . .  0 .3  0 .8  --- 
22 :5606  . . . . . . . .  2 .2 2 .0  1.5 
22  : 5 to3  1.2 1.4 1.5 0 .9  t r ace  0 .8  
2 2 : 6 t o 3  28 .4  20 .2  20 .8  18 .7  14.2  19.9  

To ta l  ~o3 FAs  4 2 . 6  34 .0  2 8 . 6  25 .6  18.2  24 .7  
To ta l  to6 FAs  0 .4  0 .5  0 .5  26 .3  24 .3  2 0 . 4  

metabolism of the ingested 663 FA and thereby 
reduced the incorporation of the 6o3 FAs into 
phospholipids. This is in agreement with the 
competitive inhibition between linolenate and 
linoleate metabolism suggested by Rahm and 
Holman (13). 

A small quantity of 20:4036 (arachidonic 
acid) was found in the phospholipids of the diet 
A male, female and eggs. A possible source of 
the 666 FAs could be incompletely extracted 
diet ingredients such as dextrin, casein, and 
gelatin. 
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Hydroxy Acids and Estolide Triglycerides of Heliophila 
amplexicaulis L.f. Seed Oil 
RONALD D. PLATTNER, KATHLEEN PAYNE-WAHL, LARRY W. TJARKS, and 
ROBERT KLEIMAN, Northern Regional Research Center, Agricultural Research, 
Science and Education Administration, U.S. Department of Agriculture, 1 Peoria, Illinois 61604 

ABSTRACT 

Thirty percent of the fatty acids from He/iophila amplexicaulis seed oil are hydroxy acids, 
primarily lesquerolic acid (14-hydroxy-cis-11-eicosenoic acid) with a trace of a new fatty acid, 16- 
hydroxy-cis-13-docosenoic acid. The hydroxy acids in the oil are found exclusively in the 1 and/or 
3 positions of the triglycerides and are completely acylated with C20 or C22 saturated or monoenoic 
adds. 

INTRODUCTION 

Significant levels of erucic acid have been 
found in the seed lipids of nearly three-fourths 
the reported Cruciferous species (1). In addi- 
tion, hydroxy acids have been reported in 
several genera of the family, most notably in 
the genus Lesquerella. These species contain 
relatively large amounts of C 1 s or C20 hydroxy 
acids (2). To date, no species containing both 
high levels of hydroxy acids and long chain 
acids such as erucic was known. Some of the 
hydroxy acids in the triglycerides of one 
species, Lesquerella auriculata, were found 
acylated with normal C 16 and C 18 fatty acids 
forming tetraglycerides (3). We now report that 
the seed oil of Heliophila amplexicaulis col- 
lected in Spain contains ca. 30% hydroxy 
acids, all of which are acylated with the C20 
and C22 fatty acids. 

MATERIALS AND METHODS 

Oil was extracted from ground seeds and 
analyzed as previously described (4). Infrared 
(IR) spectra were recorded from liquid films on 
sodium chloride disks or I% CHC13 solution; 
nuclear magnetic resonance (NMR) spectra 
were recorded from deuteriochloroform solu- 
tions with a Varian HA-100 spectrometer. 
Methyl esters were prepared from the oil by the 
BF3-methanol procedure described by Kleiman 
et al. (5). Methyl esters of the free acid frac- 
tions from lipolysis of the oil were prepared 
using diazomethane. Gas liquid chromatog- 
raphy (GLC) analyses of esters were completed 
on polar (5% LAC-2R446 or 3% Silar 5CP) and 
nonpolar (5% Apiezon L) columns at oven 
temperatures of  200 C. GLC analyses of  lipoly- 
sis mixtures were carried out on 3 ft x 1/8 in. 

IThe mention of firm names or trade products 
does not imply that they are endorsed or recommended 
by the U.S. Department of Agriculture over other 
firms or similar products not mentioned. 

stainless-steel columns, packed with 3% OV-1, 
temperature programmed from 150-400 C at 4 
C/min. The monohydroxy esters were isolated 
by preparative thin layer chromatography 
(TLC) on 2mm Silica Gel G layers with hexane/ 
ether (70:30) as the developing solvent. 

Lipolysis of the glycerides were carried out 
as reported by Kleiman et al. (3). Lipolysis 
products were separated into four classes: free 
acids, monoglycerides, diglycerides, and un- 
reacted glycerides. This was acComplished by 
preparative TLC on 2-ram Silica Gel G layers 
with hexane/ether (70:30). Methyl esters 
prepared from the free acid fraction were 
analyzed and separated using a 3.8 mm x 30 cm 
RP-8 reverse phase high pressure liquid chroma- 
tography (HPLC) column eluted with CHa-CN. 
Detection of components was made by dif- 
ferential refractometry. A standard methyl 
ester estolide was made by reacting methyl 
ricinoleate with palmitoyl chloride as reported 
by Payne-Wahl et al. (6). Mass spectra were 
obtained at 70 eV using the gas chromato- 
graphic (GC) inlet on the Bendix 2625-Dupont 
21-492-1 gas chromatography-mass spectro- 
meter (GC-MS) system. 

The whole oil was analyzed by HPLC on 
three columns: a 3.8 mm x 30 cm /a-Porasil 
column with an isooctane/ether acetic/acid 
(98:2:1) solvent system; a 7.9 mm x 30 cm 
Waters triglyceride analysis column with a 
CH3CN]THF (3:1) solvent system; and a 7.9 
mm x 30 cm C 18 /~ Bondapak column with an 
acetone/acetonitrile (3:1) solvent system. 

RESULTS AND DISCUSSION 

HetiophiIa amptexicaulis seed oil has an IR 
spectrum not unlike any normal triglyceride oil. 
No free OH absorbance is observed at 3500 
cm -1 . TLC analysis of the oil showed essentially 
one spot with an Rf similar to that observed for 
normal triglycerides. However, TLC of the 
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methyl esters from the seed oil on silica plates 
showed two classes of  components with Rfs 
indicating normal methyl esters and mono- 
hydroxy methyl esters. The hydroxy esters 
were isolated by preparative TLC and shown to 
be methyl lesquerolate (14-hydroxy-cis-11- 
eicosenoate), 99.8% and 16-hydroxy-cis-13- 
docosenoate by GC-MS and NMR. The NMR 
spectrum of this fraction is virtually identical to 
that of methyl ricinolate (12-hydroxy-cis-9- 
octadecenoate). Signals are observed at ~ = 5.46 
m(2H) for the double bond protons, ~ = 3.60 
s+m(4H) for the ester protons and the methine 
on C14 (C16 in the C22 homolog), ~ = 2.0-2.2 
m(6H) for the protons a to the carbonyl and 
the protons a to the double bonds; 5 = 1.4 for 
the long chain methylene protons and 5 = 0.88 
t for the terminal methyl protons. Double 
resonance experiments show coupling between 
the methine proton and the farthest downfield 
portion of the multiplet at 5 = 2.2 signal, 
which is from the protons on C13. Coupling 
between the double bond protons and both of 
the signals in this multiplet arising from the 
protons on CI0 and C13 was also observed. 
The mass spectrum of the 20:1-OH component  
from H. amplexicaulis was identical to that 
obtained for authentic methyl lesquerolate. The 
silylated derivatives were also identical. 

Spectra of the trimethylsilyl (TMS) deriva- 
tive of  unsaturated hydroxy acids are more 
easily interpreted (7). The spectrum of TMS 
derivative of 20:1-OH component was again 
identical to the TMS derivative of authentic 
methyl lequerolate with intense fragments at 
m/e 187 and 227 and a TMS rearrangement ion 
(7) at m/e 298 indicating a hydroxyl  on C14 
and a double bond at C 11. The spectrum of the 
TMS derivative of 22:1-OH component had 
intense fragments at m/e 187 and 355 with a 
TMS rearrangement ion observed at m/e 326 
and a M-15 ion at m/e 425, which indicated 
that the hydroxyl group and the double bond 
were located at C16 and C13, respectively. 
Table I shows the composition of the total 
methyl esters from H. amplexicaulis seed oil. 

The presence of large amounts of hydroxy 
acids in the saponified seed oil, with the ab- 
sence of free OH adsorption in the IR and no 
evidence of hydroxy c o m p o n e n t s  by TLC, 
suggested that the hydroxy components were 
acylated in the original oil. The absence of an 
acetate band in the IR spectrum eliminated 
structures like those found in Nerium oleander 
(8) and suggested that the hydroxyls might be 
acylated by normal fatty acids. GLC analysis of 
the oil showed no evidence of normal trigly- 
cerides. Reverse phase HPLC of the seed oil, 
under conditions used to elute normal trigly- 

TABLE I 

Composition of Methyl Esters from 
Heliophila amplexicaulis Seed Oil by GLC 

Component Area, % 

14:0 tr  
16:0 1.1 
16:1 0.2 
18:0 0.6 
1 8 : 1  12.1 
18:2 5.2 
18:3 11.1 
20:0 1.8 
20:1 7.9 
20:2 0.7 
22:0 3.5 
22:1 25.0 
22:2 0.6 
24:0 tr 
24:1 tr  
20:l-OH 30.1 
22 : 1-OH tr  

cerides (9), failed to elute any components. 
Increasing the strength of the solvent system to 
acetone/acetonitrile (3:1) eluted a cluster of 
components with a K' of ca. 4. 

The NMR spectrum of H. amplexicaulis oil 
showed the signals observed in normal trigly- 
cerides with the addition of a multiplet at ~ = 
4.84 which arises from the methine proton 
at an estolide linkage. For comparison of NMR 
data, synthetic tetra-, penta-, and hexa-acyl 
triglycerides were prepared from the reaction of 
the 1-, 2-, and 3-hydroxy fractions of Les- 
querella globosa seed oil [a source of lesquero- 
lic acid containing trigtycerides (10)] and 
erucoyl chloride. The synthesis and complete 
HPLC and TLC examination of these synthetic 
multiacyl triglycerides are reported separately 
(6). Comparison of the integrations of the 
signal, 6 = 4.84 (1H/estolide linkage) from the 
methine proton on the carbon of the estolide 
linkage to the signal, 6 = 4.2 (4H/molecule) 
from the a glycerol protons indicated a ratio of 
estolide signal per glycerol signal of 0.37. This 
corresponds to an average of ca. 1.5 estolide 
linkages per molecule. Ratios of 0.23 for the 
synthetic tetraglyceride, 0.50 for the pentagly- 
ceride, and 0.78 for the hexaglyceride agree 
with the theoretical values of 0.25, 0.50, and 
0.75, respectively. 

HPLC and GLC analyses of the methyl esters 
from lipolysis of H. amplexicaulis oil show the 
presence of small amounts of normal fatty 
acids. In addition, the bulk of the fraction is 
four estolide esters, whose structures were 
established by GC-MS and their NMR spectra. 
Figure 1 shows the HPLC chromatogram of the 
esters of the free acid fractions. Components 
were eluted from a 30 cm x 3.8 mn RP-8 
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FIG. 1. HPLC chromatogram of 25 tal of 10% 
solution of methyl esters of free acids from lipolysis of 
Heliophita amplexicautis seed oil. Column and solvent 
were as follows: 30 cm x 3.8 mm RP-8 column eluted 
with acetonitrile at 1.0 ml/min. Peaks were detected 
by differential refractometry. Normal esters eluted in 
solvent tail while peaks 1-3 were identified as estolides 
by GC-MS and NMR. 

A 

�9 Telra21yeeritles Penta~Jycerides 

" /:,T"~Y~ e"'~ I r I , Hexa~lycerides 

I L I J i 

20 40 60 80 100 120 140 160 
Time, min 

FIG. 2. HPLC chromatogram of a mixture of 
synthetic triglycerides, tetraglycerides, pentagly- 
cerides, and hexaglycerides from Lesquerella globosa 
seed oil (A) and Heliophila amplexicaulis seed oil (B). 
Column and solvent were as follows: 30 cm x 7.8 mm 
Waters "Triglyceride analysis" column eluted with 
acetonitrile tetrahydrofuran (3:1) at 2.0 ml/min. 

column with acetonitrile. The three major 
components were collected and identified as 
methyl eicosenoyloxy lesquerolate, a mixture 
of methyl eicosenoyloxy lesquerolate and 
methyl docosenoyloxy lesquerolate, and 
methyl docosanoyloxy lesquerolate by GC-MS 
and NMR. The NMR spectra had the multiplet 
at 15 = 4.88 representing the methine proton on 
the carbon atom of the estolide linkage. The 
integrated signal from this proton had a value 
of 1 relative to the methoxyl protons (3) and 
the terminal methyl protons (6). GC-MS of 
these four estolides showed ions at m/e 600, 
602, 628, and 630, respectively, which arise 
from loss of 32 (CH3OH) from the molecular 
ion. Intense ions were observed for the loss of 
the nonhydroxy acyl group with a hydrocarbon 
rearrangement at m/e 322. The other promi- 

nent ion was the nonhydroxy acyl ion (RC = 
O+) at 291, 293, 219, and 321, which arises by 
cleavage at the estolide linkage. 

The monoglyceride fraction from the 
lipolysis of the Heliophila oil contained only 
monoglycerides of C 18 unsaturated fatty acids. 
No hydroxy acids, longer chain normal acids, 
or estolides were detected. The lipolysis and 
NMR data indicated that 11. amplexicaulis seed 
oil contains a mixture of tetraglycerides and 
pentaglycerides with a normal C 18 unsaturated 
acid in the 2-position. Comparison of the HPLC 
chromatogram of H. ampleicaulis seed oil with 
the tetraglyceride and pentaglyceride standard 
(Figure 2) supports this conclusion. The tetra- 
and pentaglycerides overlap more in the H. 
amplexicaulis seed oil than the standards 
because the estolides in the natural oil are more 
complex, having tetraglycerides with C16-C22 
normal acids in two positions and estolides with 
four different fatty acids (20.0, 20.1,22.0,  and 
22.1), whereas the standard estolides had only 
C22 estolides and only C16 and C18 normal 
acids in the other two positions. 

Several triglyceride oils containing hydroxy 
acids are known to have more than three fatty 
acids per glycerol molecule. Acetic acid was the 
only acid esterified to the hydroxy acids in 
Nerium oleander (9), Cardamine impatiens seed 
oil (11), and accounts for approximately 
one-fourth of the estolide acids in Chamae- 
peuce afra (12). trans-2-cis-4-Decadienoic acids 
were found bound to the allenic hydroxy acid 
in Sapium sebiferum (13) seed oil while oil 
from Monina emarginata (14), Mallotus philip- 
pinensis (15), C. afra, ergot (16), and Les- 
querella auriculata (3) are reported to contain 
normal C 16 and C 18 fatty acids. Only in ergot 
is estolide formation reported to be complete, 
yielding an oil with no free hydroxyl groups. 

This is the first estolide-containing seed oil 
reported to have complete acylation of all of 
the hydroxy acids present. The specific distri- 
bution of the fatty acids in the glycerides 
of this seed oil, with the elongated normal acids 
being the only ones that are so completely 
acylated to the hydroxy acids, raises interesting 
questions about the biological system operating 
in triglyceride synthesis in this plant. Heliophila 
amplexicaulis is the first crucifer to have large 
amounts of both hydroxy fatty acids and 
elongated fatty acids. Perhaps it represents 
some link between the two enzymatic systems 
that accounts for the two types of crucifers 
previously reported. 

ACKNOWLEDGMENT 

We thank Dr. Gomez Campo for collecting the seed. 

LIPIDS, VOL. 14, NO. 6 



ESTOLIDES OF H. AMPLEXICAULIS 579 

REFERENCES 

1. L.-A. Appelqvist,  in "The  Biology and Chemistry 
of  the Cruciferae," Edited by J.G. Vaughan,  A.J. 
Macleod, and B.M.G. Jones,  Academic Press, New 
York, 1976, pp. 221-277. 

2. Mikolajczak, K.L., F.R. Earle, and I.A. Wolff, J. 
Am.  Oil Chem. Soc. 39:78 (1962). 

3. Kleiman, R., G.F. Spencer, F.R. Earle, H.J. 
Nieschlag, and A.S. Barclay, Lipids 7:660 (1972). 

4. Plattner, R.D., G.F. Spencer, and R. Kleiman, 
Lipide 10:413 (1975). 

5. Kleiman, R., G.F. Spencer, and F.R. Earle, Lipids 
4 :118 (1969). 

6. Payne-Wahl, K., R.D. Plattner, G.F. Spencer, and 
R. Kleiman, (Lipids-In press). 

7. Kleiman, R., and G.F. Spencer, J. Am. Oil Chem. 
Soc. 50:31 (1973). 

8. Powell, R.G., R. Kleiman, and C.R. Smith,  Jr., 

Lipids 4 :450 (1969). 
9. Plattner, R.D., G.F. Spencer, and R. Kleiman, J. 

Am.  Oil Chem. Soc. 54:511 (1977). 
10. Mikolajczak, K.L., F.R. Earle, and I.A. Wolff, J. 

Am.  Oil Chem. Soc. 39:78 (1962). 
11. Mikolajczak, K.L., C.R. Smith,  Jr., and I.A. 

Wolff, Lipids 3:125 (1968). 
12. Mikolajczak, K.L., and C.R. Smith,  Jr., Biochim. 

Biophys. Acta 152:244 (1968). 
13. Sprecher, H.W., R. Maier, M. Barber, and R.T. 

Holman,  Biochemistry 4(9):  1856 (1965). 
14. Phillips, B.E., and C.R. Smith,  Jr., Biochim. 

Biophys. Acta 218:71 (1970). 
15. Rajiah, A., M.R. Subbaram, and K.T. Achaya,  

Lipids 11:87 (1976). 
16. Morris, L.J., and S.W. Hall, Lipids 1:188 (1965). 

[Received December 11, 1978] 

LIPIDS, VOL. 14, NO. 6 



Identification of Novel Octadecadienoic Fatty Acids in the 
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ABSTRACT 

The BF3-MeOH reagent for ozonolysis of ethylenic unsaturation does not oxidize alcohols. It is 
therefore feasible to determine the position of ethylenic unsaturation in long chain fatty alcohols 
of synthetic or natural origin by recovering the methyl ester products intact and silylating the alcohol 
function of half-ester, half-alcohol, products prior to gas liquid chromatographic analysis. The C 3 
fragment from methylene-interrupted alkyl chains is not recovered, but, by first reducing carboxyl 
ester groups to alcohols, the terminal difunctional products can be identified in nonmethylene- 
interrupted dienoic fatty acids. The seaweed Cladophora rupestris is shown to contain A5,All-, 
A8,LX 11-, and A 11, ~x I4- as well as Ax9,Ax 12-octadeeadienoic acid. 

INTRODUCTION 

The positions of the ethylenic bonds in 
certain mono- and polyethylenic fatty acids 
influence elution patterns for methyl esters in 
both gas liquid chromatography (GLC) and 
argentation thin layer chromatography 
(AgNO3-TLC). In our work, fairly complex 
procedures must be applied to conclusively 
identify all isomers present in natural mixtures. 
A new combination of methods has now been 
illustrated through study of  the octadeca- 
dienoic fatty acids of a seaweed, Cladophora 
rupestris. The long chain monoethylenic fatty 
alcohols of wax esters in marine crustacea 
(1-3) are an important lipid component,  and 
their biochemical conversion to fatty acids is 
probably responsible for the pecularity that the 
docosenoic acids of marine origin are predomi- 
nantly of the cis A l l  or cetoleic structure 
instead of the cis A13 or erucic structure (3). 
Oxidative fission to determine the position of 
the ethylenic bond in these alcohols was 
required as part of studies of marine lipids (4), 
and it was discovered that the alcohol function 
was stable in the presence of  BF3-MeOH and 
ozone under conditions used to establish the 
positions of ethylenic bonds (5,6). Derivatiza- 
tion of alcohol functions for GLC was earlier 
achieved through acetylation (3), but can be 
conveniently achieved through silylation of the 
half-alcohol, half-ester product. Exploratory 
silylation steps were carried out initially after 
thin layer chromatographic (TLC) separation of 
the half-alcohol, half-ester product, but silyla- 
tion could also be carried our directly on the 

1 To w h o m  all c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d .  
Presen t  add re s s  Nova  Sco t i a  Techn ica l  Col lege ,  P.O.  
Box 1 0 0 0 ,  H a l i f a x ,  N.S.  B3J  2X4 .  

mixture of all ozonolysis products recovered 
from the methylcyclohexane extractant ini- 
tially used for recovery of ester products (5), or 
the chloroform introduced later (6). 

DME DME ME 

T 
BF~-Me OH 

0 H H H H 
CH3-O-C-(CH2) =- C = C -(CHz)y- C = C - (CH 2 )=- CH3 

I 
Vitride 

$ 
H H H H H 

H 0-HC-(CH2IE C-C- lCHzly- C -C - {ell 2 )z- CH3 

0 3 

[ %- M~OH 
. o [ 

HO-C- (CH~,)~ C- O-CH 3 

I TMS DME ME 

H 0 
(CH3)3-Si-O-C-(CHz) X- C-O-CH H 3 

S C H E M E  1. 

The original ozonolysis method has now 
been extended (6) to cis, cis-methylene-inter- 
rupted acids (i.e., A9,A12-octadecadienoic 
acid) and herein to specifically determine 
the difunctional structures of cis, cis-non- 
methylene-interrupted octadecadienoic acids 
(e.g., A5 ,Al l -18 :2 )  by first reducing the 
carboxyl group to an alcohol, and then ozoni- 
zing in BF3-MeOH, thus splitting the ethylenic 
bonds to give methyl ester products. The prior 
reduction of acid to the stable alcohol distin- 
guishes the terminal difunctional product 
(C 5 in this case) obtained as an alcohol-methyl 
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ester, from the central difunctional product 
(C 6) obtained as the dimethyl ester. 

MATERIALS AND METHODS 

Alcohols employed included octadecanol 
and cis-9-octadecenol (both purchased from 
Nu-Chek-Prep, Elysian, MN), a mixture of 
monoethylenic fatty alcohols prepared by 
reduction of the methyl ester of technical c9 
erucic acid with Vitrile* reducing agent (East- Cll 
man Kodak, Rochester, NY, 70% sodium c13 c15 
bis-(2-methoxyethoxy) aluminum hydride in 
benzene), and a natural mixture of octadeca- 
dienols prepared by similarily reducing octa- 
decadienoic esters isolated from the fatty 
acids recovered from a seaweed, Cladophora 
rupestris. 

The seaweed lipid was saponified, non-sa- 
ponifiables were removed, and the fatty acids 
recovered and converted to methyl esters. A 
pure C 1 g fraction was collected from prepara- 
tive GLC on SE-30 and subjected to AgNO 3- 
TLC (7). The diene band, Rf 0.20, was rela- 
tively broad, contained methyl A9,A12-octa- 
decadienoate and three other components, and 
was arbitrarily divided into three sections which 
were reduced and ozonized as described below. 

For reduction, 20 mg or less of methyl esters 
were dissolved in benzene (1 ml) in a screw cap 
(Teflon*lining) centrifuge tube (10 ml). To this 
was added a 70% solution of Vitride in benzene 
(1 ml for 20 mg of 18:1 esters). After 20 min 
of agitation, the mixture was added slowly to a 
cool (0 C) 20% solution of H2SO 4 in water (5 
ml) in a 40 ml centrifuge tube immersed in an 
ice bath. The quenched mixture was agitated 
for 10 min and extracted with benzene (3 x 4 
ml). The pooled extracts were washed with 
water (3 x 5 ml), dried, and the solvent re- 
moved under nitrogen. TLC showed only one 
product, Rf 0.48, corresponding to long chain 
fatty alcohols (Applied Science Prekotes; 
developed in petroleum ether/diethyl ether, 
1:1). 

Ozonolysis was executed in BF3-MeOH as 
described elsewhere (5,6) with recovery of 
methyl ester or half-ester, half-alcohol, 
products by extraction with methylcyco- 
hexane. Either the half-ester, half-alcohol 
recovered from TLC, or the total ozonolysis 
product was dissolved in dry pyridine in a 
capped tube. Hexamethylenedisilazane (200/.d) 
and trimethylchlorosilane (100 /~1) (both from 
Applied Science Laboratories, State College, 
PA) were added, the mixture agitated for 1 
rain, and then stood for 5 min. 

GLC was carried out in wall-coated, open 

*Trade Mark 
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TABLE I 

Compositions of Difunctional Products from 
Ozonolysis of Technical Erucic Acid a 

or Corresponding Alcohols 

Mole % 
Chain length of Dimethyl Methyl ester-silyl 

difunctional product ester ether 

7.1 7.4 
12.8 12.2 
78.0 78.4 

2.1 2.0 

aApparently simply crystallized from rapeseed oil 
and therefore mostly docosenoic acid, with eicosenoic 
and octadecenoic acids as major impurities. 

tubular columns, 47 m x 0.025 mm I.D., of 
stainless steel coated with SILAR-5CP liquid 
phase (5). For ozonolysis silylation products 
operation was either isothermal at 120 C or 
isothermal at 120 for 24 min followed by 
programming at 24 C/rain to 150 C and then 
isothermal operation at 150 C, depending on 
the chain lengths of the products to be ex- 
pected. Other analyses were conducted at 180 
C for SILAR-5CP and 190 C for Apiezon-L 
columns. 

RESULTS AND DISCUSSION 

The exposure of the octadecanot to the 
oxidative steps with ozone in BF3-MeOH did 
not result in any conversion of pure alcohols to 
aldehydes, acids or methyl esters, as shown 
by careful TLC and GLC analyses. The pure 
cis-9-octadecenol gave the expected products, 
methyl nonanoate and the corresponding C 9 
half-acid ester, half-alcohol silyl ether in yields 
of 98% as shown with octadecanol as internal 
standard. As expected from other studies (6), 
two minor byproducts (i.e., the C 9 aldehyde 
and the corresponding C 9 acetal of the alde- 
hyde) could be detected in both monofunc- 
tional and difunctional products at about 1% of 
the main products. 

The technical erucic acid was ozonized in 
the form of both the methyl ester of the acids 
and of the alcohol derivative. Table I compares 
the relative recoveries of difunctional products. 
These, in fact, correspond to rapeseed oil main 
components, respectively, A 13-docosenoic, 
A11-eicosenoic, A9-octadecenoic and A15- 
tetracosenoic acids, with minor additions from 
other monoethylenic isomers (8). The results 
from the two methods are closely comparable. 
Monofunctional products were not evaluated. 

The products from ozonolysis of A9,A12- 
octadecadienol did not include the C 3 diester 
fragment, confirming studies carried out in 

LIPIDS, VOL. 14, NO. 6 



582 W.N. RATNAYAKE AND R.G. ACKMAN 

MIDDLE C. rupestris 
WHOLE DIENE PART "~ . _ 

ill  owS 

II II IIII B II SILAR 

tl  /ll I11  ,Co o 
A5,t~II 
B ns~, C 

8X 2X 16)( 

FIG. 1. Sections of charts of gas liquid chromatographic analyses, on a stainless-steel open-tubular column 
coated with SILAR-5CP, of AgNO3-TLC diene band and respective segments from a separate preparation= Note 
attenuation changes in whole diene band section. 

parallel with A9,A12-octadecadienoic acid 
(6). Reductive ozonolysis to give aldehydes is 
often used to distinguish terminal difunctional 
products (half-ester, ha/f-aldehyde) from in- 
ternal difunctional products from ozonolysis of 
fatty acids (9). Prior reduction of carboxyl 
groups to alcohols is equally satisfactory except 
for the absence of the C 3 fragment. Low 
recoveries of C 3 fragment are also reported for 
the procedure in which the carboxyl ester is 
retained and the ozonides are reduced to 
alcohols (10). 

The dienoic fatty methyl esters from C. 
rupestris (Fig. 1) included two components (B 
and C) which on SILAR-5CP eluted ahead of 
the major isomer, A9,A12-18:2, and one 
component (D) eluting later. Table II shows the 
results of the ozonolysis of the seaweed fatty 
acids after reduction to alcohols. From this 
study and the analytical GLC of the isomeric 
dienes in each of the three segments of the 
AgNO3-TLC band (Fig. 1), it is clear that the 
upper third of the band contained mostly 
A9,A12-octadecadienoic acid with some A11, 
A14-octadecadienoic acid (D) and a trace of 
A5,Alt-octadecadienoic acid (B). The center 
part of the diene band was dominated by 
A9,A12-octadecadienoic acid, but included 
most of the A8,A1 1-octadecadienoic acid (C) 
and was also enriched in A5,All-octadeca-  
dienoic acid (B). The lower third of the band 
was rich in both B (A5,Al l - )  and A9,A12- 
octadecadienoic acids and included a lesser 
proportion of A8,All-octadecadienoic acid 

(C). Three of the octadecadienoic acid isomers 
identified (including the very common A9,A 12- 
octadecadienoic acid) share the same basic 
methylene-interrupted structure. The position 
of the total ethylenic unsaturation would be 
expected to be meaningful in influencing 
AgNO3-TLC mobility. 

The respective enrichments of C and D 
relative to A9,A12-18:2 (Fig. 1) are in agree- 
ment with the findings for a series of synthetic 
cis, cis-octadecadienoic acids with methylene- 
interrupted unsaturation (11) and correspond 
to other observations on similar types of mono- 
and polyethylenic isomer elution (12-14). In 
the cis-monoethylenic isomers, the Rf values 
for r and 6o4 isomers are almost identical 
(12), whereas those for the complementary A9 
and A12 isomers show a considerable dif- 
ference, the A12 isomer being more mobile. 
The additive effect for two monoethylenic 
bonds may be reduced, but is still sufficient to 
help explain the greater mobility of isomer D 
relative to the A9,A12-18:2 isomer. On the 
other hand, in respect to isomer C, both the A8 
and A11 monoethylenic isomers are less mobile 
than the corresponding A9 and A12 pair, yet 
isomer C is not concentrated in the lower part 
of the AgNO3-TLC band relative to the A9, 
A12-18:2 to the extent which would be ex- 
pected. Evidently, too much stress cannot be 
placed on additive effects and instead, as in 
GLC (15), the total effect of a chain substitu- 
ent may be critical. Proximity of the ethylenic 
unsaturation to the end of the chain (16) and 
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TABLE II 

Ozonolysis Products of  the Three Segments of the Diene Band Obtained from C 18 Methyl Ester 
Fraction of C. rupestris after Reduction to Alcohols 

583 

Sample 

AgNO3-TLC band 
divided into 

three segments 

Half methyl ester-half silyl ether 
products and origin if other than Diester 

A9,A12 from B 

Monoester 
products and 

origin if other 
than A9,A12 

Upper segment 

Middle segment 

Lower segment 

Mole % 

CH3CO2(CH2) 80TMS (C9) 86.1 
CH3CO2(CH2)I00TMS (Cll ,D) 13.9 
CH3CO2(CH2) 40TMS (C5,B) 2.9 
CH3CO2(CH2) 70TMS (C 8, C) 37.9 
CH3CO2(CH2) 80TMS (C9) 58.3 
CH3CO2 (CH2)I 00TMS (C 11 ,D) 0.9 
CH3CO2(CH2) 40TMS (C5,B) 32.7 
CH3CO2(CH2) 70TMS (C8,C) 7.7 
CH3CO2(CH2) 80TMS (C9) 59.6 

Mole % Mole % 

--- C 6 94.3 
--- c4 5.7 (D) 

DMC 6 100 C 7 52.8 (B + C) 
--- C 6 47.4 
--- C 4 0.1 (D) 

DMC 6 100 C 7 53.1 (B + C) 
--- C 6 46.9 

confo rma t ion  of  the molecule  to the absorbent  
(12) may be factors in applying a complex  and 
tit t le unders tood,  a l though very useful, chroma-  
tographic tool.  The reason for the re tardat ion 
on AgNO3-TLC of the nonmethylene- in te r -  
rup ted  A5,A11 isomer  is no t  clear f rom obser- 
vations on a variety of  cis, cis-octadecadienoates 
(13,14) but  is in all probabi l i ty  pr imari ly due to 
the A5 bond which occurs in the most  re tarded 
cis-18:1 isomers (12). Equivalent  chain length 
(ECL) values for methy l  esters of  A 5 , A l l - ;  
A 8 , A l l - ;  A9,A12-  and A l l , A 1 4  octadeca-  
dienoates were, respectively,  18.55, 18.75, 
18.83, and 19.03 on SILAR-5CP and 17.33, 
17.48, 17.48 and 17.63 on Apiezon-L.  The 
methylene- in te r rupted  acids elute in the correct  
order  and with ECL values comparable  with 
published figures (17). It was possible to verify 
the ECL value of  18.55 on SILAR-5CP for the 
A 5 , A l l - 1 8 : 2  as the sum of  monoethylenic 
fract ional  chain lengths for the A5 and A l l  
cis-18:l isomers, ca. 0.15 and 0.42 on the same 
column,  plus the ECL base of  18:00,  since 
there is tittle or no addi t ional  increment  for 
in teract ion of  the e thylenic  bonds (18). The 
calculat ion (19) of  ECL value for the Apiezon  
co lumn (8) was equally satisfactory,  the calcu- 
lated ECL value for A5,A11-18:2  being 17.26 = 
(18.00 - [(18.00 - 17.64) + (18.00 - 17.62)] ) vs. 
17.33 observed. 

The A8,A11-  and A11,A14-oc tadecadienoic  
acid isomers are plausibly derived f rom the 
corresponding hexadecadienoic  isomers (respec- 
tively, A6,A9 and A 9 , A I 2 )  which are known in 
marine plants (20-22);  and the A5 desturase 
also operates in the C20 chain lengths to 
produce  the A5,A11-eicosadienoic ,  A5 ,A11,  
A 14-eicosatrienoic and A5,A11 ,A 14,A 17- 

e icosate t raenoic  acids known to occur  in C. 
rupestris (22), some other  seaweeds (22,22),  
and in o ther  types o f  plants (23). This type o f  
origin satisfactori ly explains the occurrence of  
only cis ethylenic  unsatura t ion in the  materials 
studied,  a l though trans ethylenic  bonds are no t  
excluded f rom considerat ion in A5 unsatura- 
t ion (8). The A l l , A 1 4 - o c t a d e c a d i e n o i c  acid 
can accumulate  in animals (24,25).  

Reduc t ion  of  fa t ty  a lcohol  ozonides to 
aldehydes and analysis of  half-aldehyde,  half- 
silyl esters is feasible (26), as well as the reduc- 
t ion to alcohols already ment ioned  (10). 
The oxidat ive ozonolysis  route  which we have 
evaluated is f lexible and convenient  and avoids 
the toxic-reducing agents somet imes  used to 
achieve similar mixed  func t ion  products  (27). 
Preferential  losses of  shorter  chain monoes te r  
p roduct  (Table II) can be minimized by using 
ch loroform in lieu of  me thy lcyc lohexane  (6). 
Suitable methy l  ester quali tat ive standards are 
readily available, and others  can usually be 
prepared as needed f rom cheap materials such 
as the technical  erucic acid. 
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Hypolipidemic Effects in Monkeys of ML-236B, a Competitive 
Inhibitor of 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase 1 

MASAO KURODA, YOSHIO TSUJITA, KAZUHIKO TANZAWA and AKIRA ENDO, Fermentation 
Research Laboratories, Sankyo Co., Ltd., 1-2-58 Hiromachi, Shinagawa-ku, Tokyo, 140 Japan 

ABSTRACT 

The fungal metabolite ML-236B, a competitive inhibitor of 3-hydroxy-3-methylglutaryl CoA 
reductase, has been shown to be significantly effective in lowering serum cholesterol levels in 
cynomolgus monkeys at doses of 20-50 mg/kg per day. Levels of serum phospholipids and trigly- 
cerides were, however, not significantly changed by the administration of the drug. Of the serum lipo- 
protein fractions, a 34ipoprotein corresponding to low density lipoprotein was preferentially reduced 
by the drug treatment. Fecal excretion of neutral sterols was unaffected but that of bile acids was 
slightly elevated by the administration of ML-236B. 

INTRODUCTION 

The fungal metabolite ML-236B, a potent 
inhibitor of cholesterol biosynthesis, has been 
isolated from the culture broth of Penicillium 
citrinum in this laboratory (1). The compound 
was shown to specifically inhibit 3-hydroxy-3- 
methylglutaryl CoA reductase, the rate-limiting 
enzyme in cholesterol biosynthesis, in a com- 
petitive fashion with respect to the substrate 
3-hydroxy-3-methylglutaryl CoA (2). ML-236B 
is highly inhibitory to sterol synthesis both in 
vitro (3-5) and in vivo (5). 

Hypocholesterolemic effects of ML-236B 
have been shown in rats treated with the 
detergent Triton WR-1339 (6) and in dogs (7). 
The present experiments show the hypocholes- 
terolemic activity and the effects on the excre- 
tion of fecal neutral sterols and bile acids of 
this drug in monkeys. 

MATERIALS AND METHODS 

Animals 

Cynomolgus monkeys weighing 3.8-4.5 kg 
from our biological testing colony were housed 
individually. The animals were maintained on 
80 g (male) or 60 g (female) of a commercial 
monkey food (Type AB, Oriental Yeast Co., 
Japan). All animals received a daily piece of 
orange (50 g) to supply vitamin C. 

ML-236B concealed in a 30 g piece of 
banana was given twice a day (at 10:00 a.m. 
and 4:00 p.m.) at doses of 20 and 50 mg/kg per 
day for 11 days. Control animals received 
banana without drug. The daily food intake and 
initial and final body weight were determined. 
Blood samples were taken at 9:00 a.m. where 

IAII correspondence should be addressed to Dr. 
Akira Endo, Fermentation Research Laboratories, 
Sankyo Co., Ltd., 1-2-58 Hiromachi, Shinagawa-ku, 
Tokyo, 140 Japan. 

indicated. Total feces were collected for 48 hr 
on 5 days before initiation of drug treatment 
(pretreatment) and on 9 days on drug. To 
ensure complete recoveries, feces were collected 
several times per day, weighed and kept at -40 
C until analyzed for neutral sterols and bile 
acids. 

Chemicals 

The lactone form of ML-236B was isolated 
from culture broth as described previously (1). 
[4-14C]Cholesterol (54.0 Ci/mol) was from 
New England Nuclear (Boston, MA) and 
[carboxy-14C]deoxycholic acid (50 Ci/mol) 
from Radiochemical Centre (Amersham, 
England). Cholesterol, coprostanol, desmo- 
sterol, campesterol, stigmasterol, 3-sitosterol 
and lanosterol were from Applied Science 
Laboratories Inc., (State College, PA). 7-Keto- 
deoxycholic and 7-ketolithocholic acids were 
from Stearoid (Wilton, NH), and 5a-choles- 
tane and methyl esters of deoxycholic, litho- 
cholic, chenodeoxycholic and cholic acids from 
Analabs (New Haven, CT). 

Lipid determinations 

Serum cholesterol, triglyceride and phospho- 
lipids were assayed as described previously (7). 
Serum lipoproteins were stained with Sudan 
Black B and separated by polyacrylamide gel 
electrophoresis (gel concentrations were 
1.875% for condensation and 3.0 and 5.0% for 
separation) by the method of Narayan et al. 
(8). For determination of lipoprotein composi- 
tion, tubes were scanned in a Gelscan model 
39375 (Gelman Instrument Co., Ann Arbor, 
MI), and percent composition of lipoprotein 
fractions was calculated from the respective 
area in the densitogram. 

For extraction, isolation and analysis of 
fecal neutral sterols and bile acids, the methods 
of Grundy et al. (9) and Parkinson et al. (10) 
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FIG. 1. Hypolipidemic effects of ML-236B in monkeys. Monkeys 1 (o, male) and 2 (- ,  female) in A were 

control animals, monkeys 3 (o, male) 4 (- ,  female) and 5 (A female) in B received ML-236B at a dose of 20 
mg/kg per day for 11 days (from day 0 to 10, s t i p p l e d ) ,  and monkeys 6 (o, male), 7 (. ,  female) and 8 (A, female) 
in C received the drug at 50 mg/kg per day for 11 days. 

TABLE I 

Hypocholesterolemic Effects of ML-236B in Monkeys a 

Dose Percent decrease 
(mg/kg/day) Monkey No. in serum cholesterol 

20 3 12.4 
4 31.4 
5 17,7 

(Mean) • (S.D.) 20.5 • 9.8 

50 6 32.6 
7 44.9 
8 30.4 

(Mean) e (S.D.) 26.0 • 7.8 

aExperimental conditions were described in Figure 1. Values for each monkey represent 
percent decreases from the pretreatment levels (average of 4 determinations of intervals as 
shown in Fig. 1) after 11 days of treatment. 

were c o m b i n e d  and  mod i f i ed  as descr ibed 
prev ious ly  (7). U l t r acen t r i f uga t i on  o f  s e rum 
l i pop ro t e in s  was carried o u t  by  the  m e t h o d  of 
Ha t ch  and  Lees (I 1). 

RESULTS 

AS s h o w n  in Figure  1 and  Table I, s e r u m  

choles te ro l  levels were rapidly  lowered  in all 
m o n k e y s  t rea ted  wi th  ML-236B at doses o f  20 
and  50 m g / k g  per  day regardless  of  beg inn ing  
choles te ro l  levels. On day 11, pe rcen t  decreases  
f r om p r e t r e a t m e n t  levels were 12-31% at 20 
m g / k g  per  day and  3 0 - 4 5 %  at 50 m g / k g  per  
day,  respect ively  (Table I). The  r e duc e d  tevels 
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A. Before treatment 

(2 

alb I 

& 

pre- B 

B. After t r e ~  

FIG. 2. Disc gel electrophoretic patterns of serum 
lipoprotein of monkey before (A) and after (B) treat- 
ment with ML-236B. Venous blood samples taken 
from monkey 7 (Fig. 1C) on day 0 and l l  were sub- 
mitted to disc gel electrophoresis as described in 
Materials and Methods. Peaks alb, c~, #1, #2, and pre-# 
represent albumin and c~-, #1-, #2- and pre-#-lipopro- 
teins, respectively (see text). 

of  serum cholesterol  re turned to p re t rea tment  
levels in 10-20 days after  the  te rmina t ion  of  
drug t rea tment  in all animals (data for day 30 
were no t  shown).  Contro l  animals showed no 
consistent  changes in serum cholesterol  levels 
during exper imenta l  period. Serum levels of  
tr iglyceride and phosphol ip id  were n o t  signifi- 
cantly lowered by the  adminis t ra t ion of  
ML-236B in all animals excep t  m o n k e y  No. 4, 
which had far higher normal  levels of  serum 
triglyceride than the rest o f  the animals, 
showed a marked reduc t ion  in serum trigly- 

ceride levels by the t rea tment  with ML-236B 
(Fig. 1). No changes were no ted  in levels of  
serum tr iglyceride and phosphol ipid  in control  
animals during the per iod of  the exper iments .  
Weight gain and food intake were unaffec ted  by 
the adminis t ra t ion of  ML-236B. 

On disc gel electrophoresis ,  serum l ipopro-  
teins of  cynomolgus  monkeys  were separated 
into 4 major  bands, one with a -mobi l i ty ;  two 
with t3-mobility ( tentat ively designated /31 and 
/32 ) and one with  pre-~-mobili ty (Fig. 2). On the 
o ther  hand,  of  the serum l ipoprote in  fract ions 
isolated by fract ional  u l t racentr i fugat ion (11), 
bo th  very low and low density l ipoprote in  
(VLDL and LDL) showed a single band on disc 
gel eletrophoresis ,  corresponding to p r e ~ - a r i d  
131-1ipoprotein , respectively.  The high densi ty 
l ipoprote in  (HDL)  was, however ,  separated in to  
two bands: one with a -mobi l i ty  and the Other  
with /32-mobility. Of the serum l ipoprote in  
fractions,  only/31-1ipoprotein was considerably 
decreased, and in o p p o s i t i o n  a - l i p o p r o t e i n  
fraction was relatively increased in all animals 
t reated with  ML-236B (Table II). 

Gas l iquid chromatographic  analyses showed 
the presence of 8 neutral  sterols in feces of  
cynomolgus  monkeys ,  o f  which 5 major  peaks 
were ident i f ied as cholesterol ,  desmosterol ,  
campesterol ,  st igamsterol and 13-sitosterol, and 
l i thochol ic ,  deoxychol ic ,  cholic and 7-keto- 
l i thochol ic  acids were found t o  be major  fecal 
bile acids. The fecal excre t ion  o f  neutral  sterots 
in cynomolgus  monkeys  was not  affected by 
the t r ea tment  with ML-236B at a dose of  50 
mg/kg  per  day. Thus,  bo th  relative contents  of  
individual sterols and total  sterol levels in feces 
of  each monkey ,  which were measured at 
p re t rea tment  and on day 9 (Fig. 1), showed no 
changes in t reated animals as well as in cont ro l  

TABLE II 

Changes in Serum Lipoprotein Composition of Monkeys 
after Administration of ML-236B a 

Dose 
mg]kg/day 

Monkey Lipoprotein composition (%) 
No. Day c~ /31 ~2 Pre-~ 

Control 

50 

1 0 34.3 40 .7  12.9 12.1 
11 30.5 40 .0  11.4 18.1 

2 0 44.5 42.2 8.9 4.3 
11 42 .0  35.0 16.0 7.0 

6 0 20.4 42.4 23.9 13.3 
11 32.2 31.4 23.5 12.9 

7 0 12.9 48.2 16.5 22 .3  
11 30.7 27.9 17.1. 24.4 

8 0 36.0 54.0 7.0 3.0 
11 43.6 43.9 7.7 4.9 

aFor all monkeys (Fig. 1), blood taken on days 0 (before treatment) and 11 (after 
treatment) was assayed as described in Materials and Methods. Details are shown in Figures 
1 and 2. 
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loca ted  in t he  13-region co r r e spond ing  to  LDL 
was prefe ren t ia l ly  decreased,  as c o m p a r e d  to  
the  res t  of  the  c o m p o n e n t s ,  by  the  t r e a t m e n t  
w i th  ML-236B.  The  resul ts  are very similar  to  
those  ob t a ined  w i th  dogs and  suggest  t h a t  the  
drug is ef fect ive  in the  p r e v e n t i o n  and  t rea t -  
m e n t  of  a theroscleros is ,  since LDL is t h o u g h t  
to  be respons ib le  for  the  d e v e l o p m e n t  of  this  
disease (12) .  

Major  bile acids exc re ted  in cynomolgus  
m o n k e y s  were l i thocho l ic  and  deoxycho l i c  
acids in some m o n k e y s ,  b u t  7 -ke to l i thocho l i c  
acid was p r e d o m i n e n t  in the  o thers .  Thus ,  
d i f fe rences  b e t w e e n  individual  animals  are 
evident .  The  t o t a l  a m o u n t s  o f  fecal  bile acids in 
all con t ro l  samples  (feces co l lec ted  on  day 5 for  
all an imals  and  those  co l lec ted  o n  day 9 for  
con t ro l  g roup)  were,  however ,  r a t h e r  similar in 
all t he  m o n k e y s  excep t  m o n k e y  1, ranging f rom 
10 to 15 mg/day .  The  values are comParab le  to  
those  r epor ted  by  Ba rnha r t  et  al. (13) ,  who  
s tudied  the  ef fec ts  o f  the  h y p o l i p i d e m i c  agen t  
p r o b u c o l  on  t he  exc re t i on  of  fecal bile acids in 
c y n o m o l g u s  m o n k e y s .  The  fecal exc re t i on  of  
bile acids is increased  in dogs by  the  admin i s t ra -  

t ion  of  ML-236B (7).  The  observed  increase in 
fecal bile acids in the  p resen t  expe r imen t s  may  
be at  least pa r t ly  respons ib le  for  the  h y p o c h o -  
les te ro lemic  ac t ion  of  the  drug, as previously  
s h o w n  wi th  dogs (7).  

FIG. 3. Excretion of fecal bile acids in cynomolgus 
monkeys before and after treatment with ML-2361L 
Feces of 2 control monkeys (No. 1 and No. 2) and 3 
treated animals at a dose of 50 mg/kg (Nos. 6, 7 and 
8) collected at pretreatment and 9 days were assayed 
for bile acids as described previously (7). Open and 
stippled bars represent values for pretreatment and 
treatment, respectively. 
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group.  The  fecal exc re t ion  of  to t a l  bile acids 
was, however ,  sl ightly e levated by  the  admin i -  
s t r a t ion  of  ML-236B in all the  an imals  t r ea t ed  
(Fig. 3). Increases were 30-50% af te r  9 days of  
drug t r e a t m e n t  at  a dose of  50 mg/kg.  

DISCUSSION 

The presen t  expe r i m en t s  have s h o w n  t h a t  
ML-236B,  a p o t e n t  i n h i b i t o r  of  cho les te ro l  
b iosyn thes i s ,  is highly effect ive  in lower ing  
se rum choles te ro l  levels in m o n k e y s  at  doses 
h igher  t h a n  20 mg/kg  pe r  day. Se rum trigly- 
ceride and  phospho l ip ids  were,  however ,  no t  
cons i s t en t ly  lowered  by  t h e  drug. 

Serum l ipopro te ins  of  c y n o m o l g u s  m o n k e y s  
were separa ted  in to  four  d is t inc t  c o m p o n e n t s ,  
one  ~-, two  /3- and  one  p r e~ - l i pop ro t e in s ,  on  
disc gel e lec t rophores is .  Of  these  f rac t ions ,  one  
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METHODS 

A Simplified Procedure for the Quantitative Extraction of 
Lipids from Brain Tissue 
F. PHILLIPS and O.S. PRIVETT, The Hormel Institute, 
University of Minnesota, Austin, MN 55912 

ABSTRACT 

A method is described for the quantitative extraction of lipid from brain tissue with chloroform/ 
methanol (C/M) that eliminates secondary purification of the lipid extract by dextran-gel chroma- 
tography or aqueous washing of the organic extract. Nonlipid substances that generally contaminate 
C/M lipid extracts are separated by pre-extraction of the tissue with dilute (0.25%) aqueous acetic 
acid. The residual tissue is extracted twice with 40 volumes of C/M (1:1, v/v). Approximately 97% of 
the lipid is recovered in these extractions. A third extraction which yields ca. 1% more lipid is 
performed if the process is discontinued at this stage in a shortened version of the method. The 
remainder of the lipid is recovered after treatment of the tissue with 1 N HC1 by two additional 
extractions, the first with 40 volumes of C/M (1:2, v/v) and the second with 40 volumes of methanol. 
The method, which was demonstrated with pig brain, gave a complete extraction of the lipid, 
including gangliosides, free of nonlipid substances. 

INTRODUCTION 

The most widely used methods for the 
extraction of hpids from animal tissues are 
based on the use of chloroform/methanol by 
one or another modification of the Folch pro- 
cedures (1,2). Historical and technological 
developments encompassing the Folch proced- 
ure leading to present methods of lipid extrac- 
tion have been reviewed recently by Nelson 
(3). The major drawback of methods employing 
chloroform/methanol is that, while they 
provide essentially complete extraction of  the 
lipid, they also extract substantial amounts 
of nonhpid substances (3,4). These substances 
are generally separated by solvent partition, 
washing with aqueous solvents (1,2,5-7), or 
dextran-gel chromatography (3,4,8-12). 

Reported here is a method for the quantita- 
tive extraction of lipids from brain tissue by 
means of  chloroform/methanol that does not 
require secondary purification by dextran- 
gel chromatography or aqueous washing of  the 
lipid extracts. Nonlipid substances that gener- 
ally are contaminants of C/M extracts of tissue 
are removed in a pre-extraction of  the tissue 
with dilute acetic acid. The method also pro- 
vides complete extraction of the gangliosides. 

MATERIALS AND METHODS 

Tissue 

A fresh whole pig brain was obtained from a 
local slaughterhouse, immediately ground to a 

fine pulp, quick frozen with dry ice and stored 
at -50 C in a sealed container under an atmos- 
phere of nitrogen to provide uniform samples 
for all experiments. 

Solvents 

Chloroform, methanol and low boiling 
petroleum ether (40-60 C) were purified by 
distillation. Glacial acetic acid and ammonium 
hydroxide were reagent grade and used as 
purchased. 

Thin Layer Chromatography (TLC) 

TLC was carried out with filter paper-lined 
tanks containing an atmosphere of nitrogen and 
solvents saturated with nitrogen with glass 
plates coated with 0.3 mm of Silica Gel H 
(Ag. Merck, Darmstadt, Germany) activated by 
heating them for 1 hr at 110 C. One dimen- 
sional TLC of polar hpids was carried out with 
chloroform (C), methanol (M), 2.5 N ammoni- 
um hydroxide (NHaOH) (60:35:8, v/v/v). Two 
dimensional TLC was carried out using 65 : 35 : 5 
C/M/cone. NH4OH (v/v/v) in the first dimen- 
sion and C/acetone/M/acetic acid/water 
(5:2:1:1:0.5,  v/v/v/v/v) in the second dimen- 
sion after drying the plate in an atmosphere of 
nitrogen for ca. 30 min. The spots were made 
visible by charring them with chromic-sulphuric 
acid (13); phosphohpids were detected with a 
molybdenum blue reagent as described by 
Dittmer and Lester (14) and gangliosides with a 
resorcinol reagent (15). A ninhydrin spray 
reagent (16) (0.2% in butanol plus 5% acetic 
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acid) was used to detect nonlipid substances by 
TLC as previously described (13). In this 
procedure the presence of nonlipid substances 
is indicated by the detection of ninhydrin 
positive spots that do not char or which upon 
charring are not identifiable with any known 
lipid. 

The chloroform/methanol extraction pro- 
cedure reported by Nelson for rat brain (3) was 
used for comparison with our method. In this 
procedure two extractions were made with a 
solvent to sample ratio of 50:1 with chloro- 
form/methanol (2:1, v/v), and a third extrac- 
tion with a solvent to sample ratio of 25:1 with 
2:1 (v/v) chloroform/methanol acidified with 
1% HC1. 

Dextran-gel column chromatography was 
carried out according to the procedure de- 
scribed by Wuthier (12) using Sephadex G-25 
fine bead purchased from Pharmacia Fine 
Chemicals (Piscataway, N J). 

PROCEDURE 

One gram of wet tissue is homogenized for 
ca. 1 rain with a Tekmar Super Dispax Tissue- 
mizer Model SDT with SDT-IO0 N shaft at 
minimum speed in 5 ml of aqueous 0.25% 
acetic acid in a 40 ml centrifuge tube under an 
atmopshere of nitrogen. The mixture is allowed 
to stand 15 rain at room temperature under an 
atmosphere of nitrogen, centrifuged 5 min at 
3000 rpm and the supernatant decanted. The 
pellet of tissue is rehomogenized and extracted 
again in the same manner. These extracts 
contain no lipid (illustrated by TLC analysis in 
the Results section) and are discarded. 

The extracts should be perfectly clear, as 
illustrated in Figure 1, which shows the super- 
natant obtained upon extraction of the tissues 
with different concentrations of acetic acid; 
otherwise, lipid is lost in the dispersed particles. 
Measurement of the pH of the supernatant 
indicated that it should be 4.0 to 4.4. 

The pellet is slurried by means of a small 
stainless steel spatula in the same centrifuge 
tube with 40 ml of C/M (1:1, v/v)and allowed 
to stand for 5 min to insure complete mixing 
with the solvent. Then, the slurry is homog- 
enized with the Tekmar homogenizer at maxi- 
mum speed for 30 sec, allowed to stand for 10 
min, centrifuged for 5 min at 3000 rpm and the 
C/M extract decanted. A second extraction is 
performed in a similar manner yielding ca. 97% 
of the lipid. A third extraction will increase the 
yield further by 0.5 to 1%, but is only per- 
formed when the procedure is stopped at this 
point in a shortened verion of the method. 

Tightly bound lipid which consists mostly of 

FIG. 1. Supernatant after homogenization of 1 g 
brain tissue in various concentrations of acetic acid. 

gangliosides is recovered after treatment of the 
tissue with 1 N NC1 as follows. The residue in 
the centrifuge tube is slurried by means of a 
spatula with 2 ml of 1 N HC1, allowed to stand 
15 rain and then centrifuged at 3000 rpm. The 
supernatant contains no lipid and is discarded. 
Residual HC1 must be removed from the tissue, 
and this is accomplished by repeating the above 
procedure twice with 5 ml of distilled water. 
The final traces of HC1 are removed from the 
tissue by means of a third washing with 2 ml of 
dilute 0.05 N ammonium hydroxide. Upon 
completion of these washings, the tissue is 
extracted once with 40 ml of C/M (1:2, v/v) 
containing 10 /~1 of glacial acetic acid by 
homogenization with the Takmar homogenizer 
at maximum speed for ca. 30 sec. The mixture 
is allowed to stand for 1 hr and centrifuged 
as before. The residue is then extracted with 40 
ml of methanol in a similar manner. These 
extracts are combined with the first two C/M 
extracts and the solvent evaporated under 
reduced pressure at room temperature, care 
being taken to avoid evaporation to dryness and 
exposure of the extracted lipid to the atmos- 
phere. The moist residue is taken up in 5 
ml of C/M (2:1, v/v); insoluble material which 
consists mostly of fine particles of tissue is 
removed from the solution by passing it 
through a Pyrex microanalysis filter with a glass 
frit support (Millipore Cat. No. XX10,02500) 
using a Whatman GF/A glass fiber filter disc. 
The amount of the lipid extract is determined 
by weighing the residue recovered from a small 
aliquot of this solution on an analytical or 
micro-balance. 

R ESU LTS 

The course of the extraction of the lipid of 
pig brain tissue by the procedure described 
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above is compared to that of a standard chloro- 
form/methanol procedure in Table I. These 
results show that the first two C/M extractions 
of the new procedure contained ca. 97% of the 
total lipid extract�9 The remainder of the lipid 
was recovered by two further extractions after 
treatment of the tissue with HC1, one with C/M 
(1:2, v/v) and the other with pure methanol�9 
Extraction of the residual tissue with petroleum 
ether and chloroform after digestion with KOH 
followed by acidification gave only an addi- 
tional 0.06 and 0.16 mg, respectively, of lipid. 
Hence, for all practical purposes, the new 
procedure gave an exhaustive extraction of all 
non-covalently bound lipid. 

In contrast to the new procedure, much 
more material was extracted by the standard 
chloroform/methanol procedure, as shown in 
Table I. Slightly more material was obtained 
from the residual tissue after KOH digestion 
and acidification with HC1 by extraction with 
petroleum ether and chloroform, 0.21 and 0.44 
mg, respectively, but the tissue was essentially 
exhaustively extracted of non-covalently bound 
lipid. Much more material was removed from 
the total extract obtained with the standard 
C/M procedure than that with the new pro- 
cedure by Sephadex chromatography, 17.5% 
compared to 3%, because the former contained 
considerable amounts of nonlipid substances. 
However, the total lipid free of nonlipid im- 
purities recovered after Sephadex chroma- 
tography was not  significantly different for the 
two procedures. 

TLC analysis of the fractions (Fig. 2) pro- 
vided an insight into the mode of extraction of 
the lipid classes. The first two extracts of the 
new procedure contained all of the lipid classes, 
including gangliosides, as evidenced by com- 
parison with the total lipid extracts obtained by 
the standard C/M method. A third C/M (1:1, 
v/v) extract which was performed specially for 
TLC analysis as an extension of the first part of 
the new procedure showed that it contained 
only small amounts of phosphatidylserine, 
some glycolipids and ganglioside. After treat- 
ment of the tissue with HC1, small amounts of 
most of the lipid classes, including all of the 
gangliosides, were extracted with C/M (1:2, 
v/v). The final methanol extract contained 
mostly ganglioside indicating that essentially 
complete extraction of the lipid had been 
achieved by the new procedure 

Comparison of the two dimensional TLC 
analysis of the total lipid extract obtained by 
the new method by the ninhydrin and charring 
techniques of spot detection, Figures 3A and 
3B, respectively, showed that it was free of 
nonlipid substances inasmuch as the only 
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ninhydrin positive substances detected in the 
extract were phosphatidylserine (PS) and 
phosphatidylethanolamine (PE). The apparent 
positive spot at the origin of the plate in Figure 
3A was not a true ninhydrin color but off- 
yellow that showed up positive in black and 
white photography. In contrast, the acetic acid 
extracts contained many substances that gave a 
positive ninhydrin test as shown by the TLC 
analysis in Figure 3C. None of the spots on 
this chromatoplate charred or corresponded to 
any known lipid. Hence, these extracts were 
devoid of lipid as far as could be determined. 

The difference between the amount  of 
material removed by Sephadex chromatography 
by the two procedures was due to the fact that 
the extract obtained by the new procedure was 
devoid of nonlipid substances, as shown by the 
TLC analysis in Figure 3. 

TLC analyses of the total lipid extract 
obtained by the standard C/M procedure (Fig. 
4) showed that it contained many nonlipid 
substances as evidenced by comparison of the 
spots that gave a positive ninhydrin test with 
those that charred (Figs. 4A and 4B, respec- 
tively). Moreover, the pattern of the ninhydrin 
positive spots (Fig. 4A) was very similar to that 
observed in the analysis of the acetic acid 
extracts obtained in the new procedure (Fig. 
3C), except for PE and PS. 

DISCUSSION 

In order to obtain complete extraction of 
lipid from animal tissue, present methods 
generally employ two C/M (2:1, v/v) extrac- 
tions, a third extraction with C]M (2:1, v/v) 
saturated with 28% (w/w) aqueous NH3 and a 
fourth extraction with C/M (2:1, v/v) acidified 
with 1% HC1 (3). Thus, the total lipid extract 

FIG. 2. Thin layer chromatogram on Silica Gel H 
with chloroform/methanol/2.5 N ammonium hy- 
droxide (60:35:8, v/v/v). A, total extract by standard 
C/M procedure; B, first three C/M (1:1, v/v) extracts 
by new procedure; C, two extracts after HC1 treat- 
ment by new procedure; D, total extract of new 
procedure. 1, cerebrosides with normal fatty acids; 2, 
cerebrosides with hydroxy fatty acids; 3, sulfatides 
with normal fatty acids; 4, sulfatides with hydroxy 
fatty acids; 5, phosphatidylethanolamine; 6, phospha- 
tidylinositol; 7, phosphatidylserine and phosphatidyl- 
choline; 8, sphingomyelin; 9, GM2 ; 10, GM1 ; 11, 
GDla; 12, GD2; 13, GDlb; 14, GT1. 

contains considerable amounts of nonlipid 
substances that must be removed to obtain a 
quantitative analysis of the lipid content of 
animal tissue. 

The present investigation shows that purifi- 
cation of the chloroform/methanol extracts of 
brain tissues by dextran-gel chromatography or 

FIG. 3. Two dimensional thin layer chromatograms: X, first dimension development in chloroform/methanol/ 
concentrated ammonium hydroxide (65:35:5, v/v/v); Y, second dimension development in chloroform/acetone/ 
methanol/acetic acid/water (5:2:1:1:0.5, v/v/v/v/v). A, total lipid extract by new method, chromatogram 
visualized with ninhydrin reagent; B, total lipid extract by new method, chromatogram visualized by charring; 
C, dilute acetic acid extracts, chromatogram visualized with ninhydrin reagent. 1, cerebrosides; 2, sulfatides; 
3, phosphatidylethanolamine; 4, phospharidylcholine; 5, sphingomyelin; 6, phosphatidylinositol;.7, phospha- 
tidylserine; 8, origin; N, ninhydrin positive spots that do not char. 
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FIG. 4. Two dimensional thin layer chromato- 
grams: X, first dimension development in chloroform/ 
methanol/concentrated ammonium hydroxide 
(65:35:5, v/v/v); Y, second dimension development in 
chloroform/acetone/meth anol/acetic acid/water 
(5:2:1:1:0.5, v/v/v/v/v). A, total lipid extract by 
standard C/M method, chromatogram visualized with 
ninhydrin reagent; B, total lipid extract by standard 
C/M method, chromatogram visualized by charring. 1, 
cerebrosides; 2, sulfatides; 3, phosphatidylethanol- 
amine; 4, phosphatidylcholine; 5, sphingomyelin; 6, 
phosphatidylinositol; 7, phosphatidylserine; 8, origin; 
N, ninhydrin positive spots. 

aqueous washing of the lipid extract can be 
eliminated by the simple expediency of  pre- 
extraction of the tissue with dilute acetic acid. 
The key to extraction of the tissue with acetic 
acid is a clear upper phase upon centrifugation. 
Otherwise, some lipid will be lost in the fine 
dispersion of particles in the supernatant. With 
a concentration of acetic acid less than 0.25%, 
tissue particles containing lipid are dispersed in 
the solution and are difficult to centrifuge. 
With high concentrations of acetic acid, some 
of the lipid particles together with nonlipid 
substances are solubilized or they cannot be 
readily separated because they are very finely 
dispersed. The optimum pH for separation of 
the lipid particles and extraction of the non- 
lipid substances appears to be between 4.0 and 
4.4. Under these conditions, all of the nonlipid 
substances are extracted and the dispersed 
tissue containing lipid is readily centrifuged 
into a pellet. Mineral acids cannot be used to 
adjust the pH because these acids catalyze 
hydrolysis of the vinyl ether lipids. 

Chloroform/methanol of  a 1:1, v/v, mixture 
is used instead of the traditional 2:1, v/v, 
mixture in order to facilitate centrifugation as 
well as to insure complete extraction of the 
more highly polar lipids. It has been reported 
that not all of the lysophosphatides are ex- 
tracted with C/M (2:1, v/v)(17);  in more recent 
work, Nelson (3) has recommended a C/M ratio 
of 1:1 (v/v) for the extraction of  lipid from 
animal tissues. 

Although only ninhydrin positive substances 
are detected in the technique employed here to 

detect nontipid substances, their detection in 
conjunction with the detection of lipids by 
charring and the molybdenum blue test for 
phospholipids appears to give a valid test for 
the presence of nonlipid substances inasmuch as 
the ninhydrin test is very sensitive and all 
of these substances should have similar solu- 
bility properties. Otherwise, they should not be 
extracted with mixtures of  chloroform and 
methanol as well as aqueous solvents. In acces- 
sory experiments, it was found that the acetic 
acid extracts contained substances that gave a 
positive test with a-naphthol. However, this test 
is not as sensitive as the ninhydrin test and does 
not appear to be as good an indicator of non- 
lipid substances. 

There is no evidence that treatment of the 
tissue with dilute (0.25%) acetic acid hydro- 
lyzes ether lipids. However, compounds (salts) 
with vinyl ether structures remaining in the 
tissues after exhaustive extraction with C/M 
(1:1, v/v) would be sprit by the HC1 treatment. 
No such compounds were detected in the 
present study inasmuch as no lysophosphatides 
were detected in the final two extracts. 
Whether any such compounds do exist is not 
known. It is, of course, very important that all 
of the HC1 be removed from the tissue prior to 
the final extractions because upon combining 
these extractions with the initial C/M extracts, 
traces of HC1 will promote hydrolysis of 
plasmalogens. 

The advantage of  the procedure described 
here is that it is simple, faster than conventional 
methods, and provides a quantitative extraction 
of the lipid, including the gangliosides, free of 
nonlipid impurities. If yields of lipid of the 
order of 98% are satisfactory, the shortened 
version of the procedure is very simple and 
rapid, and provides an extract that is free of 
nonlipid substances. The conditions described 
here were worked out specifically for brain 
tissue, which contains large amounts of highly 
polar lipids. The principle applied here can be 
used as the basis of a simple method for the 
quantitative extraction of the lipid from other 
tissues. However, the conditions of the acetic 
acid extraction must be varied slightly with 
some tissues to insure separation of  the non- 
lipid substances without loss of lipid and to 
obviate the effects of  hydrolyzing enzymes that 
are a problem in some tissues. These aspects of  
the application of  the method are currently 
under investigation with a variety of other 
tissues. 
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The Conversion of Phosphatidylethanolamine into Phospha- 
tidylcholine Labeled in the Choline Group Using Methyl 
Iodide, 18-Crown-6 and Potassium Carbonate 

K.M. PATEL, J.D. MORRISETT 1, and J.T. SPARROW 1 ,2  Department of Medicine, 
Baylor College of Medicine and The Methodist Hospital, Houston, Texas 77030 

ABSTRACT 

A chemical method for the conversion of phosphatidylethanolamine into phosphatidylcholine is 
described. Methyl iodide in the presence 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) and 
potassium carbonate in benzene is used to alkylate phosphatidylethanolamine in 2.5 hr at 37 C to give 
an isotopically enriched phosphatidylcholine. The product is purified conventionally and is obtained 
in 75% yield. 

At present, a very limited number of pub- 
lished procedures are available for the chemical 
labeling of the choline moiety of phosphatidyl- 
choline, and each of these has severe limitations 
including large excesses of reagent, long reac- 
tion times and undesirable byproducts. The 
procedure of Stoffel et al. (1) involves the 
mono-demethylation of phosphatidylcholine to 
the corresponding N,N-dimethylphosphatidyl- 
ethanolamine, followed by methylation with 
methyl iodide. This procedure calls for methyl- 
ation with barium oxide or sodium hydroxide 
in methanol and is often accompanied by 
undesirable deacylation, producing lysophos- 
phatidylcholine as a side product. The proce- 
dure of Stockton et al. (2) for the trimethyla- 
tion of phosphatidylethanolamine requires a 
large excess of methyl iodide and a rather long 
reaction time (14 days) to obtain a high yield 
of labeled phosphatidylcholine. Smith et al. (3) 
have recently published two procedures; one 
involved the trimethylation of phosphatidyl- 
ethanolamine with silver carbonate (Fetizon's 
reagent) and methyl iodide; the other involved 
methylation of the same substrate with diazo- 
methane in tritiated water to obtain a low yield 
of phosphatidylcholine. 

We report here a mild and efficient proce- 
dure for the trimethylation of phosphatidyl- 
ethanolamines. This procedure involves the 
18-crown-6 (I ,4,7,10,13,16-hexaoxacyclo- 
octadecane) catalyzed trialkylation of phospha- 
tidylethanolamine with methyl iodide in the 
presence of anhydrous potassium carbonate. 
Typically, the reaction is complete in 2.5 hr at 
37 C. We have used this method to synthesize 
phosphatidylcholines labeled with 13C and 2H 
in the choline methyl group, obtaining yields 

1Established Investigator, American Heart Associa- 
tion. 

2Author to whom correspondence should be 
addressed. 

of isolated products of 70% or greater. This 
method has also been used to synthesize 
1,2-dimyristoyl-sn-glycero- 3 -pho  sph o c h o l i n e  
labeled in the quaternary ammonium group 
from purified egg phosphatidylethanolamine in 
the following three-step reaction sequence: 1) 
labeling egg phosphatidylethanolamine with 
perdeuterated methyl iodide to obtain the 
deuterated egg phosphatidylcholine, 2) deacyl- 
ating with methanolic tetrabutylammonium 
hydroxide (4), and 3) reacylation with myristic 
anhydride using 4-pyrrolidinopyridine as 
catalyst (5). 

The ,enhanced solubility in organic solvents 
of inorganic ions by cyclic crown ethers lead us 
to investigate the use of 18-crown-6/K2CO 3 as 
a base for the alkylation of phosphatidyletha- 
nolamine. Using this reagent, we have demon- 
strated that phosphatidylethanolamines can be 
methylated directly to give labeled phospha- 
tidylcholines. Subsequently, the labeled phos- 
phatidylcholine can be deacylated to (GPC)3 
(CdC13) 2 which can be reacylated to obtain any 
desired phosphatidylcholine. Since the reaction 
time is short and the isolated yield of the 
products is greater than 70% in each step, we 
feel this procedure offers a marked advantage 
over previously published methods .  

EXPERIMENTAL 

Materials 

Egg phosphatidylethanolamine was purified 
from crude egg yolk lipids as described pre- 
viously (6). Dimyristoylphosphatidylethanol- 
amine was prepared by phospholipase D ex- 
change as described by Yang and Morrisett (7). 
Phospholipids were purified either by silicic 
acid column chromatography or on a Waters 
Prep LC/500, equipped with radially com- 
pressed silica gel columns, and eluted with 
chloroform/methanol/water (60:30:4). Purity 
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was judged by thin layer chromatography 
(TLC) on Brinkmann silica plates eluted with 
chloroform/methanol/water (60:30:4) and 
visualized with iodine and/or phospholipid 
spray (8). Methyl[13C]iodide was purchased 
from Koch Isotopes (Cambridge, MA); perdeu- 
teromethyl iodide and 18-crown-6 were ob- 
tained from Aldrich (Milwaukee, WI). Myristic 
anhydride was obtained from Nu-Chek 
(Elysian, MN); Rexyn 1-300 was from Fisher 
(Pittsburgh, PA). 

Procedures 

Synthesis of egg phosphatidylcholine from 
egg phosphatidylethanolamine. Dry benzene (4 
ml) was added to 256 mg (2.56 mmole) of 
K2CO 3 (anhydrous powder) and 1.34 g (5.12 
mmole) of 18-crown-6. After 20 min, a solution 
of 900 mg (1.28 mmole) of egg phosphatidyl- 
ethanolamine in 5 ml of benzene was added (oil 
bath temperature, 37 C), followed by 747 mg, 
5.15 mmole, of perdeuteromethyl iodide and 
the tube sealed under a N 2 atmosphere. After 
the reaction mixture had stirred for 2 hr, TLC 
showed phosphatidylcholine to be the major 
product. After stirring an additional half hour, 
the reaction was worked up by adding 25 ml of 
water and extracting with 3 x 25 ml of ben- 
zene. The solvent was evaporated and the 
residue purified by chromatography on a silicic 
acid column (1.5 x 40 cm) to give 720 mg 
(75.5%) of phosphatidylcholine which was 
identical to authentic material by TLC. In a 
similar manner, egg phosphatidylethanolamine 
and dimyristoylphosphatidylethanolamine were 
converted with 13CH3I and CD31 to the 
corresponding phosphatidylcholines in 74% and 
76% yields, respectively. The nuclear magnetic 
resonances (NMR) spectra were identical to the 
reported spectra. 

Synthesis of 1,2-Dimyristoyl-sn-glycero-3- 
phosphocholine-[N-( CD 3) 3]. Phosphatidylcho- 
line labeled by the above procedure was deacy- 
luted to sn-glycero-3-phosphocholine (GPC0 
according to the procedure of Brockerhoff and 
Yurkowski (4). The GPC was dissolved in 5 ml 
of 90% ethanol and added to a solution of 
CdC12 (570 rag) in 90% ethanol. After standing 
4 hr at 0 C, the white precipitate was collected 

by filtration and dried in a drying pistol at 55 C 
under vacuum over P2Os; 800 mg (74%) of 
(GPC)2 (CDC12)3 was obtained. 

The labeled (GPC)2(CdC12)3, 678 mg (0.6 
mmole), was dissolved in 3 ml of dry dimethyl- 
sulfoxide at 45 C and a solution of 2.1 g (4.8 
mmole) of myristic anhydride and 182 mg 
(1.22 mmole) of 4-pyrrolidinopyridine in 3 ml 
of benzene was added. After stirring for 5 hr 
under N2, TLC indicated that a large amount of 
phosphatidylcholine had formed. The reaction 
mixture was diluted with 20 ml of CHC13/ 
MeOH/H20 (5:4:1) and passed through a 
pre-equilibrated ion exchange column (Rexyn 
1-300). The etuent was evaporated and the 
residue chromatographed on a Waters Prep 
LC/500 as previously described (6). After 
evaporation and lyophilization, a 73% yield of 
phosphatidylcholine was obtained. 
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Argentation Chromatography on Silver Sulfamate-lmpregnated 
Silica Gel Layers 
PETER P. ILINOV, Institute of Nutrit ion, Department of Dietetics and Clinic of 
Metabolic Diseases, 15 Dimiter Nestorov Street, 1431 Sofia, Bulgaria 

ABSTRACT 

Silver sulfamate was used in place of silver nitrate as argentation and charring reagent in thin layer 
chromatography (TLC). This reagent permits thin layer chromatographic separations of  fatty acid 
esters with differing degrees of unsaturation as well as of cis/trans isomeric fatty acids, and allows for 
direct charring of fractions. Examples given for separations on silica gel plates impregnated with silver 
sulfamate include cholesterol esters and fatty acid methyl esters. 

INTRODUCTION 

Because of  its simplici ty,  charring of  lipid 
fractions on thin layer chromatograms is 
f requent ly  used for both quali tat ive and quanti-  
tative analyses (1-10). Charring after spraying 
with destruct ive reagents, such as sulfuric acid, 
has certain disadvantages; t r ea tment  wi th  sulfur 
t r ioxide (11) or sulfur chloride (12) represents 
a bet ter  approach but  also necessitates suitable 
laboratory equipment .  Inclusion of  charring 
reagents, such as (NH 4)2 SO4 , in to  the chroma- 
tographic  layer is an alternative provided the 
agent does not  interfere with the chromato-  
graphic separat ion process. 

We have previously suggested (13) inclusion 
of  sulfamic acid into chromatographic  layers, a 
compound  which decomposes  upon heat ing to 
200 C. The sulfuric acid formed in the process 
allows lipid zones to be evenly charred. Sul- 

FIG. 1. Chromatography of serum cholesterol 
esters on silver sulfamate-impregnated silica gel layers: 
1, CE of saturated FA; 2, CE of monoenoic FA; 3, CE 
of dienoic FA; 4, unidentified fractions; 5, cholesterol 
arachidonate; 6, triglycerides and free cholesterol 
(contaminations); O, origin. 

famic acid usually does no t  interfere with the 
separat ion o f  lipid classes, for  example ,  from 
serum lipids; however ,  separat ion of  com- 
pounds  differing in their  degree of  unsatura t ion 
cannot  be achieved on layers containing sul- 
ramie acid and silver nitrate.  

This paper reports  a me thod  for the separa- 
t ion of  various unsaturated lipids on silica gel 
layers containing the silver salt of  sulfamic acid 
which also allows for direct charring of  the 
fractions. 

EXPERIMENTAL PROCEDURES 

The silver salt of  sulfamic acid was prepared 
according to the me thod  of  Sakellarides (14). 
For  this purpose,  8 g of  silver nitrate was 
dissolved in 170 ml of  distilled water,  and a 
10% solut ion o f  sodium hydrox ide  was added 
dropwise until  the silver oxide  was precipi ta ted 
(pH 9-9.5). Ag2 O was filtered of f  and re- 
peatedly washed with  distilled water  unti l  
neutral.  Sulfamic acid, 4 g, in 30 ml of  distilled 
water  was used to dissolve the silver oxide,  and 
residual solids were removed by fil tration. The 
solut ion (pH 6.8-6.9) was evaporated under  
vacuum at 30 C to  give colorless silver sulfa- 
mate prismatic needles (yield, 95-96%; puri ty ,  
99%; m.p.,  225-245 C with  decomposi t ion) .  

Equal  parts of  Silica Gel G and Silica Gel HR 
(Merck), 2 g, were slurried with 5 ml o f  a 6% 
aqueous  solut ion of  silver sulfamate,  and five 
glass plates, 190 x 40 mm,  were uni formly  
coated (ca. 0.2 mm thick) by means of  a 
spreader. The plates were al lowed to air-dry and 
were kept  in a desiccator over  calcium chloride 
prior  to use. 

Cholesterol  esters (CE) were prepared f rom 
human plasma by preparative TLC. A standard 
mixture  of  methy l  esters of  palmitic,  stearic, 

598 



COMMUNICATIONS 

TABLE I 

Quantitation of Cholesterol Esters by TLC/Densitometry 
or Gas Chromatography a 
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Cholesterol ester TLC GC F 
fatty acids mean • SD mean • SD (GC/TLC) 

Saturated esters 11.1 • 0.3 
16:0 10.7 -+ 0.2 1.018 
18:0 0.6 
Monoenoic esters 13.2 +- 0.6 
16:1 1.0 0.962 
18:1 11.7 • 0.5 
18:2 64.5 • 2.8 66.8 • 2.2 1.036 
20:4 11.2 -+ 0.7 9.2 -+ 0.4 0.821 

aTLC/densitometry (TLC) and gas chromatographic (GC) data were determined in four 
independent assays. F values are expressed as GC data versus TLC data. GC data are not 
corrected for molecular weight differences. 

oleic, l inoleic ,  and  l inolenic  acid (No. 189-1) 
was pu rchased  f rom Sigma (St. Louis,  MO, 
USA)  to  wh ich  elaidic acid was added.  Choles-  
te ro l  esters  or  fa t ty  acid ( F A )  m e t h y l  esters 
were appl ied  in n -hexane  (1 mg/ml ) ,  ca. 0.2 mg 
per  f rac t ion,  and  the  plates  were deve loped  
wi th  n - h e x a n e / p e t r o l e u m  e the r  (bp  30-50 
C) /d i e thy l  e the r / ace t i c  acid,  35 : 12:2:1  (by vol)  
at  r o o m  t e m p e r a t u r e  (CE) or at  12-15 C ( F A  
m e t h y l  esters).  

Af te r  evapora t ing  the  solvents ,  the  ch roma-  
tograms  were exposed  to  iodine  vapors  for  3-5 
min.  The  plates  were t hen  k e p t  over  a ho t  p la te  
f o r 4  rain at  100 C and  t h e n  f o r 4  min  at 200  C. 
Lipid  f rac t ions  appea red  as dark  b r o w n  or black 
bands  on  a whi t e  background .  

Q u a n t i t a t i o n s  were carr ied ou t  by  densi to-  
m e t r y  (Zeiss-Scanner ,  doub le  beam,  re f lec ted  
light).  D e n s i t o m e t r i c  resul ts  were c o m p a r e d  
wi th  those  ob t a ined  by  gas c h r o m a t o g r a p h y  
of  the  m e t h y l  esters (Pye -Unicam;  250 cm x 0.5 
cm glass c o l u m n  packed  w i th  14% DEGS on 
8 0 / 1 0 0  mesh  C h r o m o s o r b  W-DMCS; i so the rma l  
at 198 C; carr ier  gas, N2;  f low rate,  50 m l / m i n ;  
f lame ion iza t ion  de tec tor ) .  Resul ts  were calcu- 
la ted  by  t r i angu la t ion  (rel. %). CE were con-  
ver ted  to F A  m e t h y l  esters wi th  methanol /HC1.  

RESULTS 

Figure 1 shows a c h r o m a t o g r a m  and the  
co r re spond ing  dens i t ome t r i c  prof i le  of  i sola ted 
choles te ro l  esters  f rom h u m a n  plasma.  F values 
for  the  cho les te ro l  esters tes ted ,  i.e., t he  ra t ios  
of  data  o b t a i n e d  by  GC vs. those  o b t a i n e d  by  
d e n s i t o m e t r y  of  t h in  layer  c h r o m a t o g r a m s ,  are 
given in Table  I. 

Figure 2 shows a c h r o m a t o g r a m  and  its 
co r r e spond ing  dens i tog ram of  a s t anda rd  
mix tu r e  of  fa t ty  acid m e t h y l  esters.  The respec- 
tive F values were for  sa tu ra ted  fa t ty  acid 

FIG. 2. Chromatography of fatty acid methyl 
esters on silver sulfamate impregnated silica gel layers: 
1, saturated esters, *, elaidic acid methyl esters; 2, 
monoenoic esters; 3, dienoic esters; 4, trienoic esters; 
O, origin. 

m e t h y l  es ters  2 .58,  for  t rans -monoenes  1.058,  
for  c i s -monoenes  1.055, for  dienes 0 .976 ,  and  
for  t r ienes  0 .880  ( f rom m e a n  values, n = 4). 

DISCUSSION 

The  use of  an a b s o r b e n t  m i x t u r e  cons is t ing  
of  Silica Gel G and  Silica Gel HR was f o u n d  to 
p roduce  more  in tense  da rken ing  of  f rac t ions  
which  could  n o t  be achieved wi th  Silica Gel G 
alone.  F o r  developing,  p e t r o l e u m  e the r  was 
added  to  the  so lvent  sys tem descr ibed by  
Dudley  and  A n d e r s o n  (15) ,  and  single-develop- 
m e n t  was used. When c h r o m a t o g r a p h y  was 
p e r f o r m e d  at 12-15 C, the  R f  values of  F A  
m e t h y l  es ter  f rac t ions  were lower  and well 
r eproduc ib le .  TLC separa t ion  of  CE can well be 
carried o u t  at r o o m  t e m p e r a t u r e .  

Exposu re  of  c h r o m a t o g r a m s  to  iodine  vapors  
leads to  d i ssoc ia t ion  of  silver su l famate  to  free 
sul famic  acid necessary  for  charr ing  at  ca. 200  
C. U n d e r  these  cond i t i ons  the  b a c k g r o u n d  
remained  qui te  colorless.  Hea t ing  to 100 C for  
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4 min is in t ended  to el iminate iodine and 
solvents. 

Use o f  silver sulfamate allows the  TLC 
separa t ion of various fa t ty  acid esters differ ing 

in their  degrees of  unsa tura t ion  and permi ts  
direct  charring of  separated zones.  Satura ted  
FA me thy l  esters (F = 2.58) however ,  were no t  

readily charred by our  procedure .  Privet t  and 
Blank (16) could achieve charring of  sa tura ted  
FA me thy l  esters by spraying wi th  80% sulfuric 

acid which was sa tura ted wi th  potass ium 
d ichromate ,  whereas 50% sulfuric acid pro- 
duced similar results as silver sulfamate impreg- 

na t ion .  
Analysis of  cholesterol  esters on silica gel 

layers impregna ted  wi th  silver sulfamate gave 

well reproducib le  results for bo th  sa tura ted  and 
unsa tura ted  CE (see Table I). The p rocedure  
works  well also for  tota l  plasma lipids. As can 

be seen in Figure 1, the Rf values of  choles terol  
a rachidonate  (0.30) and those  of  t r iglycerides 
(0.16-0.22)  are suff icient ly d i f ferent  to permi t  

direct  analysis. The p rocedure  should prove 
useful for  the  quan t i t a t ion  of  serum lipids as 
they  are done  in clinical laboratories .  
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Separation of Tetra-, Penta-, and Hexaacyl Triglycerides 
by High Performance Liquid Chromatography 
KATHLEEN PAYNE-WAHL, RONALD D. PLATTNER,  G A Y L A N D  F. SPENCER, and 
ROBERT KLEIMAN Northern Regional Research Center, Agricultural Research, 
Science and Education Administration, U.S. Department of Agriculture, 1 Peoria, I L 61604 

ABSTRACT 
Synthetic triglycerides with more than three acyl groups were prepared by forming estolides from 

triglycetides containing one, two, or three monohydroxy fatty acyl moieties. These tetra-, penta-, 
and hexaacyl triglycerides were examined by high performance liquid chromatography (HPLC) and thin 
layer chromatography (TLC). HPLC separation by the number of acyl groups was obtained with 
both conventional phase and reverse phase columns. In all systems, triglycerides were eluted first, 
followed in sequence by tetra-, penta-, and hexaacyl triglycerides. Within each g!yceride class, fur- 
ther separation occurred due to variations in chain length and degree of unsaturation among the 
component acids. TLC migration on silica gel was found to be a function of the number of acyl groups 
and the length of component acid chains. 

INTRODUCTION 

Glycerides containing more than three acyl 
groups have been identified in several natural 
oils (1-4). These multiacyl triglycerides may be 
more prevalent in nature than indicated by 
the literature, since conventional analytical 
methods are not  suitable for detection of 
estolide triglycerides composed of long chain 
fatty acids (/> C 16) in oils containing hydroxy 
fatty acids. They are not eluted during gas 
chromatography (GC) under normal conditions 
(5) and are not easily separated from normal 
trigiycerides by thin layer chromatography 
(TLC), although separation of estolide triglycer- 
ides by multidevelopment TLC has been 
reported (3). 

In the study of the composition of natural 
seed oils, it is important that estolide linkages 
not be overlooked in those oils that contain 
hydroxy fatty acids. Therefore, a rapid, reliable 
procedure for detecting and isolating estolide 
triglycerides is needed. High performance liquid 
chromatography (HPLC), an effective techni- 
que for separating normal triglycerides (6), 
appeared promising for this analysis. To dem- 
onstrate HPLC separation of estolide tri- 
glycerides, we analyzed tetra-, penta-, and 
hexacyl triglycerides prepared from natural 
triglycerides with one, two, or three mono- 
hydroxy  acyl groups (hereinafter, mono-, di-, 
and trihydroxy triglycerides). 

MATERIALS AND METHODS 

Isolation and Identification of Hydroxy Triglycerides 

Linum mucronatum (7) oil was the source of 

1The mention of firm names o r  t r a d e  products 
d o e s  n o t  imply that they are endorsed o r  r e c o m -  
m e n d e d  by the U.S. Department of Agriculture over 
o t h e r  f i r m s  o r  similar products not mentioned. 

monohydroxy triglycerides containing one 
ricinoleic acid (12-hydroxy-cis-9-octadecenoic 
acid) moiety. One gram of the oil was placed on 
a 32.5 cm x 2.2 cm column of 60/200 mesh 
Hi-Flosil (Applied Science Labs) and eluted 
with 500 ml each of 5, 10, and 15% ether/ 
hexane. Fifty milliliter fractions were collected, 
and those containing monohydroxy triglycer- 
ides were identified by TLC on 0.25 mm thick 
layers of silica gel with hexane/ether (70:30) as 
developing solvent. The di- and trihydroxy 
triglycerides of castor oil were isolated in a 
similar manner. 

Mono-, di-, and trihydroxy triglycerides 
containing lesquerolic acid (14-hydroxy-cis-11- 
eicosenoic acid) are present in Lesquerella 
globosa oil (1). The hydroxy fractions were 
isolated from the whole oil by HPLC (8) on a 
Waters ALC 200 High Performance Liquid 
Chromatograph equipped with a differential 
refractometer using a 61 c m x  12.7 mm ID 
column packed with Porasil A (35-75 #, Waters 
Assoc.) and eluted with a solvent gradient from 
isooctane to 50% ether in isooctane at 4 ml/ 
min. Ten milliliter fractions were collected and 
the mono-, di-, and trihydroxy triglyceride 
fractions were detected by TLC. Small portions 
(5-10 rag) of each of the hydroxy fractions 
were separated by chain length and degree of 
unsaturation by HPLC on a 30 cm x 7.8 mm 
/~-Bondapak ClaCOlumn (Waters Assoc.) with 
acetonitrile/acetone (2:1) as solvent at 1 
ml/min. The fatty acid composition of these 
subfractions was determined from methyl esters 
made by saponification of the subfractions in 
0.5 N alcoholic KOH and esterification with 
10% BF 3 in methanol. These methyl esters 
were silylated with BSTFA (Regis Chem. Co.) 
and analyzed on a Packard Model 7401 gas 
chromatograph equipped with a 10.2 cm x 6.4 
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FIG. 1. HPLC of: (a) Linum mucronatum oil, (b) 
tetraacyl triglycerides, (c) pentaacyl triglycerides, and 
(d) hexaacyl triglycerides. Separations were obtained 
on a 30 cm x 7.8 mm ta-Bondapak C-18 column eluted 
with acetonitrile/acetone (2:1) at 1 ml/min. 

mm glass column packed with 5% Apiezon L. 
on Chromasorb W-DMCS and a 25.4 cm x 6.4 
mm glass column packed with 5% LAC-2-R 446 
on the same support. 

Estolide Preparation 

Estolides of the L i n u m  and castor hydroxy 
triglycerides were prepared by mixing 100 mg 
of hydroxy triglycerides in 10 ml of benzene 
with 0.4 ml palmitoyl chloride in 0.3 ml 
pyridine. The reaction mixutre was allowed to 
stand for 15 mill. Estolides of the hydroxy 
triglycerides from Lesquerel la  globosa oil were 
prepared by reacting them with erucoyl chlo- 
ride under the same conditions. The estolides 
were recovered from the reaction mixture by 
first concentrating it under a stream of dry 
nitrogen. The concentrate was then taken up in 
ca. 30 ml of diethyl ether and filtered. The 
filtrate was transferred to a separatory funnel, 
washed three times with water, and reconcen- 
trated. The estolides were isolated by prepara- 
tive TLC on 2-mm thick layers of silica gel with 
hexane/ether (70:30) as the developing solvent. 
Intact oils from L i n u m  m u c r o n a t u m ,  castor, 
and L. globosa seeds were also subjected to the 
estolide formation and purification procedures, 
yielding mixtures of estolide triglycerides and 
normal triglycerides. 

Analysis of Estolide Triglycerides 

The estolide products were analyzed by 
HPLC with the following columns and solvents: 
7.8 m m x  30 cm triglyceride column (Waters 

Assoc.) with acetonitrile/tetrahydrofuran (3:1) 
at 2 ml/min;  7.8 mm x 30 cm ~t-Bondapak Cza 
with acetone/acetonitrile (2:1 and 3:1) .a t  2 
ml/min;  3.9 mm x 30 cm g-Porasil with iso- 
octane/ether/acetic acid (98:2:1 and 100:1 : 1) 
at 1 ml/min. Typically 1 - 2  mg of sample was 
injected as 50% solution in CHC13. TLC 
analysis of multiacyl triglycerides was per- 
formed on 0.25 mm layers of silica gel devel- 
oped three times with benzene. 

RESULTS A N D  DISCUSSION 

Estolides of Ricinoleoyl Triglycerides 

L i n u m  mucronaturn  oil has the fatty acid 
composition: 6% 16:0; 3.6% 18:0; 24% 18:1; 
48% 18:2; 2.0% 18:3; 0.4% 20:1; and 15% 
ricinoleic (7). Figure la shows the HPLC 
chromatogram of L. m u c r o n a t u m  seed oil on a 
/a-Bondapak C z 8 column. The triglycerides are 
separated by carbon number and degree of 
unsaturation as previously reported (6). First to 
elute are the monohydroxy triglycerides with 
various degrees of unsaturation. The monohy- 
droxy triglyceride fraction of L i n u m  mucro-  
na tum oil is composed of triglycerides that 
contain a ricinoleyl moiety. The remaining two 
glycerol positions are filled by various combina- 
tions of the fatty acids present in the oil. Since 
the major fatty acid components are ricinoleic 
(15%), oleic (24%), and linoleic (48%), the 
most probable combinations for the monohy- 
droxy fraction are: 

ricinoleic, linoleic, linoleic 
ricinoleic, linoleic, oleic 

ricinoleic, oleic, oleic 

The tetraacyl triglycerides were prepared by 
reacting this fraction with palmitoyl chloride to 
form estolides with the ricinoyl acyl group of 
the monohydroxy triglycerides. Therefore, 
the predominant components are: 

estolide, linoleic, linoleic 
estolide, linoleic, oleic 

estolide, oleic, oleic 

These are the three largest peaks on the chro- 
matogram in Figure 1 b. Since shorter chain and 
less saturated compounds elute earlier on 
reverse phase HPLC, the first peak in Figure lb  
is composed of an estolide, an 18 carbon diene 
(18:2) and an 18 carbon triene (18:3). It is a 
small peak, since linolenic acid comprises only 
2.0% of the total fatty acid content of the oil. 

Peak 2 represents the tetraacyl triglyceride 
composed of an estolide and two linoleic acids. 
The predominant tetraacyl triglyceride in peak 
2 contains 70 carbons and 5 double bonds, 34 
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carbons with 1 double bond from the estoiide 
and 18 carbons with 2 double bonds from each 
of the linoleic acids. Other tetraacyl triglycer- 
ides with different component acids that also 
total 70 carbons with 5 double bonds would 
elute with these tetraacyl triglycerides. 
Similarly, tetraacyl triglycerides of 68 carbons 
and 4 double bonds would etute under this 
peak. The effects of chain length and degree of 
unsaturation on HPLC retention time have been 
discussed elsewhere in detail (6). Components 
in Peak 3 total 70 carbons with four double 
bonds and 68 carbons with three double bonds. 
Similarly, Peak 4 is due to 70 carbons with 
three double bonds and 68 carbons with two 
double bonds. 

A double bond does not have exactly the same 
effect on HPLC retention volume as a shorten- 
ing of chain length by two carbons. Conse- 
quently, some broadening of the peaks exists 
due to slight differences in retention times of 
the components. The HPLC column, however, 
is not efficient enough to resolve these compo- 
nents. Overall, the tetraacyl triglycerides are 
retained longer on the column than the tri- 
glycerides in Figure la. 

Castor oil, composed primarily of di- and 
trihydroxy triglycerides, served as the founda- 
tion for building the penta- and hexaacyl 
triglycerides (Figures lc and l d). The hexaacyl 
triglyceride is composed solely of glycerides 
containing three ricinoleic-palmitic estolides 
and, consequently, appears as a single peak on 
the chromatogram. 

The chromatograms in Figure 1 demonstrate 
that separation is obtainable between the 
hydroxy triglyceride, normal triglyceride, tetra- 
acyl triglyceride, pentaacyl triglyceride, and 
hexaacyl triglyceride classes, with some separa- 
tion also occurring within each class. Glycerides 
containing more acyl groups are retained longer 
than those with fewer acyl groups. 

Estolides of  Lesqueroyl Triglycerides 

A second set of multiacyl triglycerides was 
prepared by reacting hydroxy triglycerides 
containing lesquerolic acid with erucoyl chlo- 
ride. These multiacyl triglyceride standards are 
analogous to the naturally occurring multiacyl 
triglycerides in Heliophila amplexicaulis oil (8) 
and were made to determine the effects of 
increased chain length on HPLC retention of 
multiacyl triglycerides. 

Lesquerella globosa oil contains the follow- 
ing fatty acids: 2% 16:0, 0.7% 16:1,0.6% 18:0, 
10% 18:1, 9% 18:2, 4% 18:3, 7% ricinoleic, and 
66% lesquerolic (9). The mono-, di-, and 
trihydroxy triglyceride fractions of Lesquerella 
globosa oil were isolated by HPLC and analyzed 

L 1 ~ ~  
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FIG. 2. Pentaacyl triglyceride separation. (a) 
Reverse-phase HPLC on a triglyceride column (Waters 
Assoc.) eluted with 75% acetonitrile/tetrahydrofuran 
at 2 ml/min. (b) Normal phase HPLC on u-Porasil 
eluted with isooctane/ether/acetic acid (98:2:1) at 1 
ml/min. 

by GC. All of the ricinoleic acid was found in 
the trihydroxy triglyceride fraction. Conse- 
quently, the estolides made from the mono- 
and dihydroxy triglycerides must be solely 
lesquerolic-erucic estolides. The estolides made 
from the trihydroxy triglycerides are a mixture 
of ricinoleic-erucic and lesqueroIc-erucic Ink-  
ages. These longer chain multiacyl triglycerides 
derived from Lesquerella were found to sepa- 
rate in a manner similar to the multiacyl 
triglycerides derived from Linum and Ricinus. 
Howeyer, each class was retained proportion- 
ately longer on the reverse phase HPLC column 
due to the longer chain lengths. 

Separations between and within classes on 
the Waters triglyceride column were similar to 
those obtained on the/l-Bondapak C 18 column. 
On the /l-Porasil column, separations between 
multiglyceride classes were again similar, with 
the compounds having larger numbers of acyl 
groups retained longer. Within each class, 
however, separations on the /l-Porasil column 
were the reverse of those found on the /2- 
Bondapak C18 and Waters triglycerides 
columns. When components containing the 
same number of acyl groups were analyzed, 
those with longer chain lengths and less unsatu- 
ration were eluted earlier. 

Figure 2 shows the chromatograms of the 
pentaglycefides prepared from L.globosa oil on 
the triglyceride column (Figure 2a) and on the 
/l-Porasil column (Fig. 2b). The component 
etuting first on the triglyceride column (Fig. 2a) 
is the component eluting last on the/~-Porasil 
column (Fig. 2b). This effect of chain length 
and degree of unsaturation in conventional 
phase HPLC of triglycerides has been examined 
in detail and will be discussed in a separate 
paper. 

Table I gives retention volume ranges for the 
synthetic estolides on the three columns. 
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TABLE I 

Retention Volume (ml) 

Multiglycerides 

Column 

~-Bondapak C-18 a Waters tr iglyeeride b i~-Porasit c 

70 Carbons 
4 Acyl groups 28-40 29-38 18-25 

96 Carbons 
5 Acyl groups 43-65 44-53 26.35 

112 Carbons 
6 Acyl groups 80-85 60-70 37-49 

82 Carbons 
43-73 34-52 16-22 4 Acyl groups 

104 Carbons 
5 Acyl groups 95-150 65-90 27-37 

126 Carbons 
6 Acyl groups 150-180 132-154 34-45 

Front 

aAcetone/acetonitrile (3 : 1). 
bAcetoni t r i le / te t rahydro  furan (3 : 1 ). 

Clsooctane[ether[acetic acid (98:2 : 1). 

Origin ~' 

tolljlo 
1 2 3 4 5 6 7 

FIG. 3. Triple development TLC of estolide 
triglycerides on silica gel with benzene. 1-3 Triglycer- 
ides containing one, two, and three ricinoleic-palmitic 
estolides, respectively. 4 Soybean oil. 5-7 Triglycerides 
containing one, two and three lesquerolic-erucic 
estolides, respectively. 

TLC migration characteristics of the syn- 
thetic multiacyl triglycerides were examined on 
silica gel by multidevelopment with benzene 
(Figure 3). Examination of the multiacyl tri- 
glycerides derived from Linum and castor oils 
and containing only ricinoleic-palmitic estolides 
shows that the tetraacyl triglyceride migrated 
furthest, followed by the pentaacyl triglycer- 
ides and then the hexaacyl triglycerides. Multi- 
acyl triglycerides containing lesquerolie-erucic 
estolides migrated slightly further than the 

corresponding ones with ricinoleic-palmitic 
estolides. As expected, migration on the silica 
TLC plate is similar to the elution from the 
p-Porasil HPLC column. An increased number 
of acyl groups retards migration, whereas 
increasing the chain length enhances migration. 
Therefore, conventional phase chromatograhy 
by HPLC or by TLC is not a reliable indicator 
of the degree of acylation in estolides unless all 
of the component acid chain lengths are similar. 

CONCLUSION 

In recent years, an increasing number  of oils 
containing estolides have been found, making 
reliable analytical methods necessary for their 
detection and quantitation. The HPLC techni- 
ques described here provide the means for 
establishing the presence of simple estolides in 
oils. HPLC on a micro-preparative scale can 
yield enough purified estolide triglyceride 
for conventional analytical methods such as 
hydrolysis followed by GLC and TLC. In this 
way, conclusive identification of the structures 
of estolides can be obtained. HPLC techniques 
still need to be developed for more complex 
estolides containing free hydroxyl functions 
such as those reported in Cardamine (10), 
Charnaepeuce (2), and Lesquerella auriculata 
(1). 
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Phospholipid Exchange between Subcellular Organelles 
of Rabbit Lung 
J.W. SPALDING and G.E.R. HOOK, Laboratory of Pulmonary Function 
and Toxicology, National Institute of Environmental Health Sciences, 
PO Box 12233, Research Triangle Park, North Carolina 27709 

ABSTRACT 

A soluble protein fraction (PLEP) prepared from rabbit lung can catalyze the exchange of phos- 
pholipids between subcellular organelles of the lung and between these subcellular organeUes and 
synthetic liposomes. Phospholipid exchange between microsomes and synthetic liposomes and 
between mitochondria and synthetic liposomes was stimulated 8-fold and 2.5-fold, respectively, in 
the presence of the protein fraction. Lung exchange protein could also catalyze phospholipid exchange 
between subcellular organelles of the liver and synthetic liposomes. Phospholipid transfer between 
microsomes and lamellar bodies of the lung was stimulated 2-fold by the exchange protein. Both 
radiolabeled phosphatidylcholine (PC) and phosphatidylinositol (PI) were transferred from 32p. 
labeled microsomes to lamellar bodies, but the exchange protein exhibited no transfer activity for 
phosphatidylglycerol (PG) and that for phosphatidylethanolamine (PE) was insignificant compared 
to the transfer activity for phosphatidylcholine and phosphatidylinositol. While the physiological role 
of the phospholipid exchange proteins in the lung is unknown, it is possible that they participate in 
the distribution of the newly synthesized phospholipids from the site of synthesis to tamellar bodies 
and other membrane compartments of cells. 

INTRODUCTION 

Considerable attention has been focused on 
phospholipid metabolism in the lung, especially 
since the phospholipids of pulmonary surfac- 
tant play a vital role in maintaining the physio- 
logical and structural integrity of the terminal 
airways and alveoli of the lungs (I-3). A good 
characterization of the various phospholipid 
classes that are distributed among lung subcellu- 
lar organelles and pulmonary surfactant has 
been achieved (4-7); however, despite intensive 
investigation (for a recent review, see ref. 3), 
the current understanding of pulmonary 
phospholipid biosynthesis remains incomplete. 
Much less attention has been directed towards 
phospholipid transport mechanisms which may 
be involved in intracellular transport of newly 
synthesized phospholipids and subsequent 
incorporation into subcellular organelles and 
membranes. 

Proteins which can exchange or transfer 
phospholipids between subcellular organelles 
and between synthetic membranes and sub- 
cellular organelles have been demonstrated in 
nonpulmonary tissues (8-11). Several of these 
proteins exhibit a marked preference for the 
exchange of a single class of phospholipid 
(9-11). Intracellularly, these proteins may 
transport phospholipids from the site of bio- 
synthesis in the endoplasmic reticulum to 
subcellular organelles unable to synthesize 
phospholipids. 

We have previously reported the presence of 
such phospholipid transfer proteins in the lung 

(12,13), and our observations have been con- 
firmed and extended recently by two other 
laboratories (14,15). In this report some of the 
prgperties of a phospholipid exchange protein 
preparation obtained from the rabbit lung are 
characterized. 

MATERIALS AND METHODS 

Preparation of Lung Exchange Protein Fraction 

New Zealand rabbits (2 kgm) were sacrificed 
by injection of pentobarbital (150 mg) in the 
marginal ear vein. Lungs were removed intact 
and subjected to pulmonary lavage with 3 
successive washes of 0.9% (w/v) saline, 20 C. 
Lungs freed of extraneous tissue were minced 
with an Arbor Tissue Press (Model 142, Harvard 
Apparatus Co., Dover, MA), and a 15% homo- 
genate (w/v) was prepared in 0.25 M sucrose, 1 
mM EDTA, pH 7.6 according to the method of 
Hook et al. (16). All subsequent steps were 
conducted at 0-4 C. The procedures followed 
for preparing the pH 5.1 supernatant exchange 
protein (PLEP) were essentially according to 
the method of Wirtz and Zilversmit (8). Both 
male and female rabbits were used, but for any 
particular preparation of PLEP or labeled 
subcellular organelles, pooled tissues were from 
rabbits of the same sex. 

Cell debris was removed by centrifugation at 
600 x g, 15 rain, and the supernatant was 
centrifuged at 10,000 x g, 15 min (Sorvall, 
SS-34 anglehead rotor). The 140,000 x g 
postmicrosomal supernatant (Beckman L3-50 
centrifuge, anglehead 60 Ti rotor) was adjusted 
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to  pH 5.1 wi th  0 .5N HC1 and  the  p rec ip i t a t e  
a l lowed to  form for  1 hr. The  p rec ip i t a te  
was r emoved  by  s e d i m e n t a t i o n  and  the  clear 
s u p e r n a t a n t  b r o u g h t  to pH 7.4 by  dialysis in 
SET buf fe r  (0.25 M sucrose,  1 mM EDTA,  10 
mM Tris-HC1, pH 7.4) at  a ra t io  of  1:20.  
The  PLEP f rac t ion  was s to red  at  -20 C, and  it 
r e t a ined  exchange  act iv i ty  for  up to 3 m o n t h s .  

Preparation of Liver Exchange Protein Fraction 

R a b b i t  liver PLEP was p repa red  f rom 15% 
liver h o m o g e n a t e s  in  the  same m a n n e r  as above.  
Because of  the i r  size, r a b b i t  l ivers were minced  
in a mea t  gr inder  pr ior  to  h o m o g e n i z a t i o n .  

Preparation of 14C-Choline-Phosphatidylcholine- 
Labeled Subcellular Fractions 

A saline so lu t ion  of  14C-methy l -cho l ine  
chlor ide  ( ]4C-cho l ine )  40-50 MC/mM (New 
England  Nuclear  Bos ton ,  MA) was adminis-  
tered I.V. at 250 pc  per  animal .  One  or  t w o  
h o u r s  a f te r  i so tope  i n c o r p o r a t i o n ,  the  animals  
were sacrif iced as above,  and  15% h o m o g e n a t e s  
of  lung  or l iver t issue in 0 .25 M sucrose and  1 
mM EDTA,  pH 7.6, were p repa red  as descr ibed  
above.  S u p e r n a t a n t s  ob t a ined  af te r  the  removal  
of  cell debris  at  600  x g, 15 min ,  were f u r t h e r  
s e d i m e n t e d  at 10 ,000 x g, 15 min.  The  mi to -  
chondr ia l  pel let  was washed  several t imes  in 
SET buf fe r  and  a final suspens ion  of m i t o c h o n -  
dria in SET was s tored  at  -20 C. The  10 ,000 x g 
s u p e r n a t a n t  was cen t r i fuged  at 140 ,000  x g, 60 
min,  and  the  mic rosomal  pel le t  was washed  free 
of  loose debris  and  resuspended  via h o m o g e n i -  
za t ion  in SET and  s to red  at  -20 C. M i t o c h o n -  
drial  and  mic rosoma l  f rac t ions  f rom un labe led  
animals  were isola ted in a s imilar  m a n n e r  f rom 
lung and  liver t issue, dur ing  the  p repa ra t i on  of  
PLEP.  

Preparation of 32p-Labeled Phospholipids in 
Lung Subcellular Organelles 

Three  to five mill icuries of  3 2 p - o r t h o p h o s -  
pha t e  (New England  Nuclear ,  carr ier-free in 
H 2 0 )  in 0.5 ml saline were admin i s t e r ed  I.V. to  
each rabbi t .  F o o d  was wi thhe ld  and  incorpora -  
t i on  of  i so tope  was p e r m i t t e d  for  14-16 hr .  The  
3 zP_labele d lung and  liver subcel lu lar  organel les  
were p repa red  as previously  descr ibed.  

Preparation of Liposomes 

Liposomes  were p repa red  by  a m o d i f i c a t i o n  
of  the  m e t h o d  descr ibed by J o h n s o n  and  
Zi lversmit  (17) .  Egg p h o s p h a t i d y l c h o l i n e  
( G r a n d  Is land Biological  Co. ,  G r a n d  Is land,  NY)  
wi th  10% b u t y l a t e d - h y d r o x y t o l u e n e  was sus- 
p e n d e d  in SET and  the  vesicles a l lowed to swell 
overn igh t  u n d e r  N 2. The  suspens ion  was 
enclosed  in an ice b a t h  and given 12-15 30- 
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FIG. 1. Stimulation of phosphatidylcholine trans- 
fer by rabbit lung phospholipid exchange protein. 
Transfer of 14C-phosphatidylcholine was from lung 
microsomes to liposomes comprised of egg yolk 
phosphatidylcholine and 10% BHT. The complete 
incubation mixture consisted of 1.43 mg nficrosomal 
protein (0.94 tzmoles phospholipid); 6.1 mg PLEP; and 
1.0 mg liposomal phosphatidylcholine (1.27 ~moles 
phospholipid) in a total volume of 2.5 ml of SET 
buffer (0.25 M sucrose, 0.001 M EDTA, 0.01 M 
Tfis-HC1, pH 7.4). Incubation was at 37 C for 30 min. 
Phospholipid exchange activity at 30 min was 1.02 
nmoles phospholipid phosphorus (P)/min/mg PLEP 
protein. 

second  burs t s  of  son ica t ion  at 80 wa t t s  wi th  a 
Branson  m i c r o p r o b e  sonica tor .  The  appearance  
of  the  f inal  p r epa ra t i on  was as a clear opa lescen t  
so lu t ion .  The l iposomes  were s tored  u n d e r  N 2 
and  used wi th in  4-5 h r  of  son ica t ion .  

Assay for the Phospholipid Exchange Reaction 

The t rans fe r  of  rad io labe led  phospho l i p id  
f rom e i the r  mic rosomes  or m i t o c h o n d r i a  to  
s y n t h e t i c  l iposomes  was e m p l o y e d  as a m o d e l  
sys tem to  measure  the  phospho l i p id  exchange  
act iv i ty  of  the  PLEP prepara t ions .  All r eac t ion  
c o m p o n e n t s  were added  to the  i n c u b a t i o n  
m i x t u r e  as SET buf fe r  suspensions .  F r o z e n  
m i c r o s o m a l  or m i t o c h o n d r i a l  f rac t ions  were 
washed  and suspended  in app rop r i a t e  vo lumes  
of  SET by  gent le  h o m o g e n i z a t i o n  pr ior  to  the i r  
add i t i on  to  the  i n c u b a t i o n  mix tu re .  The  final 
vo lume  of  the  i n c u b a t i o n  suspens ion  varied 
f rom 2.5 to  5.0 ml.  I n c u b a t i o n s  were per- 
f o r m e d  in a shaking wa te r  b a t h  and  c o n d u c t e d  
for  in tervals  up to 40  min  at 37 C. The  ex- 
change r eac t ion  was t e r m i n a t e d  by  i m m e d i a t e  
i m m e r s i o n  of  the  i n c u b a t i o n  vials in an ice 
ba th .  Rad io labe led  m i t o c h o n d r i a  were sepa- 
ra ted  f rom l iposomes  by s e d i m e n t a t i o n  at 
10 ,000 x g, 5 m in  (Sorvall  ro tors ,  SS-34 or 
SS-24).  L iposomes  r ema ined  suspended  in the  
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supernatant fraction. Radiolabeled microsomes 
were selectively separated from liposomes by 
acid precipitation at pH 5.1 according to the 
method described by Kamp et al. (9). 

Assay for Exchange Activity 

The amount of phospholipid exchange was 
measured by recovery of phospholipid from the 
acceptor organelle by (a) direct solvent extrac- 
tion or by (b) acid precipitation. 

Solvent extraction. The phospholipid in 
liposomes, lamellar bodies and donor organelle 
fractions was extracted quantitatively by the 
method of Folch et al. (18). Phospholipid 
phosphorous determination was performed by 
the method of Bartlett (19). Appropriate 
aliquots of the recovered phospholipid extracts 
were assayed for radioactivity. 

Acid precipitation. The phospholipid in 
liposomes or labeled donor organelles was 
precipitated with 0.5 N perchloric acid (PCA). 
The presence of the exchange protein fraction 
in the liposomal supernatant facilitated the 
precipitation and recovery of the liposomal 
phospholipid. The contribution of any radio- 
labeled phospholipid that was associated with 
the exchange protein fraction was small (Fig. 
1). The acid precipitates were recovered by 
sedimentation and the pellets which contained 
phospholipid were washed three times with 
0.5 N PCA. Then the pellets were dispersed in 
scintillation fluid for radioisotope analysis. 
Ninety to ninety-five per cent of the liposomal 
phospholipid could be recovered by this 
method. The recovery of radiolabeled liposomal 
phospholipid by acid precipitation was in good 
agreement with the phospholipid recovery 
obtained by solvent extraction. 

Phospholipid Exchange between Lung Subcellular 
Organelles and Lamellar Bodies 

Lamellar bodies were isolated from the lungs 
of rabbits using the method of Spalding, 
Gilmore and Hook (unpublished procedure). A 
20% homogenate (w/v) in 0.25 M sucrose 
was prepared from the lungs of  3-5 rabbits. All 
procedures were performed at 0-4 C. Cell debris 
was removed by centrifugation at 1100 x g, 10 
min (Sorvall, SS-34 rotor). The supernatant 
from a subsequent centrifugation at 4300 x g, 
10 min was centrifuged at 22,000 x g, 20 min. 
The sediment was suspended in 0.25 M sucrose 
and centrifuged again at 22,000 x g, 20 min. 
The sediment was resuspended in 0.25 M 
sucrose and layered on 30 mt of 0.60 M su- 
crose. The discontinuous gradient was centri- 
fuged at 82,500 x g, 60 min (Beckman, L3-50 
ultracentrifuge, SW 27 rotor). The lamellar 
bodies which collected at the 0.25 M - 0.60 M 

sucrose interphase were recovered, pooled and 
the suspension diluted with distilled water to a 
final sucrose concentration of 0.25 M. The 
lamellar bodies were sedimented at 176,000 x 
g, 30 min (Beckman, rotor 60 Ti). Then the 
lamellar bodies were suspended in 0.25 M 
sucrose, layered over 0.60 M sucrose and again 
processed as described above. The purified 
lamellar bodies were finally suspended in SET 
buffer. The purity of the lamellar bodies was 
determined using several criteria including: 
phospholipid/protein ratio (8.5:1); succinate 
cytochrome c reductase as an indicator of 
mitochondrial contamination (undetectable); 
NADPH-cytochrome c reductase as an indicator 
of microsomal contamination (less than 2% 
phospholipid due to endoplasmic reticulum); 
and by electron microscopy (the lamellar 
bodies retained excellent integrity with peri- 
lamellar membranes and internal content 
generally undisturbed). These data will be 
published elsewhere. 3;p_labeled mitochondria 
and microsomes suspended in 0.25 M sucrose 
were layered over 0.60M sucrose and centrifuged 
at 82,500 x g, 60 min in the same way as the 
lamellar bodies. Both microsomes and mito- 
chondria were collected as pellets in the bottom 
of the tube. Contaminating lamellar bodies 
were collected at the interface and discarded. 
After the phospholipid transfer reaction was 
terminated, the lamellar bodies were isolated 
from the other incubation components by 
layering the incubation mixture over 0.60 M 
sucrose and centrifuging in the manner de- 
scribed above. Lamellar body phospholipids 
were recovered by solvent extraction. 

Analysis of Phospholipid Extracts by 
Thin Layer Chromatography (TLC) 

Phospholipid extracts of donor organelles, 
liposomes, and lamellar bodies were resolved in 
a two-dimensional solvent system (20) on Silica 
Gel H, magnesium acetate-impregnated TLC 
plates (Analtech Newark, DE). Phospho- 
lipids were located by iodine vapor and 
identified by comparison with appropriate 
standards. Phosphorous analysis (19) was 
performed in the same tubes in which 
acid hydrolysis of phospholipid phosphate from 
recovered gel spots had occurred. Appropriate 
areas of blank gel served as controls. Four 
replicate plates were run for each extract 
sample, and replicate pairs of gel spots were 
analyzed for either lipid-phosphorous or 
radioactivity. Recovered gels were added 
directly to 15 ml of scintillation fluid. 

Other Methods 

Protein analysis was performed by the 
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FIG. 2. Transfer of phosphatidylcholine from FIG. 3. Transfer of phosphatidylcholine from 
rabbit lung microsomes to liposomes as a function of rabbit lung mitochondria to liposomes as a function 
incubation time. The incubation system was the same of incubation time. Transfer of 14C-phosphatidylcho- 
as that described for Fig. 1. Incubations were in 
the presence �9 -~ or absence o-. o of rabbit 
lung PLEP. Phospholipid exchange activity at 20 rain 
was 1.33 nmoles phospholipid P/min/mg PLEP pro- 
tein. 

m e t h o d  of  Lowry  et al. (21) .  Samples  for  
r ad io i so tope  analysis were c o m b i n e d  wi th  1 ml 
of  wate r  and  15 ml of  e i the r  Aquaso l  or  Bio- 
f luor  (New England  Nuclear) .  Rad i o i s o t ope  
analysis was p e r f o r m e d  in a Packard  Tri -Carb 
Liquid  Sc in t i l la t ion  S p e c t r o m e t e r ,  Model  3380-  
544.  14-C-radioisotope  act iv i ty  is expressed  as 
d p m ;  32-P-radioact iv i ty  is expressed as cpm.  

RESULTS 

Transfer of Labeled Phosphatidylcholine between 
Lung Subcellular Organelles and Synthetic Liposomes 

R a b b i t  lung PLEP readi ly  s t imula tes  the  
t rans fe r  of  14C-chol ine- labeled  p h o s p h o l i p i d  
f r o m  lung  mic rosomes  to  s y n t h e t i c  l iposomes  
(Fig. t ) .  Af te r  30 min ,  there  was an 8-fold 
increase  in p h o s p h a t i d y l c h o l i n e  (PC) t r ans fe r  
c o m p a r e d  to  the  con t ro l  w i t h o u t  PLEP.  The  
t r ans fe r  of  labeled PC to l iposomes  r ep resen ted  
16% of the  to ta l  ac id- insoluble  PC p resen t  in 
the  labeled  microsomes .  The  add i t i on  of  e i the r  
l iposomes  or PLEP to  mic rosomes  in the  
i n c u b a t i o n  m i x t u r e  did no t  s ignif icant ly  in- 
crease the  a m o u n t  of  ac id- insoluble  radio- 
act ivi ty  c o n t r i b u t e d  by the  d o n o r  m i c r o s o m a l  
f r ac t ion  a lone (Fig. 1). The  b a c k g r o u n d  ex- 
change act ivi ty  in con t ro l  i n c u b a t i o n s  was low 
and  was p r o b a b l y  due to the  release of  acid- 
inso luble  phospho l i p i d  f rom the  labeled  micro-  
somes,  the  b ind ing  of  small  m ic rosoma l  vesicles 
to  l iposomes ,  or exchange  of  labeled  PC wi th  
the  p h o s p h o l i p i d  c o m p o n e n t  of  PLEP.  

line was from lung mitochondria labeled with 14C- 
choline-phosphatidylcholine to liposomes comprised 
of egg yolk phosphatidylcholine and 10% BHT. The 
complete incubation mixture �9 consisted of 0.9 mg 
mitochondrial protein, 1.25 mg of liposomal phospha- 
tidylcholine (1.27 #moles phospholipid) with 10% 
BHT, and 3.6 mg lung PLEP in a total volume of 3.0 
ml SET buffer. Liposomes were omitted in control 
incubations =. Incubation was at 37 C. 

The  t r ans fe r  of  labeled PC f rom mic rosomes  
to  l iposomes  was l inear  wi th  i n c u b a t i o n  t ime  up 
to  20 min  (Fig. 2). Af te r  this  per iod ,  the  rate of  
exchange  of  PC b e t w e e n  d o n o r  and  accep to r  
organel les  began to fall. When  14C-chol ine  was 
e m p l o y e d  as the  labeled p recurso r  for  in vivo 
p h o s p h o l i p i d  synthes is ,  85-90% of  the  acid- 
inso luble  rad ioac t iv i ty  in mic rosomes ,  mi to -  
chondr i a ,  or syn the t i c  l iposomes  could  be 
recovered  by solvent  ex t rac t ion .  C h r o m a t o -  
graphic  analysis of  the  p h o s p h o l i p i d  ex t rac t s  by 
TLC revealed t h a t  all of  the  rad ioac t iv i ty  was 
associa ted wi th  p h o s p h a t i d y l c h o l i n e .  

Lung m i t o c h o n d r i a  labeled wi th  14C-chol ine 
also e x c h a n g e d  PC wi th  l iposomes  in the  
presence  of  lung PLEP.  Transfer  of  PC to 
l iposomes  was l inear  wi th  t ime  up  to  30 min  
(Fig. 3). The  ne t  t r ans fe r  of labeled PC f rom 
m i t o c h o n d r i a  to  l iposomes  a f te r  40  rain incuba-  
t ion  t ime  r ep resen ted  15% of  the  to ta l  acid- 
inso luble  labeled p h o s p h o l i p i d  p resen t  in 
the  m i t o c h o n d r i a l  f ract ion.  I n c u b a t i o n  mix- 
tures  in wh ich  l iposomes  were o m i t t e d  several 
as controls .  Background  act ivi ty  was low and  
r e m a i n e d  cons t an t  t h r o u g h o u t  the  i n c u b a t i o n  
per iod.  The  b a c k g r o u n d  act iv i ty  p robab ly  
r ep re sen t ed  the  exchange  of  labeled PC be- 
t w e e n  m i t o c h o n d r i a  and  the  very small  a m o u n t  
of  p h o s p h o l i p i d  t h a t  is associated wi th  lung 
PLEP.  This  exchange  appa ren t ly  r eached  an 
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FIG. 4. The transfer of phosphatidylcholine from 
liver mitochondria to liposomes as a function of lung 
phospholipid exchange protein concentration. The 
incubation mixture contained 14C-phosphatidylcho- 
line-labeled rabbit liver mitochondria (1.64 mg pro- 
tein), liposomes (1.6 #moles egg phosphatidylcholine 
with 10% BHT), and rabbit lung PLEP at the con- 
centrations indicated, in 3.0 ml of SET buffer. 
Incubation time was 20 min at 37 C. 

equilibrium rapidly and remained constant 
throughout the incubation interval. 

The transfer of labeled PC from donor 
organelles to liposomes was proportional to the 
amount of lung PLEP present in the incubation 
mixture (Fig. 4). The concentration of PLEP 
was the rate-limiting component in the ex- 
change reaction, since increasing the concentra- 
tions of either donor or acceptor organelles 
did not result in a proportional increase in the 
rate at which labeled PC was transferred (results 
not shown). Also, the phospholipid exchange 
activities of different preparations of rabbit 
lung PLEP proved to be markedly similar when 
their activity was compared on the basis of mg 
protein/ml PLEP preparation. 

Both rabbit lung and liver PLEP preparations 
exhibited similar activities when ]4C-choline- 
labeled mitochondria from either lung or liver 
were employed as the donor organelles (Table 
I). However, when the donor organelles were 
either 14C-choline-labeled lung or liver micro- 
somes, the phospholipid transfer activity of 
lung PLEP was greater than that of the liver 
preparation. When lung microsomes were the 
donor of labeled PC, the lung PLEP had twice 
the activity of the liver PLEP. Surprisingly, the 
same lung preparation was six times more 
active, 99 vs. 16%, than the liver PLEP when 
liver microsomes were the donor of phospho- 
lipid (Table I). 

Exchange of Phospholipid between Lung 
Subcellular Organelles and Isolated Lamellar Bodies 

There is good evidence that the lamellar 
bodies of pulmonary type II cells are the 
storage sites for pulmonary surfactant (2,22- 
24). It was of interest to determine whether or 
not lung PLEP could participate in the transfer 
of phospholipid from lung subcellular 
organelles to lamellar bodies from rabbit lung; 
therefore, lamellar bodies were compared with 
synthetic liposomes as acceptor organelles in 
the phospholipid exchange reaction. Lung 
microsomal and mitochondrial fractions con- 
taining phospholipids labeled with 32po  4 
were employed as the donor organelles. 

The phospholipid extracts from lamellar 
bodies and liposomes were resolved by TLC and 
the distribution of 32p in the different phos- 
pholipid fractions was compared. Similar 
phospholipid analyses were performed on the 
extracts of lung microsomes and initochondria. 
In these experiments, the specific activities of 
both the total phospholipids and the PC frac- 
tion of the donor organelles were approxi- 
mately the same (results not shown). The 
specific activities of the 32p-labeled phospho- 
lipids transferred to the lamellar bodies were 
also similar (Table II), which indicates there 
was no difference in the ability of microsomes 
and mitochondria to serve as donor organelles. 
The stimulation of 32p-labeled phospholipid 
transfer to lamellar bodies by lung PLEP was 2- 
and 3-fold, respectively, when lung microsomes 
and mitochondria were the donor organelles; 
and when the microsomal fraction was the 
donor of labeled phospholipid, lamellar bodies 
proved to be nearly as efficient phospholipid 
acceptors as liposomes (Table II). 

Phosphatidylcholine was the major phospho- 
lipid recovered from acceptor organelles after 
their isolation from both the control incuba- 
tions and from those containing lung PLEP. 
The relative increase in specific activities of PC 
due to the stimulation of PC transfer by PLEP 
was in agreement with the increases observed in 
the specific activities of the total phospholipid 
extracted from the donor organelles (Table II). 

Lamellar bodies contain small amounts of 
phosphatidylinositol (PI) and phosphatidyl- 
ethanolamine (PE) (6,7,24) while in both lung 
microsomes and mitochondria, less than 10% 
and between 20-25% of the total phospholipids 
are comprised of PI and PE respectively, 
(4,6,7). The TLC analysis of lamellar body 
extracts from control incubations revealed 
only faint spots, < 0.1 /Jg P, corresponding to 
PI and PE, and the level of radioactivity re- 
covered in these spots was negligible. In phos- 
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T A B L E  I 
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Be tween  L u n g  a n d  Liver  S u b c e l l u l a r  Organe l les  a n d  S y n t h e t i c  L i p o s o m e s  a 
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L u n g b  Liver  c 

L i p o s o m e s  DPM L i p o s o m e s  DPM 

Net  DPM e x c h g d / m g  L ive r / l ung  Net  DPM e x c h g d ] m g  L ive r / l ung  
1 4 C - M i c r o s o m e s  P L E P  p r o t e i n  x 100  1 4 C - M i c r o s o m e s  P L E P  p r o t e i n  x 100  

L u n g  P L E P  2 6 5  --- L u n g  P L E P  167  --- 
Liver  P L E P  124  4 7 %  Liver  P L E P  26  16% 

1 4 C - M i t o c h o n d r i a  1 4 C - M i t o c h o n d r i a  

L u n g  P L E P  126  - -  L u n g  P L E P  112  --- 
Liver P L E P  115  9 1 %  Liver  PLEP  111 9 9 %  

a O t h e r  i n c u b a t i o n  c o m p o n e n t s  a d d e d  w h e r e  i n d i c a t e d  w e r e :  1 m g  l i p o s o m a l  p h o s p h a t i d y l c h o l i n e - 1 0 %  BHT;  
r a b b i t  l ung  P L E P  (5 .0  m g  p r o t e i n ) ;  r a b b i t  l iver P L E P  (6.0 m g  p r o t e i n ) .  All c o m p o n e n t s  were  a d d e d  in a f inal  
v o l u m e  o f  3 .0  ml  SET bu f f e r .  I n c u b a t i o n  was  fo r  20  ra in ,  37  C. L i p o s o m e s  were  o m i t t e d  in c o n t r o l s .  

b D o n o r  o rgane l l e s  were  r a b b i t  l u n g  1 4 C - m e t h y l - c h o l i n e  l abe l ed  m i c r o s o m e s  (1 .6  m g  p r o t e i n )  a n d  m i t o c h o n -  
d r i a  (0 .7  m g  p r o t e i n ) .  

CDonor  o rgane l l e s  w e r e  r a b b i t  l iver 1 4 C - m e t h y l - c h o l i n e  l abe l ed  m i c r o s o m e s  (3 .3  m g  p r o t e i n )  a n d  m i t o c h o n -  
d r i a  (2 .4  m g  p r o t e i n ) .  

T A B L E  II 

S t i m u l a t i o n  o f  P h o s p h o l i p i d  E x c h a n g e  Be tween  L u n g  
S u b c e l l u l a r  OrganeUes  a n d  L a m e l l a r  Bodies  a n d  L i p o s o m e s  

C P M / ~ G  P 
3 2 p - M i c r o s o m e s  a C P M / # G  P % C o n t r o l  PC % C o n t r o l  

L a m e l l a r  bod ies  b 

C o n t r o l  4 5  --- 38  --- 
L u n g  PLEP  102  2 2 6  80 2 1 0  

L i p o s o m e s  b 

C o n t r o l  2 8  --- 12 --- 
L u n g  P L E P  131 4 6 7  86 7 1 6  

C P M / # G  P 
3 2 p - M i t o c h o n d r i a a  C P M / ~ G  P % C o n t r o l  PC % C o n t r o l  

L a m e l l a r  bod i e s  b 

C o n t r o l  3 8  --- 37 --- 
L u n g  P L E P  112  295  86 2 3 2  

L i p o s o m e s  b 

C o n t r o l  137  --- 78  --- 
L u n g  P L E P  2 1 3  155 139 178  

a D o n o r  o rgane l l e s  l abe l ed  w i t h  3 2 p - o r t h o p h o s p h a t e  we re  e i t he r  r a b b i t  l ung  m i c r o s o m e s  
(39 #g  p h o s p h o l i p i d  p h o s p h o r o u s  [ P] ) o r  r a b b i t  l ung  m i t o c h o n d r i a  (55 #g  p h o s p h o l i p i d  P). 

b A c c e p t o r  o rgane l l e s  we re  r a b b i t  l u n g  l ame l l a r  bod ies  (48  # g  p h o s p h o l i p i d  P) or 
s y n t h e t i c  l i p o s o m e s  ( 1 4 0  ~g p h o s p h o l i p i d  P) c o m p r i s e d  o f  egg p h o s p h a t i d y l e h o l i n e  w i t h  
10% BHT.  R a b b i t  l ung  P L E P  (15 .5  m g  p r o t e i n )  was  o m i t t e d  f r o m  c o n t r o l  i n c u b a t i o n s .  Incu-  
b a t i o n s  we re  for  30 ra in ,  a t  37  C, in a f inal  v o l u m e  o f  6 .0  ml  SET b u f f e r .  R a d i o a c t i v i t y  
is e x p r e s s e d  as cpm/~tg o f  p h o s p h o l i p i d  p h o s p h o r o u s  [ P ] .  

pholipid extracts of lamellar bodies from 
complete incubations however, PI was readily 
visible and the level of radioactivity recoverd in 
PI represented 20% of the total PI radioactivity 
present in the donor microsomes and mito- 
chondria (Table liD. In contrast, while more 
total radioactivity was recovered in the PC of 
lamellar bodies, the amount recovered repre- 

sented only 4.6 to 6.6% of the total PC radio- 
activity present in the donor organelles. There 
was no corresponding increase in the radio- 
activity associated with PE. If the high level of 
radioactivity associated with the PI from 
lamellar bodies was due to contamination by 
the donor organelles, then a corresponding 
increase in the activity associated with PE 
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TABLE lII 

Transfer of Phospholipids from 32p-Labeled Lung 
Subcellular Organelles to Lamellar Bodies 

by Lung PLEP a 

Lamel lar  Bod ies  b 

Percent 

PC PI PE 

32 P.Microsomes c 4.6 20.5 1.1 
32 P-Mitochondria c 6.6 19.5 0.6 

alncubation conditions w e r e  the  same as those  
described in Table II. 

bResults are expressed as percent cpm transferred 
from donor organelles to lamellar bodies. The data 
have been corrected for control values. 

CDonor organelles: The respective activities (cpm) 
of the microsomal phospholipids were: PC, 20,340; PI, 
2610;PE, 3760. For mitoehondrial phospholipids, they 
w e r e :  PC, 21,810; PI, 2990; PE, 9780. 

would also have been observed; but this was not 
the case. In other experiments, where synthetic 
liposomes comprised of egg phosphatidyl- 
choline were the acceptor organelles, lung PLEP 
was also able to facilitate the net transfer of PI 
from microsomes to liposomes. These data 
indicate that the net transfer of PI is dependent 
on the properties of the lung PLEP rather than 
on those of the acceptor organelle. 

DISCUSSION 

In this study we have shown that a protein 
fraction (PLEP) from rabbit lung can enhance 
the exchange of phospholipids between micro- 
somes, mitochondria, lamellar bodies, and 
synthetic liposomes. In addition, we have made 
a direct comparison between the phospholipid 
exchange activities of lung PLEP and a similarly 
prepared rabbit liver fraction. 

While this work on the rabbit PLEP system 
was in progress, two reports appeared which 
described phospholipid exchange proteins pre- 
pared from the lungs of  rats, mice (14), and 
sheep (15). Some direct comparisons can be 
made, and our results indicate that the rabbit 
PLEP system is similar to those present in these 
other species: for instance, the phospholipid 
exchange proteins obtained from sheep (15) 
and rabbit lungs can catalyze the exchange of 
phospholipids between microsomes and syn- 
thetic liposomes; also, both the rat (14) and 
rabbit lung PLEP can stimulate phospholipid 
exchange between microsomes and lamellar 
bodies. 

The properties of the lung phospholipid 
exchange protein preparations described in this 
and other studies (12-14) appear basically 
similar to those obtained from other organs 

that readily exchange phosphatidylcholine and 
other phospholipids between mitochondria, 
microsomes, and synthetic liposomes. These 
include the liver (8,9,25), heart (10), and 
brain (11,26). However, a number of minor 
differences exists which indicate that the 
systems are not identical in alt organs. While 
rabbit lung microsomal and mitochondrial 
fractions could be employed interchangeably 
with comparable rabbit liver subcellular frac- 
tions as donor organelles for the phospholipid 
exchange reaction, the pulmonary PLEP 
appeared more effective than the hepatic PLEP 
in exchanging phospholipids between micro- 
somes and liposomes. Such differences were not 
apparent when mitochondria were the donor 
organelles (Table I). 

As indicated above, reports have appeared 
from two other laboratories on the presence of 
phospholipid transfer proteins in the lung 
(14,15). Our data agree with these reports 
and confirm the transfer of phosphatidyl- 
choline from microsomes to liposomes (15) and 
lamellar bodies (14). In addition, we would like 
to emphasize several of our new observations: 
1) the transfer of phosphatidylinositol from 
donor organelles to lamellar bodies, 2) the 
absence of phosphatidylgiycerol and phospha- 
tidylethanolamine transfer to lamellar bodies, 
and 3) the transfer of phospholipids from 
mitochondria to lamellar bodies. 

Phospholipid exchange proteins from non- 
pulmonary tissues are characterized by the 
variability of their specificity for the transfer of 
different phospholipid species. PLEP prepara- 
tions from both beef (9,27) and rat liver (25) 
stimulate the transfer of phosphatidylcholine 
(PC), phosphatidylinositol (PI) and phospha- 
tidylethanolamine (PE) from microsomes and 
mitochondria to liposomes, with the relative 
transfer activities being in the order of PC > PI 

PE. It is likely that these exchange protein 
fractions contain several different transfer 
proteins that are highly specific for a single 
phospholipid species; e.g., a purified protein 
derived from beef liver was found to stimulate 
exclusively the transfer of PC (9). Three dis- 
tinct proteins were isolated from rat liver (25); 
one protein fraction was specific for PC ex- 
change, while the other two proteins preferen- 
tially catalyzed the transfer of PI and to a lesser 
extent PC. Since the phospholipid exchange 
protein preparations from the lung probably 
exhibit the exchange of activities representative 
of the many different cell types in the lung, it is 
likely that a number of PLEP proteins with 
different exchange properties and phospholipid 
specificities are present. Indeed, while the 
partially purified preparations of PLEP from rat 
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and rabbit lung exchange PC and PI, the highly 
purified proteins from sheep lung (15) show a 
high degree of specificity for PC and very 
little ability to catalyze the exchange of PI and 
PE. 

In the recent reports which have described 
the characteristics of rat lung (14) and sheep 
lung (15) phospholipid exchange proteins, the 
ability of these proteins to catalyze phospha- 
tidylglycerol exchange was apparently not 
examined. In our studies we did not detect any 
transfer of PG from labeled lung subcellular 
organelles to lamellar bodies. This observation 
is especially noteworthy, since PG is the second 
most abundant component of these phospho- 
lipid storage organelles. 

Although the presence of phospholipid 
exchange proteins has been demonstrated in the 
lungs of several species, their precise role within 
the cell is not clear. Our major concern with 
these exchange proteins has stemmed from an 
interest in the lamellar bodies of the pulmonary 
type II cell. These storage sites of surface-active 
phospholipids are the focus of intensive re- 
search acitivity at present, and many attempts 
have been made to explain their peculiar 
phospholipid composition, especially their very 
high content (50-60%) of dipalmitoylphospha- 
tidylcholine (4,6,7). Several mechanisms have 
been proposed to account for their composition 
including (1) the ability to synthesize their own 
phospholipids, and (2) the ability to modify 
the structure of unsaturated forms of PC. At 
the  p resen t  t ime,  there  is no unequ ivoca l  
evidence to s u p p o r t  e i ther  o f  these  proposa ls .  
i so la ted  lamel lar  bodies  appear  to be def ic ien t  
in the  e n z y m e s  requi red  for de novo  p h o s p h o -  
lipid syn thes i s  (4 ,28 ,29) ,  and  more  recen t  
ev idence  indica tes  tha t  lamel lar  bodies  also lack 
the  e n z y m e s  necessary  for the  s t ruc tua l  modi f i -  
ca t ion  of u n s a t u r a t e d  p recur so r  f o rms  of  
d i p a l m i t o y l p h o s p h a t i d y l c h o l i n e  (29) .  

In the  absence  of  de novo  s y n t h e t i c  pro-  
cesses,  the  u n i q u e  c o m p o s i t i o n  of  lamel lar  
bodies  m u s t  be a c c o u n t e d  for by a n o t h e r  
m e c h a n i s m ,  p e rh ap s  one  involving p h o s p h o l i p i d  
t r ans fe r  pro te ins .  If the  specif ic i ty  for  the  
t r ans fe r  of  a p h o sp h o l i p id  subclass  resides wi th  a 
par t icu la r  p h o sp h o l i p id  t rans fe r  p ro te in ,  t h e n  it 
is t e m p t i n g  to specula te  tha t  the  t r ans fe r  
of  a specif ic p h o sp ho l i p id  species  f r om the  site 
of  its syn thes i s  or m o d i f i c a t i o n  migh t  be 
di rected to the  lamel lar  body .  For  e x a m p l e ,  
p h o s p h o l i p i d s  such  as d i p a l m i t o y l p h o s p h a -  
t idy lcho l ine  sy n th e s i zed  in the  e n d o p l a s m i c  
r e t i c u l u m  could  be t rans fe r red  to  lamel lar  
bodies  by specif ic t r ans fe r  p ro te ins .  These  

proteins having specific receptors on the 
lamellar bodies could account for and regulate 
the biosynthesis of the lamellar bodies. 
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The Effect of Ciofibrate on Heart and Plasma Lipids 
in Rats Fed a Diet Containing Rapeseed Oil 
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ABSTRACT 

The effect of clofibrate on heart and plasma lipids in rats fed a diet containing 30% of the calories 
as peanut oil (PO) or rapeseed oil (RSO) (42.7% erucic acid and 0.5% eicosenoic acid) was studied. A 
decrease of erucic acid content to one-third and concomitant increase in the content of 18:1, 16:1 and 
16:0 fatty acids in plasma triacylglycerols were observed after administration of clofibrate to rats fed 
the RSO-diet. It is suggested that these changes reflect the increased capacity of the liver to chain- 
shorten very long chain length fatty acids. The extent of lipidosis in the heart of fats fed the RSO-diet 
was decreased by 50% by clofibrate. However, the concentration of erucic acid in heart t~iacylgly- 
cerols decreased much less (30%) than the concentration of all other fatty acids (50-65%). It is 
concluded that the clofibrate administration increased the oxidative capacity of the heart mitochon- 
dria and that the heart cell does not have an efficient system to handle very long chain length monoun- 
saturated fatty acids as does the liver. 

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

The myocardia l  lipidosis produced in young  
rats by feeding diets containing high levels of 
rapeseed oil, rich in erucic acid (22:1cv9),  has 
been documented  by many laboratories  (1-3). 
The accumula t ion  of  tr iacylglycerols containing 
erucic acid in the heart has been a t t r ibu ted  to 
the very slow oxida t ion  of  this fa t ty  acid and to 
its inhibi tory  effect  on the oxidat ion  of  o ther  
dietary fat ty acids (4,5). Erucic acid is also very 
slowly metabol ized  in liver cells isolated f rom 
rats fed usual labora tory  diet (6-8). 

We have recent ly repor ted  that  the admini- 
strat ion of  clofibrate to the rats resulted in a 
3-5 fold increase in the oxidat ion  rate of 
erucate in isolated hepatocytes  which is prob- 
ably the consequence of  an increased capacity 
of  a chain-shortening system (6,7). It  was of 
interest  to investigate whether  an increased 
capacity of the liver to metabol ize  erucate  
influences the composi t ion  of  the lipids ex- 
por ted by the liver to the b lood in vivo and 
how changes in b lood lipids effect  the ex ten t  of  
lipidosis in the heart  of rats given erucate in the 
diet. The studies on the effect  of  clofibrate on 
plasma and heart  lipids of  rats fed a diet con- 
taining rapeseed oil and peanut  oil (control  
rats) were also under taken  to investigate a 
possible direct effect  of  clofibrate on the heart  
metabol ism in vivo. 

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

Male Wistar rats weighing ca. 60 g were fed 
the usual laboratory  diet with or wi thout  0.3% 
(w/w) clofibrate for 8 days and subsequent ly  
the semisynthet ic  diet containing 30% of  the 

calories as ei ther peanut  oil or rapeseed oil with 
or wi thou t  0.3% clofibrate for 3 days. The 
exact  composi t ion  of  the semisynthet ic  diet 
and fat ty acid composi t ion  of  the oils used are 
described elsewhere (9). Table I shows that  the 
addi t ion of  clofibrate to the diet did no t  change 
ei ther  the food consumpt ion  or  the weight gain 
of  the rats. Only in the group of  rats fed the 
peanut oil-containing diet a very small increase 
in the weight gain due to clofibrate was ob- 
served. 

Before the exper iment ,  the animals were 
fasted 7 hr  ( f rom 6 am til 1 pm). Blood was 
collected from lower  aorta into a syringe 
wet ted  with 0.1 M E D T A  pH 7.0. After  spin- 
ning down the e ry throcytes  (5 min at 600 Hg), 
the plasma was extracted for to ta l  lipids 
according to Christie (10). The hearts were 
removed,  weighed, minced,  homogen ized  and 
ext rac ted  for total  lipids (10). 

Lipid extracts  of  heart  and plasma were 
separated by thin layer chromatography  on 
silica gel (Stahl H) using hexane /d ie thy l  e ther /  
acetic acid (80 :20 :1 ,  v/v/v)  as a solvent system. 
Fract ions of  free fa t ty  acids and triacylglycerols 
were extracted from the gel with CHCL 3- 
CH3OH (2:1,  v/v) and phosphol ipids  with 
CHCL342H3OH-acet ic  ac id -H20 (65 :25 :2 :2 ,  
v/v/v/v) .  An internal  standard (nonadecanoic  
acid) was added to lipid eluates which were 
subsequent ly  t ransmethyla ted  according to 
Metcalfe and Schmitz  (11). The methy l  esters 
were separated isothermical ly at 200 C in a Carl 
Erba gas chromatograph mode l  Fractovap 2101 
Ac equipped with a wall-coated open tubular  
glass column SE-30 (Chrompack,  Middelburg,  
The Netherlands).  

The de terminat ion  of  total  fa t ty  acids was 
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TABLE I 

The Effect of Clofibrate on the Food Consmnption and Weight Gain of Rats Fed the L a b o r a t o r y  
Pelleted Chow for g Days and Subsequently High-Fat Diet for 3 Days* 

615 

Gram per day per one r a t  

- clofibrate + clofibrate 

G a i n  of body Gain of body 
Diet Food Consumption weight Food consumption weight 

Pelleted chow 15.1 + 0.2 6.3 -+ 0.2 15.1 • 0.5 a 6.1 -+ 0.2 a 
(1o) (1o) ( io)  (1o) 

Rapeseed oil diet 15.4 + 0.8 5.8 -+ 0.3 15.0 • 0.9 a 6.4 • 0.3 a 
(6) (6) (6) (6) 

Peanut oil diet 15.9 -+ 0.1 6.0 • 0.1 15.0 • 0.4 a 6.6 -+ 0 .2  b 
(4) (4) (4) (4) 

*The results are expressed as mean • S.E.M. Number of animals is given in brackets. Different from rats fed 
the clofibrate-free diet with: ap > 0.05, N.S., bp < 0.05. 

carr ied ou t  using the  h y d r o x a m a t e  co lo r ime t r i c  
reac t ion  (12 ,13 )  af ter  t r a n s m e t h y l a t i o n  of f a t ty  
acids in to ta l  l ipid ex t rac t s  of  the  hear t .  Phos-  
phol ip ids  were d e t e r m i n e d  accord ing  to Zilver- 
smi th  (14)  and  p ro t e in  by  the  m e t h o d  of  
Lowry  et al. (15).  Tr iacylglycerol  glycerol  was 
d e t e r m i n e d  a f te r  the  alkal ine hydro lys i s  as 
descr ibed by  Eggstein and  K u h l m a n n  (16)  a f te r  
the  phospho l ip ids  had  been  r em oved  f rom lipid 
extracts .  The  ac t ivated  m i x t u r e  (12 h r  at  110 
C) of  zeo l i t e -CuSOa-Ca(OH)2-Fut le r ' s  ea r th  
( 2 0 : 1 : 2 : 2 ,  w / w / w / w )  was used for adso rp t ion  
of  phosphol ip ids .  

The  to ta l  free f a t ty  acids in the  p lasma were 
d e t e r m i n e d  using 57Co as a t racer  (17) .  

The  enzymes  were purchased  f rom Sigma 
Chemical  Co., St. Louis,  MO. All the  chemicals  
used were of  ana ly t ica l  grade. 

The  S t u d e n t ' s  t- test  was used for  the  stat is-  
tical t r e a t m e n t  of  the  results.  

RESULTS 

Heart Lipids 

The  fa t ty  in f i l t ra t ion  of the  hea r t  and  
skeletal  muscles  occurs  a f te r  one day of  the  
RSO feeding and  becom es  mos t  severe a f te r  3-6 
days (1).  In the  p resen t  expe r imen t s ,  feeding 
per iod  of 3 days was chosen  to assure the  
m a x i m a l  ef fec t  of  the  diet.  Table  II shows t ha t  
the  rapeseed o i l -conta in ing  diet  caused a 
13-fold rise in t r iacylglycerols  and a 3-fold rise 
in to ta l  fa t ty  acids in the  hea r t  c o m p a r e d  to  the  
diet  con t a in ing  the  same per  cent  of  p e a n u t  oil. 
The  c o n c e n t r a t i o n  of  hea r t  phospho l ip ids  was 
no t  in f luenced  by the  diet .  As the  result ,  the  
ra t io  t r i acy lg lyce ro l s /phospho l ip ids  increased 
f rom 0.15 in t he  PO-fed group to  a lmos t  2 in 
the  RSO-fed group of  rats  which  is in accor- 
dance wi th  earlier observa t ions  (3).  The  in- 
crease in t r iacylglycerol  f r ac t ion  caused by  the  

RSO-die t  could a lmos t  comple t e ly  a c c o u n t  for  
the  increase in the  to ta l  f a t ty  acids. The  do f f -  
b ra te  admin i s t r a t i on  r educed  the  a c c u m u l a t i o n  
of  t r iacylglycerols  in the  hea r t  of  ra ts  fed the  
RSO-die t  to  a b o u t  half .  The c o n t e n t  of  hea r t  
l ipids in the  group of  rats  fed the  PO-die t  was 
no t  s ignif icant ly  in f luenced  by  c lof ibra te .  

Fatty Acids in Heart Triacylglycerols 

The fa t ty  acid analysis of  the  hea r t  t r iacyl-  
glycerols  (Table  III)  showed  a big increase in all 
f a t ty  acids in ra ts  fed the  RSO-con ta in ing  diet  
and  a high i n c o r p o r a t i o n  of  erucic acid in to  this  
f r ac t ion  (ca. 30% of  the  to ta l ) .  Surpris ingly,  the  
admin i s t r a t i on  of c lof ibra te  caused 50-65% 
decrease in the  c o n t e n t  of  all f a t ty  acids excep t  
for  e ruca te  which  decreased s ignif icant ly  bu t  
on ly  by  a f ac to r  of  1.4. As a result ,  a relat ive 
c o n t e n t  of  e ruca te  was, in fact ,  increased f rom 
30 to  44%. 

Clof ibra te  did no t  have any  p r o n o u n c e d  
ef fec t  on  the  f a t ty  acid c o n t e n t  of  the  hea r t  
t r iacylglycerol  f rac t ion  in ra ts  fed the  PO-con-  
t a in ing  diet.  Only  a small  increase,  due to 
c lof ibra te ,  was observed  in 20:1 f a t ty  acid in 
this  group.  

F a t t y  acid analysis of  the  p h o s p h o l i p i d  
f r ac t ion  revealed n o  changes due to  c lof ibra te  
a d m i n i s t r a t i o n  ne i t he r  in hea r t  of  ra ts  fed the  
RSO- or the  PO-con ta in ing  diet.  The  incorpora -  
t ion  o f  erucate  i n to  phospho l ip ids  was on ly  ca. 
4% of  to ta l  f a t ty  acids when  eruca te  was 
suppl ied  in the  diet  ( no t  shown) .  This ind ica tes  
t ha t ,  also in the  hear t ,  e rucate  is more  easily 
i n c o r p o r a t e d  in to  the  neu t ra l  l ipid f rac t ion  t h a n  
i n to  the  phospho l ip ids  as i t  was r epo r t ed  for  
the  liver (7 ,18) .  

Plasma Lipids 

The c o n c e n t r a t i o n  and  c o m p o s i t i o n  of  f a t ty  
acids in hear t  l ipids are appa ren t ly  ref lec t ions  
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TABLE II 

The Effect of Clofibrate on the Heart Lipids of the Rats Fed Diets 
Containing Peanut Oil and Rapeseed oil* 

Peanut oil Rapeseed oil 
Lipid fraction Peanut oil + clofibrate Rapeseed oil + clofibrate 

Triacylglycerol 31.0 +- 0.8 28.9 • 2.5 b 396.4 • 34.2 191.3 • 18.8 a 
glycerol (4) (4) (10) (10) 
Total fatty acids 521.0 • 19.4 536.5 • 45.8 b 1560.0 • 108.5 931.0 • 67.0 a 

(4) (4) (10) (10) 
Phospholipids 211.9 • 15.7 192.8 • 0.7 b 200.3 • 7.2 188.3 -+ 6.9 b 

(4) (4) (4) (4) 

*All the determinations were made as described in Material and Methods. The results are presented 
in nmol x mg -1 protein, as mean • S.E.M. The number of  experimental animals is given in brackets. 
Different from the results obtained with rats fed clofibrate-free diet with: 
ap < 0.001, bp < 0.05, N.S. 

TABLE III 

The Effect of Clofibrate on the Content of Fatty Acids in the Heart Triacylglycerois of  Rats 
Fed Diets Containing Peanut Oil and Rapeseed Oil* 

Peanut oil Rapeseed oil 
Peanut oil + clofibrate Rapeseed oil + clofibrate 

Fatty acid a (4) (3) (9) (10) 

14:1 1.8-+ 0.3 1.2 • 0.1 e 7.9 • 0.5 2.9 + 0.3 b 
16:0 21.5 • 1.8 20.0 • 1.7 e 124.4 • 5.7 48.3 + 2.5 b 
16:1 2.6 • 0.5 2.2 • 0.1 e 14.7 + 1.1 6.3 • 0.3 b 
18:0 6.7 + 0.4 6.8-+ 0.2 e 44.4 • 2.8 19.6 • 1.2 b 
18:1 33.7 • 3.1 30.0 • 3.2 e 331.3 • 9.1 123.5 + 8.9 b 
18:2 20.1 -+ 0.9 17.3 -+ 1.4 e 139.5 + 17.8 46.2 • 7.7 b 
20:0 1.3 -+ 0.2 1.3 +- 0.1 e 8.7 + 0.7 4.4 + 0.3 b 
20:1 1.4-+ 0.3 3.3 • 0.5 d 122.4 -+ 7.2 49.0 +- 4.0 b 
20:4 1.7 -+ 0.1 1.6-+ 0.1 e 10.5 -+ 2.0 5.1 + 0.8 d 
22:1 0 0 349.4 • 25.0 250.0 + 19.5 c 
22:5 0.6 • 0.8-+0.1 e 13.2 • 1.4 6.9 • 0.3 b 
22:6 1.2 •  2.1 •  e 22.8-+ 2.3 11.4 • 0.9 b 

*The results are presented in nmol x mg protein -1, as mean +- S.E.M. The data on triacylglycerol 
glycerol (nmol of glycerol x 3, Table I )were  used to recalculate the data from weight % to nmol of 
fatty acids. Number of animals is given in brackets. 

alndicates number of  carbon atoms/number of double bonds. Different from the results obtained 
with the rats fed clofibrate-free diet with: bp < 0.001, Cp < 0.01, d p <  0.05, ep > 0.05, N.S. 

o f  the  ox ida t ive  capac i ty  o f  hea r t  m i t o c h o n d r i a  
and  the  ra te  o f  u p t a k e  o f  f a t t y  acids f r o m  the  
b lood .  Ra t  hea r t s  can take  up  free f a t t y  acids 
f r o m  the  b l o o d  di rec t ly .  B lood  t r i acy lg lyce ro l s  
can be t a k e n  u p  a f te r  p r ev ious  h y d r o l y s i s  by  
h e a r t  l i p o p r o t e i n  l ipase.  J e n s e n  et al. ( 1 9 ) h a v e  
r e p o r t e d  t ha t  the re  is n o  change  in l ipase 

act iv i ty  o f  ra t  hea r t  b e t w e e n  the  g r o u p s  fed the  
RSO-  and  the  olive o i l - con ta in ing  diet  fo r  3 
days .  This  m e a n s  tha t ,  u n d e r  the  c o n d i t i o n s  o f  
t he  p r e s e n t  e x p e r i m e n t s ,  t he  f a t t y  acid u p t a k e  
b y  the  hea r t  is p r o b a b l y  d e p e n d e n t  on ly  u p o n  
the  c o n c e n t r a t i o n  o f  free f a t t y  acids and  

t r i acy lg lycero l s  in the  p lasma .  
Table  IV s h o w s  tha t  the  c o n c e n t r a t i o n  o f  

t r i acy lg lycero l s  in the  p l a sm a  was  the  s ame  w i t h  

the  t w o  diets .  As e x p e c t e d  (20) ,  c lo f ib ra te  
decreased  the  c o n c e n t r a t i o n  o f  p l a sm a  t r iacyl-  
g lycero l s  in ra ts  fed  the  P O - c o n t a i n i n g  diet ,  b u t  

su rp r i s ing ly  n o  e f fec t  o f  c lo f ib ra te  was  obse rved  
in ra t s  fed the  R S O - c o n t a i n i n g  diet.  The  con-  
c e n t r a t i o n  o f  free f a t t y  acids in the  p l a sma  was  
n o t  s igni f icant ly  c ha nged  by  c lo f ib ra t e  admin i -  
s t r a t i o n  (Table  IV) .  The  decrease  in the  hea r t  
l ip idosis  due  to  c lo f ib ra te  in the  RS O- f ed  g r o u p  
o f  ra ts  is a p p a r e n t l y  n o t  due  to  t he  e f fec t  o f  
c lo f ib ra te  on  the  to ta l  a m o u n t s  o f  p l a s m a  
l ipids.  

Fatty Acids in Plasma Triacylglycerol and 
Free Fatty Acid Fractions 

Analys i s  o f  f a t t y  acid c o m p o s i t i o n  o f  p l a s m a  
t r i acy lg lycero l s  (Table  V)  s h o w s  a decrease  in 
the  c o n t e n t  o f  very  long  cha in  l e ng th  f a t t y  
acids (C20-C22)  due to c lo f ib ra te  t r e a t m e n t ,  
w h i c h  was  c o m p e n s a t e d  for  ma in ly  by  the  
increase  in t he  c o n c e n t r a t i o n  o f  18 : 1, 16 : 1 and  
16:0 f a t t y  acids. A decrease  to  o n e - t h i r d  in the  
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T A B L E  IV 

The Ef fec t  o f  Clof ibra te  on P lasma Lipids  in Rats  Fed Diets C o n t a i n i n g  Rapeseed  Oil and Peanu t  Oil* 

617 

( m M )  

Peanu t  oil R a p e s e e d  oil 
Lipid  f r ac t ion  Peanu t  oil + c lo f ib ra te  Rapeseed  oil + clofibrate 

Tr iacy lg iyce ro l  0 .83 • 0 .09 0 .46 • 0 .05 a 0.81 + 0 .10  0 .93 • 0 .19 b 
glycerol  (5) ( 5 ) +  b (5) (5) 
Free f a t t y  acids  0 .88  • 0 .05 0 .90 - 0 .u2 0 .92 -+ 0 .04  0 .80  + 0 .03 b 

(3) (3) (4) (3) 

*The  resul ts  are p r e s e n t e d  as m e a n  • S.E.M. The n u m b e r  o f  e x p e r i m e n t a l  an imals  is given in 
b racke t s .  D i f f e r e n t  f r o m  the resul ts  o b t a i n e d  w i t h  ra ts  fed  c lo f ib ra te - f ree  diet  w i t h  : 
ap < 0 .01 ,  bp  > 0 .05 ,  N.S. 

T A B L E  V 

The Ef fec t  o f  Clof ib ra te  on the  C o m p o s i t i o n  o f  Fatty Acids in P lasma  Tr i acy lg lyce ro l  and  Free 
Fatty Acid Fractions in  Rats  Fed  the  Diet  C o n t a i n i n g  Rapeseed  Oil* 

Weight  % of  total fatty acids 

Tr iacy lg lyce ro l  Free  fatty acids 

Rapeseed  oil Rapeseed  oil 
Fatty acid Rapeseed  oil + c lo f ib ra te  Rapeseed  oil + c io f ib ra t e  

14:1  0 .6  • 0.1 0.5 • 0.1 e 1.1 -+ 0.3 3.4 • 0.4 b 
16 :0  14.8 • 0.9 23.6  • 1.2 a 21.8  + 1.2 33.5 • 1.1 a 
16:1  2.3 + 0.3 3.5 • 0.2 b 3.4 -+ 0.5 5.1 • 0.4 d 
18 :0  2.5 -+ 0.3 3.0 -+ 0.2 e 8.4 • 0.8 7.9 +- 0.4 e 
18:1  40 .9  • 1.5 50.9 + 1.1 a 25.2 • 0.3 28.6  • 1.2 d 
18 :2  15.4 + 1.I  9.7 -+0.7 b 11 . t  •  11.5 •  e 
2 0 : 1  5.1 • 0 .4  1.7 • 0.1 a 5.6 • 0.2 2 .8  +- 0.2 a 
2 0 : 4  3.7 • 0.8 1.7 + 0.2 d 1.9 • 0.1 1.6 • 0.1 d 
2 2 : 1  12.4 + 0.6 4 .3  -+ 0.7 a 21 .0  • 1.4 6.1 • 0.9 a 
2 2 : 5  0 .8  • 0.1 0.3 • 0.1 c 0 0 
2 2 : 6  1.6 • 0.2 0.6 • 0.1 c t races  t races  

*The  resul ts  are p r e s e n t e d  as m e a n  -+ S.E.M. f r o m  5 an imals  in each g roup .  D i f f e r e n t  f r o m  the resul ts  
o b t a i n e d  wi th  rats  fed c lo f ib ra te - f ree  die t  w i t h :  
ap < 0 .001 ,  bp < 0 .005 ,  Cp < 0 .01 ,  d p <  0 .05 ,  ep > 0 .05 ,  N.S.  

erucate content was observed. Changes in the 
composition of the free fatty acid fraction of 
the plasma follow generally the same pattern as 
in triacylglycerol fraction. 

DISCUSSION 

The observed changes in the plasma fatty 
acids, caused by clofibrate administration to 
the rats fed the RSO-diet, seem to reflect the 
increased capacity of the liver to chain-shorten 
erucic acid and most probably also other very 
long chain length fatty acids. At low concentra- 
tion of erucate in the medium, oleic and 
palmitoleic acids were the main products of 
chain-shortening of [ 14 -14 C ] erucate in isolated 
hepatocytes (6,7). The decrease in erucic acid 
and concomitant increase in oleic and palmit- 
oleic acids content of the plasma triacylgly- 
cerols agree with what we could predict from 
experiments with isolated hepatocytes. Chain- 
shortened fatty acids formed extramitochon- 

dr• from erucate are probably competing for 
the mitochondrial 13-oxidation with other 
endogenous fatty acids in the liver cell. The 
increase in palmitate concentration in plasma 
triacylglycerol and free fatty acid fractions, due 
to clofibrate administration, might be the result 
of "saving" of endogenous palmitate by the 
chain-shortened fatty acids derived from very 
long chain length fatty acids under the condi- 
tions of an increased capacity of the chain- 
shortening system in the liver. It is interesting 
that, in rats fed the RSO-diet, the fatty acid 
composition of plasma triacylglycerols (Table 
V) is almost identical with the composition of 
fatty acids in plasma very low density lipopro- 
teins (VEDL) triacylglycerols as reported by 
Thomassen et al. (9). This means that the 
plasma triacylglycerols of rats fasted for 7 hr 
are mainly accounted for by VLDL-triacylgly- 
cerols. Further, the changes in the fatty acids 
content of plasma triacylglycerols caused by 
clofibrate, although much more pronounced, 
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correspond to the changes caused by prolonged 
feeding of rats (3 weeks) with the RSO-con- 
taining diet. It seems then that the continuous 
supply of erucate to the liver induces the same 
system (chain-shortening system?) in the liver 
as does clofibrate. 

It seems peculiar that even though the 
supply of erucate in the plasma is significantly 
reduced, due to clofibrate administration, the 
relative content of erucate in heart triacylgly- 
cerols is increased. Since the total concentra- 
tion of plasma lipids is not decreased by clofi- 
brate in rats fed the RSO-diet, the decreased 
lipidosis in the heart must be due to the in- 
crease in the oxidative capacity of the heart. It 
has been recently found that clofibrate admini- 
stration to the rats fed usual laboratory diet 
increases the oxidation rate of erucate ca. 
2-fold in isolated perfused rat heart (J. Norseth 
and B.O. Christophersen, unpublished data). 

However, in the in vivo situation, erucate 
reaches the heart in the blood stream together 
with the excess of shorter, readily oxidizable 
fatty acids, which apparently compete very 
efficiently for the oxidation with erucic acid. 
Vasdev and Kako (21) have reported that 
palmitate and erucate are taken up by the 
perfused heart at the same rate, but erucate 
is preferentially incorporated into heart lipids, 
especially when palmitate is added to the 
perfusion medium. 

The heart has apparently the system to 
chain-shorten very long chain length monoun- 
saturated fatty acids (22,23). The capacity of 
this system is only slightly, if at all, stimulated 
by the clofibrate administration to the rats (J. 
Norseth and B.O. Christophersen, unpublished 
data). 

The presented results suggest, however, that 
the capacity of the chain-shortening system of 
the heart is very low, since erucate poorly 
competes for oxidation with other, shorter 
fatty acids supplied to the heart in the blood, 
and is mainly incorporated into triacylglycerols. 

Thus, it seems that the properties of heart 
and liver with respect to metabolism of very 
long chain length monounsaturated fatty acids 
are significantly different. 
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15,18,21,24-Triacontatetraenoic and 15,18,21,24,27- 
Triacontapentaenoic Acids: New C30 Fatty Acids from 
the Marine Sponge Cliona celata 
CARTER LITCHFIELD, JOHN TYSZKIEWICZ, EUGENE E. MARCANTONIO, and GREGORY 
NOTO, Department of Biochemistry, Rutgers University, New Brunswick, New Jersey 08903 

ABSTRACT 

The marine sponse Cliona celata contains 3.5% 30:4to6 and 7.0% 30:5to3 in its total fatty acids. 
These C30 polyunsaturated structures are unknown in other living organisms. Both acids occur mainly 
as phosphatidylserine esters. 

INTRODUCTION 

Marine sponges of the class Demospongiae 
contain high levels (34-79%) of characteristic 
C24-C3o fatty acids (1). Recent studies have 
shown that many of these "demospongic 
acids" possess new fatty acid structures not 
found in other organisms. We have identified 
26:2A5,9 and 26:3A5,9,19 in Microciona 
prolifera (2); 28:3A5,9,19 in Xestospongia 
halichondroides (3); and 30:3A5,9,23 in 
Chondrilla nucula (4). 

Our survey of fatty acid chain lengths in 
sponges (1) revealed that the yellow boring 
sponge Cliona celata contains 1 I% C30 chain 
lengths in its total fatty acids. We have now 
characterized the structures of the C30 chains 
and have identified two new polyunsaturated 
fatty acids. 

EXPERIMENTAL PROCEDURES 

Materials 

Cliona celata sponge colonies collected near 
Woods Hole, Massachusetts were purchased 
from the Northeast Marine Specimens Co. 
(Woods Hole, MA) in October 1974 and June 
1978. The live sponges were packed in seawater 
and shipped by air to our laboratory. Upon 
arrival, they were washed in seawater, carefully 
cleaned of all visible algae and debris, and cut 
into small cubes. Immediate extraction with 
2:1 chloroform/methanol (5) yielded 2.2% (dry 
weight) total lipids. BHT was added to this 
sample and to all further lipid isolates to retard 
autoxidation. All quantitative data reported in 
this paper are for the June 1978 sponge sample. 

Methyl esters were prepared from total 
Cliona lipids by refluxing in 98:2 methanol/ 
cone. H 2SO 4 for 3 hr or using KOH-catalyzed 
methanolysis (6). The esters were purified 
by preparative thin layer chromatography 
(TLC) on 1.0 mm thick silicic acid layers 
developed in 95:5 hexane/diethyl ether. The 
yield of methyl esters was ~60% of the total 

lipids reacted. 
The following standards were purchased 

from reliable sources and used in the identifi- 
cation of fatty acids and of their ozonolysis 
products by gas liquid chromatography (GLC): 
14:0, 16:0, 18:0, 18:1o~9, 18:2o~6, 20:0, 22:0, 
24:0, 28:0 and 30:0. Methyl esters of linseed 
oil, cod liver oil, and Tropaeolum speciosum 
seed fat [containing 22:1co9, 24: led9, 26:lco9 
('7)] were prepared by KOH-catalyzed metha- 
nolysis (6). Pure phosphatidylcholine, phospha- 
tidylethanolamine, phosphatidylserine, lyso- 
phosphatidylcholine, and sphingomyelin TLC 
standards were purchased from Supelco Inc. 
(Bellefonte, PA). 

Methods 

GLC analyses of methyl esters were run 
isothermally at temperatures between 175 C 
and 200 C using either a 1.80 m x 2.4 mm ID 
column packed with 10% Silar-10C on 100/120 
mesh Gas Chrom Q or a 1.21 m x 2.4 mm ID 
column packed with 15% OV-101 on 100/120 
mesh Gas Chrom Q. Peaks were identified using 
cochromatography, by comparison of retention 
times with known standards, and by graphic 
correlation of equivalent chain length (ECL) 
values in semilog plots (8-10). 

Methyl esters were separated according to 
degree of unsaturation by preparative TLC on 
1.0 mm thick AgNO3-impregnated silicic acid 
(12% wt/wt) developed in diethyl ether. Bands 
were located under UV light after spraying with 
2',7'-dichlorofluorescein, and the methyl esters 
were recovered by the extraction method of 
Hill et al. ( 11 ). 

Methyl esters were hydrogenated in metha- 
nol solution using a PtO 2 catalyst (12). 

Infrared analyses were carried out in CC14 
solution using a Perkin-Elmer 700 spectro- 
photometer. Ultraviolet spectra were run in 
hexane solution on a Beckman DB spectro- 
photometer. The 60 MHz proton magnetic 
resonance (PMR) spectra were obtained with a 
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Varian T-60 instrument using 17-21 mg samples 
dissolved in CC14 with Si(CH a)4 as a reference 
marker. Mass spectrometric analyses were 
performed on a Biospect quadrupole mass 
spectrometer using CH 4 chemical ionization 
conditions and direct insertion of the sample 
probe at 220 C. 

Reductive ozonolyses of 10-50 /ag methyl 
ester samples were carried out in purified 
hexane (3) at -10 C using the method of Stein 
and Nicolaides (13) with a Supelco micro- 
ozonizer. Aldehydic products were analyzed by 
GLC as described above using column tempera- 
tures at 65 C and 180 C. Peaks were identified 
by cochromatography with known standards 
and by semilog retention time plots for homo- 
logous series. 

Lipid class separations utilized column 
chromatography followed by preparative TLC. 
Total Cliona lipids (290 mg) were first sepa- 
rated on a 20 x 50 mm column of silicic acid 
(Silica Gel G60, E. Merck, Darmstadt, Ger- 
many) into four fractions by successive elution 
with 2 column volumes of CHCI 3, 2 column 
volumes of acetone, 5 column volumes of 
1:1 CHC13/CH3OH , and 2 column volumes of 
CH3OH. The CHC13 fraction was further 
separated by preparative TLC on Whatman K5 
silica gel plates (Whatman Inc., Clifton, N J) 
developed with 97:3 hexane/diethyl ether. 
Bands were visualized with rhodamine 6G, 
identified by comparison with the Rf values of 
known standards, and then scraped off the 
plates. Lipids were recovered with diethyl 
ether. The acetone fraction was treated simi- 
larly, using 70:30 hexane/acetone to develop 
the TLC plate. 

The CHC13/CH3OH and CH3OH column 
fractions were combined and then separated on 
Whatman K5 TLC plates using a 65:32:3 
CHC13/CH3OH/NH 4OH developing solvent. 
Bands were located with iodine vapor and 
identified by comparison with the Rf values of 
authentic lipid standards. The identity of the 
phosphatidylcholine, phosphatidylethanol- 
amine, and phosphatidylserine bands was 
further confirmed using Dragendorff and 
ninhydrin spray reagent tests (14). For prepara- 
tive TLC separations, bands were located by 
placing a glass cover over most of the plate and 
exposing just one edge to iodine vapor. Each 
band (where it had not been exposed to 
iodine) was then scraped off and the lipids 
recovered by extraction with 45:45:10 CHC13/ 
CH3OH/H20. 

The amount of 30:4a36 and 30:5(03 in each 
lipid class was determined by GLC of the 
derived methyl esters using methyl triaconta- 
noate (30:0) as an internal standard. To avoid 

interfering peaks, the 30:4(06 and 30:5(03 
esters were purified by Ag+-TLC before GLC 
analysis. 

RESULTS 

Purification of Methyl Esters 

GLC analysis of Cliona celata total methyl 
esters on a Silar-10C column at 200 C revealed 
two unknown peaks having ECL values of 
33.28 and 34.47. These peaks constituted 
3.5 wt. % and 7.0%, respectively, of the total 
methyl esters. 

To purify these two unknowns for further 
study, we first separated Cliona total methyl 
esters by TLC into two bands. The upper band 
containing the two unknowns was recovered and 
then further fractionated using Ag+-TLC. 
Development with diethyl ether resolved two 
distinct bands both having 18:3 > Rf > 20:5. 
Each band was recovered for GLC analysis. The 
faster moving one contained 91% of the ECL 
33.28 unknown with no other component ~> 2%. 
The slOwer moving one contained 96% of the 
ECL 34.47 unknown. 

Identification of 30:4 

Hydrogenation of the ECL 33.28 methyl 
ester produced an n-30:0 peak when charac- 
terized by GLC. Mass spectrometric analysis 
gave an (M + 1) + ion at 459. Thus an n-30:4 
structure was indicated. 

The unknown showed no absorption bands 
in the 220-300 nm region, proving the absence 
of conjugated double bonds (15). Its infrared 
spectrum exhibited the usual 3050-2820 cm -1 
hydrocarbon and 1712 cm -1 ester bands and 
had no prominent absorption at 980-968 cm -1, 
indicating cis rather than trans unsaturation 
(16). The PMR spectrum corresponded to that 
of a polyunsaturated fatty acid methyl ester. 
Integration of the CH30- , -HC=CH -, and 
=C-CH2-C= signals gave a 3.0:8.3:6.0 ratio, 
pointing to a methylene-interrupted tetraene 
structure of the type found in arachidonic acid 
(17). 

Reductive ozonolysis produced two major 
GLC peaks, which were identified as a C i s  
aldehyde ester and a C 6 aldehyde. Hence, the 
first and last double bonds in the chain were 
at the 15- and 24-positions. 

We conclude that the unknown compound 
was the methyl ester of cis-15,cis-18,cis-21 ,cis- 
24-triacontatetraenoic acid or 30:4~6.  

Identification of 30:5 

The ECL 34.47 methyl ester was identified 
in the same manner as the 30:4(06. Hydrogena- 
tion of the unknown produced an n-30:0 peak 
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on  GLC. Mass s p e c t r o m e t r y  gave an  (M + 1) § 
ion  at  457 .  Hence ,  an n -30 :5  s t ruc tu re  seemed  
probable .  

The  u n k n o w n  ester  had  n o  UV abso rp t ion  
b e t w e e n  220  and  300  nm ,  and  its in f ra red  Lipid class 
spec t rum was ident ica l  wi th  t h a t  of  the  
30:4606.  PMR analysis y ie lded a n o r m a l  poly-  
u n s a t u r a t e d  m e t h y l  ester  spec t rum wi th  a 
3 . 0 :10 .0 :7 .9  ra t io  for  the  C H 3 0 -  , -HC---CH-, and  
=C-CH24~= signals. This  ind ica ted  a m e t h y l -  
ene - i n t e r rup t ed  p e n t a e n e  s t ruc ture .  Ozonolys is  
of  the  30 :5  es ter  p r o d u c e d  only  one  ma jo r  GLC Total lipids 
peak,  a C t 5 a ldehyde  ester ,  showing  t h a t  t he  
first doub le  b o n d  in t he  chain  was at the  
15-p0si t ion.  

Thus ,  the  u n k n o w n  c o m p o u n d  was the  
m e t h y l  es ter  of  cis-15,cis-18,cis-21 ,cis-24,cis-27- 
t r i a c o n t a p e n t a e n o i c  acid or  30:56o3. 

Location in Cliona celata Lipids 

To d e t e r m i n e  h o w  the  unusua l  30:4606 and  
30:5603 acids were d i s t r ibu ted  a m o n g  the  
various l ipids of  the  sponge,  the  five ma jo r  
classes of  Cliona ester  l ipids (Table  I) were 
isola ted b y  consecut ive  c o l u m n  and  t h in  layer  
c h r o m a t o g r a p h y .  A s ix th  sample  con ta in ing  all 
t he  o t h e r  l ipids ( ex t r ac t ed  f rom the  r ema in ing  
areas of  the  TLC plates  on  which  the  l ipid 
classes were separa ted)  was also recovered .  
Me thy l  esters were p r epa red  f rom each sample  
and  pur i f ied  by  TLC. T h e n  the  c o m b i n e d  30 :4  
and  30 :5  bands  were i so la ted  by  Ag+-TLC, and  
a k n o w n  a m o u n t  of  m e t h y l  t r i a c o n t a n o a t e  
( 3 0 : 0 )  was added .  GLC analysis of  this  m i x t u r e  
p e r m i t t e d  d i rec t  ca lcu la t ion  of  the  weight  of  
30:4606 and  30:5663 in each lipid class. 

Resul ts  (Table  I) show t h a t  the  30:46o6 and  
30:56o3 chains  are ma in ly  loca ted  in phospha -  
t idylser ine  molecules .  One- f i f th  of  the  30:56o3 
is es ter i f ied in the  t r iglycer ides ,  bu t  th is  is n o t  
t rue  for  3 0 : 4 w 6 .  Only  m i n o r  a m o u n t s  (<~ 0 .10)  
of  the  30:4606 and  30:56o3 chains  are p resen t  
in the  o t h e r  l ipid classes. 

DISCUSSION 

The  30:4606 and  30:5603 fa t ty  acids ident i -  
fied in Cliona celata have no t ,  to  our  knowl-  
edge, been  previously  f o u n d  in o t h e r  living 
organisms.  These  acids con ta in  the  famil iar  
666 and  663 types  of  p o l y u n s a t u r a t i o n  bu t  have 
longer  h y d r o c a r b o n  chains  t h a n  previously  
e n c o u n t e r e d .  

The  30:46o6 and  30:5663 s t ruc tu res  p rob -  
ably or ig inate  via the  chain  e longa t ion  p a t h w a y  
f rom 20:4606 ( a r ach i dona t e )  and  20:56o3 
precursors ,  b o t h  of  wh ich  are c o m m o n l y  
f o u n d  in mar ine  organisms.  Since 30:46o6 and  
3 0 : 5 w 3  are u n k n o w n  in o the r  organisms,  i t  

TABLE I 

Distribution of 30:46o6 and 30:5o~3 
in Cliona celata Lipid Classes 
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30:4~6 30:56o3 

Phosphatidylserine 0.74 0.62 
Phosphatidyleholine 0.10 0.09 
Phosphatidylethanolamine 0.05 0 . 0 5  
Triglyceride 0.06 0.19 
Sterol ester 0.04 0.04 
Other a 0.01 0.01 

1 .00  1 .00  

aIncludes all remaining areas of the TLC plates o n  
which lipid classes were separated. 

seems l ikely t h a t  t hey  are syn thes ized  by  the  
sponge itself. Morales and  Li tchf ie ld  (18)  
have s h o w n  t h a t  the  mar ine  sponge Microciona 
prolifera possesses a very active chain  elonga- 
t ion  sys tem t h a t  p roduces  C24-C28 f a t ty  acids 
f rom n o r m a l  chain  l eng th  precursors .  However ,  
the  comparab l e  Cliona chain  e longa t ion  sys tem 
mus t  have a d is t inc t ive  specif ici ty,  since C24- 
C30 te t raenes ,  pen taenes ,  and  hexaenes  were 
n o t  f o u n d  in Microciona even t h o u g h  the  
p r o b a b l e  Ct  8-C22 precursors  were p resen t  (19) .  

B o t h  30:4606 and  30:5603 are ma in ly  
es ter i f ied in the  phospha t i dy l s e r i ne  molecules  
of  Cliona (Table  I). This f inding implies t h a t  
the  C30 acyl  chains  may  par t ic ipa te  in the  
m e m b r a n e  l ipid bi layers  of  the  sponge.  I f  t rue ,  
the  ex t ra  bu lk  of  the i r  longer  chains would  
p r o b a b l y  make  t ha t  b i layer  th i cke r  and  more  
rigid t h a n  normal ,  a possibi l i ty  t h a t  has been  
discussed in deta i l  e lsewhere  (20) .  
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The Metabolic Fate of Cholesterol-5a,6a-Epoxide in vivo 
J.P. BOWDEN, G.M. MUSCHIK,  and J.C. KAWALEK, Carcinogenesis Program, 
NCI Frederick Cancer Research Center, Frederick, MD 21701 

ABSTRACT 

[14C]Cholesterol-5a,6c~-epoxide, administered to mice by either gastric intubation or skin 
painting, was rapidly and primarily excreted in the feces. Residual amounts of the epoxide and its 
metabolites were found in a wide variety of organs, and persisted for at least 72 hr. At some sites 
(principally the liver, the small intestinal contents and the combined stomach/duodenum and their 
contents), the labeled compound existed in a water-soluble form which could not be extracted with 
chloroform/methanol. Treatment of the small intestinal contents with a preparation of ~3-glucuroni- 
dase/sulfatase produced a marked' increase in the amount of organic-solvent-extractable cholesterol- 
c~-epoxide and other polar metabolites. Unchanged epoxide was found mainly in the feces and the skin 
at the site of application. On the basis of these results, stool specimens, and not blood samples, should 
be analyzed to detect the presence of this compound and/or its metabolites in vivo. 

INTRODUCTION 

Black and coworkers  have implicated choles- 
terol-5c~,6a-epoxide (a-CE) as a possible skin 
carcinogen which is formed by the act ion of  
ultraviolet-irradiation (1-4). However ,  their  
studies were unable to ident i fy  c~-CE, or a 
derivative, as the agent direct ly responsible for 
the tumorigenic  effects of  UV irradiation.  
Bischoff  (5) repor ted  that  a-CE was capable of  
producing local sarcomas in mice when it was 
administered by int radermal  inject ion.  

Besides these studies, there have been only a 
few reports  concerning the metabol ic  fate of  
ot-CE. Chan and Black (4) repor ted  that  ~-CE, a 
"polar  me tabo l i t e "  generated in vi tro in mouse  
epidermis by UV-irradiat ion,  could diffuse 
quite rapidly into the dermis and eventual ly 
into their  agar support  media.  They also de- 
monst ra ted  the capacity of  mouse  skin and liver 
to catalyze the hydra t ion  of  a-CE to 
cholestan-3/3,5a,6fl,triol (triol).  Aringer and 
Eneroth  (6) and Martin and Nicholas (7) also 
demonst ra ted  this hydrase activity in rat liver 
and brain, respectively.  Bischoff  and Bryson (8) 
repor ted  that  the loss o f  in t radermal ly  injected 
o~-CE from the site of  its in ject ion (7 -22 / lg /day)  
was roughly equivalent  to the ex ten t  of  forma- 
t ion by UV light (16/ . tg/mouse),  and therefore ,  
they suggested that  it may  be a systemic 
carcinogen. Fiori t i  et al. (9) failed to detec t  
a-CE in epididymal  fat pads, liver, k idney,  
serum or spleen after  feeding the test  com- 
pound  to rats in the diet (1.5%) for 90 days. 
However ,  they could account  for 50% of the 
ingested ~-CE in the fecal sterols. These results 
imply that  the a-CE is ei ther  poor ly  absorbed 
or rapidly excre ted  in the feces with only 50% 
conversion to o ther  products .  A second repor t  
f rom this group (10) demonst ra ted  that  the 
ingested a-CE was conver ted to its corre- 

sponding triol derivative when the contents  of  
the entire gastrointest inal  t ract  were examined.  
This work  was per formed with unlabeled 
material  and since then no o ther  studies have 
centered on the fate of  a-CE in vivo. 

Other  workers have fol lowed up this work 
with detailed studies on the metabol ic  fate of  
the triol (11-13). In summary,  they demon-  
strated that  the triol undergoes three primary 
reactions in vivo: a) oxida t ion  to cholestan-3fl, 
5c~-diol-6-one; b) oxida t ion  at the side chain to 
t r ihydroxy  bile acid, and c) esterif icat ion at the 
3fl-position with long chain fat ty  acids. 

A de te rmina t ion  of  the in vivo fate of  a-CE 
would allow a bet ter  pharmacological  analysis 
of  its act ion and could provide a rat ional basis 
for carcinogenici ty exper iments .  In that  re- 
spect,  this report  deals with the in vivo fate of 
a-CE after  adminis t ra t ion by gastric in tuba t ion  
or skin painting. 

MATERIALS AND METHODS 

[4-14C]Choles tero l  (53.7 / I C i / m m o l e ) a n d  
PCS scintillatin cocktai l  were purchased from 
Amersham Searle Corp.,  Arl ington Heights, IL. 
Two  samples of  [4 - t4C]cho le s t e ro l -5a ,6a  - 
epoxide  and unlabeled pa lmi toyl  cholesterol-  
5a,6c~-epoxide were synthesized according to a 
procedure  described by Fieser and Fieser (14). 
The final specific activities of  the 14C-labeled 
c~-CE preparat ions were 50 and 110 ; tCi /mmole .  
The puri ty of  all these synthesized preparat ions 
was greater than 98-99% on the basis of  
mobi l i ty  on thin layer chromatography  (TLC) 
and gas liquid chromatography  (GLC). fl-Glu- 
curonidase,  containing 92,000 and 10,000 units 
per ml of  glucuronidase and sulfatase activities 
respect ively,  was obtained from Sigma 
Chemical  Co. (St. Louis,  MO). The standard 
reference compounds :  cholesterol ,  cholesterol  
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TABLE I 

Dis t r ibu t ion  of  Rad ioac t i v i t y  in the Organs and Exc re t a  of  Mice 
af ter  Gastric I n t u b a t i o n  w i t h  [4-14C] Cho les t e ro l -a -epox ide  a 

T i s sue / spec imen t  ana lysed  % Dis t r ibu t ion  o f  r ecovered  [ 14C] label  

Feces 91.5 
Urine 0.5 
Blood 1.3 
Liver 1.4 
Small intestine 2.4 
Large in tes t ine  0.4 
Kidney  0.5 
Spleen 0.2 
Adrena l  0.1 
Testes 0.3 
E p i d i d y m a l  fat  pads 0.3 
Heart  0.2 
Lung  0.2 
Brain 0.2 
Skin 0.5 

aThe d i s t r i bu t i on  of  r ad ioac t iv i ty  in the poo l ed  organs and exc re t a  of  two  20 g B6C3F 
mice  was d e t e r m i n e d  18 hr  a f te r  t hey  received 0.36 #Ci  (1.5 mg)  [ 4 - 1 4 C ] c h o l e s t e r o l - a -  
epox ide  by gastr ic  i n t u b a t i o n .  Rad ioac t i v i t y  m e a s u r e m e n t s  were  p e r f o r m e d  on a l iquo t s  of  
25% h o m o g e n a t e s  w h i c h  had  been so lub i l i zed  w i t h  NCS so lu t ion .  The c o n t e n t s  o f  the 
gas t ro in t e s t ina l  t r ac t  were  r e m o v e d  and  n o t  ana lyzed .  A p p r o x i m a t e l y  30% of  the  theore t i -  
cal ly admin i s t e r ed  dose was recovered  in the t issues t h a t  were e x a m i n e d .  The pe rcen t  
d i s t r i bu t i on  of  this  recovered  ac t iv i ty  is p r e sen t ed  here .  

palmitate, cholesterol-5a,6a-epoxide, cholestan- 
3fl,5c~,6fl-triol, 5a-cholestan-3-one, 5c~-choles- 
t a n - 3 , 6 - d i o n e ,  5 a -ch  o le st a n-3/3-ol-6-one, 
cholestan-3fl,5c~-diol-6-one, and 5a-cholestan- 
3/3,6fl-diol were obtained from Steroloids, Inc. 
(Wilton, NH). ITLC-SA glass fiber sheets for 
TLC were purchased from Gelman Instrument 
Co (Ann Arbor, MI). Analtech Silica Gel G 
plates were obtained from Fisher Scientific 
(Silver Spring, MD). NCS tissue solubilizer was 
obtained from New England Nuclear (Boston, 
MA). All solvents were obtained from Burdick 
and Jackson (Muskegon, MI), and other 
reagents used were of the highest purity com- 
mercially available. 

Animal Treatment and Tissue Preparation 

The mice used in these experiments were 20 
g males, strain B6C3F1, from the Animal 
Breeding facilities at the Frederick Cancer 
Research Center. Three mg of [4-t4C]-~-CE 
(0.36 /JCi) dissolved m 0.25 ml corn oil were 
introduced into the stomachs of two mice by 
intubation. Skin painting experiments were 
performed on pairs of mice whose dorsal 
hair had been removed with electric clippers. 
The [14C]-~-CE (1.5 mg; 0.4 /.tCi) dissolved in 
25 ~1 acetone, was applied to the shaved skin 
using an Eppendorf pipette. In the second 
experiment, the solution was diluted (1:4) and 
25 #l aliquots were applied on 4 consecutive 
days. 

The animals were kept in individual metabo- 

lism cages where urine and feces could be 
collected separately for the entire time of the 
experimental period, i.e., immediately after 
treatment until the animals were sacrificed. In 
the gastric intubation and single dose skin 
painting experiments, the organs were removed 
and analyzed 18 hr after treatment. In the 
multiple dose skin painting experiment, the 
animals were killed by decapitation 3 days after 
the last dose was administered and bled into a 
test tube containing 1 ml 3% heparin. The 
animals were eviscerated and the individual 
organs pooled and weighed. Twenty-five 
percent homogenates of the various organs in 
0.1 M Tris buffer, pH 7.5, were prepared in a 
Waring Blender. Aliquots were taken for lipid 
extraction or digestion with NCS for direct 
quantitation of radioactivity. 

Lipid Extraction and Analysis 

All lipid-containing materials were extracted 
using 10 volumes of chloroform/methanol (2:1, 
v/v). The mixture was vortexed vigorously and 
then centrifuged to separate the phases. The 
aqueous phase was removed and the chloroform 
layer washed with 1 volume 0.9% NaCI. The 
solvent layer was evaporated to dryness under 
nitrogen, redissolved in a small volume of 
chloroform/methanol (1:1, v/v) and chroma- 
tographed as described below. 

TLC systems utilizing Gelman ITLC-SA glass 
fiber sheets were used for resolving mixtures of 
c~-CE and its metabolites from total lipid 
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extracts. The ITLC-SA sheets were developed 
with isooctane/methyl ethyl ketone (2:1, v/v). 
All chromatography was in unlined tanks and 
generally was completed in less than 30 min. The 
identity of the metabolites was determined by 
chromatographing standard reference com- 
pounds in parallel with the unknown samples. 
Areas on the sheet containing radioactive 
compounds were located by scanning with a 
Berthold TLC scanner. Standard compounds 
were visualized by spraying with H2SO4/ 
ethanol/water (2:1:1, v/v/v) followed by 
heating at 110 C for 10 min. The sheets were 
cut into sections according to the distribution 
of the standards and the radioactivity of each 
section quantitated. In most cases, further 
characterization was not made because only 
small quantities of compounds were isolated. 

Because of the uncertainty of identification 
of minor metabolites by relative mobility on 
TLC, the designation of these compounds in 
this report as cholesterol triol, etc., does 
not exclude the possible presence of other 
compounds which chromatograph with Rf 
values similar to these standards. In some 
instances, larger amounts of metabolites were 
separated by TLC on 0.25 mm Silica Gel G 
plates using a solvent system consisting of 
benzene/ethyl acetate (1:2, v/v). The areas 
containing the compounds of interest were 
eluted with acetone, converted to their tri- 
methylsilyl (TMS) derivatives (15) and qualita- 
tively identified by radio GLC or GLC/MS as 
described below. 

Gas Liquid Chromatography/Mass 
Spectrometry (G LC-MS) 

The GLC/MS system used was a Varian 
Aerography GLC (Varian Associates, Palo Alto, 
CA) equipped with 6 foot column of 1% SE-30 
maintained at 240 C with helium as the carrier 
gas at a flow rate of 20 ml/min. The GLC was 
interfaced with a Finnigan Model 1015 mass 
spectrometer (Finnigan Corp., Sunnyvale, CA), 
and the effluent was ionized at 70 eV in an 
electron impact source. A Finnigan 6000 Data 
System was used for data acquisition. 

Radioactivity Measurements 

All quantitative measurements of radio- 
activity were performed in an ISOCAP 300 
liquid scintillation counter (Searle-Analytic, 
Chicago, IL) using PCS cocktail. Qualitative 
distributions of [ ]4Cllabeled compounds on 
TLC were performed using a Berthold LB-2760 
TLC scanner (obtained through Shandon Inst., 
McKeesport, PA). Radio GLC identification of 
[ 1 4 C ] labeled compounds was accomplished by 

r 
o (5 
Triol o-CE 

B 

Triol o-CE 

0 0 
; - - ~ - 1 ' 0  1'~ 1'4 ,'~ 
cm from origin 

FIG. 1. a. Radio TLC scan of total lipid extract 
from mice fecal pellets of mice 18 hr after skin 
painting [14C] ~-CE. The sample was applied to 0.25 
mm Analtech Silica Gel G plate and developed with 
benzene/ethyl acetate (1:2). b. Regions corresponding 
to c~-CE in Panel A were eluted from the plates and 
chromatographed separately using a solvent system 
composed of ethyl acetate/benzene/methanol (4: 2:1). 

using a Packard Model 427 GLC (Packard Inst., 
Co., Downers Grove, IL) equipped with a 6 
foot 1% SE-30 column run with a temperature 
program from 220 - 260 C at 5 C/min. Helium 
was the carrier gas at a flow rate of 42 ml/min. 
This chromatograph was connected by a nickel 
conduit to a Packard Model 894 gas propor- 
tional counter. 

RESULTS 

Fate of cx-CE after Gastric Intubation 

When mice were intubated with ~-CE in corn 
oil, ca. 92% of the recovered label was found as 
free epoxide in the feces after 18 hr. Most of 
the remaining label was in the urine, blood, 
liver, small intestine, large intestine, and kid- 
neys (Table I). Smaller amounts of label were 
found in the epididymal fat pads, testes, and 
lungs. TLC-separation of lipids from tissues 
extracted with chloroform/methanol showed 
that the recovered label was present in forms 
having polarity similar to that of the triol and 
its oxidation product, cholestan-3/3,5~-diol-6- 
one (12). Some material migrated in regions less 
polar than c~-CE and cholesterol. These metabo- 
tires could be fatty acid esters of the c~-CE or 
other metabolites (12). No attempts were made 
to identify these compounds because of the 
small quantities of material recovered. 
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TABLE I1 

Recovery of [ 14C]-Labeled Compounds after Painting Dorsal Skin of 
Mice with [4-14C] Cholesterol-c~-epoxide 

% Distribution of recovered 
[ 14C]labeled compounds 

Experiment I a Experiment ll b 

Total Water-soluble d Total 
Tissue]specimen radioactivity c radioactivity radioactivity 

Dorsal skin 9.6 (27.2) e 0.8 
Ventral skin 0.1 ( 0 . 3 )  22.9 
Liver 2.5 ( 7 . 2 )  44.1 

Stomach/duodenum 
and contents 2.8 ( 7 . 9 )  45.5 
Small intestine 3.2 ( 9 . 2 )  22.0 
Large intestine 1.2 ( 3 . 3 )  15.0 
Kidney 0.1 ( 0 . 3 )  15.3 

Feces 64.2 ~ ) 1 I. 1 

Contents of Sm. 
intestine 6.0 (17.2 ) 72.0 

Contents of Lg. 
intestine 9.7 (27.6) 18.2 

Urine 6.2 ( ) 28.8 

79.6 
4.2 
2.1 

f 
6.0 
7.3 
0.1 

aln experiment I, the organs were analyzed 18 hr after the animals were painted with a 
single dose of the [4-14C]-a-CE (0.4 ttCi). Total recovery of the theoretically administered 
dose was 65%. 

bin experiment II, the organs were analyzed 72 hr after the animals had received 4 con- 
secutive daily dose of [4-14C1-~-CE (0.1 ttCi/dose). Total recovery of the [ 14C]labeled 
compounds in the organs was 13% of the administered dose. 

Cpercent distribution of recovered [ 14C]|abeled material in various tissues/specimens. 
dThe fraction of label in these tissues that was not extractable with chloroform] 

methanol. 
eThe values in parentheses represent the distribution of label in these tissues excluding 

that present in the excreta. 
fThe stomach was not analyzed, but the duodenum was removed with the remainder of 

the small intestine. 
gEeces and urine were not collected. 
hContents of the small and large intestines were not removed prior to analysis. 

Fate of ~-CE after Skin Painting with 
Single Dose (Experiment I) 

When a solut ion of  ~-CE was pa in ted  on the 
shaved dorsal skin of mice in a single dose,  65% 
of  the recovered label (apparent ly  as u n m e t a b o -  
lized a-CE) was excre ted  in the feces within 18 
hr. This c o m p o u n d  was present  in relatively 
high p ropor t ions  and had mobi l i ty  on TLC 
corresponding  to that  of  a-CE in two  sequent ia l  
solvent  sys tems (Fig. la  and lb) .  The TMS- 
e the r  derivative had a mass spec t rum identical  
to tt/at of  the cor responding  s tandard.  Analysis 
of  this same sample by radio GLC indica ted  
that  a [14C] labe led  silylated c o m p o u n d  had 
the same re ten t ion  t ime as s i l y l a t e d - [ 1 4 C ] ~ -  
CE. No o the r  [14C] labe led  peaks were ob- 
served on this ch romatogram even though  
several o the r  c o m p o n e n t s  were observed when  
the  co lumn eff luent  was mon i to red  with a 
flame ionizat ion de tec tor .  These same compo-  
nents  had re ten t ion  t imes cor responding  to 

those  obta ined f rom extracts  of  feces f rom 
un t rea ted  mice. 

The c o m p o u n d  isolated f rom the TLC with 
an Rf value similar to that  of  the triol was also 
silylated and analyzed by GLC/MS. None of the 
re ten t ion  t imes of  the  c o m p o n e n t s  agreed wi th  
those  of a triol s tandard  and concur ren t ly  
ne i ther  did any of  the mass spectra .  Radio TLC 
analysis of  this fract ion in a very polar  solvent 
sys tem [e thyl  a c e t a t e / b e n z e n e / m e t h a n o l  4:2:1 
v/v/v] indicated the  presence of  several compo-  
nents .  Therefore ,  this sample may no t  contain  
any triol. Al though the iden t i ty  of  these 
c o m p o n e n t s  is u n k n o w n ,  they  cannot  be one of  
the fol lowing on the  basis o f  their  TLC and 
GLC/MS characterist ics:  5c~-cholestan-3,6- 
dione,  5a-cholestan-3/3-ol-6-one, cholestan-3/3, 
5c~-diol-6-one nor  5c~-cholestan-3/3,6/3-diol. 

In this same exper imen t ,  smaller amoun t s  o f  
label were also found  in the skin, k idneys ,  small 
in tes t ine ,  large in tes t ine ,  combined  s t o mach /  
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duodenum and the contents of the large and 
small intestines. The distribution is shown as 
experiment I in Table II. Very little c~-CE was 
found in these organs or any of the other 
organs examined, which included the spleen, 
adrenals, testes, epidiymal fat pads, heart, 
brain, bladder, and pancreas. In each of these 
organs, the [14C] labeled compounds migrated 
on TLC as triol or its 6-keto oxidation product. 

Most of the label found in the contents of 
the small intestine was water-soluble. A signifi- 
cant amount of water-soluble material was also 
present in the liver, and the combined stomach/ 
duodenum homogenate. Table I! also lists the 
percent total radioactivity as water-soluble 
[14C]labeled derivatives contained in these 
tissues. Note the large difference between the 
amounts of water soluble [14C] in the contents 
of the small and large intestines (72% and 18%, 
respectively, of the total [14C] in these homo- 
genates). 

To test for conjugated c~-CE metabolites 
(glucuronides or sulfates), aliquots of homo- 
genate of the small intestinal contents were 
diluted with an equal volume of 1 M sodium 
acetate buffer, pH 5.0, and incubated at 37 C 
for 18 hr with 4,600 and 500 units of /3-glu- 
curonidase and sulfatase, respectively. The 
reaction mixtures were extracted and analyzed 
as usual. The homogenate was also run through 
the procedure without added enzyme prepara- 
tion. The treated sample showed a significant 
increase in solvent-extractable [ 14C] label 
when compared with its unhydrolyzed control 
(Fig. 2). The labeled compounds had TLC 
mobilities generally more polar than that of the 
epoxide and similar to the triol and cholestan- 
3/3,5c~-diol-6-one. 

Fate of ~-CE after Administrat ion in 
Multiple Doses (Experiment I I )  

One-quarter of the dose of the c~-CE used 
previously was applied to the skin of mice on 
each of 4 consecutive days and the animals 
were killed 72 hr after the last application. 
Table II-Experiment II lists the distribution of 
[]4C]labeled compounds among the organs 
containing the highest amount of labeled 
material. In comparison with the former 
experiment, the results obtained indicated that 
higher levels of radioactivity were found in the 
dorsal skin at the site of application after 
treatment with multiple doses of  c~-CE. These 
levels (10.5% of the administered dose) were 
considerably greater than those found in the 
same site only 18 hr after animals received a 
single treatment (6.2% of the administered 
dose) with an equivalent total dose of the test 
compound. Most of the radioactivity in the 
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FIG. 2. The release of chloroform/methanol 
soluble [14C]labeled derivatives by the action of 
3-glucuronidase/sulfatase on the small intestine con- 
tents of mice painted on the skin with acetone solu- 
tions of [4-14C] cholesterol-c~-epoxide. 

dorsal skin was apparently in the form of the 
unmetabolized epoxide (data not shown). This 
is in contrast to the wide distribution of very 
low quantities of metabolites of varied polarity 
isolated from the ventral skin of the same 
animals. 

D I S C U S S I O N  

a?-CE has been found in normal mouse skin 
(1,2) and liver (16). It is also present in sera of 
patients with high blood pressure, peptic ulcers 
and hypercholesterolemia (17) as well as in the 
organs of patients with Wolman's disease (18). 
Surprisingly, its levels were barely detectable in 
sera from normal healthy humans (17). 

Apart from its reported carcinogenic activity 
(19), a-CE and other auto-oxidation products 
of cholesterol (20) have been reported to exhibit 
toxic effects both in vivo (10,21) and in vitro 
(22,23). Recently, Kelsey and Pienta (24) 
demonstrated that c~-CE was capable of trans- 
forming hamster embryo cells. 

Despite the potential toxic and carcinogenic 
hazards associated with this compound, its fate 
in the whole animal has never been completely 
examined. The purpose of the present studies 
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was to examine  the distr ibut ion and transfor- 
mat ion of  a-CE in vivo since it is so easily 
formed f rom cholesterol.  

When cholesterol  epoxide was administered 
to mice,  whether  by gastric in tuba t ion  or skin 
painting, it was rapidly excre ted  in the feces. 
These results were in general agreement  with 
studies using Sprague-Dawley rats repor ted  by 
Fiori t i  and coworkers  (9,10). In the 18 hr skin 
paint ing exper iment ,  [ 14C] labeled material  in 
the gastrointestinal  t ract  was only partially 
extractable  with organic solvents. That  this 
nonext rac table  label was present in the form of  
glucuronides or sulfates was conf i rmed by 
t rea tment  of  the contents  of  the small intest ine 
with a /3-glucuronidase/sulfatase preparat ion.  
This t r ea tment  released the major i ty  of  [14C]-  
labeled steroids from the water-soluble label 
allowing their  ext rac t ion  into ch lo ro fo rm/  
methanol .  

Since a large propor t ion  (64%) of  the 
recovered cholesterol  epoxide  appeared in the 
feces, it is l ikely that  the compound  was largely 
unmetabol ized  during the early stages of  
absorpt ion and was rapidly excre ted  via the 
gastrointestinal  tract.  A smaller por t ion  was 
metabol ized  to cholestane triol and other  
derivatives, many of  which were conjugated 
to water-soluble forms. The fact that  a greater  
amount  of  conjugated [ 14C] labeled c o m p o u n d  
was found in the contents  of  the small intest ine 
rather than in the large intestine,  or the ex-  
creted feces, suggests that  the conjugates were 
ei ther hydro lyzed  by the flora of  the large 
intest ine or conjugat ion occurred only during 
the later stages of  absorpt ion.  

With the possible excep t ion  of  the produc-  
t ion o f  c~-CE from cholesteryl  palmitate  by rat 
brain homogenates  (7), there is l i t t le or no 
evidence that  significant amounts  of  cholesterol  
epoxides  are produced by direct enzymat ic  
epoxida t ion  of  cholesterol .  According to Smith 
and Kulig (20), ee47E is a secondary product  
arising f rom the interact ion of  cholesterol  with 
hydroperoxides .  Cholesterol  hydroperox ides  
are the pr imary products  of  the oxidat ion  of  
cholesterol  by UV light or lipid peroxida t ion  
(25,26). The fact that  ~-CE was found as a 
normal  const i tuent  in the liver and skin of  
hairless mice may verify the observations of  
Aringer and Enero th  (6) and Mit ton et al. (27), 
who demonst ra ted  that  cholesterol  epoxides 
were generated during lipid peroxidat ion  in 
liver microsomes  in vitro. One could infer  then, 
that  lipid peroxida t ion  in the liver and skin of 
mice is a normal  occurrence and as a result of  
this, a-CE would be formed as a natural  by- 
product  of  these reactions.  

Based on the results repor ted  here, one 

would  not  expect  to find significant levels of  
a-CE in the blood since it is rapidly excre ted  in 
the feces. Analysis of s tool  specimens for 
the presence of  a-CE or its metabol i tes  could be 
employed  as a screening procedure  for diseases 
giving rise to increased levels of  lipid peroxida-  
t ion.  The work of  Reddy and coworkers  has 
shown that  the triol,  the hydra t ion  product  of  
cholesterol  epoxide ,  exists in significantly 
higher quant i ty  in the feces of  patients with 
ulcerative colitis (28) and colon cancer (29). No 
a t t empt  was made during these studies to 
de termine  the levels of  a-CE. Al though we were 
unable to demonst ra te  the hydra t ion  of  choles- 
terol  epoxide by mice fecal flora, Hwang and 
Kelsey (30) have clearly demonst ra ted  the 
presence of  hydrase activity in feces of  normal  
adult  humans.  

The following conclusions can be drawn 
from these studies: 1) regardless of  the source 
of  c~-CE in the mouse,  (via UV irradiat ion with 
subsequent  format ion  in the skin, ingestion of  
~-CE produced f rom cholesterol  by peroxidized 
lipids in foods,  or its nonspecif ic  fo rmat ion  by 
microsomal  hydroxylases) ,  it is rapidly ex- 
creted,  primarily in the feces, with only a small 
percentage of  the residual c o m p o u n d  remaining 
in the organs or at the site of  its format ion  in, 
or application to, the skin; 2) as the skin 
paint ing studies indicated,  mult iple  doses over a 
4-day-period resulted in a higher level of  
residual ~-CE at the site of  paint ing than an 
equivalent  total  amount  administered in one 
large dose which would indicate that  small 
repeated exposures to this c o m p o u n d  at a single 
site would  have a greater effect  than one large 
acute exposure;  3) there are two possible target 
sites which may be implicated in carcinogenesis 
in animals exposed to a-CE via the skin, the 
large intestine,  and the skin at the site of  
applicat ion because these two  tissues contain 
the highest levels of  free a-CE, and one would  
expec t  tumor  format ion  to be evident  here. 

Whether  or no t  a~CE is a direct acting 
carcinogen remains to be proven.  Fur ther  works,  
including appropriate  carcinogenici ty experi- 
ments  with this and related compounds ,  are 
in progress. 
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Varietal Differences in Peanut Triacylglycerol Structure 1 
T.H. SANDERS, National Peanut Research Laboratory, 
USDA, SEA, AR, SR, Southeast Area, Dawson, GA 31742 

ABSTRACT 

Stereospecific analysis of triacylglycerols from six peanut varieties showed diversity in percent 
fatty acid placement. Distribution of the fatty acids among the sn-1, -2 and -3 positions was clearly 
nonrandom. The percentages of palmitic and stearic acids, generally very low at the sn-2 position, 
were more predominant at the sn-1 than the sn-3 position. Long chain fatty acids were located almost 
exclusively at the sn-3 position. The sn-2 position of all varieties was high in unsaturated fatty acids. 
Triacylglycerols were sufficiently different to suggest that concentrations of specific triacylglycerol 
species may vary with variety. 

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

Stereospecific analyses of  animal (1-5) and 
plant (4,6-9) triacylglycerols indicate that the 
distribution of fatty acids is not random, but 
that each position has a characteristic fatty acid 
pattern. Usually, the fatty acid compositions of 
sn-1 and -3 positions are similar, but none of 
the fats examined has exhibited a completely 
symmetrical distribution. Triacylglycerol com- 
position and structure are important from the 
standpoint of nutrition (10), oil stability (11) 
and possible physiological effects (12). 

Early studies of plant triacylglycerols were 
conducted on refined oi] unidentified as to 
specific variety and probably representing 
genetically heterogeneous source material. 
Analyses of maize (7,8) and soybean (9) 
triacylglycerols from several specific varieties 
indicate that structure is not constant but is 
variable among varieties. Biochemical studies 
on heterogeneous material may be of little 
value especially if one of the goals of  the study 
is to effect some eventual genetic change in the 
source material should the conclusions so 
indicate. The variation in fatty acid composi- 
tion of  oil from various peanut varieties is well 
documented (13) and is an indication of the 
variability found in the triacylglycerol fraction 
which routinely accounts for more than 90% of 
the total composition, de la Roche et al. (8) 
reported that the fatty acids at each position of 
corn oil triacylglycerols were influenced by the 
fatty acid concentration in the total triacyl- 
glycerol except for the saturates in the sn-2 
position. This indicates that triacylglycerols 
with diversity in fatty acid composition might 
reasonably be expected to have diverse struc- 
tures. 

Stereospecific analysis of peanut oil has been 
reported by Brockerhoff and Yurkowski (6). 

1 Men t i o n  o f  f i r m  n a m e s  or  t r ade  p r o d u c t s  does  no t  
i m p l y  t h a t  t h e y  are endorsed  or  r e c o m m e n d e d  by  the  
D e p a r t m e n t  o f  A g r i c u l t u r e  over  o t h e r  f i rms  or  s imi la r  
p r o d u c t s  no t  m e n t i o n e d .  

Myher et al. (14) compared the triacylglycerol 
structures of native, rearranged, and simulated 
peanut oils and found that native oil, the most 
atherogenic in laboratory animals, contained a 
significantly greater proportion of certain 
triacylglycerol structures than the synthetic 
oils. Only dietary testing will determine 
whether those triacylglycerol structures are 
indeed associated with increased atherogenic 
potency (14). Hokes (15) determined the fatty 
acids attached to the sn-2 position of triacyl- 
glycerols from several peanut cultivars, but did 
not differentiate between fatty acids at the sn-1 
and sn-3 positions. 

This paper describes the variability that 
exists in the stereospecific structure of triacyl- 
glycerols from six peanut varieties. 

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

All of the peanut varieties were grown, 
harvested and cured using conventional 
methods in Headland, AL as part of the 1976 
National Peanut Performance Trials. Peanuts 
were shipped to this laboratory where they 
were shelled. Seed riding a 0.635 x 1.905 cm 
shaker screen were sealed in plastic bags and 
stored at 4 C. 

For lipid extraction, random 10 g samples of 
sound, mature, intact peanuts of  each variety 

T A B L E I  

Mean D i f f e r e n c e s  b e t w e e n  sn-3 Pos i t ion  F a t t y  Acid  
Pe rcen t ages  o f  Six Peanu t  Var i e t i e s  

Calcu la ted  by  T w o  M e t h o d s  

F a t t y  Acid  D i f f e r e n c e  

1 6 : 0  2.6 • 1.2 
18 :0  0.9 -+ 0.6 
18:1 1.1 • 1.2 
18 :2  3.1 • 0 .8  
2 0 : 0  0.2 +- 0.1 
20 :1  0.5 • 0.3 
2 2 : 0  0.3 • 0.1 
2 4 : 0  0.3 -+ 0.2 
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TABLE II 

Stereospecific Analyses of  Triacylglycerols f rom Six Peanut Varieties 

631 

Variety 

Compound  
or 

position 

Fat ty acid distribution, mole %a 

16:0 18:0 18:1 18:2 20:0 20:1 22:0 24:0 

Florigiant TG 
1 
2 
3 

Early Bunch TG 
1 
2 
3 

Florunner TG 
1 
2 
3 

Tifrun TG 
1 
2 
3 

Starr TG 
1 
2 
3 

Spancross TG 
1 
2 
3 

10.8 2.9 53.1 27.3 1.8 1.0 1.9 1.1 
20.1 4.9 50.7 22.6 0.5 0.7 0.4 0.3 

2.2 0.7 51.5 45.3 0.1 0.3 0.1 - -  
10.3 3.2 57.2 14.0 4.8 2.0 5.3 3.0 

13.3 2.6 42.0 36.3 1.5 0.9 2.4 1.1 
24.7 4.4 38.3 31.2 0.3 0.4 0.5 0.2 

3.5 1.5 37.2 57.4 0.1 0.2 . . . . .  
11.8 1.9 50.6 20.3 4.0 1.9 6.5 2.9 

11.4 2.1 50.9 29.1 1.6 1.! 2.4 1.3 
20.7 3.5 49.5 24.4 0.3 0.7 0.5 0.5 

2.1 0.6 47.8 48.8 0.1 0.4 0.1 0.1 
11.4 2.3 55.5 14.1 4.4 2.3 6.5 3.4 

12.6 2.4 42.4 36.8 1.5 0.9 2.6 0.8 
22.7 4.2 38.8 32.7 0.3 0.4 0.6 0.2 

3.2 1.2 36.1 58.8 0.2 0.2 0.1 --- 
11.9 1.7 52.2 18.9 4.0 2.0 7.2 2.2 

14.2 3.3 43.3 33.0 1.8 1.1 2.7 0.7 
24.2 4.9 40.4 28.4 0.4 0.6 0.7 0.3 

2.4 0.8 39.5 56.9 0.1 0.2 0.1 - -  
16.0 4.2 50.0 13.8 4.8 2.4 7.3 1.8 

13.5 2.9 44.1 33.4 1;9 1.1 2.2 0.9 
24.2 5.2 40.3 28.4 0.3 0.S 0.6 0.4 

2.6 0.9 40.2 56.2 0.1 . . . . . .  
13.5 2.8 51.8 15.6 5.2 2.5 6.5 2.3 

aEach value is the  mean o f  3 replications. 

were blended in 100 ml pe t ro leum ether  (B.P. 
3 5 - 6 0  C). T h e  h o m o g e n a t e s  w e r e  f i l t e r ed  a n d  
t h e  s o l v e n t  w a s  r e m o v e d  o n  a r o t a r y  e v a p o r a -  
to r .  T r i a c y l g l y c e r o l s  w e r e  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  ( T L C )  o n  Sil ica Ge t  G 
( .05  m m ) ( B r i n k m a n n )  w i t h  a d e v e l o p i n g  
s o l v e n t  o f  p e t r o l e u m  e t h e r / d i e t h y l  e t h e r / a c e t i c  
ac id  ( 8 0 : 2 0 : 1 ) .  C a r e f u l  a t t e n t i o n  was  g iven  to  
p r e v e n t i o n  o f  a u t o x i d a t i o n .  Al l  t h i n  l a y e r  p l a t e s  
we re  d e v e l o p e d  in a n i t r o g e n  a t m o s p h e r e  a n d  
s p r a y e d  w i t h  0 . 0 2 %  b u t y l a t e d  h y d r o x y t o l u e n e  
( B H T )  in p e t r o l e u m  e t h e r .  B H T  (ca.  10 /11 o f  
0 . 1 %  s o l u t i o n )  was  a d d e d  in e a c h  s t ep  o f  t h e  
i s o l a t i o n  p r o c e d u r e  a n d  s t e r e o s p e c i f i c  a n a l y s i s .  

M e t h y l  e s t e r s  w e re  p r e p a r e d  w i t h  b o r o n  

t r i f l u o r i d e - m e t h a n o l  ( 1 4 %  w / v ,  A p p l i e d  S c i e n c e  
L a b o r a t o r i e s ,  Inc . )  a c c o r d i n g  to  a m o d i f i e d  
M o r r i s o n  a n d  S m i t h  ( 1 6 )  p r o c e d u r e .  B e n z e n e  
was  r e p l a c e d  w i t h  t o l u e n e  in t h e  m e t h y l a t i o n  
m i x t u r e  o f  m e t h y l  a l c o h o l / b e n z e n e / b o r o n  
t r i f l u o r i d e - m e t h a n o l  ( 1 1 : 4 : 5 ) .  L i p i d s  we re  
t r a n s m e t h y l a t e d  in 9 m l  vials  s ea l ed  w i t h  t e f l o n  
cap  l i ne r  a n d  t a p e .  T h e  via ls  we re  h e a t e d  in an  
o v e n  a t  1 0 0  C fo r  2 0 - 3 0  m i n ,  d e p e n d i n g  o n  t h e  
l ipid t y p e .  W a t e r  (1 m l )  was  a d d e d  to  t h e  
c o o l e d  m i x t u r e ,  a n d  t h e  m e t h y l  e s t e r s  were  
e x t r a c t e d  w i t h  t w o  3 m l  p o r t i o n s  o f  h e x a n e ;  
t h e n  t h e y  w e r e  a n a l y z e d  b y  G L C .  T h e  gas  

c h r o m a t o g r a p h ,  e q u i p p e d  w i t h  a F I D  a n d  a 
6 . 35  m m  x 1.83 m s t a i n l e s s  s t ee l  c o l u m n  t h a t  
was  p a c k e d  w i t h  10% E G S S - X  o n  1 0 0 / 1 2 0  
G a s - C h r o m  P ( A p p l i e d  Sc i ence  L a b o r a t o r i e s ,  
Inc . ) ,  w a s  o p e r a t e d  i s o t h e r m a l l y  at 2 1 0  C. 
C a r r i e r  gas  was  h e l i u m  at  100  m l / m i n .  F a t t y  
ac id  p e r c e n t a g e s  we re  d e t e r m i n e d  b y  digi ta l  
i n t e g r a t i o n  a n d  n o r m a l i z a t i o n  o f  p e a k  a reas .  
A c c u r a c y  o f  t h e  s y s t e m  was  ve r i f i ed  b y  a n a l y s i s  

o f  N a t i o n a l  H e a r t  I n s t i t u t e - t y p e  f a t t y  ac id  
s t a n d a r d  KD.  F a t t y  ac ids  we re  i d e n t i f i e d  b y  
c o m p a r i s o n  w i t h  k n o w n  s t a n d a r d s .  

S t e r e o s p e c i f i c  a n a l y s i s  was  c o n d u c t e d  e s s e n -  
t i a l ly  a c c o r d i n g  to  B r o c k e r h o f f  ( 1 7 )  as  m o d i -  
f ied b y  W e b e r  e t  al. (7) .  T h e  m e t h o d  for  
p r e p a r i n g  o f  p h o s p h a t i d y l  p h e n o l s  w a s  m o d i -  
f ied  s u c h  t h a t  t h e  d i a c y l g l y c e r o l s  in n o  m o r e  
t h a n  0.5  m l  d i e t h y l  e t h e r  we re  a d d e d  s l o w l y  
w i t h  s h a k i n g  to  2 m l  p y r i d i n e  ( s p e c t r o p h o t o -  
m e t r i c  g r ade ,  A l d r i c h  C h e m i c a l  C o m p a n y )  a n d  
0 . 1 2  m l  p h e n y l  d i c h l o r o p h o s p h a t e  ( A l d r i c h  
C h e m i c a l  C o m p a n y )  to  p r e v e n t  p r e c i p i t a t e  
f o r m a t i o n .  

RESULTS AND DISCUSSION 

T w o  d e t e r m i n a t i o n s  p r o v i d e  an  i n d i c a t i o n  o f  
t h e  a c c u r a c y  o f  s t e r e o s p e c i f i c  a n a l y s i s  (4 ,7 ) .  
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TABLE III 

Linear Regression Analyses and Correlation Coefficients for the Relationship 
of Fatty Acids in Total Triacylglycerols and Fatty Acids at Each Position 

Fatty acid Position Slope y Intercept r a 

16:0 1 1.43 4.68 0.95 b 
2 -- -- 0.43 d 
3 1.32 -4.23 0.86 c 

18:0 1 1.28 1.03 0.88 c 
2 -- --  0.09 d 
3 1.82 -2.23 0.83 c 

18:1 1 1.16 -10.33 0.99 b 
2 1.28 -16.87 0.99 b 
3 0.56 26.84 0.95 b 

18:2 1 1.01 -5.07 0.99 b 
2 1.38 8.83 0.95 b 
3 0,60 -3.75 0.82 c 

20:0 3 2.78 -0.15 0.99 b 

20:1 3 2.31 -0.16 0.91 c 

22:0 3 2.39 0.88 0.96 b 

24:0 3 2.65 -0.01 0.99 b 

ar = Correlation coefficient. 
bSignificant at 1% level. 
CSignificant at 5% level. 
dNot significant. 

The  mixed  1,2(2,3)-diacylglycerols  used to 
make  the  p h o s p h a t i d y l  pheno l s  mus t  be repre-  
senta t ive  of  the  t r iacylglycerols ;  t he re fo re ,  t hey  
mus t  agree in c o m p o s i t i o n  to t ha t  ca lcula ted  
for  diacylglycerols.  Dif ferences  in ca lcula ted 
and ana lyzed  diacylglycerols  o f  the  six variet ies 
were less t h a n  2% for  any  fa t ty  acid. Data  
ob t a ined  by  the  two m e t h o d s  of  d e t e r m i n i n g  
the  fa t ty  acid c o m p o s i t i o n  of  the  sn-3 pos i t ion  
should  always be compared .  Analyses  wi th  
m i n o r  d i f ferences  (<5%)  for  ma jo r  c o m p o n e n t s  
are general ly cons idered  accep tab le  (7) al- 
t h o u g h  agreement  should  be closer. The  mean  
dif ferences  be tween  the  sn-3 f a t ty  acid per- 
centages  ca lcula ted  by  two m e t h o d s  for  each 
fa t ty  acid of  all variet ies are p resen ted  in Table  
I. C o m p o s i t i o n  calcula ted by  sub t r ac t i ng  the  
sn-1 and sn-2 pos i t ion  fa t ty  acid pe rcen tage  
f rom the  pe rcen tage  c o m p o s i t i o n  of  the  whole  
t r iacylglycerol  is regarded as more  accura te ;  
however ,  ag reement  o f  the  two m e t h o d s  
indica tes  overall  accuracy.  

The  resul ts  shown  in Table  II ind ica te  a 
n o n r a n d o m  d i s t r i bu t ion  of  f a t ty  acids a m o n g  
t he  sn-1, -2 and  -3 pos i t ions  of  the  tr iacylglyc-  
erols. The  percentages  of  pa lmi t ic  and s tear ic  
acids were general ly very low for  the  sn-2 
pos i t ion ,  h igher  for  sn-3, and highes t  for sn-1. 
The long chain  (20-24)  f a t t y  acids were loca ted  
a lmos t  exclusively at the  sn-3 pos i t ion .  The  sn-2 
pos i t ion  of  t r iacylglycerols  f rom all t he  varieties 
was h igh in u n s a t u r a t e d  fa t ty  acids. The  general  

pa t t e rns  o f  f a t ty  acids f o u n d  at the  sn-1 and sn-3 
pos i t ions  were similar  for  all varieties,  a l t hough  
the  mole  percen tages  of  each acid at  the  two  
pos i t ions  f r equen t ly  d i f fered widely.  Mole 
pe rcen tages  of  pa lmi t ic ,  s tearic  and  l inoleic 
acids were always h igher  for  the  sn-1 t h a n  for  
the  sn-3 pos i t ion ,  while those  of  oleic acid were 
cons i s t en t ly  h igher  for  the  sn-3 pos i t ion .  The  
pa t t e rn s  of  fa t ty  acid d i s t r i bu t i on  at sn-2 
dif fered no t  on ly  f rom those  at  sn-1 and -3, bu t  
wi th  var ie ty  as well. On the  sn-2 pos i t ion ,  the  
pe rcen tage  of  oleic acid was h igher  t h a n  t h a t  of  
l inoleic acid in Flor igiant ,  bu t  the  percen tages  
were a b o u t  the  same in F lo runner .  In the  o t h e r  
four  varieties,  the re  was more  l inoleic acid 
ester i f ied at the  sn-2 pos i t ion  t h a n  oleic acid. 
Flor ig iant  and  F l o r u n n e r  t r iacylglycerols  con-  
t a ined  more  oleic acid and  less l inoleic acid 
t h a n  the  o t h e r  variet ies e x a m i n e d ;  and  the  
c o n c e n t r a t i o n  effect ,  as r epo r t ed  by  de la 
Roche  et  al. (8),  p r o b a b l y  was re f lec ted  by  the  
fa t ty  acid p l a c e m e n t  in the  molecule .  

The  s tereospecif ic  analyses previously  re- 
p o r t e d  (6,14) are s imilar  to the  assay o f  Flori-  
giant  t r iacylglycerol  (Table  II), wh ich  showed  
more  oleic acid t h a n  l inoleic acid at  the  sn-2. 
pos i t ion .  The  general  f a t ty  acid pa t t e rn s  at sn-1 
and sn-3 pos i t ions  were similar  in all analyses.  
The  s tereospecif ic  analyses of  two com- 
mercia l ly  available p e a n u t  oils (da ta  no t  pre- 
sen ted)  were very similar  to  the  analysis of  
F lor ig ian t  t r iacylglycerols  s h o w n  here.  
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Linear regression equat ions  and corre la t ion 
coeff ic ients  were calculated for the plots  o f  the  
percentage  of  a fa t ty  acid in the  to ta l  triacyl- 
glycerol vs. the  percentage of  that  fa t ty  acid at 
one  of  the  posi t ions  of  the  t r iacylglycerol  
(TaMe III). Significant correlat ions indicate  
tha t  the  tota l  fa t ty  acid present  in f luenced  
pIacement  o f  tha t  fa t ty  acid on the  triacyl- 
glycerol (8). de la Roche  et al. (8) found  that  
major  sa turated,  m o n o e n e  and diene fa t ty  acids 
of  corn tr iacylglycerols exhib i ted  a concent ra-  
t ion effect  in all cases excep t  for sa tura ted 
acids in the  sn-2 posi t ion.  Peanut  tr iacylglycer-  
ols exhib i ted  this same pa t t e rn ,  and the  low 
concen t ra t ions  of  the long chain fa t ty  acids in 
the  tr iacylglycerol  were significantly corre la ted 
wi th  percentages  found  at the  sn-3 posi t ion  
only.  This may  be due to the  general res t r ic t ion 
of  the saturated acids (16:0 and 18:0) f rom the  
sn-2 posi t ion and the  long chain acids f rom the  
sn-1 and sn-2 posit ions.  Fa temi  and H a m m o n d  
(9) a t t r ibute  any substant ial  deviat ion f rom 
the  regression line to a change in the  mech-  
anism o f  fa t ty  acid d is t r ibut ion  and suggest 
genetic con t ro l  o f  the deviat ion.  No substantial  
deviat ion of  any fa t ty  acid f rom the  regression 
lines was de tec ted  in the six peanut  varieties 
examined .  Al though concen t r a t ion  ef fec ts  were 
similar for  the  varieties, the variation in per- 
centage of  a fa t ty  acid at any pos i t ion  is suffi- 
cient to indicate  possible concen t ra t ion  dif- 
ferences in the various t r iacylglycerol  species 
found  in the  to ta l  t r iacylglycerol  f ract ion.  

Greene is gratefully acknowledged. 
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ABSTRACT 

The nature and content of lipid epoxides in rat lung were examined in air-breathing control rats 
and those exposed to nitrogen dioxide. Exposure to 6.5 ppm NO 2 for 24 hr resulted in significantly 
greater epoxide content in a number of lipid classes. It is proposed that lipid autoxidation in lung 
tissues may contribute to the levels of epoxide-containing lipids. Furthermore, the processes involved 
in epoxide formation may be predicted from autoxidation studies utilizing a system of unsaturated 
fatty acid monolayers on silica gel which serves as a model for biomembranes. The findings indicate 
that exposure to oxidizing gases can lead to an accumulation of lipid epoxides in both lung 
parenchymal tissue and on the alveolar surface. 

INTRODUCTION 

Lipid a u t o x i d a t i o n  in biological  sys tems is 
o f t en  associated wi th  processes  leading to cell 
or t issue damage.  These  processes  are par t icu-  
larly a p p a r e n t  fo l lowing exposure  to  ox idan t s  
and free radical -generat ing systems.  N u m e r o u s  
s tudies  have been  c o n c e r n e d  wi th  the  effects  of  
inha led  ox idan t s  on  lungs, the  effects  on  l ipids 
in p u l m o n a r y  m e m b r a n e s  and  the  effects  
on  lipid me tabo l i sm.  Studies  o f  th is  n a t u r e  have 
o f t en  been  h a m p e r e d  by  the  e n o r m o u s  com- 
p lex i ty  of  cells and  na tu ra l  m e m b r a n e s  such 
tha t  an u n d e r s t a n d i n g  of  the  basic m e c h a n i s m s  
involved in m e m b r a n e  l ipid a u t o x i d a t i o n  is far 
f rom comple te .  A c o m m o n  p rob l em encoun -  
te red  is the  di f f icul ty  in measur ing  the  e x t e n t  
of  l ipid p e r o x i d a t i o n  in t issue, and  the  ident i f i -  
ca t ion  and  m e a s u r e m e n t  of  p roduc t s .  

An  app roach  used by  a n u m b e r  of  investi-  
gators  has been  the  devising of  mode l  sys tems 
which  a t t e m p t  to  s implify fea tures  p resen t  in 
na tu ra l  m e m b r a n e s  while ma in ta in ing  as m u c h  
of  the i r  basic na tu re  as possible.  A n u m b e r  of  
r ecen t  s tudies  involving a u t o x i d a t i o n  of mem-  
b rane  lipids have used adsorbed  u n s a t u r a t e d  
fa t ty  acid m o n o l a y e r s  (1-3), a sys tem par t icu-  
larly useful  in observing the  ef fec t  of  a single 
p a r a m e t e r  in a par t i cu la r  process.  This  m o d e l  
possesses a n u m b e r  of  fea tures  which  are 
ana logous  to one-ha l f  of  a b i o m e m b r a n e  
lipid bi layer .  The  fea ture  mos t  similar to  
na tu ra l  m e m b r a n e s  is s h o w n  in the  o rdered  
a r r angemen t  of  the  f a t ty  acids when  a m o n o -  
layer  cons is t ing  on ly  of  f a t ty  acid at a ra t io  of  
ca. 200  mg/g  o f  silica gel is prepared .  The  resul t  
is a sys tem which  is p ic tu red  as having  f a t t y  
acid chains  e x t e n d i n g  at roughly  r ight  angles to  
the  silica gel surface  and  a r ranged  at an in ter -  
chain  d is tance  of  ca. 5 angs t roms  (1). The  silica 
gel in this  sys tem would  rep resen t  the  polar  

regions of  the  m e m b r a n e .  
Figure 1 shows the  two majo r  p r o d u c t s  of  

l inoleic  acid a u t o x i d a t i o n  f o r m e d  in such a 
mono laye r .  These  p roduc t s  were iden t i f i ed  as 
12 ,13-epoxy-9-oc tadeceno ic  acid and  9,10- 
epoxy-12 -oc t adeceno ic  acid in equal  amoun t s .  
The  samples  on  the  lef t  side o f  the  ch roma-  
tog ram were f o r m e d  f rom bulk  phase  au tox ida-  
t ion  of  l inoleic acid. I m p o r t a n t  fea tures  t h a t  
d is t inguish these  two  samples  are the  absence  of  
epoxides  in the  bu lk  phase  a u t o x i d a t i o n  process  
and  the  very small  a m o u n t s  of  l inoleic acid 
h y d r o p e r o x i d e  in the  m o n o l a y e r  samples  
( ind ica ted  by  the  a r row)  (2).  

FIG. 1. Thin layer chromatogram of the products 
of bulk phase autoxidation of linoleic acid (left) and 
monolayer autoxidation of linoleic acid (right). 
Indicated are the isomeric epoxides of linoleic acid, 
being 12,13-epoxy-9-octadeeenoic acid and 9,10- 
epoxy-12-octadecenoic acid. The spot coiresponding 
to linoleic acid hydroperoxide is indicated by an 
arrow. 
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The diagram in Figure 2 is a representation 
of how the formation of epoxides was ration- 
alized. It appears that the arrangement of the 
fatty acids in the monolayers favors addition 
of the originally formed peroxy radical to a 
neighboring unsaturated fatty acid over abstrac- 
tion of an allylic hydrogen. The transient 
addition product formed could then decom- 
pose, probably to an alkoxy radical and the 
epoxide. Such a process apparently occurs with 
other olefins in the presence of autoxidizing 
linoleic acid. We have found that monolayers 
consisting of a mixture of linoleic and oleic 
acids or linoleic acid and cholesterol (unpub- 
lished observation) form the epoxides of these 
lipids as major isolable products (4). 

It was also observed that with monolayers of 
linoleic acid, in particular preparations with 
incomplete coverage of the silica gel, a major 
product was a mixture of isomeric hydroxy- 
epoxy-octadecenoic acids, the yield of  which 
increased as the ratio of linoleic acid to silica 
gel was reduced (4). Such products appear to 
arise from the hydroperoxide. 

A study of lipid oxidation in the rat lung 
was undertaken as an extension of the studies 
using the monolayer system, and isolation of 
lipid epoxides similar to those found in the 
monolayer was initially sought. Analysis of lung 
tissue and, in particular, alveolar lavage, which 
primarily recovers surface-active material lining 
the alveoli, seemed appropriate for the follow- 
ing reasons: 

l)  Surface active material and the tissues of  
the terminal respiratory units come in direct 
contact with inspired oxidants. The lipids of 
surfactant, because of their location, could 
constitute an in vivo model for the oxidation of 
noncellular lipids and for the formation of 
products. 

2) Surfactant lipids of the lung act as a 
monolayer spread over an extracellular lining 
which is derived from the alveolar epithelium 
consisting largely of Type I and Type II pneu- 
mocytes. The lipids produced in the epithelial 
cells, and then released from them, enter into a 
reserve pool in this extracellular fluid. This 
reserve of lipids may be specificially adsorbed 
at the air-water interface, forming a surface film 
during the respiratory cycle. Lipids reaching the 
surface spread as a monolayer, with their polar 
regions immersed in the aqueous phase phase 
and their hydrophobic regions extending out 
into the airspaces. The surfactant lipids are 
made up of  a discrete mixture of phospholipids 
(particularly phosphatidylcholine), fatty acyl 
glycerols, cholesterol and other minor lipids. 
The conceptual arrangement of these lipids 
resembles that of the silica gel monolayer and 
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FIG. 2. A scheme by which formation of epoxy 
octadecenoic acid may occur using linoleic acid 
monolayers. From left to right are shown: 1) neigh- 
boring linoleic acids; 2) formation of a peroxy radical 
as an initial autoxidative step; 3) an intermediate 
addition product formed between the peroxy radical 
and neighboring linoleic acid; 4) decomposition to an 
alkoxy radical and epoxy octadecenoic acid. 

provides an interesting in vivo counterpart 
which might permit similar autoxidative pro- 
cesses. 

METHODS 

Exposure Protocol and Preparation of Tissues 

Mate Sprague-Dawley rats, littermates raised 
in a specific pathogen-free colony (Hilltop 
Labs) and weighing 135-155 g, were used in all 
experiments. 

Exposure to nitrogen dioxide gas was carried 
out in stainless steel chambers identical to those 
used by Hinners et at. (5). Rats were exposed to 
6.5 +- 0.5 ppm NO 2 for 24 or 48 hr intervals. A 
total of l 0 control rats were allowed to breathe 
filtered air and were paired with 10 NO2- 
exposed rats for each exposure time interval 
studied. All rats were maintained on Purina'rat 
chow and water during the exposure interval. 
Following the exposure to gases, the rats were 
sacrificed using sodium pentobarbital, I.P., and 
the lungs excised intact along with the heart 
and major airways. 

Alveolar washings were obtained by first 
cannulating the trachea and immersing the 
lungs in a saline bath at 37 C. The airways were 
then slowly washed with Krebs-Ringer buffer 
containing 1% bovine serum albumin (lipid- 
free). 

The washings were centrifuged at 800 x g for 
10 min, the supernatant removed, lyophilized 
and stored at -70 C until analysis. The lung 
tissue was trimmed free of nonpulmonary 
tissues, vessels and airways, and lyophilized and 
stored along with the lavage samples. 

Analysis of Tissue and Lavage kipids 

Lipid extraction was accomplished using a 
modified Bligh and Dyer procedure (6) fol- 
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T A B L E  I 

Major F a t t y  Acids  and F a t t y  Acid Ep o x id e  C o m p o s i t i o n  
o f  Tr igtycer ides  f rom Lung  Tissue o f  Rats 

% Of  to ta l  f a t ty  acid c o n t e n t  

MG/ lung  16:0 16:1 18:1 18:2 2 0 : 4  

Cont ro l  5 .57 • 0.651 25 -+ 2.9 6 • 0.6 27 • 3.0 25 • 2.5 1.4 _-2- 0.2 
NO 2 4.95 -+ 0 .227 28 • 1.8 7 _+ 0.6 26 • 2.1 20 -+ 4.3 2.2 -+ 1.0 

% O f  tota l  f a t ty  acid epoxides  

#g / lung  16 Carbon  18 Carbon  20 Ca rbon  

Con t ro l  71.7 _+ 1.26 12 • 1.1 85 -+ 5.4 3 -+ 0.2 
NO 2 72.4 -+ 4 .00  23 • 2.6 a 71 • 8.0 6 • 0.8 a 

aSignificant ,  P< 0 .05 .  

lowed by ether-chloroform solvent extraction 
to facilitate recovery of cholesterol. Samples of 
lung tissue from 6 control and 6 NO2-exposed 
rats were extracted in their dry state with 10 
volumes of 2:1 chloroform/methanol (v/v) per 
gram of tissue or 15 ml lyophilized lavage 
solution, using a polytron homogenizer. To the 
homogenate was added ca. 80,000 dpm of 
14C-cholesterol epoxide, synthesized from 
4-14 C cholesterol as described by Chakravorty 
and Levin (7). This provided a basis for esti- 
mating procedural losses. The extracts were 
recovered following centrifugation at 500 x g 
for 10 min and filtered through Whatman No. 
42 paper. The tissue residue was re-extracted 
with 3:1 ether/chloroform and the extract 
passed through the same filter. 

Total lipid conjugated diene content was 
measured on an aliquot of the washed lipids 
using a Cary Model 14 scanning spectropho- 
tometer (Ema x at 233 nm in ethanol = 3.2 
104). 

Lung tissue and lavage neutral lipids and 
phospholipids were fractionated by means of 
silicic acid column chromography (Biorad-325 
mesh). Neutral lipids were eluted with 10 void 
volumes of chloroform (or until  all cholesterol 
epoxide radioactivity was recovered). Phospho- 
lipids were then recovered with 5 volumes of 
methanol. Phospholipid content was measured 
by the Bartlet method (8). 

The neutral lipids were fractionated by thin 
layer chromatography (TLC on silica gel 60 
plates in a solvent system consisting of petro- 
leum ether/diethyl ether/acetic acid (80:20:1, 
v/v/v), TLC System I. The areas corresponding 
to cholesteryl esters, triglycerides, free fatty 
acids, mono and diglycerides and steroids were 
recovered. The steroid fraction was further 
developed by thin layer chromatography using 
benzene/ethyl acetate (3:2, v/v), TLC System 
II, which separated cholesterol rf = 0.60 and 

cholesterol epoxide rf = 0.47. Preparation of 
fatty acid methyl esters derived from phospho- 
lipids, monoacyl-, diacyl- and triacylglycerols 
involved the hydrolysis of these lipids in a 
two-phase system consisting of 20% KOH in 
methanol and diethyl ether. Hydrolysis was 
continued from 4-6 hr with gentle stirring at 
room temperature (22 C) using a magnetic 
mixer. The mixture was neutralized with 20% 
acetic acid and extracted twice with water. The 
ether phase was freed from solvent under 
nitrogen and treated with ethereal diazometh- 
ane containing 2% methanol to yield the fatty 
acid methyl esters. This method proved to be 
effective in quantitatively recovering total and 
epoxidized fatty acids. 

Fatty acid methyl ester composition for 
each lipid class was determined on either a 
Beckman model GC-M or Hewlett-Packard 
model 5830-A gas chromatograph equipped 
with a 6 foot silar 10 C column. Epoxide fatty 
acid methyl esters were isolated from the total 
fatty acid methyl esters by thin layer chroma- 
tography in TLC System I. Methyl 9,10-epoxy- 
stearate was used as a standard, and the re- 
covered epoxide fatty acids were analyzed and 
their content estimated after derivatization (2) 
by means of gas chromatography mass spec- 
trometry (TC-MS) using a Finnigan quadrapole 
mass spectrometer coupled with a Varian model 
2100 gas chromatograph equipped with a 5 ft 
3% OV-1 stainless steel column. 

The isomeric forms of cholesterol epoxide 
were determined and their proportions mea- 
sured following reduction using LiA1H 4 in 
ether (9) or by reaction with BF3-methanol 
under nitrogen at 22 C. The products of each 
reaction were isolated and quantitated using 
either thin layer chromatography with TLC 
Solvent System II followed by densitometric 
measurement of the charred plates using a 
Kontes K-495000 Densitrometer, or by gas 
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% Of to t a l  f a t ty  acid c o n t e n t  

~g / lung  16:0  16:1 18:1 18:2 20 :4  

Con t ro l  32.2 • 2 .47 37 +- 2.8 10 • 0.7 16 -+ 1.0 7 +- 0.5 1.2 • 0 .08  
NO 2 26.6  • 0 .64  44  • 1.0 3 • 0.6 a 12 • 0 .4 a 3 • 0.7 a 1.3 • 0 .04  

% Of  to ta l  f a t ty  acid epoxides  

/~g/lung 16 Carbon  18 Carbon  20 Carbon  

Cont ro l  0 .13 + 0 .028  b 54 • 5.9 46 • 5.0 
NO 2 0.56 + 0 .028  b 86 + 4.3 a 14 +- 1.0 a 

aSignif icant ,  P< 0 .05 .  

b N o t  measu red .  

chromatography on a 3% OV101 column at 
265 C. 

Analysis of Cholesterol Epoxide Hydrase 
Activity in Lung Homogenates 

Approximately 5 g of lung tissue from 3 
control or 3 NO2-exposed rats were homog- 
enized in 40 ~ ml of 0.25 M sucrose for 30 sec 
with a polytron homogenizer. The homogenate 
was then centrifuged at 500 x g for 10 rain and 
the supernatant recovered and centrifuged at 
18,000 x g for 15 min. The supernatant frac- 

tion was used in the enzyme analysis following 
the methods of Aringer and Eneroth (10). The 
protein concentrations for the control and 
NO2-exposed preparations were equalized and 
routinely adjusted to ca. 0.1 mg/ml buffer 0.1 
M phosphate pH 7.4, using the Lowry method 
(11). 14C_Cholestan_5~,6c~_epoxy_3/3_ o l  (spec. 
act. 3.18 #Ci//~mole) was added in 25 /.tl ace- 
tone to 8 ml of the incubation medium while 
mixing vigorously with an omnimixer. This 
preparation was kept under nitrogen at 37 C 
during the mixing and for a 3 rain pre-incuba- 
tion interval following mixing. 

Flasks were filled with 95% 02 + 5% CO2 
and incubated for 30 and 60 rain intervals at 37 
C. Blank determinations were made with an 
enzyme preparation which was boiled for 15 
min. 

Following incubation, the flasks were chilled 
on ice and extracted as described in Section II 
of the Methods. Cholesterol epoxide and 
cholestane triol were isolated using TLC System 
II and the silica gel scrapings counted in a 
Beckman LS 8100 scintillation counter. Hydra- 
tion of cholesterol epoxide was determined by 
measurement of cholestane triol radioactivity, 
and calculations were based on the assumption 
that the specific activities for the product and 
substrate were the same. Total losses of the 

epoxide were determined by subtraction of 
the labeled substrate recovered from the 
amount of radioactivity originally present. All 
measurements were performed in duplicate. 

Studies on the Formation of Cholesterol 
Epoxides from Cholesterol Using Lung 
Homogenate Preparations 

Lung tissue obtained from control rats and 
rats exposed to NO 2 for 24 hr was prepared as 
described above. These experiments were 
performed identically to those described for 
cholesterol epoxide hydrase except that 4-14C - 
cholesterol (spec. act. = 10.5 /~Ci//~mole, 
80,000 cpm/sample) was used as a substrate, 
and the pH of the phosphate buffer was ad- 
justed to 7.4. The incubation medium also 
contained an NADPH regenerating system as 
described by Aringer and Eneroth (10), and 
100 nmoles of cyclohexene oxide. The pro- 
ducts were isolated using TLC system II, and 
the amounts of labeled cholesterol converted to 
cholesterol epoxide measured as described 
above. 

The data from all analyses are presented as 
means plus or minus one standard deviation 
derived from three separate experiments for the 
24 hr NO2 exposure interval and one experi- 
ment at 48 hr. Statistical computations were 
made using the Student's t-test and linear 
regression analysis at the 95% confidence level. 

R ESU LTS 

The amounts of  lipid epoxides recovered 
from rats exposed to NO 2 for 24 hr and from 
control rats breathing filtered air are presented 
in Tables I-V. Since triglycerides, cholesterol 
and phospholipids represented the only lipid 
fractions containing appreciable amounts of 
epoxides, only the data for these lipids are 
considered. 
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TABLE IIl 

Major Fatty Acids and Fatty Acid Epoxide Composition 
of Phospholipids from Lung Tissue of Rats 

% Of total fatty acid content 

rag/lung 16:0 16:1 18:1 18:2 20:4 22:6 

Control 15.2 -+ 1.09 27 • 1.9 6 + 0.4 13 -+ 0.8 8 • 0.6 16 -+ 1.3 3 -+ 0.3 
NO 2 17.2 -+ 0.24 27 • 0.4 7 -+ 0.5 14 • 0.5 9 -+ 0.5 15 • 0.9 3 • 0.3 

% Of total fatty acid epoxides 

#g/lung 16 Carbon 18 Carbon 20 Carbon 

Control 1.86 • 0.125 25 -+ 1.5 49 • 3.2 27 • 2.1 
NO 2 6.27 -+ 0.761 22 • 3.0 41 • 4.9 37 -+ 4.1 a 

aSignificant, P<0.05. 

Table  I shows the  c o m p o s i t i o n  and  to ta l  
a m o u n t s  of  f a t t y  acids and  fa t ty  acid epoxides  
o b t a i n e d  f rom tr iglycerides  of  lung tissue. No 
s ignif icant  d i f ferences  were found  b e t w e e n  the  
con t ro l s  and  NOz-exposed  groups  for  the  
c o n t e n t  of  to t a l  t r iglycerides,  the  p r o p o r t i o n s  
of  f a t ty  acids, or the  a m o u n t s  of  f a t ty  acid 
epoxides .  There  were on ly  m i n o r  var ia t ions  in 
the  p r o p o r t i o n s  of  epoxides  f rom the  16-, 18-, 
and  20-ca rbon  epoxide  species. The 18-carbon  
u n s a t u r a t e d  fa t ty  acids make  up ca. 50% of  the  
t o t a l  u n s a t u r a t e d  fa t ty  acids in these tr iglycer-  
ides and also cons t i t u t e  the  ma jo r  c o m p o n e n t  
of  the  epoxy  fa t ty  acids isolated.  

As shown  in Table II, t he  s i tua t ion  for  
t r iglycer ides  f rom lung lavage is qui te  d i f ferent .  
In this  case, the  NO2-exposed  group had  less 
recoverable  t r ig lycer ide and  decreased a m o u n t s  
of  the  16- and  18-carbon u n s a t u r a t e d  fa t ty  
acids. A c c o m p a n y i n g  these  changes  was a 
s ignif icant  increase  in epoxy- f a t t y  acid c o n t e n t ,  
made  up  pr imar i ly  of  the  18-carbon species. In 
these  t r iglycerides,  the  c o n t e n t  of  epoxide  f a t ty  
acids in the  NO2-exposed  group r ep resen ted  
over  2% of  the  to ta l  fa t ty  acids. 

The  18-carbon epoxides  cons is ted  of  a 
m i x t u r e  o f  9 ,10-epoxys tea r ic  acid, and  12,13- 
epoxy-9-  and  9 ,10 -epoxy-12-oc tadeceno ic  acids 
in a p p r o x i m a t e l y  equal  amoun t s .  These  epox-  
ides were der ived p re sumab ly  f rom oleic and  
l inoleic  acids. The  16-carbon epoxides  appea red  
to  be f o r m e d  f rom pa lmi to le ic  acid, and  the  
20-ca rbon  epox ides  appea red  to  be  a m i x t u r e  o f  
pos i t i ona l  i somers  of  a rach idon ic  acid. The  
increases  found  for  epoxides  in  all the  l ipids 
ana lyzed  were no t  accompanied by  increases  in 
the  c o n t e n t  o f  con juga ted  dienes.  

Table  III p resen ts  the  resul ts  for  the  c o m p o -  
s i t ion  and  a m o u n t s  of  the  f a t t y  acids f rom 
phospho l ip id s  of  lung tissue. There  are no  
s ignif icant  d i f ferences  b e t w e e n  t he  two groups  
in the  c o n t e n t  of  phospho l ip ids ,  n o r  are the re  

any  di f ferences  in the  p r o p o r t i o n s  of  the  
unsa tu r a t ed  fa t ty  acids. The  18-carbon fa t ty  
acids make  up  ca. 25% of  all the  fa t ty  acids, 
and in this  case, the re  is subs tan t ia l ly  more  
a rach idon ic  acid t h a n  was f o u n d  in tri- 
glycefides.  The  p ropo r t i ons  o f  u n s a t u r a t e d  
fa t ty  acids present  in a given l ipid type  appear  
to  in f luence  the  p r o p o r t i o n s  of  the  f a t ty  acid 
epoxides  t ha t  are formed.  Thus,  in the  triglyc- 
erides p resen ted  in Table  II and  in the  p h o s p h o -  
l ipids presen ted  in Table  III, t he  u n s a t u r a t e d  
f a t t y  acids in the  largest p r o p o r t i o n s  are those  
which  seem to be conve r t ed  to  epoxides  in  the  
greates t  amoun t s .  

The  results  for  the  phospho l ip ids  f rom lung 
lavage, shown  in Table  IV, are unl ike  those  for  
t r iglycer ides  recovered f rom lavage (Table  I1). 
Specifically,  there  are no  d i f fe rences  in e i the r  
the  a m o u n t s  o f  phospho l ip ids  recovered  f rom 
con t ro l  and  NO2-exposed  rats,  no r  are there  
any  di f ferences  in the  p r o p o r t i o n s  of  unsa tu-  
ra ted  fa t ty  acids and  epoxide  fa t ty  acids in 
these  phosphol ip ids .  Ins tead ,  these  data are 
similar to  the  f indings for t r iglycer ides  re- 
covered f rom lung tissue. 

The c o n t e n t  o f  cho les te ro l  in lung  tissue and  
in the  lavaged mater ia l ,  as well as the  a m o u n t s  
of  choles tero l  epox ide  recovered  f rom these 
two fract ions ,  are s h o w n  in Table  V. Signif icant  
increases were f o u n d  in the  a m o u n t s  o f  choles-  
te ro l  epoxide  in b o t h  lung t issue and lavage 
af te r  NO 2 exposure .  The di f ferences  be tween  
the  con t ro l  and NO2-exposed  group  are also 
s ignif icant  w h e n  ca lcula ted  as a pe r cen t  of  the  
to ta l  choles te ro l  c o n t e n t  (da ta  no t  shown) .  

The  p r o p o r t i o n s  o f  the  5a- and  5fl-isomers o f  
cho les te ro l  epox ide  were d e t e r m i n e d  using two 
me thods .  R e d u c t i o n  using LiA1H 4 (9) to  
cho les tane  diols resul ted  in a single p r o d u c t  
ob t a ined  f rom the  a - e p o x i d e  and ident i f ied  as 
5a -hydroxycho le s t e ro l .  The fl-epoxide was 
conve r t ed  pr imar i ly  to  6 f l -hydroxycholes te ro l  
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% O f  to ta l  f a t t y  acid c o n t e n t  

m g / l u n g  16 :0  16:1 18:1 18:2  2 0 : 4  

Con t ro l  0.67 -+ 0 .156  47 -+ 5.3 18 + 2.1 9 4- 1.0 9 +- 1.2 3 + 0.4 
N O  2 0 .69 + 0 .170  46  +- 7.1 21 -+ 2.6 10 + 1.2 9 + 1.2 3 -+ 0.3 

% O f  t o t a l  f a t t y  acid e p o x i d e s  

/.tg/lung 16 C a r b o n  18 C a r b o n  20 C a r b o n  

Con t ro l  1 . 0 6 ~  0 .177  a 59 + 5.0 41 -+ 3.5 
N O  2 0.89 + 0 .189  a 47 + 5.0 b 54 -+ 5.8 b 

a N o t  m e a s u r e d .  

bS ign i f i can t ,  P < 0 . 0 5 .  

along with smaller quantities of 6a- and 5/3-hy- 
droxycholesterol. The extent of reduction was 
variable but never complete following treat- 
ment of standard samples at various concentra- 
tions. Furthermore, reduction of a-epoxide was 
considerably more efficient such that mixtures 
of the isomers invariably yielded the 5a-hy- 
droxycholesterol as the major product. Analysis 
of cholesterol epoxide isolated from lungs 
revealed a ratio for the a and /3 isomers of ca. 
8:1. 

BF 3 methanolysis of cholesterol epoxide 
appeared to be a more desirable technique. 
Reactions were compelete by 30 min, yielding 
different and discrete products for each isomer. 
An example, shown in Figure 3, demonstrates 
resolution of the derivatized isomers on a thin 
layer chromatogram (TLC System II). Gas 
chromatographic analysis of lung samples 
indicated approximately equal proportions of 
the a- and ~-isomers. 

A comparison of the amounts of phospho- 
lipid, triglyceride and cholesterol epoxides 
following 24 and 48 hr of  exposure to nitrogen 
dioxide is presented in Figures 4a and 4b. 
The data from lung tissue (Fig. 4a) indicate no 
significant changes after an additional 24 hr of 
exposure. The same trend is seen for the 
epoxides isolated from lung lavage (Fig. 4b). 

Results for the analysis of cholesterol 
epoxide hydrase activity in lung tissue prepara- 
tions are shown in Fig. 5a. Utilization of  the 
18,000 x g supernatant fraction of lung homog- 
enate was selected, since this fraction contains 
the microsomes, and, as reported by Aringer 
and Eneroth (10), possesses essentially all the 
epoxide hydrase activity of the cell and is easily 
prepared. The activity of the hydrase in these 
preparations was found to remain essentially 
linear over the 60 min time course of incuba- 
tion. Both the control lungs and those exposed 
to NO 2 for 24 hr displayed the same level of 

activity over 60 min, and the respective rates 
were found to be 0.021 + 0.005 nmoles/mg 
protein/min for the control prepartions vs. 
0.023 -+ 0.008 nmoles/mg protein/min for the 
NO2-exposed preparations. 

The effect on epoxide hydrase activity of a 
48 hr exposure of rats to NO 2 was examined, 
and the results are shown in Figure 5b. Rates 
were computed as being 0.022 + 0.003 and 
0.025 -+ 0.007 nmoles/mg protein/min for the 
control, and 48 hr NO2-exposed preparations, 
respectively. These rates are not significantly 
different from those measured for the 24 hr 
NO2-exposed group. The activity of lung 
epoxide hydrase was assayed using preparations 
in which the protein concentrations ranged 
from 0.1 to 1.5 mg/ml. The activity of the 
enzyme preparation remained consistent 
throughout this concentration range. 

The major enzyme product isolated was 
identified as cholestane triol, which we presume 
was the 3/3,5a,6/3-triol isomer. This product 
typically represented 35-50% of the total 
labeled cholesterol epoxide that was metabo- 
lized or otherwise lost. 

The extent of enzymatic conversion of 
cholesterol to cholesterol epoxide by what is 
presumed to be a mixed-function oxidase 

T A B L E  V 

C o n t e n t  o f  Cho les te ro l  and  Cho les t e ro l  E p o x i d e  
in Rat  L u n g  Tissue  and  L u n g  Lavage  

Tissue  Lavage  

m g / l u n g  /.tg/lung 

Cho les t e ro l  
C o n t r o l  3.95 -+ 0 .200  118 +- 11.3 
N O  2 4 .84  + 0 .187  121 -+ 7.1 

Cho les te ro l  e p o x i d e  
Con t ro l  6 .58 -+ 0 .663  0 .033  -+ 0 .0042  
N O  2 10.05 +- 1 .230 0 .062  -+ 0 .0021  
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FIG. 3. A thin layer chromatogram of the products 
formed following BF 3 methanolysis of cholesterol 
epoxide. 

A) Methanolysis product of cholestan-5a,6a- 
epoxy-3#-ol. 

B) Methanolysis product of cholestan-5#,6#-epoxy- 
3#-ol. 

1) Cholesterol epoxides isolated from control 
rat lung. 

2) Cholesterol epoxides isolated from NO 2- 
exposed rat lung. 

3) Cholestan-5a,6~-epoxy-3/~-ol standard. 
4) Cholestan-5#,6#-epoxy-3r standard~ 

system was analyzed in the presence of cyclo- 
hexene oxide, an inhibitor of epoxide hydrase. 
Cyclohexene oxide present at concentrations of 
10-15 nmoles/ml buffer reduced epoxide 
hydrase activity by 85-90%. The resulting rates 
for cholesterol epoxide formation were thus 
measured as being 0.30 +_ 0.07 and 0.23 + 0.07 
pmoles/mg protein/min in control and NO 2- 
exposed lung preparations, respectively. The 
amounts of cholesterol epoxide formed from cho- 
lesterol represented ca. 1% of the total choles- 
terol metabolized during the incubation interval 
(based on loss of labeled cholesterol in the 
medium). 

DISCUSSION 

The presence of epoxides derived from 
natural substances such as lipids has been 
recognized in animal tissues (12,13). These lipid 
epoxides are thought to represent products of 
monooxygenases. The results from this investi- 
gation suggest that lipid epoxides may also be 
formed nonenzymatically and, in the tissues of 
the lung, may also originate through autoxida- 
tire processes. A number of observations 

indicate that lipid autoxidation in lung tissue 
may be, at least in part, the origin of lipid 
epoxides. One indication is the apparent 
randomness of their formation, i.e., the types 
of epoxides formed are largely dependent on 
the proportions of the fatty acids from which 
they would presumably be derived. The forma- 
tion of lipid epoxides in rat lungs is markedly 
increased following exposure to NO 2 gas. 
Under similar analytical conditions, there were 
no observed changes in enzymatic cholesterol 
"epoxidation" nor in epoxide hydrase follow- 
ing NO 2 exposure. Furthermore, the rate of 
enzymatic cholesterol epoxidation appears to 
be insufficient to account for the increases that 
are found in the NO 2-exposed lungs. 

Of the various lipids analyzed, only the 
phospholipids, triglycerides and cholesterol 
contained measurable levels of epoxides. There 
were indications of epoxides in cholesteryl 
esters, both in the cholesterol and fatty acid 
moieties; however, their presence and amounts 
were highly variable. Variability may have 
resulted from the methods of preparation and 
analysis of these esters, which required much 
longer periods of hydrolysis in methanolic 
KOH-etlier, and which could thereby have 
hydrolyzed some epoxide. 

Regardless of their source, these lipid 
epoxides appear to be major isolable products 
representing lipid peroxidation in tissue and are 
present in far greater amounts than hpid-conju- 
gated dienes. The detection of lipid epoxides 
may, therefore, be a more sensitive and repre- 
sentative reflection of lipid peroxidation in 
animal tissues than the measurement of conju- 
gated diene produced in vivo. 

Formation of phospholipids and cholesterol 
epoxides can be predicted from the results of 
the monolayer studies. According to this 
scheme, autoxidation would result in the 
accumulation of epoxide rather than hydroper- 
oxide. An explanation for the presence of 
epoxide fatty acids in triglycerides of lung 
tissue is less obvious. Triglycerides are not 
considered as membrane lipids but rather serve 
as storage or metabolic lipids. The data provide 
no means of distinguishing whether epoxidation 
occurred directly in triglycerides, or whether 
these epoxides were derived from another lipid 
class, e.g., phospholipids, by an acyl transfer 
process. 

The triglycerides and phospholipids obtained 
from lung lavage samples are uniquely enriched 
in saturated fatty acids, particularly palmitic 
acid. Based on this feature, it is intriguing 
that the epoxide content following NO 2 
exposure is greater in triglycerides but not in 
phospholipids. A possible explanation for this 
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FIG. 4. a. Content of epoxidized fatty acids in phospholipids (PL), triglycerides (TG) and cholesterol epoxide 
in lung tissue following 24 and 48 hi of exposure to 6.5 ppm NO 2 and a comparison to amounts present in 
control lungs from rats breathing filtered air. b. Content of epoxid]zed fatty acids in phospholipids (PL), tri- 
glycerides (TG) and cholesterol epoxide in lung lavage following 24 and 48 hr of exposure to 6.5 ppm NO 2 and a 
comparison to amounts present for control lung lavage from rats breathing faltered air. 

phenomenon may be that the arrangement of 
fatty acids in the triglycerides differs from that 
in phospholipids. Such differences in the 
positional distribution of fatty acids may create 
domains of  concentrated and/or adjacent 
olefinic centers which could facilitate 
autoxidation and epoxidation on the alveolar 
surface. 

This situation may be further realized since 
it is estimated that as much as 40% of the 
surface-active material consists of dipalmitoyl- 
phosphatidylcholine (14). This lipid is believed 
to be largely responisible for reducing the 
surface forces at the alveolus by forming a 
continuous monolayer at the air-water interface 
(14). A monolayer enriched in adjacent satu- 
rated fatty acids would not only be expected to 
reduce the rate of lipid peroxidation, but could 
also prevent epoxide formation in a manner 
similar to the situation when silica gel mono- 
layers with incomplete coverage are prepared. A 
condition such as this can be duplicated by the 
inclusion of palmitic acid into linoleic acid 
monolayers, resulting in a reduced rate of 
peroxidation and decreased amount of epoxide 
formation (4). It is, therefore, possible that 
large proportions of saturated fatty acids alter 
the spatial relationships between lipid compo- 
nents in such a manner as to prevent epoxide 
formation. 

The data in Figures 4a and 4b indicate that 
increases in lipid epoxides take place largely 
during the first 24 hr of NO 2 exposure. The 
subsequent plateau may represent the attain- 
ment of a new homeostatic level for lipid 

epoxide or general lipid turnover. If one were 
to assume that there is no increase in lipid 
epoxide hydrase in general, just as there is no 
observed increase in cholesterol epoxide hyd- 
rase activity following oxidant exposure, then 
an attainment of a plateau may be the result of 
a limiting diffusion-controlled or steady-state 
process. A comparison of the data in Figures 4a 
and 4b suggests that such a homeostasis, if it 
does exist, is maintained in the turnover be- 
tween tissue and alveolar lipids as well. 

The results for cholesterol epoxide hydrase 
indicate that increases in the amounts of 
cholesterol epoxide in tissues may not be 
effective in activating this enzyme. It must, 
therefore, be concluded that the activity of 
epoxide hydrase in itself is not a primary factor 
in limiting the levels of lipid epoxides and that 
increases in lipid epoxides may not be con- 
trolled in the same manner as that reported for 
xenobiotic epoxides such as benzo(a)pyrene. 
Additional studies are required to test these 
possibilities since prolonged exposures to 
oxidants can alter lipid metabolism in general 
and thus preclude any specific autoxidative or 
enzymatic processes. Furthermore, the prepara- 
tions used for the assay of epoxide hydrase 
activity contained both microsomal, soluble 
and possibly mitochondrial epoxide hydrase. 
The soluble epoxide hydrase, recently reporte d 
by Mumby et al. (15), may be present in this 
system along with glutathione S-epoxide 
transferase, also believed to be a soluble en- 
zyme (16). The presence of all these enzymes 
could contribute to the total elimination of 
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FIG. 5. a. Measurements of cholesterol epoxide hydrase activity in rat lung tissue homogenates following ex- 
posure to NO 2 gas at 6.5 ppm for 24 hr. b. Cholesterol epoxide hydrase activity in rat lung tissue following 
exposure to NO 2 gas at 6.5 ppm for 48 hrs. Values are expressed as mean plus or minus one standard deviation. 
Blank represents activity of a boiled tissue preparation. (see text for details). 

cholesterol epoxide. Grover (17) has reported 
that glutathione S-epoxide transferase is a 
particularly active enzyme in rat lung and may 
therefore be an important enzyme in limiting 
lipid epoxides. We are currently examining the 
role of this enzyme in lung lipid epoxide 
metabolism in relation to oxidant stress. 

The occurrence of lipid epoxides in lung 
tissues and the greater content in the tissues 
and airspaces of  oxidant breathing rats supports 
the hypothesis derived from the monolayer 
experiments. The results to date indicate that 
autoxidative processes within ordered arrange- 
ments of lipids, as in biomembranes or in 
natural monolayer systems, such as pulmonary 
surfactant, result in the formation of products 
unlike those formed from lipid autoxidation in 
a bulk phase. 

The conversion of lipids into epoxides, 
which are electrophilic compounds and capable 
alkylating agents, creates an undesirable situa- 
tion for the cell. One of these epoxides (Choles- 
tan-5a,6a-epoxy-3fl-ol) is thought to be a 
carcinogen (12), but the carcinogenic potential 
for any of  the other forms of  lipid epoxides 
found in lung tissue is a possibility that deserves 
further study. Carcinogenicity or mutagenicity 
of lipid epoxides would come about through 
covalent binding with enzymes or macromole- 
cules much like the situation described for 
polycyclic aromatic hydrocarbons (16,18). 
Unlike many of the polycyclic aromatic hydro- 
carbons, however, lipid epoxides may not be 
effective activators of epoxide hydrase, which 
would be expected to limit their concentrations 

or residence time. The formation of carcino- 
genic or mutagenic compounds in membranes 
as the result of  nonenzymatic peroxidation and 
the unchecked accumulation of  such com- 
pounds may be a contributing factor to malig- 
nancy or cellular demise. 
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Autoxidation of Fatty Acid Monolayers Adsorbed 
on Silica Gel. IV. Effects of Antioxidants 1 
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ABSTRACT 

Inclusion of c~- or 3,-tocopherol in linoleic acid monolayers deposited on a silica gel surface intro- 
duced a definite induction period before the initiation of rapid autoxidation, as measured by the dis- 
appearance of linoleic acid. The length of the induction period was found to be proportional to the 
amounts of tocopherol incorporated at the concentration range tested, and the protection was 
generally efficient with little loss of linoleic acid to autoxidation. At the onset of the rapid autoxida- 
tion, approximately 12% of the tocopherol remained, and most of this was destroyed after an addi- 
tional short period. ~,-Tocohperol, at the same concentration, was found to be 1.4 times as effective as 
the a-isomer. 3-(to-Carboxynonyl)-4-rnethoxy-5-pentylphenol, the synthesis of which is described 
here, did not introduce a detectable induction period, but rather reduced the overall rate of autoxi- 
dation throughout a very long period. 

INTRODUCTION 

Studies of  membrane-re la ted  phenomena ,  
including peroxidat ion ,  are of ten hampered  by 
the complex i ty  of  the living systems used. To 
overcome this diff iculty,  articifial m o n o - a n d  
bilayers are f requent ly  used as admi t ted ly  
oversimplified models  for such systems bu t  aid 
in rat ional approaches to their  understanding.  

Several aspects of membrane  au tox ida t ion  
have recent ly been studied using lipid mono-  
layers adsorbed on a silica gel surface. The 
ex ten t  of  the surface coverage has been corre- 
lated to the rate of  au tox ida t ion  and the 
combined  effects of  tocophero l ,  metals and 
acid synergists have been examined (3). The 
effective adsorpt ion sites on the silica gel 
were shown to be the isolated,  nonhydrogen-  
bonded  hydroxy l  groups on the surface (4). 
The au tox ida t ion  of  l inoleic acid monolayers  
has been found to be ent i rely different  f rom 
that  of  bulk phase both  in the rate and the 
mechanism of  the major  react ion (5,6). Other  
impor tan t  membrane  const i tuents ,  such as 
saturated fa t ty  acids and cholesterol ,  have been 
incorpora ted  into  the l inoleic acid monolayers ,  
and their  effects on the rates and products  of  
au toxida t ion  have been investigated (7). 

The effects of  ant ioxidants  on mono laye r  
au tox ida t ion  have also been investigated by 
others (6,8,9). By measuring the disappearance 
of  oxygen in the headspace,  Por ter  et al. 
showed that  au toxida t ion  of  silica gel-sup- 
por ted  l inoleic acid monolayers  containing 0.05 
mole % of  a - tocophero l  was preceded by an 
induct ion  period of  ca. 80 min,  which could 

1preliminary reports o f  some  o f  this material  have 
been published as parts of symposia (1,2). 

be lengthened by the removal  of  iron from the 
silica gel (3). 

As part of  our cont inuing effor t  to clarify 
various impor tan t  aspects of  membrane  autoxi-  
dat ion by using the unsaturated fa t ty  acid-silica 
gel system, we studied the effect  of  c~- and 
~'-tocopherol as well as a synthet ic  ant ioxidant ,  
3 - ( c o - c a r b o x y n o n y l ) - 4 - m e t h o x y - 5 - p e n t y l -  
phenol ,  on the rate of  au toxida t ion  of  l inoleic 
acid monolayers .  The relat ionship be tween  the 
length of  the induct ion  per iod and the concen-  
t rat ion o f  the ant ioxidants  was established, and 
the disappearance of  the tocopherols  during the 
induc t ion  period was measured.  The results and 
our  in terpreta t ions  are presented in  this paper. 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

Linoleic and palmit ic  acids (99+ % pure),  
purchased from Applied Science Laboratories ,  
Inc., were used directly after  a puri ty check 
with thin layer ch romatography  (TLC) and gas 
l iquid chromatography  (GLC). Both d ~ - t o c o -  
pherol  (Eastman Organic Chemicals)  and 
dl-3,-tocopherol (a gift f rom Dr. H.S. Olcot t ,  
University of  California,  Davis) were found to 
be pure on TLC and gave UV absorpt ion 
maxima at 292 nm (e 3,430) and 297 nm (e 
4 ,570) ,  respectively.  Ba thophenanthro l ine  pur- 
chased from Sigma Chemical  Company  and 
analytical grade ferric chloride from Mallin- 
ckrodt  Chemical  Works were used directly.  
3- (co-Carboxynonyl) -4-methoxy-5-pentylphenol  
was synthesized in this labora tory  (see below).  
The per t inent  physical characteristics of  the 
Silica Gel G used have been repor ted  (4). 

GLC was carried out  using ei ther  a Varian 
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Aerograph  Model  2100  coupled  wi th  an elec- 
t ron ic  in t eg ra to r  ( In fo t ron i c s  Corp. ,  Model  
CRS-11 HBS) or  a Hewle t t  Packard  Gas Chro-  
m a t o g r a p h  Model  5830  A. The  GLC co lumns  
used were an 0.20 x 183 cm glass U- tube  
con ta in ing  3% OV-101 on  100 /120  mesh  Gas 
C h r o m  Q, and  an 0 .20 x 300  cm meta l  coiled 
c o l u m n  packed  wi th  10% Silar 10 C on 100/  
120 mesh  Gas C h r o m  Q. TLC was carr ied ou t  
using p recoa ted  Silica Gel G plates  (0.25 m m  
th ick ,  Ana l t ech ,  Inc.)  wi th  the  so lvent  sys tem 
pe t ro l eum e t h e r / d i e t h y l  e the r / ace t i c  acid, 
80 :20 :1  - and  p r ecoa t ed  a lumina  sheets  
( B r i n k m a n n  In s t rum en t s ,  Inc).  w i th  the  solvent  
sys tem b e n z e n e / d i e t h y l  e ther ,  50: 50. Visuali- 
za t ion  of  spots  in b o t h  cases was carr ied ou t  by 
spraying  wi th  3% cupric  ace ta te  so lu t ion  in 
8.5% p h o s p h o r i c  acid wi th  s u b s e q u e n t  charr ing  
at  140 C. Ul t ravio le t  and  visible spect ra  were 
r ecorded  using 1 cm p a t h  quar t z  cells in a Cary 
Model  14 S p e c t r o p h o t o m e t e r .  E lemen ta l  
analysis was p e r f o r m e d  at Elek Microanaly t ica l  
Labora to r ies ,  Tor rance ,  CA. 

Preparation and Autoxidation of 
TocopheroI-Containing Monolayers 

A deta i led  descr ip t ion  of  our  p r epa ra t i on  
and  a u t o x i d a t i o n  of  m o n o l a y e r s  has  been  
pub l i shed  (5). In a typica l  p r epa ra t i on ,  a 
so lu t ion  of  0 .522  g (1 .86 m m o l e )  of  l inoleic 
acid and  5 ml of a - t o c o p h e r o l  s tock  so lu t ion  
(1.35 x 10-4M in hexane )  in a to t a l  of  44  ml  of  
h e x a n e  was st i rred unde r  n i t rogen  at r o o m  
t e m p e r a t u r e  wi th  2.013 g of  Silica Gel G for  
1 hr.  Af te r  the  adso rp t ion ,  the  s u p e r n a t a n t  was 
w i t h d r a w n  and  freed f rom solvent  to  give 0.141 
g of  l inoleic acid and  58.2 /.tg of 0~-tocopherol. 
The  a m o u n t  of  c~-tocopherol r emain ing  in the  
s u p e r n a t a n t  was d e t e r m i n e d  by  the  b a t h o -  
phenan th ro l i ne - f e r r i c  chlor ide  color  r eac t ion  
(see be low) .  It was n o t e d  t h a t  c~-tocopherol was 
adso rbed  preferen t ia l ly  f rom the  h e x a n e  
so lu t ion .  The  ra t io  of  c~-tocopherol to  l inoleic 
acid in the  ini t ial  so lu t ion  before  adso rp t ion  
was 0 .036  mole  % and  the  ra t io  adso rbed  was 
0 .040  mole%. The  dry,  coa ted  silica, ca. 0 .220  g 
por t ions ,  was i n c u b a t e d  at  60 C for  the  desired 
l eng th  of  t ime  and  t h e n  ex t r ac t ed  wi th  
m e t h a n o l .  The  u n c h a n g e d  acid was m e t h y l a t e d  
and  q u a n t i t a t e d  by  GLC as previous ly  de- 
scr ibed.  The  c~-tocopherol in the  con t r o l  and  
i n c u b a t e d  samples  was ex t r ac t ed  wi th  ace t one  
and  assayed by  the  b a t h o p h e n a n t h r o l i n - f e r r i c  
ch lor ide  reac t ion .  

Mono laye r s  coa ted  wi th  a - t o c o p h e r o l  a lone  
were p repa red  using the  same p r o p o r t i o n s  as in 
the  above  run  bu t  omi t t i ng  the  l inoleic acid. 

F o r  the  p r epa ra t i on  of  l inoleic ac id-palmi t ic  
ac id -a - tocophero l  mono laye r s ,  the  p r o c e d u r e  

previously  descr ibed was adap ted  (7),  bu t  
0~-tocopherol was inc luded  in the  coat ing  
so lu t ion  to give an adsorbed  c o n c e n t r a t i o n  
close to 0.04 mole  % of  the  l inoleic acid. 

The  7- tocophero l - l ino le ic  acid mono laye r s  
were p repared  in a m a n n e r  similar to tha t  for  
the  c~- tocophoerol -conta in ing monolayers .  The  
pa r t i t i on  coeff ic ient  for  3 ' - tocopherol  b e t w e e n  
silica gel and hexane  was also sl ightly h igher  
t h a n  for  l inoleic acid,  so t ha t  f rom a so lu t ion  of  
0 .018 mole  % of  "),-tocopherol, the  f inal  ad- 
so rbed  c o n c e n t r a t i o n  was 0 .020  mole  %. 

Determination of Tocopherols Using 
Bathophenanthroline 

The m e t h o d  used is basically t ha t  of  Em- 
mer ie  and  Engel  excep t  t h a t  b a t h o p h e n a n t h r o -  
line ( 4 , 7 - d i p h e n y l - l , 1 0 - p h e n a n t h r o l i n e )  was 
used in place of 2 ,2 ' -b ipyr id ine  to improve  
the  sensi t ivi ty  (10) .  The  t o c o p h e r o l - c o n t a i n i n g  
so lu t ion  was usually freed f rom solvent  and was 
made  up  to 3 ml  wi th  e thano l .  To this  so lu t ion ,  
0.5 ml of  b a t h o p h e n a n t h r o l i n e  (0 .09% in 
e t h a n o l )  and  0.5 ml  of  ferric ch lor ide  (0 .03% in 
e t h a n o l )  were added.  The  abso rbance  of  the  
so lu t ion  at 534 n m  (e 42 ,950 )  was measured  
wi th  a Cary Model  14 s p e c t r o p h o t o m e t e r .  

Preparation of 3-(co-Carboxynonyl)-4- 
Methoxy-5-Pentylphenol 

x 1 x = OH, y = NO 2 
II x = OCH3,y = NO 2 

C5Hll (CH2)9COOH III x=OCH3,y=NH3C1 
IV x = OCH3,y = OH 

Y 

To a so lu t ion  of  10 g (26 m m o l e )  2-(w-car- 
b o x y n o n y l ) - 6 - p e n t y l - 4 - n i t r o p h e n o l  (I)  (11)  in 
50 ml ace tone  was added  11.0 g (80  m m o l e )  
a n h y d r o u s  po tass ium c a r b o n a t e  and  9.5 g (75 
m m o l e )  d ime thy l  sulfate dissolved in 25 ml 
ace tone .  The reac t ion  vessel was f i t ted  wi th  a 
re f lux  condense r  p r o t e c t e d  by  a dry ing  t ube  
and  a magne t i c  st irrer .  The  mix tu r e  was re- 
f luxed  and  s t i r red for  10 hr .  At  the  conc lus ion  
of  the  reac t ion ,  the  p r o d u c t  was poured  i n to  
200 ml  wa te r  and  ex t r ac t ed  wi th  e ther ,  and  the  
ex t r ac t  washed well wi th  water .  The  e the r  was 
evapora ted ,  and  the  residue was dissolved in 
150 ml  m e t h a n o l  and  t hen  mixed  wi th  8 g (0 .2  
mole)  sod ium h y d r o x i d e  in 50 ml  water .  The  
m i x t u r e  was w a r m e d  un t i l  comple t e  so lu t ion  
was achieved and  t hen  al lowed to s t and  at r o o m  
t e m p e r a t u r e  over n ight .  A so lu t ion  of  50 ml 
c o n c e n t r a t e d  h y d r o c h l o r i c  acid in 200  ml wate r  
was added  to the  alkaline mixu t r e .  The oil 
wh ich  separa ted  was ex t r ac t ed  wi th  e ther ,  the  
ex t r ac t  washed  well wi th  wa te r  and  dried over  
MgSO 4. Remova l  of  the  e the r  left  an oil t ha t  
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FIG. 2. Rate of autoxidation of linoleic acid and 
c~-tocopherol in linoleic acid monolayers containing 
0.04 mole % ofc~-tocopherol. " " ,Disappearance 
of finoleic acid; - * - * - - ,  disappearance of c~- 
tocopherol. 

crystal l ized slowly af te r  s tanding  at r oom 
t e m p e r a t u r e  several days. Yield of  c rude  II was 
9.7 g (25 m m o l e )  m p  50-52 C. A sui table  
solvent  was no t  found  for  recrys ta l l iza t ion .  

The  n i t roan iso le  derivat ive,  II, was r educed  
to the  aminoan iso le  hyd r och l o r i de ,  I l l ,  by 
s t annous  chlor ide.  To a so lu t ion  of 8.7 g (22 
m m o l e )  11 in 80 ml warm acet ic  acid was added  
15 g (66  m m o l e )  SnC12 .2H20  in 15 ml concen-  
t r a t ed  HCI. The  mix t u r e  was hea t ed  on  a s team 
ba th  for  1 hr  ( comple t e  so lu t ion  was achieved 
in ca. 10 rain)  and  a l lowed to cool  to  r o o m  
t empera tu re .  Af te r  add i t i on  of  200 ml  wate r  
and  cool ing in the  refr igerator ,  the  p rec ip i t a t ed  
mater ia l  was col lec ted  in a Buchne r  funnel ,  
washed wi th  water  and  dried in vacuo.  The 
dried mater ia l  was slurried wi th  e the r  to  remove  
any  neu t ra l  mater ia l  and was again col lec ted  in 
a Buchne r  funne l  and dried in vacuo.  Yield of  
III was 8.5 g (21 mmole ) ,  mp  128-132 C. 

The r e p l a c e m e n t  of  the  amino  by a h y d r o x y l  
group was accompl i shed  by  diazot iz ing III and 
a l lowing the  d i azon ium c o m p o u n d  to  decom-  
pose in aqueous  so lu t ion  (12) .  A so lu t ion  o f  6.1 
g (15 mmole )  III in 50 ml acetic acid was 
d i lu ted  by  50 ml water,  cooled  in an ice ba th  
and  s t i r red wi th  a magnet ic  stirrer.  A so lu t ion  
of  1.76 g (25 m m o l e )  NaNO 2 in 5 ml  wate r  was 
cooled in ice and  added over  a per iod  of  5 min  
to the  b o t t o m  of  the so lu t ion  of  III. St i r r ing 
was c o n t i n u e d  for  30 min  and 0 ,60 g (10 
m m o l e )  urea crystals  were added  all at  once.  
The  red-orange so lu t ion  was al lowed to warm 
to room t e m p e r a t u r e  and let  s tand for  24 hr. 
The  p r o d u c t  was ex t r ac t ed  wi th  e the r  (emulsif i-  
ca t ion  occur red  readi ly)  and  was s h o w n  by 

in f ra red  s p e c t r o m e t r y  to be a b o u t  'A the  ace ta te  
ester  of  IV. To h y d r o l y z e  the  acetyl  group,  the  
p r o d u c t  was dissolved in 50 ml m e t h a n o l  to  
which  2 g NaOH in 20 1111 wate r  was added.  
Af te r  s t and ing  at room t e m p e r a t u r e  overnight ,  
the  so lu t ion  was acidif ied by  add i t i on  of  di lute  
HC1, and  the  p r o d u c t  ex t r ac t ed  wi th  e ther ,  
washed wi th  wate r  and  dried (MgSO4).  The  
r edd i sh -b rown  oil i sola ted a f t e r  evapora t ion  of  
the  e the r  weighed 5.0 g. A pre l iminary  purif ica-  
t ion  was achieved by  dissolving the  oil in 20 ml 
e ther  and  add ing  80 ml hexane .  An  insoluble  oil 
separa ted  at the  b o t t o m  of  the  flask and  the  
u p p e r  layer,  which  c o n t a i n e d  IV, was decan ted  
and  evapora ted .  Yield of  crude IV was 3.4 g 
(9.3 mmole) .  A l t h o u g h  the  mater ia l  crystal l ized 
in several days at  room t empe ra tu r e ,  a sui table  
solvent  for  recrys ta l l iza t ion  was no t  found .  A 
pure sample was p repa red  by  c h r o m a t o g r a p h y  
t h r o u g h  a so lvent -ac t iva ted  silica gel co lumn ,  
the  m e t h o x y p h e n o l ,  IV, be ing  e lu ted  by 30% 
e the r  in pen tane ,  bu t  no t  by 20%, m p  69-70 C, 
)tma x 95% EtOH 283 n m  (e 2600) .  

Anal.  Calcd for  C 2 2 H 3 6 0 4 : C  , 72 .49 ;  H, 
9.96.  F o u n d :  C, 72 .68 ;  H, 9.72.  

Preparation of 3-(~-Carboxynonyll-4-Methoxy- 
5-Pentylphenol)-Containing Linoleic Acid Monolayers 

Linoleic acid, 0 .530 g (1 .89 m m o l e )  was 
dissolved in 73 ml of  m e t h o x y p h e n o l  so lu t ion  
(7.88 x 10-SM in hexane) .  The  so lu t ion  was 
poured  on  2 .006 g of  ac t iva ted  silica gel. 
Af te r  s t i rr ing for  1 hr,  the  s u p e r n a t a n t  was 
removed .  The a m o u n t  of m e t h o x y p h e n o l  lef t  in 
the  s u p e r n a t a n t  was found  to  be on ly  a t race  
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quantity by its absorption at 283 nm (e 2,600). 
The concentration adsorbed was calculated to 
be 0.45 mole % of the linoleic acid. The 
bathophenanthroline color reaction was not 
suitable for this quantitation. 

Control Experiments 

The disappearance of linoleic acid from pure 
linoleic acid monolayers, which served as the 
controls for all antioxidant experiments, was 
determined three times and the results shown in 
Figures 1, 3 and 4 are means of these runs. In 
all three runs, in which the amounts of linoleic 
acid unchanged were expressed as % of the 
original, the average deviation from the mean 
values were found to be less than 1%. The rate 
measurements involving 0.04 mole % of a-toco- 
pherol and 0.02 mole % of 3,-tocopherol are 
means of duplicate experiments. Other rate 
measurements including the disappearance of a- 
and "),-tocopherol are results of single experi- 
ments. However, for each series of experiments, 
at least three points on the curve were repeated 
to assure the reproducibility of a particular 
experiment. The repeated values were usually 
found to conform to the variation of -+ 1% from 
mean value as stated above. 

RESULTS 

As is evident from Figure 1, the autoxida- 
tion of linoleic acid monolayers at 60 C, without 
added a-tocopherol, commences without any 
detectable induction period (3,5). The rate 
of disappearance of linoleic acid follows appar- 
ent first order kinetics. The incorporation of 
0.04 mole % of a-tocopherol introduces an 
induction period of close to 5 hr. The end 
of the induction period was chosen as the point 
at which the tangent to the early slow oxida- 
tion curve intercepted the tangent drawn to the 
succeeding rapid oxidation curve. During the 
entire tocopherol-dependent induction period, 
the loss of linoleic acid to autoxidation is small 
and proportional to the length of the induc- 
tion period (Fig. 2). For example, with an 
induction period of 5 hr, the loss of linoleic 
acid amounted to 6% at the end of the induc- 
tion period, whereas after a 10 hr induction 
period, the loss increased to I0%. Once the 
induction period terminates, rapid autoxidation 
occurs. When the concentration of a-tocopherol 
is doubled, the induction period produced is 
also approximately doubled. 7-Tocopherol at a 
concentration of 0.04 mole % introduced an 
induction period ca. 1.4 times that from 0.04 
mole % of a-tocopherol (Fig. 3). When the 
concentration of T-tocopherol was increased 
from 0.02 to 0.04 mole %, the length of the 

100 ] 

8O 

6O 
z 

r, 4o 

20 

o 
e 

1 L M E  ~ h o u r s ~  

FIG. 3. Rate of autoxidation of linoleic acid and 
7-tocopherol in linoleic acid monolayers containing 
-/-tocopherol. -- -- , Disappearance of linoleic 
acid in pure linoleic acid monolayers; - - , - m - - ,  
disappearance of linoleic acid in monolayers contain- 
ing 0.02 mole % of -r-tocopherol; ~ ,  disap- 
pearance of linoleic acid in monolayers containing 
0.04 mole % of 3,-tocopherol;--o-o---, disappearance 
of 7-tocopherol in monolayers containing 0.04 mole 
% of 3,-tocopherol. 

induction period was slightly more than 
doubled. 

Concomitantly with the determination of the 
disappearance of linoleic acid, the consumption 
of a-tocopherol at various stages of the induc- 
tion period was also measured. Several routine 
methods for assaying tocopherols were found to 
be unsuitable in quantitating small quantities of 
a-tocopherol in a mass of autoxidized products 
without prior isolation. The ultraviolet absorp- 
tion of a-tocopherol at 291 nm (e 3,430) is not 
intense enough for this purpose; high pressure 
liquid chromatography gave peaks from autoxi- 
dized mixtures which were not resolved from 
those of a-tocopherol, and gas liquid chroma- 
tography requires removal of massive amounts 
of linoleic acid and its autoxidized products 
prior to injection. 

The Emmerie and Engel reaction using 
bathophenanthroline (10) was successfully 
adapted in assaying tocopherols that remained 
in the equilibrium solution (in hexane)dur ing 
the preparation of linoleic acid-tocopherol 
monolayers. The method, however, is not 
applicable for assaying tocopherols extracted 
from silica gel with methanol, a solvent used 
routinely for efficient removal of all organic 
materials from silica gel. Methanol apparently 
also extracts some inorganic materials that are 
capable of reducing ferric ion slowly during the 
assay. Acetone extraction, although less effec- 
tive in removing tocopherols from silica gel 
(90% recovery), was found to give satisfactory 
results in the bathophenanthroline reaction. To 
check the possibility of interference by re- 
ducing agents, such as aldehyde, produced 
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FIG. 4. Effect of 3-(co-carboxynonyl)-4-methoxy- 
5-pentylphenol on autoxidation of linoleic acid mono- 
layers at 60 C. = = , Disappearance of linoleic 
acid in pure linoleic acid monolayers; m - m - - ,  
disappearance of linoleic acid in monolayers con- 
taining 0 .45 mole % of 3-(t~-carboxynonyl)-4- 
methoxy-5-pentylphenol. 

during autoxidation, c~-tocopherol in acetone 
extracts of autoxidized mixture was isolated 
from the total mixture at several stages of the 
induction period by preparative TLC using an 
alumina sheet (13) prior to the bathophenan- 
throline reaction. The isolation procedure 
further reduces the recovery of c~-tocopherol to 
only ca. 70%. The loss of c~-tocopherol during 
the induction period, as revealed by the isola- 
tion procedure, is similar to that obtained using 
the total autoxidation mixture for the color 
reaction. Therefore, it appears that the accumu- 
lation of autoxidized products does not signifi- 
cantly affect the assay of tocopherols, at least 
during the induction period. 

As shown in Figure 2 for 0.04 mole % of 
c~-tocopherol and also in Figure 3 for 0.04 mole 
% of ~/-tocopherol, the amount of tocopherol 
diminished gradually throughout the induction 
period. In both cases, at the end of the induc- 
tion period, the amount of tocopherol re- 
maining was ca. 12% of the original quantity. 
The total disappearance of ~-tocopherol came 
about 0.5 hr after the onset of the rapid auto- 
xidation, whereas for 7-tocopherol at this time, 
there still is ca. 10% remaining with further 
decrease apparently occurring very slowly. 

For assessing the extent of destruction of 
c~-tocopherol by silica gel surface-generated 
initiators, c~-tocopherol alone was coated on the 
silica gel, and the rate of disappearance was 
measured. The destruction of a-tocopherol by 
this means was found to be very small; for 
example, at the end of a 4 hr incubation, more 
than 95% remained unchanged. 

In order to examine the effect of saturated 
fatty acids on the efficiency of a-tocopherol 
protection, monolayers with equimolar 
amounts of linoleic and palmitic acids con- 

taining 0.04 mole % of a-tocopherol (to linoleic 
acid) were autoxidized. The protective effect of 
c~-tocopherol apparently is not influenced by 
the insertion of saturated fatty acid into the 
monolayers and an induction period similar in 
length to that for 0~-tocopherol-linoleic acid 
monolayers was observed. At the termination 
of the induction period, the autoxidation 
commenced with a rate the same as that for 
an equimolar linoleic acid-palmitic acid mixed 
monolayer(7). 

An efficient bulk phase antioxidant (11) 
2-(co-carboxynonyl)-6-pentyl-p-hy dr o q u i n o n e  
was tested previously in the inhibition of 
monolayer autoxidation (1). In these pre- 
liminary monolayer autoxidation experiments, 
the hydroquinone derivative did not appear to 
be an effective antioxidant. We attribute this to 
the low solubility of the hydroquinone in 
hexane resulting in inadequate monolayer 
deposition or to binding of the hydroquinone 
to the surface of the silica gel in such a manner 
as to make it inaccessible as a free radical 
trapping agent. To circumvent these possi- 
bilities, the hydroquinone was modified by 
conversion to a monomethyl  ether, IV. The 
mode of protection offered by this antioxidant 
is entirely different from that of the toco- 
pherols. It does not introduce a definite induc- 
tion period but rather reduces the overall rate 
of autoxidation considerably through a very 
long period (Fig. 4). 

DISCUSSION 

A concentration close to 0.05 mole % was 
chosen initially in studying the inhibition of 
peroxidation by a-tocopherol in monolayer 
autoxidation, with the understanding that ca. 
2000 molecules of unsaturated fatty acid to 1 
molecule of a-tocopherol is a well established 
ratio in mitochondrial membranes (14). The 
inclusion of 0.04 mole % of a-tocopherol 
in unsaturated fatty acid monolayers under our 
conditions introduces an induction period of 
nearly 5 hr at 60 C. The protection during the 
entire induction period is generally very effi- 
cient. In bulk phase inhibition, for phenolic 
antioxidants, it is generally believed that an 
optimum concentration for maximum length of 
induction period exists, and increasing the 
antioxidant beyond this concentration results 
in very little lengthening of the induction 
period (15). The length of the induction period 
produced by a-tocopherol in our case appears 
to be strictly proportional to the amounts 
incorporated at the concentration range tested 
(Fig. 1), although no attempt was made to 
determine an optimal concentration. 
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7-Tocopherol in bulk phase produces an 
induction period almost twice as long as that of 
c~-tocopherol (15). The protection rendered by 
7-tocopherol in monolayers is similarly better 
with an induction period 1.4 times that of 
c~-tocopherol. The length of the induction 
period introduced is also found to be roughly 
proportional to the amount of 7-tocopherol 
included. For phenolic antioxidants in bulk 
phase, the decreased antioxidant activity of 
a-tocopherol, as compared with that of 7-toco- 
pherol, is generally considered as a direct effect 
of increased steric hindrance of the extra 
ortho-methyl group towards hydrogen atom 
abstraction by a peroxy radical (16). 

The effectiveness of an antioxidant in the 
linoleic acid-silica gel model system may be 
determined in part by the oxidation-reduction 
potential of the antioxidant and in part by 
the availability of the antioxidant to peroxy 
radicals. The latter part is a function of the 
orientation of the adsorbed antioxidant and/or 
the mobility on the surface. In the case of 
the difference between the methoxyphenol  
derivative, IV, and a-tocopherol, it is not clear 
which feature is contributing the most to cause 
the observed difference. 

The determination of residual ~- and 7-toco- 
pherol at various stages of induction period 
revealed that tocopherol was destroyed 
gradually throughout the entire induction 
period (Figs. 2,3). In both cases, antioxidants 
continued to disappear after the onset of the 
rapid autoxidation and decreased to a few 
percent when ca. 20% of the linoleic acid was 
oxidized. It has been shown that in the bulk 
phase autoxidation of methyl linoleate, the 
tocopherol retention (% of original amount 
added) is ca. 30% immediately prior to the 
start of the rapid autoxidation phase (17). Our 
results from monolayers suggest that the 
mechanism of inhibition operating is an ex- 
tremely efficient one. With approximately the 
same initial concentration as in the bulk phase 
studies, the transition from the induction 
period to the rapid autoxidation phase is halted 
until the residual tocopherol drops down 
to a considerably lower level, ca. 10% of the 
original amount with both c~- and 3,-tocopherol. 
The transition from the induction period to the 
rapid autoxidation is further characterized by 
the attainment of a critical ratio of peroxide 
(produced in the induction period) to residual 
c~-tocopherol, regardless of the initial antioxi- 
dant concentration. For methyl linoleate, this 
ratio is 160 to 180:1 (18,19). If the above 
mentioned critical ratio of peroxide to antioxi- 
dant in bulk phase is also important for the 
termination of the induction period in mono- 
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layer autoxidation, then the main reason for 
the longer induction period in the monolayers 
could be the slower accumulation of the 
hydroperoxides and other products capable of 
sustaining the free radical chains (5). 

Two important questions demand answers at 
this point. 1) If the course of the reaction is 
different from that of bulk phase autoxidation, 
what are the initiators or the propagating 
radical species tocopherol is scavenging? 2) 
With a concentration of a-tocopherol as low as 
1 molecule to 2000 molecules of unsaturated 
fatty acid in the adsorbed state, how could the 
protection be so efficient? The initiation by 
singtet oxygen was first considered in exploring 
the possibility of an active entity capable of 
diffusing freely through the surface to even- 
tually encounter an immobile antioxidant. 
Another possible reactive oxygen species, 
superoxide anion radical, has been found to be 
unreactive towards cholesterol and unsaturated 
fatty acids (20), although it has been shown 
that two very reactive species, hydroxyl radicals 
and singlet oxygen can be generated from it 
(21). When c~-tocopherol alone was coated on 
the silica gel surface, the extent of its destruc- 
tion was less than 5% during a 4 hr incubation. 
This result seems to exclude all other silica 
surface-generated initiators except singlet oxy- 
gen. The possibility of participation of singlet 
oxygen and other initiators in this system is 
being investigated in this. laboratory (22-25). 

The oxidation products of a-tocopherol so 
far identified in previous linoleic acid mono- 
layer autoxidation studies suggest that there are 
differences in the reactions from those in 
bulk phase. In bulk phase, the well established 
major products are c~-tocopheryl quinone, 
dimer and trimer (26); whereas in monolayers, 
the products are mostly one to one addition 
products of oxidized c~-tocopherol and linoleic 
acid and a small quantity of 2-phytyl-3,5,6- 
trimethyl-l ,4obenzoquinone (9). The implica- 
tion of this finding is not entirely clear, except 
to indicate that in monolayers the dimerization 
and trimerization are very much suppressed, 
and the phenoxy radical formed by the loss of a 
hydrogen atom from a-tocopherol, therefore 
reacts through loss of a methyl hydrogen atom 
to form either a quinone methide, which adds 
to linoleic acid, or by loss of a chroman ring 
hydrogen to produce the nonpolar quinone 
cited above (9). 

For an antioxidant to be successful in 
adsorbed monolayers, mobility across the 
surface must be assumed for the fatty acid, the 
antioxidant, or a radical chain-carrying species. 
Without invoking mobility of at least one 
component,  it seems very unlikely that 1 
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molecule of a-tocopherol could protect 2000- 
20,000 molecules of linoleic acid. This is the 
protection given by 0.04-0.004 mole % a-toco- 
pherot (see Fig. 2). 

Surface diffusion of adsorbed molcules in 
general has been dealt with sparingly in the 
past. It has been shown that small hydrocarbon 
molecules, such as benzene, are capable of 
behaving as a two dimensional gas when ad- 
sorbed on alumina (27). The diffusion coeffi- 
cient of benzene was also reported to be only 
slightly lower than that for bulk benzene 
when adsorbed on silica gel (28). The mobility 
of adsorbed polar molecules, such as fatty 
acids or esters, apparently has never been 
studied. The heats of adsorption of these polar 
molecules are considerably higher than that of 
benzene (29); therefore, these require higher 
activation energy for the diffusion Experi- 
ments to test the mobility of adsorbed fatty 
acid molecules under the conditions employed 
for the autoxidation are currently underway in 
this laboratory. 
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Studies on Biosynthesis of Waxes by Developing Jojoba 
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Cell-Free Homogenates 
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ABSTRACT 

The following enzyme activities were demonstrated in cell-free homogenates from developing 
jojoba cotyledons: 1) elongation of long chain acyl-CoAs in the presence of malonyl-CoA and NADPH 
(or NADH), 2) NADPH-dependent reduction of long chain acyl-CoAs to the corresponding alcohols, 
3) esterification of long chain acyl-CoAs and the alcohols produced from them into wax, 4) elongation 
of stearoyl-ACP to eicosanoate and docosanoate as well as reduction to stearyl alcohol, 5) desaturation 
of stearoyl-ACP to oleate in the presence of reduced ferredoxin, and 6) incorporation of malonyl-CoA 
into long chain fatty acids and alcohols in the presence of added acyl carrier protein. These activities 
were associated entirely with the floating wax pad after centrifugation of the cell-free homogenate at 
12,000 g for 20 rain. The relevance of the above reactions (1-6) to wax biosynthesis in vivo is 
discussed. Production of oleate from acetate by enzymes utilizing ACP-thioesters as substrates 
followed by conversion of oleyl-ACP to oleoyl-CoA (via free oleic acid) for subsequent elongation, 
reduction, and esterification, is presented as the most probable in vivo pathway for wax biosynthesis. 
The substrate specificities of the elongation and reduction reactions utilizing acyl-CoAs as substrates 
are examined in terms of wax composition. 

INTRODUCTION 

Studies on the biosynthesis of  C20 and C22 
fatty acids, and in particular erucic acid, in 
plants are few (1-3). The only certain con- 
clusions to be drawn from them are that erucic 
acid is produced from oleate by two C 2 addi- 
tions and that malonyl-CoAis the C a donor. Our 
understanding of the biosynthesis of wax esters 
in plants comes mainly from studies on the 
unicellular organism Euglena gracilis, which 
uses wax esters as a storage lipid (4,5), and on 
cuticular wax ester biosynthesis (6). NADH- 
dependent acyl-CoA reductase activity has been 
observed in both cases, while several mechan- 
isms for the esterification of acyl groups to 
fatty alcohols have been suggested. 

The seed of  the jojoba Simrnodsia chinensis 
(Link) appears unique among higher plants in 
that it contains about half of the dry, mature 
seed weight as a liquid wax, which is composed 
principally of C20 and Czz monoenoic acids 
and alcohols (7,8). So far our studies on jojoba 
have shown that 14C_labele d wax was produced 
from the incubation of slices of immature 
cotyledons with 14C-acteate, 14C-malonate or 
14C-glucose (9). Exogenous [ 1-14C] acetate 
was utilized predominantly for the chain 
elongation of  endogenous oleate to give 
[1-14C]eicosenoate, [1A4C]eicosenol, [1,3-14C] 
docosenoate and [ 1,3A4C] docosenol, where- 
as the label from [U-14C]glucose was 
uniformly distributed along the chain of these 
fatty acids and alcohols. These data suggested 
the existence of  metabolically separate pools of 

acetate and/or sites for de novo synthesis and 
elongation of acyl chains. It was further sug- 
gested that the de novo synthesis of  oleic acid 
occurred on the ACP-track, while subsequent 
metabolism (i.e., chain elongation, reduction of 
acyl groups to alcohols, and esterification to 
produce wax) occurred on the CoA-track 
(9-11 ). 

Investigations using fresh tissue from devel- 
oping jojoba seeds are restricted to a period of  
approximately one month during which time 
the tissue is suitable for biochemical work. The 
emphasis of this study (June 1978) was to 
obtain active in vitro preparations in order to 
define the enzymic reactions responsible for 
wax biosynthesis. 

MATERIALS AND METHODS 

14C.Substrates 

[ 1-14C] Decanoyl-, lauroyl-, myristoyl-, 
palmitoyl- and stearoyl-CoA thioesters (sp. act. 
50-58 Ci/mol) and [1,3-14C] malonyl-CoA (sp. 
act. 58 Ci/mol) were purchased from DHOM 
Products Ltd. (Hollywood, CA) and [1-14C] 
oleic acid (sp. act. 56 Ci/mol) from Amersham 
Searle (Arlington Heights, IL). 

Starting from oleic and cis-ll-eicosenoic 
acids, respectively, [ 1-14C] cis-11-eicosenoic 
acid and [ 1-14 CI cis-13-docosenoic acid were 
synthesized by chain extension of the corres- 
ponding mesylates with KCN and subsequent 
chain extension with K14CN (sp. act. 48 
Ci/mol, New England Nuclear, Boston, MA) 
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(12). After methanolysis, the 14C.labele d 
methyl esters were purified by thin layer 
chromatography (TLC), and examined by 
argentation TLC, by gas liquid chromatography 
(GLC) with radioisotope monitoring by a gas 
flow proportional counter (referred to as 
radio-GLC) on a 10% SP-2330 packed column, 
and by reductive ozonolysis to check double 
bond position (13). By all criteria, the methyl 
esters were radiochemicaily pure ()95%). 
Chemical purity was ca. 70% as estimated by 
GLC on an OV-17 column. [1-14C]cis-ll - 
Eicosen-l-ol was prepared from methyl 
[1-I 4C]cis-11-eicosenoate by reduction with 
LiA1H4, and was purified by TLC. 

[ 1-14C] Acyl-CoA thioesters (sp. act. 3.5-5.5 
Ci/mol) were prepared by the addition of the 
mixed anhydride, from the reaction of the 
[ 1-14C] free acid (oleic, cis-ll-eicosenoic or 
cis-13-docosenoic acid) with ethyl chlorofor- 
mate, to the reduced form of coenzyme A, 
essentially according to the method of Young 
and Lynen (14). Product purity was checked by 
paper chromatography (Whatman's No. 1, 
developed in n-butanol/acetic acid/water 5:3:2 
(v/v/v), free fatty acid Rf 0.95; acyl-CoA Rf 
0.5-0.6), by NaBH 4 thioester reduction accord- 
ing to Barron and Mooney (15) and Nichols and 
Safford (16), by UV spectroscopy (absorptions 
at 233 nm and 260 nm corresponding to the 
thioester group and the adenine ring, respec- 

t . , 

tively), and by the 5,5 -dlthlo-bis(2-mtro- 
benzoic acid) assay for free sulphydryl groups 
(17). The percent 14C as free acid was 3-7%, 
the percentage of 14C_labele d alcohol produced 
after NaBH 4 reduction, as measured by TLC, 
was 85-88%, while the amount of free sulphy- 
dryl groups present was less than 3%. 

14C_Stearoyl.AC P was prepared as follows. 
Acyl carrier protein (ACP)from Eseherichia coli 
was purified to greater than 90% purity by the 
method of Majerus et al. (18). The ACP was 
acylated enzymically by the safflower system 
of Jaworski and Stumpf using [1,3-14C] 
malonyl-CoA rather than [2-14C] malonate 
(19). The reaction was stopped by the addition 
of 5% trichloroacetic acid (on ice), the precipi- 
tate was dissolved in 0.1 M piperazine-N,N'-bis 
(2-ethanesulphonic acid) buffer (PIPES), pH 
5.7, and ammonium sulphate was added to 70% 
saturation. The precipitate was removed and 
the acyl-ACP was precipitated from the super- 
natant by the addition of trichloroacetic acid to 
8% (w/v). The precipitate was redissolved in 0.1 
M PIPES, pH 5.7 and was used without further 
purification. 14C_Labele d acyl-ACP thus pre- 
pared generally was ca. 10-20% t4C-palmitoyl- 
ACP and 80-90% 14C-stearoyl-ACP. The final 
preparation contained ca. 50% acylated and 

50% free ACP. 

Subcellular Preparations from Jojoba Cotyledons 

Developing jojoba seeds of undetermined 
age were the generous gift of Dr. D.M. Yer- 
manos, University of California, Riverside. 
They were received between May 31st and June 
26th. Most of the experiments reported were 
carried out on seeds harvested on June 21st and 
June 26th. Cotyledons removed from the seeds 
were finely sliced and gently homogenized in a 
chilled pestle and mortar with two volumes of 
chilled buffer consisting of 0.4 M sucrose, 7 
mM /3-mercaptoethanol, 5 mM sodium ascot- 
bate and 0.1M 2-(N-morpholino)ethanesul- 
phonic acid (MES) at pH 6.5. The resulting 
homogenate was filtered through two layers of 
cheesecloth to remove the coarser debris and 
then through one layer of Miracloth (Chicopee 
Mills, Inc., Milltown, N J) to give a ceil-free 
suspension as judged by light microscopy. For 
subcellular fractionation by differential centri- 
fugation, the cell-free homogenate was spun at 
12,00 g for 20 rain at 5 C. The 12,000 g super- 
natant was centrifuged at 105,000 g for 1 hr at 
5 C. The 12,000 g and 105,000 g pellets and 
the floating 12,000 g wax pad were resus- 
pended in half the original volume of buffer. 
For sucrose density gradient fractionation, 2 ml 
of the cell-free homogenate was applied to the 
top of a linear 30%-55% sucrose gradient (12 
ml) containing 5 mM MgC12and 20 mM Tricine 
at pH 7.5, and was spun at 25,000 rpm in a 
SW-40 rotor for 5 hr. 

I ncubations 

Incubations of 14C_substrates with the 
cell-free homogenate (0.25 ml) in a total 
volume of 0.5 ml contained the following 
cofactor concentrations: ATP, 2 mM; NADH, 
200/aM; NADP +, 300/aM; glucose-6-phosphate, 
2 mM; glucose-6-phosphate dehydrogenase, 0.4 
units m1-1 ; MnSO4, 5 mM; MgC12, 5 mM; and 
defatted bovine serum albumin, 4 mg m1-1 . For 
measurement of fatty acid synthetase activity, 
[ 1,3 -14C] malonyl-CoA was diluted with cold 
malonyl-CoA to give a concentration of 60 
/aM, and ACP isolated from E. eoli was added (8 
/aM). To assay for chain elongation, [I-14C] 
oleoyl-CoA (30 /aM) was incubated with un- 
labeled malonyl-CoA and acetyl-CoA (50 /aM 
each), while [ 1.14.C] do cosenoyl-Co A (30/aM) was 
incubated without any additional cofactors to 
measure reduction. In other incubations, the 
concentration of C10-C18 saturated [ 1-14C] 
acyl-CoA was 16-20 /aM, while [1-14C] eico- 
senoyl-CoA was 40/aM. Free [ 1-14C] oleic acid 
(1 /aCi, to give an incubation concentration of 
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35 #M) was added to 50 / a l  of  BSA so lu t ion  as 
t he  a m m o n i u m  salt in 5 #1 of  aqueous  e t hano l  
pr ior  to  add i t i on  to the  i n c u b a t i o n ,  while  
[ l - 1 4 C ] e i c o s e n o l  was added  to 50 #1 of BSA 
so lu t ion  in 5 /al of  e t h a n o l  (f inal  c o n c e n t r a t i o n  
40/aM).  

I n c u b a t i o n s  were for  1 hr  at 27 C in a 
shaking  wa te r  b a t h  in open  tubes .  T he  reac t ion  
was t e r m i n a t e d  by  the  add i t ion  of  iso-propanol 
(0.5-1 ml)  fo l lowed by hea t ing  at 80 C for  
several minutes .  

StearoyI-ACP Desaturase Assays 1201 

Each  assay con t a ined  the  fo l lowing in a to t a l  
vo lume of  0.5 ml:  MES buf fe r ,  50 mM, at pH 
6.5;  NADPH,  0.5 mM; de fa t t ed  bov ine  serum 
a lbumin  (BSA),  200  /~g ml-1;  d i th io th re i to l ,  1 
mM;  sp inach  fe r redox in ,  100 #g m1-1 sp inach  
f e r redox in -NADP + reduc tase ,  0 .012  uni t  m l - l ;  
bee f  liver catalase,  1600 un i t s  m l - i ;  e n z y m e  
p repa ra t i on ,  30-200 /al; and  14C_stearoyl_ACP ' 
0.6 ~tM. The  cofac tors  and  added  e n z y m e s  were 
p r e i n c u b a t e d  for  10 rain at 23 C in the  absence  
of  the  subs t ra te  and the  e n z y m e  p r epa r a t i on  
pr ior  to  the  full i n c u b a t i o n  at 23 C for  20 min .  
The  reac t ion  was t e r m i n a t e d  by  the  add i t ion  of  
0.15 ml 8 M aqueous  NaOH, carr ier  fa t ty  acids 
added,  and  the  mix tu r e  saponi f ied  by  hea t ing  at  
80 C for 20 min .  Af ter  ac id i f ica t ion  and  extrac-  
t ion  in to  p e t r o l e u m  e ther ,  the  p e t r o l e u m  
ex t r ac t  was m e t h y l a t e d  w i th  d i a z o m e t h a n e  and  
the  14C-labeled fa t ty  acid m e t h y l  esters ex- 
amined  by  radio-GLC o n  a 10% DEGS packed  
c o l u m n  as descr ibed previously  (9). 

Lipid Extraction and Analysis 

Lipid mate r ia l  was ex t r ac t ed  by  the  m e t h o d  
of  Hara and  Radin  (21).  Pe t ro l eum e the r  (b.p.  
30-60 C):iso-propanol, 3:2  (v/v) (6 ml)  was 
added  to t he  t e r m i n a t e d  i n c u b a t i o n  and  the  
mix tu r e  a l lowed to s tand  at r o o m  t e m p e r a t u r e  
for several hours .  A d d i t i o n  of  6.5% (w/v)  
aqueous  Na2SO 4 (3 ml )  resu l ted  in an uppe r  
petroleum-iso-propanol phase con ta in ing  lipid 
mater ia ls  and  a lower  aqueous  phase  con ta in ing  
acyl-CoA and  acyt-ACP. The  p a r t i t i o n  of 
acyl-CoA b e t w e e n  the  two phases  was ascer- 
t a ined  b o t h  in the  presence  and  absence  o f  0.25 
ml of  the  cell-free h o m o g e n a t e  us ing [ 1-14C] 
pa lmi toy l -CoA and  [1-14C] docosenoyl -CoA.  
The  i n c o r p o r a t i o n  of  rad ioac t iv i ty  in to  the  
aqueous  phase  fell i n to  the  range 94-97%. A 
sample of  14C_labele d p h o s p h a t i d y l c h o l i n e  
pa r t i t i oned  i n to  the  petroleum-iso-propanol 
phase to  greater  t h a n  95%. 

Part  or  all of  the  aqueous  phase  was saponi-  
fled by  hea t ing  wi th  an equal  vo lume of  10% 
(w/v)  KOH in m e t h a n o l  for  1 hr  at  80 C. Af ter  

TABLE I 

Cofactor Requirements for Elongation of [ 1-14C]- 
Oleoyl-CoA to C20 and C22 Products 

Cofactors present % Elongation 

Total a 16 
Total, less acetyl-CoA 17 
Total, less malonyl-CoA 3 
Total, less NADH 17 
Total, less NADPH-generating cofactors 10 
Total, less ATP 19 
Total, plus ACP (8#M) 8 
None <1 

Total a 14 

Total, less NADPH-generating system, 
plus NADPH (0.3raM) 15 

Total, less NADPH-generating system, 
plus grana reduction system b 0 

aAs described in Materials and Methods. Two 
separate experiments are shown in this table. 

bNADP, 0.3 raM; 2,6-dichlorophenol-indophenol, 
50 #M; sodium ascorbate, 10 raM; spinach ferredoxin, 
0.1 mg ml ' l ;  spinach ferredoxin-NADP + reductase, 
0.012 unit ml ' l ;  and grana isolated from spinach 
leaves, 200 gg chlorophyll ml -I (20). The incuba- 
tion tube was irradiated under a 100 W light bulb. 

TABLE II 

Cofactor Requirements for Reduction of 
[ 1-14C] Docosenoyl-CoA to [ 1-14C] Docosenol 

Cofactors present % Reduction a 

Total b 9 
Total, less NADH 9 
Total, less NADPH-generating system 0 
Total, less ATP 5 
Total, plus ACP (8/~M) 7 
None 0 

a[1-14ClDocosenyl aldehyde was not detected. 
bAs described in Materials and Methods. 

ac id i f ica t ion  and  e x t r a c t i o n  in to  p e t r o l e u m  
e ther ,  t he  free 14C-fa t ty  acids were ester i f ied 
w i th  d i a z o m e t h a n e  and  ana lyzed  by  rad io-GLC 
on a 10% SP-2330 co lumn.  Par t  or  all o f  the  
organic phase  was subjec ted  to e thanolys i s  as 
descr ibed by  D u n c a n  et  al. (22 )  and  the  e thy l  
esters and  a lcohols  recovered  were ana lyzed  by  
rad io-GLC on  a 14% SE-30 co lumn .  Shor t  chain  
and h e p a t a d e c a n o i c  acids were added  as in ter -  
nal  s t andards  to  the  sapon i f i ca t ions  or e thano l -  
yses w h e n  shor t  cha in  (i.e., C10-C14)  [ l - 14C]  
acyl -CoA subs t ra tes  were used.  For  analysis of  
the  14C_labele d fa t ty  acid and  a lcohol  compos i -  
t i on  in each lipid class, t he  silica bands  f rom 
TLC were scraped d i rec t ly  i n to  t he  e thano lys i s  
reagent .  TLC and rad io -GLC were essent ial ly  as 
descr ibed previously  (9). 

14C-Acyl-CoA th ioes te r s  in the  aqueous  
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TABLE III 

Substrate Specificities for E l o n g a t i o n  and Reduction Reactions 

% E l o n g a t i o n  a % R e d u c t i o n  a 

[ 1-14C]-Acyl Substrate Expt. 1 Expt. 2 Expt. 1 Expt. 2 

10:0-CoA -- 4 -- 0 
12 :O-CoA -- 4 ~ < 0 . 5  
14:0-CoA 5 1.5 2.5 1 
16:0-CoA 1.5 0.5 9 3.5 
18:0-CoA 23 9.5 6.5 3.0 
18 : 1A 9cis-Co A 16.5 9.0 2.5 2.0 
20:1A1 lcis-CoA 4.5 -- 6.5 -- 
22 :IA13cis-CoA 0 0 9 4.5 
18:0-ACP b -- 34 -- 13 

alncubation conditions are as described in Materials and Methods. Experiment 1 was 
performed with seeds picked on June 22nd, experiment 2 with seeds picked on June 27th. 

bIncubation concentration 2 #M. 

phase were also examined  by the  Barron and 
Mooney  and Nichols and Safford NaBH 4 
reduct ion  (15,16) with analysis of  the resulting 
14C-alcohols by radio-GLC and /o r  TLC, and 
also by paper chromatography.  Ozonolysis  was 
carried ou t  as described previously (9). 

RESULTS 

Cofactor Requirements for Elongation 
and Reduction 

The cofactor  requirements  for the elonga- 
t ion of  [ 1 A 4 C ] o l e o y l - C o A  to C20 and C22 
species, namely  [3 -14Cle icosenoa te ,  [3-14C] 
eicosenol  and [ 5 A 4 C ] d o c o s e n o a t e ,  by the 
cell-free homogenates  under  the standard 
incubat ion  condi t ions  are given in Table I. 
Malonyl-CoA, and not  acetyl-CoA, supplied the 
two carbon unit  for  elongation.  NADPH, ei ther  
added or generated in situ f rom NADP +, 
glucose-6-phosphate,  and glucose-6-phosphate 
dehydrogenase,  was the preferred reductant ,  
a l though NADH was also acceptable.  The 
NADP+-ferredoxin-grana system, which gener- 
ates reduced ferredoxin in the presence of  l ight 
and which supplies reducing power  to the 
stearoyl-ACP desaturase (20), inhibi ted elonga- 
t ion comple te ly .  ATP was not  required for 
e longat ion while added ACP partially inhibi ted 
the  reaction.  

Table II shows the co fac tor  requi rements  for 
the reduct ion  of  [1 -14C]docosenoy l -CoA to 
[ 1-14C] docosenol.  NADPH was the obl igatory  
reductant ,  as NADH could not  replace the 
NADPH-generat ing system. Nei ther  ACP nor  
ATP were necessary for reduct ion ,  a l though the 
results in Table II do suggest that ATP may  be 
stimulating. 

Fur ther  work is required to de te rmine  
whether  the cofac to r  concent ra t ions  used in this 

initial in vi tro study are rate-limiting. 

Substrate Specificity for Elongation 
and Reduction 

Table II1 gives the substrate specificities for 
the elongation and reduct ion  o f  [ 1-14C] acyl 
CoAs, measured in two separate exper iments .  
The enzyme activities were no t  restr icted to 
physiological  substrates, since saturated in 
addi t ion to co9-cis-monoenoic acyl-CoAs were 
reactive. The short chain (C10 and C12) [1-14C] 
acyl-CoAs were elongated only to the next  
higher two-carbon homologue ,  and were not  
reduced.  Al though elongat ion was not  en- 
hanced by the addi t ion of  ACP to the inCuba- 
t ion medium,  it was observed that  when [1-1 aC] 
decanoyl-CoA was incubated with exo- 
genous ACP (8 pM), 14C-stearate was produced 
in a 3% yield, while 14C-palmitate or  14C-my- 
ristate were not  detectable.  

Of considerable interest ,  s tearoyl-ACP was 
readily elongated and reduced. In fact, 14C- 
stearoyl-ACP (2 #M) gave the highest percent  
conversion (Table IID. At the end of  a 1 hr  
incubat ion the l aC-label was distributed as 
fo l l ows l :  in the aqueousphase (probably as 
acyl-ACP thioesters,  as no free CoASH was 
added to the incubat ion) ;  31%, stearate ; 20.5%, 
e icosanoate;  4%, docosanoate ;  and 1.5%, 
te t racosanoate :  and in the organic phase;  
21.5%, stearate;  13%, stearyl a lcohol ;  and 8%, 
eicosanoate.  Al though the percent  conversion 
data alone suggest that  s tearoyl-ACP is a more 
active substrate than stearoyl-CoA for  both  
reactions,  it is still too  early to generalize on 
the specificity of  the  thioester  moie ty .  The 
differences in substrate concent ra t ion  resulted 
in 0.95 nmole  o f  s tearoyl-CoA being elongated 

1percent figures are given relative to the total 14C 
added to the incubation (100%). 
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TABLE IV 

Distribution of 14C-Labeled Products ,between Different Lipid Classes 

%of  Total 14C in 

[ 1-14 C ] Acyl-CoA Free Free Polar Aqueous 
Substrate a 14C_Produc t Wax acid alcohol lipids phase Other b Total 

16:0 16:0 acid 9 19 2 13.5 43 3 89.5 
16:0 alcohol 1 0 6 0 0 1.5 8.5 
18:0 acid tr 0.5 0 0.5 0.5 0.5 2 
Total 10 19.5 8 14 43.5 5 100.0 

18:0 18:0 acid 4 13.5 1 9 41.5 1.5 70.5 
18:0 alcohol 1 0 3.5 0 0 2 6.5 
20:0 acid 2 1 0 1.5 11 0.5 16.0 
20:0 alcohol 0.5 0 1 0 0 0.5 2.0 
22:0 acid 1 tr 0 tr 2.5 0 3.5 

Total 8.5 14.5 5.5 10.5 55 4.5 100.0 

22:1A13 22:1 acid 5 4 0 2.5 81.5 2 95.0 
22 : 1 alcohol 2.5 0 2.5 0 0 tr 5.0 
Total 7.5 4 2.5 2.5 81.5 2.0 100.0 

aIncubation conditions as described in the Materials and Methods, with both elongation and 
tots present. 

b 14C.Material in the organic extract not identified. 

reducing cofac- 

and 0.3 nmole  being reduced ,  compared  wi th  
figures of  0.34 nmole  and 0.13 nmole ,  respec- 
tively, for s tearoyl-ACP, in a 1 hr incuba t ion .  

When free [ 1-14C] oleic acid was incuba ted  
wi thou t  cofactors  for acyl act ivat ion (i.e., 
CoASH, ATP and Mg 2+ ions  absent) ,  there  was 
only a marginal fo rma t ion  of  14C-eicosenoate 
(~< 1%). 

Incorporation of 14C-Acyl and 14C-Alkyl 
Groups into Wax and Other Lipids 

The d is t r ibut ion  of  14C-labeled p roduc t s  
among  the lipid classes for [1-14C]-palmitoyl - 
CoA, [ 1-14C] s tearoyl-CoA and [ 1-14C1 doco-  
senoyl-CoA incubat ions  in the  presence  of  
cofac tors  for b o t h  e longat ion and r educ t ion  is 
shown in Table IV. With palmi ta te  and stearate ,  
the major  labeled polar  lipid 2 was phospha-  
t idy lchol ine  (about  hal f  o f  the polar lipid 
radioactivi ty) .  For  stearate the  e longat ion  
p roduc t ,  [3-14C] e icosanoate ,  was no t  de t ec t ed  
in the  phospha t idy lcho l ine  fract ion.  With 
14C_stearoyl_AC P as substra te ,  8% of  the  to ta l  
radioact ivi ty was found  in wax esters,  15.5% in 
free acids, 14% in free alcohols and only  2% in 
polar  lipids, while 57% remained  in the  aqueous  
phase after  ex t rac t ion .  Since the  incuba t ion  of  
14C-stearoyl-ACP p roduced  13% 14C-stearyl 
a lcohol  (Table III) and 14% free 14C-alcohol,  

2"Polar lipid" is the term used to describe material 
from the organic extract remaining at the origin when 
Silica Gel G TLC plates were developed twice with 
petroleum ether/diethyl ether/acetic acid 90:10:0.5 
(v/v/v). 

the  labeled wax ester f ract ion must  contain  
mainly 14C_acy 1 groups,  the  impl ica t ion  being 
tha t  acyl-ACP th ioes te rs  can serve as acyl 
donors  in wax biosynthesis .  This aspect  will be 
examined  more  thorough ly  when  fresh tissue 
nex t  b eco mes  available for s tudy in 1979. 

A comprehens ive  substrate  and cofac tor  
specif ici ty s tudy on the wax ester i f icat ion 
react ion remains  to be done.  However ,  Table V 
shows tha t  [ 1-14C] e icosenoyl-CoA was in- 
co rpora ted  in to  wax in the absence of  compe t -  
ing e longat ion and reduc t ion  react ions  to the  
ex t en t  o f  16%, and tha t  there  was only a 
marginal  increase wi th  the  addi t ion  of  oleyl 
alcohol as an acyl acceptor .  The polar lipid 
f rac t ion  f rom [ 1-14C] e icosenoyl-CoA incuba-  
t ions con ta ined  less than  1% 14C_phosphat idy 1_ 
chol ine and less than  0.5% 14C-phospha-  
t idy le thano lamine .  [ 1-14C]Eicosenol ,  com- 
plexed to BSA, was incorpora ted  into wax to 
the  ex t en t  o f  8%. This was no t  enhanced  by the  
addi t ion  of  s tearoyl-CoA as an alkyl acceptor .  
[ l - 1 4 C ] O l e i c  acid was no t  a subst ra te  for 
ester i f icat ion.  ATP was no t  required for esteri- 
f icat ion.  

Fatty Acid Activation 

When [1-14C] oleic acid was incubated  in 
the  absence of  cofac tors  for act ivat ion,  only 3% 
of  the added radioact ivi ty  was found  as acyl- 
CoA in the  aqueous  extract .  The addi t ion  
of  CoASH (100 /JM), ATP and Mg 2+ ions 
resul ted  in 35% of  the radioact ivi ty as acyl-CoA 
af ter  1 hr, wi th  2.5% of  e longated p roduc t .  
Thus,  a l though free oleic acid is no t  a sub- 

LIPIDS, VOL. 14, NO. 7 



656 M.R. POLLARD, T. McKEON, L.M. GUPTA, AND P.K. STUMPF 

TABLE V 

Esterification of Substrates into Wax 

Total 
organic 

[ 1-14 C ] Substrat e Cofactors present a extract 

Percent of added 14C in TLC Bands 

Free Free Polar 
Wax acid alcohol lipid 

18:1 Acid b NADH, NADPH, malonyl-CoA ca. 100 
20 : 1-CoA ATpe 43 
20:1-CoA ATP, oleyl alcohol (60gM) 53 
20:1 Alcohol ATP f ca. 100 
20:1 Alcohol ATP, stearoyl-CoA (40#M) ca. 100 

18:I-CoA c ATP, NADH, NADPH 68.5 
18:I-CoA No ATP 78.5 
22:1-Co A d ATP, NADH 27.5 
22:1-COA No ATP 35.5 

<1 82 9 6 
16 17 2.5 3 
19 21 4 5.5 
8 <1 87 5 
8 <1 86 4 

6.5 30 4 20 
5 44 2.5 19 
5 14 2 4 
4.5 10.5 2 8.5 

aCofactor concentrations and other incubation parameters are given in Materials and Methods. NADP +, glu- 
cose-6-phosphate, and glucose-6-phosphate dehydrogenase were used to generate NADPH. 

bAs the cofactors for activation to [ 1-14C]oleoyI-CoA were absent, negligible elongation and reduct ion 
occurred. The 14C-distribution represents essentially that from [ 1-14C]oleic acid. 

CThis 14C-product distribution should take account of ca. 3% elongation, in the absence of malonyl-CoA, 
and 2% reduction to [ 1-14C]oleyl alcohol. 

dNo [ 1-14C] docoseno I is generated in the presence of NADH alone. 
eFor wax formation the aeyl acceptors are endogenous free alcohols. 
fFor wax formation the alkyl acceptors are endogenous acyl moieties. 

strate for elongation or esterification into wax, 
the  cell-free h o m o g e n a t e  does possess fa t ty  
acid-CoA ligase activity. 

Enzyme Activities Requiring AcyI-ACP 
Thioesters as Substrates 

The incorpora t ion  of  [1 ,3 -14C]malony l -  
CoA into acyl and alkyl groups by the  cell-free 
h o m o g e n a t e  was 25.5% in the  presence  of  
added  ACP and 10% wi thou t  added ACP 3. 
Inco rpo ra t ion  in to  individual species was ( the  
first percentage  is for the  incuba t ion  wi th  ACP; 
the  following, bracke ted ,  percentage is for the  
incuba t ion  w i thou t  ACP) 3 : C16acid,  1.5% 
(0.5%); C16 alcohol,  1.0% (no t  de t ec t ed ) ;  C18 
acid, 10.5% (4 .5%) ;C18  alcohol,  4.5% (1.0%); 
C20 acid, 4.5% (no t  de tec ted ) ;  and C20 alco- 
hol,  3.5% (4.0%). For  b o t h  incubat ions ,  just  
under  half  the  14C.lipi d species par t i t ioned  in to  
the  aqueous  phase on ex t rac t ion ,  and were 
presumably  acyl-ACP thioesters .  Thus, in the  
organic phase,  the alcohols accounted  for  over 
hal f  o f  the 14C-label. The C16-C20-1abeled 
species were almost  ent i re ly  sa turated.  The 
absence of  m o n o u n s a t u r a t e d  p roduc t s  is 
p robab ly  due to  the  absence of  fe r redoxin  and 
fe r redoxin-NADP+ reductase  in the  incuba t ion ,  
curtail ing s tearoyl-ACP desaturase activity (19). 
The de novo fa t ty  acid synthe tase  and palmi- 
toyl -ACP elongase are ACP-track enzymes  

3percentages are corrected for 50% loss of 14C- 
label from C(3) of [1,3-14C]malonyl-CoA as 14CO2. 

(10,11) in all other plant systems studied. 
These results show that this "ACP-track" 
biosynthesis is occurring and that it requires 
added ACP for maximal  activity.  The subse- 
quen t  metabol i sm o f  14C-stearate (e longat ion 
and reduct ion)  p robab ly  occurs on the  ACP- 
t rack too .  The reduc t ion  o f  14C_eicosanoat e to 
14C_eicosano 1 ex tends  the  substrate  specifici ty 
of  the N A D PH -d ep en d en t  acyl reductase 
r epor ted  in a previous sect ion.  Degradat ion  
studies are now required to de te rmine  if the  
14C_labe 1 f rom [ 1,3 -14C] malonyl -CoA is at the  
carboxyl  end or r andomly  dis t r ibuted  th rough-  
ou t  the  C18 and C20 species. 

Stearoyl-ACP desa tura t ion  was d emo n -  
s t rated in the presence  of  fe r redoxin ,  fe r redoxin-  
NADP + reductase ,  and NADPH. Assays wi th  
30, 100 and 200 /11 of  the  cell-free ext rac t  
gave 45, 40, and 34 pmole  oleate min-1 ml 
extract-  1, respectively.  

Acyl-ACP thioes terase  activity in ace tone  
powders  f rom developing jo joba  co ty ledons  has 
already been repor ted  (24). The m a x i m u m  rate 
of  hydrolysis  was observed for oleoyl-ACP 
among substrates  having chain lengths f rom 
CI 2 to C 18. 

Incubations with [1-14C] OleoyI-CoA and 
[1-14C] DocosenoyI-CoA: Product 
Distribution and Time Courses 

In a typical  incuba t ion  of  [1 -14C]o leoy l  - 
CoA with  the cofactors  necessary for  elonga- 
t ion and reduc t ion  16.5% 1 e longat ion to C20 
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FIG. 1. Labeled reaction products from [1-14C] 

oleoyl-CoA incubation with the cell-free homogenate 
as a function of time. Incubation conditions and 
cofactors are given in Materials and Methods. (~ 4) 
C2o and C22 products. (o o) Oleyl alcohol. 
( | - - --e) Polar lipid fraction. (= --m) Free fatty 
acids. (A . . . .  A) Wax esters. 

and C22 species and 3.5% reduction to oleyl 
alcohol occurred after 1 hr (Fig. 1). At this 
time, 40% of the radioactivity remained in the 
aqueous phase after extraction and partition, 
representing 7% 1 [3-14C]eicosenoyl-CoA and 
ca. 0.5% [5-14C]docosenoyl-CoA as deter- 
mined by saponification and radio-GLC. The 
organic extract contained 3.5% [1-14C]oleyl 
alcohol, 4% [3-14C]eicosenol and 5% [3-14C] 
eicosenoate as determined by radio-GLC after 
ethanolysis. The distribution of radioactivity 
between lipid classes, as measured by TLC, was 
20.5% in polar lipids z, 2.5% in free alcohols, 
17.0% in free acids, and 8.5% in wax esters. A 
complete analysis of  the distribution of  the 
14C-labeled products within each lipid class 
after 1 hr is not available for this [1-14C] 
oleoyl-CoA incubation. However, data from a 
separate experiment showed the wax ester 
fraction to contain labeled oteyl alcohol, 
oleate, eicosenol and eicosenoate in a 1:5:1:3 
ratio. Furthermore, [3-14C]eicosenoate was 
also present in the free acid and polar lipid 
fractions, but phosphatidylcholine, the major 
labeled species within the polar lipid fraction, 
contained only [ 1-14C]oleate and not [3-14C]- 
eicosenoate. 

The ] 4C_labele d acyl species, [3 -I4C] eico- 
senoate and [5-1aC] docosenoate, produced 
from [1-]4C] oleoyl-CoA, were identified by 
radio-GLC of their esters on both nonpolar 
(14% SE30) and polar (10% SP2330) columns, 

FIG. 2. Labeled reaction products from [1-14C] 
docosenoyl-CoA incubation with the cell-free homo- 
genate as a function of time. Incubation conditions 
and cofactors are given in Materials and Methods. 
(e -o) Docosenol. (| Polar lipid fray: 
tion. (= =) Free fatty acids. (o . . . .  o) Free 
alcohols. (A . . . .  , )  Wax esters. 

and by reductive ozonolysis. 
In a typical incubation of [1-14C]docose - 

noyl-CoA with the cofactors necessary for 
reduction 9% [ 1-14C] docosenol was produced 
after 1 hr (Fig. 2). There was a 27.5% incorpor- 
ation of  radioactivity into the organic extract, 
which contained all the reduced product. The 
distribution of 14C between the lipid classes 
was 3.5% in polar lipids, 6.5% in free alcohols, 
5% in free acids, and 8% in wax esters. Analysis 
of  the composition of each lipid class (Table 
IV) showed that there was an approximately 
equal distribution of [1-14C] docosenol be- 
tween free alcohol and wax, though it should 
be stressed that this analysis was obtained in a 
separate experiment with seeds older than those 
used for the time course (Fig. 2) discussed 
above. Within the polar lipids, there was no 
major labeled species, such that a maximum 
limiting value of 0.5% could be placed on 
[1-14C] docosenoyl-CoA acyl transfer into 
phosphatidylcholine or phosphatidylethanol- 
amine. 

14C-Labeled docosenol produced from [1-14C] 
docosenoyl-CoA (i.e., the free alcohol 
together with that released by ethanolysis) was 
identified by radio-GLC on SE-30 and SP-2330 
columns, by TLC, and by ozonolysis. 

Characterization of the 14C_labe 1 remaining 
in the aqueous extract as acyl-CoA was by 
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FIG. 3 The effect of BSA concentration on the 
incubation of (a) [ 114C1 oleoyl-CoA and (b) [ 1-14C] 
docosenoyl-CoA with the cell-free homogenate for 1 
hr. Incubation conditions and cofactors are given in 
Materials and Methods. (e . . . .  o) (a) and (b) 14C- 
Wax esters. (~--------Q) (a) and (b), 14C-Pol~ lipid 
fraction. (o o) (a) C20 and C2 2 14C_labeled 
products, (b) [1-14C] docosenol. (o o) (a) 
[ 1-14C] Oleyl alcohol, (b) 14C-free alcohol. 

several criteria. First, radioactivity was parti- 
tioned into the aqueous extract and free 
14C-fatty acids were released on base hydroly- 
sis. Second, paper chromatography of aqueous 
extracts from [1-14C]stearoyl-, oleoyl- or 
docosenoyl-CoA incubations showed in each 
case ) 9 0 %  of the label to be associated with a 
broad band at Rf 0.5-0.6, which co-eluted with 
authentic acyl-CoA. Neutral and phospholipids 
had an Rf ~>0.9 in the n-butanol/acetic acid/ 
water 5:3:2 (v/v/v) solvent system used. The 
band between Rf 0.4 and 0.7 was cut out and 
subjected to the Barron and Mooney NaBH 4 
reduction to test for thioestrs. Recovery of 
14C~ chain alcohols was quantitative. The 
14C-distribution of the alcohols over chain 
length, as measured by radio-GLC, was similar 
to that for saponification of the total aqueous 
sample in each case. These results show that 
both the 14C-labeled substrate and elongated 
products are Present as acyl-CoA thioesters at 

the end of the incubation. 
The product characterizations confirm the 

elongation and reduction reactions as: 

[ I-  14 C [ o l e o y l - C o A  -," [ 3 -14  C ] cis- 1 1 - e i c o s e n o y l - C o A  -'> 

[ 5 - 1 4  C I cis- 1 3 - d o c o s e n o  yI -Co A 
[ 1 - 1 4C] cis- 1 3 - d o c o s e n o y l - C o A  ---> [ 1-14 C ] cis- 1 3 - d o c o s e n -  1-o I 

[1-14C]Aldehydes were not detected by 
either GLC or TLC in incubations where 
[ 1-14C] acyl-CoAs were converted to [ 1A4C] 
alcohols. The detection limit was ca. 0.5% 
of the total added radioactivity. 

A comparison of the product distribution 
and time course studies (Figs. 1 and 2) for 
[1-14C]oleoyl-CoA and [ l-14C]docosenoyl-  
CoA incubations shows: 

(1) Some enzymic hydrolysis of the acyl- 
CoA thioesters did occur , with the hydrolysis 
being greater for oleoyl-CoA than for docosen- 
oyl-CoA, but in neither case was the substrate 
extensively removed. 

(2) Oleate was more readily incorporated 
into polar lipids, and particularly phosphatidyl- 
choline, than was docosenoate. 

(3) The rate of docosenoyl-CoA metabolism 
(36% in 2 hr) was considerably slower than 
oleoyl-CoA metabolism (77% in 2 hr). 

(4) 14C-Labeled alcohols were not only 
esterified into wax, but also found in the free 
state. A pool of free alcohol available for 
esterification with acyl-CoA to produce wax 
had already been suggested from our earlier in 
vivo studies (9). 

Further work is now required to establish 
enzyme assay conditions (i.e., linear rates, with 
the rates proportional to mg protein per assay) 
for these reactions of wax biosynthesis. 

Reproducibility of Incubations and Effect of BSA 

Experiments with early batches of  seeds gave 
very variable results. In particular, homogeniza- 
tion of the cotyledonous tissue in a Braun 
blender equipped with razor blades (23) 
gave low or undetectable activities. Gentle hand 
homogenization of the tissue in a pestle and 
mortar was preferred. The addition of acyl-CoA 
substrates, complexed to defatted BSA, to the 
incubation was found to increase significantly 
percent elongation, reduction and incorpora- 
tion of label into wax (Fig. 3) and also to 
remove variability, and was routinely used in 
further experiments. Homogenization of the 
cotyledons in the presence of defatted BSA (5 
mg m1-1) had the greatest stimulating effect, 
and this modification will be used in future 
work. The reason for the stimulation by BSA is 
not known. 
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% I n c o r p o r a t i o n  S t e a r o y l - A C P  
o f  1 4 C - m a l o n y l - C o A  d e s a t u r a s e  % E l o n g a t i o n  % R e d u c t i o n  

o f  1 4 C - 1 8 : 1 - C O A  o f  14C-22 :1 -COA F r a c t i o n  in to  l ip ids  ac t i v i t y  a 

Cell-free h o r n o g e n a t e  25 34 16 9 
1 2 , 0 0 0  g Pellet  9 < 3  < 1  < 1  
1 2 , 0 0 0  g Wax  pad  35 2 4  1_4 8 
1 2 , 0 0 0  g S u p e r n a t a n t  - -  < 4  . . . . .  
1 0 0 , 0 0 0  g Pellet  < 5  - -  0 0 
1 0 0 , 0 0 0  g S u p e r n a t a n t  < 5  - -  0 0 

a E x p r e s s e d  as p m o l e  p r o d u c t  ra in  -1 ml o f  e x t r a c t  -1. 

S u b c e l l u l a r  F r a c t i o n a t i o n  

Differential centrifugation of the cell-free 
homogenate showed the overwhelming majority 
of lipogenic activity to be associated with the 
12,000 g floating wax pad. This included both 
ACP-thioester and CoA-thioester substrate 
activities (Table VI). The small amount of 
activity observed in the 12,000 g pellet is prob- 
ably associated with contaminating wax bodies, 
as GLC of this fraction after ethanolysis 
showed the presence of appreciable amounts of 
wax components. Sucrose density gradient 
fractionation did not result in distinct organelle 
bands being visible in the gradient. Again, 
essentially all the lipogenic activity resided in 
the floating wax pad, and not in the sucrose 
gradient or the pellet. 

DISCUSSION 

The in vitro studies reported here are the 
first demonstration of the enzyme activities 
responsible for wax biosynthesis in the develop- 
ing jojoba cotyledon. They show that cell- 
free preparations from this tissue represent a 
viable system for further study and highlight 
manipulations necessary to obtain reasonable 
enzyme activities. 

The demonstration of acyl-CoA elongase, 
acyl-CoA reductase and acyl-CoA-fatty alcohol 
ligase activities indicates that wax ester biosyn- 
thesis can proceed from oleoyl-CoA by the 
series of reactions shown in the lower right 
hand corner of Figure 4. 

Our study is the first to show that erucic acid 
biosynthesis can occur via oleoyl-CoA and then 
eicosenoyl-CoA elongation. Previous studies 
have shown that malonyl-CoA is a cofactor for 
such elongations (2,3). Our experiments con- 
firm this, rule out acetyl-CoA as a cofactor, and 
indicate NADPH to be the preferred reductant. 
However, the localization of elongation activity 
solely in the wax pad differs from the localiza- 

tion of erucic acid biosynthesis reported by 
Appelquist for Brassica campestris (2), where 
activity was found only in the "microsomal" 
fraction, and by Appleby et al. for Crambe 
abyssinica(3), where activity was found in the 
800 g and 23,500 g pellets and in the fat pad. 

The NADPH-specific acyl-CoA reductase, 
which produces free alcohol and is located in 
the jojoba wax pad, differs from other acyl- 
CoA reductase systems observed in plants. 
The activity studied by Khan and Kolattukudy 
in Euglena gracilis was microsomal and required 
NADH (4,5), while, in acetone powders from 
young broccoli leaves, Kolattukudy could 
separate two enzyme activities (6). An NADH- 
dependent reductase produced free aldehyde 
from acyl-CoA, while an NADPH-dependent 
fatty aldehyde dehydrogenase gave the free 
alcohol. Acyl-CoA reduction in the jojoba 

External Cotyledenof Oeveloping Iojoba Seed 
General metabolism 

t p t Glucose- - - ~ 6 1 u c o s o  ~ yrova e 
-y 

Compartment Z'- ' -}  "~'~rnpartment Tr 

a~-~-~tt~yllte ~"t Ac~t CoA sl~ ~C2 Acetate - Acet ~ 116:0 I ACP .J ~ Pilmitoyl-ACP Elongase 
Track] 16:0 

/ ~ StearOvl-/tL;POesaturase 
Malonyl-CoA tle:l 

I ~ T,io*~ter,. 
18:lCoA~18:IFFA~ - - l e : l  FFA 

2~0.1C.AOpH I 
oA NA~ Ei~osenol 

..... l _ , . .  
22:1CoA~-~---~ D o c os an ol I E s t e r s  I L 

FIG. 4. Hypothesis for wax biosynthesis in the 
maturing jojoba cotyledon. The "ACP-track" enzymes 
shown in Compartment II require acyl-ACP thioesters 
as substrates, with malonyl-CoA supplying the C 2 unit 
for the fatty acid syntbetase condensations and 
palmitoyl-ACP elongation. 
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TABLE VII 

In vivo Enzyme Specificity Patterns for Chain Elongation, Reduction 
and Esterification, Derived from Jojoba Wax Composition a 

Composite enzyme specificities 
% Alcohol Reduction Esterification 

in wax to alcohol Elongation into wax 
% Acid 
in wax 

0.5 I8:1-OH 

22.0 20:1-OH -~ 

23.0 22:1-OH 

4.5 24:1-OH 

o.5% 5.5% 
18:1(9c)CoA ~ 18:IWE 

~ 94% 
23.4% 38.2% 

20:1(11c)CoA ~ 20:IWE 

I 38.2% 
63.9% 22% 

22:1(13c)CoA I~ 22:lWE 

13.9% 
90% 10% 

24:1(15c)CoA ~-- 24:IWE 

5.5 

36.0 

8.0 

0.5 

a% = Percentage conversion of acyl-CoA for one of three competing reactions. 

cell-free homogena te  did not  produce signifi- 
cant quanti t ies  of  free aldehyde.  The absence of  
[ 1-14C]docosenal  upon incubat ion of  [ 1-I4C] 
docosenoyl -CoA with NADH as the only 
reductant  suggests the absence of  an NADH- 
specific reductase to convert  acyl-CoA to free 
aldehyde.  The possible separation of  the jo joba  
acyl-CoA reductase in to  two enzyme  activities 
awaits further  investigation. 

Kola t tukudy  has suggested that wax ester 
biosynthesis  can occur  by three donor  mechan-  
isms: acyl transfer to the free alcohol  f rom 
acyl-CoA thioesters,  free fat ty acids or phos- 
pholipids (6). Our results indicate that  acyl- 
CoA is an acyl donor  and free alcohol  the acyl 
acceptor  in the biosynthesis  of  jo joba  wax. 
Ano the r  possible acyl donor  may be the acyl- 
ACP thioester .  

In vivo exper iments  on jo joba  wax bio- 
synthesis indicated two pools o f  acetate,  one sup- 
plying the de novo synthesis o f  stearate and the 
o ther  supplying the chain e longat ion of  oleate 
(9). Ace tone  powders  f rom matur ing jo joba  
seeds showed acyl-ACP thioesterase activity,  
with oleoyl-ACP being the op t imum substrate 
(24). F rom these considerations,  a pa thway for 
wax biosynthesis  (Fig. 4) is suggested (9). It 
utilizes the concept  of  an "ACP-track,  switch- 
ing mechanism, CoA- t rack"  proposed by 
S tumpf  as a general pathway for plant lipid 
biosynthesis (10,11). The ACP-track reactions 
are de novo fat ty  acid synthesis, palmitoyl-ACP 
elongation,  and stearoyl-ACP desaturat ion.  The 
switching mechanism is the hydrolysis  of  
oleoyl-ACP to oleic acid and then the conver-  
sion of  the oleoyl  moie ty  to its CoA-thioester  
by an acyl-CoA ligase. The subsequent  metabo-  
lism to produce  wax occurs on the CoA-track.  

The fact that  all the requisite enzyme  activities 
have now been demonst ra ted  in vitro lends 
credence to this scheme. However ,  the observa- 
t ion of  e longat ion and reduct ion  o f  stearoyl- 
ACP was unexpected .  The absence of  stearoyl- 
ACP elongat ion or  reduct ion  would  have 
conf i rmed our  two-track hypothesis .  Since ACP 
has the same funct ional  group as CoA (i.e., 
4-phosphopante the ine) ,  an overlap o f  substrate 
specificity for these two types of  acyl thioester  
for the elongase(s) and reductase(s) may 
explain our results, al though the  possibility of  
separate enzymes for acyl-CoA and acyl-ACP 
substrates cannot  be ruled out.  Obviously,  
fur ther  exper imenta t ion  is required to resolve 
the quest ion as to whether  the subsequent  
metabol ism of oleate to wax occurs on the 
ACP-track or  the CoA-track or both .  However ,  
we believe our  two-t rack scheme (Fig. 4) to be 
the most reasonable one to fit all the present  
data. Since jo joba  wax has only traces of  
saturated fat ty acid or  alcohol  components ,  it is 
clear that  the stearoyl group,  a potent ia l  
precursor of  saturated long chain acids and 
alcohols, never becomes  associated with the 
elongat ion and reduct ion  systems in the cell. 
Thus, while s tearoyl-CoA and stearoyl-ACP are 
substrates for e longat ion and reduc t ion  in vitro,  
the intact  cell does no t  utilize these substrates 
for this purpose,  since s tearoyl-CoA is never 
formed and stearoyl-ACP is presumably com- 
par tmented  and serves only as the substrate for 
desaturat ion to oleoyl-ACP. Thus, the inter- 
pre ta t ion  of  the results f rom composi t ional  
studies coupled with in vivo and in vi tro incu- 
bat ion data strongly suggest a two-compar t -  
ment  biosynthet ic  system (Fig. 4). Fur ther-  
more,  our two-track hypothesis  is also sup- 
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ported by the observation that the oleoyl 
switching mechanism coincides with the 
"boundary" between the acetate pools. 

The substrate specificity for the monoun-  
saturated acyl-CoAs fits very well the expected 
trends from an analysis of the wax composi- 
tion. Examination of the mass composition of 
the wax suggests that as the chain length of the 
potential substrates increases (18 : 1 to 24:1) the 
elongation reaction becomes less favored while 
reduction becomes more favored (Table VII). 
Assuming that in vivo the subsequent metabo- 
lism of oleate to produce wax occurs on the 
"CoA-track," each acyl-CoA substrate can 
suffer one of three competing fates: chain 
elongation, reduction to the corresponding 
alcohol, or esterification into wax. Starting 
with 100 units of oleoyl-CoA supplied from the 
de novo synthesis reactions, this eventually 
ends up as 0.5 unit  of oleyl alcohol, 5.5 units of 
oleate, 22.0 units of eicosenol etc. in the wax 
(i.e., the percent composition data from a 
typical wax analysis given in Table VII). The 
percentages given for each individual reaction in 
Table VII are a measure of the resulting or 
composite specificity at the steady state pro- 
duction of wax. For example, from the mass 
composition, it is apparent that 94 units of 
oleoyl-CoA must be elongated to eicosenoyl- 
CoA, and of this eicosenoyl-CoA 22 units are 
reduced to eicosenol (i.e., 23.4% conversion). 
The in vitro data show similar trends for 
elongation and reduction as are derived in Table 
VII from the wax composition: that is, as chain 
length increases (18:1 to 20:1 to 22:1), elonga- 
tion becomes less favored while reduction 
becomes more favored (Table III). The in vitro 
trends reported in this study now require 
confirmation by a full evaluation of kinetic 
parameters (Vma x and Km values). 

Localization of the various lipid-synthesizing 
activities within the cotyledon cell is a crucial 
aspect for a full understanding of wax ester 
biosynthesis. The floating wax pad from the 
12,000 g spin of the cell-free homogenate 
contained the requisite activities to synthesize 
wax from malonyl-CoA, with negligible activity 
in other fractions. The floating fat layer has 
been reported as the major site for lipid bio- 
synthesis in developing castor bean endosperm 
(25) and avocado mesocarp (26), while in the 
germinating jojoba cotyledon Huang and his 
coworkers have proposed that the first steps in 
wax degradation (lipolysis and fatty alcohol 
oxidation) take place at the wax body mem- 
brane (27,28). Electron microscopic studies 
clearly show that developing jojoba cotyledons 
contain both endoplasmic reticulum and 
plastids in addition to the wax bodies (29), and 
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it is quite possible that membranous material is 
adhering to the wax pad during the preparation. 
A detailed morphological composition of the 
floating wax pad and definition of developing 
wax body membranes in the jojoba in terms of 
enzyme localization are clearly needed. 
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Characterization and Composition of Sterols in the Free 
and Esterified Sterol Fractions of Asperoillus orgzae 
YASUHIKO FUJINO and MASAO OHNISHI, Department of Agricultural 
Chemistry, Obihiro UniversiW, Obihiro, Hokkaido, Japan 

ABSTRACT 

Free and esterified sterol fractions were isolated from Aspergillus oryzae, and their components 
analyzed mainly by gas chromatography-mass spectrometry. Cholesterol, brassicasterol, episterol (Sc~- 
ergosta-7,24128]-dien-3t3-ol), 4c~-methyl-5c~-ergosta-8[9] ,24128]-dien-3~-ol, lanosterol and 24-methyl- 
ene-24-dihydrolanosterol were well characterized, whereas 5-dihydroergosterol, sitosterol and 24 [28]- 
dehydroergosterol were tentatively characterized. The principal sterol of the free sterol fraction was 
brassicasterol, and that of the esterified sterol fraction was episterol. Ergosterol, which is reported 
to be widely distributed in the fungi kingdom, was not detected. 

INTRODUCTION 

The lipid composition of fungi has not been 
investigated as well as that of other organisms. 
Especially no analyses of the lipids have been 
carried out concerning Aspergillus or),zae, 
yellow koji mold, which is popular in Japan to 
brew such foods as sake, shochu, miso, soy- 
sauce and so forth. We have examined the 
mycelial lipids of Aspergillus oryzae IFO 4290 
in detail, and reported the structure and molec- 
ular species of the sphingolipids (1-3)and the 
chemical composition of the neutral acyl lipids 
(4) in previous papers. In this paper we describe 
the characterization and composition of 4- 
methylsterols and 4-demethylsterols in the free 
and esterified sterol fractions in A. oryzae. 

Several studies have been done on sterols of 
fungi (5-8), but none on A. oryzae. Most of the 
fungi were examined only for 4-demethyl- 
sterols, and only a few for 4-monomethyl- 
sterols and 4,4-dimethylsterols (6). 

EXPERIMENTAL METHODS 

Thin Layer Chromatography (TLC) 

TLC was performed using Silica Gel G 
plates, 250/am. The solvents for TLC were: (A) 
hexane/ether (95:5, v/v), (b) hexane/ether 
(80:20, v/v), (C) benzene/ethyl acetate (10:1, 
v/v) and (D) chloroform/acetone (95:5, v/v). 

Isolation of Sterol Lipids 

A. oryzae was grown in Czapek liquid 
medium at 28 C; the mycelium (400 g wet 
weight) was harvested in the stationary phase 
(1), lyophilized, and extracted twice with 10 
vol chloroform/methanol (2:1, v/v) and (1:2, 
v/v), respectively. After solvent removal and 
washing, the iipids (6.5 g) were applied to a 
silicic acid column (4 x 50 cm) and separated 
into nonpolar and polar fractions (1). The 

nonpolar lipids (5.1 g) were placed on a second 
silicic acid column (3 x 70 cm) (9). Steryl esters 
were eluted with hexane/benzene (85:15, v/v) 
and hexane/ether (95:5, v/v), and the three 
classes of free sterols (4,4-dimethyl, 4-mono- 
methyl and 4-demethyl) were subsequently 
eluted with hexane/ether (70:30 and 50:50, 
v/v). Steryl esters were purified by preparative 
TLC with solvent A. The free sterol fractions 
were saponified to remove acyl hpids, and 
applied to a silicic acid column (2 x 30 cm) as 
described above. Free 4-methylsterol and 
4-demethylsterol fractions were obtained by 
preparative TLC with solvent B. The 4-demeth- 
ylsterol fraction was further purified by re- 
crystallization from ethanol. 

Hydrolysis of Steryl Ester 

Steryl esters were saponified under reflux 
with methanolic 1 N KOH for 100 min. After 
coohng and addition of water, the reaction 
mixture was extracted with ether, the extract 
washed with water and concentrated to dryness 
to yield component sterols. This fraction w a s  

separated by TLC with solvent C into 4-methyl- 
sterols and 4-demethylsterols. 

Trimethylsilylation and Acetylation of Sterol 

Sterols were treated with either trimethyl- 
silyl imidazole (10) or with the clear super- 
natant of dry pyridine/hexamethyl/disilazane 
/trimethylchlorosilane (1.0:1.3:0.8, v/v/v) (11) 
for 30 min at 60 C to convert them to the 
trimethylsilyl ether derivatives. 

Sterols were acetylated in dry pyridine/ 
acetic anhydride (2:1, v/v) for 1 hr at 37 C. The 
reaction mixture was then e:~tracted with 
hexane to obtain the acetates (t 2). 

Isolation of Major Component 4-Demethylsterols 

The free 4-demethylsterol fraction and the 

663 



664 Y. F U J I N O  AND M. OPINISHI 

~ ester f r o c t [ o  
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FIG. 1. Gas liquid chromatogram of 4-demethyl- 
sterols in the steryl ester and free sterol fractions from 
A. oryzae. Glass column, 0.3 x 200 cm, packed with 
1.5% SE-30, 230 C. 

component 4-demethylsterols of the steryl 
esters were purified by TLC with solvent C and 
separated on Silica Gel G-2% AgNO 3 with 
solvent D into several sterol classes (13). The 
isolated components were acetylated and 
further purified by preparative TLC with 
solvent C. 

Infrared ( IR)  Spect romet ry  

IR spectra were recorded with an infrared 
spectrophotometer (IR-G type, Nippon Bunk5 

Kogyo Co. Ltd., Tokyo) by use of 250 mg 
KBr pellets containing 2~3 mg of each lipid. 

Gas Liquid Chromatography  (GLC) 

Sterols were analyzed with a Hitachi Gas 
Chromatograph (Model 063, Hitachi Seisakusho 
Co. Ltd., Tokyo). A glass tube 0.3 x 200 cm 
was used for the column, and N z as carrier 
gas. The column was packed with either 1.5% 
SE-30 on Chromosorb W (AW-DMCS) or 1.5% 
OV-17 on Chromosorb W(AW-DMCS). The 
former column was operated at 230 C and the 
latter at 250 C. 

Gas Oh ro matography-Mass Speetro metry  (GC-MS) 

Analyses were performed with a Hitachi Gas 
Chromatograph-Mass Spectrometer (Model 
RMU-6MG, Hitachi Seisakusho Co. Ltd., 
Tokyo). The chromatograph was fitted with a 
glass column, 0.3 x 100 cm, packed with 
Diasolid ZS. The column was programmed from 
200 C to 240 C at 2 C/rain. The ion source 
temperature was 220 C, ionization voltage 20 
eV, trap current 80 #A, and accelerating voltage 
3.2 kV. 

R ESU L T S  

T L C  o f  Sterols in the  Nonpo lar  Lipids 

TLC of individual sterol classes (not illus- 
trated) showed that the Rf values of each 
agreed with those of the corresponding authen- 
tic standards prepared from rice bran (14). 
Moreover, all the sterols gave characteristic 

c) Steryl ester f ract ion 

C-3 

i m 

d) Free sterol f ract ion 

d-3 d-4 

~ - ~  a-~ 
, i r ~ , g ib ~ 2o 2~ 3o 3s 4o 45 "o 

Refention time (rain) 

FIG. 2. Gas fiquid chromatogram of 4-methylsterols in the steryl ester and free sterol fractions from A. 
oryzae. Analytical conditions were the same as described in Fig. 1. 
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FIG. 3. Mass spectrum of episterol (peak a-4 in Fig. 1). Analysis by GC-MS. Glass column, 0.3 x 100 cm, 
packed with Diasolid ZS, temperature programmed from 200 C to 240 C at the rate of 2 C/rain. The energy level 
of the ion source was 20 eV and the ionizing current 80 pA. SC: side chain, C-20~C-28. 

color reactions with the sulfuric acid reagent. 
According to densitometric measurements, the 
proportions of free 4-demethylsterols, sterol 
esters and free 4-methylsterols in the nonpolar 
lipid fraction were found to be ca. 12%, 10% 
and 3%, respectively. 

IR Spectra 

IR specta of free 4-demethylsterols, free 
4-methylsterols and steryl esters from A. oryzae 
(not illustrated) showed the usual absorption 
bands corresponding to these compounds. 
Peaks at 1640 and 890 cm -1, characteristic of 
terminal methylene group, were also found in 
the latter two groups. The patterns of these 
spectra were similar to those of corresponding 
compounds isolated from rice bran (14). 

TLC of Sterols from the Ester Fraction 

TLC of the sterols from the ester fraction 
with solvent C gave four spots with Rf 0.51, 
0.44, 0.34 and 0.30; the latter two were 
preponderant. The Rf values of  those spots 
agreed with those of authentic 4,4-dimethyl- 
sterol (0.51), 4-monomethylsterol (0.44) and 
4-demethylsterol (0.34 and 0.30). According to 
densitometric estimation of  the chromatogram, 
the ratio of 4,4-dimethyl-, 4-monomethyl- and 
4-demethylsterols was ca. 0.1 : 1 : 11. 

GLC of Sterols 

4-Demethylsterols. Gas liquid chromato- 
grams of component 4-demethylsterols in steryl 
ester and free sterol fractions are shown in 
Figure 1. Five peaks were found in the steryl 
ester and six peaks in the free sterol fractions, 

respectively. The predominant peaks differed 
between the two fractions. No ergosterol, 
which is known to be widely distributed in 
fungi, could be recognized by either GLC or 
AgNO3-TLC. 

4-Methylsterols. Gas liquid chromatograms 
of component 4-methyl (4,4-dimethyl and 
4-monomethyl) sterols in steryl ester and free 
sterol fractions are shown in Figure 2. Four 
peaks were found in the steryl ester and six 
peaks were detected in the free 4-methylsterol 
fractions. Again, predominant peaks differed 
between the two fractions. 

Determination of the 4-Demethylsterols in 
Steryl Esters 

In Figure 1, peaks a - l~4  were identified as 
f o l l o w s ,  but peak a-5 could not be ana lyzed  
because  of insufficient material. 

Cholesterol (peak a-l). GLC and mass 
spectrometric data for the compound of this 
peak were consistent with those for cholesterol 
(5-cholesten-3/3-ol) (15). 

Brassicasterol {peak a-2). The mass spectrum 
for this compound (strong ions at M-43, M-43-  
18, M-side chain-H20 and m/e 69) was con- 
sistent with that for a 5,22-diene sterol (15-17). 
Molecular weight and GLC data suggested this 
was brassicasterol (ergosta-5,22-dien-3/3-ol) 
which was further confirmed by IR data (970, 
840 and 800cm -x, characteristic for C-22 and 
C-5 unsaturations) (18-20) of the pure 
material isolated by AgNO3-TLC of the free 
sterol and acetate. 

C28 Monoene and Diene SteroIs (peak a-3). 
Although a distinct mass spectrum of peak a-3 
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was not obtained because of the small amount, 
molecular ions were observed at m/e 398 (C 28 
diene sterol) and m/e 400 (C28monoene 
sterol). Other ions derived from the C28diene, 
which were stronger than those from the C 28 
monoene, were m/e 271 (the base peak) favor- 
ing C-7 unsaturation (t5,21),  and M-43 and 
M-43-18 characteristic for C-22 unsaturation 
(15). Moreover, the relative retention time of 
authentic 5-dihydroergosterol (1.27, relative 
to cholesterol) (22) was similar to that of peak 
a-3 (1.28). Peak a-3, therefore, appeared to be 
principally composed of 5-dihydroergosterol 
(5c~-ergosta- 7,22-dien-3/3-ol), in addition to 
a minor unidentified C 28sterol with one double 
bond. 

Episterol (peak a-4). The mass spectrum of 
peak a-4 is shown in Figure 3. The spectrum 
exhibited the molecular weight ions (M +, M-15, 
M-18 and M-18-15) indicating a Cassterol 
with two double bonds. Diagnostic ions of 
M-84 and M--84-15 showed that one of these 
double bonds was at C-24128] (15). Ions at m/e 
271, 255, 246, 231 and 213 indicated that 
another double bond was in the nucleus; 
moreover, the base peak ion at m/e 271 favored 
C-7 unsaturation (15,21). Further, in the mass 
spectrum of the trimethylsilyl ether derivative 
(not illustrated), strong ions at m/e 386 (M-C-  
23~C-27-H)  and 343 (M-side chain-2H,  the 
base peak), characteristic for C-7 and C-24 [28] 
unsaturated sterols, were observed. From 
these fragment ions, peak a-4 was identified as 
episterol (5a-ergosta-7,24 [ 28 ] -dien-3/3-ol). 

The component  4-demethylsterols from the 
steryl ester fraction were subjected to TLC on 
Silica Gel G as well as on AgNO3-TLC , and 
acetylated to isolate the major component.  
When this was analyzed by GLC, a single peak 
corresponding to episteryl acetate was found. 
The ester was saponified, the free sterol puri- 
fied and analyzed by IR. Bands at 1640 and 
890 cm -1 (terminal methylene group at C-24 
[28]),  and absorptions at 847 and 820 cmq 
(C-7 unsaturation) (18) were found, which 
showed that the sterol was episterol. 

Determination of the 4-Demethylsterols in the 
Free Sterol Fracion 

In Figure l ,  peaks b - l ~ 5  were identified as 
follows, but peak b-6 was not because of 
insufficient material. 

Brassicasterol (peak b-l). As GLC and mass 
spectrometric data of  peak b-1 were consistent 
with those of peak a-2, peak b-1 was identified 
as brassicasterol. 

C28 Monoene and Diene Sterol (peak b-2). 
As the retention time and mass spectrum of 
peak b-2 were in agreement with those of peak 

a-2 of steryl ester, this peak was presumed to 
be composed of 5--dihydroergosterol and an 
unidentified C28sterol with one double bond. 

Episterol {peak b-3). Peak b-3 was identified 
as episterol, being identical with peak a-4. 

C29 Monoene Sterol {peak b-4). Although a 
distinct mass spectrum of peak b-4 could not be 
obtained because of insufficient material, a 
molecular ion was detected at m/e 414 suggest- 
ing a C29 sterol with one double bond. Strong 
ions at m/e 3 0 3 ( M - 9 3 - H 2 0 ) ,  3 2 9 ( M - 6 7 - H  2 
O) and 396(M-18)  suggested tha the position 
of the double bond was at C-5 (15). Peak b-4 is 
postulated to be sitosterol based on its mass 
spectrum and the retention time, which agreed 
with that of  authentic sitosterol. 

C28 Tetraene Sterol {peak b-5). The mass 
spectrum of peak b-5 had a molecular ion at 
m/e 394 suggesting a C28 sterol with four 
double bonds. Strong ions of M-(side chain + 
H20 + 2H) at m/e 251 indicated that there 
were two double bonds in the side chain and 
nucleus, respectively (15). From the presence 
of diagnostic ions of M - 4 3  and M - 4 3 - 1 8 ,  the 
position of  one of  the double bonds in the side 
chain was presumed to be at C-22 (15); more- 
over, ions of  M - 8 4  and M - 8 4 - 1 5  suggested 
that there was another double bond at 
C-24128] (15). The position of  double bonds in 
the nucleus could not be determined from the 
mass spectrum. However, of the fungal C28 
sterols with four double bonds, only 24[28]-  
d e h y d r o e r g o s t e r o l  (ergosta-5,7,22,24 [ 28 ] - 
tetraen-3fl-ol) and 14-dehydroergosterol (er-  
gosta-5,7,14,224etraen-3~-ol) have been re- 
ported to be present in yeasts (23) and Fungi 
imperfecti species (24). Peak b-5 is, therefore, 
assumed to be 24 [ 28 ] -dehydroergosterol. 

Determination of the 4-Methylsterols 
in Steryl Esters 

In Figure 2, peaks c-l ,  c-2 and c-4 could not 
be analyzed because of insufficient material, 
but peak c-3 was characterized as follows. 

4ee-Methyl-Sa-ergosta-8[9], 24128]-dien-3(3 
-ol (peak c-3). The mass spectrum of peak c-3 
had a molecular ion at m/e 412 (The base peak) 
suggesting a C29sterol with two double bonds. 
The pattern of the spectrum was similar to that 
of 4~me thyl-50eergosta-8 [ 91,24 [ 28 ] -dien-3/3-ol 
(16). Ions at m/e 328 (M 84, 4%) and 313- 
( M - 8 4 - C H  3, 6%), which indicated the pres- 
ence of  a 24-methylene group, were observed. 
Moreover, both the ions showed that there were 
one double bond and one extra methyl group in 
the nucleus. The position of  the methyl group 
was deduced to be at C-4 from the detection of 
an ion at m/e 3 6 5 ( M - H 2 0 - 2 9  1%) charac- 
teristic for a 4c~-methylsterol (25). From these 
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TABLE I 

Sterol Composition of Steryl Ester and Free Sterol Fraction from A. oryzae (%) 
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Steryl ester fraction Free sterol fraction 

Sterols Peak no. a A B A B 

4-Demethylsterols 
Cholesterol a-1 1.0 1 . . . . .  
Brassicasterol a-2 and b-1 10.3 10 59.7 48 
5-Dihydroergosterol + Monoenic C28 sterol a-3 and b-2 3.0 3 7.1 6 
Episterol a-4 and b-3 85.4 78 18.7 15 
Sitosterol b-4 . . . .  2.1 2 
24(28)-Dehydroergosterol b-5 -- -- 11,3 9 
Others other peaks 0.3 w < 1 w 1. I x I x 

4-Methylsterol 
4c~-Methyt-5ce-ergosta-8(9),24(28)-dien-3fl-ol c-3 and d-2 96.0 8 6.8 1 
Lanosterol d-3 . . . . .  37.2 7 
24-Methylene-24-dihydrolanosterol d-4 -- -- 45.4 9 
Others other peaks 4.0Y <lY 10.6 z 2 z 

aSee the gas liquid chromatograms in Figure 1 and 2. A: % for 4-demethylsterols or 4-methylsterols. B: % for 
the total sterols, w: peak 1-5. x: peak b-6. y: sum for peaks c-l, c-2 and c-4. z: sum for peaks d-I, d-5 and d-6. 

f r agmen t  ions  peak  c-3 appeared  to be  
4 a - m e t h y l - 5 a - e r g o s t a - 8  [ 9 ] ,24[ 28]-dien-3fl-ol .  
Peak c-3 is a 7 , 2 4 1 2 8 ] - m e t h y l s t e r o l  appears  
to  be  exc luded  because  its mass spec t rum was 
d i f fe ren t  f rom tha t  of  2 4 - m e t h y l e n e l o p h e n o l  
(4o l -methy l -  5 ~ - e r g o s t a - 7 , 2 4  [ 28 ] -dien-3fl-ol) 
(25) ,  and the  in tens i ty  of  ions  at m / e  285-  
( M - s i d e  c h a i n - 2 H )  and  328  ( M - 8 4 ) ,  charac-  
terist ic  of  a C-7 uns a t u r a t ed  s terol  (25),  were 
weak.  

Determination of Component 4-Methylsterols 
in Free Sterol Fraction 

In Figure 2, peaks  d-2, d-3 and  d-4 were 
charac te r ized  as follows, wi th  peaks  d - l ,  d-5 
and  d-6 no t  ana lyzed  because of  insuf f ic ien t  
mater ia l .  

4a-Methyl-5a-ergosta-8,[9],24128]-dien-3fl 
-ol /peak d-2/. As the  r e t e n t i o n  t ime  and  mass 
spec t rum of  peak  d-2 agreed wi th  those  of  peak 
c-3, peak  d-2 was iden t i f i ed  as 4a -me thy l -5a -  
ergosta-8,  [ 9 ] 24 [ 28 ] -dien-3fl-ol. 

Lanosterol(peak d-3). The  mass spec t rum of  
ma jo r  peak  d-3 exh ib i t ed  ions  at m / e  426(M +, 
42%) and  411 ( M -  15, the  base peak)  ind ica t ing  
a C30 s terol  wi th  two double  bonds .  The  
pa t t e rn  of  o t h e r  f r agmen t  ions  (at  m / e  313,  
297,  295,  273,  270,  259,  255 and  241)  was in 
good ag reemen t  wi th  t ha t  of  l anos te ro l ( l ano-  
sta-8,24-dien-3fl-ol)  (15 ,16) .  Peak d-3 was, 
the re fo re ,  iden t i f i ed  as lanos tero l .  

24-Methylene-24-dihydrolanosterol (peak  
d-4). In the  mass spec t rum of  peak  d-4, ions  
ind ica t ing  a molecu la r  weight  were observed  at 
m /e  440(M +, 33%) and  4 2 5 ( M - 1 5 ,  the  base 
peak).  Moreover ,  ions  at m/e  3 5 6 ( M - 8 4 ,  34%) 
and  341(356-CH3,  10%), respect ively,  showed  
the  presence  of  a 2 4 - m e t h y l e n e  group (15). Ions 

at m /e  259 (32%) and  241 (25%) showed  
the  presence  of  a 1 4 a - m e t h y l  group (26)  as well 
as lanosterol .  F r o m  these  f r agmen t  ions,  the  
p robab l e  i den t i t y  of  peak d-4 was 24-methy l -  
e n e - 2 4 - d i h y d r o l a n o s t e r o l  ( 24 -me thy l -5a -  
l a n o s t a - 8 [ 9 ] ,  24128]-dien-3/3-ol) ,  which  was 
suppo r t ed  by  IR spec t roscop ic  data  of  free 
4 - m e t h y l  s terols  ( 1 6 4 0  and 890  cm -1 due to  a 
t e rmina l  m e t h y l e n e  group) .  

DISCUSSION 

The s terol  c o m p o s i t i o n  o f  the  s teryl  es ter  
and free s terol  f rac t ions  calcula ted f rom the  
relat ive p r o p o r t i o n  of  c o m p o n e n t  4 -demethy l -  
s terol  and  4-methy ls te ro l s ,  and  the  respect ive  
gas l iquid c h r o m a t o g r a m s  (Figs. 1 and  2) is 
s h o w n  in Table  I. The  pr inc ipa l  s terols  in the  
ester  f rac t ion  were brassicasterol ,  epis terol  
(78%) and  4o~-methyl -5a-e rgos ta -819] ,24128] -  
dien-3/3-ol, whereas  those  in the  free s terol  
f rac t ion  were brass icasterol  (48%) and various 
a m o u n t s  of  five o thers .  No ergosterol ,  wh ich  is 
k n o w n  to be  widely d i s t r ibu ted  and the  mos t  
a b u n d a n t  s terol  in fungi,  was de tec ted  in A. 
oryzae. F r o m  the  p resen t  e x p e r i m e n t s  and  
analysis  of  f a t t y  acids r epo r t ed  previous ly  (4),  
t he  represen ta t ive  molecu la r  species of  s teryl  
ester  in A. oryzae could be charac te r ized  as 
epis terol  l inoleate .  

In the  p resen t  s tudy ,  i den t i f i ca t ion  of  s terols  
was based  on  GC-MS and  IR analyses,  so t h a t  
the  s t e reochemis t ry  at  C-24 in the  s terol  has 
no t  been  proved.  To dis t inguish  the  C-24 
epimers ,  an e x a m i n a t i o n  by  high re so lu t ion  
nuc lea r  magne t ic  r e sonance  spectra  should  be  
u n d e r t a k e n  in the  fu ture .  

Sterols  of  t he  Fungi imperfecti, to  which  A. 
oryzae belongs,  have been  e x a m i n e d  to some 
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ex ten t  (27). In some Fungi imperfecti previ- 
ously examined ,  the  principal sterols were ergo- 
sterol  and 14-dehydroergos tero l  {Aspergillus 
niger (25)) ,ergosterol  and 22-d ihydroergos te ro l  
(Aspergillus parasitiaus and Aspergillus flavus 
(6)), and fungisterol  (5a-ergosta-7-en-3/3-ol) and 
ergosterol  (Pencillium claviforme (6)) Moreover,  
the sterols in the  rust fungi o f  Basidiomycetes 
and the aquatic Phycomycetes species, which 
produce  no ergosterol  (6,8),  were ident i f ied  
as fungisterol  (ergost-7-en-3/3-ol~ 5-dihydroergo-  
sterol  or fucos tero l  (5,24 [ 28 ] -s t igmastadien-3~ 
ol). In the light of  these facts, the significant 
po in t  to be stressed here is that  the  sterol  
compos i t ion  of  A. oryzae is considerably 
d i f fe rent  f rom that  o f  the  o the r  fungi. In 
particular,  brassicasterol ,  which was one of  the  
major  sterols in A. oryzae, has been de tec ted  
only in a few d e r m a t o p h y t i c  fungi and the  
Thichophyton (6). Considering that  C-5 and 
C-22 unsa tura ted  sterols are no t  regarded as 
in te rmedia tes  in the  b iosyn the t i c  pa thway  f rom 
lanosterol  to ergosterol  in fungi and yeasts  
(6,8,28),  and since no ergosterol  was found  in 
A. oryzae, a specific metabol ic  pa thway  appears 
to  be present  which causes the accumula t ion  of  
brassicasterol  in this organism. 

The status and funct ional  role of  sterol  lipids 
in fungi have no t  been  made  suff icient ly clear. 
However ,  the associat ion be tween  the composi -  
t ion of  the  cell wall and sterols was discussed in 
Phycomycetes species (29). In previous papers  
we descr ibed the  chemical  charac ter iza t ion  of  
sphingolipids which  were present  in compara-  
tively large quant i t ies  and which  also differed 
greatly f rom those  of  o the r  fungi (1,3). These 
differences,  as well as those o f  the sterol  compo-  
nen t s  discussed here,  would  make a s tudy of  
the  cons t ruc t ion  of  the  cell wall and cell 
membranes  of  A. oryzae part icularly in teres t -  
ing. 
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Studies on Cell Proliferation in Inguinal Adipose Tissue 
during Early Development in the Rat 
A.M. GABEN-COGNEVlLLE 1 and E. SWIERCZEWSKI, U. 29 I.N.S.E.R.M., Centre de Recherches 
de Biologie due D~veloppement Foetal et N~onatal, 123 Bd de Port-Royal -- 75014 Paris (France) 

ABSTRACT 

[2-14C] Thymidine was injected into rats aged 3, 5 and l0 days, and incorporation of the precursor 
into deoxyribonucleic acid (DNA) of the inguinal fat tissue was measured for short time periods. Using 
chromatographic procedures to measure the distribution of thymidine and its metabolites in the 
soluble fraction of the tissue, degradation of the precursor was found to be similar at all ages. The data 
indicate that thymidine was more rapidly utilized for DNA synthesis in 3-day-old rats than in older 
animals. When 14C-thymidine was injected in vivo and adipocytes and stromal cells were then 
separated from the inguinal tissue of 3-and 5-day-old rats, the incorporation into DNA was significant 
in both types of cells already 30 rain after pulse labeling. Stromal cells took up twice as much of label 
as the adipocytes. Furthermore, real incorporation into DNA was found in the adipocytes when incu- 
bated in vitro in a culture medium supplemented with 14C-thymidine. The possibility is discussed that 
early in postnatal life adipocytes might synthesize DNA for further celt division. 

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

Two questions are of  part icular  interest  to 
the investigator of  adipose tissue development :  
is the number  of  adipose cells de termined very 
early in the developing fat deposit  and which 
cell types have the potent ia l  to mul t ip ly?  

Some evidence suggests that  cell number  
becomes  fixed early in life both  in obese 
humans  and animals. The possibility of  
affect ing cell mul t ip l icat ion in animals ei ther by 
manupula t ing  dietary intake or by hypotha l -  
amic lesions decreases as the animals grow older 
(1-3). The most  interest ing report  on man is 
that  early onset  of  obesi ty is associated with  a 
greater increase in cell number  than obesity 
beginning later in life (4,5). Most of  these 
investigations on the cellularity of  different  
adipose sites used count ing and sizing tech- 
niques (6) which resulted in mis interpreta t ion 
of  the cell number  in very young  animals (7)_ 
Exper iments  using thymidine  incorpora t ion  
into (DNA) deoxyr ibonucle ic  acid as an index 
of  cellular mul t ip l icat ion ei ther  were carried 
out  with adult animals (8,9) or  else labeling 
periods were too  long to determine the real 
number  and site of cells in the proliferative 
process (10). In addit ion,  these exper iments  
were per fo rmed  with epididymal  fat, which is 
not  representative of  the o ther  adipose sites. 
Differences are observed in cellularity,  in fat 
cell size, and in response to  several st imuli  
be tween  one adipose site and another  (3,11, 
12). 

In the present study,  we used the inguinal 
fat pad of  newborn  rats, which develops early 
and becomes  macroscopical ly  visible 12 hr after 

ITo whom correspondence should be addressed. 

birth (13). With this tissue, it was possible to 
fol low the different  steps of  development  using 
the incorpora t ion  of  14C-thymidine into DNA 
during short labeling periods. The kinetics of  
incorpora t ion  of  thymidine  vary with age and 
tissues and are inf luenced by the rate of  degra- 
dat ion of  the precursor  after inject ion (14,15). 
Since no informat ion  was available on this 
po in t  in the tissues of  newborn  rats, we also 
measured changes in labeled thymidine  and its 
metabol i tes  in the non-precipi table fract ion of  
the whole tissue. Other  exper iments  were 
per fo rmed  on isolated adipocytes  and stromal 
cells in vitro or after inject ion of  thymidine  in 
vivo to investigate whether  cell mul t ip l icat ion 
is restricted to the stromal cells or whether  
adipocytes  part icipate in the proliferative 
process during the early stages of  development .  

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

Chemicals 

Radioact ive biochemicals:  [2 -14C] thymi-  
dine (50 mCi /mmole )  and [methyl-14C] thymi-  
dine (50 mCi /mmole )  were purchased f rom the 
Commissariat  g l 'Energie A tomique  (Saclay - 
France) ;  tissue culture medium 199 was ob- 
tained from Inst i tut  Pasteur (Paris - France).  
Collagenase and DNase I were obtained f rom 
Worthington Biochemical  Corp. (Eurobio  - 
France).  Unlabeled thymidine ,  thymine ,  thy-  
midine t r iphosphate  (TTP), thymidine  diphos- 
phate (TDP), thymidine  monophospha te  (TMP) 
and f l -Aminoisobutyric  acid (AIBA) were 
obtained from Sigma (Eurobio - France).  
Other  chemicals were obtained from Merck 
(Socolab - France).  

669 



670 A.M. GABEN-COGNEVILLE AND E. SWIERCZEWSKI 

Animals 

Three-, 5- and 10-day-old Sherman rats 
obtained from Janvier Breeding Laboratory (Le 
Genest - France) were used. In another set of 
experiments, adult animals (6 rap. old, weighing 
ca. 400 g) were used as controls. Animals were 
chosen which corresponded to average age and 
weight relationships determined from animals 
within the colony. These adult rats were fed ad 
libitum with a standard diet made up by 
"Extralabo," Pietrement Lab., Ste. Colombe, 
Provins, France. The composition of that diet 
was: Protein 25%; Fat 4%; Cellulose 6%; 
Minelras 9%; H20  12%; Vit. E 1.500 mg/100 
kg; Vit. A 1.000 000 UI/100 kg; Vit. D 3 
200.000 UI/100 kg. Radioactive compounds 
were administered by subcutaneous injection at 
a dose of 0.2 #Ci per g body weight in 0.1 ml 
saline. 

Experimental Procedures 

The animals were decapitated 30, 60 and 
120 rain after the injection. The left and right 
inguinal fat pads were rapdily dissected, pooled 
and weighed. In all experiments, the whole 
tissue or the isolated cells were homogenized 
manually in a tight fitting glass grinder (Kontes, 
Polylabo - France). In experiments with whole 
inguinal tissue, total lipids were extracted three 
times with chloroform/methanol (2:1, v/v) 
according to Folch et al. (16). The methanol- 
water layer of the chloroform/methanol ex- 
tracts contained 75% of the total free 14C- 
thymidine and its phosphorylated derivatives 
and degradation products. This was shown by 
paper chromatography after evaporation of the 
extracts as described below. To assure complete 
removal of unincorporated thymidine and 

derivatives, the pellets containing the nucleic 
acids and proteins were dried with air and 
washed again three times with 10% cold TCA 
(no radioactivity was present in the last 
washing). The dry extracts obtained by the 
Folch extraction method and the combined 
TCA supernatants were measured separately for 
radioactivity. The total amount of label found 
in these fractions was called hereafter "total  
radioactivity in soluble fraction." 

RNA and DNA were separated from the 
pellets by the method of Schmidt and Thann- 
hauser (17). Aliquots of the RNA and DNA 
fractions were taken to measure the radio- 
activity. No label was found in the RNA 
fraction, showing that a good separation of the 
nucleic acids was achieved. The amount of 
DNA was determined by the colorimetric 
assay of Burton (18)adap ted  for low concen- 
trations. 

Parallel experiments were done using DNase 
digestion treatment to check whether the 
radioactivity of the precipitable fraction was 
only incorporated into DNA. After extraction 
by chloroform/methanol and subsequent TCA 
washing, the tissue residue containing nucleic 
acids and proteins was digested in 1N KOH for 
at least 15 hr at 37 C. In these conditions, DNA 
was resistant to hydrolysis as shown by Steudel 
and Peiser (19). The reaction was stopped by 
addition of 6N HC1 and the precipitate was 
centrifuged. The pellets were incubated during 
3 hr at 37 C in a medium containing Mg SO4 
(0.9 #mole), sodium acetate buffer (pH = 5, 
150 #moles), DNase (30 U/100 #g DNA) in a 
total volume of 1.8 ml. The reaction was 
stopped by 600 #1 of 20% TCA. The DNA was 
determined in the supernatant by the Burton 
colorimetric method. A standard curve of DNA 
was treated in the same conditions as above. An 
aliquot of the DNA supernatant was measured 
for radioactivity as in former experiments. 

In another set of experiments, the animals 
were killed 30 and 60 min after injection of 
1 4  C-thymidine. The tissue was rapidly dissected 
and adipocytes and stromal cells were isolated 
from the whole tissue by the collagenase 
method of Rodbell with minor modifications 
(20). Pooled white fat was thoroughly minced 
with scissors, placed in closed plastic vials in 4 
ml bicarbonate buffer (pH = 7.4) containing 3 
mg/ml of crude collagenase. The bicarbonate 
buffer contained 2% bovine albumin instead of 
4%, and glucose was omitted from the incuba- 
tion medium. The incubations were carried out 
at 37 C in a shaking water bath during 40 min. 
At the end of incubation, the suspension of 
cells was diluted with fresh buffer, filtered. 
through silk and centrifuged for 3 min at 200 x 
g. This procedure yielded two distinct cell 
pools, fat cells floating to the surface and 
stromal cells which settled. Both cell prepara- 
tions were washed three times with the buffer 
without albumin and were homogenized as 
previously described. Lipids were extracted 
from the adipocytes with chloroform/ 
methanol. The adipocytes and the stromal cells 
were washed with 10% TCA, and the nucleic 
acids were extracted from the pellets by the 
usual procedure. The [ 2 -14 C] thymidine incor- 
poration into DNA was measured in both 
cellular pools. In additional experiments, after 
incubation with collagenase, the separated cells 
were washed with phosphate-buffered saline 
(PBS), without CaC12 and MgC12 (pH = 7.4) 
and then once more with PBS-EDTA (0.02%) 
to remove the Ca ++ ions of the Krebs-Ringer 
medium and prevent cellular aggregation. 

In vitro studies: adipocytes and stromal cells 
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TABLE I 

Various Aspects of Growth and Development of Inguinal Adipose  Tissue 
at 3, 5 and 10 Days Postnatal ly  

671 

Inguinal t issue 
Age to ta l  w e i g h t  a Total DNA a Protein a Lipids a 
Days mg mg mg/gm tissue mg/gm t issue 

86 -+ 2 b 0.128 -+ 0.009 b 24.1 -+ 1.0 b 421 + l0 b 
3 (n = 31~ c (n = 31) c (n = 8) c (n = 54) c 

134 +- 7 ~ 0.218-+ 0.015 b 31.7 + 1.5 b 561 -+ 13 b 
5 (n = 24) c (n = 24) c ( n =  12) c (n = 35) c 

321 +- 11 b 0.281 -+ 0.025 2a.t  _+ 0.8 b 669 -+ 18 b 
10 (n - 14)c  (n = 14 )c  (n = l o )  c (n = 2 1 )  c 

aResults are means + SE of n rats. 
bDifferences between 3, 5 and 10 days in all data presented  here  are highly s ignif icant  

(P<o.o i ). 
CNumber of rats used in the experiment. 

were isolated f rom the  inguinal fat pads by the 
collagenase m e t h o d ,  but  a PBS (pH = 7.4) was 
used instead of  the b icarbonate  buffer .  The two 
cell pools were washed four  t imes with PBS and 
then were suspended  in Medium 199 in Hanks 
BSS containing 10% fetal  calf serum, penicil l in 
(100 U/ml)  and s t r ep tomyc in  (100 / lg/ml) at 
pH = 7.4. Before incubat ion ,  the med ium was 
gassed wi th  95% air 5% CO 2. The cell suspen-  
sions were incubated  for 1 hr at 37 C in closed 
plastic vials conta in ing  10 /ICi of  [ 2 -14C] thy  - 
midine  in 8 ml culture med ium.  The vials were 
gently shaken during the  incubat ion  per iod.  
The react ion was s topped  by cooling to 0 C and 
cell suspensions were rapidly washed twice wi th  
medium 199 and twice again with PBS buffer  
med ium.  Before ex t rac t ion  of  the nucleic acids, 
special care was taken to comple te ly  remove 
the  residual-free 14C_thymidine by washing the  
pellets several t imes wi th  cold 10% TCA. DNA 
was ex t rac ted  f rom st romal  cells and ad ipocytes  
as described previously.  [2 -14C]Thymid ine  
incorpora t ion  was measured in the DNA 
extracts .  

The dis t r ibut ion of  radioact ivi ty was deter-  
mined  by paper  ch roma tography  (15,20)  at 
d i f ferent  t ime intervals af ter  inject ion and at 
d i f fe rent  ages in the  c o m p o u n d s  which were 
present  in the me thano l -wa te r  layer af ter  
c h l o r o f o r m / m e t h a n o l  ex t rac t ion .  Af ter  evapor-  
a t ion of  the c h l o r o f o r m / m e t h a n o l  extracts ,  the 
residue was t rea ted  by a mix ture  of  e t h e r / H 2 0 .  
In this p rocedure ,  the nucleot ides  and deriva- 
tives were recovered in the aqueous phase.  This 
phase was concen t ra t ed  by freeze-drying,  and 
the samples were ch roma tographed  on What- 
man paper  n~ in the fol lowing solvent  systems:  
(a) ETAA: 90% ethanol  and 1M a m m o n i u m  
acetate  conta in ing  0.1M EDTA (70:30)  and (b) 
EtAc form: upper  phase f rom a mixture  of  
e thyl  ace t a t e /wa te r / fo rmic  acid (60:35 : 5). The 

radioactive spots  were character ized by the use 
of  unlabeled markers  of  t hymine ,  t hymid ine ,  
TMP, TDP, TTP and AIBA. The pos i t ion  of  the 
spots  was located  with ultraviolet  light (2537 
~ ) ,  and the spots  were eluted wi th  0.1M HC1. 
The amo u n t  of  radioact ivi ty present  in indi- 
vidual spots  was de te rmined  by liquid scintilla- 
t ion coun t ing  ( 15,21 ). 

Radioact iv i ty  was measured  in a l iquid 
scint i l lat ion spec t rome te r  (Nuclear Chicago 
Mark I). The degree of  quenching  among 
samples was cor rec ted  using quench  curves. 

The amo u n t  of  pro te ins  was de te rmined  by 
the m e t h o d  of  Lowry  et al. (22) in an al iquot  
of  the KOH extrac t  used for  nucleic acid 
separat ion.  

Total  lipids were measured  by the gravi- 
met r ic  m e t h o d  after  evapora t ion  of the chloro- 
f o r m / m e t h a n o l  ext rac t .  

Optical  and e lec t ron  microscopic  studies 
were carried out  wi th  isolated ad ipocytes  and 
s t romal  e lements .  

The results were analyzed by s tandard  
statistical p rocedures  (Fischer  t- test) .  

RESULTS 

Adipose Tissue Growth and 
Chemical Composition (Table I) 

Postnata l  to ta l  weight  increases varied 
significantly (p%0.01) by 56% be tween  days 3 
and 5 and by 140% be tween  days 5 and 10. 

A very rapid parallel increase in total  DNA 
con t en t  was observed be tween  the 3 rd and 5 th 
days (70%). Af ter  the 5 th day, the total  DNA 
con ten t  increased to a lesser ex t en t  (30%). 
Prote in  concen t ra t ion  was maximal  at 5 days of  
age and then decl ined.  The percentage  of  lipid 
rose regularly during the ent i re  per iod s tudied .  
These results indicate  that  g rowth  of  inguinal 
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10  

c p m / m g  DNA a 
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t i m e  a f t e r  i n j e c t i o n  (min )  

F I G .  1. I n c o r p o r a t i o n  o f  [ 2 - 1 4 C ]  t h y m i d i n e  i n t o  
t h e  s o l u b l e  f r a c t i o n  ( e )  a n d  t h e  D N A  ( e )  o f  t h e  
i n g u i n a l  t i s s u e  o f  (a)  3 - d a y - o l d  r a t s ,  (b )  5 - d a y - o l d  r a t s  
a n d  (c)  1 0 - d a y - o l d  r a t s .  E a c h  p o i n t  is t h e  m e a n  + SE  
f o r  3 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  p o o l e d  t i s s u e  f r o m  
a t  l e a s t  3 a n i m a l s .  

fat  t issue was for  the  mos t  par t  cor re la ted  wi th  
cellular mu l t i p l i ca t ion  up to  5 days. Therea f t e r ,  
the  i n c r e m e n t  in adipose  tissue was the  resul t  of  
b o t h  the  increase in adipose  cell n u m b e r  and  
the  en l a rgemen t  of  cell size as s h o w n  by the  fall 
of  p ro t e in  and  the  increase in lipid. 

In V i v o  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 e  
T h y m i d i n e  in the  T o t a l  T issue 

The data  derived f rom these  s tudies  are 
s h o w n  in Figure 1 and  Table  II. 

Th i r ty  m inu t e s  a f te r  in jec t ion ,  the  [2-14C] 
t h y m i d i n e  i nco rpo r a t ed  in to  DNA of  the  
whole  t issue was h igh at 3 and  5 days of  age 
(28 ,200  and 20 ,400  c p m / m g  DNA, respec- 
t ively,  Fig. 1). At  b o t h  stages of  deve l opm en t ,  
the  t ime  courses  of  i n c o r p o r a t i o n  were similar  
and  a t t a ined  a m a x i m u m  of  rad ioac t iv i ty  at  60 
min.  On day 3, the  d i f ference  of  i n c o r p o r a t i o n  
be tween  30 and  60 rain was s ignif icant .  Ten  
days af te r  the  an imal ' s  b i r th ,  the  label ing of  
DNA was lower  (ca. 11,000 c p m / m g  DNA) and  
r ema ined  s table  t h r o u g h o u t  the  expe r imen t �9  An 
inverse re la t ionsh ip  be t w een  the  d i sappearance  
of  the  rad ioac t iv i ty  f rom the  soluble  compar t -  
m e n t  and  the  i n c o r p o r a t i o n  of  the  p recursor  
in to  DNA as a f u n c t i o n  of  t ime  was observed  in 
Figure 1 in 3- and  5-day-old bu t  no t  10-day-old 
rats. 
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TABLE III 

Incorporation of 14C-Thymidine into DNA of  Adipocytes 
and Stromal Cells Isolated from Inguinal Tissue, after Injection 

in vivo of  the Precursor to 5-Day-Old Rats 

Incorporation Adipocytes a Stromal cells a 
periods cpm/mg DNA cpm/mg DNA 

11500 + 920 23100 • 1390 
30 Min (n = 9) b (n = 9) b 

13000 • 1500 24100 • 960 
60 Min (n = 7) b (n = 7) b 

aResults are means  -+ SE. 
bn = Number  of  exper iments  carried out  with pooled tissue from at least 7 animals. The 

exper iments  on adipocytes and stromal  cells were always done in parallel. 

TABLE IV 

Incorporation of  14C-Thymidine into DNA of  Adipocytes and Stromal Cells 
Isolated from Inguinal Tissue of  3-Day-Old Rats: (a) Effect of  Two Different 

Washing Procedures during Cell Fractionation and (b) Effect of  
Two Different DNA Extraction Methods 

Incorporation periods 

30 Min 60 Min 

Buffer + EDTA Buffer - EDTA Buffer - EDTA 

TCA extraction TCA extraction TCA extract ion DNase extraction 

25310 + 2700 23150 • 2100 25700 • 1250 20500 • 2900 
Adip~ (n = 4) b (n = 5) b (n = 7) b ~ = 7) b 

37630 • 2100 33500 • 1500 43100 • 1700 40800 + 1500 
Stromal cells a (n = 4) b (n = 5) b (n = 7) b (n = 7) b 

aResults are means  + SE. 
bn = Number  of  exper iments  carried out  with pooled rats from at least 12 animals. 

T h e  d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v i t y  in t h e  
m e t a b o l i t e s  o f  t h e  s o l u b l e  c o m p a r t m e n t  was  
m e a s u r e d  u s i n g  [ m e t h y l - 1 4 C ]  t h y m i d i n e .  T h i s  
p r e c u r s o r  was  u s e d  i n s t e a d  o f  [ 2 - 1 4 C ] t h y m i  - 
d i n e  b e c a u s e  w i t h  t h e  l a t t e r  all t h e  d e g r a d a t i o n  
p r o d u c t s  were  n o t  l abe l ed .  W i t h  b o t h  p re -  
c u r s o r s ,  n o  age c h a n g e s  o c c u r r e d  in  t h e  t o t a l  
r a d i o a c t i v i t y  o f  t h e  s o l u b l e  f r a c t i o n .  A r a p i d  
d e c l i n e  in t h e i r  r a d i o a c t i v i t y  was  o b s e r v e d  
b e t w e e n  30  a n d  60  m i n  a f t e r  i n j e c t i o n .  T w o  
h o u r s  l a t e r ,  o n l y  20% o f  t h e  in i t ia l  v a l u e  was  
d e t e c t e d  in t h e  s o l u b l e  f r a c t i o n  on  d a y s  3, 5 
a n d  33% o n  d a y  1 0  T h e  level  o f  14C a c t i v i t y  in 
t h e  t h y m i n e  n u c l e o t i d e s  a t  v a r i o u s  t i m e  p e r i o d s  
a f t e r  i n j e c t i o n  a n d  a t  v a r i o u s  ages  a p p e a r e d  t o  
be  c o n s t a n t ,  w h e r e a s  t h e  r a d i o a c t i v i t y  o f  f ree  
t h y m i d i n e  d e c r e a s e d .  B e t w e e n  30  a n d  120  ra in ,  
t h i s  dec l i ne  va r i ed  as a d i r ec t  f u n c t i o n  o f  age .  
T h e  r a d i o a c t i v i t y  o f  t h e  t h y m i d i n e  d e c r e a s e d  
18- fo ld  a t  3 d a y s ,  12 - fo ld  a t  5 d a y s  a n d  o n l y  
5 - fo ld  at  10 d a y s .  L a b e l  p r e s e n t  in  t h e  d e g r a d a -  
t i o n  p r o d u c t s  was  c o n s t a n t  b e t w e e n  30 a n d  60  
m i n  a n d  t h e n  d e c l i n e d  at  all ages  as a r e su l t  
o f  e l i m i n a t i o n .  H o w e v e r ,  t h e  re la t ive  p r o p o r -  
t i on  o f  t h e  r a d i o a c t i v i t y  p r e s e n t  in  t h e s e  
m e t a b o l i t e s  i n c r e a s e d  d u r i n g  t h e  f i rs t  60  m i n  
a n d  r e m a i n e d  u n c h a n g e d  t h e r e a f t e r  ( T a b l e  II, 

r e s u l t s  in b r a c k e t s ) .  A p p r o x i m a t e l y  60% o f  t h e  
r a d i o a c t i v i t y  in t h e  d e g r a d a t i o n  p r o d u c t s  was  
f o u n d  in  i3-AIBA. 

T h u s ,  t h e  d e c r e a s e  in  t h e  r a t e  o f  l abe l ed  
t h y m i d i n e  i n c o r p o r a t i o n  i n t o  D N A  b e t w e e n  
d a y s  3 a n d  10 was  n o t  t h e  r e s u l t  o f  an  i n c r e a s e d  
r a t e  o f  d e g r a d a t i o n  o f  t h y m i d i n e  b u t  a rea l  
r e d u c t i o n  o f  D N A  s y n t h e s i s  in  t h e  w h o l e  t i s sue .  

Incorporation of 14C-Thymidine into DNA 
of Isolated Adipocytes and Stromal Vascular 
Cells after Injection of the Precursor in vivo 

We e x a m i n e d  t h e  t i s sue  c o m p a r t m e n t a l i z a -  
t i o n  o f  r a d i o a c t i v i t y  in o r d e r  to  p r o v i d e  f u r t h e r  
i n f o r m a t i o n  a b o u t  t h e  s i t e s  o f  cel l  p r o l i f e r a t i o n  
( T a b l e  I l l ) .  T h e  d a t a  i n d i c a t e  t h a t  a rea l  i nco r -  
p o r a t i o n  o f  1 4 C - t h y m i d i n e  i n t o  a d i p o c y t e s  
D N A  o c c u r e d  in 5 - d a y - o l d  r a t s  e v e n  in t h e  
3 0 - m i n  p u l s e  p e r i o d  a n d  r e m a i n e d  a t  t h e  s a m e  
level  60  m i n  a f t e r  i n j e c t i o n .  T h e  spec i f i c  
a c t i v i t y  f o u n d  in  t h e  s t r o m a l  f r a c t i o n  was  o n l y  
d o u b l e  t h a t  o f  t h e  a d i p o c y t e  f r a c t i o n .  T h e  
s im i l a r  v a l u e s  o f  i n c o r p o r a t i o n  f o u n d  a t  30  a n d  
60  m i n  we re  p r o b a b l y  t h e  c o n s e q u e n c e  o f  t h e  
f u r t h e r  4 0  ra in  i n c u b a t i o n  d u r i n g  cell  d i s soc ia -  
t i on .  

In  T a b l e  IV,  we  c o m p a r e d  t h e  v a l u e s  o f  
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FIG. 2. Photomicrographs of free fat cells obtained 
from collagenase-treated rat inguinal adipose tissue. 
The cells were fixed in 1.7% glutaraldehyde in buffer- 
saline (0.1M sodium cacodylate buffer) and embedded 
in Epon-Araldite. Original magnification x 250. 

radioactive thymidine .  
When stromal cells and adipocytes  were 

incubated separately for 60 min with labeled 
thymidine  in a culture medium,  an appreciable 
amount  of radioact ivi ty was recovered in 
the DNA of both cell types (Table V). In the 
stromal cell types,  the incorpora t ion  rate of  
tbymidine  was again double that  of  the adipo- 
cytes. 

A parallel exper iment  using epididymal  
adipose tissue from 6-month-old  adult rats was 
per formed in order to determine the basal 
activity of  a tissue which has ceased to mult iply 
(1). Here, very low activity was observed in the 
DNA of  the 2 cell pools,  about  5 to 10 times 
lower  than in the inguinal tissue of  young  rats 
(Table V). 

DNA specific activity measured ei ther after 
DNA digestion or  after TCA extract ion.  In spite 
of  slightly lower results obtained with DNase, 
no significant differences were found.  

In order  to check whether  some contamina-  
t ion of  the adipocyte  fract ion with s tromal cells 
occurred,  additional exper iments  were per- 
formed using PBS deprived of  Ca ++ and Mg ++ 
and supplemented  with EDTA in the washing 
procedures  to avoid cellular aggregation (Table 
IV). Both cell pools incorporated 14C-thymi-  
dine at the same level with or wi thout  EDTA. 

Fur thermore ,  s tromal vascular cells were 
absent f rom fat cell preparat ions when 
examined by optical microscopy (Fig. 2). 

In vitro 14C-Thymidine Incorporation into 
DNA of Isolated Cell Fractions 

In order to verify that the presence of  the 
labeled DNA in the adipocytes  was not  due to a 
rapid different iat ion occurr ing during tbe 
course of  the exper iment ,  we separated the 
cells in vitro before the incorpora t ion  of 

DISCUSSION 

The results presented here show that  a high 
rate of  cell mul t ipl icat ion and DNA synthesis 
occured between birth and 5 days after birth in 
the inguinal fat tissue of  the infant  rat. We 
observed that nei ther  the penet ra t ion  of  the 
precursor  into the cell nor  its rate of  degrada- 
tion was modif ied during this period. In the 
inguinal tissue, 60% of the radioact ivi ty was 
recovered in thymidine  30 min after the be- 
ginning of  the exper iment .  In contrast ,  Chang 
and Looney  (15) in an adult regenerating rat 
liver showed that,  2 min after precursor  injec- 
t ion,  85% of the to ta l  radioact ivi ty was found 
in the degradation products .  The high level of  
radioact ivi ty  found in the DNA of the adipo- 
cytes after cellular separation supports  the 
hypothesis  of a real par t ic ipat ion of  these cells 
in the proliferative process of  the young  rat 's 
inguinal tissue. The incorpora t ion  of  thyrnidine 
into the DNA of  the adipocytes  has been a 
mat ter  of  discussion for a long time. It was 
assumed by many authors that  it was a conse- 

T A B L E  V 

In vi tro Incuba t ion  dur ing  60 Min o f  A d i p o c y t e s  and S t romal  Cells with 
1 ~zCI/1 ml 14C T h y m i d i n e ,  a f te r  Separa t ion  of  the Cells f rom Inguinal  
Tissue of  Five-Day-Old Rats.  Compar i son  wi th  the I n c o r p o r a t i o n  in to  

DNA of  Cells Isola ted f r o m  the Ep id idyma l  Tissue of  Adu l t  Rats 

Ad ipocy t e s  a S t romal  cells a 
Age c p m / m g  DNA c p m / m g  DNA 

5 days 12800 -+ 1200 b 29400  -+ 2560  b 
(n = 9)  b (n = 9) b 

adults  2400-+ 300 3310 -+ 820 
6 m o n t h s  (n = 3)  c (n = 3) c 

aResul ts  are means  -+ SE. 
bSignif icant ly  d i f ferent  f rom the  adul t  rats.  P<O.O1. 
Cn = N u m b e r  of  expe r imen t s  carr ied out  wi th  pooled  tissue f rom at least 10 rats aged 

three  days and two  adults .  
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quence  of con tamina t ion  of  the adipose cells 
with s t romal  e lements .  Most of  these experi-  
men ts  were conduc t ed  with adult  animals, and 
the prepara t ions  p robab ly  conta ined  connect ive  
and support ive  tissue cells (8,9). However ,  60 
rain after 3H- thymidine  in jec t ion,  G r e e n w o o d  
and Hirsch (10) observed a real incorpora t ion  
of  the precursor  in to  the DNA of  ad ipocytes  
f rom epid idymal  tissue of 9-day-old rats. We 
could cor robora te  these results using inguinal 
tissue in the early stages of  deve lopment  and 
shor t  labeling periods.  The assumpt ion  of 
con tamina t ion  by cellular aggregation could 
be discarded.  Using a med ium deprived of  Ca ++ 
and supp lemen ted  with EDTA during the 
washing procedures ,  we did not  improve 
appreciably our  results. Fu r the rmore ,  taking as 
a basis the relative levels of  radioact ivi ty 
observed in the ad ipocytes  and s t romal  cells, 
one would have to  assume s t romal  con tamina-  
t ion of at least 50%. Elec t ron  and opt ical  
microscopic  studies wi th  isolated ad ipocytes  
showed  an h o m o g e n e o u s  cell t ype  present ing  a 
character is t ic  spherical shape with a large 
central  drople t  and a f la t tened eccentr ic  
nucleus.  These observat ions ruled out  extensive 
con tamina t ion .  In the ad ipocytes  isolated f rom 
5-day-old rats and incuba ted  in vitro in a 
culture med ium with 14C_thymidine ' we found  
label in the  DNA. Hol lenberg and Vost  (8) did 
no t  find any radioactive thymid ine  in the 
ad ipocytes  f rom epid idymal  tissue incuba ted  in 
vitro. In these exper iments ,  adult rats were 
used,  and the authors  r epo r t ed  that  the cells 
were probably  damaged during separat ion.  The 
results p resen ted  here show that  at an early 
stage of deve lopment ,  when the tissue is in- 
creasing especially by hyperplasia ,  ad ipocytes ,  
like s t romal  cells, i nco rpora ted  14C- thymidine  
in to  the DNA. This ability decreased as the 
animals grew older.  The hypothes i s ,  according 
to which the radioact ivi ty accumula ted  in the 
ad ipocytes  could originate in the very rapidly 
d i f ferent ia t ing  s t romal  cells, appeared unlikely.  
Indeed,  the  very short  incorpora t ion  t imes used 
in our expe r imen t s  do no t  warrant  this inter-  
pre ta t ion  if we take dura t ions  of  various k n o w n  
cell cycles in to  cons idera t ion  (23). Can one  say, 
though ,  that  these d i f fe rent ia ted  cells which 
actively incorpora ted  thymid ine  in to  the DNA 
would  be able to divide? One might  suppose ,  
wi th  present  knowledge ,  tha t  the ad ipocytes  
having incorpora ted  thymid ine  remained 
blocked in G 2 of  the cell cycle. This p h e n o m e -  
non  has been  descr ibed for o the r  cells (24).  We 
can imagine tha t ,  under  the inf luence of  certain 
hormona l  or nut r i t ional  stimuli,  part icularly in 

the  young  animal,  these cells can become  free 
of lipids and divide. 
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Stimulation of Lipid Absorption in Young Rats by 
Cholesterol" Early Time Changes and Effects on 
Pentobarbital Sleeping Time 
JOEL BITMAN,  JOAN R. WEYANT,  D.L. WOOD, and T.R. WRENN,  Nutrient Utilization 
Laboratory, Animal Physiology and Genetics Institute, SEA-AR, USDA, Beltsville 
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ABSTRACT 

Four groups of young male and female rats were fed a chow diet (0), chow plus 10% corn oil (F), 
chow plus 1% cholesterol (C), or chow plus 1% cholesterol plus 10% corn oil (CF) for 1, 2, 4 and 8 
days. After 2 dats, male F, C and CF rats exhibited a shorter anesthesia period (-20 to -30%) when 
given pentobarbital. By 4 days, male F and C rats had pentobarbital sleeping times (PB-ST) 20% less 
than 0 rats. These effects were additive and CF rats had 40% shorter PB-ST. Reduction of PB-ST by 
cholesterol and corn oil was similar but slightly less in female rats. Liver lipid content doubled in 4 
days in CF rats, and liver cholesterol was 4 times that of 0 rats. These changes and the increases in 
metabolism of barbiturate suggested changes in liver microsomal enzyme activities. Serum glutamic 
oxaloacetic and glutamic pyruvic transaminase, two enzymes reflective of liver damage, did not 
increase after 8 days on C, F or CF diets. Our results suggest that consumption of an animal sterol and 
a high lipid diet by laboratory rats, normally consuming a diet low in fat (3-4%), increases the ability 
of the animal to detoxify a barbiturate. Storage of absorbed dietary cholesterol in the liver may 
represent a major mechanism for maintaining extra hepatic cholesterol homeostasis. 

INTRODUCTION 

In a lmos t  all species, the  liver is the  ma jo r  
site for the  me tabo l i sm of  foreign chemica ls  
(1). The  ba rb i tu ra t e s  are a class of  foreign 
chemicals  which  are s t rong depressants  of  the  
cent ra l  nervous  system and  induce  sleep in the  
t r ea ted  individual .  A s t anda rd  dose of  pen to -  
ba rb i ta l  will p roduce  a s t andard  sleeping t ime  
and  the  du ra t ion  of this  pe r iod  is pr imar i ly  
d e p e n d e n t  u p o n  the  me tabo l i sm of  the  ba rb i tu -  
ra te  by  the  liver. An increase in those  liver 
mic rosoma l  enzymes  which  me tabo l i ze  the  
ba rb i t u r a t e  will be re f lec ted  in a shor t e r  
sleeping t ime.  Converse ly ,  any  i n h i b i t i o n  of  the  
act ivi ty  of  these  liver mic rosomal  enzymes  
should  be re f l ec ted  in a longer  du ra t ion  of  
ba rb i t u r a t e  s leeping t ime.  

In r ecen t  s tudies  on the  effects  of  d ie ta ry  
choles te ro l  on  lipid a b s o r p t i o n  in rabbi t s ,  we 
found  t ha t  feeding choles te ro l  for  2-3 m o n t h s  
i nduced  very large increases in p lasma and  
liver choles te ro l  and  lipids (2).  Similar experi-  
men t s  in rats involving feeding choles te ro l  for  
3, 6 and  9 weeks also d e m o n s t r a t e d  increases in 
p lasma and  liver choles te ro l  and  lipids, bu t  
these  were of  smaller  magn i tude  (3). Since a 
3 4 o l d  increase in liver l ipids was observed  in 
the  rats  at 3 weeks,  it was obvious  t h a t  signifi- 
cant  changes  in liver c o m p o s i t i o n  had  occur red  
m u c h  earlier.  These  facts made  it  desirable  to  
d e t e r m i n e  h o w  early these  choles tero l -  and  
fa t - s t imula ted  a l te ra t ions  occur red  in the  liver. 
Accord ing ly ,  we fed 4 groups  of  weanl ing rats  

diets  con ta in ing  choles tero l  and  fat  to deter-  
mine  a) the  early sequence  of  changes in liver 
and  plasma choles te ro l  and liver l ipids and  b) 
w h e t h e r  these changes in liver c o m p o s i t i o n  
were associated wi th  reduced  ba rb i tu ra t e -  
induced  sleep t ime  as an ind ica t ion  of  an 
a l tered level of  act ivi ty  of  liver mic rosomal  
enzymes .  

MATERIALS AND METHODS 

Male and  female weanl ing  Sprague-Dawley 
rats, 21-23 days old weighing 45-55 g, were 
housed  individual ly  on  a schedule  of  12 hr of  
l ight  and  12 h r  of  dark.  Groups  of  rats  were 
fed one  of  the  fo l lowing four  diets:  (O)  g round  
l abora to ry  chow,  (C) chow con ta in ing  1% 
choles te ro l ,  (F)  chow con ta in ing  10% corn  oil, 
(CF)  chow con ta in ing  1% choles tero l  and  
10% corn  oil. 

The  t ime  sequence  of the  d ie tary  ef fec t  
u p o n  p e n t o b a r b i t a l  s leeping t ime  was s tudied  at 
2, 4 and  8 days. The  sleeping t ime  was def ined 
as the  t ime  be tween  in jec t ion  of  the  ba rb i t u r a t e  
and  res to ra t ion  of  the  r ight ing  reflex.  Sod ium 
p e n t o b a r b i t a l  was in jec ted  in t r ape r i t onea l ly  at  a 
dosage rate of  24 mg/kg  b o d y  weight .  

Af te r  1, 2, 4 and  8 days on  the  diet ,  rats  in 
each group were kil led by  l ight  e the r i za t i on  and  
jugular  bleeding.  Weighed samples  of  liver were 
f rozen,  ta ter  h o m o g e n i z e d  in c h l o r o f o r m /  
m e t h a n o l ,  and the  l ipids were ex t r ac t ed  by  the  
t e c h n i q u e  of  Bligh and  Dyer  (4). The resul t ing 
lipid ex t r ac t  in c h l o r o f o r m  was s tored  at - 2 0  C 
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FIG. 1. Effect of 1% cholesterol and 10% corn oil 
diets on duration of pentobarbital anesthesia in wean- 
ling male rats fed for 2, 4 and 8 days. Significant AOV 
effects at p < 0 . 0 5 : 2  days, F; 4 days, C, F; 8 days, C, 
F. Each point represents the mean sleeping time of 
6-8 rats. Controls slept 86 min; sleeping times are 
expressed as percentages of these control values. 

a f te r  add i t ion  of b u t y l a t e d  h y d r o x y t o l u e n e  
(0.1% of  e s t ima ted  lipid weight)  as r ecom-  
m e n d e d  by  J o h n s o n  (5). Liver lipids were 
d e t e r m i n e d  gravimetr ical ly  on  dried a l iquots  of  
the  extracts .  

Sod ium hepa r in  was used as an t i cougu lan t .  
Plasma was ob t a ined  by  cen t r i fuga f ion  of  red 
b lood  cells at 1600 x g for  15 m i n  at 4 C. 
Plasma choles te ro l  was d e t e r m i n e d  on  a c e t o n e /  
e t hano l  ex t rac t s  (6)  by  the  m e t h o d  of  Pearson  
et al. (7). Free  and  to t a l  cho les te ro l  in t issues 
were d e t e r m i n e d  by  the  ferric ch lor ide  proce-  
dure  of  Zla tkis  et al. (8)  a f te r  d ig i ton in  isola- 
t ion  of  t he  cho les te ro l  (9).  

Serum g lu tamic  oxa loace t ic  t r ansaminase  
(SGOT,  EC 2.6 .1 .1)  and  serum g lu tamic  
pyruvic  t r ansaminase  (SGPT,  EC 2.6 .1 .2)  are 
two  serum e n z y m e s  which  of ten  increase  as a 
resul t  of  l iver damage,  w h e n  a suff ic ient  n u m -  
ber  of  cells b e c o m e  damaged  and  m e m b r a n e s  
al low these  e n z y m e s  to leak in to  the  se rum.  
SGOT and  SGPT were d e t e r m i n e d  by  modi f i ca -  
t ions  of  the  p rocedures  by  K a r m e n  (10)  and  
Wroblewski  and  La Due (11)  involving measure-  
m e n t  of  the  change in NADH abso rbance  at 
340  nm.  

The  expe r imen t a l  design was comple t e ly  
r a n d o m  wi th  a factor ia l  a r r a n g e m e n t  of  t rea t -  
ments .  Data  was sub jec ted  to  s tat is t ical  analyses 
by the  analysis of  var iance (ANOVA) .  When no  
s ignif icant  i n t e r ac t i on  effect  was presen t ,  
s ignif icant  ma in  effects  were de t e r m i ned .  When 
a s ignif icant  i n t e rac t ion  ef fec t  was f o u n d ,  
s ignif icant  s imple effects  were d e t e r m i n e d .  
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FIG. 2. Effects of 1% cholesterol and 10% corn oil 
diets on duration of pentobarbital anesthesia in wean- 
ling female rats fed for 4 and 8 days. Each point repre- 
sents the mean sleeping time of 7-8 rats. Controls slept 
80 min; sleeping times are expressed as percentages of 
these control values. 

RESULTS AND DISCUSSION 

Pentobarbital Anesthesia 

Two  days af te r  male  weanl ing  rats  were 
p laced on  a diet  con ta in ing  choles te ro l  or fat ,  
the  du ra t ion  of  p e n t o b a r b i t a l  anes thes ia  was 
r educed  ca. 20% (Fig. 1). No f u r t h e r  r educ t i on  
was observed at 4 or  8 days. The  effects  in- 
duced by  choles te ro l  and  fat  were addi t ive ,  and  
ra ts  fed b o t h  cho les te ro l  and  corn  oil e x h i b i t e d  
sleeping t imes  which  were 60% of con t ro l s  (Fig. 
1). P e n t o b a r b i t a l  anes thes ia  t imes  were also 
d e t e r m i n e d  in female  weanl ing  rats  a f te r  be ing  
fed fat  or choles te ro l  or a diet  con t a in ing  b o t h  
cons t i t uen t s .  R e d u c t i o n  of  s leeping t ime  af te r  
feeding fat  or cho les te ro l  was sl ightly less t h a n  
in the  males,  and  no  grea ter  decreases were 
observed  in those  rats  fed b o t h  l ipids (Fig. 2). 
At  4 days,  n o n e  of  the  groups  were s ignif icant ly  
d i f fe ren t  f rom the  con t ro l s ;  a fat  e f fec t  
a p p r o a c h e d  s ta t is t ical  s ignif icance (p~-0.06).  At  
8 days, all g roups  were d i f fe ren t  f rom the  
con t ro l s ;  the  fat  e f fec t  was a p p a r e n t  (p=0 .00  I ) ;  
a choles te ro l  ef fec t  a p p r o a c h e d  stat is t ical  
s ignif icance (p- -0 .07) .  

The  d e m o n s t r a t i o n  t ha t  s leeping t ime  was 
s h o r t e n e d  ind ica t ed  t h a t  t he  two  hpids ,  cho-  
les terol  and  co rn  oil, s t imula ted  liver micro-  
somal  enzymes  t h a t  me tabo l i ze  pen toba rb i t a l .  
In classic s tudies ,  Selye (12)  s u m m a r i z e d  the  
abi l i ty  of  several h u n d r e d  drugs, insect ic ides ,  
carc inogens ,  s te ro ids  and  o t h e r  foreign chemi-  
cals to  s t imula te  drug m e t a b o l i s m  in animals .  
Al thOugh choles te ro l  i n t e r ac t i on  wi th  p e n t o -  
barb i ta l  was no t  s tud ied ,  cho les te ro l  was f o u n d  
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FIG. 3. Plasma cholesterol concentrations in young 
male rats fed diets containing no addition (O), 1% 
cholesterol (C), 10% corn oil (F), or 1% cholesterol 
plus 10% corn oil (CF) for 1, 2, 4 and 8 days. Signi- 
ficant AOV effects at p<0.05; 1 day, C, F; 2, 4 and 8 
days, C. Bars represent mean values for six rats in each 
group. 

to have no effect  upon hexobarbi ta l  and 
cyclobarbi ta l  sleeping times, and a barely 
significant effect  upon th iopenta l  anesthesia in 
100 g female rats (12). Ciaccio (13), in a review 
of drugs studied as s t imulators  of  liver micro-  
somal enzymes ,  has also cataloged cholesterol  
as having no effect .  We are no t  aware of  any 
reports  of  effects  upon sleep t ime of corn oil or 
lipids per se, a l though both  Brodie ( 1 4 ) a n d  
Mannering (15) have pointed out  that  com- 
pounds  with low lipid solubili ty are poor  
inducers of  drug-metabolizing microsomal  
enzymes.  Poten t  inducers are, in general, highly 
soluble in organic solvents. While the molecular  
basis for liver microsomal  enzyme  induc t ion  is 
unknown,  Conney  (16) emphasized that  the 
enzyme  inducers are lipid-soluble molecules ,  
capable of  penetra t ing the microsomes.  The 
shor tened sleeping t ime of  rats fed cholesterol ,  
an animal fat, suggests the possibili ty that  
animals consuming this type  of  fat in their  diet 
might  be bet ter  able to metabol ize  a foreign 

chemical  than animals subsisting on a plant  
diet. Whether  herbivores or vegetarians are 
more susceptible to anesthetic act ion of drugs 
than carnivores is unknown,  but  Conney  (16) 
has observed a similarity of  effects  in man and 
animals when liver microsomal  enzymes  are 
induced.  

It is possible that the slightly shorter  
sleeping t imes observed in males is the result of  
a faster rate of  metabol ism of  the barbi turate  in 
male as compared  to female rats. Sex dif- 
ferences have been repor ted  in the  activity of  
drug-metabolizing enzymes  in liver microsomes 
(17). Quinn et al. (17) found that  the metabo-  
lism of  hexobarbi ta l  was similar in immature  
male and female rats, but  between 5 and 6 
weeks of  age there was a decrease in hexobar-  
bital action due to increased activity of  the 

hexobarbi ta l -metabol iz ing enzymes  in the 
males. The rats of  the present  exper iment  were 
immature ,  but  the greater s t imulat ion o f  
pentobarbi ta l  metabol ism by cholesterol  and 
corn oil in the males was suggestive of  the 
ini t iat ion of  sex differences in liver metabol ism.  

Blood and Liver Alterations 

The effects of  feeding the diets for 1, 2, 4 
and 8 days upon plasma cholesterol  of  male 
weanling rats are shown in Figure 3. Increases 
in plasma cholesterol  occurred when fat or 
cholesterol  was fed, and these were apparent  
within the first 24 hr. Plasma cholesterol  o f  the 
rats fed cholesterol  was 23% greater than 
controls,  28% higher for rats fed the fat diet 
and 45% higher for rats fed both  fat and 
cholesterol .  The differences be tween controls  
and fat- and cholesterol-fed groups were less as 
the feeding cont inued,  suggesting an adaptive 
mechanism for maintaining cholesterol  hemeo-  
stasis in plasma as the rats aged. 

Cholesterol-  and corn oil-feeding caused only 
slight increases in liver weight  during the short 
t rea tment  periods of  the present exper iment  
(Table I), in contrast  to a 20% increase ob- 
served when these diets were fed for 3 weeks 
(3). Changes in composi t ion  had occurred,  
however ,  and a progressive decline in water  
conten t  was observed in the livers of  rats fed 
cholesterol  and fat: af ter  8 days, liver water 
concent ra t ion  decreased by about  3%. An 
inverse relationship be tween water  and lipid 
cdnten t  was observed: as water  con ten t  de- 
creased, liver lipid increased. Rats fed both  
cholesterol  and fat (Table I) showed a very 
marked synergistic effect :  lipid and cholesterol  
increases were apparent  after 24 hr  and were 
significantly different  after 2 days. Lipid 
conten t  doubled at 4 days in rats fed bo th  
cholesterol  and fat. Liver cholesterol  conten t  of  
rats fed cholesterol-fat  was 2-fold greater 
at 2 days and 4-fold greater at 4 days than 
controls  (Table I). In the male rats fed the 
control  chow diet, almost all of  the liver 
cholesterol  was present as free cholesterol .  
Af te r  cholesterol-fat-feeding,  all of the choles- 
terol  deposited in the liver, above this basal 
amount  of  free cholesterol ,  was cholesterol  
ester. 

Similar effects were observed when female 
weanling rats were fed the exper imenta l  diets 
for 4 or  8 days (Table II). Cholesterol-fat  
feeding caused a 35% increase in plasma choles- 
terol  after 4 days, but  as with the male rats, 
differences were less as feeding cont inued (27% 
increase at 8 days). Af ter  4 and 8 days, liver 
water  content  declined 2 and 3%, respectively,  
while lipid content  doubled.  Total  cholesterol  
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T A B L E  I 

Ef fec t  o f  D ie t a ry  Fa t  a n d  C h o l e s t e r o l  o n  Liver C o m p o s i t i o n  o f  Male Rats  

Dietary  
g r o u p  1 2 

Days  on  d ie t  

Weigh t  
g 

Water 
% 

Lipid  
g / 1 0 0  g 

To ta l  Cho le s t e ro l  
m g / g  

O 2 . 9 + 0 . 2  a 3 . 1 + 0 . 1  4 . 2 •  5 . 5 •  
C 2 . 9 •  3 . 1 •  4 . 5 •  5 . 0 •  
F 2 . 8 •  3 . 0 + 0 . 2  3 . 8 •  5 . 4 •  

C F  2 . 7 •  3 . 7 + 0 . 1  4-6  + 0 . 2  5 . 8 •  
A O V  NS b C x F  NS NS 

O 7 2 . 5 •  7 1 . 8 •  7 1 . 7 •  7 1 . 2 + 0 . 3  
C 7 2 . 2 •  7 0 . 9 •  7 1 . 1 •  7 1 . 0 + 0 . 4  
F 7 1 . 9 + 0 . 2  7 1 . 9 •  7 1 . 5 •  7 0 . 6 •  

C F  7 1 . 8 •  7 0 . 8 •  7 0 . 3 •  6 7 . 8 •  
A O V  F C NS C x F  

O 4 . 2 •  4 . 2 •  3 . 8 •  4 . 2 •  
C 4 . 5 •  4 . 3 + 0 . 1  4 . 7 •  4 . 6 + 0 . 1  
F 4 . 5 •  4 . 5 •  5 . 4 + 0 . 1  5 . 1 •  

C F  5 . 0 •  5 . 4 •  7 . 5 •  8 . 9 •  
A O V  NS C x F  C,F ,  C x F  F, C x F  

O 2 . 8 •  2 . 7 + 0 . 1  2 . 0 •  2 . 4 + 0 . 1  
C 3 . I •  3 . 2 •  3 . 8 •  4 . 2 •  
F 3 . 0 •  3 . 0 •  2 . 9 •  2 . 9 + 0 . 1  

C F  3 . 7 •  4 . 8 •  8 . 8 + 1 . 2  9 . 2 + 0 . 8  
A O V  F , C  C, C x F  C x F  C, C x F  

a M e a n  • s t a n d a r d  error for  six ra t s .  
b N o t  s t a t i s t i ca l ly  s ign i f i can t  a t  t he  0 .0  5 level.  

doubled in 4 days and was 4-fold greater at 8 
days. These compositional differences were not 
reflected by changes in liver weight. 

Pathological changes were observed in the 
liver on gross examination after 4 days. Livers 
from rats fed either fat, cholesterol, or choles- 
terol and fat were lighter in color than controls 
and showed some mottling. Livers from rats fed 
cholesterol and fat for 8 days showed extensive 
mottling, probably due to fat infiltration. 

The shortened pentobarbital sleeping time, 
the compositional changes observed (Tables I 
and II), and the altered appearance of the liver 
raised the possibility of liver cell damage. 
Serum glutamic-oxaloacetic and glutamic- 
pyruvic transaminase, two enzymes reflective of 
liver damage, were measured but showed no 
changes (Table III). It seems probable that the 
liver enzymes metabolizing pentobarbital were 
stimulated without cellular damage or with 
insufficient cell membrane damage to allow 
enzyme leakage into the serum. 

Our results demonstrated that the rat 
responds very rapidly to the presence of choles- 
terol and fat in the diet. Within 24 hr, choles- 
terol- and fat-feeding produce significant 
increases in the lipid and cholesterol content of 
the liver. The rat usually does not respond to 
cholesterol-feeding with lipemia (18) and is 
considered to be a species resistant to dietary 

atherosclerosis. Drastic measures are required to 
produce atherosclerotic lesions. Commonly,  
poisoning of the thyroid with thiouracil and 
addition of bile salts are two features of rat 
atherosclerotic diets in addition to cholesterol 
and fat (18). Our data indicate that although 
cholesterol increases in the blood are relatively 
small, in contrast to those seen in the rabbit 
(2), cholesterol and lipid changes of great 
magnitude occur readily in the liver. Probably 
because of the resistance of the rat to athero- 
sclerosis, we found few reports in the literature 
on short term cholesterol-feeding or on choles- 
terol-feeding without an atherogenic agent. 
Chanutin and Ludewig (19) reported an in- 
crease in liver cholesterol and lipids after 
feeding 2.5% cholesterol in a 20% fat diet for 2 
days. Tsai and Dyer (20) fed adult rats a diet 
containing 2% cholesterol and 2% fat for 6 days 
and found an increase in liver cholesterol and 
long chain fatty acids, a measure of liver lipids. 

Our studies suggest that the lipid-mobilizing 
effects mediated by cholesterol and the syner- 
gistic effects exerted by dietary cholesterol and 
fat, which we observed previously in rabbits, 
also occur readily in the rat. Cholesterol, or fat 
alone, produces relatively slight if any changes. 
Cholesterol and fat, however, exhibit a syner- 
gism and produce increases in liver cholesterol 
and lipid, a decrease in liver water concentra- 
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TABLE II 

Effect of Dietary Fat and Cholesterol on Plasma Cholesterol and Liver Composition 
of Female Rats 

Dietary Days on diet 

group 4 8 

Plasma cholesterol 
mg/dl 

L i v e r  weight 
g 

L i v e r  w a t e r  
% 

L i v e r  lipid 
g/100 g 

Liver total 
cholesterol mg/g 

O 8 0  • 6 a 59 + 4 
C 92 +4 75 + 4 
E 83 _+ 5 65 • 3 

CF 108 • 9 75 _+ 4 
AOV C C 

O 3 .2•  4 . 5 •  
C 3.6_+0.1 4 . 2 •  
E 3.4_+0.2 4 . 7 •  

CF 3 .7+0 .2  5 .2 •  
AOV C NS b 

O 69 . 8+0 . 4  71 .1 •  
C 69.9_+0.4 71 .0+0 .4  
F 70 .2•  70.8_+0.5 

CF 67 .8+0 .5  68 .4 •  
AOV C x F  C x F  

O 4 .3 •  4 . 5 •  
C 4 .6 •  4 . 7 •  
F 4 .9 •  5 .2 •  

CF 8 .0 •  8 . 7 •  
AOV C x F  C x F  

O 2.6_+0.1 3.1_+0.3 
c 2.9_+0.1 3 . 8 •  
F 3 .1 •  4 . 2 •  

CF 5 .9 •  11.7_+1.7 
AOV C x F  C x F  

aMean _+ standard e r r o r  f o r  six rats. 
bNS = Not statistically significant at the 0.05 level. 

TABLE Ili 

Glutamic-Oxaloacetic and Glutamic-Pyruvic 
Transaminases in Serum of Male Rats Fed Fat 

and Cholesterol for 8 Days 

Dietary Glutamic-Oxaloacetic Glutamic-Pyruvic 
group Transaminase a Transaminase a 

O 55 -+ 3 b 14 -+ 1 
C 5 5 + 3  12-+1 
F 56_+4 14_+ 1 

CF 55 _+ 3 12 _+ 1 
AOV NS c NS 

alnternational Units per liter. 
bMean • standard e r r o r  f o r  six rats. 
CNS = Not statistically significant at the 0.05 level. 

t i on ,  and  a s h o r t e n i n g  o f  p e n t o b a r b i t a l  s leeping  
t ime ,  t h u s  ind ica t ing  a s t i m u l a t i o n  o f  liver 
e n z y m e s  m e t a b o l i z i n g  p e n t o b a r b i t a l .  In  con-  
t ras t  to  t he  r abb i t ,  b l o o d  cho l e s t e ro l  e leva t ions  
are n o t  m a i n t a i n e d  at a h igh  level, b u t  the  liver 
rap id ly  exh ib i t s  large changes  in c o m p o s i t i o n .  
The  rat  is t h u s  n o t  a r e s i s t an t  species  in t he  
sense of  n o  r e s p o n s e  to  cho les te ro l .  It  is resis- 

t an t  to  an increase  in p l a sma  cho le s t e ro l ,  and  it 
does  n o t  readily develop  a the rosc le ros i s ,  b u t  
t he  r a t ' s  liver r e s p o n d s  rap id ly  to  d ie ta ry  
cho l e s t e ro l  and fat  by  a c c u m u l a t i o n  o f  large 
lipid s to res .  Within  1 week ,  l iver l ipids d o u b l e  
and  liver cho le s t e ro l  increases  4 t imes .  

Since fat  a lone  did n o t  i nduce  b l o o d  and  
t i ssue  lipid increases ,  it appe a r s  t h a t  the ra t  is 
un ab l e  to  a b s o r b  add i t iona l  l ipid f r o m  its diet. 
The  add i t ion  of  cho les t e ro l  r e su l t ed  in large 
b l o o d  and  t issue increases ,  ind ica t ing  t h a t  t he  
l ip id -mobi l i z ing  e f fec t  is med i a t e d  by  choles-  
te ro l .  Cho le s t e ro l  is p r o b a b l y  c o n v e r t e d  to  bile 
acids and  salts in t he  liver, w h i c h  t h e n  e n t e r  the  
usual  e n t e r o h e p a t i c  c i rcu la t ion .  These  bile 
salts  t h e n  aid in micel lar  and  c h y l o m i c r o n  
f o r m a t i o n  and t h e r e b y  s t i m u l a t e  an increase  in 
the  in tes t ina l  a b s o r p t i o n  o f  cho le s t e ro l  and  
lipid f r o m  the  diet .  

O s t w a l d  and  he r  c o w o r k e r s  (21) ,  in a series 
o f  s tud ies  on  cho l e s t e ro l  m e t a b o l i s m  in the  
guinea  pig, have p o s t u l a t e d  t h a t  the  a c c u m u l a -  

t i on  o f  es ter i f ied  cho l e s t e ro l  in the  liver repre-  
sen t s  a m a j o r  m e c h a n i s m  for  m a i n t a i n i n g  
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extrahepatic cholesterol homeostasis. In our 
short term studies in the rat, dietary cholesterol 
and fat caused a very large increase in choles- 
terol concentration in the liver but relatively 
small increases in plasma. Most of the increase 
in cholesterol can be accounted for as an 
increase in liver cholesterol ester. The data 
suggest that the maintenance of cholesterol 
homeostasis in the rat depends on liver accumu- 
lation of  esterified cholesterol. Hepatic storage 
of excess cholesterol thus represents an impor- 
tant homeostatic control mechanism, allowing 
the blood and extrahepatic tissues to maintain 
normal cholesterol levels. 
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Preparation of Cupric Palmitate Membrane, 
Its Characterization and Evaluation of 
Thermodynamically Effective Fixed Charge Density 
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Chemistry, Aligarh Muslim University, Aligarh -- 202001 (india) 

ABSTRACT 
Membrane potentials have been measured across parchment-supported cupric palmitate membrane 

separating various 1:1 electrolytes at concentrations C 1 and C 2 such that C 2 = 10 C 1. Membrane 
potential data have been used to calculate transference number of ions, permselectivity and also to de- 
rive the thermodynamically effective fixed charge density which is an important characteristic 
governing the membrane phenomena by utilizing the generally accepted and most widely used theory 
of Teorell-Meyer and Sievers as well as the recent theories for membrane potential of Kobatake et al. 
and Nagasawa et al. based on the principles of nonequilibtium thermodynamics. The values of charge 
densities derived from different theories were almost the same, conftrming thereby the validity of the 
recently developed theories of membrane potential. 

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

Many biologically important substances 
resemble the membranous structures of the 
living cells. In recent years considerable atten- 
tion has been focused on these structures in 
order to determine their properties, especially 
their permeability properties. Mueller et al. 
(1-3) generated the first bimolecular lipid layer 
membrane which has been used as a model by a 
number of investigators. Recently other com- 
plex membranes have been prepared by Liquori 
et al. (4-6), Hays (7), De Korosy (8), Lakshmi- 
narayanaiah and Siddiqi (9-11), Siddiqi et al. 
(12), Beg and coworkers (14-18), and utilized 
as a useful representation of living systems. 

One of the most consistent properties of  
biological systems is the presence of a voltage 
across the cellular surfaces. The mechanism 
whereby this potential arises is still in dispute. 
Some consider it to be a diffusion potential 
while others suggest it to be an adsorption 
potential. Teorell (19-20), Meyer and Sievers 
(21-23) developed fixed charge theory, which is 
still regarded as the most pertinent starting 
point for the investigation of  the acual mechan- 
isms of  the ionic or molecular processes which 
occur in the membrane phase. Based on the 
fixed charge concept, a number of mathe- 
matically rigorous equations for membrane 
potentials in recent years have been developed 
and their validity examined by taking simpler 
artificial membrane systems. 

In this paper we describe the preparation of 
parchment-supported cupric palmitate mere- 

1present  address :  D e p a r t m e n t  o f  Biophysics ,  Mich- 
igan State  Univers i ty .  East  Lansing,  Michigan 4 8 8 2 4  
(U.S.A.).  

brane to be utilized as a biological model and 
the evaluation of its thermodynamically effec- 
tive fixed charge density by the most recently, 
developed theories for membrane potential 
including those based on the principles of 
irreversible thermodynamics. 

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

Parchment-supported cupric palmitate mem- 
brane was prepared by the method of  interac- 
tion suggested by Beg and coworkers (14-18). 
To precipitate cupric palmitate in the inter- 
stices of parchment paper (supplied by M/S 
Baird and Tatlock, London Ltd.) an aqueous 
0.2 M cupric chloride solution was kept inside a 
glass tube, to one end of which was tied the 
parchment paper previously soaked in de- 
ionized water. This was suspended in a satu- 
rated sodium palmitate solution for 72 hr at 
room temperature (25 -+ 0-1 C). The two 
solutions were interchanged later and kept for 
another 72 hr. The membrane thus obtained 
was thoroughly washed (4-5 times) with de- 
ionized water for the removal of  free electro- 
lyte. It was then cut into a circular disc form of 
radius 1.5 cm and clamped between two 
cylindrical half cells of capacity 50 ml each. 
The electrochemical cell of the type 

Soln. ~ Hg2CI2-Hg Hg_Hg2CI2 Satd. KC..~I Soln Mere- C2 . g' ' 
I agar I C l ' lb rane  

was set up and was used for measuring electrical 
potentials arising across the membrane by 
maintaining a 10-fold difference in electrolyte 
concentration such that C2/C 1 = 10 in the 
range 1 x 10 -3 to 10-1 M using a Pye Precision 
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TABLE I TABLE II 

Measured Membrane Potentials a E m 
(Millivolts) Obtained across Cupric 
Palmitate Membrane for Various 

Electrolytes at Different Concentrations 

Transference Number t_ of Coions Calculated 
from Membrane Potentials Measured across 

Cupric Palmitate Membrane for Various Electrolytes 
at Different Concentrations 

Electrolyte 
concentrations 

eq.]l 

Membrane potentials (millivolts) 

KC 1 N aCl LiCI 

1/0.1 -4.05 -0.72 -15.80 
0.5/0.05 -1.02 8.29 -14.00 
0.1/0.01 +7.15 +1.27 -5.83 

0.05]0.005 +17.07 +9.55 +1.50 
0.01/0.001 +28.10 +17.90 +13.65 

aDilute solution side taken as positive. 

Vernier  P o t e n t i o m e t e r  No. 7568, The solut ions  
in bo th  the half  ceils were vigorously stirred 
by a pair of  magnet ic  stirrers. The solut ions  
were replaced by fresh solut ions and, 
when  there  was no  change in potent ia l  
wi th  the addi t ion o f  fresh solut ion,  it was taken 
as t rue m e m b r a n e  potent ia l .  The potent ia ls  
could be r ep roduced  wi thin  a few ten ths  of  a 
millivolt. The salt solut ions  were prepared  f rom 
the analytical grade reagent  (BDH India) 
wi thou t  fur ther  pur i f icat ion and using de- 
ionized water.  Sodium palmi ta te  used in the 
invest igat ion was ob ta ined  by mixing 0.2 M 
aqueous  caustic soda solut ion wi th  0.2 M 
palmit ic  acid solut ion previously recrystal l ized 
wi th  e thyl  alcohol.  

Electrolyte Transference number 
concentrations 

eq.1/1 KC1 NaC1 LiCI 

1/0.1 0.53 0.58 0.63 
0.5/0.05 0.51 0.57 0.62 
0.1/0.01 0.44 0.49 0.55 

0.05/0.005 0.36 0.42 0.49 
0.01/0.001 0.26 0.35 0.38 

derived fol lowing the procedures  of  Teo- 
rell-Meyer and Sievers (19-21), Kobatake  and 
coworkers  (24-26) m e t h o d ,  and the most  
recent ly  developed m e t h o d  of  Nagasawa et  al. 
(27). The results are given in Table III. 

DISCUSSION 

When two e lec t ro ly te  solut ions are separated 
by a membrane ,  the mobi le  species pene t ra te  
the memb ran e  and vaious t ranspor t  p h e n o m e n a  
are induced  in to  the system. In particular,  a 
po ten t ia l  is generated which depends  upon  the  
charge on the  m e m b r a n e  and its poros i ty .  When 
the  m e m b r a n e  pores  are too  wide,  any charge 
does  little to generate good potent ia ls ,  but  
if the  pores  are nar row a little charge on it gives 
a po ten t ia l  E according to the  Nernst  equa t ion  

RESULT 

The measured values of  m e m b r a n e  potent ia ls  
across the  cupric pa lmi ta te  m e m b r a n e  in 
con tac t  wi th  various uni-univalent  e lec t ro ly tes  
at d i f fe rent  concen t ra t ions  C1 and C 2 such tha t  
C2/C l = 10 are given in Table I. 

The values of  the  t ransference  n u m b e r  
calculated f rom the  m e m b r a n e  po ten t ia l  
measuremen t s  and using the  Nernst  equa t ion  
are given in Table II. The rmodynamica l ly  
effect ive fixed charge dens i ty  of  the m e m b r a n e  
in con tac t  wi th  d i f fe ren t  e lec t ro ly tes  have been  

RT f2C2 
E = -  In 

F flC1 

where  C 1 and C 2 are the  e lc t ro ly te  concent ra-  
t ions  on ei ther  side of  the membrane ;  o the r  
symbols  have their  usual significance. 

The values of  the  memb ran e  potent ia l  are 
smaller when  the  m e m b r a n e  is used to separate 
concen t ra t ed  e lec t ro ly te  solut ions,  and when  it 
is separating dilute solut ions the values are 
higher.  Such behavior  of  the  memb ran e  is no t  
peculiar to this sys tem (9). The variat ion of 

TABLE III 

Derived Values of Mobility Ratio, and Effective Fixed Charge Density of Cupric 
Palmitate Membrane by Various Methods 

Methods 
TMS Kobatake et al. Nagasawa et al. 

Electrolytes 
eq./1, u/v x eq./1 ~x  eq./1, x-eq./1. 

KC1 1.0 1.1x10 -2 3.2x10 -2 1-Sx 10-2 
NaCI 0.3 9.3x 10 -2 3.7x10 -2 1-Tx 10-2 
LiC1 0.6 8.0x 10 -2 3.0xl 0 -2 1-Sx 10"2 
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FIG. 1. Evaluation of the membrane charge density 
and mobility ratio u/~. The smooth curves on the 

left are the theoretical concentration potentials for a 
cation selective membrane (X = 1) at different mobil- 
ity ratio ~/vS Ttie experimental values of E m for 
cupric palmitate membrane are shown by broken lines 
(see texts.) 

membrane potential with electrolyte concentra- 
tion may be attributed to the change in the 
selectivity character of the membrane for the 
ions of the elctrolyte at different concentra- 
tions. This is in agreement with the values of 
the transference number given in Table II. 

Teorell (19-20), Meyer and Sievers (21-23) 
considered the membrane as a charged barrier. 
The total membrane potential was considered 
to be made up of two Donnan potentials at the 
two membrane solutions interfaces and 
diffusion potential within the membrane. For a 
highly idealized system, these authors derived 
the following equation for membrane potential: 

E m = 59.16 [log C2 ( 4  4C21 + ~ 2  + ~)  

Here J x/~4c=+~ 2 + XU 
+ U log 

J 4 C  +X + XU 
I 

Here U = (~-vO/(u4-v); and g- and V are the 
mobilities of the cation and anion, respectively, 
in the membrane phase, and X is the charge on 
the membrane expressed in equivalents/liter of 
imbibed solution. In order to evaluate this 
parameter for the simple case of a 1:1 electro- 
lyte and a memb_rane carrying net negative 
charge of  unity (X=I),  theoretical concentra- 
tion potentials E m existing across the mem- 
brane were calculated as a function of C2, the 
ratio C~/C1 being kept at a constant value of  
10 for different mobility ratios ~-/V and plotted 
as shown in Figure 1. The observed membrane 
potential values with various 1:1 electrolyte 

solutions were also plotted on the same graph. 
The experimental curve was shifted horizontal- 
ly and ran parallel to one of the theoretical 
curves. The extent of  this shift gave log X, and 
the parellel theoreticM_ curve gave the value for 
g/V. The values for X and g /V derived in this 
way for the membrane electrolyte systems are 
given in Table III. It may be mentioned here 
that this method (The TMS method) has 

J been generally used and widely accepted for the 2 
evaluation of  the effective fixed charge density 
of a membrane. 

Kobatake and Kamo (24-25) derived another 
equation 2 based on fixed charge concept 
for membrane potential using a different set of 
assumptions; viz. (a) the contribution of mass 
movement is negligible (17), and (b) small ions 
do not behave ideally in a charged membrane 
(17). 

It2 + x2 �9 

In 

J 
where @ is a characteristic factor of  the mem- 

a brane-electrolyte pair, and represents a fraction 
of counterions not tightly bound to the mem- 
brane skeleton. The product 0X is termed the 
thermodynamically effective fixed charge den- 
sity of a membrane. Other terms have their 
usual significance. Equation 2 has the same 
functional form as that given by the TMS 
theory for the membrane potential Em, i.e., 
Eq. 1 except that the thermodynamically 
effective fixed charge density 0X of the mem- 
brane is used i n p l a c e  of stoichiometric fixed 
charge density X. Equation 2 reduces to the 
TMS membrane potential for 0 = 1. Since it is 

(1) somewhat troublesome to evaluate 0X at an 
arbitrary external electrolyte concentration 
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f rom the observed membrane  potent ia l  E m 
using eq. 2, Kobatake and Kamo (24) have 
proposed a simple m e t h o d  using the  fol lowing 
approximate  equat ion  for the diffusive contri-  
but ion  to the emf  of  a cell with transport  

RT 
E m = -u (1 - 2 T-app) In C2/C 1 (3) 

where T_ap p is the transference number  of  
coions in the membrane  phase. Comparison of  
eqs. 2 and 3 yield 

N / r ~  + 1 + 2 ~ - 1  

112 = :  - ~ -  

~ V ~ I  + 2  + 2e~-I 
T- _ 1-2a 

app 2 
lnr 

t / _ 4 ( 4 ~ +  1+ 1 

+ l n ~ 4 -  i - -  - -  
+1 +1 

2 lnr (4) 

where 

= c/@x and 7 = C2/C1 

080 

~ g ~  ~ KCt 

0.60 " , , , ~  6 LiCI 

. . . . . . . . . . . . . .  

0_ 

0 . 2 0  

0 

,, 
- 0.20 I ~ I I 

- 3  - 2  - f  0 

Log C 

FIG, 2. Plots of Psvs. log c for cupric palmitate 
membrane using various 1:1 electrolyte Asolutions. The 
dotted horizontal line shows Ps = 1/,w 15, and the vergi- 
cal lines give the value of gg( for the membrane- 
electrolyte system. 

(i.e., (C1+C2)/2)  using eq. 6. Rearrangement  of  
equa t ion  6 gave the def ini t ion of  permselec- 
tivity Ps by the expression 

On the o ther  hand (17,18),  the mass-fixed 
transference number  o f  coions T- in a nega- 
t ively charged membrane  immersed  in an 
e lect rolyte  solut ion of concent ra t ion  C was 
defined by 

T_ = vc_ / (uc+ + vc_) (s) 

where C+ and C_ are the concent ra t ions  of  

cation and anion,  respectively,  in the membrane  
phase. This equat ion  was t ransformed to 

4 4 ~ 2 + 1 + 1  
T. = 1-ee- 

x / 4  ~ 2 + ] +(2~ -1) 
(6) 

using the  equat ions  for the  activity coefficients .  
mobil i t ies  o f  small ions in the membrane  phase, 
and the equi l ibr ium condi t ion  for electrical 
neutral i ty .  The difference be tween  T-ap p 
calculated from eq. 4 and ] '_f rom eq. 6 for various 
reduced concentra t ions  was found to be less 
than 2%. Therefore ,  Tap p and T_ were con- 
sidered practically the smae. As a result ,  the  
apparent  t ransference number  Tap p evaluated 
f rom the  membrane  potent ia l  data could be 
used for the de terminat ion  of  t he rmodynam-  
ically effect ive fixed charge density q)X of  the 
membrane  at an average salt concent ra t ion  C 

1 1 - T -  - a  

(4 1) "2 + 1) ~/2 - c~-(2a-l) ( I -T.)  -- Ps. (7) 

This equat ion  was used to find the  permselec- 
t ivity Ps f rom the membrane  potent ia l  measure- 
ments  using eq. 3. If the t ransport  number  of  
coions (T_ or  T-ap p) is zero, the membrane  is 
perfect ly  selective and Ps = 1, while if  the 
transport  number  o f  coions has the value in free 
solution,  Ps = O. The values of  Ps obtained 
using the right hand side of  eq. 7 were p lo t ted  
against log C. The concent ra t ion  at which Ps 
becomes  1/,-]5-'(i.e., ~ =C/0X = 1) gives the value 
of  the thermodynamica l iy  effect ive fixed 
charge density 0X as demanded  by the left 
hand side of  eq. 7. Figure 2 represents a plot  of  
Ps vs. log C for the parchment -suppor ted  
cupric palmita te  membrane  in contac t  with 
various 1:1 electrolytes.  The values of  0X thus 
derived for the membrane-e lec t ro ly te  systems 
are given in Table III. 

Most recent ly ,  Tasaka et al. (27) derived 
another  equat ion  for the  membrane  potent ia l  
existing across a charged membrane .  The total  
membrane  potent ia l  E m was considered as the 
sum of a diffusion potent ia l  inside the mem- 
brane and the  electrostat ic  potent ia l  difference 
be tween  the membrane  surfaces and e lect rolyte  
solutions on bo th  sides o f  the  membrane.  The 
diffusion potent ia l  E d was obtained by inte- 
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FIG. 3. Plots of  membrane potential Em/ (3'-1)/7 
vs. l /c  2 for cupric palmitate membrane. 

grating the basic flow equation for diffusion 
while the electrostatic potential was calculated 
from the Donnan's theory. At sufficiently high 
electrolyte concentrations, these authors de- 
rived the following approximate equation for 
membrane potential E m 

= R T . ? -  1. ( ~  
-E m -if- ( " 7 - - ) )  I/C2 + . . . (8) 

Equation 8 predicts a lienar relationship 
between E m and 1/C2from which (]IX can be 
calculated. A set of straight lines in Figure 3 are 
in full agreement with eq. 8. The values of 
0X derived from the slope of the lines are given 
in Table III. 

Table III shows that the values of the charge 
densities evaluated from the various procedures 
are not much different from each other and 
that the values are comparable to those derived 
by the TMS theory. A slight difference in the 
values of glK may be ascribed to the different 
graphical procedures adopted for the evalu- 
ation. It may therefore be concluded that the 
recently developed theoretical equations for 
membrane potential are quite sound and that 
their use for the evaluation of effective fixed 
charge density of membrane is justified for at 
least the systems under investigation. 
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METHODS 

High-Pressure Liquid Chromatography and Ultraviolet 
Spectrometry of Ketonic C27 Sterols 
IRVING R. HUNTER 1, MAYO K. WALDEN 1 , G L E N  F. BAILEY 2 and ERICH H E F T M A N N  3, 
Western Regional Research Center, Science and Education Administration, 
U.S. Department of Agriculture, Berkeley, California 95710 

ABSTRACT 

A method for the separation of ketonic C27 sterols was devised, based on high-pressure liquid 
chromatography (HPLC) and ultraviolet absorption (UV). The adsorption column contained silica gel, 
particle size 10 /~m, and the eluents were dichloromethane/n-hexane/ethyl acetate (94:5:1) and 
dichloromethane/ethyl acetate (99:1) followed by dichloromethane/ethyl acetate (3:1). The 5fl- 
sterols were eluted before the 5~-analogs, sterols with isolated double bonds before conjugated 
carbonyl compounds, and ketones before hydroxy ketones. The effect of carbonyl groups on polarity 
depends on the position in the molecule and decreases in the order C-3 > C-6 > C-7. The ultraviolet 
absorption spectra of eleven sterols were determined, and their absorbance at 254 nm and at 280 nm 
was used for analyzing the column effluent with a dual detector system. 

INTRODUCTION MATERIALS A N D  METHODS 

Keton ic  C27 sterols are i m p o r t a n t  i n t e rme-  
diates in an imal  (1)  and  p lan t  (2)  m e t a b o h s m .  
A m o n g  the  var ious ana ly t ica l  m e t h o d s  (3),  the  
separa t ion  of  individual  me tabo l i t e s  by  ch roma-  
t o g r a p h y  (4)  pr ior  to  t he  a p p h c a t i o n  of  non -  
.specific tests  is p resen t ly  the  mos t  useful  
p rocedure .  Gas-l iquid c h r o m a t o g r a p h y  has  
grea ter  resolving p o w e r  t h a n  l iquid-sol id chro-  
ma tog raphy ,  bu t  because it  is unsu i t ab le  for  the  
isola t ion of  adequa te  a m o u n t s  of  rad ioac t ive  
metabo l i t e s ,  we have chosen  l iquid c h r o m a t o g -  
r a p h y  for  our  work  on  the  b iosyn thes i s  and  
me tabo l i sm of  p lan t  s terols  (5). 

We have r epo r t ed  the  separa t ion  of  free 
s terols  by  high-pressure  l iquid  c h r o m a t o g r a p h y  
(HPLC) earlier (6). Our  p resen t  r epor t  deals 
wi th  the  HPLC and u l t rav io le t  (UV)  a b s o r p t i o n  
of  the i r  ke ton ic  derivatives.  To our  knowledge ,  
the  behav io r  of  this  group of  s terols  in HPLC 
and  some of  the i r  UV spect ra  have no t  been  
s tud ied  previously.  The  s t ruc tu res  of  the  eleven 
s teroids e x a m i n e d  in this  c o n n e c t i o n  are s h o w n  
in Figures  1 and  2. In every case, R s tands  for  
the  iso-octyl  side chain  of  choles terol .  

l Plant Biochemistry Research Unit. 
2Instrumental Analysis Research Unit. 
3Reference to a company and/or product named 

by the Department is only for purposes of information 
and does not imply approval or recommendation of 
the product to the exclusion of others which may also 
be suitable. 

The  HPLC appa ra tus  was assembled  f rom 
commerc ia l ly  available c o m p o n e n t s .  The  p u m p  
was of  the  dual -p is ton  rec ip roca t ing  type ,  Tracor  
Model  990  (Tracor ,  Aus t in ,  TX).  The  variable-  
wave leng th  de t ec to r s  were: T raco r  Model  970 ,  
set  at  280 nm,  and A l t ex /H i t ach i  Model  100-30 
(Al tex ,  Berke ley ,  CA), set at  254  n m .  A dual- 
channe l  recorder ,  L inear  Model  385 (Linear ,  
Irvine,  CA) was a t t a c h e d  to  the  o u t p u t  of  the  
de tec tors .  

The  c o l u m n  cons is ted  of  two  stainless-steel  
c h r o m a t o g r a p h i c  tubes  (Al l tech ,  Ar l ing ton  
Heights ,  IL),  each  25 cm long and  4.6 m m  I.D., 
packed  wi th  L iChrosorb  Si-60-10 (E. Merck,  
Da rms tad t ,  G e r m a n y ) ,  and  c o n n e c t e d  in series. 
The  c o l u m n  was p repa red  in our  l a b o r a t o r y  
f rom a ba lanced-dens i ty  s lurry of  the  silica gel 
in a m i x t u r e  of  t e t r a b r o m o e t h a n e  and  te t ra-  
ch lo roe thane .  The  slurry was packed  in to  the  
tubes  wi th  a Haskel  HPLC slurry pack ing  un i t ,  

Model  29426 .  The  eff ic iency of  the  two  sec- 
t ions  was d e t e r m i n e d  by  using d i n i t r o b e n z e n e  
as the  tes t  mate r ia l  and  h e x a n e  as the  e luent .  
Plate coun t s  were 4000  for  each  sect ion.  

The  inle t  of  t he  c o l u m n  was c o n n e c t e d  to  a 
sample  in jec t ion  valve (Al tex  Model  905-23)  
and  its ou t l e t  to  the  in le t  of  the  Tracor  de- 
tec tor .  The  ou t le t  of  t ha t  de t ec to r  was con-  
n e c t e d  to the  in le t  of  the  Al tex  de tec to r .  The  
e f f luen t  f rom the  l a t t e r  was t hen  r e t u r n e d  to 
the  so lvent  reservoir .  It was f o u n d  t ha t  100 ml 
of  solvent  could be recycled for  at  least  I0  
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FIG. 1. Structures o f  ketonic C27 sterols l-IV. R = 
-CHMe(CH2)3CHMe 2, 

c h r o m a t o g r a m s  b e f o r e  t h e  b a c k g r o u n d  a b s o r p -  
t i o n  s h o w e d  s igns  o f  c o n t a m i n a t i o n .  

Al l  s o l v e n t s  we re  " D i s t i l l e d  in  G l a s s "  q u a l i t y  
( B u r d i c k  a n d  J a c k s o n ,  M u s k e g o n ,  MI) .  F o r  
C o m p o u n d s  I - IV,  t h e  e l u e n t  was  d i c h l o r o -  
methane/n-hexane/ethyl a c e t a t e  ( 9 4 : 5 :  1), a n d  
fo r  C o m p o u n d s  V-IX,  t h e  e l u e n t  was  d i c h l o r o -  
m e t h a n e / e t h y l  a c e t a t e  ( 9 9 : 1 ) .  A f t e r  IX was  
e l u t e d ,  b o t h  p u m p  a n d  c h a r t  w e r e  s t o p p e d  a n d  
t h e  e l u e n t  was  c h a n g e d  to  d i c h l o r o m e t h a n e /  
e t h y l  a c e t a t e  ( 3 : 1 ) .  P u m p  a n d  c h a r t  were  
s t a r t e d  aga in ,  a n d  X a n d  XI  we re  e l u t e d .  

F o r  t h e  d e t e r m i n a t i o n  o f  t h e  U V  s p e c t r a ,  
t h e  v a c u u m - d r i e d  s a m p l e s  were  w e i g h e d  on  a 
C a h n  M o d e l  G E l e c t r o b a l a n c e  ( C a h n ,  C e r r i t o s ,  
C A )  a n d  d i s so lved  in i s o p r o p y l  a l c o h o l .  T h e  
c o n c e n t r a t i o n s  were  c h o s e n  to  give s u i t a b l e  
r e c o r d i n g s  w h e n  t h e  s o l u t i o n s  were  e x a m i n e d ,  
w i t h  p a t h l e n g t h s  r a n g i n g  f r o m  0.5 to  100  r a m ,  
in a Ca ry  M o d e l  14 R e c o r d i n g  S p e c t r o p h o t o -  
m e t e r  ( V a r i a n ,  Pa lo  A l t o ,  C A) .  S ince  f i x e d -  

R 

H 
3,5-CHOLESTADIEN-7-ONE 

(V) 5u-CHOLEST-7-EN-3 -ONE 
(gi) 

R R 

o 
4,6 CHOLESTADIEN-3 ~ONE 

4 - C H O  LESTEN E-3 ,6  - D I O N E  ( ~ I I )  

(9)  
R R 

H 
1 , 4 - C H O L E S T A D I E N - 3 - O N  E 

(IX) a f t  -HYDROXY- 

5n -CHOLESTAN-7-ONE 

(x) R 

o 

3 f l  -HYDROXY-Sa~ -CHOLESTAN-6-ONE 

(Xl) 

FIG. 2. Structures of  ketonic C27 sterols V-XI. R = 
-CHMe(CH2)3CHMe 2 

w a v e l e n g t h  d e t e c t o r s  c o m m o n l y  u s e d  for  
H P L C  o p e r a t e  a t  2 5 4  a n d  2 8 0  n m ,  we de t e r -  
m i n e d  t h e  m o l a r  e x t i n c t i o n  at  t h e s e  t w o  
w a v e l e n g t h s .  

RESULTS AND DISCUSSION 

T h e  m o l a r  e x t i n c t i o n s ,  e, at  2 5 4  a n d  2 8 0  

TABLE I 

Summary  of  UV Spectra of  Ketonic C27 Sterols 

Compd. 
No. e254 a e280 a e254/e280 Xmax a emax a 

Literature 

) 'max log e Ref. 

I 16.7 

II 10.2 
III 231 
IV 9,500 

V 7,300 
VI 240 
VII 7,300 
VIII 7,100 
1X 12,700 
X 6.24 
XI 8.0 

21.8 0.766 281 21.9 
245 17.3 

20.9 0.49 284.5 23.4 
108 2.14 286 109 

56.8 167 241 17,500 
315 72 

18,000 0.41 278 18,200 
35.3 6.8 245 286 

1,220 5.98 250 7,600 
25,000 0.284 283.5 25,800 

1,920 6.61 244.5 15,100 
30.4 0.21 291 36 
30.4 0.26 289 34.5 

285 b 1.18 b 7 
235 b 1.13 b 7 
283 c 1.36 c 8 

240.5 c 4.29 c 9 
310 c 1.80 c 10 
280 c 4.33 c 11 

253 b 4.05 b 12 
286 c 4.43 c 13 
245 c 4.15 c 14 
287 cd 1.6 cd 15 
280 cd 1.6 cd 15 

alsopropyl alcohol. 
bEthyl ether. 
CEthyl alcohol. 
dAcetate.  
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FIG. 3. Elution curve for ketonic C27 sterols I-IV 
(cf. Fig. t). A mixture of 4000 tzg I, 4000 ttg II, 1100 
tzg Ill, and 160 ttg IV in 50 tal dichloromethane/ethyl 
acetate (99:1) was applied to a 2-ft x a/4-in. O.D. 
column of LiChrosorb Si-60-10. Eluent, dichloro- 
methane/n-hexane/ethyl acetate (94:5 : 1); flow rate, 
9.5 ml/min; pressure, 550 psi. Detector at 280 nm; 
range 0.16; recorder speed, 6 cm/hr; span, 20 rnV. 

nm,  the i r  ra t io ,  the  a b s o r p t i o n  m a x i m u m ,  
}'max, and  mo la r  e x t i n c t i o n  at the  m a x i m u m  of 
each of  the  eleven ke ton ic  s terols  in our  s tudy  
are compared  wi th  available l i t e ra tu re  values in 
Table  I. 

While mos t  of the  values d e t e r m i n e d  by us 
essential ly agree wi th  the  pub l i shed  values,  the  
l i te ra ture  values for  IV range f rom 14,000 to 
19,500.  B a r t o n  and Jones  (9)  improved  the  
c h r o m a t o g r a p h i c  pur i f i ca t ion  of  this  com- 
pound ,  bu t  they  did no t  r epor t  the  weaker  R 
b a n d  at 310  n m  (10) .  The  l i t e ra tu re  value for  
emax of  V seems too  high,  and  we fail to  f ind 
any evidence of  an R b a n d  nea r  325 n m  (I i ) .  We 
have f o u n d  no  l i te ra ture  values for  the  U V  
spectra  of  III, VI,  X, and  XI,  bu t  the  pub l i shed  
spectra  of  X ace ta te  and  XI ace ta te  are compar -  
able to  ours. 

The  data  will be  useful  for  fu tu re  quan t i t a -  
tive analyses.  Qual i ta t ive ly ,  it is of  in te res t  t h a t  
the  c o n f o r m a t i o n a l  change f rom the  5/3- to  the  
5c~-epimers leads to  the  d i sappearance  of  the  
abso rp t ion  band  at 245 nm.  With the  grea ter  
pur i ty  now achievable  by HPLC, even weak  

abso rp t ion  bands ,  such as these ,  shou ld  be 
useful  in solving c o n f o r m a t i o n a l  and  s t ruc tu ra l  
p rob lems .  

The less polar  ke tones  I-IV (Fig. I )  were 
separa ted  by e lu t ion  wi th  d i c h l o r o m e t h a n e / n -  
h e x a n e / e t h y l  ace ta te  ( 9 4 : 5 : 1 )  and  de t ec t ed  at  

Z 

2 3 HO4URS 
5 6 

I X  

x 

1 _ _  
7 

FIG. 4. Elution curve for ketonic C27 sterols V-IX 
(cf. Fig. 2). A mixture of 6.5 ttgV, 1645 #gVI,  15 ttg 
VII, 17.6 gg VIII, 12 ttg IX, 4750 t~g X, and 4500 
ttg XI was chromatographed under the conditions 
given for Fig. 3, with the following exceptions: the 
column effluent was passed through two detectors in 
series, the first one set at 280 nm and the second one 
at 254 nm. Dichloromethane/ethyl acetate (99 : 1) was 
the eluent until IX had emerged, when the eluent was 
changed to dichloromethane/ethyl acetate (3:1). 
Range, 0.32; recorder speed, 3 cm/hr. 

280 n m  (Fig. 3). The  A/B cis-sterol I is less 
polar  t han  the  A/B trans-sterol II, as usual  
(16) .  The  u n s a t u r a t e d  sterols  III and  IV are 
more  polar  t h a n  the  sa tu ra ted  ones  and,  a m o n g  
the  fo rmer ,  the  con juga ted  ca rbony l  c o m p o u n d  
IV is more  polar  t han  the  s tero id  I l l  wi th  an 
i so la ted  doub le  b o n d .  

For  the  more  polar  ke tones  V-XI (Fig. 4),  
d e t e c t i o n  at 254 nm as well as at 280 n m  
proved  useful.  Sterols  wi th  a h igh 6254#5280 
ra t io  (Table  I), i.e., VI,  VII,  and  IX, are more  
easily de tec ted  at 254  nm,  whereas  sterols  wi th  
a low e 2 5 4 / e 2 8 0  rat io ,  i.e., V, VIII ,  X, and  XI, 
are best  ana lyzed  at 280 nm.  

The  ke tones  V-VIII  are e lu ted  at a lower  
c o n c e n t r a t i o n  of  e thy l  ace ta te  in d ichloro-  
m e t h a n e  t h a n  the  h y d r o x y  ke tones  X and  XI. 
A m o n g  the  3-ketones ,  the  least polar  is VI,  
having  an isola ted double  bond .  Then  comes  
the  c~, /~-unsaturated k e t o n e  VII,  which  is 
fo l lowed by the  h e t e r o a n n u l a r  d i enone  VIII  
and,  f inal ly,  t he  h o m o a n n u l a r  d i enone  IX. The  
pos i t ion  of V and  VII  in this  c h r o m a t o g r a m  
requires  c o m m e n t .  

C o m p o u n d  V is the  least polar  s terol  in this  
series, a l t hough  it is a con juga ted  d ienone .  
C o m p o u n d  VII  is a d ike tone  which  tu rns  ou t  to  
be less polar  t h a n  the  m o n o k e t o n e s  VIII  and  

LIPIDS, VOL. 14, NO. '7 
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IX. A p p a r e n t l y ,  t h e  e f f e c t  o f  c a r b o n y l  g r o u p s  
o n  p o l a r i t y  d e p e n d s  on  t h e  p o s i t i o n  in t h e  
m o l e c u l e  a n d  d e c r e a s e s  in t h e  o r d e r  C-3 > C-6 

C-7.  T h u s ,  VI ,  a 3 - k e t o n e  w i t h  an  i s o l a t e d  
d o u b l e  b o n d ,  is m o r e  p o l a r  t h a n  t h e  7 - k e t o n e  
V,  a l t h o u g h  t h e  7 - c a r b o n y l  g r o u p  is c o n j u g a t e d .  
T h e  e f f e c t  o n  p o l a r i t y  o f  t h e  c a r b o n y l  g r o u p  at  
C-6 in VII  is less  t h a n  t h a t  o f  t h e  d o u b l e  b o n d  
a t  C-6 in  VI I I .  T h e  s l igh t  d i f f e r e n c e  b e t w e e n  
t h e  e f f e c t s  o f  C-6 a n d  C-7 is e n o u g h  to  p e r m i t  
t h e  r e s o l u t i o n  o f  t h e  p o s i t i o n  i s o m e r s  X a n d  XI .  
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COMMUNICATIONS 

Cholesteryl Ester and Triacylglycerol Fatty Acids in 
Type V Hyperlipidemia 
R.G. JENSEN, R.M. CLARK, S.A. GERRIOR, and M.B. FEY, Department of Nutritional Sciences, 
University of Connecticut, Storrs, Connecticut 06268. A.M. GOTTO, JR., The Methodist Hospital, 
Baylor College of Medicine, Houston, Texas 77025. 

ABSTRACT 

The fatty acid compositions of plasma cholesteryl esters (CE) and triacylglycerols (TG) from 
seven healthy individuals and five patients with type V hyperlipoproteinemia were determined. Very 
low density (VLDL), low density (LDL) and high density lipoproteins (HDL) were isolated. The lipids 
were extracted from the lipoproteins and the triacylglycerols and cholesteryl esters separated for 
analysis. The fatty acid compositions of triacylglycerols from healthy and type V individuals were 
very similar. The cholesteryl esters from type V patients had increased contents of pahnitic and de- 
creased amounts of linoleic and arachidonic acids as compared to the normal individuals. The fatty 
acid composition of the cholesteryl esters from the high density lipoproteins had the greatest devia- 
tion. The fatty acid compositions of the triacylglycerols from the two groups were similar. However, 
the triacylglycerols in all lipoprotein fractions contained more palmitic and oleic and less linoleic and 
arachidonic acids than the cholesteryl esters. 

INTRODUCTION 

The objective of this study was to determine 
if the fatty acid compositions of cholesteryl 
esters and triacylglycerols associated with very 
low density hpoproteins (VLDL), low density 
hpoproteins (LDL) and high density lipoprotein 
(HDL) differs between healthy individuals and 
patients with type V hyperlipoproteinemia. The 
fatty acid composition of the triacylglycerols 
(TG) and cholesteryl esters (CE) will, in part, 
determine the ultrastructure of the lipopro- 
teins, and any modification of lipoprotein 
structure could alter lipid transport. 

The type V individual has quantitative 
differences in plasma lipids which are used to 
diagnose the disorder. The characteristics of 
fasting plasma from individuals suffering from 
type V hyperlipoproteinemia (HLP) are ab- 
normally high TG concentrations, 10 to 20 
times normal, in conjuction with normal to 
moderately elevated cholesterol levels (1). As a 
result, the concentrations of TG-rich particles, 
chylomicrons and VLDL are increased in the 
plasma, while there are decreases in LDL and 
HDL (1-3). Very little attention has been 
directed towards qualitative differences in fatty 
acids which might be associated with type V 
HLP. In this study, the fatty acid compositions 
of TG and CE were analyzed to obtain informa- 
tion, hopefully assisting in further elucidation 
of the disorders underlying lipid transport and 
metabolism in type V HLP. 

MATERIALS AND METHODS 

Seven clinically healthy individuals and five 
individuals suffering from type V HLP were 
used. The healthy individuals were drawn from 
the University of Connecticut faculty and staff 
and had no obvious medical abnormalities. The 
healthy individuals were all male. Initial selec- 
tion of the healthy individuals included a 
normal lipoprotein pattern by agarose gel 
electrophoresis and a total fasting plasma 
cholesterol and triglyceride measurement. Type 
V plasma samples were obtained from the Lipid 
Clinic at the Methodist Hospital at Baylor 
College of Medicine in Houston, TX. Plasma 
from one female and four males with type V 
hyperlipoproteinemia were analyzed. Pheno- 
typing was performed using the methodology 
of The Lipid Research Clinics (4), and hyper- 
chylomicronemia was observed in all patients. 
In addition, measurements of post heparin 
lipolytic activity (PHLA) were done, but the 
results were questionable because of the high 
baseline TG concentrations; PHLA was shown 
to be qualitatively present by the electro- 
phoretic strip technique. 

A brief description of techniques used in this 
study follows. A more complete explanation 
has been presented in previous work published 
from this laboratory (5,6). Lipoprotein classes 
were isolated using a preparative ultracentrifuge 
based on the following densities: VLDL, 1.006 
g/ml; LDL, 1.006-1.063 g/ml and HDL, 1.063- 
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1.21 g/ml. Chylomicrons  were isolated f rom 
type  V plasma by layering with  distilled water  
and centrifuging at 300 x g for 30 min. Af te r  
removing the water  layer,  the plasma was 
layered again with water  and centrifuged�9 Then 
plasma was layered with 1.006 g/ml density 
solut ion and centr i fuged at 300 x g for 30 rain. 
This process was repeated unti l  the chylomi-  
crons were removed.  Puri ty of  l ipoprote in  
fractions was determined by agarose gel elec- 
trophoresis.  

Lipids were extracted by the procedure of 
Folch  e t  al. (7) and neutral  and polar fract ions 
separated on a Unisil co lumn (Clarkson Chemi-  
cal Co., Williamsport,  PA). Cholesteryl  esters 
and TGs were then separated by thin layer 
chromatography.  Methyl  esters of  the fat ty  
acids were made and analyzed using gas l iquid 
chromatography�9 The co lumn was packed with 
SP-2330 cyano-sil icone coat ing on 100/120 
Chromosorb  (Supelco,  Inc., Bellefonte,  PA). 

The results f rom the determinat ions  of  the 
cholesteryl  esters fat ty acids were statistically 
analyzed using mult ivariant  analysis and signifi- 
c a n c e  t a k e n  at the ,05 level as de termined by 
Hotell ing's  T 2 (8). The dependent  variables 
were the combined  mole percents  of  18:2 and 
20:4 in VLDL,  LDL and HDL. Multivariant 
analysis weighs the cont r ibut ion  of  VLDL,  LDL 
and HDL equally in determining difference 
be tween  the type  V plasma and normal  plasma. 
The relative cont r ibut ion  of  each l ipoprote in  
class towards this difference then can be 
separated to determine if all the l ipoprote in  
classes are effected equally.  

RESULTS A N D  DISCUSSION 

The mean age for the heal thy  individuals was 
44 + 8 yr, the male type  V patients 53 + 9 yr,  
and the female type V was 41 yr. The heal thy 
persons had mean total  plasma cholesterol  (C) 
contents  254.4 +- 28.0 mg/100  ml and mean 
TGs were 86.8 -+ 15.0 rag/100 ml. The values 
for the male type  V patients were C 437. + 53.6 
rag/100 ml and TGs, 1053.5 -+ 545 mg/100  ml. 
The female type  V had C and TG concent ra t ion  
of  954 mg and 3890 mg/100 ml, respectively.  
The propor t ions  of  CEs were no t  de termined 
but  have been repor ted  to be ca. 70% of  the 
total  for both  normal  and hyper t r ig lycer idemic  
persons, a l though the types of  the lat ter  group 
were not  given (9). 

The compos i t ion  of  the TG fat ty  acids are 
given in Table I. There was lit t le difference 
be tween the two test groups. These results may 
suggest that  fa t ty  acid composi t ions  of  total  
TGs are no t  a significant factor  affect ing lipid 
t ransport  in the type  V individual.  This does 
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not eliminate the possibility of significant 
differences in structural isomers of TGs or 
influences therefrom. 

The fatty acid compositions of plasma CE in 
healthy individuals and type V HLP patients are 
presented in Table II. In all three lipoprotein 
classes, the proportion of 16:0 increased while 
18:2 decreased. These results are in agreement 
with the total plasma CE determinations made 
by Allard et al. (10). The female type V had the 
most extreme degree of deviation from healthy 
individuals. This may not be due to gender as 
the fatty acid composition of CEs in healthy 
males and females is similar (11). The female 
type V in this study had the highest plasma C 
and TG concentration which might account for 
the extreme variation in fatty acid composition 
of  CEs. 

In previous work it was found that the fatty 
acid compositions of CEs were altered to a 
greater extent than those TGs in the various 
HLPs (10). Our results support this observation 
at least with type V. Using multivariant 
analysis, the amounts of 18:2 and 20:4 in the 
CE from the individuals with type V hyperlipo- 
proteinemia were significantly (P < .05) less 
than those from healthy individuals. The 
primary source of this variation was in the HDL 
fraction. The apparent unavailability of 18:2 
and 20:4 in type V HLP, particularly the HDL, 
should be investigated further. 

The amounts of fatty acids in the CEs and 
TGs were markedly different. The CEs in all 
lipoprotein fractions contained much less 16:0 
and 18:1 and more 18:2 and 20:4 than the 
TGs, suggesting that there is no apparent 

precursor-product relationship between the CE 
and TGs. 
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Lipoprotein Lipid and Protein Synthesis in Experimental 
Nephrosis and Plasmapheresis. I" Studies in Rat in vivo 
ELEAZAR SHAFRIR and TALMA BRENNER, Department of  Biochemistry, 
Hebrew University -- Hadassah Medical School and Hadassah University 
Hospital, Jerusalem, Israel 

ABSTRACT 

The incorporation of L-4,5-[3tl]leucine into the ultracentrifugally separated apolipoproteins of 
very low, low, and high density lipoproteins (VLDL, LDL, HDL) and into serum albumin was found 
three- to four-fold higher in nephrotic than in normal rats one hour after intravenous injection. Incor- 
poration of leucine into the circulating lipids was negligible. Increases of similar magnitude were 
obtained in the incorporation of simultaneously injected 1,5[14C] citrate into the lipids of VLDL, 
LDL, and HDL of nephrotic rats. Of the citrate carbons incorporated into serum and fiver lipids, the 
proportion ial cholesterol was higher in nephrotic rats when compared to normal rats. The 
incorporation of both precursors into total proteins and lipids of the liver vs. the incorporation into 
the lipoproteins was relatively lower in nephrotic than in control rats, indicating a preferential 
channeling into secretable products. The occurrence of enhanced new lipid synthesis in nephrosis was 
corroborated by the finding of markedly enhanced synthesis of lipoprotein-borne fatty acids and 
cholesterol from 3H20. These results point out that while leucine is not an efficient in vivo precursor 
of lipoprotein lipids in nephrosis, de novo lipogenesis proceeds from other precursors. Similar trend of 
changes, though of smaller magnitude, was elicited in rats after double plasmapheresis, 18 hr apaxt, 
when measured 3 hr after the second plasma withdrawal. This indicates that the loss of circulating pro- 
teins either by direct removal or through kidney lesion stimulates the compensatory hepatic response 
involving excessive lipoprotein synthesis. Time-course studies showed that peak incorporation of 
leucine and citrate into the protein and lipid components of lipoproteins, respectively, as well as into 
serum albumin, occurred coincidentally 3 hr after the second plasmapheresis, suggesting an 
interdependence of the enhanced protein and lipid synthesis. 

INTRODUCTION 

The e x p e r i m e n t a l  n e p h r o t i c  s y n d r o m e  of  
rats  is charac ter ized  by h y p o p r o t e i n e m i a ,  
h y p e r l i p o p r o t e i n e m i a ,  and  increased hepa t ic  
synthesis  of  p lasma pro te ins  (1-6). The hyper -  
l i pop ro t e inemia  is to  a large e x t e n t  due to an 
increased hepa t ic  p r o d u c t i o n  of  l ipoprote ins .  
This was d e m o n s t r a t e d  in an t ik idney  serum 
nephros is  by increased i n c o r p o r a t i o n  o f [ 1 4 C ] -  
ace ta te  and  [14C] leucine in to  the  l ipopro te ins  
secre ted by livers slices in vi t ro  (7,7) ,  and  in 
aminonuc l eos ide - induced  nephros is  by  the  
e n h a n c e d  channe l ing  of  [ 14Cl g l ucos e  in to  
the  p ro te in  and lipid moie t ies  of  l i popro te ins  in 
vivo (9). Evidence  is available t ha t  the  h y p o p r o -  
t e inemia  resul t ing  f rom plasmapheres i s  may  
also lead to an increased l i popro te in  synthes is  
(10-11).  Thus,  the  o v e r p r o d u c t i o n  of  l ipopro-  
te ins  b o t h  in nephros i s  and  p lasmapheres i s  
appears  to  be l inked  to the  general  compensa -  
to ry  s t imulus  for  increased hepa t ic  p lasma 
p ro te in  synthesis .  

We have a p p r o a c h e d  the  ques t ion  w h e t h e r  
the  synthes is  of  fa t ty  acids de novo  may  
r ep resen t  a Source for  the  supply  of  l i pop ro t e in  
l ipid in nephros i s  by  s tudy ing  the  activi t ies o f  
ra te- l imi t ing,  hepa t i c  e n z y m e s  o f  the  l ipogenesis  
p a t h w a y  (12).  At the  t ime  of  onse t  of  a m i n o  
nuc leos ide - induced  nephros is ,  an ini t ial  de- 
crease in the  act ivi ty of  these  enzymes  was 

found  co inc iden t ly  wi th  increased  mob i l i za t ion  
of  free fa t ty  acids ( F F A )  f rom per iphera l  
tissues. Later,  a rise in l ipogenic  e n z y m e  ac- 
t ivi ty  was observed t oge the r  wi th  a fall in serum 
FFA,  ind ica t ing  a role for  de novo  l ipogenesis.  

Present ly  we i n t e n d e d  to assess the  impor t -  
ance o f  cer ta in  precursors  in suppor t i ng  the  
increased synthes is  of  the  l ipopro te in  moie t ies  
in the  in tac t  rat  wi th  n e p h r o t i c  syndrome .  
Citrate  and  3 H 2 0  were used as precursors  of  
lipids and leucine as a possible p recursor  of  
b o t h  p ro te ins  and lipids. Rats a f te r  plasma- 
pheresis  were also e m p l o y e d  to tes t  w h e t h e r  the  
observed changes  are specially associated wi th  
the  n e p h r o t i c  k idney  lesion or may  also be 
evoked by  direct  removal  of  p lasma prote ins .  

EXPERIMENTAL PROCEDURES 

Animals 

Male a lb ino  rats of  Hebrew Univers i ty  s t rain,  
weighing 240 to 260 g, were used. They  were 
fed ad l ib i tum a local  pel le ted  s tock  diet  
c o m p o s e d  of  60% c a r b o h y d r a t e ,  20% pro te in ,  
5% fat and 15% salts, cellulose and iner t  ma- 
terial  by  weight.  Nephros is  was induced ,  as 
descr ibed previously  (9), by  six to  seven subcu-  
t aneous  in jec t ions  o f  2 m g / 1 0 0  g amino-  
nuc leos ide  of  p u r o m y c i n  (Sigma,). The rats 
were used 7 to 10 days af te r  the  last amino-  

695 



696 E. S H A F R I R  A N D  T. B R E N N E R  

T A B L E  I 

T ime  Cour se  o f  I n c o r p o r a t i o n  o f  L e u c i n e  a n d  C i t r a t e  
i n t o  S e r u m  To ta l  P ro t e in s  a n d  Lip ids  in N o r m a l  Rats  a 

[ 3 H ]  in p r o t e i n s  [ 14C]  in l ip ids  

T ime  (min )  d p m / m l  

5 725  2 4  
30  6 , 2 7 0  2 8 8  
60  14 ,375  7 0 9  
90  1 5 , 9 0 0  5 5 8  

120  1 6 , 8 8 0  651  

a D a t a  in t he  t ab l e  are f r o m  a r e p r e s e n t a t i v e  exper i -  
m e n t ,  e ach  va lue  r e p r e s e n t i n g  a m e a n  o f  t w o  ra t s  
i n j ec t ed  w i t h  a m i x t u r e  o f  l abe led  c i t r a t e  a n d  leuc ine .  
At  the  i n d i c a t e d  t imes ,  t he  t o t a l  s e r u m  Iipids a n d  
p r o t e i n s  w e r e  i so l a t ed  a n d  c o u n t e d  as de sc r ibed  in t he  
E x p e r i m e n t a l  P r o c e d u r e s .  

nucleoside injection. At this time, the food 
consumption and several other metabolic 
parameters, such as liver glycogen content and 
lipogenic enzyme capacity, which became 
reduced during the nephrosis induction period, 
have returned to normal (i 2). 

Plasmapheresis was performed by two 
withdrawals of  about one-fourth of  blood 
volume 18 hr apart. Heart puncture was per- 
formed under light ether anaesthesia, 5 ml of 
blood were taken out and 4 ml of a 50% 
suspension of homologous red blood cells in 

0.9% NaC1 injected through the same needle. 
Control animals were subjected to a procedure 
of withdrawal and reinjection of their own 
blood in the same syringe. If not otherwise 
stated, the rats were used 3 hr after the second 
blood withdrawal. 

At the time of experiment, the nephrotic 
animals had serum triglyceride levels ranging 
from 460 to 1150 mg/dl and cholesterol levels 
between 240 to 540 mg/dl. Lipid levels in the 
plasmapheretic animals were within normal 
range (serum triglycerides from 65 to 144 
mg/dl and cholesterol from 78 to 92 mg/dl). 
Serum albumin was 1.3 -+ 0.2 g/dl in the neph- 
rotic rats and 3.2 -+ 0.2 g/dl in the plasmaphere- 
tic rats compared to 3.9 + 0.1 g/dl in the 
control animals (mean -+ SE for 20 animals in 
each group). 

Injection of Labeled keucine and Citrate 
and Separation of Lipoproteins 

The rats received 10 /ICi and 10/~moles of 
4,5-[3H]leucine together with 10 /ICi and 20 
//moles of  1,5-[14C]sodium citrate by intra- 
venous injection. The labeled leucine and 
citrate were freshly obtained products of the 
Radiochemical Centre, Amersham, England, of  
radiochemical purity>99%, as stated by the 
manufacturer. One hour later the rats were bled 
under light ether anesthesia and the livers 

T A B L E  1I 

I n c o r p o r a t i o n  o f  3H- leuc ine  i n to  S e r u m  A p o l i p o p r o t e i n s  a n d  
A l b u m i n  and  14C-c i t r a t e  in to  L i p o p r o t e i n - B o r n e  Lip ids  a 

C o n t r o l  N e p h r o s i s  P l a s m a p h e r e s i s  
F r a c t i o n  (16)  (12)  (10 )  

Leuc ine  in p r o t e i n s  

V L D L  + L D L  (d < 1 .063 )  
d p m / m l  s e r u m  3 8 3  • 23  1 ,979  • 138 7 8 6  • 69  
d p m / 1 0 0  g b o d y  w t  1 , 9 1 6  • 95 8 , 7 0 9  • 6 3 6  3 , 7 7 3  • 333  

H D L  ( 1 . 0 6 3  < d  < 1 .21)  
d p m ] m l  s e r u m  1 , 2 1 3  • 122 3 , 4 8 0  • 321 2 , 1 1 2  • 2 2 8  
d p m / 1 0 0  g b o d y w t  5 , 9 4 2  +- 637  1 5 , 1 3 8  • 1 , 4 2 9  1 0 , 0 3 2  • 1 ,026  

A l b u m i n  
d p m / m l  s e r u m  9 , 9 5 0  • 4 6 6  2 7 , 1 9 0  • 1 , 7 3 0  1 5 , 6 2 4  • 1 , 1 9 4  
d p m / 1 0 0  g b o d y  w t  4 6 , 5 7 0  �9 1 , 9 5 0  1 1 8 , 8 0 0  • 8 , 2 8 0  7 5 , 0 0 0  • 6 , 0 9 0  

Ci t ra te  in l ip ids  
V L D L  + L D L  (d < 1 .063 )  

d p m / m l  s e r u m  4 9 4  + 41 1 ,946  • 176  785  • 69 
d p m / 1 0 0  g b o d y  w t  2 , 4 7 0  • 2 1 0  8 , 6 6 0  • 7 4 6  3 , 7 8 4  • 3 2 8  

H D L  ( 1 . 0 6 3  < d < 1 .21)  
d p m / m l  s e r u m  75 • 8 2 1 2  • 21 138 • 12 
d p m / 1 0 0  g b o d y  w t  3 7 6  • 42 9 4 0  • 93  6 6 3  +- 55 

aVa lues  in t h e  t ab le  are  m e a n s  -+ SE f o r  t h e  n u m b e r  o f  r a t s  given in p a r e n t h e s e s .  B l o o d  w a s  r e m o v e d  1 h r  
a f t e r  t he  i n t r a v e n o u s  i n j e c t i o n  o f  l abe led  leuc ine  a n d  c i t r a te .  In r a t s  a f t e r  p l a s m a p h e r e s i s  l euc ine  + c i t r a t e  w e r e  
i n j ec t ed  2 h r  a f t e r  t h e  s e c o n d  p l a s m a  r e m o v a l  a n d  the  i n c o r p o r a t i o n  m e a s u r e d  1 hr  la ter .  All d i f f e r e n c e s  f r o m  
n o r m a l  r a t s  w e r e  s ign i f i can t  at  P < 0 . 0 0 5 .  F o r  c a l c u l a t i o n  o f  i n c o r p o r a t i o n  per  100  g b o d y  w t ,  t he  c o r r e s p o n d i n g  
s e r u m  v o l u m e  in n o r m a l ,  n e p h r o t i c  a n d  p l a s m a p h e r e t i c  r a t s  w a s  t a k e n  as 5 .0 ,  4 .4  a n d  4 . 8  ml,  r e spec t i ve ly  (un-  
p u b l i s h e d  da ta ) .  

LIPIDS,  VOL.  14,  NO.  8 
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TABLE III 

Incorporation of 3H-leucine and 14C-citrate into Liver Lipids and Proteins a 

697  

Control Nephrosis Plasmapheresis 
(16) (12) (10) 

Leucine in total proteins (x 103) 

dpm/g liver tissue 17.5 • 1.6 25.4 • 3.5 21.3 • 1.8 
dpmJ100gbodywt  70 .9+6 .3  143 -+19 b 80 .8•  

Citrate in total lipids (x 103) 

dpm/g liver tissue 2.6 +- 0.3 3.9 + 0.6 3.5 +- 0.3 
dpm/100 g body wt 10.5 +- 1.2 22.4 +- 3.3 b 13.0 -+ 1.3 

aValues in the table are means -+ SE for the number of rats given in parentheses. The livers are derived from 
the rats in which serum lipoproteins were investigated (Table II). The ratio liver/body wt was 4.0 • 0.1, 5.6 +- 0.3, 
and 3.8 • 0.2 in normal, nephrotic and plasmapheretic rats, respectively. 

bDifference from control rats significant at P < 0.01. 

removed .  The e x t e n t  of  i n c o r p o r a t i o n  of  
leucine  and c i t ra te  label  in to  the  lipid and  
p ro t e in  c o m p o n e n t s  of  the  c o m b i n e d  se rum 
very low dens i ty  + low dens i ty  l i pop ro t e in  
f rac t ion  ( V L D L  + LDL),  h igh dens i ty  l ipopro-  
te ins  (HDL),  and  a lbumin  was measured  a f te r  
the  f lo ta t ion  in a 50 Ti r o t o r  o f  Spinco Model 
L3-50 u l t racen t r i fuge .  The  sepa ra t ion  pro- 
cedure  was essent ial ly  t ha t  o f  Havel et  al. (13).  
The dens i ty  of  the  m e d i u m  was ad jus ted  by  the  
add i t i on  of  solid KBr as descr ibed  by  Radd ing  
and  Ste inberg  (8). C h y l o m i c r o n s  were r emoved  
first by  cen t r i fuga t ion  at 10 ,000 X g for  30 
min. VLDL and LDL were t h e n  separa ted  as 
one  f rac t ion  f loa t ing  at d = 1.063 g/ml  af te r  24 
hr  of  u l t r acen t r i f uga t i on  at 48 ,000  rev /min  
(140 ,000  X g) and  15 C. The  V L D L  and LDL 
were separa ted  t o g e t h e r  due to the  low relative 
c o n c e n t r a t i o n  o f  the  l a t t e r  and  the  d i f f icu l ty  
to  sharply dissociate  these  two l i pop ro t e in  
classes by  f lo ta t ion  in the  rat  and because 
parallel  s tudies  were done  wi th  isola ted per- 
fused liver (Brenne r  and  Shafrir ,  m a n u s c r i p t  in 
p r epa ra t i on )  which  secretes negligible a m o u n t s  
of  LDL. Af ter  slicing o f f  the  V L D L  + LDL in 
the  u p p e r m o s t  segment  o f  the  tube ,  the  HDL 
were f loa ted  by  u l t r a cen t r i f uga t i on  of  the  
i n f r a n a t a n t  p o r t i o n  at d = 1.21 g/ml and  4 8 , 0 0 0  
rev /min  for  48 h r  at 15 C. The t op  f rac t ions  
were washed  once  by d i lu t ing  wi th  4 vol of  KBr 
so lu t ion  (at  d = 1.063 and d = 1.21 g/ml,  
respec t ive ly)  and  r ecen t r i fuga t ion  for  24 hr.  
The HDL were subsequen t ly  dia lyzed against  
0 .9% NcC1 con ta in ing  1 mM Na 2 EDTA,  pH 7.0 
a t 4 C .  

The  rad ioac t iv i ty  in the  p ro te in  and  to ta l  
lipid moie t ies  o f  the  isola ted l i popro te ins  was 
measured  af te r  ex t r ac t i ng  w i th  c h l o r o f o r m /  
m e t h a n o l  (2 :1 ,  v/v)  accord ing  to  Fo lch  et al. 
(14).  The phases  were b r o k e n  using 0 .05% 
MgC12 so lu t ion  acidif ied w i t h  0 .005 N H 2 SO4, 

and the  c h l o r o f o r m  ext rac t  washed  wi th  a 
syn the t i c  u p p e r  phase  con ta in ing  the  same 
c o n c e n t r a t i o n  of  H2SO 4 and  MgC12. This 
p r e c a u t i o n  was used to min imized  the  loss of  
lipids, inc lud ing  FFA,  to the  u p p e r  phase.  Af te r  
th ree  washes,  the  vo lume  of  the  ex t rac t  was 
r e c o n s t i t u t e d  by  add i t i on  of  m e t h a n o l  and  
po r t i ons  were evapora t ed  for the  d e t e r m i n a t i o n  
of  l ipid rad ioac t iv i ty  in a l iquid sc in t i l la t ion  
spec t romete r .  The s ed imen ted  p ro t e in  was 
washed  wi th  m e t h a n o l ,  dissolved in concen t ra -  
ted  fo rmic  acid (15)  and  coun ted .  

Separation of Albumin 
The pro te ins  in the  d = 1.21 i n f r a n a t a n t  

fluid were p rec ip i t a t ed  at 10% t r i ch lo roace t i c  
acid (TCA)  c o n c e n t r a t i o n ,  and  washed  3 t imes  
w i th  5% TCA. The a lbumin  was ex t r ac t ed  f rom 
the  prec ip i ta te  by  several t r e a t m e n t s  wi th  a 
so lu t ion  of  1% TCA in 95% e thano l  (w/v)  (16) ,  
r ep rec ip i t a t ed  by  the  add i t ion  of  3 vol. of  e thy l  
e ther ,  washed  wi th  e thy l  e the r  and dissolved for 
c o u n t i n g  in formic  acid. 

Lipid Synthesis from 3H20 

Serum and liver l ipid synthes is  f rom 3 H 2 0  
( A m e r s h a m  Rad iochemica l  Cent re ,  England)  
was measured  4 h r  a f te r  an i n t r ape r i t onea l  
i n j ec t ion  of  4 mCi i so ton ic  t r i t i a t ed  water .  The  
liver and  serum were col lected,  po r t ions  ex- 
t r ac t ed  in c h l o r o f o r m / m e t h a n o l  (2:1, v/v)  and  
washed  3 t imes  as descr ibed.  Por t ions  o f  the  
ex t rac t s  were evapora ted ,  h y d r o l y z e d  by  
hea t ing  wi th  5 N KOH in e t h a n o l  (1:7 ,  v/v).  
Fa t t y  acids were ex t r ac t ed  in to  h e p t a n e  a f te r  
ac id i f ica t ion  and coun ted .  Choles teroI  was 
p rec ip i t a t ed  and  c o u n t e d  as d ig i tonide  (17).  
The  synthes is  of  f a t ty  acids and choles te ro l  was 
ca lcu la ted  us ing the  i n c o r p o r a t i o n  factors  of  
13.3 and  18 .9 /ag  a toms  of  3H per  g m o l e  f a t ty  
acid or  choles tero l ,  respect ive ly  (18).  
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TABLE IV 

Distribution of Citrate Label among Serum and Liver Total Fatty Acids and Cholesterol a 

Serum Liver 

Fatty acids Cholesterol Fatty acids Cholesterol 
Rats % % % % 

Control (16) 67.8 +- 2.9 17.4 + 1.2 69.5 -+ 3.1 10.4 + 0.8 
Nephrotic (10) 59.0 -+ 3.6 22.8 -+ 2.0 b 58.0 -+ 3.9 b 14.9 + 0.9 b 

aValues in the table are means -+ SE for the number of rats in parentheses. Fatty acids and cho- 
lesterol were separated after saponification of the lipids (see Experimental) and the values 
represent percentages of the total lipid radioactivity. 

bDifference from control rats significant at P < 0.05. 

Port ions  of  serum and liver f rom leucine + 
ci t rate- injected rats were t reated similarly for 
de te rmin ing  the label incorpora t ion  in to  fa t ty  
acids and cholesterol .  

Radioactivity in Proteins 

Label incorpora t ion  in to  total  serum or liver 
prote ins  was es t imated by precipi ta t ing the 
prote ins  f rom serum or a 25% liver homogena te  
in 0.25 M sucrose with 10% T e A  and washing 
the precipi tate  3 t imes wi th  5% T e A  and 2 
t imes with e thano l / e the r  (3:1,  v/v). The radio- 
activity in the proteins  was de te rmined  after  
dissolving the precipi ta te  in formic acid (15) 
and counting.  

Determination of Leueine, Isoleueine 
and Citrate Contents 

For this purpose,  por t ions  o f  liver were 
quickly f rozen in liquid air and homogen ized  in 
6% perchlor ic  acid. Leucine and isoleucine were 
quan t i t a ted  in a Beckman Amino Acid Ana- 
lyzer. Citrate levels were de te rmined  by an 
enzymat ic  m e t h o d  using citrate lyase (19), 
which  was purchased f rom Boehringer 
(Germany) .  

RESULTS 

The t ime o f  one hour  was chosen for the 
s tudy of  incorpora t ion  of  [3H] leuc ine  and 
[ 14C] citrate since at this t ime the incorpora-  
t ion of  b o t h  precursors  in to  serum to ta l  pro- 
teins and lipids seemed to plateau (Table I). 

Table II shows the radioactivi ty of  serum 
l ipoprote ins  o f  nephro t i c  and p lasmaphere t ic  
rats isolated by ul t racentr i fugal  f lotat ion.  In 
nephrosis ,  more  than  four-fold increase was 
evident  in [3H] leuc ine  incorpora t ion  into the 
pro te in  moie ty  of  the  combined  VLDL + LDL 
fract ion and a three-fold  increase in the  HDL 
fraction.  The increase in leucine-derived radio- 
activity in albumin was also about  three-fold.  
The incorpora t ion  of  [ 14C] citrate carbons  into 

the lipids of  the VLDL + LDL fract ion in- 
creased also about  four-fold,  and the radioac- 
tivity in the HDL lipids rose about  three-fold.  

The respective increases in leucine and 
citrate-derived label in the l ipoprote ins  or 
a lbumin of  rats af ter  plasmapheresis  were 
smaller than in nephrosis  but all highly signifi- 
cant in compar ison  to cont ro l  rats. 

All incorpora t ions  have been calculated per  
ml of  serum as well as per serum volume 
cor responding  to 100 g body  wt, since in the  
nephro t ic  rats the serum volume is lower than  
normal.  This did no t  alter, however ,  the  general 
t rend of  marked increase in the  incorpora t ion  
of  leucine or citrate in to  the l ipoprote in  com- 
ponen t s  or into albumin.  

Nephrosis  or plasmapheresis  did induce only 
small increases in the amount  o f  leucine-derived 
[3H] labe l  in liver prote ins  or ci trate-derived 
[14C] label in liver lipids (Table liD. These 
increases were no t  significant in nephrosis  when  
calculated per g liver wt,  but  become  significant 
when  expressed per  liver wt cor responding  to 
100 g body  wt as liver size increased in nephro-  
tic rats. The increase in liver size appeared to be 
un i form with regard to its c o m p o n e n t s  since 
the defa t ted  dry liver wt o f  normal  and nephro-  
tic rats was similar (29.6 -+ 0.9 vs. 27.5 -+ 1.0%, 
respectively).  Thus, the incorpora t ion  of  
leucine or citrate in to  the liver total  pro te ins  or 
lipids, respectively,  increased,  in nephrosis ,  less 
than two-fold as compared  with t h r e e - t o  
four-fold rises in serum l ipopro te ins  or a lbumin 
(Table II). The cor responding  increases in the  
liver o f  p lasmaphere t ic  rats were no t  significant. 

In several instances,  cross incorpora t ion  of  
[14C] labe l  into the prote ins  and [3H]label  
in to  the lipids o f  liver or serum was also 
checked bo th  in cont ro l  and nephro t i c  rats and 
was found negligible during the per iod of  
observat ion.  Leucine label among the serum 
lipids was in the range of  2 to 5% of  that  o f  
citrate,  whereas citrate label in pro te ins  was 
< 1 %  of  that  o f  leucine. 
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FIG. 1. Time course of the incorporation of citrate 
into total serum lipids and leucine into total serum 
proteins in rats after plasmapheresis, in relation to 
control rats. The two labeled precursors were injected 
together, one hour before the indicated times of 
sacrifice, starting from the second plasma withdrawal 
(see Methods). Each point represents a mean + SE for 
8 to 11 rats in each group. The asterisk indicates a 
statistically significant difference from the control 
rats. 

When the  lipids of  serum and hver were 
separated (Table IV), the mean d is t r ibut ion  
ratio of  radioact ivi ty be tween  fat ty  acids and 
choles terol  in serum and liver was 3.9 and 6.7, 
respectively,  in normal  rats and 2.6 and 3.9, 
respectively,  in nephro t i c  rats. Thus, more  
ci trate-derived radioactivi ty was channeled  in to  
cholesterol ,  in the nephro t ic  rats. 

Phasmapheresis  a f forded the  o p p o r t u n i t y  to 
fol low the  t ime course o f  the compensa to ry  
responses  to the  acutely p roduced  h y p o p r o -  
teinemia.  Figure 1 shows that  the peak incor- 
pora t ion  of  leucine and ci trate in to  the total  
lipids and prote ins  of  serum occurred coinci-  
dental ly 3 hr  af ter  the plasmapheresis .  Percent-  
agewise, the  increase in incorpora t ion ,  com- 
pared to con t ro l  rats, was greater  in the  case of  
fipids than proteins .  The increased rate o f  
incorpora t ion  was still evident  at 6 hr, but  
re turned  to normal  24 hr  af ter  the plasma- 
pheresis.  Figure 2 fur ther  i l lustrates the tem- 
poral  co inc idence  in leucine and citrate label 
incorpora t ion  in to  the p ro te in  and lipid 
moiet ies  of  the  ul t racentr i fugal ly  isolated 
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FIG. 2. Time course of rise in the incorporation of 
citrate into hpids and leucine into proteins of the 
ultracentrifugally separated d<1.063 g/ml serum 
lipoprotein fraction (VLDL + LDL) as well as into 
serum albumin, in rats after plasmapheresis. Each 
point represents a mean �9 SE for 7 to 9 rats in each 
group. The asterisk indicates a statistically significant 
difference from the control rats. 

VLDL + LDL as well as into serum albumin.  
To compare  the precursor  pools  at normal  

and exper imenta l  condi t ions  at which leucine 
and citrate incorpora t ion  was s tudied,  the levels 
o f  endogenous  leucine, isoleucine and citrate in 
serum and fiver were de te rmined .  Table V 
shows that  the  levels o f  these precursors  were 
lower  in the nephro t ic  and p lasmaphere t ic  
animals but  usually no t  significantly and 
cons is tent ly  so. Considering that  the  liver size 
in the nephro t ic  rats is greater,  the  express ion 
o f  the precursor  levels per  100 g b o d y  wt would  
tend to minimize  these differences.  Thus, the  
observed manifold  rises in leucine and ci trate 
incorpora t ion  into prote ins  or lipids were 
observed in absence of  appreciable changes in 
liver p recursor  concen t ra t ion ,  which might  have 
significantly con t r ibu ted  towards  incorpora t ion  
increases. 

To fur ther  d o c u m e n t  the  occurrence  of  de 
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T A B L E  V 

S e r u m  a n d  L i v e r  L e u c i n e ,  I s o l e u c i n e  a n d  C i t r a t e  
L e v e l s  o f  N e p h r o t i c  a n d  P l a s m a p h e r e t i c  R a t s  a 

M e t a b o l i t e  N o r m a l  N e p h r o s i s  P l a s m a p h e r e s i s  

S e r u m ,  n m o l / m l  

L e u c i n e  118  • 16 78  • 9 86-+ 13 
I s o l e u c i n e  83  • 11 56  • 8 63  • 10 
C i t r a t e  79  • 9 68  • 8 63  • 6 

L ive r ,  n m o l / g  

L e u c i n e  2 1 9  -+ 22  142 + 10 309-+  56 
l s o l e u c i n e  159  • 26  105 • 12 2 2 5  +- 25  
C i t r a t e  197 • 24  148  + 19 175 -+ 16 

a V a l u e s  a re  m e a n s  + S E  f o r  7 to  10 r a t s  d e t e r m i n e d  at s a c r i f i c e .  

T A B L E  V I  

S e r u m  a n d  L i v e r  L i p i d  S y n t h e s i s  f r o m  3 H 2 0  in N e p h r o t i c  a n d  P l a s m a p h e r e t i c  R a t s  a 

C o n t r o l  N e p h r o s i s  P l a s m a p h e r e s i s  
(6)  (6)  (6)  

S e r u m  f a t t y  ac id s  
n m o l / h  o m l  90  -+ 9 7 5 0  -+ 175 b 198 • 22  b 
n m o l / h  - 100  g b o d y w t  4 5 9  +- 51 3 3 9 3  • 7 1 8  b 941  • 109  b 

L i v e r  f a t t y  ac id s  
n m o t / h  ~ g t i s s u e  305  -+ 4 6  6 4 6  + 112  c 4 2 4  + 7 3  
n m o l / h  . 1 0 0 g b o d y w t  1 2 4 8  -+ 185 3 3 8 9  -+ 5 9 7  b 1 6 4 2  • 3 6 4  

S e r u m  c h o l e s t e r o l  
n m o l / h  o ml  9 . 3  -+ 0 .7  2 7 . 6  -+ 1.6 b 16.5 • 1.1 b 
n m o l / h  ~ 1 0 0 g  b o d y w t  4 6 . 2  -+ 3 .6  120  + 7 . 3  b 7 9 . 5  + 5 .4  b 

L i v e r  c h o l e s t e r o l  
n m o l / h  o g t i s s u e  22 .3 -+  1.9 2 9 , 6  • 2 .3  c 2 6 . 8 - +  3,5  
n m o l / b  ~ 100  g b o d y  w t  8 8 . 7  • 9 .3  164  + 13 a 103 • 13 

a V a l u e s  in t h e  t a b l e  are  m e a n s  -+ SE  f o r  g r o u p s  o f  6 ra t s .  0 .5  ml  o f  i s o t o n i c  t r i t i a t e d  w a t e r  w a s  i n j e c t e d  i .p .  
and  t h e  r a t s  k i l l e d  4 h r  l a t e r .  T h e  p l a s m a p b e r e t i c  r a t s  r e c e i v e d  t h e  i n j e c t i o n  I h r  a f t e r  t h e  s e c o n d  b l o o d  r e m o v a l .  
S e r u m  and  l i ve r  l ip id  s y n t h e s i s  p e r  100  g b o d y  w t  w a s  c a l c u l a t e d  as e x p l a i n e d  u n d e r  T a b l e s  I I  a n d  l l I .  

b D i f f e r e n c e s  f r o m  c o n t r o l  r a t s  s i g n i f i c a n t  a t  P < 0 .01  at l eas t .  

C D i f f e r e n c e s  f r o m  c o n t r o l  r a t s  s i g n i f i c a n t  a t  F < 0 . 0 5 .  

novo lipogenesis in association with experi- 
mental hypoproteinemia, the incorporation of 
[3H] from ?H20  into hpids was followed in 
nephrotic and plasmapheretic rats. Table Vl 
shows that the rate of serum fatty acid synthe- 
sis in nephr0sis exceeded that of control rats as 
much as 8 times (whether expressed per ml of 
serum or per 100 g body wt) and of cholesterol 
synthesis about 3 times. The content of newly 
synthesized fatty acids in the liver of  nephrotic 
rats, expressed per 100 g body wt, was also 
significantly higher by a factor close to 3 and of 
cholesterol by a factor close to 2. In plasma- 
pheretic rats, the rise in the synthetic rates of 
serum fatty acids and cholesterol was also 
significant but less conspicuous than in the 
nephrotic rats, whereas the increases in liver 
lipid synthesis did not reach the level of signifi- 
cance. These results corroborate those of 
increased incorporation of citrate carbon into 

serum and liver lipids of  nephrotic and plasma- 
pheretic rats (Tables II and III). 

DISCUSSION 

The enhanced lipoprotein production in 
intact nephrotic rats is indicated in our results 
of incorporation of  simultaneously adminis- 
tered precursors into protein and lipid moieties 
of the lipoproteins. The increased flow of 
1,5-[14 C] citrate carbons into the Iipopro- 
tein-borne lipids should be attributed to de 
novo fatty acid and cholesterol synthesis. The 
rise in 4,5-[3H]leucine incorporatior~ into 
apolipoproteins and albumin points to the 
coincidently increased hepatic synthesis of 
plasma proteins. 

These conclusions are based on the premise 
that the specific activity and the pool size of 
these precursors in the control and hypopro- 
teinemic animals were not appreciably dif- 
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ferent, which is indeed borne out by the 
determination of the levels of leucine and 
citrate in serum and liver (Table V). As a 
further precaution, leucine and citrate were 
injected in larger than tracer amounts to 
minimize possible fluctuations in the initial 
substrate concentrations between the normal 
and hypoproteinemic animals. Additional sup- 
port for our conclusion comes from the fact 
that the pronounced increment in label incor- 
poration was mainly evident in the circulating 
lipoproteins, whereas the incorporation into the 
hepatic lipids and proteins was only moderately 
elevated. The ratio of leucine label appearing in 
serum lipoproteins vs. that in total liver pro- 
teins (per 100 g b o d y  wt) was 0.11 in control 
rats and 0.17 in nephrotic rats. The same ratios 
for citrate label were 0.27 and 0.43, respec- 
tively (data of Tables II and liD. Were higher 
precursor specific activities of citrate or leucine 
in nephrotic rats responsible for the higher 
incorporation value, the increases in protein or 
lipid label in serum vs liver would have been at 
a ratio similar to that in control rats. The 
preferential appearance of the label in the 
circulation in nephrosis and plasmapheresis 
strongly suggests a favored pathway into 
components to be exported from the liver in 
response to the hypoproteinemia. However, 
stimulation of incorporation into liver tissue 
proteins and lipids is also possible, particularly 
in view of the augmented liver size in nephrosis. 

In accord with our parallel liver perfusion 
studies (Brenner and Shafrir, manuscript in 
preparation), it may be concluded that, both in 
vivo and in vitro, amino acids do not constitute 
an important substrate for the elaboration of 
the lipid moiety of the lipoproteins. Metabolic 
adjustments, yet to be fully elucidated, appear 
to divert amino acids from pathways of lipo- 
genesis or gluconeogenesis in nephrosis (20). 
The lipid moiety of the lipoproteins seems to 
be supplied from other sources. As discussed 
elsewhere (12, Brenner and Shafrer, manuscript 
in preparation), accelerated trapping and 
recirculation of preformed, adipose tissue- 
derived FFA seems to represent one source. 
New lipid synthesis is also enhanced from 
glucose, shown in previous investigations to be 
an important precursor of the excessively 
synthesized lipoprotein lipids in nephrotic rats 
(9) and in a large proportion of nephrotic 
human patients (21). Our present results 
demonstrate the increased hepatic utilization in 
nephrosis and plasmapheresis of another 
lipogenic substrate, such as citrate which 
produces extramitochondrial acetyl-CoA, di- 
rectly available for de novo fatty acid synthesis 
(22,23). Moreover, independent confirmation 

of the enhanced tipogenesis in nephrosis and 
plasmapheresis stems from the results of [3H] 
incorporation from the in vivo administered 
tritiated water. Again, there was a predominant 
flow of the label into serum rather than liver 
lipids with close to three-fold increase in the 
distribution ratio in serum vs. liver lipids (data 
of Table VI). De novo fatty acid and choles- 
terol synthesis is demonstrated in these experi- 
ments, since [3H] incorporation is known to 
result in random, NADH- and NADPH- 
mediated exchange of hydrogens along the 
fatty acid chain carbons during active fatty acid 
synthesis in rat liver (24). 

It is of interest that the flow of citrate 
carbons and [3HI to lipids is enhanced al- 
though the maximal capacity of the regulatory 
enzymes of fatty acid synthesis may not be 
adaptively increased, or even decreased, at the 
onset of the aminonucleoside-induced nephrosis 
(12). This transient effect on some enzymes is 
probably due to the retention, by aminonucleo- 
side, of a fraction of the potency of its parent 
substance, puromycin, to inhibit the synthesis 
of selected proteins. However, the increasing 
availability of apolipoprotein acceptors seems 
to exert an overriding influence on the rate of 
flow of lipogenic precursors to fatty acids even 
if the maximal enzyme capacity is lower than 
normal. This is exemplified here by the in- 
creased in vivo incorporation of citrate and 
[3H] to lipids and elsewhere by direct in vitro 
measurements of hepatic acetyl-CoA conversion 
to fatty acids (12). With longer time intervals 
after cessation of aminonucleoside injections 
(> 7 days), the activity of lipogenesis enzymes 
rebounds and at that time the share of pre- 
formed FFA in lipoprotein lipid elaboration 
decreases (12). 

In rats, after plasmapheresis, the incorpora- 
tion of leucine and citrate into serum lipids 
and proteins, though significantly increased, was 
less conspicuous than in nephrosis. The hypo- 
proteinemia obtained by plasma withdrawal 
was less extensive and of shorter duration and 
most probably exerted a weaker stimulus for 
the replacement of plasma proteins. Neverthe- 
less, the plasmapheresis-induced occurrence of 
enhanced lipoprotein and albumin synthesis 
points out that the hepatic response is not 
dependent upon protein loss specifically 
through the kidney. 

In contrast to the nephrotic rats, the in- 
creased lipogenesis after plasmapheresis was not 
associated with hyperlipidemia. This again 
could be attributed to the short hypoprotein- 
emic stimulus as well as to the fact that each of 
the two plasma withdrawals included the 
removal of lipoproteins. Mutiple bleedings over 
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a prolonged period do result in hyperlipidemia 
in dogs (10), rats (11) and rabbits (25). 

The time course of [ 14C] citrate and [3H]- 
leucine label appearance in rat serum after 
plasmapheresis showed a temporal collusion of 
the incorporation of these two precursors into 
the lipid and protein moieties of  lipoproteins as 
well as into serum albumin. The common peak, 
evident 3 hr after plasmapheresis, apparently 
resulted from a tight association of the stimuli 
for the enhanced synthesis of  apolipoproteins 
and their complementary lipids. Likewise, in 
the nephrotic animals the magnitudes of 
increments in incorporation of leucine to apo- 
lipoproteins and citrate to lipoprotein-borne 
lipids were similar, one hour after the adminis- 
tration of  the precursors, 

Our conclusions from citrate and leucine 
incorporation data obtained here are generally 
in agreement with those of  Takeuchi and 
Yamamura (1 1) who have measured leucine and 
acetate incorporation into liver slices of a 
highly selected group of rats subjected to a 
single plasmapheresis. In their experiments the 
incorporation of leucine and acetate into 
lipoprotein proteins and lipids was increased for 
up to 72 and 96 hr, respectively, with the onset 
of lipid synthesis lagging behind that of pro- 
teins. When apolipoprotein synthesis was 
inhibited by orotic acid, no increase in lipo- 
genesis from acetate occurred. The results 
suggest that the enhancement of lipoprotein 
synthesis may persist longer after plasma- 
pheresis when measured in an isolated liver, 
than in the whole animal. Although the lipo- 
genesis from acetate cannot be strictly com- 
pared to that from citrate (23), the time course 
of the incorporation lends a strong support to 
the contention that the acceleration of lipo- 
genesis in nephrosis, similarly to plasma- 
pheresis, is secondarily linked to the excessive 
synthesis of apolipoproteins. 
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Effect of Calcium onAbsorption of Fatty Acid by Rat Jejunum 
in vitro 
D.R. SAUNDERS and J. SILLERY, Department of Medicine, 
University of Washington, Seattle, WA 98195 

ABSTRACT 

The effect of Ca ++ on jejunal osmiophilic particles was studied in a recirculating system which 
was not contaminated with plasma lipoproteins. An isolated, infused segment of rat jejunum was sus- 
pended in a bath of liquid paraffin. Transudate, containing osmiophilic particles, appeared like beads 
of sweat on the serosal surface, and fell to the bottom of the bath. In the range of 25-38 C, 30 C 
proved to be optimal for histological preservation of villous architecture. Production of transudate, 20 
mg/min/g of jejunum, and transport of [14C] oleate proceeded nearly linearly after the first 30 rain. 
Necrosis of mid-villus and crypt cells became obvious by light microscopy after one hour. Therefore, 
transudate was collected between the period of 30-60 min. Shadow casting of transudates, produced 
when saline was infused, revealed that 86 • 9 (SD) % of osmiophilic particles was < 800 A in diameter; 
13 + 8~g., was 800 - 1000 A; 0.4 -+ 0.5% was 1000 - 2000 A. Corresponding values were 58 -+ 10, 25 • 5, 
and 16 • 5% when 5 mM [14C] oleate + 2.5 mM monoolein was infused; 75% of the transported 
[14C] appeared in triglyceride. Adding 2 mM Ca ++ to the infusion doubled the transport of [ 14C] tri- 
giyceride without increasing particle size further. We conclude that luminal Ca ++ increases the absorp- 
tion of luminal fatty acid by rat jejunum in vitro. 

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

We sough t  to  con f i rm  and  to e x t e n d  Strauss '  
obse rva t ion  t ha t  Ca ++ enhances  synthes is  and  
t r anspor t  of  j e juna l  l ipid part icles  (1,2) .  The  in 
vi t ro sys tem of  Parsons  and  Volman-Mi tche l l  
(3) was adap ted  because  it has  the  advantages  
of  being relat ively u n c o n t a m i n a t e d  by  small  
in tes t ina l  c o n t e n t s  or by  p lasma l ipopro te ins .  

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

Materials 

[ 1 - t 4 C ] o l e i c  acid (New England Nuclear  
Corp. ,  Bos ton ,  MA) was pur i f ied  by  au torad iog-  
r aphy  and th in  layer  c h r o m a t o g r a p h y .  [1,2- 
3 H ] p o l y e t h y l e n e  glycol,  M.W. 4000  (New 
England  Nuclear  Corp.) ,  oleic acid (NuChek  
Prep Inc.,  Elysian,  MN), and  2 -monoo le in  
(Serdary  Research,  L o n d o n ,  Ont . )  were used 
w i t h o u t  f u r t h e r  pur i f ica t ion .  Na t a u r o c h o l a t e  
was syn thes ized  and  pur i f ied  (4).  

Saline in fus ions  consis ted  of  (mM):  NaCl, 
85;  KC1, 6; NaHCO 3 40 ;  Na t au rocho la t e ,  5; 
glucose, 28;  [ 1,2,-3H] p o l y e t h y l e n e  glycol,  0.5 
mM, 0.2 /~Ci/ml; gas phase,  5% CO 2 - 95% 0 2 . 
[ 1 4 C ] o l e i c  acid, 5 mM, 0.2 /~Ci/ml, and  2- 
m o n o o l e i n ,  2.5 mM, were dispersed in saline 
in fus ions  by  br ief  son ica t ion  (Biosonik  II, 
Bronwil l  Scient if ic ,  Roches te r ,  NY, ope ra t ed  at 
a b o u t  1/3 of  its m a x i m u m  o u t p u t  for  2 rain).  
The  sonica ted  l ipid mix tu re  was slightly opales- 
cen t ;  88% of  [14C] l ip id  m i x t u r e  passed 
t h r o u g h  a 1000 A Millipore filter.  Adding  Ca ++ 
to  the  l ipid mix tu r e  increased tu rb id i t y :  51% 
and 10% of  [ 1 4 C l l i p i d  m i x t u r e  passed t h r o u g h  

1000 A fil ters when  the  m i x t u r e  c o n t a i n e d  1 
mM and 2 mM Ca ++, respect ively.  

Experimental Procedures 

Male Sprague-Dawley rats, fas ted overn ight ,  
were in jec ted  in t r amuscu la r ly  wi th  sod ium 
th iopen ta l ,  6 m g / 1 0 0  g, and  hepar in ,  250 
u n i t s / 1 0 0  g of  b o d y  weight .  Th i r ty  min  later ,  
surgical anes thes ia  was induced  wi th  h a l o t h a n e .  

FIG. 1. Diagram of the infusion system. 
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T A B L E  I 

D i s t r i b u t i o n  o f  14C in T r a n s u d a t e s  a 

I n f u s i o n  

D i s t r i b u t i o n  o f  T r a n s p o r t e d  1 4 c b  

14 C T r a n s p o r t e d  O r i g i n  D G  F F A  T G  

Ca ++  o r  Mg  ++ 

N e i t h e r  (6)  
Ca  ++  , 1 r a M ( 4 )  
Ca  ++ , 2  m M  (8 )  
Ca  ++  , 3  m M  (8)  
Ca  ++  , 4 m M ( 8 )  
Ca  ++  , 5  m M  (6)  
Mg  ++,  1 m M ( 7 )  
M g  + + , 2  m M ( 6 )  

n m o l e s / g  t i s s u e  % o f  r e c o v e r e d  14 C 

2 5 0 - +  89  13-+ 7 3-+ 1 7 -+ 2 76  -+ 8 
4 7 0  + 196  11 +- 6 6 + 1 15 -+ 7 61 -+ 5 
565  -+ 2 2 8  c 9 -+ 4 4-+ 3 12 -+ 6 69-+  7 
5 5 0 + 1 0 7  c 1 2 - + 1 1  5 - + 1  1 1 -  + 6 70-+  11 
5 3 0 - +  1 9 6  c 7 + 4 5 +- 1 10+- 5 75 -+ 9 
520 -+  159  c 6 -+ 2 4-+ 3 8-+ 3 79-+  8 
3 9 0  +- 135 2 +- 2 6 -+ 3 15 -+ l l  70-+  15 
3 3 0  +- 161 13-+ 7 7 -+ 4 15 -+ "7 69-+  9 

a J e j u n a l  s e g m e n t s  w e r e  i n f u s e d  f o r  1 h r  w i t h  l i p id  m i x t u r e  to  w h i c h  h a d  b e e n  a d d e d  
Ca  ++  o r  Mg  ++ o r  n e i t h e r .  T r a n s u d a t e s  w e r e  c o l l e c t e d  b e t w e e n  3 0 - 6 0  ra in ,  T h e  v a l u e s  a re  
m e a n s  -+ S D  w i t h  n u m b e r  o f  e x p e r i m e n t s  in  b r a c k e t s .  

b R a d i o a c t i v i t y  r e m a i n i n g  in  u n d e s i g n a t e d  b a n d s  o f  c h r o m a p l a t e s  a c c o u n t e d  f o r  3% o f  
r e c o v e r e d  14C. M o r e  t h a n  8 5 %  o f  1 4 C - t r a n s u d a t e  w a s  r e c o v e r e d  f r o m  c h r o m a t o p l a t e s .  M G  
w a s  n o t  c l e a r l y  s e p a r a t e d  f r o m  t h e  o r i g i n .  

C S i g n i f i c a n t l y  d i f f e r e n t  f r o m  i n f u s i o n s  w i t h o u t  Ca  ++ (t  t e s t  ; p < 0 . 0 1 ) .  

A 15 cm segment of upper jejunum was cannu- 
lated at both ends and was flushed with 30 ml 
of saline infusion. While its mesentery was still 
intact, the cannulated segment was incor- 
porated into a closed circuit system (Fig. 1) 
whose gaslift device circulated 25 ml of saline 
or of lipid infusion through the intestinal lumen 
continuously. The mesentery was cut, the 
serosal surface was washed with saline, dried 
gently with tissue paper, and the segment was 
placed in a bath of liquid paraffin. Transudate 
from the infused segment appears as sweat-like 
beads on the serosal surface, and sinks to the 
bottom of the bath (Fig. 1). Samples of transu- 
date were separated from paraffin by centrifu- 
gation (1500 rpm for 5 rain), and were 
weighed. 3H and t4C in 0.1 ml portions of 
transudate were measured to within + 1% in a 
Beckman liquid scintillation counter. [14C]- 
lipid was fractionated by cochromatographing 
portions of transudate with 12 pg of each of 
triolein, oleic acid, 1,2-diolein, and 2-mono- 
olein in chloroform/methanol (1:1, v/v). 
Chromatoplates (Uniplate, Analtech; Inc., 
Newark, DE) were developed in hexane/diethyl 
ether/methanol/acetic acid (45:10:1:1,  v/v), 
and stained with 12 vapor. Bands of silicic acid 
were scraped into counting vials to which 10 ml 
of Aquasol (New England Nuclear Corp.) was 
added. Particles in samples of transudate were 
shadow-casted (5) without knowing previous 
experimental conditions; electron micrographs 
were taken, and the coded negatives were 
projected onto a grid so that diameters of 
particles could be measured. 

At the end of an experiment, the jejunal 
segment was opened longitudinally, and was 

washed thrice in saline solutions. Its wet weight 
was obtained, and a piece of its mid-section was 
taken for light microscopy; the remaining 
segment was homogenized in chloroform/ 
methanol (1 : 1) so that lipids could be extracted 
(6); the efficiency of extracting [ 14C] oleic acid 
from a nonradioactive jejunal homogenate was 
98.2%. The efficiency of the washing procedure 
was more than 98%; 3 segments of jejunum 
were exposed to a lipid mixture, and then they 
were immediately washed, weighed, and ex- 
tracted with chloroform/methanol.  1.6% of 
14C-mixture remained with the washed tissue; 
31% of this 14C appeared in the free fatty acid 
region, 42% in the triglyceride region, and the 
remainder in the phospholipid and monogly- 
ceride regions by thin layer chromatography. 

Statistical differences between mean values 
of experiments in Table I were analyzed with 
Student's t test (7). 

R ESU LTS 

Effect of Temperature of Incubation 

Histological slides of jejunal segments from 
pairs of rats which had been infused with lipid 
mixture at 25 C, or 30 C, or 33 C, or 38 C for 
1 hr were coded and reviewed, Villous tips 
were better preserved, and absorptive cell injury 
was less at the two lower temperatures. We 
could not distinguish between 25 C and 30 C, 
so subsequent experiments were performed at 
30C.  

Effect of Duration of Incubation 

Jejunal segments from 4 animals were 
infused for 2 hr. After the first 30 rain, produc- 
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FIG. 2. Cumulative secretion of transudate per g 
tissue wet weight by 4 jejunal segments. 

tion of transudate (Fig. 2), and transport of 
14C (Fig. 3) proceeded in a nearly linear 
fashion. However, histological exam of speci- 
mens from these segments which had been 
infused for 2 hr, as well as from segments 
infused for 90 min, revealed increased sloughing 
at villous tips and necrosis of absorptive cells in 
mid-villus and crypt regions. Therefore, transu- 
date produced during the first 30 rain of 
subsequent experiments was discarded, while 
that between 30 - 60 min was collected. 

Production of Osmiophilic Particles 

The majority of particles transported in 
response to infusions of saline had diameters 
less than 800 A. Infusions of lipid prompted 
transport of chylomicron-sized particles (Table 
II). Additions of Ca ++ or Mg ++ did not  further 
increase particle size. 

Fractionation of Radioactivity 
in Transudate 'and in Tissue 

14C was not leached out of transudates by 
the paraffin bath. Less than 2% of 14C was lost 
when 0.2 ml of [14C]transudate was dripped 
through a 4 x 1 cm column of liquid paraffin. 

[3H]polyethylene glycol was added to the 
infusion mixture to detect leaks in intestinal 
segments. Experiments were discarded when 
the concentration of 3H in the transudate 
was > l  0% of that in the infusion. 

Adding Ca ++ , 2-5 mM, but not Mg ++, 1-2 
raM, to the saline-lipid infusion enhanced the 

1500 
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Minutes 

FIG. 3. Cumulative transport of 14C per g tissue 
wet weight by 4 jejunal segments. 

secretion of 14C by jejunal segments (Table I). 
About 70% of the transported 14C was incor- 
porated into triglyceride. 

In the experiments in Table l, an average of 
5.8 /~moles of [ 14C] oleic acid were recovered 
from i g of tissue after one hour's infusion; 
25% of the 14C was in free fatty acid, and 
62% was in triglycefide. Ca ++ did not enhance 
the incorporation of 14C into jejunal lipid. 

Secretion of Protein by Jejunal Segments 

Coded specimens of infusion mixtures and 
of transudates were kindly analyzed by radio- 
immunoassay for apoprotein A-1 by Dr. M. 
Fainaru of Jerusalem. Two segments infused 
with saline secreted 4.9, and 3.9 /ag of apopro- 
tein A-1/g tissue in 30 min, while 2 segments 
infused with lipid mixture secreted 4.4, and 5.5 
~g/g tissue. No apoprotein was detected in the 
infusions. The possibility that these amounts of 
apoprotein A-1 were from contaminating 
plasma proteins was excluded by using albumin 
as a plasma marker. Albumin in transudates was 
determined by Dr. John Albers of Seattle who 
employed an immunodiffusion method able to 
detect 2 /Jg/ml. Two jejunal segments each 
transported 10 /lg of albumin/g of tissue/30 
min which may have denoted contamination 
with ca. 0.3 ~liter of plasma. (The serum 
concentration of albumin in these rats was 
more than 3 g/100 ml). Such an amount of 
plasma would contain less than 0.3 btg of 
apoprotein A-1 (8). 

DISCUSSION 

In this simple system, jejunal segments 
infused with saline secreted osmiophilic par- 
ticles whose diameters were primarily less than 
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TABLE 1I 

Secretion of  Osmiophilic Particles by Rat Jejunum a 

Percentage of  particles 

Infusion No. of  rats <800 A 800-1000 A 1000-2000 A 

Saline 6 86-+ 9 13 +- 8 0.4 • 0.5 
+ lipid 6 58 +- 10 25 -+ 5 16 -+ 5 
+lipid +Ca ++ , 1 mM 7 57 -+ 17 22 + 6 18 • 1t 
+ l i p i d + C a + + , 2 m M  8 62+- 15 2 1 + 8  15• 7 
+lipid +Ca ++ , 5 mM 5 48 + 10 29 -+ 6 21 • 7 
+l ip id+Mg++,  1 mM 8 55 • 11 2 4 •  21 + 7 
+ l i p i d + M g + + , 2 m M  6 51 • 11 2 6 •  21•  8 

aAn average of 340 particles was counted per animal. Tile values are mean • SD. Incu- 
bation was for 1 hr at 30 C. Transudate was collected during the last half hour and was sha- 
dow casted. 

800 A. The  add i t i on  o f  [ 1 4 C ] o l e a t e  and 
m o n o o l e i n  to  the  i n f u s i o n  caused  c h y l o m i c r o n -  
sized par t ic les  to  a p p e a r  and  [14C]  t r ig lycer ide  
to  be sec re ted  in increased  a m o u n t s .  Apprec i -  
able c o n t a m i n a t i o n  o f  the  sec re ted  par t ic les  by  
p l a s m a  p r o t e i n  was  exc luded .  

We chose  to  e x a m i n e  the  e f fec t  o f  Ca ++ and  
Mg ++ on  u p t a k e  and t r a n s p o r t  of  f a t ty  acid 
because  S t rauss  had  r e p o r t e d  tha t  these  ions  
a f fec ted  lipid m e t a b o l i s m  by sacs o f  rat  intes-  
t ine (1).  In his e x p e r i m e n t s  wi th  ever ted  je juna l  
sacs, 2.5 mM Ca ++ p lus  1.2 mM Mg ++ caused  
f a t t y  acids in m u c o s a l  f luid to  a p p e a r  as t r igly-  
ceride in c h y l o m i c r o n - s i z e d  par t ic les  in serosal  
f luids  (2).  We c o n f i r m e d  tha t  c h y l o m i c r o n  
f o r m t i o n  is e n h a n c e d  by  Ca ++which  s e e m e d  to  
have an o p t i m a l  c o n c e n t r a t i o n  o f  2 mM in o u r  
s y s t e m ;  Mg ++, 1-2 mM,  did n o t  e n h a n c e  fa t ty  
acid t r a n s p o r t  s ign i f ican t ly .  These  o b s e r v a t i o n s  
on  the  e f fec t  o f  Ca ++ may  be re levant  to 
u n d e r s t a n d i n g  w h a t  causes  s t e a t o r r h e a  in 
pa t i en t s  w i t h  h y p o p a r a t h y r o i d i s m  (9) .  H u m a n  
p o s t p r a n d i a l  small  in tes t ina l  c o n t e n t s  n o r m a l l y  
have 1-2 mM Ca ++ (10) .  Inves t iga t ion  o f  Ca ++ 
c o n c e n t r a t i o n s  in small  in tes t ina l  c o n t e n t s  o f  
h y p o p a r a t h y r o i d  p a t i e n t s  m igh t  s u p p o r t  the  
h y p o t h e s i s  tha t  l umina l  Ca ++ in f luences  f a t ty  
acid a b s o r p t i o n  in m a n .  
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Stereospecific Analysis of Glycerolipids of Egg Yolk of Japanese 
Quail (Coturnix coturnix japonica) 
KYOZO SUYAMA, SUSUMU ADACHI, HIROSHI SUGAWARA, and HIDEMI HONJOH, 
Laboratory of Animal Products Technology, Faculty of Agriculture, 
Tohoku University, Sendal, Japan 980 

ABSTRACT 

Phosphatidylcholine, phosphatidylethanolamine and triacylglycerol were isolated from egg yolk 
of the Japanese quail. Fatty acid compositions at the two and three positions of glycerol in the glyc- 
erolipids were determined by stereospecific analysis employing phospholipase A 2. The distribu- 
tion of the total number of carbon atoms in the fatty acid moieties of triacylglycerol was also quanti- 
tated by high temperature gas liquid chromatography. The distribution of acyl groups in each of the 
positions of the phosphatidylcholine, phosphatidylethanolamine and triacylglycerol was not random, 
and each position has a characteristic composition. The phosphatidylcholine and phosphatldylethanol- 
amine had distinctive fatty acid distributions for position sn-2 of the triacylglycerol had a predomin- 
ance of unsaturated fatty acids of which 18:1 (69.9%) was the major component. Position sn-3 con- 
rained 49.3% saturated fatty acids and was more saturated than position sn-1 by 8.1%. The experi- 
mentally determined distribution of the carbon numbers in triacyl glycerol deviated significantly from 
the distribution predicted by 1-random-2-random-3-random association of the fatty acids. The data 
suggest that in Japanese quaff there is marked preferencial synthesis of some triacylglycerols. 

INTRODUCTION 

Considerable information is now available 
on the fatty acid composition of lipids from 
the egg yolk of Japanese quail (Coturnix 
coturnix /aponica)(1-3), but most lipid analyst 
have concentrated on single specific lipid classes 
rather than systematically examining and 
comparing all the glycerolipids from the quail 
egg yolk. 

Recently, Couch and Saloma (2) at tempted 
to clarify the positional distribution of fatty 
acid in yolk triacylglycerols from Japanese 
quail. Because they used only lipase hydrolysis, 
they could determine only the fatty acids at the 
position sn-2. Although Ohtake et al. (3) have 
also proposed the positional distribution 
patterns for fatty acids in triacylglycerols from 
the quail egg yolk, the results were derived by 
calculation from the experimental data on 
the basis of  1,3-random-2-random theory. In the 

present study with ]ipids from the quail egg 
yolk, we have made stereospecific analyses of 
the triacylglycerol (TG), phosphatidylcholine 
(PC), and phosphatidylethanolamine (PE). 

EXPERIMENTAL PROCEDURES 

Glycerolipids analyzed in the present study 
were from the same source described earlier (1). 
TGs were resolved from the other neutral lipids 
by preparative thin layer chromatography 
(TLC) on absorbent layers of  Silica Gel G 
developed in a solvent system of n-hexane/ 
diethyl ether/acetic acid (80:20:1, v/v). TG 
bands were corrected and eluted from the 
absorbent with chloroform/methanol  (2:1, 
v/v). PC and PE were also isolated by prepara- 
tive TLC of Silica Gel H developed in a 
solvent system of chloroform/methanol/water  
(65:25:4, v/v). The stereospecific analysis of 
TG was done by the method of  Brockerhoff 

T A B L E  I 

Stereospecific Analysis of PC and PE a 

Posi t ion 16:0 16:0 18:0 18:1 18:2 20 :4  22 :6  U F A  b 

PC 

PE 

sn-1 55.2 2.4 24.5 7.6 3.8 3.9 3.0 20.7 
sn-2 16.2 2.0 8.3 40 .3  19.8 6.3 6.9 74 .0  
Tota l /2  35.7 2.2 16.4 24 .0  11.8 S. 1 5.0 47 .4  
Original  34.7 2.4 15.2 26.1 t2 .2  5.1 4.3 50.1 

sn-1 29.7 0.4 40 .8  10.5 2.8 7.1 8.9 29.7 
sn-2 7.5 tr  13.2 24 .4  13.8 15.9 22 .0  76.2 
To ta l /2  18.6 tr  27 .0  17.5 8.3 11.5 15.5 53.0 
Original 16.3 tr  14.0 18.9 6.3 12.0 17.8 55.0 

a F a t t y  acids (%). PC = phos pha t i dy l c ho l i ne  and PE = p h o s p h a t i d y l e t h a n o l a m i n e .  

b T o t a l  u n s a t u r a t e d  f a t t y  acids. 
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T A B L E  II 

S t r u c t u r a l  Ana lys i s  o f  T r i a c y l g l y c e r o l s  a 

To ta l  b T r i a c y l g l y c e r o l  
F a t t y  ac id  s n -  1 s n - 2  s n - 3  s n -  1,2 ,3  o r ig ina l  

14 :0  0 .7  0 .3  t r  0 .3  0 .6  
1 6 : 0  33.1 5 .8  39 .9  26 .3  25 .2  
16:1 8.8 3.6 9 .0  7.1 7 .3  
18 :0  7 .4  2 .5  9 .4  6 .4  7.1 
18:1  42 .3  69 .9  35 .9  4 9 . 4  51 .9  
18:2  7.2 18.1 4 .6  10.0 7 .6  
S F A  c 41 .2  8.6 49 .3  33 .0  32 .9  
U F A  d 58 .3  91 .6  49 .5  66 .8  66 .8  

a F a t t y  acid  (%). 

b T o t a l  o f  f a t t y  ac id  at  s n - l , 2 , 3  d iv ided  b y  3. 

CTotal  s a t u r a t e d  f a t t y  acids .  

d T o t a l  u n s a t u r a t e d  f a t t y  acids .  

(4,5), as modified by Christie and Moore (6). 
Digestion of diglyceride phenyl phosphates, PC 
and PE, were all done with phospholipase A 2 of 
Crotalus adamanteus(Sigma). Pancreatic lipase 
hydrolysis of the TG was carried out according 
to the Brockerhoff's procedure (4) for 100 mg 
samples to analyze fatty acids of position sn-2. 
All of the hydrolysis products of the digestion 
were separated by TLC on Silica Gel H with 
n-hexane/diethyl ether (1 : 1, v/v) as the solvent. 
Fatty acids liberated by hydrolysis were con- 
verted with methanol catalyzed by HCI to 
methyl esters, whereas 2-monoacyl glycerol, 
lyso and unreacted phenyl phosphates were 
transesterified. Methyl esters were analyzed 
by gas liquid chromatography (GLC) on di- 
ethylene glycol succinate polyester (8%) 
column (1). TGs were hydrogenated in meth- 
anol catalyzed by palladium black and analyzed 
by high temperature GLC on SE-30 (0.75% on 
Chromosolve W) stainless steel column (1 m x 3 
mm inside diameter) programmed from 270 C 
to 330 C at 2 C/rain (7). Inlet and detector 
were 350 C; nitrogen gas flow rate was 40 
ml/min. All GLC analyses were performed on a 
JEOL JGC-20KFP instrument equipped with a 
dual flame ionization detector. 

RESULTS AND DISCUSSION 

Positional Distribution of 
Fatty Acids in PC or PE 

The positional distributions of fatty acids 
in PC and PE, representing 73.4% and 19.4%, 
respectively, of the yolk phospholipids are 
given in Table I. In both classes of phospho- 
lipids, position sn-1 and sn-2 had quantitatively 
distinctive fatty acid composition, indicating a 
preferential association of certain fatty acids 
with one of the two acyl positions. Position 
sn-2 of PC was 50% more unsaturated than 

position sn-I especially in predominance of C 18 
unsaturates. Fatty acids of position sn-1 of PC 
were much more saturated than those of 
position sn-1 of PE. Arachidonic (20 :4 )and  
22:6 acids in position sn-1 of PE and PC were 
one-half the amount found in position sn-2. 
Fatty acids of position sn-2 of PE were 46% 
more unsaturated than sn-1, because of a higher 
proportion of Cl8 unsaturates at position 
sn-2. Linoleic (18:2) acid in position sn-2 of 
both phospholipids was 4 to 5 times higher 
than in position sn-1. Position sn-1 of both 
phospholipids contained only insignificant 
levels of polyunsaturated acids, whereas posi- 
tion sn-2 had a predominance of unsatu- 
rated fatty acids whose contents in PC and 
PE were 74 and 75%, respectively. 

Positional Distribution of Fatty Acids in TG 

Table II shows the distribution of fatty 
acids among the three positions of the TG. 
Each position has a quantitatively unique 
fatty acid composition, suggesting a nonran- 
dom distribution of the fatty acids. How- 
ever, the distribution pattern for fatty acids 
of TG had a different profile from that of 
the diacyl phospholipids. At position sn-1, 
the content of unsaturated fatty acids was 
greater than the content of saturated fatty 
acids by about 6 to 4, the predominant fatty 
acidi at position sn-1 being 18:1. Position 
sn-21 had a greater content of unsaturated 
fatty acids than position sn-1 or sn-3; the 
proportion of unsaturated fatty acids to satu- 
rated fatty acids was almost 92 to 8 at position 
sn-2 with 18:1 being the predominant fatty 
acid. Position sn-2 possessed about 3 times 
more 18:2 than the other positions, whereas it 
contained the least amount of 16:0 and 18:0. 
The fatty acid composition in position sn-2 in 
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TABLE III 

Comparison of Determined and Calculated Carbon Number of Triacylglycerol 

709 

Percent carbon number a 

48 50 52 54 56 
TG (determined) b 5.0 27.9 56.4 10.6 tr 
TG (calculated) c 1.9 23.5 47.8 25.6 --  

aA carbon number represents the sum of carbon atoms in the 3 fatty acids esterified 
to glycerol. 

bAnalyzed intact by gas liquid chromatography. 
CThe 1-random-2-random-3-random distribution was calculated from the determined 

composition of the position sn-1, sn-2, and sn-3 of the triacylglycerol. 

TG was in good agreement  with the results of  
Couch mad Saloma (2). Posi t ion sn-3 showed  
the greatest con t en t  of  sa tura ted fa t ty  acids, 
the  con ten t  o f  the la t ter  being equal to the  
c o n t e n t  o f  unsa tura ted  fa t ty  acids at this 
posi t ion.  Several laborator ies  have demon-  
s t ra ted  that  pos i t ion sn-2 f rom various tissue 
TGs of  animals con ta ined  the  highest  percent-  
age of  po lyunsa tu ra ted  fat ty acids, primarily 
18:2 (8-10). It appears tha t  TGs from the  egg 
yolk of  Japanese quail have approx imate ly  
the same pa t te rn  of  fa t ty  acid dis t r ibut ion as 
those o f  animal tissues. 

The carbon number  d is t r ibut ion based on 
tool wt. of  TG species is given in Table III. 
Generally,  the  de te rmined  values exhib i ted  a 
higher percentage of  the lower  mol  wt. species 
than  those  of  the  values calculated on the basis 
1- random-2-random-3-random dis t r ibut ion of  
the  fa t ty  acids. The de te rmined  carbon n u m b e r  
dis t r ibut ion of  TGs did no t  show comple te  
agreement  with the calculated dis t r ibut ion.  The 
great di f ferences  be tween  expec ted  and actual 
values occur red  in the triacyl glycerols o f  
carbon numbers  52 and 54. The random value 
for the C 52 c o m p o n e n t s  was very much  lower  
(47.8%) than  the exper imenta l  value (56.4%), 
and the r andom  value for  the Cs4 c o m p o n e n t  
(25.6%) is very much  higher than  its experi-  

menta l  value (10.6%). This suggests that  in 
Japanese quail there  is marked preferent ia l  
synthesis  o f  the  16,18,18-tr iacylglycerols in 
relat ion to  that  for the 18,18,18-and the  
16,16,18-t riacylglycerols.  
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Substrate Specificity of Flax Hydroperoxide Isomerase 
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ABSTRACT 

Incubations of the 13- and 9-hydroperoxides of linolenic acid with a flax acetone powder extract 
containing hydroperoxide isomerase resulted in the formation of 13-hydroxy-12-oxo-cis-9,15-octa- 
decadienoic acid and 9-hydroxy-10-oxo,cis-12,15-octadecadienoic acid, respectively. The rate of 
formation of prodact from 13-hydroperoxy linolenic acid was 36 times that from 9-hydroperoxy 
linolenic acid. Analogous results were obtained with the 13- and 9-hydroperoxides of linoleic acid. 
The results demonstrated the substrate specificity of flax hydroperoxide isomerase. 

Lipoxygenase (EC 1.13o 11.12) catalyzes the 
enzymic oxidation of fatty acids containing 
cis-cis-l,4-pentadiene unsaturation. When hn- 
oleic acid is used as the substrate, the products 
of the reaction are 9-D-hydroperoxy-trans-lO, 
cis-12-octadecadienoic acid (9-OOH 18:2) and 
13-L-hydroperoxy-cis-9,trans- 11 -o ctadecadienoic 
acid (13-OOH 18:2). The ratio of  the two 
isomers varies according to the source of the 
lipoxygenase (1). 

In 1966 Zimmerman (2) showed that fatty 
acid hydroperoxides of linoleic acid could be 
further metabolized to a-ketols. Using a flaxseed 
preparation, Zimmerman and Vick (3) demon- 
strated that the 13-OOH 18:2 could be metabo- 
lized to 13-hydroxy-12-oxo-cis-9-octadecenoic 
acid (13,12-ketol 18:1). The enzyme that 
catalyzed this reaction was given the name hy- 
droperoxide isomerase. They also isolated a 
minor compound which could be cleaved by 
periodate oxidation between carbons 9 and 10. 
This could have been 9-hydroxy-10-oxo-cis-12- 
octadecenoic acid (9,10-ketol 18:1) formed 
from 9-OOH 18:2. Veldink et al. confirmed the 
formation of 13,12-ketol 18:1 from 13-OOH 
18:2 using a flax extract. However, they were 
unable to detect the formation of  9,10-ketol 
18:1 from 9-OOH 18:2. They concluded that 
flaxseed hydroperoxide isomerase was specific 
for the 13-OOH 18:2 (4). 

Gardner et al. (5) reported that corn germ 
hpoxygenase oxidized linoleic acid to pre- 
dominantly 9-OOH 18:2, which was subse- 
quently isomerized enzymically to 9,10-ketol 
18:1. When a mixture of 13- and 9-OOH 18:2 
was used as a substrate, 13,12- as well as well as 
9,10-ketol 18:1 were found among the pro- 
ducts of catalysis by corn germ hydroperoxide 
isomerase. Similar findings were reported by 
Graveland et al. (6) with barley suspension. 
Barley suspension lipoxygenase oxidized lin- 
oleic acid to hydroperoxides in the molar ratio 
of 8 : 1 of 9-OOH to 13-OOH 18:2. The isomeri- 
zation of these hydroperoxides resulted in a 9:1 

ratio of 9,10- to 13,12-ketol. These results 
indicated that hydroperoxide isomerase en- 
zymes from corn germ and barley suspensions 
were capable of utilizing both 13- and 9-OOH 
18:2 as substrates, whereas flaxseed hydroper- 
oxide isomerase utilized only 13-OOH 18:2 as 
substrate. Hydroperoxide isomerase activity has 
also been found in wheat germ (7) and in wheat 
flour (8); however, their substrate specificities 
are not known. 

During our investigation of the metabolism 
of linolenic acid by a flax extract, we were able 
to demonstrate the isomerization of 13- and 
9-hydroperoxides of  linolenic acid to 13,12- 
and 9,10-ketol, respectively. Similar results 
were observed when 13- and 9-hydroperoxides 
of linoleic acid were used as substrates. The 
isomerization of the 9-hydroperoxide of 
linoleic acid to 9,10-ketol by a flax extract was 
in contrast to the findings of Veldink et al. (4). 

MATERIALS AND METHODS 

Chemicals 

Linoleic, linolenic, and 9-hydroxy-hexa- 
decanoic acid were obtained from Nu-Chek 
Prep Inc. (Elysian, MN); N-methyl-N-nitroso-p- 
toluenesulfonamide and soybean hpoxygenase 
(21,600 units/mg), from Sigma Chemical Co. 
(St. Louis, MO); 2% methoxyamine HCI in 
pyridine (MOX) and N,O-bis-(trimethylsityl)-tri- 
fluoroacetamide (BSTFA), from Pierce Chemi- 
cal Co. (Rockford, IL); sodium borohydride, 
from Fisher Scientific Co. (Fairlawn, N J); 
platinum oxide, from Matheson, Coleman and 
Bell (Norwood, OH); precoated Anasil HF silica 
gel thin layer chromatography plates from 
Analabs, Inc. (North Haven, CT); and 3% 
OV-210 on 100/120 mesh Gas-Chrom Q, from 
Applied Science Laboratories, Inc. (State 
College, PA). 9-Oxo-hexadecanoic acid, used as 
the internal standard in gas chromatographic 
analyses, was prepared by chromium trioxide 
oxidation (9) of  9-hydroxy-hexadecanoic acid. 
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FIG. 1. Mass spectrum of tile trimcthylsilyl, methoxime derivative of methyl 9-hydroxy-10-oxo-cis-12,15- 

octadecadienoate formed from the 9-hydroperoxy isomer of linolenic acid by extracts of flax acetone powder. 

Red firm t o m a t o e s ,  Lycopersicon esculentum 
Mill., var. Sheyenne ,  were ob t a ined  locally. 

Derivatives 

Carbony l  and  h y d r o p e r o x i d e  func t ions  were 
r educed  by use of  sod ium b o r o h y d r o d e  in 
m e t h a n o l .  Double  bonds  were r educed  by  
h y d r o g e n a t i o n  wi th  p l a t i n u m  oxide  as t he  
catalyst .  M e t h o x i m e  derivat ives of  c a r b o n y l  
func t i ons  were m a d e  wi th  m e t h o x y a m i n e  HC1, 
and  t r imethy l s i ly l  e the r  derivat ives o f  the  
h y d r o x y l  func t ions  were made  wi th  B S T F A  
(10). 

Preparation of 13-and 9-Hydroperoxide 
Substrate Solutions 

Solut ions  o f  l inoleic and  l inolenic  acids (8 
mM)  were p repa red  accord ing  to the  m e t h o d  o f  
Surrey (11). Ace tone  p o w d e r  ex t rac t s  of  
f laxseed (Linum usitatissimum L., vat. S u m m i t )  
were p repa red  as descr ibed previously  (3). The  
13-OOH 18:2 and 13-OOH 18:3 subs t ra t e  
so lu t ions  were p repa red  by  reac t ion  of  s oybean  
l ipoxygenase  wi th  the  l inoleic and l inolenic  acid 
so lu t ions  (12).  Two mg o f  soybean  l ipoxy-  
genase was dissolved in 2 ml of  10 mM bora t e  
buffer ,  pH 9.2 ; t he  e n z y m e  so lu t ion  was added  
to 20 ml o f  water ,  and  reac ted  wi th  1 ml o f  8 
mM linoleic or  l inolenic  acid solut ions .  The  
m i x t u r e  was i n c u b a t e d  for  30 min at 24 C 
u n d e r  c o n t i n u o u s  f lushing wi th  oxygen.  

Firm,  red t o m a t o e s  were the  source  o f  
l ipoxygenase  for  reac t ions  wi th  l inoleic and 

l inolenic  acid so lu t ions  to  p roduce  9-OOH 18:2  
and 9-OOH 18:3 (13).  The fruit  was peeled,  the  
seeds r emoved ,  and  the  t issue washed.  Then  10 
g of  t issue was diced and h o m o g e n i z e d  in 32 ml 
of 0.1 M aceta te  buf fe r ,  pH 5.5, wi th  a m o r t a r  
and pestle. The ex t rac t  was cen t r i fuged  at 
12,000 x g for  15 m i n ;  the  18:2  or  18:3 solu- 
t ion  (4 ml)  was added  to the  mix tu re  and  
i n c u b a t e d  for  30 min  at 24 C u n d e r  c o n t i n u o u s  
f lushing wi th  oxygen .  The ma jo r  p r o d u c t  o f  the  
mix tu r e  at this  po in t  was 9 -hydrope rox ide .  This 
was d e t e r m i n e d  by reduc ing  the  h y d r o p e r o x -  
ides to  m e t h y l  h y d r o x y s t e a r a t e s ,  p repar ing  the  
t r imethyls i ly l  derivat ives wi th  BSTFA,  and  
ana lyz ing  by  gas c h r o m a t o g r a p h y - m a s s  spec- 
t r o m e t r y  (GC-MS). 

Preparative Enzymic Synthesis of 9,10-Ketol 

The pH of  the  9 -hyd rope rox ide  subs t ra te  
so lu t ion  of  18:2 or  18:3 was ad jus ted  to  7.0 
wi th  0.2 M K-phospha te  buffer ,  pH 7.5. Flax 
ace tone  p o w d e r  ex t r ac t  (8 ml)  was added  to the  
mix tu r e  and  i n c u b a t e d  for  1 h r  at 24 C. The  
fa t ty  acid p roduc t s  were ex t r ac t ed  by  the  
add i t ion  of  30 ml o f  c h l o r o f o r m / m e t h a n o l  
(2: 1, v/v),  ac id i f ica t ion  o f  the  mix tu r e  to  pH 
3.0 wi th  1 M citric acid so lu t ion ,  and  f lushing 
of  the  flask wi th  n i t rogen .  Af ter  30 rain of  
stirring, 20 ml o f  c h l o r o f o r m  was added,  
fo l lowed by 90 more  min  of  s t i r r ing u n d e r  
n i t rogen .  The  c h l o r o f o r m  phase was r emoved  
and  dried w i th  a n h y d r o u s  sod ium sulfate.  Then  
the  so lvent  was evapora ted  at 40  C u n d e r  
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reduced pressure and the products dissolved in 
a minimum amount of  diethyl ether. Esterifica- 
tion was accomplished with diazomethane. The 
methylated 9,10-ketol product was then 
separated by thin layer chromatography 
(chloroform/acetic acid, 100: 1, three develop- 
ments) or by gas chromatography with a 180 
cm glass column packed with 3% OV-210 on 
Gas-Chrom Q, 100/120 mesh. The column was 
programmed from 170 to 220 C at 2 C/min. 

Hydroperoxide Isomerase Assay 

The initial concentrations of  9-and 13-OOH 
18:3 substrate solutions were determined by 
use of UV absorbance at 234 nm and a molar 
absorptivity of 25,000 1 mole-I cm-l.  Flax 
acetone powder extracts were then added to 
solutions of 9- and 13-OOH 18:3 of  equal 
concentrations. A typical reaction contained 2 
/amoles 9- or 13-OOH 18:3, 125 pg 9-oxo- 
hexadecanoic acid as internal standard, and 0.1 
ml flax extract (0.5 ml for reaction with 9-OOH 
18:3) in 25 ml total volume. After extracting 
with chloroform, the products were converted 
to saturated methyl esters, and quantified by 
gas chromatography. The reaction rate was 
determined from a graphical plot of concentra- 
tion versus time. Initial rates were used in the 
determinations of the specific activities. Protein 
was assayed with Coomassie brilliant blue G250 
dye by the method of  Sedmark and Grassberg 
(14). 

I nstr u mentatio n 

Infrared spectra were obtained on a Perkin 
Elmer 337 spectrophotometer and ultraviolet 
spectra on a Beckman DK-2. Mass spectra were 
obtained on a Hewlett-Packard 5992A GC-MS 
system operated at 70 eV with the column 
prepared and programmed as described above. 

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

Tomato lipoxygenase is highly specific for 
synthesis of the 9-D-hydroperoxide. Incuba- 
t ionof linolenic acid with tomato homogenate 
gave a 9- to 13-hydroperoxide ratio of 96:4, 
similar to that reported by Matthew et al. (13). 
This ratio was determined by GC-MS analysis of 
the trimethylsilyl derivatives of the hydroper- 
oxides, which showed large m/e ions at 259 
[M-(CH2)8CH 3] and 229 [M-(CH2)TCOOCH3] 
resulting from chain cleavage on either side 
of  the trimethylsilyl group of  methyl-9-tri- 
methylsilyl-octadecanoate; there were smaller 
mass fragments at m/e 315 [M-(CH2)4CH3] 
and 173 [M-(CH 2)11COOCH3 ] resulting from 
chain cleavage on either side of the trimethyl- 
silyl group of  methyl-13-trimethylsilyl-octa- 

decanoate. The 9- and 13-hydroperoxide ratio 
of  96:4 was estimated by comparison of  the 
areas under the curves of the ions at m/e 259 
and 229 with those at m/e 315 and 173 ob- 
tained by use of  selected ion monitoring (15). 

When the 9-OOH 18:3 solution was further 
reacted with flax acetone powder extract and 
the products analyzed by gas chromatography, 
the major product was a compound having the 
retention time of  an ~-ketol. The compound 
was derivatized by use of  MOX and BSTFA and 
analyzed by GC-MS. Mass fragments at m/e 425 
[M], 269 [M-(CH2)7COOCH3] , 259, 316, and 
109 indicated that the structure was methyl-9- 
trimethylsilyl-10-methoxime-cis-12,15-octa- 
decadienoate (Fig. 1). This was supported by 
the infrared spectrum of the methyl ester of the 
underivatized compound. The significant struc- 
tural characteristics were a secondary hydroxyl 
group (3494 cm-l),  unsaturation =CH-(3012  
cm-1), an ester carbonyl group (1741 cm-1), 
and a ketone carbonyl (1714 cm -1) (16). The 
absence of absorption between 950 to 1000 
cm-I indicated the absence of  trans double 
bonds. Since the product of tomato lipoxy- 
genase was predominantly 9-hydroperoxy-trans- 
l O-cis-12,I5-octadecatrienoic acid, the disap- 
pearance of the trans double bond established 
the point at which isomerization occurred in 
the hydroperoxide molecule, namely at carbons 
9 and 10. The absence of UV absorption also 
supported the proposed structure as 9-hydroxy- 
l O-oxo-cis-12,15- octadecadienoic acid. 

Hydrogenation of  9,10-ketol 18:2, followed 
by derivatization with MOX and BSTFA, 
resulted in the formation of methyl-9-tri- 
methylsilyl- 10-methoxime-octadecanoate. GC- 
MS analysis showed a molecular ion of  429 ; the 
increase of 4 mass units in the molecular ion 
was caused by the saturation of the double 
bonds at carbons 12 and 15. Other characteris- 
tic ion fragments were at m/e 414 [M-15], 398 
[M-31], 273 [M+H+-(CH2)TCOOCH3], 259 
[M-CNOCH3(CH2)7CH3], and 170 [M-259]. 

The oxidation of linoleic acid with tomato 
lipoxygenase produced mainly 9-OOH 18:2. 
Further reaction of 9-OOH 18:2 with a flax 
acetone powder extract resulted in the forma- 
tion of 9,10-ketol 18:1. Mass spectral analysis 
of this product as a methyl 9-trimethylsilyl-10- 
methoxime-cis-1 2-octadecenoate showed frag- 
ments at m/e 427[M],  412[M-15], and 
396[M-31] (Fig. 2). Other characteristic 
fragments were at m/e 271 [M-CHOTMS(CH 2)7 
COOCH3] , 240 [271-31 ], 259 [CHOTMS(CH 2)7 
COOCH3] , 155 [259-31], and 168 [M-259]. 
The data clearly indicated the formation 
of a 9,10-ketol from the 9-hydroperoxide of 
linoleic acid. 
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FIG. 2. Mass spectrum of the trimethylsilyl, methoxime derivative of methyl 9-hydroxy-10-oxo-cis-12- 
octadecenoate formed from the 9-hydroperoxy isomer of linoleic acid by extracts of flax acetone powder. 

Although flax hydroperoxide isomerase was 
capable of utilizing 9-OOH 18:3 as a substrate, 
the specific activity was much lower than when 
13-OOH 18:3 was used as the substrate. The 
specific activity with 13-OOH 18:3 was 690 
nmoles/min/mg compared to 19 nmoles/min/  
mg with 9-OOH 18:3 (a ratio of 36:1). 

Veldink et al. (4) prepared the hydroper- 
oxide substrate of 18:2 using soybean lipoxy- 
genase, which gave a 13- to 9-OOH ratio of 
90:10. The low initial concentration of the 
9-hydroperoxide and the low activity of flax 
hydroperoxide isomerase toward the 9-hydro- 
peroxide may be the reason why they did not 
detect the 9,10-ketol as a product. It is evident 
from our findings that flax hydroperoxide 
isomerase, although not very active toward 
9-hydroperoxides, is capable of utilizing both 
13- and 9-hydroperoxides of linoleic and 
linolenic acids as substrates. 
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Oxidation and Isomerization of Retinoic Acid by Iodine 
and Light" A Novel Preparation of AII-trans- and 
13-cis-4-Oxoretinoic Acid 
R.M. MCKENZlE, D.M. HELLWEGE, M.L. MCGREGOR, and E.C. NELSON 1, 
Department of Biochemistry, Agricultural Experiment Station, 
Oklahoma State University, Stil lwater, Oklahoma 74074 

ABSTRACT 

A mixture of all-trans-retinoic acid and iodine in heptane was irradiated. Two oxidation products 
were isolated by high performance liquid chromatography and identified as all-trans- and 13-cis-4- 
oxoretinoic acid by nuclear magnetic reasonance, ultra violet, Infrared spectroscopy, and 
mass spectral analysis. Under the same conditions, but without light, a mixture of all-trans- and 13- 
cis-retinoic acid resulted. The corresponding methyl esters were obtained when methyl all-trans- 
retinoate was used in place of all-trans-retinoic acid. 

INTRODUCTION 

The metabol ism of vi tamin A, in general, 
and ret inoic acid in particular has been of  
interest  in our laboratory for several years 
(1-3). Recent  advances in high per formance  
liquid chromatography  (HPLC) and the de- 
ve lopment  of  high eff ic iency columns have 
provided the means for the rapid separat ion and 
purif icat ion of these labile compounds  in the 
dark, at room tempera ture  and wi thout  expo-  
sure to air. Procedures  for the preparat ion of  
geometr ic  isomers and oxida t ion  products ,  the 
most  c o m m o n l y  encountered  derivatives of 
re t inoic  acid and related substances, were of  
part icular  interest  to us. In this regard, Hubbard 
(4) has repor ted  the isomerizat ion of  ret inol,  
re t inaldehyde,  and re t inaldehyde oximes under  
the inf luence of  light and /or  iodine.  The major  
products  resulting f rom the irradiat ion of  
all-trans-retinoic acid in the absence of  iodine 
have been purif ied by HPLC and ident i f ied as 
geometr ic  isomers of  ret inoic  acid (5). These 
products  account  for at least seven of  the eight 
possible cis-trans isomers that  involve the 9, 11, 
and 13 double  bond posit ions of  ret inoic  acid. 
The present communica t ion  is concerned with 
the isolat ion and ident i f icat ion of  the products  
generated by the t rea tment  of  all-trans-retinoic 
acid with iodine in the presence or absence of  
light. 

EXPERIMENTAL 

Distilled in glass solvents were obtained from 
Burdick and Jackson Laboratories  Inc. (Muske- 
gon, MI). Water was deionized,  charcoal- 
fil tered, and then glass-distilled. All-trans- 
ret inoic  acid and all-trans-4-oxoretinoic acid 

lTo whom correspondence and reprint requests 
should be addressed. 

were obta ined f rom Dr. W.E. Scot t  and Dr. 
B.A. Pawson, Hof fmann-La  Roche,  Inc. (Nut- 
ley, N J). Methyl  esters were prepared from 
ret inoic acid and related products  using diazo- 
methane  in me thano l /d ie thy l  ether  solutions,  
essentially as described by Schlenk and Geller- 
man (6). Isomerates were prepared by irradia- 
t ion with a f luorescent  lamp (GE F-15-T8-CW). 
The irradiations were carried out  in 22 ml 
borosil icate glass vials held at a distance of  ca. 5 
cm from the lamp. Samples were dissolved in 
heptane,  and iodine,  dissolved in heptane,  was 
added as indicated.  To te rminate  the iodine 
reactions,  the samples were dried in the dark, 
with a gentle stream of ni trogen.  The vials were 
partially submerged in a warm water  bath to aid 
in rapid evaporat ion of  the solvent and sublima- 
tion of  the iodine.  Such samples, once dry, 
were rout inely redissolved in diethyl  e ther  and 
redried to assure removal  of  iodine.  Separations 
were per formed by HPLC on a 0.46 x 25 cm 
bonded,  reverse phase, octadecylsi lane (ODS) 
co lumn (Partisil 10-ODS, Whatman Laboratory  
Products,  Clif ton,  N J) with methanol /wate r ,  
70 :30  (v/v) as solvent as previously described 
(5). Cochromatography  with all-trans-4-oxo- 
ret inoic  acid was on a Partisil PXS ODS-2 
co lumn with methanol /0 .01  M acetic acid 
(75:25) .  Purified samples were subjected to 
mass spectral analyses by way of  the direct 
probe inlet  on a low resolut ion mass spectro- 
mete r  (LKB-9000,  LKB Inst ruments ,  Inc., 
Rockville,  MD) as previously described by 
Waller (7), Lin et al. (8) and Reid et al. (9). 
Nuclear  magnetic resonance (NMR) spectra 
were obta ined using a Varian XL-100 (15) 
spec t rometer  (Varian, Palo Alto,  CA). Samples 
were dissolved in carbon tetrachloride.  Infrared 
spect roscopy (IR) was pe r fo rmed  with  a 
Perkin-Elmer (Norwalk,  CT) Model  457 grating 
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FIG. 2. HPLC of the methylated products resulting 
from a 2% hr. irradiation of a mixture of all-trans- 
retinoic acid (130 ~g/ml) and iodine (25 ~g,/ml) in 
heptane. Chromatography conditions were as de- 
scribed in Figure 1. Compounds eluting at 24 and 27 
min were identified as the methyl esters of 13-cis- and 
all-trans-4-oxoretinoic acid, respectively. 

FIG. 1. HPLC of the products resulting from a 
mixture of all-trans-retinoic acid (130 ~g/ml) and 
iodine (25 t~g/ml) in heptane incubated for 3 hr in the 
dark. Compounds were separated on a reverse phase 
column with methanol/water (70:30) at a flow rate of 
0.4 ml/min and 24 C. Compounds eluting at 29 and 38 
min were identified as 13-cis- and all-trans-retinoic 
acid, respectively. 

in f ra red  s p e c t r o p h o t o m e t e r  using mic ro  KBr 
pellets.  

exercised in the  p r epa ra t i on  of  the  solvent .  This  
shif t  was observed  in the  p resen t  s t udy  using 
glass-distilled m e t h a n o l  in which  all-trans- 
re t ino ic  acid had  an abso rbance  m a x i m u m  at 
337-338 nm.  However ,  when  scanned  onq ine  
in aqueous  m e t h a n o l  as t hey  passed t h r o u g h  the  
de tec to r ,  these  same samples  showed  no  such  
shift .  On-l ine UV scans ind ica ted  abso rbance  
m a x i m a  of  350-351 n m  for  the  all-trans-isomer 
and  353-354  n m  for  the  13-cis-isomer. 

RESULTS A N D  DISCUSSION 

Iodine-Dark Reaction 

In the  absence  of  l ight  and  iodine ,  so lu t ions  
of  e i the r  all-trans-retinoic acid or  m e t h y l  
all-trans-retinoate in m e t h a n o l ,  d i e thy l  e the r  or 
h e p t a n e  can be s to red  at  r o o m  t e m p e r a t u r e  
for  e x t e n d e d  per iods  of  t ime  w i t h o u t  signifi- 
can t  change.  The  add i t i on  of  iod ine  to  all-trans- 
r e t ino ic  acid in h e p t a n e  in the  dark  resu l ted  in a 
rapid  change leading to a m i x t u r e  of two  
c o m p o u n d s .  The  two c o m p o u n d s  were sepa- 
ra ted  by  HPLC (Fig. 1) and  iden t i f i ed  as the  
s tar t ing mater ia l ,  all-trans-retinoic acid, wh ich  
e lu ted  at 38 min ,  and  13-cis-retinoic acid, 
wh ich  e lu ted  at 29 min .  The  13-cis-ret inoic acid 
was iden t i f i ed  by  its UV (Xmax 354 n m )  and  
NMR spect ra  (10,11.). The  mass spec t ra  of  the  
two  c o m p o u n d s  (M + = m/e 300)  were indis t in-  
guishable  and  similar  to  t ha t  which  has  been  
previously  r epo r t ed  (8). Cor re spond ing ly ,  
m e t h y l  all-trans-retinoate and  m e t h y l  13-cis- 
r e t inoa te  were ob t a ined  w h e n  m e t h y l  all-trans- 
r e t i noa t e  was the  s ta r t ing  mater ia l .  

The  U V  spec t ra  of  the  t w o  acids were of  
in teres t .  R o b e s o n  et  al. (12)  r epo r t ed  a m a r k e d  
blue  shif t  in the  abso rbance  m a x i m u m  of  
re t ino ic  acid in e t h ano l  if  g r e a t  care was n o t  

Iodine-Light Reaction 

When a mix tu r e  of  re t ino ic  acid and  iodine  
in h e p t a n e  was i r radia ted ,  several p roduc t s  
more  polar  t han  re t ino ic  acid were sepa ra ted  by  
HPLC. The same qual i ta t ive  resul ts  were 
o b t a i n e d  for  the  iodine- l ight  reac t ion  wi th  
e i the r  m e t h y l  all-trans-retinoate or all-trans- 
re t ino ic  acid, fo l lowed  by  s u b s e q u e n t  me thy la -  
t ion  of  the  reac t ion  p roduc t s .  Since these  
c o m p o u n d s  were more  easily h a n d l e d  as m e t h y l  
esters,  the  ma jo r  p r o d u c t s  were isola ted and  
cha rac te r i zed  as m e t h y l  esters. A profi le  ob-  
t a ined  wi th  the  m e t h y l a t e d  derivat ives of  the  
iodine- l ight  reac t ion  is s h o w n  in Figure 2. The  
c o m p o u n d s  e lu t ing  at 24 and  27 min  were 
col lec ted  and  pur i f ied  by  HPLC using m e t h a -  
n o l / w a t e r  ( 6 0 : 4 0 )  which  resu l ted  in r e t e n t i o n  
t imes  of  34 and  40  min ,  respect ively.  

The  U V  spect ra  of  these  two  c o m p o u n d s  
were very similar.  The  o n 4 i n e  scans ind ica ted  
a b s o r p t i o n  m a x i m a  in the  vic ini ty  of  353-355 
n m  and  278-280  n m  for  b o t h  c o m p o u n d s .  
The  ra t io  of  the  peak  abso rbances  ( A 3 5 0 / 2 8 0 )  
was a b o u t  2.2-2.5.  The  mass spect ra l  f r agmenta -  
t i on  p a t t e r n s  of  these  two  c o m p o u n d s  were also 
qual i ta t ive ly  ind is t inguishable ,  ind ica t ing  t h a t  
t hey  were,  in all p robab i l i t y ,  geomet r i c  i somers  
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FIG. 3. Nuclear magnetic resonance spectrum of the compound eluting at 27 rain in Figure 2 and identified 
as methyl all-trans-4-oxoretinoate. 
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FIG. 4. Nuclear magnetic resonance spectrum of the compound eluting at 24 rain in Figure 2 and identified 
as methyl 13-cis-4-oxoretinoate. 

of  the  same c o m p o u n d  (8). The  molecu la r  ion 
(m/e 328)  was cons i s t en t  wi th  these com- 
p o u n d s  be ing  ox ida t i on  p r o d u c t s  of  m e t h y l  
r e t i noa t e  (M + = m/e 314) ,  which  had  added  a 
single oxygen  a t o m  and  lost  two  p ro tons .  The  
molecu la r  weight  and  the  abso rbance  at  280 n m  
are cons i s t en t  wi th  a k e t o n e  s t ruc ture .  The  
presence  of  a ke ton ic  f u n c t i o n  was f u r t he r  
s u p p o r t e d  by the  presence  of  two  d is t inc t  
c a r b o n y l  abso rbances  at  1650 and  1700 cm -1 in 
the  in f ra red  spectra .  Again,  the  spect ra  of  the  
two  c o m p o u n d s  were essential ly ident ica l .  

The  NMR spec t ra  of  the  peaks  are p resen ted  
in Figures  3 and  4. Based on  these  spect ra ,  the  
site o f  ox ida t i on  is res t r ic ted  to e i the r  c a r b o n  2 
or  4 in the  cyc lohexeny l  ring. The  l oca t i on  of  
the  oxygen  on  e i the r  c a r b o n  2 or  4 was sup- 
p o r t e d  by  the  convers ion  of  the  m e t h y l e n e  
mu l t i p l e t  of  m e t h y l  r e t i noa t e  to  a pair  of  
t r ip le ts  r a the r  than  a pair  of  singlets as would  
be  requi red  by  a 3-oxo s t ruc ture .  This t r ip le t  

cha rac t e r  is readi ly  seen in Figure 4,  where  the  
upf ie ld  sh i f t  of  the  C-20 signal has  lef t  a t r ip le t  
cen te red  at  ca. 6 2.4 clearly visible. The  second  
t r ip le t  is par t ia l ly  h i d d e n  by the  C-I 8 signal and  
cen te red  at ca. 6 1.8. The as s ignment  of  the  
oxygen  to  C 4  was based on  the  fact  t ha t  the  
downf ie ld  shif t  (18 Hz) of  the  gern-dimethyl 
signal (C-16 and  C-17) was comparab le  in 
e x t e n t  to tha t  observed in a mode l  4 -oxo  
c o m p o u n d  (13).  

Add i t iona l  s u p p o r t  for  the  4 -oxo  s t ruc tu re  is 
p rov ided  by Rao et al. (14)  who  p repa red  
m e t h y l  4 -oxo re t i noa t e  by  expos ing  m e t h y l  
r e t i n o a t e  to  active manganese  d ioxide  in l ight  
pet rol .  THe NMR spect ra  s h o w n  in Figure 3 is 
essent ial ly  ident ica l  to  t h a t  r e p o r t e d  by t h e m  
for  m e t h y l  4 -oxo re t i noa t e  (14) .  In add i t i on  to 
the  UV, NMR, IR and  mass spect ra l  analysis,  
when  all-trans-retinoic acid was i r rad ia ted  in 
h e p t a n e  in the  presence  of  iod ine  as descr ibed 
in Figure 2, the  c o m p o u n d  iden t i f i ed  as all- 
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trans-4-oxoretinoic acid cochromatographed 
with the sample obtained from Hoffmann-La 
Roche, Inc. This compound was one of several 
4-oxo derivatives or retinoic acid that were 
reported to have been isolated from rat urine 
(15). 

In the present study, a comparison of the 
spectra in Figures 3 and 4 reveals an upfield 
shift of the C-20 methyl signal from 3 2.33 
(Fig. 3) to 6 2.06 (Fig. 4) and a downfield 
shift of the C-12 doublet from 6 6.4 (Fig. 3) to 
6 7.82 (Fig. 4). These changes are characteristic 
of the 13-eis-configuration ( 10,11 ). Thus, based 
on the data presented here and by previous 
workers, the two compounds eluting at 24 and 
27 rain (Fig. 2) were assigned the structures of 
the methyl esters of 13-cis- and all-trans-4- 
oxoretinoic acid, respectively. 

We have not isolated products resulting from 
the irradiation of retinol or retinaldehyde in the 
presence of iodine. These and similar studies 
can now be simply and fruitfully pursued along 
many different avenues of interest using HPLC 
analysis. This potent analytical tool has opened 
the way to an effective study of this biologi- 
cally significant family of compounds and of 
polyene compounds in general. 
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Phospholipid Metabolism in Neisseria gonorrhoeae: 
Hydrolysis in Nongrowing Cells 
A N T H O N Y  F. CACCIAPUOTI,  WARNER S. WEGENER 1, and STEPHEN A. MORSE 2, 
Department of Microbiology and Immunology, University of Oregon 
Health Sciences Center, Portland, Oregon 97201 

Phospholipid 

ABSTRACT 

Hydrolysis of cell envelope phospholipids was demonstrated in ceils of both autolytic and nonauto- 
lytic strains of Neisseria gonorrhoeae that were labeled during growth in the presence of [3H] acetate. 
The label incorpor~rted into the cellular phospholipids was located exclusively in the fatty acid acyl 
side chains. Labeled cells were incubated for 2 hr in N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid buffer, pH 8.5, containing various additions, and then examined for distribution of 3H in lipids. 
Ca ++ selectively stimulated the deacylation of phosphatidylethanolamine (PE), whereas Mn ++ stimu- 
lated the deacylation of phosphatidylglycerol (PG). Hydrolysis of phosphatidylethanolamine by phos- 
pholipase A was accompanied by the accumulation of lysophosphatidylethanolamine (LPE) and free 
fatty acids in the cells. Free fatty acids accumulated to a greater extent than lysophosphatidylethanol- 
amine , suggesting that the latter was further hydrolyzed to glycerophosphorylethanolamine (GPE) 
and free fatty acids by a lysophospholipase. Methanol, ethanol, propanol, and isopropanol, added at 
concentrations which inhibited growth by 50%, stimulated phospholipase A, but not lysophospholipase 
activity. Differences in heat inactivation, metal ion requirements, and pH optima suggested that phos- 
phofipase A activities with phosphatidylethanolamine or phosphatidylglycerol as substrate and lyso- 
phospbolipase may be separate enzymes. 

INTRODUCTION 

Gonococc i  release free fa t ty  acids ( F F A )  and 
lysophosphat idyle thanolamine  (LPE) into the 
medium during growth (1). The release of  these 
products  suggests that  phosphat idyle thanol -  
amine (PE), a major cell envelope componen t  
of  Neisseria gonorrhoeae, is hydrolysed by 
phospholipase(s)  (1). Fur ther  evidence for 
hydrolysis  of  PE in gonococci  has been shown 
by the cellular accumula t ion  of  LPE in stat ion- 
ary phase cultures (2), and in cells which were 
suspended in buffer  and lyophi l ized (3). In N. 
gonorrhoeae, a cell envelope phosphol ipase A 
has been shown to be highly active with PE (3). 
Similar enzymes  have been found in association 
with the outer  membrane  of  other  gram-nega- 
tive bacteria (4,5). A recent  investigation (6) 
has shown that  hydrolysis  of  PE does not  occur  
during autolysis of  N. gonorrhoeae. The present 
s tudy examines  factors which influence the 
hydrolysis  of  endogenous  phospholipids in 
whole cells of  N. gonorrhoeae, and presents 
evidence that  phosphol ipid  hydrolysis  occurs in 
both  autoly t ic  and nonau to ly t i c  strains of 
gonococci .  

MATERIALS AND METHODS 

Organism and Growth Conditions 

Neisseria gonorrhoeae strains JW-3 1 (autoly-  

1present address: Department of Microbiology, 
Indiana University Medical School, Indianapolis, 
Indiana 46202. 

2To whom all correspondence should be addressed. 

tic) and CS-7 (nonauto ly t ic )  were employed .  
The propert ies of  these strains have been 
previously described (7,8). Cells were grown 
at 37 C in liquid medium containing IsoVitaleX 
(1% v/v), NaHCO3 (420 mg/1) ,  and 0.5% (w/v) 
glucose (final pH = 7.2) as described (9). 
Growth  was moni to red  turbidometr ica l ly  in 
nephe lomete r  flasks using a Klett  Summerson 
color imeter ,  filter No. 54 (540 nm).  

Radioactive Labeling of Phospholipids 

To radioactively label phospholipids,  cells 
were grown to the mid-log phase (120-130 
Klett  units),  then centr i fuged and resuspended 
in fresh medium containing [3H]ace ta te .  
Resuspension of  cells in fresh medium is 
necessary since the metabol ism of glucose 
results in significant accumula t ion  of  a c e t a t e  in 
the medium (8). [3H] Acetic acid, sodium salt 
(686 m C i / m m o l e ;  New England Nuclear Corp.,  
Boston,  MA) was added at 5 ~Ci/ml.  Cultures 
were incubated for 40 min,  then centr ifuged,  
resuspended in fresh medium and incubated for 
an addit ional  10 min to facilitate incorpora t ion  
of  any residual extracel lular  [3H]ace ta te  or 
3H-labeled intracellular pools. 

Distribution of Radioactivity in Phospholipids 

The relative distr ibution of  3H in the gly- 
cerol backbone and in the fat ty acid acyl 
groups of  the labeled phospholipids was deter- 
mined as follows. A 50 ml cul ture of labeled 
cells was centrifuged and the cell pellet ex- 
t racted with a l : l  mixture  of  ch loroform/  
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T A B L E  I 

H y d r o l y s i s  o f  E n d o g e n o u s  P h o s p h o l i p i d s  
In N. gonorrhoeae S u s p e n d e d  in Buf fe r  a 

3 H  r e c o v e r y  P e r c e n t  o f  3 H r e c o v e r e d a s C  

C o n d i t i o n s  b S t ra in  (% o f  Time 0)  PE P G  L P E  F F A  

Time 0 JW-31 100  72 .6  22 .4  2.5 1.1 
p H  8.5 JW-31 87 71 .3  21 .7  1.3 4 .5  
p H  8 .5 ,  Mg ++ JW-31 94  62.1  21 .7  2 .8  12 .0  
p H  8.5 ,  Ca ++ JW-31 93  36 .2  17 .4  7 .3  36 .9  
p H  8 .5 ,  Mn ++ JW-31 92 45 .1  10 .7  3 .4  38.1 
p H  8.5 ,  Fe ++ JW-31 74 54 .3  15 .8  5.4 15 .3  
p H  8 .5 ,  Zn ++ JW-31 94  66 .6  19 .9  3 .9  5.6 
p H  8.5 ,  Ca ++, NEM JW-31 90  35 .8  17.1 7 .6  37 .4  
p H  8 .5 ,  Ca ++,  Hg ++ JW-31 80  6 2 . 9  17 .8  6 .3  10.1 
p H  6 .0  JW-31 91 72 .6  23 .5  1.3 2 .0  
p H  6 .0 ,  Mg ++ JW-31 9 0  71 .2  2 4 . 0  1.0 1.5 
p H  6 .0 ,  Ca ++ JW-31 94  65 .3  21 .6  3.7 7.3 

T ime  0 CS-7 100  70 .3  26.1 2 .0  0 .3  
p H  8.5 CS-7 88  67 .2  22 .9  3.5 4 .7  
p H  8.5 ,  Mg ++ CS-7 94 63 .0  25 .0  2 .8  7 .7  
p H  8.5 ,  Ca ++ CS-7 9 8  4 9 . 8  21 .9  6.5 19 .9  

a [ 3 H ] a c e t a t e d a b e l e d  cells w e r e  i n c u b a t e d  a t  37  C fo r  2 far in H E P E S  b u f f e r ,  p H  8.5 o r  
6 .0  w i t h  va r ious  a d d i t i o n s  a n d  3H d i s t r i b u t i o n  in l ip ids  waS d e t e r m i n e d  as d e s c r i b e d  in 
Mater ia ls  a n d  M e t h o d s .  

bDiva l en t  c a t i ons  w e r e  a d d e d  a t  a f inal  c o n c e n t r a t i o n  o f  20  m M .  HgCI 2 a n d  N E M  w e r e  
a d d e d  a t  a f inal  c o n c e n t r a t i o n  o f  10 raM.  HgC12 was  a d d e d  to  g r o w i n g  cells 10 min  p r i o r  
to  s u s p e n s i o n  in bu f fe r .  

CThe to t a l  a m o u n t  o f  3H a p p l i e d  t o  t he  c h r o m a t o g r a m s  a t  0 t i m e  va r i ed  b e t w e e n  
e x p e r i m e n t s ,  b u t  was  t y p i c a l l y  2 .5 -3 .5  x 105  CPM.  The  3H r e c o v e r y  f r o m  t h e  c h r o m a t o -  
g r a m  at  0 T ime  was  t a k e n  as 100%,  a n d  the  relat ive p e r c e n t  o f  3 H  p r e s e n t  in t h e  va r i ous  
l ip id  s p o t s  was  c a l c u l a t e d .  The  va lues  r e p o r t e d  are  averages  o f  2 o r  m o r e  e x p e r i m e n t s .  
The  dev ia t ion  f r o m  the  averages  was  -+ 1-5%. 

methanol as described below. The lipid extract 
was concentrated, and phospholipids were 
isolated by thin layer chromatography (TLC) 
on a 20 x 20 cm silica gel plate (see next 
section for procedure). The areas corresponding 
to PE and PG were identified, and the [3H] 
lipids were recovered from the scraped gel by 
elution with chloroform/methanol. The extract 
was evaporated to dryness, resuspended in 
water and [3H]PE or [3H]PG extracted 
into chloroform by the Bligh-Dyer procedure 
(10). The chloroform extract was evaporated, 
subjected to alkaline methanolysis as described 
by White (11), then extracted with equal 
volumes of chloroform and water. After phase 
separation, the chloroform and aqueous layers 
were assayed for radioactivity, and analyzed by 
TLC to determine the distribution of 3H in the 
reaction products. 

Assay of Phospholipid Hydrolysis 

The assay was a modification of the proce- 
dure of Grossman et al. (12) and measured the 
hydrolysis of endogenous phospholipids in 
intact cells as a function of incubation condi- 
tions. Cells were labeled with [3H] acetate, and 
adjusted to a standard cell density (100 Klett 
units). A series of 10 ml samples were with- 

drawn and immediately centrifuged (3,400 x g 
for 3 min). The supernates were decanted and 
the pellets (containing ca. 2.0 mg cells dry wt., 
and 3-4 x 105 CPM of 3H) were suspended in 4 
ml of 50 mM N-2-hydroxyethylpiperazine- 
N'-2-ethanesulfonic acid (HEPES) buffer and 
incubated at 37 C under the conditions speci- 
fied. Immediately (0 time) or after incubation 
for 2 hr, the suspensions were centrifuged 
(10,000 x g for 10 min) and the cell pellets and 
supernates recovered. To assay hydrolytic 
activity, the cell pellets were suspended in 10 
ml of a l : l  (v/v) mixture of chloroform] 
methanol and lipids were extracted at 25 C 
with shaking for 60 min in 125 ml capped 
flasks. The cell residue was removed by centri- 
fugation, and the entire lipid extract was 
withdrawn and evaporated to dryness at 25 C 
with air flow. The resulting lipid residue (ca. 
2.5-3.5 x 105 CPM of 3H) was dissolved in a 
minimal amount of chloroform/methanol/water 
(2:1:0.1) and quantitatively applied to pre- 
coated, glass-backed, 5 x 20 cm silica gel plates. 

PE, PG, LPE, glycerophosphorylethanol- 
amine (GPE), cardiolipin, oleic acid, palmitic 
acid, tripalmitin, dipalmitin, monopalmitin, and 
phosphatidic acid (Sigma Chemical Co., St. 
Louis, MO) were employed as standards. 
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Chromatograms were developed in a single 
dimension for 2 hr in a mixture of chloroform/ 
methanol/water (65:25:4, v/v), then air-dried. 
Fatty acids were visualized by short wave 
ultraviolet light and phospholipids detected by 
exposure to iodine vapor. PE and LPE were 
identified by staining with ninhydrin. Lipid 
spots were scraped from the plates and placed 
in scintillation vials. One ml of methanol/water 
(2 : t )  and 10 ml of scintilation fluid (13) were 
added to the vials, and radioactivity was deter- 
mined in a liquid scintillation spectrophoto- 
meter. Controls with [3H] toluene indicated 
that the methanol/water mixture quenched 
8.5%; no significant quenching was observed in 
the presence of unlabeled phospholipids or free 
fatty acids. 

The percent of total 3H associated with each 
of the lipid classes was determined before (time 
0) and after incubation of cells. Most of the 3H 
(>96%) was localized in five spots having Rr 
values which corresponded to PE (Rf = 0.67), 
PG (Rf = 0.47), LPE (Rf = 0.32), oleic and 
palmitic acids (Rf = 0.95, and neutral lipid (Rf 
= 0.98-1.00) standards. Criteria used to further 
identify PE, PG, and LPE isolated from gono- 
cocci by a similar extraction and chromatog- 
raphic procedure have been previously de- 
scribed (3). 

Identification of Free Fatty Acids 

Incubation of labeled cells in buffer, under 
conditions which promoted the hydrolysis of 
PE and PG, resulted in a dramatic increase in 
radioactivity associated with a spot at Rf = 
0.95. To identify this labeled material, the gel 
at Rf = 0.95 was scraped from thin layer plates 
and eluted with chloroform/methanol.  The 
solvent was evaporated, and the lipid residue 
was rechromatogramed in a single direction in a 
solvent system (14) consisting of petroleum 
ether/ethyl ether/glacial acetic acid (90:15:2, 
v/v). Spots were visualized, scraped, and 
counted as above. Under these conditions, 96% 
of the radioactivity recovered was localized in a 
spot at Rf = 0.48. This spot migrated with the 
oleic and palmitic acid standards, and was 
clearly separated from standards of monopalmitin 
(Rf = 0.02), dipalmitin (Rf = 0.24), and tri- 
palmitin (Rf = 0.66). Fatty acids in this spot 
were identified by gas liquid chromatography 
according to the method of Wene et al. (15). 
The major fatty acids were 16:0 (38.0%); 16:1 
(33.9%) and 18:1 (21.9%). Therefore, the spot 
which migrates with Rf = 0.95 in the chloro- 
form/methanol/water  solvent system appears to 
represent [3H]acetate-labeled fatty acid acyl 
groups released by deacylafion of phospho- 
lipids, and hereafter is referred to as the free 

fatty acid (FFA) fraction. 

RESULTS 

Distribution of Label in Phospholipids 

During exponential growth of N. gonorr- 
hoeae in media containing glucose, exogenous 
[14C]acetate is not oxidized t o  1 4 C O  2 but is 
incorporated primarily (ca. 78%) into the 
lipid-containing fraction of the cell (7,8). 
Relatively small amounts of 14C were asso- 
ciated with wall material (6%), and with protein 
(8%) and nucleic acids (3%). From the re- 
stricted pattern of acetate incorporation, one 
would expect [3H] acetate to be incorporated 
into the fatty acid acyl groups but not into the 
glycerol backbones of phospholipids. [3H]- 
Labeled PE and PG were isolated from cells 
labeled during growth with [3H]acetate,  
deacylated by mild alkaline methar/olysis, and 
the products identified as described in Materials 
and Methods. After deacylation, 97 and 98% of 
the 3H activity of PE and PG, respectively, was 
recovered as free fatty acids. 

Table I (0 time sample) shows the relative 
amounts of 3H associated with various phos- 
pholipid classes in cells labeled with [3H]ace- 
tate. The phospholipid patterns of strains 
JW-31 and CS-7 were similar. The major labeled 
phospholipids were PE and PG. EPE was a 
minor constituent of the total phospholipids 
and the amount of  3H in cell-associated FFA 
was very low. A small amount of 3H (less than 
1%) migrated with an Rf value corresponding to 
neutral lipids. This fraction was not further 
identified and is not reported since the 3H 
activity of this fraction was similar before and 
after incubation of cells in buffer. 

The relative amounts of PE, PG, LPE and 
FFA in strains JW-31 and CS-7 were similar to 
those reported for other strains of N. gonorr- 
hoeae (2,3,16). Other investigators (2,3,16) 
have reported that cardiolipin is present in 
gonococci in low concentrations (<2%). Using 
two dimensional TLC with n-butanol/acetic 
acid/water (60:20:20, v/v) as the second 
solvent (17), we could not detect [al l] labeled 
cardiolipin in exponential phase cells of strains 
JW-31 and CS-7. Other studies (2) have indi- 
cated that the relative percent of cardiolipin in 
N. gonorrhoeae is increased during the station- 
ary phase of growth. 

Phospholipid Hydrolysis in Cells Suspended in Buffer 

Phospholipase A activity was previously 
demonstrated in N. gonorrhoeae strain 2686 by 
incubating cell envelope preparations with 
exogenous radioactively labeled phospholipids 
(3). The present study investigates the hydroly- 
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sis of endogenous phospholipids in whole cells 
ofN.  gonorrhoeae JW-31 and CS-7. 

Table I shows the effect of pH and of diva- 
lent cations on the hydrolysis of endogenous 
phospholipids. Phospholipid hydrolysis 
occurred in both strains, the highly autolytic 
JW-31 and the nonautolytic CS-7, and was both 
pH and divalent cation-dependent. At pH 8.5, 
in the absence of divalent cations, there was 
minimal hydrolysis of PE. At pH 8.5, in the 
presence of  Ca ++, the relative percentage of PE 
decreased markedly, and the relative percen- 
tages of cell-associated LPE and FFA concomi- 
tantly increased. When cells were incubated at 
pH 6.0, phospholipid hydrolysis was very low 
as compared to pH 8.5 and was only minimally 
stimulated by Ca ++ . Other divalent cations 
stimulated phospholipid hydrolysis to different 
degrees and appeared to selectively stimulate 
the hydrolysis of PE or of PG. 

While incubation of cells in buffer, pH 8.5 
containing Ca ++ , resulted in extensive hydroly- 
sis (ca. 50%) of PE, a high percentage (94%) of 
the total 3H activity initially present (time 0) 
was recovered in the cell pellet following 
incubation. This suggested that the products of 
PE hydrolysis, LPE and FFA, remained cell- 
associated and were not released into the 
buffer. It appears that LPE and FFA accumu- 
late in ceils incubated in buffer. Although it is 
not known if these products are reutilized for 
phospholipid synthesis, this appears unlikely in 
cells suspended in buffer without an energy 
source. However, under growth conditions, the 
products of PE hydrolysis do not accumulate, 
but are reutilized for phospholipid synthesis 
(data to be published). 

The premise that LPE and FFA remain 
cell-associated and are not selectively released 
into the buffer was further investigated by 
analysis of the buffer supernates. Supernates 
were extracted by the Bligh-Dyer procedure 
(10) and analyzed for 3H distribution in lipids 
as described above. These studies indicated that 
the ratio of FFA, LPE, PE, and PG in the 
supernates was similar to that in the cell pellets. 
The total amount of 3H found in buffer super- 
nates was ca. 3-12% of the activity at time zero. 

In several cases, the amount of 3H that was 
recovered by extraction of the cell pellet was 
significantly lower than that recovered from 
zero time cells. The lower recovery of 3H (87%) 
following incubation of cells at pH 8.5 in the 
absence of divalent cations correlates with the 
observation that these conditions promote cell 
autolysis (6,9). Cell lysis probably results in the 
release of membrane fragments which are not 
recovered by centrifugation. The low recovery 
(74% and 80%) of 3H following incubation of 

cells with Fe ++ or Hg ++ might be due to the 
interaction of these metals with lipids to form 
salts which have decreased solubility in chloro- 
form/methanol.  

Table I also shows the effect of sulfhydryl 
poisons on phosphollpase activity in strain 
JW-31. When cells were incubated for 10 min 
with Hg ++, then suspended in buffer, the 
hydrolysis of PE was markedly inhibited. In 
contrast, the addition of N-ethylmaleimide 
(NEM) to the buffer did not inhibit phospho- 
lipid hydrolysis. Hg ++, but not NEM, also 
inhibited autolysis and the hydrolysis of 
peptidoglycan in cells suspended in buffer (9). 
It is possible that in situ, hydrolytic enzymes 
associated with the cell envelope have essential 
sulfhydryl groups which are accessible to Hg ++ 
but not to NEM. However, we cannot exclude 
the possibility that inhibition of hydrolysis of 
cell envelope components by Hg ++ is a secon- 
dary effect of general Hg +§ toxicity. 

Estimation of the Relative Activities of the 
Enzymes Catalyzing Phospholipid Hydrolysis 

Table II expresses the data of Table l in a 
form which estimates the relative activity of 
phospholipase A and lysophospholipase under 
various conditions. Estimation of enzyme 
activity is based on the fact that 3H was exclu- 
sively localized in the fatty acid acyl groups of 
phospholipids. Preliminary studies indicated 
that the decrease in PE and PG (phospholipase 
A activity), and the increase in FFA from 
hydrolysis of LPE and LPG (lysophospholipase 
activity) were linear over a 2 hr period in cells 
incubated at pH 8.5 in the presence of Ca ++ 
(data not shown). In view of the complexity of 
the system, and since kinetic studies were not 
performed for other conditions, the relative 
enzyme activities are expressed as a net hy- 
drolysis over a 2 hr period. Phospholipase A 
activity was calculated (equation i) as the net 
hydrolysis of either PE or PG (expressed as a 
percent) in 2 hr. 

(i) %PEo " %PE2 or %PG0 - %PG2 
%PE 0 %eGO 

The effect of divalent cations on the relative 
activity of phospholipase A is summarized in 
Table II. In the absence of divalent cations, 
activity was minimal. In the presence of Ca §247 , 
phospholipase activity was greater with PE than 
with PG as substrate and was higher in strain 
3W-31 than in strain CS-7. In the presence of 
Mn +§ phospholipase A activity was higher with 
PG than with PE. PE and PG were hydrolyzed 
to a similar extent in the presence of Fe ++. 
Mg +§ and Zn +§ were much less effective than 
Ca ++, Mn ++ or Fe +§ in stimulating phospho- 
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T A B L E  II 

E s t i m a t i o n  o f  P h o s p h o l i p a s e  A c t i v i t i e s  as Ne t  H y d r o l y s i s  o f  
P h o s p h o l i p i d s  in  W h o l e  G o n o c o c c i  a 

P h o s p h o l i p a s e  A L y s o p h o s p h o l i p a s e  
Ne t  Ne t  

H y d r o l y s i s  o f  H y d r o l y s i s  o f  

Strain A d d i t i o n s  PE PG L P E  L P E  + L P G  

JW-31  N o n e  1.8 3.1 . . . . .  
JW-31 Ca ++ 50.1 22 .3  73 .6  72 .9  
JW-31  Ca ++, Hg  ++ 13.4  20 .5  2 1 . 8  2 5 . 8  
JW-31 Mg ++ 14.5  3.1 94 .3  76 .9  
JW-31  Mn ++ 37 .8  52 .2  9 3 . 4  88 .8  
JW-31 Fe ++ 25 .2  29 .5  68 .3  14.1 
JW-31 Zn  ++ 8.3 11.2 53 .3  5.9 
CS-7  N o n e  4 .4  12 .3  . . . . . .  
CS-7 Ca ++ 29.1  16.1 56 .0  4 2 . 5  
CS-7 Mg ++ 10.3  4 .2  78.1 78 .5  

a A c t i v i t i e s  (x 1 0 0 )  we re  e s t i m a t e d  f r o m  the  d a t a  in Tab le  I a n d  are e x p r e s s e d  as n e t  
h y d r o l y s i s  o f  p h o s p h o l i p i d s  ove r  a 2 hr  p e r i o d .  P h o s p h o l i p a s e  A a c t i v i t y  was  c a l c u l a t e d  
u s i n g  e q u a t i o n  (i) ;  l y s o p h o s p h o l i p a s e  a c t i v i t y  was  c a l c u l a t e d  u s i n g  e q u a t i o n s  (it) a n d  (ii i) .  

lipase activity. Incubation of strain JW-31 with 
Hg ++ markedly inhibited the Ca++-activated 
phospholipase activity with PE as substrate, but 
only slightly inhibited activity with PG as 
substrate. 

The calculation of lysophospholipase 
activity is based on the premise that LPE and 
FFA remain cell-associated and are not reuti- 
lized under nongrowth conditions. In the 
absence of further metabolism of LPE, one-half 
the loss of 3H activity in PE will equal the gain 
in LPE. Deacylation of [3H]LPE will yield 
unlabeled GPE and [3H]FFA.  Similar con- 
siderations hold for the hydrolysis of PG. The 
data in Table I indicate that, in the presence of 
Ca ++ , the increase in [3H]LPE is much less 
than one-half the decrease in [3H]PE; further, 
the increase in [3HFFA is greater than one-half 
the combined decrease in [3H]PE and [3H]PG. 
Thus, further hydrolysis of [3H]LPE and 
[3H] LPG to [3H] FFA, and unlabeled GPE and 
GPG, is suggested. Further hydrolysis of 
lysophospholipids over a 2 hr period was 
estimated by two methods: (a) from LPE 
accumulation (observed vs. theoretical) (equa- 
tion it) and (b) from FFA accumulation (equa- 
tion iii). 

Vz (c/~ PI'; 0 - 5~1'I'i 2) - (CZcLPE2 - %LPE0) 
(it) Hydrolysis of LPll 

%(%PE 0 - %PE2) 

H i* drt~lvsis of 
(iii) LPE plus LPG = 

(r VA 2 - %1, |,Ao)-V~ I (%PE 0 - %PI, 2) + (%I'G 0 - %PG2) I 

V~I (%PE 0 %PE 2) + (%PG 0 - c~PG2)I 

Hydrolysis of LPE as estimated from LPE 
accumulation (equation it) was roughly similar 
in strains JW-31 and CS-7. Hydrolysis of LPE 

appeared to be somewhat greater in the pres- 
ence of Mg ++ and Mn ++ than in the presence of 
Ca ++, Fe § or Zn ++. LPE hydrolysis could not 
be estimated in the absence of divalent cations 
because of the low activity of phospholipase 
under these conditions. 

The combined hydrolysis of LPE plus LPG 
was estimated by comparing the combined 
decreases in PE plus PG with the accumulation 
of FFA (equation iii). The values calculated 
using equations ii and iii were similar for cells 
incubated in the presence of Ca ++, Mg +§ and 
Mn ++, suggesting that under these conditions 
both LPE and LPG are deacylated. Likewise, 
deacylation of both LPE and LPG appeared to 
be inhibited by Hg ++. In the presence of Fe ++ 
and Zn ++, the values calculated using equation 
ii were much higher than those calculated using 
equation iii, suggesting that these metals may 
selectively inhibit deacylation of LPG. 

Effect of pH and Temperature on 
Phospholipid Hydrolysis 

The activities of phospholipase A and 
lysophospholipase varied as a function of pH 
(Fig. 1). In strain JW-31, PE hydrolysis exhib- 
ited a pH optimum of 8.5. In contrast, the 
hydrolysis of PG and LPE increased throughout 
the range of pH values studied (pH 6.0 to 9.0) 
and the pH optima may be greater than 9.0. 

Figure 2 shows the effect of temperature on 
the relative activities of phospholipase and 
lysophospholipase. Labeled cells (strain JW-31) 
were suspended in growth medium and incu- 
bated for 10 min at the temperature indicated. 
The suspensions were then centrifuged, and the 
cells were resuspended in HEPES buffer, pH 
8.5, containing Ca § and incubated for 2 hr at 
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FIG. h Effect of pH on phospholipase activities of 
N. gonorrhoeae strain IW-31. Symbols: +, phospholi- 
pase A with PE as substrate; - ,  phospholipase A with 
PG as substrate; A, lysophospholipase with LPE as 
substrate. Activities were estimated as previously 
described. 

37 C. The  relat ive activi t ies of  phospho l ipase  A 
and  lysophospho l ipase  were e s t ima ted  as 
descr ibed in Table II, using equa t ions  i and  ii. 
Lysophospho l ipase  was more  hea t  labile t h a n  
phospho l ipase  A. While ly sophospho l ipase  lost  
80% of  its act ivi ty  at 50 C, phospho l ipase  A 
wi th  PE as subs t ra t e  r e t a ined  over 80% of  its 
act ivi ty  at the  same t em pe r a t u r e .  At  70 C, 
ly sophospho l ipase  was comple t e ly  inac t iva ted ,  
while ca. 40% of  the  phospho l ipase  A activit ies 
wi th  PE and  PG remained .  The fact  t ha t  LPE 
accumula t ed  in hea t - inac t iva ted  cells in which  
the  hydro lys i s  of  PE to  LPE was on ly  par t ia l ly  
i nh ib i t ed  indica tes  t ha t  the  hydro lys i s  of  LPE 
to  GPE and  F F A  is enzymat ica l ly  med ia t ed .  
The  presence  of  40% of  the  phospho l ipase  A 
activit ies at  70 C suggests the  exis tence  of  b o t h  
hea t  s table  and  hea t  labile fo rms  of  this  e n z y m e  
in gonococci .  

Effect of Alcohols on Phospholipid 
Hydrolysis in Buffer 

The add i t i on  of  10go m e t h a n o l  (ca. 2.5 M) to 
cell envelope  p repa ra t i ons  of  N. gonorrhoeae 
s t ra in  2686  s t imu la t ed  the  in vi t ro  act ivi ty  of  
phospho l ipase  A (3). The  au tho r s  suggested 
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FIG. 2. Heat inactivation of phospholipase activi- 
ties of N. gonorrhoeae strain ]W-31. Symbols: o, 
phospholipase A with PE as substrate; A phospholi- 
pase A with PG as substrate; E~, lysophospholipase 
with LPE as substrate. Activities were estimated as 
previously described. 

t ha t  m e t h a n o l  migh t  s t imula te  e n z y m e  act ivi ty 
by increas ing the  solubi l i ty  of  the  p h o s p h o l i p i d  
subst ra tes .  Table III shows the  ef fec t  of  alco- 
hols  on  the  hydro lys i s  of  e n d o g e n o u s  p h o s p h o -  
l ipid in labeled cells t ha t  were suspended  in 
HEPES buf fe r  (pH 8.5),  w i th  or  w i t h o u t  
add i t i on  of  Ca ++ (20 mM).  There  was a m a r k e d  
increase  in the  hydro lys i s  of  b o t h  PE and  PG 
when  cells were i n c u b a t e d  in buf fe r  con ta in ing  
Ca ++ and  e i the r  1.25 M or  2.5 M m e t h a n o l ,  
relat ive to tha t  observed  in bu f f e r  wi th  Ca ++ 
alone.  At  a c o n c e n t r a t i o n  of  0 .62 M, m e t h a n o l  
did n o t  s ignif icant ly  s t imula te  phospho l ip id  
hydrolys is .  Ca ++ was requi red  for  s t imu la t ion  
of  ac t iv i ty  by 2.5 M m e t h a n o l .  

The  ef fec t  of  o t h e r  a lcohols  on  p h o s p h o l i p i d  
hydro lys i s  was measured  in the  presence  of  
Ca ++ . Two c o n c e n t r a t i o n s  of  a lcohol  were 
tes ted :  a lower  c o n c e n t r a t i o n  (1.25 M 
m e t h a n o l ,  0.7 M e thano l ,  0.2 M p ropano l  and  
0.3 M i sopropano l )  t ha t  i nh ib i t ed  g rowth  by 
50%, and  a h igher  c o n c e n t r a t i o n  (2.5 M) t h a t  
comple t e ly  i nh ib i t ed  growth .  At  the  lower  
c o n c e n t r a t i o n ,  m e t h a n o l ,  e thano l ,  p ropano l ,  
and  i sop ropano l  all s t imula ted  p h o s p h o l i p i d  
hydrolys is .  A t  the  h igher  c o n c e n t r a t i o n ,  
m e t h a n o l  and  e t h a n o l  f u r t he r  e n h a n c e d  phos-  
pho l ip id  hydrolys is ,  whereas  p r o p a n o l  and  
te r t i a ry  b u t a n o l  i n h i b i t e d  Ca++-s t imula ted  
p h o s p h o l i p i d  hydro lys i s .  At  a c o n c e n t r a t i o n  of  
2.5 M, i sop ropano l  fu r the r  s t imu la t ed  the  
hydro lys i s  of  PG bu t  no t  PE. O t h e r  a lcohols  
(e.g., bu t ano l ,  i sobu tano l ,  i sopen tano l ,  and  
oc tano l ) ,  at a c o n c e n t r a t i o n  (2.5 M) which  
comple te ly  i nh ib i t ed  g rowth ,  ex t r ac t ed  more  
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T A B L E  III  

Effec t  of  Alcohols  on Phosphol ip id  Hydrolys is  a 

3H recovery  Percent  o f  3H recove red  as: 

Condi t ions  (% o f  T ime  0) PE PG LPE FFA 

Time 0 100,0 74.5 20.5 2.3 1.0 
Ca ++ (no a lcohol)  93,0 36.2 17.4 7.3 36.9 
Methanol  (2.5 M) no  Ca ++ 76,5 62.4 20.8 3.4 6.8 
Ca ++ + m e t h a n o l  (0.62 M) 92,2 34.3 16.8 9.0 36.0 
Ca ++ + m e t h a n o l  (1.25 M) 86.0 25.6 14.9 9.9 47 .8  
Ca ++ + m e t h a n o l  (2.5 M) 97,0 12.9 8.8 15.4 57.9 
Ca ++ + e thano l  (0.7 M) 91,0 21.5 17.1 14.3 42 .5  
Ca ++ + e thanol  (2.5 M) 90.0 11.1 5.5 21.4 53.8 
Ca ++ + p ropano l  (0.2 M) 97,0 21.1 16.8 13.4 44 .0  
Ca ++ + p ropanol  (2.5 M) 100,0 74.9 18.7 2.4 1.4 
Ca ++ + i sopropanol  (0,3 M) 100,0 18.0 14.8 14.5 48.1 
Ca ++ + i sopropanol  (2.5 M) 96,0 20.2 8.1 23.8 40 .9  
Ca ++ + t e r t -bu tano l  (2.5 M) 71,0 71.8 19.6 1.4 2.4 

a [ 3 H  1 Aceta te - labe led  cells o f  N. gonorrhoeae strain JW-31 were  i ncuba ted  for  2 hr  
in HEPES buffer ,  pH 8.5 wi th  or  w i t h o u t  addi t ion  of  20 mM CaCI 2. Alcohols  were  added  as 
indica ted .  Cells were  e x t r a c t e d  and lipids qua n t i t a t ed  as previously descr ibed.  

than 90% of the total phospholipids from cells 
(data not shown). Hydrolysis of PE or PG did 
not occur in the presence of these alcohols. 

Table IV expresses the above data in the 
form of relative activities of phospholipase A 
and lysophospholipase. Enzyme activities were 
estimated as described in equations i - i i i .  
At concentrations which inhibited growth by 
50%, methanol, ethanol, propanol and isopro- 
panol all stimulated the activity of phospholi- 
pase A with PE as substrate, whereas only 
methanol and isopropanol significantly stimu- 
lated the activity of phospholipase A with PG 
as substrate. At higher alcohol concentrations 
(2.5 M), the activity of phospholipase A with 
both PE and PG as substrate was increased. 
None of the alcohols tested stimulated lyso- 
phospholipase, but at high concentrations 
ethanol and isopropanol significantly inhibited 
lysophosphotipase activity. 

DISCUSSION 

Gonococci undergo autolysis when suspended 
in various buffers at an alkaline pH in the 
absence of divalent cations (9). The strains 
employed here were selected because they 
differ in autolytic behavior. Strain JW-31 has a 
high rate of autolysis, whereas strain CS-7 
exhibits minimal autolysis when suspended in 
HEPES buffer, pH 8.5 in the absence of diva- 
lent cations (6,9). Addition of divalent cations 
(Mg ++, Mn ++ or Ca ++ ) to the buffer prevents 
autolysis (9). The present studies indicate that 
cell lysis is independent of phospholipid hy- 
drolysis since both the autolytic strain (JW-31), 
and the nonautolytic strain (CS-7) possessed 
phospholipase and lysophospholipase activities. 

However, the activities of the enzymes were 
higher in strain JW-31. Moreover, hydrolysis of  
endogenous phospholipids was stimulated by 
divalent cations which inhibit cell lysis. Further 
studies (18) suggest that divalent cations may 
prevent autolysis by stabilizing the plasma 
membrane. Divalent cations do not, however, 
prevent loss of viability in either strain JW-31 
or CS-7. The loss of viability which occurs in 
the absence of autolysis may result at least in 
part from hydrolysis of cell envelope compo- 
nents, including peptidoglycan (9) and phos- 
pholipids (6), and the toxic effects of accumu- 
lated FFA (19). 

Autolysis can be prevented by suspension of 
gonococci in buffer containing sucrose (20) 
which osmotically stabilizes the cells. Under 
these conditions, both loss of viability (20) and 
the hydrolysis of peptidoglycan (9) occurred at 
an increased rate. Phospholipid hydrolysis also 
occurred in cells osmotically stabilized with 
sucrose (data not shown). Such conditions 
result in extensive disruption of the cell enve- 
lope as shown by the fact that cells which were 
incubated for 60 rain in sucrose immediately 
lysed when centrifuged and resuspended in 
water or buffer. The addition of Ca ++ to cells 
that were osmotically stabilized by suspension 
in buffer containing sucrose resulted in exten- 
sive release of [3HI arginine-labeled protein 
with little or no release of [3H] adenine-labeled 
nucleic acid (18). Further studies indicated that 
the proteins released into the buffer are asso- 
ciated with outer membrane or the periplasmic 
space. These data suggest that in osmotically 
stabilized cells, Ca++-activated phospholipid 
hydrolysis may cause disruption of integrity of 
the outer membrane, while the integrity of the 
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TABLE IV 

Effect of  Alcohols on the Activities of Gonococcal Phospholipase 
A and Lysophospholipase a 
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Phospholip ase A Lysophospholipase 
Net Net 

Hydrolysis of Hydrolysis of 

Addit ions PE PG LPE LPE + LPG 

None 41.9 19.9 69.8 65.6 
Methanol (1.25 M) 64.7 33.5 68.5 71.4 
Ethanol (0.7 M) 71.4 18.2 52.2 46.7 
Propanol (0.2 M) 71.9 19.6 55.9 49.4 
Isopropanol (0.3 M) 65.2 24.4 57.9 51.9 
Methanol (2.5 M) 88.1 63.5 64.3 65.5 
Ethanol (2.5 M) 85.4 71.2 40.3 35.1 
Isopropanol (2.5 M) 73.4 57.6 21.9 20.1 

aCells were assayed in HEPES buffer, pH 8.5 containing 20 mM Ca ++. Phospholipase 
and lysophospholipase activities (x 100) were est imated from the data in Table III and 
calculated as in Table II. 

selective permeability barrier of the cell, the 
plasma membrane, is maintained. 

The phospholipase activity of whole cells 
suspended in buffer was similar to that of 
envelope preparations (3) in that both activi- 
ties: (i) exhibited a pH optimum at 8.5 with PE 
as substrate, and (ii) preferentially hydrolyzed 
PE as opposed to PG in the presence of Ca ++. 
In whole cells, Mn +§ preferentially stimulated 
PG hydrolysis, while little phospholipid hy- 
drolysis occurred in the presence of Mg ++ or 
Zn +4. PhosphotJpase A activities from 
Escherichia coli (21 ), Bacillus subtilis (22), and 
Mycobacterium phlei (23) also exhibited 
alkaline pH optima and activation by Ca ++. In 
E. Coli there are at least two different phospho- 
lipase and three different lysophospholipase 
activities (24,25). Our data suggest that gono- 
cocci may also possess multiple activities of 
these enzymes. 

The Ca+t-activated phospholipase A activity 
was further stimulated when gonococci were 
incubated in buffer containing methanol. Other 
alcohols either stimulated or inhibited phospho- 
lipid hydrolysis. Phospholipase A activity of 
envelope preparations (3) required 10% 
methanol for full activity but was totally 
inhibited in the presence of higher alcohols 
(propanol, isopropanol, butanol, and isobu- 
tanol) and various detergents including Triton 
X-100. Studies with whole cells indicate that 
2.5 M butanol and isobutanol, as well as low 
concentrations of Triton X-100 (0.01%) (data 
not shown), solubilized >90% of the cellular 
phospholipids. In contrast, the phospholipase A 
of the o u t e r  membrane of E. coli (21) was 
activated by Trition X-100. The extraction of 
gonococcal phospholipids by Triton X-100 is in 
agreement with the observation that the growth 

of gonococci is inhibited by low concentrations. 
of this detergent (26), whereas the growth of 
enteric bacteria is not. The stimulation of 
phospholipid hydrolysis by methanol may be 
due to increased accessibility of the enzyme to 
divalent cations and to fatty acid acyl chains of 
phospholipids. Methanol may also affect 
enzyme configuration. 

It is significant that products of phospho- 
lipid hydrolysis remain cell-associated under 
nongrowth conditions and are not selectively 
released into the buffer. This is in contrast 
to reports that in gonococci, FFA accumulate 
in the medium during growth (1,27). The 
activity of phospholipase A in growing cells will 
be considered in a subsequent publication. 
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Incorporation of cis- and trans-Octadecenoic Acids into the 
Membranes of Rat Liver Mitochondria 1 

C.-E. H~Y and G. H(~LMER, Department of Biochemistry and Nutrition, 
The Technical University of Denmark, Building 224, 2800 Lyngby, Denmark 

ABSTRACT 

The incorporation of dietary isomeric fatty acids into the membranes of liver mitochondria was 
investigated. Three groups of rats were fed diets containing 3% sunflower seed oil plus 15%, 20%, or 25% 
partially hydrogenated arachis oil. A fourth group was fed 25% partially hydrogenated arachis oil, 
but no sunflower seed oil. All diets were given for 3, 6, or 10 weeks. After 10 weeks, the content of 
trans fatty acids in the lipids of the mitochondrial membranes was 15-19% of the total fatty acids. The 
composition of the trans- and the cis-octadecenoic acids in the lipids of the mitochondrial membranes 
was similar for all groups supplemented with sunflower seed oil (SO), irrespective of time and dietary 
level of partially hydrogenated axachis oil (HAO). The cis 18:1 (n-8), which was a major isomer of the 
partially hydrogenated arachis oil, was almost excluded from the mitochondrial fatty acids. Likewise, 
the content of trans 18:1(n-8) was considerably lower in the mitochondrial lipids than in the diet. On 
the contrary, the content of trans 18:1 (n-6) was higher in the mitochondrial lipids than in the diet. In 
the group fed without sunflower seed oil, isomers of linoleic acid mad axachidonic acid were observed 
in the lipids of mitochondrial membranes. 

INTRODUCTION 

Partially h y d r o g e n a t e d  oils are r epor t ed  to 
con ta in  a large range of  pos i t iona l  i somer ic  
f a t ty  acids wi th  cis or t rans  double  b o n d s  (1,2).  
These isomers  are also p resen t  in commerc ia l ly  
available margar ines  (3). So far, however ,  t he  
i n c o r p o r a t i o n  of  d ie tary  pos i t iona l  i somers  
f rom part ia l ly  h y d r o g e n a t e d  oils has only  been  
s tudied  in l ipids f rom whole  organs, e.g., the  
liver (4,5).  These  s tudies  have es tab l i shed  t h a t  
i someric  fa t ty  acids in vivo are m e t abo l i z ed  
individual ly .  The  in vivo i n c o r p o r a t i o n  of  
d ie tary  i somer ic  fa t ty  acids in to  subcel lu lar  
part icles,  such as m i t o c h o n d r i a ,  has only  been  
d e m o n s t r a t e d  wi th  elaidic acid (6-8), bu t  no  
a t t e m p t s  to  s tudy  the  fate of  d ie ta ry  p o s i t i o n a l  

i someric  acids have been pub l i shed  so far. 
The present  work  describes a s tudy  o f  the  

i n c o r p o r a t i o n  o f  d ie tary  pos i t iona l  i somer ic  cis 

and trans oc tadeceno ic  acids in to  liver mi to-  
chondr ia l  l ipids o f  rats fed 15%, 20%, or  25% of  
part ial ly h y d r o g e n a t e d  arachis  oil ( peanu t  oil), 
s u p p l e m e n t e d  with sun f lower  seed oil for  
d i f f e ren t  e x p e r i m e n t a l  periods.  

EXPERIMENTAL PROCEDURES 

Animal Experiments 

Seventy- two male Wistar rats (specific 
pa thogen- f ree )  were divided in to  4 groups of  18 
rats. Each of  these  groups  was f u r t he r  divided 
in to  3 subgroups  o f  6 rats each. The rats 
received a basal diet  of  t he  fo l lowing compos i -  
t i on  (weight  percen tages) :  casein (A/S Dansk 

1presented in part at the ISF Congress, Mar- 
seille, September 1976. 

Mejeri Indus t r i  & Expor t  Kompagni ,  Stege, 
Denmark) ,  20%;suc rose ,  74%; v i t amin  mix tu re ,  
0 .5%; salt m ix tu r e  ( inc luding t race e lements ) ,  
5.0%; chol ine  chlor ide ,  0.5%. C o m p o s i t i o n  of  
the  v i t amin  m i x t u r e  and the  salt m ix tu r e  has  
been  pub l i shed  previously  (9). 

Groups  1, 2, and  3 received 15%, 20%, or 
25% part ia l ly  h y d r o g e n a t e d  arachis  oil (HAO)  
(Aarhus  Oliefabrik A/S, Aarhus ,  Denmark) .  All 
3 groups were given a s u p p l e m e n t  of  3% sun-  
f lower  seed oil (SO) (Aarhus  Oliefabrik A/S,  
Aarhus ,  Denmark) .  Group  4 was given 25% 
HAO, bu t  no  SO. The  fats were i n c o r p o r a t e d  
ins tead  of  the  co r r e spond ing  weight  of  sucrose. 
Diets and  wate r  were given ad l ib i tum.  The rats 
were caged in pairs in a r oom wi th  a t empera -  
ture  of  25 C and  wi th  a u t o m a t i c  con t ro l  of  
relat ive h u m i d i t y  (45%). The animMs were 
weighed and  e x a m i n e d  weekly  dur ing  the  
e x p e r i m e n t a l  per iod.  

No d i f ferences  in g rowth  be tween  the  
SO-supp lemen ted  groups  were observed  dur ing  
the  expe r imen t ,  bu t  the  g rowth  of  the  group 
fed 25% HAO wi th  no  SO was re ta rded  f rom 
the  th i rd  week of  expe r imen t ,  i nd ica t ing  
essent ia l  f a t ty  acid def ic iency.  

Af te r  3, 6, and 10 weeks, respect ively,  one  
subgroup  f rom each e x p e r i m e n t a l  group was 
anaes the t i zed  wi th  e t h e r  and,  a f te r  removal  of  a 
b lood  sample for  p r epa ra t i on  o f  serum,  killed 
by  co rona ry  punc tu re .  

Preparation of Mitochondrial Membranes 

The ra t  livers were quickly  excised and  
placed in ice cold 0.25 M sucrose in 1 mM 
EDTA,  pH 7.4. The livers f rom each subgroup  
were divided in to  3 pools,  each  con ta in ing  2 
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TABLE I 

Fatty Acid Composition of  Dietary Fats. Weight 
Percentages Determined by Gas Chromatograpy 

Dietary fat 

C.-E. H~)Y AND G. HQLMER 

Partially hydrogenated Sunflower seed 
arachis oil a oil 

Fatty acids : % % 
12:0 0.2 -- 
14:0 0.3 0.1 
16:0 13.1 6.3 
16:1 0.4 0.2 
18:0 14.1 3.3 
18:1 57.3 18.9 
18:2 isomers 4.3 b -- 
18:2 1.1 68.5 
20:0 2.1 1.3 
20:1 1.7 0.3 
20:2 -- 0.1 
22:0 3.7 0.7 
24:0 1.5 0.3 

aMelting point 41 C. 
bprimarily cis, trans 18:2 or trans, cis 18:2. 

livers. The  livers were  h o m o g e n i z e d  in 0.25 M 
suc rose  in 1 m M  E D T A ,  p H  7.4 (4.5 ml /g  
t i ssue)  in a Po t t e r -E l veh j em  glass h o m o g e n i z e r  
w i t h  a t e f l o n  pest le .  The  h o m o g e n a t e  was  
c e n t r i f u g e d  for  10 min  in a Sorvall  cen t r i fuge  

( R o t o r  SS-34)  at 0-4 C and  900  x gmax  to  
s e d i m e n t  nuc le i  and  cell f r a g m e n t s .  The  super -  
n a t a n t  fluid was  r e c e n t r i f u g e d  for  10 m i n  at 

9000  x gmax  at 0-4 C to s e d i m e n t  the  m i t o -  
chondr i a .  The  s u p e r n a t a n t  was  d e c a n t e d  
t o g e t h e r  w i th  a f lu f fy  m e d i u m  layer .  The  
b o t t o m  pel le t  was  r e s u s p e n d e d  in t he  or iginal  
v o l u m e  o f  suc rose  and c e n t r i f u g e d  for  10 min  
at 9 0 0 0  gmax at 0-4 C. The  s u p e r n a t a n t  was  
d iscarded.  The  s e d i m e n t  c o n t a i n i n g  the  
m i t o c h o n d r i a  was  r e s u s p e n d e d  in the  s ame  

v o l u m e  o f  ice cold  redis t i l led w a t e r  to  f r ac tu re  
t he  m i t o c h o n d r i a  o s m o t i c a l l y  A f t e r  20 rain at 
0 C, t he  s u s p e n s i o n  was  c e n t r i f u g e d  for  10 min  
at 27 , 000  x gmax  at 0-4 C to s e d i m e n t  the  
m i t o c h o n d r i a l  m e m b r a n e s .  These  were  resus-  
p e n d e d  in redis t i l led w a t e r  to  an a p p r o x i m a t e  
v o l u m e  o f  5 ml. 

Extraction of Lipids 

The  l ipids o f  t he  m i t o c h o n d r i a l  m e m b r a n e s  
were  e x t r a c t e d  w i t h  c h l o r o f o r m / m e t h a n o l  (2 :1 ,  
v /v)  a c c o r d i n g  to F o l c h  et al. (10) .  The  so lvents  
were  e v a p o r a t e d  u n d e r  n i t r o g e n  a f te r  w h i c h  
the  l ipids were  dissolved in c h l o r o f o r m /  
m e t h a n o l  (2 :1 ,  v /v)  and  s t o r e d  a t - 2 0  C. Th in  
layer  c h r o m a t o g r a p h y  (TLC)  s h o w e d  tha t  t he  
l ipids o f  t he  m i t o c h o n d r i a l  m e m b r a n e s  con-  
s is ted o f  p h o s p h o l i p i d s  ( ma in ly  p h o s p h a t i d y l -  
chol ines ,  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 ,  and  
ca rd io l ip ins )  and  cho les te ro l .  Only  t races  o f  
free f a t ty  acids and c h o l e s t e r o l  esters  were  
p re sen t .  

TABLE II 

Distribution of  Isomeric cis Octadecenoic Acids in Partially Hydrogenated Arachis Oil and in the Total Lipids 
of  Liver Mitochondrial Membranes from Rats Fed Diets Containing Partially Hydrogenated Arachis Oil 

Groups and Fatty acid percentages a 

periods (n-13) (n-12) (n - l l )  (n-tO) (n-9) (n-8) (n-7) (n-6) (n-5) (n-4) (n-3) 

HAO b 0.2 1.0 3.6 14.5 29.7 23.8 15.0 8.2 3.0 0.5 0.5 
Group 1 : 
15% HAO + 3% SO: 

3 weeks 5.7 59.3 1.3 24.7 6.0 2.3 0.3 
6 weeks 3.3 60.3 1.0 26.3 4.0 2.3 1.3 2.0 

10 weeks 3.7 61.3 1.7 23.3 5.3 1.7 1.3 1.3 
Group 2 : 
20% HAO + 3% SO: 

3 weeks 4.0 59.3 2.7 22.7 6.7 3.3 1.3 
6 weeks 3.0 64.3 2.0 21.0 6.7 2.0 0.7 0.3 

10 weeks 0.3 4.3 62.7 2.0 21.0 5.3 2.0 1.0 1.3 
Group 3: 
25% HAO + 3% SO: 

3 weeks 4.7 58.0 2.0 20.3 7.0 5.0 0.3 
6 weeks 6.0 69.0 2.3 15.3 5.0 1.7 0.3 0.3 

10 weeks 4.3 59.3 2.0 22.7 7.3 2.0 1.0 1.0 
Group 4: 
25% HAO: 

3 weeks 4.0 72.7 0.7 13.3 7.3 1.3 
6 weeks 4.3 76.0 1.0 11.0 6.0 1.0 0.7 

10 weeks 0.3 4.3 74.3 2.0 11.0 4.7 1.0 1.3 0.3 

aAverages for three different pools. 
bAverages of  two determinations. 

LIPIDS, VOL. 14, NO. 8 



ISOMERIC ACIDS IN L I V E R  M I T O C H O N D R I A  

T A B L E  Il l  

Dis t r ibu t ion  o f  I somer ic  t rans  O c t a d e c e n o i c  Acids in Part ial ly 
H y d r o g e n a t e d  Arachis  Oil and in the  Tota l  Lipids o f  Liver Mi tochondr ia l  Memb ran es  

f rom Rats Fed Diets Conta in ing  Partially H y d r o g e n a t e d  Arachis  Oil 

729 

Groups  and Fa t t y  acid percen tages  a 

per iods  (n-11)  (n-10) (n-9) (n-8) (n-7) (n-6) (n-5) (n-4) (n-3)  

H A O  b,c 4.0 12.4 25.5 22.9 18.9 9.9 3.5 1.5 1.4 
Group  1 : 
1 5 % H A O +  3 % S O :  

3 w eeks  1.0 7.0 32.7 7.3 10.7 25.7 6.0 9.0 
6 w eeks  1.0 4.3 33.3 5.7 11.7 31.3 5.7 5.7 1.0 

10 w eeks  0.7 8.7 35.7 8.3 11.3 23 .0  4.7 6.0 1.0 
G r o u p  2 : 
20% H A O  + 3% SO: 

3 w eeks  0.7 7.7 27 .3  9.0 11.7 25 .3  7.7 8.7 2.0 
6 w eeks  0.7 7.7 34.7 9.3 11.7 22.7 4.7 6.0 1.3 

10 weeks  1.0 8.7 35.3 8.3 11.7 21 .0  6.0 6.3 1.0 
Group  3: 
25% H A O  + 3% SO: 

3 w eeks  1.0 7.0 30.0 7.7 11.7 25.7 6.0 9.7 1.7 
6 w e e k s  0.7 6.7 32.7 10.7 11.7 22.7 5.3 6.7 1.7 

10 w eeks  1.0 7.3 35.0 7.3 13.6 21.3 5.7 7.3 1.0 
G r o u p  4: 
25% H A O :  

3 w eeks  t ,0  7.7 31.7 10.7 10.0 24.3 5,7 6.3 2.3 
6 weeks  1.0 8.0 35,3 11.0 11.0 20.0 4.3 5.3 2.0 

10 w eeks  2.0 9.0 38.7 10.0 11.3 18.0 3.7 5.0 1.7 

aAverages  for  th ree  d i f ferent  pools.  

bAverages  o f  t w o  de te rmina t ions .  

e H A O  con ta ined  54,3% t rans  f a t ty  acids as d e t e r m i n e d  by  in f ra red  spec t ro scopy .  

Methylation 

Lipids were t rans -me thy la t ed  as described by 
Stoffel et al. (11). Fifteen mg of total lipids of  
mitochondrial membranes were methylated in a 
mixture of  4 ml of  5% dry hydrogen chloride in 
dry methanol and 0.5 ml benzene. The mixture 
was refluxed for 2 hr at 80 C on a water bath. 
Methyl esters were extracted with hexmae and 
dried with anhydrous Na 2 SO 4/NaHCO3 (4: 1). 

Gas Liquid Chromatography 

Analytical gas liquid chromatography (GLC) 
of the methyl esters was performed on a 
Hewlett-Packard 5830A dual column instru- 
ment with FID detectors, using 1/8 in. o.d. x 6 
ft columns of  stainless steel packed with 15% 
DEGS on Chromosorb W (AW), 80/100 Mesh 
(Applied Sciences Lab., State College, PA); 
column temperature 180 C. Nitrogen was used 
as carrier gas at a flow rate of  60 ml/min. Air 
flow was 280 ml/min, and hydrogen flow was 
60 ml/min. The linearity of  the detector 
response was checked by chromatography of 
standard mixtures of known composition 
(Nu-Chek Prep, Inc. Elysian, MN). 

Fractionation of Methyl Esters 

Methyl esters were fractionated according to 

unsaturation by TLC on Silica Gel G plates 
containing 12.5% AgNO 3 (1). The cis-mono- 
enes and the t rans -monoenes  were scraped off, 
and each of these fractions was further sepa- 
rated according to chain length by preparative 
scale gas chromatography on an Aerograph 
Autoprep 705 instrument with a single 1/4 in. 
o.d. x 6 ft stainless steel column packed with 
15% DEGS on Chromosorb W; column temper- 
ature 175 C; detector temperature 225 C; 
injection temperature 225 C; split ratio 1:5. 
Nitrogen was used as carrier gas at a column 
flow of 140 mt/min. Octadecenoates were 
collected in chloroform in U-tubes at -20 C. 

Ozonolysis 

Preparations of cis and trans methyl octa- 
decenoates were dissolved in hexane and 
ozonized at -70 C using a procedure of Beroza 
and Bierl (12). The Ozonides were reduced with 
triphenylphosphine according to Stein and 
Nicolaides (13). A sample of the reaction 
mixture, containing aldehyde esters and alde- 
hydes, was analyzed by gas chromatography on 
a Beckman GC 4 double column instrument 
using isothermal operation at 175 C. Column 
packing was 15% DEGS on Gas-Chrom W/AW, 
100/120 Mesh (Applied Sciences Lab.) in 1/8 
in. o.d. x 6 ft columns. Helium was used as 
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T A B L E  1V 

Major Fa t ty  Acids in the  Tota l  Lipids o f  Liver Mi tochondr ia l  M e m b r a n e s  
f r o m  Rats Fed Diets Conta in ing  Partially H y d r o g e n a t e d  Arachis  Oil 

Groups  and Fa t ty  acid pe rcen tages  a,b 

periods 16:0 16:1 18:0 18:1 18:2 18:2 20:3  20 :3  20 :4  20 :4  22 :4  22 :6  
i somer  i somer  

Group  1 : 
15% H A O  + 3% SO: 

3 w eeks  12.6 1.5 13.8 16.8 17.8 0.3 1.1 28.7 
6 w eeks  13.6 2.2 13.3 23.2 16.4 0.5 1.5 23.6 

10 weeks  11.2 2.1 14.6 24.1 14.3 0.4 1.4 25.5 
G r o u p  2 : 
20% H A O  + 3% SO: 

3 w eeks  11.2 1.5 14.1 16.9 16.0 0.5 1.5 28.6 
6 w eeks  12.6 2.2 14.8 25.2 15.1 0.5 1.7 23.6 

10 w eeks  10.9 2.0 14.5 23 .8  14.2 0.4 1.4 25.3 
G r o u p  3 : 
25% H A O  + 3% SO: 

3 w eeks  14.3 1.3 17.7 1"7.8 13.5 0.6 1.2 26.3 
6 w e e k s  13.2 2.0 16.4 23.6 14.7 0.6 1.4 22.9 

10 weeks  11.0 1.5 17.1 21.5 15.1 0.5 1.4 25,8 
Group  4 : 
25% H A O :  

3 w eeks  15.9 4.0 14.8 27.8 6.7 5.6 6.1 0.8 6.8 
6 w eeks  15.9 4.5 14.8 31.3 5.4 4.8 7.4 0.4 5,2 

10 w eeks  13.5 5.4 14.4 31.9 4.2 5.4 9.4 0.4 5.3 

1.7 5.4 
1.6 2.7 
1.8 2.4 

2.3 6.9 
1 .0  1.6 
2.0 2.7 

1.7 4.2 
1.5 2 .5  
1.5 2.5 

1.5 1.1 6.2 
1.4 1.4 3.4 
1.4 1.1 3.2 

aAverages  o f  th ree  d i f fe ren t  pools. 

bMinor  c o m p o n e n t s  ( <  0.5%) omi t t ed .  

carrier gas at 70 ml/min. Under these condi- 
tions, aldehydes were eluted in the solvent 
peak, whereas aldehyde esters were separated 
according to chain length. Aldehyde esters were 
identified by ozonolysis of appropriate standard 
methyl octadecenoates followed by GLC. 

The distribution of positional isomeric fatty 
acids was calculated from the peak area of the 
aldehyde esters by the following formula: 
Percentage of fatty acid i = 100 x Ai/MWi/~- 
(Ai/MWi)%. Ai: peak area of aldehyde ester 
arising from fatty acid i. MWi: molecular weight 
of aldehyde ester arising from fatty acid i. 

Infrared Analyses 

Infrared analyses of trans fatty acids in 
dietary fat as well as in mitochondrial lipids 
were performed as previously described (1). 

RESULTS 

Fatty Acid Composition of Dietary Fats 

The partially hydrogenated arachis oil used 
in the experimental diets (Table I) contained 
primarily saturated fatty acids and octadec- 
enoic acids, while the content of 18:2, mostly 
t rans  isomers, was low. Preliminary results had 
shown that addition of 3% sunflower seed oil to 
the diet provided enough linoleic acid to 
prevent the symptoms of essential fatty acid 

deficiency in the experimental animals. The cis 

1 8 : 1 as well as the trans 1 8 : 1 fractions of HAO 
(Tables II and IlI) contained a variety of 
positional isomeric fatty acids, the 18:1 (n-7), 
(n-8), (n-9), and (n-10) being the predominant 
acids in both fractions. In the sunflower seed 
oil, only oleic acid was found in the 18:1 
fraction and linoleic acid in the 18:2 fraction. 
The combination of partially hydrogenated 
arachis oil and sunflower seed oil made it 
possible to study the incorporation of isomeric 
octadecenoic acids under circumstances where 
the animals received only small amounts of 
isomeric 18:2 and 16:1 fatty acids. 

Fatty Acids in the Total Lipids 
of Mitochondrial Membranes 

In all groups, the percentages of 18:1 
increase from 3 weeks to 6 weeks (Table IV), 
which probably reflects the contents of 18:1 
fatty acids in partially hydrogenated arachis 
oil in the diet. After 6 weeks, a constant level 
of 18:1 is attained. This is similar for groups 1, 
2, and 3. The increase in octadecenoic acids is 
accompanied by a decrease in the content of 
polyunsaturated fatty acids, especially the 
docosahexaenoic acid and the arachidonic acid, 
as well as the palmitic acid. Likewise, H~lmer 
and Hey (14) have reported that rats fed a diet 
containing 22% partially hydrogenated arachis 
oil + 6% arachis oil, which has the same 18:2 
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Dietary fats 

Group 1 : Group 2 : Group 3: Group 4: 
15% HAO + 3% SO 20% HAO + 3% SO 25% HAO + 3% SO 25% HAO 

Periods % % % % 

3 weeks 12.1 -+ 0.3 a 13.2 + 0.3 a 14.2 + 2.3 b 16.6 +- 3.4 b 
6 weeks 15.5 -+ 2.8 b 16.9 -+ 1.2 b 15.5 + 0.1 a 16.9 -+ 0.2 a 

10 weeks 16.4 -+ 0.1 a 16.1 -+ 0.6 a 15.3 + 0.1 a 18.9 + 0.7 a 

aAverages for two different pools + deviations from average. 
bAverages for three different pools -+ standard deviations. 

conten t  as the diet for group 3, have decreased 
contents  o f  20:4,  22:6,  16:0, and 18:0 in liver 
mi tochondr ia l  phosphat idylchol ines  compared  
with rats fed 28% arachis oil for 16 weeks. 

In group 4, fed partially hydrogenated  
arachis oil wi thout  a supplement  of  sunf lower  
seed oil, the conten t  o f  18:1 in the mito-  
chondria  is much  higher. Also, in this group, a 
constant  level is reached after  six weeks. Af te r  
three weeks, changes in the fat ty  acid pat tern 
typical  of  essential fat ty acid deficiency are 
observed in this group, i.e., a decreased con ten t  
of  (n-6) fat ty acids and increased con ten t  of  
(n-9) fa t ty  acids. In addit ion,  isomeric  18:2 and 
20:4 fat ty  acids appear. The exact  ident i ty  o f  
these isomers has not  been established. The 
quant i ty  o f  lipid available f rom the mi tochon-  
drial membranes  did no t  permit  a detailed 
examinat ion  including infrared spectroscopic 
de te rmina t ion  and ozonolysis.  F r o m  their  chro- 
matographic  characteristics, we assume that  
they  both contain a trans double bond. The 
18:2 might  therefore  be 5c,9 t -18:2 ,  as orig- 
inally demonst ra ted  by Lemarchal  and Munsch 
(15) in rats fed elaidic acid, or  it can be dietary 
9t ,12c-18:2 ,  which is incorpora ted  in liver 
lipids (16). The 20:4 might  be ident ical  to 
5c ,8c ,11c ,14 t -20 :4 ,  which has been repor ted  
(17) to be found in essential fa t ty  acid 
deficient  rats fed 9c ,12t -18:2 .  The incorpora-  
t ion of  o ther  posit ional  isomers cannot ,  how- 
ever, be excluded.  

Trans Fatty Acids 

The trans fa t ty  acids as de termined by IR 
(Table V), which includes polyenoic  acids with 
trans double  bonds,  comprise 12-17% of  the  
total  mi tochondr ia l  fa t ty  acids in accordance 
with previous reports  that  described the incor-  
pora t ion of  dietary elaidic acid in to  liver 
mi tochondr ia  (6,7). The rats fed 25% HAO, 
group 4, appear  to have a larger incorpora t ion  
o f  trans fa t ty  acids than the animals supple- 
men ted  with  sunf lower  seed oil, which is 

consistent  with the higher con ten t  o f  total  18:1 
fa t ty  acids (Table IV) in the mi tochondr ia l  
membranes .  

Positional Isomeric Acids 

The distr ibut ion o f  posi t ional  isomeric  cis 
18 : 1 fa t ty  acids (Table II) in the to ta l  lipids of  
the liver mi tochondr ia l  membranes  is very 
uni form in all groups, irrespective of  dietary 
period, as is the distr ibut ion o f  posit ional  
isomeric t ransl  8:1 fat ty  acids (Table m). The cis 
18:1 (n-9) and cis 18:1 (n-7), which can be 
formed endogenously ,  are the major  compon-  
ents of  the cis 18:1 fraction.  Significant incor- 
pora t ion  of  cis 18:1 ( n - 1 0 ) a n d  cis 18:1 (n-6), 
which are of  dietary origin, is observed. The cis 
18:1 (n-8), which is a major  componen t  of  the 
cis 18:1 fract ion o f  the HAO, is partially 
excluded f rom the mi tochondr ia l  lipids. The 
state of  EFA deficiency,  group 4, primari ly 
affects the ratio be tween  oleic and vaccenic 
acids but  does not  cause o ther  changes in the  
dis t r ibut ion of  posi t ional  isomeric  cis octa- 
decenoic  acids. All the trans 18:1 fat ty  acids 
are of  exogenous  origin. The trans 18:1 (n-9) 
and trans (n-6) are incorpora ted  preferential ly,  
while there is a discr iminat ion against the trans 
18:1 (n-8) and the  trans (n-7). Al though  
E F A  deficiency,  group 4, does lead to an 
increased incorpora t ion  of  trans fa t ty  acids in 
the mi tochondr ia l  lipids (Table V), it does no t  
appear to affect  the  distr ibut ion o f  posit ional  
isomeric trans octadecenoic  acids in the mi to-  
chondrial  lipids (Table III). 

DISCUSSION 

In previous exper iments  (18), it has been 
shown that  rats fed 6% arachis oil or  6% olive 
oil + 4% sunflower  seed oil only conta in  oleic 
acid and vaccenic acid in the oc tadecenoic  
fract ion o f  fiver mi tochondr ia l  pliospholipids.  

However ,  using mass spectroscopy,  minor  
quanti t ies of  o ther  posi t ional  isomeric  octa- 
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decenoic acids have been detected in the liver 
lipids of rats raised on fat-free diets (19). 
Likewise, traces (< 0.1%) of elaidic acid have 
been detected in the total mitochondrial lipids 
of rats fed unhydrogenated olive oil (6). The 
origin of these isomeric fatty acids is not well 
established, but the overall contribution seems 
to be insignificant compared to the incorpora- 
tion of isomeric fatty acids reported in feeding 
experiments with partially hydrogenated oils 
(4-8). 

This experiment demonstrates that dietary 
isomeric octadecenoic acids are incorporated in 
the liver mitochondrial membranes. The incor- 
poration is selective with respect to double 
bond position, but is neither affected by the 
dietary level of partially hydrogenated oil nor 
by the experimental period within the limits of 
this experiment. The patterns of incorporation 
of positional isomeric fatty acids are in good 
agreement with the results recently reported by 
Wood and Chumbler (5) for whole liver. 

The intestinal absorption has been reported 
to be independent of double bond geometry 
(20) and of double bond position in trans 
octadecenoates (4). The observed patterns 
of incorporation may, therefore, reflect selec- 
tivity in the metabolism of fatty acids, such as 
activation and acylation. 

The activation and acylation processes have 
been studied by others by in vitro experiments 
which by necessity are performed under simpli- 
fied experimental conditions not  strictly 
comparable to those of a feeding experiment. 
Lippel et al. (21,22) investigated the activation 
of octadecenoates by liver microsomal and 
mitochondrial fractions. At low concentrations 
(1 mM), all positional isomeric eis octadeceno- 
ates were activated at similar rates (21) as were 
all t rans  octadecenoates (22). At higher concen- 
trations (3 or 4 mM) of fatty acids, the cis 18:1 

(n-9) as well as the trans 18:1 (n-9) were 
activated at lower rates than all other octa- 
decenoates, a fact which cannot be expected 
from our findings. Reitz et al. (23) studied the 
in vitro selectivity of rat liver microsomal acyl 
transferases with respect to the double bond 
position of cis octadecenoates. They found that 
oleic acid was primarily transferred to the 
2-position of phosphatidylcholines, whereas all 
other cis octadecenoates were transferred to the 
1-position at higher rates than to the 2-position. 
The transfer rates of cis 18:i (n-10) and cis 

18:1 (n-6) were high, in agreement with our 
data, but a high transfer rate of cis 18:1 (n-8) 
was also found. 

Okuyama et al. (24) showed that trans 
octadecenoates were primarily transferred to 
the 1-position of phosphatidylcholine by rat 

liver microsomal acyl transferase in vitro. 
Their data did show a discrimination of t rans  

t8:1 (n-8), but not of trans 18:1 (n-7). Like- 
wise, they did not report any preference for the 
t rans  18:1 (n-6), such as we have found. All 
isomeric cis 18 : 1 acids are readily incorporated 
into rat liver mitochondria in vitro upon 
incubation of isolated mitochondria with liver 
homogenate and fatty acid-albumin complexes 
(25). The in vitro investigations fail to explain 
the selective metabolism of isomeric fatty acids 
in feeding experiments observed by us for rat 
liver mitochondfia and reported by Wood and 
Chumbler (5) for whole liver. The selectivity 
emphasizes the necessity of considering posi- 
tional isomerism in addition to geometrical 
isomerism when the incorporation of dietary 
isomeric fatty acids is studied. 

The incorporation of dietary isomeric acids 
reaches the limit at 15.3-t6.9% trans fatty acids 
in the mitochondrial membrane, irrespecitve of 
time and dietary level of HAO. As other inves- 
tigators using either partially hydrogenated oils 
(6,7) or trielaidin (26) and shorter feeding 
periods have observed the same incorporation, 
this might represent the limit incorporation of 
trans fatty acids into the mitochondrial mem- 
branes. Of all octadecenoic acids, oleic acid has 
the lowest melting point. It could, therefore, be 
speculated that incorporation of isomeric fatty 
acids into the mitochondrial membrane will 
decrease the membrane fluidity and thus affect 
the metabolite transport. However. H~lmer 
(27) has demonstrated that rats fed partially 
hydrogenated oils have reduced contents of 
saturated fatty acids in the mitochondrial 
phospholipids compared to rats fed unhydrog- 
enated oils. Furthermore, Chapman et al. (28) 
have shown that replacement of stearic acid by 
elaidic acid in the 1-position of phosphafidyl- 
ethanolamine does not affect the surface 
pressure of a monolayer film. Likewise, this 
substitution will not affect the interaction of 
the phospholipid with cholesterol. In contrast 
to this, phospholipids with elaidic acid in 
the 2-position form a condensed film and have 
reduced interaction with cholesterol. In vivo, 
the ratio between the incorporation of trans 

fatty acids into the 1-position and the 2- 
position is 15.5:1 for phosphatidylcholines and 
7.0:1 for phosphatidylethanolamines (5). This 
will tend to oppose the effect on membrane 
fluidity caused by the observed incorporation 
of isomeric fatty acids into the mitochondrial 
membrane. 
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ABSTRACT 

Methyl 8-[2-(cis-pent-2'-enyl)-3-oxo-cis-cyclopcnt-4-enyl]octanoate (I) is the methyl ester of a 
cyclic fatty acid synthesized cnzymically from an incubation of linolenic acid with an extract of flax- 
seed (Linum usitatissimum L.). A proposed trivial name for I is methyl 12-oxo-cis-10,15-phytodien- 
oate (12-oxo-PDA). The evidence presented indicated that compound I has the cis configuration of the 
carbon chains with respect to the cyclopentenone ring. Treatment with acid, base, or heat isomerized 
I to a second product (II) that has the trans configuration of the carbon chains. Prolonged heat 
treatment of II yielded a third cyclic product, methyl 12-oxo-9(13),cis-15-phytodienoate (III). 

Zimmerman and Feng (I)  recently described 
the enzymic synthesis of  a cyclic fatty acid that 
was structurally similar to prostaglandin A 1. 
The compound, characterized as 8-[2-(cis- 
pent-2~-enyl)-3-oxo-cis-cyclopent-4-enyl] octa- 
noic acid, was derived from incubations of 
(9,12,15)-lirmlenic acid with extracts of fax-  
seed. The authors proposed the common name 
12-oxo-cis-10,15-phytodienoic acid as the deri- 
vative of  a parent compound, phytonoic acid 
(Fig. 1). Substrate specificity studies by Vick 
and Zimmerman (2) demonstrated that other 
polyunsaturated fatty acids were also active in 
the synthesis of  cyclic fatty acids by extracts of 
flaxseed. Fatty acids with chain lengths of  18, 
20, and 22 carbons could be converted to cyclic 
compounds provided they were unsaturated at 
the n-3,6,9 positions. Intermediate in the 
synthesis of cyclic fatty acids was an n-6 hy- 
droperoxy fatty acid, formed by the action of 
lipoxygenase (EC 1.13.11.12). 

The authors cited above reported that the 
cyclic fatty acids when purified by thin layer 
chromatography (TLC) and analyzed by gas 
chromatography (GC) yielded three compo- 
nents. The components were presumed to be 
diastereomers. We now present data intended to 
clarify the structure of each of the three 
compounds. 

EXPERIMENTAL PROCEDURES 

Materials 

Linolenic acid was obtained from Nu Chek 
Prep, Inc., (Elysian, MN), platinum oxide 
(Adam's catalyst from Matheson, Coleman, and 
Bell (Norwood, OH), and 3% OV-210 on 
100/120 mesh Gas-chrom Q from Applied 
Science Laboratories, Inc. (State College, PA). 
E. Merck Silica Gel 60 F-254 precoated glass 

plates were used for all TLC separations. 
Methoxyamine HC1 in pyridine (MOX reagent) 
was obtained from Pierce Chemical Company 
(Rockford, IL). 

Synthesis and Purification of 12-Oxo-cis- 
10,15-Phytodienoic Acid (12-Oxo-PDA) 

12-Oxo-PDA was synthesized enzymically 
from (9,12,15)-linolenic acid by an extract of 
flaxseed (Linum usitatissimum L.), and isolated 
by TLC by the procedure of Zimmerman and 
Feng (1). The product was dissolved in ethyl 
ether and esterified by treatment with diazo- 
methane. The methyl ester was chromatog- 

a 

~ r  

14 16 18 

PHYTONOIC ACID 

~ OOH 

12- OXO- PDA 

~ H 

ON 

PGA, 

FIG. 1. a) Carbon skeleton and numbering system 
of phytonoic acid. b) 12-Oxo-cis-10,15-phytodienoic 
acid. c) Prostaglandin A 1- 
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r aphed  on a 2 m x 2 m m  i.d. glass co lumn  
con ta in ing  3% OV 210 on  100 /120  mesh  
Gas-chrom Q. The  c o l u m n  was t empera tu re -  
p r o g r a m m e d  f rom 170 to  220 C at 2 C per  rain,  
and the  flow rate  o f  he l ium carr ier  gas was 20 
ml per  rain, 

Characterization of Products 

Reductions. Carbony l  groups  were reduced  
to h y d r o x y l  groups  by  add ing  2 mg of  sod ium 
b o r o h y d r i d e  to 1 ml of a so lu t ion  c o n t a i n i n g  
1-5 mg of  the  f a t ty  acid in m e t h a n o l .  Af ter  15 
min  at 24 C, 1 ml of  1 M citr ic acid was added,  
and  the  fa t ty  acids were ex t r ac t ed  twice  in to  
hexane .  For  h y d r o g e n a t i o n ,  hyd rogen  was 
b u b b l e d  t h r o u g h  2 ml of  a m e t h a n o l i c  so lu t ion  
of  the  fa t ty  acid for 15 min at 24 C wi th  a 
p l a t i num oxide  ca ta lys t  (ca. 1 mg). The  ca ta lys t  
was removed  by  cen t r i fuga t ion .  

Oxidations. Hydroxy l  groups  were oxid ized  
to ca rbony l  groups wi th  Jones '  reagent  pre- 
pared by dissolving 2.67 mg of  c h r o m i u m  
t r iox ide  in 2.3 ml of  c o n c e n t r a t e d  sulfuric 
acid and d i lu t ing  to 10 ml wi th  wa te r  (3). The 
sample (ca. 1 mg) was dissolved in 1 ml of  
ace tone ,  0.1 ml of  Jones '  reagent  was added,  
and  the  mix tu r e  was al lowed to react  for  
30 min at 24 C. Water  (15 ml)  was added,  the  
p roduc t s  were ex t r ac t ed  twice  wi th  5 ml 
hexane ,  and the  h e x a n e  was evapora ted  u n d e r  a 
s t ream of  N 2. 

Determination o f  Double Bond Position. 
The pos i t ion  of  doub le  bonds  was d e t e r m i n e d  
by oxida t ive  ozonolys i s  of  the  sample  wi th  
b o r o n  t r i f luor ide  in m e t h a n o l  (14%, w/v)  
by  the  p rocedure  of  A c k m a n  (4). The p roduc t s  
were ana lyzed  by  gas c h r o m a t o g r a p h y - m a s s  
s p e c t r o m e t r y  (GC-MS). 

Derivatives. M e t h o x i m e  derivat ives of  car- 
b o n y l  c o m p o u n d s  were p repa red  by  the  reac- 
t ion  o f  the  sample  wi th  1 ml o f  2% m e t h o x y -  
amine  HC1 in pyr id ine .  Af te r  3 h r  at  24 C, 1.5 
ml of  wate r  was added  and  t he  p roduc t s  were 
ex t rac ted  i n to  hexane .  The h e x a n e  phase  was 
c o n c e n t r a t e d  u n d e r  a s t ream of  N 2. 

Spectral Analysis. Inf ra red  spect ra  were 
ob t a ined  wi th  a Perk in-Elmer  model  337 
s p e c t r o p h o t o m e t e r .  Micro-l iquid cells wi th  a 
0 .50 m m  pa th  l eng th  were used wi th  c a r b o n  
t e t r ach lo r ide  as solvent .  UV spect ra  were 
r eco rded  wi th  a Beckman  DK-2 s p e c t r o p h o t o -  
m e t e r  wi th  e t h a n o l  solvent ,  and  NMR spec t ra  
( a l l  and 13C) were r ecorded  wi th  a Bruker  
WH-90 i n s t r u m e n t .  Mass spec t ra  were r eco rded  
wi th  a Hewle t t -Packard  5 9 9 2 A  GC-MS sys tem;  
the  co lumn  was p repared  and  p r o g r a m m e d  as 
descr ibed above.  The mass s p e c t r o m e t e r  was 
ope ra t ed  at 70  ev. 
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FIG. 2. a) Gas chromatographic analysis of a 
preparation of methyl 12-oxo-PDA (I) purified by 
TLC. b) Gas chromatogram of  the preparation from a 
that had been hydrogenated using PtO 2 catalyst, c) 
Gas chromatogram of the preparation from b that had 
been heated for 10 min at 190 C. 

RESULTS 

Product Stability. 12-Oxo-PDA was enzy-  
mically syn thes ized  f rom an i n c u b a t i o n  mix tu r e  
of  (9 ,12 ,15) - l ino len ic  acid and f laxseed ex t rac t ,  
and  t he  p r o d u c t  pur i f ied  by  TLC ( c h l o r o f o r m /  
acet ic  acid, 100: 2, v/v).  Analysis  of  t h e  pur i f ied  
p r o d u c t  by  two  TLC solvent  sys tems ind ica t ed  
t h a t  the  p repa ra t i on  was h o m o g e n e o u s .  Figure 
2a shows  a typ ica l  gas c h r o m a t o g r a p h i c  analysis 
of  t he  m e t h y l  es ter  o f  t he  pur i f ied  cyclic fa t ty  
acid p repa ra t ion .  Three  c o m p o n e n t s  were 
presen t ,  w i th  c o m p o u n d  I ( m e t h y l  12-oxo- 
PDA, Fig. 3) compr i s ing  ca. 70% of  the  total .  

In earl ier  work  we n o t e d  t h a t  ra t ios  o f  the  
th ree  c o m p o u n d s  varied a m o n g  prepara t ions .  
Even p repa ra t i ons  t h a t  had  been  s to red  u n d e r  
n i t rogen  at -20 C changed  in c o m p o s i t i o n  over  
long t imes ;  the  p r o p o r t i o n  o f  II increased and  
of  I decreased.  We were unab le  to  isolate I in 
pure  fo rm by t r app ing  the  c o m p o u n d  as it 
e lu ted  f rom the  gas c h r o m a t o g r a p h y  co lumn.  
Re in jec t ion  of  the  t r apped  sample  in to  the  gas 
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II 

III 

IV 

V 

VI 

~ ' " ~ C O O C H  3 
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~ C O O C H  3 

~ COOCH 3 

 : cooc, 
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- " ~ C O O C H  3 

~ " ~ C O O C H  3 

VII 

FIG. 3. Proposed structures for compounds derived 
from methyl 12-oxo-cis-10,15-phytodienoate (I). 
Compounds II and III were formed from I by heat 
treatment at 190 C. Compounds IV and V were 
derived from I and II, respectively, by hydrogenation. 
Compounds VI and VII are methyl phytonoate 
stereoisomers formed as minor products during the 
hydrogenation of I and I1, respectively. The projec- 
tions shown here represent the cis and trans configura- 
tions of the side chains with respect to the ring rather 
than the R or S configurations, which are not known. 

chromatograph  showed that  it had been almost  
comple te ly  conver ted to II during the trapping 
procedure.  Apparent ly  heat  t r ea tment  o f  I in 
the gas chromatograph  conver ted  c o m p o u n d  I 
to compound  II. Conversion also could be 
effected by heat ing a preparat ion of  the cyclic 
fa t ty  acid in a sealed vial under  ni t rogen atmos-  
phere at 190 C. After  15 min most  of  I was 
converted to II, and after 2 hr  about  half  of  II 
was converted to IIl. The three compounds  
could be easily separated by TLC. We con- 
ducted a separate exper iment  to de termine  
whether  migrat ion or  geometr ic  i somerizat ion 
of  double bonds was responsible for the 
conversion o f  I to II. The cyclic fatty acid 
preparat ion (Fig. 2a) was hydrogenated  with 
pla t imun oxide  as catalyst  and analyzed by gas 
chromatography.  Two saturated compounds ,  
IV and V, were derived from I and II, respec- 
tively, and their  propor t ions  were not  altered 
markedly  during hydrogenat ion  (Fig. 2b). 
Apparent ly  the conversion of  I to II did not  

involve the migrat ion or isomerizat ion of  
double bonds, because a single product  would 
be expected f rom the hydrogenat ion  of  the 
mix ture  of  I and II i f  the two compounds  
differed only by the posi t ion or  geometry  of  
double  bonds. The two minor  compounds  (VI 
and VII)  with short  re ten t ion  t imes were 
derived f rom I and II, respectively,  during 
hydrogenat ion.  This was shown by the observa- 
t ion that the hydrogenat ion  of  compound  II, 
purif ied by TLC, gave two products ,  V and VII. 
Compounds  VI and VII had identical  mass 
spectra and were tenta t ively  ident i f ied as 
methy l  phy tonoa t e  s tereoisomers  based on 
molecular  ions at m/e  296. Apparent ly  the  
hydrogena t ion  react ion removed the oxygen  
a tom from the ring carbonyl  in a small propor-  
t ion of  the molecules  of  I and II. 

The hydrogenated  mixture  o f  2b was then 
heated under  a ni trogen a tmosphere  at 190 C 
for 10 min, and the products  were reinjected 
into the gas ch romatography  column.  Heat 
t r ea tment  conver ted compound  IV to com- 
pound  V, but  the ratio of  the methy l  phy tono-  
ate isomers (VI and VII)  was not  altered (Fig. 
2c). This demonst ra ted  that  the conversion of  
IV to V (and thus o f  I to I1) was mediated by 
the ring carbonyl ,  because the methyl  phy tono-  
ate isomers, which have no ring carbonyl ,  
showed no conversion. 

F rom the above exper iments ,  we concluded 
that  the conversion of  I to II and of  IV to V 
involved the reor ienta t ion of  the side chains 
with respect to the ring. A mechanism involving 
an enol  in termedia te  at carbons 12 and 13 was 
proposed for the conversion o f  IV to V. In this 
mechanism the trans configurat ion of  the side 
chains with respect to the ring was presumed to 
be the most stable. Thus, IV probably  repre- 
sents the cis isomer and V the trans i somer  o f  
12-oxo-phytonoic  acid. If the above mechanism 
were correct ,  t r ea tment  with acid or base would  
also be expected  to catalyze the tautomeriza-  
t ion reaction. When I and IV were t reated for 
30 min with 0.1 N KOH in methanol  or 0.1 N 
HC1 in methanol  at 24 C, there was nearly 
comple te  conversion to II and V, respectively.  

Chemical  S t ruc tures  o f  L 11, and II1. Com- 
pounds II and III were prepared by heat ing 
c o m p o u n d  I at 190 C for 90 min,  and purified 
by TLC with hexane /e thy l  e ther  solvent 
(55:45,  v/v) wi th  three developments .  The 
structures proposed for I, II, and III appear in 
Figure 3, and support  for these assignments is 
discussed below. 

Character izat ion o f  L Some spectral  data for 
c o m p o u n d  I were repor ted  earlier (1). In the 
present study, the IR spec t rum demonst ra ted  
characterist ic absorpt ion at 3002 cm-1 due to 
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TABLE I 

1H Nuclear Magnetic Resonance Spectral Data a 

737 

Chemical J 
Compound shift (6) (Hz) Area Proton 

I dd 7.74 6.0;2.8 1 10 
dd 6.18 6.0;1.7 1 11 
m 5.41 2 15,16 
s 3.67 3 COOCH3 
m 2.98 1 13 
m 2.20-2.50 5 2,9,14 
m 2.04 2 17 
m 1.25-1.75 12 3-8 
t 0.97 7.4 3 18 

II dd 7.59 5.8;2.6 1 10 
dd 6.12 5.8;2.0 1 11 
m 5.36 2 15,16 
s 3.67 3 COOCH 3 
m 2.53 1 13 
m 2.20-2.40 5 2,9,14 
m 2.06 2 17 
m 1.25-1.75 12 3-8 
t 0.96 7.6 3 18 

III m 5.29 2 15,16 
s 3.67 3 COOCH 3 
d 2.93 5.6 2 14 
m 2.0-2.50 10 2,8,10,11,17 
m 1.25-1.75 10 3-7 
t 0.99 7.4 3 18 

aAll spectra were recorded with a Bruker WH-90 spectrometer. The samples were dis- 
solved in CDC13 and were analyzed at ca. 24 C with tetramethylsilane added as an internal 
standard. 

unsatura_tion, 1742 cm -1 f rom the ester car- 
bonyl ,  and 1715 cm -1 f rom a,/3 unsa tura t ion  of  
a carbonyl  in a f ive-membered  ring (5). UV 
absorp t ion  at 220 nm also indica ted  carbonyl  
conjugat ion wi th  a double  bond .  

The mass spec t rum showed  a molecular  ion 
at m/e  306 and f ragment  ions at m/e  275 
(M-OCH3) , m/e  238 (M-CsH~) , m / e  206 
(238-CH3OH) , m/e  149 [M-(CH2)7COOCH3] ,  
and a base peak at m/e  95, a t t r ibu ted  to the  
cyc lopen t enone  ring plus a side chain methyl -  
ene group and a p ro ton .  The f ragments  at m/e  
238 and 149 indica ted  cycliz~tion be tween  
carbons 9 and 13 o f  the  fa t ty  acid. 

The p r o t o n  absorp t ions  in the 1H NMR 
spec t rum suppor t ed  the  p roposed  s t ructure  for  
I. The spec t rum varied slightly f rom tha t  o f  II, 
but  the  ass ignment  of  a cis or trans configura-  
t ion o f  the side chains to e i ther  c o m p o u n d  
could no t  be made  on the  basis o f  the 1 H NMR 
spectra.  Abso rp t ion  for the  p ro tons  of  com- 
p o u n d  I at carbons  10, 11, 13, 15, and 16 
appeared slightly downf ie ld  f rom the  corres- 
pond ing  p ro ton  absorp t ion  o f  II. The absorp- 
t ions  and their  assignments  are shown  in Table 
I. 

The 13C NMR spectral  data for  c o m p o u n d s  
I and II are given in Table II. Resonance  signals 

were assigned wi th  reference  to publ ished 13 C 
spectral  data of  po lyunsa tu ra ted  fa t ty  acids 
(6) and prostaglandins  (7). The 13C NMR 
spectra  d i f fe ren t ia ted  b e t w een  the cis and trans 
conf igura t ions  of  the  side chains wi th  respect  to 
the  ring in the two  c o m p o u n d s .  A eis orienta-  
t ion  could be a t t r ibu ted  to c o m p o u n d  I on the  
basis o f  its upfield resonance  signals for  carbons  
9 and 13 in re la t ion to the  signals for  the  same 
carbon a toms in c o m p o u n d  II. This type  of  
upfield resonance  shift,  called a "steric com- 
pression shif t ,"  occurs when a carbon a tom 
becomes  sterically c rowded  (8). A similar shift  
of resonance  signal to higher  field was observed 
for  carbons  8 and 14 o f  c o m p o u n d  I. Thus,  the  
13C NMR data indica ted  tha t  c o m p o u n d  I had 
a eis or ien ta t ion  and c o m p o u n d  II a trans 
or ien ta t ion  of  the  side chains wi th  respect  to 
the  ring. 

Characterization o f  II. The IR spec t rum o f  
II was ident ical  to tha t  for  I. UV absorp t ion  at 
221 n m  was similar to  tha t  for  c o m p o u n d  I and 
indica ted  a carbonyl  in conjugat ion  with a 
double  bond .  The mass spec t rum o f  II was 
indis t inguishable  f rom the  mass spec t rum of  I. 
The 1H and 13C NMR spectra of  II were 
discussed above. 

The posi t ion o f  the  exocycl ic  double  bond  

LIPIDS, VOL. 14, NO. 8 
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T A B L E  II 

13 C Nuclear  Magnet ic  Resonance  Data  a 

Chemica l  Shift  (6)b  Chemica l  Shif t  (6)  b 

Carbon  I II Carbon  I II 

OCH 3 51.5 51.5 l0  167.0 167.3 
1 174.2 174.2 11 133.0 d 133.9 d 
2 34.1 34.1 12 210.7  211 .6  
3 25.0 25 .0  13 49.9 51.5 
4 29.1 c 29.1 c 14 23.9 28.3 
5 29.1 c 29.1 c 15 127.1 125.2 
6 29.6 c 29.6 c 16 132.6 d 133.0 d 
7 27.6 c 27 .4  c 17 20.9 20.6 
8 30.8 34.5 18 14.0 14.1 
9 44 .4  47.1 

in 
aSpec t ra  were  r eco rded  wi th  a Bruker  WH-90 s p e c t r o m e t e r .  Th e  samples  were  dissolved 

CDC13 and ana lyzed  at ca. 24 C. 

bThe  chemica l  shift  (6) is r e p o r t e d  as ppm downf ie ld  f r o m  t e t r ame thy l s i l ane .  
CTentat ive ass ignments .  

dThese  ass ignments  wi th in  e i ther  ver t ical  c o l u m n  m a y  be reversed.  

at carbon 15 was confirmed by oxidative 
ozonolysis. Prior to ozonolysis, however, the 
ring double bond was saturated by treatment of 
the compound with sodium borohydride, which 
reduced the double bond of the cyclopenten- 
one ring and converted the carbonyl to a 
hydroxyl (9). The hydroxyl was converted back 
to a carbonyl by treatment with Jones' reagent. 
The exocyclic double bond that remained was 
cleaved by oxidative ozonolysis, and a meth- 
oxime derivative of the compound was pre- 
pared. Analysis by GC-MS showed a molecular 
ion at m/e 341 and other fragments at m/e 310 
(M-OCH3), m/e 184 [base peak; M-(CH2) 7- 
COOCH 3] and m/e 152 (184-CH3OH). The 
structure was proposed to be methyl 8-(2-car- 
bomethoxymethyl-  3-methoxime-cyclopentyl)-  
octanoate. Characterization of this product 
confirmed the position of the exocyclic double 
bond at carbon 15 of compound II. 

Characterization of  III. The spectral data of 
III differed from those of I and II. UV absorp- 
tion at 236 nm suggested a 2,3-substituted 
cyclopent-2-enone structure (10). Absorbance 
in the IR region occurred at 3000 cm-I due to 
unsaturation, 1741 cm-I from the ester car- 
bonyl, and 1703 cm -1 due to a C-C double 
bond conjugated to a carbonyl. The carbonyl 
absorption at 1703 cm -j was similar to that 
reported for jasmone, 1702 cm-1 (11), and 
2-ethyl-3-methyl-cyclopent-2-enone, 170l cm -1 
(12), each of which is a 2,3-disubstituted 
cyclopent-2-enone compound. 

The mass spectrum of III varied slightly 
from the spectra of I and II. The base peak 
occurred at m/e 149 indicating cleavage be- 
tween carbons 8 and 9. Another large fragment 

at m/e 177 indicated cleavage between carbons 
6 and 7. Samuelsson and St~illberg (13) ob- 
served a similar strong cleavage 3' to a 2,3-sub- 
stituted cyclopentenone ring in the mass 
spectrum of 2-(6-carboxyhexyl)-3-octylcyclo- 
pent-2-enone. Other characteristic fragments 
occurred at m/e 306 (M), m/e 275 (M-OCH3) , 
and m/e 95. The fragments m/e 238 and 206 
that were observed with I and II were absent in 
the spectrum of III. 

Compound III was subjected to oxidative 
ozonolysis, and the methoxime derivatives of 
the products were prepared. Analysis by GC-MS 
showed that one major product of the reac- 
tion was methyl 4-methoxime-dodecanedioate 
(Fig. 4a). Characteristic fragment ions in the 
mass spectrum were m/e 301 (M), m/e 270 
(M-OCH3), m/e 159 [M-(CH2)6 COOCH3+H +] 
(base peak;/3-cleavage to the methoxime), m/e 
127 (159-CH3OH), and m/e 214 [M-(CH2) 2- 
COOCH3] (a-cleavage to the methoxime). The 
identification of this product confirmed that 
the position of the ring carbonyl in compound 
IIl was carbon 12 (Fig. 4). Because compound 
IIl was derived from compounds I and II, and 
because there was no evidence for the move- 
ment of the carbonyl, we concluded that the 
ring carbonyl in those compounds also was at 
carbon 12. 

A second major product of the above 
reaction resulted from partial ozonolysis of 
compound III. The product was identified by 
GC-MS as methyl 8-(2-carbomethoxymethyl-3- 
methoxime-cyclopent- 1-enyl)octanoate (Fig. 
4b). The mass spectrum showed fragments at 
m/e 339 (M), m/e 308 (M-OCH3) , rn/e 210 
[base peak; M-(CH2)sCOOCH3] , m/e 178 
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TIT ~ O O C H 3  

0 

~ l. 03, BF3/MeOH 
2. Methoxyomlne HCI 

a ~ NOCH 3 COOCH3 

"COOCH3 M- :zol 

b 

�9 ";I  + 

_ A " ] . .  1 .  A 
r,v~. v v -COOCH3 

"~L~,/,COOCH 3 
NOCH3 M �9 339 

FIG. 4. Methoxime derivatives of the major cleav- 
age products obtained from a) complete or b) partial 
oxidative ozonolysis of compound III [methyl 12-oxo- 
9(13)-cis-15-phytodienoate] in 14% boron trifluoride 
in methanol~ 

(210-CH3OH),  and m/e  197 [M-(CH2) 6- 
COOCH3+H+] .  On the basis of  molecular  
weight,  we concluded that  the  posi t ion of  the 
exocycl ic  double bond was unchanged from 
that in I and II and remained at carbon 15 in 
compound  III. 

The p ro ton  absorpt ions o f  lII (Table I) 
clearly showed the loss of  the ring olefinic 
protons.  A marked downfie ld  shift (/5 2.05 to 6 
2.93) o f  the absorpt ion due to the protons  
a t tached to carbon 14 supported the presence 
o f  I, a t 1,4-pentadiene s tructure in the molecule  

(-C=CC_H2CH=CH-). 

DISCUSSION 

The procedure for the enzymic  synthesis and 
purif icat ion of  methy l  12-oxo-cis-10,15-phyto- 
dienoate  (I) described by Z immerman  and Feng 
(1) gave a preparat ion containing two minor  
products  (II and III) in addi t ion to I. Our data 
indicated that  c o m p o u n d  II was derived f rom I 
by an acid-, base-, or  hea t -p romoted  mechanism 
involving a cyc lopen tad ieno l  in termedia te  (Fig. 
5). Reversion o f  the enol  to the keto  s t ructure  
resulted in a reor ien ta t ion  o f  the carbon chains 
f rom a cis configurat ion in I to a trans configu- 
rat ion in II. Thus, the rapid conversion o f  I to 
II in the  presence o f  acid, base, or heat  under-  
scored the necessity o f  minimizing such condi-  

I 

I I  

I I I  

/ ' ~ C O O C H  3 
-% 

0 190 �9 C, 
[ OH I, or 
~,H+ 

( ~ ' ~ " ~ C O O C H  5 

o .  

~ C O O C H  3 

~ 190 ~ C 

~ COOCH 3 

FIG. 5. Proposed reactions for the conversion of 
compound I to compounds II and III. The projections 
shown here represent the cis and trans configurations 
of the side chains with respect to the ring rather than 
the R or S configurations, which are not known. 

tions during the isolation and analysis of  I. 
Prolonged heat  t r ea tment  o f  II caused 

fur ther  isomerizat ion,  characterized by migra- 
t ion of  the ring double bond to give product  
III. A similar i somerizat ion was repor ted  by 
Stork, et al. (14), who no ted  that  2S-(eis-pent-2'- 
enyl) -3R-methyl -cyclopent -4-enone could be 
conver ted  to 2-(cis-pent-2'-enyl)-3-methyl-cy- 
clopent-2-enone ( jasmone) in the presence of  
aqueous  base, by heat ing with acid, or  heat ing 
at 220 C for one hour.  Analogous rearrange- 
ments  have also been observed in the format ion  
of  prostaglandin B. 

Al though the data indicated the cis orienta- 
t ion of  the two carbon chains with respect to 
the ring in me thy l  12-oxo-PDA (I), the  absolute 
conf igurat ion (9S,13S or 9R,13R)  was no t  
established. Cucurbic acid, a plant growth 
inhibi tor  with related structure,  has been shown 
to have the S,S conf igurat ion (15). The projec- 
t ions for compounds  I and II (Figs. 3,5) repre- 
sent the cis and trans configurat ions of  the side 
chains rather than the R or  S configurat ions,  
which are not  known.  The funct ion  of  12-oxo- 
PDA in plant metabol ism is no t  known but  is 
under  invest igat ion in our  laboratory.  
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The Effects of the Hypocholesteremic Compound 3/~-(r 
aminoethoxy)-androst-5-en-17-one on the Sterol and Steryl Ester 
Composition of Soccharomyces  cerevisioe 1 
RUTH B FIELD and CHESTER E. HOLMLUND 2, Department of Chemistry, University of Maryland, 
College Park, MD 20742, and NOEL F. WHITTAKER,  National Institute of Arthritis, Metabolic, and 
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ABSTRACT 

When yeast was grown in the presence of 10 .4 M 3f3-03-dimethylaminoethoxy)-androst-5-en-17-one 
(DMAE-DHA), the compound 2,3;22,23-dioxidosqualene (DOS) accumulated. Total free sterol was 
reduced by about 30%, whereas almost no steryl esters were found. The same drug at lower concen- 
tration (3 x 10 -6 M) caused a slight increase in steryl ester production, and a 24% reduction in free 
sterol content. The marked accumulation of ergostra-5,7,22,24(28)-tetraen-3~-ol with 3 x 10 -6 M 
DMAE-DHA indicated that the C24.28 reductase is especially sensitive to the action of the drug. 

INTRODUCTION 

The hypocholes te remic  compound ,  3/3-(/3- 
d i m e t h y l a m i n o e t h  oxy)-andros t -5-en-17-one ,  
(DMAE-DHA),  inhibits the cyclizat ion of  2,3 
oxidosqualene to lanosterol  by yeast (1,2) 
and by rat liver homogenates  (3). Cycl izat ion of  
squalene to t e t rahymanol  (3) and the synthesis 
of diplopterol  (4) by Tetrahyrnena pyriformis 
are also inhibi ted by DMAE-DHA. 

Gordon  et al. (5) found that  feeding DMAE- 
DHA to rats resulted in lowered blood and liver 
levels of  cholesterol  and in the appearance of  
desmosterol  as the major  sterol in the liver. Sipe 
and Holmlund  (3) also found that  DMAE-DHA 
inhibi ted the conversion of  C-30 to C-27 sterols 
by rat liver homogenates .  Studies on the 
metabol ism of  s i lkworm larvae by Hikino et al. 
(6,7) revealed that  DMAE-DHA inhibi ted both  
the dealkylat ion of/3-si tosterol  and the conver- 
sion of  desmosterol  to cholesterol .  

This paper describes the appearance of  
ergosta-5,7,22,24(28)-tetraen-3/3-ol as the major  
sterol when yeast  is treated for 24 hr  with a low 
concent ra t ion  o f  DMAE-DHA,  while 2,3;22,23- 
dioxosqualene (DOS) is the major  componen t  
formed when a higher concent ra t ion  of  DMAE- 
DHA is employed .  In addit ion,  ergosterol and 
its sterol precursors in free and esterified form 
were isolated and quantif ied in both  normal  
and treated yeast  cultures. The isolation and 
character izat ion of  DOS from yeast  has been 
described earlier (2). 

1From a dissertation submitted to the Graduate 
School, University of Maryland, by Ruth B. Field in 
partial fulfillment of the requirements for the Ph.D. 
Degree in Chemistry. Present address: Division of  
Toxicology, Bureau of Foods, Food & Drug Admini- 
stration, Department of Health, Education & Welfare, 
200 C Street, S.W,, Washington,  D,C. 20204 .  

2Author to whom reprint requests should be made. 

MATERIALS AND METHODS 

Saccharomyces cerevisiae, strain MY306,  
obta ined through the cour tes ty  of  Dr. Eugene 
Dulaney,  Research Laboratories ,  Merck and 
Co., Rahway,  N J, was maintained and cul tured 
with and wi thout  DMAE-DHA as previously 
described (2). However ,  cultures employed  for 
isolation of  sterols were grown on a slightly 
modif ied medium:  2% glucose, 0.5% NH4C1, 
1.1% K2HPO4,  1.05% KH2PO 4, and 0.5% 
Difco yeast  extract  (Difco Laboratories).  
DMAE-DHA was provided by S. Bernstein,  
Lederle Laboratories  Division, American Cyana- 
mide Co., Pearle River, NY. Biosil A Was 
obtained from Bio-Rad Laboratories.  Redis- 
tilled bulk hexane (68-70 C) was used for 
extract ions  and thin layer chromatography 
(TLC). Spectranalyzed (Fisher Scientific Co.) 
hexane was used for high per formance  liquid 
chromatography  (HPLC) and gas chromatog-  
raphy (GC). Squalene (98% pure,  Eastman 
organic chemicals),  lanosterol  (Sigma), ergo- 
sterol (Eastman Kodak) ,  2 ,3-oxidosqualene and 
D O S - p r e p a r e d  as described in (2)-and TLC 
No. 1, containing oleic acid, triolein,  methy l  
oleate, and cholesteryl  oleate (Applied Scierice 
Laboratories ,  Inc.) served as TLC s tandards .  

Extraction of Lipids 

Cells were col lected and washed as described 
(2) and then heated  at 60 C for 1 hr  in 30 ml of  
20% aqueous  KOH containing 0.5% (w/v)  
pyrogallol  (8). Af ter  the digestion, l ip ids  
were ext rac ted  from the washed residue a n d  
from the supernatant  by a m o d i f i c a t i o n ' o f  the 
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method of Gendleman (9) as follows: 

aqueous alkaline digest ( I liter culture) 

I centrifuge x G 5000 
residue - - a q u e o u s  

wash 3 times 
centrifuge 20 min 

I 5000 x G 

~sidue - -  supematant 

0xtract w~th l 
30 ml methanol - - c o m b i n e  - -  
30 ml methanol:diethyl ether, ( I : I ,v/v) I extract 3 times 
30 ml diethyl ether with an equal vol 

extracts of diethyt ether 

aqueous diethyl ether 
discard extract 

wash with H20 
until diethyl 
elher ~s neutral 

diethyl ether H20 

extracls discard 

residue 

discard 

During the ether extraction of the aqueous 
supernatant, a foamy layer occurred between 
the ether and aqueous layers. This foam dissi- 
pated on standing. Extracts of the aqueous 
phase and the residue were combined and dried 
over sodium sulfate and then taken to dryness 
in a rotary evaporator prior to column chroma- 
tographic separation of sterols, steryl esters, 
and fatty acids. 

Separation of Sterols, Steryl Esters and Fatty Acids 

This separation was carried out by the 
method of Gendelman (9). The lipid extracts 
from a 1 liter culture were slurried with 1 g 
BiosiI A and dried in a rotary evaporator. The 
mixture was transferred to a filter paper on a 
Buchner funnel. The funnel was then inserted 
in a flask containing NH4OH. The NH4OH was 
heated so that NH 3 vapors permeated the 
sample-coated Biosil A. The treated sample was 
then layered on a column slurry-packed with 15 
g Biosil A that had been treated similarly with 
NH 3. For a 1 liter culture, hydrocarbons were 
eluted with 100 ml hexane, steryl esters with 
450 ml hexane/diethyl ether (98:2, v/v), and 
sterols with 300 ml diethyl ether. The fatty 
acid remained on the column. The composition 
of the eluates was determined by TLC em- 
ploying the method described by Sobus and 
Holmlund (8) in which the spotted plates were 
saturated with NH 3 prior to development. 

Saponification of Steryl Esters 

Ten ml of 20% KOH in 80% ethanol, con- 
taining 0.5% (w/v) pyrogallol, was added to the 
residues of the steryl ester eluates and refluxed 
for 1 hr. To extract the sterols, 20 ml water was 
added to the reflux mixture, which was then 
extracted 3 times with hexane. The combined 
hexane extracts were washed 2 times with 10 
ml water. 

Isolation of the Sterol Components of the 
Free Sterol Fractions and of the Sterols 
Derived from Ste~/I Esters Fractions 

The residues of the eluates (free sterol 
fractions and sterols derived from steryl ester 
fractions) were dissolved in hexane/ether 
(85 : 15, v/v). Aliquots were injected into a high 
pressure liquid chromatograph (Model ALC- 
GPC 20, Waters Assoc., Inc.) containing two 
/IPorasil columns, 4 mm i.d. x 30 cm (Waters 
Assoc., Inc.). Sterols were eluted with hexane/ 
ether (85:15, v/v). The column effluent was 
monitored by uv absorption at 220 nm 
(Schoeffel Electroflow Monitor SF 770 coupled 
with a Schoeffel GM 770 monochromator),  and 
fractions were collected with a Gilson micro- 
fractionator (Model FC-80H, Gilson Medical 
Electronics, Inc.). All solvents and samples were 
filtered through a Millipore filter FGLPO4700 
(Millipore Corp.). The hexane and diethyl ether 
were sonicated to remove dissolved air. The 
eluted fractions that contained a mixture of 
sterols were recycled on ~tPorasil with hexane/ 
diethyl ether (85:15, v/v) until maximum 
resolution was achieved. 

Identification and Quantification of the 
Isolated Sterols 

The components that were isolated by HPLC 
were analyzed by GC. A Hewlett-Packard Gas 
Chromatograph model 5830A equipped with an 
18850A GC terminal and an Automatic Sam- 
pler model 7671A was employed. The analysis 
was carried out on glass columns (6 ft x 1/8 in) 
packed with 1% QF-1, 3% SE 30, or 3% HI- 
EFF-8BP on Gas Chrom Q (100-120 mesh). 
Nitrogen was the carrier gas, flow rate 20 
ml/min, and the column temperature .for the 
QF-1 column was 230 C, while for the SE-30 
column it was 250 C and 240 C for the HI-EFF- 
8BP column. The injection temperature was 
275 C, and the temperature of the flame 
ionization detector was 300 C. Analysis with 
HI-EFF-8BP for one of the fractions (free sterol 
fraction of the control culture) was performed 
with a Perkin-Elmer GC 900 equipped with a 
glass column (180 cm x 2 mm) containing 3% 
HI-EFF-8BP on Chromosorb W (100-120 mesh) 
with nitrogen as the carrier gas, flow rate 
approximately 35 ml/min. The column tem- 
perature was 240 C, and the injection tempera- 
ture and the manifold temperature were both 
275 C. 

The areas that were printed out by the GC 
terminal of the Hewlett-Packard GC were 
quantified by comparing them to the area of a 
known quantity of cholesterol; 534965 + 
5334 (S.E. for N = 17)area units are equivalent 
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YEAST STEROLS AND STERYL ESTERS 

TABLE I 

Effect of DMAE-DHA on Production of DOS, Free Sterols and 
Esterified Sterols by S. eerevisiae 

743 

DOS Free sterols Esterified sterols 
Culture a #g/g protein #g/g protein #g/g protein 

control 0 3160 6480 
3 x 10 -6 M DMAE-DHA 0.417 2410 6980 
10 -4 M DMAE-DHA 5100 2100 262 

aA 1 liter culture of yeast was incubated for 24 hr, without DMAE-DHA, or with 3 x 
10 -6 M or 10 -4 M DMAE-DHA. The cells were collected, lipids extracted from the alkali- 
digested cells, sterols, steryl esters and fatty acids separated, and the steryl esters saponified 
as described in Materials and Methods. The free sterol fraction (which also contains DOS) 
and the sterols obtained by saponification of steryl esters were separated by HPLC. DOS and 
the sterols were quantitatively determined by measurement of peak areas on a gas liquid 
chromatogram. A similar chromatogram of the reference standard, cholesterol, (1 #g equiva- 
lent to 534965 + 5334 area units) was included in the analysis of each sample. No 
corrections have been applied for any losses which may have been incurred during isolation. 

to  1 pg. Iden t i f i ca t ion  of  the  sterols  was made  
by compar ing  the  r e t e n t i o n  t imes  relat ive to 
choles te ro l  on th ree  co lumns  wi th  those  of  
a u t h e n t i c  samples,  or wi th  values d e t e r m i n e d  
by Pa t t e r son  (10) .  F u r t h e r  i den t i f i ca t ion  was 
made  by de t e rmin ing  the  molecu la r  weight  o f  
the  samples  by gas c h r o m a t o g r a p h y - m a s s  
s p e c t r o m e t r y  (GC-MS). A F inn igan  m o d e l  
1015D gas ch roma tog r aph - m as s  s p e c t r o m e t e r  
equ ipped  wi th  a mode l  6000  data  sys tem was 
employed .  He l ium was the  carr ier  gas, and  
co lumns  con ta in ing  3% SE-30 or 3% HI-EFF-  
8BP on Gas C h r o m  Q (100-120  mesh)  were 
used to separate  the  c o m p o n e n t s .  Reagent  
grade a m m o n i a  or  m e t h a n e  gas was mixed  wi th  
carr ier  gas f rom the  c h r o m a t o g r a p h  pr ior  to  
en t r ance  in to  the  mass spec t rome te r .  The 
ion iz ing  voltage was 100 eV, the  source  pres- 
sure was 1 torr ,  and  the  source  t e m p e r a t u r e  < 
100 C. In mos t  cases the  base peak  was M-18. 
Fo r  cha rac te r i za t ion  of e rgos ta -5 ,7 ,22-24(28) -  
tetraen-3/3-ol, e lec t ron  i m p a c t  i on iza t ion  was 
also employed .  

A Perk in -E lmer  Model  225 grat ing in f ra red  
s p e c t r o p h o t o m e t e r  was e m p l o y e d  to de t e rmine  
the  IR spec t rum of  e rgos ta -5 ,7 ,22 ,24(28) -  
tetraen-3/3-ol; spect ra l  grade CS 2 was the  
solvent .  Spectra l  grade h e x a n e  was the  so lvent  
for  ob ta in ing  UV spect ra  wi th  a B e c k m a n  DBG 
s p e c t r o p h o t o m e t e r .  

R ESU LTS 

The ef fec t  of  DMAE-DHA (3 x 10 .6 M and  
10 .4 M) on  the  g rowth  of  24 hr  cul tures  was 
min imal ,  as d e t e r m i n e d  f rom the  abso rbance  of  
the  cul tures  and  by  m e a s u r e m e n t  of  p ro t e in  by  
the  m e t h o d  of  Lowry  et al. (11)  as adap t ed  to  
yeas t  by  Sobus  and  H o l m l u n d  (8).  The absor-  
bance  at  640  n m  (Spec t ron ic  20,  Bausch and  
L o m b )  was 5 . 1 , 4 . 8  and  4.3 for  the  con t ro l ,  3 x 

10 "6 M DMAE-DHA,  and  10 .4 M DMAE-DHA 
t rea ted  cul tures ,  respect ively,  and  the  p ro t e in  
c o n t e n t  (g/1 cu l tu re )  was 1.41 -+ 0 .06 (S.E.) for  
the  con t ro l ,  and  1.42 + 0 .038  and  1.48 + 0.11 
for  the  3 x 10 -6 M DMAE-DHA and 10 -4 M 
DMAE-DHA t r ea t ed  cul tures ,  respect ively.  

F r o m  Table  I i t  m a y  be seen t ha t  the  lower  
c o n c e n t r a t i o n  of  DMAE-DHA (3 x 10 -6 M) 
resu l ted  in ca. 24% reduc t i on  of  free sterols  
(/ag/g p ro te in ) ,  while the  c o n t e n t  of  es ter i f ied 
sterols  was slightly elevated.  At  the  h igher  
c o n c e n t r a t i o n  of  DMAE-DHA (10 -4 M), D O S  
was the  single ma jo r  nonsapon i f i ab l e  c o m p o u n d  
to accumula te .  Es ter i f ied  sterols  were a lmos t  
n o n e x i s t e n t ,  whereas  free sterols r ep resen ted  
a b o u t  2/3 o f  the  con t ro l  value. 

Table  II shows the  t en ta t ive  iden t i f i ca t ion  of  
the  isola ted sterols  by  de t e rmin ing  GC relative 
r e t e n t i o n  t imes  on  th ree  co lumns  and  com- 
par ing these  values to  e i the r  a u t h e n t i c  s tan-  
dards,  to  syn thes ized  DOS and  24 ,25-ox ido-  
lanosterol ,  to  values r e p o r t e d  by  Pa t t e r son  ~(10)i 
or to  ca lcula ted  values t h a t  were o b t a i n e d  f rom 
Pa t t e r son ' s  separa t ion  fac tors  (10).  In add i t ion  
to the  s terols  s h o w n  in Table  II, n ine  more  
sterols  were isola ted bu t  no t  ident i f ied .  The 
cha rac te r i za t ion  of  e rgos ta -5 ,7 ,22 ,24(28) -  
tetraen-3/3-ol is based  on  several cons idera t ions .  
Relat ive r e t e n t i o n  t imes  on  th ree  GC sys tems 
co r r e spond  to values ca lcula ted  for  this  com- 
p o u n d  (Pa t t e r son ,  G.W., persona l  c o m m u n i c a -  
t ion) ,  and  chemical  i on iza t ion  mass spect ra  
revealed a molecu la r  ion of  394,  whereas  
spectra  p r o d u c e d  by  e l ec t ron  i m p a c t  i on iza t ion  
provide  an m / e  peak  o f  123 (57% of  base peak) ,  
co r r e spond ing  to the  d i -unsa tu ra ted  side chain  
of  the  t e t raenol .  Moreover ,  the  uv spec t rum 
(Xmax 230  n m ;  o t h e r  m a x i m a  at 2 7 2 , 2 8 1  and  
294 n m )  was ana logous  to  those  r e p o r t e d  by 
Breivik et  al. (12) ,  by  Ba r ton  e t  al. (13) ,  and  by  

LIPIDS, VOL. 14, NO. 8 



744 RUTH B. FIELD, CHESTER E. HOLMLUND AND NOEL F. WHITTAKER 

TABLE II 

The Molecular Weights and GC-Relative Retention Times of 
Sterols and a Sterol Precursor (DOS) from S. cerevis iae a 

Relative retention time 

Compound M.W. SE-30 b QF-I c HI-EFF-8BP d 

Zymosterol 384 1.12 1.09 1.29 
Ergosta- 5,7,22,24 (28 )4etraen -3/3-ol 394 1.27 1.32 1.92 
Ergosterol 396 1.20 1.20 1.44 
Ergosta-8,22,24 (28)-t rien-3~3-ol 396 1.22 1.29 1.54 
Ergosta-7,14,22-trien-3/3-o1 --- 1.13 1.07 1.18 
Ergost a- 5,7,24 (28)-trien-3/3-ol -- 1.32 1.37 1.73 
Ergosta-7,22-dien-3/3-ol -- 1.22 1.20 1.34 
4c~-Methyl-5 c~-cholest -7-en-3/3-ol --- 1.32 1.19 1.36 
Ergost a- 8,24 (28)-dien-3~-ol 398 1.32 1.29 1.43 
Ergosta-5,7-dien-3~-ol 398 1.42 1.44 1.70 
Ergost a-8,24-dien-3/3-ol 398 1.47 1.37 --- 
14~-Methylergost-7-en-3/3-ol 412 1.53 1.53 1.52 
4,4-Dimethylzymosterol 412 1.63 1.50 1.70 
Lanosterol 426 1.63 1.50 1.51 
Dih y drolan osterot 428 1.50 1.46 1.14 
2,3 ;22,23-Dioxidosqualene 442 0.964 1.18 0.606 
24,25-Oxidolanosterol 442 2.22 3.71 3.70 

aThe molecular weights were determined by GC-MS and the retention time is related to 
cholesterol. 

b3% SE-30; column temperature = 250 C; cholesterol retention time = 12.73 min. 
c1% QF-1; column temperature = 230 C; cholesterol retention time = 3.73 min. 
d3% HI-EFF-8BP; column temperature = 240 C; cholesterol retention time = 20.63 rain. 

Pe tzo ld t  et al. (14). The f ingerpr int  region of  
the ir spec t rum in CS 2 (Vma x 1060, 1040, 967, 
885, 857, 835 and 799 cm -1) compared  well 
with tha t  r epo r t ed  by Breivik et  al. (12). The 
above UV, IR and mass spectral  data also agree 
with those  repor ted  for  ergosta-5,7 ,22,24(28)-  
tetraen-3/3-ol as repor ted  by Nes et al. (15). 

Table III shows the effect  that  the two  
concen t ra t ions  of  DMAE-DHA had on the free 
sterol  and esterif ied sterol  compos i t ion .  Ergo- 
sterol ,  which is the major  c o m p o n e n t  of  the 
cont ro l  bo th  in the free sterol and ester if ied 
sterol  f ract ions,  was decreased dramatical ly  in 
the free sterol  f ract ion in the presence of  
increased concen t ra t ion  of  DMAE-DHA. The 
ergosterol  percentage of  the ester if ied sterols 
was greatly reduced  by 3 x 10 .6 M DMAE- 
DHA, but  only slightly reduced by 10 -4 M 
DMAE-DHA. However ,  the quant i ty  of  sterol  
ester  is reduced  to ca. 1/25 of  the  cont ro l  in the 
culture t rea ted  wi th  10 .4 M DMAE-DHA. The 
actual quan t i ty  of  ergosterol  in the ester if ied 
sterol  f rac t ion was reduced  by DMAE-DHA from 
2580 /~g/g pro te in  to 545 and 94/~g/g pro te in  
for the 3 x 10"6 M and 10 -4 M t rea ted  cultures,  
respect ively.  

The presence of DMAE-DHA resul ted in 
increased percentages  of  lanosterol  and 4,4-di- 
me thy l  zymos te ro l  in the free sterol  fract ion.  
The relative quant i ty  of  zymos te ro l  was slightly 
increased wi th  3 x 10 -6 M DMAE-DHA, but  
zymos te ro l  was no t  de tec ted  wi th  10 -4 DMAE- 

DHA. However ,  in the esterif ied steryl  f ract ion,  
the relative amounts  of  lanosterol  and 4,4-di- 
methy l  zymos te ro l  decreased,  while the relative 
amo u n t  of  zymos te ro l  increased when the drug 
concen t ra t ion  was elevated. 

The most  abundan t  free sterol  c o m p o n e n t s  
of the cont ro l  were:  ergosterol  (82%), zymo-  
sterol  (6.7%), and lanosterol  (3.6%). The most  
abundan t  free sterol  c o m p o n e n t s  of  the culture 
t reated with 3 x 10 -6 M DMAE-DHA were 
ergosterol  (64%), zymos te ro l  (10.7%), ergostra- 
5,7,22,24(28)-tetraen-3/3-ol (7.1%), lanosterol  
(4.9%), and 24 ,25-oxidolanos tero l  (2.3%). The 
mos t  abundan t  free sterol  c o m p o n e n t s  of  the 
culture t rea ted  wi th  10 -4 M DMAE-DHA were 
ergosterol  (33%), ergosta-5 ,7 ,22,24(28)- te t raen-  
3/3-ol (30%), lanosterol  (13%), and 24,25- 
ox ido lanos te ro l  (13%). 

The sterol  compos i t ion  of  the esterif ied 
f ract ion was d i f fe rent  f rom the  sterol  composi -  
t ion of  the free sterol  f ract ion in the cont ro l  
and t rea ted  cultures.  In the cont ro l ,  the mos t  
abundan t  s terol  c o m p o n e n t s  f rom the steryl  
ester  fract ion were ergosterol  (40%), zymo-  
sterol  (25%), ergosta-8,24(28)-dien-3~-ol  (11%), 
lanosterol  (6.7%), 4 ,4-d imethyl  zymos te ro l  
(6.5%), and ergosta-5,7,24(28)-trien-3t3-ol 
(2.3%). In the culture t rea ted  with 3 x 10 -6 M 
DMAE-DHA, the mos t  abundan t  sterol  compo-  
nents  f rom the steryl  ester  f ract ion were 
ergosta-5,7,22,24(28)-tetraen-3/3-ol (39%), 
zymos te ro l  (28%), ergosterol  (7.8%), ergosta- 
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8,24(28)-dien-313-ol (4.9%), ergosta-8,22,24- 
(28)-trien-3/3-ol (4.4%), ergosta-5,7,24(28)-  
trien-3/3-ol (3.9%), lanosterol  (3.3%), 4,4- 
d imethyl  zymostero l  (2.5%), and ergosta-5,7- 
dien-3j3-ol (2.0%). In the culture treated with 
10 -4 M DMAE-DHA, the most  abundant  sterol 
components  f rom the steryl ester fract ion were 
ergosterol (34%), zymostero l  (34%), ergosta- 
5,7,22,24(28)-tetraen-3/3-ol (21%), lanosterol  
(3.4%), and 4 ,4-dimethyl  zymostero l  (1.9%). 

Table IV shows the effect  of  the two con- 
centrat ions of  drug on the amount  of  each 
sterol that  was esterified. The amount  of 
ergosterol,  lanosterol ,  4 ,4-dimethyl  zymostero l ,  
and ergosta-5,7,24(28)-trien-3/J-ol that  was 
esterified decreased in the treated cultures with 
increasing concent ra t ion  of  the drug, but  the 
percentage of  to ta l  zymos te ro l  that  was esteri- 
fled was the same as the control  in the culture 
treated with 3 x 10 -6 M DMAE-DHA and 
increased to 100% in the culture t reated with 
10 -4 M DMAE-DHA. Ergosta-8,24(28)-dien- 
3/~~ was detected in the control  and the 3 x 
10 -6 M DMAE-DHA treated cultures only,  and 
in both cases was 100% esterified. Ergosta- 
5,7,22,24(28)-tetraen-3/3-ol occurred only in 
the t reated cultures, but  94% of it was esteri- 
fled in the culture t reated with 3 x 10 -6 M 
DMAE-DHA,  while only 8.1% was esterified in 
the culture t reated with 10 .4 M DMAE-DHA. 

DISCUSSION 

Fung and Hohnlund  (1) observed that 
DMAE-DHA had lit t le effect  on the growth of  
yeast.  These findings were corrobora ted  in the 
present studies with 24 hr cultures. These 
workers also found that  DMAE-DHA caused an 
accumula t ion  of  2,3-oxidosqualene,  presumably 
by inhibi t ion of  2 ,3-oxidosqualene cyclase. In 
prolonged incubat ion,  the level of 2,3-oxido- 
squalene decreased, apparent ly by conversion 
to an unident i f ied more polar  product .  Field 
and Holmlund (2) repeated these observations 
and characterized the p roduc t  formed from 
2,3-oxidosqualene as DOS. Removal  of  DMAE- 
DHA then permi t ted  cycl izat ion of  DOS to 
24,25-oxidolanosterol .  

In the current  investigation, DMAE-DHA 
was also found to p romo te  accumulat ion  of  
ergosta-5,7,22,24(28)-tetraen-3/3-ol,  apparent ly  
by inhibit ing the reduct ion of  the 24(28)  
double bond. Ergosta-5,7,22,24(28)- tetraen-  
3/3-ol was found to be 7.1 and 30% of the free 
sterol fract ion,  and 39 and 21% of  the esterified 
sterol fract ion f rom the 3 x 10 .6 M and 10 -4 M 
treated cultures, respectively,  while no te traene 
was de tec ted  in the control  culture.  

Gordon  et al. (5) found that  DMAE-DHA 

interfered with the reduct ion of  the A24 in the 
side chain in cholesterol  biosynthesis.  Avigan et 
al. (16) found that  d ihydrolanosterol  could not  
be formed from lanosterol  in the presence of  
3/3-03-diethylaminoethoxy)-androst-5-en- 17-one 
due to the inabili ty of  the enzyme to reduce 
A24. These authors concluded that the in- 
hibi ted enzyme is the same side chain reductase 
that  converts desmosterol  to cholesterol .  
Failure to observe the presence of  d ihydrolano-  
sterol in the DMAE-DHA treated cultures is in 
keeping with this conclusion.  

Corrobora t ing  the findings that  DMAE-DHA 
inhibi ted the reduct ion  of  A24(28)  is the 
observat ion that  two other  A24(28) sterols 
were found in the 3 x 10 .6 M treated culture 
in quanti t ies  greater than found in the control .  
Only 3.09 /lg/g protein of  ergosta-8,22,24(28)-  
trien-3/3-ol was de tec ted  in the control  (in the 
free sterol fraction only),  while the culture 
treated with 3 x 10 .6 M conta ined 343 /~g/g 
protein (89% esterified). The control  also 
contained only 149 /~g/g protein of  ergosta- 
5,7,24(28)-trien-3~-ol (100% esterified) whereas 
the 3 x 10 .6 M treated culture contained 294 
/gg of  the A5,7,24(28) sterol per g protein (93% 
esterified). 

The differences in the quant i ty  of  sterol and 
in sterol composi t ion  caused by the two dif- 
ferent  concentra t ions  of  DMAE-DHA may 
reflect  differences in the degree of  sensitivity 
of  various enzymes to the drug. When the 
culture was treated with 3 x 10 -6 M DMAE- 
DHA, ergosta~ was 
the major  product ,  but  when 10 -4 M DMAE- 
DHA was employed  DOS (the product  of  the 
accumula t ion  of  OS) was the major  product  of  
the 24 hr  culture.  It can be inferred from these 
observations that  the z2k24(28) reductase is 
more readily inhibi ted by DMAE-DHA than is 
the 2,3-oxidosqualene cyclase. Since te traene is 
regarded (17,18) as the most  likely immedia te  
precursor  to ergosterol  in yeast,  and since the 
A24(28)  reductase appears to be inhibi ted by 
DMAE-DHA,  the fact that  the ratio of  total  
ergosterol  to total  tetraene is higher in the 
presence of  10 -4 M DMAE-DHA than in the 
presence of  3 x 10 -6 M is at first surprising. 
However ,  examinat ion  of  the distr ibut ion of  
free and esterified sterol (Table IV) reveals that  
in the presence of  the lower drug concent ra t ion  
almost  all of  the accumulated te traene is in the 
esterified form,  whereas at the higher drug 
concent ra t ion  less than 10% is esterified. One 
impor tan t  factor involved in the conversion of  
te t raene to ergosterol is the rate at which both  
sterols are made available and used in o ther  
metabol ic  reactions. Bailey and Parks (19) have 
shown that  once yeast  sterols are esterified they  
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do not  readily undergo addi t ional  metabol i sm.  
Therefore ,  any te t raene  which becomes  esteri- 
fled is p robably  no longer available for reduc- 
t ion to ergosterol .  Thus,  the altered degree of  
ester i f icat ion of te t raene could account  for 
what  appears to be a greater  ex ten t  of  reduc-  
t ion of  te t raene  at the higher drug concent ra-  
t ion.  

The effect  o f  DMAE-DHA concen t ra t ion  on 
the ex t en t  o f  total  sterol  ester if icat ion is also of  
interest .  Earlier work indica ted  that  exposure  
of  yeast  to ei ther  t r i f luperidol  (20) or tri- 
paranol  (21) resulted in the p roduc t ion  of  at 
least twice as much esterif ied sterol  as in 
cont ro l  cultures.  The increased sterol  esterifica- 
t ion occurr ing in the presence of  these drugs 
may be due to the accumula t ion  of A8 sterols,  
since they  appear  to be be t t e r  substrates  than 
ergosterol  for ester if icat ion (22). Quite dif- 
ferent  results were ob ta ined  with DMAE-DHA. 
At the low concen t r a t ion  (3 x 10 -6 M), a slight 
increase in sterol  ester i f icat ion was observed 
relative to the cont ro l  (74% vs. 67% of  the total  
sterols were esterif ied).  However,  with the 
higher concen t ra t ion  of  DMAE-DHA (10 -4 M), 
only about  one- four th  as much  total  sterol  is 
p roduced ,  relative to the cont ro l ,  and only 11% 
of  the tota l  sterol  is present  in esterif ied form.  
This marked reduc t ion  in the ex t en t  of  sterol 
ester i f icat ion,  especially of  ergosterol ,  was 
observed with all of  the sterols excep t  zymo-  
sterol,  and may reflect  the cell 's r equ i rement  
for a min imum amoun t  of  free sterol.  Large 
amounts  of  steryl  ester only accumulate  in 
normal  cultures after en ter ing  s ta t ionary phase 
(19); therefore ,  cellular need  for  steryl  esters is 
p robably  no t  as great as tha t  for  free sterols. In 
the face of  a waning ability by the cell to 
p roduce  sterol because of  the presence of 
DMAE-DHA, the acyl CoA-sterol  acyl trans- 
ferase may compe te  unfavorably with mem-  
brane-forming sys tems for  available sterol ,  
especially for ergosterol .  Alternat ively,  there  
may be less enzyme p roduced  under  these 
c i rcumstances ,  or the drug may inhibi t  the 
enzyme.  Fu r the r  s tudy is required to distin- 
guish be tween  these alternatives.  
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METHODS 

A Specific Spectrophotometric Determination of Long Chain 
Nitro Compounds and its Application to NO2-1nitiated 
Lipid Autoxidation 
RANDLE S. COLLARD, Dow Chemical USA, Louisiana Division, 
Plaquemine, Louisiana 70784, and WILLIAM A. PRYOR, 1 Department of Chemistry, 
Louisiana State University, Baton Rouge, Louisiana 70803 

ABSTRACT 

A specific spectrophotometric method is described for the determination of nitro-f3-hydroperoxides 
produced during the initiation of lipid autoxidation by ppm NO2; this determination provides a 
measure of the rate of initiation by addition of NO 2 to lipids. The nitro group is reduced to an amine 
using polymethylhydrosilane (PMHS) and Pd on charcoal, and the amine is then determined spectro- 
photometrically as a neutral methyl orange salt. Although this method was developed for the deter- 
mination of micromolar quantities of nitro-~3-hydroperoxides in lipid samples, it can be used to deter- 
mine any long chain, nonpolar nitro compound. The method also can be adapted to allow the deter- 
mination of polar or short chain nitro compounds by using a different amine determination. 

INTRODUCTION 

In the investigation of  the n i t rogen dioxide-  
ini t ia ted free radical au tox ida t ion  of  po lyun-  
saturated fa t ty  acid esters (PUFA)  (1,2), it is 
necessary to have a means of  de te rmin ing  
the rate of  ini t iat ion by addi t ion.  Al though 
ini t ia t ion also occurs by abst ract ion of  an 
allylic hydrogen  by ni t rogen dioxide (1), this 
methan i sm does no t  produce  ca rbon-bound  
ni t rogen as does the  addi t ion mechanism.  Addi- 
t ion of  NO 2 to one of  the double  bonds  of  a 
P U F A  molecule  p roduces  a ni tro-alkyl  radical, 
I, eq. I, 

NO 2 
I 

NO 2 + RHC- CR'H ~ R C - C - R  1 
I I 

H H 
0) 

which then  reacts with oxygen to form a 
n i t ro -peroxy  radical, II, eq. 2. 

NO 2 NO2OO" 
I 0 2 I I 

R--C-C--R'  -~ R--C C - - R '  2 
I I I I 

H H H H 
(n) 

This n i t ro -pe roxy  radical can then  abstract  a 
hydrogen  a tom from ano the r  P U F A  molecule ,  
LH, to p roduce  a stable n i t ro-~-hydroperoxide ,  

1To whom correspondence and reprint requests 
should be sent. 

II1, eq. 3, and a lipid radical, L ' .  

NO 2 0 0  ~ NO 2 OOH 
I [ f I 

R - C - - C -  --R' + LH-+ R--C - - - C - - R '  + L" 3 
I I I I 

H H H H 
(Ill) 

The lipid radical created then  enters  the 
propagat ion  steps, eq. 4 and 5, and several 
molecules  of  h y d ro p e ro x i d e  are p roduced  
before  the  chain is t e rmina ted .  

L" + 02 --* LO0 ~ 4 

LOO ~ + LH ~ LOOH + L ~ 5 

Since one ni tro-/3-hydroperoxide is fo rmed  
for  each addi t ion of NO 2, a measuremen t  of  
the concen t ra t ion  of n i t ro-~-hydroperoxide  
p roduc t  provides a means of de termining  
the rate of  ini t iat ion by the addi t ion mecha-  
nism. 

Dete rmina t ion  of  the nitro-/3-hydroperoxide 
concen t ra t ion  in the au tox ida t ion  sys tem 
requires a m e t h o d  that  is sensitive, unaf fec ted  
by the presence of  hydroperox ides ,  and inde- 
p e n d e n t  of  the posi t ion of  the n i t ro  group 
along the carbon chain. Al though many  
m e t h o d s  have been repor ted  for de te rmin ing  
bo th  aromat ic  and aliphatic ni t ro  c o m p o u n d s  
(3-7), none  were suited to this system.  There- 
fore,  a new m e t h o d  was developed;  it relies 
upon  reduc t ion  of  the ni t ro  group fol lowed by 
s p e c t r o p h o t o m e t r i c  de te rmina t ion  of  the  amine 
formed.  
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EXPERIMENTAL PROCEDURES 

Materials 

Pd on charcoal-5% (Alfa Division of the 
Ventron Corp.), polymethylhydrosilane-PMHS 
and 1-dodecyl amine-98% (Aldrich Chemical 
Co.), and 1-iodohexadecane (Eastman Chemi- 
cals) were obtained commercially. 

1-Nitrohexadecane is synthesized according 
to the procedure of Kornblum and Powers (8), 
and the product mixture, 47.5 g (70% 1-nitro- 
hexadecane by NMR comparison of the 
methine and methyl ester protons), is purified 
in the following manner. Add the product 
mixture to 150 ml of methanol containing an 
equivalent amount, 3.3 g, of sodium metal, mix 
to precipitate the nitro-carbanion salt, and add 
500 ml of diethyl ether. Collect the nitro- 
carbanion salt in a fritted glass filter, wash with 
300 ml of additional diethyl ether, and partially 
dry the salt by pulling air through the filter. 
Add the salt to a separatory funnel containing 
300 ml of chloroform and 200 ml of 0.5 N 
hydrochloric acid, mix, and add additional acid, 
in small portions, until the aqueous layer 
remains at a pH of about 1. Collect the chloro- 
form layer, dry over anhydrous magnesium 
sulfate, and remove the solvent by rotary 
evaporation. The 1-nitrohexadecane obtained 
(64.5% yield) is more than 98% pure, as deter- 
mined by GLPC. 

All other chemicals used were reagent grade 
or better. 

Determination Method 

Add the sample (20-200/~1 of lipid) to a test 
tube containing 5.0 ml of the ethanol/hydro- 
chloric acid solution (1.0 ml concentrated HC1 
in 400 ml of 95% ethanol) and a spatula tip (ca. 
0.025 g) of 5% Pd on charcoal. Add 0.3 ml of 
PMHS, and, after mixing, place the tube in a 
40-60 C bath for 30 min. After heating, remove 
the catalyst by filtration, and place the filtrate, 
along with a 2.0 ml chloroform wash of the test 
tube, in a 125 ml separatory funnel. Add 50 ml 
of water, 4.0 ml buffer (125 g KC1, 42.19 g 
CH3COONa , and 300 ml of glacial acetic acid, 
dilute to 1 L), and 2.0 ml of the methyl orange 
solution (0.05%) to the separatory funnel. 
Extract the neutral amine-methyl orange salt 
into the chloroform layer, allow the layers to 
separate for 3 min, and collect the chloroform 
layer in a 10 ml volumetric flask. Make two 
additional chloroform extractions, and add 
these to the volumetric. Finally, add 2.0 ml of 
absolute ethanol to clarify the solution, dilute 
the contents of the flask to the mark with 
chloroform, and determine the absorbance 

at 485 nm vs. a chloroform blank. Exercise 
caution to prevent the inclusion of any of the 
aqueous layer in the volumetric, since the 
ethanol added will make it miscible and cause 
the methyl orange contained in it to interfere. 

RESULTS A N D  DISCUSSION 

None of the literature methods for the 
determination of nitro compounds are satisfac- 
tory for the determination of the nitro~- 
hydroperoxides produced in the NO2-initiated 
autoxidation of PUPA. Many of the literature 
methods rely upon a reductive quantification of 
the nitro group (3,9), and hence are unaccept- 
able due to interference from hydroperoxides 
(which are present in much higher concentra- 
tion in autoxidation systems and which react 
readily with reducing agents). The remainder of 
the methods are either too insensitive, subject 
to interference from hydroperoxides, or un- 
satisfactory for the determination of  long chain 
nitro compounds (4-7, 9). 

A method described by Sweet et al. (5) 
appeared well suited to the autoxidation 
system. It utilizes the oxidation of the nitro 
compound to form free nitrite ion, which is 
then determined spectrophotometrically by the 
very sensitive Griess-Ilosvay m e t h o d -  first 
used as a nitro compound determination by 
Bose (10). The Sweet method is sensitive, 
nonselective (with respect to the location of the 
nitro group along a carbon chain), and free 
from interference by hydroperoxides. Sweet 
found a decrease in the yield of nitrite ion from 
medium chain nitro compounds such as 1-nitro- 
decane for his method, but he was able to 
obtain acceptable yields of nitrite ion from 
1-nitrodecane by using higher reagent concen- 
trations. Studies in our laboratories, however, 
show that neither these conditions nor harsher 
ones give a reasonable yield of nitrite ion from 
long chain nitro compounds (9). 

Therefore, a new nitro determination 
method was developed. The method relies upon 
the reduction of the nitro group to an amine 
according to the procedure developed by 
Lipowitz and Bowman for reduction of aro- 
matic nitro compounds (11). In the method, 
PMHS and Pd on charcoal are reacted with 
nitro-/3-hydroperoxide in a protic solvent, 
ethanol, and the nitro group is reduced to an 
amine; hydroperoxides present in PUFA 
systems are also reduced by these conditions, 
forming alcohols. The alcohol-amine produced 
is then determined by an adaption of the dye 
method developed by Silverstein for the deter- 
mination of long chain amines (12). The amine 
is protonated at pH 3.5, reacted with the 
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FIG. 1. Absorbance of the methyl orange-amine 
salt at 485 nm vs. the concentration of 1-nitrohexa- 
decane analyzed. 

sulfonic  acid an ion  of m e t h y l  orange to fo rm a 
neu t ra l  salt which  is ex t r ac t ed  in to  c h l o r o f o r m  
leaving b e h i n d  un reac t ed  m e t h y l  orange,  and  
the  ex t r ac t ed  a m i n e - m e t h y l  orange salt is 
d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y .  The n i t ro -  
lipid m e t h o d  is sensit ive,  free f rom in t e r f e rence  
by hyd rope rox ides ,  and  i n d e p e n d e n t  of  the  
pos i t ion  of  the  n i t ro  group a long the  ca rbon  
chain.  The  la t te r  advantage  is par t icu la r ly  
i m p o r t a n t  for  P U F A  sys tems because,  for  
example ,  there  can be six d i f fe rent  n i t r o ~ -  
h y d r o p e r o x i d e s  fo rmed  f rom the  add i t i on  of  
NO 2 to m e t h y l  l inolenate .  Since the same 
c h r o m o p h o r e  is p r o d u c e d  for  any amine  in the  
ni t ro- l ip id  m e t h o d ,  the  e x t i n c t i o n  coef f ic ien t  is 
merely  a measure  of  the  bas ic i ty  and  po la r i ty  of  
the  amine.  All of  the  l ipid a lcohol -amines  are 
essential ly ident ica l  in these  respects ,  and  so 
give the  same e x t i n c t i o n  coeff ic ient .  

Determination of 1-Nitrohexadecane 
by the Nitro-Lipid Procedure 

When samples  of 1 -n i t rohexadecane  were 
quan t i f i ed  by  the  ni t ro- l ip id  p rocedure ,  a l inear  
Bee r -Lamber t  p lo t  was ob t a ined  (Fig. 1) wi th  

posi t ive  devia t ion at h igh concen t r a t i ons .  
Silverstein also f o u n d  this  devia t ion  for  all of 
the  amines  t ha t  he  d e t e r m i n e d  (12).  A least 
squares  t r e a t m e n t  of  the  l inear  po r t i on  of  the  
p lo t  gave an e x t i n c t i o n  coef f ic ien t  of  6 ,340  M -1 
cm -1 (r = 0 .998) .  

Standardization of the Nitro-Lipid Procedure 
for the Determination of Nitro-/3-hydroperoxides 
in Lipid Autoxidation Systems 

Original ly,  the  ni t ro- l ip id  m e t h o d  was to  
have been  s t andard ized  for  use in the  P U F A  
a u t o x i d a t i o n  sys tems by the  synthes is  of  an 
a u t h e n t i c  n i t r o @ h y d r o p e r o x i d e  or some mode l  
c o m p o u n d  which  would  behave  ident ica l ly  in 
the  tes t  p rocedure .  This u l t ima te ly  proved 
imprac t ica l ,  and  s t anda rd i za t i on  was carr ied ou t  
in the  fo l lowing manner .  Samples  of  m e t h y l  
oleate  and  m e t h y l  l inolea te  were exposed  to 
very high (70/ . tg/g) levels of  NO 2 unt i l  the  l ipid 
was ca. 15% reacted.  (The  samples  were reac ted  
to such a great e x t e n t  to  al low d e t e r m i n a t i o n  
by  the  to ta l  n i t rogen  m e t h o d ,  which  is t oo  
insensi t ive  for  the  d e t e r m i n a t i o n  of n o r m a l  
P U F A  a u t o x i d a t i o n  samples  (9)).  These samples  
were t hen  ana lyzed  b o t h  by  the  n i t ro- l ip id  
p rocedure  and  by  the  to ta l  n i t rogen  m e t h o d .  
Tota l  n i t rogen  analyses were p e r f o r m e d  by 
Galbra i th  labora tor ies ;  r epor t ed  values were 
s ta ted  to  be accura te  to  wi th in  10% of  the  value 
given. Each of  the  samples,  a l t hough  compr i sed  
of  a d i f fe ren t  l ipid and  reac ted  to a d i f fe ren t  
ex t en t ,  gave the  same e x t i n c t i o n  coeff ic ient ,  
w i th in  expe r imen t a l  error ,  for  the  n i t ro4 ip id  
m e t h o d  (Table  I). 

Determination of Nitro-~-Hydroperoxide in 
Authentic PUFA Autoxidation Samples 
by the Nitro-Lipid Method 

The  ni t ro- l ip id  m e t h o d  was t es ted  using a 
typical  sample  of  au tox id ized  PUFA,  which  was 
p repa red  by  expos ing  m e t h y l  l inolea te  to  2 / l g / g  
NO 2 un t i l  ca. 5% had  reacted.  The ni t ro- l ip id  in 
this  sample  was t hen  d e t e r m i n e d  by  our  proce-  
dure.  A p lo t  of  these  data  (Fig. 2) shows t h a t  
the  m e t h o d  is l inear  over a 10-fold range of  

TABLE I 

Molar Extinction Coefficients for the Nitro-/3-Hydroperoxides 
Produced from the Autoxidation of Methyl Oleate and Linoleate 

Lipid Nitro-lipid (~tmol/ml) a e (M "1 cm-l)  b 

Methyl oleate 37.7 2,150 
Methyl linoleate 16.8 2,080 

Average = 2,120 -+ 80 

a~mol nitro-~-hydroperoxide/ml lipid, calculated from the total nitrogen analyses carried 
out  by Galbraith laboratories. 

bMole extinction coefficient for the nitro-/~-hydroperoxide, calculated from the absor- 
bance for each sample and the concentrat ions  determined by Galbraith. 
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concen t ra t ion ,  giving an average ex t inc t ion  
coeff ic ient  o f  2,100 M -1 cm -1 (r = 0.997)  the 
same value as was ob ta ined  in Table I. 

I nterferences 

The n i t ro- l ip id  method is subject to the 
in te r ferences  found  for the original amine 
de te rmina t ion ,  (12) and to in te r fe rence  by any 
substance reduced to an amine under  the test  
condi t ions .  In te r fe rence  by amines already 
present  in samples before reduc t ion  can be 
accoun ted  for,  however ,  by subtract ing a blank 
ob ta ined  by el iminating the reduc t ion  step.  

Determination of Other Nitro Compounds 

The nitro-l ipid m e t h o d ,  as described,  can 
only be used for the de te rmina t ion  of  long 
chain,  nonpo la r  ni tro compounds ,  since the 
amine de te rmina t ion  used is only sat isfactory 
for long chain compounds .  This is because the 
me thy l  orange amine de t e rmina t ion  relies upon  
the fo rma t ion  of  a neutral  me thy l  orange-amine 
salt that  is suff ic ient ly  nonpo la r  to be ex t rac ted  
in to  ch lo ro form.  Short  chain and polar  amines 
do form neutra l  salts, but  these are too  polar  
for ex t rac t ion  in to  ch lo ro form and canno t  be 
de te rmined .  The nitro-l ipid m e t h o d  can easily 
be adapted  for the de te rmina t ion  of  short  chain 
and polar ni t ro  compounds ,  however ,  s imply by 
using a d i f ferent  amine de te rmina t ion  me thod .  
For  example ,  the f luorescamine m e t h o d  of  
Undenf r i end  et al. (13) could be used to 
de te rmine  a variety of  short  chain and polar  
amines at the p icomole  level. 

Conclusion 

The nitro-l ipid procedure  accurately deter-  
mines mic romola r  quant i t ies  o f  ni t ro-~-hydro-  
peroxide  p roduced  f rom the ini t ia t ion of  lipid 
au tox ida t ion  by ppm levels of  NO 2 in air, thus 
providing a measure of  the rate of  ini t iat ion by 
addi t ion of  NO 2. The m e t h o d  can be used for  
the de te rmina t ion  of  o ther  long chain, nonpo la r  
ni t ro  c o m p o u n d s ,  and can be adapted  for  shor t  
chain or polar  ni t ro  compounds .  
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Lipid Composition of SV40-Induced Transplantable 
Hamster Tumor 
A. FALLANI and S. RUGGIERI, Institute of General Pathology, 
University of Florence, Florence, Italy 

ABSTRACT 

The analysis of the lipid composition of the SV40-induced transplantable hamster tumor has 
shown that: (a) the total phospholipid content in the tumor is lower than that usually found in normal 
tissues and similar to that reported for other neoplasms; (b) except for a lower percentage of diphos- 
phatidylglycerol, the phospholipid composition is comparable with that reported for normal tissues; 
(c) the fatty acid profiles of the various glycerophospholipid classes are characterized by high propor- 
tions of oleic acid; and (d) phosphatidylethanolamine contains proportions of alkenyl side chains 
which are consistent with the amounts of plasmalogenic phospholipids found in other neoplasms. 

INTRODUCTION 

In teres t  in the  chemis t ry  and  m e t a b o l i s m  of  
t u m o r  lipids see Wood for  a review (1)  - is 
based  on  t he  desire to  f ind cor re la t ions  b e t w e e n  
changes in l ipid c o m p o n e n t s  and biological  
p roper t i es  of  mal ignan t  cells. A m o n g  several 
changes f o u n d  in t u m o r  lipids by d i f fe ren t  
labora tor ies ,  the  more  cons i s t en t  ones  are: a 
lowered  a m o u n t  of  phospho l ip id s  (2-13) ,  the  
occur rence  of  apprec iable  a m o u n t s  of  e ther -  
l inked lipids ( 5 , 6 , 1 0 , 1 2 , t 3 ) ,  and  an increase  of  
m o n o e n o i c  acids associated wi th  a decrease  of  
C2o and  C22 p o l y u n s a t u r a t e d  fa t ty  acids 
(2 ,6 ,8 ,14-22) .  It is still unce r t a in ,  however ,  
w h e t h e r  these  changes  r ep resen t  general  t r ends  
charac te r i s t ic  of  cancer  cells or w h e t h e r  they  
ref lect  cell-specific differences.  Pecul iar i t ies  of  
t u m o r  l ipids have h i t h e r t o  been  s tud ied  largely 
in h e p a t o m a s  (2 ,3 ,6 -8 ,10 ,14 ,16-20) ,  ascites 
t u m o r s  (1 ,3 -5 ,10 ,14 ,17) ,  m a m m a r y  ca rc inomas  
(15) ,  bra in  t u m o r s  (11 ,21)  and  viralty t rans-  
fo rmed  cell lines (9 ,12 ,22) .  It was, the re fo re ,  of  
in te res t  to  s t udy  the  l ipid c o m p o s i t i o n  of  the  
t r ansp l an t ab l e  h a m s t e r  t u m o r  i nduced  by  SV40 
virus, because ,  while the re  is no  obvious  con t ro l  
t issue for  this  k ind  of  t u m o r ,  it r epresen ts  a very  
in te res t ing  neoplas t ic  sys tem and  one very 
d i f fe ren t  f rom those  s tud ied  up  to  n o w  owing 
to the  species of  animals  used and  to the  
specific p r o m o t e r  o f  the  t u m o r .  

MATERIALS AND METHODS 

Tumors ,  originally i nduced  in n e w b o r n  
Golden  Syr ian  hams te r s  by  s u b c u t a n e o u s  
i nocu l a t i on  of  SV40-infected k idney  cell cul tures  

of  Cercopithecus aethiops, were t r a n s p l a n t e d  
for  5 to  10 passages in to  adu l t  hams te r s  by Dr. 
D. Balducci  ( I ta l levament i ,  Pianella di Siena, 
I ta ly)  before  be ing  suppl ied  to  our  l abora to ry .  
In our  l abo ra to ry ,  t u m o r s  were serially passed 
at intervals  o f  8-10 days in to  adu l t  mate  Go lden  
Syr ian  h a m s t e r  weighing be tween  150-170 g 
who  were fed a commerc i a l  s tock  diet whose  
lipid compos i t i on  was r epo r t ed  in a previous  
pape r  (14) .  These  animals  had  free access to  
food  up to the  t ime  of  the  e x p e r i m e n t  w h e n  
t hey  were killed by  exsangu ina t i on  u n d e r  l ight  

TABLE I 

Lipid Class Content of SV40 Hamster Tumor a 

Lipid class SV40 Hamster tumor 

Esterified cholesterol 3.5 -+ 0.24 ( 1 . 2 )  
Free cholesterol 14.2 +- 0.64 ( 5 . 0 )  
Triglycerides b 175.0 +- 37.10 (61.2) 
Diglycerides b 2.4 -+ 0.31 ( 0 . 8 )  
Monoglycerides b 0.3 +- 0.04 ( 0 . 1 )  
Free fat ty  acids c 7.1 -+ 1.60 ( 2 . 5 )  
Total phospholipids d 83.6 -+ 2.88 (29.2) 

aThe values are means -+ SE of seven success ive  
experiments and are expressed  as mg/g lipid-free dry 
weight. Lipid-free dry weight was calculated by 
difference between dry weight and total lipids deter- 
mined gravimetrically. Water content represents 83% 
of wet weight. Figures in parentheses are percentages 
of total lipids. 

bThe a m o u n t s  of tri-, di- and monoglycerides 
were evaluated from the glycerol determination (25) 
and using molecular weights of 830,546 and 270, 
respectively. 

CDetermined colorimetrically (26) and using an 
average molecular weight of 270. 

dphospholipid-phosphorus x 25 (27). 
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TABLE II 

Phospholipid Composition of SV40 Hamster Tumor 

753 

Phospholipid class Percent of total lipid-phosphorus a 

Diphosphatidylglycerol 2.0 -+ 0.96 
Phosphatidylethanolamine b 28.4 + 4.35 
Phosphatidylserine b 2.8 • 0.29 
Phosphatidylinositol 3.3 +- 1.28 
Phosphatidylcholine 53.8 +- 3.68 
Sphingomyelin 8.3 • 2.18 
Lysolecithin 1.4 -+ 0.13 

aValues are means + SE of four experiments. 
bphosphatidylethanolamine and Phosphatidylserine were eluted together from Unisil 

columns, and then separated by silicic acid-ammonia silicate column chromatography (33). 

diethyl ether anaesthesia. 
At each passage, from the first to the 

seventh, tumors deriving from 2-3 hamsters 
were pooled, freed from necrotic tissue, and 
homogenized in CaC12 0.04%. Lipids were 
extracted from the homogenates by chloro- 
form/methanol  (2: 1, v/v) (23) and fractionated 
into individual lipid classes following chroma- 
tographic procedures described previously (10). 

Colorimetric methods were used to assay 
cholesterol (24), glyceride glycerol (25), free 
fatty acids (26) and phospholipid phosphorus 
(27). Fatty acid methyl esters of individual 
lipid classes were prepared and analyzed by gas 
liquid chromatography as described previously 
(10). 

All the SV40 hamster tumors used through- 
out these experiments were examined histologi- 
cally. In our opinion, as well as in that of Dr. 
Balducci, who provided the original tumor, the 
histological appearence was that of an undif- 
ferentiated carcinoma, with stroma fat scat- 
tered throughout the tumorous tissue. This is at 
variance with the findings of other laboratories 
which reported that tumors produced by 
subcutaneous inoculations of SV40-infected 
monkey kidney cell cultures were undifferen- 
tiated sarcomas (28). 

RESULTS AND DISCUSSION 

Table I shows that the lipids of SV40-in- 
duced transplantable hamster tumors were 
mainly accounted for by the triglycerides and 
phospholipids; lipids of  tumors also contained 
appreciable proportions of free cholesterol and 
free fatty acids and small percentages of esteri- 
fled cholesterol, di- and monoglycerides. The 
absolute amounts of phospholipids found in 
SV40 hamster tumors were much lower than in 
most normal tissues (e.g., liver, kidney, lung) of 
different animal species (29). The concentra- 
tions of free and esterified cholesterol, and free 
fatty acids of SV40 hamster tumors were of the 

same order of magnitude as those found in 
several ascites tumors (5,10)and transplantable 
solid hepatomas (6,7). Due to the heavy con- 
tamination of stroma fat, the large quantities of 
tumor triglycerides found in the present study 
are not comparable with the triglyceride 
concentrations reported in other neoplasms 
(6,7,10). 

The phospholipid composition of SV40 
hamster tumors reported in Table II is similar 
to that found in most normal tissues (29), the 
only exception being that SV40 hamster 
tumors showed a diphosphatidyglycerol pro- 
portion of 2%, which is lower than that found 
in normal tissues (29). 

Table II! lists the fatty acid composition of 
individual lipid classes from SV40 hamster 
tumors. In cholesteryl esters, oleic acid repre- 
sents the major fatty acid, followed by palmitic 
and linoleic acids, while stearic, palmitoleic and 
arachidonic acids were minor components. 
Triglycerides showed a fatty acid pattern 
similar to that of cholesteryl esters, with the 
exception of a lower level of arachidonic acid, 
and free fatty acids contained more stearic acid 
than triglycerides and cholesteryl esters. In 
phosphatidylethanolamine there was a higher 
proportion of stearic acid than of palmitic acid, 
and there were appreciable amounts of C20 and 
C22 polyunsaturated acids. In phosphatidyl- 
choline, there was more palmitic than stearic 
acid, while stearic acid prevailed in phospha- 
tidylinositol and phosphatidylserine; in sphin- 
gomyelin, there were the typical 24:0 and 24:1 
fatty acids, and in diphosphatidylglycerol the 
most prevalent fatty acid was linoleic acid. 

The aforementioned characteristics of fatty 
acid profiles of individual phospholipid classes 
are similar to those found in normal tissues 
(e.g., liver) of different animal species, in- 
cluding hamster (30-32). SV40 hamster tumors, 
however, showed elevated proportions of oleic 
acid in phosphatidylethanolamine, phospha- 
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t i d y l c h o l i n e ,  p h o s p h a t i d y l i n o s i t o l ,  p h o s p h a -  
t i d y l s e r i n e  a n d  d i p h o s p h a t i d y l g l y c e r o l ;  t h e s e  
r e l a t i ve ly  h i g h  oleic  ac id  levels  are  r a t h e r  
u n u s u a l  in  t h e  p h o s p h o l i p i d  c lasses  o f  n o r m a l  
t i s s u e s  w i t h  t h e  e x c e p t i o n  o f  n e r v o u s  t i s s u e  
( 3 0 - 3 2 ) .  It  is w o r t h  n o t i n g  t h a t  t h e  p e r c e n t a g e  
o f  o le ic  ac id  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  a n d  
in  p h o s p h a t i d y l c h o l i n e  f r o m  S V 4 0  h a m s t e r  
t u m o r s  was  s imi l a r  to  t h a t  f o u n d  in severa l  
p o o r l y  d i f f e r e n t i a t e d  h e p a t o m a s  ( 6 , 8 , 1 0 ) .  In  
a d d i t i o n ,  a p p r e c i a b l e  p r o p o r t i o n s  o f  1 6 : 0  a n d  
1 8 : 0  a l k e n y l  s ide c h a i n s  were  d e t e c t e d  as 
d i m e t h y l a c e t a l s  m a i n l y  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 ,  i n d i c a t i n g  t h e  p r e s e n c e  o f  p l a s m a l o g e n i c  
p h o s p h o l i p i d s  in S V 4 0  h a m s t e r  t u m o r s .  F r o m  
t h e  p e r c e n t a g e  o f  a l k e n y l  s ide  c h a i n s  a n d  t h e  
t o t a l  a m o u n t  o f  h y d r o c a r b o n  c h a i n s  p r e d i c t e d  
o n  t h e  bas is  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 -  
p h o s p h o r u s  c o n t e n t ,  we  c a l c u l a t e d  t h e  c o n t r i -  
b u t i o n  o f  t h e  p l a s m a l o g e n i c  f o r m s  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  f r o m  S V 4 0  h a m s t e r  t u m o r s .  
A c c o r d i n g  to  th i s  c a l c u l a t i o n ,  ca. 14% o f  t h e  
p h o s p h a t i d y l e t h a n o l a m i n e  is a c c o u n t e d  fo r  b y  
a l k e n y l  spec i e s .  T h i s  v a l u e  is c o m p a r a b l e  t o  t h e  
p e r c e n t a g e  o f  a l k e n y 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  f o u n d  in Y o s h i d a  h e p a t o m a  ( 1 0 )  a n d  
E h r l i c h  c a r c i n o m a  ( 1 3 )  b u t  h i g h e r  t h a n  t h a t  
r e p o r t e d  in  7 7 9 4 A  a n d  7 7 7 7  M or r i s  h e p a t o m a  
(6) .  

In conclusion, the peculiarities of the lipid 
composition of the SV40-induced transplant- 
able hamster tumor (i.e., low phospholipid 
content, high level of oleic acid in glycerophos- 
pholipids, and presence of ether-linked lipids) 
are analogous to major lipid variations found in 
tumors (e.g., hepatomas) which can be com- 
pared to an appropriate control tissue, sug- 
gesting that tumor cells exhibit a common 
change in their lipid make up regardless of the 
transforming agent or of the tissue of origin. 
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Fatty Acid and Molecular Species Composition of Rat Brain 
Phosphatidylcholine and -Ethanolamine from Birth to Weaning 
C.G. CRAWFORD and M.A. WELLS , Department of Biochemistry, 
College of Medicine, UniversiW of Arizona, Tucson, Arizona 85724 

ABSTRACT 

The fatty acid composition of diacyl phosphatidylcholine and phosphatidylethanolamine from the 
brain of rats 3, 6, 9, 12, 15, 18, and 21 days old were determined. In phosphatidylcholine, the relative 
amounts of stearic and oleic acid increased from 25% to 33% whi]le the relative amounts of myristic, 
palmitic, and palmitoleic decreased from 65% to 50% during this time period. The same pattern was 
seen in phosphatidylethanolamine with stearic and oleic increasing: from 38% to 49% and the shorter 
chain acids decreasing from 17% to 13%. The polyunsaturated fatty content of phosphatidylcholine 
was approximately 10% and increased slightly during the first 3 weeks, while the polyunsaturated 
content of phosphatidylethanolamine decreased from 44% to 37%. The molecular species composition 
of phosphatidylcholine and phosphatidylethanolamhle was determined in brains of rats 3, 6, and 9 
days old. The relative amounts of the molecular species remained nearly constant during this time 
period with phosphafidylcholine containing 35% saturated, 40% monoenoic, 6% dienoic, 11% 
tetraenoic, 2% pentaenoic, and 5% hexaenoic. Phosphatidylethanolamine contained 1% saturated, 8% 
monoenoic, 3% dienoic, 40% tetraenoic, 9% pentaenoic, and 37% hexaenoic species. Analysis of the 
fatty acid composition of the molecular species reveals that in phosphatidylcholine the polyunsatu- 
rated fatty acids 20:4 and 22:6 are predominately paired with 16:0, while in the phosphatidylethanol- 
amine these two unsaturated fatty acids are paired with 18:0. Furthermore, dipalmitoyl phosphatidyl- 
choline accounts for approximately 25% of the total molecular species of that lipid. 

INTRODUCTION 

Previous studies on rat brain lipids have 
shown that the amount  (/2moles/g) of  diacyl 
phosphat idylchol ine  and phosphat idyle thanol-  
amine double during the first three weeks of  
postnatal  development  (1), and during that  
t ime there are two distinct morphological  
periods (2). These are characterized by the 
increase in brain size and ou tgrowth  of  axons 
and dendrites during the first 10 days, while 
from day 10 to weaning, myel ina t ion  begins 
and cont inues  at a rapid rate. 

Our interest  in phosphol ipid  metabol ism in 
developing rat brain led us to determine the 
changes in fat ty acid composi t ion  of  diacyl 
phosphat idylchol ine  and phosphat idyle thanol-  
amine f rom birth to weaning and determine the 
molecular  species of  these lipids prior to the 
onset of  myel inat ion.  We were particularly 
interested in determining whether  the fat ty  acid 
and/or  molecular  species composi t ion of 
phosphat idylchol ine  and phosphat idyle thanol -  
amine changed during the period of  rapid 
growth of  the brain prior to myel inat ion.  In 
this period the brain increases in weight at a 
rate of  .065 g/day while the amount  of  phos- 
phat idylchol ine  increases at a rate of 1.8 
/2moles/day/brain,  and phosphat idyle thanol-  
amine at a rate of  0.7 /amoles/day/brain (1). 

There are reports  on the changes in the fat ty  
acid composi t ion  of  rat brain phosphat idyl-  

1 Revision received 4[24/79. 

choline (3-51), but  there are no  reports  on the 
composi t ion  of  diacyl phosphat idyle thanol-  
amine or the composi t ion  of the molecular  
species in rat brain before weaning. 

REAGENTS AND MATERIALS 

All solvents were reagent grade and were 
mixed  in propor t ion  by volume.  (3H) and (14C) 
acetic anhydride,  and Aquasol  l iquid scintilla- 
t ion fluid were purchased from New England 
Nuclear (Boston,  MA). Labeled compounds  
were obta ined f rom the supplier at greater than 
98% puri ty and were used wi thout  further  
purification.  Fa t ty  acid standards were ob- 
tained from the Hormel  Inst i tute (Austin,  MN). 

Experimental Animals and Lipid Extraction 

Sprague-Dawley rats from a colony main- 
tained at the University of  Arizona College of  
Medicine, Division of  Animal  Resources, were 
maintained on Formulab  Chow 5008, Ralston 
Purina (St. Louis, MO). Brains were removed 
immedia te ly  upon decapi tat ion of  unanesthe-  
tized animals, frozen on dry ice, and lipid 
extract ion was begun within 30 min of  tissue 
removal. 

Ext rac t ion  o f  lipids was carried out  by the 
methods  of  Wells and Di t tmer  (6), omi t t ing  the 
acidified ch lo ro fo rm/me thano l  ext rac t ion,  and 
nonlipid material  was removed by part i t ioning 
with a salt solut ion (7). All lipids were stored in 
ch loroform lander ni t rogen at -1 8 C. Phospho- 
lipid phosphorus  was determined by the 
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T A B L E  I 

F a t t y  Ac id  C o m p o s i t i o n  in Mole % o f  
P h o s p h a t i d y l c h o l i n e  (PC) a n d  P h o s p h a t i d y l -  

e t h a n o l a m i n e  ( P E ) a n d  t he  Resu l t i ng  1,2 
D i a c y l g l y c e r o l  A c e t a t e s  ( D A G A )  P r o d u c e d  

by  P h o s p h o l i p a s e  C Hydrolys i s  and A c e t y l a t i o n  
(Samples  f r o m  S ix -day-o ld  ra t s )  

e . G .  C R A W F O R D  A N D  M.A.  W E L L S  

ml H 2 0  were added. This solut ion was mixed  
vigorously then centr ifuged at 1800 x g, the 
upper phase removed,  and the lower phase was 
washed with 4.0 ml me thano l /wa te r  (1:1).  
Af ter  centr i fugat ion,  the lower phase was taken 
to dryness in vacuum. The residue was dissolved 
in chloroform and applied to a silicic acid 
column (CC-7 Mallinkrodt,  St. Louis, MO) 
which was eluted with ch loroform,  ch lo ro fo rm/  

1.4 0.9 methanol  (8:1 ) and (4:1 ). Those fractions of  the 
14.5 14.5 8:1 eluate which contained diacyl phospha-  

1.8 1.6 
24.7 25.0 t idyle thanolamine  were combined  and chroma- 

9.5 9.9 tographed as a single spot on a TLC plate 
1.1 1.0 developed in ch lo ro fo rm/me thano l /wa te r  

19.0 19.9 (95:35:4) .  The recovery of  diacyl phospha- 
4.7  4 .7  
3.0 2.9 t idylchol ine and diacyl phosphatidyletlhanol- 

18.1 18.2 amine was 88-92% of  the amount  of  the lipid in 
the original lipid extract  as determined by the 
me thod  of  Wells and Di t tmer  (10). 

Methyl Ester Formation and 
Gas Liquid Chromatography 

The fatty acids of esterified lipids were 
t ransmethyla ted  by 0.5 M KOH in MeOH (11), 
and gas liquid chromatography (GLC) was 
per formed on a Hewlet t  Packard 102 equipped 
with a Hewlet t  Packard 3370A integrator .  The 
ins t rument  was opera ted  isothermal ly  at 180 C 
using 0.6 x 100 cm columns packed with 15% 
diethylene glycol succinate on 100/200 mesh 
Gas Chrom P (Alltech Associated,  Arlington 
Heights, IL). 

Formation of Diaeylglycerol Acetates 

Phospholipids were converted to diacylgly- 
cerols by hydrolysis  with phospholipase 12. Ten 
to 20 /.tmoles of  the purified lipid were dried 
under  ni t rogen and mixed with 2.0 ml diethyl  
ether  and 2.0 ml 0.02 M HEPES (pH 7.3). To 
this was added 10 I.U. Bacillus cereus phospho-  
lipase C (Calbiochem, La Jolla,  CA) and 10 / l l  
0.1 M ZnCI 2. The react ion mixture  was incu- 
bated at 37 C for 1 to 2 hr, with f requent  
mixing and was then ext rac ted  twice with 
pet ro leum ether.  

The crude diacylglycerols were acetylated 
essentially as described by Kuksis and Marai 
(12). Labeled acetic anhydride was diluted to a 
specific activity of  0.2 to 5 /JCi//amole with 
unlabeled acetic anhydride and a 10-100 fold 
molar  excess added to the diacylglycerol  in 
anhydrous pyridine. The reaction was incu- 
bated 1-2 hr at room tempera ture ,  then treated 
with methanol  to destroy the excess acetic 
anhydride.  After  addit ion of  water,  the diacyl- 
glycerol acetates were extracted with pe t ro leum 
ether  and purified on thin layer chromato-  
graphic plates developed in pet ro leum ether /  
diethyl e ther  (4:1).  The 1,2-diacylglycerol 

F a t t y  ac id  PC D A G A  PE D A G A  

14 :0  4 .2  3.9 
16 :0  51.1 51.6  
16:1 7.1 7 .0  
18:0  5.2 5.4 
18:1 18.1 18.6  
18:2  1.9 1.8 
2 0 : 4  6.3 6.3 
2 2 : 4  a 0 .9  0 .8  
2 2 : 5  . . . . .  
2 2 : 6  2 .8  2.7 

a T e n t a t i v e  i d e n t i f i c a t i o n  f a t t y  ac ids  c o m p r i s i n g  
less t han  0.5 mole  p e r c e n t  o m i t t e d .  Va lues  are the 
m e a n  o f  at  least  f o u r  d e t e r m i n a t i o n s .  

method  of  Bartlet t  (8) after digestion with 70% 
perchloric acid. 

Purification of Diacyl Phosphaticlylcholine 
and Diacyl Phosphatidylethanolamine 

Aliquots of the total  brain extract  were 
chromatographed  on DEAE (Reeve Angel, 
Clifton, N J) as described by Rouser et al. (9) to 
separate chol ine-containing phospholipids from 
ethanolamine-conta ining phospholipids.  

The column was eluted in succession with 
chloroform,  ch lo ro fo rm/methano l  12: 1, 
ch lo ro fo rm/methano l  9: 1, and ch lo ro fo rm/  
methanol  4:3. Separat ion was moni to red  by 
thin layer chromatography  (TLC) on Silica Gel 
G using the solvent system ch lo ro fo rm/  
m e t h a n o l / H 2 0  95:35:4 .  The ch lo ro fo rm/  
methanol  12:1 fractions which contained 
phosphat idylchol ine and sphingomyelin were 
combined and applied to a silicic acid column 
(CC-4 Mallinkrodt,  St. Louis, MO) and the 
column eluted in succession with ch lo ro fo rm/  
methanol  6:1,  3:1, and 1:1. Phosphat idylcho-  
line was eluted in the 3 : 1 fraction and chroma- 
tographed as a single spot  on TLC. 

The ch lo ro fo rm/me thano l  4:3 fractions 
from the DEAE column which contained the 
e thanolamine  phospholipids were combined  
and treated by a modif ica t ion  of a me thod  
described by Wells and Di t tmer  (10) to convert  
e thanolamine  plasmalogen to 2-acyl phospha- 
t idyle thanolamine.  Approx imate ly  100 /Jmoles 
of  lipid were taken to dryness under  ni t rogen 
then incubated 30 min at 37 C with 8.0 ml 
chloroform/methanol/O.025 M aqueous HgC12 
(5:11:4) .  After  cooling to room temperature ,  
2.0 ml isobutanol ,  6.8 ml ch loroform,  and 1.0 
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acetates were extracted from the silica gel by 
the method of Arvidson (13). 

Argentation Thin Layer Chromatography of 
Diacylgtycerol Acetates 

Separation of the diacylglycerol acetates 
into molecular species was carried out using a 
modification of the procedures described by 
Renkonen (14). Fifty grains of Silica Gel G 
were slurried into 100 ml H20 containing 5.0 g 
AgNO 3. The mixture was degassed and spread 
250 /l thick on 20 x 20 cm plates. After air 
drying 30 min in the dark, the plates were dried 
for 1.5 hr at 120 C. The cooled plates were 
stored for up to two weeks in the dark over 
dessicant. Five to 10 //moles of diacylglycerol 
acetate were applied to the plate about 1 cm 
from the bottom, then the plate was developed 
10 cm in chloroform/methanol (97:3). The 
plate wad dried under vacuum 15 min, then 
developed the full length in benzene/chloro- 
form (9: 1). The individual bands of lipids were 
visualized with ultraviolet light after spraying 
the plate with 0.02% DCF in methanol and 
aqueous 0.1% ANS, then scraped from the plate 
and the lipids eluted from the gel as described 
above. 

Analysis of Diaeylglycerol Acetate Fractions 

The relative mole percentage of each band 
was determined by drying an aliquot of the 
extract in a scintillation vial, then adding 10 ml 
Aquasol and counting in a Beckman LS-230 or 
LS-250 liquid scintillation spectrometer. GLC 
of hydrogenated diacylglycerol acetates from 
each band was performed following the proce- 
dure of Kuksis and Ludwig (15) with a tem- 
perature program of 2~ from 275 C to 315 
C using 1A" x 2' columns packed with 2.25% 
SE-30 on 60/80 mesh Chromabsorb W AW- 
PMCS (Alltech Associates, Arlington Heights, 
IL). Carbon numbers were determined by 
calibration with dipalmitoyl and distearoyl 
glycerol acetates prepared in the laboratory by 
K. Yabusaki. The fatty acid composition of 
each band was carried out as described above. 

R ESU LTS 

The validity of the results depends on three 
factors: 1) the recovery of the diacylphospho- 
lipids during purification; 2) the purity of the 
diacylphospholipids; and 3) conversion of the 
diacylphospholipids to diacylglycerol acetates 
without alteration in fatty acid composition. 
The basis for estimation of recovery was an 
analysis of the amount of diacylphosphatidyl- 
choline and diacylphosphatidylethanolamine in 
the original lipid extract (10). At all ages 

studied, the recovery was 88-92%. The diacyl- 
phosphatidylcholine was judged to be pure on 
the basis of a single spot on TLC and quantita- 
tive conversion to glycerophosphorylcholine by 
mild alkaline hydrolysis (10). The diacylphos- 
phatidylethanolamine also gave a single spot on 
TLC, contained less than 1% vinyl ether as 
judged by iodine titration, and was converted in 
95-98% yMd to glycerophosphorylethanol- 
amine by mild alkaline hydrolysis. Based on 
these data, diacylphosphatidylethanolamine 
contained less than 1% plasmalogen and 2-5% 
of the 1-0-alkyl ether analog. 

During phospholipase C treatment of both 
phospholipids, more than 95% of the phos- 
phorous became water-soluble, suggesting 
nearly quantitative hydrolysis. As shown in 
Table I, conversion of both phosphatidyl- 
choline and phosphatidylethanolamine to 
diacylglycerolacetates proceeds without signifi- 
cant alteration in fatty acid composition. These 
data show that there is no selectivity in the 
phospholipase C hydrolysis and no loss of 
polyunsaturated fatty acids during the acetyla- 
tion reaction and diacylglycerolacetate purifica- 
tion. 

Fatty Acid Composition of Diacyl 
Phosphatidylcholine and Phosphatidylethanolamine 

Tables II and III show the fatty acid compo- 
sition of diacyl phosphatidylcholine and 
phosphatidylethanolamine from rat brain 
during the first 3 weeks of development. These 
analyses represent quadruplicate determina- 
tions. The standard deviation was-+ 1% for 
major components and 0.2% for minor compo- 
nents. Considering the complex nature of 
changes occurring in brain during this period, it 
is surprising that the fatty acid composition 
changes so little. The most striking data in 
Tables II and III relate to the different amounts 
of 16:0 and 18:0 in phosphatidylcholine and 
phosphatidylethanolamine, and to the much 
higher content of polyunsaturated fatty acids in 
phosphatidylethanolamine compared to phos- 
phatidylcholine. These differences are main- 
rained throughout development. There is a 
tendency for the average chain length of both 
saturated and unsaturated fatty acids to in- 
crease during this period. 

Molecular Species Analysis 

The diacylglycerol acetates derived from 
phosphatidylcholine and phosphatidylethanol- 
amine were fractionated on the basis of unsatu- 
ration to determine the molecular species 
and fatty acid composition of each species in 6 
day old animals. These data are presented in 
Table IV. Calculation of the fatty acid compo- 
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TABLE II 

Mole Percent Fatty Acid Composit ion of Diacyl Phosphatidylcholine 
Isolated from Rat Brain 

Days after birth 

Fatty acid 3 6 9 12 15 18 21 

14:0 4.2 4.0 3.9 3.2 2.6 1.6 1.7 
16:0 50.5 51.3 53.8 51.7 51.0 50.2 46.7 
16:1 9.0 7.7 6.5 5.2 4.8 2.9 3.1 
18:0 5.1 5.2 6.0 6.5 7.2 9.5 10.1 
18:1 19.8 18.0 18.4 18.7 20.7 22.7 23.0 
1 8 : 2  1.5 1.9 1.9 2 .3  1.9 1.7 2 .0  
20:3 0.3 0.7 0.4 0.6 0.3 0.6 0.9 
20:4 5.6 6.1 6.0 7.0 7.4 6.1 7.0 
22:4 a 0.4 0.8 0.4 0.6 0.7 0.6 0.8 
22:6 2.1 2.0 1.7 2.3 2.4 2.3 2.6 

% Saturated 59.8 60.5 63.8 61.4 60.8 61.3 58.5 
Average chain length 16.03 16.06 16.04 16.11 16.15 16.26 16.29 
% Monounsaturated 28.8 25.7 24.9 23.9 25.5 25.6 26.1 
Average chain length 17.38 17.40 17.48 17.56 17.62 17.77 17.76 
% Polyunsaturated 9.9 1 I. 5 10.4 12.8 12.7 11.3 13.3 

aTentative identif icat ion - fatty acids comprising less than 0.5 mole percent omit ted.  
Values are the mean of at least four determinations.  

TABLE III 

Mole Percent Fatty Acid Composit ion of Diacyl Phosphat idylethanolamine 
Isolated from Rat Brain 

Days after birth 

Fatty acid 3 6 9 12 15 18 21 

14:0 0.9 1.2 0.9 1.0 1.0 1.1 1.0 
16:0 14.8 14.5 14.5 13.9 12.8 10.6 11.2 
16:1 1.8 1.8 1.6 0.9 0.8 0.7 0.5 
18:0 27.1 28.5 29.2 32.5 32.5 31.5 33.9 
18:1  10.9 10.6 10.6 11.0  11.5  14.4 14.1 
1 8 : 2  1.0 1.1 1.3 0 .7  1.1 1.4 0.8 
20:3 0.5 0.4 0.6 0.4 0.5 1.1 0.4 
20:4 l 8.2 19.5 20.0 19.2 18.6 16.4 15.7 
22:4 a 4.4 4.1 4.1 4.0 4.2 4.6 4.2 
22:5 2.8 1.7 1.4 1.1 1.1 1.1 0.9 
22:6 16.8 15.6 15.2 15.0 15.0 15.1 15.0 

% Saturated 42.8 44.2 44.6 47.4 46.3 43.2 46.1 
Average chain length 17.22 17.24 17.27 17.33 17.36 17.41 17.43 
% Monounsaturated 12.7 12.4 12.2 11.9 12.3 15.1 14.6 
Average chain length 17.72 17.71 17.74 17.85 17.87 17.91 17.93 
% Polyunsaturated 44.5 43.4 43.2 40.7 41.4 41.7 39.3 

aTentative identif icat ion - fatty acids comprising less than 0.5 mole percent omit ted.  
Values are the mean of  at least four determinations.  

s i t i o n  of  p h o s p h a t i d y l c h o l i n e  a nd  p h o s p h a -  
t i d y l e t h a n o l a m i n e  in  t h e  u n f r a c t i o n a t e d  s a m p l e  

b a s e d  on  t he  d a t a  o f  T a b l e  IV gave va lues  w h i c h  

a g r e e d  w i t h  t h o s e  o f  T a b l e s  II  a n d  I l I  w i t h i n  

10%; t h u s ,  n o  p r e f e r e n t i a l  loss  o f  a n y  f a t t y  

ac id s  o c c u r r e d  d u r i n g  m o l e c u l a r  s p e c i e s  a n a l y -  

sis. The  s a m e  a n a l y s i s  was  c a r r i e d  o u t  on  t h e  

l i p i d s  f r o m  3- a n d  9 - d a y - o l d  a n i m a l s ,  b u t  t h e  
d a t a  are e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  o b t a i n e d  

fo r  the  6 day  ra ts  a n d  are n o t  p r e s e n t e d .  
The  f a t t y  a c i d  c o m p o s i t i o n  o f  t he  v a r i o u s  

b a n d s  do  n o t  a l w a y s  c o r r e s p o n d  to  an i n t e g r a l  
n u m b e r  o f  d o u b l e  b a n d s .  Th i s  is e s p e c i a l l y  t r u e  

in  b a n d s  2 a n d  5 fo r  p h o s p h a t i d y l c h o l i n e  a n d  

b a n d  2 for  p h o s p h a t i d y l e t h a n o l a m i n e .  T h e s e  

are m i n o r  c o n s t i t u e n t s  a n d  m a y  n o t  be p u r e ,  o r  

t h e  p a r t i c u l a r  p a i r i n g  o f  f a t t y  ac id s  m a y  l e a d  t o  
t he  o b s e r v e d  s e p a r a t i o n .  H o w e v e r ,  t he  s e p a r a -  

t i o n  was  q u i t e  r e p r o d u c i b l e  w i t h  all  s a m p l e s .  
The  m o l e c u l a r  spec i e s  c o m p o s i t i o n  o f  

p h o s p h a t i d y l c h o l i n e  a n d  p h o s p h a t i d y l e t h a n o l -  

a m i n e  r e f l e c t  t h e  ove ra l l  f a t t y  ac id  c o m p o , d t i o n  
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PC AND PE MOLECULAR SPECIES 

of the lipid. Thus, the species of phosphatidyl- 
choline which contained 0 or 1 double bond 
account for over 75% of the total and the 
polyunsaturated species of phosphatidyl- 
ethanolamine containing 4, 5, or 6 double 
bonds account for over 85%. A striking feature 
of the molecular species analysis is the high 
palmitate content of the saturated species of 
phosphatidylcholine indicating that the major 
saturated species must be dipalmitoyl phospha- 
tidylcholine. 

Further information on the molecular 
species composition are given in Table V where 
the intact diglyceride acetates from each band 
are fractionated after hydrogenation on the 
basis of the number of carbons in the acyl 
chains. The major species of band 4 of phos- 
phatidylcholine contains 36 carbon atoms 
showing that 20:4 is paired with 16:0, and in 
band 6 the major species has 38 acyl carbons 
showing 22:6 to also be paired with 16:0. 
These same bands from phosphatidylethanol- 
amine show the major species of 20:4 to have 
38 carbon atoms while 22:6 has 40 carbon 
atoms showing that these acids are paired with 
18: 0. Over 70% of the saturated species contain 
32 acyl chain carbon atoms and, from the 
fatty acid composition of that band shown in 
Table IV, the only molecular species which can 
have 32 carbon atoms is palmitoyl-palmitoyl. 
Therefore, one can calculate that ca. 25% of the 
total molecular species of phosphatidylcholine 
is dipalmitoyl phosphatidylcholine. 

DISCUSSION 

Although the brain undergoes gross mor- 
phological changes in the cellular structures 
which contain lipids, the fatty acid composition 
of two major lipid components do not show 
a striking change. Our data on the fatty acid 
composition and changes in acyl content of 
phosphatidylcholine from whole rat brain are 
comparable to previous reports on whole 
brain (3), cerebrum (4,5) and brain microsomes 
(16). The high content of polyunsaturated fatty 
acids in diacylphosphatidylethanolamine is 
similar to other reports on the total ethanol- 
amine phosphoglycerides of brain. 

The high amount of dipalmitoyl phospha- 
tidylcholine is of interest because appreciable 
quantities of this molecular species have been 
found only in erythrocytes (17), brain (18), 
and lung (18,19). In lung, dipalmitoyl phospha- 
tidylcholine is the major lipid in the lung 
surfactant (2) while in brain a species con- 
taining 32 acyl carbon atoms has been found in 
nerve endings and 15,000 x g supernatant 
(30%), mitochondria (20%), and myelin (10%) 
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TABLE V 

Mass Distribution by Carbon Number a of  the Molecular Species of Phosphatidylcholine 
and Phosphat idylethanolamine from Developing Rat Brain at 6 Days.after Birth 

Band b Mole b % 2 8  % 3 0  % 32  % 34  % 3 6  % 3 8  % 40  % 4 2  % 44  

Phosphatidylcholine 0 36.1 1.8 15.4 72.4 10.4 
1 40.8 2.0 25.1 65.9 7.0 
2 5.8 3.3 14.9 48.4 33.4 
4 10.3 3.3 55.1 36.7 4.9 
5 2.2 19.6 46.1 29.1 5.2 
6 4.8 5.9 60.6 28.7 4.8 

Phosph at idyleth anolamine 0 1.1 16.1 28.7 55.2 
1 8.6 10.I 10.5 79.4 
2 3.8 4.5 20.2 70.3 5.0 
4 40.9 1.4 16.0 72.5 8.6 1.5 
5 8.9 6.8 58.1 32.0 3.1 
6 36.5 0.8 37.0 54.9 5.3 2.0 

aCarbon number  refers to the number  of  fat ty acyl carbon atoms. 
bBand number  refers to the number  of double bonds found in the predominant  species. 

(20). Although there is no information con- 
cerning the role of dipalmitoyl phosphatidyl- 
choline in the brain, it is interesting to note 
that the tissues in which appreciable amounts 
of this species are found are involved in oxygen 
uptake, oxygen transport, and high oxygen 
utilization. 

During the period from 3 to 9 days, the 
fatty acid and molecular species composition of 
phosphatidylcholine and phosphatidylethanol- 
amine do not change significantly. There 
is a net synthesis of 11 /.tmoles/brain of phos- 
phatidylcholine and 4 /.tmoles/brain of phos- 
phatidylethanolamine in this time period, yet 
the striking difference between the molecular 
species composition of these lipids are main- 
tained. These results raise some interesting 
questions about the biosynthesis of these 
compounds in brain. The predominant pathway 
involves a common intermediate, diacylgly- 
cerol. Whether the CDP-choline or CDP- 
ethanolamine transferases have the required 
specificity to generate such differences in 
molecular species composition or whether some 
form of compartmentation exists are unknown. 
Other reactions such as deacylation-reacylation 
could also be involved but have not been 
studied in detail in brain. Based on the results 
reported here, it would appear that a detailed 
investigation of the de novo synthesis of 
phosphatidylcholine and phosphatidylethanol- 
amine in developing rat brain would provide 
some new insights into the control of the fatty 
acid composition of phospholipids. 
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Differential Alteration of A9 and A6 Desaturation of Fatty 
Acids in Rat Brain Preparations in vitro 
H.W. COOK, Departments of Pediatrics and Biochemistry, and Atlantic Research Centre 
for Mental Retardation, Dalhousie University, Halifax, Nova Scotia B3H 4H7 

ABSTRACT 

Developing rat brain has the capacity for either A9 or A6 dLesaturation of fatty acids. In liver, 
evidence supports the existence of separate enzymes for each reacl;ion, but it is not known whether in 
brain A9 or A6 desaturation of saturated fatty acids involves distinct enzymes. We have used fatty 
acids, including the cyclopropene fatty acid, sterculJc acid, to alter desaturation activities with 
substrates that are desaturated predominantly in the A9 position or in the A6 position. In addition, 
differential alteration of desaturation of palmitic acid, a substrate that can be desaturated in either 
the A9 or A6 positions by brain preparations from neonatal rats, was examined. Sterculate reduced 
~9 desaturation of palmitate 80-90% but reduced A6 desaturation only 35%. In contrast, linoleic acid 
preferentially reduced A6 desaturation of palmitate. Thus, 2x9 desaturation of saturated fatty acids 
appears to be catalyzed by an enzyme or enzyme site distinct from that for 2x6 desaturation. Ac- 
cordingly, these activities may be independently regulated during crucial stages of brain development. 

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

The developing brain has a significant 
capacity, particularly in the neonatal period, 
for desaturation of the essential fatty acids, 
linoleic (18:2(n-6)) and linolenic (18:3(n-3)) 
acids (I)  and of  the saturated fatty acids, 
palmitic. (16:0) and stearic (18:0) acids (2,3). 
Analyses of the positions of  the inserted double 
bond have shown that with 18:2(n-6) and 
18:3(n-3) as substrates, desaturation occurs 
almost exclusively at the A6 position; with 
saturated fatty acids as substrate, desaturation 
at the A9 position generally predominates but 
with fetal and neonatal rat brain preparations, 
as much as 60% of the observed monoene 
formation from 16:0 may be from A6 desatura- 
tion. On the basis of  observed developmental 
changes, we postulated (3) that A6 desaturation 
activity with 16:0 may be due to the enzyme 
system that primarily desaturates essential fatty 
acids but which also has activity with saturated 
acids. 

In liver, evidence from several experimental 
approaches supports the existence of separate 
enzymes for A9 and A6 desaturation. A num- 
ber of dietary, hormonal, physical and chemical 
manipulations alter the activities of  A9 and A6 
desaturations differently. For example, high 
carbohydrate stimulates 219 but decreases 216 
desaturation, whereas high protein stimulates 
216 and has relatively little effect on A9 desatu- 
ration (4). However, to compare ix9 and 216 
activities of  brain using similar approaches is 
not practicable as lipid synthesizing enzymes of 
developing and mature brain are not altered 
significantly by such dietary and hormonal 
changes that markedly alter liver activity (5,6). 
Accordingly, an alternate approach is necessary 
to permit comparison of these enzymes in 

brain. 
Alteration of  desaturation activities with 

both saturated and polyunsaturated fatty acids 
by other fatty acids that compete for or inter- 
fere with desaturation processes has been 
demonstrated with preparations from liver 
(7-10) but not with brain preparations in vitro. 
The cyclopropene fatty acid, sterculic acid, has 
been shown to be a highly specific inhibitor of 
A9 desaturation in numerous systems in vitro 
(11-14) and[ in vivo (15-17). In the present 
study, we have tested sterculate and other fatty 
acids as modulators of A9 and A6 desaturation 
by rat brain in vitro to determine whether 
differential alteration of  activities could provide 
further evidence that distinct enzyme sites exist 
for these two reactions in the central nervous 
system. 

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

Materials 

[ 1-14C] Stearoyl-CoA, and linoleic acid 
(50-60 mCi/mmol) were obtained from NEN 
Canada, Lachine, Canada and [ 1-14C] palmitic 
and linolenic acids (50-55 mCi/mmole) from 
Amersham, Don Mills, Ontario, Canada. Radio- 
purity determined by argentation thin layer 
chromatography (TLC) and radio gas liquid 
chromatography (GLC) of the methyl esters 
(3) was more than 98% for all acids. Sterculate 
methyl ester and dihydroxysterculic acid were 
obtained from Supelco, Inc., Bellefonte, PA. 
The stercu]tate methyl  ester was converted 
to the free acid by saponification and acidifica- 
tion observing the precautions outlined by James 
et al. (11). Other fatty acids and lipid standards 
were obtained from Serdary Research labora- 
tories, London, Ontario, Canada; Supelco, Inc., 
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FIG. 1. Alteration of desaturation in brain homog- 
enates by sterculic and dihydrostelculic acids. Various 
concentrations of the test acids were preincubated 
for 5 min with cofactors and rat brain preparation be- 
fore initiation of the desaturation assay by addition of 
substrate: & . . . . . .  A sterculic acid with 25 ~zM [1-14C]- 
18:2(n-6); o o dihydrosterculic acid with 50 
~M [ 1-14C] stearoyl-CoA; = - -  �9 sterculic acid 
with 50 ~M [ I-1'+C] paimitic acid; �9 �9 sterculic 
acid with 50 ~zM [1-14C] stearoyl-CoA. The bar repre- 
sents standard deviation for 9 separate determinations. 
All other values are the average of duplicate determi- 
nations. 

Bel lefonte ,  PA; or  Appl ied  Science Labora to r i e s  
Inc.,  Sta te  College, PA. CoA and  pyr id ine  
nuc leo t ides  were ob t a ined  f rom Sigma Chemi-  
cal C o m p a n y ,  St. Louis,  MO. 

Wistar ra ts  of  e i t he r  sex f rom our  ow n  
inbred  co lony  were used.  H o m o g e n a t e s  and  
mic rosomes  were p repared  as descr ibed previ- 
ously (1). P ro te in  c o n t e n t  was d e t e r m i n e d  b y  
the  m e t h o d  of  Lowry  et al. (18).  

Methods 

Unless o therwise  specified,  the  i n h i b i t o r y  
f a t ty  acids were suspended  in 0 .05% Tr i ton  
W R 1 3 3 9  and  were p r e i n c u b a t e d  wi th  0.2 mM 
C o e n z y m e  A, 2 mM MgC12, 2 mM ATP, 0.5 
mM NADH,  0.1 M p h o s p h a t e  bu f f e r  at pH 7.4 
and  1 to 3.5 mg of  h o m o g e n a t e  or  mic rosoma l  
p ro t e in  for  5 min  at 37 C. C on t r o l  tubes ,  
w i t h o u t  the  tes t  f a t ty  acid p resen t  b u t  w i th  
equ iva len t  a m o u n t s  of  all o t h e r  c o m p o n e n t s ,  
were p r e i n c u b a t e d  similarly.  The  d e s a t u r a t i o n  
assay was t h e n  in i t i a t ed  by  add i t ion  of  [ 1-I4C] - 
f a t t y  acid subs t ra te  (50  ArM for  s tea roy l -CoA 
and  pa lmi t a t e  and  25 /~M for  all o t h e r  sub- 
s t ra tes)  suspended  in 0 .05% Tr i ton  WR1339 .  
Af te r  10 min,  the  r eac t ion  was s t opped  wi th  
KOH in m e t h a n o l ,  t he  r eac t ion  m i x t u r e  was 
saponif ied ,  acidif ied and  ex t rac ted ,  and  the  

T A B L E  I 

A l t e r a t i o n  o f  D e s a t u r a t i o n  o f  V a r i o u s  
S u b s t r a t e s  b y  S t e r c u l i c  A c i d  

S u b s t r a t e  
c o n c e n t r a t i o n  R e d u c t i o n  a 

S u b s t r a t e  (~tM) % 

1 8 : 0  C o A  25 95 .1  
50  87 .3  -+ 10 .2  b 

1 6 : 0  c 25 6 2 . 0  
50  58 .7  

1 6 : 0  d 
25 4 6 . 3  
50  27 .5  

1 8 : 2 ( n - 6 )  12 2 4 . 4  
25 15 .2  

1 8 : 3 ( n - 3 )  30  5.2 

2 0 : 3 ( n - 6 )  25 35 .6  
50  7.7 

( r a t e  w i t h  50  # M  s t e r c u l i c  ac id  p r e s e n t )  
a t 0 0  [ r a t e  w i t h  n o  i n h i b i t o r  ac id  p r e s e n t  x 

100]. 
bMean +- S.D. for 9 determinations. Other values 

are means of duplicate determinations. 
Clncubated with brain homogenates from t0-day- 

old rats. 
dlncubated with brain homogenates from newborn 

rats (less than 36 hr). 

f a t ty  acids were m e t h y l a t e d  wi th  diazo- 
m e t h a n e .  F a t t y  acid m e t h y l  esters  were sepa- 
ra ted  on  a rgen ta t ion  TLC, and  the  p r o d u c t  was 
q u a n t i t a t e d  by  l iquid sc in t i l la t ion  count ing .  
Details of  the  assay have been  pub l i shed  previ- 
ously  (1). 

Fo r  q u a n t i t a t i o n  of  m o n o e n o i c  i somers  
f o r m e d  f rom [ 1-14C] pa lmi t i c  acids, i ncuba-  
t ions  were for  30 rain.  The  m o n o e n e  f r ac t ion  
was isola ted by  a rgen ta t i on  TLC, checked  for  
pur i ty  by  radio GLC, and  sub jec ted  to per iod-  
a t e -pe rmangana te  ox ida t ion .  P ropy l  esters of  
the  [14C] d icarboxyl ic  acids f o r m e d  as oxida-  
t ion  p roduc t s  were q u a n t i t a t e d  by  radio  GLC. 
This  p rocedure  was descr ibed in detai l  else- 
where  (3). 

RESULTS 

U n d e r  the  c o n d i t i o n s  used for  the  assay of  
de sa tu r a t i on  act ivi ty ,  t he  a m o u n t  of  p r o d u c t  
fo rmed  was d i rec t ly  p r o p o r t i o n a l  to  t ime  and  
p ro te in  c o n c e n t r a t i o n  for  all subs t ra tes  excep t  
p a l m i t a t e ;  for  the  la t ter ,  30  min  i n c u b a t i o n s  
were used to ensure  adequa te  genera t ion  of 
m o n o e n e  for  f u r t h e r  i somer  analysis.  C o e n z y m e  
A, ATP, MgC12 and  NADH were requi red  for  
de sa tu r a t i on  of  the  f a t ty  acid subst ra tes .  Using 
s tearoyl -CoA as subs t ra te ,  i t  was shown  tha t  all 
of  these  cofac tors  were necessary  for  modu la -  
t ion  of  de sa tu r a t i on  act ivi ty  b y  the  c o m p e t i t o r  
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fa t ty  acids, even when the substrate was in the 
activated form. Whole brain homogenates  were 
used as the preferred source of  desaturase 
enzyme  since microsomes contained only 30% 
of  total  homogena te  act ivi ty with neonata l  
brain (1); however,  in cases where microsomes 
were tested, results obtained were similar to 
those observed with crude homogeantes .  

Inhibition by Stereulic and 
Dihydrosterculic Acids 

Desaturat ion of  s tearoyl-CoA and palmit ic  
acid by rat brain homogena te  was markedly  
reduced by 50 /aM sterculic acid (Fig. 1). In 
contrast ,  desaturat ion of  l inoleic acid was 
lowered less than 25% at all concent ra t ions  of  
sterculate tested. Dihydrosterculate ,  the cyclo- 
propane analogue of  sterculate,  was approxi-  
mately  half as effect ive as modu la to r  of  stea- 
royl-CoA desaturat ion producing less than 
45% reduct ion  in activity, even at 100 /aM. 
Sterculate inhibi t ion of  desaturat ion of  
s tearoyl-CoA and palmitic acid was greater at 
lower  concentra t ions  of  substrate (Table I). 
Reduc t ion  of  palmitate  desaturat ion activity 
was appreciably greater with brain preparat ions 
f rom 10-day-old rats than with those f rom 
neonatal  rats. Inhibi t ion of  desaturat ion of  
linoleic, l inolenic or icosatr ienoic acids by 
sterculic acid was much less than inhibi t ion of  
desaturat ion of  the saturated acids, even at 
low concent ra t ions  of  substrate. 

Modulation by Linoleic Acid 

As sterculate and dihydrostercula te  were no t  
effect ive in altering the activity of  desaturat ion 
o f  l inoleic or l inolenic acids, we investigated 
whether  o ther  acids might  be more useful wi th  
these substrates. Linoleic acid was an effective 
inhibi tor  of  desaturat ion of  l inolenic acid (Fig. 
2A). Preincubat ion of  the enzyme  and co- 
factors in the absence of  18:2 depressed overall 
desaturat ion act ivi ty by as much  as 50% at 37 C 
and 40% at 30 C, but  it also appreciably en- 
hanced the observed reduct ion  of  desaturat ion 
in the presence of  18:2 (Fig. 2B). 

To  ensure that  the  al terat ion of desaturat ion 
observed with unsaturated fat ty acids as sub- 
strates was not  due to impurit ies such as 
peroxides  or  o ther  oxida t ion  products ,  two  
suspensions of  18:2(n 6) f rom different  
suppliers were freshly prepared.  In all cases, 
precaut ions were taken to avoid oxidat ion.  
Results with all preparat ions were similar 
to those shown in Figure 2. 

Differential Alteration of Palmitie 
Acid Desaturation 

When palmit ic  acid was incubated with brain 

100- 

80- 

z 60- 

z0 

A 

1~o z~0 360 

B 

ioo z60 360 
CONCENTRATION OF 18:2 t p M ]  

FIG. 2. Effect of substrate concentralion and pre- 
incubation on the alteration of [1A'~C]18:3(n-3) 
desaturation by 18:2(n-6). A. Various concentrations 
of the test acid 18:2(n-6) were preincubated at 30 C 
for 5 rain with cofactors and brain homogenate from 
3-4-day-old rats. Desaturation assays were initiated by 
addition of: X X , , ~  #M [1-1'4C118:3(n-3); 
�9 a. 25 gM [1-1 C118:3(n-3);o o 
50 gM [1-14C] 18:3(n-3). B. 18:2(n-6) was preincu- 
bated with brain preparation and cofactors for 5 min 
at 37 C ( ~ - - ~ )  or 5 min at 30 C ( �9  before 
initiation of the assay by addition of 25 ~V/[1-~'~C]- 
18:3(n-3). For "---A, there was no preincubation of 
enzyme and test acid; i.e., reaction was initiated by 
addition of the enzyme preparation to a mixture of 
the cofactors, test acid and substrate acid. 

homogena tes  f rom newborn  to 3-day-old rats, 
35-40% of  1Lhe monoeno ic  product  formed had 
the double bond in the A6 posi t ion (Table II). 
Sterculic acid specifically reduced A9 desatura- 
t ion of  palmitate  by 80-90%, whereas A6 
desaturat ion was lowered less than  35% under  
these condit ions.  In distinct contrast ,  when 
l inoleic acid was used as modula tor ,  A6 desatu- 
rat ion of  palmita te  was preferent ial ly  lowered,  
al though a significant reduc t ion  o f  A9 desatura- 
t ion also occurred.  

DISCUSSION 

Desaturat ion of  fa t ty  acid substrates in vitro 
involves bo th  act ivat ion of  the  fat ty acid to 
fa t ty  acyl-CoA derivative and an oxygen-  and 
reduced pyridine nuc leo t ide-dependend desatu- 
ration. Al though slight reduct ion  o f  act ivat ion 
may occur  in our  assay system, the  al terat ions 
measured in this s tudy occur  primari ly at the 
desaturat ion step. This clearly must be the case 
wi th  s tearoyt-CoA as substrate and must  also be 
responsible for the shift in monoeno ic  products  
fo rmed  from palmita te  in the presence of  
sterculate and l inoleate.  Several previous studies 
in our  labora tory  have indicated that  acyl 
act ivat ion is a relatively rapid process in de- 
veloping brain and is not  rate l imit ing to 
desaturat ion under  most  circumstances (1,19). 
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TABLE II 

Differential Alteration of Desaturation of Palmitic 
Acid in the A6. or ~9-Position 

z~6-Desaturation A 9-Desaturation 

Concentration Total product Reduction Reduction 
Test acid (gM) pmoles/mg a pmoles/mg a % pmoles/mg a % 

None 0 357 4, 64 b (14)  131 4, 20 (14) 0 226 4- 55 (14) 0, 

Sterculic acid 50 c 37 30 37 7 91 
100 152 96 27 56 75 
200 140 87 34 50 78 

18:2(n-6) 50 150 33 75 117 48 
100 114 17 87 97 57 
200 95 4, 7 (8) 11 +- 2 (8) 92 84 -+ 12 (8) 63 

aln each case, incubation of substrate in the presence of enzyme, cofactors and the test acid was continued 
for 30 min to allow optimal accumulation of product for further analysis. Values are expressed as product 
formed in 30 min. 

bMean 4, S.D. for the number of independent determinations indicated in parentheses. All others are averages 
of duplicate determinations. 

CFor this experiment only, brain homogenate was preincubated with inhibitor for S min. Total produbt with 
preincubated control was 126 pmoles/mg. In all other cases, test acid, substrate, and cofactors were prernixed 
and reaction was initiated by addition of the enzyme preparation. 

On the  o t h e r  h a n d ,  i t  is ev iden t  t ha t  ac t iva t ion  
of  the  c o m p e t i t o r  fa t ty  acids was requ i red  for  
t h e m  to be  effect ive  as modu la to r s .  Pre incu-  
ba t ion  o f  the  test  acid, e n z y m e  p repa ra t ion ,  
and cofac tors  be fore  in i t i a t ion  of  the  desatura-  
t ion  assay appa ren t ly  al lowed suff ic ient  acti-  
va t ion  o f  the  c o m p e t i t o r  f a t ty  acid and  poss ib ly  
p e r m i t t e d  i n t e r ac t i on  of  t he  f a t ty  acyl-CoA 
wi th  t he  desa tu ra t i on  site of  t he  e n z y m e  before  
add i t i on  of  [ 1-14C] subs t ra te .  

The  cyc lop ropene  fa t ty  acid, s tercul ic  acid, 
is k n o w n  f rom m a n y  s tudies  to  be an  effect ive  
i n h i b i t o r  o f  A9 d e s a t u r a t i o n  and  to increase  
steafic acid and  reduce  oleic acid levels in 
t issues of  m a n y  species (11-17) .  Clearly,  t he  A9 
desa tu ra t i on  act ivi ty of  b ra in  is s t rongly  re- 
duced  by s te rcula te ,  appa ren t ly  by  compe t i t i ve  
i nh ib i t i on ,  whereas  A6 desa tu ra t i on  is r educed  
only  slightly. The  slight i n h i b i t i o n  o f  A6 
de sa tu r a t i on  t h a t  we observed  m ay  be due to 
nonspec i f i c  or  de te rgen t  ac t ion  o f  s te rcula te  or  
its CoA th ioes t e r  (13).  I t  appears  t h a t  s te rcula te  
does  n o t  cross the  b lood-bra in -ba r r i e r  at detec-  
t ib le  levels (17).  However ,  despi te  the  possi- 
bi l i ty  t h a t  i n h i b i t i o n  o f  A9 de s a t u r a t i on  m a y  be  
o f  m i n o r  s ignif icance for  b ra in  in vivo, s tercu-  
late is a valuable  p robe  for  d i f fe ren t ia l  al tera-  
t ion  o f  d e s a t u r a t i o n  in vi t ro  as d e m o n s t r a t e d  in 
this  s tudy.  

The  f o r m a t i o n  of  m o n o u n s a t u r a t e d  f a t t y  
acids by  ox ida t ive  de s a t u r a t i on  in bra in  involves 
e n z y m a t i c  reac t ions  t h a t  i n t r o d u c e  doub le  
b o n d s  at  the  A9 and  A6 pos i t ions  (3,20) .  These  
de sa tu r a t i on  reac t ions  coup led  wi th  chain  
e longa t ion  and  f l -oxidat ion can accoun t  for  all 
observed m o n o e n o i c  i somers  in developing  and  

m a t u r e  brain.  In an  a t t e m p t  to  deter:mine 
w h e t h e r  the  processes  of  A9 and  A6 desatura-  
t ion  involved in m o n o e n e  f o r m a t i o n  in: b ra in  
migh t  be regula ted  i n d e p e n d e n t l y ,  we have 
d e m o n s t r a t e d  t h a t  A9 and  A6 desa tu ra t i on  can 
be  d i f ferent ia l ly  al tered.  The  cyc lop ropene  
acid,  s tercula te ,  r educed  A9 desaturat iora to  a 
m u c h  grea ter  e x t e n t  t h a n  A6 d e s a t u r a t i o n ;  w i th  
l inoleic  acid as a m o d u l a t o r ,  t o t a l  m o n o e n e  
f o r m a t i o n  was similarly reduced ,  b u t  in con-  
t ras t ,  A6 d e s a t u r a t i o n  was p re fe ren t ia l ly  
reduced .  Thus,  i t  appears  t h a t  A9 d e s a t u r a t i o n  
of  sa tura ted  f a t t y  acids is ca ta lyzed  b y  an  
e n z y m e  or  e n z y m e  site d is t inc t  f rom tha t  for  
A6 desa tu ra t ion .  

The  relat ive i m p o r t a n c e  of  f o r m a t i o n  o f  
d i f fe ren t  m o n o e n o i c  i somers  as the  bra in  
develops  is no t  clear. I somer  analyses Of the  
f a t ty  acids of  b ra in  at  var ious  ages have s h o w n  
tha t ,  in  add i t ion  to m o n o e n e s  f o r m e d  by 
A9-desa tu ra t ion  and  chain  e longa t ion  ( the  (n-9) 
and (n-7) families),  large quan t i t i e s  of  m o n o -  
enes  fo rmed  b y  A6-desa tu ra t i on  and  e longa t ion  
( the  (n-10)  and  (n-12)  famil ies)  accumula t e  in  
fetal  and  n e w b o r n  bra in  and  even i n  adul t  
animals  a c c o u n t  for  ca. 12% of  the  16-~arbon 
m o n o e n e  (19).  How i somer  c o m p o s i t i o n  affects  
t he  s t ruc tu re  and  f u n c t i o n  o f  b ra in  m e m b r a n e s  
r emains  obscure ,  bu t  i t  seems p robab le  t ha t  
appropr i a t e  ba lance  of  these  i somers  may  be  
requ i red  for  n o r m a l  d e v e l o p m e n t  and  m a i n t e n -  
ance  of  f u n c t i o n  in the  brain.  The  fact  t t iat  the  
t wo  de sa tu r a t i on  sys tems involved i n  the i r  
f o r m a t i o n  can be  d i f fe ren t ia l ly  a l tered in vi t ro ,  
suppor t s  the  poss ib i l i ty  t h a t  in  v i v o r t h e s e  
e n z y m e  activit ies may  be i n d e p e n d e n t l y  regu- 
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la ted du r ing  crucia l  stages o f  b r a in  d e v e l o p m e n t  
to  m o d u l a t e  t he  types  of  m o n o e n o i c  i somers  
available for  m e m b r a n e  synthes is .  

Whe the r  A6 act iv i ty  observed  wi th  sa tura tes  
is due  to t he  same e n z y m e  sys tem t h a t  acts  on  
essential  f a t t y  acids, as previous ly  suggested (3),  
mus t  await  f u r t h e r  c lar i f icat ion.  However ,  
ev idence  does ind ica te  t ha t  th is  m a y  be so. For  
example ,  A6 act iv i ty  w i th  e i t he r  sa tu ra ted  (3)  
or  u n s a t u r a t e d  (1) f a t ty  acid subs t ra tes  is 
greates t  in  the  fetal  and  n e w b o r n  per iod  and  
the  decl ine in act ivi ty w i th  b o t h  classes of  
subs t ra te  a f te r  5 days  of  age is m u c h  grea ter  
t h a n  t ha t  observed  for  t he  A9 sys tem (5).  In 
add i t ion ,  the  da ta  f rom t he  p resen t  s t u d y  are 
c o m p a t i b l e  wi th  this  since the  response  o f  A6 
d e s a t u r a t i o n  o f  pa lmi t a t e  to  s tercula te  and  
l inolea te  was as p red ic ted  f rom the  invest iga-  
t ions  wi th  l ino lena te  as subs t r a t e  for  desatura-  
t ion .  Thus ,  it seems p robab l e  t h a t  these  ac- 
t ivi t ies  m a y  reside in the  same enzyme ,  bu t  
more  direct  inves t iga t ions  are requ i red  to  
e s t ab l i sh  this  conclusively.  

To summar ize ,  us ing  in v i t ro  m e a s u r e m e n t  
of  f a t ty  acid de sa tu r a t i on  by  developing  ra t  
bra in ,  we have s h o w n  tha t  several f a t ty  acids 
can be  used to a l ter  A9 and  A6 de s a t u r a t i on  
di f ferent ia l ly .  This  suggests t ha t  A9 desatura-  
t i on  of  s a tu ra t ed  fa t ty  acids m a y  be  ca ta lyzed  
by  an e n z y m e  or  e n z y m e  site d is t inc t  f r om t h a t  
for  A6 desa tu ra t ion .  Accord ingly ,  these  ac- 
t ivit ies may  be i n d e p e n d e n t l y  regula ted  dur ing  
crucial  stages of  b ra in  deve l opm en t .  
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ABSTRACT 

Safflower oil and its distilled methyl esters were thermally oxidized and fed to young chicks in a 
vitamin E deficient diet. At a dietary level of 10%, the oxidized lipids caused more severe nutritional 
encephalopathy (NE) than the unoxidized methyl esters, indicating that factors other than dietary 
linoleic acid and vitamin E affect the development of NE. A polar lipid extract from oxidized methyl[ 
esters accelerated the induction of NE, as did the synthetic methyl esters of keto-octadecenoic and 
keto-octadecadienoic acids. Dicumarol exerted a protective action against NE. The possibility is dis.- 
cussed that conjugated keto-polyenoic fatty acids, provided by oxidized oils or formed endogenously 
in vitamin E deficiency, may play a role in causing NE. 

INTRODUCTION 

Nutr i t ional  encepha lopa thy  (NE),  be t te r  
k n o w n  as encephalomalacia ,  is induced  in 
young  chicks by diets def ic ient  in a - tocophe ro l  
and conta ining po lyunsa tu ra ted  fa t ty  acids 
(1). The disease is character ized by degenerative 
changes mainly in the cerebel lum,  accompan ied  
by ataxia, p ros t ra t ion ,  and death.  Ultrastruc-  
tural changes in the cerebella of  chicks af fec ted  
wi th  NE have been described by various authors  
(for  a brief  review, see ref. 2). The dietary lipid 
causing NE is linoleic acid or its esters, whereas 
derivatives of  l inolenic acid are inactive (3-5). 

Autoxid ized  po lyunsa tura ted  oils have 
occasionally been used to induce NE in chicks 
(4,5), arm ~ve found  thermal ly  oxidized saf- 
f lower oil to  be very effective for  tha t  purpose  
(2,6,7). 'The ~- tocophero l  level of  such oil is 
greatly reduced whi le  the linoleic acid c o n t e n t  
is still high. Since the t r ea tmen t  of  the  oil 
results in the accumulat ion of  oxida t ion  
products ,  the ques t ion  ar i ses  whe the r  or no t  
some of  these p roduc t s  may  play an active role 
in causing NE. The evidence p resen ted  in this 
repor t  poin ts  in this direct ion.  

MATERIALS AND METHODS 

Animals and Feeds 

Day-o~d crossbred New Hampshire  X White 
Leghorn male chicks were h o u s e d  in t he rmo-  
statically hea ted  bat tery  brooders  with raised 
wire floors and had free access to water  and 
feed.  

The compos i t ions  of  the two  vi tamin E 
def icient  diets are p resen ted  in Table I. The 

1Mention of firm names or trade products  does  
not  imply endorsement  or recommendation by the 
Department of Agriculture over other firms or similar 
products not mentioned. 

diets con ta ined  4 or 10% lipids, and the compo-  
si t ion was adjusted so as to ensure a cons tan t  
ratio of  metabol izable  energy to pro te in .  The 
linoleic acid in these diets was provided by 
distilled saff lower  me thy l  esters or by thermal ly  
oxidized saff lower  oil or me thy l  esters, pre- 
pared as described below. The diets con ta ined  
0.005%, 2,6-di-tert.-butyl-4-methylphenol 
(BHT), a level o f  an t iox idan t  which ensured the 
stabil i ty of  the dietary linoleic acid and ~-toco-  
phero l  for  over a week at room tempera ture .  
During the exper iments ,  the diets were kept  at 
-18 C and dispensed daily. 

Dietary Lipids 

Ref ined  edible saff lower  oil was purchased  

TABLE I 

Composition of Diets 

Ingredient Percent 

Lipid a 4.00 10.00 
Extracted soybean meal 52.00 5(5.00 
Cellulose 1.00 3.00 
D,L-methionine 0.14 0.15 
Mineral mix b 4.00 4.00 
Vitamin mix c 0.50 0.50 
BHT d 0.005 0.005 
Glucose monohydrate 38.36 26.35 

aSafflower oil or safflower methyl esters. 
bSupplying per kg feed: dicalcium phosphate 28 g; 

l imes tone  7 g; NaCI 3.5 g; MnSO4"H20 370 mg; 
ZnCO 3 145 rag; ferric citrate 165 rag; CuSO4-5H20 
11.8 rag; KI 2.35 mg; and CoCl2~ 1.21 mg. 

CSupplying per kg feed: vitamin A 3000 U; vitamin 
D 3 200 U; menadione sodium bisulfite 1 mg; thiamine 
3.6 mg; riboflavin 7.2 mg; Ca pantothenate 20 mg; 
niacin 55 mg; pyridoxine 6 rag; biotin 0.2 mg; folie 
acid 2.4 rag; vitamin B12 0.02 mg-choline chloride 
1.3 g. These amounts were premixed with 21.6 g 
glucose monohydrate. 

d2,6-di-tert, butyl-4-methylphenol. 
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TABLE II 

Effect of Thermally Oxidized Safflower Oil (SO-24) a and Freshly 
Distilled Safflower Methyl Esters (ME-0) on Nutritional Encephalopathy b 

769 

Analysis of lipids Incidence per 20 chicks 

Dietary lipids a-Tocopherol Linoleic acid Ataxia Mortality 

P,g/g % 
At 3 weeks 

SO-24 4% 10-20 60-65 7 5 
ME-SO 4% 5-12 70-76 15 9 

At 2 weeks 

SO-24 10% 12 11 
ME-0 10% 8 1 

aSafflower oil aerated at 145 C for 24 hr. 
bThe lipids were fed from hatching at the levels indicated. 

f rom Shemen Ltd.,  Halfa and f rom Teth-Beth 
Ltd., Petah-Tikva. Different  batches conta ined 
f rom 71 to 76% linoleic acid and ca. 350 pg 
a- tocopherol /g .  Methyl  esters were prepared 
from the oil by a modif ica t ion  of  the trans- 
methy la t ion  procedure  of  Har tman (8), fol- 
lowed by vacuum distillation. 

Thermal  oxidat ion  of  safflower oil and 
distilled methy l  esters was done by heat ing 
batches of  1-2 kg to 145 C -+ 2 C under  a stream 
of air (0.5 1/min). The length of  the thermal  
t r ea tment  was 24 hr  for the oil and 3 hr  for the 
esters. The fol lowing abbreviat ions were used: 
SO-24 for the oxidized oil; ME-3 for the 
oxidized me thy l  esters; and ME-0 for the 
fresh methy l  esters. 

A crude extract  of  polar  lipids was prepared 
f rom thermally oxidized methyl  esters by 
repeated par t i t ion between hexane and 90% 
(v/v) ethanol,  using six separatory funnels 
arranged in countercur ren t  fashion. The final 
e thanolic  extract  was concent ra ted  under  
reduced pressure and ext rac ted  with ethyl  
ether. The yield of  polar  lipids averaged 6%. 

Methyl  esters of  conjugated keto-octa-  
decenoic acid and keto-octadecadienoic  acid 
were prepared from methy l  oleate and lino- 
leate, respectively,  as described elsewhere (9). 
The oleate-derived product  contained 96% 
conjugated ke to  esters consisting of  an isomeric  
mixture  of  methy l  8-, 9-, 10-, and l l -oxo-  
oc tadecenoate .  The l inoleate-derived product  
contained 91% keto-dienes consisting mainly of  
methy l  13-oxo-9,11- and 9-oxo-10,12-octa-  
decadienoate.  

For  testing in chicks, lipid fractions or 
synthet ic  products  were dissolved in saff lower 
methy l  esters in the amounts  indicated.  

Quantitative Expression of NE 

Chicks were inspected twice daily and the 

t imes at which the first signs of  ataxia were 
observed and when death occurred,  were 
recorded.  Inspect ion of  the cerebella always 
conf i rmed that  the affected chicks were 
stricken with NE. Results were expressed as 
number  of  chicks affected per total  number  of  
chicks per t r ea tment  at the age indicated.  
Alternat ively,  curves representing the cumula- 
tive incidence of  ataxia or death have been 
plot ted.  

Analytical Determinations 

a -Tocophero l  in the dietary lipids was 
determined by saponif icat ion,  f ract ionat ion of  
the unsaponifiables by thin layer chromatog-  
raphy on Silica Gel G with hexane /e thy l  e ther  
(8:2),  and color imetr ic  react ion of  the a- toco-  
pherol  f ract ion with ferric chloride and batho-  
phenanthrol ine  (10). 

The fat ty  acid composi t ion  of  the lipids was 
determined after t ransmethyla t ion  of  the 
samples with 3% (w/v) H2SO 4 in methanol  at 
reflux tempera ture  for 1 hr  and ext rac t ion  
of the met])yl esters with hexane.  The esters 
were submit ted  to isothermal  gas l iquid chro- 
matography at 180 C on Gas Chrom W coated 
with 15% DEGS. All materials were obtained 
from Packard Ltd., Jerusalem. Methyl  esters 
prepared for feeding exper iments  were injected 
directly in to  the chromatograph.  Glyceryl  
t r iheptadecanoate  and me thy l  hep tadecanoa te  
were added as internal  standards to the oil and 
methy l  ester samples, respectively,  for calcula- 
t ion of  the true l inoleic acid conten t  of the 
oxidized samples. 

RESULTS 

In a first trial, two encephalopathogenic  
diets were compared:  thermal ly  oxidized 
safflower oil, SO-24, and freshly distilled 
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TABLE III 

Effect of Fresh and Thermally Oxidized Safflower Methyl Esters 
on Nutritional Encephalopathy 

Vitamin E a Incidence per 20 chicks 
Analysis of lipids added at 19 days 

Dietary lipids b c~-Tocopherol Linoleic acid to feed Ataxia Mortality 

/.tg/g % Isg/g 
ME-0 5.0 75.9 0 14 6 

1 13  4 
ME-3 0.35 68.5 0 18 14 

1 19 14 

aD,L-~-Tocopheryl acetate. 
bME-0, freshly distilled safflower methyl esters; ME-3, methyl esters aerated at 145 C for 3 hr. The lipids 

were fed as 10% of the diet from the 8th day, after the chicks received 4% ME-0 during the first week. 

saff lower  m e t h y l  esters,  ME-0. The ox id ized  oil 
had  less l inoleic  acid bu t  n o  less c~-tocopherol 
t han  the  fresh esters (Table  II). When these 
l ipids were fed as 4% of  the  diet ,  ME-0 caused 
a greater  inc idence  o f  ataxia and  mor t a l i t y  t han  
did SO-24. However ,  at the  10% level, the  
oxid ized  oil was more  active t han  the  fresh 
m e t h y l  esters. 

A s imilar  compar i son  was made  be t w een  
fresh and  oxid ized  m e t h y l  esters,  ME-0 and 
ME-3. Table III shows t ha t  ME-3, wi th  less 
l inoleic acid, never the less  p roduced  a more  
severe inc idence  o f  NE, c o m p a r e d  to ME-0. 
This grea te r  act ivi ty  of  ME-3 was no t  due to the  
lower  c~-tocopherol c o n t e n t  of  the  ox id ized  vs. 
the  fresh esters,  since the  di f ference in toco-  
phero l  c o n t e n t  be tween  the  two  diets was no  
more  t han  0.5 /ag t o c o p h e r o l / g  diet ,  whereas  
even the  add i t ion  of  1 /ag D L ~ - t o c o p h e r y l  
ace ta te /g  diet  had  vir tual ly  n o  ef fec t  on NE 
(Table  III). 

Ex t rac t s  of  polar  lipids were p repa red  f rom 
ME-3 by  repea ted  pa r t i t i on  be t w een  h e x a n e  
and  90% e thano l .  The polar  l ipids were added  
to e n c e p h a l o p a t h o g e n i c  diets and the i r  in- 
f luence on  NE was s tudied .  The  results  of  one 
such e x p e r i m e n t ,  i l lus t ra ted  in Figure 1, show 
tha t  the  polar  l ipids increased the  inc idence  of  
NE. 

Two s y n t h e t i c  fa t ty  acid ox ida t ion  p roduc t s  
were tes ted  in the  same chick  m o d e l :  a ke to  
m o n o e n e  p repa red  f rom m e t h y l  oleate and a 
ke to  diene ob ta ined  f rom m e t h y l  l inoleate .  
B o t h  c o m p o u n d s  accelerated the  i n d u c t i o n  of  
NE (Figs. 2 and  3). 

E b r i n  clots have previously  been  observed in 
cerebel lar  capillaries of  chicks af fec ted  wi th  NF 
(2). The presen t  ch ick  mode l  was used to  s tudy  
the  ef fec t  of  d icumaro l  on  the  inc idence  of  NE. 
Table  IV shows tha t  the  an t i coagu lan t  exe r t ed  a 
p ro tec t ive  ef fec t  which  increased in direct  
re la t ion  to  its c o n c e n t r a t i o n  in the  diet .  In this  

expe r imen t ,  the  diet  c o n t a i n e d  4% ME-(), bu t  
similar results  were ob ta ined  wi th  diets con-  
ta in ing  10% oxidized  saff lower  oil. 

DISCUSSION 

Several au thors  (4,5)  have r epo r t ed  t ha t  the  
inc idence  of  NE in v i t amin  E def ic ien t  chicks is 
d i rect ly  related to the  a m o u n t  of  l inoleic acid 
c o n s u m e d  by the chicks.  This is seen to be the  
case in the  first e x p e r i m e n t  in which  SO-24 and  
ME-0 were fed at the  4% level (Table  II). 
However ,  the  reversal of  act ivi t ies  of  the  two  
l ipids at the  10% level does n o t  agree wi th  this  
concept .  One possible exp l ana t i on  for  the 
apparen t ly  c o n t r a d i c t o r y  results  is t ha t  SO-24 
con ta ins  ox ida t ion  p roduc t s  which  are enceph-  
a lopa thogen ic  and which ,  at  the  h igher  d ie tary  
level, are abso rbed  in suff ic ient  a m o u n t s  to  
ove rcome  the  oppos i te  reac t ion  expec t ed  f rom 
the  lower  l inoleic acid c o n t e n t  of  SO-24 vs. 
ME-0. 

The  above exp l ana t i on  receives suppo r t  f rom 
the  obse rva t ion  t ha t  the  ox id ized  esters,  in spite 
of  the i r  lower  l inoleic acid c o n t e n t ,  caused a 
more  severe inc idence  of  NE than  the  fresh 
esters (Table  III), while more  direct  evidence 
for  the  i nvo lvemen t  of  l ipid ox ida t ion  p roduc t s  
is p rov ided  by  resul ts  o b t a i n e d  wi th  polar  l ipids 
ex t r ac t ed  f rom ox id ized  m e t h y l  esters (Fig. 1). 

The  effects  of  the  two  s y n t h e t i c  k e t o e n o i c  
fa t ty  acid esters (Figs. 2 and  3) are of  in te res t  
for  the  fo l lowing reasons:  12-oxo-9-eis-octa- 
decenoic  acid was previously  r epo r t ed  to 
increase the  severi ty  of  NE w h e n  given orally 
wi th  s t r ipped corn  oil (11) ,  bu t  no t  a f te r  
in j ec t ion  (12).  Subsequen t ly ,  this  c o m p o u n d  
was s h o w n  to possess s t rong p r o o x i d a n t  act ivi ty  
in v i t ro  (13)  and  eventua l ly  its act ivi ty on  NE 
was ascribed,  accord ing  to a c o m m u n i c a t i o n  
f rom the  same l abo ra to ry  (14) ,  to  des t ruc t ion  
of  residual  t o c o p h e r o l  in the  diet  dur ing  the  
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FIG. 1. Effect of crude polar lipids (CPL) on 
cumulative incidence of encephalopathy induced 
by 4% safflower methyl esters. The polar lipids were 
obtained from thermally oxidized safflower methyl 
esters and were fed with 3.7% fresh safflower methyl 
esters from the 8th day. During the first week, the 
chicks received 4% fresh safflower methyl esters. The 
control chicks received 4% fresh esters throughout the 
entire period. There were 20 chicks per treatment. 

tests. The same ke to  oleate has recently been 
reinvestigated by Fukuzawa and Sato (15) who  
repor ted  that  it had definite anti-vitamin E 
act ivi ty in the rat and that  it specifically 
combined  with  bovine serum albumin to form a 
strongly f luorescent  compound  (16). These 
authors postula ted that  the ke to  oleate under-  
goes isomerizat ion to the conjugated 12-oxo- 
l O-trans-ene and that  the conjugated enone 
then condenses with albumin amino groups to 
form fluorescent  Schiff  base compounds  (16). 
That  keto  oleate is absorbed by rats when 
administered by s tomach tube was men t ioned  
in a recent  review by Perkins (17). 

Keto  oleate is of  l i t t le nutr i t ional  or  patho-  
logical significance, because it  is unlikely to be 
found in autoxidized polyunsatura ted  oils, nor  
would  it be expec ted  to form in vivo. On the 
o ther  hand,  allylic ketoenes  have been found in 
autoxidized methy l  oleate (18), and conjugated 
keto-dienes have been found in autoxidized 
methy l  l inoleate (19). Thus, the results of  this 
s tudy with synthet ic  conjugated ketoenes  
indicate that  this type of  c o m p o u n d  could be 
one of  the active species contr ibut ing to the 
NE-accelerating effect  of  oxidized oils rich in 
linoleic acid. 

Moreover,  conjugated keto-dienes could be 
expec ted  to form in vivo, even in the absence of  
any exogenous  supply.  In vi tamin E deficiency,  
for instance, polyunsatura ted  membrane  lipids 
are believed to undergo peroxida t ion  (20,21),  
and the hydroperoxides  formed could yield 
conjugated ke to  compounds  by several enzymic  
and nonenzymic  reactions,  such as those 
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FIG. 2. Effect of conjugated methyl keto-octa- 
decenoate (KO) on cumulative incidence of ataxia 
induced by 4% safflower oil methyl esters. KO was fed 
with 3.8% fresh safflower methyl esters from the 8th 
day. During the first week, the  chicks received 4% 
safflower methyl esters. The control chicks received 
4% safflowe:r methyl esters throughout the entire 
period. There were 10 chicks per treatment. 
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HG. 3. :Effect of conjugated methyl keto-octa- 
decadienoate (KL) on cumulative incidence of ataxia 
induced by 4% safflower methyl esters. The safflower 
methyl esters were fed from the first day and KL was 
added from the 8th day. There were eight chicks per 
treatment. 

discussed by Gardner (22) for linoleic acid 
hydroperoxide .  In fact,  an increase in mono-  
carbonyls has been repor ted  in adipose tissue of  
vi tamin E deficient  rats (23). Lipid hydroper-  
oxides are also readily reduced to the corre- 
sponding allylic hyd roxy  compounds  by the 
ubiqui tous  glutathione peroxidase (EC 
1.11.1.9) (24,25);  this react ion raises the 
intriguing quest ion of  the possible biological 
activity on NE of  these compounds ,  or their  
desaturat ion to active keto-dienes.  

The mechanism by which the synthet ic  
ketoenes  enhance the severity of  NE is no t  
known.  One possibili ty is suggested by the 
react ion of  12-oxo-9-octadecenoic  acid wi th  
albumin,  referred to above (16). A similar 
react ion of  conjugated enones or dienones with 
amino lipids or proteins of  cell membranes  
must  result in impaired membrane  funct ion,  a 
result usu~flly ascribed to peroxidat ion  of  
membrane  lipids in vi tamin E deficiency.  The 
addit ional  possibili ty that  such a condensat ion 
react ion might  lead to f luorescent  products  
deserves to be investigated, a l though the 
f luorophore  formed in this case would  differ 
f rom the 1-amino-3-imino group derived f rom 
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TABLE IV 

Effect of  Dietary Dicumarol on 
Nutritional Encephalopathy a 

Incidence per 20 
chicks at 3 weeks 

Dicumarol concentrat ion Ataxia Mortality 

ptg/g 

0 12 8 
200 8 7 
400 1 1 

aChicks received 4% freshly distilled safflower 
methyl  esters from hatching. 

malondialdehyde and postulated to form in 
vitamin E deficiency (26). 

The results on the protective effect of 
dicumarol (Table IV) indicate that the blood 
coagulation system plays a role in the etiology 
of NE, in agreement with the histological 
observation on the presence of fibrin clots in 
the cerebral vessels (2). Whether or not the 
p r o c e s s  is t r i g g e r e d  by  t h r o m b o c y t e  a g g r e g a t i o n  
r e m a i n s  to  be c la r i f i ed ,  b u t  t h e  i n a b i l i t y  o f  
l i n o l e n i c  ac id  t o  i n d u c e  N E  (3 -5 )  w o u l d  ind i -  
ca t e  t h a t  t he  c y c l o - o x y g e n a s e  s y s t e m  is in-  
vo lved .  F o r  i n s t a n c e ,  l i no l en i c  ac id  a n d  e s p e -  
c ia l ly  i ts  l o n g  c h a i n  m e t a b o l i t e s  are s t r o n g  
i n h i b i t o r s  o f  p r o s t a g l a n d i n  f o r m a t i o n  f r o m  
a r a c h i d o n i c  ac id  (27 ) ,  a n d  all cis-5,8,1 1 , 1 4 , 1 7 -  
e i c o s a p e n t a e n o i c  acid ha s  r e c e n t l y  b e e n  re- 
p o r t e d  to  be a p r e c u r s o r  o f  a p o w e r f u l  an t i -  
a g g r e g a t i n g  s u b s t a n c e  (28) .  A l so ,  a m o n g  b r a i n  
t i s s u e s  o f  t he  ra t  a n d  g u i n e a  pig,  t h e  c e r e b e l l u m  
h a s  t he  g r e a t e s t  c a p a c i t y  f o r  P GE  2 f o r m a t i o n  
(29) .  

T h e  p o s s i b i l i t y  t h a t  c o n j u g a t e d  k e t o - e n o i c  
f a t t y  ac ids  p l a y  a role  in t h e  e t i o l o g y  o f  N E  a n d  
o t h e r  s y n d r o m e s  o f  v i t a m i n  E d e f i c i e n c y  
de se rve s  f u r t h e r  s t u d y .  F r o m  a n u t r i t i o n a l  
p o i n t  o f  v i ew ,  a t t e n t i o n  s h o u l d  be g iven  t o  t h e  
f o r m a t i o n  a n d  c o n c e n t r a t i o n s  o f  c o n j u g a t e d  
k e t o - d i e n e s  in a r t i f ic ia l ly  a n d  c o m m e r c i a l l y  
h e a t e d  p o l y u n s a t u r a t e d  oils.  
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Cardiopathogenicity of Soybean Oil and "rower Rapeseed Oil 
Triglycerides when Fed to Male Rats I 
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Agriculture Canada, Ottawa, Ontario, K1A 0C6, and A.H. CORNER 2, 
B.K. THOMPSON 3, N, HOLFELD 4, and J.H,L. MILLS 4 

ABSTRACT 

The triglycerides of soybean oil were purified by molecular distillation and those of Tower rape- 
seed oil by molecular distillation and adsorption chromatography. The original oils and the purified 
triglycerides were incorporated in semisynthetic diets at 20% by weight and fed for 16 weeks to 
weanling male Sprague-Dawley rats to compare the nutritional and pathological effects of the oils and 
their triglyceride fractions on rats. The study was carried out at two independent laboratories. No 
significant differences were observed between the results of the two establishments. The incidence of 
myocardial lesions was significantly higher in rats fed Tower rapeseed oil than in those fed soybean 
oil. Purification of the triglycerides by molecular distillation and adsorption chromatography appeared 
to have no major effect on the incidence of myocardial lesions. This supports our previous findings 
that the cardiopathogenieity of the test oils to rats resides in the triglycerides of these oils. 

INTRODUCTION 

It has been well documented that male 
Sprague-Dawley rats fed for at least 16 weeks 
low erucic acid rapeseed (LEAR) oils develop a 
higher incidence of myocardial lesions than 
those fed other vegetable oils (1,2). The in- 
creased incidence of lesions in this strain of rat 
has been attributed to cardiotoxic contami- 
nants (3,4), residual erucic (A13-cis-doco- 
senoic) acid (22:1) (5), or a fatty acid im- 
balance (2,6-9) of LEAR oils. We considered 
the possibility of  cardiotoxic contaminants in 
LEAR oils and, therefore, fractionated Span 
rapeseed oil (RSO) containing 4.8% 22:1 by 
molecular distillation and adsorption chroma- 
tography to prepare pure triglycerides and 
fractions enriched in nontriglyceride compo- 
nents (10). The results of feeding these frac- 
tions to rats suggested that the cardiopatho- 
genic properties of Span RSO were associated 
with the triglycerides of the oil, and not with 
nontriglyceride contaminants present in the 
fully refined oil (8). 

We decided to repeat the fractionation to 
further examine the hypothesis that LEAR oil 
triglycerides are responsible for the increased 
incidence of cardiac lesions in male Sprague- 
Dawley rats. With the availability of a LEAR oil 
which contained only 0.2% 22: 1, a fractiona- 
tion was possible to practically eliminate 

1Contribution No. 832 from Animal Research In- 
stitute and No. 1-78 from Engineering and Statistical 
Research Institute. 

2Animal Diseases Research Institute, Agriculture 
Canada, Ottawa, Ontario, K2H 8P9. 

3Engineering and Statistical Research Institute, 
Agriculture Canada, Ottawa, Ontario, K1A 0C6. 

4Department of Veterinary Pathology, University 
of  Saskatchewan, Saskatoon, Saskatchewan, STN 0W0. 

complicating effects, if any, of 22:1 on myo- 
cardial lesions. Soybean oil was similarly 
fractionated by molecular distillation to evalu- 
ate possible effects of the molecular distillation 
procedure itself. To increase the purity of  the 
triglycerides of the LEAR oil, the purest 
triglyceride fraction from molecular distillation 
was further purified by column chromatog- 
raphy, instead of using the two methods 
independently as performed previously (10). 
Finally, a protocol was set up to conduct the 
feeding trial in two independent laboratories 
(Agriculture; Canada, Ottawa and Department 
of Veterinary Pathology, University of Saskat- 
chewan) with an exchange of histological 
sections of  myocardium before decoding and 
evaluation of the data. 

The results of the fractionation of soybean 
oil and Tower RSO, the feeding of the oils and 
their fractions to male Sprague-Dawley rats for 
16 weeks, and the cardiopathological findings 
are presented in this communication. 

IVIATERIALS A N D  METHODS 

Fully refined soybean oil and Brassica napus 
cv. Tower (Tower RSO)were  obtained from 
Canada Packers Ltd., Toronto,  Ontario and 
CooperatNe Vegetable Oil Ltd., httona, Mani- 
toba, respectively. 

Molecular Distillation 

The distillation was performed by Distilla- 
tion Products Industries, Rochester, MY, using 
a CMS-36 :molecular still. Prior to distillation, 
the molecular still was flushed with 50 kg of 
soybean oil and then by 40 kg of oil to be 
distilled. A total of 509 kg of soybean oil and 
950 kg of Tower RSO were distilled in a similar 
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TABLE I 

Sterol Content and Composition of Soybean Oil, Tower RSO a n d  I ts  F r a c t i o n s  a 

Steroi composition (wt%) b 
Sterol c o n t e n t  

Oils ~ug/g oil) I II III IV 

Free sterols 

Soybean oil 0.20 
Soybean oil MD7 0.005 
Tower RSO 0.26 14.0 
Tower RSO MD7 0.004 10.2 
Tower RSO AC A ND 
Tower RSO AC B ND 

Sterol esters 

Soybean oil 0.08 
Soybean oil MD7 0.015 
Tower RSO 0.44 6.8 
Tower RSO MD7 0.031 3.3 
Tower RSO AC A 0.001 4.2 
Tower RSO AC B 0.002 4.4 

27.4 19.5 53.1 
12.0 32.2 55.8 
30.8 trace 55.2 
31.8 trace 57.9 

21.5 4.0 74.5 
14.6 3.7 81.6 
39.6 trace 55.6 
29.8 trace 66.9 
30.1 trace 65.7 
29.8 trace 65.7 

aAbbreviations: RSO, rapeseed oil; MD7, molecular distillate 7; AC, adsorption chroma- 
tography fractions A and B; ND, not detected. 

bSterol:I, brassicasterol; lI, campesterol; III, stigmasterol; IV, 13-sitosterol. 

manner .  The oil was p laced  in a ho ld ing  t ank  
and  passed t h r o u g h  the  CMS-36 u n d e r  con-  
d i t ions  yie lding a dist i l late of  ca. 10%. Five 
fu r t he r  cycles yie lding distil late a m o u n t s  of  
similar to  the  first disti l late (i.e., 10% of 
original  charge)  f rom each successive residue 
were pe r fo rmed .  Disti l late 7 was o b t a i n e d  by  
recycl ing the  residue. A still pressure of  5 to  9 x 
10 -4 Pa was o b t a i n e d  for  b o t h  dist i l lat ions.  The 
dis t i l la t ion t e m p e r a t u r e  was 260-275 C for  
dist i l lates 1 to  4 and  241-255  C for  dist i l lates 5 
to  7. Dist i l late 7 of  s o y b e a n  oil weighed 164 kg 
and  of  Tower  RSO 313 kg. The residues of  
soybean  oil and  Tower  RSO weighed 34 kg and  
57 kg, respect ively.  Fo r  details regarding 
col lec t ion  of  dist i l lates and  add i t ion  of  an t iox i -  
dant ,  see Kramer  et  al. (10) .  

Adsorption Chromatography 

Molecular  disti l late 7 of  Tower  RSO (90 kg) 
was selected to be f r a c t i ona t ed  by adso rp t ion  
c h r o m a t o g r a p h y  at Appl ied  Science Labora-  
tor ies  Inc.,  State  College, PA, as descr ibed 
previously  (10).  The pur i f ied  t r iglycerides  
o b t a i n e d  f rom several c h r o m a t o g r a p h i c  
co lumns  were arbi t rar i ly  c o m b i n e d  to give t w o  
f rac t ions  labeled  A (21.7  kg) and  B (21.3 kg). 
The two highly pur i f ied  f rac t ions  p rov ided  
enough  mate r ia l  to  feed t w o  groups  of  rats  at 
each trial  e s t ab l i shmen t .  

Analysis of Oils and Tissues 

Methyl  esters and  s terols  were ana lyzed  as 
descr ibed previously  (10) ,  excep t  t h a t  s terol  
esters were t ranses te r i f ied  wi th  NaOCH 3- 

CH3OH (11).  Rat  tissue l ipids were p repa red  
and  analyzed accord ing  to Kramer  and  Hulan  
(12).  

Animals and Diets 

Weanling 3-week-old male Sprague-Dawley 
rats (Bio-Breeding Labora to r ies ,  Ot tawa,  
On ta r io )  weighing be tween  40-50 g were 
delivered at the  same t ime  to b o t h  trial es tab-  
l i shments .  The rats  were h o u s e d  2 per  cage and  
fed a s tock  diet  (Ra l s ton-Pur ina )  and  wate r  
ad l i b i t um for  one week before  c o m m e n c i n g  
the  feeding trial.  The rats (78 -+ 3 g, mean  of  all 
rats  at O t t awa) ,  r a n d o m l y  assigned to 6 t rea t -  
m e n t  groups,  were given access to one of  6 
s emi syn the t i c  diets,  and  water ,  ad l i b i t um for  
16 weeks. There  were 20 rats per  group in 
Saska toon  and 30 rats  per  group in O t t awa ,  
Fou r  of  the  rats in each  group  at O t t awa  were 
used for  l ipid analysis.  All ra ts  at O t t awa  were 
weighed at the  beg inning  and  at 2 week in- 
tervals t h r o u g h o u t  the  e x p e r i m e n t ;  on ly  the  
final weight  at 16 weeks was r ecorded  at 
Saska toon .  The to ta l  feed c o n s u m p t i o n  (kg) per  
group dur ing the  16 week  pe r iod  was calcula ted 
by  sub t r ac t ing  the  feed r ema in ing  for each 
group at the  end  of  the  e x p e r i m e n t  f rom tha t  
a l loca ted  to the  group at the  s tar t  of  the  trial. 
Feed wastage was negligible and  a p p r o x i m a t e l y  
the  same for all groups.  

Each s emi syn the t i c  diet  (8),  to  which  a tes t  
oil was added  at 20% by  weight ,  was p repa red  
in one ba tch ,  t h e n  p r o p o r t i o n e d  and color-  
coded  d i f fe ren t ly  for  each e s t ab l i shmen t .  
The test  oils were: soybean  oil, molecu la r  
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TABLE II 

Fatty Acid Composition of the Dietary Oils 

775  

Fatty Soybean Tower Tower RSO Tower RSO Tower RSO 
acid Soybean MD7 RSO MD7 AC A AC B 

14:0 0.1 0.1 0.1 0.1 0.1 0.1 
16:0 10.5 8.8 5.7 4.9 4.3 4.2 
16:1 0.2 0.2 0.1 0.1 0.3 0.3 
18:0 3.2 3.8 2.1 2.4 2.3 2.3 
18:1 24.9 26.9 57.7 59.9 58.6 58.6 
18:2 51.5 51.0 24.6 22.7 23.0 22.9 
1 8 : 3  8 .4  7 .9  7 .9  7 .2  6 .9  6 .9  
20:0 1.0 0.7 0.2 0.6 0.9 0.9 
20:1 0.6 0.5 1.0 1.3 2.0 2.1 
22:0 . . . . . .  0.2 0.4 0.5 0.5 
22:1 . . . . . .  0.2 0.2 0.3 0.3 
24:0 . . . . . .  0.1 0.1 0.2 0.2 
24:1 . . . . . .  0.1 0.2 0.2 0.2 

dist i l late 7 o f  soybean  oil ( soybean  MD7),  
Tower  RSO, molecu la r  dist i l late 7 of  Tower  
RSO (Tower  RSO MD7),  and  2 f rac t ions  f rom 
adso rp t ion  c h r o m a t o g r a p h y  of  Tower  RSO 
(Tower  RSO AC A and  B). 

At  the  end  of  the  16 week  feeding tr ial ,  4 
rats  f rom each group at O t t a w a  only  were used 
for  cardiac and  hepa t i c  l ipid analysis;  t he  hea r t s  
of  the  r emain ing  rats  at  b o t h  e s t ab l i shmen t s  
were e x a m i n e d  his tological ly  as descr ibed 
earl ier  (13) .  All h is tological  slides were n u m -  
be red  and  exchanged  be t w een  the  two  es tab-  
l i shments .  A mee t ing  was t h e n  he ld  at  which  
the  assessment  of  cardiac lesions was s tandar -  
dized. F indings  were t a b u l a t e d  accord ing  to  the  
n u m b e r  of  rats a f fec ted  and  the  n u m b e r  of  
observed lesions per  ra t  hear t .  

Analyses of  variance were carr ied ou t  on  all 
m e t h y l  ester  data ,  and  the  least s ignif icant  
differences  (LSD)  were ca lcula ted  based  on  
poo led  e r ro r  es t imates .  A p p r o x i m a t e  chi-square 
(X 2) s tat is t ics  ob t a ined ,  fo l lowing the  app roach  
of  F ienberg  (14) ,  were used to  exam i ne  the  
inc idence  of  myocard ia l  lesion data  for  dif- 
ferences a m o n g  die tary  t r e a t m e n t s  and  es tab-  
l i shments .  

RESULTS 

Analysis of Oils and Their Fractions 

Large a m o u n t s  of  pur i f ied  s oybean  oil and  
Tower  RSO tr iglycerides were p repa red  by  
molecu la r  dis t i l la t ion.  Many  non t r ig lyce r ide  
c o m p o n e n t s  were r emoved  by this  m e t h o d  
(15) ,  inc lud ing  the  free sterols  (Table  I). The  
sterol  esters,  however ,  because  of  the i r  simi- 
lar i ty  in  vola t i l i ty  to  t r iglycerides  (15), were 
m o s t  diff icul t  to  remove .  F o r  this  reason,  the  
s terol  es ter  c o n t e n t  was d e t e r m i n e d  to  ind ica te  
the  p robab le  m i n i m u m  pur i f i ca t ion  of  the  oil 

t r iglycerides,  Six successive str ip cuts  of  a b o u t  
10% of  the  original charge were necessary  to 
yield a reasonab ly  pure  t r ig lycer ide low in 
s terol  esters.  The  same dis t i l la t ion p rocedu re  
was used  for  b o t h  soybean  oil and  Tower  RSO. 
The  soybean  oil t r ig lycer ides  ( soybean  oil MD7) 
were p u r i f e d  5-fold,  while Tower  RSO trigly- 
cerides (Tower  RSO MD7) were pur i f ied  
14-fold by  molecu la r  dis t i l la t ion based on  the  
s terol  es ter  c o n t e n t  (Table  I). 

Triglycerides  f rom T o w e r  RSO were f u r t h e r  
pur i f ied  by  passing Tower  RSO MD7 t h r o u g h  
co lumns  packed  wi th  silica gel H as descr ibed 
previously  (10).  The  e luates  were m o n i t o r e d  by  
t h in  layer  c h r o m a t o g r a p h y  and  the  pur i f ied  
t r iglycerides  were col lected.  E n o u g h  pur i f ied  
t r iglycer ides  were p repa red  by this  m e t h o d  to  
make  two  f rac t ions ,  des ignated Tower  RSO 
adso rp t ion  c h r o m a t o g r a p h y  (AC) A and  B. 
Based on  the  s terol  es ter  c o n t e n t  (Table  I), an 
add i t iona l  30- and  15-fold pur i f i ca t ion  was 
achieved for  f rac t ions  A and  B, respect ively.  

The  relat ive s terol  c o m p o s i t i o n  of  the  free 
and  es ter i f ied s terols  wi th in  each oil were 
d i f fe ren t  (Table  I). Changes  in the  relat ive 
p r o p o r t i o n  of  s terols  were ev ident  dur ing  
molecu la r  d is t i l la t ion of  b o t h  free and  es ter i f ied 
sterols,  while adso rp t ion  c h r o m a t o g r a p h y  h a d  
no  ef fec t  on  the  p ropo r t i ons .  The  relat ive 
c o n c e n t r a t i o n  of  brassicasterol  in the  s terol  
esters  of  T o w e r  RSO was cons ide rab ly  less t han  
tha t  f o u n d  in the  free sterols  of  this  oil; on  
molecu la r  dis t i l la t ion,  the  c o n c e n t r a t i o n  was 
fu r the r  decreased.  

The  f a t t y  acid c o m p o s i t i o n  of  the  tes t  0ils 
are s h o w n  in Table II. Relat ively m i n o r  changes 
were observed  in the  f a t ty  acid c o m p o s i t i o n  of  
the  f r ac t ions  o b t a i n e d  a f te r  mo lecu l a r  distilla- 
t ion  and  a d s o r p t i o n  c h r o m a t o g r a p h y ,  and  the  
oils r e t a ined  the i r  charac te r i s t ic  fa t ty  acid 
compos i t i on .  
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TABLE III 

Body Weight and Total Feed Consumed by Rats Fed the Diets for 
the Experimental  Period a 

Body weight b (g) Feed consumed c (kglrat)  

Ottawa Saskatoon Ottawa Saskatoon 
Diet n=30 n=20 Mean n=30 n=20 

Soybean oil 505 519 511 1.75 2.11 
Soybean oil MD7 505 527 514 1.78 2.11 
Tower RSO 508 515 511 1.88 2.02 
Tower RSO MD7 531 534 532 2.00 2.11 
Tower RSO AC A 481 492 485 1.75 1.95 
Tower RSO AC B 498 505 500 1.82 2.06 

SEM 9.6 11.7 7.4 

Analysis of  variance for body weight d 

Source of  variation d.f. Sum of  Squares Mean Square 

Location (L) 1 8,845 8,845 
Diet (D) 5 59,572 11,914"* 
L x D 5 2,692 538 
Error 288 793,790 2,756 
Total 299 864,899 

Diet 5 59,572 11,914 ** 
Among Soy 1 262 ~62 
Soy vs. Tower 1 1,824 1,824 
Tower vs. Tower AC B 1 2,746 2,346 
Tower AC A vs. (Soy, Soy MD7, 

Tower, Tower AC B) 1 21,940 21,940" * * 
Tower MD7 vs. (Soy, Soy MDT, 

Tower, Tower AC B) 1 21,418 21,418"** 

aRats at Ottawa and Saskatoon were fed 108 and 114 days, respectively. 
bvalues  are the mean of n rats per t reatment .  

cValues are derived by dividing the total  feed consumed per group by the number  of 
rats per diet. Statistical analysis was not  possible. 

dAnalysis of  variance was carried out only for body weight data. d.f., degrees of  free- 
dom; significantly different at the 1% (**) and 0.1% (***) level. 

Growth of Rats 

The mean body weight of rats fed the diets 
for the experimental period is shown in Table 
III. The rats fed at Ottawa weighed less and ate 
less feed than those at Saskatoon, owing in part 
to differences in duration of treatment periods, 
108 days at Ottawa and 114 days at Saskatoon. 
The analysis of variance for body weights, 
however, showed no diet x location interaction, 
indicating that differences among diets were 
consistent at the two establishments. There was 
a significant ~tiet effect; rats fed the diet which 
contained Tower RSO AC A gained the least 
weight and those fed Tower RSO MD7 the 
most weight. The total amount of feed con- 
sumed by each group at both locations is also 
shown in Table III. Because feed consumption 
was recorded by group, leaving only 12 
measurements, an analysis of variance was not  
carried out. However, it may be noted that the 
group of rats fed Tower AC A ate tess feed than 
the group fed Tower RSO MD7. 

Heart and Liver Lipids 

Lower heart weights were observed in rats 
fed the fractions of Tower RSO purified by 
adsorption chromatography (Table IV), a 
pattern similar to that of body weights (see 
Table III, Ottawa group). No differences in 
heart lipid levels were found between diets. The 
fatty acid composition of the heart lipids 
(Table IV) showed differences which reflect 
the composition of the dietary oils with regard 
to the levels of 18:1, 18:2, 20:1 and 22:1. No 
significant differences were observed in the 
heart lipids of rats fed the fully refined oil 
and their respective molecular distillates (MD7). 
Feeding Tower RSO fraction A obtained from 
absorption chromatography likewise resulted in 
a heart fatty acid pattern similar to that of 
Tower RSO. However, feeding Tower RSO AC 
fraction B resulted in significant changes in the 
levels of saturates (16:0 and 18"0), 20:4 and 
22:6. These differences in heart fatty acids 
were observed despite the similarity of the fatty 
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T A B L E  V 

Inc idence  a n d  Sever i ty  o f  M y o c a r d i a l  Les ions  in Male S p r a g u e - D a w l e y  
Rats  F e d  E x p e r i m e n t a l  Diets  for 16 Weeks  at  T w o  E s t a b l i s h m e n t s  

Diet  

A f f e c t e d / e x a m i n e d  Sever i ty  a ( c o m b i n e d )  

S a s k a t o o n  O t t a w a  C o m b i n e d  1-2 3-5 6-9 > 1 0  

S o y b e a n  oil  
S o y b e a n  oil 
T o w e r  R S O  
T o w e r  R S O  
T o w e r  R S O  
T o w e r  R S O  

MD7 

MD7 
A C  A 
A C  B 

10120 1 2 / 2 6  2 2 / 4 6  17 4 0 1 
1 2 / 2 0  1 3 [ 2 6  2 5 / 4 6  16 7 1 1 
1 3 / 2 0  2 1 / 2 6  3 4 [ 4 6  22 8 2 2 
1 5 / 2 0  1 8 [ 2 6  3 3 / 4 6  15 11 2 5 

8 / 2 0  1 1 [ 2 6  1 9 / 4 6  12 7 0 0 
9 [ 2 0  2 0 / 2 6  2 9 / 4 6  16 12 1 0 

•  Ana lys i s  (o f  c o m b i n e d  resu l t s )  I n c i d e n c e  b (d.f . )  

M1 die t  (D)  1 6 . 6 " *  (5)  
T w o  e s t a b l i s h m e n t s  (E) 0 .8  (1)  
D x E 6 .4  (5)  

S o y b e a n  oil vs. T o w e r  R S O  6 . 7 * *  (1)  
Oils vs. MD7 f r a c t i o n s  0.1 (1)  
A m o n g  T o w e r  RSOs  1 2 . 9 " *  (3)  
A m o n g  T o w e r  RSOs  e x c e p t  T o w e r  

R S O  A C  A 1.4 (2)  
T o w e r  R S O  A C  A vs. All T o w e r  R SOs 1 1 . 5 " *  * (1)  
T o w e r  R S O  A C  A vs. A C  B 4 . 4 "  (1)  

aSeve r i ty  = n u m b e r  o f  rats w i t h  les ion scores  o f  1-2, 3-5,  6-9 a n d  > 1 0  per  t h ree  s e c t i o n s  
o f  h e a r t  e x a m i n e d .  N o  s ta t i s t i ca l  ana lys i s  was  p e r f o r m e d  o n  the  seve r i ty  d a t a  because  o f  
i n s u f f i c i e n t  n u m b e r s  in m a n y  s u b g r o u p s .  

b A  c o m p a r i s o n  o f  r a t s  a f f e c t e d  t o  n u m b e r  o f  ra t s  e x a m i n e d  was  used  in the  ana lys i s  
o f  va r i ance ,  d.f .  = degrees  o f  f r e e d o m .  S ign i f i can t  d i f f e rences  a t  the  5% (*),  1% (**)  a n d  
0 .1% (***)  levels. 

acid composi t ion  of  the two Tower  RSO 
fractions A and B (Table II). 

The fat ty acid composi t ion  of  the livers are 
shown in Table IV. As no ted  for heart lipids, 
clear differences were observed in the liver 
lipids be tween diets with regard to the level 
of  18:1, 18:2 and 22:1.  No significant dif- 
ferences in the fiver fat ty acid composi t ion ,  
however ,  were observed between animals fed 
the fully refined oil and its corresponding 
fraction.  It was evident that  heart and liver 
lipids differed in which saturated fat ty acids 
were predominant  (liver, 16:0; heart ,  18:0), 
and in the effects  of  dietary 18:1 and 18:2 
(concent ra t ion  o f  these fat ty acids were greater 
in the liver of  rats fed dietary oils rich in these 
acids). 

Cardiopathology 

The incidence and severity of  cardiac lesions 
in male rats fed the same diets at the two 
establishments are given in Table V. Nei ther  the 
difference between the two  establishments nor  
the in teract ion be tween diet and establ ishment  
were significant. Therefore ,  the results were 
combined.  Cardiac lesions were observed in all 
dietary groups. The incidence of  cardiac lesions 
was significantly higher (P~0.01)  in rats fed 
Tower  RSO than in those fed soybean oil. It 

was evident  that  purifying the triglycerides of  
the two  oils by molecular  distil lation had no 
effect  on the incidence of  cardiac lesions. A 
statistically significant difference was observed,  
however ,  among the Tower  RSO and its 3 
fractions. This difference was accounted  for by 
the difference be tween Tower  RSO AC A and 
the remaining Tower  RSOs. Of interest  was the 
significant difference between two virtually 
identical  fractions obtained by a combina t ion  
of  molecular  distillation and co lumn chroma-  
tography on silica gel H. 

The combined  severity score from the two 
locat ions is also given in Table V. Most of  the 
rats on each of  the diets had only a few myo-  
cardial lesions per heart (the sum of  three 
sections per heart).  No statistical analysis was 
per formed on severity data because the lat ter  
two levels of  severity (6-9 and > 1 0 )  had insuf- 
ficient numbers  of  rats per diet to give a 
meaningful  evaluation.  

DISCUSSION 

Numerous  reports have appeared in the past 
decade assessing the cardiopathogenici ty  of  
diets rich in vegetable oils, fats or mixtures  
thereof  in various animal species. These studies 
were p rompted  by an earlier report  that  rats fed 
rapeseed oil high in 22:1 developed necrot ic  
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and  f ibrot ic  hea r t  lesions (16) .  Subsequen t  
repor t s  have s h o w n  tha t  the  male Sprague- 
Dawley rat  on  a h igh fat  diet  is par t icu lar ly  
p red isposed  to  the  d e v e l o p m e n t  of  hea r t  lesions 
(2 ,8 ,17 ,18) .  This  s t ra in  of rat  readily develops 
hea r t  lesions when  fed a diet  con ta in ing  vege- 
table  oil (2 ,8 ,18) ,  an imal  fat  (19)  or a fat-oil  
m ix tu r e  (4),  bu t  the  inc idence  relative to o the r  
oils or fats is s ignif icant ly  h igher  when  L E A R  
oils are fed (2),  a resul t  also seen in this  s tudy .  
It shou ld  be n o t e d ,  however ,  t ha t  o the r  s t ra ins  
of  rat ,  name ly  Ches te r  Bea t ty  (17 ,20)  and  
Wistar (18) ,  showed  only  a low inc idence  
a n d / o r  severi ty  of  hear t  lesions which  was n o t  
increased wi th  the  in take  of  L E A R  oils. Similar 
results  were observed wi th  mice (18) ,  pigs 
(21-25) ,  m o n k e y s  (26 ,27) ,  ducks (28) ,  and  
ch icken  (29)  fed L E A R  oils. 

The  e t iology of  degenerat ive  hea r t  lesions in 
the  male Sprague-Dawley rat  is no t  k n o w n .  
F u r t h e r m o r e ,  there  is n o  conclusive evidence 
for the  cause of  the  s ignif icant ly  h igher  inci- 
dence of  hear t  lesions associated wi th  the  
in take  of  L E A R  oils. Card io tox ic  c o n t a m i n a n t s  
were cons idered  as one possible cause (3). An 
extensive  pur i f i ca t ion  of  a L E A R  oil (Span 
RSO con ta in ing  4.8% 22:1 ) by e i the r  molecu la r  
dis t i l la t ion or by  adso rp t ion  c h r o m a t o g r a p h y  
failed to remove ca rd iopa thogen ic  agents f rom 
the  oil (8,10).  In this  s tudy ,  these  two  purif ica-  
t ion  steps were used in c o m b i n a t i o n  in an 
a t t e m p t  to  provide a pure  t r iglyceride f rom 
Tower  RSO which  would  increase the  likeli- 
h o o d  of  e l imina t ing  a possible ca rd io tox in .  The 
results  again provide  no  evidence t ha t  molecu la r  
dis t i l la t ion r emoved  a ca rd io tox in  f rom e i the r  
Tower  RSO or soybean  oil. 

When Tower  RSO was pur i f ied  by a combi -  
n a t i o n  of  molecu la r  dis t i l la t ion and  adso rp t ion  
c h r o m a t o g r a p h y ,  the  resu l tan t  t r iglycerides still 
gave a h igh inc idence  of  myocard ia l  lesions in 
male rats. The fact tha t  one of  the two  frac- 
t ions  gave a lower  inc idence  of hea r t  lesions 
relative to the  o the r  Tower  RSO fract ions ,  in 
spite of  the  s imilar i ty  in chemica l  c o m p o s i t i o n  
of  the  AC fract ions ,  does no t  appear  to be of  
physiological  significance.  Previous studies have 
s h o w n  a similar  range of  hea r t  lesion inc idence  
wi th  L E A R  oils (30).  F u r t h e r m o r e ,  this  par t icu-  
lar group of  rats (Tower  RSO AC A) had  
decreased feed in take  and  weight  gain which  
i tsel f  appears  to  be re la ted to r educed  lesion 
inc idence  (manusc r i p t  in p repa ra t ion ) .  There-  
fore,  it s e e m s  more  likely t ha t  the  p r imary  
ca rd iopa thogen ic  agent  resides in  the  tr igly- 
cerides of  the  oil, s u p p o r t i n g  the  f ind ing  of  a 
previous  s tudy  (8). 

Since myocard ia l  lesions in male Sprague- 
Dawley rats do no t  appear  to  be due to  cardio-  

toxic  c o n t a m i n a n t s  in the  oils, we have sug- 
gested t h a t  the  myoca rd ia l  lesions in the  fast 
growing male rat  of  this  s t ra in  may  be re la ted  
to the  die tary  fa t ty  acids in re la t ion  to the  
an imal ' s  nu t r i t i ona l  r e q u i r e m e n t s  (2,7,8) .  Lino-  
lenic acid ( 1 8 : 3 )  has been  impl ica ted  as a 
c o n t r i b u t i n g  fac to r  in the  inc idence  o f  hea r t  
lesions in male rats (9 ,18) .  The presence  of  
18:3 in the  diet  increases the  level of  po lyun-  
sa tura tes  of  the  l inolenic  acid family (n-3)  in  
cardiac to ta l  l ipids (2 ,7 ,31)  and  par t icular ly  in  
phospho l ip ids  (32 ,33)  which  are m e m b r a n e  
cons t i tuen t s .  S u b s t i t u t i o n  of  these  po lyun-  
sa tura tes  in to  m e m b r a n e s  appears  to  cause 
greater  fragility of m i t o c h o n d r i a  (34)  which  
may  lead to changes  in the i r  f u n c t i o n  (35)  and  
possibly  myocard ia l  lesions. The  resul ts  of  this  
s tudy  con:firm tha t  male Sprague-Dawley 
rats fed soybean  oil also develop a relat ively 
high inc idence  o f  hea r t  lesions (46-60%).  Bo th  
soybean  oil and  Tower  RSO have a c o m m o n  
level of 18:3 and  similar cardiac levels of  
po lyunsa tu r a t e s  of the n-3 family.  However ,  
this does no t  expla in  the  di f ference in lesion 
inc idence  be tween  the  two  oils. The results  of  a 
mul t ip le  regression analysis of  aggregate data  of  
hear t  lesions and  d ie tary  fats and  oils ind ica te  
tha t  in add i t ion  to 18:3,  the  low level of  
sa tura tes  a n d / o r  h igh level of  18:1 in L E A R  oils 
may be c o n t r i b u t i n g  factors  (36).  Studies are 
cur ren t ly  in progress to  invest igate  these 
re la t ionships .  
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Lipid Composition of Morris Hepatoma 5123c, and of Livers 
and Blood Plasma from Host and Normal Rats 
S. RUGGIERI  and A. FALLANI ,  Institute of General Pathology, 
University of Florence, Florence, Italy 

ABSTRACT 

The lipid composition of Morris hepatoma 5123c was analyzed together with that of liver and 
blood plasma from both normal and tumor-bearing rats. The results showed that the liver of tumor- 
bearing rats contained higher amounts of glycerides, cholesteryl esters, free fatty acids and phosplio- 
lipids than the liver of normal rats. In the blood plasma of tumor-bearing rats, there was an increase 
of free cholesterol and triglycerides; this latter difference, however, was not statistically significant. 
Acyl chain changes in the liver of tumor-bearing rats consisted of an increase of palmitic and oleic 
acids and a decrease of stearic and arachidonic acids in phosphatidylinositol. Morris hepatoma 5123c 
contained a lower amount of triglycerides than the livers (both host and normal) and showed a signi- 
f'tcant decrease of total phospholipids when compared to the host lliver. The major acyl chain changes 
found in Morris hepatoma 5123c compared with both normal and host rat livers were: a) a higher 
percentage of arachidonic acid together with a lower proportion of palmitic acid in cholesteryl esters; 
b) an increase of stearic and arachidonic acids and a decrease of palmitic acid in triglycerides; and c) 
a higher level of palmitic and oleic acids associated with a lower percentage of stearic and C22 polyun- 
saturated acids in phosphatidylcholine. 

INTRODUCTION 

In previous investigations from this labora- 
tory ,  lipids of  two rat hepatomas  - the fast 
growing Yoshida hepa toma  AH130 and the 
slow growing Morris hepa toma  5123c - have 
been studied in comparison with the lipids of  
host  livers both  from whole homogena te  (1,2) 
and subcellular fractions (3,4). Among  the 
major  changes observed in these studies, there 
was an increase of  oleic acid together  with a 
decrease of  C20 and C22 polyunsatura ted  acids 
which affected phosphat idylchol ine ,  phospha-  
t idyle thanolamine  and phosphat idyl inosi to l  of  
Yoshida hepa toma  AH130,  and mainly phos- 
phat idylchol ine  of  Morris hepa toma  5123c; 
these changes were present  almost  to the same 
ex ten t  in the different  subcellular fractions of  
the two  hepatomas.  Since differences no ted  in 
the lipid composi t ion  of  tumors  may represent  
effects of  tumor-host  relationships rather than 
molecular  changes typical  of  neoplasia per se, 
studies are in progress in this labora tory  to 
evaluate the abnormali t ies  in tumor  lipids 
together  with possible changes induced by the 
presence of  tumor  in the lipids of  liver and 
blood plasma of  host  animals. 

Previous investigation (5) revealed that  
growth of  Yoshida hepa toma  AH130 induced a 
marked hyper t r ig lycer idemia  as well as l imited 
changes in the fat ty acid composi t ion of  
the host  liver. These variations in the lipids of  
the host, however ,  did not  account  for the 
peculiarities observed in the lipid composi t ion  
of  Yoshida hepa toma  cells. 

The present investigation deals with the 
lipids of  Morris hepa toma  5123c as studied 

together  with the lipids of  liver and blood 
plasma from normal  and tumor-bear ing rats. 

MATERIALS AND METHODS 

Animals and Tumors 

The Morris hepa toma  5123c, suspended in 
Hank's  solut ion,  was t ransplanted in the hind 
limbs of  150-200 g male rats (Buffalo strain) 
and used after 5-6 weeks. At this t ime, the 
tumor  had reached an appreciable mass but  
showed only l imited areas of  necrosis. At the 
t ime of  the exper iment ,  two  rats fasted over- 
night were exsanguinated under  diethyl  e ther  
anaesthesia by heart  puncture  using heparinized 
syringes. Tumors  f rom these two rats were 
quickly excised, freed from necrot ic  parts, 
weighed and then homogenized  in the cold with 
4 volumes of  0.04% CaCI 2 in a MSE homo-  
genizer. Equal  por t ions  of  the livers of  these 
host animals were also pooled and homogenized  
in 4 volumes  of the same solut ion,  while blood 
was centr i fuged at low speed to separate cells 
f rom plasma. Normal  Buffalo rats of  the same 
age as the host  rats were used as controls.  These 
rats were also starved overnight  and exsangui- 
nated,  and blood and livers were processed as 
above. 

Analytical Procedures 

Tota l  lipids of  hepa toma,  livers and blood 
plasma were ext rac ted  according to Folch et al. 
(6) and f ract ionated into  neutral  lipids and 
phosphol ipids  by silicic acid co lumn chroma- 
tography (3). Chromatographic  procedures 
described previously (3) were used to resolve 
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TABLE I 

Content of Neutral Lipid Classes in 
Normal and Host Rat Livers and Morris Hepatomas 5123c a 

mg/g Lipid-free dry weight b 

Normal liver Host liver Hepatoma 5123c 
Lipid class (5) (5) (9) 

Esterified cholesterol 1.1 + 0.2 7.9 -+ 1.6 e 1.8 • 0.2 
Free cholesterol 5.6 • 0.3 8.5 • 0.7 e 8.0 + 0.6 
Triglycerides c 52.5 -+ 12.3 922.8 • 246,4 e 20.7 -+ 4.6 
Diglycerides c 2.0 -+ 0.4 10.6 • 2,9 f 1.3 +- 0.2 
Monoglycerides c 0.1 +- 0.0 1.0 • 0,4 f 0.1 +- 0.0 
Free fatty acids d 3.0 -+ 0.8 7.0 • 1.3 f 1.9 -+ 0.2 

aValues are the mean -+ SE of the number of experiments  listed in parentheses.  
bLipid-free dry weight was calculated as the difference between constant dry weight and 

total  lipids determined gravimetrically. Water content represents 78 and 66% of wet weight 
of livers and hepatoma, respectively. 

c818, 546 and 270 were the molecular weights used to calculate the amounts of tri-, di- 
and monoglycerides ,  respectively,  in livers and hepatoma cells. 

dDetermined co lor imetdcal ly  and using an average molecular weight of 270. 
eSignificantly different from normal rat liver at P<O.01. 
fSignificantly different from normal rat liver at P<0.05. 

neu t ra l  l ipids in to  cho les te ry l  esters (CE), 
t r iglycerides  (TG),  diglycerides (DG),  monog ly -  
cerides (MG), free cho les te ro l  (FC)  and  free 
fa t ty  acids ( F F A ) ,  and  phospho l ip ids  in to  
d iphospha t idy lg lyce ro l  (DPG),  phospha t i dy l -  
e t h a n o l a m i n e  (PE) (plus phospha t idy l se r ine ,  
PS), p h o s p h a t i d y l i n o s i t o l  (PI),  phospha t idy l -  
chol ine  (PC), sph ingomye l in  (SP) and  lyso- 
lec i th in  (LPC). TG, DG and  MG were eva lua ted  
by  glycerol  d e t e r m i n a t i o n  (7)  and  by using 
molecu la r  weights  derived f rom the  f a t t y  acid 
c o m p o s i t i o n  of  the  indiv idual  glycerides in the  
var ious t issues examined .  FC and  es ter i f ied 
cho les te ro l  (EC) were assayed accord ing  to 
Cramer  and  Isaksson (8) ,  and  F F A  were deter-  
m i n e d  fo l lowing the  m e t h o d  of  D u n c o m b e  
(9). Phospho l ip ids  were d e t e r m i n e d  by  mul t i -  
p ly ing x 25 the  l ip id -phosphorus  assayed 
fo l lowing the  m e t h o d  of  Mar t in  and  Doty  (10)  
a f te r  d iges t ion wi th  sulfur ic  ac id-perchlor ic  acid 
(3 :2 ,  v/v).  F a t t y  acid c o m p o s i t i o n  of  ind iv idual  
l ipid classes 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  as previously  descr ibed (5). 

Statistical Analyses 

Stat is t ical  s ignif icance of  the  differences  
be tween  n o r m a l  and  hos t  ra t  livers, n o r m a l  and  
hos t  b lood  p lasma,  and  Morris h e p a t o m a  5123c  
and  hos t  or  n o r m a l  ra t  livers was assessed us ing 
the  S t u d e n t ' s  t test .  The  m i n i m u m  level of  
s ignif icance was cons idered  the 5% level. 

RESULTS A N D  DISCUSSION 

As s h o w n  in Table I, in the  livers of  animals  
bear ing  Morris  h e p a t o m a  5123c ,  there  was a 
r emarkab le  increase  of  CE and  glycerides;  FC 

and  FFA were also increased  a l t hough  to a 
lesser ex ten t .  No s ignif icant  changes of  liver 
neu t ra l  l ipid classes were observed in rats 
bear ing  Yosh ida  h e p a t o m a  A H 1 3 0  8-10 days 
af te r  t r a n s p l a n t a t i o n  (5),  while rats bear ing  
4-5 week  old h e p a t o m a  7288  CTC (11)  as well 
as pa t i en t s  wi th  ma l ignan t  neoplas t ic  diseases 
(12)  showed  reduced  c o n c e n t r a t i o n s  of  liver TG 
in compar i son  to the  cont ro ls .  Sequent ia l  
d e t e r m i n a t i o n  of  liver l ipids dur ing  t u m o r  
g r o w t h  in mice bear ing a g l ioma (13)  or  Ehr l ich  
ascites ca rc inoma  (14)  s h o w e d  an increase of  
l iver TG a few days af te r  t r an sp l an t a t i on ,  
fo l lowed by a decrease at more  advanced  stages 
of  t u m o r  g rowth .  A m a r k e d  r e d u c t i o n  of  TG 
was also found  in rivers of  advanced  stage 
l y m p h o m a - b e a r i n g  mice (15) .  

Table  I also shows tha t ,  in compar i son  to  
n o r m a l  liver, h e p a t o m a  5123c  con t a ined  a 
lower  a m o u n t  of  TG and a h igher  level of  FC; 
the  increase  o f  EC and  the  decrease of  F F A  
and  DG were n o t  s ta t is t ical ly  s ignif icant .  The  
r educ t i on  of  TG and  F F A  in h e p a t o m a  5123c  
appeared  still greater  when  the  t u m o r  was 
c o m p a r e d  to the  hos t  liver, due to the  accumu-  
l a t ion  of  neu t r a l  l ipids in the  la t ter .  A r e d u c t i o n  
of  TG toge the r  wi th  an increase of  FC was also 
observed  in h e p a t o m a  7777  (16)  and  7288  
CTC (11)  as c o m p a r e d  w i th  n o r m a l  liver. In 
h e p a t o m a  7 7 9 4 A ,  however ,  an increase of  FC 
was f o u n d  to  be associated wi th  an u n c h a n g e d  
level of  TG (16) .  The  great  a c c u m u l a t i o n  of  CE 
r epo r t ed  for  h e p a t o m a  7777  (16)  was n o t  
observed in the  p resen t  s tudy .  

Moreover ,  h e p a t o m a  5123c  did n o t  con ta in  
any de tec tab le  a m o u n t  of  glyceryl  e t h e r  di- 
esters which  were p resen t  in apprec iable  quan-  
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L I P I D S  O F  M O R R I S  H E P A T O M A  5 1 2 3 C  

T A B L E  II 

C o n t e n t  o f  P h o s p h o l i p i d  Classes in N o r m a l  a n d  
H o s t  R a t  Livers a n d  Morr i s  H e p a t o m a  5 1 2 3 e  a 
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N o r m a l  l iver  H o s t  l iver  H e p a t o m a  5 1 2 3 c  
L ip id  class b n = 2 n = 6 n = 5 

TPL 1 1 0 . 0  +- 7 .3  1 3 8 . 0  -+ 10 .9  d 99 .9  • 5.7 
D P G  5.7 -+ 0 .3  (5 .4 )  6.1 -+ 0 .2  j(4.4) 6 .2  • 0 .5  (6 .22  
PE (plus PS)  c 33 .8  -+ 3.9 ( 3 0 . 4 )  4 7 . 6  + 2 .6  ~ ( 3 4 . 5 )  33 .2  • 0 .8  ( 3 3 . 3 )  
PI 8 .6  • 0 .4  (7 .8 )  4 . 8  -+ 1 . 3 ~ 3 . 5 )  4 .5  • 0 .4  (4 .5 )  
PC 54 .7  • 2 .0  ( 4 9 . 4 )  68 .7  + 2 . 5 ~  50.1  • 1.6 (50 .3 )  
SP 6.1 -+ 0 .8  (5 .5 )  8 .7  • 2 .3  (6 .3 )  4 .5  • 0 .4  (4 .5 )  
LPC 1.7 + 0 .4  (1 .5 )  2.1 +- 0 .2  (1 .5 )  1.2 • 0.1 (1 .2 )  

aThe  va lues  a re  m e a n s  • SE a n d  are e x p r e s s e d  as m g / g  l ip id- f ree  d r y  w e i g h t ,  n = N u m b e r  
o f  e x p e r i m e n t s .  F igures  in p a r e n t h e s e s  r e p r e s e n t  p e r c e n t a g e s  o f  t o t a l  l ip id  p h o s p h o r u s .  

b T P L  = Tota l  p h o s p h o l i p i d s ;  DPG = d i p h o s p h a t i d y l g l y c e r o l ;  PE (plus  PS)  = p h o s p h a t i d y l -  
e t h a n o l a m i n e  (plus p h o s p h a t i d y l s e r i n e ) ;  PI = p h o s p h a t i d y l i n o s i t o l ;  PC = p h o s p h a t i d y l e h o -  
l ine ;  SP = s p h i n g o m y e l i n ;  L P C  = l y s o p h o s p h a t i d y l c h o l i n e .  

CpE a n d  PS were  e l u t e d  t o g e t h e r  d u r i n g  p h o s p h o l i p i d  f r a c t i o n a t i o n  b y  silicic ac id  
c o l u m n  c h r o m a t o g r a p h y  (19 ) .  

d S i g n i f i c a n t l y  d i f f e r e n t  f r o m  n o r m a l  r a t  l iver  at  P < 0 . 0 5 .  

T A B L E  III 

L ip id  C o n c e n t r a t i o n s  in B lood  H a s m a  :from 
N o r m a l  Rats  a n d  Morr i s  H e p a t o m a - B e a r i n g  Ra t s  a 

N o r m a l  ra t  Hos t  r a t  
L ip id  class (5) (11)  

To ta l  p h o s p h o l i p i d s  9 5 . 0  -+ 4 .3  1 2 0 . 0  • 13 .8  
Es te r i f i ed  cho l e s t e ro l  31 .0  -+ 2 .5  37 .3  + 3 .8  
Free  c h o l e s t e r o l  14 .4  _+ 1.I  2 4 . 0  +- 2 .4  d 
Tr ig lyce r ides  b 1 0 2 . 3  + 9.1 2 3 8 . 2  -+ 60 .4  
Free  f a t t y  ac ids  c 16 .8  -+ 3.6 16.1 + 2 .4  

aThe  va lues ,  e x p r e s s e d  as m g / 1 0 0  m l  b l o o d  p l a s m a ,  are the  m e a n s  +- SE o f  t he  n u m b e r  o f  
e x p e r i m e n t s  l i s ted  in p a r e n t h e s e s .  

b 8 2 4  a n d  8 2 0  w e r e  t h e  m o l e c u l a r  we igh t s  used  t o  c a l c u l a t e  t he  a m o u n t s  o f  t r i g lyce r ide s  
in n o r m a l  a n d  h o s t  r a t  b l o o d  p l a s m a ,  r e spec t i ve ly .  

C D e t e r m i n e d  c o l o r i m e t r i c a l l y  a n d  us ing  an  average  m o l e c u l a r  w e i g h t  o f  2 7 0 .  
d S i g n i f i c a n t l y  d i f f e r e n t  f r o m  n o r m a l  r a t  b l o o d  p l a s m a  at  P < 0 . 0 2 .  

titles in Ehrlich carcinoma (17) as well as in 
hepatoma 7777 (16) and Yoshida hepatoma 
AH130 (5). Differences in the level of the 
ether-linked lipids among various tumors have 
been correlated with their growth rate (18). 

Table II shows that, in comparison to the 
controls, animals bearing hepatoma 5123c had 
higher concentrations of total phospholipids 
(PL) due primarily to an increase of PC and PE 
(plus PS). An increase of total PL was also 
found in liver of rats bearing mammary carci- 
noma (19), in mice transplanted with human 
ovarian carcinoma (20), and in patients with 
malignant neoplastic diseases (12). On the other 
hand, rats bearing Walker carcinoma (19), 
hepatoma 7288 CTC (11) and Yoshida hepa- 
toma AH130 (5) did not show significant 
differences in the liver PL in comparison with 
normal rats. 

Table II also shows that hepatoma 5123c 

contained a lower amount of total PL than host 
and normal rat livers; the difference with the 
latter, howew~r, was not statistically significant. 
It can be seen that the percent composition of 
phospholipids in the tumor was similar to that 
in the livers, indicating that all the major 
phospholipid classes were equally reduced in 
hepatoma 5123c. The decrease of PL observed 
in hepatoma 5123c as well as in other hepa- 
tomas (5,16,21-23) may be related to the 
reduced concentration of microsomal PL which 
was repeatedly reported in hepatomas as 
compared to liver (3,4,24-28). 

As shown in Table III, rats bearing hepatoma 
5123c had increased levels of plasma PL, EC 
and FC in comparison with normal rats; how- 
ever, when submitted to the Student's t test, 
only the diffierences in the plasma FC concen- 
tration were statistically significant. Similar 
results were found for FC and EC in the plasma 
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of rats transplanted with Morris hepatoma 7777 
(29). Moreover, as in animals bearing Yoshida 
hepatoma AH130 (5), Walker carcinoma (30) 
or Ehrlich ascites carcinoma (31-33), rats with 
hepatoma 5123c showed a higher level of 
plasma TG than normal rats, but the difference, 
although marked, was not statistically signifi- 
cant owing to the large variability of values in 
host rats. 

F r o m  the examination of Table III it is also 
evident that, in agreement with previous 
findings from animals bearing hepatoma AH130 
(5) and Ehrlich carcinoma (34), the presence of 
hepatoma 5123c did not significantly change 
the level of  plasma FFA in host rats. It should 
be stressed, however, that all these animals were 
fasted overnight before blood sampling and that 
an increase of plasma FFA of tumor-bearing 
animals as compared to the controls has been 
observed only using fed animals (35). 

As given in Table IV, the fatty acid profiles 
of EC, TG and FFA of the host liver were 
similar to those of the normal rat liver, except 
for a reduction of palmitic acid in CE. In 
comparison to host and normal rat livers, 
hepatoma 5123c showed an increase of arachi- 
donic acid and a decrease of palmitic acid in 
CE, which were also noted in hepatoma 7777 
(29) and hepatoma 7288 CTC (11). In TG, 
hepatoma 5123c had a lower level of palmitic 
acid and higher proportions of stearic and 
arachidonic acids in comparison to the livers, 
findings also reported in hepatoma 7288 CTC 
(11). A decrease of palmitic acid together with 
an increase of  stearic acid was also observed in 
TG of Yoshida hepatoma AH130 when com- 
pared to the liver (5). 

As shown in Table V, the only significant 
differences in acyl group composition of PL of 
host vs. normal rat liver were an increase of 
palmitic and oleic acids and a decrease of 
stearic and arachidonic acids in PI. It should be 
noted that oleic acid, although increased, was 
still a minor fatty acid in PI of the host liver. A 
significant increase of palmitic acid together 
with a decrease of arachidonic acid was found 
in the total liver PL of rats bearing Walker 
carcinoma (36) as well as in the liver PC and PI 
of rats bearing Yoshida hepatoma AH130 (5). 

In PE (plus PS), hepatoma 5123c revealed a 
fatty acid profile similar to that of normal liver, 
but showed a slight decrease of palmitic acid 
and an increase of  oleic acid when compared to 
host liver. Minor quantities of  aldehydogenic 
chains of plasmalogens (not reported in the 
table) were also found in PE (plus PS) of 
hepatoma 5123c. In PC, hepatoma 5 t23c  
contained higher percentages of palmitic and 
oleic acids and lower proportions of stearic acid 

and of 22:5 and 22:6 fatty acids in comparison 
to both host and normal rat liver. In addition, 
hepatoma 5 t 23c showed a significant reduction 
of arachidonic acid in PC when compared to 
host liver. Furthermore, an increase of palmitic, 
oleic and linoleic acids accompanied by a 
decrease of stearic acid was found in the PI of 
hepatoma compared with normal liver, while no 
significant variation in the tumor PI fatty acid 
profile was revealed with respect to the host 
liver. With the exception of minor differences, 
DPG fatty acid composition of hepatoma was 
rather similar to that of the livers. An increase 
of oleic acid coupled with a decrease of C20 
and C2~ polyunsaturated acids has been pre- 
viously reported in various glycerophospho- 
lipids from different rat hepatomas (5,16,21, 
22,24,37,38). It should be noted, however, that 
the magnitude of fatty acid changes in the 
slow-growing Morris hepatoma 5123c was 
smaller than that found in the poorly differen- 
tiated Yoshida hepatoma AH130 (5), hepatoma 
7288 CTC (21) and hepatoma 7777 (24). An 
analogous difference may also be observed in 
the extent of fatty acid changes between the 
fast-growing 7777 and slow-growing 7794A 
hepatomas (16). Moreover, in the poorly 
differentiated hepatomas, the increase of oleic 
acid associated with the decrease of  polyun- 
saturated acids appeared in different phospho- 
lipid classes while being mainly confined to PC 
in the case of hepatoma 5123c. Since octade- 
cenoate isomers were not  determined in the 
present study, it cannot be established whether 
the increase of "oleic acid" in hepatoma 5123c 
is in effect partly due to vaccenic acid. This 
latter was found to constitute an appreciable 
percentage of octadecenoic acid in several 
tumors (39,40). 

As shown in Table VI, the fatty acid profile 
of sphingomyelin was similar in hepatoma and 
in livers with the exception of a lower propor- 
tion of oleic acid in host compared to normal 
rat livers. 

Table VII shows that the fatty acid composi- 
tions of blood plasma CE, TG, FFA and PL in 
animals bearing hepatoma 5123c were similar 
to those in normal rats. 

In conclusion, the present study has revealed 
that in comparison with the control group the 
liver of rats bearing a 5-6 week old Morris 
hepatoma 5123c shows an accumulation 
of CE and glycerides as well as slight changes in 
the PI fatty acid profile. From these results and 
those of other laboratories, it is difficult to 
ascertain common trends in the lipid changes 
induced by tumor growth in host tissues, since 
any comparison among different tumor-bearing 
animals is limited by such variables as dif- 
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788 S. RUGGIERI AND A. FALLANI 

ferences in the biological characteristics of 
tumors, in the species and strains of host 
animals and in the timing of experimental 
observations. 

This study further shows that changes in the 
acyl chain composition of neutral lipids and 
phospholipids of Morris hepatoma 5123c can 
be detected when comparing the tumor either 
with host liver or with normal rat liver; no such 
acyl chain changes are observed when com- 
paring host vs. normal livers. These acyl chain 
variations, also found in other neoplastic 
systems, are indicative of tumor-specific ano- 
malies with potential relevance for tumor cells 
behavior. 
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ABSTRACT 

The percentage distribution of the geometrical and positional isomers in the hexadecenoates and 
octadecenoates isolated from triglycerides, phosphatidylcholines, and phosphatidylethanolamines of 
brain, heart, kidney, liver, lung, muscle, spleen, and adipose tissues from normal rats maintained on a 
laboratory diet has been determined. All of the octadecenoates and most of the hexadecenoates from 
the lipid classes of all the tissues consisted of more than 95% cis isomers. Generally, palmitoleic 
was the predominant hexadecenoate, but many of the tissue phospholipids contained relatively high 
percentages of the A6 and Lx7 isomers. Oleate and vaccenate were. the predominant octadecenoates in 
all tissues. Except for brain and adipose tissues, the oleate to vaccenate ratios differed for each lipid 
class, as well as between most tissues. In contrast to the monoenes of the phospholipids, the trigly- 
ceride monoenes exhibited the same approximate: percentage composition; percentage of geometrical 
isomers; and percentage distribution of hexadecenoate and octadecenoate positional isomers. These 
data add to our basic information about the percentage distribution of geometrical and positional iso- 
mers of naturally occurring unsaturated fatty acids in the major lipid classes of various normal tissues. 
Some new concepts were advanced as possible explanations to some of the observed positional isomer 
distributions. 

INTRODUCTION 

Oleic (cis A9 octadecenoic) andvaccenic (cis 
A l l  octadecenoic) acids are the predominant 
octadecenoates found in the major lipid classes 
of  normal rat liver. The proport ion of  vaccenic 
acid is dependent upon the lipid class: phos- 
phatidyle thanolamines > phosphatidylcho- 
lines > cholesteryl esters > triglycerides (1). 
Oleic to vaccenic acid ratios in the lipid classes 
of  normal liver are unaffected or marginally 
affected by extremes in diet (1). The im- 
portance of  maintaining a particular ratio of  
these two fatty acids characteristic of  each of  
the major lipid classes is not  understood at this 
time, but it is known that all the major lipid 
classes of hepatomas and livers from animals 
fed a dietary co-carcinogen contain the same 
approximate proportions of  these two monoene 
isomers (1-3). 

The geometrical and positional isomer 
content of  the major lipid classes of several 
normal tissues has been examined in the present 
study to determine: 1) the level of  t rans  mono- 
ene isomers in the various normal tissues; 2) 
whether the oleic to vaccenic ratios unique to 
the individual lipid classes of liver exist in other 
tissues; 3) whether the octadecenoate isomers 
exhibit tissue specificity; and 4) to what extent 
isomeric hexadecenoates might exhibit tissue 
and lipid class specificity. 

EXPERIMENTAL PROCEDURES 

Male Buffalo strain rats ( 2 0 0 - 3 0 0  g ) t h a t  

had been maintained on a laboratory chow diet 
(Wayne Lab-Blox, Allied Mills, Inc., Chicago, 
IL) for at least four weeks were used. The 
animals were killed, the tissues excised, lyophi- 
lized and extracted twice by the Bligh and Dyer 
procedure ,(4). Neutral and polar lipids were 
separated by silicic acid chromatography (5), 
individual ]Lipid classes isolated by thin layer 
chromatography (TLC) (6,7), methyl  esters 
prepared by acid-catalyzed transesterification 
(8), and analyzed quantitatively by gas liquid 
chromatography (GLC) as described previously 
(8). Triglycerides were quantitated by high 
temperature GLC as the intact glycerides (8). 
Argentation TLC was used to separate cis and 
t rans  monoene fatty ester fractions from each 
lipid class. Hexadecenoates and octadecenoates 
were isolated from these fractions by prepara- 
tive GLC and the double bond positions deter- 
mined by GLC analysis of  the ozonide cleavage 
products as: described earlier (2). The ozonides 
were prepared by a modification (2) of the 
Beroza and Bierl procedure (9). The two 
geometrical isomer fractions were quantitated 
by GLC analysis of the samples with a known 
quantity of methyl docosanoate added. 

The source and purity of  lipid standards, 
solvents, chemicals and reagents were the same 
as given previously (2). 

RESULTS 

The chow diet contained 5.65% total lipid of  
which triglyceride was the major component.  
The fatty acid composition of  the total lipids 
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TABLE I 

Water and Lipid Concentrations in Various Rat Tissues a 

% Dry % Total lipid % Polar % Neutral % TG of neu- 
Tissue matter of dry wt. lipid lipid tral lipids 

Brain 22.2 +- 1.2 41.1 -+ 1.5 80.3 -+ 0.7 19.7 -+ 0.7 <l  
Heart 22.9 + 0.4 17.0 + 2.5 80.0 • 6.0 20.0 • 6.0 87.0 • 1.6 
Kidney 24.1 * 0.6 20.4 -+ 0.7 74.9 -+ 3.0 25.1 + 3.0 40.0 -+ 6.6 
Liver 32.9 + 1.0 15.2 + 0.6 74.8 -+ 1.8 25.2 • 1.8 60.2 • 4.0 
Lung 22.1 -+ 0.5 21.2 -+ 2.5 58.8 • 2.3 41.2 • 2.3 62,0 • 11.4 
Muscle 26.7 + 0.8 15.4 • 3.9 13.8 -+ 5.4 86.2 • 5.4 97.6 • 0.6 
Spleen 23.3 + 0.4 13.0 + 0.8 61.4 + 1.7 38.6 -+ 1.7 41,0 -+ 1.1 
Adipose >90 b 84.9 -+ 2.4 0.9 -+ 0.5 99.1 -+ 0.5 >99 

apercentages represent the mean + standard deviation from analyses of four rats individually. 
bThe high percentage of lipid in the adipose tissue prevented an accurate determination of the 

water content. 

TABLE 11 

Octadecenoate and Hexadecenoate Percentages Found in the Various Rat Tissues 
of Animals Maintained on a Chow Diet 

Percentages of the total fatty acids a 
TG PC PE 

Tissue 18:1 16:1 18:1 16:1 18:l 16:1 

Brain -- -- 27.9 • 0.6 0.8 • 0.1 24.4 • 0.3 T b 
Heart 38.8• 8.3• 11.1• 0.6• 8.4_+0.7 0.5-+0.1 
Kidney 29.9 +- 0.5 6.4 • 0.9 10.0 • 0.2 0.9 ~+ 0.1 8.6 + 0.3 T 
Liver 31.2 • 0.9 7.8 -+ 1.6 12.1 -+ 1.7 2.2 • 0.9 9.9 + 1.3 1.0 • 0.4 
Lung 37.0+1.4 7.2+1.1 9.2-'0.1 9.8• 19.0• 1.1 2.9-+0.6 
Muscle 28.4 + 0.6 6.2 + 0.9 7.6 _+ 0.2 1.3 • 0.1 6.5 + 1.2 T 
Spleen 30.6+1.2 8.2+0.6 10.1 • 1.4_+0.1 12.040.8 T 
Adipose 28.2• 6.240.8 19.4• 1.2 1.2• 19.240.4 0.9-+0.2 

apercentages represent the mean + standard deviation from analyses of four rats individually. 
bT denotes detectable quantities of less than 0.5%. 

w a s  1 6 : 0 ,  14 .3%;  16 : 1 ,  1 .5%;  1 8 : 0 ,  4 . 2 % ;  1 8 : 1 ,  
2 2 . 9 % ;  18 :2 ,  4 6 . 5 % ;  18 : 3 ,  5 . 1% a n d  > 1 8 : 3 ,  
3 .1%.  T h i s  c o m p o s i t i o n  is s i m i l a r  to  t h a t  o f  
s o y b e a n  oil  l i s t ed  as an  i n g r e d i e n t  o f  t h e  d ie t .  
T h e r e  were  n o  d e t e c t a b l e  q u a n t i t i e s  o f  t r a n s  

m o n o e n e s  o n  s i lver  i o n  T L C .  P a l m i t o l e i c  ac id  
(A9  i s o m e r )  r e p r e s e n t e d  ca. 9 5 %  o f  t h e  h e x a -  
d e c e n o a t e  f r a c t i o n  w i t h  t h e  A 6 ,  A 7 ,  a n d  A l l  
i s o m e r s  m a k i n g  u p  t h e  r e m a i n d e r .  T h e  o c t a -  
d e c e n o a t e  f r a c t i o n  c o n s i s t e d  o f  9 3 %  o l e a t e  a n d  
6 . 8 %  v a c c e n a t e .  T h e  f i sh  m e a l  a n d  a n i m a l  l iver  
l i s t ed  as i n g r e d i e n t s  o f  t h e  d i e t  we re  p r o b a b l y  
t h e  or ig in  o f  t h e  sma l l  a m o u n t  o f  t h e  A l l  
i s o m e r .  T h e  18 :2  f r a c t i o n  c o n s i s t e d  o f  ~ 9 9 %  
l ino le i c  ac id .  T h e s e  a n a l y s e s  a re  v e r y  s i m i l a r  to  
o u r  p r e v i o u s  ( u n p u b l i s h e d )  a n a l y s e s  o f  P u r i n a  
R a t  C h o w .  T h e  a b s e n c e  o f  u n n a t u r a l  cis  a n d  
t r a n s  i s o m e r s  is n o t  u n e x p e c t e d  s i n c e  t h e  
i n g r e d i e n t s  u s e d  in  t h e s e  l a b o r a t o r y  a n i m a l  
d i e t s  a re  u s u a l l y  u n p r o c e s s e d .  

T h e  w a t e r  a n d  l ip id  c o n t e n t  o f  t h e  v a r i o u s  
r a t  t i s s u e s  is g iven  in  T a b l e  I. E x c e p t  l iver  a n d  
a d i p o s e  t i s sue ,  all t h e  t i s s u e s  c o n t a i n e d  t h e  
s a m e  a p p r o x i m a t e  l y o p h i l i z e d  d r y  m a t t e r  
c o n t e n t .  E x c l u d i n g  b r a i n  a n d  a d i p o s e  t i s s u e ,  t h e  
t o t a l  l ip id  c o n t e n t  r e p r e s e n t e d  ca. 1 5 - 2 0 %  o f  
t h e  t i s s u e  d r y  w e i g h t s .  T h e  p o l a r  l ip id  f r a c t i o n s  

o f  b ra in ,  h e a r t ,  k i d n e y ,  a n d  l iver  r e p r e s e n t e d  
7 5 - 8 0 %  o f  t h e  t o t a l  l ip ids .  L u n g  a n d  s p l e e n  
p o l a r  l ip ids ,  p r i m a r i l y  p h o s p h o l i p i d s ,  a c c o u n t e d  
fo r  ca. 60% o f  t h e  t o t a l  l ip ids .  P e r c e n t a g e s  o f  
p h o s p h a t i d y l c h o l i n e s  a n d  p h o s p h a t i d y l e t h a n o -  
l a m i n e s ,  t h e  m a j o r  p h o s p h o l i p i d s  o f  all t h e  
t i s sue s ,  h a v e  b e e n  r e p o r t e d  ( 7 , 1 0 ) .  T r i g l y c e r i d e s  
w e r e  t h e  m a j o r  c o m p o n e n t  o f  t h e  n e u t r a l  l ip id  
f r a c t i o n  o f  all t i s s u e s ,  e x c e p t  k i d n e y  a n d  s p l e e n  
( T a b l e  I) w h i c h  c o n t a i n e d  l a rge  a m o u n t s  o f  
c h o l e s t e r o l .  T h e  d a t a  in  T a b l e  I a l o n g  w i t h  t h e  
d a t a  t h a t  will  be  g iven  in  t h e  f o l l o w i n g  t a b l e s  
will  p e r m i t  t h e  c a l c u l a t i o n  o f  a b s o l u t e  a m o u n t s  
o f  o c t a d e c e n o a t e s  a n d  h e x a d e c e n o a t e s  in  t h e  
l ip id  c l a s ses  o f  v a r i o u s  t i s s u e s  o n  a w e t  w e i g h t  
o r  d r y  w e i g h t  bas is .  

T h e  h e x a d e c e n o a t e  a n d  o c t a d e c e n o a t e  pe r -  
c e n t a g e s  f o u n d  in  t h e  m a j o r  g l y c e r i d e  c l a s ses  o f  
t h e  v a r i o u s  t i s s u e s  are  g iven  in  T a b l e  II. T h e  
c o m p l e t 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 s e  t i s s u e  
l ipid c l a s ses  wil l  be  p u b l i s h e d  (11) .  E x c e p t  f o r  
b r a in ,  all t i s s u e  t r i g l y c e r i d e s  c o n t a i n e d  t h e  
h i g h e s t  p e r c e n t a g e s  o f  o c t a d e c e n o a t e s  a n d  
h e x a d e c e n o a t e s ,  e x c l u d i n g  l u n g .  T h e  o c t a d e c -  
e n o a t e s  in  p h o s p h a t i d y l c h o l i n e s  f r o m  all 
t i s sue s ,  e x c l u d i n g  b r a i n  a n d  a d i p o s e ,  r e p r e -  
s e n t e d  8 - 1 1 %  o f  t h e  t o t a l  f a t t y  ac ids .  T h e  
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percentage  o f  oc t adecenoa te s  in phospha t idy l -  
e thano lamines  showed  the  most  variation: 
brain, lung, spleen,  and adipose conta ined  more  
than  10% and the  o the r  tissues con ta ined  less 
than  10% oc tadecenoa te .  Excep t  for  two  or 
th ree  values, the  m o n o e n e  percentages  found  in 
each o f  the  lipid classes o f  t he  various t issues 
agreed well wi th  values r epor ted  previously 
(10,12) for  animals fed normal  l abora tory  
chow diets. 

Table III gives the  percentage  o f  cis  hexa-  
decenoa tes  in the  tota l  hexadecenoa t e  f rac t ion  
isolated f rom each of  the  major  lipid classes o f  
t he  various tissues. All the  lipid class hexadec-  
enoates  o f  all the  tissues were composed  
primarily of  the  cis  isomer.  The small percent -  
age o f  the  t r a n s  hexadecenoa tes ,  the  d i f ference  
be tween  the  c is  percentages  and 100, was the  
highest  in the  phospha t idy lcho l ines .  Generally,  
the  tissue phospha t idy lcho l ines  tha t  con ta ined  
the  highest  percentages  o f  t r a n s  hexadecenoa te s  
were the  ones tha t  con ta ined  the  lowest  per- 
centages o f  to ta l  hexadecenoa tes  (Table II). 

Table IV gives the  percentages  of  cis  

oc tadecenoa tes  in the  to ta l  oc tadecenoa te  
f rac t ion f rom each lipid class o f  each tissue. 
The c is  isomers accounted  for  more  than  95% 
of  the  total .  Heart  and fiver phosphol ip ids  
conta ined  the  highest  percentage  o f  the  t r a n s  

isomers,  bu t  these percentages  were less than  
5%. 

The dis t r ibut ions  of  the  posi t ional  isomers 
of  the  e is  hexadecenoa te s  f rom the  major  lipid 
classes of  the  various tissues are given in Table 
V. The A6, A7, and A9 were the  p r e d o m i n a n t  
isomers,  which is in agreement  wi th  tha t  
r epor ted  for  hexadecenoa te s  isolated f rom the  
to ta l  lipids of  several t issues of  rats fed chow 
and fat-free diets (13). Palmitoleic acid, A9 
hexadecenoa te ,  was the  mos t  abundan t  i somer ;  
however ,  the  sum o f  the  o the r  two  isomers  was 
equal to  or greater  than  the  percentage  o f  pal- 
mitoleic  in adipose and lung phosphat idylchol ine .  
The phospho l ip ids  conta ined  a higher  pe rcen t -  
age of  the  A6 and A7 isomers t han  the  tri- 
glycerides. Liver was the  only  tissue tha t  
exhib i ted  the  same approx ima te  hexadecenoa t e  
isomer  d is t r ibu t ion  in all three  lipid classes. The 
d is t r ibut ion  of  hexadecenoa t e  posi t ional  iso- 
mers in brain phospha t idy lcho l ines  and fiver 
t r iglycerides is similar to  values r epo r t ed  
previoufly (1,12).  There was no t  suff ic ient  
sample to  pe rmi t  pos i t ional  analysis o f  the  
t r a n s  hexadecenoa tes .  

The percentage  d is t r ibut ion  o f  oleic and 
vaccenic acid, the  p r e d o m i n a n t  c i s  oc tadeceno-  
ares, in the  three  major  classes of  the  various 
tissues is given in Table VI. Oleate r epresen ted  
more  than  85% o f  the  t r iglyceride oc t adeceno-  

TABLEIII 

Distribution of Cis and Trans Hexadecenoate Isomers 
m the/vlajor Lipid Classes Obtained from Several 

Rat Tissnes of Animals Maintained on a Chow Diet 

Percentages of geometrical isomers a 
Tissue TG :cis PC :cis PE :cis 

Brain -- 96.0 
Heart 98.7 • 0.5 92.0 9~.5 
Kidney 99.8 ~+ 0.3 93.1 99.1 
Liver 98.6 + 0.6 98.4 96.7 
Lung 97.0 + 3.0 98.8 94.2 
Muscle 97.6 91.5 -- 
Spleen 99.7 93.4 -- 
Adipose 99.4 91.5 99+ 

aThe percentage of the trans isomer is the differ- 
ence between the eis values and I00. Percentages re- 
present the mean • standard deviation from analyses 
of four rats individually. Values without standard 
deviation represents the analysis of a pooled sample 
from four rats. 

TABLE IV 

Distribution of Cis and Trans Octadecenoate Isomers 
in the Major Lipid Classes Obtained from Several 

Rat Tissues of Animals Maintained on a Chow Diet 

Percentage of geometrical isomers a 
Tissue TG :cis PC :cis PE :cis 

Brain - -  99+ 99+ 
Heart 98.5 + 0.3 97.7 • 0.3 94.6 • 0.7 
Kidney 99.7 + 0.1 99.6 -+ 0.3 99.4 • 0.1 
Liver 99.4 *- 0.1 97.3 + t.3 96.8 • 3.2 
Lung 98.0 • 0.5 98.7 • 0.1 98.9 • 0.4 
Muscle 99.6 -+ 0.5 99.3 +- 0.1 98.6 • 1.0 
Spleen 99.9 • 0.2 99.2 -+ 0.3 98.7 -+ 0.2 
Adipose 99.4 • 0.5 98.6 + 0.9 99+ 

aThe percentage of the trans isomer is the differ- 
ence between the cis values and 100. Percentages re- 
present the mean + standard deviation from analyses 
of four rats individually. 

ates in all tissues, excep t  liver. Adipose  was the  
t issue tha t  exh ib i t ed  the  same approx imate  
p ropor t ion  of  oleic and vaccenic acid in all 
th ree  lipid classes. This suggests t ha t  the  bio- 
synthesis  o f  these th ree  lipid classes draws f rom 
the  same source o f  m o n o e n e  fa t ty  acids, and 
perhaps  o the r  fa t ty  acids as well, in the  adi- 
pocyte .  Tiffs observa t ion  also suggests tha t  the  
phosphog lycer ides  of  this t issue undergo  little 
modi f i ca t ion  af ter  synthesis .  Heart  phospha-  
t idylchol ines  and phospha t i dy l e thano l amines  
conta ined  the  same approx ima te  p ropo r t i ons  o f  
oleic and vaccenic acids, and this tissue was 
similar to  liver. The phospho l ip ids  o f  these two  
tissues con ta ined  higher  percentages  of  vac- 
cenate  them oleate.  The oc t adecenoa te s  of  to ta l  
phosphol ip ids  f rom hear t  have been  repor ted  to  
consist  o f  ca. 50% vaccenate  (14). Liver vac- 
cenate  percentages  are slightly higher  in the  
two  phospho l ip id  classes t han  we had  r ep o r t ed  
previously (1). Seasonal or age di f ferences  
might  haw; con t r ibu ted  to  the  slight d i f ference  
be t w een  values. Brain con ta ined  a similar 
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TABLE V 

Percentage Distribution of Positional Isomers of Cis-Hexadecenoate Fatty Acids Isolated from the 
Major Lipid Classes of Various Rat Tissues of Animals Maintained on a Chow Diet 

Percentages a 
TG PC PE 

Tissue A6 ~7 ,.,x9 A6 A7 A9 A6 A7 A9 

B r a i n  . . . . . .  17.9 18.5 59.9 --- - -  --- 
Heart 2.3 +- 0.8 5.5 • 2.1 91.2 + 2.3 5.8 16.1 74.6 13.0 11.8 70.7 
Kidney 4.1 • 2.4 7.2 • 0.4 88.6 • 2.6 19.4 19.4 61.3 8.5 17.2 74.3 
Liver 1.3 • 0.7 6.9 + 1.8 90.4 + 1.7 1.9 7.5 87.8 2.6 5.0 89.6 
Lung 5.4 7.5 87.1 13.5 36.0 50.5 lB.0 27.6 62.4 
Muscle 8.7 4.3 87.0 15.0 24.1 58 .5  . . . . . .  
Spleen -- 3.0 96.3 21.6 11.9 58.6 . . . . . . .  
Adipose 2.6 7.4 88.2 30.6 22.3 45 .1  . . . . . .  

apercentages represent the mean • standard deviation from analyses of four rats. Values without 
standard deviation represents the analysis of a pooled sample from four rats. 

TABLE VI 

Percentage Distribution of Positional Isomers of C/s-Octadecenoate Fatty Acids Isolated from the 
Major Lipid Classes of Various Rat Tissues of Animals Maintained on a Clrow Diet 

Percentages a 
TG PC PE 

Tissue /',9 A 1 1 A9 /'- 1 1 A9 a 1 1 

B r a i n  . . . . .  74.6 + 0.2 25.4 • 0.2 78.5 -+ 1.2 21.5 + 1.2 
lteart 90.1 -~ 1.8 9.9 -+ 1.8 31.3 + 1.5 68.7 + 1.5 39.7 -+ 2.1 60.3 • 2.1 
Kidney 89.0+0.5 11.0+0.5 68.8- + 1.2 31.2 + 1.2 90.5• 9.5• 
L i v e r  80.9-+4.8 19.1 -+4.8 36. l + 1.6 63.9 + - 1.6 31.7• 68.3+4.1 
Lung 90.5 -+ 0.5 9.5 • 0.5 70.0 + 3.9 30.0 + 3.9 82.5 • 4.4 16.3 • 4.4 
Muscle 86.8• 13.2+2.1 49.2-+2.8 50.8+2.8 72.9• 27.1+6.8 
Spleen 88.8+0.6 11.2+0.6 50.5-+0.9 49.5 + 0.9 67.1• 32.9-+0.9 
Adipose 86.9+0.3 13.1+0.3 87.1+1.2 12.9• 90.4• 9.6• 

apercentages represent the mean + standard deviation from analyses of four rats individually. 

p r o p o r t i o n  o f  oleic  and  vaccenic  acids in b o t h  
p h o s p h o l i p i d  classes. This  is in g o o d  a g r e e m e n t  
w i t h  the  o b s e r v a t i o n  m a d e  b y  Spence  (13)  
earlier.  Muscle  and  sp leen  p h o s p h a t i d y l c h o l i n e s  
c o n t a i n e d  equa l  p e r c e n t a g e s  o f  oleic and  
vaccenic  acids, b u t  p h o s p h a t i d y l e t h a n o l a m i n e s  
o f  t he  c o r r e s p o n d i n g  t i s sues  c o n t a i n e d  h i ghe r  
p e r c e n t a g e s  o f  oleic acid. T h e  o c t a d e c e n o a t e s  
o f  k i d n e y  p h o s p h a t i d y l e t h a n o l a m i n e s  con -  
t a ined  a h igh  pe rcen t age  o f  o lea te ,  s imilar  to  
t h e  t r ig lycer ides ,  w h e r e a s  p h o s p h a t i d y l c h o l i n e  
o c t a d e c e n o a t e s  cons i s t ed  o f  a p p r o x i m a t e l y  
one - th i rd  vaccena te .  L u n g  s h o w e d  a s imi lar  
d i s t r i b u t i o n  to k idney .  O c t a d e c e n o a t e s  f r o m  
t h e  to t a l  p h o s p h o l i p i d s  o f  k i d n e y  have  b e e n  
r e p o r t e d  to c o n t a i n  ca. 25% vaccena te .  Gen-  
erally,  t he  ra t io  o f  oleic to  vaccenic  acid was  
d e p e n d e n t  on  l ipid class and  the  t issue origin.  

DISCUSSION 

Most  o f  t h e  da ta  o n  t h e  d i s t r i b u t i o n  o f  t h e  
geomet r i ca l  and p o s i t i o n a l  i som er s  o f  m o n o -  
u n s a t u r a t e d  f a t t y  acids in t he  va r ious  t i s sues  is 
new,  e x c e p t  fo r  t h a t  o n  l iver and  bra in .  These  
da t a  add to  o u r  basic  i n f o r m a t i o n ,  and  h o p e -  
ful ly will c o n t r i b u t e  to  o u r  k n o w l e d g e  and  

u n d e r s t a n d i n g  o f  t he  b io logica l  i m p o r t a n c e  o f  
these  i somer i c  f a t t y  acids.  

These  data  d e m o n s t r a t e  t h a t  va r i ous  ra t  
t i s sues  f r o m  an ima l s  m a i n t a i n e d  fo r  o n e  m o n t h  
o n  a c h o w  die t  c o n t a i n i n g  n a t u r a l  fats  c o n t a i n  
very  l o w  levels o f  t rans  h e x a d e c e n o a t e s  and  
o c t a d e c e n o a t e s .  Large q u a n t i t i e s  o f  t he  oc ta -  
d e c e n o a t e  f r ac t i ons  p e r m i t t e d  an accura te  
d e t e r m i n a t i o n  o f  t he  t rans  i s o m e r  c o n t e n t  
desp i te  t he  l o w  pe rcen tages .  T h e  h ighe r  per-  
cen tages  o f  t he  t rans  o c t a d e c e n o a t e s  in hea r t  
and  liver p h o s p h a t i d y l c h o l i n e s  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 s  (Table  IV)  t h a n  in t h e  o t h e r  
t i ssues  m a y  have r e su l t ed  f r o m  t h e  s low tu rn -  
over  o f  s o m e  i s o m e r s  a l ready  p r e s e n t  p r i o r  to  
be ing  p laced  o n  t h e  e x p e r i m e n t .  S ince  a large 
p e r c e n t a g e  o f  d i e t a ry  f a t t y  acids are r e m o v e d  
and  c leared t h r o u g h  the  liver (15)  a n d  large 
q u a n t i t i e s  are ox id i zed  in t h e  hea r t  (16) ,  a n y  
se lec t iv i ty  in m e t a b o l i s m  m i g h t  lead to  a c c u m u -  
l a t ion  o f  t h e  t rans  i s o m e r s  in these  t issues .  I t  is 
also poss ib le  t ha t  t r aces  o f  t rans  f a t t y  acids 
cou ld  be o f  d ie ta ry  or  bac te r ia l  or igin.  Fa t s  
f r o m  r u m i n a n t s  c o n t a i n  a s u b s t a n t i a l  q u a n t i t y  
o f  t rans  o c t a d e c e n o a t e s  ( 17 , 18 )  t h a t  r e su l t  in 
pa r t  f r o m  the  b i o h y d r o g e n a t i o n  o f  d ie ta ry  
l ipids b y  r u m e n  m i c r o o r g a n i s m s  (19).  T h e  
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possibility that the microflora of rodents or 
other simple stomach animals could also give 
rise to trans fatty acids does not appear to have 
been investigated. 

Oleate and vaccenate were the predominant 
naturally occurring octadecenoate isomers in all 
the tissues examined, similar to what we had 
reported earlier for liver (1,20). The high 
percentage of vaccenate in liver phospholipids 
(1,20) was also common to most other tissue 
phospholipids, except adipose tissue and 
kidney phosphatidylethanolamine. Most of the 
tissues exhibited oleate to vaccenate ratios that 
differed for each of the major lipid classes, as 
was observed earlier for liver (1,20). In addi- 
tion, many of the tissues contained oleate to 
vaccenate ratios in one or more classes unique 
to the tissue (Table VI). Some of these tissues 
may exhibit a further preferential distribution 
of the positional octadecenoate isomers at the 
1- and 2-positions of glycerol in the phospho- 
lipid classes as was shown to occur in liver (2 I). 
These results clearly demonstrate that the 
distribution of octadecenoate positional iso- 
mers exhibits both lipid class and tissue specifi- 
city. 

The importance of the preferential distribu- 
tion of positonal isomers and the question of 
how presumably the same enzymes in different 
tissues create different oleate to vaccenate 
ratios are not understood. It is tempting to 
speculate that a higher percentage of either 
octadecenoate isomer reflects a tissue's need for 
a molecular species that contains the isomers. 
This may not be the case at all, but rather the 
class and tissue distributions of the octadeceno- 
ate isomers may be due to the origins of the 
isomers. We have shown that exogenous and 
endogenous oleate are not utilized equally for 
the biosynthesis of all lipid classes in cultured 
hepatoma cells (22). Preferential utilization of 
endogenous and exogenous octadecenoates in 
normal tissues could represent one way tissue 
lipid classes might contain different ratios of 
isomeric octadecenoates. It is possible that the 
origins of the octadecenoates used in the 
dihydroxyacetone phosphate (23,24) and a- 
glycerol phosphate (25,26) pathways might also 
differ, if one accepts the idea of multiple fatty 
acid pools or sources of which some are un- 
available to certain acyl transferases, then the 
question of the preferential octadecenoate 
isomer distribution doesn't have to be ex- 
plained on the basis of different enzyme 
specificity for the same substrate in different 
tissues. Multiple substrate pools and limited or 
restricted enzyme access to one or more sources 
of octadecenoates may only be partially 
responsible, if at all, but it would appear that 

such a concept might offer an alternative 
explanation to that of trying to interpret the 
observations totally on the basis of selectivity 
of multiple enzymes. 

In contrast to the phospholipids, the 
monoenes from the triglycerides of the various 
tissues would appear to be of the same origin 
despite the large differences in concentrations 
(Table I). Generally, the percentage composi- 
tions of hexadecenoates and octadecenoates 
(Table II), the percentage of the geometrical 
isomers in the monoenes (Tables III and IV), 
and the percentages of the hexadecenoate and 
octadecenoate positional isomers (Table V and 
VI) were similar for all tissue triglycerides. 
Differences between tissue triglyceride compo- 
sitions and the diet have indicated that the 
tissue triglycerides are not derived from a 
simple uptake of dietary fatty acid (11). How 
can the similarities in the hexadecenoate and 
octadecenoate positional isomer distribution in 
the variou:~ tissues be achieved when there are 
different routes of synthesis (27), different 
degrees of uptake (27), and an apparent lack of 
enzyme specificity in key enzymes (28)? One 
way might involve triglyceride biosynthesis in 
one or two tissues, possibly liver and adipose 
tissues, followed by transport to the various 
tissues. A central distribution of free fatty acids 
for triglyceride biosynthesis would also produce 
the same results. Transport of the triglycer- 
ides or fatty acids to the other tissues would 
need to be a recognizable complex to avoid 
mixing with plasma triglycerides and fatty acids 
that usua]ay contain a higher percentage of 
polyunsaturated fatty acids (11,12). At the site 
of uptake in the tissues, any hydrolysis and 
resynthesis by one or multiple pathways should 
yield triglycerides with the isomeric octadec- 
enoate composition if the process was compart- 
mentalized and restricted to one or two sources 
of fatty acids or triglycerides. The described 
possible means by which all tissue triglycerides 
exhibit the same fatty acid and octadecenoate 
isomeric compositions may be incorrect, but 
hopefully it will initiate interest that will 
further our understanding of this biological 
process. 

The biological function of oleate, vaccenate, 
or a specific ratio of these two octadecenoate 
isomers in any lipid class of any tissue is un- 
known;  however, this does not mean they do 
not play an important role. Some indirect 
evidence that the lipid class specific ratios of 
oleate to vaccenate may be important is sug- 
gested by the fact these ratios are altered in the 
lipid classes from several tumors (1,2,29), 
plasma of host animals (30), and the liver of 
animals fed Sterculia fbetida oil (3), a reported 
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carcinogen and co-carcinogen (31-33) .  The 
altered ratios of these two octadecenoate 
isomers associated with neoplasia may be 
secondary; however, it might represent our first 
evidence in the remarkably difficult task of 
demonstrating the essential role of a fatty acid 
that is synthesized de novo, in vivo. 
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Fatty Alcohols in Capelin, Herring and Mackerel Oils and Muscle 
Lipids: I. Fatty Alcohol Details Linking Dietary Copepod Fat 
with Certain Fish Depot Fats 
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Halifax, N.S. B3H 4J3, Canada, and R.G. ACKMAN 1 Halifax Laboratory, 
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ABSTRACT 

It is shown that the shorter chain (C14-C18) minor fatty alcohols in copepods, fish body lipids, 
and commercial fish oils are all qualitatively present, and quantitatively similar in proportions to acids 
found in the depot fats of capelin and mackerel, and in ,;ome herring. Although these fatty 
acids can be formed de novo in fish, copepod alcohols offer an alternative dietary source. 
Monoethylenic fatty alcohol details, especially for the 22:1 isomers, are reviewed, and the latter are 
discussed as precursors of the 22:1 fatty acids of fish depot fats, specifically of the dominant 22:lo~11 
isomer. 

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

The long chain (C20-C22) monoethylenic 
fatty acids of the depot fats of  marine animals 
are plausibly derived from their diet (1), but 
may be modified slightly by species needs 
(1-3). At one time, the same fatty acids in fish 
such as herring Clupea harengus were thought 
to be biosynthesized on a basis of  the needs 
peculiar to that species (4,5). A basic problem 
in accepting this hypothesis was that at that 
time the main 22:1 fatty acid isomer (6)was  
not clearly recognized as being 22:16011, 
whereas the precursor chain lengths have fatty 
acids of 609 structure (e.g., 20:16o9 can be 
formed by chain extension of  18:16o9 and is 
the predominant 20:1 isomer in lipids of many 
fish, including certain freshwater species [7]). 
Hence, 22:1c~9 would have been expected to 
dominate herring oil fatty acids. Since that 
period, it has been determined that the longer 
chain fatty alcohols of the wax esters of cope- 
pods common in the North Atlantic include the 
same monoethylenic isomer types in each chain 
length as are found in herring oil (8,9). It was, 
therefore, considered desirable to compare the 
unaltered fatty alcohols found in the depot fats 
of  fish feeding on copepods, specifically of 
commercially important species such as capelin 
Mallotus villosus, mackerel Scornber scombrus 
and herring, with those of the copepods. Both 
proportions among different alcohols and acids, 
and proportions among monoethylenic isomers, 
have been found to support the thesis that 
copepod fatty alcohols are converted directly 
to fatty acids on digestion by the fish. How- 
ever, each species of  fish may alter its overall 

1To whom correspondence should be addressed. 
Present address: Nova Scotia Technical College, PO 
Box 1000, Halifax, N.S. B3J 2X4, Canada 

depot fat composition to suit its particular 
needs. 

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

The commercial fish oils included a sample 
of capelin oil from fish taken off the south 
coast of Newfoundland in 1977, a Pacific 
herring oil (1973 production), an Atlantic 
mackerel oil and an Atlantic herring oil, both 
produced in the summer of  1973 at Shippegan, 
New Brunswick, from fish caught in the Gulf of  
St. Lawrence. The fish included capelin caught 
in the northern Gulf of  St. Lawrence in the 
summer of 1975 (20 fish, av. length 20 cm, av. 
weight 13.4 g), mackerel caught off Halifax in  
the summer of 1978 (3 fish, av. length 36 cm, 
av. weight 762 g), and herring samples as 
follows: (a) Chedabucto Bay, January 1978; (b) 
southwest Nova Scotia, Mid-summer 1978 (2 
fish, av. length 35.6 cm, av. weight 415 g); (c) 
southeast Nova Scotia, August 1978, (el = 2 
male fish, av. length 21.5 cm, av. weight 405 g; 
c2 - 1 female fish, 29.8 cm., 245 g ). The fish 
were measured, weighed, eviscerated and heads 
removed. Bodies (i.e., muscle and sk in)were  
extracted by the method of Bligh and Dyer 
(10). The copepod lipids were the gift of  the 
late Max Blumer and were recovered from 
unsorted northwest Atlantic copepods by 
centrifugation. The composition of these lipids 
was determined by the Iatroscan thin layer 
chromatography procedure (I1). The com- 
mercial oils and the fish body lipids recovered 
from the chloroform layers were saponified by 
AOCS method Ca-6B-53. The recovered un- 
saponifiable materials were streaked on Prekote 
Adsorbosil 5 thin layer chromatographic plates 
(Applied Science Laboratories, State College, 
PA) and developed with hexane/diethyl ether/ 
acetic acid (90:10:1). After spraying with 
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2,7-dichlorofluorescein, the fatty alcohol bands 
were identified under UV light and extracted 
with hexane/CHC13 (1:1). The recovered 
alcohols were converted to acetates for gas 
liquid chromatographic analysis. 

Wax esters and triglycerides were separated 
on and recovered from thin layer chromatog- 
raphy (TLC) on silicic acid plates. The fatty 
alcohols were analyzed by open-tubular gas 
liquid chromatography (GLC), with the liquid 
phase SILAR-5CP coated in stainless steel 
tubing 47 m in length and 0.25 mm I.D. (12). A 
portion of all esters was hydrogenated to verify 
quantitation (12) and to confirm identifications 
of components suggested by a standard alcohol 
mixture prepared by reduction of fish oil 
methyl esters to alcohols with LiA1H 4 (13). 
Data is presented to two decimal places for 
convenience in comparing small quantities, and 
accuracy is nominally within -+ 10% for major 
components but decreases as percentages 
decrease. Monoethylenic acetates were con- 
centrated by argentation TLC (14) and the alc 
22:1 fraction collected from preparative GLC 
was monitored by open-tubular GLC. After 
oxidative ozonolysis in BF3-MeOH and silyl- 
ation (13), the products (monomethyl esters 
and half ester, half silyl ethers) were also 
determined by this technique. Fatty acids were 
recovered and examined by similar means (15). 

RESULTS AND DISCUSSION 

Unsaponifiable$ in Fish Body Lipids 
and Commercial Oils 

The 1977 commercial capelin oil (Table I) 
contained 3.16% unsaponifiable material of 
which 15.5% was fatty alcohol. As far as is 
known, this oil came from nonfeeding fish in a 
prespawning condition and accordingly quite 
lean (16). Total lipid in the range 1 to 3% 
would be typical for these fish (17,18), and the 
10.8% lipid of the Gulf of St. Lawrence capelin 
is indicative of the fat increase during the fall 
feeding period (18,19). The two results suggest 
that once deposited in depot fats of capelin 
during feeding, the fatty alcohols may not be 
especially affected by the mobilization of 
tfiglycerides. The concentration of alcohols in 
the total lipids, and hence in cohamercial oil, 
will be enriched accordingly. Lean capelin 
processed in Denmark (20) yielded ca. 1% oil 
with 3.54% unsaponifiable matter. The range in 
oils from different samples of fish was 1.34- 
3.56% unsaponifiables, with the proportion 
approximately inverse to oil recovery. Of the 
3.54%, 52% was sterol but only 5-6% was fatty 
alcohol (roughly 30% 20:1 and 50% 22:1%). 
The data for fatty alcohols is thus remarkably 
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close to that given in Table I for a Newfound- 
land oil sample. 

It is important to note that the physical 
storage of fat in mackerel and herring differs 
somewhat from that in capelin, where fat 
occurs mostly in the skin and bellyflap. In 
mackerel, the skin is still an important storage 
site, but muscle is equally important (21-23), 
while in herring the muscle is the chief depot 
fat site (22). This distribution factor may 
affect fat mobilization. 

Mackerel are normally feeding when caught 
in the Gulf of St. Lawrence, and the 12.2% 
lipid in Nova Scotia coastal mackerel (Table I) 
also shows that feeding is in progress (23,24). 
The commercial mackerel oil contained 1.35% 
of unsaponifiable material, a value typical of  
Canadian marine oils from fish of this type 
(25) and also representative of  values for lipid 
from muscle obtained earlier (24). The propor- 
tion of alcohols in this unsaponifiable material, 
~10%, was similar to that in the capelin sam- 
ples. However, the mackerel muscle sample 
unsaponifiables were exceptionally high (24). 
Of this material, about half was fatty alcohol. 
The remainder was apparently cholesterol 
(indicated by TLC). It seems that fatty alcohols 
are deposited in fat of  mackerel much as 
suggested for capelin. 

The commercial Pacific herring oil had a 
"normal"  content of unsaponifiable matter but 
a very low level of  total alcohols. This suggests 
that wax esters and related lipids were not 
common in the diet. The relatively low alc 22:1 
(5.6%) and high alc 18:1 (35.5%) indicate that 
the food organisms were different in type of 
wax ester, but copepods from that region seem 
to include wax esters high in either 16:0 or 
22:1 and not especially high in 18:1 (26-29). 
The commercial Atlantic herring oil also had a 
typical (25,30) total unsaponifiable content of  
(1.91%), but only a small proportion (3%) of 
alcohols in this lipid fraction. The alcohols did, 
however, show the high alc 22:1 (43.9%) 
typical of copepod llpids, but this could have 
originated in either or both of stomach 
contents or depot fat. The Atlantic herring 
muscle samples with very low (3.3%) lipid 
came from late winter fish, and initially it 
appeared reasonable to assume that in these 
herring, as distinct from the comparable lean 
capelin sample, mobilization of depot fat led to 
oxidation of  alcohols to acids or even total 
catabolism of liberated fatty alcohols. This idea 
fitted the low level of  fatty alcohol in the 
Pacific herring oil, but was offset by the Atlan- 
tic herring with 17.0% lipid and no fatty 
alcohol, and the samples with 17.8 and 22.8% 
lipid and only 0.02 and 0.01% fatty alcohol, 

TABLE II 

Class Composition (w/w%) of Copepod Lipid 
Recovered from a Mixed Northwest Atlantic Sample 

Lipid class w/w% 

Polar lipid 5.6 
Free fatty acid 0.8 
Trigly cerid e 31.6 
Wax ester 61.2 
Sterol ester 0.8 
Hydrocarbon Trace 

respectively, in the body lipid. Literature data 
on alcohols from two herring oils (31) give total 
unsaponifiables of  1.06 (laboratory extract of  
whole herring, probably from the North Sea) 
and 1.0% (commercial Icelandic herring oil), 
with respective alcohol contents of  0.03 and 
0.17% of oil or lipid (Table I). It will be noted 
that the fatty alcohols in the laboratory extract 
of commercial whole herring purchased in 
France resemble somewhat the Nova Scotia fish 
of lot 2 in having only ca. 20% of 22:1 alcohol. 
On the other hand, the commercial oil from 
Iceland has the four major alcohol components 
(Table I) in proportions very close to those of  
the local 1973 commercial oil. No definite 
conclusion can be drawn from these compari- 
sons but the implication is that the Icelandic 
and Gulf of  St. Lawrence fish were taken while 
feeding heavily on copepods and that the fatty 
alcohol is inclusive of  stomach contents as well 
as fatty alcohols freshly deposited in the 
muscle. Small Danish herring (6.5% oil) had 
0.02 - 0.04% alcohol in lipid, but large herring 
(12% oil) had alcohol--.< 0.01% (20). 

Copepod Lipids and Comparisons of Fatty 
Alcohols with Those in Fish Lipids 

The copepod lipid sample (Table II) was 
dominated by the  wax ester, a result in keeping 
with other research studies (8,32-35). The 
detailed study of the fatty alcohols from this 
lipid fraction provides, however, new informa- 
tion on the origin of fatty acids in the fish 
living on copepods. Table III shows that the 
important saturated alcohols 14:0, 16:0 and 
18:0 are present in proportions similar to these 
of the fatty acids found in the depot of  the fish 
studied (15). It had always been assumed that 
the minor fatty acids of  fish such as iso 15:0, 
17:0 etc. originated in the fish, in the course of 
fatty acid metabolism and turnover, or as 
dietary fatty acids, but the copepod fatty 
alcohols show that the complete spectrum of 
these materials can also be supplied in fatty 
alcohol form. These saturated alkyl chains are 
also available from the fatty acids of  the wax 
esters and of the triglycefides of  the copepod 
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(15), and it appears that all originated in a 
common metabolic pool. 

The saturated fatty alcohols recovered from 
the Atlantic fish body lipids and from the 
commercial oils all have compositions relating 
approximately to the corresponding copepod 
fatty alcohols. The different status of fatty 
alcohols in Atlantic herr ingbodies is supported 
by the enrichment of  minor saturated alcohols 
such as iso and ante/so 15:0 and even 15:0. 
This effect may be peculiar to overall chain 
length since the percentage of 14:0 is also 
higher. The Pacific herring oil alcohols are very 
different in the emphasis on alc 18:0 and alc 
20:0. There is, however, good reason to con- 
clude that the residual saturated alcohols in the 
Atlantic fish body lipids originate in North 
Atlantic copepod wax ester alcohols. The 
saturated fatty alcohols in the commercial 
mackerel and Atlantic herring oils could be 
from the body lipids, or from stomach con- 
tents, or both sources, but the similarity serves 
to support the basic conclusion. The com- 
mercial capelin oil presumably came from lean, 
nonfeeding fish, so stomach contents should 
not be involved. It is remarkable that the 
composition of the alcohols from this oil 
sample matches the copepod composition very 
closely. Furnishing a fish with an excess of a 
minor fatty alcohol seems unlikely if copepods 
predominate in the diet, but in fish any accu- 
mulations of unusual shorter chain fatty acids 
are transitory, and the fatty acid composition 
returns to normal when input reverts to normal 
(36-38). 

The totals for the monoethylenic fatty 
alcohols (Table IV) recovered from the fish 
bodies, or the commercial fish oils, are all 
similar in magnitude to the total for the cope- 
pods. In detail, this class of fatty alcohols is in 
all cases except one dominated by the C 2 o and 
especially C22 chain lengths. The Pacific 
herring oil is exceptional in this respect and 
clearly demonstrates the relation between 22:1 
alcohols and acids (15,39). It is also note- 
worthy that the alc 20:1667 and ale 22:1667 
isomers are rather more important, relative to 
the corresponding 6o9 isomers, than one would 
expect on the basis of the proportions of  alc 
18:16o9 and alc 18:1667. The only suggestion 
which can be made is that some mechanism, 
perhaps primed by an excess of 16:0, favors 
four-carbon elongation of atc 16:16o7 to atc 
20: 16o7, and that there is little selectivity in the 
conversion of alc 20:16o7 and alc 20:16o9 to 
the corresponding alc 22:1 isomers. The ratio 
of 18:16o7 to 20:1w7 is nominally I : I  in all 
cases of Table IV. The four-carbon elongation 
has been discussed in fatty acid elongation in 

Brassica oils (14) where the ratio of 6o7 and w9 
isomers was changed by suppression of  elonga- 
tion. One of the reasons for this study was to 
see if the peculiar concentration of alc 
22:16011 could be explained. In this respect, 
these fatty alcohols from Pacific herring are 
normal in that the alc 22:16o9 is about a tenth 
of alc 22:1~011 (see also Table V). Whatever 
the' exogenous food source or sources of 
alcohols for the Pacific herring, the proportions 
between the alc 22:16o9 and alc 22:16o7 isomers 
are unusual, but between alc 22:16611 and alc 
22:16o9 the usual proportions prevail. Thus, in 
this aspect of the marine food web, three 
mechanisms for chain elongation of mono- 
ethylenic fatty alcohols may have to be con- 
sidered, respectively, affecting formation of alc 
20:16611 and elongation to alc 22:16~1 1 in one 
step, or a conventional progressive elongation in 
the 609 series from alc 18:1co9, or a special 
case, in some circumstances, of the 6o7 series 
which must start with 16 : 16o7. 

The 22:1 alcohol and acid isomer com- 
parisons are rearranged to proportions of 100% 
in Table V. There can be little doubt that the 
22:16011 fatty alcohol is the origin of  the 
unusual 22:16611 fatty acid. The three oxida- 
tive fission studies on fish fatty alcohols and 
acids suggest that 2 2:1o913 acid usually exceeds 
alc 22:16013. This could be due to direct de- 
saturation in the 9,10 position of 22:0 in either 
aicohol or acid form. Since 22:0 as a fatty acid 
is generally barely detectable (nominally (~< 
0.1%) in marine oils (1,2,12,15), it may be 
that it is an unsuitable substrate for esterases or 
other processes and is disposed of  by desatura- 
tion to the monoethylenic (22:16013) form. 
The absence (40) of  22:0 from sea water 
fatty acid containing t9.1% of  18:0 and 8.8% 
of 20:0 is another curious facet of  the problem 
of the longer chain saturated acids in marine 
biochemistry. The 2.5% proportion of alc 
22:16613 in the copepod lipids (Table V) may 
be compared with the figure of ca. 10% of the 
same alcohol isomer in a different sample of 
copepod wax ester (9). An alternative explana- 
tion therefore must be considered, that the 
dietary alcohol form is somehow altered in 
proportions of isomers in the course of the 
oxidation of all alc 22:1 isomers to fatty 
acids, reducing residual alc 22 : 166 13. 

In the polyethylenic alcohols (Table VI), 
with one exception, alc 18:2666 exceeds alc 
18:36o3, proportions familar in the fatty acids 
of most marine lipids (41,42). One of the 
surprising features of these alcohol analyses is 
that the C2o and C22 polyethylenic alcohols, 
except alc 22:6603, are at very low levels 
(including alc 20:5603). The unusual feature o f  
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t h i s  o b s e r v a t i o n  is t h a t  2 0 : 5 a 9 3  is t h e  m o s t  
l ike ly  f a t t y  ac id  o f  t h i s  t y p e  t o  be  f o u n d  in  t h e  
p h y t o p l a n k t e r  d i e t  o f  c o p e p o d s  (43) .  F i l t e r -  
f e e d i n g  m o U u s c s ,  fo r  e x a m p l e ,  c a n  r e a d i l y  
a s s i m i l a t e  s u c h  f a t t y  ac ids  (44 ) .  T h e s e  r e s u l t s  
fo r  t h e  c o p e p o d  s a m p l e  are  c o n f i r m e d  b y  a n  
ea r l i e r  s t u d y  o n  a d i f f e r e n t  s a m p l e  (8)  a n d  t h e  
f a t t y  a c i d - a l c o h o l  i m p h c a t i o n s  are  c o n s i d e r e d  
e l s e w h e r e  (15) .  

E x p e r i m e n t s  ( 4 5 , 4 6 )  w i t h  s eve ra l  d ive r se  
m a r i n e  f i sh  s p e c i e s  s h o w  t h a t  t h e  c a p a b i l i t y  t o  
o x i d i z e  f a t t y  a l c o h o l s  to  a c i d s  is w i d e s p r e a d .  
F r o m  t h e  r e s u l t s  o f  t h i s  s t u d y ,  t h r e e  a d d i t i o n a l  
s p e c i e s  c a n  n o w  be  i n c l u d e d ,  b u t  t h e r e  m a y  be  
m i n o r  d i f f e r e n c e s  in  n a t u r a l  f e e d s  o r  in  spec i f i c  
e n z y m e - f a t t y  a l c o h o l  i n t e r a c t i o n s  r e q u i r i n g  
f u r t h e r  s t u d y .  
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Fatty Alcohols in Capelin, Herring and Mackerel Oils and Muscle 
Lipids" II. A Comparison of Fatty Acids from Wax Esters with 
Those of Triglycerides 
W.N. RATNAYAKE, Chemistry Department, Dalhousie University, Halifax, N.S. B3H 4J3, Canada, 
and R.G. ACKMAN 1, Technology Branch Department of Fisheries and Oceans, 
1707 Lower Water Street, PO Box 550, Halifax, N.S. B3J 2S7, Canada 

ABSTRACT 

The fatty acids recovered from the triglycerides and wax esters of common northwest Atlantic 
copepods are compared with the fatty acids of wax esters recovered intact from certain fish skin and 
body lipid, and from commercial fish oils. The fish species, herring, capelin and mackerel, all feed on 
copepods, and many resemblances of the copepod lipid fatty acids to those of a previous analysis of 
similar copepods suggest that the basic dietary fat input for these fish may be quite constant. The two 
copepod fatty acid analyses differed quantitatively in triglyceride 20: l and 22:1 and also in 20:5w3 
and 22:6to3, confirming the primary role of the wax esters in copepods. Selectivity factors are 
discussed in comparing the copepod wax ester fatty acids with the fatty acids of the wax esters re- 
covered intact from the fish /ipids and oils. The basic role of copepods in supplying all types of fatty 
acids to fish depot fats is considered to be strongly supported by these findings. 

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

The small zooplanktonic  crustacea classed as 
copepods  of ten  have lipid sacs containing depot  
fat reserves in the form of wax esters and 
triglycerides, usually with a higher p ropor t ion  
of  the former  (1,2). The long-held hypothesis  
(3) that  the fat ty  alcohols of  copepod wax 
esters were the basic origin of  the longer  chain 
monoe thy len ic  fat ty acids of  capelin Mallotus 
villosus, mackerel  Scomber scombrus and 
herring Clupea harengus was upheld by study of  
monoe thy len ic  fat ty alcohol  details ( 4 ) c o n -  
forming to general marine oil fat ty acid pat- 
terns. However ,  it was no ted  that  numerous  
minor  fa t ty  alcohols could be found which 
were quali tat ively similar to those generally 
found in marine oils (4). In this section of  the 
s tudy,  the total  fa t ty  acids of  the copepod  
trigiycerides and of  all fish oils or body lipids 
are examined,  and also the fat ty  acid moie ty  of  
the wax esters found in a copepod sample, in 
capelin lipids and commercia l  oils, and in a 
mackerel  body oil. 

EXPERIMENTAL 

The details of  origin and lipid recovery and 
f ract ionat ion for most  samples are given else- 
where (4). The triglycerides of  the copepod  
sample were isolated by preparative thin 
layer chromatography  (TLC) and conver ted to 
methy l  esters by react ion in 7% BF3-MeOH for 
60 rain at 100 C in a screw cap centrifuge tube. 
All o ther  samples used similar technology and 

1To whom correspondence should be addressed. 
Present address: Nova Scotia Technical College, PO 
Box 1000, Halifax, N.S. B3J 2X4, Canada. 

represented whole oil or  total  lipid extracts  
from fish, or were acids recovered from analy- 
ses of  wax esters for fa t ty  alcohols. The me thy l  
esters of  fat ty acids were examined  by open- 
tubular  gas l iquid chromatography  (GLC) as 
described for the acetates of  fa t ty  alcohols (4). 

RESULTS A N D  DISCUSSION 

In the saturated fat ty  acids of  the copepod 
triglyceride, 14:0 at 19.8% (Table I) was three 
t imes higher  than the 6.3% observed in a 
previous mixed copepod sample (5), but  the 
16:0 at 28.9% was close to the previous report  
of  25.5%. The percentages of three major 
saturated fat ty acids of  wax esters, 14:0, 16:0 
and 18:0, were, however ,  all remarkably 
similar in propor t ions  (respectively,  38.4, 11.2 
and 0.3 vs. 32.2, 11.3 and 0.3) to those re- 
por ted  earlier. This supports  the view that  the 
wax esters are the basic lipid of  copepods,  
the triglyceride being only an "auxi l ia ry"  lipid 
reserve (6-9). The minor  fa t ty  acids of  both 
copepod  lipid samples were approximate ly  
parallel in propor t ions ,  and conf i rm previous 
details (5) such as the presence of  more 20:0  
and 22:0 in the tr iglyceride than in the wax 
ester acids. 

The copepod  monoe thy len ic  fat ty acids 
(Table II) show a very close similarity in the 
tr iglyceride and wax ester lipids except  for the 
higher 16:1 in the wax ester fa t ty  acids. This 
was also observed in the earlier copepod  sample 
(5), the respective percentages for 16:1co7 
being 3.0 and 15.6. Thus, the obvious 16:1 
difference f rom the fo rmer  data is also in the 
triglyceride, the wax ester 16:1 being approxi-  
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mately that observed earlier. Most importantly, 
both lipids differ in including 20:1 and 22:1 at 
ca. 5%, whereas, in the sample studied earlier, 
20:1 was <1% and 22:1 present only in trace 
amounts. 

Both fatty acid sources are quite low in 
18:26o6 and 18:36o6 (Table III). As these are 
plentifully available from phytoplankters (10), 
it is likely that they are readily catabolized 
or converted to 20:56o3 or 22:66o3. In respect 
to 20:56o3 both this copepod sample and that 
previously studied show triglyceride ~ wax 
ester for 20:56o3 and confirm that the trigly- 
ceride can contain appreciable amounts of 
22:6603 (27% in the earlier study), whereas 
both wax esters have very little 22:66o3. The 
greater accumulation of 18:46o3 (also readily 
available from phytoplankters) in wax ester 
than in triglyceride is also confirmed, and the 
proportions suggest that this is temporarily 
stored as an inert component,  although in the 
copepod sample studied earlier, the low propor- 
tion (0.8%) in triglyceride relative to 20:5w3 
(14.1%) and 22:6603 (27.0%) suggests that 
18:4663 can be converted to the higher poly- 
ethylenic acids if this is necessary. 

The balance of the copepod polyunsaturated 
fatty acids are all present in minor proportions, 
but it is of considerable interest to find that 
fatty acids such as the unusual 16:26o4, which 
are definitely of exogenous origin (10), were 
not converted to fatty alcohols in any signifi- 
cant proportion of the total (4), but instead are 
either catabolized or stored as acids in the wax 
esters rather than in the triglyceride (Table llI, 
see also [5]). This preference for C16 fatty 
acids may simply reflect a general tendency for 
wax esters in marine animals to total 34 or 36 
carbons (5). Since the copepod fatty alcohols 
include 31% C20 and 34% C22 in the mono- 
ethylenic alcohols alone, considerable C14 and 
C16 fatty acid is required to achieve this 
optimum, hence the high proportions of 14:0 
and 16:0 (Table I). A total biosynthesis speci- 
ficity may be lacking and unsaturated exo- 
genous fatty acids of the correct chain length 
may be simply incorporated into wax esters, 
along with the saturated fatty acids which may 
be either synthesized de novo or be partly of 
exogenous origin (10). The previous copepod 
sample included 2.9% of 16:4 in the wax esters, 
probably 16:4661 (5), and in the current sample 
the 16:4 figure is 1.4%, but of the different 
isomer 16:46o3. Both can be of phytoplankter 
origin (10). 

Intact wax esters were recovered from 
capelin and mackerel body and muscle lipid, 
and from commercial capelin oil. The fatty 
acids of the wax esters can then be compared 

with the actual fatty acids of the corresponding 
depot fats of the fish, termed total fatty acids 
in Table I-Ill. The contribution of the fatty 
acids from the polar lipids can be ignored in 
total lipids as being too low to be important in 
these particular fish species (11) when fat 
contents were high (4). 

The deposition of the fatty acids from 
copepods depends on the availability of lipases 
active against wax ester and triglycerides 
(12-15), and on the subsequent catabolism or 
conversion process in the fish body. The 
recovered capelin body muscle wax esters, and 
the commercial capelin oil wax esters, con- 
tained quite low levels of saturated acids (19% 
respectively, Table I) compared to the totals in 
the copepod wax ester (54%). On the other 
hand, the mackerel body and muscle wax ester 
had a total of 52% saturated esters, containing 
two-thirds the 14:0 of the copepod wax ester, 
and twice the 16:0 plus 18:0, 

The capelin wax esters appeared to contain 
approximately the same monoethylenic acids as 
the copepod wax esters with differences in each 
chain length which are difficult to explain. The 
proportions among the monoethylenic isomers 
in each chain length are, however, relatively 
consistent except for the higher proportion of 
18:16o7 to 18:1669. The mackerel wax ester 
fatty acids include the same ranges of mono- 
ethylenic fatty acids except for 22:1, which is 
somewhat higher. The mackerel and capelin 
18:1667/18:1w9 proportions are consistent, 
but the different (lower) proportions of 18:1667 
in the copepod wax ester fatty acids is 
confirmed by the earlier study (5), the weight 
percentages being, respectively, 3.28 and 0.64 
for 18:16o7 and 18:16o9. 

The minor polyunsaturated wax acids from 
the two capelin samples (Table III) are close in 
detail to those of the copepod wax esters. 
However, a remarkable enrichment appears 
in the 20:5603 of the capelin wax esters -40% 
for capelin body, 22% for commercial capelin 
oil, vs. 5.8 in the copepod wax ester and 8.6% 
in the copepod wax ester sample examined 
earlier (5). This is extended to the 22:6603, 6.3 
and 5.3%, respectively, as against 0.6 and 0.5 in 
the copepod wax ester fatty acids. The 18:4603, 
notable in the copepod wax esters, has dropped 
to about 2% or approximately to the higher end 
of the range of values typical of fish oil fatty 
acids (Table liD. In the mackerel wax ester, the 
total polyunsaturated acids are quite low at 
8.9%, and compared to the "normal" percen- 
tage of, for example, 18:26o6, it can be con- 
cluded that 18:4663, 20:5603 and 22:66o3 are 
all partially excluded instead of being enriched 
as in the capelin. Despite this, both mackerel 
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and capelin total acids, when compared to 
recovered wax ester fatty acids, show an 
enrichment of nearly two-fold in 22:6603 
relative to 20: 5603. Whatever transfer process is 
taking place must be basically similar in both 
species. The overall impression of this particular 
lot of wax esters recovered from the mackerel 
body and skin is that it includes a high propor- 
tion of unaltered wax esters. The recovery of 
fatty alcohol from the total lipid was 1.8%, the 
highest of all samples examined (4). This also 
suggests an unselective assimilation process. It 
seems unlikely that this is peculiar to this one 
sample (3 fish were pooled), especially as 
mackerel are notorious heavy feeders and 
rapidly increase their depot fat during a few 
months in the Gulf of St. Lawrence (16). The 
distribution of fat among the various body 
organs of mackerel and capelin is different with 
species (17,18) but this is consistent with 
season and not apt to affect the digestive 
process. Hydrolysis of wax esters in the gut of 
several marine fish species is slower than that of 
triglycerides (13), and absorption of unhydro- 
lyzed wax ester is established (12) for the 
gourami (Trichogaster cosby). 

Pancreatic lipase is known not to be very 
active against 20:5603 in triacyl glycerol form 
(15), but with methyl esters of these acids as 
substrate several fish intestinal fluids did 
not discriminate (13) in hydrolyzing 20:4606 or 
20:5603. The remarkable level of 20:5603 
(Table III) in the fatty acids of the wax esters 
recovered from the capelin body and muscle 
lipid, or the capelin commercial oil, could be 
due to an adverse selectivity in capelin, leaving 
unhydrolyzed wax ester rich in 20:5603 (and 
22:6603) to cross the intestinal wall intact as 
reported in the gourami (12). Alternatively, 
20:5603 could cross the intestinal wall as the 
acid or monoglyceride and for unknown 
reasons be preferentially re-esterified into wax 
esters in the blood. Preparations of hepatopan- 
creas and digestive organ of the myctophid 
Diaphus gladulifer can execute this type of lipid 
class formation with labeled 16:0 and 18:1, 
both being recovered in wax ester from (19). 
However, it should be observed that mycto- 
phids generally are expected to include wax 
esters as a necessary lipid (2), whereas in 
capelin no biochemical role for wax esters is 
known despite consistent reports of high 
proportions of fatty alcohols in the total lipid 
(1,20). 

Unpublished observations (2) indicate that 
the formation of new glycerol in the gut 
mucosa may be a limiting factor in the forma- 
tion of fish body triglycerides. If there were 
a deficiency in glycerol, then the freshly 

absorbed monoglyceride derived from copepod 
triglyceride, which could retain 20:5 (and 
22:66o3) in the 2-positions (21), might be a 
preferred source of glycerol if the fatty acid 
were simply transesterified to the fatty alcohol. 
The latter would be accumulating in cells, in 
the absence of glycerol, to esterify the fatty 
acids newly formed by oxidation of the fatty 
alcohols. Any discussion of the 20:56o3 and 
22:66o3 has to consider if these are incor- 
porated into the phospholipids of fish muscle 
and organs as preformed C~0 and C22 fatty 
acids, or are elongated in situ from C 18 pre- 
cursors 18:36o3 or 18:46o3. There is a modest 
reduction in 18:36o3 in going from copepod 
to fish, and a major reduction in 18:4603. There 
is no reason to suspect that copepod 18:46o3 is 
converted into the high proportions of 20:56o3 
observed in the wax ester recovered from 
capelin (Table III), but in the myctophid 
homogenate (19) labeled acetate plus unlabeled 
substrate (i.e., fatty alcohol) did lead to 12% 
inclusion of label in wax esters, 34.9% in free 
fatty acids, and 36.8% in phospholipids. 

The total fatty acids of the various fish 
depot fats (Table I-lII) are all quite normal 
relative to similar published analyses for eastern 
Atlantic samples (11,22), provided that the 
total of 16:1 and 18:1 is taken and these two 
acids are regarded as interchangeable (23,24). 
This effect can also be observed in the two local 
Atlantic herring samples of Table II (23.4% and 
24.3%, respectively, for the body plus skin and 
for the commercial oil). The local capelin lipids 
(Table l i d  do show the percentage of 20:56o3 
to be about four times that of 22:6033, whereas 
in a recent publication (3) the Norwegian 
capelin have 20:5033 and 22:6603 nominally 
equal and totaling two to three times the 
percentages in the western Atlantic oils given in 
Table III. The Pacific herring oil, as already 
pointed out (4), differs from Atlantic herring 
oil in various respects possibly linked to dietary 
factors. The absence of 20:46o6 in this oil 
sample is especially remarkable. 

This investigation of the deposition of wax 
esters and fatty alcohols in fish bodies confirms 
the major importance of copepods as sources of 
preformed alkyl chain of all types, ranging from 
the iso acids always found in marine lipids at 
low (<1%) levels, to the polyunsaturated fatty 
acids which nominally distinguish the depot 
fats of marine fish and mammals from those of 
other higher life forms. The unusual 22:16oll  
monoethylenic isomer is already preformed as 
the alkyl chain of the fatty alcohol in the 
copepod and previous speculation on the role 
of 22:1 synthesized do novo in herring bio- 
chemistry (24) must be reconsidered since the 
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proportions of 22:1w9 which can be biosyn- 
thesized by herring is always very minor relative 
to 22:16~11. The herring appears to deposit 
relatively tittle wax ester or alcohol, whereas 
the mackerel and capelin do show this capa- 
bility, although in different ways, and therefore 
warrant further investigation. 
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The Role of Gastric Lipolysis on Fat Absorption and Bile Acid 
Metabolism in the Rat 
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ABSTRACT 

In vivo studies were carried out in young Sprague-Dawley rats to examine the role of gastric lipoly- 
sis on fat absorption and bile acid metabolism. When fed by gastric perfusion 5 times (corn oil, 4 
g/day) their usual dietary intake of fat, rats deprived of lingual lipase by the creation of an esophageal 
fistula had a significant degree of fat and bile acid malabsorption as well as a shortened bile acid half- 
life when compared to animals with a gastrostomy. The % fat absorption, bile acid loss and bile acid 
pool were normal in 2 groups of esophageal fistula rats fed the same quantity of corn oil or twice (8 
g/day) that amount as a time emulsion. In view of a negligible gastric lipase activity in animals with an 
esophageal fistula and of decreased hydrolysis of a trigiycetide test meal, these data suggest that gastric 
lipolysis is of physiological importance in situations where lipolytic mechanisms are stressed by a large 
fat intake. Its principal role is to potentiate intestinal lipolysis by facilitating the emulsification of 
dietary lipids through its formed products and, therefore, the contact of pancreatic lipase with its 
substrates. 

INTRODUCTION 

I t  was s h o w n  more  t h a n  20 years  ago t h a t  
d ie tary  t r iglycer ides  unde rgo  a cer ta in  degree o f  
l ipolysis in the  s t o m a c h  (1). L ipoly t ic  ac t iv i ty  
o t h e r  t h a n  the  one  d e p e n d e n t  on  pancrea t i c  
e n z y m e s  was loca ted  in the  s t o m a c h  and  f o u n d  
to  be  par t icu lar ly  active o n  milk t r iglycer ides  
and  m e d i u m  chain  t r iglycer ides  in b o t h  the  
suckl ing ra t  (2)  and  in m a n  (3). Gastr ic  l ipolysis 
is due  to a pregastr ic  l ipase or ig ina t ing  in von  
Ebne r ' s  glands (Fig. 1) loca ted  b e n e a t h  t he  
c i rcumval la te  papi l lae o n  t he  pos t e r io r  t h i r d  o f  
the  dorsal  surface of  the  t o n g u e  in b o t h  t he  ra t  
(4) and  in m a n  (5). 

Dur ing early p o s t n a t a l  life, t he  d e m a n d s  on  
the  m e c h a n i s m s  for  l ipid a b s o r p t i o n  are high. 
No t  on ly  is food  in t ake  large in re la t ion  to 
b o d y  weight ,  b u t  t he  lipid c o n t e n t  a ccoun t s  for  
more  t h a n  50% of  t o t a l  calories (6). In  con t r a s t  
to th is  h igh d e m a n d  on  the  m e c h a n i s m s  for  
l ipid digest ion and abso rp t ion ,  the  in te s t ina l  
l ipolyt ic  m e c h a n i s m  has  a low act ivi ty  (7)  and  
leads to  a s ignif icant  degree o f  fat  ma labsorp-  
t ion  (8)  par t icu la r ly  in p r e t e r m  in fan t s  (9 ,10) .  
The  p r o b l e m  is f u r t h e r  c o m p o u n d e d  by  an 
excessive fecal loss of  bile acids wh ich  varies 
w i th  the  source  o f  fat  and  w i th  t he  e x t e n t  o f  
fat  m a l a b s o r p t i o n  (10) ,  a small  poo l  size (11)  
and  impa i red  micel lar  so lub i l i za t ion  o f  l ipolyt ic  
p r o d u c t s  (12).  Only  t he  n o r m a l  full t e rm  
n e o n a t e  o n  breas t  milk can achieve a n o r m a l  
coef f ic ien t  of  fat  abso rp t ion .  It  is l ikely t h a t  
the  bile-salt s t imu la t ed  lipase p re sen t  in h u m a n  
mi lk  (13)  and  the  h igh l ingual  lipase act ivi ty  
t o u n d  in gastric aspira tes  o f  n e w b o r n s  and  even 
o f  p r e m a t u r e s  (14 ,15)  increase the  ef f ic iency of  
fat  abso rp t ion .  

In h e a l t h y  adul t  hum ans ,  p r e d u o d e n a l  

l ipolysis is cons idered  to be  a m i n o r  c o m p o n e n t  
of  t h e  overall  l ipo ly t ic  sys tem.  The  i m p o r t a n c e  
of  gastric l ipolysis is pe rhaps  l imi ted  to t he  
in fan t i le  pe r iod  (3). The  physio logica l  f u n c t i o n  

O 

Von Ebner's 
glands 

FIG. 1. Von Ebner's glands are a group of branch- 
ing tubuloalveolar serous glands. The glands are 
embedded in the underlying muscular tissue of the 
tongue. Their ducts open into the trough at the base 
of the circumvallate papillae on the posterior dorsal 
1/3 of the rat tongue. 
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FIG. 2. The esophagus is transected in the neck 
and its proximal portion is brought to the skin. The 
distal portion is tied a.round a feeding tube. 

and significance of  lingual lipase and of  gastric 
lipolysis remains unsettled. The present study 
was undertaken to determine the role of  gastric 
lipolysis on fat absorption and bile acid meta- 
bolism in young rats. 

PROCEDURES 

Lipase and Lipolysis in the Stomach of Rats. 

In a first step, we studied lipase activity in 
the stomach of young male Sprague-Dawley 
rats weighing 180 to 200 g. After sectionning 
the cervical portion of the esophagus, the 
pylorus was tied around a silastic tube to 
prevent contamination of  gastric contents with 
pancreatic lipase. Controls had the pyloric part 
of the surgical procedure only. Exhaustive 
washing out of  the stomach with saline was 
carried out. Two hr later, gastric contents were 
collected for a period of  3 hr. After centrifuga- 
tion, lipase activity was immediately measured 
using a tributyrin (Sigma, St. Louis, MO) 
substrate (16). 

In a second step, we studied gastric lipolysis 
of a fatty test meal. By cervical esophagostomy, 
a feeding tube was placed in the stomach and 
the cervical end of the esophagus was tied. A 
thread with a slip-knot was passed around the 
pylorus. Controls had the pyloric procedure 
and underwent a gastrostomy. They were then 
fed a liquid diet for 20 hr. Six hr after discon- 
tinuation of  the alimentation, the pylorus was 
tied and one ml of  a test meal was pushed in 
the stomach. The test meal was composed of  
corn oil 5% and 3H-glyceryl-triolein 0.5 btCi 
added to casein hydrolyzate 5% at pH 5.5. It 
was blended. Exactly 1 hr later, exhaustive 
washing out of the stomach with a chloroform- 
methanol mixture was carried out. Glyceryl 

products were separated by thin layer chro- 
matography (17), counted and expressed as the 
% of triglycerides hydrolyzed per hour. 

Esophageal Fistula and Gastrostomy Animals Fed 
Corn Oil 

An esophageal fistula was created in male 
Sprague-Dawley rats weighing 170 to 180 g. 
Through a midline incision in the neck, the 
esophagus was freed from the trachea and 
sectioned. The cephalic end was brought to the 
skin to allow drainage of saliva (Fig. 2). A 5F 
feeding tube was positioned in the stomach 
through the caudal esophagus. Control animals 
underwent a gastrostomy through which a 
feeding tube was positioned in the fundus. 
Both groups of animals were fed continuously 
at a rate of  3.3 ml/hr the following mixture: 
casein hydrolyzate 2%, sodium caseinate 3%, 
dextrimalose 9% and KC1 25 meq/1 (7.5 meq/1 
for the control group). Twenty four hr after the 
operation, 4 g/day of  corn oil was added to the 
carbohydrate-protein liquid meal via a separate 
syringe. Every 6 hr, 1 g of  corn oil was given 
over a 30 rain period. This feeding program 
provided the animals with 82 kcal per day, its 
lipid content was 5 times the amount contained 
in rat chow. Forty eight hr later, 14C Na 
cholate (New England Nuclear, Chicago) 
1.4 /aCi was administered I.V. Stools were 
collected in separate aliquots over the following 
4 to 6 days and analyzed for total fat (18), 
nitrogen (19) and bile acids (20). The decline of  
bile acid specific activity (DPM/mg bile acid) 
was plotted to estimate the bile acid 1/2 life 
(21). 

Esophageal Fistula Animals Fed a Corn Oil Emulsion 

In a second set of experiments carried out in 
rats with an esophageal fistula, the corn oil (4 
to 8 g/24 hr) was mixed with the carbohydrate- 
protein liquid meal. The mixture was sonicated 
and the emulsion stabilized with gum acacia 
1%. The emulsion remained stable for periods 
of 8 hr and was fed at a rate of  3.5 ml/hr. After 
24 hr, a 3 day stool collection was made for fat 
and bile acid excretion. On the 4th day, a 
biliary fistula was created for the estimation of 
pool size from a 6 hr collection of  bile using 
Eriksson's washout technique (22). 

RESULTS 

Lipase activity (X -+ SE) expressed as/ /mole/  
min/ml in 6 rats deprived of  lingual lipase was 
0.02 -+ 0.02 as compared to 3.82 -+ 1.50 in 10 
controls. 

Lipolytic products (%) after a test meal were 
determined in 6 rats with transection of their 
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esophagus and in 6 controls.  Monoglycerides 
were lower (p<0.05)  in exper imenta l  animals 
(0.10 -+ 0.10) than in controls  (2.08 -+ 0.70). 
Free fat ty acids were also lower (p<0.05) .  
Values of  4.75 -+ 1.76 were obtained vs 10.05 -+ 
3.55 in controls.  There was no significant 
difference for the diglycerides. 

Rats with an esophageal fistula who were fed 
corn oil by push had softer  and more  f requent  
stools than gas t ros tomy controls.  The fo rmer  
lost weight at an average rate of  4 g daily. 
However,  their  daily e lect rolyte  pat terns  were 
normal  and they  showed no signs o f  dehydra-  
tion. In contrast ,  a mean daily weight gain of  
2.5 g was noted  in the gas t ros tomy animals. As 
seen in Figure 3, rats deprived of  lingual lipase 
lost more  fat in their  stools than gas t ros tomy 
controls.  The calculated % of  fat absorpt ion 
was 59.7 -+ 7.0 in the fistula group and 88.5 +- 
7.5 in controls.  There was lit t le difference in 
ni t rogen losses. The % absorpt ion was 90.2 -+ 15 
and 92.0 -+ 15 for the exper imenta l  animals and 
the controls,  respectively.  Figure 4 shows that  
the daffy loss of  bile acids was nearly doubled 
in the esophageal fistula group. Figure 5 is a 
representat ive plot  o f  the decline of  bile acid 
specific activity. It i l lustrates the  significant 
difference in bile acid 1/2 life be tween the two  
groups of  rats (Fig. 4). 

The groups of  esophageal fistula rats fed 4 g 
and 8 g o f  emulsif ied corn off had a normal  % 
fat absorpt ion (Fig. 6). There was no difference 
be tween the 2 groups o f  animals in terms o f  
daily bile acid loss and bile acid poo l  (Fig. 6). 

DISCUSSION 

These data show that  rats in w h o m  salivary 
f low was diverted through an esophageal fistula 
and given by gastric perfusion 5 t imes their 
usual intake o f  lipids lost weight,  had diarrhea 
and fat malabsorpt ion.  The daily loss of  fecal 
bile acids which is the  only accurate m e t h o d  of  
measuring daily hepat ic  synthesis in condi t ions  
where there is a significant in te r rupt ion  o f  the  
en te rohepat ic  circulat ion of  bile acids (23) was 
increased. The rate o f  disappearance o f  a 
labeled bile acid f rom the en te rohepat ic  circula- 
t ion can be moni to red  by measurement  o f  the  
fecal radioact ivi ty  in relat ion to the excre t ion  
of  a nonabsorbable  marker  (24). In this s tudy,  
it was obtained by the more  accurate  t echn ique  
o f  calculation of  the  decay constant  of  fecal 
bile acid specific activity (21) and showed a 
shortened half-life for cholic acid and its 
metaboli tes .  

When the same quant i ty  o f  corn oil (4 g) or  
even twice that amount  was given as a fine 
emulsion to 2 groups of  animals deprived o f  
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saliva and therefore  of  lingual lipase, both  fat 
and bile acid absorpt ion  were normal.  The 
somewhat  increased bile acid pool  in the rats 
receiving 8 g daffy o f  the corn off emulsion 
could have been secondary to the effect  o f  
polyunsatura ted  fats on the  bile acid pool  (25). 

The role o f  unabsorbed lipids on bile acid 
absorpt ion has not  been extensively studied. 
Exper imenta l  studies show that,  in the rat, 
fa t ty  acids inhibit  the  absorpt ion of  bile acids 
in the j e junum (26) and in the i leum (27). In 
bo th  cystic fibrosis children (28) and in pre- 
matures (12), a close relationship was found 
be tween  fat and bile acid malabsorpt ion.  

Lingual lipase is a po lypept ide  with a mole-  
cular weight  be tween  40,000 and 50,000. In 
contrast  to pancreat ic  lipase, it has a pH 
op t imum o f  5.4. It is resistant to acid, is no t  
inhibi ted by bile acids and yields partial gly- 
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ce r ides  a n d  free  f a t t y  ac ids  in b o t h  t h e  r a t  (4)  
a n d  in m a n  ( 2 9 , 3 0 ) .  T h e  r a t e s  o f  gas t r i c  l i po ly -  
sis a s s e s s e d  in 3 i n f a n t s  w i t h  p y l o r i c  s t e n o s i s  
was  t h o u g h t  to  a c c o u n t  f o r  a t h i r d  o f  t h e  t o t a l  
l i po lys i s  (31) .  More  r e c e n t l y ,  gas t r i c  l ipase  
ac t i v i t y  was  f o u n d  to  be  c o n s i d e r a b l y  i n c r e a s e d  
d u r i n g  t e s t  m e a l s  in t h e  n e o n a t a l  p e r i o d  (32) .  

In  t h e  p r e s e n t  s t u d y ,  l ipase  ac t i v i t y  was  
negl ig ib le  in t h e  s t o m a c h  o f  ra ts  d e p r i v e d  o f  
l i ngua l  l ipase  a n d  in w h i c h  r e f l u x  o f  p a n c r e a t i c  
l ipase  was  p r e v e n t e d  b y  l i ga t u r e  o f  t h e  p y l o r u s .  
L i p o l y t i c  ac t iv i ty  aga ins t  t r i g l y c e r i d e s  was  
s i g n i f i c a n t l y  l o w e r  in e x p e r i m e n t a l  ra t s  as 

c o m p a r e d  to  c o n t r o l s .  
A l t h o u g h  th i s  is t h e  f i rs t  s t u d y  i n v e s t i g a t i n g  

t h e  p h y s i o l o g i c a l  i m p o r t a n c e  o f  l i ngua l  l ipase  
o n  t h e  overa l l  p r o c e s s  o f  f a t  d i g e s t i o n  a n d  
a b s o r p t i o n ,  it is t e m p t i n g  to  s u r m i s e  t h a t  t h e  
p r e s e n t  r e s u l t s  p r o v i d e  a pa r t i a l  e x p l a n a t i o n  fo r  
t h e  o b s e r v a t i o n  t h a t ,  in  l o w  b i r t h  w e i g h t  
n e w b o r n s  fed  via a n a s o d u o d e n a l  t u b e ,  50% 
m o r e  fa t  was  los t  in t h e  s t o o l s  w h e n  c o m p a r e d  
to t h o s e  f ed  via  a n a s o g a s t r i c  t u b e  (33) .  T h e  
r e s u l t s  s h o w i n g  t h a t  a n i m a l s  w i t h  d i v e r s i o n  o f  
sa l ivary  f low h a v e  a g o o d  t o l e r a n c e  fo r  large  
a m o u n t s  o f  fa t  g iven  as a f i ne  e m u l s i o n  s u g g e s t s  
t h a t  in s i t u a t i o n s  w h e r e  n o r m a l  d iges t ive  
m e c h a n i s m s  are  s t r e s s e d  b y  a h i g h  l ip id  i n t a k e  
or  b y  d e f e c t i v e  l ipo lys i s ,  l i n g u a l  l ipase  m a y  be  
e s sen t i a l .  It  n o t  o n l y  c a t a l y z e s  t h e  f i rs t  s t e p  in  
t h e  d i g e s t i o n  o f  d i e t a r y  f a t ,  b u t  p e r h a p s  m o r e  
i m p o r t a n t l y  it f ac i l i t a t e s  t h r o u g h  i ts  f o r m e d  
p r o d u c t s  t h e  d i s p e r s i o n  a n d  e m u l s i f i c a t i o n  o f  
d i e t a r y  l ip ids  in o r d e r  to  i n c r e a s e  t h e  e f f ec t i ve -  
n e s s  o f  p a n c r e a t i c  l ipase .  
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METHODS 

Synthesis of Saturated, Unsaturated, Spin-Labeled, and 
Fluorescent Cholesteryl Esters" Acylation of Cholesterol 
Using Fatty Acid Anhydride and 4-Pyrrolidinopyridine 
K.M. PATEL, L.A. SKLAR, R. CURRIE, H.J. POWNALL, J.D. MORRISETT, and 
J.T. SPARROW, The Department of Medicine, Baylor College of Medicine and 
The Methodist Hospital, Houston, Texas 77030 

ABSTRACT 

A rapid, high yield method for the preparation of cholesteryl esters is described. The method is a 
modification of the catalytic procedure previously applied to the acylation of sn-glycero-3-phosphoryl- 
choline (Patel, K.M., J.D. Morrisett, and J.T. Sparrow, J. Lipid Res., 20:676 (1979). Cholesteryl esters are 
formed in excellent yield by acylating cholesterol with fatty acid anhydride or fatty acid and dicyclo- 
hexylcarbodiimide in methylene chloride containing 4-pyrrolidinopyridine. The versatility of the 
method is demonstrated by the preparation of the cholesteryl esters of saturated, unsaturated, spin- 
labeled, and labile fluorescent fatty acids. 

INTRODUCTION 

The value of  fluorescent probe molecules for 
studying structure and organization of mem- 
branes and serum lipoproteins has been well 
established. Unfortunately, many such probe 
molecules are structurally different from the 
lipid matrix into which they have been intro- 
duced; hence, a rigorous correlation between 
their fluorescence properties and environmental 
structure may not always be valid. These 
problems have been reduced by the develop- 
ment of a new class of naturally occurring, 
conjugated, linear polyene fatty acids, parinaric 
acid and eleostearic acid (1,2). However, a 
considerable obstacle to their use in any form 
other than free fatty acid has been due to their 
polymerization at elevated temperatures, 
double bond migration under acidic conditions, 
and their tendency to isomerize or oxidize 
under all but the mildest conditions. Our need 
for fluorescent cholesteryl esters for the study 
of nonpolar regions of serum lipoproteins 
served as an impetus to define nondestructive 
reaction conditions suitable for esterification of 
conjugated polyene fatty acids. 

Cholesteryl esters have been synthesized (3) 
in the past by heating cholesterol and the 
appropriate fatty acid at 200 C for 3-4 hr under 
CO 2. Cataline et al. (4) used benzene as a 
solvent and acid catalysis to obtain cholesteryl 
esters, but their yields were poor. These 
methods have been limited to saturated cho- 
lesteryl esters. Acid halides (3,5-7) can also be 
used, but they afford poor yields and are often 
difficult to prepare in pure form. Mahadevan 
and Lundberg (8) utilized transesterification of 

a fatty acid methyl ester with cholesteryl 
acetate and sodium ethylate. Fatty acid anhyd- 
rides also react with cholesterol, but their 
reactivity decreases with increasing molecular 
weight (9), the anhydrides of palmitic and 
higher acids being inert to acylation. Morrisett 
(10) used the spin-labeled fatty acid anhydride 
with pyridine but found that longer reaction 
times were required, and the yield of cho- 
lesteryl esters was poor. These procedures have 
proven unsuited to the preparation of cho- 
lesteryl parinarate. 

Recently we reported the use of 4-pyrrolid- 
inopyridine (11) as a catalyst for the acylation 
of sn-glycero-3-phosphocholine with fatty acid 
anhydrides. The rapidity of the reaction and 
the stability of parinaric acid to the reaction 
conditions led us to use this same base for the 
acylation of cholesterol. We have developed 
two procedures: one involves the acylation 
of cholesterol with a slight excess of  fatty acid 
anhydride and 4-pyrrolidinopyridine in benzene 
or methylene chloride at ambient temperatures 
to obtain high yields of cholesteryl esters; the 
other involves reacting equimolar quantities of 
cholesterol, fatty acid, and dicyclohexylcarbo- 
diimide with a catalytic amount of  4-pyrrolld- 
inopyridine in methylene chloride. The purifi- 
cation of the product was accomplished by 
chromatography on a silica gel column with a 
step gradient of  hexane/ethyl  acetate. The 
cholesteryl ester was collected and the solvent 
evaporated to give a crystalline compound. 

The effectiveness of  the procedure has been 
verified by the preparation and characterization 
of not only cholesteryl cis- and trans-parinarate, 

816 



METHODS 

TABLE I 

817 

Cholesteryl ester Method A 

% Yield Melting point 

Method B Obs. Lit. 

Butyrate 94 
Mydstate 88 
Palmitate 90 
Elaidate 95 
Linoleate 92 
cis-Parinarate 59 
trans- Parinarate 27 
8-doxyl palmitic acid --- 

--- 100 100 
75 69-70 70 
--- 77 77 
--- 62 --- 
-- 41 42 
60 67 --- 
-- 102-104 --- 
75 . . . . . .  

but long chain saturated and unsaturated, short 
chain, and spin-labeled cholesteryl esters, all of 
which can be synthesized in a pure form in a 
relatively short time. 

EXPERIMENTAL 

Materials 

Cholesterol and butyric, palmitic, myristic, 
oleic, and linoleic acids were purchased from 
Nu-Chek Prep. (Elysian, MN). All trans-9,11, 
13,15-octadecatetraenoic acid (trans-parinaric 
acid) and cis, trans, trans, cis-9,11,13,15- 
octadicatetraenoic acid (cis-parinaric acid) were 
isolated as described by Sklar et al. (2) 
and stored frozen in benzene until 
required for use. The acid anhydrides were 
prepared with dicyclohexylcarbo diimide 
(Schwarz-Mann, Orangeburg, NY) by the 
method of Lapidot and Selinger (12). 4- 
Pyrrolidinopyridine was synthesized according 
to Patel and Sparrow (13). 8-(4',4'-Dimethyl- 
oxazolidinyl-N-oxyl)-palmitic acid (8-doxyl 
palmitic acid) was prepared by a modification 
of the Hubbell and McConnell (14) procedure. 
The progress of  the reaction was monitored by 
thin layer chromatography (TLC) on silica gel 
plates (Brinkmann, Westbury, NY)elut ing with 
hexane/ethyl acetate (8:2). Melting points were 
determined by differential scanning calorimetry 
on a Perkin Elmer DSC-2 or with a Fisher 
melting point unit. 

Synthesis of Cholesteryl Esters 

Method A. Cholesteryl Myristate. In a 
typical run, cholesterol (100 mg, 0.258 mmole) 
was mixed with myristic anhydride, (170 mg, 
0.387 mmole), and 4-pyrrolidinopyridine) 38.2 
mg, 0.258 mmole) and 4 ml dry benzene or 
methylene chloride were added; the reaction 
mixture was stirred at room temperature under 
a nitrogen atmosphere for 10-12 hr. After 12 
hr, the reaction mixture was loaded on a silica 
gel column (2.5 x 25 cm), pre-equilibrated with 
hexane. The column was eluted with a step 
gradient of 100 ml each of  hexane, hexane/ 

ethyl acetate (9:1), hexane/ethyl  acetate (8:2), 
hexane/ethyl acetate (7:3). Thirty fractions of  
10 ml each were collected. Fractions 12 to 20, 
containing cholesteryl ester as indicated by 
TLC, were combined and the solvent evapo- 
rated to give 135 mg (88% yield) of cholesteryl 
myristate, m.p. 69-70 C, lit (6) 70 C. 

Method B. Cholesteryl cis-parinarate. Cho- 
lesterol (140 mg, 0.37 mmole) was added to 5 
ml of methylene chloride containing cis- 
parinaric acid (100 mg, 0.36 mmole) and 
4-pyrrolidinopyridine (5.5 mg, 0.036 mmole). 
After adding dicyclohexylcarbodiimide (75 mg, 
0.36 mmole), the reaction mixture was stirred 
under argon at room temperature for 5 hr and 
purified as in Method A except the column was 
poured and eluted under argon to give cho- 
lesteryl cis-parinarate, 140 mg (60%), m.p. 67 
C. 

RESULTS A N D  DISCUSSION 

Short chain, long chain unsaturated, and 
spin-labeled cholesteryl esters have been 
synthesized; the yields and melting points are 
shown in Table I. In addition to melting points 
determined in a capillary, differential scanning 
calorimetry was used to confirm the liquid 
crystalline behavior of  several of  the products. 
We have, for example, verified that cholesteryl 
myristate prepared by either procedure exhibits 
identical melting behavior. Crystalline cho- 
lesteryl myristate melts at 71 C, the smectic 
mesophase is converted to the cholesteric meso- 
phase at 79 C, which is converted to the iso- 
tropic phase at 85 C. Physical and chemical 
properties of the spin-labeled cholesteryl ester 
were similar to those reported by Morrisett 
(10). 

Because the cholesteryl parinarate isomers 
have not been previously reported, additional 
characterization was undertaken. The ester 
exhibits the characteristic IR C=O stretch at 
1730 cm -1 (in carbon tetrachloride). The 
isomeric integrity of cholesteryl cis-parinarate 
and cholesteryl trans-parinarate was confirmed 
by comparing the UV absorption spectra of 
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the  fa t ty  acid start ing mater ia l  and es ter  pro- 
duct .  Two spectral  features,  the  wavelength of  
the  absorp t ion  peak maxima and the  spectral  
resolu t ion  ( " sha rpness" ) ,  are character is t ic  o f  
t he  cis- and trans-isomers (15). These spectral  
features  were unchanged  by es ter i f icat ion unde r  
the  react ion condi t ions  and pur i f ica t ion pro- 
cedures.  Both choles teryl  par inarate  isomers  
have relatively high mel t ing  points .  Consider ing 
tha t  the  mel t ing points  o f  the  s tar t ing fa t ty  
acids, cis-parinaric acid (84 C) and trans- 
parinaric acid (95 C) (2) are also high, it  is 
reasonable  tha t  their  cholesteryl  esters  would 
also have high mel t ing points .  

The lower  yields o f  the  choles teryl  parinar- 
ate derivatives result ne i ther  f rom incomple te  
ester i f icat ion,  nor  f rom des t ruc t ion  o f  the  
c h r o m o p h o r e ;  UV analysis of  the  react ion 
mix ture  reveals tha t  b o t h  isomers of  parinaraic 
acid are stable under  the  react ion condi t ions .  
TLC shows the  react ion to be essentially 
comple te  af ter  5 hr. The low yield o f  cho- 
lesteryl  trans-parinarate resulted f rom degrada- 
t ion  of  the  p roduc t  during silicic acid chroma-  
tography  which can be substant ial ly reduced  
when  co lumns  are poured  and eluted rapidly in 
an a tmosphere  o f  argon. 

The  syn the t i c  p rocedure  presented  here  has 
broad uti l i ty for the  p repara t ion  o f  esters ;  
phosphol ip ids  (11), me thy l  esters and tri- 
glycerides can also be synthes ized  by the  
procedures  descr ibed herein (unpubl i shed  ex- 
per iments) .  Thus, this p rocedure  represents  a 
general m e t h o d o l o g y  for  the  acyla t ion of  
h y d r o x y l  groups which is especially useful  in 
lipid synthesis .  
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Synthesis and Characterization of [1-1 3C]- and 
d8-Arachidonic Acid 
UN HOI DO, M.G. S U N D A R A M ,  and S. R A M A C H A N D R A N ,  
Applied Science Division, Milton Roy Company, State College, 
Pennsylvania 16801, and ROBERT W. BRYANT,  Department of 
Biochemistry, School of Medicine and Health Sciences, George 
Washington University, Washington, DC 20037 

ABSTRACT 

Methyl d 8- and [ 1-13C] 5,8,11,14-eicosatetraenoate (arachidonate) were prepared from a common 
synthetic precursor, 4,7,10,13-nonadecatetrayn-l-ol. The purified products were characterized by gas 
chromatography-mass spectrometry. Mass spectra of t-butyldimethylsilyl esters of d 8- and [1-13C] - 
arachidonic acid showed a most intense [M-57] + peak at high mass. The isotopic purity of methyl 
[1-13C]arachidonate was 99% and that of methyl ds-arachidonate was 56%. When d8-arachidonic 
acid was prepared by direct deuteration of 5,8,11,14-eicosatetraynoic acid, the isotopic purity of the 
sample was 86%. 

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

Fatty acids labeled with stable isotopes have 
been very useful in investigations of lipid 
metabolism (1,2) and lipid membrane structure 
(3,4). To study the metabolism of arachidonic 
acid and prostaglandins, it is often necessary to 
have available the acid in a stable isotopic form. 
We report here the preparation of [ 1-13C] - and 
d8-arachidonic acid from a common inter- 
mediate. These acids have been characterized 
by gas chromatography (GC), argentation thin 
layer chromatography (TLC) and mass spect- 
rometry (MS). 

EXPERIMENTAL PROCEDURES 

Authentic fatty acids and their methyl  esters 
were obtained from Applied Science Division, 
Milton Roy Company (State College, PA). 
t-Butyldimethylsilyl (t-BDMS) esters of fatty 
acids were prepared by the method of  Corey 
and Venkateswarlu (5). Methyl esters of  fatty 
acids were analyzed by a Perkin-Elmer 3920B 
gas chromatography equipped with a flame 
ionization detector. The glass capillary column, 
25 m x 0.25 mm inner diameter (ID), was 
coated with SILAR 10C. The oven was main- 
tained at 180 C and the helium flow rate 
was 2 ml/min. GC-MS was carried out at George 
Washington University with a Hewlett Packard 
5992A gas chromatograph-mass spectrometer 
equipped with a jet separator. All mass spectra 
were determined at 70 eV. The gas chroma- 
tographic column, 1 m x 2.0 mm ID, was 
packed with 3% SE 30 on 100/120 mesh 
GAS-CHROM Q. The column temperature was 
220 C and the helium flow rate was 20 ml/min. 
For identification purposes full scan spectra (60 
to 440 amu) were obtained at a scan speed of  
330 amu per second. For accurate isotopic 

abundance measurements narrow scan spectra 
(359 to 379 amu for the [M-57] + ion of  
ds-arachidonic acid) were obtained at a scan 
speed of 100 amu per second. Isotopic abund- 
ances were calculated according to Biemann 
(6). Determination of  trace amounts (<  1%) of  
undeuterated arachidonic acid in the deuterated 
sample was carried out by selected ion moni- 
toring using Hewlett-Packard software. 
Nonadeca-4,7,10,13-tetrayn-l-ol (I): This com- 
pound was prepared by the method of  Sprecher 
(7), mp 46-48 C. 

Methyl d 8 Arachidonate 

M e t h o d  A.  6.12 g (2.28 m mol) of com- 
pound I in 100 ml of deuterated ethanol 
(99.5%, Aldrich Chem. Co., Metuchen, N J) and 
0.2 g of quinoline were stirred with 2 g of  
Lindlar catalyst (8) at atmospheric pressure of 
deuterium gas (99.5%, Matheson Gas Products, 
E. Rutherford, N J). The reduced product, 
d8-nonadeca-4,7,10,13-tetraen-l-ol (II), was 
purified by HI-FLOSIL silica gel column 
chromatography by eluting with petroleum 
ether/ether 80:20 (v/v). The eluants were 
monitored by GC. The purified II was con- 
verted to the corresponding mesylate by the 
procedure of Baumann and Marigold (9). Next, 
the d8-mesylate was converted to the nitrile by 
heating with NaCN in dimethyl sulfoxide for 3 
hr at 85 C (10). Finally, the ds-nitrile was 
converted to d8-methyl arachidonate by 
treating with 25% anhydrous HC1 in methanol 
at room temperature for 2 hr (I 0). The methyl 
ester was purified by preparative TLC using 
petroleum ether/ether/acetic acid 80:20:1 (v/v) 
as developing solvent. Preparative argentation 
TLC was used to remove the trans-isomers and 
over reduced products (11). 

M e t h o d  B. Two g of 5,8,11,14-eicosate- 
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FIG. 2. Partial MS spectrum of the t-BDMS ester of d8-arachidonic acid prepared by Method A. 

t raynoic  acid (a gift of  Dr. W.E. Scott  f rom 
Hoffmann-La  Roche  Lab., Nut ley,  N J) in 50 mt 
of e thyl  acetate was reduced as described 
above. The reduced product  was conver ted  to 
the me thy l  ester by use of  d iazomethane  in 
ether. The crude ester was fur ther  purified as 
described in Method A. 

Methyl [1-t3C]-Arachidonate. 2.83 g (1.05 
m mol)  of  c o m p o u n d  I was reduced with 1 g o f  
Lindlar catalyst  in 60 ml of  absolute e thanol  
and 0.1 g of  quinol ine  at a tmospher ic  pressure 
of  hydrogen gas. The  reduced product  was 
purified by t t I -FLOSIL co lumn chromatog-  
raphy as described above and conver ted to the  
corresponding mesylate in the usual way. 
The isolated mesylate was heated with K 13 CN 
(99%, Koch isotopes,  Cambridge,  MA) in 
d imethylsu l foxide  for 3 hr  at 80 C. The dried 
13C-nitrile was hydrolyzed  to give me thy l  
13C_arachidonate which was purif ied by 
preparative TLC and argentat ion TLC as 
described above. 

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

The purified methy l  d 8- and 13C.arachido n. 
ate migrated with the authent ic  methy l  arachi- 
donate (Rf  = 0.18) on 20% AgNO3-im- 
pregnated Silica Gel G plate developed in 
ch loroform/  e thanol  97:3 (v/v). The me thy l  

arachidonate was comple te ly  separated f rom 
methy l  l inoleate (Rf  -- 0.68) and methy l  
l inolenate (Rf  --- 0.35) on this plate. When a 
por t ion  of  me thy l  d8-or  13C.arachidonate was 
mixed with authent ic  me thy l  arachidonate  and 
analyzed by GC, a single peak was obtained on 
25 m x 0.25 mm ID S ILAR 10C capillary 
column.  

A por t ion  of  me thy l  d 8- or  I 3C-arachidon- 
ate was complete ly  reduced with pla t inum 
oxide. When the reduced d 8- or  ]3C-product  
was mixed with authent ic  methy l  arachidate 
(20:0),  a single peak was obta ined on the 
SILAR 10C column.  The results suggested that  
the purified d 8- and 13C-product had four  
double bonds. The unequivocal  ident i f icat ion 
of  the two compounds  was carried out  by 
GC-MS. 

Since the mass spectrum of  methy l  arachi- 
donate  at 70 ev showed the most  intense ions in 
the low mass region, the accurate measurement  
of  the parent  molecular  ions was difficult .  
Therefore ,  we employed  t-BDMS derivatives o f  
13C- and ds-arachidonic  acid (11) to increase 
the relative intensi ty of  the high mass ions of  
these fat ty  acids. Al though the t-BDMS ester 
of  arachidonic acid did not  give [M-57] + ion as 
the base peak, i t  displayed a pronounced  
[M-571 + ion, m/e  361, at high mass. The results 
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were consistent with data reported by Phillipou 
et al. (12). As shown in Figures 1 and 2, the 
t-BDMS ester of 13C- and ds-arachidonic acid 
also displayed the most intense [M-57] + peaks 
at high mass, m/e 362 and m/e 369, respective- 
ly. From the [M-57] + peaks the nominal 
molecular weights of 13C- and dd-arachidonic 
acid were cMcutated to be 305 and 312, re- 
spectively. The isotopic purity of [1-1ac] - 
arachidonic acid was 99%. To measure accurate 
isotopic abundance ratios, narrow mass range 
spectra were obtained at slow scan speeds as 
described in Experimental Procedure. 

When the deuterium distribution for d 8- 
arachidonic acid prepared by Method A was 
calculated as described, 56% of the sample 
contained eight deuterium atoms per molecule, 
30% contained seven deuterium atoms, 11% 
contained six deuterium atoms, and 4% con- 
tained five deuterium atoms. When the deu- 
terium distribution for d8-arachidonic acid 
prepared by Method B was calculated, the 
material consisted of a mixture of 86% octa- 
deutero-, 10% heptadeutero-, 3% hexadeutero- 
and 0.5% pentad euteroarachid onic acid. 
Selected ion monitoring GC-MS showed that 
0.5% undeuterated arachidonic acid was present 
in the dd-arachidonic acid prepared by Method 
B. 

The values obtained by Method B agreed 
well with the values recently reported in the 
literature (13). 

Results from both Method A and B sug- 
gested that the only deuterons in the molecule 
were those on the olefinic carbons, and these 
deuterons were the only ones which could 
be replaced. The extent of deuterium-proton 
exchange was significantly higher by the 

Method A which required three steps after 
reduction to convert the deuterated alcohol to 
the methyl da-arachidonate. Therefore, a 
single-step deuteration is recommended to 
prepare isotopically pure d8-arachidonic acid. 
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Prenatal Protein Depletion and A9, A6 and A5 Desaturases 
in the Rat 
O S V A L D O M E R C U R I  1, MARIA ELENA DE TOM/~S 1 andHERMIN IA ITARTE,  
C~tedra de Bioqu[mica, Instituto de Fisiolog[a, Facultad de Ciencias M~dicas, 
Universidad Nacional de La Plata. Calle 60 y 120, 1900-La Plata, Argentina. 

ABSTRACT 

Pregnant rats were kept throughout gestation on a control diet (i.e., 25% protein), on a low protein 
diet (i.e., 5% protein) or on a fat-free diet. At 20-21 days of gestation, the rate of 9-, 6-, and 5-desatu- 
ration was measured, using microsomes from maternal and fetal livers and placenta microsomes. The 
effect of protein malnutrition was more evident upon &6-desaturase activity from maternal liver, while 
a less severe reduction in the activities of &9- and &5-desaturases was observed. No measurable activi- 
ties of ,55- and &6-desaturases were observed in fetal liver and placenta, while a low activity of &9- 
desaturase was detected in both tissues from the three groups under study. We concluded that A6- 
desaturation is greatly affected by maternal protein deprivation, and this fact could affect the normal 
supply of polyunsaturated fatty acids for the normal fetus growth and tissue development. 

INTRODUCTION 

As early as 1966,  Williams and  Hur lebaus  ( l )  
showed  tha t  the  e n z y m e  sys tems involved in 
the  b iosynthes i s  of  a r ach idona t e  f rom l inolea te  
appear  to be impa i red  by p ro te in  def ic iency.  
The  l inoleic acid chain  is e longa ted  and  desatu-  
ra ted  to form C20-C22 p o l y u n s a t u r a t e d  fa t ty  
acids wi th  four  and five double  bonds .  
Appa ren t l y ,  these  sequences  of me tabo l i c  
events  involved in the  synthes i s  of  a rach idon ic  
acid are l imi ted  by the  in vivo act ivi ty  of  
A6-desaturase ,  since the  desa tu ra t ion  of  l inoleic 
to  71inolenic acid is a ra te- l imi t ing s tep in the  
convers ion  of  l inoleic to  a rach idon ic  acid (2). 
Fol lowing the  inges t ion  of  [ 1-14C] l inoleic acid 
by p r egnan t  rats,  Pascaud et al. (3 ,4)  d e m o n -  
s t ra ted  tha t :  1) fetal  a rach idon ic  acid is origi- 
n a t e d  essent ial ly  iW the  m a t e r n a l  liver, and  2) 
this acid is selectively t r ans fe r red  f rom m o t h e r  
to  fetus  t h r o u g h  the  p lacenta .  

The  presen t  s tudy  forms par t  of  a con-  
t inuous  inves t iga t ion  on  the  ef fec t  of  ma te rna l  
p ro te in  def ic iency and  essential  fa t ty  acid 
depr iva t ion  on the  activit ies of fa t ty  acid 
desaturase enzymes  f rom ma te rna l  and  fetal  
livers and  placentas .  

MATERIALS AND METHODS 

[ t -14C]  Patmit ic  acid (54 .0  m C / m m o l e ,  99% 
rad iochemica l ly  pure) ,  [1 -14C] l ino le ic  acid 

1 Members of Carrera del lnvestigador 
Ciendfico of the Consejo Nacional de Investi- 
gaciones Cient{ficas y T6cnicas, Argentina. 

(52.0  m C / m m o l e ,  99% rad iochemica l ly  pure) ,  
and  [ 1 A 4 C ] e i c o s a t r i e n o i c  acid (61.0  mC/  
m m o l e ,  99% rad iochemica l ly  pure  and 98% 
pure cis-isomer) were pu rchased  f rom Radio-  
chemical  Cent re  ( A m e r s h a m ,  England) .  

Animals and Diets 

Female Wistar rats  (weighing 150-170 g) were 
divided af ter  m a t i n g  i n t o  three  groups  and  were 
fed the  fo l lowing diets ad l i b i t um t h r o u g h o u t  
the  p regnancy :  Control diet: casein 25%, 
dex t r ine  66%, maize oil 5%, salt m ix tu r e  4% 
(5) and  v i tamins  (6) ;  Fat-free diet: casein 25%, 
dex t r ine  71%, salt m ix tu re  4% and v i tamins ;  
Low protein diet: casein 5%, dex t r ine  88%, 
maize oil 5%, salt m ix tu r e  4% and  vi tamins.  

On the  2 0 t h  or  21st  day of  p regnancy ,  the  
m o t h e r s  were decap i ta ted  and  the  ma te rna l  
livers, fetal  livers and  p lacentas  removed .  Feta l  
livers f rom the  l i t ters  and  p lacentas  were 
pooled .  

Assay for in vitro Desaturation 

Microsomes isolation. Maternal  livers, 
p lacentas  and  fetal  livers were h o m o g e n i z e d  and  
the  mic rosomes  isola ted by d i f fe rent ia l  centr i -  
fuga t ion  as previously  descr ibed (7). The  
mic rosomal  p ro te in  was e s t ima ted  by the  b iure t  
m e t h o d  (8). 

Incubation Procedure 

[ 1-14C] Palmit ic  acid, [ 1-14C]linoleic acid 
and  [1-14C] 8 ,11 ,14-e icosa t r ienoic  acids were 
d i lu ted  to a specific act ivi ty of  ca. 1.7 to  2.0 
pC/pmole with  the  co r r e spond ing  un labe led  
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pure fat ty acid. 
The assay condi t ions  were as follows: 5 mg 

of microsomal  protein were incubated  in an 
open test tube with 100 nmoles of the diluted 
labeled fat ty  acid in a Dubnof f  shaker at 37 C 
for 15 min in a total  vo lume of 1.5 ml of  
0.15 M KC1, 0.25 M sucrose containing/ . tmoles 
ATP, 2; CoA, 0.1; NADH,  1.2; MgC12, 7.5; 
glutathione,  2.2; NaF, 62; n icot inamide,  0.5 
and phosphate  buffer  (pH 7.0), 62. 

After  incubat ion,  the mix ture  was saponif ied 
and the extracted free fa t ty  acids esterified. 
The conversion of  [ 1 A 4 C ] p a l m i t i c  acid to 
[1-14C] palmitoleic  acid was measured by thin 
layer chromatography (TLC) of  the fatty 
acid methyl  esters on AgNO3-impregnated silica 
gel plates (9). The areas containing methy l  
esters were scraped off  and counted  directly in 
vials in a Packard scintil lation spectrometer .  
The values were corrected for quenching by 
comparison with external  standard. The conver- 
sion of  [1-14C]l inole ic  acid to 7 [ 1 - 1 4 c ] i i n o  - 
lenic acid and [1A4C]e icosa t r i eno ic  acid to 
[ 1-14C] eicosatetraenoic acid were measured by 
radio gas l iquid chromatography  (GLC) in 
a Packard gas chromatograph.  A glass co lumn 
packed with 10% DEGS in Chromosorb  WAW 
was used. 

RESULTS AND DISCUSSION 

Evidently,  the fat-free diet fed during 
gestation produces in the rat an increase in the 
activity o f  A9-desaturase f rom maternal  liver as 
is shown in Figure 1. These data agree with 
those repor ted  in the l i terature (10,11).  More 
recent ly,  Jef fcoat  and James (12) demons t ra ted  
the control l ing effect  of  dietary l inoleic acid in 
stearoyl CoA desaturase activity since the 
activity of  the enzyme is diminished by ca. 60% 
in the first 18 hr  of  feeding a polyunsatura ted  
fat ty acid diet. In consequence ,  this control  is 
not  operative when rats are fed a fat-free diet. 
On the o ther  hand, the effect  of  feeding a high 
carbohydrate ,  low protein diet, th roughout  
gestation,  resulted in a significant decrease in 
the microsomal  capacity of  maternal  liver to 
desaturate palmit ic  acid when compared  with 
normal  diet, despite the s t imulatory  effect  
of  the high carbohydrate  con ten t  of  the protein 
deficient  diet on the activity of  A9-desaturase 
as was described by Oshino and Sato (10) and 
Inkpen et al. (11). 

At the same time, a very low capaci ty to 
desaturate palmitic acid was observed in the 
microsomal  fraction f rom fetal livers and 
placentas of mothers  fed the different  diets 
under  study.  Apparent ly ,  nei ther  prote in  
deficiency nor  fat deprivat ion during gestat ion 
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are able to modify the rather low activity of 
A9-desaturase enzyme in these two tissues. 

Figure 2 shows the A6-desaturase activity 
from maternal and fetal livers and placenta of 
rats fed normal diets, restricted in protein and 
fat-free throughout gestation. A drastic de- 
crease in the capacity of maternal liver micro- 
somes to desaturate linoleic acid was promoted 
by feeding dams a protein deficient diet. On the 
other hand, no significant change in the activity 
of A6-desaturase was observed in liver from rats 
maintained on a fat-free diet during gestation. 

Apparently, malnourished rats exhibited, 
during gestation, a failure in the activity of river 
A6-desaturase, which is not observed when 
adult rats were fed a protein-tree diet for 7 
weeks. These results were obtained despite 
the arachidonic acid (20 :4 ) impover i shment  
and the consequent accumulation of linoleic 
acid which is the substrate of A6-desaturase and 
precursor of 20:4 in the liver lipids of these 
protein deficient animals (13). 

Apparently, the protein depletion, provoked 
in the rats by the protein deficient diet together 
with the progressive demand of nutrients 
according to its metabolic needs by the fetuses 
throughout the gestation, resulted in a decrease 
in the specific activity of A6-desaturase, prob- 
ably due to a failure in the synthesis of the 
enzyme. The developmental changes in micro- 
somal enzymes are probably associated with the 
quantitative increase of the endoplasmic 
reticulum (14), and these changes are really 
influenced by nutritional state. According to 
Jansen and Chase (15) and Kwong and Barnes 
(16), there were not any differences in food 
consumption of pregnant rats freely fed a low 
or a high casein diet; then the observed changes 
in enzyme activities could be related to the 
protein restriction during gestation. 

No activity of A6-desaturase was detected in 
our experimental conditions in the microsomal 
fraction of fetal rat rivers and placentas of 
mothers fed the different diets under study. 
Satomi and Matsuda (17) have reported a 
similar rate of conversion of linoleate to 7- 
rinolenate by liver microsomes of pregnant rats 
and fetuses using in the assay 5 mg of micro- 
somal protein and 12.5 nmoles of potassium 
linoleate 1-14 C. 

Apparently, the discrepancy with these 
results could be due to our different assay 
conditions of  the enzymatic activities, since we 
have assumed that in order to be able to com- 
pare these enzyme-catalyzed reactions between 
the three classes of tissues under study, it is 
necessary to saturate the enzyme with its 
substrate, since only under these conditions is 
the enzyme concentration the rate limiting 

factor of the reaction (18). Using the same 
assay conditions described in Methods for 
A6-desaturase, we found rather similar enzy- 
matic activities in liver microsomes of 30-day- 
old rats fed a control diet and those observed in 
adult rats fed the same diet (unpublished 
results). 

Besides the already discussed A6-desatura- 
tion of mother and fetal fiver and placenta, the 
activity of A5-desaturase has also been demon- 
strated (Fig. 3). Maternal livers convert eicosa- 
8,11,14-trienoic acid to arachidonic acid at a 
higher rate than A6-desaturation is accom- 
plished, and this conversion is not  affected by 
mothers fed a fat-free diet. 

Although AS-desaturase is less responsive to 
dietary and hormonal manipulations (18-20), a 
reduction of about 50% in its activity from 
control animals was observed in animals 
fed a low protein diet. 

Similarly, as was observed for A6-desaturase, 
no detectable activity of A5-desaturase was 
evident in our experimental conditions shown 
by fetal liver and placentas. 

Considering that the activities of  the en- 
zymes under study were measured in the liver 
microsomal fractions from the same animals, 
we concluded that dams fed on diets markedly 
restricted in proteins throughout the gestation 
show a drastic decrease in the activity of 
hepatic A6-desaturase, while a less severe 
reduction in the activities of A9 and A5-desatu- 
rases was observed. 

These findings are consistent with those that 
demonstrated that protein diet increased 
A6-desaturation while A9- and A5-desaturases 
were less responsive to those dietary manipula- 
tions (21 ). 

It must be emphasized that, even under 
normal dietary conditions, no measurable in 
vitro activity of A5- and A6desaturases was 
observed in the microsomal fraction of fetal 
liver and placenta. 

According to the results of the present 
experiment, we can conclude that A6-desatura- 
tion, the key controlling step in the biosyn- 
thesis of polyunsaturated fatty acids, is pro- 
foundly affected by the maternal protein 
deprivation, and this fact could affect the 
normal supply of polyunsaturated fatty acids 
for normal fetal growth and tissue develop- 
ment. 
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Correlations between Surface Area and the Rate of Enzymatic 
Desaturation with Methyl Branched 8,11,14-Eicosatrienoic Acid 
GAJANAN S. PATIL, HOWARD SPRECHER, and DAVID G. CORNWELL, 
Department of Physiological Chemistry, The Ohio State University, 
Columbus, Ohio 43210 

ABSTRACT 

Methyl-branched derivatives of methyl 8,11,14-eicosatrienoate form stable liquid-expanded mono- 
layers. Surface areas are expanded by the methyl branch. The expansion effect is a function of surface 
pressure. At high surface pressure, the greatest expansion occurs with a mid-point methyl branch. At 
low surface pressure, surface area increases continuously as the methyl group is moved along the 
carbon chain from carbon 19 to carbon 5. Desaturase activity varies inversely with surface area, and a 
linear correlation exists between surface axea at low surface pressure and the desaturation rate. These 
data support the concept that lipid structure and its effect on short range forces between molecules is 
an important factor in desaturase activity. 

INTRODUCTION 

Monolayers in lipids with branched hydro-  
carbon chains, part icularly lipids isolated f rom 
bacterial waxes and lipids with bactericidal 
activity,  have been studied extensively (1-12). 
These studies show that  methyl-subst i tu ted 
saturated fatty acids have expanded surface 
areas and that  a methyl  group attached at the 
fif th to the twelf th  carbon a tom along the main 
aliphatic chain exerts a max imum expansion 
effect  on the first detectable surface area o f  the 
film (12). It is interest ing that  methyl-substi-  
tuted stearic acids with the methyl  branch in 
the middle of  the main chain (large surface area 
derivatives) are poor  substrates for a A9-desatu- 
rase (13). Fur thermore ,  methyl-branched deri- 
vatives improve as substrates when the posi t ion 
of  the methy l  branch approaches ei ther  end of  
the fat ty acid (13) and surface areas approach 
the surface area of  the parent  unbranched 
compound  (10,12). These correlat ions be tween 
surface area and desaturase activity suggest that  
surface area may affect the geomet ry  of  the 
enzyme-substra te  complex.  

A recent  s tudy (14) of  enzymat ic  desatura- 
tion with methyl -branched 8,11,14-eicosatrie- 
noic acids shows A5-desaturase activity de- 
creases as the methy l  branch is moved along the 
main aliphatic chain f rom carbon 19 to carbon 
5. This methy l  branch effect  which does no t  
appear to correlate with the known surface 
propert ies of  methyl -branched saturated acids 
(1-12) p rompted  us to examine  the surface 
propert ies of  methyl  branched eicosatr ienoic 
acids. 

MATERIALS AND METHODS 

Six methyl-branched isomers of methyl  
8,11,14-eicosatr ienoate with methyl  branches 
located on carbons 5,10,13,17,18 and 19 were 

synthesized and purified as previously described 
(15). The methyl  esters were dissolved in 
purified n-hexane (16) and applied to a Tef lon 
Langmuir  trough (50 x I0  x 1 cm) containing 
0.1 M sodium chloride as the subphase. Surface 
pressure (II) was measured by the Wilhelmy 
plate technique utilizing a Cahn R. G. recording 
balance. A plat inum foil 1 cm wide was used as 
the dipping plate. The movable  bar was milled 
from Teflon and was propel led by a high-torque 
variable speed motor .  The compress ion rate was 
20 AZ/molecu le /min .  The tempera ture  was 
24-26 C. 

RESULTS AND DISCUSSION 

Methyl-branched derivatives o f  methyl  
8,1 1,14-eicosatrienoate behaved as stable 
l iquid-expanded films when they were spread 
on 0.1 N sodium chloride alone (neutral  pH). 
Monolayers  of  these methyl  esters all col- 
lapsed at pressures be tween 13 and 14.5 dynes /  
cm and generated a plateau that  was maintained 
th roughout  the post-collapse region ,of  the II-A 
isotherm (apparent  area/molecule  decreased to 
i0  A2). In contrast  to the methy l  esters o f  
methyl -branched unsaturated acids, collapse 
pressures of  methyl -branched  saturated acids 
varied as much as 14 dynes /cm (9-11). Further-  
more,  many of  these saturated branched acids 
showed an immedia te  post-collapse decrease in 
surface pressure (9-11), which is characterist ic 
of  collapse from a metastable film (16,17). 

Surface areas of  the methyl-branched 
derivatives of  methyl  8,11,14-eicosatr ienoate 
are highly interesting. As the surface pressure 
approaches collapse, surface area shows the 
ant icipated expansion o f  a mid-point  methyl  
branch (see data at 12.5 dynes /cm in Fig. 1). 
The effect  of  the mid-point  methy l  branch is 
lost with a decrease in surface pressure, and at 
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FIG 1. Surface areas of methyl-branched methyl 
8,11,14-eicosatrienoates at various surface pressures. 
The surface area at the specified surface pressure was 
obtained from the II-A isotherm at 24-26 C. 
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FIG. 2. Correlation between relative desaturation 
rates (14) and relative surface areas (surface area 
derivative/surface area parent compound) for methyl- 
branched methyl 8,11,14-eicosatrienoates. The corre- 
lation coefficient was 0.98 for the linear regression 
equation. Numbers in the figure designate the point of 
the methyl branch. 

low surface pressure the  5 -methy l  deriva- 
tive is more  e x p a n d e d  t h a n  the  10-methy l  
derivative (see data  at 3.5 dynes / cm in Fig. 1). 
Thus,  m a x i m u m  expans ion  wi th  a mid -po in t  
m e t h y l  b r a n c h  occurs  only  in the  mos t  t igh t ly  
packed film. 

The  m e t h y l  b r a n c h  has a very d i f fe rent  
effect  on  the  surface p roper t i e s  of  sa tu ra ted  
fa t ty  acids (9-11).  These b r a n c h e d  acids are 
charac te r ized  by  a m i d - p o i n t  expans ion  which  
is max ima l  at  low surface pressures (less t han  5 
dynes /cm) .  Signif icant  film expans ion  begins 
wi th  the 5 -me thy l  and  15-methy l  derivatives 
and  increases to  a m a x i m u m  wi th  the  8 -me thy l  
derivative.  In cont ras t ,  surface areas of  m e t hy l -  
b r a n c h e d  unsa tu r a t e d  fa t ty  acids at 3.5 dynes /  
cm increase  c o n t i n u o u s l y  as t he  m e t h y l  b r a n c h  
is moved  a long the  ca rbon  chain f rom the  
m e t h y l  t e rmina l  t oward  the  ca rboxy l  t e rmina l  
(Fig. 1 ). 

Desaturase  activi t ies wi th  b o t h  m e t h y l -  
b r a n c h e d  sa tu ra ted  acids and m e t h y l - b r a n c h e d  
u n s a t u r a t e d  acids are closely cor re la ted  wi th  
the  surface area at  low surface pressure.  The 
desa tu ra t ion  of  m e t h y l - b r a n c h e d  stearic  acids 
to  the  co r r e spond ing  9 - m o n o e n o i c  acids ceases 
wi th  the  5 -methy l  t h r o u g h  15-methy l  deriva- 
tives and  increases to  a m a x i m u m  as the  m e t h y l  
b r a n c h  is m o v e d  e i the r  f rom the  15-methy l  
pos i t ion  toward  the  m e t h y l  t e rmina l  or  f rom 
the  5 -methy l  pos i t ion  toward  the ca rboxy l  
t e rmina l  (13).  Thus ,  desaturase  act ivi ty varies 
inversely wi th  the  surface areas of  me thy l -  
b r a n c h e d  sa tu ra t ed  acids. The  desa tu ra t ion  rate  
wi th  m e t h y l - b r a n c h e d  derivat ives of  8 ,11,14-  
e icosa t r ienoic  acid decreases c o n t i n u o u s l y  as 
the  m e t h y l  b r a n c h  is m o v e d  along the  c a r b o n  
chain  f rom the  m e t h y l  t e rmina l  t o w a r d  the  
ca rboxy l  t e rmina l  (14).  Indeed ,  a l inear  correla-  

t ion  exists  be tween  the  relative desa tu ra t i on  
rates  and  the  relat ive surface areas of  me thy l -  
b r a n c h e d  u n s a t u r a t e d  acids (Fig. 2). 

Several invest igators  (1 3,1 8) have discussed 
the  i m p o r t a n c e  of  l ipid s t ruc tu re  in the  en- 
zyme-subs t r a t e  i n t e rac t ions  requi red  for  h ighly  
specific desaturase  activit ies.  Surface area data  
show t h a t  the  pos i t ion  of  a m e t h y l  b r a n c h  will 
have a s ignif icant  e f fec t  on shor t  range forces 
be tween  h y d r o c a r b o n  molecules .  The  m e t h y l  
b r a n c h  ef fec t  is d i f fe ren t  wi th  sa tu ra ted  and  
wi th  u n s a t u r a t e d  f a t t y  acids, ye t  surface areas 
are cor re la ted  wi th  e n z y m e  activit ies in b o t h  
series. These data  s u p p o r t  the  c o n c e p t  tha t  l ipid 
s t ruc tu re  and  its e f fec t  on  shor t  range forces 
b e t w e e n  molecules  is an i m p o r t a n t  fac to r  in 
desaturase  act ivi ty.  
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ABSTRACT 

The metabolism of [ 14-14C] erucic acid was studied in perfused livers from rats fed on diets con- 
taining partially hydrogenated marine oil or rapeseed oil for three days or three weeks. Control rats 
were given groundnut oil. Chain-shortening of erucic acid, mainly to 18:1, was found in all dietary 
groups. In the marine oil and rapeseed oil groups, the percentage of chain-shortened fatty acids in very 
low density lipoproteins-triacylglycerols (VLDL-TG) exported trom the liver increased after prolonged 
feeding. A similar increase was found in liver TG only with partially hydrogenated marine oil. This oil, 
rich in trans fatty acids, thus seemed to be more effective in promoting chain-shortening. The fatty 
acid composition of the secreted and stored TG differed both with respect to total fatty acids and 
radioactively labeled fatty acids, indicating that at least 2 different pools of TG exist in the liver. The 
lack of lipidosis in livers from rats fed dietary oils rich in 22:1 fatty acids is discussed in relation to 
these findings. In conclusion, a discussion is presented expressing the view that the reversal of the 
acute lipidosis in the hearts of rats fed rapeseed oil or partially hydrogenated marine oils is, to a large 
extent, derived from the increased chain-shortening capacity of erucic acid in liver. 

INTRODUCTION 

Diets rich in oils containing very long chain 
monounsa tura ted  fat ty acids, as rapeseed oil 
and partially hydrogena ted  marine oils, lead to 
the development  of  an acute accumula t ion  o f  
tr iacylglycerols (TG) in the  heart  and skeletal 
muscles of several animals (1). In the young  rat, 
the fat con ten t  reaches a peak after 3-7 days of  
feeding, after which an adapta t ion takes place 
and the fat con ten t  decreases almost  to a 
normal  value (1,2). The mechanism of  this 
adapta t ion is not  quite clear. It may  take place 
in the heart i tself (3), or it may  arise f rom a 
change in the supply of  fa t ty  acids reaching the  
heart  f rom the  b lood.  

We have previously demonst ra ted  a signifi- 
cant  decrease in the percentage o f  22:1 fat ty  
acids in rat serum very low densi ty  l ipoprotein-  
tr iacylglycerols  (VLDL-TG)  af ter  3 weeks, 
compared  to 3 days, on a diet containing 
rapeseed oil (4). We also observed a con- 
siderable decrease in the relative amount  of  
22:1 fa t ty  acids in VLDL-TG secreted f rom 
perfused livers from rats fed rapeseed oil or  
marine oil for 3 weeks. The decreasing TG- 
con ten t  in the heart  after prolonged feeding 
may  thus, at least in part ,  be explained by an 
adapta t ion of  the fat ty  acid metabol ism in the  
liver. 

The decrease in the 22:1 conten t  was 
accompanied  by an increase in 18:1. This led us 
to suggest that  an increased chain-shortening 
might  have taken place in the liver. This has 

been the subject of  a closer investigation,  and in 
this communica t ion  we repor t  the  results f rom 
a s tudy of  the metabol i sm of  14C_eruci c acid in 
perfused livers from rats fed diets containing 
partially hydrogena ted  marine oil, rapeseed oil 
or  g roundnut  oil. Special a t ten t ion  was paid to 
the composi t ion  o f  fa t ty  acids in VLDL-TG 
secreted f rom the livers. A prel iminary report  
has been presented (5). 

MATERIALS AND METHODS 

Animals and Diets 

Male weanling rats (60 g) of  the  Wistar strain 
were purchased from Mr Labora tory ,  
Denmark.  After  3 to 5 days on a standard pellet  
diet, the  animals were fed semisynthet ic  diets as 
described by Thomassen et al. (4) for  3 days or  
3 weeks. Thir ty  percent  of  the calories were 
supplied as dietary oils, e i ther  partially hydrog-  
enated marine oil, rapeseed oil or g roundnut  
oil .  The oils, including analytical  data, were 
obtained f rom DeNoFa  and Lil leborg Co., 
Norway (Table I). 

Af te r  3 days of  feeding, the rats weighed ca. 
100 g and after 3 weeks 200 g. Before the  
exper iments ,  the animals were fasted for ca. 3 
hr  ( f rom 0800 to 1100). 

Liver Perfusion 

The rats were killed af ter  being anesthet ized 
with ether,  and the livers were perfused es- 
sentially as described by Seglen (6) for an 
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TABLE I 

Fatty Acid Composition of Dietary Oils (% of Methylated Total Fatty Acids a) 

Partially hydrogenated b 
Fatty acid Rapeseed oil marine oil Groundnut oil 

14:0 0.7 6.5 0.7 
16:0 2.8 16.1 17.6 
16:1 0 6.9 0 
16:2 0 1.2 0 
18:0 1.0 7.7 2.8 
18:1 16.3 12.8 36.2 
18:2 17.9 2.1 40.8 
18:3,20:0 9.2 4.9 0.7 
20:1 0.5 11.5 1.1 
20:2 3.7 
20:3 1.4 
22:0 5.0 
22:1 42.7 11.5 
22:2 3.7 
22:3 2.2 

a% Calculated from triangulation of peaks on the chromatograms. 
b54.3% of the total fatty acid double bonds were t r a n s  isomers. 

experimental period of 3 hr. Three hours of 
perfusion was necessary to ensure that the 
radioactivity recovered in the VLDL-TG 
fraction was high enough for the samples to be 
analyzed by radio gas chromatography. The 
perfusion fluid consisted of 50 ml Krebs-Ringer 
bicarbonate buffer, pH 7.45, 0.1% glucose and 
0.028% CaC12, and was continuously gassed 
with 95% 02-5% CO2. After a 10 min flow- 
through perfusion with this medium, the 
system was closed to make a recirculating 
perfusion. Erucic acid suspended in a bovine 
serum albumin solution was added to final 
concentrations of 1 mM and 15 mg[ml, respec- 
tively, including 0.08 gCi/ml [14-14C]erucic 
acid. 

The perfusate was circulated through the 
liver at a flow rate of 3 ml/min/g liver. The 
weights of the livers after 3 days of  feeding 
were ca. 5 g, and after 3 weeks, ca. 10 g. 
Samples (1-2 ml) were taken at half-hour 
intervals during the perfusion for analysis of the 
distribution of label into water-soluble fractions 
and various lipid fractions. 

Isolation of V L D L  and TG 

The VLDL fraction from liver perfusate was 
separated by centrifugation of  5 ml samples for 
18 hr at 4 C using 115,000 g. The layer of 
VLDL (d.- 1.006)floated on top of  a separation 
layer of saline (d. = 1.006). Lipids were ex- 
tracted with chloroform/methanol (2:1) after 
the method of Folch et al. (7). 

The liver was chilled immediately after 
perfusion, and ca. 1 g was used for lipid extrac- 

tion. The lipids were extracted essentially as 
above after the modified method described by 
Christie (8). 

Lipid classes were separated by thin layer 
chromatography using 0.4 ram Silica Gel H. 
The solvent system was petroleum ether (60-70 
C)/diethylether/acetic acid (113:20:1). Zones 
corresponding to free fatty acid (FFA) and TG 
fractions were scraped into glass-stoppered 
tubes and prepared for gas chromatography. 

Chemicals 

[ 14-14C] Erucic acid (99% radiopurity) was 
from CEA (Commissariat a l'Energie Atomi- 
que), Gif-sur-Yvette, France, and erucic acid 
(99% pure) from Sigma Chemical Co., St. 
Louis, MO, (code no. E 7250). Bovine serum 
albumin was essentially fatty acid free (Sigma 
A-6003). Other chemicals were commercial 
products of high purity. 

Gas Chromatographic Analysis 

Methylation of  the TG samples was per- 
formed as described by Thomassen et al. (4), 
and analyzed by radio gas chromatography 
using a Pye 104 gas chromatograph connected 
to an ESI Nuclear (Surrey, England) radioac- 
tivity detector with a 1:1 outlet splitter. Fatty 
acid methyl esters were separated at 185 C 
using 10% SP 2340 on Supelcoport 100/120 
(Supelco, Inc., Bellefonte, PA.) The peaks were 
identified on the basis of the retention time 
compared with known standards (Supelco). 
The distribution of  the radioactivity among the 
peaks was calculated from counting data 
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recorded on a Printing Autoscaler 5680 (ESI 
Nuclear). The percentage of each methylated 
fatty acid was determined by triangulation. 

Analytical Methods 

Protein was determined by the method of  
Lowry et al. (9). Lactic dehydrogenase activity, 
to test the viability of the perfused liver, was 
measured with a Sigma diagnostic kit no. 500. 
Triacylglycerol-glycerol was determined accord- 
ing to the method of Wieland (10) and 
measured fluorimetrically. 

Radioactivity was measured using a Packard 
Tri-Carb liquid scintillation spectrometer model 
no. 3385. 

RESULTS 

Erucic Acid Uptake in Perfused Liver 

The time course of  the uptake of  14 C-erncic 
acid from the perfusion medium and the 
incorporation of  radioactivity into TG and 
oxidation products were studied in all dietary 
groups. However, only minor differences were 
detected. Thus, in Figure 1, only the results 
from an experiment using liver from a rat fed 
marine oil for 3 weeks are shown as an ex- 
ample. The albumin-bound 14C_erucic acid was 
taken up almost completely by the livers during 
the 3 hr perfusion, and a gradual increase in 
radioactivity could be detected in TG and in 
water-soluble products in the medium. 

The gross similarity between the 3 dietary 
groups with respect to erucic acid uptake and 
secretion of oxidation products and TG can be 
seen from the data presented in Table II. Here, 
the distribution of  radioactivity in the liver 
perfusates after a perfusion of  3 hr is shown. A 
statistically significant decrease in radioactivity 
in the lipid fraction was seen after 3 weeks of  
feeding in all 3 dietary groups. This was most 
likely due to a more efficient removal of  free 
erucic acid from the medium, since no signifi- 
cant decrease could be detected in the secretion 
of  radioactively labeled TG. The amount of 
radioactivity recovered as secreted TG was very 
low, less than 5% of  that added as 14C-erucic 
acid even after 3 hr perfusion. Fifteen to 25% 
was recovered as water-soluble products. Here a 
significant increase was seen in the marine oil 
group after 3 weeks of feeding, while no 
significant differences were found in the 
rapeseed off group or in the control (groundnut 
oil) group. This may be related to the extensive 
increase in chain-shortening activity found in 
the marine off fed animals after 3 weeks, as dis- 
cussed later. 

831 

FIG. 1. Time-course of free ([14-14C]erucic 
acid disappearance, and formation of water- 
soluble products and triacylglycerols in liver 
perfusate. The liver was taken from a rat fed 
marine oil for 3 weeks (as an example). The 
values-are expressed as /zmoles erucic acid. Fifty 
~moles free lOC-erucic acid were added to the 
perfusate at zero time. ~ total label in the 
perfusate; o----o label in free fatty acids; 
�9 �9 label in water-soluble products; �9 -" 
label in TG. 

Chain-Shortened ProductS in VLDL-TG 

The distribution of  radioactivity from 
[ 14-14C] erucic acid into acyl groups in VLDL- 
TG was investigated (Table III). The appearance 
of a substantial amount of  radioactively labeled 
fatty acids shorter than 22:1 showed that 
erucic acid was chain-shortened in perfused 
livers from rats in all three dietary groups. The 
identified products of  the chain-shortening pro- 
cess were mainly 18:1, but also 20:1 and 16:1 
fatty acids. 

In the control groups, no significant differ- 
ences between 3 days and 3 weeks could be 
detected, either in the pattern of  chain- 
shortened fatty acids, or in the total percentage 
of  chain-shortened radioactively labeled fatty 
acids. In the 2 other groups, however, a signifi- 
cant increase was seen in the percentage of  
chain-shortened fatty acids after 3 weeks. In 
the marine oil group, this was due to an 
increased percentage of  18:1, while in the rape- 
seed oil group an increase was also found in 
16:1 (Table IV). This strongly implies that the 
decrease in the percentage of total 22:1 in 
VLDL-TG, also seen in the animals fed marine 
oil or rapeseed oil for three weeks (Table IV), 
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was due to an increased chain-shortening 
capacity in the liver. 

Chain-Shortened Products in Liver-TG 

In the TG remaining in the  fiver after the 
perfusion, radioact ively labeled acyl groups 
shorter  than 22:1 could also be detected.  The 
pattern,  as well as the total  percentage of  
chain-shortened radioactively labeled fat ty 
acids, differed f rom that  o f  the  secreted VLDL- 
TG (Table V). This implies that  at least 2 
different  pools  of  TG exist in the  liver. In 
liver-TG, as in VLDL-TG,  a significant increase 
in the percent  of  chain-shortened fatty acid 
was found after 3 weeks in the marine oil 
group. This was, however ,  no t  so in the rape- 
seed oil group. The  marine oil thus seems to 
be more effective than rapeseed oil in p romot -  
ing the chain-shortening ability. 

Only small differences were observed in the  
total  fa t ty  acid composi t ion  of  liver-TG be- 
tween 3 days and 3 weeks o f  feeding (Table 
VI). The decrease in 22:1 seen in VLDL-TG 
after 3 weeks was apparent  also in the liver-TG 
in the rapeseed oil group. Also there was a 
t endency  to  a lower  percentage o f  22:1 ,  which 
was, however,  no t  statistically significant. 

DISCUSSION 

Livers from fat-fed rats rapidly took  up and 
metabol ized  erucic acid when perfused in vitro. 
The acid was partly oxidized to water-soluble 
products ,  partly chain-shortened,  and some 
was incorpora ted  unchanged into liver lipids. 
The  feeding period and nature  of  the  dietary 
oil inf luenced to some ex ten t  the  fate 
o f  the erucic acid. Thus, the  feeding of  
rapeseed oil, and more  especially o f  marine oil, 
for  3 weeks led to a marked increase in the 
chain-shortening activity in the liver as 
measured by the incorpora t ion  o f  radioact ively 
labeled fat ty  acids shorter  than 22:1 into TG 
secreted f rom the  liver in VLDL.  An increase in 
the  percentage of  chain-shortened acyt groups 
was also seen in liver-TG with marine oil-fed 
animals but  no t  with animals fed on the rape- 
seed oil diet. This may  be due to a di lut ion 
effect ,  since the rapeseed oil-fed animals 
received more 22:1 acids in the diet and 
consequent ly  had a higher con ten t  o f  this acid 
in the liver lipids. It may,  however ,  also indicate 
that  the partially hydrogenated  marine oil, 
which is rich in trans fat ty acids, is more 
effect ive than rapeseed oil in inducing the 
chain-shortening ability. This difference has 
also been observed in a s tudy with hepa tocytes  
isolated from rats fed rapeseed oil or  partially 
hydrogena ted  marine oil (11). An increased 
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cha in - sho r t en ing  o f  22:1 f a t ty  acids has  also 
been  n o t e d  w i th  the  h y p o l i p i d e m i c  drug, 
c lof ibra te ,  added  to  t he  diet  (12 ,13) .  It is 
suggested f rom those  s tudies  t h a t  the  l oca t ion  
o f  t he  cha in - sho r t en ing  process  is ex t ra-  
m i to chond r i a l ,  mos t  l ikely pe rox i somal .  Pre- 
l imina ry  resul ts  (14)  show a 50-100% increase  
in pe rox i soma l  fa t ty -acy l -CoA oxid iz ing  ac- 
t iv i ty  in l ivers f rom an imals  fed par t ia l ly  
h y d r o g e n a t e d  mar ine  oil c o m p a r e d  to  g round-  
n u t  oil-fed animals.  This  m ay  ind ica te  t ha t  the  
increased cha in - shor t en ing  capac i ty  observed in 
t he  p resen t  s t udy  was also due to a prol i fera-  
t ion  o f  pe rox i somes  in the  liver. The  pa t t e rn ,  as 
well as the  to ta l  pe rcen tage  o f  cha in - sho r t ened  
rad ioac t ive ly  labe led  f a t t y  acids, was very  
d i f fe ren t  in secreted V L D L - T G  and liver-TG. 
This  ind ica tes  t ha t  a t  least  2 d i f fe ren t  pools  of  
T G  exist  in the  liver, wh ich  has  also been  
suggested by  o the r s  (Kondrup ,  J .F. ,  F. Lund-  
quis t  and  S.E. Damsgaard ,  pe rsona l  c o m m u n i c a -  
t ion ,  and  15-18). A b e t t e r  u n d e r s t a n d i n g  o f  the  
m e c h a n i s m s  involved in the  se lec t ion o f  TG for  
e x p o r t  vs. s torage may  be of  great  i m p o r t a n c e  
in the  to ta l  u n d e r s t a n d i n g  of  t he  m e t a b o l i s m  of  
22:1 f a t ty  acids. A pre fe ren t ia l  secre t ion  of  
22:1 f a t ty  acids, as ind ica ted  by  t he  resul ts  
f rom a previous  s tudy  (4),  m a y  explain  w h y  
there  is no,  or  very  l i t t le ,  increase  in the  
a m o u n t  of  TG in livers a f te r  feeding rapeseed  
oil (19 ,20) .  

The  d ie tary  f a t ty  acids are i n t r o d u c e d  to t he  
b lood  as chy lomic rons .  It has  been  r epo r t ed  
t ha t ,  o f  rad ioac t ive ly  labeled chy lomic rons ,  ca. 
30% are t a k e n  up  by  the  liver, 30% by  adipose  
tissue, and  the  r e m a i n d e r  b y  o t h e r  organs,  
inc lud ing  the  hea r t  (21).  In add i t ion ,  the  f a t ty  
acids are shu t t l ed  b e t w e e n  t he  liver and  o t h e r  
organs  as p lasma free f a t ty  acids ( F F A )  and  
VLDL-TG.  Of  the  p lasma FFA,  a b o u t  one - th i rd  
is t a k e n  up  by  t he  hea r t  and  one- th i rd  b y  t he  
l iver (22).  These  da ta  ind ica te  tha t ,  o f  t he  
d ie ta ry  fat ,  a cons iderab le  f rac t ion  of  t he  f a t ty  
acids (which  m a y  be  e s t ima ted  to  be at least  
50%) will pass t h r o u g h  the  l iver and be exposed  
to  t he  cha in - sho r t en ing  process,  while  a smal ler  
f r ac t ion  will r each  the  hea r t  more  di rect ly .  
Cha in - sho r t en ing  o f  erucic acid has  also been  
observed in per fused  hea r t  (3). The  capac i ty  
was, however ,  ca lcu la ted  to be at  least  130 
t imes  h igher  in the  liver t h a n  in the  h e a r t  (23).  
Very  litt le,  i f  any,  cha in - sho r t en ing  of  erucic  
acid is f o u n d  in i sola ted ad ipocy te s  (Chr i s toph-  
ersen,  B.O., and  J. Norse th ,  pe rsona l  c o m m u n i -  
ca t ion) .  TMs i l lus t ra tes  t he  i m p o r t a n c e  of  the  
cha in - sho r t en ing  process  in the  liver for  t he  
t o t a l  convers ion  of  22:1  f a t ty  acids in t he  
body .  An  increase  in t h e  cha in - sho r t en ing  
act ivi ty  in the  fiver, as d e m o n s t r a t e d  in th is  

s tudy ,  may  expla in  the  decrease in tffe per- 
cen tage  of  22:1  f a t ty  acids observed  in TG 
secre ted f rom per fused  livers a f te r  p ro longed  
feeding w i th  rapeseed oil and par t ia l ly  hydrog-  
ena ted  mar ine  oil (4). C o n s e q u e n t l y ,  it may  
also expla in  w h y  t he  l ipidosis in  hear t s  of  
an imals  o n  an erucic acid d ie t  is on ly  t e m p o r a r y .  
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Fatty Acid Composition of Heart Cells Exposed to Thermally 
Oxidized Fats 
R.P. BIRD and J.C. ALEXANDER,  Department of Nutrition, College of Biological 
Science, University of Guelph, Guelph, Ontario, Canada N1G 2W1 

ABSTRACT 

Corn oil and olive oil were thermally oxidized, and the free fatty acids from the fresh fats, and 
from the distillable non-urea-adductable (DNUA) fractions of the thermally oxidized fats were 
prepared. These were added as emulsions to the medium of primary cultures of heart endothelial and 
muscle cells from neonatal rats. After exposure for 24 hr, the fatty acid composition of the triacyl- 
glycerol (TC) and phospholipid (PL) fractions of the cells was determined. Reflecting the nature of the 
fat used, the corn oil treatment produced relatively higher concentrations of linoleic acid in the TG 
and PL fractions compared to the olive oil treatment, in which case the oleic acid level was influenced. 
Treatment of the cultured cells with components derived from oxidized corn oil or oxidized olive oil 
resulted in lower concentrations of linoleic and arachidonic acids in the PL moieties compared to the 
fresh fat controls. However, there were marked increases in arachidonic acid in the TG fractions of 
both the endothelial and muscle ceils. These changes due to the DNUA from thermally oxidized fats 
indicate a distinct metabolic response to the derivatives formed during thermal oxidation of the fats. 

INTRODUCTION 

The i m p o r t a n c e  of  fat  in the  Canad ian  and  
Amer i can  diets  is ev idenced  by  the  a m o u n t  
consumed .  Much  of this  is f rom fried foods.  
Fats  used  in commerc i a l  food- f ry ing  ope ra t ions  
or in h o m e  cook ing  o f t en  unde r go  phys ica l  and  
chemica l  changes.  These  al tered fats  m ay  be 
organolep t ica l ly  accep tab le  in h u m a n  diets,  bu t  
have exer ted  growth-depress ing  effects  w h e n  
fed to animals  (1). Several workers  have s h o w n  
tha t  the rmaUy oxid ized  fats con t a i n  po ten t i a l ly  
h a r m f u l  derivat ives of  f a t ty  acids (2-4). The  
o x i d a t i o n  p r o d u c t s  of  f a t t y  acids can be  con-  
cen t r a t ed  in a dist i l lable non - u r ea - adduc t ab l e  
( D N U A )  f rac t ion .  The  m o n o m e r i c  and  d imer ic  
mater ia ls  p resen t  are abso rbed  by  e x p e r i m e n t a l  
animals,  and m a y  exer t  tox ic  effects  (5-8). 

The in f luence  of  h e a t e d  fat  derivat ives on  
the  me tabo l i c  act ivi ty  of  t issues can be s tud ied  
wi th  whole  animals ,  pe r fus ion  t echn iques ,  
t issue slices, or cell cu l ture  t echniques .  The  
l a t t e r  t e c h n i q u e s  have been  e m p l o y e d  b y  
several workers  in the  fields of  med ic ine ,  
n u t r i t i o n ,  and  b iochem i s t r y  for  m e t a b o l i c  
studies.  Beat ing  hea r t  cells in cul ture  were 
ut i l ized for  the  first  t ime  by  Harary et  al. (9)  as 
a m o d e l  sys tem for  tests  on  in t ac t  m y o c a r d i u m .  
The  ma in  purpose  of  the i r  s t udy  was to ut i l ize  
this  sys tem to invest igate  t he  fa t ty  acid m e t a b o -  
lism of  hea r t  cells and  its re la t ionsh ip  to myo-  
cardial  f unc t i on .  

In our  l abo ra to ry ,  inves t iga t ions  have been  
carr ied ou t  regarding the  nu t r i t i ona l  e f fec ts  of  
t he rma l ly  oxid ized  fats on  e x p e r i m e n t a l  ani- 
mals  (10 ,11) .  In add i t ion ,  we are us ing 
hea r t  cell cu l ture  as a too l  to  s tudy  biological  
r eac t ions  involved in the  tox ic i ty  of  the rmal ly  
ox id ized  fat  c o m p o n e n t s  at  t he  cellular level. In 

th is  s tudy ,  the  effects  of  the  DNUA f rac t ion  on  
the  f a t ty  acid c o m p o s i t i o n  o f  hea r t  endo the l i a l  
(E) and  muscle  (M) ceils were invest igated.  

MATERIALS AND METHODS 

Preparation of Fat Samples 

The  two  fats used in th is  s tudy  were corn  oil 
(Mazola  co rn  oil, Best  F o o d  Division) and  olive 
oil ( P o m p e i a n  Brand,  Bal t imore ,  MD). Thermal -  
ly ox id ized  fats  were p repa red  by  hea t ing  the  
two  oils c o n t i n u o u s l y  in stainless steel beakers  
at  180 C for  72 h r  wi th  8 hr  of  c o n t i n u o u s  
ae ra t ion  every day by  means  of  a mechn ica l  
stirrer.  The  D N U A  mater ia l  was p repa red  by  
the  m e t h o d  of  C r a m p t o n  (12)  w i th  modi f i ca -  
t ion  (13).  The  free f a t ty  acids f rom fresh fat  
( F F A )  and  f rom the  D N U A  of  ox id ized  fa t  
( O F A )  were o b t a i n e d  by  a sapon i f i ca t ion  
p rocedure  descr ibed earl ier  (14).  

Primary Cultures of Heart Cells 

Pr imary  cu l tures  of  ra t  hea r t  endo the l i a l  (E) 
and  muscle  (M) cells were o b t a i n e d  f rom 
n e o n a t a l  ra t  hear ts .  A p p r o x i m a t e l y  12 ra t  pups  
(2-5 days old)  were used each t ime  a hea r t  cell 
cu l ture  was prepared.  The  pups  were kil led by  
an overdose  of  e the r  in a beaker .  The i r  hear t s  
were excised aseptical ly,  and t r ans fe r red  to a 
pe t r i  dish con ta in ing  p h o s p h a t e  bu f f e r ed  saline 
(PBS, GIBCO, Grand  Island,  NY) and  chopped  
finely.  The  t r i t u r a t e d  t issue was separa ted  in to  
single cells by  t ryps in i za t ion  us ing  a 0 .25% 
t ryps in  so lu t ion  (GIBCO,  G r a n d  Island,  NY). 
Hear t  E cells were separa ted  f rom the  M cells as 
descr ibed previously  (14 ,15) .  

The  cells were g rown in a cu l ture  m e d i u m  
HB597  ( C o n n a u g h t  Labora to r ies ,  Ltd. ,  Willow- 

836 



HEART (',ELLS AND OXIDIZED FATS 837 

dale, Ontario), supplied with 5% fetal calf 
serum (GIBCO, Grand Island, NY). These were 
in the form of monolayered coverslip cultures, 
enclosed in stoppered leighton tubes (Bell Co., 
Vineland, NJ). After four days' growth, they 
were exposed to the different treatments for 24 
hr. 

Administration of Lipid Fractions 
to Culture Medium 

Lipid fractions (FFA from fresh fats, and 
FFA from DNUA of thermally oxidized fats) 
were administered to the culture medium (100 
/ag/ml) in the form of an emulsion with bovine 
serum albumin (Fraction V, poor in unesteri- 
lied fatty acids) dissolved in phosphate buffered 
saline. The required concentration of each free 
fatty acid fraction, dissolved ha hexane, was 
transferred to a 100 ml sterilized bottle, and 
the solvent was evaporated completely. The 
solution of bovine serum albumin (40 mg/ml of 
PBS) was added to the lipid fractions. A ratio 
of free fatty acid fraction to bovine serum 
albumin of 1:60 (w/w) was maintained. The 
bottle was screw capped and incubated at 40 C 
with occasional shaking for 2 hr. This incuba- 
tion period was sufficient to obtain an emulsion 
of free fatty acids ready for administration into 
the culture medium. Further details have been 
described elsewhere (14). 

Iodine Values and Carbonyl Values 

The iodine values of fresh and thermally 
oxidized fats were determined by the method 
of the Association of Official Analytical Chem- 
ists (16). Carbonyl values for the thermally 
oxidized fats were determined by the method 
of Bhalerao et al. (17). 

Fatty Acid Analyses of Fats 

Methyl esters of the fatty acids (from fresh 
fats or DNUA fractions) were prepared by 
incubating them with 6% sulfuric acid in 
methanol at 80 C for 15 hr in screw-capped 
vials. The esters were extracted with petroleum 
ether which was evaporated under nitrogen, and 
the dried sample was stored at -20 C until  
analyzed by gas liquid chromatography (GLC). 
The esters were dissolved in carbon disulfide 
(10/ag/ml), and a 2/~1 aliquot was injected into 
the gas chromatograph (Varian, Aerograph 
Series 500). The stainless steel balanced 
columns (100 cm x 2 mm I.D.) were packed 
with 3% EGSP-Z on acid-washed Gaschrom Q 
(Applied Science Laboratories, State College, 
PA). A flow rate of 50 ml/minute was used for 
the nitrogen carrier gas. The columns were run 
isothermally at 180 C, and detection of c o r n -  

ponent fatty acids was by flame ionization. 
Identification of the peaks was accomplished 
by comparing the relative retention times with 
those of standards (NuChek Prep., Elysian, 
MN). Quantitation of peak area was carried out 
with an electronic digital integrator equipped 
with a teletype and paper tape punch (Techni- 
cal Marketing Associates, Ltd., Toronto, 
Ontario). The fatty acid concentrations are 
expressed as percentages of the total fatty acids 
by weight. 

Isolation, Separation, and Analyses 
of Cellular Lipids 

Cellular lipid was extracted by means of the 
Folch procedure (18) and fractionated by thin 
layer chromatography (TLC). Glass plates 
coated with Silica Gel G of 0.5 mm thickness, 
and a solvent system consisting of heptane/ 
isopropyl ether/acetic acid (60:40:3)were used 
(19). Preparation of the methyl esters of the 
fatty acids and their analysis by GLC were 
similar to above. 

RESULTS 

Analyses of Fats 

Corn oil and olive oil are vegetable oils high 
in linoleic and oleic acids respectively, with 
other common fatty acids in much smaller 
amounts. The fatty acid compositions of the 
two fresh fats are shown in Table 1. 

Unsaturated fatty acids are known to be 
more resistant to urea adduction than the 
saturated fatty acids. Compositions of the 
DNUA fractions obtained from thermally 
oxidized corn oil (OCO) and thermally oxidized 
olive oil (OOO) are shown in Table II. The two 
major fatty acids present in the DNUA samples, 
identifiable by GLC, were oleic and linoleic 
acids. Several other peaks mainly representing 
oxidation products probably ranging in chain 
length from 7-20 carbons as estimated by 
retention times, constituted 22% and 32% of 
the OCO and OOO. 

Iodine and carbonyl values of the fat 
samples are in Table III, as indicators of oxida- 
tive deterioration. Heating and oxidation of the 
fats resulted in greatly reduced iodine values. 
For the thermally oxidized fats, olive oil had a 
higher carbonyl value than corn oil revealing 
more oxygen uptake. 

Fatty Acid Composition of Heart Cells 

The concentrations of specific fatty acids in 
the fresh fats were reflected in the fatty acid 
composition of the heart cells. Therefore, cells 
exposed to CO (Tables IV and V) had higher 
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T A B L E  I 

Fa t t y  Acids o f  Fresh Fats a 

Fa t t y  acids Corn oil Olive oil 

14:0 tr  --- 
15:0 tr  --- 
16:0 9.0 12.0 
16:1 0.5 0.9 
17:0 t r  t r  
18:0 2.0 2.5 
18:1 23.0 75.0 
18:2 62 .0  8.0 
18:3 --- 1.0 
20 :0  1.2 0.5 
20:1 1.3 0.5 

aExpressed  as pe rcen tage  o f  to ta l  fa t ty  acids by  
we igh t  and t race  ( tr)  indicates  less than  0.5%. Each 
va lue  represents  the  m e a n  o f  three  de te rmina t ions .  

T A B L E  II 

C o n c e n t r a t i o n  o f  Oleic and Linoleic  Acids  in the  
D N U A  Frac t ions  o f  The rma l ly  Oxidized  Fats a 

Fa t t y  acids OCO OOO 

18:1 35.3 30.0 
18:2 42.5 37.9 
Others  b 22.2 32.1 

aExpressed  as pe rcen tage  o f  to ta l  f a t ty  acids b y  
we igh t :  OCO = distillable non -u rea -adduc t ab l e  f rac t ion  
( D N U A )  f r o m  t he rm a l l y  oxidized corn  oil, and OOO = 
D N U A  f rom t h e r m a l l y  oxidized olive oil. Each va lue  
represents  the  m e a n  o f  three  de t e rmina t ions .  

b lnc ludes  oxid ized  fat  c o m p o n e n t s  no t  adduc t ed  
by  urea.  The i r  chain lengths  ranged f r o m  7-20 carbons .  

levels of linoleic acid in the PL and TG frac- 
tions than for the OO treatment (Tables VI and 
VII). Likewise, cells treated with OO showed 
very high levels of oleic acid in their PL and TG 
fractions. OCO (Tables IV and V) produced low 
levels of linoleic acid and arachidonic acid in 
the PL fractions compared to CO controls. 
These cells also had a higher proportion of  

saturated fatty acids. For both E and M cells 
there were marked increases in the arachidonic 
acid content of the TG fractions of  the heart 
cells treated with OCO concomitant with 
reductions in levels of linoleic acid. This effect 
was more pronounced in the M cells. 

The cells treated with 0OO also exhibited a 
reduction in levels of linoleic and arachidonic 
acids in their PL fractions (Table VI and VII) 
even though the OOO contained more 18:2 
(38% in Table II) than did the OO (8% in Table 
I). The OOO treated cells showed lower levels 
of oleic acid, increases in the levels of linoleic 
acid, and at least two-fold increases in the 
relative proportions of arachidonic acid in the 
TG fractions compared to the OO treated cells. 
These increased levels of linoleic acid for the 
TG fractions were not seen in the case of the 
OCO treatment. Again, the cells exposed to 
OOO exhibited relatively more saturated fatty 
acids in the PL fractions. 

DISCUSSION 

High levels of 18:1 and 18:2 in the DNUA 
fractions of OCO and OOO confirmed that 
these unsaturated fatty acids are more resistant 
to urea adduction than the saturated fatty 
acids. Also, linoleic acid was more resistant 
than oleic acid as revealed by the results for 
OOO in Table II. The total level of the minor 
components was considerably higher in the 
OOO material. 

Cultured cells are known to be very sensitive 
to physical and biochemical stimuli present in 
their environment. Therefore, it is quite con- 
ceivable that the metabolic effect of certain 
compounds would be more extensive and rapid 
in cultured cells than would be expected in the 
intact organ of the live animals. Heart ceUs 
appeared to respond rapidly to fatty acids 
administered to the culture medium. Major 
changes associated with fatty acid composition 
of  the heart cells treated with heated fat 
components were: a) lower levels of linoleic 
and arachidonic acids and higher levels of  

T A B L E  Il l  

Ca rbony l  Values  and Iod ine  Values o f  Th e rma l ly  Oxidized  Fats a 

The rma l ly  oxidized Th e rma l ly  ox id ized  
corn  oil olive oil 

Ca rbony l  value 165.3 +- 2.7 192.5 +- 1.5 
Iod ine  va lue  b 100.0 + 4.8 (133.1 -+ 1.5) 60.5 +- 2.4 (86 .0  + - 0 .5)  

aEach  value  represen ts  the  m e a n  o f  th ree  d e t e r m i n a t i o n s  -+ SEM. 

bValues  in pa ren theses  are for  fresh fats. 
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H E A R T  C E L L S  A N D  O X I D I Z E D  F A T S  

T A B L E  IV 

F a t t y  A c i d . C o m p o s i t i o n  o f  Phospho l ip id  and  T r i acy lg lyce ro l  F rac t ions  o f  Hea r t  
Endo the l i a l  Cells T rea t ed  w i t h  Free  F a t t y  Acids  f r o m  Fresh  or  Ox id i zed  Corn  Oil a 

839 

T r e a t m e n t s  

CO O C O  CO O C O  

F a t t y  acids  b PL PL T G  T G  

14 :0  tr  --- 1.0 --- 
16 :0  27.3 35,6 17.3 18.6 
16:1 2.0 --- 2.5 7.8 
18 :0  12.7 20,5 20.5 13.4 
18:1 26.0  23,2 23.3  17.6 
18:2  12.0 8,0 22 .0  7.6 
2 0 : 2  3.0 . . . . . . . . .  
2 0 : 3  t r  . . . . . . . . .  
2 0 : 4  5.8 2,1 12.9 30,9 
2 2 : 6  1.2 . . . . . . . . .  

O the r s  9.5 10,6 0.5 4.1 

aEx p r e s sed  as % o f  to ta l  f a t t y  acids  by  w e i g h t :  t r= t r ace ,  C O = f r e s h  corn  oil, and  O C O =  
D N U A  f rac t ion  o f  t h e r m a l l y  ox id ized  corn  oil. 

b p o o l e d  samples  f r o m  4 or  m o r e  cell cu l tures ,  and m e a n s  f r o m  at least  3 d e t e r m i n a t i o n s  
by  GLC.  

T A B L E  V 

F a t t y  Acid  C o m p o s i t i o n  o f  P hospho l i p id  and Tr i acy lg lyce ro l  F rac t ions  o f  Hear t  
Muscle Cells T rea t ed  w i t h  Free  F a t t y  Acids  f r o m  Fresh  or  O x i d i z e d  Corn  Oil a 

F a t t y  acids  b 

T r e a t m e n t s  

CO O C O  CO O C O  

PL PL T G  T G  

1 4 : 0  . . . . . .  t r  t r  
16 :0  26.6 33.3 26.9  23 .0  
16:1 t r  --- t r  --- 
18 :0  10.4 18.5 15.3 10,5 
18:1 33.4 27.8  23.2 12,7 
18 :2  13.3 6.3 24.2 2,9 
2 0 : 0  . . . . . . . . . . .  
2 0 : 3  2.5 1.6 . . . . . .  
2 0 : 4  4.9 1.7 10.0 43 ,4  

O t h e r s  8.5 10.8 --- 7,3 

a E x p r e s s e d  as % o f  to ta l  
D N U A  f rac t ion  o f  t h e r m a l l y  

b p o o l e d  samples  f r o m  4 
by  GLC.  

f a t t y  acids by w e i g h t :  t r= t r ace ,  C O = f r e s h  co rn  oil, and  O C O =  
ox id ized  corn  oil. 

or  m o r e  cell cu l tures ,  and m e a n s  f r o m  at least 3 d e t e r m i n a t i o n s  

saturated fatty acids (16:0 and 18:0) in  the PL 
fractions, and b) a dramatic increase in the 
arachidonic acid concentration of TG fractions, 
compared to that for control cells. Lower levels 
of linoleic and arachidonic acids in the PL 
fractions of  cells exposed to OFA would 
indicate that heated fat components are pro- 
ducing an intracellular environment deficient 
in essential fatty acids for PL synthesis; but this 
could not have been the case because the 

DNUA fractions contained ca. 40% linoleic 
acid, and the culture medium also contained 
fetal calf serum as a source of  EFA. 

It was reported previously (14 ) tha t  heated 
fat-treated heart cells have a tendency to take 
up an exogenous fatty acid very rapidly and to 
incorporate it preferentially into the TG 
fraction. Therefore, a higher concentration of 
unsaturated fatty acids in the TG fractions of  
such cells should be expected, due to increased 
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T A B L E  Vl  

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h o l i p i d  and  T r i a c y l g l y c e r o l  F r a c t i o n s  o f  H e a r t  
E n d o t h e l i a l  Cel ls  T r e a t e d  w i t h  F r e e  F a t t y  A c i d s  f r o m  F r e s h  o r  O x i d i z e d  O l i v e  Oi l  a 

T r e a t m e n t s  

O O  O O O  O O  O O O  

F a t t y  ac id s  b PL P L  T G  T G  

1 4 : 0  --- 0 .7  2 .0  t r  
1 6 : 0  23 .7  34 .9  16 .0  19.8  
16 :1  0 .5  1.0 . . . . . .  
1 8 : 0  11.7 18 .4  5 .4  8 .8  
18 :1  4 0 . 8  2 3 . 4  5 2 . 4  16 .8  
1 8 : 2  8 .9  5 .8  11 .4  2 3 . 4  
2 0 : 0  --- 1.0 . . . . . .  
2 0 : 1  1.0 . . . . . . . . .  
2 0 : 2  2 . 0  t r  . . . . . .  
2 0 : 3  1.1 t r  . . . . . .  
2 0 : 4  6 .4  2 .5  11 .0  2 2 . 3  
2 2 : 6  0 .9  t r  . . . . . .  

O t h e r s  3 .0  12 .0  2 . 8  8.5 

a E x p r e s s e d  as % o f  t o t a l  f a t t y  a c i d s  by  w e i g h t :  t r = t r a c e , O O , = f r e s h  o l i v e o i l ,  a n d  O O O =  
D N U A  f r a c t i o n  o f  t h e r m a l l y  o x i d i z e d  o l i ve  oi l .  

b p o o l e d  s a m p l e s  f r o m  4 or  m o r e  cell  c u l t u r e s ,  a n d  m e a n s  f r o m  at  l eas t  3 d e t e r m i n a t i o n s  
b y  G L C .  

T A B L E  V I I  

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h o l i p i d  a n d  T r i a c y l g l y c e r o l  F r a c t i o n s  o f  H e a r t  
M u s c l e  Cel ls  T r e a t e d  w i t h  F r e e  F a t t y  A c i d s  f r o m  F r e s h  o r  O x i d i z e d  O l ive  Oi l  a 

T r e a t m e n t s  

O O  O O O  O O  O O O  

F a t t y  a c i d s  b P L  P L  T G  T G  

1 4 : 0  --- 2.1 t r  t r  
1 6 : 0  2 8 . 9  3 5 . 9  15.7  18 .0  
16 :1  0 .7  0 .5  . . . . . .  
1 8 : 0  11.7  19 .9  4 . 0  8 .9  
18 :1  3 8 . 9  2 2 . 8  5 1 . 3  13 .4  
1 8 : 2  5.2 2 .3  7 .7  16 .9  
2 0 : 2  1.5 --- t r  t r  
2 0 : 3  1.9 --- t r  t r  
2 0 : 4  3.5 2 . 6  l 1.7 2 8 . 0  
2 2 : 5  . . . . . . . . . . . .  
2 2 : 6  . . . . . . . . . . . .  

O t h e r s  7 .7  14 .9  9 .0  14 .0  

a E x p r e s s e d  as % o f  t o t a l  f a t t y  ac id s  by  w e i g h t :  t r = t r a c e ,  O O = f r e s h  o l i v e  oi l ,  a n d  O O O =  
D N U A  f r a c t i o n  o f  t h e r m a l l y  o x i d i z e d  o l ive  oil .  

b p o o l e d  s a m p l e s  f r o m  4 or  m o r e  cel l  c u l t u r e s ,  a n d  m e a n s  f r o m  at  l e a s t  3 d e t e r m i n a t i o n s  
b y  G L C .  

TG synthesis .  TG a c c u m u l a t i o n  in the  cells in 
the  fo rm of  l ipid drople ts  ac tual ly  was observed 
u n d e r  an inver ted  phase con t r a s t  microscope .  
This  would  t end  to p r oduce  an in t race l lu la r  
c o n d i t i o n  wi th  a def ic iency of E F A  for  PL 
synthesis .  Oxid ized  fat  c o m p o n e n t s  also m a y  
exer t  i n h i b i t o r y  effects  on  PL synthesis .  

A n o t h e r  reason  for  lower  levels of  E F A  in 
the  PL f rac t ion  of  cells exposed  to  OFA cou ld  
be de te r io ra t ion  of  these  u n s a t u r a t e d  acids in 
the  m e m b r a n e s  as a resul t  of  the  t r ea tmen t s .  
wh ich  could be oxidat ive  in na tu re .  Similar  
obse rva t ions  have been  made  by  Ka j imoto  et  al. 
(20 ,21)  and  Gabrie l  et  al. (10).  These au tho r s  
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observed lower levels of  l inoleic and arachi- 
donic  acids in the PL fractions of  several tissues 
o f  rats fed thermal ly  oxidized fats in their  diet. 

A higher level of  arachidonic acid, ac- 
companied  by a lower  level of  l inoleic acid, also 
was found in the TG fractions for cells f rom the  
OCO treatment .  This may have indicated an 
enhanced conversion of  linoleic acid into 
arachidonic acid, a condi t ion  much  less evident  
for the OOO group. Therefore ,  it appears that  
oxidized fat components  had some effect  on 
the  cellular enzymes  involved in the desatura- 
t ion and chain e longat ion of  fa t ty  acids. In vivo 
studies by Rao and coworkers  (22) showed a 
rapid rate of  e longat ion and desaturat ion of  
fa t ty  acid chains in the livers of  rats fed heated 
fats. Cortesi and Privett  (23) studied the acute 
toxic i ty  of  hydroperox ides  of  methy l  l inoleate.  
These investigators repor ted  a very high level of  
arachidonic acid in the serum and lung tissue 
lipids of  their  exper imenta l  animals. 

The very high levels of  arachidonic acid seen 
in the TG of  cultured cells is no t  found in the 
heart  tissue of  animals fed oxidized fat. How- 
ever, we must  consider  the environmenta l  
condi t ions  to which the cul tured heart  cells 
were exposed. The OCO and OOO supplied 
mainly 18:1 and 18:2 of  the normal  fa t ty  acids 
found in the controls.  Consequent ly ,  these two 
fat ty acids would be taken up in substantial 
quant i t ies  by the cells for metabol ism.  Also, the 
data for the TG fractions indicate that  the 18:2 
was taken up by the cells in preference to 18 : 1, 
and much of  the 18:2 was conver ted  to 20:4.  

Cultured heart cells can serve as a useful 
mode l  system to carry out  toxicological  studies 
related to lipid metabol ism,  in that the experi-  
mental  env i ronment  can be altered and con- 
t rol led to observe the effects of  specific treat- 
ments.  
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Correlation between Skeletal Muscle Free Fatty Acid Extraction 
and Vascular Decompensation during Hemorrhagic Hypotension 1 
ROBERT F. BOND, ANDREW ZEPP, LORRAINE C. PEISSNER, and EVA S. MANNING, 
Department of Physiology, Kirksville College of Osteopathic Medicine, Kirksville, Missouri 63501 

ABSTRACT 

The objective of this study was to determine whether or not a relationship exists between free 
fatty acid (FFA) extraction by skeletal muscle and onset of irreversible shock. Hind limb skeletal 
muscle vasculature of anesthetized dogs was surgically isolated from cutaneous tissue and subjected to 
a modified Wigger's hemorrhage shock protocol which was divided into five stages (I-V). Since the 
first signs of irreversibility began in Stage II, this stage of hypovolemic hypotension was subdivided 
into IIa, Ilb and IIc. Arterial and venous blood samples were taken during each stage for subsequent 
blood gas and FFA analysis. The data indicated that the onset of severe tissue ischemia and metabolic 
acidosis occurs concurrently with increased uptake of FFA and skeletal muscle vasodilation 
(decompensation). A possible physiological explanation for these observations could be related to an 
increased synthesis and release of PGE 1. This agent has been shown by others to inhibit adrenergic 
neurotransmitter release causing loss of vascular tone. 

INTRODUCTION 

Severe hypovolemia  results in hypo tens ion  
and organ hypoperfus ion ,  and if no t  corrected 
early by fluid rep lacement  will progress to 
irreversible cellular damage and cardiovascular 
failure (1). The cardiovascular decompensa t ion  
must  result  f rom ei ther  a cardiac (2) or  peri- 
pheral vascular failure (3-7). A comprehensive 
card iodynamic  and substrate ut i l izat ion study 
by our  group argues against the former  (4). 
Other  studies by us (7) have indicated a rather  
significant loss of  vascular tone  (decompensa-  
t ion)  in the hind l imb skeletal muscle late in 
oligemia which appears only in those animals that  
entered into irreversible shock, while cont inued  
vasoconstr ic t ion (compensat ion)  was no ted  in 
all animals surviving the  hemorrhage procedure.  
The potent ia l  significance of  this loss o f  vascu- 
lar tone  has been examined by Ro the  and 
Selkurt  (8) in studies in which they demon-  
strated a 40% fall in total  peripheral  vas- 
cular resistance be tween  early and late oligemia. 
The order  o f  magni tude  o f  this decreased total  
peripheral  resistance can be accounted  for  by 
the concurrent  fall in skeletal muscle vascular 
resistance repor ted  by us (3,5,6). Together ,  
these studies suggest that  the  skeletal muscle 
vasculature may  play a major  role in the loss of  
total  body vascular tone  and eventual  cardio- 
vascular decompensa t ion  associated with pro- 
longed hemorrhagic  hypotens ion .  

One possible explanat ion  for the paradoxical  
loss of  vascular tone could be due to an adren- 
ergic inhibi t ion resulting f rom excessive prosta-  
glandin E release by the vasculature in the 
skeletal muscle during the high sympathet ic  

1presented at the fall American Physiological 
Society Meetings, St. Louis, MO, October 22-27, 1978. 

tone  induced by hemorrhage (9,10). Since free 
fa t ty  acids (FFA)  are known to be the pre- 
cursors of  these hormones  (11-13), the object-  
ive of  the present s tudy was to determine  
whether  or  not  a relat ionship exists be tween 
skeletal muscle F F A  ext rac t ion  and the onset 
of  skeletal muscle vascular decompeusat ion  
which is manifested as a loss o f  vascular tone.  

METHODS 

General 

Thir teen  heal thy  mongre l  dogs of  both  sexes 
were anesthet ized by int ravenous administra- 
t ion o f  ca. 30 mg/kg  pentobarbi ta l  sodium. All 
animals were placed in the supine posit ion,  
t racheos tomized  and connected  to a Bennet t  
positive pressure respirator  which was adjusted 
at the  beginning of  each exper iment  so that  the 
arterial b lood gases and pH were within ac- 
ceptable  values for normal  animals (Table I). 
Once this adjus tment  was made for each 
animal, n o  fur ther  respirator  adjustments  were 
necessary during the exper imenta l  procedure.  

Hind limb skeletal muscle vasculature was 
funct ional ly  isolated f rom the cutaneous 
vasculature by  applying a tourn ique t  around 
the hock and ligating the lateral and medial  
saphenous v e i n s  (3). The femoral  vein was 
cannulated distally, and muscle venous ou t f low 
directed through a hematocri t- insensi t ive pre- 
calibrated cannula t ion type  e lec t romagnet ic  
b lood flow probe with an inside d iameter  of  
1/8 inch (14). Blood was re turned to the 
central  end of  the femoral  vein via a second 
cannula a t tached to the free end of  the flow 
probe. The f low probe  was coupled to a Model  
501 f lowmeter  amplif ier  (Carolina Medical 
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Electronics, Inc.). Skeletal muscle venous 
pressure was monitored from a port in the flow 
probe. Following completion of all surgical 
procedures, but prior to attachment of any of 
the extracorporeal circuitry, blood coagulation 
was inhibited by intravenous injection of 5 
mg/kg heparin sodium with supplemental doses 
of 2.5 mg/kg administered hourly. 

A system of catheters, T-tubes, low dis- 
placement P23Db Statham pressure trans- 
ducers, and a blood reservoir bottle permitting 
the simultaneous monitoring of skeletal muscle 
venous pressure, systemic arterial pressure, and 
blood flow during hemorrhage and reinfusion 
has been described previously (3). All pressures, 
flows, heart rates and Lead II of the electro- 
cardiogram were recorded on a Model VR6 
Electronics for Medicine polygraph. 

Hemorrhagic Shock Protocol 

A slow hemorrhage was achieved by allowing 
5 ml/kg body weight of blood to flow into a 
calibrated reservoir from a cannula in the 
femoral artery contralateral to the limb from 
which flow was being monitored. The animals 
were allowed to compensate for ca. 5 min and 
the procedure repeated until  mean arterial 
blood pressures (ABP) had fallen to 35-40 mm 
Hg. The reservoir was then adjusted above the 
animals so that the open catheters and associ- 
ated tubing resulted in a hydrostatic column of 
blood that exactly counterbalanced the ani- 
mals' ABP. With this arrangement, blood 
flowed into the reservoir during the phase of 
compensation (i.e., peripheral vasoconstriction) 
and automatically returned to the animal 
during decompensation (i.e., peripheral vasodil- 
ation). After the animals had decompensated to 
the point of 25% uptake from the reservoir, the 
blood remaining in the reservoir was rapidly re- 
infused via a cannula in the jugular vein. 

The shock protocol was divided into 5 
primary stages (see Fig. 1). Stage I represents 
the prehemorrhage control state. Stage IIa 
occurred when the ABP first reached 35-40 mm 
Hg and the reservoir line was left open. Stage 
lib represents the point of minimum vascular 
conductance (maximum vasoconstriction)�9 
Stage IIc is the point of maximum blood loss. 
Stage III occurred when the animal has 
spontaneously taken back from the reservoir 
25% of the maximum shed blood. Stage IVa 
represents the phase of hemodynamic insta- 
bility immediately following the rapid reinfus- 
ion of the blood remaining in the reservoir. 
Stage V occurred when the ABP had fallen 
below 50 mm Hg and death was imminent.  This 
stage has been called normovolemic hypoten- 

L I P I D S ,  V O L .  1 4 ,  N O .  1 0  



844  R.F. BOND, A. ZEPP, L.C. PEISSNER, AND E.S. MANNING 

o 
io 

BLOOD VOLUME 20 
REMOVE 

3o 
(ml /Ky)  

4o 
so I ASp .... ; ...... 

PRESSURES so  9 
(turn H g )  Go.  s .,.v.P.....,~ 

30 .  3 

0 

HB (b/rain.) ~ : :~  . . . . .  

o V 

~~176 i 

150 

% OF SMW 
C O N T R O L  . . . . . .  

ioo  s M v c  ~ 

so 

o 

I . . . . . . . . .  ~ . . . . . . . . . . . . . . .  m, ....................... | .............................. ~ .. . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . .  . . . . . . . . . . . . .  

! ! 

TIME(MIN.] 0 Z 4 5 •  6 2 5 •  110.5-112 184 .4 •  2032r 29i1~18,1 
Is~. r •  

STAGE I ITa Tlb D c  I ] /  r V b  

1 V a  

"~ SE.,ES' 

FIG. 1. The hemorrhage protocol and resulting hemodynamic data are presented in this figure. Each data 
point represents the mean of 13 observations and the associated bars describe -+ 1 standard error of the mean. 
ABP - aortic blood pressure; VP - venous blood pressure; HR - heart rat; SMVF ~- skeletal muscle venous flow; 
and SMVC - skeletal muscle vascular conductance. The SMVC was calculated by dividing SMVF by the dif- 
ference between ABP and VP. The prehemorrhage control or Stage I values for SMVF and SMVC were taken as 
100%. 

s ion b y  some and  irreversible shock  by  others .  
A pressure o f  50 m m  Hg was chosen  because ,  
be low this  po in t ,  animals  n o t  on  respi ra tors  
develop per iod ic  b r ea th ing  pa t t e rn s  t h a t  ult i-  
ma te ly  lead to resp i ra to ry  failure.  

B l o o d  C h e m i s t r i e s  

A p p r o x i m a t e l y  3 ml of  hepa r in i zed  b lood  
were t a k e n  f rom the  femora l  ar ter ies  and  a 
second  3 ml  sample f rom the  ex t r aco rpo rea l  
t ub ing  dra in ing  the  muscle  beds  dur ing  Stages I, 
IIa, III, IVa and  V (see Fig. 1). A p p r o x i m a t e l y  
1.5 ml of each of  these  samples  were used to 
d e t e r m i n e  pH, pCO 2 and  PO2 us ing  a Model  
213 I n s t r u m e n t a t i o n  Labora to r ies ,  Inc.  pH 
b lood /gas  meter .  H e m o g l o b i n  (Hb)  was de- 
t e r m i n e d  p h o t o m e t r i c a l l y  by us ing an AO- 
Spencer  Hb-me te r  and  h e m a t o c r i t  (Hct)  by  
cen t r i fuga t ion .  

The  remain ing  p lasma was separa ted  f rom 
the  cells by cen t r i fuga t ion  at  2 ,200  rpm,  O C 
for  15 rain in an I n t e r n a t i o n a l  Centr i fuge.  One  
ml  p lasma samples  were t h e n  t a k e n  for  the  
d e t e r m i n a t i o n  of  free f a t t y  acids by  the  auto-  
m a t e d  t i t r a t i on  m e t h o d  o f  Lorch  and  Gey (I 5). 

R E S U L T S  

H e m o d y n a m i c  S t u d i e s  

The h e m o d y n a m i c  data  o b t a i n e d  f rom t he  
13 an imals  descr ibed  in the  m e t h o d s  sec t ion  are 

s u m m a r i z e d  in Figure 1. Dur ing  Stage I, t he  
ABP was 136 m m  Hg; skeletal  muscle  venous  
pressure (VP) was 6 m m  Hg; hea r t  ra te  (HR) 
was 175 b e a t s / m i n ;  skeletal  muscle  venous  f low 
(SMVF)  was 44  m l / m i n ;  and  skeletal  muscle  
vascular  c o n d u c t a n c e  (SMVC) was 0.32 
m l / m i n  "mm Hg. B o t h  SMVF and SMVC are 

expressed as 100% cont ro l .  B e t w e e n  Stage I and  
Stage IIa, ABP was r educed  to 40 m m  Hg by a 
series of  5 ml /kg  hemor rhages ,  wh ich  resu l ted  
in s ignif icant  r e d u c t i o n s  in VP, HR, SMVF and 
SMVC. With the  b leeding  l ine lef t  open  and  the  
reservoir  he igh t  ad jus ted  to  m a i n t a i n  an  ABP 
b e t w e e n  35 and  40  m m  Hg, the  animals  con- 
t i n u e d  to c o m p e n s a t e  by  r educ ing  the i r  SMVC 
to  a m i n i m u m  of  20% of  con t ro l  in Stage l ib .  
Stage IIc m a r k e d  t he  po in t  o f  m a x i m u m  b lood  
loss (48 ml/kg) .  It is s ignif icant  to  no te  t ha t  
even t h o u g h  there  was some evidence of  cardio-  
vascular  c o m p e n s a t i o n  b e t w e e n  Stages l i b  and  
IIc (i.e., c o n t i n u e d  b lood  loss while  ma in t a in ing  
a c o n s t a n t  ABP and  a s ignif icant  increase  
in hea r t  rate to  215 b /min ) ,  t he re  was also a 
s ignif icant  ( P < 0 . 0 0 1 )  increase  in SMVC f rom 
20 to  61% of  con t ro l  ind ica t ing  a m a r k e d  loss 
o f  skeletal  muscle  vascular  t one  (i.e., vascular  
d e c o m p e n s a t i o n ) .  Be tween  Stage IIc and  Stage 
III, it was necessary  for  the  animals  to  spon-  
t aneous ly  take  back f rom the  reservoir  ca. 25% 
of  the  m a x i m u m  shed vo lume  in o rder  to  
m a i n t a i n  the  ABP. Even w h e n  t he  r ight  ven- 
t r icle  was stressed b y  re in fus ion  o f  the  b lood  
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FIG. 2. The shaded bars on this histogram repre- 
sent the arterial plasma levels of  FFA while the open 
bars illustrate the venous plasma levels. The plasma 
samples were taken during the shock stages indicated 
along the abscissa. Each data point and its associated 
bar represents the mean -+ 1 standard error of the 
mean for 13 observations. 
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FIG. 3. This histogram illustrates the rate of FFA 
presentation to the skeletal muscle vascular bed during 
each of the protocol stages indicated on the abscissa. 
These data were determined by multiplying the 
arterial plasma FFA concentration (Fig. 2 - shaded 
bars) times the skeletal muscle venous flow (SMVF). 
Each data point and its associated bar represents the 
mean -+ 1 standard error of the mean for 13 observa- 
tions. 

r ema in ing  in the  reservoir  b e t w e e n  Stages III 
and  IVa, t he  VP increased on ly  t r ans ien t ly  to  
11 m m  Hg provid ing  add i t iona l  ev idence  o f  
adequa te  r ight  ven t r i cu la r  func t ion .  The  r e t u r n  
o f  the  shed b lood  resul ted  in an  ABP increase 
to  95 m m  Hg and  SMVF to  171% of  con t ro l ,  
b o t h  increases represen t  a s ignif icant  increase  in 
lef t  ven t r i cu la r  work load .  Wi th in  10 min  (Stage 
I V b ) ,  however ,  SMVC had  r e t u r n e d  to pre- 
h e m o r r h a g e  con t ro l  values. Over the  nex t  one  
and  one-ha l f  h r  b e t w e e n  Stages IVb  and  V, a 
progressive fall in all h e m o d y n a m i c  pa rame te r s  
e x c e p t  H R  was n o t e d .  The  Stage V VP was less 
t h a n  t he  p r e h e m o r r h a g e  Stage I value sug- 
gest ing t h a t  t he  t e rmina l  fall in  ABP m a y  be  the  
resul t  of  a progressive r e d u c t i o n  in ef fec t ive  
c i rcula t ing b l o o d  vo lume  b r o u g h t  a b o u t  b y  
e i the r  a loss o f  in t ravascu la r  fluid or  an in-  
creased to t a l  vascular  capac i tance ,  or  b o t h .  
Therefore ,  n o  h e m o d y n a m i c  evidence  is pro-  
v ided  t ha t  would  impl ica te  myoca rd i a l  decom-  
pensa t ion  as an e x p l a n a t i o n  for  the  t e rmina l  
h y p o t e n s i o n .  

0 .3  

0 .2  
= 

~- 0.1 
u.I 

0 

-0.1 

A - V  FFA x SMF 

STAGE I I Ia lib lie n!r r e o  v 

FIG. 4. This bar graph depicts the rate of FFA 
removal from the blood during the five stages indi- 
cated as it passes through the skeletal muscle vascular 
bed. These data were determined by multiplying 
the arterial/venous FFA difference times the skeletal 
muscle flow. Each data point together with its associ- 
ated bar represents the mean -+ 1 standard error of the 
mean for 13 observations. * indicates P< 0.05 when 
compared to Stage I. 

Blood Analyses 

Arter ia l  and skeletal  muscle  venous  b lood  
gas /pH da ta  t aken  f rom t h e  13 dogs d u r i n g  t h e  
5 p r imary  stages o f  the  shock  p r o t o c o l  (see Fig. 
l )  are p re sen ted  in Table  I. Ar ter ia l  pO 2 
was m a i n t a i n e d  essent ia l ly  c o n s t a n t  dur ing  all 5 
stages us ing the  respira tor .  The  venous  values,  
however ,  fell d ramat ica l ly  dur ing  t he  low f low 
Stages IIa-III.  The  pCO2,  pH and  base values  
dur ing  these  stages subs t an t i a t e  severe i schemia  

and  m e t a b o l i c  acidosis in the  skeletal  muscle  
which  was n o t  co r rec ted  by  the  r e t u r n  o f  b lood  
vo lume  to  n o r m a l  in Stages IVa and  V. The  
progressive increase in h e m o g l o b i n  (Hb)  be- 
t w e e n  Stages IIc and  V suggest t h a t  t h e  t e rmin-  
al fall in pressure may  be due to  in t ravascu la r  
f luid loss. This  h y p o t h e s i s  is cons i s t en t  wi th  t h e  
t e rmina l  fall in venous  pressure  descr ibed  
above.  

The  ar ter ial  and  skeletal  muscle  venous  
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plasma concentration of FFA are presented in 
Fig. 2. Note that both the arterial and venous 
concentrations increase slightly between Stages 
I and IIa, after which both begin to fall, reach- 
ing their minimum arterial value by Stage llc 
and venous value by Stage llI. This was fol- 
lowed by a progressive increase until both the 
arterial and venous concentrations returned to 
values not significantly different from the Stage 
I controls. 

The rate of FFA presentation to the skeletal 
muscle during the shock experiments is illus- 
trated in Figure 3. These data were calculated 
by multiplying the arterial FFA concentration 
times the actual blood flow/rain at the time of 
the blood sampling. The hemorrhage procedure 
resulted in a marked fall in FFA presentation 
from 21 -+ 3 mEq/min in Stage I to a low 
point of 1.1 -+ 0.3 mEq/min in Stage lib. This 
was followed by a stepwise increase to 2.9 -+ 0.8 
mEq/min by Stage III. The increased flow 
occurring during restoration of  blood in Stage 
IVa (see Fig. 1) resulted in a transient increase 
to nearly Stage I levels (18 +- 3 mEq/min). The 
subsequent fall in flow by Stage V resulted in a 
terminal presentation of only 4.9 -+ 1.7 mEq/ 
min. 

Figure 4 illustrates the rate of FFA removal 
from the blood traversing the skeletal muscle. 
These data were calculated by multiplying the 
arterial-venous FFA differences times the 
skeletal muscle blood flows. These data suggest 
the occurrence of a borderline significant 
skeletal muscle release of  FFA during Stages I 
and IIa followed by an absolute balance at 
Stage IIb. In Stage IIc, by which time skeletal 
muscle vascular decompensation has been 
manifested, a borderline significant FFA 
extraction was seen. The 3 subsequent stages all 
show significant (P<0.05) tissue uptake of 
FFA. 

DISCUSSION 

The data presented in Table I, Figure 1 and 
Figure 4 indicate the development of  a sequen- 
tial relationship between (a) severe metabolic 
acidosis coupled with ischemia; (b) the con- 
version from a negative to a positive FFA 
uptake; and (c) the loss of skeletal muscle 
vascular tone between compensatory (Stage 
IIa-IIb) and decompensatory oligemia (Stage 
lIc-llI). These relationships exist despite a 
dramatic reduction in the rate of FFA delivery 
to the skeletal muscle tissue (Fig. 3) compared 
to prehemorrhage control or Stage I. 

A positive correlation between the develop- 
ment of acidosis and the accumulation of FFA 
in mammalian cells has been reported by 

Mackenzie et al. (16). These authors demon- 
strated that the major lipid fraction that was 
increased as a result of  a reduction in pH from 
7.4 to 6.9 was the triglyceride component. In 
1967, Spector (17) reported that a reduction in 
pH from 7.4 to 6.6 resulted in an increased 
oxidation of FFA and an increased esterifica- 
tion of FFA to both phospholipids and tri- 
glycefides, thus suggesting that pH plays 
a role in intracellular utilization as well as 
accumulation of FFA. Spector (17) also hypoth- 
esized that the binding of FFA to albumin is 
weakened when pH is lowered. This would 
allow the FFA to passively diffuse into the 
cells. The data and hypothesis of Mackenzie et 
al. (16) and Spector (17) provide a logical 
explanation for the data presented in Figure 4 
which indicate FFA uptake coupled with 
acidosis (Table I) during Stages III-V. 

Although the data presented in the current 
report do not provide verification of a cause 
and effect relationship between FFA utilization 
and the loss of vascular tone in the skeletal 
muscle during prolonged hemorrhagic hypoten- 
sion, the following lines of  evidence would 
support a hypothesis involving an augmented 
synthesis and release of the vasodilator agent 
prostaglandin E 1 (PGE 1): 

1. Several independent studies have shown 
that PGE 1 causes a loss of vascular tone by 
inhibiting transmitter release at the adrenergic 
synapse (9-10,18), particularly under condi- 
tions of augmented adrenergic activity 
(11-12,19-20). 

2. A 2.7-fold increase in the blood levels of  
PGE1 have been shown by Flynn and Howard 
(20) to occur late in oligemic shock. The timing 
of this increase compares favorably with 
the advent of both the loss of skeletal muscle 
vascular tone reported by us previously (3-7,21) 
as well as in Figure 1, and the decrease in total 
peripheral vascular resistance reported by 
Rothe and Selkurt (8). 

3. The loss of vascular tone occurs at a 
predictable time during the hemorrhage proto- 
col when adrenergic activity has been shown by 
Gonzalez and Bond (21) to be 4 times higher 
than prehemorrhage control. The same report 
indicates a similar loss of vascular tone during 
persistent electrical stimulation of the auto- 
nomic chain supplying the vascular bed under 
study. 

4. Evidence favoring a tissue release of PGE 1 
during autonomic stimulation has been pre- 
sented by Brody and Kadowitz (9) and Davis 
and Horton (19). Furthermore, De La Lande 
et al. (11) have reported a reduction in the 
vascular tone, initiated by either sympathetic 
nerve stimulation or extraluminal norepineph- 
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rine,  by  e i the r  PGE 2 or  its p recursor  a rach idon-  
ic acid. 

5. PGE 1 is n o t  s tored in t issues bu t  r a t h e r  
requires  a c o n s t a n t  supply  of  p recursor  sub- 
s t rates  which  inc lude  the  F F A  (13 ,22) .  A 
compar i son  of  the  data  p resen ted  in Figure 1 
and 4 ind ica te  t h a t  the  loss of  vascular  t one  and  
convers ion  f rom n o  F F A  u p t a k e  to s ignif icant  
u p t a k e  occur  dur ing  the  same t ime  f rame 
(Stages IIc-III).  

6. The  synthes is  and release of  PGE 1 is 
s t imu la t ed  by t issue i schemia  ( 1 8 ) a n d  high 
s y m p a t h e t i c  tone  (9 ,12 ,19 ,22) ,  b o t h  of  which  
have been  s h o w n  to occur  dur ing  hem or r hag i c  
h y p o t e n s i o n .  The  degree o f  t issue i schemia  and  
me tabo l i c  acidosis is seen in Table  I w h e n  one  
compares  the  Stage I data  wi th  Stages IIc and  
III. 

In  conclus ion ,  we suggest t h a t  the  h igh  
s y m p a t h e t i c  t one  which  occurs  dur ing  h e m o r r -  
hagic h y p o t e n s i o n  t oge the r  wi th  t issue i schemia  
and  me tabo l i c  acidosis provide  the  op t ima l  
cond i t ions  for  F F A  e x t r a c t i o n  f rom the  b lood  
which  then  m a y  in i t ia te  an  increased synthes is  
and  release o f  PGE 1. The  increased levels of  
PGE 1 are t h e n  available to  inh ib i t  adrenergic  
n e u r o t r a n s m i t t e r  release causing the  vasocon-  

"s t r ic ted vessels to  relax or  lose some of  the i r  
pre-exis t ing h igh  tone .  The  resu l t ing  vasodila-  
t i on  is i n t e r p r e t e d  by  us as skeletal  muscle  
vascular  d e c o m p e n s a t i o n  which  could cont r i -  
bu t e  to  the  fall in to t a l  per iphera l  vascular  
res is tance  seen by  R o t h e  and  Selkur t  (8). This  
vascular  d e c o m p e n s a t i o n  m a y  t h e n  progress  to  
a c o n d i t i o n  k n o w n  as i rreversible shock.  
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Lack of Regioselectivity in Formation of Oxohydroxyocta- 
decenoic Acids from the 9- or 13-Hydroperoxide of Linoleic Acid 1 
H.W. GARDNER and R. KLEIMAN, Northern Regional Research Center, Agricuttural Research, 
Science and Education Administration, U.S. Department of Agriculture, 2 Peoria, Illinois 61604 

ABSTRACT 

Either 9-hydroperoxy-trans-lO,cis-12-octadecadienoic acid or 13-hydroperoxy-cis-9,trans-il- 
octadecadienoic acid was treated with the catalyst, cysteine-FeCl3, in the presence of oxygen. Oxohy- 
droxyoctadecenoic acids were among the many products formed as a result of hydroperoxide decom- 
position. A mixture of 9(13)-oxo-13(9)-hydroxy-trans-ll(lO)-octadecenoic acids (6-ketols) was 
produced from either isomeric hydroperoxide. The formation of isomeric 8-ketols from 9-hydroxy- 
trans-12,13-epoxy-trans-lO-octadecenoic acid (epoxyol), a known product of 13-hydroperoxy-cis- 
9,trans-ll-octadecadienoic acid decomposition, implies that the epoxyol is an intermediate. The 
mechanism was elucidated by the facile conversion of the epoxyol (methyl ester) to methyl 9(t3)-oxo- 
13(9)-hydroxy-trans-11 (10)-octadecenoates with a Lewis acid, BF3-etherate. 

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

The formation of 9(13)-oxo-13(9)-hydroxy- 
trans-I 1(10)-octadecenoic acids (5-ketols) from 
linoleic acid hydroperoxides (LOOH) has been 
observed in a few investigations (1,2). Ac- 
cording to Gardner et al. ( I ) ,  ferrous (cysteine- 
FeC13) catalyzed decomposition of LOOH to 
~5-ketols among a number of  other products; 
however, in that investigation, there was no 
indication as to whether 5-ketols were formed 
by a regiospecific route. By gas chromatog- 
raphy-mass spectroscopy (GC-MS), Sessa et al. 
(2) identified 5-ketols isolated from oxidized 
phosphatidylcholine obtained from hexane- 
defatted soybean flakes. Because of insufficient 
sample, no other data was obtained. 

Since there is ample evidence for the regio- 
specificity of epoxide formation from specific 
isomers of  LOOH (l,3-9), it was of interest to 
determine if 5-ketols were formed by a regio- 
specific pathway. 

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

Specific isomers of LOOH were prepared as 
described (10). The LOOH isomers were 
decomposed with the cysteine-FeC13 catalyst 
(1), except that the reaction solvent was 
methanol/water, 8:2, instead of ethanol/water, 
8:2. Thorough oxygenation was ensured by 
bubbling pure oxygen into the reaction mix- 
ture. Product ~-ketols were isolated by column 
chromatography (1). 9-Hydroxy-trans-12,13- 

1presented at the 14th World Congress, Inter- 
national Society for Fat Research, Brighton, U.K., 
September 17-22, 1978. 

2The mention of firm names or trade products 
does not imply that they are endorsed or recom- 
mended by the U.S. Department of Agriculture over 
other firms or similar products not mentioned. 

epoxy-trans-10-octadecenoic acid and its 
methyl ester were prepared from 9-oxo-trans- 
12,13-epoxy-trans-10-octadecenoic acid as be- 
fore (3). 

BF3-etherate (Eastman Organics) diluted 
with ether [BF30(C2Hs)2-ethyt  ether, 1:19] 
was used to convert methyl 9-hydroxy-trans- 
12,13-epoxy-trans-10-octadecenoate to 6- 
ketols (methyl ester) at room temperature for 
30 min. 

For analysis by GC-MS, the fi-ketols were 
converted to methyl esters with diazomethane 
and trimethylsilyloxy ethers (OTMS) with 
h e xa m e t hyl  disi l  azane/trimethylchlorosilane/ 
pyridine, 2:1 : 1 (OTMS reagent). Also, hydro- 
genated ~-ketols were analyzed by GC-MS. 
Methyl oxo-OTMS-octadecenoate was hydro- 
genated after removal of the OTMS reagent. 
Conditions were 30 min at 25 C with H~-Pd 
(10% Pd on charcoal, Matheson Coleman and 
Bell) in methanol. The hydrogenated sample 
was reacted again with OTMS reagent before 
GC-MS analysis. GC-MS was employed essen- 
tially as described before (8). 

Thin layer chromatography (TLC) plates 
were spread with 250 ~t thick layers of Silica 
Gel G. Fatty acids were separated with hexane/ 
ether/acetic acid, 50:50:1 (Rf of 8-ketol, 
0.13; Rf of 9-hydroxy-trans-12,13-epoxy-trans- 
10-octadecenoic acid, 0.19) and fatty methyl 
esters with hexane/ether, 6:4, double develop- 
ment (Rf of 8-ketol methyl ester, 0.11; Rf of 
methyl 9-hydroxy-trans-12,13-epoxy-trans-l O- 
octadecenoate, 0.23). Separation of  isomeric 
8-ketols or their methyl esters was not accom- 
plished by TLC. 

RESULTS A N D  DISCUSSION 

The 6-ketols produced by decomposition of 
13-hydroperoxy-cis-9,trans-11-octadecadienoic 
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I FIG. 2. Mass chromatography of 6-ketols obtained 
90 from decomposition of the 9-hydroperoxide of 

linoleic acid. Conditions were the same as used in 

FIG. 1. Mass chromatography of 9(13)-oxo-13(9)- 
hydroxy-trans-ll(lO)-octadecenoic acids (6-ketols) 
obtained from decomposition of the 13-hydroper- 
oxide of linoleic acid. Samples were analyzed as their 
trimethylsilyloxy ether, methyl ester derivatives, and 
were separated by a 4 ft GC column packed with 3% 
OV-1 on Gas-Chrom Q with temperature programminz 
from 185 to 245 C at 1-Yz C/min. Spectrum numbers 
are arbitrary because they depend on the start of 
scanning. 

acid (13-LOOH) with the cysteine-FeC13 
catalyst were only a part of the numerous 
products that can be isolated from this reaction 
(1,3). The 6-ketols were isolated and identified 
by nuclear magnetic resonance spectroscopy 
(NMR) and GC-MS according to Gardner et al. 
(1). As ascertained by GC-MS, the 6-ketols 
from 13-LOOH were an isomeric pair (Fig. 1). 
The most characteristic fragment ions of 
m e t h y l  9-oxo-13-OTMS-trans-11-octadece- 
noate, 185 and 327 m/e, were plotted and 
compared with the most characteristic ions of 
m e t h y l  13-oxo-9-OTMS-trans-lO-octadece- 
noate, 99 and 241 m/e. The "mass chromato- 
gram" shown in Figure 1 and elsewhere in this 
communication demonstrated that methyl 
13-oxo-9-OTMS-trans-l O-octadecenoate eluted 
slightly prior to methyl 9-oxo-13-OTMS-trans- 

Figure 1. 

l l-octadecenoate. The decomposition of 9- 
hy droperoxy-trans- 10,cis- 12-octadecadienoic 
acid (9-LOOH) also resulted in a pair of 6- 
ketols (Fig. 2). Although there may be some 
variation in the isomeric composition of the 
6-ketols as surmised by some differences in the 
mass chromatograms, these differences are of 
questionable significance. Until a method is 
developed to separate the isomeric 6-ketols, 
subtle anomalies in isomeric distribution cannot 
be assessed. 

Olefinic compounds often give rise to 
rearrangements under GC-MS conditions that 
lead to ambiguous interpretation of the mass 
spectral data. To eliminate this possibility, the 
6-ketols obtained from 9-LOOH were hydro- 
genated and then analyzed by GC-MS (Fig. 3). 
A small amount of unhydrogenated 6-ketols 
preceded the main peak of saturated 6-ketols. 
The data again confirmed the mixture of 
6-ketols. 

One possible route to an isomeric product 
mixture from a specific hydroperoxide isomer 
is through rearrangement of the hydroperoxide 
itself to a mixture of 9-LOOH and 13-LOOH as 
described by Chan et al. (11). Since cysteine- 
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FIG. 3. Mass chromatography of hydrogenated 
6-ketols obtained from decomposition of the 9-hydro- 
peroxide of linoleic acid. Conditions were the same as 
used in Figure 1, except temperature programming 
was from 200-250 C at 4 C/min. 

FeC13 catalyzed formation of 12,13-epoxides 
from 13-LOOH and 9,10-epoxides from 9- 
LOOH with a high degree of specificity (3,9), 
hydroperoxide rearrangement was discounted. 
Thus, the specific LOOH isomers undoubtedly 
were converted to products before they could 
rearrange. According to Chan et al. (12), a 
peroxy radical precedes hydroperoxide rear- 
rangement, but cysteine-FeC13 catalyst appeared 
to degrade LOOH through an alkoxy radical 
(3). 

We propose that the 6-ketols are formed 
from a hydroxyepoxyoctadecenoic acid inter- 
mediate. Isomeric 5-ketols were produced by 
treatment of 9-hydroxy-trans-12,13-epoxy- 
trans-lO-octadecenoic acid (epoxyol) with the 
cysteine-FeC13 catalyst in methanol/water,  8: 2. 
The concentration of the epoxyol was 1 mg/ml, 
and the other reagents and conditions were the 
same as used to decomPose LOOH to 6-ketols. 
At the end of the reaction, the major com- 
pounds detected were the solvolysis products, 
dihydroxymethoxyoctadecenoic acid and tri- 
hydroxyoctadecenoic acid, but about 20% of 
the products were 6-ketols. When a spray 
containing 0.4% 2,4-dinitrophenylhydrazine 

OOH O" 

0 0H OH 0 0 \ 

H 

FIG. 4. Proposed pathway of formation of 6-ketol 
isomers from a specific isomer of linoleic acid hydro- 
peroxide. Structures are abbreviated. 

in 2 N HCI was used, the 6-ketols were detected 
readily by TLC at Rf 0.13. The spray also 
revealed the epoxyol (Rf = 0.19), but color 
development was slower than with the 6- 
ketols. Subsequently, the 6-ketols were methyl 
esterified, isolated by preparative TLC, and 
analyzed by NMR as reported before (1). 
GC-MS of the 6-ketols (OTMS ether, methyl 
ester) gave essentially the same results as shown 
in Figure 1. Isolation of the 6-ketols prior to 
GC-MS was mandatory because the epoxyol 
(OTMS ether, methyl ester) eluted too close by 
GC to the 6-ketols (OTMS, methyl ester). Also, 
the mass spectrum of the epoxyol derivative 
was very similar to the mass spectrum of one 
6-ketol isomer (methyl 13-oxo-9-OTMS-trans- 
10-octadecenoate). The only significant dif- 
ference noted in the two spectra was that the 
epoxyol derivative yielded a more intense 103 
m/e fragment ion. 

The above observation argues that the 
epoxyol may be a precursor of ~-ketols. Ham- 
berg (6) detected the epoxyol as a product of 
13-LOOH degradation by hemoglobin, but 
Gardner et al. (1) did not detect epoxyol when 
cysteine-FeC13 was used as a catalyst. In a 
subsequent investigation, Gardner et al. (3) 
identified the apparent precursor of the 
epoxyol by terminating the reaction early. The 
isolated precursor, 9-hydroperoxy-trans-12,13- 
epoxy-trans-10-octadecenoic acid, was degraded 
readily to epoxyol with the cysteine-FeC13 
catalyst. Apparently, the epoxyol is also an 
intermediate that eventually disappears during a 
full 1-hr reaction or during work-up. Thus, the 
pathway shown in Figure 4 is suggested, part of 
which has been proposed before (3). Also, it is 
implied, but not directly demonstrated, that a 
product of 9-LOOH degradation, 13-hydroxy- 
trans-9,10-epoxy-trans-11-octadecenoic acid, 
will also produce isomeric ~-ketols. 

The mechanism by which the epoxyol is 
transformed into 6-ketols was elucidated 

LIPIDS, VOL~ 14, NO. 10 
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FIG. 5. Mass chromatography of 6-ketols obtained 
from treatment of methyl 9-hydroxy-trans-12,13- 
epoxy-trans-lO-octadecenoate with BF3-etherate. Con- 
ditions were the same as used in Figure 3. 

t h rough  use of  a Lewis acid, BF3-e the ra t e ,  as a 
catalyst .  Af te r  t r e a t m e n t  of  the epoxyo l  
( m e t h y l  es ter )  wi th  BF3-e the ra t e ,  TLC d e m o n -  
s t ra ted  t ha t  the  ma jo r  p roduc t s  were 6-ketols  
( m e t h y l  ester) .  A mass  c h r o m a t o g r a m  of  these  
6-keto ls  (OTMS e ther ,  m e t h y l  e s t e r ) s h o w n  in 
Figure 5 c o m p a r e d  wi th  the  results  o b t a i n e d  by 
d e c o m p o s i t i o n  of  13-LOOH to ~i-ketols (Fig. 
1). Essent ial ly ,  BF3-e the ra t e  could  cause the  
f o r m a t i o n  of  a reg ioequiva lent  allylic carbo-  
n ium ion  (Fig. 6). A hydr ide  could shif t  f rom 
e i the r  the  9- or  13-carbon to  the  charged vicinal  
ca rbon  ana logous  to  the " N I H  S h i f t "  observed 
in some b iochemica l  reac t ions  (13).  It is of  
some in te res t  to  no te  t ha t  the  p lan t  enzyme ,  
l inoleic acid h y d r o p e r o x i d e  isomerase,  cata- 
lyzed  the  f o r m a t i o n  of  a and  7-ketols  f rom 
LOOH. G a r d n e r  (14)  p roposed  t ha t  a s imilar  
"NIH S h i f t "  type  reac t ion  may  be involved in 
the  enzymic  t r a n s f o r m a t i o n  as well. 

One o the r  regioequivalent  i n t e r m ed i a t e  is 

0 OH 

OH 0 

851 

6 -  OH 

6 *  

OBF 3 OH 

,OBF 3 OH 

FIG. 6. Proposed mechanism of conversion of 
methyl 9-hydroxy-trans-12,13-epoxy-trans-l O-octa- 
decenoate to 8-ketols by BF3-etherate. Structures are 
abbreviated. 

possible,  bu t  we have no  basis to  assess i ts 
i m p o r t a n c e  no r  any evidence  of  its exis tence .  It 
is m e n t i o n e d  here  because we wish to stress 
tha t  o t h e r  p a t h w a y s  could  par t ic ipa te .  I f  a 
second  molecule  of  oxygen  were added  to 
LOOH at the  olef inic  c a r b o n  6 to  the  h y d r o -  
pe roxy  ca rbon ,  a d i h y d r o p e r o x y  allylic radical  
would  result .  D e c o m p o s i t i o n  of  the  d ihydro -  
pe rox ide  conce ivab ly  cou ld  d i sp ropo r t i on  i n t o  
i somer ic  6-ketols .  
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ABSTRACT 

Embryonic hamster astroblasts (NN strain) grown in continuous line were cultivated in the 
presence of bromodeoxyuridine (BrdU). A decrease in the growth rate of the cells and striking changes 
in their morphology were observed, the morphology of the cells resembling that of mature astrocytes. 
Membrane lipids of BrdU-differentiated and standard cells were compared. No modification of the 
lipid/protein ratio was observed. Phospholipids and cholesterol were increased in the same proportions 
in the cells, and no modification of the phospholipid distribution was observed. Ganglioside sialic acid 
remained at the same level, but the ganglioside distribution was highly modified. Complex gangliosides 
appeared (GM1 and GDIa) , while the proportion of simple gangliosides (GM3 and GD3) decreased. 
However, neither GT1 nor GQI were detected in differentiated cells. The distribution of phospho- 
glyce~de acyl groups was highly modified, the proportion of arachidonic and docosapentaenoic acids 
being 2 to 3 times higher in BrdU-treated cells than in proliferating ones. These results were compared 
to those obtained with another clonal line of glial cells (C6) which exhibited no morphological 
differentiation in the presence of BrdU; the lipids of these cells were not modified by such a 
treatment. 

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

Different ia t ion  of cul tured cells is a phe- 
n o m e n o n  generally character ized by a change in 
cell morphology  or in some physiological  or  
biochemical  propert ies  of  the cells, such as 
synthesis of  melanin by melanocytes  (1,2) or of  
collagen by bone fibroblasts (3) or  t endon  cells 
(4). Different ia t ion can be a physiological  event  
in vivo, as observed in intestinal  mucosa  cells 
(5); it can also be induced in some cell types by 
a t r ea tment  with various compounds .  5-Bromo- 
2 ' -deoxyur id ine  (BrdU) is well known as an 
inhibi tor  of  cellular different iat ion (6). How- 
ever, Schubert  and Jacob (7) have shown that  
BrdU can induce a morphologica l  differentia- 
t ion of  neuroblas toma cells. We have ob- 
served that  a strain of  embryon ic  astroblasts 
(NN cells) could take the morphology  of  
mature astrocytes when grown in the presence 
of  BrdU. One can expec t  that  a morphologica l  
change of  a cell can be associated with changes 
in membrane  structure.  Only few data exist on 
the changes occurring in membrane  lipids 
during cell different iat ion.  Striking variations in 
the glycolipid patterns have been observed 
during physiological (5), spontaneous  (8), or 
chemically induced (9-16) dif ferent ia t ion,  but  
the only available indicat ions existing to our  
knowledge about  the o ther  membrane  lipids 
concern plasma membrane  cholesterol  and 
phosphol ipid  changes during myoblas t  differen- 
t iat ion (17), sphingomyel in  changes during lens 
fiber different ia t ion (18), and phosphol ip id  
synthesis in different iat ing intestinal  epi the l ium 

(19). In previous papers (20,21),  we have 
repor ted  the lipid composi t ion  of  NN glial cells 
grown in standard condit ions.  We present  here 
the changes observed when these cells were 
morphological ly  di f ferent ia ted with BrdU. We 
compare  these results to those obtained with 
the C6 strain, which does no t  exhibi t  morpho-  
logical changes when grown in the presence of  
BrdU (22). 

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

Cell Culture 

NN cells (23) and C6 cells (24) were rou- 
t inely cult ivated in 75 cm2 plastic dishes with 
Eagle-Dulbecco synthet ic  medium supple- 
mented  with 10% fetal calf serum, in a wet 
a tmosphere  containing 5% CO 2 and 95% air. A 
morphologica l  di f ferent ia t ion was obta ined by 
growing cells for 14 days in the presence of  
10-SM BrdU. The cells were harvested by 
scraping with a rubber  pol iceman,  washed in 
buffered saline and pelleted.  

Lipid Analysis 

Lipids were extracted and par t i t ioned 
according to Benda et al. (24)  and Folch et al. 
(25). In the lower phase, l ipid phosphorus  was 
assayed with the technique of  Macheboeuf  
and Delsal (26), and cholesterol  was assayed 
according to Idler and Baumann (27). Phospho- 
lipid distr ibution was obta ined after a two- 
direct ion,  thin layer chromatography  in the 
system of  Nussbaum et al. (28). E thanolamine  
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plasmalogens were separated from other 
ethanolamine phosphoglycerides by an acidic 
hydrolysis performed directly on the place 
between the two migrations (29). Fa t ty  acids 
were obtained after an alkaline methanolysis of 
the lipid extract (30). They were then separated 
by gas liquid chromatography on a column of  
10% EGSS-X on chromosorb W-HP. The 
identification o f  the peaks was performed as 
already described (31). Neutral glycolipids were 
estimated according to Robert  and Rebel (32). 

Gangliosides of the Folch's upper phase were 
purified by dialysis, assayed with the technique 
of Miettinen and Takki-Lukkainen (33), and 
separated in the chromatographic thin layer 
system described by Van den Eijnden (34), 
using as solvent the mixture chloroform/ 
methanol/water  with 20% KC1 (60:35:8,  v/v/v). 
The distribution of sialic acid among ganglio- 
sides was obtained by densitometry according 
to Smid and Reinisova (35) after visualization 
of the plate with Bial's orcinol reagent. Ganglio- 
sides were eluted from plates, two times with 
chloroform/methanol  (1:2, v/v) containing 5% 
water than with methanol/water  ( 1 : I ,  v/v). 

Other Techniques 

Cell counts were performed with an hemo- 
cytometer.  Proteins were assayed according to 
Lowry et al. (36) using bovine serum albumin 
as a standard. 

R ESU LTS 

The morphology of normal and BrdU- 
differentiated NN cells is presented in Figure 1. 
Striking changes could be observed in the size 
and shape of the cells; the treated cells were 
much bigger and contained much more expan- 
sions and processes than the control cells. 

Table I shows that there was a considerable 
reduction in cell number per culture dish. The 
remaining cells contained about ten times more 
proteins and lipids than control cells. However, 
the l ipid/protein ratio remained unchanged, and 
the cholesterol/phospholipid molar ratio was 
the same in both conditions of culture. 

The propor t ion of  individual phospholipids 
(Table II) did not  differ significantly in the two 
types of cells. The percentage of ethanolamine 
plasmalogens seemed slightly higher in the 
BrdU-treated cells. 

The level of  polyunsaturated fatty acids was 
notably increased in BrdU-differentiated cells 
total phosphoglycerides (Table 1II). This was 
correlated with a decrease in the monounsatu- 
rated series proport ion.  A 2-3 fold increase of 
the percentages of arachidonic and docosapen- 
taenoic acids could be observed in BrdU- 

differentiated cells, while no or little changes 
occurred in other polyunsaturated fat ty acids. 

The amount  and distribution of the neutral 
glycolipids were similar in proliferating and 
BrdU-differentiating NN cells (Table IV). 
Although the total amount  of lipid sialic acid 
did not  change, the ganglioside pattern of  
BrdU-treated cells was strikingly different from 
that of proliferating cells (Table IV and Fig. 2). 
Our previous structural analysis of the glyco- 
lipids in proliferating NN and C6 cells have 
shown that these ceils contain giucosylcera- 
mide, lactosylceramide, GM3 and GD3 (21). 
After growth in presence of BrdU, high 
amounts of GM1 and GD1 a could be detected, 
while the proport ions of GM3 and GD3 de- 
creased. Traces of  G D l b could be detected,  but 
not  GTI or GQI could be found. Figure 2 
shows that each ganglioside species gives a 
double spot when run in the van den Eijden's 
system. This doubling was also observed, using 
other solvent systems, by Duffard et al. (39) 
and Manuelidis et al. (40) in their study of 
gangliosides obtained from NN or other glial 
ceils. More recently Van Dessel et al. (41) have 
also shown that each ganglioside species (char- 
acterized by their sugar composit ion) obtained 
from bovine thyroid gives two or even three 
spots when submitted to high performance thin 
layer chromatography. Since not  enough of 
each ganglioside was available for a structural 
analysis, the identi ty of the different spots was 
confirmed using high performance thin layer 
chromatography,  using the following solvents: 
chloroform/methanol /water  (60:35:8)  + KC1 
(34), methyl acetate/ isopropanol/water  
(45:30:20)  + KC1 (38). Compounds I ,  2 and 3 
(Fig. 2a) were eluted separately and run again 
with known markers (Fig. 2c). This shows that 
the new gangliosides detected in differentiated 
NN cells are mainly GM1 and GD1 a. This 
observation agrees well with the report  of 
Duffard et al. (39), who have found in NN cells 
a notable activity of  the two enzymes involved 
in the synthesis of GMt and GDI a. 

The morphological changes began to appear 
in NN cells after 10-12 days of culture in the 
presence of BrdU; the modification of the 
ganglioside pattern of these cells occurred 
simultaneously with the morphological changes 
(Table V and Fig. 2b). 

In contrast, no significant changes in the 
membrane lipid composit ion of C6 cells were 
observed after a similar treatment with BrdU 
(Tables I, II, III, and IV). 

DISCUSSION 

At present time, morphological changes of 

LIPIDS, VOL. 14, NO. 10 



854 J .  R O B E R T ,  P .  M A N D E L ,  A N D  G .  R E B E L  

o 

r...) 

r-, 
o 

e., 

8 

O 

r~ 

.4 

X 

O 

E 

..= 

O 

"8 
Z 
Z 

'S 

E 

,..., ~ 

m., 

L I P I D S ,  V O L .  1 4 ,  N O .  1 0  



LIPIDS OF CULTURED GLIAL CELLS 

TABLE I 

Cell Number and Protein, Cholesterol and Phospholipid Content of NN and C6 Cells 
Grown in the Presence of BrdU 

855 

NN Cells C6 Cells 

Control BrdU-treated Control BrdU-treated 

Cell number X 10 -6 
per plastic dish 13.5 0.144 30.4 29.0 
Proteins (rag per 
plastic dish) 3.63 0.331 6.21 5.88 
Proteins (rig 
per cell) 0.27 2.30 0.20 0.20 
Cholesterol (,um ol / 
mg protein)a 0.130 0.137 0.156 0.171 
Lipid phorphorus 
(btmol/mg protein) a 0.288 0.291 0.392 0.407 

aCalculated on a cell basis, cholesterol amounts to 0.035 and 0.31 pmole in control 
and treated NN cells, and lipid phosphorus to 0.077 and 0.66 pmol. 

TABLE II 

Phospholipid Distribution in NN and C6 Cells Grown in the Presence of BrdU a 

NN Ceils C6 Cells 

Control BrdU-treated Control BrdU-treated 

Phosphatidylserine 6.9 5.7 4.5 5.6 
Phosphatidylinositoi 7.2 5.8 3.8 4.7 
Sphingomyelin 8.6 7.9 8.1 8.5 
Phosphatidylcholine 47.4 49.2 52.2 53.8 
Phosphatidylethanolamine 16.7 15.5 18.0 16.5 
Ethanolamine plasmalogens 10.0 12.6 10.5 10.7 
Phosphatidie Acid 1.6 2.7 1.0 tr. 
Cardiolipin 2.6 2.5 1.9 0.2 

aphospholipids are expressed as weight percentages of total lipid phosphorus; each value 
is the mean of four independent experiments. 

g l ioblas toma cells have been ob ta ined  wi th  
d ibu tyry l  cyclic AMP (42-44),  d ibutyry l  cyclic 
GMP or bu tyra te  (43), pros taglandin  E1 (45),  
ep inephr ine  (46),  no rep inephr ine  (47),  
a m e t h o p t e r i n  (48,49)  or BrdU (48-50). How-  
ever, the r epor ted  changes were never  drastic 
and did no t  provide the morpho logy  of  mature  
glial cells. Fu r the rmore ,  these changes were 
ob ta ined  very soom after the addi t ion  of  the 
di f ferent ia t ing agent  in the  cul ture med ium.  In 
contras t ,  the d i f fe ren t ia t ion  of  NN cells was 
much  slower; the  morphologica l  d i f ferent ia t ion  
o f  the ceils was observed af ter  two  weeks o f  
culture in the  presence  of  BrdU. 

The morphologica l  d i f ferent ia t ion  of  cul- 
tured  cells o f  nervous origin is character ized  by 
a str iking increase of  the cell expansions ;  the  
area of  the plasma membrane  is, there fore ,  

increased.  This explains the increase in pro te in ,  
choles terol  and phospho l ip id  we observed.  It is 
difficult ,  however ,  to assume that  the newly 
fo rmed  membranes  of  BrdU-t rea ted  NN cells 
have the same lipid compos i t i on  as the plasma 
membranes  of  prol i fera t ing cells since we could 
no t  evaluate the increase in cell surface area 
which occurred  during di f ferent ia t ion.  Such a 
similarity is suggested by the fact that  the 
cholesterolL/phospholipid molar  ratio was un-  
changed,  as well as the phosphol ip id  distribu- 
t ion,  in BrdU-treated  and un t rea ted  cells. One 
canno t  exclude ,  however ,  tha t  BrdU induced  
changes in each type  of  cell membrane ,  these 
changes being compensa t ed  in the whole  cells. 

Our f inding tha t  no  changes were observed 
in the  phospho l ip id  pa t t e rn  and phospho l ip id /  
choles terol  ratio of  BrdU-t rea ted  NN ceils is in 
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T A B L E  III 

P h o s p h o l i p i d  F a t t y  Ac id  D i s t r i bu t i on  in NN a n d  C6 Ceils G r o w n  in the  Presence  o f  B rdU a 

N N  Cells C6 Cells 

C o n t r o l  B r d U - t r e a t e d  C o n t r o l  BrdU-trea ted  

14 :0  1.3 1.1 0 .7  0 .7  
1 6 : 0  18.7  18.0  23 .0  25.1  
16:1  7.2 3.5 4 .7  3 .9  
18 :0  10.5  14.4 13 .0  13.5  
18:1  4 0 . 3  27 .5  4 0 . 0  37 .4  
18 :2c~6  2.5 2 .7  1.1 1.2 
18 :3eo3  + 20 :1  1.9 1.2 1.3 1.2 
20 :2606  0 .8  0.1 0 .8  0 .6  
20 :3609  1.0 1.9 1.7 1.7 
2 0 : 3 6 0 6  0 .8  0 .7  0.5 0 .6  
2 0 : 4 6 0 6  5.4 15.2 6.1 7 .0  
20 :5603  2.2 2 .8  0 .8  0 .8  
22 :4606  0 .8  1.6 1.0 1.0 
22 :5606  0.2 0 .2  tr .  t r .  
22 :5603  3.1 6.2 2 .2  2.1 
22 :6603  2 .8  4 .3  3.1 3.2 

aResu l t s  are e x p r e s s e d  as w e i g h t  p e r c e n t a g e s .  F a t t y  acids  are  a b b r e v i a t e d  in t he  usua l  
m a n n e r ;  i .e. ,  a n u m b e r  i n d i c a t i n g  cha in  l eng th  f o l l o w e d  b y  the  n u m b e r  o f  d o u b l e  b o n d s  pe r  
m o l e c u l e ;  the  60 re fe rs  t o  t he  n u m b e r  o f  c a r b o n  a t o m s  b e t w e e n  the  m e t h y l  e n d  o f  the  m o l e -  
cule  a n d  the  f i rs t  d o u b l e  b o n d  on  th is  s ide.  Each  value  is the  m e a n  o f  t w o  i n d e p e n d e n t  
e x p e r i m e n t s .  

T A B L E  IV 

G l y c o l i p i d s  o f  NN a n d  C6 Cells G r o w n  in the  Presence  o f  B rdU 

NN Cells C6 Cells 

C o n t r o l  B r d U - t r e a t e d  C o n t r o l  B r d U - t r e a t e d  

Neu t r a l  G lyco l ip id s  h e x o s e  
( n m o l / m g  p r o t e i n )  4 . 4 7  4 .31  0 . 9 2  n .d .  
G l u c o s y l c e r a m i d e  a 12.3 14 .7  66 .3  n .d.  
L a c t o s y l c e r a m i d e  87 .7  85 .3  33 .7  n .d .  
Gang l ios ides  Sialic Ac id  
( n m o l / m g  p r o t e i n )  3 .92  4 . 0 4  3 .40  3 .33  
G M 3 b  66 .8  30 .0  95 .2  9 5 . 8  
GM2 --- 2 .8  1.8 1.9 
GM1 1.3 23 .5  . . . . . .  
G D 3  30 .6  21 .4  2 .3  --- 
G D l a  2 .3  20 .6  0 .7  2 .3  
O t h e r  ( G D I  b ?) --- 1.6 . . . . . .  

a I n d i v i d u a l  n e u t r a l  g l y c o l i p i d s  are e x p r e s s e d  as m o l e  p e r c e n t  o f  t o t a l  l o w e r  p h a s e  l ip id  
hexose .  

b Ind iv idua l  gang l ios ides  are e x p r e s s e d  as m o l e  p e r c e n t  o f  t o t a l  l ip id  sialic ac id .  The 
n o m e n c l a t u r e  o f  S v e n n e r h o l m  w a s  u sed  (37) .  

a c c o r d  w i t h  t h e  o b s e r v a t i o n  o f  W a I t h e r  e t  a l .  

( 5 1 )  w h o  f o u n d  t h a t  t h i s  n u c l e o s i d e  h a s  o n l y  a 

s l i g h t ,  i f  a n y ,  a c t i o n  o n  p h o s p h o l i p i d  a n d  s t e r o l  

s y n t h e s i s  i n  c u l t u r e d  p a n c r e a s  c e l l s .  S t u d y i n g  

t h e  d i f f e r e n t i a t i o n  o f  i n t e s t i n e  c e l l s ,  O ' D o h e r t y  

( 1 9 )  h a s  a l s o  f o u n d  n o  c h a n g e s  i n  t h e  a c t i v i t y  

o f  t h e  e n z y m e  s y n t h e s i z i n g  t h e  m a i n  p h o s p h o -  

lipids. The results obtained with NN ceils 
contrast with those given by myoblasts where a 
net change in the plasma membrane lipids is 
observed after differentiation (17). 

The fatty acid pattern of phospholipids 
e x t r a c t e d  f r o m  N N  o r  C 6  c e l l s  g r o w n  i n  s t a n -  

d a r d  c o n d i t i o n s  s h o w e d  v e r y  l o w  a m o u n t s  o f  
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FIG. 2. Thin layer chromatography of  gangliosides isolated from control and BrdU-treated NN cells. 
2a: Precoated plate - Solvent system: ch loroform/methanol /water  (60:35:8)  + KC1 (34). 

a: gangliosides from differentiated cells; b: mixture  o f  pig brain gangliosides + GM3 and GM2;C: ganglio- 
sides from control cells. 

2b: High performance TLC plate - Solvent system: methylaceta te / isopropanol /water  (45:30:20)  + KC1 
(38). 
d: GDla ;  e: GD1 b f: GT1 g: GM1 ; h: Gangliosides from NN cells at the beginning of  the  differentiation 
(11 days culture with BrdU). 

2c: High performance TLC plate - Solvent system as for 2a. 
i: GD3; j,k,l: fractions 1-2-3 eluted from 2a; m: GM1 + GDla .  GM3 was obtained from beef  spleen. 
GD3 was a generous gift from Dr. J. Portoukalian (Lyon,  France). Other gangliosides were purchased 
from Supelco. Inc., Bellefonte, PA. 

TABLE V 

Evolution with Time of  the Ganglioside Pattern of  NN Cells Grown 
in the  Presence of BrdU 

Ganglioside a Control 3 days 10 days 12 days 14 days 18 days 

GM3 67.8 70.0 73.0 70.1 30.0 33.8 
GM2 --- tr. --- 0.2 2.8 2.8 
GM1 1.3 1.0 1.5 3.0 23.5 23.0 
GD3 30.6 29.5 25.5 19.3 21.4 21.9 
GD1 a 2.3 tr. tr. 7.5 20.6 18.5 

aGangliosides are expressed as mole percent of  total lipid sialic acid. 

p o l y u n s a t u r a t e d  f a t t y  ac ids .  We h a v e  a l r e a d y  
s h o w n  th i s  was  due  t o  a d e f i c i e n c y  o f  t h e  fe ta l  
ca l f  s e r u m  in l i no l e i c  a n d  l i n o l e n i c  ac id  (31) .  A 
l a ck  o f  t h e  A 4  d e s a t u r a s e  ac t iv i ty  was  a l so  
o b s e r v e d  ( 3 1 ,  52) .  B r d U  d i f f e r e n t i a t i o n  o f  N N  
cells  p r o v i d e s  a n e t  i n c r e a s e  o f  t h e  p o l y u n s a t u -  
r a t e d  f a t t y  ac id  c o n t e n t  o f  t h e  cell l ip ids .  

C o m p a r i s o n  o f  t h e s e  r e su l t s  w i t h  t h o s e  ob -  
t a i n e d  w i t h  N N  cei ls  g r o w i n g  in  a m e d i u m  
e n r i c h e d  in  l i no l e i c  a n d  l i n o l e n i c  ac ids  ( 3 1 )  l ed  
u s  t o  c o n c l u d e  t h a t  t h e  e f f e c t  o f  B r d U  was  n o t  
to  i n c r e a s e  t h e  u p t a k e  o f  l i no le i c  a n d  l i n o l e n i c  
ac ids  b y  t h e  cel ls ,  b u t  t o  i n c r e a s e  t h e i r  t r a n s -  
f o r m a t i o n  i n t o  a r a c h i d o n i c  a n d  d o c o s a p e n t a -  o r  
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docosahexaenoic acids. It is difficult to specu- 
late about the effect of this change on the 
physical properties of cell membranes. Since 
the cholesterol/phospholipid molar ratio of 
mammalian cells plasma membranes is enough 
to maintain the membranes in a fluid state even 
if changes in the fatty acid pattern occur, the 
changes observed in NN cells have probably no 
great influence on the physical properties of 
their membranes, as it was shown by Schroeder 
et al. (53). The McElhaney concept of 
homeoviscous adaptation (54-57) is probably 
also valuable for mammalian cells (53) when we 
consider the general membrane fluidity. Thus, 
the changes observed during NN cells BrdU 
differentiation could be compensated by 
changes in some parameters involved in the 
regulation of membrane physical properties. 
That does not exclude, however, the possibility 
of physiological changes in the cells, such as the 
activities of some lipid-dependent membrane- 
bound enzyme (58). 

The only other noticeable change in the 
membrane lipids occurring during NN morpho- 
logical differentiation concerned the ganglioside 
distribution. Langenbach et al. (8) have shown 
that morphological changes of mouse embryo 
cells are accompanied with modifications of the 
ganglioside pattern. Similarly, differentiation of 
intestinal mucosa cells (5), HeLa, KB or NRK 
cells (9-11,14,15), myoblasts (12), lympho- 
blasts (13) or neuroblastoma cells (16) is also 
characterized by changes in the relative concen- 
trations of cell glycolipids. Morphological 
differentiation of NN cells provides similar 
observations, and is characterized by a net 
increase in the content in two gangliosides 
(GMI and GDla) which were present at low 
amounts in the standard cells. Duffard et al. 
(39) have recently reported that NN cells 
presented high activities of UDP-galactose: G M 2 
galactosyltransferase and of CMP-N-acetyl- 
neuraminic acid:G Ml sialyl-transferase, but did 
not  exhibit the activity of the GM2-synthe- 
tizing enzyme (UDP-N-acetyl-galacto- 
samine:GM a N-acetylgalactosaminyltrans- 
ferase). It seems, therefore, that the morpho- 
logical differentiation of NN cells must be 
accompanied by an increase of the GM2- 
synthetizing enzyme activity. 

However, it seems that in differentiated NN 
cells the activity of the GM2 synthetizing 
enzyme probably remains relatively low. 
Indeed, the amount of GM2 in these cells is not 
greatly increased comparatively to those of 
GM 1 and G D 1 a- This contrasts with the pattern 
observed in neuroblastoma cells where notable 
amounts of GM2 are present (16,59,60) and 
where a high activity of the GM2 synthetizing 

enzyme is observed (39, 67). 
Similar increase of the activity of a ganglio- 

side-synthetizing enzyme was observed by 
Gtickman and Bouhours during intestinal 
mucosa cells differentiation (5), and by Fish- 
man et al. (9,10) and Macher et al. (14), during 
the butyrate-induced morphological changes of 
HeLa or KB cells. The role of gangliosides in 
cells is not exactly known at the present 
time. Since these lipids could be involved in the 
reception of some hormones (61) or neuro- 
transmitters (62,63), one could expect some 
changes in cell physiologY when the ganglio- 
side pattern is greatly modified. 

Comparing our results with those of 
Manuelidis et al. (40), the ganglioside 
pattern of our undifferentiated NN is not very 
different from the pattern found by these 
authors with their highly dedifferentiated glial 
clones, TC 178 and TC 501. Furthermore, 
gangliosides of BrdU-treated NN cells became 
similar to those of TC 526 and TC 593 cells 
which had maintained their morphology of 
normal glial cells. This observation is in accord 
with our finding that the changes in ganglioside 
occur with the morphological differentiation. 

Although the morphology of the BrdU- 
differentiated NN cells is somewhat similar to 
that of mature astrocytes, the ganglioside 
pattern of these cells remains very different 
from the pattern of glial cells fractions prepared 
from brain by gradient centrifugations (64-66). 
Tri- or tetrasilogangliosides are absent from 
BrdU-treated cells, while they account for a 
large part of gangliosides of glial fractions 
isolated from brain. However, the possibility of 
a contamination of the brain glial fractions by 
synaptosomes (which contain very large 
amounts of gangliosides) has never been ex- 
cluded. Therefore, the exact pattern of glial cells 
gangliosides in situ remains unknown.  

When C6 cells were cultured in the presence 
of BrdU in the same conditions as NN cells, no 
changes in the morphology could be detected, 
except a slight flattening of the cells. No 
difference in lipid composition was observed 
between the control and the treated cells. One 
can, therefore, presume that the changes 
observed in NN cells are related to the morpho- 
logic differentiation. This agrees with the 
synchronization observed between the morpho- 
logical changes of the cells and the modification 
of their ganglioside pattern. 
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METHODS 

A Simplified Procedure for the Determination of Betaine in Liver 

A.J. BARAK 1 and D.J. TUMA, Liver Study Unit, Veterans Administration 
Hospital and the Departments of Internal Medicine and Biochemistry, 
University of Nebraska Medical Center, Omaha, NE 

ABSTRACT 

A convenient proceduie for the determination of hepatic betaine levels is described. The method 
takes advantage of ethanol precipitation to rid acidified tissue extracts of interfering substances. 
Betaine is reacted with potassium triiodide to form betaine periodide, which is selectively precipitated 
via pH adjustment. The precipitate of betaine periodide is dissolved in ethylene dichloride and 
measured spectrophotometrically. The method is specific, accurate, and simple and showed recoveries 
of from 97 to 103% at two different levels of added betaine. The applicability of the method was 
shown when it was demonstrated that diets containing different amounts of choline influenced levels 
of hepatic betaine. 

INTRODUCTION 

When choline is taken up by the liver, it is 
subject to  two  main metabol ic  fates. It can be 
converted via choline kinase to phosphoryl-  
choline,  an in termedia te  in the synthesis of  
phosphat idylchol ine ,  or  it can be readily 
oxidized by choline oxidase to form betaine.  

F rom an investigative s tandpoint ,  a m e t h o d  
for hepat ic  betaine analysis is impor tan t  since 
betaine (a) is an impor tan t  metabol i te  of  
choline,  (b) is believed to be an impor tan t  
methyla t ing  substance in liver (1), and (c) is 
greatly reduced in liver during a choline de- 
f iciency (2). Results f rom this labora tory  (3-5) 
and conf i rmed by others  (6) have shown that  
e thanol  ingestion increases the  ox ida t ion  of  
choline in liver. These studies should st imulate 
an even greater interest  in the measurement  o f  
hepat ic  betaine levels. 

The me thods  presently used for the analysis 
of  beta ine  in biological  tissue are quite  cum- 
bersome, and involve e i ther  paper (7) or 
co lumn chromatographic  (8) isolat ion before  
analyses can be carried out.  Fr iedman et al. (9) 
have discussed some of  the  difficult ies in 
employ ing  some of  the existing chromatog-  
raphic me thods  o f  analysis for quaternary 
ni t rogen compounds  in general and have 
emphasized the need for simple and be t te r  
me thods  in this area. 

The current  m e t h o d  involves the ex t rac t ion  
of  betaine f rom liver, essential precipi ta t ion 
procedures  to rid the  extract  of  interferr ing 
substances and the  spec t ropho tomet r i c  analysis 

ITo whom correspondence should be addressed. 

o f  betaine by a modi f ica t ion  o f  the  Apple ton  et 
al. (10) technique.  

MATERIALS AND METHODS 

Reagents 

Potassium tri iodide.  Iodine (15.7 g) and 20 g 
of  potassium iodide were dissolved in 100 ml of  
water,  shaken for 45 min on a mechanical  
shaker to affect  solut ion and stored at 4 C. 

Standard Betaine Solution.  Betaine - HC1 
(Eastman Kodak Co., Rochester ,  NY) was dried 
over  concent ra ted  sulfuric acid in vacuo. A 
standard solut ion was prepared conta ining 10 
mg of  base per 100 ml of  water.  Working 
standards were prepared by suitable dilution of  
the  s tock solut ion with  water.  

Other  reagents: (a) 15% tr ichloroacet ic  acid, 
(b) e thyl  ether,  (c) e thylene  dichloride,  (d) 
concent ra ted  sulfuric acid, and (e) e thyl  
a lcohol  95%. 

Betaine Standard Curve 

Varying amounts  of  pure betaine hydro-  
chloride (10 to 50 /./g o f  base) in 0.5 ml  of  
solut ion were placed in a narrow t ipped centri- 
fuge tube  to which was added 0.2 ml  of  potas- 
sium triiodide. To this mix ture  was added 10 
drops of  concent ra ted  sulfuric acid and the  
tube cooled in ice for 2 hr. The tube was 
centr i fuged for 15 min at 3000 rpm and the  
supernatant  drawn of f  wi th  care no t  to disturb 
the  dark precipi ta te  at the  b o t t o m  of  the tube.  
A linear standard curve was obta ined  after the 
precipi tate  was dissolved in 10 ml of  e thylene 
dichloride and absorbance measured at 365 nm 
using e thy lene  dichloride as a blank. 
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Preparation of  Liver Extract 

Male, Sprague-Dawley rats were anesthetized 
with ether and their livers freeze-clamped in 
situ. The livers were stored at -70 C until 
analyzed. Two grams of frozen liver were 
placed in 8 ml of  cold 15% trichloroacetic acid 
and homogenized. The homogenate was trans- 
ferred to a centrifuge tube, and the homog- 
enizing flask was rinsed with 5 ml of cold 15% 
trichloroacetic acid which was also added to the 
centrifuge tube. This mixture was centrifuged 
at 12,000 rpm for 10 rain and the supernatant 
solution placed in a 40 ml graduate test tube 
and the volume noted. The supernate was then 
extracted 3 times with 10 ml of ethyl ether to 
remove the trichloroacetic acid and then 
subjected to a stream of air for 60 min at room 
temperature to remove the residual ether. This 
solution was adjusted to between pH 7 and 8 
with dilute NaOH and brought back to its 
original volume (ca. 13 ml) with water. 

Ten ml of  the extract was placed in a 40 ml 
centrifuge tube to which was added 15 ml of 
ethyl alcohol. This mixture was Chilled for 30 
min and centrifuged. The supernatant was then 
decanted into a large test tube and the precipi- 
tate discarded. The supernatant was evaporated 
to dryness under a stream of air at room 
temperature. The resultant residue was sub- 
sequently dissolved in 10 ml of water. 

Determination of Betaine 

Two-tenths of  a milliliter of the potassium 
triiodide solution was added to 2 ml of  the 
prepared extract, covered and refrigerated 
overnight. The mixture was then centrifuged at 
3000 rpm for 10 min to sediment interfering 
periodides. Atiquots of  supernatant (0.55 ml) 
were added to narrow-tipped 15 ml centrifuge 
tubes. While chilled in ice, 10 drops of  concen- 
trated sulfuric acid was added to each tube and 
the sample refrigerated for 2 hr. The tube was 
centrifuged at 3000 rpm for 10 min and the 
supernatant aspirated with care taken not to 
disturb the dark precipitate. This precipitate 
was dissolved in 10 or 20 ml of ethylene 
dichloride and the absorption read in a spectro- 
photometer  at 365 nm using ethylene di- 
chloride as a blank. The betaine content  of  the 
liver was estimated from the standard curve and 
the level expressed as pmoles of  betaine base 
per gram liver. 

' ' 4'o ' 

LIVER(WG) 

To demonstrate the influence of dietary 
choline on hepatic levels of  betaine, male 
Sprague-Dawley rats (250 g) were divided into 
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three groups. One group was fed the choline- 
deficient diet of  French (11) for 5 days, and 
another group was fed the French control diet 
for the same period. A third group was fed a 
50-50 mixture by weight of  the choline de- 
ficient and choline control diets. The daily 
intake of choline of the animals on the de- 
ficient diet was negligible, where with the 
control diet the average daily choline intake 
was 115 mg and with the mixed diet 57 mg. 
Nonfasted animals were killed and their livers 
promptly assayed for betaine. Results were 
expressed as pmoles per g tissue as well as 
pmotes per total liver per 100 g of  body weight 
for proper comparison, since the choline 
deficiency produced a fatty liver (12). In 
addition, rats were fed Purina xat pellets for 30 
days and the livers assayed for betaine in order 
to establish betaine levels in animals fed a 
commercial rat chow diet. 

RESULTS 

Figure 1 shows that with the present pro- 
cedure betaine estimation is linear over a wide 
range of  tissue and indicates the range of  
betaine concentrations which are detectable by 
this method. 

Betaine recovery studies were conducted 
with the present procedure using livers from 

ol 
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FIG. 1. Relationship of optical density to tissue 
betaine in various quantities of liver from a rat fed 
Purina rat chow. 
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T A B L E  I 

Recove ry  o f  Betaine f r o m  Rat  Liver  a 

E n d o g e n o u s  b A m o u n t  Betaine 
be ta ine  be ta ine  added  r ecove red  Percent  

Diet ~tg /~g gig r ecove ry  

Pur ina  rat  pellets 34 15 14.5 97 
Pur ina  rat  pellets 50 30 30.9 103 
French  chol ine  con t ro l  146 20 19.1 104 

aRecover ies  w e r e  c o n d u c t e d  in dupl ica te  on  separa te  animals  fed the  respect ive  diets for 
30 days.  

bRecover i e s  were  m a d e  f r o m  66 mg  liver in each case. 

T A B L E  II  

Ef fec t  o f  Die ta ry  Choline on Betaine Level  in Rat Liver  

Average  
No. daily , /zmol/ l iver /  

Diet an imals  in take,  mg /~mol/g a 100 g body  we igh t  a 

Chol ine  def ic ient  (5 days)  5 0 
Mixed def ic ient  and con t ro l  (5 days)  5 57 
Cont ro l  (5 days)  5 114 
Rat C h o w  (30 days)  5 34 

0.79 + 0 .04  4.15 +- 0 ,23  
12.3 -+ 1.02 b 63.3 +- 6 ,30 b 
18.8 -+ 1.00 b 95.4 -+ 6 .30  b 

3,95 -+ 0.36 13.8 -+ 1,14 

aValues  are m ea ns  -+ S.E.M. 

bWhen c o m p a r e d  to chol ine  def ic ient  diet ,  p < 0 .001 .  

rats fed both Purina rat pellets and the choline 
control diet of French (11). Results from these 
recoveries are shown in Table I and indicate 
that when varying amounts of betaine were 
added to homogenates of livers containing 
various levels of endogenous betaine, good 
recoveries were obtained in each case. 

As shown in Table II, the hepatic pool size 
of betaine varies with the level of dietary 
choline. Feeding rats the French control diet 
(0.70% choline) for 5 days produced a betaine 
level of 95.4 /amoles per liver per 100 g body 
weight. Reducing the dietary choline level by 
one half (0.35% choline) lowered the hepatic 
betaine level 33% and animals placed on the 
choline-deficient diet for the 5 day period 
showed a 95% lowering in liver betaine. These 
results are in agreement with the findings of 
Wong and Thompson (2), who also reported a 
large reduction of hepatic betaine levels in a 
choline deficiency. 

Rats fed Purina rat chow (0.225% choline) 
had hepatic betaine levels of 13.8 pmol/liver/ 
100 g body weight. This value compares with 
that (24.5 + 6.1 pmol/liver/lO0 g body weight) 
reported by Wong and Thompson (2) who used 
the diet formulated by Young et al. (13) which 
was similar in choline content. 
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DISCUSSION 

The current method for measuring hepatic 
levels of betaine is a simplified procedure com- 
pared to those chromatographic methods that 
have been reported. The ethyl alcohol precipi- 
tation step, which retains betaine and choline in 
solution, eliminates large amounts of interfering 
material from the liver extract and allows 
precipitation of betaine periodide at pH 0 to 1 
which is essential to the method. Without the 
removal of these substances, betaine periodide 
is not crystallized, and a false precipitate forms 
which is not soluble in ethylene dichloride. 

Any procedure used for the determination 
of betaine involving the formation of betaine 
periodide requires the separation of betaine 
from choline. In the development of the 
present method, advantage was taken of the 
earlier finding by Wall et al. (14), using solu- 
tions of pure betaine and choline, that choline 
periodide could be precipitated completely at 
any pH between 0 and 11, and betaine period- 
ide was only fully precipitated between pH 0 
and 1. Thus, in the present method, choline is 
eliminated by precipitation at pH 7 to 8, and 
betaine is precipitated for measurement be- 
tween pH 0 and 1. 



METHODS 

As demonstrated in Table II, hepatic betaine 
levels vary with the amount of choline in the 
diet. This relationship may be more evident in 
the rat than in other species because of the 
high level of choline oxidase in rat liver (15). In 
studies of choline metabolism in the liver, the 
ability to measure betaine is essential to the 
understanding of the overall schema of hepatic 
choline utilization. Choline is a pivotal sub- 
stance acted upon by several metabolic path- 
ways, and betaine levels would reflect the 
degree of substrate flux via the choline oxida- 
tive pathway and the subsequent influence of 
experimental conditions on this pathway. 

The procedure described is an accurate, 
specific and simplified measurement of hepatic 
betaine and allows a convenient means of 
studying hepatic choline metabolism and its 
role in both the normal and diseased states. 
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pH Gradient Electrophoresis and Isoelectric Focusing of 
Lipoproteins on Agarose Bead Thin Layers 1 
A. VOST, D.M-E. POCOCK, and S. PLEET, McGill University Medical Clinic, 
Montreal General Hospital, Montreal, Quebec, Canada H3G 1A4 

ABSTRACT 

A new method of isoelectric focusing (IEF) and pH gradient electrophoresis, using thin layers of 
agarose gel beads, was devised to investigate chylomicrons and very low density lipoproteins (VLDL). 
pH gradient stability and cathodal gradient drift were similar to those of polyacrylamide gel IEF, and 
linearity of gradients was maintained for 23 hr. Chylomicrons and VLDL were detectable without 
staining. Chylomicrons from human serum and from rat lymph migrated in this system. Rat lymph 
chylomicrons, obtained by ultracentrifugation, migrated in several discrete bands, and this hetero- 
geneity of rat chylomicrons was confirmed by electron microscopic demonstration of chylomicrons in 
each band. This new technique has permitted the first measurement of isoelectric points of some 
lipoproteins in the ultracentrifuged fraction of human serum chylomicrons and the first separation of 
multiple discrete fractions of ultracentrifuged lymph chylomicrons. 

INTRODUCTION 

Chylomicrons transport dietary long chain 
fatty acids from intestinal cells via intestinal 
lymph to the plasma and peripheral tissues. 
Intestinal very low density lipoproteins also 
transport lipid, but chylomicrons transport the 
major mass of absorbed fatty acids following a 
fat meal (1). Possible heterogeneity of chylomi- 
crons is potentially of major importance in 
studying dietary lipid transport and metabo- 
lism. Chylomicrons have been investigated for 
heterogeneity by methods which provide 
chylomicron subfractions on the basis of 
differing particle diameter, e.g., ultracentrifu- 
gation (2) and agarose bead column chromatog- 
raphy (3), but distinct subpopulations have not 
been demonstrated. In electrophoretic systems, 
both lymph and plasma chylomicrons tend to 
adhere to the support mediums and remain at 
the origin in paper (4), cellulose acetate (5) and 
agarose gel electrophoresis (6). Both lymph and 
plasma chylomicrons migrate as a single peak in 
the a 2 globulin region in starch block electro- 
phoresis (7). There has been no evidence for 
heterogeneity of lymph chylomicrons from any 
electrophoretic techniques. 

Isoelectric focusing (IEF) (the abbreviation 
or phrase refers to (a) isoelectric focusing, a 
state in equilibrium, and, in the discussion, also 
refers to (b) pH gradient electrophoresis [where 
equilibrium has not  been reached or cannot be 
demonstrated].) has been widely used in 
protein analysis since synthetic ampholytes 
became available in 1966 (8). In lipoprotein 
analysis, IEF has given excellent resolution of 

lThis  work waS presented, in part, at the annual 
51st Scientific Sessions of  the American Heart Asso- 
ciation at Dallas, Texas in November 1978. 

apoproteins (9), but its applications to intact 
lipoproteins have been less successful, because 
they precipitate very readily at their isoelectric 
points (pI) (10) and because certain larger 
lipoproteins cannot enter conventional poly- 
acrylamide gel IEF systems (11). However, 
prestained lipoproteins in human fasting serum 
have been resolved into 7 or 8 distinct compo- 
nents using polyacrylamide gel IEF (12). pl 
values for the intact lipoproteins, high density 
lipoproteins (HDL) (13,14), low density 
lipoproteins (LDL) (10) and very low density 
lipoproteins (VLDL) (15), have been obtained 
from sucrose column focusing, but the stability 
of the pH gradients was not measured and 
resolution of mixtures of intact lipoproteins, 
eluted from sucrose columns, is poor. 

Recently, anticonvective stabilization with 
Sephadex or polyacrylamide granules in thin 
layers has provided IEF pH gradients (16) in 
which stability can be directly measured 
and resolution of proteins is excellent. 

A translucent gel bead support medium 
permitting migration of chylomicrons and other 
VLDL, in the extra-bead volume, in a pH 
gradient, would allow detection of unstained 
lipoproteins and their ready elution for 
analysis. The present work describes such a 
method of isoelectric focusing, using agarose gel 
beads. Its particular application to the analyti- 
cal separation of chylomicron subfractions is 
discussed. 

MATERIALS AND METHODS 

Human blood was collected in EDTA (2 
mg/ml) and plasma stored under N 2 at 2 C - 6 
C. Human hyperlipoproteinemic subjects and 
their plasma were phenotyped by W.H.O. 
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criteria (17). Lymph was obtained from male 
Wistar rats (300-350 g) with cannulated 
thoracic ducts and was stored coagulated (18). 
In rat experiments, either safflower oil (300 
/21) or a mixture of triolein, trilinolein and 
trilinolenin (100/21 of each) (Serdary Research 
Labs, London, Ontario) were emulsified with 
7.5 mg sodium taurocholate and saline and 
fed as bolus dose via an intragastric polyethy- 
lene tube. Lipoproteins were obtained by 
ultracentrifugation (19) in a B60 ultracentri- 
fuge (International Equipment Co., Needham, 
MA) using a swinging bucket rotor (SB-283). 
Plasma and defibrinated chyle were overlayered 
with 5 cm of saline (d=l.006) for the first 
centrifugal run, and the floating lipoproteins 
were removed by tube slicing and recentrifuged 
under the same conditions. The ultracentrifuge 
runs for human and rat chylomicrons were for 
3 x 105 and 1.6 x 106 g/min, respectively, at 
14 C. In experiments with the feed of triple 
triglyceride, ultracentrifugation was modified 
to obtain very large chylomicrons (~2,500 /~) 
and to reduce VLDL contamination. Smaller 4 
ml polyallomer tubes in an SB 405 swinging 
bucket rotor were used; lymph, to a height of 
3.5 cm, was overlayered with saline (d 1.006) 
to a height of 5 cm and centrifuged for 106 
g/min. In the second run, 1.5 ml of chylomi- 
crons were mixed with 1 ml of d 1.342 sodium 
bromide solution and overlayered with 2 cm of 
EDTA-saline (d 1.006). Lipoproteins were 
dialyzed in cellulose tubing (Fisher Scientific 
Co., Montreal) against saline (4.5 g NaC1/1) 
containing sodium azide (100 mgfl) for 18 hr at 
8C.  

Lipoproteins, for electron microscopy, were 
eluted from agarose with distilled H20  , nega- 
tively stained with sodium phosphotungstate 
(20) and examined on carbon-coated copper 
grids in a Philips 200 C electron microscope 
(Philips Electronics Ltd., Montreal). Particle 
magnifications were calculated from grids of 
standardized width (Philips Ltd.), and chylomi- 
cron diameters were measured on positive 
photographic prints with a particle analyzer 
(Model TGZ3, Carl Zeiss Ltd., Montreal). 

Isoelectric Focusing 

Isoelectric focusing and pH gradient electro- 
phoresis were both performed in the same 
system of thin layers of agarose beads (A5m, 
200-400 mesh, Bio Rad Labs., Richmond, 
CA); 110 ml of  6% agarose bead suspension was 
stirred with 100 ml deionized water. Excess, 
water was removed by filtration in a Buchner 
funnel and agarose was washed twice with 75 
ml water. The volume was brought to 100 ml to 
give the viscosity of  a thin syrup (r/~ 0.3). To 

prepare thin layers, 30-2  ml of agarose were 
stirred for 10 min with lysine (1 mg/ml) and 
1.7 ml of pH 2-10 ampholytes (40% W/V) or 
1.1 ml of pH 3-5 (20% W/V)and  1.1 ml o f p H  
2-10 ampholytes (20% W/V) (Physolytes, 
Brinkmann Inst. Inc., Rexdale, Ontario). The 
suspension was poured on to 20 x 20 cm glass 
plates and dried in room air for 1�89 - 2 hr 
depending on humidity and temperature. The 
drying surface was flat and no surface water 
was visible for at least 30 min before the plates 
were placed in a double isoelectric focusing 
chamber (Brinkmann Instruments), humidified 
by wet gauze and cooled by recirculated iced 
water. Anodal and cathodal solutions of 0.30 M 
H2SO 4 and 0.056 M ethylene diamine, respec- 
tively, were absorbed by filter paper strips, 8 
mm x 20 cm. These strips formed the contact 
between platinum ribbon electrodes and 
agarose. Plates were cooled for 15 min and then 
prefocused for a minimum of 60 rain at 200 V 
(power supply, E.C. Apparatus Corp., St. 
Petersburg, FL). Samples were applied with 
glass microscope cover glasses (18 mm) at 4 cm 
from the cathode or at 1�89 - 2 cm if chylomi- 
crons were present. The chamber was closed 
and flushed with N 2. A 16-18 hr electro- 
phoresis at 100 V with amperage commencing 
at 10 mA was convenient for both pH gradient 
electrophoresis and IEF. In contrast to focusing 
of small proteins in other systems, high voltage 
(400-600 V) failed to improve focusing of 
chylomicrons and VLDL. 

Detection of Lipoproteins 

Chylomicrons and VLDL were visualized 
directly, without staining, as white bands in the 
translucent agarose layer. This was achieved by 
oblique transillumination or by oblique illumi- 
nation over a black surface. Rat and human 
LDL were prepared from fasting plasma by 
ultracentrifugation (19), but neither was 
directly visible on agarose layers. Rfs of larger 
lipoproteins were measured directly on the thin 
layers and results recorded by photography 
with high contrast microfilm (HCF 5369, 
Eastman Kodak Co., Rochester, NY) using 
oblique illumination (Figs. 1-4). The lipopro- 
tein migrating farthest was assigned an Rf of 
1.0. The photography of unstained lipopro- 
teins, on a grey translucent background, was 
difficult since a single film exposure did not 
necessarily give correct exposure on all sections 
of the electrophoresis. Consequently, the 
resolution on some photographic prints was 
inferior to that of direct vision or densitometry 
of the thin layers. Chylomicrons, VLDL and 
LDL were detectable by absorption to print 
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FlG. 1. Well isoelectric focusing method. Lymph 
from rat absorbing triolein was applied in wells placed 
obliquely between the cathode (top) and anode 
(bottom) and electrophoresed for 16 hr. The photo- 
graph of unstained lipoproteins was taken from the 
cathodal half of the plate using oblique illumination. 
Triglyceride-rich lipoproteins appear white. The upper 
three wells are empty and show only a light reflex. 
Lower wells show curved white lipoprotein bands on 
their circumference; these are precipitated lipopro- 
teins. A focused lipoprotein intersects the line of 
wells, 4 wells from the top (arrow). 

FIG. 3. pH gradient electrophoresis of chylomi- 
crons obtained after a feed of triple triglyceride. 
Running time 17 hr. The cathode is at the top and the 
origin is visible above the uppermost thin dense 
chylomicron band. 

FIG. 2. pH gradient electrophoresis of whole rat 
lymph with pH 2-10 and pH 3-5 ampholytes for 17 hr. 
The cathode is at the top and samples were applied 1Vz 
cm below it. Safflower oil fed lymph on the left and 
chow fed lymph on the right were obtained from the 
same rat as described in the text. Photography was by 
oblique illumination, as in Figure 1. 

paper  (Br inkmann Inst. Inc.) which was placed 
on the agarose for 3-5 min,  air dried at 125 C 
and s tained overnight  with Oil Red 0 in e thanol  
at 37 C (21). Such pr ints  were of  l imited value 
since they  gave qualitative but  no t  quant i ta t ive  
absorp t ion  and the hor izonta l  migrat ion of  
chy lomicrons  during pr int  absorp t ion  fre- 
quent ly  obscured  resolut ion obta ined  in lipo- 
pro te in  mixtures  conta ining chylomicrons .  

Determination of Isoelectrie Points 

Lipopro te ins  tes ted in this and o the r  sys tems 

FIG. 4. pH gradient electrophoresis of chylomi- 
crons obtained after a trilinolenin feed. The origin is at 
the top. The conditions are as described in text but 
with increase in ethylenediamine concentration to 0.2 
M. Illumination of unstained chylomicrons was 
from the side. 

t end  to prec ip i ta te  at and below their  pI (10);  
therefore ,  it was no t  possible to detect  the pI 
by combined  anodal  and ca thoda l  migrat ions to 
the pl .  To de tec t  the l imit ing pH of  anodal  
migrat ion,  a new technique ,  which will be 
called IEF,  was used. L ipopro te ins  were placed,  
in a series of  wells, diagonally across the plate 
(Fig. 1) using a 10/al p ipe t te .  A focused pro te in  
was de tec ted  by format ion ,  parallel to  the 
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FIG. 5a. Print paper of well isoelectric focusing of 
mixed ovalbumen (0.3%) and horse myoglobin (0.3%) 
after 16 hr electrophoresis with 1.1 mg of pH 2-11 and 
0.6 ml of pH 4-6 ampholines. Proteins were stained by 
Coomassie Blue, and the position of wells, slots and 
the orientation of electrodes are indicated. Myoglobin 
and ovalbumen were "also applied as single proteins to 
the left and right slots, respectively. 

FIG. 5b. Print paper of well focusing of ovalbumen 
taken before complete equilibration of protein migra- 
tion after 4 hr electrophoresis. The oblique arrow 
indicates the isoelectric point (pI = 4.85), and the 
vertical arrow indicates horizontal line formation but 
without well line intersection. 

electrodes, of a straight line that intersected the 
diagonal well line (Fig. 1). Multiple pH 
measurements were taken on such lines, at least 
1 cm out from the well line, since ampholyte 
zones were disturbed around the wells. Lipo- 
proteins, in wells at pH less than their pl, 
precipitated in the wells. Lipoproteins and 
smaller proteins sometimes formed lines with a 
straight component with one pH when the 
distance from their pI was great, but these lines 
curved toward the anode before intersecting the 
well line at the pI of the protein. The classical 
narrowly focused lines seen with smaller 
proteins were rarely observed with chylomi- 
crons and V L D L .  When lipoprotein lines were 
) 1  mm wide, pHs were measured in their 
leading anodal edge. pH was measured with a 
flat surface, combination, probe electrode 
(Desaga-Brinkmann, Rexdale, Ontario), or 
miniature pH and reference electrodes (Bio Rad. 
Labs., Richmond, CA). 

The validity of the well technique was tested 
with smaller proteins of known pI, i.e., sperm 
whale myoglobin, horse myoglobin, limpet 
hemocyanin and conalbumen (Sigma Chemical 
Co., St. Louis, MO). Duplicate experiments 
were run for each protein and the p |  of the 
major protein band was determined from 
triplicate readings. Focusing conditions were 
identical to those used for lipoproteins with the 
addition of continuous humidified N 2 to the 
chamber in the final hour of focusing. The pI 
values of the four proteins did not differ 

significantly from expected values having pls 
0.4 -+ 0.23 less than those reported for IEF on 
Sephadex (16). The omission of N 2 in 3 ex- 
periments gave pI readings 1.09 -+ 0.28 less than 
expected values for 3 proteins. Unlike lymph 
lipoproteins which did not migrate at pHs 
below their pI, the smaller proteins showed 
both cathodal and anodal migration to form 
straight lines intersecting the diagonal well line 
and visible on both sides of it (Figs. 5a and 5b). 
Comparison between well and slot application 
was made with equine myoglobin and oval- 
bumen (Sigma Chemical Co., St. Louis; MO) 
electrophoresed for 16 hr; equilibrium was 
reached since the proteins in wells migrated 
varying distances to form straight lines inter- 
secting the well line (Fig. 5a). Where equili- 
brium has not been reached, the isoelectric 
point can be detected by the well technique as 
shown for ovalbumen electrophoresed for 4 hr 
(Fig. 5b). A relatively straight line, which does 
not intersect the well line, is shown and should 
not be confused with the pI line. These results 
indicate that the well technique and agarose 
gave pl results for small proteins similar to 
those from conventional methods. The well 
technique had the specific advantage: for large 
lipoproteins of indicating the pI with only 
unidirectional migration; with small proteins, 
the method is inferior to Sephadex thin layer at 
high voltage (16) since protein bands are more 
diffuse, less regular, and equilibration is pro- 
longed. 
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FIG. 6. pH gradients were measured in 4 agarose 
thin layers containing mixed ampholytes (pH 2-10, pH 
3-5). The number of hours of electrophoresis is 
indicated for each experiment. The stippled area 
represents the limits of measurements after 11 hr 
and 17 hr in experiments shown in Figure 7. 
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FIG. 7. pH gradient in 2 mixed ampholyte (pH 
2-10, pH 3-5) agarose layers (A and B) were measured 
first after 11 hr and subsequently at 17 hr. The outer 
limits of the pH readings are shown in shaded areas in 
Figures 6 and 8. 

R E S U L T S  

The t ime t aken  to es tab l i sh  l inear  pH gra- 
dients  in agarose bead th in  layers was o b t a i n e d  
by measur ing  pHs in 5 consecut ive  e x p e r i m e n t s  
af ter  1 h r  of  e lec t rophores i s  and  at one subse- 
q u e n t  t ime.  The results  dur ing  the  early phase  
of  focusing,  up to 6 hr ,  are s h o w n  in Figure 
6. Fo r  clar i ty ,  only  4 gradients  are shown ,  bu t  
the  o m i t t e d  4 gradients  measu red  at 1 h r  and  a 
gradient  measured  at 6 h r  were a lmos t  ident ica l  
to  those  shown.  The cent ra l  p la teau ,  showing  
pH changes  of  ( 0 . 4 0 ,  were 9 + 0.9 cm (n=5)  
long  at 1 hr  bu t  decreased progressively to  4 cm 
at 5 hr  and  0 and  2 cm at 6 hr .  In these  condi-  
t ions ,  it r equi red  ca. 6 hr  to  es tabl ish  a l inear  
pH gradient .  

Grad ien t  s tabi l i ty  was measured  by com- 
par ing 11 h r  and  17 hr  pHs in each of  two  
expe r imen t s .  The  results  are s h o w n  in Fig. 7. In 
b o t h  expe r imen t s ,  the  paral lel ism of  grad ien t  
was ma in t a ined ,  bu t  there  was a drif t  of  any  
given pH p o i n t  to  the  ca thode .  

Grad ien t  l inear i ty  was e x a m i n e d  at la te r  
t imes  up to 24 hr ,  and the  results  f rom 4 
d i f fe rent  e x p e r i m e n t s  are s h o w n  in Figure 8. In 
compar i son  wi th  the 11 h r  and  17 hr  experi-  
men t s ,  there  was fu r t he r  c a thoda l  dr i f t  in  the  
ca thoda l  ha l f  of  the  gradient ,  bu t  this  was no  
longer  progressive wi th  increas ing t imes.  By 24 
hr ,  l inear i ty  was lost  in the  anoda l  5 cm of  the  
gradient .  

These results ind ica te  tha t  agarose gel beads  
provide  a sui table  an t iconvec t ive  m e d i u m  for  

1 o  _ . 18 h 

~ 1 9 . 5 h  

~ 2 3  h 

pH 

5- 

4- 

3- 

2 , , , , , , , , , , , , , , , , 
0 2 4 6 8 10 12 14 16 

CM f r o m  C A T H O D E  

FIG. 8. pH gradients were measured after 17 hr in 
4 experiments with mixed ampholytes (pH 2-10, pH 
3-5). The shaded area shows the outer limits of pH 
readings in Fig. 7. 

pH grad ien t  e lec t rophores i s  and  IEF,  in the  pH 
range f rom 3-9. Linear i ty  was es tab l i shed  in 6 
h r  and  was m a i n t a i n e d  for  a lmos t  24 hr .  

Isoelectric Focusing of Lipoproteins 

Resul ts  of  isoelectr ic  focusing by  the  well 
t e c h n i q u e  are i l lus t ra ted  in Figure 1. For  
p h o t o g r a p h i c  purposes ,  the  wells were over- 
loaded  wi th  und ia lyzed  thorac ic  duc t  l y m p h  
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from a rat fed intraduodenal triolein emulsified 
with sodium taurocholate. The unstained 
triglyceride-rich lipoproteins are readily visual- 
ized as white bands. A sharply focused lipopro- 
rein band (VLDL, particle diameters 300-650 
A) marked by an arrow, intersects the well line 
horizontally. The wells cathodal to (above) t h i s  
line are empty, indicating complete migration 
of visible lipoproteins at the pHs of these wells. 
In the wells anodal to the heavily overloaded 
bands, minimal migration to the anodal side of 
each well is due to osmotic flow of precipitated 
material early in electrophoresis. This is recog- 
nized by a uniform migration length in a series 
of wells of different pH and by failure of band 
formation. 

To determine if the agarose method had the 
capacity to resolve and focus human chylomi- 
crons, ultracentrifugally prepared plasma 
chylomicrons were .examined and a sharply 
focused lipoprotein was found at the cathodal 
end of the separated lipoproteins after 17 hr 
electrophoresis; pIs of this lipoprotein band in 
three individuals with normal, Type I and Type 
V primary hypeflipoproteinemia were, respec- 
tively, 5.93, 5.78 + 0.08 (-+ SEM, n=4) and 5.88 
-+ 0.17 (n=4) where n is the number of focusing 
experiments. 

These results demonstrate that agarose IEF 
(a) permits direct visualization and pI measure- 
ment of unstained lipoproteins; (b) permits 
migration of all visible trigiyceride-rich lipopro- 
rein in rat lymph; (c) is unique in focusing at 
least one component of ultracentrifuged human 
serum chylomicrons with reproducible pH 
results; and (d) indicates the limiting pH of 
anodal migration of lipoproteins with the well 
technique, avoiding the uncertainty, inherent in 
the standard IEF polyacrylamide and Sephadex 
techniques, that a protein may still be mi- 
grating. 

pH Gradient Eleetrophoresis 
The capacity of agarose bead pH gradient 

electrophoresis to resolve mixed triglyceride- 
rich lipoproteins was investigated with rat 
thoracic duct lymph. 

Lymph was collected from cannulated rats 
during absorption of safflower oil and 12 hr 
later during chow feeding. Aliquots of the two 
collections were electrophoresed simul- 
taneously. The triglyceride-rich lipoproteins 
migrated as discrete white bands and little 
visible lipoprotein remained at the origin. There 
were major differences in mobility between the 
principal lipoprotein bands in the two nutri- 
tional states from each of five animals. A 
typical result is shown in Figure 2. In the 
oil-fed state, the Rfs of the major bands were 

<0.62 (n=5), but in the chow-fed, the major 
bands had an Rf of 0.96 + .01. In two experi- 
ments, the major band from each nutritional 
state was eluted for electronmicroscopy; in the 
oil-fed state, 96% of the particles were ehylo- 
microns (particle diameter range, 650-1950 A); 
in the chow-fed state, 94% of the lipoproteins 
were VLDL (particle diameter range, 300-650 
A) and 6% chylomicrons. These experiments 
demonstrated that in this system chylomicrons 
migrate in discrete bands and that, in the 
conditions of these experiments, most chylo- 
microns were readily separated from intestinal 
VLDL from the same animal. 

To determine if the method was useful in 
investigation of chylomicron heterogeneity, 
large chylomicrons were obtained �89 to 4 hr 
after feeds of the three unsaturated trigly- 
cerides, a condition favoring the production of 
larger chylomicrons (22). In initial exl~eriments, 
triple triglyceride feeding produced lymph with 
a chylomicron fraction in which 4 distinct 
bands migrated in addition to a thin, dense 
band just below the origin (Fig. 3). Similar 
findings were obtained with feeding of a single 
triglyceride, trilinolenin and, by increasing the 
cathodal electrolyte, five components showed 
unequivocal migration from the origin (Fig. 4). 

In 3 further experiments, the chylomicron 
nature of the separated bands was confirmed by 
electron microscopy. In these 3 experiments, 
each animal was fed a mixture of triolein, 
trilinolein and trilinolenin and, to reduce 
potential contamination with VLDL, the 
centrifugal preparation was altered as described 
above. The results of pH gradient electro- 
phoresis were similar to the previous experi- 
ments in that 5, 4 and 5 migrating bands, 
respectively, were found in each of 3 experi- 
ments. Each band, by electron microscopy, 
was composed of chylomicrons with a mini- 
mum diameter of 2,500 A and the upper limits 
of the range were 12, 15 and 18 x 103 A for 
each of the 3 experiments. Smaller particles 
in the size range of VLDL (300-700 A) were 
seen occasionally, but their contribution to 
lipid mass was negligible (<1%). Material 
remaining at the origin consisted of oil droplets, 
nonsperical particles and chylomicrons. These 
experiments demonstrate that this method has 
the unique capacity to separate multiple 
components of the chylomicron "fraction" 
obtained by ultracentrifugation. More detailed 
characterization of these chylomicron bands is 
beyond the scope of this methodology report. 

DISCUSSION 

Isoelectric focusing of proteins has been 
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great ly  i m p r o v e d  by the  i n t r o d u c t i o n  of  IEF  in 
po lyac ry l amide  gel tubes  and  th in  layer  IEF  on  
a granular  suppo r t  bed  such as Sephadex  
or po lyac ry lamide ;  the  l a t t e r  m e t h o d  gives 
r e so lu t ion  super io r  to  IEF in sucrose co lumns ,  
and  the  separa ted  p ro t e ins  are readi ly  accessible 
to  direct  pH m e a s u r e m e n t  and  to e lu t ion  
for  analysis.  

In an a t t e m p t  to  f ind  i E F  sys tems sui table  
for  c h y l o m i c r o n  and  V L D L  analysis,  we re- 
j ec t ed :  (a) po lyac ry l amide  gels, since chy lomi -  
c rons  and  large V L D L  do n o t  en t e r  the  gel at  
the  usual  gel c o n c e n t r a t i o n s  (11)  a l t hough  
c h y l o m i c r o n s  e n t e r  spacer  gel (23) ;  (b)  Sepha-  
dex,  which ,  in our  hands ,  caused p rec ip i t a t i on  
of  chy lomic rons ;  and  (c) agarose gels, which  
are unsu i t ab le  for  IEF  since h igh osmot ic  
f lows rup tu r e  gels (24).  Agarose gel beads  do 
n o t  rup tu re  osmot ica l ly  and  p e r m i t  use of  
agarose as a t h in  granular  layer .  Agarose beads  
( A 5 m )  exc lude  chy l om i c r ons  and  V L D L  and  
provide  a s u p p o r t  m e d i u m  f rom which  re- 
coveries of  l i pop ro t e in  can be h igh (3).  

Agarose bead  layers  have a n u m b e r  of  o the r  
advantages  for  IEF;  t hey  provide  a t r ans lucen t  
layer  on  which  the  t f ig lycer ide-r ich l i pop ro t e in s  
can be visual ized direct ly ,  p e r m i t t i n g  pH 
m e a s u r e m e n t  on  and  e lu t ion  of  uns t a ined  
l ipopro te ins .  IEF wi th  agarose beads  also has  
po ten t i a l  value in separa t ing  p r o t e i n  mix tu re s  
by  b o t h  pH gradient  effects  and  molecu la r  
sieving pr ior  to  equ i l ib r ium,  i.e., dur ing  pH 
gradient  e lec t rophores is .  Commerc ia l  agarose 
has ionizable  groups  wi th  Kms which  are 
p r o b a b l y  in the  range of  10 .2 to  10 -4 (24) ,  bu t  
pH grad ien t  anomal ies  were n o t  observed in the  
pH range (3-9) r epo r t ed  here.  

The s tabi l i ty  of  pH gradients  in agarose 
beads  is comparab le  to  t h a t  in po lyac ry l amide  
gel (25) .  The  ca thoda l  drif t  observed in the  first 
17 hr  creates di f f icul ty  in de t e r m i n i ng  the  
precise isoelect r ic  po in t  of  large l i pop ro t e in s  
which  migra te  slowly.  For  this  reason,  the  t e rm  
" a p p a r e n t  p I "  shou ld  be used  un t i l  the  sho r t e s t  
focusing t ime  for  a given l i pop ro t e in  is k n o w n  
(26) .  

This  new m e t h o d  appears  par t icu lar ly  
sui table  for  c h y l o m i c r o n  and  V L D L  prepara-  
t ion  and  analysis.  C h y l o m i c r o n s  are general ly 
def ined as l i popro te ins  of  S f ~ 4 0 0 ,  p r o d u c e d  in 
the  in te s t ine  wi th  l ipid derived largely f rom 
die tary  fat  precursors .  The  size range of  chylo-  
mic rons  is very wide,  and  a t t e m p t s  have been  
made  by  serial u l t r acen t r i f uga t i on  to  separa te  
c h y l o m i c r o n s  i n to  3 groups  of  d imin ish ing  
d i ame te r  (27) ,  bu t  there  is n o  evidence t ha t  
these  r ep resen t  separate  classes of  chy l om i c r ons  
since they  overlap,  have  n o  def inable  medians ,  
and  have n o  un ique  chemica l  or e l ec t rophore t i c  

character is t ics .  C h y l o m i c r o n s  migra te  on  some 
e l ec t rophore t i c  sys tems such as s ta rch  b lock  (7)  
and,  to  a l imi ted  ex t en t ,  on  paper ,  bu t  in  
n e i t h e r  is he t e rogene i t y  of  chy lomic rons  
de tec tab le .  It  is p robab l e  t ha t  some he t e ro -  
genei ty  of  chy lomic rons  is p r o d u c e d  by  pre-  
para t ive  m e t h o d s ,  and  u l t r a cen t f i f uga t i on  is 
k n o w n  to reduce  the  a p o p r o t e i n  c o n t e n t  of  
V L D L  (28)  and  c h y l o m i c r o n s  (29) .  The sensi- 
t iv i ty  of  agarose IEF  for  l i pop ro t e in  separa t ion  
was es tabl i shed  by the  d e m o n s t r a t i o n  of  
cons iderable  h e t e r o g e n e i t y  in u l t r acen t f i fuged  
l y m p h  chy lomic rons ,  previously  cons idered  
h o m o g e n e o u s .  
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COMMUNICATIONS 

Composition of Wax Esters and Triacylglycerols in the Melon 
and Blubber Fats of a Young Sowerby's Whale Mesoplodon bidens 
C.M. LOK and B. FOLKERSMA, Unilever Research, Vlaardingen, The Netherlands 

ABSTRACT 

The blubber fat of a yearling Sowerby's Whale, Mesoplodon bidens, stranded on the Dutch coast, 
contained 59% triacylglycerols. This is quite unexpected because low levels (0-6%) of triacylglycerols 
are characteristic of Ziphiidae whales. In addition, the chain lengths of the fatty acids of the melon 
were longer than those of previously studied related species. As young Sowerby's Whales undergo a 
change in diet from mainly triacylglycerols in milk to wax ester containing food during their develop- 
ment from infancy to independence, these findings could reflect the age of the animal. 

INTRODUCTION 

It has been noted before that the composi- 
tion of  the blubber fats of the Odontoceti 
(toothed whales) often differs markedly from 
that of the fats of the melon and jaw (1). It has 
been postulated that the lipids of the melon 
and jaw tissues are responsible for the special 
acoustical properties of these organs, which 
make them suitable for echolocation (2). 
Especially the unusual isovalerate lipids in 
many of these "acoustic" oils have received 
much attention (3-5). 

In a recent comparative survey of  the lipid 
composition of  Odontocete fats, Litchfield et 
al. (6) demonstrate that the composition of 
both blubber and head oils is correlated in 
several respects with the taxonomic subdivision 
of this suborder; they categorize the acoustic 
and nonacoustic fats of  the entire suborder by 
the presence of isovaleric acid, wax esters, 
triacylglycerols, short chain and long chain 
fatty acids. An important division can be made 
on the basis of isovaleric acid. Species belonging 
to the Delphinidae, Phocoenidae and Mono- 
dontidae all contain high percentages of  iso- 
valeric acid, whereas the Ziphiidae, Physeteri- 
dae and Platanistidae do not (6). A further 
division was suggested (6,7): the blubber fats of 
several Ziphiidae species consist almost entirely 
(94%-100%) of long chain wax esters, which 
fact was considered to be a unique charac- 
teristic distinguishing the Ziphiidae from all 
other whales. In addition, it was shown that 
Ziphiidae melon and jaw fats contain large 
amounts of C10-C12 fatty acids not found 
elsewhere in the Odontoceti (6,7,8). 

On September 29th, 1977, a young male 
Sowerby's Whale, Mesoplodon bidens, (2.59 m) 

stranded on Ouddorp Beach, The Netherlands. 
As no analytical data of  the acoustical fats of 
this species have been found and only the fats 
of a few Ziphiidae species have been studied 
(6,7), we have analyzed its melon, jaw and 
blubber fats. 

EXPERIMENTAL 

Samples of blubber fat of  the dorsal area, of  
one-half of the melon, and of  the total jaw fat 
body, freed from attached blubber fat, were 
extracted in a Sorvall Omnimixer with chloro- 
form/methanol  (2 : 1, v/v). Lipid class composi- 
tions were determined by column chromatog- 
raphy using 10 g samples on silicic acid deac- 
tivated with 10% water using a gradient of 
diethyl ether in light petroleum as eluent. The 
triacylglycerol and wax ester fractions of the 
melon and blubber were saponified with 
methanolic sodium hydroxide solution (0.5 
tool / l ) ,  and the resulting soaps were esterified 
with boron trifluoride in methanol (14:100, 
w/v). Fatty acid methyl esters were analyzed by 
gas liquid chromatography (GLC) on a Packard 
Becket 419 gas chromatograph equipped with a 
flame ionization detector (FID). A homemade, 
80 m x 0.5 mm, SCOT glass column was used, 
precoated with fractionated Aerosil OX 50 (ex 
Degussa, Germany) and coated with Silar 5 CP, 
both by the dynamic method. Conditions: 
column temperature 205 C or programmed 
from 180 to 215 C at 2 deg/min; carrier gas He, 
5 ml/min. Peaks were identified by gas chroma- 
tography-mass spectrometry (GC-MS), by com- 
parison with the carbon numbers of known 
compounds and with analytical data from an 
EGA packed column. The GC-MS apparatus 
was a Kratos MS 30 fitted with the same 
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capillary column and temperature programming 
as above. 

R ESU LTS 

Lipid class analyses showed tha t  tr iacyl-  
glycerols (melon  38%, jaw 46%, b lubber  59%) 
and wax esters (melon  62%, jaw 54%, b lubber  
41%) were the  main c o m p o n e n t s  of  the  non-  
polar  part o f  the fats. In addi t ion,  t races o f  
o the r  lipid classes (diacylglyceryl  e thers)  were  
found ,  which were no t  fur ther  analyzed.  

The high tr iacylglycerol  c o n t e n t  o f  the  
b lubber  fat is quite unexpec t ed ,  because low 
levels (0-6%) were considered to  be a unique  
character is t ic  o f  the  Ziphiidae (6,7). To exclude  
the  possibil i ty that  these  high levels of  tr iacyl-  
glycerols are only locally present ,  we investi- 
gated 9 samples,  t aken  f rom the upper ,  middle  
and lower layers, respectively of  the  dorsal  
and ventral  part  o f  the  body  behind  the  dorsal  
fin and of  the  jaw. However ,  substant ia l  
amount s  of  t r iacylglycerols  were present  in all 
samples. 

The fa t ty  acid c o m p o s i t i o n  of  the  wax esters 
and the  tr iacylglycerols o f  the b lubber  and 
me lon  fats are p resen ted  in Table I and Figure 
1. The fa t ty  acids are similar to those  found  in 

most whale fats. The melon oil fatty acids 
ranged from 10 to 22 carbon atoms. Average 
chain lengths  were 14.7 ( tr iacylglycerols)  and 
14.8 (wax esters).  The mos t  p r o m i n e n t  fa t ty  
acids were  12:0, 14:0, 14:1to5 and 16:16o7. As 
in o the r  Odon toce t i  genera examined ,  the  
melon  fa t ty  acids had shor ter  chain lengths,  
were branched  and were saturated to a h igher  
ex t en t  t han  those  o f  the  b lubber  fat. The most  
p r o m i n e n t  fa t ty  acids o f  the  b lubber  were 14:0, 
16:0, 16 :1w7 ,  18:1co(9+11), 20:16o(9+11) and 
22:16o(11+13).  Relatively high amounts  of  
po lyunsa tu ra ted  fa t ty  acids were p resen t  in the  
wax ester  f rac t ion o f  this fat: 20:5603, 6.8%; 
22 :5w3,  2.7% and 22 :6w3 9.2%; this was 
conf i rmed  by a high sk ipped-methy lene  signal 
in the  NMR spec t rum and by the high iodine  
value o f  128.7 o f  this f ract ion.  The o the r  lipid 
samples had lower  iodine  values: b lubber  
t r iacylglycerols  79.6;  me lon  tr iacylglycerols  
56.6 ; me lon  wax esters 52.9. 

The average chain lengths  of  the  fa t ty  acids 
in the  b lubber  fat were 17.1 ( tr iacylglycerols)  
and 18.4 (wax esters).  

DISCUSSION 

It seems wor thwhi le  to incorporate the  data 

TABLE I 

Distribution of Fatty Acids of the Wax Esters and the Triacylglycerols 
(Mole %) of Sowerby's Whale Mesoplodon bidens 

Wax esters Triacylglycerols 

Fatty acid Melon Blubber Melon Blubber 

Iso- C10:0 0.3 
C10:0 0.8 

Iso- CII:0 
Anteiso- C l l :0  0.1 

C 1 1 : 0 trace 
Iso- C12:0 2.9 

C12:0 7.6 0.4 
Branched C13:0 
Iso- C13:0 0.6 
Anteiso- C13:0 0.2 

C13:0 0.1 
Iso- C14:0 6.3 0.1 

C14:0 16.9 5.2 
Iso- C15:0 0.9 0.1 
Anteiso- C15:0 0.4 0.1 

C15:0 0.2 0.1 
Iso- C16:0 0.9 trace 

C16:0 2.3 2.8 
Iso- C17:0 0.1 
Anteiso- C17:0 0.1 0.1 

C17:0 0.1 
Iso- C18:0 

C18:0 0.3 0.8 
C19:0 0.1 0.1 

1.2 
3.0 
0.5 
0.2 
0.1 
5.1 
8.7 

0.2 

0.1 
1.2 
0.2 

0.5 
0.3 
0.1 0.1 
4.9 0.2 

15.5 11.9 
0.7 0.2 
0.3 0.t 
0.4 0.5 
1.8 0.2 
7.8 12.4 
o.1 o.1 
o.1 o.1 
0.1 0.2 
0.1 0.1 
0.7 1.9 
0.1 0.1 

Total saturated 41.0 10.0 52.3 29.8 
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T A B L E  I (cont inued)  

Wax esters Triacylglycerols  

Fatty  acid Melon Blubber Melon Blubber 

C I 0 : I  0 .3  0 .3  
C 1 0 : I  0 .2  0 .5  0.1 

Iso-  C 1 2 : 1  4 . 3  3 .4  
Iso-  C 1 2 : 1  1.5 0 .2  0 .2  

C 1 2 : 1  2.1 
C 1 2 : 1  0 .7  0.1 0 .5  0 .2  
C 1 2 : 1  0 .2  0.1 
C 1 4 : 1 c o 9  2.5  0.1 1.1 
C 1 4 : 1 c o 7  2.1 0 .2  2 .7  0 .3  
C 1 4 : 1 c o 5  11.1 6.1 5 .0  4 . 0  
C 1 5 : 1  0 .1  
C 1 5 : 1  0.1 trace 
C 1 6 :  1~.o I 1 1.2 0 .2  1.1 0 .3  
C 1 6 : 1 c o 9  1.1 0 .2  3 .8  1.1 
C 1 6 : 1 c o 7  14 .6  14 .3  10 .8  17 .6  
C 1 6 : 1 c o 5  0 .3  0 .2  0 .3  0 .4  
C 1 7 : 1  0 .2  0 .5  0 .3  0 .6  
C 1 7 : 1  0 .8  0.1 0 .3  
C 1 8 : 1 c o l l  3 .0  
C 1 8 : 1 o 3 9  ] 8 .3  15 .3  6 . 4 ]  18 .7  

C 1 8 : 1 o 3 7  0 .9  1.7 0 .8  1.9 
C 1 8 : 1 t o 5  0.1 0 .4  0 .2  
C 2 0 :  leo I 17 1.0 4 .5  
C 2 0 : l c o 9  3 2 .7  15 .7  1 .4  6 .0  

C 2 0 : l o 3 7  0 .6  
C21  : 1 0 .4  0 .2  
C 2 2 : 1 c o 1 3 7  
C 2 2  : leo 11_1 0 . 4  5 .3  0 .9  7 . 0  

C 2 2 : 1 c o 9  0.1 0 .8  0.1 0 .9  

Tota l  m o n o e n e  5 3 . 6  6 2 . 5  4 6 . 0  6 4 . 2  

C 1 2 : 2  0.1 
C 1 4 : 3  0 .7  
C 1 6 : 2  
C 1 6 : 2  0.1 
C 1 6 : 2  0 .2  0 .4  
C 1 6 : 3  0 .2  
C 1 6 : 3  0 .2  
C 1 8 : 2 t o 6  0 . 6  1.8 
C 1 8 : 3 c o 3  0 . 4  1.8 
C 1 8 : 4 c o 3  0 .8  1.8 
C 2 0 : 2 c o 6  0.1 0 . 4  
C 2 0 : 4 6 o 6  0.1 1.1 
C 2 0 : 4 c o 3  1.5 
C 2 0 : 5 t o 3  1.1 6 .8  
C 2 2 : 5 c o 3  0.2  2 .7  
C 2 2 : 6 c o 3  0 . 4  9 .2  

Total  po lyene  5.2 2 7 . 5  

0 .1  
0 .2  
0.1 0 .1  

0 .3  

0 .4  0 .9  
0 .2  0 .6  
0 .2  0 .4  

0.1 
0 .1  0 .2  
0.1 0 .4  
0 .3  1.2 

0 . 4  
0.1 

1.7 5.7 

of  Mesoplodon bidens in the scheme of Litch- 
field et al. (6) in which they put the data of  
Odontocete whales in order. As predicted by 
them, no significant amounts of  isovaleric acid 
were present, which is typical of  the group of  
Ziphiidae, Physeteridae and Platanistidae. How- 
ever. although the fatty acids of  the melon are 
rather short and contain ca. 3% C 10 and almost 
20% C12, the assignment of  our speciment to 
the group of "C10-C20 acids" seems more 
appropriate than to the group of mostly 

"Cl0-C12 acids," to which the Ziphiidae 
species appear to belong (6). In fact, the 
C10-C12 content and the average triacyl- 
glycerol carbon number of  the melon of  Meso- 
plodon bidens resembles that o f  the Sperm 
Whale Physeter macrocephalus (9), which 
belongs to a different family, rather than that 
of  the more related Ziphiidae species Berardius 
bairdii (8,10). In the latter species, fatty acids 

C14 were present only in minor amounts (8). 
The finding of  high amounts of  polyun- 
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l o ,  17 , 1 4 '  ,p , 1,8 , 2 0  2 ? , c ~ , . L e ~ .  

i . i 
~ : r  m 

b lubber  

me lon  

0 wax  esters  

�9 t r iacylglycero[s 

FIG. 1. Distribution of chain lengths of the fatty 
acids (mole %) of the blubber (above) and melon 
(below) of Sowerby's Whale Mesoplodon bidens. 

saturated fa t ty  acids in the  b lubber  fat o f  our  
specimen compared  with,  for  example ,  an 
almost  comple te  lack o f  these acids in Berardius 
bairdii (8) is possible of  l imited t axonomica l  
impor tance ;  at least for Myst icet i  Whales, a 
relat ion be tween  the iodine  value of  the  
b lubber  fat and the  fatness o f  the  animals exists 
(11). 

A no the r  u n e x p e c t e d  result  is the  high 
t r iacylglycerol /wax ester ratio in the b lubber  
fat o f  our  specimen,  which deviates sub- 
stantially f rom that  o f  o the r  beaked whales;  
Berardius bairdii, Hyperoodon ampullatus and 
Mesoplodon densirostris conta ined  3, 6 and 0% 
triacylglycerols,  respect ively (6). Our spec imen 
conta ined  59% blubber  tr iacylglycerols.  F r o m  
the  data of  the  b lubber  fat o f  a Sowerby ' s  
Whale s t randed on the F rench  coast  in 1908 
(12,13),  it can be deduced  that  they  indica ted  
low levels of  tr iacylglycerols.  The saponifica-  
t ion value of  the  b lubber  fat was 1 0 3 . 4 ; t h e  fat 
con ta ined  49% unsaponif iable  material  and 
only small amount s  (0.7%) o f  glycerol were 
found.  It can, therefore ,  be conc luded  tha t  at 
least in Mesoplodon bidens the  t r iacylglycerol /  
wax ester ratio in the b lubber  fat may  be sub- 
jec t  to substant ial  intraspecif ic  variation. As 
our  specimen differed f rom the  previously 
s tudied Mesoplodon bidens and o the r  beaked  

whales in that  it was very y o u n g  (about  one  
year  old),  one  may  speculate  t ha t  the  triacyl- 
g lycerol /wax ester  ratio may  change with age. 
The milk fat o f  Mesoplodon bidens is unlikely 
to contain  wax esters as t r iacylglycerols  were 
the  only main lipids demons t r a t ed  in the milk 
of  Tursiops truncatus, which  also belongs to the  
Odon toce t i  (14). On the  o the r  hand,  the  food  
o f  the  adult  animal (squid for  example)  is 
expec t ed  to  conta in  substant ial  amo u n t s  o f  wax 
esters (9). The deve lopmen t  f rom infancy  to  
independence ,  which  is usually reached  af ter  a 
nursing per iod of  abou t  a year  (roughly the  
es t imated  age of  our  specimen) ,  could thus  be 
accompan ied  by a change in the  t r iacylglycerol /  
wax ester  ratio. 
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ABSTRACT 

In addition to the monohydroxysterols found in the A 8 ~ A7 isomerase-blocked Saccharomyees 
cerevisiae mutant erg 2, a novel dihydroxysterol, ergosta-8,24(28)-dien-3/3,6a-diol, was isolated.This 
sterol accumulated to the extent of 2.1% of the total sterol fraction when this mutant was treated 
with 23-azacholesterol, a known inhibitor of the 24-methylene-sterol-24(28)-reductase. 

INTRODUCTION 

Yeast produce an array of monohydroxy- 
sterols which have been extensively investigated 
in this and other laboratories (1). In the in- 
stances in which polyhydroxysterols, naturally 
occurring (2,3) or artifacts of oxidation (3), 
have been detected in yeast, few (2,4) have 
been identified. We wish to report charac- 
terization of a dihydroxysterol (0.8% of sterols) 
from a Saccharomyces cerevisiae mutant erg 2 
which is blocked at A8 ~ A7 sterol isomerase 
(5). The dihydroxysterol accumulates (2.1% of 
sterols) when this mutant is grown aerobically 
in the presence of 1/aM 23-azacholesterol (5), a 
known 24(28)-methylene sterol reductase in- 
hibitor (6), suggesting it possesses at least 
3/3-hydroxy, A8 and z~24( 2 8) structural units. 

MATERIALS AND METHODS 

The erg 2 sterol mutant of  S. cerevisae em- 
ployed in this study has been described else- 
where (7,8). A 10 ml starter culture statically 
incubated at 30 C for 24 hr was added to 100 
ml of complete liquid medium (9) containing 1 
/aM 23-azacholesterol, and the culture was 
grown at 25 C with stirring for 48 hr. The 
inoculum was transferred to a 4 1 Virtis 
fermenter jar containing 1.5 1 of medium to 
which the 23-azacholesterol had been added in 
ethanol (1.5 ml) to a concentration of  1 /aM. 
For the control experiment, the azasterol was 
omitted from the medium. The cultures were 
grown for 48 hr on a Virtis fermenter at 30 C 
with 400 rpm stirring and 2 1/min aeration. 
The cells were harvested by centrifugation, 
washed three times with distilled water, and 
saponified (9). 

The nonsaponifiable fraction (NSF) from 
erg 2 cultured in the presence of 1 /aM 23- 
azacholesterol was acetylated and separated by 
preparative thin layer chromatography (TLC) 
on Silica Gel GF-254, 25% AgNO 3 plates 
developed in benzene. The bottom-eluting band 

at Rf 0.14 was removed and found to contain 
one major peak by gas liquid partition 
chromatography (GLPC) (4,6). After 
purification by TLC (Silica Gel GF-254, ben- 
zene) a compound (1) was obtained that was 
98% pure by GLPC (5,6). Analysis by GLPC of 
the NSFs from the azasterol-treated and control 
cultures revealed that 1 was 2.1% and 0.8% of 
the total sterols (0.028% and 0.008% of the dry 
cell weight), respectively. 

Chemical ionization-mass spectroscopy (CI- 
MS) was generously performed by Professor W. 
Ayre at the University of Alberta, Edmonton. 
Electron impact-mass spectra (EI-MS) were 
obtained on a Perkin-Elmer Hitachi RMU-6E 
spectrometer using usual inlet conditions (9). 
Proton and carbon resonance spectroscopy was 
performed on a Varian XL-100-15 spectrometer 
equipped with TT-100 Fourier transform 
system. For proton spectra, samples were dis- 
solved in CDC13 containing tetramethylsilane 
(TMS) while for 13 C spectra TMS was omitted. 
13 C chemical shifts are reported relative to 
TMS (6(TMS) = 6(CDC13) + 76.9 ppm). 

RESULTS AND DISCUSSION 

High resolution mass spectroscopy gave the 
molecular weight of 1 (Fig. 1) as 498.3716. 
This corresponds to a formula of C32H5004 
(498.3709) which is compatible with a 28 car- 
bon, doubly unsaturated sterol possessing two 
acetoxy groups and with the molecular weight 
(498) determined by CI=MS. 

In Table I, the proton magnetic resonance 
(PMR) spectral data for 1 and 2 (fecosteryl 
acetate) are given. The two acetoxy functions 
of  1 absorbed as two closely spaced but 
resolved singlets at 62.05 and 2.07 ppm. As 
chemical shifts and coupling constants of the 
side chain methyl groups and the C-28 protons 
of  1 were nearly identical to those of 2, the 
presence of a A24(28)-bond on the side chain of  
1 was apparent. The presence of A8-double 
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Ac6 
1 2 

T A B L E  II 

C a r b o n - 1 3  C h e m i c a l  Sh i f t s  o f  
3 /3 ,6~-Diacetox y e r g o s t  a - 8 , 2 4 ( 2 8 ) - D i e n e  (1) ,  

3 ~ - A c e t o x  y e r g o s t a - 8 , 2 4 ( 2 8 ) - D i e n e  (2),  
3 /3 -Ace toxycho le s t -8 -ene  (3) ,  

a n d  3 / 3 - A c e t o x y c h o l e s t - 8 ( 1 4 ) - E n e  (4)  a 

877 

3 4 

F I G .  1. S t r u c t u r e s  o f  3# ,6cz -d i ace toxye rgos t a -8 ,  
2 4 ( 2 8 ) - d i e n e  (1) ,  3 / 3 - a c e t o x y e r g o s t a - 8 , 2 4 ( 2 8 ) - d i e n e  
(2) ,  3 t3 -ace toxycho le s t -8 -ene  (3) ,  a n d  3 # - a c e t o x y -  
c h o l e s t - 8 ( 1 4 ) - e n e  (4). 

T A B L E  I 

P r o t o n  C h e m i c a l  Sh i f t s  o f  1 a n d  2 a 

Pos i t i on  1 2 

C-18  0 .61  0 .62  
C-19  1 .08 0 . 9 9  
C-21 0 .97  (J=7.5  Hz)  0 .96  ( J=8  Hz)  

C - 2 6 , 2 7  1.05 (J-7 Hz)  1 .04  ( J=6 .5  Hz)  
C O O C H  3 2 .05  2 .03  

2 .07  
C-3~ ca. 4 .65  ca. 4 .65  
C-6fl ca. 4 . 9 0  
C-28  4 .65  (J=5 Hz)  4 .65  (J=5 Hz)  

a l n  p p m  d o w n f i e l d  f r o m  TMS. 

C a r b o n  No.  1 2 3 b 4 b 

1 34 .8  34 .7  34 .8  36 .2  
2 2 7 . 0  2 7 . 4  27 .5  27 .5  
3 72 .7  73 .4  73 .3  7 3 . 4  
4 28 .1  34 .0  34.1 34 .0  
5 4 4 . 3  4 0 . 4  40 .5  4 4 . 0  
6 70 .2  25 .2  2 5 . 3  28 .7  
7 33 .9  27 .2  27 .0  2 9 . 4  
8 1 2 5 . 9  128 .2  128.1  1 2 5 . 8  
9 134 .5  1 3 4 . 6  1 3 4 . 4  49 .1  
10 37 .4  35.5 35 .6  36 .6  
11 2 2 . 4  22 .6  2 2 . 7  19.8  
12 36 .4  36.7  36 .8  37.1 
13 4 1 . 8  4 2 . 0  4 2 . 0  4 2 . 6  
14 51 .2  51 .7  51.7  142 .5  
15 2 3 . 4  2 3 . 6  2 3 . 9  25 .7  
16 2 8 . 4  2 8 . 6  28 .7  26 .9  
17 54 .4  54 .6  54 .8  56 .8  
18 11.0  11.1 11.2 18.1 
19 18 .4  17.6  17.6  12.6 
2 0  35 .9  36.1  36 .2  34 .3  
21 18 .4  18.6  18.7 19.0  
22  34 .4  34.5  36.1 35 .9  
2 3  30 .8  30 .9  23 .7  23 .7  
2 4  156 .5  156.5  39 .4  39 .4  
25 33.5  33 .6  2 7 . 9  2 7 , 9  
2 6  2 1 . 6  21 .7  22 .5  2 2 . 4  
27  21 .6  21 .7  22 .7  22 .7  
2 8  1 0 5 . 3  1 0 5 . 8  
C O O C H  3 2 0 . 9  21 .2  2 1 . 3  2 1 . 2  

2 1 . 0  
C O O C H  3 170 .2  1 7 0 . 3  170.1  170.1  

1 7 0 . 6  

a l n  p p m  d o w n f i e l d  f r o m  TMS. 
b D a t a  f r o m  Ref .  12. 

bond in 1 was suggested by chemical shift of 
the C-13 methyl group and lack of additional 
olefinic absorptions downfield from those of 
the e x o  methylene. Additional support for 
this observation was given by the calculated 
chemical shifts (10) for the C-10 and C-13 
methyl groups of 4 (Fig. 1) possessing any ad- 
ditional ring acetoxy substitutent. These were 
all higher than that measured for 1 and 2. 

The C-10 methyl group of 1 was shifted ca. 
0.1 ppm downfield, and this indicated that the 
second acetoxy group was probably attached to 
ring A or B. Examination of the calculated 
shifts (10) for C-10 methyl group of 3 (Fig. 1) 
for all ring A and B positions of the second 
acetoxy group revealed l a  (1.03 ppm), 2a 
(1.06 ppm), 213 (1.12 ppm), 6a (1.05 ppm), 
6/3 (1.15 ppm) and 7a (1.05 ppm) to be 
compatible (+ 0.1 ppm) with that observed. 

While these calculations established the attach- 
ment  of the second acetoxy group to ring A or 
B, no decision could be made as to its location 
or configuration. 

The 13C magnetic resonance (CMR) spec- 
trum of 1 was more definitive than its PMR 
spectrum, and not  only established the presence 
of the A8_ and A24(28)-bonds but also 
permitted assignment of the second acetoxy 
group of 1 to the C-6 position. In Table II are 
listed the 13C chemical shifts for 1 and 2. 
Schroepfer and coworkers have most recently 
reported the  13 C chemical shifts for a variety 
of A8_ and A8(14)-sterols and their deriva- 
tives (11,12). Of these, 3/3-acetoxycholest-8- 
ene (3) is the key reference compound which 
greatly facilitated the assignment of the 13 C 
chemical shifts of 1 and 2. The 13 C chemical 
shifts for ] and its double bond isomer 4 (3/3- 
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ace toxycho l e s t -8 (14 ) - ene )  are also given in 
Table  II. 

As seen in Table  II, t h e  CMR s p e c t r u m  of  1 
readi ly  c o n f i r m e d  t h a t  it possessed a A24(28 ) .  
b o n d  and  two  ace toxy  groups  as were ind ica t ed  
by  mass and  PMR spect ra l  data .  The  as s ignment  
of  the  chemica l  shifts  for  t he  A 2 4 ( 2 8 ) - d o u b l e  
b o n d  were m a d e  b y  c o m p a r i s o n  to those  given 
for  l i m o n e n e  (13).  A l t h o u g h  t he  13 C chemica l  
shi f t  of  C-8 in 1 was the  same as in 4 and  
sl ightly unf ie ld  f rom t h a t  in 2 and  3, n o  peak  
near  142 p p m  was p resen t  in  the  CMR spec- 
t r u m  of  1. Hence,  the  second doub le  b o n d  in 1 
was A8 and  n o t  A8(14) .  The  upf ie ld  shif t  of  
the  C-8 c a r b o n  was p r o b a b l y  due to a 3' shif t  
i nduced  by  the  second  ace t oxy  at C-6, 11 or  
15. As the  two  la t ter  sites of  a t t a c h m e n t  of  
the  ace toxy  g roup  have been  ru led  ou t  by  PMR 
data  (see above) ,  on ly  C-6 r ema ined  for  con-  
s idera t ion.  

The  C-6 c a r b o n  of  2 and  3 a b s o r b e d  at 625 .2  
and  25.3 ppm,  respect ively,  b u t  1 lacked  an 
a b s o r p t i o n  in the  24-26 p p m  region o f  the  
spec t rum and  exh ib i t ed  a p r o m i n e n t  peak at  
70 .2  ppm.  These  data  es tab l i shed  t he  pos i t i on  
of  the  second ace t oxy  group of  1 at C-6. 

The  conf igu ra t ion  of  the  C-6 ace t oxy  sub- 
s t i t uen t  and  the  chemica l  shi f t  ass ignments  for  
C-4, 5 and  7 are based u p o n  the  s u b s t i t u e n t  
effects  o f  a r ing ace t oxy  group  on  13C shifts  
of  s teroids  (14).  F r o m  these  data ,  t he  /3 shifts  
for  C-5 and  C-7 and 7 shif t  for  C-4 were 
ca lcula ted  for  the  two possible  conf igu ra t ions  
of  the  C-6 ace toxy  group.  Fo r  a C-6~ ace t oxy  
group,  the  values are -5.9,  3.6 and  6.7 p p m  for  
C-4, 5 and  7, respect ively,  whereas  for  a C-6/3 
ace toxy ,  the  values are -3.7, 1.1 and  4.7 ppm,  
respect ively.  When the  f o r m e r  set of  subst i tu-  
en t  effects  are added  to  t he  chemica l  shift ' ,  of  
the  appropr ia t e  c a rbons  of  2,  t he  shif ts  for  C-4, 
5 and  7 are p red ic ted  to be  28.1,  44 .2  and  33.9 
ppm,  respect ively.  Indeed ,  c a r b o n  resonances  in 
the  spec t rum of  1 were f o u n d  at these  calcu- 
la ted  posi t ions .  Fo r  the  case o f  a C-6~ a c e t o x y  
g roup  o f  1, t he  shifts  ca lcu la ted  for  C-4, 5 and  
7 are 30.9 and  41.8  and  31.9 ppm,  respect ively ,  
and  while  there  is co inc idence  wi th  two  of  
these  values,  the  th i rd  r e sonance  (31.9  p p m )  is 
absen t  in the  spec t rum of  1. The  r ema in ing  
d a t u m  s u p p o r t i n g  the  ~ conf igu ra t ion  of  the  
C-6 a c e t o x y  of  1 is the  shif t  o f  t he  C-19 ca rbon .  
The  calcula ted shift  (12 ,14)  o f  C-19 due  to 
a C-6fl a ce toxy  is ca. 20.5 p p m  while  t h a t  due 
to this  group of  the  c~ con f igu ra t ion  is 18.7 
ppm.  The  l a t t e r  value is more  cons i s t en t  w i th  
the  observed shif t  of  18.4 ppm.  

A d d i t i o n a l  p r o o f  o f  s t ruc tu re  of  1 is given 
by  its relat ive r e t e n t i o n  t ime  ( R R T )  of  2.37 
( cho le s t any l  ace ta te  = 1.00) o n  an O V - t 0 1  glass 

capi l lary c o l u m n  at 245 C (5)  wh ich  was 
iden t ica l  to  the  R R T  ca lcu la ted  for  1 (15).  
Final ly ,  t he  El-MS of  1 was similar  to  t h a t  of  
pen ioce ry l  d iace ta te  (3fl ,6t~-diacetoxycholest-8-  
ene)  whose  spec t rum shows m a j o r  ions  at  m /e  
426  (M + - HOAc) ,  366  (M + - 2HOAc) ,  351 
(M + - 2HOAc  - CH 3) and  143 (16) .  The  mass 
s p e c t r u m  of  1 exh ib i t ed  ma jo r  ions  at  m / e  
438 ,  378,  363 and  143, the  first  t h ree  of  these  
be ing  12 mass uni t s  larger due to the  exo 
m e t h y l e n e  on  the  side chain.  

Since the  S. cerevisiae m u t a n t  f rom which  
this  s terol  is derived is b locked  at As -> A7 
isomerase ,  this  m e t a b o l i t e  m a y  be  involved in 
a AS-unsa tura t ion .  I f  th is  is i ndeed  the  case, 
AS-unsa tu ra t i on  may  p roceed  via hyd roxy la -  
t ion  at C-5 a n d / o r  C-6 since 5a -hyd roxye rgo -  
s terol  derivat ives have previous ly  been  encoun-  
t e red  in wild t y p e  s t rains  o f  th is  yeas t  and  have 
b e e n  s h o w n  to p roceed  in vivo to  A 5 - m e t a b o -  
lites (4). This ster01 resembles  in h y d r o x y l a -  
t i on  p a t t e r n  hydroxys te r01s  which  inh ib i t  
cho les t e ro l  b io syn the se s  in m a m m a l s  (17)  
and  is s t ruc tura l ly  s imilar  to  peniocer01,  wh ich  
was isola ted f rom the  ca tus  P. fosterianus 
(18) .  Whe the r  the  di01 of  1 is a regula tor  of  
yeast  ster01 b io syn thes i s  has  ye t  to  be  de- 
t e rmined .  
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Inhibition of Hepatic Lipogenesis by 2-Tetradecylglycidic Acid 
SYLVIA A. McCUNE, TAKAHIDE NOMURA, and ROBERT A. HARRIS, Department of 
Biochemistry, Indiana University School of Medicine, Indianapolis, IN 46223 

ABSTRACT 

2-Tetradecylglycidic acid (TDGA), a hypoglycemic agent, has been found to be a very effective 
inhibitor of de novo fatty acid synthesis by isolated hepatocytes. A comparison was made between the 
effectiveness of TDGA and 5-(tetradecyloxy)-2-furoic acid (TOFA), a hypolipidemic agent, on the 
metabolic processes of isolated hepatocytes. These compounds are structurally related and both 
inhibit fatty acid synthesis; however, they have opposite effects from each other on the oxidation and 
esterification of fatty acids. TDGA inhibits whereas TOFA stimulates fatty acid oxidation. TDGA 
stimulates whereas TOFA inhibits fatty acid esterification. 

INTRODUCTION 

Previous studies from this and other labora- 
tories have established that 5-(tetradecyloxy)-2- 
furoic acid (TOFA) is a potent inhibitor of 
fatty acid synthesis by the liver (1-5). TOFA is 
converted to the CoA ester which is an inhi- 
bitor of acetyl-CoA carboxylase (5). Tutwiler et 
al. (6,7) recently demonstrated that 2-tetra- 
decylglycidic acid (TDGA), a compound 
structurally related to TOFA, is a hypoglycemic 
agent and a powerful inhibitor of fatty acid 
oxidation. The structures of the compounds are 
given below: 

2 Tet radecy lg l yc id i c  acid 

~ CO2H CH 3 (CH2) 13 

5 (Te t radecy loxy )  2 fu ro ic  acid 

We became interested in comparing the 
effects of these compounds on hepatic fatty 
acid synthesis because, in contrast to TDGA, 
TOFA is an activator of fatty acid oxidation 
(1,5,8). It is shown in this study that TOFA 
and TDGA have almost identical effects on de 
nova fatty acid synthesis, but do indeed have 
opposite effects upon fatty acid oxidation 
and esterification. 

MATERIALS AND METHODS 

The hepatocytes were prepared from meal- 
fed female Wistar rats (220-280 g) by the 
method of Berry and Friend ( 9 ) w i t h  the 
modifications described previously (10). The 
cells were suspended (80 mg wet wt) in 2 ml 

Krebs-Henseleit buffer supplemented with 2.5% 
bovine serum albumin (Fraction V, Sigma Co., 
St. Louis, MO, charcoal-treated and dialyzed) 
under an atmosphere of 95% O 2, 5% CO 2 in 
stoppered 25 ml Erlenmeyer flasks. Incubations 
were conducted in a shaking water bath at 37 C 
and terminated by adding 0.25 ml of 50% 
HC104. Metabolite assays were conducted on 
KOH-neutralized HC104 extracts spectrophoto- 
metrically by enzymatic methods according to 
the methods of Hohorst et al. (11) for pyruvate 
and lactate and Williamson et al. (12) for 
acetoacetate and 3-hydroxybutyrate. Oxidation 
of fatty acids was assayed by the accumulation 
of acid-soluble, radioactive products and 
14CO 2 from [1A4C]oleate (13). The rate of 
fatty acid synthesis, expressed as /~moles of 
acetate equivalents/min/g wet weight of hepa- 
tocytes, was determined by the incorporation 
of 3H20 into total lipid fatty acids as described 
earlier (10). To determine the extent of 
[ 1-14C] oleate esterification, the precipitate 
from the HC104 extracts was extracted for 
total lipids with chloroform-methanol by the 
method of Kates (14). Lipid classes were 
separated by thin layer chromatography on 
Silica Gel G plates with the solvent system of 
petroleum ether/ether/acetic acid (70:30: 1, 
v/v). The various lipid classes (phospholipids, 
mono-, di-, and triacylglycerol, cholesterol, free 
fatty acids, and cholesteryl esters) were located 
by staining with iodine vapor, scraped from the 
plates into scintillation vials, and counted for 
radioactivity with Aquasol 2 (New England 
Nuclear, Boston, MA) as the scintillation fluid. 
Results are reported in terms of the sum of the 
total pmoles of [1A4C]oleate  incorporated 
into mono-, di-, and triacylglycerol plus phos- 
pholipids. 

TOFA (RMI-14514) was a gift from Dr. 
Alfred Richardson, Jr. of Merrill-National 
Laboratories, Cincinnati, OH. TDGA (McN- 
3802) was a gift from Dr. Gene F. Tutwiler of 
McNeil Laboratories, Washington, PA. The 
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FIG. 1. Effect of TUFA and TDGA upon de novo 
fatty acid synthesis and [1-14C] oleate esterification 
by isolated hepatocytes. Squares refer to fatty acid 
synthesis (measured by 3H20 incorporation between 
30 and 60 min of incubation) and circles to esterifi- 
cation (measured by [I-14C] oleate incorporation 
into esterified lipid fractions between 0 and 45 min of 
incubation); open symbols to TDGA; closed to TUFA; 
and half closed to control values without either drug. 
[1-14C]Oleate at 0.5 mM initial concentration was 
present for the determination of esterification but 
was absent when 3H20 was present to measure fatty 
acid synthesis. Experimental data are reported for one 
hepatocyte preparation. However, the results have been 
reproduced with essentially the same results with 
another hepatocyte preparation. 

c o m p o u n d s  were added  to  the  i n c u b a t i o n  flasks 
by  the  p rocedure  descr ibed by Panek  et al. (1).  

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

Both  T U F A  and  T D G A  are p o t e n t  i nh ib i t o r s  
of  fa t ty  acid synthes is  by  i so la ted  h e p a t o c y t e s  
(Fig. 1). T U F A  is m u c h  more  effect ive t h a n  
TDGA.  However ,  c o m p a r e d  to o the r  k n o w n  
inh ib i to r s  of  f a t ty  acid synthes is ,  T D G A  is still 
one of  the  mos t  effect ive  s y n t h e t i c  c o m p o u n d s  
ever f o u n d  to  i nh ib i t  fa t ty  acid synthesis .  F o r  
example ,  T D G A  is effect ive  at lower  concen-  
t ra t ions  t han  ( - )hyd roxyc i t r a t e  or /3-cyano-4- 
h y d r o x y c i n n a m i c  acid (3). In s tudies  r epo r t ed  
previously  f rom this  l a b o r a t o r y  (4 ,5) ,  T U F A  
was d e m o n s t r a t e d  to  cause an i n h i b i t i o n  of  n e t  
glucose u t i l i za t ion  as well as lac ta te  plus pyru -  
vate accumula t i on ,  ind ica t ing  an i n h i b i t i o n  of  
glycolysis.  In resul ts  no t  shown ,  T D G A  did n o t  
have this  ef fec t  u p o n  glycolyt ic  act ivi ty .  

T U F A  and  T D G A  have s imilar  e f fec ts  on 
fa t ty  acid synthes is  by i so la ted  h e p a t o c y t e s  bu t  
have oppos i te  effects  u p o n  the  es te r i f ica t ion  of  
[1-14C] oleate (Fig. 1). A l though  ne i t he r  ef fec t  
is as d ramat i c  as t ha t  on  de novo  fa t ty  acid 
synthes is ,  T U F A  inh ib i t s  whereas  T D G A  

I I I I l i 

0 . 2 5  
m 1 2  

~- 0.20 - - ~ J l ~ ' ~  0 

_ 8  

~ E  0 .10  m 

~ 0 , 0 5  

[] 
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DRUG C O N C E N T R A T I O N  ( ~ M )  

FIG. 2. Effect of TUFA and TDGA upon the 
oxidation of [ 1-14C] oleate to acid-soluble, radioactive 
products and 14CO2. Squares refer to the accumu- 
lation of acid-soluble, radioactive products and circles 
to 14CO2; open symbols to TDGA; closed to TUFA; 
and half closed to control values without either drug. 
[1-14C]Oleate was present in all flasks at an initial 
concentration of 0.5 raM. Incubations were for 45 
min. As with Figure l, the results of this experiment 
have been reproduced with another hepatocyte prepara- 
tion. 

s t imula tes  es ter i f ica t ion .  Ben i to  and  Wil l iamson 
(15)  have also s h o w n  a sl ight i n h i b i t i o n  of  
es te r i f ica t ion  of  1 mM oleate in the  presence  of  
TOFA.  

T O F A  and T D G A  also have oppos i te  ef fec ts  
u p o n  the  convers ion  of  [ 1 - 1 4 C ] o l e a t e  to 
acid-soluble ,  rad ioac t ive  p r o d u c t s  (main ly  
k e t o n e  bodies )  and  14CO2 (Fig. 2). As s h o w n  
in s tudies  c o n d u c t e d  previously  in this  labora-  
to ry  (4 ,5) ,  T U F A  causes a s ignif icant  s t imula-  
t ion  of  [1-14C] oleate  ox ida t i on  to  acid-soluble ,  
rad ioac t ive  p roduc t s  bu t  has  n o  e f fec t  u p o n  
14CO 2 fo rma t ion .  As expec t ed  f rom the  
s tudies  of  Tu twi le r  e t  al. (6),  T D G A  is a very 
p o t e n t  i n h i b i t o r  of  [ 1-14C] oleate  ox ida t i on  to  
b o t h  acid-soluble ,  rad ioac t ive  p roduc t s  and  
14CO 2. In s tudies  n o t  s h o w n  bu t  carr ied ou t  
u n d e r  the  same cond i t i ons  descr ibed in Figure 
2, T U F A  was f o u n d  to cause a s ignif icant  
increase  in the  f o r m a t i o n  of ace toace ta t e  
and  /3 -hydroxybu tyra te ,  whereas  T D G A  was a 
very effect ive  i n h i b i t o r  o f  the a c c u m u l a t i o n  of  
k e t o n e  bodies.  Thus ,  T U F A  is a s t imu la to r  of  
f a t ty  acid ox ida t i on  and  an  i n h i b i t o r  of  f a t ty  
acid syn thes i s  and  es te r i f ica t ion ,  whereas  
T D G A  is an i n h i b i t o r  o f  fa t ty  acid ox ida t ion  
and  synthes is  and  a s t i m u l a t o r  of  fa t ty  acid 
es te r i f ica t ion .  

It is of  cons iderab le  in te res t  t ha t  these two  
c o m p o u n d s ,  a l t hough  s t ruc tura l ly  re la ted,  have 
oppos i te  effects  u p o n  fa t ty  acid ox ida t i on  and  
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esterification but the same effect upon fatty 
acid synthesis. Elucidation of the mechanisms 
responsible for the effects of these compounds 
may be of some importance to our under- 
standing of the regulation of  fatty acid metabo- 
lism. Presumably, multiple enzymatic steps 
with differing inhibitor constants for these 
compounds or derivatives of these compounds 
are involved. It is known that TOFA is con- 
verted to its CoA ester (4,5) and that inhibition 
of acetyl-CoA carboxylase by TOFyl-CoA is 
probably responsible for inhibition of fatty acid 
synthesis by TOFA (5). Experiments are in 
progress to determine whether TDGA can be 
converted enzymatically to the CoA ester and 
whether TDGA and its CoA ester are inhibitors 
of acetyl-CoA carboxylase. Another possibility 
under investigation is that inhibition of fatty 
acid oxidation by TDGA causes the accumula- 
tion of long chain acyl CoA esters which 
inhibit acetyl-CoA carboxylase. Although 
several possibilities must be explored, it seems 
most likely that both compounds bring about 
an inhibition at the level of acetyl-CoA car- 
boxylase but only TDGA or one of its metabo- 
lites inhibits a step of the fatty acid oxidation 
pathway. Since TDGA inhibits both fatty acid 
oxidation and fatty acid synthesis, it may, in 
contrast to TOFA, turn out to be both a 
hypolipidemic as well as a hypoglycemic agent. 
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Effect of Serum Lipoproteins of Bile Obstructed Rats on 
3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase 
Activity in Perfused Rat Liver 
A.J. BARAK 1, M.F. SORRELL and D.J. TUMA, Liver Study Unit, 
Veterans Administration Medical Center and the Department of Medicine, 
University of Nebraska Medical Center, Omaha, Nebraska 68105 

ABSTRACT 

Total lipoproteins as well as fractionated VLDL + LDL and HDL from fasted control rats and bile- 
ligated rats were tested in liver perfusion for their effect on 3-hydroxy-3-methylglutaryl CoA reductase 
activity in normal rat livers. The total lipoproteins of bile-obstructed rats had 3 times greater capacity 
to increase 3-hydroxy-3-methylglutaryl CoA reductase activity than that of the control total lipo- 
proteins. When the fractionated lipoproteins were tested from fasted control rats, it was found that 
the major stimulating activity was in the HDL fraction with minor activity in the VLDL + LDL 
fraction. When these plasma components isolated from fasted bile-ligated rats were tested, it was 
found that the major activity had shifted to the VLDL + LDL fraction with the HDL having only a 
minor stimulatory role. The possible mechanism of action of the abnormal lipoproteins associated 
with bile obstruction in regulating 3-hydroxy-3-methylglutaryl CoA reductase activity is discussed. 

INTRODUCTION 

It has been known for a long time that the 
ingestion of cholesterol results in a reduction of 
hepatic cholesterol synthesis. This feedback 
mechanism is believed to function by 
controlling the amount of the rate-limiting 
enzyme in cholesterol synthesis, 3-hydroxy- 
3-methylglutaryl CoA (HMG CoA) reductase. 
Although it has recently been demonstrated 
that chylomicron remnants have the capacity to 
effect feedback inhibition (1-4) of hepatic 
cholesterol synthesis, it is quite possible that 
the liver is also governed by alternative regula- 
tory mechanisms (5). 

It has been known for many years that 
obstruction of the biliary tract is accompanied 
by hypercholesteremia (6-8). In 1954 
Frederickson et al. (9) demonstrated that, 
following bile ligation in rats, cholesterol 
synthesis in the liver was elevated despite high 
plasma cholesterol levels. Studies from this 
laboratory (10) have shown that blood from 
bile-obstructed rats had the ability to stimulate 
cholesterogenesis in normal perfused rat livers. 
Since it has been demonstrated both in animals 
and humans (11-14) that abnormal serum 
lipoproteins are produced following bile liga- 
tion, the present study was undertaken to 
determine whether the potentiator of choles- 
terol synthesis of the blood of bile-obstructed 
animals was associated with the lipoprotein 
fraction and in which individual group of 
lipoproteins it was contained. 

1To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Liver Perfusion 

The experimental model used in these 
studies was the isolated perfused liver technique 
previously described by our laboratory (10). All 
animals used as liver donors in the study were 
nonfasted, male, Sprague-Dawley albino rats 
weighing ca. 250 g. The animals were housed 
under controlled lighting conditions (light 7 
AM to 6 PM; dark 6 PM to 7 AM) for at least a 
week prior to the perfusion experiments which 
commenced at 9 AM. Under light ether anes- 
thesia prior to removing the liver from the 
animal, the portal vein was cannulated, the 
inferior vena cava severed'and the liver perfused 
with oxygenated Krebs-Ringers phosphate 
buffer, pH 7.4. This step shortened the anoxic 
period of  the liver during the preparative 
procedures. The caudate lobe was removed, 
iced, and used to obtain preperfusion levels of 
HMG CoA reductase activity. Microsomal HMG 
CoA reductase was determined according to the 
method of Goodwin and Margolis (15). Follow- 
ing a 3 hr perfusion period, HMG CoA 
reductase activity was measured again in the 
left lateral lobe of the fiver. Microsomal protein 
was measured by the method of  Lowry et al. 
(16). 

Bile Duct Ligation 

The animals were anesthetized with pento- 
barbital and bile duct ligation conducted under 
sterile surgical conditions. The bile duct was 
tied off in two positions with silk ligatures as 
close to the liver as possible and the duct 
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severed be tween  the ligatures. Control  rats were 
sham operated,  but  the bile ducts  were left  
intact.  Since it was found early in the study 
that  bi le-obstructed rats would  not  eat for at 
least 48 hr  fol lowing surgery, both  the cont ro l  
and exper imenta l  animals were only given water  
after surgery. After  48 hr, the animals were 
anesthet ized with ether  and exsanguinated.  

Preparation of Serum kipoproteins 

When total  l ipoproteins  were to be studied, 
the sera f rom both  bile duct  ligated and control  
rats were adjusted to 1.20 g/ml and total  
l ipoproteins  isolated by ul t racentr i fugat ion 
according to Havel et al. (17). The infranate 
( l ipoprotein-free serum) f rom the l ipoprote in  
isolation was saved and used for baseline 
perfusion exper iments .  

Since in fasted, normal  rats there is l i t t le low 
density l ipoprote in  available for harvesting, the 
very low and low density l ipoproteins  could not  
be studied separately. Therefore ,  when frac- 
t ionated l ipoproteins  were to be studied, VLDL 
+ LDL (d < 1.063), HDL (d < 1.20) and 
l ipoprotein-free  infranate (d > 1.20) were 
separated f rom the same serum sample accord- 
ing to the me thod  of  Havel et al. (17). 

Fol lowing the  isolation of  the  total  l ipopro- 
teins and the various l ipoprote in  fractions,  all 
samples were dialyzed exhaust ively against 
Krebs-Ringer phosphate  buffer  (pH 7.4) con- 
taining 0.01% EDTA. Total  cholesterol  was 
determined by the me thod  of  Zak (18). 

Perfusate Preparation 

The sera of  the control  rats had a total  
cholesterol  concent ra t ion  of  ca. 100 mg/dl .  
Sera f rom bile-obstructed rats contained ca. 3 
t imes as much  total  cholesterol .  In the per- 
fusion exper iments ,  the perfusates had a 
vo lume of  100 ml but  were fabricated to 
conta in  the various serum componen t s  as listed 
below. These perfusates contained 25% fresh, 
washed beef  red blood cells and were used to 
perfuse livers f rom nonfasted,  male 250 g rats. 

Total lipoprotein perfusates. To 25 ml of  
washed red blood cells was added the total  
l ipoprote in  (d = 1.20 g/ml)  isolated f rom 50 ml 
of  plasma of  ei ther cont ro l  or  bi le-obstructed 
rats. This mix ture  was diluted to 100 ml with a 
3% solut ion of  bovine serum albumin (Cohn 's  
Frac t ion  V). The perfusates containing l ipopro- 
teins f rom cont ro l  rats contained ca. 50 mg 
cholesterol  per 100 ml and those f rom bile- 
obs t ructed  rats contained ca. 150 mg cho- 
lesterol per 100 ml. 

VLDL§ perfusates. To 25 ml of  washed 
red blood cells was added VLDL + LDL (d 
1.063 g/ml)  containing 16.5 mg of total  cho- 
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lesterol  f rom either control  or bi le-obstructed 
rats. This amount  of VLDL + LDL was found 
to be the amount  in 50 ml of  normal  
rat serum and was comparable  to that reported 
by Havel et al. (17). This mixture  was di luted 
to 100 ml with a 3% solut ion of bovine serum 
albumin (Cohn 's  Fract ion V). 

HDL (High Density Lipoprotein) PerJusates. 
To 25 ml of  washed red blood cells was added 
high density l ipoproteins  (d < 1.20 g/ml) 
containing 33.5 mg of total  cholesterol  f rom 
either control  or bi le-obstructed rats. This 
amount  of  high density l ipoprote in  was de- 
termined to be that  amount  found in 50 ml of  
normal  rat serum and was comparable  to that  
reported by Havel et al. (17). This mixture  was 
diluted to 100 ml with a 3% solut ion of  bovine 
serum albumin (Cohn 's  Fract ion V). 

Infranate (lipoprotein-free serum) per- 
fusates. To 25 ml of  washed red blood cells was 
added 75 ml of  infranate f rom either total  
l ipoprote in  or l ipoprote in  f ract ion isolation. 
This type  of  perfusate  was used in the baseline 
exper iments  since it was found by Breslow et 
al. (19) to nei ther  alter significantly hepa tocy te  
HMG CoA reductase activity nor to effect  the 
regulation of  cholesterol  synthesis. 

Pre- and postperfusion HMG CoA reductase 
activity was expressed as nmoles  of  mevalonate  
fo rma t ion /min /mg  microsomal  protein.  The 
percent  increase in activity f rom preperfusion 
to postperfusion t ime was calculated according 
to the formula:  

P o s t p e r f u s i o n  A c t i v i t y  - P r e p e r f u s i o n  A c t i v i t y  

P r e p e r f u s i o n  A c t i v i t y  
X 100.  

R ESO ITS  

Table I demonst ra tes  that  the fasting lipo- 
protein-free sera (infranates) f rom either 
control  animals or bi le-obstructed animals did 
not  significantly st imulate HMG CoA reductase 
activity.  However ,  the total  l ipoprote in  fract ion 
of  50 ml of serum f rom control  rats induced 
HMG CoA reductase activity. The total  l ipopro- 
tein fract ion f rom bi le-obstructed animals 
increased HMG CoA reductase act ivi ty by 
3-fold more than did the to ta l  l ipoprote ins  
from cont ro l  animals despite the presence of  3 
t imes the amoun t  of  cholesterol  than was 
present in the cont ro l  l ipoproteins.  

Since in the above exper iments  it was shown 
that the total  l ipoproteins  of  bi le-obstructed 
animals had an increased capaci ty to increase 
HMG CoA reductase activity,  exper iments  were 
conduc ted  to determine which l ipoprote in  
fract ion contained the capaci ty for enhancing 
HMG CoA reductase activity. 
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LIPOPROTEINS AND HMG CoA REDUCTASE 

TABLE I 

Influence of Total Lipoproteins of Control and Bile-Obstructed Rats on 3-Hydroxy-3- Methylglutaryl  
Coenzyme A Reductase Activity in Perfused Rat Liver a 
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HMG CoA Reductase (#mole/mg per min.) 

Perfusate Preperfusion Postperfusion Pre vs. Post b Mean % increase 

Control 
lipoprotein-free 
serum (n - 5) 0.19 -+ 0.03 0.21 _+ 0.03 NS 4.06 • 1.83 

Control total  
l i p o p r o t e i n ( n = 4 )  0.18+-0.03 0.25-+0.05 p<O.05 34.5 +- 11.8 

Bile-obstructed 
lipoprotein-free 
serum (n = 3) 0.21 -+ 0.02 0.25 -+ 0,07 NS 17.5 • 10.4 

Bile-obstructed 
total  l ipoprotein 
(n=  3) 0 . 2 1 •  0 .64-+0.14 p < 0 . 0 2  197.0 +-37.4 

aMean + SEM. 

bpaired t test;  NS, Not Significant. 

TABLE II 

Effect of Low Density and High Density Lipoproteins of Control and Bile-Obstructed Rats on 
Hepatic 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase a 

HMG CoA Reductase 0smole/mg per min.) 

Perfusate Preperfusion Postperfusion Pre vs. Post b Mean % increase 

Control 
infranate (n = 5) 0.19 -+ 0.03 0.21 • 0.03 NS 4.06 • 1.83 

Control 
VLDL + L D L  
(n = 3) 0.22 • 0.01 0.41 • 0.06 p <0.05 82.6 + 23.8 

Control 
H D L ( n = 6 )  0 . 2 7 •  0 .98*  0.15 p<0.O01 259.3 -+60.7 

Bile-obstructed 
infranate 
(n=  3) 0.21 �9 0.02 0.25-+ 0.07 NS 17.6 • 10.4 

Bile-obstructed 
VLDL + LDL 
( n = 7 )  0.17+-0.02 0.67_+ 0.07 p<O.O01 352.0 +65 .9  

Bile-obstructed 
H D L ( n  3) 0.25 -+ 0.01 0 .40•  0.01 p <0.001 59.6 -+ 8.0 

aMean + SEM. 

bpaired t test:  NS, Not Significant. 

As s h o w n  in T a b l e  II,  c o n t r o l  V L D L  + L D L  
c o n t a i n i n g  16.5 m g  c h o l e s t e r o l  ( r e p r e s e n t i n g  
33% o f  n o r m a l  t o t a l  l i p o p r o t e i n  c h o l e s t e r o l )  
s i g n i f i c a n t l y  s t i m u l a t e d  H MG  C o A  r e d u c t a s e .  
H o w e v e r ,  t h e  c o n t r o l  h i g h  d e n s i t y  l i p o p r o t e i n s  

w h i c h  c o n t a i n e d  33 .5  m g  c h o l e s t e r o l  ( r e p r e -  

s e n t i n g  67% of  n o r m a l  t o t a l  c h o l e s t e r o l )  h a d  a 

s t i m u l a t o r y  c a p a c i t y  2.5 t i m e s  g r e a t e r  t h a n  t h a t  
o f  t h e  V L D L  + L D L  f r a c t i o n .  

F o l l o w i n g  bi le  o b s t r u c t i o n ,  the  m a j o r i t y  of  

p l a s m a  c h o l e s t e r o l  w a s  f o u n d  in  t he  V L D L  + 

LDL fraction of the rat. However, when iso- 
lated lipoproteins from bile-obstructed rats 
were added to the perfusate on the basis of the 
same amount of cholesterol used in the control 
experiments, an interesting observation was 
made. The VLDL + LDL fraction of bile 
obstruction stimulated HMG CoA reductase 
activity 4-fold over that obtained by control 
VLDL + LDL. High density lipoproteins of bile 
obstruction showed only one-fourth the stimu- 
latory activity when compared to control HDL. 
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DISCUSSION 

Cholestasis is known to produce elevated 
levels of plasma cholesterol in humans (6,7). 
Chanutin and Ludewig (8) first demonstrated in 
animals that bile ligation produced elevated 
blood cholesterol levels. Although several 
mechanisms have been proposed to explain the 
increase in plasma cholesterol following bile 
obstruction (20), enhanced hepatic cholesterol 
synthesis appears to be the major mechanism 
(9). 

To date no one has identified the determi- 
nant in bile obstruction responsible for the 
stimulation of cholesterol synthesis. Ferris et al. 
(10) have shown that blood obtained from 
bile-obstructed rats stimulated cholesterol 
synthesis in normal perfused rat liver. 

Several recent studies have suggested that 
circulating plasma lipoproteins may be im- 
portant components in the regulation of 
cholesterogenesis. In the human fibroblast 
system (21), it has been shown that VLDL and 
LDL from human plasma inhibit HMG CoA 
reductase activity, while HDL has no effect. In 
liver tissue, however, the situation is entirely 
different. Edwards (22) has reported that rat 
lipoprotein fraction VLDL + LDL or HDL 
increased HMG CoA reductase activity in rat 
hepatocytes in a 3 hr period. Breslow et al. 
(19) demonstrated that human and rat serum 
VLDL and HDL fractions stimulated activity of 
HMG CoA reductase in rat liver cell cultures 
while the LDL fraction was ineffective. Jakoi 
and Quarfordt (5) have shown that infusion of 
low and high density lipoproteins from a 
human source influenced cholesterol synthesis 
and HMG CoA reductase activity in intact rats. 

The data in Table I show that total lipopro- 
teins from bile-ligated animals stimulated HMG 
CoA reductase more than 4 times that obtained 
with total lipoproteins from control animals. 
This increased enzyme activity occurred despite 
3 times as much cholesterol in the added 
lipoprotein fraction. Since perfusion with 
lipoprotein-free serum from these animals did 
not increase HMG CoA reductase activity, it 
suggests that the potentiator of cholesterol 
synthesis resides in the total lipoprotein frac- 
tion. These data are consistent with the ob- 
servations of Ferris et al. (10) who described 
increased cholesterol synthesis in normal livers 
by perfusing with whole blood from bile duct 
ligated rats. 

The data in Table II d e m o n s t r a t e  that the 
cholesterol synthesis stimulating ability of the 
plasma from bile-obstructed rats resides within 
the VLDL + LDL fraction. This is a complete 
reversal of the results obtained with control 
lipoproteins. The control data is consistent with 

that shown by Edwards (22) and Breslow et al. 
(19) in hepatocytes, in which the HDL was the 
fraction holding the major stirnulatory ability 
with the VLDL + LDL fraction containing only 
one-third of this activity. 

Comparison of the data in Tables I and II 
discloses that fractionated lipoproteins from 
control and bile duct-ligated animals increase 
HMG CoA reductase activity more than do 
total lipoproteins in either instance. A partial 
explanation for these results may be found in 
the work of Mahley and Innerarity (23) who 
demonstrated a competition between low and 
high density lipoproteins for surface receptor 
sites on the cell (fibroblasts). 

The relative ratios of cholesterol to phospho- 
lipid in lipoproteins and apoprotein moieties 
are also believed to be important in regulating 
cholesterol synthesis in cells (5,24). These 
factors may also account for the differences 
seen in HMG CoA reductase stimulating activity 
between total lipoproteins and fractionated 
lipoproteins since as shown by Havel et al. (17), 
the quantities of apoproteins and the ratios of 
cholesterol to phospholipid between these 
entities undoubtedly varied widely. 

Following bile obstruction, several abnormal 
lipoproteins appear which differ chemically 
from their normal counterparts. For example, 
Lipoprotein X, the major abnormal lipoprotein 
to emerge in humans and rats in cholestasis 
(25,26) contains different amounts of free 
cholesterol, cholesteryl esters, phospholipid and 
an entirely different protein than normal LDL 
along with which it is isolated by ultra- 
centrifugal floatation techniques (27). It is a 
distinct possibility that the increased hepatic 
HMG CoA reductase activity and cholesterol 
synthesis seen following bile ligation may be a 
direct result of these molecular changes. 

These results demonstrate that under normal 
conditions the fasting plasma lipoproteins may 
play a role in regulating HMG CoA reductase 
activity in the liver. Following bile obstruction, 
the abnormal lipoproteins enhance the activity 
of HMG CoA reductase possibly by disturbing 
the normal regulatory balance at the level of 
the receptor sites. 
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Serum Lipids in Suckling and Post-Weanling Iron-Deficient Rats 
A D R I A  R O T H M A N  SHERMAN, Department of Foods and Nutrition, 
University of Illinois, Urbana, IL 61801 

ABSTRACT 

Serum lipids were studied in iron-deficient and control rats during suckling and after weaning at 
21, 30, and 60 days of age. Diets providing 5 or 307 ppm iron were fed to dams and their offspring 
during gestation, lactation, and after weaning. Rats on the deficient diet throughout the experimental 
period developed a hyperlipidemia characterized by elevated triglycerides, cholesterol, and phospho- 
lipids which was present at 21, 30, and 60 days. Control pups weaned to the deficient diet developed 
anemia at 30 days of age and hypertriglyceridemia at 60 days of age. Repletion of deficient rats with 
iron after weaning caused a rapid decline in serum lipid levels after only 9 days on the control diet. 
The hyperlipidemia of iron deficiency thus appears to be reversible with iron supplementation. The 
time required to develop hypertriglyceridemia in iron deficiency is longer postweaning than during 
suckling. 

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

Elevated concent ra t ions  of  serum lipids have 
been associated with dietary iron deficiency in 
rats and chicks (1-4). Previous reports  f rom this 
invest igator have found abnormal  lipid metabo-  
lism in 18-day-old offspring of  rats fed iron- 
deficient  diets during pregnancy and lactat ion 
(1,2). Hyperl ipidemia character ized by signifi- 
cant increases in the triglyceride,  cholesterol ,  
and phosphol ipid  fractions of  the serum was 
repor ted  in pups of  dams fed the deficient  diet 
containing 5 ppm iron th roughout  gestation 
and lactat ion (1). Sera f rom pups of  dams fed 
the control  diet (307 ppm iron) during either 
gestation and/or  lactat ion and dams fed both 
diets had normal  lipid concentrat ions.  The 
elevated serum lipids were observed only in 
pups whose dams were fed the lowest  concen- 
t rat ion of  iron (5 ppm). Al though feeding 29 
ppm iron resulted in anemia, it was no t  asso- 
ciated with hyper l ip idemia (2). 

Subsequent  exper imenta t ion  has investigated 
the mechanisms which may be involved in the 
et iology of  this hyperl ipidemia.  Since increases 
in serum lipids occurred in the offspring and 
no t  in the maternal  organism, lipids were 
measured in milk of control  and deficient  dams 
to determine  if i ron-deficient  pups had greater 
dietary fat levels. No differences were found in 
this exogenous source of lipids. Lipoprote in  
lipase was determined in the post-heptarin 
plasma of pups, and no significant differences 
were found be tween  control  and deficient pups. 
This indicated that  decreased clearance of 
dietary lipids f rom the blood was not  respon- 
sible for the hyperl ipidemia.  Product ion of  
tr iglycerides in vitro f rom [U-14C]glucose  was 
found to be significantly higher in liver slices of  
i ron-deficient  pups than in controls.  Appar- 
ent ly,  during iron deficiency,  this increased 
endogenous  lipid pool  may contr ibute  to the 

increased serum triglyceride concent ra t ions  (2). 
Lipogenesis has also been studied in iron- 
deficient  adult rats which were not  hyper-  
l ipidemic (5). Triglyceride synthesis f rom 
[3H201 and [U-14Clglucose  in adipose tissue 
was two  to three t imes greater in i ron-deficient  
rats than in controls.  Amine et al. found that  
i ron-deficient  rats had increased incorpora t ion  
of  14C-glucose into intestinal lipids than did 
controls  and repor ted  that  the lipid synthesis 
increased as the level of dietary fats increased 
(6). The present s tudy was init iated to investi- 
gate the effects of  iron restr ict ion during the 
prenatal  and suckling and /or  postweanling 
periods on serum lipid levels later in life. Pups 
of  i ron-deficient  dams were repleted with iron 
after  weaning and control  pups were depleted 
in iron after weaning to compare  the effects  of  
iron deficiency on serum lipid levels during 
these two  stages in the life cycle. 

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

Experimental Design 

Nulliparous Sprague-Dawley CD rats 
(Charles River, Wilmington,  MA) were obta ined 
at a weight of  180 g and maintained on a 
cereal-based s tock diet (Purina Rat Chow) until  
they weighed ca. 270 g. They were then bred 
and fed ad l ibi tum either the i ron-deficient  diet 
(5 p p m i r o n )  or  the control  diet (307 ppm 
iron) (Table I) (n=16 per group) and glass- 
distilled water  f rom the first day of  pregnancy 
unti l  the pups were weaned.  On the day fol- 
lowing partur i t ion,  litters were adjusted to 
contain six female pups. Food  was placed 
in the cage to l imit  access to the dams and the 
iron-free bedding in the solid b o t t o m  "mater -  
n i ty"  cages was changed frequent ly .  On day 21 
the pups were weaned to either the same 
or opposi te  diet as that  fed to their  dams and 
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TABLE I 

Composition of Diets 

307 ppm 5 ppm 
iron 1 iron 

% % 

Casein 2 22.00 22.00 
Sucrose 29.70 29.76 
Cornstarch 29.70 29.76 
Iron-free salt mix 3 5.48 5.48 
Vitamin mix 4 1.00 1.00 
Corn oil 5 10.00 10.00 
Cellulose 6 2.00 2.00 

l Iron levels determined by atomic absorption. 
2Vitamin-free casein, Teklad, Chagrin Falls, OH. 
3The levels of minerals used is at least 12.5% more 

than NRC recommendations for lactation (7). Compo- 
sition of salt mixture (mg/lO0 g diet): CaCO 3, 
1,680.000; COC12.6 H20 , 0.100; CUSO4"5 H20, 
9.800; MgSO4.7 H20 , 278.500; MnSO4"H20, 
19.000; KI, 0.022; NaCI, 1,000.000; K2HPO 4, 
2,483.600; ZnCI2, 3.000. FeSO4.7 H20 was added 
to the supplemented diet in place of sucrose. 

4Teklad, Chagrin Falls, OH, supplies in g/kg of 
diet; p-aminobenzoic acid, 0.110132; ascorbic acid, 
0.9912; biotin, 0.000441; vitamin B12, 0.0000297; 
calcium pantothenate, 0.066079; choline, 1.4337; 
folic acid, 0.001982; inositol, 0.110132; menadione 
(vitamin K3) , 0.049559 ; niacin, 0.099119 ; pyridoxine 
HCI, 0.022026; riboflavin, 0.022026; thiamin HC1, 
0.022026; supplies in units per kg of diet: dry retinyl 
palmitate, 19,824; dry ergocalcifrol 2.202.5; dry 
tocopheryl acetate, 121.15; corn starch, 4.666878 g. 

5Mazola corn oil, Best Foods, Englewood Cliffs, 
NJ. 

6Alphacel nonnutritive cellulose, Teklad, with iron 
extracted by the method of Houk et al. (8). 

p laced in indiv idual  stainless steel screen 
b o t t o m  cages. There  were four  d i f fe ren t  experi-  
men ta l  t r e a t m e n t s  depend ing  on  the  dam's  
diet  dur ing p regnancy  and  l ac t a t ion  and  the  
diet  fed to weanlings af te r  day 21. Cont ro l -  
Con t ro l  (CC) rats  were b o r n  to con t ro l  dams 
and  weaned  to  the  con t r o l  diet ,  CD (Cont ro l -  
Def ic ient )  rats  were b o r n  to  con t r o l  dams and  
weaned  to the  i ron-def ic ien t  diet ,  DC (Defi- 
c i en t -Con t ro l )  rats  were rep te ted  wi th  i ron  af te r  
weaning,  DD (Def ic ien t -Def ic ien t )  ra ts  were 
b o r n  to i ron-def ic ien t  dams and  weaned  to  
i ron-def ic ien t  diets (n=8-14  l i t ters  per  t rea t -  
men t ) .  Diets and  glass-distilled wate r  were 
of fered  ad l i b i t um and  weekly food  in takes  and  
b o d y  weight  records  were kep t .  

L i t t e rma tes  were fas ted  for  4 h r  on  days 21, 
30 and  60  and  taft b lood  samples  were t a k e n  
for  h e m o g l o b i n  and  h e m a t o c r i t  d e t e r m i n a t i o n s  
(9).  Af te r  br ief  exposure  to  c h l o r o f o r m  
anes thes ia ,  b lood  was col lec ted  by  cardiac 
punc tu re ,  se rum re inoved  and  f rozen  for  
analysis  of  lipids. 

Lipids 

Serum tr iglycerides,  choles tero l ,  cho les te ry l  
ester  and  phospho l ip ids  were de t e rmined .  
Lipids were ex t r ac t ed  f rom serum samples  by  
the  m e t h o d  of  Fo lch  et  al. (10)  and  separa ted  
on  th in  layer  c h r o m a t o g r a p h y  plates  deve loped  
in a so lvent  sys tem of  p e t r o l e u m  e t h e r / e t h y l  
e the r / ace t i c  acid ( 7 0 : 3 0 : 1 ,  v/v/v) .  Fo l lowing  
exposure  to  iodine  vapors ,  l ipid f rac t ions  were 
iden t i f i ed  by  c o m p a r i s o n  wi th  t r io le in ,  choles- 
terol ,  cho les t e ry l  l inoleate ,  and  lec i th in  
s t andards  which  were r u n  s imul taneous ly .  The  
spots  were recovered  and  the  fo l lowing 
m e t h o d s  were used to q u a n t i t a t e  the  l ipid 
f rac t ions :  t r ig lycer ide c o n c e n t r a t i o n  was deter-  
m i n e d  by  the  m e t h o d  of  s t e r n  and  Shapiro  (11)  
nones t e r i f i ed  cho les te ro l  and  cho les t e ry l  esters 
were measu red  by  the  m e t h o d  of  Searcy and  
Bergquis t  (12)  and  p h o s p h o l i p i d  c o n c e n t r a t i o n  
was d e t e r m i n e d  by  measur ing  p h o s p h o r u s  in 
the  l ipids r ema in ing  at the  origin us ing the  
m e t h o d  of  Chen  et  al. (13).  

Statistical Methods 

Differences  b e t w e e n  the  two  groups  at  21 
days of  age were d e t e r m i n e d  wi th  the  S t u d e n t ' s  
t test .  Analysis  of  var iance  was used to  deter-  
mine  d i f ferences  a m o n g  group  means  when  four  
e x p e r i m e n t a l  groups  were c o m p a r e d  (days  30  
and  60).  Duncan ' s  mul t ip le  range tes t  was used 
to  f ind  the  means  which  di f fered s ignif icant ly  
( 1 4 )  

R ESU LTS 

Twen ty -one -day -o ld  pups  of  i ron-def ic ien t  
dams had  lower  b o d y  weights ,  h e m o g l o b i n  and  
h e m a t o c r i t  levels (Table  II) and  h igher  levels of  
se rum choles te ry l  ester ,  choles te ro l ,  trigly- 
cerides,  and  p h o s p h o l i p i d s  (Table  III)  t han  did 
pups  of  con t ro l  dams.  The  e leva t ions  in choles- 
te ry l  es ter  and  cho les te ro l  were a p p r o x i m a t e l y  
2-fold,  t r iglycer ides  were 4-fold and  p h o s p h o -  
l ipids were e levated 3-fold.  The  i ron  c o n t e n t  of  
the  weaning  diet  had  d rama t i c  ef fec ts  on  b o d y  
weight ,  hema to log ica l  values,  and  se rum lipid 
levels as early as 30 days of age. Weaning 
def ic ien t  pups  to  the  con t ro l  diet  (DC) in- 
creased b o d y  weight ,  h e m o g l o b i n ,  and  h e m a t o -  
cri t  to  con t ro l  levels a f te r  on ly  9 days on  the  
diet .  Se rum cho les te ry l  ester ,  t r iglycer ides ,  and  
phospho l ip id s  r e t u r n e d  to con t ro l  levels at  th is  
t ime  also. At  30  days old,  se rum choles te ro l  
r e m a i n e d  s o m e w h a t  h igher  in  DC rats  t h a n  in 
CC rats.  Pups  weaned  to  the  def ic ien t  diet  f rom 
the  con t ro l  diet  (CD) had  lower  levels of  
h e m o g l o b i n  and  h e m a t o c r i t s  t h a n  CC rats  b u t  
n o t  as low as DD rats  wh ich  had  been  exposed  
to  the  i ron-def ic ien t  diet  t h r o u g h o u t  the  
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experiment. No significant elevations in serum 
lipids were seen in the CD rats at 30 days of 
age, although cholesterol concentrations were 
slightly elevated relative to the CC rats. The DD 
rats continued to have elevated serum choles- 
terol, triglycerides, and phospholipids after 
weaning. 

At 60 days of age, body weights were similar 
in CC, CD, and DC rats, and significantly lower 
in DD rats (Table II). Hematological values 
(Table II) in CC and DC rats were the same, CD 
rats had hemoglobin levels and hematocrits 
approximately one-half of the control rats. 
Hemoglobin levels and hematocrits in DD rats 
were significanlty lower than those of all of the 
other groups. Serum cholesterol, triglycerides 
and phospholipids continued to be highest in 
the DD group at 60 days (Table ill).  Sixty-day- 
old DC and CC rats had serum lipid concentra- 
tions similar to those found in 30-day-old 
littermates. Rats restricted in iron after weaning 
(CD) developed a hypertriglyceridemia at 60 
days of age. However, serum cholesterol and 
phospholipids were not significantly elevated in 
the CD rats at that time. 

Initial plans to continue the study longer 
than 60 days were changed when DD rats had 
high mortality rates after 60 days of age. 

DISCUSSION 

The anemia and stunted growth of the 
suckling iron-deficient rat observed here is 
similar to and confirms previously reported 
findings (1,2). This results from iron restriction 
in the maternal animal during gestation and 
lactation and from the low concentrations of 
iron in milk secreted by the iron-deficient dam 
(2). The hyperlipidemia in the suckling iron- 
deficient pups may be related to increased 
endogenous synthesis of lipid in liver (2) and/or 
to the decreased zinc/copper ratio in the livers 
of the pups (15). 

Rats weaned to the control diet (DC) were 
repleted with iron rapidly. This was evident 
after only 9 days on the diet when hemoglobin 
levels and hematocrit values increased to 
control values. This was probably due to the 
increased efficiency of iron absorption in 
iron-deficient rats (16) and the high level of 
iron found in the control diet. As the animals 
were repleted with iron, serum lipids decreased 
to normal concentrations and remained at 
normal levels for the duration of the study. 
Cholesteryl ester, cholesterol, and phospholipid 
in the serum decreased to approximately 
one-half of the preweaning levels. At 30 days of 
age, serum triglyceride concentrations were 
one-tenth of the levels found in 21-day-old 

littermates. Apparently the hyperlipidemia of 
iron-deficiency is reversible when dietary iron is 
increased and body stores of iron are repleted. 
No indications of prolonged ill effects of the 
hyperlipidemia during suckling were observed 
in DC rats during this experiment. Histological 
studies of heart, lung, and kidney using light 
microscopy did not reveal any unusual patho- 
logies in the DC rats. 

Although at 30 days of age the rats weaned 
to the deficient diet from the control diet (CD) 
were anemic, they were not sufficiently de- 
pleted in iron for an elevation in serum lipids to 
be manifested or for a depression in growth to 
occur. The hyperlipidemia seen in the 30-day- 
old DD rats was somewhat different in charac- 
ter than the hyperlipidemia observed during the 
suckling period. Cholesteryl ester was not 
elevated, and the levels of cholesterol and 
phospholipid were lower than in the sera of 
suckling pups. Serum triglycerides continued to 
be the lipid fraction most affected in the 
postweaning DD rats, with concentrations 
approximately five times greater than those 
found in control sera. The extent to which 
serum triglyceride concentrations remained 
elevated in the DD rats was fairly constant; 
concentrations at 21, 30, and 60 days did not 
differ significantly from each other. After 39 
days on the iron-deficient diet, the 60-day-old 
CD rats were anemic and hypertriglyceridemic. 
Thus, the depression in iron status as reflected 
by the hematological values precedes the 
elevation in serum triglycerides by one month. 

The results of this study suggest that eleva- 
tions in serum lipids during iron deficiency 
occur primarily in the more severely deficient 
rats. The age of the animal during the deficient 
period influences both the extent of anemia 
and the characteristics of the lipemia. The 
anemia in pups exposed to iron deficiency in 
utero and during suckling is quite severe as 
indicated by the blood hemoglobin concentra- 
tions and hematocrit  values less than half of 
control levels and is associated with elevations 
in triglycerides, cholesterol, and phospholipids. 
When these rats are weaned to the deficient diet 
(DD), hemoglobin and hematocrit  levels remain 
low and serum lipids remain high. However, 
serum phospholipid and cholesterol levels are 
not as high after weaning as during suckling. 
The lipemia of rats fed the deficient diet after 
weaning (CD) is limited to the triglyceride 
fraction and is not as severe as in the DD rats, 
and is related to a milder anemia than that 
found in the rats deprived of iron for a longer 
time period (DD). Amine and Hegsted (3) 
reported elevated triglycerides and phospho- 
lipids in Charles River rats fed low-iron diets for 
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8 weeks after weaning. The l ipemia they 
repor ted  was observed when the diet conta ined 
15% coconut  oil and 1% saff lower oil. In the 
present "study,  a hyper t r ig lycer idemia was 
produced in the control-def ic ient  animals fed 
10% corn oil and no saturated fat for 5�89 weeks 
after weaning. The relat ionship between satura- 
t ion of  dietary fat, iron,  and serum lipids may 
be related to differences in genetic strain. In a 
second study,  Amine et al. (6) found that 
serum triglycerides were affected only by fat in 
Charles River rats, whereas, in Buffalo rats iron, 
fat, and an iron-fat in teract ion affected trigly- 
cerides. In the present study using Sprague 
Dawley rats, hyper t r ig lycer idemia was observed 
in rats fed iron-deficient  diets after weaning. 
However,  when the deficiency was induced in 
utero cholesterol ,  triglycerides, and phospho-  
lipids were all elevated above control  levels. 

The hyper t r ig lycer idemia seen in the 60-day- 
old i ron-deficient  (DD) and (CD) rats may be 
due to increased lipogenesis in adipose and liver 
tissue which has been repor ted  previously in 
adult i ron-deficient  rats (5). In a previous 
s tudy,  the increased incorpora t ion  of  [ 3 H 2 0 ]  
and [U-14C]glucose into triglycerides in 
adipose tissue and increased incorpora t ion  of 
glucose into  polar lipids in liver was not accom- 
panied by a hyper t r ig lycer idemia as was found 
in the 60-day-old deficient  rats in the present 
study.  This may be directly related to the more 
severe anemia seen in the present s tudy (hemo- 
globin levels of  6.1 + 0.5 g/dl in CD rats and 3.0 
-+ 0.7 g/dl in DD rats vs. 7.l  +- 0.4 in deficient  
rats of the previous study [5]) .  The postulated 
sequence of  events may be such that anemia is 
associated with increased lipogenesis in adipose 
and liver which precedes the appearance of 
increased concentra t ions  of triglycerides in 
serum. When the iron deficiency anemia be- 
comes more severe and increased lipogenesis 
continues,  the resultant serum has a higher 
concent ra t ion  of triglycerides. The hypertr igly-  
ceridemia in iron-deficient  adult rats may also 
be related to a decreased activity in tissue 
l ipoprotein lipase activity as repor ted  by Lewis 
and lammarino  (4). 

The exact  mechanism by which iron regu- 
lates or funct ions in lipid metabol ism has not  
yet been established. Conflict ing reports of 
serum lipid levels in anemic human subjects 
appear in the l i terature since early in this 
century.  Bloor and MacPherson (17) and 
Erickson et al. (18) repor ted  elevated lipids in 
anemic subjects. Others have found hypo-  
l ipidemia in patients with anemias of various 
origins (19-22) or no significant relat ionships 
between anemia and serum lipids (23). Since 
hyper l ip idemia is recognized as a risk factor  in 

the development  of  atherosclerot ic  heart 
disease, all nutr i t ional  influences on serum lipid 
concent ra t ions  assume considerable impor tance  
and warrant further s tudy to enable us to 
more clearly understand the et iology of  this 
disease. 
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End Product Specificity of Triacylglycerol Lipases from 
Intestine, Fat Body, Muscle and Haemolymph of the 
American Cockroach, Periplaneta americana L. 
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ABSTRACT 

The triacylglycerol-hydrolyzing capacity of tissue homogenates has been investigated for midgut, 
fat body, thoracic musculature and haemolymph of the American cockroach, Periplaneta americana. 
The greatest lipolytic activity was demonstrated in midgut homogenates with decreasing levels of 
activity present in fat body, muscle and haemolymph. Comparison of the lipolytic products resulting 
from triacylglycerol hydrolysis indicates that midgut homogenates effect the production of sn-2- 
monoacylglycerols and free fatty acids, whereas the other tissues that were examined favor the 
accumulation of diacylglycerols. Stereospecific analysis of the diacylglycerol products of triacyl- 
glycerol hydrolysis demonstrated that the lipolytic activities of midgut and muscle homogenates result 
in the production of a racemic mixture of the sn-l,2- and sn-2,3-enantiomers, but the fat body and 
haemolymph show a preference for the accumulation of the sn-l,2-isomer. 

INTRODUCTION 

A capacity to hydrolyze long chain acylgly- 
cerols has been reported for a number of insect 
tissues but few data are available to describe the 
substrate and end product specificity of the 
various lipases (1). The preferential cleavage of 
fatty acids located at the sn-1 and sn-3 posi- 
tions of triacyl-sn-glycerols by the midgut lipase 
of Periplaneta americana has been reported (2) 
but, as the substrate employed in this study was 
1,3-dipalmitoyl-2-oleoyl-sn-glycerol, no distinc- 
tion could be made between positional and 
fatty acid specificity. The midgut lipase of 
Locusta migratoria hydrolyzes trioleoylglycerol 
more readily than tripalmitoylglycerol (3), a 
property that parallels the preferential cleavage 
of unsaturated fatty acids that has been re- 
ported for mammalian pancreatic lipase (4). 
Stevenson (5,6) reported low rates of hydroly- 
sis of triacylglycerol and diacylglycerol relative 
to monoacylglycerol by thoracic musculature 
of Prodenia eridania, and this trend was con- 
firmed by Crabtree and Newsholme (7) who 
demonstrated in a number of insect species that 
the rate of acylglycerol hydrolysis by muscle 
lipases increases in the order triacylglycerol: 
diacylglycerol: monoacylglycerol. By contrast, 
the fat body lipase of P. eridania displays 
homogeneity with regard to acylglycerol 
specificity. Two lipases have been described in 
the fat body of L. migratoria, one of which 
(alkaline lipase) preferentially hydrolyzes 

1person to w h o m  correspondence should be 
addressed. 

monoacylglycerol, whereas the other (acid 
lipase) is also strongly active against triacylgly- 
cerol and diacylglycerol (8). 

The present study was undertaken to deter- 
mine the triacylglycerol-hydrolyzing activities 
of four tissues of P. americana and thus con- 
tribute further to our understanding of lipid 
metabolism in insects. The report demonstrates 
that lipases in the haemolymph, fat body, and 
thoracic musculature favor the accumulation of 
diacylglycerol from triacylglycerol, whereas the 
midgut lipase effects a more complete hydroly- 
sis of the substrate. A preliminary report has 
been published (9). 

MATERIALS AND METHODS 

Animals 

Adult male American cockroaches were 
taken at between 2 and 3 months after the final 
adult ecdysis from a colony maintained in this 
laboratory under standard conditions (10). 

Preparation of Homogenates 

Experimental tissues were dissected from 16 
fed insects following decapitation. Midgut, fat 
body and thoracic musculature were removed 
under ice cold Ringer's solution, rinsed 
thoroughly, pooled and placed in 5.0 ml ice 
cold buffer for homogenization (midgut, 0.1 M 
Tris-Maleate, pH 5.0; muscle, fat body, 0.1 M 
Tris-HC1, pH 7.0). Care was taken to remove 
adhering fat body and Malpighian tubular tissue 
from the intestinal tracts. Haemolymph was 
collected from 32 insects by the centrifugal 
method of Sternburg and Corrigan ( 1 1 ) a n d ,  
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following a second centrifugation at 1700 x g 
for 10 min to remove haemocytes, was mixed 
with 0.1 M Tris-HC1 buffer, pH 7.0. Tissues 
were homogenized by hand in a ground glass 
pestle and mortar, and centrifuged at 1700 x g 
for 10 rain. The supernatant (or infranatant in 
the case of the fat body) was placed in fresh 
buffer solution, and final protein concentra- 
tions in /lg per ml of homogenate buffer were 
determined by the method of Lowry et al. (12) 
and found to be: midgut, 877; fat body, 419; 
muscle, 550; haemolymph, 4499. 

Triacylglycerol Emulsions 

For assay of midgut lipase activity, a triacyl- 
glycerol emulsion was prepared containing 5 ml 
0.1 M Tris-Maleate buffer (pH 5.0), 5 mg 
triolein, 20 pCi [2-(n)3H]-glycerol triolein 
and 3 mg sn-l-oleoyl-3-phosphatidylcholine. 
For assay of lipolytic activities in muscle, fat 
body and haemolymph tissues, the emulsion 
contained 5 ml 0.1 M Tris-HC1 buffer (pH 
7.0), 20 mg triolein, 80 ~Ci [2-(n)3H]-glycerol 
triolein and 12 mg sn-l-oleoyl-3-phosphatidyl- 
choline. The ratio of triacylglycerol to lyso- 
lecithin was 1:0.6 (wt/wt) as suggested by 
Morley and Kuksis (13). The emulsions were 
generated by sonication for 60 seconds in a 30 
ml conical centrifuge tube, with a Biosonik III 
microprobe (Bronwill Scientific Company, 
Rochester, NY) and used immediately. 

Assay of Triacylglycerol Lipase Activity 

Prior to the enzyme assays, aliquots of 
triacylglycerol emulsions (100 or 300 #1) were 
mixed with (600 /ll of) appropriate buffers 
containing 5% bovine serum albumin (BSA), 
fatty acid-free. In the case of the midgut tissue, 
this buffer (400/ll)  also contained 1 mM CaC12. 
These solutions were vortexed and kept on ice. 
To commence the reaction, aliquots of 
haemolymph (100 /ll) or tissue homogenate 
(300/11) were pipetted into each tube,  the tubes 
capped, their contents mixed rapidly and the 
samples then placed at 30 C in a Buchler 
Evapo-mix vortex shaking bath (Buchler 
Instruments, Fort Lee, NJ) and incubated at 
medium shaking speed. Reactions were halted 
by removing the tubes at various times, placing 
them in ice, and adding 15 ml chloroform/ 
methanol (2:1, v/v). 

Analytical Methods 

Following extraction of lipids into chloro- 
form/methanol, the nonlipid contaminants 
were removed by washing with 3 ml 0.9% NaC1. 
The lower phase was removed, dried over 
sodium sulphate, transferred to 7-ml vials, and 
the solvent dried down at 40 C under nitrogen. 

Lipids were dissolved in 100/al of chloroform/ 
methanol (2:1, v/v) and the samples imme- 
diately applied to thin layer plates coated with 
a 500 micron layer of Silica Gel G (E. Merck, 
Darmstadt, Germany) impregnated with 12.5% 
(by weight) boric acid. The lipid classes were 
resolved by development in chloroform/acetone 
(95:5, v/v) according to Thomas et al. (14), 
visualized by spraying with 2,4-dichloro- 
fluorescein followed by exposure to short wave 
ultraviolet light. Lipids were identified by their 
Rf values compared with those of authentic 
cochromatographed standards and areas corre- 
sponding to 1-(3)-monoacylglycerols, 2-mono- 
acylglycerols, 1,2(2,3)-diacylglycerols, 1,3- 
diacylglycerols, and triacylglycerols scraped 
into glass scintillation vials. Ten ml Aquasol 
(New England Nuclear, Boston, MA) cocktail 
was added, the vials capped and vortexed well, 
cooled to 4 C and the radioactivity determined 
by an Isocap 300 liquid scintillation counter 
(Searle Instrumentation, Don Mills, Ont. 
Canada). The radioactivity of the labeled 
glycerol remaining in the aqueous phase was 
determined by placing 1 ml of this solution in a 
scintillation vial with 10 ml Aquasol. All cpm 
data were converted to dpm by the use of the 
external standard ratio method of quench 
correction. The results presented represent the 
mean + range/2 for two experimental deter- 
minations, each analyzed in duplicate. 

Materials 

[2-(n)3H]-Glycerol triolein (SA: 458 /~Ci//a 
Mol) was purchased from Amersham/Searle 
Corp. (Don Mills, Ontario). Trioleoylglycerol, 
dioleoylglycerol, monooleoylglycerol, bovine 
serum albumin (fatty acid-free), and Tris- 
Maleate buffer (mono-tris(hydroxymethyl) 
aminomethane maleate) were obtained from 
Sigma Chemical Co. (St. Louis, MO). The 
purity of labeled and unlabeled acyglycerols 
was checked and found to be in excess of 
99.9%. Tris-HC1 buffer was prepared with 
reagent grade hydrochloric acid and Tham 
(tris(hydroxymethyl)aminomethane). These 
and all other reagents and solvents were of 
Fisher Certified Reagent grade, and were used 
without further purification. 

Stereospecific Analysis of Diacylglycerols 

Stereospecific analyses of the sn-l,2-(2,3)- 
diacylglycerols were performed by a modifica- 
tion of the method of Brockerhoff (15) as 
described by Morley and Kuksis (13). Radio- 
active diacylglycerols purified by borate thin 
layer chromatography (TLC) were combined 
with 50 /lg of unlabeled sn-l-palmitoyl-2- 
linoleoylglycerol and 200 ~g of rac-1,2-(2,3)- 
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dipentadecanoyl glycerol, prior to their conver- 
sion to the phosphatidylphenol  derivatives. 
Further  purification of these compounds and 
removal of any remaining sn-l,3-diacylglycerols 
was accomplished by TLC on Silica Gel H 
plates in a solvent system of chloroform/ 
methanol/3.5N NH4OH (80:17.5:2.5,  v/v/v) as 
described by Akesson (16). The purified 
phenolphosphatides were extracted from the 
gel, dried down inside 7-ml vials, and 0.2 ml 
anhydrous diethyl ether along with 2.0 ml of 
0.1 M triethylamine buffer (pH 7.5 containing 
7 /aMol CaC12 and 2 mg Crotalus atrox venom 
(Sigma Scientific Co., St. Louis, MO)added .  
The vials were tightly capped, and the samples 
incubated for 4 hr at 37 C in a Buchler Vortex 
Evapo-Mix shaker at moderate speed. The 
digested lipids were extracted by the method of 
Arvidson (17), the solvent removed and spotted 
on Silica Gel H thin layer plates, The plates 
were developed twice: first in a neutral lipid 
system (heptane/ isopropyl  ether/acetic acid 
(60:40:4,  v/v/v) to separate the fatty acids; the 
gel was then scored transversely across the plate 
just below the fat ty acids; then the plates were 
re-run in a polar lipid system (15) to separate 
the lyso- and residual phenolphosphatides.  
Lyso- and residual phenolphosphatides were 
recovered and their radioactivity measured. The 
products from the rac-l ,2(2,3)-dipentadecanoyl 
internal standard were quantified by gas liquid 

chromatography (GLC), and the results used to 
confirm the thoroughness of the digestion. 
When necessary, the sample ratios of sn-l,2:sn 
2,3-enantiomers were normalized with respect 
to the 50:50 ratio for the internal standard. 

R ESU LTS 

The relative l ipolytic activities of midgut, fat 
body,  muscle and haemolymph were deter- 
mined by measuring the linear rate of l ipolytic 
product  formation during the first few minutes 
of incubation. The rate at which the triacyl- 
glycerol substrate is hydrolyzed by each of the 
tissue homogenates is demonstrated in Table I. 
It is evident that the most powerful triacyl- 
glycerol lipase(s) occurs in the midgut, whereas 
the haemolymph and muscle are at least 10 
times less active against triacylglycerols. 

Rapid hydrolysis of triacylglycerol by 
midgut lipase(s) is further demonstrated in 
Figure 1 which illustrates the formation of 
l ipolytic products during a 30-rain incubation. 
Although monoacylglycerol  is the primary 
product during the first few minutes of the 
incubation, appreciable amounts of glycerol are 
detected after 5 rain, thus indicating that 
hydrolysis is proceeding to completion. Table II 
identifies the nature of the end products 
produced by midgut lipase(s) after 30-min of 
incubation and shows that at this time 78.17% 

TABLE I 

Rate of  Triacylglycerol Hydrolysis in Midgut, Fat Body, Muscle and 
Haemolymph of Periplaneta americana L. 

Lipolytic products at T la  

Tissue Lipid class Radioactivity (dpm) 

Rate of tr iacylglycerol  
hydrolysis (dpm//~g 

protein/minute) 

Midgut 

Fat body 

Muscle 

Haemolymph 

Glycerol 26,178 + 3,798 
Monoacylglycerol 174,886 +- 29,599 
Diacylglycerol 117 ,403  +- 2,566 

Total 318,467 

Glycerol 1,826 +- 371 
Monoacylglycerol 4,923 -+ 1,111 
Diacylglycerol 28,868 + 3,486 

Total 35,617 

Glycerol 2,663 + 874 
Monoacylglycerol 3,518 -+ 1,382 
Diacylgly cerol 12,194 -+ 604 

Total 18,375 

Glycerol 842 -+ 303 
Monoacylglycerol 9,947 + 196 
Diacylglycerol 36,284 +- 756 
Total 47,073 

605 

141 

56 

52 

aT1 = 2 min for midgut ,  5 min for haemolymph,  fat body,  muscle. 
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of  the original t r iacylglycerol  subst ra te  has 
undergone  hydrolysis .  The fo rma t ion  of  1,2- 
(2,3)-diacylglycerols is greater  than tha t  of 
1,3-diacylglycerol (Table II), and sn -2-mono-  
acylglycerol  p redomina te s  over the 1 (3)-isomer.  

Diacylglycerol  is the  pr imary end -p roduc t  
fol lowing incuba t ion  of  the  tr iacylglycerol  
subst ra te  wi th  fat body  h o m o g e n a t e ,  wi th  lesser 
amoun t s  of  free glycerol and monoacylg lycero l  
p roduced  during the course of  the 60-min 
incubat ion .  The principle diacylglycerol  
p roduc t s  are the 1,2(2,3)-isomers,  and sn-2- 
monoacylg lycero l  is the dominan t  monoacy l -  
glycerol (Table II). 

The lowest  levels of  l ipolyt ic  activity among  
the  tissues that  were examined  were found  in 
the  muscle and h a e m o l y m p h ,  and the  l ipolytic 
end-p roduc t s  in incuba t ions  conta in ing  h o m o -  
genates of  these tissues are indica ted  in Table 
II. The major  l ipolytic p roduc t  de tec ted  in 
incuba t ions  conta ining h a e m o l y m p h  or muscle 
h o m o g e n a t e s  was diacylglycerol  which 
accoun ted  for 69% and 74%, respect ively,  of  
the  tota l  end-produc ts .  Both  tissues favor the  

11l 
G 

? 

>- 

>2 

0 
0 5 10 15 20 25 3Q 

T IME( ra in )  

FIG. 1. Hydrolysis of [3H]glycerol triolein by 
midgut homogenate of the American cockroach, 
Periplaneta americana. Each sample contained 300 #1 
tissue homogenate, 400 ul Tris-maleate buffer (0.1 
mM, pH 5.0) containing 1 mM CaC12 and 5% BSA, 
and 300 ul triacylglycerol emulsion containing 1.2 x 
106 dpm [3H]glycerol triolein. G - glycerol; MG-  
monoacylglycerols; DG - diacylglycerols; TG - triacyl- 
glycerols. 

TABLE II 

Nature of Lipolytic Products Resulting from Hydrolysis of Triacylglycerol 
by Midgut, Fat Body, Muscle and Haemolymph of Periplaneta americana L. 

Tissue 

Radioactivity of 
triacylglycerol 
at T ~ (dpm) 

Lipolytic products at T la 

Lipid class Radioactivity (dpm) 

% of 
Triacylglycerol 

hydrolyzed 

Midgut 

1204024 

Fat body 

3180456 

Muscle 

3180456 

Haemolymph 

3180456 

1-MG 53,482 -+ 3,891 4.44 
2-MG 91,034 -+ 14,789 7.56 
1,3-DG 6,633 + 231 0.55 
1,2-DG 110,712 -+ 7,586 9.20 
glycerol 679,356 +- 146,533 56.42 
Total 948,803 78.17 

1-MG 2,533 -+ 51 0.08 
2-MG 6,186 +- 1,754 0.19 
1,3-DG 3,686 +- 60 0.12 
1,2-DG 108,186 -+ 5,374 3.40 
glycerol 39,866 -+ 7,920 1.25 
Total 160,457 5.04 

1-MG 2,367 -+ 371 0.07 
2-MG 3,380 -+ 359 0.11 
1,3-DG 3,505 + 1,177 0.11 
1,2-DG 52,063 -+ 2,214 1.64 
glycerol 13,90l -+ 1,400 0.44 
Total 75,217 2.37 

1-MG 26,615 +- 4,920 0.84 
2-MG 42,371 -+ 15,909 1.33 
1,3-DG 4,532 + 359 0.14 
1,2-DG 195,639 +- 1,638 6.15 
glycerol 20,973 -+ 666 0.66 
Total 289,947 9.12 

aT ~ Indicates zero time and T 1 30 min (midgut) or 60 min (other tissues) after commencement of 
incubation. Abbreviations: 1-MG, l(3)-monoacylglycerols; 2-MG, sn-2-monoacylglycerol; 1,3-DG, 
1,3-diacylglycerols; 1,2-DG, 1,2(2,3)-diacylglycerols. 
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production of 1,2(2,3)-diacylglycerols over that 
of 1,3-diacylglycerol, and of sn-2-monoacyl- 
glycerol over the 1 (3)-isomer (Table II). 

The results of a stereospecific analysis of the 
x-l,2(2,3)-diacylglycerols produced during the 
incubations are presented in Table III. Samples 
from the midgut incubation were taken at 30 
min, whereas those from the haemolymph, fat 
body and muscle incubations were collected 
after 15 rain or 60 rain. The midgut homo- 
genate produces a racemic mixture of sn-l,2 
and sn-2,3-diacylglycerols, and the thoracic 
muscle enzyme(s) also favors the formation of a 
racemic mixture of the two enantiomers. 
However, the haemolymph and fat body lipases 
appear to produce more of the sn-l,2-isomer 
than the sn-2,3-isomer. 

DISCUSSION 

Diacylglycerols comprise the major form in 
which neutral lipids are transported in most 
insects (1). Tissue lipases may be expected to 
contribute to this unusual mode of lipid trans- 
port, and an appreciation of enzyme specifici- 
ties is essential to our understanding of the 
various mechanisms of acylglycerol release and 
uptake by the tissues. The present study 
provides preliminary information on the 
capacity of several tissues to hydrolyze triacyl- 
glycerol and identifies several areas for future 
investigation. In particular it should be recog- 
nized that the hpolytic activities of tissue 
homogenates do not necessarily reflect the 
activities of single enzymes, and purification of 
the individual enzymes is required before 
any definitive conclusions can be reached 
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concerning stereospecificity or acylspecificity. 
Furthermore, the demonstration that lipolytic 
activity is greater in lyzed fat body tissue 
than in intact tissue (6) indicates that tissues 
have the capacity to regulate lipolytic activity; 
therefore, results obtained in vitro may not 
reflect in vivo conditions. 

Midgut 

The hydrolysis of dietary long chain triacyl- 
glycerols in the alimentary tract of the 
American cockroach is effected through a lipase 
which originates in the epithelial cells of the 
midgut and associated caecae (1). The midgut 
enzyme shows several similarities to mammalian 
pancreatic lipase, including an enhancement of 
activity in the presence of calcium ions (18) 
and the preferential cleavage of fatty acids 
located in the primary positions of the triacyl- 
glycerol molecule (2). The substrate employed 
in the latter study was sn-l,3-dipalmitoyl-2- 
oleoyl glycerol; thus the investigation did not 
accommodate the possible influence of fatty 
acyl specificity on the nature of triacylglycerol 
hydrolysis. 

Studies on L. migratoria show that the 
midgut enzyme hydrolyzes trioleoylglycerol 
more readily than tripalmitoylglycerol (3), 
thereby indicating a fatty acyl specificity that is 
analogous to that of mammalian pancreatic 
lipase which preferentially cleaves unsaturated 
fatty acids from the 1- and 3-positions of the 
triacylglycerol molecule (4). The similarity 
between midgut lipase and mammalian pan- 
creatic lipase is strengthened by the results of 
the present study. Table II demonstrates that 
the primary monoacylglycerol resulting from 

TABLE III 

Stereospecific Analysis of Diacylglycerol Products Resulting from the Hydrolysis of [ H 3 ]-Glycerol 
Triolein by Homogenates of Midgut, Fat Body, Muscle and Haemolymph of Periplaneta americana L. a 

Radioactivity of phosphatidylphenols (dpm) 

After digestion with phospholipase A 2 Percentage of 
diacylglycerols (DG) 

lyso-phosphatidyl residual 
Tissue Predigestion phenol phosphatidylphenol sn-1,2-DG sn-2,3-DG 

Midgut 54,384 b 17,420 17,288 50.19 49.81 
Fat body A. 3,395 1,596 1,166 57.75 42.26 

B. 69,438 25,444 17,194 59.67 40.33 
Muscle 32,568 9,591 9,231 50.96 49.04 
Haemolymph A. 99,913 39,210 30,863 55.82 44.18 

B.124,528 48,653 39,229 55.36 44.64 

alncubation times were: midgut, 30 min; muscle, 60 min; fat body and haemolymph, 60 min (A) or 15 min 
(B) (2 separate sets of experiments). 

.bValues represent the mean of duplicate experiments. 
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the hydrolysis of trioleoylglycerol is the sn-2- 
isomer, and Table Ill indicates that the diacyl- 
glycerol products of midgut lipolytic activity 
comprise a racemic mixture of sn-l,2-and 
sn-2,3-enantiomers. The role of the midgut 
lipase appears to be the formation of sn-2- 
monoacylglycerol and free fatty acids for 
absorption across the intestinal wall. These 
observations, together with recent reports of 
monoacylglycerol acyltransferase activity in the 
midgut (19) and the uptake of diacylglycerol 
from midgut by the haemolymph (20), suggest 
that the uptake of dietary triacylglycerols in 
the cockroach requires prior hydrolysis to 
monoacylglycerols and free fatty acids in the 
gut lumen with subsequent resynthesis of 
diacylglycerols occurring in the intestinal 
mucosa. 

Fat body 

Insect fat body contains large reserves of 
triacylglycerol which may be released into the 
haemolymph for distribution to other tissues in 
the form of diacylglycerol (1). It has been 
suggested, on the basis of observed differences 
in the fatty acid composition of haemolymph 
diacylglycerol and fat body triacylglycerol of 
the locust, that fat body triacylglycerols are 
hydrolyzed to monoacylglycerols and free fatty 
acids prior to their being resynthesized to 
diacylglycerols for release to the haemolymph 
(21). This suggestion is supported by the 
demonstration of monoacylglycerol acyltrans- 
ferase activity in the fat body (19,22) and the 
report that an acid lipase from locust fat body 
yields equimolar amounts of monoacylglycerol 
and free fatty acids following incubation with a 
micellar dispersion of tri-, di- and monoacyl- 
glycerols (8). However, other studies indicate 
that monoacyl cleavage of the stored triacyl- 
glycerol is the primary route of diacylglycerol 
production in the fat body of another locust, 
Schistocerca gregaria (23), and the results 
presented herein suggest that this situation may 
prevail also in the cockroach fat body. The 
present study does not distinguish between 
several possible mechanisms of diacylglycerol 
production. Thus, the results reported herein 
may result from the action of a triacylglycerol 
lipase that preferentially yields sn-l,2-diacyl- 
glycerol, preferential degradation of sn-2,3- 
diacylglycerols by a stereospecific diacylgly- 
cerol lipase, or resynthesis of sn-l,2-diacylgly- 
cerols from monoacylglycerol precursors. 
Further studies on purified enzymes are re- 
quired in order to resolve these possibilities. 

Muscle 

The primary source of energy for thoracic 

muscle metabolism in the cockroach is carbo- 
hydrate (24,25) with no lipid being employed 
for this purpose under normal physiological 
conditions (26). The predominant role of 
carbohydrate in satisfying the energy require- 
ments of cockroach thoracic musculature is 
reflected in the relatively low levels of triacyl- 
glycerol hydrolysis that are observed in muscle 
homogenates (Table I). Comparative studies on 
the lipolytic activity of flight muscle from 
several insect species indicate that the capacity 
for hydrolysis is related to the importance of 
lipid as a substrate for muscle metabolism (7). 
Species which employ lipid as the primary 
substrate for muscle metabolism tend to show a 
specificity for acylglycerol hydrolysis which 
increases in the order tri: di: monoacylglycerol. 
A similar trend is suggested in the cockroach, 
although the absolute levels of lipase activity 
are lower (7). The results presented indicate 
that diacylglycerol is the primary product of 
triacylglycerol hydrolysis by muscle homo- 
genates of the cockroach. The demonstration of 
lipolytic activity is influenced markedly by the 
form in which the substrate is presented to the 
enzyme (27) and, in the absence of a uniform 
emulsification procedure, direct comparison of 
the disparate reports is inappropriate. However, 
in interpreting comparative data of this nature, 
it is important to ensure that the differing 
solubilities of the various substrates are recog- 
nized and that equimolar concentrations of the 
substrates are included in the incubation 
medium. The possibility that muscle samples 
may be contaminated with haemolymph is 
negated by the apparent differing stereospecific 
ratios of diacylglycerol products resulting from 
lipolysis of triacylglycerol by the fat body and 
the haemolymph (Table III). Thus, the fat body 
homogenate produces a racemic mixture of 
sn-1,2- and sn-2,3-isomers, whereas the 
haemolymph favors the production of the 
sn-l,2-configuration (Table liD. 

Haemolymph 

Lipolytic activity has been reported in the 
haemolymph of several insect species (28-32), 
but neither the source nor the role of the 
enzyme is known. Demonstration of lipolytic 
activity in haemolymph requires precisely 
defined experimental conditions; incubation of 
freshly collected haemolymph with emulsified 
triacylglycerol failed to reveal any capacity for 
hydrolysis and the presentation of diacylglycerol 
bound to the naturally occurring diacylglycerol- 
carrying lipoprotein similarly failed to demon- 
strate any lipolytic capacity in haemolymph (H. 
Chino and R.G.H. Downer, unpublished obser- 
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vations). The presence, in haemolymph, of high 
concentrations of diacylglycerol argues against 
the continual presence of an active lipase in this 
tissue, and it is necessary to propose a 
mechnism of enzyme activation that results in 
lipolytic activity being expressed under particu- 
lar physiological conditions. It may be assumed 
that the incubation conditions employed in the 
present investigation serve to activate the 
haemolymph enzyme, and it is interesting 
to note, in this regard, that mammalian lipopro- 
tein lipase is activated by phosphoacylglycerols 
(4). However, the demonstrated inhibition of 
cockroach haemolymph lipase by fluoride ions 
(30) indicates that the insect enzyme is dissi- 
milar to that of the mammal. The present study 
demonstrates that the haemolymph lipase 
produces diacylglycerol as the principal product 
of triacylglycerol hydrolysis and stereospecific 
analysis of the resulting diacylglycerols reveals 
an accumulation of sn-l,2-enantiomers over the 
sn-2,3-isomer (Table III). This indicates a 
further difference from the mammalian lipo- 
protein lipase for which a preponderance of the 
sn-2,3-diacytglycerol has been reported (4). 
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Reaction between Peroxidized Phospholipid and Protein: 
II. Molecular Weight and Phosphorus Content of Albumin 
after Reaction with Peroxidized Cardiolipin 
HENNING NIELSEN, Institute of Medical Biochemistry, 
University of Aarhus, Aarhus, Denmark 

ABSTRACT 

Peroxidized cardiolipin (diphosphatidylglycerol) reacts covalently with albumin. Incubation of 
albumin with increasing amounts of peroxidized cardiolipin produces a gradual increase in molecular 
size. Incubation with a small amount of peroxidized cardiolipin (molar ratio of cardiolipin/albumin 
21) produces a mixture of complexes that differs considerably with respect to the number of cardio- 
lipin molecules bound per molecule of albumin. With larger amounts of peroxidized cardiolipin (molar 
ratios of cardiolipin/albumin 54 and 114), the complexes formed seem to be of a more uniform type 
since the numbers of cardiolipin molecules bound per molecule of albumin are similar. No polymeriza- 
tion occurs for reactions in which up to at least 15 moles of cardiolipin have become bound per mole 
of albumin, and 20-25 moles may be bound with only very little polymerization. Only when the ratio 
of peroxidized cardiolipin to albumin was increased to a high value of 314 did polymerization occur. 
The present findings show that extensive covalent binding of peroxidized cardiolipin to albumin can 
occur without intermolecular crosslinking of the protein. 

INTRODUCTION 

Peroxidized lipids cause impor tan t  poly-  
merizat ion of  proteins (1-3). Observation of  
Roubal  and Tappel  ( I )  shows that  co-oxidat ion  
of cy toch rome  C and ethyl  l inolenate converts  
almost all of  the cy toch rome  C to dimer, 
te t ramer  and higher polymers.  In a similar 
exper iment ,  they observed that  r ibonuclease is 
also converted to po lymers  with the dimer 
const i tut ing the major part. Fur thermore ,  
co-oxidat ion of  e~-chymotrypsin and ethyl  
arachidonate produces po lymers  of  the prote in  
(1). The polymers  are considered to be protein-  
protein crosslinked polymers  arising by free 
radical chain polymer iza t ion .  This mechanism is 
suppor ted  by more recent  investigations (4,5). 
Menzel (2) has observed that  both  peroxidiz ing 
l inolenic acid and malondia ldehyde  cause 
dimerizat ion of  r ibonuclease and has suggested 
that  fo rmat ion  of malondia ldehyde during 
oxida t ion  of  polyunsatura ted  fa t ty  acids 
accounts  for some of the effects of  oxidizing 
lipids on protein.  Chio and Tappel (3) have 
shown that po lymer iza t ion  of  r ibonuclease A 
by peroxidizing ethyl  arachidonate  and by 
malondia ldehyde  produces quali tat ively similar 
mixtures  of  polymers  and apparent ly  the same 
f luorophor  which was tenta t ively  ident i f ied as 
N,N'-di-subst i tuted l -amino-3- iminopropene .  It 
has been suggested that crosslinking of  r ibonu-  
clease A by peroxidizing ethyl  arachidonate  is 
caused by malondia ldehyde arising during 
peroxidat ion.  Recent ly ,  we have observed that 
peroxidized cardiolipin binds covalently to 
albumin (6). The present  work  was under taken  
to examine  this react ion and we now report  on 

molecular  weight and phosphorus  conten t  of 
a lbumin after react ion with peroxidized cardio- 
lipin. 

MATERIALS AND METHODS 

Chemicals 

Albumin (human)  was obta ined from Kabi, 
Sweden;  ovalbumin from Miles, Seravac, 
England; r ibonuclease-A (from bovine pancreas) 
and 7-globulins (Bovine Cohn Frac t ion  II) 
f rom Sigma; myoglobin  (whale sperm) f rom 
Koch and Light; and pepsin f rom Boehringer. 
Albumin disulfide dimer (in a mixture  with 
albumin m o n o m e r )  was prepared by addi t ion 
of  Hg ++ to a solut ion of  a lbumin (7) fo l lowed 
by oxidat ion  of  the resulting mercury  dimer 
with iodine (8). Ox heart  cardiolipin,  Na salt 
form,  was prepared as previously described 
(6) and stored dry under  N 2 (-25 C) in brown 
glass ampoules,  solvent being removed by 
blowing with N 2 prior to sealing. Under  these 
condit ions,  cardiolipin was stable over at 
least l year since no change in absorpt ion at 
232 nm or chromatographic  behavior was 
detected.  The same batch of  cardiolipin was 
used th roughout  the work. Other  chemicals 
used were of  analytical grade. Cardiolipin 
suspension was prepared as previously described 
(6). 

Peroxidat ion  of  the cardioIipin suspension 
and its subsequent  incubat ion  with albumin was 
previously described (6) except  that  UV irradia- 
t ion was s topped at a 10% oxygen  uptake.  

Phosphorus Analysis 

Phosphorus  was determined as previously 
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described (6) by a modified micro-procedure 
(9) of Bartlett's method (10). 

Protein Analysis 

Protein was determined according to Lowry 
(11), and by total N analysis involving wet 
combustion with perchloric acid (12) and 
colorimetric quantitation by the Nessler reac- 
tion. 

Gel Filtration 

Gel filtration was performed o]1 a Sephadex 
G-200 column (bed dimension ca. 2.7 x 60 cm) 
in 10 mM sodium deoxycholate, 0.1 M Na2SO 4 
and 0.05 M sodium borate (pH 8.5) at a flow 
rate of 17-18 ml/hr. Samples were applied on 
the column in 4 ml buffer containing 60 mg 
sodium deoxycholate, and fractions of 6.3-6.7 
ml were collected. V o and V t were determined 
from elution volumes of Blue dextran and LiCI, 
respectively, the latter being analyzed by flame 
emission spectrophotometry. 

Sodium Dodecyl Sulfate Polyacrylamide 
Gel Electrophoresis (SDS-Electrophoresis) 

SDS-electrophoresis (Baker, Bremel, and 
Sobieszek, personal communication) was per- 
formed in the ORTEC 4200 electrophoresis 
system. The tank buffer was composed of 
0.020 M sodium acetate, 0.18 mM Na 2 EDTA, 
0.040 M Tris/acetic acid (Tris concentration), 
pH 7.4, and 2% (w/v) sodium dodecyl sulfate. 
A 7.5% running gel was prepared from 8% (w/v) 
acrylamide and 0.22% (w/v)bis-acrylamide 

r , . (N,N-methylene-bls-acrylamlde) in 30 ml tank 
buffer with further addition of 5 /J1 TEMED 
(N,N,N',N'-tetramethylenediamine) and 2 ml 
ammonium persulfate (2.5%, w/v). Wells were 
cast from a mixture of the same composition 
except that ammonium persulfate concentra- 
tion was doubled and five-fold more TEMED 
was used. Samples were made into a solution of 
buffer containing 3% SDS and heated for 1~�89 
min on a boiling water bath. Mercaptoethanol 
was intentionally omitted because of the 
possibility that it might disrupt bonds involved 
in an eventual polymerization of the protein. 
After cooling, bromophenol blue (0.1% in 50% 
aqueous glycerol) was added to a concentration 
of 0.015%, and 25-50 ~tg protein was subjected 
to electrophoresis at room temperature at 300 
V and 75 pps (pulses per second)for  the initial 
10 min to give a current intensity of 38 mA. 
Pulse rate was then increased to 150 pps. 
Electrophoresis was stopped after ca. 2 hr, at 
which time the tracking dye had reached 
bottom edge of the gel. Gels were stained either 
with 0.25% Coomassie blue in methanol/water/ 
acetic acid (50:40: 10, v/v) according to Weber 

i i t i i = i i t t  i i i 
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FIG. 1. Calibration curve for gel filtration on 
Sephadex G-200. Molecular weight standards in order 
of increasing molecular weight are ribonuclease 
(13700), myoglobin (17000), pepsin (35500), oval- 
bumin (43000), albumin (66200), albumin dimer 
(132500) and ~.-globulin (160000). 

and Osborn (13), or with 0.085% Coomassie 
blue in 20% (w/v) trichloroacetic acid (14). The 
latter method stained far more effectively the 
complexes of albumin and peroxidized cardio- 
lipin than the former. 

RESULTS 

Gel Filtration on G-200 in Presence of the 
Detergent Sodium Deoxycholate 

Figure 1 shows calibration curve for the 
Sephadex G-200 column used in the study. The 
Kay values for albumin monomer and dimer, 
0.34 and 0.15, respectively, differ sufficiently 
to assure their separation. 

Figure 2 shows gel filtration of albumin after 
incubation with increasing amounts of peroxi- 
dized cardiolipin (B through E)as compared to 
albumin that has been incubated with non- 
peroxidized cardiolipin (A). It is apparent that 
when the ratio of peroxidized cardiolipin to 
albumin in the incubation mixture is increased 
there is a gradual decrease in Kay value for 
albumin indicating an increase in molecular 
size. Only in the experiment where the incuba- 
tion was performed at the higher ratio of 
peroxidized cardiolipin to albumin (E) does the 
elution profile show a secondary peak (Kay = 
0.067). 

Figure 3 and 4 which refer to experiment B 
and C, respectively, of Figure 2 show the 
elution profiles for protein and covalently 
bound cardiolipin, and the ratio of moles 
cardiolipin bound per mole of albumin (right 
ordinate). The results of a typical experiment in 
which low amounts of peroxidized cardiolipin 
have been incubated with albumin are depicted 
in Figure 3. It is observed that covalently 
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b o u n d  P is e lu ted  earlier t han  the  p ro te in ,  and  
the  n u m b e r  of moles of  card io l ip in  b o u n d  
covalent ly  per  mole  of  a l b u m i n  varies widely 
t h r o u g h  the  e lu ted  p r o t e i n  peak.  When a l b u m i n  
is i n c u b a t e d  wi th  a cons iderab ly  h igher  a m o u n t  
of  pe rox id ized  cardiol ip in ,  the  n u m b e r  of 
card io l ip in  molecules  b o u n d  per  molecule  of 
a l bumin  is m u c h  increased and  e lu t ion  for  
p ro te in  and  p h o s p h o r u s  t ends  to b e c o m e  
co inc iden t  (Fig. 4). 

When expe r imen t s  D and  E of  Figure 2 were 
ana lyzed  in the  same way,  e lu t ion  profi le  for  
p ro t e in  and  covalent ly  b o u n d  P appeared  to be 
coinciding.  However ,  the  n u m b e r  of  card io l ip in  
molecules  b o u n d  per  molecu le  of a l bum i n  did 
vary sl ightly t h r o u g h o u t  the  p ro te in  peaks.  For  
e x p e r i m e n t  D, the  n u m b e r  varied f rom 25 ( for  
the  first par t  of  the  p ro t e in  peak)  to  20 (for  the  
last pa r t ) ;  for  e x p e r i m e n t  E, the  n u m b e r  var ied 
f rom 29 to 23. 

D e t e r m i n a t i o n  of  p r o t e i n  b o t h  accord ing  to 
Lowry (11)  and  by  to ta l  N analysis ( 1 2 ) g a v e  
similar  values;  thus ,  cova len t  b inding  of  cardio-  
l ipin to  a l bumin  did no t  in te r fe re  wi th  Lowry ' s  
m e t h o d .  
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FIG. 2. Gel filtration of  a lbumin after reaction 
with increasing amounts  of  peroxidized cardiolipin 
(A through E). Position of  elution for a lbumin dimer 
and trimer is indicated by arrows at respective Kay 
values. Kay value for albumin trimer was arrived at by 
interpolation on the calibration curve. Composi t ion of 
incubat ion mixtures  were, A (o-e): 0.124 mM albumin 
+ 4.63 mM nonperoxidized cardiolipin; B (o--n):  
0.165 mM albumin + 3.39 mM peroxidized cardiolipin 
(2.4 moles O2/mole cardiolipin); C (o---e): 0.127 mM 
albumin + 6.80 mM peroxidized cardiolipin (2.6 moles 
O2/mole cardiolipin); D (c,--a): 0_058 mM albumin + 
6.62 mM peroxidized cardiolipin (2.7 moles O2/mole 
cardiolipin); and E (.--): 0.039 mM albumin + 12.3 
mM peroxidized cardiolipin (2.6 moles O2/mole 
cardiolipin). This corresponds to the following in- 
creasing molar ratios of peroxidized cardiolipin to 
albumin in the incubation mixture for B through E: 
21, 54,114 and 314. 

SDS-electrophoresis 

Figure 5 shows e lec t rophores i s  of  d i f fe ren t  
segments  of  the  p ro t e in  e lu ted  in Figure 3 
t oge the r  wi th  appropr ia te  cont ro ls .  Cont ro l s  
were ob t a ined  f rom gel f i l t ra t ion  of  an incu-  
ba t ion  mix tu r e  of  a l b u m i n  and  n o n p e r o x i d i z e d  
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FIG. 3. Gel filtration on Sephadex G-200 of  
a lbumin reacted with peroxidized cardiolipin (2.4 
moles O2/mole cardiolipin). Peroxidized cardiolipin 
(3.39 mM) and albumin (0.165 mM) were incubated 
under N 2 at 30 C for 24 hr with cont inuous  shaking 
whereafter 3 ml was subjected to gel filtration. From 
protein concentrat ion in eluate (-o-) determined 
according to Lowry (11) and P concentrat ion (---), 
moles of covalently bound cardiolipin per mole of 
albumin (__zx._) were calculated (right ordinate). Void 
volume (Vo), total volume (Vt), and elution volumes 
for albumin monomer, dimer and trimer are marked 
with arrows. 
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FIG. 4. Gel filtration on Sephadex G-200 of  
a lbdmin after reaction with peroxidized cardiolipin 
(2.6 moles O2/mole cardiolipin). Peroxidized cardio- 
lipin (6.80 raM) and albumin (0.127 raM) were incu- 
bated under N 2 at 30 C for 22 hr with continuous 
shaking whereafter 2 ml of the reaction mixture was 
subjected to gel filtration. From protein concentration 
in eluate (-o-) determined according to Lowry (11) 
and P concentration (---), moles of covalently bound 
cardiolipin per mole of albumin (__zx_) were calculated 
(fight ordinate). Void volume (Vo) , total volume (Vt), 
and elution volumes for albumin monomer, dimer and 
trimer are marked with arrows. 
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cardioIipin and subsequent pooling of corres- 
ponding segments of eluted protein. Suffice to 
mention that the nonperoxidized cardiolipin 
had been preincubated under the same condi- 
tions (including UV irradiation at 5 ppm Cu ++) 
used for peroxidation of cardiolipin, except 
that oxygen had been replaced by nitrogen. 
Pools corresponding to application 1, 2 and 3 
constituted 8, 38 and 54%, respectively, of the 
total eluted protein. Pools corresponding to 
application 1C, 2C and 3C constituted 10, 34 
and 56%, respectively, of the total eluted 
protein. For none of the segments is any 
difference apparent between sample and 
control neither in their electrophoretic mobility 
nor in their content of dimeric albumin. The 
front segments (1 and 1C) consist mainly of 
albumin dimer which is known to be present in 
native albumin (I5). The succeeding segments 
(2, 2C and 3, 3C) consist of albumin monomer. 

The protein eluted in Figure 4 was pooled 
for SDS-electrophoresis (Fig. 6). The first 5% 
and the last 3% of the eluted protein were not 
included because of lack of material. Pools 
corresponding to samples 1 and 2 constituted 
54% and 38%, respectively, of the eluted 
protein. 1C and 2C are appropriate controls. 
Since there is no difference between samples 
and controls with respect to content of dimer 
and higher polymers of albumin, at least 15 
molecules of peroxidized cardiolipin may be 
bound per molecule of albumin without inter- 
molecular crosslinking. There is a slight de- 
crease in electrophoretic mobility and some 
broadening of the bands of samples. The gel 
was stained with Coomassie blue in methanol/  
water/acetic acid, and it is apparent that the 
samples stain less well than their controls. 
Incubation at still higher ratios of peroxidized 
cardiolipin to albumin (D and E of Fig. 2) 
produced complexes that could not be stained 
by this procedure. However, in these cases 
staining could be done with Coomassie blue in 
20% trichtoroacetic acid (Fig. 7). 

The protein of D in Figure 2 was made into 
two pools corresponding to the first and the 
second half of  the eluted protein. The first half 
contained one major broad band with a mo- 
bility slower than that of  the control monomer 
but higher than that of albumin dimer (Fig. 7). 
This fraction is claimed to be monomers of 
albumin-peroxidized cardiolipin complexes. In 
addition, a minor band was present at a posi- 
tion corresponding to the 3 mm mark of the 
inserted ruler. This band is claimed to be 
polymers - probably dimer - of the mono- 
meric albumin-peroxidized cardiolipin com- 
plexes; it clearly exceeds the amount of poly- 
meric material in its control (compare 1 with 

FIG. 5. SDS-electrophoresis of three albumin 
preparations with varying amounts of covalently 
bound peroxidized cardiolipin (1, 2 and 3). The 
preparations were obtained by pooling eluate from gel 
filtration of Figure 3 as indicated. 1: Protein eluted 
from 122-160 ml; 2: Protein eluted from 161-187 
ml; 3: Protein eluted from 188-232 ml; 1C, 2C and 3C 
controls for 1, 2, and 3, respectively, as explained 
under SDS-electrophoresis. The far left application 
(Alb) is native albumin. The far right two lanes show 
electrohporesis of native albumin (Alb) and albumin 
dimer ((Alb) 2) in another electrophoretic run per- 
formed under the same conditions. Each application 
contained 29 ug protein. 

FIG. 6. SDS-electrophoresis of two albumin 
preparations, 1 and 2, containing 14-16 moles and 
9-13 moles, respectively, of covalently bound cardio- 
lipin per mole of albumin. The preparations were 
obtained by pooling eluate from gel filtration of 
Figure 4 as indicated below. 1: Protein eluted from 
145-174 ml; 2: Protein eluted from 175-203 ml. 1C 
and 2C are appropriate controls. Far left and far 
right application is native albumin (Alb). Each appli- 
cation contained 30 #g protein. 

1C of Fig. 7; polymeric material of control is 
not visible on photograph). The second half of 
the eluted protein contained exclusively the 
asserted monomeric albumin-peroxidized 
cardiolipin complexes (Fig. 7, lane 2). Thus, 
20-25 moles of peroxidized cardiolipin may be 
bound covalently per mole of albumin with 
only very little polymerization. The consider-  
able decrease in electrophoretic mobility of the 
asserted monomeric and dimeric complexes 
relative to albumin monomer and dimer might 
be anticipated because the reaction with 
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peroxidized cardiolipin will increase the mole- 
cular size of the protein. 

The protein of E of Figure 2 was similarly 
made into two pools corresponding to the first 
half and the second half of the eluted protein. 
Electrophoresis demonstrated the presence of 
two major bands with similar electrophoretic 
mobilities as the asserted monomeric and 
dimeric complexes of D and therefore probably 
of the same type. The assumed dimeric com- 
plex was the major component of the first half 
of the eluted protein, whereas the assumed 
monomeric complex constituted the major 
component of the second half of the eluted 
protein. Hence, polymerization appears to be 
quantitatively important in E. 

DISCUSSION 

The linear dependence of elution volume on 
the logarithm of the molecular weight in gel 
filtration of globular proteins in dilute salt 
solutions is well established (16). The devia- 
tions from linearity seen in Figure 1 are prob- 
ably caused by the detergent of the buffer 
producing different degrees of unfolding of the 
various proteins. Such unfoldings will be 
tantamount to increased molecular size. How- 
ever, to detect polymerization of albumin, the 
gel filtration procedure is valid since the Kay 
value for a protein is reproducible and the 
difference between Kay values for albumin 
monomer and dimer assures separation of the 
two compounds. Thus, three determinations of 
Kay for albumin monomer gave values of 0.336; 
0.344 and 0.340, and two determinations of 
Kay for albumin dimer gave values of 0.147 and 
0.148. 

Figure 2 shows that when albumin is incu- 
bated with increasing amounts of peroxidized 
cardiolipin, its maximum of elution is gradually 
shifted towards smaller Kav value, and only for 
the incubation with the highest ratio of peroxi- 
dized cardiolipin to albumin does a secondary 
peak appear (E). The increase in molecular size 
of albumin is probably the result of space-filling 
by the bound cardiolipin. In addition, there 
may be unfolding of the albumin due to altered 
intramolecular forces. This would contribute to 
increased molecular size. An increase in molecu- 
lar size produced in these ways will probably be 
gradual with increasing amounts of reacting 
lipid as seen for B, C and D in Figure 2. How- 
ever, reactions causing intermolecular cross- 
linking of the albumin may also occur. This 
need not result in the appearance of additional 
peaks because a range of monomeric complexes 
of albumin-peroxidized cardiolipin and their 
dimers may give rise to an elution profile with a 

FIG. 7. SDS-electrophoresis of the first (1) and 
second half (2) of the eluted protein of D of Figure 2 
containing 23-25 moles and 20-23 moles, respectively, 
of covalently bound cardiolipin per mole of albumin. 
1C and 2C are appropriate controls. Alb is native 
albumin, and (Alb) 2 is a preparation of albumin 
dimer. Each application contained 45 ~g protein. 

broader base rather than definite peaks. Conse- 
quently, the fact that only one peak is present 
in B, C and D does not necessarily exclude such 
polymerization. To account for the appearance 
of a secondary peak in E, it is tentatively 
assumed that quantitatively important cross- 
linking has occurred for monomeric albumin- 
peroxidized cardiolipin complexes of a rela- 
tively narrow molecular weight range. These 
assumptions are supported by the results of 
SDS-electrophoresis and by the relative small 
variation in the number of moles cardiolipin 
bound per mole of albumin when relatively 
high amounts of peroxidized cardiolipin is 
incubated with albumin (C, D and E). 

The weight ratio of lipid to protein in the 
incubation mixtures ranged from ca. 0.5-7. 
For most biological membranes, the ratio is 
within the range of 0.25-4 (17); the ratios 
used in A through D are well within this range. 

SDS-electrophoresis of albumin of experi- 
ments A through E in Figure 2 indicates that no 
polymerization has occurred in B and C, and 
only very little in D (Figs. 5, 6 and 7, respec- 
tively). In E, however, quantitatively important 
polymerization did occur. In E the ratio of lipid 
to protein in incubation mixture was increased 
3-fold over that in D. It may be that a cross- 
linking product of lipid peroxidation thereby 
reaches a concentration that makes substantial 
polymerization possible. This may be the 
essential difference between D and E since the 
number of moles cardiolipin bound per mole of 
albumin are rather similar. 

The elution of covalently bound peroxidized 
cardiolipin and protein in experiments B-E of 
Figure 2 was studied as shown for B and C in 
Figures 3 and 4, respectively. Generally, if only 
one species of complex is produced in the 
reaction between peroxidized cardiolipin and 
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albumin (no albumin being left unreacted), 
elution profiles for covalently bound P and 
protein would coincide. The ratio of moles 
cardiolipin/mole albumin calculated on basis of 
the concentration of P and protein in eluate 
would be constant and express the actual 
number of cardiolipin molecules bound per 
albumin molecule. When more species of 
complexes differing with respect to the number 
of moles of cardiolipin bound per mole of 
albumin are formed in the reaction, elution 
profiles for P and protein would still coincide if 
no fractionation of the complexes according to 
their P content occurs during gel filtration. The 
ratio of moles cardiolipin/mole albumin would 
be constant to give an average value. If, how- 
ever, fractionation occurs, the elution profile 
for P will be displaced relative to the protein 
elution profile. The analytical determined ratio 
of moles cardiolipin/mole albumin will vary for 
the eluate and express average values in so far as 
the elution of different complexes overlap each 
other. 

In Figure 3, the elution profile for P is 
considerably displaced relative to the elution 
profile for protein. This indicates that more 
than one molecular species is present and 
fractionation has occurred on basis of dif- 
ference in P content. The ratio of moles cardio- 
lipin/mole albumin which varies from 1-7 is a 
minimum range because the ratios are average 
values, and complexes containing far more than 
7 cardiolipin molecules per albumin molecule 
may be present. It is, however, not possible to 
decide the kinds and amounts of the individual 
complexes actually present. 

In Figure 4, the elution profiles for P and 
protein are almost coincident, except for a very 
small displacement of the P elution profile 
towards smaller elution volume, and the 
analytical determined ratio of moles cardio- 
lipin/mole albumin varies from about 9 to 15. 
The real composition of the complexes may 
cover a somewhat broader range corresponding 
to the presence of complexes with a higher and 
lower number of molecules of covalently bound 
cardiolipin per molecule of albumin. The 
species containing about 14 moles of cardio- 
lipin per mole of albumin apparently may be 
the most abundant,  lesser amounts of com- 
plexes containing more than 14 and less than 
14 moles of cardiolipin per mole of albumin 
being present. 

Molecular weights of monomeric albumin- 
peroxidized cardiolipin complexes based on 
Kay values (Fig. 2) and the calibration curve are 
considerably higher than molecular weights 
calculated from the number of cardiolipin 
molecules bound per albumin molecule; e.g., 

Kav for D of Figure 2 is 0.16. A molecular 
weight of about 150000 is read from the 
calibration curve. However, since 20-25 moles 
of cardiolipin are bound per mole of albumin, a 
molecular weight of only 95000-100000 should 
be expected (assuming a molecular weight of 
1400 for cardiolipin). Presumably, the bound 
cardiolipin molecules are relatively loosely 
packed, and also unfolding of the albumin may 
have occurred. Both phenomena would cause a 
greater increase in molecular size than could be 
expected from its actual increase in molecular 
weight. 

The present reaction betweep peroxidized 
cardiolipin and albumin differs from previous 
views of the reactions between peroxidized 
lipid and protein by extensive covalent binding 
of peroxidized lipid to protein and absence of 
substantial intermolecular crosslinking of the 
protein. As discussed previously (6), the present 
model system differs in several respects from 
systems used by other authors, and this prob- 
ably accounts for the different findings. Since 
albumin and cardiolipin have also been used as 
model compounds in our earlier study (6), it is 
not known if the reaction occurs in general 
between peroxidized phospholipids and pro- 
teins. However, the fact that peroxidized 
cardiolipin binds covalently to the same extent 
to albumin and 7-globulin (18) may indicate 
that the reaction applies to proteins in general. 
We are currently investigating if peroxidized 
phospholipids, in general, bind covalently to 
proteins. 
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Inhibition of Cholesterol Synthesis in Mammary Tissue, 
Lung, and Kidney Following Cholesterol Feeding in the 
Lactating Rat 
P.M. KRIS-ETHERTON 1 and I.D. FRANTZ, JR., Departments of Food Science 
and Nutrit ion and Biochemistry, University of Minnesota, 
Minneapolis, Minnesota 55455 and St. PauL, Minnesota 55108 

ABSTRACT 

Pregnant rats were randomly allocated to one of 3 experimental dietary groups: Group 1 - 15.5% 
butter, 2% cholesterol, 0.78% sodium cholate purified diet; Group 2 - standard rat diet with the 
addition of 10% lard and 2% cholesterol, and Group 3 -- standard rat diet. Plasma and milk cholesterol 
at 10 days postpartum were significantly elevated in dams fed exogenous cholesterol. The rat of in- 
corporation of [ 1-14C] acetate into digitonin-precipitable sterols of mammary tissue slices from dams 
in Group 1 and Group 2 was eight-fold and two-fold, respectively, less than controls. Mammary tissue 
cholesterol was greater in dams ted dietary cholesterol. Thus, our data, for the first time, demonstrate 
that cholesterol synthesis in lactating rat mammary tissue is suppressed following cholesterol feeding. 
In a second experiment, the rate of incorporation of [1-14C] acetate into digitonin-precipitable sterols 
in kidney and lung tissue of Group 1 rats was suppressed;however, this response was not as marked as 
that observed in lactating mammary tissue. The concentration of cholesterol in kidney and lung was 
greater than controls. These results suggest that extrahepatic inhibition of cholesterol synthesis exists 
in the rat with a concomitant increase in tissue cholesterol. 

INTRODUCTION 

While there  have been  extens ive  investi- 
ga t ions  a b o u t  the  ra te  and  regu la t ion  of  cho-  
lesterol  synthes is  in m a n y  m a m m a l i a n  t issues 
( 1,2), t he re  is no  i n f o r m a t i o n  a b o u t  the  con t r o l  
of  choles terogenes is  in lac ta t ing  m a m m a r y  
tissue. It  is recognized  t ha t  l ac ta t ing  m a m m a r y  
tissue is metabo l ica l ly  act ive,  syn thes iz ing  fa t ty  
acids at  an excep t iona l ly  high rate  (3). As early 
as 1950, it was d e m o n s t r a t e d  tha t  l ac ta t ing  
m a m m a r y  t issue is capable  of  de  novo synthes is  
of  cho les te ro l  f rom radio- labeled  ace ta te  (4-6). 
These f indings  p r o m p t e d  us to  exam i ne  lactat-  
ing m a m m a r y  t issue for  the  suppress ion  of 
choles te ro l  b iosyn thes i s  s u b s e q u e n t  to  cho-  
lesterol  feeding.  

In view of  r ecen t  inves t iga t ions  which  have  
d e m o n s t r a t e d  ex t r ah epa t i c  suppress ion  of  cho-  
lesterol  syn thes i s  in response  to d ie ta ry  
cho les te ro l  in r abb i t s  (7) ,  mice (8) ,  and  guinea 
pigs (9-11) ,  inves t iga t ions  were c o n d u c t e d  to 
d e t e r m i n e  w h e t h e r  the  ra te  of  cho les t e ro l  
s y n t h e ~ s  in t he  ex t r ahepa t i c  t issues of  t h e  ra t  is 
sensi t ive to exogenous  choles terol .  S w a n n  and  
coworker s  (10)  conc luded  t ha t  the  sensi t ivi ty  
of  cho les te ro l  synthes is  in ex t r ahepa t i c  t issues 
of  t he  guinea pig is due  to the  a c c u m u l a t i o n  of  
e x o g e n o u s  choles te ro l  in these  tissues. The  
second  purpose  of  th is  r epor t  was to examine  
whe the r  th is  sensi t ivi ty exis ted in the  rat .  

lTo whom all correspondence should be sent :  
The Pennsylvania State University, College of Human 
Development, Nutrition Program, University Park, PA 
16802. 

PROCEDURES 

Animal Preparations 

At 14 days '  ges ta t ion ,  H o l t z m a n  ra ts  (Hol tz-  
man Co., Madison,  WI) were a l loca ted  to  one  of  
th ree  e x p e r i m e n t a l  d ie ta ry  groups:  G r o u p  1 was 
fed a pur i f ied diet  (Table  I) c o n t a i n i n g  15.5% 
bu t t e r ,  2% cho les te ro l  and  0 .78% sod ium 
cho la t e ;  G r o u p  2 was fed a s tandard  rat  die t  
(Pur ina  Rat  Chow,  Ra ls ton  Purina,  St. Louis,  
MO) wi th  the  add i t i on  of  10% lard and  2% 
choles te ro l ;  and G r o u p  3, which  served as a 
re fe rence  group,  was fed a s tandard  rat  diet .  
Rats  were housed  in indiv idual  cages and 
m a i n t a i n e d  on a reverse l ight ing schedule  
( 2 0 0 0 - 0 8 0 0  light).  Five days  p o s t p a r t u m ,  l i t ters  
were ad jus ted  to six pups.  Milk and  plasma 
samples  were col lec ted  at  10 days  p o s t p a r t u m .  
Dams were separa ted  f rom the i r  l i t ters  5 hr  
pr ior  to the  co l l ec t ion  of  milk and  plasma.  Milk 
was col lec ted  while  dams were unde r  l ight  
anes thes ia  10 min  af te r  a 0.2 ml i n t r ape r i t onea l  
in j ec t ion  of  o x y t o c i n  (Pi tocin ,  10 un i t s  per  ml,  
Parke Davis and Co., Det ro i t ,  MI). Approx i -  
ma te ly  2 ml o f  mi lk  was col lec ted.  Blood 
samples  were t aken  f rom the  tail in EDTA 
tubes.  M a m m a r y  t issue samples  were excised 
f rom the  r ight  p rox imal  inguinal  gland whi le  
dams were unde r  light e ther  anes thes ia  at  10 
days  p o s t p a r t u m  b e t w e e n  0 8 0 0  and  1200. In a 
second e x p e r i m e n t ,  lung  and k idney  tissue was 
col lected b o t h  f rom dams at 10 days  post-  
p a r t u m  and  female ra ts  which  were no t  lac ta t -  
ing. These  ra ts  had  b e e n  m a i n t a i n e d  o n  a h igh 
fat ,  h igh choles te ro l  pur i f ied  diet  (Table  I) or  
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TABLE I 

Composition of High Fat, High 
Cholesterol Purified Diet 

g/100 g Diet 

Cholesterol a 1.94 
Butter (sodium chloride free) 15.51 
Casein b 31.03 
Sucrose 31.12 
Sodium cholate b 0.78 
Choline chloride b 1.55 
Cellulose flour b 7.76 
Salt mix W b 6.21 
Vitamin diet fortification mixture b 3.10 

aUSP grade, Sigma Chemical Co., St. Louis, MO. 
blCN Pharmaceuticals, Inc., Cleveland, OH. 

standard rat diet for t7 days. Mammary tissue 
from 2 dams which had no access to food for 
24 hr, but were allowed free access to water, 
was also excised under the aforementioned 
experimental conditions. 

Tissue Preparation Incubation 

Immediately following tissue excision, lung, 
kidney, and mammary tissue were immersed in 
4 C Krebs Ringer phosphate solution (pH 7.2) 
and rinsed well. Tissue slices, 0.5 mm in thick- 
ness, were made with a Stadie-Riggs Microtome 
(A.H. Thomas Co., Philadelphia, PA). Approx- 
imately 200 mg of tissue was transferred to a 
25 ml erlenmeyer flask which contained 3 ml 
of Krebs-Ringer phosphate buffer and 5 ~ Ci of 
[ 1A 4C] acetate (0.45 N Ci//~mole). The flasks 
were gassed with 95% 02-5% CO2, capped and 
incubated in a Dubnoff Metabolic Incubator 
(Precision Scientific Co., Chicago, IL)wi th  120 
oscillations/min at 37 C for 2 hr, at which time 
0.3 ml of 3N H2SO 4 was added through the 
stopper to terminate the incubation (12). 

Isolation of 14C-Labeled Sterols 

This method is discussed in detail elsewhere 
(12). Briefly, tissue slices were rinsed with an 
isotonic saline solution and transferred to screw 
cap culture tubes with 2 ml H 20.  The tissues 
were digested with 2 ml of 30% KOH while 7 
ml ethanol was added to make a 50% ethanol 
solution. The tubes were heated for 5 hr at 70 
C for saponification at which time the un- 
saponifiable material was extracted 3 times 
with 10 ml of petroleum ether. The extracts 
were evaporated to dryness and dissolved in 6 ml 
of a mixture of acetone/ethanol (1:1), 3 ml of 
1% digitonin in a 50% ethanol solution, heated 
for 30 seconds in boiling water, and left to sit 
overnight at 4 C. 

AND I.D. FRANTZ, JR. 

The precipitate, containing the ~-hydroxy 
sterols, was washed 3 times with acetone in 
centrifuge tubes, and dried under a slow stream 
of N 2. Two ml methanol was added to dissolve 
the digitonides and 0.5 ml was added to 10 ml 
DPO-POPOP scintillation fluid containing 0.5% 
diphenyloxazole and 0.05% p-bis-phenylorazol- 
yl-benzene in toluene. All samples were 
counted in an Ansitron liquid scintillation 
counter, II 1300 (Picker Nuclear, New Haven, 
CT). Corrections f o r  quenching were made. 
Results are expressed as the percent incorpora- 
tion of  [ 1-14C1 acetate into digitonin-precipita- 
ble sterols per 100 mg tissue per 2 hr incuba- 
tion period. 

Isolation of 14C-Labeled Fatty Acids 

Masoro and coworkers (13) described a 
method for isolating fatty acids in detail. In 
short, to the saponifiable solution, two drops of 
brom cresol green (as a color indicator) and 
enough 6 N HC1 to acidify the solution (yellow 
end point) were added. Fatty acids were 
extracted three times with 8 ml hexane, washed 
once with 8 ml H20  and centrifuged (2500 
RPM for 5 min). One-tenth (2.4 ml) of the 
hexane-fatty acid aliquot was evaporated to 
dryness in a scintillation vial to which the 
aforementioned scintillation fluid was added. 

Determination of Tissue, Plasma and Milk Cholesterol 

Tissue cholesterol was determined by an 
adaptation of the Sperry and Webb method 
(14) from the cholesterol digitonide. Milk 
cholesterol was determined by a method 
developed by Morin and Elms (15) utilizing a 
Packard Gas Chromatograph 837 (Packard 
Instrument Co., Inc., Downers Grove, IL). 
Plasma cholesterol was determined by the 
Technicon Autoanalyzer II method (16). 

Statistical Analyses 

A Student's t test was used to analyze all 
data (17). 

R ESU LTS 

Milk and Plasma Cholesterol 

Results indicate a significant effect of 
dietary cholesterol (Group 1 and 2) on plasma 
and milk cholesterol (Table II) in the lactating 
rat at 10 days postpartum. These findings are in 
agreement with previous reports from our 
laboratory (18). In the two groups of rats fed 
cholesterol (Group 1 and 2), milk cholesterol 
was not significantly different between Group 1 
and 2 while plasma cholesterol was, (397 -+ 40 
and 128 + 7 mg%, respectively, (p<~0.0005). 

LIP1DS, VOL. 14, NO. 11 
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Incorporation of [1-14C] Acetate into 
Digitonin-Precipitable Sterols and 
Fatty Acids in Mammary Tissue 

Cholesterol feeding and fasting inhibited the 
incorporation of [ 1 - laC] acetate into digitonin- 

T A B L E  II 

P lasma and Milk Choles tero l  
o f  D a m s  at 10 Days  Lac ta t ion  

Plasma Milk 
T r e a t m e n t  choles tero l  mg% choles tero l  mg% 

G r o u p  t a 

1 428 
2 291 
3 438 
4 364 
5 534 
6 500 
7 467 60 
8 215 44 
9 203 50 

lO 333 84 
11 458 57 
12 224 50 
l 3 708 63 

(397  • 40)  (58 +- 5) h 

G r o u p  2 a 

14 117 71 
15 125 45 
16 144 52 
17 112 60 
18 145 45 

(128-+ 7) c (SS +- 5) d 

G r o u p  3 

19 69 
20 73 
21 91 
22 69 
23 75 30 
24 68 41 
25 63 37 
26 25 
27 41 
28 34 
29 37 
30 38 
31 50 
32 43 

(73 -+ 4) (38 -+ 2) 

Values in pa ren theses  are me a ns  and s t anda rd  
errors.  

aDeno te s  signif icant  d i f fe rence  w h e n  c ompa r i s ons  
axe m a d e  b e t w e e n  respect ive  t r e a t m e n t  and G r o u p  3. 

b p < 0 . 0 l .  

c p < 0 . 0 0 5 .  

d p < 0 . 0 2 5 .  

G r o u p  1 - High fat,  high cho les te ro l  diet .  
G r o u p  2 - 10% Lard,  2% choles terol ,  s t andard  rat  

diet.  
G r o u p  3 - S tanda rd  rat  diet .  

precipitable sterols (Table III). There was an 
eight-fold decrease in cholesterol synthesis in 
lactating mammary tissue from dams fed the 
high cholesterol purified diet (Group 1). To 
examine the exclusive effect of cholesterol 
feeding, and not the effect of other purified 
dietary components on cholesterol synthesis in 
mammary tissue, dams were fed a standard rat 
diet with the addition of 2% cholesterol and 
10% lard (Group 2). The percent incorporation 
of [1-t4C]acetate into digitonin-precipitable 
sterols was suppressed ca. 2.5 times. Therefore, 
the addition of exogenous cholesterol to the 
diet of a lactating rat suppressed cholesterol 
synthesis in lactating mammary tissue. 

The percent incorporation of [1-14C]- 
acetate into fatty acids was examined as an 
assurance that dams were eating the experi- 
mental diet in view of our findings, and those 
of others (1,2) that fasting has an inhibitory 
effect on cholesterol synthesis. Although there 
was a significant difference in the percent 
incorporation of [1-14C]acetate into fatty 
acids in dams in Group 2, a closer examination 
of each value reveals that every value falls 
within the range of normal values. We have 
indications that dams in Group 2 consumed the 
experimental diet. Serum cholesterol was 
elevated, milk was produced and from past 
preliminary experiments, we have found that 
rats fed this diet gain weight at a faster rate 
than rats fed a standard stock diet. Further- 
more, mammary tissue from dams in Group 2 
(and Group 1) had a significantly higher con- 
centration of cholesterol than mammary tissue 
from darns fed standard rat diets. Accordingly, 
the inhibition of cholesterol synthesis in 
mammary tissue of dams fed a 2% cholesterol, 
10% lard, and standard rat diet was the result of 
cholesterol feeding even though fatty acid 
synthesis was moderately depressed. 

Finally, it appears that cholesterol feeding 
increased the concentration of digitonin- 
precipitable sterols in mammary tissue of 
lactating rats. 

Incorporation of [1-14C] Acetate into Digitonin- 
Precipitable Sterols and Fatty Acids in Lung and 
Kidney. Lung and Kidney Cholesterol 

The incorporation of [1-]4C]acetate into 
digitonin-precipitable sterols was significantly 
inhibited in lung tissue of lactating rats fed a 
high cholesterol purified diet (Table IV). 
Cholesterol synthesis was also suppressed in 
kidney tissue of dams fed a high cholesterol 
purified diet, although these results were not 
statistically significant. Both lung and kidney 
tissue from rats in Group 1 contained more 
cholesterol than controls. 

LIPIDS,  VOL.  14, NO. 1 1 
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DISCUSSION 
W h i l e  t h e  l i v e r  is  t h e  p r i m a r y  s i t e  o f  a n  

i n h i b i t i o n  o f  c h o l e s t e r o l  s y n t h e s i s  f o l l o w i n g  

c h o l e s t e r o l  f e e d i n g  i n  t h e  r a t ,  d a t a  p r e s e n t e d  i n  

t h i s  p a p e r  s u g g e s t  t h a t  o t h e r  t i s s u e s  h a v e  a 

participatory role as well. Under comparable 
experimental conditions, there was also inhibi- 
tion of cholesterol synthesis in mammary tissue 
of the lactating rat. Of importance,  also, is that 
cholesterol synthesis may be suppressed in lung 

T A B L E  lII  

I n c o r p o r a t i o n  o f  [ 1-14C ] A c e t a t e  i n to  D i g i t o n i n - P r e c i p i t a b l e  S te ro l s  
a n d  F a t t y  A c i d s  in M a m m a r y  Tissue,  a n d  M a m m a r y  Tissue C h o l e s t e r o l  

T r e a t m e n t  

14C I n c o r p o r a t i o n  
i n to  d ig i ton in -  Dig i ton in -  

p r e c i p i t a b l e  14 C I n c o r p o r a t i o n  p r e c i p i t a b l e  
s t e r o l s / 1 0 0  m g  in to  f a t t y  ac id s /  s t e r o l s / 1 0 0  

t issue 100  m g  t issue  m g  t i ssue  

G r o u p  1 a % % mg 

1 0 .11  0 .62  0 . 1 0 9  
2 0 .15  3 .37  0 . 1 5 8  
3 0 . 0 4  1.83 0 . 1 6 7  
4 0 . 1 0  0 .80  0 . 1 4 5  
5 0 .02  4 .12  0 . 1 5 3  
6 0 .07  2 .31 0 . 1 7 8  
7 0 .03  2 .31 0 . 2 4 0  
8 0 .06  1 .28 0 . 1 1 5  
9 0 .06  1 .56 0 . 1 3 4  

10 0 .02  3 .06  0 . 1 7 3  
11 0 .09  1.15 0 . 1 2 3  
12 0 . 0 4  0 .91 0 . 1 4 9  
13 0 .04  1.31 0 . 1 4 8  

( 0 . 0 6  • 0 . 0 1 )  b ( 1 . 8 9  • 0 . 3 0 )  ( 0 . 1 5 3  • 0 . 0 0 9 )  c 

G r o u p  2 a 

14 0 .03  1.31 0 . 1 6 2  
15 0 .19  0 .52  0 . 1 2 8  
16 0 .25  0 .75  0 . 1 2 4  
17 0 .40  1.35 0 . 1 4 0  
18 0 .04  0 .99  0 . 1 7 8  

( 0 . 1 8  • 0 . 0 7 )  d ( 0 . 9 8  • 0 . 1 6 )  d ( 0 . 1 4 0  • 0 . 1 0 )  c 

G r o u p  3 

19 0 .28  3.41 0 . 1 0 7  
20  0 .85  3 .56  0 . 1 0 7  
21 0 .45  1 .69 0 . 1 1 1  
22  0 .62  2 .58  0 . 1 0 2  
2 3  0 . 1 9  1.56 0 . 1 0 7  
2 4  0 . 5 3  1 .48 0 . 1 1 3  
25 0 . 3 0  0 .42  0 . 0 0 9  

( 0 . 4 6  • 0 .09 )  ( 2 . 1 0  • 0 .43 )  ( 0 . 1 0 7  • 0 . 0 0 2 )  

F a s t e d  

33 
34 

d a m s  

0 .01  0 .42  
0 . 0 0 4  0 .10  

( 0 . 0 0 7  • 0 . 0 0 3 )  d ( 0 . 2 6  • 0 . 1 6 )  d 

Va lues  r e p r e s e n t  t h e  average  o f  d u p l i c a t e  samples .  
Va lues  in p a r e n t h e s e s  are  m e a n s  a n d  s t a n d a r d  er rors .  

a D e n o t e s  s i gn i f i c an t  d i f f e r e n c e  w h e n  c o m p a r i s o n s  are 
t r e a t m e n t  a n d  G r o u p  3. 

b p < 0 . 0 0 5 .  

c p < 0 . 0 1 .  
d p < 0 . 0 5 .  

m a d e  b e t w e e n  r e spec t ive  

G r o u p  1 - H igh  fa t ,  h igh  c h o l e s t e r o l  d ie t .  
G r o u p  2 - 10% L a r d ,  2% cho l e s t e ro l ,  s t a n d a r d  r a t  d ie t .  
G r o u p  3 - S t a n d a r d  r a t  diet .  
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and kidney tissue in the rat under severe 
experimental conditions. 

Dietschy and McGarry (19) demonstrated 
the limitation of acetate as a substrate for 
measuring cholesterol synthesis. These investi- 
gators compared the rates of cholesterol 
synthesis in rat liver slices using [14Clacetate 
and [14C] octanoate as precursors reasoning 
that isotopic acetate would generate isotopic 
acetyl-CoA in the cytosol while labeled 
octanoate would generate labeled acetyl-CoA in 
the mitochondrion. By simultaneously incubat- 
ing liver slices with both precursors, Dietschy 
and McGarry were able to assess the degree of 
intracellular dilution and compartmentalization 
of the acetyl-CoA pools. They found that the 
rate of cholesterol synthesis was 47% of the 
maximum when acetate was used as a pre- 
cursor. These investigators cautioned against 
using acetate to precisely measure cholesterol 
synthesis because of changes in the concentra- 
tion of the acetate pool. 

Our investigations did not attempt to 
quantify the cholesterol synthetic rate in tissue 
slices incubated with labeled acetate. While the 
caveat of Dietschy and McGarry (19) cannot be 
ignored, it is of importance to note that in one 
experiment we found an 8- to 10-fold suppres- 
sion in the percent incorporation of acetate 
into cholesterol. Unless there were vast changes 
in the acetate pool size induced by cholesterol 
feeding, such a marked inhibition of cholesterol 
synthesis could be attributed only to an actual 
suppression in cholesterol synthesis. To date, 
vast changes in the acetate pool sizes, leading to 
a 10-fold inhibition in cholesterol synthesis 
have not been demonstrated. Therefore, we 
believe that the significant reduction in the 
percent incorporation of labeled acetate into 
cholesterol is the result of an actual suppression 
in the rate of cholesterol synthesis rather than a 
major dilution in the acetate pool size. The 
percent incorporation of labeled acetate into 
cholesterol in lung and kidney tissue, however, 
warrants further investigation. 

We attribute the suppression of cholesterol 
synthesis in kidney, lung and mammary tissue 
in the rat to the accumulation of cholesterol in 
these tissues. Frantz and associates (20) first 
suggested that hepatic cholesterol content was 
the prime determinant of the rate of hepatic 
cholesterol synthesis. Gould and associates (21) 

later suggested that as well. This was subse- 
quently demonstrated in the isolated perfused 
rat liver (22). Our data offer further evidence to 
support this phenomenon in the extrahepatic 
tissues of the rat. 
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Isolation and Characterization of Phospholipase D from 
Fababeans 
A.S. ATWAL, N.A.M. ESKIN, and H.M. HENDERSON, Department of Foods and Nutrition and 
Department of Food Science, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 

ABSTRACT 

An enzyme activity in crude extract of fababeans hydrolyzed phosphatidylcholine-U-14C to pro- 
duce choline and phosphatidic acid. This enzyme, phospholipase D, was stable at 50 C in the presence 
of 5 mM DTT but was inactivated at 55 C. The enzyme was precipitated with cold acetone, concen- 
trated between 30% saturation to 40% saturation with ammonium sulphate, absorbed on calcium 
phosphate gel and eluted with 0.2 M phosphate buffer. This procedure resulted in a 20-fold increase 
in specific activity. The activity of fababean phospholipase D was much higher when assayed at 38 
C than that at room temperature. There was an obligatory requirement for calcium, and for maximal 
activity 40 mM calcium was required. A narrow pH optimum of about pH 5.7 was observed. The 
enzyme activity was extremely dependent on substrate dispersion. When 5 mM phosphatidylcholine 
(PC) was sonicated with increasing levels of sodium dodecyl sulphate (1 mM to 4 mM), the enzyme 
activity kept increasing. By using equimolar concentrations of PC and sodium dodecyl sulphate 
(1 mM to 5 raM), the Michaelis constant (Kin) was estimated to be 1.74 raM. Addition of choline and 
serine at 10 mM concentration reduced phospholipase D activity by 31% and 22%, respectively. 

INTRODUCTION 

Processed fababeans become rancid after 
mechanical disruption of the beans, presenting 
storage and acceptability problems. This rapid 
development of rancidity has been attributed in 
part to the enzymic degradation of lipids. Eskin 
and Henderson (1,2) purified lipoxygenase 
(linoteate: 02 oxidoreductase, EC 1.13.11.12) 
from fababeans which, in the presence of 
molecular oxygen, catalyzed the oxidation of 
eis, cis-l,4-pentadiene systems in unsaturated 
fatty acids. Subsequent work by Dundas et al. 
(3) demonstrated the presence of lipase (tri- 
acylglycerol hydrolase, EC 3.1.1.3) in faba- 
beans, which hydrolyzed triglycerides to fatty 
acids and glycerol. Since approximately two- 
thirds of the lipids in fababeans are present as 
phospholipids (4), this study attempted to 
elucidate the first step in the hydrolysis of  
phospholipids. 

EXPERIMENTAL 

Materials 

Fababean protein concentrate (FBPC), pre- 
pared by air classification of fababean flour 
(Viola faba L. var. minor CV. Diana), was 
provided by the NRC Prairie Regional Labora- 
tory, Saskatoon. This material was subse- 
quently stored at -40 C. Phosphatidylcholine-U- 
] 4 C, phosphatidylcholine_methyl.t 4 C and 
Aquasol-2 were obtained from New England 
Nuclear, Boston, MA. Protein binding dye was 
purchased from BioRad Laboratories, Missi- 
sauga, Ontario. Other reagents were of A/R 
quality and purchased from Sigma Chemical 

Co., St. Louis, MO or Fisher Scientific Com- 
pany, Fair Lawn, NJ. 

Enzyme Preparation 

The enzyme was extracted by homogenizing 
FBPC with 10 parts (w/v) of 50 mM Tris 
acetate buffer, pH 5.7, containing 5 mM DTT 
and 1 mM EDTA, in a Waring blender for 
2-3 min. Any undissolved material was removed 
by centrifugation at 40,000 g for 30 min. The 
enzyme was partially purified according to the 
scheme shown in Table I. All procedures were 
carried out at 5 C and at every step the precipi- 
tate was collected by centrifugation at 40,000 g 
for 20 min. 

Enzyme Assay 

Substrate. Adequate amount of labeled 
phosphatidylcholine (PC), 250 ~t moles of 
carrier PC and a trace amount of butylated 
hydroxytoluene (2,6-di-tert-butyl-p-cresol) 
were added into a test tube and the mixture 
dried under a stream of nitrogen, at room 
temperature. The residue was suspended in 10 
ml of 10 mM sodium dodecyl sulphate (SDS) 
and sonicated at 5 C for 15 rain (bursts of 15 
sec, about 15 sec apart) with Model 1000 
Insinator (Ultra Sonic System, Inc., Farmingal, 
NY). The sonicated substrate was stored at 
-20 C under nitrogen. 

Procedure. The assay system of Heller et al. 
(5) with some modifications was adapted and 
all assays carried out in duplicates. The stan- 
dard assay mixture (1 ml) contained 50 mM 
Tris acetate buffer, pH 5.7; 2 mM Na2S205 ;40  
mM CaCI 2 ; 2 mM SDS and 5 mM phosphatidyl- 
choline-methyl-]4C (ca. 2,400 dpm/~t mole). 
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TABLE I 

Partial Purification a of  Fababean Phospholipase D 

Procedure step 

Specific 
Total b activity 

activity Protein (Units/mg 
(Units) (mg/ml) protein)  

1. Crude extract 1630 16.2 1.01 
2. Heat treated at 50 C 1600 11.2 1.43 
3. Precipitation with 

acetone at -20 C 1550 7.84 1.98 
4. Amm. sulph, fraction 

(30%-40% saturation)  750 6.52 5.75 
5. Elution c at pH 6.5 

(a) 0.2 M phosphate 216 1.54 6.36 
(b) 0.2 M phosphate 218 0.55 19.82 
(c) 0.5 M phosphate 96 0.48 10.00 

aOne unit = 1 # mole of  chol ine /min .  
bCrude extract (100 ml) was prepared from 10 g of  Fababean protein concentrate .  
CEnzyme protein from step 4 was adsorbed on calcium phosphate gel (16.3 mg/mg 

protein),  washed with 0.1 M phosphate  buffer pH 6".5, and then eluted twice with 0.2 M and 
once  with 0.5 M phosphate buffer. 

The react ion was carried out  in 15 ml centri-  
fuge tubes with screw caps at 38 C in a shaking 
water  bath. The react ion was started by adding 
enzyme  and terminated  by adding 4 mt of 
ch lo ro fo rm/me thano l  (2:1)  mixture ,  vor texing  
and cool ing to -20 C. The tubes were vor texed  
again for 1 min, centrifuged,  and al iquots  of  
aqueous  layer containing free choline were 
mixed  with 9 ml of  aquasol and counted  for 
radioact ivi ty  in a Mark III, mode l  6880,  Liquid 
Scinti l lat ion System (Seafle Canada Ltd.),  using 
a channel rat io method .  

Identification of products. Uniformly  
labeled PC (ca. 100,000 d p m / p  mole)  was 
incubated  with crude extract  of  fababean 
protein concent ra te  at r o o m  tempera ture  for 1 
or 2 hr. The enzyme  was inact ivated by adding 
3.0 ml of  2% perchloric  acid. The assay mixture  
was ext rac ted  repeatedly  with 4 ml lots of  ethyl  
ether. Af ter  8-10 extract ions ,  al iquots f rom the 
aqueous  phase were counted  for radioact ivi ty  in 
water  soluble products .  The water soluble 
products  were ident i f ied by thin layer chroma-  
tography (6). 

The first three ethyl  ether  extracts  were 
pooled,  dried under  a stream of ni t rogen gas; 
the resulting residue was hydro lyzed  under  very 
mild alkaline condi t ions  (7). Free fat ty  acids 
were removed  by par t i t ioning with 1 vol of  
water  and 2 vol of  ch lo ro fo rm/ i sobu tano l  (2: 1). 
The phosphorus-conta ining products  in aqueous  
phase were separated by descending paper 
chromatography  with the solvent system 
containing phenol  saturated with H 2 O/ 
acetic ac id /e thanol  (100 :10 :12 )  and detected 

with a m o l y b d e n u m  spray reagent  (8). Areas of  
fil ter paper,  corresponding to mo lybdenum 
reactive spots were cut  in to  small pieces and 
counted  for radioact ivi ty  by the scinti l lat ion 
procedure.  

Determination of protein. The prote in  
contents  of  various enzyme  preparat ion were 
assayed by a dye binding m e t h o d  of  Bradford 
(9), using bovine serum albumin as a standard. 
The presence of  DTT does no t  interfere  in this 
method .  

RESULTS A N D  DISCUSSION 

Characterization of Phospholipase D 

Incubat ion  of  1.6 p moles of  phosphat idyl-  
choline-U-14C with 1.6 mg and 8.0 mg prote in  
of  crude enzyme extract  p roduced  1.39 + 0.06 
and 1.54 + 0.01 p moles of  choline or phos- 
phorylchol ine  within 2 hr. When substrate 
concent ra t ion  was doubled to 3.2 p moles of  
PC, 8.0 mg of  enzyme  prote in  p roduced  1.92 + 
0.03 p moles of  product  in 1 hr  (Table II). Thin 
layer chromatography  (TLC) of  products  
ex t rac ted  in the aqueous phase showed that  
91% of  the radioact ivi ty  was in free choline.  
Examinat ion  of  e thyl  e ther  extract  by TLC 
using Silica Gel G plates developed with petro-  
leum e ther /e thy l  e ther /ace t ic  acid (85 :25 :2 )  
failed to show any radioactive spot corre- 
sponding to free fa t ty  acids or diglyceride 
standards. Thus, it was apparent  that most  
l ikely fababeans conta ined phosphol ipase D. 
However ,  a sequential  act ion of  phospholiase C 
and some phosphatase acting on phosphoryl -  
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TABLE II 

Hydrolysis of PC-U-14C 

915 

Assay 
Enzyme time Substrate Product a 

Expt. No. (mg) (rain) Oz moles) (g moles) 
Hydrolysis 

(%) 

1 1.6 120 1.6 1.39 +- 0.06 
1 8 . 0  120 1.6 1 . 5 4  • 0 . 0 1  
2 8.0 60 3.2 1.92 • 0.04 

88 
96 
60 

aCholine and phosphatidic acid were confirmed as the end products. 

choline could also yield free choline. 
The identity of the products in ethyl ether 

extract was established by mild alkaline 
hydrolysis to remove fatty acids and paper 
partition chromatography of phosphorous- 
containing derivatives. Control runs gave major 
spots (74.7% and 78.9% of radioactivity) 
corresponding to glyceryl phosphorylcholine, 
indicating that PC was the parent phospholipid. 
Incubations with the enzyme gave major spots 
(58.4% and 66.6% of radioactivity) corre- 
sponding to glyceryl phosphate, indicating that 
phosphatidic acid (PA) was the parent phospho- 
lipid. 

Thus, it was confirmed that crude extracts 
of fababeans contained enzyme activity 
hydrolyzing PC to PA and choline, i.e., phos- 
pholipase D (phosphatidylcholine phospha- 
tidohydrolase, EC 3.1.4.4). Similar enzyme 
activities have been reported in other plant 
materials including cabbage leaves (10,11); 
sugar beets, spinach and carrots (12); cotton- 
seed (13); peanuts (5); and red alga (14). 

Propert ies of Phospholipase D f r o m  Fababeans 

The enzyme in the crude extract was sensi- 
tive to heat. Short time (5 min) exposure at 50 
C, 55 C, 60 C and 70 C reduced the enzyme 
activity by 19, 91, 98 and 100%, respectively 
(Fig. 1). Addition of 5 mM DTT protected the 
enzyme activity almost completely at 50 C but 
reduced the extent of inactivation from 81% to 
61% at 55 C. Thus, the inactivation of phospho- 
lipase D around 50-55 C might be related to 
sulphydryl groups. Thermal inactivation at ca. 
60-70 C, of phospholipase D extracted from 
other plant materials have been reported 
( 1 1 - 1 3 ) .  

The specific activity of enzyme preparation 
increased from 1.01 units (p moles/mg protein/  
rain) in crude extract to 19.82 units in the 
second elution with 0.2 M phosphate buffer pH 
6.5, from calcium phosphate gel (Table I). 
After precipitation with acetone, the enzyme 
became cold labile and all buffers, subsequently 

used, contained 20 mM DTT. This seemed to 
protect the enzyme against low temperature. 

The enzyme activity was much higher when 
assayed at 38 C than that at room temperature 
(Fig. 2). There was a linear relationship be- 
tween enzyme concentration and choline 
produced in 10 rain assays (Fig. 2), as well as 
between assay time and choline production 
(Fig. 3) up to ca. 2/1 moles of product accumu- 
lation. 

A narrow pH optimum of ca. pH 5.7 (Fig. 4) 
was in the range reported for phospholipase D 
extracted from other plant sources (5,10,15). 

The requirement for calcium was obligatory; 
i.e., without added calcium, the enzyme 

160, 

"5 
& 
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E 
~0 

-~ 8 o  

s 

3 4o  

o I I 1 
5 58 50 

TEMPERATURE (~ 

60 70 

FIG. l. Effect of heat treatment (Crude enzyme 
extract in 10 ml lots was heated in a water bath 
to the desired temperature within 2-3 min, held at that 
temperature for 5 rain and then cooled quidkly 
to 5 C within 2-3 min; inactivated protein was re- 
moved by centrifugation), on phospholipase D activity 
(Equal volumes-equivalent to 32.4 /~g protein before 
heating-were used). 

LIPIDS, VOL. 14, NO. 1 1 



2500 

A.S. ATWAL, N.A.M. ESKIN, AND H.M. HENDERSON 

activity was negligible. The calcium concen- 
tration of 40 mM required for maximal activity 
(Fig. 5) was similar to that reported for cabbage 
enzyme (11) and peanut enzyme (5). 

The enzyme activity was extremely depen- 
dent on the extent of substrate dispersion. 
Dawson and Hemington ( 1 1 ) r e p o r t e d  that 
ultrasonication of lecithin increased the initial 
rate of reaction of phospholipase D purified 
from Savoy cabbage. In the present study, 
when 5 mM PC was sonicated with increasing 
levels of SDS (1 mM to 4 mM), the enzyme 
activitY kept increasing (Table III). Also a 
combination of 10 mM PC and 2 mM SDS 
resulted in enzyme activity similar to that with 
5 mM PC and 4 mM SDS. Other workers have 
reported different combinations of phospho- 
lipids and SDS for maximal activity of phos- 
pholipase D from various sources (5,11). 

A preliminary estimation of Km by using 
equimolar concentrations of PC and SDS (1 
mM to 5 mM) gave a value of 1.74 mM for PC. 
This was of the same order as reported for 
soluble phospholipase D from peanut seeds 
(15).. 

The nitrogenous bases, the usual end 
products of phospholipase D action on phos- 
pholipids, were found to be potential inhibitors 
of fababean enzyme. At 10 mM concentration, 
the choline reduced the enzyme activity by 
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FIG. 2. Effect  o f  concentrat ion o f  phospholipase D 
on the hydrolysis  of  phosphat idylchol ine at 25 C and 
38C. 
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FIG. 3. Effect  of  assay t ime on phospholipase D 
activity at 38 C. 
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FIG. 5. Effect of calcium concentrat ion on phos- 
pholipase D activity at  38 C. 

31% and serine by 22% (Table IV). Thus, it 
seems that phospholipase D of fababeans might 
also hydrolyze phosphatidylserine and perhaps 
other phospholipids as well. 
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TABLE III 

Effect of SDS a Concentrat ion on Phospholipase D 

Choline produced 

Exp. l Exp. 2 

PC b SDS 
(mM) (mM) (n moles/5 ~ g p r o t e i n / l O  min)  

5 1 77 67 
5 2 962 912 
5 3 1008 1195 
5 4 1180 1267 

10 2 1122 1253 

aSodium dodecyl sulphate.  

bphosphat idylchol ine.  

TABLE IV 

Effect of  Bases on Phospholipase D a 

Choline produced Relative activity 
Addit ion (n moles) (%) 
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a5 /.tg of enzyme protein was incubated with 5 mM 
PC for 10 min at 38 C. 
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On the Membrane Phospholipids and Their Acyl Group 
Profiles of Adrenal Gland 
GRACE Y. SUN, Sinclair Comparative Medicine Research Farm and Biochemistry Department, 
University of Missouri, Columbia, MO 65211 

ABSTRACT 

The phospholipid composition and their acyl group profiles from subcellular fractions of guinea 
pig adrenal gland and the same fractions from the cortex and medulla of the bovine gland were com- 
pared. The phospholipids of guinea pig adrenal were enriched in diacyl-glycerophosphocholines (GPC) 
which comprised over 50% of the total phospholipids, but the proportions of ethanolamine and 
choline plasmalogens, sphingomyelin and diacyl-glycerophosphoserine (GPS) were lower in guinea pig 
adrenals as compared to the bovine adrenals. In the bovine adrenal, sphingomyelin and diacyl-GPS 
were enriched in the medulla, whereas diacyl-glycerophosphoinositol (GPI) were enriched in the 
cortex. Although lysolecithin was present (up to 4.5%) in the bovine adrenal, only trace amounts of 
this lipid were detected in the guinea pig adrenal. Characteristic acyl group profiles were found asso- 
ciated with each type of the phosphoglycerides in adrenal membranes. However, acyl group profiles of 
the phosphoglycerides were not greatly different either between the bovine and guinea pig adrenal or 
with respect to the type of subcellular membranes isolated. Diacyl-GPC were enriched in 16:0 and 
18:1, but also contained considerable amounts of 18:0, 18:2 and 20:4. Diacyl-GPE were enriched in 
18:0. 18:1 and 20:4, while diacyl-GPl, diacyl-GPS, as well as alkenylacyl-GPE, were enriched in 20:4. 
The lysolecithin from bovine adrenal membranes contained mainly 16:0, 18:0 and 18:1 with only 
trace amounts of the polyunsaturated fatty acids. Other polyunsaturated fatty acids, such as 22:4 and 
22:6, are apparently not prominent in the phosphoglycerides from either the bovine or the guinea 
pig adrenal gland. 

INTRODUCTION 

The  adrenal  g land is an organ i m p o r t a n t  in 
regula t ing body  growth  and o the r  me tabo l i c  
func t ions .  It is made  up of  t w o  physio logica l ly  
and  morpho log ica l ly  d is t inct  c o m p a r t m e n t s :  
the  cor tex ,  con t a in ing  cells active in synthes is  
of  cor t i cos te ro id  h o r m o n e s ,  and  the  medul la  
which  is of  neura l  origin and  con ta ins  chro-  
maf f in  cells and  c a t e c h o l a m i n e  s torage granules.  

Subcel lular  m e m b r a n e s  can be isola ted f rom 
h o m o g e n a t e s  of  the  adrena l  by d i f fe rent ia l  and  
sucrose g rad ien t  cen t r i fuga t ion  t echn iques  (1).  
An earlier s tudy  of  the  lipids of  microsomes ,  
m i t o c h o n d r i a  and  c h r o m a f f i n  granules of  the  
bovine  adrena l  medul la  ind ica ted  the  presence  
of  large a m o u n t s  of  lysolec i th in  in the  chro-  
maf f in  granule  f rac t ions ,  compr i s ing  up  to 17% 
of  the  to ta l  l ipid p h o s p h o r u s  (2). Since this  
charac ter i s t ic  fea ture  was no t  f o u n d  in o the r  
types of  m e m b r a n e s  in the  adrenal ,  the  enr ich-  
m e n t  in lyso lec i th in  in these  c a t e c h o l a m i n e  
storage granules  was impl ica ted  in the  coupled  
s t imulus-secre t ion  act ivi ty  of the  c h r o m a f f i n  
cells, especial ly dur ing  the  process  of  exocytos is  
which  involves m e m b r a n e  fusion (3).  The role 
of  lyso lec i th in  in m e m b r a n e  fusion has  been 
suggested because  of  its de te rgen t  p r o p e r t y  (4). 
In add i t ion  to lysolec i th in ,  o the r  types  of 
l y so -compounds ,  such as lyso-g lyce rophospho-  
e t h a n o l a m i n e s  (GPE),  were also f o u n d  to be 
present  in the  granule  m e m b r a n e s  (5).  

A p p a r e n t  d i f ferences  in m e m b r a n e  lipid 

c o m p o s i t i o n  were shown  in c o m p a r i n g  the 
subcel lu lar  m e m b r a n e s  f rom adrenal  medul la  
and  cor tex .  A p lasma m e m b r a n e  f rac t ion  
isola ted f rom the  p o s t m i t o c h o n d r i a l  super-  
n a t a n t  of  bov ine  adrenal  medul la  ind ica ted  an 
e n r i c h m e n t  in sph ingomye l in  (6),  but  the  
p lasma m e m b r a n e s  isola ted f rom the  bovine  
adrenal  cor tex  showed  a low level of  sphin-  
gomyel in  ins tead  (7).  A p p a r e n t l y ,  d i f ferences  in 
l ipid c o m p o s i t i o n  may  also exist  a m o n g  m e m -  
branes  of the  subcel lu lar  f rac t ions  of  the  
two  morpholog ica l ly  d is t inct  regions of the  
gland. In spite of  the  i m p o r t a n c e  in adrenal  
m e m b r a n e s  in re la t ion  to the i r  func t ions ,  l i t t le  
is k n o w n  a b o u t  the  acyl group c o m p o s i t i o n  
of  the  m e m b r a n e  phosphog lycer ides .  The  
present  s tudy  c o m p a r e s t h e  phospho l ip id  and  
acyl group c o m p o s i t i o n  of  subcel lu lar  mem-  
branes  isola ted f rom guinea pig adrenals  and  
bovine  adrenal  medul la  and  cor tex .  I n f o r m a t i o n  
f rom this  s tudy  would  be useful  in aiding fu tu re  
s tudies  regarding the  s t ruc tu re  and  f u n c t i o n  of  
m e m b r a n e s  isola ted f rom the  adrenal  gland. 

MATERIALS AND METHODS 

Guinea  pigs were o b t a i n e d  f rom C a m m  
Research  L a b o r a t o r y  (Wayne,  N J), and  bovine  
adrenals  were ob ta ined  f rom the  Univers i ty  
s laughter  house.  Adrena ls  f rom bo th  species 
were excised immed ia t e ly  af te r  sacrifice,  and  
bovine  adrenals  were t r an spo r t ed  to the  labora-  
to ry  in ice wi th in  30 min  of  dissect ion.  The 
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fatty material surrounding the adrenal was 
trimmed off carefully while maintaining the 
adrenal in ice-cold condition. The medullary 
portion of the guinea pig adrenal was dark 
brown in color and contained loosely packed 
cellular material which was not clearly sepa- 
rated from the cortical region. Therefore, no 
further attempt was made to separate the 
medulla from the cortex, but tissue was briefly 
sliced. Normally, adrenals from two guinea pigs 
were homogenized in 20 vol (by wt.) of ice-cold 
0.32 M sucrose with 1 mM EDTA, 1 mM Mg § 
and 50 mM Tris-HC1 (pH 7.4) using a Teflon- 
pestle Tri-R tissue homogenizer. The homo- 
genate was pooled prior to subcellular frac- 
tionation procedure. The medultar portion of 
the bovine adrenal was dissected and separated 
from the cortical portion, and the tissues were 
homogenized individually in sucrose medium. 
The tissue homogenates were subjected to 
differential and sucrose gradient centrifugation 
to obtain the microsomes, mitochondria and 
chromaffin granules according to the procedure 
described by Smith and Winkler (1). The 
chromaffin granules isolated from the guinea 
pig adrenal formed a dark brown pellet, where- 
as the same fraction isolated from the bovine 
adrenal medullae had a pinkish-beige color. 
Subcellular fractions were verified by taking 
aliquots of the samples for electron microscopic 
examination. Practically no intact mitochondria 
was found in the microsomal fraction. 

The membrane pellets were suspended in 
H20 and a 4 vol of chloroform~methanol (2: 1, 
v/v) was added to each membrane suspension 
for extraction of the lipids. After phase separa- 
tion, the lower organic layer was taken to 
dryness and the lipid residue was redissolved in 
chloroform and stored at -10 C until further 
analysis. 

The phospholipids of adrenal membranes 
were separated by two dimensional thin layer 
chromatography (TLC) using Silica Gel G plates 
(8). Briefly, lipids were first separated by TLC 
using a solvent system containing chloroform/ 
methanol/15 N NH 4 OH ( 130:65:10, v/v). After 
development in the first dimension, the plates 
were exposed briefly to HC1 fumes in order to 
cleave the alkenyl side chain of phosphogly- 
cerides. After HC1 reaction, the plates were 
inverted and further developed in a solvent 
system containing chloroform]methanol/ 
acetone/acetic acid/0.1M ammonium acetate 
(130:50:55:3.5:10,  v/v). Lipid spots were 
visualized either by exposing the TLC plates to 
iodine vapors when lipid phosphorus was 
determined (9), or by spraying with 2'7'-dich- 
lorofluorescein when the acyl groups of phos- 
phoglycerides were to be converted to methyl 

esters by alkaline methanolysis (10). The fatty 
acid methyl esters were separated by gas liquid 
chromatography (GLC) using a Hewlett- 
Packard GLC model 3850A equipped with dual 
flame detectors and automatic peak integration 
device. The conditions for separation of fatty 
acid methyl esters by columns packed with 
EGSS-X on Gas Chrom P (Applied Science 
Laboratories, State College, PA) were essen- 
tially the same as described previously (11). 

R ESU LTS 

Substantial differences were found regarding 
the phospholipid content of guinea pig and 
bovine adrenals. In general, the phospholipids 
of guinea pig adrenal were enriched in diacyl- 
GPC and therefore contained lower levels of 
sphingomyelin, choline and ethanolamine 
plasmalogens and diacyl-GPS as compared to 
the phospholipids in the bovine adrenal mem- 
branes (Table I). On the other hand, the bovine 
adrenal seemed to be especially enriched in 
ethanolamine plasmalogens. Although the 
presence of lysolecithin was prominent in the 
bovine adrenal membranes, only trace amounts 
of this compound could be detected in the 
guinea pig adrenal. 

A typical TLC separation of the phospho- 
lipids in microsomes and mitochondria of 
guinea pig adrenal is shown in Figure 1. Ob- 
vious differences are found when comparing the 
phospholipids of mitochondria and micro- 
somes. For example, the phospholipids in 
mitochondria were enriched in diacyl-GPC, 
whereas alkenylacyl-GPE was more prominent 
in the microsomal fraction instead. In this 
separation, diacyl-GPS is present in the micro- 
somes but not mitochondria, and phosphatidate 
and cardiolipin are found mainly in the mito- 
chondria but not microsomes. Most of these 
differences correlated well with the data 
indicated in Table I. The chromaffin granules 
isolated from guinea pig adrenal indicated 
a phospholipid profile similar to both the 
mitochondrial and microsomaI fractions, except 
that there was less alkenylacyl-GPC and more 
alkenylacyl-GPE present in the granule mem- 
branes than in other fractions. 

When the phospholipids of microsomes and 
mitochondria from the bovine adrenal cortex 
and medulla were compared, the microsomes in 
both cortex and medulla indicated a higher 
proportion of alkenylacyt-GPE than the mito- 
chondria. On the other hand, the mitochondria 
was specifically enriched in cardiolipin. The 
chromaffin granules isolated from the bovine 
medulla gave a phospholipid profile resembling 
that of the mitochondria with the exception 
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FIG. 1. A typical two dimensional TLC separation 
of  lipids from guinea pig adrenals. Refer to Table I for 
abbreviations of phospholipids. O, origin. FFA, free 
fatty acids; NL, neutral lipids. 

that more alkenylacyl-GPE and less cardiolipin 
were present. It is interesting to find that 
membrane phospholipids in the bovine cortex 
contained less diacyl-GPS than diacyl-GPI, 
whereas those in the medulla contained more 
diacyl-GPS than diacyl-GPI. 

The acyl groups of phosphoglycerides in the 
guinea pig and bovine adrenals are comprised 
mainly of 16:0, 18:0, 18:1 and 20:4 (Tables II 
and lII). Some minor components were also 
present, such as 14:0, 18:2, 20:3, 22:4 and 
22:5. However, the level of 22:4 and 22:5 was, 
in general, higher in the bovine adrenal than in 
the guinea pig adrenal. The differences in acyl 
group profiles of phosphoglycerides among the 
subcellular membranes are small with the 
exception that the proportion of 20:4 in 
diacyl-GPC and diacyl-GpE in the mitochon- 
drial membranes is normally higher than the 
microsomat membranes. The chromaffin 
granules from bovine medullae indicated a 
relatively small amount of 20:4 in the phos- 
phoglycerides, but this feature was not as 
prevailing in the chromaffin granules isolated 
from the guinea pig adrenals. 
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T A B L E  III  

Acyl  G r o u p  C o m p o s i t i o n  o f  P h o s p h o g l y c e r i d e s  f r o m  Bovine Adrena l s  

C o r t e x  Medul la  

Acyl  
g roups  Micro Mito  Micro Mito  Gran  

d iacyI -GPC 

1 6 : 0  30.7  27.1 33.2 30.2 35.8  
1 8 : 0  1 8 . 3  16.6 16.0 14.6 15.0 
18:1 31.0 27.4 32.0 29.4  32.4 
1 8 : 2  8.6 8.8 10.0 10.2 10.3 
2 0 : 4  t0 .1  17.4 8.7 15.1 6.6 
2 2 : 4  0.8 1.1 0.2 0.5 --- 

d i acy l -GPE 

1 6 : 0  6.9 2.0 11.2 4.6 6.8 
1 8 : 0  46 .2  33 .6  40 .8  45 .2  44 .4  
18:1  19.5 14.7 16.8 14.8 20.7 
18 :2  4 .5  5.9 2.1 5.0 4.9 
2 0 : 4  18.0 35.5 24.9  27.7  21.1 
2 2 : 4  4 .0  7.4 4 .2  2.8 2.1 
2 2 : 5  a 0 .8  0.9 . . . . . . . . .  

a l k e n y l a c y l - G P E  

1 6 : 0  4.1 3.2 2.6 1.1 5.5 
1 8 : 0  2.5 7.2 2.4 5.2 3.2 
18:1 9.2 8.9 7.7 S.3 8.6 
1 8 : 2  2.6 3.8 1 . 3  1 .4  2.3 
2 0 : 4  62.5  64.0  70.6  71.1 70.7 
2 2 : 4  13.4 9.6 13.0 11.8 9.7 
2 2 : 5  a 5.7 3.3 2.4 4.1 --- 

d iacyI -GPI  

1 6 : 0  3 . 8  5 . 9  3 . 4  --- 1 .8  
1 8 : 0 / 1 8 : 1  b 69.3  57.2 60 .8  54.5 72.9  
18 :2  2.2 2.0 0.9 . . . . . .  
2 0 : 4  23.5  32.4  34.9 4 3 . 8  25.3  
2 2 : 4  1.2 2.5 --- 1.7 --- 

d iacy l -GPS 

1 6 : 0  2.7 1.1 1.0 2.5 3.2 
1 8 : 0  52.0 51.3 47 .9  48 .3  52.4 
1 8 : 1  4 0 . 3  4 0 . 6  4 0 . 3  3 4 . 1  3 0 . 1  
1 8 : 2  4 .6  4.1 4 .7  5.2 4.1 
2 0 : 4  2.8 2.0 4 .0  5,S 6.7 
2 2 : 4  1.8 2.0 1.8 4 .0  3.5 

lyso lec i th in  

1 6 : 0  20.1 --- 23.9 9.3 29.8  
1 8 : 0  55.0 --- 63.3  67.9  56.8 
18:1  13.4 . . . . . .  13.5 10.8 
18 :2  . . . . . . . . . . . . . . .  
2 0 : 4  11.5 --- 12.8 9.3 2.6 

a F a t t y  a c i d s '  cha in  length  a n d  u n s a t u r a t i o n  t en t a t i ve ly  iden t i f i ed .  

b 18:1 appea red  as a shou lde r  and  was  no t  s e p a r a t e d  f r o m  18 :0 .  

Characteristic acyl group profile is found 
associated with individual types of the phos- 
phoglycerides in the adrenal gland. The diacyl- 
GPC were enriched in 16:0, 18:1 with 18:0 
and 20:4 in almost equal proportions. The 

diacyl-GPE were enriched in 18:0, 18:1 and 

20:4, whereas the acyl groups of alkenylacyl- 
GPE yielded over 50% of 20:4 and only small 
amounts of 16:0 and 18:0. The acyl groups of 
diacyl-GPI were characterized by a high propor- 
tion of 18:0 and 20:4. The cardiolipin from 
mitochondria yielded acyl groups containing 
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mainly 18:l and 18:2 (over 85% of the total). 
The acyl groups of lysolecithin were comprised 
mainly of 18:0, in contrast to the high propor- 
tion of 16:0 normally present in diacyl-GPC. 
Due to the small amount of diacyl-GPS present 
in the guinea pig adrenals, its acyl group com- 
position was not determined. However, the 
diacyl-GPS in bovine adrenals indicated a 
profile quite similar to that of diacyl-GPI, 
except for a lower level of 20:4. 

DISCUSSION 

As shown from the results obtained, the 
phospholipids in guinea pig adrenal gland are 
considerably different from those in the bovine 
gland. In general, the guinea pig adrenal is more 
enriched in diacyl-GPC, whereas the phospho- 
lipids in the bovine adrenal showed a higher 
level of ethanolamine plasmalogens instead. It is 
important to consider these species differences 
and to relate the characteristic lipids to their 
physiological functions. With minor exceptions, 
the phospholipid composition of chromaffin 
granules from bovine adrenal medulla is in good 
agreement with that reported recently by 
Dreyfus et al. (5). The chromaffin granules 
from both guinea pig and bovine adrenals are 
specially enriched in ethanolamine plasmalo- 
gens. Although the functional significance of 
ethan01amine plasmalogens in catecholamine 
storage granules has not been explored, it is 
obvious k from analysis of their acyl group 
composition that this type of phospholipid is 
highly enriched in arachidonoyl group. In the 
present study, some lysolecithins (up to 5%) are 
found in the chromaffin granules from bovine 
adrenal medulla, but similar level of this com- 
pound are also present in other subcellular 
fractions of bovine adrenal medulla. Sur- 
prisingly, only trace amounts of lysolecithins 
were found in the chromaffin granules as well 
as other subcellular fractions of the guinea pig 
adrenal. The apparent differences in lyso- 
lecithin content in bovine chromaffin granules 
(17% from the study of Blaschko et al. (2), 12% 
from Dreyfus et al. (5) and 5% from the 
present study) and the virtual absence of 
detectable amount  in the granules from guinea 
pig adrenal can b e  explained if the accumu- 
lation is due to postmortem autolysis, since an 
unpredictable length of time is required for 
dissection of the adrenals from large size 
animals. Much less time is involved in dissection 
of the adrenals from guinea pigs. As suggested 
by Winkler (3) and from our study (Der and 
Sun, unpublished), postmortem accumulation 
of lysolecithin in chromaffin granules can also 
be attributed to enzymic factors such as post- 

mortem activation of phospholipase A 2 activity 
or the lack of acyltransferase in these granule 
membranes to reacylate the lysolecithin back to 
diacyl-GPC. 

Since the adrenal cortex and medulla are 
functionally and morphologically different, it 
is not surprising to find differences in mem- 
brane phospholipid composition related to 
the type of cells present in each region. The 
membrane phospholipids from bovine medulla 
give a closer resemblance to the phospholipids 
of neural tissues, especially with regard to 
its high sphingomyelin and ethanolamine 
plasmalogen content. The results are consistent 
with previous findings indicating that sphin- 
gomyelin was more enriched in the medullar 
(6) than in the cortical membranes (7). Another 
difference between the medulla and cortex is 
the relatively higher level of diacyl-GPI which 
is associated especially with the cortex. 

The acyl groups of diacyl-GPC are high in 
16:0 and 18:1, but considerable amounts of 
18:0 and 20:4 (around 10% each) are also 
present. The acyl groups of diacyl-GPE are 
enriched in 18:0 and 20:4, but other types of 
longer chain polyunsaturated acyl groups such 
as 22:4 are also present in smaller amounts. 
Arachidonate (20:4) is prominent in alkenyl- 
acyl-GPE, diacyl-GPI and even in diacyl-GPS. 
Thus, the acyl groups of adrenal membrane 
phospholipids are highly enriched in arachi- 
donoyl groups. Unlike the neural tissue, little 
22:4 and practically no 22:6 are present in the 
adrenal membranes. Vahouny et al. (12) had 
recently reported a similar fatty acid profile for 
the phospholipids of adrenal cortical cells. 
Their study also indicated a low level of 22:4 in 
total phospholipids of these cells. On the other 
hand, a large amount of 22:4 (adrenic acid) as 
well as other longer chain polyunsaturated fatty 
acids were found associated with the cho- 
lesteryl esters in the adrenal gland (12). It is 
important to consider the differences in acyl 
group specificity between the phosphogly- 
cerides and cholesteryl esters in the adrenal, 
since the adrenal cortex is highly enriched in 
cholesteryl esters and both 20:4(n-6) (from 
phosphoglycerides) and 22:4(n-6) (from cho- 
lesteryl esters and, to a smaller extent, ethanol- 
amine plasmalogens) are active precursor fatty 
acids for prostaglandin biosynthesis. It is 
apparent that the characterisitc phospholipid 
and acyl group composition in adrenal mem- 
branes are in direct association with their 
cellular functions which remain to be explored. 
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�9 Synthesis of Phosphatidylcholine and Phosphatidylethanol- 
amine at Different Ages in the Rat Brain in vitro 
M A R I N A  BRUNETTI ,  A L B E R T O  GAIT I  and GIUSEPPE PORCELLATI ,  Department of 
Biochemistry, The University of Perugia, 06100 Perugia, Italy 

ABSTRACT 

The de novo synthesis of choline and ethanolamine phosphoglycerides in brain microsomes from 
18 month-old male rats was investigated in vitro by using labeled cytidine-5'-diphosphate choline and 
cytidine-5'-diphosphate ethanolamine as lipid precursors. The rate of synthesis of the two phospho- 
lipid classes was found to be noticeably decreased, as compared to that of adult animals. The addition 
of exogenous diacyl glycerols to microsomes from ageing rat brain brings the rate of synthesis nearly to 
the adult levels. The synthesis of choline and ethanolamine phosphoglycerides is not affected in the 
liver microsomes of ageing rats. The molar distribution of fatty acids in brain microsomal diacyl 
glycerols of ageing rats is noticeably different from that of adult animals. The content of monoenoie 
and dienoic species is increased, whereas that of the tetraenoic species is decreased. Base exchange 
reaction for choline and ethanolamine incorporation into respective phospholipids is not affected in 
the brain microsomes of the aged rats. 

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

Ageing in the nervous system is charac- 
terized by a number of morphological and 
neurochemical alterations which occur in man 
and many other mammalian species. The 
process is undoubtedly complex, and involves 
also biochemical changes in neural substrates, 
membranes, molecules and ions which have 
behavioral correlates during ageing. The most 
important task in the study of these changes is 
to find out their functional significance in 
terms of mechanisms responsible for ageing 
(1,2). 

A survey of current neurochemical literature 
(1-5) has reported only a very limited number 
of results dealing with changes in structure and 
turnover of lipid during ageing in experimental 
animals. Interesting results have been reported, 
so far, on composition and fatty acyl profile of 
brain lipid during ageing (6-9). It is known, on 
the other hand, that brain cells are continu- 
ously synthesizing new molecules of ethanol- 
amine and choline phosphoglycerides (EPG and 
CPG) from low molecular weight precursors 
(see ref. 10) by a "net  synthesis" process, and 
that they are able to modify hydrophobic acyl 
chains (10) or hydrophylic polar heads (11,12) 
of cellular phospholipids, respectively, by 
transacylations or base exchange reactions. The 
present work reports on the synthesis and 
turnover of the main rat brain phospholipids at 
different ages, and the parallel experiments on 
the same biochemical parameters in ageing rat 
liver. 

EXPERIMENTAL PROCEDURES 

Animals 

Male Wistar rats from our own animal house, 
weighing 120 +- 10 g body wt (8 weeks old), 

were used as adult animals. They were ac- 
curately selected from birth in order to always 
use specimens of the same age (56 days) which 
were caged in groups of 4-5 individuals. "Aged" 
male Wistar rats, caged individually, were 
obtained from I.S.F. (Milan, Italy) and were 
either 18 months or 20 months old; ages were 
accurately recorded from birth. All animals, 
either adult or "aged," were fed Purina Labora- 
tory Chow and kept under identical ambiental 
and hygienic conditions. Water was given ad 
libitum. The rats were always killed by decapi- 
tation around 8 a.m. after 12 hr of fasting, and 
treated as follows. 

Microsomes 

Brain microsomes were prepared and puri- 
fied, as described elsewhere (13,14). They were 
suspended by hand homogenization in 0.32 M 
sucrose containing 2 mM dithiothreitol to give a 
concentration of 8-10 mg protein/ml. Liver 
microsomes, when indicated, were prepared and 
purified as reported by Binaglia et al. (15). The 
purity of the microsomal fraction from both 
tissues was assessed by published procedures 
(13), and the microsomes used immediately. 

Incubation 

Unless otherwise specified, "net  synthesis" 
of 3-sn-phosphatidylcholine (Ptd-Cho) and 
3-sn-phosphatidylethanolamine (Ptd-Etn) was 
examined by incubating at 40 C for 40 rain 
with labeled cytidine-5'-diphosphate-chotine 
(CDP-Cho) and cytidine-5'-diphosphate-etha- 
nolamine (CDP-Etn), respectively, in the 
following incubation medium (0.2 ml of final 
volume): 50 mM Tris-HC1 buffer (pH 8.0), 
1.24 mM labeled CDP-Cho (CMP-[ 1,2 -1 aC] cho- 
line-phosphate) at the specific activity of 1.95 
~Ci//~mole or 1.34 mM labeled CDP-Etn (CMP- 
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[1,2 -14C]ethanolamine phosphate) at the 
specific activity of 3.65 ~tCi/gmole, liver or 
brain microsomal protein (ca. 0.5 mg) and 10 
mM MnC12. Components were added in the 
indicated order. Normally, incubation was 
carried out without addition of exogenous 
diacyl glycerols; when these lipid acceptors 
were added (see Results), diacyl glycerols were 
prepared as further explained. 

Unless otherwise stated, base exchange 
reaction for Ptd-Cho and Ptd-Etn synthesis was 
carried out by incubating in 0.5 ml of final 
volume the purified brain or liver microsomes 
(0.5-1 mg protein) in a medium containing 2.5 
mM CaC12, 40 mM HEPES (N-2-hydroxy- 
ethylpiperazine-N-2-ethane sulfonic acid) buffer 
at pH 8.1, 0.32 M sucrose containing 2 mM 
dithiothreitol, and 2.5 mM [ 1,2 -14C] ethanol- 
amine (sp. act. of 0.196/JCi/~tmol) or 4.5 mM 
[ 1,2 -14C] choline (sp. act. of 0.418/aCi/~tmol). 
Incubation time and temperature respectively 
were 20 min and 37 C. 

Lipid Analysis and Enzymic Assays 

Incubations were terminated by adding 9 vol 
of chloroform/methanol (1 : 1, v/v), followed by a 
brief agitation. After one more extraction and 
filtration, the extracts were freed from con- 
taminants, purified as described elsewhere (13), 
and finally taken to dryness under nitrogen. 
Intact phospholipid classes were fractionated 
and identified on thin layer chromatography 
(TLC) plates, according to Gaiti et al. (16) by 
using chloroform/methanol/H 20 (65:25:4, 
v/v/v), as the solvent system. Counting of 
labeled lipids was carried out, as reported 
elsewhere (17), in a Packard Tri-Carb Model 
3330 liquid scintillation spectrometer, by the 
external standard method for quenching 
correction. Pure labeled lipid standards were 
used as reference compounds. Each experiment 
was normally done in duplicate or quadrupli- 
cate, and then mediated. 

Diacyl Glycerols 

Preparation from soybean lecithin. 1,2- 
sn-diacyl glycerol was prepared from purified 
(18) soybean lecithin (Sigma Chemical Co., St. 
Louis, MO) by the action of phospholipase C 
from Clostridium welchii (Sigma Chemical Co.), 
as described elsewhere (19). Diacyl glycerols 
were then purified through sllicic acid columns 
with successive analysis of purity by TLC (18). 
Diacyl glycerol emulsions at 20-40 mM concen- 
tration were prepared in a solution containing 
0.1% (w/v) Tween-20 and 0.05% (w/v) bovine 
serum albumin (BSA), by sonicating at the MSE 
Ultrasonic Disintegrator (100 W) for 1 rain, 
three times each. Diacyl glycerol content was 
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then measured exactly in the sonicate according 
to Wieland (20), and given amounts taken for 
incubation, when appropriate. Diacyl glycerol 
was normalty kept at 4 C, if not used im- 
mediately. 

Preparation from brain or liver microsomes. 
The neutral lipid fraction was extracted from 
microsomal membranes with cold acetone 
containing 1% o 2,6-di-tert-butyl-4-methyl- 
phenol (Aldrich Chemical Co., Inc., Milwaukee, 
WI) as antioxidant. The extract was dried, 
dissolved in pure chloroform, and resolved by 
TLC with diethyl ether/petroleum ether 
(50-70C)/acetic acid (30:70:I ,  v/v) to isolate 
the diglyceride fraction. The diacyl glycerol was 
successively eluted from the plates with chloro- 
form containing the antioxidant as above and 
then treated for 120 min at 70 C with 3% 
H2SO 4 in methanol/benzene (1:1, v/v), to 
obtain the corresponding methyl esters. 

Analysis. Microsomal diglyceride composi- 
tion was estimated by gas liquid chromatog- 
raphy (GLC) of the corresponding methyl esters 
using a Fractovap Mod. G.C.V. gas liquid 
chromatography, (Carlo Erba, Milan, Italy). 
The stationary phase was 5% ethylene- 
glycol-adipate on sylanized Chromosorb-W 
(100-200 mesh) in 200 x 0.2 cm glass columns. 
Nitrogen flow was 20 ml/min, and column and 
detector temperatures were 180 C and 230 C, 
respectively. Quantitation was done as reported 
elsewhere (21). Analysis of the diglyceride 
fraction from soybean Ptd Cho indicated the 
presence of 70% 18:2. 

Other Determinations 

Marker enzyme assays were done as de- 
scribed elsewhere (13). Protein was determined 
according to Lowry et al. (22), using crystalline 
BSA as the standard. Sucrose did not interfere 
with the protein estimation in the concentra- 
tion used. Phospholipid P content of spots was 
measured as reported elsewhere (15). 

Materials 

[ 1,2 -14C] Ethanolamine, [ 1,2 -14C] choline 
and CMP-[Me-14C] phosphorylcholine (labeled 
CDP-Cho) were purchased from New England 
Nuclear Corp. (Frankfurt, West Germany). 
CMP-[ 1,2 -14C] phosphorylethanolamine (la- 

be led  CDP-Etn) was obtained from ICN 
(Cleveland, OH). Purified lipids, used as refer- 
ence standards, were obtained from Pierce 
Chemical Co. (Rockford, IL). Before use, all 
unlabeled and/or labeled substrates were tested 
by TLC for their chemical purity and/or ' their  
isotope content and radiochemical purity. 
Trace contaminants have never been detected 
by the use of radiochromatoscanner. Organic 
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LIPID SYNTHESIS IN AGEING RAT BRAIN 

TABLE I 

The Rate of Synthesis of Choline and Ethanolamine Phosphoglyceride Subclasses 
in Brain and Liver Microsomes of Adult and Aged Male Wistar Rats a 

927  

Lipid subclasses Tissue Adult rats b Aged rats c Decrease (%) 

Diacyl-GPC Brain 1.13 (9) 0.70 (5) e -38 
Alkenylacyl-GPC 0.33 (9) 0.17 (5) u -49 
Diacyl-GPE 1.01 (5) 0.59 (5) e -41 
Alkenylacyl-GPE 0.13 (5) 0.06 (5) u -54 
Diacyl-GPC Liver 3.81 (8) 3.10 (7) f -18 
Alkenylacyl-GPC 1.18 (8) 0.92 (7)1 -22 
Diacyl-GPE 1.02 (7) 0.86 (6) I -16 
Alkenylacyl-GPE 0.48 (7) 0.40 (6) f -17 

aExperiments (number between brackets) have been carried out as reported in the text. 
Data are expressed as nmol/mg protein/40 min. The average of the standard deviation values 
was ca. 10%. Diacyl-GPC, 1,2-diacyl-sn-glycero-3-phosphorylcholine; alkenylacyl-GPC, 1-alk- 
1'- en yl- 2-acyl-sn-gly cero- 3- phosphorylcholine; diacyl-GPE, 1,2-diacyl-sn-gly cero- 3-phos- 
phorylethanolamine; alkenylacyl-GPE, 1-alk-l'-enyl-2-acyl-sn-glycero-3-phosphorylethanol- 
amine. 

bFifty-six day-old rats. 
CEighteen month-old rats. 
dp < 0.001. 
ep < 0.01. 
fStatistically not significant. 

solvents  were all f reshly  dist i l led and  f reed f rom 
peroxides ,  and  s tored  u n d e r  n i t rogen .  

R ESU LTS 

Before  re fer r ing  to the  resul ts  of  th is  work ,  
it m u s t  be m e n t i o n e d  t h a t  all i n c u b a t i o n s  have 
been  carried ou t  always in the  presence  of  
sa tu ra t ing  c o n c e n t r a t i o n s  of  subs t ra t e  ( labe led  
chohne ,  CDP-chol ine ,  e t h a n o l a m i n e ,  CDP- 
e t h a n o l a m i n e )  and  for  t ime  intervals  so as to 
assure zero-order  k ine t ic  rates ,  as d e t e r m i n e d  
by  p re l imina ry  expe r i m en t s  and  wi th  r e fe rence  
to  previous  work  (16-18,  23-26).  

Synthesis of Choline and Ethanolamine 
Lipids in Ageing Rats 

The  last step in the  de novo  synthesis  of  
CPG and  EPG in bra in  is carr ied ou t  by  the  
c o r r e s p o n d e n t  p h o s p h o t r a n s f e r a s e s  (EC 2.7.8.1 
and  2.7.8.2) ,  wh ich  t r ans fe r  phos pho r y l -  
e t h a n o l a m i n e  or p h o s p h o r y l c h o l i n e  f rom the i r  
co r r e spond ing  cy t id ine  nuc leo t ides  to the  
diacyl  glycerol  (10) .  The  act ivi ty  of  m i c r o s o m a l  
m e m b r a n e s  f rom ageing rat  bra ins  to  fo rm 
lipid mate r ia l  t h r o u g h  th i s  r e a c t i o n  was invest i-  
ga ted  by i n c u b a t i n g  bra in  m i c r o s o m e s  f rom 
ageing rats  wi th  labeled CDP-Etn  or  CDP-Cho 
and  w i t h o u t  t he  add i t i on  of diacyl  glycerol,  and  
by  compar ing  the  resul ts  wi th  those  o b t a i n e d  
wi th  liver microsomes .  

Table  I shows t h a t  t he  ra te  o f  convers ion  o f  
water -soluble  i n t e r m e d i a t e s  to  CPG and  EPG 
subclasses is sensibly  r educed  in t he  b ra in  

m i c r o s o m e s  of  ageing rats. The  var ia t ion  
b e t w e e n  adul t  and  ageing ra ts  was highly 
s ignif icant .  In add i t i on  to these  da ta ,  pre l imin-  
ary expe r imen t s  had  s h o w n  t h a t  the  k ine t ics  of  
diglyceride u t i l i za t ion  by  the  bra in  mic rosomes  
of  the  aged rats  was exact ly  similar to  tha t  
a l ready r epo r t ed  elsewhere for  adul t  ra ts  
(18 ,23) .  Moreover ,  t he  ma in  c o n c e n t r a t i o n  
value of  diglycer ide c o n t e n t  in t he  mic rosomes  
of  aged rats  Was similar to  t ha t  r epo r t ed  else- 
where  (21) ,  i.e., a r o u n d  9-10 n m o l e s / m g  
m i c r o s o m a l  p ro te in .  Table  I shows also t h a t  the  
d i f ferences  b e t w e e n  the  ra te  of synthes is  of  
liver CPG and  EPG subclasses in adul t  and  
ageing ra ts  are no t  so s t r iking as in t he  bra in .  In 
fact,  b o t h  a lkenylacy l  and  diacyl  subclasses are 
syn thes ized  in t he  l iver at  a lmos t  s imilar  ra tes  in 
b o t h  t y p e  of  animals.  

S u b s e q u e n t  expe r imen t s  were carried ou t  by  
incuba t ing  the  bra in  mic rosoma l  m e m b r a n e s  in 
the  presence  o f  sa tu ra t ing  c o n c e n t r a t i o n s  of  
ex te rna l ly  added  diacyl  glycerols  (19 ,23)  
in o rder  to  min imize  the  c o n t r i b u t i o n  of  the  
small  a m o u n t  of  e n d o g e n o u s  mic rosoma l  diacyl  
glycerols  in t h e  overal l  ra te  of  r eac t ion  in b o t h  
aged and  con t ro l  animals .  By tak ing  in to  
a c c o u n t  p rev ious  work  (19 ,23)  and wi th  
p re l iminary  expe r imen t s ,  it was checked  t ha t  
the  c o n c e n t r a t i o n s  of  diacyl  glycerols  used were 
really saturat ing.  In te res t ing ly ,  no  s ignif icant  
var ia t ion  was seen in the  ra te  of  synthes is  of  
CPG and  EPG b e t w e e n  con t ro l  and  aged ra t  
bra ins  (Tab le  II), in con t r a s t  w i th  the  da ta  
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TABLE II 

The Rate of  Synthesis  of  Choline and Ethanolamine Phosphoglycerides in Brain Microsomes 
of  Adult  and Aged Rats in vitro, after the Addition o f  Exogenous  Diglycerides a 

Diglyceride 
Lipid class (mM) Adult  rats Aged rats b Decrease (%) 

EPG 4.0 128 121 -6 
6.5 134 118 -12 
7.8 139 117 -16 

10.5 145 126 -13 
15.7 147 114 -22 

CPG 5.0 143 120 -16 
7.8 150 116 -22 

10.5 143 114 -20 

aSonication was carried out  at room temperature with small probes, as reported in the 
text.  Immediately after sonication, incubation with labeled CDP-Etn or CDP-Cho was 
carried out  at 40 C for 40 rain. Diacyl glycerol concentrat ion was estimated as free glycerol, 
before addition. Data are expressed as nmol /mg  protein/40 rain and represent values f rom 
four experiments,  whose deviation values were less than 10%. EPG = ethanolamine phospho- 
glycerides; CPG = choline phosphoglycerides.  

bVariations in the aged rats were not  statistically significant, if compared to the values 
obtained from the adult rats. 

TABLE III 

Composi t ion of  Brain Microsomal Diacyl Glycerol in Adult  and Aged Rats a 

Fat ty  acid Adult rats Aged rats Variation (%) 

16:0 24.7 23.3 --- 
16:1 5.7 b 9.5 + 67 
18:0 27.0 25.0 --- 
18:1 1"7.3 20.9 +21 
18 "2 1 .7  3.2 +88 
1 8 :  3 traces traces --- 
20:4 22.7 17.9 -21 
22 : 6 traces traces --  

aData are expressed as mole % of  diacyl glycerol, 
exper iments  each. Variation for each value was within 

bThis value represents the highest among four 

and represent mean values from four 
1o%. 
levels, whose scatterring was larger. 

r e p o r t e d  in  T a b l e  I. In  s e p a r a t e  e x p e r i m e n t s  
( r e s u l t s  n o t  s h o w n ) ,  it w a s  a l so  o b s e r v e d  t h a t  
t h e  a d d i t i o n  o f  d i a c y l  g l y c e r o l s  t o  t h e  l iver  
m i c r o s o m a l  m e m b r a n e s  d id  n o t  c h a n g e ,  o n  t h e  
c o n t r a r y ,  t h e  d a t a  o f  T a b l e  I. 

Composition of Diacyl Glycerols in the 
Brain Microsomes of Ageing Rats 

A ser ies  o f  e x p e r i m e n t s  was  s u b s e q u e n t l y  
ca r r i ed  o u t  b y  d e t e r m i n i n g  t h e  f a t t y  a c y l  
c o m p o s i t i o n  o f  t h e  b r a i n  m i c r o s o m a l  d i a c y l  
g l y c e r o l s  in  t h e  a d u l t  a n d  aged  ra t s ,  w i t h  t h e  
a i m  o f  r e l a t i n g  p o s s i b l e  v a r i a t i o n s  o f  t h i s  
c o m p o s i t i o n  to  t h e  d i f f e r e n t  r a t e s  o f  t h e  
p h o s p h o t r a n s f e r a s e  r e a c t i o n  r e p o r t e d  in  T a b l e  
I. T a b l e  III  s h o w s  a n o t i c e a b l e  v a r i a t i o n  in  t h e  
f a t t y  a cy l  c o n t e n t  o f  m i c r o s o m a l  d i a c y l  g lyc-  
e ro l  o f  t h e  aged  ra t  b r a i n ,  as  c o m p a r e d  t o  t h e  

a d u l t  a n i m a l s .  M o r e  p r e c i s e l y ,  t h e  p e r c e n t  o f  
t h e  c o n t e n t  o f  m o n o e n o i c  a n d  d i e n o i c  s p e c i e s  
i n c r e a s e s  n o t i c e a b l y  in  t h e  a g e i n g  ra t  b r a i n  
d i a c y l  g l y c e r o l  w i t h  a c o r r e s p o n d i n g  d e c r e a s e  o f  
t h a t  o f  a r a c h i d o n a t e .  T h i s  v a r i a t i o n  m i g h t  
i n f l u e n c e  t h e  p h o s p h o t r a n s f e r a s e  a c t i v i t y ,  s i nce  
p r e v i o u s  w o r k  ( 2 7 )  h a d  r e p o r t e d  t h a t  d i f f e r e n t  
r e a c t i o n  r a t e s  t a k e  p l ace  in  b r a i n  m i c r o s o m e s  
w i t h  t h e  u se  o f  s ing le  d i f f e r e n t  d i a c y l  g l y c e r o l s  
as s u b s t r a t e .  

N o  e v i d e n t  v a r i a t i o n  was  n o t i c e d  in 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  l iver m i c r o s o m a l  
d i g l y c e r i d e s  b e t w e e n  a d u l t  a n d  aged  ra t s  
( r e s u l t s  n o t  s h o w n ) ,  a n d  t h i s  f i n d i n g  m i g h t  h e l p  
in e x p l a i n i n g  t h e  d i f f e r e n c e s  f o u n d  b e t w e e n  t h e  
r a t e  o f  p h o s p h o t r a n s f e r a s e  r e a c t i o n  in  b r a i n  a n d  
l iver  m i c r o s o m e s  in  t h e  a d u l t  a n d  aged ra t s  
( T a b l e  I). 
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Base Exchange Reactions in Ageing Rats  

As known (see refs. 11 and 12), free ethanol- 
amine and choline are incorporated, respec- 
tively, into brain EPG and CPG subclasses, also 
by a Ca2+-dependent base exchange mechanism 
particularly located at the microsomal level. 
Due to this localization, this pathway was also 
examined in the brain microsomal membranes 
of adult and aged rats. Figure 1 indicates that 
no significant variation of this activity takes 
place in the brain microsomes of aged rats as 
compared to the adult values; the data have 
been completed by examining also the base 
exchange activity in the rat brain microsomes 
of 12 month- and 20 month-old rats, with the 
aim of examining other age intervals. Table IV 
shows, in addition, that plasmalogen synthesis 
by base exchange (14) also is unaffected in the 
brain microsomes of the aged rats. However, a 
noticeable decrease in the rate of exchange of 
ethanolamine and choline takes place in rat 
liver microsomes in aging animals as compared 
to adults. 

In order to get more information about the 
membrane composition of adult and aged rat 
brain, estimation has been carried out of the 
phospholipid/protein ratio of brain and liver 
microsomes of these animals. No variation of 
the ratio has been found in the microsomes of 
both liver and brain in the aged rats, as com- 
pared to controls. 

D I S C U S S I O N  

Rats of 18 months of age have been used in 
the present work as "ageing" animals. Although 
there is still much discussion about initiation of 
ageing, it is generally accepted, however, that in 
the rat, which has a life span of 2 to 3 years, 
the 18 months represents a time interval of 
reasonable length to reproduce at least the 
initial ageing phenomena. As known, the ageing 
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FIG. 1. Base exchange activity in brain microsomes 
of aged and adult rats. On the left, ethanolamine in- 
corporation into EPG (values on the left) ; on the right, 
choline incorporation into CPG (values on the right). 
The exchange activity (nmol base incorporated/rag 
protein/20 min) is plotted against age (number of 
months). Bars are represented with their standard de- 
viation values. Number of experiments for each value 
is inserted in the bars. See the text, for other details. 

is thought to begin at the time of reproductive 
and physical maturity (28) and must be particu- 
larly related to changes which possess be- 
havioral correlates. Rats older than 18 months 
of age have been found often to limit experi- 
mentation due to unavoidable complications or 
frequent deaths and to participation of various 
factors which are only partially related with the 
ageing process. In addition, it has been found in 
this laboratory (unpublished observations) that 
male Wistar rats of 20,22, or 24 months of age 

T A B L E  IV 

I n c o r p o r a t i o n  b y  Base E x c h a n g e  o f  C h o l i n e  a n d  E t h a n o l a m i n e  i n to  Respec t ive  
P l a s m a l o g e n s  o f  Bra in  a n d  Liver  M i c r o s o m e s  o f  A d u l t  a n d  Aged  Ra t s  a 

Dec rease  
S o u r c e  Lipid  subc la s s  Adul t ,  r a t s  b Aged  r a t s  c (%) 

Bra in  C h o l i n e  p l a s m a l o g e n  
Et  h a n o l a m i n e  p l a s m a l o g e n  

Liver  C h o l i n e  p l a s m a l o g e n  
E t h a n o l a m i n e  p l a s m a l o g e n  

0 . 1 6 2  -+ 0 . 0 3 2 ( 5 )  0 . 1 7 3  -+ 0 . 0 1 7 ( 5 )  --- 
1 . 1 3 8  +- 0.1"/  (6)  1 . 0 2 3  +- 0 . 0 9  (6)  - 1 0  
0 . 3 3 0  -+ 0 . 0 5 3 ( 5 )  0 . 2 3 7  -+ 0 . 0 5 0 ( 5 )  -28  
2 . 6 9 9 - +  0 . 3 2  (5)  1 .975  + 0 .21  (5)  -27  

a E x p e r i m e n t s  ( n u m b e r  b e t w e e n  b r a c k e t s )  have  b e e n  p e r f o r m e d ,  as r e p o r t e d  in t he  t ex t .  
D a t a  are  exp re s sed  as n m o l  base  i n c o r p o r a t e d / r a g  p r o t e i n / 2 0  m i n  -+ S.E.M. 

b F i f t y - s i x  d a y - o l d  ra ts .  

CEighteen  m o n t h - o l d  ra ts .  
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r ep resen t  o f t e n  unre l iab le  tes t s  of  expe r i m en t a -  
t ion ,  due  to the  very  large sca t te r ing  of  da ta  to  
wh ich  t h e y  give rise, a t  least  in r e l a t ion  to 
phos pho l i p id  tu rnove r .  

I n t e r ac t i ons  a m o n g  ceils of  d i f fe ren t  or igin 
and  f u n c t i o n  in b ra in  are very c o m p l e x  and  
critical.  Liver represents ,  in th i s  respect ,  a more  
h o m o g e n e o u s  and  less com p l ex  s t ruc tu re ,  
a l t hough  d i f fe ren t  cell types  do occur  also in 
th is  organ.  Fo r  this  reason,  it has  been  f o u n d  
useful  to  compa re  some resul ts  of  p h o s p h o l i p i d  
m e t a b o l i s m  o b t a i n e d  in t he  two organs. 

The  ma in  f indings  of  t he  p re sen t  s tudy  
ind ica te  t h a t  the  ra te  of  syn thes i s  of  EPG and 
CPG in ageing ra t  b ra in  is n o t i c e a b l y  and  
s ignif icant ly  r educed  if  c o m p a r e d  to t h a t  of  
adul t  an imals  (Tab le  I). T he  ma in  e x p e r i m e n t a l  
ev idence  suggests t ha t  a s ignif icant  va r ia t ion  of  
the  m i c r o s o m a l  diacyl  g lycerol  c o m p o s i t i o n  
takes  place in the  b ra in  of  ageing ra ts  as com- 
pa red  to t h a t  o f  the  c o n t r o l  an imals  (Tab le  III) ,  
and  t h a t  th is  var ia t ion ,  r a t h e r  t h a n  an  enzym i c  
defec t ,  is t he  mos t  p r o b a b l y  cause of  t he  
d i f fe ren t  ra te  of  the  p h o s p h o t r a n s f e r a s e  reac- 
t i on  t ak ing  place dur ing  ageing in bra in .  It  is 
k n o w n ,  in fact ,  t h a t  t he  molecu la r  fo rms  of 
diacyl  glycerols  are ut i l ized at  d i f fe ren t  ra tes  by  
bra in  m i c r o s o m e s  (27)  and  t h a t  a cer ta in  degree 
of  specif ic i ty  for  d i f f e ren t  d iacyl  glycerols  
exists  in  ra t  b ra in  (21 ,27) .  Thus ,  the  change  of  
mola r  d i s t r i bu t ion  o f  the  m i c r o s o m a l  diacyl  
glycerol  mo lecu la r  species, wh ich  takes  place in 
ageing b ra in  (Table  III) ,  m i g h t  c o n t r i b u t e  
par t icu lar ly  to the  change  of  s y n t h e t i c  rate.  
This  a s s u m p t i o n  is s u b s t a n t i a t e d  also by  t he  
resul ts  of  Table  II, wh ich  indica tes  t h a t  m u c h  
smaller  va r ia t ion  is seen b e t w e e n  adul t  and  
ageing brains ,  w h e n  the i r  m i c r o s o m e s  are 
s u p p l e m e n t e d  wi th  exogenous  diglycerides.  
This,  of  course,  migh t  no t  be the  on ly  cause, 
s ince the  p h o s p h o t r a n s f e r a s e  r eac t ion  repre-  
sents  on ly  one  of  the  var ious  s teps in the  overall  
p a t h w a y  of  phospho l i p i d  synthes is  in an ima l  
t issue;  i t  is w o r t h  m e n t i o n i n g ,  in  th is  con-  
nec t ion ,  t h a t  t he  enzymic  r eac t ion  ca ta lyzed  by  
t he  cy t idy ly l t r ans fe rases  (E.C. 2 .7 .7 .14  and  
2 .7 .715)  is mos t  p r o b a b l y  t he  real ly  ra te-  
l imi t ing  s tep in t he  whole  process  (19 ,23) .  

I t  is k n o w n  tha t  the  f a t t y  acyl  prof i le  of  
e n d o g e n o u s  phospho l i p i d  has  some ef fec t  on  
t he  ra te  o f  the  base exchange  reac t ion  in b ra in  
mic rosomes  (29 ,30) .  I t  has  b e e n  r e p o r t e d  
also t ha t  the  f a t t y  acid p a t t e r n  of  whole  b ra in  
phospho l ip id  is s ignif icant ly  a f fec ted  dur ing  the  
ageing pe r iod  (8) ,  and  one  migh t  expec t ,  
t he re fo re ,  t h a t  base exchange  act iv i ty  is a l te red  
in senescent  bra in .  On the  o t h e r  h a n d ,  we have  
been  unab le  to  f ind ou t  no t i ceab le  va r ia t ion  of  
t he  f a t t y  acid p a t t e r n  in b ra in  m i c r o s o m a l  

phospho l ip id  of  aged rats,  as c o m p a r e d  to  adu l t  
an imals  ( u n p u b l i s h e d  observa t ions ) ,  and  this  
f ind ing  migh t  expla in  why  the  base exchange  
r eac t i on  (11 ,12)  is no t  a f fec ted  in the  ageing 
bra in  m i c r o s o m e s  (Table  IV and  Fig. 1). 

Bra in  t issue consis ts  of  d i f fe ren t  cell types  
wi th  var ious  b iochemica l  and  func t iona l  
features .  In no  o t h e r  organ are t h e  i n t e r ac t i ons  
a m o n g  cells as c o m p l e x  and  cr i t ical  as in t he  
bra in .  Therefore ,  a more  m e a n i n g f u l  emphas is  
on  t he  re la t ionsh ips  exis t ing a m o n g  neurons ,  
glia and  o the r  cell types  mus t  be t a k e n  in to  
cons ide ra t i on  for  a clear  u n d e r s t a n d i n g  of  pos- 
siible var ia t ions  in ageing bra in .  Owing  to these  
complex  in t e r ac t i ons  a m o n g  d i f fe ren t  cell 
cons t i t uen t s ,  it is feasible t h a t  s ignif icant  
wariations e n c o u n t e r e d  in t h e  ageing bra in  t issue 
migh t  be  due  to a l tered i n t e r ac t i ons  a m o n g  
these  t issue c o n s t i t u e n t s  a n d / o r  to  specific 
e n z y m e  changes  in special ized cells or  pa r t i cu la r  
b ra in  areas. 
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Metabolism of Linoleic Acid in the Cat 
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ABSTRACT 

Cats fed a diet containing linoleate as the only polyunsaturated fatty acid showed extremely low 
levels of arachidonate in the plasma lipids, as well as an increase in linoleate, eieosadienoate and an 
unknown fatty acid. Administration of [ 1-14C] linoleic acid and [ 2-14C] eicosa-8,11,14-trienoic acid 
to cats showed that in the liver there was no conversion of the [ 1-14C] 18:2 to arachidonate, whereas 
there was significant metabolism of [2-14C] 20:3 to arachidonate. It was found when methyl-3,- 
linolenate was fed to cats that the level of 20:3to6 and 20:4w6 in the erythrocytes increased signifi- 
cantly. These results show that there is no significant A6 desaturase activity in the cat, whereas 
chain elongation and a5  desaturase enzymes are operative. The unknown fatty acid was isolated from 
the liver lipids and shown to be a 20-carbon fatty acid with 3 double bonds and which by gas liquid 
chromatography could be separated from 20:3co9 and 20:3co6. The presence of the A5-desaturase 
activity and the results of the ozonolysis studies indicated that this unknown fatty acid was eicosa- 
5,11,14-trienoic acid. 

INTRODUCTION 

In mos t  m a m m a l i a n  species, t he  convers ion  
of  l ino lea te  to  a r a c h i d o n a t e  involves sequen t ia l  
A 6 - d e s a t u r a t i o n  fol lowed b y  chain  e longa t ion  
and  t h e n  A5-desa tu ra t ion .  

Recen t  d ie ta ry  s tudies  have shown  t h a t  cats 
have a l imi ted  abi l i ty  to  m e t a b o l i z e  l inoleic acid 
to a rach idon ic  acid (1-3). These  results  showed  
t h a t  there  was no  A6- and  A5-desa turase  
act iv i ty ,  whereas  chain  e longa t ion  was un-  
impar ied .  

This c o m m u n i c a t i o n  p resen t s  data  on  the  in 
vivo me tabo l i sm of  [ 1 -14C] l ino le ic  acid, 
me thy l -7 - l ino lena te  and  [2-14C]  eicosa-8,1 1,14- 
t r i eno ic  acid in the  cat. The  resul ts  showed  tha t  
A5-desa turase  act iv i ty  was present .  

MATERIALS AND METHODS 
Diets 

Cats were m a i n t a i n e d  on  th ree  d i f fe ren t  
diets :  e i the r  a con t ro l  die t  (mea t  and  f ish-based 
commerc ia l  cat food) ,  or  e x p e r i m e n t a l  semi- 
syn the t i c  diets  which  consis ted of  29.3% 
pro te in ,  25.9% fat, and  38.2% c a r b o h y d r a t e  
t oge the r  wi th  v i t amins  and  minera l s  at  r ecom-  
m e n d e d  levels (4).  One  of  the  e x p e r i m e n t a l  
diets  c o n t a i n e d  only  h y d r o g e n a t e d  bee f  fat  
(SAT diet)  while t he  o t h e r  c o n t a i n e d  hy-  
d rogena ted  beef  fat  plus saff lower  seed oil in 
the  ra t io  4.3:1 (SSO diet) .  Long chain  po lyun-  
sa tura ted  f a t t y  acids (20:2606,  20:3666,  
20:4606,  22:4606,  22:5606,  20:5663,  22:5603 
and 22:6603) a c c o u n t e d  for  3.8% of  the  d ie ta ry  
f a t ty  acids in the  con t ro l  diet .  These  fa t ty  acids 
were no t  present  in e i the r  of  the  s emisyn the t i c  
diets. 

Plasma Fatty Acids 

Plasma f a t t y  acid pa t t e rn s  were e x a m i n e d  

f rom cats which  had  been  on  t he  con t ro l  and 
SSO diets  f rom weaning  for  at  least 22 m o n t h s .  
The  lipids were ex t r ac t ed  f rom the  p lasma to 
which  had  been  added  a k n o w n  a m o u n t  of  
h e p t a d e c a n o i c  acid (Nu-Chek-Prep ,  Elysian,  
MN) (5),  and the  m e t h y l  esters of  the  l ipids 
were fo rmed  by  sapon i f i ca t ion  and  esterif ica-  
t ion  (6). The  esters were separa ted  using a gas 
l iquid c h r o m a t o g r a p h  equ ipped  wi th  f lame 
ion i za t i on  de t ec to r s  (Packard  Becker  Model  
427)  on  a 46 Meter  SCOT c o l u m n  packed  wi th  
OV-275 (Chromaly t i c ,  Melbourne ,  Austral ia) .  
Separa t ions  were achieved by  t e m p e r a t u r e  
p rog ramming  f rom 120-220 C at 2 ~ per  min  
wi th  a he l ium carrier  gas f low of  3 ml /min .  The  
f a t t y  acid c o m p o s i t i o n s  were calcula ted f rom 
peak  areas provided  by  an in t eg ra to r  (Spec t ra  
Physics,  Santa  Clara, CA). S t anda rd  m e t h y l  
esters (Nu-Chek-Prep)  were rou t i ne ly  ch roma-  
t o g r a p h e d  to es tab l i sh  i den t i t y  of  u n k n o w n  
esters.  

Ini t ia l ly  the  f a t ty  acids were e x a m i n e d  using 
c o n v e n t i o n a l  ana ly t ica l  co lumns  (2 m x 4 m m  
I.D.) con ta in ing  e i the r  EGSS-X, or  S I L A R  
IOCP. There  was no r e so lu t ion  of  20:3609,  an 
u n k n o w n ,  22 :0  and  20:3606, which  emerged 
jus t  before  m e t h y l  a r ach idona te .  This  p rob lem 
was overcome  by use of the  capil lary c o l u m n  
descr ibed above,  and basel ine  separa t ions  were 
o b t a i n e d  b e t w e e n  20:2666,  20:3609,  the  un-  
k n o w n  and  20:3606. It was f o u n d  t h a t  20:3603 
and  20:4606 c o c h r o m a t o g r a p h e d  and  t ha t  22 :0  
and  22:1 emerged  be tween  20:4666 and  20:5663. 

Liver Fatty Acids 

The  livers f rom two cats,  wh ich  had  been  o n  
the  SSO diet for  10 m o n t h s ,  were ex t rac ted  
wi th  c h l o r o f o r m - m e t h a n o l  (5)  and  phospho -  
l ipids were isolated f rom the  to ta l  l ipids by  
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c o u n t e r c u r r e n t  d i s t r i bu t ion  (7).  The  m e t h y l  
esters of  the  phospho l ip id  fa t ty  acids were 
prepared  by  ref luxing  in b e n z e n e - m e t h a n o l -  
H2SO 4 ( 1 0 : 4 0 : 0 . 8 ) ,  and the  p o l y u n s a t u r a t e d  
esters  were c o n c e n t r a t e d  by  urea  f r a c t i o n a t i o n  
(8). An a l iquot  (40  mg) of  the  urea-soluble  
f r ac t ion  was subjec ted  to A gN O 3- co l um n  
c h r o m a t o g r a p h y  (9),  and  t w e n t y  10 ml frac- 
t ions  were co l lec ted  and  e x a m i n e d  by  gas l iquid 
c h r o m a t o g r a p h y  (GLC).  F rac t ions  17 plus 18 
were h y d r o g e n a t e d  and  r e c h r o m a t o g r a p h e d  to 
es tabl ish  the  chain  length  of  the  fa t ty  acid 
esters  (8). A sample of  f r ac t ions  17 plus 1 8 was 
sub jec ted  to ozonolys is  fo l lowed b y  r e d u c t i o n  
wi th  t r i p h e n y l p h o s p h i n e  (10) .  The  resu l t ing  
a ldehydes  and a ldehydo  esters were separa ted  
by  GLC using a c o l u m n  (2 m x 4 m m  I.D.) of  
10% e thy l ene  glycol  ad ipa te  (HI -EFF-2AP,  
Appl ied  Science Labs.,  Sta te  College, PA) on  
8 0 / 1 0 0  mesh  Gas Chrom Q (Appl i ed  Science 
Labs.).  S e p a r a t i o n s  were achieved by  t empe ra -  
tu re  p r o g r a m m i n g  f rom 90-180  C at 1 0 - p e r  
min  wi th  a n i t rogen  carr ier  gas f low of  40  
ml /min .  The  f rac t ions  were ident i f ied  b y  
c o m p a r i s o n  wi th  f ragments  resul t ing  f rom 
ozonolys i s  and  r e d u c t i o n  of  s t andard  f a t t y  acid 
m e t h y l  es te r s  (Nu-Chek-Prep) .  

Radioisotope Experiments 

Two  con t ro l  and  two  SSO diet  k i t t en s  
weighing b e t w e e n  400  and  600  g were dosed  
oral ly wi th  e i ther  250  /ICi of  [1 -14C] l ino le ic  
acid or 50 /.tCi of  [2 -14C]e i cosa -8 ,11 ,14 -  
t r i enoic  acid (The  Rad iochemica l  Cent re ,  
Melbourne ,  Austra l ia)  dissolved in 0.5 ml 
t r io le in  (F luka ,  Basel, Swi tzer land) ,  and  the  
k i t t en s  were killed 48 hr  a f te r  dosing. Lipids  
were ex t rac ted  f rom the  livers (5)  and  t he  
m e t h y l  esters of the  liver f a t ty  acids were 
f o r m e d  as descr ibed above.  Dupl ica te  samples  
of  the  m e t h y l  esters f rom each e x p e r i m e n t  (2-3 
mg esters con ta in ing  b e t w e e n  6 ,000 -34 ,000  
dpm)  were separa ted  by  AgNO3- th in  layer  
c h r o m a t o g r a p h y  (11).  A s tandard  m i x t u r e  
con ta in ing  m e t h y l  a rach ida te ,  e icosenoa te ,  
e icosad ienoa te ,  e icosa t r i enoa te  and  a rach idon-  
ate (Nu-Chek-Prep)  was run  on  each plate .  In 
each expe r imen t ,  20 f r ac t ions  were scraped 
f rom the  plates  in to  vials and c o u n t e d  in a 
sc in t i l la t ion  c o u n t e r  using a to luene-based  
sc in t i l la tor  (5). 

Meth yl-')'- L inole nate Feeding 

Two cats  were weaned  o n t o  the  SAT diet  
and  a f te r  15 weeks  were fed 4.5 g of methy l -7 -  
l ino lena te  (pu r i t y  > 9 9 % )  (Bio-oils Research,  
Nan twich ,  U.K.)  over  a four -week  per iod  (6 
doses of 250  mg in the  first 13 days fo l lowed 
by  6 doses of  500 mg in the  nex t  13 days).  

TABLE I 

Concentration of Polyunsaturated Fatty Acids 
in Cat Plasma Total Lipids (rag/100 ml plasma) 

Fatty acid Control diet a SSO diet a 

18:2o)6 50.2 • 11.2 54.3 -+ 9.2 
18:3o33 2.1 + 0.2 0.9 -+ 0.2 
20:20)6 0.2 • 0.04 0.7 + 0.1 
Unknown 0.2 • 0.03 1.3 • 0.4 
20:3o)6 1.9 • 0.1 0.8 -+ 0.3 
20:4o36 25.1 _+ 4.7 1.0 • 0.2 
20:50)3 11.9-  + 2.2 0.1-+0.02 
22:5co3 1.9 • 0,4 0.1 • 0.01 
22:6o33 7.5 • 1.3 0.1 • 0.02 

Total b 238 +- 29 151 • 20 

aMean _+ S.D. from three animals. 
bTotal of fatty acids from 16:0 to 22:6co3. 

Blood was col lected on  days 0, 14 and  28 of 
the  7-1inolenate t r e a t m e n t  and the  l ipids were 
ex t rac ted  f rom the  red cells to  wh ich  had  been  
added  a k n o w n  a m o u n t  of  the  in te rna l  hep ta -  
decanoic  acid s tandard .  The  m e t h y l  esters were 
fo rmed  and  separa ted  by  capil lary GLC as 
descr ibed above.  

RESULTS A N D  DISCUSSION 

The  fa t ty  acid p a t t e r n  in the  plasma f rom 
the  SSO diet  cats (Table  I) was similar to t ha t  
previously descr ibed for  b lood  and  t issues of 
cats fed diets  r ich in l inolea te  (1 ,3 ,12) .  The  
main  fea tures  were a marked  decrease in 
20:4666, 20:5603, 22:5663 and  22:6603 and an 
e levat ion of  18:2666, 20:2606 and an u n k n o w n  
f a t t y  acid. 

In order  to charac ter ize  t he  u n k n o w n  fa t ty  
acid, liver l ipids f rom the  SSO diet  cats were 
examined .  The  u n k n o w n  was present  in the  
liver phospho l ip id s  at a p p r o x i m a t e l y  the  same 
c o n c e n t r a t i o n  as 20:3666 and 20:4606 (Table  
II). Urea f r ac t i ona t i on  increased the  p r o p o r t i o n  
of  p o l y u n s a t u r a t e s  and  the  u n k n o w n  f a t t y  acid,  
and  sepa ra t ion  of  the  urea-soluble  f rac t ion  
by  A g N O 3 - c o l u m n  c h r o m a t o g r a p h y  showed  
tha t  the  u n k n o w n  emerged  t oge the r  wi th  the  
f a t ty  acids con ta in ing  3 d o u b l e  b o n d s  ( 18:36o6, 
18:36o3 and  20:3666).  H y d r o g e n a t i o n  of  
f rac t ions  r ich in the  u n k n o w n  revealed t ha t  the  
chain  l eng th  of the  u n k n o w n  was 20 c a r b o n  
a toms .  E x a m i n a t i o n  by  GLC of  t he  f r agmen t s  
resu l t ing  f rom ozonolys i s  t h e n  r e d u c t i o n  of  
f r ac t ion  17 plus 18 revealed t ha t  8- and 5- 
ca rbon  a ldehydo  esters were the  two majo r  
a ldehydo  esters. There  were also lesser a m o u n t s  
of  9- and  6-carbon  a ldehydo  esters  present ,  
which  were derived f rom the  four  18-carbon 
u n s a t u r a t e d  f a t t y  acid esters  in these  two  
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TABLE II 

Fatty Acid Composition of  Various Fractions 
from SSO Diet Cat Liver Lipids 

Fatty acid composition (Area %) 

AgNO3-Column Hydrogenated 
Phospholipid Urea-soluble fractions column fractions 

Fatty acid fraction fraction 17 plus 18 a 17 plus 18 

16:0 14.8 2.1 0.3 1.0 
16:1 5.9 4.4 . . . . . .  
18:0 16.2 1.6 0.3 13.8 
18:1 33.S 18.6 0.6 0.4 
18:2co6 22.4 46.8 6.5 0.6 
18:3~6 0.05 0.5 3.4 --- 
18:3to3 0.2 0.8 4.5 --- 
20:0 0.1 . . . . . .  74.8 
20:1 0.6 0.2 --- 2.3 
20:2o~6 0.8 1.1 O. 1 --- 
20:3oa9 b 0.05 O, l 0.7 --- 
Unknown 0.7 3,9 34.1 3,3 
20:3cd6 0.7 5.3 48.1 3.9 
20:4co6 0.7 11.9 0.4 --- 

aFractions 17 and 18 eluted from AgNO 3 column with diethyl ether/he• (1:1). 
bFatty acid identified using a 20:3co9 standard obtained from rats fed a fat-free diet. 

TABLE III 

Distribution of  Radioactivity from [ 1-14C } Linoleic Acid and 
[2-14C] Eicosatrienoic Acid in Cat Liver Fatty Acids a 

11-14C] 18:2 12-14C]20:3 

AgNO3-TLC Control SSO Colatrol SSO 
Fraction diet diet diet diet 

Saturated 200 98 5 
Monoenoic 30 117 0 t 73 
Dienoic 7603 17,497 17 105 
Trienoic 85 293 4748 22,167 
Band between A3 and A4 24 202 16 57 
Tetraenoic 23 106 2 lS 721 
Penta- and hexaenoic 36 25 14 90 
Cholesterol 126 215 27 46 

acpm Per fraction. Results are shown as the mean of duplicate analyses from one cat per 
experiment. 

f rac t ions .  T h e  on ly  a l d e h y d e  de t ec t ed  was  the  
6 - c a r b o n  f r a g m e n t .  T h e  u n k n o w n  20:3  f a t t y  
acid and  8 , 1 1 , 1 4 - 2 0 : 3  (20 :3606)  r e p r e s e n t e d  
82% of  t h e  to t a l  es ters  s u b j e c t e d  to  th i s  t rea t -  
m e n t ,  and  s ince the  8 - ca rbon  a l d e h y d o  es te r  
came  f r o m  20:3606,  t h e  5 - ca rbon  a l d e h y d o  
es te r  m u s t  have  b e e n  der ived f r o m  t h e  un-  
k n o w n  f a t t y  acid. These  resu l t s  ind ica te  t ha t  
t he  u n k n o w n  was  5 , 1 1 , 1 4 - 2 0 : 3 .  

The  r e su l t s  o f  t h e  r ad ioac t ive  feed ing  
s tud ies  are s h o w n  in Table  I I I .  More t h a n  94% 
of  the  r ad ioac t iv i t y  f r o m  [ 1-14C] l inoleic acid 
was  c o n f i n e d  to  t he  t w o  d o u b l e  b o n d  r eg i on  o f  

t h e  plate ,  w i t h  li t t le ac t iv i ty  assoc ia ted  w i th  
a n y  o t h e r  specific f r ac t ion .  These  resu l t s  
c o n f i r m  the  f ind ings  o f  Has sa m et al. (2)  and  
s h o w  t h a t  b y  c o m p a r i s o n  w i t h  t h e  ra t  (5)  the re  
is v i r tua l ly  no  c o n v e r s i o n  o f  [1 -14C]  18:26o6 
to  20:4606 in 48 hr  in t he  cat.  In  t he  [2 -14C]  
e icosa t r i eno ic  acid e x p e r i m e n t s ,  f r o m  3.5-4.3% 
o f  t he  r ad ioac t iv i ty  was  f o u n d  assoc ia ted  w i th  
the  m e t h y l  a r a c h i d o n a t e  reg ion  o f  the  plate .  
T h e s e  resu l t s  ind ica te  t h a t  t he r e  is A5 desa tu -  
rase act iv i ty  in t he  cat w h i c h  is r e s p o n s i b l e  fo r  
c o n v e r s i o n  o f  t h e  [2 -1 aC]  20 :3  to  r ad io labe led  
20:4606.  
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The results of the feeding experiment with 
methyl-'),-linolenate (Table IV) showed the 
existence of a rapid chain elongation mechan- 
ism since the levels of 20:3co6 in the erythro- 
cytes rose markedly, and also confirmed the 
existence of the A5 desaturation since the level 
of arachidonate also increased. However, the 
conversion of 20:3096 to 20:4co6 in the cat is 
still significantly less than in the rat (13,14). 

The studies by Frankel and Rivers (3) failed 
to show any increase in the percentage of 
20:4co6 in plasma phosphatidylcholine of cats 
fed a mixture of evening primrose oil (con- 
taining 3'-linolenic acid) and safflower seed o i l  
This mixture contained ca. 1.8 g of 3,-linolenic 
acid which was fed over a period of 5 days. 
Several factors may have contributed to their 
failure to detect a rise in the percentage of 
20:4co6 in the plasma. Expressing results as a 
percentage may have masked small but signifi- 
cant alterations in absolute amounts of arachi- 
donic acid. Plasma total fatty acids are not a 
good indication of PUFA status early in refeed- 
ing experiments, and in this present experiment 
the increase in erythrocyte 20:4co6 was 5 times 
greater than the corresponding increase in the 
plasma (Sinclair, McLean and Monger, un- 
published observations). Furthermore, the 
presence of significant amounts of cMinolenic 
acid in the diets used by Frankel and Rivers (3) 
may have caused interference with the metabo- 
lism of 7-Rnolenic acid to 20:46o6 by com- 
petition for the A5-desaturase. 

Since there is little conversion of [1-14C] 
18:2co6 to 20:4co6 (Table III) but significant 
metabolism of 18:3co6 to 20:4w6 (Table IV), 
the major block in aracliidonate synthesis in 
the cat must be at the 2x6 desaturation step, 
i.e., the conversion of 18:2co6 to 18:36o6. 

The unknown fatty acid (20:3) is probably a 
metabolite of linoleate since both the unknown 
(20:3) and 20:2w6 are present in considerable 
concentrations in tissues of SSO diet cats 
while being almost absent in the SAT diet cats 
(12). Further evidence is provided by the 
observation that both the unknown (20:3)and  
20:26o6 increase greatly when linoleate is fed to 
SAT diet cats (12). 

In the rat, the A5-desaturase acts on 
11,14-20:2 (20:2r producing 5,11,14-20:3 
(15,16). Since both the substrate (20:2co6) and 
the enzyme (A5 desaturase) are present in the 
cat, the unknown fatty acid is probably 
5,11,14-20:3, a nonmethylene interrupted fatty 
acid. This identification is supported by the 
ozonolysis studies and by examination of 
retention times from GLC tracings, where the 
unknown fatty acid (20:3) chromatographed 

TABLE IV 

The Concentration of  co6 Fatty Acids in Cat 
Erythrocytes Following the Feeding of Methyl- 

3,-Linolenate to Cats on the SAT Diet a 

Days of ~-linolenate feeding 

Fatty acid 0 14 28 

18:2o96 7.2 7.7 5.2 
18:3co6 0 0.3 0.4 
20:2~o6 0.2 0.2 0.1 
Unknown (20:3) 0.7 0.7 0.5 
20:3to6 1.0 5.0 10.0 
20:4co6 6.8 8.7 13.0 

aMean results (rag fatty acid/100 ml erythrocytes) 
from two animals shown. 

between 20:3co9 and 20:3c06 (15). 
These results show that in the cat the 

metabolism of linoleic acid differs considerably 
from the rat and other mammals. In the cat 
there is essentially no in vivo A6-desaturase 
activity while chain elongation and the A5- 
desaturase enzymes operate. The unusual fatty 
acid patterns seen in cats fed diets rich in 
linoleic acid may be explained in the light of 
these results. Linoleic acid is not converted to 
any extent via the normal pathway to 
arachidonic acid, resulting in a decrease in this 
acid. The linoleic accumulates and is converted 
by chain elongation to 20:2co6, which in turn 
serves as a substrate for the A5-desaturase, thus 
producing 5,11,14-20:3. 

Conversion of 20:2co6 to 20:3006 by A8- 
desaturation has been shown in rat testis (16), 
human bladder and colon (17). If this enzyme 
is present in the cat, it could account for the 
synthesis of some arachidonate from linoleate 
via 20:2co6 and the A8-desaturation step as 
shown in the diagram. 

9,12-18:2 

1 A6 

6,9,12-18:3 

�9 11,14-20:2 

5,11,14-20:3 

~_ 8,11,14-20:3 

5,8,11,14-20:4 

In view of the limited ability of the cat to 
synthesize arachidonic acid, the high levels of 
arachidonate and long chain metabolites of 
linolenic acid in the plasma (Table I) and tissues 
(12) from control cats must largely result from 
the uptake of these acids from the control diet 
and subsequent incorporation into the tissues. 

LIPIDS, VOL. 14, NO. 11 



936 A.J. SINCLAIR, J.G. McLEAN, AND E.A. MONGER 

ACKNOWLEDGMENTS 

This work was supported by a research grant from 
the Australian Research Grants Committee and by 
Uncle Ben's of  Australia. The technical assistance of  
Meredith Gebbie is gratefully acknowledged. 

REFERENCES 

l. Rivers, J.P.W., A.J. Sinclair, and M.A. Crawford, 
Nature (London) 258:171 (1975). 

2. Hassam, A.G., J.P.W. Rivers, and M.A. Crawford, 
Nutr. Metab. 21:321 (1977). 

3. Frankel, T.L., and J.P.W. Rivers, Br. J. Nutr. 
39:227 (1978). 

4. Gershoff, S.N., in "Nutrient Requirements of 
Laboratory Animals," Publication No. 10, 2nd 
Ed, National Research Council, National 
Academy of Sciences, Washington, DC (1972). 

5. Sinclair, A.J., Lipids 10:175 (1975). 
6. Metcalfe, L.C., A.A. Schmitz, and J.R. Pelka, 

Anal. Chem. 38:514 (1966). 
7. Galanos, D.S., and V.M. Kapoulas, J. Lipid Res. 

3:134 (1962). 
8. Christie, W.W., in "Lipid Analysis," Pergamon 

Press, New York, 1973, pp. 135 and 147-149. 
9. Willner, D., Chem. Ind. (London), 30 October 

1965, p. 1839. 
10. Beroza, M., and B.A. Bierl, Anal. Chem. 39:1131 

(1967). 
11. Bandyapadhyay, G.K., and J. Dutta, J. Chroma- 

togr. 114:280 (1975). 
12. Kuchel, T.R., MVS Thesis, University of  Mel- 

bourne, Victoria, Australia (1978). 
13. Hassam, A.G., and M.A. Crawford, Lipids 

13:801 (1978). 
14. Hassam, A.G., J.P.W. Rivers, and M.A. Crawford, 

J. Nutr. 107:519 (1977). 
15. Sprecher, H., and C.J. Lee, Biochim. Biophys. 

Acta 388:113 (1975). 
16. Albert, D.H., and J.G. Coniglio, Biochim. Bio- 

phys. Acta 489:390 (1977). 
17. Nakazawa, I., J.F. Mead, and R.H. Yonemoto, 

Lipids 11:79 (1976). 

[Received June 27, 1979] 

LIPIDS, VOL. 14, NO. 11 



Comparison of Lipid Composition of Candida guilliermondff 
Grown on Glucose, Ethanol and Methanol 
as the Sole Carbon Source 
Y. JIGAMI, O. SUZUKI, and S. NAKASATO, Bioorganic Chemistry Division, National 
Chemical Laboratory for Industry, Agency of Industrial Science and Technology, 
1-1 Higashi, Yatabe-cho, Tsukuba-gun, Ibaraki 300-21, Japan 

ABSTRACT 

The carbon and energy source for aerobically grown cultures of Candida guilliermondii profoundly 
influenced the neutral lipid content and the fatty acid composition of the individual lipid components. 
Methanol (0.80%, w/v) grown ceils cultivated at 30 C in presence of 0.025% ammonium sulfate 
contained 12% total lipids, 67% of which was neutral lipids. Glucose (0.74%, w/v) or ethanol (0.53%, 
w/v) grown ceils contained 21-22% total lipids, 80% of which was neutral lipids, under the same con- 
ditions. Methanol-grown ceils contained a decreased 18:1 acid (52-54% of total fatty acids) and an 
increased 18:2 acid (23-25%), as compared with glucose- or ethanol-grown ceils which contained 57- 
66% 18:1 acid and 8-14% 18:2 acid, in both neutral and polar lipid fractions. The relationship be- 
tween methanol metabolism and desaturation of fatty acid in yeast was discussed. 

INTRODUCTION 

Single cell protein from methanol-utilizing 
yeast has attracted considerable amount of 
interest (1), compared to other cellular compo- 
nents including lipid. Our previous report, 
on the contrary, dealt with the cultivation 
factors affecting the lipid formation from 
methanol and changes in the lipid composition 
of methanol-grown Candida guilliermondii 
(2). As the content and the composition of 
lipids in yeast were remarkably influenced by 
the culture and growth conditions, including 
carbon source (3,4), in this paper the lipid 
composition of Candida guilliermondii grown 
on glucose, ethanol and methanol as the sole 
carbon and energy source was comparatively 
analyzed in order to examine the metabolic 
relationship between methanol metabolism and 
lipid biosynthesis from C 1-compound in yeast. 

M A T E R I A L  AND METHODS 

Methanol-utilizing yeast Candida guillier- 
mondii Y-1289 described in a preceding report 
(2) was used throughout the study. The yeast 
was maintained on slant cultures (1.7% agar) of 
the following methanol-mineral medium con- 
taining 0.2% (w/v) ammonium sulfate. The 
liquid culture medium contained (g/liter): 
various amounts of ammonium sulfate ranging 
from 0.75-0.06 as indicated; KH2PO4, 2; 
MgSO 4"7H20,  0.4; FeSO4"7H20 , 0.01 ; 
CaC12"2H20, 0.01; ZnSO4-7H20 , 0.001; 
MnSO4"4H20, 0.001; CuSO4"5H20 , 0.001; 
thiamine-HCL, 0.002; D-biotin, 0.00002, in 
addition to the following carbon source. Initial 
pH was adjusted to 4.6. As the carbon source, 
0.74% (w/v) glucose, 0.53% (w/v) ethanol 

or 0.80% (w/v) methanol was added to the 
sterile medium in order to give approximately 
the same C/N ratio (ratio of carbon atom 
weight in added C-source to nitrogen atom 
weight in added N-souce). Cells were precul- 
tured aerobically for 2-3 days at 30 C in 500 ml 
flasks containing 100 ml of growth medium, 
and 10 ml samples of culture broth were 
transferred to 1,000 ml flasks containing 300 
ml of medium. Main cultivation was performed 
on a rotary shaker (180 rpm) at 30 C. Cell 
growth was followed by reading the turbidity 
of the cell suspension at 660 nm. The ceils 
grown to their early stationary phase (2 days, 3 
days and 5 days after main cultivation on 
glucose, ethanol and methanol, respectively) 
were harvested by centrifugation at 6,000 x g 
for 10 min. Procedures for the determination of 
dry cell weight and for the extraction of total 
lipids from wet cells by a chloroform]methanol 
(2:1, v[v) mixture in the presence of glass beads 
were the same as described previously (2). The 
extraction process was repeated three times to 
collect total lipids as completely as possible. 
The lipids obtained were stored at 4 C in a 
chloroform solution. 

A part of total lipids was fractionated on a 
silicic acid column (2 cm x 9 cm, Unisil, 
Clarkson Chemical Co., Williamsport, PA) in 
neutral and polar lipids by elution initially 
with 200 ml o f  chloroform and then with 150 
ml of methanol (5). After evaporation of 
eluates, the amounts of each lipid were deter- 
mined gravimetricaUy. Essentially all the lipid 
applied on the column was recovered in the two 
fractions. Neutral lipids were separated by thin 
layer chromatography (TLC) on precoated 
silica gel plate (20 cm x 20 cm, 0.25 mm 
thickness, Merck, Darmstadt, West Germany) in 
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a one dimensional, double development system 
at first with benzene/diethyl ether/ethanol/28% 
ammonium water (50:40:2:0.5, v/v) [I] and 
next with n-hexane]diethyl ether (94:6, v]v) 
[II] ,  according to the method of Freeman and 
West (6), with a slight modification: ammo- 
nium water was used instead of acetic acid in 
the solvent system [I] to avoid a close or 
overlapped migration of free fatty acid to 
sterol. Quantitative analysis of neutral lipids 
was performed by a densitometric method 
(using a Shimadzu Densito.meter, Model CS- 
910, with a zig-zag scanning mode). For stan- 
dards, cholesteryl oleate, tri-, di- and mono- 
olein, oleic acid and cholesterol (Sigma 
Chemical Co., St. Louis, MO) were prepared as 
a chloroform solution. The plates spotted with 
known amounts of standard mixtures and 
unknown samples were developed in the 
previous way and sprayed with 10% sulfuric 
acid solution. Both plates were heated simul- 
taneously in an oven at 130 C for 15 min. The 
relative ratios of the individual neutral lipid 
components were determined by the values 
obtained from the individual standard curves. 

Polar lipids were also separated on TLC 
plates developed by chloroform/acetone/ 
methanol/acetic acid water (50:20:10: 10:5, 
V/V)  [III] for one dimensional development, 
and, when necessary, by chloroform/methanol/ 
7N-ammonium water (65:35:5, v/v) [IV] prior 
to the system [III] for two dimensional de- 
velopment (7-9). Lipid spots were detected by 
specific spray reagents (10): sulfuric acid for all 
lipids, ninhydrin for amino group, molyb- 
denium blue reagent for phosphorus, Dragen- 
dorff reagent for choline, a-naphtol reagent for 
reducing sugar, and iodine vapors for all lipids 
(for scraping corresponding silica gel). The 
phosphorus contents of the individual phospho- 
lipids were determined by the method of 
Rouser et al. (11) and expressed as the percen- 
tage of total phosphorus recovered. 

Fatty acid methyl esters from total lipids, 
neutral and polar lipids, and the individual lipid 
components separated on the TLC plates, were 
prepared by BF a-methanol method after 
saponified with 0.5 N methanolic KOH at 60 C 
for 5 rain (12). The fatty acid composition was 
determined using a Gas Chromatograph 
(Shimadzu, Model GC-4C, PF) equipped with 
flame ionization detectors. The column packing 
used was 20% diethylene-glycol succinate on 
chromosorb WAW, 200 cm x 3 mm (ID). The 
flow rate of the nitrogen carrier gas was 40 
ml/min at 180 C. Peaks were identified by 
comparing their retention times to those of 
authentic standards and quantitated by a digital 
integrator. 
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Front J 
,1,2- 

Origin 
$ 

SE TG DG S UK-2 MG UK-1 FA 
FIG. 1. Photodensitometric pattern from a TLC containing neutral lipids of C. guilliermondii Y-1289 grown 

on methanol at 30 C in 0.075% (w/v) ammonium sulfate. The silica gel preeoated plate was developed at first 
with benzene/diethyl ether/ethanol/28% ammonium water (50:40: 2:0.5, v]v) to the distance indicated by arrow 
and next with n-hexane]diethyl ether (94:6, v/v) to the solvent front. FA = free fatty acid, UK-1 = unidentified 
component-l, MG = monoglyceride, UK-2 = unidentified component-2, S = free sterol, DG = diglyceride (mixtures 
of 1,2- and 1,3-isomers), TG= triglyceride, SE= sterol ester. 

RESULTS A N D  DISCUSSION 

C. guilliermondii cells grown on glucose, 
e thanol  or methanol  in presence of  0.075% 
a m m o n i u m  sulfate showed no significant 
differences in the neutral  and polar  lipid 
contents  of  dry cells (3.9-6.8% for NL/DC and 
2.4-3.7% for PL/DC),  though a considerable 
difference in the amounts  of  extractable  total  
tipids (TL) were observed (Table I). By re- 
ducing a m m o n i u m  sulfate f rom 0 . 0 7 5 % -  
0.025%, remarkable  increases in the amount  of  
TL and in the neutral  lipid con ten t  of  cells were 
recognized in any cultures of  different  carbon 
sources. As described previously,  0.025% of  
a m m o n i u m  sulfate seemed to be the ni t rogen 
l imi ta t ion for cell growth on methanol  (2), 
because a remarkable lipid accumula t ion  
generally occurs under  the ni t rogen l imi ta t ion  
(3,13,14).  It was noted ,  however ,  that  the 
methanol -grown cells contained less than a half  
of the neutral  lipid of  cells, 8.3%, compared  
with 17-18% in the glucose- or e thanol-grown 
cells, under  the lipid accumula t ion  condi t ion  
(0.025% a m m o n i u m  sulfate). Polar lipid con- 
tents of  cells (PL/DC),  on the contrary,  were 
almost  unchanged not  only by varying a ni tro-  
gen concent ra t ion  but also by changing a 
carbon source (2.4-4.4% in Table I). 

As illustrated in Figure 1, a densi tometr ic  
pat tern revealed the presence of  at least seven 
kinds of neutral  lipid components ,  but  no 
significant differences were observed among 
the cells grown on three different  carbon 
sources. Triglyceride (TG) was always a major  

c o m p o n e n t  (73-92% of  total  neutral  lipids) in 
both  ni t rogen concent ra t ions  (Table I). The 
amounts  of  diglyceride (DG), free fa t ty  acid 
(FA)  and sterol ester (SE) were 3-7%, 2-5% and 
1-3%, respectively.  The amoun t  of  free sterol 
(S), on the o ther  hand,  remarkably decreased 
from 8-12% to 0.5-0.6% in any cultures of  
different  carbon sources by reducing ammo-  
n ium sulfate. Small amoun t s  of  monoglycer ide  
(MG) and unident i f ied  componen t s  (UK-1 and 
UK-2) were also present in some of the  lipid 
samples. Two dimensional  TLC revealed phos- 
phol ipid  was a major  componen t  of  polar  lipids. 
A trace amount  of  glycolipid was also de tec ted  
on TLC plates. Essentially no  differences in the 
separat ion of  major  componen t s  were observed 
be tween  one and two dimensional  TLC. No 
quali tat ive changes were found among the cells 
grown on three different  carbon sources, 
Phosphat idylchol ine  [PC] (45-59% of total  
phospholipids),  phospha t idy le thanolamine  
[PE] (24-28%), phospha t idy l inos i to l  [PI] 
(6-13%), phosphat idylser ine [PSI ( 5 - 9 % ) a n d  
cardiolipin [CL] (2-10%) were tentat ively 
ident i f ied as the principal componen t s  by 
comparison of  Rf  values and by their  reactions 
with various reagents (7,10). Besides the above 
components ,  a minor  unident if ied glycolipid 
conta ining phosphorus  [p-GL] ,  phosphat idic  
acid[PA] and lysophosphat idylchol ine  [LPC] 
were also detected.  

The fat ty  acid composi t ion  of  neutral  and 
polar lipid fractions indicated that  18:1, 18:2 
and 16:0 acids were the p redominan t  fat ty 
acids with considerable amounts  of  16:1, 
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18:3 and 18:0 acids in any cultures of  different  
carbon sources. As compared  with g lucose -o r  
e thanol-grown cells, methanol -grown cells culti- 
vated in the same nitrogen concent ra t ion  
contained an increased amount  of 18:2 acid 
and a decreased amount  o f  18:1 acid in both 
lipid fractions. For  example,  the neutral  lipid 
fractions f rom methanol -grown cells in 0.075% 
a m m o n i u m  sulfate contained 37% of 18:2 acid 
in the total  fa t ty  acids; that was 16% higher 
than that  of  18:2 acid from cells grown on 
glucose or e thanol  in the same nitrogen concen-  
trat ion.  A concomi tan t  decrease in the amount  
of  18:1 acid f rom 47-57% to 33% was observed 
in the neutral  lipid fractions,  when the glucose- 
or  e thanol-grown cells were compared  with the ~ ~ 
methanol -grown cells. ~ ~ 

Table II showed the fat ty  acid composi t ion  ~ ~ 
of  the individual main lipid componen t s  from ~- ~ 
cells grown on different  carbon sources in '~-~ 
0.075% ammonium sulfate. No significant ~5 
differences in the fat ty  acid composi t ion  of  any ~ o ~ 
lipid componen t s  were found between glucose- ~ <~ 
grown cells and e thanol-grown cells. Methanol-  ~ ~_ 
grown cells, on the contrary,  contained an ~ 

C~. increased amount  of  18:2 acid and a decreased E ~. 
amount  of  18:1 acid in all lipid components ,  as ~ q 
compared  with glucose- or e thanol-grown cells. ,z o 
Especially noted  are the prominent  differences -- "~'-~ 
in the amounts  of  these acids between the ceils ~ "~ 2: 
grown on homologous  primary alcohols, <~ .~.~ 
ethanol  and methanol .  These differences are :~ :~ 
not  considered to be caused by an indirect _= 
growth inhibi t ion which is characterist ic of ' ~  
toxic  methanol ,  because the doubling times ~ 
which indicate cell growth rate on the indi- ~-~e~  ~ 

vidual carbon source were almost similar in .~"~ 
both  alcoholic carbon sources (8 hr for e thanol  '~ 
and 9 hr for methanol) .  The value for glucose ~ ~ 
was much smaller (4.2 hr) than that of  both  ~ o  
alcohols, but  the fatty acid profiles of  glucose- -o g 
grown cells resembled those of  e thanol-grown ~ 
cells but  not  of  methanol-grown cells. Ac- ~ o 
cordingly,  the results suggested that the ~ ~ 
methanol-grown cells may have a larger activity 
of  desaturating enzyme which converts  18:1 -, 
acid to 18:2 acid than the glucose- or ethanol-  ;~ 
grown cells. Table II also indicated considerable 
differences in the fat ty acid composi t ion  among 
the individual lipid components .  In any cul- 
tures, PC, a major  phospholipids,  contained a 
larger amount  of  18:1, 18:2 and total  unsatu- 
rated acids, and a smaller amoun t  of  16:0 acid, 
as compared  with TG. PE conta ined a larger 
amount  of  16:0 acid than TG or PC. The 
smaller amounts  of  18:2,  18:3, and total  
unsaturated acids seemed to be a characterist ic 
of  PI. 

Further ,  the fa t ty  acid profiles of  total  lipids 
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from cells grown on glucose or methanol as the 
sole carbon source were comparatively 
examined as a factor of nitrogen concentration 
(Table III). With a stepwise decrease in the 
ammonium sulfate concentration from 0.075%- 
0.006%, an increased amount of 18:1 acid and 
decreased amounts of 18:2 and 18:3 acids were 
observed in both carbon sources. Most striking 
changes were found by reducing ammonium 
sulfate from 0.075%-0.025%. For example, the 
amount of 18:1 acid in methanol-grown cells 
remarkably increased from 32%-53%, while 
those of 18:2 and 18:3 acids decreased from 
39%-24%, 4%-2%, respectively. Interestingly, ~,~ 
there is a reverse tendency between two carbon ~ 
sources in the amounts of 16:0 and total ~ 
unsaturated acids; 16:0 acid was increasing in := 
glucose-grown cells and decreasing in methanol- ~ 
grown cells, and, vice versa, total unsaturated ~ 
acids were decreasing in glucose-grown ceils and ~ 
increasing in methanol-grown cells by reducing ~ 
ammonium sulfate�9 As listed in the last column ~ 
of Table III, the differences in the amount of ~ 
18:2 acid between two carbon sources were o~- ~ o  
found to be getting smaller from 17.6%-10.t% ~ = 

"o O 
with a decrease of ammonium sulfate from i~'~ 
0.075%-0.006%. This means that the dif- ~ = 
ferences in 18:2 acid between two carbon sources "~ ~= 
are large in the conditions of good cell growth " ~ o = 
and bad accumulation of lipids. Accordingly, a -~ o . .  
close relationship between the methanol < ~ 
metabolism and the desaturation of 18:1 acid ~" ~ 

oN 
in yeast was recognized, i~ r 

It is well known that the characteristics of ~.-= 
the methanol metabolism in yeast are the ~ 
increase in the activity of catalase which ~.~ 
converts peroxidatically methanol to formalde- ~ ~ 
hyde, and the formation of NADH in the <,~ 
oxidation of methanol to carbon dioxide (15). ~ ~= 
The fatty acid desaturation in yeast, on the ~ 
other hand, requires NADH or NADPH as a ~ 
reducing cofactor, in addition to the molecular = 
oxygen and three different protein components '." o 
(16,17). In this connection, an important ~ 
information was recently proposed using the rat ~ 
liver. The investigation of the effects of dietary 
conditions on the fatty acid desaturation 
revealed the correlation between A9-desaturase 
and catalase in the rat liver microsomes (18). 
Our preliminary experiments indicated that the 
methanol-grown cells contained an increased 
activity of catalase not only in the peroxisomal 
and cytoplasmic fractions (19,20), but also in 
the microsomal fractions, as compared with the 
glucose- or ethanol-grown cells. Subsequent 
studies which are under investigation to deter- 
mine whether there is a close relationship 
between fatty acid desaturation (especially 
A~2-desaturase) and catalase activity or NADH 
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f o r m a t i o n  in  t h e  m e t h a n o l - g r o w n  y e a s t  a re  
n e c e s s a r y .  
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Isomerization of the Double Bonds of a Conjugated Fatty 
Acid during/3-0xidation 
L.M. DU PLESSIS 1, National Food Research institute, Council for Scientific and Industrial Research, 
PO Box 395, Pretoria, 0001, Republic of South Africa and N. GROBBELAAR, Department of 
Botany, University of Pretoria, Pretoria, 0001, Republic of South Africa. 

ABSTRACT 

The #-oxidation of an unsaturated fatty acid containing conjugated double bonds at odd-numbered 
carbon atoms has not previously been studied. It is, therefore, not clear whether, during the/3-oxida- 
tion of such an acid, the double bonds will be isomerized by enoyl-CoA isomerase (~,3 _ 2x2_enoyl_Co A 
isomerase) with the loss or retention of its conjugated nature. To investigate the problem, (E,E)-3,5- 
octadienoyl-CoA was synthesized for use as a model substrate, and enoyl-CoA isomerase was partially 
purified from bovine liver. The isomerization was followed by spectrophotometric and gas liquid 
chromatographic methods, and the results suggested that the isomerization of the model substrate pro- 
ceeded with retention of a conjugated double bond system. It is, therefore, proposed that the/3-oxida- 
lion intermediate of a-eleostearic acid (A9,1 1,13 fatty acid) will also isomerize with retention of the 
conjugated double bond system. 

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

The /]-oxidation pa thway for the comple te  
oxida t ion  of  a saturated fa t ty  acid has been 
studied in detail and the acyl-CoA interme-  
diates and enzymes  concerned  have been 
ident i f ied (1-3). Unsaturated fat ty  acids, with 
double bonds at odd-numbered  carbon a toms 
(e.g., Ap),  are oxidized via a modif ied  /3-oxida- 
t ion route  and produce metabol i tes  which 
are not  " n o r m a l "  /]-oxidation cycle in terme-  
diates (2,4-6). Thus, (Z)-9-octadecenoic acid 
produces  the " a b n o r m a l "  in termedia te ,  (Z)-3- 
dodecenoyl -CoA,  which is isomerized to the 
" n o r m a l "  in termedia te ,  (E)-2-dodecenoyl-CoA,  
by the act ion of  enoyl -CoA isomerase (A3 _ 
A2-enoyl-CoA isomerase;  ref. 5). 

To our knowledge,  the isomerizat ion of 
fa t ty  acid substrates with conjugated double 
bonds at odd-numbered  carbon a toms has no t  
previously been examined,  and this paper 
reports  on such an investigation. The identif i-  
cation of a-eleostearic acid [(Z,E,E)-9,11,13- 
oc tadecat r ienoic  acid] in edible indigenous nuts  
(7,8) p rompted  us to propose  a scheme for its 
13-oxidation (Fig. 1). Two  possible subroutes  for 
i somerizat ion were indicated.  Similar to the 
/3-oxidation pa thway for linoleic acid, the 
removal  of  three acetyl-CoA molecules  would 
lead to 3 ,5 ,7-dodecat r ienoyl-CoA (Fig. 1). It 
was considered that  this " a b n o r m a l "  /]-oxida- 
t ion in termedia te  may be isomerized by enoyl-  
CoA isomerase to yield 2,4,6-dodecatr ienoyl-  
CoA (with re tent ion  of the conjugated double 
bond system) or to 2 ,5 ,7-dodecat r ienoyl-CoA 
(with partial loss of  the conjugated double 
bond system).  Both A2 compounds  may then  

Ipart of doctoral thesis submitted to University of 
Pretoria, Pretoria, 0001, Republic of South Africa. 

serve as " n o r m a l "  /]-oxidation intermediates .  
To distinguish be tween the proposed sub- 

routes  for the /3-oxidat ion  of  c~-eleostearic acid, 
it was considered sufficient  to prove that  A3,5 
acyl-CoA compounds  could serve as substrates 
for enoyl -CoA isomerase and to establish 
whether  A2,4 or A2,s acy l -CoA isomers were 
produced.  Previous studies (9,10) indicated that  
both  (Z)- and (E)-alkenoyl-CoA compounds  
could serve as substrates for enoyl -CoA iso- 
merase, and for the present s tudy (E,E)-3,5- 
oc tad ienoyl -CoA was synthesized to serve as a 

/ / CO -S- CoA 

( z, E,E } - 9,11,13 - OCTADECATRIENOY L - CoA 

ACETYL- CoA 

ACETYL-CoA 

ACETYL-CoA 

~ C O - S - C o A  

(Z,E,E)-3,5,7 - DODECATRIENOYL- CoA 

ENOYL- CoA ISOMERASE 

~ ~ co s- CoA 

( E, E ,E) - 2,4,6 - DODECATRIENOYL- C oA 

OR ALTERNATIVELY 

~ CO-S- CoA 

(E ,E ,E) -2 ,5 ,7 -  DODECATRIENOYL-CoA 

ENOYL-CoA HYDRATASE 1 
i 

FIG. 1. Hypothetical ~-oxidation route for c~- 
eleostearic acid. 
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model substrate and enoyl-CoA isomerase was 
partially purified from bovine liver. Alternative 
schemes for the isomerization of 3,5-octa- 
dienoyl-CoA are outlined in Figure 2. 

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

(E ) -3 -Oc tenoy I -CoA  (Substrate I) and 
(E ,E ) -3 ,5 -Oc tad ienoy I -CoA  (Subst ra te II) 

(E)-3-octenoic was obtained from K & K 
Laboratories (Plainview, NY) and (E,E)-3,5- 
octadienoic acid was prepared by the sodium 
amalgam reduction of (E,E,E)-2,4,6-octa- 
trienoic acid (11). The desired 3,5-octadienoic 
acid was purified by preparative gas liquid 
chromatography (GLC) (12). and the olefinic 
coupling constants (ca. 14 Hz) in the proton 
nuclear magnetic resonance (NMR) spectrum of 
this acid verified the geometry. 

The method of Goldman and Vagelos (13), 
as modified by Struijk and Beerthuis (9), was 
applied to esterify (E)-3-octenoic and (E,E)-3,5- 
octadienoic acid with CoA-SH (Miles Labora- 
tories, Elkhart, IN~ 75% purity). The formation 
of the thiol ester group in substrates I and II 
were verified by thin layer chromatography 
(TLC) on Merck cellulose plates (type F 0,1 
mm) with methanol/acetic acid/water (4:1:1, 
v/v) as mobile phase and sodium nitroprusside 
(14) as spray reagent. Substrates I and II both 
exhibited two spots (Rf 0.6, 0.37 and 0.7, 0.45, 
respectively) which reacted positively for thiol 
esters. Stadtman (15) and Pullman (16) re- 
ported similar results with other acyl-CoA 
compounds. Chromatographic analysis of pre- 
viously purified monounsaturated acyl-CoA 
substrates exhibited two spots (thiol esters), 
and the compounds from both spots were 
active as substrates (15,16). Pullman (16) also 
found that the thiol ester impurities, as well as 
the enzymatic inactive byproducts, were not 
inhibitory when tested with a number of 
different enzymes. 

The acyl-CoA content of the substrate 
reaction mixtures was determined by the 
hydroxamic reaction (17). Our attempts to 
purify substrate II by TLC (16) were unsuccess- 
ful as the highly unstable acyl-CoA decomposed 
rapidly. Freshly prepared substrates I and II, 
containing 50% and 28% acyl-CoA, respec- 
tively, were used for the study. 

EnoyI-CoA Isomerase 

Enoyl-CoA isomerase was partially purified 
according to the method described by RiUing 
and Coon (18). Fresh bovine liver (50 g) 
yielded 400 mg impure enzyme which was 
freeze-dried and stored under nitrogen atmos- 

~ C O - S - C o A  
3,5 - OCTAOIENOYL-CoA 

ENOYL-CoA ISOMERASE 

" CON j U GAT ED "//e OR ~", "NON CONJUGATED" 

~ % ~ ' ~ % ~ C 0 -  S - CoA \ / CO-S-CoA 

2,4 - OCTADIENOYL-CoA 2,5-OCTADIENOYL - CoA 

FIG. 2. Hypothetical isomerization routes for 
3,5-octadienoyl-CoA by enoyl-CoA isomerase. 

phere at -30 C. The protein content of the 
isolate was 68% as determined by a spectropho- 
tometric procedure (19). 

E t h y l t h i o  (E ,E ) -2 ,4 -Hexad ienoa te  and 
Ethylthio (E) -2 -Octenoate  

(E,E)-2,4-hexadienoic acid (sorbic acid; E. 
Merck, Rahway, NJ) and (E)-2-octenoic acid (K 
& K Laboratories) were esterified with ethane- 
thiol (E. Merck) (20) to obtain UV absorption 
model compounds. Ethylthio-sorbate exhibited 
a kma x value of 295 nm in the buffer solution 
(A; pH 7,4), c value 16,500 (Fig. 3 I). The kma x 
value of this compound is solvent-dependent 
and a Xma x of 271 nm in hexane solution (e = 
16,400) and Xma x 284 nm in methanol (e = 
16,300) were recorded. Ethylthio-2-octenoate 
exhibited two absorption bands, ;kma x 220 nm 
(E-- 10,600)and kma x 263 nm (e = 5,900) in 
the buffer solution (pH 7,4; Fig. 3II). 

Apart from the 295 nm absorption maxi- 
mum, the UV spectrum of ethylthio-sorbate 
also shows a weak shoulder in the 260 nm 
region (Fig. 3I). We, therefore, decided to 
determine the A263/A300 ratios for ethylthio- 
sorbate and ethylthio-2-octenoate (Gilford 
2400 S) and to use these ratios to distinguish 
between the two possible isomerization 
products (A2,4 or A2,5) acyl-CoA compounds 
(Fig. 2). The A263/A300 ratios for ethylthio- 
sorbate and ethylthio-2-octenoate were 0.62 
and 11.8, respectively. 

In order to simulate the absorption spectra 
of A2,4 and A2 acyl-CoA compounds, the UV 
spectra of CoA-SH (56 /a mole/R) plus ethyl- 
thio-sorbate (6.1 /a mole/R) and CoA-SH (61 
mole/R) plus ethylthio-2-octenoate (11.8 /a 
mole/R) were recorded in buffer A solution 
(Fig. 3 IIIb and IVb). 

Methyl ( E,E)-2,4-Octadienoate 

(E)-2-hexenal (Koch-Light Lab.) was con- 
densed with malonic acid in the presence of 
pyridine to yield an octadienoic acid. The 
methyl ester was obtained by refluxing the acid 
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for 4 min in excess boron trifluoride-methanol 
reagent (E. Merck). The ester gave one peak on 
GLC analysis, and it eluted 0.35 min after 
methyl (E,E)-3,5-octadienoate. In the mass 
spectrum of the methyl octadienoate [M + = 
154 (31%)], a low intensity McLafferty rear- 
rangement ion (m/e 74) and a prominent m/e 
111 ion, typical for methyl 2,4-dienoates (21), 
was observed. The double bond position (A2,4) 
was further verified by the UV spectrum ()kma x 
259 nm, e = 22,300), recorded in methanol, 
and the double bond geometry (E,E) confirmed 
by the results of Crombie (22). 

Gas Liquid Chromatography (GLC) and 
Mass Spectrometry 

A Hewlett-Packard 5750 instrument, 
equipped with dual flame ionization detectors 
and dual glass columns (2,2 m x 2 mm) packed 
with 15% DEGS on Chromosorb W, was used 
for analytical work. It was assumed that the 
response factors for the C-6 to C-12 fatty acids 
were the same. Peak areas were integrated with 
a HP 3352 B laboratory data system. Nitrogen 
was used as a carrier gas at a flow rate of 20 
ml/min. A column temperature of 180 C 
(isothermally) was used for fatty acid analyses, 
while the methyl esters of fatty acids were 
analyzed at 140 C (isothermally). 

Mass spectra were determined on a HP 5981 
A mass spectrometer coupled to a HP 5710 A 
GLC instrument equipped with a XE-60 capil- 
lary (50 m x 0.3 mm) column. The column 
temperature was kept isothermally at 150 C. 

Assay of Enzyme Activity 

Enoyl-CoA isomerase activity was assayed 
by incubating 20 p~ (0.17 p mole) substrate I 
and 0.4 mg enzyme (0.27 mg protein) in a 
buffer solution at 22 C for 10 min. The buffer 
solution consisted of 0.066 m~ tris solution 
(pH 7.8), 0.022 m~ 0.1 M EDTA solution (pH 
7.4), 0.066 m~ of a 0.1% bovine serum albumin 
solution and distilled water to a final volume of 
2.5 m~ (Buffer A). The enzyme preparation 
was dissolved in a phosphate buffer (0.05 M, 
pH 7.4; Buffer B) prior to addition to the 
substrate. 

Conversion of 3- to 2-octenoyl-CoA was 
monitored by UV absorption measurements at 
263 nm (23) using a Gilford 2400S instrument. 
The increase in the A 263 value could be related 
to the formation of 0.048 p mole 2-octenoyl- 
CoA from 0.16 p mole 3-octenoyl-CoA (Ae = 
6700, ref. 15). 

Using Rilling and Coon's (18) definition for 
enzyme unit and specific activity, the total 
enzyme units were determined as 6,400 and the 
specific activity as 23.5. 

0 ' v  2 2 5  2 5 O  2 7 5  3 0 0  x ' 3 2 5  ' ' 

~ 0 , 8  

Z 
~ ( ? , 6  

~ 0 , 4  

0 , 2  

b , , ~ i L i L L i ~ 1 i ~ ' - - - ~ - - ~  i i , ~  i i i i 
225 250 275 300 325 

O, 8 

0 , 1 5  

0 , 4  ] ~ 0  

0, 2 

0 I = L i L * L 
!25 250 275 3 0 0  325 

W A V E L E N G T H  ( ,~m)  

FIG. 3. UV absorption spectra of ethylthio- 
sorbate, 33.7 ~ mole/~ (I); etbylthio-2-octenoate, 55 
/1 rnole/~ (II); CoA-SH, 56 g mole/~ (Ilia); CoA-SH 
plus ethylthio-sorbate, 6.1 ~ mole/~ (IIIb); CoA-SH, 
61 # mole/~ (IVa); CoA-SH plus ethylthio-2- 
octenoate, 11.8 g mole/~ (IVb) in buffer solution, pH 
7.4. 

For the GLC assay of enzyme activity, the 
same reagents were used to repeat the reaction. 
After 10 min, the reaction was stopped by 
adding 0.05 m~ 1 M sodium hydroxide solu- 
tion. Subsequently, the reaction mixture was 
saponified by heating at 60 C for 45 rain. The 
pH of the solution was then lowered to pH 2.0 
and the fatty acids extracted with ethyl acetate 
and analyzed by GLC. 3-Octenoyl-CoA iso- 
merized to produce 27% 2-octenoic acid 
(derived from 2-octenoyl-CoA). It is important 
to note that no hydroxy fatty acids could be 
observed after the isomerization. 

Isomerization of 3,5-OctadienoyI-CoA 

Spectroscopic determination. For repetitive 
scanning, the sample cell (1 cm path length) 
contained 20 /~s (0.065 /~ mole) substrate II 
solution, 0.5 mg enzyme (0.34 mg protein) 
and buffer A solution to a final volume of 2.5 
m~, while the reference cell contained buffer A 
solution. A control reaction mixture consisted 
of the same reagents as for the test except that 
0.5 mg denatured enzyme was employed. 
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Enzyme denatura t ion  was achieved by heat ing 
one part of the enzyme preparat ion (0.05 
mg/#~ buffer  B) in a water  bath at 90 C for 3 
min. Af te r  addi t ion of  the active or  denatured 
enzyme  to the react ion mixtures ,  the UV 
absorpt ion was scanned (Unicam SP 800) f rom 
200-350 nm with 2 min intervals, and both  
reactions were te rminated  after  18 rain (Fig. 4). 

Changes in A 263 values of  a similar react ion 
mixture ,  containing substrate II (0.053/.t  mole) ,  
were recorded to 3 decimal places (Gilford 
2400 S) over a period of  36 min.  Subsequent ly ,  
A3o o values were determined on an identical  
but  fresh react ion mixture .  The cumulat ive 
absorpt ion values (AA300 and AA263)  were 
calculated by subtract ing the absorpt ion values 
at 0 min f rom each consecutive reading (Fig. 5). 

A263 and A3o 0 values were also determined 
on the same react ion mixture .  Sample and 
control  react ion solutions were prepared as in 
the previous exper iment ,  and A263 and A300 
values were recorded to 3 decimal places at 0 
min and again at 33 rain and the A263 /A300  
ratio was calculated.  

GLC determination o f  isomerization. A 
solution containing 0 .42 /a  mole substrate II, 5 
m~ buffer A solut ion and active enoyl -CoA 
isomerase solut ion (2.5 rag) was incubated  at 
22 C for 35 rain. A similar react ion mix ture  
containing heat  denatured enzyme,  instead of  
active enzyme,  was used as a control .  Both 
reactions were terminated  by freeze-drying 
(Edwards EF 03 ins t rument) ,  and the dried 
acyl-CoA componen t s  were transesterified to 
methyl  esters by heat ing the mixture  in 5% 
sulphuric acid in dry methanol  for 30 min at 
60 C in a reactivial. The methy l  esters were 
taken up in hexane and the solvent carefully 
evaporated to concent ra te  the solut ion to 0.1 
mR. Aliquots  were taken for the GLC analysis 
which was commenced  wi thout  delay. 

R ESU LTS 

Isomerization of (E,E)-3,5-OctadienoyI-CoA 

Spectroscopic determination. Incubat ion of  
the substrate with active enzyme  resulted in a 
modera te  increase in absorpt ion at 300 nm and 
a smaller increase at 263 nm (Fig. 4 II). When 
denatured enzyme  was employed ,  only a very 
small change in absorbance with t ime was 
observed (Fig. 4 I). The UV spectra of  the two 
thiol  model  compounds ,  especially when these 
compounds  were analyzed mixed with CoA-SH 
(Fig. 3 IIIb and IVb), provided a useful basis 
for interpret ing the spect rum in Fig. 4 II. The 
spect rum of CoA-SH-ethyl thio-sorbate  (Fig. 3 
IIIb) compares favorably with that obta ined 
after 18 rain isomerizat ion (Fig. 4 lI). 

1,2 

t ,0 

o,8 

0,6 I 

0,4 

O,Z 

i , , I I 

o~ 

t,O 

O,8 

0,6 

0,4 

0,2 

o I 
250 275 300 325 

WAVELENGTH (nm)  

FIG. 4. Repetitive scanning of absorption during 
isomerization of 3,5-octadienoyl-CoA with denatured 
(I) and active (ll) enoyl-CoA isomerase. 

0,16 

0,14 

0,12 

0,~0 3 0 0  n m  

0,08 

O,O6 

0,04 263nm 

0,0~ 

00 ,~ ] ; I ,'2 t 116 1210 ' 24 ' 2'8 I ~'22 t 3i6 ' 410 I 4L4 I ~8 ' g2 I ;6  I ~ O 

T i l de  (rain) 

FIG. 5. aA per rain measured during isomerization 
of 3,5-octadienoyl-CoA by enoyl-CoA isomerase 
(~A263 and zXA300 values). 

The results of  the second isomerizat ion 
exper iment  are given in Fig. 5, and the increase 
in A300 values is approximate ly  twice that  of  
the A263 values (Fig. 5). These A263 and 
A300 values were obtained from two consecu- 
tive exper iments ,  each using a fresh react ion 
mixture .  In a third exper iment ,  A263 and A300 
values were obtained from the same react ion 
mixture  at 0 min and again at 33 min. The 
A263 and A300 values increased by 0.06 and 
0.11 units, respectively,  giving an A263 /A300  
ratio of 0.55 for the isomerizat ion products.  
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This A263 /A300  ratio is similar to that  of 
e thyl th io-sorbate  (0.62) but  differs markedly  
f rom that  of e thyl th io-2-oc tenoate  (11.8). 

GLC determination. The methy l  ester 
mix ture  derived f rom the isomerizat ion reac- 
t ion mixture ,  t reated with active enzyme,  
conta ined three major  and five minor  compo-  
nents  (Table I). Peak 4 (t R = 6.6 min),  peak 5 
(t R = 7.06 min),  and peak 6 (t R = 7.4 min)  
were ident i fed as methy l  4,6-, methyl  3,5-, and 
methy l  2 ,4-octadienoate ,  respectively.  The 
react ion mixture  derived f rom the exper iment  
where denatured enzyme  was used yielded only 
peaks 4 and 5 (Table I). 

DISCUSSION 

During the UV spectroscopic investigation of 
the isomerizat ion of  (E,E)-3 ,5-octadienoyl-CoA 
(substrate II), it was found that  the product  
absorbed in the 250-310 range (Fig. 4 II). In 
order to determine whether  the increase in 
absorpt ion resulted from the format ion  of  
2 ,4-octadienoyl-CoA (a A2,4 thiol  e s t e r ) o r  
2 ,5-octadienoyl-CoA (a A2 thiol  ester), a 
spectroscopic  analysis of  the two  chromophores  
in quest ion was under taken  using e thyl th io-  
sorbate and e thyl th io-2-oc tenoate  as model  
substances (Fig. 3). Ethyl th io-sorbate  exhibi ted  
a ~kma x value of  295 nm which corresponds 
very well with that  of sorbyl-CoA (300 nm),  
repor ted  by Wakil and Hiibscher (24). In 
addit ion,  it was shown that  the UV spect rum of 
e thyl thio-sorbate ,  mixed with CoA-SH (Fig. 3 
IIIb), was similar to that  of  the isomerizat ion 
product  (Fig. 4 II). It was possible to in terpret  
the increase in A263 values (Fig. 5) by taking 
into account  that  e thyl th io-sorbate  exhibi ted a 
shoulder in the 260 nm region (Fig. 3 I). A 
comparison of  the A263 /A3o  0 ratios of  both 
model  compounds ,  with that  of  the isomeriza- 
t ion product ,  provided fur ther  evidence that  
2 ,4-octadienoyl-CoA,  rather than 2,5-octa- 
dienoyl-CoA, had been formed.  

Isomerizat ion of  3 ,5-octadienoyl-CoA to 
2 ,4-octadienoyl-CoA could also be demonst ra ted  
by GLC analysis using methyl  2 ,4-octadienoate  
as reference standard. It was found that  the 
appearance of  me thy l  2 ,4-octadienoate  (15.5%) 
in the sample react ion mixture  corresponded 
reasonably well with the disappearance of 
methyl  3 ,5-octadienoate  (11.0%) when the 
sample and control  react ion mixtures  were 
compared  (Table I). The sum of the unidenti-  
fied minor  componen t s  in the sample and 
control  react ion mixtures  were only slightly 
different  (21.7 and 25.8%; Table I) indicating 
small changes or  losses among them.  4,6-Octa- 
dienoate,  which remained as impuri ty  in the 

TABLE I 

Fatty Acid Composition Obtained after Incubation 
of 3,5-Octadienoyl-CoA with Active (Test) and 

Denatured (Control) Enoyl-CoA Isomerase 

Mass percentage of 
total fatty acids 

Fatty acid esters Test Control 

1 7 .9  7.0 
2 2.1 3.8 
3 2.8 2.6 
4 (4,6-oct.) 11.6 12.1 
5 (3,5-oct.) 51.0 62.0 
6 (2,4-oct.) 15.5 -- 
7 1.2 3.5 
8 7.7 7.8 

Total 99.8 99.9 

preparative G LC purif ied 3 ,5-octadienoate  (12), 
served as internal  standard for the fat ty acids 
with conjugated double bonds. It is, therefore,  
of  part icular  interest  to note  that  the 4,6-octa- 
dienoate  conten t  of the sample and control  
react ion mixtures  corresponded well, and it 
conf i rmed that  only small losses of  fa t ty  acids 
with conjugated double bonds could have 
occurred.  

It was possible to calculate the extent  of 
conversion of  3,5- to 2 ,4-octadienoate  (25%) by 
using the quant i ty  of  2 ,4-octadienoate  formed 
and the quant i ty  3 ,5-octadienoate  which 
remained in the cont ro l  (Table I). This conver- 
sion value (25%) is of  the same order as that 
repor ted  by Struijk and Beerthuis (9) for the 
conversion of  (E)-3-dodecenoyl-CoA to (E)-2- 
dodecenoyl -CoA (35%). 

The results obta ined with the model  sub- 
strate (3 ,5-octadienoate) ,  therefore,  suggest 
that  the isomerizat ion proceeded with re tent ion  
of a conjugated double bond system. By 
virtue of  this observat ion,  it is proposed that 
the theoret ical  /3-oxidation in termedia te  of 
a-eleostearic  acid, namely  3,5,7-dodecatr ienoyl-  
CoA, will isomerize to 2,4,6-dodecatr ienoyl-  
CoA under  the influence of  enoyl-CoA iso- 
merase (Fig. 1). 
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METHODS 

Extraction and Analysis of Lipids from Immature Soybeans 

F.C. PHILLIPS and O.S. PRIVETT, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

A procedure is described for the extraction of lipids from immature soybeans that eliminates 
artifact formation and provides complete recovery of the lipid, including highly polar glycolipids free 
of nonlipid substances. The method involves pretreatment and extraction of the beans with hot dilute 
(0.25%) acetic acid, followed by chloroform-methanol extraction. Pretreatment and extraction of the 
tissue with hot dilute acetic acid destroys hydrolytic enzymes and removes organic-soluble, nonlipid 
substances that contaminate extracts obtained by chloroform-methanol extraction. Application of the 
method to immature soybeans confirmed that phosphatidic acid was largely an artifact of freezing 
and thawing of the beans, and phosphatidylmethanol was produced via transphosphatidylation of 
phosphatidylcholine and phosphatidylethanolamine upon extraction with chloroform-methanol. 

INTRODUCTION 

Several investigators (1-4) have shown that 
hydrolytic enzymes, particularly phospholipase 
D, must be destroyed by heat treatment to 
avoid the formation of artifacts in the ex- 
traction of lipids from plant tissues. Yang et al. 
(3) showed that this enzyme catalyzes trans- 
phosphatidylation of phosphatidylcholine (PC) 
with water giving phosphatic acid, and that 
phosphatidylethanol is produced upon extrac- 
tion of fresh plant tissue with ethanol by the 
same reaction. These workers (3) and Douce et 
al. (2) showed that transphosphatidylation 
reactions are readily prevented by steaming the 
tissue prior to extraction. Wilson and Rinne (5) 
reported that freezing of immature soybeans 
adversely affected lipid composition with the 
formation of elevated levels of phosphatidic 
acid. More recently, Roughan et al. (4) reported 
that formation of phosphatidic acid and phos- 
phatidylmethanol in immature soybeans during 
extraction with chloroform-methanol also can 
be prevented by pretreatment of the beans with 
steam. 

A simple procedure for the complete extrac- 
tion of the lipid of immature soybeans, in- 
cluding highly polar glycolipids, is reported. 
The procedure involves pretreatment and 
extraction of the beans with hot dilute 0.25% 
acetic acid to destroy lipolytic enzymes, and to 
remove organic-soluble, nonlipid substances 
prior to extraction of the lipid with chloro- 
form-methanol. 

MATERIALS AND METHODS 

Immature soybeans of the Clay variety were 
picked from plants grown at the Agronomy 
Department of the University of Minnesota, 
and stored at 4 C until used. 

Chloroform and methanol were purified by 
distillation. Reagent grade acetic acid (Mallin- 
krodt) was used as purchased. 

Thin layer chromatography (TLC) was 
carried out on plates coated with 0.3 mm of 
Silica Gel H (Ag. Merck, Darmstadt, Germany), 
activated by heating for 1 hr at 110 C. Phos- 
pholipids were analyzed by one dimensional 
TLC with chloroform (C), methanol (M), 
concentrated ammonium hydroxide (NH4OH) 
(65:35:5, v/v/v), and glycolipids with C/M/2.5 
N NH4OH (60:35:8, v/v]v). Two dimensional 
TLC was carried out with C/M/NH 4OH 
(65:25:2, v/v/v) in the first dimension and 
C/M/HAc/H20 (85:15:10:3,  v/v/v/v) in the 
second dimension after drying the plate in an 
atmosphere of nitrogen for 30 min. The phos- 
pholipid spots were detected with a moly- 
bdenum blue reagent as described by Dittmer 
and Lester (6); glycolipids were detected with 
a-napthol reagent (7); all spots were made 
visible by charring with chromic-sulfuric acid 
(8). A ninhydrin reagent (9) (0.2% in 95% 
butanol/5% acetic acid) was used to detect 
soluble, nonlipid substances and lipids con- 
taining free amines, as previously described (8). 

Steam treatment of soybeans, formation of 
PM by incubating soybeans in methanol, as well 
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as aqueous washing for the purification of C/M 
lipid extracts were carried out essentially as 
described by Roughan et al. (4). 

Extraction Procedure 

Seeds were removed from the pods and ca. 
0.5 g placed in 5 ml of hot  (85 C) 0.25% 
aqueous acetic acid in a capped test tube and 
heated for 30 rain. The tissue was homogenized 
in the hot acetic acid with a Tekmar Super- 
dispax homogenizer (Tekmar Scientific Appara- 
tus, Cincinnati, OH) at maximum speed for 30 
sec. The homogenate was allowed to stand at 
room temperature for 10 rain, followed by 
centrifugation at 12,500 rpm for 10 rain. The 
supernatant was decanted, the pellet resus- 
pended in 5 ml fresh 0.25% acetic acid and the 
suspension treated in the same manner again. 
This procedure was repeated twice more, then 
the centrifuge pellet was transferred with 10 ml 
of methanol to a 40 ml centrifuge tube; 10 ml 
of chloroform was added and the mixture 
homogenized 30 sec at maximum speed. The 
homogenate was allowed to stand 15 rain and 
filtered. The residue was reextracted with 20 ml 
1:2 C/M, filtered, and the filtrate combined 
with the first filtrate, evaporated to near 
dryness on a rotary evaporator and transferred 
with chloroform to a test tube fitted with a 
teflon-lined screw cap. The extract was evapor- 
ated to dryness with N 2 and dissolved in 
chloroform (1 ml per g of tissue). 

R ESU LTS 

Figure I A shows the two dimensional TLC 
analysis of the lipid of fresh, immature soy- 

beans obtained by the procedure described 
above. For comparison, Fig. 1B shows the 
analysis of the lipids obtained from a sample of 
the same beans by extraction with chloroform- 
methanol (2: 1, v/v) after incubation of the 
homogenized tissue in methanol for 15 min at 
room temperature. The analysis in Fig. 1A 
shows that the lipid obtained by our procedure 
was completely devoid of PM and contained 
only a trace of PA. The large amount of PM and 
PA obtained upon incubation of the beans in 
methanol and extraction with chloroform- 
methanol demonstrated the formation of these 
compounds as artifacts of the extraction 
procedure. 

Figure 2 shows the TLC analysis of ninhy- 
drin positive material in the individual extracts 
obtained in the new procedure described above. 
The acetic acid extracts, analyses 1-4, Figure 2, 
contained large amounts of these substances. 
None of these substances was lipid inasmuch as 
none charred, nor was any of them identifiable 
as a known lipid class. In contrast, the chloro- 
form-methanol extracts, 5 and 6, Figure 2, 
whose combined analysis is shown in Figure 
1 A, contained none of the substances detected 
in the acetic acid extracts indicating that they 
were free of nonlipid substances. PE, of course, 
gives a positive ninhydrin test and was present 
in the first chloroform-methanol extract (5, 
Fig. 2). 

Figure 3 shows a comparison of the TLC 
analysis of the complex glycolipids extracted 
by our procedure (spots at and near the origin 
in Fig. 1A), and that obtained by a conven- 
tional chloroform-methanol extraction in which 
nonlipid substances are separated by washing 

FIG. 1. Analyses of lipid extracts of immature soybean by TLC. A) Extraction with C/M after preextraction 
with hot acetic acid; B) extraction with C/M after incubation in methanol. NL, neutral lipid; MGDG, monogly- 
cosyl diglyceride; PM, phosphatidylmethanol; St, steryl glucosides; PG, phosphatidylglycerol; PA, phosphatidic 
acid; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PI, phosphatidylinositol; DGDG, diglycosyl 
diglyceride; SL, sulfolipid; Or, origin. First dimensional development in C/M/NH4OH (65:25:2, v/v/v); second 
dimensional development in C/M/HAc/H 20 (85:15:10:3, v/v/v/v). 
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FIG. 2. Analysis of extracts of immature soybean: 
1-4, extraction with dilute acetic acid (after treatment 
at 85 C for 30 rain); 5 & 6, C/M extraction of lipid 
after treatment and extraction with acetic acid; PE, 
phosphatidylethanolamine. Developed in CHC13/ 
MeOH/NH4OH (65:35:5, v/v/v); visualized with nin- 
hydrin spray. 

form-methanol .  No free amine or phosphate  
groups were de tec ted  in these compounds  (Fig. 
3), but  they  gave a positive test for carbohy-  
drate. 

In order  to demonst ra te  that  PM and PA 
were artifacts of  enzyme  activity,  upon rupture  
of  the cells, a series of  addi t ional  exper iments  
was performed.  In the first exper iment ,  our  
procedure  was applied to immature  beans that  
had been frozen.  Analysis of  the lipid (Fig. 4A)  
showed that  it conta ined phosphat id ic  acid, but  
no PM. Phosphat idic  acid apparent ly  was 
produced  via the release of  phosphol ipase D 
upon freezing and thawing of  the tissue. No PM 
was produced  in this exper iment  because the 
tissue was t reated with ho t  acetic acid after 
freezing and thawing and prior  to ex t rac t ion  
with ch loroform-methanol .  These results (Fig. 
4A)  indicated that  the enzyme  was dest royed 
or  inact ivated by the ho t  acetic acid. When 
fresh, immature  beans were ext rac ted  first with 
dilute acetic acid at room tempera ture  and then 
with ch loroform-methanol ,  no PM was formed,  
but PA was p roduced  upon release of  phospho-  
lipase D from the ruptured cells during the 
room tempera ture  acetic acid ex t rac t ion  (Fig. 
4B). In order to demonst ra te  fur ther  that  the 
enzyme  was dest royed by heat ,  a sample of  
fresh beans was treated with a 1:1 mix ture  of  
0.25% acetic acid and methanol  at room 
tempera ture  prior to ext rac t ion  with chloro-  
form-methanol .  Both PA and PM were pro- 
duced in this exper iment  as shown in Figure 
4C, indicating,  indeed,  that  the enzyme  respon- 
sible for the fo rmat ion  of  these compounds  was 
dest royed by the hot  acetic acid t reatment .  
When fresh tissue was treated with ho t  dilute 
acetic acid according to our  procedure ,  no PA 
or PM was produced  regardless of  whe ther  or  
not  the tissue was subsequent ly  frozen.  Thus, it 
would  appear that  tissue treated in this manner  
could be stored indef ini te ly  at low tempera ture  
wi thou t  de ter iora t ion  of  the lipid. 

FIG. 3. Analysis of the polar glycolipid fraction of 
lipid extracts of immature soybeans. 1, Extract by 
new method; 2, extract by C/M followed by 0.9% 
NaCI washing. Developed in C/M/2.4 N NH4OH 
(60:35:8, v/v/v). 

with a 0.9% NaCI solut ion (4). These analyses 
showed that the more polar com ponen t s  were 
lost in the aqueous  washing by the convent ional  
procedure .  These compounds  (Fig. 3) were 
recovered comple te ly  by our  procedure  inas- 
much  as none were detected in the acetic acid 
extracts  (by charring), and they were com- 
pletely ext rac ted  f rom the  tissue with chloro-  

DISCUSSION 

The work  repor ted  here confi rms that  PA is 
p roduced  in immature  beans upon freezing and 
thawing in accord with the observations of  
Wilson and Rinne (5). Fur thermore ,  the rela- 
tively large amounts  of  PA in immature  soy- 
beans appears to be artifacts of handling and 
ex t rac t ion  procedures  as suggested by Roughan 
et al. (4). It also appears that  contamina t ion  
with PM formed by t ransphosphat idyla t ion  of 
PC and PE with methanol  in convent ional  
ch lo roform-methano l  ext rac t ion  procedures 
could account  for  the reports  of  large amounts  
of bis-phosphatidic acid (10) and N-acylphos- 
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FIG. 4. Analyses of lipid extracts of immature soybeans. A) Extraction by new method after freezing and 
thawing; B) extraction by new method with room temperature acetic acid treatment; C) extraction with C/M 
after treatment with 0.25% acetic acid/MeOH (1:1, v/v) at room temperature. See Figure 1 for chromatographic 
conditions and spot identification. 

p h a t i d y l e t h a n o l a m i n e  in i m m a t u r e  soybeans  
(11 ,12)  i na smuch  as all of  these  c o m p o u n d s  
have s imilar  c h r o m a t o g r a p h i c  p roper t i e s  (4). 

A l t h o u g h  s teaming  of  the  beans  (2-4)  or a 
ho t  i s o p r o p y l  a lcohol  t r e a t m e n t  as descr ibed  by 
Kates  and  E b e r h a r d t  (1)  p reven ts  a r t i fac t  
f o rma t ion ,  cons iderab le  a m o u n t s  of  non l ip id  
subs tances  are ex t r ac t ed  wi th  the  l ipid in these  
procedures .  F o r  a quan t i t a t ive  analysis  of  the  
l ipid c o n t e n t  of  e i the r  p lan t  or an imal  tissues, it 
is general  prac t ice  to  e m p l o y  ch lo ro fo rm-  
m e t h a n o l  to  insure comple t e  e x t r a c t i o n  of  the  
l ipid,  and  to combine  this t e c h n i q u e  wi th  
secondary  pur i f i ca t ion  by  aqueous  washing as 
in the  Fo lch  p rocedure  (13)  or Sephadex  
c h r o m a t o g r a p h y  (14) ,  to  remove  the  organic- 
soluble,  non l ip id  subs tances .  Sephadex  ch roma-  
t og raphy  is t ime -consuming  and  removes  the  
h ighly  polar  glycol ipids  as well as the  non l ip id  
subs tances .  Washing wi th  aqueous  salt so lu t ions  
results  in loss of  some p h o s p h o l i p i d s  as well as a 
p o r t i o n  of  the  highly polar  glycol ipids as 
i l lus t ra ted  here  (Fig. 3). Moreover ,  these  losses 
can be highly var iable  because  it is di f f icul t  to  
s t andard ize  the  washing p rocedu re  f rom one 
l a b o r a t o r y  to ano the r .  

The  p rocedu re  descr ibed here no t  only 
e l iminates  a r t i fac t  f o r m a t i o n ,  bu t  i t  also pro-  
vides a comple t e  e x t r a c t i o n  of the  l ipid in- 
c luding the  complex  glycolipids,  free of  non -  
l ipid impur i t ies .  We have also appl ied the 
t e c h n i q u e  of  p r e e x t r a c t i o n  of  the  t issue wi th  
di lute  acet ic  acid to  bra in  tissue (15) .  In this  
case, a ho t  e x t r a c t i o n  was no t  necessary ,  
a l t hough  we have since f o u n d  t ha t  app l ica t ion  
to  o the r  an ima l  t issue requires  a h o t  e x t r a c t i o n  
similar to  t h a t  e m p l o y e d  here.  It is h ighly  l ikely 
t ha t  the  t e c h n i q u e  descr ibed here  can be 
applied general ly to  p lan t  and  animal  tissues, 

and  work  is in progress  t owards  developing  the  
t e c h n i q u e  in to  a general  m e t h o d  of l ipid 
ex t rac t ion .  
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Identification of Methyl-Branched Fatty Acids from the 
Triacylglycerols of Subcutaneous Adipose Tissue of Lambs 
A. SMITH, A.G. CALDER, A.K. LOUGH, and W.R.H. DUNCAN, 
Rowett Research Institute, Bucksburn, Aberdeen, AB2 9SB, U.K. 

ABSTRACT 

A concentrate of branched chain fatty acids (as methyl esters) was prepared from the triacylgly- 
cerols of subcutaneous adipose tissue lipids of lambs receiving a carbohydrate-rich (cereal) diet. This 
was accomplished by procedures which allowed the removal of unsaturated components by peroxida- 
tion and straight chain saturated components by urea-adduct formation. The concentrate was analyzed 
by high resolution gas chromatography in combination with mass spectrometry and was shown to 
consist of a complex mixture of saturated methyl-substituted fatty acids. Methyl substitution occurred 
on even-numbered carbon atoms (relative to the carboxyl group) and the chain lengths of the acids 
ranged from I0 to 18 carbon atoms. Acids with one methyl substituent in the fatty acyl chain were 
most abundant; di-, tri- and tetramethyl-substituted acids were also present. The biosynthesis of these 
methyl-substituted acids is discussed briefly. 

INTRODUCTION 

Branched chain fatty acids comprise up to 
10% of the total  fatty acids o f  the triacylgly- 
cerols of  subcutaneous  adipose tissue lipids o f  
lambs given diets rich in barley (1). An explora- 
tory examina t ion  (2) into the chemical  consti- 
tu t ion of  these branched chain fatty acids using 
the combined  procedures of  gas chromatog-  
raphy and mass spec t rometry  (GC-MS) showed 
that  the major  components  consisted of  a range 
of acids with m o n o m e t h y l  subst i tut ion on the 
even-numbered carbon a toms (in relation to the 
carboxyl  group);  di- and t r imethyl-subst i tu ted 
acids were also present. It was apparent  that  the 
mixture  of  branched chain components  was 
very complex  and comprised upwards of  a 
hundred  components .  

In a later s tudy to facilitate the analysis o f  
the complex  mixture ,  a concentra te  of  
branched chain fatty acid esters was subjected 
to successive f ract ionat ion with urea such that  
adduct  format ion  allowed segregation of  the 
bulk o f  the monomethyl - subs t i tu ted  fatty acids 
from the di- and po lymethy l  componen t s  (3). 
The fractions obtained from this procedure  
have now been analyzed by GC-MS, and the 
findings form the basis of  this paper. 

MATERIALS AND METHODS 

Source of Fatty Acid Methyl Esters 

The concent ra te  of  branched chain fatty 
acid esters used in the present investigation was 
that described previously (3) in which triacyl- 
glycerols of the subcutaneous  ( rump) adipose 
tissue (containing 9.7% of  branched chain fatty 
acids) of  barley-fed lambs were transesterified 
in the presence of  sodium methox ide  to y ie ld .  
fatty acid methyl  esters. Over 80% of the 

straight chain saturated esters (and some esters 
having an iso configurat ion)  was removed by 
urea-adduct  fo rmat ion  (4), and a fraction 
consisting essentially of  unsaturated esters and 
branched chain esters was obtained.  Unsatu- 
rated esters were removed complete ly  by 
t rea tment  of  the mixture  with peracetic acid 
(5); the saturated components ,  straight chain 
and branched chain, were isolated from the 
products  of  peroxidat ion  by extract ion into  
light pe t ro leum (b.p. 40-60 C). After  saponifi- 
cat ion and removal  of  unsaponifiable material ,  
the resulting fatty acids were esterified with 1% 
(w/w) sulphuric acid in methanol ,  and the 
mixture  was quant i ta t ively distilled in vacuo, in 
the presence of  tetracosane,  to yield the con- 
centrate  of  methyl  esters which contained 
about  85% branched chain components  in 
admixture  with straight chain saturated com- 
ponents.  

Fract ionat ion of  the concentra te  (54 g) was 
accomplished using a mixture  (by weight) of  
the esters (1 part),  urea (5 parts) and methanol  
(7 parts) (6). The urea-adducted material 
(Fract ion A) was separated by fil tration from 
the nonadduct ing  material (Fract ion B), and 
both fractions were acidified with dilute 
sulphuric acid and extracted into diethyl e ther  
to yield Fraction A, 36 g and Fract ion B, 17 g. 
These manipulat ions occasioned very small 
nonspecif ic  losses account ing for about  2% 
overall. Fraction B was hydro lyzed  and the 
recovered fatty acids esterified with 1% w/w 
sulphuric acid in n-butanol  to give butyl  esters 
which were fract ionated with urea in methanol  
as before to yield a urea-adducting fraction 
(Fract ion C, 5.4 g) and a nonadduct ing  fraction 
(Fract ion D, 13 g). Both fractions of  butyl  
esters were conver ted  to methyl  esters prior to 
GC-MS analysis. 
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Preparative Chromatography 

To allow optimal GC resolution and time for 
MS scans to be taken, Fraction D was further 
fractionated by preparative GC using a 4.6 m x 
0.9 mm o.d. glass column containing acid 
washed, silane-treated Celite 545 (80/100 
mesh) impregnated with 15% (w/w) Apiezon L 
grease (Shell Chemicals Ltd., London); the 
column was operated at 200 C with argon 
as carrier gas at 100 ml/min. So that none of 
the components within a given fraction was 
greatly in excess of others, fractions were 
collected in such a way that the bulk of the 
major components originally present in Frac- 
tion D was collected into one series of tubes 
and minor components into another. 

GC-MS 

The collected subfractions of  Fraction D 
along with intact Fractions A and C were 
analyzed by GC-MS using a 100 m x 0.25 mm 
i.d. stainless steel open tubular column (Perkin 
Elmer Ltd., Beaconsfield, Bucks, England) 
coated with polymerized butanediol succinate. 
The column was connected by means of an 
all-glass interface to a VG Micromass 16 F 
single focusing mass spectrometer (VG Micro- 
mass Ltd., Altrincham, Cheshire, England) and 
was operated isothermally at 170 C with helium 
at 1 ml/min as carrier gas. The mass spectro- 
meter was operated at an accelerating voltage o f  
4 kV, an ionization energy of 70 eV, an ion 
source temperature of 200 C, and an interface 
temperature of 220 C. Mass spectra were 
recorded at a scan speed of 1 sec/decade either 
manually or with a VG 2025 twin floppy 
diskette data system. The resolution of the 
mass spectrometer was about 1000. 

The equivalent chain length value and the 
proportion of each component in the three 
fractions were calculated from the chromato- 
grams obtained when the GC column was 

operated in a Pye Series 104 gas chromatograph 
(Pye Unicam Ltd., Cambridge, England)f i t ted 
with a flame ionization detector and a splitless 
injection system (Scientific Glass Engineering 
(U.K.) Ltd., London); the GC conditions were 
the same as those indicated above. 

RESULTS 

Analyses were carried out on the concen- 
trate of branched chain fatty acids (as methyl 
esters) from which the unsaturated esters and 
most of the straight chain saturated esters 
originally present were excluded; for con- 
venience, the components in the concentrate 
are referred to subsequently as acids. The 
proportion of branched chain fatty acids in the 
total fatty acids of the triacylglycerols of  the 
subcutaneous adipose tissue was 9.7%; in the 
concentrate, it was increased to 85%. Thus, the 
values in Tables I-V, which refer to the propor- 
tions of branched chain acids in the concen- 
trate, can be readily adjusted to give the pro- 
portion of each acid in relation to the total 
fatty acids of the depot lipids. 

Fractionation of the concentrate of 
branched chain fatty acids yielded Fractions A, 
C and D which represented 66%, 10% and 24%, 
respectively, of the total acids of the concen- 
trate.  In Fractions A and C, the composition of 
t h e  acids was such (Table I) that the chroma- 
tographic components were well resolved. 
However, Fraction D was unduly complex 
(Table I) and required further fractionation 
before GC-MS analysis. Therefore, recourse was 
made to preparative GC, as mentioned above, 
and the resulting fractions yielded useful 
spectra on submission to GC-MS. Even so, it 
was found that a substantial proportion of the 
chromatographic peaks of the subfractions 
contained more than one component.  Where 
this occurred, an estimate of the contribution 
of each component in a composite peak was 

T A B L E  I 

Percentage  Weight  Dis t r ibut ion o f  C o m p o n e n t s  
in the  Conc e n t r a t e  o f  Branched  Chain Fa t ty  Acids 

Subjec ted  to  Successive Urea  Frac t iona t ions  a 

Frac t ion  

Acid type  A C D T O T A L  

Stra ight  chain 15.93 0.16 --- 16.09 
Monom e t hy l - su  bs t i tu t ed  50.07 5.04 1.00 56.11 
Dime thy l - subs t i t u t ed  --- 4 .72  17 .88  22 .60  
Tr ime thy l - subs t i t u t e  d --- 0 .08  1.85 1.93 
Monoe thy l - subs t i t u t e  d . . . . . .  3.27 3.27 

aSee u n d e r  Mater ia ls  and Methods  for  origin o f  f rac t ions .  

LIPIDS,  VOL.  14, NO.  12 
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made from consideration of the relative intensi- 
ties of diagnostic ions in the relevant mass 
spectra. 

In Fractions A, C and D, the relative propor- 
tion of individual components was expressed as 
a percentage of the total area under the peaks 
in the mass trace of the chromatogram of each 
fraction. The three series of values thus ob- 
tained were adjusted to allow for  the contribu- 
tion which the respective fractions made to the 
total weight of the concentrate; summation of  
the adjusted values gave the fatty acid composi- 
tion of the concentrate. Since the concentrate 
contained a number of components in propor- 
tions of the order of 0.01% to 0.09%, values 
presented in Tables I-V and in the text are given 
to two decimal places. 

The percentage weight distribution of fatty 
acids between Fractions A, C and D (Table I) 
provides a useful indication of the effectiveness 
of urea fractionation as a means for simplifying 
the composition of the fatty acids in the 
concentrate. Thus, the first crop of urea clath- 
rates included over 99% of the straight chain 
constituents and some 89% of the original 
content of monomethyl  acids. On the other 
hand, the esters which were excluded by the 
two treatments with urea comprised 79% of the 
dimethyl-substituted acids originally present in 
the concentrate and about 96% of the total 
trimethyl-substituted acids. Additional to these 
polymethyl-substituted fatty acids, Fraction D 
contained a small proportion of monomethyl  
acids (ca. 1.9% of the total monomethyl  acids) 
which had also escaped clathrate formation; 
these latter components comprised mainly 
medium chain fatty acids and were, therefore, 
confined to the earlier peaks on the chromato- 
grams. 

The structures of the components were 
assigned from mass spectral evidence according 
to established procedures (7,8) and from 
consideration of the gas chromatographic 
retention data. The identity and fractional 
chain length (FCL) (9) values of the mono- 
methyl-substituted fatty acids are given in 
Table II; these acids represented 56.11% of the 
total acids in the concentrate. Acids with a 
substituent in the 4 position contributed 
17.68% of which 4-methyltetradecanoic acid 
(6.55%) and 4-methylhexadecanoic acid 
(4.96%) were the most abundant. In contrast, 
other acids with mid-chain substitution were 
present to a lesser extent, the proportions of 
6-methyl-, 8-methyl-, 10-methyl-, 12-methyl- 
and 14-methyl-substituted acids being 8.09%, 
9.01%, 6.04%, 5.23% and 2.07%, respectively. 
Acids with an anteiso structure represented 
5.50% of the total acids, with 14-methylhexa- 
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TABLE V 

TetramethyI-Substituted Fatty Acids of Lamb Triaeylglyeerols 
FCL a Values and Identity of Components Examined by GC-MS 

957  

Position of methyl substituents 

2,6,10,12 2,6,10,14 4,6,8,12 4,6,10,12 6,8,10,12 Normal 2,4,6,8 2,6,8,12 
chain 
length FCL FCL FCL FCL FCL FCL FCL 

10 1.15 
14 1.82 1.72 
15 0.56 0.75 0.75 0.78 1.68 1.68 

aFractional chain length. Values taken from GC of methyl esters (see under GC-MS for GC 
conditions). 

decanoic  acid p resen t  in greatest  p r o p o r t i o n  
(3.98%).  An ante iso  acid wi th  an o d d - n u m b e r e d  
fa t ty  acid chain ,  1 3 - m e t h y l p e n t a d e c a n o i c  acid, 
was ident i f ied ;  the  p r o p o r t i o n  of  iso acids in 
the  c o n c e n t r a t e  was 0.73%. 

The  d i s t r ibu t ion  of  the  m o n o m e t h y l - s u b s t i -  
t u t ed  acids in the  three  f rac t ions  showed  tha t  
the  t e n d e n c y  of  these fa t ty  acids to form urea  
adduc ts  increased wi th  increasing chain  length.  
Over 30% of  the  to ta l  a m o u n t  of 4 - m e t h y l d o -  
decanoic  acid resis ted urea  a d d u c t  f o r m a t i o n  
and  was p resen t  in Frac t ion  D, whereas  4- 
m e t h y l h e x a d e c a n o i c  acid readily fo rmed  an 
adduc t ,  the  en t i re  c o m p l e m e n t  being p resen t  in 
Fract ion A. Similarly,  all the  m o n o m e t h y l o c t a -  
decanoic  acids iden t i f i ed  were present  in 
Frac t ion  A only.  

The iden t i t y  and FCL values of  d ime thy l -  
subs t i t u t ed  fa t ty  acids are given in Table  III; 
these acids compr i sed  22 .60% of the  to ta l  f a t ty  
acids of  the  c o n c e n t r a t e  and  occur red  p redomi -  
nan t ly  in Frac t ion  D (Table  I). Acids in which  
one  of the m e t h y l  s ubs t i t uen t s  was in the  4 
pos i t ion  rep resen ted  15.03% of the to ta l  acids, 
wi th  the  4 ,8 -d ime thy l  s t ruc tu re  the  mos t  
p r o m i n e n t ;  o the r  mid chain ,  d imethy l - subs t i -  
t u t ed  acids accoun ted  for  only 4 .42% of  the  
to ta l  acids. The proportion of  an te i so  acids in 
which  there  was an add i t iona l  m e t h y l  sub- 
s t i t uen t  in the  ca rbon  chain  was 2.81%. 

T r i m e t h y l - s u b s t i t u t e d  acids were present  
most ly  in Frac t ion  D, and  the i r  c o n t r i b u t i o n  
(1 .93%) to  the  to ta l  fa t ty  acids of  the  concen-  
t ra te  was relat ively small.  As s h o w n  in Table  
IV~ there  was a n u m b e r  of  t r i m e t h y l - s u b s t i t u t e d  
acids whose  presence  was readily discerible 

f r o m  mass spec t ra l  ev idence  bu t  which  const i -  
t u t e d  l i t t le  more  t h a n  in f lex ions  on  the  ch roma-  
togram of  F rac t ion  D. The  mos t  c o m m o n  
pa t t e rn  of  s u b s t i t u t i o n  was t h a t  in which  the  
m e t h y l  s u b s t i t u e n t s  were p resen t  in the  4, 8 

and  12 posi t ions .  
T e t r a m e t h y l - s u b s t i t u t e d  fa t ty  acids occur red  

in only  trace amoun t s  in Frac t ion  D. Those  
ident i f ied  are given in Table V. O the r  te t ra-  
m e t h y l - s u b s t i t u t e d  c o m p o n e n t s  were presen t ,  
bu t  these could  no t  be ident i f ied  because of  
low ion in tens i ty  in the  mass spectra .  It is 
a p p a r e n t  f rom Table  V tha t  acids wi th  a subst i -  
t u e n t  in the 2 pos i t ion  were more  readi ly  
charac te r ized .  

M o n o e t h y l - s u b s t i t u t e d  fa t ty  acids were 
iden t i f i ed  in Frac t ion  D, and these acids repre- 
sen ted  3.27% of  the  to ta l  fa t ty  acids of the  
concen t r a t e .  Acids wi th  an e thy l  s u b s t i t u e n t  in 
the  4 pos i t ion  were present  in greates t  abun-  
dance.  The comple te  range of  the  e thy l  subst i -  
t u t e d  fa t ty  acids of  l amb fat and  the i r  mass 
spectra l  character is t ics  are the  subjec t  of 
a n o t h e r  r epor t  (10).  

The  ion co r r e spond ing  to M-57 was signifi- 
cant  in the  i n t e r p r e t a t i o n  of  the  mass spect ra  of  
m e t h y l  esters of  d ime thy l - subs t i t u t ed  fa t ty  
acids. It shou ld  be n o t e d  tha t  in the  mass 
spec t ra  of  fa t ty  acid m e t h y l  esters wi th  m o n o -  
m e t h y l  subs t i t u t i on  in the  4 pos i t ion ,  the  ions 
co r r e spond ing  to M-73 and M-57 p r e d o m i n a t e  
wi th  the  M-73 ion more  in tense  than  t ha t  
o f  M-57. However ,  in the  mass spect ra  of  the  
m e t h y l  esters of  4,6 d ime thy l - subs t i t u t ed  fa t ty  
acids, the  M-57 ion is absent  (Fig. 1). On the  
o t h e r  h a n d ,  when  one of  the  m e t h y l  subs t i tu -  
ents  is in the  4 pos i t ion  and  the  o t h e r  in the  10, 
12 or 14 pos i t ions ,  the  M-57 ion is more  in tense  
t han  the  M-73 ion (Fig. 2); in the  mass spect ra  
of  a 4,8 d ime thy l  type  of fa t ty  acid m e t h y l  
ester,  the  ra t io  of  M-73 to M-57 is similar to  t ha t  
in the  m e t h y l  esters of 4 - m e t h y l - s u b s t i t u t e d  
fa t ty  acids. 

DISCUSSION 

The inves t igat ion of the  c o n c e n t r a t e  of  

LIPIDS, VOL. 14, NO. 12 
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branched chain fatty acids presented two major 
difficulties. One of these was occasioned by the 
great extent to which overlapping of gas chro- 
matographic components occurred even under 
optimum conditions of separation using open- 
tubular columns. The other concerned the 
problem of obtaining useful mass spectra from 
minor components in the concentrate; the large 
discrepancy between major and minor peaks on 
the chromatogram of the esters represented a 
range of sample size from the column eluate 
which was frequently in excess of the linear 
dynamic range of the mass spectrometer. 
Similar problems have been encountered in the 
analysis of the fatty acid components of v e r n i x  

caseosa  lipid and of tissue lipids of ruminant 
origin (i 1-13). 

The first of these difficulties was largely 
obviated by following a procedure of urea- 
adduct formation of methyl esters and of butyl 
esters which resulted in the segregation of 
monomethyl-substituted fatty acids from the 
di- and polymethyl constituents. The second 
problem was overcome by judicious use of 

L O U G H  AND W.R.H.  D U N C A N  

approaches, the identity of  more than 180 
methyl- and ethyl-substituted fatty acids has 
been established in a concentrate of branched 
chain fatty acids prepared from the subcutan- 
eous adipose tissue of lambs given a diet con- 
taining a high proportion of barley. 

Unequivocal identification of organic com- 
pounds using GC-MS normally requires refer- 
ence compounds such that known and un- 
known substances are eluted coincidentally and 
yield identical mass spectra. However, in the 
GC-MS analysis of complex mixtures of closely 
related, naturally occurring substances such as 
the branched chain fatty acids of v e r n i x  caseosa  

lipid (12), of uropygial gland waxes (14,15), 
and of lamb triacylglycerols in the present 
work, chemical structure was assigned on the 
basis of mass spectral evidence and of gas 
chromatographic characteristics of  components. 

The plethora of components in the branched 
chain fatty acid concentrate includes a number 
of homologous series of positionally isomeric 
mono-, di- and trimethyl-substituted fatty 
acids. In each homologous series, the FCL 
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FIG. 2. Mass spectrum of methyl 4,12-dimethylhexadecanoate isolated from lamb triacylglycerols. 
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chain. Thus, for the 4-methyl-substituted series 
the values decreased from 0.43 for 4-methyl- 
decanoic acid to 0.27 for 4-methyloctadecanoic 
acid. This effect is presumably associated with 
the shift in the position of the methyl substit- 
uent in relation to the terminal-methyl group in 
the fatty acid chain (16). 

The chromatographic data obtained in this 
investigation were examined in relation to 
possible additive effects of methyl substituents 
in the prediction of relative retention times 
of di- and polymethyl-substituted fatty acids. 
When a comparison was made between methyl- 
substituted fatty acids of the same chain length, 
it was found that for dimethyl acids in which 
the two substituents were separated by three or 
more methylene groups there was close corre- 
spondence between observed and calculated 
FCL values. However, in fatty acids having 
methylene-interrupted dimethyI substitution, 
there was a considerable discrepancy between 
the respective FCL values; this is exemplified 
by methyl 4,6-dimethylhexadecanoate which 
was found to have an FCL value of only 0.41, 
whereas the value calculated from 4-methyl- 
and 6-methylhexadecanoates was 0.65 (cf. 12). 
It was also found that FCL values obtained for 
trimethyl-substituted esters were considerably 
lower than those expected from the contribu- 
tion of substituents in the corresponding 
monomethyl compounds. Caution must, there- 
fore, be exercised when using FCL values as an 
adjunct to mass spectrometry for the analysis 
of multibranched fatty acids or of dimethyl- 
substituted fatty acids in which one methylene 
group separates the two methyl substituents. 

The occurrence of methyl-substituted fatty 
acids in adipose tissue triacylglycerols of the 
sheep is associated with the metabolism of the 
greatly enhanced proportions of propionate 
that are produced in the rumen as a result of 
the bacterial fermentation of cereal starch (17, 
18). When ruminal production of propionate is 
in excess of that which can be oxidized or used 
for gluconeogenesis (via succinyl CoA), methyl- 
malonyl CoA and its precursor, propionyl CoA, 
apparently become available for utilization by 
the fatty acid synthetase of adipose tissue (1). 
As was shown by studies in vitro, methyl- 
malonyl CoA, in the presence of malonyl CoA, 
can be utilized by fatty acid synthetase prepara- 
tions from ovine adipose tissue to produce a 
complex mixture of methyl-substituted fatty 
acids (19). Also, the concomitant availability of 
propionyl CoA as primer unit would account 
for the presence of odd-chain as well as even- 
chain components in the mixture of branched 
chain fatty acids from lamb adipose tissue. 

Not all the branched chain fatty acids in the 

concentrate are of endogenous origin because 
the presence of iso acids, which could not have 
been formed biosynthetically by utilization of 
methy!malonyl CoA, is indicative of a contri- 
bution arising from assimilation from the gut of 
the component lipids of rumen micro-organisms 
(20). These iso acids will almost certainly have 
been accompanied by anteiso acids since they 
also form part of the structural lipid of tureen 
bacteria, though the extent of the contribution 
to the anteiso acids in the concentrate is likely 
to be small. The origin of the anteiso acid, 
13-methylpentadecanoic acid, is not known 
although it has been identified among the fatty 
acids of baboon liver lipids (21). 

Among the components in the concentrate 
of branched chain fatty acids, the lower limit of 
chain length is apparently 10 carbon atoms. 
The possibility exists that the lipids from which 
the concentrate was prepared contained fatty 
acids with less than 10 carbon atoms in the 
chain because among the procedures used in the 
segregation of branched chain fatty acids was 
that of solvent removal under vacuum; the 
attendant risk of loss of short and medium 
chain fatty acid methyl esters would be con- 
siderable. In this connection, medium chain 
methyl-substituted fatty acids have been 
identified in the steam-volatile fraction of 
mutton fat (22,23). 

The occurrence of branched chain fatty 
acids in considerable proportions in ruminant 
tissue presents an opportunity to study several 
aspects of the physiological and nutritional 
significance of these acids when they are 
included in the diets Of rats. These investiga- 
t ions, will be the subject of a later report. 
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Analysis of Autoxidized Fats by Gas Chromatography-Mass 
Spectrometry: V. Photosensitized Oxidation 1 
E.N. FRANKEL, W.E. NEFF and T.R. BESSLER, Northern Regional Research 
Center, Agricultural Research, Science and Education Administration, 
U.S. Department of Agriculture, 2 Peoria, Illinois 61604 

ABSTRACT 

The role of singlet oxygen in oxidation was studied by analyzing hydroperoxide isomers in unsatu- 
rated fats and esters by gas chromatography-mass spectrometry (GC-MS). On oxidation photosen- 
sitized with methylene blue at 0 C, methyl oleate produced a 50-50% mixture of 9- and 10-hydro- 
peroxides, linoleate a mixture of 66% conjugated (9+13) and 34% unconjugated (10+12) hydro- 
peroxides, and linolenate a mixture of 75% conjugated (9+12+13+16) and 25% unconjugated (10+15) 
hydroperoxides. Cottonseed, safflower, and corn oil esters showed, as in soybean esters, the presence 
of varying amounts of 12-hydroxy esters derived from the corresponding hydroperoxide at low 
peroxide values. Since these oils do not contain Unolenic acid, a likely source of the 12-hydroperoxide 
is linoleic acid by photosensitized oxidation. Several lines of evidence support the conclusion that 
singlet oxygen may contribute to the unique hydroperoxide composition of vegetable oil esters at low 
levels of oxidation. In the presence of photosensitizers such as methylene blue and chlorophyll, the 
unique hydroperoxide composition (high levels of 10- and 12-hydroperoxides) obtained in soybean 
esters was similar to that produced by oxidation at low peroxide values. In contrast, a normal hydro- 
peroxide composition was produced, as expected from the fatty acid composition of soybean oil 
esters, when singlet oxygen quenchers such as ~-carotene and a-tocopherol were used and when the 
esters were treated with carbon black to remove natural photosensitizers. GC-MS analyses of the 
derived unsaturated alcohols provided indirect evidence for 12-hydroperoxy-9,13-diene in soybean 
esters as expected by photosensitized oxidation of linoleate. 

INTRODUCTION 

There is increasing evidence that  pho to -  
sensitized oxida t ion  may be impor tan t  in 
init iat ing or propagat ing normal  free radical 
au tox ida t ion  of  unsatura ted  fats (1-5). 
Al though au tox ida t ion  of l inoleate  and l ino- 
lenate produces  only conjugated hydro-  
peroxides,  photosens i t ized  ox ida t ion  by singlet 
oxygen produces  a mix ture  of  conjugated and 
nonconjuga ted  hydroperox ides  (1,3,4). Our 
preceding paper repor ted  that  an unexpec ted ly  
high concent ra t ion  of  the 12-hydroperoxide  
isomer was found  by gas chromatography-mass  
spec t romet ry  (GC-MS) as the derived hyd roxy -  
stearate in weakly oxidized soybean  oil esters 
(6). Photosensi t ized oxida t ion  of  me thy l  
l inoleate was suggested as a possible source of  
this hydroperox ide .  The present  paper extends  
these studies to o ther  vegetable oil esters and 
presents fur ther  evidence on the ef fec t  of  
singlet oxygen promoters  and quenchers.  

EXPERIMENTAL 

The methy l  esters of  vegetable oils were 

1presented at the AOCS Meeting, San Francisco, 
California, April 29-May 3, 1979. 

2The mention of firm names or trade products 
does not imply that they are endorsed or recom- 
mended by the U.S. Department of Agriculture over 
other firms or similar products not mentioned. 

prepared as before  by methanolys is  (6). Addi- 
tives such as me thy lene  blue (zinc free, 
Matheson Coleman & Bell, Cincinnati ,  OH), 
/3-carotene (General  Biochemicals ,  Chagrin 
Falls, OH),  and ~- tocophero l  (Eastman 
Chemicals,  Rochester ,  NY) were obta ined 
commercia l ly .  A mix tu re  of  chlorophyl l  A and 
B was prepared chromatographica l ly  f rom 
soybean leaves (7). 

The same procedures  as previously repor ted  
were used for au toxida t ion ,  analyses, KI 
reduct ion ,  catalyt ic  hydrogena t ion ,  si lylation,  
and GC-MS (8-10). KI was used instead of  
NaBH 4 to reduce  hydroperox ides  to  the allylic 
a lcohols  to avoid the fo rmat ion  of  1 0 - a n d  
12-hydroxymonoenes  as minor  artifacts f rom 9- 
and 13-hydroperoxides  of  l inoleate  (11,12).  
Unsaturated h y d r o x y  derivatives f rom KI- 
reduced samples were concen t ra ted  by the same 
procedure  as the saturated h y d r o x y  derivatives 
f rom hydrogena ted  samples (6). Photooxida-  
t ions were carried out  in me thano l  solutions at 
35 C in 25 ml Er lenmeyer  flasks shaken in a 
pho tochemica l  Warburg apparatus i l luminated 
at the  b o t t o m  of  the flasks with a bank of  ten 
75 watt  tungsten bulbs giving l ight energy of  
2.3 x 105 erg/cm 2 sec (measured with a Ket- 
tering radiant  power  meter ,  Labora tory  Data 
Control ,  Riviera Beach, FL).  For  cont ro l  dark 
exper iments ,  oxidat ions  were carried out  under  
the same condi t ions  in flasks p ro tec ted  with 
a luminum foil. The oxida t ion  of  pure oleate,  
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linoleate, and l inolenate  photosensitized with 
methylene blue (9 mg/2 g ester) and oxygen 
was done at 0 C in methanol solution (10 ml) in 
a cooled jacketed flask exposed to a 1000 watt 
tungsten light source (25 x 10s erg/cm 2 sec) 
through a 1 in. layer of water to filter infrared 
radiation. 

To remove any photosensitizers, soybean oil 
esters were treated with carbon black by the 
following procedure. A hexane solution of 25 g 
esters was passed through a column (2 cm 
outside diameter) packed with a hexane slurry 
of 1 : 1 activated carbon black (Darco $51, Atlas 
Chemical Inc., Wilmington, DE) and diato- 
maceous earth to a height of 8 cm plus a layer 
of 1 cm activated silicic acid on top of the 
column. The soybean esters eluted with 200 ml 
hexane showed no significant change in fatty 
acid composition (14% palmitate, 4.8% 
stearate, 23.1% oleate, 51.2% linoleate, and 
6.9% linolenate)  

R ESU LTS 

Oxidation of Vegetable Oil Esters 

Different vegetable oil esters were oxidized 
under the same conditions as soybean oil esters 
(6) to compare the isomeric hydroperoxide 
composition at different peroxide values (Table 
I). The products show the expected greater 
contribution of linoleate hydroperoxides (9- 
+13-OOH) than oIeate hydroperoxides (8-+9- 

+10-+1 1-OOH). Cottonseed, safflower, and 
corn oil esters showed, as in soybean oil esters, 
varying amounts of the 12-hydroxy derived 
ester when oxidized at low levels. To check 
whether low levels of linolenate might con- 
tribute to the 12-hydroperoxide formation, we 
searched for the presence of 16-hydroperoxide 
but found no evidence for it. The unexpectedly 
high concentration of 12-OOH in cottonseed oil 
esters compared to safflower oil esters, which 
have more linoleate, may be due to higher levels 
of natural photosensitizers in cottonseed 
oil. The 10-hydroperoxide is another isomer 
expected by photosensitized oxidation of 
linoleate (3,4,13). Although the level of 10- 
hydroxy ester was invariably larger than the 
l l-hydroxy ester derived from oleate-hydro- 
peroxides, the difference was not always 
significant. 

Photooxidation 

According to the "ene"-type mechanism 
recognized for the reaction of singlet oxygen 
and unsaturated compounds (14), oleate 
produces a mixture of 9- and 10-hydro- 
peroxides, linoleate a mixture of 9-, 10-, 12-, 
and 13-hydroperoxides, and linolenate a 
mixture of 9-, 10-, 12-, 13-, 15-, and 16-hydro- 
peroxides (3,4,13). Although the relative 
amounts of these isomers are well established 
for oleate (50% each of the 9-and 10-isomers), 
no reliable quantitative study has yet been 

T A B L E  I 

GC-MS Ana lys i s  a o f  I somer ic  H y d r o x y s t e a r a t e  f r o m  
Vege t ab l e  Oil Esters  O x i d i z e d  a t  4 0  C 

Rela t ive  p e r c e n t  

P e r o x i d e  
Me thy l  es ters  b value  8 - O H  9 - O H  1 0 - O H  1 1 - O H  1 2 - O H  1 3 - O H  

C o r n  22 .7  1.1 4 5 . 3  3 .0  1.4 4 .3  4 4 . 8  
61 .2  1.8 4 7 . 7  1.2 1.0 2 .3  4 5 . 9  
96 .2  1.4 4 8 . 2  1.7 0 .8  2 .6  45 .2  

516  2 .5  4 7 . 4  1.6 2 .5  0 .4  4 5 . 5  

C o t t o n s e e d  23 .0  0.5 4 1 . 4  1 .0  0 .4  19 .7  37.1  
87 .4  1.6 4 5 . 8  1.0 0 .8  7 .0  4 3 . 8  

120  0 .7  4 8 . 4  0 .7  0 .7  5.2 4 4 . 3  
4 8 4  1.9 4 8 . 9  1.2 0 .6  1.3 4 6 . 0  

S a f f l o w e r  23 .7  1.0 43 .1  5.6 1.2 6 .6  4 2 . 5  
4 1 . 3  1.2 4 5 . 6  2 .8  1.6 5.1 4 3 . 7  

131 1.0 47 .1  2 .6  1.8 2 .2  4 5 . 4  
5 1 8  1.8 4 9 . 7  1.3 0 .7  0 .8  4 5 . 8  

aBy  c o m p u t e r  s u m m a t i o n  m e t h o d  (8) ,  all a n a l y s e s  are  based  o n  t w o  o r  m o r e  rep l ica-  
t ions .  

b G C  ana lyses ;  C o r n  oil es ters :  1 2 . 0 %  p a l m i t a t e ,  1 .9% s t e a r a t e ,  2 6 . 0 %  o lea te ,  5 0 . 1 %  
l ino l ea t e .  C o t t o n s e e d  es ters :  2 2 . 4 %  p a l m i t a t e ,  2 . 1% s t e a r a t e ,  16 .9% o lea te ,  5 8 . 6 %  l ino lea te .  
S a f f l o w e r  es te rs :  7 . 6% p a l m i t a t e ,  2 . 5% s t e a r a t e ,  1 4 . 5 %  o lea t e ,  7 5 . 5 %  l ino lea te .  

L IP IDS ,  V O L .  14,  NO.  12 
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reported for linoleate and linolenate. Quantita- 
tive GC-MS analyses were therefore carried out 
on pure fatty esters photooxidized at 0 C in the 
presence of methylene blue (Table II). The 
formation o f  the expected equal mixture 
of 9- and 10-hydroperoxides from oleate 
without any evidence of 8- and llohydro- 
peroxides demonstrated that no free radical 
autoxidation occurred under our conditions of 
photooxidation. Furthermore, control experi- 
ments in the dark with photosensitizer showed 
no increase in peroxide value under these 
conditions. For linoleate, the ratio of conju- 
gated (9-+13-OOH) to nonconjugated (10- 
+12-OOH) hydroperoxides was 2:1. For lino- 
lenate, the outer 9- and 16-hydroperoxides 
were the major isomers (48%) and the inner 
t0-, 12-, 13-, and 15-hydroperoxides were all 
formed in approximately equivalent amounts 
(12 to 14%). The nonconjugated 1 0 - a n d  
15-1inolenate hydroperoxides amounted to 
25%. 

Several experiments were carried out to 
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elucidate how photosensitizers, such as 
methylene blue and chlorophyll, and singlet 
oxygen quenchers, such as ~3-carotene and 
c~-tocopherol, affect rates of oxidation and 
bydroperoxide composition of soybean oil 
esters. Methylene blue and chlorophyll behaved 
as photosensitizers because their catalytic 
effect was virtually eliminated when the oxida- 
tion was carried out in the dark (Table III). 
c~-Tocopherol was much more effective in 
diminishing rates of oxidation than Was 
/3-carotene. Although both of these additives are 
known quenchers of singlet oxygen (15-18), 
c~-tocopherol reacts also with singlet oxygen 
(19). The effect of /3-carotene is also compli- 
cated by its ready oxidation as indicated by its 
bleaching during the reaction. The oxidation 
products of t3-carotene would be expected to 
catalyze free radical oxidation. The carbon 
black-treated sample was more stable to photo- 
oxidation and showed less peroxide develop- 
ment in the dark than the control. The study of 
isomeric composition provided a more reliable 

T A B L E  11 

GC-MS Ana lys i s  o f  I somer i c  H y d r o x y s t e a r a t e s  f r o m  H y d r o p e r o x i d e s  
P r o d u c e d  b y  P h o t o s e n s i t i z e d  O x i d a t i o n  at  0 C a 

P e r o x i d e  Rela t ive  p e r c e n t  

va lue  
M e t h y l  es ters  ( t ime,  h r )  9 - O H  1 0 - O H  1 2 - O H  1 3 - O H  1 5 - O H  1 6 - O H  

Oleate  1 7 2 7  (6)  4 7 . 7  52 .3  
L ino l ea t e  1 1 2 4  (3)  31 .9  16 .7  17 .0  34 .5  
L i n o l e n a t e  1 5 6 6  (2)  22 ,7  12.7  12 .0  14 .0  13 .4  25 .2  

a T w o  g r a m  es ters  + 9 nag m e t h y l e n e  b lue  + 10 ml  m e t h a n o l ,  o x y g e n  b u b b l i n g ,  e x p o s e d  
t o  1 0 0 0  w a t t  t u n g s t e n  l a m p  (see E x p e r i m e n t a l ) .  

T A B L E  III 

E f f e c t  o f  P h o t o s e n t i t i z e r s  a n d  Q u e n c h e r s  o n  the  O x i d a t i o n  
o f  S o y b e a n  Oil Es ters  a t  35 C 

P e r o x i d e  va lue  

Sam ple s  a 4 h r  6 h r  12 b r  

C o n t r o l  32 .2  4 1 . 9  90 .2  
C o n t r o l ,  d a r k  24 .0  30 .6  33 .3  
M e t h y l e n e  b lue  (2 m g )  291  4 6 0  --- 
M e t h y l e n e  b lue  (2 nag),  d a r k  26 .3  30 .4  --- 
C h l o r o p h y l l  (6 r ag )  132  2 0 7  --- 
C h l o r o p h y l l  (6 nag),  d a r k  26 .3  31 .4  29 .2  
13-Carotene (2 m g )  19 .4  25 .5  74 .3  
a - T o c o p h e r o l  (3 nag) 3 .6  9 .2  10 .6  
C a r b o n  b l a c k  16.1 20 .3  58 .4  
C a r b o n  b l ack ;  d a r k  1~2.4 20 .0  22 .6  

a T w o  g r a m  es ters  + 2 m l  m e t h a n o l ,  s h a k e n  in a i r  in a p h o t o c h e m i c a l  W a r b u r g  a p p a r a t u s .  
All ana lyses  are  b a s e d  o n  d u p l i c a t e  o x i d a t i o n s .  

L IP IDS ,  V O L .  14,  N O .  12 
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diagnostic measure of photosensitized oxida- 
tion occuring concurrently with free radical 
autoxidation. 

Quantitative GC-MS analyses based on 
hydrogenated samples are summarized in Table 
IV. Initially high levels of 12-hydroxy esters 
were found in both light exposed and dark 
control samples. The 10-hydroxy esters was 
also found in higher concentrations than the 
l l -hydroxy  ester at low peroxide values. 
Similar results were obtained in the oxidations 
photosensitized with methylene blue and 
chlorophyll. In the presence of these photosen- 
sitizers, higher concentration of the 1 2- and 
10-hydroxy isomers were produced at all levels 
of oxidation studied. The amount of 15- 
hydroxy ester that would be expected from 
linolenate photosensitized oxidation (Table II) 
was not significantly increased. The amounts of 
12- and 10-hydroxy isomers were significantly 
decreased at low peroxide levels in the presence 
of /3-carotene, a-tocopherol, and in samples 
treated with carbon black. Both a-tocopherol 
and /3-carotene apparently act by quenching the 
formation of singlet oxygen (15-18). Treating 
soybean oil esters with carbon black would 
remove natural photosensitizers. Therefore, 
traces of photosensitizers in soybean oil esters 
apparently catalyze the oxidation of linoleate 
by singlet oxygen at low peroxide values. 

Additional evidence for the 12-hydroxy 
ester derived from the corresponding 12-hydro- 
peroxy-9,13-diene expected by photosensitized 
oxidation of methyl linoleate (4) was obtained 
by GC-MS analysis of KI-reduced samples. 
Although the method has not been standar- 
dized with known ccompounds, the relative 
intensities were measured for m/e values 
225, 185, 271, and 311 corresponding to the 
respective trimethylsilyl allylic ether derivatives 
of the 9-hydroxy (conjugated), 12- and 10- 
hydroxy (unconjugated) and 13-hydroxy (con- 
jugated) esters: 

, 9 1 0  12 
R - C H 2  @ C H - - C H = C H - C H = C H - - ( C H 2 ) 4 - - C H  3 

' OTMS ,, 
"-.b 225 (linoleate) 

9 12 13 

R--CH 2 - C H = C H - C H  2 C H - C H = C H - ( C H 2 ) 3 - C H  3 
OTMS 

" ' )  185 (linoleate) 

8 10 I 12 
t 

R--CH=CH--CH ~, CH2--CH=CH--(CH2)4--CH 3 t 
OTMS I 

) 

271 e ~  I (oleate, l inoleate,  l inolenate)  

9 11 13 
R - C H  2 - C H = C H - C H = C H - C H  (CH2)4--CH 3 

OTMS, 

311 ( - - ' "  (linoleate, l inolenate)  

[ R=-- (CH2)6COOCH 3 ] 

Mass 185 is the only unique fragment 
expected from photosensitized oxidation of 
linoleate. Mass 271 can come from either oleate 
autoxidation or linoleate and linolenate photo- 
sensitized oxidation. The GC-MS analyses are 
complicated by the fact that fragments 225 and 
185, which contain one oxygenated function, 
have higher intensities than fragments 271 and 
311, which have two oxygenated functions 
(20). This bias is compensated, however, by 
adding the relative intensities due to the conju- 
gated isomers (m/e 225 + m/e 311) and those 
due to the nonconjugated isomers (m/e 185 + 
m/e 271). The results in Table V confirm those 
in Table IV showing: high levels of the uncon- 
jugated 12-hydroxy isomer in control samples 
at low peroxide values; a significant increase in 
the 12- and 10-hydroxy isomers resulting from 
added methylene blue and chlorophyll; and a 
corresponding decrease in these isomers by 
added /3-carotene, a-tocopherol, and carbon 
black treatment. That methylene blue acts as a 
photosensitizer is again demonstrated by 
elimination of its effect when oxidation was 
carried out in the dark. This evidence provides 
further support to our GC-MS approach for 
diagnosing the effect of singlet oxygen by 
analyzing hydroperoxide isomers in unsaturated 
fats. 

DISCUSSION 

The GC-MS method used in this study for 
hydroperoxide analysis has provided a useful 
tool to follow the unique products from 
oxidation with singlet oxygen formed concur- 
rently during free radical autoxidation. Several 
lines of evidence support the conclusion that 
singlet oxygen may contribute to the unique 
hydroperoxide composition of vegetable oil 
esters oxidized at low peroxide values. 
Although cottonseed, safflower, and corn oil 
esters do not contain linolenic acid, their 
oxidation products included the 12-hydro- 
peroxide determined as the derived hydroxy 
esters at low peroxide values. This hydro- 
peroxide isomer is expected from linoleate by 
photosensitized oxidation. When soybean esters 
were treated with oxygen in the presence of 
methylene blue and chlorophyll as photosensi- 
tizers, the unique hydroperoxide composition 
was similar to that produced by oxidation at 
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low peroxide  values.  The  increased levels of  10- 
and  1 2 -h y d ro p e ro x ide s  are those  expec t ed  f rom 
ox ida t i o n  of  l inoleate with singlet  o x y g e n  
(Table II). The possibi l i ty  of  allylic rearrange-  
m e n t  of  the 1 0 - a n d  12 -hyd rope rox ide s  by 
1,3-shif ts  (21 ,22)  is ruled ou t  by our  failure to 
de tec t  the co r r e sp ond ing  allylic 8- and  10- 
h y d r o x y  isomers .  When s o y b e a n  esters  were 
t rea ted  with ca rbon  black to remove  na tura l  
pho losens i t i z e r s ,  a no rma l  h y d r o p e r o x i d e  dis- 
t r ibu t ion  was ob t a ined ,  as expec t ed ,  f rom the 
fa t ty  acid c o m p o s i t i o n  o f  the  s ta r t ing  mater ia l .  
This  evidence is, however ,  a m b i g u o u s  because  
o the r  mater ia ls  can be r emoved  by ca rbon  
black. A n o rm a l  i someric  h y d r o p e r o x i d e  
c o m p o s i t i o n  was also p roduced  when  
0e-tocopherol and  /3-carotene were added  to 
q u e n c h  singlet  o x y g en .  Final ly ,  GC-MS analyses  
o f  Kl - reduced  samples  provided  indi rec t  
evidence for a 12 -hyd roxy -9 ,13 -d i ene  (m/e  
185) f rom the co r r e spond ing  h y d r o p e r o x i d e  
e x p e c t e d  by p h o to sens i t i z cd  ox ida t i on  of 
l inoleate.  All these  resul ts  are cons i s t en t  with 
the  view tha t  traces of  pho tosens i t i z e r s  in 
s o y b e a n  and  o ther  vegetable  oil esters  
appa ren t ly  ca ta lyze  the ox ida t ion  of  l inoleate  
by s i n ~ e t  o x y g e n  at low perox ide  values.  

There  r emains  the p rob lem of exp la in ing  
why  the c o n c e n t r a t i o n  of  the  1 2 - h y d r o p e r o x i d e  
was high when  the ox ida t ions  were carried out  
in the  dark (Table IV). Singlet oxygen  can be 
genera ted  in a great  var ie ty  of  ways.  Two  recent  

reviews su lnmar ize  12 d i f ferent  po ten t i a l  
sources  of  singlet  oxyge n  (23 ,24) .  In add i t i on  
to the  pho to se ns i t i z e d  react ion with o x y g e n ,  
there  are several chemica l  m e t h o d s  to ac t iva te  
oxyge n  to the  singlet  s tale .  Certain molec:ules 
are k n o w n  to form uns tab le  adduc t s  with 
oxyge n  and  can p roduce  singlet o x y g e n  by a 
t r ans fe r  reac t ion  (25).  A n o t h e r  process  involves  
the  t e rmina t i on  of s e c onda ry  h y d r o p e r o x i d c s  
via a t e t rox ide  i n t e rme d ia t e  which  d e c o m p o s e s  
in to  a ke tone ,  an a lcohol ,  and  oxyge n  (26) .  
There  is evidence tha t  the oxyge n  thus  pro- 
duced  is ac t iva ted  in the singlet  s ta te  (27) .  
The re fo re ,  in s o y b e a n  and o the r  vegetable  oil 
esters ,  there  are possible  ways  to mimic  sensi -  
t ized ox ida t i on  w i t h o u t  requi r ing  light. Such  
processes  ma y  involve e i ther  uns tab le  e n d o -  
pe rox ides  (23)  f rom l inolenate  a u t o x i d a t i o n  or 
meta l  oxyge n  c o m p l e x e s  (28).  The  role tha t  
s inglet  oxyge n  and  related species  play in the  
h y d r o p e r o x i d a t i o n  of  u n s a t u r a t e d  lipids is n o w  
u n d e r  in tensive  inves t iga t ion  (17 ,23 ,24 ,29 ) .  
P rob lems  for fu r the r  research include ascer-  
ta in ing more  direct ly w h e t h e r  or no t  s inglet  
o x y g e n  is involved in ca ta ly t ic  p rocesses  by 
uns tab le  o x y g e n  adduc t s ,  e n d o p e r o x i d e s ,  and  
meta l  complexes .  
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TABI.E V 

(;(?-MS Analyses of KI-Reduced Samples from Soybean Oil Esters Oxidized at 35 C 

m/e b (Relative intensity) Relative percent  c 

Samples a Peroxide value 225 185 271 311 Conjugated Nonconjugated 

Control, light 11.0 55 22 4 19 74 26 
29.0 49 24 4 23 72 28 

468 65 4 4 27 92 8 
Control, dark 13.2 53 27 5 I 5 68 32 

26.7 56 16 7 21 77 23 
36.3 49 23 8 20 69 31 

Methylene blue, light 20.3 28 31 26 15 43 57 
41.5 21 39 31 9 30 70 

429 27 32 30 I I 38 62 
Methylene blue, dark 26.3 50 17 14 20 69 31 
Chlorophyll, light 108 31 27 23 19 50 50 

152 35 25 23 18 53 47 
/3-Carotene, light 23.0 60 15 5 20 80 20 
c~-Tocopherol, light 30.0 62 8 10 20 82 18 
Carbon black, light 16.1 57 13 5 25 82 I 8 

21.5 57 12 5 20 83 17 
Carbon black, dark 20.4 58 14 4 24 82 18 

aSee legend in Table llI. 
bSee text for fragmentation. 
CConiugated: m/e 225 + m/e 31 l;nonconjugated: m/e 185 + m/e 271. 
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Ethanolamine Kinase Activity and Compositions of Diacyl- 
glycerols, Phosphatidylcholines and Phosphatidylethanolamines 
in Livers of Choline-Deficient Rats 
J. TINOCO, G. ENDEMANN, B. MEDWADOWSKI, P. MILJANICH and M.A. WILLIAMS, 
Department of Nutritional Sciences, University of California, Berkeley, California 94720 

ABSTRACT 

These experiments were performed to find the reasons for the increased concentrations of docosa- 
hexaenoyl phosphatidylethanolamines (PE) in livers of choline-deficient rats. We measured the activity 
of ethanolamine kinase, which catalyzes the first step in PE formation. We also measured the composi- 
tions of PE and phosphatidylcholines (PC) and concentrations and fatty acid compositions of diacyl- 
glycerols (DG), which are precursors of PE. Young male rats were fed for one week a low-methionine, 
choline-deficient diet, or the same diet supplemented with choline. Ethanolamine kinase activity was 
measured in liver cytosol (100,000 g supernatant). Fatty acids were measured in total liver diacylgly- 
cerols and in microsomal PE and PC. Ethanolamine kinase activities were equal in choline-deficient 
and choline-supplemented rats. Concentrations of DG were elevated 6-fold by choline deficiency. The 
percentage of docosahexaenoic acid (22:6n-3) in microsomal PE was nearly doubled by choline 
deficiency. Although the increased concentrations of PE in choline-deficient livers cannot be attri- 
buted to increased activity of ethanolamine kinase, the rate of PE formation probably was increased 
by increases in concentrations of its precursors, including DG. The disproportionate increase in 
22:6n-3 PE probably was caused by a selective formation of PE from DG that contain 22:6n-3. 

INTRODUCTION 

In the livers of rats, choline deficiency 
causes accumulat ions  of  tr iacylglycerols (TG) 
and esterified cholesterol ,  and an increase in the 
ratio of phosphat idyle thanolamines  (PE) to 
phosphat idylchol ines  (PC). Because rats can 
biosynthesize choline by t ransmethyla t ion  of  
PE, a diet low in meth ion ine  must  be used to 
produce  changes in liver lipid composi t ions  
characterist ic of  choline deficiency (1). 

In chol ine-def ic ient  liver, the p ropor t ion  of  
PE as percentage of total  lipid phosphorus  is 
always higher than normal.  The increased 
percentage of  PE is due largely to a dispropor-  
t ionate  increase in molecular  species that 
contain docosahexaenoic  acid (22 :6n -3 ) (2 -5 ) .  
Since it has been shown that  choline or choline 
phosphate  inhibits  e thanolamine  kinase act ivi ty 
(6-8), and that  concent ra t ions  of  these com- 
pounds  are greatly depressed in livers of 
chol ine-deficient  rats (9,10), it seemed p r o b a b l e  
that the act ivi ty of  e thanolamine  kinase should 
be elevated above normal  in these livers. An 
increase in its act ivi ty could increase the rate of  
PE format ion  (11). The selective accumula t ion  
of 22:6n-3 PE could be caused ei ther by an 
increased supply of  22:6n-3 diacylglycerol  
(DG) or by selective format ion  of  PE from 
22:6n-3 DG. Chen et al. (12) no ted  a small 
increase in DG concent ra t ion  in microsomes 
f rom chol ine-def ic ient  rat liver, but  the fa t ty  
acid componen t s  of these DG were not  re- 
ported.  

Therefore ,  to find the reasons for increased 

p ropor t ions  and amounts  of  22:6n-3 PE in 
livers of  chol ine-def ic ient  rats, we measured the 
activity of  e thanolamine  kinase and the concen-  
t rat ions and fat ty  acid pat terns  of  DG in 
chol ine-deficient  livers. We also measured fat ty 
acid pat terns in microsomal  PE and PC. 

Choline deficiency did not  elevate ethanol-  
amine kinase activity,  a surprising result that  
also was observed by Schneider  and Vance (13) 
while our work was in progress. However,  
choline deficiency did elevate concent ra t ions  of  
total  liver DG about  6-fold, and those of 
22:6n-3 DG about  4-fold. 

MATERIALS AND METHODS 

Experimental Design 

Male rats were used because choline defi- 
ciency produces  more  severe responses in males 
than in females (14,15). We used dietary 
condi t ions  similar to those used earlier (5) to 
produce fat ty livers and al terat ions of liver 
phosphol ipid  distributions. The fol lowing 
exper iments  were per formed twice, each t ime 
with 3 control  and 3 deficient  livers, because 
we could process only 6 livers at a t ime. The 
results agreed and data f rom bo th  exper iments  
have been combined.  

Chemicals 

Adenosine t r iphosphate,  disodium salt 
(ATP), cysteine hydrochlor ide ,  O-phosphoryl-  
e thanolamine  (e thanolamine  phosphate) ,  Tris 
buffer  (Sigma 7-9), and ninhydr in  were pur- 
chased f rom Sigma Chemical  Co., St. Louis, 
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MO. Ethanolamine hydrochloride was obtained 
from U.S. Biochemical Corp., Cleveland, OH. 
Sucrose, magnesium chloride, chloroform, 
ammonium chloride, methanol, diethyl ether, 
toluene, petroleum ether, and butanol- l ,  all 
reagent grade, were from Mallinkrodt, Inc., St. 
Louis, MO. Ethanol, reagent grade, was ob- 
tained from Ashland Chemical Co., Newark, 
CA. Petroleum ether, B.R. 30-60 C, and ethanol 
were redistilled before use. Cesium chloride, 
ultra-pure grade, was obtained from Nutritional 
Biochemicals, Irvine CA. Eastman Organic 
Chemicals, Rochester, NY, supplied 2',7'- 
dichlorofluorescein. Cytidinediphospho- 
ethanolamine (CDPE) was obtained from 
Boehringer Mannheim, Indianapolis, IN. 
Ethylenediaminetetraacetic acid (EDTA) was 
obtained from Mann Research Labs. Inc., New 
York, NY. Glacial acetic acid, reagent grade, 
was obtained from Allied Chemical Co., Morris- 
town, NJ. Labeled ethanolamine, 2-[14C] - 
ethan-l-ol-2-amine hydrochloride, 50 mCi/ 
mmol, was supplied by Amersham/Searle, 
Arlington Heights, IL. The radiopurity of this 
material was checked by thin layer chromatog- 
raphy (TLC) as described before (16) and 
found to be 98.5% or greater. Heptadecanoic 
acid (internal standard) and methyl esters of 
fatty acids for calibration of the gas liquid 
chromatograph were obtained from NuChek 
Prep., Elysian, MN, and Applied Science 
Laboratories, State College, PA. PPO (2,5- 
diphenyloxazole) was obtained from Research 
Products Industries, Elk Grove Village, IL, and 
Triton X-100 was obtained from Central 
Solvents, Hayward, CA. 

Rats and Diets 

Male Long-Evans rats (Simonsen Labora- 
tories, Gilroy, CA), ca. 150 g, were fed Purina 
rat chow (Dean's Supply Co., Belmont, CA) for 
one week. They were then given for one week a 
low-methionine, choline-deficient diet, or the 
same diet supplemented with choline (Table I). 
Unfasted, unanesthetized rats were killed by 
decapitation, and their livers were removed and 
processed immediately. 

Preparation of Liver Homogenate, 
Cytosol and Microsomes 

Livers were rinsed in 0.9% NaCl solution, 
blotted, weighed and homogenized for 5 sec 
with 0.25 M sucrose in 0.001 M tris buffer, pH 
7.5, 3 ml/g liver, in a Polytron PCU-2 homo- 
genizer (Brinkmann). An aliquot of homo- 
genate was taken for immediate lipid extrac- 
tion. Homogenates were centrifuged at 17,000 
g at 4 C for 10 min in a Sorvall RC-5 refriger- 
ated centrifuge. Supernatants were made 0.015 

TABLE I 

Composition of Diets 

Ingredient Percent by weight 

Soy protein a 20 
Sucrose 66.25 - 66.5 
Corn oil b 10 
Minerals UCB 1Rb c 3.5 
Choline +-0.25 
Vitamins d 

aTecklad Test Diets, Madison, Wisconsin. 
bMazola, Monarch Foods, Brisbane, California. 
CWilliams et al. (32). 
dprovided as mg/kg of diet: Riboflavin, 20; niaci- 

namide, 120; Ca-d-pantothenate, 60; pyridoxine HC1, 
19.2; folic acid, 4.0; biotin, 2.0; menadione, 0.80; 
inositol, 200; thiamine, 10. Provided as U/kg of diet: 
Vitamin A (500,000 U/g), 20,000; vitamin D (400,000 
U/g), 2,000;vitamin E (250 U/g), 400. 

M in CsC1 by addition of 0.30 M CsC1 solution. 
These mixtures were centrifuged for 1 hr at 
100,000 g in a SW 27 rotor in a Beckman 
L2-65B ultracentrifuge. Floating fat was 
removed, and the supernatant (cytosol) was 
decanted. The pellet (microsomes) was dis- 
persed in water, 1 ml/g liver, with the Polytron 
homogenizer. Protein concentrations in cytosol 
and microsomal preparations were measured by 
the Lowry procedure with bovine serum 
albumin as standard (17). Cytosol preparations 
were dialyzed under vacuum against 0.001 M 
tris buffer, pH 7.4, in a collodion bag apparatus 
with a molecular weight cutoff of ca. 75,000 
(Schleicher and Schuell, Inc., Keene, NH). 

Assay of Ethanolamine Kinase Activity 
in Cytosol 

Ethanolamine kinase activity was assayed by 
measuring the radioactivity converted from 
ethanolamine to ethanolamine phosphate. 

Within an hour of preparation, cytosol was 
incubated at 37 C for 10 min in a medium with 
the following composition: Tris HC1 buffer, 
0.114 M, pH 8.6; EDTA, 1.97 mM; cysteine 
HC1, 6.73 mM; ATP, 6.17 mM; MgC12, 20.2 
mM; and 14C-ethanolamine (106 dpm), 0.21 
mM. The total incubation volume was 1.0 ml. 
The amount of protein was 3 to 4 mg. The 
reaction was started by addition of cytosol to a 
vial in which the incubation medium had been 
brought to 37 C in a shaker bath. The reaction 
was stopped by heating the vial in boiling water 
for 2 min. Zero-time samples were heated 
during addition of cytosol. Under these condi- 
tions, incorporation of label into ethanolamine 
phosphate was proportional to time for at least 
30 min. 
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The reaction mixture was filtered through a 
Millipore, HA 0.49 mp, and a 25 p~-aliquot of 
filtrate was separated by thin layer chromatog- 
raphy (TLC) on 0.25 mm precoated silica gel 
60 plates (Merck). To the sample on the plate 
was added 40 pg each of ethanolamine, ethanol- 
amine phosphate, and CDPE, so that ethanol- 
amine compounds could be detected with 
ninhydrin spray reagent. The plate was 
developed for 5 hr in 2.7 M ammonium acetate, 
pH 5.0/95% ethanol, 3:7 (6). Plates were 
sprayed with 0.3% ninhydrin in 3% acetic acid 
in butanol-l ,  and heated at 110 C for 10 min 
for color development. Regions corresponding 
to the origin, ethanolamine phosphate (Rf 
0.16), CDPE (Rf 0.29), ethanolamine (Rf 0.48) 
and the space above ethanolamine were scraped 
into scintillation vials. Water, 2 ml, and 
counting cocktail, 10 ml, were added to the 
sample, which was counted in a Beckman 
LS-100 scintillation counter. The counting 
cocktail was 2.7 g PPO in 370 ml Triton X-100 
plus 630 ml toluene. Counting efficiency was 
85%, and quenching was measured by adding a 
known number of dpm as 14C-toluene. 

Enzyme activities were measured before and 
after dialysis to remove substances such as 
choline or choline phosphate which could 
affect enzyme activity, and endogenous 
ethanolamine, which would dilute the radio- 
active ethanolamine. Cytosol preparations were 
stored for 2 to 8 days at -15 to -20 C. To 
determine the effects of storage, equal numbers 
of control and deficient samples which had 
been frozen for equal lengths of time were 
assayed or dialyzed and assayed on the same 
day. 

Lipid Extraction of Liver Homogenate 

An aliquot of homogenate equivalent to 1.3 
g liver was extracted with 18.75 ml chloroform/ 
methanol, 1:2. After 1 hr, 6.25 ml chloroform 
and 6.25 ml water were added and mixed. The 
mixture was centrifuged, the upper layer was 
removed, and the pellet and lower layer were 
washed with "synthetic upper layer." After 
centrifugation, the lipid-containing lower layer 
was recovered, evaporated to dryness under 
nitrogen, and dissolved in petroleum ether. 

Analysis of 1,2-Diacylglycerols in 
Liver Homogenates 

Duplicate aliquots of liver homogenate 
extract, containing 50-150 pg 1,2-diacylgly- 
cerols, were streaked on 0.35 mm Silica Gel H 
(Merck) TLC plates, which had been heated 1 
hr at 110 C. Plates were developed in petroleum 
ether/diethyl ether/acetic acid, 70:20:4,  for 50 
min, sprayed with 2',7'-dichlorofluorescein 

solution (0.4% in methanol), and viewed under 
ultraviolet light. A standard mixture containing 
1- or 2-acyl glycerols, 1,2- and 1,3-diacylgly- 
cerols and triacylglycerols (Applied Science 
TLC Mixture 8) was applied to each plate. The 
1,2-diacylglycerol bands were scraped into 
screw-capped culture tubes and a measured 
amount of heptadecanoic acid was added as an 
internal standard. Methyl esters were prepared 
by sulfuric acid-catalyzed transesterification, 
isolated and analyzed by gas liquid chromatog- 
raphy (GLC) as described earlier (18). 

Analysis of Microsomal Phospholipids 

An aliquot of microsomal suspension equiva- 
lent to 5 g liver was extracted as described for 
total liver homogenate. The extract was 
analyzed for lipid phosphorus (19). Aliquots 
containing 125-50 pg lipid phosphorus were 
streaked (7 cm) on 0.35 mm Silica Gel H TLC 
plates which were developed in chloroform/ 
methanol/acetic acid/water, 25:15:4:2. Phos- 
pholipid bands were located with 2',7'- 
dichlorofhiorescein spray, as above. PC and PE 
were eluted from the silica gel (20) and their 
acyl groups were converted to methyl esters as 
described earlier (18). Eluates were analyzed 
for phosphorus (19). 

Gas Liquid Chromatography 

Methyl esters were analyzed on a Varian 
Model 2100 gas chromatograph with glass 
columns (1/8 in. i.d. x 6 ft.) packed with 10% 
SP 216 PS on 100/200 Supelcoport (Supelco, 
Inc., Bellefont, PA). The instrument was 
calibrated with a mixture of methyl esters of 
16:0, 18:0, 18:1, 18:2n-6, 18:3n-3, 20:0, 20:1, 
20:4n-6, 22:0, 22:1, 22:6n-3, 24:0 and 24:1. 
Other components were tentatively identified 
by comparison with data in the literature or by 
use of log plots (21). 

Statistics 

Statistical significances of differences be- 
tween diet groups were calculated according to 
the t-test (22). 

R ESU LTS 

Ethanolamine Kinase Activity 

Choline deficiency had no effect on ethanol- 
amine kinase activity (Table II). Our values for 
undialyzed preparations are similar to those 
found by Schneider and Vance in livers from 
control and choline-deficient female Wistar rats 
(13). Storage reduced enzyme activity signifi- 
cantly only in choline-deficient livers. Dialysis 
increased radioactive ethanolamine phosphate 
formation, presumably by removing inhibitors 
or endogenous substrate. The presence of 0.5 
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T A B L E  II 

E t h a n o l a m i n e  Kinase Act iv i ty  in Cytosol  f r o m  Livers of  
Contro l  and Chol ine-Def ic ient  Male Rats 

971 

n m o l  E t h a n o l a m i n e  p h o sp h a t e  f o r m e d / m i n / m g  pro te in  a 

Condi t ion  of  cy toso l  Diet:  Contro l  Deficient  

Fresh,  und ia lyzed  
2-8 Days s torage,  und ia lyzed  
2-8 Days s torage,  d ia lyzed  
2-8 Days s torage,  d ia lyzed,  0.5 mM chol ine  

0 .640  + 0.081 0 .649  • 0 . 0 8 0  
0 .609  • 0 .088  0 .582  • 0 .067  b 
0 .818  -+ 0 .085 c 0 .798  • 0 .061 c 
0 .690  +- 0 .109  d 0 .672  • 0 .106  d 

aMean -+ S.D., dupl ica te  assays on each of  6 rats  per diet  g roup .  

bSignif icant ly  d i f f e ren t  f r o m  fresh,  und ia lyzed  p r e p a r a t i o n ,  P < 0 . 0 0 5 .  

CSignificantly d i f fe ren t  f r o m  s tored ,  und ia lyzed  p repa ra t ions ,  P < 0 . 0 0 1 .  

dSignif icant ly  d i f fe ren t  f rom s to red ,  d ia lyzed p repa ra t ions  wi th  no  added  chol ine ,  
P < 0 . 0 0 5 .  

T A B L E  It l  

Microsomal  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  in Livers f rom Chol ine-Def ic ient  and Contro l  Male Rats a 

Fa t ty  acid co mp o s i t i o n  

Weight % of  
tota l  m e t h y l  esters 

n m o l  F A / m g  
m i c r o s o m a l  p ro te in  b 

Increase in F A -  
Deficient  m in u s  Cont ro l  

( n m o l / m g  
Fa t ty  acid Contro l  Deficient  Contro l  Deficient  m i c r o s o m a l  p ro t e in )  

14:0 0.3 +- 0.1 0.2 + 0 .06  c 0.4 0.4 0 
16:0 15.5 • 0 .6 17.0 + 1.0 c 21.7 37.4 15.7 
16:1 0.4 • 0.1 0.4 -+ 0.1 0.6 0.9 0.3 
18:0 26.1 -+ 1.2 27.5 + 1.4 36.5 60.5 24.0 
18:1n-9 4.1 • 0 .7 2.3 + 0.3 c 5."/ 5.1 -0.6 
18:2n-6  9.9 • 1.4 5.8 • 0.7 c 13.9 12.8 -1.1 
20 :3n-9  1.0 • 0.2 0.8 + 0.1 1.4 1.8 0.4 
20 :4n-6  28.1 • 1.8 22.5 + 0.8 c 39.3 49 .5  10.2 
22 :4n-6  1.4 • 0.1 0.8 + 0.3 2.0 1.8 -0.2 
22 :5n-6  2.3 -+ 1.3 3.6 + 1.5 3.2 7.9 4.7 
22 :5n-3  1.0 -+ 0.2 0.7 -+ 0.1 c 1.4 1.5 0.1 
22 :6n-3  9.9 +- 1.3 18.5 -+ 2.3 c 13.9 40 .7  26 .8  

Phospha t idy l e than  o lamine  conch . ,  
n m o l / m g  m i c r o s o m a l  p ro te in  70 + 14 110 • 14 c 

aMean + S.D.; 6 animals  per  g roup .  
bEs t •  f r o m  n m o l  PE and  m e a n  we igh t  percen tages  of  m e t h y l  esters.  

CSignificantly d i f fe ren t  f r o m  con t ro l ,  P < 0 . 0 5  or  less. 

mM choline reduced enzyme activity, as has 
been observed by other workers using enzyme 
preparations from normal rats (7,8). 

Concentrations and Fatty Acid Compositions 
of Microsomal PE and PC 

Choline deficiency significantly increased 
the PE/protein ratio in liver microsomes and 
decreased that of PC (Tables III, IV). Similar 
changes were observed by Chen et al. (12) 

in washed microsomal preparations from 
control and choline-deficient rats. 

Choline deficiency also significantly changed 
fatty acid patterns in both PE and PC. The 
increase in/~mol of PE was due to increases in 
16:0, 18:0, 20:4n-6 and 22:6n-3, with little 
change in 18:1n-9 or 18:2n-6 (Table III). The 
reduction in PC was due mainly to decreases in 
/~mol of 16:0, 18:1n-9 and 18:2n-6, with little 
change in other components (Table IV). 
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Concentrations and Fatty Acid Compositions 
of Liver Total 1,2-Diacylglycerols 

Choline deficiency increased the concentra- 
tion of 1,2-diacylglycerols about 6-fold in liver 
total lipid (Table V). Our value for control 
liver, 96 /~g fatty acid/g liver, is equivalent 
to about 0.3 /_tmol diacylglycerol, and agrees 
well with values reported by Elovson (0.2 - 0.25 
/amol/g liver) (23) and Akesson (0.34 /amol/g 
liver) (24). In DG of choline-deficient liver, 
amounts of all fatty acids increased, but by far 
the greatest increases occurred in/Jmol of 16: 0, 
18:1n-9 and 18:2n-6. Thus, the increases in 
fatty acids of DG mirrored the decreases in 
fatty acids of PC. 

DISCUSSION 

Ethanolamine Kinase Activity 

Choline deficiency did not change the 
activity of ethanolamine kinase in rat liver 
cytosol, in agreement with the findings of 
Schneider and Vance (13). Nevertheless, 
choline deficiency probably did increase the 
rate of PE formation by increasing the concen- 
trations of its precursors. We found increased 
concentrations of DG, and Haines and Rose (9) 
found increased concentrations of ethanol- 
amine, ethanolamine phosphate and cytidine 

diphosphoethanolamine in livers of choline- 
deficient rats. 

The reason for elevated concentrations of 
ethanolamine (9) in choline-deficient liver is 
unknown. The concentration of serine, an 
important precursor of ehtanolamine, may be 
increased in choline-deficient rat livers because 
liver serine concentrations are inversely related 
to dietary methionine levels (25,26). The 
concentration of methionine would be 
expected to be lower in choline-deficient livers 
than in controls because controls would utilize 
less of it in the transmethylation of PE. The 
concentration of serine in choline-deficient 
livers has not been reported as far as we know. 

Liver Diacylglycerols and Phosphatidylcholines 

Choline deficiency increased the concentra- 
tion of liver total DG about 6-fold, and the 
concentration of 22:6n-3 DG increased 4-fold 
(Table V). The increased concentration of 
22:6n-3 DG could provide more substrate for 
increased formation of 22:6n-3 PE. Perhaps the 
reduced percentage (not amount) of 22:6n-3 in 
DG of choline-deficient livers reflects selective 
increased utilization of these species for PE 
form ation. 

Accumulation of DG indicates that their 
rates of formation have increased or that their 

T A B L E  IV 

Microsomal  Phospha t idy lcho l ines  in Livers f r o m  Chol ine-Def ic ient  and Cont ro l  Male Rats a 

Fat ty  acid compos i t i on  

Fatty acid 

Weight  % of  tota l  
m e t h y l  esters 

n m o l  F A / m g  
mic rosomal  p ro te in  b 

Decrease in F A -  
Contro l  m in u s  Deficient  

( n m o l / m g  
Contro l  Deficient  Contro l  Deficient  m i c r o s o m a l p r o t e i n )  

I 4 : 0  
16:0 
16:1 
18:0 
18:1n-9 
18:2n-6 
20 :3n-9  
20 :4n-6  
22 :4n-6  
22 :5n-6  
22 :5n-3  
22 :6n-3  

0 . 4 §  0 . 3 •  1.4 0.9 0.5 
1 9 . 8 •  1 8 . 6 + 1 . 1  71.3 58.8 12.5 

0 . 7 •  0 . 6 •  2.5 1.9 0.6 
2 3 . 2 + 1 . 2  2 7 . 6 +  1.7 c 83.5 87.2 -3.7 

5 . 0 •  3 . 7 •  c 18.0 11.7 6.3 
1 8 . 8 •  13.6 • 1.7 b 67.7 43 .0  24.7 

1 . 6 •  1 . 7 + 0 . 4  5.8 5.4 0.4 
2 5 . 4 + 3 . 2  29.3 + 2 . 0  b 91.4 92.6 -1.2 

0 . 3 + 0 . 1  0 . 2 •  1.1 0.6 0.5 
0 . 7 + 0 . 1  0 . 8 •  2.5 2.5 0 
0 . 4 •  0 . 2 + 0 . 0 4  c 1.4 0.6 0.8 
3 . 6 •  3 . 4 + 0 . 8  13.0 10.7 2.3 

Phospha t idy lcho l ine  concn . ,  
n m o l / m g  m i c r o s o m a l  p ro te in  180 + 18 1 5 8 •  15 c 

aMean + S.D.; 6 animals  per  group.  

b E s t i m a t e d  f r o m  n m o l  PC and  m e a n  we igh t  pe rcen tages  o f  m e t h y l  esters .  

CSignificantly d i f fe ren t  f r o m  con t ro l ,  P < 0 . 0 5  or less. 
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T A B L E  V 

T o t a l  L i v e r  1 , 2 - D i a c y l g l y c e r o l s  in  C h o l i n e - D e f i c i e n t  a n d  C o n t r o l  M a l e  R a t s  a 
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W e i g h t  % o f  t o t a l  Fxg F a t t y  a c i d / g  
m e t h y l  e s t e r s  b l ive r  c 

F a t t y  a c i d  C o n t r o l  D e f i c i e n t  C o n t r o l  D e f i c i e n t  

I n c r e a s e  in  ~tg F A  - 
D e f i c i e n t  m i n u s  C o n t r o l  

( g g  F A / g  l i v e r )  

1 4 : 0  1.5 + 0 . 6  1 .4  + 0 .3  1 .4  8.1 
1 6 : 0  2 6 . 4  -+ 2 .6  3 2 . 2  • 2 .8  d 2 5 . 4  1 8 5 . 8  
1 6 : 1  1.5 + 0 .5  2 .2  • 0 . 5  d 1 .4  12 .7  
1 8 : 0  7 .9  -+ 1 .8  5 .3  -+ 0 . 8  d 7 .6  3 0 . 6  
1 8 : 1 n - 9  13 .2  +- 2 .0  1 6 . 8  + 1 .5  d 1 2 . 7  9 6 . 9  
1 8 : 2 n - 6  3 1 . 4  + 3 .0  31 .1  • 2 .3  3 0 . 3  1 7 9 . 4  
1 8 : 3 n - 3  0 .3  • 0 .1  0 .4  • 0.1 0 .3  2.1 
2 0 : 0  0 .4  -+ 0 .1  0 . 7  + 0 . 4  0 .4  3 . 9  
2 0 : 3 n - 9  1.1 + 0 . 4  0 . 5  +- 0 .1  d 1.1 2 .9  
2 0 : 4 n - 6  1 0 . 8  + 1 .9  5 .3  + 0 .7  d 10 .4  3 0 . 6  
2 2 : 4 n - 6  0 .5  + 0.1 0 .3  + 0 .1  0 .5  2 . 0  
2 2 : 5 n - 6  0 .7  + 0 . 2  0 .5  • 0 . 3  0 .7  3 .1  
2 2 : 5 n - 3  0 .6  + 0 .3  0 .5  • 0 . 3  0 . 6  2 . 9  
2 2 : 6 n - 3  3 .1  + 0 . 6  2 .2  • 0 . 5  d 3 .0  1 2 . 7  

D i a c l y g l y c e r o l  c o n c n . ,  ~tg F A C / g  l i ve r  9 6 . 4  • 4 2 . 3  5 7 7  + 96  

6 . 7  
1 6 0 . 4  

1 1 . 3  
2 3 . 0  
8 4 . 2  

149 .1  
1 .8  
3 .5  
1 .8  

2 0 . 2  
1 .5  
2 . 4  
2 .3  
9 .7  

a M e a n  + S .D . ;  6 r a t s  p e r  g r o u p .  

b S o m e  m i n o r  C o m p o n e n t s  a re  o m i t t e d .  

CAs m e t h y l  e s t e r s .  

d S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l ,  P < 0 . O 0 5  o r  less .  

rates of removal have decreased, or both. DG 
can be formed by the splitting of PC to DG and 
CDPcholine and can be removed by the reversal 
of this reaction. The activity of the enzyme 
responsible for this reaction is not changed by 
choline deficiency (13). 

If incorporation of DG into PC is impaired 
in choline deficiency, the fatty acids in accumu- 
lated DG should be those normally incor- 
porated into PC most abundantly by the 
cytidine pathway. These are 16: 0, 18:in-9 and 
18:2n-6, as shown by the rapid in vivo incor- 
poration of 14CH3-choline into liver PC that 
contain 16:0, 18:1n-9 and 18:2n-6, and its 
much slower incorporation into PC that contain 
18:0, 20:4n-6 or 22:6n-3 (27). The labeling 
pattern is apparently due to enzyme selectivity 
rather than abundance of different diglyceride 
substrates, because formation of PC from 
individually labeled 1,2-diglycerides by rat liver 
microsomes showed the following substrate 
preference: 16 :0 -  18:1n-9 > 1 6 : 0 -  1 8 : 2 n - 6 >  
16:0 - 22:6n-3 ~ 16:0 - 20:4n-6 ) all stearoyl 
homologs (28). An accumulation of 16:0, 
18:In-9 and 18:2n-6 was, in fact, observed 
(Table V), and a corresponding deficit was 
observed in PC (Table IV). These changes are 
consistent with an impairment in PC formation 
from DG, but do not exclude a possible 
increase in rate of DG formation. 

Liver Phosphatidylethanolamines 

Choline deficiency increased the concentra- 
tion of PE in microsomes (Table lII) and 
decreased that of PC (Table IV). The increase in 
PE was due mainly to increases in 16:0, 18:0, 
20:4n-6 and 22:6n-3 (Table liD, changes that 
are consistent with an increased rate of PE 
formation. In vivo, radioactive ethanolamine is 
incorporated most extensively into rat liver 
hexaenoic PE, followed by tetraenoic, dienoic 
and monoenoic PE in that order (5,20,29,30). 
This incorporation pattern is due to selectivity 
of the enzyme rather than abundances of 
different substrates, as shown by the preference 
of rat liver microsomes for incorporation of  
individually labeled diglycerides: 16:0 - 22:6n-3 
> 18:0 - 22:6n-3 > 1 6 : 0 -  18:1n-9 = 1 8 : 0 -  
20:4n-6 > 16:0 - 20:4n-6 = 16:0 - 18:2n-6 > 
18:0 - 18:1n-9 (28). The increased amount of 
liver PE and particularly 22:6n-3 PE is, there- 
fore, consistent with an increased rate of PE 
synthesis. 

A selective impairment in transmethylation 
probably does not contribute significantly to 
the selective accumulation of 22:6n-3 PE for 
the following reasons: first, the incorporation 
of 14CH3-methionine into PC does not seem to 
be selectively impaired in choline-deficient rats 
(4,31); secondly, the amount of transmethyla- 
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t ion  in b o t h  con t ro l  and  cho l ine -def ic ien t  ra ts  is 
p robab ly  severely r educed  by  the  low- 
m e t h i o n i n e  diet ,  as s h o w n  by  the  occur rence  o f  
f a t t y  liver, e tc . ,  in an imal s  n o t  s u p p l e m e n t e d  
wi th  chol ine .  It is possible  t ha t  the  rate of  
t r a n s m e t h y l a t i o n  is even greater  in chol ine-  
def ic ien t  ra ts  t h a n  in con t ro l s ,  as sugges ted  by  
an increase 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 - S -  
a d e n o s y l m e t h i o n i n e  m e t h y l  t r ans fe rase  ac t iv i ty  
in cho l ine -def ic ien t  livers (13).  

The  a c c u m u l a t i o n  o f  22 :6n-3  PE in livers of  
cho l ine -def ic ien t  ra ts  appears  to  be due to  an 
increased  rate o f  PE f o r m a t i o n ,  i m p a i r m e n t  of  
t r a n s m e t h y l a t i o n ,  and  select ivi ty  for  22 :6n -3  
DG of  the  e n z y m e  C D P - e t h a n o l a m i n e : l , 2 -  
d iacylglycerol  e t h a n o l a m i n e  p h o s p h o t r a n s -  
ferase.  The  increased  rate  of  PE f o r m a t i o n  is 
p robab ly  caused  by increased  c o n c e n t r a t i o n s  of  
its p recursors ,  inc lud ing  e t h a n o l a m i n e  phos-  
pha t e  and  1,2-diacylglycerols  and  no t  to an 
increase  in e t h a n o l a m i n e  k inase  act ivi ty.  The  
reasons  for  increased  c o n c e n t r a t i o n s  of  these  
p recu r so r s  r ema in  to be d e t e r m i n e d .  
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Incorporation of Dietary cis and trans Octadecenoate Isomers 
in the Lipid Classes of Various Rat Tissues 
RANDALL WOOD, Department of Biochemistry and Biophysics, Texas Agricultural 
Experiment Station, Texas A&M University System, College Station, Texas 77843 

ABSTRACT 

The percentage distribution of the geometrical and positional isomers in the hexadecenoates and 
octadecenoates isolated from triglycerides, phosphatidylcholines, and phosphatidylethanolamines of 
brain, heart, kidney, liver, lung, muscle, spleen, and adipose tissues from rats maintained four weeks 
on a semipurified diet supplemented with 15% partially hydrogenated safflower fatty acids, has been 
determined. Except for brain, octadecenoate percentages were increased in each of the lipid classes of 
all the tissues by the dietary fat. Although the diet did not contain detectable hexadecenoates, the 
16:1 fraction from the lipid classes of all the tissues was composed of 10-70% of the trans isomers, in- 
dicating chain shortening of the dietary octadecenotes. Distribution of eis and trans positional isomers 
in triglyceride hexadecenoates was approximately the same in all tissues. Relatively high percentages 
of the &9, ,Xl0, and &l 1 isomers were observed, but the A8 was the predominating trans hexadecen- 
oate isomer, indicating preferential chain shortening of the trans ,Xl0 octadecenoate. Trans octa- 
decenoates were found in all tissues, but concentrations were dependent on tissue and lipid class. The 
distribution of the cis and trans octadecenoate isomers was similar in all the tissue triglycerides, with 
the distribution of the trans isomers resembling the diet. In contrast, the percentage distribution of the 
trans octadecenoates in the phospholipid classes differed dramatically from the diet, and the 
distribution was dependent on both the tissue and lipid class. The &12, A13, and &14 trans octa- 
decenoates were present in both phospholipid classes of most tissues in higher percentages than the 
diet, suggesting an accumulation of these isomers. Although the cis zXl0 octadecenoate was a signifi- 
cant dietary component, this isomer was not incorporated significantly into any lipid class of any 
tissue. The metabolic fate of this isomer remains unknown. 

INTRODUCTION 

The origin of  the  geometr ical  and posi t ional  
oc tadecenoa te  isomers, the possible relat ion 
of  these dietary fat ty  acids to some diseases, 
and the earlier work in this area have been re- 
viewed (1). In our  earlier studies, we repor ted  
on the dis t r ibut ion of  dietary geometr ica l  and 
posit ional  oc tadecenoate  isomers in the  major  
lipid classes of  rat liver (2,3). The data showed 
the fol lowing:  (a) the oc tadecenoates  of  the 
major  lipid classes contained dif ferent  amounts  
of  the t rans  isomers in addi t ion to the  normal  
cis isomers;  (b) incorpoa t ion  of  oc tadecenoa te  
isomers at the  1- and 2-positions of  glycerol  
exhibi ted  bo th  geometr ical  and posi t ional  
isomer specif ici ty;  (c) preferent ial  incorpora-  
t ion or  exclusion of  some posi t ional  isomers 
was observed for both  the cis and trans octa-  
decenoates ;  and (d) chain shortening of  some 
eis and t rans  oc tadecenoa te  isomers occurred to 
yield hexadecenoates .  

The present  studies were aimed at determin-  
ing whether  the incorpora t ion  of  the dietary 
eis and t rans  octadecenoa te  isomers in the  lipid 
classes of  various o ther  tissues was similar 
to that  of  liver. A prel iminary repor t  of  these 
studies has appeared (4). 

EXPERIMENTAL PROCEDURES 

Male Buffalo strain rats (175-225 g) were fed 

a semipurif ied fat-free diet supplemented  with 
15% (by weight) partially hydrogena ted  saf- 
f lower  fat ty  acids for four  weeks as repor ted  
previously (2). The use of  free fa t ty  acids 
instead of  intact  glycerides allows adsorpt ion 
and incorpora t ion  of  the various isomers at the 
posi t ions of  glycerol to be compared  wi thou t  
the problem of partial glycerides resulting f rom 
digestion. Brain, heart ,  k idney,  liver, lung, 
muscle, spleen and adipose tissues were excised, 
lyophyl ized,  and extracted twice by the Bligh 
and Dyer procedure  (5). Triglycerides, phospha-  
t idylchol ines,  and phosphat idyle thanolamines ,  
the major lipid classes, were isolated by thin 
layer ch romatography  (TLC);  methy l  esters 
were prepared and analyzed quant i ta t ively  by 
gas liquid chromatography  (GLC);  cis and trans 
monoene  esters were isolated by argentat ion 
TLC;  hexadecenoates  and oc tadecenoa tes  were 
isolated by preparative GLC;  and the double 
bond posit ions were de termined  by GLC 
analysis of  the ozonide  cleavage products  as 
descr ibed  previously (6-10). 

The  source and puri ty of  lipid standards, 
solvents,  chemicals,  and reagents were the same 
as given previously (9). 

R ESU LTS 

Dietary Lipids 

The fat ty  acid and isomer conten t  of  the 
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T A B L E  I 

Percentage Distribution of Positional Isomers of Cis and Trans Octadecenoate Fatty Acids Isolated from 
Triglycerides of Rats Fed a Diet Containing 15% Partially Hydrogenated Safflower Fatty Acids 

I s o m e r i c  p e r c e n t  ages  a 

Diet a n d  
tissue A8 A 9  A 1 0  A l l  A 1 2  A 1 3  A 1 4  

trans isomers 

D i e t  ___b 1 2 . 6  3 2 . 7  3 4 . 3  1 3 . 1  4 . 6  2 . 5  
H e a r t  5 . 4  • 1 .9  1 7 . 6  • 1 . 4  2 7 . 8  • 0 . 7  2 9 . 0  • 2 . 6  1 2 . 4  • 0 . 8  4 . 9  • 0 .1  2 .5  • 0 . 3  
K i d n e y  --- 1 8 . 4  + 1 .0  3 3 . 3  • 1 .8  3 0 . 9  -+ 0 . 8  1 4 . 4  • 0 . 9  4 .1  • 0 .1  --- 
L i v e r  4 . 0  2 2 . 7  3 2 . 2  2 3 . 8  1 1 . 9  3 .5  1 .9  
L u n g  4 . 7  • 0 . 6  1 7 . 6  • 1 .4  2 8 . 3  • 0 . 3  3 0 . 0  • 1 .7  1 3 . 2  • 0 . 4  4 . 2  • 0 .1  1 .8  • 0 .1  
M u s c l e  4 . 2  • 0 . 7  1 7 . 3  • 0 . 7  3 1 . 0  • 1 .9  2 9 . 4  • 3 . 8  1 4 . 4  • 1 .0  4 . 9  • 0 .1  2 . 3  • 0 . 2  
Spleen 3 . 2  • 1 .9  1 6 . 5  • 1 .3  3 0 . 4  • 1 .3  2 7 . 6  • 2 . 0  1 4 . 7  • 1 .2  4 . 9  • 0 .1  2 . 3  • 0 .1  
Adipose 5 .5  • 1 .7  1 6 . 7  • 0 .1  2 8 . 7  • 1 .8  2 8 . 6  • 1 .2  1 3 . 6  • 0 . 4  4 . 7  • 0 . 3  1 .8  • 0 .1  

cis i s o m e r s  

Diet --- 6 1 . 8  1 0 . 7  1 1 . 0  1 6 . 1  0 . 3  --- 
H e a r t  --- 7 1 . 0  • 3 . 2  3 . 6  • 1 .2  1 3 . 5  • 1.1 1 0 . 6  +- 1 .9  1 .0  • 0 . 2  --- 
K i d n e y  --- 7 9 . 5  • 2 . 0  --- 1 1 . 2  • 0 . 7  9 .1  • 1 .7  . . . . . .  
L i v e r  1 .3  7 4 . 8  --- 1 4 . 3  9 . 6  . . . . . .  

L u n g  --- 7 5 . 4  • 1 .3  2 . 0  • 0 . 2  1 1 . 4  • 0 . 2  1 0 . 0  • 0 . 8  0 . 9  + 0 .1  --- 
M u s c l e  --- 7 2 . 3  • 2 . 8  2 . 4  • 0 . 2  12 .1  • 0 . 3  1 2 . 1  • 2 . 0  . . . . . .  
S p l e e n  --- 7 7 . 4  • 1 .9  1 .9  • 0 . 5  1 0 . 9  • 0 . 3  8 .5  • 0 . 9  1.1 • 0 .5  --- 
A d i p o s e  2 . 5 •  7 0 . 0 _ + 1 . 2  2 . 3 •  12 .1  •  1 1 . 7 •  1 . 0 •  0 . 2 0 •  

a p e r c e n t a g e s  r e p r e s e n t  t h e  m e a n  • s t a n d a r d  d e v i a t i o n  o f  three rats. P e r c e n t a g e s  w i t h o u t  s t a n d a r d  d e v i a t i o n s  
represent duplicate determinations o f  a p o o l e d  s a m p l e  f r o m  t h r e e  a n i m a l s .  

b.__ D e n o t e s  u n d e t e c t a b l e  q u a n t i t i e s  o r  l eve l s  t o o  l o w  t o  m e a s u r e .  

partially hydrogenated lipids used in these 
studies has been reported previously (1,2), but 
because of the numerous comparisons to be 
made with the dietary fat, it is given again. The 
partially hydrogenated safflower fatty acids 
were composed of: 16:0, 5.7%; 18:0, 6.2%; 
18:1, 76.0%; and 18:2, 12.2%. The octa- 
decenoate fraction consisted of 66.6% trans 
isomers, with the cis isomers making up the 
balance. Percentages of the positional isomers 
in each of the geometrical forms are given in 
Table I. The 18:2 fraction consisted of 69% cis 
cis, 29% of cis trans and trans cis, and 2% of 
trans trans isomers. The 15% partially hydrog- 
enated fatty acids in the diet represented 
approximately one-third of the calories. This 
level of free fatty acids had no effect on feed 
consumption or weight gain of the animals 
relative to chow fed animals. 

Fatty Acid Composition 

The hexadecenoate and octadecenoate per- 
centages of triglycerides, phosphatidylcholines, 
and phosphatidylethanolamines from the vari- 
ous tissues are given in Table II. The complete 
fatty acid composition of these tissue lipid 
classes will be published elsewhere (1). The 
partially hydrogenated fatty acid diet produced 
some changes in the fatty acid composition 

relative to the percentages from chow-fed 
animals reported recently (11). Except for liver, 
triglyceride octadecenoate percentages repre- 
sented ca. 50% of the fatty acid in all the 
tissues, some 10-20% higher than chow fed 
animals. The increased 18:1 percentages re- 
placed mostly the 18:2 fraction. Except for the 
higher percentage of 16:1 in kidney, the 
triglyceride hexadecenoates were affected little 
by the partially hydrogenated fat diet. In 
contrast to the octadecenoate composition of 
the triglycerides, the phospholipids from the 
various tissues contained different percentages 
of 18:1 that ranged between 20 and 50% of the 
total fatty acids. Except for brain, the 
percentages of 18:1 in the various tissue phos- 
pholipids were elevated substantially, in some 
cases up to 300%, over percentages found in 
chow-fed animals (11). Unlike the triglycerides 
in which the increased percentage of 18:1 
replaced primarily the 18:2 fraction, the 
increased percentage of the octadecenoates in 
the phospholipids came at the expense of 
saturated fatty acids in addition to 18:2 in 
some tissues. The increased percentage of 18:1 
fatty acids was probably not due solely to the 
trans isomers in the diet, since similar increases 
have been observed in the serum and adipose 
tissue lipids of rabbits fed a diet high in cis 
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T A B L E  II 

O c t a d e c e n o a t e  and H e x a d e c e n o a t e  Percentages  F oun d  in the  Various  Tissues o f  Rats Mainta ined 
on a Fa t -Free  Diet S u p p l e m e n t e d  wi th  15% Part ial ly H y d r o g e n a t e d  Saf f lower  F a t t y  Acids  a 

977 

Percentages  o f  t h e  to t a l  f a t t y  acids b 

PC PE 
T G  c 

Tissue 18:1 16:1 18:1 16:1 t 8 : 1  16:1 

Brain 50.1 • 1.0 5.8 -+ 0.4 30:6 -+ 0.2 1.0 + 0.0 26.5 -+ 0.6 T d 
Hea r t  26 .0  • 1.5 8.6 • 1.7 26.3 -+ 0.9 1.3 -+ 0.1 20.9 • 1.5 0.5 • 0.1 
K idney  48.8 -+ 3.1 12.8 -+ 1.9 23 .4  -+ 1.2 3.1 • 0.3 19.1 • 1.1 0.9 • 0.1 
Liver  35.5 3.0 29.5 + 0.8 3.2 • 0.7 23.6 • 0.8 2.4 • 0 .4 
Lung  49 .4  • 1.7 6.4 • 0.1 18.0 • 0.5 14.7 • 1.0 29 .4  +- 3.9 3.0 + 1.3 
Muscle 48 .9  • 2.5 8.6 -+ 1.6 21.1 + 0.4 3.8 • 0.5 17.8 • 2.1 0.8 • 0.2 
Spleen 47 .3  • 1.8 8.7 • 1.4 32.2 4.7 35.2 1.8 
Ad ipose  51.9 • 4.2 6.2 • 0.8 43.1 2.8 50.7 2.0 

aThe  d i e t a ry  f a t t y  acids consis ted o f  76% oc t adecenoa te s ,  but  no  de t ec t ab l e  hexadecenoa te s .  

b Percentages  r ep resen t  the  m e a n  • s t andard  dev ia t ion  f r o m  analyses  o f  fou r  ra ts  individual ly .  Means w i t h o u t  
s t andard  devia t ion  represen t  dupl ica te  analyses  o f  a pooled  sample  consist ing o f  3-6 animals.  

CTG = t r ig lycer ides ;  PC = phospha t idy lcho l ines ;  PE = p h o s p h a t i d y l e t h a n o l a m i n e s .  

dT  Deno tes  de t ec t ab le  a m o u n t s  less than  0.5%. 

T A B L E  III 

Dis t r ibu t ion  o f  Cis and Trans  H e x a d e c e n o a t e  I somers  in the  Major Lipid Classes Ob ta ined  f r o m  Several  Tissues 
o f  Rats  Mainta ined on a Fa t -Free  Diet S u p p l e m e n t e d  wi th  15% Partial ly H y d r o g e n a t e d  Saf f lower  F a t t y  Acids  a 

G e o m e t r i c a l  i somer  pe rcen tages  b 

T G  PC PE 

Tissue % cis %trans % ci$ % trans % cis % trans 

Brain . . . . . .  61.1 38.9 . . . . . .  
Hea r t  76.0+- 5.9 24.0-+ 5.9 29.9 70.1 . . . . . .  
K idney  84.5 -+ 14.0 15.5 • 14.0 31.7 68.3 54.8 45 .2  
Liver 62.0 38.0 69 .0  31.0 79 .0  21 .0  
Lung  75.5 + 12.7 24.5 • 12.7 48.6 -+ 9.2 51 .4  -+ 9.2 45.8 54.2 
Muscle 90.8 + 3.6 9.2 • 3.6 50.2 49 .8  . . . . . .  
Spleen 88.6 • 3.7 11.4-+ 3.7 35.0 65.0 75.2 24.8 
Adipose  83.1 -+ 4.2 16.9 • 4.2 55.5 44.5 81.7 18.3 

aThe  diet  did no t  con ta in  d e t e c t a b l e  quan t i t i es  o f  he xa decen o a t e s .  

bpe rcen tages  represen t  the  m e a n  • s t anda rd  dev ia t ion  f r o m  analyses  o f  three  rats  indiv idual ly .  Means w i t h o u t  
s tandard  devia t ions  r ep resen t  analysis o f  a pooled  sample  consist ing o f  th ree  animals .  

octadecenoates as well as the trans isomers 
(12). Generally, the hexadecenoate percentages 
were higher in the phospholipids from the 
animals fed the partially hydrogenated fat diet 
than the chow-fed animals, but the percentages 
remained relatively small except for lung 
phosphatidylcholines. 

Geometrical Isomer Composition 

The percentage of the cis and trans hexa- 
decenoate isomers from the major lipid classes 

of the various tissues is given in Table III .  
Except for liver, the triglycerides of the various 
tissues consisted of 75% or more of the cis 
isomer. The hexadecenoates of heart, k i d n e y ,  
lung, and spleen phosphatidylcholines con- 
tained more than 50% of the trans isomers. The 
percentage distribution of the hexadecenoates 
in liver, spleen and adipose phosphatidyletha- 
nolamines was similar to the triglycerides in 
which the cis isomers predominated. 

Table IV gives the percentages of the octa- 
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TABLE IV 

Distribution of Cis and Trans Octadecenoate Isomers in the Major Lipid Classes Obtained from Several Tissues 
o f  Rats Maintained on a Fat-Free Diet Supplemented with 15% Partially Hydrogenated Safflower Fatty Acids a 

Geometrical isomer percentages b 

TG PC PE 

Tissue % cis % trans % cis % trans % cis % trans 

Brain . . . . .  c 98.4 • 0.1 1.6 • 0.1 97.4 • 0.1 2.6 • 0.1 
Heart 72.6 -+ 1.8 27.4 +- 1.8 50.4 • 5.6 49.6 • 5.6 39.9 + 3.3 60.1 • 3.3 
Kidney 76.3 • 6.5 23.7 -+ 6.5 66.5 • 3.4 33.5 • 3.4 58.9 • 2.4 41.1 • 2.4 
Liver 84.7 15.3 45.4 54.6 31.7 68.3 
Lung 68.6 + 2.4 31.4 + 2.4 72.8 -+ 2.2 27.2 + 2.2 66.9 +- 3.8 33.1 • 3.8 
Muscle 72.4 -+ 4.3 27.6 • 4.3 72.5 -+ 0.8 27.5 + 0.8 44.4 -+ 3.6 55.6 • 3.6 
Spleen 70.8 -+ 4.8 29.2 • 4.8 58.1 41.9 53.9 46.1 
Adipose 65.6 • 0.9 34.4 • 0.9 58.4 41.6 56.9 43.1 

aThe octadecenoates represented 76% of the total  fatty acids and consisted of 33.4% cis and 66.6% trans 
isomers. 

bpercentages represent the mean • standard deviation from analyses of three rats individually. Means without 
standard deviations represent analysis of a pooled sample consisting of three animals. 

CQuantities were  too  small to permit analysis. 

decenoa t e  geomet r i ca l  i somers  f o u n d  in t he  
ma jo r  l ipid classes of  the  var ious  t issues of  
animals  fed the  par t ia l ly  h y d r o g e n a t e d  fa t  die t  
for  one  m o n t h .  Preferen t ia l  l ipid class and  
t issue d i s t r ibu t ions  of  the  cis and trans i somers  
were observed.  The  t r ig lycer ides  cons is ted  of  
65-85% of  the  cis isomers.  The  o c t a d e c e n o a t e s  
of  bra in  phospho l ip id s  were  a lmos t  exclusively 
t he  cis i somers ;  however ,  de tec tab le  quan t i t i e s  
of  t he  trans i somers  were  observed .  Octa-  
decenoa tes  f rom the  o the r  t issue phospho l ip id s  
c o n t a i n e d  m u c h  larger pe rcen tages  of  t he  trans 

i somers ;  in some cases more  t h a n  ha l f  of  the  
o c t a d e c e n o a t e  f rac t ion.  

Positional Isomer Composition 

The  d i s t r i bu t ion  of  the  cis and trans hexa-  
decenoa t e s  f rom the  t r ig lycer ides  of the  var ious  
t issues of  ra ts  fed t he  par t ia l ly  h y d r o g e n a t e d  fat  
d ie t  is s h o w n  in Table  V. There  was l i t t le  
ev idence  of  p re fe ren t ia l  i n c o r p o r a t i o n  of  any  
pos i t iona l  i somer  in any  of  the  tissues. T he  cis 
A9 h e x a d e c e n o a t e  r ep resen ted  more  t h a n  94% 
of  the  to ta l  in  all the  tissues. The  r e m a i n d e r  of  
the  cis f r ac t ion  c o n t a i n e d  p r e d o m i n a t e l y  small  
pe rcen tages  of  the  A8, A10,  and  A11 isomers.  
The  A8 was t he  p r e d o m i n a n t  trans hexa-  
d e c e n o a t e  i somer  (35-50%)  in all t he  t issue 
t r iglycerides.  The  A9 i somers  a c c o u n t e d  for  
15-20% of  t he  t rans  hexadecenoa t e s ,  fo l lowed 
b y  10% each  of  the  A10  and  A l l  i somers .  
Smal ler  pe rcen tages  of  the  A7,  A12,  A13,  and  
A 1 4  m a d e  up  the  ba lance  of  t he  trans hexa-  
decenoa te s  in t he  tr iglycerides.  

The  percen tage  d i s t r i bu t ion  o f  t h e  posi- 
t i ona l  i somers  in the  cis and  t rans  octa-  
decenoa t e s  i sola ted f rom the  t r ig lyeer ides  of  
var ious  t issues of ra ts  fed the  part iaUy h y d r o -  
gena ted  fa t  die t  is given in Table  I. The  per- 
centage  d i s t r ibu t ion  of  the  pos i t iona l  i somers  
for  the  cis and t rans  o c t a d e c e n o a t e s  in the  diet  
is also given in the  Table  for  compar i son .  
Oleate,  t he  A9 isomer ,  r ep re sen t ed  70-80% of  
the  t r ig lycer ide  cis oc tadecenoa te s .  The  A l l  
and  A 1 2  isomers  were the  o t h e r  ma jo r  posi- 
t i ona l  i somers  of  th is  f rac t ion.  Excep t  for  t he  
A8 and  A9 isomers ,  the  d i s t r i bu t i on  of  the  
t rans  o c t a d e c e n o a t e  pos i t iona l  i somers  in all t he  
t issue t r iglycer ides  was similar to  the  pos i t iona l  
i somer  d i s t r i bu t ion  in the  diet .  

The  d i s t r ibu t ions  of  the  pos i t iona l  i somers  
f o u n d  in t he  cis and  t rans  o c t a d e c e n o a t e  
f rac t ions  isola ted f rom the  two  ma jo r  p h o s p h o -  
l ipid classes of  var ious  t issues f rom rats  
m a i n t a i n e d  on  t he  par t ia l ly  h y d r o g e n a t e d  fa t  
d ie t  for  one  m o n t h  are given in  Tab les  VI  and  
VII.  Lipid classes and  t issues e x h i b i t e d  prefer -  
en t ia l  i n c o r p o r a t i o n  of  the  pos i t iona l  i somers  
f r o m  b o t h  geomet r i ca l  forms.  Cis octa-  
decenoa t e s  f rom the  bra in  phospho l ip id s  were 
p r e d o m i n a t e l y  the  A9 and  A11 isomers .  The  
A12  i somer  pe rcen tages  o f  all t i ssue phospha -  
t idy lcho l ines  and  four  of  t he  e ight  t issue 
p h o s p h a t i d y l e t h a n o l a m i n e  cis o c t a d e c e n o a t e s  

were h igher  t h a n  was p resen t  in  t h e  diet .  Hear t  
and  spleen p h o s p h a t i d y l c h o l i n e  c o n t a i n e d  a 
h igher  pe rcen tage  o f  t he  A 1 2  t h a n  t h e  o lea te  or  
vaccena te ,  wh ich  p r e d o m i n a t e  in all t issue 
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TABLE V 

Percentage Distribution of  Positional Isomers of  Cis and Trans  Hexadecenoate Fat ty  Acids Isolated from 
Triglycerides of  Rats Fed a Diet Containing 15% Partially Hydrogenated Safflower Fat ty  Acids 

Isomeric percentages a 

Tissue A7 A8 A9 AI0 A l l  AI2 A13 A14 

trans isomers 

Heart 4.7 42.7 20.2 12.1 10.8 5.6 2.6 0.9 
Kidney 4.1 43.6 -+ 2.1 18.9 • 1.0 14.4 -+ 1.0 13.8 • 3.6 6.4 • 1.0 2.9 1.2 
Liver 4.7 54.4 16.4 9.9 7.9 5.6 1.0 _.b 
Lung 6.6 41.6 20.8 11.7 10.8 5.6 1.3 1.3 
Muscle 2.6 36.6 20.2 12.7 13.2 6.9 4.5 2.9 
Spleen 6.2 45.2 18.6 11.1 9.4 5.2 2.6 1.2 
Adipose 4.7 39.4 17.7 11.8 10.3 6.1 5.1 4.5 

eis isomers 

Heart --- 1.9 • 0.4 93.9 -+ 2.5 2.9 -+ 2.6 0.9 -+ 0. I 0.3 • 0.1 . . . . . .  
Kidney -- 2.6 • 1.0 94,6 • 2.2 1.8 • 1.2 0.6 -+ 0.4 0.3 . . . . . .  
Liver 4.4 1.4 88.1 2.7 2.4 0.9 . . . . . .  
Lung --- 1.7 -+ 0.7 98.2 +- 1.5 1.0 0.6 . . . . . . . . .  
Muscle --- 1.9 • 0.5 96,0 +- 0.6 1.3 • 0.5 0.5 +- 0.1 0.1 + 0.1 . . . . . .  
Spleen --- 0.9 +- 0.6 97.9 • 1.9 1.1 +- 0.4 0.6 + 0.1 0.2 • 0.1 . . . . . .  
Adipose --- 2.4 -+ 1.3 95.5 +- 2.2 1.1 • 0.6 0.7 • 0.1 0.3 . . . . . .  

apercentages represent the mean • standard deviation of  three rats. Percentages 
represent duplicate determinat ions  of  a pooled sample from three animals. 

b__. Denotes undetectable quanti t ies or levels too low to measure. 

wi thout  standard deviations 

p h o s p h o l i p i d s  f r o m  a n i m a l s  f ed  d i e t s  c o n t a i n i n g  
n a t u r a l  f a t s  (11 ) .  T h e  p e r c e n t a g e s  o f  t h e  
t r a n s  o c t a d e c e n o a t e  p o s i t i o n a l  i s o m e r s  in m o s t  
o f  t h e  t i s s u e  p h o s p h o l i p i d s  d i f f e r  d r a m a t i c a l l y  
f r o m  t h e  d ie t :  t h e  A 1 0  i s o m e r  w a s  r e d u c e d  
s i g n i f i c a n t l y  in  m o s t  t i s s u e s ,  w h e r e a s  t h e  A 1 2 ,  
A 13,  a n d  A 14 i s o m e r s  we re  i n c r e a s e d .  

DISCUSSION 

T h e  o c c u r r e n c e  o f  t r a n s  h e x a d e c e n o a t e  
i s o m e r s  in t h e  l ipid c l a s ses  o f  t h e  v a r i o u s  t i s s u e s  
is o f  c o n s i d e r a b l e  i n t e r e s t ,  s ince  t h e  d ie t  d id  
n o t  c o n t a i n  d e t e c t a b l e  q u a n t i t i e s  o f  h e x a -  
d e c e n o a t e s  a n d  t h e  l ip ids  o f  a n i m a l s  m a i n t a i n e d  
o n  c h o w  d ie t s  do  n o t  c o n t a i n  m o r e  t h a n  t r a c e  
a m o u n t s  o f  t r a n s  h e x a d e c e n o a t e s  (11) .  T h e  
t r a n s  i s o m e r s  we re  p r e s e n t  in all t h e  t i s s u e s  
e x a m i n e d ,  b u t  t h e  p e r c e n t a g e s  we re  d e p e n d e n t  
o n  t h e  t i s s u e  a n d  t h e  l ip id  c lass .  T h e  or ig in  o f  
t h e  t r a n s  h e x a d e c e n o a t e s  w o u l d  a p p e a r  to  be  
c h a i n  s h o r t e n i n g  o f  t h e  t r a n s  o c t a d e c e n o a t e s  as  
we s u g g e s t e d  ear l ie r  (2)  t h a t  o c c u r s  in  l iver.  
C h a i n  s h o r t e n i n g  b y  t w o  c a r b o n  a t o m s  or  
" r e t r o c o n v e r s i o n , "  as it  is ca l led  b y  s o m e  
i n v e s t i g a t o r s ,  h a s  b e e n  r e p o r t e d  to  o c c u r  in 
p o l y u n s a t u r a t e d  f a t t y  a c i d s  o f  i n t a c t  r a t s  ( 1 3 )  
a n d  ra t  l iver m i t o c h o n d r i a  ( 14 ) .  Ce l l - f ree  
p r e p a r a t i o n s  o f  r a t  l iver  h a v e  also b e e n  r e p o r t e d  
to  pa r t i a l l y  d e g r a d e  s t e a r o y l - C o A  ( 1 5 , 1 6 ) .  
E x a m i n a t i o n  o f  t h e  p o s i t i o n a l  i s o m e r s  o f  t h e  

16:1  f r a c t i o n  f r o m  t r i g l y c e r i d e s  ( T a b l e  V)  
i n d i c a t e s  p r e f e r e n t i a l  c h a i n  s h o r t e n i n g .  T h e  
p r e d o m i n a n c e  o f  t h e  t r a n s  A 8  h e x a d e c e n o a t e  
m a y  be  r e l a t e d  t o  t h e  c o n f o r m a t i o n  o f  e i t h e r  
t h e  s u b s t r a t e  ( t r a n s  A 10 o c t a d e c e n o a t e )  o r  t h e  
p r o d u c t .  C o n f o r m a t i o n a l  a n d  c o n f i g u r a t i o n a l  
c h a n g e s  m i g h t  m a k e  t h e  m o l e c u l e  u n d e s i r a b l e  
o r  i n c o m p a t i b l e  w i t h  t h e  b e t a - o x i d a t i o n  
s y s t e m ,  r e s u l t i n g  in t h e  r e l ease  o f  t h e  t r a n s  A 8  

h e x a d e c e n o a t e  a f t e r  r e m o v a l  o f  o n l y  o n e  
a c e t a t e .  S o m e  c h a i n  s h o r t e n i n g  o f  t h e  cis  

o c t a d e c e n o a t e  i s o m e r s  a l so  o c c u r r e d  ( T a b l e  V) ,  
b u t  to  a m u c h  s m a l l e r  deg ree  t h a n  w i t h  t h e  
t r a n s  o c t a d e c e n o a t e s .  T h i s  c o n c l u s i o n  is b a s e d  
u p o n  t h e  a s s u m p t i o n  t h a t  t h e  cis  A9 h e x a -  
d e c e n o a t e  t h a t  p r e d o m i n a t e d  in t h e  cis 
f r a c t i o n  o f  t h e  t r i g l y c e r i d e s  was  n o t  de r i ved  t o  
a n y  s i g n i f i c a n t  e x t e n t  f r o m  t h e  c h a i n  s h o r t e n -  
ing  o f  t h e  cis  A l l  o c t a d e c e n o a t e  i s o m e r .  
T h e s e  d a t a  a p p e a r  to  r e p r e s e n t  a n  e x c e p t i o n  to  
t h e  l o n g  he ld  be l i e f  t h a t  t h e r e  is n o  pa r t i a l  
d e g r a d a t i o n  o f  f a t t y  a c id s  ( 1 7 , 1 8 ) .  

A l t h o u g h  c h a i n  s h o r t e n i n g  o f  t h e  o c t a -  
d e c e n o a t e s  p r o b a b l y  a c c o u n t s  fo r  m o s t  o f  t h e  
u n n a t u r a l  c is  a n d  t r a n s  h e x a d e c e n o a t e s ,  it  d o e s  
n o t  a p p e a r  l ike ly  to  e x p l a i n  t h e  o c c u r r e n c e  o f  
t h e  A 1 3 ,  A 1 4  a n d  p o s s i b l y  s o m e  o f  t h e  A 1 2  
t r a n s  h e x a d e c e n o a t e s  ( T a b l e  V) ,  w h i c h  a re  
a b s e n t  f r o m  m o s t  t i s s u e s  o f  c h o w - f e d  a n i m a l s  
(11 ) .  T h e  d i e t a r y  o c t a d e c e n o a t e s  ( T a b l e  I) d id  
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T A B L E  V I  

P e r c e n t a g e  D i s t r i b u t i o n  o f  P o s i t i o n a l  I s o m e r s  o f  C i s - O c t a d e c e n o a t e  F a t t y  A c i d s  I s o l a t e d  f r o m  
P h o s p h o l i p i d s  o f  R a t s  F e d  a D i e t  C o n t a i n i n g  1 5 %  P a r t i a l l y  H y d r o g e n a t e d  S a f f l o w e r  F a t t y  A c i d s  

I s o m e r i c  p e r c e n t a g e s  a 

T i s s u e  A 8  A9  A 1 0  A 1 1  A 1 2  A 1 3  A 1 4  

P h o s p h a t i d y l c h o l i n e s  

B r a i n  0 . 6  -+ 0 . 4  7 2 . 1  -+ 1 .0  . . .b  2 4 . 5  -+ 0 .6  1.5 -+ 0 . 0  0 .6  -+ 0 .1  0 .7  -+ 0 .3  
H e a r t  0 .6  -+ 0 . 0  2 6 . 5  -+ 1.2 2 . 6  -+ 0 .7  3 7 . 7  -+ 2 .2  2 8 . 3  -+ 1.5 2 .5  -+ 0 .1  1.8 -+ 0 . 3  
K i d n e y  52 .5  -+ 1 .3  - -  2 0 . 7  "+ 0 .6  2 1 . 6  -+ 3 .6  2 .2  -+ 0 . 6  0 .8  + 0 . 3  
L i v e r  T c 4 3 . 2  -+ 1 .0  2 3 . 5  2 9 . 0  2 .5  0 .8  
L u n g  0 .6  -+ 0 .2  5 4 . 9  _+ 3 . 4  1.9 -+ 0 . 6  16 .6  + 1 .0  2 3 . 7  + 2 . 4  1.7 -+ 0 .2  0 .8  "+ 0.1  
M u s c l e  --- 3 7 . 9  -+ 3 .7  2 .5  -+ 0 .3  2 9 . 2  • 3 .3  2 6 . 7  -+ 1 .9  2 . 4  -+ 0 .2  1.2 -+ 0 . 6  
S p l e e n  0 . 4  3 2 . 3  1.6 2 2 . 8  39 .5  2 . 6  0 .7  
A d i p o s e  0 .3  6 2 . 6  1.5 11 .2  2 2 . 3  1 .3  0 .7  

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  
B r a i n  4 . 9  -+ 2 . 0  7 5 . 6  -+ 3.1 --- 18.2  -+ 1.5 0 .6  • 0 .1  --- 0 .7  -+ 0 .5  
H e a r t  1 .4  -+ 0 . 8  3 2 . 7  + 3 . 0  3 .3  -+ 0 . 6  3 6 . 9  -+ 2 .1  2 2 . 1  -+ 1.1 1.6 -+ 0 . 4  2 . 4  + 2 . 0  
K i d n e y  --- 7 4 . 3  -+ 1.7 0 .9  -+ 0 .2  12 .7  -+ 0 .7  9 .8  -+ 1.3 0 .7  -+ 0 .2  1 .6  -+ 1 .3  
L i v e r  1 .9  3 6 . 8  1.7 3 1 . 4  2 1 . 5  3 .7  1.8 
L u n g  - -  7 3 . 1 + 1 . 6  0 . 9 - + 0 . 2  1 1 . 8 - + 1 . 6  1 0 . 3 + - 1 . 7  0 . 6 + 0 . 1  3 . 4 - + 4 . 3  
M u s c l e  0 .7  -+ 0 .3  4 6 . 4  "+ 3.2  2 . 3  -+ 0 . 3  2 8 . 0  -+ 5 .4  19 .0  -+ 2 .0  1.5 -+ 0 .2  2 . 3  -+ 0 . 8  
S p l e e n  --- 4 5 . 3  3 .0  2 2 . 7  2 6 . 9  1 .4  0 .7  
A d i p o s e  4 . 9  6 9 . 7  1 .6  14 .6  7 .8  0 .7  0 . 6  

a p e r c e n t a g e s  r e p r e s e n t  t h e  m e a n  -+ s t a n d a r d  d e v i a t i o n  o f  t h r e e  r a t s .  P e r c e n t a g e s  w i t h o u t  s t a n d a r d  d e v i a t i o n s  
r e p r e s e n t  d u p l i c a t e  d e t e r m i n a t i o n s  o f  a p o o l e d  s a m p l e  f r o m  t h r e e  a n i m a l s .  

b_.. D e n o t e s  u n d e t e c t a b l e  q u a n t i t i e s  o r  l eve ls  t o o  l o w  to  m e a s u r e .  

c T D e n o t e s  d e t e c t a b l e  q u a n t i t i e s  less  t h a n  0 .5%.  

T A B L E  V I I  

P e r c e n t a g e  D i s t r i b u t i o n  o f  P o s i t i o n a l  I s o m e r s  o f  Trans .Oc tadecenoa te  F a t t y  A c i d s  I s o l a t e d  f r o m  
P h o s p h o l i p i d s  o f  R a t s  F e d  a D i e t  C o n t a i n i n g  15% P a r t i a l l y  H y d r o g e n a t e d  S a f f l o w e r  F a t t y  A c i d s  

I s o m e r i c  p e r c e n t a g e s  a 

T i s s u e  A8  A 9  A 1 0  A 1 1  A 1 2  A 1 3  A 1 4  

P h o s p h a t i d  y l c h o l i n e s  

B r a i n  . . .b  . . . . . . . . . . . . . . . . .  
H e a r t  0 .6  -+ 0.1 14 .2  -+ 0 . 7  7 .1  "+0.8 3 0 . 6  -+ 1.0 2 4 . 6  "+ 0 . 4  8 .7  +- 0 .5  13 .2  +- 0 .7  
K i d n e y  --- 1 1 . 2 + 2 . 0  1 2 . 6 + 2 . 4  2 2 . 1 - + 3 . 2  3 1 . 4 - + 2 . 2  9 . 0 - + 2 . 2  1 2 . 0 - + 3 . 8  
L i v e r  3 .2  15 .5  5 .8  2 6 . 9  3 3 . 9  6 .7  6 .8  
L u n g  1.4  -+ 0 . 3  7 . 4  -+ 1.7 2 4 . 2  -+ 0 . 9  2 2 . 7  -+ 0 .6  2 5 . 2  -+ 2 . 0  4 . 4  -+ 0 .1  14 .0  -+ 1.2 
M u s c l e  - -  1 9 . 4  -+ 1.6 2 3 . 8  -+ 2 .3  2 0 . 7  -+ 1.2 15 .5  -+ 1.1 5 .8  -+ 0 . 8  12 .8  -+ 2 . 6  
S p l e e n  0 .6  10 .3  2 1 . 8  2 9 . 8  2 7 . 6  5 .8  3 .5  
A d i p o s e  0 .4  13 .2  13 .7  2 8 . 1  3 2 . 8  5 .6  5 .4  

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  

B r a i n  --- 0 . 1  - - -  - . . . . . . . . . . . . . .  
H e a r t  1.2 -+ 0 .1  15 .2  +- 2 .8  6 . 4  +- 1.7 31 .5  -+ 1.3 2 4 . 0  -+ 1 .0  8 .4  -+ 1 .0  12.2  -+ 3 .7  
K i d n e y  0 . 8 - + 0 . 0  13 .6 -+  1 .0  9 . 9 - + 0 . 9  2 5 . 0 - +  1.5 3 2 . 3 -  + 1.1 6 . 3 - + 0 . 3  1 1 . 3 - + 2 . 2  
L i v e r  2 . 4  1 4 . 4  7 .8  2 4 . 4  3 5 . 4  6 .9  7 .3  
L u n g  0 .7  -+ 0 .1  12.1  -+ 0 .1  2 3 . 5  -+ 2 .7  2 7 . 0  -+ 1 .3  2 3 . 4  -+ 1 .4  5 .2  -+ 0 . 4  7 .7  -+ 4 .1  
M u s c l e  1.6 -+ 0 .2  18 .2  -+ 1 .3  8 .7  +- 1.2 2 5 . 8  -+ 1 .0  2 2 . 3  -+ 0 .9  8 .5  -+ 0 . 4  14 .2  -+ 1 .0  
S p l e e n  1.7 9 . 4  17 .9  31 .1  2 7 . 6  6 .9  4 .5  
A d i p o s e  3 .3  1 6 . 4  16.1 28 .1  2 6 . 3  5.1 4 . 0  

a p e r c e n t a g e s  r e p r e s e n t  t h e  m e a n  -+ s t a n d a r d  d e v i a t i o n  o f  t h r e e  r a t s .  P e r c e n t a g e s  w i t h o u t  s t a n d a r d  d e v i a t i o n s  
r e p r e s e n t  d u p l i c a t e  d e t e r m i n a t i o n s  o f  a p o o l e d  s a m p l e  f r o m  t h r e e  a n i m a l s .  

b L o w  c o n c e n t r a t i o n s  d i d  n o t  p e r m i t  a n a l y s i s  o f  trans p o s i t i o n a l  i s o m e r s  in  b r a i n .  
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not contain detectable quantities of the A15 
and A16 isomers and only 2,5% Of the A14 
isomer which would have been the precursor of 
the A12 hexadecenoate. Some rough calcula- 
tions indicate that if the trans A15 and A16 
octadecenoates had been present at the 0.25% 
level, which would have been near the limits of 
detection, nearly all of these isomers would 
have had to have been deposited after chain 
shortening to equal the amounts observed. If 
this were to be the case, then the lack of 
turnover of these isomers might lead to accu- 
mulation which might be of concern. This will 
be taken up again later in the discussion. 
However, it seems unlikely that these hexa- 
decenoate isomers would not undergo some 
turnover. This sequence of events might give 
rise to a small amount of these isomeric fatty 
acids, but it does not seem reasonable to 
explain the observed levels of the A12, A13, or 
A I4 trans hexadecenoates. A similar situation 
exists in the octadecenoates in which the 
triglycerides (Table I), and to a lesser degree the 
phospholipids (Table VII), contained a much 
higher percentage of the A8 isomer than was 
present in the diet. This also suggests that either 
trace amounts of this isomer in the diet were 
not turned over after being incorporated into 
the lipids or that there is a metabolic process at 
work which has not been described. Such a 
metabolic process might involve a microbial or 
mammalian isomerase capable of shifting a 
double bond at specific locations one or more 
carbons with retention of configuration. 
Movement of the double bond toward the 
methyl end before or after chain shortening 
could account for the A12 to A14 hexa- 
decenoates, whereas movement towards the 
carboxyl group would give rise to the trans A 8  
octadecenoates found in the tissue lipids. If 
such an isomerase is present, it would appear 
that the trans isomer is the primary product 
since the cis hexadecenoates and octa- 
decenoates from the triglycerides (Table I and 
V) did not contain more than trace amounts in 
most tissues of  the 2112, 2113, 2114 hexa- 
decenoates and the 218 octadecenoates. 

Triglycerides from the various tissues ex- 
hibited approximately the same: fatty acid 
composition (Table II); percentage distribution 
of cis and trans octadecenoate isomers (Table 
IV); and percentage distribution of the posi- 
tional isomers from each of the geometrical 
octadecenoate fractions (Table I). These 
similarities in the triglycerides among various 
tissues have been noted in chow-fed animals, 
and the metabolic conditions that might 
explain this observation (11) have been dis- 
cussed. Except for a slight enrichment of the 

A8 and A9 isomers, the distribution of the 
trans octadecenoate positional isomers in the 
tissues was similar to that of the diet (Table I). 
In addition to the triglycerides, the cholesterol 
esters of liver have been shown to contain a 
distribution of trans octadecenoate isomers 
similar to the diet (1,2). These results indicate 
that most of the trans positional octadecenoate 
isomers were absorbed, transported, and 
incorporated into triglycerides, and presumably 
cholesterol esters, without appreciable selec- 
tivity or specificity. This remarkable phenom- 
enon does not include the incorporation of 
trans fatty acids into phospholipids or some of 
the positional isomers of the cis octa-  
decenoates. 

Although the interpretation of the distribu- 
tion of the dietary cis octadecenoates into the 
tissue lipids is somewhat complicated by the 
two naturally occurring isomers, oleate and 
vaccenate, it can still be recognized that the 
distribution differs from the diet. The cis A 10 
octadecenoate isomer, a significant component 
of the diet, was not incorporated to any signifi- 
cant extent in either the triglycerides or the 
phospholipids (Tables I and VI). When the liver 
lipids were first shown to be practically devoid 
of this isomer (2), it was thought that this 
might be a peculiarity of liver, but the present 
data indicate that the isomer is low in all the 
tissues examined. The lipids of th~ feces from 
the animals on this diet have been examined, 
but the cis A10 isomer was not present in 
higher amounts than the other dietary isomers 
(1). At the present, the metabolic fate of this 
isomer is unknown. Cis A 12 octadecenoate was 
incorporated in the lipids of all tissues, but the 
percentages were higher in the phospholipids of 
some tissues than the percentage of this isomer 
in the diet. The possible importance of the 
apparent accumulation of this unnatural isomer 
will be discussed later. 

In contrast to the triglycerides where the 
distribution of the positional isomers in the 
tissues differed little from the diet, the phos- 
pholipids exhibited positional isomer selectivity 
(Table VII). Trans A10 octadecenoate, a major 
isomer of the diet, was restricted to a low 
percentage in the phospholipids of  some tissues, 
especially heart and liver. The low percentage 
incorporation of this isomer probably resulted 
from more stringent enzyme specificities in 
some tissues than others. Preferential or rapid 
oxidation of the A 10 isomer in some tissues can 
probably be discounted because as noted in the 
earlier discussion the triglycerides of all the 
tissues examined contained a high level of this 
trans isomer. Some of the ideas advanced on 
how the preferential distribution of the 
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naturally occurring octadecenoate isomers 
occurs in different tissues may apply to the 
unnatural isomers as well (11). 

In addition to the cis A12 isomer, the trans 
A12, A13, and A14 octadecenoates appear to 
accumulate in the phospholipids of most 
tissues. The word "accumulate"  is used here to 
indicate a substantially higher percentage of an 
isomer in the tissue lipids than was present in 
the diet. Some, and perhaps most, of the 
unnatural isomers are probably incorporated 
into complex lipids and turn over at rates 
similar to natural fatty acids. A slower turnover 
rate of some isomers could lead to their accum- 
ulation and perhaps, eventually altered mem- 
brane and tissue function. A slow turnover 
might be implicated if the isomers that accumu- 
late were selectively or preferentially rein- 
corporated into the phosphoglycerides after 
being hydrolyzed in normal turnover, but one 
would not expect unnatural isomers to be 
preferentially incorporated to natural fatty 
acids. Decreased enzymatic activity that would 
be necessary for the isomers to accumulate has 
been observed. Both geometrical and positional 
isomers have been shown to affect fatty acid 
activation (19,20), acyl transferases (21-23), 
sterol ester hydrolases (24,25), phosphatidyl- 
choline/cholesterol ester hydrolase (26), 
mitochondrial oxidation (27) and incorporation 
into egg lipids (28). Generally, enzymatic 
activities were reduced as the double bond is 
moved in either direction from the A9 position. 

The data reported here on the distribution 
of the geometrical and positional octadecenoate 
isomers in various tissues are new and add to 
our basic information regarding the metabolic 
fate of these dietary components. At the 
present, the data indicate that the incorpora- 
tion and metabolism of these fatty acid isomers 
are dependent upon the tissue, the lipid class 
and the nature of the isomer. 
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ABSTRACT 

This study compared the lipid composition of the red blood cells of European cattle and of buffalo 
steers at the same level of feed intake in a thermoneutral environment. The mean volumes of the 
erythrocytes and their lipid content were greater in buffalo than those in cattle. However, the amounts 
of phospholipid and cholesterol in cells of equal volume were higher in buffalo than in cattle. In con- 
trast, the phospholipid level at a given cholesterol level was higher in cattle than in buffalo. The distri- 
bution of the different molecular species of phospholipids in the red cells of the two breeds were 
similar, but there were significant distinctions in their fatty acid patterns, notably in the levels of 24:0 
and 24:1 in the sphingomyelin fractions. The proportion of total monounsaturated acids in the 
erythrocytes were similar from both breeds. However, there was a higher percentage of polyunsatu- 
rated fatty acids with a corresponding lower content of total saturated fatty acids in the red cells from 
buffalo than in those from cattle. The breed differences in erythrocyte lipid composition are discussed 
in relation to breed differences in red cell characters and could lead to a better understanding of the 
mechanisms of environmental adaptation. 

INTRODUCTION 

i t  is well es tab l i shed  t ha t  d i f f e ren t  b reeds  of  
bov ines  vary in the i r  r eac t ions  to  e n v i r o n m e n t a l  
stresses, e.g., Bos indicus (zebu)  b reeds  of ca t t le  
are more  t o l e r an t  of  h igh  a m b i e n t  t e m p e r a t u r e s  
t h a n  B. taurus ( E u r o p e a n )  breeds.  However ,  
t he re  is l i t t le  k n o w n  a b o u t  the  b i ochem i ca l  
processes  involved in a c c h m a t i z a t i o n  to hea t  in 
con t r a s t  to  t he  ex tens ive  l i t e ra tu re  on  the  
mechan i sms  involved in the  acc l ima t i za t ion  of 
m a m m a l s  to  cold (1). 

The  cells of  po ik i l o t he r m i c  organisms can 
adap t  to  changing  t e m p e r a t u r e  b y  a l te r ing  the i r  
l ipid c o m p o s i t i o n  in such a way as to  res tore  
m e m b r a n e  f lu id i ty  (2),  and  the re  is some 
evidence  t h a t  t h e  cells o f  no rma l ly  h o m e o t h e r -  
mic  m a m m a l s  can also exh ib i t  this  k ind  of 
t e m p e r a t u r e  response  (3) .  Since a l t e ra t ions  in 
m e m b r a n e  lipid c o m p o s i t i o n  can in f luence  
m e m b r a n e  permeabi l i t i es  and  the  act ivi t ies  of  
m e m b r a n e - b o u n d  enzymes ,  it is possible  t h a t  
d i f fe rences  a m o n g  bovines  in the i r  abi l i ty  to  
acc l imat ize  to  t rop ica l  e n v i r o n m e n t s  are associ- 
a ted  w i th  va r ia t ions  in m e m b r a n e  lipid c o m p o -  
si t ion.  In this  regard,  it m i g h t  be  n o t e d  t ha t  
s tudies  on  genet ica l ly  d i f f e ren t  types  of  ca t t le  
showed  tha t  p ro longed  exposure  to  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  causes derange-  
m e n t s  in the i r  lipid m e t a b o l i s m  (4). 

The  red b l o o d  cells ( rbc)  are an  easily 
accessible source  of  mater ia l  for  the  s t u d y  of  
m e m b r a n e  b i o c h e m i s t r y  in large an imals  such  as 
cat t le  and  migh t  be  a su i tab le  mode l  sys tem for  
inves t igat ing m e m b r a n e  t e m p e r a t u r e  adap ta -  

t ion ,  since Kuipe r  et  ah  (5)  have shown  t h a t  
ch ron ic  exposure  of  hams te r s  to  hea t  causes a 
change  in the  l ipid c o m p o s i t i o n  o f  the i r  rbc.  
However ,  if a role for  l ipid m e t a b o l i s m  in hea t  
a d a p t a t i o n  in bov ines  is to  be  def ined ,  it is 
necessary to separate  genet ic  d i f ferences  f rom 
associated d i f fe rences  in e n v i r o n m e n t a l  effects .  
This  paper  presen ts  a compar i son  of  the  hp id  
c o m p o s i t i o n  of  rbc  in E u r o p e a n  ca t t le  wi th  t h a t  
in buf fa lo ,  a t  t he  same level of  feed in t ake  in a 
t h e r m o n e u t r a l  e n v i r o n m e n t .  

MATERIALS AND METHODS 

Animals 

The  e x p e r i m e n t  was c o n d u c t e d  dur ing  the  
win te r  wi th  m e a n  m a x i m u m  and  m i n i m u m  
daily t e m p e r a t u r e s  of  23 C and  11 C, respec- 
t ively,  and  the  animals  were housed  indoors  in 
indiv idual  stalls. Five buf fa lo  steers and five 
S i m m e n t a l  x Here fo rd  (cat t le)  steers were k e p t  
on  a daily food  in t ake  of  6 kg of  lucerne  hay.  
Water  was freely available t h r o u g h o u t .  Blood  
samples  were o b t a i n e d  by  jugular  v e n e p u n c t u r e  
af te r  the  m o r n i n g  feed. The  m e a n  b o d y  weights  
(kg -+ s tandard  errors)  a t  t he  t ime  of  b lood  
sampl ing  were:  buf fa lo  480  + 11 ; ca t t le  470  -+ 
10. 

Haematology 

Red b lood  cell c o u n t ,  h a e m a t o c r i t  and  
h a e m o g l o b i n  c o n c e n t r a t i o n s  were measu red  in a 
Coul te r  C o u n t e r  (Model  F, Cou l t e r  E lec t ron ics  
Ltd. ,  Herts,  England) .  E r y t h r o c y t e  sed imen ta -  
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tion rate was determined in a Wintrobe tube 
after 1 hr. 

Extraction and Analysis of kipids 

The erythrocytes were separated from 
plasma by centrifuging for 30 rain at 1200 G, 
washing three times in aqueous 0.9% sodium 
chloride. They were then haemolyzed with an 
equal volume of water, and this preparation was 
blended with 7.5 vol of methanol, heated at 55 
C for 1 hr and then 14 vol of chloroform was 
added and shaken. After standing for 30 min, 
the mixture was filtered through paper (What- 
man No. 1), the residue was washed with 
chloroform/methanol (2 : 1 v/v) and the 
washings added to the filtrate. The extract was 
shaken with 0.2 vol of aqueous 0.88% potas- 
sium chloride to remove nonlipid contaminants 
and allowed to stand until the solvent layers 
separated. The lower layer was withdrawn 
and taken to dryness in a rotary vacuum 
evaporator; the dried residue of total lipids was 
taken up in chloroform/methanol(9: l ,  v/v). 

The total lipid extract was examined for 
neutral lipids by thin layer chromatography 
(TLC) using glass plates coated with Kieselgel H 
(E. Merck, Darmstadt, Germany); the solvent 
system was hexane/diethyl ether/acetic acid 
(90:30:2," v/v). Only free cholesterol was 
detected and this was scraped from the plates, 
extracted with acetic acid and determined by 
the method of Maclntyre and Ralston (6). The 
lipid extract was fractionated into individual 
phospholipids on TLC plates coated with 
Kieselgel H with sodium carbonate; the solvent 
system was chloroform/methanol/acetic acid/ 
water (25:15:4:2,  v/v) as described by Skipski 
et al. (7). All TLC plates were sprayed with an 
0.1% w/v solution of 2,4-dichlorofluorescein in 
methanol and the lipid bands were visualized 
under U.V. light. The bands were scraped from 
the plates and the phospholipids were eluted 
with methanol. Identification was by compari- 
son with known standards. The phosphorus of 
phospholipids was analyzed by the method of 
Bartlett (8) after separation on TLC plates. The 
amount of individual phospholipids was ex- 
pressed as a percentage of total phospholipid 
phosphorus. Methyl esters of the fatty acids 
were prepared with methanolic HC1 and 
analyzed by gas liquid chromatography in a 
Varian 3700 apparatus with a hydrogen flame 
ionization detector and a CDS III Chromatog- 
raphy Data System. A 1.8 m stainless steel 
column of 3 mm i.d. was packed with Chromo- 
sorb W, HP ( 8 0 - 1 0 0  mesh, acid washed) coated 
with 15% EGSS-X. The column temperature 
was 174 C and nitrogen was the carrier gas. 
Peak identifications were based on relative 

retention times relative to methyl palmitate and 
cochromatography with known standards of 
methyl ester mixtures (Nu-Chek Prep, Inc., 
Elysion, MN). Some samples were analyzed 
before and after hydrogenation. Hydrogenation 
of methyl esters was accomplished in methanol 
solution at room temperature with PrO 2 
catalyst at 2.5 arm H 2 with vigorous shaking 
for 3 hr. Where ever possible, reactions were 
carried out under nitrogen to minimize 
autoxidation. 

Statistical Analysis 

The data were subjected to analyses of 
variance and covariance based on general linear 
models using the method of least squares solved 
by fitting constants (Seebeck, R.M., SYSNOVA 
Version 9 Reference Manual, C.S.I.R,O., 
Division of Animal Production). 

R ESU LTS 

The results are given in Tables I-IV, which 
show mean values with standard errors of 
differences between breed means. 

There were significant breed differences in 
all haematological parameters measured except 
the mean corpuscular haemoglobin concentra- 
tion (Table I). No sedimentation of cattle 
erythrocytes was detected during the period of 
1 hr in the Wintrobe tubes. 

The total phospholipid and cholesterol 
contents calculated on a per cell basis (Table II) 
were higher in buffalo than in cattle. Since 
there were significant breed differences in mean 
corpuscular volumes, the lipid content per cell 
was analyzed using cell volume as covariate. 
Between breeds, there were no significant 
differences in regression coefficients, but both 
the phospholipid and cholesterol contents 
corresponding to a given cell volume were 
higher in buffalo than in cattle (P<0.01). On 
the other hand, the phospholipid content 
corresponding to a given cholesterol level 
expressed in moles was higher (P<0.01) in 
cattle than in buffalo. 

The phospholipid composition expressed as 
a percent of total phospholipid phosphorus was 
not significantly different between breeds 
(Table II). In contrast, the fatty acid distribu- 
tion of each major phospholipid class showed 
highly significant differences between breeds 
(Tables I t I - IV) .  The levels of 18:1 in the 
phosphatidylethanolamine and phosphatidyl- 
serine fractions were higher in cattle than in 
buffalo. In the phosphatidylethanolamine frac- 
tion, the lower content of 18:1 in buffalo 
compared to cattle was associated with in- 
creased levels of  the saturated acids 14:0, 16:0 
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TABLE I 

Haematological values a in cattle (Simmental  x Hereford) and Buffalo steers 
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Cattle Buffalo SE b 

Haematocri t  0.38 0. S 3 0.02 * * * 
Haemoglobin (g/l blood) 131.4 183.0 7.9*** 
Red cell count (x 1012/1) 7.27 8.94 0.4** 
Mean corpuscular volume (11) 51.8 58.3 1.2* ** 
Mean corpsucular haemoglobin content  (pg) 18.3 20.5 0.6"* 
Mean corpuscular haemoglobin concentrat ion (g/l) 340 339 4.6 
Erythroeyte  sedimentat ion rate (ram/h)  0 22 

aMean values for five steers. 
bStandard error o f  the differences between breeds. Asterisks indicate significant breed 

differences: * *P<0.01 ; ***P<0.001.  

TABLE II 

The Lipid Content  and Phospholipid Composi t ion a of  Erythrocytes  f rom 
Cattle (Simmental  x Hereford) and Buffalo Steers 

Cattle Buffalo SE b 

Lipid content  (rag x 10"10/cell): 
Phospholipid 1.43 ]. 52 0.01 * * * 
Cholesterol 0.86 1.02 0.02 ** * 

Phospholipid/cholesterol  mole ratio 0.89 0.80 0 .01"** 

Phospholipids (percent o f  total) c 
Phos phatid ylet hanolamine 32.5 35.9 4.1 
Phosphatidylserine 13.7 10.8 4.2 
Phosphatidylcholine 10.7 9.6 3.7 
Sphingomyelin 38.7 40.9 8.6 
L ysophosphat id  ylcholine 2.9 2.0 1.1 
Other phospholipids 1.7 0.8 1.2 

aMean values for five steers. 
bStandard error of  the differences between breeds. Asterisks indicate significant breed 

differences: ***P<0.001.  
CMeasured as phospholipid phosphorus.  

a n d  18 :0 .  Whi le  t h e  levels  o f  1 4 : 0  a n d  18 : 0  in 
t h e  p h o s p h a t i d y l s e r i n e  f r a c t i o n s  were  a lso  
h i g h e r  in b u f f a l o  t h a n  in c a t t l e ,  t h e  c o n t e n t  o f  
18 :0  was  s im i l a r  in b o t h  b r e e d s  a n d  m u c h  
h i g h e r  t h a n  in t h e  p h o s p h a t i d y l e t h a n o l a m i n e  
f r a c t i o n .  

T h e  s p h i n g o m y e l i n  f r a c t i o n s  s h o w e d  s ignif i -  
c a n t  b r e e d  d i f f e r e n c e s  in t h e  p r o p o r t i o n s  o f  
2 4 : 0  a n d  2 4 : 1 ,  a n d  t h e s e  f a t t y  a c i d s  were  
a b s e n t  f r o m  all o t h e r  p h o s p h o l i p i d s  e x c e p t  t h e  
p h o s p h a t i d y l c h o l i n e  f r a c t i o n  in b u f f a l o .  T h e  
e s s e n t i a l  f a t t y  ac ids ,  l i no le i c  a n d  l i n o l e n i c  
( 1 8 : 2 w 6  a n d  18 :3co3) ,  we re  f o u n d  in all 
f r a c t i o n s  b u t  p h o s p h a t i d y l e t h a n o l a m i n e  a n d  
p h o s p h a t i d y l s e r i n e  we re  t h e  m a i n  ca r r i e r s  o f  
t h e s e  ac ids ;  h o w e v e r ,  a r a c h i d o n i c  ac id  ( 2 0 :  
4606) was  n o t  d e t e c t e d  in a n y  p h o s p h o l i p i d  
f r a c t i o n .  T h e  level  o f  t o t a l  u n s a t u r a t e d  f a t t y  

acids was higher (P<0.01) in buffalo (64.4%) 
than in cattle (60.2%), but the levels of the 
monounsaturated acids were similar in the 
erythrocytes from both breeds (Table IV). 
H e n c e ,  t h e r e  was  a h i g h e r  p e r c e n t a g e  o f  t o t a l  
p o l y u n s a t u r a t e d  f a t t y  a c i d s  a n d  a l o w e r  c o n t e n t  
o f  t o t a l  s a t u r a t e d  f a t t y  a c id s  in r ed  cel ls  f r o m  
b u f f a l o  t h a n  in t h o s e  f r o m  ca t t l e .  

DISCUSSION 

N o r m a l  b o v i n e  e r y t h r o c y t e s  do  n o t  pa r t i c i -  
p a t e  in r o u l e a u  f o r m a t i o n  (9 )  a n d ,  t h e r e f o r e ,  
l i t t l e  or  n o  s e d i m e n t a t i o n  was  e x p e c t e d  in  t h e  
W i n t r o b e  t u b e  d u r i n g  t h e  p e r i o d  o f  1 hr .  T h i s  
r e s u l t  was  c o n f i r m e d  for  t h e  ca t t l e ,  b u t  t h e  
b u f f a l o  b l o o d  s h o w e d  a r e m a r k a b l y  h i g h  
s e d i m e n t a t i o n  ra te .  C o m p a r i s o n s  o f  t h e  l ipid 
c o n t e n t  o f  e r y t h r o c y t e s  m a d e  o n  t h e  bas i s  o f  
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TABLE III 

Fatty Acid Composition (wt % of total) a of Phosphatidylethanolamine, 
Phosphatidylserine and Phosphatidylcholine in the Erythrocytes 

of Simmental x Hereford (SX) and Buffalo (BUF) Steers 

Fatty Phosphatidyleth anolamine Phosphatidylserine Phosphatidylcholine 

acid SX BUF SE b SX BUF SE b SX BUF SE b 

14:0 1.5 5.3 0.1"** 1.1 4.2 0.4*** 2.2 10.3 1.6"** 
16:0 5.8 10.5 0.2*** 7.4 12.5 0.4*** 29.2 16.8 1.4"** 
16:1 2.3 2.9 0.3 1.2 2.7 0.2*** 1.2 3.1 0.6*** 
17:0 1.3 0.9 0.2 0.7 
17:1 1.2 0.4 0.1"** 0.5 0.3 0.1 
18:0 6.1 13.8 0.3*** 29.0 28.4 0.6 15.5 9.5 0.7*** 
18:1 56.6 39.0 0.7*** 42.5 32.7 1.0"** 25.7 11.1 1.7"** 
18:2(6o6) 10.7 9.0 0.3*** 9.2 9.5 0.4 13.7 7.6 1.3"** 
18:3(6o3) 2.7 2.6 0.2 1.l 1.3 0.1 3.1 1.1 0.3*** 
20:3(606) 0.6 0.5 0.1 1.3 2.4 0.3** 1.5 0.4 0.1"** 
20:3(093) 7.4 9.9 0.3*** 4.4 3.1 0.2*** 4,3 3.2 0.6 
20:5(093) 4.6 4.8 0.6 0.6 0.5 0. l 10.2 
21:0 0.3 0.S 0.1 
24:0 2.4 
24:1 14.4 

Others 0.8 1.2 0.4 0.9 3.6 9.1 

aMean values for five steers. 
bStandard error of the differences between breeds. Asterisks indicate significant breed differences: **P< 

0.01 ; ***P<0.001. 

lipid weight  per  un i t  vo lume  m a y  be mis leading  
w h e n  red cells wh ich  di f fer  marked ly  in size are 
compared .  Since t h e  vo lumes  of  red cells f r om 
buf fa lo  were grea te r  t h a n  those  f rom cat t le ,  t he  
l ipid c o n t e n t  per  cell was cons idered  to  b e  a 
m o r e  app rop r i a t e  m e t h o d  of  express ion.  

There  has  been  m u c h  in te res t  in t he  role  of  
l ipids in  de t e rmin ing  a n u m b e r  o f  p roper t i e s  of  
t he  r ed  b l o o d  cell, e.g., i ts  o s m o t i c  fragil i ty and  
t he  m e c h a n i s m s  for  the  m a i n t e n a n c e  of  ionic  
gradients  across the  m e m b r a n e .  Sagawa and  
Shiraki  (10)  d e m o n s t r a t e d  t h a t  in ra ts  the  
fragil i ty of  red cells is i n f luenced  by  the i r  l ipid 
c o n t e n t ,  and  Claret  et  al. (11)  have s h o w n  t h a t  
m e m b r a n e  cho les te ro l  al ters  t he  ca t ion  t rans-  
l oca t i on  rate  and  the  select ivi ty o f  t he  sod ium 
p u m p  for  in t e rna l  Na in  h u m a n  red cells. T he  
breed  d i f fe rence  in the  a m o u n t  of  lipid pe r  un i t  
cell vo lume  and  in the  p h o s p h o l i p i d / c h o l e s t e r o l  
mole  ra t ios  f o u n d  in th is  s t udy  p o i n t  to  t he  
possible  i n v o l v e m e n t  of  l ipids in d i f fe rences  in  
red cell charac te rs  of  bovines .  In this  regard,  
Evans  and  T u r n e r  (12)  r e p o r t e d  t h a t  t he  m e a n  
corpuscu la r  fragil i ty was lower  in B. indicus 
t h a n  in B. taurus cat t le ,  and  it  is well es tab l i shed  
t ha t  t he  red cells of  ca t t le  and  buf fa lo  exh ib i t  a 
p o l y m o r p h i s m  in the i r  po ta s s ium c o n c e n t r a -  
t ions.  

The  e r y t h r o c y t e  m e m b r a n e s  o f  several 
species o f  r u m i n a n t s  inc luding  ca t t le  are charac-  
te r ized  b y  a low p h o s p h a t i d y l c h o l i n e  and  h igh  

sph ingomye l in  c o n t e n t ,  and  t h e  p resen t  resul ts  
e x t e n d  these  f indings  to buf fa lo .  A l t h o u g h  t he  
d i s t r ibu t ions  of  t he  d i f fe ren t  mo lecu la r  species 
o f  phospho l ip ids  in t he  red cells o f  the  two  
b reeds  were  s imilar  (Tab le  II), t he re  were 
s ignif icant  d i s t inc t ions  in the  f a t ty  acid pat-  
terns.  In the  e r y t h r o c y t e s  f rom buffa lo ,  b o t h  
cho l ine -con ta in ing  phospho l ip ids  ( lec i th in  and  
sph ingomye l in )  c o n t a i n e d  C24 acids, b u t  these  
acids were exclusive to  the  sph ingomye l in  
f r ac t ion  in ca t t le  red cells. The  levels of  24 :0  
and  24:1 in the  s p h i n g o m y e l i n  f r ac t ion  of 
ca t t le  e ry th rocy tes ,  38 and  9%, respect ively,  
were similar to those  r epo r t ed  b y  H a n a h a n  et 
al. (13)  for  the  cow, b u t  the  values of  these  
acids for  buf fa lo  sph ingomye l in ,  3 and  52% 
respect ively,  agree wi th  those  r epo r t ed  b y  
Nelson (14)  for  sheep.  

The  d ie ta ry  in t ake  of  lucerne  hay,  r ich in 
p o l y u n s a t u r a t e d  f a t t y  acids, was similar  for  all 
animals ,  b u t  b i o h y d r o g e n a t i o n  reac t ions  wi th in  
the  r u m e n  l imit  the  avai labi l i ty  of  essential  
f a t ty  acids. Phospha t idy l se r ine  and  phos-  
p h a t i d y l e t h a n o l a m i n e  were t he  ma in  carriers of  
C18 p o l y u n s a t u r a t e d  acids in t he  e ry th rocy te s .  
The  levels of  18:26o6 and  18:36o3 t oge the r  
f o r m e d  ca. 13% of  t h e  t o t a l  f a t t y  acids in t he  
red ceils f rom b o t h  breeds,  b u t  20:4606 was 
absent .  However ,  t he  der ivat ives  of  18:2r 
20:3co6 and  of  18:3co3, 20:3<.o3 and  20:5603,  
t o g e t h e r  a c c o u n t e d  for  14% of  t he  t o t a l  f a t t y  
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T A B L E  IV 

F a t t y  Acid C o m p o s i t i o n  (wt  % o f  Tota l )  a o f  S p h i n g o m y e l i n  and To ta l  Phosphol ip ids  
in the  E r y t h r o c y t e s  o f  S i m m e n t a l  x H e r e f o r d  (SX) and Buffalo (BUF)  Steers 

987 

F a t t y  S ph ingomye l in  To ta l  phosphol ip ids  

acid SX BUF SE b SX BUF SE b 

14:0 1.4 4.5 0 . 1 " * *  2.0 0.5 0.S* 
16:0 10.6 24.3 2 .0***  11.2 9.5 1.0 
16:1 1.7 1.2 0.2 
17:0 0.6 1.3 0.3 0.6 0.9 0 . 1 " *  
17:1 0.7 0.4 0 .1 "*  
18:0 2.3 4.1 0 .4** 10.5 14.0 0 .7** 
18:1 1.4 3.3 0 .2*** 26.9 17.1 1 .3"**  
18:2(6o6) I. 1 0. 8 0.2 8.1 7.7 0.3 
18:3(c03)  1.6 4.5 5.8 0.8 
20 :0  1.8 
20:3(r  3.7 4.2 0.3 
20:3(oo3)  14.6 2.7 0 .7***  6.3 8.6 0 .2***  
20:5(603)  8.5 1.3 0 .3***  4.2 5.7 0 .3***  
21 :0  5.7 3.3 4.9 0.7 
24 :0  37.6 2.9 0 .9*** 11.0 3.0 0 .7***  
24:1 8.8 52.3 3 .4*** 4.1 14.2 0 .8***  

Others  4.0 2.0 1.3 2.8 
Sa tu ra ted  f a t t y  

acids 38.5 32.7 1 .0"**  
Monounsaturated 

f a t t y  acids 33.5 33.0 0.8 
Po l yunsa t u r a t e d  

f a t ty  acids 26.7 31.4 1 .2"*  

aMean values for  five steers. 

bS t anda rd  er ror  o f  the d i f fe rences  b e t w e e n  breeds.  Aster isks  indicate  s ignif icant  breed  
d i f fe rences :  *P <0 . 05  ; * * P <  0.01 ; * * * P < 0 . 0 0 1 .  

acids in cattle and 19% in buffalo. While the 
present results showing low levels of essential 
fatty acids in cattle and buffalo agree with 
those reported for sheep (14), they do not 
support the general conclusion that in rumi- 
nants the polyunsaturated fatty acid content of 
the erythrocytes is reduced compared to other 
species. In fact, the percentages of total poly- 
unsaturated fatty acids reported here for both 
breeds are similar to the literature values for 
several monogastric species cited by Nelson 
(15). 

While there was a significant breed dif- 
ference in the percentage of total unsaturated 
fatty acids of phospholipids, the levels of total 
monounsaturated acids were similar in the 
erythrocytes from both breeds. Hence, there 
was a higher percentage of polyunsaturated 
fatty acids with a corresponding lower content 
of total saturated fatty acids in red cells from 
buffalo than in those from cattle. Phospholipids 
generally contain saturated fatty acids in the 
1-position with the unsaturated acids being 
restricted to the 2-position. However, examina- 
tion of the proportions of saturated and un- 
saturated fatty acids (Tables III and IV) sug- 
gests that the cattle phospholipids are partially 

1,2-diunsaturated and that the content of these 
phospholipid species is even higher in buffalo. 
Thus, the greater levels of 1,2-diunsaturated 
phospholipids in buffalo red cells could mean 
greater membrane fluidity amplified by the 
increased amounts of total unsaturated fattY 
acids (16). On the other hand, the lower 
amount of phospholipid relative to cholesterol 
in buffalo red cells will also be important in 
exerting a significant effect on the mobility of 
the membrane (17). Since membrane bound 
enzymes have been shown to be modulated by 
alterations in the physical properties of mem- 
branes (18), and because there is strong evi- 
dence from many organisms that among mem- 
brane lipids the fatty acyl chain is an important 
factor for temperature acclimation (19), the 
breed differences in erythrocyte lipid composi- 
tion reported here may be of practical signifi- 
cance. 

The present results showing that the fatty 
acid composition of each phospholipid is 
characteristic and significantly different be- 
tween breeds suggests genetic differences in the 
fatty acids initially incorporated in the red cell 
membranes during erythropoiesis. Since many 
physiological processes depend on the func- 
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tional integrity of membrane systems, it is 
possible that differences in membrane lipid 
composition between cattle and buffalo might 
reflect the particular environment in which 
each breed has evolved. If this proves to be the 
case, then the lipid composition of the red 
blood cell membrane could be a useful guide in 
assessing the ability of different breeds of 
bovines to thrive in tropical areas. 
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Volatile Hydrocarbon and Carbonyl Products of Lipid Peroxida- 
tion" A Comparison of Pentane, Ethane, Hexanal, and Acetone 
as in vivo Indices 
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Science and Technology, University of California, Davis, 
California 95616 

ABSTRACT 

A study was undertaken to determine whether respiratory hexanal and acetone as well as pentane 
and ethane could be measured as potential indices of lipid peroxidation in vivo. The tests of induction 
of lipid peroxidation in rats included injection of iron-dextran and the vitamin E deficiency status. In- 
jection of 460 mg of iron/100 g body wt over a 28-day period increased pentane and ethane produc- 
tion 4- and 6-fold, respectively. Hexanal production was increased 7-fold after injection of 60 mg of 
iron/100 g body wt, and then it fell back to the pxeinjection level in spite of continued injection of 
iron-dextran. Acetone production was lower in iron-injected rats than in controls, and it was ca. 10- 
fold higher in fasted vitamin E-deficient rats than in vitamin E-supplemented rats, being ca 48 and 5 
nmol/100 g/min, respectively. It was observed that halomethane injection did not increase hexanal 
production, while acetone and pentane production were increased. Pentane and hexanal, but not ace- 
tone, were found to arise from decomposition of linoleic acid hydroperoxide in vitro. It was con- 
cluded that hydrocarbon gases are better indices of lipid peroxidation than hexanal, which is 
enzymatically metabolized, and acetone, the production of which is dominated by factors such as 
altered carbohydrate metabolism. 

INTRODUCTION 

Since Riley et al. (1) first repor ted  e thane to 
be a new index of  lipid perox ida t ion  in vivo, 
numerous  investigations have been under taken  
to show that  ethane and pentane are bo th  
useful indices. Hydrocarbons  have been 
measured as lipid perox ida t ion  products  fo rmed  
during vitamin E (2) or v i tamin E and selenium 
def ic iency (3,4);  during e thanol  (5,6), carbon 
te t rachlor ide  ( 5 , 7 - 1 0 ) ,  and ozone  (11) toxi-  
c i ty ;  as products  of  i ron-st imulated peroxida-  
t ion (12);  as a func t ion  of  feeding a synthet ic  
dietary an t ioxidant  (13);  and during exercise in 
the  human (14). In vi tro,  the  quant i ta t ive  
amounts  of  hydrocarbon  gases formed during 
decompos i t ion  of  l inoleic,  l inolenic,  and 
arachidonic acid hydroperox ides  have been 
determined,  and the fo rmat ion  of  these hydro-  
peroxides during peroxida t ion  has been cor- 
related with the disappearance of  fa t ty  acids 
and fo rmat ion  of  conjugated dienes (15). 

There is a vast amoun t  of  l i terature on lipid 
peroxida t ion  in oils and food  systems wherein 
pentane  and carbonyl  compounds ,  primari ly 
hexanal,  have been correlated with  flavor scores 
as an index of  rancidi ty ( 1 6 - 2 0 ) .  Ace tone  has 
also been de tec ted  in oxidiz ing lipids of  food 
systems ( 1 9 - 2 3 ) .  Based upon  this l i terature,  a 
s tudy was under taken  to de termine  whether  
these carbonyl  compounds  could be measured 
in the breath  of  rats and, if  so, whether  t hey  
could be correlated quant i ta t ive ly  with respira- 
tory  hydrocarbon  gases p roduced  under  condi-  
t ions in vivo known to init iate lipid peroxida-  

t ion,  including inject ion of  iron and the  status 
of  v i tamin E deficiency in the rat. An observa- 
t ion on the  effect  of  injected ha lomethanes  is 
aIso repor ted.  

METHODS 

Chromatographic Measurement of Hydrocarbons 
and Carbonyl Compounds 

The methods  for  col lect ion of  rat breath 
samples and subsequent  gas chromatographic  
analysis of  hydroca rbon  gases have been 
described (2). Briefly, rats were placed indivi- 
dually into a holding chamber  with a 120 
ml /min  f low rate of  hydrocarbon-f ree  air for a 
m in imum of 10 rain prior to col lect ion of  
3 0 0 - 4 0 0  ml samples of  air plus breath. Collec- 
t ion of  samples normal ly  required 5 - 8  min. A 
compar ison of  peak areas, measured by triangu- 
lat ion,  of  the  standard sample and the  brea th  
sample al lowed calculat ion o f  the molar  
amoun t  of  pentane  or  e thane produced.  The  
fol lowing compu ta t i on  was applied:  

(pmol pentane) (incoming air flow rate) = total pentane 
(100 g rat body wt) (sample volume) produced/ 

min/lOOg 
body wt. 

Carbonyl  compounds ,  namely  hexanal  and 
acetone,  were measured on a 4 ft x 1/8 in. 
Poropak  Q column. Samples of 300 ml of  
breath  were collected as previously described 
(2), except  that  the  sample trap was filled with 
glass beads ra ther  than alumina.  The  sample was 
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injected into  the  gas chromatograph  via a 6-way 
gas sampling valve while the  trap was hea ted  to 
ca. 200 C by immers ion  in a mineral  oil bath.  
With a de tec tor  t empera ture  of  300 C and an 
in jec tor  t empera ture  of  230 C, the samples 
were analyzed ei ther i sothermal ly  at 170 C or 
during tempera ture  programming.  For  making a 
p rogrammed analysis, an initial t empera tu re  of  
75 C was held for  2 min fo l lowed by a 3 C/min  
rise for  28 rain, and then a 33 C/min  rise to 155 
or 160 C. Standards of  hexanal  in methanol ,  
pentane  as a mixed  gas standard (Scot t  Re- 
search Laboratories) ,  and ace tone  were injected 
direct ly  through the septum. Based upon  
a comparison of  de tec tor  response to pentane  
and e thane standards on 30 dif ferent  days, the 
response to ethane was shown to average 2.5 
t imes less than the  response to an equimolar  
amoun t  of  pentane.  Using the daily ins t rument  
response to pentane  standards, this ratio was 
used to calculate the response to ethane.  

Animals, Diets, and Treatments 

For  studies of  the rate of  disappearance of  
injected hexanal  f rom the breath,  or  the  effect  
of  injected i ron-dextran,  or observat ions on the  
effect  of injected halomethanes ,  male Sprague- 
Dawley rats were obta ined at 3 wk of  age and 
fed a standard labora tory  rat diet. These rats 
were housed in plastic cages on wood  shavings. 

To determine  the rate of  metabol i sm of  an 
injected dose of  hexanal,  4 rats of  ca. 200 g 
each and 4 wk of  age were injected intra- 
per i toneal ly  with 208 #mol  of  hexanal  in 0.1 
ml of  mineral  o i l /100 g b o d y  wt. Hexanal  in the 
breath was measured 5 t imes  over a per iod of  
75 min. 

To de termine  the effect  of  injected iron on 
produc t ion  of  hydrocarbons  and carbonyl  
compounds ,  5 rats were injected over a period 
of  28 days, beginning at 3 wk of  age, with a 
to ta l  of  460 mg of  i ron as i ron-dextran (Burns- 
Bio tec) /100  g body  wt. The initial dose was 20 
mg i ron /100  g body  wt. At day 21, the dosage 
was increased to 60 mg i ron /100  g body  wt in 
order  to increase the rate at which peroxida t ion  
occurred in these rats fed an adequate  level 
of  vi tamin E. Breath measurements  were made 
over a course of  45 days beginning the day of  
the first inject ion of  iron. 

For  the  study of the effect  of vi tamin E 
deficiency,  beginning at 3 wk of  age, 4 male 
Sprague-Dawley rats were fed for  7 months  a 
casein-based, 10% corn oil, vi tamin E-deficient  
diet (24) obta ined f rom Teklad Test  Diets. 
Another  5 rats were fed the  same diet supple- 
men ted  with 11 i.u. dl-alpha tocophero l  acetate  
for 7 months .  Hydrocarbon  and carbonyl  
compounds  in the breath were measured af ter  7 
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mon ths  of  feeding the rats. These rats were 
housed in hanging wire cages for the  dura t ion 
of  the study. Rats were all fasted overnight  
prior to measurement  of  breath  samples, excep t  
to  show the effect  on nonfast ing on acetone 
product ion .  

Measurement of Pentane, Hexanal, and Acetone 
Following Decomposition of Linoleic Acid 
Hyd roperoxide 

The in vitro system for decompos i t ion  of  
l inoleic acid hydrope rox ide  and subsequent  
hydroca rbon  gas analysis has been described by 
Dumel in  and Tappel  (15). The  same condi t ions  
were used except  that  decompos i t ion  was 
carried out  at 50 C and analyses were done  on a 
Poropak Q column rather  than on an alumina 
column.  The 2 ml react ion vo lume contained 
15.3 /amol linoleic acid hydrope rox ide  and the  
head space volume in the flask was 26.5 ml. 

R ESU LTS 

Metabolism of Hexanal in vivo as 
Measured by the Rate of Its Dis- 
appearance from Breath Following 
I ntraperitoneal I njection 

The rate of  disappearance of  an injected 
dose of  hexanal,  presumably via the act ion of  
a ldehyde-metabol iz ing enzymes,  is shown in 
Figure 1. Five rain pos t in jec t ion  hexanal  was 
being exph-ed at an average rate of  ca. 11.6 
n m o l / 1 0 0  g body  wt /min ,  or  less than 0.006% 
of  the injected dose /100  g/min.  Between 35 
and 75 min post inject ion,  the  rate of  decrease 
was m u c h  more gradual than be tween  5 and 20 
min. By 75 min. post inject ion,  the rate of  
e l iminat ion was ca. 2.8% of the  5 rain. rate. The 
percentage of the injected dose expired is an 
average value since the absolute amount  of 
hexanal  injected varied f rom 366 to 466 # m o l  
because of the individual rat weight  differences.  
A rat injected with only  mineral  oil gave of f  ca. 
1 - 2  pmol  hexana l /100  g body  wt /min  over a 2 
hr t ime period. 

Effect of Iron Injection on Pentane, Ethane, 
Hexanal, and Acetone Production 

Figure 2 summarizes  the rate at which rats 
fed a standard laboratory  diet supplemented 
with  66 i.u. vi tamin E/kg produced  pentane,  
e thane,  and hexanal  over  the course of  inject ion 
of  iron and the subsequent  decline in their  
p roduc t ion  after cessation of  iron injections.  
The  variation of  the  standard error of  the mean 
values (S.E.M.) for the data obta ined f rom the  
5 rats is a ref lect ion of  the usually observed 
individual  animal variation,  but  the trend for 
the produc t ion  of  each c o m p o u n d  was the  same 
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FIG. 1. Hexanal in the breath of rats following its 
intraperitoneal injection. The plotted values are the 
mean _+ S.E.M. for 4 rats. The weights of the rats 
varied from 176 to 224 g and the injected dose was 
208 #mol/100 g body wt. 

by all rats. Pentane and ethane levels were 
highest in the iron-injected rats 2 days after 
the  last in ject ion of  i ron,  being increased on  the  
average ca. 4-fold and 6-fold over  initial levels, 
respectively.  By ca. day 30 of  the  exper iment ,  
pentane and e thane  levels were ca. 4-fold and 
7-fold higher than  those of  the  rats not  injected 
with  iron,  as shown in Figure 3. 

Hexanal  p roduc t ion  fol lowed an entirely 
di f ferent  t ime course f rom that  of  hyd roca rbon  
product ion .  Maximum hexanal  p roduc t ion  was 
seen on day 7 of  the  exper iment ,  fo l lowing 
inject ion of a to ta l  of  60 mg of  i ron /100  g of  
body  wt. The  level dropped fairly rapidly to 
about  the  pre inject ion level and remained there 
in spite of  further  inject ions of iron being 
administered.  Ace tone  p roduc t ion  was lowest  
in the  group of  rats injected with iron, being 
about  one-four th  that  by the cor reponding  
control  rats (Fig. 4). 

Effect of Vitamin E Deficiency on Production 
of Pentane, Ethane, Hexanal, and Acetone 

Figure 3 is a bargraph presenta t ion  o f  data 
showing pentane,  e thane,  and hexanal  levels in 
the  breath  o f  rats fed the basal 10% stripped 
corn oil diet  wi th  and wi thou t  vi tamin E for  7 
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FIG. 2. Effect of iron injections on the production 
of pentane (u), ethane (o), and hexanal (A) by rats. 
Injections of 20 mg of iron, as iron-dextran, per 100 g 
body wt were given on the days indicated by the 
downward pointing arrows; 60 mg of iron per 100 g 
body wt were given on the days indicated by double 
arrows. The plotted values represent the means -+ 
S.E.M. for 5 rats. 

mo.  The  values are shown in compar ison with  
those of  cont ro l  rats fed the  standard labo- 
ra tory diet and those of  the i ron-injected rats at 
the  t ime of  peak p roduc t ion  of  pentane  and 
e thane  (day 30, Fig. 2). Pentane levels were 
highest in vi tamin E-deficient  rats, fo l lowed by 
the i ron-injected rats. The rats fed the  standard 
diet and the  basal 10% stripped corn oil diet 
supplemented  with 11 i.u. vi tamin E/kg 
produced about  the  same level of  pentane.  I ron 
inject ion st imulated e thane p roduc t ion  to the  
greatest extent ,  fo l lowed by vi tamin E de- 
f iciency.  The rats fed 11 i.u. vi tamin E/kg of  
the Draper diet had the  lowest  e thane  produc-  
t ion.  Hexanal  p roduc t ion  was greatest  by  the  
vi tamin E-deficient  rats, being about  twice the  
level of  the o ther  3 groups of  rats. As with  
ace tone  p roduc t ion ,  hexanal  p roduc t ion  tended 
to be lowest  by the  i ron-injected rats. The  
almost  10-fold higher p roduc t ion  of  ace tone  by 
fasting vi tamin E-deficient  rats than by the  
o ther  groups of  rats is shown in Figure 4. 

In Vitro Measurement of Pentane, Hexanal, and 
Acetone from Iron-Catalyzed Decomposition of 
Linoleic Acid Hydroperoxide 

This exper iment  was done to de termine  
whe ther  hexanal  and ace tone  in vivo could arise 
f rom iron-catalyzed decompos i t ion  of  l inoleic 
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FIG.  3. C o m p a r i s o n  o f  the effects of  vitamin E and 

iron injection on production of  pentane, ethane, and 
hexanal by rats. The light-stippled bars represent 
values for a group of  4 rats fed a standard laboratory 
diet; the blank bars, values at day 30 (Fig. 2) for  a 
group o f  5 rats fed the standard diet and injected with 
iron-dextran; the diagonal-lined bars, a group of  5 rats 
fed a casein-based, 10% stripped corn oil diet supple- 
mented with 11 i.u. v i t amin  E /kg  for  7 m o ;  and the 
heavy-stippled bars, a group of  4 rats fed a vitamin 
E-deficient diet for 7 months.  The plotted values 
represent the means +- S.E.M. 
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FIG.  4. Acetone production by rats. The bars on 
the left of  each pair represent values obtained for rats 
fasted overnight prior to measurements and bars on 
the right represent values for nonfasted rats. The 
plotted values represent the means +_ S.E.M. Identifica- 
tion of  bars is the same as in Figure 3. 

acid hydroperoxide as is known to be the case 
for pentane (15). When a 15.3 /~mol sample of  
linoleic acid hydroperoxide in buffer was held 
for 5 rain at 50 C, the headspace above the 
mixture contained the following in tool %: 
hexanal, 0.06%; acetone, 0.12%; and pentane, 
0.005%. At 90 min following decomposition of  
the hydroperoxide by addition of  2 /~mol of  
iron and 72 /~mol of  ascorbic acid, the follow- 
ing in mol% was found: hexanal, 0.35%; 
acetone, 0.05%; and pentane, 1.06%. This 
showed that some hexanal and no acetone 
derived from iron-catalyzed decomposit ion of 
linoleic acid hydroperoxide, while a similar 
amount of  pentane as previously reported (I 5) 
was observed. 

D I S C U S S I O N  

In the past few years, a great amount of  
interest has been expressed in methods for 
measurement of  lipid peroxidation products in 
vivo. The choice of  measurement of  the hydro- 
carbons pentane and ethane had as a back- 
ground the vast literature on lipid peroxidation 
and rancidity in food systems. This same 
literature, only some of which is cited here 

( 1 6 - 2 3 ) ,  served as a basis for a search for other 
lipid peroxidation products that might also 
serve as in vivo indices. Among the carbonyl 
compounds measured in food systems, hexanal 
and acetone were selected for study in vivo 
because of  the relatively large amounts reported 
to be found in vitro. 

Our first question during this study was: "If 
hexanal is produced in vivo via a lipid peroxida- 
tion pathway, can it be measured in the breath 
of  animals?" Pentane is an easily measured lipid 
peroxidation product that derives from linoleic 
acid hydroperoxide decomposition,  whereas 
hexanal, if formed in vivo, is more likely to be 
metabolized. The conclusion reached from this 
study was that any hexanal measured in breath 
must represent the almost immediate formation 
in vivo because of  the presence of  aldehyde 
metabolizing enzymes in liver cytosolic and 
subcellular fractions. Recently, Nakayasu et al. 
(25) described a rat liver microsomal aldehyde 
dehydrogenase that exhibits increasing activity 
against aldehydes as the aldehyde carbon chain 
length increases. They also described a cytosolic 
enzyme with highest activity against hexanal. In 
human blood, an aldehyde dehydrogenase was 
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described as probably playing a quantitatively 
important role in clearance of blood acetalde- 
hyde deriving from ethanol metabolism (26). 
Although the activity of  the enzyme(s) was not 
measured, it was probably the rat tissue 
aldehyde metabolizing enzymes that rapidly 
removed the injected dose of hexanal. This 
conclusion is based upon the rapid decline in 
breath levels of the hexanal following its 
intraperitoneal injection. 

In vivo (1,7,9,10) and in vitro (1) CC14 
causes rapid peroxidation of lipids in the liver 
with release of hydrocarbon gases. Recknagel et 
al. (27) have recently reviewed the mechanism 
of CC14 toxicity. An observation was made 
during the course of these studies that rats 
injected with CC14 or CC13Br did not produce 
more hexanal than mineral oil injected controls, 
but that pentane and acetone levels were 
increased. This observation suggests that the 
mechanism of hexanal formation is different 
from that of hydrocarbon formation. The 
observation that acetone increased is of in- 
terest, but an explanation for its formation on 
the basis of lipid peroxidation cannot be made 
at this time. 

Based upon an earlier report by Dougherty 
and Hoekstra (12) that ethane production 
increased in iron-injected rats, a comparison of 
hydrocarbon and carbonyl compound forma- 
tion in vivo was made in rats injected with a 
large amount of iron. The type of iron overload 
accomplished by parenteral injection is called 
reticuloendothelial iron-overload because the 
reticuloendothelial system is the site of the 
initial distribution of the iron (28). Iron 
tolerance in piglets, mice, and chicks in vivo is 
known to be increased by injections of vitamin 
E (29). Dougherty and Hoekstra (12) found 
a 6-fold increase in ethane production over that 
by vitamin E-supplemented rats when a single 5 
mg dose of iron/100 g body wt was injected 
into vitamin E- and selenium-deficient rats. The 
large amount of iron, 450 mg/100 g body wt, 
injected into rats fed a standard laboratory diet 
over a period of 28 days caused a 6-fold in- 
crease in ethane and a 4-fold increase in 
pentane production. The very different profile 
for the production of  hexanal over the 45-day 
time course of the experiment and the very low 
amount of acetone produced by iron-injected 
rats both indicate a different mechanism for the 
production of these carbonyl compounds from 
that involved in the production of hydro- 
carbons. The lack of release of  acetone follow- 
ing decomposition of linoleic acid hydroper- 
oxide by ascorbate reduced iron strongly 
suggests that any acetone that might be pro- 
duced during lipid peroxidation would arise as a 

reaction intermediate and not via hydroper- 
oxide decomposition. In vitro, iron is a known 
catalyst of hydroperoxide decomposition, 
which yields small amounts of hydrocarbon 
gases (15). Others (18) have also noted that the 
mechanisms of  production of hexanal and 
pentane are different; for example, in peanut 
homogenates their formation as a function of 
time after homogenization was different, with 
hexanal being produced almost immediately 
and pentane being produced over a longer 
period of time. Heimann et al. (30) have 
pointed out that there are two possible paths 
for formation of volatile substances from oils. 
One is formation from linoleic acid cleavage 
products and a second is formation from other 
free radical reaction intermediates. They found 
that the majority of volatile substances arise 
from reaction intermediates (peroxide radical). 
However, n-hexanat was formed from hydro- 
peroxide cleavage in addition to the reaction 
intermediate mechanism, with the hydro- 
peroxide path accounting for only ca. 20% of 
the total hexanal. Linoleic acid hydroperoxide 
was also shown in this study to give rise to 
hexanal following decomposition by addition 
of iron. The drop in hydrocarbon production 
soon after injections of iron ceased may be 
due to a redistribution of the injected iron or a 
change in its form so that it wasn't as active a 
lipid peroxidation initiator or peroxide de- 
composer as is Fe ++ in vitro. Wills (31) has 
shown that iron injection increases the rate of 
NADPH-stimulated microsomal lipid peroxida- 
tion. Similarly, we noted (unpublished observa- 
tion) that the initial rate of pentane production 
during NADPH stimulated lipid peroxidation in 
microsomes prepared from a rat injected with 
iron was twice that of microsomes prepared 
from a noninjected rat. Acetone was produced 
by the control peroxidizing microsomes but not 
by the microsomes from iron-injected rats, 
while hexanal was produced by both. 

As has been previously shown for rats fed a 
vitamin E-deficient diet for 7 weeks (2), the 
rats fed this same diet for 7 months had greater 
pentane production than ethane production, 
with the difference being about 2-fold for each 
study. Hydrocarbon gas production by rats fed 
adequate vitamin E remains low unless a strong 
prooxidant is administered. The level of 
hexanal production by vitamin E-deficient rats 
was quantitatively between that of ethane and 
pentane production. Of the three comparison 
conditions tested, iron injection, halomethane 
injection, and vitamin E deficiency, hexanal 
production was at about the same level as 
hydrocarbon production only in the vitamin 
E-deficient rats. Since the level of hexanal in 
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rats fed 11 i.u. vitamin E/kg of diet for 7 
months was over twice that of the ethane and 
pentane levels in these same rats, hexanal 
production appears to be less affected by 
vitamin E than is production of ethane and 
pentane. Vitamin E may more efficiently stop 
hydroperoxide formation than formation of 
other reaction intermediates. The levels of 
hexanal in rats fed the standard diet with 66 
i.u. vitamin E/kg and in the rats supplemented 
with 11 i.u. vitamin E/kg diet were about the 
same. Rats injected with iron only briefly, and 
very early in the series of injections, produced 
higher hexanal levels. In relation to acetone 
production, the rats fed the standard diet and 
the basal 10% stripped corn oil diet supple- 
mented with vitamin E had levels that were 
considerably lower than that of the vitamin 
E-deficient rats. Iron appeared to have an 
influence on depression of the metabolism of 
fats; at least the breath acetone levels would 
indicate a lower level of ketosis in rats injected 
with iron. 

Vitamin E is required for mitochondria to 
sustain oxidation of Krebs cycle intermediates 
in vitro (32-35) ,  and it is also an effective 
inhibitor of mitochondrial lipid peroxidation 
(36). In skeletal muscle of vitamin E-deficient 
rats, there is a defect in energy production (37). 
Membranes of muscle cells from these rats also 
become damaged and release pyruvate kinase 
into the plasma (38); therefore, membrane 
damage and energy production defects are 
probably closely related. Decreased liver 
glycogen levels in vitamin E-deficient rats (39) 
and accelerated removal from blood of injected 
glucose (40) both suggest impairment of 
carbohydrate metabolism, which can increase 
the level of circulating ketone bodies. 

Acetone is removed from the animal body 
primarily via the lungs. The relatively large 
amounts of acetone expired by vitamin E- 
deficient rats probably reflects in the main 
altered carbohydrate metabolism. It should also 
be pointed out, however, that acetone has 
frequently been detected in peroxidizing foods, 
such as peas (21), corn-soy food blends (19), 
white rice bran (22), fresh frozen fish (23), and 
mayonnaise (20). Acetone was also measured in 
the breath of humans exposed to CC14 (41), 
and was observed in this present study to 
increase in rat breath following injection of a 
very small amount of  CC14. Rats exposed to a 
high concentration (900 ppm) of trans-l,2- 
dichloroethylene and other chlorinated 
ethylenes also produced acetone (42), but the 
biochemical mechanism of its formation needs 
clarification by further investigation. 

There are a number of volatile compounds in 

the breath that have been considered as poten- 
tial indices of in vivo lipid peroxidation. These 
include hydrocarbon gases, principally pentane 
and ethane; carbonyl compounds, hexanal and 
acetone; and carbon monoxide (43). From our 
studies, we have concluded that among the 
volatile respiratory compounds, pentane and 
ethane are the indices of choice, Hexanal arises 
from both hydroperoxide decomposition and as 
a reaction intermediate of lipid peroxidation, 
and it is readily metabolized by aldehyde 
metabolizing enzymes. Although acetone has 
been indicated to be a product of lipid peroxi- 
dation, that portion in the breath deriving from 
peroxidation would be a very small amount of 
the total acetone produced, and its production 
as a result of ketosis due to altered carbo- 
hydrate metabolism does not appear to allow 
its use as an accurate index of in vivo lipid 
peroxidation. Lindstrom and Anders (43) also 
concluded that carbon monoxide is not a 
suitable index of in vivo lipid peroxidation 
because of the uncertainty of its origin. 
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Analysis of the Conjugated Trienoic Acid Containing Oil from 
Fevillea trilobata by 130 Nuclear Magnetic Resonance 
Spectroscopy 1 
A.P. TULLOCH, National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan, Canada STN OW9 and L. BERGTER, 2 Instituto Militar de Engenharia, 
20000 Rio de Janeiro, Brazil. 

ABSTRACT 

Oil of Fevillea trilobata has the composition palmitic acid 31%, stearic acid 12%, oteic acid 11%, 
linoleic acid 7%, cis, trans, eis 9,11,13-octadecatrienoic acid 30% and cis, trans, trans-9,11,13-octadeca- 
trienoic acid 9%. The oil was analyzed and components identified by 13C NMR spectroscopy; the 
composition was also confirmed by conventional methods. Assignment of 13C NMR signals of 
conjugated trienoic acids is discussed and it is shown that mixtures of isomeric conjugated acids can be 
analyzed by this method. 

INTRODUCTION 

Fevillea tr i lobata L. is a m e m b e r  of  the  
fami ly  Cucurb i t aceae  f o u n d  in mos t  par ts  of 
Brazil and  also in some of  t he  coun t r i e s  to  the  
n o r t h .  I t  is a c l imbing  p lan t  and  the  large 
capsular  frui t  con ta ins  4-8 disc-shaped seeds, 
4-6 cm in d i ame te r  and  1-2 cm th ick .  T he  seeds, 
k n o w n  in Brazil  as " n o z e s  de s e r p e n t e , "  or 
snake  nuts ,  and  in F r e n c h  Guiana  as "gra ines  de 
Saint  Ignace ,"  have long been  used against  fever 
and  as emetics .  Oil f r om t he  seeds is used for  
i l l umina t ion  and  also topica l ly  against  snake 
bi te  - hence ,  p re sumab ly ,  " snake  n u t s "  (1). 
The re  does  n o t  seem to  have  b e e n  any  m o d e r n  
inves t iga t ion  of  the  c o m p o o s i t i o n  of  this  oil, 
a l t h o u g h  it has  been  suggested,  f r om ref rac t ive  
index  (2)  and  UV (3) values, t h a t  oil f r om t w o  
o the r  Fevillea species con ta ins  con juga ted  
u n s a t u r a t e d  acids. 

Since the  oil appeared  to be po ten t i a l ly  
useful ,  it has  n o w  been  comple t e ly  ana lyzed ,  
ma in ly  by  13 C NMR, and  it is shown  tha t  13 C 
NMR is a valuable  m e t h o d  for  d e t e r m i n i n g  the  
c o m p o s i t i o n  of  seed oils wh ich  con ta in  more  
t h a n  one  con juga ted  t r i eno ic  acid.  

MATERIALS AND METHODS 

Seeds of  F. tr i lobata were a gift f r om Pro- 
fessor N u n o  A. Pereira,  D e p a r t m e n t  of  Pharma-  
cology,  Federa l  Univers i ty  of  Rio de Jane i ro ,  
Brazil.  The  shells were separa ted  f rom t he  
kernels  manua l ly  and  oil ex t r ac t ed  f r o m  b o t h  
par ts  separa te ly  wi th  h e x a n e  by  the  m e t h o d  of  
Tr~eng  (4). 

Nuclear Magnetic Resonance (NMR) 

A Var ian  XL-100-15 s p e c t r o m e t e r  in the  

1NRCC No. 17797. 
2Conselho Nacional de Desenvolvimento Cientifico 

e Tecnologico Fellow 1978-79. 

Four i e r  t r a n s f o r m  m o d e  at 25 .1603  MHz wi th  a 
Nicole t  1180 da ta  sys tem wi th  p r o t o n  noise 
decoup l ing  was used to ob ta in  na tu ra l  a b u n d -  
ance  13 C NMR spectra .  The  n u m b e r  of  data  
po in t s  was 16384;  spect ra l  w i d t h  was 5 KHz 
and  the  acquis i t ion  t ime  was 1.638 s. To de- 
t e rmine  chemica l  shif ts  of t he  oil or  der ived 
esters,  a so lu t ion  of  0.45 g in 2 mt  CDC13 and 
10000 acquis i t ions  were used, and  wi th  pur i f ied  
f rac t ions  , weaker  so lu t ions  and  fewer  aquisi-  
t i ons  could be used. The  solvent  p rovided  the  
in te rna l  d e u t e r i u m  lock signal and  shifts  are 
expressed in p p m  downf ie ld  f rom TMS. 

In mak ing  m e a s u r e m e n t s  for  i n t eg r a t i on  and  
quan t i t a t i ve  analysis,  a s o l u t i o n , o f  1 g in 2 ml 
CDC13 was used;  90 ~ pulses and  a pulse delay 
of  25 s were e m p l o y e d  and  the  n u m b e r  of  
acquis i t ions  was 2000;  the  p r o t o n  decoup le r  was 
on  on ly  dur ing  acquis i ton .  I n s t r u m e n t a l  in te-  
g ra t ion  was verif ied by  expans ion  of  the  rele- 
van t  par ts  of t he  spec t rum to 4 .82  Hz /cm and  
t r i angula t ion .  1H NMR spectra  were ob ta ined  
w i th  a Var ian  HA 100 spec t rome te r .  

GLC and Other Physical Measurements 

An i n s t r u m e n t  wi th  FID was e m p l o y e d  w i t h  
e i the r  a 1 m x 3 m m  c o l u m n  packed  wi th  1.5% 
Dexsil  300  on  80-100 mesh acid washed and  
si lanized C h r o m o s o r b  W, used i so the rma l ly  at 
160 C, or a 6 m x 3 m m  c o l u m n  packed  wi th  
15% OV-275 on  acid washed  and  silanized 
C h r o m o s o r b  P (5) ,  used i so the rma l ly  at 195 C. 
O x i d a t i o n  f r agmen t s  were ana lyzed  on  the  
la t te r  co lumn  and  t e m p e r a t u r e  was pro- 
g r ammed  f rom 60 to 190 C. U V  m e a s u r e m e n t s  
were m a d e  on i sooc tane  so lu t ions  and IR  as 
films on  NaC1 disc. 

Chemical Separations 

Methy l  esters were p repa red  by  re f lux ing  the  
oil for  2 h r  wi th  70 t imes  its vo lume  of  0 .02 M 
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methanolic sodium methoxide.  Saturated 
(39%), monoenoic  (12%) and dienoic (4%) 
esters were separated by column chroma- 
tography on silicic acid/30% silver nitrate (6). 
Saturated esters (40.7%) were separated by 
crystallization from a 1.5% solution in acetone 
at -60 C. Two crystallizations of  the recovered 
mother liquors from 0.7% solution in methanol 
at - 7 0 C  gave a nearly pure cis, trans, cis-ester 
fraction (10% of original esters). 

Conversion to the trans, trans, trans} isomer 
was carried out by treatment of  a crude c,t ,c 
ester concentrate with a trace of  12 in pentane 
(7). The product was crystallized twice from 
methanol at -20 C; hydrolysis to the acid and 
two further crystallizations from methanol then 
gave pure t , t , t  acid mp 69.5-70.5 C - literature 
(7) gives 72 C. Esters were oxidized with the 
permanganate periodate reagent in 60% t- 
butanol as previously described (8). 

RESULTS 

Analysis of the Oil 

The seeds weighed ca. 6 g and contained 
39% of  oil; 30% of  the seed weight was shell 
which contained 8% of oil and the kernel 
contained 55% of  oil or almost 95% of  the total 
seed oil. Although gas liquid chromatography 
(GLC) indicated that oils from the shell and 
from the kernel were similar in composition,  
only oil from the kernel was analyzed. 

13 C NMR spectra of  fresh oil and of  derived 
methyl  esters were measured, and signals 
observed for methyl  esters are shown in Table I 
and Figure 1. There were no appreciable 
differences between spectra of  esters and of oil 
except for the expected two C-2 signals due to 
the difference between acid at C-1 and C-3 of  
glycerol and acid at C-2 (9,10). Glyceride C-1 
and C-3 signals at 62.15 ppm and C-2 signal at 

T A B L E I  

13 C Chemical  Shifts o f  Methyl  Esters o f  Oil from F e v i l l e a  t r i l o b a t a  a 

Signal Chemical  
number  shift Ass ignment  b Integral 

1 13.94 C- 18c,  t,c, c , t , t  35 
2 14.09 C 18 S ,O.L 65 
3 22 .27  C-17c ,  t , t  ~ 40 
4 22.35 C-17c ,  t , c )  
5 22.62 C-17 L [ 60 
6 22.72 C-17 S,O 
7 24 .96  C-3 all esters 100 
8 25 .67  C - I I  L 12 
9 26 .43  ? 7 

10 27 .24  C-8. C-11 0 ; C - 8 ,  C-14 L 35 
11 27.61 C-15c ,  t ,c 30 
12 27.85 C-8 c,t ,c ,  c , t , t  38 
13 29 .14 -29 .72  unass igned  --- 
14 31.54 C-16 L, c ,r , t  22 
15 31.92 C-16c ,  t , c [  
16 31.97 C-16 S,O ~ 83 
17 32.51 C-15c ,  L t  12 
18 33.04 9. 4 
19 34 .10  C-2 all esters 101 
20 125.99 C- 11 c , t , t  6 
21 127.85 C - I I  c , t , c  27 
22 127.96 C-12c ,  t,c, C-12 L 33 
23 128.08 C-10 L 6 
24 128.82 C-14c ,  t,c, C-9 c , t , t  40 
25 128.91 C-9 c, Lc  29 
26 129.73 C-9 0 12 
27 129.98 C - I O 0 ,  C-9 L 15 
28 130.20 C-13 L 6 
29 130.66 C. 14c,  t , t  10 
30 131.7(I C- l 3 c , t , t  9 
31 132.39 C- lOc ,  t ,c 29 
32 132.57 C- I 3 c , t , c  29 
33 132.86 C- lOc ,  t , t  9 
34 135.05 C-12 c, t , t  6 

aSignals o f  OCH 3 and carboxyl  carbon omit ted .  
bAbbreviat ions:  S, saturated esters; O, oleate;  L, l ino lea te :  c,t ,c ,  cis, rrans, c is-9,11,13-  

octudecatr ienoate  ; c, t, t, eis, trans, trans- 9 . I 1,13-oct adecatrienoate.  

L1PIDS,  V O L .  14, NO.  12 
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FIG. 1. 13C NMR Spectrum of methyl esters from oil ofFevillea trilobata;A is 13 to 35 ppm region and B is 
120 to 138 ppm region. Spectra were obtained with spectral width of 5 KHz and horizontally expanded 5 times; 
B has been amplified more than A to show small signals. 

69.00 ppm showed that the oil was a normal 
glyceride. Signal numbers 22,32 and 34 were 
0.05 to 0.08 ppm to lower field in the glyceride 
spectrum, but  there were no signal changes to 
suggest formation of trans bonds or any shifting 
of double bonds. Thus, the composition of the 
oil fatty acids was not changed by ester forma- 
tion. 

The relatively h/ghfield C-I 7 (numbers 3 and 
4) and C-18 (number 1) signals suggested that 
conjugated trienoic acids were present. The six 
major double bond signals of approximately 
equal intensities (numbers 21, 22, 24, 25, 31 
and 32) and the five minor double bond signals 
(numbers 20, 29, 30, 33 and 34), also of 

approximately equal intensity, indicated that 
there were, in fact, two conjugated acids 
present in the ratio 3 : 1. 

To identify the fatty acids and to assign 
signals, methyl esters were fractionated. Separa- 
tion on a silver nitrate-silicic acid column gave 
saturated, monoenoic and dienoic esters, but 
conjugated esters decomposed. The ] 3 C spectra 
of the monoene and diene fractions were 
indistinguishable from those of methyl oleate 
(11) and linoleate from sunflower off, respec- 
tively (see Table II). Fractional crystallization 
of the esters gave an ester of the major con- 
jugated acid, and the spectrum (Table II) 
showed that it was the c,t ,c isomer, or punicic 
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acid methyl ester (methyl cis, trans, cis-9 ,11,13- 
octadecatrienoate). 

The ct effects (of the double bond system, 
ca. -1.80 ppm) on C-8 and C-15 showed that 
the 9,10 and 13,14 double bonds were cis 
bonds (9,11,12); the ct effect of a cis bond 
conjugated to another bond is known to be 
appreciably smaller than that of an isolated cis 
bond (-2.40 ppm, Table II) (12). C-8 and C-15 
could be assigned from the difference in their 
shifts which was that expected from the dif- 
ference in the shifts of C-8 and C-15 in the 
spectrum of stearate (Table II). The low field 
signals at 132.45 and 132.63 ppm assigned to 
C-10 and C-13 showed that the central bond 
was almost certainly trans. The UV maxima, 

r t : l% ), 264 (1040), 273 (1400), 285 nm ~.~1 cm 
(1083) - literature (7) gives 262, 272 (1766), 
283 (in cyclohexane) for punicic acid - con- 
firmed this conclusion. That the double bond 
system occupies C-9 to C-14 followed from the 
shifts of C-16, C-17 and C-18, particularly the 
large (-0.36 ppm) 7 effect of a cis bond on C-17 
(9,I 1,12, and see Table II). 

A crude punicic acid fraction was isomerized 
with iodine (7) and /~-eleostearic acid, trans,- 
trans, trans-9,11,13-octadecatrienoic acid, (UV 
nm (E~cV~n) 258, 268 (1756), 279; literature 
[7] gives 259, 268 (2190), 279) isolated; 
chemical shifts are listed in Table II. Since 
signal number 17 (Table I) had the same shift, 
32.52 ppm, as that of C-15 of/3-eleostearic acid, 
the second conjugated triene in the oil con- 
tained a trans-13,14 double bond and the 
absence of a signal at 32.79 ppm showed that 
the 9,10 double bond was cis; the second triene 
must, therefore, be c,t,t or c,c,i. The minor 
component is most probably the c,t,t isomer, 
ct-eleostearic or cis, trans, trans-9,11,13-octa- 
decatrienoic acid, since four of the double bond 
signals assigned to it have chemical shifts at 
lower field than those of oleate or elaidate (in 
the t,t,t isomer, all double bond signals are at 
lower field than those of oleate); a c,c,t system 
would be expected to have more high field 
signals due to steric interaction. It was not 
possible to obtain a fraction enriched in this 
minor isomer or a maleic anhydride adduct, 
which would have confirmed the presence of tt 
bonds. Identification as the c,t,t isomer was, 
however, completely confirmed by comparison 
with the spectrum of tung off, which contains a 
major proportion of ct-eleostearic acid, (7) 
(Table II). C-8 of/3-eleostearic acid appears at 
32.79 ppm, and the absence of this signal from 
the spectrum of the esters showed that this acid 
had not been produced by isomerization during 
seed storage or ester formation. 

Intensities of 13 C NMR signals can also be 
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TABLE llI 

Comparison of the Composition of Oil from Fevillea trilobata 
Found by 13C NMR and by GLC 

Obtained by GLC 
(Carbon numbers in parentheses) a 

After 
Chain length Obtained by NMR Dexsil 300 OV-275 hydrogenation 

16:0 t 28 (16) 31 (16) 29 
18:0 ,  43 12 (18) 12 (18) 71 
18:1 11 | 12 (18.3) --- 

21 (17.6) 18:2 7 ( 6 (18.9) --- 
18:3 (e,t,e) 30 / --- (19.0) --- (23.9) 18:3 (e,t , t)  9 j --- 

aCarbon numbers were obtained from the logarithmic plot of retention times against 
chain length, assigning 16 and 18 to the two saturated components. 

e m p l o y e d  to calculate  c o m p o s i t i o n  of  f a t t y  acid 
mix tu re s  (10 ,13 ,14 )  w h e n  the  spec t rum is 
measured  so t h a t  integrals  are p r o p o r t i o n a l  to 
percen tages  of  d i f fe ren t  ca rbons .  A pulse delay 
of  25 s was used so t h a t  nuc lea r  m a g n e t i z a t i o n  
had  t ime  to recover  a f te r  each pulse;  this  is 5 
t imes  t he  expec t ed  longest  r e l axa t ion  t ime  (a T 1 
of  a b o u t  5 s would  be expec t ed  for  C-18 
[ 1 5 ] ) .  Also to avoid compl i ca t ions  due  to 
di f fer ing nuc lea r  Overhauser  e n h a n c e m e n t s ,  t he  
p r o t o n  decoup le r  was on  on ly  dur ing  aquisi- 
t ion ,  " g a t e d  d e c o u p l i n g "  (13 ,14 ,16 ,17 ) .  

Signal a ss ignment  in Table  I is discussed 
later ,  bu t  all t he  signals excep t  two  small  ones  
at  26.43 and  33 .04  p p m  can be  assigned to 
ca rbons  of e i the r  s a tu ra t ed  esters,  o leate ,  
l inolea te  or c , t , c  or c , t , t  isomers.  To calcula te  
compos i t i on ,  signals due to a single c o m p o n e n t  
were averaged;  thus ,  the  6 signals due  on ly  to 
ca rbons  of  c , t , t  the  7 signals of  c , t , c  carbons ,  
and  the  3 signals of  l ino lea te  ca rbons  gave 
values for  these  cons t i t u t en t s .  Signal n u m b e r  26 
is the  only  one  due to o lea te  a lone,  bu t  o t h e r  
values were o b t a i n e d  by  d i f fe rence  f rom 
c o m b i n e d  olea te  and  l inolea te  signals; values 
were also o b t a i n e d  for  sa tu ra ted  esters by  
d i f ference .  By averaging all values, t he  c o m p o -  
s i t ion  shown  in Table  I l l  was ob ta ined .  

GLC analysis  of  esters con ta in ing  con juga ted  
t r i eno ic  u n s a t u r a t i o n  is f r e q u e n t l y  un-  
sa t i s fac tory  due  to d e c o m p o s i t i o n  and  isomeri-  
za t ion  (7 ,18 ,19)  and  the re  have  been  no  r epo r t s  
of  i den t i f i c a t i on  of par t icu lar  t r iene  i somers  by  
GLC. In this  inves t iga t ion ,  use of  a Dexsil  300  
c o l u m n  at 160 C ind ica ted  35% t r iene  and  an  
OV-275  c o l u m n  at 195 C ind ica ted  31% tr iene,  
less t h a n  t ha t  found  by  NMR;  however ,  t he  
h igh ca rbon  n u m b e r s  (Table  III)  did show t h a t  
con juga ted  esters were present .  The  compos i -  
t i on  af te r  h y d r o g e n a t i o n  (Tab le  III)  showed  

t h a t  the  unsa tu r a t ed  acids were all C I8.  The  
GEC resul ts  in Table  III have  been  reca lcula ted  
to 39% t r i ene  and  agree qui te  well w i th  the  
N M R  percen tages  for  sa tu ra ted  esters,  o leate  
and l inoleate .  

The  UV a b s o r p t i o n  spec t rum of t he  oil n m  
(Ellc~m) 264 (573 ,  2 7 3 ( 6 6 5 ) ,  285(501) ,  indi- 
ca ted 39% con juga ted  t r iene  - ca lcula ted as 
punic ic  acid (7). P r o t o n  NMR signals in t he  8 
5 .70-6 .40 region and  IR b a n d s  at 937 and 990  
cm -t i nd ica t ed  con juga ted  acids (7). The  
9 ,11 ,13 doub le  b o n d  sys tem was also con-  
f i rmed  by  p e r m a n g a n a t e  pe r ioda te  o x i d a t i o n  of 
a t r iene  f r ac t ion ;  azelaic acid was the  on ly  
d ica rboxyl ic  acid and  valeric acid was the  on ly  
m o n o c a r b o x y l i c  acid p roduced .  

Assignment of NMR Signals 
Some of  the  signals of  ca rbons  c~ to the  

doub le  b o n d  sys tem have a l ready been  dis- 
cussed and  the  o t h e r  signals will now be con-  
sidered.  Signals of  all ca rbons  of  s teara te  
(9 ,11 ,20) ,  oleate  (9 ,11 ,21)  and  l inolea te  
(9 ,12 ,21)  have b e e n  assigned previously .  Those  
of  s teara te  and  olea te  have been  con f i rmed  by  
13C and  d e u t e r i u m  label ing (9 ,11 ,20 ,22 )  bu t ,  
a l t h o u g h  those  of  l inolea te  have no t  been  
con f i rmed ,  t he  sa tu ra t ed  c a r b o n  signals are 
a lmos t  cer ta in ly  cor rec t  and  the  doub le  b o n d  
c a r b o n  signals are p r o b a b l y  correct ,  bu t  assign- 
m e n t s  for  pairs of  similar signals m a y  have to be  
reversed (Table  II). Signals due to sa tu ra ted  
esters,  o leate  and  l inolea te  in esters  f rom the  oil 
were t hus  assigned as l is ted in Tab le  I. 

13 C NMR spect ra  have no t  been  r epo r t ed  
previously  for  any  con juga ted  t r i eno ic  acids, 
bu t  spect ra  of several c, t  and  t , t  con juga ted  
dienes  have been  discussed (12 ,23) .  F r o m  these  
resul ts ,  signals of  the  sa tu ra ted  ca rbons  of  the  
c , t ,c ,  c , t , t ,  and t , t , t  i somers  could be  assigned as 
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in Tables I and II with little ambiguity. The/3, 3' 
and 8 effects listed for the c,t,c, c,t,t  and 
t , t , t  systems may be derived from those of the 
t,c and t , t  dienes, respectively (12). A single 
trans bond has a /3 effect of-0.05 and t,t, bonds 
have a /3 effect of -0 .20  (12) so that the/3 effect 
observed for the t,t ,t  acid (-0.37, Table II) 
seems reasonable. In this way, signals due to 
C-16, C-17 and C-18 of c,t,c, c,t,t and t,t ,t  
isomers were assigned. 

The 6 double bond carbon signals, observed 
for the pure c,t,c ester (Table II), and 5 of the 6 
signals due to double bond carbons of the c,t,t 
ester are listed in Table I. It is much less 
straightforward, however, to assign these signals 
to particular carbons because the magnitude of 
the electric field effect due to the ester group 
(9,24) on conjugated double bonds, and the 
effect of one or two bonds on carbons of 
another double bond are unknown. 

The basis for tentative assignment of double 
bond carbons is the theory that 1:4 interaction, 
as between the a-carbons of a cis double bond, 
leads to steric compression (relative to the 
saturated analog) and an upfield displacement 
of the a-carbon shift of 2 to 3 ppm, whereas 
a-carbons of a trans bond are relatively less 
compressed and there is a downfield dis- 
placement of 2-3 ppm (9). 

In the c,t,c isomers, signals with similar 
shifts can be grouped in pairs giving three pairs of 
signals, and molecular models indicate that 
C-10 and C-13 are least compressed and the two 
lowest field signals are assigned to these car- 
bons. Since C-8 and C-15 both experience an 
upfield compression displacement o f - 1 . 8 0  
ppm, then C-11 and C-12, which are in the 7 
position to these carbons, should be corres- 
pondingly compressed and are assigned to the 
highest field pair of signals. The remaining pair 
of signals are then due to C-9 and C-14. 

There are also three pairs of signals in the 
spectrum of the t , t , t  isomer (Table II), but two 
of the pairs are close. The lowest field pair are 
assigned to the least compressed carbons C-11 
and C-12; the other four signals are assigned so 
that that carbon which has the highest field 
signal in stearate also has the highest field signal 
in the t , t , t  isomer. 

The c,t,t isomer does not have signals in 
pairs probably because it is not a symmetrical 
structure; five c,t,t signals appear in Table I and 
the sixth is obscured by the c,t,c signal at 
128.82 (it is larger than the others). In assigning 
the signal at 125.99 ppm to the most com- 
pressed carbon, C-11, and the signal at 135.05 
ppm to the least compressed carbon, C-12, it 
appears that steric interaction cannot be the 
only factor affecting chemical shifts because 

these signals differ by ca. 2 ppm (to higher to 
lower field, respectively) from the correspond- 
ing carbons in c,t,c and t,t ,t  isomers. Two 
conjugated dienes both had signals at 125.75 
and 134.8 ppm (23) suggesting that shifts with 
these values characterize unsymmetrical ct 
systems. The signal at 128.82 ppm is assigned 
to C-9 by analogy with the ctc spectrum, signals 
at 132.86 and 131.70 ppm to C-10 an t ic -13 ,  
respectively, since the model indicates less 
steric interaction and that at 130.66 ppm to 
C-14 by analogy with the ttt spectrum: 

These shift assignments to individualdouble 
bond carbons may be incorrect because, al- 
though shifts of simple conjugated dienes have 
been reported (9,23,25,26), effects of one 
double bond on shifts of carbons of a con- 
jugated double bond are unclear. The problem 
of specific assignment, however ,  does not 
prevent general assignment of a group of six 
double bond carbon signals to a specific sym- 
metrical (c,t,c) or unsymmetrical (c,t,t) struc- 
ture, and shifts of the saturated a-carbons, C-8 
and C-15, make it possible to distinguish c,t,t 
from t,t,c isomers. 

DISCUSSION 

Conjugated trienoic acids are fairly often 
found in seed oils of certain plant families and 
both punicic and a-eleosteric acids occur in oils 
from other members of the Cucurbitaceae (7). 
Thus, punicic acid is present in oil of Cayaponia 
and Cyclanthera species (3), in Cucurbita (27) 
and Trichosanthes and Ecballium species (28). 
a-Eleosteric acid formed over 50% of the oil 
of two Momordica species (3,28), but oil of 
another Momordica species (29) contained 58% 
of punicic acid. Also, besides occurring in the 
family Cucurbitaceae, a-eleostearic acid is well 
known as the major constituent of tung oil (7). 

In these oils, the conjugated triene was 
detected by the UV spectrum and the acid was 
isolated by fractional crystallization and 
identified by the UV spectrum and comparison 
with authentic acid. Only the major triene acid 
would be detected by this procedure and, in 
fact, there have been no reports of more than 
one conjugated triene acid in a seed oil. The 
13C method described here has the great 
advantage that it is applied to the whole oil and 
that as many as 8 signals, those of the 6 double 
bond carbons and the a-carbons C-8 and C-15, 
characterize a particular isomer. Thus, in oil of 
F. trilobata, both the c,t,c and the c,t,t isomers 
are detected and estimated. The c,t,t and t,t,c 
isomers could also be distinguished since, 
although the double bond carbons would 
probably have similar shifts, C-8, C-15, C-16 
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and C-17 would have different shifts. The t , t , t  
isomer also has Characteristic shifts, particu- 
larly those at 134.27 and 134.49 ppm, so that 
the extent of conversion of one of the cis bond 
containing isomers to 13-eleostearic acid could 
readily be determined by la C NMR. In fact, 
the spectrum of the tung oil sample showed 
that the t , t , t  isomer account for ca. 20% of the 
conjugated acids. 
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Effects of Membrane Fatty Acid Composition on Sodium- 
Independent Phenylalanine Transport in Ehrlich Cells 
WHA BIN IM 1, JON T. DEUTCHLER and ARTHUR A. SPECTOR 2, Department of 
Biochemistry, University of Iowa, Iowa City, Iowa 52242 (USA) 

ABSTRACT 

We have examined Na+-independent phenylalanine transport in Ehrlich cells having different ~ 
degrees of membrane fatty acid saturation. These differences were produced by growing the cells in 
mice fed a fat-free chow supplemented with either sunflower seed oil or coconut oil. Plasma 
membranes isolated from the cells grown on sunflower oil were enriched with polyenoic fatty acid, 
especially 18:2, whereas those isolated from the ceils grown on coconut oil were enriched in 
monoenoic fatty acids, primarily 16:1 and 18:1. Arrhenius plots of phenylalanine uptake showed 
two transitions. The temperatures of these transitions were different in the two cell preparations; 17 C 
and 24 C for the cells enriched in polyenoic fatty acids, 19 C and 28 C for those enriched in mono- 
enoic fatty acids. Therefore, this transport system is sensitive to changes in the fatty acid composition 
of the lipid phase in which it operates. The activation energies, however, were the same in both cell 
preparations; 14, 8 and 4 kcal/mol. There also was no significant effect of the lipid modifications on 
either the K m or V~nax of this transport process. The K m for phenylalanine uptake from a choline 
medium remained constant as the temperature was raised from 17 C to 37 C, whereas the V~nax 
showed about a two-fold increase in both cell types. Phenylalanine exodus from the cells into an 
amino acid-free suspending medium, analyzed using first-order kinetics, also was not influenced by 
these membrane fatty acid modifications. The changes in the transition temperatures probably reflect 
differences in the degree of fatty acid unsaturation of lipids that surround and interact with the 
phenylalanine carrier. Such differences, however, do not appreciably influence the catalytic activity 
of this transport system. 

INTRODUCTION 

Fat ty  acid compos i t ion  is a major  factor  that  
influences the physical state of  membrane  
lipids. We recent ly  have developed a m e t h o d  for 
producing large modif ica t ions  in the fat ty  acid 
composi t ion  of  Ehrlich ascites cells (1). Plasma 
membranes  derived f rom these modif ied  cells 
showed marked differences in the t ransi t ion 
tempera tures  de tec ted  with a spin4abeled 
stearic acid probe,  suggesting that  membrane  
f luidi ty is al tered by these types of  fa t ty  acyl 
modif icat ions  (2). Moreover,  we observed that  
the t ransport  activity of  the Na+-independent ,  
short  chain neutral  amino acid uptake system in 
Ehrlich cells also is inf luenced by these changes 
in the fat ty  acid compos i t ion  of  the plasma 
membrane  phosphol ipids  (3). 

Christensen and his coworkers  have shown 
that  there are at least three distinct systems 
that  mediate  the t ransport  of  neutral  amino 
acids in Ehrlich cells: System A, ASC and L 
(4,5). The sodium-dependent  uptake of  c~- 
aminoisobutry ic  acid by Ehrlich cells, which is 
inf luenced by lipid modif ica t ions  (3), is 
media ted  by System A (4). In order  to deter- 
mine whether  other  amino acid t ransport  
systems are similarly inf luenced,  we have 
ex tended  our studies on membrane  lipid 

1present address: Department of Physiology, 
University of North Carolina School of Medicine, 
Chapel Hill, NC 27514. 

2To whom reprint requests should be sent. 

modi f ica t ion  to System L, as represented by 
sodium-independent  phenylalanine uptake.  The 
t ransi t ion tempera tures  for this t ransport  
system showed the expec ted  variations for the 
changes in fa t ty  acid saturat ion that  were 
produced.  In contrast  to System A, however ,  
the kinetic parameters  for phenylalanine 
t ransport  and the act ivat ion energies for this 
process were no t  appreciably affected by these 
changes in membrane  fat ty acid saturation.  

MATERIALS AND METHODS 

Cells 

A fat ty  acid-deficient  diet was provided by 
Teklad Test Diets (Madison, WI). Coconut  oil 
was purchased f rom Ruger Chemical Co. 
(Irvington,  NJ)  and sunflower seed oil was 
obta ined  f rom Cargill (Minneapolis,  MN). The 
Ehrl ich ascites cells were propagated in CBA 
mice fed a fa t ty  acid deficient  diet supple- 
men ted  with ei ther  16% coconu t  oil or 16% 
sunf lower  seed oil. The fa t ty  acid compos i t ion  
of  these diets has been repor ted  previously (1). 
Mice were placed on these diets for at least 4 
weeks prior to the t ransplantat ion of  the cells, 
and the diets were cont inued  during the addi- 
t ional 2 weeks of  tumor  growth.  Tlie cells were 
t ransplanted by the in t raper i toneal  inject ion of  
0.5 ml of  a sterile solut ion conta ining 1 vo lume  
of Ehrlich ascites t umor  and 9 volumes of  0.15 
M NaCI. 
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Transport Measurements 

In all solutions used for the cell transport 
studies, Na + was replaced isoosmotically with 
choline. We have employed the methods 
developed by Christensen and his coworkers 
for studying amino acid uptake by and efflux 
from Ehrlich cells (6,7). Typically, the cells 
were collected by centrifugation at 200 x g for 
2 min and washed once with 0.15 M choline 
chloride solution. The cells were then sus- 
pended in Krebs Ringer-phosphate buffer, pH 
7.4, supplemented with 1.5% bovine serum 
albumin. In this medium, the rate of phenyla- 
lanine uptake was not diminished by storage of 
the cells at 0 C for up to 1 hr. For the uptake 
measurement, a 0.2 ml aliquot of the cell 
suspension was added to 1.4 ml of Krebs 
Ringer-phosphate buffer, pH 7.4, and the 
reaction was initiated by addition of 0.2 ml 
uniformly labeled [14C]phenylalanine. At the 
end of a 45 s incubation, 5 ml of the ice-cold 
buffer was added, and the cells were pelleted at 
10,000 x g for 2 min. The separated cells were 
extracted with 1 ml of 3% sulfosalicylate for 30 
rain. After removal of the precipitate, the 
radioactivity contained in 0.2 ml aliquots of the 
cell extract and the supernatant fluid from the 
incubation medium was measured in Packard 
Tri-Carb 2425 liquid scintillation spectrometer 
with 15 ml of Tritosol scintillation fluid (8). 
[3H] Inulin was used to estimate the volume of 
extracellular water in the cell pellet. Prior to 
the start of each incubation, both the medium 
and cells were equilibrated for 5 rain at the 
temperature at which the reaction was to be 
performed. Without this equilibration, con- 
siderable variations in the uptake rate were 
observed in temperature dependence studies. 
The weight of intracellular water per 100 mg of 
the cell pellet was not appreciably affected by 
changes in incubation temperature. 

Krebs Ringer-choline bicarbonate medium 
supplemented with 5 mM HEPES buffer was 
used for the efflux studies. The pH of this 
buffer was 7.6 at 20 C and 7.4 at 37 C with 
95% 02-5% CO 2 as the gas phase. Typically the 
cells were incubated in the buffer solution 
containing 20 mM [14C]phenylalanine at 37 C 
for 10 min. The cells then were washed twice 
with ice-cold 0.15 M choline chloride solution 
and suspended in this solution. To measure 
exodus rates, a 0.5 ml aliquot of the cell 
suspension was added to 25 ml of the bicarbo- 
nate medium with 95% 02-5% CO 2 as the gas 
phase. The volume ratio of suspending medium 
to cellular water was ca. 300. Unless specified 
otherwise, the decrease in levels of the radio- 
active amino acid in the cells was measured in 
the interval from 5 to 15 rain after suspending 

the cells. The rate constant, k, was computed 
from the first order equation, A t = Aoe-kt. 

For Arrhenius plots, rates of uptake were 
measured from 7 ~ to 42 ~ at intervals of 1.5 ~ . 
All the data were fitted by the method of least 
squares using a Hewlett-Packard 98108 pro- 
grammable calculator. 

Lipid Analyses 

Washed cells were extracted with a chloro- 
form/methanol  solution (2:1, v/v), and the 
chloroform phase was isolated (9). Polar lipids 
were isolated from neutral lipids by silicic 
acid column chromatography (10). Plasma 
membranes were isolated from Ehrlich cells as 
described previously (1), and the lipids con- 
tained in the membranes were extracted with 
the chloroform/methanol solution. The phos- 
pholipid content of the membranes was 
measured chemically (11), and the cholesterol 
content was determined by gas liquid chroma- 
tography (12). Other aliquots of the cell and 
membrane lipid extracts were saponified (13) 
and methylated (14). The fatty acid composi- 
tion was determined by gas chromatography 
using a glass column (1.8 m x 2 mm I.d.) 
packed with Apolar 10C on 100/200 mesh 
Gas-Chrom Q (Applied Science Laboratories, 
Inc., State College, PA). The separations were 
carried out with a Hewlett-Packard 5710A gas 
chromatograph equipped with a flame ioniza- 
tion detector, and relative mass amounts were 
determined with a Hewlett-Packard 3380A 
automatic integrator (12). Fatty acid methyl 
ester standards were obtained from Supelco, 
Inc (Bellefonte, PA). 

RESULTS 

Cells and Plasma Membrane Fatty 
Acid Composition 

This dietary approach has been employed 
previously to modify the Ehrlich ascites cell 
plasma membrane fatty acid composition, and 
detailed results from both cell lipids and 
several subcellular membrane fractions have 
been reported (1,3,15-17). These analyses were 
repeated in the present study only to confirm 
that similar modifications were produced, 
and they were not carried out in as great detail. 
As shown in Table I, the fatty acid composi- 
tional changes produced in the cell lipid frac- 
tions and in the isolated plasma membranes 
are essentially the same as those reported earlier 
(1), including those produced in the cells 
utilized for studies of c~-aminoisobutyrate 
transport (3). Both the polar and neutral lipids 
of the cells grown in the mice fed the coconut 
oil-supplemented diet contained more saturated 
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TABLE 1 

Fatty Acid Composit ion of  Cell and Plasma Membrane Lipids 

1 0 0 5  

Percentage composi t ion (%)a 

Cells 

Polar lipids Neutral lipids 

Fatty acid Sunflower b Coconut  Sunflower Coconut  

Plasma membranes  

Sunflower Coconut  

Classes c 
Saturated 44 49 28 38 42 40 
Monoenoic 20 31 21 41 19 32 
Polyenoic 33 16 49 13 36 23 

Major individual acids 
14:0 1.5 3.7 1.7 4.4 1.8 2.9 
16:0 19.7 24.7 14.5 20.1 17.7 18.4 
16:1 3.9 6.9 3.4 7.8 2.4 4.6 
18:0 20.5 18.7 9.6 12.7 22.3 18.6 
18:1 16.8 24.8 16.6 30.6 13.7 26.2 
18:2 23.5 8.4 24.9 8.2 23.2 9.8 
20:4 6.3 5.8 6.2 2.9 6.6 8.4 
22:6 3.1 1.7 4.1 1.1 4.3 1.9 

aAverage of  two cell and plasma membrane  preparations,  each analyzed in duplicate. The individual values 
agreed very closely in each case. 

bDiet of  the  mice in which the cells were grown. 
CThese values do not  add up to 100% because a small percentage of the fat ty  acid composi t ion was 

unidentif ied.  

a n d  m o n o e n o i c  f a t t y  ac ids  a n d  c o n s i d e r a b l y  
less  p o l y e n o i c  f a t t y  ac ids  t h a n  t h o s e  f r o m  t h e  
cells  g r o w n  in t h e  m i c e  f ed  t h e  s u n f l o w e r  
o i l - s u p p l e m e n t e d  die t .  In  t h e  p l a s m a  m e m -  
b r a n e s  i s o l a t e d  f r o m  cells  m o d i f i e d  in t h i s  w a y ,  
t h e  d i f f e r e n c e s  were  c o n f i n e d  to  t h e  m o n o e n o i c  
a n d  p o l y e n o i c  f a t t y  ac ids .  T h o s e  f r o m  t h e  
c o c o n u t  o i l - fed  a n i m a l s  c o n t a i n e d  m o r e  m o n o -  
e n o i c  f a t t y  ac ids ,  b o t h  16:1 a n d  18: 1, w h e r e a s  
t h o s e  f r o m  t h e  s u n f l o w e r  oil f ed  a n i m a l s  
c o n t a i n e d  m o r e  p o l y e n o i c  f a t t y  ac id ,  m o s t l y  
18 :2 .  As  r e p o r t e d  p r e v i o u s l y  (1) ,  t h e  p l a s m a  
m e m b r a n e  f a t t y  ac id  m o d i f i c a t i o n s  were  n o t  
a s s o c i a t e d  w i t h  a n y  a p p r e c i a b l e  c h a n g e  in  t h e  
p h o s p h o l i p i d  c o n t e n t  o f  t h e  m e m b r a n e ,  3 1 3  
( s u n f l o w e r )  vs. 323  ~ g / m g  p r o t e i n  ( c o c o n u t ) ,  
a n d  t h e  m o l a r  r a t i o  o f  p h o s p h o l i p i d  t o  c h o l e s -  
t e ro l  was  t h e  s a m e ,  1.2,  in  b o t h  cases .  A l t h o u g h  
n o t  t e s t e d  in  t h e  p r e s e n t  w o r k ,  we h a v e  s h o w n  
p r e v i o u s l y  t h a t  t h e s e  f a t t y  ac id  m o d i f i c a t i o n s  
are  n o t  a c c o m p a n i e d  b y  a n y  c h a n g e s  in  t h e  
p h o s p h o l i p i d  h e a d  g r o u p  c o m p o s i t i o n  o f  t h e  
m e m b r a n e  (3) .  

P h e n y l a l a n i n e  U p t a k e  

F i g u r e  1 s h o w s  r e p r e s e n t a t i v e  t i m e  c o u r s e s  
o f  p h e n y l a l a n i n e  u p t a k e  f r o m  a c h o l i n e -  
c o n t a i n i n g  m e d i u m  b y  E h r l i c h  cells.  T h e  

p h e n y l a l a n i n e  c o n c e n t r a t i o n  was  0 .7  m M ,  a n d  
t h e  i n c u b a t i o n  t e m p e r a t u r e s  we re  17 C or  31 C. 
V a l u e s  at  0 t i m e  r e p r e s e n t  t h e  u p t a k e  t h a t  
o c c u r r e d  d u r i n g  s e p a r a t i o n  o f  t h e  cells by  

i 3.0 

2.0 

1.0 

o 3 1 ~  

i I I I 
0 1 2 3 

Time, min 

FIG. 1. Time course of  phenylalanine uptake f rom 
a choline medium.  The Ehrlich cells were grown 
in mice fed a regular diet. The phenylalanine concen- 
tration was 0.7 mM, and the incubat ion temperatures  
were 17C and 31C. 
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T A B L E  11 

Kinetic Pa ramete r s  for  Phenyla lan ine  Uptake  at Different  T e m p e r a t u r e s  a 

C o c o n u t  b Sunf lower  

T e m p e r a t u r e  K m V m a  x K m  V m a x  

~ C mM # m o l / m l  m M  # m o l / m l  
cell w a t e r - 4 5  s cell w a t e r . 4 5  s 

17 0.12 0.84 0,15 0 .88  
23 0 .14  1.14 0.13 1.14 
31 0.15 1.51 0.16 1.65 
37 0.12 -+ 0 .03  c 1.54 -+ 0 .10  0.14 • 0 .03  1.77 +- 0 .14  

aL ineweave r -Burk  plots  to derive the cons tan t s  were  based on 8 d i f fe ren t  subs t ra te  
c o n c e n t r a t i o n s  ranging f r o m  0 .05  to  0.5 mM.  

bDie t  fed  to  the  mice  in which  the cells were  g rown .  

CMean -+ S.E. o f  4 e x p e r i m e n t s .  

centr i fugat ion,  and they appear  to be equiva- 
lent to the up take  tha t  occurs during 20 sec of  
incubat ion  at the respective tempera tures .  
Phenyla lanine  uptake  deviated f rom lineari ty 
af ter  1 min of  incuba t ion  at bo th  tempera tures .  
Because of  this, we used a 45 s incuba t ion  t ime 
for all of  the up take  studies.  

Table II shows the effect  of t empera tu res  on 
the kinetic cons tants  for phenyla lan ine  uptake 
f rom a chol ine med ium by Ehrlich cells g rown 
in mice fed ei ther  the sunf lower  or coconu t  
o i l - supplemented  diet. The nonsa turable  com-  
ponen t ,  es t imated  by the equa t ion  of Inui and 
Chris tensen (6), was found  to vary f rom 0.04 to 
0.08 min -1, and it did not  show any clear 
dependence  on the lipid compos i t i on  of  the 
cells or  the incuba t ion  tempera tures .  We used a 

value of  0.06 min -1 to correct  all of  the uptake 
data for  the nonsa turable  c o m p o n e n t .  We did 
no t  observe any significant d i f ferences  in the  

r t 
K m or the Vma x values for  the two  kinds of 
cells. There was also no appreciable  tempera-  

! 
ture dependence  of  K m values over the range 
f rom 17C to 37C. 

Temperature Dependence of 
Phenylalanine Uptake 

A fixed substrate  concen t ra t ion ,  0.7 mM, 
was used for the t empera tu re  dependence  

t 
studies since the K m for  up take  was observed 
to be t emp e ra t u r e - i n d ep en d en t  over the  range 
of  interest .  Figure 2 compares  Arrhenius  plots  
for phenyla lanine  uptake  (cor rec ted  for non-  
saturable uptake)  in cells grown on e i ther  

+ 

o 

F.- 

(3 -.4 

1.0 

0.8 

0.6 

Oil 

3L2 313 314 315 

xlO 

~176176 ~ 

�9 1 . ~ _  

~'0.8 " .~0  ~ C 

Sunf lower Oil ~ . . . .  

.0.6 ~ '  

3t2 313 3t4 35 

+ X10 4 

FIG. 2. Arrhenius plots for phenylalanine uptake in the Ehrlich cells grown in mice fed either the sunflower 
oil or coconut oil diets. Uptake was measured in a medium containing choline, and the phenylalanine concentra- 
tion was 0.7 mM. Each point represents an average of duplicate values at the temperature. These data were fitted 
by the method of least squares analysis as described previously (3). 
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TABLE llI 

Transition Temperatures and Activation Energies Obtained from Arrhenius Plots of 
Phenylalanine Uptake 

1007 

Phenylalanine uptake 

T1 T 2 E1 a E 2 E 3 

Diet Expt. no. ~ kcal/mol 

Coconut 

Sunflower 

1 18.6 27.5 12 8 3 
2 19.8 28.5 14 9 5 
3 18.7 28.2 12 9 3 

Mean -+ SE 19.0 + 0.4 28.1 • 0.3 

1 16.7 25.1 15 8 5 
2 17.5 23.0 18 9 4 
3 16.9 24.9 13 9 4 

Mean -+ SE 17.0 • 0.2 b 24.3 • 0.7 c 

aE1-E 3 are activation energies; E 1 is that below T 1 , E 2 is that between T 1 and T2, and 
E 3 is that above T 2. 

b0.01 <P<0.02. 
cp<0.01. 

coconu t  or sunf lower  oil. Table IlI lists the 
t rans i t ion tempera tures  for  the t r anspor t  
process  and the activation energies ob ta ined  
f rom three  separate expe r imen t s  of  this type .  In 
all cases, the t ransi t ion t empera tu res  observed 
with the cells g rown on sunf lower  oil were f rom 
2 ~ to  4 ~ lower  than those  for  the cells grown on 
coconu t  oil. The act ivat ion energies, however ,  
were no t  significantly d i f fe rent  for the two  cell 
prepara t ions ,  being ca. 14, 8 and 4 kca l /mol  in 
b o t h  cases. 

Phenylalanine Efflux 

Figure 3 shows the t ime course of  [14C]- 
phenyla lan ine  exodus  f rom the two cell pre- 
para t ions  in to  an amino  acid-free suspending 
medium.  Two internal  phenyla lan ine  concen-  
t ra t ions  were tes ted ,  4 and 17 raM. A f i rs t -order  
rate cons tan t ,  0.04 min-1,  appears to fit all o f  
these si tuations.  These data indicate  tha t  
phenyla lanine  exodus  at 37 C was no t  in- 
f luenced by the types  of  m e m b r a n e  fa t ty  acid 
modi f ica t ions  that  we have p roduced .  

DISCUSSION 

Two tempera tu re  t ransi t ions  for  Na +- 
i n d e p e n d e n t  phenyla lanine  uptake ,  which is 
media ted  by System L in Ehrlich cells, were 
observed in the Arrhenius  plots.  These tempera-  
tures were in f luenced  by the modi f i ca t ions  in 
m e m b r a n e  fa t ty  acid compos i t i on  tha t  were 
p roduced ,  and en r i chment s  with po lyeno ic  
fa t ty  acids was associated with a 2-3 ~ lowering 
of  bo th  t rans i t ion tempera tures .  A similar type  

of  change was n o t e d  for  Na+-dependent ,  shor t  
chain neutral  amino  acid t ranspor t  which is 
med ia ted  by System A in Ehrl ich cells (3). 
Therefore ,  bo th  of these neutra l  amino  acid 
t r anspor t  sys tems are sensitive to  changes in the 
fa t ty  acid compos i t i on  of  the  m e m b r a n e  lipids 
in which they  are embedded .  Studies wi th  
Escherichia coli indicate tha t  the t rans i t ion 
t empera tu res  for  t r ansmembrane  t r a n s p o r t  

0.8 

" ~  0.6 ~ .  

�9 Sunflower O~ 5raM ~ 9  0 
-4 o Sunflower Oil, 17ram 

0.4 
�9 Coconut Oil. 5mM 
~, Coconut Oil. 17mM 

I i i i 

0 5 10 15 20 

E x o d u s  T ime ,  M in  

FIG. 3. Efflux of phenylalanine from the Ehrlich 
cells grown on either coconut oil or sunflower oil. The 
radioactive phenylalanine concentration inside of the 
cells was either 5 mM or 17 mM at the beginning of 
the incubation. These studies were done at 37 C, and 
each value is the average of two determinations. 
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systems are caused by phase transitions of the 
membrane lipids (18,19). In isolated Ehrlich 
cell plasma membranes, spin-labeled stearic acid 
probes have demonstrated the presence of two 
major lipid transitions (2,20). The temperatures 
of these transitions, however, differ by several 
degrees from those noted for the amino acid 
transport systems. Likewise, the temperatures 
of the activity transitions for each of the amino 
acid transport systems differ by several degrees 
(3). Therefore, unlike the E. coli transport 
systems (18,19), the neutral amino acid trans- 
port system transitions in the Ehrlich cell 
are not a direct reflection of the membrane 
bulk lipid phase transitions. A likely possibility 
is that the lipid microenvironments of the two 
transport systems differ and that the activity 
transitions of each transport system reflects the 
composition of its microenvironment. It should 
be noted that the activity transition of the 
Ehrlich cell plasma membrane (Na++K+)-ATPase 
also is not consistent with the bulk lipid transi- 
tions when the fatty acid composition of the 
membrane was modified by these dietary 
procedures (21 ). 

Although the transport transition tempera- 
tures were altered, the fatty acid modifications 
that were produced had no appreciable effect 

r t 
on the activation energies or the K m or Vma x 
of phenylalanine transport. By contrast, the 
same dietary modifications altered the activa- ! 
tion energy and K m of a-aminoisobutyrate 
transport in the Ehrlich cell (3). Therefore, in 
contrast to our previous findings with System 
A, the present results indicate that membrane 
lipid composition does not exert a modifying 
effect on the function of System L in the 

t 
Ehrlich cell. In this regard, the K m for a-amino- 
isobutyric acid uptake in the GF-14 
lymphocyte line shows a sharp transition at 
around 29 ~ (22). As the temperature was raised 

r 
from 20.5C to 28.9C, the K m decreased from 
1.78 to 0.68 raM, and it then remained con- 
stant between 29C and 42C. On the other hand, 

t 
the K m for phenylalanine uptake in Ehrlich 
cells showed no transition over the same 
temperature range. One possible explanation is 
that the binding site of the a-aminoisobutyric 
acid carrier, System A, is influenced by changes 
in the physical state of the surrounding lipid, 
whereas the binding site of the phenylalanine 
carrier, System L, is not affected by these kinds 
of membrane lipid changes. Alternatively, it is 
possible that the lipid dependence of the 
transport parameters in System A is exerted on 

the Na+-dependent component  of this system, 
perhaps on the (Na++K+)-ATPase (21), and 
therefore not directly on the amino acid carrier 
component.  Independently of mechanism, 
these results demonstrate that membrane 
lipid modifications do not have a uniform 
effect on carrier mediated transport systems in 
a eucaryotic cell, even on those systems which 
transport closely related metabolites. 
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Response of Free and Esterified Plasma Cholesterol Levels 
in the Mongolian Gerbil to the Fatty Acid Composition 
of Dietary Lipid 1 
NINA J.H. MERCER and BRUCE J. HOLUB, Department of 
Nutrition, College of Biological Science, University of Guelph, 
Guelph, Ontario, Canada N1G 2W1 

ABSTRACT 

The present study was undertaken to investigate the potential suitability of the Mongolian gerbil as 
a useful animal model to study the effects of dietary fats on plasma cholesterol levels. Semipurifled 
diets containing either 20% lard, 20% safflower oil, or 19.5% beef tallow + 0.5% safflower oil were 
equalized to contain 0.01% cholesterol and 0.05% p/ant sterol and were fed for a four week experi- 
mental period. The proportions of total calories contributed by fat, protein and carbohYdrate (starch/ 
sucrose ratio of 2:1) were 40, 14 and 46%, respectively, so as to approach the distribution of calories 
within the average North American diet. Free, esterified, and total plasma cholesterol levels of male 
gerbils were determined weekly by gas liquid chromatography after drawing blood via a serial sampling 
technique. After 1, 2, 3, and 4 weeks of feeding the experimental diets, total cholesterol levels were 
lowest in the safflower oil fed animals; the corresponding values were 19-64% greater in gerbils fed 
lard and 68-91% greater in those consuming the beef tallow diet. Cholesterol in the free form 
generally responded more dramatically to the type of dietary lipid than did cholesterol in the ester 
form. Irrespective of the type of dietary lipid or the length of the feeding trial, 18-23% of the total 
plasma cholesterol was in the free form and 77-82% was present as the ester. In view of the similarity 
to the human of the relative proportions of free versus esterifled cholesterol, the type of cholesteryl 
esters, and their response to dietary manipulation, the gerbil appears to be a useful animal modeI for 
studying the regulatory effect of dietary lipid on plasma cholesterol levels. 

INTRODUCTION 

N u m e r o u s  s tudies  wi th  h u m a n  subjec ts  and  
var ious  an ima l  mode ls  have  led to the  conclu-  
s ion t h a t  b o t h  d ie ta ry  cho les t e ro l  and  t he  t y p e  
of  d ie ta ry  f a t ty  acids can have an ef fec t  on  
plasma cho les te ro l  levels ( 1 - 5 ) .  As has been  
discussed b y  Reiser  (6,7) ,  mos t  of  the  prev ious  
e x p e r i m e n t s  deal ing  w i th  the  in f luence  of  
d ie ta ry  l ipid t y p e  have involved compar i sons  of  
an ima l  vs. vegetable  fats  wh ich  di f fer  no t  on ly  
in the i r  degree of  f a t t y  acid u n s a t u r a t i o n  b u t  
also in the i r  c o n t e n t  of  b o t h  cho les te ro l  and  
p h y t o s t e r o l  (p lan t  sterol).  The  hypo-  
cho les te ro lemic  effect  of  d ie tary  p h y t o s t e r o l  
has been  well d o c u m e n t e d  (8,9).  

The  presen t  work  was u n d e r t a k e n  to deter -  
m ine  the  p o t e n t i a l  su i tab i l i ty  of  the  Mongol ian  
gerbil  (Meriones unguiculatus) as a useful  
an ima l  mode l  for  s tudy ing  the  ef fec t  of  the  
t y p e  of  d ie ta ry  fat  on  t he  c o n c e n t r a t i o n  of  free,  
ester i f ied,  and  to ta l  cho les te ro l  in b l o o d  
plasma.  Unl ike  a prev ious  r epo r t  us ing the  
gerbil,  wh ich  e m p l o y e d  diets  t h a t  were nut r i -  
t ional ly  i n a d e q u a t e  and  d ie ta ry  fats wh ich  
d i f fered  in the i r  c o n t e n t  of  p l an t  s terol  and  
cho les te ro l  (10) ,  t he  diets  used he re in  were 
no rma l i zed  for  t he i r  c o n t e n t  of  b o t h  choles ter -  
ol and  phy to s t e ro l .  This  p rov ided  t he  op- 

1presented in part at the A.O.C.S. Annual 
Meeting, San Francisco, CA, May 1979. 

p o r t u n i t y  to s t u d y  the  effect  of  a m o d i f i c a t i o n  
of t he  d ie ta ry  f a t ty  acid p a t t e r n  on  plasma 
cho les te ro l  w i t h o u t  a c c o m p a n y i n g  changes  in 
e n d o g e n o u s  cho les te ro l  or  p h y t o s t e r o l  levels. In  
add i t ion ,  the  level of  d ie tary  fat  and  p ro te in ,  as 
well as t he  level and  type  of  d ie ta ry  carbo-  
h y d r a t e  in th is  s tudy ,  were ca lcu la ted  to 
a p p r o x i m a t e  levels which  co r r e spond  to those  
c o n s u m e d  in the  average N o r t h  A m e r i c a n  die t  
( 1 1 - 1 3 ) .  

EXPERIMENTAL PROCEDURES 

Animals and Diets 

Y o u n g  male  (8-10 weeks old) Mongolian 
gerbils (High Oak Ranch ,  G o o d w o o d ,  Onta r io ) ,  
having  an  average b o d y  weight  of  37 g, were 
h o u s e d  t w o  per  cage in w i r e - b o t t o m e d ,  stainless 
steel cages wi th  access to food  and  wa te r  ad 
l ib i tum.  The  an imals  were m a i n t a i n e d  on  a 
12-hour  l ight-dark  cycle at  a c o n s t a n t  t empe ra -  
tu re  of  25 C. Ini t ia l ly ,  all an imals  were given 
t he  same basal  diet  con t a in ing  20% lard (see 
Table  I) w i t h o u t  s u p p l e m e n t a r y  p h y t o s t e r o l  for  
a th ree -week  per iod  af te r  which  they  were 
r a n d o m l y  assigned to t h r ee  tes t  die t  g roups  (as 
given in Table  I) for  a four -week  per iod.  Diet  
le f tovers  and  spills were weighed every 3 - 4  
days  and  weight  gain and  food  in t ake  were 
ca lcula ted  weekly.  The  tes t  diets c o n t a i n e d  
saff lower  oil (SO),  lard (L),  and  beef  ta l low 
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(BT). The BT test diet contained a blend of 
beef tallow and safflower oit (19.5% and 0.5% 
by weight, respectively) to ensure nutritionally 
adequate levels of essential fatty acid in the 
diet. The dietary fats were added to represent 
20% by weight or 38.9 calorie % of the diet. 
The test diets resemble the average North 
American diet in their level of dietary fat, and 
protein, and the level and type of carbohydrate 
(11-13) .  

All test diets were equalized to contain 114 
mg cholesterol/kg diet which represents the 
endogenous cholesterol present in the 20% lard 
test diet and 480 mg phytosterol/kg diet which 
represents the endogenous phytosterol (plant 
sterol) present in the 20% safflower oil test 
diet. This equalization was accomplished by 
supplementing the L diet with phytosterol, the 
SO diet with cholesterol and the BT diet with 
phytosterol and cholesterol. The sterols were 
dissolved in the fat before mixing with the 
other diet constituents. 

The fatty acid compositions of the fats are 
given in Table II and show that the P/S ratio in 
the SO is 22 and 60 times greater than that in L 
and BT, respectively. 

Methods 

Blood samples were obtained weekly after a 
1 2 - 1 5  hr fast using the orbital sinus bleeding 
technique of Sorg and Buckner (14). Short 
duration anaesthesia was achieved using 
Metafane (methoxyfluorane, Pitman-Moore, 
Washington Crossing, N J), allowing standard 
microhematocrit capillary tubes to be rapidly 
filled with blood with little trauma to the 
animal. Weekly hematocrit determinations on 
the blood samples taken showed no signi- 
ficant differences in packed cell volume over 
the seven-week course of blood sampling. 
Following a 5 rain centrifugation (Adams 
autocrit desk centrifuge), 25 /11 aliquots of 
plasma were added to screw-cap culture tubes 
containing 16.25 /ag of tridecanoin (Nu Cheu 
Prep, Elysian, MN) as an internal standard. 
Plasma lipids and dietary sterols were extracted 
using a modification of the method of Folch et 
al. (15) which utilized 1 ml of chloroform/ 
methanol (2:1, v/v) per sample. Lipid quantita- 
tion was effected by gas liquid chromatography 
(GLC) on 50 cm glass columns (2 mm I.D.) 
packed with 3% OV-1 on 100/120 Gas chrom Q 
(Supelco, Bellefonte, PA) based on procedures 
described elsewhere (16). In the case of the 
dietary samples only, the free and esterified 
sterol fractions were first separated by thin 
layer chromatography using Silica Gel G plates 
developed in heptane/isopropyl ether/acetic 
acid (60:40:3,  v/v/v) before GLC analysis. The 

T A B L E  1 

C o m p o s i t i o n  o f  E x p e r i m e n t a l  Die ts  

P e r c e n t  
C o n s t i t u e n t  b y  w e i g h t  

Case in  16 .0  
Fa t  1 2 0 . 0  
C a r b o h y d r a t e  

S u c r o s e  18.2  
S t a r c h  36 .4  

Cel lu lose  (a l fa  f loc)  4 .0  
Salt  mix  2 4 .0  
V i t a m i n  mix  3 1.0 
C h o l i n e  c h l o r i d e  0 .3  
Inos i to l  0.1 
C h r o m i u m  a c e t a t e  0 . 0 0 0 2 3  
S o d i u m  seleni te  0 . 0 0 0 0 2 2  
S te ro l  4 

C h o l e s t e r o l  0 . 0 1 1 4  
P h y t o s t e r o l  0 . 0 4 8  

I T b e  t h r e e  e x p e r i m e n t a l  d ie t s  c o n t a i n e d  20% b y  
w e i g h t  lard  + p h y t o s t e r o l  (L),  2 0 %  b y  w e i g h t  saf- 
f l o w e r  oil  + c h o l e s t e r o l  (SO) ,  o r  19 .5% b y  w e i g h t  b e e f  
t a l l o w  + 0 .5% s a f f l o w e r  oil + p h y t o s t e r o l  a n d  
c h o l e s t e r o l  (BT).  

2Wil l iams-Briggs ,  m o d i f i e d  f r o m  T e k l a d  Mills, 
M a d i s o n ,  WI. 

3 A m o u n t s  in m g / k g  d ie t :  D L - a - t o c o p h e r o l  ace t a t e ,  
80 ;  m e n a d i o n e ,  0 .2 ;  t h i a m i n  h y d r o c h l o r i d e ,  6 ;  r ibo-  
f lavin,  7;  p y r i d o x i n e  h y d r o c h l o r i d e ,  7 ;  D L - c a l c i u m  
p a n t o t h e n a t e ,  20 ;  n i t o t i n i c  acid ,  25 ;  D-b io t in ,  0 .2 ;  
fo l ic  ac id ,  0.1 ; c y a n o c o b a l a m i n ,  0 . 0 1 2 ,  e rgoca l c i f e ro l ,  
0 . 0 5 ;  r e t i n y l  ace t a t e ,  3. T h e  v i t a m i n  mix  c o n t a i n e d  
9 7 . 6 %  alfa  f loc  ca r r i e r  so t h a t  t he  t o t a l  a m o u n t  o f  a l fa  
f loc  in t he  d ie t  r e p r e s e n t s  50  g /kg .  

4Al l  e x p e r i m e n t a l  d ie ts  w e r e  equa l i zed  t o  c o n t a i n  
114  m g  c h o l e s t e r o l ] k g  d ie t  a n d  4 8 0  m g  p h y t o s t e r o l / k g  
diet .  

T A B L E  II 

F a t t y  Ac id  C o m p o s i t i o n  o f  D i e t a r y  L ip ids  a 

S a f f l o w e r  Beef  
F a t t y  ac id  La rd  oil t a l l o w  

14 :0  2 .4  t r ace  3.3 
1 6 : 0  2 3 . 4  8.5 27 .8  
16 : 1 3.4 t r  ace 3.1 
1 8 : 0  15.1 2 .3  23 .8  
18:1 4 0 . 9  11.5 35 .3  
18:2  13.4  77 .8  6 .6  
2 0 : 0  1.4 . . . . . .  
T o t a l  s a t u r a t e d  

f a t t y  ac ids  4 0 . 9  10 .8  54 .9  
P /S  r a t i o  b 0 .32  7.2 0 .12  

aVa lues  are given as w e i g h t  % o f  t h e  to ta l .  F a t t y  
ac ids  r e p r e s e n t i n g  less t h a n  0 .5% o f  t he  to t a l  in a n y  
d i e t a r y  l ipid have  been  o m i t t e d  f r o m  the  tab le .  

b C a l c u l a t e d  as t o t a l  % o f  p o l y u n s a t u r a t e d  f a t t y  
ac ids  d iv ided  b y  t o t a l  % o f  s a t u r a t e d  f a t t y  acids .  
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(a) GERBIL PLASMA LIPIDS (b) HUMAN PLASMA LIPIDS 
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FIG. 1. Gas chromatograms of plasma lipid profiles from gerbil (a), human (b). Nitrogen carrier gas; column 
temperature programmed 170 to 370 C at 6 C/min; injector temp;. 350 C; detector temp., 400 C; SF, solvent 
front; C27, free cholesterol; C33, tridecanoyl glycerol, internal standard; C43,45, 47 represent cholesterol esters 
of C16, C18, and C20 fatty acids; C53, C55, C57, triacylglycerols of 53 to 57 total carbons per molecule 
(includes glycerol). Region between C33 and C43 represents diacylglycerols plus phospholipid degradation 
products. 

fatty acid composition of the fats and oils fed 
in this study was determined by GLC using a 
200 cm column (2 mm I.D.) packed with 10% 
SP 23-30 ,  100-120  Chromosorb W AW 
(Supelco, Bellefonte, PA) using methods similar 
to those reported by Andersen and Holub (17). 

Statistical Analysis 

Data were subjected to analysis of variance 
and Duncan's multiple range test (18). The level 
of significance was chosen at P ~< 0.05. 

RESULTS 

The GLC analyses of plasma lipid samples 
from gerbils produced chromatographic tracings 
such as that seen in Figure l(a) which are 
similar to those for plasma from human sub- 
jects [Fig. l (b)] .  It is apparent that both the 
gerbil and human have ca. 70-80% of the total 
plasma cholesterol in the esterified form in 
agreement with reports in the literature ( 1 9 -  
22). Furthermore, the relative abundance of 
cholesteryl esters containing fatty acids with 
16(C43), 18(C45), or 20(C47) carbon atoms in 
gerbil and human plasma were also similar [Fig. 
l(a) and l (b)] .  Cholesterol linoleate has been 
reported as the major species of esterified 
cholesterol in gerbil and human plasma with 
lower amounts of cholesterol palmitate and 
arachidonate present as well (20,21). 

After completion of the initial three-week 
basal period when all animals were fed a 20% 
lard diet (without added plant sterol), the mean 
total plasma cholesterol level was 127 + 7 
(mean + S.E.) per 100 ml in a random sampling 
of 10 of the 30 animals on the day of transfer 
to the three experimental diets. During the first 
week on the experimental diets, all animals 
exhibited a decrease in the total plasma choles- 
terol ranging from 7% for the BT group to 48% 
for the SO group (Fig. 2) relative to values 
found after three weeks on the basal diet. These 
decreases in total plasma cholesterol over the 
first week might possibly be due in part to the 
inclusion of plant sterol in all of the experi- 
mental diets (Table I), but not in the basal diet 
which was fed to all animals during the initial 
three-week period. However, it is readily 
apparent from the data in Figure 2 that the 
influence of the type of dietary lipid on plasma 
cholesterol levels manifests itself by one week. 
At this time, the mean plasma level of total 
cholesterol in the gerbils fed diets contain- 
ing SO was 66% and 56% of that found in the L 
and BT groups, respectively. At all sampling 
times (1,2,3, and 4 weeks), total cholesterol 
levels were lowest in the SO animals; the 
corresponding values were 19-64% greater in 
gerbils fed L and 68-91% greater in those 
consuming the BT diet. Plasma cholesterol 
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130 

i 

J 

Weeks on Expetimefltal Diets 

FIG. 2. Total plasma cholesterol levels of gerbils 
fed three different experimental diets, o, lard (L); c, 
safflower (SO); e, beef tallow (BT). Bars represent 
means _+ SEM. 

levels in the animals fed BT decreased during 
the fourth week and approached those in the L 
group. 

Table III presents results on the effect of 
feeding the three experimental diets for 1, 2, 3 
and 4 weeks on the total, free and esterified 
cholesterol levels in gerbil plasma. At all times, 
both the mean free and esterified cholesterol 
levels were lowest in the SO groups and highest 
in the animals fed BT. However, cholesterol in 
the free form generally responded more dra- 
matically to the type of dietary lipid than did 
cholesterol in the ester form. Specifically, 
the free cholesterol levels in the SO-fed animals 
ranged from 40-50% of those for the BT 
group, whereas the esterified cholesterol levels 
were 56-63% of the value for animals given 
BT. Regardless of the dietary lipid or the length 
of the feeding trial, 18-23% of the total plasma 
cholesterol was in the free form and 77-82% 
was present as the ester. At all times, the ratio 
of free/esterified cholesterol was lowest for the 
gerbils fed SO. Okey et al. (23) feeding human 
subjects diets containing safflower oil as the 
major dietary lipid, have reported that the 
hnoleic acid content of plasma cholesterol 
esters increased while the percentage of total 
and free plasma cholesterol decreased. The 
mean ratio of C43:C45 cholesteryl esters was 
0.15 or 0.16 in the SO group and 0 .20-0 .23 in 
the other two groups at all times. 

DISCUSSION 

The purpose of the present investigation was 
two-fold: first, to determine if the Mongolian 
gerbil might possibly serve as a useful animal 

model for studying the effect of dietary lipids 
on the concentration of plasma cholesterol; 
second, to examine the effects on free, esteri- 
fled, and total plasma cholesterol levels of 
dietary fats having widely different P/S ratios. 
The diets as constituted were balanced so as to 
contain equal amounts of cholesterol and 
phytosterol. BT with a P/S ratio of 0.12 and 
safflower oil with a P/S ratio of 7.2 were 
chosen as the two extremes with lard serving as 
the control. The 20% BT diet was blended to 
contain 19.5% beef tallow + 0.5% safflower oil 
to ensure adequate hnoleic acid in the diet. The 
initial study of Hegsted and Gallagher (10) did 
not provide any dietary supplement to polyun- 
saturated fatty acids (PUFA) to the saturated fat 
tested so that a minimum level of essential fatty 
acid (EFA) was not ensured. In subsequent 
work, Seiler et al. (24) showed a reduced level 
of 18:2 in liver and adipose tissue in gerbils fed 
coconut oil for 8 - 1 0  weeks. More recent 
studies by Hegsted et al. (25) have shown that, 
in addition to the need for adequate linoleic 
acid in the diet, the gerbil also has a dietary 
requirement for inositol which can be increased 
when diets containing saturated fats or choles- 
terol are fed. Therefore, our diets were consti- 
tuted to contain 0.1% inositol. 

Comparative nutr i t ion has, as a major 
interest, the discovery of species and dietary 
conditions that have relevance to human 
nutrition. When GLC tracings of human and 
gerbil plasma lipids are compared [Fig. l(a), 
l (b) ] ,  the similarity of the gerbil pattern with 
the human is apparent. In contrast to the rat, 
which has as much as 50% of total plasma 
cholesteryl esters as cholesterol arachidonate 
(20), the gerbil, like the human (19,20), has 
only 4 - 8 %  cholesterol arachidonate present in 
plasma. The major cholesteryl ester in the 
gerbil, as in the human (19), is cholesterol 
linoleate (75-80%).  The relative amounts of 
free to esterified cholesterol in the human are 
reported as 70-75% (19--22), and we find that 
the gerbil has ca. 75% of total plasma choles- 
terol as cholesteryl esters. 

The present experiments indicate that 
plasma cholesterol levels in the gerbil can be 
significantly influenced by the type of dietary 
lipid. The substitution of SO for L produced a 
significant decrease in the absolute amounts of 
free, esterified and total plasma cholesterol 
(Fig. 2, Table III). Since the cholesterol and 
plant sterol levels were equalized in the diets 
fed to these animals, it appears that the fatty 
acid composition of the dietary fat has an 
effect on the level of plasma cholesterol. 
Gerbils fed SO also maintained lower plasma 
cholesterol levels throughout the experimental 
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TABLE IlI  

Effects of Experimental  Diets on Free, Esterified, and Total Plasma Cholesterol Levels 1 

1013 

Total Free Esterified b Free cholesterol 
Dietary cholesterol cholesterol cholesterol 
Lipid (rag/100 ml) (rag/100 ml) (mg/100 ml) Esterified cholesterol 

Week 1 

Lard 101.0 • 4.7 a 22.5 + 1.4 a 78.5 • 3.5 a 0.28 • 0.01 a 
Safflower oil 66.6 • 4.1 b 12.3 • 0.9 b 54.3 • 3.2 b 0.23 • 0.01 b 
Beef tallow 117.9 • 2.6 c 27.6 + 1.0 c 90.2 • 2.2 c 0.31 • 0.01 c 

Week 2 

Lard 81.8 • 5.2 a 16.6 -+ 1.6 a 65.1 -+ 3.8 a 0.25 -+ 0.01 a 
Safflower oil 60.1 • 6.5 b 10.6 • 1.1 b 49.5 -+ 5.6 b 0.22 +- 0.02 a 
Beef tallow 113.8 • 5.4 c 25.6 • 1.6 c 88.1 • 4.2 c 0.29 • 0.01 b 

Week 3 

Lard 71.3 • 5.4 a 16.2 • 2.4 a 55.1 • 3.4 a 0.28 -+ 0.02 a 
Safflower oil 59.7 • 4.7 b 10.6 +- 1.4 b 49.1 -+ 3.3 a 0.21 -+ 0.02 b 
Beef tallow 113.9 • 2.7 c 26.6 • 1.1 c 87.3 -+ 2. l  b 0.30-+ 0.01 a 

Week 4 

Lard 80.8 • 4.1 a 17.2 • 0.9 a 63.5 -+ 3.8 a 0.27 • 0.02 a 
Safflower oil 49.2 • 3.6 b 9.3 • 0.8 b 39.9 • 3.0 b 0.24 • 0.02 b 
Beef tallow 82.2 • 2.4 a 18.5 �9 1.1 a 63.7 • 1.5 a 0.29  +- 0 .02  a 

1All values are given as means +- SEM for 10 animals in each group. Values in a column not sharing 
a common let ter  are significantly different at P<O.05. 

2Represents cholesterol port ion of cholesteryl ester only. 

p e r i o d  t h a n  d id  t h e  BT- fed  a n i m a l s .  T h e s e  d a t a  
f u r t h e r  s u p p o r t  t h e  s u i t a b i l i t y  o f  t h e  M o n g o l i a n  

ge rb i l  as an  a p p r o p r i a t e  a n i m a l  m o d e l  f o r  

s t u d y i n g  t h e  e f f e c t s  o f  d i e t a r y  m o d i f i c a t i o n  on  

p l a s m a  c h o l e s t e r o l  l e v e l s  s ince ,  in  h u m a n  
s u b j e c t s ,  a n i m a l  f a t s  t e n d  t o  be  h y p e r c h o l e s t e r -  

o l e m i c  r e l a t i v e  t o  v e g e t a b l e  o i l s  r i c h  in  l i n o l e i c  
ac id  ( 2 , 2 6 ) .  

R e i s e r  (6)  ha s  r e v i e w e d  t h e  e v i d e n c e  t h a t  t h e  

h y p o c h o l e s t e r o l e m i c  e f f e c t  o f  c e r t a i n  v e g e t a b l e  

o i l s  is d u e  s o l e l y  t o  t h e i r  P U F A  c o n t e n t  a nd  

c o n c l u d e d  t h a t  c e r t a i n  o t h e r  d i e t a r y  con-  
s t i t u e n t s  s u c h  as t h e  p l a n t  s t e r o l s  in  t h e  vege-  

t a b l e  otis,  a n d  t h e  e n d o g e n o u s  c h o l e s t e r o l  
c o n t e n t  of  t h e  a n i m a l  fa ts ,  m u s t  a l so  be  con-  
s i d e r e d  w h e n  a s ses s ing  t h e  e f f e c t  o f  d i e t  on  

p a l s m a  c h o l e s t e r o l  levels .  T h e  h y p o c h o l e s t e r -  

o l e m i c  e f f e c t  o f  p l a n t  s t e r o l s  has  b e e n  we l l  

d o c u m e n t e d  b y  B e v e r i d g e  et  al. (8) .  In  t h i s  
r ega rd ,  H e g s t e d  a n d  G a l l a g h e r  ( 1 0 ) n o t e d  t h a t  
w i t h  d i e t s  c o n t a i n i n g  n o  a d d e d  c h o l e s t e r o l  t h e  
p l a s m a  c h o l e s t e r o l  r e s p o n s e  o f  ge r b i l s  w a s  in  
t h e  s a m e  o r d e r  o f  m a g n i t u d e  as t h o s e  seen  in  

h u m a n  s u b j e c t s  (26) .  H o w e v e r ,  n o  a t t e m p t  w a s  
m a d e  to  e q u a l i z e  t he  p l a n t  s t e r o l  c o n t e n t  o f  
t h e s e  d ie t s .  

T h e  f ac t  t h a t  t h e  d i e t s  u s e d  in  t h e  p r e s e n t  

e x p e r i m e n t s  w e r e  c o n s t i t u t e d  t o  c o n t a i n  
p r o p o r t i o n s  o f  fa t ,  p r o t e i n ,  a n d  c a r b o h y d r a t e  

( t y p e  as w e l l  as  a m o u n t )  t h a t  r e s e m b l e  t h o s e  

c o n s u m e d  b y  t h e  ave r age  N o r t h  A m e r i c a n  

(1 1 - 1 3 )  l e n d s  s u p p o r t  t o  t h e  a p p l i c a b i l i t y  o f  
t h e  p r e s e n t  a n i m a l  m o d e l  t o  t h e  h u m a n  s i t ua -  

t i o n .  T h e  r e s p o n s i v e n e s s  o f  t h e  ge rb i l  t o  d i e t s  
w i t h  leve ls  o f  f a t  t y p i c a l  o f  N o r t h  A m e r i c a n  
c o n s u m p t i o n  f u r t h e r  s t r e n g t h e n s  i t s  p o t e n t i a l  

u s e f u l n e s s  as an  a n i m a l  m o d e l  f o r  s t u d y i n g  t h e  
e f f e c t s  o f  d i e t  o n  t h e  r e g u l a t i o n  of  p l a s m a  

c h o l e s t e r o l .  
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Effect of Estrogen on Fatty Acid Synthetase in the Chicken 
Oviduct and Liver 
SIMON APRAHAMIAN, Yarmouk University, lrbid, Jordan, MICHAEL J. ARSLANIAN, 
American University of Beirut, Beirut, Lebanon, and JAMES K. STOOPS 1, Marts McLean 
Department of Biochemistry, Baylor College of Medicine, Houston, Texas 77030 

ABSTRACT 

Estrogen administered to one-month-old female chickens resulted in a 180-fold increase in the 
amount of fatty acid synthetase, a seven-fold increase in the enzyme activity per gram of tissue and a 
25-fold increase in the weight of the oviduct. In contrast, the fatty acid synthetase content in liver 
increased three-fold; activity per gram of tissue increased two-fold and the weight increased two-fold. 
The large increase in the fatty acid svnthetase activity in the oviduct was due to a corresponding 
increase in the amount of the fatty acid synthetase protein since the specific activities of highly 
purified preparations of oviduct and liver fatty acid synthetases were the same and the two enzymes 
had the same end point as determined by immunoprecipitation. That the increase in activity of the 
oviduct enzyme is not due to a modification was further supported by physicochemical comparison 
of the oviduct enzyme with the chicken fiver enzyme. Thus, the synthetase complexes have similar 
size, their subunit composition and size appear to be the same, and both are multifunctional enzymes. 
Finally, kinetic studies and product analyses indicated no catalytic difference between the enzyme 
induced by estrogen in the oviduct and the liver enzyme. 

INTRODUCTION 

Little is known about  the effects of  estro- 
gens on the metabol ism of fa t ty  acids and on 
the fat ty  acid synthetase.  Baquer  and McLean 
(1) repor ted  a two-fold increase per uterus 
in the fat ty acid synthetase of  the estrogen- 
t reated rat. The weights of  immature  fowl (2) 
and adult rooster  (3) livers doubled on estrogen 
t rea tment ;  however ,  the effect  on the fat ty  acid 
synthetase was no t  repor ted.  

Since the rate of  protein synthesis in the 
avian oviduct  is regulated by steroid ho rmones  
(4-6) and since ovalbumin synthesis in the 
chicken oviduct  is induced by estrogen (7), 
it was of  interest  to determine the effect  of  
estrogen on fa t ty  acid synthetase in the chicken 
oviduct  and liver. Specifically, we have deter- 
mined that  estrogen results in a large al terat ion 
in the fat ty  acid synthetase activity of  the 
oviduct  and, therefore ,  we have investigated the 
nature of  this change. 

To facilitate this investigation,  we have 
purif ied the fat ty  acid synthetase from laying 
hen oviduct  and characterized its enzymic ,  
p h y s i c o c h e m i c a l ,  and  i m m u n o l o g i c a l  
properties.  We have also compared  it to similar 
enzymes  f rom other  tissues (8-10). The results 
of  these studies are presented in this communi -  
cation. 

MATERIALS AND METHODS 

Reagents 

The [ 1-14C] acetyl- and [ 1,3-14C] malonyl-  

1To whom inquiries and requests for reprints 
should be sent. 

CoA were obtained f rom New England Nuclear 
(Boston,  MA). Acetyl-  and malonyl -CoA and 
NADPH were purchased f rom P.L. Bio- 
chemicals (Milwaukee, WI), while the fl-estra- 
diol-3-benzoate was obtained f rom Sigma 
Chemicals, St. Louis, MO. Since the commercia l  
preparat ion of  malonyl -CoA was found to 
contain 10% acetyl-CoA, malonyl -CoA was 
prepared by the me thod  of  Eggerer and Lynen 
(1 1 ). This preparat ion was free of  acetyl -CoA as 
de termined  by paper chromatography;  bu tano l /  
glacial acetic a c i d / H 2 0  (5: 2: 3). 

All buffers were prepared f rom reagent grade 
chemicals. Sodium dodecyl  sulfate was a 
product  of  BDH Chemicals, England. 

Enzyme Assay 

Fat ty  acid synthetase act ivi ty was measured 
by incubat ing the enzyme in 0.5 ml o f  a reac- 
t ion mixture  containing the fol lowing compo-  
nents at the indicated concentrat ions:  acetyl-  
CoA (20 pM), NADPH (112/aM),  d i th iothre i to l  
(4 raM) and potassium phosphate 60 mM (pH 
6.5). Af te r  2 min of  incubat ion  at room tem-  
perature (23-26C), the malonyl -CoA (final 
concent ra t ion  60 /aM)  was added to initiate the 
reaction.  The decrease in absorbance at 340 nm 
was measured with an Aminco  DW-2 recording 
spec t rophotometer .  Protein concent ra t ion  was 
es t imated by measuring the absorbance at 280 
nm. A unit  of  activity is defined as the amount  
of  enzyme  catalyzing the oxida t ion  of  1 nmole  
of  N A D P H / m i n / m g  (A280).  The enzyme 
act ivi ty was also measured by the incorpora t ion  
of  14C from [1 ,3 -14C]malony l -CoA (2 Ci/ 
mole)  in palmita te  in the presence of  the above 
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reaction mixture containing 2.6 mM NADPH. 
The reaction was terminated after 20 min by 
the addition of 0.2 ml of 2.5 N NaOH. The 
mixture was then acidified and the radioactive 
long chain fatty acids were extracted with 
pentane and the radioactivity was measured as 
described previously (8). 

The radiolabeled products of fatty acid 
synthesis were identified as the methyl esters 
after methylation with diazomethane (12). The 
methyl esters were identified with a Varian 
2700 gas chromatograph equipped with 6 ft x 
1/8 in. id stainless steel column packed with 
10% APOLAR-10C on 100/120 mesh GAS- 
CHROM Q at t80 C and flame ionization 
detector. Radioactivity was monitored with a 
Nuclear Chicago counting system. 

Animals 

One-month-old DeKalb Leghorn chickens 
were given intraperitoneal injections of 4 mg 
estrogen/hen/day for 6 days and then 
sacrificed. The adipose tissue (from the Pelvic 
region), the liver, and the oviduct tissues were 
removed. For purification purposes, 15 laying 
hens were decapitated and their oviducts 
removed and all tissues were treated as 
described under enzyme purification. 

Enzyme Purification 

Tissues were immediately placed in 0.9% 
NaC1 solution. All manipulations were per- 
formed at 0-4 C. Fat and connective tissues 
were removed and the oviducts were rinsed 
with the salt solution. The tissue was homo- 
genized for 1 rain in 2 volumes of a solution 
containing sucrose (0.25 M), dithiothreitol (1 
raM), EDTA 1 mM and potassium phosphate 
0.05M, (pH 7.4). The homogenate was centri- 
fuged for 75 min at 100,000 x g, and the 
resulting supernatant was passed through glass 
wool. 

The supernatant solution was diluted two- 
fold with 1 mM dithiothreitol, 1 mM EDTA, 
5% glycerol and potassium phosphate 0.05 M, 
pH 7.4 and applied to a DEAE-cellulose (Brown 
Paper Co., Berlin, NH) column 5.3 x 87 cm 
equilibrated with the same buffer. The column 
was washed and the enzyme eluted with a linear 
gradient of 2 ~ each of the starting buffer and a 
solution containing in addition potassium 
phosphate 0.2M (pH 7.4). Fractions containing 
specific activity of 1 or more were pooled, and 
the enzyme was precipitated with an equal 
volume of saturated ammonium sulfate 
(Schwarz-Mann, Orangeburg, NY, ultra pure) 
pH 7.4. After centrifugation, the precipitate 
was redissolved in a minimum volume of 0.25 
M potassium phosphate, 5% glycerol, 5 mM 
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dithiothreitol and 1 mM EDTA (pH 7.4). The 
solution was then applied to a 5.2 x 43 cm 
Sepharose 6B (Phamacia Fine Chemicals, 
Piscataway, NJ), column equilibrated with same 
buffer. The fractions containing synthetase 
activity were pooled, and the enzyme was 
precipitated with ammonium sulfate as 
described above and dissolved in a minimum 
volume of 10 mM potassium phosphate, 10% 
glycerol, 5 mM dithiothreitol, and 1 mM EDTA 
(pH 7.4) and dialyzed against this buffer 
overnight. 

The dialyzed enzyme was applied to a 
DEAE-Biogel (Bio-Rad) 1.2 x 10 cm column 
equilibrated with the dialysis buffer above. The 
column was washed with the s a m e  buffer 
and the enzyme was eluted with a linear 
gradient of 150 ml each of the starting buffer 
and buffer containing in addition potassium 
phosphate 0.08 M. The fractions containing 
synthetase activity were pooled and the enzyme 
was precipitated with ammonium sulfate as 
described previously. The enzyme was dissolved 
in a minimum volume of 0.25 M potassium 
phosphate, 10% glycerol, 5 mM dithiothreitol, 
and 1 mM EDTA (pH 7.4) and applied to a 
Sepharose 6B column 1.2 x 90 cm equilibrated 
with this buffer and eluted as described in the 
previous Sepharose 6B step. 

The final step of this purification was a 
repetition of the DEAE-Biogel step except that 
the column was 1.2 x 5 cm and the gradient 
was 75 ml in each solution. The protein was 
precipitated in 50% ammonium sulfate and 
preserved by dissolving in a solution of 0.8 M 
potassium phosphate, 20% glycerol, 10 mM 
dithiothreitol, and 1 mM EDTA (pH 7.4) and 
storing at -80 C or in liquid nitrogen. Under 
these conditions, the enzyme could be stored 
for at least six months without loss of activity. 

Immunological Procedure 

Chicken fiver fatty acid synthetase was 
prepared according to the procedure of 
Arslanian and Wakil (13). Rat liver and yeast 
enzymes were prepared according to the 
procedures of Stoops et al. (9,14). 

Goat antiserum prepared against chicken 
liver fatty acid synthetase (sp. act. 1200) was 
partially purified by DEAE cellulose chroma- 
tography (15). Ouchterlony double diffusion 
analysis was performed as described by Stollar 
and Levine (16) using 1% agar plates. Equiva- 
lence point determinations were performed as 
described by Kabat and Mayer (17). 

Sodium Oodecyl Sulfate Gel Electrophoresis 

The sodium dodecyl sulfate gel electro- 
phoresis was performed as described by Stoops 
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et al. (8). The gels were destained using a 
solution of acetic acid/methanol/water,  
10:40:50. Sodium dodecyl sulfate gel electro- 
phoresis was performed on enzyme labeled with 
[ 1-14C] acetyl or [ 1,3-14C] malonyl groups and 
the gels were sliced and counted as described 
previously (8). 

Amino Acid Analyses 

The procedure for determining the amino 
acid analysis has been described (18). Protein 
was hydrolyzed in sealed evacuated tubes 
heated at 105 C for 24, 48 and 72 hr using 
constant boiling HC1 (Pierce, Rockford, IL). 
Performic acid oxidation was carried out at 0 C 
for 2 hr in a solution of 15% H20 ~ and 84% 
formic acid. The protein was freeze dried 
and subjected to He1 hydrolysis for 24 hr. 

Analytical Ultracentrifugation 

The measurements were performed using a 
Beckman Model E Analytical ultracentrifuge 
equipped with a RTIC temperature control and 
an electronic speed control. A Kel-F coated 
aluminium double sector centerpiece and 
sapphire windows were employed, and inter- 
ference optics were utilized to determine the 
concentration distribution. The sample was 
brought to equilibrium at 9000 rpm. The data 
were analyzed as described previously (19,20). 

RESULTS 

The effect of estrogen (/~-estradiol-3- 
benzoate) on fatty acid synthetase activity and 
mass of the liver, oviduct and adipose tissues 
from chickens is summarized in Table I. There 
is a 25-fold increase in the mass of the oviduct 
obtained from estrogen treatment as opposed 
to a two-fold increase in the mass of the liver. 
Total enzyme units per organ increased 180- 
fold in the oviduct while in the liver it only 
tripled�9 Enzyme activity per gram wet tissue 
rose seven times in the oviduct compared to 
three times in the liver�9 The specific activity of 
the fatty acid synthetases increased two-fold in 
these tissues and adipose on treatment with 
estrogen�9 The reason for the lower specific 
activity than expected for the oviduct enzyme 
is that soluble protein per gram tissue increased 
over three-fold in the estrogen treated oviduct 
as opposed to the liver and adipose tissues. 

Enzyme Purification 

The results of the purification of the oviduct 
fatty acid synthetase are summarized in Table 
II. The purification procedure gives a respect- 
able yield of enzyme. It is clear, however, from 
the results of Table I and II that the oviduct 
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TABLE II 

Purification of  Fat ty  Acid Synthetase from Laying Hen Oviduct 

Spec. act. Total 
Purification Total protein a (units /mg activity b 

step mg protein)  (units) 
Yield 
(%) 

High speed 
Supernatant  c 56548 0.14 7917 100 
DEAE-ceUulose 1272 5.50 7000 88 
50% Ammonium sulfate 419 16.7 7000 88 
Sepharose-6B 127 45.7 5800 73 
50% Ammonium sulfate 79 70.8 5600 71 
DEAE Biogel 15 240 3500 44 
Sepharose-6 B 6 500 3000 38 
DEAE Biogel 2 950 1900 24 

aprotein was measured spectrophotometr ical ly  at 280 nm. 

bSynthetase activity was measured by the spect rophotometr ic  method 
crude extract  where the radioactive assay was used. 

CExtract from 700 g of  tissue. 

except  in the 

contains less than 1/100 the fatty acid synthe- 
tase found in chicken liver. The specific activity 
of the purified preparations varied between 900 
to 1100. Based on the sodium dodecyl sulfate 
gel electrophoresis results (Fig. 1), it appears 
that the procedure yields an essentially homo- 
geneous preparation of the enzyme. 

Molecular Weight and Subunit Weight of the 
Oviduct Fatty Acid Synthetase 

Sedimentation equilibrium determination of 
the molecular weight of the oviduct enzyme in 
0.25 M potassium phosphate, 1 mM EDTA, and 
1 mM dithiothreitol (pH 7.4) at 10C yielded a 
molecular weight value of 488,000 using a value 
for the specific volume of 0.74 calculated from 
the amino acid analysis (Table III). A linear 
plot of the interference fringe displacement vs. 
r 2 was obtained over the protein concentration 
range of 0.1-0.6 mg/ml. 

Sodium dodecyl sulfate gel electrophoresis 
estimate of the subunit molecular weight was 
220,000. To further insure the dissociation of 
the enzyme complex, the protein was incubated 
at 100 C for 1 min in sodium dodecyl sulfate 
and 2% 2-mercaptoethanol. The same gel 
pattern was obtained after the protein was 
incubated in the sodium dodecyl sulfate solu- 
tion above or in 0.1 M iodoacetamide (instead 
of 2% 2-mercaptoethanol) at room temperature 
for 30 min before gel electrophoresis was 
performed (8). This indicates that the two 
chains are not linked by disulfide bonds. 

Acetate and Malonate Binding to the 
Fatty Acid Synthetase 

Since previous studies of the animal (8,9,18) 

and yeast (14) synthetases have demonstrated 
that acetyl and malonyl moieties are covalently 
bound to the enzyme presumably at the trans- 
acylases, condensing and 4'-phosphopante- 
theine sites, the binding of acetyl and malonyl 
groups to the oviduct synthetase was investi- 
gated. The fatty acid synthetase of the oviduct 
was treated separately with 14C-labeled acetyl- 
CoA and malonyl-CoA; the radioactive enzyme 
was isolated and subjected to sodium dodecyl 
sulfate gel electrophoresis as described by 
Stoops et al. (8). 

Figure 1 shows that more than 95% of the label 
of [ 14C] acetyl or [ 14 C] malonyl-labeled 
enzyme was associated with the protein with a 
molecular weight of 220,000. These results 
suggest that the acetyl- and malonyl-trans- 
acylases, the condensing and 4'-phosphopan- 
tetheine sites are associated with the 220,000 
peptide (8). These results and those above, are, 
therefore, consistent with the conclusion that 
the oviduct fatty acid synthetase is a multi- 
functional enzyme composed of two polypep- 
tide chains. 

Immunological Properties 

The results of double diffusion analysis of 
the oviduct and liver synthetases against anti- 
serum to the liver enzyme are shown in Figure 
2. The smooth continuum of the precipitin 
lines and the absence of spurs indicate the 
cross-reaction of homologous antigens. Further- 
more, identical equivalence points for the 
synthetases from both tissues were obtained on 
addition of increasing amounts of enzyme to a 
constant amount of antiserum against the liver 
enzyme (data not shown). 
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Kinetic Studies 

As in the case of the liver enzyme, the fatty 
acid synthetase of the oviduct has an absolute 
requirement for both acetyl-CoA and malonyl- 
CoA. No oxidation of NADPH occurs in the 
absence of either substrates. The apparent Km 
values for malonyl- and acetyl-CoA and 
NADPH for the oviduct synthetase were 8.5, 
14, and 6.4 /aM, respectively. The Km values 
were determined with the concentration of the 
fixed substrates at 60 /aM malonyl-CoA, 20/aM 

acetyl-CoA and 112/aM NADPH. The reaction 
obeyed Michaelis-Menten kinetics over the 2-20 
/aM concentration range in acetyl-CoA, 2-60/aM 
concentration range in malonyl-CoA and 6-100 
/aM in NADPH. Above 20/aM acetyl-CoA or 60 
/aM malonyl-CoA, substrate inhibition was 
observed. The order of addition of substrates 
had no effect on the rate. The apparent Km 
values for the chicken liver enzyme were 8, 14 
and 6 /aM for malonyl- and acetyl-CoA and 
NADPH, respectively, determined under similar 
conditions. 

Chromatographic analysis of the products of 
fatty acid synthesis catalyzed by the oviduct 
enzyme using [ 1,3-14C] malonyl-CoA showed 
that the label in the products was distributed 
between palmitic (65%) and stearic acids (35%). 
The products of the synthetase were the free 
fatty acids, since the extraction of the acids 
could be achieved independent of the hydroly- 
sis employed above. 

FIG. 1. Sodium dodecyi sulfate gels of acetyl or 
malonyl-labeled oviduct fatty acid synthetase. The gels 
were loaded with 30 gg of protein after incubating the 
enzyme (0.6 mg/ml)with [1-14C]acetyl - (0.15 mM, 
51 Ci/mole or [1,3-14C]malonyl-(0.22 mM, 20 
Ci/mole) for 1 min before treatment with sodium 
dodecyl sulfate. 

DISCUSSION 

The 180-fold increase in the amount of the 
fatty acid synthetase activity per oviduct organ 
corresponds to a seven-fold induction of the 
enzyme as measured by the activity per gram 
wet tissue. This is consistent with the report of 
Harris et al. (7) who found an even higher 
induction of the specific egg white protein, 
ovalbumin. Since administering estrogen to the 
chickens resulted in a large increase in the fatty 
acid synthetase activity, we determined some of 
its physical characteristics. The molecular 
weight of the emzyme was found to be 488,000 
and since its molecular weight determined 
under denaturing conditions was found to be 
220,000, the enzyme consists of two subunits. 
These characteristics are similar to the fatty 
acid synthetase isolated from chicken liver. 
Moreover, they have similar amino acid con- 
tents (8) and catalytic properties. Highly 
purified preparations have the same specific 
activities (1000) and similar Km values for 
acetyl-CoA, malonyl-CoA and NADPH as well 
as the same product distribution between 
palmitic and stearic acids. Finally, there is 
antigenic homology as was shown by double 
diffusion analysis (Fig. 2) and both enzymes 
had the same equivalence points. 

As a result of the similarities between the 
estrogen-induced oviduct enzyme and the 
chicken liver enzyme, we conclude that the 
180-fold increase in the fatty acid synthetase 
induced in the oviduct results from an increase 
in the amount of this enzyme. As these studies 
indicate, it is not due to an alteration in the 
enzyme structure which affects its activity. 
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TABLE III 

Amino Acid Analysis of Oviduct Fatty Acid Synthetase a 

Residue Number of residues Residue Number of residues 

Lys 251 Half cystine b 85 
His 127 Val 287 
Arg 200 Met 100 
Asp +Asn  463 lie 184 
Thr 241 Leu 467 
Ser 419 Tyr 124 
Glu + G l n  582 Phe 141 
Gly 432 
Ala 396 

aNumber of residues per mole of enzyme based on 488,000 molecular weight. 
Tryptophan and proline contents  were not determined. 

bDetermined as cysteic acid after performic acid oxidat ion.  
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ABSTRACT 

Suspension and centrifugation of crude microsomes of rat liver in low ionic strength solution 
separated a soluble protein fraction that is necessary for the full activity of the linoleic acid 
desaturase. The fraction partially purified throughSephadex G-150 still retains lipids which are mainly 
constituted by phosphatidylcholine. Linoleic acid predominates in the fatty acid composition. By 
NaC1 gradient centrifugation and electrophoresis in gelatinized cellulose acetate, the factor behaves 
like a lipoprotein. The factor binds linoleic acid and linoleyl-CoA that are desaturated to 3,-linolenic 
acid when incubated with washed microsomes. Albumin does not replace the factor. 

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

The enzymatic system involved in stearyl- 
CoA desaturation has three components 
embedded in the lipid medium of the micro- 
somes: the NADH cytochrome b s reductase, 
the cytochrome b s and the desaturase (1-3). All 
of them have been purified (4) and the system 
reconstituted artificially on liposomes (5). 
Linoteic acid is considered to be desaturated 
by a similar system (6). 

In our laboratory it has been possible to 
obtain a "soluble factor" either from unwashed 
microsomes or cytosol which is necessary to 
obtain maximal desaturation of fatty acid 
(7-9). Washed microsomes lose most of their 
desaturation capacity which is recovered when 
the microsomal washing or cytosol separated at 
105,000 x g is re-added into the microsomal 
suspension. This factor or factors would be 
involved specially in the A6 desaturation of 
fatty acids (7). 

The factor has been partially purified (9), 
and it has been proved that a protein is involved 
in its activity (7). It also contains lipids (7). We 
have also shown that catalase can reactivate 
washed microsomes (9). However, there was no 
correlation between the catalase activity of the 
factor and the activating effect (9). This result 
was confirmed by Jeffcoat et al. (10). 

In this work, we have shown that the factor 
behaves like a lipoprotein and it is able to bind 
linoleyl-CoA or linoleic acid. The linoleic acid 
bound to the "soluble factor" can be desatu- 
rated by the desaturase of the microsomal 
membrane, being converted to 3,-linolenic acid. 

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

[1-]4C]Linoleic acid (61 ~ C i / ; t m o l ) w a s  

1Members of the Carrera del Investigador 
Cientifico of the Consejo Nacional de Investigaciones 
Cientlficas y Tdcnicas, Argentina. 

provided by the Radiochemical Center, 
Amersham, England. [~4C] Labeled and 
unlabeled linoleyl-CoA were prepared according 
to Kornberg and Pricer (11). Sephadex G-100, 
G-150 and bovine serum albumin fraction V 
were provided by Sigma Chem. Co., St. Louis, 
MO. ATP, CoA, NADH disodium salt and 
glutathion were obtained from Boehringer, 
Argentina, Buenos Aires. 

Microsomes 

Wistar rats of 150-250 g were used. Liver 
microsomes were obtained by differential 
centrifugation as mentioned elsewhere (7). Two 
main fractions were obtained at 105,000 x 
g: the whole microsomes (M) and the cytosol 
(C). 

Soluble Factor 

It was obtained from microsomes by extrac- 
tion with low ionic strength solution (7) and by 
centrifugation at 105,000 x g for 60 min. The 
extracted microsomes (Me) and a supernatant 
(Sp) containing the soluble factor were 
separated. 

Desaturation Assay 

It was performed using free fatty acids or 
acyl-CoA. Proteins of whole microsomes (M), 
2.5 mg, were incubated with 66 /.tM [1-14C]- 
18:2 in a total volume of 1.6 ml with the 
necessary cofactors (9) at 35 C for 20 rain. 
When the activity of the extracted microsomes 
(Me) was investigated, the incubated amount 
corresponded to the remainder after the extrac- 
tion of the "soluble factor" of 2.5 mg of whole 
microsomal protein (M). 

The desaturated amount of labeled acid was 
measured by gas liquid radiochromatography as 
described previously (12). Proteins were deter- 
mined either by a micro-biuret method (13)or  
by the procedure of Lowry et al. (14). 

1021 



1022 A L I C I A  I. L E I K I N ,  A N I B A L  M. N E R V I  A N D  R O D O L F O  R.  B R E N N E R  

1.5 

f 
~ 1.0 

6 
0 o.5 
=Z 

0 

F 3 

Y 
i t  F, % ~ ; ', 

i I 

b f ~ i i o - o  t ~  , ,  
I ,o o o.r t ; ~d o A I 

\ ,  
, �9 }p , 

1() 20 30 

FRACTION NUMBER 

0.1 

0.05 
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o b t a i n e d  b y  g r a d i e n t  c e n t r i f u g a t i o n  o f  c r u d e  f a c t o r  
(Sp) and human serum. Fractions 0 to 10 (d > 1.070) 
and 10 to 24 (D 1,020-1,070) correspond to a and j3 
lipoproteins, respectively. 

Lipid analysis 

Lipids from different fractions were ex- 
tracted by the method of Folch et al. (15)and  
estimated by weighing and phosphorus deter- 
ruination (16). Qualitative and quantitative 
analysis were performed by thin layer chroma- 
tography (TLC) and photodensitometry (17). 
Complex lipids were separated with C13CH / 
CHaOH/H20 (65:25:4, v]v). Simple lipids were 
separated with petroleum ether (BP 3 0 4 0  C) 
ethyl ether/acetic acid (90:10:1,  v/v). 

The soluble factor was dehpidated by 
Albutt 's  method (18) with ethanol/ether (3: 1, 
v/v) at 18 C. 

Fatty acid composition was determined by 
gas liquid chromatography on a Carlo Erba 

"~ instrument (Fractovap Mod. GT) with flame 
: detector. The column was filled with 10% 

O 

- ethylene-glycol succinate in Chromosorb W 
(80-100 m e s h ) .  

Lipoprotein Fractionation 
a 
d Lipoproteins were fractionated by different 

procedures. In one case, the crude factor (Sp) 
was centrifuged in a sodium chloride gradient 
according to Albutt (18) at 105,000 x g for 16 
hr. Besides, the fraction obtained with Sepha- 
dex G-150 was separated by electrophoresis in 

x cm gelatinized strips 3.5 16 cellulose acetate 
at 200 volts for 55 min. The buffer was 0.04 M 
sodium diethyl barbiturate (pH 8.6). Lipopro- 
teins were stained overnight with 0.9% fat red 
7B. Proteins were stained with 0.5% Amido- 
black for 7 min. 

Fatty Acid Binding 

[I-14C] Linoleic acid and [1-14C]linoleyl- 
CoA were bound to Sp or to albumin by 
incubation for 15 min at 25 C. 370 nmol of the 
free acid (8.59 mCi/mmol) or 290 nmol of 
the linoleyl-CoA (8.59 mCi/mmol) were incu- 
bated with 5 mg of Sp while 20.8 nmol of 
linoleyl-CoA (0.09 mCi/mmol) were incubated 
with 10 mg of albumin. The bound material 
was separated through a Sephadex G-100 
column. The protein content was monitored by 
spectrophotometry at 280 nm, and the radio- 
activity was counted in a Packard scintillation 
counter. 

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

Lipoprotein Structure 

Previous results have shown that a soluble 

T A B L E  I 

C a p a c i t y  o f  F r a c t i o n s  O b t a i n e d  b y  a G r a d i e n t  C e n t r i f u g a t i o n  o f  a 
C r u d e  P ro t e in  F a c t o r  a n d  H u m a n  S e r u m  P ro t e in  t o  R e a c t i v a t e  t he  A 6  

D e s a t u r a t i o n  C a p a c i t y  o f  Me a 

Rela t ive  % Spec i f ic  a c t i v i t y  
F r a c t i o n s  d e s a t u r a t i o n  ( n m o l / m i n .  m g  p r o t e i n )  

M 1 0 0  0 . 1 6  
Me 17 0 .03  
Me + Sp 75  0 . 1 2  
Me + S e r u m  p r o t e i n s  16 0 . 0 3  
Me + F 1 4 6  0 . 0 8  
Me + F 2 86 0 . 1 5  
Me + F 3 64  0 .11  

aThe  c o n v e r s i o n  o f  l ino le ic  ac id  t o  3,- l inolenic ac id  w a s  m e a s u r e d .  The i n c u b a t i o n  c o n d i -  
t i o n s  are  d e s c r i b e d  in t h e  e x p e r i m e n t  p a r t .  F 1, F 2 a n d  F 3 c o r r e s p o n d  to  the  f r a c t i o n s  
o b t a i n e d  a f t e r  C I N a  g r a d i e n t  (see Fig.  1). 0 .2  m g  p r o t e i n  o f  e a c h  o f  th i s  f r a c t i o n  a n d  s e r u m  
were  a d d e d  t o  the  i n c u b a t i o n  s y s t e m .  Sp = So lub le  f r a c t o r  o b t a i n e d  b y  w a s h i n g  the  
m i c r o s o m e s .  
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prote in  factor,  present in the cytosol  and 
loosely bound  to the microsomes,  is necessary 
to obtain  full activity of  the A6 desaturase 
of  fa t ty  acids (7-9). The crude fac tor  contains 
lipids (7). Af te r  partial pur i f icat ion through 
Sephadex G-150 gel f i l t rat ion or DEAE-  
cellulose chromatography  (9), lipids extractable  
by the procedure  of  Folch  et al. (15) were still 
found  f ixed to the factor.  In this exper iment  it 
was shown that  whereas the l ip id /pro te in  rat io 
(w/w)  o f  cytosol  was 0 .017:0 .038,  the ratios 
found for  Sp and the part ial ly purified factor  
through Sephadex G-150 were 0.95:1.1 and 
0 .17:0 .33,  respectively.  These results suggest a 
l ipoprote in  s tructure.  Therefore ,  it was decided 
to compare  the propert ies  of  the factor  to those 
of  the serum l ipoproteins.  Both the crude 
factor  (Sp) separated f rom rat liver microsomes 
and human serum were centr i fuged in a NaC1 
gradient at 10 C for 16 hr  at 105,000 x g (18). 
The UV scanning at 280 nm is shown in Figure 
1. It was found that  the fract ions F I ,  F 2 and 
F 3 of the factor  that  correlated c~, the 
boundary  be tween e~ and 13 and t3 serum l ipopro-  
teins act ivated microsomal  desaturat ion of  
l inoleic acid to 74inoleic  acid (Table I), but  the 
highest  act ivi ty was found in f ract ion F 2. 
Therefore ,  this f ract ion would  have a hydra ted  
density be tween  a and /3 serum l ipoproteins.  
However ,  serum componen t s  were inactive. 

The l ipoprote ic  behavior of  the factor  was 
also investigated by gelatinized cellulose acetate  
electrophoresis .  The results compared  to human  
serum are shown in Figure 2. The part ial ly 
purif ied factor  (G-150) obta ined  by chromatog-  
raphy of Sp through Sephadex G-150, 
according to Figure 3, showed several prote in  
bands, but  only one band was stained by the 
lipid reagents. The l ipoprote in  band ran 
be tween t3- and a- l ipoproteins  of  serum. 

The compos i t ion  of  the lipids bound to the 
factor  was also investigated. A factor  part ial ly 

FIG. 2. Electrophoresis is gelatinized cellulose 
acetate. 10 /~1 of human serum and t08 ~g of the 
factor purified with Sephadex G-150 were applied. 
Experimental conditions are described in Materials 
and Methods. 
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FIG. 3. Tentative molecular weight of "soluble 
factor" determined by filtration through a Sephadex 
G-150 (1.5 x 20 cm) equilibrated with 0.02 M Phos- 
phate buffer (pH 7.4) and 0.1 mM EDTA, standards of 
Cytochrome C (14,000 dtns), bovine serum albumin 
(68,000 dtns), catalase (244,000 dtns) and dextran 
blue (2 x 106 dtns) were used. 

TABLE II 

Lipid Composition of Cytosol, Me, Sp and Sp Partially Purified through 
Sephadex G-150 (G 150) 

Lipids a Cytosol (%) Me (%) Sp (%) G-150 (%) 

F r e e  f a t t y  a c i d s  1 3 . 4 -  1 3 . 9  3 . 3 -  7 . 8  1 2 . 7 -  2 2 . 1  1 5 . 2 -  1 5 . 9  

P h o s p h a t i d y l e t h a n o l a m i n e  6 . 7  - 9 . 6  1 6 . 1  - 1 6 . 2  1 . 8 -  6 . 9  7 . 7 -  9 . 4  

P h o s p h a t i d y l c h o l i n e  1 9 . 5  - 2 0 . 6  2 8 . 1  - 3 0 . 4  5 . 4  - 6 . 4  2 8 . 0  - 4 2 . 5  

S p h i n g o m y e l i n  . . . . . .  0 . 0  - 1 . 5  0 . 0  - 1 . 1  

L y s o p h o s p h o l i p i d s  1 4 . 6  - 3 8 . 1  9 . 3  - 2 2 . 3  3 7 . 5  - 6 4 . 0  6 . 4  - 1 . 3  

T r i a c y l g l y c e r o l s  9 . 8 -  3 2 . 6  1 1 . 3  - 1 5 . 5  1 0 . 3  - 2 5 . 4  7 . 9  - 1 5 . 5  
C h o l e s t e r o l  4 . 2  - 7 . 6  
Diacylglycerols 7 . 0  - 1 2 . 2  1 8 . 7  - 2 0 . 9  1 . 6  - 4 . 5  8 . 2  - 1 6 . 9  

aCholesteryl esters were minor components in all the fractions. 

LIPIDS, VOL. 14, NO. 12 



1024 ALICIA I. LEIKIN, ANIBAL M. NERVI AND RODOLFO R. BRENNER 

TABLE III 

Fatty Acid Composition of Cytosoi, Me, Sp and Partially Purified Factor 
through Sephadex G-150 a 

Cytosol Me Sp G-150 Fraction 
Acids (%) (%) (%) (%) 

16:0 10.3-21.5 13.8 - 18.0 3.8- 13.6 9.3- 14.8 
16:1 1.0- 3.2 0.64-  2.7 0.3-  3.3 0.9-  1.1 
18:0 14.8- 17.2 32.0 -33.1 2.1- 11.9 10.1- 16.7 
18:1 4.9-  10.8 5.8 - 11.1 1.2- 6.8 5.4- 5.6 
18:2 25.8 - 51.7 20.6 - 21.6 41.5 - 90.0 59.0 - 63.0 
20:4 11.5- 19.4 18.6-21.0  1.5- 2.8 3.0- 4.4 

aResults are the extreme values of three experiments. Other minor components make for 
100%. 

pur i f ied  t h r o u g h  Sephadex  G-150  was e x t r a c t e d  --. , 
b y  the  p rocedu re  of  F o l c h  et  al. (15) .  The  l ipids ! 

I 
ana lyzed  by  TLC showed  the  c o m p o s i t i o n  --  
s t a t ed  in Table  II. They  were c o m p a r e d  to  the  ~ 4 
l ipid c o m p o s i t i o n  of  cy tosol ,  Sp (c rude  f ac to r )  
and  washed  mic rosomes  (Me). The  c o m p o s i t i o n  e~ 
of  the  Sephadex  G-150  f rac t ion  var ied b e t w e e n  ~ 2 
cer ta in  l imits  f rom e x p e r i m e n t  to  e x p e r i m e n t ,  d 
and  b o t h  polar  and  n o n p o l a r  l ipids  were found .  
Phospha f idy l cho l ine ,  p h o s p h a t i d y l e t h a n o l -  
amine ,  l y sophospho l ip id s  and  free f a t t y  acids 
a m o u n t e d  to 60 to 75.5% of  to t a l  lipids. 
Nonpo la r  l ipids c o n s t i t u t e d  by  t r iacylglycerols ,  
diacylglycerols ,  cho les te ro l  and  choles te ry l  ~. 
esters c o m p l e t e d  the  l ipid com pos i t i on .  It is [ 
r emarkab le  tha t  p h o s p h a t i d y l c h o l i n e  largely -- 
p r e d o m i n a t e d  and  in some  e x p e r i m e n t s  cons t i -  ~ 6 
t u t e d  42 .5% of  all the  lipids. On the  o t h e r  ~ 4 
hand ,  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 a m i n o r  
c o m p o n e n t .  Free f a t ty  acids were also p resen t  d 2 
in a r a the r  c o n s t a n t  p r o p o r t i o n  of  the  o rder  of  d 
15%. The l ipid c o m p o s i t i o n  of the  par t ia l ly  
pur i f ied  f ac to r  was u n d o u b t e d l y  re la ted  to  the  
compos i t i ons  of  the  cy toso l  and  Sp, b u t  some  
di f ferences  were found .  Sp was r e m a r k a b l y  r ich 
in ly sophospho l ip ids ,  bu t  the  pur i f i ca t ion  of  
the  f ac to r  evoked  an  o u t s t a n d i n g  e n r i c h m e n t  in I 0.8.] 
p h o s p h a t i d y l c h o l i n e  at the  expense  of  o t h e r  -:- = 
f ract ions ,  ma in ly  l y s o p h o s p h o l i p i d s  and  t r iacyl-  "~ 0.6 
glycerols.  The lipid c o m p o s i t i o n  was also 0.4 
di f fe ren t  f rom the  washed  mic rosomes  (Me). It  
c o n t a i n e d  less 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  t5 0.2 
more  free acids. There fore ,  i t  is possible  to  (5 
cons ider  t h a t  the  p ro t e in  of  the  fac to r  is ma in ly  
and  specif ical ly b o u n d  to  p h o s p h a t i d y l c h o l i n e ,  
bu t  is also carries o the r  m i n o r  lipids, special ly 
free f a t ty  acids (Table  II). 

The  f a t t y  acid com pos i t i ons  of cy tosol ,  
washed mic rosomes  (Me), Sp and  par t ia l ly  
pur i f ied  f ac to r  t h r o u g h  Sephadex  G-150  are 
s h o w n  in Table  III. The f rac t ions  showed  

, !  
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FIG. 4. Sephadex G-t00 column profiles of (a) 
[1-14]linoleyl-CoA binding to crude factor (Sp); 
(b) [1-14]linoleic acid binding to crude factor (Sp) 
and (c) linoleyl-CoA binding to albumin. Experimental 
conditions are described in Materials and Methods. 
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TABLE IV 

Reconstitution of the 2x6 Desaturation Activity by Addition of the 
Complexes: Sp-Linoleyl-CoA, the Sp-Linoleic Acid and Albumin-Linoleyl-CoA 

to Extracted Mierosomes (Me) a 

Specific activities (n mol 3' 18: 3]min. mg prot.) 

Aibumin-linoleyl 
Fractions Sp4inoleyl-CoA Sp-linoleic acid CoA 

M 0.16 0.13 0.14 
Me NM e 0.02 0.03 
Me + Sp 0.16 0.10 0.13 
Me+(Sp-linoleyl-CoA) b 0.22 . . . . . .  
Me+(Sp-linoleic acid) c --- 0.14 --- 
Me + (Alb umin-lin oleyl-Co A) d . . . . .  0.01 

aThe incubation conditions are described in the experimental part. 
b 1.2 mg of Sp protein ; 35 nmol [ 1-14 C ] linoleyl-CoA. 
el.2 mg of Sp protein ; 59 nmol [ 1-14C]linoleic acid. 
dl.1 mg of albumin; 28 nmol [ 1-14C]linoleyl-CoA. 
eNM not measurable. 

different  composi t ions ,  but  in cytosol ,  Sp, and 
G-150, l inoleic acid p redomina ted .  The highest  
concent ra t ion  of  arachidonic acid was only 
found  in Me and cytosol .  The pur i f ica t ion of Sp 
through Sephadex G-150 concent ra ted  a 
l ipoprote in  with a less variable fa t ty  acid 
compos i t ion  in which l inoleic acid cons t i tu ted  
ca. 61% of all the fa t ty  acids, whereas the 
saturated acids, palmit ic  and stearic, con- 
t r ibuted 25%. 

This rather typical  compos i t ion  o f  the lipids 
would  suggest that  the prote in  s tructure of  the 
factor  would  determine a selective binding of  
lipids specifically rich in l inoleic acid. This 
specificity for  l inoleic acid might  also be related 
with the preference of  the factor  to activate the 
A6 desaturat ion of  l inoleic acid and similar 
acids (7). 

To investigate the cont r ibu t ion  of  lipids to 
the activity of  the factor ,  del ipidat ion experi- 
ments  were performed.  In earlier exper iments  
diethylic ether  was employed .  The loss of 
70% of the lipids did no t  inact ivate the soluble 
factor  and lipids "per  se"  did not  activate the 
desaturat ion (7). Different  procedures  were 
tested using sodium deoxychola te ,  phospho-  
lipase A 2 and solvent ex t rac t ion  (e thanol /e ther ;  
3:1,  v/v). However ,  l i t t le success was obta ined 
and deact ivat ion was shown together  with 
protein precipi ta t ion.  Therefore ,  it was impos-  
sible to discriminate if  the effect  was due to the 
lipid ex t rac t ion  or  to prote in  deact ivat ion and 
precipi tat ion.  Anyhow,  it was found that  t h e  
lipids were t ightly bound  to the prote in  of  the 
factor ,  and it was difficult  to obtain  a to ta l ly  

del ipidated protein .  It could be possible that  
lipids were necessary to stabilize the proteins  
and a prote in / l ip id  s tructure would  be involved 
in the active form of the factor.  The insolu- 
bil i ty of  the prote in  of  the factor  in an aqueous  
med ium when it was deprived of  the lipids 
would  suggest a l ipopro te in  s t ructure,  similar in 
some way to the /3 type  of  serum, since the 
proteins  of  this last class have also poor  solu- 
bil i ty in aqueous  buffers in the lipid-free form.  

The molecular  weight  of  the factor  tenta-  
t ively es t imated by f i l t rat ion through a 
Sephadex G-150 co lumn was a bit higher than 
260,000 (Fig. 3) and,  therefore ,  lower  than the 
molecular  weight  of  fl-lipoproteins of  serum. 

Binding of Linoleic Acid and LinoleyI-CoA 

The capaci ty of  the factor  part ial ly purif ied 
through Sephadex G-100 f i l t ra t ion to bind 
l inoleic acid and l inoleyl-CoA was also investi- 
gated by incubat ion  with the substrates at 
25 C for 15 min. After  incubat ion ,  the material  
was f rac t ionated  in Sephadex G-100. In Figure 
4a and b, it is shown that  the label of  ei ther  
[ 1-14C] l inoleyl-CoA or [ 1-14C] l inoleic acid 
was found in the peak of  the factors.  The 
incubat ion  o f  a lbumin with [1-14C] l ino ley l  - 
CoA showed a similar curve (Fig. 4c). However ,  
the albumin bound  l inoleyl-CoA, was no t  
desaturated in the same condi t ions  (Table IV). 
Only the l inoleyl -CoA or l inoleic acids bound  
to the factor  were desaturated to 7-1inolenic 
acid when they  were incubated  with  Me and the 
suitable cofactors  (Table IV). Therefore ,  these 
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results show that the factor did not accomplish 
the mere function of binding the substrate, but 
it would be involved very probably in some 
direct interaction between the substrate and the 
desaturating system of the microsomes. Besides, 
the present experiments also show that the 
partially purified factor has some properties 
that are different from other proteins, such as 
albumin and catalase, in spite of the possibility 
that some of the catalase activity found in the 
factor (9) may contribute to its activating 
effect. 

If we consider that the factor contains ca. 
15% (Table II) of free acids, and it is remark- 
ably rich in linoleic acid (Table III), the addi- 
tion of Sp evokes an increase of unlabeled 
substrate. Therefore, it would be necessary to 
correct the values shown in Table IV with Sp 
by a positive coefficient. This concentration has 
not been calculated, since it would not modify 
the meaning of the experiment and it would 
only demonstrate higher potency of the factor 
than that one calculated. 
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The Effect of Hibernation on the Positional Distribution of 
Ethanolamineglycerophospholipid Fatty Acids in Hamster 
Brain Membranes 
WILLIAM D. BLAKER, Biological Sciences Research Center, University of North Carolina, 
Chapel Hill, North Carolina 27514, and EZlO A. MOSCATELLI, Dalton Research Center, University 
of Missouri, Columbia, Missouri 65211 

ABSTRACT 

Microsomal and myelin membrane fractions were prepared from the brains of warm-adapted (room 
temperature) and hibernating Syrian Hamsters (Mesocricetus auratus). Ethanolamineglycerophospho- 
lipids were isolated and subjected to a fractionation scheme to separate the fatty acids of the plas- 
menylethanolamine and the phosphatidylethanolamine 1 and 2 positions. The major changes in micro- 
somal phosphatidylethanolamine with hibernation were relative increases in 18:1 at the 1 position and 
20:4(n-6) in the 2 position. In myelin, 18:1 increased and 18:0 decreased at the 1 position while the 
2 position showed an increase in 16:0 and a decrease in 22:6(n-3). Plasmenylethanolamine fatty acids 
also changed in microsomes and myelin although the magnitudes were not as great and confined to 
longer chain fatty acids. In both membranes, fatty acid alterations were position-specific, and no new 
types of fatty acids were introduced at any position. 

INTRODUCTION 

It has been shown previously that the 
phospholipid and fatty acid compositions of 
brain membranes are altered in the hamster 
with hibernation (1,2). Such alterations are 
believed to aid in the maintenance of mem- 
brane function and hence cell viability at 
otherwise lethal temperatures. Ethanolamine- 
glycerophospholipids may play an important 
role in cold adaptation because a decrease in 
plasmalogen content and modifications in fatty 
acid composition of this lipid class are found in 
brains of  both the hibernating hamster and 
cold-acclimated goldfish (1,3,4). The fatty acid 
changes consist of an increase in unsaturation 
among the C16 and C 18 species and a decrease 
in the average chain length of polyunsaturates. 

Considerably less information is available 
regarding possible regulatory mechanisms re- 
sponsible for such brain lipid changes. Goldman 
(5) has found an increase in stearoyl CoA 
desaturase in the liver but not in the brain of 
the hibernating hamsters. We have proposed 
that decreases in plasmalogen content may be 
due to a net conversion of plasmalogen to the 
diacyl form during the cold adaptive process 
(2). Somewhat more is known about lipid 
metabolic alterations in fish fiver with cold 
acclimation, but the applicability of such 
results to the brain is undetermined (6-8). 

The present study was undertaken to better 

characterize the ethanolamineglycerophospho- 
lipid fatty acid changes in brain myelin and 
microsomes with hibernation in the hamster. 
This major lipid class (comprising 40% of the 
phospholipid of brain myelin and microsomes) 
possesses a wide variety of acyl chains in both 
its phosphatidyl and plasmalogen subclasses. 
Hence, position-specific analyses of fatty acid 
alterations with hibernation may be expected 
to yield considerably new information on 
modes of lipid metabolic adaptation. 

MATERIALS AND METHODS 

Adult male Syrian hamsters (Mesocricetus 
auratus) between the ages of  36-44 weeks were 
induced to hibernate after which brain myelin 
and microsomes were isolated from hibernating 
and warm-adapted (room temperature) control 
animals (1). Lipids were extracted from the 
membrane fractions (1) and further treated as 
described below. 

Ethanolamineglycerophospholipids were pre- 
paratively isolated by thin layer chromatog- 
raphy (TLC). Aliquots of the lipid extracts 
were applied to 0.5 mm thickness Silica Gel G 
(Supelco, Belletone,  PA) plates in a N 2 atmos- 
phere. The plates were developed, also in a N 2 
atmosphere, with chloroform/methanol/water 
(140:60:8, v/v) containing 0.05% BHT. Bands 
were visualized by spraying with distilled water 
(9), the ethanolamineglycerophospholipid band 
was scraped off, and the lipid was extracted 
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from the silica gel by adding 2 ml chloroform/ 
methanol (2:1, v/v) followed by 0.5 ml water. 

The lower phase, lipid solution was evapo- 
rated to dryness under N 2 and the plasmenyl- 
ethanolamine (ethanolamine plasmalogen) 
alkenylether groups cleaved by the mild acid 
treatment outlined by Renkonen (10). The 
lysophosphatidylethanolamine (derived from 
the plasmalogens) and the phosphatidylethano- 
lamine were separated and isolated by the TLC 
and extraction systems described above. Tests 
showed that ca. 98% of the alkenylether groups 
and negligible amounts of fatty esters were 
cleaved by this treatment. 

The plasmalogen-depleted phosphatidyl- 
ethanolamine was treated with phospholipase 
A2-containing snake venom (Crotalus adaman- 
teus, Sigma Chemical Co., St. Louis, MO) 
according to the ether solution method of 
Brockerhoff (11), except that the concentra- 
tion of venom was doubled and the reaction 
allowed to proceed for 4 hr. Lysophosphatidyl- 
ethanolamine and free fatty acids were sepa- 
rated by the above TLC procedure. Under the 
conditions used, ca. 90% of the phospholipid 
was hydrolyzed. Efforts to achieve 100% 
hydrolysis were unsuccessful, possibly due to 
the presence of residual plasmenylethano- 
lamine, which is only slowly hydrolyzed by the 
enzyme (12). 

Lysophosphatidylethanolamine recovered 
from the mild acid and phospholipase A 2 
treatments were transmethylated with meth- 
anollc KOH while the free fatty acids were 
methylated with BF3-methanol. Both methods 
are described by Brockerhoff (11). Immediately 
prior to gas liquid chromatographic analyses, 
described previously (1), hexane extracts of the 
reaction mixtures were evaporated to dryness 
under N 2 and the fatty acid methyl esters 
dissolved in 0.1-0.3 ml chloroform. Results 
were statistically analyzed by Students' t-test. 

RESULTS AND DISCUSSION 

Fatty acid alterations at all three acylated 
positions of the ethanolamineglycerophospho- 
lipids (phosphatidylethanolamine 1 and 2 
positions, plasmenylethanolamine 2 position) 
were found in hibernator microsomes (Table I). 
The 1 position fatty acids showed an increase in 
the proportion of 18:1 and the 2 position 
exhibited relative increases in 18:2 and 20:4- 
(n-6), while the plasmalogen fatty acid distribu- 
tion revealed an increase in 20:3(n-6) and 
decreases in 20:1 and 22:4(n-6). Also, the 2 
position showed a trend toward decreased 
22:6(n-22:6(n-3), although an unusually large 
standard error resulted in the difference being 

below the level of significance. Thus, in the 
microsomal ethanolamineglycerophospholipids, 
changes in the relative amount of a specific 
fatty acid occurred at the position where that 
fatty acid is most abundant.  

Analysis of myelin ethanolaminglycerophos- 
pholipids also revealed compositional altera- 
tions at all three fatty acyl positions (Table II). 
However, the changes were more numerous 
than in the microsomes, and alterations in 
particular fatty acids were often observed at 
more than one position. The 1 position showed 
relative increases in 16:0, 16:1, 18:1 and 18:2, 
with decreases in 18:0, 20:1 and 20:2(n-6). The 
2 position exhibited relative increases in 16:0, 
18:0, 18:2 and 20:0, and decreases in 20:1 and 
22:6(n-3). The plasmenylethanolamine fatty 
acids increased in the proportion of 20:4(n-6) 
while decreasing in 20:2 and 22:6(n-3). 

In general, C16 and C18 fatty acid changes 
were found at the 1 and 2 positions of phospha- 
tidylethanolamine, while polyunsaturate 
changes were found in the phosphatidyl 2 
positions and in plasmenylethanolamine. 

The fatty acid alterations observed in 
specific ethanolaminegtycerophospholipid posi- 
tions are similar to those found the previous 
winter hibernating season when the unfrac- 
tionated lipid was analyzed (1), although minor 
discrepancies are noted. The magnitude of the 
fatty acid alterations in the total ethanolamine- 
glycerophospholipid isolated in the present 
study (data not shown) was somewhat smaller 
than that noted previously. Thus, for example, 
whereas microsomal 22:6(n-3) significantly 
decreased before, the decrease is now suggested 
at the phosphatidyl 2 position but is not 
statistically significant. Nevertheless, most of 
the major fatty acid changes found previously 
can now be assigned to specific positions. Any 
small differences between the ethanolamine- 
glycerophospholipid fatty acid compositions 
determined previously and those calculated 
from the present positional data may be due to 
the less than 100% yields obtainable from the 
fractionation procedures, since both the un- 
fractionated fatty acid compositions and 
plasmalogen-to-phosphatidyl ratios were virtu- 
ally identical to those found before (data not 
shown). The reproducibility of the positional 
compositions (Tables I and II), however, 
demonstrates the utility of this methodology 
for present purposes. 

In some instances fractionation revealed 
details which could not have been seen with the 
unfractionated lipid. For example, 16:2, which 
is enriched and certainly quantifiable at the 
phosphatidyl 2 positions, is only a trace com- 
ponent of the fatty acids as a whole: Similarly, 
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the increase in 18:1 in the myelin lipid occurs 
only at the phosphatidyl 1 position and was not 
detected previously. In the present study, 
myelin 22:6(n-3) decreased consistently while 
before it increased slightly. Since that increase 
was the least significant change noted in the 
ethanolamineglycerophospholipid fatty acids of 
either myelin or microsomes, it may have been 
artifactual. 

Earlier results from this laboratory have 
shown that, in both myelin and microsomes, 
plasmenylethanolamine decreases with hiberna- 
tion, while total ethanolamin- 
eglycerophospholipid levels are constant (1). It 
was hypothesized that a net conversion of 
plasmenyl- to phosphatidylethanolamine takes 
place through a 2-acylphosphatidyl inter- 
mediate during the cold-adaptive process. Such 
a conversion could be effected by the sequen- 
tial action of plasmalogenase, which cleaves the 
alkenylether group (13), and an acyltransferase 
which would acylate the empty 1 position. This 
direct conversion would result in a transfer of 
plasmenyl fatty acids to the 2 position of 
phosphatidylethanolamine, leading to per- 
ceptible increases in 20:1 and 22:4(n-6) at the 
microsomal and myelin phosphatidyl 2 posi- 
tions and a decrease in 16:0 at that of myelin. 
In fact, no such changes occurred indicating no 
direct conversion of plasmenyl- to phospha- 
tidylethanolamine via the postulated pathway. 

Goldman (5) has demonstrated that stearoyl 
CoA desturase activity of liver is increased with 
hibernation in the hamster, while that of brain 
is unchanged. It was postulated that the in- 
creased oleic acid synthesized in the liver and 
carried in the blood acts as the source, but not 
the cause, of the increased amounts of  oleic 
acid seen in the brain phospholipids. Our results 
are consistent with this conclusion. It would 
seem unlikely, however, that our observed fatty 
acid changes are due solely to altered patterns 
of fatty acid synthesis or availability, because 
this would most likely lead to generalized 
compositional changes rather than the position- 
specific alterations presently reported. Also, 
since the nutritional deprivation of the hiber- 
nating hamster is not pronounced due to the 
periodic nature of its hibernation (14), and 
since the fatty acid alterations observed do not 
resemble those produced by fat-free diets in 
adult animals (15), it is improbable that the 
fatty acid changes noted here have a nutritional 
origin. 

Consideration of the positional fatty acid 
data does lead to some general conclusions 

regarding the nature of the fatty acid adaptive 
mechanisms involved. Both in microsomes and 
myelin, alterations occur at all three fatty acyl 
positions, and thus mechanisms capable of 
producing changes at each position must be 
operative. In addition, unlike the temperature- 
adaptive changes in the intestinal mucosal lipids 
of goldfish, where significant levels of polyun- 
saturates begin to be found at the 1 position of 
phosphatidylethanolamine with low acclima- 
tion temperature (16), no new types of fatty 
acids are introduced at any position. Ap- 
parently, the overall fatty acid specificity of the 
phospholipid synthetic or degradative enzymes 
which are presumably responsible for the fatty 
acyl alterations need not change drastically.  
The lower magnitude of the fatty acid modifi- 
cations seen in the plasmenyl- as opposed 
to the phosphatidylethanolamine, probably 
reflects the greater metabolic stability of  the 
former (17,18). Nevertheless, at least in myelin, 
the plasmenylethanolamines contribute signifi- 
cantly to the absolute amounts of fatty acid 
change due to their high concentration (ca. 75% 
of the ethanolamineglycerophospholipids). 
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Kidney Lipids: Changes Caused by Dietary 9-Trans,12-Trans- 
Octadecadienoate 
J.E. KINSELLA, P.H. YU,  and J.B. MAI,  Institute of Food Science, 
Cornell University, Ithaca, NY  14853 

ABSTRACT 

Trans, trans-linoleate at 50 and 100% of dietary fat decreased kidney size and altered its compo- 
sition. Trans, trans-linoleate as the sole source of dietary fat imparied growth and caused more severe 
symptoms of essential fatty acid deficiency than was observed with hydrogenated coconut oil (HCO). 
The concentration of renal cholesterol, phospholipids (PL), triglycerides (TG) and cholesteryl esters 
(CE) were also decreased. Linoleic (18:2), homo-,,/-hnolenic acid (20:3n6) and arachidonic acid 
(20:4n6) were significantly depressed in lipid classes, especially in PL and CE, by dietary trans, trans- 
linoleate. The increase in eicosatrienoate (20:3n9), especially in PL and CE of kidneys of rats fed 
HCO (essential fatty acid deficient), was slight in rats fed 100% trans, transqinoleate, indicating that 
the trans, trans acid probably inhibited acyl elongation and desaturation. 

Commercial vegetable oil-based shortenings 
and margarines contain varying amounts of 
trans fatty acids, composed mostly of elaidic 
acid, though measurable levels of linolelaidate 
may also occur in plastic shortenings (1,2). 
Studies with rats have demonstrated that 
relatively high dietary levels of trans, trans- 
linoleate retarded body and organ growth, 
aggravated symptoms of essential fatty acid 
deficiency, impaired the conversion of linoleate 
to eicosatrienoate (20:3n6) and arachidonate 
(20:4n6) and of oleate (18:1) to eicosa- 
trienoate (20:3n9), suppressed cholesterol 
esterase activities, and caused the accumulation 
of palmitoleate and oleate in tissue lipids (3-7). 
High levels of dietary trans, trans-linoleate 
(18: 2) can also impair prostaglandin production 
by platelets (7), and this may reflect the 
depression of PG precursors, 20:3n6 and 
20:4n6 by trans, trans-18: 2. 

The concentration of prostaglandins (PG) 
and associated enzymes is comparatively high in 
kidney (8-10) and PG and their endoperoxides 
are actively involved in renal functions (10-15). 
PG production by the kidney is apparently 
affected by the availability of precursor fatty 
acids because in essential fatty acid deficiency 
PG synthesis is significantly depressed (14). 

In conjunction with studies of the effects of 
dietary trans, trans-linoleate on tissue prostag- 
landins, we examined their effects on the 
composition of kidney with particular emphasis 
on unsaturated fatty acids. 

MATERIALS AND METHODS 

Animals and Diet 

Weanling male Sprague-Dawley rats weighing 
40 to 50 g were individually housed in stainless 
steel cages in a room maintained at constant 

temperature (23 -+ 2C). The composition of the 
diet was described previously (7). Highly 
purified (>99%)methy l  esters of 9-cis,12-cis- 
octadecadienoate and 9-trans, 12-trans- 
octadecadienoate (Nu-Chek Prep., Elysian, MN) 
were used as dietary sources of fat. The hydro- 
genated coconut fat (HCO) (Nutritional Bio- 
chemicals, Cleveland, OH) contained 0.3% of 
cis, cis-linoleic acid. The rats were randomly 
divided into 4 groups of 15 each. Each group 
was fed the balanced diet containing HCO 
(treatment A); trans, trans-linoleate (treatment 
B), a mixture of equal amounts of cis, cis- 
linoleate and the trans, trans isomer (treatment C) 
or cis, cis-linoleate (treatment D) as sole sources 
of dietary fats, respectively. The content of fat 
was 5% by weight of the diet, equivalent to ca. 
11% of calories. All diets except the HCO diet 
were mixed every 3 to 4 days and stored in a 
refrigerated room (5 C). Fresh diet was pro- 
vided daily to each group. 

After 12 weeks, rats from each group were 
lightly anesthetized with ether. The kidneys 
were removed from the rats, weighed, frozen in 
liquid nitrogen and stored at -20 C until 
analysis. 

Lipid Analysis 

The lipids were extracted from kidney tissue 
which was homogenized in a polytron with 
chloroform/methanol (2:1, v/v) according to 
the method of Folch et al. (16). The lipids were 
dried under nitrogen and dissolved in chloro- 
form containing 0.01% BHT. 

Triglycerides (TG), cholesteryl esters (CE) 
and phospholipids (PL) were separated by thin 
layer chromatography (TLC) on activated Silica 
Gel G plates with standard reference lipids on 
both edges (17). The plates were developed 
once in petroleum ether/ethyl ether/acetic acid 
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(70:30:1) ,  dried and sprayed with 0.2% of 
2.7-dichlorofluorescein. The TG, CE and the 
total PL bands were scraped off, extracted [TG 
and CE extracted with diethyl ether containing 
1% acetic acid; PL with chloroform/methanol 
(2:1) ] ,  filtered through Whatman No. 1 paper, 
and concentrated under nitrogen. The isolated 
PL were quantified colorimetrically (18). 

Known concentrations of internal standards, 
i.e., pentadecanoic acid, tripentadecanoin and 
dilSlamityl-phosphatidylcholine, were added to 
the lipid samples prior to saponification and 
methylation for quantification of CE, triacyl- 
glycerides and PL, respectively. Fatty acid 
methyl esters and cholesterol were quantified 
by gas liquid chromatography as previously 
described (19,20).  

Protein Determination 

The fat-free kidney tissues were dried in a 
vacuum dessicator to a constant weight, and 
ground finely to a powder form. Proteins were 
determined by the method of Lowry et al. 
(21) using bovine serum albumin as a standard. 

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

The rats on diets A and B showed the 
classical symptoms of essential fatty acid (EFA) 
deficiency (22,23).  The effects of the four 
types of dietary fats on body and organ 
weights, total lipids, PL and proteins of rat 
kidneys are shown in Table I. Compared to the 
rats fed eis, eis-18:2 as sole source of fats, 
body weights kidney sizes, renal lipids and 
proteins of the EFA-deficient rats on diets A 
and B were reduced, particularly in the case of 
the rats fed trans, trans-18:2. However, relative 
to body weights, the kidneys from the 
EFAD rats were somewhat enlarged. 

These data corroborated earlier findings 
showing that high levels of dietary trans, trans- 
18:2 retarded growth (3-6) and exacerbated 
EFA deficiency symptoms (6). This was 
reflected in depressed organ weights and lipid 
components.  Similar changes were observed with 
cardiac tissue (24). The trans, trans-18:2 in the 
presence of cis, cis-18:2 also measurably 
affected growth and organ weights. The reduc- 
tion in protein could adversely affect cell 
structure and function and the activities of 
various enzymes  (4-6, 25,26). 

The PL were slightly depressed in kidneys 
from rats on EFA deficient diets, particularly in 
diet B. The TG and CE levels were lowest in 
kidneys from rat receiving 100% trans, trans- 
18:2. Small differences in composition were 
observed between renal tissue from rats on diets 
C and D, indicating that dietary trans, trans- 
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18:2,  in the presence of  cis,cis-18: 2, was 
exer t ing measureable effects.  Thus, in contrast  
to o ther  data (4), which revealed no difference 
be tween  renal lipids of  rats fed hydrogena ted  
coconu t  fat or  trans fa t ty  acids (21% elaidic, 
48% linolelaidate) ,  the present  s tudy showed 
that  both  hydrogena ted  coconu t  fat and 
trans, trans-18:2 depressed all the lipid classes 
analyzed.  

The fa t ty  acid compos i t ion  of  the various 
renal lipid classes was al tered by the dietary fat 
(Table II). Palmitoleic (16:1) ,  oleic (18 :1)  and 
20:3n9  were increased in all the lipid classes 
f rom rats on E F A  deficient  diets A and B. 
Significantly the increase in 18:1 was higher in 
B, whereas 20:3n9,  which is peculiar  to the 
E F A  deficiency state, was consistent ly higher  in 
group A. This was part icularly p ronounced  in 
the case of  the PL and CE and may ref lect  the 
possible inhibi t ion of  desaturat ion and elonga- 
t ion of  18:1 to 20 :3n9  by trans, trans-18:2. 
Dietary trans, trans-18:2 did no t  accumula te  to 
any great ex ten t  in any of  the lipid classes f rom 
rats on diets B and C. No elongated products  of  
trans, trans-18:2 were detected.  The concentra-  
t ions of  cis, cis-18:2 in all lipid classes varied 
directly with dietary levels of  this acid, but  it 
was not  as depleted in rats f rom group B 
compared  to those fed hydrogena ted  coconu t  
oil. The presence of  cis, cis-18:2 and 20:4n6,  
even though in small amounts ,  af ter  twelve 
weeks on diets A and B was notable ,  conf i rming 
the ability of  renal tissue to conserve these 
essential fa t ty  acids (15). The reduc t ion  of  n6 
fa t ty  acids in kidneys f rom rats on hydro-  
genated coconut  fat was consis tent  wi th  o ther  
observat ions (6,15,27).  

Eicosatr ienoic acids, 20:3n6,  the precursor  
o f  PGE1,  was de tec ted  only in PL of  rats on 
diet D and in CE of rats on diets A, C and D. 
Arachidonic  acid, 20 :4n6 ,  which was most  
concent ra ted  in PL, was markedly  affected by 
dietary fa t ty  acids being part icularly depressed 
in rats receiving trans, trans-18:2 and was also 
not iceably  lower  in PL and CE of  fats f rom 
group B compared  to A suggesting that  
trans, trans-18:2 impaired its synthesis. Similar 
effects  have been observed after feeding of  
dietary cis, trans-18:2 (28). 

Eicosatr ienoate  20:3n9 accumula ted  in the 
lipids, part icularly in PL and CE of  rats on 
hydrogena ted  coconut  fat, but  i t  did no t  
accumula te  to nearly the same ex ten t  in rats on 
trans, trans-18:2 (and was absent f rom CE of  
group B) though these rats showed severe E F A  
deficiency symptoms  indicat ing that  the 
trans, trans-18:2 inhibi ted the conversion of 
18:1 to 20:3n9,  consistent  with the higher 
concent ra t ions  of  18:1 in the kidneys f rom 

these rats. In this case, the 20 :3n9  to 20:4n6 
ratio would  no t  validly ref lect  the severity of  
E F A  deficiency indicat ing that  this may  no t  be 
used as a universal index.  Incidental ly ,  20 :3n9  
may  impair  PG synthesis in the kidney (15). 

Measurable amounts  of  long chain polyun-  
saturated fa t ty  acids were present  in the PL and 
CE. The n-6 fa t ty  acids, 22:4n6 and 22:5n6,  
were de tec ted  in PL of  rats receiving cis, cis- 
18:2n6.  In E F A  suff iciency,  20 :4n6  rather  than 
18:2 accumula ted  in the PL and CE, whereas 
18:2 increased in the TG class. The presence of  
22 :4n6  and 22:5n6 in PL of  E F A  suff icient  rats 
may represent  reserve forms of  20:4n6 which 
can be made f rom these acids by re t roconver-  
sion (29). The n-3 series, i.e., 22:5n3 and 
22:6n3,  occurred in PL, TG and CE, being 
significantly concen t ra ted  in the CE of E F A  
deficient  rats. 

This s tudy showed that  renal lipid composi-  
t ion is al tered dif ferent ly  in E F A  deficiency 
induced by dietary hydrogena ted  coconu t  fat 
or trans, trans- 18 : 2. 
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