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ABSTRACT 

The effect of embryological development on the two biosynthetic enzymes involved in phos- 
phatidylcholine biosynthesis in liver microsomes of -12, -9, 0, +4, +14, +36 day old rabbits has been de- 
termined. The specific activity (pmol phosphatidylcholine formed/min/mg microsomal protein) of the 
phosphatidyletanolamine methyltransferase in the liver microsomes is very low before birth and a 
33% increase at birth occurs when compared to the -12 day old fetal livers. The pmol of phosphatidyl- 
choline formed/min/mg protein by the choline phosphotransferasc pathway in fetal liver micro- 
somes is 5, 10, 73, 199, 107 and 307 times greater than by the phosphatid'ylethanolamine methyltrans- 
ferase pathway for -12, -9, 0, +4, +14, +36 day old rabbits, respectively. The specific activities of the 
choline phosphotransferase in the liver microsomes increased from the -12 day old fetal livers to 
1.6, 19, 73, 39, 27 times for the -9, 0, +4, +14 and +36 day old animals, respectively. The choline 
phosphotransferase pathway in comparison to the phosphatidylethanolamine methyltransferase 
pathway is providing the major phosphafidylcholines in the membranes of the endoplasmic reticulum 
before birth and early fetal development of the rabbit. 
Lipids 19:1-4, 1984. 

INTRODUCTION 

Phosphatidylcholine (PC) is the major 
phospholipid in plasma, nuclear, mitochondrial 
and endoplasmic reticular membranes of all 
ceils. Phosphatidylcholine represents 45% of 
total lipid phosphorus of mitochondria, 48.5% 
of total lipid phosphorus of microsomes (1,2) 
and 37.4% of total lipid phosphorus of plasma 
membrane (3). 

Phosphatidylcholine biosynthesis in endo- 
plasmic reticulum is known to occur by two 
major different pathways (4,5). These two 
pathways are under different biological controls 
(6-9) and provide different phosphatidyl- 
cholines with different fatty acids (10). The 
Kennedy pathway (4) involves the enzyme 
choline phosphotransferase, which catalyzes 
the following reaction: cytidine diphospho- 
choline + 1,2-diacylglycerol to form PC + 
CMP. The Bremer-Greenberg (5) pathways 
involve phosphatidylethanolamine methyltrans- 
ferase, which catalyzes the following reaction: 
phosphatidylethanolamine (PE) plus three 
S-adenosylmethionines with progressive meth- 
ylation of PE to form PC and three S-adenosyl- 
homocysteines. 

During growth and development, biochemi- 
cal changes have been observed in endoplasmic 

reticulum (11) and enzyme systems (12-14). 
Miller and Cornatzer (15) have shown a pro- 
gressive increase in concentration (~g phos- 
pholipid phosphorus/mg protein) of micro- 
somal phosphatidylcholine during development 
in the embryos of rabbits at -12, -9, 0, +2, +9 
and +14 days of age. Chepenik et al. (16) have 
shown that the rat embryo is able to synthesize 
PC by the choline phosphotransferase. 

A study of the enzymatic activity of the two 
enzymes, choline phosphotransferase and phos- 
phatidylethanolamine methyltransferase invol- 
ved in PC biosynthesis in liver microsomes of 
fetal and newborn rabbits (-12, -9, 0, +4, +14, 
+36 days old) has been made. 

MATERIALS AND METHODS 

Animals 

New Zealand white rabbits were maintained 
on Purina rabbit chow checkers and water. 
The animals were housed in steel wire-bottom 
cages and were allowed free access to food and 
water. After the desired gestation interval, the 
pregnant female rabbit was killed by stunning 
and bleeding, and the fetal rabbits were re- 
moved as soon as possible. Livers were pre- 

*To whom correspondence should be addressed. 
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pared from fetal and young rabbits at -12, -9, 
0, +2, +9, +14 and +36 days of  age. 

Microsomal Preparation 

The removed livers were rinsed with cold 
water, blot ted and homogenized in ice-cold 1 
mM MgC12-0.25M sucrose in a Potter-Elvehjem 
homogenizer with a Teflon pestle. The nuclear 
and mitochondrial  fraction were separated 
from the homogenate by  centrifuging for 10 
rain at 14,500 g. The supernatant  solution was 
centrifuged at 78,450 g for 60 rain to sediment 
the microsomal pellet. This microsomal pre- 
paration as shown by enzyme assay gives very 
little mitochondria contaminat ion (15). Protein 
was determined by  a modified Biuret method 
(17) and the enzymes involved in PC bio- 
synthesis assayed. 

Phosphatidylethanolamine 
Methyltransferase Assay 

The methylat ion pathway was measured by  
a modified method of  Bremer and Greenberg 
(5). The reaction mixture contained 2 mg 
egg phosphatidylcholine (Sigma Chemical Co., 
St. Louis, MO), 0.9 mM sodium deoxycholate ,  
0.3 M Tris-HC1 buffer (pH 8.6), 0.2 mM S- 
adenosyl-L-[methyl-14C]methionine (0.1 mCi/ 
mmol,  New England Nuclear, Boston, MA)and  
microsomes (1-2 mg protein) in a final volume 
of  1.4 ml. The assay was initiated by  adding 
microsomes, containing endogenous PE, reac- 
t ion time was 15 min at 37 C, and the reaction 
was terminated with 0.5 ml of concentrated 
HCI. The 14C-labeled reaction product ,  phos- 
phatidylcholine,  was extracted according to the 
Bligh and Dyer procedures (18,19). Radioacti- 
vity was measured in a Packard liquid scintil- 
lation spectrometer.  In this mixture,  the egg 
phosphatidylcholine acted as an activator (19). 

Phosphetidyldimethylethanolamine 
Methyltransferase Assay 

The method of  Rehbinder and Greenberg (20) 
was used to determine the activity of phos- 
phat idyldimethylethanolamine methyltransfer- 
ase which catalyzes the last step in the methyla- 
t ion of PE to PC. The reaction mixture con- 
tained 3.0 mM egg phosphat idyldimethyl-  
ethanolamine as substrate (Avanti Polar Lipids, 
Birmingham, AL), 6.3 mM sodium deoxycho-  
late, 0.3M Tris-HC1 buffer (pH 8.6), 0.35 mM 
S-asenosyl-L-[ methyl  -14 C ] methionine (0.1 
mCi/mmol,  New England Nuclear, Boston, MA), 
and microsomes (1-2 rag) in a final volume of  
1.15 ml. Reaction time was 15 min at 37 C. 
The reaction was initiated by adding the 
microsomes, and was terminated by adding 
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0.1 ml of  concentrated HC1. The 14C-labeled 
phosphatidylcholine was isolated with meth- 
anol/chloroform (18,19) and radioactivity 
determined.  

Choline Phosphotransferase Assay 

The method of Kennedy and Weiss (4) 
was used to determine the activity of CDP- 
choline: 1,2-diacyiglycerol choline phosphotrans- 
ferase (choline phosphotransferase). The reac- 
t ion mixture contained 2 /gruel, 1,2-diacylgly- 
cerol emulsified in 0.1 ml of 1% Tween-20 
(Sigma Co., St. Louis, MO), 10 /amol MgC12, 
0.5 /amol cytidine diphosphate i,2-14C-choline 
(sp act 4 x l0  s cpm//amol, ICN Tracerlab, 
Irvin, CA), and microsomes (0.5-2.0 mg protein) 
in a final volume of  1.3 ml. The diacylglycerol 
was prepared from egg lecithin by  the method 
of  Gurr et al. (21), and purified by the chroma- 
tographic method of Barren and Hanahan (22). 
Reaction time was 6 min. The reaction was 
initiated by adding the microsomes, and was 
terminated by adding 3.0 ml of  95% ethanol.  
The t4C-labeled phosphatidylcholine was iso- 
lated by repeated extract ion with ethanol  and 
chloroform (4). 

RESULTS AND DISCUSSION 

The enzymatic activities of  phosphatidyl-  
ethanolamine methyltransferase, phosphatidyl-  
dimethylethanolamine methyltransferase and 
choline phosphotransferase were linear with 
t ime  and concentration of  microsomal enzyme. 
The data have been presented previously (23). 

The effects of  embryological  development 
on the two biosynthetic enzymes involved in 
PC biosynthesis in liver microsomes is given in 
Table 1. At birth there was over a 5-fold 
increase in liver weight and over an 8-fold 
increase in microsomal protein when compared 
to the -9 day fetal livers. The percentage 
increase in the specific activity (pmol phos- 
phatidylcholine formed/min/mg protein) of  
phosphatidylethanolamine methyltransferase in 
fetal and young rabbit  microsomes over -12 
days old compared to -9, 0, +4, +14 and +36 
days old was -16, 33, 86, 86, -56, respectively. 
The specific activity of  the phosphatidyl-  
ethanolamine methyltransferase in the liver 
microsomes is very low before birth and a 
33% increase occurs at birth. 

A number of  other enzymes have low 
activity in fetal liver and a rapid increase at 
birth occurs: glucose-6-phosphatase (24), car- 
bamyl phosphate synthetase (25), superoxide 
dismutase (26), gamma glutamyltranspetidase 
(27), isocitrate dehydrogenase, aspartate amino- 
transferase, malate dehydrogenase (28), bran- 
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ched  cha in  2-oxo acid d e h y d r o g e n a s e  (29) .  
There  is a progressive increase  in t h e  specif ic  

ac t iv i ty  of  p h o s p h a t i d y l d i m e t h y l e t h a n o l a m i n e  
m e t h y l t r a n s f e r a s e  dur ing  d e v e l o p m e n t  o f  t h e  
fe ta l  rivers. This  assay measures  t h e  last  m e t h y l -  
a t i on  of  PE to  PC. The  first  m e t h y l a t i o n  o f  
PE to  PC is ra te - l imi t ing  (9).  The  fe ta l  liver 
mic rosomes  have t he  abi l i ty  to  m e t h y l a t e  t he  
last  s tep in the  convers ion  o f  PE to  PC if  
ex t e rna l  subs t r a t e  is p rov ided  as in  t he  p h o s p h a -  
t i d y l d i m e t h y l e t h a n o l a m i n e  m e t h y l t r a n s f e r a s e  
assay. The  low ac t iv i ty  of  t he  p h o s p h a t i d y l -  
e t h a n o l a m i n e  m e t h y l t r a n s f e r a s e  in fe ta l  livers 
be fo re  b i r t h  m a y  be  due  to  a low c o n c e n t r a t i o n  
of  an  ac t iva to r  such  as a h o r m o n e  or  t he  
c o n c e n t r a t i o n  o f  an  i n h i b i t o r  (8).  T h y r o x i n e  
increases  t he  ac t iv i ty  o f  a n u m b e r  o f  fe ta l  
enzymes ,  arginase (30) ,  a spa r t a t e  a m i n o t r a n s -  
ferase (31) ,  N A D P H - c y t o c h r o m e  c d e h y d r o -  
genase (32)  and  g lucose-6-phospha tase  (24) .  
The  a d m i n i s t r a t i o n  of  t h y r o x i n e  resu l ted  in a 
s ignif icant  increase  in t h e  specif ic  ac t iv i ty  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  m e t h y l t r a n s f e r a s e  in  
t he  river m i c r o s o m e s  o f  h y p e r t h y r o i d  ra ts  a n d  a 
r e d u c t i o n  of  t he  specif ic  ac t iv i ty  occu r red  in  
h y p o t h y r o i d  s ta tes  (33) .  

The  p m o l  of  p h o s p h a t i d y l c h o l i n e  f o r m e d /  
m i n / m g  p r o t e i n  b y  t he  cho l ine  p h o s p h o t r a n s -  
ferase p a t h w a y  in the  -12 day  fe ta l  river micro-  
se ines  is 5 t imes  grea te r  t h a n  by  t h e  phos-  
p h a t i d y l e t h a n o l a m i n e  m e t h y l t r a n s f e r a s e  p a t h -  
way.  This  value is 10 and  72 t imes  at  -9 and  0 
day  o ld  fe ta l  rivers, respect ive ly ,  for  t he  cho l ine  
phospho t r ans f e r a se .  The  specif ic  act ivi t ies  of  
t he  cho l ine  p h o s p h o t r a n s f e r a s e  in t he  liver 
m i c r o s o m e s  increases  f r o m  t he  -12 day  old  
fe ta l  liver to  1.6, 19, 73,  39,  27 t imes  for  the  
-9, 0,  +4,  +14  and  +36 day  old  animals ,  respec-  
t ively.  Thus ,  t he  chol ine  p h o s p h o t r a n s f e r a s e  
p a t h w a y  in c o m p a r i s o n  to  the  p h o s p h a t i d y l -  
e t h a n o l a m i n e  m e t h y l t r a n s f e r a s e  p a t h w a y  is 
p rov id ing  t he  m a j o r  p h o s p h a t i d y l c h o l i n e s  in  t he  
m e m b r a n e s  of  the  endop la smic  r e t i c u l u m  
b e f o r e  b i r t h  and  early fe ta l  d e v e l o p m e n t  of  
t h e  r abb i t .  
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Effect of Dietary Animal and Vegetable Protein 
on Gallstone Formation and Biliary Constituents in the Hamster I 
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ABSTRACT 

A gallstone-inducing diet was utilized to examine the effect of dietary proteins (casein, soybean 
and cottonseed) on gallstone formation. Casein produced gallstones in 100% of the animals; however, 
soybean or cottonseed proteins reduced gallstone incidence to 32% and 0%, respectively. In an effort 
to ascertain the mechanisms responsible for gallstone formation, serum cholesterol and the 3 primary 
biliary constituents (bile acids, phospholipids and cholesterol) were measured. Casein produced a 
4-fold increase in biliary cholesterol, whereas soybean and cottonseed yielded a 3- and 2-fold increase, 
respectively, when compared to a commercial diet (Purina, no. 5001). Serum cholesterol was reduced 
by substituting dietary vegetable protein for animal protein. This study suggests that substitution of 
vegetable for animal protein in the diet can decrease gallstone formation in hamsters. It is proposed 
that this reduced gallstone formation is due to the decreased concentrations of biliary cholesterol 
induced by dietary modification. 
Lipids 19:5-10, 1984. 

INTRODUCTION 

Clinical and epidemiological data reveal that  
diet plays a significant role in the development 
of  gallstone disease. In 1952, Dam and Chris- 
tensen (1) reported that cholesterol gallstones 
could be produced in hamsters by diet alone. 
The diet, referred to as the Dam diet, contained 
casein as a protein source, sucrose as the pri- 
mary source of  carbohydrate, and no fat. Gall- 
stones were produced in 80-100% of the ham- 
sters within 6-8 weeks. 

To date, most of the research emphasizing 
the effects of diet on gallstone formation has 
concentrated on dietary cholesterol (2-4), fat 
(5,6), carbohydrate (1,7,8) and excessive 
caloric intake (9,10). Insufficient attention has 
been devoted to dietary proteins. This is sur- 
prising, since dietary proteins may effect biliary 
cholesterol concentrations and seem to influ- 
ence serum lipids, especially cholesterol (12- 
14). 

In 1958, Olson et al. (11) observed a de- 
crease in serum cholesterol concentrations in 
human subjects when their daily protein intake 
was changed from 100 g of animal protein to 
25 g of vegetable protein. Kritchevsky et al. 
(12) and Park and Liepa (13) have also ob- 
served hypercholesterolemic effects of dietary 
animal protein when compared with dietary 

1 Preliminary reports of portions of this work were 
presented at the XIIth International Congress of Nutri- 
tion and at the 73rd annual AOCS meeting. Liepa, G., 
and Mahfouz, S. (1982) J. Am. Oil Chem. Soc. 59, 
316A. 

*To whom correspondence should be addressed. 

vegetable protein in experimental animals. 
Sirtori et al. (14) studied the effect of dietary 
protein on serum lipids using hyperchole- 
sterolemic male subjects. The substitution of 
vegetable proteins for animal proteins produced 
a 32% decrease in serum cholesterol concen- 
tration. Additional studies have also indicated 
that dietary vegetable proteins when compared 
to animal proteins are hypocholesterolemic 
(15-18). 

Recognizing that dietary protein can influ- 
ence serum lipids, Kritchevsky and Klurfeld 
(19) recently demonstrated that dietary vege- 
table protein markedly reduced the formation 
of cholesterol gallstones in hamsters. In their 
study, 58% of the hamsters developed gall- 
stones when their diet contained casein, as com- 
pared to 14% of the hamsters which were fed a 
diet containing soybean protein. Furthermore,  
once cholesterol gallstones were present in the 
hamster, significant dissolution of  stones was 
accomplished with administration of  a soybean 
protein diet. 

There is clear evidence that diet has an effect 
on cholelithiasis, although the mechanisms are 
not  clearly defined. The relationship between 
dietary protein and cholelithiasis is one of  par- 
ticular interest, since protein derived from 
animal sources has a greater tendency to elevate 
plasma cholesterol concentration than protein 
derived from plant sources. The purpose of this 
study was to examine the effect of dietary pro- 
teins (casein, soybean and cottonseed) on 
cholesterol gallstone formation in the hamster. 
In an effort to ascertain the mechanism respon- 
sible for gallstone formation, the 3 primary 
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TABLE i 

Experimental Dietsa, b 

Group Composition (%) 

I c 74.3 Carbohydrate (sucrose) 
20.0 Protein (casein) d 

5.0 Mineral mix e 
0.5 Vitamin mix f 
0.2 Choline chloride 

II 74.3 Carbohydrate (sucrose) 
20.0 Protein (soybean)g 

5.0 Mineral mix 
0.5 Vitamin mix 
0.2 Choline chloride 

III 74.3 Carbohydrate (87% sucrose, 
13% from cottonseed flour) h 

20.0 Protein (cottonseed) 
5.0 Mineral mix 
0.5 Vitamin mix 

IV 
0.2 Choline chloride 

Control - Purina Rodent Chow 5001 

a All diets were obtained from the United States 
Biochemical Corporation, Cleveland, OH. Cottonseed 
protein was supplied by Texas A&M University. 

bAll diets are isocaloric providing ca. 3.5 kcal/g 
of diet. 

CDam diet. 
dObtained from casein isolate consisting of 85% 

protein, 1.8% carbohydrate, 1.0% fat, 0.1% fiber, 1.8% 
ash and 9.8% moisture. 

eMineral mixture (%): 0.009 Ale(SO4)3-24 H=O; 
11.280 CaHPO 4"2 1-120; 6.860 CaCO 3; 30.830 
Ca(C6HsOT) z .4 H20; 0.008 CuSO4 ; 1.526 Ire (NH4) 
(C6HsO7)2; 3.520 MgCO3; 3.830 MgSO4; 0.020 
MnSO4; 12.470 KCI; 0.004 KI; 21.880 KHzPO4; 
7.710 NaCI; 0.050 NaF; 2 X 10 -6 Cr (C2H302)3; 
5 X 10 -s ZnCO 3. 

fVitamin mixture (g/kg): 0.1100 p-aminobenzoic 
acid; 1.0170 vitamin C; 0.0004 biotin; 0.0660 Ca 
pantothenate; 3.7150 choline citrate; 0.0020 folic 
acid; 0.1100 inositol; 0.0500 vitamin K; 0.0090 nico- 
tinic acid; 0.0220 pyridoxine-HCI; 0.0220 riboflavin; 
0.0020 thiamin-HCI; 0.0390 vitamin A (500,000 
U/g); 0.0290 vitamin Bt2;0.OO40vitamin D= (500,000 
U/g); 0.4850 vitamin E acetate (250 U/g). 

gobtained from soy protein isolate consisting of 
86.0% protein, 3.8% carbohydrate, 0.8% fat, 0.1% 
fiber, 3.8% ash and 5.5% moisture. 

hObtained from cottonseed flour consisting of 
56.6% protein, 25.0% carbohydrate, 3.4% fat, 2.6% 
fiber, 6.9% ash and 5.5% moisture. Free gossypol 
levels were at 0.02% (200,000 ppm). 

bi l iary c o n s t i t u e n t s  (bile acids, phospho l ip id  
and  choles te ro l )  and  se rum choles te ro l  were 
quan t i t a t i ve ly  measured .  

na t ed  f rom 6 a .m.  to  6 p .m.  F o o d  c o n s u m p t i o n  
and  b o d y  weight  for  each  an imal  were  r ecorded  
4 t imes  per  week.  All an imals  were m a i n t a i n e d  
in acco rdance  w i t h  the  guidel ines  s ta ted  by  t he  
Nat iona l  Research  Counci l .  

On arrival,  the  an imals  were fed Pur ina  
R o d e n t  Chow 5001 ,  ad l ib i tum for  7 days. 
Af te r  this  ini t ia l  equ i l ib ra t ion  per iod ,  t he  ani-  
mals  were r a n d o m l y  assigned to  1 of  3 exper i -  
m e n t a l  g roups  or  to  a c o n t r o l  g roup  and  were 
fed the  e x p e r i m e n t a l  diets  (Table  1 ) f o r  45 
days.  Diets and  wa te r  were p rov ided  ad l ib i tum 
t h r o u g h o u t  the  e x p e r i m e n t .  

Collection and Preparation of Samples for Analysis 

Animals  were kil led a f te r  having  been  fas ted  
for  ca. 12 hr. Be tween  9 and  11 a.m.,  the  ham-  
sters were anes the t i zed  wi th  e the r ,  a f te r  wh ich  
t i m e  bile was asp i ra ted  d i rec t ly  f rom the  gall- 
b l adde r  wi th  a 10~1 H a m i l t o n  syringe. The  
ga l lb ladder  was excised and  examined  for  the  
presence  of  gal ls tones.  The  b lood  samples  were 
cen t r i fuged  for  20 min  (4 ,000  r p m  at 4 C) and  
the  p lasma was r emoved .  Bile and  plasma 
samples  were f rozen  i m m e d i a t e l y  and  s tored  at  
- 2 0  C for  s u b s e q u e n t  chemica l  analysis.  

Analytical Techniques 

The 3 ma jo r  c o n s t i t u e n t s  o f  t he  ga l lb ladder  
bile (bile acids,  phospho l ip id  and  choles te ro l )  
were ana lyzed  quan t i t a t i ve ly  by  the  m e t h o d s  of  
Tur ley  and  Die tschy (20) ,  T rud inge r  (21) ,  and  
Reyes and  Kern (22) ,  respect ively .  Tota l  serum 
choles te ro l  c o n c e n t r a t i o n  was d e t e r m i n e d  quan -  
t i ta t ive ly  using the  e n z y m a t i c  m e t h o d  of  Allain 
et  al. (23).  The  l i thogenic  index  of  bile was 
ca lcu la ted  us ing m e t h o d s  descr ibed  by  T h o m a s  
and  H o f m a n n  (24) .  

Statistical Analysis 

The data  were ana lyzed  us ing  single f ac to r  
analysis  of  var iance wi th  4 groups.  Individual  
compar i sons  were eva lua ted  us ing the  t - test  for  
i n d e p e n d e n t  con t ras t s  and  the  Newman-Keu l s  
mul t ip le  range p rocedure  (25) .  Values  o f  p < 
0.05 were cons idered  to  be s ta t is t ica l ly  signifi- 
cant .  

RESULTS A N D  DISCUSSION 

METHODS 

Description and Care of Animals 

Sixty-n ine  male  hams te r s  {Mesocricetus 
auratus) weighing 60  -+ 5 g were o b t a i n e d  f rom 
Engle Labora to r i e s  (Fa rmersburg ,  IN). The  
an imals  were indiv idual ly  housed  in a well 
ven t i l a ted  room which  was ar t i f icial ly i l lumi- 

Effect of Dietary Protein on Animal Growth 
and on Cholesterol Gallstone Incidence 

The  ra te  of  g r o w t h  was similar  for  all d ie ta ry  
g roups  (final  weights :  casein,  105.6 -+ 7.2;  soy- 
bean ,  113.5 -+ 7 .2 ;  c o t t o n s e e d  p ro t e in ,  106.5 + 
8.6;  con t ro l ,  116.3 -+ 5.9);  however ,  gal ls tone 
f o r m a t i o n  was a l tered s ignif icant ly .  Signifi- 
can t ly  fewer gal ls tones  were observed w h e n  the  

LIPIDS,'VOL. 19, NO. I (1984) 
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TABLE 2 

Effect of Dietary Protein on Gallstone Formation and Biliary Constituents of Hamsters 

Protein Absolute concentration (/~mol/mol) 
Source n Gallstones (%) Bile acid Phospholipid Cholesterol 

Casein 9 100 140.0 -+ 15.4a,b, A 17.4 -+ 2.3 A 6.30 + 0.5 A 
(85.2 +- 0.7), c,1 (10.5 -+ 0.4) 1 (4.3 -+ 0.7) 1 

Soybean 18 31.6 140.9 -+ 7.3 ~ 17.4 + 1.4 A 5.18 + 0.03 & 
(86.4 -+0.4) 1 (10.4 -+ 0.5~ 1 (3.2 -+ 0.1~ 1 

Cottonseed IS 0.0 116.9 + 7.6 A 12.0 + 1.3 t~ 3.03 -+ 0.2 D 
(88.9 -+ 0.5) 2 (8.8 -+ 0.5) 2 (2.3 -+ 0.1~ 2 

Control 17 0.0 223.8 + 11.7 B 16.7 + 1.3 A 2.74 -+ 0.2 D 
(92.1 -+ 0.3) 3 (6.8 -+ 0.3) 3 (1.1 + 0.1) 3 

a~ _+ SEM. 
bValues without common superscripts are different at P < 0.05. Capital letters are used to denote 

differences in absolute concentrations and numbers denote differences in relative concentrations. 
CRelative concentration (molar %). 

source  of  d ie ta ry  p r o t e i n  was a vegetable  p rod -  
uc t  ( soybean  or  c o t t o n s e e d )  as c o m p a r e d  to  an  
an imal  p r o d u c t  (casein)  (Tab le  2). These  resu l t s  
are in  ag reemen t  w i th  t he  obse rva t ions  r e p o r t e d  
b y  Kr i t chevsky  and  Klurfeld  (19) ,  w h o  f o u n d  
d ie ta ry  an imal  p ro t e in  (casein)  to  be  m o r e  
l i thogen ic  t h a n  vegetable  p r o t e i n  ( soybean) .  

The  p resen t  s t udy  ind ica tes  t h a t  c o t t o n s e e d  
p r o t e i n  m a y  be  even more  ef fec t ive  at  decreas-  
ing t he  inc idence  of  gal ls tones  t h a n  s oybean  pro-  
re in ;  however ,  t he  c o t t o n s e e d  c o n c e n t r a t e  
w h i c h  was used to  p repare  t he  e x p e r i m e n t a l  
d ie t  was n o t  as pure  as t he  soy p r o t e i n  and  
casein and  c o n s e q u e n t l y  i t  is possible  t h a t  o t h e r  
fac to rs  in t he  c o n c e n t r a t e  a l te red  t he  r a t e  o f  
gal ls tone  f o r m a t i o n .  No gal ls tones  were f o u n d  
in t he  ga l lb ladder  or  b i l iary  duc t  o f  t he  c o n t r o l  
animals .  

Effect of Dietary Protein on Biliary Constituents 

In an  e f fo r t  to  ascer ta in  t he  m e c h a n i s m  or  
m e c h a n i s m s  respons ib le  for  gal ls tone  f o r m a t i o n  
w i th  respec t  to  t he  e x p e r i m e n t a l  diets ,  t h e  bi le  
was quan t i t a t i ve ly  ana lyzed  for  the  3 m a j o r  
bi l iary  c o n s t i t u e n t s  (bile acids,  p h o s p h o l i p i d  
and  choles te ro l )  (Table  2). 

No s ignif icant  d i f ferences  were observed  
b e t w e e n  t he  abso lu te  c o n c e n t r a t i o n s  of  bi le  
acids in the  e x p e r i m e n t a l  g roups  (Table  2). 
However ,  t he  m e a n  abso lu te  c o n c e n t r a t i o n  of  
bi le  acids was s igni f icant ly  h igher  in t he  c o n t r o l  
g roup  t h a n  in a n y  e x p e r i m e n t a l  g roup  (p < 
.05). The  relat ive c o n c e n t r a t i o n  of  bile acids in 
ga l lb ladder  bi le  of  an imals  fed casein or  soy-  
b e a n  as the  p r o t e i n  source  did  no t  d i f fer  signifi- 
can t ly ;  however ,  t he  pe rcen tage  of  bile acids in  
hams te r s  fed c o t t o n s e e d  p r o t e i n  was signifi- 
can t ly  grea te r  t h a n  w i t h  e i the r  of  the  o t h e r  pro-  
teins. The  con t ro l  g roup  had  a s igni f icant ly  

h igher  relat ive c o n c e n t r a t i o n  of  bi le  acids t h a n  
any  of  t h e  e x p e r i m e n t a l  groups.  

Bile acid c o n c e n t r a t i o n  has  been  s h o w n  to  
play a ro le  in gal ls tone  d e v e l o p m e n t .  A m e r i c a n  
Ind ian  w o m e n  suffer ing f rom an  increased inci-  
dence  of  gal ls tone  disease t e n d  to  have de-  
creased ra tes  o f  hepa t i c  bi le  acid secre t ion ,  a 
decreased  bile acid poo l  size, and  an  increased  
sec re t ion  of  hepa t i c  cho les te ro l  (26) .  Subjec ts  
w h o  have had  e i the r  an  ileal r e sec t ion  or  an  
in te s t ina l  bypass  also are p red i sposed  to  gall- 
s tone  disease .  The  p red i spos i t i on  is t h o u g h t  to  
be  due  to  an  i n a d e q u a t e  r e a b s o r p t i o n  of  bi le  
acid and  a c o n c o m i t a n t  lower ing  of  the  bi le  
acid poo l  (27 ,28) .  

A l t h o u g h  s tudies  carr ied ou t  on  gal ls tone 
pa t i en t s  (29 ,30)  show n o  change  in t he  relat ive 
c o n c e n t r a t i o n s  o f  bi l iary phospho l ip ids ,  r e c e n t  
w o r k  w i th  hams te r s  (31)  ind ica tes  t h a t  the  
f o r m a t i o n  of  l i thogenic  bile was due  to  a rela- 
t ive decrease  in bi l iary  p h o s p h o l i p i d  concen-  
t r a t i on .  

The  abso lu te  c o n c e n t r a t i o n  of  p h o s p h o l i p i d  
p resen t  in bi le  t a k e n  f rom h a m s t e r s  fed c o t t o n -  
seed p ro t e in  was s igni f icant ly  lower  t h a n  t h a t  
f r om animals  fed casein,  soybean  p ro t e in  or  
l a b o r a t o r y  chow,  bu t  no  d i f fe rences  were n o t e d  
a m o n g  the  l a t t e r  3 g roups  (Table  2). The  rela- 
t ive c o n c e n t r a t i o n  of  bi l iary phospho l i p id  of  
an ima l s  fed c o t t o n s e e d  p ro t e in  was s igni f icant ly  
lower  t h a n  t h a t  of  an imals  fed casein or  soy-  
b e a n  p r o t e i n  w i t h  no  d i f fe rence  b e t w e e n  t he  
l a t t e r  2 groups.  The  relat ive concentration of  
bi l iary  p h o s p h o l i p i d  was s igni f icant ly  lower  in  
t he  con t ro l  an imals  w h e n  c o m p a r e d  to  any  
e x p e r i m e n t a l  group.  

When  casein was the  p ro t e in  source,  ham-  
s ters  exh ib i t ed  a h igher  abso lu te  and  relat ive 
(mola r  %) c o n c e n t r a t i o n  of  b i l ia ry  cho les te ro l  
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FIG. 1. Lithogenic index of bile taken from 
hamsters fed a variety of dietary proteins. Values are 
,X -+ SEM; values without common superscripts are 
different at P < 0.05. Dietary groups: diet I (Dam 
diet), diet II (soybean used as a protein source), 
diet III (cottonseed used as a protein source). 

than did animals fed vegetable proteins  or the 
control diet (Table 2). Casein-fed animals had a 
higher percentage of biliary cholesterol than 
animals fed soybean protein; however, this 
difference was not statistically significant. 
Animals fed cottonseed protein had a signifi- 
cantly lower percentage of biliary cholesterol 
when compared to either casein- or soybean 
protein-fed animals. The percentage of  biliary 
cholesterol was significantly lower in the con- 
trol group when compared to any of the experi- 

JOHNSON AND G.U. LIEPA 

mental groups. Kajiyama (31) recently reported 
similar values for biliary cholesterol (molar %) 
when using the Dam diet with casein as a pro- 
tein source. 

According to Redinger and Small (32), if the 
biliary cholesterol concentration comprises 
greater than 5% of the total composition of  
bile, cholesterol will precipitate out of solution, 
possibly resulting in the formation of  choles- 
terol gallstones. Also, when the concentration 
of bile acids is below 80%, gallstone formation 
will begin. It is suggested that the increase in 
biliary cholesterol, and the concomitant de- 
crease in bile acids, were responsible for gall- 
stone formation in this study. 

Saturation' Index 

The lithogenic index of saturation was used 
to evaluate all 3 biliary constituents: bile acids, 
phospholipids and cholesterol. A saturation 
index greater than 1.0 suggests a supersaturated 
bile which promotes possible gallstone forma- 
tion (30,33). Figure 1 illustrates that casein-fed 
animals had a saturation index greater than 1.0, 
which is consistent with the observation that 
100% of these animals had gallstones. The soy- 
bean and cottonseed proteins produced a sig- 
nificantly lower saturation index when com- 
pared to casein, and the animals had a greatly 
reduced incidence of  gallstone formation. 

Effect of Dietary Protein on Serum Cholesterol 

Serum cholesterol concentration was low- 
ered when casein was replaced with soybean; 
however, this difference was not statistically 
significant (Table 3). Dietary cottonseed pro- 
tein was associated with a significantly lowered 
total serum cholesterol concentration when 
compared to other experimental diets. All of  
the experimental diets exhibited significantly 
higher total serum cholesterol concentration 
than did the animals fed laboratory chow. 

The preceding finding is not  surprising, since 
a variety of studies (13,14,34-36) have shown 
that serum cholesterol concentration is de- 

TABLE 3 

Effect of Dietary Protein on Cholesterol Concentration of Gallbladder Bile and Serum 

Protein Gallbladder bile cholesterol (/Jmol]ml) Serum cholesterol (mg/dl) 

Casein 6.30 + 0.52a,b, A (n=9) 212.60 +10.81A (0=16) 
Soybean 5.18+- 0.35 A(n=18) 198.24 -+5.08 AB(n=19) 
Cottonseed 3.03+ 0.26 B(n=lS) 180.61 +8.69 B(n=16) 
Control 2.74+ 0.26 B(n=lT) 122.86 +7.97 C (n=lT) 

a~ + SEM. 
bValues without common capital letter superscripts are different at P < 0.05. 
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creased w h e n  an imals  are fed soy p r o t e i n  in  
t he i r  d ie ts  as oppose d  to  casein.  F o r s y t h e  e t  al. 
(34)  fed pigs die ts  c o n t a i n i n g  e i the r  s o y b e a n  
mea l  o r  casein as well  as var ious  c o n c e n t r a t i o n s  
o f  fats.  Resul ts  showed  t h a t  t o t a l  p lasma and  
HDL cho les t e ro l  c o n c e n t r a t i o n s  were  de-  
creased in pigs fed  p l a n t  p r o t e i n  c o m p a r e d  to  
those  fed an ima l  p ro t e in .  R o y  and  S c h n e e m a n  
(35)  fed mice  cho les t e ro lemic  d ie ts  and  f o u n d  
t h a t  an imals  fed soy die ts  h a d  decreased  p lasma 
cho les te ro l  c o n c e n t r a t i o n  and  h igher  i n t e s t ina l  
bi le  acid c o n c e n t r a t i o n  t h a n  those  fed casein 
diets.  Wolfe et  al. (36)  f o u n d  similar  changes  
us ing  rabb i t s ,  and  p roposed  t h a t  t he  increased  
exc re t i on  of  bi le  acids impa i r ed  in te s t ina l  cho-  
les terol  r e abso rp t i on .  Kr i t chevsky  (37)  and  
Park  and  Liepa (13)  have p roposed  t h a t  t he  
d ie ta ry  ra t ios  of  arginine  and  lysine m a y  p lay  a 
role  in  t he  h y p o c h o l e s t e r o l e m i c  ef fec t  of  
vegetable  p ro te ins .  

This  research  ind ica tes  a m o d e r a t e  posi t ive  
co r re l a t ion  (r = +0 .55)  b e t w e e n  t he  concen -  
t r a t i o n  o f  cho les t e ro l  in t he  se rum and  t he  
c o n c e n t r a t i o n  o f  cho les t e ro l  in  t he  bi le  (Tab le  
3).  The  an imals  fed casein as t he  p r o t e i n  source  
p r o d u c e d  t he  h ighes t  c o n c e n t r a t i o n s  of  b o t h  
se rum and  bi l lary  choles te ro l ,  as well  as t he  
grea tes t  inc idence  of  cho les t e ro l  ga l ls tone  
f o r m a t i o n .  C o t t o n s e e d  p r o t e i n  p r o d u c e d  signifi- 
can t ly  decreased  c o n c e n t r a t i o n s  of  se rum and  
bi l iary  cho les t e ro l  c o m p a r e d  to  casein-fed h a m -  
sters and  p r o d u c e d  a s ignif icant  decrease  in 
gal ls tone  inc idence .  

AND GALLSTONES 9 

of  a n i m a l  p ro t e in  in  t he  diet  w i th  t he  subs t i tu -  
t i o n  of  vegetable  p ro t e in s  m a y  of fe r  an  a l te rna-  
t ive  t r e a t m e n t  for  cho les t e ro l  cholel i thiasis .  

More  research  is needed  conce rn ing  t he  
compara t i ve  effects  of  d ie ta ry  p ro t e in  on  
cho les t e ro l  ga l ls tone  f o r m a t i o n  and  bi l iary  
l ipid c o m p o s i t i o n  to  d e t e r m i n e  if  all d ie ta ry  
an ima l  p ro t e in s  are l i thogenic  w h e n  c o m p a r e d  
to  vegetable  p ro te ins .  Add i t iona l ly ,  d ie ta ry  
p ro t e in s  shou ld  be  s tud ied  to  d e t e r m i n e  if  a 
decrease  in bi l iary  s a t u r a t i o n  w i th  the  sttbse- 
q u e n t  d i s so lu t ion  of  cho les te ro l  chole l i th ias is  
is possible  w i t h  d ie ta ry  i n t e r v e n t i o n .  
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SUMMARY AND CONCLUSIONS 
7. 

Tota l  se rum cho les te ro l  was quan t i t a t i ve ly  8. 
measu red  to  d e t e r m i n e  i f  t he  t y p e  o f  d ie ta ry  9. 
p ro t e in ,  an ima l  or  vegetable ,  would  in f luence  
t h e  level of  cho les t e ro l  in t he  se rum and  con-  10. 
c o m i t a n t l y  in  t he  bile.  This  research  has  sup- 11. 
p o r t e d  earl ier  obse rva t ions  t h a t  vegetable  pro-  
t e ins  are m o r e  h y p o c h o l e s t e r o l e m i c  w h e n  
c o m p a r e d  to  an ima l  p ro t e in s  in b o t h  exper i -  12. 
m e n t a l  an imals  and  m a n  (11-18)  and  t h a t  t he re  
does  appear  to  be a posi t ive  co r re l a t ion  be-  13. 
t w e e n  t he  c o n c e n t r a t i o n  of  cho les te ro l  in  t he  
se rum and  ga l lb ladder  bile.  Casein-fed an imals  14. 
exh ib i t ed  t he  h ighes t  m e a n  abso lu te  and  rela- 

15. 
rive c o n c e n t r a t i o n  o f  b i l lary  choles tero l ,  and  
t he  h ighes t  m e a n  se rum cho les t e ro l  concen t r a -  16. 
t i o n  w h e n  c o m p a r e d  to  die ts  where  s o y b e a n  
and  c o t t o n s e e d  were t he  p r o t e i n  sources.  Con-  

17. 
versely,  an imals  fed  c o t t o n s e e d  as t he  p r o t e i n  
source  e x h i b i t e d  the  lowest  abso lu te  concen -  18. 
t r a t i ons  of  b i l lary  choles te ro l ,  se rum cho les t e ro l  
and  gal ls tone  inc idence .  19. 

Cons ide ra t i on  of  t h e  a f o r e m e n t i o n e d  infor-  20. 
m a t i o n  suggests t h a t  a r e d u c t i o n  in t he  a m o u n t  
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ABSTRACT 

Peanut oil has been shown to be unexpectedly atherogenic for cholesterol-fed rats, rabbits and 
rhesus monkeys. However, randomization (rearrangement of fatty acids to random distribution) of 
peanut oil significantly reduced its atherogenicity for rabbits and monkeys. This study was conducted 
to investigate whether the absorption and transport of dietary cholesterol was altered in the presence 
of peanut oil or randomized peanut oil, thereby accounting for the difference in the atherogenicity of 
the two diets. Intestinal lymph fistula rats were infused intraduodenally with a lipid emulsion at a rate 
of 3 ml/hr. The lipid emulsion contained either peanut oil (control) or randomized peanut oil (experi- 
mental) (10 raM), 14C-cholesterol (1.3 mM) and sodium taurocholate (19 mM)in phosphate-buffered 
saline, pH 6.4. Lymph triglyceride, cholesterol and phospholipid outputs were similar in both groups 
of rats during fasting and subsequently during lipid infusion. Comparable recovery of a4 C-cholesterol 
from the intestinal lumen and the intestinal mucosa of the control and the experimental rats showed 
that the absorption and transport of dietary cholesterol were similar in both groups of rats. Analyses 
of the fatty acid of both lymph and intestinal mucosal lipid again failed to reveal a difference between 
the 2 groups of rats. It is concluded that the difference in the atherogenicity between the peanut oil 
and the randomized peanut oil is probably caused by events subsequent to the release of cholesterol 
containing chylomicrons and very low density lipoproteins by the small intestinal epithelial cells. 
Lipids 19:11-16, 1984. 

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

Peanut oil, despite its relatively high iodine 
value (95 -+ 5), is surprisingly atherogenic for 
cholesterol-fed rats (1), rabbits (2) and rhesus 
monkeys (3). It is also atherogenic for rabbits 
(4) and vervet monkeys (5) when fed as part of 
a semipurified, cholesterol-free diet. However, 
when peanut oil is subjected to randomization 
(rearrangement), it becomes less atherogenic for 
cholesterol-fed rabbits (6) and vervet monkeys 
fed a semipurified, cholesterol-free diet (5). It 
was, therefore, suggested that the structure of 
the component triglycerides was as important 
to its atherogenicity as its fatty acid spectrum. 
Analysis of the triglyceride of the native and 
randomized peanut oils showed that the former 
l~.d more triglycerides with linoleic acid in the 
2-position and saturated fatty acids in the l-  
and 3-positions (7). Rando'nization is a process 
in which the fatty acids of a fat are rearranged 
so as to provide a fat in which each component 
fatty acid is present in each triglyceride posi- 
t ion to one-third of its total concentration. 

There are many possible explanations for 
this interesting observation. One is that the 
absorption and transport of dietary cholesterol 
could be different in the presence of peanut oil 
(PNO) or randomized peanut oil (RPNO). The 

*To w h o m  correspondence should be addressed. 

aim of this investigation was to study the ab- 
sorption and transport of cholesterol int6 
lymph in rats fed with cholesterol plus either 
peanut oil or randomized peanut oil. 

MATERIALS A N D  METHODS 

Lymph Fistula Studies 

Animals. Male Sprague-Dawley rats (250-275 g) 
were fasted overnight before the operation. 
With the animals under ether anesthesia, the 
intestinal (mesenteric) lymph duct was carmu- 
lated with a clear vinyl tubing (od, 0.8 ram), 
according to the method of BoUman et al. (8). 
Silicone tubing (od, 1.6 mm) tipped inside with 
a clear vinyl tubing (od, 1 mm) was introduced 
ca. 2 cm down the duodenum through the 
fundus of the stomach. The tubing was secured 
in the duodenum through a transmural suture, 
and the fundal incision was closed by a purse- 
string suture. During the whole recovery period, 
the animals were infused with 3 ml/hr of a 
saline solution (145 mM NaCI) containing KC1 
(4 mM) and glucose (0.28 M). The animals were 
allowed to recover for at least 36 hr in restrain- 
ing cages kept in a warm chamber (~30 C) be- 
fore the lipid infusion. Morgan (9) demon- 
strated that bile fistula rats absorbed lipid 
significantly better at 48 hr than at 24 hr after 
the operation. 
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12 

Experimental plan. The control  rats were in- 
fused with a lipid emulsion containing 30/amol 
of  peanut oil triglyceride, 3.9 ttmol of choles- 
terol (containing [4 -14C]cholesterol) and 57 
#mol  sodium taurocholate in 3 ml of phos- 
phate-buffered saline, pH 6.4. The experimental 
rats received the same lipid infusion except that  
the peanut oil was replaced by randomized 
peanut oil. 

Preparation of  infusate. On the day of the 
experiment,  peanut oil was weighed in a beaker. 
Then an appropriate volume of a cholesterol 
s tock solution containing [ 4-14 C ] cholesterol in 
chloroform was added. The chloroform was 
evaporated under a stream of nitrogen. Sodium 
taurocholate (19 mM) dissolved in phosphate- 
buffered saline (6.75 mM NaaHPO4/16.5 mM 
NaH2PO4[115 mM NaC1/4 mM KC1) was then 
added to make the required lipid concentra- 
tion, and the mixture was sonicated. Both the 
control  and the experimental infusates formed 
a stable emulsion. The pH of the infusate was 
adjusted to 6.4 with 1 M NaOH. Samples of 
infusate were analyzed for giyceride ester and 
cholesterol radioactivity at the beginning and 
end of  infusion (reproducibil i ty + 5%). 

Experimental Procedure 

Lymph was collected for 2 hr before lipid 
infusion and analyzed as the fasting lymph. 
Addit ional  lymph samples were collected 
hourly during the 6-hr infusion period. At the 
end of infusion, animals were anesthetized and 
killed by exsanguination. The upper and the 
lower halves of the small intestine were tied off 
separately and the contents of each were eluted 
twice with 5-ml aliquots of 5 mM sodium tauro- 
cholate. Aliquots were taken from these wash- 
ings for radioactivity determination by using a 
water-miscible scintillant, "Aquasolv" (Beck- 
man, Fullerton,  CA). 

The stomach and the colon were excised 
separately with care, to prevent leakage of 
luminal contents,  and put  into stoppered Erlen- 
meyer flasks. All feces passed after the rats 
received the test meat were added to the 
colonic sample. Samples were saponified, 
acidified, and extracted with petroleum ether 
(10). A sample of the petroleum ether phase 
was taken for quanti tat ion of the 14C-lipid 
content by  liquid scintillation spectrometry.  

Mucosa from the upper and lower small 
intestinal wall was scraped with glass slides and 
lipids were extracted with toluene/ethanol  
(2:1, v/v) (11). Aliquots were taken for both  
radioactivity determination in the toluene- 
based scintillant and also for the determinat ion 
of  the composit ion of the fa t ty  acids present. 

P. TSO, G. PINKSTON, D.M. KLURFELD AND D. KRITCHEVSKY 

Lymph lipid was extracted by the method of  
Folch et al. (12). Aliquots were taken for deter- 
mination of esterified fa t ty  acid (13), phospho- 
lipid (14) and cholesterol (15). Aliquots were 
also taken for measurement of  radioactivity and 
the determination of the fat ty acid by gas 
liquid chromatography (GLC). 

Materials. [4J4C]choles tero l  was purchased 
from Amersham Corp., Arlington Heights, IL, 
and was purified by  thin layer chromatography 
(TLC) before use. The native peanut oil of  
North American origin was a gift from Standard 
Brands, Wilton, CT, and had a fat ty  acid com- 
position of  16:0-7.4, 18:0-1.2, 18:1-61.2, 18:2- 
24.8, 18:3-1.0, 20:0-1.1, 22:0-3.0 (4). Native 
peanut oil was subjected to a rearrangement of 
fat ty  acids to yield the randomized peanut oil 
with fat ty acid and iodine value identical to 
that of  the starting material (7). To check that 
randomization had occurred, both  chromato- 
graphic and stereospecific analyses were per- 
formed and fat ty acid was present in each 
position at 33% of its concentration in the total  
oil. Sodium taurocholate was supplied by Cal- 
biochem-Behring, LaJoUa, CA, and analyzed by 
TLC using a propionic acid/isoamyl acetate/ 
water/n-propanol  system (15:20:5:10,  v/v). 
Cholesterol was supplied by Sigma Chemical, 
St. Louis, MO. All reagents used were of analy- 
tical grade. 

Determination of  the fatty acid composition of  
intestinal lymph lipid and mucosal lipid. The 
lipid from the intestinal lymph and the intesti- 
nal mucosa were converted into methyl esters 
using 1 N sodium methoxide in methanol/  
benzene (60:10, v/v) as described by Glass (16). 
Fa t ty  acid analysis was carried out using a 
Hewlett-Packard Gas Chromatograph Model 
5830A with a 6-ft column of 10% SP2300 on 
80/100 Supelcoport  (Supelco, Bellefonte, PA). 

R ESU LTS 

Lymph Flow 

Four  rats were studied in each group. The 
fasting lymph flow was similar in both groups, 
2.20 + 0.33 ml/hr (mean + SE) for those fed 
peanut oil (PNO) and 2.15 + 0.24 ml/hr  for 
those fed randomized peanut oil (RPNO). 
During the period of  lipid infusion, the lymph 
flow rate increased significantly in both groups 
of  rats to reach a steady output  of 3.2-3.7 
ml/hr during the 5th and 6th hr. No significant 
difference in lymph flow rate was detected 
between the 2 groups. 

Lymphatic Transport of Triglyceride 

The fasting triglyceride output  was 4.01 + 
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FIG. 1. Lymphatic triglyceride output. Output of 
triglyceride in lymph in pmol/ht was measured 2 hr 
before lipid infusion and also during the 6-hr lipid 
infusion. Results are expressed as mean -+ standard 
error of the mean (4 PNO and 4 RPNO). 

0.58/amol/hr  (mean + SE) for the PNO animals 
arrd 4.27 + 0.14/amol/hr for the RPNO animals. 
The triglyceride output increased in both 
groups after lipid infusion and reached a steady 
output of 23.36 • 2.56/amol/hr for the control 
and 24.24 • 0.93/.Lmol/hr for the experimentals 
(Fig. 1). No significant difference in triglyceride 
output was detected between the 2 groups at 
any period during the 6 hr of lipid infusion. 

Cholesterol  

Cholesterol output  into lymph was measured 
both radioactively and chemically. Because the 
chemical and the radioactivity data agreed well 
with each other, only the chemical data are pre- 
sented in Figure 2. The fasting cholesterol out- 
put was 1.85 • 0.24 pmol/hr  (mean • SE) for 
the PNO and 1.65 • 0.19 /amol/hr for the 
RPNO rats. Cholesterol output  increased signifi- 
cantly after lipid infusion in both groups and 
reached a steady output (5th and 6th hr) of 
5.21 • 0.17 /~mol/hr in the PNO and 5.35 + 
0.20/~mol/hr for the RPNO rats. No significant 
difference was detected in cholesterol output 
between the 2 groups. Of the cholesterol trans- 
ported in lymph, 70-80% was in the form of 
cholesteryl ester 

Phosphol ipid O u t p u t  

During fasting, the phospholipid output  was 
1.34 + 0.19 /amol/hr for the PNO and 1.00 + 
0.36/amol/hr  for the RPNO rats. The phospho- 
lipid output  increased concomitantly with the 
increase in cholesterol and triglyceride output 
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FIG. 2. Lymphatic cholesterol output. Cholesterol 
output in lymph in ~mol/hr, as determined chemi- 
cally, was measured 2 hr before lipid infusion and also 
during the 6-hr lipid infusion. Results are expressed as 
mean -+ standard error of the mean (4 animals in each 
group). Although not shown in this figure, the radio- 
active cholesterol output data agreed well with the 
chemical output data. 
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FIG. 3. Lymphatic phospholipid ot~tput. Output of 
phospholipid in lymph in pmol/hr was measured 2 hr 
before lipid infusion and also during the 6-hr lipid 
infusion. Results are mean -+ standard error of mean 
for groups of 4 rats. 

and appeared to be reaching a plateau during 
the 5th and 6th hr (Fig. 3). The phosphohpid 
output during the 6th hr for the PNO was 
3.63 + 0.10 /~mol/hr and 3.41 + 0.37 #mol/hr  
for the RPNO rats. 

Luminal  and Mucosal  Recovery  of  Labeled Cholesterol  

Recovery of X4C-cholesterol in the gastro- 
intestinal luminal contents showed that uptake 
of radioactive cholesterol was similar in both 
the PNO and RPNO rats (Fig. 4). In both 
groups, ca. 8-9% of the infused radioactive 
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TABLE 1 
- - ]PEANUT OIL 
[] RANDOMIZED Fatty Acid Composi t ion o f  the 5th hr Lymph  Lipid 

PEANUT OIL (Mass Percent) a o f  Rat Fed Peanut Oil (PNO) 
or Randomized Peanut Oil (RPNO) 

L L PNO Group RPNO Group 

5th hr 5th hr 

12:0 ND b ND b 
~'~ 14: 0 trace trace 
"" 16:0 17.70 + 1.12 18.30 + 0.98 
~// 16:1 0.93 + 0.12 0.30 -+ 0.30 

18:0 4.70 + 0.23 4.40 + 2.04 
/// 18:1 36.90 + 0.92 36.10 -+ 4.88 
/ /  18:2 30.20 + 0.77 29.10 + 0.25 

18:3 1.30 -+ 0.31 1.50 -+ 0.15 
/ /  20:0 0.93 + 0.23 0.27 +- 0.27 
/ /  

/ /  20:1 1.80 -+ 0.41 1.10 -+ 0.58 
~// 20:4 3.60 -+ 0.41 4.00 + 1.98 
"" 22:0 1.80 -+ 0.35 1.40 -+ 0.33 

MUCOSA LUMEN 2 4 : 0  0.80 + 0 .40 trace 

FIG. 4. Recovery of infused [14C] cholesterol. At 
the  end o f  6 hr  o f  [14C] cholesterol infusion,  a m o u n t  
of  radioactive lipid (as a percentage of  total  infused 
dose) was measured in lumen  of  gastrointest inal  tract 
and mucosa  o f  small intestine. Also shown is recovery 
o f  [~4C] cholesterol in l ymph  collected in lymph  over 
6-hr infusion period. Values are mean  -+ s tandard error 
of  the  mean.  

c h o l e s t e r o l  r e m a i n e d  u n a b s o r b e d  in  t h e  g a s t r o -  
i n t e s t i n a l  l u m e n .  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 e  c h o l e s t e r o l  b e t w e e n  t h e  u p p e r  a n d  
t h e  l o w e r  i n t e s t i n a l  l u m e n  s h o w e d  n o  d i f f e r -  
e n c e  in  t h e  s m a l l  i n t e s t i n a l  t r a n s i t  b e t w e e n  t h e  
2 g r o u p s  o f  ra t s .  O f  t h e  l ip id  a b s o r b e d ,  2 4 . 4 %  
o f  t h e  t o t a l  i n f u s e d  d o s e  r e m a i n e d  in  t h e  s m a l l  
i n t e s t i n a l  m u c o s a  in  t h e  P N O  ra t s .  In  t h e  R P N O  
ra t s ,  2 5 . 7 %  o f  t h e  t o t a l  i n f u s e d  d o s e  w a s  re-  
c o v e r e d  f r o m  t h e  sma l l  i n t e s t i n a l  m u c o s a .  Of  
t h e  r e c o v e r e d  m u c o s a l  1 4 C - c h o l e s t e r o l ,  8 0 %  a n d  
87% w e r e  f o u n d  in  t h e  u p p e r  s m a l l  i n t e s t i n a l  
m u c o s a  o f  t h e  P N O  a n d  t h e  R P N O  r a t s ,  r e s p e c -  
t ive ly .  T h i s  d i f f e r e n c e  is n o t  s t a t i s t i c a l l y  s igni f i -  
c an t .  

As  s h o w n  in F i g u r e  4 ,  t h e  t o t a l  14C-choles -  
t e r o l  o u t p u t  i n t o  l y m p h  d u r i n g  t h e  6 h r  w h e n  
e x p r e s s e d  as  p e r c e n t  o f  t o t a l  d o s e  i n f u s e d  was  
s im i l a r  in  b o t h  g r o u p s  o f  r a t s  ( 3 5 . 4 %  i n  t h e  
P N O  a n d  3 7 . 1 %  in  t h e  R P N O  a n i m a l s ) .  T h u s ,  
t h e  p r e s e n c e  o f  e i t h e r  p e a n u t  oi l  o r  r a n d o m i z e d  
p e a n u t  oi l  d id  n o t  a f f e c t  t h e  t r a n s p o r t  o f  c h o -  
l e s t e r o l  f r o m  t h e  e n t e r o c y t e s  i n t o  l y m p h  as 
c h y l o m i c r o n s .  

T h e  t o t a l  a m o u n t  o f  c h o l e s t e r o l  r e c o v e r e d  in  
l u m e n ,  l y m p h ,  a n d  m u c o s a  f r o m  b o t h  g r o u p s  
was  s imi l a r  ( 6 9 . 7 %  + 2 .4% fo r  c o n t r o l  a n d  
7 3 . 4  + 4 . 4 %  fo r  e x p e r i m e n t a l  r a t s ) .  

Fatty Acid Composition of Lymph and Mucosal Lipid 

T h e  f a t t y  a c id  c o m p o s i t i o n  o f  l y m p h  l ip id  is 

aValues are expressed as mean -+ SE. Three animals '  
intestinal lymph was analyzed for each t ime point.  

bND = not  detected. 

TABLE 2 

Fatty Acid Composi t ion o f  the  Intestinal Mucosal 
Lipid (Mass Percent) a o f  Rats Fed Peanut Oil (PNO) 

or Randomized Peanut Oil (RPNO) 

PNO Group RPNO Group 

12:0 0.06 -+ 0.03 0.10 +- 0.06 
14:0 0.80 -+ 0.20 0.80 + 0.20 
16:0 16.60 -+ 0.75 16.70 + 0.70 
16:1 1.50 + 0.32 1.60 + 0.39 
18:0 7.60 + 0.57 7.20 + 0.70 
18:1 29.10 -+ 2.44 32.50 -+ 0.09 
18:2 33.90 -+ 2.04 31.10 -+ 1.I0  
18:3 0.60 + 0.15 0.60 -+ 0.12 
20:0 0.70 + 0.35 0.60 -+ 0.12 
20:1 1.10 + 0.12 1.00 + 0.07 
20:2 0.17 + 0.03 0.17 + 0.03 
20:3 0.20 + 0.15 0.40 + 0.31 
20:4 4.70 -+ 0.48 4.60 -+ 1.53 
22:0 0.90 -+ 0.33 1.10 +- 0.49 
22:3 ND b ND b 
22:6 0.20 + 0.03 0.20 + 0.03 
24:0 0.30 -+ 0.15 0.30 -+ 0.09 

aValues are expressed as mean  +- SE. Three animals '  
mucosal  lipid was analyzed. 

bND = not  detected. 

s u m m a r i z e d  in  T a b l e  1. T h e  m a j o r  f a t t y  a c i d s  
p r e s e n t  in  t h e  4 t h  a n d  5 t h  h r  i n t e s t i n a l  l y m p h  
o f  b o t h  P N O  a n d  R P N O  r a t s  we re  p a l m i t a t e ,  
o l e a t e  a n d  l i no l ea t e .  N o  s i g n i f i c a n t  d i f f e r e n c e  
was  d e t e c t e d  b e t w e e n  t h e  i n t e s t i n a l  l y m p h  
f a t t y  ac id  c o m p o s i t i o n  o f  t h e  P N O  a n d  t h e  
R P N O  ra t s  a t  t h e  5 t h  h r  o f  l ip id  i n f u s i o n .  B o t h  
a r a c h i d i c  a n d  b e h e n i c  a c i d s  w e r e  p r e s e n t  in 
i n t e s t i n a l  l y m p h  o f  b o t h  g r o u p s  o f  ra t s .  H o w -  
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ever, they were present in smaller concentra- 
tions than in the lipid infused. Also supporting 
these data was the fatty acid composition of 
intestinal mucosal lipid from the control and 
the experimental rats (Table 2). Similar to the 
lymph lipid fatty acids, palmitate, oleate and 
linoleate were the major fatty acids present in 
the intestinal mucosa. No real difference could 
be detected between the mucosal lipid fatty 
acids between the 2 groups. 

DISCUSSION 

The atherogenicity of peanut oil is reduced 
when the structure of the oil is altered by 
randomization. One of the possible explana- 
tions for this marked difference between the 
atherogenicity of native peanut oil and the 
randomized peanut oil could be the difference 
in the amount  of cholesterol transported into 
lymph by the intestinal epithelial ceils (entero- 
cytes) when either of the oils is present. This 
study was conducted to address this question. 

When cholesterol (3.9 /lmol/hr) was infused 
intraduodenally together with either the peanut 
oil or the randomized peanut oil, the lymph 
flow rate increased in both groups of rats. This 
observation of increased lymph flow rate after 
lipid infusion has been well documented by 
various investigators (17-19). No significant 
difference was observed between the 2 groups 
of rats in lymph flow during the entire lipid 
infusion period. 

The fasting triglyceride output was 4.01 
/amol/hr for the PNO and 4.27 /amol/hr for the 
RPNO rats. The fasting triglyceride output 
observed in this study is comparable to those 
observed in previous studies (20). Both the 
fasting cholesterol output (1.85/amol/hr for the 
PNO and 1.65 for the RPNO rats) and phospho- 
lipid output  (1.34 /amol/hr for PNO and 1.00 
/amol/hr for RPNO rats) are comparable to 
those observed in other studies (21,22). The 
output of triglyceride, phospholipid and choles- 
terol increased after lipid infusion and no 
significant difference in their outputs was 
observed during the entire lipid infusion period 
between the 2 groups of rats. Therefore, the 
difference in the atherogenicity of peanut oil 
and the randomized peanut oil is not due to a 
difference in the amount  of cholesterol trans- 
ported into lymph. Rather, this difference is 
caused by events subsequent to the transport of 
cholesterol into lymph by the small intestine, 
e.g., lipoprotein structure and its metabolism. 
However, it is important to note that the rat 
was not the original animal model in which the 
difference in atherogenicity between peanut oil 
and randomized peanut oil was demonstrated. 

15 

Although it is more difficult to carry out the 
reported studies in rabbits and monkeys, it is 
important to confirm the present observation 
in these animals. 

The lymphatic lipid output  data are further 
supported by the observation of the recovery of 
infused 14C-cholesterol from the different gas- 
trointestinal segments. In both groups of rats, 
ca. 10% of the total infused 14 C-cholesterol was 
recovered in the gastrointestinal lumen. Of the 
90% of 14C-cholesterol absorbed by the small 
intestine of both groups of rats, ca. 25% of the 
14C-cholesterol still remained in the small 
intestinal mucosa. This observation again con- 
firmed that there is no difference in the absorp- 
tion and transport of cholesterol in the pres- 
ence of either peanut oil or randomized peanut 
oil. 

The fatty acid composition of intestinal 
lymph lipid is similar in both groups of rats. 
This is also true for mucosal lipids. Therefore, it 
would seem that the metabolism of the peanut 
oil fatty acid by the enterocytes is similar to 
those derived from randomized peanut oil. 
However, our data do not rule out the possi- 
bility that there is a difference in the arrange- 
ment of the fatty acid in the various lipid frac- 
tions of intestinal lymph lipoproteins of the 
PNO and RPNO rats. 

In conclusion, we have detected no differ- 
ence in the effect of the native peanut oil and 
the randomized peanut oil on the absorption 
and~ transport of cholesterol by the rat small 
intestine. The difference in the atherogenicity 
of these 2 diets is probably caused by events 
subsequent to the entry of the cholesterol con- 
taining chylomicrons and very low density 
lipoproteins into plasma. 
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The Role of Calcium in the Regulation of Prostacyclin Synthesis 
by Porcine Aortic Endothelial Cells 
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ABSTRACT 

Both bradykinin (ECso = 8 ng/ml) and the ionophore A23187 (ECs0 = 3 x 10 -7 M) potently 
stimulated arachidonate release and prostaglandin synthesis in porcine aortic endothelial cells. The 
response to each was completely dependent on extracellular Ca 2. (ECso = 3 x 10 -7 M); no role for 
intracellular Ca 2. was noted. The rapid Ca 2§ influx prompted by either activator was consistent with 
the time course for arachidonate release. Whereas the arachidonate released in response to bradykinin 
was transient, that released in response to A23187 was more prolonged, and paralleled a continued in- 
flux of Ca 2.. Ca a+ entry elicited by bradykinin was mediated by channels which could not be blocked 
by verapamil When Mn 2* was substituted for Ca 2§ no stimulation of prostacyclin synthesis was seen 
in response to A23187; however, the bradykinin response was unaffected. The mechanism of these 
effects was studied using doses of bradykinin or A23187 which resulted in increases in Ca 2+ influx and 
prostacyclin synthesis of similar magnitude for each agonist. Under these conditions, trifluoperazine 
blocked elevated prostacyclin synthesis (IDso = 5-6 • 10- + M for each agonist). Trifluoperazine 
sulfoxide, however, was much less active. Pimozide inhibited bradykinin-stimulated prostacyclin syn- 
thesis at low doses (IDs0 = 3 • 10 -6 M). Trifluoperazine was much less effective against high doses of 
A23187 (4 • 10 -+ M). These data suggest that arachidonate release and prostacyclin synthesis are 
dependent on influx of extracellular calcium and subsequent activation of a Ca2*-dependent phospho- 
lipase by a calmodulin-mediated mechanism. 
Lipids 19:17-24, 1984. 

A l t h o u g h  it is general ly accep ted  t h a t  cal- 
c ium is necessary for p ros tag land in  synthes is ,  
i ts  k inet ics  and m e c h a n i s m s  of ac t ion  are 
largely un inves t iga ted  (1,2).  The  major  role 
p roposed  for  ca lc ium is ac t iva t ion  of  phospho -  
lipase A2 and  specific release of a rach idon ic  
acid (3).  Evidence for  con t r o l  of this  e n z y m e  
by calc ium comes  pr imar i ly  f rom expe r i m en t s  
using an i o n o p h o r e ,  A 2 3 1 8 7  (3,4),  a l t hough  
ca l c ium-dependen t  phospho l ipase  ac t iva t ion  has 
also been  proposed  for  h o r m o n e s  such as 
t h r o m b i n  (4 ,5)  and  b r a d y k i n i n  (6,7).  The  simi- 
lar i ty be tween  A 2 3 1 8 7  and  h o r m o n e - s t i m u -  
la ted a rach idon ic  acid release is ques t i onab l e  in 
view of  e x p e r i m e n t s  in pla te le ts  which  d e m o n -  
s t ra te  d i f fe rent ia l  ac t iva t ion  of  d is t inct  phos-  
phol ipases  (8). In o the r  s tudies  on  platelets ,  a 
ca l c ium-dependen t ,  ph osphoinos i t ide-spec i f ic  
phospho l ipase  C has been  s h o w n  to be impor-  
t a n t  in the  init ial  s tep of  a r a c h i d o n a t e  release 
(9)  and,  a l t hough  still controvers ia l ,  the  source  
of  the  Ca 2+ appears  to  be in t raceUular  s tores  
(10).  The  phospho l ipase  ac t iva ted  in o t h e r  cells 
by  ca lc ium appears  to  be phospho l ipase  A2 
(11).  The  source  of  calc ium may  be in t racel lu-  
lar as in endo the l i a l  cells (5)  or  ext race l lu lar  as 
in ceils der ived f rom renal  t issue where  ca lc ium 

*To whom correspondence should be addressed. 

enters  t h r o u g h  vo l t age -dependen t  channe ls  
(12).  

We and  o the r s  have suggested t ha t  the  intra-  
cellular effects  of  ca lc ium are, in fact,  med ia t ed  
by  a ca lc ium-ca lmodul in  complex  (7 , l  3). In an 
earlier s tudy ,  we showed  tha t  a phospho l ipase  
in cu l tu red  endo the l i a l  ceils is ac t iva ted  by  a 
c a l c i u m - c a l m o d u l i n - d e p e n d e n t  pa thway  af te r  
s t imu la t i on  of  cells wi th  b r a d y k i n i n  (7). In the  
present  s tudy ,  we r epo r t  fu r the r  data  to sup- 
por t  the  role of ca lmodu l in  in phospho l ipase  
ac t iva t ion ,  and  explore  the  genera l i ty  of  th is  
mechan i sm using o t h e r  agonis ts  such as A 2 3 1 8 7 .  
To descr ibe  more  comple t e ly  the  role of  cal- 
c ium,  we have also invest igated b o t h  the  dose- 
d e p e n d e n c y  and  kinet ics  of ca lc ium in h o r m o n e  
and  i o n o p h o r e - s t i m u l a t e d  pros tacyc l in  synthe-  
sis, as well as the  source  of  ca lc ium for these  
effects.  

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

Bradyk in in  t r i ace ta te  was purchased  f rom 
Sigma Chemica l  Co. (St. Louis,  MO),  i o n o p h o r e  
A 2 3 1 8 7  (free ac id)  f rom Ca lb iochem (La Jol la ,  
CA ), 5 ,6 ,8 ,9 ,11 ,12 ,14 ,15- [  3 H ] a rach idon ic  acid 
and  4SCa2* f rom New England Nuclear  (Bos ton ,  
MA),  t r i f luoperaz ine  and  t r i f luoperaz ine  sulfox- 
ide f rom Smi th ,  Kline, and F rench  (Philadel-  
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phia, PA), pimozide from McNeil Pharmaceuti- 
cals (Spring House, PA), verapamil from Knoll 
Pharmaceuticals (Whippany, N J), and culture 
media and buffers from Grand Island Biological 
Co. (Grand Island, Nu All compounds were 
dissolved in incubation buffer immediately 
prior to an experiment.  A23187 was dissolved 
in ethanol (2 mg/ml) and diluted with incuba- 
t ion buffer before use. The final ethanol con- 
centration was less than 30 ppm for 10 -7 M 
A23187 and had no demonstrable effect on the 
cells. 

Endothelial  cells were collected from por- 
cine aortae and cultured as described by  Jaffe 
et al. (14). Briefly, freshly collected aortae were 
cleaned, fiLLed with 0.1-0.2% collagenase 
(clostridium perfringens, Sigma) in medium 
199, sealed with clamps and incubated at 37 C 
for 15-20 min. Freed cells were collected, 
washed by centrifugation at 4 C and resus- 
pended in medium 199 containing Hank's salts, 
20% fetal calf serum, and ant ibiot ic/ant imy- 
cotic mixture. Cells were then plated (400,000/ 
flask) in 25-cm 2 polystyrene flasks (Costar, 
Cambridge, MA) and monitored until  ca. 50% 
of  the cell clumps adhered. Nonadhering cells 
were poured off and the primary isolates incu- 
bated in medium 199 plus 20% fetal calf serum 
at 37 C. The medium was changed every 3 days 
and the fetal calf serum was progressively re- 
duced to 1% as the ceUs grew to confluence. 
Porcine endothelial cells in culture were poly-  
gonal in shape;and demonstrated contact  inhibi- 
tion. Further identification was as previously 
published (7). Primary and subsequent cultures 
were treated with 0.1% EDTA at 37 C and split 
1:4 for subculture. In general, confluent cul- 
tures in the first or second passage were used, 
although cells have been studied after the fifth 
passage with no apparent difference in re- 
sponse. Except where noted, all incubations 
were carried out  in air at 37 C in Hank's bal- 
anced salt solution at pH 7.4. In experiments 
where inhibitors were to be tested and ion con- 
centrations varied, cells were preincubated 5 
min prior to addi t ion of agonists. 

To study the calcium requirement for pros- 
tag landin  synthesis, endothelial cells at conflu- 
ence were washed and preincubated in Hank's 
balanced salt solution containing varying Ca 2+ 
concentrations. After 10 rain, the preincuba- 
t ion buffer was collected and analyzed for PGI2 
to establish baseline synthesis under these 
conditions. Fresh buffer with the appropriate 
external Ca 2+ concentration and with agonist 
(BK or A23187) was then added and the 
incubation continued for 10 min. Again, the 
buffer was collected and analyzed for PGI2 
production. 

R.S. KENT AND S.L.YOUNG 

To study release of labeled compounds 
stimulated by agonists, endothelial cells at con- 
fluence were labeled by incubation with 2/aCi 
of [3H]arachidonic acid (sodium salt; 60-100 
Ci/mmol) for 3-4 hr. After the labeling period, 
cells were washed by replacing the medium 
with fresh medium 199. The cells were then 
incubated for an additional 30 min, after which 
the medium was replaced with medium contain- 
ing 0.5% bovine serum albumin (fat ty  acid free, 
Sigma). Aliquots were taken at t imes indicated 
to establish baseline values, and again after 
bradykinin or ionophore A23187. 

To study calcium influx, cells were incu- 
bated in Hank's balanced salt solution contain- 
ing 4SCa ~§ either in the absence (control)  or 
presence of  bradykinin or A23187 to stimulate 
influx. At the times indicated, the media was 
quickly, poured off  and the cells washed 3 times 
with ice-cold buffer. Cells were then denatured 
and intracellular Ca 2§ solubilized by addit ion 
of 1 ml of 6% trichloroacetic acid. Aliquots 
were then used for determining 4SCa2§ using a 
liquid scintillation counter. 

Prostacyclin, PGI2, released by  cells after 
incubation was measured as its stable hydrolysis 
end-product,  6-keto-PGFla,  and quanti tated by 
gas chromatography-mass spectrometry (GC- 
MS) employing selected ion monitoring (15, 
16). After addit ion of a deuterated prosta- 
glandin analogue internal standard (3,3,4,4- 
[2H]-6-ketoprostagiandin F l a  , Upjohn), the 
samples were acidified to pH 3 with formic acid 
and extracted twice with 2 ml ethyl acetate. 
Before analysis by mass spectrometry,  prosta- 
glandins were methylated (diazomethane),  
silylated (N,O-bis (trimethyisilyl)  trifluoroacet- 
amide) and methoxylated (methoxamine-HCL) 
as previously described (16). Selected ion 
monitoring was done using a quadrapole gas 
chromatograph-mass spectrometer  (Hewlett 
Packard 5992-B) equipped with a 3-ft glass 
column packed with 3% OV-1 on 80/100 mesh 
Chromosorb WHP and operated isothermally at 
230 C with helium as the carrier gas (22 cc/ 
rain). Ion pairs monitored were (m/z) 598 vs 
602 for 6-keto-PGFia.  

R ESU LTS 

We have previously reported that  both  
bradykinin and the ionophore A23187 potent ly  
stimulate PGI2 synthesis in cultured porcine 
aortic endothelial ceils (7). The response to 
bradykinin was found to be dose-dependent 
(EDs0 = 8 ng/ml) with the maximum stimula- 
t ion of PGI2 synthesis being 3-fold at 100 ng/ 
ml (7). As shown in Figure 1, the log dose- 
response relationship for A23187 was relatively 
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FIG. 1. Log dose relationship between A23187 and 
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prostacyclin production by aortic endothelial cells. 
Cells (1-1.5 X 106 cells) at confluence ( ls t  to 4th 
passage) were incubated in Hank's balanced salts (no 
albumin), pH 7.4 at 37 C, under an air atmosphere 
with varying concentrations of A23187. The medium 
was removed after 10 min and analyzed for PGI 2 by 
GC-MS. Data given as mean -+ SD, n = 9. 

l inear  f rom 10 -s  to  10- s M w i t h  an  EDs0 of  
ca. 3 x 10 -7 M. At  10 -s  M, t h e  s t imu la t i on  of  
PGI2 f o r m a t i o n  was 7-fold above  c o n t r o l  
(3.5 + 0.2 ng /10  min) ,  whereas  at  10 -7 M 
A 2 3 1 8 7  t h e  response  was closer in m a g n i t u d e  
to  t he  m a x i m u m  bradyk in in -e l i c i t ed  r e sponse  
(3-fold).  The  re sponses  to  b o t h  A 2 3 1 8 7  (10  -7 
M) and  b r a d y k i n i n  (100  n g / m l )  were d e p e n d e n t  
on  ex t race l lu la r  Ca 2+, and  as s h o w n  in  F igure  2, 
b o t h  dose-response  curves d e m o n s t r a t e d  an  
ECs0 o f  ca. 0.3 mM. A t  zero ex te rna l  ca lc ium 
c o n c e n t r a t i o n ,  ne i the r  b r a d y k i n i n  n o r  A 2 3 1 8 7  
were  able to  s t imula te  PGI2 synthes i s  above  
base l ine  values. 

We f u r t h e r  e x a m i n e d  the  m e c h a n i s m  of  
a c t i o n  of  b r a d y k i n i n  and  A 2 3 1 8 7  b y  s tudy ing  
t h e  k ine t ics  of  a rach idon ic  acid release f rom 
ceils in cul ture .  Endo t he l i a l  cells were incu-  
b a t e d  for  3 hr  wi th  [ 3 H l a r a c h i d o n i c  acid,  
washed and  used to inves t igate  a r a c h i d o n a t e  
release.  In these  expe r imen t s ,  a l b u m i n  was 
added  to t h e  b u f f e r  to t rap  t he  released f a t t y  
acids. U n d e r  these  cond i t ions ,  essent ia l ly  all of  
t he  label  released 3 was H-a rach idona t e  (82%) 
(7). When a l b u m i n  was o m i t t e d  f r o m  t he  b u f f e r  
(as it was for  all o t h e r  expe r imen t s ) ,  3H- 
a r a c h i d o n a t e  a c c o u n t e d  for  43% of  label  re- 
leased;  t he  rest  was m e t abo l i z ed  to pros ta-  
g landins  as previous ly  r e p o r t e d  (7).  T he  da ta  in  
Figure  3 r ep re sen t  the  ra te  o f  release of  radio-  
ac t iv i ty  (p r imar i ly  a r a c h i d o n a t e )  fo l lowing  
s t i m u l a t i o n  of  labeled ceils w i th  e i the r  b rady-  
k in in  or  A 2 3 1 8 7  (added  at  t = 30 rain).  B o t h  
agonis ts  el ici ted a peak  response  by  5 min .  
However ,  'whereas the  response  to b r a d y k i n i n  
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FIG. 2. Effect of exttacellular Ca 2§ on both brady- 
kinin (100 ng/ml) and A23187 (10 -7 M)-stimulated 
PGI 2 release. Ceils were incubated as in Figure 1 in 
buffers containing varying Ca ~§ concentrations. The 
medium was removed after 10 rain and analyzed for 
baseline PGI 2 production by GC-MS. Fresh buffer 
containing the appropriate Ca 2§ concentration and 
agonist was then added. After 10 min, the medium 
was removed and analyzed for PGI 2 production. Data 
given as mean -+ SEM, n = 4. 

16 

14 
x 

12 

~ lO 

6 

b 4 

2 

ti - b 
\ x 

/]/i t:+ 
U . . I ~  

1.1.1 r  

I0 20 30 40 50 
INCUBATION TIME 

FIG. 3. Rate of release of labeled compounds from 
endothelial cells prelabeled with [3H]arachidonic 
acid. Cells were grown to confluence and incubated 
with [aH]arachidonic acid (2 uCi-ca. 8 ng) for 3-4 
hr. The labeled ceils were then washed as described in 
the text and the control period started. Samples were 
taken at 0, 10, 20 and 30 min and assayed for label 
released. Either bradykinin (500 ng/ml) or A23187 
(10 -7 M) was added at t = 30 min and additional 
samples taken. Triplicate data calculated as change in 
radioactivity in the medium per each time period 
(cpm/min). 

had  essential ly r e t u r n e d  to the  basel ine  b y  
10 min ,  t he  r e sponse  to A 2 3 1 8 7  had  decreased  
b y  on ly  50% of  m a x i m u m  at  10 m i n  and  was 
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FIG. 4. (A) Effect of bradykinin (100 ng/ml) on 45Ca 2§ uptake into endohelial cells 
grown in culture. Cells at confluence were incubated for the times indicated with 2 ml of 
buffer containing 4SCa2§ (10 ~Ci, 1.26 mM) with or without bradykinin. The incubation 
was terminated by rapidly removing the radioactive medium and washing with ice-cold 
nonradioactive medium. Cells were then lysed and the intracellular Ca ~§ solubilized by addi- 
tion of 1 ml of 6% trichtoroacetic acid. 4~ Ca2§ was determined using a liquid scintillation 
counter. Each point represents mean -+ SEM, n = 4. (B) Effect of A23187 (10 -~ M) on 
4s Caa§ uptake. Experiment done as in Fig. 4A. 

still 42% of maximum after 15 min. This pro- 
longed action of  A23187 is consistent with its 
ionophoretic properties. With time, the iono- 
phore continues to deliver Ca :§ intraceUularly. 
Thus, the extent of  arachidonic acid release is 
most likely limited by substrate availability 
(pool size). The effects of bradykinin, however, 
are more transient and subject to mechanisms 
which regulate intraceUular Ca 2§ concentra- 
tions. The data in Figures 4A and 4B confirm 
this. For these experiments, ceils were incu- 
bated in media containing 4s Ca2§ The baseline 
influx of this ion was determined and compared 
to that found after addition o f  either brady- 
kinin or A23187. Both compounds increased 
Ca 2§ influx with a time course consistent with 
the stimulation of  arachidonate release (Fig. 3). 
As expected, the 4SCa2+ influx induced by 
A23187 continued for at least the first 6 min. 
These data, as well as those in Figures 2 and 6 
(see below), strongly suggest complete depen- 
dence on external Ca 2§ supplies. However, 
when cells were pretreated with verapamil 
(5 x 10 -6 M), no effect was seen on bradykinin- 
stimulated PGI2 synthesis (Fig. 5). In fact, as 
can be seen in Table 1, verapamil was not 
effective in blocking BK4nduced 4SCa2§ influx 

-and, as one might expect since A23187 creates 
its own "channels," verapamil was not effective 
in blocking A23187-induced 4SCa 2+ influx. 
Thus, channels other than those blocked by 
verapamil must be utilized in this response. 

In view of these data, we felt it was impor- 
tant in subsequent experiments to study the 
mechanism by which these compounds elevate 
PGI2 synthesis using doses of each which re- 
suited in comparable net changes in intracellu- 
lar Ca 2+ levels, i.e., 3-fold stimulation of PGI2 
synthesis (100 ng/ml bradykinin and 10 -7 M 
A23187). 

The absolute dependence of arachidonate re- 
lease on calcium was further studied. A23187, 
although it binds Ca 2+ effectively, binds Mn 2+ 
ca. 100 times more tightly. Thus, Mn 2§ should 
block the actions of A23187 even in the pres- 
ence of  calcium. The data in Figure 6 show that 
Mn 2§ effectively competes for and prevents the 
actions of A23187 while having no effect on 
either control or bradykinin effects. Further, 
from the data in Table 1, it can be seen that 
Mn 2+ prohibits A23187-induced 4s Ca~§ influx. 
In addition, the data in Figure 6 (as those in 
Fig. 2) demonstrate the requirement for ex- 
ternal Ca 2+ for agonist-induced activity. Thus, 
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TABLE 1 

The Effects of Verapamil and Mn z§ on 4s Ca2+ Influx into Endothelial Cells 

21 

Condition +s Ca 2+ Influx (cpm) a 

Control 
A23187 (10 -~ M) 
A23187 + verapamil (5 X 10 -6 M) 
A23187 + Mn 2§ (0.126 mM) 
BK (100 ng/ml) 
BK + verapamfl (5 X 10 -6 M) 

1 3 3 5  • 102 
5 3 6 6  • 170  b 
5 6 4 5  • 2 9 9  c 
2 0 1 0  • 7 4  d 
4 8 9 3  • 178  b 
4 5 9 1  • 2 0 6  c 

a+S Ca2+ uptake was determined after incubating cells for 5 min with 5 /~Ci of 4s Ca2+ plus 
additions as listed. Cells were treated as in Figure 4. Data given as mean • SEM, n = 4. Data 
analyzed by analysis of variance. Multiple comparisons by Student-Newman-Keuls test (19). 

bp < 0.01 as compared to control. 
CNot different from agonist alone. 
d p <  0.01 as compared to A23187 alone. Not different from control. 
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FIG. 5. Effect of verapamil (5 X 10 -6 M) on 
bradykinin (100 ng/ml)-stimulated PGI 2 synthesis 
in endothelial cells. Experiment done as in Fig. 1. 
Verapamil was preincubated with cells for 5 min be- 
fore the addition of bradykinin. Data given as mean 
• SEM, n = 6. Although verapamil did not  signifi- 
cantly block the bradykinin effect, both bradykinin 
and verapami/ + bradykinin-stimulated PGI 2 synthe- 
sis were statistically greater than control (p < 0.01, 
one-way analysis of variance and Student-Newman- 
Keuls test [ 19] ). 

way.  Using t r i f luoperaz ine ,  a c o m p o u n d  wh ich  
b i n d s  to and  b locks  the  ac t ions  of  ca lmodu l in  
(17) ,  we f o u n d  a dose -dependen t  i n h i b i t i o n  of  
b o t h  b r a d y k i n i n  (100  ng /ml )  and  A 2 3 1 8 7  
(10  --7 M)-s t imula ted  PGI2 synthesis .  The  IDs0 
of  t r i f luoperaz ine  against  b o t h  agonis t  was ca. 
5-6 x 10 -6 M, suggest ing t h a t  b r a d y k i n i n  and  
A 2 3 1 8 7  b o t h  ut i l ize the  same ca lmodul in -  
d e p e n d e n t  p a t h w a y  (Fig. 7). Tr i f luoperaz ine  
sul foxide ,  wh ich  b inds  m u c h  less e f f ic ient ly  to  
c a l m o d u l i n  (17) ,  i nh ib i t ed  A 2 3 1 8 7  s t i m u l a t i o n  
b y  a m a x i m u m  of  35% at 8.0 x 10- s M and  
i n h i b i t e d  b r a d y k i n i n  b y  20% at t he  same dose  
(Fig. 8). P imozide ,  a c o m p o u n d  w h i c h  b inds  to  
and  inh ib i t s  c a lmodu l in  more  effect ively  t h a n  
t r i f luope raz ine  and  is s t ruc tura l ly  un re l a t ed  to 
t he  p h e n o t h i a z i n e s  (17) ,  i n h i b i t e d  b radyk in in -  
s t imu la t ed  PGI2 synthes is  wi th  an  IDs0 of  
3.2 x 10 -6 M (Fig. 9):  a f ind ing  cons i s t en t  w i th  
i ts 2-fold t igh te r  b ind ing  to ca lmodu l in  t h a n  
t r i f luoperaz ine  (IDs0 = 6 x 10 -6 M). In te res t -  
ingly,  t r i f luoperaz ine  was m u c h  less effect ive  
against  h igh doses o f  A 2 3 1 8 7  (4 x 10 -6 M) 
(Fig. 10), p r e s u m a b l y  due  to t he  ove rwhe lming  
in f lux  of  Ca 2§ el ici ted b y  this  c o m p o u n d .  

DISCUSSION 

t h e  i o n o p h o r e  A 2 3 1 8 7  acts  very specif ical ly 
and  selectively on  these  cells causing a r e sponse  
due  on ly  to calc ium inf lux .  These  da ta  and  
those  in F igure  2 suggest  t he  cri t ical  i m p o r t a n c e  
o f  ext raceUular  ca lc ium in phospho l ipa se  acti-  
va t ion  and  prov ide  no  evidence  to impl ica te  
in t raceUular  Ca 2+ in th is  process.  

Since b o t h  b r a d y k i n i n  and  A 2 3 1 8 7  act 
t h r o u g h  Ca2+-dependent  mechan i sms ,  and  as we 
had  previous ly  suggested a role  for  ca lmodu l in  
in  the  b r a d y k i n i n  r e sponse  (7),  we sough t  to  
d e t e r m i n e  if b o t h  b r a d y k i n i n  and  A 2 3 1 8 7  act  
t h r o u g h  a c o m m o n  ca l m odu l i n - m ed i a t ed  pa th-  

In these  expe r imen t s ,  we have s tud ied  t he  
role of  Ca 2§ in p ros tacyc l in  syn thes i s  in porc ine  
aor t ic  endo the l i a l  cells. A l t h o u g h  a Ca 2+ re- 
q u i r e m e n t  has  b e e n  p roposed  for  p ros tag land in  
synthes i s  in several sys tems,  t he  exac t  n a t u r e  of  
this  r e q u i r e m e n t  in  t e rms  o f  i ts k ine t ics  and  
m e c h a n i s m  has  no t  been  s tudied .  In add i t ion ,  
the  source  of  Ca 2+, w h e t h e r  in t raceUular  or 
ext racel lu lar ,  has  r ema ined  controvers ia l .  In ou r  
s tudies  on  cu l tu red  endo the l i a l  cells, we have  
inves t iga ted  these  p r o b l e m s  us ing  2 diss imilar  
means  for  ac t iva t ion  of  t he  pa thway .  The  
agonis ts  used,  b r a d y k i n i n  and  A 2 3 1 8 7 ,  s t imu-  
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FIG. 6. Effect of  Mn ~+ and Ca 2§ on A23187 (2 X 10 -7 M) and bradykinin  (100 ng/ml)-  
s t imulated PGI~ synthesis  in endothelial  cells. Cells at confluence were incubated in buffers  
with varying concentrat ions o f  Ca 2§ and Mn 2§ After  addition o f  either A23187 or brady- 
kinin, cells were incubated for 10 rain and the  synthesis  o f  PG12 determined by GC-MS. 
Data given as mean  • SEM, n = 5. A23187 + Ca ~§ BK, and BK + Mn 2+ st imulat ions were 
significantly greater than control,  p < 0.01;  no other  significant differences were noted  
(analysis o f  variance followed by Student-Newman-Keuls  test [ 19 ] ). 
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FIG. 7. Effect o f  trifluoperazine on A23187 (10 -7 
M) or bradykinin (100 ng]ml)-st imulated PGI2 synthe-  
sis. Cells were incubated as in Fig. 1 for 5 min with or 
wi thout  trifluoperazine (13 X 10 -6 M). The medium 
was then removed and replaced with buffer  alone or 
buffer  containing trifluoperazine. A23187 or brady- 
kinin was added and the incubat ion cont inued  for 10 
min. Data are expressed as percentage inhibit ion o f  the  
m a x i m u m  response to either agonist (mean • SEM, 
n = 9 for bradykinin and n = 6 for A23187).  
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FIG. 8. Effect  of  tfifluoperazine sulfoxide on 
A23187 (10 -7 M) or bradykinin (100 ng/ml)-st imu- 
lated PGI 2 synthesis. Exper iment  done  as in Fig. 7. 
Data given as percentage inhibit ion o f  the  m a x i m u m  
response to either agonist  (mean • SEM, n = 4). 

l a t ed  a r a c h i d o n i c  ac id  r e l ea se  a n d  PGI2  p r o d u c -  
t i o n  in  a d o s e - d e p e n d e n t  m a n n e r .  T h e s e  e f f e c t s  
w e r e  a b s o l u t e l y  d e p e n d e n t  o n  t h e  e n t r y  o f  
e x t r a c e l l u l a r  c a l c i u m  i n t o  t h e  cel ls  t h r o u g h  
v e r a p a m i l - i n s e n s i t i v e  c h a n n e l s .  T h e s e  d a t a  a re  
in  c o n t r a s t  t o  t h o s e  p r e v i o u s l y  r e p o r t e d  b y  
o t h e r s  (5) .  T h e  r e a s o n  f o r  t h i s  d i s c r e p a n c y  is 
n o t  clear .  T h e  t i m e  c o u r s e  o f  4s Ca2+ i n f l u x  i n t o  
ceils  s t i m u l a t e d  b y  e i t h e r  a g o n i s t  w a s  c o n s i s t e n t  
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with the time course of arachidonic acid re- ~ 100 
lease. In contrast to the transient nature of 7 
bradykinin-stimulated arachidonic acid release 
and Ca 2+ influx, the response to A23187 was 
sustained by continued Ca 2+ influx. In fact, 
after stimulation with A23187, prostaglandin 
synthesis in these cells is most likely limited 
only by the size of the phospholipid pool serv- 
ing as substrate for phospholipase A2. Hor- 
mone-stimulated release is under more control. 
For example, in the case of bradykinin, the 
duration of the response is influenced by 
degradation of bradykinln (kinase II activity) 
and by mechanisms which control intraceUular 
Ca 2+ levels. Our data suggest that the increase 
in intracellular Ca 2+ in response to bradykinin 
is transient and that the rate of Ca 2+ influx 
begins to return to control by 6 min after stim- 
ulation. This phenomenon, in part, may re fec t  
activation of the Ca2+-ATPase ("calcium 
pump")  by Ca2+-calmodulin (18), with a 
resultant return of intracelhilar calcium to basal 

C 
levels. "~ 

In a previous report (7), we suggested that 
the bradykinin response is mediated by Ca 2+- 
calmodulin. In the present study, we have con- 
tinued to explore this hypothesis by using doses u~ 
of A23187 and bradykinin which resulted in O 
comparable net changes in arachidonic acid m_ 
release and Ca 2+ influx. Under these conditions, (~ 
trifluoperazine, a drug which binds efficiently i i i  

to calmodulin and prevents its actions (K i = 1 x v 
I 10 ~ M) ( i7) ,  inhibited the activation of -o 

phospholipase in response to both bradykinin 
and A23187 (IDs0 = 5-6 X 10 -6 M). This inhibi- c 

t ion occurred at doses of trifluoperazine far be- 
low those associated with nonspecific effects 
(10 "~ M). The specificity assigned to trifluo- 
perazine inhibition is supported by the lack of 
effect of trifluoperazine sulfoxide, a struc- 
turaUy similar compound which inactivates 
calmodulin at much higher doses (K i = 30 x 
10-6 M) (17). Since bradykinin and A23187 
elicit calcium influx through different mechan- 
isms, the similar efficacy of trifluoperazine in 
blocking the effects of b o t h  compounds also 
strengthens the hypothesis that a common 
Ca2+-calmodulin pathway is involved. A role for 
calmodulin in arachidonic acid release is further 
supported by the observation that pimozide, a 
compound structurally unrelated to trifluo- 
perazine, and one which binds tightly to 
calmodulin (K I = 0.8 • 10 -7 M), effectively 
inhibited bradykinin-induced release. 

The above findings are in contrast to those 
from other studies which suggest different 
mechanisms for A23187 and thrombin-stimu- 
lated arachidonic acid release in platelets (8). 
However, we have shown that high doses of  
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FIG. 9. Effect of pimozide on bradykinin-stimu- 
lated PGI 2 synthesis in endothelial cells. Experiment 
done as in Figure 7. Data given as percentage inhibi- 
tion of the maximum response to bradykinin (mean 
-+ SEM, n = 4). 
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FIG. 10. Effect of trifluoperazine on high dose 
A23187 (4 • 10 -6 M). Cells were incubated as in 
Fig. 7 with 13X 10 -~ M trifluoperazine. A23187 or 
bradykinin was used as agonist. Data given as total 
PGI 2 produced during 10 min (mean -+ SEM, n = 5). 
The responses to A23187, A23187 + TFP, and BK 
were significantly greater than control (p < 0.01) and 
the response to BK was significantly greater than to 
BK + TFP (p < 0.02). No other significant differences 
were noted (analysis of variance followed by Student- 
Newman-Keuls test [ 19] ). 

A23187 (4 • 10 -6 M) are unaffected by doses 
of trifluoperazine (13 • 10 -6 M) which com- 
pletely block the bradykinin (or A23187 at 
10- 7 M) response. Presumably, the large influx 
of Ca 2§ caused b y 4  • 10 -6 M A23187 is able 
to overcome the inhibitory effects of trifluo- 
perazine, either by directly activating phospho- 
lipase A2 or by some other unknown mechan- 
isms. It is interesting to note that most of  the 
studies in the literature have used doses of 
A23187 in excess of  10 -6 M. 
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Thus ,  it  appear s  t ha t  p ros t ag l and in  syn the s i s  
in endo the l i a l  cells requi res  t he  i n f l u x  o f  extra-  
cellular ca lc ium.  Increased  in t race l lu lar  ca lc ium 
leads to  t h e  ac t iva t ion  o f  a p h o s p h o l i p a s e  by  a 
Ca2+-ca lmodul in-media ted  p a t h w a y .  In hor-  
m o n e - s t i m u l a t e d  p ros t ag l and in  syn thes i s ,  t he  
ca lc ium in f l u x  appears  to  be t r ans ien t ,  as re- 
f lec ted  b y  t h e  t r ans ien t  release o f  a rach idon ic  
acid.  Th e  ca lc ium in f l ux  i n d u c e d  by  the  iono-  
pho re  A 2 3 1 8 7  is m o r e  sus ta ined ,  resu l t ing  in a 
longer  per iod  of  p h o s p h o l i p a s e  s t imu la t i on .  
O the r  ions ,  s u c h  as m a n g a n e s e ,  a l t h o u g h  be ing  
t r a n s p o r t e d  effect ively  by  A 2 3 1 8 7 ,  are no t  
active. 
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ABSTRACT 

The Mongolian gerbil, Meriones unguiculatus, may be a suitable animal model for the investigation 
of dietary lipid effects on cholesterol metabolism. The effects of dietary cholesterol, and its possible 
interaction with the type of dietary fat, on the lipoprotein status of this animal have not been ex- 
amined previously. In the present research, the effects of adding 0.5% cholesterol to diets high in 
saturated (19.5% beef tallow: 0.5% safflower oil) or polyunsaturated (20% safflower oil) fats on the 
lipoprotein status of the gerbil were determined after 11 and 22 days of feeding. Lipoproteins (VLDL, 
LDL and HDL) were separated by sequential ultracentrifugation. Their cholesterol, phospholipid and 
protein concentrations were determined colorimetrically. In the absence of 0.5% cholesterol, safflower 
oil lowered the concentration (mg/100 ml) of cholesterol in each of the VLDL, LDL and HDL relative 
to beef tallow (BT) without greatly influencing the cholesterol distribution amongst them. The HDL 
carried the majority of the serum cholesterol and the VLDL transported the smallest amount. How- 
ever, inclusion of 0.5% dietary cholesterol resulted in a redistribution of cholesterol amongst the 
lipoproteins so that the VLDL and LDL became the major and the HDL the minor carriers. Dietary 
cholesterol also brought about a rise in the VLDL and LDL concentrations (mg/100 ml) of choles- 
terol, phospholipid and protein and altered the VLDL and LDL compositions. No such changes were 
observed in the HDL, indicating that the HDL are relatively resistant to any of the possible effects of 
cholesterol feeding measured in this experiment. The specific mechanisms responsible for the changes 
observed in the lipoprotein status of the gerbil remain to be elucidated. 
Lipids 19:25-33, 1984. 

INTRODUCTION 

The posit ive corre la t ion be tween  the level of  
total  serum cholesterol  and the occurrence of  
atherosclerosis in humans is well recognized 
(1,2). It is also well k n o w n  that  human serum 
cholesterol  levels are generally inversely related 
to the  degree of  polyunsa tura t ion  of  dietary fat 
(3). In addit ion,  the level of  dietary cholesterol  
may  inf luence serum cholesterol  levels (4). Be- 
cause of  the  l imitat ions of  using human sub- 
jects,  several animal  species have been used to 
de termine  the  mechanisms by which the type  
and amoun t  of  dietary lipid exerts their  effects  
on serum cholesterol  levels. 

In this regard, the  rat is the most  c o m m o n l y  
used model ,  a l though it lacks several quali t ies 
advantageous to the  s tudy  of  dietary lipid ef- 
fects on cholesterol  metabol ism.  For  example,  
the  response of  its serum cholesterol  level to 
the  type  o f  dietary fat is of ten  unlike that  seen 
in humans  (5). It is also of ten  necessary to add 
cholic acid, choles tyramine  or  propyl th iouraci l  
to the diets in order  to obta in  a significant 

Presented in part at the Triennial Joint Meeting of 
the AIN/ASCN/CSNS, July 1982. 
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Abbreviations: BT, beef tallow; C, cholesterol; SO, 

saff lower oil; VLDL, very low density lipoproteins; 
LDL, low density lipoproteins; HDL, high density 
lipoproteins; P/S, polyunsaturated/saturated. 

response to dietary fat type  (6). Finally,  al- 
though cholesterol  l inoleate is the major  
cholesteryl  ester and cholesteryl  arachidonate  
only  a minor  form in human serum (7), the  
oppos i te  pat tern  occurs in the rat (7). The simi- 
lari ty of  the gerbil fMeriones unguiculatus) to 
the  human in its plasma lipid profi le  and in the 
sensitivity and similari ty of  the response of  its 
plasma cholesterol  level to dietary fat type  has 
indicated its potent ia l  suitabil i ty as an animal 
model  in cholesterol  research (8-10). Because of  
the  impor tance  of  l ipoprote ins  in cholesterol  
metabol ism as a whole  and also as risk factors  
in the  deve lopment  of  atherosclerosis (1), it is 
impor t an t  to know what effect  dietary lipid 
may  have on the  status of  these particles. To 
date, only  two studies of  this type  have been 
conduc ted  using the gerbil. Nicolosi  et al. (1 1) 
examined the relat ionship of  the type o f  
dietary fat to the compos i t ion  of  gerbil lipo- 
proteins. Gordon  and Cekleniak ( 1 2 ) s t u d i e d  
the changes in the dis t r ibut ion of  cholesterol ,  
which occur  with cholesterol  feeding, amongst  
the  V L D L  and LDL. Apparent ly ,  the status of  
the HDL was not  measured.  The diets used in 
these studies were not  similar to that  which is 
typical ly consumed by Nor th  Americans.  

The  present s tudy examined the trends 
occurr ing in the l ipoproteins  of  Mongolian 
gerbils on diets similar to that  consumed by 
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TABLE 1 

Composition of Experimental Diets 

Constituent 
Sterol-equalized experimental diets 

Safflower oil Beef tallow 
-+0.5% cholesterol -+0.5% cholesterol 

(% by weight) 

Casein 16 16 

Fat 
Beef tallow - 19 .5  
Safflower oil 20 O. 5 a 

Carbohydrate 
Corn starch 36.3 36.3 
Sucrose 18.2 18.2 

Alfa floc 4.2 4.2 
Salt mixture b 4.0 4.0 
Vitamin mixture c 1.0 1.0 
Choline chloride 0.3 0.3 

Sterol 
Phytosterol 0.048 0.048 d 
Cholesterol 0.010 d 0.010 

o r  o r  

0.510 0.510 

aSafflower oil (0.5%) was added to the diets containing beef tallow to ensure the pres- 
ence of adequate amounts of essential fatty acids. 

bwilliams-Briggs Modified, Teklad Mills, Madison, WI. 
CAmounts in mg/kg diet: DL-t~-tocopherol acetate, 160; menadione, 0.2; thiamine-HCl, 

6.0; riboflavin, 7.0; pyridoxine-HCl, 7.0; DL-calcium pantothenate, 20.0; nicotinic acid, 
25.0; D-biotin, 0.2; relic acid, 0.1; cyanocobalamin, 0.012; ergocalciferol, 4.0; retinyl 
acetate, 17.45. This mix also includes in mg/kg diet: sodium selenite, 0.22;chromium ace- 
tate, 2.3; mesoinositol dihydrate, 1,200; L-methionine, 1,000. The vitamin mix contained 
75% aifa floe as carrier. Therefore, the diet contains 5% alfa floe. 

dThese sterols were not endogenous to their respective diets and were therefore added to 
equalize all diets for their sterol content. Phytosterol was added as/3-sitosterol. 

Nor th  Americans  in the  levels o f  pro te in ,  fat 
and ca rbohydra te ,  and in the type  of  carbo- 
hydra te  (13,14)  but  in which the effect  o f  
choles terol  supp lemen ta t i on  was s tudied wi th  
varied P/S rat ios in the diet. Thus, it was 
possible to compare  the  similarities or differ-  
ences  be tween  dietary choles terol  and die tary  
fat type  in al tering the l ipopro te in  s ta tus  o f  this 
animal. Because sterols present  endogenous ly  in 
t he  fats could possibly alter serum choles terol  
levels (15),  all dietary t r ea tmen t s  used in the  
present  exper iment  were equalized for the  
endogenous  s terol  con t en t  o f  the  fats used. 

MATERIALS AND METHODS 

Experimental Procedures 

Animals and housing conditions. For ty-e ight  
male, adolescent  Mongolian gerbils (High Oak 
Ranch,  G o o d w o o d ,  Ontar io) ,  with an average 
body  weight of  38 g, were main ta ined  on 
Purina Lab Chow 5012. They were housed  in 
pairs in w i re -bo t tomed ,  stainless-steel cages in a 

room with a 12-hr l ight/dark lighting schedule  
and at a cons tan t  t empera tu re  of  25 C. After  2 
weeks of  adapta t ion ,  the  animals were ran- 
domly  assigned to one  of  4 exper imenta l  diets  
and con t inued  to receive ad l ibi tum access to 
their  food and water.  Their b o d y  weights and 
feed intakes were measured every 3 days. 

Diets. The compos i t ions  o f  the exper imenta l  
diets are as shown in Table 1. Sources of  pro- 
tein,  fat and ca rbohydra te  were added at levels 
which would provide a caloric d is t r ibut ion 
equivalent  to that  seen in the  typical  Nor th  
American diet (13,14).  Similarly, the s tarch:  
sucrose ratio was also typical of the Nor th  
American diet (13,14).  The two exper imenta l  
fats were beef  tal low (BT) and saff lower oil 
(SO). Four  diets were used;  two of  these con- 
tained 20% SO, and the  o the r  two  conta ined  
19.5% BT + 0.5% SO (added to ensure the  
presence of  adequa te  levels o f  essential fa t ty  
acids). To each of  the SO diets, 0.010% choles- 
terol (C) was added in order  to equalize them 
with  respect  to the endogenous  choles terol  
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TABLE 2 

Fatty Acid Composition of Dietary Lipids Used to Determine  the Effects of Fat Type 
and Cholesterol on the Lipoprotein Status of the Male Mongolian Gerbil 

27 

Safflower oil Beef tallow 
Fatty acid Safflower oil + cholesterol Beef tallow + cholesterol 

(wt % of the total a) 

14:0 tr tr 2.3 2.7 
16:0 8.1 8.7 27.9 28.7 
16:1 tr tr 5.3 5.4 
18:0 2.9 2.6 20.2 19.6 
18:1 13.1 12.4 37.3 37.2 
18:2 75.8 76.3 5.0 4.9 

Total saturated 
fatty acids I 1.0 11.3 50.4 51.0 

P/S ratio b 6.9 6.7 O. 1 O. 1 

aFatty acids representing less than 1.5% of the total of any dietary lipid have been 
omit ted  from the table. (tr = trace amounts, i.e., less than 1.5% of the total fatty acids). 

bCalculated as total % of polyunsaturated fatty acids divided by total % of saturated 
fatty acids. 

c o n t e n t  of  BT. Similarly,  0 .048% ~-si tosterol  
(Serdary  Research Labs, L o n d o n ,  On ta r io )  was 
added  to the  BT diets  to  equal ize  t h e m  for  the  
e n d o g e n o u s  p h y t o s t e r o l  of  SO. These  levels of  
cho les te ro l  and  fl-sitosterol were chosen  because  
t hey  were the  levels of  s terol  found  to be pres- 
en t  in BT and  SO, respect ively,  by  Mercer  (16).  
S u b s e q u e n t  analysis  of  the  BT and  SO for  the i r  
s te ro l  c o n t e n t  showed tha t  they  c o n t a i n e d  
80-84% of  the  a m o u n t  of  s te ro l  ac tua l ly  added  
to the  diets.  Final ly,  0.5% choles te ro l  was 
added  to one  of  each of  the  s terol -equat ized BT 
and  SO diets.  The  4 diets  will s u b s e q u e n t l y  be 
called BT, BT+C, SO and  SO+C. The  f a t t y  acid 
c o m p o s i t i o n s  o f  the  fats  in the  4 diets  and  the i r  
P/S ra t ios  appea r  in Table  2. The  P/S ra t io  of  
the  SO-con ta in ing  diets  was ca. 6.8, and  t h a t  of  
the  BT die ts  was 0.1. 

Methods. After  11 and  22 days o n  the  diets,  t he  
gerbils  were fasted for  12-15 hr. Af te r  anes the-  
t i za t ion  wi th  Metofane  ( M e t h o x y f l u r a n e ,  Pit- 
man-Moore ,  Wash ing ton  Crossing, N J), ca. 2 ml 
of  b lood  were col lected f rom each an imal  by  
hear t  punc tu re .  For  each d ie tary  group  and  
sampl ing  period,  6 an imals  were used.  Serum 
was o b t a i n e d  and  t ha t  of  cagemates  was pooled .  
Twenty-/al  a l iquo ts  of  each pooled  se rum sam- 
ple were ana lyzed  for  to t a l  serum cho les te ro l  
c o n t e n t  by the  co lo r imet r i c  p rocedure  of 
B h a n d a r u  et  al. (1 7) using a cholesterol s tand-  
ard  dissolved in ch lo ro fo rm.  The  r ema in ing  
se rum was f rozen  at - 7 0  C un t i l  needed  for  the  
sepa ra t ion  of  l ipoprote ins .  

In o rder  to  have an  adequa t e  vo lume for  
u l t r acen t r i fuga t ion ,  the  serum was pooled 
accord ing  to d ie ta ry  t r e a t m e n t  and t ime  of  
sampling.  This  left  on ly  one  sample  for  each 

d ie ta ry  group  at each t ime  of  sampling.  The  
VLDL,  LDL and  HDL were separa ted  by  a 
mod i f i ca t i on  of  t he  sequent ia l  u l t racen t r i fuga-  
t ion  p rocedure  of  L indgren  et al. (18)  as 
descr ibed by Ha tch  and  Lees (19) .  The  exact  
vo lume of  each of  the  l i pop ro t e in  f rac t ions  
col lec ted  was measured  by  Hami l t on  syringe.  
Forty-/al a l iquots  were r emoved  to a test  t ube  
for  p ro te in  analysis  by  the  m e t h o d  of  Lowry  
e t al. (20) .  Pre l iminary  tes ts  had  s h o w n  t h a t  the  
salt  so lu t ions  used for  u l t racen t r i fuga l  separa- 
t ion  did not  cause i n t e r f e r ence  in the  Lowry  
m e t h o d .  The  rest  of  the  s u p e r n a t a n t  was t rans-  
ferred to a tube  con ta in ing  16 ml of  ch loro-  
f o r m / m e t h a n o l  (2 :1 ,  v/v). The  mix tu r e  was 
shaken  for  30  sec o n  a vor tex  mixer .  Ca. 1.7 ml  
wa te r  (2.0 - a m o u n t  of  s u p e r n a t a n t  a d d e d )  
were added  and ,  a f te r  mix ing  by  vor tex  for  15 
sec, the  tubes  were cent r i fuged  for  5 min  at 
250  x g. 

The  lower  c h l o r o f o r m  phase  was r emoved  by  
pas teur  p ipe t t e  and  used for  d e t e r m i n a t i o n  of  
l ipopro te in  cho les te ro l  by  co lo r ime t ry  ( 1 7 ) a n d  
to ta l  phospho l ip id  by  a mod i f i ca t ion  of  the  
p rocedure  of  Bar t le t t  (21)  to  al low for  micro-  
d e t e r m i n a t i o n s  of  inorganic  p h o s p h o r u s  (22).  
For  the  p h o s p h o r u s  d e t e r m i n a t i o n ,  a s t andard  
aqueous  so lu t ion  of  sod ium d ihyd rogen  phos-  
pha t e  was used. Lipid p h o s p h o r u s  was deter-  
mined  using a convers ion  fac to r  of  25. It should  
be n o t e d  t ha t  all glassware used in this  analysis  
mus t  be comple t e ly  free of  phosphorus .  This  
requi red  washing of  such appa ra tu s  in a ho t  
m i x t u r e  of  c o n c e n t r a t e d  HCI and  H 2 0  (4 :1 ,  
v/v) for  ca. 4 hr. 

Statistical analyses. Data,  where  appl icable ,  
were subjec ted  to analysis  of  var iance for  a 
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TABLE 3 

Effect of Dietary Lipid on the Total Serum 
Cholesterol of the Mongolian Gerbil a 

Total serum cholesterol 
(rag/100 ml) 

Day 11 Day 22 

Beef tallow 133 • 6 a 100• 9 a 
Beef tallow + cholesterol 457 • 32 b 425 • 18 b 
Safflower oil 90 • 18 c 52 • 5 c 
Safflower oil + cholesterol 383 -+ 2 4  d 542 -+ 22 d 

aAII values are given as mean • SEM for 3 samples] 
group. Values in a column not sharing a common 
letter are significantly different at p < 0.0S. 

2 • 2 factor ia l  expe r i m en t a l  design (23).  T he  
level of  s ignif icance was chosen  to be  p < 0.05.  

R ESU LTS 

No signif icant  d i f fe rences  were seen a m o n g  
groups  wi th  respect  to  cumula t i ve  weight  gains, 
feed in takes  or we igh t  ga in / feed  in take  ratios.  
In general ,  the  recovery  of  l i popro te ins  was 
wi th in  +10% of  t he  to ta l  as measu red  by  to ta l  
se rum cholesterol .  By day I I ,  there  was a 
lower ing  of  se rum cho les te ro l  caused by  d ie ta ry  
saff lower  oil relat ive to beef  ta l low,  regardless 
o f  the  a m o u n t  of  cho les te ro l  in the  diets  
(Tab le  3). In add i t ion ,  the  BT+C and  SO+C 

diets  p roduced  at  least  a 4-fold increase  in to t a l  
serum choles te ro l  (Table  3) re la t ive  to the  BT 
and  SO diets ,  respect ively.  By t he  end of  the  
th i rd  week,  d i f fe rences  in t o t a l  serum choles-  
t e ro l  resul t ing  f rom b o t h  cho les te ro l  feeding 
and  f rom the  type  of d ie tary  fat  were still 
apparen t .  At  th is  t ime  of  sampl ing,  w h e n  the re  
was t i t t le  cho les te ro l  in the  diets ,  saf f lower  oil 
lowered the  serum choles te ro l  c o m p a r e d  to 
beef  ta l low but ,  w i th  t he  inc lus ion  of  0.5% cho-  
lesterol ,  t h e  oppos i t e  t rend  was seen (Table  3). 

F igure  1 clearly d e m o n s t r a t e s  the  d rama t i c  
rise in c o n c e n t r a t i o n  ( m g / 1 0 0  ml or  mg per- 
cen t )  of  V L D L  and  LDL choles te ro l ,  at  b o t h  1 1 
and  22 days, tha t  is b r o u g h t  a b o u t  by  0.5% 
d ie ta ry  choles terol .  C o n t r a r y  to this, the  HDL 
a p p e a r  to be res i s tan t  to  any  changes ,  n o t  on ly  
in  the i r  cho les t e ro l  c o n t e n t ,  bu t  also in the i r  
phospho l ip id  and  p ro t e in  levels (Figs. 2 and  3). 
However ,  t he  la t ter  two c o m p o n e n t s  were 
marked ly  higher  in the  V L D L  and  LDL of  
an imals  fed 0.5% cho les te ro l  vs those  tha t  were 
n o t  given choles te ro l  (Figs. 2 and  3). 

The  cho les te ro l  c o n c e n t r a t i o n  of  the  individ- 
ual I ipopro te ins  was also in f luenced  by  d ie ta ry  
fa t  t ype  (Fig. 1). When exogenous  choles te ro l  
was no t  inc luded  in the  diets,  the  SO t ended  to 
p roduce  lower c o n c e n t r a t i o n s  of  choles te ro l  in  
the  VLDL,  LDL and  HDL. However,  when  
0.5% cho les te ro l  was added,  no  cons i s t en t  
changes  due  to d ie ta ry  fat  t ype  were observed 
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FIG. 1. The response of the cholesterol concentration of each of the VLDL, LDL and HDL in the gerbil 
after I I or 22 days of cholesterol feeding. BT = beef tallow; BT+C = beef tallow + cholesterol; SO = safflower 
oil; SO+C = safflower oil + cholesterol. 
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FIG. 2. The response of the phospholipid concentrat ion of  each of  the VLDL, LDL and HDL in the gerbil 
after 11 or 22 days of cholesterol feeding. BT = beef tallow; BT+C = beef tallow + cholesterol;  SO = safflower 
oil; SO+C = safflower oil + cholesterol. 
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FIG. 3. The response of the protein concentrat ion of each of the VLDL, LDL and HDL in the gerbil after 
11 or 22 days of cholesterol feeding. BT = beef ta l low; BT+C = beef tallow + cholesterol;  SO = safflower oil; 
SO+C = safflower oil + cholesterol. 
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TABLE 4 

Effect  o f  Choles tero l  Feeding on the Protein Concentration and the Relative Amounts 
of Cholesterol, Phospholipid and Protein in the VLDL 

Diet  Days  o n  Choles tero l  Cholesterol  Phosphol ipid Protein 
diet 

Phosphol ip id  Protein Protein 

(wt/wt) (rag/1 O0 ml serum) 

Beef tallow 11 1.2 0.9 0.7 14 
Saff lower  oi l  11 1.3 0 .8  0 .6  9 
Beef  t allow 2 2 1.2 1.1 0.9 9 
Saff lower  oi l  2 2 1.7 0.3 0.2 10.5 

Beef  ta l low 
+ cholesterol  11 3.6 2.5 0.7 70  

Saf f lower  off 
+ cholesterol  11 5.1 2 .7  0.5 87 

Beef  ta l l ow  
+ cholesterol  22 2 .8  2.3 0 .8  96  

Saf f lower  off 
+ cho le s t ero l  22 6.0 3.0 0.5 107 

in the cholesterol concentration of the three 
lipoproteins (Fig. 1). It is also apparent from 
Figure 1 that, in gerbils consuming diets con- 
taining either BT or SO, the majority of the 
total cholesterol is contained within the HDL 
and the VLDL are the minor carriers of choles- 
terol. This distribution changes markedly with 
0.5% cholesterol feeding. In the latter case, 
regardless of dietary fat type, the VLDL and 
LDL now carry the majority of the total serum 
cholesterol and the HDL transport the least 
amount. This difference is reflected in the 
HDL/LDL cholesterol ratios. The ratio in ani- 
mals fed cholesterol is ca. t/a of that found in 
t h e  animals on the low-cholesterol diets. 

The cholesterol:phospholipid, cholesterol: 
protein and phospholipid:protein ratios (on a 
weight/weight basis) were determined for each 
lipoprotein in order to assess whether 0.5% 
dietary cholesterol produced any compositional 
changes in the particles. These ratios for the 
VLDL, LDL and HDL are depicted in Tables 4, 
5 and 6, respectively. Protein concentrations 
are also included in each table to serve as base- 
line indicators for changes in concentration of 
the lipoproteins. In the VLDL, cholesterol feed- 
ing brought about elevations in the first two of 
the ratios examined and higher protein concen- 
trations (Table 4). In the LDL, only the choles- 
terol:protein ratio was markedly raised by 
dietary cholesterol; the protein concentration 
was also higher (Table 5). Finally, it can be 
clearly seen from Table 6 that cholesterol feed- 
ing produced very little change in any of the 
ratios or in the protein concentration of the 
HDL. 

DISCUSSION 

In the present study, the gerbils' serum 
cholesterol levels were lowered by SO relative 
to BT after 11 days, regardless of the choles- 
terol content of the diets. This lowering effect 
of serum cholesterol b y ' a  polyunsaturated fat 
relative to a saturated fat agrees with the re- 
ports of Mercer and Holub (8), Hegsted and 
Gallagher (10) and Nicolosi et al. (11). The 
sensitivity of the response is in contrast to that 
seen in the rat and indicates the greater useful- 
ness of the gerbil as an animal model. On day 
22, this lowering effect of SO was only seen in 
the serum cholesterol of animals consuming 
diets low in cholesterol. The eftect of fat type 
was reversed on day 22 when 0.5% cholesterol 
was included in the diets. Further work would 
be necessary to determine if the gerbils may be 
exhibiting a somewhat unique adaptive effect 
to diets containing SO plus cholesterol. 

The serum cholesterol level of the gerbil is 
also sensitive to dietary cholesterol, as evi- 
denced by the rise (at least 4-fold) in choles- 
terol levels seen in Table 3. Although the levels 
reached may appear to be much higher than 
normally observed in humans, it should be 
pointed out that 0.5% cholesterol represents a 
human intake of ca. 2.5 g of cholesterol/day. 
This value was calculated from the assumed 
consumption of ca. 2,500 kcal/day by humans 
(24) with 1 g of the gerbils' diets supplying ca. 
5 kcal (16). The 2.5 g of cholesterol/day is 
substantially above the 450-600 rng cholesterol 
normally ingested per day (13,14,25). However, 
using 0.1% dietary cholesterol (which is ap- 
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TABLE 5 

Effect of Cholesterol Feeding on the Protein Concentration and the Relative Amounts 
of Cholesterol, Phospholipid and Protein in the LDL 
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Diet Days on Cholesterol Cholesterol Phospholipid Protein 
diet Phospholipid Protein Protein 

(wt/wt) (mg/lO0 ml serum) 

Beef tallow 11 1.4 1.0 0.6 43 
Safflower oil 11 2.2 1.0 0.5 36 
Beef tallow 22 2.0 1.0 0.5 22 
Safflower oil 22 2.5 O. 6 0.3 17 

Beef tallow 
+ cholesterol 11 2.1 2.2 1.1 156 

Safflower oil 
+ cholesterol 11 3.3 1.8 0.6 62 

Beef tallow 
+ cholesterol 22 2.2 2.6 1.2 70 

Safflower oil 
+ cholesterol 22 4.2 1.8 0.4 107 

TABLE 6 

Effect of Cholesterol Feeding on the Protein Concentration and the Relative Amounts 
of Cholesterol, Phospholipid and Protein in the HDL 

Diet Days on Cholesterol Cholesterol Phospholipid Protein 
diet Phospholipid Protein Protein 

(wt/wt) (rag/100 ml serum) 

Beef tallow 11 1.0 O. 5 0.6 120 
Safflower oil 11 1.6 0.4 0.3 107 
Beef tallow 22 0.8 0.5 0.7 121 
Safflower oil 22 1.6 0.5 0.3 83 

Beef tallow 
+ cholesterol 11 0.7 0.5 0.7 121 

Safflower oil 
+ cholesterol 11 1.5 0.6 0.4 100 

Beef tallow 
+ cholesterol 22 0.9 0.6 0.7 147 

Safflower oil 
+ cholesterol 22 1.6 0.6 0.4 89 

p r o x i m a t e l y  equ iva len t  to 500  mg  cho les te ro l /  
day) ,  A n d e r s e n  and  Holub  (26)  r epor t ed  p lasma 
cho les te ro l  levels o f  179-227 m g / 1 0 0  ml  p l a sma  
in the  gerbil and  these  are wi th in  the  n o r m a l  
range o f  p lasma  cho les te ro l  levels in the  h u m a n  
(27).  

T h e  e f fec t s  o f  d ie ta ry  fat  t y p e  and  choles-  
te ro l  o n  t h e  l ipopro te in  s t a t u s  appea r  to  differ.  
T h e  lower ing  o f  t h e  cho les te ro l  c o n c e n t r a t i o n s  
( m g / 1 0 0  ml s e r u m )  of  all 3 l ipopro te ins  by  SO 
vs BT in the  absence  o f  0.5% choles tero l ,  wi th  
l i t t le change  in the  pe rcen t  d i s t r ibu t ion  o f  
cho les te ro l  a m o n g s t  the  l ipopro te ins ,  is s imilar  

to  the  obse rva t ions  o f  Nicolosi  et al. (11).  The  
lack of  a general  lower ing  of  the  mg choles-  
t e ro l / 100  ml  o f  s e r u m  in the  V L D L  and LD L 
by the  SO+C diet  relative to the  BT+C diet  
ind ica tes  tha t  the  great  increase in the  choles-  
terol  load of  these  l ipopro te ins ,  r e su l t ing  f r o m  
the  0.5% die ta ry  choles tero l ,  ma sks  a ny  e f fec t  
of  d ie ta ry  fat  t y p e  on  the  choles te ro l  c o n t e n t .  

W he n  fed a low cho les te ro l  (ca. 0 . 0 1 % ) d i e t ,  
t h e  gerbil  d i f fers  s o m e w h a t  f r om the  h u m a n  in 
the  d i s t r ibu t ion  o f  its cho les te ro l  a m o n g  t he  
l ipoprote ins .  T h e  d i s t r ibu t ion  in the  an imals  
c o n s u m i n g  b o t h  the  BT or SO diets  c o n c u r  wi th  
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the distributions found by Nicolosi et al. (11) 
and Mercer et al. (28). However, as suggested 
previously, ca. 0.1% of the human diet consists 
of cholesterol. When the gerbils were given 
0.5% dietary cholesterol in the present study, 
the cholesterol distribution changed markedly 
so that the VLDL and LDL became the major 
carriers of cholesterol and the HDL the minor 
ones. This agrees with the results of Gordon 
and Cekleniak (12), who analyzed the choles- 
terol content of the lipoproteins after 3 weeks 
of feeding 1% cholesterol. Thus, it could be 
speculated that if gerbils were placed on a diet 
containing ca. 0.1% cholesterol, their lipopro- 
reins might exhibit a cholesterol distribution 
which would be closer to that seen normally in 
the human. It is interesting that the pattern of 
cholesterol distribution found in the gerbils on 
the low cholesterol diets agrees generally with 
that seen in the rat, mouse and hamster (29). 

Prior to the present study, little was known 
about the influence of dietary cholesterol on 
the HDL status of the gerbil. The lack of 
response of HDL concentration and compo- 
sition to cholesterol feeding that was observed 
is not an uncommon finding in the few human 
studies conducted so far. In the work of Apple- 
baum-Bowden et al. (30) and O'Brien and 
Reiser (31), total plasma cholesterol was ele- 
vated with cholesterol feeding but HDL choles- 
terol did not change significantly. Flaim et al. 
(32) and Stein et al. (33) observed no changes 
in total or HDL cholesterol when their sub- 
jects' cholesterol intake varied from 160 to 450 
mg/day and 400 to 1400 mg/day, respectively. 
Perhaps the most substantial evidence comes 
from the work of Schonfeld et al. (34) who 
found no significant change in HDL cholesterol 
levels when male subjects were given diets of 
P/S ratio 0.25 and 650-1500 mg cholesterol/ 
day or of P/S ratio 0.8 and 1500 mg choles- 
terol/day, even though total cholesterol was 
significantly above baseline. Tan et al. (35) re- 
ported a 30% rise in HDL cholesterol, but this 
was caused by a diet in which both the choles- 
terol level and the P/S ratio had been altered, 
and Schaefer et al. (36) reported no decrease in 
HDL cholesterol due to reduced cholesterol 
consumption. 

The results obtained for the status of the 
HDL do not eliminate the possibility of a 
change in the size of the particles. The choles- 
terol-fed gerbils could have either larger but 
fewer particles or more particles of a smaller 
size relative to those of the animals on the low 
cholesterol diets. Furthermore, there may have 
been alterations in the composition of the HDL 
subfractions. It is well known that/3-VLDL and 
HDL lipoproteins become induced in most cho- 

lesterol-fed animals (37) and this may be the 
case in humans (38,39). In addition, the HDL2/ 
HDLa ratio can be altered in the human by 
dietary cholesterol even if total HDL choles- 
terol is not (34). Therefore, further investiga- 
t ion into the gerbil HDL subfraction composi- 
t ion is warranted. 

It is understandable that cholesterol feeding 
resulted in very little alteration in the HDL 
composition or of their concentrations of pro- 
tein, phospholipid and cholesterol when it is 
considered that, in the pathway of lipoproteins 
metabolism, the HDL are the farthest removed 
of all the lipoproteins from the effects of 
dietary variations. In the cholesterol-fed ani- 
mals, the greatest percentage of total plasma 
cholesterol was contained within the VLDL and 
LDL. This might be expected since it is within 
these particles that dietary cholesterol received 
by the liver is packaged and then transported to 
the peripheral cells. The higher levels of mg 
protein/100 ml serum found in the VLDL and 
LDL with cholesterol feeding could indicate a 
rise in the synthetic rate of the particles leading 
to increased numbers of particles. Frnka and 
Reiser (40) found that, in the rat, altered levels 
of serum lipoproteins, produced by dietary 
cholesterol, arise mainly from altered rates of 
synthesis of apoprotein moieties. 

The VLDL have also undergone composi- 
tional changes, presumably to accommodate 
increased levels of cholesterol in the particles. A 
change in composition is also apparent in the 
LDL, which are the breakdown products of the 
VLDL. It is doubtful whether the peripheral 
cells would have increased their uptake of LDL 
particles since their cholesterol requirements 
should not  have changed. Therefore, with con- 
tinued intake of high levels of cholesterol, one 
might expect a greater accumulation of choles- 
terol within the LDL. This is borne out in the 
study of Gordon and Cekleniak (12), who 
found that the LDL became the major carriers 
of cholesterol after long-term feeding of choles- 
terol. A similar rate of uptake of LDL by 
peripheral cells in both control and cholesterol- 
fed groups in the present experiment should 
also produce a similar rate of removal of cho- 
lesterol from the tissues. If the HDL of the 
gerbil are used for this purpose, it is then appar- 
ent why the HDL were resistant to any changes. 
Clearly, there is a need for metabolic studies in 
order to determine the real basis for the phe- 
nomena seen in this study. 
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Lipoxygenase Inhibition 
by Naturally Occurring Monoenoic Fatty Acids 

A.J. ST. ANGELO and R.L. ORY, Southern Regional Research Center, PO Box 19687, 
New Orleans. LA 70179 

ABSTRACT 

Lipoxygenase activity was not detected in preparations from several varieties of rapeseed. Erucic 
acid, one of the main components of rapeseed oil, competitively inhibited both soybean and peanut 
lipoxygenases. Various other long-chain monoenoic fatty acids were assayed for their effects on 
lipoxygenase activity with linoleic acid as substrate. Fatty acid chain length, from Cl6 to C~, was 
not a significant factor, but position of the point of unsaturation did affect enzyme activity. The 
position of the double bond from the carboxyl group seemed to be more significant than the distance 
between the point of unsaturation and the methyl terminal group in terms of inhibition. 
Lipids 19:34-37, 1984. 

Lipoxygenase (EC 1.13.1.13) activity has 
been reported in most plant sources, such as 
fruits, vegetables and oilseeds (1,2). During the 
past decade, lipoxygenase or lipoxygenase-like 
enzymes have been found in animal tissues (3). 
Among the oilseeds, the most active source 
of the enzyme is the soybean. Rapeseed, which 
ranks fifth in abundance among oilseeds Of the 
world, appears to be an exception. Franke and 
Frehse (4) reported no activity in rapeseed- 
compared to 9 oilseeds high in triglycerides of 
linoleic/linolenic acids. Bronisz et al. (5) 
reported only slight activity in rapeseed ex- 
tracts at pH 6.0-6.5 compared to that in soy- 
bean. Appleqvist (6)believes that lipoxy- 
genase activity exists in dormant rapeseed but 
theorized that it was not  detected because of 
the possible presence of inhibitor(s) in the 
seed. 

Since erucic acid is the most abundant  
fatty acid in rapeseed (up to 40%) and erucic 
acid inhibits fatty acid oxidation in mitochon- 
dria from rat heart and liver (7), St. Angelo 
et al. (8) tested erucic acid with soybean and 
peanut lipoxygenase systems and found that 
small amounts of erucic acid completely 
inhibited both lipoxygenases. Erucic acid is a 
22-carbon cis-monounsaturated fatty acid, with 
unsaturation at the C13 position. Because 
erucic acid inhibited soybean and peanut lipoxy- 
genases, the rapeseed enzyme might be naturally 
inhibited by erucic acid in the seed. Erucic 
acid concentration varies among the different 
rapeseed varieties, so that several varieties 
were examined for possible lipoxygenase 
activity. Whether the mechanism of inhibition 
is caused by position of the double bond 
(relative to the carboxyl or terminal end 
groups) or by the carbon chain length is un- 
known. Hammerstrom (9) selectively inhibited 

n-8 lipoxygenase but not fatty acid cyclo- 
oxygenase in human platelets with-5,8,11-  
eicosatriynoic acid. To determine this me- 
chanism of inhibition and to seek naturally 
occurring inhibitors, several naturally occurring 
monoenoic cis-fatty acids were examined for 
their effects on activity of peanut and soybean 
lipoxygenase. 

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

Seeds and Materials 

Fatty acids (oleic, cis-vaccenic, cis-11- 
eicosenoic, cis-5-eicosenoic, erucic, nervonic, 
linoleic) were purchased from Applied Science 
Laboratories Inc., State College, PA. Virginia 
56R peanuts (1972 crop) were certified seed 
purchased from a Virginia supplier. Rapeseed 
(Brassica napus) samples were: Panter, high 
erucic acid (54%), a gift from Dr. R. Ohlson, 
AB Karlshamns Oljefabriker, Sweden; Ore, 
Low erucic acid (1.1%), Zephyr (0.2%), and a 
low glycosinolate (0.7%) variety, Bronowski 
(12-15% erucic acid), were gifts from Dr. W. 
Calhoun, Oregon State University. Soybean 
lipoxygenase, petroselinic acid and ricinoleic 
acid were purchased from Sigma Chemical 
Company, St. Louis, Me. 

Peanut lipoxygenase was prepared by 
homogenizing the testae-free seeds in deionized 
water (1 : 10, wt/vol) and centrifuging twice 
at 12,000 • g to obtain an S-2 supernatant 
fraction. The S-2 fraction served as the source 
of enzyme, as described earlier (10). 

Rapeseed extracts were prepared by 3 
methods. In method 1, 1 g of kernels from 
high erucic acid seeds (PAN) was homogenized 
in deionized water (1:10, wt/vol) with a mortar 
and pestle, then centrifuged at 25,000 • g for 
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TABLE 1 

Effect of Fatty Acid Inhibition Relative to Position of the Point of Unsaturation 

35 

Fatty acid 

Number of carbons 
Inhibition (%) from double bond t o :  

2.5 5.0 10 20 
............ (#moles) ................ Chain length Terminal Carboxyl 

Oleic  48 66 ;77 89 18 9 9 
Ricinoleic 17 35 67 90 18 9 9 
Petroselinic 25 44 67 84 18 12 6 
Vaccenic (cis) 40 70 83 92 18 7 11 
5-cis-Eicosenoic 0 1 4 37 20 15 5 
1 t-cis-Eieosenoie 25 40 62 81 20 9 11 
Erucic 21 40 66 88 22 9 13 
Nervonic 68 74 83 91 24 9 15 

30 min to collect a precipitate, a supernatant 
and a fat pad. The hulls were similarly ex- 
tracted in water to obtain an extract for testing 
as a possible lipoxygenase inhibitor. In method 
2, whole rapeseeds with hulls were homo- 
genized in water in the same manner described 
for whole peanuts. In method 3, whole rape- 
seeds were first deoiled in acetone or spectral 
grade hexane with a mortar and pestle, centri- 
fuged and reextracted with hexane to yield a 
defatted meal, which was extracted with water 
as above, to obtain the 2 precipitates and super- 
natants. 

Lipoxygenase Assay 

Peanut and rapeseed lipoxygenase were 
assayed spectrophotometricaUy at 234 nm, 
which measures the increase in absorption 
caused by formation of conjugated diene 
hydroperoxides from linoleic acid at pH 6.2 
for peanut (10) and pH 6.2, 7.9 and 9.2 for 
rapeseed. Soybean lipoxygenase activity was 
assayed polarographically, by measuring oxygen 
uptake as described previously (8). The reaction 
medium contained 20 ktg of soybean lipoxy- 
genase, 0.2 M sodium borate buffer, pH 9.0, in 
a total volume of 2.0 ml. After incubating at 
room temperature (25 C) for 5 min, 1.0 ml of 
substrate (0.5 pmol) was added to initiate the 
reaction. For inhibitor tests, monoenoic fatty 
acids were dissolved in ethanol, then incubated 
with the enzyme for 5 rain prior to addition of 
substrate. In controls, a corresponding volume 
of alcohol was incubated with the enzyme- 
buffer solution prior to addition of substrate. 
All reactions were run in triplicate. Activity 
is reported as the change in oxygen (nmol) 
consumed/min/3 ml of solution. Linoleic acid 
was prepared according to Ben-Aziz et al. (11). 
Kinetic analyses were conducted to determine 
the apparent K M and Vma x by the Lineweaver- 
Burk plot. Data were plotted by the least 

squares method with a Heathkit Z-89 com- 
puter and a Diablo 630 printer. 

RESULTS AND DISCUSSION 

Lipoxygenase activity could not be detected 
in supernatant or precipitate fractions from aU 
4 varieties of rapeseed. Ammonium sulfate 
precipitation (50%) and concentration of the 
four S-2 supernatants also failed to produce 
any activity. Extracts of the hulls from these 4 
varieties did not inhibit an active peanut 
lipoxygenase, indicating that an inhibitor in 
the hulls is not the reason for the lack of 
lipoxygenase activity in rapeseed. 

Because erucic acid completely inhibited the 
action of both soybean and peanut lipoxy- 
genase prepared by methods 1 and 2 (8) on 
Iinoleic acid, several other naturally occurring 
monoenoic c i s - f a t t y  acids, Cls-z4, were ex- 
amined as possible inhibitors to determine any 
effects of  position of  the double bond and/or 
chain length. The results are shown in Table 1 
with the percentage inhibition at 4 concentra- 
tions, the chain length and the positions of  the 
double bond relative to the carboxyl and 
terminal methyl groups in the molecule. The 
fatty acids were dissolved in ethanol since this 
had not inhibited the reaction at the volumes 
(10-13 /~1) used before (8). At 2.5 and 5.0 
/Jmol, nervonic acid, which has the largest 
number of carbon atoms between the double 
bond and the carboxyl group, was the strongest 
inhibitor, followed by oleic and vaccenic acids. 
Except for 5-cis-eicosenoic acid, all of the 
other acids tested showed inhibition greater 
than 62% at the 10/zmol level. At this Concen- 
tration however, the ethanol (25 /.tl) caused a 
5% loss in enzymatic activity of the control 
(enzyme, substrate and buffer) and at 20 
/~mol, the ethanol content (ca. 50 ~t) caused 
18% inhibition of the control reaction. No 
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FIG. 1. Lineweaver-Burk plot showing the effect of erucic acid on the standard lipoxygenase-linoleic acid 
system. Reaction mixture contained 0.05 M phosphate buffer, pH 8.36, soybean lipoxygenase, 0.02 mg, and 
linoleic acid (x - x) in a total volume of 3.0 ml. Erucic acid, 4.1 mg in 5 ~1 ethanol, was added in each substrate 
concentration (O - O). Reaction rates were determined by oxygen electrode as described in Methods. 

attempt was made to reverse the inhibitory 
effect of the fatty acids. 

At 2.5 #mol (Table 1), oleic acid is 3 times 
as inhibitory as ricinoleic acid. At 5.0 #mol,  
the inhibition by ricinoleic acid doubled and 
approached that of oleic acid at 10/lmol.  

Comparing n-9 fatty acids (oleic ,Cla ,  l l- 
eicosenoic, C20, erucic acids, C22) at the 2.5 
#mol level, the inhibition was 48%, 25% and 
21%, respectively. These results suggest that the 
distance between the double bond and the 
carboxyl group and inhibition are not related 
when the number of carbon atoms is at least 
9. Two of the acids tested, vaccenic and I l- 
eicosenoic, have the same number of carbons 
between the double bond and the carboxyl 
group. At both the 2.5 and 5.0 #mol levels, 
the shorter chain length acid, vaccenic, was 
the stronger inhibitor. 

Enzyme inhibition by erucic acid was found 
to be the competitive type, based on the 
Lineweaver-Burk plot (Fig. 1). The apparent 
K m with linoleic acid was 3.6 • 10 -s M, 
whereas the Vma x was still 2.98. Similar 
kinetic studies for the other fatty acids that 
inhibit lipoxygenase were not determined, 
but one can assume that they are of the same 
type as erucic acid. 

Laakso and Lilius (12) recently described 
the inhibition of soybean lipoxygenase by 
casein and alluded to the possibility of spon- 
taneous coupling of casein to the enzyme due 

to the hydrophobic nature of lipoxygenase. Our 
data on 5-cis'-eicosenoic and nervonic acidssug- 
gest that nervonic may be complexing with the 
enzyme through the long hydrophobic region 
between the carboxyl group and the double 
bond, whereas 5-eicosenoic acid does not 
inhibit because of a lack of any appreciable 
hydrophobic area between those groups. In 
studies on the protective effect of saturated 
fatty acids on rate of autoxidation of  linoleic 
acid, Wu et al. (13) showed that maximum 
effective protection against autoxidation occurs 
when the methyl terminal end of the saturated 
acid extends to the vicinity of the methylene- 
interrupted diene. The acids of medium chain 
length, C10-14, were the most effective protec- 
tors of  autoxidation. 
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Lung Surfactant and Fatty Acid Composition of Lung Tissue 
and Lavage of Rats Fed Diets Containing Different Lipids 

SYED Q. ALAM* and BASSlMA S. ALAM, Department of  Biochemistry, Louisiana State 
University Medical Center, 1100 Florida Avenue, New Orleans, LA 70119 

ABSTRACT 

Two nutritional models, essential fatty acid (EFA) deficiency and the feeding of saturated vs 
unsaturated fats, were used to determine the effects of dietary lipids on the fatty acid composition of 
rat lung and lavage. Semipurified diets containing 7% corn oil, 7% hydrogenated coconut oil (EFA- 
deficient), 10% butter or 10% safflower oil were fed to dams during lactation and thereafter to their 
offspring for a total of 24 weeks. Lipids were extracted from the lung lavage and lung tissue and 
their fatty acid composition was determined. The content of dipalmitoylphosphatidylcholine (DPPC), 
the main surfactant in the lungs, was also determined. The results show that the levels of DPPC in the 
lungs of rats fed 10% butter decreased although the decrease in the EFA-deficicnt rats was greater. 
Comparing rats fed butter with those fed corn oil, there were also modifications in the fatty acid 
composition of the total lipids and phospholipids of lung tissue and lavage as well as in phosphatidyl- 
choline, phosphatidylethanolamine and phosphatidylinositol + phosphatidylserine fractions isolated 
from the lung tissue. The changes in fatty acid composition were somewhat fewer in rats fed butter 
then in those fed an EFA-deficient diet. The results suggest that a marginal EFA deficiency produced 
in rats by long-term feeding of 10% butter may account for the reduction in DPPC levels and in the 
changes in fatty acid composition in the lung tissue and lavage. 
Lipids 19:38-43, 1984. 

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

The  a l t e ra t ion  of  lipid c o m p o s i t i o n  of  
an imal  t issues by  h o r m o n a l  and nu t r i t i ona l  
fac tors  has been  well es tabl i shed.  A m o n g  the  
nu t r i t i ona l  fac tors ,  the  type  of  the  d ie ta ry  fa t  
p resen t  has  a p r o f o u n d  in f luence  on  t issue lipid 
c o m p o s i t i o n .  Lung lipids are also in f luenced  by  
d ie ta ry  modi f i ca t ions .  T he  c o n t e n t s  of  d ipalmi-  
t o y l p h o s p h a t i d y l c h o l i n e  (DPPC),  the  main  sur- 
f ac tan t  in the  alveoli,  are k n o w n  to be  a l tered by  
d i f fe ren t  d ie ta ry  s ta tes  (1-3).  Food  res t r i c t ion  
(1)  and  essent ia l  f a t ty  acid ( E F A ) d e f i c i e n c y  
(2)  can cause a s ignif icant  decrease  in DPPC 
c o n t e n t  in the  lung t issue and  lavage. The  
ef fec ts  of  nu t r i t i ona l  dep r iva t ion  on  lung phos-  
phol ip ids  seem to  depend ,  a m o n g  o t h e r  fac tors ,  
on  the  stage o f  d e v e l o p m e n t  of  the  an imal  
(4) .  

The  puropse  of  our  inves t iga t ion  was to  
s tudy  the  ef fec ts  of  feeding sa tu ra ted  vs un-  
sa tu ra ted  fats  on  the  f a t ty  acid c o m p o s i t i o n  
of  lung and  lavage lipids and  on  t he  levels of  
DPPC in the  lung. For  compar i son ,  an  EFA-  
def ic iency  mode l  was also inc luded  in th is  
s tudy .  To max imize  t he  changes  in t issue lipid 
c o m p o s i t i o n ,  the  feeding of  various d ie tary  
regimes was in i t i a ted  at  b i r t h  and  c o n t i n u e d  
for  24 weeks.  

*To whom correspondence should be addressed. 

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

Materials 

All organic  solvents  were of  ana ly t ica l  
reagent  grade and  were glass-redistilled be fo re  
use. The  d ie tary  ingredients ,  inc lud ing  h y d r o -  
gena ted  c o c o n u t  oil (HCO),  were purchased  
f rom ICN (Cleveland,  OH). Corn  oil ,  b u t t e r  and  
saff lower  oil were purchased  f rom a local  
supe rmarke t .  S tandards  of  p h o s p h o l i p i d s  and  
m e t h y l  esters of  fa t ty  acids were purchased  
f rom Appl ied  Science Inc. (college Park,  PA).  

Animal Study 

Fi f teen-day  p regnan t ,  Sprague-Dawley rats  
were fed a s tock diet  un t i l  the i r  pups  were 
del ivered.  Within  24 hr  a f te r  del ivery,  the  
pups  were r a n d o m i z e d  so t h a t  each  l i t ter  
c o n t a i n e d  8-9 pups.  T h r o u g h o u t  l ac ta t ion  
the  dams were fed semipur i f ied  diets  con ta in ing  
7% corn  oil (con t ro l ) ,  7% HCO (EFA-def i c i en t ) ,  
10% b u t t e r  ( low in p o l y u n s a t u r a t e d  f a t t y  acids,  
high in sa tu ra ted  f a t t y  acids) or  10% saff lower  
oil (h igh in p o l y u n s a t u r a t e d  fa t ty  acids).  The  
basal  diet  was the  same (AIN-76)  in each  
case (5). It consis ted  of  20% casein,  63 .8% 
sucrose  in g roups  fed corn  oil or  HCO; 60 .8% 
sucrose  in the  r ema in ing  groups ;  4% cel lulose;  
10% fat  or  7% oil;  4% minera l  m i x t u r e ;  1% 
v i tamin  mix tu r e  and  0.2% chol ine  chlor ide .  
Bu ty la t ed  h y d r o x y t o l u e n e  (BHT)  was added  a t  
a level of  0 .02% as an  a n t i o x i d e n t  in each  o f  t he  
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4 diets. Diets were freshly prepared every 2-3 
weeks and were stored at refrigeration tempera- 
ture. The pups were weaned at 3 weeks, main- 
tained in individual wire-bottomed, galvanized 
cages and fed ad libitum the same diets pre- 
viously fed to their mothers. Weight gains 
were measured at regular intervals. 

Twenty-four weeks after the nutrit ional 
experiment began (3 weeks of lactation and 
21 weeks after weaning), 4 male rats from each 
dietary group were anesthetized with sodium 
pentobarbital and their lungs were lavaged 
through an endotracheal tube using 5 • 5 ml 
of 0.05 M Tris/0.15 M NaC1 with a pH of 7.4. 
The lungs were quickly dissected, weighed, 
minced, rinsed with cold 0.15 M NaC1 and 
homogenized in Tris buffer. Lung lavage was 
centrifuged at 4 C for 10 min at 1000 x g to 
remove cells and debris. The supernatant fluid 
was freeze-dried and the residue was dissolved 
in 5 ml of distilled water. 

Lipid Analyses 

The lipids were extracted from lung tissue 
and from the freeze-dried, reconstituted lavage 
fluid using Bligh and Dyer's procedure (6). 
Aliquots of the total lipid extracts were used to 
separate neutral lipids, glycolipids and phospho- 
lipids by sillcic acid column chromatography 
(7). Only the phospholipid fraction was pro- 
cessed further. Duplicate samples of phospho- 
lipid fractions eluted from the silicic acid col- 
umn were subjected to thin layer chromato- 
graphic (TLC) separation on 0.25 mm Silica 
Gel H plates prepared with 1 mM sodium 
carbonate. The plates were developed in chloro- 
form/methanol/water/acetic acid (25:15:4:1.75, 
v/v) containing 0.02% BHT as an antioxidant. 
After a brief (15-20 see) exposure to iodine 
vapors, the spots for phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidyl- 
inositol + phosphatidylserine (PI + PS) and 
sphingomyelins (SM) were scraped off and 
transferred to glass tubes with teflon-lined 
screw caps. Phospholipids were extracted twice 
with 3 ml of methanol/chloroform/water 
(2:1:0.8, v/v). The 2 extracts were combined 
and 1.6 ml each of chloroform and water 
was added to separate the chloroform phase 
from the aqueous phase. The chloroform 
phase, containing the phospholipids, was used 
for the determination of phosphorus content 
using Bartlett's method (8). The recovery of 
phospholipid standards from the TLC plates 
using this extraction procedure was 90-95%. 

To determine the fatty acid composition of 
PC, PE and PI + PS fractions, separate TLC 
plates were developed as described above, 
except under nitrogen to prevent theoxidation 

of polyunsaturated fatty acids. Phospholipid 
spots were extracted as above and transesteri- 
fied with 14% boron trifluoride-methanol 
according to the method developed by Mor- 
rison and Smith (9). Using a flame ionization 
detector, the fatty acid composition of total 
lipids, phospholipids and individual phospho- 
lipid fractions was determined by gas chromato- 
graphy (GC) on 10% SP-2330 glass column 
(180 x 0.2 cm). Isothermal and temperature 
programming conditions were used to separate 
fatty acid methyl esters (FAME). Pure stan- 
dards of FAME, log retention time vs carbon 
number and microhydrogenation techniques 
were used for the identification of fatty acids. 
Peak areas were calculated using a Hewlett 
Packard Electronic Integrator (HP #3380 A). 

Using the method of Mason et al. (10), the 
contents of the surfactant DPPC in lung tissue 
were determined in total lipid extracts after 
oxidation with osmium tetraoxide and column 
chromatography. An aliquot of the column 
eluate was used for phosphorus assay. Another 
aliquot was transesterified and the fatty acid 
composition was determined by GC as des- 
cribed above. The values obtained for DPPC 
from the column eluate by phosphorus assay 
were corrected according to the proportions of 
palmitic acid as determined by GC. The protein 
content of lung homogenates was determined 
by the biuret reaction (11 ). 

Statistical Analyses 

Values in each of the 3 experimental groups 
(HCO, butter and safflower oil) were compared 
with the corresponding values in the control 
group (corn oil) using Student 's t test. 

R ESU LTS 

The final body weights of rats fed an EFA- 
deficient diet (7% HCO) were significantly 
lower (P<0.001) compared with their controls 
(319.8 + I1.1 gvs  514.0 -+ 26.9 g, mean+SE) .  
No significant difference was found in body 
weights of rats fed 10% butter or 10% safflower 
oil compared with the control (586.0 + 23.7 g 
for butter and 571.3 + 19.4 g for safflower oil). 
Similarly, lung weight was lower in rats fed the 
EFA-deficient diet compared with their con- 
trois (1.33 -+ 0.13 g vs 2.36 -+ 0.13 g). No dif- 
ference was found in lung weights of the other 
2 groups. 

The fatty acid composition of lung tissue 
phospholipids is shown in Table 1. In rats fed 
the diet containing HCO, the proportions of 
18:1, 20:3~o9 and 22:3609 were significantly 
higher whereas those of 18:2, 20:4606 and 
22:4606 were lower compared with the propor- 
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TABLE 1 

Fat ty  Acid Composi t ion of  Phospholipids of  Lungs from Rats Fed Diets Containing Different Lipids 

Dietary lipids 

Fat ty  acid 7% CO 7% HCO 10% Butter 10% Safflower oil 

16:0 DMA 4.0 -+ 0.94 5.3 +- 0.64 6.5 -+ 0.38 a 3.0 -+ 1.07 
16:0 10.7 +- 2.0 13.1 -+ 2.23 17.3 -+ 0.77 a 24.3 -+ 1.69 b 
16:1 - 4.5 -+ 2.16 0.4 + 0.33 - 
18:0 DMA 0.9 -+ 0.30 -- 2.2 + 0.08 b 1.3 -+ 0.81 
18:0 19.3 -+ 0.74 17.5 + 0.13 23.5 -+ 1.21 a 24.8 + 0.16 c 
18:1 14.6 + 0.27 22.0 + 0.32 c 25.9 -+ 0.74 c 23.3 + 1.25 c 
18:2 7.8 -+ 0.46 0.4 -+ 0.03 c 0.6 -+ 0.08 c 8.0 -+ 0.19 
20:3eo9 -- 22,1 -+ 0.78 c 2.5 -+ 0.48 c -- 
20:4to6 26.9 -+ 1.36 4.2 +- 0.14 c 19.4 +- 1.0 b 15.9 + 0.97 c 
22:3to9 0.7 +- 0.06 8.9 -+ 0.25 c _c  _c  
22:4to6 10.4 +- 0.87 0.9 +- 0.06 c _c _c  

Values are area percent (mean -+ SEM of  4 rats per group). 
DMA = Dimethyl  acetal. 
- indicates trace. 
ap < 0.05. 
bp < 0.01. 
ep < 0.001. 

TABLE 2 

Fat ty  Acid Composi t ion of  Total Lipids of Lung Lavage from Rats Fed Different Dietary Lipids 

Dietary lipids 

Fat ty  acid 7% CO 7% HCO 10% Butter 10% Safflower oil 

14:0 2.5 +- 0.35 2.9 + 0.23 2.8 + 0.28 1.5 -+ 0.06 a 
16:0 52.7 + 4.71 56.5 + 1.34 62.2 + 3.61 68.1 + 1.79 a 
16:1 9.2 + 0.15 17.8 + 0.38 c 15.3 -+ 0.$2 c 7.2" 
18:0 6.3 -+ 1.64 2 . 9  + 0.4 3.1 -+ 0.39 3.9 + 0.13 
18:1 10.8 -+ 1.88 13.1 -+ 0.7 13.0 -+ 1.13 5.5 -+ 0.79 a 
18:2 10.0 + 1.09 0.2 + 0.09 c 1.2 -+ 0.10 c 11.3 +- 0.91 
20:3o.~9 0.3 -+ 0.10 5.1 + 0,25 c 1.4 +-" 0.17 b 0.3 +- 0.05 
20:4eo6 7.6 -+ 2.15 0.6 --- 0.08 aa 3.6 -+ 0.18 5.8 -+ 0.48 

Values are area percent (mean -+ SEM of 4 
*average of  2 values. 
ap < 0.05. 
aap < 0.02. 
bp < 0,01. 
cp < 0.001. 

rats per group). 

t i o n s  o f  t h e s e  f a t t y  a c i d s  i n  t h e  c o n t r o l  g r o u p  
fed  c o r n  oi l .  T h e  d i f f e r e n c e s  i n  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  p h o s p h o l i p i d s  in  t h e  l u n g s  
b e t w e e n  t h e  c o n t r o l  g r o u p  a n d  t h e  o n e  f e d  10% 

b u t t e r  w e r e  s i m i l a r  t o  t h o s e  o b s e r v e d  b e t w e e n  
t h e  c o n t r o l  a n d  t h e  g r o u p  f e d  H C O .  T h e  l eve l s  

o f  1 6 : 0 ,  1 8 : 0  a n d  t h e i r  d i m e t h y l a c e t a l s  ( 1 6 : 0  
D M A ,  1 8 : 0  D M A )  w e r e  h i g h e r  i n  t h e  g r o u p  fed  
b u t t e r  c o m p a r e d  w i t h  t h e  c o n t r o l  g r o u p  f e d  
c o r n  oil .  In  t h e  l u n g  p h o s p h o l i p i d s  o f  r a t s  f e d  
10% s a f f l o w e r  o i l ,  t h e  p r o p o r t i o n s  o f  1 6 : 0 ,  
1 8 : 0  a n d  18:1  w e r e  h i g h e r  w h e r e a s  t h o s e  o f  
2 0 : 4 6 0 6  a n d  2 2 : 4 6 0 6  w e r e  l o w e r  t h a n  t h e  
p r o p o r t i o n s  o f  t h e s e  f a t t y  a c i d s  i n  t h e  c o n t r o l  

g r o u p .  T h e  d a t a  o n  f a t t y  a c i d  c o m p o s i t i o n  o f  

l u n g  t i s s u e  t o t a i  i i p i d s  ( n o t  s h o w n )  a l so  r e f l e c -  
t e d  d i f f e r e n c e s  s i m i l a r  t o  t h o s e  o b s e r v e d  in  
p h o s p h o l i p i d s  b e t w e e n  t h e  c o n t r o l  g r o u p  a n d  

t h e  3 e x p e r i m e n t a l  g r o u p s .  
T h e  r e s u l t s  o f  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 o t a l  l i p i d s  o f  l u n g  l a v a g e  as  a f f e c t e d  b y  d i f -  
f e r e n t  d i e t s  a re  s h o w n  in  T a b l e  2.  P a l m i t i c  a c i d  

c o n s t i t u t e d  5 2 - 6 8 %  o f  t h e  t o t a l  f a t t y  ac ids .  T h e  

p r o p o r t i o n s  o f  16:1  a n d  2 0 : 3 6 0 9  w e r e  s ign i f i -  

c a n t l y  h i g h e r  a n d  t h o s e  o f  1 8 : 2  a n d  2 0 : 4 6 0 6  

w e r e  s i g n i f i c a n t l y  l o w e r  i n  t h e  g r o u p  fed  H C O  

c o m p a r e d  w i t h  t h o s e  f ed  c o r n  oi l .  In  t h e  t o t a l  
l i p i d s  o f  l u n g  l avage  o b t a i n e d  f r o m  r a t s  f ed  
b u t t e r ,  t h e  l eve l s  o f  16:1  a n d  2 0 : 3 6 0 9  w e r e  
h i g h e r  a n d  t h o s e  o f  1 8 : 2  w e r e  l o w e r  c o m p a r e d  
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TABLE 3 

Fatty Acid Composition of Lung Lavage Phospholipids from Rats Fed Different Dietary Lipids 

41 

Dietary lipids 

Fatty acid 7% CO 7% HCO 10% Butter 10% Safflower oil 

16:0 47.3 -+ 6.62 50.6 -+ 1.38 48.6 -+ 1.62 43.9 -+ 0.88 
16:1 - - 7.7 -+ 1.07 c - 
18:0 10.6 -+ 1.23 6.2 +- 0.TS a 10.1 • 0.52 11.5 -+ 0.35 
18:1 17.3 • 2.63 25.4 • 0.98 a 25.6 + 1.93 a 14.7 -+ 0.96 
18:2 9.6 + 1.80 0.6 + 0.11 b 0.6 +- 0.16 b 12.2 -+ 0.91 
20:3to9 0.1 -+ 0.1 8.9 -+ 0.48 c 0.9 -+ 0.15 b - 
20:4to6 7.4 -+ 1.43 0.9 + 0.18 b 4.3 -+ 0.68 6.4 -+ 0.31 

Values are area percent (mean -+ SEM of 4 rats per group). 
-indicates trace. 
ap < 0.0S. 
bp < 0.01. 
cp < 0.001. 

TABLE 4 

Phospholipid Composition of Lung in Rats Fed Different Dietary Lipids 

PC PE PI + PS SM DPPC 

Dietary lipid (% phospholipid phosphorus) 

7%CO 55.8-+3.98 11.8-+1.85 7.4-+0.41 9.5+0.57 30.8-+1.49 
7%HCO 45.9-+1.41 14.4-+1.67 7.5+0.35 10.4-+1.11 1S.6• c 
10% Butter 49.3 -+ 2.69 12.1 -+ 1:46 6.2 -+ 0.53 7.8 + 0.21 a 22.0 • 1.15 b 
10%Safflower oil 53.7-+0.97 11.2-+ 1.57 7.6+ 1.89 11.6 + - 1.06 29.6• 1.51 

Values are means +- SEM of 4 rats per group. 
ap < 0.05. 
bp < 0.01. 
cp < 0.001. 

wi th  the  cor responding  fa t ty  acid levels in t he  
group fed corn oil. The fa t ty  acid pa t t e rns  o f  
to ta l  lipids of  lung lavage were  similar in groups  
fed saff lower oil vs corn  oil excep t  for  lower  
levels o f  14:0 and 18:1 and higher levels o f  
16:0 in the  fo rmer  group.  

The results  o f  the  fa t ty  acid compos i t i on  of  
lavage phosphol ip ids  are p resen ted  in Table 3. 
The levels of  18:0, 18:2 and 20:4606 were 
lower,  whereas  those  of  18:1 and 20:3609 
were  higher in lavage of rats fed the  EFA- 
def ic ient  diet  compared  wi th  the  controls .  
When compar ing  the  group fed the  diet  con-  
raining bu t t e r  wi th  the  one  fed corn  oil, the  
p ropo r t i ons  o f  16:1, 18:1,  and 20:3609 were 
relatively higher in the  fo rmer  group,  the  
levels o f  18:2, on  the  o the r  hand ,  were  signifi- 
cant ly  lower  in the group fed but ter .  The 
phospho l ip ids  of  lung lavage f rom the  group 
fed bu t t e r  con ta ined  relatively high levels o f  
16:1. The o the r  groups had only  trace a m o u n t s  
of  this f a t ty  acid. There was no significant 
d i f fe rence  in the  fa t ty  acid compos i t i on  of  
lavage phospho l ip ids  in rats fed saff lower  
oil vs corn oil. 

Phosphol ip id  compos i t i on  of  lung tissue is 
shown  in Table 4. PC cons t i tu ted  46-56% of  
the  to ta l  phosphol ip ids .  DPPC was 15-31% of  
the  to ta l  lipid phospho rus ,  account ing  for  a 
major  po r t i on  of  PC in the  lung. DPPC levels o f  
rats fed HCO were  reduced  50% co mp ared  
wi th  rats fed the  con t ro l  diet.  Similarly, DPPC 
levels in lung phospho l ip ids  o f  rats fed bu t t e r  
were significantly lower  (P < 0.01) when  com- 
pared wi th  DPPC levels in the  group fed c o r n  

oil. PE, PI + PS, and SM cons t i tu t ed  the  o the r  
major  phosphol ip ids  in the  lung. The levels 
o f  SM were slightly lower  in the  group fed 
bu t t e r  compared  wi th  those  fed corn oil. 
Excep t  for  DPPC and SM, no  significant dif- 
ferences  were found  in the  levels o f  various 
phosphol ip ids  in any of  the  die tary  groups.  

The fa t ty  acid compos i t i on  of  lung tissue 
PC f rac t ions  is s h o w n  in Table 5. Palmit ic  acid 
accoun ted  for  54-77% of  the  to ta l  fa t ty  acids 
in this phospho l ip id  f ract ion.  The p r o p o r t i o n s  
of  16:0,  18:2 and 20:4606 were  lower ,  whereas  
those  of  16:1,  18:1 and 20:3609 were  higher  
in the  group fed HCO compared  wi th  those  fed 
corn oil. In the  lung PC f rac t ion  o f  rats fed 
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TABLE 5 

Fatty Acid Composition of Lung Phosphatidylcholine in Rats Fed Different Lipids 

Dietary lipids 

Fatty acid 7% CO 7% HCO 10% Butter 10% Safflower oil 

14:0 6.8 • 0.66 2.6* 2.3 • 0.22 c 1.1 + 0.23 c 
16:0 70.1 • 1.37 54.4 -+ 1.55 c 63.4 + 4.30 77.1 -+ 0.67 b 
16:1 0.6 + 0.33 13.9 + 2.70 b 6.9 + 3.97 -- 
18:0 6.0 • 0.45 5.4 -+ 1.24 6.0 + 0.37 5.9 +- 0.43 
18:1 9.2 -+ 0.23 19.3 • 2.10 b 14.5 • 0.78 c 6.8 • 0.21 c 
18:2 4.0 • 0.59 _c 1.5 • 0.19 b 5.5 • 0.13 
20:3eo9 0.3 • 0.06 5.0 • 0.26 c 0.9 • 0.15 b 0.3 • 0 
20:4co6 2.7 • 0.64 _b 3.8 • 0.09 2.7 • 0.11 

Values are area percent (mean -+ SEM of 4 rats per group). 
*Average of two values. 
--indicates trace. 
bp < 0.01. 
cp < 0.001. 

b u t t e r ,  t h e  levels o f  14 :0  and  18:2  were lower ,  
whereas  those  of  18:1 and  20:3609 were h igher  
c o m p a r e d  w i th  the  levels of  these  f a t t y  acids 
in  the  lung PC f r ac t ion  of  ra ts  fed co rn  oil. 
The  levels of  16:0  were lower  whereas  those  of  
1 6 : 1  were h igher  in the  group fed b u t t e r .  
However ,  because  of  h igh  var iabi l i ty ,  these  
d i f fe rences  were n o t  s ignif icant .  The  levels of  
16 :0  were h igher  whereas  those  of  14 :0  and  
18  : 1 were  lower  in  the  lung  PC f r ac t ion  o f  ra ts  
fed saff lower  oil c o m p a r e d  to  the  co rn  oil 
g roup.  

The  f a t t y  acid p a t t e r n s  o f  PE and  PI + PS 
f rac t ions  (da ta  no t  s h o w n )  of  lung  t issue 
general ly  re f l ec ted  similar d i f fe rences  b e t w e e n  
the  con t ro l  g roup  and  each  of  t he  3 exper i -  
m e n t a l  g roups  as seen for  t he  PC f rac t ion .  
Increases  in  t he  p r o p o r t i o n s  of  18:1 ,  20:3609 
and  2 2 : 3 6 0 9  and  decreases  in those  o f  18:2 ,  
20:4606 and  22:4606 were general ly  observed  
in the  g roup  fed the  diet  con ta in ing  HCO 
c o m p a r e d  w i th  the  cont ro l s .  The  f a t t y  acid 
c o m p o s i t i o n  o f  PE and  PI  + PS f rac t ions  of  
lung  t issue f r o m  rats  fed 10% b u t t e r  was some-  
wha t  similar to  those  fed HCO b u t  t he  dif- 
ferences  b e t w e e n  the  2 g roups  (corn  oil vs 
b u t t e r )  were general ly  less p r o n o u n c e d .  

DISCUSSION 

Two n u t r i t i o n a l  mode l s ,  feeding sa tu ra ted  vs 
u n s a t u r a t e d  fats  and  an  E F A  def ic iency  m o d e l ,  
were used in a feeding s t u d y  to  d e t e r m i n e  the i r  
e f fec ts  o n  the  c o m p o s i t i o n  of  lung  lipids. The  
resul ts  show some s imilar i ty  in  t e rms  o f  t he  
e f fec ts  o n  lung  lipids b e t w e e n  t he  2 n u t r i t i o n a l  
models .  This  s imilar i ty  was re f lec ted  in f a t t y  
acid c o m p o s i t i o n  and  in t he  lung su r fac tan t ,  
DPPC, t he  levels of  wh ich  in the  lungs  were 

drast ical ly  r educed  in E F A  def ic iency ,  and  b y  
feeding a diet  con t a in ing  10% b u t t e r .  Changes  
charac ter i s t ic  of  E F A  def ic iency  such as an  
increase  in the  levels of  16:1 and  18:1 ,  a 
decrease  in 18:2  and  20:4606 and  an  accumula -  
t i o n  of  20:3609 were observed  in the  f a t t y  
acid c o m p o s i t i o n  o f  t o t a l  l ipids and  p h o s p h o -  
l ipids of  the  lung t issue and  lavage of  ra ts  
fed diets  con ta in ing  HCO. Similar changes  in 
f a t t y  acid c o m p o s i t i o n  were also observed in 
the  lung t issue and  lavage of  ra ts  fed die ts  
c o n t a i n i n g  b u t t e r .  However ,  t h e  changes  
in the  f a t t y  acid c o m p o s i t i o n  o f  t o t a l  l ipids 
and  phospho l ip id s  in  ra ts  fed b u t t e r  were n o t  
qu i te  as great  as in the  EFA-de f i c i en t  g roup  
fed HCO diet .  This is ma in ly  because  b u t t e r  
wh ich  c o n t a i n e d  a b o u t  2% linoleic acid,  w h e n  
fed  at  a level of  10%, still  suppl ied  a b o u t  0 .4% 
of  the  to ta l  calories as l inoleic acid.  Such  a 
diet  would  t he r e fo re  be  marg ina l ly  def ic ien t  
in  E F A ,  since the  r e q u i r e m e n t s  of  E F A  for  
growing ra ts  have been  e s t ima ted  to  be  1-2% 
of  t he  t o t a l  calories (12) .  

A l t h o u g h  the  diet  suppl ied  margina l  levels 
of  l inoleic acid in the  g roup  fed 10% b u t t e r ,  
t h e  ra ts  fed th is  d ie t  were n o t  de f ic ien t  in E F A  
since the i r  b o d y  weight  gains were essent ia l ly  
s imilar  to  those  fed 7% corn  oil and  m u c h  
h igher  t h a n  those  fed 7% HCO. In add i t i on  
the  ra t ios  of  20:3609 to 20 :4  in the  t o t a l  
l ipids of  lung and  lavage of  ra ts  fed 10% b u t t e r ,  
a l t h o u g h  higher  t h a n  in those  o f  ra ts  fed corn  oil  
(0 .27 vs 0 .09 in lung and  0 .39 vs 0 .04 in lavage), 
were still lower  t h a n  0.4. A ra t io  h igher  t h a n  
0.4 in t issue lipids is cons idered  to  be  indica t ive  
of  E F A  def ic iency  (12) .  In t he  p resen t  s tudy ,  
the  20:3609 to  20 :4  ra t io  ranged f rom 6.2 to 
8.5 in t he  t o t a l  l ipids of  lung and  lavage in the  
EFA-de f i c i en t  rats.  
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The resul ts  of  our  s tudy  wi th  the  EFA-  
def ic ien t  mode l  are in acco rdance  wi th  the  
f indings  of  Kyr iakides  et  al. (2) and  Nakamura  
et al. (13)  on  the  r e d u c t i o n  in DPPC levels in 
lung t issue and  on  the  fa t ty  acid pa t t e rn s  of  
PC. The  m a g n i t u d e  of  decrease  in DPPC con-  
t e n t  in the  lung in the  EFA-def ic ien t  ra ts  in 
our  s t udy  was, however ,  m u c h  grea ter  t han  in 
those  of  Kyriakides  et al. (2). This is mos t  
l ikely re la ted  to  the  d u r a t i o n  of  the  feeding 
s tudy  and  to the  t ime  of  in i t i a t ion  of  the  EFA- 
def ic ien t  diets .  Whereas Kyr iakides  et al. fed 
the i r  diets  for  12-14 weeks to the  weanl ing  
rats ,  in our  s tudy  we in i t ia ted  feeding the  
diets  to  the  dams as soon  as the  ra ts  were b o r n  
and  c o n t i n u e d  feeding the  weaned  rats  for  
a n o t h e r  21 weeks a f te r  weaning.  

The  presence  of  relat ively higher  levels of  
pa lmi t ic  acid in the  to ta l  l ipids of  lung  lavage 
as c o m p a r e d  wi th  the  levels of  th is  f a t t y  acid 
in lavage phospho l ip ids  was s o m e w h a t  surpris-  
sing in view of  the  fact  t ha t  mos t  o f  the  palmi-  
t ic  acid in lung lavage is p resen t  in p h o s p h o -  
l ipids as DPPC. One possibi l i ty  for  lower  levels 
of  16:0  in lavage phospho l ip ids  may  be the  
slight c o n t a m i n a t i o n  of  lavage fluid wi th  b lood  
c o m p o n e n t s ,  a l t h o u g h  no  t races  of  b lood  were 
observed in lavage dur ing  the  co l lec t ion  proce-  
dure.  Blood phospho l ip ids  are k n o w n  to 
con ta in  subs tan t ia l ly  lower  levels of  pa lmi t ic  
acid t han  lung lavage phospho l ip ids  (2 ,14) .  

Due to the  small  a m o u n t  of  lavage available 
f rom individual  rats,  we were unab le  to  frac- 
t i ona t e  the  phospho l ip id  f rac t ion  f u r t he r  in to  
var ious classes of phosphol ip ids .  There fore ,  
the  levels of  DPPC or  the  f a t ty  acid compos i -  
t i on  of  specif ic  phospho l ip ids  were no t  de ter -  
mined  in lung lavage. A decrease  in the  palmi-  
ta te  c o n t e n t  of  lavage PC of  EFA-de f i c i en t  
ra ts  has previously  been  observed  (15) .  

In the  p resen t  s tudies ,  we have s h o w n  tha t  
the  feeding of  a sa tura ted  fat  such as b u t t e r  a t  
a level of  10% dur ing  l ac ta t ion  and  pos t -wean-  
ing resul ted  in a marked  decrease  in the  DPPC 
levels of  the  lung. Similar da ta  were o b t a i n e d  
in the  EFA-def i c i en t  group.  In view of  the  
marginal  EFA def ic iency induced  by  feeding 
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10% b u t t e r ,  this  nu t r i t i ona l  mode l  may  have a 
grea te r  re levance in t e rms  of  p rac t ica l  h u m a n  
n u t r i t i o n  since marginal  E F A  def ic iency  is 
more  likely to  exist  in the  h u m a n  p o p u l a t i o n  
t han  f rank  E F A  def ic iency.  Marginal  E F A  
def ic iency  is also k n o w n  to exis t  in pa t i en t s  
wi th  cyst ic  f ibrosis (I  6-18).  
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Complete Assignment of the Carbon-13 NMR Spectrum 
of Oiticica Oil: Interpretation of Chemical Shifts 
in Conjugated Systems 

L. BERGTER and P.R. SEIDL*, Instituto Mil i tar de Engenharia, 22.290 Rio de Janeiro, 
Brazil 

ABSTRACT 

All absorptions on the carbon-13 spectrum of a- and 5-eleostearic and licanic acid esters are as- 
signed. A combination of off-resonance deeoupling and lanthanide-induced shifts coupled to polariza- 
tion by a remote keto group was necessary to establish the correct order of conjugated olefinic carbon 
atoms. By themselves, none of these techrdques would have sufficed to reach the correct conclusions. 
Steric effects are accounted for but may lead to wrong results ff proper consideration is not given to 
other factors. 
Lipids 19:44-47, 1984. 

INTRODUCTION 

Saturated and olefinic, unbranched, C12- 
ClS, fatty acids and their glyceride (or other 
esters) have been the subject of several carbon- 
13 nuclear magnetic resonance (sac NMR) 
analyses (1). Chemical shifts for most con- 
stituents in oilseeds, their extracts and methyl 
esters can be assigned by recourse to the proper 
additive parameters (2). However, the presence 
of conjugation between double bonds requires 
a more careful approach, as exemplified in the 
ease of Fevillea rrilobata (3). The 13C NMR 
analysis of otis containing conjugated double 
bonds has recently been reported (4,5), but 
apar t  from the two double-bond case (6) 
and the work mentioned above, there is not  
much information on the subject in the litera- 
ture. A sound basis for making assignments 
seems thus to-be lacking. 

We have studied the oil from oiticica, Licania 
rigida Benth., Chrysobalanaceae family. This 
oil, obtained on an industrial scale in Northeas- 
tern Brazil, contains licanic (4-oxo-cis, trans, 
trans-9,11,13 octadecatrienoic) and a-eleostearic 
(cis, trans, trans-9 ,11,13-octadecatrienoic) as well 
as palmitic, stearic, oleic and linoleic acids (7). 
The laC NMR spectrum of licanic acid had not  
been interpreted before and the keto group in 
the 4-position allows comparison with spectra 
from 0t-eleostearic,/3-1icanic ( 4-o xo-trans, trans, 
trans) and ~-eleostearic (trans, trans, trans-octa- 
deeatrienoic) acids. Complete assignment of 
olefinic carbons was thus possible, indicating 
that considerations based on steric effects must 
be treated with proper care. 

*To whom correspondence should be addressed. 

EXPERIMENTAL PROCEDURES 

Oiticica (Licania rigida Benth.) seeds were 
obtained from the Brazil Oiticica Company of 
Cear~, Brazil. Kernels were removed from the 
shell manually and oil was extracted from the 
crushed kernels with petroleum ether (bp 30- 
50 C) in a Soxhlet. Yields of oil were 39% of 
the seed and 56% of the kernel. 

Proton NMR spectra were run in CDC13 
solution on a Varian XL-100-12 spectrometer 
operating on continuous wave. 13C NMR 
spectra were run on a Varian CFT-20 spectro- 
meter with 8k memory operating in the Fourier 
transform mode. Spectra for 4000 and 5000 Hz 
were obtained from 4096 points (accuracy of 
+0.12 and +0.10 ppm, respectively). Regions 
of 0-50 ppm and 125-150 ppm were registered 
with sweep widths of 1000 and 500 Hz (ac- 
curacy of +0.025 and +0.0125 ppm), respec- 
tively. 

Shift reagent, Pr(fod)3, was added to a 
solution of methyl esters of licanic and /3- 
licanic acids in CDCI3. 

1H-NMR 

Licanic acid methyl ester (CHCIa-d 1) 
8,0.90 ppm (t, 3H), 1.20-1.80 (m,8H), 2.10 
(m,4H), 2.45 (m,2H), 2.60 (m,4H), 3.60 (s,3H), 
5.37 (m,lH),  5.60 (m,lH),  5.90-6.50 (m,4H). 
l]-Licanic acid methyl ester (CHCla-dl) 0.90 
ppm (t,3H), 1.10-1.80 (m,SH), 2.06 (m,4H), 
2.42 (m,2H), 2.60 (m,4H), 3.60 (s,3H), 5.20- 
5.76 (2H), 5.76-6.40 (m,4H). 

Oils were transesterified by stirring with 
0.02 M methanolic sodium methoxide at room 
temperature for 3 hr. Methyl esters were se- 
parated by column chromatography using 
silica gel (70-230 mesh, ASTM) with a petro- 
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TABLE 1 

aaC Chemical Shifts of Conjugated Octadecatrienoic Acids as Methyl Esters 
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c,t,t-9,11,13 t,t,t-9,11,13 4-oxo-c,t,t.9,11,13 4-oxo-t,t,t,-9,11.13 

Ca a 174.11 174.11 173.88 173.09 
Ca b 34.13 34.15 27.78 27.76 
c;o 25.06 25.05 37.07 37.05 
C. 29.21 b 29.22 b 208.48 a 208.48 a 
C~ b 29.21 29.22 42.60 42.53 
C~ b L 29.21 29.09 23.47 23.37 
Ca u 29.79 29.44 29.30 28.96 
C80 27.87 32.85 27.64 32.55 
C9 c 131.66 134.12 130.94 133.41 
Co o c 129.00 130.81 129.2 S 130.99 
Cot c 126.09 130.93 125.85 130.68 
Co2 c 132.97 131.06 133.18 131.19 
Coa c 130.84 130.70 130.69 130.S 3 
Cos c 134.98 134.30 135.23 134.48 
Ca n b 32.58 32.58 32.57 32.55 
Cos b 31.61 31.67 31.57 31.61 
Ca7 b 22.32 22.32 22.29 22.28 
Can b 13.94 13.95 13.94 13.94 
OCH a 51.26 51.26 51.67 51.63 

aMeasured at 5000 Hz. 
bMeasured at 1000 Hz. 
CMeasured at 500 Hz. 

l eum e t h e r / e t h y l  e the r  g rad ien t ,  and  ana lyzed  
by  gas l iquid c h r o m a t r g r p h y  (GLC).  

GLC 

C h r o m a t o g r a m s  were r u n  o n  l m  x 3 r am 
c o l u m n s  packed  wi th  1.5% Dexsil 300  on  
C h r o m o s o r b  W (80-100  mesh) ,  washed  wi th  
acid and  si lanized at  120-270 C, 4 C /min  at 
30  m l / m i n  n i t rogen .  Oil c o m p o s i t i o n :  1 6 : 0 -  
6.8%; 18:0 ,  18:1 ,  1 8 : 2 - 2 2 . 6 % ;  18:3 ( c o n j ) -  
15.1%; 18:3 (oxo ,  c o n j ) - 5 5 . 4 % .  

Convers ion  to  the  trans, trans, trans-isomers 
was ef fec ted  by  t r e a t m e n t  w i th  iodine  in 
p e t r o l e u m  e the r  (8). 

RESULTS A N D  DISCUSSION 

As infe r red  f r o m  t he  13C N MR  spect ra ,  n o  
o t h e r  con juga ted  u n s a t u r a t e d  acids besides  
t~-eleostearic and  l icanic are present  in oi t ic ica 
oil. Excep t  for  those  expec t ed  in c a r b o n y l  
and  glycerol  regions,  the re  are no  m a r k e d  
d i f fe rences  b e t w e e n  t he  spect ra  o f  t r ig lycer ides  
and  m o n o e s t e r s  (vide infra) .  

Ass ignment  o f  all peaks  was carr ied o u t  o n  
oils, t he i r  t r anses te r i f i ca t ion  p r o d u c t s  and  
en r i ched  f r ac t ions  of  m e t h y l  esters.  Compar i -  
son  wi th  similar  c o m p o u n d s ,  select ive par t ia l  
c a r b o n - h y d r o g e n  decoupl ing  expe r i m en t s ,  t he  
use of  l a n t h a n i d e  shif t  reagents  and  c o m b i n a -  
t i on  t h e r e o f  a f fo rded  c o m p l e t e  ass ignment  o f  
a b s o r p t i o n  using the  app roaches  descr ibed 
be low.  

Sa tu ra ted  c a r b o n  a t o m s  of  a-  and  /~-licanic 
acid m e t h y l  esters  were  assigned by  c o m p a r i s o n  
wi th  those  of  the  a-  and  /3-eleostearate es ter  
(Table  1). I n c r e m e n t s  t h a t  could  be  a t t r i b u t e d  
to  the  ke to  g roup  in t he  4 -pos i t ion  were esti- 
ma ted  f rom 4 -oxo -me thy l  s teara te  (9) ,  the  
m a x i m u m  observed  d i f fe rences  were,  respec-  
t ively,  +0 .22  p p m  for  C-4 and  +0 .14  p p m  for  
the  r ema in ing  c a r b o n  in the  case of  l icanic acid 
and  +0.34  p p m  for  C-4, +0.21 p p m  for  C-5 and  
an  u p p e r  l imit  o f  0 .12  p p m  for  the  r ema in ing  
ca rbons  of  ~-licanic acid.  

Selective decoup l ing  e x p e r i m e n t s  were run  
o n  a pure  sample  o f  t he  m e t h y l  es ter  o f  l icanic  
acid and  an  en r i ched  f rac t ion  of  t h a t  of  0t- 
e leos tear ic  acid.  Double  r e sonance  e x p e r i m e n t s  
on  t he  p r o t o n  s p e c t r u m  of  l icanic acid m e t h y l  
es ter  a l low the  a s s ignment  of  Hg, H10 and  H14 
to  t he  peaks  at  5 .32,  5.9 and  5 .65,  respect ively.  
H 9 suffers  the  largest in f luence  o f  t he  a d d i t i o n  
o f  P r ( fod)3 ,  whereas  H14 is n o t  a f fec ted .  The  
r ema in ing  olef in  peaks  lie b e t w e e n  6 .0  and  6.5 
p p m ,  as expec t ed  f rom the  l i t e ra ture  (10).  

Select ive c a r b o n - h y d r o g e n  decoupl ing  is 
based  o n  i r rad ia t ion  at  3 .75,  5 .00,  6 .25 and  
7 .50 p p m  of  t he  p r o t o n  s p e c t r u m ,  using vari- 
able  decoup l ing  power  w i t h o u t  noise modula -  
t ion .  I r rad ia t ion  at  h igher  field a f fec ts  c a r b o n  
signals at  130 .94  and  135.23 p p m  more  s t rongly ,  
and  t h a t  at  low field af fec ts  those  at  125.85 
and  133.18 ppm.  T h e  f o r m e r  mus t  t h e n  corres-  
p o n d  to  C9 and  C~4. 

Add i t i on  o f  the  l a n t h a n i d e  reagent  induces  
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T A B L E  2 

C o m p a r i s o n  o f  laC Chemica l  Shifts  o f  Doub le -Bond  Carbons  o f  O c t a d e e a t r i e n o i c  Acids  a 

A/i C [ (4-OX O-C, t, t- A5 C [ (4-OXO-t, t, t- 
Ca rbon  (4-oxo-c,  t,t- 9,11,13)-(c,t~t- (t,t,t- (4-oxo-t,t,t. 9,11,13)-(t,t,t- 
n u m b e r  (c,t,t.9,11,13) 9 ,11 ,13)  9 ,11 ,13 ) ]  o 9 ,11 ,13)  9 , 1 1 , 1 3 )  9 ,11 ,13 ) ]  r 

9 131 .64  130 .93  -- 0.71 134.03 133 .33  -- 0 .70  
10 128 .88  129 .22  + 0 .34  130.65 130.97 + 0 .32  
11 126.02 125 .85  -- 0 .17 130 .79  130.65 -- 0 .14  
12 132 .92  133 .16  + 0 .24  130.91 131 .14  + 0 .23  
13 130 .70  130 .70  0 .00  130.57 130 .53  -- 0 .04  
14 134 .99  135 .17  + 0 .18  134 .18  134 .34  + 0 .16  

aValues in ppm. 
bMeasured on the oil. 
eMeasured on a mixture of methyl esters. 

the largest shift on the absorption at 130.94 
and smaller and almost equal shifts on the 
absorption at 129.25 and 125.85 ppm. The 
other signals practically do not move, con- 
firming the assignments of C9 and C14 and 
suggesting that absorptions at 129.25 and 
125.85 should be ascribed to C10 and C n .  
Choice between the two is possible by  selective 
decoupling, since only the absorption at 125.85 
ppm is affected by  irradiation of  the low field 
region of  the proton spectrum (i.e., vicinity 
of  Hi1). 

Selective carbon-hydrogen decoupling ex- 
periments run on enriched fractions of  the 
methyl  ester of  ct-eleostearic acid reveal that  
absorptions follow the same order as those of  
licanic acid (no inversions are observed). Thus, 
absorptions corresponding to carbons 9, 10, 11 
and 14 may also be assigned. Introduct ion of  a 
keto  group in the 4-position does have a notice- 
able effect, however, and can be useful in 
spectral identification, as will be shown sub- 
sequently. 

Comparing chemical shifts of  triglycerides of  
a-eleostearic acid and licanic acid, it seems that  
the conjugated system is polarized by the car- 
bonyl  group (see Table 2). Thus, Cl0 and C14 
are shifted to lower fields and C9 and C u  are 
shifted to higher fields in the presence of  a 
keto group at C4. This being the case, C12 
should reveal a downfield increment between 
0.34 and 0.18 ppm, and the upfield increment 
in Cla should lie below 0.17 ppm (this value 
tapers off very rapidly),  indicating the corres- 
ponding absorptions for C12 and Cla. 

Assignment of  the trans,trans,transqsomers 
~-licanic and /3-eleostearic acids) follows the 
same type of approach. Here the hydrogen 
spectrum reveals 2 protons at 5.3-5.8 ppm and 
4 protons at 5.8-6.2 ppm, the former corres- 
ponding to H 9 and HI4, respectively (10). 
Selective decoupling on /3-eleostearic acid 

reveals that  irradiation of  the high field end of  
the proton spectrum does affect the carbon 
absorptions at 134.12 and 134.30 ppm, thus 
they must correspond to C9 and C14 (in this 
order, as is revealed for /3-licanic, below). 
Irradiation at low field shows a different 
effect on the remaining protons.  The absorp- 
tions at 131.06 and 130.93 ppm axe more 
strongly enhanced than those at 130.81 and 
130.70 ppm, revealing that each of the 2 
pairs of carbon atoms must correspond to a 
different type  of  proton.  

On /3-licanic acid, selective decoupling at 
high field affects absorptions at 134.48 and 
133.41, the later more strongly (this relative 
effect is inverted on irradiation at low field). 
The absorption at 133.41 should correspond to 
C9 since it also suffers the largest induced 
shift in presence of  Pr(fod)s.  On irradiation at 
low field, the remaining absorptions reveal 
the same behavior as in the ~-eleostearic case, 
those at 131.19 and 130.68 being more strong- 
ly enhanced than those at 130.99 and 130.53. 
Addit ion of  shift reagent reveals that  peaks at 
130.68 and 130.99 ppm must correspond to 
C10 and Cl l  but  does not  indicate which is 
which. 

Assuming that  the keto group in 4-position 
does not  invert the relative order of  proton 
absorptions (which is valid for cis, trans, trans- 
isomers in which the respective proton spectra 
are identical in the olefinic region and H9, Hi0 
and H14 display the same chemical shifts for 
both  cases) (10), the same trends relative to 
the polarization of  the double bonds seem to 
be operative. Thus, C10 and C12 can be dif- 
ferentiated from Cll  and C13 within their 
respective groups, since the former would be 
shifted downfield and the lat ter  upfield in the  
presence of the 4-keto group (and all the 
remaining assignments can be made), as shown 
in Table 2. 
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The above results imply a correction of 
assignments made for a- and /3-eleostearate 
esters identified in Fevillea oil (3), revealing that 
care must be taken in interpretation of steric 
effects in conjugated olefin systems. Chemical 
shift differences between a- and /$-iaomers 
indicate the type of steric effect that may be 
expected. The relatively large (ca. 5 ppm) 
upfield shifts at Cs and Cu are similar to those 
observed in the case of two conjugated double 
bonds (11) and are ascribed to the close contact 
between their respective protons (the cis-cis 
case is still larger, ca. 6 ppm) (12). 
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The Dietary Regulation of Acyltransferase 
and Desaturase Activities in Microsomal Membranes of Rat Liver 

E.L. PUGH and M. KATES', Department o f  Biochemistry, University of  Ottawa, Ottawa 
K I N 9B4, Canada 

ABSTRACT 

Dietary manipulation produces marked alterations in desaturase activities of rat liver microsomes 
with no concomitant changes in acyltransferase activities. Desaturation of stearoyl-CoA (A9-desatu- 
rase), linoleoyl-CoA (A6-desaturase), eicosatrienoyl-CoA (A5-desaturase) and eicosatrienoyl-phosphati- 
dylcholine (n5-desaturase) was elevated in animals fed a corn oil diet and lowered in those fed a coco- 
nut oil diet compared to control animals. The n5-desaturase activities were also lowered in starved 
animals and elevated in starved animals refed a fat-free diet. However, no changes in acyl-CoA :l-acyl- 
sn-glycero-3-phosphocholine acyltransferase activity were observed in the membranes of animals main- 
tained on any of the dietary regimens studied. These observations suggest that the desaturases of rat 
liver mierosomes are regulated independently of the acylttansferases and that desaturation of eico- 
satrienoyl-phosphatidylcholine is regulated at the level of the desaturase itself and not by availability 
of the phospholipid substrate. 
Lipids 19:60-63, 1984. 

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

Many studies have been made of the meta- 
bolic regulation of the stearoyl-CoA desaturase 
of liver microsomes. Several factors including 
aUosteric factors (1), soluble activators (2); 
lipid factors (3,4) and modulation of the level 
of desaturase protein (5-7) have all been impli- 
cated in control of this enzyme system. More 
recently, evidence has been obtained to suggest 
that the activity is also closely related to 
changes in the lipid environment.For example, 
stearoyl-CoA desaturase activity of chicken 
liver is increased by injection of the hormone, 
17/3-estradiol, and this increase is related to a 
decrease in membrane fluidity as measured by 
fluorescence polarization of the probe di- 
phenylhexatriene (8). Also, studies of  a stearoyl- 
CoA desaturase reconstituted by highly purified 
protein components and lipids indicated that 
desaturase activity was dependent on the nature 
of the lipid used in the reconstitution experi- 
ments (9). 

In spite of the extensive studies on regula- 
tion of the stearoyl-CoA (A9-) desaturase, little 
is known about regulation of the eicosatrienoyl- 
CoA (A5-) desaturase of rat liver. Previous 
studies from this laboratory have suggested that 
both [1J4C]eicosatr ienoyl-CoA and 1-acyl-2- 
[ 14 C ] eicosatrienoyl-sn - glycero- 3 - phosphocho- 
line (20:3-PC) may serve as substrates for the 
liver microsomal AS-desaturase (10,11). The 

*To whom correspondence should be addressed. 
Abbreviations: l-acyI-GPC, l-palmitoyl-sn-glycero- 

3-phosphoeholine; DTNB, 5,5'-dithiobis (2-nitroben- 
zoic acid). 

levels of these A5-desaturase activities, like that 
of the A9-desaturase, were found to vary with 
changes in the lipid environment (10-12). For 
example, starving animals and refeeding a fat- 
free diet resulted in increased activity of the 
AS-desaturase with both the phospholipid and 
acyl-CoA substrates (10). These increases in 
activity were accompanied by a decreased level 
"of polyenoic fatty acids in the microsomal 
membrane of the starved-refed rat and a higher 
transition temperature of the microsomal 
phospholipids as measured by fluorescence 
polarization of cis- and trans-parinaric acid 
probes (13,14). These data suggest that the 
microsomal phospholipids of the starved-refed 
rat were in a less fluid state than those of con- 
trol and starved rats and that this decrease in 
fluidity was correlated with an increase in 
desaturase activity. 

In addition to changes in the lipid environ- 
ment, other factors such as control of enzyme 
synthesis and availability of substrate may 
regulate the A5-desaturases of  rat liver micro- 
somes. In view of the previous report (15) that 
the specific activities of acyltransferases in- 
creased in starved-refed animals, we have 
examined the possibility that formation of the 
20:3-PC phospholipid substrate via acyltransfer- 
ase activity may be a factor in the regulation of 
the phospholipid desaturase. 

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

[ 1-14 C ] Stearic (50 Ci/mol), [ 1-14 C ] linoleic 
(52 C i /m o l ) and  [1J4C]homo-7-l inolenic (aU- 
c is -8 ,11 ,14-e icosa tr ienoic)  (58.8 Ci/mol) acids 
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were obtained from New England Nuclear 
(Boston, MA) and were more than 98% radio- 
chemically pure. 1-Palmitoyl-sn-glycero-3-phos- 
phocholine (1-acyl-GPC) was a product of 
Serdary Research Laboratories (London, Can- 
ada) and gave one spot on thin layer chroma- 
tography (chloro form/methanol/water, 65:35 : 5, 
v/v/v). Snake venom from Crotalus adamanteus 
and 5,5'dithiobis (2-nitrobenzoic acid) (DTNB) 
were obtained from Sigma Chemical Co. (St: 
Louis, MO). The fat-free test diet, corn oil and 
coconut oil were products of Nutritional Bio- 
chemicals (Cleveland, OH). 

[ 1-14 ] Stearoyl-CoA (0.8 Ci/mol), [ 1J4C]- 
linoleoyl-CoA (0.8 Ci/mol) and [ I J4C]e ico  - 
satrienoyl-CoA (2.1 Ci/mol) were prepared 
from the N-hydroxysuccinimide esters (16) by 
the method o f  A1-Arif and Blecher (17). The 
fatty acyl-CoA esters obtained had absorbance 
ratios (Az32/A260, thiol absorption/adenine 
absorption) from 0.52 to 0.62 (theoretical 
value, 0.573) (18). The concentration of acyl- 
CoA was calculated from the extinction coeffi- 
cient of the absorbance at 260 nm (16,400 
crn -t M -1 ) (19). 

1 -Acyl- 2- [ 14 C ] eicosatrienoyl-sn -glycero- 3 - 
phosphocholine (12 Ci/mol) was prepared bio- 
synthetically, using rat liver microsomes, as 
described previously (10). 

Animals and Diets 

Male Sprague-Dawley rats (125-150 g) were 
either fed Purina laboratory chow ad libitum 
("control"),  starved for 48 hr ("starved") or 
starved and refed a fat-free diet ("starved- 
refed") as described by Strittmatter et al. (6). 
Starved-refed rats were fasted 48 hr, fed Purina 
laboratory chow for 24 hr, fasted a second 48 
hr period and refed with Nutritional Biochemi- 
cals' fat-free diet for 20 hr. 

In the second group of experiments, spon- 
taneously hypertensive rats of the Okamoto- 
Aoki strain, weighing 250-300 g, were placed 
on one of the following diets: fat-free diet 
("control"),  a fat-free diet supplemented with 
20% corn oil ("corn oil-fed") or a fat-free diet 
supplemented with 20% coconut oil ("coconut 
oil-fed"). The rats were fed ad libitum for a 
period of 6-16 weeks. The rats that were fed 
the fat-free diet had no symptoms of essential 
fatty acid deficiency (fur texture changes), 
even after 16 weeks of consuming a fat-free 
diet. 

All animals were kilted by decapitation and 
liver microsomes were prepared as described 
previously (10). 

Assay Procedures 

Acyltransferase activity was measured at 
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room temperature by the spectrophotometric 
assay of Lands and Hart (20). In this assay, 
CoASH liberated by enzyme activity reduces 
DTNB to form 2-nitro-4-thiobenzoic acid that 
has an absorption maximum at 414 nm and an 
extinction coefficient of 13,600 cm -1 M -1 (21). 
The reaction mixture in the sample cuvette 
(1 ml) contained 0.1 M Tris-HCl (pH 7.2), 
0.3 mM DTNB, 50 /aM 1-acyl-GPC, 20 /aM 
[1-14C]eicosatrienoyl-CoA (2.1 Ci/mol) and 
microsomal protein as indicated in the tables 
and figure legends. The mixture in the reference 
cuvette was identical, except that 1-acyl-GPC 
was omitted and replaced by an equal volume 
of distilled water. Incubations were carried out 
at room temperature for 3 min. The reaction 
was followed by measuring the increase in 
absorbance at 414 nm using a Unicam SP1800 
recording spectrophotometer. 

Fatty acyl-CoA transferase activity was also 
measured using a radioactive tracer assay at 
room temperature or at 37 C. The reaction 
mixture was identical to that of the spectro- 
photometric assay. At the end of the incuba- 
tion period, the reaction was terminated by 
extraction of the lipids with methanol/chloro- 
form (2:1, v/v) according to the method of 
Bligh and Dyer (22). Total lipids were then 
separated into neutral lipids and phospho- 
lipids on silicic acid columns by elution with 
chloroform/methanol (9:1, v/v) and methanol, 
respectively, as described previously (14). Both 
the neutral lipid and the phospholipid fractions 
were then examined by thin layer chromatog- 
graphy (TLC) on Silica Gel H plates in the sol- 
vent system chloroform/methanol/water (65: 
35:5, v/v/v) as described previously (23) using 
authentic samples of lecithin, lysolecithin and 
fatty acids as markers. The lipid zones were 
visualized with iodine vapor, scraped and radio- 
activity determined in a liquid scintillation 
counter. 

Desaturation of fatty acyl-CoA esters 
and 1-acyl-2- [ 14 C ] ei~osatrienoyl-sn-glycero-3- 
phosphocholine was measured in a reaction 
mixture (1 ml) containing 100 mM potassium 
phosphate (pH 7.2), 100 mM sucrose, 10 mM 
NADH, 0.5-2 mg of microsomal protein and 
either 30 /aM acyl-CoA or 30 /aM 1-acyl-2- 
[ 14 C ] eicosatrienoyl- sn - glycero- 3- phosphocho- 
line plus 0.1% Triton X-100. Incubations were 
at 37 C for 15 min. Reaction products were 
extracted, methanolyzed, and the fatty acyl 
methyl esters analyzed by AgNO3-TLC as 
described previously (10). All desaturase 
assays were carried out at 2 or more concen- 
trations of protein to ensure that the rate of 
desaturation was proportional to the amount  of 
microsomal protein used. 
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FIG. 1. Time course of acyl-CoA :l-acyl-sn-glycero- 
3-phosphocholine acyltransferase. The spectrophoto- 
metric assay for release of CoASH is described under 
Assay Procedures. The reaction mixture contained 
40 /ag microsomal protein; incubations were carried 
out at room temperature for time periods indicated. 
Data are corrected for acyl-CoA hydrolase activity. 

Protein was determined by the method of 
Lowry et al. (24), using bovine serum albumin 
as standard. 

Determination of Positional Distribution 
of Eicosatrionoate Incorporated 
into Phosphatidylcholine 

The location of [14C]eicosatrienoate in 
phosphatidylcholine was determined by treat- 
ment with phospholipase A2 from C. adaman- 
teus venom as described elsewhere (14). The 
lipid products were extracted by the Bligh-Dyer 
procedure (22) and again chromatographed on 
a column of silicic acid as described above. The 
reaction products, free fatty acids and lysoleci- 
thin, were obtained in the chloroform/meth- 
anol (9:1) and methanol eluates, respectively. 
The amount of [14Cleicosatrienoate in each 
eluate was determined in a liquid scintillation 
counter. 

Lipid Analyses 

Total lipids were extracted by the method of 
Bligh and Dyer (22), transesterified in 2.5% 
methanolic HC1, and the resulting methyl esters 
analyzed by gas liquid chromatography on 
SP-2330 at 190 C. Peaks were identified by 
comparison with authentic methyl ester stand- 
ards and peak areas measured by the retention 
time x peak height method of Carroll (25). 
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FIG. 2. Acyl-CoA:]-acyl-sn-glycero-3-phosphocho- 
line acyltransferase activity as a function of protein 
concentration. The spectrophotometric assay for 
release of CoASH was as described under Assay Pro- 
cedures and incubations were at room temperature tot 
3 min. Data are corrected for acyl-CoA hydrolase 
activity. 

R ESU LTS 

Properties of AcyI-CoA: 1-Acyl-sn-glycero- 
3-phosphocholine Acyltransferase 

The acyltransferase had a broad pH opti- 
mum in the range 7.0-8.0 and initial velocity 
was linear with time for 3 min (Fig. 1). Under 
the conditions of the assay, the activity was 
also proportional to microsomal protein con- 
centration to ca. 100/ag/ml (Fig. 2). 

Substrata Requirements 

The effect of various concentrations of l- 
acyl-GPC on fatty acyl-CoA transferase activity 
was examined (Fig. 3). Maximal activity was 
observed at ca. 50/aM 1-acyl-GPC. The reaction 
showed typical Michaelis-Menten kinetics with 
apparent Km and Vmax values for 1-acyl-GPC of 
67/aM and 233 nmol/min/mg, respectively. The 
acyltransferase activity was also measured as a 
function of eicosatrienoyl-CoA concentration 
(Fig. 4). At saturating concentrations of 1-acyl- 
GPC, the activity was found to be optimal at 
10 /aM acyl-CoA. Apparent K m and Vma x 
values for eicosatrienoyl-CoA obtained from 
Lineweaver-Burk plots were 6 /aM and 161 
nmol/min/mg, respectively. 
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FIG. 3. Effect of l-acybGPC concentration on acyl- 
CoA: 1-aeyl-sn-glyeero-3-phosphocholine acyltransfer- 
ase activity. The spectrophotometric assay for release 
of CoASH is described under Assay Procedures. 
1-Acyl-GPC concentrations were varied as indicated. 
The reaction mixture contained 40 /zg microsomal 
protein; incubations were at room temperature for 3 
mill. Data are corrected for acyl-CoA hydrolase 
activity. 
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FIG. 4 .  Effect of eicosatrienoyl-CoA concentration 

Comparison of Spectrophotometric and Radioactive 
Tracer Assays of Acyltransferase Activity 

Spectrophotometric Radioactive tracer 
Protein assay a assay b 

(/~g) Acyltransferase activity 
(nmol/min) 

0 0 0 
38 2.7 2.5 
50 3.6 3.4 
63 5.2 5.0 

aThe reaction mixture in the sample cuvette con- 
tained 0.1 M Tris-HCl (pH 7.2), 0.33 mM DTNB, 
50 #M 1-acyI-GPC, 20 /IM [ 1J4C]eicosatrienoyI-CoA 
(2.1 Ci/mol) and microsomal protein as indicated 
above. The mixture in the reference cuvette was 
identical except that l-acyl-GPC was omitted and 
replaced by an equal volume of distilled water. Re- 
action was at room temperature for 3 min. The re- 
action was followed by measuring the increase in ab- 
sorbance at 414 nm. 

bThe reaction mixture was identical to that in the 
sample cuvette described above. Reaction was at room 
temperature for 3 min. The.reaction was stopped by 
adding chloroform/methanol, and radioactive products 
were isolated by column chromatography and th in  
layer chromatography as described under Assay 
Procedure. 

1). T h e  act iv i ty  ca lcu la ted  f r o m  the  2 assay 
m e t h o d s  was f o u n d  to  agree wi th in  +4-8%. 

The  ra t  l iver m i c r o s o m e s  were  also assayed 
for  f a t t y  acyl -CoA hydro la se  w h i c h  c o m p e t e s  
w i t h  f a t t y  acyl -CoA t ransacylase  for  t he  CoA 
esters  (20).  Even t h o u g h  the  act iv i ty  o f  th is  
e n z y m e  is co r rec ted  fo r  b y  t h e  s p e c t r o p h o t o -  
me t r i c  assay, i t  was i m p o r t a n t  to  d e t e r m i n e  
w h e t h e r  i t  was c o n s u m i n g  a s ignif icant  a m o u n t  
of  t he  CoA esters u n d e r  t he  e x p e r i m e n t a l  con-  
d i t ions  used to measure  f a t t y  acyl-CoA t rans-  
ferase ac t iv i ty .  When  f a t t y  acy l -CoA hydro la se  
ac t iv i ty  for  t he  CoA ester  o f  e icosa t r i enoa te  
was measu red  by  t he  s p e c t r o p h o t o m e t r i c  
m e t h o d  in t he  absence  of  1-acyl-GPC, i t  was 
f o u n d  t h a t  th is  ac t iv i ty  was ca. 8% of  acyl- 
CoA:  1-acyl -sn-g lycero-3-phosphochol ine  acyl- 

on acyl-CoA:l-acyt-sn-glycero-3-phosphoeholine acyl- t ransferase  act iv i ty .  
transferase activity. The spectrophotometric assay is 
described under Assay Procedures. Eicosatdenoyl- 
CoA concentrations were varied as indicated. The 
reaction mixture contained 60 ~g microsomal protein; 
incubations were at room temperature for 3 rain. 

Comparison of Spectrophotometric and Radioactive 
Tracer Assays of Acyltransferase Activity 

The  acy l t rans fe rase  ac t iv i ty  o b t a i n e d  in  t h e  
s tudies  r e p o r t e d  above  by  t he  s p e c t r o p h o t o -  
me t r i c  assay was c o m p a r e d  w i t h  t he  ac t iv i ty  
o b t a i n e d  w i t h  a rad ioac t ive  t racer  assay (Tab le  

Products of Acyl -CoA: 1-Acyl-sn-glycero- 
3-phosphocholine Acyl  Transferase 

The  p r o d u c t s  of  the  f a t t y  acyl -CoA t rans-  
ferase were d e t e r m i n e d  by  t h e  rad ioac t ive  
t racer  assay us ing [ 1-14 C] e icosa t r i enoyl -CoA 
and  1-acyl-GPC; 91 and  8% of  t he  r ad ioac t iv i ty  
was f o u n d  in p h o s p h a t i d y l c h o l i n e  and  free 
f a t t y  acids,  respec t ive ly  (Table  2). Only  t race  
a m o u n t s  o f  o t h e r  phospho l ip id s  inc lud ing  phos-  
p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d y l s e r i n e /  
p h o s p h a t i d y l i n o s i t o l  were f o u n d ,  ind ica t ing  
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TABLE 2 

Incorporation of Radioactivity from [ 1"14C ] Eicosatrienoyl-CoA into Phospholipids a 

Phospholipid zone Radioactivity % of total 
(dpm) 

Free fatty acid 1,391 8.4 
Phosphatid ylethanolamine 30 0.2 
Phosphatid ylserine/phosphatidylinosit ol 35 0.2 
Phosphatidylcholine 14,896 91.0 
Sphingomyelin 26 0.2 
Lysophosphatidylch oline 20 0.1 

aThe reaction mixture, containing 50 /~g microsomal protein, was as described in Table 
1. Incubation was carried out at room temperature for 3 min. Results are the mean of dupli- 
cate determinations with deviation of -+2% and have been corrected for background. 
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FIG. 5. Effect of nutritional state on acyl-CoA:l- 
acyl-sn-glycero-3-phosphocholine acyltransferase activ- 
ity. Acyltransferase activities were measured in micro- 
somal membranes isolated from control (o), starved 
(o), and starved-refed (zx) rats by the radioactive tracer 
assay described under Assay Procedures. Protein con- 
centrations were varied as indicated; incubations were 
at room temperature for 3 min. Values represent the 
average of 2 independent determinations with devia- 
tion -+2%. 

that  under  these exper imenta l  condi t ions  
[ 14C] eicosatr ienoate is preferent ial ly  incorpo-  
rated into phosphat idylchol ine  compared  to  
o ther  phospholipids.  

Distribution of Eicosatrienoate Incorporated 
into Phosphatidylcholine 

The phosphol ipid  product  recovered f rom 
exper iments  using [ 1-14C]eicosatr ienoyl-CoA 
as substrate was treated with  snake venom 
phosphol ipase  A2 to de termine  the  posi t ion of  
incorpora t ion  of  radioact ivi ty  into phospha-  
t idylchol ine .  The radioact iv i ty  was found  to  be 

incorpora ted  p redominan t ly  at the  C-2 posi t ion 
(98%)  of  the  phosphol ipid.  

Effect of  Nutritional State on Acyltransferase 
and Desaturase Activities 

Microsomal  membranes  f rom starved-refed, 
starved and cont ro l  rats prepared as described 
under  Assay Procedures  were assayed for acyl- 
transferase activity.  The  rate of  acyltransferase 
act ivi ty  was found to be essentially identical  in 
the  membranes  f rom rats maintained on these 3 
dietary regimens (Fig. 5), when assayed ei ther 
at r o o m  tempera ture  or at 37 C. 

The  microsomal  membranes  f rom control ,  
starved and starved-refed rats were also assayed 
for desatura t ion of  [ 1-14 C] e icosat r ienoyl-CoA 
and 1-acyl-2-[ 14 C] eicosatrienoyl-sn-glycero-3- 
phosphochol ine .  As repor ted  previously (10- 
13), desaturat ion of  bo th  substrates was de- 
pendent  on  the nutr i t ional  state of  the animal. 
In con t ro l  rats, desatura t ion of  eicosatr ienoyl-  
CoA and e icosat r ienoyl-glycero-phosphorylcho-  
line was observed at rates of  50 and 20 pmol /  
min /mg,  respectively.  In starved-refed rats, 
desaturat ion of  bo th  acyl CoA and phospho-  
lipid substrates was elevated;  rates for the 
e icosatr ienoyl-CoA and eicosatr ienoyl-phospha-  
t idylchol ine  desaturase were 130 and 50 pmol /  
min /mg,  respectively,  in these microsomal  
membranes.  In contrast ,  as repor ted  earlier, 
membranes  f rom starved rats had no detectable  
desaturase act ivi ty  wi th  ei ther substrate.  

Effect of Diet on Acyltransferase 
and Desaturase Activities 

Acyltransferase act ivi ty was also measured in 
rats fed a fat-free diet or a diet supplemented  
with  ei ther 20% corn oil  or 20% coconut  oil for  
6-9 weeks. The acyltransferase act ivi ty was 
essentially ident ical  in the liver microsomes of  
these animals irrespective of  diet (Fig. 6). Also, 
i t  was found that  the initial veloci ty  (but not  
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the  ex t en t  o f  the  react ion)  was essentially the  
same in these  animals as in those  tha t  were 
ei ther  starved for  a 48 hr  per iod ( " s t a rved" )  or 
starved and then  refed a fat-free diet  overnight  
( " s t a rved- re fed" )  (Figs. 5 and 6). 

The microsomal  membranes  of  rats fed the  
corn  oil and coconu t  oil diets  were  also assayed 
for s tearoyl-CoA (A9-), l inoleoyl-CoA (A6-) 
and e icosat r ienoyl-CoA (A5-) desaturase activi- 
t ies (Table 3). The A9-, A6- and A5-desaturase 
activities were  found  to  be elevated in animals 
fed  a corn  oil diet  and lowered  in those  fed a 
coconu t  oil diet  compared  to  the  controls .  

Fatty Acid Composition of Total Lipids 
from Microsomal Membranes of Corn 
Oil- and coconut Oil-Fed Rats 

Fatty acid analyses of total Lipids isolated 
f rom membranes  of  rats fed on d i f fe ren t  diets 
revealed di f ferences  in the  p ropor t ions  of  un- 
sa tura ted  fa t ty  acids in the  m e m b r a n e  phospho-  
lipids (Table 4). The tota l  lipids f rom micro-  
somal  m e m b r a n e s  f rom b o t h  corn oil- and coco-  
n u t  oil-fed rats  had higher levels of  a rachidonic  
acid (20:4)  and lower  levels o f  docosahexaeno ic  
(22:6)  than  the  cont ro ls  a f te r  6-9 weeks. No 
significant  change in 18:2 relative to the  con- 
trois was observed in mic rosomes  of  corn  oil- 
fed rats,  but  coconu t  oil-fed rats had signifi- 
cant ly  lower  18:2 levels. The f a t t y  acid compo-  
si t ions observed resul ted in lower  doub le  bond  
indices for these  2 m e m b r a n e s  (4.3-4.4) af ter  
6-9 weeks compared  to those  observed for  the  
con t ro l  m e m b r a n e s  (5.0) (Table 4). It should be 
no ted  tha t  a f ter  16 weeks  on  the  corn  oil diet  
b o t h  the  20:4  and 22:6 levels increased,  result-  
ing in a m u c h  higher doub le  bond  index (6.9) 
than  at  9 weeks.  The levels o f  16:0 and 18:0 
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FIG. 6. Effect of diet on acyl-CoA:l-acyl-sn-glyc- 
ero-3-phosphocholine acyltransferase activity. Acyl- 
transferase activities were measured in microsomal 
membranes isolated from rats fed a fat-free diet 
(control; o), a diet supplemented with corn oil (o) or 
a diet supplemented with coconut oil (/'). The radio- 
active tracer assay is described under Assay Proce- 
dures. Protein concentrations were varied as indicated; 
incubations were at room temperature for 3 rain. 
Values represent the average of 2 independent deter- 
minations with deviation +-2%. 

were  no t  significantly af fec ted  by  ei ther  diet  up 
to  6-9 weeks,  but  a p r o n o u n c e d  decrease in 
16:0 level occur red  a f te r  16 weeks  on  the  corn 
oil diet  (Table 4). 

DISCUSSION 

The present  s tudy  demons t r a t e s  that  d ie tary  

TABLE 3 

Influence of Diet on Stearoyl-, Linoleoyl- and Eicosatrienoyl-CoA 
Desaturase Activities of Rat Liver Mierosomes 

Diet Rate of desaturation a 

StearoyI-CoA Linoleoyl-CoA Eicosatrienoyl-CoA 

Control diet 
6 wk 339 + 35 
9 wk 330 + 34 

Corn oil diet 
6 wk 426 + 45 
9 wk 400 + 43 

16 wk 266 + 26 

Coconut  oil diet 
6 wk 312 -+ 33 
9 wk 300 • 36 

(pmol/min/mg protein) 

85 + 15 205 -+ 23 
90 + 16 215 + 25 

116 + 15 558 +- 75 
120 + 18 560 + 70 
161 + 15 554 + 61 

58 + 11 151 + 59 
60 -+ 15 165 + 18 

aResuits are given for 3 determinations, using microsomal membranes from pooled livers 
of 5 rats; incubations were for 15 rain at 37 C. 
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TABLE 4 

Fatty Acid Composition of Total Lipids from Liver 
Microsomal Membranes of Rats Fed Various Diets a 

Fatty mol % 
acid Control diet Corn oil diet Coconut oil diet 

6 wk 9 wk 6 wk 9 wk 16 wk 6 wk 9 wk 

14:0 0.2 0.1 0.2 0.1 0.2 1.0 0.6 
16:0 20.6 23.9 18.0 19.6 13.3 18.7 20.2 
16:! 0.6 nd b 0.5 0.1 0.2 0.8 0.1 
18:0 19.4 18.3 23.4 21.9 20.4 21.9 22.4 
1 g : l  5.7 7.2 5.9 6.1 6.6 6.9 7.0 
18:2 14.8 13.0 14.5 12.6 12.6 11.0 9.2 
18:3 0.2 0.1 0.8 0.2 nd 0.3 O.l 
20:3 2.9 0.7 1.7 0.1 0.6 2.6 0.6 
20:4 26.9 24.9 33.4 32.0 36.9 33.1 30.9 
22:5 nd 1.1 nd nd 2.4 0.3 0.9 
22:6 8.0 10.1 0.5 2.4 6.7 1.8 5.7 
Double 
bond 
index c 5.0 4.8 4.3 4.2 6.9 4.4 4.4 

aValues represent the average of 3 determinations, using total lipids from pooled livers 
of 5 rats. Deviations were -+2 rnol %. Traces (<0.5%) of 12:0, 12:1, 14:1 and 16:2 acids 
were present in most samples. 

bNot detected. 
CRatio of moles double bonds:moles saturated fatty acids. 

manipula t ion  produces  marked  al terat ions in 
desaturase activities of  rat liver mic rosomes  
with no c o n c o m i t a n t  changes in acyl t ransferase  
activities. These data suggest tha t  regulat ion of  
the desaturases is i n d e p e n d e n t  o f  that  o f  the 
t ransacylases and that  desatura t ion of  eico- 
sa t r i enoy l -phospha t idy lcho l ine  is regulated at 
the  level o f  the  desaturase i tself  and no t  by 
availability of  the  phosphol ip id  substrate.  

The data also suggest that  the  activity of  the  
m e m b r a n e - b o u n d  acyl t ransferase  is less sensi- 
tive to changes in the f luidi ty of  the  micro- 
somal membranes  than is tha t  of  the  desatu-  
rases. It was shown previously that  the  in- 
creased A9- and AS-desaturase activities in 
membranes  of  animals starved and  refed a fat- 
free diet could be correlated with decreased 
f luidi ty o f  m e m b r a n e  phosphol ip ids  as deter-  
mined  by fa t ty  acid unsa tura t ion  and fluores- 
cence polarizat ion of  parinaric acid probes  
(13,14).  It was also shown that  membranes  of  
starved animals that  have decreased A9- and no 
de tec tab le  A5- desaturase activities have in- 
creased f luidi ty of membrane  phosphol ip ids  
compared  to tha t  of  cont ro ls  (13). However ,  no 
di f ferences  were observed in acyl t ransferase  
activity in the  membranes  tha t  were previously 
shown to have ei ther  increased or decreased 
f luidi ty o f  m e m b r a n e  phosphol ip ids  compared  
to the  con t ro l  membranes .  

In addi t ion  to the  effect  o f  changes in the  
membrane  phosphol ip id  f luidi ty on desaturase 

activities repor ted  earlier (10-14),  o ther  fac tors  
also appear  to regulate the  activity of  these 
enzymes .  For  ins tance,  the  changes in desatu- 
rase activities observed on feeding diets  supple- 
men ted  with ei ther  corn oil or co co n u t  oil 
could no t  be explained by changes in mem- 
brane f luidi ty,  since the f luidi ty as de te rmined  
by double  bond  index did no t  differ for the  
two  diets. It may be that  in these long-term 
dietary studies,  as in those  repor ted  previously 
(26), s teady-state  m e m b r a n e  cond i t ions  had 
been reestablished.  Fur ther  s tudies including 
the  effect  of  inhib i tors  o f  prote in  synthesis  and 
physical  measurements  of  m e m b r a n e  fluidity 
will be needed to de te rmine  the  reason for the  
observed changes in desaturase activities in 
these animals. 
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High Field 13C Nuclear Magnetic Resonance Spectrum 
of the Olefinic Carbons of the Triglycerides of Palm Oil 

SOON NG w, Department of Chemistry. University of Malaya, Kua/a L umpur, Malaysia 

ABSTRACT 

In the triglycerides of palm oil (or any vegetable oil or fat), an unsaturated fatty acid (oleic or 
linoleic) attached to the 2-glycerol carbon can be distinguished from one attached to the 1- or 3- 
glycerol carbon by high (or medium) field ~3C nuclear magnetic resonance (NMR) analysis of the 
olefinic carbons. The chemical shift difference of the olet-mic carbons in the fatty acid chain is char- 
acteristic of the chain's glycerol position and can therefore be used to identify the glycerol position 
of an unsaturated fatty acid in the triglyceride. 
Lipids 19:56-59, 1984. 

INTRODUCTION 

The application of laC nuclear magnetic 
resonance (NMR) spectroscopy in quantitative 
analysis of the fatty acid composition of vege- 
table oils and fats has been developed by 
Shoolery (1). Structural identification of iipids 
using 13C NMR was reviewed by Klein and 
Kemp (2). Recently we have shown that, in 
triglycerides of vegetable oils, the nature of the 
fatty acids (whether saturated, monoene or 
diene), attached to the 1 , 3 - a n d  2-glycerol 
carbons, can be distinguished by the laC NMR 
spectrum of the carbonyl carbons of the fatty 
acids (3). We have also shown that the fatty 
acid composition of palm oil in terms of mole 
fractions of saturated, oleic and linoleic acids 
can be obtained expediently by 13C NMR 
analysis (4). In this paper, we show that the 
high field laC NMR spectrum of the olefinic 
carbons of fatty acids in the triglycerides of 
palm oil (or any vegetable oil or fat) can dis- 
tinguish between the unsaturated chains at- 
tached to the 1- and/or 3-glycerol carbons and 
those attached to the 2-glycerol carbon. 

EXPERIMENTAL 

The sample of palm oil used in this study 
was obtained from a local palm oil mill and was 
homogenized before use. Corn oil was obtained 
commercially as "Mazola" corn oil. The sample 
of cocoa butter was extracted from cocoa beans 
grown in Malaysia. Triolein was obtained from 
Sigma Chemical Co., St. Louis, MO. 

The high field 13C NMR spectra described in 
this work were recorded on the JEOL GX-400 

*To whom correspondence should be addressed. 

spectrometer operating at 100.4 MHz in the 
Fourier transform mode as mentioned in the 
Acknowledgments. The low field 13C NMR 
spectra were recorded on the JEOL FX-100 
spectrometer operating at 25.05 MHz in the 
Fourier transform mode in this laboratory. The 
experimental details are given in the figure 
captions. 

RESULTS AND DISCUSSION 

Palm oil is composed of triglycerides of fatty 
acids which are mainly palmitic, oleic, linoleic 
and stearic (5). The low field (25 MHz or less) 
proton noise decoupled 13C NMR spectrum of 
the olefinic carbons of the triglycerides of palm 
oil in CDCla solution (concentration 1:3, v/v) 
at 28 C, shows 2 peaks at 8 130.04 and 129.72 
for C-10 and C-9, respectively, of the oleic 
chain, and 4 peaks of lower intensity at 8 
130.21, 129.98, 128.16 and 127.98 for C-13, 
C-9, C-10 and C-12, respectively, of the linoleic 
chain. The C-9 peak of the linoleic chain ap- 
pears as a shoulder on the low frequency side of 
the C-10 peak of the oleic chain. In the low 
field spectrum, these peaks are slightly broad- 
ened and in favorable cases, under conditions of 
high resolution at 25 MHz, the oleic C-9 peak 
may be partially split and a shoulder may be 
observed on the linoleic C-10 peak. However, at 
medium or high field, each of these peaks is 
resolved into a pair of peaks of unequal inten- 
sity, with peak separations varying from 0.026 
to 0.008 ppm, as shown in Figure 1. 

In Figure 1, in each pair of closely spaced 
peaks, the higher intensity peak is assigned to 
the olefinic carbon of the fatty acid chain 
attached to the 2-glycerol carbon (designated 
as 2-chain), and the lower intensity peak to the 
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FIG. 1. High field (100.4 MHz) proton noise decoupled ~3C NMR spectrum of the olefinic carbons of the 
triglycerides of palm oil in chloroform-d solution (concentration 1:3 v/v) at 27 C. The assignment of the peaks is 
shown. The higher intensity peak (labeled 2) in each closely spaced pair belongs to the olefinic carbon of the 
fatty acid chain attached to the 2-glycerol carbon; the lower intensity peak (labeled 1,3) pertains to the chain 
attached to the 1- or 3-glycerol carbon. The chemical shifts of the peaks are (in order of the closely soaced 
pairs): 6 130.22, 130.21; 130.05, 130.03; 130.01, 129.98; 129.73, 129.71; 128.17, 128.16;and 127.99, 127.98. 
The spectrum was obtained with the following parameters: data points 16 K, spectral width 350 Hz, acquisition 
time 15.7l sec, pulse delay 2.0 sec, and pulse duration 9.0 t~sec (for 10 mm od sample tube). 

same olefinic carbon of  the chain that  is at- 
tached to the 1- or 3-glycerol carbon (desig- 
nated as 1,3-chains). This assignment is verified 
by examining the high field spectra o f  tr iolein 
and corn oil. The major fa t ty  acid c o m p o n e n t  
of  corn oil is l inoleic acid with the larger frac- 
t ion of  it a t tached to the 1,3-glycerol carbons 
(3). Thus, a high (or med ium)  field iaC NMR 
spect rum can distinguish the  olefinic carbons of  
the 2-chaih f rom those of  the 1,3-chains. Inte- 
gration of  the pair of  peaks for  C-9 of  the oleic 
chain and of  the  pair of  peaks for C-10 of  the  
linoleic chain, in a spectrum obta ined under 
suitable condi t ions  of  gated decoupl ing (sup- 
pressed nuclear Overhauser effect) ,  should per- 
mit  quant i ta t ive  analysis of  the unsaturated 

chains at tached to the 2 glycerol  posit ions 
( 1,4,6). 

In Figure 1, the chemical  shift  be tween a 
pair of  peaks becomes  smaller for  the  olefinic 
carbon nearer  to the methyl  end of  the fat ty  
acid chain;  i.e., in the  oleic chain, the magni- 
tude of  the peak separat ion is in the order:  
C-9 > C-10, and in the l inoleic chain the  order 
is: C-9 > C-10 > C-12 > C-13. Also, in the oleic 
chain, the peak for C-9 in the case of  the 2- 
chain appears at lower f requency than in the  
case of  the 1,3-chains; the reverse order holds 
for C-10. This high/ low f requency al ternat ion 
in the peak positions also occurs among the 
olefinic carbons of  the linoleic chain. In the 
oleic chain, the chemical  shift (A6) be tween 
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FIG. 2. High field (100.4 MHz) proton noise decoupled ~3C NMR spectrum of the olefinic carbons of the 
triglycerides of corn oil in chloroform-d solution (concentration 1:7, v/v) at 27 C. The spectrum is assigned as in 
Figure 1. Note the much higher intensity peaks for linoleic acid than for oleic acid. In each closely spaced pair, 
the higher intensity peak (labeled 1,3) pertains to the fatty acid attached to the 1- or 3-glycerol carbon and the 
lower intensity peak (labeled 2) pertains to that attached to the 2-glycerol carbon. The chemical shifts of the 
peaks are (in order of the closely spaced pairs): 6 129.92, 129.91; 129.75, 129.74; 129.70, 129.68; 129.44, 
129.41; 127.87, 127.85; and 127.69, 127.68. The spectrum was expanded from one obtained with the foUow- 
ing parameters: data points 64 K, spectral width 6002.4- Hz, acquisition time 2.73 sec, pulse delay 0.3 sec, and 
pulse duration 10 gsec (for 5 mm od sample tube in 10 mm probe). The tiny peaks present in the spectrum 
belong to trace amounts of unidentified components. 

C-10 and C-9 is 0.34 ppm in the case of  the 
2-chain and 0.30 ppm in the  case of  the 1.3- 
chains. In the  l inoleic chain for the C - 1 3 - C - 9  
group of  peaks, A~i = 0.24 and 0.20 ppm in the 
2-chain and 1,3-chains, respect ively;  for the 
C - 1 0 - C - 1 2  group, A8 = 0.19 and 0.17 ppm in 
the  2-chain and 1,3-chains, respectively.  Conse- 
quent ly ,  in tr iglycerides in which unsaturated 
fa t ty  acid chains are a t tached to only one of  
the  2 sets of  glycerol  carbons,  the chemical  
shift differences given above may  be used to 
de termine  the site of  a t t achment  of the chains. 
This is carried out  for cocoa but te r  (see below). 

The spect rum in Figure 2 for  corn oil re- 
sembles that  for palm oil in Figure 1, except  
that  in corn oil l inoleic acid is more  abundant  
than oleic acid. The higher intensi ty  peak in the 
pair for  each olefinic carbon shows that  more 

of  both  the  l inoleic and oleic acids are a t tached 
to the  1,3-glycerol carbons than to the 2-glyc- 
erol carbon (ratio ca. 1.3:1.0 for  l inoleic acid 
and ca. 2.5:1.0 for  oleic acid). 

Al though the  spec t rum in Figure 3 for cocoa 
but te r  was obtained at 25.05 MHz, the  sharp- 
ness of  the peaks clearly indicates that  they  are 
singlets. For  the 2 oleic acid olefinic carbons, 
the chemical  shift difference (A5)  is 0.34 ppm, 
and for l inoleic acid A5 = 0.24 and 0.20 ppm 
for the  C - 1 3 - C - 9  and C - 1 0 - C - 1 2  pairs, respec- 
tively. Comparing with the data deduced for 
the triglycerides of  palm oil, these A~ values 
show that  the oleic and l inoleic acids in the 
cocoa but ter  tr iglycerides are a t tached predomi- 
nant ly to the 2-glycerol carbon.  It is known 
that  the predominant  tr iglyceride in cocoa 
but ter  is sn-palmito-oleo-stearin (7). 
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T h e  r e s u l t s  d e s c r i b e d  h e r e  f o r  o l e f in i c  car-  
b o n s  s u p p l e m e n t  t h o s e  fo r  c a r b o n y l  c a r b o n s  in 
t r i g l y c e r i d e s  o f  f a t t y  a c i d s  r e p o r t e d  ear l ier  (3) .  
T h e  a d v a n t a g e s  o f  t h e  o l e f in i c  c a r b o n s ,  in  re-  
s p e c t  o f  e x p e r i m e n t a l  t i m e ,  a re  t h e i r  s h o r t e r  
sp in ,  l a t t i c e  r e l a x a t i o n  t i m e s  a n d  larger  n u c l e a r  
O v e r h a u s e r  e f f ec t .  

! I 

130 128 6/ppm 

FIG. 3. Proton noise decoupled ~3C NMR spec- 
t rum at 25.05 MHz of  the olefinic carbons of  the tri- 
glycerides o f  cocoa but ter  in chloroform-d solution 
(concentrat ion 3 mol %) at 28 C. The  high intensi ty 
peaks at 6 130.01 and 129.67 belong to C-10 and C-9, 
respectively, of  the oleic acid; the low intensity peaks 
at 6 130.19, 129.95, 128.09 and 127.89 belong to 
C-13, C-9, C-10 and C-12, respectively, o f  the  linoleic 
acid in cocoa butter.  The spect rum was obtained with 
the following parameters:  data points  8 K, spectral 
width 400 Hz, acquisition t ime 2.72 sec, pulse delay 
0.28 sec, and pulse angle 70 ~ 
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Lipids of Liver, Kidney, Spleen and Muscle in a Case 
of Generalized Deficiency of Cytochrome b s Reductase 
in Congenital Methemoglobinemia with Mental Retardation 

H A R U K O  H I R O N O  1 , University of GOteborg, Department of Neurochemistry, Psychiatric 
Research Centre, Sweden 

ABSTRACT 

The lipid compositions of liver, kidney, spleen and muscle in a case of generalized deficiency 
of eytoehrome b 5 reductase in congenital methemoglobinemia with mental retardation were analyzed 
and compared with age-matched controls. The contents of cholesterol and phospholipids (~mol/g) in 
each organ were within the normal range. Diminished proportions of unsaturated fatty acids were 
observed in ethanolamine phosphoglycerides (EPG) of the liver. The proportion of linoleic acid 
decreased to less than half of the normal level in EPG of liver, kidney and spleen. 
Lipids 19:48-55, 1984. 

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

As reported previously, there was a marked 
decrease in cerebrosides in white matter of the 
brain in a patient of generalized deficiency of 
cytochrome bs reductase in congenital meth- 
emoglobinemia with mental retardation (1). 
Lipid analysis also disclosed a lower level of 
linoleic acid and a higher level of palmitic acid 
in adipose tissue compared with the healthy 
control, showing that the patient continued 
to be in an underdeveloped condition (2). 

In this communication, data will be pre- 
sented on the lipids in liver, kidney, spleen, 
muscle and adrenals in the same patient. 

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

Autopsy materials and analytical procedure 
were described earlier (1,2). The samples from 
normals were analyzed in the same laboratory 
using techniques identical to those used in the  
analysis of the patient 's samples. 

RESULTS A N D  DISCUSSION 

Table 1 shows t he  contents of cholesterol 
and lipid phosphorus (umol/g) in liver, kidney, 
spleen, muscle and adrenals in the present case. 
There was no reduction in weight of the tissue 
organs. Lipid values were all within normal 
range, in contrast to a marked change in myelin 
lipids. Table 2 shows the fatty acid composi- 
tions of ethanolamine phosphoglycerides (EPG) 
and choline phosphoglycerides (CPG) in liver. 
The proportion of linoleic acid decreased 
to half of the normal level in EPG. Diminished 

1Present address: College of Medical Sciences, 
Tohoku University, Seiryo machi 2-1, Sendai 980, 
Japan. 

proportions of unsaturated fatty acids were 
observed only in EPG. There were no changes 
in arachidonic acid contents in either EPG or 
CPG. The fatty acid pattern of CPG was similar 
to that in normals, except for slightly higher 
palmitic acid and lower stearic acid values. 

Table 3 shows the fatty acid composition of 
EPG in kidney, spleen, muscle and adrenals. 
The proportion of linoleic acid decreased 
considerably, and that of arachidonic acid 
increased in kindney and spleen. The level of 
linoleic acid was normal, and arachidonic acid 
decreased in muscle EPG. Elevated levels of 
unsaturated fatty acids were observed in kidney, 
spleen and muscle EPG. Table 4 shows the 
fatty acid composition of CPG in these organs. 
An increased proportion of arachidonic acid in 
spleen and a slight decrease of linoleic acid in 
kidney and spleen were observed. Kidney CPG 
and liver CPG showed the same tendencies: 
higher palmitic acid and lower stearic acid 
levels, with no significant changes in arachi- 
donic acid and unsaturated fatty acid levels. 
The proportion of linoleic acid decreased and 
that of arachidonic acid was unchanged in 

TABLE 1 

Lipid Distribution in Liver, Kidney, Spleen, 
Muscle and Adrenals from a Patient with 

Generalized Deficiency of Cytochrome b s Reductase 

Cholesterol Lipid phosphorus 
(/zmol/g) 

Liver 12.87 42.25 
Kidney 5.61 26.68 
Spleen 12.63 19.72 
Muscle 1.82 15.64 
Adrenals 37.75 19.44 
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TABLE 2 

Fatty Acid Composition of EPG and CPG in Liver from a Patient with 
Generalized Deficiency of  Cytochrome b 5 Reductase and from Normals 

61 

Ethanolamine phosphoglycerides Choline phosphoglycerides 

Patient Normal Normal Patient Normal Normal 
(33m) (36m) (18m) (33m) (36m) (18m) 

1 6 : 0  22.0 19.2 19.0 37.5 28.4 28.9 
16:1 0.8 1.2 2.0 3.2 2.8 3.1 
18:0 32.0 27.3 24.2 9.7 19.4 19.7 
18:1 11.7 8.5 12.4 22.2 19.2 20.1 
18:2(n-6) 5.0 11.1 i 1.2 10.7 12.8 12.5 
18: 3(n-3) 1.1 0.7 1.5 0.9 0.7 1.2 
20:3(n-9) 0.2 0.2 0.5 
20:3(n.6) 1.5 2.7 1.2 2.1 3.1 1.9 
20:4(n-6) 14.5 13.9 I 6.1 8.2 8.3 8.2 
20:5(n-3) 0.4 1.0 0.4 0.3 
22:4(n-6) 0.7 1.9 I. 1 0.3 0.3 0.3 
22:5(n-6) 1.2 0.9 0.7 0.4 0.3 0.3 
22:5(n-3) 2.6 1,2 2.4 1.3 0.7 0.9 
22:6(n-3) 9.7 I 1.1 7.2 3.4 3.6 2.3 

Unsaturated 46.0 53.5 56.8 52.8 52.2 51.4 

Values are molar percentages of fatty acid methyl esters. 

TABLE 3 

Fatty Acid Composition of  EPG in Kidney, Spleen, Muscle and Adrenals from a 
Patient with Generalized Deficiency of Cytochrome b s Reductase and from Normals 

Kidney Spleen Muscle Adrenals 

Patient Normal Patient Normal Patient Normal Patient 
(2y9m) (3y) (2y9m) (3y) (2y9m) (5-55y) a (2y9m) 

1 6 : 0  12 .7  15 .4  4 . 9  7 .4  3 .7  2 .4  13 .4  
1 6 : 1  1.0 1.2 0 .5  1 .0  0.9 0.5 1.5 
18:0 16.5 19.3 16.4 19.0 21.5 29.8 23.3 
18:1 20.2 20.4 13.2 18.0 12.4 7.5 22.8 
18:2(n-6) 4.5 9.7 1.7 4.7 20.2 19.6 7.3 
18:3(n-3) 1.0 0.9 0.8 1.4 1.3 1.2 
20:3(n-9) 0.1 0.1 
20:3(n-6) 1.1 1.7 2.2 2.2 3.6 1.7 3.1 
20:4(n-6) 37.4 26.0 37 ~ 29.5 25.8 31.5 20.6 
20 : 5 (n-3) 1.0 0.2 
22:4(n-6) 1.4 1.2 8.5 7.5 2.3 3.3 
22 : 5 (n-6) 0.6 1.5 0.7 1.4 1.6 
22 : 5(n-3) 1.1 0.6 7.3 3.9 3.9 1.6 
22:6(n-3) 2.6 2.6 6.1 4.5 3.1 6.9 1.5 

Unsaturated 70.8 65.3 78.7 73.6 74.8 67.8 

Values are molar percentage of  fatty acid methyl esters. 
aReference 3. 

musc le  CPG. The  o p p o s i t e  e f fec t s  were  o b s e r -  
ved in musc l e  EPG,  w h i c h  s h o w e d  a dec rease  in 
a r a c h i d o n i c  acid and  n o  change  in l inoleic acid.  

A m a r k e d  r e d u c t i o n  o f  l inoleic  acid to  less 
t h a n  ha l f  o f  t he  n o r m a l  level was  obse rved  in 
ad ipose  t i s sue  t r ig lycer ide  as well  as in EPG o f  
liver, k i d n e y  a n d  sp leen .  T h e  change  in f a t t y  
acid c o m p o s i t i o n ,  s h o w i n g  a l ower  level o f  
l inoleic acid and  a n o r m a l  level o f  a r ach idon ic  

acid,  was  c o m m o n  in liver EPG and  in CPG o f  
k i d n e y  and musc le .  Since a p r o n o u n c e d  in- 
crease in c o n c e n t r a t i o n  o f  l inoleic  acid in CPG 
w i t h  age t akes  place in h u m a n  skeleta l  musc l e  
du r ing  the  ear ly  pe r iod  o f  g r o w t h  (3 ,4) ,  t he  
r e su l t s  o b t a i n e d  in musc le  lipid s h o w  t h a t  t h e  
pa t i en t  was  in an  u n d e r d e v e l o p e d  s ta te .  T h e r e  
was  no  change  in a r ach idon ic  acid level in 
musc l e  CPG.  The  a r ach idon ic  acid level is 
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TABLE 4 

Fatty Acid Composition of CPG in Kidney, Spleen, Muscle and Adrenals from 
a Patient with Generalized Deficiency of Cytochrome b s Reductase and from Normals 

Kidney Spleen Muscle Adrenals 

Patient Normal Patient Normal Patient Normal Patient 
(2y9m) (3y) (2y9m) (3y) (2y9m) (5-55y) a (2y9m) 

16:0 35.5 29.3 44.6 44.3 29.5 29.8 30.9 
16:1 2.9 2.0 3.0 2.9 4.5 2.2 3.4 
18:0 9.3 17.1 11.5 15.3 7.5 9.4 13.3 
18:1 29.7 24.9 19.7 19.1 21.2 14.0 25.8 
18:2(n-6) 9.3 14.3 3.8 5.1 29.1 37.8 9.2 
18:3(n-3) 0.9 0.g 0.8 1.2 0.6 1.0 
20:3(n-9) 0.1 
20:3(n-6) 1.8 2.7 2.0 1.8 1.5 1.1 3.7 
20:4(n-6) 9.0 7.6 1.9 6.2 4.4 4.8 9.8 
20:5(n-3) 0.2 
22:4(n-6) 0.4 1.2 1.7 0.4 1.0 
22:5(n-6) 0.2 0.1 0.2 
22:5(n-3) 0.7 0.2 1.1 0.9 0.8 0.9 
22:6(n-3) 0.5 0.9 0.5 1.2 0.3 0.9 0.5 

Unsaturated 55.2 53.6 43.9 40.4 63.0 60 .8  

Values are molar percentages of fatty acid methyl esters. 
aReference 3. 

in f luenced  m o r e  m a r k e d l y  b y  t h e  d ie t a ry  level 
of  essent ia l  f a t t y  acids t h a n  t h e  level o f  l ino le ie  
acid in essential  f a t t y  acid de f ic ien t  ra ts  (5). 
The  change  in f a t t y  acid c o m p o s i t i o n  in t h e  
p resen t  case, t he re fo re ,  c a n n o t  be exp la ined  
s imply  by  a def ic iency  in n u t r i t i o n a l  supp ly  
of  essent ia l  f a t t y  acids. 

Some  of  the  c i rcula t ing essent ia l  f a t t y  acids 
w*fll be  i nco rpo ra t ed  in t he  l ipids of  cellular 
m e m b r a n e s ,  so t ha t  there  migh t  be  some  
cor re la t ion  b e t w e e n  m e m b r a n e  t r a n s p o r t  and  
d i sorder  of  f a t t y  acid m e t a b o l i s m  in k i d n e y  and  
spleen as well  as in bra in .  There  was on ly  a 10% 
r e d u c t i o n  of  u n s a t u r a t e d  f a t t y  acids in liver 
EPG a m o n g  organ  lipid f rac t ions .  Brain  sphingo-  
l ipid f rac t ions  in the  pa t i en t  also s h o w e d  a 10% 
r e d u c t i o n  of  m o n o e n e s .  The  in f luence  of  gener-  
al ized def ic iency  of  c y t o c h r o m e  bs  r educ tase  
was u n e x p e c t e d l y  slight,  if  we cons ider  t h a t  
the  e n z y m e  is involved in de s a t u r a t i on  of  
f a t t y  acids (6-8).  There  is p r o b a b l y  a bypass  
for  de sa tu r a t i on  of  f a t ty  acids. Genera l ized  
def ic iency  of  th is  e n z y m e  in t he  p resen t  case 
did n o t  in f luence  the  de s a t u r a t i on  or chain  
e longa t ion  needed  for  the  synthes i s  of  20 :4  
(n-6)  or  22 :6 (n -3 ) .  Unl ike  the  case of  essen- 
t ial  f a t t y  acid def ic iency ,  in  wh ich  the  p r o p o r -  
t ions  of  the  l inolenic  acid series were r educed  
more  t h a n  those  of  the  l inoleic acid series (9) ,  
t he re  was no  change in 22 :6 (n -3 ) ,  wh ich  
always c o n s t i t u t e d  more  t h a n  two- th i rds  of  
th is  series in  liver phosphog lycer ides .  

Summar iz ing  all t he  resul ts ,  t he re  was o n l y  a 

10% r e d u c t i o n  in m o n o e n e s  of  b ra in  sphingo-  
l ipids and  in u n s a t u r a t e d  f a t t y  acids in liver 
EPG and  adipose  tissue. The  p r o p o r t i o n  of  
l inoleic acid decrease  to  less t h a n  hal f  of  t he  
n o r m a l  in EPG of  liver, k idney ,  spleen,  and  in 
adipose  t r iglyceride.  The  mos t  severe in f luence  
of  th is  e n z y m e  def ic iency  appea red  in a quan t i -  
ta t ive  r e d u c t i o n  of  cerebros ide  c o n t e n t  to  less 
t h a n  ha l f  o f  the  n o r m a l  level. Genera l ized  
def ic iency  of  c y t o c h r o m e  bs r educ tase  migh t  
have in f luenced  r e d u c t i o n  of  d e s a t u r a t i o n  and  
h y d r o x y l a t i o n  w h i c h  led to  a r educed  ne rvon ic  
acid level and  to  a r educed  a m o u n t  of  h y d r o x y  
f a t t y  acids,  since th is  e n z y m e  sys tem is involved 
in de sa tu r a t i on  of  f a t t y  acid and  in h y d r o x y l a -  
t ion  (10) .  The  r e d u c t i o n  o f  cerebros ides  migh t  
have caused a decrease  in m y e l i n a t i o n ,  resul t ing  
in m e n t a l  r e t a rda t ion .  

AC KNOWLEDGM ENTS 

This work was supported in part by financial aid 
from the Japanese Education Ministry. The work was 
done in Prof. L. Svennerholm's Laboratory, Univer- 
sity of GOteborg, Department of Neurochemistry, 
Psychiatric Research Centre, Sweden. Autopsy 
materials from the patient were offered by Prof. J.C. 
Kaplan, Institute de Pathologie Moleculaire, Universite 
de Paris, France. 

REFERENCES 

1. Hirono, H. (1980) Lipids 15, 272-275. 
2. Hirono, H. (1983) Tohoku J. Exp. Meal. 140, 

391-394. 

LIPIDS, VOL. 19, NO. 1 (1984) 



COMMUNICATIONS 63 

3. Bruce, A. (1974)J .  Lipid Res. 15, 109-113. 
4. Bruce, A., and Svennerhoim, L. (1971)Biochem.  

Biophys. Acta 239, 393-400. 
5. Ailing. C., Bruce, A., Karlsson, I. and Svenner- 

holm, L. (1974) Nutr.  Metabol. 16 ,249-259.  
6. Holloway, P.W., and Katz, J.T. (1972) Biochemi- 

stry 11, 3689-3696. 
7. Lee, T., Baker, R.C., Stephens,  N., and Snyder,  

F. (1977). Biochem. Biophys. Acta 489,.25-31. 

8. Okayasu,  T., Ono, T., Shinojima, K., and lmai,  Y. 
(19"77) Lipids 12 ,267-271.  

9. Ailing, C., Bruce, A., Karlsson, I., and Svenner- 
holm,  L. (1976) Nutr. Metabol. 20 ,440-451 .  

10. Ozols, J. (1976) Ann.  Clin.. Res. 8 Suppl. 17, 
182-192. 

[ R e c e i v e d  A u g u s t  2 9 ,  1983  ] 

LIPIDS. VOI.. 19, NO. I (1984) 



64 

A Unique Lipid Pattern Associated with the Gall Bladder Bile 
of the Chick Embryo 

R.C. NOBLE*  and K. CONNOR,  Hannah Research Institute. University of Glasgow, Ayr 
KA6 5HL, Scotland 

ABSTRACT 

A study has been made of the lipid and fatty acid composition of the gall bladder bile of the chick 
embryo during the last week of incubation. The lipids and their fatty acid composition showed a 
unique pattern when compared to other animal species. Of the total lipid present, phospholipid ac- 
counted for less than half, and there were substantial proportions of both cholesteryl ester and trigly- 
eeride. In the cholesteryl ester, the proportion of which increased significantly over the last week of 
incubation, there was a very high level of oleic acid. The phospholipid contained a high level of arachi- 
donic acid. The results are discussed in relation to observations on the biliary lipids of other animal 
species and the major features of the lipid metabolism of the chick embryo during the last week of 
incubation. 
Lipids 19:64-67, 1984. 

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

In mammalian species, the function of the 
bile as a vehicle for the excretion and turnover 
of lipids, in particular cholesterol and phos- 
pholipids, is well decumented (1,2). Indeed, 
phospholipid, mainly phosphatidylcholine, and 
free cholesterol account for virtually all the 
lipid of the bile, phospholipid comprising ca. 
90% of the total and free cholesterol ca. 10% 
(1-4). The presence of only phosphatidyl- 
choline within the bile is difficult to reconcile 
with the lipid composition of the suggested 
source of the bile lipids, namely, the plasma 
membranes of the cells lining the canaliculi. 
The possibility of specific pools of lipids within 
the liver which are destined for biliary secretion 
has therefore been suggested. The development 
of the chick embryo, displaying as it does a 
predominance on lipid metabolism during the 
intense period of growth over the last week of 
incubation (5-7), is associated with a unique 
pattern of liver lipid composition (6-8). A 
progressive accumulation of esterified choles- 
terol occurs in the liver such that just before 
hatching, cholesteryl esters account for up to 
80% of the total lipid present and 30% of the 
total liver dry matter. Furthermore, the choles- 
teryl esters have an extremely high content of 
oleic acid which accounts for 70-75% of the 
total fatty acids present (6,8). Under the 
influence of this distinctive liver lipid composi- 
tion, it appeared possible that changes to 
accepted bile lipid patterns might also occur. 
The results of a study to investigate this possi- 
bility are reported here. 

*To whom correspondence should be addressed. 

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

Embryos were excised at the 13th, 15th, 
17th and 19th days of incubation from fertile 
eggs which had been obtained from a flock of 
9-month old hens kept on deep litter and which 
had received a conventional compound diet. 
The gall bladders were removed as quickly as 
possible after death and extracted in chloro- 
form/methanol (2:1, v/v) acidified with hydro- 
chloric acid (9); preliminary investigations had 
ascertained that the lipid patterns obtained 
from the complete gall bladder were identical 
to those of the contents. Extensive care was 
exercised to remove any contaminating tissue 
from the gall bladder. To derive sufficient 
material for representative analysis, it was 
necessary to pool the gall bladders obtained 
from a minimum of 8 embryos for each deter- 
mination. The major neutral and phospholipid 
fractions were separated by established thin 
layer chromatographic techniques with known 
standards, as described in detail elsewhere (10). 
Quantification of the major lipid classes follow- 
ing their separation by thin layer chromato- 
graphy was by the method described by Shand 
and Noble (11), involving charring and densi- 
tometry using a liquid scintillation counter. 
The methyl ester derivatives of the major 
fatty acids contained in the lipid classes were 
prepared by transmethylation by refluxing in 
the presence of dry methanolic hydrochloric 
acid (10) and were quantified by gas liquid 
chromatography on packed columns of 15% 
EGSS-X on Gas-Chrom P (180 C; carrier gas 
flow, 60 ml/min). For comparative purposes, 
similar analyses were also conducted on gall 
bladder bile of the rabbit and the sheep. 

L I P I D S ,  VOL. 19, NO. I (1984) 
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TABLE 1 

The Lipid Compositions (Weight Percentage of Total Lipid) of G',dl 
Bladder Bile from the Chick Embryo, Rabbit and Sheep a 

65 

Chick embryo 

Day 13 Day 1S Day 17 Day 19 Rabbit Sheep 

Cholesteryl ester 16.9 • 1.25 19.2 + 1.16 21.5 • 0.46 29.6d• 0.13 tr tr 
Triglyceride 18.9 -+ 1.04 25.3 • 2.12 20.5 • 1.07 12.1b~ 1.93 tr tr 
Free fatty acid tr tr tr tr tr tr 
Free cholesterol 17.3 • 0.52 14.6 • 1.27 17.3 + 0.47 18.1 _+ 0.34 12.3 • 0.28 S.97 -+ 0.43 
Phosphollpid 46.9 • 1.78 40.8 • 2.05 40.7 • 1.50 40.3b• 2.30 87.5 • 1.01 93.9 • 0.58 

aEach result is the mean • SE of 4 observations. 
b,c,dsignificantly different from result at day 13 of incubation at P<0.05, P<0.01, P<0.001, respec- 

tively. 
tr = trace (<0.5%). 

TABLE 2 

The Fatty Acid Compositions (Major Fatty Acids, Weight Percentage of Total) of the 
Phospholipids in Gall Bladder Bile from the Chick Embryo, Rabbit and Sheep a 

Chick embryo 

Day 13 Day 15 Day 17 Day 19 Rabbit Sheep 

Palmitic 33.7 • 0.63 18.9 -+ 4.37 30.5 • 1.57 22.4b-+ 3.48 29.5 -+ 3.09 35.5 -+ 1.11 
Palmitoleic 2.11 • 0.21 tr tr tr 3.4 • 0.54 1.8 • 0.15 
Stearic 19.4• 19.9• 1.98 21.3+ 1.17 24.9~- 0.32 14.0• 16.9+-0.58 
Oleic 25.7• 24.9-+0.16 18.4 + 1 .71  12.7c~_1.01 20.8-  + 1.10 30.3• 
Linoleic 6.05 • 1.02 9.85 • 2.19 14.3 • 0.76 22.5d~ 1.09 23.7 • 3.22 8.76 + 0.37 
Linolenic tr tr tr tr 1.6 -+ 0.27 1.21 • 0.07 
Arachidonic 15.7 + 1.56 13.9 • 4.07 15.6 + 1.95 17.8 • 4.52 3.18 + 0.41 5.46 + 0.45 

aEach result is the mean • SE of 4 observations. 
b,c,dsignificantly different from result at day 13 of incubation at P<0.05, P<0.01, P<0.001, respec- 

tively. 
tr = trace (<0.5%). 

RESULTS 

The d is t r ibut ions  (weight  percentages  of  the  
to ta l  lipid) o f  the  major  lipid f rac t ions  present  
in the  bile o f  the  chick e m b r y o  during the  
last week o f  incuba t ion  and the  biles f rom the  
rabbi t  and sheep are given in Table 1. As can 
be seen,  in the  bile o f  the  rabbi t  and sheep 
phosphol ip id  was by  far the  major  lipid com-  
ponen t  present ,  wi th  free choles terol  the  on ly  
o the r  lipid of  significant p ropor t ion .  In con-  
t ras t ,  phosphol ip id  accoun ted  for  less than  
half  o f  the  to ta l  lipid present  in the  chick 
e m b r y o  bile over the  last week of  incuba t ion .  
As well as free choles terol ,  substant ial  amoun t s  
o f  b o t h  choles tery l  ester  (up to  30% of  to ta l  
l ipid) and tr iglyceride (up to 25% o f  to ta l  
l ipid) were also present .  During the  last week 
o f  incuba t ion ,  the  p r o p o r t i o n  o f  the  choles tery l  
esters  increased significantly while there  was a 
c o n c o m i t a n t  r educ t ion  in the  p ropo r t i on  of  
t r iglyceride.  The p ropor t ions  of  free choles- 

terol  and phosphol ip id  remained  virtually 
unchanged  over  the  last week of  incubat ion .  
In all the  biles, phospha t idy lcho l ine  cons t i tu t ed  
the  principal  c o m p o n e n t  (>95%)  of  the  phos-  
phol ipid  f ract ion.  

Table 2 shows the  concen t ra t ions  (weight  
percentages  of  the  to ta l )  o f  the  major  long- 
chain fa t ty  acids associated wi th  the  p h o s p h o -  
lipid f rac t ion  o f  the  biles. In each case, palmit ic  
and stearic acids accoun ted  for  ca. 50% o f  the  
tota l  f a t ty  acids present .  In contras t  to  the  
rabbi t  bile in which  there  was a substant ial  
level o f  l inoleic acid present  and a lower  pro-  
po r t i on  of  oleic acid, there  was a relatively 
low level o f  l inoleic acid in the  sheep bile. The 
phospho l ip id  o f  the  chick e m b r y o  bile also 
conta ined  a high p ropo r t i on  o f  linoleic acid 
but ,  unlike that  o f  the  rabbi t  and sheep,  there  
was also a high p ropo r t i on  o f  arachidonic  acid. 
During the  last week of  incuba t ion ,  the  pro-  
por t ion  of  oleic acid in the  biliary p h o s p h o -  
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TABLE 3 

The Fatty Acid Compositions (Major Fatty Acids, Weight Percentage of Tatal) of the 
Cholesteryl Esters of Gall Bladder Bile from the Chick Embryo a 

Day 13 Day 15 Day 17 Day 19 

Palmitic 29.7 + 1.26 17.2 + 2.30 16.2 -+ 1.26 4.73 -+ 0.14 d 
Palmitoleic 3.70 + 0.62 1.59 -+ 0.38 1.64 + 0.11 tr d 
Stearic 17.5 + 0.63 15.2 +- 2.68 11.3 + 1,80 5.09 +- 0.19 d 
Oleic 38.5 + 3.77 61.2 +- 2.05 64.6 -+ 3.23 75.3 -+ 0.58 d 
Linoleic 9.00 + 1.72 5.83 -+ 1.60 7.88 -+ 0.98 14.7 + 0.52 e 

aEach result is the mean _+ SE of 4 observations. 
b,c,dsignifieantly different from result at day 13 of incubation at P<0.05, P<0.01, 

P<0.001, respectively. 
tr = trace (<0.5%). 

TABLE 4 

The Fatty Acid Compositions (Major Fatty Acids, Weight Percentage of Tatal) of the 
Triglycerides of Gall Bladder Bile from the Chick Embryo a 

Day 13 Day 15 Day 17 Day 19 

Palmitic 29.8 -+ 2.04 26.0 -+ 0.61 32.3 + 2.49 28.0 + 2.67 
Palmitoleic 2.00 -+ 0.41 2.58 -+ 0.66 tr tr 
Stearic 14.7 -+ 0.54 14.6 + 0.85 18.5 + 0.99 19.1 -+ 1.55 c 
Oleic 45.2 :t 3.55 50.1 + 0.92 43.7 + 1.24 42.3 + 3.14 
Linoleic 7.91 -+ 0.41 6.68 + 0.57 5.53 -+ 0.66 10.6 +- 2.31 b 

aEach result is the mean -+ SE of 4 observations. 
b,c,dSignificantly different from result at day 13 of incubation at P<0.05, P<0.01, 

P<0.001, respectively. 
tr = trace (<0.5%). 

lipid of  the  chick embryo  d iminished signi- 
f icant ly  and the  p r o p o r t i o n  of  linoleic acid 
increased.  

The fa t ty  acid compos i t ions  (weight  per-  
centages of  the  to ta l  f a t ty  acids presen t )  in 
the  choles teryl  ester  and t r iglyceride f rac t ions  
o f  the  chick em bryo  bile during the  last week 
o f  incuba t ion  are given in Tables 3 and 4, 
respect ively.  As can be seen,  the  choles teryl  
esters associated wi th  the  bile over the  last 
week of  incuba t ion  was accoun ted  fo r  largely 
by  the  secre t ion  of  choles tery l  oleate ,  such tha t  
by  the  19th day of  incuba t ion  ca. 75% of  the  
to ta l  fa t ty  acids associated wi th  the  choles tery l  
esters was oleic acid. Oleic acid was also the  
major  fa t ty  acid present  in the  tr iglyceride 
f rac t ion ,  bu t  at a level m u c h  lower  than  tha t  
wi th in  the  choles teryl  esters. 

DISCUSSION 

The results ob ta ined  in the  present  investiga- 
t ions  for  the  lipid and f a t t y  acid compos i t i ons  
of  rabbi t  and sheep bile con fo rmed  to  the  
pa t t e rns  already establ ished for a range of  

o t h e r  animal species (3,4,12,13) .  However ,  it is 
clear tha t  the  biliary lipids o f  t he  chick emb ry o  
differ  qui te  substant ia l ly  f rom these establ ished 
pat terns .  The major  po in t s  o f  d i f ference  were 
the  presence  o f  large quant i t ies  o f  b o t h  choles-  
te ry l  esters and tr iglycerides,  f rac t ions  wh ich  
are no tab ly  absent  f rom the  bile o f  o the r  
species,  and the  p r edominance  of  oleic acid 
wi thin  the  choles tery l  ester  f rac t ion .  

The appearance of  substant ia l  quant i t ies  
o f  choles teryl  oleate in the  bile o f  the  chick 
e m b r y o  during the  last week of  incuba t ion  
parallels the  extensive  accumula t ion  o f  choles- 
te ry l  oleate wi th in  the  liver o f  the  chick em- 
bryo  over this per iod ,  such tha t  it becomes  the  
most  abundan t  lipid in the  liver (6-8). As a 
result  o f  recent  invest igat ions (14), it has 
b e c o m e  clear tha t  the  choles tery l  o leate  ori- 
ginates f rom synthesis  in the  yolk  sac m e m -  
brane  where  it plays a vital role in the  up take  
and subsequent  assimilat ion of  some 6-8 g 
o f  yolk  lipid by  the  e m b r y o  during the  last 
week of  incuba t ion .  The subsequen t  depos i t ion  
and accumula t ion  o f  the  choles tery l  oleate  in 
the  liver represents  the  ful f i l lment  of  this role.  
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It is not  possible to associate the  presence of  
substantial  quant i t ies  o f  tr iglyceride in the bile 
o f  the chick embryo  with any comparable  
composi t ional  change in the  embryo  liver. 
Certainly,  the  a m o u n t  o f  tr iglyceride absorbed 
by the chick embryo  during the  last week of  
incubat ion  is large, amount ing  to ca. 4 g (5,6), 
but  t r iglyceride levels in the  liver do not  rise 
and by the  end of  incubat ion  they  account  for 
no more  than 2% of the to ta l  lipid present 
(6,8,15). However ,  recent  prel iminary investiga- 
t ions of  the  biliary lipid compos i t ion  o f  the 
chicken (Noble and Conner ,  unpublished ob- 
serbations) have shown that ,  a l though there is 
a rapid d iminut ion  in the  levels of  cholesteryl  
ester af ter  hatching,  the  triglycerides remain as 
an impor tan t  c o m p o n e n t  of  the  bile in bo th  the 
immature  and mature  bird. The substantial  
amounts  of  cholesteryl  ester in the  bile of  the 
embryo ,  therefore ,  may  represent  a transient 
feature imposed by an except ional  liver lipid 
compos i t ion  and may represent  a mechanism 
through which the hepatic  accumula t ion  of  
choles teryl  ester is reduced.  Similarly,  the  
presence o f  tr iglyceride in the bile in the ma- 
ture bird may  represent  a mechanism for  con- 
troll ing the hepat ic  level of  t r iglyceride parti-  
cularly in the laying bird. Whereas in o ther  
animal species, it is probable that  extensive 
recycling of  biliary lipid occurs,  ei ther through 
direct  reabsorpt ion  of  intact  phospho l ip idsor  
reacylat ion of  the lyso derivative (16,17),  
the  fate o f  the biliary lipids secreted by the 
chick e m b r y o  remain unknown.  

The presence of  a high p ropor t ion  o f  ar- 
achidonic  acid in the biliary phosphol ipid  of  
the chick embryo  is similar to the  findings for 
the rat,  pig and dog (12,13). However ,  in spe- 
cies o ther  than ruminants  (4), l inoleic acid 
comprises the principal biliary unsaturated 
fa t ty  acid. The accumula t ion  of  high levels of  
arachidonic  acid, in associat ion with the  phos- 
phol ipid fract ion,  has also been shown to be 
a feature of  lipid metabol ism of the chick 
embryo  liver during incubat ion  (18). In the 
absence of  substantial  quant i t ies  of  arachidonic 
acid in the  lipids of  the  yolk (19), the presence 
of  an act ive desaturase system in the  embryon ic  
tissues is implicated.  

In all animal tissues so far studied,  it is well  
k n o w n  that  the bile plays an impor tan t  role in 
cholesterol  excret ion (1,2). F rom the present 

investigations,  it appears that ,  as a result of  
unusual  lipid accumula t ion  in the liver, in the 
chick embryo  and also probably  the mature  
bird, bile also provides a pa thway for the 
excre t ion  of  o ther  lipid metaboli tes.  The impor-  
tance  of  such a pa thway in lipid homeostasis  
under  o ther  abnormal  lipid metabol ic  condi-  
t ions may therefore  deserve considerat ion.  
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A Nuclear Magnetic Resonance Spectroscopic 
Investigation of the Headgroup Motions 
of Lysophospholipids in Bilayers 

W. W U  ~ , F .A .  S T E P H E N S O N ' ,  J.T. M A S O N  and C. H U A N G * ,  Department of Biochemistry 
and Biophysics Program, University of Wrginia School of Medicine, Charlottesville, VA 
22908 

A B S T R A C T  

Fully hydrated lysophospholipids in both the gel and the liquid crystalline states have been shown 
to exhibit negative phosphorus chemical shift anisotropies (Aa) by 31p nuclear magnetic resonance 
(NMR). The magnitude of Aa for monoacyl lysophospholipids is found to be smaller than that of the 
corresponding diacyl phosphospholipids in bilayers by about a factor of two. We present evidence to 
suggest that the reduction in Aa can be attributed primarily to an additional motional averaging of the 
lysophospholipid headgroup, and the additional motion can best be explained by rapid rotational 
motions of the headgroup about the C(1)-C(2) glycerol bond. 
Lipids 19:68-71, 1984. 

31p NMR spectroscopy has been recently 
employed to characterize the conformational 
and motional properties of phospholipids in 
bilayers and biomembranes (1,2). Most of the 
31p nuclear magnetic resonance (NMR) studies 
have been carried out with diacyl phospho- 
lipids. For instance, the 31p NMR powder spec- 
trum of diacyl phosphatidylcholine liposomes 
exhibits a negative chemical shift anisotropy 
(Ao) which is characterized by a high-field peak 
with a broad low-field shoulder. This resonance 
shape arises from axial rotation of the head- 
groups in bilayers which results in the motional 
averaging of the anisotropic chemical shift 
tensor to a pseudoaxiaUy symmetric one (3); 
the 31p NMR spectrum exhibiting this reso- 
nance shape is often called a "bilayer" type 
spectrum. The negative chemical shift aniso- 
tropy of the axial symmetric spectrum for 
diacyl phosphatidylcholines in the liquid crystal- 
line state is ca. 40-50 ppm (4), whereas in the 
gel state it is ca. 55-69 ppm (5). The decrease in 
the absolute value of Ao for diacyl phospho- 
lipids in going from the gel to the liquid-crystal- 
line state has been attributed to the onset of an 
additional motion of the diacyl phospholipid 
molecule accompanying the gel --> liquid- 
crystalline phase transition (6). Specifically, 
this additional motion is assigned to the wob- 
bling of the headgroup with rapid rotation 
about the C(2)-C(3) axis of the glycerol back- 
bone coupled with conformational transitions 
of the phosphocholine group (6,7). 

1present address: Department of Biological Sci- 
ences, Carnegie-Mellon University, Pittsburg, PA 
15213. 

*To whom correspondence should be addressed. 

Recently, it has been shown that fully hy- 
drated lysophosphatidylcholines in the inter- 
digitated gel state exhibit a "bilayer" type 
31p NMR spectrum (8,9). Interestingly, the 
chemical shift anisotropy of the lysophospho- 
lipid lameUa (30-40 ppm) is significantly 
smaller than that of the diacyl phospholipid 
bilayer in the noninterdigitated gel state, 
indicating a considerable additional motional 
averaging of the phosphorus chemical shift 
anisotropy and/or a conformational change of 
the headgroup (4,9). In this communication, we 
present a molecular model involving the bond 
rotation between theC(1)  and the C(2) atom of 
the glycerol backbone of monoacyl lysophos- 
~lholipids which may explain the characteristic 

P chemical shift anisotropy of monoacyl 
lysophospholipids in the lamella. 

3Ip NMR powder spectra of egg phospha- 
tidylcholine dispersions and egg lysophospha- 
tidylcholine/cholesterol (1:1 molar ratio)codis- 
persions obtained at room temperature are 
shown in Figure I. It is observed that the 31p 
NMR spectrum of egg lysophosphatidylcholine/ 
cholesterol dispersions has the shape of a "bi- 
layer" type signal superimposed on an isotropic 
peak. This composite spectrum suggests that 
egg lysophosphatidylcholine and cholesterol 
form large bilayer structures with some residual 
lysophospholipid micelles and/or small mixed 
lipid vesicles in the 1:1 lysophosphatidylcho- 
line/cholesterol dispersion. The observation of a 
"bilayer" spectrum is consistent with the con- 
clusion drawn from X-ray diffraction and 
calorimetric studies on lysophosphatidylcho- 
line/cholesterol complexes (10,11). An impor- 

31 tant feature shown in Figure 1 is that the P 
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chemical shift anisotropy of egg phosphatidyl- 
choline dispersions (47 ppm) in the liquid 
crystalline state is considerably larger than that 
of egg lysophosphatidylcholine/cholesterol dis- 
persions (25 ppm); this is also the case in the 
liquid crystalline state. Recently, AUegrini et al. 
(4) reported that the 31p chemical shift anisot- 
ropy of dipalmitoylphosphatidylcholine disper- 
sions is larger than that of 1-palmitoyllysophos- 
phatidylcholine/palmitic acid codispersions. 
For instance, at a temperature (40 C) near the 
transition temperature, the ratio of the chemi- 
cal shift anisotropy for the two systems is 1.8 
(4), which is virtually identical to the relative 
value (1.9) observed for egg phosphatidylcho- 
line and egg lysophosphatidylcholine/choles- 
terol dispersions (Fig. 1). Clearly, alp NMR 
spectra of various bilayer systems containing 
monoacyl lysophosphatidylcholines in either 
the gel or the liquid crystalline state display a 
reduced Ao in comparison with the correspond- 
ing diacyl phosphatidylcholine bilayers. 

To demonstrate that the reduction in Ao 
for lamellar lysophosphatidylcholines is a gen- 
eral characteristic for all lysophospholipid 
molecules in bilayers, we have carried out 
cordparative alp NMR studies on lysophospha- 
tidylethanolamine and diacyl phosphatidy1- 
ethanolamine dispersions. Figure 2 shows the 
alp NMR spectra of 1-palmitoyllysophospha- 
tidylethanoamine and dipalmitoylphosphatidyl- 
ethanolamine dispersions recorded at a com- 
mon reduced temperature, which corresponds 
to 42 C below the 57 C gel lamellar ~ micellar 
transition temperature of 1-palmitoyllysophos- 
phatidylethanotamine dispersions and also 42 C 
below the 63 C gel ~ liquid crystalline phase 
transition temperature of dipalmitoylphospha- 
tidylethanolamine dispersions. Here we have 
clearly demonstrated that lysophosphatidyl- 
ethanolamine as well as lysophosphatidylcho- 
line molecules in excess water exhibit a "bi- 
layer" spectrum with considerable reduction in 
chemical shift  anisotropy compared to the 
corresponding diacyl phospholipid systems. In 
the gel state, the low-field shoulder of the 
"bi layer"  spectrum shown in Figure 2 is too 
broad to be resolved from the high-field peak. 
The value of AO, however, can be estimated 
from the bandwidth at the half of the maxi- 
mum peak height (12). The half-width for 
diacyl phosphatidylethanolamine and monoacyl 
lysophosphatidylethanolamine dispersions are 
70 and 36 ppm, respectively. The ratio of AO 
for diacyl phosphatidylethanolamine to mono- 
acyl lysophosphatidylethanolamine dispersions 
recorded at a common reduced temperature in 
the gel state is thus 1.9. 

The observation that the ratio of 1.9 for 

S~p ~4 N 

40 PPM H . ~  10 Kltz 

FIG. 1. 145.? MHz 3~p NMR and 26.0 MHz ;4N 
NMR spectra of egg diacylphosphatidylcholinc and egg 
lysophosphatidylcholine/cholesterol (1 : 1 molar ratio) 
dispersions taken in 10-mm tubes at room temperature 
on a Nicolet NICFT-1180 spectrometer. 31p NMR 
spectra were obtained under continuous broadband 
proton decoupling. A sweep width of 100 kHz was 
employed, 8k data points were collected and 1000 
scans per spectrum at a delay of 0.3 sec between 
pulses were applied. 1*N NMR spectra were obtained 
using a two-pulse quadrupole echo method (16). A 
150-Hz line broadening was introduced during signal 
enhancement. Phospholipid concentrations were 200 
mg/ml and a 2 ml volume of lipid sample was used. 
Prior to use, the lipid or lipid mixture was first lyophi- 
lized and then vortexed in distilled H 20. 

4 0  PPM H . ~  

FIG. 2. 24.15 MHz 31p NMR spectra of di- 
palmitoyl phosphatidylethanolamine (A) and 1- 
palmitoyUysophosphatidylethanolamine (B) disper- 
sions taken in 10-mm tubes at 21 C and 15 C, respec- 
tively, on a Joel-FX 60Q Fourier-transform spectrom- 
eter under continuous broadband proton decoupling. 
A 4-kHz sweep width was employed, and 50,000 scans 
per spectrum averaged with 1-sec delay were applied. 
A line broadening of 1 Hz was introduced during 
signal enhancement, and 4k data points were col- 
lected. Lipid was 150 mM in 50 mM KC1. 
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o J ,  ~1 
f 

sn-2 sn-1 

FIG. 3. A schematic diagram showing the mo- 
lecular structure of diacylphosphatidylcholine and 
lysophosphatidylcholine. The carbon atoms in the 
glycerol backbone region are indicated numerically. 
The monoacyl lysophosphatidylcholine is taken to 
have a structure similar to diacyl phosphatidylcholine, 
except that the sn-2 acyl chain (the dashed structure) 
is replaced by a proton. 

relative Ao obtained from 31p NMR spectra of 
diacyl phosphatidylethanolamine and monoacyl  
lysophosphatidylethanolamine dispersions (Fig. 
2) is identical to that obtained from egg phos- 
phatidylcholine and egg lysophosphatidylcho- 
line/cholesterol dispersions (Fig. 1) is by no 
means trivial. 

Theoretically, the change in Ao can be 
at tr ibuted to conformational  and/or  motional  
differences of the diacyl and monoacyl  phos- 
pholipids in bilayers with respect to the PO4 
moiety of the headgroup (13,14). Since the 
headgroup conformation of phosphatidylcho- 
line and phosphatidylethanolamine molecules 
in bilayers are not  completely identical (15), 
the conformational change of the headgroup 
which might be associated with the removal of 
sn-2 acyl chain would thus be expected to be 
also different for lysophosphatidylcholine and 
lysophosphatidylethanolamine.  The fact that 
the magnitude and the direction of the change 
in Ao in going from phosphatidylcholine to 
lysophosphatidylcholine is identical to those 
in going from phosphatidylethanolamine to 
lysophosphatidylethanolamine strongly suggests 
that  the conformationat change, if it does play 
a role, cannot contribute significantly to the 

experimentally observed 31p NMR results 
(Figs. 1 and 2). 

To substantiate further the minimum in- 
volvement of the conformational  change of 
headgroups in bilayers as lipids are converted 
from diacyl phospholipids to monoacyl  lyso- 
phospholipids, 14N NMR powder spectra of 
egg phosphatidytcholine dispersions and egg 
lysophosphatidylcholine/cholesterol  (1 : 1 molar 
ratio) were recorded at room temperatures at a 
frequency of 26.0 MHz with a NICFT-1180 
spectrometer following the procedure of 
Siminovitch et al. (16). Results from Figure 1 
indicate that the 14N quadrupole splitting, 
At,, for egg phosphatidylcholine liposomes 
(10.6 kHz) is significantly greater than that for 
egg lysophosphatidylcholine/cholesterol  bilay- 
ers (5.6 kHz). Interestingly, the ratio of 1.9 in 
Av for the two lipid systems is identical to the 
relative value in Ao observed for the same two 
lipid systems by 31p NMR (Fig. 1). This same 
relative reduction in Av and Ao strongly sug- 
gests that the average static orientation of the 
headgroup o f  diacyl phospholipids is very 
similar to that of monoacyl  lysophospholipids 
in the bilayer. High-resolution 1H and 13C 
NMR studies of phosphatidylcholines and lyso- 
phosphatidylcholines by Hauser et al. (17)also 
demonstrated that the preferred conformation 
of the phosphorylcholine moiety of the head- 
group in diacyl phospholipids is very similar to 
that for monoacyl  lysophospholipids. 

If the static headgroup conformation of 
diacyl phospholipids in bilayers is not  signifi- 
cantly different from that of  monoacyl  lyso- 
phospholipids, the observed large reduction in 
IAol must be at tr ibuted primarily to a con- 
siderable additional motional averaging of the 
phosphorus chemical shift anisotropy exhibited 
by lysophospholipids in bilayers. For lysophos- 
pholipids, the sn-2 acyl chain of diacyl phos- 
pholipids is substituted by a hydrogen atom. 
Due to the removal of the stereospecific and 
bulky sn-2 acyl chain, the C(1)-C(2) bond in 
the glycerol backbone for monoacyl  lysophos- 
pholipid molecules can be shown, by use of  
CPK-space filling model, to be able to rotate 
freely. This rotat ional  motion,  which is fast on 
an NMR time scale, must contr ibute to the 
overall motion of the lysophospholipid head- 
group detected by 31p NMR. The phosphorus 
chemical shift anisotropy detected for diacyl 
phospholipids should thus be observed to be 
reduced by the same additional rotat ional  
motions about the C(1)-C(2) bond of  the glyc- 
erol backbone, for the lysophospholipids, in 
both the gel and the liquid crystalline states. 
For  instance, in the liquid-crystalline state, this 
rotational motion about the  C(1)-C(2) glycerol 

LIPIDS, VOL. 19, NO. I (1984) 



COMMUNICATIONS 71 

bond will enhance the angular ampli tude of the 
axial rotat ion of the headgroup around the 
C(2)-C(3) bond in the glycerol backbone region 
(Fig. 3), resulting in additional motional  averag- 
ing. Our model thus postulates that the reduc- 
tion in Ao for monoacyl lysophospholipids in 
bilayers in both the gel and the liquid crystal- 
line states is primarily due to the additional 
rapid motions at the C(1 )-C(2) glycerol bond. 
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Ether ('lass Composition of Choline- and Ethanolamine- 
Containing Phosphoglyccrides 

Choline-containing Et hanolamme- 
phosphoglyccridcs containing 

phosphoglyceridcs 
(tool e~) (tool qi) 
~N - 3/~ (N: 3)" 

1.2-1)iacyl 8] .8 _4- 2.6 36. I • 0.3 
I-O-Alkyl-2-acyl 9.7 _~: 03 3.5 _+ 0. I 
I-O-AIk- I'-enyl- 8.8 • 24 60.4 + 0.4 

2-acyl 

"The data are presented as the mean• standard deviation of 
3 separate determinations done on the pnrilied platelet PC and 
PF fractions 
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ABSTRACT 

The responses of 14 hyperlipidemic subjects to 4 hypolipidemic agents were compared by mea- 
sureing cholesterol and triglyceride in whole plasma, very low density lipoproteins (VLDL), low den- 
sity lipoproteins (LDL), and high density lipoproteins (HDL) monthly for 2 months before and 3 
months during treatment with each of 4 drugs: clofibrate, 2 g/d; colestipol, 20 g/d; para-aminosalicylic 
acid-ascorbate (PAS-C), 6-8 g/d; and oxandrolone, 7.5 mg/d. Lipid responses proved to be stable by 
the first monthly evaluation both off and on each drug. Mean adherence was high and similar for all 
agents (81-92% of the prescribed dose). Clofibrate was associated with significant decreases in mean 
plasma cholesterol (-16%, p<.01), plasma triglyceride (-51%, p<.005), VLDL-cholesterol (-61%, p< 
.005) and VLDL-triglyceride (-61%, P<.005), while HDL cholesterol increased (+20%, p<.01 ), and the 
LDL-cholesterol/HDL ratio declined (-24%, p<.05). Colestipol was associated with decreases in mean 
plasma cholesterol (-15%, p<.01) and LDL-cholesterol (-22%, p<.05), while VLDL-triglyceride in- 
creased (+41%, p<.05), and the LDL-cholesterol/HDL-cholesterol ratio declined (-25%, p<.05). PAS-C 
w a s  associated with decreases in VLDL-cholesterol (-30%, p<.05), and VLDL-triglyceride (-29%, p< 
.05), while the LDL-cholesterol/HDL-cholesterol ratio remained unchanged. Oxandrolone was associ- 
ated with increases in mean plasma cholesterol (+7%, p<.05), LDL-cholesterol (+45%, p<.005 [+25% 
excluding one subject who increased 298%] ), and LDL-triglyceride (+24%, p<.01), while decreases 
occurred in plasma triglyceride (-31%, p<.05), VLDL-cholesterol (-26%, p<.05), VLDL-triglyceride 
(-42%, p<.005), HDL-cholesterol (-45%, p<.005), and HDL-triglyceride (-43%, p<.01). The mean 
LDL-cholesterol/HDL-cholesterol ratio increased by 109% (p<.005), reflecting the reciprocal changes 
in LDL and ttDL. Thus, while both clofibrate and colestipol were associated with significant, equiv- 
alent reductions in theoretical atherogenic risk, oxandrolone produced a net effect that was not only 
adverse but 4 times that magnitude, suggesting caution in its long-term use, even for the management 
of hyper triglyceridemia. 
Lipids 19:73-79, 1984. 

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

The pharmacological  management  of  dyslipo- 
pro te inemia  is complex ,  reflect ing the numer-  
ous hypol ip idemic  drugs available with varying 
degrees of  efficacy and mode  of  act ion,  the 
heterogenei ty  - genetic and otherwise - of  
hyper l ip idemic  patients,  the potent ia l ly  con- 
founding effects  of  coexist ing condi t ions  and 
medicat ions that may affect  blood lipid levels, 
coprescribed dietary intervent ion,  and varia- 
t ions in pat ient  compliance with dietary and 
drug regimens (including noncompl iance  at- 
t r ibutable to drug side effects).  To begin to 
lessen uncertaint ies  in the prescription of  
drugs to reduce lipid levels, the  present system- 
atic evaluat ion of  4 such agents (clofibrate,  
colest ipol ,  para-aminosalicylic acid-ascorbate 

*To whom correspondence should be addressed. 
~William R. Hazzard was an investigator of the 

Howard Hughes Medical Institute during the course 
of this study. ~Claude Gagne was a research fellow of 
the Medical Research Council of Canada during the 
course of this study. 3John J. Albers is an established 
investigator of the American Heart Association. 

[PAS-C] ,  and oxandro lone)  was under taken  
with  special emphasis on careful select ion of  
subjects and their  genetic character izat ion 
through family studies. A previous repor t  has 
detailed the aspects of  this s tudy related to 
whole plasma and high densi ty l ipoprote in  
(HDL) choles terol  and apol ipopro te in  concen-  
trat ions (1). The present report  summarizes  the 
cholesterol  and triglyceride responses in very 
low densi ty l ipoproteins  (VLDL)  and low den- 
sity l ipoproteins  (LDL) in addi t ion to HDL, 
emphasizing the change in LDL-choles terol /  
HDL-cholesterol ,  a widely used con tempora ry  
l ipoprote in  index of  a therogenic  risk (2). 

METHODS 

Subjects 

Hyperl ipidemic volunteers were recruited 
f rom referrals to the Nor thwest  Lipid Research 

Clinic of  the Universi ty of  Washington. After  
the objectives and requirements  of  the study 
were explained in detail,  informed consent  was 
obtained.  The volunteer  was not  told his or her 
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lipid levels until completion of the study. Nine 
of the 14 study participants were males. Sub- 
jects ranged in age from 28 to 66 yr (averaging 
41 yr). A detailed family history, as described 
by Brunzell et al. (3), permitted classification 
of the hyperlipidemia into 1 of 4 inherited 
disorders in 10 of the 14 cases: 5 (including a 
mother and son) had familial hypercholes- 
terolemia (FH), 3 had Type III hyperlipidemia 
(Broad-/~ disease) (BBD), and one each had 
familial combined hyperlipidcmia (FCHL) 
and familial hypertriglyceridemia (FHTG). The 
diagnosis of BBD required the repeated demon- 
stration of /3-VLDL on agarose electrophoresis 
(4) of the isolated d< 1.006 lipoproteins and a 
VLDL cholesterol/plasma triglyceride ratio con- 
sistently exceeding 0.30 (5). In addition, 2 
of the 3 participants with this disorder have 
subsequently demonstrated a lack of isoapolipo- 
proteins E3 and [;4 (the third was not tested) 
(6). Family studies on the remaining 4 partici- 
pants did not permit a genetic classification 
(UNCL). All 4 tended to have elevations of 
both cholesterol and triglyceride. Two of these 
were twins, purportedly monozygotic. 

Study Design 

All measurements were performed on an 
outpatient basis at the Clinical Research Center 
or the Northwest Lipid Research Center at 
Harborview Medical Center. These outpatient 
visits occurred at monthly intervals, 22 in num- 
ber for subjects completing the entire 4-drug 
sequence. Three years were required for the 
total study. At the first visit, a complete cardio- 
vascular history was obtained and a physical 
evaluation was performed, including resting and 
near-maximal exercise electrocardiography. No 
subject taking a drug known to affect lipid 
metabolism was studied. The subjects were also 
instructed to eat a diet moderately restricted in 
cholesterol (ca. 400 mg daffy) and saturated 
fat (polyunsaturated/saturated ratio 0.6-1.0). 
Thereafter, the diet was reinforced at each 
monthly visit by an interview with a registered 
dietitian, with emphasis placed on consistency 
in the dietary pattern. No systematic alteration 
in diet was associated with any drug used in this 
study, nor did weight change significantly. 
Other monthly data gathered by a research 
nurse included a standarized medical history 
that included questions as to the following side 
effects: nausea, vomiting, bloating, abdominal 
cramps, diarrhea, constipation, anorexia, in- 
creased appetite, fever, headache, weakness, 
dizziness, drowsiness, and breast discomfort. 
After 3 baseline visits, the first drug was dis- 
pensed, with instructions about potential side 
effects, by a clinical investigator (WRH or CG) 

who thereafter adjusted the drug dosage as 
necessary to control side effects (required only 
for PAS-C). All unused drug portions were 
returned each month and adherence was cal- 
culated by a pill or packet count. Each drug, 
i.e. clofibrate (1 g twice daily), colestipol (10 g 
twice daily), para-aminosalicylic acid-C (6-8 g 
day in 3 divided doses), and oxandrolone (2.5 
mg 3 times daily), was taken for a 3-month 
period, followed by 2 months without hypo- 
lipidemic drug therapy (control) before the 
next agent was begun. Subjects were randomly 
allocated to one of 3 drug sequence groups 
according to an experimental design that 
balanced the order in which clofibrate, cole- 
stipol, and PAS-C were dispensed among the 3 
groups. Oxandrolone was the final drug given in 
every case because of concern over an antici- 
pated longer duration of effect, which, in fact, 
was unfounded. 

Laboratory Procedures 

All blood samples were drawn from an 
antecubital vein, after an overnight (12-14 hr) 
fast, into Vacutainer (R) tubes containing 
disodium EDTA, 1.5 mg/dl, according to Lipid 
Research Clinics protocols (7). Cells were re- 
moved by low-speed centrifugation at 4 C within 
2 hr, and the plasma was stored at 4 C and pro- 
cessed within 72 hr for lipid and lipoprotein 
lipid analysis. 

Cholesterol and triglyceride were measured 
by AutoAnalyzer II techniques (7) in whole 
plasma and plasma fractions. For cholesterol 
analysis, the coefficient of variation was less 
than 2% and accuracy within 2% of the target 
values; for triglyceride analysis, the coefficient 
of variation was less than 4% and accuracy 
was within 3%. 

The lipoprotein fractions were obtained 
using a combination of ultracentrifugation and 
chemical precipitation techniques (7). Plasma 
without density adjustment was subjected to 
centrifugation at 105,000 x g for 18 hr at 10 C. 
The d< 1.006 fraction (VLDL) was separated 
by a tube-slicing technique and this portion and 
the d>l .006  fraction, containing LDL and 
HDL, were adjusted to the original plasma 
volume with 0.15 M saline before lipid analysis. 

Another aliquot of plasma Was treated with 
heparin and manganese according to standard 
Lipid Research Clinics procedure with man- 
ganese at 46 mM final concentration (7). The 
precipitated apoB-containing lipoproteins, pri- 
marily VLDL and LDL, were sedimented by 
centrifugation; cholesterol and triglyceride 
values were measured in the supernatant solu- 
tion. 

Cholesterol and triglyceride values in the 
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HDL fraction were corrected for the dilution 
incurred as a result of adding the precipitating 
reagents. LDL cholesterol and triglyceride were 
calculated as the difference between their 
respective values in the d> 1.006 fraction (LDL 
plus HDL) and the HDL fraction. VLDL trigly- 
ceride and cholesterol values reported were 
calculated indirectly as the difference between 
their values in the total plasma and the d> 
1.006 plasma fraction. 

Statistical Analysis 

Differences in lipids, lipoproteins and ad- 
herence among drug treatments were statisti- 
cally evaluated by the analysis of variance 
techniques. A 2-factor design for repeated 
measures (8) was used to test for drug treat- 
ment and sequence effects and for any interac- 
tion between the drugs and their order of 
administration. Because of unequal sample sizes 
in the 4 treatment groups, a least-squares solu- 
tion was used to estimate treatment effects. 
Significant mean differences between each drug 
and its control were determined using multiple 
comparison techniques. Measurements for trigly- 
ceride in whole plasma and the lipoprotein 
fractions and VLDL cholesterol were trans- 
ferred to the logarithmic scale for statistical 
testing. Cochran's Q test (9) for correlated 
proportions was used with adjustment for 
multiple testing to determine which side effects 
were significantly associated with each drug. A 
detailed description of the statistical analyses 
used in these studies appeared as supplementary 
material in the earlier report (1). 

RESULTS 

Individual and summary data for plasma and 
lipoprotein cholesterol and triglyceride concen- 
trations by treatment are given in Tables 1-2, 
respectively. A statistical comparison among 
the 3 baseline visits and each inter-drug control 
period disclosed no significant differences in 
the whole plasma and lipoportein lipid levels 
among the off-drug periods. The statistical tests 
applied to the data in Table 1 compared the 
mean of the 2 visits immediately preceding each 
drug treatment with the respective mean of the 
3 visits on each drug. Specific analyses also 
failed to disclose any significant drug sequence 
effects or carry-over effects of any given drug 
on the response to the next drug in the se- 
quence. 

Clofibrate 

Treatment with clofibrate at 2 g/d was 
associated with a significant increase in reports 
of nausea (43%). Nevertheless adherence was 

high (91 :/: 9%, mean = S.D.). Significant 
decreases were recorded in mean plasma choles- 
terol (-16%) and triglyceride (-15%), VLDL- 
cholesterol (-61%) and VLDL-triglyceride 
(-61%), while HDL-cholesterol increased (+20%). 
The mean LDL cholesterol/HDL cholesterol 
ratio decreased (-24%). In only 3 subjects (one 
each with FHTG, BBD, and UNCL) was the fall 
in VLDL-cholesterol accompanied by a rise in 
LDL-cholesterol. In the subject with FHTG 
(who had the lowest baseline LDL cholesterol), 
this rise was dramatic (203%). If this excep- 
tional result is excluded, the reduction in LDL- 
cholesterol with clofibrate averaged 13%. All 
but 3 subjects (two FH and one UNCL) ex- 
perienced an increase in H DL cholesterol. 

Colestripol 

Treatment with colestipol at 20 g/d was 
associated with a significant increase in con- 
stipation (58%) and nausea (58%). Nevertheless, 
adherence averaged 89% -+ 12% of the prescri- 
bed dose. Significant decreases were recorded 
in mean plasma cholesterol (-15%)and LDL- 
cholesterol (-22%), while VLDL-triglyceride 
increased (+41%). The mean LDL-cholesterol/ 
HDL-cholesterol ratio decreased (-25%). Two 
individuals (one BBD and one UNCL) showed a 
rise in plasma cholesterol, while 3 subjects (one 
each with FH, FCHL, and UNCL) had lower 
triglyceride levels on colestipol. 

PAS-C 

Treatment with PAS-C at 6-8 g/d was 
associated with significantly increased reports 
of diarrhea and, in spite of dosage adjustments 
to alleviate this complaint, adherance appeared 
most erratic on this agent (81 4:17%, based on 
8 g/d). During PAS-C treatment significant 
decreases were recorded in VLDL-cholesterol 
(-30%), and VLDL-triglyceride (-29%). The 
LDL-cholesterol/HDL-cholesterol ratio did not 
change significantly. The responses to PAS-C 
were the least consistent in the study: two 
UNCL subjects had higher plasma cholesterol 
values while on PAS-C; these two, another 
UNCL, two BBD, and one FCHL had higher 
LDL-cholesterol levels during treatment with 
PAS-C. 

Oxandrolone 

Treatment with oxandrolone at 7.5 mg/d 
produced no significant side effects, and 
adherence was high (92 4: 13%). Oxandrolone 
significantly affected all lipid parameters. Mean 
plasma cholesterol increased 7%, and LDL- 
cholesterol increased 45% (25% excluding the 
subject with FHTG, who experienced a 298% 
rise), as did LDL-triglyceride (+24%). De- 
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T A B L E  l ( C o n t i n u e d )  

Dur ing  o x a n d r o l o n e  

Sub jec t  G e n e t i c b  P lasma V L I )  L L D L  H D L  

No.  Age Sex A S C V I )  a Class i f ica t ion  C TG C TG C TG C TG 

1 2"7 F 0 FH 379 132 24 "73 329 52 26 7 
2 29 M 0 FH 396 108 26 50 316 55 24 3 
3 42 F 0 FH 444  66 6 17 701 40  38 9 
4 41 F 0 FH 332 54 "7 15 298  35 26 4 
5 55 F 0 FH . . . . . .  
6 36 M 0 BBD . . . . . .  
7 48  M + BBD 375 793 232 ,725 124 56 19 12 
8 50 M 0 BBD 154 112 24 68 84 34 45 10 
9 66 F 0 F C H L  . . . . . .  

lO 55 M + F H T G  276 167 34 108 219  55 23 4 
11 35 M 0 U N C L  333 125 18 65 299  56 16 4 
12 35 M 0 U N C L  328 129 1,7 67 29,7 57 14 4 
13 48  F 0 U N C L  317 134 16 52 278  66 23 16 
14 36 M 0 U N C L  395 219  55 154 308  54 33 I I  

a A S C V D :  Ar te r io sc l e ro t i c  Card iovascu la r  Disease.  
b F H :  Famil ia l  H y p e r c h o l e s t e r o l e m a .  BBD:  Broad-/3 Disease.  E C H L :  Famil ia l  C o m b i n e d  H y p e r l i p i d e m i a .  

F H T G  : Famil ia l  H y p e r t r i g l y c e r i d e m i a .  U N C L  : Unclass i f ied .  

T A B L E  2 

Ef fec t  o f  C lo f ib ra te ,  Cotes t ipol ,  PAS-C and O x a n d r o l o n e  on P lasma and L i p o p r o t e i n  Lipids  (all in m g / d l )  

T r e a t m e n t  

C lo f ib ra te  Coles t ipol  PAS-C O x a n d r o l o n e  
Baseline be fore  dur ing  before  du r ing  be fore  du r ing  be fore  du r ing  

No, o f  
Sub jec t s  14 14 12 14 11 

P lasma Mean 302 307 257  b 316 268  b 302 285 314  336 a 
Choles te ro l  SD 70 69 50 75 62 77 85 81 78 
(C) Median 320 324 246 310  283 320 286  332 330 

C - V L D L  Mean 58 61 24 c 35 44 66 46  a 57 42 a 
SD 57 55 20 20 41 80 63 98 64 
Median 41 47 19 27 30 31 28 28 64 

C-LDL Mean 199 203 178 b 205 160 a 195 188 208  246  b 
SD 82 76 62 88 75 90 79 86 99 
Median 200  213 164 220  143 187 209  219  284 

C - H D L  Mean 44 41 49  b 47 50 45 44  47 26 c 
DS 18 17 12 17 18 16 19 1"7 9 
Median 41 36 48  45  43 43 3"7 43 24 

Plasma Mean 237 254 124 c 206 200  255 209  268  185 a 
T r ig lyce r ide  SD 192 184 51 199 144 409  1"72 356 206  
(T)  Median 151 151 120 155 156 146 134 141 129 

T - V L D L  Mean 183 189 74 c 104 147 a 201 143 a 2 1 8  127 c 
SI)  188 173 50 60 136 224 1,72 352 202 
Median 107 108 69 100 115 112 93 93 67 

T - L D L  Mean 39 42 39 40  3"7 41 40  41 51 b 
Sl)  lO 16 8 l 0  9 15 17 13 12 
Median 35 35 35 41 38 35 35 3"7 55 

T - H D L  Mean 14 14 12 15 16 14 14 16 9 b 
SD 6 7 5 ,7 10 ,7 6 9 4 
Median 12 13 11 15 13 12 13 12 9 

C - L D L / C - H I ) L  Mean 4 .84  5.11 3 .88 a 4 .68  3 .54  a 4 .55 4.6"7 4."77 9 .96  c 
SI)  2 .04 2.03 1.59 1.91 1.42 1.96 2 .18  2 .10  5.82 
Median 4.91 5.59 4 .18  4 .10  3.32 4.31 4 .55  4.51 10.38 

a p < . 0 5 .  
b p < . O l .  
Cp<.O05.  
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creases occurred in mean plasma triglyceride 
(-31%), VLDL-cholesterol (-26%), VLDL-trigly- 
ceride (-42%), HDL-cholesterol (-45%) and 
HDL-triglyceride (-43%). As a reflection of the 
contrasting changes in LDL and HDL, the 
mean LDL-cholesterol/HDL-cholesterot ratio 
increased by 109%. HDL-cholesterol declined in 
all subjects, even those with depressed levels 
at baseline. The expected (10) inverse correla- 
tion between HDL-cholesterol and total or 
VLDL-triglyceride exhibited at baseline (r s ca. 
0.45 [Spearman's rank correlation coefficient] ) 
and maintained during each of the other 3 drug 
treatments was not observed during oxandro- 
lone therapy, (r s = .006), while a negative 
relationship between HDL-cholesterol and LDL- 
triglyceride emerged (r s = -0.87). Three subjects 
(two with FH and one UNCL) had higher 
VLDL-cholesterol during oxandrolone. One 
UNCL subject had higher plasma and HDL- 
triglyceride values during oxandrolone, LDL- 
triglyceride did not increase in 4 subjects (2 
UNCL and 1 each with FH and FHTG), and 
VLDL-triglyceride did not decline in 2 partici- 
pants (1 with FH and other UNCL). 

Inconsistencies in Lipid Responses 

Given the heterogeneity of the subjects 
enrolled in this study, the frequency of devia- 
t ion from the average response of the group to 
the 4 drugs was small, and no pattern of devia- 
tion clearly correlated with the genetic classifi- 
cation of the participants. The average number 
of inconsistencies in each subject relative to the 
group response was 2-3 for the 8 plasma and 
lipoprotein lipids during the 4 drug treatments 
(out of 32 possible deviations). One UNCL sub- 
ject had 10 such inconsistencies and one with 
BBD had 5. When the responses of the 5 with 
FH were specifically compared with the remain- 
der of the group, qualitative similarities were 
almost uniformly seen (exceptions being 
attributable to the aberrant responses of the 
subject with FHTG already noted). 

DISCUSSION 

A detailed review of the lipid and lipopro- 
rein effects and side effects of each of the 4 
agents under investigation in this study is be- 
yond the scope of this report. These effects 
have been summarized elsewhere (1,10-12) and 
a previous description of the effects of these 
drugs on HDL, its principal aplipoproteins, and 
total plasma cholesterol and triglyceride in 
this study has been published (1). Certain 
aspects of the present study that distinguish it 
from those previously described, however, are 
noteworthy. 

First, no previous study has allowed direct 
comparison, within the same group of dyslipo- 
proteinemic subjects, of these 4 (or any 4) 
agents. Hence, previous quantitative estimates 
of efficacy of these 4 drugs have required 
extrapolation from single drug or two-drug 
studies. 

Second, the drugs chosen for this study were 
selected for their known diversity to permit 
inferences to be drawn as to their mechanisms 
of action in this carefully characterized, hetero- 
geneous group of subjects. In this regard the 
outcome was not fully anticipated: in spite of 
the heterogeneity of the subjects, whether clas- 
sified genetically or according to lipoprotein 
distribution, the results for each drug were 
generally similar among the participants re- 
gardless of classification. Thus, though the 
study was designed to test a pharmacogenetic 
hypothesis (i.e., that the response to eacfi drug 
would proceed according to the genetic classifi- 
cation of the subjects), this hypothesis was 
clearly not supported by the data. With the 
possible exception of the subset with FH, the 
sample size of no subgroup permitted a defini- 
tive rejection of this hypothesis. Nevertheless, 
current knowledge would suggest that such 
an hypothesis is likely to prove overly simplis- 
tic, since with the advance of knowledge, the 
genetics of hyperlipidemia are proving exceed- 
ingly complex. For instance, at least 3 geneti- 
cally distinct forms of homozygous FH have 
been defined at the subcellular level (13-15). 
Furthermore, and directly relevant to this 
hypothesis, certain forms of dyslipoprotein- 
emia have been demonstrated to reflect com- 
binations of genetic defects or polymorphisms; 
e.g. BBD appears to proceed from the combina- 
tion of the homozygous isoapolipoprotein E 2 
phenotype (16-18) with a cause for hyperlipid- 
emia, usually FCHL (16,19) but occasionally 
FH (20). 

Third, the general similarity of response 
between certain drug pairs was of interest. 
Clofibrate, for example, a drug traditionally 
prescribed for hypertriglyceridemia, was as 
efficacious in reducing cholesterol levels, even 
in those with FH, as was colestipol, though the 
latter agent was associated with a greater reduc- 
tion in LDL cholesterol. The agents produced 
an equivalent amelioration of theoretical athero- 
genie risk, as reflected in ca. 25% decreases in 
the mean LDL-cholesterol/HDL-cholesterol 
ratio. Clofibrate was associated with a reduc- 
tion in LDL cholesterol, even among most of 
the subjects with hypertriglyceridemia, con- 
trary to a previous report (21). The reason for 
these differing results is unclear. However, given 
the prevalence of FCHL (22,23) and its associa- 
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t ion wi th  p r e m a t u r e  co rona ry  disease (3), th is  
d i sc repancy  shou ld  be resolved t h r o u g h  fu r t he r  
s tudies ,  s ince  def in i t ion  of  the  drug or drugs  o f  
choice for  this  d isorder  is a m a t t e r  of  subs t an -  
tial i m p o r t a n c e .  Such s tud ies  shou ld  also com-  
pare c lof ibra te  with its ana logues ,  e.g., gemf i -  
brozil ,  bezaf ib ra te ,  f enof ib ra t e  and o the rs  tha t  
are u n d e r  in tense  eve lua t ion  at p resent ,  espe- 
cially s ince  the  pub l i ca t ion  o f  the  resu l t s  o f  the  
t h r e e - c o u n t r y  WHO-sponsored  s t u d y  tha t  re- 
por ted  an u n e x p e c t e d  increase in the  to ta l  
dea th  rate wi th  c lof ibrate  (24).  

Final ly ,  th is  s t u d y  clearly d e m o n s t r a t e s  t ha t  
the  t r e a t m e n t  of  hype r l ip idemia  wi th  o x a n d r o -  
lone will adversely  affect  the  a l ready high 
theore t ica l  a the rogen ic  risk o f  nearly all sub-  
jec ts  subs tan t i a l ly .  While t r iglyceride levels will 
decline (of  ques t i onab le  re la t ionsh ip  to a thero-  
genie risk in cu r ren t  t h ink ing  [ 2 5 ] ) ,  no t  on ly  
will LDL choles te ro l  levels rise but  HDL cho-  
lesterol c o n c e n t r a t i o n s  will be decreased by 
nearly half,  even as the  t r iglyceridc fails. Hence ,  
p ruden ce  in clinical j u d g m e n t  would suggest  
t ha t  o x a n d r o l o n e  be l imited to the  t r e a t m e n t  o f  
severe hype r t r i g lyce r idemia  of  a m a g n i t u d e  tha t  
places the  pa t i en t  at risk to develop pancrea t i t i s ,  
bu t  which  does  not  respond  to a l ternat ive  
f o r m s  of  h y p o t r i g ly ce r i demic  the rapy .  
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Increased kysolecithin Acyltransferase Activity 
in the Plasma of Type II Hyperlipoproteinenic Patients 
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University of Washington, Providence Medical Center, 500 17th Avenue, Seattle, WA 98124 
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ABSTRACT 

Lecithin-cholesterol acyltransferase (LCAT) in human plasma has been shown to acylate lysoleci- 
thin to lecithin in presence of low density lipoprotein (LDL). To determine the physological impor- 
tance of LDL in activating lysoleeithin acyltransferase (LAT)activity, we assayed the LAT activity in 
18 hypercholesterolemic (Type II) patients and 15 control subjects. The enzyme activity was about 
60% higher in the patients compared with the controls. On the other hand, the LCAT activity, mea- 
sured by 2 different procedures, as well as enzyme mass, determined by radioimmuno assay, were 
comparable in the controls and hypercholesterolemics. The LAT activity was highly correlated with 
LDL ievels in the plasma, but the LCAT activity and the enzyme mass had no correlation with the 
LDL levels. These results show that the plasma LDL is the rate-limiting activator of the enzyme, and 
pathological conditions, resulting in higher LDL levels, also cause higher LAT activities. 
Lipids 19:80-84, 1984. 

INTRODUCTION 

The importance of LDL as the principal 
carrier of plasma cholesteryl esters, and as an 
indicator of risk of atherosclerosis (1,2), is 
well known. In addition to carrying cholesterol 
to peripheral tissues, LDL has been shown to 
have a significant effect on the morphology of 
the erythrocytes, presumably by activating the 
membrane-associated phosphatase (3), and also 
inhibits the lymphocyte activation induced by 
phytohemagglutenin (4). We have shown re- 
cently that LDL is a specific activator of the 
LAT reaction carried out by LCAT (EC 2.3.1. 
43) (5,6). This enzyme, which is responsible for 
the production of most of the cholesteryl esters 
and lysolecithin in the plasma, can acylate 
lysolecithin back to lecithin, but only in the 
presence of LDL (6,7). That this requirement 
of LDL for lysolecithin esterification is a 
physiological one is shown by the fact that in 
abetalipoproteinemic patients, the LAT activity 
is only about 5-6% of the control subjects 
whereas the LCAT activity is the value in about 
40% of the control levels (8). Moreover, the 
addition of normal LDL but not VLDL to 
abetalipoproteinemic plasma activates the LAT 
reaction up to 20-fold, while LCAT activity is 
stimulated about 4-fold, the same stimulation 
as with VLDL. These results showed that LDL is 
a specific activator of the LAT reaction. In this 
paper we provide evidence that when LDL is 
present in higher than normal amounts, as in 
Type II hyperlipemic patients, the LAT activity 

*To Whom correspondence should be addressed. 

also increases. The enzyme activity correlated 
positively with the LDL levels of the plasma, 
whereas the enzyme mass and cholesterol 
esterifying rate were not different from the 
control population. These results provide fur- 
ther proof that LDL is a physiological activator 
of the reaction and that the reaction is abnor- 
mal in patients with high levels of LDL.  

MATERIALS AND 
EXPERIMENTAL METHODS 

Patients 

We analyzed plasma (drawn after a 12 hr, 
overnight fast) from 18 patients with Type II 
hyperlipidemia (4 females, 14 males) and 15 
control subjects (4 females, 11 males). Two of 
the patients were of the mild Type IIb pheno- 
type, the remaining 16 were Type IIa. At the 
time of sampling for LAT analysis, 11 of the 
patients were taking lipid lowering medications, 
and 7 were on a controlled diet only. Medica- 
tions used were: colestipol or cholestyramine 3, 
niacin 3, combined resin and niacin 3, and 
clofibrate 2. Before medication, each patient 
had demonstrated LDL cholesteroI levels above 
the 95th percentile, adjusted for age and sex. 
Twelve of  the patients'  family histories demon- 
strated first-degree relatives with elevated lipids, 
premature cardiovascular disease or both. Four 
of the patients had tendonous xanthoma, and 4 
showed evidence of  cardiovascular disease. None 
of the patients showed abnormalities indicating 
hepatic, renal or thyroid disease, or diabetes. 
No significant differences in enzyme activites 
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were found between patients who were treated 
with drugs and those who were not treated. 
Informed consent was obtained from each sub- 
ject, and the study was approved by the human 
subjects review committees of Providence 
Medical Center and the University of Washing- 
ton. Blood samples were drawn in EDTA (7 
mg/ml). The plasma was separated at 4 C and 
kept frozen at -20 C until the enzyme assays 
were performed. All the enzyme assays were 
done within 3 weeks of drawing blood. 

LAT Assay 

The enzymatic acylation of labeted lysoleci- 
thin by the plasma was measured essentially as 
described earlier (8) except that 3H-glycerol- 
labeled lysolecithin (6) was used as substrate. 
The substrate (0.15 /amol/reaction)was first 
dispersed in 10 mM Tris-0.15 M NaCI-1 mM 
EDTA, pH 7.4, by vortexing. To each tube, 0.1 
ml of the 3H-lysolecithin dispersion, 20 /al 
of 0.1 M mercaptoethanol, and 0.13 ml of 1 
mM EDTA containing 0.15 M NaCI, pH 7.4, 
were added, in that order. The solution was 
mixed and the reaction was started by adding 
0.15 ml of plasma. Each plasma sample was 
assayed in duplicate, and control reactions con- 
taining no plasma were run simultaneously. The 
samples were incubated at 37 C for 60 min and 
the reaction was stopped by the addition of 1 
ml of methanol. The lipids were extracted by 
the procedure of Bligh and Dyer (9). Lysoleci- 
thin and lecithin were separated on TLC plates 
using the solvent system chloroform/methanol/ 
water (65:25:4 by vol). Lipids were visualized 
by a brief exposure to iodine vapors and the 
spots of lysolecithin and lecithin were scraped 
into scintillation vials. The radioactivity was 
determined in a Beckman LS-7000 liquid scin- 
tillation system after adding 0.5 ml water and 
5.0 ml Aquasol (New England Nuclear, Boston, 
MA). The radioactivity in the samples was cor- 
rected for quenching using the H number 
(Beckman Instruments, Pato Alto, CA). The 
percentage of lysolecithin converted to lecithin 
was calculated, and the enzyme activities were 
expressed as nmoles of lysolecithin acylated per 
hour/ml of plasma. The molar esterification 
rate of lysolecithin was calculated by extra- 
polating the concentration of lysolecithin 
present in the reaction mixture (0.15 ml plasma) 
to 1 ml of plasma and multiplying by the per- 
centage esterification rate. This method gives 
higher values of LAT activity than reported 
earlier (8), but does not affect the relative acti- 
vities present in various subjects. 

LCAT Assays 

The assay for LCAT was performed essen- 

tially as described by Stokke and Norum (10), 
as modified by Lacko et al. (11), with the 
labeled cholesterol equilibrated with endo- 
genous cholesterol as the substrate. The DTNB 
concentration present in the incubation with 
labeled cholesterol was 1.33 mM. The values 
obtained here are lower than those reported by 
Stokke and Norum (10) because of higher 
blank values in our experiments. Increasing the 
DTNB concentration resulted in the incomplete 
reversal of the inhibition by mercaptoethanol, 
thus decreasing the enzyme activities. Since we 
assayed samples from both controls and pa- 
tints at the same time, these experimental 
problems should not impair the interperetation 
of the results. The lipid extractions and radio- 
activity determination were done as described 
by Bories et al. (12). LCAT activity was also 
assayed by the proteoliposome method of Chen 
and Albers (13), which is independent of the 
lipoprotein activators and correlates highly with 
LCAT mass as measured by radio immunoassay 
(14). Each reaction mixture contained 250 
nmoles of lecithin. 12.6 nmoles of labeled chole- 
sterol, 0.8 nmoles of apo A-I, 0.5% HSA, 5 mM 
mercaptoethanol, 6.25 mM Tris-C1 pH 7.4, and 
20/al of the plasma in a final volume of 400/al. 

Estimation of Lipids 

Total plasma triglycerides were assayed by 
the procedure of Van Handel and Zilversmit 
(15). Total cholesterol and unesterified chole- 
sterol were measured by the procedure of Zak 
et al. (16), after extraction and digitonin preci- 
pitation, as described by Parekh et al. (17). 
LDL cholesterol was estimated by derived l~- 
quantification (Lipid Research Clinic manual), 
using the procedure of Friedwald et al. (18). 
Lysolecithin and lecithin were determined by 
phosphorus estimation (19) after separation on 
TLC plates using the solvent system chloroform/ 
methanol/water (65:25:4). The estimation of 
LCAT mass was performed by Dr. John J. 
Albers by radioimmunoassay (14). Standard 
statistical methods were used to determine the 
significance of the differences and of the cor- 
relation coefficients (20). 

RESULTS AND DISCUSSION 

The lipid values of the plasma from the 
hypercholesterolemic and control subjects are 
shown in Table 1. As expected, the patients had 
higher LDL cholesterol levels and lower HDL 
levels. Their lecithin values were higher than the 
controls, but the lysolecithin or TG levels were 
not significantly different from the controls. 

The LAT and the LCAT rates are shown in 
Table 2. The acylation of lysolecithin was signi- 
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TABLE 1 

Lipid Levels of Hypercholesterolemic (Type II) and Normocholesterotemic Subjects a 

Subjects 

Whole plasma Whole Whole 
Cholesterol Age HDL LDL plasma plasma 

(range) Free b Total chol. chol. TG lysolecithin 

Whole 
plasma 
licithin 

Hypercholesterolemic 39.11- + 1.435 + - 7 .438-+ 1.080+- 5.786 + 1.233+- 0.164+- 
(Type II) 15.51 0.544 2.007 0.380 2.002 0.601 0.047 
n = 18 (10-62) 

Normocholesterolemic 28.67-+ 1.029 + - 4.378- + 1.436- + 2.178- + 1.03.1-+ 0.170-+ 
n = 15 6.01 0.256 0.891 0.252 0.647 0.521 0.045 

(16-37) 
P value <0.05 <0.025 <0.001 <0.01 <0.001 >0.05 >0.05 

1.843- + 
0.396 

1.510_ + 
0.284 

<0.01 

aAll lipid values are expressed as/~moles/ml plasma -+ S.D. 
bUnesterified cholesterol. 

TABLE 2 

LCAT and LAT Activities and Enzyme Mass in Hypercholesterolemic 
(Type II) and Normal Subjects 

LCAT LCAT a 
(Stokke & Norum) (Proteoliposome) 

Assay Assay LAT Enzyme mass b 
Subjects n moles of substrate acylated/hr/ml plasma /ag/ml plasma 

Hypercholesterolemic 43.76- + 55.19-+ 21.39- + 5.77-+ 
(Type II) 17.90 8.97 6.37 1.32 

n = 1 8  

Normal (Controls) 46.27-+ 63.37- + 13.42-+ 5.47-+ 
n = 15 14.02 12.20 3.48 0.89 

P N.S. N.S. <0.001 N.S. 

All values presented are mean -+ S.D. 
aAssays performed in 15 bypercholesterolemic patients and 1 t normal subjects. 
bMass determined in 16 patients and 9 control subjects. 

f icant ly  higher in the hype r l ipopro te inemic  
pa t ients  than  in the  controls .  The LCAT acti- 
vity,  however ,  was no t  d i f ferent  f rom controls ,  
w h e t h e r  assayed by the  ester if icat ion o f  labeled 
choles terol  preequi l ibrated wi th  endogenous  
choles terol  (I 0) or by the  p ro t eo l i posome  assay, 
which is no t  a f fec ted  by  the  plasma choles terol  
concen t r a t ion  (13). Enzyme  mass, as deter-  
mined  by  the  rad io immunoassay ,  was the  same 
for  the  pa t ien ts  and the controls .  As repor ted  
by  o ther  workers  (21,22),  our  data also demon-  
strate that  the LCAT activity of  Type IIa 
pa t ien ts  is normal .  The significantly higher 
activity of LAT is, therefore ,  not  f rom in- 
creased levels of  the  enzyme.  

As seen in Figure 1, the  level o f  LAT activi ty 
correlates closely wi th  L D L  level in the  plasma, 
b o t h  in con t ro l  and Type IIa subjects.  This cor- 
re la t ion also exists for tota l  choles terol  values 
o f  the  plasma (Table 3). There was, however ,  a 
negative corela t ion in LAT activity and HDL 

choles terol  levels. The LAT activity also cor- 
related significantly wi th  plasma TG values. No 
corre la t ion was found  with plasma lysoleci thin,  
LCAT activity,  or LCAT mass. A significant 
corre la t ion wi th  leci thin values was found  only  
when  cont ro l  and Type  II subjects  are com- 
bined.  

In order  to see if LDL choles terol  values 
corre la ted  with LAT activi ty,  i ndependen t  o f  
TG or lecithin levels of  plasma, the  partial 
corre la t ion  coeff ic ients  were calculated,  keep- 
ing one  of  the variables constant .  When holding 
the  plasma TG levels cons tan t ,  the  LAT activity 
remains  highly corre la ted wi th  LDL choles terol  
in all subjects grouped  together  (r=0.814; 
p < 0 . 0 1 ) ,  as well as in Type II subjects  alone 
(r=0.674;  p< 0.01 ) or in controls  alone (r=0.660; 
p<0 .01 ) .  These results  indicate that  the  rela- 
t ionships  of  LDL choles terol  and plasma TG on 
LAT activi ty are i n d e p e n d e n t  o f  each o ther .  On 
the  o the r  hand,  when  calculating the partial 
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FIG. 1. Correlation of LAT activity with plasma LDL levels. The LAT activity was 
determined by the conversion of labeled lysolecithin to lecithin by the whole plasma as 
described in the text. LDL in each of the control plasma (e) and the hypercholesterolemic 
plasma (0) was determined by derived ~-quantification (18). Two of the Type lla subjects 
were of Type lib (above 95th percentile TG) at the time of analysis. 

TABLE 3 

Correlation of I.AT Activity with LCAT and Lipid Levels a 

Variable All subjects Type II subjects Normal subjects 

(n  = 3 3 )  (n = 1 8 )  (n = 1 5 )  
L D L  cho le s t e ro l  0 . 8 1 0 " * *  0 . 7 2 1 " * *  0 . 5 0 5 "  
H DL cholesterol -0.547" * * -0.354 -0.443 
Whole plasma cholesterol 0.809" ** 0.735 * ** 0.469 
Whole plasma TG 0.605*** 0.664** 0.616" 
Whole plasma lysolecithin 0.216 0.407 0.185 
Whole plasma lecithin 0.483** 0.357 0.150 
LCAT activity 0.082 0.084 0.323 
LCAT mass 0.150 0.035 0.347 

aThe coefficients of correlation were calculated according to the standard p r ~ 0 ) .  
From these values, the t values were calculated according to the formula, t = r,/(n-2)/(l-r" ). 

Significance levels: * P < 0.025. ** P < 0.005. *** P <0.001. All other numbers have 
P > 0 .05 .  

corre la t ion coeff ic ients  of lecithin and LDL 
choles terol  wi th  LAT, the  correlat ion be tween  
LAT activity and lecithin observed in the total  
number  of  subjects  (Table 3) did no t  persist if 
LDL choles terol  is kept  cons tan t  (r=0.034).  
The corre la t ion be tween  LAT and LDL chole-  
s terol ,  however ,  remains significant when 
the  lecithin value is kep t  cons tan t  (r=0.743;  
p<0.01) .  

These results suppor t  the  hypothes is  that  the  
LDL is a physiological  act ivator  of  the LCAT 
react ion,  and that  the LDL levels in the plasma 
de te rmine  the  rate of  lysoleci thin acylat ion.  We 
had previously shown that ,  in pat ients  with 

abe ta l ipopro te inemia ,  the activity of  LAT is 
very low and is s t imulated up to 20-fold by the 
addi t ion  of normal  LDL (8). The addi t ion  of  
LDL to normal  plasma also s t imulates  the LAT 
activity of  the plasma up to 100% (8), indi- 
cating that  the LDL levels in normal  plasma are 
not  suff icient  for maximal  LAT activation.  
Thus, at higher LDL levels, as found  in Type lla 
hyper l ipopro te inemia ,  the LAT activity is 
s t imulated fu r ther  w i thou t  an increase in the 
LCAT mass or activity.  The physiological  im- 
por tance  of  the LDL activation of  the LAT 
reaction is also underscored  by the observat ion 
that  a small but  significant amoun t  of  active 
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LCAT enzyme is associated with LDL in nor- 
mal human plasma (23,24). The esterif ication 
of  cholesterol  can also take place on LDL 
surface (7,25). Whether the amount  of  LCAT 
associated with LDL fraction is increased in 
Type I1 hyper l ipoprote inemia  would be on 
interest ing s tudy.  We do not  know if the posi- 
tive correlat ion found between the plasma TG 
levels and the LAT activi ty is f rom any effects 
of  the TG on the enzyme activi ty,  or  is cor- 
related with an unknown  factor  affect ing both  
components .  

The negative correlat ion between HDL 
cholesterol  values and the LAT activities is not  
evident  if the LDL cholesterol  value is kept  con- 
stant (partial correlat ion coefficient:  -0.147). 
With H D L  cho le s t e ro l  c o n s t a n t ,  the  L D L  chole-  
s te ro l  value still co r re la t e s  pos i t ive ly  w i t h  L A T  
act iv i ty  ( r=0 .721) .  These  resul ts  suggest  tha t  
t he  negat ive  co r r e l a t ion  b e t w e e n  H D L  and  L A T  
is caused  by  the  s ign i f ican t  negat ive  co r r e l a t i on  
b e t w e e n  t t D L  cho l e s t e ro l  and L D L  c h o l e s t e r o l  
( r=-0 .590  for  all sub jec t s ,  -0.369 fo r  T y p e  II 
sub j ec t s  and -0.616 fo r  n o r m a l  sub jec t s ) ,  and 
n o t  b y  a direct  e f fec t  o f  H D L  o n  LAT.  

The  resu l t s  p r e s e n t e d  in this  c o m m u n i c a t i o n  
p rov ide  f u r t h e r  evidence  t ha t  LDL m a y  play an 
i m p o r t a n t  role  in the  m e t a b o l i s m  o f  p h o s p h o -  
l ipids in the  p lasma.  F u r t h e r  s tud ies  are re- 
qu i red  to s h o w  w h e t h e r  d i f fe ren t  m o l e c u l a r  
species  of  lec i th ins  are syn thes i zed  in hype r -  
c h o l e a t e r o l e m i c  individuals  c o m p a r e d  w i t h  the  
c o n t r o l s ,  and if the  e n z y m e  act ivi ty  in the  pa- 
t i en t s  is r educed  a f te r  h y p e r l i p e m i a  is t r ea ted  
w i th  d rugs  o r  diet .  
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ABSTRACT 

The cholesterol binding capacity of 28 fiber samples from a variety of the more common tropical 
fruits and vegetables was determined. The binding capacity of cholestyramine, cellulose, lignin, guar 
gum and citrus pectin were also determined. Capacities were evaluated by an in vitro method that 
simulates the effect of the human digestive system on fiber using a series of enzymatic treatments 
before the binding was determined. Binding values varied from 3% for a soluble fraction of cassava to 
84% for cholestyramine. Values for most fruit and vegetable fiber samples were less than or ca. equal 
to cellulose or lignin (20% and 16%, respectively). Apart from cholestyramine, sweet potato was the 
most effective binder (30%). Citrus pectin, at 8%, was a relatively poor binder. The capacity of guar 
gum (17%) was slightly less than cellulose. These data do not support the conclusion from in vivo 
studies that the hypocholesteremic effects observed for citrus pectin and guar gum arc the result of 
the direct binding of cholesterol or bile acids in the large intestine. 
Lipids 19:85-90, 1984. 

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

Fiber  f rom fruits,  legumes and  vegetables has 
been  associated wi th  reduced  levels of  p lasma 
choles te ro l  (1,2).  A ten ta t ive  cor re la t ion  be- 
tween  f iber  and colorec ta l  cancer  has also been 
proposed (1,3).  One of  the  p r imary  mechan i sms  
proposed  for  these effects  is the  d i rec t  b ind ing  
of choles tero l ,  bile acids and related c o m p o u n d s  
in the  large intes t ine .  

The  eva lua t ion  of the  b inding  capaci ty  of  
d ie tary  f iber  for choles te ro l  and bile acids is 
conven ien t ly  carr ied ou t  by  in vitro me thods .  
Previous  in vitro s tudies  (4)  have s h o w n  tha t  
subs tances  such as alfalfa, whea t  bran,  lignin 
and cel lulose are relat ively ineffect ive.  Chole-  
s t y r amine  (a commerc ia l  resin used for  b lood  
choles te ro l  r educ t ion )  is very effective. Guar  
gum ( a high viscosi ty po lye lec t ro ly te  similar to 
pec t in)  is general ly no t  as effect ive as chole- 
s ty ramine ,  bu t  be t t e r  than  lignin or cellulose. 

These b ind ing  effects  are corre la ted With 
changes  in b lood  choles te ro l  shown in feeding 
studies (1). A recen t  feeding s tudy  showed tha t  
several t ropical  tubers  ( some of  which  con ta in  
unusual  types  of  pect ins  and gums)  reduced  
choles te ro l  levels subs tan t ia l ly  in the  b lood  and  
in some of  the  in terna l  organs of  rats  (5). Since 
many  t ropica l  fruits  and vegetables con ta in  
pect ins  and  gums in relat ively high concen t ra -  
t ions,  the  eva lua t ion  of the  b inding capaci ty  of  

ISouthern Region, U.S. Department of Agriculture, 
Agricultural Research Service. Mention of a I'rade- 
mark or proprietary product is for identification only 
and does not imply a guarantee or warranty of the 
product by the U.S. Department of Agriculture over 
other products that may also be suitable. 

f iber f rom these foods  may  reveal improved  
sources  of  l ip id-sequester ing substances .  

One of  the  compl ica t ing  fac tors  in previous  
in vitro studies has been the  degrada t ion  of  
f iber  in the  digestive sys tem (5). Enzymes  
p roduced  by  in tes t ina l  bacter ia  degrade pec t in  
and hemicel lu lose  ( 6 ) e x t e n s i v e l y .  Even cellu- 
lose is part ial ly hyd ro lyzed ,  leaving lignin 
subs tan t i a l ly  unchanged  (7). In view of  these  
problems ,  an u n m o d i f i e d  f iber  f rac t ion  may  no t  
show a realist ic p ic ture  of  the  p roper t i es  of the  
f iber  res idue  as it exists in the  large in tes t ine .  

In the  present  s tudy ,  the  direct  b ind ing  of  
cho les te ro l  by  f iber  f rac t ions  f rom a var iety of  
t ropical  fruits  and vegetables  was evaluated.  A 
modi f ied  in vitro p rocedure  was emp loyed  t ha t  
s imulates  the  enzymat i c  deg rada t ion  occur r ing  
as the  f iber  passes t h rough  the  digestive system. 

EXPERIMENTAL PROCEDURES 

Materials 

Yams,  taro and t ropical  sweet  p o t a t o  were 
ob t a ined  f rom the Mayaguez Ins t i tu te  of  
Tropical  Agricul ture ,  Mayaguez,  Puer to  Rico. 
Carambolas ,  sapodil las and mangos  were ob- 
ta ined  f rom the  USDA Subt rop ica l  Hor t i cu l tu ra l  
Research S ta t ion ,  Miami, FL. The r ema in ing  
fruits and vegetables were purchased  at local 
markets .  Cho le s ty ramine ,  cellulose,  lignin, guar 
gum and ci t rus pect in were ob ta ined  f rom 
various commerc ia l  sources  (see Table  1 ). 

Enzymes 

The 5 enzymes  listed below were used in this  
s tudy.  The  act ivi t ies  r epo r t ed  were those  de- 
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scribed by the commercial supplier. 
The glycoamylase (amyloglucosidase) was 

Sigma A-7255 with an activity of 5,000 to 
10,000 units/gm (one unit liberates 1 mg of 
glucose from starch in 3 min at pH 4.5 and 
55 C). 

The pancreatin was Sigma P-1750 with an 
activity equivalent to 4X N.F. specifications 
(according to N.F. specifications, the enzyme 
must convert no less than 25 times its weight of 
potato starch into soluble carbohydrates in 5 
min in water at 40 C and not less than 25 times 
its weight of casein into proteoses in 60 min). 

The pepsin was Sigma P-7000 with an activ- 
ity of 1,200 to 2,000 units per mg protein. 

The hemicellulase was U.S. Biochemical No. 
16870 with an activity of 2,500 units/gm (1 
unit produces a change in the relative fluidity 
of 1 in a defined locust bean substrate). 

The pectinase was U.S. Biochemical No. 
19960 with an activity of ca. 600 APU per gm 
(1000 APU per ml gives a 50% reduction in the 
viscosity of an apple pectin solution in 60 min 
at 25 C and pit 3.8). 

Fiber Composition 

Composition data (cellulose, hemicelluose, 
lignin and enzymatic soluble and insoluble 
fraction) were taken from previous studies from 
this laboratory on the dietary fiber composition 
of tropical fruits and vegetables (8,9). These 
values were determined by the Van Soest 
detergent procedure and the Hellendoorn 
enzymatic analysis. Van Soest detergent values 
for banana and guava were taken from the 
literature (10). Enzymatic values for banana 
and guava were determined for this study by 
the Hellendoorn enzymatic analysis. 

Preparation of Enzymatic Fractions 

Banana and guava samples were digested 
with pepsin, glucoamylase and pancreatin, ac- 
cording to the Hellendoorn enzymatic proce- 
dure described in previous studies (8,9). The 
product was centrifuged and the supernatant 
mixed with a large excess of ethanol. The 
residue from the initial centrifugation was the 
insoluble fraction. The precipitate produced by 
the ethanol treatment was the soluble fraction. 

Isolation and Enzymatic 
Pretraatment of Fiber Samples 

Representative samples of fresh fruits and 
vegetables were blended and mixed with 
800 g/4 1 boiling 80% ethanol. After cooling, 
the alcohol insoluble residues (AIR) were 
isolated by filtration and dried at room temper- 
ature in an evacuated desiccator over CaSO4. 

Final drying was carried out at 0.1 Torr (8,9). 
The amount of each AIR sample used for 

the cholesterol binding assay was adjusted to 
contain 20 mg of the total enzymatic fiber 
based on the combined percentage of insoluble 
and soluble fractions from the Hellendoorn 
analyses (8,9). This quantity was treated 
sequentially at 37 C under N2 with magnetic 
stirring as follows: (1) 3 mg pepsin, pH 1.5, 3 
hr; (2) 3 mg glucoamylase plus 6 mg pancreatin, 
pH 6-6.5, 3 hr; (3) 6 mg hemicellulase plus 0.1 
mg pectinase, pH 6.9-7.1, 5 hr; (4) pH 7.1-7.2, 
14 hr. The sample was cooled to room tempera- 
ture for each pH adjustment and a drop of 
CHC13 was added each time to retard spoilage. 
Residual CHCI3 was removed by heating the 
mixture at 40 C for 5 min in a stream of N2. 

For the binding determination of individual 
enzymatic insoluble or soluble fractions from 
banana and guava; the first 2 steps were omit- 
ted (pepsin, pancreatin and glucoamylase). The 
sample (20 mg) was mixed with 3.0 ml 0.85% 
NaC1 and the pH adjusted to 6.9-7.1 with 0.1 
N HCI and 1% NaOH. Hemicellulase and pec- 
tinase were added as described above and the 
remainder of the procedure was carried out. 

Cholesterol Binding Procedure 

A mixture of 1.7 mg cholesterol, 1 mg 
triolein, 4 mg palmitoyl lysolecithin, 1 mg 
deoxycholic acid, 1.1 mg cholic acid, 2 mg 
sodium taurocholate, 3 mg monolein and 6 mg 
oleic acid in a mixture of 2 ml tetrahydrofuran 
and 1 ml methanol was placed in a centrifuge 
tube and the solvent was evaporated in a nitro- 
gen stream. The degraded fiber sample, sus- 
pended in 3 to 4 ml of solution, was poured 
into the centrifuge tube containing the lipids. 
Approximately 0.5 ml of additional 0.85% 
NaC1 solution was used to wash a small amount 
of residual insoluble material into the centrifuge 
tube. The tube was then placed in a sonic bath 
(Cole-Parmer Model 8845-30) for 5 rain. The 
resultant cloudy mixture appeared to be free 
of any residual insoluble lipids on the tube 
walls. A 10 mg sample of tribasic calcium 
phosphate [Cal0(OH)2(PO4)6 ] was added and 
the tube stirred magnetically under N2 for 1 hr 
at 37 C. The stirring bar was removed and 
washed with a small amount of ether. The tube 
was centrifuged for 5 min at 1000 g and the 
supernatant decanted. The walls in the upper 
part of the tube and the top of the residue 
were washed with 1-2 ml of ether. The superna- 
tant was dried by evaporating the water in a 
Rotavap at 40 C/15 torr, then evacuated to 1 
torr at 40 C. The combined washings from the 
stirring bar and tube were diluted to 10 ml with 

LIPIDS, VOL. 19, NO. 2 (1984) 



CHOLESTEROL BINDING CAPACITY 89 

ether and the ether solution was used to extract 
the dried supernatant. The centrifuge residue 
was dried by evacuation at 40 C/15 torr, then 
at 40 C/1 torr. Cholesterol was extracted from 
the 2 pulverized dried products with 3 or 4 por- 
tions of ether (total extract volumes 10 ml 
each). 

Cholesterol was determined in the ether 
extracts by high pressure liquid chromatog- 
raphy (HPLC). A 100/21 sample of the filtered 
extract (fine sintered glass filter) was injected. 
The column was a Varian MCH-10 (10 # C-18, 
4 mm i.d. x 30 cm length). Peaks were detected 
by UV at 213 nm. The solvent mixture 
was 79% acetonitrile-20% tetrahydrofuran-l% 
methanol. At a flow rate of 2 ml/min, the 
retention time of cholesterol was 9 min. The 
cholesterol peak was quantitated by comparing 
the peak area (planimeter) with those of stan- 
dard cholesterol solutions. The peak area- 
concentration relationship was linear in the 
concentration ranges observed for these samples. 

RESULTS AND DISCUSSION 

The cholesterol binding capacity of 28 fiber 
samples from tropical fruits and vegetables was 
measured by a modified in vitro method. The 
capacities of commercial cholestyramine, cellu- 
lose, lignin, guar gum and citrus pectin were 
also determined. 

The method includes an enzymatic pretreat- 
ment designed to simulate the effect of the 
human digestive system on the fiber. In the 
first two steps, the procedure is similar to the 
Hellendoorn enzymatic analysis (treatment 
with pepsin, glucoamylase and pancreatin). The 
resulting product has been degraded much like 
fiber that has traveled through the stomach and 
upper intestine. In the third step (hemicellulase 
and pectinase treatment), the fiber was further 
degraded by enzymes similar to those produced 

b y  microorganisms in the large intestine. 
Finally, the degraded fiber was mixed with a 
mixture containing cholesterol that is represent- 
ative of the lipid composition in the large 
intestine, and centrifuged. The residue con- 
tained the insoluble fiber and associated choles- 
terol, along with the insoluble calcium phos- 
phate. The supernatants contained a cloudy 
dispersion indicating the presence of micelles. 
HPLC analysis of an ether extract of the 
aqueous supernatants showed that only a small 
fraction of the cholesterol could be recovered 
from this dispersion. Because the presence of 
water reduced the extraction efficiency, the 
amount of cholesterol in the centrifuge residue 
and supernatant was determined by extracting 
the dried products. Binding values were calcu- 

lated as the percentage of total cholesterol in 
the residue. The resulting values should be 
representative of the binding capacities of the 
fiber residue for cholesterol and similar lipids in 
the lower digestive tract. 

Model experiments were carried out with 
cellulose (Solka-Floc), the mixture of 5 en- 
zymes and calcium ion (CaC12) or insoluble 
calcium in the form of tribasic calcium phos- 
phate [Cal0(OH)2(PO4)6 ]. When CaC12 was 
the calcium source, over 90% of the cholesterol 
was present in the residue. When tribasic cal- 
cium phosphate was used or no calcium was 
added, about 20% of the cholesterol was in the 
residue. Since most of the calcium in human 
feces is present as insoluble calcium phosphate, 
the conclusion was made that calcium should 
be added as insoluble calcium phosphate rather 
than as calcium ion. 

Fecal pH in certain ethnic groups can be as 
low as 5.7 (11). Since more acidic conditions 
can increase calcium ion concentration, a model 
experiment was conducted with tribasic cal- 
cium phosphate added and the pH of the final 
step adjusted to 5.7 instead of 7.1-7.2. No dif- 
ference in the amount of cholesterol in the 
residue was observed. Any increase in calcium 
ion concentration resulting from the increased 
acidity was not large enough to affect the bind- 
ing capacity. 

Further model experiments were carried out 
with cellulose, the enzyme mixture and calcium 
phosphate. Eliminating either the enzyme mix- 
ture or tribasic calcium phosphate did not 
significantly change the binding value. With 
enzymes and calcium phosphate present and no 
cellulose, the amount of cholesterol in the 
residue was insignificant. Thus, the presence of 
the enzymes, insoluble tribasic calcium phos- 
phate, or a combination of the two did not, by 
themselves, appear to influence the binding 
value. 

As Table 1 shows, only fiber from sweet 
potato flesh, carambola and Keitt mango had a 
greater binding capacity than cellulose or lignin. 
Even these samples did not approach the 
capacity of cholestyramine. Samples with high 
lignin concentrations, such as sweet potato peel 
and date, did not have a significantly higher 
capacity. 

The capacity of many of the samples was 
significantly below that of cellulose. Coconut 
fiber had a very low capacity. Since coconut 
fiber contains a large hemicellulose fraction (9), 
extensive hemicellulose hydrolysis could ac- 
count for its poor binding properties. The 
hydrolysis of  pectin could explain the low bind- 
ing affinities of citrus pectin and kiwi fiber 
(which contains a large pectin fraction). The 
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lowest capacity was shown by fiber f rom the 
African yam, Dioscorea rotundata. This sample 
conta ined  the highest concen t ra t ion  of  en- 
zymat ic  soluble fiber, 4.1% of  the fresh wt (9). 
This result  suggests that  the  binding abili ty of 
the  soluble fract ions may be relatively low. 

Considering the capaci ty  per uni t  of  ligno- 
cellulose (lignin + cellulose [8,91 ), as shown in 
the r ight-hand co lumn of  Table 1, reveals con- 
siderable variation. For most  o f  the samples,  
the  values are greater than for lignin or cellu- 
lose. By making two assumpt ions :  1) hemicellu- 
lose and pectin are comple te ly  degraded,  and 
2) the  lignocellulose residue has abou t  the same 
capaci ty in all samples, these capaci ty  differ- 
ences could be explained by the presence of  
o the r  stable fiber c o m p o n e n t s  (such as gums or 
mucilages). Fiber f rom D. rotundata was un- 
usual because it had the highest  capaci ty  per 
unit  of lignocellulose (6.9) combined  with a 
very low total  capaci ty (7%). In this case, the 
capaci ty  of the  o the r  stable c o m p o n e n t  must  be 
very large compared  with lignocellulose. 

The capacities o f  individual enzymat ic  frac- 
t ions  from 3 of  the more  economical ly  impor  - 
tant  samples (sweet po ta to ,  cassava and grape- 
fruit)  were de te rmined .  In each case, the value 
for the soluble fract ion was much  lower than 
tha t  of the insoluble f ract ion (Table 1). An 
except ional ly  low value was shown by the 
soluble f ract ion f rom cassava (3%). Since the 
soluble f ract ion,  in most  cases, is composed  of  
soluble pectin and hemicellulose,  the low values 
are probably  the result o f  enzymat ic  hydrolysis.  
The total  capacity,  calculated by assuming that  
the  con t r ibu t ion  of  each fract ion was propor-  
t ional to its relative amount ,  was significantly 
less than the capacity de te rmined  f rom the 
cor responding  AIR. 

The mean value for unrecovered cholesterol ,  
calculated by subtract ing the sum of  the 
amoun t s  in the e ther  extracts  of  the superna- 
tant  and residue from the total  cholesterol ,  was 
zero for the fruits and 33% for the s tarchy 
vegetables. The dried superna tan ts  f rom the 
s tarchy vegetables were viscous liquids that 
u n d o u b t e d l y  contain  large amoun t s  of  glucose 
derived from the hydrolysis  of  the starch. 
Apparen t ly ,  cholesterol  was diff icult  to recover 
f rom this residue by ether  ex t rac t ion ,  and the 
result  was a high value for unrecovered choles- 
terol. 

In general, the binding ability of  most  sam- 
ples was equal to or less than cellulose or lignin. 
In contrast ,  many feeding studies have shown 
that  the hypocho le s t e r emic  effect  of  pect in  and 
guar gum is be tween  the  effect  of  cellulose and 
choles tyramine.  Our cholesterol  binding data 
do not  appear to suppor t  the conclusion from 
in vivo studies that  the  direct binding of  sterols 
or bile acids in the  large intest ine is responsible  
for the reduced blood cholesterol .  
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ABSTRACT 

This report describes the daily changes in fatty acid composition and fatty acid desaturation in rats 
feeding on a complete diet and a fat-free diet successively. Rats on a complete diet showed a good 
homeostasis in the percentage of fatty acid in plasma, with a possible palmitic acid rhythm, but the 
fat-free diet initiated an essential fatty acid-deficient pattern in a few hours. The light-dark period in 
animals feeding on a complete diet motivates a feeding rhythm that causes changes in linoleic and 
arachidonic acids in the whole liver and microsomes that are related to A6 and 45 desaturase activi- 
ties. The patterns of 46  and A5 desaturase changes were different. Linoleic acid intake during the dark 
periods (complete diet feeding) caused a decrease of 46  desaturase activity and the activation of 45 
desaturation that led to an increase of arachidonic acid biosynthesis. The feeding of a fat-free diet 
eliminated the rhythm observed in linoleic and arachidonic acid composition in the liver and changed 
the desaturase rhythms. The 49 desaturase activity in the liver also showed a daily rhythm in the 
complete-diet period that disappeared with the change to a fat-free diet, while the activity increased 
markedly. A negative correlation existed between the percentage of linoleic acid in the liver and the 
49 desaturase activity. However, no correlation was found between 49 desaturase activity and the 
percentage of 16 : 1 and 18:1 in the complete-diet period. 
LipMs 19:91-95, 1984. 

INTRODUCTION MATERIALS AND METHODS 

U n s a t u r a t e d  fa t ty  acid b iosyn thes i s  is be- 
lieved to  be  con t ro l l ed  main ly  by  the  regu la t ion  
of  m i c r o s o m a l  desa turase  act ivi ty  t ha t  occurs  at  
t he  A9,  A6 and  A5 pos i t ions  in the  f a t t y  acid 
chains  (1-3).  Desa tu ra t ion  at  these pos i t ions  is 
ca ta lyzed  by  specific enzym es  subjec t  to diur- 
nal  changes  (4). These  d iu rna l  f luc tua t ions  have 
also b e e n  observed in l ipid c o m p o s i t i o n  and  in 
several enzymes  re la ted  to lipid me tabo l i sm in 
roden t s  (4-8). 

Ci rcadian  r h y t h m s  have been  also d e m o n -  
s t ra ted  in p ro t e in  synthes is  (4), b lood  sugar 
(9),  insul in  (9),  g lucagon (10)  and  cor t i co ids  
(11).  Some  good evidence exists t ha t  these  
factors ,  as well as food  compos i t i on ,  m ay  
m o d i f y  unsa tu r a t ed  f a t t y  acid b iosyn thes i s  
(12-15) .  

To o b t a i n  fu r t he r  i n f o r m a t i o n  on  the  day 
and  n igh t  m e c h a n i s m s  rul ing the  osci l la t ions  of  
u n s a t u r a t e d  f a t t y  acid b iosynthes i s ,  the  A9, A6 
and  A5 f a t t y  acid desa turase  act iv i ty  of  rat-fiver 
mic rosomes  was measured  per iodical ly  in ani- 
mals feed ing  successively on  a comple t e  and  a 
fat-free diet .  The  resul ts  were c o m p a r e d  w i th  
the  changes  in the  f a t t y  acid c o m p o s i t i o n  of  the  
whole  liver, fiver microsomes ,  p lasma and 
ep id idyma l  fa t  tissue. 

*To whom correspondence should be addressed. 
1Members of the Carrera del Investigador Cien- 

tJfico, Consejo Nacional de Investigaciones Cient~ficas 
y T~cnicas, Argentina. 

Chem icals 

[ l - a4C]Pa lmi t i c  acid (56 m C i / m m o l )  and  
[1 - t4C] l ino le ic  acid (58 m C i / m m o l )  were 
purchased  f rom the  R a d i o c h e m i c a l  Centre ,  
A m e r s h a m ,  England.  [ 1-14 C] Eicosa-8 ,11,14-  
t r i eno ic  acid (54.7 m C i / m m o l )  was purchased  
f rom New England  Nuclear  Corp. ,  Bos ton ,  MA. 
Tests for  r ad iochemica l  pu r i t y  were m a d e  in 
our  labora tor ies  and the  mater ia ls  were ca. 
98-99% pure.  Un labe led  f a t t y  acids were pur- 
chased f rom NuChek  Prep,  Inc.,  Elysian,  MN. 

Animals and Their Treatment 

Male Wistar rats  were k e p t  in rooms  at a 
t e m p e r a t u r e  of  22 +- 1 C and  given water  and  
food  ad l ib i tum (Pur ina  Chow) .  Light  (f luores-  
cent  whi t e  l ight  40W),  f rom 0 8 : 0 0  to 2 0 : 0 0  hr ,  
a l t e rna t ed  w i th  12 hr  of  darkness.  When the  
rats  were 21 days old,  t h e y  were weaned  and  
caged in groups  of  4 un t i l  t hey  were sacrificed. 
When t w o m o n t h s  old, 7 groups  of  4 animals  
were kil led by  d e c a p i t a t i o n  at  4 hr  intervals  
dur ing  a 24 hr  per iod.  At  th is  t ime ,  t he  food  of  
the  r ema in ing  6 g roups  of  an imals  was changed  
to a fat  free diet.  The  rats  were t h e n  sacrif iced 
by  groups  at 4 hr  intervals  dur ing  a 24 hr  
per iod.  Pur ina  Chow cons is ted  of  : ( in calor ies)  
56.7% ca rbohydra t e s ,  10.4% lipids and  32.9% 
pro te in ,  v i t amins  and  minerals .  The  f a t t y  acids 
of  this diet  inc luded  21.4% palmit ic ,  2.1% 
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palmitoleic, 8.2% stearic, 24.9% oleic, 37.7% 
linoleic and 0.2% arachidonic acids. The fat-free 
diet consisted of: (in calories) 73.4% starch and 
26.6% defatted casein, supplemented with 
minerals (16) and a mixture of vitamins (17). 
Four animals were studied individually at each 
time. The blood was allowed to drain and was 
collected in heparinized tubes to measure fatty 
acid composition. 

The livers were rapidly excised and immedi- 
ately placed in an ice-cold homogenizing 
medium as described by Castuma et al. (18). 
After homogenization, samples were taken to 
measure protein content and fatty acid compo- 
sition. Liver microsomes were separated by 
differential centrifugation at 100,000g as 
described elsewhere (18). Aliquots of liver 
microsomes were analyzed for protein content 
and fatty acid composition. The epididymal fat 
pad was also analyzed for fatty acid composi- 
tion. 

Incubation Procedure for Oxidative 
Desaturation of Fatty Acids 

Desaturation of the fatty acids by liver 
microsomes was measured by estimating the 
percentage conversion of [1J4C]palmitic acid 
to palmitoleic acid, [1J4C]linoleic acid to 
7-1inolenic acid and [1J4C]eicosa-8,11,14- 
trienoic acid to arachidonic acid. Three nmol of 
labeled acid and 97 nmol of unlabeled acid 
were incubated with 5 mg of microsomal pro- 
tein in a metabolic shaker at 37 C for 10 min, 
in a total volume of 1.5 ml of 0.15 M KC1- 
0.25 M sucrose solution. The medium con- 
tained 4/~mol of ATP, 0.1 /amol of CoA, 
1.25 /amol of NADH, 5 /2reel of MgC12, 2.25 
/~mol of glutathione, 62.5 /2mol of NaF, 0.5 
/amol of nicotinamide, and 62.5 /.(mol of phos- 
phate buffer (pH 7). 

Analysis of Radioactive Fatty Acids 

Incubations were stopped by the addition of 
2 ml of 10% KOH in methanol. The fatty acids 
were recovered by the saponification of the 
incubation mixture. The acids were esterified 
with 3 M HC1 in methanol (3 hr at 68 C). The 
distribution of radioactivity between the differ- 
ent fatty acids was determined by gas-liquid 
radiochromatography in an apparatus equipped 
with a Packard proportional counter using the 
procedure described previously (18). The 
labeled methyl esters were identified by equiva- 
lent chain length determination and by compar- 
ing them with authentic standards. 

Analysis of Fatty Acid Composition 

In order to determine the fatty acid compo- 
sition of the different tissues, lipids were ex- 
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tracted with chloroform/methanol (2:1, v/v) by 
the procedure of Folch et al. (19). Fatty acids 
were converted to methyl esters and anMyzed 
by gas-liquid chromatography in a Hewlett- 
Packard apparatus, Model 5840 A. The column 
was packed with 15% EGSS-X coated on 
Chromosorb WHP (80-100 mesh), Supelco Inc., 
Bellefonte, PA. The fatty acids were identified 
by comparing them with standards. 

Analytical Determinations 

Protein was determined by the biuret 
method of Gornall et al. (20). 

R ESU LTS 

Plasma 

Figure 1 illustrates the daily fluctuations in 
the relative concentration of fatty acias in the 
plasma lipids of rats fed Purina Chow for 24 hr 
followed by 24 hr on a fat-free diet. In spite of 
the homeostasis, different minor daily fluctua- 
tions of plasma lipids are observed in animals 
fed a complete diet. The study of plasmatic 
essential fatty acids (Fig. l-A) revealed that 
linoleic acid showed a high and rather constant 
level during the first day, but declined during 
the 24 hr period of fat deprivation. At the end 
of the experiment,  the percentage of plasma 
linoleic acid was ca. one-third of the initial 
values. The level of arachidonic acid followed a 
rather similar fluctuation, remaining high and 
practically constant during the feeding with a 
complete diet but dropping with the fat-free 
diet. 
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FIG. 1. Daily fluctuations in the relative concentra- 
tion of fatty acids in the plasma lipid of rats fed for 
24 hr on a complete diet, followed by 24 hr on a 
fat-free diet. Arrows indicate the time each diet was 
administrated. The black line on the abscissa repre- 
sents the dark periods. At each time-point, the values 
represent the mean -+ SEM of 4 animals. 
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In the nonessential fatty acid group (Fig. 
l-B), stearic and oleic acids showed some rapid 
fluctuations during the period of complete diet 
that were apparently nonrhythmical. Palmitic 
acid showed a transient decline during the first 
night period between 20:00 and 04:00 hr 
whereas palmitoleic acid remained pract i -  
cally constant. The fat deprivation in general 
smoothed the  curves, eliminated the negative 
night peak of palmitic acid and evoked a pro- 
gressive increase of palmitoleic acid. Oleic 
acid, after a night peak, also increased steadily. 

Liver: Essential Fatty Acids 

The essential fatty acid composition of total 
lipids in the liver showed daily fluctuations 
(Fig. 2-A). The percentage of linoleic acid in- 
creased remarkably at night during the feeding 
period, reaching its maximum at 04:00, then 
showing a steady decline. The lowest value was 
found at the end of the resting period. Arachid- 
onic acid also began to increase at the onset of 
night. The highest level was reached during the 
light period with a decline at the end of day- 
light. The oscillation of arachidonic acid seems 
to be displaced in relation to linoleic acid 
changes. 

Daily fluctuations in the percentage of  
linoleic and arachidonic acid were also shown in 
the liver microsomal membrane of the rats fed a 
complete diet (Fig. 2-A). However, linoleic acid 
oscillations were less pronounced in micro- 
somes than in the total liver. The ascending 
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FIG. 2. Daily changes of A6 and A5 desaturation 
activity and the relative composition of essential fatty 
acids in the liver. A. Percentage of linoleic ( ) 
and arachidonic acid ( . . . .  ) in the total liver 
homogenate (L) and liver microsomes (M). B. Percent- 
age of conversion of linoleic acid to "y-linolenic acid 
( ........ ) and eicosa-8,11,14-trienoic acid to arachidonic 
acid ( . . . . . .  ). Id. Fig. 1. 
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slope of arachidonic acid in microsomes pre- 
ceded that observed in the total organ. The 
change to a fat-free diet and the absence of 
linoleic acid in the food of the rat caused the 
linoleic acid daily variations to disappear and 
both essential fatty acids, linoleic and arachid- 
onic, declined steadily in the liver (Fig. 2-A). 
However, the decline of arachidonic acid was 
later than that of linoleic acid. With this diet, 
the correlation between the percentage of each 
acid in the whole liver and in microsomal mem- 
brane (correlation coefficient 0.97 for both 
acids) was perfect. 

Figure 2-B illustrates the changes of A6 and 
A5 desaturation activity in the liver microsomes 
of male rats fed a complete diet followed by a 
fat-free diet. The A6 desaturase exhibited a 
diurnal variation as has been shown in female 
mice (4). The present experiment also showed 
that the A5 desaturase activity changes rhyth- 
mically, though the phases of the 2 desaturase 
oscillations were different. The A6 desaturase 
showed a decline in the conversion during the 
night while the A5 desaturase increased. The 
A6 desaturase increase was produced at the 
onset of the light period and was followed by a 
second peak of the A5 desaturase. Maximum 
A6 desaturase activity was at 20:00 hr, when 
the finoleic acid concentration in the liver 
reached its lowest value. The decline of the 
A6 desaturase during the dark period was 
correlated with the increase of linoleic acid con- 
centration in liver microsomes (correlation 
coefficient R = 0.92, regression coefficient: a = 
100 and b = -5.97).  

The administration of the fat-deficient diet 
synchronized the fluctuations of both desatu- 
rases with an evident decrease in A5 conversion. 
Both enzymes showed a small peak at noon 
(p < 0.05) and a small increase at the end of 
24 hr of fat deficiency. 

Liver: Nonessential Fatty Acids 

Figure 3 illustrates the fluctuations of the 
saturated and monoenoic fatty acids and the 
A9 desaturase activity changes in the livers of 
rats fed a complete diet followed by a fat-free 
diet. The whole liver and microsomes showed 
similar fatty acid compositions (Fig. 3-A). The 
curves in both biological materials showed a 
perfect fitness with correlation coefficients in 
the range of 0.96 to 0.99. When the rats were 
on a complete dietl a decrease in the percentage 
of palmitic acid in liver was observed, with a 
minimum at 04:00 hr. This fluctuation of 
palmitic acid has been already shown in mice 
(4). No detectable daily changes could be 
recognized for the other nonessential fatty 
acids. During fat deprivation, palmitic, palmit- 
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FIG. 3. Relative concentration of saturated and 
monoenoic fatty acids and A9 desaturation activity in 
the liver. A. Percentage of stearic acid ( . . . . . . . . .  ), 
palmitic acid ( . . . . . .  ), oleic acid ( ........ ) and palmit- 
oleic acid ( . . . . . . . . .  ) in total liver homogenate (L) and 
in liver microsomes (M). B. Percent conversion of 
palmitic to palmitoleic acid ( ). Id. Fig. 1. 

oleic and oleic acids increased cont inuously  
whereas stearic acid tended  to decline. Daily 
changes also occurred in A9 desaturat ion of 
palmit ic  to palmitoleic acid (Fig. 3-B). These 
changes were similar to those found in mice 
(4), decreasing at the onset  of the night and 
beginning to increase at the end of  the dark 
period, the  max imum was reached at the end of  
the light period. The absence of fat in the diet 
act ivated the A9 desaturase steadily, 

Epididymal Fat Pad 

The f luctuat ions  in the  percentages of  fa t ty  
acids in the epididymal  fat pad were not  repre- 
sented because they were much smaller than 
those observed in the plasma and liver. The 
most  impor tan t  change was observed in l inoleic 
acid. It showed a peak at the onset  of  the night,  
when the  rats were fed a comple te  diet, and 
decreased significantly when the animals were 
given a fat-free diet. No variations in the o ther  
fa t ty  acids were recognized.  

D I S C U S S I O N  

Rats eat most ly at night  and hardly at all 
during the day (6). Since the comple te  diet pro- 
vided linoleic acid as the only practical  source 
of  essential fat ty acids, the  arachidonic acid 
present in the animal must  be produced by bio- 
synthesis. Other acids, such as palmitic,  stearic, 
oleic and palmitoleic,  may  have a dual o r i g i n -  
exogenous  and endogenous.  Palmitic acid may  

be formed f rom acetate  by de novo synthesis; 
stearic acid can be synthesized f rom palmitic by 
elongat ion;  oleic and palmitoleic  acids can be 
formed f rom stearic and palmit ic  acids, respec- 
tively, by A9 desaturat ion.  Elongat ion and 
desaturat ion reactions are produced in the 
endoplasmic re t iculum whereas de novo bio- 
synthesis is produced in the  cytosol .  

The osci l lat ion of  fa t ty  acid composi t ion  of  
plasma lipids during the  day is undoubted ly  the  
compromise  of  all the  processes outl ined be- 
fore, together  with the mobi l iza t ion  f rom 
adipose tissue and liver, ox ida t ion  and incorpo-  
rat ion in the tissue. The balance of  these meta-  
bolic processes is shown by the  small changes in 
the percentages of fa t ty  acids in the plasma of 
rats feeding a comple te  diet where only the 
f luctuat ions of  palmitic acid may  represent a 
circadian rhy thm.  

When the  rats ate a fat-free diet, the general 
decline of  l inoleic and arachidonic  acids and the 
increase of  palmitoleic acid indicated an inci- 
pient essential fa t ty  acid def ic iency (Fig. 1). 

The compos i t ion  of  essential fat ty acids in 
the liver and microsomes showed that when the 
rats were fed a comple te  diet,  food intake in- 
creased the l inoleic acid percentage in the liver 
markedly during the dark period and enhanced 
arachidonic acid biosynthesis,  causing a rapid 
increase in the  microsomes and a later accumu- 
lation of  this acid in the tissue (Fig. 2-A). 
Therefore,  the increase of  arachidonic acid 
during the first night could  be explained by the  
increase of  l inoleic acid in the liver and by the  
highest conversion of eicosatrienoic acid to 
20:4 acid during this period (Fig. 2-B). An 
excellent  positive corre la t ion between the  
ascending part of A5 desaturase peak and 18:2 
percentage o f  liver microsomes was found dur- 
ing the considered period (R = 1.00, a = 100.3, 
b = 11.3). 

The A6 desaturase act ivi ty  declined during 
the  night, showing the existence of an inverse 
propor t ional  ratio be tween l inoleate and ara- 
chidonate  concent ra t ion  in microsomal  mem- 
brane and A6 desaturat ion activity. These re- 
sults are consistent  with the  l inoleate and A6 
desaturase relationship found in mice micro- 
somes (4). In connect ion  with  these results, an 
essential fa t ty  acid deficiency generally in- 
creases A6 l inoleate  desatura t ion (21), an effect  
that  is reversed by feeding l inoleate  (22). 

A high-fat diet rich in l inoleic acid has been 
shown to st imulate the act ivi ty of hepatic  
microsomal  A5 desaturase (23) whereas an 
essential fa t ty  acid deficient  diet decreases the 
A5 desaturase activity of liver (22). Therefore,  
the A6 and A5 desaturases f luctuat ions and the 
act ivation of  the eicosa-8,11,14-tr ienoic acid 
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conve r s ion  to a rach idon ic  acid f o u n d  in the  
e x p e r i m e n t  migh t  be p roduced  by  the  increased 
i n c o r p o r a t i o n  of  l inoleic acid i n to  the  liver in 
spi te  of  a decrease o f  A6 desa turase  act iv i ty .  
The  resul ts  ob t a ined  dur ing  the  first n igh t  
would also imply  t ha t  e n o u g h  20:3606 acid is 
p roduced  f rom linoleic acid,  even wi th  the  
decrease of  A6 desaturase  act ivi ty.  However ,  
t he  second  peak of  A5 de s a t u r a t i on  ac t iv i ty  i s  
f o u n d  at  the  end  of  the  l ight  per iod  when  
l inoleic acid is a l ready declining. Therefore ,  
l inoleic acid c o n c e n t r a t i o n  would  seem no t  to 
be the  on ly  possible  f ac to r  t h a t  m a y  regula te  
th is  convers ion .  Moreover,  the  small  peak f o u n d  
for  A5 and  A6 desaturases  at  12 :00  lir dur ing  
the  fat-free per iod  c a n n o t  be  expla ined  by  a 1. 
l inoleic acid r h y t h m  in the  liver. 2. 

A c i rcadian  r h y t h m  of  the  A9 desa turase  has 
been  s h o w n  in the  female  mouse  fiver (4). 3. 
Dur ing t he  first 24 hr  of  the  p resen t  experi-  
men t ,  w h e n  male  rats  a te  a comple t e  diet ,  the  4. 
A9 de sa tu r a t i on  of  pa lmi t ic  to  pa lmi to le ic  acid 5. 
also showed  daily var ia t ions  (Fig. 3-B). In the  
rat ,  t he  A9 desaturase  f luc tua t ions  co inc ided  6. 
w i th  t he  A6 desa tu ra t ion  osci l lat ions dur ing  7. 
th is  per iod ,  and  were t h e r e b y  ou t  of  phase  wi th  
A5 de sa tu r a t i on  changes. The  f luc tua t ions  had  8. 
a negat ive  co r re l a t ion  to the  l inoleic acid of  the  
fiver (Figs. 2 and  3). The  lowes t  act ivi t ies  of  9. 
A9 and A6 desaturases  co r re sponded  to the  
lowest  l inoleic acid pe rcen tage  and  no  good 
co r re l a t ion  was f o u n d  wi th  o the r  liver f a t t y  10. 
acids. There fore ,  the  resul t s  agree wi th  J e f f coa t  
and  James '  (23)  d e m o n s t r a t i o n  t h a t  d ie ta ry  11. 
l inoleic acid represses A9 desaturase.  Moreover ,  
t he  absence  of  l inoleic acid in the  diet  p roduced  12. 
a progressive increase  in the  percen tage  conver-  
s ion of  pa lmi t ic  acid to  pa lmi to le ic  acid, t h a t  13. 
c o n f o r m s  to previous  works  t h a t  d e m o n s t r a t e d  
an ac t iva t ion  of  the  A9 desa turase  by  a fat-free 14. 
die t  (23,24) .  In consequence ,  the  var ia t ions  of  15. 
t he  A9 desa tu ra t i on  observed  in the  p resen t  
e x p e r i m e n t  could  be  expla ined  by  a m o d u l a t i o n  16. 
ef fec t  in l inoleic acid ingest ion.  This in t e rp re ta -  
t i on  is s t r eng thened  by  t he  d i sappearance  of  17. 
the  A9 desa turase  changes  w h e n  the  ra ts  were 18. 
fed a fa t - f ree  diet.  

In conclus ion ,  compar ing  t he  daily var ia t ions  19. 
of  f a t ty  acids found  in an imals  feeding on  a 20. 
comple t e  diet  wi th  those  o b t a i n e d  w i th  a fat- 
free diet ,  i n j ec t ion  of  the  fat-free diet  rap id ly  21. 
tr iggers t he  d e v e l o p m e n t  of  an  essential  f a t t y  
acid def ic iency.  At  the  same t ime,  the  typ ica l  22. 
changes  of  l inoleic,  a rach idon ic  and  nonessen-  
t ial  f a t ty  acids, as well as the  A9, A6 and  A5 23. 
desa turase  f luc tua t ions  of  the  liver d isappear  or 
are modi f ied .  In consequence ,  d ie ta ry  fat  is a 24. 
t r iggering fac to r  in the  daily changes.  Also,  
since nonessen t i a l  f a t t y  acids are easily syn the-  
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sized b y  t he  animal ,  d ie ta ry  l inoleic acid would  
be  the  on ly  abso lu te  exogenous  f a t t y  acid in 
the  comple t e  diet .  There fore ,  we pos tu la t e  t ha t  
l in01eate p r o b a b l y  p rovokes  c i rcad ian  changes  
of  t he  desaturases ,  bu t  o the r  fac tors  p r o b a b l y  
mod i fy  the  l inoleic  acid effect  as well. 
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Iodothyronines: Oxidative Deiodination by Hemoglobin 
and Inhibition of Lipid Peroxidation 1 
YUEH-CHU L. TSENG 2 and KEITH R. LATHAM*,  Department of  Medicine, Uniformed 
Services University of the Health Sciences, 4301 Jones Bridge Road, Bethesda, MD 20814 

ABSTRACT 

Purified rat hemoglobin catalyzes the oxidative degradation of iodothyronines to form iodide and 
an iodine-containing intermediate that reacts with protein. Hemoglobin also catalyzes peroxidation of 
linoleic acid. These observations are consistent with the reported intrinsic peroxidase activity of hemo- 
globin and other heme-proteins. However, incubations containing both linoleic acid and an iodothyro- 
nine produced a surprising result: deiodination was stimulated rather than competitively inhibited. In 
contrast, linoleic-acid peroxidation was inhibited by iodothyronines. Thus, low levels of iodothyro- 
nines (2.6 • 10-TM) are effective inhibitors of linoleic-acid peroxidation. Thyroxine and reverse T 3 
were found to be more effective in this antioxidant activity than vitamin E, glutathione, ascorbic acid 
and DTT. Since linoleic-acid peroxidation proceeds by a propagating free-radical mechanism, we have 
concluded that iodothyronines can effectively terminate the freerradical chain reaction to become 
oxidatively deiodinated. Consistent with this antioxidant mechanism, reverse T 3 is effective in preserv- 
ing red cell membranes as measured by the inhibition of erythrocyte hemolysis. 
Lipids 19:96-102, 1984. 

INTRODUCTION 

In our  previous  s tudy  of reduct ive  bovine-  
liver deiodinases  (1), in which  de tergent -  
so lubi l ized m e m b r a n e  pro te ins  were f rac t ion-  
a ted  by  c o l u m n  c h r o m a t o g r a p h y ,  we con- 
s is tent ly  observed a de iodinase  ac t iv i ty  tha t  
coe lu ted  wi th  c o n t a m i n a t i n g  hemoglob in .  In 
con t r a s t  to the  reduc t ive  deiodinases,  this  
ac t iv i ty  was s t imu la t ed  b y  the  add i t i on  of  soy- 
bean  phospho l ip id  p repa ra t i ons  t h a t  c o n t a i n e d  
high levels of  u n s a t u r a t e d  fa t ty  acids. By a 
n u m b e r  of  measures ,  we ident i f ied  th is  ac t iv i ty  
wi th  hemoglob in .  Hemog lob in  has been  re- 
p o r t e d  to unde rgo  slow a u t o x i d a t i o n  to  gener- 
a te  superox ide  in a r eac t ion  t h a t  oxidizes 
ep ineph r ine  to fo rm a d r e n o c h r o m e  (2). Hemo-  
g lobin  also cata lyzes  the  ox ida t i on  of  un- 
s a tu ra t ed  fa t ty  acids, fo rming  uns t ab l e  free 
radicals  as i n t e rmed ia t e s  (3,4).  In  the  present  
s tudy,  we inves t iga ted  the  m e c h a n i s m  b y  which  
h e m o g l o b i n  cata lyzes  b o t h  i o d o t h y r o n i n e  de- 
i o d i n a t i o n  and  the  ox ida t i on  of u n s a t u r a t e d  
f a t t y  acids. In add i t ion ,  we inves t iga ted  the  
possible  role  of  i o d o t h y r o n i n e s  as a n t i o x i d a n t s  
and  free-radical  scavengers.  

' The opinions or assertions contained here are the 
authors' and are not to be construed as official or as 
reflecting the views of the Department of Defense or 
the Uniformed Services University of the Health 
Sciences. The experiments reported here were con- 
ducted according to the principles in the "Guide for 
the Care and Use of Laboratory Animals," Institute of 
Laboratory Animal Resources, National Research 
Council DHEW Pub. No. (NIH) 74-23. 

2 Supported by NIH Postdoctoral fel lowship No. 
5F32-AM-0610502. 

* To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Preparation of Purified Hemoglobin 

Blood  f rom female  Sprague-Dawley rats  (4 
to  6 mo)  was o b t a i n e d  by  cardiac p u n c t u r e  
wi th  a hepar in- r insed  syringe. The  b lood  was 
cen t r i fuged ,  the  bu f fy  coat  r emoved ,  and  t he  
e r y t h r o c y t e s  washed 3 t imes  wi th  3 vol of  
0.15 M saline. The  washed  e r y t h r o c y t e s  were 
lysed in 4 vol of dist i l led water ,  cen t r i fuged  
( 50 ,000  x g, 20 min)  at  4 C and  the  clear 
e r y t h r o c y t e  lysate s tored in l iquid n i t rogen  for  
f u r t h e r  use. Hemog lob in  was pur i f ied  by  gel- 
exc lus ion  c h r o m a t o g r a p h y :  1 ml  of  e r y t h r o c y t e  
lysate  was loaded o n t o  a Sephacry l  S-200 
c o l u m n  (Pharmacia ,  1.6 • 90 c m ) e q u i l i b r a t e d  
w i th  an  assay buf fe r  (15 mM po tass ium phos-  
pha te ,  pH 7.2, 0 .32 M sucrose,  1 mM EDTA,  
6 mM magnes ium chlor ide) ,  and  2.0 ml  frac- 
t ions  were col lected at  a f low ra te  of  0 .16 ml /  
min.  The  h e m o g l o b i n  peak  was ident i f ied  visu- 
ally and  q u a n t i t a t e d  b y  opt ica l  abso rbence  at  
414  nm (5). P ro te in  c o n c e n t r a t i o n s  were 
measured  by  a dye -b ind ing  m e t h o d  (6). 

Lipoxidase Assay 

Using linoleic acid as a subs t ra te ,  the  in- 
creased abso rp t ion  at  234  nm dur ing  linoleic- 
acid p e r o x i d a t i o n  was measu red ;  the  change  in 
a b s o r b e n c y  be tween  zero t ime  and 5 rain 
(AAs rain) was used as an index  of l ipoxidase  
ac t iv i ty  (7). To prepare  a s tock subs t ra te  solu- 
t ion ,  10~1 of l inoleic acid (99% pure,  Sigma 
Chemica ls )  was dissolved in 6 m l  abso lu te  
a lcohol  and  di lu ted to 10 ml  in water  wi th  
t h o r o u g h  mixing by  s t i r r ing in a closed vial. 
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Just before use, the stock solution was diluted 
with 0.2 M borate buffer (pH 9.0) to a final 
concentration of 2.6 x 104 M. The assay was 
initiated by adding 20 gl Of purified (Sephacryl 
S-200) erythrocyte lysate hemoglobin to 
980/al of substrate solution and absorbence at 
234 nm was recorded at 0 and 5 min. 

This assay system was used to test the ability 
of various thyronines, reducing agents and anti- 
oxidants to inhibit hemoglobin-catalyzed oxida- 
tion of linoleic acid; 25/~1 of antioxidant test 
solution was added to 955/al of substrate 
solution, mixed thoroughly, then 20 gl (6/~g 
protein) of purified hemoglobin was added and 
the AAs min at 234 nm was measured. Since 
linoleic acid slowly autoxidizes in air, the per- 
centage of inhibition by each antioxidant was 
calculated relative to parallel incubations con- 
taining linoteic acid alone. 

Ery throcy te  Hemolysis Assay 

Washed erythrocytes were diluted with 3 vol 
of 0.15 M NaC1 and 75 gl of the cell suspension 
was added to 0.15 M NaC1 (925/zl) containing 
0.01% H202,  in the presence or absence of 
0.1 /~M RT3. The mixtures were incubated at 
37 C for 30 min, then centrifuged to sediment 
erythrocyte ghosts and unhemolyzed cells. The 
hemoglobin concentration in the supernatant 
was estimated by absorbence at 525 nm (8). 

Assay of Iodothyronine Deiodination 

Aliquots of purified hemoglobin were tested 
for iodothyronine deiodination activity in incu- 
bations containing 4 nM outer-ring t2s I-labeled 
T4, RT3, and T3 (New England Nuclear, 
Boston, MA) and various concentrations of the 
homologous unlabeled iodothyronines (Sigma 
Chemicals Co., St. Louis, MO). An aliquot 
(0.1 ml) of the incubation (35 C/20 rain) was 
applied directly to a Sephadex G-25 superfine 
(Pharmacia) column for metabolite separation 
and quanti tat ion as modified from Green (9). 
Sephadex G-25 superfine was equilibrated in 
column solution (0.1 N NaOH, 0.005 M NaCI), 
and columns were prepared with 2 different 
bed volumes depending on the resolution re- 
quired for metabolite separation: 2 ml bed 
volumes were used for RT 3 incubations and 
7 ml bed volumes were used for T4 and T 3 
incubations. The metabolites were eluted with 
column solution and the radioactivity in the 
various metabolite peaks was integrated. 
Parallel chromatograms from incubations con- 
taining only stock-radiolabeled hormones and 
buffer were used to subract the backgrounds of 
any minor contaminants in the standard. When 
contaminants were significant, radiolabeled 

thyronines were purified just before the experi- 
ment, on the Sephadex G-25, as described 
above. The column separations gave duplicate 
results w i t h  less than 1% variation'on identical 
assays with over 95% recovery of the total 
radioactivity applied to the columns. 

RESULTS A N D  DISCUSSION 

Hemoglobin Purification: Demonstration 
of Deiodinase Activity 

The fractions eluted from Sephacryl S~200 
that contain hemoglobin were identified by the 
visible red color and were quantitated by 
absorbance at 414 nm. The elution position of 
the hemoglobin peak relative to standard pro- 
teins provided an estimated Stokes radius of 
31.3 A and a molecular weight of 50,000 
Daltons. Partitioning of this relatively polar pro- 
tein to the Sephacryl resin, retarding its elution, 
results in an apparent decrease in molecular 
weight relative to the reported 67,000 Daltons 
(10). The purified hemoglobin fraction has 
spectral absorption maxima at 577,540 and 
414 nm, indicating properties identical to those 
reported for oxyhemoglobin (5). 

Initially, two peaks of deiodinase activity 
(fr 36 and 39) were observed within the single 
hemoglobin peak (Fig. 1). This result was 
puzzling as we also observed that fractionation 
of erythrocyte lysate on Sephacryl S-200 in art 
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FIG. 1. Gel filtration of red blood cell lysate on 
Sephacryl S-200. Lysates were prepared as described 
in Methods; 1 ml (6 mg protein) was fractionated at 
4C (2 ml/fraction) on Sephacryl S-200 columns 
(Pharmacia, bed volume = 130 cc, flow rate = 0.16 
ml/min). Individual fractions were assayed for RT~ 
degradation (2 hr/35 C, D), hemoglobin concentration 
(A414 nm, e), and lipoxidase activity (A Az~4 nm, o). 
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assay buffer supplemented with 1 mM of the 
detergent CHAPS (to prevent protein aggrega- 
tion) resulted in a single deiodinase peak, which 
precisely coeluted with hemoglobin. We subse- 
quently found that the simple dilution of the 
active fractions in assay buffer (without deter- 
gent) also resulted in a single deiodinase peak 
that coeluted with the hemoglobin. We rea- 
soned that hemoglobin was chelating most of 
the dissolved oxygen and that the apparent 
depression of deiodinase activity in the center 
of the eluted hemoglobin peak was the result of 
the lack of available oxygen, a required factor 
in the enzymatic process. Consistent with the 
requirement for oxygen in the reaction was our 
finding that 10mM of the reducing agent 
dithiothreitol significantly inhibited the deiodi- 
nation reaction. CHAPS probably modifies the 
hydrophobic environment around the heme 
group to reduce the affinity of hemoglobin for 
oxygen, resulting in more free oxygen in the 
reaction mixture. 

Under our reaction conditions, 72% of the 
RT3 metabolized appeared as inorganic iodide, 
15% eluted with protein in the pass-through 
volume and 13% of the metabolites were un- 
identified ; no detectable 3,3'-T2 was generated. 
This absence of 3,3'T2 generation contrasts 
with the quantitative production of 3,3'-T2 
from RT3 by reductive deiodinases isolated 
from membranes (1,11) or the 5' deiodination 
of thyroxine to T~ (11-13). To examine the 
possibility that 3,3 -T2 was a rapidly degraded 
intermediate, identical incubations were pre- 
pared that also included a 100-fold molar ex- 
cess of unlabeled 3,3'-T2; no radiolabeled 
3,3'-T2 accumulated. Incubations of purified 
hemoglobin fractions with other outer-ring 
12s l-labeled iodothyronines (T4, T3, and 3,3'- 
T2) showed predictable deiodination profiles 
based on our observations for RT3. Radio- 
labeled inorganic iodide was the major metabo- 
lite, with labeled macromolecules as a minor 
product. Unfractionated erythrocyte lysate also 
deiodinated iodothyronines, but at only one- 
fifth the rate of Sephacryl-purified hemoglobin. 
Plasma showed negligible deiodination activity. 

The radiolabeled macromolecular peak re- 
mained intact under the basic conditions 
(pit 12.5) of our Sephadex G-25 metabolite 
separation, suggesting the presence of a chemi- 
cal bond between the proteins present and 
a radiolabeled, thyronine-derived component 
(14). Further characterization of this compo- 
nent by chromatography on Sephacryl S-200 
column showed a major component of radio- 
labeled hemoglobin. Labeled proteins may be 
formed by direct peroxidase-catalyzed iodina- 
tion using free iodide; alternatively, chemical 

bonding could occur between a reactively 
labeled iodothyronine intermediate and pro- 
tein. However, the incubation of equivalent 
molar amounts of 125 l-iodide with hemoglobin 
resulted in a negligible amount of iodinated 
F2rotein (compared with incubations with 

51.RT3). The labeled protein fraction is 
likely to be a protein-iodothyronine complex. 

Determination of Km for Thyroxine Oxidative 
Deiodination by Hemoglobin 

More detailed studies on the deiodination of 
T4 by hemoglobin indicated that T4 degrada- 
tion was linear for up to 1 hr. Measurement of 
the initial velocities (up to 30 min) of deiodina- 
tion at various substrate concentrations pro- 
vided an estimated K m of 0.13gM for q-4 
(Fig. 2). This value is close to that reported by 
Smallridge et al. for 3',5'-T 2 deiodination by 
rat-liver cytosol (15). 

Model for Iodothyronina Deiodination 
by Hemoglobin 

Previous studies have shown that the oxida- 
tion of  thyronine and its derivatives can result 
in the formation of chemically reactive semi- 
quinone radicals and orthoquinones (16-18). 
Taken together, these results indicate that 
iodothyronine oxidation by hemoglobin prob- 
ably results in the 3'- or 5'-hydroxylation of the 
thyronine beta-ring (Fig. 3, Scheme 1) forming 
the ortho-hydroxy derivative (compound 2). 
Free iodide would be generated by the hy- 
droxylation of an iodinated position. However, 
deiodination is not necessary for the formation 
of stable protein conjugates since T3 and 
3,3'-T2 have only one outer-ring radiolabeled 
iodine, and these analogs also form labeled 

3.0 

2.0 

1.0 

, /  

- 1/K ~ 

L 
40 80 120 160 

'/isj 

FIG. 2. Linewcaver-Burke plot of 'I4 deiodination 
by purilied rat hemoglobin. Thyroxine degradation 
rate was assayed at various substrate concentrations as 
described in Methods. (V 0 , picomoles of'l 4 degraded/ 
mg protein/rain ; S, nanomolar concentration of "l" 4 ). 
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protein adducts, Protein conjugation probably 
occurs through the subsequent oxidation of the 
ortho-hydroxy groups to chemically reactive 
quinones (Fig. 3, compound 3). Inactivation of 
the quinone by other mechanisms probably 
occurs as an alternative to protein conjugation 
(18). Consistent with this model is the report of 
Plaskett (19) that incubation of T 4 with liver 
extract resulted in the formation of inorganic 
iodide and a partially deiodinated metabolite 
that was associated with protein. This metabo- 
lite-protein complex was stable under a variety 
of protein denaturing conditions and 3,5- 
diiodotyrosine (DIT) was released on tryptic 
hydrolysis. Production of DIT by ether cleavage 
following thyronine oxidation had been pro- 
posed previously as a pathway in the oxidation 
of thyronine by polyphenol oxidase (17). 

Oxidation of Fatty Acids by Hemoglobin 

An assay on the fractions eluted from 
Sephacryl S-200 for lipoxidase activity demon- 
strated a single activity peak that coeluted with 
hemoglobin (Fig. 1). This result confirmed the 
previous report that hemoglobin has intrinsic 
lipoxidase activity (3). This activity is known to 
proceed by a propagating free-radical mechan- 
ism that is initiated by the release of an allylic 
hydrogen radical, followed by an attack by 
oxygen on the generated carbon radical (3,4). 
The peroxide formed can generate another 
carbon radical and a hydroperoxide, thus 
propagating the chain until  a terminating re- 
action occurs (3,4). Unsaturated fatty acids, 
which comprise about 43% of total fatty acids 
in red blood cell membranes (20), are particu- 

THYROXINE (T4) I OH 

-ON K, 0 I ~ Hb 

C~CH--CH?'-~o~i  0 2 
H3 + " ~'~JI 

larly susceptible to oxidative damage. The 
reaction is activated by ferrous iron and hemo- 
globin (21). Vitamin E (c~-tocopherol), the most 
important of the known antioxidants for pro- 
tection against lipid peroxidation, is normally 
present in cell membranes at a molar ratio of 
10 -3 of vitamin E to polyunsaturated fatty 
acids (21). 

Stimulation of Deiodination by Linoleic Acid 

Incubation of 0.3 mM linoleic acid along 
with 4 nM 12s I_RT 3 and diluted hemoglobin at 
35 C for 10 rain resulted in a 3-fold increase in 
the rate of RT 3 degradation. The profile of 
products formed is similar to the unstimulated 
case, with inorganic iodide formed as a major 
product along with a minor radiolabeled macro- 
molecular peak. The stimulation of RT 3 
degradation by linoleic acid, rather than the 
expected competitive inhibition, suggested a 
mechanism in which linoleic acid was oxidized 
by hemoglobin to form the peroxide free radi- 
cal that reacted with RT3 (Fig. 3, Scheme II). 

Antioxidant Effects of Iodothyronines 

The addition of various iodothyronines to an 
incubation mixture containing hemoglobin and 
linoleic acid inhibited the peroxidation of the 
-fatty acid (Table 1). Table 1 summarizes the 
antioxidation effects of iodothyronines and 
other antioxidants on linoleic-acid peroxidation 
b y  hemoglobin. Iodothyronines are more effec- 
tive than c~-tocopherol, ascorbic acid and 
glutathione in this antioxidant activity. Of the 
antioxidants examined, RT 3 has the highest 
activity. Although not measured in the present 

I OH I 0 

= I -  + I--0 =- I'-O 

2 3 
# 

H H 00" 
H e ~ " ~ H  LINOLEIC ACID 

~ (LA) Hb z, 
02 

CH3 ~,,,c~O 
4 "0- 

THYROXINE 

5 
FIG. 3. Proposed mechanism for thyroxine deiodination and linoleic acid peroxidation by hemoglobin. 

Thyroxine can be oxidatively deiodinated in aqueous solutions containing hemoglobin to form the ortho- 
hydroxy derivative (compound 2), which can then oxidize to form the ortho-quinone (compound 3). Linoleic 
acid is also oxidized in the presence of hemoglobin and oxygen to form a free radical (compound 5) that can 
actively deiodinate thyroxine to yield compound 2. 
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TABLE 1 

Relative Inhibition of Linoleic Acid Oxidation 
by lodothyronines and Selected Known Antioxidants 

Antioxidant 

Concentration 
of antioxidant  

(molarity X 10 -7 ) 

Percent 
inhibition of linoleic 

acid peroxidation (&A234) a 

0 -- 0 

RI" a 1.3 20.3 • 3.4 
2.6 48.9 -+ 1.8 

T 4 1.3 15.7 • 2.7 
2.6 41.0 • 2.4 

T 3 2.6 28.2 -+ 1.7 

3.5-T 2 2.6 39.1 -+ 2.8 

3,3'-1" 2 2.6 25.0 • 1.7 

T O 2.6 27.6 -+ 0.7 

~-Tocopherol 13.0 6.8 -+ 2.8 
26.0 17.1 -+ 3.4 

G l u t a t h i o n e  1 3 . 0  0 

2 6 . 0  4 2 . 1  -+ 2 . 2  

Ascorbic acid 6.5 31.1 +- 5.1 
13.0 58.1 -+ 1.6 

DTT 13.0 49.1 -+ 3.6 

aLinoleic-acid peroxidation is measured as the difference in absorbance at 234 nm 
between 0 and 5 min of reaction (see Methods). 

studies,  uric acid has also been p roposed  as a 
physiologically impor tan t  an t iox idan t  (22). We 
es t imate  that  in compar i son  to ascorbate ,  RT 3 
is also more active than uric acid as an anti- 
oxidant .  

Since the i odo thy ron ines  are fat-soluble,  like 
a - tocophero l ,  their most  likely physiologic role 
as an t iox idan ts  would probably  be in the pro- 
tec t ion  of  membrane  lipids. Wynn et al. pre- 
viously repor ted  that  t hy rox ine  is degraded 
during microsomal  lipid perox ida t ion  and sug- 
gested that  the h o r m o n e  plays an an t iox idan t  
role as a free-radical scavenger (23). In their 
assay, q'4 was more  active than RT3; vitamin E 
and ascorbic acid had no an t iox idant  effect  at 
I0/aM. The discrepancy be tween  this data and 
the  present  repor t  may  be because of  the use of 
d i f fe rent  fa t ty  acid substrates  as well as a differ- 
ent index (oxygen uptake)  to assess the anti- 
ox idan t  effect.  

Protection of Erythrocytes from Oxidative 
Lysis by Iodothyronines 

Because earlier studies have shown that 
e ry th rocy te s  from vitamin E def ic ient  mice are 
more  subject  to hemolysis  than e ry th rocy tes  
f rom euthyroid  mice (20,24,25),  we examined 

the  abil i ty of RT3 to preserve red cell mem- 
brane integri ty in vitro. The addi t ion of  0.1 /aM 
RT 3 to incubat ions  conta ining e ry throcy tes  
and purified hemoglob in  significantly decreased 
e r y t h r o c y t e  lysis in the  presence of  H202 
(OD 525 nm, n = 5, 0.0695 + 0.0021 with RT 3 
compared  with 0 .0788-+0 .001  wi thout  RT3; 
di f ferences  significant at p < 0.05). 

Physiologic Correlates 

l o d o t h y r o n i n e s  may play an impor tan t  
an t iox idan t  role in normal  physiology.  We have 
observed that  0.13/aM T4 is effective in inhibit-  
ing the oxida t ion  of  linoleic acid (Table 1). This 
dose cor responds  closely to the normal serum 
levels of T4 (about  0.1 /aM) in adult humans.  
The normal  serum concen t r a t ion  of T3 (about  
2 nM), the most  active h o rmo n e  thermogen-  
ically, is not  high enough to be effective as an 
an t iox idan t  by our measures.  Thus, the high 
levels o f  serum thy rox ine  (relative to T 3) pro- 
duced by the thyro id  gland may be acting bo th  
as a peripheral  an t iox idan t  and a p r o h o r m o n e  
(26) source for "1" 3 . 

If i odo thy ron ines  play a physiologic role as 
an t ioxidants ,  the h y p o t h y r o i d  state should re- 
sult in oxidat ive damage to some c o m p o n e n t s ,  
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possibly m e m b r a n e  lipids. Hoch  et al. have 
previously s h o w n  tha t  h y p o t h y r o i d  rats, killed 
6 hr  a f te r  the  in jec t ion  of  labeled l inoleic acid, 
did no t  effect ively conver t  linoleic acid to  
a rach idon ic  acid relative to eu thy ro id  animals  
(27).  This  decrease  in 18:2 to 20 :4  convers ion  
could have resul ted  f rom an e n h a n c e m e n t  of 
a l te rna t ive  me tabo l i c  or degrat ive 18:2 path-  
ways .since the  mino r  a l te ra t ions  in chain 
e longa t ion  or desa turase  ( A 6 , A 5 ) a c t i v i t i e s  in 
h y p o t h y r o i d i s m  do no t  a ccoun t  (28) for the  
decreased a c c u m u l a t i o n  of a rach idon ic  acid 
observed by  Hoch  et al. (27).  Since our  in vitro 
s tudies  d e m o n s t r a t e d  an inh ib i t ion  by  iodo thy-  
ronines  of  l inoleic acid pe rox ida t ion ,  we con-  
clude tha t  eu thy ro id  levels of  i o d o t h y r o n i n e s  
may inh ib i t  the  degrada t ion  of l inoleic acid 
in vivo by preserving unsa tu ra t ed  bonds.  

An overall  increase in the  size of  the  red 
b lood cells has been observed af ter  thyro idec-  
t o m y  in animals ,  and  in pa t ien t s  wi th  un t r ea t ed  
h y p o t h y r o i d i s m ,  suggesting an a l te ra t ion  in 
m e m b r a n e  proper t ies .  The  presence of  small  
n u m b e r s  of  irregularly con t r ac t ed  red b lood  
cells in b lood  smears f rom h y p o t h y r o i d  pa- 
t ients ,  also suggests an a l tered m e m b r a n e  struc- 
ture (29).  

A l though  similar s tudies  have no t  beer~ 
repor ted  for  the  h y p e r t h y r o i d  case, this  situ- 
a t ion  may  be more  complex  as thy ro id  hor-  
mones  are k n o w n  to general ly  increase me tabo-  
lic rate. Because free-radical  p r o d u c t i o n  is a 
na tu ra l  consequence  of  oxida t ive  me tabo l i sm 
(30),  h y p e r t h y r o i d i s m  may  have a net  effect  of  
p r o m o t i n g  lipid ox ida t i on  or at  least be antago-  
nistic to  the  po ten t i a l  a n t i o x i d a n t  effects.  

A l though  vi tamin E is in the  diet  and is 
no rmal ly  in relat ive mo la r  a b u n d a n c e  compared  
wi th  i o d o t h y r o n i n e s ,  the  b lood  levels of  vita- 
min  E are very low in cer ta in  physiologic 
instances.  For  example ,  low placenta l  perme- 
abil i ty of  v i tamin  E (31 ) results  in a low level of  
this  v i tamin  in the  h u m a n  fetus;  n e w b o r n  
babies  have on ly  a b o u t  one- f i f th  of  the  adul t  
level (32). However ,  dur ing  the  p rena ta l  period,  
RT3 c o n c e n t r a t i o n  is high in cord serum 
(315 ng /d l )  and  amn io t i c  fluid (82 ng/dl )  com- 
pared wi th  n o r m a l  adul t  serum (76 ng/dl )  (33). 
In the  adul t ,  t h y r o x i n e  is believed to be per iph-  
erally conver t ed  by de i od i na t i on  to the  more  
active h o r m o n e ,  T3, while in the p lacenta  
and fe tus  T4 is selectively conver t ed  to RT3 
t h rough  inner-r ing de iod ina t ion  (34,35) .  Al- 
t hough  RT3 has no  previously  ident i f ied  physi- 
ologic func t i on ,  a proposa l  has been made  t ha t  
in the  adul t ,  inner- r ing de i od i na t i on  may  be a 
mechan i sm for t h y r o x i n e  inac t iva t ion  and 
iodine  recovery  (36).  Because the  present  
s tudies d e m o n s t r a t e  tha t  RT3 is an effect ive 

i nh ib i t o r  of l inoleic-acid pe rox ida t ion  and is 
also effect ive  in preserving red cell m e m b r a n e s ,  
we pos tu la te  t ha t  the  high levels of  RT 3 found  
in the  developing fe tus  play an i m p o r t a n t  
a n t i o x i d a n t  role dur ing fetal  deve lopment .  
Cons i s ten t  wi th  this  view is the  obse rva t ion  t ha t  
serum RT 3 c o n c e n t r a t i o n s  r emain  high dur ing  
the  first few days af ter  delivery b u t  are signifi- 
cant ly  lower  by  the  f i f th  day and  reach  adul t  
levels by  the  seventh  day (37).  V i t amin  E levels 
reach  no rma l  adu l t  levels by  the  s ix th  pos tna t a l  
day in breast - fed babies  (38).  

T3 is c o m m o n l y  accep ted  to act  t h r o u g h  a 
pa thway  med ia t ed  by nuclear  r ecep to r s  to 
modu la t e  the  express ion  of  specific genes (39).  
We believe t h a t  the  present  da ta  d e m o n s t r a t e s  
an i m p o r t a n t  a l te rna t ive  role for  t hy ro id  hor-  
mones  as physiologic  an t iox idan t s .  
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ABSTRACT 

The rate of fatty acid synthesis from acetoacetate (AcAc) is 2-3 times greater than from glucose in 
developing rat lung. To determine the reason for this difference, we investigated the pathways of 
lipogenesis from [3 -~4 C] AcAc, [3 -'4 C] t3-hydroxybutyrate (13OHB), [ U -'4 C] glucose or [2 -'4 C] pyru- 
vate in minced lung tissue of 3- to 4-day-old rats. The addition of (-)hydroxycitrate, an inhibitor of 
ATP-citrate lyase, inhibited fatty acid synthesis from glucose, pyruvate, and 13OHB by 88%, 70% and 
60%, respectively, but had no effect on that from AcAc. Benzene 1,2,3-tricarboxylate, an inhibitor of 
tricarboxylate translocase, inhibited fatty acid synthesis from all substrates by at least 50%. Incuba- 
tion with aminooxyacetate, an inhibitor of aspartate aminotransferase, had no effect on lipid synthesis 
from glucose, pyruvate or AcAc, but increased lipid synthesis from #OHB. Results indicate that for 
lipid synthesis in the neonatal lung, acetyl CoA from AcAc is derived predominantly from a cyto- 
plasmic pathway involving AcAcCoA synthetase and AcAcCoA thiolase, whereas citrate is the major 
route of acetyl group transfer from glucose. Lipogenesis from t~OHB involves both the cytoplasmic and 
citrate pathways. 
Lipids 19:103-108, 1984. 

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

In . the  lung, de novo fatty acid synthesis is 
important because of its contribution to the 
production of pulmonary surfactant, the lipid- 
protein complex that maintains alveolar stabil- 
ity (1-4). The source of acetyl CoA for lipid 
synthesis in the neonatal lung, however, has 
been unclear. Ketone bodies have been estab- 
lished as important lipid precursors in the neo- 
natal rat brain (5-7), and they are metabolized 
more rapidly than glucose. This rapid incorpo- 
ration has been explained by a cytoplasmic 
pathway of sterol and fatty acid synthesis (5,8, 
9). Indeed, the production of acetyl CoA via 
the cytoplasmic acetoacetyl CoA (AcAcCoA) 
synthetase and thiolase pathway appears to 
predominate in the developing ra t  brain (5,9, 
10). 

In a study using 3H20 , Todhunter and 
Scholz (11) observed a marked inhibition of 
de novo pulmonary fatty acid synthesis in the 
presence of (-)hydroxycitrate in adult rat 
lungs, indicating that the ATP-citrate lyase 
pathway is the major route of acetyl CoA 
generation in the adult lung, regardless of sub- 
strate. Similar results were reported in an 
in vitro study with glucose as the substrate 
(12). Recently, however, we demonstrated the 
importance of ketone bodies as lipid precursors 

*To whom correspondence should be addressed. 

in the developing rat lung (13,14). We also 
observed a more rapid synthesis of lipids from 
acetoacetate (AcAc) than from glucose (14) 
and showed that the two cytoplasmic enzymes, 
AcAcCoA synthetase and AcAcCoA thiolase, 
required for converting ketone bodies to acetyl 
CoA, are present in the developing rat lung 
(13). Furthermore, the developmental pattern 
of these enzymes parallels that of AcAc incor- 
poration into fatty acids; the accelerated rate of 
lipogenesis during the early postnatal period 
coincides with increased activities of these 
enzymes during the same period (13,14). The 
cytoplasmic pathway of fatty acid synthesis 
from ketone bodies, therefore, may predomi- 
nate in the neonatal lung and, as in the brain, 
be responsible for the more rapid use of AcAc 
compared with glucose. To test this hypothesis; 
we measured rates of lipid synthesis from 
AcAc, fl-hydroxybutyrate (/3OHB), glucose and 
pyruvate in the presence or absence of specific 
inhibitors of the citrate pathway. 

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

Animals 

Sprague-Dawley rats were raised by breeding 
procedures described previously (15). For this 
study, we used rats that were 3 to 4 days old 
because lung lipid synthesis is elevated in rats 
of this age compared with older suckling rats 
(14). 
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Metabolic Studies 

The rats were killed and lung tissues re- 
moved, dissected free of vascular tissue and 
minced for metabolic experiments as described 
previously (14). Before mincing, the tissues 
were not  perfused to remove residual blood 
because perfusion with an isotonic solution 
increased water retention and tissue weight. 
Nevertheless, tissues with apparent blood con- 
tamination were not  used. The incubation sys- 
tem, in a final volume of 2 ml, consisted of 
Ca2+-free Krebs-Ringer bicarbonate buffer, 
pH 7.4; 33 mg bovine serum albumin; and 
20 ~mol of [3J4C]AcAc,  [2J4C] pyruvate or 
[U- 4C]glucose, or 10/ /mol  of [3-14C] D-/3OHB 
containing 1.0 /~Ci radioactivity. When the 
incubation system included ketone bodies, it 
also contained 20 /~mol of glucose. Substrate 
concentrations were chosen because, in pre- 
liminary experiments, lipid synthesis from sub- 
strates was linear from 5 to 20 mM (14). Other 
additions, as indicated in each table, included 
( - )hydroxyci t ra te  (1 or 5 raM), benzene 
1,2,3-tricarboxylate (5 raM), or aminooxyace- 
tare (1 mM). In preliminary experiments, we 
tried several concentrations of each inhibitor; 
the concentrations used in these experiments 
were the lowest to yield maximum inhibition of 
lipid synthesis. The details of the incubation 
have been described (14). 

After incubation, the tissues were separated 
from the buffer by centrifugation (1,500 x g, 
10 min), washed twice in cold 0.9% saline and 
homogenized in 2 ml of distilled water. From 
each sample, 1 ml aliquots were transferred to 
tubes containing 20 ml of chloroform/methanol  
(2:1, v/v) for lipid extraction (16), then the 
samples were dried under nitrogen. 

The extracted lipids were resuspended in 
500 /al of the chloroform/methanol  mixture, 
and an aliquot of 50/al  was used to determine 
the radioactivity in the total  lipids. The remain- 
ing lipid suspension was saponified with 3 ml of 
3.75% KOH in methanol for 4 hr at 70 C. Fa t ty  
acids and nonsaponifiable lipids (cholesterol 
and other sterols) were extracted with petro- 
leum ether (bp 50-60) and assessed for radio- 
activity as previously described (6). Glyceride- 
glycerol synthesized from each substrate was 
determined by the method of Seccombe et al. 
(17) used in the previous studies (13,14), ex- 
cept that a blank was also carried through the 
saponification procedure. We found the blank 
was necessary to correct for radioactivity non- 
specific to glyceride-glycerol present in the 
aqueous phase. 

The radioactivity of CO2 and lipid fractions 
was determined by liquid scintillation counting 
( M o d e l  Mark III, Searle Analytic, Inc., Des 

Plaines, IL). Lipid samples were counted in a 
toluene scintillation fluid (4 g Omnifluor, 
230 ml ethanol and 770 ml toluene) and glyc- 
erol samples were counted in ACS (Aqueous 
Counting Scintillant). 

Chemicals 

[UJ4C] Glucose, [2J4C]pyruvate ,  ethyl[3- 
X4C]AcAc, [3J4C]D-/3OHB and Omnifluor 
were purchased from New England Nuclear, 
Boston, MA. Ethyl [3J4C]  AcAc was converted 
to [3 J4C]AcAc  by the method of Krebs and 
Eggleston (18). ACS was purchased from 
Amersham Corp., Arlington Heights, IL. Ben- 
zene 1,2,3-tricarboxylate and aminooxyacetic 
acid were from K & K Laboratories, Plainview, 
NY, and ( - )hydroxyci t ra te  was a gift from Dr. 
D. Ingle, American Cyanamid Co., Princeton, 
NJ. Organic solvents for lipid extraction were 
purchased from Fisher Scientific Co., Pitts- 
burgh, PA. Bovine serum albumin (Fraction V), 
substrates and other chemicals were purchased 
from Sigma Chemical Co., St. Louis, MO. 

Statistical Analysis 

Mean values were compared using Student 's  
t-test. 

RESULTS 

In the presence of ( - )hydroxyci t ra te ,  a com- 
petitive inhibitor of ATP-citrate lyase (19), 
fat ty acid synthesis from glucose and pyruvat6 
was decreased by 88% and 70% from control  
values, respectively (Table 1). The incorpora- 
t ion of glucose and pyruvate into total lipid was 
inhibited by 47% and 58%, respectively. In Con- 
trast, fatty acid synthesis from AcAc in the 
presence of ( - )hydroxyci t ra te  was comparable 
to the control  value. Synthesis of fatty acid 
from /3OHB, however, was reduced by 60%. 
Total  lipid synthesis from AcAc and /3OHB 
followed a similar trend: ( - )hydroxyci t ra te  
caused no significant decrease in lipid synthesis 
from AcAc, but caused a 61% decrease in syn- 
thesis from ~OHB, ( - )Hydroxyci t ra te  had no 
effect on energy production from AcAc or 
~OHB, but inhibited CO2 production from 
pyruvate by 15% and from glucose by 32%. In 
contrast to the previous studies (13,14), no 
significant synthesis of glyceride-glycerol from 
the ketone bodies under the experimental con- 
ditions was observed. This discrepancy may be 
at tr ibuted to the analytic procedure described 
in Materials and Methods. Glyceride-glycerol 
synthesis from glucose was decreased 17% by 
( - )hydroxyci t ra te .  No change in glyceride- 
glycerol synthesis from pyruvate occurred in 
the presence of ( - )hydroxyci t ra te .  Unlike the 
studies with glucose, AcAc and ~3OHB, the 
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TABLE 1 

Effect of (-)Hydroxycitrate on Incorporation of 14 C-Labeled Substrates 
into CO 2 and Lipids in Lungs of 3- to 4-Day-Old Rats 

105 

Substrate (--)Hydrox ycitrate Total Fatty Glyceride- 
concentration CO 2 lipids acids glycerol 

(mM) (nmol substrate incorporated/g tissue per 2 hr) a 

[3-14C]Acetoacetate 0 9595-  + 450 857 -+ 77 658 -+ 51 - 
1 9385-+ 264 754 + 65 594 +44 -- 

[3-14C]D-fl-Hydroxybutyrate 0 2182-+ 93 283 + 12 203 -4" 7 - 
1 2256 + 78 110 �9 9** 82 -+ 6** - 

[U-14C]Glucose 0 3344-  + 182 603 -+ 17 243 -+ 16 317+ 9 
1 2293-+ 71"* 320 -+ 12"* 28 -+ 2 * * 2 6 3 -  + 4** 

[2-14ClPyruvate 0 15842-+ 991 937 -+ 102 607 4-65 110-+ 10 
5 13435 + 122" 398 -+ 9** 181 -+ 4** 99-+ 10 

aValues are means -+ SEM for 5 samples. A value that is significantly different from that in the absence of 
(-)hydroxycitrate is indicated as: *(P < 0.05); **(P < 0.0l). 

max ima l  i n h i b i t i o n  of  pyruva te  use requ i red  
5 mM ins tead  of  1 mM of  ( - ) h y d r o x y c i t r a t e .  

Benzene  1 ,2 ,3- t r ica rboxyla te  is an  i n h i b i t o r  
of  the  m i t o c h o n d r i a l  t r i ca rboxy la t e  t rans locase  
(20).  When tissues were i n c u b a t e d  w i th  this  
i nh ib i to r ,  t he  ra tes  of  energy  p r oduc t i on ,  to t a l  
l ipid synthes is ,  f a t t y  acid synthes i s  and  glycer- 
ide-glycerol  synthes is  f rom glucose were de- 
creased b y  40%, 50%, 64%, and 39%, respec- 
t ively (Tab le  2). This  c o m p o u n d  also sup- 
pressed fa t ty  acid synthes is  f rom pyruva te ,  
/3OHB and AcAc by  53%, 48% and 50%, respec- 
tively. While the  ra tes  of to t a l  l ipid syn thes i s  
f rom these  th ree  subs t ra tes  were s igni f icant ly  
depressed (32-47%),  their conversion to CO2 
and  glycer ide-glycerol  was no t  a f fec ted  b y  this  
inh ib i to r .  Nonsapon i f i ab l e  lipid synthes is  f rom 
glucose and  py ruva te  was inh ib i t ed  to a lesser 
e x t e n t  t h a n  f a t t y  acid synthes is :  43% and  28% 
respect ively ,  whereas  t ha t  f rom ~OHB and  
AcAc was no t  inh ib i t ed .  

The  t issues were i n c u b a t e d  in the  p resence  
of  a m i n o o x y a c e t a t e  to  invest igate  the  possible  
c o n t r i b u t i o n  of  N-ace ty laspar ta te  as an in ter -  
med ia t e  for  the  t rans fe r  o f  m i t o c h o n d r i a l  ace ty l  
uni t s  for  f a t t y  acid synthes is  in n e o n a t a l  ra t  
lung (21 ). A m i n o o x y a c e t a t e  b locks  syn thes i s  of  
N-ace ty laspar ta te  by  p reven t ing  its i n t r a m i t o -  
chondr ia l  p r o d u c t i o n  f rom g lu t ama te  (22).  This  
i n h i b i t o r  did n o t  a l ter  t o t a l  lipid or  f a t t y  acid 
synthes is  f rom any  subs t ra t e  excep t  /3OHB 
(Table  3). In  con t r a s t  to  the  i n h i b i t o r y  effects  
of  ( - ) h y d r o x y c i t r a t e  and  benzene  1,2,3-tricar-  
boxy la te ,  a m i n o o x y a c e t a t e  s t imula ted  t he  ra te  
of  l ipogenesis  f r o m / 3 O H B  and the  ra te  of  CO2 
p r o d u c t i o n  f rom k e t o n e  bodies  and  pyruvate .  

C o m b i n i n g  ( - ) h y d r o x y c i t r a t e  and  amino-  
o x y a c e t a t e  resul ted  in the  i n h i b i t i o n  of  to t a l  

l ipid and  f a t t y  acid synthes is ,  as wi th  ( - ) h y -  
d r o x y c i t r a t e  alone,  and  increased CO2 produc-  
t ion  f rom ke tones ,  as wi th  a m i n o o x y a c e t a t e  
a lone  (da ta  n o t  shown) .  

DISCUSSION 

Lipogenesis ,  as an e x t r a m i t o c h o n d r i a l  pro- 
cess, depends  on  the  avai labi l i ty  of  acetyl  CoA 
in t he  cy top la sm (23,24) .  Ace ty l  CoA, in tu rn ,  
is p roduced  via m i t o c h o n d r i a l  and  cy top la smic  
pa thways .  The  i n c o r p o r a t i o n  of  glucose in to  
f a t t y  acids, for  example ,  requires  i n t r ami to -  
chondr ia l  synthes is  of  ace ty l  CoA, its conver-  
s ion to  an  i n t e r m e d i a t e  such  as c i t ra te ,  ace ta te ,  
a ce ty l ca rn i t i ne  or N-ace ty laspar ta te ,  t r a n s p o r t  
of  t he  i n t e r m e d i a t e  across the  m i t o c h o n d r i a l  
m e m b r a n e ,  and  the  r egenera t ion  of  ace ty l  
CoA in the  cy top lasm (9 ,12 ,23 ,25) .  In ra t  bra in  
and  liver, t he  ma jo r i t y  of  ace ty l  CoA gene ra t ed  
f rom glucose is t r ans loca ted  as c i t ra te ,  which  is 
cleaved by  ATP-c i t ra te  lyase to fo rm cyto-  
plasmic ace ty l  CoA (8,9 ,25) .  N-Ace ty la spa r t a t e  
also c o n t r i b u t e s  to  ace ty l  CoA t r ans fe r  in  the  
b ra in  (9 ,26 ,27) .  

In con t ras t  to glucose, the  f o r m a t i o n  of  
acetyl  CoA f rom AcAc  does  no t  necessari ly  in- 
volve t he  m i t o c h o n d r i a  (5,9).  AcAc  can be con-  
ver ted  to ace ty l  CoA in the  cy toso l  b y  AcAc-  
CoA syn the t a se  and  A c A c C o A  th io lase  (28).  
Al te rna t ive ly ,  acetyl  CoA can be genera ted  
f rom AcAc  by  3-oxoacid  CoA t rans fe rase  and  
A c A c C o A  thiolase  in  the  m i t o c h o n d r i a ,  t rans-  
po r t ed  to the  cy top la sm via c i t ra te  and  regener-  
a ted  by  the  same p a t h w a y  as ace ty l  CoA f rom 
glucose. Similarly,  a f te r  i ts  d e h y d r o g e n a t i o n  to 
AcAc in the  m i t o c h o n d r i a ,  flOHB can be incor-  
po ra t ed  in to  l ipids t h r o u g h  the  f o r m a t i o n  of  
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acetyl CoA by either of these pathways. In the 
present experiments,  we investigated the impor- 

v tance of the cytoplasmic pathway for acetyl 
CoA product ion from 4 potentially important  

~; substrates for the neonatal rat lung: AcAc, 
~3OHB, pyruvate and glucose. 

Agreeing with other observations on adult 
rat lung (11,12), our results demonstrate that 

.=~ in neonatal rat lung, the ATP-citrate lyase path- 
-~ way is the major route of acetyl group transfer 

for lipogenesis from glucose and pyruvate. In 
contrast, acetyl CoA synthesis from AcAc 
occurs almost exclusively by the cytoplasmic 
pathway in neonatal rat lung, as indicated by 

"~ the lack of effect of ( - )hydroxyci t ra te  on fat ty  
acid synthesis (Table 1). However, benzene 

~q 

.~ 1,2,3-tricarboxylate inhibited the incorporation 
of AcAc into fat ty acids by 50%. This depres- 
sion in lipogenesis may be attributable to the 

.~ inhibitory effect of benzene 1,2,3-tricarboxyl- 
ate on acetyl  CoA carboxylase and the conse- 
quent reduction in malonyl CoA production 
(8). The inhibitor had no significant effect on 
nonsaponifiable lipid synthesis from AcAc. The 
nonsaponifiable fraction consists primarily of 

.~ cholesterol, which requires acetyl CoA but not  
malonyl CoA for its synthesis. Therefore, if the 
inhibition of fat ty acid synthesis was from a 
lack of citrate translocation, nonsaponifiable 

,e lipid synthesis would have been inhibited to a 
similar extent. For  lipid synthesis from/3OHB, 
our data indicate that the ATP-citrate lyase 

~3 pathway and the cytoplasmic AcAcCoA syn- 
~, thetase and thiolase pathway are equally impor- = 
=~ tant. N-Acetylaspartate does not  appear to play 

a role in acetyl transfer from ketone bodies, 
glucose or pyruvate in neonatal  rat lung, as has 

'~ been demonstrated in adult rat lung (12). 
"~ These observations provide an explanation 

for the more rapid incorporat ion of AcAc into 
fatty acids compared with glucose in neonatal 

"~ rat lung (14). Acetyl CoA generated in the 
< cytoplasm is immediately available for lipo- 

genesis, whereas that produced in mitochondria 
must be converted to an intermediate (such as 
citrate), transported across the mitochondrial  
membrane, and regenerated in the cytoplasm. 
Further support for the importance of the 

:~ cytoplasmic pathway of acetyl CoA production 
~m from AcAc in neonatal rat lung is provided by  
+, our previous observation that the activities of 

cytoplasmic AcAcCoA synthetase and AcAc- 
CoA thiolase increase along with the rates of 
fatty acid synthesis during the early suckling 

~ period (13). 
. We observed increases in CO2 production 

~. v from ketone bodies and pyruvate, and fa t ty  
~ acid synthesis from /3OHB in the presence of 
* aminooxyacetate.  The mechanism(s) underlying 
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TABLE 3 

Effect of Aminooxyacetate on Incorporation of ~4 C-Labeled Substrates 
into CO 2 and Lipids in Lungs of 3- to 4-Day-Old Rats 
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Substrate Aminooxyacetate Total Fat ty  
(mM) CO 2 lipids acids 

Glyceride- 
glycerol 

(nmol substrate incorporated]g tissue per 2 hr) a 

[3-14C]Acetoacetate 0 8056-+ 415 597 • 46 455 -+ 31 - 
1 11660-+ 1060" 656 • 69 507 + 59 -- 

[3-~4C]D-~-Hydroxybutyrate 0 1559- + 85 193 • 16 142 + 9 - 
1 2632• 193"* 261 • 21" 201 -+ 19" -- 

[U-14C]Glucose 0 2872- + 250 542 • 38 205-+ 22 274+ 33 
1 3113 + 179 450+ 28 156+12 233-  + I0 

[2-14C]Pyruvate 0 15842• 991 937-+ 102 607-+65 110-+ 10 
1 19157-+ 342* 1965 -+ 49 640-+60 101• 11 

aValues are means -+ SEM for 5 samples. A value that is significantly different from that in the absence of 
aminooxyacetate is indicated as: *(P < 0.05); **(P < 0.01). 

the s t imula t ion  could no t  be ident i f ied f rom 
the present  data. A m i n o o x y a c e t a t e  is an in- 
hibi tor  of pyr idoxa l  phospha te  requir ing 
enzymes  (22). The inclusion of  this c o m p o u n d  
in the  incuba t ions  would  be expec ted  to alter 
several metabol ic  pa thways  in addi t ion  to the  
synthesis  of N-acetylaspartate .  Whether  such 
nonspeci f ic  act ions  lead to the changes in 
energy and lipid p roduc t i on  remain to be deter-  
mined.  

The reason for the  depression of  CO2 pro- 
duc t ion  f rom glucose by ( - ) h y d r o x y c i t r a t e  is 
not  apparent .  Research has suggested that  
( - ) h y d r o x y c i t r a t e  inhibi ts  glycolysis, possibly 
at phosphof ruc tok inase ,  but  not  the Krebs 
cycle (29). This possibi l i ty Seems reasonable  
since the  ox ida t ion  of  pyruvate  was inhibi ted  to 
a lesser degree than  tha t  o f  glucose, and may  
also accoun t  for  the  greater  inhib i t ion  of  f a t ty  
acid synthesis  f rom glucose compared  wi th  
pyruvate  and for the inhibi t ion of  glyceride- 
glycerol  synthesis  f rom glucose but  no t  pyru-  
ra te  in the  presence  of  ( - ) hyd roxyc i t r a t e .  

In neonata l  rats, plasma concen t ra t ions  of  
ke tone  bodies  increase f rom 0.2-0.3 mM at 
bir th  to 1-2 mM during the  first week of  life 
(30,31).  During the  same period,  glucose con- 
cent ra t ions  range f rom 4-7 raM. However ,  
higher concen t r a t ions  (e.g. 13OHB, 5 mM; AcAc,  
glucose, and pyruvate ,  10 raM) were used in the  
inh ib i to ry  studies because these concen t ra t ions  
had been establ ished previously as yielding 
maximal  rates of lung lipid synthesis  (14). 
Al though  we have previously repor ted  that  
pu lmonary  fa t ty  acids are synthes ized f rom 
ke tone  bodies  and glucose in vivo (13), care 
should be taken  in direct ly extrapola t ing the  
present  results  to  in vivo condi t ions .  

Consis tent  wi th  our earlier s tudies (13,14)  
demons t ra t ing  the impor t ance  of  ke tone  bodies  
as precursors  of  lung lipid, the  rates of  AcAc 
inco rpo ra t ion  in to  lipids in vitro (Tables 1-3) 
were cons is ten t ly  higher than  those  of  glucose. 
The s tudy also suggests the  po ten t ia l  contr i-  
bu t ion  of pyruvate  to lung lipids because of  its 
greater  rate  of  use than glucose for  f a t ty  acid 
synthesis .  
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ABSTRACT 

Rats were fed semipurified diets containing olive oil or partially hydrogenated corn oil at the 5 or 20% level 
for ca. 30 days. These fat diets contained the same amount of octadecenoate but differed in the geometry with 
respect to each fat level. Contents oft-18: l were 26% and 41% of total fatty acids, respectively. The linoleic 
acid content was also made equivalent (3.8 energy %). After feeding on cholesterol-free diets, rats on trans 
fat, compared to those on cis fat, showed: (a) no changes in serum cholesterol and apolipoprotein levels, (b) 
no effects o n the bile flow and concentrations of biliary cholesterol or bile acids, (c) a trend toward increased 
fecal excretion of neutral and acidic steroids, (d) a lesser extent of transformation of cholesterol to 
coprostanol in the gut, and (e) no changes in the composition of biliary and fecal bile acids. Observations (c) 
and (d) were more marked with a high trans fat regimen. These observations, except for serum 
apolipoproteins and fecal steroid excretion, were practically reproducible even when rats were fed 
cholesterol-enriched diets. 
Lipids 19:109-116, 1984. 

INTRODUCTION 

Most studies involved in biological implications 
of dietary trans fats have been exclusively focused 
on effects, either on plasma cholesterol and athero- 
sclerosis, or on the metabolism of cis fatty acids (1- 
3). Although the epidemiological investigation of 
Enig et al. (4,5), on the correlation between dietary 
trans fat and mortality from several cancers, has 
become the focus of criticisms (6-8), it seems 
important to confirm empirically whether dietary 
trans fat has such an effect, since both types and 
amounts of dietary fat have been implicated as 
causal factors in the incidence of certain types of 
cancer (9,10). Awad (11,12) recently observed a 
possible growth-promoting effect of elaidic acid 
compared to olive oil in Erlich tumor  cells in mice, 
although there was criticism of these studies (13). 

The increase in intraluminal cholesterol (14) 
a n d / o r  bile acids (15) is reported to be responsible 
for colon carcinogenesis; dietary fat crucially deter- 
mines the amounts of fecal steroids (16,17). In a 
series of  studies, we observed an increase in fecal 
steroid excretion in rats fed t rans -oc tadecenoa te  

compared to the cis counterpart  (18). In the present 
paper, to determine the threshold level of dietary 
trans fat necessary to  enhance fecal steroid excre- 
tion, the effects of different dietary levels of trans-  

octadecenoate on biliary and fecal steroid excretion 
were compared to those of  c is -oc tadecenoate .  The 
concentrations of serum lipids and apolipoproteins 
were also determined. 

MATERIALS AND METHODS 

Animals and Diets 

Specific pathogen-free male Sprague-Dawley 

~A preliminary part of this study was presented at the 74th 
annual AOCS meeting, Chicago, 1983. 

*To whom correspondence should be addressed. 

rats, purchased from the local breeder (Seiwa 
Experimental Animals, Ltd., Fukuoka), and weigh- 
ca. 100 g, were housed individually in a tempera- 
ture-controlled room (20-23 C) with il lumination 
from 0800 to 2000 hr. They were divided into 4 
groups of 8 or 9 in each experiment with cholesterol- 
free or  cholesterol-enriched (0.5%) diets. Each 
group was fed, ad libitum, a semipurified diet 
(Table l) containing 2 different levels (5 and 20%) 

o f  olive oil and partially hydrogenated corn oil 
(18). The linoleic acid contents of paired cis and 
trans fat diets were adjusted to be equivalent by 
replacing a port ion of these fats with safflower oil. 
Thus, all diets supplied linoleic acid at 3.8% of 
energy. After 28-29 days on the diets, ca. 0.3 ml of 
blood was withdrawn from the tail vein for choles- 
terol and apolipoprotein assay (18,19). During the 
days 30-35, the bile duct was cannulated under 
diethyl ether anesthesia at 1000-1100 hr. Rats were 
kept in restraining cages and  the bile collected for 2 
hr; the flow rate was measured at 30-rain intervals. 
The bile was kept frozen until analyzed. The bile, 
drained at constant rate, was used for steroid 
analysis. After the bile drainage, rats were killed by 
decapitation, blood was collected and the liver and 
epididymal adipose tissue excised. Feces were 
collected for 2 days during days 26-28 and lyophi- 
lized. 

Analyses 

Liver lipids, biliary and fecal steroids and fatty 
acid compositions of tissue lipids (post-drainage 
serum, liver and adipose tissue) were analyzed as 
described in the preceding papers (18,19). Differ- 
ences between group means were evaluated by two- 
way analysis of variance and subsequent t-test 
between the same fat level and between different 
levels of the same fat (20). 
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TABLE I 

Composition of Diets 

Ingredients 5~ Fat 20% Fat 

O1. PHC OL PHC 
(%) (o/D 

Casein 20 20 20 20 
Olive oil (OI.) 2.9 18.4 
Partially hydrogenated 

corn oil (PHC) 2.7 17.3 
Safflower oil 2.0 2.2 1.5 2.6 
Mineral mixture" 4 4 4 4 
Vitamin mixture 

Water-soluble' I I I I 
Fat-soluble" 0. I 0.1 0. I 0. I 

Choline chloride 0.15 0.15 (I. 15 0.15 
Cellulose powder 2 2 2 2 
Sucrose r 67.85 67.85 52.85 52.85 

Fatty acid composition (%) 
16:0 8.9 10.6 10.4 13.0 
18:0 29 5.7 3.3 7.8 

t-18:l 26.1 41.4 
r 51.4 22.0 73.7 26.9 

c~-18:2 35.3 35.2 10.5 10.5 
ccc-18:3 0.2 0.2 0.4 0. I 

'Harper mixture purchased from Oriental Yeast Co. -fokyo. 
hFat-soluble vitamins (retinyl palmitate 400 IU. cholecalciferol 200 IU and Dl.-(~-tocopheryl acetate 10 mg 

per 100 g diet) dissolved in corn oil. 
'Cholesterol, 0.5%, was added at the expense of sucrose. 

RESULTS 

Growth Parameters and Liver Weight 

W h e n  choles terol - f ree  diets were fed, bo th  food  
intake and weight  gain were  reduced  modera t e ly  in 
rats fed high fat, c o m p a r e d  to low fat, diets. Weight  
gain was sti, ghtly greater  on  cis fat t han  on  trans fat 
(Table  2). Similar  r e sponse  pa t t e rns  were obse rved  
when  diets rich in choles te ro l  were fed. Rela t ive  
liver weights  were c o m p a r a b l e  in each g r o u p  for 
choles terol - f ree  and  cho les te ro l -enr iched  diets.  

Serum and Liver Lipids 

Serum and liver lipid da t a  are presented  in Tab le  
2. When  diets free of  choles te ro l  were fed, se rum 
choles terol  levels were c o m p a r a b l e  a m o n g  groups ,  
except  for the high cis fat g roup  in which cholesterol  
values were clearly elevated.  C o n c e n t r a t i o n s  of  
liver choles tero l  and  t r iglyceride also r e s p o n d e d  
similarly. The  add i t ion  of  choles tero l  to diets 
increased the serum choles terol  levels o f  all g roups  
of  rats  to a s imilar  ex tent  and no d ie tary  fat- 
d e p e n d e n t  d i f ferences  were observed .  However ,  
concen t r a t ions  of  liver choles tero l  and tr iglyceride 
were cons iderab ly  h igher  in rats fed a 20% cis fat 
diet  than  in any o the r  group.  

On feeding choles terol - f ree  diets,  there  were  no 
significant  changes  in se rum apo l ipopro te ins ,  al- 
t h o u g h  apo  A-I t ended  to be lower  on 5% trans fat 

t han  on 5% cis fat. In rats fed cho les te ro l -enr iched  
diets,  s e rum apo  B was elevated signif icantly on 
feeding high fat diets, par t icular ly  the 20% cis fat 
diet. 

Biliary Steroid Excretion 

The  biliary s teroid da ta  are  presented  in Table  3. 
In rats fed choles terol - f ree  diets,  the bile f low rates 
were c o m p a r a b l e  in all g roups .  The  increase in 
die tary  cis fat, but not  trans fat,  elevated the biliary 
choles tero l  levels significantly.  No differences  were  
not iced in concen t ra t ions  and  compos i t i ons  of  
biliary bile acids. The bile f low rates and biliary bile 
acid levels were also c o m p a r a b l e  in rats fed choles-  
t e ro l -enr iched  diets, but d ie tary  choles terol  t ended  
to increase these  paramete rs ,  whereas  choles tero l  
values r emained  unaffected.  Vary ing  the type  and  
a m o u n t  of  die tary  fats had no cons i s ten t  effects on 
biliary s teroid  levels and compos i t ions .  

Fecal Steroid Excretion 

Table  4 presents  the results o f  fecal s te ro id  
excre t ion  in rats fed diets free o f  cholesterol .  The  
stool weights  were c o m p a r a b l e  in each group.  
Daily neut ra l  s teroid excre t ion  was enhanced  on 
high fat diets,  c o m p a r e d  to low fat diets, and  on a 
high trans fat diet, c o m p a r e d  to  the  co r r e spond i ng  
cis tat diet. The  microbial  t r ans fo rma t ion  of  choles-  

LIPIDS, VOL. 19, NO. 2 (1984) 
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terol to coprostanol was reduced significantly 
when the dietary fat level was increased (in particu- 
lar with t rans  fat). Bile acid excretion was also 
greater in rats on t rans  fat than in those on the 
corresponding cis fat. Although bile acid excretion 
was enhanced by t rans  fat, it was not affected 
significantly by the amount  of fat. Cis  fat did not 
influence the fecal output of acidic steroids even 
when the dietary level was raised 4-fold. The 
amounts, rather than the types, of dietary fat 
appeared to influence fecal bile acid composition. 

On feeding cholesterol-enriched diets (Table 5), 
the t rans  fat-induced increase in fecal neutral 
steroid excretion was apparent only when rats were 
fed 20% fat. Excretion of neutral steroids decreased 
on high fat diets (in particular the cis fat diet), 
compared to low fat diets. The ratio ofcoprostanol  
to cholesterol was comparable in 2 types of low fat 
diets, whereas it was reduced on the high t r a n s  fat 
diet from that on the corresponding cis fat diet, due 
to an increased transformation with the latter diet. 
The effects of dietary fat types on fecal excretion of 
bile acids were not clear, but excretion tended to be 
lower on high fat diets. The compositions of fecal 
bile acids were too varied to draw a conclusion. 

Fatty Acid Compositions of Tissue Lipids 

In both trials, percentages of linoleic and arachi- 
donic acids in post-drainage serum, liver and 
adipose tissue lipids were similar at either level of 
cis and t rans  fat. Virtually no eicosatrienoic acid 
(20:3n9) was detected in any specimen. The con- 
tents of t r a n s - o c t a d e c e n o a t e  in these lipids reflected 
the dietary levels; in rats fed cholesterol-free diets, 
t r a n s - o c t a d e c e n o a t e  corresponded, in percentage 
of total fatty acids, to 12-13% in serum and liver 
and 25% in the adipose tissue for a 20% fat diet, and 
3-4% in serum and liver and 7.5% in the adipose 
tissue for a 5% fat diet. Other types of t r a n s  fatty 
acids such as t- 16: I, ct-  18:2 or tc- 18:2 were present 
only in trace amounts. These results were also 
reproducible in rats fed cholesterol-enriched diets. 

DISCUSSION 

There is a considerable divergence of  opinion 
regarding the effect of dietary t rans  fats on plasma 
cholesterol levels and hence atherogenesis in hu- 
mans and experimental animals (I,3). The effect 
appears to depend on the level of linoleic acid 
simultaneously supplied, as well as on the type and 
level of t rans  fat. In Wistar rats fed 10% fat diets 

containing equivalent linoleic acid (1.7 energy %), 
t r a n s - o c t a d e c e n o a t e ,  the prototype of t rans  fatty 
acids in the commercial hydrogenated products, 
was in no way hypercholesterolemic compared to 
the cis counterpart; rather it gave somewhat lower 
serum cholesterol levels than did the c i s - m o n o -  
enoate (18). When precautions against the linoleic 

acid content were not taken, the partially hydro- 
genated soybean oil was more hypercholesterolem- 
ic than native soybean oil (19). In the present study 
with Sprague-Dawley rats, t rans  fat was at least not 
hypercholesterolemic at both high and low dietary 
levels. The somewhat less clear response of the 
serum cholesterol level in the present study may be 
ascribed to the difference in the strain of rats and in 
the supply of linoleic acid. 

The effects of t rans  fat on serum levels of 
apolipoproteins were variable, but the reduction of 
the apo B level, due to feeding a 20% t rans  fat diet 
high in cholesterol, compared to the corresponding 
cis fat diet, was a phenomenon previously observed 
in rats fed 10% fat diets containing cholesterol (I 8). 
The triglyceride level of post-drainage serum also 
tended to be reduced on a 20~ t rans  fat diet, 
compared to a 20% cis fat diet (89.8• vs 
148 + 34 mg/dl). It seems that t r a n s - o c t a d e c e n o a t e ,  

compared to the cis counterpart,  specifically modi- 
fies the metabolism of triglyceride-rich lipopro- 
teins. 

Irrespective of the prescnce or absence of choles- 
terol in the diets, there were no consistent differ- 
ences in concentrations of bitiary cholesterol and 
bile acids when rats werc maintained on the diet 
containing the same level of dietary fat. The 
compositions of biliary bile acids changed to a 
considerable extent depending on the typc of 
dietary fat, but the variability of the results ren- 
dcred the evaluation of the differencc difficult. 

In rats fed diets either free of, or containing, 
cholesterol, fecal excretion of neutral steroids 
increased on feeding the high t rans  fat diets, 
compared to the high cis fat diets, whcreas it was 
comparable on low-fat diets. We have previously 
observed an increase in the fecal output of neutral 
steroids in rats fed diets containing 10c~: partially 
hydrogenated corn oil (18). It is thus likely that 
t r a n s - o c t a d e c e n o a t e ,  at concentrations above a 
certain dietary level, stimulates the fecal elimina- 
tion of neutral steroids. Along with this increase 
was a lesser magnitude of transformation of choles- 
terol to coprostanol, suggesting a specific alteration 
of the flora of the intestinal bacteria. Dietary 
factors, however, appear to have a limited effect on 
the bacterial flora in thc co/on (21). In this 
connection, the apparent absorption rate (22) of 
dietary fat was slightly but clearly lower with t rans  

fat than with cis fat: with cholesterol-free diets, the 
apparent absorption rates were 91.6 and 92.8f4. for 
5 and 20% t r a m  fat diets and 95.0% and 97.2% lor 
the corresponding cis fat diets. Almost the same 
results were obtained with cholesterol-cnriched 
diets. 

It is interesting that, in rats fed cholesterol- 
enriched diets, high dietary cis fat compared to low 
cis fat reduced fecal ncutral steroid excretion, 
suggesting increased absorption of cholesterol. In 
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fact ,  the  livers f r o m  ra ts  fed a 20% cis fat  diet ,  
c o m p a r e d  to a 5% cis fat  diet ,  c o n t a i n e d  a h igh  level I. 
o f  choles terol .  2. 

Since  cho les te ro l  lost  to the  gut ,  e i ther  d ie t a ry  or 
3. 

e n d o g e n o u s l y  syn thes i zed ,  a p p e a r s  to  have  a role in 4. 
large  bowel  cance r  (14,23), the  o b s e r v e d  effects  o f  
t rans  fat  a re  of  cons ide rab l e  i m p o r t a n c e .  Howeve r ,  5. 
trans fat at  the  lower  level s h o w e d  no  clear effect on  
cho les te ro l  excre t ion .  T h i s  g r o u p  of  ra ts  was  fed ca. 6. 7. 
25% of  d ie ta ry  fa t ty  ac ids  as  t rans -oc tadecenoa te  8. 
( c o m p a r e d  to  40% in the  case  o f  a 20% fat  diet). 9. 
Th i s  level is m a r k e d l y  h ighe r  t h a n  the  c o r r e s p o n d -  
ing  va lue  in diets  inges ted  by  h u m a n s  in N o r t h  I0. 11. 
A m e r i c a  (4,24). In  add i t ion ,  bile ac ids  (25,26), in 12. 
pa r t i cu la r  s e c o n d a r y  bile ac ids  (27,28), have  also 13. 
been  cons ide red  to be re la ted  to the  d e v e l o p m e n t  o f  t4. 
co lon  t u m o r .  Trans  fat  at  e i ther  level e n c h a n c e d  15. 
fecal bile ac id  o u t p u t  w h e n  cho les te ro l - f ree  diets  16. 
were  fed to ra ts  a n d  the  d o s e - d e p e n d e n t  inc rease  in 17. 
fecal bile acid was  o b s e r v e d  on ly  w i t h  th is  i somer .  18. 
I n  b o t h  trials,  however ,  the  p r o p o r t i o n  o f  s econd -  19. 
a ry  bile ac ids  r e m a i n e d  a p p a r e n t l y  u n c h a n g e d .  A t  
p resen t ,  the re fore ,  no  ev idence  is ava i l ab le  to cor-  20. 
re la te  t rans- fat  i n t ake  a n d  co l on  ca r c i nogenes i s  

(4,5). 21. 
In  conc lus ion ,  the  p resen t  resul t s ,  t o g e t h e r  wi th  22. 

t h o s e  ob t a ined  in the  p reced ing  s t u d y  (l 8), s t r ong l y  
sugges t  t ha t  t rans -oc tadecenoate ,  c o m p a r e d  to cis- 23. 
o c t a d e c e n o a t e ,  is no t  hype rcbo l e s t e ro l emi c .  Al-  24. 
t h o u g h  the  t r a n s - m o n o e n e  in a m o u n t s  above  a 25. 
cer ta in  d ie ta ry  level leads  to a n  inc reased  loss o f  
fecal  s te ro ids ,  this  p h e n o m e n o n  m a y  be c o n n e c t e d  26. 
wi th  a lower  a b s o r p t i o n  ra te  o f  d i e t a ry  trans fat 27. 
itself. 

28. 
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ABSTRACT 

The subceUular location of diacylglycerol acyltransferase (EC 2.3.1.20) in spinach leaves (Sphmcia 
oleracea L. cv. Longstanding Bloomsdale) was determined after sucrose-gradient centrifugation of 
tissue homogenates. Enzyme activity was associated primarily with gradient fractions containing oil 
bodies and intact chloroplasts. Gradient fractions enriched with the endoplasmic reticulum contained 
insignificant levels of diacylglycerol acyltransferase activity. On the basis of chlorophyll, diacylglycerol 
acyltransferase activity in crude homogenates was not significantly different from that in intact 
chloroplasts after Percoll density-gradient centrifugation. Among membrane fractions isolated from 
hypotonicaily treated chloroplasts, envelopes contained the greatest diacylglycerol acyltransferase and 
galactosyltransferase activity. These data demonstrated that chloroplasts were a subccllular site for 
triacylglycerol biosynthesis in spinach leaves. 
Lipids 19:117-121, 1984. 

INTRODUCTION 

Triacylglycerol (TG) is an important form 
of storage lipid in many plant tissues (1). The 
pathway for TG biosynthesis appears to be 
similar in plant species; however, the subcel- 
lular location of diacylglycerol acyltransferase 
(DGAT), the enzyme that catalyses TG bio- 
synthesis, is not well defined (2). Evidence 
from electron micrographs suggests that ves- 
sicles (sphereosomes) detached from terminal 
strands of the endoplasmic reticulum (ER) 
develop into oil bodies (3). The implication is 
that DGAT is associated with the ER and is 
transferred to oil bodies by the membrane- 
bounding sphereosomes. Although oil bodies 
isolated from developing castor beans (4) and 
crambe seed (5) may synthesize TG from 
[ 14 C ] acyl-CoA or [ 14 C] glycerol-3-phosphate, 
no direct biochemical proof was found that oil 
bodies are formed from sphereosomes. In fact, 
Gurr concludes that sphereosomes do not de- 
velop into lipid bodies and that each entity has 
separate but distinct function (2). Ichihara (6) 
also contends that the origin of lipid bodies is 
independent of the ER in maturing safflower 
seed. 

Given that sphereosomes are formed from 
the ER, the controversy over oleosome forma- 
tion may abate with information on the subcel- 
lular location of DGAT activity. From previous 
reports, significant levels of TG synthetic acti- 
vity are sedimented at 3,000 g from maturing 
safflower-seed homogenates (7 )and  at 3,000 g 
and 20,000 g from homogenates of spinach 
leaves (8). Although the differential centrifuga- 
tion fractions could have been contaminated 

*To whom correspondence should be addressed. 

with ER, TG synthesis from [14C]acetate is 
reported in pea plastids (9) and in purified 
spinach chloroplasts (10). Hence, in certain 
plant tissues, DGAT may be found in organelles 
other than the ER. 

The purpose of this study was to find direct 
evidence for associating DGAT activity with the 
ER and/or chloroplasts from spinach leaves. 
Spinach leaves contain relatively low levels of 
TG; however, that tissue source was used in the 
first report from our laboratory on isolating 
and characterizing DGAT (8). The DGAT assay 
developed in that work was used with sucrose 
and Percoll gradient centrifugation methods to 
fractionate cytoplasmic organellcs. The findings 
of this investigation have revealed that DGAT 
activity is associated with chloroplast envelopes 
from spinach leaves. 

MATERIALS AND METHODS 

Preparing Tissue 

Spinach (Spinacia oleracea L. cv. Longstand- 
ing Bloomsdale) plants were grown in a green- 
house. Fully expanded leaves were harvested 
and chilled to 4 C. Leaf tissue (10 g fresh 
weight) was chopped with an electric razor 
knife in 20 ml of buffered grinding medium. 
The grinding medium contained: 0.4 M sucrose; 
50 mM Bicine [N,N-bis(2-hydroxy-ethyl gly- 
cine)],  pH 7.6; 1 mM KC1; 0.1 mM MgClz; 
1 mM NA-EDTA. The homogenate was squeezed 
through 6 layers of cheesecloth and one layer 
of Miracloth. A 7 ml aliquot of the filtrate 
was applied to a step gradient of 3 ml 2.3 M 
sucrose, 3 ml 1.9 M sucrose, 4 ml 1.8 M sucrose, 
4 ml 1.75 M sucrose, 4 ml 1.7 M sucrose, 4 ml 
1.5 M sucrose, 3 ml 1.3 M sucrose, 3 ml i M 
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sucrose, and 3 ml 0.83 M sucrose. Each gradient 
was replicated 8 times. All sucrose solutions 
were prepared in a medium containing 10 mM 
Bicine, pH 7.6; 1 mM NA-EDTA; 0.1 mM 
MgC12; 1 mM KC1. 

The gradients were centrifuged at 4 C in a 
Beckman L80 centrifuge equipped with a 
Beckman SW28 rotor. The centrifugation was 
conducted at 141,000 g for 4 hr. The w2t 
value applied to all gradients was 1.22 x 1011. 
An ISCO 185 density gradient fractionator 
was used to collect 2 ml fractions from the top 
of the gradients. All fractions were stored at 
4 C before the enzyme assay. 

Localizing Organelles 

All gradient fractions were assayed for 
enzymes characteristic of specific organelles. 
Catalase activity, determined by the decrease in 
A at 240 nm (11), indicated the location of 
peroxisomes. Regions of the gradient contain- 
ing ER were determined by measuring the 
NADH-dependent increase in A at 550 nm for 
antimycin A insensitive NADH-Cyt C reductase 
activity (12). Cyt C oxidase activity associated 
with mitochondrial inner membranes was 
determined by a decrease in A of reduced Cyt 
C at 550 nm (13). In the latter case, the frac- 
tions were incubated with 10/al digitonin for 1 
min before the addition of the buffer and 
substrate. RuBP carboxylase activity was deter- 
mined by the incorporation of 14CO~ into 3- 
phosphoglyceric acid (14). DGAT activity was 
determined by the incorporation of [14 C] 18:1- 
CoA into TG (8). Galactosyltransferase (GALT) 
activity associated with chloroplast envelopes 
was determined by incorporation of UDP- 
[ 14 C] galactose into glycollpids (15). Chloro- 
phyll (chl) was determined by A at 663 and 
645 nm (16); protein was determined by a modi- 
fied Lowry procedure (17). All data represent 
mean values from all gradients performed. 

�9 Preparing Intact Chloroplasts 

Spinach leaves (200 g fresh weight) were 
homogenized in 1 1 grinding medium, as des- 
cribed earlier. Intact chloroplasts were isolated 
on a 10-80% (w/v) Percoll gradient (18). The 
chloroplasts were washed twice with a grinding 
medium, centrifuged at 2,000 g for 2 min and 
resuspended in the grinding medium. A fraction 
of those preparations was osmotically shocked 
in 50 mM Bicine, pH 7.6. Intact and osmoti- 
cally shocked chloroplasts were adjusted to an 
equal concentration, 0.5 mg chl(ml) -1, before 
incubation at 25 C for 30 min with 675 BAEE 
units of DPCC-treated trypsin (Sigma Chemical 
Co., St. Louis, MO) in a total volume of 0.25 

ml. At the end of treatment, a 10-fold excess of 
trypsin inhibitor (soybean) was added to all 
treatments and controls. 

Preparing Chloroplast Envelopes 

Purified chloroplasts, prepared as described 
above, were resuspended in 28 ml swelling 
medium containing 10 mM Bicine, pH 7.6, and 
4 mM MgC12. Equal portions of the preparation 
(14 ml) were loaded onto step gradients (19) 
containing: 6 ml 1.5 M sucrose, 6 ml 1.2 M 
sucrose, 6 ml 0.93 M sucrose and 6 ml 0.6 M 
sucrose. The gradients were centrifuged at 4 C 
in a Beckman L80 centrifuge equipped with a 
Beckman SW28 rotor for 1 hr at 141,000 g. 
Each set of gradients was replicated 4 times. 
four fractions were collected from the top of a 
gradient as before; the volume of fraction 1 was 
14 ml and the volumes for fractions 2 to 4 were 
6 ml each. Each fraction volume was increased 
to 38 ml with the swelling medium and centri- 
fuged at 4 C for 1 hr at 141,000 g. The pellets 
were resuspended in 1 ml swelling buffer. Total 
chl, protein, and GALT, DGAT, Cyt C reduc- 
tase, and Cyt C oxidase activities were deter- 
mined as stated above. 

Lipid Analysis 

Whole spinach leaves (10 g fresh weight) 
were homogenized consecutively with a Brink- 
man Polytron and a Ten-Broeck tissue grinder, 
in 40 ml chloroform/methanol (2:1 v/v). The 
homogenate was filtered with an additional 20 
ml chloroform/methanol (2:1 v/v) and 30 ml 
methanol. After filtration, 50 ml of deionized 
water was added to the filtrate. The mixture 
was shaken and centrifuged at 1,000 g for 20 
min to form a biphasic solution. The phase 
containing lipids was dried in vacuo. Lipids 
were extracted from a 1 ml portion of 4 sep- 
arate, intact chloroplast preparations by adding 
4 ml chloroform/methanol (1:1, v/v). The mix- 
ture was vortexed and centrifuged at 1,000 g 
for 10 min. The phase containing lipids was 
dried under N 2 . Fat layers (oil bodies) obtained 
from the 4 sucrose gradients were extracted 
by the method described for intact chloroplasts. 
All lipid extracts were redissolved in chloro- 
form/methanol (2:1, v/v). Total polar lipid 
(TPL), diacylglycerol (DG), and TG were sep- 
arated from the total lipid extract by TLC on 
precoated Absorbosil-Plus 5 plates (Applied 
Science Lab., State College, PA) with pe- 
troleum ether/diethyl ether/glacial acetic acid 
(80:20:0.8, v/v/v) as the developing solvent. 
Lipid classes were identified by parallel chro- 
matography with authentic phosphatidylcholine, 
DG, and TG standards (Sigma Chemical Co., 
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St. Louis, MO). Lipid classes were quantita- 
tively analyzed by GC as described previously 
(20). Radioactive TG from DGAT reactions was 
isolated by cochromatography with a mixture 
of TG, sterylester, and free fatty acid standards 
(8). 

RESULTS A N D  DISCUSSION 

The activities of marker enzymes for subcel- 
lular organeUes from spinach leaves, chl, pro- 
tein, and DGAT activity within sucrose-gradient 
fractions were calculated on a volume basis 
(Figs. 1-2). Th e ER, identified by antimycin A 
insensitive NADH-Cyt C reductase activity, 
banded at a density of ca. 1.13 g(cc) -1 , fractions 
4-6; mitochondria, located by Cyt C oxidase 
activity, had a density of ca. 1.18 g(cc) -1 , frac- 
tions 7-9; intact chloroplasts, indicated by RuBP- 
carboxylase activity, banded at 1.22 g(cc) - l ,  
fractions 10 to 11; and peroxisomes, distin- 
guished by catalase activity, had density of ca. 
1.24 g(cc) -1 , fractions 15 to 16. The superna- 
rant of the gradient (fractions 1 to 3) contained 
significant levels of RuBP-carboxylase and 
catalase activity because the disruption of in- 
tact organelles could not be prevented. The 
major chlorophyll bands also indicated the 
location of broken chloroplasts (fraction 7) and 
intact chloroplasts (fractions 10 and 11). 

The major peaks for DGAT activity were 
found at sucrose-gradient densities of ca. 1.08 
g(cc) -1 and 1.22 g(cc) -1. These activities did 
not coincide with regions of the gradient 
enriched with ER. Hence, these data cast fur- 
ther doubt on the speculation that oil bodies 
were formed from the ER. DGAT activity was 
coincident with gradient fractions containing 
intact chloroplasts, yet insignificant levels of 
DGAT activity were found in fractions contain- 
ing broken chloroplasts (presumably thylakoids 
or grana). The work of Shine et al. (21) clearly 
demonstrated that spinach grana did not con- 
tain DGAT activity. In addition, low levels of 
DGAT activity in the supernatant fraction 
containing RuBP-carboxylase activity suggested 
that chloroplastic DGAT was not a stromal 
enzyme. By deduction, one might then presume 
that DGAT in intact chloroplasts was associated 
with the chloroplast envelopes. The density of 
chloroplast envelopes (22) was reported to be 
about 1.08 g(cc) -x, the density at which oil 
bodies were found in our gradients. We have 
not been able to devise a definitive means for 
distinguishing whether the DGAT activity 
found in the fat layer was attributable to the 
oil bodies per se or to the presence of chloro- 
plast envelopes. We could, however, attempt to 
prove that the proposed association between 
DGAT and chloroplast envelopes was valid. 
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FIG. 1. Distribution of organelle marker enzymes 
in sucrose density gradients. RuBP carboxylase (o--o), 
Cyt C oxidase (Q--a), catalase (A---A), and DGAT 
(e--e) from spinach leaf homogenates applied directly 
to a sucrose step gradient and centrifuged as described 
in Methods. Enzyme activities were expressed on a 
volume basis. All fractions were 2 ml. 

Intact chloroplasts, isolated on PercoU 
density gradients and washed twice with a 
grinding medium, contained similar levels of 
DGAT or GALT activity on a chl basis, as did 
crude extracts (Table I). These chloroplast 
preparations contained insignificant levels of 
Cyt C oxidase or Cyt C reductase activity. 
Although DGAT or GALT activity was lower 
when intact chloroplasts were lysed, tryptic 
digestion did not significantly affect the acti- 
vity of either enzyme. These data suggested 
that both enzymes, or at least their active 
sites, were embedded within the chloroplast 
membranes. To show the proposed association 
of DGAT with chloroplast envelopes, purified 
intact chloroplast preparations were hypotoni- 
tally disrupted (19) and fractionated by dis- 
continuous sucrose-gradient centrifugation (23). 
Fractions enriched with stromal enzymes, 
envelopes, plastoglobuli, and thylakoids were 
characterized as described (23). The activity 
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FIG. 2. Distribution of organelle marker enzymes 
in sucrose density gradients. Sucrose density ( ........ ), 
protein (o--o), Cyt C reductase (Lx--z~), and chloro- 
phyll (i--m). Enzyme activity was expressed on a 
volume basis. All fractions were 2 ml. 

o f  marker  enzymes  for  the  ER and m i t o c h o n -  
dria were negligible among these chloroplast  
membrane  fract ions.  The d is t r ibut ion  of  DGAT 
act ivi ty among  the  f rac t ions  verified tha t  DGAT 
was no t  a s t romal  e n z y m e  and revealed tha t  
the  greatest  activity was associated wi th  chloro- 
plast envelopes (Table 2). Because the distri- 
bu t ion  of GALT activity paralleled DGAT 

TABLE 1 

Effect of Trypsin upon DGAT and GALT Activity 

preparation a Trypsin b DGAT GALT 

-nmol (min) -1 (rag ch) -t - 
Intact chloroplasts + 0.336 0.525 

-- 0.386 0.615 
Lysed chloroplasts + 0.257 0.265 

- -  0.290 0.355 
Crude extract - 0.039 0.640 

LSD 0.05 0.079 0.120 

aChloroplasts were isolated on Percoll density 
gradients; a portion of the preparation was lysed by 
osmotic shock. All preparations were adjusted to a 
final concentration of 0.5 mg chl(ml) -1 before trypsin 
treatment. 

b675 BAEE units of DPCC-treated trypsin was 
added to each preparation as indicated. After 30 min 
at 25 C, a 10-fold excess of trypsin inhibitor was 
added to arrest trypsin activity. Trypsin inhibitor per 
se had no effect upon DGAT or GALT activity. 

activity among  the  f ract ions ,  the DGAT activity 
found  with plastoglobul i  and thylakoids  was 
a t t r ibu ted  to con t amina t i on  by chloroplast  
envelopes.  Hence,  these data suggest tha t  chloro- 
plastic DGAT could be exclusively associated 
wi th  chloroplas t  envelopes.  

Intact  chloroplas ts ,  af ter  Percoll  gradient  
cent r i fugat ion ,  con ta ined  67.8 + 1 . 2 / l m o l  TG 
(mg chl) -1 ; in addi t ion ,  the  fa t ty  acid composi-  
t ion of  chloroplas t ic  TG was no t  statistically 
d i f fe ren t  f rom cytoplasmic  TG (Table 3). The 
associat ion of  DGAT activity wi th  chloroplasts ,  
plus the  evidence tha t  chloroplasts  also have 
enzymes  necessary for  acyl-CoA and DG for- 
ma t ion  (24-27),  have provided b o t h  a means 
and a m e t h o d  for  TG biosynthes is  in chloro-  
plasts. Chloroplast ic  TG could then  be a consti-  
t uen t  of  the osmiophi l ic  bodies  o f t en  observed 
wi thin  chloroplasts  f rom higher plants  (28). 
The biological relevence of  these findings will 
be tes ted  in studies wi th  plastids f rom develop- 
ing oilseeds. 

TABLE 2 

Distribution of DGAT and GALT Activity Among Membrane Fractions 
from Hypotonically Disrupted Chloroplasts 

Fraction Protein Chlorophyll GALT DGAT 

Stroma 
Envelopes 
Plastoglobuli 
Thylakoids 

LSD 0.05 

.................. mg(ml) -I ...................... nmol (min) -I (ml) -l ...... 

1.4 ND a 0.05 0.09 

1.6 ND a 2.29 1.14 

1.8 0.028 1.04 0.83 
40.0 6.693 0.95 0.37 

0.39 0.20 

aNot detectable. 
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TABLE 3 

Triacylglycerol Composit ion of Preparations from Spinach Leaves 

121 

Sample 

Fatty acid 

16:0 16:1 18:0 18:1 18:2 18:3 Total 

Whole leaf a 
Intact  chloroplast  b 
Fat layer c 

LSD 0.05 

.............................. mol % ................................. nmol TG (mg chl) -1 
21.5 2.8 6.0 16.5 22.5 30.7 246.3 4. 4.1 
23.1 2.2 7.1 17.1 20.8 29.7 67.8 4- 1.2 
20.6 2.9 5.8 16.2 23.5 31.0 138.6 +- 3.0 

3.0 0.9 1.7 1.1 3.2 1.6 

aSpinach leaves contained 1.4 mg chl(g fresh wt) -l . 
bFrom Percoll density gradient centrifugation. 
CTG content  of the fat layer was calculated on a fresh weight basis; nmol TG (mg chl) -1 

was extrapolated from the mg chl(g fresh weight)  -l (leaf) -1 . 
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Restriction of Maternal Food Intake Inhibits Fatty Acid 
Activation in Developing Rat Hearts 
N I R M A L A  K. M E N O N * ,  G O V I N O  A. DHOPESHWARKAR 2 and JAMES F. MEAD,  
Laboratory of  Biomedical and Environmental Sciences, University o f  California, 
900 Veteran A venue, Los Angeles, CA 90024 

ABSTRACT 

We studied the effect of restricting the diet of pregnant and lactating rats on the B-oxidation of 
fatty acids by the developing heart in suckling pups. Control pregnant rats were fed a stock diet 
ad libitum. For the experimental group, food was restricted to half of the control intake on the 
seventh day of pregnancy and continued through lactation. The pups on the restricted diet were signif- 
icantly smaller than the controls. At postnatal days 5, 14 and 21, the t3-oxidation of [1-I4C] palmitate 
by heart homogenates was determined in the presence of ATP, carnitine and CoA. At day 21, the pro- 
duction of 14CO2 was 60% lower in the group on the restricted diet. Consequently, the possibility of 
inhibiting activation or intramitochondrial transport of fatty acids by heart mitochondria was studied 
in vitro using [ 1-~4C] palmitate, [ 1-~4C] palmitoyl CoA and [ 1-z4C] palmitoyl carnitine. With [ I-L4C]- 
palmitate, the rate of t4CO~ produced was 2464 + 317 cpm/mg protein/rain for the control and 
1682 -+ 91 for the restricted diet group. With [1-~*C]palmitoyl CoA and [1-~4C] palmitoyl carnitine, 
the oxidation rate of the experimental group was similar to control values, showing clearly that the 
inhibition of oxidation was from a problem with activation. A significant decrease in palmitoyl CoA 
synthetase activity in the heart homogenates and mitochondria of the diet-restricted pups took place. 
Lipids 19:122-126, 1984. 

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

Tha t  the  capaci ty  of the  hear t  to degrade 
and  use fa t ty  acids is higher  dur ing  the  suckling 
per iod  than  at the  fetal  or pos t -wean ing  stages 
in the  rat  ( I -3 )  is well known .  The  activi t ies of 
the  2 key enzymes ,  pa lmi toy l  CoA syn the tase  
and  carn i t ine  pa lmi toy l  t ransferase ,  involved in 
the  ~ o x i d a t i o n  sys tem,  are also repor ted  to 
peak dur ing  this  per iod in the  hea r t  (1,4).  Our  
earl ier  work suggested tha t  ma te rna l  d ie ta ry  im- 
balances  of fa t ty  acids can p roduce  p ro found  
a l t e ra t ions  in the  f a t t y  acid me tabo l i sm of the  
m y o c a r d i u m  of  t he  p rogeny  (5). In the  present  
s tudy ,  the ma te rna l  diet  was res t r ic ted  to half  
of  the  ad l ib i tum con t ro l  in take  f rom the  
seven th  day of p regnancy  accord ing  to the  tech- 
n iques  developed by  Chow and  Lee (6). This 
t e c h n i q u e  was especially prefer red  over tha t  of  
varying the  l i t ter  size (7), to p roduce  un i fo rm 
li t ters by avoiding excessive over- and  under-  
n o u r i s h m e n t  in pups of  the same litter.  The  
ox ida t ion  of  pa lmi ta t e  by  the  m y o c a r d i u m  was 
s tudied u n d e r  these condi t ions .  

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

Animals and Dietary Protocol 

The rats used in this s tudy  were proven 
breeders  of  the  Wistar s train,  CrI:(WI)BR, f rom 

* To whom correspondence should be addressed. 
t Presented at the 74th Annual Meeting of the 

American Oil Chemists' Society~ Chicagn, Illinois, 
May 1983. 

2 Deceased. 

Charles  River Breeding Laborator ies ,  Wilming- 
ton ,  MA. They  were fed a s tock diet  (Wayne 
Labora tor ies ,  Chicago,  IL). The compos i t i on  of 
the  diet  is given in Table  1. Food  c o n s u m p t i o n  
by the  con t ro l  an imals  was m o n i t o r e d  and  on  
the  seventh  day of p regnancy  a group of  20 rats 
was res t r ic ted  to 50% of  the  ad l ib i tum con t ro l  
in take .  A n o t h e r  g roup  of  3 rats was pu t  on a 
s imilar  d ie ta ry  regime on the  f o u r t e e n t h  day of 
pregnancy.  The  unde r f ed  rats c o n s u m e d  their  
food  faster  t han  the  controls .  To c o m p e n s a t e  
for  this  d i f fe rence  in c o n s u m p t i o n ,  the  con t ro l  
g roup  and  the  res t r i c ted  group were fed the  
daily supply  in divided batches .  This d ie tary  
regime c o n t i n u e d  t h r o u g h o u t  p regnancy  and 
lac ta t ion .  Eight to 10 pups were ma in t a ined  in 
each l i t ter  of  the  con t ro l  group as well as in the  
d ie t - res t r ic ted  group.  One l i t ter  was used only  
once  dur ing  the  s tudy.  

On pos tna ta l  days  5, 14 and 21, pups  were 
sacrif iced by decap i t a t i on  and the  hear t s  were 
removed  and used immedia t e ly  for  the  respec- 
tive exper iments .  Gastr ic  milk and  b lood  sam- 
ples were col lec ted  f rom the pups.  Separa ted  
se rum samples  and milk samples were s tored at 
- 7 0  C unt i l  analysis.  

Chemicals 

The chemicals  used and the i r  suppliers  are 
given below: 

I ' r i zma- t fCL,  ATP (disodium salt), Co- 
e n z y m e  A ( l i th ium salt) and Pro tenase  f rom 
Sigma Chemical  C o m p a n y ,  St. Louis,  MO. 

DL-carn i t ine  HC1 and d i th io th re i to l  f rom 
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T A B L E  1 

C o m p o s i t i o n  o f  t he  S t o c k  Diet 

Weight  
( p e r c e n t a g e )  

C a r b o h y d r a t e  56 .3  
Protein 28 .9  
Fat  5.0 
Fiber 4.3  
Salt  5.6 

The  s t o c k  die t  used was  ' L a b B I o x '  f r o m  Wayne 
Labora to r i e s ,  Ch icago ,  IL. This  d ie t  c o n t a i n s  vitamins 
and minerals two or more times in excess of the 
recommended levels for rats by the National Academy 
of Sciences (8) except for the following: pyridoxine 
hydrocholride 5.5 mg/kg and vitamin E 35 1U/kg. 
Vitamin K was not present. Linoleic acid made up 
46.6% of the total fatty acids of the diet (9). 

Calbiochem-Behring Corporation, La Jolla, CA. 
Sucrose from Fisher Scientific Company, Fair- 
lawn, NJ. 

J.T. Baker Chemical Co., Phillipsburg, NJ 
provided KH2PO4, KCI and MgCI26H2 O. 

ICN, Chemicals and Nuclear Division, Irvine, 
CA provided [1-14C]palmitate (Sp. Act. 56.8 
mCi/mmole). The ammonium salt was prepared 
by adding a few drops of 1 M ammonia, evapor- 
ating the excess ammonia and dissolving the 
ammonium salt in 1% Triton solution in water. 

New England Nuclear, Boston, MA provided 
[1-14CIpalmitoyl CoA (Sp. Act. 54.6 mCi/ 
mmole) and [1-t4C]palmitoyl carnitine (Sp. 
Act. 55.3 mCi/mmole). The chemical and radio- 
chemical purity was found to be greater than 
98%. They were used as aqueous solutions. 

3-Oxidation Measurements 

Heart homogenates were prepared by the 
method reported in our previous article (5). 
Heart mitochondria were prepared using the 
method of Pande and Blanchaer (10). 

The incubation mixture, a total volume of 
2.5 ml, consisted of 100-500 /ag protein, 
100 mM sucrose, 10 mM potassium phosphate 
(pH 7.4), 0.1 nmole of substrate (0.1 pCi of 

14 14 [1- C]palmitate, I1- C]palmitoyl CoA or 
[1-14Clpalmitoyl carnitine), 2 mM ATP, 0.05 
mM CoA, 0.4 mM MgCI2, 0.01 mM EDTA, 80 
mM KCI and 0.5 mM carnitine. Additional CoA 
was not added to the incubation medium when 
[1-14C]palmitoyl CoA was the substrate. 
Triplicate determinations were made in a 
Dubnoff shaker at 37 C for 30 min. 14CO2 was 
collected in Kontes cups containing 0.15 ml of 
8% NaOH and counted using Aquasol (New 
England Nuclear, Boston, MA). 

Palmitoyl CoA Synthetase (EC 6.2.1.3) Assay 

The radioassay developed for the liver by 
Bar-Tana et al. (11) was modified for heart 
homogenates and mitochondria. The hearts 
were placed in chilled 0.25 M sucrose, washed 
free of blood and homogenized using a Tissue- 
mizer (Tekmar Co., Cincinnati, OH)a t  setting 
35 for 15-20 sec. The homogenate was centri- 
fuged at 600 • g at 4 C; the supernatant was 
filtered through gauze and used for the assay. 

The reagents used for the assay were 70 mM 
Tris-HC1 buffer (pH 7.4 at 25 C), 4 mM MgCI2, 
5% Triton X-100, 20 mM ATP, 1.7 mM CoA, 
100 mM dithiothreitol and Dole's medium con- 
taining isopropanol/n-hexane/l M H2 SO4(40: 
I0:1). A reagent mixture containing 0.3 ml 
Tris-HC1 buffer, 0.04 ml Triton, 0.2 ml MgCI2, 
0.2 ml ATP, 0.06 ml CoA, 0.02 ml dithio- 
threitol and 0.12 ml H20 was prepared. 

The assay mixture, a total volume of 0.22 ml 
consisting of 0.1 ml of the reagent mix, 0.02 ml 
[1-14C]palmitate (0. I nmole, 0.1 /ICi) and 
100-300 #g protein, was incubated at 30 C for 
5 min. The reaction was terminated by the 
addition of 1 ml of Dole's medium followed by 
0.4 ml of H20 and 0.6 ml hexane. In the 
blanks, Dole's medium was added before 
proteins were added. After thorough mixing 
and subsequent centrifugation, the upper phase, 
containing the unreacted palmitate, was re- 
moved by suction. The lower phase was washed 
6 times using 0.6 ml hexane each time while the 
upper phase was discarded. The lower phase 
was counted using Aquasol. Protein was deter- 
mined by the method of Lowry et al. (12). 

Extraction of Lipids from Milk and Serum 

Lipids were extracted by the method of 
Folch et at. (13). Milk and serum total lipids 
were transmethylated as described previously 
(14) and the fatty acid methyl esters analyzed 
by Hewlett Packard Gas Chromatograph using a 
60-meter SP2340 glass capillary column. 

Statistical Analysis 

Student's t-test was used for statistical 
evaluation. 

R ESU LTS 

The body weights and the weights of hearts 
were decreased by 50% in the diet-restricted 
group. By day 21, the controls weighed 26.3 +- 
2.6 g whereas the diet-restricted pups weighed 
only 13.4 + 2.3 g (P < 0.001). The weights of 
the hearts were 0.17 +-0.01 gand 0.07 -+0.01 g 
for the controls and undernourished, respec- 
tively (P < 0.001). The size of the litter was 
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crit ical  in t he  ra te  o f / J -ox ida t ion .  Only l i t ters  of  
ident ica l  size could be used. There  were no  
s igni f icant  changes  in t he  f a t t y  acid compos i -  
t ion  of  se rum or milk to ta l  l ipids (Table  2). The  
t o t a l  soluble  p ro te ins  of  t he  m y o c a r d i u m  did 
n o t  vary in t he  2 g roup  s. 

Subs t ra t e  c o n c e n t r a t i o n ,  p ro te in  d i lu t ion  
and  co fac to r  r e q u i r e m e n t s  for  the  o p t i m u m  
3-oxida t ion  ra te  for  the  hear t  were d e t e r m i n e d  
pos tna ta l ly  at  5, 14 and  21 days. /J-Oxidation 
by  the  developing hear t  m i t o c h o n d r i a  was 
l inear  f rom 100-500 pg p ro te in ,  differ ing f rom 
the  values for the  adul t  hea r t  r epo r t ed  pre- 
viously (5). The  molar  c o n c e n t r a t i o n s  of  
carni t ine ,  CoA and  Mg ~+ requi red  were similar  
to  those  r e p o r t e d  for  the  adul t  hear t  (5). The  
op t ima l  cond i t i ons  were t he  same for  5, 14 or 

21 days for  b o t h  the  c o n t r o l  and  the  under -  
nour i shed  groups.  

No s ignif icant  d i f fe rence  was f o u n d  in t he  
3 -ox ida t ion  of  pa lmi t a t e  on  day  5 in the  hea r t  
h o m o g e n a t e s  of  the  c o n t r o l  and u n d e r n o u r -  
ished pups  (Fig. 1). The  add i t i on  of  ca rn i t ine  
did no t  a l ter  t he  ra te  or shape  of  the  curve. 
There  was a 30% decrease  in the  p r o d u c t i o n  o f  
14CO2 on  day 14 ( P <  0 .05)  and  a 61% de- 
crease on  day 21 (P < 0 .001)  in the  under -  
nour i shed  hear t s  c o m p a r e d  w i th  the  controls .  
The  add i t i on  of  ATP did  n o t  enhance  the  oxi- 
da t ion .  F u r t h e r  s tudies  were res t r ic ted  to 
day 21. 

Table  3 shows the  /3-oxidation of  hear t  
m i t o c h o n d r i a  using [ 1-14 C] pa lmi ta te ,  [ 1-14 C ] - 
pa lmi toy l  CoA and  [ 1-14C] pa lmi toy l  ca rn i t i ne  
as subst ra tes .  With [1 -14C]pa lmi ta t e ,  t he  ra te  
of  14CO2 p roduced  was 2 4 6 4 + 3 1 7  c p m / m g  
p ro t e in / r a in  for  the  con t r o l  group and 1682 -+ 
91 for  the  die t - res t r ic ted  group  (P < 0 .002) .  
When [1 -14C]pa lmi toy l  CoA or [1-14C]- 
pa lmi toy l  ca rn i t ine  was the  subs t ra te ,  t he  oxi- 
da t ion  ra te  of  the  hea r t  m i t o c h o n d r i a  of  the  
die t - res t r ic ted  group was as high as in t he  
cont ro l .  

2 5 0 0  

= 
2 0 0 0  

1 5 o 0  

o 1 0 0 o  

i 

,; ,; 20 ~5 
Age i n  d a y s  

FIG. 1. 3-Oxidation of developing heart homo- 
genates. Values are mean • S.D. from 3 experiments 
involving 9 pups from each group at each age. = - - =  
Control; e - - e  Diet-restricted. 

Figure 2 gives the  pa lmi toy l  CoA s y n t h e t a s e  
act iv i ty  of  the  hear t  h o m o g e n a t e s  and  mi to-  
chondr ia .  Unl ike  the  case of  the  liver e n z y m e  
(11),  add i t iona l  EDTA was no t  requi red  for  
o p t i m u m  e n z y m e  act iv i ty  in developing hear t  
homogena te s .  In fact,  E D T A  concen t r a t i ons  
above  0.1 mM inh ib i t ed  the  e n z y m e  act ivi ty  by  
40%. However ,  hear t  m i t o c h o n d r i a l  prepara-  
t ions  c o n t a i n e d  0.05 mM E D T A  in b o t h  the  
con t ro l  and expe r imen ta l  groups  to p reven t  
m i t o c h o n d r i a l  swelling (15).  When the  ma te rna l  
diet  was res t r i c ted  a f te r  day  14 of  p regnancy ,  
even t h o u g h  t he  pups  weighed s ignif icant ly  less 
t h a n  the  controls ,  t he  pa lmi toy l  CoA syn- 
the tase  act iv i ty  was no t  d i f fe ren t  in the  2 
groups.  When the  diet  was res t r ic ted  at  7 days, 
the  ac t iv i ty  of  the  h o m o g e n a t e s  as well as 
m i t o c h o n d r i a  showed  a signif icant  decrease 
(P < 0 .001) .  

DISCUSSION 

Die ta ry  f a t t y  acid imba lances  i n t r o d u c e d  
preges ta t iona l ly  have been  s h o w n  to in f luence  
the  in vi t ro  3 -ox ida t ion  of  f a t t y  acids by  hea r t  

TABLE 2 

Fatty Acid Composition of Total Lipids of Milk and Serum 

Milk a Serum b 

Fatty acid Control Diet restricted Control Diet restricted 

Saturates 51.2-+ 3.8 57.2 -+ 1.2 37.0 • 2.4 36.9 + 1.4 
Monoenes 21.5 -+ 2.1 17.3 -+ 0.9 13.2 -+ 1.1 14.5 -+ 2.0 
Dienes 22.4-+ 1.3 20.1 + 0.1 25.0-+ 1.4 22.8 +- 1.6 
Tetraenes 1.9 -+ 0.3 1.5 + 0.2 16.6 + 2.4 21.7 -+ 3.5 
Polyenes 0.7 • 0.1 0.9 -+ 0.1 5.0 • 4.1 -+0.5 

Values are percent -+ S.D. 
aGastrie milk samples from 6 control and 7 diet-restricted pups at day 14 were used. 
bThree rats at day 21 were used from each group. 
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TABLE 3 
#-Oxidation of Heart Mitochondria from 2 l-Day-Old Rats 

125 

Control Diet restricted 
Substrate cpm/mg protein/rain cpm/mg protein/min 

[l-NC]Palmitate 2463.9 -+ 317.0 1681.6 t 91.2 a 
[ 1-14C] Palmitoyl CoA 3927.9 -+ 974.3 3907.4 -+ 1067.2 
[ 1-]4C] Palmitoyl carnitine 4782.0 + 771.8 4908.2 -+ 1033.8 

Values are mean -+ S.D. from 3 experiments involving 9 pups from each group. 
ap < 0.002. 

30  

20  

10  
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o 
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| 
homogenate mitochondria 

FIG. 2. Palmitoyl CoA synthetase activity in 21-day-old rat 
hearts. Specific activity, expressed as ~ moles of [1-14C] palmitate 
converted/mg protein/min, is the mean -+ S.D. from 3 experiments 
involving 9 pups from each group. = control; �9 diet restricted on 7th 
day of pregnancy; : diet restricted on 14th day of pregnancy. 

h o m o g e n a t e s  of  the  progeny (5). In the  present  
s tudy ,  p r egnan t  female  rats  were res t r ic ted  to 
50% of  the  ad l ib i tum con t r o l  in t ake  whereas  
the  n u m b e r  of  y o u n g  in each l i t ter  was equal- 
ized. At  the  level of  50%, the  diet  still provided 
a d e q u a t e  v i tamins  and  minerals  excep t  v i tamins  
B6, E and  K. Insuf f ic ien t  levels of  py r idox ine  
and  v i tamin  E are k n o w n  to p roduce  essential  
f a t ty  acid def ic iency in the  rat  (16,17) .  The  
role of  v i tamin K in lipid me tabo l i sm is un- 
k n o w n .  Since in the  p resen t  s tudy  no  physical  
or  b iochemica l  evidence was f o u n d  of  essential  
f a t t y  acid def ic iency  e i ther  in the  dams or  the  
pups  (Tab le  2), a reasonable  a s sumpt ion  would  
be t ha t  the  def ic iency  in t roduced  in the  m o t he r s  
is t h a t  o f  calories and  is, in this  sense, non-  
specif ic  in nature .  There  is, however ,  some 
ev idence  tha t  the  effect  on  the  young  s tems  
more  f rom p ro t e in  def ic iency than  f rom calorie  
r e s t r i c t ion  (18).  

In th is  t e chn ique ,  the  a s sumpt ion  was made  

tha t  the  def ic ient  diet  in f luenced  lac ta t ion  
quan t i t a t ive ly  bu t  no t  qua l i ta t ive ly  (19).  In the  
present  s tudy ,  we f o u n d  tha t  the  H-oxidation of  
pa lmi ta te  by  the  hear ts  of  the  u n d e r n o u r i s h e d  
pups  decreased s ignif icant ly  dur ing  the  suckl ing 
period.  This s ignif icant  f ind ing  led us to explore  
4 main possibil i t ies:  an ac t iva t ion  p rob lem 
involving acyl th iok inase ,  inh ib i t ion  of CoA 
carn i t ine  t ransferase ,  low levels of  ca rn i t ine  and  
lack of  suff ic ient  ATP f rom the  inh ib i t i on  of  
energy- l ibera t ing  processes. Even t h o u g h  carni- 
t ine  was requi red  by  the  H-oxidat ion sys tem of  
the  developing hear t  and  ca rn i t ine  concen t r a -  
t ion  was found  to be low at b i r th  in the  rat  
(20),  increasing the  c o n c e n t r a t i o n  of  carn i t ine  
in vi t ro did no t  a l ter  the  p r o d u c t i o n  of CO2. 
Similarly,  increasing ATP c o n c e n t r a t i o n  also 
failed to enhance  the  p r o d u c t i o n  of  CO2 by t he  
die t - res t r ic ted pups. Consequen t ly ,  the  possi- 
bi l i ty  of  an inh ib i t i on  of  ac t iva t ion  or intra-  
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mi tochondr ia l  t ranspor t  of  fa t ty  acids by heart  
mi tochondr ia  was studied in vitro by using 
[1-14C]palmita te ,  [ 1-14C]palmitoyl  CoA and 
[ 1 14 C ] pa lmi toyl  carnitine.  With [ 1 14 C ] palmi- 
tate,  a significant decrease (P < 0.002) in the  
p roduc t ion  of  14CO2 occurred,  whereas with 
the  o ther  2 substrates ,  the  rates of /3-oxida t ion  
were ident ical  to cont ro l  values, showing clearly 
tha t  the  act ivat ion of  fa t ty  acids was impaired.  
Fur the r  studies demons t ra t ed  that  this inhibi- 
t ion was f rom a decrease in palmitoyl  CoA 
syn the tase  activity (Fig. 2). 

Long-chain fat ty acyl CoA synthe tase  is 
localized in the outer  membrane  of mito-  
chondria  and microsomes  (21,22). Unlike the 
liver, the adult  heart showed no significant 
changes in carnitine palmitoyl  transferase 
activity in rats (23) that  had been fasting. In 
the developing heart,  carni t ine palnl i toyl  trans- 
ferase activity was shown to be i ndependen t  of  
dietary fat intake (24). The regulatory mechan-  
isms involved in fa t ty  acid oxida t ion  may be 
quite  d i f fe rent  in the heart  f rom those in the 
liver. Bailey and Lockwood  had p roposed  that  
the  fo rma t ion  of  palmitoyl  CoA seemed to be 
the rate-l imiting step in palmitatc  oxida t ion  
(3). The present  work also suppor t s  these find- 
ings and establishes the regulatory func t ion  of  
this enzyme  in the /3-oxidat ion  of  the develop- 
ing heart.  Recent ly ,  Olowe and Schulz (25) 
have shown that ,  in the presence of specific 
inhibi tors ,  inact ivat ion of  the  thiolase can cause 
the  inhibi t ion of fa t ty  acid oxida t ion  in rat 
heart  mi tochondr ia .  

Why undernut r i t ion  causes the specific 
inhibi t ion of this enzyme in the developing 
heart  is no t  clear. In utero the fe tus  is exposed  
to  a p redominan t ly  ca rbohydra te  diet, which is 
replaced by a high-fat milk diet f rom bir th  to 
weaning. In the present  s tudy,  the rate of  /3- 
ox ida t ion  is mainta ined at a high level through-  
out  the suckling period in the contro l  heart  
homogena te s  (Fig. 1). In the diet-restr ic ted 
group,  the  oxida t ion  increased f rom day 5 to 
14 and then  decreased, the level always being 
below the control  value. The di f ference  be- 
tween the contro l  and the deficient  groups 
became progressively greater by the third week 
of  suckling, tending to correlate the pahni toy l  
CoA syn the tase  activity with the tat con t en t  o f  
the diet. Warshaw had suggested that  the abil i ty 
to oxidize  fa t ty  acids is inf luenced by the pro- 
por t ion  of lipid in the diet (2). But if the 
maternal  food intake is restr icted f rom the  last 
week of  pregnancy,  the palmitoyl  CoA syn- 
the tase  activity is unchanged f rom the con t ro l  
values, showing that o the r  factors may also 
inf luence the induct ion  of this enzyme in the 
developing heart.  
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ABSTRACT 

Indirect evidence has suggested that lipid peroxidation is associated with iron overload in vivo. As a 
measure of lipid peroxidation, pentane expired in the breath of rats loaded with an accumulated dose 
of either 100 mg or 186-200 mg of iron injected intraperitoneally as iron dextran was m easured over a 
7 to 8 week period, and the effect on pentane production of feeding antioxidant-supplemented diets 
was determined. By the seventh week of feeding the diets, rats fed 0.3% L-ascorbic acid produced 17% 
less (P = 0.03) pentane than did rats fed the basal antioxidant-deficient diet, whereas rats fed 0.004% 
dl-a-tocopherol acetate produced 92% less (P < 0.001). After being fed the basal diet for 7 weeks, 
iron-loaded rats produced 76 • 9 pmol pentane/100 g body wt/min. When synthetic antioxidants were 
added to the diet at a concentration of 0.25%, the order of effectiveness in decreasing pentane produc- 
tion after 1 week was: N;N'-diphenyl-p-phenylenediamine > ethoxyquin > butylated hydroxyanisole 
> butylated hydroxytoluene > propyl gaUate ~ no antioxidant. After removal of either ethoxyquin or 
N,N'-diphenyl-p-phenylenediamine from the diets for 1 week, pentane production increased to a high 
level. The total amount of lipid soluble fluorophores in individual spleens of rats fed N,N'-diphenyl-p- 
phenylenediamine, ethoxyquin, dl-a-tocopherol acetate, ascorbic acid and no antioxidant were corre- 
lated significantly with the corresponding total integrated amount of pentane produced by the indi- 
vidual rats over the 7 to 8 week period. This study has provided some of the most direct evidence to 
date that lipid peroxidation is associated with iron overload in vivo. 
Lipids 19:127-133, 1984. 

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

Iron overload is a medical  problem in a 
number  of disorders c o m m o n l y  called hemo-  
chromatoses  (1). Two causes of hemochro-  
matoses are excessive iron absorpt ion and 
parenteral  iron overloading, each leading to an 
accumula t ion  of iron in various body  tissues. 
Jacobs (2) recent ly  reviewed evidence that  lipid 
peroxida t ion  accompanies  iron toxici ty.  Gol- 
berg and Smith  (3,4) and Golberg et al. (5) 
were among  the first researchers to under take  
biochemical  and histological investigations of  
the relat ionship of vitamin E and lipid peroxi-  
dation to iron overload in rats and mice. 
Rachmilewi tz  et al. (6) showed that the eryth- 
rocytes of thalassaemia major subjects with iron 
overload f rom repeated transfusions underwent  
excess lipid peroxida t ion  that  was associated 
with decreased levels of vitamin E. Heys and 
Dormandy (7) found spleens f rom humans with 
transfusional iron overload to peroxidize 
in vitro to form thiobarbi tur ic  acid reactants  
and lipid soluble f luorophores  and also found 
vitamin E levels in spleens to correlate inversely 
with the degree of  iron overload.  

Pentane and ethane are volatile decomposi-  
t ion products  of  oo6- and co3-unsaturated fa t ty  
acid hydroperoxides ,  respectively (8). These 
volatile products  are exhaled in the breath of  

*To whom correspondence should be addressed. 

animals and can be used as indices of  in vivo 
lipid peroxidat ion.  The me thod  of  measuring 
pentane p roduc t ion  by rats has been used to 
show that  vi tamin E (9) and N,N'-diphenyl-p-  
phenylenediamine  (10), a synthet ic  antioxi- 
dant, effect ively prevent  in vivo lipid peroxida-  
tion. Elevated levels of pentane were exhaled 
by rats with a chronic iron overload (11). 
Dougher ty  et al. (12) showed that  vi tamin E, 
the most  impor tan t  biological free-radical 
scavenger, and selenium pro tec ted  rats against 
lipid peroxidat ion  induced by acutely toxic  
doses of ferrous chloride and iron dextran as 
measured by exhaled ethane (12). The potent ia l  
usefulness of  free-radical scavengers in the treat-  
ment  of  iron overload has been discussed (13). 
In the present study, the  m e t h o d  of  pentane 
measurement  was used to evaluate the relative 
effectiveness of  various an t ioxidant  free-radical 
scavengers in  the suppression of  lipid peroxida-  
t ion in iron-loaded rats initially fed a basal 
ant ioxidant-def ic ient  diet. Addi t ional ly ,  chloro- 
fo rm-methanol  extractable f luorescent  lipid 
peroxida t ion  products  (14) were measured in 
the spleens of  some of the groups of  animals. 

M ETHODS 

Animals and Diets 

Male Sprague-Dawley rats were obtained at 
21 days of  age from Simonsen Laboratories ,  
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Inc. (Gilroy, CA). The rats were fed, ad libitum, 
a basal diet (15) that contained 10% tocoph- 
erol-stripped corn oil and 20% casein (Teklad 
Test Diets, Madison, WI). Food was provided 
fresh daily or every second day. 

Three experiments were carried out. Experi- 
ment I was a preliminary experiment to deter- 
mine subsequent protocols and to determine 
the levels of pentane produced by rats fed the 
basal diet and injected intraperitoneally with 
saline in place of iron. One group of 6 rats was 
fed the basal antioxidant-deficient diet for 
2 weeks before the first intraperitoneal injec- 
tion of iron dextran (Burns Biotec, Omaha, 
NB). A second group of 4 rats was fed the basal 
diet that contained 0.004% dl-c~-tocopherol 
acetate. During the third and fourth week of 
feeding the diet, each of the 10 rats was in- 
jected intraperitoneally with 100 mg of iron/ 
100 g body weight to give a total of 200 mg of 
iron/100 g body weight. A third group of 4 rats 
was fed the basal diet, and each rat was injected 
twice with physiological saline in place of iron 
dextran. 

Experiment II tested the ability of vitamin E 
and vitamin C (ascorbic acid) to inhibit lipid 
peroxidation in iron-loaded rats. The rats were 
divided into groups (n = number per group) 
and were fed the basal diet containing either 
(a) 0.004% dl-c~-tocopherol acetate ( n = 5 ) ,  
(b) 0.004% dl-o~-tocopherol acetate and 0.3% L- 
ascorbic acid (Nutritional Biochemicals Corp., 
Cleveland, OH, n = 5), (c) 0.3% L-ascorbic acid 
( n = 7 ) ,  (d) 0.1% L-ascorbic acid ( n = 6 )  or 
(e) no addition (n = 7). Each rat was injected 
with 50, 50 and 100 mg of iron as iron dextran/ 
100g body weight on days 7, 14 and 21, 
respectively. These days corresponded to the 
beginning of weeks 2, 3 and 4 of the experi- 
ment. The final total dose was 186 + 3 mg of 
iron/rat. 

Experiment III tested the effectiveness of 
several synthetic antioxidants in decreasing 
lipid peroxidation in iron-loaded rats. Each rat 
was injected with a total of 200 mg of iron. The 
total dose of iron was given as 3 injections on 
days 2, 11 and 15 of the experiment. All rats 
were fed the basal antioxidant-deficient diet 
during the first 2 weeks and then they were 
divided into groups of 5 rats and fed (a) the 
basal diet with either 0.25% N,N'-diphenyl-p- 
phenylenediamine (DPPD, Goodrich Chemical 
Co., Cleveland, OH), (b) 0.25% ethoxyquin (a 
gift from Monsanto Co., St. Louis, MO), 
(c) 0.25% butylated hydroxytoluene (BHT, 
Eastman Chemical Products, Inc., Kingsport, 
TN), (d) 0.25% butylated hydroxyanisole 
(BHA, Eastman Chemical Products, Inc.), 
(e) 0.25% propyl gallate (Eastman Chemical 

Products, Inc.) or (f) no addition. The rats were 
fed the diets with BHA, BHT and propyl 
gallate only during the third, fourth and fifth 
weeks of the experiment. The rats fed ethoxy- 
quin and DPPD were provided with antioxidant 
diets only during the third and fifth weeks. 
Each of 4 rats in another group was injected 
with only 100 mg of iron and was fed only the 
basal diet. 

Gas Chromatographic Measurement of Pentane 

In experiment I, pentane production was 
measured periodically from the fourth through 
the seventh week, and in experiment II, weekly 
for 7 weeks beginning 1 week after the individ- 
ual diets were first fed to the rats. In experi- 
ment Ill, pentane production was measured 
weekly for 6 weeks beginning after 2 weeks of 
feeding the basal diet. The methods for collect- 
ing expired breath and the chromatographic 
analysis of short-chain hydrocarbons have been 
described previously (9). Rats that had fasted 
for approximately 18 hr were placed individ- 
ually into a holding chamber supplied with 
hydrocarbon-free air (<0.01 ppm total hydro- 
carbons, Matheson, Newark, CA)for 15-20 min 
before 400-600 ml samples were collected. The 
time required to collect each sample was 
4-5 min. The air-breath mixture leaving the 
head portion of the rat chamber passed through 
a small tube that contained a layer of 10-20 
mesh Drierite (W. A. Hammond Drierite Co., 
Xenia, OH) and a layer of 20-30 mesh Ascarite 
II (A. H. Thomas Co., Philadelphia, PA) to re- 
move water and carbon dioxide, respectively. 
The 10-ft alumina column was standardized 
daily with 0.89 ppm pentane in nitrogen 
(Matheson). The rates of pentane production 
were calculated as previously described (16). 

Lipid Soluble Fluorescence 

The rats in experiments II and III were killed 
at 12 weeks of age. They had been fed their 
various diets for 9 weeks. At this time, lipid 
soluble fluorescence in the spleen was measured 
in 1:20 tissue:solvent (chloroform/methanol, 
2:1) extracts, according to the method de- 
scribed by Fletcher et al. (17). The excitation 
and emission spectra of each extract were 
recorded using a spectro-photofiuorometer with 
a ratio attachment (American Instrument Co., 
Inc., Silver Spring, MD). 

Statistical Analysis of Data 

To determine the significance of differences 
between means of any 2 groups of data, the 
Student's t test was applied. 
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R ESU LTS 

Pentane Production 

In exper iment  I, the prel iminary exper iment ,  
the rate of  pentane produced by the antioxi-  
dant-deficient  rats (n = 4) not  injected with 
iron was 5 -+ 1 pmol /100  g body wt /min  after  
the basal diet had been fed for 7 weeks. Since 
these saline-injected cont ro l  rats fed the basal 
diet produced low amounts  of  pentane,  similar 
groups of  animals were not  included in experi- 
ments II and III. The rats that had been fed 
0.004% dl-a- tocopherol  acetate for 7 weeks 
(n = 4) and injected with a total  of 200 mg of  
i ron/100 g body wt produced 9 + 1 . 8  pmol  
pen tane /100  g body wt /min ,  and the rats that 
had been fed the basal diet for 7 weeks (n = 6) 
and injected with iron produced 69 -+ 6 pmol /  
100 g body wt /min.  

The results of  exper iment  il  are summarized 
in Figure 1, which shows the t ime course for 
the product ion of  pentane by iron-loaded rats 
that  were fed the basal diet with and wi thout  
vitamin E and ascorbic acid. Whereas iron- 
loaded rats fed the vitamin E-supplemented 
diets exhaled pentane at low and essentially 
unchanged levels over the course of the experi- 
ment,  whether  or not ascorbic acid was in- 
cluded in the diet, the  rats fed the basal diet 
exhaled levels of  pentane that increased up to 
17-fold over the initial levels. The max imum 
rate of pentane produced by the rats fed the 
basal diet was 58-+3.5  p m o l / 1 0 0 g  body wt /  

8O 
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FIG. 1. The effect of dietary dl-~-tocopherol 
acetate and L-ascorbic acid on pentane production by 
iron-loaded rats. The basal diet contained no antioxi- 
dant (e), 0.1% L-ascorbic acid (m), 0.3% L-ascorbic 
acid (A), 0.004% dl-a-tocopherol acetate (o) or 0.004~4 
dl-a-tocopherol acetate and 0.3% L-ascorbic acid (~.). 
A dose of 50. 50 and 100 mg of iron as iron dextran/ 
100 g body wt was injected intraperitoneally into each 
rat on days 7, 14 and 21 (at the beginning of weeks 2, 
3 and 4), respectively (186 -~ 3 mg iron/rat). The 
standard errors Ibr (o) and (,~) were all -+0.6. 

min, while the max imum rate produced by the 
rats fed 0.004% dl-a- tocopherol  acetate  and no 
ascorbic acid was 5.5 -+0.8 p m o l / 1 0 0 g  body 
wt /min.  At the four th  week and at each subse- 
quent  week, pentane product ion  was higher 
(p < 0.001,  1-tailed test) in each of  the 3 
groups of  rats fed the vitamin F-deficient  diets 
than in the 2 groups of  rats fed the vitamin E- 
supplemented diets. By the four th  week, the 
group of  rats fed the basal diet with 0.3% 
ascorbic acid produced less (p < 0.05, 2-tailed 
test) pentane than did the groups fed the basal 
diet with and wi thout  0.1% ascorbic acid. There 
were no significant differences in the weights of  
the various groups of  rats by the end of  the 
exper iment  and no deaths occurred.  

The results of  exper iment  III are shown in 
Figure 2. Pentane product ion  by the rats fed 
the basal diet and injected with a total of 
I00  mg of iron was measured only until  the 
seventh week. At this t ime, the level of  pentane 
product ion  was 40-+ 5 pmol /100  g body wt /  
min compared  with 7 6 - + 9 p m o l / 1 0 0 g  body 
wt /min  produced by the rats injected with a 
total  of  200 mg of  iron. The fol lowing results 
refer only to rats injected with 200 mg of iron. 
At the four th  week of  the exper iment ,  which 
was 1 week after the ant ioxidants  were added 
to the diets, pentane product ion  was less in the 
group of rats fed propyl gallate (p < 0.02, 
2-tailed test) than by the rats fed the basal diet. 
Pentane product ion  in the groups of  rats fed 
BHA, BHT, DPPD and e thoxyqu in  was also 
lower (each p < 0.001, 2-tailed test) than in the 
rats fed the basal diet. This was the only t ime 
when rats fed propyl gallate produced less 
pentane than the rats fed the basal diet. The 
rats fed BHA produced less (p = 0.03, 2-tailed 
test) pentane than did the rats fed BHT, only 
after the  ant ioxidants  had been removed from 
the diets for 1 week (week 7, Fig. 2A), The 
dramatic result of  adding DPPD or e thoxyquin  
to the diets is shown in Figure 2B. After  
feeding the rats with either of  these 2 antioxi-  
dants as a supplement ,  pentane product ion  was 
very low;  however,  the DPPD-fed rats produced 
significantly less pentane than the e thoxyquin-  
fed rats at all times. Two weeks after the 
removal  of ant ioxidants  from the diets, the 
pentane levels of  the DPPD and BHA-fed 
groups were still lower (p = 0.02 and 0.005, 
respectively,  2-tailed test) than those of the rats 
fed the basal diet cont inuously .  The other  
groups of  rats had levels that  were not  signifi- 
cantly different  from the group fed the basal 
diet. Overall, the order of  effectiveness of these 
antioxidants,  when fed for a short t ime period 
at a level of 0.25%, was DPPD > e thoxyqu in  > 
BHA > BHT > propyl gallate ~ no ant ioxidant .  
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FIG. 2. The effect of antioxidants on pentane pro- 
duced by rats injected with a total dose of 200 or 
100 mg of iron as iron dextran. The dashed lines 
represent the times antioxidants were not fed and the 
solid lines represent the times when the antioxidant 
diets were fed. The antioxidant-deficient diet was also 
fed during weeks 1 and 2. The antioxidants fed were: 
(A) 0.25% BHT (A), 0.25% BHA (=), 0.25% propyl 
gallate (o) and no antioxidant with a total dose of 
200 mg of injected iron (o) and with a total dose of 
100 mg of injected iron (#); and (B) 0.25% ethoxy- 
quin (G) and 0.25% DPPD (zx). 

No dea ths  occur red  in the  various groups  while  
t hey  were fed the  a n t i o x i d a n t  diets. When  the  
ini t ia l  weights  of  the  an imals  were t aken  in to  
account ,  t he re  were no  weight  gain d i f ferences  
a m o n g  the  groups.  

Lipid Soluble Fluorescence 

Table  1 summar izes  t he  data  for  t he  to ta l  
a m o u n t  of  c h l o r o f o r m - m e t h a n o l  ex t r ac t ab le  
f luo rescen t  p roduc t s  in the  spleens of some of  
the  g roups  of  rats. The  spleens of  the  o the r  
groups  were not  analyzed.  The  m a x i m u m  
exc i t a t ion  and  emiss ion wavelengths  varied on ly  
sl ightly a m o n g  the  groups.  With the  excep t ion  
of  the  v i t amin  E-fed groups,  the  exc i t a t ion  
m a x i m u m  was 350-365 n m  and  t he  emiss ion 
m a x i m u m  was 4 4 0 - 4 5 0 n m .  The exc i t a t ion  
m a x i m u m  of f luo rophores  f rom spleens of  
v i t amin  E-fed r a t s  was in the  range of  310-360  
nm,  a wider  range than  tha t  for t he  o the r  

groups.  In expe r imen t  II, the  f luorescence  of  
spleens  f rom each of  the  3 v i t amin  E-def ic ient  
groups  of  rats was h igher  t h a n  tha t  f r om the  
2 v i t amin  E- supp lemen ted  groups  (all p < 
0 .001 ,  1-tailed test) ,  and  there  was less (p < 
0 .05,  2-tai led tes t )  f luorescence  in the  spleens 
of t he  group fed 0.1% ascorbic  acid t han  in 
t hose  fed the  basal diet.  The  mean  relat ive 
f luorescence  value of  the  spleens f rom the  
group  fed the  0.3% ascorbic  acid diet  was 
h igher  (162  +- 27)  t h a n  t ha t  of  the  0.1% ascor- 
bic acid-fed group (104  + 8), b u t  the  d i f ference  
was no t  significant.  In e x p e r i m e n t  III, the  
spleens  of  the  rats  in jec ted  w i th  200 mg o f  i ron 
and  fed the  basal die t  had  s ignif icant ly  more  
f luorescence  than  did those  of the  g roups  fed 
DPPD (p < 0 .001,  2-tai led tes t )  or e t h o x y q u i n  
(p = 0 . 0 1 , 2 - t a i l e d  test) .  These  ra ts  had  b e e n  fed 
t he  a n t i o x i d a n t  diets  for  on ly  12 days ou t  of  
t he  9 week exper imen t .  The  spleens of ra ts  fed 
the  basal  diet  and  in jec ted  wi th  100 mg of  i ron 
had  less (p = 0.02,  2-tai led tes t )  f luorescence  
t h a n  those  of rats fed the  basal  diet  and  in- 
j ec ted  wi th  200 mg of  i ron.  

In expe r imen t s  II and  III, t he  to ta l  a m o u n t  
of  p e n t a n e  p roduced  over  t he  per iod dur ing  
wh ich  measu remen t s  were m a d e  was calcula ted 
by  in tegra t ing  the  values for  all t ime  po in t s  for 
each indiv idual  rat  for  wh ich  f luo rophores  were 
measured  in the  spleen.  The  linear regression 
co r re la t ion  coeff ic ients  for  a compar i son  of  the  
t o t a l  a m o u n t  of  p e n t a n e  p roduced  wi th  the  
t o t a l  a m o u n t  of lipid so luble  f luo rophores  in 
the  spleen were r = 0 . 6 1  ( p <  0 .001)  for  ex- 
p e r i m e n t  II and  r = 0.75 (p < 0 .01)  for  experi- 
m e n t  III. 

DISCUSSION 

Jacobs  (2) has reviewed the  direct  and  in- 
d i rec t  evidence t ha t  po in t s  to l ipid pe rox ida t i on  
and  m e m b r a n e  damage as a ma jo r  fac to r  in  i ron 
tox ic i ty .  This s tudy  has provided  di rec t  evi- 
dence  tha t  lipid pe rox ida t i on  is involved by  
showing  the  effect iveness  of v i tamin E and  
some  commerc ia l  s y n t h e t i c  a n t i o x i d a n t s  in the  
i n h i b i t i o n  of i ron- induced  p e n t a n e  p r o d u c t i o n  
b y  rats ;  ascorbic  acid was shown  to be  mar-  
ginal ly effective.  I ron  over load  in rats was an 
exce l l en t  mode l  for t he  s tudy  of  in vivo lipid 
p e r o x i d a t i o n  since sus ta ined,  high-level p e n t a n e  
p r o d u c t i o n  could be measu red  over a per iod  of  
weeks  w h e n  a diet  w i th  a h igh a m o u n t  (~3 .5%)  
of  l inoleic acid, an co6-unsa tura ted  f a t t y  acid 
p recurso r  of  pen tane ,  was fed to the  rats. Iron- 
loading is easy to p roduce  in ra ts  by  t he  intra-  
pe r i tonea l  in jec t ion  of  i ron  dext ran .  

Over the  past 20 years,  n u m e r o u s  studies 
have been  made  of  the  abi l i ty  of syn the t i c  

LIPIDS, VOL. 19, NO. 2 (1984) 



ANTIOXIDANTS IN IRON-LOADED RATS 13 1 

TABLE 1 

Effect of Dietary Antioxidants on Lipid Soluble 
Fluorophores in Spleens of Iron-loaded Rats 

Dietary antioxidant Excitation Emission Relative fluorescence a 
(n m) (n m ) (total/spleen) 

Experiment li b 
0.004% dl-c~-tocopherol acetate 310-315 425-450 14 • 1 (4) c 
0.004% dl-c~-tocopherol acetate, 310-360 435-450 19 -+ 2 (4) 

0.3% ascorbic acid 
antioxidant-deficient 355-365 440-445 150 -+ 18 (5) 
0.1% ascorbic acid 360 440-445 104 • 8 (6) 
0.3% ascorbic acid 355-360 440-445 162 • 2"/ (7) 

Experiment liI d 
antioxidant-deficient e 355-360 445-450 66 -+ 7 (5) 
antioxidant-deficient f 350360 440-450 38 -+ 5 (4) 
DPPD d 355-360 440-450 23 -+ 3 (5) 
ethoxyquin d 350-360 440-450 30 + 8 (5) 

aThe fluorescence of a 0.2 g sample of each spleen was determined and the total fluores- 
cence per spleen was calculated from the individual spleen weight. Values are expressed as 
mean -+ S.E. relative to a standard of 1 #g o f  quinine sulfate/ml of 0.1 N H z S O  4 that had a 
relative fluorescence of 500. 

blnjected with a total dose of 186 mg iron as described in the text. 
CNumber in parentheses is number of animals used for fluorescence analysis. The rats 

used in both experiments were killed at 12 weeks of age and had been fed their respective 
diets for 9 weeks. 

tiThe spleens of the other dietary groups of rats were not tested. 
elnjected with a total dose of 200 mg of iron. 
fInjected with a total dose of 100 mg of iron. 

an t iox idan ts  to prevent  various species-specific 
vitamin E-deficiency syndromes .  As reviewed 
by J o h n s o n  (18), syn the t ic  an t iox idan t  replace- 
ment  of vi tamin E has me t  wi th  l imited success, 
perhaps  because vitamin E has o ther  impor t an t  
proper t ies  in addi t ion  to an t iox idan t  propert ies .  
Al though some o the r  metabol ic  roles for vita- 
min E have been repor ted  (19), the most  
s tudied role of  vi tamin E is as the major  in vivo 
biological an t ioxidant .  Synthet ic  an t ioxidants  
are required in the animal diet  at much  higher 
levels than vi tamin E to effect  equal p ro tec t ion ,  
and they  have been  used at levels up to 1% (20) 
or 1.55% (21) of  the  diet. A level of  0.025% 
e thoxyqu in  or 88 IU/kg of  vitamin E com- 
pletely inhibi ted  encephalomalacia  in chicks 
(22), and a level of  0.025% DPPD, BHT or 
e t h o x y q u i n  delayed but  did not  prevent  onset  
of  dys t rophy  s y m p t o m s  in guinea pigs (23). 
DPPD at 0.1% of  the  diet was suff icient  to 
suppor t  r ep roduc t i on  in female rats when  the  
diet con ta ined  4% fat (24). Based upon  these 
and numerous  o ther  l i terature repor ts  of the  
in vivo effect iveness  of synthe t ic  an t ioxidants ,  
and considering the 10% fat con t en t  of  the diet 
used, the  concen t ra t ion  of  syn the t ic  antioxi-  
dants selected to test  as inhibi tors  of  i rom 
induced lipid perox ida t ion  was 0.25% of the  
diet. Ascorbic acid was used at 0.1 and 0.3% of  
the diet and dl-c~-tocopherol aceta te  at 0.004% 
of  the  diet. 

As expec ted  f rom previous studies of  oxi- 
dant - induced  in vivo lipid perox ida t ion  (16), 
vi tamin E effect ively suppressed pen tane  pro- 
duct ion.  In i ron-loaded rats fed the  basal diet,  
pen tane  p roduc t i on  was greatly elevated above 
the  levels p roduced  by normal  rats, and in- 
creased over t ime as pe rox ida t ion  increased and 
the  rats were fed the  an t iox idan t -def ic ien t  diet  
for  a longer t ime. The excel lent  an t iox idan t  
effect iveness  of  DPPD and e t h o x y q u i n  com- 
pared with that  of BHT, BHA and propyl  
gallate was shown by the cycling of pen tane  
p roduc t ion  f rom low levels when  ei ther  DPPD 
or e t h o x y q u i n  was present  in the  diet to high 
levels when  an t iox idan t  was absent  f rom the  
diet. Most syn the t i c  an t iox idan ts  have relatively 
low biological activity because of  rapid turn-  
over and poor  subcetlutar d is t r ibut ion  (25). 
Vi tamin  E is a good an t iox idan t  in vivo because 
of  its superior  qualit ies of  absorp t ion  and reten-  
t ion (26). Also, vitamin E is largely associated 
wi th  the  m e m b r a n e  lipids (27) where  peroxida-  
l ion is mos t  likely to occur,  while e t h o x y q u i n  
(27) and DPPD (25) are mainly d is t r ibuted  in 
the  cytosol .  E t h o x y q u i n  is more  rapidly ab- 
sorbed,  depos i ted  in the  tissues and lost  f rom 
the  tissues than  is vitamin E (27). The rapid 
turnover  in the tissues of  DPPD and e t h o x y q u i n  
was s h o w n  by the  marked  increase in pen tane  
p roduc t ion  when  they  were removed f rom the  
diets. The ranking of an t iox idan ts  according to 
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their in vitro effectiveness does not always 
correspond with the ranking by in vivo effec- 
tiveness since absorption, distribution and 
retention factors are involved in vivo. The over- 
all ranking of the synthetic antioxidants in this 
study was DPPD > ethoxyquin > BHA > 
BHT > propyl gallate ~ no antioxidant. Shull 
et al. (23) found that DPPD delayed the onset 
of vitamin E deficiency-related muscular 
dystrophy longer and more effectively than 
ethoxyquin. 

That dl-a-tocopherol acetate, ascorbic acid, 
DPPD and ethoxyquin did lessen lipid peroxida- 
tion in vivo was also shown by the lower 
amounts of fluorescent products in the spleens 
of iron-loaded rats than in the spleens of rats 
not fed antioxidant. The effectiveness of DPPD 
and ethoxyquin was shown even though they 
were included in the diets for only 12 days out 
of the 8 or 9 weeks that the rats were fed the 
10% corn-oil diet. The high significance of the 
correlation of spleen fluorophores with total 
pentane production confirms that the accumu- 
lated fluorophores in the ironqoaded rat spleen 
were directly related to the ongoing lipid 
peroxidation measured by pentane production. 
The inhibition by vitamin E and other anti- 
oxidants of buildup in tissues of lipid soluble 
fluorophores that are lipid peroxidation prod- 
ucts has been shown previously in the rat (28) 
and the mouse (29). Also, Heys and Dormandy 
(7) found that the iron-overloaded spleens of 
thalassaemic subjects underwent further in vitro 
lipid peroxidation to produce similar lipid 
soluble fluorophores. 

Ascorbic acid is required in the human diet 
although it is not required by rats. Ascorbic 
acid plays a dual role in oxidant-antioxidant 
reactions. It can serve an antioxidant function 
through a synergistic effect with phenolic-type 
antioxidants like vitamin E. Synergism is 
attributed to its ability to regenerate antioxi- 
dants by supplying hydrogen to the phenoxy 
radical (30) or its ability to function as an 
oxygen scavenger (31). Another reaction, how- 
ever, is one that occurs when ascorbic acid 
participates in the propagation of free-radical 
lipid peroxidation reactions via the reduction 
of  ferric iron to ferrous iron, a potent free- 
radical generator. In vitro, ascorbate releases 
iron from ferritin (32), a nonheme iron protein 
that is a major form of iron that accumulates in 
iron overload (2). Whether or not release occurs 
in vivo is still a matter of debate (33). Ferritin 
alone is inactive in promoting fatty acid oxida- 
tion, however, it has a marked effect when 
ascorbic acid is present (34,35). Ascorbic acid 
has been used clinically to increase iron excre- 
tion in response to desferrioxamine treatment 

(36) of thalassemic patients with iron overload, 
and some clinicians are concerned that high 
doses of ascorbate may precipitate lipid peroxi- 
dation in these patients (7,8). Chen (37) and 
Chen and Chang (38) have reported that excess 
vitamin C leads to erythrocyte hemolysis and 
increased thiobarbituric acid reactants in rat 
(37) and guinea pig tissues (38). The present 
study found evidence of less lipid peroxidation 
in rats given dietary ascorbic acid when no 
vitamin E was in the diet. This evidence in- 
cluded somewhat lower pentane production by 
rats fed 0.3% ascorbic acid and also a lower 
level of lipid soluble fluorescent product accu- 
mulation in the spleens of rats fed ascorbic 
acid. Whether or not ascorbic acid influenced 
the amount or form of iron in the spleen and 
other tissues is not known since the iron con- 
tent was not analyzed. 

In this study we have shown by measuring 
expired pentane that lipid peroxidation occurs 
in the rat loaded with iron. This was shown by 
testing the relative in vivo antioxidant effective- 
ness of biological and nonbiological antioxi- 
dants and the antioxidant synergist, ascorbic 
acid. Because peroxidation and membrane 
damage do occur in iron toxicity (2), this 
excellent model would also be applicable in 
testing the effect of other antioxidants and/or 
iron chelators. A potentially useful iron-chelat- 
ing drug, 2,3-dihydroxybenzoic acid, that also 
can act as a free-radical scavenger (8), would be 
an interesting drug to test for the inhibition of 
iron-induced lipid peroxidation in vivo. 
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Inhibition of the Hormone-Sensitive kipase in Adipose Tissue 
by Long-Chain Fatty Acyl Coenzyme A 
DAVID L. SEVERSON* and BRENDA HURLEY, Department of Pharmacology & 
Therapeutics, Faculty of Medicine, The University of Calgary, Calgary T2N 4NI, Canada 

ABSTRACT 

The effects of free fatty acids and fatty acyl esters of coenzyme A and carnitine on the activity of 
a hormone-sensitive lipase preparation made from pigeon adipose tissue were determined. Oleic acid 
(100 ~M) resulted in a 40% inhibition of lipase activity. A more potent inhibition of lipase activity was 
seen with long-chain fatty acyl CoA compounds. The concentration required for half-maximal inhibi- 
tion with oleoyl CoA and palmitoyl CoA was 25-40 ~M, whereas palmitoyl carnitine stimulated lipase 
activity. Activated lipase preparations (preincubated with Mg a+, ATP, cyclic AMP and protein kinase) 
were 4-6 times more sensitive to inhibition by oleoyl CoA than were nonactivated preparations. An 
increase in cellular levels of fatty acyl coenzyme A could, therefore, contribute to the feedback inhibi- 
tion of lipolysis in adipose tissue. 
Lipids 19:134-138, 1984. 

INTRODUCTION 

Free fatty acids (FFA) exert a negative feed- 
back effect on adipose tissue by inhibiting rates 
of lipolysis (1). That hormones such as the 
cateeholamines stimulate lipolysis by a cyclic 
AMP-dependent protein kinase-catalyzed phos, 
phorylation and the activation of the hormone- 
sensitive llpase in adipose tissue (2-4) has been 
well established. The inhibitive effects of FFA 
on catecholamine-stimulated rates of lipolysis 
are associated with a reduction in the levels of 
cyclic AMP in rat (5) and human (6,7) fat cells, 
s~ggesting that the inhibition of adenylate 
cyclase by FFA may be the mechanism used by 
fatty acids to regulate lipolysis in adipose 
tissue. 

The inhibition of llpolysis by FFA can be 
prevented by albumin, which seems to be 
caused by the binding of fatty acids (1). The 
presence of albumin in the fat-cell incubation 
medium also resulted in an increase in catechol- 
amine-stimulated rates of lipolysis and in higher 
levels of cyclic AMP (6,8). However, albumin 
enhanced the lipolytic response to dibutyryl 
cyclic AMP (8). Therefore, fatty acids must also 
regulate some step(s) distal to the formation of 
cyclic AMP. Malgieri et al. (9) have reported 
that FFA inhibited the activity of an adipose 
tissue lipase preparation. The present investiga- 
tions were initiated to examine in detail the 
effects of FFA and some fatty acid metabolites 
on the activity of a hormone-sensitive lipase 
preparation from adipose tissue. 

MATERIALS AND METHODS 

Hormone-sensitive lipase preparations were 

*To whom correspondence should be addressed. 

isolated as a pH 5.2 precipitate fraction from 
the abdominal adipose tissue of pigeons as de- 
scribed by Severson et al. (10). Lipase activity 
was measured with either ethanolic triolein or 
glycerol-dispersed triolein substrate prepara- 
tions (10). Each assay contained triolein 
(glycerol tri[ I o14 C] oleate, 125 ~M), piperazine- 
N,N'-bis (2-ethane sulfonic acid) buffer (25 mM, 
pH 7) with defatted bovine albumin (0.05%, 
w/v), and either ethanol (1.25%, v/v) or glyc- 
erol (8.33%, v/v). Stock solutions of oleic acid 
(sodium salt) were prepared in water. Oleoyl 
CoA (potassium salt), palmitoyl CoA (free acid) 
and palmitoyl carnitine chloride were dissolved 
in 10 mM sodium acetate (pH 6). Lipase activ- 
ity in the presence of FFA or the long-chain 
fatty acyl esters of CoA and carnitine was meas- 
ured by adding various concentrations of the 
compounds to the triolein substrate emulsion; 
then assays were initiated by the addition of 
the lipase preparation. The radioactive fatty 
acid released during the assay incubation was 
measured as described previously (10). Incuba- 
tions were performed in duplicate under condi- 
tions where assays were linear with respect to 
enzyme protein. A unit of lipase activity was 
arbitrarily defined as that amount of enzyme 
that catalyzed the release of 1 gmol of FFA 
(oleate) in 1 hr at 30 C. 

Adipose tissue lipase preparations were 
activated by preincubation with MgC12 (5 mM), 
ATP (0.5 mM), cyclic AMP (0.01 mM), and 
protein kinase (beef heart, 100 # g / m l ) f o r  
5 min at 30 C in a total volume of 100/al (10), 
followed by the addition of the radiolabeled 
triolein substrate emulsion containing the 
additions as indicated. Lipase activity was 
then measured as described above. Nonacti- 
vated lipase preparations were preincubations 
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with MgC12 (5 mM) for 5 min before assay. 

R ESU LTS 

The effects of oleic acid and the long-chain 
fatty acyl esters of CoA and carnitine on lipase 
activity in pigeon adipose tissue are shown in 
Figure 1. Oleic acid (100/aM) resulted in a 40% 
inhibition of lipase activity. In a typical assay, 
less than 10% of the triolein substrate (125/aM) 
is hydrolyzed. Consequently, oleic acid would 
never accumulate to levels that could cause the 
inhibition of lipase activity in assays performed 
in the absence of an exogenous source of FFA. 
More pronounced inhibition was observed with 
palmitoyl CoA and oleoyl CoA, where concen- 
trations of 25 and 40 /aM, respectively, pro- 
duced half-maximal inhibition (Is0). In con- 
trast, the addition of palmitoyl carnitine re- 

sulted in the stimulation of lipase activity. A 
similar pattern of effects (Iso of 30 pM for 
fatty acyl CoA) was also observed when a lipase 
preparation from rat fat pads (Severson and 
Hurley, unpublished observations) was used. 

Incubation of a lipase preparation for 30 rain 
with an unlabeled triolein substrate emulsion 
and [1J4C]oleoyl  CoA (110,000 DPM), fol- 
lowed by extraction and thinqayer chromato- 
graphic separation of the lipids, indicated that 
no radioactivity was incorporated into tri- 
acylglycerols. Therefore, the inhibition of 
lipase activity by the long-chain fatty acyl 
coenzyme A compounds observed in Figure 1 is 
not due to the resynthesis of triolein during the 
assay incubation. 

Since oleic acid is a product of the lipase 
reaction, standard assays are performed in the 
presence of defatted albumin (0.05% w/v or 
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FIG. 1. Lipase activity in pigeon adipose tissue hormone-sensitive lipase preparations was 
measured with a glycerol-dispersed triolein substrate preparation in the presence of the 
indicated concentrations of oleic acid (o), oleoyl CoA (zx), palmitoyl CoA (A), or palmitoyl 
carnitine (=). The results are expressed as the percentage of control activity (100% = 1.44 
units/mg protein) and are the mean of 2 experiments performed with different lipase 
preparations. 
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7.5 pM). Increasing the albumin content from 
0.05% to 0.20% resulted in a reduction in the 
percentage of inhibition of lipase activity by 
25 /aM oleoyl CoA from 87% to 42% in assays 
with an ethanolic triolein substrate emulsion 
and 56% in assays with a glycerol-dispersed 
triolein substrate emulsion. 

Preincubation of hormone-sensitive lipase 
preparations from pigeon adipose tissue with 
ATP, cyclic AMP and protein kinase has been 
shown to produce approximately a 4-fold in- 
crease in lipase activity (10). Therefore, the 
sensitivity of nonactivated and protein kinase- 
activated lipase preparations to inhibition by 
oleoyl CoA was investigated. As shown in 
Figure 2, protein kinase-activated lipase prep- 
arations were 4-6 times more sensitive to inhi- 
bition by oleoyl CoA (Iso values of 15 #M) 
when compared with the nonactivated lipase 
(Is0 values of 55 /aM for assays performed with 
glycerol-dispersed triolein and 100 pM for 
assays with ethanolic triolein substrate prepara- 
tions). The Is0 value of ca. 40 /aM for oleoyl 
CoA presented in Figure 1 in assays performed 
with a glycerol-dispersed triolein substrate 
emulsion may be due to the presence of a small 
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amount of activated lipase in the assay where 
no preincubation is done. The effect of oleoyl 
CoA was influenced by the substrate prepara- 
tion since low concentrations of the fatty acyl 
CoA produced a stimulation of nonactivated 
lipase activity determined with an ethanolic 
triolein substrate emulsion (Fig. 2, panel A) 
that was not observed in assays with a glycerol- 
dispersed triolein substrate preparation (Fig. 1 
and Fig. 2, panel B). The differential sensitivity 
to inhibition by long-chain fatty acyl CoA 
compounds was also observed with protein 
kinase-activated and nonactivated lipase prep- 
arations from chicken adipose tissue. Further- 
more, the removal of metal ions and nucleo- 
tides from protein kinase-activated lipase prep- 
arations by gel exclusion chromatography on 
Biogel P6 columns (10) did not alter the in- 
creased sensitivity of the activated lipase to 
inhibition by palmitoyl CoA. 

D I S C U S S I O N  

Previous studies by Malgieri et al. (9) have 
reported that lipase preparations from rat and 
chicken adipose tissue were inhibited at a FFA 

Non-act ivated 
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FIG. 2. Nonactivated (o) and activated (o) pigeon adipose tissue hormone-sensitive lipase 
preparations were assayed in the presence of the indicated concentrations of oleoyl CoA 
with either an ethanolic triolein (panel A) or a glycerol-dispersed triolein (panel B) substrate 
preparation. Results are expressed as the percentage of control activity and are the mean 
from experiments with 2 different lipase preparations. Absolute activities corresponding to 
the 100% value for the nonactivated and activated lipase were 1.80 and 7.93, respectively, 
with the ethanolic triolein substrate (panel A), and were 1.45 and 5.36, respectively, with 
the glycerol-dispersed triolehl substrate (panel B). 
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(oleate)/albumin ratio of 3:9. In the present 
investigation, a 40% inhibition of both pigeon 
and rat adipose tissue lipases were observed 
with 100 /aM oleic acid. Since the standard 
assay incubation also contained 7.5 /aM albu- 
min, this result corresponds to a FFA/albumin 
ratio greater than 10. This discrepancy in the 
sensitivity of the lipase preparations of adipose 
tissue to inhibition by FFA may be caused by 
differences in experimental conditions since the 
assay described by Malgieri et al. (9) contained 
10 times more triolein and 50 times more 
albumin than the assay (10) used in this investi- 
gation. 

A more potent inhibition of lipase activity 
(I50 values of 2540  /aM) was observed in ex- 
periments using long-chain fatty acyl CoA 
compounds. This inhibition could be reduced 
by increasing the albumin content of the assay. 
Therefore, the presence of albumin determines 
not only the absolute specific activity of the 
lipase but also the relative sensitivity toward 
the inhibition by fatty acyl CoA compounds. 
Concentrations of long-chain fatty acyl CoA in 
fat cells have been reported to range from 90 to 
160 /aM (11,12), although a portion of it will 
undoubtedly be bound to intracellular proteins. 

The physiological significance of any ob- 
served inhibition of enzyme activities by FFA 
and fatty acyl CoA is controversial as these 
inhibitions could be the consequence of a non- 
specific inactivation of the enzyme because of 
the detergent properties of the compounds 
(13,14). However, a number of recent investi- 
gations have presented evidence in favor of a 
physiological role in metabolic regulation for 
fatty acyl CoA compounds. First, an analog of 
oleoyl CoA has been shown to have similar 
detergent properties to the parent compound, 
but the analog produced much less inhibition of 
citrate synthase (15). Second, site-specific 
binding of fatty acyl CoA has been reported 
with citrate synthase (16), acetyl CoA car- 
boxylase (17) and glucokinase (18,19). Third, 
the inhibition of glucokinase by fatty acyl CoA 
has been shown to be instantaneous and reversi- 
ble (18). Finally, a reexamination of the critical 
micelle concentration for palmitoyl CoA has 
given a value of 30-60/aM, which is more than 
an order of magnitude greater than previously 
reported values (20). This finding suggests that 
the inhibition of enzymes by concentrations of 
fatty acyl CoA of less than 30/aM may not be 
due to the formation of micelles and the result- 
ant detergent action, but rather to represent a 
physiologically significant form of metabolic 
regulation. Any demonstration of specificity in 
the inhibition of enzymes by fatty acyl CoA 
also implies a physiological significance. The 
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activation of lipase preparations of adipose 
tissue by the cyclic AMP-dependent protein 
kinase resulted in an enhanced sensitivity to 
inhibition by oleoyl CoA, thus arguing for a 
specific and selective action of the fatty acyl 
CoA on the lipase. Palmitoyl carnitine, an acyl 
ester with detergent properties (21), did not 
inhibit lipase activity. Therefore, the inhibition 
of the adipose tissue lipase by long-chain fatty 
acyl CoA may contribute to the regulation of 
lipolysis. The presence of excess FFA would be 
expected to increase intracellular levels of fatty 
acyl CoA as a consequence of the reaction 
catalyzed by fatty acyl CoA synthetase. The 
selective inhibition of the protein kinase- 
activated form of the lipase by fatty acyl CoA, 
coupled with a decrease in the formation of 
cyclic AMP because of FFA (5-7), would 
constitute a very effective feedback control 
mechanism for lipolysis. Lipolytic hormones 
also increase the rates of reesterification (22), 
so presumably the fatty acyl CoA is then 
diverted to triacylglycerol synthesis. Long-chain 
fatty acyl CoA has also been shown to inhibit 
acetyl CoA carboxylase (23). This inhibition 
contributes to the regulation of the production 
of FFA by the lipogenesis pathway. Acetyl 
CoA carboxylase is also regulated by covalent 
modification (24). Note that the phosphoryl- 
ated (inactive) form of hepatic acetyl CoA 
carboxylase is more sensitive to inhibition by 
fatty acyl CoA than is the dephosphorylated 
form (25,26). 
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Plasma Triacylglycerol Turnover in Rats Using Labeled Glycerol 

LETTER TO THE EDITOR 

Sir: 

The synthesis and turnover of circulating very 
low density lipoprotein-triglycerides (VLDL- 
TG) in rats under various physiological condi- 
tions have been studied by many investigators 
(1-3). Unfortunately,  several papers have 
appeared in the last 8 years that fail to recog- 
nize that some of the tracer techniques and 
assumptions that have been applied to human 
subjects (4-6) are not applicable to rats (2,3,7, 
8). I do n o t  intend to belittle or detract from 
the interesting experiments that have been per- 
formed in these recent studies (9-11), especially 
since the aim in each case was to compare rates 
of plasma VLDL-TG turnover in two or more 
experimental conditions (rather than to estab- 
lish some absolute value of plasma TG synthesis 
and/or removal). However, the possibility exists 
that these approaches might be applied incor- 
rectly by other workers who have a primary 
interest in hepatic and intestinal secretory 
rates or in the rates of VLDL-TG removal from 
the circulation. Moreover, unresolved quantita- 
tive inconsistencies (both internal and in rela- 
tion to the existing literature) in some of these 
papers can be readily understood, provided that 
earlier, validated analytical approaches are 
applied to the kinetic data. My position is that 
if one wishes to compare rates of plasma TG 
turnover in two conditions, using indices of 
liver TG turnover rates for these comparisons is 
not scientifically valid; yet, that is what, in my 
opinion, some investigators have been doing in 
a few (not all) of their studies. To their credit, 
I would like to emphasize that, in several 
instances, the authors also used additional 
experimental approaches (such as reinjection of 
labeled plasma TG or Triton WR-1339) to test 
their hypotheses. 

Our interest, then, is clearly different from 
that of the original investigators. We wish to be 
able to review a body of published literature 
based upon various experimental approaches so 
that we may compare the rates of synthesis, 
turnover and use of circulating metabolites. For 
me, the best approximations of the "true" rates 
(at present, no method, tracer or non-tracer, 
that we know of, can be claimed to measure 
absolute rates of plasma VLDL-TG secretion in 
vivo) that one can calculate should be generated 
from this existing data base. In the studies of 
Cenedella et al. (9), an approach later applied 

by two other groups (10,11), the information 
that theoretically should provide a good ap- 
proximation of plasma VLDL-TG turnover has 
not been used for that purpose. 

I shall try to clarify this point, using the 
first of these papers (9) as an example. The 
approach of Cenedella et al. is based on a model 
validated by Farquhar et al. (4) in human sub- 
jects and later applied by Nikkila and Kekki (6) 
to whom the authors (9) refer. Farquhar et al. 
make the important point that their model 
does not apply to rats, rabbits or dogs. One 
may add that the model used in the early 
human studies (4-6) does not apply to any 
other species, including mice (12) and pigs (13), 
except, perhaps, chickens (14). The experimen- 
tal approach involves the intravenous injection 
of [2-3H]glycerol into the animal followed by 
the measurement of plasma- (or VLDL-) TG 
radioactivity and mass as a function of time. 
Typically, in all species studied, a delay is 
followed by the rapid appearance of label in 
plasma TG. The radioactivity reaches a maxi- 
mum, the time and height of which vary in 
different species and conditions. Then the curve 
falls relatively slowly. 

Farquhar et al. showed experimentally that 
this slow fall (after tma x) reflects the fractional 
turnover rate of plasma VLDL-TG in human 
subjects (4) (see Fig. 1B). This result agreed 
with the earlier finding of Friedberg et al. (15), 
and the technique has subsequently been used 
in humans by various investigators because of 
its apparent great simplicity (5,6,16). More 
sophisticated approaches, that take into ac- 
count plasma glycerol (or FFA) turnover, com- 
plexities of hepatic TG turnover, recycling 
phenomena, and delipidation delays during 
plasma VLDL-TG degradation, have now been 
developed to measure plasma VLDL-TG turn- 
over in human subjects (17-18). In no other 
experimental animal studied so far does the 
falling portion of the VLDL-TG curve after 
injection of labeled glycerol or FFA reflect the 
turnover of plasma VLDL-TG. Rather, as 
shown by Baker and Schotz (3) in rats, by 
Havel et al. in rabbits (19), by Gross et al. in 
dogs (8), and by Hannan et al. in pigs (13), this 
slope is determined to a major extent by the 
turnover of some of the liver's more rapidly 
turning over TG compartments, including TG in 
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FIG. 1. Diagrammatic illustration of differences in the kinetic behavior of biologically labeled plasma VLDL- 
TG following intravenous injection of tracer in (A) rats and (B) human subjects. In A, the left panel shows the 

14 kinetic behavior of labeled plasma VLDL-TG after iv injection of C-labeled palmitate complexed to serum 
albumin. In the right-hand panel of A, the kinetic behavior of labeled plasma VLDL-TG is shown following iv 
injection of tracer VLDL-TG that has been collected from donor rats at the ti~ne of maximum TGFA sp.act. (left 
panel). The falling slope of the curve in the right panel (A) reflects the rising, not the falling, slope of the curve 
shown in the left panel (A). When the same type of experiment is done in human subjects (B), the VLDL-TG 
curve (right panel) closely reflects the failing, not the rising, slope, of the curve shown in the left panel. 

rough and smooth  endoplasmic re t iculum and 
Golgi apparatus (20). The plasma VLDL-TG 
compar tmen t ,  which has a more  rapid turnover ,  
has only a minor  inf luence on the  falling por- 
t ion of  the curve, especially in rats. The early 
rising part of  the curve should represent  pri- 
mari ly the fract ional  rate constant  of  plasma 
VLDL-TG turnover  provided the  lat ter  is faster 
than its precursor,  which is almost  certainly the 
case in rats (2,3), rabbits (19), dogs (8) and pigs 
(13) (see Fig. 1 A). The essential features of  the 
hepatic-(or intestinal) TG and plasma VLDL- 
TG system, when t reated as a simple 2-compart-  
ment  mode l  (with a delay),  are most  clearly 
presented in the paper by Farquhar  et al. (4) 
and by Gross et al. (8). In the former  study,  
which is concerned with human  subjects, the 
rat ionale for using the falling part of  the VLDL- 
TG curve to represent  the fract ional  turnover  
rate of plasma VLDL-TG direct ly is carefully 
developed.  The authors  (4) argue that  since the 
plasma VLDL-TG sp.act, curve after  inject ion 
of  labeled F F A  or glycerol  falls (post-tma x) at 
the  same rate as labeled VLDL-TG (reinjected),  
the  liver TG precursor compar tmen t  must 
turn  over faster than plasma VLDL-TG.  In that  

case, the rising part of  the plasma VLDL-TG 
curve would be primari ly a ref lect ion of  the 
hepat ic  TG precursor  compar tmen t ' s  fract ional  
t u r n o v e r - a  s i tuat ion that may be unique  to 
human  subjects. 

In the paper by Gross et al. (8), an analysis 
of  plasma VLDL-TG synthesis and turnover  in 
dogs shows clearly that  the approach of  either 
Farquhar  et al. (4) or  of  Cenedella et al. (9) 
would  yield erroneously  slow fract ional  turn- 
over rates of  plasma VLDL-TG turnover  by a 
fac tor  of  3. That is, the VLDL-TG sp.act.curve 
declined at a f ract ional  rate of 0.48 hr -1 the 
same rate as for the liver TG compar tment ,  
af ter  rising at a fract ional  rate of  1.6 hr -1, 
which is 3 t imes faster than the hepat ic  TG 
precursor  compar tment .  This result was con- 
f i rmed by reinject ing labeled VLDL-TG,  which 
turned over at the rates predicted by the rising 
phase of  the sp.act, curve of VLDL-TG after an 
in jec t ion  of  labeled glycerol.  The logic used 
by Gross et al. is the  same as that  used in the 
mu l t i compar tmen ta l  analysis of  Baker and 
Schotz (3), where the initial est imates in the 
case of  rats were made on the basis of  a simple 
2-compar tment  mode l  such as that  used earlier 
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by  Baker et al. (21) to  analyze ano the r  system.  
In pigs, the  liver TG (precursor)  c o m p a r t m e n t  
tu rns  over wi th  a measured ty~ of  2 hr. This 
rate  is also ref lec ted  in the slope of  the  falling 
l imb of  the  VLDL-TG curve after  a single 
in jec t ion  of  [ 2-3H]glycerol.  On the  o the r  hand,  
the  VLDL-TG curve rises wi th  a ty~ of  10 rain, 
the  mean  value found  exper imenta l ly  for  the  
f rac t ional  turnover  rate of  VLDL-TG when  
re in jec ted  in to  recipient  pigs (13). Thus, as 
Farquhar  et al. po in ted  ou t  (4), the  declining 
slope of  the  sp.act,  curve of  VLDL-TG af ter  the  
in jec t ion  of  labeled F F A  or glycerol ref lects  the  
f rac t ional  turnover  rate of  plasma VLDL-TG 
in only  one  cond i t ion ,  namely ,  when  the  liver 
precursor  TG pool  turns  over faster than  the  
plasma VLDL-TG c o m p a r t m e n t .  This is no t  the  
case in rats (3). 

If I am correct ,  t hen  rates of  plasma VLDL-  
TG turnover ,  measured after  the in jec t ion  of  
t racer  glycerol,  have been grossly under-  
es t imated  in several studies (9-11). However ,  
w h e n  the  publ ished data in references  9-11 are 
reanalyzed according to the  mode l  of  Baker and 
Schotz  (3) or of  Gross et  al. (8), the  rates o f  
VLDL-TG turnover  become consis tent  bo th  
wi th  o therwise  incons i s ten t  data presented  by 
the  authors  (9) and wi th  most  of  the  o ther  
extensive l i terature on VLDL-TG turnover  in 
rats (Bird, Williams, and Baker, manuscr ip t  
submi t t ed ) .  
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METHODS 
Analysis of Triglyceride Species by High-Performance Liquid 
Chromatography Via a Flame Ionization Detector 
F.C. PHILL IPS a, W.L. E R D A H L  a, J.D. N A D E N I C E K  b, L.J. N U T T E R  b, J.A. S C H M I T  c 
and O.S. P R I V E T T  a, * aThe Hormel Institute, University of Minnesota, 801 16th Avenue 
IV. E., Austin, MN 55912;  bNu-Chek-Prep, Inc., P.O. Box 172, Elysian, MN 56028;  and 
CE. I. DuPont de Nemours & Co., Wilmington, DE 19898 

A B S T R A C T  

The analysis of triglyceride species by high performance liquid chromatography (HPLC) with a 
flame ionization detector (FID) and reversed-phase chromatography using chemically bonded octa- 
decyl silane (ODS) Zorbax columns and gradient or isocratic solvent elution with methylene chloride/ 
acetonitrile is described. Triglycerides containing acyl groups of critical pairs, trans and positional 
isomers, as well as mixtures of even and odd chain lengths are separated. Identification of triglycerides 
is made on the basis of retention times compared with equivalent and theoretical carbon numbers, and 
comparison with chromatograms of reference triglyceride mixtures. The methodology is demonstrated 
by fractionizing the triglycerides of olive oil under different chromatographic conditions using single 
and coupled conventional 250 X 4,6 mm columns and a short 80 X 6.2 mm column for fast separa- 
tions. 
Lipids 19:142-150, 1984. 

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

The appl ica t ion  of reversed-phase liquid 
chromatography to glyceride species was 
demonstrated by Nickell and Privett (1) with 
the separation of triglycerides differing by one 
methylene group, one double bond or a trans 
unsaturated acyl group by a gravity flow proce- 
dure in which fractions were collected for anal- 
ysis by gas liquid chromatography (GLC). When 
continuous detectors of the refractive index 
type became available for liquid chromatog- 
raphy, Pei et al. (2) developed a fast, simple 
procedure for the separation of simple satu- 
rated triglycerides by modern high performance 
liquid chromatography (HPLC)using a reversed- 
phase system of chemically bonded octadecyl 
silane (ODS)-silica as the stationary phase. 

In an extension of this technique, Plattner 
and colleagues (3,4) demonstrated the separa- 
tion of triglyceride species on the basis of chain 
length and unsaturation and obtained baseline 
separation of critical pairs of triglyceride s con- 
taining oleic and palmitic acid by the addition 
of silver nitrate to the solvent system. These 
investigators suggested the separation of triolein 
and tripalmitin as a guide for determining 
column efficiency and estimated that ODS 
columns of ca. 15,000 plates should be ade- 
quate for the separation of the triglyceride 
species of these acids other than isomers, which 
require enzymatic techniques for an analysis. 
EI-Hamdy and Perkins (5) and Perkins et al. (6) 
obtained similar types of separations directly 
with ODS columns. They developed the con- 

*To whom correspondence should be addressed. 

cept of theoretical carbon number (TCN) to 
define species separation of unsaturated tri- 
glycerides. The TCN is a very useful concept for 
the identification of unsaturated triglyceride 
species and assists in identifying triglycerides in 
this work. 

In the studies by E1-Hamdy and Perkins (5), 
standard 5 / 2 0 D S  columns of ca. 250 x 4.6 
mm were used. These columns and the solvent 
systems employed were geared to an elution 
time of ca. 30 min. Recently Dong and Di- 
Cesare (7) demonstrated that similar separa- 
tions could be made in about one-half the time 
with shorter (100 x 4.6 mm) columns packed 
with 3 / 2 0 D S  particles. In the abovementioned 
studies, a refractive index or UV detector with 
isocratic elution was used. In earlier work 
(8-12), we demonstrated the separation of the 
lipid classes by HPLC using gradient elution 
systems with a flame ionization detector (FID). 
In the present study, the separation of refer- 
ence mixtures of triglycerides by HPLC using 
reversed-phase chromatography with ODS col- 
umns and gradient or isocratic elution is demon- 
strated and applied to olive oil under different 
chromatographic conditions. 

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

Reference Triglyceride Mixtures 

The following reference mixtures of highly 
purified > 99% triglycerides were obtained from 
Nu-Chek Prep, Inc., Elysian, MN. 

HPLC #G-1. This mixture consists of the fol- 
lowing pure glycerol triesters in the ratio 3:2:1 
(even glyceride carbon #:odd glyceride carbon 

LIPIDS, VOL. 19, NO. 2 (1984) 



METHODS 143 

# : u n s a t u r a t e d  glyceride):  t r icapryl in  (24 :0) ,  
t r i n o n a n o i n  (27 :0 ) ,  t r icapr in  (30 :0 ) ,  t r iundec-  
ano in  (33:0) ,  t r i laurin (36 :0) ,  t r i t r idecano in  
(39:0) ,  t r imyr i s t in  (42:0) ,  t r i pen t adecano i n  
(45:0) ,  t r ipa lmi t in  (48 :0 ) ,  t r i pahn i to l e in  (43:  
3A9),  t r i h e p a t a d e c a n o i n  (51 :0) ,  t r is tear in (54:  
0), t r iolein ( 5 4 : 3 A 9 ) ,  t r i l inole in  ( 5 4 : 6 A 9 , 1 2 )  
and t r i l ino len in  ( 5 4 : 9 A 9 , 1 2 , 1 5 ) .  

HPLC #G-3. A mix tu re  of  t r iolein ( 5 4 : 3 A 9 )  
and  t r ipe t rose l in in  ( 5 4 : 3 A 6 ) o f  equal  weight.  

HPLC Interesterified Test Mixtures. These 
mix tures  consis t  of  the fol lowing tr iglyceride 
molecular  species. 

Mixture  A: P3 - P20~ - P IOe  - 03  where  
P = pa lmi ta t e  and O = oleate.  

Mixture  B: P3 - P2Pal  - P x P a 2  - Pa3 where  
P = pa lmi ta t e  and Pa = palmi to lea te .  

Mixture  C: Laa - - L a 2 L n l  - L a ~ L n 2 -  Ln3 
where  La = laurate  and Ln = l inolenate .  

Mixture  D: M 3 - M2LI - M I L 2  - L3 where  
M = myr i s ta te  and  L = l inoleate.  

Mixture E: P 3 -  P2HI - P 1 1 1 2 -  H3 where  
P = pa lmi ta te  and it  = hep tadecanoa te .  

Mixture  F: P3 - P2Ol  - P~O2 - 03  - 
P2LI - POL - O2L~ - P I L 2  - O i L z  - L3 
where P = pa lmi ta te ,  O = oleate  and L = linole- 
ate. 

Mixture  G:  0 3  - O2E1 - O i E 2  - E3 where  
O = oleate  ( 18 : 1 A9-cis) and E = elaidate  ( 18:1 
A9-trans). 

Pure olive oil was ob ta ined  f rom Dr. Eduardo  
Vioque  of  the  Ins t i tu te  de La Grasa Sus Deri- 
vados (C.S.I.C.),  Sevilla, Spain. 

HPLC 

HPLC was carr ied ou t  wi th  a Spectra  Physics 
Model  3500  8 l iquid c h r o m a t o g r a p h  equ ipped  
wi th  a FID of  our  own design (13). Three  ODS 
Zorbax  co lumns ,  ob t a ined  f rom E. I. D u p o n t  
De Nemours  and  C o m p a n y ,  were used in this  
work. Co lumns  1 and II were 250 x 4.6 m m  
and varied in the i r  poros i ty  and  ca rbon  con t en t ,  
the  first having ca. 15% and the  second ca. 6%. 
The th i rd  c o l u m n  (III)  was a Golden  Series 
Zorbax  ODS co lumn ,  60 x 6.2 m m  wi th  a 3/a 
part icle size packing.  Peak areas were au tomat i -  
cally recorded  as previously descr ibed ( 11 ). 

Methyl  esters were prepared  by interester i f i -  
cat ion wi th  m e t h a n o l  using the  m e t h o d  of  
Chris t ic  (14) .  A Hewle t t  Packard Model  5 8 4 0 A  
gas c h r o m a t o g r a p h  equ ipped  wi th  a 1 2 ' x  
0 .125"  o.d. c o l u m n  of  10% Silar 10 C (Appl ied 
Science, Sta te  College, P A ) o n  100-200 mesh 
Gas Chrom Q was used. The c o l u m n  tempera-  
ture  was p r o g r a m m e d  f rom 200 to 225 C at 
2 C/min  wi th  a he l ium flow rate  of  10 ml /min .  

Solvents 

Methy lene  chlor ide  was a reagent  grade pur- 

chased by the  Univers i ty  of Minneso ta  f rom 
local suppliers  and was pur i f ied by  a prelimi- 
na ry  dis t i l la t ion fol lowed by shaking  it in a 
sepa ra to ry  funne l  wi th  c o n c e n t r a t e d  sulfuric 
acid several t imes,  then  wi th  d i lu te  sodium 
c a r b o n a t e  and  finally wi th  water.  The  washed 
solvent  was dried over calc ium chlor ide and 
redist i l led in an all-glass still. 

Ace ton i t r i l e  was a reagent  grade ob ta ined  
f rom Fisher  Scientif ic Co., Fair lawn,  NJ. It was 
f rac t iona l ly  disti l led t h r o u g h  a 2 -mete r  Hyper- 
Cal Podbie ln iak  c o l u m n  at a re f lux  ra t io  of  
20 :1 ,  or mixed wi th  p h o s p h o r o u s  p e n t o x i d e  
and,  a f te r  several days, disti l led in an all-glass 
still at  ca. 10 C unde r  reduced  pressure.  Spec- 
tral-grade pur i ty  of  ace toni t r i l e  was general ly  
no t  required,  bu t  the  above  p rocedure  was per- 
fo rmed  to remove any  nonvola t i l e  con tami -  
n a n t s  and to ensure  a un i fo rm  solvent  f rom 
ba t ch  to ba tch .  

The  c h r o m a t o g r a p h y  was carr ied ou t  wi th  a 
l inear gradient  e lu t ion  program s tar t ing wi th  
various concen t r a t i ons ,  general ly  20% by  vol, of  
m e t h y l e n e  chlor ide  in ace ton i t r i l e ,  in which  the  
c o n c e n t r a t i o n  of m e t h y l e n e  ch lor ide  was in- 
creased unt i l  all the  c o m p o n e n t s  were e luted,  or 
in an isocratic solvent sys tem of  d i f fe ren t  
c o n c e n t r a t i o n s  of  m e t h y l e n e  ch lor ide  in aceto-  
nitri le.  

R ESU LTS 

C h r o m a t o g r a m s  of the  sepa ra t ion  of  refer- 
ence mix tu r e  HPLC #'<;-1 of  pure  t r iglycerides  
by grad ien t  and isocratic so lvent  sys tems are 
s h o w n  in Figures 1A and 1 B, respect ively.  The  
analysis  in Figure 1A was ob t a ined  wi th  ODS 
Zorbax  c o l u m n  I and  e lu t ion  wi th  a l inear  
g rad ien t  solvent  system of  ace ton i t r i l e  and  
m e t h y l e n e  chlor ide.  The  lowest  chain  length  
species of  the  sa tura tes  were e lu ted  first wi th  
the  highest  c o n c e n t r a t i o n  of  ace toni t r i le .  With 
the  add i t i on  of more  m e t h y l e n e  chlor ide ,  the  
longer chain  length sa tu ra ted  species were 
e lu ted .  The  unsa tu ra t ed  t r iglyceride species 
were e luted in reverse order  d e p e n d i n g  on  thei r  
degree of  unsa tu r a t i on ,  i.e. the  more  unsatu-  
ra ted species were eluted fas ter  than  those  of  
lower unsa tu ra t ion .  Figure 1A also shows tha t  
the  t r iglycerides  of  this  mix tu re  are separa ted  
wi th  basel ine eff ic iency using a g rad ien t  so lvent  
sys tem.  The  peaks are sharp and  l i t t le  band  
spread ing  occurs  over the  ent i re  range of the  
mix ture .  The  gradient  and  f low ra te ,  as well as 
the  co lumn,  were selected for the i r  general  
appl icab i l i ty  as well as for high resolu t ion .  
Tr iglycer ide species less polar  t han  54 :0  can 
also be ana lyzed  by al lowing the  gradient  to 
go to a higher  c o n c e n t r a t i o n  of  m e t h y l e n e  
chlor ide.  This mix ture  also con ta ins  several 
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FIG. 1. Separation of triglyceride mixture HPLC :#G-1 ; C o l u m n - 2 5 0  X 4.6 mm, 5 ~m, 
Zorbax C ~ 8 0 D S  with 15% carbon content  (Column I); A) mobile p h a s e - 6 0  rain linear 
gradient from 15 to 55% methylene  chloride in acetonitr i le;  flow r a t e - 0 . 8  ml per min;  
sample s i z e - 4 0  ~g; d e t e c t o r - f l a m e  ionization. B) Isocratic elution with 45% methylene 
chloride in acetonitrile. Peaks: number before colon = number of carbon atoms in acyl 
chains, number  after colon = number of double bonds in acyl chains. CaCaCa = tricaprylin, 
NNN = trinonanoin, CCC = tricaprin, UUU = tr iundecanoin,  LnLnLn = trilinolenin, LaLaLa 
= trilaufin, TTT = tri tr idecanoin,  LLL = trilinolein, PaPaPa = tr ipalmitolein,  MMM = tri- 
myristin, PtPtPt = tr ipentadecanoin,  OOO = triolein, PPP = tr ipalmit in,  HHH = trihepta- 
decanoin, SSS = tristearin. 
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groups  of  cri t ical  pairs, 5 4 : 9 / 3 6 : 0 ;  5 4 : 6 / 4 8 : 3 /  
42 :0  and  5 4 : 3 / 4 8 : 0 ,  m a k i n g  it  a good overal l  
m ix tu r e  for  tes t ing  the  eff ic iency of  ODS 
columns .  

For  compar i son ,  Figure 1B shows the  bes t  
s epa ra t ion  of  t he  c o m p o n e n t s  of  m i x t u r e  HPLC 
#(3-1 t h a t  could  be  ob t a ined  isocrat ical ly  w i th  
m e t h y l e n e  chlor ide  and  acetoni t r i le .  The  in i t ia l  
peaks are sharp bu t  loss of  reso lu t ion ,  n a m e l y  
be tween  54 :9 -33 :0 ,  54 :6 -39 :0 -48 :3 ,  and  45 :0-  
54 :3 ,  and  band  spread ing  occur  wi th  the  in- 
crease in r e t e n t i o n  t ime.  

The  log-l inear plots  of  t h e  r e t e n t i o n  t ime- 
equ iva len t  c a r b o n  n u m b e r  (ECN) of  the  s imple  
sa tu ra t ed  t r iglycerides  of  the  separa t ion  of  t he  
c o m p o n e n t s  of  HPLC #(3-1 by  b o t h  the  gradi- 
en t  (curve A)  and  isocrat ic  (curve B) so lvent  
sys tems are s h o w n  in Figure 2. The  isocrat ic  
sys tem general ly  gives a l inear re la t ionsh ip  
(3-5) in  a log-linear plot.  Grad ien t  so lvent  
sys tems are like GC wi th  t e m p e r a t u r e  program-  
ming  and  c a n n o t  be  expec t ed  to give a l inear  
re la t ionsh ip  in a log-linear plot.  The  curve 
s h o w n  in Figure 2 is h ighly  r ep roduc ib le  and  
can be used jus t  as well as a l inear plot.  Using 
this  r e la t ionsh ip ,  the  cons t an t s  for  the  calcula- 
t ion  of TCN values for  t r iglycerides con ta in ing  

100. 
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FIG. 2. Relationship of the log-linear plot of the 
ECN of the simple saturated triglycerides and reten- 
tion time; Curve A = gradient elution, Curve B = 
isocratic elution. Identifications: number before 
colon ~ number of carbon atoms in acyl chains, 
number after colon = number of double bonds in acyl 
chains. 
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1, 2 and  3 d o u b l e - b o n d  acyl  groups  [oleate  
(0 .68) ,  l ino lea te  (0 .73)  and  l ino lena te  (0 .39) ]  
were de te rmined .  The  app l i ca t ion  of  these  con-  
s tan t s  to  the  d e t e r m i n a t i o n  of  TCN values of  
the  t r ig lycer ide species iden t i f i ed  in olive oil, 
r e fe rence  m i x t u r e  F (Fig. 3) and  o the r  s tand-  
ards, is s h o w n  in Table  1. A l t h o u g h  the  TCN 
value is an empir ical  d e t e r m i n a t i o n  and  is influ- 
enced  by  acyl  g roup  compos i t i on ,  the  experi-  
men ta l  and  calcula ted values agree suf f ic ien t ly  

D. 
o 

o. 

i 
/ ~ o 

5O 

MINUTES 

FIG. 3. Chromatogram of interesterification mix- 
ture F under the same conditions as in Figure 1A. 
P = palmitate, O = oleate and L = linoleate (the order 
of the designations does not indicate the separation of 
positional isomers). 

T A B L E  1 

TCN Values o f  Tr iglycer ide  Species 

Molecular species Calculated* Found 

LLO 41 .8  41 .8  
L n O O  42 .2  42.1 
LLP 42.5 42 .3  
LnOP 42.9  42 .7  
LOO 43.9  43 .9  
OOPa 44.2  44 .3  
LOP 44 .6  44.5 
OPaP 44 .8  44 .9  
LPP 45.3  45 .2  
OOO 46 .0  45 .9  
OOP 46 .6  46 .6  
OPP 47.3  47 .3  
PPP 48 .0  48.1 
OOS 48 .6  48.5 
OPS 49.3 49 .3  
OSS 51.3 51.3 

*TCN constants: Ln = 0.39, L = 0.73, O = 0.68, 
Pa = 0.45. Ln = linolenate, L = linoleate, O = oleate, 
Pa = palmitoleate, P = palmitate, S = stearate (the 
order of designation does not indicate positional 
isomers). 
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to be useful in the ident if icat ion of  tr iglyceride 
species. 

In order to de termine  further  the eff iciency 
of  the gradient system for the separat ion of 
tr iglyceride species, it was tested with the 
interester if icat ion mixtures  described in M e t h -  
ods. In reference mixture  HPLC #G-I  (Fig. 1A), 
the species varied by differences of  3 carbon 
a toms or 3 double bonds. Figure 4 shows the 
separat ion of triglyceride species differing by 
1 double  bond (Fig. 4A) or 1 methylene  group 
(Fig. 4B), mixtures B and E, respectively.  The 
triglycerides differing by 1 double bond were 
separated better  than those differing by I 
methy lene  group, but  the componen t s  of both 
mixtures  were separated in sharp peaks with 
little band spreading and, essentially, baseline 
eff iciency.  

The analysis of the 3 groups of 4 c o m p o n e n t  
critical pair mixtures,  C, D and A, with ECN of 
36, 42 and 48, respectively,  is shown in Fig- 
ure 5. These mixtures  were added together  for 
the analysis shown in Figure 5 and demonst ra te  
the eff iciency of the gradient system for the 
separat ion of  4 componen t  critical pair mix- 
tures. 

Mixture G, whose 4 componen t s  differ by 

B 
a .  

A 

tl .I  

gl .  

only one t rans  double bond,  can be readily 
detected but are not  comple te ly  separated as 
shown in Figure 6A. Figure 6B shows that 
separating some triglyceride species that differ 
in their acyl groups only by the position of  
the double  bond (HPLC .#G-3) is possible. 
These mixtures  provide an indication of  the 
limit of the eff iciency of  the column for the 
analysis of  natural and partially hydrogenated  
fats. 

Analysis of Olive Oil 

The application o f  the gradient method  to 
olive oil with co lumn I and a combinat ion  of 
columns I and I1 is shown in Figure 7. The 
chromatogram obtained with column II (not 
shown) gave a bet ter  separation of the more 
polar species than co lumn I, al though the over- 
all separat ion with co lumn I shown in Figure 7 
was better.  When the 2 columns were con- 
nected together,  the individual characteristics 
of each column were retained and the separa- 
tion of both more  polar and less polar compo-  
nents was superior, as shown in Figure 7B. The 
triglyceride species composi t ion  of olive oil is 
well known,  hence, ident if icat ion of the com- 
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FIG. 4. Separation of interesterified test mLxtures 13 and E under the same conditions as 
in Figure IA. A = test mixture B, differences by one double bond; B = test mixture E, 
differences by one methylene group. (Pa = palmitoleatc, P =~almitate and H = hepta- 
decanoate; the order of  the designations does not indicate the separation of positional 
isomers.) 
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FIG. 5. Separation of a mixture of 3 groups of 4 component critical pairs with ECN's of 
36, 42 and 48, triglyceride reference mixtures C, D and A, respectively. Conditions are the 
same as in Figure 1A. Ln = linolenate, La = laurate, L = linoleate, M = myristate, O = oleate 
and P = palmitate (the order of the designations does not indicate the separation of posi- 
tional isomers). 

ponents  in Figure 7 was made by using refer- 
ences f rom the l i terature (4,5,7) that  relate to 
the re tent ion  t ime of pure triglycerides, by  
comparing peak re ten t ion  t imes to the com- 
ponents  of  mix ture  F, and by compar ing calcu- 
lated and exper imenta l  TCN values. 

Figure 8 shows the analysis of  olive oil with 
the  third column using an isocratic solvent 
system at 2 different  flow rates (1.2 and 
0.6 ml/min) .  The best resolut ion was obta ined 
with  the  slower f low rate, but  the speed of  the  

e l u t i o n  was increased propor t iona te ly  by 
doubl ing the flow rate with this column.  In 
either case, the minor  components  were not  
separated as well as wi th  the  longer  columns.  A 
gradient  system was not  worked ou t  for this 
column,  but  might  have increased bo th  speed 
and resolut ion.  

DISCUSSION 

A major feature of  the FID is that  it permits  
the  use of gradient elution, increasing the 

versatility of  the  chromatography.  By using a 
gradient solvent system, tr iglyceride species can 
be separated on the  basis of  differences of  one  
methylene  group or  one  double  bond.  Two and 
4 componen t  critical pair mixtures  were sepa- 
rated over the  molecular  weight range of  the  
triglycerides of most  c o m m o n  vegetable oils. 
Two columns connected  together  provide 
greater resolut ion than a single co lumn but  
require approximate ly  twice as long for an 
analysis, as shown in Figure 7. However ,  not  
only  does the longer co lumn provide greater 
resolut ion,  it permits  the use o f  larger loads, 
increasing the  sensitivity for the de tec t ion  and 
analysis of minor  components ,  as shown in 
Figure 7. The long lead t ime and relatively 
short  emergence t ime of  the  2-column system 
demonst ra ted  on olive oil should also facili tate 
the  analyses o f  tr iglycerides containing highly 
polyunsatura ted  fa t ty  acids that  occur  in some 
animal fats and fish oils. 

The analysis of  olive oil by bo th  the single 
and double  co lumn systems gave results similar 
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FIG. 6. Separa t ion  of  in te res te r i f i ed  tes t  m i x t u r e  G and tz iglycer ide  re ference  m i x t u r e  

HPLC - ~ - 3 ,  A and B, respect ively .  The c o n d i t i o n s  are the same as in Figure 1A. O = oleate ,  
E = e la ida te  and Pe = pe t rose l ina t e  ( the o rde r  o f  the des igna t ions  in A does no t  i nd i ca t e  the 
separa t ion  of pos i t iona l  isomers) .  
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FIG. 7. l r i g l y c e r i d e  species analyses  of  olive oil. A, the c o n d i t i o n s  are as in I . igurc 1A 
e x c e p t  tha t  a gradient  f rom 30 to 60% was used;  B, Zorbax  c o l u m n s  [ and  II were  c o n n e c t e d  
and a 120 rain g rad ien t  used. Species  i den t i f i c a t i on  as ind ica ted  where  P = pa lmi ta t e ,  S = 
s teara te ,  O = oleate ,  L = l inolea te ,  Ln = l ino lena te ,  Pa = p a l m i t o l e a t e  and U = un iden t i f i ed .  
The order  of  the des igna t ions  does  no t  ind ica te  the separa t ion  of  isomers .  
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to  those  r epo r t ed  by  Dong and  DiCesare (7)  
and  E1-Hamdy and  Perkins  (5)  excep t  in the  
analysis  of  t he  m i n o r  c o m p o n e n t s ,  par t icular ly  
l ino lena te  species, which  were readi ly  de tec ted .  
These c o m p o n e n t s  were well separa ted  in to  
sharp ,  d is t inct  peaks  b y  t he  2 -co lumn  systems,  
as shown  in Figure 7. The  re so lu t ion  and  
iden t i f i ca t ion  of  t he  l ino lena te  species of  olive 
oil is very i m p o r t a n t  as the  level of  this  f a t t y  
acid is used a~ a pa r ame te r  for  t he  de t ec t ion  of  
a d u l t e r a t i o n  of  this  oil. Ob ta in ing  similar sepa- 
ra t ions  of  these  and  o the r  m i n o r  c o m p o n e n t s  
w i t h  isocrat ic  sys tems would  be very diff icult  
because  fast  e lu t ion  t imes  are vir tual ly  manda-  
t o ry  in these  sys tems to avoid excessive peak 
b r o a d e n i n g  w i th  a c o n s e q u e n t  loss in sensitiv- 
i ty ,  as well as resolut ion.  Progressive peak 
b roaden ing ,  which  occurs  w i th  isocrat ic  sys- 
t ems ,  has been  d e m o n s t r a t e d  by  Snyde r  et al. 
(15) ,  on  a theore t i ca l  basis as well  as by  Dong 
and  DiCesare (7)  wi th  olive oil. 

The  mos t  i m p o r t a n t  f ac to r  in the  analysis of  
na tu ra l  oils is still t he  need for grea ter  resolu- 
t ion .  The  FID provides  advances  for  more  effi- 
c ien t  sys tems  wh ich  are requ i red  for  t he  com- 
ple te  physical  separa t ion  of t r ig lycer ide  species. 
Such an a c c o m p l i s h m e n t  does  n o t  seem to be 
ou t s ide  of  the  realm of  poss ib i l i ty  in view of  
t he  versat i l i ty  t ha t  can be o b t a i n e d  wi th  gradi- 
en t  solvent  sys tems and the  c o n t i n u e d  improve-  
m e n t  in ODS columns.  Moreover ,  t he  triglyc- 
eride mix tu re s  descr ibed here  provide  a good 
tes t  for  advances  in th is  area. A l t h o u g h  the  
iden t i f i ca t ion  of peaks  by  the i r  TCN values is 
sa t i s fac tory  for mos t  oils, it is somewha t  
l abor ious  w i t h o u t  a c o m p u t e r  and  no t  always 
cer ta in ,  especially in the  case of  m i n o r  compo-  
nen t s  and  those  species no t  well  separated.  To 
o b t a i n  unequ ivoca l  i den t i f i ca t ion  b y  GLC of 
m e t h y l  esters of  i sola ted f rac t ions  is labor ious  
and  no t  always possible  because  of  the  diffi- 
cu l ty  of  col lect ing closely separa ted  peaks. A 
more  posit ive t e c h n i q u e  of  i den t i f i ca t ion  is the  
c o m b i n a t i o n  of HPLC wi th  chemica l  ioniza- 
t i on /mass  s p e c t r o m e t r y  as r ecen t ly  r epo r t ed  by  
Kuksis et al. (16)  and  as be ing  deve loped  in our  
l a b o r a t o r y  (17).  However ,  this  t e c h n i q u e  is 

n o t  quan t i t a t ive ,  does  n o t  d is t inguish pos i t iona l  
and  geomet r ic  acyl  groups  and is general ly 
more  complex  and  expensive.  Hence,  the  FID 
coup led  wi th  a h igh  re so lu t ion  c o l u m n  and a 
good l ibrary of  r e fe rence  c o m p o u n d s  is the  
m e t h o d  of  choice.  
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ABSTRACT 

Male Sprague-Dawley rats were fed, ad libitum for 30 days, a fat-free (FI:) liquid diet containing 
34% of the calories as ethanol or a control FF diet in which alcohol was replaced by an isocaloric 
amount of dextrins. The cytosolic fatty acid synthetasc and the microsomal stearoyl-CoA desaturase 
activities in the livers of rats led the alcohol diet were about half of those observed in the livers of con- 
trol rats. The conclusion is that chronic ethanol consumption depresses the activities of these lipogenic 
enzymes in the liver. 
Lipids 19:151-153, 1984. 

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

Chronic  inges t ion of  a diet  in wh ich  34% of 
the  calories are e thano l  and 35% are fat  causes 
an  a c c u m u l a t i o n  of  t r iacylglycerol  (TG)  in liver, 
resul t ing  in fa t ty  fiver (1-3). R e c e n t  s tudies  
f rom this  l abo ra to ry  have shown tha t  even 
w h e n  die tary  fat  is exc luded f rom the  diet ,  
ch ron ic  e t hano l  c o n s u m p t i o n  p roduces  severe 
f a t ty  liver (4).  An increase in hepa t ic  lipo- 
genesis induced  by  a lcohol  may  have resul ted  in 
f a t t y  liver when  animals  were fed the  fat-free 
( F F )  diet  (4).  Dietary e t hano l  has been  im- 
pl icated as a cause in the  increase in the  syn- 
thesis  of  f a t ty  acid in the  liver (5,6).  If e thano l  
c o n s u m p t i o n  enhanced  l ipogenesis,  w h e t h e r  it 
was f rom the  increased avai labi l i ty  of  the  sub- 
s t ra tes  (ace ta te  and  reduc ing  power )  genera ted  
by  its me tabo l i sm or was also a f fec ted  by 
increased fa t ty  acid syn the tase  (FAS)  act ivi ty ,  
was not  known .  To our  knowledge ,  FAS 
levels have no t  been  de t e rmined  in the  livers of  
an imals  given a chron ic  dose of  e thanol .  

Alcohol  inges t ion p roduces  a decrease in the  
hepa t ic  levels of  A9 acyl-CoA desaturase  (7,8).  
Since the  assays were carried ou t  in an imals  
fed p o l y u n s a t u r a t e d  fat diets,  low levels of  
desaturase  act iv i ty  were observed (9). In the  
present  s tudy ,  we ma in ta ined  rats  on  a FF diet ,  
a cond i t i on  k n o w n  to enhance  the  t issue levels 
of  b o t h  FAS and A9 acyl-CoA desa turase ,  and  
e x a m i n e d  the  effect  of chronic  e t h a n o l  con-  
s u m p t i o n  on these e n z y m e  activities.  A pre- 
l iminary  repor t  on this  s tudy  has  a l ready ap- 
peared (10).  

M A T E R I A L S  AND METHODS 

Animals and Diets 

Male Sprague-Dawley rats  weighing ca. 75 g 

*To whom correspondence should be addressed. 

were purchased  f rom Hill top Lab Animals ,  Inc.. 
Cha t swor th ,  CA. They  were housed  individual ly  
in stainless-steel cages. For  30 days,  a g roup  of  
6 rats  were fed ad l ib i tum a Lieber /DeCar l i  
l iquid e thano l  diet  in which  fat  was replaced 
wi th  an isocaloric  a m o u n t  of  mal tose-dex t r ins .  
A n o t h e r  group o f  6 rats  were fed for  30 days a 
Lieber /DeCarl i  con t ro l  diet  in which  a lcohol  
and  fat  were replaced by an isocaloric a m o u n t  
of  mal tose-dext r ins .  The  diets  were cus tom-  
made  by Bio-Serv, Inc.,  F r e n c h t o w n ,  NJ. The  
overall  c o m p o s i t i o n  of p ro te in ,  fat ,  carbo-  
hydra t e ,  f iber,  v i t amins  and  e l emen t s  of Lieber /  
DeCarfi l iquid diets  has  been  descr ibed recent ly  
(11 ). Rats  in the  con t ro l  group were individual ly  
pair-fed wi th  an imals  in the  a lcohol  group.  

Isolation of Cytosol and Microsomes from Liver 

The rats were anes the t i zed  by" an intra-  
pe r i tonea l  in jec t ion  of  sodium p e n t o b a r b i t a l  
(170  mg/kg rat) ;  the  livers were quick ly  re- 
moved  and  rinsed w i th  ice-cold 0.25 M sucrose.  
Pieces of  liver (ca. 2 g) were h o m o g e n i z e d  in a 
Po t te r -Elveh jem t issue gr inder  wi th  3 volumes  
of  ice-cold 0.25 M sucrose.  All s u b s e q u e n t  pre- 
para t ions  were carried ou t  at  0-4 C. The h o m o -  
gena te  was cent r i fuged  at 1,000 x g for 15 min.  
The resul t ing s u p e r n a t a n t  f rac t ion  was centr i -  
fuged at 100 ,000  x g for  1 hr. The cy toso l  
( w i t h o u t  the  f loa t ing  fat  layer)  was r emoved  
and its FAS ac t iv i ty  measured .  The mic rosomal  
pellet  was washed ,  suspended  in 0 .154  M KC1 
and  used for  the  assay of  A9 acyl-CoA des- 
a turase  act ivi ty .  

Enzyme Assays 

The FAS act iv i ty  was ana lyzed  as descr ibed 
by Smi th  and A b r a h a m  by measur ing  the  de- 
crease in e x t i n c t i o n  at 340  nm tha t  accom-  
panies the o x i d a t i o n  of  NADPH dur ing  the  
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synthesis of fatty acids (12). Stearoyl-CoA 
desaturase activity was measured as described 
earlier (9,13). Protein concentrations of the 
cytosolic and microsomal fractions were 
determined by the method of Lowry et al. (14), 
using bovine serum albumin as a standard. 
Fatty acid synthetase activity was expressed as 
units/mg protein. A unit of FAS is the amount 
that catalyzes the malonyl-CoA dependent 
oxidation of 1 p mole NADPH/min at 25 C. 
The stearoyl-CoA desaturase activity was given 
as nmol oleate produced/min/mg protein. 

Materials 

Lithium salts of acetyl-CoA and malonyl- 
CoA, NADPH, NADH, ATP, CoASH, GSH, and 
bovine serum albumin were purchased from 
Sigma Chemical Co., St. Louis, MO. Pure 
stearic acid was obtained from Applied Science, 
State College, PA. [1-14C]Stearic acid was 
purchased from New England Nuclear Corp., 
Boston, MA, and purified by thin layer chroma- 
tography (> 99%). 

RESULTS A N D  DISCUSSION 

Liver FAS Activity 

In control rats, which were fed the FF diet 
for 30 days, the hepatic FAS activity was 41.43 
units/mg protein (Table 1). This value is some- 
what lower than that reported in the livers of 
mice, which were fed a FF diet for only 3 days 
(54.4 units/mg protein) (15). Although whether 
a species difference in the levels of liver FAS 
exists is not known, the lower values we 
observed could be caused by the type of  regi- 
men used in the present study. Control rats 
were pair-fed with those in the alcohol-diet 
group. Rats in the alcohol group, which were 
fed ad libitum, ate during the course of the day. 
On the other hand, those in the control group 
consumed their daily ration a few hours after 
feeding and fasted until they were fed the 
next day. We have observed that when rats were 

fed the control diets ad libitum, the consump- 
tion was ca. 2 times greater than when they 
were pair-fed with the alcohol group (3). The 
FAS activity in livers of control rats would 
probably have been higher if animals were fed 
the FF diet ad libitum. 

In rats fed the FF diet containing ethanol, 
the level of hepatic FAS was ca. half of  that in 
the controls (21.75 units/mg protein) (Table 1 ). 
In spite of this decrease, enzyme activity ob- 
served was several times greater than that found 
in rats fed an alcohol diet containing fat. For 
example, in parallel experiments, when 6 male 
Sprague-Dawley rats were fed for 30 days a 
Lieber/DeCarli liquid ethanol diet containing 
35% calories as fat, the liver FAS activity was 
found to be low (5.1 + 0.8 units/mg protein). 
In those fed the Lieber/DeCarli control diet, 
liver FAS activity was greater than in those fed 
the alcohol diet (7.75 + 1.11 units/mg protein). 
Therefore, even when fat was present in the 
diet, chronic ethanol consumption produced a 
significant (P < 0.01) reduction in liver FAS 
activity. The levels of FAS in the livers of 
rats fed the FF diets suggest that, although the 
hepatic lipogenic rate may be reduced by alco- 
hol ingestion, it could be several times greater 
than in the livers of rats maintained on a high- 
fat diet. 

Most of the fatty acid of liver TG in animals 
given a chronic dose of ethanol are of dietary 
origin (3,16) and the 2-monoglyceride back- 
bone of diet fat is, for the most part, retained 
during the development of fatty liver (17). 
Thus, the fatty liver observed in animals is 
mainly caused by the accumulation of dietary 
TG. However, the TG in the fatty livers found 
in rats fed a FF diet containing ethanol must 
originate from lipogenesis (4). As indicated by 
the levels of FAS, hepatic lipogenesis in animals 
fed a FF diet with ethanol could be several 
times greater than in those fed diets containing 
fat. The increase in lipogenesis may be related 
to the absence of fat rather than the presence 

TABLE 1 

Liver Cytosolic Fatty Acid Synthetase and Microsomal Stearoyl-CoA Desaturase 
Activities of Rats Fed a Fat-free Diet with or without Ethanol 

Stearoyl-CoA desaturase 
Fatty acid synthetase nmole oleate 

Diet units/mg protein produced/rain/rag protein 

FF - alcohol 41.23 -+ 2.04 2.42 -+ 0.12 
FF + alcohol 21.75 -+ 1.08 1.31 -+ 0.03 

Values given are as mean -+ SE. These were obtained by duplicate determinations with 
each enzyme preparation from 6 rats in each group. In the case of both enzyme activities, 
the value obtained with the  FF + alcohol group is significantly (p <O.001)different com- 
pared with the corresponding value in the FF -- alcohol group. 
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of  a lcohol  in the  diet.  However ,  increased 
l ipogenesis  may  no t  be the  ma in  cause for  t he  
p r o d u c t i o n  of  f a t t y  liver since,  in con t r o l  rats ,  
a l t h o u g h  the  hepa t ic  FAS act iv i ty  is 2- t imes 
greater  (Table  1), on ly  a small  level of  TG is 
p resen t  in the  livers (4). In animals  fed a FF  
e thano l  d ie t ,  liver TG mus t  arise f rom e n h a n c e d  
l ipogenesis  (when  compared  w i th  fat-fed ani- 
mals) .  However ,  w h e t h e r  fa t  is ingested or  no t ,  
a l coho l - induced  f a t t y  liver mus t  be caused by  
an  i n h i b i t i o n  of  fat  mob i l i z a t i on  f rom the  liver. 

Hepatic Stearoyl-CoA Desaturase Activity 

The analysis  of  the  relat ive levels of  m o n o -  
eno ic  f a t t y  acids to sa tu ra ted  acids of  liver 
l ipids had  suggested t h a t  hepa t i c  A9 desa turase  
levels may  be r educed  by  chron ic  e t h a n o l  
inges t ion  (3) .  Reitz and  coworkers  have f o u n d  
t h a t  ch ron ic  e t h a n o l  feeding does  p r oduce  a 
r e d u c t i o n  in hepa t ic  m i c r o s o m a l  s tearoyl -CoA 
desaturase  act ivi ty  (7,8).  While the  e n z y m e  
act iv i ty  in con t ro l  ra ts  was 0.56 + 0 .06 un i t s ,  i t  
was s ignif icant ly  r educed  in a lcohol-fed an imals  
(0.16 + 0 .07  un i t s )  (8). Since the  an imals  were 
fed a F F  die t  in t he  p resen t  s tudy ,  the  desa- 
turase  act iv i ty  in con t r o l  ra ts  was several t imes  
grea ter  t h a n  in those  observed  b y  Reitz and  
coworkers  (2 .42 -+ 0 .12 un i t s )  (Table  1). How- 
ever, th is  level of  ac t iv i ty  was on ly  a b o u t  hal f  
of  t ha t  r epo r t ed  in ra ts  fed a F F  diet  ad l i b i t um 
(9,13) .  As discussed in the  case of  FAS,  th is  
m a y  be re la ted  to  t h e  t ype  of  d ie ta ry  reg imen  
used in t he  p resen t  s tudy .  Inges t ion  of  a l coho l  
caused a s ignif icant  (P < 0 .001)  r e d u c t i o n  in 
t he  desa turase  act ivi ty  (1.31 + 0.03 u n i t s ) i n  
t he  livers of  ra ts  fed the  F F  diet .  These observa-  
t ions  show tha t  chron ic  e t h a n o l  c o n s u m p t i o n  
reduces  liver A9 desaturase  act iv i ty .  

In some  neoplas t ic  t issues and  in phys io lo -  
gical cond i t i ons  such as s ta rva t ion ,  w h e n  feed- 
ing a diet  con ta in ing  e i the r  no  fa t  or  h igh levels 
of  p o l y u n s a t u r a t e d  fat ,  the  act ivi t ies  of  F A S  
and  A9 acyl -CoA desaturase  e i ther  increase or  
decrease t oge the r  (18-20) .  The  resul ts  f r o m  the  
p resen t  s t u d y  d e m o n s t r a t e  t ha t  the  adapt ive  
changes in the  2 l ipogenic enzym es  are also 
comparab l e  in the  case of  chron ic  e t hano l  
c o n s u m p t i o n .  

Earlier  s tudies  have s h o w n  t h a t  several hepa-  
t ic  enzymes  re la ted  to  l ipogenesis  (pyruva te  de- 
hyd rogenase ,  ATP-Cit ra te  lyase, ace ty l -CoA 
syn the ta se ,  mal ic  e n z y m e  and  glucose 6-phos-  
p h a t e  dehydrogenase )  are s igni f icant ly  r educed  
b y  p r o l o n g e d  a lcohol  c o n s u m p t i o n  (21 ). Resul ts  

f rom the  p re sen t  s t udy  d e m o n s t r a t e  t h a t  the  
l ipogenic  enzymes ,  FAS and  A9 acyl-CoA desa- 
turase  are also marked ly  r educed  in the  livers of  
ra ts  gNen a ch ron ic  dose of  a lcohol .  F u r t h e r  
s tudies  should  reveal  w h e t h e r  the  r e d u c t i o n  of  
the  e n z y m e  act ivi t ies  is caused b y  a decrease in 
t he  a m o u n t  of  e n z y m e  p ro t e in  or  an i n h i b i t o r y  
ef fec t  b y  e t h a n o l  or  its m e t a b o l i c  p roduc t s .  
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Effect of Different Amino Acid Diets on 5, A 6 

and 9 Desaturases 

R A U L  O. PELUFFO 1'*,  A N I B A L  M.  N E R V P ,  M A R I A  S, G O N Z A L E Z  and 
R O D O L F O  R. B R E N N E R  1 , Instituto de Investigaciones Bioquimicas de La Plata 
(INIBIOLP), UNLP-CONICET, Facultad de Ciencias Medicas, calles 60 y 120, 
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ABSTRACT 

A high-protein diet with 45% calories from casein increased A6 desaturase activity in rat-liver 
microsomes. High-protein diets with 45% calories from a synthetic mixture of amino acids in the same 
proportion as casein decreased the A9 desaturase, slightly increased the A5 desaturase and greatly increased 
A6 desaturase activities compared with a high-carbohydrate diet. The elimination of phenylalanine and 
tyrosine from the synthetic mixtures of amino acids increased the A6 desaturase activity. Massive amounts 
of phenylalanine or tyrosine in the diet inhibited A6 desaturase activity. Tyrosine and phenylalanine may, by 
conversion to tyrosine, decrease the activity of the A6 desaturase. 
Lipids 19:154-157, 1984. 

INTRODUCTION 

The biosynthesis of polyunsaturated acids, espe- 
cially the activity of the desaturases, is modified by 
the composition of the diet. The activity of the A6 
desaturase of rat-liver microsomes depends on the 
proport ion of proteins in the diet. High-protein 
diets have been shown to increase the activity of the 
enzyme (1-2). A diet in which 40% of the calories 
are from casein increases the A6 desaturase activity 
ca. 30% compared with a normally balanced diet 
containing less than 25% casein. However, high- 
protein diets do not modify the A9 desaturase 
activity of rat liver (3). The effect of such diets on 
the activity of A5 desaturase has not been carefully 
studied. However, a casein hydrolysate has been 
shown to decrease the activity of the A5 desaturase 
in minimal deviation hepatoma (HTC) cells that 
were incubated in a medium without carbon (4). 

The basic mechanism for activating the A6 
desaturase is not yet understood. Whether the 
activation is because of a general effect of the 
proteins or is stimulated by particular amino acids 
is also unknown. To study this problem, different 
groups of rats were fed with isocaloric synthetic 
diets from which specific amino acids had been 
excluded. Phenylalanine and tyrosine were shown 
to inhibit the A6 desaturase whereas the A9 and A5 
desaturases were apparently not modified. 

MATERIALS AND METHODS 

Two experiments were performed. In the first 
experiment, female Wistar rats, each weighing 150 
g, were separated into several groups of 5 animals. 
The rats fasted for 24 hr and were then fed the 

IMembers of the Carrera del lnvestigador Cienfifico, Con- 
sejo Nacional de lnvestigaciones Cienfificas y T6cnicas, 
Argentina. 
*To whom correspondence should be addressed. 

following diets for 24 hr (expressed in the percent- 
age of calories): Group 1-10% sunflower oil, 85% 
sucrose and 5% casein; Group 2-10% sunflower oil, 
45% sucrose and 45% casein; Group 3-10% sun- 
flower oil, 45% sucrose and 45% synthetic mixure 
of amino acids (grams of L-amino acids per 100 g of 
mixture: Gly.=2.01; Ala.=3.48; Set.=6.4; Thr.=4.2; 
Pro.=8.24; Val.=5.70; Ile.=5.75; Leu.=7.90; Phe.- 
=4.66; Tyr.=7.30; Trp.=2.0; Cy/2=0.44; Met.=2.67; 
Asp.=8.05; Glu.=21.0; Gln.=l.65; Arg.=3.92; His.- 
=2.92; Lys.=9.31); groups 4-9 the same diet as 
group 3 except that 2 or 3 essential amino acids 
were excluded and the same protein ratio (45%) 
was maintained by increasing proportionally the 
other amino acids (Table 1). Experiments using 
groups 3-9 were carried out at different times, and 
groups 1 and 2 were always the controls. 

In the second experiment, 5 groups of 5 female 
rats were used. They fasted for 24 hr and were fed 
for another 24 hr with the following diets (expressed 
in percent calories): Group 1-10% sunflower oil, 
5% casein and 85% sucrose; group 2-10% sunflow- 
er oil, 25% casein and 65% sucrose. In groups 3, 4 
and 5, 20% casein was replaced by phenylalanine, 
tyrosine and tryptophan, respectively. No vitamin 
or mineral mixtures were added to the diets. 

At specified times the rats were killed by decapi- 
tation and the livers were excised. The liver micro- 
somes were isolated as described previously (5). 

In the first experiment, A9, A6 and A5 desatu- 
rases were determined by incubating 100 nmol of 
[ IJ4C] palmitic acid, 80 nmol of [1-14C] linoleic 
acid and 100 nmol of [ 1-14C] eicosa-8,11,14-trienoic 
acid, respectively, with 5 mg of microsomal proteins 
and the necessary cofactors (6) at 35 C for 15 min in 
a final volume of 1.6 ml. New England Nuclear, 
Boston, MA, provided [1j4C] palmitic acid (56 
mCi /mmol ,  [1Jac]  linoleic acid (55 mCi /mmol)  
and [ 1J4C] eicosa-8, l 1,14-trienoic acid (61 mCi/  
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mmol) .  After incubation, the fatty acids were 
saponified and esterified. The percentage of desatu- 
ration was measured by gas-liquid radiochroma- 
tography in a Packard apparatus with a propor-  
tional counter (6). In the second experiment, 
following the same procedure, only the activity of 
the A6 desaturase was determined. 

RESULTS AND DISCUSSION 

Table 1 shows the caloric composit ion of the diet 
administered to each group and the a9,  A6 and A5 
desaturase activities of the animals fed with the 
corresponding diet. Groups 2 and 3, which received 
45% calories as casein or a synthetic amino-acid 
mixture, respectively, had the same A9, A6 and A5 
desaturase activity. The result shows that the effect 
of casein was caused by the amino-acid composi- 
tion. 

The A9 desaturase showed increased activity 
only in group 1. This increase was probably caused 
by the high sucrose content of the diet (85% of 
calories) since high carbohydrate diets have been 
shown to activate the A9 desaturase (1-7), whereas 
high-protein diets do not modify A9 desaturase 
activity when compared with commercial  diets 
containing 25% protein (3). Compared with the 
other groups, A5 desaturase activity decreased 
slightly in group 1. Since the diet of group 1 was a 
high-carbohydrate diet and, according to Jeffcoat 
and James (8), carbohydrates do not affect A5 
desaturase, activation of the enzyme may be pre- 
sumed to be caused by the high-protein composi- 
t ion of the diet. Besides, the elimination of different 
essential amino acids (groups 4 to 9) from the 
synthetic mixture of amino acids did not modify 
either A9 or A5 desaturase activity. 

Table 1 shows that the ~6 desaturase activity 
decreased remarkably in group 1 when compared 
with other groups fed a high-protein diet. This 

result was apparently produced by a double effect: 
inhibition in group 1 caused by the high-carbohy- 
drate diet and the activation induced in the other 
groups by the high-protein diets. 

The A6 desaturase activity increased greatly in 
the amino-acid synthetic diet where phenylalanine 
and tyrosine were eliminated (groups 5, 8 and 9) 
compared with group 3, which contained all the 
amino acids, and groups 4, 6 and 7, where other 
essential amino acids were eliminated. 

These results suggest that phenylalanine and 
tyrosine inhibit the A6 desaturase. Consequently, 
a second experiment was carried out where massive 
doses of phenylalanine and tyrosine were tested 
(Table 2). The caloric distribution of the diet 
administered to group 1 was similar to a normal 
diet. Group 2 was the same as group I in experiment 
I. In groups 3, 4 and 5, 20% of the calories supplied 
by casein in group 1 were replaced by phenylala- 
nine, tyrosine and tryptophan, respectively. Tryp- 
tophan was chosen in group 5 since, like phenylala- 
nine and tyrosine, it is a gluco- and ketogenic 
amino acid. In spite of the elimination of trypto- 
phan in experiment 1 (group 4), the A6 desaturase 
activity did not change. 

Table 2 shows a decrease in the A6 desaturation 
of linoleic acid in group 2 compared with group 1, 
an effect apparently produced by an inhibition of 
the enzyme by the high-carbohydrate diet of group 
2. When 20% of the calories from casein were 
replaced by phenylalanine or tyrosine (groups 3 
and 4), A6 desaturase activity was inhibited ca. 35% 
and 70%, respectively. No inhibition was observed 
when 20% casein was replaced by tryptophan. 

Comparing results in Tables 1 and 2 suggests 
that tyrosine per se or a tyrosi~ac metabolite inhibits 
A6 desaturase. Since the effect caused by phenyl- 
alanine is less than the effect of tyrosine, and 
phenylalanine is a precursor of tyrosine, the effect 
of phenylalanine may be produced after the conver- 

TABLE 2 

Effects of Massive Doses of Phenylalanine and Tyrosine on A6 Desaturase 

% Composition of diet 
(calorie) 

Groups 

! 2 3 4 5 

Sunflower oil 10 l0 l0 10 10 
Casein 25 5 5 5 5 
Sucrose 65 85 65 65 65 
Phenylalartine -- -- 20 -- 
Tyrosine -- -- --  20 -- 
Tryptophan -- -- -- 20 

% Desaturation of 17.8+- 1.5 6.1+-0.3 11.9+-0.6 5.8+-0.4 18.2+-1.4 
[IJ4C] linoleic acid P<~0.001 P<0.01 P<0.001 

Results are the mean of five animals +- S.E. 
P=values refer to group 1. 
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sion to tyrosine. 
A l though  the mechan i sm of the effect of  these 

a m i n o  acids on the A6 desa tu ra t ion  has  not  been 
investigated yet, phenyla lanine  and tyrosine  con- 
vert  to adrenal ine,  and adrenal ine  act ivates the 
f o r m a t i o n  of 3,5-cyclic A M P ,  which is also an 
inhibi tor  of  A6 desa turase  (9,10). 

The results in Tables  1 and 2 suggest  that  the 
effect of  h igh-prote in  diets on A6 desaturase ,  if the 
effect is of  metabol ic  origin, is caused by metabo-  
lites p roduced  by many  amino  acids. 
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ABSTRACT 

Dietary supplements containing cholesterol or sunflower oil were prepared to protect them against 
degradation in the rumen. On feeding daily supplements containing 1-2 g protected cholesterol and/or 100 g 
protected sunflower oil to sheep, along with a basal ration of crushed oat grain and lucerne chaff, a rise in the 
plasma cholesterol was observed when compared with control animals. Livers from sheep fed protected 
cholesterol were enlarged, friable and cirrhotic in appearance and contained large deposits of esterified and 
free cholesterol, while livers from animals fed protected sunflower oil alone contained much less cholesterol. 
Octadecenoates constituted the major fatty acids in cholesteryl esters, which, in animals fed protected 
sunflower oil, were mainly polyunsaturated. The factors involved in the deposition of liver lipid at very low 
dietary cholesterol concentrations (0.11-.22%) in sheep compared with mofiogastric animals are discussed. 
Lipids 19:15%163, 1984. 

INTRODUCTION 

Conventional diets of ruminants contain very 
low amounts of fat and cholesterol (1,2). However, 
when included in ruminant diets, cholesterol is 
readily hydrogenated in the rumen through micro- 
bial action (3,4). Consequently, the amount of 
cholesterol reaching the small intestine for absorp- 
tion from dietary sources is determined by rumen 
microbial activity and the amount of cholesterol 
originally present in the diet (4,5). 

Certain differences have been reported in the 
metabolism of dietary and endogenously synthe- 
sized cholesterol between ruminants and monogas- 
tric animals. While the liver contributes greatly to 
tbe total cholesterolgenesis in the monkey (6), rat 
(7), chicken (8) and man (9), it plays a relatively 
unimportant role in this respect in ruminants such 
as goats (10) and sheep (11). Diets relatively rich in 
fat (over 7%) cause an elevation in the concentra- 
tion of blood plasma cholesterol in ruminants (2). 
This elevation seems to result from an increased 
demand for cholesterol to transport fat from the 
intestine to other tissues; to meet this demand, 
cholesterol synthesis in the epithelial cells of the 
small intestine is stimulated (12). On the other 
hand, incorporating polyunsaturated lipids in the 
diets of man (13,14) and rabbits (15) lowers the 
concentration of circulating cholesterol in the 
blood plasma. 

Hypercholesterolemia and the deposit of choles- 
teryl esters have been observed in livers and other 
organs when relatively high concentrations of 
cholesterol, ranging from 0.5 to 1%, are included in 
the diets of monogastric animals (16,17), nonrumi- 

]Deceased. 
*To whom correspondence should be addressed. 

nating calves (18) and ruminants (10,19-21). Since 
substantial amounts of dietary cholesterol in rumi- 
nants are hydrogenated and rendered unavailable 
for absorption, the effects produced by feeding the 
same levels of cholesterol to monogastric animals 
and ruminants could be misleading. 

Cholesterol has been shown (3) to be protected 
against ruminal hydrogenation by encapsulating 
emulsified oil droplets containing cholesterol in a 
matrix of formaldehyde-treated protein. When fed 
in this form, cholesterol is readily absorbed in 
lactating goats and cows and suppresses the trans- 
fer of long-chain fatty acids from blood plasma to 
milk fat (22). This suppression occurs at the dietary 
concentrations of 0.015 to 0.1% cholesterol. This 
result indicates that feeding cholesterol in a pro- 
tected form at a relatively low dietary concentra- 
tion is capable of causing gross alterations in lipid 
metabolism in goats and cows. The present study 
was undertaken to study the effects of feeding 
protected (PrC) and unprotected (UPrC) choles- 
terol on the liver and plasma lipid metabolism of 
sheep fed lipid-rich or conventional low-lipid diets. 

MATERIALS AND METHODS 

Feeding and Management of Animals 

For the first experiment, 8 one-year-old sheep 
(Merino X Border Leicester) were divided random- 
ly into 3 groups of 3, 3 and 2 animals. The sheep 
were housed in individual pens and each was fed a 
basal ration of 800 g pellets containing alfalfa hay 
and crushed oats (1: 1) daily for a preexperimental 
period of 5 weeks. This preexperimental period was 
followed by a feeding period of 10 weeks, each 
sheep in the first group receiving, in addition to the 
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basal ration, 8 g protected cholesterol supplement, 
containing the equivalent of 1 g PrC, mixed with 
100 g crushed oats daily. The second group of sheep 
received an equivalent amount of UPrC fed in a 
manner similar to the first group. The third group 
of 2 sheep was used as a control and each animal 
received 100 g crushed oats daily in addition to the 
basal ration. 

The first feeding period was followed by another 
period of 10 weeks when the quantity of PrC and 
UPrC was increased to the equivalent of 2 g 
cholesterol daily. All animals had free access to 
drinking water. 

In a second experiment lasting 12 weeks, 2 
groups of 3 sheep were used. Each animal in the 
first group received 250 g/day of protected sun- 
flower supplement containing the equivalent of 100 
g protected sunflower oil (PRO), 2 g/day PrC and 
the basal ration containing 200 g crushed oats and 
400 g alfalfa chaff. The second group received PrO 
and the basal ration but no cholesterol. 

PrC and UPrC Supplements 

Methods described by Ashes et al. (3) were used 
for preparing these supplements. To produce PrC, 
cholesterol (Labchem grade, Ajax Chemicals, Syd- 
ney, Australia) was dissolved in chloroform (2: 1, 
w/w) and mixed with sunflower oil containing 
0.02% butylated hydroxyanisole. This mixture was 
emulsified with a 16% aqueous solution of casein at 
pH 8.5 (ratio casein/oil/cholesterol, 4:3: 1, w/w/ 
w). The emulsion was treated with formaldehyde 
(3.6 g/100 g casein) and the resultant gel was dried 
in a fluid bed drier at 50 C until all traces of 
chloroform were removed. UPrC was produced by 
mixing cholesterol suspended in sunflower oil with 
sodium caseinate in the same ratio as PrC. 

Thin-layer chromatography (TLC) of lipids. 
Liver lipids were extracted using the method of 
Bligh and Dyer (23) and examined by TLC adsor- 
bosil 1 plates. The plates (0.5 mm thickness) were 
developed in a petroleum spirit (40-60 C BP)/di- 
ethyl ether/acetic acid system (84:15: 1) and visual- 
ized after spraying with an ethanolic solution of 
2,7-dichlorofluoroscein under ultraviolet light. For 
quantitation, the plates were streaked with up to 50 
mg of lipid and developed and visualized as above. 
The bands were identified by Rf comparison with 
lipid standards (Applied Science, State College, 
PA), removed and extracted with 3 x 10 ml of 
diethyl ether, except the phospholipid band, which 
was extracted with 3 x 10 ml of chloroform/etha- 
nol/ water/acetic acid (65: 50: 10: 1) and lipid classes 
determined gravimetrically. 

The mean recovery of total lipid from TLC 
plates was 93.1+0.5%. The ratio of cholesteryl 
ester to free cholesterol was calculated. 

Cholesterol analysis. Total cholesterol in the 
plasma and liver extracts was determined by a 
Technicon Method (24). 

Fatty acid analysis. Methyl esters of fatty acids 
were prepared using the method of Scott et al. (25) 
and analyzed and identified by gas-liquid chroma- 
tography according to the procedures outlined by 
Ashes et al. (26). 

Statistical analysis. Significant differences be- 
tween the means of the experimental treatments 
were determined by either of 2 methods. In the first 
experiment, analysis of variance was applied using 
the criterion of least significant difference for 
comparisons between the means (27). In the second 
experiment, Student's t-test was applied (27). When 
comparing plasma cholesterols, the mean for each 
period was obtained from the last 4 weeks of each 
treatment. 

PrO Supplement 

The method of Gulati et al. (22) was used to 
prepare this supplement, containing 40% lipid. Of 
the total fatty acids in this lipid, 65% were polyun- 
saturated, 18.5% monounsaturated and the re- 
mainder saturated. 

Sampling Procedures 

Plasma. Blood samples, obtained from each 
animal at regular intervals from the jugular vein, 
were collected in heparinized tubes and centrifuged 
at 2,000 g for 15 min. The plasma was stored at -20 
C until required for analysis. 

Liver. After completion of the feeding experi- 
ment, the animals were slaughtered; their livers 
were removed, wiped clean of blood, weighed and 
examined for gross morphological changes. Repre- 
sentative samples of liver tissue were frozen at -20 
C until used for analysis. 

RESULTS AND DISCUSSION 

Changes in the plasma cholesterol concentrations 
in the 3 groups of sheep in the first experiment are 
shown in Figure 1. The sheep fed 1 g PrC daily 
showed a significant (P<0,05) rise in plasma 
cholesterol concentrations after the first 10 weeks 
of feeding. The group fed I g UPrC daily maintained 
plasma concentrations that were not significantly 
different from the control group. However, when 
dietary levels of UPrC were raised to 2 g daily, 
plasma cholesterol concentrations began to rise 
and were significantly different (P<0.05) from the 
control animals at the end of the 10-week period. 
This result indicates that at this dietary concentra- 
tion cholesterol was not being completely hydro- 
genated in the rumen and that amounts equivalent 
to feeding 1 g PrC/day were reaching the small 
intestine for absorption. On increasing dietary PrC 
to 2 g daily, the plasma concentrations continued 
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to  rise. T o w a r d  the  end  o f  the  s econd  10-week 
feed ing  per iod ,  p l a s m a  cho les t e ro l  c o n c e n t r a t i o n s  
in b o t h  g r o u p s  reached  a p l a t eau  a n d  t e n d e d  to 
decrease .  

T h e  l ivers f r o m  the  sheep  fed P r C  in the  first 
e x p e r i m e n t  were  g rea t ly  en l a rged ,  very  f r iable  a n d  
c i r rhot ic  in a p p e a r a n c e .  T h e  bile duc t s  were  en -  
larged and  c h o k e d ,  i nd ica t ing  g ro s s  i m p a i r m e n t  o f  
liver f u n c t i o n  in c o n t r a s t  to the  l ivers o f  sheep  f r o m  
the  con t ro l  g r o u p ,  wh ich  a p p e a r e d  to be n o r m a l .  A 
sl ight  i m p a i r m e n t  o f  livers o f  sheep  in the  U P r C -  
fed g r o u p  was  a p p a r e n t  as ind ica ted  by a pa ler  
co lo r  relat ive to t h o s e  in the  c o n t r o l  g roup .  T a b l e  ! 
s h o w s  the  we igh t s  o f  livers a n d  the i r  c o n t e n t s  o f  

to ta l  l ipids and  cho les t e ro l  and  c h a n g e  in b o d y  
weight  for  the  3 g r o u p s  o f  sheep.  S h e e p  in the  P r C  
g r o u p  s h o w e d  the  g rea te s t  inc rease  in l ivcr we igh t s  
over  the  cont ro l .  L iver  we igh t s  were  i n t e r m e d i a t e  
in sheep  fed U P r C .  T h e s e  inc reased  liver we igh t s  
occur red  par t ly  f r o m  an  a c c u m u l a t i o n  o f  fat ,  o f  
wh ich  a s u b s t a n t i a l  po r t i on  was  in the  f o r m  o f  
choles tero l .  

W h e n  P r O  was c o m b i n e d  wi th  the  feed ing  o f  
P rC  in t he  s e c o n d  e x p e r i m e n t ,  t he r e  was  a 2-fold  
inc rease  in the  d e p o s i t i o n  o f  cho le s t e ro l  (Tab le  2) 
and  m o r e  severe  c i r rhos i s  o f  the  l iver t h a n  o b s e r v e d  
w h e n  P rC  was  fed a lone  in the  first  e x p e r i m e n t  
(Tab le  I). Whi l e  the  2 e x p e r i m e n t s  a re  no t  s t r ic t ly  

TABLE I 

l'he Effect of Dietary Cholesterol on the I,ivers of Sheep 
Fed Protected (PrC) and Unprotected (UPrC) Cholesterol 

Control' PrC h U PrC h 

Liver Weight (g) 530 _+ 12.5 736 t 30.4** 559 +_ 30.7 
Lipid content (g) 24.5 _+ 0.2 97.6 _~: 3.7** 48.9 _+ 3.2** 
Cholesterol content (g) 0.7 _+ 0.02 2 I. I t 3.0*** g. I +_ 0.6 
lnitial body weight (kg) 42.9 _+ 1.5 43.0 .t- 0.3 43.7 _+ 3. I 
Body Weight gain (kg) 6.7 _+ 0.3 5.3 ~ 1.6 6.3 _+ 0.3 

l.cvel of significance when tested for differences with the control group: *** 0.1%; ** I%. 
~Mean +- S.E., n=2. 
hMcan + S.E., n=3. 
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comparable, PrO feeding seems to facilitate a 
higher deposition of dietary cholesterol in the liver. 

At the start of the second experiment, the plasma 
cholesterol concentrations were 74 + 5.1 and 82 + 3.0 
mg % for the PrO + PrC and PrO groups, 
respectively. But, during the last 4 weeks of the 
experiment, the plasma cholesterol concentrations 
rose to 114.6+2.5 and 127.0+4.8 mg % for PrO + 
PrC and PrO groups, respectively, and were signif- 
icantly different at the 5% level. Although the 
plasma cholesterol concentrations during the ex- 
perimental period rose by 40.6 mg % in the PrO + 
PrC group compared with 45 mg % in the PrO 
group, the former group deposited 5 to 6 times 
more cholesterol in the liver (Table 2). 

The ratio of cholesteryl ester to free cholesterol 
from lipids extracted from the livers of  animals in 
the 2 experiments is given in Table 3. In both 
experiments, there was a marked increase in the 
proport ion of cholesteryl esters in the PrC-fed 
groups. This increase was brought about by the 
deposition of cholesteryl esters as the amount  of 
free cholesterol in relation to the total liver lipid 
showed little variation between treatments in both 
the experiments. The animals fed UPrC in the first 
experiment had liver cholesterol ratios (Table 3) 
and cholesterol contents (Table I) that were similar 
to those of animals fed PrO in the second experi- 
ment, yet the former had livers that showed signs of 
cirrhosis and friability. 

The fatty acid composit ion of cholesteryl esters 
in the 2 groups of sheep fed PrC and UPrC was very 
similar. Octadecenoates constituted nearly 45% of 
the total fatty acids in these groups; however, in the 
control group, they were only 23% of the total. The 
fatty acid composition of  cholesteryl esters from 
the livers of sheep in the second experiment 
reflected the composit ion of PrO fed to these 
animals. Linoleic acid formed over 55% of the total 
fatty acids in both the PrO + PrC-fed and PrO-fed 
groups. These observations agree with the literature 
reviewed by Goodman  (17) on the deposit ion of 
cholesteryl esters in monogastric animals. Good-  
man concluded that although liver cholesteryl 
esters can be changed by feeding polyunsaturated, 
lipid-rich diets, under normal feeding regimes the 
major cholesteryl esters that accumulate contain 
oetadecenoates as the main fatty acids. 

The work described here shows that hypercho- 
lesterolemia in sheep can result either from dietary 
cholesterol or in response to feeding lipid-rich 
diets. In experiments 1 and 2, when dietary choles- 
terol v~as fed in a protected form of at least 0.11% of 
the diet (1 g/day),  it was readily absorbed and 
deposited in the liver, mostly in an esterified form, 
and resulted in cirrhosis. However, in experiment 
2, in a treatment where no protected cholesterol 
was fed, hypocholesterolemia arose f rom choles- 
terolgenesis that occurred mainly in the epithelial 
cells of the small intestine in response to an 

TABLE 2 

The Effect of Dietary Protected Cholesterol (PrC) on the 
Livers of Sheep Supplemented with Protected Sunflower Oil 

(PRO) 

PrO PrO + PrC 

Liver weight (g) 547 _+ 37.1 850 _+ 104.1 * 
Lipid content (g) 37.4_+ 6.0 l 10.5 _+ 26.7* 
Cholesterol content (g) 8.0_+ 1.9 42.9_+ 12.0" 
Initial body weight (kg) 30.7_+ 1.7 29.0 _+0.3 
Body weight gain (kg) 17.9_+ 1.0 17.7_+0.3 

Level of significance when tested for differences with the PrO 
group: * 5%. 

Mean_+ S.E., n=3. 

TABLE 3 

The Effect of Dietary Protected (PrC) and Unprotected 
(UPrC) Cholesterol on the Ratio of Cholesteryl Ester to Free 

Cholesterol in the Liver Lipids of Sheep 

Ratio/t cholesteryl ester 
\ free cholesterol ) 

Experiment 1 
Control a 0.57 _+ 0.03 
UPrC b 2.46 _+ 0.37 
RpC b 8.54_+ 0.76** 

Experiment 2 
PrO b 2.99 -+ 0.49 
PrO + PrC b 8.03_+0.73 * 

Level of significance when tested for differences with the 
control group for experiment 1 and the protected sunflower oil 
(PRO) group for experiment 2: ** 1%; * 5%. 

~Mean _+S.E., n=2. 
bMean +_ S.E., n=3. 

increased lipid intake and assimilation of  absorbed 
lipids (12). Only a small quantity of this endoge- 
nously derived cholesterol was deposited in the 
liver (Table 2). The metabolic processes and factors 
responsible for this difference in the fate of endoge- 
nously synthesized and dietary cholesterol are not 
clearly understood. However, during the absorp- 
tion process a considerable role is played by the 
intestinal cells in controlling cholesterol metabo- 
lism through the formation and modification of 
lymph and plasma lipoproteins. These changes 
depend on the availability of cholesterol and bile 
salts as well as the nature of lipids absorbed from 
the digesta (28). The endogenous cholesterol de- 
rived from the bile and mucosal synthesis and 
incorporated into the intestinal lipoprotein remains 
much less esterified than the exogenous cholesterol 
of dietary origin, which is extensively esterified 
during absorption (13,29,30). Further  indications 
that the endogenous and exogenous cholesterols in 
the lymph and plasma tend to "form separate pools 
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a n d  do  n o t  e x c h a n g e  freely (30-32) h a v e  been  
f o u n d ,  because  these  a re  e i ther  loca ted  at  d i f fe ren t  
sites on  t he  s a m e  class o f  l i p o p r o t e i n s  o r  a re  
i n c o r p o r a t e d  in to  d i f fe ren t  l i p o p r o t e i n  c lasses .  

C o m p a r e d  wi th  m a n  a n d  m o n o g a s t r i c  a n i m a l s ,  a 
re la t ive lack o f  i n f o r m a t i o n  exis ts  on  p l a s m a  
l i pop ro t e in  a n d  d ie ta ry  cho le s t e ro l  m e t a b o l i s m  in 
ruminan t s .  In  cattle, h igh-dens i ty  l ipoprote in  ( H D L )  
cons t i t u t e  ove r  80% a n d  l ow-dens i t y  l i pop ro t e i n  
( L D L )  a n d  very  low-dens i ty  l i pop ro t e i n  ( V L D L )  
6% a n d  I1%, respect ively ,  o f  the  to ta l  p l a s m a  
l ipoprote ins  (33). Like cattle,  the  m a j o r  c o m p o n e n t s  
o f  sheep  p l a s m a  l i pop ro t e i n  a re  H D L  (70%) a n d  
L D L  (17%) a n d  r epo r t s  d i sag ree  on  t h e  ex i s t ence  o f  
V L D L  (34,35). 

S o m e  r e sea rche r s  have  p o s t u l a t e d  t ha t  p r o t e c t e d  
cho les te ro l  i nduces  c h a n g e s  in sheep  p l a s m a  l ipo-  
p ro t e in s  t ha t  faci l i tate  the  u p t a k e  o f  cho le s t e ro l  by 
hepa t i c  cells. L o w  acl iv i ty  for  l ipogenes i s  a n d  a 
lack  o f  m e c h a n i s m  for  mob i l i z i ng  d e p o s i t e d  cho les -  
teryl  es ters  f r o m  the  l iver cou ld  be  c o n t r i b u t i n g  
fac to r s  to  a n  a l t e r a t i on  in the  p l a s m a  l i p o p r o t e i n  
pa t t e rn .  Rel iab le  i n f o r m a t i o n  o n  the  ac t iv i ty  o f  t he  
hepa t i c  e n z y m e  l y s o z o m a l  ac id  l ipase  ( E C  3.1.1.13) 
in sheep  liver is no t  ava i lab le ,  bu t  a de f i c iency  o f  
th is  e n z y m e  in h u m a n s  cause s  cho les te ry l  es te r  
s t o r age  d i sease  a n d  W o l m a n ' s  d i sease  (36), w h i c h  
are  very  s imi la r  to  t he  c o n d i t i o n  o b s e r v e d  in sheep  
livers. Aga in ,  a s imi la r  d i s o r d e r  is o b s e r v e d  in  the  
livers o f  g u i n e a  p igs  fed c o t t o n s e e d  oil + cho l e s t e ro l  
(37,38) a n d  is a s soc i a t ed  wi th  t he  def ic iency  o f  the  
s a m e  enzyme .  

Th i s  p a p e r  s h o w s  t ha t  t he  i n c o r p o r a t i o n  o f  low 
c o n c e n t r a t i o n s  (0 .11% to 0.22%) o f  p ro t ec t ed  cho-  
les terol  in t he  diets  o f  sheep  b r i ngs  a b o u t  m a r k e d  
c h a n g e s  in lipid m e t a b o l i s m  a n d  a m a s s i v e  d e p o s i t  
o f  cho les te ro l  in t he  liver. M e t a b o l i c  p roces se s  in 
these  a n i m a l s  a p p e a r  to be i n a d e q u a t e  w h e n  c o m -  
pa r ed  wi th  m o n o g a s t r i c  a n i m a l s  s u c h  as m a n  w h o  
can  cope  wi th  s imi la r  o r  even  h i ghe r  levels o f  
cho les te ro l  in the i r  diets  (30). 
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Physical State of Inhibitor Fatty Acids and Linoleate 
Solutions under Lipoxygenase Assay Conditions 

MORTON J. GIBIAN '~ a n d  JOHN COLANDUONI ,  Department of Chemistry, Seton Hall 
University, South Orange, NJ 07079 

ABSTRACT 

A variety of fatty acids, which arc potential competitive inhibitors of soybean lipoxygenase (EC 
1.13.11.12), give kinetically unstable mixtures in standard assay solutions containing linoleate (sub- 
strate). In the assay solution (pH 10, 0.1 M borate, 1.63% ethanol), each fatty acid by itself shows 
normal surface tension vs concentration behavior; but, despite a range of solubilization techniques in 
the presence of 10 uM or higher linoleate and low concentrations of these materials, irreproducible 
surface-tension readings and inhibition kinetics result. This inhomogeneity (or kinetic instability) 
disappears as the concentration increases. Critical micelle concentration (CMC) values of mixtures are 
not additive, and binary mixture behavior depends on fatty acid structure. Several lines of observation, 
including CMC values and actual surface tension (7) values for several systems, suggest premicellar 
heterodimer or higher mixed aggregate formation. Lipids with K i significantly above the irreproducible 
surface-tension range give good kinetic behavior, and K i is reported. The results are in accord with 
earlier work on aspects of these systems. Complementary solution physical studies must be done for 
any kinetic (or specificity) determinations of enzymes using lipids. 
Lipids 19:164-170, 1984. 

INTRODUCTION 

Soybean  l ipoxygenase  (E.C. 1 .13 .11 .12)  
cata lyzes  the  r eac t ion  of  cis, cis-l ,4-pentadienyl 
f a t ty  acids ( l inolea te  is a typica l  subs t r a t e )  wi th  
molecu la r  oxygen  to fo rm the  con juga ted  trans, 
cis-dienyl allylic hydroperox ides .  As an ap- 
proach  to e x a m i n a t i o n  of  i n t e rac t ions  at  the  
act ive site o f  th is  enzyme ,  we decided to inves- 
t igate n o n s u b s t r a t e  f a t t y  acids as po t en t i a l  
compe t i t ive  i nh ib i t o r s  to  measure  b ind ing  (Ki)  
as a f unc t i on  o f  s t r uc tu r e  (cha in  length ,  unsa tu -  
ra t ion ,  and  so for th) .  The  l i te ra ture  con ta ins  
no  r igorous data  of  this  k ind  for  l ipoxygenase ,  
bu t  some i n h i b i t i o n  s tudies  are available at one  
subs t ra te  c o n c e n t r a t i o n  or  wi th  n o n d e f i n e d  
kinetics.  Advances  in u n d e r s t a n d i n g  the  s teady-  
s ta te  k inet ics  of  this  e n z y m e  should  have now 
made  an ana ly t ica l  app roach  possible here 
(1-5). 

However,  very early in the  work we f o u n d  
t ha t  b inary  mix tu re s  of  l inoleate  and  m a n y  
cand ida te  inh ib i to r  f a t t y  acids (be low the  
r epo r t ed  crit ical micelle c o n c e n t r a t i o n  (CMC) 
values of  b o t h  c o m p o n e n t s )  do  no t  show repro-  
ducible  k ine t ic  behav ior  despi te  careful  and 
pers is tent  a t t e m p t s  to  normal i ze  p rocedures  for  

making  up  and  mix ing  so lu t ions  (vide infra).  
These  results  led us to  examine  the  physical  
s ta te  of  the  so lu t ion  by  surface  t ens ion  meas- 
u r e m e n t s - t h e  p r imary  subjec t  of  this  repor t .  

O the r  reasons  why  a phys ica l -s ta te  s t udy  is 
now appropr i a t e  follow. Researchers  have 
observed,  in m a n y  prev ious  s tudies ,  t h a t  Line- 
w eaver-Burk plots  for l ipoxygenase-ca ta lyzed  
o x y g e n a t i o n  of  l inoleic acid show s ignif icant  
a p p a r e n t  subs t ra te  i nh ib i t i on  at  high S, o f t en  
a t t r i b u t e d  to l ino lea te  miceUe fo rma t ion .  We 
shall  soon  r epo r t  a deta i led  e x a m i n a t i o n  o f  the  
t u rnove r  k ine t ics  wi th  emphas is  on  the  behav io r  
at  h igh S (and  t he  ef fec t  of  p r o d u c t  the re ) ;  in 
the  cu r r en t  c o n t e x t ,  however ,  t he  s tudy  of  solu- 
t i on  proper t i es  is of the  u t m o s t  impor t ance .  
I r regular  behav io r  wi th  varying organic  solvents  
had also been  r epo r t ed  earlier,  a l t h o u g h  wi th  
low c o n s t a n t  e t hano l  this  p rob lem is largely 
prevented .  The  effect  of  pH on t he  enzymic  
process  has been  part ial ly ascr ibed to the  
physical  effects  o f  the  m e d i u m .  

The  presen t  s tudy ,  as a step toward  def in ing  
so lu t ion  p roper t i e s  of  these  fa t ty  acid mix tures ,  
is essential  to sor t ing  ou t  these  varied phe-  
n o m e n a .  

*To whom correspondence should be addressed. 
The notation for fatty acids follows the system in 

which a,b-x:y indicates a fatty acid of x carbons with 
y cis double bonds at positions a and b from the 
CO 2 H; trans olefin is designated by (t) following the 
position number; SC~0S and SC12S are sodium decyl 
and sodium dodecyl sulfates; 9,12(OH)-18:1 is ricin- 
oleic acid; CMC is critical micelle concentration. Sur- 
face tension is 7. 

MATERIALS AND METHODS 

Lipoxygenase 

Commerc ia l  soybean  e n z y m e  ( f rom Sigma 
Chemica l  Co., St. Louis, MO, ca. 150 ,000  
EU/mg,  usually 15-17 / amoi s /min /mg  E) was 
c h r o m a t o g r a p h e d  on  DEAE Sephacel  (ca. 
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2.6 x 30 cm column for 500 mg) using a 
0.01-0.2 M linear gradient of  phosphate buffer 
(pH 6.8) containing 0.1 mM EDTA. Resultant 
lipoxygenase-1 (pure by disc gel electrophoresis, 
typical specific activity in our assay of ca. 
100 /amols/min/mg E) lost little activity for up 
to 6 months at 0-4 C at ca. 0.5 mg/ml (mg pro- 
tein = 0.7 A2s0) in the eluant buffer. 

Fatty Acids 

Most of the fatty acids were from Sigma 
Chemical Co., the rest from Nu-Chek-Prep. Inc., 
Elysian, MN (all >99% pure). Except for a few 
of the very expensive ones (surface tension 
work is not reported for these), fatty acids 
were purified on silica gel using hexane/ether/  
acetic acid (65:30:1) as eluant, and purity was 
checked by thin layer chromatography (TLC). 
They were stored neat at -10  C under argon. 
Stock solutions were made in ethanol and kept 
anaerobic until used. Linoleyl hydroperoxide 
was synthesized enzymatically and purified as 
previously described (3). 

Methods 

All kinetic and surface tension experiments 
were carried out in pH 10 (0.1 M) borate buffer 
containing (after all additions) 1.63% ethanol. 
Water was double distilled; buffer components 
were the best grades available. Assays were at 
2 5 C  in a Cary 219 spectrophotometer at 
234 nm in air-saturated buffer (250 /aM 02);  
they contained 0.5 /zM product hydroperoxide, 
5 to 50 /aM linoleate, other fatty acid as indi- 
cated, and were initiated by an aliquot of 
enzyme to produce ca. 3 • 10 -4 mg/ml final 
lipoxygenase concentration in the cell. Where 
K i values are reported in Table 1, double 
reciprical plots for a wide range of linoleate 

were done vs at least 4 inhibitor concentrations 
(duplicate runs) and then the slope data was 
plotted vs (I) in the usual manner. The data for 
those materials are in accord with competitive 
inhibition. 

Surface tension experiments were with a 
Fisher Model 20 Surface Tensiometer (duNuoy 
platinum-iridium ring). Except where noted, 
readings were taken for 20 min after initial 
mixing. 

R ESU LTS 

Qualitative Observations 

Reproducible and rational competitive in- 
hibition kinetics are obtained for 9-18:1, 
9-16:1, 9,12(OH)-18:1, SCI0S and SCI2S over 
good concentration ranges of both inhibitor 
(up to 0.8 mM) and linoleate in pH 10 borate 
buffer (0.1 M, 1.63% ethanol). Under the same 
conditions, at 20 /aM linoleate (ca. K m for 
lipoxygenase), highly irreproducible results are 
obtained for 0.01 to 1.0 mM 10:0, 12:0, 14:0, 
18:0, 9(t)-18:1, and 9(0,12(0-18:2.  While 18:0 
and 9(t)-18:1 give visible precipitates, the 
others appear clear. These latter fatty acids are 
well below their reported solubilities and CMC. 
Further attempts to obtain homogeneous and 
reproducibly behaving solutions, primarily with 
0.1 mM 10:0 and 12:0 in the presence of 
20 /aM linoleate, are outlined below. The 
criterion used in this part of the study is repro- 
ducible kinetic behavior. (a) Shaking the com- 
plete assay mixture minus enzyme for up to 
15 min before measurement does not improve 
reproducibility. (b) Vigorous vortex mixing of 

the fatty acids in the assay solution for up to 
25 min was tried. The kinetic results were non- 
uniform and depended very strongly on the 

TABLE 1 

Critical Micelle Concentrations and Binding Properties a 

CMC (raM) 

Fatty  acid Alone +10 ~tM linoleate K i (mM) 

9,12-18:2 (linoleate, substrate) 0.096 
10:0 41 ca. 70 
12:0 9 ca. 20 
9-16:1 - - 
9-18:1 0.03 0.07 
9(t),12(t)- 18:2 0.3 NA b 
9 , 1 2 ( O H ) -  18:1  ca. 4 5  - 
SC IoS  10 ca. 10 c 
SCI2S 0.7 0.9 

(Km =9.018) 
NA b 
NA b 
0.12 
0.15 

0.29 

0.4 

aConditions as described in text. 
bSolubility problems preclude obtaining values. 
CA discontinuity occurs at 0.1 mM, then a second one at 10 mM. 
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interval (up to 15 min) between vortexing and 
initiation of reaction (adding enzyme). Often 
no inhibition was observed. (c) When the 
sodium salt of the fatty acid is made before- 
hand and then added to the assay mixture, no 
improvement is observed (it is often worse, 
especially with 9(t)-18:1). (d) Assays run in 
pH 10 glycine and carbonate buffers and in dis- 
tilled water, rather than borate, show disparate 
results. (e) Varying the ethanol content from 
0.8 to 3.3% does not improve the assays. In 
3.3% EtOH, even 1 mM 10:0 and 12:0 show no 
inhibition. (f) When lauric acid (12:0) is de- 
posited in a flask in either chloroform or 
ethanol (separate experiments), the solvent 
then removed while the flask is rotated, and 
then buffer added with vigorous shaking, the 
data are still inconsistent. (g) Even when the 
mixtures of b, c, and f above (vortexed acids, 
salts and deposited acids) are subjected to up to 
an hour of ultrasonication with mild warming, 
no better consistency results. 

The inescapable conclusion is that these are 
inhomogeneous mixtures. Direct physical be- 
havior studies are described in the next section. 

Surface Tens ion M e a s u r e m e n t s  

By themselves, all the fatty acids examined 
behave "well" (reproducible results, stable 
solutions) in surface tension determinations in 
the standard assay mixture including the 1.63% 
ethanol at 24 C. Although ethanol could cause 
some problems in these measurements, the solu- 
tions were treated identically throughout, only 
relative behavior is being addressed, and it was 
most important that all studies be under assay 
conditions. Representative data for surface 
tension (3') as a function of the logarithm of 
concentration for linoleate (9,12-18:2), 9-18:1, 
SC12S, and 12:0 alone are shown in Figure 1. 
Other acids, including 10:0, 9(t)-18:1, 9(t), 
12(t)-18:2, 9-16:1, and 9,12(OH)-18:1 as well 
as SCIoS also give good plots�9 Stearic acid 
(18:0), however, is too insoluble. 
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FIG. 1. Surface tension of individual fatty acids as a function of the logarithm of their concentrations in 
assay solution as described in the text (0.1 M pH 10 borate, 1.63% ethanol). 
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FIG. 2. Surface tension of solutions at constant 10 ~M linoleate as oleate, SC~2S, and laurate are varied 
(0.1 M borate, pH 10, 1.63% ethanol).  
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FIG. 3. As for Figure 2, but with 50/~M constant linoleate. 
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FIG. 4. Conditions as in other figures, but with 
varying SC12 S at constant 5/~M or 20 ~M linoleate. 

When binary mixtures including fixed levels 
of linoleate (lipoxygenase substrate) together 
with varying concentrations of  the other fat ty  
acids are examined, however, the underlying 
problem appears. Data were obtained over a 
fairly wide range; those at relatively low and 
relatively high linoleate will be presented. 
Figure 2 shows surface tension data for varying 
concentrations of 9-18:1, SC12S, and 12:0 in 
the presence of constant 10 /aM linoleate; 
Figure 3 has the graphs for the same materials 
at 50 /aM linoleate. Data for SC12S is also 
shown at both  lower and intermediate (5 and 
20/aM) linoleate concentrations (Fig. 4). In all 
graphs, the experimental  error (reproducibil i ty,  
spread of values or the stabili ty of the surface 
tension reading) is indicated by  a bar for those 
cases where this value is larger than the point  
shown. For  the determinations with large error 
bars, the values do not stabilize for at least 

20 min. Note that  the CMC of linoleate is ca. 
100 /aM, above all experiments. The time 
dependence was also reported by Lagocki et al. 
(5). 

The common feature of these surface ten- 
sion experiments for both  those fat ty  acids that 
give good inhibit ion kinetics and those that do 
not is that alone all exhibit smooth plots and 
stable readings, but with linoleate present (at all 
substrate concentrations, clearly worse as con- 
centration increases) there is a region below the 
CMC of either component  in which surface 
tension readings are unstable. Near and above 
the CMC, well-defined surface tension values 
are observed. Indeed, those fa t ty  acids that give 
reproducible inhibition kinetics do so only 
because the K i is outside the concentration 
region in which solutions behave poorly. These 
experiments were repeated many times, with 
different ways of mixing and waiting various 
t ime intervals before taking measurements. 

Mixtures of the above materials and linoleate 
with and without  added enzymic product  (ca. 
0.1 /aM) behave in very much the same way. 
Surface tension determinations were also per- 
formed at several constant product  concentra- 
tions vs varying linoleate. The results are that  
the  CMC of linoleate (97 /aM a l o n e ) i s  un- 
affected by 0.1 /aM product,  but  increases 
slightly to 100 /aM at 5 /aM product ,  and to 
150/aM at 50/aM product.  

Another aspect is that  all the CMC values in 
the presence of 10/aM linoleate are higher than 
those for the fa t ty  acid alone, opposite to the 
result expected if effects were additive. For  
several fa t ty  acids (SC12 S data are shown), the 
CMC is irregular as linoleate is regularly in- 
creased. Both this and the low concentration 
instabilities suggest specific interactions be- 
tween the individual fa t ty  acid and linoleate. 
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Lipoxygenase Competitive Inhibitions 

Instabilities of solutions used for inhibition 
studies are also manifest in direct observation 
of solution properties. The unstable concentra- 
tion range for many of these materials turns out 
to be in the region at which one must have 
inhibition data (around the extrapolated Ki ) in  
order to analytically prove competitive be- 
havior and determine accurate binding con- 
stants. For those compounds that can be clearly 
shown to be competitive, the values of K i along 
with CMC are reported in Table 1. NO apparent 
correspondence was found between CMC and 
K i for these fatty acids. 

DISCUSSION 

The physical state of substrate solutions has 
been a long-standing difficulty in determining 
reaction kinetics of many lipid-using enzymes, 
and lipoxygenase is no exception. Attempts to 
circumvent this problem have often led to a 
new set of intricacies. For example, adding 
water-miscible organic solvent in high quantities 
(greater than ca. 3%) or adding detergents 
(Tween and others) may indeed produce homo- 
geneous solutions, but also commonly leads to 
inhibition by competing for a hydrophobic site 
on the enzyme or by affecting its conformation 
(1-3,6,7). 

The research reported here shows that, 
under optimal assay conditions for lipoxy- 
genase, almost all fatty acids investigated be- 
have well alone in solution, but  mixtures with 
linoleate show inhomogeneity at low concen- 
trations. Manifest in significant instability in 
the surface tension readings, the effect dis- 
appears as the fatty acid concentration ap- 
proaches the CMC. For many of the potential 
inhibitors, this occurs in the range of the 
extrapolated Ki; therefore, obtaining good data 
for competitive inhibition is impossible. CMC 
values for the fatty acids studied do not show a 
regular pattern of dependence as a second fatty 
acid (linoleate here) is added. These observa- 
tions indicate specific interactions between 
pairs of these molecules that are dependent on 
chain length and unsaturation. 

The surface-tension plots of the fatty acids 
alone give results that are in reasonable agree- 
ment with literature values of 3', general be- 
havior of the curves, and CMC values (8-10). 

Irreproducible behavior of 3' at certain con- 
centrations could be caused by premicellar 
aggregate formation (1 1,12), although the 
reason that it is specific for mixtures of fatty 
acids is not at all clear. That this behavior is 
not just a surface effect is shown by the corre- 
sponding problems in bulk kinetic studies in 

the lipoxygenase work. We have not altered the 
pH above 10 for enzyme stability reasons, and 
lower pH increases the problem of acid-salt 
associations (8). Apparently the associative or 
insolubility phenomenon that occurs at inter- 
mediate (or low) concentrations of mixtures is 
overcome when enough hydrophobic material is 
in solution. 

The data also suggest some possible quantita- 
tive conclusions. The CMC of solutions with 
varying linoleate at several constant product 
concentrations shows an increase in CMC equal 
to the concentration of product. This suggests a 
heterodimer between linoleate and its 13- 
hydroperoxide that decreases the free linoleate 
by an amount equal to the product concentra- 
tion. The limiting 3' of the 3 materials shown in 
Figure 2 (and for decanoate as well) at low con- 
centration is ca. 59 dyne/cm, whereas the 3' for 
10/2M linoleate is 53 dyne/cm (3' of buffer with 
ethanol alone is 65 dyne/cm). These experi- 
ments were repeated numerous times, and the 
difference is well outside experimental error 
under our conditions of measurement. This is as 
if free linoleate has been removed from solution. 
For 10 #M oleate (Fig. 1), 7 is 44 dyne/cm, 
while in Figure 2, 51 dyne/era (10/aM linoleate) 
represents much less oleate, again, as if free 
oleate has been removed from solution. AU the 
binary mixtures, including that of product with 
linoleate in both our data and those obtained in 
a somewhat different manner by Verhagen 
et al. (8), show an increase in CMC, not the 
decrease expected on the basis of classical 
theory. These observations, together with 
several points made above, strongly support the 
conclusion that heterodimers and higher hetero- 
aggregates (but significantly smaller than 
miceUes) are formed in these mixtures. 

Physical Studies 

Earlier physical studies concerning fatty 
acids in aqueous solution show many of the 
complexities encountered here. Although many 
workers prefer to consider plots of 3' vs log c 
(or other physical property vs appropriate func- 
t ion of concentration) accurate representations 
of monomer-micelle 2-state equilibria, this 
clearly often does not represent physical 
reality. 

Mysels and Florence (13), in a review, con- 
cluded that fatty acids in water are essentially 
always polydisperse, and mixtures lead to much 
more complexity. Profound effects are noted 
for charged materials (which can give precipi- 
tates that then dissolve at higher concentrations 
of detergent), and for trace impurities (which 
can give lower 7 values below the CMC, fol- 
lowed by solubilization in aggregates to give 
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higher values aga in - l ead ing  to minima in the 
plots). 

Careful evaluat ion (13)  of  the 3' data from 
several studies of  sodium dodecyl  sulfate 
(SClz S) showed considerable scatter that  could 
not  bc the result of  surface tension errors 
(easily reproducible  to +0.1 dyne/cm).  Small 
amounts  of impuri ty  of ten  led to minima,  
a l though great care was taken to purify the 
SCIzS. Even the purest material  showed a dy- 
namic surface tension effect  in the concentra-  
t ion range used in the present work;  rapid 
expansion of  the surface resulted in a slow (by 
seconds, minutes  or hours) return to equi- 
l ibrium. 

Earlier, Shedlovsky et al. (I 4) had seen aging 
effects in physical studies of those ma te r i a l s -  
of ten  taking 30 min (but  somet imes  up to 
20 hr) for equi l ibrat ion after  mixing of  lipids. 
Other  early work had similar observat ions 
(10,15). 

Lucassen (16) and Eagland and Franks (17), 
bo th  in the mid-1960's ,  examined  the concen-  
t ra t ion  dependence  of  the pH of fa t ty  acids in 
water. Apparent ly  traces of CO2 cause tur- 
bidi ty at low substrate concentrat ions.  Evi- 
dence  also exists f rom conduc tance  and infra- 
red studies for acid dimers, acid-soap dimers 
and possibly for o ther  aggregates. Again, kinet ic  
factors  are obviously at play (slow approach to 
equilibria). 

Converging opinion f rom these and o ther  
investigations is that  premicellar  aggregates are 
impor tan t  in many  (or most)  systems (11-13, 
18). The sum of these studies makes our results 
qui te  credible. The problem is that  this be- 
havior has usually either not  been recognized or 
been ignored by lipid enzymologists .  

Enzyme Studies 

Fairly recent  studies have addressed the state 
of  the substrate in l ipoxygenase assays. Bild 
et al. (19)  show that  at high concent ra t ion  
(0.1 M), the apparent  t i t r imetr ic  pK a o f  l inoleic 
acid is ca. 7.9. A shorter  chain acid shows a 
normal  pK a of  ca. 4.9, and a l though the origi- 
nal workers  do not  draw any general conclusion 
or examine  a variety of  examples,  that  this is a 
micelle effect  seems likely (the effect  is cer- 
ta inly in the  expected  direct ion,  carboxyl ic  acid 
ionizat ion should be retarded in more hydro-  
phobic or  anionic surroundings).  Linoleyl  sul- 
fate showed a not  dissimilar effect .  

Second, Verhagen et al. (8) studied the  be- 
havior  o f  l inoleate  and 13-hydroperoxy-9,11 (t)- 
oc tadecadienoate  ( the l ipoxygenase p roduc t )  in 
assay-type media. At pH 10, the CMC for 
l inoleate was 0.167 mM, whereas at pH 8 and 9 
the  CMC was lower (<0.1 mM) and the log c vs 

7 curve indicates a good deal of  acid-anion 
dimer format ion.  A state diagram was con- 
s t ructed for l inoleate  and product  mixtures  in 
terms of  monomers ,  micelles, and mixed  acid- 
anion dimers. The quant i ta t ive  and qual i ta t ive 
results in our  s tudy agree with the Verhagen 
work (8) in terms of  3, values and the locat ion 
o f  the dimer-forming region. They  did not  add 
o ther  fa t ty  acids. 

Finally,  Gatt  and Bartfai (20) have examined 
formal  kinetic models for enzyme  reactions of  
micel le-forming substrates. The approach was 
based on a 2-state mode l  ( m o n o m e r  or micelle),  
wi th  different  Vma x and K m for each, that  
should be considered for any lipid-using en- 
zyme system. However ,  the irregularities re- 
por ted  here fall outs ide the Gatt  t rea tment .  
Whereas l ipoxygenase kinetic behavior resem- 
bles that  predicted for certain of  these formal-  
isms, earlier work,  along with recent  results in 
our laboratory (manuscript  in preparat ion),  
shows that the high substrate behavior and 
e n z y m e  concent ra t ion  dependence  do not have 
their  origin in physical substrate problems. 
Before the formal  Gatt  t rea tment  may be 
applied, however,  examining the part icular  
system for physical behavior  is essential to 
ascertain what a nominal  S O is measuring. 
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ABSTRACT 

Triiodothyronine-induced alteration of the lipid pattern in rat-liver mitochondria and microsomes 
has been investigated. In mitochondria, a 25% total cholesterol decrease and a 14% phospholipid 
increase have been detected. In these hyperthyroid rat liver organeUes, a strong decrease in the total 
cholcsterol/phospholipid molar ratio occurs. On the contrary, in microsomes from the same animals, a 
decrease of about 23% has been measured for both total cholesterol and phospholipids; hence, in this 
fraction, the total cholesterol/phospholipid molar ratio is unaffected by hyperthyroidism. The liver 
mitochondrial phospholipid composition, unlike the microsomal composition, is altered significantly 
in hyperthyroid rats; a 7.4% phosphatidylcholine decrease is accompanied by a similar additive per- 
centage increase of both phosphatidylethanolamine and cardiolipin. In regard to total phospholipid 
fatty acid composition in liver microsomes from hyperthyroid rats, no variation has been observed 
compared with the control rats, whereas in mitochondria from the same animals, a meaningful linoleic 
acid decrease with a similar axachidonic acid increase has been found. In addition to fatty acid ahera- 
tion, the separated mitochondrial phospholipid classes also exhibit some increase in stearic acid. 
Among phospholipids, cardiolipin changes the most of the esterified fatty acids in hyperthyroid rat 
liver. In this compound, a strong increase in the percentage of both palmitic and stearic acid and a 
32.4% decrease of linoleic acid have been found. 
Lipids 19:171-178, 1984. 

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

Choles terol  and phosphol ipids  are impor tan t  
const i tuents  of  biological membranes  and a 
choles tero l /phosphol ip id  ratio peculiar to parti- 
cular membranes  can be de tec ted  (1). Besides 
membrane  f luidi ty,  membrane  lipid composi-  
t ion also influences the associated enzyme 
arctivity (2). Among  the parameters shown to 
affect  b iomembrane  dependence  are choles terol /  
phosphol ipid  molar  ratio (3), phosphol ipid  
compos i t ion  (4), degree of  fa t ty  acyl unsatura- 
t ion (2) and l ip id/prote in  ratio (5). 

Several studies have indicated that enzymes  
inf luenced by thyroid  hormones  are generally 
those associated with membranes  (6-9). In 
addi t ion to their  effects  on intraccllular mecha-  
nism, these hormones  have been found to 
influence mainly membrane  f luidi ty;  hence,  all 
o ther  metabol ic  effects  seem to be secondary to 
this act ion (10,1 1). 

The purpose of  the present work was to con- 
t rol  the al terat ion induced by hyper thyro id i sm 
on the lipid pat tern in rat-liver mi tochondr ia  
and microsomes.  This would give fur ther  sup- 
port to the reasons for t r i iodothyronine- induced  
al terat ion of  several enzyme  activities, e.g., 
those related to substrate oxida t ion  (12), 

lCorrespondance should be addressed to: Centro 
di Studio sui Mitocondri, e Metabolismo Energetico, 
c/o Universit~ di Bari, Via G. Amendola 165/A, 
70126 Bari, Italy. 

e lec t ron transport  chain (13), swelling (3) 
and o ther  metabol ic  processes (7,8). 

The data obta ined indicate that  in liver 
mi tochondr ia  f rom hyper thyro id  rats, the  
decrease of  cholesterol  content ,  accompanied  
by a small increase of  phospholipids,  leads to a 
reduct ion  in the total  choles tero l /phosphol ip id  
molar  ratio.  In these particles, a meaningful  
al terat ion of  phospholipid composi t ion  and an 
increase of  arachidonic acid in phosphat idyl-  
choline and phosphat idy le thanolamine  as a 
consequence  of  the hyper thyro id  state has 
also been not iced.  In particular,  the cardiolipin 
fa t ty  acid pat tern shows the greatest al terat ion.  
In microsomes f rom hyper thyro id  rats, however ,  
a similar decrease of  both cholesterol  and 
phosphol ipids  occurs whereas the pat tern o f  the 
latter compounds  and their esterified fa t ty  
acids is slightly affected.  

EXPERIMENTAL PROCEDURE 

Animals 

Throughout  these studies 30-day-old male 
Wistar rats fed ad l ibi tum with  a standard diet 
were used. Animals were made h~per thyroid  as 
previously described (14). 3,3 ,5-L-Tri iodo-  
thyronine  (30 tzg/100 g body  wt),  dissolved in 
0.9% NaCl-propyleneglycol  (40 :60 ,  v/v), was 
injected intraper i toneal ly  by a single daily in- 
j ec t ion  for 5 consecutive days. Contro l  animals 
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received only the solvent, for the same period, 
in the same way. The drug dose and rat treat- 
ment duration were chosen to obtain a varia- 
t ion of the haematic t r i iodothyronine level 
without w changing the body weight 
of  the animals (15). During the t reatment  
period,  the body  weight increase of  Ta-treated 
animals was essentially the same as that  of  the 
control  rats (3.0-3.2 g/day/rat)  (16). The daily 
food intake was the same for each treated or 
untreated animal (12). A significant variation in 
the whole liver phospholipid content of hyper-  
thyroid rats was observed. After 5 consecutive 
days of  T 3 administration,  the whole liver phos- 
pholipid phosphorus content in these animals 
increased by 27% (from 26.8 #mol  phospho- 
lipid Pi/g tissue in euthyroid to 34.1 /amol 
phospholipid Pi/g tissue in hyper thyroid rats). 
This was probably caused by stimulated phos- 
pholipid synthesis (17). Animals were killed 24 
hr after final administration. Liver subcellular 
fractions were obtained as previously described 
(12). Mitochondria and microsomes were sus- 
pended in 0.25 M sucrose and protein was 
determined by the Lowry method (18). 

High Pressure Liquid Chromatography (HPLC) 
Analysis of Cholesterol, Phospholipids and Fatty Acids 

Cholesterol, phospholipids and fat ty  acids 
were analyzed by HPLC, using a Beckman 344 
gradient liquid chromatograph equipped with a 
Perkin-Elmer LC-55B spectrophotometr ic  de- 
tector.  

To determine cholesterol, the chromatog- 
raphic column was Altex ultrasphere-ODS, 
reverse phase (4.6 x 250 mm) from Beckman 
Instruments, Palo Alto, CA. First,  mitochondria 
or microsomes (10 mg protein) were saponified 
with alcoholic KOH for 60 rain at 45 C and 
extracted with hexane, then the extract  was 
evaporated and the residue dissolved in 2-pro- 
panol, an aliquot of which was injected into the 
column. The mobile phase was 2-propanol/  
acetonitrile (50:50, v/v) at a flow rate of 1 
ml/min (19). 

Total lipids were extracted from mitochon- 
dria or microsomes (30-40 mg protein) with 
chloroform/methanol  (1:1, by vol) by the Bligh 
and Dyer procedure (20). A port ion of this 
extract was digested at 180 C with perchloric 
acid, then the phospholipid phosphorus content 
was determined by the Nakamura method (21). 
Phospholipids were separated by an Altex 
ultrasil-Si column (4.6 • 250 mm) from Beck- 
man Instruments. The chromatographic system 
was programmed for gradient elution using 
mobile phases: solvent A, hexane-2-propanol 
(6:8, v/v) and solvent B, hexane-2-propanol- 
water (6:8:1.4,  v/v/v). The percentage of sol- 

vent B in solvent A was increased in 15 min 
from 0% to 100%. Flow rate was 2 ml/min and 
detect ion at 206 nm. Quantitative estimation of 
single phospholipid species was done by com- 
paring the calculated peak areas with those of 
each phospholipid standard solution. 

To analyze fa t ty  acids, total  or single phos- 
pholipids [phosphatidylcholine (PC), phos- 
phatidylethanolamine (PE), phosphatidylinosi-  
tol  (PI) and cardiolipin (DPG)] were collected 
after elution from the ultrasil-Si column and 
saponified with 5% KOH in 50% aqueous 
methanol  for 40 rain at 90 C. After acidifica- 
t ion,  the solution was first extracted with 
chloroform, next taken to dryness and then 
esterified with m-methoxyphenacyl  bromide 
for HPLC analysis (22). For  this analysis, the 
column was an Altex ultrasphere-ODS reverse 
phase (4.6 x 250 mm); the mobile phase was 
tetrahydrofuran/aetoni tr i le /water  (45:25:35,  v/ 
v/v/) at a flow rate of  2 ml/min.  To estimate 
single fat ty  acid concentrat ion,  the calculated 
peak areas were compared with those of  each 
fa t ty  acid standard solution (22). 

RESULTS 

The effect of  tr i iodothyronine-induced hyper- 
thyroidism on rat liver mitochondrial ,  micro- 
somal phospholipid and to ta l  cholesterol con- 
tent  is shown in Table 1. From this table, total  
cholesterol can be seen to decrease by 25% and, 
inversely, phospholipids increase by ca. 14% in 
mitochondria.  Consequently,  the inverse rela- 
t ionship between the change in total  cholesterol 
and phospholipid content  observed in these 
organelles causes a 40% decrease in the total  
cholesterol/phospholipid molar ratio. This table 
also shows that  in microsomes, from the same 
rats, both  total  cholesterol and phospholipids 
decrease in the same amount ,  23%. Hence, in 
this subecllular fraction, the total  cholesterol/ 
phospholipid molar ratio remains unaffected by 
hyperthyroidism. 

Phospholipid composit ion of liver mitochon- 
dria is significantly different in eu- and hyper-  
thyroid rats, especially the amount  of phos- 
phatidylcholine,  phosphatidylethanolamine and 
cardiolipin. While the first compound decrease 
by 7.4%, the other 2 increase by  4.2 and 4.6%, 
as shown in Table 2. On the contrary,  no ap- 
preciable variation in microsomal phospholipid 
composit ion of both  types of animals occurs 
except for phosphatidylethanolamine,  which 
increases slightly (3.8%) in hyper thyroid  rats. 

A typical  mitochondrial  (A) or microsomal 
(B) phospholipid separation carried out  by our 
modified HPLC method is reported in Figure 1. 
The order of elution in this system is NL (as a 
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TABLE 1 

Effect of Triiodothyronine Administration on Total Cholesterol and 
Phospholipid Content in Rat Liver Mitochondria and MicrosomeS 

Mitochondria a Microsomes a 

Euthyroid Hyperthyroid Euthyroid Hyperthyroid 

Total cholesterol 16 • 2 12 + 2 h 73 • 9 56 • 6 b 
Phospholipids 166 • 10 189 • 12 b 650 • 50 500 • 60 c 
Ratio cholesterol/ 
phospholipid O.l • O.0I 0.06 + 0.008 c 0.11 + 0.009 0.11 +- 0.01 

aEach value represents the mean obtained for 7 experiments with 8 rats each • SE. Values are 
expressed as nmol/mg protein. 

bp < 0.01 vs euthyroid. 
Cp < 0.001 vs euthyroid. 

TABLE 2 

Phospholipid Composition in Rat Liver Mitochondria and 
Microsomes as Determined by HPLC 

Distribution (mol %)a 

Mitochondria Mierosomes 

Phospholipid Euthyroid Hyperthyroid Euthyroid Hyperthyroid 

PC 49.1 • 41 .7•  b 65 .$•  62.7• 1.9 
PE 27.3• 1.6 31.5• 1.5 b 19 .0•  22.8• 1.2 b 
DPG 13.4•  18.0• 1.3 c 1 .8•  2 . 0 •  
PS 1 .0•  0 .8 •  3 .0•  2 .4 •  
PI 6.8• 1.4 6 .0 •  8 .7•  8 .6 •  
SPH 2 .4•  2 .0 •  2 .0 •  1 .5•  

aEach value represents the mean obtained for 7 experiments with 8 rats each • SE. 
bp < 0.01 vs euthyroid. 
Cp < 0.001 vs euthyroid. 

single peak) ,  DPG,  PE, PI, PS, PC and  SPH. The  
grad ien t  seapra t ion  we used has  been  f o u n d  to  
be successful  in separa t ing  6 phos pho l i p i d  
c o m p o n e n t s .  

Several s tudies  have p roven  t ha t  t hy r o i d  
h o r m o n e s  can m o d u l a t e  m e m b r a n e  f lu id i ty  b y  
changing the  f a t t y  acids of the i r  lipid com-  
p o n e n t s  (23-25) .  This aspect  has  been  f u r t h e r  
inves t iga ted  in ou r  l a b o r a t o r y  anti ,  in "Fable 3, 
liver m i t o c h o n d r i a l  c o m p o s i t i o n  of  to t a l  and  
single phospho l ip id  f a t ty  acids f rom eu- and  
h y p e r t h y r o i d  ra ts  is r epor t ed .  The  m i t o c h o n -  
drial  f a t ty  acid pa t t e r n  in to t a l  and  single 
phospho l ip id s  changes  s ignif icant ly  in hyper -  
t hy ro id  rats  compared  wi th  con t ro l  rats.  An 
i m p o r t a n t  c o m m o n  var ia t ion  regards the  18:2  
c o n t e n t ,  wh ich  decreases  s ignif icant ly  in favor  
of  20 :4 ,  whose  a m o u n t  increases  by  a lmost  the  
same percentage .  ] 'he  analysis  of  indiv idual  
phospho l ip id s  shows t ha t  in each c o m p o u n d ,  
even the  pe rcen tage  of  18:0  is s igni f icant ly  
h igher  in h y p e r t h y r o i d  rats.  In par t icu la r ,  
card io l ip in  f a t ty  acids show a r e m a r k a b l e  
a l t e r a t i on ;  here  pa lmi t ic  and stearic  acids 
increase by  21 .5% and 9.2%, respect ively ,  

whereas  l inoleic  acid decreases  b y  32.4%. The  
last 2 l ines of  th is  tab le  show tha t  in fiver 
m i t o c h o n d r i a  f rom h y p e r t h y r o i d  rats ,  t he  
u n s a t u r a t i o n  index  decreases  s igni f icant ly  o n l y  
in p h o s p h a t i d y l i n o s i t o l  and  card io l ip in ,  whereas  
the  desa tu ra t i ng  ac t iv i ty ,  measured  as the  ra t io  
of  the  u n s a t u r a t e d  f a t t y  acids,  2 0 : 4 / 1 8 : 2 ,  is 
well  above  the  con t ro l  value in all t he  p h o s p h o -  
l ipid species. Microsome phospho l i p id  f a t t y  
acids unde rgo  no  s ignif icant  change  in hype r -  
t hy ro id  rats ,  as s h o w n  in Table  4.  The  desa tura-  
t ion  i ndex  and  2 0 : 4 / 1 8 : 2  ra t io  are a lmos t  the  
same as those  of  the  con t ro l  rats.  

DISCUSSION 

Several s tudies  have s h o w n  tha t  m a n y  
membrane -as soc ia t ed  enzymes ,  e.g., succ ina te  
dehyd rogenase ,  c y t o c h r o m e  c oxidase  (6) ,  
aden ine  nuc leo t ide  t rans locase  (7) ,  (Na+-K+) - 
ATPase (8)  and  those  respons ib le  for  p ro t e in  
synthes i s  (9) ,  are influenced by t hy ro id  hor-  
mones .  Perviously ,  we have r epo r t ed  t h a t  
m i t o c h o n d r i a  f rom h y p e r t h y r o i d  ra ts  exh ib i t  a 
n o t i c e a b l e  increase in oxygen  c o n s u m p t i o n  
w h e n  succ ina te ,  NADH,  pa lmi t a t e  or  ma la te  are 
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used as substrates (12). 
Recently, Hulbert (11) has suggested that 

thyroid hormones act by altering the extent of 
membrane fatty acid unsaturation, hence mem- 
brane fluidity. Therefore, changes in membrane 
fluidity could be the manner in which the activ- 
ities of many membrane-associated enzymes 
are altered by thyroid hormones (24-27). 

The most frequent abn0rmahties reported in 
mitochondria from hypothyroid rats concern 
linoleic and arachidonic acid content alteration 
(23). In line with these findings, our results 
indicate that, in rat liver mitochondrial phos- 
pholipids from hyperthyroid rats, a decrease of 
18:2 and an increase of 20:4 (Table 3) occurs. 
In addition, Table 3 shows that fatty acid 
composition of individual mitochondrial phos- 
phohpids can be altered in different ways by 
hyperthyroidism. Besides a linoleic acid decrease 
and a parallel arachidonic acid increase, a com- 
mon characteristic of these compound is the 
higher percentage of stearic acid. The increase is 
probably caused by stimulated fatty acid chain 
elongation synthesis in this condition (12). 
Among phosphohpids, cardiolipin exhibits a 
singular behavior. In this~compound, a strong 
decrease in linoleic acid is accompanied by a 
palmitic and stearic acid increase in hyper- 
thyroid rats. In these animals, this aspect could 
be caused by either a lower availability of hno- 
leic acid owing to its s t imulated conversion to 
arachidonic acid or to an higher oxidation (12, 
28,29) with consequent substitution with 
palmitic and stearic acids. These acids are more 
available as their hepatic synthesis is almost 
doubled in hyperthyroid rats (12). 

Since synthesis of unsaturated fatty acids 
occurs mainly in the microsomal fraction (30), 
we have analyzed the phospholipid fatty acid 
composition of these membranes from eu- and 
hyperthyroid rats. The data reported in Table 4 
indicate that the fatty acid pattern of individual 
microsomal phospholipids is almost unaffected 
by hyperthyroidism. This data disagrees with 
the findings of Faas and Carter (25), thus con- 
firming the possible existence of a polyun- 
saturated fatty acid pool accessible only to 
mitochondrial membranes, probably through 
the acylation-deacylation process whose metab- 
olism is subjected to thyroid hormone regula- 
t ion (31). Hoch et al. (26) and, more recently 
Faas and Carter (32) have reported a comple- 
tely different situation in both fiver mitochon- 
dria and microsomes of hypothyroid rats. In 
these subcellular compartments, a similar 20:4 
decrease in favor of 18:2 was found. Moreover, 
these authors pointed out that hypothyroidism 
does not  affect the acyl residues of cardiofipin 
at all. 

The degree of fatty acyl unsaturation is not  
the only determinant of membrane fluidity. 
Cholesterol plays a key role because it appears 
to maintain the bilayer matrix in an intermediate 
fluid state by regulating the mobility of phos- 
pholipid fatty acyl chains (33). An increase in 
the amount  of cholesterol in relation to phos- 
pholipid has been shown to decrease fluidity in 
both biological and artificial membranes (3,34). 
Hence, the strong decrease in total cholesterol/ 
phospholipid molar ratio found in mitochon- 
dria from hyperthyroid rats (Table 1) could 
represent another important factor in the 
alteration of their membrane fluidity in this 
state (35). 

The total cholesterol decrease found in the 
mitochondria and microsomes of hyperthyroid 
rats (Table 1) is probably caused by a high 
cholesterol turnover in these animals. A number 
of factors, e.g., the increased synthesis and 
oxidation of this compound in liver (15) and 
reduced gastrointestinal absorption, in associa- 
tion with increased excretion via the intestine 
(36), could contribute to this pecuharity. 
Recently, we reported that in hyperthyroid rats 
a major cholesterol transfer occurs from plasma 
to erythrocytes, suggesting that an additional 
factor, which is responsible for the plasma 
cholesterol decrease in these animals, can be 
caused by this phenomenon (37). 

The synthesis of fatty acids (12,15,38) and 
phospfiolipids (17) in different rat tissues is 
stimulated by hyperthyroidism. Following this, 
in addition to that of plasma and red cell mem- 
branes already reported (37), an increase of 
hver phospholipid content has now been found 
in the present investigation. 

Finally, the decrease in microsornal phos- 
pholipid content and the increase in mitochon- 
drial pfiospfiohpids reported in Table 1 suggest 
that, in addition to other effects, through dif- 
ferent phosphohpid exchange proteins, thyroid 
hormones in hver could stimulate a net phos- 
pholipid transfer from microsomes to mito- 
chondria. 
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ABSTRACT 

Total gangliosides, their concentrations and the distribution of individual ganglioside species were 
determined in the spinal cord, ports-medulla, midbrain, cerebellum, hypothalamus, cerebral cortex, 
olfactory lobes and the rest of the forebrain, of 18- and 33-day-old normal and food-restricted and 
rehabilitated rats. The activity of neuraminidase in the different regions of the brain and spinal cord 
was determined. Differences in total gangliosides as well as individual species in different regions of the 
brain were observed. Among brain regions, while total ganglioside content was significantly reduced in 
the case of the cerebellum, the hypothalamus was the most affected in the distribution of ganglioside 
species and the activity of neuraminidase was decreased. The significance of the distribution of gangli- 
oside species in different brain regions in relation to the activity of neuraminidase is discussed. 
Lipids 19:179-186, 1984. 

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

The vulnerabil i ty of  the developing brain to 
nutr i t ional  stress is fairly well documented  
(1-3). Alterat ions in brain lipids, especially 
those related to myelin,  have received greater 
a t ten t ion  (4,5). However,  in format ion  on the 
developmenta l  profile of gangliosides under 
nutr i t ional  deprivat ion is scanty (6,7). The 
impor tance  of gangliosides as neural compo-  
nents affect ing cerebral act ivi ty was recognized 
in earlier studies by Mcllwain (8,9). Some gan- 
gliosides have been implicated in the transport  
of  biogenic amines (10). Studies carried out  so 
far on the dis t r ibut ion of  gangliosides are usu- 
ally confined to whole brain (7,11). Because 
some regions of the brain alter in matur i ty  in 
response to early undernut r i t ion  (12), the 
de terminat ion  of  the ganglioside profile of  dif- 
ferent  regions of  the brain and spinal cord was 
thought  worthwhile .  In addit ion,  the relative 
act ivi ty of  neuraminidase,  which might  influ- 
ence their distr ibution,  was also determined in 
these tissues. 

The present investigation, therefore,  pro- 
poses to determine  the total  and individual 
ganglioside species in the pons-medulla,  mid- 
brain, cerebel lum, hypotha lamus ,  o l fac tory  
lobes, cerebral cor tex  and the rest of  the fore- 
brain and in the spinal cord of  normal  and 
food-restr icted and rehabil i tated rats. The possi- 
ble role of neuraminidase in affect ing the con- 
centrat ion of  individual ganglioside species is 
discussed. 

*To whom correspondence should be addressed. 

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

Chemicals 

All c o m m o n  chemicals  used were of  the 
highest purity available and preferably of  
analytical  grade. Resorcinol,  N-acetyl-neura- 
minic acid (NANA),  colominic  acid (sodium 
salt), 2-thiobarbituric  acid and bovine serum 
albumin (BSA) were products  of  Sigma Chemi- 
cal Co., St. Louis, MO. The ganglioside mixture  
from bovine brains, used as the standard on 
TLC plates, was also obtained from Sigma 
Chemical  Co. 

Experimental Design 

Rats of  the CFY/NIN strain were used as 
exper imenta l  animals. The pups were under- 
nourished during the suckling period by re- 
stricting their feeding time. The method  fol- 
lowed was that of  Eayrs and Horn (13), modi-  
fied by Culley and Mertz (14). 

Half the pups from a normal-sized lit ter 
(10-12 pups in a li t ter) were kept away from 
the mother  for 12 hr /day.  The o ther  half were 
left with the mothe r  for 24 hr /day  to serve as 
the control  group. Undernut r i t ion  of  this kind 
was cont inued from the 6th to the 17th day 
after  birth.  All pups were sacrificed on day 1 8. 

For  some exper iments ,  pups were rehabili- 
tated after  12 days of  undernour ishment  by 
leaving them for 24 hr /day with the mother  
from the 18th day of  age and subsequent ly  
weaning on the same diet. 

Rats were sacrificed by decapi ta t ion.  Intact 
whole brains were quickly taken out  and chilled 
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on a petri  dish over  ice. The vertebral  co lumns  
of  the rats were opened and the whole  spinal 
cord was also taken out.  The dif ferent  regions 
of  the brain were dissected ou t  fol lowing the 
me thod  of  McGeer et al. (I 5). For  each region, 
tissues f rom 2-3 animals were pooled.  

Determination of Gangliosidas 

The procedure  fo l lowed for the determina-  
t ion o f  gangliosides was essentially that  de- 
scribed by Harth et al. (16). Ganglioside NANA 
was est imated by the resorc inohHCl  reagent  of  
Svennerholm (17 )a s  modif ied  by Miet t inen and 
Luukkainen (18). A small volume of concen-  
t rated ganglioside extract  conta ining ca. 10/zg 
N A N A  was spot ted for separat ion o f  the gangli- 
oside fract ions by using thin layer chromatog-  
raphy. Silica Gel G coated plates of  250 m/a 
thickness were used. These were developed 
successively in 3 different  solvent systems in 
different  chambers  that  were previously satu- 
rated with the solvent mixtures  as follows: 
(a) c h l o r o f o r m - p l a t e  was run to the top,  which 
took  2 hr; (b) c h l o r o f o r m / m e t h a n o l / w a t e r  
( 70 :30 :4  v/v)--plate  was run to 4/5 of  the height 
and (c) ch lo ro fo rm/me thano l /2 .5  N ammonia  
(60 :35 :8 ,  v / v / v ) - p l a t e s  were run to 2/3 o f  the 
height. 

Ganglioside fractions (purplish-blue spots) 
were de tec ted  by spraying with  resorcinol-HC1 
reagent (17) while phospholipids and o ther  
lipids appeared as brownish-yel low bands on 
the upper  region of the  plate.  

The bands, af ter  marking, were scraped f rom 
the plate and the gangi ioside-NANA componen t  
was est imated using Svennerholm's  resorcinol- 
HCI reagent (17) fol lowing the me thod  of  
Suzuki (19). 

Assay of Neuraminidase 

A 10% aqueous  homogena te  o f  the different  
brain regions, obta ined  as described earlier, was 
prepared. The enzyme  was assayed according to 
Uchida et al. (20) using Aminof f ' s  (21) thiobar- 
bituric acid reagent  for est imating free NANA. 
Substrate and enzyme  blanks were included in 
the assay. Protein was es t imated af ter  precipita- 
t ion with  t r ichloroacet ic  acid by the me thod  of  
Lowry et al. (22). 

RESULTS 

Undernut r i t ion  imposed postnatal ly,  by cut- 
ring down the feeding t ime to 12 hr a day, 
brought  about  a significant decrease both in 
body weight and brain weight  of  18-day-old 
pups (Table 1). Al though all the brain regions 
and the spinal cord, except  pons-medulla,  show 
a significant decrease in their  mass, most  af- 
fected were the cerebel lum and spinal cord 
(unpublished data). 

Total Gangliosides in Different Regions 
of Brain and Spinal Cord 

The convent ional  procedure  described by 
Suzuki (19) for extract ing gangliosides was not  
feasible, because of the large number  of  samples 
and small tissue size. However ,  the me thod  of  
est imating gangliosides described by Harth et al. 
(16), when adopted  for whole brain as well as 
for different  regions, gave values identical  with 
those obtained by using Suzuki 's  ( 1 9 ) p r o c e -  
dure. The data presented for  total  gangliosides 
were obta ined by fol lowing the procedure  of  
Harth et al. (16). 

Tota l  ganglioside concen t ra t ion  on a wet  
weight  basis was lower  in the  spinal cord than 

TABLE 1 

Effect of Undernutrition and Subsequent Rehabilitation on Body Weight, 
Brain Weight and Ganglioside Content of Spinal Cord and Brain of Rat 

Age Animals Body weight 
(days) (g) 

Brain weight Total ganglioside NANA Ozg/g wet weight 
(mg) Spinal cord Whole brain 

18 Control 34.0 -+ 2.9 910.0 + 45.0 383.8 -+ 38.4 (8) 675.9 -+ 46.2 (8) 
Undernourished 16.1 -+ 1.0 a 710.8 • 41.1 a 430.2 +- 46.4 a (8) 665.3 • 64.8 (8) 

(for 12 days) 

33 Control 74.3 • 2.7 962.1 • 40.7 442.6 • 25.0 (4) 714.2 -+ 57.5 (4) 
Undernourished 41.3 -+ 3.4 a 894.1 • 59.3 b 441.4 • 17.4 (4) 768.3 -+ 62.6 (4) 

The number of observations is given in parentheses. Values are mean -+SD. Level of significance was calcu- 
lated by Students' t test. 

ap < 0,001. 
bp < 0.05. 
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in the whole brain�9 Undernutrition increased 
slightly in concentrations of total gangliosides 
in the case of  the spinal cord (Table 1 ). 

Regarding different regions of the brain, the 
cerebellum and ports-medulla show a relatively 
lower content of total gangliosides (less than 
500 /.tg/g wet wt). Total gangiioside concentra- 
tion did not seem to affect the regions of the 
brain as a result of  undernutrition, although a 
slight decrease in the case of the midbrain and 
the cerebral cortex and an increase in the 
hypothalamus could be visualized in the under- 
nourished rats (Table 2). Rehabilitation of  
undernourished rats for 15 days reversed these 
changes in ganglioside concentration (Table 2). 

Although ganglioside concentration, if calcu- 
lated as pg NANA/g  wet wt, did not seem to 
change much from undernutrition, the total 
ganghoside content of  the different CNS 
regions differed as shown in Figure 1. At 18 
days of age, the total ganglioside content of the 
spinal cord and whole brain was found to be 
significantly lower. Among the brain regions, 
the cerebellum, cerebral cortex, olfactory lobes 
and residual forebrain showed a significant 
decrease. However, after rehabilitation, at 33 
days of age, the total ganglioside content of the 
whole brain and the spinal cord returns to 
normal, although the cerebellum and residual 
forebrain still show a lower level (Fig. 1 ). 

Distribution of Gangliosifle Species in Different 
Brain Regions and Spinal Cord 

The distribution of molecular species of  
gangliosides in different regions of the brain 
and spinal cord are given in Tables 3 and 4. The 
values shown in the table are the percentage of 
distribution of  the total NANA among individ- 
ual species of gangliosides. 

Five major bands of ganglioside species were 
detected from the rat brains. The ganglioside 
profile for different regions was determined in 
18-day-old controls and undernourished and 
rehabilitated groups of  rats 33 days old. 

The spinal cord of normal rats showed a 
greater proportion of GD~a at 18 days, but 
GT~ predominated at 33 days. GQt, which was 
barely detectable at 18 days, became evident at 
33 days (Tables 3 and 4). 

The spinal cords from undernourished rats 
showed a relative increase in GT1; GDI a and 
GM~ showed a slight decrease in value. How- 
ever, rehabilitation narrowed these differences 
in 15 days (Table 3). 

At 18 days, GT~ predominated in the pons- 
medulla, midbrain, cerebellum and hypothala- 
mus of control rats, whereas GDla predomi- 
nated in the cerebral cortex and the rest of  the 
forebrain. In undernourished rats, GD~a was 
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AGE: 18 DAYS(A) 
I-I  CONTROL 

soc ~ [~ UNDERNOURISHED 

! 2 3 4 5 6 
CNS REGIONS 

7 8 9 

8 ~  
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I'  
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AGE = 33 DAYS (B) 
I"1 CONTROL 

I~1 UNDERNOURISHED 

2 3 4 5 6 7 
CNS REGIONS 
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9 

FIG. 1. Ganglioside content of whole brain, brain 
regions and spinal cord of normal, undernourished and 
rehabilitated rats. Rats were undernourished for 12 
days (6th-17th day, postnatal age), A, and rehabili- 
tated for 15 days (18th-32nd day, postnatal age), B. 
Ganglioside content is calculated in terms of pgof  
NANA obtained from whole tissue lipid extract. Num- 
ber of observations for each value is 8 in A and 4 in B. 
Vertical lines show standard deviation. 

1-whole brain, 2-pons-medulla, 3-midbrain, 4 -  
cerebellum, 5-hypothalamus, 6-residual forebrain, 
7-cerebral cortex, 8-olfactory lobes, and 9-spinal 
cord. *P < 0.02, **P < 0.01, ***P < 0.001. 

higher in all the above regions and was lower in 
the hypothalamus at 18 days. A significantly 
higher proportion of GQ1 was found in the 
hypothalamus. Of course, GQ1 was hardly 
detectable in the different regions of the con- 
trol rats (Table 3). Rehabilitation brought 
about a reversal in the response elicited as a 
result of undernutrition (Table 4). 

Activity of Neuraminiflase in Different Brain 
Regions and Spinal Cord 

Colominic acid was used as substrate to 
assess neuraminidase activity. This was a 

perfect ganghoside mixture, in view of its ready 
solubility and as only one NANA residue is 
found that ensures suitable comparison. The 
relative activity of neuraminidase in the spinal 
cord and brain regions of control and under- 
nourished rats are depicted in Table 5. 

Significantly lower activity of the enzyme 
was evident in the case of the spinal cord at 
18 days, which could not be restored by 
rehabilitation. The low activity may explain 
the higher level of  GT1 in the spinal cord of 
undernourished rats at 18 days. 

Undernutrition did not significantly alter the 
activity of  neuraminidase in the pons-medulla, 
cerebellum, cerebral cortex, olfactory lobes and 
rest of the forebrain, although a generalized 
lowering effect was evident from these regions 
of the brain. 

A significant reduction in neuraminidase 
activity was evident in the hypothalamus, 
where a significantly high level of GQ1, with a 
concomitant reduction in GDIa, could be seen 
as a result of undernutrition. Undernutrition 
brought about a similar reduction in neura- 
minidase activity in the case of the midbrain, 
which coincides with increased levels of GT1 
and GQ I in this region. 

DISCUSSION 

Our results show that the total ganglioside 
content in the whole brain of control animals is 
not different from that of undernourished 
animals. These results agree with the observa- 
tions made by Yusuf and Dickerson (23). How- 
ever, other workers (24) showed a 14% reduc- 
tion at 21 days of age. 

Major alterations of total ganglioside content 
in the whole brain, spinal cord and cerebellum 
were caused by undernutrition. These differ- 
ences persisted after rehabilitation, particularly 
in the case of the cerebellum. These observa- 
tions indicate a reduced accretion of ganglio- 
sides in the feed-restricted pups. 

The distribution of gangliosides in different 
brain regions of  33-day-old rats almost parallels 
the distribution of the aminergic pathways 
(25). Thus, the hypothalamus, through which 
most of the aminergic nerve bundles pass, 
showed a higher accretion of ganglioside 
NANA. The fact that gangliosides are concen- 
trated more in gray matter is bound by the 
observation that brain regions like the cerebral 
cortex and the hypothalamus showed a higher 
concentration of ganglioside NANA than the 
pons-medulla and the midbrain, which are rich 
in white matter, This observation is in line with 
earlier observations of James and Fotherby 
(26). The procedure followed in this study for 
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TABLE 3 

Effect of  Undernutr i t ion on the  Distribution Pattern o f  Ganglioside Species 
in CNS of  18-Day-Old Rats 

Region GQt GTt GDlb  GDI a GM 1 

Spinal cord 
Control (4) - 20.6 +- 5.1 27.7 • 2.1 30.2 + 6.7 21.5 + 7.3 
Undernourished (4) - 27.5 -+ 10.2 28.9 • 6.7 26.8 -+ 0.6 16.8 • 4.0 

Pons-m edulla 
COntrol (7) - 33.3 +- 8.4 21.9 + 4.8 22.7 • 3.4 22.1 -+ 9.7 
Undernourished (7) - 35.1 +- 6.2 22.9 +- 6.9 27.0 • 2.5 b 14.6 • 2.2 

Midbrain 
Control (5) - 36.4-+ 7.8 31.5 • 5.0 20.5 • 6.8 11.6 + 3.7 
Undernourished (5) 9.9 • 0.75 41.3 • 3.5 19.9 • 2.1 a 20.4 -+ 5.4 8.5 +- 2.4 

Cerebellum 
Control (6) 16.2 • 3.3 31.7 • 6.4 24.2 • 3.3 16.3 -+ 4.5 11.5 • 3.6 
Undernourished (6) 17.9 + 1.8 27.6 + 3.0 14.9 • 4.0 c 21.7 • 3.1 17.8-+4.8 

Hypothalamus  
Control (5) 7.4 + 0.5 31.9 • 3.2 22.6 • 3.3 27.0-+ 3.2 11.4 • 3.1 
Undernourished (5) 14.6 + 1.7 d 30.8 -+ 1.1 20.3 -+ 0.9 22;2 • 1.6 a 12.2 • 2.4 

Residual forebrain 
Control (7) -- 35.8 -+ 5.0 19.0 • 7.5 27.5 • 4.1 19.3 • 6.5 
Undernourished (7) - 34.8 • 3.5 18.8 • 6.8 34.1 +- 5.4 a 12.3 + 2.6 b 

Cerebral cortex 
Control (10) 16.3 • 3.3 24.6 • 6.1 23.8-+ 5.3 22.2-+ 7.3 13.1 -+ 3.0 
Undernourished (10) 15.8 + 3.3 27.8-+ 9.9 21.6 +- 6.0 22.7 • 9.1 12.0 • 5.7 

Olfactory lobes 
Control (4) -- 30.1 -+ 2.2 21.2 +- 6.8 36.4 • 7.0 12.4 • 2.8 
Undernourished (4) - 22.2 • 4.9 a 26.1 • 6.7 36.9 • 3.4 14.7 • 2.1 

NANA was est imated in 5 major ganglioside species. Individual values are expressed as a percentage of  the  
total NANA. All values are mean  -+ SD of  the number  of  observations given in parentheses.  A negative sign in a 
co lumn shows the presence o f  a trace amount ,  which is not  measurable.  

ap < 0.05. 
bp  < 0.02. 
cp < 0.01. 
dp < 0.001. 

t h e  e x t r a c t i o n  o f  g a n g l i o s i d e s  was  e s s e n t i a l l y  
t h a t  o f  H a r t h  e t  al. (16) .  T h e  m e t h o d  p r o v e d  t o  
be  m o r e  c o n v e n i e n t  a n d  a v o i d s  l o s se s  f r o m  t h e  
m u l t i p l e  s t e p s  i n v o l v e d  in  t h e  o r ig ina l  F o l c h  
e t  al. ( 2 7 )  a n d  S u z u k i  ( 1 9 )  p r o c e d u r e s ,  e spe -  
c ia l ly  w h e n  a p r o f i l e  o f  g a n g l i o s i d e  s p e c i e s  is to  
be  d e t e r m i n e d  u s i n g  l e s se r  a m o u n t s  o f  t i s sue .  

U n l i k e  b o v i n e  b r a i n ,  w h i c h  s h o w s  G T 1 ,  
GD1 b, G D I a  a n d  GM1 as  m a j o r  g a n g l i o s i d e  
spec i e s ,  r a t  b r a i n  s h o w e d ,  in  a d d i t i o n ,  a f i f t h  
b a n d  t h a t  is c o n f i r m e d  as GQ1 (28) .  GQ1 
b e c o m e s  m o r e  p r o m i n e n t  a t  l a t e r  ages  a n d  is 
f u r t h e r  e n r i c h e d  in p h y l o g e n e t i c a U y  o l d e r  
r e g i o n s  o f  t h e  CNS,  e s p e c i a l l y  t h e  s p i n a l  co rd .  

O b s e r v a t i o n s  m a d e  in  t h i s  s t u d y  s h o w  t h a t  
h i g h e r  g a n g l i o s i d e s ,  l ike  G T I ,  w e r e  m o r e  c o n -  
c e n t r a t e d  in  t h e  c e r e b e l l u m  a n d  p o r t s - m e d u l l a ,  
w h i c h  m a t u r e  ea r l i e r  t h a n  t h e  c e r e b r a l  c o r t e x  
a n d  t h e  r e s t  o f  t h e  f o r e b r a i n ,  in  w h i c h  G D l a  
p r e d o m i n a t e s .  T h i s  r e s u l t  is in  l ine  w i t h  t h e  
o b s e r v a t i o n s  m a d e  b y  M e r a t  a n d  D i c k e r s o n  
(29 ) ,  A n d o  e t  al. ( 2 8 )  a n d  H a r t h  e t  al. (16 ) .  

A l t h o u g h  t h e  t o t a l  g a n g l i o s i d e  c o n c e n t r a t i o n  
o f  d i f f e r e n t  b r a i n  r e g i o n s  is l ea s t  a f f e c t e d  b y  
u n d e r n u t r i t i o n ,  t h e  p a t t e r n  o f  g a n g l i o s i d e  

s p e c i e s  s e e m s  t o  be  i n f l u e n c e d  as a r e s u l t  o f  
n u t r i t i o n a l  s t ress .  T h e s e  e f f e c t s  a re  m o s t l y  o n  
p o l y s i a l o  spec ies .  H i g h e r  levels  o f  GQ1 w e r e  
f o u n d  in  t h e  m i d b r a i n  a n d  t h e  h y p o t h a l a m u s  o f  
u n d e r n o u r i s h e d  r a t s  a t  18 d a y s  o f  age.  In  c o n -  
t r a s t ,  G D l b  was  f o u n d  t o  be  s i g n i f i c a n t l y  l o w e r  
in  t h e  m i d b r a i n  a n d  c e r e b e l l u m .  

T h e s e  a l t e r a t i o n s  in  g a n g l i o s i d e  s p e c i e s  as  a 
r e s u l t  o f  u n d e r n u t r i t i o n  are  s i g n i f i c a n t  f r o m  a 
f u n c t i o n a l  v i e w p o i n t  as  g a n g l i o s i d e s  a re  a s soc i -  
a t e d  w i t h  t h e  m a i n t e n a n c e  o f  c e r e b r a l  a c t i v i t y  
a n d  c a t i o n  t r a n s p o r t  ( 8 , 9 )  a n d  c a n  b i n d  w i t h  
c e r t a i n  b i o g e n i c  a m i n e s  t h a t  m o d u l a t e  b r a i n  
f u n c t i o n .  F o r  i n s t a n c e ,  h i s t a m i n e ,  w h i c h  w a s  
r e c e n t l y  r e c o g n i z e d  as an  i n h i b i t o r y  n e u r o -  

t r a n s m i t t e r ,  b i n d s  w i t h  g a n g l i o s i d e s  a n d  i t s  
b i n d i n g  d e p e n d s  o n  t h e  n u m b e r  o f  sial ic  ac id  
r e s i d u e s  (30) .  E v e n  t h e  b i n d i n g  o f  s e r o t o n i n ,  
t r y p t a m i n e  a n d  o t h e r  d r u g s  a p p e a r s  to  d e p e n d  
o n  t h e  N A N A  r e s i d u e s  a t t a c h e d  to  g a n g l i o s i d e s  
( 3 1 , 3 2 ) .  

A p o s s i b l e  r e l a t i o n s h i p  a p p e a r s  to  ex i s t  
b e t w e e n  t h e  i n c r e a s e  o f  p o l y s i a l o g a n g l i o s i d e s  
a n d  n e u r a m i n i d a s e  a c t i v i t y  in  spec i f i c  r e g i o n s  o f  
t h e  b r a i n  a n d  s p i n a l  c o r d .  O f  p a r t i c u l a r  i m p o r -  
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TABLE 4 

Effect of Undernutrition and Subsequent Rehabilitation on Pattern of  Ganglioside Species in CNS 
of 33-Day-Old Rats (Percent Distribution of Total Ganglioside NANA) 

Region GQ: GT t GDIb GDIa GM l 

Spinal cord 
Control (4) 14.6 • 1.0 29.1 • 5.9 21.9-+ 3.4 20.3 t 1.8 13.3 • 3.7 
Undernourished (4) 14.8 • 2.6 29.4 • 4.0 22.7 ,+ 0.7 18.4 t 3.2 14.7 -+ 3.2 

Pons-meduUa 
Control (4) 10.7 • 1.8 35.2 • 3.1 28.0 • 2.9 18.1 t 4.0 9.7-+ 2.1 
Undernourished (4) 10.5 -+ 2.0 33.8 • 6.6 26.1 -+ 1.6 19.1 t 2.4 10.5 ,+ 2.0 

Midbrain 
Control (4) 15.2 -+ 3.0 28.0 • 6.6 23.3 • 1.7 19.2 • 0.9 14.3 -+ 3.1 
Undernourished (4) 18.3 • 1.9 29,1 -+ 4.0 21.9 -+ 1.4 17.2 • 1.4 13.5 + 2.0 

Cerebellum 
Control (4) 9.9-+ 0.5 38.3 -+ 2.1 19.1 + 2,8 27.1 t 5.8 7.9 ,+ 1.2 
Undernourished (4) 9.8 -+ 1.1 38,8 • 4.2 17.2 ,+ 2.0 24.7 t 3.5 9.4 _+ 2.4 

Hypothalam us 
Control (4) 14.2 • 2.0 25.5 • 8.3 19.6 • 2.6 24.6 • 4.3 11.2 • 1.3 
Undernourished 12.1 • 2.6 29.7 -+ 1.8 20.3 +- 5.2 25.6 t 1.3 12.4 • 1.7 

Residual forebrain 
Control (4) 11.7 -+ 1.4 25.9 • 2.2 19.8 • 0.9 27.0 t 2.6 15.6 -+ 1.1 
Undernourished 12.0 • 1.6 25.1 ,+ 3.5 19.6-+ 1.9 28.5 t 2.8 14.8_+ 1.8 

Cerebral cortex 
Control (4) 11.8 • 1.8 23.2 • 1.9 17.0 -+ 1.7 36.4 t 3.7 14.3 _+ 2.6 
Undernourished 9.0 -+ 0.6 25.3 • 1.7 17.0 -+ 1.9 35.1 t 1.1 13.7 -+ 1.3 

Olfactory lobes 
Control (4) - 29.7 ,+ 2.3 20.2 -+ 2.5 34.9 • 2.6 15.1 • 0.8 
Undernourished (4) - 30.5 • 2.2 20.2 -+ 4.3 32.4 • 6.3 16.9 • 1.1 

Rats were undernourished from 6th to 17th day by restricting their feeding time, then rehabilitated from 
18th to 32nd day. Values are mean ~ SD of the number of observations given in parentheses. A negative sign 
shows species was present but not in measurable quantity. 

t ance  is the  a l t e ra t ion  in e n z y m e  ac t iv i ty  
obse rved  in t he  spinal  cord ,  m i d b r a i n  and 
h y p o t h a l a m u s .  A h igher  c o n t e n t  o f  G Q I  in the  
h y p o t h a l a m u s  and  m i d b r a i n ,  wi th  s ign i f ican t ly  
decreased  ac t iv i ty  o f  n e u r a m i n i d a s e ,  was  evi- 
den t  in u n d e r n o u r i s h e d  rats .  These  o b s e r v a t i o n s  
c o n f i r m  similar  f ind ings  f r o m  e x p e r i m e n t s  on  
the  w h o l e  b ra in  o f  u n d e r n o u r i s h e d  ra ts  by  
Tyzb i r  a n d  Dain (33)  and  Morgan  and  N a i s m i t h  
(34).  

Resea rche r s  have a rgued  tha t  the  use  o f  arti-  
ficial s u b s t r a t e s  fo r  s t u d y i n g  e n z y m e  ac t iv i ty  
p r e sen t s  l im i t a t i ons  in i n t e r p r e t i n g  resu l t s ,  b u t  
we  f o u n d  in t he  p r e s e n t  s t u d y  tha t  c o l o m i n i c  
acid served as a b e t t e r  s u b s t r a t e  fo r  neura -  
min idase  t h a n  gangl ios ide  m i x t u r e s .  Moreover ,  a 
r e cen t  r e p o r t  s h o w s  tha t  the  r e ac t i on  ra te  is 
p r o p o r t i o n a l  to  t h e  a m o u n t  o f  e n z y m e  on ly  in 
t he  p re sence  o f  w a t e r - s o l u b l e  s u b s t r a t e s  and  n o t  
w i t h  l ipophi l ic  gangi ios ide  s u b s t r a t e s  (35) .  

T h e  b i n d i n g  o f  b iogen ic  a m i n e s  to  gangl io-  
sides is due  to  t he  negat ive  charge  o f  N A N A  

res idues .  A fall in t h e  to t a l  gangl ios ide  c o n t e n t  
as well  as t he  change  in t he  p r o p o r t i o n  o f  t h e  
d i f f e ren t  gangl ios ide  species ,  as seen in t he  
p r e s e n t  s t u d y ,  m a y  resul t  in a d i s t u r b a n c e  in 
t he  to ta l  charge  d i s t r i b u t i o n  o f  gangl iosides ,  
wh ich  is e x p e c t e d  to  a l ter  a m i n e  b inding.  In 
t he  p r e s e n t  s t u d y ,  t he  h y p o t h a l a m u s  was  f o u n d  
to  be m a x i m a l l y  a f fec ted  bec ause  o f  u n d e r -  
n u t r i t i o n .  This  reg ion  also c o n t a i n s  m a n y  regu-  
l a t o r y  cen te r s  of  t he  bra in  and  a m i n e s  are 
k n o w n  to  be involved in its var ious  behav io ra l  
and e m o t i o n a l  act ivi t ies ;  t h e r e f o r e ,  an al tera-  
t i on  in a m i n e  b ind ing  in th i s  reg ion  caused  by  
u n d e r n u t r i t i o n  m a y  resu l t  in f u n c t i o n a l  impai r -  
m e n t  in t he  b ra ins  o f  u n d e r n o u r i s h e d  subjec ts .  

O u r  s tud ies  p o i n t  o u t  t h e  ex i s t ence  o f  dif fer-  
ences  in t he  d i s t r i b u t i o n  o f  gangl ios ide  species  
in d i f f e r e n t  bra in  r eg ions  w h o s e  c o n c e n t r a t i o n  
is u n d e r  t he  i n f luence  o f  n e u r a m i n i d a s e  to  a 
cer ta in  e x t en t ,  w h i c h ,  in t u r n ,  cou ld  r e s p o n d  to  
n u t r i t i o n a l  dep r iva t ion .  
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TABLE 5 

Effect of Undernutrition and Subsequent Rehabilitation on Neuraminidase Activity 
in Different Regions of Brain and Spinal Cord of Rat 

Regions 

18 Days of age (A) 

Units/g wet weight 

33 Days of age (rehabilitated) (B) 

Specific activity Units/g wet weight Specific activity 

C U C U C U C U 

Spinal cord 1557.0 895.0 18.0 11.4 905.0 520.0 10.3 6.3 
+404.0 • • • a • • • • 

Pons-medulla 1307.0 1145.0 14.7 12.5 616.0 489.0 6.8 5.5 
-+248.0 • • • • • -- -- 

Midbrain 1446.0 1105.0 18.3 13.4 893.0 1216.0 10.8 10.8 
• • • • a • • • • 

Cerebellum 1760.0 1813.0 19.0 18.0 1739.0 1031.0 15.9 14.5 
• • • • • • • • 

Hypothalamus 1376.0 1000.0 b 16.8 10.7 c 977.0 905.0 12.1 12.2 
• -+294.0 +-2.9 • • • • • 

Residual forebrain 1327.0 1092.0 15.6 13.1 1072.0 939.0 12.4 10.3 
-+334.0 • • -+3.4 • +373.0 • • 

Cerebral cortex 1411.0 1046.0 13.3 12.0 1130.0 1126.0 9.4 10.9 
�9 +429.0 -+76.0 • • • +306.0 • • 

Olfactory lobes 1145.0 1042.0 12.6 13.1 599.0 539.0 5.9 4.2 
+354.0 • • • • • • • 

C = control. U = undernourished. 

Rats were undernourished from 6th to 17th day (A)and  rehabilitated from 18th to 32nd day (B). Enzyme 
was assayed in 10% aqueous homogenate using (olominic acid as substrate by the method of  Uehida et al. (20). 
One enzyme unit is taken as the amount  required to liberate one nmole of free NANA]hr at 37 C. Specific activ- 
ity = nmoles NANA/mg protein/hr. Number of  observations ranged in A, 5-9 and in B, 3-6. Values are mean 
+- SD. Statistical significance was tested by Students'  t test. 

ap < 0.05. 
bp < O.02. 
cp < 0.01. 
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ABSTRACT 

The levels of long-chain acyl-CoA in the livers of rats given diets containing various amounts of 
dietary oils were investigated. Increasing the amount of soybean oil in the diet from 5% to 25% (w/w) 
led to a 40% increase in long-chain acyl-CoA. With partially hydrogenated marine oil, a sigmoidal dose- 
response curve was obtained, giving a 60% increase when 20% or more of this oil was in the diet. 

All high-fat diets tested resulted in higher levels of long-chain acyl-CoA than the low-fat control 
containing soybean oil. The increase was most prominent with partially hydrogenated marine and 
rapeseed oils. 

With diets containing partially hydrogenated marine oil, the ratio of long-chain acyl-CoA to acid- 
soluble CoA was increased after 3 days, but decreased after 3 weeks, to a value similar to that observed 
in animals fed soybean oil because of an extensive increase in acid-soluble CoA. 

Increased levels of long-chain acyl-CoA were also observed after clofibrate was administered, but 
the increase was less prominent than observed with high-fat diets. 

When comparing the levels of long-chain acyl-CoA observed after 3 days on different diets with the 
peroxisomal &oxidation activity previously determined after 3 weeks on the corresponding diets, a 
straight line was obtained. These results are discussed in relation to the possibility that long-chain 
acyl-CoA induces peroxisomal 13-oxidation activity. 
Lipids 19:187-194, 1984. 

INTRODUCTION 

In 1976, Lazarow and de Duve disclosed the 
existence of a/3-oxidation enzyme system in rat 
fiver peroxisomes (1). Since then, numerous 
reports have appeared dealing with the effects 
of various drugs (2-4), and different metabolic 
conditions (5-8) on this enzyme system. How- 
ever, at present, little is known about the 
subceUular mechanisms responsible for the 
observed alterations in peroxisomal biogenesis 
and enzyme activities. An increase in the 
cellular content of CoA has, however, been 
observed, concomitantly with increased peroxi- 
somal activities (9,10). Metabolic conditions 
with an increased peroxisomal /3-oxidation 
activity, such as high-fat feeding (6,11), starva- 
tion (12) and alloxan-induced diabetes (7), also 
exhibit increased levels of long-chain acyl-CoA 
in the liver (13). 

The possible role of long-chain acyl-CoA in 
the ceUular events leading to increased peroxi- 
somal/3-oxidation has thus been suggested (14, 
15). In previous studies, we have shown that 
high-fat diets may increase peroxisomal /3- 
oxidation in both the liver and heart in rats, 
but, to a different extent, depending on the 
type of dietary oil (16,17). In the present 

*To whom correspondence should be addressed. 
i Present address: Norwegian Food Research Insti- 

tute, P.O. Box S0, N-1432 Aas-NLH, Norway. 

investigation, we have examined the level of 
long-chain acyl-CoA in the liver resulting from 
feeding various dietary oils in an attempt to 
elucidate any possible correlation of this param- 
eter to the previously described changes in 
peroxisomal fl-oxidation activity. 

EXPERIMENTAL 

Materials 

Dietary otis, including their analytical data, 
were obtained from DeNoFa and Lilleborg 
Fabriker A/S, Fredrikstad, Norway, except for 
the rapeseed oils, which were supplied by 
AB Karlshamns Oljefabriker, Karlshamn, Swe- 
den. The fat ty acid compositions are given in 
Table 1. Vitamin and salt mixtures were from 
ICN Pharmaceuticals, Cleveland, OH (Vit. diet 
fort. mix., Cat. no. 904654 and U.S.P. XVII, 
cat. no. 904610). Clofibrate (ethyl 2-(4-chloro- 
phenoxy)-2-methyl-propionate) was obtained 
from Weiders FarmasCytiske A/S, Oslo, Nor- 
way. CoASH and thiodiglycol were obtained 
from the Sigma Chemical Co., St. Louis, MO. 
2-Mercaptoethanol was purchased from BDH 
Chemicals Ltd., Poole, England. Palmitoyl-CoA 
was supplied by P-L Biochemicals Inc., Mil- 
waukee, WI. Other chemicals were commer- 
cially available products of high purity. 

Animals and Diets 

Male weanling rats (60 g) of the Wistar strain 
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TABLE 1 

Fatty Acid Composition as a Percentage of Dietary Oils a 

Soybean oil Rapeseed oil Marine oil 

Fatty Partially Partially Partially 
acid Unhydrogenated hydrogenated Unhydrogcnated hydrogenated Unhydrogenated hydrogenated 

14:0 6.7 6.8 
16:0 10.9 10.6 4.9 4.1 14.7 12.8 
16:1 9.5 9.9 
18:0 3.8 14.0 1.0 6.3 1.0 3.0 
18:1 24.3 73.8 13.5 32.5 16.1 15.1 
18:2 52.5 20.0 1.6 2.5 
18:3 7.5 7.9 
18:4 S.4 
20:0 1.'7 2.4 
20:1 6.2 6.5 12.8 16.4 
20:2 4.3 
20:5 9.0 
22:0 5.6 3.0 
22:1 43.5 42.'/ 13.5 14.5 
22:2 1.9 
22:6 6.2 

Proportion of 
trans double bonds 0.55 0.65 0.55 

aThe fatty acid analyses were performed by the supplier. Only major fatty acids are included. The marine oils 
were obtained from capelin (Mallotus villosus]. The partially hydrogenated oils (except the rapeseed oil) were 
commercial, and not laboratory scale hydrogenated from the unhydrogenated oils listed in this table. 

were  pu rchased  f rom Mffllegaard Breed ing  
L a b o r a t o r y ,  Ejby ,  Denmark .  T he  an imals  were 
fed a s t anda rd  pel le t  diet  for  5 days, t h e n  given 
the exper imen ta l ,  s e m i s y n t h e t i c  d ie ts  fo r  3 days  
or  3 weeks  as descr ibed  previous ly  (16 ,18) .  T he  
s t anda rd  pel let  die t  was del ivered f rom M61- 
l e sen t ra len  A/S,  Oslo, Norway .  T he  ma in  com-  
pos i t ion  of  th is  diet  is meal  f rom soybean ,  
bar ley  and  whea t  w i th  4% (w/w)  f i shmeal  and  
3% (w/w)  mi lk  powder ,  fo r t i f i ed  w i th  v i tamins ,  
a m i n o  acids and  minerals .  The  p r o t e i n  and  fa t  
c o n t e n t s  were 25% and 2% (w/w) .  The  c o m p o -  
s i t ion  of  t he  s emi syn the t i c  diets  was, in weigh t  
pe rcen tage  o f  t he  to ta l :  sucrose,  20 .0%; co rn  
s ta rch ,  52.8%, m i n u s  weight  pe rcen tage  of  
d ie ta ry  oil;  casein (wi th  2% m e t h i o n i n e ) ,  
20%; cel lulose 1.0%; v i t amin  mix tu re ,  2.2%; 
salt m i x t u r e  4.0%; d ie ta ry  oil, accord ing  to 
tables.  The  ra ts  were  h o u s e d  in g r i d - b o t t o m e d  
cages, 2 in each cage, and  had  free access to  
food  and  water.  The  c l imat ic  c o n d i t i o n s  were:  
23 C, 60% relat ive h u m i d i t y ,  and  a 12 h r  l ight  
pe r iod  (7 a .m . -7 :00  p.m.) .  S o m e  an imal s  were 
t r ea t ed  w i t h  c lo f ib ra te  for  3 or  10 days. The  
c lof ibra te  was dissolved in a c e t o n e  and  mixed  
wi th  the  pel le t  die t  (0.3%, w/w),  and  the  
a c e t o n e  was t h e n  evapora t ed  b y  air. 

Preparation of Long-chain AcyI-CoA 
Precipitate from Rat Liver 

The  ra t s  were ki l led at  l 0  a .m.  They  were 
s t u n n e d  and  decap i t a t ed  and  t he  a b d o m i n a l  

cavi ty  was qu ick ly  opened .  The  liver was l i f ted 
and  c lamped  in si tu b e t w e e n  tongs  cooled  in 
l iquid Nz.  The liver samples  were p o w d e r e d  in a 
stainless steel  m o r t a r  coo led  in l iquid N 2 and  
s to red  at  - 7 0  C. Ca. 50 mg p o w d e r e d  liver was 
h o m o g e n i z e d  in 1.5 ml  7% (v/v)  HC104 in 
cent r i fuge  tubes.  The  samples  were cen t r i fuged  
at  18 ,000 r p m  for  5 m i n  in  an  Ole Dich micro-  
cen t r i fuge  ( C o p e n h a g e n ,  Demnark ) .  The  acid 
prec ip i ta tes  were washed  w i th  1.5 ml  cold 0.7% 
(v/v)  HC104 and  1.5 ml  dist i l led water.  The  
washed  p rec ip i t a te  was r e suspended  in 200  /al 
dist i l led water.  2 - M e r c a p t o e t h a n o l  (I  0 mM)  was 
a lways  p re sen t  in the  solut ions .  

Alkaline Hydrolysis of AcyI-CoA 

The  suspens ion  or  s u p e r n a t a n t  was ad jus ted  
to pH 11 wi th  1 N KOH and  i n c u b a t e d  in a 
wa te r  b a t h  at  55 C for  60 min .  Af te r  cool ing in 
ice-water ,  t he  pH was ad jus ted  to 5 w i th  7% 
(v/v)  HC104 c o n t a i n i n g  0.5 M t r i e t h a n o l a m i n e -  
HC1 and  cen t r i fuged  at 18 ,000 r p m  (1 ,260  x g) 
for  5 min.  T w e n t y  to  40 #1 of  the  resu l t ing  
s u p e r n a t a n t  was in jec ted  d i rec t ly  in to  t he  l iquid 
c h r o m a t o g r a p h  for  the  assay of  CoASH. The  
recovery  was e s t ima ted  b y  using a s t andard  
pa lmi toy l -CoA so lu t ion .  The  c o n c e n t r a t i o n  of  
th i s  s t anda rd  so lu t ion  was d e t e r m i n e d  spect r0-  
p h o t o m e t r i c a l l y  (19) .  

Assay of CoASH by High Pressure 
Liquid Chromatography (HPLC) 

CoASH was measu red  b y  HPLC as descr ibed 
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by Ingebre t sen  et al. (19).  A s t rong  an ion  ex- 
changer  (Part is i l -10 SAX, prepacked  f rom 
W h a t m a n  in a 250  • 4.6 m m  inner  d imens ion  
stainless-steel  tube) ,  w i th  a theore t ica l  plate 
n u m b e r  per  me te r  ( N / m )  of  1 9 ,500,  was used. 
The  mobi le  phase  c o n t a i n e d  a b o u t  200 mM 
po t a s s ium-phospha t e  buffer ,  p i t  3.9,  2% (v/v)  
i sop ropano l  and  0.05% (v/v) th iodiglycol ,  
which  gave CoASH a r e t e n t i o n  t ime of  ca. 
8 r a i n .  

Protein Determination 

The  pro te in  c o n t e n t  of  the  powdered  liver 
was d e t e r m i n e d  as descr ibed by Lowry  et al. 
(20) ,  using bov ine  serum a l b u m i n  as the  s tan-  
dard.  

Statistical Analysis 

S t u d e n t ' s  t- test  was used to evaluate  the  
s ignif icance of  d i f fe rences  be t w een  p o p u l a t i o n  
means.  

R ESU LTS 

Long-chain Acyl-CoA Levels and Dietary Oils 

Tha t  fat  feeding is associated wi th  elevated 
f a t t y  acyl-CoA levels in the  liver has been  
s h o w n  previously (13).  No sys temat ic  s t udy  
has, however ,  to our  knowledge  been con- 
duc t ed  on the  effects  of  d i f fe rent  levels and  
d i f fe ren t  types  of  d ie tary  oils on  the  cel lular  
c o n t e n t  o f  long-chain  acyl-CoA. 

In the  present  inves t igat ion,  the re fore ,  we 
fed rats  diets  con ta in ing  d i f f e ren t  a m o u n t s  of  
soybean  oil as well as par t ia l ly  h y d r o g e n a t e d  
mar ine  oil, and  d e t e r m i n e d  the  resul t ing levels 
of  long-chain acyl-CoA in the  livers a f te r  3 
days. Table  2 shows  the  food  c o n s u m p t i o n  and  
weight  gain of  the  rats  given the  d i f fe ren t  diets.  
With the  part ial ly h y d r o g e n a t e d  mar ine  oil 
diets ,  a slight decl ine  was observed  in b o t h  food  
c o n s u m p t i o n  and weight  gain in the  g roups  
given the  diets  con ta in ing  the  2 highest  levels o f  
oil. With longer  feeding per iods  (3 weeks) ,  how- 
ever, th is  ef fec t  is seen on ly  in t he  an imals  re- 
ceiving 30% (w/w)  oil in the  diet  (16).  The  
a m o u n t s  of  long-chain acyl -CoA found  in the  
d i f fe ren t  d ie tary  groups  are presen ted  in 
Figure 1. The  results  d e m o n s t r a t e  tha t  the  
increase  in long-chain  acyl-CoA levels f rom fat  
feeding is d e p e n d e n t  on  the  t ype  of  d ie ta ry  oil 
and  the  a m o u n t  of  oil in the  diet .  Thus ,  all 
part ial ly h y d r o g e n a t e d  mar ine  oil d ie ts  tes ted  
resul ted  in h igher  levels than  the  ones  con ta in -  
ing soybean  oil. This  d i f fe rence  was especial ly 
p r o m i n e n t  wi th  25% (w/w)  or more  oil in the  
diet .  At this  level, part ial ly h y d r o g e n a t e d  
mar ine  oil resul ted in a level of  long-chain  

"/'ABLE 2 

Food Consumption and Weight (_;ains in Rats 
Fed Different Amounts and Kinds of Oils a 

Dietary oil Food consumption Weight gain 
(%, w/w) (g/day) (g/da y ) 

SO 5(5) 14.1 • 0.5 6.0 -+ 1.1 
15(5) 13.2 -+ 1.4 5.8-+ 2.0 
25(5) 11.7 +- 0.2 6.4 • 1.3 

PHMO 5(5) 12.3 • 1.0 7.5 -+ 1.0 
10(6) 13.5 +- 1.5 7.3 +- 0.8 
15(4) 14.4 • 1.3 6.5 -+ 0.6 
20(5) 11.3 -+ 1.5 6.3 • 1.7 
25(6) 10.8-+ 1.2 5.3 + 1.1 
30(4) 9.6 -+ 0.3 4.1 • 0.1 

SO 20(6) 10.7 • 1.0 4.8 -+ 0.1 
PHSO 20(6) 13.7 • 4.1 4.6 +- 0.5 
MO 20(5)  11.8 +- 0.8 4.5 • 0.8 
RO 20(5) 10.8 -+ 0.6 3.9 -+ 1.0 
P H R O  20(6) 13.5 • 0.7 4.2 -+ 0.2 

aRats were fed the diets indicated for 3 days, with 
free access to food and water. 'fhe tabulated values 
represent means +- SD for the numbers of animals indi- 
cated in parentheses. Abbreviations used: SO, soybean 
oil; PHSO, partially hydrogenated soybean oil; MO0 
marine oil; PI'IMO, partially hydrogenated marine oil; 
RO, rapeseed oil; PHRO, partially hydrogenated rape- 
seed oil. 

acyl-CoA ca. 2 t imes  as high as observed wi th  
the  same a m o u n t  of soybean  oil, and  ca. 3 
t imes  h igher  than  t ha t  observed  wi th  the  low- 
fat con t ro l  con ta in ing  soybean  oil (5% SO) 
(Table  3). F u r t h e r m o r e ,  diets  con ta in ing  soy- 
bean  oil seemed to give a l inear re la t ionship  
be tween  the  level of  long-chain  acyl-CoA and  
the  a m o u n t  of  oil in the  diet ,  whereas ,  wi th  
part ial ly h y d r o g e n a t e d  mar ine  oil, a s igmoidal  
dose -dependency  curve was observed .  The  mos t  
marked  increase  in long-chain acyl-CoA seem to 
occur  wi th  more  than  20% (w/w)  o f  th is  oil in 
the  diet ,  which  is also where  the  s t ronges t  
ef fects  on  pe rox i somal  ~-oxida t ion  have been  
observed (16).  

in a second e x p e r i m e n t ,  we s tudied  the  ef- 
fect of high-fat  diets  (20% w / w ) c o n t a i n i n g  
various oils. The  oils were of  b o t h  p lant  and 
an imal  origin,  and the  effects  of  u n h y d r o -  
gena ted  oils were c o m p a r e d  wi th  those  of  the  
co r r e spond ing  par t ia l ly  h y d r o g e n a t e d  oils. 

The  resul ts  are presen ted  in Table  3, a long  
wi th  t he  values ob t a ined  wi th  a low-fat  diet  
con ta in ing  soybean  oil. All h igh-fa t  diets  re- 
vealed s ignif icant ly  h igher  levels of  long-chain 
acyl -CoA than  the  low-fat  con t ro l  based on  
soybean  oil. The  increase was relat ively small  in 
high-fat  diets  con ta in ing  u n h y d r o g e n a t e d  oils. 
The response  f rom rapeseed oil was, however ,  
sl ightly h igher  than  wi th  the  2 o t h e r  oils tes ted.  
The  part ial ly h y d r o g e n a t e d  rapeseed and 
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FIG. 1. Effect  of  various amounts  of  dietary oils 
on acyl-CoA levels in rat  liver. Rats were fed on the 
diets indicated for 3 days, with free access to food and 
water. The long-chain acyl-CoA was determined as 
described in the Exper imenta l  section. The diets used 
were part ial ly hydrogenated marine oil (e) and soy- 
bean oil (A). The given values represent means -+ SD 
(n = 5). 

m a r i n e  o i l s  r e s u l t e d  i n  s i g n i f i c a n t l y  h i g h e r  l eve l s  
o f  l o n g - c h a i n  a c y l - C o A  t h a n  t h e  c o r r e s p o n d i n g  
u n h y d r o g e n a t e d  oils.  T h i s  e f f e c t  w a s  n o t  ob-  
s e r v e d  w i t h  t h e  p a r t i a l l y  h y d r o g e n a t e d  s o y b e a n  
oil .  

TABLE 3 

Effect of Different Oils on the Content 
of Acyl-CoA in Liver a 

Dietary oil Long-chain acyl-CoA 
(%, w/w) (nmol/mg protein) 

SO 5(5) 0.27 +- 0.03 
20(6) 0.40 -+ 0.02 

PHSO 20(6) 0.41 •  
RO 20(5) 0.49 • 0.07 
PHRO 20(6) 0.70 + 0.05 b 
MO 20(5) 0.43 • 0.06 
PHMO 20(5) 0.65-+ 0.05 b 

aRats were fed the diets indicated for 3 days, with 
free access to food and water. The long-chain acyl- 
CoA was then determined as described in the Experi- 
mental  section. The tabulated values represent means 
• SD for the numbers of animals indicated in paren- 
theses. The abbreviations are as in Table 1. 

bSignificantly different (p < 0 .01 ) f rom the values 
obtained with the unhydrogenated oils. 

Effect of Feeding Period 
and Clofibrate Administration 

In previous studies (6,11,16), we demon- 
strated that feeding high-fat diets to rats for 
3-4 weeks evokes adaptional changes in liver 
lipid metabolism. Therefore, studying any 
possible effects of the feeding period on the 
level of long-chain acyl-CoA in the liver was of 
interest. As can be seen from Table 4, no 
changes were observed because of the feeding 
period in the animals fed soybean oil or in the 
ones given partially hydrogenated marine oil. 

High-fat feeding, and especially diets con- 

TABLE 4 

Effect o f  Feeding Period and Clofibrate Adminis t ra t ion 
on Long-chain AcyI-CoA in Liver a 

Dietary Feeding Long-chain acyi-CoA 
t rea tment  period (nmol/mg protein)  

SO 25 (5) 3 days 0.38 + 0.02 
SO 25 (5) 3 weeks 0.41 -+ 0.03 
PHMO 25 (6) 3 days 0.71 -+ 0.06 + 
PHMO 25 (6) 3 weeks 0.70 -+ 0.04 + 
Pellets (5) 3 days 0.22 -+ 0.02 
Pellets (6) 10 days 0.20 • 0.03 
Clofibrate (6) 3 days 0.34 -+ 0.07 ++ 
Clofibrate (7) 10 days 0.27 -+ 0.02 ++ 

aRats were fed the diets indicated for different periods of  time, 
and the content  of  long-chain acyl-CoA in the livers was determined 
as described in the Experimental  section. The tabulated values are 
means • SD for the numbers  of animals indicated in parentheses. 
Abbreviations used: SO 25, 25% (w/w) soybean oil; PHMO 25, 
25% (w/w) partially hydrogenated marine oil. The amount  of  clofi- 
brate added to the pelleted diet was 0.3% (w/w). Statistically signifi- 
cant differences (p < 0.01) between the animals given SO and 
PHMO are indicated by +, and between the animals given pellets and 
ordinary pellets plus clofibrate by ++. 
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taining partially hydrogena ted  marine or rape- 
seed oils, results  in changes in liver metabol i sm 
which,  in some respects ,  are similar to the 
changes observed after the  adminis t ra t ion  of  
the  hypol ip idemic  drug c lof ibrate  (16,21 ). The 
values observed wi th  c lof ibrate  added to the  
ordinary  pel leted diet  (0.3% w/w)  for  3 days 
and 10 days, which are the most  c o m m o n l y  
used periods of  t r ea tment ,  are included in 
Table 4. A slight increase in the level of long- 
chain acyl-CoA was observed because of  clofi- 
brate feeding,  the  mean value being 1.4 t imes as 
high as in the con t ro l  group (ordinary pelleted 
diet)  af ter  10 days of t r ea tment .  Fu r the rmore ,  
the  results seem to indicate  that  the level 
might  be somewha t  higher af ter  3 days of  
c lof ibrate  adminis t ra t ion  (1.6 t imes that  o f  the  
control) .  The d i f ference  be tween  the values 
obta ined af ter  3 and 10 days was, however ,  
no t  statistically significant. 

Changes in Acid-soluble CoA 

Changes in the  liver c o n t e n t  of  tota l  CoA 
have been repor ted  to occur  f rom feeding 
partially hydrogena ted  marine  oil (9) as well as 
during clof ibrate  adminis t ra t ion  (22). There- 
fore, the a m o u n t  of  acid-soluble CoA, including 
free CoASH and acetyl-CoA, was de te rmined  in 
some  of  the expe r imen t s  descr ibed above. The 
results are p resen ted  in Table 5 along with the 

calculated rat ios of  long-chain acyl-CoA to acid- 
soluble CoA. Af te r  3 days on the  high-fat  diets 
conta in ing  partially hydrogena ted  marine oil, 
no increases in acid-soluble CoA was de tec ted  
when compared  wi th  the  animals given ei ther  a 
high-fat diet  based on  soybean  oil or an ordi- 
nary pelleted diet.  Consequen t ly ,  the  ratio of  
long-chain acyl-CoA to acid-soluble CoA was 
increased in this group because of the  increases 
descr ibed above in long-chain acyl-CoA levels. 

Af te r  3 weeks of  feeding partially hydro-  
genated marine oil, however ,  a significant (ca. 
100%) increase was observed in acid-soluble 
CoA. The cons tan t  level o f  long-chain acyl-CoA 
th roughou t  the feeding period resulted in a 
decrease in the  long-chain acyl-CoA to acid 
soluble CoA ratio f rom 3 days to 3 weeks on 
this diet. 

Clofibrate adminis t ra t ion ,  on the o the r  
hand,  led to  a significant increase in acid-solu- 
ble CoA even after  3 days, and a fur ther  in- 
crease was indicated af ter  10 days of  adminis-  
t ra t ion.  The level of  acid-soluble CoA observed 
af ter  10 days of  c lof ibrate  adminis t ra t ion  was 
very similar to the  level ob ta ined  when the  rats 
were fed partially hydrogena ted  marine  oil for  
3 weeks. These t ime periods (10 days and 
3 weeks) cor respond  to what  is k n o w n  to  be 
required for  op t imal  s t imula t ion  of  peroxisomal  
~ o x i d a t i o n  activity by the  2 t r ea tmen t s  (6,23).  

TABLE 5 

Effect of Dietary Treatment and Feeding Period 
on the Content of Acid-soluble CoA in Liver a 

Dietary Feeding Acid-soluble CoA Long-chain acyl-CoA/ 
treatment period (nmoi/mg protein) acid-soluble CoA 

SO 20(6) 3 days 1.09 +- 0.10 0.37 +- 0.05 
PHMO 5(6) 3 days 0.94 +- 0.12 0.52 +- 0.08 b 

10(5) 3 days 0.97 -+ 0.17 0.52 ~ 0.08 b 
15(5) 3 days 1.01 -+ 0.13 0.52 -+ 0.07 b 
20(6) 3 days 0.99 +- 0.14 0.63 -+ 0.08 b 
25(4) 3 days 0.93 +- 0.09 0.77 + 0.09 b 
30(4) 3 days 0.97 -+ 0.09 0.73 • 0.08 b 

PHMO 25(6) 3 weeks 1.84 -+ 0.23 c 0.39 ~ 0.06 c 

Pellets (6) 3 days 0.92 -+ 0.08 0.22 • 0.07 
Clofibrate (6) 3 days 1.54 -+ 0.33 d 0.23 -+ 0.07 
Clofibrate (6) 10 days 1.77 -+ 0.49 d 0.17 -+ 0.06 

aRats  were fed the diets indicated for different periods of time, and acid-soluble CoA 
was d e t e r m i n e d  as descr ibed  in the Experimental section. The tabulated values represent 
means -+ SD for the numbers of animals indicated in parentheses. The abbreviations are as 
in Tables 1 and 3. 

bSignificantly different (p < 0.01) from the values obtained with the animals given 20% 
(w/w) of SO. 

CSignificantly different (p < 0.01) from the values obtained after 3 days on the same 
diet. 

dsignificantly different (p < 0.01) from the values obtained with the animals given 
ordinary pellets. 
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The ratio of long-chain acyl-CoA to acid- 
soluble CoA was, at both periods of clofibrate 
administration, as low as, or lower than, the 
ratios observed with an ordinary pelleted diet. 

DISCUSSION 

Long-chain AcyI-CoA and High-fat Diets 

Conditions associated with an excessive 
fatty acid supply to the liver, i.e., starvation 
and diabetes, have been found to result in an 
elevated intracellular content of long-chain 
acyl-CoA (13). High-fat feeding has also been 
found to increase long-chain acyl-CoA levels in 
the liver (13), an observation that is confirmed 
and extended by the present investigation. In 
addition, we provide evidence showing that 
large differences may occur in the content of 
tissue long-chain acyl-CoA derivatives, depend- 
ing on the type of oil included in the diet. 

The amount of long-chain acyl-CoA in the 
liver is likely to be determined by the balance 
between the rate of delivery of fatty acids to 
the liver, the rate of activation to acyl-CoA and 
their rate of use for esterification and oxida- 
tion. Of the dietary oils used in this study, the 
rapeseed and marine otis contained appreciable 
amounts of very long-chain monounsaturated 
fatty acids (20:1 and 22:1). Such fatty acids 
are believed to be more loosely bound to serum 
albumin than are shorter-chain fatty acids, 
e.g., stearic, oleic and linoleic acids (24). This 
loose binding might result in an increased influx 
of free fatty acids with diets containing such 
fatty acids. On the other hand, experiments 
with isolated hepatocytes have shown that 
erucic acid is, in fact, taken up and metabolized 
more slowly than palmitic acid (9). 

The increased levels of long-chain acyl-CoA 
observed with dietary oils containing very long 
chain fatty acids may, instead, be the result of 
an inhibited metabolism of activated fatty acids 
in the liver. Thus, very long chain monoenoic 
acids, and especially 22:1-fatty acids, have been 
found to be metabolized more slowly than 
other, more ordinary fatty acids (e.g., palmitic 
and oleic acids) in a number of enzymatic re- 
actions (14). Why the partially hydrogenated 
marine and rapeseed oils resulted in signifi- 
cantly higher levels of long-chain acyl-CoA than 
the corresponding unhydrogenated oils contain- 
ing the same amounts of very long chain fatty 
acids is not readily evident. The hydrogenation 
process does, however, lead to the production 
of several geometrical and positional isomers of 
fatty acids (25,26), some of which may be un- 
favorable substrates in reactions using the 
corresponding long-chain acyl-CoA esters in the 
liver. In accordance with this explanation, an 

accumulation of long-chain acyl-CoA caused by 
a limited capacity for use, followed by product 
inhibition of the acyl-CoA synthetase (27) with 
20% (w/w) or more oil in the diet may account 
for the sigmoidal character of the dose-depen- 
dency curve obtained with partially hydro- 
genated marine oil. 

The results obtained with soybean oil and 
partially hydrogenated marine oil indicated 
that the difference in the level of long-chain 
acyl-CoA with different high-fat diets do per- 
sist on continued feeding. In fact, with partially 
hydrogenated marine oil, the same level of long- 
chain acyl-CoA was observed even after 3 
months on the diet (results not shown). The 
increased ratio of long-chain acyl-CoA to acid- 
soluble CoA seen after 3 days, on the other 
hand, disappeared after 3 weeks of feeding 
from an increase in acid-soluble CoA in the 
animals given partially hydrogenated marine oil. 
A similar time dependency has been observed in 
the acyl-carnitine/carnitine ratio in rats fed 
rapeseed oil (28). Since an elevated acyl- 
carnitine/carnitine ratio as well as an elevated 
acyl-CoA/acid-soluble CoA ratio may reflect 
both increased and depressed fatty acid use, the 
significance of this finding is unclear. This drop 
in the ratios with time may, however, reflect 
the adaptive changes observed in the livers of 
rats given diets containing very long chain fatty 
acids, involving increased/3-oxidation, especially 
in peroxisomes (9,11). 

Long-chain Acy|-CoA and Peroxisomal/3-Oxidation 

We have previously demonstrated that feed- 
ing high-fat diets to rats leads to an increase in 
peroxisomal /3-oxidation in the liver (16). In 
these studies, partially hydrogenated marine 
and rapeseed oil resulted in the most marked 
increase. Moreover, the dose-response curve of 
peroxisomal /3-oxidation to different dietary 
concentrations of soybean oil and partially 
hydrogenated marine oil was very similar to the 
results presented for the level of long-chain 
acyl-CoA in the present study. Whereas the 
level of long-chain acyl-CoA seems to have 
reached its maximum after 3 days of feeding, 
the time-dependency of peroxisomal /3-oxida- 
tion caused by feeding partially hydrogenated 
marine oil (6) indicated that this increase was a 
relatively slow adaptive response, reaching 
maximum level after ca. 3 weeks of feeding. 

When the levels of long-chain acyl-CoA 
observed in the present study after 3 days were 
compared with the activity of peroxisomal 
H-oxidation previously observed after 3 weeks 
on the corresponding diets (16), a positive 
correlation was found (Fig. 2). These results 
may support the hypothesis that the cellular 
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FIG. 2. Correlation between acyl-CoA levels and 
peroxisomal g-oxidation activity in rat liver. The 
acyl-CoA levels are taken from Figure 1, and Tables 2 
and 3. The values of peroxisomal #-oxidation are taken 
from Thomassen et al. (16). Identical diets, (o); identi- 
cal diets except for a small difference in percentage 
(w/w) of dietary oil (20% for acyl-CoA determination 
and 25% for peroxisomal #-oxidation), (e); clofibrate 
(0.3%) given for 10 days, (zx); correlation coefficient 
r = 0.96. 

level of  long-chain  acyl-CoA m a y  act  to  i n d u c e  
pe rox i somal /3 -0x ida t ion .  T he  poss ibi l i ty  c a n n o t  
be  exc luded,  however ,  t ha t  b o t h  effects  (in- 
creased long-chain acyl-CoA and  pe rox i somal  
~ o x i d a t i o n )  m a y  be  s econda ry  to  some  o the r ,  
at  p resen t  u n k n o w n ,  factor .  

The  long-chain  acyl-CoA levels observed  
a f te r  c lof ibra te  feeding were  s igni f icant ly  lower  
t h a n  the  levels af ter  feeding h igh  doses of  
par t ia l ly  h y d r o g e n a t e d  mar ine  oil, in spite of  
the  fact  t ha t  the  increase in pe rox i somal  /3- 
o x i d a t i o n  b y  c lof ibra te  is s igni f icant ly  h igher  
t h a n  w i th  par t ia l ly  h y d r o g e n a t e d  m a r i n e  oil 
(16).  Also, t he  ra t io  of  long-chain  acyl -CoA to 
acid-soluble  CoA is lower  a f te r  c lof ibra te  feed- 
ing. As observed  b y  o thers  (10 ,22) ,  th is  ra t io  is, 
in  fact ,  as low as or  lower  w i t h  c lo f ib ra te  t h a n  
wi th  the  c o n t r o l  animals.  This  is caused b y  an 
extens ive  increase  in ac id-soluble  CoA observed  
a f te r  3 and  10 days  of  c lo f ib ra te  admin is t ra -  
t ion.  These  obse rva t ions  m a y  be  in l ine  w i th  
o t h e r  f indings  t h a t  show tha t ,  even t h o u g h  b o t h  
agents  s t imula te  pe rox i somal  /3-0xidation, t he  
subcel lu lar  responses  to feeding c lof ib ra te  and  
par t ia l ly  h y d r o g e n a t e d  m a r i n e  oil d i f fer  in 
m a n y  respects  (21,29) .  C lof ib ra te  is mos t  l ikely 
ac t iva ted  to  a CoA-es ter  ( N o r m a n n  and  Fla t -  
mark ,  persona l  c o m m u n i c a t i o n ) ,  as judged  b y  a 
small  increase in the  AMP p r o d u c t i o n  w h e n  
using the  m e t h o d  for  measu r ing  acyl-CoA syn- 
the tase  ac t iv i ty  (30).  To wha t  e x t e n t  this  CoA 
der ivat ive  of  c lof ibr ic  acid is p rec ip i t a t ed  in t he  
p rocedu re  used in this  s t udy  is unce r t a in .  T he  
relat ively low level of  long-chain  acyl-CoA 
observed  in the  animals  fed c lof ibra te  may,  
however ,  also suggest t h a t  no t  mere ly  t he  acyl- 

CoA level, b u t  also t he  acyl  p a t t e r n  m a y  be  of  
i m p o r t a n c e  in d e t e r m i n i n g  t he  possible  induc-  
ing effect .  

ACKNOWLEDGMENT 

This work was supported by the  Royal Norwegian 
Council for Scientific and Industrial Research. We 
thank Ms. T. R#rtveit for technical assistance. We are 
also grateful to Dr. Ragnar Ohlsson, Karlshamn 
Oljefabriker, Sweden, for the supply of laboratory- 
scale prepared, partially hydrogenated rapeseed oil. 

REFERENCES 

1. Lazarow, P.B., and de Duve, C. (1976) Proc. 
Natl. Acad. Sci. USA 73, 2043-2046. 

2. Lazarow, P.B. (1977) Science 197, 580-581. 
3. Berge, R.K., and Bakke, O.M. (1981) Biochem. 

Pharmacol. 30, 2251-2256. 
4. Osumi, T., and Hashimoto, T. (1978) Biochem. 

Biophys. Res. Commun. 83, 479-485. 
5. Ishii, H., Fukumori, N., Horie, S., and Suga, T. 

(I 980) Biochim. 1310phys. Acta 617, 1-1 I. 
6. Neat, C.E., Thomassen, M.S., and Osmundsen, H. 

(1980) Biochem. J. 186, 369-371. 
7. Horie, S., Ishii, H., and Suga, T. (1981)J.  Bio- 

chem. (Tokyo) 90, 1691-1696. 
8. Reddy, J.K., Lalwani, N.D., Dabholkar, A.S., 

Reddy, M.K., and Qureshi, S.A. (1981 ) Biochem. 
Int. 3, 41-49. 

9. Christiansen, R.Z., Christiansen, E.N., and 
Bremer, J. (1979) Biochim. Biophys. Acta 573, 
417-429. 

10. Berge, R.K., Aarsland, A., Bakke, O.M., a n d  
Farstad, M. (1983) Int. J. Biochem. 15, 191-204. 

11. Neat, C.E., Thomassen, M.S., and Osmundsen, H. 
(1981) Biochem. J. 196, 149-159. 

12. Ishii, H., Horie, S., and Suga, T. (1980)J.  Bio- 
chem. (Tokyo) 87, 1855-1858. 

13. Tubbs, P.K., and Garland, P.B. (1964) Biochem. 
J. 93, 550-557. 

14. Bremer, J., and Norum, R.K. (1982) J. Lipid Res. 
23, 243-256. 

15. Christophersen, B.O., Norseth, J., Thomassen, 
M.S., Christiansen, E.N., Norum, K.R., Osmund- 
sen, H., and Bremer, J. (1982) in Nutritional 
Evaluation of Long-chain Fatty Acids in Fish Oil 
(Barlow, S.M., and Stansby, M.E., eds.) pp. 89- 
139, Academic Press, London, England. 

16. Thomassen, M.S., Christiansen, E.N., and Norum, 
K.R. (1982) Biochem. J. 206, 195-202. 

17. Norseth, J., and Thomassen, M.S. (1983) Bio- 
chim. Biophys. Acta 751, 312-320. 

18. Thomassen, M.S., StrCan, E., Christiansen, E.N., 
and Norum, K.R. (1979) Lipids 14, 58-65. 

19. Ingebretsen, O.C., Normann, P.T., and Flatmark, 
T. (1979) Anal. Biochem. 96, 181-188. 

20. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and 
Randall, R.S. (1951) J. Biol. Chem. 193, 265- 
275. 

21. Christiansen, E.N., Flatmark, T., and Kryvi, H. 
(1981) Eur. J. Cell Biol. 26, 11-20. 

22. Skrede, S., and Halvorsen, O. (1979) Eur. J. Bio- 
chem. 98, 223-229. 

23. Krahling, J.B., and Tolbert, N.E. (1981) Arch. 
Biochem. Biophys. 209, 100-110. 

24. Shafrir, E., Gatt, S., and Khasis, S. (1965) Bio- 
chim. Biophys. Acta 98, 365-371. 

25. H~blmer, G., and Aaes-J~brgensen, E. (1969) 
Lipids 4, 507-514. 

LIPIDS, VOL. 19, NO. 3 (1984) 



A. NILSSON, M.S. THOMASSEN AND E.N. CHRIST1ANSEN 194 

26. Conacher, H.B.S., Page, B.D., and Chadha, R.K. 
(19"/2) J. Am. Oil Chem. Soe. 49, 520-523. 

27. Pande, S.V. (1973) Biochim. Biophys. Acta 306, 
15-20. 

28. Gumpen,  S.A., and Norum,  K.R. (1973) Bio- 
chim. Biophys. Acta 316, 48-55. 

29. Flatmark, T., Christiansen, E.N., and Kryvi, H. 

30. 
(1981) Eur. J. cell Biol. 24, 62-69. 
Normann,  P.T., Thomassen,  M.S., Christiansen, 
E.N., and Flatmark, T. (1981) Bioehim. Biophys. 
Acta 664, 416-427. 

[ R e c e i v e d  A u g u s t  17,  1983  ] 

LIPIDS, VOL. 19, NO. 3 (1984) 



Influence of Acute Injection of Chloroquine on 
the Biliary Secretion of Lipids and Lysosomal 
Enzyme on Rats 

195 

H. LAFONT ~ F. CHANUSSOTa, C. DUPUY a, P. LECHENE b. D. LAIRON a. M, 
C H A R B O N N I E R - A U G E I R E  a, C. C H A B E R T a .  H. PORTUGAL c. A.M.  PAULI c. and 
J.C. HAUTON a, a I.N.S.E.R.M. Unite 130, 70, Avenue Viton, 13009 Marseille, France: 
b I.N.S.E.R.M. Unite 31, 46, bd. de la Gaye, 13009 Marseille, France: and C Laboratoire 
central, Hopital Ste. Marguerite, 13009 Marseille, France 

ABSTRACT 

Phospholipids and cholesterol combine with a protein fraction (lgA and an acid polypeptide) in bile to 
form the bile lipoprotein complex. 

We wished to determine whether lysosomes participated only in IgA secretion or if their secretory role also 
involved the lipid components of the bile complex. This aspect was studied with a single acute injection of 
chloroquine, a lysosomotropic drug. The results show that a nonnegligible quantity of lgA travels through 
the lysosomes. In addition, phospholipid and cholesterol levels undergo a significant (P<0.05) decrease 1 hr 
after injection before increasing to normal levels. In contrast to the total inhibition of protein secretion (fl- 
glucuronidase, acid phosphatase), a transitory decrease of the secretiotl of bile lipids takes place that suggest 
secretory mechanisms involving organelles other than lysosomes. 
Lipids 19:195-201, 1984. 

INTRODUCTION 

Bile phospholipids are tightly bound to a protein 
fraction, forming the bile lipoprotein complex 
(I,2). Bile salts participate by maintaining this 
complex in a more or less dispersed form. The 
protein fraction bound to the lipids, apo-bile 
lipoprotein complex (Apo BLC), is composed of 2 
components.  One shares antigenic properties with 
IgAs and the other is an anionic polypeptide 
fraction (2) detected in H D L  (3). 

Recent immunohistochemical results suggest that 
the intracellular pathway of the IgA fraction com- 
bined with the bile lipoprotein complex involves 
liver cell lysosomes (4). Thus, the possible partici- 
pation of lysosomes in the combination of Apo 
BLC with bile lipids is a possibility to be verified. 

La Russo et al. (5,6) formulated a hypothesis in 
which hepatic lysosomes participate in bile secre- 
tion. These authors suggested that this vesicular 
transport system could be the final common path- 
way of macromolecule secretion in the bile in liver 
cells. On the other hand, the same authors (7) 
demonstrated an inhibition of bile flow and of the 
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ABBREVIATIONS 

lgA : lmmunoglobulin A 
IgG : Immunoglobulin G 
CMP : Cytidine monophosphate 
BI.C : Bile lipoprotein complex 
HDL : High density lipoproteins 
LDL : Low density lipoproteins 
VLDL : Very low density lipoproteins 

secretion of bile lipids in the presence of ethynil 
estradiol, whereas the release of lysosomal enzymes 
increased in the bile. Previous results had also 
demonstrated that bile flow and secretion were 
dissociated from the secretion of  lysosomal enzymes 
in cholostasis (5). These observations indicate that 
the lysosomes are not the only organelles involved 
in bile secretion. 

In order to understand more fully the regulatory 
mechanisms of BLC secretion, we studied the 
eventual changes in the composit ion of the bile 
when the hepatic lysosomal system was modified 
by a lysosomotropic drug. 

When chloroquine is administered chronically, it 
causes the accumulation of lipids in the liver 
(8,10,11), especially phospholipids (12,14), that 
result from the blockage of lysosomes. This block- 
age, in turn, results from the inhibition of lyso- 
somal phospholipase A and C activities (12,15,16). 

The present experiment involved the acute in- 
toxication of rats in order to avoid any adaptation 
during drug detoxification that could interfere with 
the phenomenon we wished to study. 

MATERIALS AND METHODS 

Animals 

Eleven male Wistar rats ( I F F A - C R E D O ,  L'Ar- 
bresle, France), 11 weeks old, were randomly 
placed in individual cages for a 2-week adaptat ion 
period in a temperature-controlled animal room. 
They were fed ad libitum with standard chow 
(U.A.R. No. A04, Villemoisson-sur-Orge, France). 
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On the day of the experiment, the 13-week-old rats 
weighed 358 + 4 g. 

Physiological Techniques and Samples 

After being anesthesized with pentobarbital (5 
mg/100 g body weight), the common bile duct was 
cannulated and bile recovered for 1 hr. At that time 
6 rats received an intravenous (femoral vein) 
injection of 48.5 mg of chloroquine in 0.5 ml of 
0.9% sodium chloride (treated rats). Total injection 
time was 5 min. The control group of 5 rats received 
0.5 ml of saline in identical conditions. Bile was 
recovered every hour for 3 hr, immediately weighed 
and frozen. 

The animals were then sacrificed by abdominal 
aorta puncture; the blood was collected over 
heparin. A piece of each liver was removed for 
histological and cytological study. 

Assays 

In the bile, phospholipids (17), bile salts (18), 
cholesterol (19) and the activities of two lysosomal 
enzymes,/3-glucuronidase (20) and acid phosphatase 
(21) were assayed. IgA was assayed with the 
ACRA-ASSAYTM partigen kit (Miles-YEDA, Eng- 
land) using the radial diffusion method described 
by Mancini et al. (22). 

In the plasma, triacylglycerols (23), total Choles- 
terol (24), albumin (25), alkaline phosphatase (26), 
alamine amino transferase (27) and aspartate amino 
transferase (27) were assayed. 

The results were compared statistically with 
Student's t-test or by a variance analysis. 

B-glucuronidase (Fig. 1A) and acid phosphatase 
(Fig. IB) remained stable in control rats during the 
4 hr of the experiment. In the chloroquine-treated 
animals, however, a significant (P<0.05) inhibition 
of these activities occurred. Thus, 3 hr after 
injection, /3-glucuronidase activity was one-third 
that of the controls and acid phosphatase activity 
was reduced by half. 

Bile Secretion 

The flow rate of bile was not affected by the drug 
and remained stable during the 4 hr of the experi- 
ment (Fig. lC). The level ofphospholipid secretion 
(Fig. 2A) in bile decreased with time, being rela- 
tively unaffected 1 hr after drug injection but 
decreasing significantly below that of the controls 
during the third hour of collection. The difference 
in cholesterol concentration between the control 
and chloroquine groups became significant after 
the second hour (Fig. 2B). The difference in bile- 
salt concentrations, on the other hand, was not 
significant (Fig. 2C). 

The quantity of IgA remained constant in the 
bile of control rats (Fig. 2D), but decreased in the 
treated group, from 21.6 mg/dl to 4 mg/dl after 4 
hr. 

Plasmatic Biochemical Parameters 

At the end of the experiment, the plasma levels of 
triacylglycerols, cholesterol and albumin were com- 
parable in the treated and control groups (Table 1). 
Chloroquine tended to decrease plasma transami- 
nase activity, while alkaline phosphatase levels 
remained unchanged. 

Tissue Processing 

Chemical fixation was with 1-2% glutaraldehyde 
or 2% paraformaldehyde/1% glutaraldehyde, each 
in 0.1 M cacodylate buffer (pH 7.2) for 2-6 hr at 
4 C. After several washes in the same buffer, the 
specimens were dehydrated in a graded alcohol 
series and conventionally embedded in Epon 812. 

A cidphosphatase cytochemistry. Small pieces of 
the liver fixed with either of the 2 methods 
explained above were incubated for 30 min at room 
temperature in Novikoff's medium for AcPase with 
CMP as substrate. Controls involved the same 
incubation, without CMP or in a complete medium 
in the presence of NaF, an AcPase inhibitor. The 
samples were then processed as above in alcohol 
and Epon. Semithin sections, 2-3 microns in thick- 
ness, were treated for 2-5 min with 2% aqueous 
ammonium sulfide to visualize reaction products. 

RESULTS 

Lysosomal Enzyme Activities in the Bile 

The activities of 2 enzymes of lysosomal origin, 

Cytology and Histology 

Liver samples were removed from control and 
treated rats, fixed and embedded. They were used 
to visualize lysosomes with the acid phosphatase 
reaction. The mean number of organelles per cell 
was determined and a variance analysis applied, 
enabling these numbers to be compared in the 2 
series (Table 2). The number of lysosomes (counted 
in the cells after the cytochemical characterization 
of their contems) was increased significantly by 
chloroquine treatment (F=0.01). 

After acute chloroquine treatment (Fig. 3), the 
major change noted in the liver cells was the 
abundance and the structure of lysosomes; they 
were more numerous at the periphery of bile 
canalicules and had a multilamellar structure. The 
images also suggested that autophagous processes 
were occurring frequently in the liver cell cyto- 
plasm. These lysosomal images reacted positively 
to the acid phosphatase visualization reaction. 
They corresponded well to the reactive structures 
counted in the semithin sections on the basis of 
their pericanalicular localization. 
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FIG. 1. The effect of chloroquine on the secretion of 
~8-glueuronidase (A) and acid phosphatase (B) into bile 
and on bile flow (C). Results are expressed as means + 
sere. n=5 for the control group o o n=6 for the 
chloroquine group [] [] Differences were analyzed 
with Student's t-test and are designated when 
significantly different : p<0.05, I~0.01 (chlo- 
roquine-treated group vs control group)./~-glucuronidase: 
Sigma unit/ml bile/hr = phenolphtalein concentration 
(#g/ml) • final volume (ml) of solution/bile volume (ml) 
assayed. Acid phosphatase: 1 IU = one micromole 
thymolphtalein produced per min under the specified 
conditions (20). 

DISCUSSION 

When administered chronically, chloroquine 
causes lipidosis in different tissues, especially he- 
petic tissues (9-11,13,15). 

In the present series of acute intoxications, the 
drug decreased the activities of enzymes character- 
istic of hepatic lysosomat activity./3-Glucuronidase 
activity decreased by two-thirds and acid phospha- 
tase activity was halved in relation to control 
values. As in chronic intoxication (14), lysosomal 
involvement was present. This was expressed by 
increased lysosomal enzyme activities in the liver as 
a result of the reduced secretion by the organelles. 
The effect of chloroquine on the secretion of bile 
lipids is more complex and transitory. The levels of 
phospholipids (P<0.01) and cholesterol (P<0.05) 
decreased significantly 2 or 3 hr after injection and 
then returned to their basal levels. Chloroquine 
had no effect on bile flow. 

The ultrastructure of liver sections showed lipid 
storage forms, similar to the multilamellar bodies 
described by various authors (10-11). A significant 
increase occurred in the number  of lysosomes 
localized around the bile canalicules in chloroquine- 
treated rats compared with controls. 

Chloroquine is thus an inhibitor of lysosome 
secretion. The result is a decrease in the level of 
lysosomal enzymes secreted into the bile. 

The present results, obtained in acute intoxica- 
tion, can be compared with those described after 
chronic intoxication. In  the chronic condition, a 
hepatic lipidosis develops as a result of the accumu- 
lation of cholesterol esters and phospholipids (10- 
11,13,15). This accumulation, in turn, results from 
the decreased metabolism of lysosomal phospho- 
lipids (8-9,13) and not from an increased rate of 
phospholipid transfer from their site of synthesis to 
the lysosomes (13). 

Hostetler and Richman (28) stated that chloro- 
quine-induced hepatic lipidosis would result from 
the free penetration of the drug into cells, the 
concentration of the drug in lysosomes, causing a 
direct block, or an indirect block resulting from a 
pH increase. The possibilities are not mutually 
exclusive. 

The increase of the intralysosomal pH and the 
presence of the drug block phospholipase A and C 
activities (15) and cause the accumulation of 
phospholipids, primarily bis(monoacylglycero-)- 
phosphates. These compounds form a complex 
with chloroquine (29). This action is, nevertheless, 
reversible (15). 

In the present case, there was no dose-effect 
relationship between the chloroquine blocking of 
lysosomes and the secretion of bile lipids. The 
decreased level of lipid secretion in fhe bile (1/2) is 
less than that of the decrease of lysosomal enzyme 
activities (2/3) in the bile, apparently indicating that 
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FIG. 2. The effect of chloroquine on the secretion of phospholipids (A), cholcstcrol (B), bile 
salts (C) and IgA (D) into bile. Results are expressed as means + sem. n=5 for the control group 

n = 6 for the chloroquine groupll . . . .  �9 Differences were analyzed with Student's t-test 
and are designated ~ , /~ ~ when significantly different: 1~ p<0.05, I$- gt p<0.01 (chloro- 
quine-treated group vs control group). 

the effect of the drug is not only at the level of 
lysosomal secretion. 

In the case of  acute chloroquine  intoxicat ion,  the 
result would be that  the secretion of bile lipids and 
the rate of bile flow would not be control led only by 
mechanisms involving lysosomes. This conclusion 
is consistent  with that  of Lopez Del Pino and La 
Russo (7), who described this same type of dissocia- 
t ion in an exper imental  cholostasis induced by 
estrogens. 

Immunological  studies have shown the presence 
of serum proteins in the bile (30), e.g. a lbumin,  IgA 
and IgG. The pathway of these proteins from the 
plasma to the bile is not clear. The involvement  of 
the lysosomal system in the secretion of bile 
proteins is a hypothesis emphasized by de Duve 

(31). A dissociation between bile protein produc-  
t ion and the secretion of lysosomal enzymes has 
been demonst ra ted  in normal  condi t ions  (5). In the 
present work, however, the lgA fract ion in the bile 
decreased considerably after chloroquine treatment,  
suggesting that  a nonnegligible fract ion of IgA 
destined for the bile traveled th rough  the lysosome 
compar tmen t  or th rough  organelles that  could 
follow the same exocytosis mechanisms as lyso- 
somes. Thus, the combina t ion  of the IgA fract ion 
with bile lipids would occur only after  their  respec- 
tive secretions in the bile duct  and not in the liver 
cell. 

Bile salts are indispensable for the secretion of 
phosphol ipids  and  cholesterol in the bile. Deter-  
mining their  influence on the secretion of lipids in 

I.IPIDS, VOL. 19, NO. 3 (1984) 
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TABLE 1 

Effect of Chloroquine on Plasma Biochemical Parameters 

Alkaline Aspartate Alanine Triacyb Total 
phosphatase aminotransferase aminotransferase glycerols cholesterol Albumin 

IU/1 IU/1 IU/1 mmole/1 mmole/1 mole/1 

Control 
rats 160+9 242+_39 75-+20 1.53_+0.16 1.73-+0.19 485-+12 

Chloi'oquine 
treated rats 150_+18 172-+21 62-+6  1.53_+0.15 1.73_+0.16 495-+8 

199  

Results are expressed as means- + sem. (n=4). 
The blood was collected with heparin. After centrifugation, assays for alkaline phosphatase, aspartate 

aminotransferase, alanine aminotransferase, triacylglyeerols, total cholesterol and albumin were performed by 
an automatic procedure with a SMAC autoanalyzer (Technicon Instruments Corp., Tarrytown, NY). 

TABLE 2 

Numbers of Lysosomes in Liver Ceils of Controls 
and Cbloroquine-treated Rats 

Chloroquine- 
LysosomesJcell Nontreated rat treated rat 

Acid phosphatas~control 
with inhibitor of reaction 0.3_+0.1 0.5+0.1 

Aci d l~hosphatase-com- 
plete reaction 7.6 _+ 0.8 11.2_+ 1.2 F 

Variance analysis (differences are significant for F: 0.01). 
Means _+ sem. 

the presence of  ch loroquine  would make  an inter-  
esting study. Bile salts antagonize  the ch loroquine  
block when perfused in vivo in animals  previously 
intoxicated with an  acute dose of chloroquine.  In  
condi t ions comparab le  with those used in the 
present work, an  addi t ional  perfusion of  sodium 
taurochola te  (20 mic romoles /h r  in the femoral  
vein to avoid lipid deplet ion of  the  bile over t ime) 
s t imulated the secretion of bile lipids (unpubl ished 
results). Under  these condit ions,  the activities of 
lysosomal enzymes in the bile of t reated and  
control  rats exhibi ted no great differences. The 
inhibi tory effect of the drug on  phosphol ip id  
secretion is masked by the an tagonis t  effect of  the 
perfused bile salts. This f inding could be explained 
by the fact tha t  the modalit ies of t ransfer  of injected 
bile salts would be different f rom those of endoge- 
nous bile salts. The  former  cause a complex  
secretory effect of phosphol ip ids  (32) tha t  would 
mask chloroquine  inhibit ion.  

The lysosomes are the sites of intense metabol ic  
activity, including tha t  of l ipoproteins  (33). Even 
so, acutely injected chloroquine does not  affect the 
clearance of V L D L  and LDL,  a l though  it inhibits  
the hepatic  degradat ion  of these l ipoproteins  (33). 
Our  results of the assays of  circulat ing triacylgly- 
cerols and cholesterol  did not  show a difference 

between the control  and  intoxicated groups. The 
concent ra t ion  of p lasma a lbumin  also remained 
unchanged,  since the protein synthesis capacity of 
the intoxicated liver was not  affected. The stabili ty 
or the nonsignif icant  decrease of alkaline phospha-  
tase and  hepatic  t r ansaminase  levels in the presence 
of the drug could be the evidence of  only modera te  
hepatic involvement  by the chloroquine.  

Work  by Jones  et al. (34) suggests tha t  the Golgi 
appara tus  plays a role in bile secretion in conjunc-  
t ion with the lysosomal system of  the cell. Thus,  a 
lysosome-to-bile hepatic  pathway,  as described by 
La Russo and  Fowler  (5), could be involved in the 
excretion of componen t s  f rom l ipoproteins  into the 

-bile. The relat ion between l ipoproteins  and  bile 
secretion was demons t ra t ed  by detect ing Apo  AI 
and Apo  A l l  in the bile, the apoprote ins  arising 
from HDL.  

The existence of these relations and the eventual-  
ity of  regulatory mechanisms between l ipoprote in  
metabol ism and  the secret ion of lipids with p lasma 
and  bile destinies remain  to be determined.  
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FIG. 3A. Control rat liver: the tissue was fixed with glutaraldehyde 1.5%. A post-fixation with osmium tetroxyde 
was performed. Lysosome (L) mitochondria (M) were normal, located near bile canaliculi (B) G • 10,000. 

FIG. 3B. Rat liver after chloroquine treatment. Fixation with glutaraldehyde 1.5%, post-fixation with osmium 
tetroxyde. Lysosomes (L and arrow) were empty with multilamellar phase. Mitochondria (M) present a normal 
appearance. Bile canaliculi (B) G • 10,000. 

FIG. 3C. Acid phosphatase. Activities localized after chloroquine treatment. Fixation with glutaraldehyde 1.5%. 
Numerous reactive lysosomes (L and arrow) were located near bile canaliculi (B) with mitochondria (M) G • 10,000. 
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Diurnal Variation of Plasma Methyl Sterols and Cholesterol 
in the Rat: Relation to Hepatic Cholesterol Synthesis 
T.E. STRANDBERG. R.S. TILVIS and T.A. MIETTINEN*, Second Department of Medicine, 
University of Helsinki, 00290 Helsinki 29, Fin~and 

ABSTRACT 

Free cholesterol of plasma low density lipoproteins (LDL) and high density lipoproteins (HDL) of the rat 
was high and that of plasma very low density lipoproteins (VLDL) was low during the dark period of the 
diurnal cycle. Variations in the esterified plasma sterols were inconsistent. Free methyl sterols were high id 
all lipoproteins during the dark phase. Simultaneously, the incorporation of ~4C-acetate into nonsaponifiable 
sterols and the concentrations of free methyl sterols and cholesterol in the liver were elevated. 
Lipids 19: 202-205, 1984. 

INTRODUCTION 

Cholesterol synthesis undergoes circadian varia- 
tions at least in rodents (I-4), swine (5)and chicken 
(6). The diurnal variation is most prominent in 
liver, but is also detectable in the mucosa of the 
small intestine. In ad libitum fed rats, the peak of 
synthesis activity is found in the middle of the dark 
period, at the time of active food intake. 

The circadian rhythm of cholesterol synthesis 
has not been studied directly in man, but recent 
analyses of plasma cholesterol precursors, meva- 
Ionic acid (7) and squalene and methyl sterols (8) 
have revealed a nocturnal rise in their concentra- 
tions, suggesting activated cholesterol synthesis (9) 
at night. The results are quite unexpected, because 
the diurnal variation of cholesterol synthesis has 
been linked to the food intake at least in animal 
studies (10-12). 

The present study was undertaken to elucidate 
the origin of plasma methyl sterols during the 
diurnal cycle. The results indicate a diurnal fluctua- 
tion of plasma and hepatic methyl sterol levels in 
the rat and suggest a relationship between this 
fluctuation and hepatic cholesterol synthesis. 

MATERIALS A N D  METHODS 

Male rats of the Sprague-Dawley strain (Anima 
Ltd, Finland) weighing 260-320 g were fed standard 
rat chow (Hankkija Ltd, Finland) and tap water ad 
libitum. 

The animals were accustomed to alternating 12- 
hr periods of light and darkness for 2 weeks and 
were exsanguinated under ether anesthesia at dif- 
ferent time points during a complete 24 hr diurnal 
cycle. 

Plasma very low density lipoproteins (VLDL), 
low density lipoproteins (LDL) and high density 
iipoproteins (HDL) were separated from pooled 
samples of 3 rats by successive ultracentrifugation 
at densities 1.006 g/ml and 1.063 g/ml for 18 and 24 
hr, respectively, in a Beckman Ti-50 rotor at 42,000 

*To whom correspondence should be addressed. 

rev/rain in a SorvalI-OTD-2 ultracentrifuge at 4 C. 
The bottom fraction of 1.063 g/ml was taken to 
represent the lipids in HDL (13). 

Slices of liver were used for the in vitro studies of 
cholesterol synthesis. They were first preincubated 
for 10 min in 2 ml of Krebs-Ringer bicarbonate 
buffer containing 5.5 mmol glucose at 37 C, p H 7.4, 
and then the radioactive substrates, [1-~4C] acetate 
(5.95 Ci/mol) and DL-[2-~H] mevalonic acid (2 
Ci/tool) (Radiochemical Centre, Amersham, Eng- 
land) were added. The incubations were carried out 
under 95% 02/5% CO2 at 37 C, with shaking (100 
oscillations/min) for 2 hr. The incubations were 
stopped by extracting the lipids in chloroform/ 
methanol (2: I, v/v). 

Lipids of total plasma, different lipoproteins and 
liver slices were extracted with chloroform/metha- 
nol (2: I, v/v), saponified, isolated with thin layer 
chromatography (TLC) and quantitated with gas 
liquid chromatography (GLC) (14). Qualitative 
analysis of different methyl sterol fractions (I-5) 
has been recently described (14). After extraction 
of the nonsaponifiable lipids (NSL) of the liver 
slices, the residue was acidified and free fatty acids 
were extracted. Aliquots were taken for the deter- 
mination of radioactivities in a Wallac model 1215 
Rackbeta liquid scintillation counter with 0.5% 
2,5-diphenyloxazole (PPO) in toluene. 

The measurement of cholesterol synthesis in 
vitro from ~4C-acetate and 3H-mevalonate is de- 
scribed in detail earlier (15). 

Statistical analysis was performed using the 
Student's t-test. A p value less than 0.05 was 
considered statistically significant. 

RESULTS 

Serial analysis of rat plasma revealed that plasma 
levels of free AS-methostenol, lanosterol and diun- 
saturated dimethylsterol and the sum of the 5 
methyl sterols were low during the light period and 
high during the dark phase (Fig. 1). Since esterified 
methyl sterols showed inconsistent fluctuation, the 
percentage esteriflcation of methyl sterols was 
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FIG. 1. Diurnal variat ion of plasma free methyl sterols 
(subfractions 1-5) and the esterification degree of plasma 
total methyl sterols. Each point is the mean of 2-5 rats. (A) 
Fraction I (8-en-monomethylsterol (4a-methyl-5a-cho- 
lest-8-en-3/~-ol), also contains trace amounts ofdihydro- 
lanosterol (4,4,14a-trimethyl-5a-cholest-8-en-3fl-ol). (A) 
Fraction 2 (monounsaturated dimethylsterol (4,4-di- 
methyl-Sa-cholest-8-en-3/3-ol). (o) Fraction 3 (metho- 
stenol (4a-methyl-5a-cholest-7-en-3/3-ol). (o) Fraction 4 
(lanosterol (4,4,14a-trimethyl-5a-cholest -8,24-dien-3/~- 
ol). (*) Fraction 5 (diunsaturated dimethylsterol (4,4- 
dimet hyl-5~t--cholest-8(7), 24-dien-3fl-ol). 

clearly increased dur ing the light period (Fig. 1). 
To show which of the plasma l ipoprotein frac- 

t ions was responsible for the diurnal  cycle, the 
methyl sterol and cholesterol  levels were studied in 
plasma VLDL, LDL and HDL.  Free VLDL- 
cholesterol was high dur ing the light period, where- 
as free I ,DL and HDL cholesterol were significantly 
lower during the light than the dark  phase (Table 
I). Esterified cholesterol  tended to vary in parallel 
to free cholesterol so tha t  the percentage esterifica- 
t ion of cholesterol  remained unchanged  in each 
lipoprotein.  

In terms of p m o l / ~ m o l  of total  cholesterol,  free 
methyl sterol contents  of the 3 l ipoproteins were 
more than  twice as high dur ing the dark  than  the 
light phase (Table  I). In similar terms, the esterified 
methyl  sterol content  was low dur ing  the dark  
period in LDL and unaffected by the l ighting cycle 
in VLDL and HDL.  
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To investigate the role of diurnal rhythm of 
hepatic cholesterol synthesis in the regulation of 
plasma methyl sterols, hepatic sterol concentration 
and the incorporation of ~4C-acetate into NSL 
(including squalene and sterols) were studied in the 
middle of the light and dark periods. The synthesis 
of NSL was 4 times higher in the dark period than 
in the light period, whereas the sterol synthesis 
from 3H-mevalonate, as well as the incorporat ion 
of  14C-acetate into fatty acids, was unaffected by 
the lighting periods throughout  the day (Table 2). 
Consequently, the ~4C/3H ratio of NSL was signifi- 
cantly augmented during the dark period. 

The activated hepatic cholesterol synthesis was 
associated with increased hepatic concentrations of 
both free cholesterol and especially free methyl 
sterols, whereas the concentration of esterified 
sterols remained constant (Table 2). 

DISCUSSION 

In accordance with the earlier results (9), the 
high levels of plasma and hepatic free methyl 
sterols, and the simultaneous increase in hepatic 
cholesterol synthesis, demonstrate the role of  he- 
patic cholesterol synthesis in the regulation of 
plasma methyl sterols in the rat. Furthermore,  the 
present study indicates that the same regulation 
functions during the diurnal cycle. Despite rela- 
tively low plasma concentration of free methyl 
sterols and almost 4-fold fluctuation in hepatic 
cholesterol production, the diurnal rhythm of 

plasma methyl sterols is quite weak in the rat as 
compared to man (8). In humans, the diurnal 
fluctuation is up to 6-fold, in the rat ca. 2-fold. A 
reason may be that the hepatic pool of methyl 
sterols is fairly large in the rat, diluting the effect of 
altered methyl sterol production. Diurnal  rhythm 
of plasma mevalonate is also low in the rat 
compared to that in man (7,16,17) and to variations 
in hepatic cholesterol synthesis (17). 

Both in the rat and in man (8) plasma methyl 
sterols were high during the night and low during 
the day, irrespective of  the fact that the rat eats 
during the dark period and man during the day. In 
man, the oscillation of  plasma mevalonate disap- 
pears when food is omitted (7), suggesting that the 
diurnal rhythm of the plasma precursor level is 
associated with food intake and not with an 
intrinsic biological clock. 

In the presen t study, the cholesterol content of 
V L D L  exhibited a reciprocal variation to that of 
L D L  and HDL.  A diurnal variat ion with high 
daytime cholesterol levels in all l ipoprotein classes 
is seen also in human subjects (18). Reciprocal  
eating patterns may explain this species difference 
in L D L  and HDL,  whereas the reason for the 
nocturnal decrease of  V L D L  cholesterol during 
high cholesterol synthesis in the rat is obscure. 

It is likely that the diurnal variations of l ipopro- 
tein cholesterol levels are only partly determined by 
the fluctuation of endogenous cholesterol synthesis, 
as they are also affected by lipoprotein receptor 
activities, lipolytic enzymes, lecithin:cholesterol 

TABLE 2 

Hepatic Lipid Synthesis and Hepatic Sterol Concentrations in the 
Middle of the 12-hr Light and Dark Phases a 

Phase 

Light Dark 

Incorporation of J4C-acetate 
(nmol/g wet weight/2 hr) 

into NSL b 15-+2 55 + 17 c 
into fatty acids 30 _+ 11 54 _+ 20 

Incorporation of 3H-mevalonate into NSL 
(nmol/g wet weight/2 hr) 625 _+ 84 679 -+ 136 

Concentration of cholesterol 
(#mol/g wet weight) 

free 3.6_+0.1 4.1 -+0.2 c 
ester 0.3 _+ 0.05 0.3 _+ 0.06 
ester% 7.5 _+ 1.2 6.9 _+ 0.9 

Concentration of methyl sterols 
(nmol/g wet weight) 

free 22.2-+ I. I 32.4 +_ 3.3 c 
ester 21.5-+ 2.9 17.1 -+ 1.5 
ester% 48.3 -+ 2.4 34.8 _+ 2.3 c 

"Values are mean _+ SE (N = 6). 
bNonsaponifiable lipids, including squalene and sterols. 
~p<O.05. 
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a c y l t r a n s f e r a s e  ( L C A T )  a n d  c h o l e s t e r o l  t r a n s f e r  

b e t w e e n  l i p o p r o t e i n  c l a s s e s  (cf. 19). B o t h  l i p o p r o -  
t e i n  l i p a s e  (20)  a n d  L C A T  (21)  s h o w  d i u r n a l  

v a r i a t i o n  in  m a n  a n d  t he  e f fec t s  o f  t h e s e  f a c t o r s  a r e  
d i e t - a n d  p o s s i b l y  s p e c i e s - d e p e n d e n t .  
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The Composition of Cardiac Phospholipids 
in Rats Fed Different Lipid Supplements 
J.S.  C H A R N O C K , *  M.Y.  A B E Y W A R D E N A ,  E.J. M e M U R C H I E  and 
G.R. RUSSELL, C.S.I.R.O., Division of Human Nutrition, Glenthorne 
Laboratory, Majors Road, O'Halloran Hill, South Australia 5158, Australia 

ABSTRACT 

Changes in dietary lipid intake are known to alter the fatty acid composition of cardiac muscle of various 
animals. Because changes in cardiac muscle membrane structure and function may be involved in the 
pathogenesis of arrythmia and ischemia, we have examined the effects of dietary lipid supplements on the 
phospholipid distribution and fatty acid composition of rat atria and ventricle following 20 weeks feeding of 
diets supplemented with either 12% sunflower-seed oil or sheep fat. 

Neither lipid supplement produced significant changes in the proportions of cholesterol, total 
phospholipids or phosphatidylcholine, phosphatidylethanolamine or diphosphatidylglycerol,--the phos- 
pholipid classes that together account for more than 90% of the total phospholipids of rat cardiac muscle. 
Significant changes were found in the profiles of the unsaturated fatty acids of all 3 phospholipid 
components of both atria and ventricle. Although similar, the changes between these tissues were not 
identical. However, in general, feeding a linoleic acid-rich sunflower seed oil supplement resulted in an 
increase in the w-6 family of fatty acids, whereas feeding the relatively linoleic acid-poor sheep fat 
supplement decreased the level of oJ-6 fatty acids but increased the levels of the ~o-3 family, resulting in major 
shifts in the proportions of these families of acids. In particular, the ratio of arachidonic acid:docosa- 
hexaenoic acid (20:4, o~-6 / 22: 6, oJ-3), which is higher in all phospholipids of atria than ventricle, is increased 
by feeding linoleic acid, primarily by increasing the level of arachidonic acid in the muscle membranes. As 
dosahexaenoic acid does not occur in the diet, the increase in this acid which occurs after feeding animal fat, 
presumably arises from increased conversion of the small amounts of linolenic acid in all diets when the 
amount of linoleic acid present is reduced. 
Lipids 19:206-213~ 1984. 

INTRODUCTION 

Manipulation of the dietary fat intake of several 
species of experimental animals has shown that  the 
lipids of heart muscle are in a dynamic state that 
quite rapidly reflects alterations in the nature of the 
fat Content of the diet (1-7). A recent study in our 
laboratory has demonstrated that differences in the 
mechanical performance (inotropic response to 
Ca 2§ or isoprenaline) of isolated papillary muscles 
of the rat occur when the diet is supplemented with 
either sunflower-seed oil (SSO) or sheep kidney 
(perirenal) fat (SKF) (8). However,  these dietary 
lipid supplements produced little or no effect on the 
inotropic response of  isolated preparations of 
atrial muscle from these same animals. This observa- 
tion might reflect the differential effects of dietary 
lipids on these anatomically and functionally distinct 
regions of the heart. Certainly, differences were 
apparent in the total phospholipid fatty acid 
composition of rat heart ventricle and atria that 
persisted after dietary lipid supplements (9). 

The diet-induced differences in the mechanical 
performance of heart muscle may be related to 
changes in either the chemical or physical properties 
of  cardiac muscle membranes, as changes in the 
lipid composit ion of a variety of membrane systems 
have been shown to modulate several integral 
membrane enzyme systems (10-12). Changes in the 

*To whom correspondence should be addressed. 

bioavailability of membrane phospholipid precursors 
for prostaglandin synthesis must also be considered 
sitlce several studies have shown a strong relation- 
ship between dietary lipid intake, membrane phos- 
pholipid fatty acid composit ion and myocardial 
performance (13, 14). In a series of recent reviews, 
Katz and Messineo have drawn attention to the 
possible relationships between changes in cardiac 
membrane phospholipid composition, membrane 
function and the pathogenesis of cardiac ischemia 
and arrhythmia (15, 16). The extent of change in 
ratio of the classes of phospholipids or changes in 
the fatty acid composition of individual phospho- 
lipids were not determined in our earlier work (8,9). 

This paper describes both the distribution of the 
major phospholipids, phosphatidylcholine (PC), 
phosphatidylethanolamine (PE) and diphosphati- 
dylglycerol (cardiolipin, DPG), and their respective 
fatty acid compositions in rat ventricle and atria 
after 20 weeks of feeding dietary lipid supplements 
of widely different proportions of unsaturated: sat- 
urated fatty acids. The changes in the mechanical 
performance of the isolated heart muscle prepara- 
tions that occur concurrently with this dietary 
treatment are to be described in detail elsewhere 
(Charnock J.S., McLennan P., Abeywardena M.Y. 
and Dryden W.F., manuscript in preparation). 

MATERIALS AND METHODS 

Thirty-six 80-day-old male Hooded Wistar rats 
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weighing 295 + 15 gm were assigned equally to 3 
different dietary regimes to achieve widely different 
levels of fat intake or polyunsaturation: saturation 
(P/S) ratios. For the next 20 weeks the animals 
were fed eifher a commercially available rat chow 
(CC), containing 4% (W/w) total fat, as the refer- 
ence point for the study, or diets supplemented by 
the addition of 12% ( / w )  sunflower-seed oil (the 
SSO diet) obtained from Nuttelex Food Products 
Pty. Ltd., Victoria (Australia), or sheep kidney 
(perirenal) fat (the SKF diet) added to the commer- 
cial chow at the time of pelleting. Like the sunflower- 
seed oil used by De Deckere and Ten Hoor in their 
study of the effects of dietary fats on cardiac 
function (14), the sunflower seed oil used in these 
experiments was a rich source of iinoleic acid (65% 
of the total fatty acids) and contained an appreci- 
able amount of oleic acid (22%), but only small 
amounts of stearic acid (5%) and palmitic acid 
(6%), 

Conversely, sheep kidney fat is a rich source of 
palmitic acid (24%) and stearic acid (41%), but con- 
tains only a small amount of linoleic acid (2%). 
However, its content of oleic acid (25%) is similar 
to that of sunflower-seed oil. Because of these wide 
differences in fatty acid composition, the P/S ratio of 
sunflower seed oil is ~ 5 whereas that of sheep 
kidney fat is < 0.1. Although not detectable in 
sunflower seed oil, about 0.1% (W/w) of the total 
lipids of sheep kidney fat is cholesterol. 

Elevating the total fat content of the diet, from 
4% (W/w) in the commercial rat chow to 16% (W/w) 
in the diets with lipid supplements, increased the 
percentage of the total digestible energy of the diet 
that is obtainable from fats, i.e. the "energy percent" 
(en %), from about 12% in the reference diet (CC) 
to  about 35% in both SSO and SKF supplemented 
diets. These latter values have been reported to be 
within the normal range for the Australian human 
population (17). 

Combustion calorimetry of the commercial and 
refabricated diets demonstrated that both the lipid 
supplemented diets were essentially isocaloric (19.3 
Kj/g and 18.6 Kj/g for the SSO and SKF diets, 
respectively). However, animals in these 2 groups 
consumed an average of only 20 gm of food per 
day, compared'to 23 gm/day of the commercial 
diet (16.7 Kj/g) consumed by the control group. 

After 20 weeks of feeding, the rats were sacrificed 
by decapitation under very light ether anesthesia. 
The hearts were removed and washed free of blood 
by immersion in oxygenated Krebs-Henseleit buffer 
(pH 7.4) before sections of the atrium and ventricle 
were collected for lipid analysis. Sections of tissue 
weighing 10-20 mg were dispersed in 2 ml of 0.25% 
(W/w) aqueous butylated hydroxytoluene (BHT) 
by crushing in an all-glass Dounce homogenizer. 
After the addition of 4 ml of methyl alcohol and 
mixing by vortex, the samples were allowed to 

stand for 5 min at room temperaturr Eight ml of 
chloroform were added and the tissue was homog- 
enized by hand for several minutes until evenly 
dispersed. The mixture was centrifuged for 10 min 
at 800 g to separate the solvent layer. The aqueous 
phase was reextracted with 5 ml of chloroform and 
the pooled solvent fractions evaporated to dryness 
in a rotary vacuum apparatus before either estima- 
tion of the total phospholipid and cholesterol 
content or separation into the various phospholipid 
classes. 

The dried lipid extract was taken up in 0.2 ml 
CHCI3 and 50 #1 aliquots applied to Silica Gel H 
plates for thin layer chromatography (TLC) and 
run in a first solvent system of 1:3 acetone/petrole- 
um ether (40-60C). After development, the plates 
were dried in vacuo and rerun in the same direction 
in a second solvent of chloroform/methanol/water 
(65: 25:4, v/v/v) for separation of the major classes 
of phospholipid according to the method of Skipski 
and Barclay (18). Phospholipids were visualized 
under ultraviolet light after spraying the plates with 
2'T-dichlorofluorescein. 

Samples were run in duplicate, one being for lipid 
analysis by gas liquid chromatography (GLC) by 
the method described previously (9), and the other 
for phosphate analysis by the method of Bowyer 
and King (19). The cholesterol content of the lipid 
extracts was also estimated by a GLC procedure 
described by Macgee et al. (20). Protein was deter- 
mined by the method of Peterson (21). The percent- 
age fatty acid composition of cardiac membrane 
phospholipids was expressed as the mean + SEM 
and was compared for differences between ventricle 
and atrium or between diets, using an analysis of 
variance with Scheffe's procedure for multiple com- 
parisons between pairs (22). 

RESULTS 

When added to the commercial laboratory chow 
(CC), the lipid supplements provided diets with 
widely different levels of P/S ratios, as shown in 
Table 1. 

As expected, supplementing the commercial diet 
with SSO results in an increase in the proportion of 
linoleic acid (18:2 to-6), and a decrease in the 
proportion of palmitic (16:0) and stearic acids 
(18:0) in the diet, whereas the diet supplemented 
with SKF contains increased proportions of palmit- 
ic (16:0) and stearic (18: 0)acids as well as oleic acid 
(18:1 to-9), which represents 25% of the total fatty 
acids present in sheep kidney (perirenal) fat. Sup- 
plementing the commercial diet with SKF also 
results in a significant decrease in the linoleic acid 
content in comparison to either the reference diet 
(CC) or that supplemented with SSO. However, 
the amount of this essential fatty acid (EFA) is 
sufficient to sustain healthy normal growth in these 
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TABLEI 

CompositionofFabricated RatDiets 

Fatty Acid CC SSO SKF 
(C:d, ~x)  n = 14 n = 23 n = 24 

14:0 1.6-+0.1 0.3• 2.6• 
16:0 20.8• 9.2+-0.2 22.3+-0.3 
16:1 3.2+-0.2 0.6+-0.1 1.6• 
17:0 0.9-+0.4 - -  1.5+_0.1 
18:0 7.2-+0.4 5.6• 29.4-+0.8 
18:1 22.2-+0.2 22.8• 29.8-+0.7 
18:2 ~ 6  32.9+_0.8 58.0• 7.1+_0.3 
18:3 ~3  2.6+_0.1 0.8+_0.1 1.1• 
20:0 0.1• 0.3• 0.6-+0.1 
20:1 3.1+_0.3 0.7-+0.1 0.6+_0.1 
22:0 - -  0.7+_0.1 - -  
22:1 3.6+_0.3 0.7• 0.5• 
24:0 - -  0.2• - -  
22:6 ~3  1.6+_0.2 0.3• 0.3• 

% 5" SAT 30.6 + 1.6 16.3• 56.4 + _ 1.3 
% 3- UNSAT 69.2_+2.1 83.7• 41.0• 
P/S 1.2 3.6 0.2 
Cholesterol 

(w/w%) .025 .023 .036 

c c  = Commercial rat chow; SSO = sunflower seed oil; SKF = 
sheep kidney fat. 

Values shown are % total fatty acid (mean +_ SEM, n = number 
of samples); - -  represents detectable amounts of fatty acids less 
than 0.1%. Small amounts of other minor fatty acid components 
of uncertain identity have been omitted from the table. The 
nomenclature for fatty acid identification (C: d, to-x) refers to the 
chain length of the fatty acid (C), the number of double bonds (: d) 
and the number of carbon atoms (to-x) from the last double bond 
to the met hyl end of t he molecule. P { S = "/polyunsaturated fatty 
acids: )2 saturated fatty acids, but excludes the monoenes 16: I, 18: 
I, and 20: I. The preparation of the diets CC, SSO and SKF is 
described under Materials and Methods. 

a n i m a l s  and  is above  the  m i n i m u m  level r epo r t ed  
to be necessa ry  to avo id  E F A  def ic iency in ma l e  
rats  (23). 

T h e  pe rcen tage  cho les te ro l  c o n t e n t  (w/w) o f  all  3 
diets  is low; tha t  of  the  C C  a n d  S S O  die ts  is ca. 
.025% a n d  the diet  s u p p l e m e n t e d  wi th  S K F  is 
h igher  ( .036%), Feed i ng  the  S K F  diet  for  20 weeks  
resul ted in a sma l l  bu t  s igni f icant  (p< .05 )  increase  

in plasma cholesterol concentration (96 mg/100 
ml) over that found after feeding either the SSO or 
the  C C  diet  (89 a n d  85 r ag /100  ml ,  respect ively) .  
All a n i m a l s  (12 per  d ie ta ry  g r o u p )  ga ined  we igh t  
t h r o u g h o u t  the  e x p e r i m e n t a l  per iod ,  the  ra ts  in the  
S K F - f e d  g r o u p  be ing  m a r g i n a l l y  heav ie r  a f t e r  20 
weeks  o f  feeding  (481 + 15 g) t h a n  t hose  in e i ther  
the  SSO- fed  g r o u p  (469 + I 1 g) or  t h o s e  rece iv ing  
C C,  the  c o m m e r c i a l  rat  chow (464 + 13 g). T h e s e  
dif ferences  in m e a n  body  weight  are  no t  s tat is t ical ly 
s ign i f ican t  at the  5% level. 

T h e  a t r i u m : v e n t r i c l e  we igh t  was  d e t e r m i n e d  in 
a b o u t  ha l f  o f  t he a n i m a l s  f r o m  all 3 d ie t a ry  g roups .  
No  s ign i f i can t  d i f fe rences  were  f o u n d  be tween  
d ie ta ry  t r e a t m e n t s  a n d  the  ra t io  for  all a n i m a l s  
( m e a n + S E M )  is 0.11 _+.004. 

T h e  to ta l  p h o s p h o l i p i d  and  cho le s t e ro l  c o n t e n t  
o f  b o t h  t he  vent r ic le  a n d  a t r i u m  o f  ra ts  rece iv ing  
the  d i f fe rent  dieis  is g iven  in T a b l e  2. It  is ev iden t  
t ha t  t he re  is no  d i e t a r y - i n d u c e d  effect on  e i ther  the  
to ta l  p h o s p h o l i p i d  or  the  to ta l  cho le s t e ro l  c o n t e n t  
o f  t hese  d i f ferent  c o m p o n e n t s  o f  the  hear t .  It  is a l so  
a p p a r e n t  t ha t  the  cho les te ro l  c o n t e n t  o f  the  a t r i u m  
is a lways  ca. 50% g rea t e r  t h a n  t h a t  o f  t he  ventr ic le .  
T h e  d i s t r i bu t i on  o f  the  m a j o r  p h o s p h o l i p i d  c lasses  
o f  ra t  hear t  a t r i u m  a n d  vent r ic le  is s h o w n  in Tab l e  
3. P C  c o m p r i s e s  a b o u t  50% of  the  to ta l  p h o s p h o -  
l ipids o f  b o t h  a t r i u m  a n d  vent r ic le ,  P E  is a b o u t  
40% a n d  D P G  is a b o u t  7%. T h e  r e m a i n d e r  is 
a c c o u n t e d  for as p h o s p h a t i d y l i n o s i t o l  (PI) ,  p h o s -  
pha t idy l se r ine  (PS)  a n d  s p h i n g o m y e l i n  ( S P H ) ,  
n o n e  o f  wh ich  s epa ra t e  readi ly  f r o m  each  o the r  in 
the  c h r o m a t o g r a p h i c  s y s t e m  e m p l o y e d  in th is  
work .  However ,  in p r e l i m i n a r y  d e t e r m i n a t i o n s  
u s i n g  a c h r o m a t o g r a p h i c  s epa ra t i on ,  based  on  the  
p r o c e d u r e  o f  F ine  a n d  S p r e c h e r  (24), it was  f o u n d  
tha t  t hese  m i n o r  p h o s p h o l i p i d  c o m p o n e n t s  occu r  
in a p p r o x i m a t e l y  e q u i m o l a r  p r o p o r t i o n s .  T h i s  
d i s t r i bu t i on  o f  p h o s p h o l i p i d s  is no t  s ign i f i can t ly  
d i f fe rent  be tween  a t r i u m  or  vent r ic le ,  no r  is it 
a l tered  s ign i f ican t ly  e i ther  by an  inc rease  in the  
a m o u n t  o f  d ie ta ry  fat c o n s u m e d  or  by widely 
d i f fe rent  p r o p o r t i o n s  o f  P / S  in t he  diet.  

T h e  effect o f  diet  on  the  fa t ty  acid c o m p o s i t i o n  o f  

TABLE 2 

Effect of Dietary Lipid Supplements on the Phospholipid and Cholesterol Content of Rat Heart 

nmol/mg CC SSO SKF 

protein Ventricle Atrium Ventricle Atrium Ventricle Atrium 

Phospholipid 223+48 230+49 221+43 225-+49 219+45 230+_45 
Cholesterol 14.8-+1.3 22.1+_2.0 14.2-+0.3 23.3+1.9 15.7+_1.2 22.1+_2.4 

Phospholipidi 
cholesterol 15.0 10.0 15.6 9.6 13.9 10.4 

CC = commercial rat chow; SSO = sunflower seed oil; SKF = sheep kidney fat 
Values shown arc the mean + SEM for at least 5 determinations on separate samples of cardiac muscle from 

each dietary treatment. 
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[ABLE 3 

Distribution o! Major Phospholipids in Ventricle and Atrium of Rats Fed I.ipid Supplement Diets 

209 

CC SSO SKF 

Phospholipid Ventricle Atrium Ventr ic le  Atrium Ventr ic le  Atrium 
Class n = 9  n = 9  n = 9  n = 9  n =  II n= II 

PC 49.4• 49.8• 48.7• 52.7• 49.3• 51.2• 
PE 38.1 • 37.4• 1.4 39.2• 36.3• 38.8• 1.2 35.0• 1.2 
DPG 7.2• 5.9• 1.5 7.5• 6.0• 7.3• 6.4• 

CC = commercial rat chow; SSO = sunflower sccd oil; SKF = sheep kidney fat. 
Diets CC. SSO and SKF are described in the text. 
PC = phosphatidylcholine; PE = phosphatidylethanolamine; DPG = diphnsphatidylglycerol. Values given 

are mean • SEM of individual determinations on at least 9 separate muscle samples and are expressed as c~ of 
total phospholipid extracted from each tissue. The remainder was made up of small proportions of SPH, P I and 
PS which occurred in about equimolar proportions in all assays (see text). Differences between dietary groups 
or ventricles vs atria within a dietary group are not significant at I% level (p>.01). 

TABI,E 4 

Effect of Dietary Lipid supplements on the Fatty Acid Composition of Rat Heart PC 

CC SSO SKF 

Fatty A c i d  Ven t r i c l e  Atrium Ventr ic le  Atrium Ventr ic le  Atrium 
(C:d, to-x) n = 5  n = 5  n = 7  n= 7 n = 7  n = 6  LSD 

16:0 DMA 0.8• 0.8• 0.2• 0.4• 0.4• 0.3• n.s. 
16:0 17.6• 18 .9•  11.3• 14.0• 13.5• 13.3• 2.3 
17:0 0.5• 0.6• 0.2• 0.2• 0.5• 0.6• n.s. 
18:0 DMA --- 0.5• . . . . . . . . .  0.2• n.s. 
18:0 26.8• 26.5• 34.4• 32.9• 31.6• 32.9• 3.3 
16:1 1.5• 2.6• --  0.3• 1.0• 1.0• 1.9 
18:1 10.6• 15.5• 7.2• 12.0• 10.1• 14.8• 1.9 
18:2~6 12.4• 6.4• 8.7• 7.4• 6.3• 4.6• 3.0 
18:3~-3 -- 0.2• . . . . . . . .  0.2• n.s. 
20:1 0.3• 1 . 0 •  0.1• 0.4• 0.2• 0.6• n.s. 
20:3~6 0.3• 0.3• 0.2• 0.1• 0.2• 0.3• n.s. 
20:4~6 19.7• 16.2•  29.3• 23.8• 23.5• 20.1• 4.0 
22:4~6 -- 0.7• 0.4• 2.3• --- 0.5• 0.6 
22:5~6 1.3• 1.4• 0.6• 0.6• 1 . 7 •  1.6• 0.7 
22:6~3 7.2• 4.0• 5.7• 3.3• 10 .0 •  5.4• 1.6 

rat heart  PC is given in Table  4. As shown ,  this 
par t icular  phospho l ip id  accounts  for abou t  half  the 
total  phospho l ip ids  of  the cardiac m e m b r a n e s  and 
is rich in the sa tura ted  fatty acids palmitic (16:0) 
and  stearic (18:0), as well as conta in ing  significant 
a m o u n t s  of  bo th  m o n o -  and po lyunsa tu ra t ed  acids. 
Characterist ical ly,  in PC, the po l yunsa t u r a t e s  of  
the to-6 family, linoleic (18:2) and  a rach idon ic  
(20:4), exceed those  of  the to-3 family, as docosa -  
hexaenoic  acid (22:6) only occurs  to ca. 5-10% of 
the total,  and  its precursor ,  linolenic acid (18:3), is 
virtually absent .  PC conta ins  a higher  p r o p o r t i o n  
of  a rach idonic  acid than  any o ther  phospho l ip id  
found  in the hear ts  of  the rats examined  in this 
study. 

This  pat tern  of  fatty acid d is t r ibut ion  (the fatty 
acid profile) is characterist ic of cardiac PC and is 
similar,  but not  identical, in bo th  ventricle and 
atr ium.  In general, the ma jo r  sa tura ted  fatty acids, 
16:0 and 18:0, do not  differ greatly in p r o p o r t i o n  

between ventricle and a t r ium,  but  the ma jo r  poly- 
unsa tura ted  fatty acids, 18:2, 20:4 and 22:6, are all 
higher in ventricle than  a t r ium,  whereas  the m o n o -  
unsaturated acids, 16: 1, 18: I and 20: 1, are reduced. 

Feeding lipid supp lemen t s  of  widely different 
levels of  unsa tu r a t i on  for 20 weeks does  not  alter 
significantly the d is t r ibut ion  between sa tura ted  
and unsa tu ra ted  fatty acids ( Y S A T : Y U N S A T )  in 
PC. However ,  the relative p r o p o r t i o n  o f  stearic 
acid (18:0) is increased, whereas  that  of  palmitic 
(16:0) is decreased, by both  lipid supp lemen t s  
employed  in this s tudy,  when  c ompar e d  to the level 
found after  feeding the cont ro l  diet. 

Al though increasing the animals '  intake of  linoleic 
acid (18:2) by feeding SSO increases the propor t ion  
of  a rachidonic  acid (20:4) in cardiac PC relative to 
the reference g roup  (CC), there is a significant 
decrease in the p r o p o r t i o n  o fven t r i cu l a r  18:2 itself, 
p re sumab ly  due to increased metabol ic  t u r nove r  of  
this EFA.  Atrial a r ach idona te  appea r s  to rise 
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wi thou t  any  s igni f icant  c h a n g e  in the  level o f  its 
p recursor .  A r educ t ion  in 22:6 also occu r s  u n d e r  
these  e x p e r i m e n t a l  c o n d i t i o n s  ( S S O  diet),  p r o b a b l y  
s ince  the  to-6 p a t h w a y  for  d e s a t u r a t i o n  a n d  e l o n g a -  
t ion  d o m i n a t e s  tha t  o f  the  to-3 fami ly  o f  fa t ty  acids ,  
and  the  relat ively smal l  p r o p o r t i o n  o f  18:3 avai l -  
ab le  in the  diet is r educed  even  fu r t he r  by the  
a d d i t i o n  o f  S S O  (Tab le  1). 

Feed ing  the  m o r e  s a t u r a t ed  S K F  diet a lso  resu l t s  
in an  increase  in the  p r o p o r t i o n  o f  s tear ic  acid 
(18:0),  whe rea s  tha t  o f  pa lmi t ic  dec reases  re la t ive 
to the  reference g r o u p  (CC)  but  r e m a i n s  h i ghe r  
t h a n  tha t  o f  the  S S O  fed g roup .  T h e  m a j o r  
r educ t ion  in d ie ta ry  linoleic acid wh ich  occu r s  on  
feeding the  S K F  diet resul ts  in a s ign i f ican t  fall in 
18:2. This ,  however ,  is no t  a c c o m p a n i e d  by a 
r educ t ion  in 20:4,  wh ich  r e m a i n s  at  levels c o m p a r -  
able  to t hose  found  u n d e r  con t ro l  cond i t i ons .  
The re  is a lso a rise in 22:6,  pa r t i cu la r ly  in the  
ventr ic le ,  wh ich  can  p r o b a b l y  be a t t r i bu t ed  to the  
increased  t u r n o v e r  o f  18:3 wh i ch  occurs  w h e n  the re  
is a r educ t ion  in the  ava i lab le  18:2. T h u s ,  b o t h  the  
ventr ic le  a n d  the  a t r i u m  o f  S K F - f e d  a n i m a l s  n o w  
con ta in  relat ively m o r e  22:6  a n d  less 20:4 a n d  18:2 
t h a n  do t hose  o f  the  S S O  fed g roup ,  i.e. t h e r e  ha s  
been a shif t  in the  to-3/to-6 ra t io  u n d e r  t he se  
e x p e r i m e n t a l  cond i t ions .  

Like PC,  rat ca rd iac  PE  has  a cha rac te r i s t i c  fa t ty  
acid profile (Table  5). It is relat ively rich in the  
s a tu r a t ed  fa t ty  ac ids  (pa lmi t ic  and  stearic)  which ,  
as p rev ious ly  repor ted  by K r a m e r  (5), a l so  gene ra t e  
apprec iable  a m o u n t s  o f  their  d ime thy lace ta l  der iva-  
t ives ( D M A )  on m e t h y l a t i o n  d u r i n g  analys is .  Be- 
cause  of  c o m p e n s a t i n g  c h a n g e s  in 16:0 D M A  a n d  
18:0 D M A ,  the  to ta l  levels o f  these  der iva t ives  do  
no t  c h a n g e  on d ie ta ry  lipid t r e a t m e n t  wi th  e i ther  
S S O  or  S K F  s u p p l e m e n t s .  

A l t h o u g h  the  p r o p o r t i o n  o f  18: I in the  a t r i u m  is 
cons i s t en t ly  h igher  t h a n  in the  ventr ic le ,  t h a t  o f  
18:2 is lower as the  t u r n o v e r  o f  this  acid seems  to  be 
increased ,  resu l t ing  in s ign i f ican t ly  increased  levels 
of  20:4. Vent r i cu la r  22:6 is a lso cons i t en t ly  h ighe r  
t h a n  tha t  of  the  a t r i u m ,  sugges t i ng  increased  ra tes  
of  t u r n o v e r  o f  bo th  to-6 and  to-3 fa t ty  ac ids  in the  
PE  f rac t ion  of  the  ventricle.  

S o m e  i m p o r t a n t  d i f fe rences  in the  fa t ty  acid 
profi le  o f  ca rd iac  PE can  be a t t r i bu t ed  to the  diet.  
F e e d i n g  a l inoleic ac id- r ich  s u p p l e m e n t  ( the S S O  
diet) resul ts  in a r educ t i on  in the  p r o p o r t i o n s  o f  
d o c o s a h e x a e n o i c  acid (22:6) in b o t h  vent r ic le  a n d  
a t r i u m ,  bu t  f eed ing  a relat ively low l inoleic acid 
(22:6) s u p p l e m e n t  ( the S K F  diet)  resu l t s  in an  
inc rease  in the  p r o p o r t i o n s  o f  the  22:6  l o n g - c h a i n  
po lyunsa tu r a t ed  c o m p o n e n t  o f  card iac  m e m b r a n e s .  

TABI.E 5 

Effect of l)ictary l.ipid Supplements on the Fatty Acid Composition of Rat Hcart PE 

CC SSO SKF 

Fatty Acid Ventricle Atrium Ventricle Atrium Ventricle Atrium 
(C:d, to-x) n = 5 n = 5 n : 7 n = 7 n = 7 n = 6 I.SD 

16:0 DMA 6.1 -+0.g 6.3_ + 1.4 4.2_+0.5 4.1 _+ 1.0 3.6+0.6 4.2_+0.9 3.g 
16:0 9.4-+0.1 11.6_+0.9 7 .8_+0 .4  8 .4_+0 .7  7.9+0.3 9.4-+0.9 3.4 
17:0 0.5-+0.1 0.5-+0.1 0 .2_+0.1  0 .2_+0 .1  0.5+0.1 0.4_+0.1 n.s. 
18:0 DMA 2.3-+0.1 23_+0.9 4.3-+0.3 4.2-+0.8 5 .3_+0 .4  5.6_+0.6 2.8 
18:0 24.9-+0.5 23.4_+0.9 25.0_+0.6 24.7_+ 1.8 25. I _+0.4 22.3_+0.7 n.s. 
24:0 . . . .  1.4 _+ 0.3 . . . . . . . .  n.s. 
16:1 1.3_+0.2 2 .2_+0 .7  0 .8_+0 .3  1 .5_+0 .6  1.0+0.3 2.5-+0.6 n.s. 
18:1 7.5_+0.2 10.7-+1.2 7.1-+0.7 10.6-+1.0  7.4+0.3 10.1_+0.7 4.2 
18:2t0-6 5.5_+0.2 2 .0_+0.1  6 .3_+0 .6  3 .3_+0 .2  2.3+0.1 1.5_+0.1 1.6 
20:1 - -  0.8_+0.2 0 .2_+0.1  0.5_+(I.2 --- 0.4-+0.2 n.s. 
20:4to-6 11.8_+.0.2 17.3-+1.3 14.7_+0.3 21.2_+1.7 12.9+0.4 19.2-+1.1 5.8 
22:4to-6 0.4-+0.1 1 .6 -+0 .1  1.3-+0.2 5.5-+0.5 0.1 +0.1 1.3_+0.2 1.3 
22:5to-6 1.9_+0.1 2.4-+0.2 1.0_+0.1 1.0_+ 0.1 1.9+0.1 2.6-+0.2 0.9 
22:6ar3 26.8-+0.7 13.9-+0.8 22.8_+0.9 10.6-+0.6 30.1 _+0.6 16.4_+ 1.2 4.5 

Y Saturates 45.7 47.3 46. I 47.5 46.0 47.3 
v rt'nsaturates 53.3 48.3 52.2 50.2 53.0 49. I 
Eto-3 7.2 4.2 5.7 3.3 10.0 5.6 
va,-6 33.7 25.0 39.2 34.2 31.7 27. I 
20:4,22:6 2.7 4.0 5.1 7.2 2.3 3.7 

CC =commcrcial rat chow; SSO = sunflower seed oil; SKF = sheep kidney fat. 
Values shown are % total fatty acids (mean + S E M) where n = number of individual tissue samples examined. 

Assays were always in duplicate. --  represents detectable amounts of fatty acids less than 0. I% Small amounts 
of other minor fatty acid components of uncertain identity have been omitted from the table. DMA is the di- 
methy|acetal derivative from plasmalogens during me~.hylation. "lhe composition of the diets CC, SSO. and 
SKF arc described in Table I. I.SD is the least significant dilierence obtained from the pooled error estimatc~ 
of analysis of variance. Mean values within any one row which differ by more than the LSD arc significantly 
difli:rent at the 5o~ level, n.s. = not significantly different. 

LIPIDS, VOI.. 19, NO. 3 (1984) 



CHANGES IN CARDIAC PHOSPHOLIPIDS 211 

Therefore, there is now a major difference between 
the 22:6 content of the PE fraction of the hearts of 
SSO- and SKF-fed rats. When this is considered in 
relation to the changes in arachidonic acid content  
which also occur on these diets, the ratio of 
20: 4/22:6 between SSO-fed rats and those of both 
the CC- and SKF-fed groups has changed signifi- 
cantly. Seemingly, an increase in dietary 18:2 
enhances the turnover of to-6 acids at the expense of 
the to-3 family, whereas a reduction in 18:2 in the 
diet encourages the conversion of to-3 acids. This is 
particularly evident in the PE fraction where the 
levels of 22:6 are much higher than in other  
phospholipid classes. 

Although by comparison with either PC or PE, 
the DPG, or cardiolipin, content  of rat hearts is low 
(c.f. Table 3), this phospholipid is of interest 
because it is extremely rich in the E F A  linoleic acid 
(18:2, 0o-6) which, in the ventricle, accounts for 
more than half of the total fatty acids present in this 
fraction (Table 6). The propor t ion of this essential 
polyunsaturated fatty acid in the ventricle is con- 
sistently higher than in the atr ium (about 75%, 
compared to 50%), and this difference is maintained 
on feeding either a SSO or a S K F  supplement. On 
the other hand, there is almost no conversion of 
18:2 to 20:4 in the ventricular D P G  fraction, 
al though small but appreciable quantities of  20:4 
are found in the atrium. 

Similarly, the ventricle contains only small 

amounts of 22: 6, whereas appreciable amounts  of 
this product of to-3 fatty acid metabolism are found 
in the atrium. However, it is apparent  that feeding 
the low linoleic acid diet (SKF) again produces a 
significant change in the ratio of 20:4/22:6 in the 
DPG fraction of  the ventricle of the rat. 

DISCUSSION 

Previous experiments in our labor~tory have 
shown that  atrial and ventricular tissues of  the rat 
heart respond differently to dietary influences 
which may be related to differences in the phospho-  
lipid fatty acid composition of these cardiac muscles 
(8,9). In the present study, we examined this 
possibility in greater detail by determining both the 
relative proport ions of the major  classes of phos- 
pholipids and the fatty acid composi t ion of  these 
phospholipids in cardiac membranes.  Dietary sup: 
plements of SSO and SKF were chosen to represent 
aspects of the diet of Western man, in general, and 
in particular, that  of the Australian populat ion 
where both SSO-based margarines and ruminant  
animal fats are common components  of the diet 
(25). It was of  interest to note that, despite the 
differences in the fat loading of the diet, both  
phospholipid and cholesterol contents of cardiac 
muscles were unchanged. In addition, the distribu- 
tion between the major phospholipid classes (PC, 
PE and DPG) is not significantly different between 

TABLE 6 

EffectofDietary Lipid Supplementsonthe Fatty Acid Composition of Rat Heart DPG 

CC SSO SKF 

Fatty A c i d  Ventr ic le  A t r i u m  Ventricle A t r i u m  Ventricle Atrium 
(C:d, to-x) n = 5 n = 5 n = 7 n = 7 n = 7 n = 6 LSD 

16:0DMA 0 . 5 •  0.4• - -  0.5• - -  0.3• n.s. 
16:0 4.4• 7.1• 4.1• 7.9• 4.4• 7.6• 4.7 
18:0DMA 0.3• 0.2• - -  0.2• 0 . 3 •  0.2• n.s. 
18:0 3.9• 3.7• 3.9• 4.8• 4.0• 5.9• n.s. 
16:1 2.8• 3.6• 0.9• 3.4• 2.1• 3.3• 2.8 
18:1 7.7• 21.3•  7.5• 18.6• 11.3• ~.4• 4.6 
18:2~6 73.2• 49.2• 77.3• 48.2• 66.8• ~.4• 14.9 
20:1 0.3• 0 . 3 •  0 . 2 •  0.5• 0 . 3 •  0.2• n.s. 
20:3~6 0.8• 2 . 2 •  0 . 8 •  2.1• 2 . 0 •  2.3• 0.5 
20:4~6 0.6• 4.3• 1 .3 •  5.7• 1 . 8 •  5.6• 1.4 
22:5~6 -.- 0.3• - -  0.6• 0 . 2 •  0.6• n.s. 
22:6~3 1.3• 4.6• 1 . 4 •  4.8• 4.3• 6.8• 2.8 

'r Saturates 9.1 11.4 8.0 13.4 8,7 14.0 
Y Unsaturates 86.7 58.8 89.4 83.9 88.8 83.6 
Et~-3 1.3 4.6 1.4 4.8 4.3 6.8 
Eto-6 74.6 56.0 79.4 56.6 70.8 48.9 
20:4/22:6 0.5 0.9 0.9 1.2 0.4 0.8 

CC = commercial rat chow; SSO = sunflower seed oil; SKF = sheep kidney fat. 
Symbols and nomenclature as for Table 4. LSD is the least significant difference obtained from the pooled 

error estimates of analysis of variance. Mean values within any one row which differ by more than the LSD 
are significantly different at the 5% level, n.s. = not significantly different. 
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atrium or ventricle, nor is it altered significantly 
either by an increase in the amount of dietary fat 
consumed or by widely different proportions of 
P/S in the diet. This latter finding therefore 
confirms and extends an earlier report by Kramer 
(5), who also observed no effect of dietary lipids on 
the proportions of the major phospholipids of rat 
heart after feeding various plant oil supplements. 
These observations thus indicate that dietary lipid- 
induced changes in the fatty acid composition of 
cardiac phospholipids are due primarily to changes 
in the fatty acids of existing lipids, rather than to 
the synthesis of new phospholipid. 

Although differences in the contractile (inotropic) 
response of atrial and ventricular (papillary) muscles 
are therefore not readily explained at this level of 
membrane composition, more important differences 
are found in the proportions of individual fatty 
acids in the various phospholipid classes. For 
example, we had previously reported that the 
proportion of total 18:2 to-6 was always higher in 
the ventricle than in the atrium (9). This can now be 
explained by the much higher proportion of 18: 2 in 
ventricular DPG than in the atrium, as well as the 
increased proportions of this EFA in ventricular 
PC and PE. Similarly, the increased total ventricular 
22:6 that we had observed (9) can now be accounted 
for by higher proportions of this long-chain poly- 
unsaturated fatty acid in both PC and PE, which 
are not offset by the finding that atrial DPG is 
richer in 22:6 than is the ventricle. 

It is of interest that, in PC, ventricular 20:4 is 
higher than in the atria. In PE, the situation is 
reversed, ventricular 20:4 being lower than in the 
atria. In DPG, only very low levels of 20:4 are 
found in the ventricle where the proportion of 18:2 
is very high indeed. Although much lower levels of 
18:2 are found in the atria, there is clearly greater 
conversion to 20:4 in this muscle, as appreciable 
amounts of arachidonic acid are apparent. Thus, 
the different proportions of ventricular and atrial 
20:4 reported previously (9) cannot be attributed 
to a simple difference in the arachidonic acid 

content  of any single phospholipid class. 
However, more general changes in the phospho- 

lipid fatty acid profile of cardiac muscle can be seen 
following changes in the nature of the dietary lipid 
intake. For example, despite the 5-fold difference 
in the stearic acid content of SSO and SKF 
supplemented diets (6% and 30%, respectively; c.f. 
Table 1), both lipid supplements resulted in a 
significant increase in the proportion of 18:0 in 
cardiac PC, whether in the ventricle or the atria, 
which was not seen in either cardiac PE or DPG. 
An equally unexpected result was the finding that 
feeding a linoleic acid-rich diet in the form of SSO 
did not result in a significantly increased level of 
18:2 in any of the major phospholipid components 
of cardiac membranes when compared to the levels 
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found after feeding the control diet. In fact, in PC, 
feeding SSO results in a decrease in the proportion 
of this acid, which probably accounts for the 
decrease in total ventricular 18:2 relative to the 
control reported previously (9). However, the fall 
in 18:2 in cardiac PC is accompanied by a highly 
significant increase in its major o~-6 metabolic 
product - arachidonic acid (20:4). In PE, feeding 
SSO does not result in a significant change in the 
level of 18:2, but the level of 20:4 also increases, 
whereas in DPG there is little conversion of 18:2 to 
20:4 despite the very high proportion of 18:2 which 
is found in this phospholipid. 

The complexity of these dietary-induced changes 
in cardiac phospholipid unsaturated fatty acid 
composition suggests that the processes of desat- 
uraion and chain elongation that operate prior to 
their incorporation into membrane components 
(26,27), are neither uniform between ventricle or 
atrium, nor apparently are they identical for each 
class of phospholipid which makes up the cardiac 
membranes of the rat. Naughton has suggested that 
in liver and brain the metabolic pathways that are 
involved are subject to complex control which is 
most effective at the first step in the sequence of 
metabolism (28). 

Experiments with radioactively-labeled fatty acid 
substrates, similar to those previously carried out 
by Mohrhauer and Holman (29) for rat liver, or a 
detailed analysis of the interactions between dietary 
fatty acid components of complex mixtures (30), 
would be required to confirm that competitive 
inhibition of fatty acid metabolism also occurs 
between the oJ-6 and ~o-3 families of fatty acids in 
the rat heart. However, there is little reason to 
doubt the existence of this general mechanism in 
this organ. Our results sUggest that the sequential 
processes involved may occur at different rates in 
the ventricle and the atrium, similar to the differences 
reported to occur between other tissues of the rat 
(31). 

Whether the differences in the proportions of 
unsaturated fatty acids and in the cholesterol 
contents of atrium and ventricles are of some 
functional significance in these anatomically dis- 
tinct muscles of the rat heart cannot be established 
from the present study. However, since it is probable 
that differential effects also exist for phospholipase 
activity on differing classes of cardiac membrane 
phospholipids (32), it can be seen that both the 
supply and release of membrane precursors for 
prostaglandin biosynthesis could be different be- 
tween the atrium and the ventricle, and could be 
subject to very complex dietary modulation. As 
various prostaglandins are reported to possess 
both positive or negative inotropic activity (33), it 
is not surprising that much more experimental 
work will be required before the potential extent of 
dietary manipulation of cardiac contractility by 
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t h i s  s u g g e s t e d  m e c h a n i s m  c a n  be  e v a l u a t e d .  H o w -  
ever ,  t he  p o s s i b l e  c e n t r a l  r o l e  o f  a l t e r e d  c a r d i a c  
m e m b r a n e  c o m p o s i t i o n  a n d  f u n c t i o n  in t h e  e t i o l o g y  
o f  m y o c a r d i a l  a r r h y t h m i a s  (15,16,  34)  r e c o m m e n d s  

t h a t  t h i s  e f f o r t  be  c o n t i n u e d .  
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Effect of Dietary Fats on Desaturase Activities and 
the Biosynthesis of Fatty Acids in Rat-Liver Microsomes 

M.M. MAHFOUZ*,  T.L. SMITH, and F.A. KUMMEROW, Burnsider Research Laboratorv, 
University of  Illinois, Urbana, IL 61801 

ABSTRACT 

Four groups of rats were fed diets containing 15% (w/w) high-oleic safflower oil (SFO, rich in cis- 
18:1 acids), a mixture of 80% partially hydrogenated soybean oil plus 20% corn oil (H + CO, rich in 
trans-18:1 acids), lard (L, rich in saturated fatty acids) and corn oil (Co, rich in 18:2w6). Fatty acid 
composition of liver microsomes and activities of the a s, zx ~ and 49 desaturases were determined. 
Microsomal A 6 desaturase activity and arachidonic acid were lower in the H + CO group compared 
with SFO of L. No difference was found in the A s or ~6 desaturase activity of CO and SFO groups. 
Thus, the oleic-acid level of the SFO diet had no effect on the metabolism of 18:2to6. Fluorescent 
polarization studies, using trans-parinaric acid as a probe, showed no differences between the physical 
states of phospholipid vesicles made from lipids isolated from each group. We concluded that the 
trans-18:l acids in partially hydrogenated soybean oil have a more inhibitory effect than saturated 
acids on EFA metabolism, even in the presence of adequate amounts of essential fatty acid. 
Lipids 19:214-222, 1984. 

INTRODUCTION 

In technological  societies, the consumpt ion  
of  partially hydrogenated  fats has been increas- 
ing. These fats contain significant quant i t ies  of  
various posit ional  isomers o f  oc tadecenoic  acids 
with trans and cis double-bond configurat ions  
(I-3) .  These unnatural  acids are now found in 
human tissues at levels as high as 14% of the 
fa t ty  acids of  certain lipids (4). In vitro studies 
using liver microsomes f rom animals deficient  
in essential fa t ty  acids (EFA)  (5 ,6 )have  shown 
that  posi t ional  isomers of  cis- and trans-octa- 
decenoic  acids inhibit  liver microsomal  desat- 
urat ion of  18:2co6 and 20:3606. In in vivo 
exper iments ,  the isomeric oc tadecenoic  acids 
present in partially hydrogenated  soybean oil 
(PHSO) were found to aggravate the symptons  
of  E F A  deficiency,  probably  through the inhi- 
bi tory effect  of  these isomers on the conversion 
of  18:26o6 to 20:4606 (7). Also, feeding rats 
diets containing PHSO in the  presence of  a low 
level of  18:26o6 (18% of the min imum nutr ient  
requ i rement )  was shown to affect  the metabo-  
lism of E F A  with  a consequent  change in the 
polyunsaturated fat ty  acid (PUFA)  pat tern of  
liver and heart phosphol ipids  (8). 

Previous studies were conduc ted  to assess 
the effect  of  cis- and t rans-18: l  acids (present 
in partially hydrogenated  vegetable oils (P! IVO)) 
on the essential fa t ty  acid metabol ism in vitro 
or  in vivo. These studies used liver microsomal  
fract ions or  tissues from animals that  had been 
fed diets deficient  in E F A  (5,6) or  that  con- 
rained levels of  18:2o06 lower than the mini- 

*To whom correspondence should be addressed. 

mum nutr ient  requi rement  (8). Alfin-Slater and 
Aftergood have suggested that  trans-siomeric 
fa t ty  acids have no adverse effects  in animal 
models  when an adequate  a m o u n t  of  EFA is 
provided (9). This suggestion has been based 
largely on weight  gain, longevity and repro- 
duct ive per formance  data. However ,  l i t t le is 
known about  the effect  of  isomeric 18:1 acids 
present  in PHVO on the  E F A  metabol ism when  
an adequate  amoun t  of  18:26o6 is supplied in 
the diet. 

The present nutr i t ional  exper iments  were 
designed to investigate the effects  of  dietary 
isomeric t rans-18: l  acids (present in PHSO) 
and saturated fat ty  acids on the A s and A 6 
desaturase activities in rats wi th  suff icient  EFA.  
Desaturase activities were measured in incuba- 
t ion reactions using the microsomal  fract ion of  
the liver. The fat ty  acid pat tern was also an- 
alyzed,  especially for  the 606 acids of  the hepa- 
tic microsomes,  in order  to de termine  relat ion-  
ships be tween the synthesis of  co6 P U F A  and 
the role of dietary trans and saturated acids in 
these metabol ic  processes. 

In the present s tudy,  we used corn oil (CO), 
high-oleic safflower oil (SFO),  a mixture  of  
80% partially hydrogenated  soybean oil and 
20% corn oil (H + CO) and lard (L). All the 
diets contained adequate  amounts  of  18:26o6. 
The membrane  f luidi ty o f  the microsomal  
phospholipid vesicles was also measured to cor- 
relate changes in desaturase activities with any 
al terat ion of  the physical state of  the vesicular 
membranes.  A prel iminary account  o f  por t ions  
of  this work has appeared elsewhere (10). 
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MATERIALS AND METHODS TABLE 1 

Amimals and Diets 

Male weanl ing  Sprague-Dawley rats ,  divided 
i n to  4 g roups  of  12 rats  each ,  were fed  a mod i -  
f ied AIN-76 semipur i f ied  diet  (11) .  F i f t e en  
pe rcen t  o f  t he  die t ,  b y  weight ,  was compr i sed  of  
CO, SFO,  L or  a m i x t u r e  of  H + CO, for  6 weeks.  
The  c o m p o s i t i o n  o f  t he  basal  die t  and  t he  f a t t y  
acid c o m p o s i t i o n  of  t he  fat  s u p p l e m e n t s  are 
s h o w n  in Tables  1 and  2. F o o d  was p repa red  as 
needed  and  s tored  at  4C. The  rats  were fed 
f resh  food  dai ly w i t h  f o o d  and  wa te r  p rov ided  
ad l i b i t um.  The  ra ts  were h o u s e d  indiv idual ly  in 
suspended  cages wi th  wire mesh  b o t t o m s .  
R o o m  l ight ing consis ted  o f  12-hr per iods  of  
l ight  and  dark.  The  ra ts  were weighed week ly  
and  were n o t  fas ted  before  be ing  ki l led so t h a t  
t he  m a x i m u m  act ivi t ies  of  the  liver desa turases  
cou ld  be measured  (I  2). The  d ie ta ry  t r e a t m e n t s  

s h o w e d  no  s ignif icant  ef fec t  on  ne t  b o d y  
weight .  All  an imals  were sacrif iced at  ca. 9 a .m.  
o n  t he  day  of  t he  e x p e r i m e n t .  

Chemicals and Reagents 

All cofac tors ,  NADH,  CoA ( L i t h i u m  salt)  and  
bov ine  se rum a l b u m i n  V f r ac t ion  (essent ia l ly  
free of  f a t t y  acid) ,  were o b t a i n e d  f r o m  Sigma 
Chemica l  C o r p o r a t i o n  (St. Louis ,  MO). All 
o t h e r  chemica ls  were ana ly t i ca l  grade. Palmi t ic ,  
l inoleic  and  eicosa-8,1 t ,14- t r ienoic  acids were  
o b t a i n e d  f rom NuChek  Prep. ,  Inc.  (Elys ian ,  
MN). [ t 1 4 C ] - P a l m i t i c  acid (sp. act .  56 Ci /mol ) ,  
[ t -14C] l ino le ic  acid (sp. act .  51 Ci /mol )  and  
[ 1 - t4C]e icosa -8 ,11 ,14- t r i eno ic  acid (sp. act .  55 
Ci /mol )  were  pu rchased  f rom New Enagland  
Nuclear  (Bos ton ,  MA). 

Incubation Conditions and Assay of Desaturases 

The  liver m i c r o s o m e s  were  assayed for  A s , 
A 6, and  A 9 desa turase  act ivi t ies  as previous ly  
descr ibed  (13) .  Each  i n c u b a t i o n  in 1 ml  of  a 
0 .15 M KCL-0.25  M sucrose  so lu t ion  c o n t a i n e d  
(in pmole s ) :  ATP,  5.0; CoA,  0 .25 ;  NADH,  1.0; 
MgC12, 5 .0;  g lu t a th ione ,  1.5; NaF,  45 .0  nico-  
t i namide ,  0 .5 ;  p h o s p h a t e  b u f f e r  (pH 7.0) ,  100 .0 ;  
and  2 mg  p ro t e in  of  a m i c r o s o m a l  suspens ion .  
T h e  m i c r o s o m a l  p ro t e in  c o n c e n t r a t i o n  was 
measu red  accord ing  to  Lowry  et al. (14) .  The  
m i c r o s o m e s  were  separa ted  b y  cen t r i f uga t i on  at  
105 ,000  • g for  2 hr  (5).  One  h u n d r e d  n m o l  
( con ta in ing  an  a m o u n t  of  14C labeled acid 
equ iva len t  to  0.1 pCi )  o f  pa lmi t ic  or  l inoleic  
a n d  40  n m o l  e icosa-8 ,11 ,14- t r ienoic  acid in the  
f o r m  of  sod ium salt  bov ine  a l b u m i n  c o m p l e x  (1 
/ag free f a t t y  ac id /11 .5  /ag bov ine  se rum albu-  
m i n )  were used as subs t ra tes .  U n d e r  these  con-  
d i t ions ,  t he  e n z y m e s  were sa tu ra t ed  by  the  

Composition of Semipurified Diets 

Component g/100 g 

Casein a 20.0 
Dextrose b 30.0 
Cornstrach c 25.0 
Cellulose  d 5 .0  
Fat e 15.0 
Mineral mix f 3.5 
Vitamin mixg 1.0 
DL-methionine h 0.3 
Choline i 0.2 

aShamrock brand, Erie Casein Co., Erie, IL. 
bStaleydex 333, A.E. Staley Co., Decatur, IL. 
~Food grade, A.E. Staley Co.~ Decatur IL. 

Solka--Floc, Brown Co., Berhn, NH. ' 
eCorn oil, a mixture of 80% partially hydrogenated 

soybean oil plus 20% corn oil, lard and high-oleic 
acid safflower oil provided by Best Foods/CPC Int- 
ternational, Union, NJ. 

fAIN Mieral Mixture 76, ICN Nutritional Bio- 
chemicals, Cleveland, OH. 

g A I N  Mineral Mixture 76, ICN Nutritional Bio- 
chemicals, Cleveland. OH. 

hlCN Nutritional Biochemicals, Cleveland, OH. 
iCholine Bitartrate, ICN Nutritional Biochemicals, 

Cleveland, OH. 

TABLE 2 

Dietary Fatty Acid Composition 

Diet a CO SFO L H + CO 

Fat ty  acids b 
16:0 10.4 4.9 24.7 10.2 
16:1 ND c 0.1 2.3 ND c 
18:0 1.8 2.6 15.0 10.7 
18:1 t e ND c ND c 0.8 35.1 
18:1 c e 25.6 76.1 43.5 25.7 d 
18:2o~6 61.3 15.2 10.0 15.3 
18:3to3 0.9 ND c 0.3 0.3 
20:0 ND c 0.5 0.2 0.3 
20:1t09 ND c 0.3 0.6 0.1 
20:2o~6 ND c ND c 0.4 ND e- 
22:0 ND c 0.4 ND c 0.3 
24:0 ND c 0.2 ND c 0.2 

Others 0.0 0.0 2.2 1.8 

aSemipurified diet containing 15% fat as corn oil  
(CO), high-oleic safflower oil (SFO), Lard (L) or a 
mixture of 80% partially hydrogenated soybean oil + 
20% corn oil (H + CO). 

bCarbon number: number of bonds, w = double 
bond position from the methyl end. 

CND = not detected (<0.1%). 
d This value represents a mixture of 80% cis 18:1to9 

+ 20% of other cis isomers. 
e e  ~- c i$ ,  t = t r a n &  

subs t ra tes .  The  i n c u b a t i o n s  were carr ied ou t  for  
20 min  in a D u b n o f f  m e t a b o l i c  shaker  at  37 C. 
The  p r o d u c t s  of  the  r eac t ions  u n d e r  the  assay 
c o n d i t i o n s  as descr ibed were p r o p o r t i o n a l  to  
t h e  2 mg  p r o t e i n  c o n c e n t r a t i o n  and  t h e  20 ra in  
r eac t i on  t ime.  
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The reaction was terminated by the addition 
of 5% HC1 in methanol and the lipids were 
extracted with chloroform/methanol (2:1, v/v). 
The extract was dried under a stream of N2 and 
transesterified with 3 N methanolic-HC1 (Su- 
pelco, Inc., Bellefonte, PA) at 70 C for 2 hr (7). 
The HCl-methanol was evaporated under N2. 
The methyl esters were dissolved in petroleum 
ether. A mixture of unlabeled carriers of methyl 
esters of 16:0 + 16:1, 18:2 + 18:3 or 20:3 + 
20:4 were added to the incubation products. 
The esters were separated on 10% AgNO3 Silica 
Gel H plates as previously described (6). The 
separated bands were scraped into scintillation 
vials, 10 ml of scintillation fluid (4 gm PPO + 
84 mg POPOP/1 toluene) was added, and the 
activity was counted in a Packard Scintillation 
Counter. The percentage of desaturation was 
calculated as the ratio of the counts in the 
desaturated products to the sum of the counts 
in the substrate plus product, corrected for 
background. The nmol of the product were 
then calculated. The recovery of the radioac- 
tivity was more than 85% of the amount used. 

Extraction of Lipids and Analysis of Fatty Acids 

In order to study the effect of the different 
dietary treatments on the fatty acid composi- 
tion of the total lipids and the phospholipids of 
the liver microsomal fractions, the microsomes 
were extracted according to the Folch method 
(15) and the lipid extract was divided into 2 por- 
tions. One portion was used for preparing the 
methyl ester of the total lipids following 
saponification and methylation (16). The phos- 
pholipid fraction was seaprated from the other 
portions of the lipid extract by polysilicic acid 
gel-impregnated glass fiber sheets (ITLC), using 
a solvent system of petroleum ether/diethyl 
ether (90:10, v/v). The phospholipids were 
transesterified by BF3-methanol complex (17). 
BHT was added as antioxidant in a concentra- 
tion of 0.005% (w/v) to all the solvents used for 
lipid extraction and chromatography. All 
operations were carried out under N 2. 

A Packard Model 428 gas chromatograph 
(Hewlett Packard Instrument Co., Inc., Chicago, 
IL), equipped with an all-glass injection splitter 
and a flame ionization detector (FID) was used 
to separate the methyl esters on a Quadrex, 60 
m x 0.25 mm ID SP 2340 wall-coated, open- 
tubular (WCOT) glass column (Quadrex Inc., 
New haven, CT). The oven temperature was 
programmed from 160-220 C at 1 C/min and 
the injector and detector temperatures were 
280 C and 300 C, respectively. The N2 flow 
rate was 0.7 mt/min with a split ratio of 110:1. 
Retention time, peak areas and peak relative 
area percentages were determined electronically 

using a Hewlett Packard Model 3390A Report- 
ing Integrator. Identification of methyl esters 
of fatty acids was accomplished by comparing 
relative retention times with authentic stan- 
dards (NuChek Prep., Elysian, MN, and Supelco, 
Inc., Bellefonte, PA). A test of statistical signi- 
ficance was applied using a one-way analysis of 
variance with mean separation by Duncan's 
multiple range test (18). 

Preparation of Microsomal Phospholipid Vesicles 
and Fluorescence Measurement 

The microsomes isolated above were sub- 
jected to a modified Bligh and Dyer extraction 
(19). To 0.8 ml of a concentrated suspension of 
microsomes was added 3 ml chloroform/ 
methanol (1:2, v/v), which was vortexed and 
then centrifuged at 200 x g to precipitate the 
residue. The supernatant was saved and the 
residue reextracted with 1 ml of chloroform. 
After centrifugation, the chloroform was col- 
lected with the previous supernatant. To the 
combined supernatants, 1 ml 0.1 M KC1 was 
added. After centrifugation, the upper layer 
and any interfacial material was discarded. The 
extracts were dried, weighed and suspended in 
1 ml chloroform. 

Phospholipids were isolated by Unisil 
(activated sillcic acid 200-325 mesh) chroma- 
tography. For each mg of lipid, 0.1 g of acid- 
washed, activated Unisil was put in a gooch 
funnel (minimum of 0.5 g) and washed with 
5 ml of chloroform. The sample was applied 
in chloroform to the Unisil and then wased 3 
times with 5 ml portions of chloroform to 
remove any neutral llpids. The phospholipids 
were eluted with 5 ml of methanol. Methanol 
was removed under vacuum with chloroform 
added to reduce the boiling point. The dry 
lipid was dissolved in 2 ml chloroform and the 
phospholipid molar concentration determined 
using ammonium ferrothiocyanate (20) with 
egg yolk phosphatidylcholine as a standard. 

trans-parinaric acid was obtained from 
Molecular Probes (Junction City, OR) and 
stored in ethanol with .001% BHT at -20 C in 
the dark under N2. To make vesicles, 1.2/amol 
phospholipid were transferred to a screw-cap 
test tube and dried in a thin film on the side of 
the tube under a stream of N2. Six ml potas- 
sium phosphate buffer (50 mM, pH 7.2) were 
added, the tube closed under N2 and heated to 
65 C. The tube was then vortexed at full speed 
for 15 sec and allowed to cool. Three ml were 
set aside for use as a scattering blank. To the 
remaining 3 ml was added 3 nmol of trans- 
parinaric acid (probe-to-lipid ratio of 1/200), 
then the tube was incubated at 37 C for 40 
min. 
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F l u o r e s c e n c e  po l a r i za t i on  s tud ies  were  d o n e  
o n  a Pe rk in -E lmer  s p e c t r o f l u o r i m e t e r ,  m o d e l  
650 -10S  ( N o r w a l k ,  CT),  f i t ted  w i t h  a Hi tach i  
m o d e l  65043139 t h e r m o s t a t t e d  t u r r e t  cell 
ho lde r ,  cell s t i r rer  and po la ro id  f i l ter  r o t a t o r  
(C.N. Wood  M a n u f a c t u r i n g ,  N e w t o w n ,  PA).  
E x c i t a t i o n  o c c u r r e d  at 325 n m .  Emis s ion  was  
read at  420  n m  and f luorescence  i n t e n s i t y  
m e a s u r e d  for  parallel  (Iii) and  p e r p e n d i c u l a r  
(T• o r i e n t a t i o n s  o f  the  emis s ion  fi l ter.  The  

po la r i za t ion  ra t io  was  ca lcula ted  as (Ill-IllS)/ 
( ( l •177 G),  w h e r e  IllS and l• are c o r r e c t i o n s  
fo r  s ca t t e r ing  and  G is the  g ra t ing  f a c t o r  equa l  
to  H H / H V  (21) .  Read ings  were  m a d e  whi le  
hea t ing  the  cuve t t e  f r o m  b e l o w  the  lowes t  t e m -  
p e r a t u r e  to  t he  h ighes t .  Hea t ing  ra tes  were  less 
t h a n  1 C/ ra in .  

RESULTS A N D  DISCUSSION 

The  p e r c e n t a g e  o f  the  c o m p o n e n t s  o f  the  
d ie ta ry  f a t t y  acids used in this  s t u d y  are s h o w n  
in Table  2. S F O ,  L and  H + CO diets  c o n t a i n e d  
a b o u t  82% of  the i r  to ta l  f a t t y  acids  as 18:1 p lus  
s a t u r a t e d  f a t t y  acids.  The  S F O  diet  c o n t a i n e d  
76% o f  t he  to t a l  f a t t y  acids  as cis A 9 18:1 and  
7 .5% as s a t u r a t e d  f a t t y  acids (16 :0  + 18:0) .  
The  H + CO diet  c o n t a i n e d  60 .8% as 18:1 acids 
and  20 .9% s a t u r a t e d  acids.  T h e  60 .8% p r e s e n t  
as 18:1 acids was  d i s t r i b u t e d  as 25 .7% 18:1 
cis- isomers (80% cis-A 9 18:1 and  20% o t h e r  
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18:1 i s o m e r s )  and  as 35 .1% t rans-18: l  i somers .  
S F O  and  H + CO diets  are clearly high in 18:1 
acids,  b u t  t h e y  are d i f f e ren t  in the  d o u b l e - b o n d  
c o n f i g u r a t i o n  o f  these  18:1 acids.  Trans-18: l  
acids are m o r e  like s a tu ra t ed  f a t ty  acids t h a n  
cis -18: l  acids in the i r  s t r u c t u r e  and  mel t ing  
po in t .  The  lard fat ,  w h i c h  c o n t a i n e d  40% 
s a t u r a t e d  f a t t y  acids and  43% cis -A9 18:1 
acid,  was  used  as a c o n t r o l  f o r  t he  ef fec t  o f  
s a t u r a t e d  f a t t y  acids.  These  die ts  a l low c o m -  
pa r i son  b e t w e e n  the  e f fec t  o f  t rans-18: l  acids  
and  the  e f fec t  o f  s a t u r a t e d  f a t t y  acids  o n  the  
l inoleic acid m e t a b o l i s m  w h e n  this  acid is pre-  
sen t  in su f f i c i en t  a m o u n t s  because  these  3 die ts  
c o n t a i n e d  a d e q u a t e  a m o u n t s  o f  18:26o6 at 

c o m p a r a b l e  levels. 
The  da ta  l is ted in Table  3 s h o w s  the  f a t t y  

acid prof i le  o f  the  liver m i c r o s o m a l  l ipids f r o m  
ra t s  fed CO,  S F O ,  L o r  H + CO diets .  F o l l o w i n g  
a 6 -week  diet  c o n t a i n i n g  15% fat ,  o f  w h i c h  35% 
were  t rans -18: l  acids,  the  a m o u n t  o f  t rans -18: l  
acids  d e p o s i t e d  in the  m i c r o s o m a l  l ipids o f  the  
H + CO g r o u p  r eached  12.8%. The  p r e sence  o f  
su f f i c ien t  a m o u n t s  o f  18:26o6 in the  H + CO 
diet  used in the  p r e s e n t  s t u d y  did n o t  p r e v e n t  
t h e  u p t a k e  o f  the  trans-acids i n to  the  mic ro -  
soma l  l ipids (8).  

The  to ta l  s a t u r a t e d  f a t t y  acids  (16 :0  + 18:0)  
supp l i ed  in t he  H + CO diet  (20 .9%)  was  m u c h  
h igher  t h a n  the  a m o u n t  supp l ied  in the  S F O  
diet  (7 .5%)  (Table  2),  b u t  t he  to t a l  a m o u n t  o f  

TABLE 3 

The Effect of Dietary Fats on Rat-Liver Microsomal Tatal Lipid Composition 

CO SFO L H + CO 
Diet + (n= 12) (n= 12) (n= 12) (n= 12) 

Fatty acids* 
16:0 17.3 +- 0.0 c 16.7 -+ 0.53 b,d 18.3 • 0.63 a,b 13.5 +- 0.61 a,c,d 
16:1 to7 0.7 -+ 0.1 ++ 0.7 -+ 0.07 1.1 -+ 0.30 1.0 -+ 0.33 
18:0 17.0 • 0.8 b,d,e 19.2 • 0.34 c,d 20.5 • 0.50 a,b 13.9 -~: 0.22 a,c,e 
18:1 t -- -- -- 12.8 • 0.70 
18:1 c 6.8 + 0 4a,d, f 15.3 -+ 1.0 a,b,c I I  8 + 0 53 c,d,e 9.6 • 0 50 b , e f  
18:2c,t + t,c -- -- -- 0.3 -+ 0.01 
] 8:2 to6 15.2 • 0.Ta,b, c 6.1 • 0.36 a,d 6.3 • 0.62 b,e 10.3 • 0.57 c,d,e 
l 8:3 to6 0.3 -+ 0.01 0.2 • 0.02 0.1 -+ 0.00 0.3 -+ 0.04 
20:2 to6 1.0 -+ 0.1 0.3 +- 0.03 0.2 -+ 0.03 0.2 • 0.02 
22:0 + 20:3to9 0.4 • 0.02 0.7 +- 0.05 1.0 • 0.12 0.3 • 0.03 
20:3 to6 0.6 • 0.06 a 0.6 +- 0.03 b 0.8 • 0.12 0.9 • 0.10 a,b 
20:4<,o6 29.8 -+ 0.5 b 30.5 -+ 0.38 a 29.0 ,+ 0.74 c 24.6 -+ 0.40 a,b,c 
22:4 to6 1.3 • 0.1 a,b,c 0.8 • 0.06 c,d,e 0.6 '+ 0.05 b'e 0.5 -+ 0.02 a,d 
22:5 to6 2.5 • 0.3 c 4.3 • 0.22 a,b,c 2.4 • 0.26 b 1.8 • 0.30 a 
22:5 to3 0.5 • 0.05 0.4 +- 0.04 0.3 -+ 0.02 
22:6to3 3.3 • 0.2 c,d 1.5 ?0 .01  a,d,e 4.0 • 0 38 a b c 3.2 • 0.10 b,e 
20:4 0.4 • 0.1 0.5 -+ 0.04 0.4 ,+ 0.08 0.3 '+ 0.02 
Other 2.6 3.1 6.1 

t = trans, c = cis. 
+Animals fed 15% corn oil (CO), high-oleic safflower oil (SFO), lard (L) or a mixture of 80% 

partially hydrogenated soybean oil + 20% corn oil (It + CO). 
*All fatty acids are of  the cis configuration unless otherwise noted. 
++Mean • SEM. Means within the same line with a superscript letter in common are statistically 

different at the p<O.05 level, as tested by Duncan's multiple-range test procedure. 
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satura ted  fa t ty  acids tha t  accumula ted  in the  
mic rosomal  l ipids of  the  H + CO group (27.4%) 
was lower  t han  in the  SFO group (35.9%). This 
can be a t t r ibu ted  to  the  accumula t ion  o f  the  
trans-18:l acids by  the  mic rosomes  of  the  H 
+ CO group,  which  compe t e  wi th  the  sa tura ted  
fa t ty  acids at  t he  a -pos i t ion  of  t he  acyl lipids. 
Also, the  p r o p o r t i o n  of  sa tura ted  fa t ty  acids in 
the  mic rosomes  ( including trans-18:1 acids) o f  
rats fed d i f ferent  diets did no t  vary widely  
(Table 3), a l though the  quan t i t y  taken in was 
d i f fe ren t ,  depend ing  on  the  diet  given (Table 
2) (22).  

Table 4 shows the  d is t r ibut ion  of  606 P U F A  
in the  liver mic rosomes  of  the  SFO, L or H + 
CO group.  The con t en t  o f  18:2606 (the subst ra te  
for  A 6 desaturase)  was the  same in the  micro-  
somes  of  the  S F O a n d  L groups  (p>0 .05 )  bu t  
increased significantly in the  mic rosomes  o f  the  
H + CO group  compared  wi th  the  SFO or  L 
groups.  The 20:4606 acid,  which  is cons idered  
the  major  p roduc t  in the  synthesis  o f  606 P U F A  
in the  microsomal  lipids, decreased signif icantly 
in  the  H + CO group compared  wi th  t he  L or 
SFO groups,  whereas  no  significant d i f ference  
was observed be tw een  the  L and SFO groups.  

The a m o u n t  of  22:5606 acid was signifi- 
cant ly  less in the  mic rosomes  o f  the  L and H + 
CO groups  than  the  SFO group (p<0 .05) .  The 
decrease of  22:5606 acid in the  mic rosomes  of  
the L and H + CO groups  can be related to  the  
inh ib i to ry  effect  o f  22:6603, which  was pre- 
sent  in significantly higher amoun t s  in the  
mic rosomes  of  the  L (4.0%) and H + CO (3.2%) 
groups  than  in t he  SFO (1 s  group (Table 3). 
The 22:6603 acid,  which  was present  at a higher 
level in the  mic rosomes  of  the  L and H + CO 

groups,  was no t  present  in the  diets fed the  
those  groups  (Table 2), so it mus t  be derived 
f rom the  desa tura t ion  and e longat ion  of  18:3603 
acid, which  was 0.3% of  the  fa t ty  acids of  the  L 
and H + CO diets (Table 2). This observat ion  is 
cons is tent  wi th  the  higher af f in i ty  of  the  A 6 
desaturase for  18:3603 compared  wi th  18:2606 
repor ted  by  Brenner  (23). However ,  the  conver-  
sion of  linoleic acid to  a rachidonic  acid in the  
mic rosomes  of  the  L group was no t  signifi- 
cant ly  d i f fe ren t  f rom the  SFO group'  ( p >0 .0 5 )  
(Table 4). This result  was expec ted  given tha t  
18:36o3, as subst ra te  for  the  same enzymes ,  
was p resen t  in a very small a m o u n t  (0.3%) com-  
pared wi th  18:2606 acid (1 0 % ) i n  the  L diet.  

The small but  significant decrease in the  
to ta l  a m o u n t  of  606 acids in the  mic rosomes  of  
the  L group compared  wi th  the  SFO group 
mus t  be a t t r ibu ted  to  the  lower  co n t en t  o f  die- 
tary  18:2606 suppl ied to the  L group (10%) 
compared  wi th  the  SFO group (15%). Al though  
the  a m o u n t  of  d ie tary  18:2606 supplied to the  
SFO and H + CO groups  was the  same (15%), 
t he  a m o u n t  of  606 acids incorpora ted  in to  t he  
mic rosomal  lipids of  the  H + CO group was 
signif icantly less than  in the  SFO group.  T h e  
low level o f  to ta l  606 acids in the  H + CO group 
can be related to  the  presence  of  trans-18:l 
acids in the mic rosomes  of  this group as the  

a m o u n t  of  606 acids in liver phospho l ip id  de- 
creased as the  amo u n t  of  trans-acids increased 
(8). The amoun t  of  606 metabol i tes ,  which  
represen t  the  desa tura t ion  and chain e longat ion  
p roduc t s  o f  18:2606, was significantly less in 
t he  mic rosomes  o f  t he  L group than  in the  SFO 
group;  however ,  as m e n t i o n e d  before ,  this 
decrease is caused by  the  lower  die tary  level o f  

TABLE 4 

~6  Polyunsaturated Fatty Acids  Dis tr ibut ion  and the Ratios Between the ~o6 
Metabo l i t s  in Liver M i c r o s o m e s  o f  Rats  Fed S E e ,  L or  H + CO Diets  

Diet + SFO L H + CO 

Fatty acids 
18:2 to6 6.1 +- 0.36 a 6.3 + 0.62 b 10.3 + 0.57a, b 
18:3 ~o6 0.2 + 0.02* 0.1 + 0.00 0.3 + 0.04 
20:2 0)6 0.3 • 0.03 0.2 + 0.03 0.2 -+ 0.02 
20:3 ~o6 0.6 + 0.03 a 0.8 • 0.12 0.9 -+ 0.10 a 
20:4 ~o6 30.5 -+ 0.38 a 29.0 -+ 0.74 b 24.6 + 0.40 a,b 
22:4 ~o6 0.8 • 0.06a, b 0.6 • 0.05 b 0.5 + 0.02 a 
22:5 ~o6 4.3 • 0.22a, b 2.4 • 0.26 b 1.8 • 0.30 a 
Total co6 acids 42.8 +- 0.29a, b 39.4 • 0.70 b 38.4 • 0.65 a 
Total 096 metabolites 36.7 • 0.46a, b 33.1 • 0.57 b,c 28.1 • 0.41 a,c 
@o6 metabolites)/(eo6 acids) 0.86 -+ 0.01 a 0.84 • 0.01 b 0.73 • 0.01 a,b 
20:4eo6/18:2~o6 5.0 • 0.31 a 5.2 • 0.17 b 2.4 • 0.1 la, b 

--Results at the same line with common superscript are statistically different from each 
o t her  for  p<0.05 as tested by Duncan's multiple-range procedure. 

+Animals fed 15% high oleic safflower oil (SFO), lard (L) or a mixture of 30% partially 
hydrogenated soybean oil+ 20% corn oil (H + CO). 

*Mean -+ SEM. 
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18:2606 supplied to the L group. Yet, even 
though the H + CO group was supplied with the 
same level of dieatry 18:2606 as the SFO group, 
which was higher than that of the L group, the 
amount of 606 metabolites in the microsomes 
of the H + CO group was still significantly 
lower than in the L and the SFO groups (Table 
4). 

The ratio of (606 metabolites)/(606 acids) 
was significantly lower in the H + CO group 
than in the SFO or L groups, but no significant 
difference was observed between the L and 
SFO group (p> 0.05). The conversion of 18:2606 
to 20:4606, which involves A6 desaturation, 
chain elongation and A s desaturation, was 
measured by the ratio of 20:4606/18:26o6 
(24). This ratio was significantly decreased in 
the H + CO group compared with the L or SFO 
groups. Again, no significant difference was 
found between the L and SFO groups (p>0.05). 

The results from the in vitro measurements 
of A 6 , A s , and A 9 desaturase activities in liver 
microsomes from rats fed the different experi- 
mental diets are presented in Table 5. The rats 
in the present study were subjected to con- 
trolled lighting conditions and were killed at a 
fixed time to reduce the influence of possible 
diurnal changes on the measured enzyme activi- 
ties (25). The A 6 desaturase activity in the 
microsomes of the L group was lower than in 
the SFO group, but this decrease was not signi- 
ficant (p>0.05). In the microsomes of  the H + 
CO group, the A 6 desaturase activity was signi- 
ficantly lower than in the SFO or L groups. The 
in vivo effects of the trans-18:1 acids present 
in the H + CO diet on the conversion of 18:2606 
to 20:4606, as well as on the distribution of 606 
PUFA in the microsomal lipids (Table 4), do 
correlate with the microsomal desaturase activi- 
ties obtained in vitro. The accumulation of 
18:2606, the substrate of  A 6 desaturase and the 
decreased level of 20:4w6 observed in the 
microsomal lipids of the H + CO group com- 
pared with the SFO group, are consistent with 
the tendency toward decreased microsomal 
A 6 desaturase activity obtained in vitro (Table 
5). 

The A s desaturase activity was slightly lower 
in the microsomes of the L and H + CO groups 
than in the SFO group, but no significant dif- 
ferences were observed between groups (Table 
5). The 20:3606 acid, the substrate for A s 
desaturase, was also slightly higher in the micro- 
somes of the L and H + CO groups than in the 
SFO group (Table 4). Undetectable differences 
in the rate of reaction over extended time may 
lead to larger, more easily detectable differences 
in the products incorporated and accumulated 
in structural lipids (8). 

�9 "he  A s desaturase activities obtained in 
vitro were higher than those of A 6 desaturase 
(23), as shown in "Fable 5. Consequently, the 
A 6 desaturase is likely to be the main regula- 
tory enzyme in the synthesis of PUFA. 

Although the A 9 desaturase is not directly 
involved in the metabolism of 606 PUFA, it 
was included for comparison. No significant 
differences were observed for A 9 desaturase 
activity among the SFO, L and H + CO groups 
(Table 5). The amount of monounsaturated 
fatty acids (16:1 + 18:1) incorporated into 
liver microsomal lipids (Table 3) are more or 
less proportional to the amounts provided in 
the diets (Table 2). In a previous report, we 
found that the positional isomers of trans-18:1 
acid inhibit liver microsomal A 9 desaturase (5). 
This previous study, however, was carried out 
in vitro and used liver microsomes of EFA- 
deficient rats. In a recent study, Svensson (26) 
showed that A 9 desaturase activity was higher 
in the liver microsomes of rats fed partially 
hydrogenated oils than in the control group. In 
his study, the control diet contained a high 
proportion of linoleic acid (37.8%) whereas the 
experimental, trans-containing diets contained a 
lower proportion of linoleic acid (11%). The 
high content of linoleic acid in the control diet 
tends to decrease A 9 desaturase activity in rat- 
liver microsomes, as reported by Jeffcoat and 
James (27). In the present study, the SFO, L 
and H + CO diets contained comparable levels 
of 18:26o6, whereas the microsomal lipids of  
each group contained equivalent levels of 
18:2606 and 20:4606 (acids that have been 
shown to inhibit the A 9 desaturase) (27,28). 

The possibility cannot be excluded that the 
large proportion of oleic acid (76%) in the SFO 
diet could inhibit the synthesis of 606 PUFA. 
Mohrhauer et al. (29) have shown that dietary 
oleic acid, fed in proportions as high as 22 cal % 
of the diet, did not significantly alter the con- 
version of 18:2606 to 20:4606 if 18:2o96 was 
fed at or above the minimal dietary require- 
ment of ca. 1 cal %. Shimp et al. (30)a l so  
indicated that oleic acid had little impact on 
the conversion of 18:26o6 to 18:3606 when 
added as an inhibitor in a concentration of 400 
nmol to 50 nmol of 18:2606 as substrate in 
vitro. However, in the present study, we in- 
eluded another group of rats, that had been 
fed 15% corn oil (CO), to clarify this point. 
Table 3 shows a comparison among the fatty 
acid composition of the microsomal lipids of 
SFO, L and CO groups. As shown in Table 
3, the level of arachidonic acid did not increase 
in the liver microsomal lipids of the CO group, 
which was fed a diet containing 61% 18:26o6, 
compared with the SFO or L groups, which 
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were fed 15% and 10% 18:2606 in their diet. 
This finding indicates that the CO diet supplied 
more than an adequate amount of 18:2606 to 
meet the requirement for EFA. Evidence of 
this adequacy is supplied by the fact that the 
levels of arachidonic acid in the microsomal 
lipids of the SFO, L and CO groups were 
essentially the same (ca. 30%), as seen in Table 
3. Kurata and Privett (31) and Tahin et al. (32) 
made the same observation when they fed 2 
groups of rats 2 different levels of adequate 
amounts of 18:2606. 

The CO group was also supplied with an 
amount of dietary 18:36o3 3 times the amount 
supplied to the L group (Table 2), but the 
amount of 22:6603 acid derived from the 
desaturation and elongation of 18:3603 and ac- 
cumulated in the liver microsomal lipids of the 
CO group (3.3%) was significantly lower than 
in the L group (4%). Thus, diets rich in linoleic 
acid not only induce an increase in 606 PUFA 
but also inhibit the metabolism and incorpor- 
ation of 603 acids into the liver microsomes 
(32). This supports the observation by de 
Schrijver and Privett (33) that the accumulation 
of  22:6603 is under metabolic control and that 
a high quantity of 606 long-chain fatty acids in 
the microsomes seems to limit 22:6603 incor- 
poration. 

Table 5 shows that A 6 and A s desaturase 
activities were not significantly changed in the 
CO group compared with the SFO or L groups. 
The A 9 desaturase activity was significantly 
decreased in the CO group compared with the 
SFO group, possibly because of the high level 
of dietary 18:2606 in the CO diets, which can 
affect A ~ desaturase (27). The high oleic acid 
in the SFO diet used in the this study did not 
significantly affect the linoleic acid metabolism, 
probably because of the higher affinity of  A 6 
desaturase for 18:2606 compared with cis- 
18:1609 (23). 

In order to determine whether changes in 
desaturase activity were related to alterations 

in the physical state of the microsomal mem- 
brane caused by changes in the microsomal 
phospholipid fatty acids between dietary treat- 
ments, we isolated the microsomal phospho- 
lipids which were then used for preparing 
vesicles. The vesicular membrane fluidity was 
measured using trans-parinaric acid as a fluores- 
cent probe. The fatty acid composition of  the 
liver microsomal phospholipids of the different 
groups are shown in Table 6, and the fluores- 
cent polarization ratio results are shown in 
Table 7. With trans-parinaric acid, a polariza- 
tion ratio of less than 1.6 indicates that no solid 
lipid domain is present (34). The lack of  solid 
domain, even at 5 C, correlates well with the 
ratio of the double-bond index to saturated 
fatty acids of ca. 5 for all diets, as shown in 
Table 6 (35). To determine whether any dif- 
ference exists between the diets, the polariza- 
tion ratio were evaluated by the F test at each 
temperature. The results are shown in Table 8. 
No differences were found between diets at any 
temperature. This demonstrates that the physi- 
cal state of lipids derived from liver microsomal 
fractions of rats fed different diets was essen- 
tially the same. Thus, any differences in desat- 
urase activity cannot be a t t r ibuted to dif- 
ferences in membrane fluidity. 

From this study, we can conclude that the 
trans-18:l acids in partially hydrogenated soy- 
bean oil can affect the metabolism of essential 
fatty acids even in the presence of adequate 
amounts of dietary 18:2606. Acyl-CoA desat- 
urases are membrane-bound enzymes; lipid 
cofactors are important for the maximum acti- 
vity of these desaturases (36.37). Brenner (23) 
also suggested that lipoporteins play a specific 
role in the A 6 desaturation. Therefore, the 
trans-18:l acids may possibly affect the in- 
tegrity of a lipoportein structure or the altera- 
tion of the composition of  lipid cofactors 
required for maximum desaturation. Further 
studies are needed to determine the specific 
action of trans-18:l acids in the inhibition of 

T A B L E  5 

In v i t ro  Desa tu rase  Ac t iv i t i e s  o f  Liver  M i c r o s o m e s  Der ived  f r o m  Rats  Fed CO,  S F O ,  L or  H + CO Die ts  

CO S F O  L H + CO 
Diet  ( n = 1 2 )  (n=12)  (n=12)  (n=12)  

A 6 desa tu rase  
(18:2co6--+ 1 8 : 3 w 6 )  0 .29 -+ 0 .02 b 0 .34  +- 0 .03  a 0 .28  -+ 0 .03 c 0 .20  +- 0 .02a ,b ,  c 
A s desa tu rase  
(20 :3co6  --> 2 0 : 4 t o 6 )  0,55 + 0 .03 0 .52  +_ 0 .03  0 .45  _+ 0 .02  0 . 4 6  _+ 0 .03  
A 9 desa tu ra se  
( 1 6 : 0 ~  16 :1co7)  0 .40  _+ 0 .03 a 0 .55 + 0 .02 a 0 .52 + 0 .09  0 .45 + 0 .05 

Results (mean + SEM) are expressed as nmol of substrate converted per min per mg protein. 
Results at the same line with a common supercript are statistically different from each other for p<0.05 as 

tested by Duncan's multiple-range test procedure. 
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T A B L E  6 

F a t t y  Acid  C o m p o s i t i o n  o f  Liver  M i c r o s o m a l  P h o s p h o l i p i d s  
f r o m  Ra t s  Fed S F O ,  L o r  H + C O  Diets 

S F O  L H + C O  
Diet  + (n=6)  (n=6)  ( n = 6 )  

F a t t y  ac ids*  
16 :0  1 5 , 3 •  b ,c  1 7 . 8 •  a ,b  11-7 •  
1 6 : 1 ~ 7  0 . 3 •  ++ 0 . 7 •  0 . 6 •  
1 8 : 0  22 .3  • 0 .73  b 23.1  • 0 . 4 0  a 15 .9  • 0 . 5 5 a ,  b 
18:1  t - -  - -  1 2 . 2  • 0.4  
18:1 c 10.2 • 0 .43  a ,b  8.1 • 0 .29  b ,c  6 .9  • 0 .4  a,c  
18 :2  c , t  + t ,c  - -  - -  0 .2  • 0 . 0 0  
1 8 : 2 w 6  5 . 6 •  a 5 . 7 •  b 1 0 - 9 •  
1 8 : 3 ~ 6  0.1 •  0.1 •  0 . 3 •  
2 0 : 2 ~ 6  0 . 4 •  0 . 3 •  0 . 4 •  
2 2 : 0 + 2 0 : 3 ~ 9  0 . 9 •  1.1 •  0 . 8 •  
2 0 : 3 ~ 6  0 . 6 •  a 0 . 8 •  1 . 0 •  a 
2 0 : 4 ~ 6  32 .7  •  a 3 0 . 9 •  b 2 7 . 0 •  
2 2 : 4 ~ 6  1 . 0 •  a ,b  0 . 7 •  b 0 - 6 •  
2 2 : 5 w 6  5.1 •  a ,b  2 . 5 •  b 1 . 9 •  
2 2 : 5 w 3  0.1 •  a ,b  0 . 3 •  b 0 - 3 •  
2 2 : 6 ~ 3  1 . 5 •  a ,b  4 . 9 •  a 4 . 2 •  
2 4 : 0  0 . 6 •  0 . 5 •  0 . 4 •  
O t h e r  3.3 2 .5  4 .7  
D o u b l e b o n d i n d e x  5 . 0 •  a 4 . 7 •  4 . 6 •  a 
S a t u r a t e d  f a t t y  ac ids**  

Resu l t s  at  the  s ame  line w i th  a c o m m o n  s u p e r s c r i p t s  are statist ically d i f f e r e n t  f r o m  e a c h  
o t h e r  a t  p < 0 . 0 5  level as t es ted  b y  D u n c a n ' s  m u l t i p l e - r a n g e  tes t  p r o c e d u r e ,  t::trans, c=cis. 

+ A n i m a l s  fed 15% h igh-o le ic  s a f f l o w e r  oil  ( S F O ) ,  l a rd  (L),  o r  a m i x t u r e  o f  80% pa r t i a l l y  
h y d r o g e n a t e d  s o y b e a n  oil + 2 0 %  c o r n  oil  (H + CO).  

*All f a t t y  acid are o f  cis c o n f i g u r a t i o n  unless o t h e r w i s e  n o t e d .  
++Mean  • SEM. 
**Trans-18:1 ac ids  were  c o n s i d e r e d  as s a t u r a t e d  ac id .  

T A B L E  7 

F l u o r e s c e n t  Po l a r i z a t i on  Ra t io  o f  the  
Ves icu la r  M e m b r a n e s  P r e p a r e d  f r o m  the  

Liver M i c r o s o m a l  P h o s p h o l i p i d s  

T e m p e r a t u r e  
Po la r i za t i on  r a t i o  (p)b 

Diet a S F O  L H + C O  

T e m p e r a t u r e  
5 1.3 1.4 1.4 

15 1.3 1.3 1.3 
25 1.1 1.2 1.2 
35 1.0 1.1 1.1 

a A n i m a l s  fed 15% high-ole ic  s a f f l o w e r  oil ( S F O ) ,  
lard  (L) o r  a m i x t u r e  o f  80% pa r t i a l l y  h y d r o g e n a t e d  
s o y b e a n  oil + 2 0 %  co rn  oil ( l l  + CO) .  

b p o l a r i z a t i o n  r a t i o  c a l c u l a t e d  as de sc r ibed  in 
M e t h o d s .  Va lues  are the  m e a n  o f  at  least  2 a n d  gener-  
al ly 3 d e t e r m i n a t i o n s .  

A 6 d e s a t u r a s e  u n d e r  E F A - s u f f i c i e n t  c o n d i t i o n s  

a n d  t o  d e t e r m i n e  i f  t h e  c h a n g e s  a r e  o f  s u c h  

m a g n i t u d e  t h a t  t h e y  a r e  a b l e  t o  a f f e c t  p r o -  

s t a g l a n d i n  s y n t h e s i s .  
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T A B I , E  8 

S ta t i s t i ca l  E v a l u a t i o n  o f  Po l a r i z a t i on  
Ra t io s  at  F, ach  T e m p e r a t u r e  

F value  a S ign i f i cance  p > b  

5 0 .29  0 .75  
15 0 .06  0 .95  
25 0 .03  0 .97  
35 0 . 0 8  0 .92  

a F  value  = t r ea tmen t  mean  s q u a r e s / e r r o r  m e a n  
squa re s .  

b N o  d i f f e r e n c e  in p o l a r i z a t i o n  r a t io  value  ~it any  
t e m p e r a t u r e .  
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ABSTRACT 

The lipid and fatty acid composition of a strain of Streptomycesantibioticus has been studied aw 
a function of culture age and glycine concentration in the growth medium. Under all conditions, the 
main polar lipids were phosphatidylethanolamine, cardiolipin and phosphomannoinositides in order of 
decreasing abundance; no ornithinolipids were detected. Acylglucoses and menaquinones were found 
among the nonpolar lipids. The main fatty acids present were anteiso 15:0 and anteiso 17:0. Tire lipid 
composition of the cells varied with the age of the culture, but no uniform pattern of variation was 
found in the cultures grown on different amounts ofglycine. Among the cells harvested at the end of 
the exponential phase of growth, those grown on 2% glycine give the highest yield of protoplast forma- 
tion. These cells were found to contain low amounts of nonpolar lipids and of phosphatidylethanol- 
amine, and high proportions of anteiso fatty acids. We propose that the membrane bilayer of these 
cells, because of its peculiar lipid composition, is particularly stable and fluid. As a consequence, the 
yield and stability of derived protoplasts should be increased. 
Lipids 19:223-228, 1984. 

INTRODUCTION 

Cell walls from bacteria belonging to the 
genus Streptomyces are sensitive to lysozyme. 
Protoplast formation was first described in 
these microorganisms by Romano and Nickerson 
(1). Later the presence of  glycine in the culture 
medium was found to considerably increase the 
yield of  protoplasts from several Streptomyces 
species (2,3). 

Although protoplast formation depends 
mainly on the composition of  eelt-waU pro- 
teoglycan and polysaccharides, the liPid com- 
position of  the mycelial membrane may pos- 
sibly influence either the action of the lytic 
enzymes or the stability of the newly formed 
protoplast. In a previous study, we found data 
supporting such a relationship for a case of  
fungal protoplast formation (4). 

Few systematic studies on the lipid composi- 
tion of Streptomyces mycelia have been made. 
Most of our knowledge in this field has been 
reviewed by Batrakow and Bergetson (5). In 
this paper we summarize our studies on the 
lipid cbmposition of S. antibioticus and its 
variation over time when grown on media 
containing different amounts of glycine. 

MATERIALS AND METHODS 

S. antibioticus, strain no. 3213, from the 
Colecci6n Espa~ola de Cultivos Tipo (CECT), 
was used throughout this study. The culture 
medium was Okanishi's S medium (3) to which 

To whom correspondenc e should be addressed. 

glyeine was added, when required, in order to 
obtain final concentrations of  0.5%, 1.0% and 
2.0% (w/v). The pH was adjusted to 7. Ceils 
were grown in batches in 250 ml erlenmeyer 
flasks containing 50 ml medium. Cultures w e r e  
inoculated with 5 • 10 7 becterial spores and 
incubated in a Gallenkamp orbital incubator at 
200 rpm at 29 C. 

Mycelia were harvested at previously fixed 
times by centrifugation at 1,500 x g for 25 min 
and washed 3 times with distilled water under 
the same conditions. The pellets were freeze- 
dried and stored at -20 C before lipid extraction. 

Protoplasts were prepared as follows. Mycelia 
(20 mg dry weight), harvested as described, 
were resuspended in 10 ml medium P, accord- 
ing to Okanishi et al. (3) and treated with 
lysozyme (final concentration 0.7 mg/ml) at 
37 C for 2 hr with gentle shaking. After pouring 
through cotton batting, the suspension was 
diluted with medium P and protoplasts counted 
in a Petroff-Hausser counting chamber. 

Nonpolar lipids were extracted from 50 mg 
freezedried mycelia with 5 ml ice-cold acetone 
for 5 min at 4 C. The appropriate control 
experiments revealed that this treatment was 
highly selective and exhaustive for nonpolar 
lipids, and that it significantly increased the 
total yield of lipid extraction. The extract was 
separated by vacuum filtration through No. 1 
Whatman paper and evaporated to a convenient 
volume by means of  a rotatory evaporator. The 
mycelial residue was extracted twice with 4.75 
ml of chloroform/methanol/water  (2:1:0.8, 
v/v/v) according to Bligh and Dyer (6) for 
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polar lipid extraction. This approach was found 
to be superior to other extraction procedures 
for the material under study. The recovered 
extract was also evaporated to near dryness 
under reduced pressure. 

Polar and neutral lipids were quantified 
microgravimetrically; their sum was considered 
as the "total lipid'value. 

Nonpolar lipids were separated by thin 
layer chromatography (TLC) on Silica Gel 
H plates, with petroleum ether (b.p. 50-60 C)/ 
ethylether/acetic acid (90: 10:1, v/v/v) (7). The 
spots were visualized by means of iodine vapor 
and identified by their Rf values and specific 
reactions (8,9) as well as by comparison with 
authentic standards. Acylglycerides were quan- 
tified by a chromotropic acid reaction (10). 
Polar lipids were also separated by TLC on 
Silica Gel H plates, using as solvent chloroform/ 
methanol/water (65:25:5, v/v/v) (11) and 
identified by procedures similar to those used 
for the neutral lipids. Lipid phosphorus was 
determined colorimetrically (12). The amount  
of phospholipids was estimated by multiplying 
the value for lipid P by 25. 

Sugar-containing lipids were hydrolyzed in 1 
N methanolic HC1 at 60 C for 1 hr, and the 
resulting free monosaccharides were separated 
by descending paper chromatography and 
identified by means of standards (13). Lipid- 
bound sugars were determined by the Dubois 
phenol technique, as described by Kates (8). 

Fatty acid components were transesterified 
to their methyl esters in the presence of boron 
trifluoride (14) and analyzed by gas liquid 
chromatography (GLC), as described previously 
(15). peaks were identified by comparing their 
retention times with those of authentic stan- 
dards and quantified by a digital integrator. 

Extraction and chromatographic solvents, 
as well as silica gel were obtained from Merck 
(Darmstadt, West Germany), lipid and fatty 
acid standards from Applied Science (Oud- 
Beijerland, Netherlands), gas chromatographic 
supplies from Xpectrix (Barcelona, Spain), 
bacteriological products from Difco (Detroit, 
MI). All other reagents were analytical grade. 

R ESU LTS 

The main nonpolar lipid constituents of S. 
ant ib io t i cus  were free fatty acids, diacylgly- 
cerols, triacylglycerols, menaquinones and 
acylglucoses. They represented altogether, as 
determined by microgravimetry, 20-35% of the 
total lipids. All the polar lipids detected were 
phospholipids - phosphomannoinositides, lyso- 
phosphatidylethanolamine, phosphatidylgly- 
cerol, phosphatidylethanolamine, cardiolipin, 

and N-methyl-phosphatidylethanolamine. 
The presence of glycine in the culture medium 

significantly modified the kinetics of growth of 
S. an t ib io t i cus  (Table 1 ). Although the shape of 
the cell dry weight vs the time curve was always 
the same, increasing glycine concentrations 
increased the lag time, slowed down the growth 
rate and decreased the biomass yield. Four 
points were selected for our study at each 
glycine concentration, representing the middle 
of the exponential phase, the end of the ex- 
ponential phase, stationary phase, and a point 
that could be called"aged culture." These points 
were determined in each case by means of 
absorbance and viability measurements, as well 
as by morphologic observations of the cells. 
The corresponding kinetic data together with 
the protoplast yields are summarized in Table 1. 
Protoplasts were usually prepared from mycelia 
harvested toward the end of the exponential 
phase. The yield of protoplast formation was 
increased ca. 4-fold when glycine concentration 
was increased from 1% to 2%. 

Table 2 shows the lipid composition of S. 
ant ib io t i cus  grown on media containing various 
glycine concentrations. Very small differences 
were found in cells grown on 0.0%, 0.5% or 
1.0% glycine. The total lipid contents of the 
cells did not vary considerably with culture 
age or glycine concentration. The nonpolar-to- 
polar lipid ratio also remained fairly constant, 
between 1/2 and 1/3, except when glycine 
concentration in the medium was 2%. Then, 
very high proportions of phospholipids were 
found at the end of the exponential and sta- 
tionary phases. Among the nonpolar lipids, 
diacyl and triacylglycerols were quantitated 
to obtain further insight into their involvement 
in protoplast stability. Although the propor- 
tions of these nonpolar lipid classes varied 
considerably by culture conditions and age, the 
smallest amount of diacylglycerols (1.7% of 
nonpolar lipids) corresponded precisely to the 
cells grown on 2% glycine at the end of the 
exponential phase, i.e., the conditions for 
optimal protoplast recovery. 

The predominant phospholipid classes in S. 
ant ib io t i cus  under almost any condition were 
phosphatidylethanolamine, cardiolipin and 
phosphomannoinositides, in order of decreasing 
abundance (Table 2). In general, cells grown on 
0.0%, 0.5%, or 1.0% glycine behaved similarly 
to polar lipid composition and its variation with 
time; cells grown on 2% glycine, on the other 
hand, behaved differently. The percentage of 
phosphatidylethanolamine tended to be higher 
during the exponential growth phase, and to 
decrease as the cultures grew older, irrespective 
of the glycine concentration in the medium. 
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However, the proportion of this phospholipid 
was markedly decreased at all stages of growth 
when glycine concentration was 2%, compared 
with the corresponding stages at lower glycine 
concentrations. Cardiolipin made up ca. 20% 
of the cell phospholipid under most growth 
conditions, except when the 2% glycine cul- 
tures became aged, in which case the propor- 
tion of cardiolipin was 34.3%�9 The proportion 
of phosphomannoinositides tended to increase 
ca. 2-fold as the cells grew older, except with 
2% glycine ceils, when this pattern was not 
observed. The remaining polar lipid classes, 
lysophosphatidylethanolamine, phosphatidylgly- 
cerol and N-methylphosphatidylethanolamine, 
were present only in very minor proportions, 
and did not show any particular pattern of 
variation in culture age or glycine concentration. 
Again, cells grown on 2% glycine are to be 
noted by their relatively high contents of 
lysophosphatidylethanolamine. 

The amount of lipid-linked sugars in S. 
antibioticus is also shown in Table 2. The 
amount of sugars related to polar lipids fol- 
lowed as expected, the variations in phos- 
phomannoinositide contents, although the num- 
ber of sugar residues per phosphomannoinositide 
molecule may vary. Sugars associated with non- 
polar lipids, presumably in the form of acyl- 
glucoses, were more abundant in the ceils 
grown on 0.0% or 0.5% glycine (data not 
shown); however, no apparent correlation 
between nonpolar lipids other than di- and 
triacylglycerols, and nonpolar lipid-linked sugars 
was found. 

The fatty acid distribution in nonpolar and 
polar lipids of S. antibioticus was also studied 
as a function of glycine concentration in the 
growth medium�9 The relevant results are sum- 
marized in Table 3. Branched-chain and sat- 
uratedqinear fatty acids were found almost 
exclusively. The fatty acid composition of non- 
polar lipids was very simple: 2 fatty acids, 
anteiso 15:0 and anteiso 17:0 made up more 
than 80% of the total; increasing the glycine 
concentration seemed to slightly increase the 
proportion of the former, at the expense of 
the latter�9 A similar behavior was found for 
iso 16:0 and 16:0, which together make ca. 
10% of the total fatty acids. Other species were 
present but in negligible proportions. Polar 
lipids had a more complex fatty acid composi- 
tion. Contrary to the situation with nonpolar 
lipids, palmitic acid (16:0) was present in pro- 
portions similar to those of anteiso 15:0 and 
anteiso 17:0 in phospholipids. Other  linear 
saturated fatty acids, such as 14:0 and 17:0, 
were also more abundant than in nonpolar 
lipids. Finally, the monounsaturated oleic acid 
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TABLE 3 

Precent Distribution of the Main Fatty Acids Associated With the Neutral Lipids and Phospholipids o f  
S. antibioticus Grown on Media Containing Various Amounts of Glycine a 

Fatty acid 

Relative Nonpolar lipids Polar lipids 
retention 

time 0% Gly 0.5% GIy 1% Gly 2% Gly 0% Gly 0.5% GIy 1% GIy 2% Gly 

/so 14:0 0.Sl 0.5 0.8 1.4 1.8 3.2 -- -- 3.3 
14:0 0.58 0.7 0.5 0.5 0.S 5.2 4.7 8.6 7.2 

Anteiso 15:0 0.70 42.6 44.0 47.3 47.0 27.9 21.1 17.4 26.1 
Iso 16:0 0.88 3.7 8.3 10.8 7.5 6.9 1.7 7.1 7.0 

16:0 1.00 7.6 6.8 4.8 2.6 19.4 29.3 27.9 19.4 
Anteiso 17:0 1.21 43.4 38.1 34.9 39.4 28.2 25.4 18.2 25.8 

17:0 1.78 0.9 0.9 -- 0.5 3.5 6.7 4.2 3.6 
18:0 1.84 -- -- O.S 1.9 . . . .  
18:1 2.03 0.9 0.4 -- -- 6.3 11.2 6.4 4.1 

Unidentified . . . . . .  10.2  3.7 

Total anteiso 86.0 82.1 82.2 86.4 56.1 46.5 35.7 S 1.9 
Iso/anteiso ratio 0.05 0.11 0.15 0.10 0.18 0.04 0.20 0.20 

Figures correspond to mean values of 2 independent experiments. 
aMycelia were harvested at the beginning of the stationary phase. 

(18 :1 ) ,  as well  as an  un i den t i f i ed  species,  ap-  
peared  in small  b u t  s ignif icant  p r o p o r t i o n s  in 
the  polar  l ipid f rac t ion .  In spite o f  var ious  
changes  in f a t t y  acid c o m p o s i t i o n  as glycine 
c o n c e n t r a t i o n  is increased,  polar  l ipids of  cells 
g rown  o n  2% glycine were f o u n d  to r e t u r n  to  
vi r tual ly  the  same f a t t y  acid d i s t r i bu t ion  o f  
those  g rown  o n  a glycine-free m e d i u m .  

DISCUSSION 

In spite of  the i r  obv ious  e c o n o m i c  impor -  
t ance  as p roduce r s  of  an t ib io t ics ,  bac te r ia  
be long ing  to t he  genus  Streptomyces have n o t  
been  t h o r o u g h l y  exp lored  f rom the  p o i n t  of  
view of  l ipid compos i t i on .  The  presen t  s t udy  
cons t i tu t e s ,  to  the  a u t h o r s '  knowledge ,  the  
first  a t t e m p t  to  d e t e r m i n e ,  in  some detai l ,  t h e  
l ipid c o m p o s i t i o n  o f  Streptomyces species and  
the i r  va r ia t ion  w i th  cu l ture  g r o w t h ,  and  ye t  the  
e c o n o m i c  i m p o r t a n c e  of  S. antibioticus makes  
i t  a p o t e n t i a l  mate r ia l  for  genet ic  engineer ing  
studies.  Bacter ia l  p ro top l a s t s  are o f t en  requ i red  
in fus ion  e x p e r i m e n t s  re la ted  to  genet ic  s tudies .  
In th is  paper ,  we r epo r t  t ha t  the  p r o t o p l a s t  
f o r m a t i o n  yield of  S. antibioticus is m u c h  
higher  w h e n  glycine  is p resen t  in  t he  m e d i u m  at  
a 2% (w/v)  c o n c e n t r a t i o n ,  w h i c h  suggests t h a t  
u n d e r  these  cond i t i ons  p r o t op l a s t s  f o r m e d  are 
m o r e  s table .  The  p resen t  work  also includes  t he  
changes  in l ipid c o m p o s i t i o n  of  S. antibioticus 
grown  on  var ious  glycine c o n c e n t r a t i o n s ,  and  
shows  s ignif icant  var ia t ions  w h e n  the  concen -  
t r a t i o n  of  th is  a m i n o  acid is raised to  2% (w/v).  

Our  data  on  lipid c o m p o s i t i o n  genera l ly  
accord  w i th  p rev ious  studies of  d i f fe ren t  
Streptomyces species (5 ,16-20) .  The  n o n p o l a r  

l ipid classes i nc luded  m e n a q u i n o n e s  and  acyl-  
glucoses,  con f i rming  t he  f indings  of  B a t r a k o w  
and  Bergelson (5). 

All the  polar  l ipids f o u n d  are of  t he  phos -  
phog lyce r ide  t ype ;  no  o rn i th ino l ip id  of  the  
sor t  descr ibed  by  o t h e r  au tho r s  (5)  in Strep- 
tomyces was de t ec t ed  in our  case. The  ma in  
p h o s p h o l i p i d  classes f o u n d  were p h o s p h a t i d y l -  
e t h a n o l a m i n e ,  card io l ip in  and  p h o s p h o m a n -  
no inos i t ides ;  th is  is in  accord  w i t h  the  observa-  
t ions  o f  Ka t aoka  and  Noj ima  (16)  in  Strep- 
tomyces griseus, a l t h o u g h  the  p r o p o r t i o n s  are 
sl ightly varied,  w i th  a h igher  phospha t i dy l -  
e t h a n o l a m i n e  p r o p o r t i o n  in our  case. In Strep- 
tomyes sioyaensis , 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  
of  d i f fe ren t  f a t t y  acid c o m p o s i t i o n  can be 
resolved in to  2 c h r o m a t o g r a p h i c  spots  by  TLC 
(17) ,  bu t  th i s  no t  the  case in S. antibioticus. 
F r o m  the  quan t i t a t i ve  po in t  of  view, the  
a m o u n t  of  phospho l ip id s  in our  p r e p a r a t i o n s  
varied accord ing  to  cu l tu re  c o n d i t i o n s  and  age, 
f r om 1.5% to  2.4% cell d ry  wt ,  wh ich  is less 
t h a n  the  3.1% f o u n d  in S. griseus (16) .  

The  f a t t y  acid d i s t r i bu t ions  of  polar  and  
n o n p o l a r  l ipids of  S. antibioticus also agree 
w i t h  data  f rom o t h e r  Streptomyces species 
(5 ,21-23) .  The  re la t ively  h igh p r o p o r t i o n  o f  
an te i so  f a t t y  acids is w o r t h  not ing .  In our  case, 
an te i so  15:0  and  ante iso  17 :0  make  up  t h e  
bu lk  of  t he  f a t t y  acids (Table  3). No an te i so  
cha ins  were f o u n d  in S. griseus (16) ,  whi le  i n  
o t h e r  cases (2)  on ly  an te i so  15:0  was p resen t  in 
s ignif icant  a m o u n t s .  Ballio and  BarceUona (23) ,  
examin ing  13 Streptomyces strains,  o n l y  f o u n d  
s igni f icant  a m o u n t s  o f  an te i so  17 :0  (24 .5%)  in 
one  of  t h e m ,  n a m e l y  Streptomyces sp. P.R.L.  
In the i r  s tudy ,  t he  i so /an te i so  ra t io  varied f rom 
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0.5 in S. venezuelae to 3.6 in S. gelaticus; 
whereas,  in our  case, it was never higher than 
0.2. Our results,  on  the o ther  hand,  are very 
similar to those found in some Streptomyces 
glycolipids (5). Apparent ly ,  the anteiso branched 
chains tend  to  fluidize the  membranes ;  they  do 
so less effect ively  than  the  cis-unsaturated fa t ty  
acids, bu t  more than their  iso homologues  (24). 
Thus, the  membranes  of  S. antibioticus would  
be more  fluid than those of  o ther  Streptomyces 
species studied up to now.  

Lipid compos i t ion  varies wi th  cul ture age in 
a complex  way,  depending  on the a m o u n t  of  
glycine in the  medium.  A few clear t rends  may  
be seen in Table 2. These t rends usually occur  
in the  cultures containing 0.0%, 0.5% and 1.0% 
glycine,  while the s i tuat ion changes for  2.0% 
glycine. In summary ,  when  glycine is present  in 
the  medium at 2% concen t ra t ion ;  (a) the 
a m o u n t  of  to ta l  lipid does not  vary; (b) the  
p ropor t ion  o f  polar  lipids is highest;  (c) among  
nonpolar  lipids, the p ropor t ion  of  diacylgly- 
cerols is remarkably  low;  (d) the  p ropor t ion  of  
phospha t idy le thanolamine  decreases, accom-  
panied by an increase in phosphomannoinos i -  
t ides, and (e) the  fa t ty  acid dis t r ibut ion o f  the  
polar lipids is vir tually ident ical  to that  of  ceils 
grown on a glycine-free medium.  Most of  the 
differences ment ioned  here are especially re- 
markable  at the end of  exponent ia l  phase 
(growth phase 2), i.e., at the  poin t  when  cells 
are usually harvested for protoplas t  prepara- 
t ion.  These results may  be rat ional ized in view 
of  the present  knowledge of  the  physical  
chemist ry  of  phosphohpids  as follows. Al- 
though most  nonpolar  lipids are present in the 
form of cytoplasmic  vacuoles,  some are incor-  
porated into the  cell membranes ,  decreasing the  
stabil i ty of  the bilayer (25); at 2% glycine,  the  
p ropor t ion  of  nonpolar  lipids at the end of  the  
exponent ia l  phase is remarkably  low. In addi- 
t ion ,  phospha t idy le thanolamine  is k n o w n  for  
its t endency  to give rise to HII hexagonal  (non- 
bi layer)  s tructures (25);  the point  of  lowest  
phospha t idy le thanolamine  p ropor t ion  at g rowth  
phase 2 corresponded precisely to the condi t ion  
of  highest protoplast  yield.  Final ly ,  when  the  
glycine concent ra t ion  is 2% (w/v),  the  propor-  
t ion of  anteiso fa t ty  acids in phosphol ipids  is 
relatively high (Table 3), making the mem-  
branes more  fluid at a given tempera tu re  (24); 
we have observed in a di f ferent  system (4) that  
membrane  f luidi ty  is an impor tan t  factor  
governing protoplas t  stability. We can thus 
conclude that  when glycine is present  in the 

growth med ium at a 2% (w/v) concent ra t ion ,  
the protoplasts  obta ined  f rom S. antibioticus 
are more  stable,  and consequent ly  protoplas t  
yield is higher,  because under  these condi t ions  
the membrane  lipid bilayer is more  stable and 
more fluid. 
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ABSTRACT 

The free sterols of the snail, Biomphalaria tenagophila, were isolated and characterized by means of gas 
chromatography and gas chromatography-mass spectrometry techniques. The mixture contains the 
common steroids found in freshwater molluscs, principally cholesterol. The presence of cholesta-5,7-dien- 
3B- ol is without precedent in freshwater organisms. The occurrence of 7-oxo-cholesterol in freshwater 
snails, but not bivalves, from the same freshwater source, would indicate a difference in the physiology of 
such snails and bivalves. 
Lipids 19:229-230, 1984. 

Chemotherapy is one of the most valuable 
methods in the fight against schistosomiasis. A 
knowledge of the chemical composit ion of the 
schistosomiasis-transmitting snail, Biomphalaria 
tenagophila, would be useful in determining the 
specific conditions that the snail vector has to fulfill 
to play host to the schist0soma. Accordingly, and 
in connection with our previous studies on sterols 
from aquatic organisms (1-4), we report here the 
composition of the sterols of this mollusc. 

MATERIALS AND METHODS 

Biomphalaria tenagophila specimens were col- 
lected at the Parana River and frozen immediately. 
The soft tissue from the molluscs was extracted as 
previously described (3). The extracts were kept 
under nitrogen at -15 C until they were processed. 
The extracts were chromatographed on a silica gel 
column with elution by toluene-ethyl acetate mix- 
tures of increasing polarity. The crude sterol 
mixture was recrystallized from ethanol to a clean 
product that gave only one spot on thin layer 
chromatography (TLC) on silica gel G plates using 
petroleum ether/ethyl  acetate (8:2, v /v)  as devel- 
oping solvent. 

The mixture was analyzed by gas chromatogra-  
phy (GC) using a Hewlett-Packard 5840 instrument 
equipped with a F ID  detector and a 12 m X 0.2 mm 
fused capillary column coated with methyl silicone 
(Hewlett-Packard). The steroids were chromato-  
graphed between 200 and 290 C at a rate of 8 ~ / min 
using helium as the carrier gas. Quanti tat ion was 
by automatic integration o~f the peaks using stigma- 
sterol as the internal standard. Relative detector 
responses were determined using an artificial mix- 
ture of the most common sterols (C28 and C29). The 
identity of the steroids was assigned by gas chroma- 
tography-mass spectrometry (GC-MS) using a 

*To whom correspondence should be addressed. 

Varian M A T  CH7-A MS coupled to a Varian 1440 
GC and interfaced to a Varian M A T  Data System 
166 computer. Analyses of the trimethylsilyl ether 
derivatives (5) (hexamethyldisilazane/trimethyl- 
chlorosilane/pyridine, 3:3:10, v / v / v )  were per- 
formed under the same conditions. 

RESULTS AND DISCUSSION 

Analyses of the free sterols by GC and GC-MS as 
indicated above are recorded in Table 1, which 
shows the respective structures and relative propor- 
tions. As expected, the sterol mixture contains a 
large proportion of cholesterol (6,7). The remaining 
sterols are common in freshwater molluscs; some 
of them may be dietary in origin since the snails 
feed on plants. As far as we know, the presence of 
A 5'7 sterols has never been reported in freshwater 
molluscs that contain mainly A 5 sterols. 

An uncommon steroid with a retention time 
higher than that of  sitosterol is present in these 
molluscs. This steroid presents, as a free sterol, a 
M § at m / z  400 and fragments at 385 (M - 15), 382 
(M - 18), 367 (M - 33), 287 (M - 113), 269 ( M -  113- 
18), 245 (M - 113 - 42), 213 (M - 113 - 4 2 -  18), 
indicating a C8I-I17 side chain and two oxygenated 
functions on the tetracyclic system. The MS of the 
TMS derivative presents the corresponding frag- 
ments, as well as ions at m / z  135 and 129, but lacks 
a M - 129 fragment. These spectral properties are 
identical to those from synthetic 7-oxo-cholest-5- 
en-3fl-ol (8) that was analyzed under the same 
conditions. This compound has been found in 
several marine bivalves (9), but to the best of our 
knowledge has never been reported in freshwater 
organisms. Note that we have found the same oxo- 
sterol (identical R R T  and MS) in other freshwater 
snails, Ampullaria canaliculata and Arnpullaria 
insularum, and in a marine gastropod, Patinigera 
magallanica (Romero and Seldes, unpublished 
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TABLE 1 

Sterol Composition of the Snail, Biomphalaria tenagophila 

MS Characteristic Estimated 
Sterols Fragments RRT ~ percentage 

22-trans-Cholesta-5,22-dien-3fl-ol 384(M*),366,351,300,273,271, 0.96 5.4 
255,213,111,69,55 

Cholest -5-en-3fl-ol 386(M+),371,368,301,275,273, 
255,231,213,145,43 

22-trans-24-Methylcholesta-5,22-dien-313-ol 398(M+),380,365,300,271,255, 
213,69,55 

Cholesta-5,7-dien-3fl-ol 384(M+),366,351,271,253,211, 
43 

24-Methylcholest-5-en-3fl-ol 400(M+),385,382,367,315,289, 
273,213,105,43 

22-trans-24-Ethylcholesta-5,22-dien-3fl-ol 412(M+),397,394,379,351,300, 
273,271,255,69,55 

24-Ethyteholest-5-en-3fl-ol 414(M§ 
255,213,91,55 

7-Oxo--ch olest-5-en-3B-ol 400(M+),385,382,367,287,269, 
245,213,197,192,161,43 

1.00 65.4 

1.02 2.7 

1.03 5.3 

1.07 8.1 

1.10 5.7 

1.15 6.3 

1.21 1.2 

"Relative retention times (RRT) of the free sterols to cholest-5-en-3fl-ol. 

results). 
The results summarized in Table 1, which agree 

with previous results, are evidence that the sterol 
composition of the freshwater molluscs examined 
is much simpler than that of its marine counterpart. 
The suggestion has been made (6) that this simpler 
sterol composition is a result of the less stringent 
requirements of the membrane functions in animals 
living in low-salinity water. 
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ABSTRACT 

Four species of Drosophila were tested, for two generations, for viability on media containing 13 
different C27 , Cz8 and C~9 sterols with and without trans-22-dehydrocholesterol. Only cholesterol was 
effective for overcoming the toxic effect of the trans derivative for all 4 species. The species varied in 
their ability to use the 13 sterols for growth, maturation and reproduction for 2 generations. The most 
tolerant species. D. pseudoobscura, could use 11 of the 13 sterols for structural and hormonal func- 
tions, whereas the most sensitive species, D. mettleri, could survive adequately on only 4 and less than 
adequately on another 3 of the 13 compounds. Desmosterol could not be used by any species, even 
for 1 generation. 
Lipids 19:231-234, 1984. 

INTRODUCTION 

In the preceding paper (1), we demonstrated 
that the addition of trans- but not cis-22- 
dehydrocholesterol to media prevented larval 
maturation of several species of Drosophila 
and that the concomitant addition of choles- 
terol prevented this toxic effect. In addition, 
we showed that the presence of alkyl groups 
at C24 in other trans -A22 sterols (brassicasterol, 
stigmasterol, 5,6-dihydroergosterol, spinasterol) 
eliminated the larval mortality observed with 
the unsubstituted side chain of trans-22- 
dehydrocholesterol (trans-DHC). In this paper, 
we present the results obtained by incorporat- 
ing numerous C27, C2s and C29 sterols into 
Drosophila medium with and without added 
trans-DHC to further investigate its toxic effect 
(Table 1). Four species of Drosophila were 
chosen for these studies on the basis of their 
previous responses to dietary sterols (1). Droso- 
phila pseudoobscura was the most tolerant, fol- 
lowed by D. melanogaster and D. mo/avensis, 
and finally by D. mettleri, the species most 
sensitive to variations in the structure of sterols 
added to the medium. 

sterols were used in this study in addition to 
those used in the previous work (1): choles- 
tanol (2), trans-22-chotesteno1, hydrolyzed 
from the acetate (3) MP 122-122.5 (vac, corr), 
dihydrobrassicasterol (4), sitosterol (5), 7- 
dehydrostigmasterol (6), and trans-22-dehydro- 
desmosterol (7) were available from earlier 
work. Ergosterol was a commercial sample 
recrystallized from alcohol; MP 165-165.5 
(vac, corr) and desmosterol, MP 121.5-122.5 
(vac, cor r ) -38 .5  (C3, CHC13) were prepared by 
the isomerization of 25-dehydrocholesteryl 
acetate with I2 in benzene (Kircher and Rosen- 
stein, unpublished). 

All sterols were added to the axenic sterol 
deficient medium (1) at a concentration of 
230 mg/1. Tests were initiated with NaOC1- 
sterilized Drosophila eggs, as described pre- 
viously (1). F1 adults emerging from each of 
the 5 replicate bottles/test were axenically 
transferred to fresh bottles of the same medium 
they had emerged from. When F 2 larvae were 
visible, the F1 population was removed. Results 
are expressed by scoring the egg to F1 and F2 
adult viability for each sterol supplement. 

MATERIALS AND METHODS RESULTS AND DISCUSSION 

All 4 species of  Drosophila were obtained The ability of the 4 species of Drosophila to 
from the laboratory of W. B. Heed, Department use the various test sterols for growth, matura- 
of Ecology and Evolutionary Biology, Univer- .tion and reproduction under axenic conditions 
sity of Arizona, Tucson, AZ. The following is shown in Table 2. AU species were able to live 

for 2 generations on the 3 C2s (ergostane) and 
1 Arizona Agricultural Experiment Station journal C29 (stigmastane) derivatives and cholesterol. 

article no. 3811. Overall the best performance was on the 3 
2Present address: Department of Biological Sci- 

ences, University of Denver, Denver, CO 80208. stigmastanes and this suggests that the widely 
*To whom correspondence should be addressed, occurring sitosterol and stigmasterol are the 
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T A B L E  1 

N o m e n c l a t u r e  

C h o l e s t a n o l  
Cho les t e ro l  
L a t h o s t e r o l  
trans-DHC 
ci~-DHC 
t - 2 2 - C h o l e s t e r o l  
D e s m o s t e r o l  
t-22- D e h y d r o d e s m o s t e r o l  
D i h y d r o  b ra s s i ca s t e ro l  
Brass icas te ro l  
E r g o s t e r o l  
S i tos t e ro l  
S t i g m a s t e r o l  
7- D e h y d r o s t i g m a s t e r o l  

5a -Choles tan-3f l -o l  
Choles t -5-en-3f l -o l  
5a -Cho les t -  7-en-3/3-ol 
Cboles ta -  5- 22  E-dien-313-ol 
Choles t  a- 5 -22  Z-dien-3B-ol 
5c t -Choles t -22E-en-  3~-ol 
Cho les t a -  5 ,24-d ien-3~-o l  
C h o l e s t a - 5 , 2 2 E , 2 4 - t r i e n - 3 ~ - o l  
Ergost -  5-en-3/3-ol 
E r g o s t a - 5 , 2 2  E-dien-3B-ol 
Ergos ta -  5 ,7 ,22  E-tr iene-3~-ol  
St igmast-5-en-3/3-ol  
S t i g m a s t a - 5 , 2 2  E-dien-3/3-ol 
S t i g m a s t a - 5 , 7 , 2 2  E-trien-3/~-ol 

T A B L E  2 

Abi l i ty  o f  4 Species  o f  Drosophila to  Use Va r ious  Die ta ry  S te ro l s  fo r  G r o w t h ,  M a t u r a t i o n  a n d  R e p r o d u c t i o n  
(Eggs --* F 1 Adu l t s  ~ F 2 A d u l t s )  a ,b  

D o u b l e  D. pseudoobscura D. melanogaster D. mo]avensis D. mettleri  

Stero ls  b o n d s  1:1 F 2 F 1 1~" 2 F l F 2 F 1 F~ 

C27 
C h o l e s t a n o l  n o n e  + + + 0 + 0 + 0 
Cho le s t e ro l  c 5 + + + + + + + + /0  
L a t h o s t e r o l  7 + + + + + 0 + 0 
t-22- Cho le s t eno l  2 2 E  + + + W + +[0  n o t  t e s t ed  
trans-DHC c 5 , 2 2 E  0 - 0 - 0 - 0 - 
cis- DHC c 5 , 2 2 Z  + + + + + 0 W 0 
D e s m o s t e r o l  5 ,24  0 - 0 - 0 - 0 - 
t-22- D e h y d r o d e s m o s t e r o l  5 , 2 2 E , 2 4  + + + + + 0 0 - 

C 2 a  

D i h y d r o b r a s s i c a s t e r o l  5 + + + + + + + /0  +[0  
Brass icas te ro l  5 , 2 2 E  +/0  + + + + + + /0  + 
Ergos t e ro l  5 , 7 , 2 2 E  + + + + + + + /0  + /0  

Ca9 
Si tos t e ro l  5 + + + + + + + + 
S t i g m a s t e r o l  5 , 2 2 E  + + + + + + + + 
7- I ) e h y d r o s t i g m a s t e r o l  5 , 7 , 2 2 E  + + + + + + + + 

a+  = m o r e  t h a n  10 a d u l t s ] b o t t l e ,  W = 1 to  tO a d u l t s ] b o t t l e ,  0 = n o  a d u l t s  obse rved ,  + /0  = i n c o n s i s t e n t  resu l t s ,  
s o m e  b o t t l e s  p r o d u c e d  adu l t s ,  s o m e  did  no t .  

b l n  n o  cases  d id  F l a d u l t s  p r o d u c e  F 2 la rvae  t h a t  fa i led  to  m a t u r e .  All F 2 nega t ives  (0)  a re  c a u s e d  b y  n o  eggs 
o r  eggs t h a t  fa i led  to  b a t c h .  

e D a t a  f r o m  ref .  1. 

p r e f e r r e d  d i e t a r y  s t e r o l s  f o r  t h e s e  s a p r o p h y t i c  

i n s e c t s .  T h e  p o o r e r  v i a b i l i t y  o f  t h e  m o s t  s e n s i -  

t i v e  s p e c i e s ,  D. me t t l e r i ,  o n  t h e  e r g o s t a n e  t r i a d  

i n d i c a t e s  t h a t ,  f o r  t h i s  s p e c i e s ,  t h e  s t e r o l s  o f  i t s  

h o s t  p l a n t s ,  d e c a y i n g  s a g u a r o  a n d  c a r d t ~ n  c a c t i  

( 8 , 9 ) ,  a r e  u s e d  b y  t h e  i n s e c t s ,  r a t h e r  t h a n  t h e  

s t e r o l s  o f  t h e  y e a s t s  t h a t  p r o v i d e  t h e  p r i n c i p a l  
n u t r i e n t s  f o r  t h e  l a r v a e .  

O t h e r  t h a n  c h o l e s t e r o l ,  n o n e  o f  t h e  C27 

( c h o l e s t a n e )  d e r i v a t i v e s  p r o v i d e d  f o r  e g g  t o  F 2 

v i a b i l i t y  f o r  a l l  o f  t h e  s p e c i e s .  N e i t h e r  trans-  
D H C  n o r  d e s m o s t e r o l  a l l o w e d  e v e n  f i r s t  g e n e r a -  

t i o n  f l i e s  t o  d e v e l o p .  C h o l e s t a n o l  i s  a s p a r i n g  
s t e r o l  ( 2 )  a n d  a U o w e d  m a t u r a t i o n  o f  F i  f l i e s  

b e c a u s e  o f  t h e  t r a n s m i s s i o n  o f  n e c e s s a r y  s t e r o l s  

t h r o u g h  t h e  e g g .  T h e  a b i l i t y  o f . D .  p s e u d o -  
o b s c u r a  t o  g o  f o r  2 g e n e r a t i o n s  o n  c h o l e s t a n o l  

a t t e s t s  t o  i t s  v e r y  l o w  r e q u i r e m e n t  f o r  u n s a t u -  
r a t e d  s t e r o l s .  T h e  t r a c e s  o f  s t e r o l s  s t i l l  e v i d e n t  

L I P I D S ,  VOL.  19, NO.  3 (1984) 
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in t h e  s t e r o l  d e f i c i e n t  m e d i u m ,  ca. 0 . 0 1 %  o f  t h e  
d r y  i n g r e d i e n t s  (1) ,  a re  still  e n o u g h  for  t h i s  
s p e c i e s  to  m a t u r e ,  t h e  re la t ive  s ens i t i v i t i e s  o f  
t h e  4 s p e c i e s  to  v a r i a t i o n s  in s t e ro l  s t r u c t u r e  
n o t e d  in (1 )  was  s u b s t a n t i a t e d  he re  w i t h  3 
o t h e r  c o m p o u n d s .  T w o  g e n e r a t i o n s  o f  D. 
pseudoobscura a n d  D. melanogaster can  be  
r ea r ed  w i t h  l a t h o s t e r o l  a n d  2 2 - d e h y d r o d e s m o -  
s t e ro l  in t h e  m e d i u m ,  w h e r e a s  o n l y  1 o r  n o  
g e n e r a t i o n s  o f  t h e  o t h e r  2 s p e c i e s  c o u l d  be 
r e a r e d  o n  t h e s e  s t e r o l s  a n d  o n l y  D. pseudo- 
obscura c o u l d  u s e  trans-22-cholestenol well .  

T w o  o t h e r  c o m p a r i s o n s  a re  o f  i n t e r e s t .  In 
t h e s e  i n s t a n c e s ,  t o x i c i t y  m e a n s  t h a t  t h e  i n s e c t s  
a re  u n a b l e  to  m a t u r e  to  a d u l t s  w h e n  a p a r t i c u -  
lar s t e ro l  ha s  b e e n  a d d e d  to  t h e  m e d i u m .  T h i s  
r e s u l t  can  be  a t t r i b u t e d  to  a b l o c k i n g  o f  a 
n e c e s s a r y  m e t a b o l i c  s t ep  b y  t h e s e  s t e ro l s ,  t h e i r  
i n a b i l i t y  to  be  m e t a b o l i z e d  t o  an  i n t e r m e d i a t e  
in e c d y s o n e  b i o s y n t h e s i s  ( 1 0 )  o r  t he i r  i n a b i l i t y  
to  be  u s e d  as a s p a r i n g  s t e ro l .  T h e  t o x i c i t y  o f  
trans-22-DHC is e l i m i n a t e d  w h e n  t h e  A s d o u b l e  
b o n d  is r e m o v e d  f r o m  t h e  m o l e c u l e ,  as w i t h  
trans-22-cholestenol, a n d  t h e  t o x i c i t y  o f  
d e s m o s t e r o l  is r e d u c e d  w h e n  a trans-A22-double 
b o n d  is i n t r o d u c e d ,  as w i t h  trans-22-dehydro- 
d e s m o s t e r o l  ( T a b l e  2). 

B o t h  d e s m o s t e r o l  a n d  trans-22-dehydrodes- 
m o s t e r o l  a re  n o r m a l  m e t a b o l i t e s  d u r i n g  t h e  
d e a l k y l a t i o n  o f  p h y t o s t e r o l s ,  e.g. ,  s i t o s t e r o l  a n d  
s t i g m a s t e r o l ,  b y  p h y t o p h a g o u s  i n s e c t s  (11 ). T h e  
i n a b i l i t y  o f  4 s p e c i e s  o f  Drosophila to  u t i l i ze  
d e s m o s t e r o l  a n d  2 spec i e s  to  u t i l i ze  22 -de -  
h y d r o d e s m o s t e r o l  is e v i d e n c e  t h a t  t h e s e  i n s e c t s  

TABLE 3 

Ability of  Various Sterols to Overcome the Toxicity of  trans-DltC Toward 4 
for 2 Generationsa, b,c, d 
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do  n o t  d e a l k y l a t e  p h y t o s t e r o l s  (12) .  
T h e  ab i l i t y  o f  t h e  s t e ro l s ,  l i s ted  in T a b l e  2, 

to  o v e r c o m e  t h e  t o x i c i t y  o f  trans-DHC, is 
s h o w n  in T a b l e  3. C h o l e s t e r o l  was  t h e  o n l y  
s t e ro l  to  a l low egg to  F2 a d u l t  d e v e l o p m e n t  fo r  
all 4 s p e c i e s  a n d  t h e  o n l y  o n e  t h a t  a l l o w e d  
D. mo/avensis a n d  D. mettleri to  go  for  2 gene r -  
a t i o n s  w h e n  trans-DHC was  a lso  p r e s e n t  in t h e  
m e d i u m .  D. melanogaster was  ab l e  t o  o v e r c o m e  
t h e  e f f e c t  o f  trans-DHC w i t h  7 - d e h y d r o s t i g m a -  
s t e ro l  as well  a n d  D. pseudoobscura c o u l d  a lso  
u se  l a t h o s t e r o l ,  d i h y d r o b r a s s i c a s t e r o l  a n d  st ig-  
m a s t e r o l .  

W h a t e v e r  t o x i c  e f f e c t s  o f  0 . 2 5 %  trans-DHC 
has  o n  Drosophila (1) ,  t h e y  a r e  be s t  o v e r c o m e  
w i t h  0 . 2 5 %  c h o l e s t e r o l .  A d o u b l e  b o n d  a t  A 7 
i n s t e a d  o f  A s ( l a t h o s t e r o l )  is less  e f f e c t i v e  for  
th i s  p u r p o s e ,  a n d  a s t e ro l  w i t h  n o  d o u b l e  b o n d s  
( c h o l e s t a n o l )  is c o m p l e t e l y  i n e f f e c t i v e .  In t h e  
e r g o s t a n e  ser ies ,  t h e  A s de r i va t i ve  is bes t  a n d  in 
t h e  s t i g m a s t a n e  ser ies ,  t h e  A s ,7 ,22 de r i va t i ve  
was  ab le  to  o v e r c o m e  trans-DHC t o x i c i t y  m o s t  
e f f e c t i v e l y .  S ince  all o f  t h e  e r g o s t a n e  and  
s t i g m a s t a n e  de r i va t i ve s  c o u l d  be  u s e d  by  all 4 
s p e c i e s  o f  Drosophila ( T a b l e  2),  t h e  t o x i c i t y  o f  
trans-DHC m u s t  lie in i ts  d i s r u p t i o n  o f  s o m e  
s t e p  in t h e  i n s e c t s '  m e t a b o l i s m  o f  s t e ro l s .  T h i s  
d i s r u p t i o n  m a y  be  t h e  i n t r o d u c t i o n  o f  a A 7 
b o n d  in  t h e  n u c l e u s  o r  a h y d r o x y l  g r o u p  in 
t h e  s t e ro l  s ide  cha in .  T h e  ab i l i t y  o f  c h o l e s t e r o l  
to  o v e r c o m e  th i s  t o x i c i t y  b e t t e r  t h a n  a n y  o t h e r  
s t e r o l  m a y  be  r e l a t e d  to  t h e  g r e a t e r  s t r u c t u r a l  
s i m i l a r i t y  o f  c h o l e s t e r o l  to trans-DHC t h a n  t h a t  
o f  a n y  o f  t h e  o t h e r  s t e r o l s  t e s t e d .  

Species of  Drosophila 

Double D. pseudoobscura 
trans- L)tfC plus bonds F t I: 2 

D. melanogaster D. mojavensis D. mettleri 

1: a F 2 1: l F~ Fj  F 2 

Cholestanol none 0 - 0 - 0 - 0 - 
Cholesterol c 5 + + + + + + + + 
Lathosterol 7 + + 0 - W 0 0 - 
cis-l)HC c 5,22Z 0 - 0 - 0 - 0 - 
t- 22- Dehydrodesmosterol  5,22E,24 W 0 0 - W 0 0 - 

D i h y  d r o  b r a s s i c a s t e r o l  5 + + W W [ 0  + 0 0 - 
B r a s s i c a s t e r o l  5,22E +/0 0 0 - 0 - 0 - 
Ergosterol 5,7,22E W 0 0 - 0 - 0 - 

S i t o s t e r o l  5 0 - 0 - 0 - 0 - 
S t i g m a s t e r o l  5 , 2 2 E  + + / 0  W 0 W 0 0 - 
7- D e h  y d r o s t i g m  ast  e r o l  5,7,22E + + + + W 0 0 - 

a+ = more than 10 adults/bott le ,  W = 1 to 10 adults /bott le ,  0 = no adults observed, +/0 = inconsistent  results, 
some bottles produced adults, some did not. 

bin no c a s e s  d i d  l.'t adults produce F 2 l a r v a e  t h a t  f a i l e d  to mature.  All 1:2 negatives (0) are caused by no eggs 
or eggs t h a t  f a i l e d  to hatch. 

CData from ref. 1. 
d230 mg trans-DHC plus 230 mg of various sterolsfl medium ( e a c h  s t e r o l  0.25% of the weight of  the dry 

i n g r e d i e n t s ) .  

LIPIDS, VOL. 19, NO. 3 (1984) 



234 COMMUNICATIONS 

ACKNOW LEDGM ENTS 

We thank National Science Foundat ion for Grant 
DEB-7912924 to support  this work and Jane Mc- 
Creary for technical assistance. 

REFERENCES 

1. Kircher, H.W., Phariss, R.L., Rosenstein, F.U., 
Baldwin, D., and Fogieman, J.C. 0 9 8 2 )  Lipids 
17, 209-214. 

2. Kircher, H.W., and Gray, M.A. (1978) J. Insect 
Physiol. 24, 555-559. 

3. Rosenstein, F.U., Caruso, R., and Kircher, H.W. 
(1977) Lipids 12, 297-300. 

4. Kircher, H.W., and Rosenstein, F.U. (1973) 
Lipids 8, 453-458. 

5. Kircher, H.W., and Rosenstein,  F.U. (1973) 
Lipids 8, 97-100. 

6. Kircher, H.W., and Rosenstein,  F.U. (1973) 
J. Org. Chem. 38, 2259-2260. 

7. Kircher, H.W., and Rosenstein,  F.U. (1982) 
J. Org. Chem. 47, 1722-1724. 

8. Kircher, H.W. (1982 ) in  Ecological Genetics and 
Evolution (Barker, J.S.F., and Starmer, W.T., 
eds.) Chap. 10, pp. 144-5, Academic Press, 
Sydney. 

9. Fogleman, J.C., Hackbarth, K., and Heed, W.B. 
(1981) Am. Nat. 118, 541-548. 

10. Kircher, tl.W. (1982) in Cholesterol Systems in 
Insects and Animals (Dupont ,  J., ed.) C~tap. 1, 
CRC Press, Boca Raton, FL. 

11. Svoboda, J.A., Kaplanis, J.N., Robbins, W.E., 
and Thompson ,  M.J. (1975) Ann. Rev. Entomol.  
20, 205-220. 

12. Kircher, II.W., Rosenstein, F.U., and Fogleman, 
J.C. (1984) Lipids 19, 235-238. 

[ Received October  17, 1983 ] 

LIPIDS, VOL. 19, NO. 3 (1984) 



Selective Uptake and Lack of Dealkylation of Phytosterols 
by Cactophilic Species of Drosophila 1 

HENRY W. KIRCHER, FUMIKO U. ROSENSTEIN and JAMES C. FOGLEMAN,  2 * 
Department of Nutrition and Food Science, University of Arizona, Tucson, AZ 85721 

235 

ABSTRACT 

The selective absorption of cholesterol and campesterol and discrimination against sitosterol was 
demonstrated with Drosophila mojavensis and Drosophila nigrospiracula, using a synthetic medium 
and 2 natural host cacti. Preferential absorption of trace amounts of phytosterols from a large quanity 
of other lipids occurred when D. arizonensis and D. mo/avensis were reared from agria cactus. The 
absence of dealkylation of sitosterol to cholesterol was demonstrated with D. mo/avensis and D. 
mettleri, reared on a sterol-deficient medium supplemented with sitosterol. 
Lipids 19:235-238, 1984. 

INTRODUCTION 

Houseflies, cockroaches and Khapra beetles, 
but not milkweed bugs, selectively absorb 
cholesterol and campesterol, in preference to 
sitosterol, from their diets (1-4). A much larger 
number of other phytophagous and omnivorous 
insects were shown to remove methyl and ethyl 
groups from C24 in the side chains of plant and 
fungal sterols by a selective dealkylation 
process and reduce the A 24 or A 22,24 inter- 
mediates of this process to cholesterol (5-10). 
Only 6 insects have been shown to be unable to 
dealkylate phytosterols so far; these are the 
hide beetle, house fly, milkweed bug, honey 
bee, Khapra beetle and leafcutter ant (5,1 1). 

Most of the studies on the use and metabo- 
lism of sterols by species of Drosophila did not 
address these questions (12-17). In one case, 
however, on the basis of feeding studies and 
thin layer chromatography (TLC) of pupal 
sterols on silica gel, the researchers stated that 
D. melanogaster is able to dealkylate phyto- 
sterols and reduce A 7 and A 22 double bonds to 
cholesterol (18). In more recent work, D. 
melanogaster and 3 other species were unable 
to mature to adults when fed a yeast mutant 
that lacked a A s-~A7 isomerase or one that 
lacked a C24-methyl transferase (19). In the 
latter case, 3 A24-sterols accumulated in the 
yeast instead of ergosterol and the authors 
speculated that Drosophila may not be able to 
saturate the A ~ double bond in the sterol side 
chain. 

We recently noted that desmosterol (24- 
dehydrocholesterol) could not be used as a 
dietary sterol by any of the 4 species of cacto- 

~Arizona Agricultural Experiment Slation journal 
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philic Drosophila that were tested and that one 
of them, D. mettleri, grew better on a medium 
that contained sitosterol than on those contain- 
ing either of several cholestane or ergostane 
derivatives (17). This suggested that these 
species of  Drosophila may be unable to dealkyl- 
ate phytosterols because desmosterol is an 
intermediate in the phytosterol to cholesterol 
transformation (20). These conflicting results 
(phytosterol to cholesterol metabolism [18],  
no A 24 saturase present in Drosophila [ 17,19 ] ) 
induced us to determine whether or not several 
cactophilic species of Drosophila, which breed 
in plants of quite different chemical composi- 
tion, are able to dealkylate ingested phytoster- 
ols to cholesterol. In this paper we describe the 
selective uptake and metabolism of sterols from 
synthetic media and from natural substances by 
several species of  cactophilic Drosophila. 

MATERIALS AND METHODS 

Sources of Drosophila species, sterols and 
methods of axenic culture were as previously 
described (14-17). The adults emerging from 
axenic media were collected and kept frozen 
until analysis. 

Flies were also reared in the laboratory on 
their natural substrates (21). Several large 
pieces of cactus were placed in 20 1 cloth- 
covered jars and inoculated with juice from 
naturally decaying plants. After a week, adults 
of the appropriate species of Drosophila were 
put into the jars to oviposit. The F 1 and F2 
adults were collected from the jars by aspira- 
tion as they emerged, placed on wet paper for 
I-2 days to evacuate their guts and kept frozen 
until analyzed. The flies were analyzed for 
sterols by conventional methods: CHCI3-MeOH 
extraction, lipid saponification, precipitation of  
the sterols from the nonsaponifiable fraction 
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with digitonin, decomposition of the digitonide 
on the steam bath with pyridine and extraction 

l a J  

of the dry residue with benzene to remove the 
sterols. The sterols were identified by compar- o 
ing them to authentic standards by gas chroma- 
tography (GC) (Varian 3700, 2 m, 2 mm inner 
dimension column, 5% OV-101 on Anachrom a: 
ABS, 275 C; peak areas estimated b y  triangula- 
tion) and by TLC of the steryl acetates on 
AgNO3 coated sigel plates with CH2 C12. o 

t . o  
er 

RESULTS A N D  DISCUSSION 

Selective uptake of sterols was tested under 
axenic conditions with a medium containing 
250 mg/1 of a 1:2:4 (w/w/w) mixture of 
cholesterol, campesterol and sitosterol and 
D. mojavensis. The sterols in the medium and 
in the flies are shown in Figure 1. The ratio of 
the 3 sterols in the flies, 1:1.7:0.8, showed that 
cholesterol and campesterol were adsorbed 
selectively over sitosterol by the insects. 

In order to compare this result with natural 
conditions, 3 species of Drosophila were reared 
from their natural host cacti in the laboratory 
as described in the previous section. Saguaro 
cactus (Carnegiea gigantea) was used for rearing 
D. nigrospiracula, organ-pipe cactus (Steno- 
cereus thurberi) was used with D. mojavensis 
and agria cactus (Stenocereus gummosis) was 
used with D. arizonensis and D. mojavensis 
(21). 

The results from the saguaro-D, nigro- 
spiracula combination are shown in Figure 2. 
As fresh saguaro (Fig. 2A) decays, the yeasts 
living in the tissue contribute ergosterol to the 
nonsaponifiable fraction of the decayed plant 
(Fig. 2B), but the Drosophila larvae discrimi- 
nate against these sterols, stigmasterol and 
sitosterol, in favor of campesterol (Fig. 2C). 
The small peak in Figure 2C with the relative 
retention time (RRT) of cholesterol is present 
as a shoulder on the comparably larger peaks in 
Figures 2A and 2B. Lipids represent ca. 2-3% of 
the dry weight of decayed saguaro and the 
sterols are ca. 5% of the lipid fraction (Kircher, 
unpublished). The peak area ratios of camp- 
esterol to sitosterol were 1:3.2 for fresh sa- 
guaro, 1:3 for the decaying tissues and 1:0.7 
for D. nigrospiracula, which shows a strong 
discrimination against the uptake of sitosterol 
by the insects from their natural substrate. 

The sterols present in D. mo]avensis reared 
from decaying organ pipe cactus are shown in 
Figure 3B. The insects are able to take up organ 
pipe phytosterols (Fig. 3A) against a large con- 
centration gradient of other lipids. The non- 
saponifiable fraction (Fig. 3C), which repre- 
sents ca. 2/3 of the 10% lipids present in organ 

I I  

6 e 

0 5 I 15 
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FIG. 1. D. mo]avensis reared axenically from a 
medium containing a 1:2:4 mixture of cholesterol 
(a), campesterol (b), and sitosterol (c). Sterols in 
medium -. Sterols in D. moiavensis . . . .  

o 

r r "  

af f  

t r "  

A 
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FIG. 2. D. nigrospiracula reared from decaying 
saguaro cactus. A. Nonsaponifiable fraction of fresh 
saguaro. B. Nonsaponifiable fraction of decayed 
saguaro. C. Sterols in D. nigrospiracula. (a) Choles- 
terol(?), (b) ergosterol, (c) campesterol, (d) stigma- 
sterol, (e) sitosterol. 

pipe cactus (dry wt basis), is composed princi- 
pally of 3/3,6a-sterol diols and 2 pentacyclic 
triterpene diols. The phytosterols are only 
0.9% of the nonsaponifiable fraction (22). 
Even so, just as in the 2 cases above, D. too- 
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FIG. 3. D. rnojavensis reared from decaying organ pipe cactus. A. Sterols in organ-pipe 
cactus phytosterol fraction. B. Sterols in D. rnojavensis. C. Nonsaponifiable fraction of 
decaying organ-pipe cactus. (a) Campesterol, (b) sitosterol, (c) sterol diols, (d) calenduladiol, 
(e) betulin. 

]avensis discriminates against sitosterol; the 
campesterol-sitosterol peak area ratio was 1:4 
for the cactus and 1 : 1.6 for the fly sterols. 

In the last example of selective uptake of 
sterols, D. arizonensis and D. mofavensis were 
individually reared from decaying agria cactus. 
The phytosterols have not yet been isolated 
from this plant. The nonsaponifiable fraction 
contains sterol diols, 2 triterpene diols and a 
triterpene triol. Sitosterol is barely visible in a 
GC separation diagram of this fraction (Fig. 
4C). Nevertheless, both species of Drosophila 
selectively absorb the phytosterols from the  
agria lipids (ca. 8% of the dry wt of  the tissue) 
with a campesterol-sitosterol peak area ratio of 
1:2.7 for theD.  arizonensis (Fig. 4A) and 1:2.4 
for the D. mojavensis (Fig. 4B) sterols. 

Experiments to determine whether or not 
the dealkylation of phytosterols to cholesterol 
occurs in Drosophila were performed with 
D. mojqvensis and D. mettleri. The 2 species 
were reared axenically on a sterol-deficient 
medium supplemented with 250 mg/1 purified 
sitosterol (Fig. 5A). The minor peak, with the 
retention time of cholesterol that was present 
in the GC separation diagrams of the sterols 
from both species of Drosophila (Figs. 5B, 5C), 
may represent selective uptake of this sterol 
from trace quantities in the medium. In both 
cases, campesterol, present as an impurity in 
the original sitosterol, has a relatively greater 
proportion of  the sterols in the flies than in the 

medium and, again, demonstrates the selective 
absorption of this sterol in preference to 
sitosterol. 

The absence of significant quantities of 
cholesterol in 4 species of Drosophila that have 
either been fed sitosterol under axenic condi- 
tions or the mixture of campesterol and sito- 
sterol occurring in their natural host plants, 
taken together with the inability of these in- 
sects to utilize desmosterol, an intermediate in 
the sitosterol and campesterol dealkylation to 
cholesterol, is strong evidence that Drosophila 
are unable to remove methyl or ethyl groups 
from ingested phytosterols. Whether this 
property is unique to cactophilic Drosophila 
or is extended over the whole genus remains to 
be seen. 
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FIG. 4. D. arizonensis and D. mojavensis reared from decaying agria cactus, A. Sterols in 
D. arizonensis. B. Sterols in D. mojavensis. C. Nonsaponifiable fraction of  decaying agria 
cactus. (a) Campesterol ,  (b) sitosterol, (c) sterol diols, (d) maniladiol, (e) erythrodiol.  
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FIG. 5. D. mojavensis and D. mettleri reared from 
a sterol-deficient medium supplemented with sito- 
sterol. A. Sitosterol added to the medium.  B. Sterols 
in D. mo]avensis. C. Sterols in D. rnettleri. (a) Choles- 
terol(?), (b) campesteroL 
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ABSTRACT 

Binding antibodies to surface membranes stimulated incorporation of fatty acids (FA) into phos- 
pholipids of L ceils. Antibodies stimulated at least a 3.4-fold greater incorporation of arachidonic acid 
into phosphatidylinositol than into any other class of phospholipid when compared on a molar basis 
(p < 0.003). This enhanced incorpoation was selective, depending on the character of the FA, because 
antibodies stimulated the incorporation of arachidonic acid at least 2.4-fold more than oleic acid, 
palmitic acid or stearic acid (p < 0.001). Surprisingly, an antibody-stimulated incorporation of palmit- 
ic acid into sphingomyelin (SM) was at least 2.2-fold greater than that into any other class of phospho- 
lipid (p < 0.001) and the antibody-stimulated incorporation of palmitic acid into SM was at least 
60-fold greater than that of arachidonic acid, stearic or oleic acid (p < 0.001). Nontoxic doses of 
ethylenediamine tetraacetic acid (EDTA), dexamethasone, 4-bromophenacylbromide and indometh- 
acin inhibited the antibody-stimulated incorporation of arachidonic acid into cellular phospholipids, 
principally phosphatidylinositol (PI), and similarly inhibited the antibody stimulation of DNA synthe- 
sis. We conclude that when antibody binds to surface antigens on L cells, a rapid and selective incorpo- 
ration of fatty acids into certain cellular phospholipids occurs, possibly mediated by calcium-depen- 
dent phospholipases. Degradation products of arachidonic acid, i.e., prostaglandins, may be important 
in these antibody stimulation events, as well. These early changes in phospholipid metabolism may 
serve as an important signal or mechanism for the subsequent stimulation of DNA synthesis in L cells. 
Lipids, 19:239-249, 1984. 

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

The impor tance  of  the turnover  of  mem- 
brane phospholipids in cell act ivat ion processes 
is rapidly becoming  apparent  in several areas of  
b iology and medicine.  In every system exam- 
ined, there are c o m m o n  elements:  binding of  
ligand to cell surface receptors,  associated 
membrane  fluxes of  calcium, selective turnover  
of  various chemical  moiet ies  of  membrane  
phospholipids principally phosphat idyl inosi tol  
(PI), and resulting cell secretion or per formance  
of physiological  funct ion.  Moreover,  in many 
cell systems, the final cell secretion process is 
preceded by a modula t ion  of arachidonic acid 
metabol i tes  such as prostaglandins or leukotri-  
enes. Several examples  of  activated cell systems 
that  display this calc ium-phosphol ipid  effect  
are thrombin-act ivated platelets (1), zymosan-  
act ivated neutrophi ls  (2), anti-IgE challenged 
mast cells (3), cor t icot ropin-s t imulated adreno- 
cort ical  cells (4), lect in-activated lymphocy tes  
(5), growth factor- t reated normal  3T3 ceils 
(6) and bradykinin-s t imulated t ransformed 3T3 
cells (7). 

Working in a mode l  t ransformed cell line 
system and a t tempt ing  to explain certain as- 
pects of the immunologica l  enhancement  of 
tumor  cell growth,  we have been able to ob- 

*To whom correspondence should be addressed. 

serve a direct s t imulat ing effect of  either 
specific or heterospecif ic  antibodies on cell 
g rowth  in vitro (8) or in vivo (9). Complemen t  
act ivated through its third componen t  via the 
classical complemen t  pa thway augmented these 
processes (10). An early inf lux of  calcium (1 1) 
preceded an observable an t ibody-dependent  in- 
creased labeling of  32p in the isolated mem- 
brane PI fract ion (12). More recent ly ,  we have 
been able to document  an ant ibody induced 
increase in incorpora t ion  of  arachidonic acid in 
the PI fract ion of  cellular phospholipids (1 3). 

The present  exper iments  examined the fa t ty  
acid specificity of  this an t ibody-dependent  
s t imulated incorpora t ion  and correlated the  
early per turbat ions  in phosphol ipid  metabol i sm 
wi th  subsequent  changes in nucleic acid metab-  
olism. 

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

Cell Culture 

A methy lcho lan th rene  t ransformed mouse 
fibroblast  cell line, L cell (14), was mainta ined 
in Falcon 75 cm 2 tissue culture flasks (Becton 
Dickinson and Co., Oxnard,  CA) with  m i n i m u m  
essential media (Eagle, GIBCO, Grand Island, 
NY)  containing 10% fetal  calf serum and bicar- 
bona te  buffer.  Cell cultures were incubated  at 
37 C in a 5% CO2, humid  air incubator .  
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Materials 

The following radiochemicals used were pur- 
chased from Amersham (Arlington Heights, 
IL): [ 1J4C] arachidonic acid (58.4 mCi/mmol), 
[ 1-14 C ] stearic acid (55.7 mCi/mmol), [ 9,10(n)- 
3Hloleic acid (5.7 Ci/mmol), [9,10(n)-3H] - 
~almitic acid (500 mCi/mmol), and [methyl- 

H]thymidine (50 Ci/mmol). Dexamethasone, 
indomethacin, 4-bromophenacyl bromide and 
ethylenediamine tetraacetic acid (EDTA)were 
obtained from Sigma Chemical Co. (St. Louis, 
MO). Methyl ester standards of free fatty 
acids (FFA) for gas liquid chromatography 
(GLC) were purchased from NuChek Prep, Inc. 
(Elysian, MN). Phospholipid standards for thin 
layer chromatography (TLC) were purchased 
from Avanti Biochemicals, Inc. (Birmingham, 
AL). High purity organic solvents were ob- 
tained from Burdick and Jackson Laboratories 
(Muskegon, MI) and reagent grade glacial acetic 
acid from Fisher (Fair Lawn, N J). All TLC per- 
formed used Redi Plate silica gel G precoated 
250 /aM plates from Fisher Scientific Co. 
(Houston, TX), 

Antiseru ms 

Rabbit antimouse L cell sera (AL) and con- 
trol (adjuvant-injected) rabbit sera (CR) were 
produced as previously described (12). Two AL 
preparations were made: AL No. 1 stimulated 
fatty acid incorporation best at a 5% concentra- 
tion (by volume); AL No. 2, with a higher 
antibody titer, stimulated best at a 0.3% con- 
centration (by volume). Both antisera had 
prominent specificity for a Mr = 42,000 surface 
antigen that has been identified as actin (15, 
Shearer et al., unpublished observations). 

FFA Analysis by GLC 

Total lipid extraction was made of the 
nutrient medium surrounding the L cells during 
radioactive fatty acid uptake experiments (see 
below). That is, the nutrient medium contained 
Eagle's minimum essential medium, 10% fetal 
calf serum and 5% rabbit serum (either CR or 
AL). Lipids were extracted at room tempera- 
ture for 15 min with 2, 5 ml volumes of chloro- 
form/methanol (2:1) and 1, 5 ml volume of 
chloroform/methanol (1:2). The addition of 
1 ml 0.1 M NaC1 during the extractions en- 
hanced the solvent interface formation. The 
chloroform fractions were pooled and dried 
under a stream of anhydrous nitrogen gas. 

The total lipid extractions of the nutrient 
medium were taken up in small volumes of 
chloroform and applied as bands on Silica Gel 
G TLC plates (Fisher Scientific Co.), dried 
under nitrogen and chromatographed in 1 

dimension using the solvent system: iso-octane/ 
diethyl ether/acetic acid (75:25:2). Areas of 
the TLC plates identified by comigration with a 
mixture of standard FFA were visualized with a 
distilled water mist, scraped from the plates, 
placed in 15 ml glass tubes with Teflon lined 
caps, extracted from the silica gel by 3, 3 ml 
volumes of chloroform/methanol (2:1) and 
dried under a stream of anhydrous nitrogen gas. 
This method of Morrisett et al. (16)effecti~,ely 
separates FFA from phospholipids and neutral 
lipids. 

Methyl ester derivatives of the isolated FFA 
were made by adding I ml each of BF3-meth- 
anol and methanolic base (Supelco, Bellefonte, 
PA) and boiling the sealed tubes in a heated 
water bath for 2 min. The tubes were cooled, 
1 ml of BF3-methanol was added and the sealed 
tubes were again boiled for 3 min. Methyl esters 
were taken up in 3, 3 ml washes of hexane that 
were pooled and dried under a stream of an- 
hydrous nitrogen gas. GLC analyses were run 
on a Hewlett Packard 5830A instrument with a 
model 18850A programmer-integrator using a 
6 ft glass column, i.d. = 2 mm, packed with 
10% Silar 10C on Supelcoport 100/120 mesh 
(Supelco). GLC-run parameters were: 20 ml/ 
min nitrogen flow rate, injection port and flame 
ionization detector (FID) temperatures of 
285 C. Sample solvent for injection was hexane 
or carbon disulfide. Fatty acid methyl esters 
were quantitated relative to the amount of 
standards added, in proportion to the corre- 
sponding GLC peak areas. Methyl ester stan- 
dards of the major fatty acids (combined in an 
equal weight percentage) were used, with 3.8- 
5.5 average nmol detected. 

Radioactive-labeled fatty acids purified by 
preparative TLC were added to replicate start- 
ing samples before extraction with chloroform- 
methanol and radioactivities of the final methyl 
esters were measured using a liquid scintillation 
counter. Extraction and isolation efficiencies 
were comparable for oleic, palmitic, stearic and 
arachidonic acids when measured indepen- 
dently, and were ca. 90%. The FFA of intra- 
cellular lipids of 4 x 107 L cells (100 times the 
number used in uptake experiments) were 
analyzed using identical methods. 

Specific Activities of Fatty Acids 

The final radioactivities of the fatty acids in 
the nutrient medium surrounding the cells 
were: [14C]arachidonic acid 0.50 pCi/ml, 
[14C]stearic acid 0.65 gCi/ml, [3H]oleic acid 
2.5 pCi/ml, and [3H]palmitic acid 2.5 /aCi/ml. 
Using the data obtained by GLC, we calculated 
the total amounts of FFA in 1 ml of the nu- 
trient medium (containing the isotopes) sur- 
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rounding the cells during an experiment to 
be arachidonic acid 11.5 nmol, stearic acid 
30 nmol, oleic acid 30 nmol and palmitic acid 
55 nmol (no isotope effects were assumed). We 
also determined that the amounts of these fatty 
acids in the intracellular pools of the number of 
L cells used in an experiment, i.e., 4 x l0  s , was 
~<1.5% of the amounts present in 1 ml of the 
nutrient medium. This value agreed well with 
our calculations for the amount of intracellular 
FFA in L cells, using the data of Weinstein 
et al., who analyzed the lipids of L cells grown 
in the same nutrient medium (17). Therefore, 
intracellular pools of FFA were not used in 
calculating the specific activities of the FFA. 

Radioactive Fatty Acid Uptake Studies 

Two methods of uptake were used. In 
Method 1, single cell suspensions were prepared 
by treating L cell monolayers with a 0.05% 
trypsin solution, washing the centrifuged cells 
in nutrient medium and resuspending cells in 
nutrient medium at a cell density of 2 to 3 x 
104 cells/ml. The cells were allowed to grow in 
10 ml volumes in tissue culture tubes incubated 
at 37 C for 22 hr, at which time the cell density 
was 4 to 6 x 104 cells/ml. The cell cultures 
were centrifuged at 800 xg for 5 min at 4 C, 
9 ml of supernatant were removed and the cells 
were resuspended in the remaining 1 ml of 
nutrient medium. To start the experiment, 
AL No. 1 and CR (both 5% by vol) were added 
to replicate sets of cell cultures, radioactive 
fatty acids were added as small volumes (10 or 
20 #1) of solvent free suspensions (organic 
solvent dried under N2) vortexed in Ca ~- and 
Mg~-free Hanks balanced salt solution or as 
suspensions in 12% bovine serum albumin, 
phosphate buffered saline (pH 7.4). The cul- 
tures were incubated for various time periods at 
37 C. To stop the experiment, 4 ml of ice-cold 
10% trichloroacetic acid were added and the 
cell precipitates were extracted for 15 min at 
room temperature in 2 ml of chloroform/ 
methanol (1:2) as previously described (12). 
Between 3.7% and 9.4% (average 6.7%) of the 
added radioactivity was recovered in the 
chloroform/methanol extract. In Method 2, AL 
No. 2 and CR (both 0.3% by vol) were incu- 
bated in cell cultures for 24 hr at 37 C before 
the addition of radioactive fatty acids, incu- 
bated at 37 C for 1 additional hour and harvest 
as described above. 

Label Release Studies 

Cells were grown for 24 hr as described 
above in the presence of [ 14 C] arachidonic acid 
(0.5 /~Ci/ml), centrifuged at 800 g, washed with 

nutrient medium, resuspended in nutrient 
medium containing 5% CR or AL No. 1 (both 
5% by vol), incubated for various time periods 
and analyzed for retained radioactivity in iso- 
lated phospholipids, as described above. 

Phospholipid Analysis by TLC 

Chloroform-methanol extracts were vor- 
texed for 10 sec with 2 ml of 0.1 M NaClat  
4 C and the chloroform layer was either used 
immediately for TLC or stored for up to 48 hr 
at -80  C with a nitrogen overlayer. Resolution 
of the major classes of phospholipids, including 
PI, phosphatidylcholine (PC), phosphatidyl- 
ethanolamine (PE), phosphatidylserine (PS), 
sphingomyelin (SM) and lysophosphatidyl- 
ethanolamine, lyphosphatidylinositol and lyso- 
phosphatidylcholine was achieved by either of 
2 solvent systems. The first was composed of 
chloroform/methanol/distilled water (130:50: 
8) for the first dimension and chloroform/ 
methanol/glacial acetic acid/0.1 M sodium 
borate (75:45:12:4.5) for the second dimen- 
sion (4). The second solvent system was chloro- 
form/methanol/acetic acid/0.9% NaC1 (150:75: 
24:12) for the first dimension and chloroform/ 
methanol/acetic acid/0.9% NaC1 (300:45:48: 
12.5) for the second dimension (18). TLC spots 
were visualized (plates sprayed with 5% sulfuric 
acid in ethanol and lightly charred at 110 C for 
30 min), scraped, and counted for radioactivity 
in a Searle Isocap/300 liquid scintillation 
counter (Searle Analytic Inc., Des Plaines, IL). 
Phospholipid identities were determined by 
comigration with high purity reference stan- 
dards. In 10 experiments, the average percent- 
age recovery of total radioactivity ([14C]- 
arachidonic acid) was 90% (range 70-107%). 

Percentage Labeling of Phospholipids 
by Fatty Acids 

The percentage labeling of phospholipids by 
fatty acids was calculated by the following 
formula: pmol fatty acid incorporated/pmol 
phospholipid isolated x 100. The pmol of iso- 
lated classes of L cell phospholipids were taken 
from the measurements previously performed 
by this laboratory (12). In 4 x l0  s L cells, 
387 pmol of PI, 3,510 pmol of PC, 1,650 pmol 
of PE, 426 pmol of PS and 465 pmol of SM 
were found. An average molecular weight of 
775 was used for the phospholipids. 

Autoradiogram of [14C] Arachidonic Acid 
and [3 H] Palmitic Acid Labeled Phospholipids 

After separating the phospholipids, the dried 
gel plate was sprayed with a radioactivity 
enhancer (New England Nuclear, Boston, MA) 
and exposed to Kodak XAR5 film for 2 weeks. 
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[3 H] Thymidine Incorporation into DNA 
in the Presence of a Calcium Chelator 
or Enzyme Inhibitors 

Cells were harves ted  f rom mono laye r s  by  a 
2 min exposure  to a 0 .05% t ryps in  so lu t ion  and 
2 x 10 s ceils were placed in tissue cu l ture  tubes  
in 1 ml  of  n u t r i e n t  m e d i u m  con ta in ing  e i ther  
CR or A L  No. 2 at a f inal  volume of  0.3% 
( s t imu la t i on  occur red  f rom 0.1% to 5% volumes  
bu t  was best  at 0.3%). The  calcium i n h i b i t o r  
was EDTA and the  enzyme  inh ib i to rs  were 
d e x a m e t h a s o n e  (19),  4 - b r o m o p h e n y l a c y l  bro- 
mide (20)  and  i n d o m e t h a c i n  (21).  Chemica l  
inh ib i to r s  were placed at various c o n c e n t r a t i o n s  
in repl ica te  sets of  cell cu l tures  and  the  cells 
were i ncuba t ed  at 37 C for  24 hr ,  the  last  6 hr  
of  which  [ 3 H l d T h d  was present  in the  me- 
d ium at a f inal  rad ioac t iv i ty  c o n c e n t r a t i o n  of 
2.5 /aCi/ml. Cell cu l tures  were harves ted  by 
washing wi th  p h o s p h a t e  buf fe red  saline over  
p o l y c a r b o n a t e  fi l ters (1 /a pore  size, Nuc leopore  
Corp. ,  P leasanton ,  CA)  wi th  the  aid of  a suc t ion  
mani fo ld .  Re ta ined  rad ioac t iv i ty  has been 
previously shown to be con ta ined  in nuclear  
DNA (22).  
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FIG. 1. Two-dimensional TLC autoradiograph of L 
cell phospholipid extraction. The first solvent sys- 
tem (150:75:24:12 chloroform/methanol/acetic acid/ 
HaO) ran from left to right and the second (300:45: 
48:12.5 chloroform/methanol/acetic acid/tt 20) from 
the bottom to the top of the fit;ure. CHCIa-CHaOH 
extraction of 1.4 X 106 cells was incubated 1 hr with 
1.4 uCi [~*C]arachidonic acid and 13 /aCi {3H]- 
palmitic acid. The abbreviations used are: PI, phos- 
phatidylinositol; PC, phosphatidylcholine; PE, phos- 
phatidylethanolamine; PS, phosphatidylserine; SM, 
sphingomyelin; LPC, lysophosphatidylcholine; LPE, 
ly sophosphatidylethanolamine. Lysophosphatidylino- 
sitol (present between the origin and PI) did not 
reproduce well on the photograph and is not labeled 
with an abbreviation. Unlabeled spots are unidentified 
lipids. 

[ 14 C] Arachidonic Acid Uptake Studies 
in the Presence of a Calcium Chelator 
or Enzyme Inhibitors 

[ t 4 C l A r a c h i d o n i c  acid up take  studies were 
pe r fo rmed  as descr ibed above  (Me t h o d  2) in the  
presence of  100 /aM EDTA and adjus ted  to 
pH 7.4. Expe r imen t s  were also pe r fo rmed  in 
the  presence  of 2 pbospho l ipase  inh ib i to rs :  
d e x a m e t h a s o n e  (0 .025 /aM) (19)  and 4 -b romo-  
pheny lacy l  b romide  (0 .40  /aM) (20) and  a 
cyc looxygenase  inhib i tor ,  i n d o me t h ac i n  (10 
/aM) (21).  lmmediateT- before  adding  to  cell 
cul tures ,  the inh ib i to r s  were dissolved in 
e thano l  and  the  so lu t ions  were di lu ted with 
Ca *+- and Mg*+-free Hank ' s  solut ion.  E t h an o l  
b lanks  were also added to con t ro l s  for  a final 
c o n c e n t r a t i o n  in cu l ture  of  less than 0.2% 
e thanol .  Cells were i n c u b a t e d  with e i ther  CR or 
AL No. 2 ( b o t h  0.3% by vol)  in the  presence of 
inh ib i to r s  for 24 hr before  the  add i t ion  of 
rad ioac t ive  fa t ty  acid, i n c u b a t e d  at 37 C for  an 
add i t iona l  1 hr and harves ted.  At these concen-  
t r a t i ons  of  chemical  inh ib i tors ,  no toxic effects  
on  cell viabil i ty or rep l ica t ion  in e i ther  CR or 
AL cell cu l tu res  were observed as measured  by 
Trypan  blue  dye exclusion.  

Statistical Analysis of Data 

The  i n d e p e n d e n t  S t u d e n t ' s  t tes t  was used to 
assess the  stat ist ical  s ignif icance of observed 
differences.  

RESULTS 

Autoradiogram of Separated L Cell Phospholipids 

A visual example  of  the  separa t ion  of  indi- 
vidual classes of phospho l ip ids  of  L cells labeled 
with [14C]a rach idon ic  acid and [ 3 H ] p a l m i t i c  
acid is p resen ted  in an au to rad iog ram in Fig- 
ure 1. All of  the major  phospho l ip ids  are ident i -  
fied as well as the  lyso c o m p o u n d s  of PC and 
PE. In quan t i t a t ive  s tudies  presented below, 
on ly  i nco rpo ra t i ons  in to  PI, PC, PE, PS and  SM 
are recorded .  

Determination of FFA in Nutrient Medium 

Table I lists the  percen tage  of  compos i t i on  
and tota l  a m o u n t  of  F F A  in the  nonrad ioac t ive  
n u t r i e n t  med ium s u r ro u n d i n g  the L cells dur ing  
rad ioac t ive  fa t ty  acid i nco rpo ra t ion .  In addi- 
t ion ,  we analyzed the  F F A  compos i t ion  of  un- 
d i lu ted  fetal  calf serum and found  it to be very 
similar to tha t  repor ted  by Spec tor  et al. (23).  
For  example ,  we f o u n d  the  percentage  of  fa t ty  
acid co mp o s i t i o n s  of  fetal  calf serum to con-  
ta in  24.3 -+ 0.4% palmit ic ,  18.5 -+ 0.6% stearic,  
3 0 . 8 + 3 . 8  oleic and 10.7 +- 1.2 a rach idonic  
acids. The  percentage  of  f a t t y  acid compos i t i on  
of  the  n u t r i e n t  m e d i u m  con ta in ing  10% fetal  
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TABLE 1 

FFA in Nonradioactive Medium Surrounding L Cells 
During Radioactive Fatty Acid Uptake Experiments 

Percentage of composition b 

Fatty acid a NM c NM + 5% RS d NM c 

nmol/ml b 

NM + 5% RS d 

14:0 (myristic acid) 15.0 • 2.8 15.5 -+ 2 29.0 • 3.8 38 • 2 
14:1 (myristoleic acid) 11.8 • 0.7 11.3• 0.1 23.1 -+ 2.7 28 • 2 
16:0 (palmitic acid) 23.4 • 1.0 22.2 • 0.9 38.3 • 3.6 50 -+ 2 
16:1 (palmitoleic acid) 8.4 + 0.5 6.7 + 0.1 11.9 -+ 2.2 14 • 1 
18:0 (stearic acid) 9.0 • 1.0 8.4 + 0.5 11.8 • 2.2 18 -+ 1 
18:1 (oleicacid) 12.2-+ 0.8 13.2• 1.5 17.1 • 0.4 30 • 6 
18:2 (linoleic acid) 4.6 • 0.6 8.6 + 0.9 7.0 • 0.1 17 • 1 
18:3 (linolenicacid) 3.7• 0.5 e 3.1• 0.5 6.1 • 1.1 e 5.6 -+ 0.8 
20:4 (arachidonicacid) 1.5 • 0.1 1.6• 0.1 2.6 • 0.1 3.0 • 0.1 

aMinor fatty acids omitted. 
bMean -+ standard error of 3 determinations. 
CNM, nutrient medium was Eagle's minimum essential medium + 10% fetal calf serum. 
dRS, rabbit serum. 
eMean -+ s t a n d a r d  e r r o r  of 2 determinations. 

calf serum yie lded subs tan t i a l ly  d i f fe ren t  values 
for  stearic,  oleic and  a rach idon ic  acids, wh ich  
emphas izes  the  i m p o r t a n c e  of  ana lyz ing  the  
ac tua l  m e d i u m  the  cells are tes ted  in. The  addi-  
t ion  of 5% r a b b i t  serum to the  n u t r i e n t  m e d i u m  
did n o t  change  the  pe rcen tage  of  d i s t r ibu t ion  of  
f a t t y  acids bu t  increased the  pmol  recovered .  

Time Dependence of [14 C] Aracbidonic Acid 
Incorporation into L Cell Phospholipids 

The  early t ime  d e p e n d e n c e  of  [14C]arachi -  
don ic  acid i n c o r p o r a t i o n  in to  L cell phospho -  
lipids in cells acu te ly  s t imula ted  by  AL was 
d e t e r m i n e d  (Table  2). Using on ly  the  phospho -  
l ipids wi th  the  largest i nco rpora t ions ,  we 
recorded  s tat is t ical ly  s ignif icant  A L - enhanced  
[14 C ] a r a c h i d o n i c  acid i n c o r p o r a t i o n  at  30,  60 
and  120 min.  At  60 min ,  [14C] a rach idonic  acid 
i n c o r p o r a t i o n s  i n to  PI (53%), PE (28%),  and  PC 
(18%) were max imal ly  enhanced .  Ref lec t ing  the  
mass a m o u n t s  of  the  phospho l ip ids  in L cells 
(see Materials  and  Methods) ,  the  greates t  base- 
line (CR)  i n c o r p o r a t i o n  and  the  greates t  abso-  
lute  increase in i n c o r p o r a t i o n  (AL-CR)  of  
[X4C]arach idonic  acid t o o k  place in PC. Bu t  
w h e n  the  i nco rpo ra t i ons  were c o m p u t e d  on  a 
mola r  basis (i.e., pe rcen tage  of phospho l ip id  
labeled by  f a t t y  acid), the  greates t  basel ine  
i n c o r p o r a t i o n  and  the  grea tes t  increased incor-  
p o r a t i o n  of  [ 14 C] a rach idon ic  acid occur red  in 
PI, ref lec t ing its rapid me tabo l i sm.  S u b s e q u e n t  
early i nco rpo ra t i ons  of  f a t t y  acids were per- 
f o r m e d  at 60 rain of  i n c u b a t i o n  wi th  AL. 

Release of [ 14 C] Arachidonic Acid from Prelabeled 
L Cell Phospholipids 

The release of  [14C]a rach idon ic  acid f rom 

phospho l ip ids  in pre labeled  L cells acu te ly  
s t imu la t ed  by  A L  was measured  (Table  3). We 
measured  the  release of  [a4 C] a rach idon ic  acid 
over the  same t ime  intervals ,  dur ing  which  
s ignif icant  increases  in  i n c o r p o r a t i o n  because  of  
A L  were recorded ,  i.e., up  to 120 min  of  s t imu-  
l a t ion  by  A L  (see Table  2). Cons ider ing  the  
15 min  t ime  values as a basel ine,  no  s ignif icant  
d i f ferences  of release caused by  AL appeared  
by  60 min ,  bu t  ra ther ,  on ly  nonspec i f i c  release 
(8 to  14%) of  [ l a C ] a r a c h i d o n i c  acid occur red  
dur ing  the  45 (60-15)  rain in terva l  in all phos-  
phol ip ids  (only  one  d i f fe rence  was s ta t is t ical ly  
s ignif icant  caused b y  the  small  dif ferences) .  As 
well  as nonspec i f ic  release of  [14C] a rach idon ic  
acid f rom phosphol ip ids ,  s ignif icant  d i f ferences  
in release specifically caused by  AL appeared  
by  120 min .  Fo r  example ,  45% of  [14C]arachi -  
donic  acid was released f r o m  PI in AL-s t imu-  
la ted cells compared  w i th  a 23% release in 
con t ro l  (CR)  cells in the  105 (120-15)  m in  
interval .  Tha t  the  rad ioac t iv i ty  released f r o m  
cells r ep re sen t ed  c o m p o u n d s  o t h e r  t h a n  arachi-  
don ic  acid seconda ry  to me tabo l i c  i n t e rconve r -  
s ion dur ing  the  24 hr  p r e i n c u b a t i o n  is possible.  
In 2 separa te  expe r imen t s ,  we d e t e r m i n e d  t h a t  
CR i tself  did no t  cause a release of  [14Clarach i -  
don ic  acids f rom phospho l ip id s  in p re labe led  
cells (da ta  no t  shown) .  

Selectivity of Incorporation of Radioactive 
Fatty Acids into Phospholipids 

When L cells were t r ea t ed  w i t h  AL, a rapid 
(1 hr )  increased  i n c o r p o r a t i o n  of  f a t t y  acids 
in to  cer ta in  cellular phospho l ip id s  (Figs. 2 and  
3) occurred.  Each  f a t t y  acid was i n c o r p o r a t e d  
in a d is t inc t ive  pa t t e rn .  The greates t  abso lu te  
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TABLE 3 

Release of [ 14C]Arachidonic Acid from Phospholipids in Prelabeled L Cells Stimulated by AL 

245 

Phosphatidylinositol (PI) Phosphatidylcholine (PC) Phosphatidylethanolamine (PE) 

pmol % PI labeled pmol % PC labeled pmol % PE labeled 

15 min 
CR 145-+ 14 35.4 1,102 + 46 31.4 607 + 29 36.8 
AL 146 + 17 37.7 1,118 +- 50 31.8 623 -+ 24 37.7 

60 min 
CR 127 + 7 32.8 963 + 81 27.4 567 -+ 51 34.3 
AL 135-+ 8 34.9 965 + 18 a 27.5 566 + 23 34.3 

120 min 
CR 112-+ 7 a 29.0 815 + 14 a 23.2 499 + 12 a 30.2 
AL 81 + 2a, b 20.8 679 -+ 30a, b 19.3 389 + 27a, b 23.6 

As described in Materials and Methods, cells were incubated at 37 C in the presence of [ 14 C]arachidonic acid 
(0.5 /~Ci/ml) for 24 hr, washed, resuspended in nonradioactive nutrient medium containing 5% CR or AL No. 1 
and incubated at 37 C for 15, 60 or 120 rain. Results are expressed as the means -+ standard errors of the pmol of 
arachidonic acid contained in isolated phospholipids and as the percentage of phospholipid labeled (see legend to 
Table 2 for explanation). Three experiments were performed in triplicate and 2 experiments were performed in 
duplicate (total data points = 13). 

ap < 0.04 for differences between corresponding values at 15 rain. 
bp < 0.02 for differences between AL and CR at 120 min. 

increase  in the  percen tage  of  phos pho l i p i d  
labeled w i th  f a t ty  acid in the  presence  of  A L  
t o o k  place w i th  SM labeled wi th  pa lmi t ic  acid 
(7.2%). The  basel ine  (CR) label ing of  SM wi th  
pa lmi t ic  acid was also u n i q u e  because  no  o t h e r  
f a t ty  acid was apprec iab ly  i nco r po r a t ed  in to  
SM. The  nex t  greates t  abso lu te  increase in label- 
ing phospho l ip id  in the  presence  of  A L  oc- 
curred wi th  a rach idon ic  acid in PI  (6.1%), 
which  was at  least  2.4-fold greater  t h a n  the  
increase  in label ing of PI wi th  oleic acid or  
palmit ic  acid in the  presence  of  AL. The  
i n c o r p o r a t i o n  of  stearic acid, wh ich  is k n o w n  to 
be p r e d o m i n a n t l y  b o u n d  in O-acyl l inkage to 
the  C1 of  the  glycerol  b a c k b o n e  of PI in  mam-  
mal ian  t issues (24) ,  was no t  s t imula ted  by  AL, 
despi te  a subs tan t ia l  basel ine  ( C R ) i n c o r p o r a -  
t ion.  This  con t ras t s  wi th  the  A L - d e p e n d e n t  
i n c o r p o r a t i o n  of  a rach idon ic  acid, which  is 
k n o w n  to be the  p r e d o m i n a n t  f a t ty  acid 
a t t a c h e d  to C2 of  the  glycerol  m o i e t y  of  PI 
(24).  Cons ider ing  the  to ta l  a m o u n t s  of  the  
phosphol ip ids ,  subs tan t ia l  A L  d e p e n d e n t  in- 
creases in label ing of  PC and  PE wi th  arachi-  
donic,  oleic and  pa lmi t ic  acids were f o u n d  as 
well. 

DNA Synthesis in AL Stimulated Cells: Effects 
of Calcium Chelator and Enzyme Inhibitors 

As n o t e d  previously  (22) ,  AL s ignif icant ly  
s t imula ted  the  i n c o r p o r a t i o n  of radioac t ive  
t h y m i d i n e  in to  DNA measured  at 24 hr  (Fig. 4). 
The  calc ium chela tor ,  EDTA,  and e n z y m e  
inh ib i to r s  were tes ted  over  wide c o n c e n t r a t i o n  
ranges for  effects  on  AL-s t imula ted  D N A  syn- 

thesis. Each reagent  p roduced  inh ib i t i on  of  
D N A  synthes i s  in L cells, par t icu la r ly  those  
s t imula ted  b y  AL. At  lower  c o n c e n t r a t i o n s  of  
the  inh ib i to rs ,  a selective effect  on  the  DNA 
synthes i s  in AL-s t imula ted  cells was apparen t ,  
e.g., 0 .025 /~M d e x a m e t h a s o n e ,  0.4 /.tM 4- 
b r o m o p h e n a c y l b r o m i d e ,  10 /aM i n d o m e t h a c i n  
and  100 pM EDTA. Assessing all c o n c e n t r a t i o n s  
o f  the  inh ib i to r s ,  inc lud ing  those  where  basel ine  
(CR)  values were inh ib i t ed ,  the  abso lu te  de- 
creases in DNA synthes i s  were m u c h  more  
p r o n o u n c e d  in AL-s t imula t ed  cell cul tures .  

[14C] Arachidonic Acid Incorporation 
into Phospholipids of AL Stimulated 
Cells: Effects of a Calcium Chelator 
and Enzyme Inhibitors 

Because suspect ing t h a t  enzymes  migh t  be 
opera t ing  in the  AL-s t imula t ed  i n c o r p o r a t i o n  of  
f a t t y  acids in to  phospho l ip id s  is reasonable ,  as 
suggested in several o the r  s t imulus-cel l  activa- 
t ion  sys tems  (1-7), e x p e r i m e n t s  were pe r fo rmed  
in the  presence  of  EDTA,  d e x a m e t h a s o n e ,  
4 - b r o m o p h e n a c y l b r o m i d e  and  i n d o m e t h a c i n  
(Fig. 5). Phosphol ipase  A2 (25)  and  phospho -  
lipase C (26)  are b o t h  ac t iva ted  by  calcium and  
che la t ion  of  calc ium by E D T A  prevents  the i r  
ac t iva t ion .  In every ins tance ,  the  AL-s t imula ted  
increase in the  i n c o r p o r a t i o n  of  a rach idon ic  
acid in to  PI, PC and  PE was s ignif icant ly  in- 
h ib i t ed  (p < 0 .001) .  E D T A  (100  /IM), dexa- 
m e t h a s o n e  (0 .025  pM), b r o m o p h e n a c y l b r o m i d e  
(0 .40  NM) and  i n d o m e t h a c i n  (10  /aM) specifi- 
cally decreased  t he  AL-responsive  a rach idon ic  
acid i n c o r p o r a t i o n  in to  phospho l ip id s  w i t h o u t  
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FIG. 2. Incorporation of radioactive fatty acids 
into phospholipids of L cells treated with 5% CR or 
AL No. I for 1 hr; A, arachidonic acid; B, stearic acid. 
The results are expressed as the mean percentages • 
standard errors of isolated phospholipids labeled with 
radioactive fatty acids as described in the Materials 
and Methods section calculated for 4 X l0 s cells. 
Results for arachidonic acid ([14 C] arachidonic acid, 
0.5 ~Ci/ml) represent 9 experiments performed in 
triplicate (total 27 data points): 3 experiments were 
performed simultaneously with 3 separate experiments 
with stearic acid ([14C]stearic acid, 0.65 ~Ci/ml), 
3 experiments were performed in the same sets of cell 
cultures with oleic acid ([3 HI oleic acid, 2.5 #Ci/ml) 
seen in Figure 3A, 3 experiments were performed in 
the same set of cell cultures with palmitic acid ([~H]- 
palmitic acid, 2.5 ~zCi/ml) seen in Figure 3B. The AL 
stimulated incorporation of arachidonic acid was 
statistically significant for PI, PC and PE as indicated 
on the figure. The absolute increased percentage 
labeling for PI with arachidonic acid in the presence of 
AL was statistically significant compared with that for 
PC or PE with a p value of <0.001. Also, the absolute 
increased percentage labeling of PI with arachidonic 
acid in the presence of AL was statistically significant 
compared with labeling with stearic acid (Fig. 2B), 
oleic acid (Fig. 3A) or palmitic acid (Fig. 3B) with a 
p value of <0.001. 

s igni f icant ly  a f fec t ing  the  basel ine ( C R ) i n c o r -  
pora t ions .  

These  c o n c e n t r a t i o n s  of  the  inh ib i to r s  were 
well be low those  r epo r t ed  to cause nonspec i f ic  
effects  in  o t h e r  biological  systems.  For  exam- 
ple, H o f m a n n  et al. (27)  have s h o w n  t h a t  h igher  
c o n c e n t r a t i o n s  of 4 - b r o m o p h e n y l a c y l  b r o m i d e  
(30-100  /.LM) no t  on ly  inh ib i t  phospho l ipase  C 
act iv i ty  in  pla te le ts  b u t  a f fec t  o the r  b iological  
act ivi t ies  as well. Jesse and  F r a n s o n  (28)  f o u n d  
t h a t  the  cyc looxygenase  i nh ib i t o r  i n d o m e t h a c i n  
at 100 pM was capable  of  s ignif icant ly  inh ib i t -  
ing pla te le t  phospho l ipase  A2 act ivi ty.  R i t t en -  
h o u s e - S i m m o n s  (29)  r e p o r t e d  tha t  70 pM indo-  
m e t h a c i n - i n h i b i t e d  pla te le t  diglyceride lipase 
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FIG. 3. Incorporation of radioactive fatty acids 
into phospholipids of L cells treated with 5% CR or 
AL No. 1 for 1 hr; A, oleic acid;B, palmitic acid. See 
legend to Figure 2 for description of experiments. The 
AL-stimulated incorporation of oleic acid and palmitie 
acid into isolated phospholipids was statistically signif- 
icant (see figure for p values). The absolute increased 
labeling for SM with palmitic acid in the presence of 
AL was statistically significant compared with that for 
PI, PC or PE with a p value of <0.003. Also, the 
absolute increased percentage labeling of SM with 
palmitic acid was statistically significant compared 
with labeling with any other fatty acid tested (p < 
0.001). 

act ivi ty.  Hial et  al. f o u n d  t ha t  100 pM indo-  
m e t h a c i n  inh ib i t ed  cell rep l ica t ion  of  rat  
h e p a t o m a  and  h u m a n  f ib rob las t  cell lines (30).  

D I S C U S S I O N  

These invest igat ions  have b r o a d e n e d  the  
s p e c t r u m  of  cell m e m b r a n e  ligands capable  of 
s t imula t ing  i n c o r p o r a t i o n  of  a rach idonic  acid in 
m e m b r a n e  phospho l ip ids  to  include IgG anti-  
bodies  wi th  specif ic i ty  for  surface an t igens  on 
t r a n s f o r m e d  t u m o r  cell lines. An t ibod ie s  s t imu- 
lated a selective i n c o r p o r a t i o n  of  a rach idon ic  
acid in PI, which  was at  least  2.4-fold greater  
t h a n  the  i n c o r p o r a t i o n  of  palmit ic ,  oleic or 
s tearic  acids in PI. Speci f ic i ty  of  the  class of  
phospho l i p id  also occur red  because,  w h e n  com- 
pared  on  a molar  basis, i n c o r p o r a t i o n  of  arachi-  
donic  acid in PI was at  least  3.4-fold grea ter  
t han  t h a t  in any  o the r  phospho l ip id .  A l t h o u g h  
the  precise enzymat ic  s t e p s  involved in the  
a n t i b o d y  enhanced  i n c o r p o r a t i o n  of  arachi-  
donic  acid in to  cellular phospho l ip ids  are no t  
clear, rapid  enzymat i c  deacy la t ion  wi th  phos- 
phol ipases  fo l lowed by rapid r eacy la t ion  of 
f a t t y  acids wi th  acyl t ransferases  in to  phospho -  
l ipids seem to be involved,  as t h e y  are wi th  
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FIG. 4. Incorporation of radioactive thymidine 
into DNA of L cells treated with 0.3% CR, or AL 
No. 2 for 24 hr:  effects of a calcium chelator and 
enzyme inhibitors. The results are expressed as the 
percentage of control values of 12 experiments per- 
formed in sextuplicate (n = 72). The mean control 
values • standard error of the means (cpm o2 retained 
radioactivity) for CR and AL cell cultures were 
24,784 • 1,329 and 96,936 -+ 6,235. The standard 
error of the means for the control values are indicated 
by the area within the shaded area. Three experiments 
(performed in sextuplicate, 18 total data points per 
inhibitor condition) were performed and compared 
with control CR and AL cell cultures performed simul- 
taneously. Open points represent AL cell cultures and 
solid points represent CR cell cultures in the presence 
of the inhibitors indicated on the figure. Whenever the 
standard-error spread of inhibitor values (brackets) fall 
outside the standard-error spread of the corresponding 
control values, a p value of at least <0.05 exists for 
the difference. The abbreviations used are: DE, dexa- 
methasone; BPB, 4-bromophenacyl-bromide ; IN, indo- 
methacin. 

o the r  s t imulus-cel l  ac t iva t ion  sys tems (1-7,31).  
Release s tudies  wi th  [14C] a rach idonic  acid in 
the  presence  of  an t ibod ie s  s uppo r t  a deacyla-  
t i on - reacy la t ion  m e c h a n i s m .  Also, de novo  
synthes is  o f  phospho l ip id s  c a n n o t  a c c o u n t  for  
the  i n c o r p o r a t i o n  as we have previously  s h o w n  
tha t  no  change  occurs  in  the  glycerol  label ing of 
phospho l ip ids  in  a n t i b o d y  s t imula ted  cells (13).  
In add i t ion ,  the  t o t a l  phos pho l i p i d  c o n t e n t  of  
a n t i b o d y - s t i m u l a t e d  cells was s h o w n  b y  us no t  
to  increase  over  a 2 h r  t ime  in terva l  (12).  

A phospho l ipase  seems to be  involved in  t he  
a n t i b o d y - e n h a n c e d  i n c o r p o r a t i o n  of  arachi-  
donic  acid in m e m b r a n e  phospho l ip ids  because  
depr iva t ion  of  calc ium by a che l a to r  i n h i b i t e d  
the  effect  and n o n t o x i c  c o n c e n t r a t i o n s  of  
pu ta t ive  phospho l ipase  inh ib i to r s  also pre- 
ven ted  an a u g m e n t e d  i n c o r p o r a t i o n  of  arachi-  
donic  acid. In o the r  cell sys tems,  d e x a m e t h a -  
sone inh ib i t s  phospho l ipase  ind i rec t ly  t h r o u g h  
the  i n d u c t i o n  of  p ro te in  inh ib i to r s  (32).  Be- 
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FIG. 5. Incorporation of [14C]arachidonic acid 
into selected phospholipids of L cells treated with 
0.3% CR or AL No. 2 for 24 hr:  inhibition with a 
calcium chelator and enzyme inhibitors. The results 
are expressed as the percentage of control values of 4 
experiments performed in triplicate (n = 12). The 
control mean values • the standard error of the means 
of CR and AL for PI were 120 + 5.5 and 239 -+ 8.0 
pmol/ hr; these values correspond to 31.0 + 1.4 and 
61.8 • 2.1% labeling of PI. The control mean values of 
CR and AL for PC were 279 • 8.8 and 539 • 10.8 
pmol]hr; these values correspond to 8.0 • 0.3 and 
15.4 -+ 0.3% labeling of PC. The control mean values 
of CR and AL for PE were 174 • 13.5 and 323 + 
18 pmol/hr; these values correspond to 10.5 • 0.8 and 
19.6 -+ 1.2% labeling of PE. For all differences be- 
tween appropriate CR and AL values, p < 0.001. 
EDTA (100 uM), dexamethasone (DE) (0.025 tiM), 
4-bromophenacylbromide (BPB) (0.40 ttM) or indo- 
methacin (IN) (10 ttM) were included in replicate sets 
of experiments. At these concentrations of reagents, 
the values for CR cell cultures were unchanged, 
whereas the values for the AL cell cultures were 
significantly reduced (p < 0.001). 

cause early increased u p t a k e  of  ca lc ium in these  
a n t i b o d y - s t i m u l a t e d  cells precedes  or occurs  
s imu l t aneous ly  (11),  bel ieving t h a t  the  sudden  
in f lux  of  ca lc ium p r o d u c e d  b y  the  b ind ing  of  
a n t i b o d y  to the  cell m e m b r a n e  ac t ivates  phos-  
phol ipase  A2, which  deacyla tes  a rach idon ic  
acid f rom the  n u m b e r  2 c a r b o n  of  the  glycerol  
m o i e t y  of  PI is reasonable .  Tha t  ca lc ium acti- 
vates phospho l ipase  C, wh ich  enzymat i ca l ly  
fo rms  1,2-diacylglycerol ,  fo l lowed  b y  release o f  
a r ach idon ic  acid by  the  e n z y m a t i c  ac t ion  of  
diglyceride l ipase (33)  is also possible.  Tu rnove r  
of  a r a c h i d o n i c  acid in m e m b r a n e  phospho -  
lipids, especial ly PI, suggests a n  i m p o r t a n t  ro le  
for  phosphol ipases ,  especial ly phospho l ipase  
A~, in m a n y  types  of  cell ac t iva t ion  (34).  
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Possibly t he  l ibe ra t ion  of  a rach idon ic  acid by  
phospho l ipase  A2 provides  a subs t ra te  for  
e n z y m a t i c  p r o d u c t i o n s  of p ros tag landins ,  wh ich  
themse lves  exer t  c o n t r o l  over cellular func t ions .  
The  fact  tha t  a n o n t o x i c  c o n c e n t r a t i o n  of  
i n d o m e t h a c i n  inh ib i t ed  the  a n t i b o d y - i n d u c e d  
a u g m e n t a t i o n  of  [14C]a rach idon ic  acid tu rn -  
over in  PI suggests t h a t  cyc looxygenase  conver-  
sion of released a rach idon ic  acid to  prosta-  
glandins  is an i m p o r t a n t  s u b s e q u e n t  m e t a b o l i c  
step in a n t i b o d y  s t imu la t i on  of  t r a n s f o r m e d  cell 
lines. E x p e r i m e n t s  wi th  o the r  t r a n s f o r m e d  
mouse  cell l ines have d o c u m e n t e d  t ha t  p roduc-  
t ion  of  PGE2 is derived via cyc looxygenase  
convers ion  of a r ach idon ic  acid released pre- 
d o m i n a n t l y  f rom PI in  response  to m e m b r a n e  
p e r t u r b a t i o n  b y  l igands (7,35) .  In t he  m o u s e  
t r a n s f o r m e d  cell line descr ibed in this  r epor t ,  
s imilar e n z y m a t i c  p r o d u c t i o n  of  p ros tag land ins  
is p r o b a b l y  being m o d u l a t e d  b y  the  b ind ing  of  
a n t i b o d y  molecules  to  surface m e m b r a n e  struc- 
tures.  The  pa t t e rn s  of  i nh ib i t i on  of  D N A  syn- 
thesis in L cells s t imula ted  by  a n t i b o d y  in the  
presence  of  a calc ium che la to r  and e n z y m e  
inh ib i to r s  at  24  hr  mimic ,  for  the  mos t  part ,  t he  
i n h i b i t i o n  seen in the  a n t i b o d y  s t imu la t ion  of 
f a t t y  acids in to  cellular phospho l ip ids  at  24 hr. 
This impl ies  tha t  changes  in phos pho l i p i d  
m e t a b o l i s m  are an i m p o r t a n t  par t  of  the  cell 
s t imu la t i on  process,  possibly  med ia t ed  by  the  
convers ion  of  a rach idon ic  acid into prosta-  
glandins.  

The  u n e x p e c t e d ,  e n h a n c e d  i n c o r p o r a t i o n  of  
pa imi t ic  acid i n to  SM in response  to s t i m u l a t i on  
of cells b y  a n t i b o d y  suggests tha t  e n z y m a t i c  
deacy la t ion - reacy la t ion  reac t ions  m ay  be a 
more  general ized consequence  of the  b ind ing  of  
i m m u n o g l o b u l i n  molecules  to cell surface 
ant igens.  Palmit ic  acid has  b e e n  f o u n d  to  be the  
mos t  p reva len t  f a t t y  acid in SM in the  Ehr l ich  
t u m o r  cell l ine (36).  A l t h o u g h  our  f indings  
imply  t h a t  SM is rapidly  deacy la ted  and  reacyl-  
a ted  w i th  pa lmi t ic  acid w h e n  IgG ligands b ind  
to cell m e m b r a n e  ant igens ,  t h a t  de novo  syn- 
thesis  of  SM occurs  is possible.  However ,  pre- 
viously we were u n a b l e  to  de tec t  an increase  in 
to t a l  SM u n d e r  similar cond i t i ons  (12) .  Unde r  
cer ta in  cond i t ions ,  Rode  et al. (37)  observed  a 
s t imu la t ed  i n c o r p o r a t i o n  of  pa lmi t ic  acid i n to  
SM in concanava l in  A s t imu la t ed  l y m p h o c y t e s .  
Together ,  these  obse rva t ions  suggest an  active 
role  for  pa lmi t ic  acid t u r n o v e r  in SM in cells 
ac t iva ted  by  p ro t e in  ligands. 

In s u m m a r y ,  these  inves t iga t ions  suggest t h a t  
b ind ing  h igh  a f f in i ty  an t ibod ie s  to  cell surface 
an t igens  ac t ivates  enzyma t i c  processes,  resu l t ing  
in the  deacy la t ion  and  reacy la t ion  of  arachi-  
donic  acid in PI and  pa lmi t ic  acid in SM. The  
enzymes  respons ib le  for  the  effects  r e m a i n  to 

be  conclus ively  e lucidated.  The  rapid and  spe- 
cific i n c o r p o r a t i o n  of  a r ach idon ic  acid in to  
cer ta in  phospho l ip ids ,  p r inc ipa l ly  PI, seems to 
be  an i m p o r t a n t  b iochemica l  event  in the  ant i -  
b o d y  s t imu la t i on  of  these  cells, which  precedes  
D NA syn thes i s  and  cell g rowth .  
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Influence of Culture Filtrate of Trichoderma vMde and Barley 
on Lipid Metabolism of Laying Hens 1,2 
ASAF A. OURESHI,  a* NEVILLE PRENTICE? ZAFEER Z. DIN, a WARREN C. 
BURGER, a CHARLES E. ELSON b and MILTON L. SUNDE,CaUSDA-ARS, Cereal Crops 
Research Unit, 501 N. Walnut Street, and aDepartment of Agronomy, bDepartment of 
Nutrition and CDepartment of Poultry Science, University of Wisconsin, Madison, WI 53706 

ABSTRACT 

The suppression of hepatic 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase and 
cholesterol 7 c~-hydroxylase, previously noted in studies of the influences of barley and the filtrate of 
Trichoderma viride culture (CI) on cholesterol metabolism in sexually immature birds, is shown in 
sexually mature birds. Barley, CF or both were fed in one study from the day of hatching, in another 
during the period of sexual maturation and, in a third study, CF was led to mature layers. CF sup- 
pressed ItMG CoA reductase by 30-50% and cholesterol 7 a-hydroxylase by 32-45% when added to 
the control dict. in birds fed barley rather than corn, the respective activities were 25-36% and 24-31% 
lower. lhese effects were expressed in the lowering of plasma cholesterol by 11-36%. Lipogenic activ- 
ity based on the assays of 4 enzymes was increased 2-3 times by the treatments and plasma triglyceride 
elevated by 12-86%. lhc start oi' egg production by birds fed CF preceded the controls by 17 days. 
Birds fed barley trailed controls by 11-14 days. CF countered the barley-conditioned delay. Egg yolk 
cholesterol concentrations were lowered by both treatments. Eggs produced by hens fed barley were 
lower in weight; CF increased egg and yolk weights. Tissues from birds fed CI- or barley for up to 30 
weeks appeared to be normal. 
Lipids, 19:250-257, 1984. 

INTRODUCTION 

in shor t - te rm studies of the effects  of  corn-  
and barley-based diets on avian lipid metabo-  
lism, the lat ter  grain was shown to suppress 
choles terolopoieses  and enhance  lipogenesis 
when fed to 1-day-old chicks for 21 days. 
Weight gain by birds fed the barley-based diet 
was also suppressed.  "['he addi t ion of a crude 
enzyme  preparat ion,  cellulase Onazuka,  which 
is rich in ;3-glucanase activity,  to the barley- 
based diet improved weight  pe r fo rmance  but 
not  to the  level achieved with corn. Cellulase 
Onazuka, the lyophil ized filtrate of  Tricho- 
derma viride cultures (CF), suppressed choles- 
terolopoiesis  and s t imulated lipogenesis when 
added to the corn-based diet (1). These effects  
of barley and of  CF on enzyme  activities were 
reproduced  in a swine s tudy,  also 21 days long. 
Barley was the equal of  corn in suppor t ing  
weight gain by 5-month-old  swine (2). In the 
chicken s tudy,  only acetyl  CoA carboxylase 
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Wisconsin-Madison. A preliminary report of this work 
was presented at the 67th Annual Meeting of the 
F'ederation of American Societies for Experimental 
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does not constitute a guarantee or warranty of the 
product by the USI)A and does not imply its approval 
to the exclusion of other products that may also be 
suitable. 
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and fa t ty  acid synthetase  activities were meas- 
ured to provide a basis for es t imates  of  lipo- 
genie activity.  In the swine s tudy,  activities of 
g lucose-6-phosphate  dehydrogenase ,  6-phospho-  
gluconate  dehydrogenase ,  malic enzyme and 
citrate cleavage enzyme were also examined.  
The latter 2 enzymes  responded  in parallel wi th  
changes in acetyl  CoA carboxylase  and fat ty  
acid synthe tase  activities (2). These studies 
raise 2 issues, which are addressed in this re- 
port :  are the t r ea tmen t  effects  influenced by 
the age of the bird, and are the t rea tment  
effects  mainta ined over the long term'? Because 
cholesterol  levels in circulation and in avian 
liver and porc ine  muscle were reduced by these 
t r ea tmen t s  (1,2), the suppression of  avian cho- 
lesterolopoiesis  might also result in the produc-  
tion of " l o w "  cholesterol  eggs. 

MATERIALS AND METHODS 

Sources of chemicals,  substrates,  labeled 
substrates,  enzymes ,  diagnostic kits and cellu- 
lase Onazuka were identif ied in preceding 
publicat ions (1,2). White Leghorn females were 
used in these studies. For  the  first s tudy,  1-day- 
old chicks were purchased f rom a local hatch-  
ery. The 12-week-old chicks used in the second 
s tudy were provided by the University of 
Wisconsin Poul t ry  Research Laboratory .  Laying 
hens 56 weeks old, used for the third experi-  
ment ,  were taken from the laying flock main- 
tained by the Poultry Research Laboratory.  
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TABLE 1 

Experimental Design 

251 

Grain 

Study 1 a Study 2 a Study 3 b 

Corn Barley Corn Barley Corn 
Die t Age (wks) C Fc C F c C F c C F c C 1 :c 

Grower 0 - 12 0 50 0 50 e e 
Grower 13 - 18 0 50 0 50 0 50 0 50 _ _ e  
Layer 19 - 24 0 100 0 100 0 100 f 0 100 f e 
Layer 25 - 30 0 100 0 100 e 
Layer 31 - 56 _ _ e  
Layer 57 - 60 0 IOOg 

an = 12/group. 
bn = lO/group. 
Cmg lyophilyzed CF of T. viride. 
dAll birds were fed the corn-based grower ration (Table 2) for 12 weeks and then the 

grower and layer diets formulated as shown on Table 2. 
eAll birds were fed for commercial egg production using rations formulated at the 

University of Wisconsin Poultry Research Laboratory. "Fhe layer diet given in Table 6 was 
fed for 4 weeks. 

fEggs collected from 2 I-week-old hens. 
gEggs collected from 59-week-old hens. 

] 'he design of  the expe r imen t  is given in Table 1. 
For  the investigation of  the  long-term treat- 
ment  responses  (s tudy 1 ), the  birds were fed for 
18 weeks a grower diet based ei ther  on corn or 
barley with or wi thout  50 mg CF/kg diet and 
then for 12 weeks a layer diet  based on corn or 
barley wi th  or wi thout  100 mg CF/kg diet. 
Compos i t ions  of  these diets are given on 
Table 2. Determina t ions  of ni trogen,  d ie thyl  
e ther  extractables ,  ash and starch of  corn,  
barley and o f  the grower  diets were carried out  
as descr ibed in "Cereal Labora tory  Methods"  
(3). The es t imat ions  of  acid de tergent  fibers (4) 
and of  3-glucan, xylan and araban were carried 
out  as described previously (5,6). 

The second s tudy was an examina t ion  of the 
effects  o f  the appl icat ion of  the t r ea tments  
during the period of  sexual matura t ion .  The 
chicks were fed the grower diets for 6 weeks 
and then for 6 weeks the layer diets described 
in Table 2. The third s tudy  addresses only the 
effect  of the CF on the lipid metabol ism of  
mature hens. The compos i t ion  of the layer diet 
used in that  s tudy  is presented in the summary  
table. 

In studies 1 and ~ the chicks were reared 
with con t inuous  i l luminat ion for the durat ion 
of  the grower dietary period.  The layer diets 
were fed with 14-hr artificial light. Diets and 
water  were provided ad l ibitum. Feed disap- 
pearance and weight gain were recorded at 
weekly intervals. Age at the onset  of  laying 
(studies 1 and 2) and egg p roduc t ion  were 
recorded.  Eggs were col lected in studies 1 and 2 
for the 4 consecut ive days when the birds 

reached 23 weeks of  age. Eggs were col lected 
during the final week of  the third s tudy  at 
which t ime the hens  were 60 weeks of  age. 

The eggs were weighed and their  yolks sepa- 
rated and cleaned over cheesecloth .  Each yolk 
was weighed and homogen ized  in saline solu- 
t ion (1 g/5 ml) with a Poly t ron  for 5 sec. The 
yolk homogena te s  were s tored in air-tight 
bot t les  at - 2 0  C. 

At the end of  the studies,  the birds were 
weighed and blood samples (3 ml) were col- 
lected in tubes conta ining heparin (500 units/  
0.3 ml saline solut ion)  for harvesting the 
plasma, which was s tored at - 2 0  C. The birds 
were then killed and their  livers removed,  
washed and placed on ice. 

Liver homogena t e s  were prepared in 0.1 M 
potassium phospha te  buffer ,  pH 7.4, conta ining 
4 mM magnesium chloride,  1 mM (EDTA) and 
2 mM di th io thre i to l  as descr ibed (1,2). The 
100 ,000•  g superna tan t  f ract ions  (cy tosol )  
and precipi tates  (microsomes)  were s tored at 
- 2 0  C until assayed for enzymat ic  activities. 

Cholesterol Studies 

Plasma and yolk choles terol  concen t r a t ions  
were es t imated using Worthington Choles terol  
Reagent kits (1,2). The yolk homogena te  
(10 /.d) was di luted with 1 ml saline for this 
analysis. 1"he accuracy of the enzymic  m e t h o d  
was conf i rmed  using the 0 -ph tha la ldehyde  pro- 
cedure described by Rudel and Morris (7). 
Assays for 3 -hydroxy-3-methylg lu ta ry l  CoA 
(HMG CoA) reductase and choles terol  7 a- 
hydroxylase ,  the enzymes  generally considered 
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TABLE 2 

Percent Composition of the Chicken Diets  

Dietsa 

Grower Layer 

Ingredients Corn Barley Corn Barley 

Corn b 66.5 - 68.5 - 
Barley b - 79.0 - 79.5 
Soybean meal (44%) 14.9 11.5 20.5 9.5 
Meat scrap 5.0 5.0 - - 
Alfalfa meal (17%) 2.0 2.0 2.0 2.0 
Dicalcium phosphate 1.0 1.0 1.0 1.0 
Calcium carbonate 0.5 0.5 7.0 7.0 
Mineral mixture e 0.5 0.5 0.5 0.5 
Vitamin mixture d 0.5 0.5 0.5 0.5 

aFire percent granite grit was incorporated at the 
expense  of each diet. 

bAnalyses of corn and barley were 10.6 and 12.5% 
of protein on 'as is' basis. 

CContains (per kg): sodium chloride (NaCI), 4.8 
mg; zinc sulphate (ZnSO4), 90 mg; manganese dioxide 
(MnO2), 110 mg. 

dContains (per kg): vitamin A, 2,000 IU; vitamin 
D 3, 200 ICU;vitamin E, 10 IU; vitamin K I, 5 rag; 
choline, 1.3 g; thiamin, 1.8 mg; niacin, 27 mg; ribo- 
flavin, 3.6 mg; pyridoxine, 3 mg; calcium-panto- 
thenate, 10.0 mg; vitamin Bx2 , 10 #g, lysine-HC1, 1 g; 
methionine, 0.72 g. 

to be ra te-control l ing for hepat ic  choles tero l  (8) 
and bile acid (8,9) syntheses ,  were carried out  
as described previously (10,11)  wi th  some 
modi f ica t ion ,  HMG CoA reductase  act ivi ty was 
de t e rmined  in 150 btl wi th  300/ag  microsomal  
pro te in  and choles terol  7 a -hydroxylase  activity 
in 1 ml  wi th  50 /~g prote in .  The assays were 
incuba ted  for 30 min (HMG CoA r e d u c t a s e ) o r  
15 min (choles terol  7 ot-hydroxylase) at 42 C. 
E n z y m e  activity is expressed as nmol  mevalonic  
acid or pmol  7 a -hyd roxycho le s t e ro l  synthe-  
sized per mg microsomal  prote in  or per g liver 
per rain. 

Lipogenesis 

Plasma tr iglyceride concen t ra t ions  were esti- 
ma ted  wi th  Wor th ington  Triglyceride Reagent  
kits (1,2). The assay for acetyl  CoA carboxylase  
was tha t  o f  Craig et al. (12) where the activity 
ref lects  nmol  malonyl -CoA fo rmed  per mg 
cytosol ic  prote in  or per g liver per rain. The 
activities for citrate cleavage enzyme  (13), 
malic enzyme  (14) and fa t ty  acid synthe tase  
(15) were assayed spec t ropho tomet r i ca l ly  at 
25 C. These assays were mon i to red  at 340 nm 
wi th  the  recorder  set for  0.1 A full scale. The 
react ions  in 0.5 ml were init iated by  the  addi- 
t ion of  25-250 btg cytosol ic  prote in .  The 
absorbance  of  1 mM NADPH or NADH is 6.22. 
Enzym e  activities reflect  nmol  NADPH or 
NADH (NADI ~) oxid ized  (or reduced)  per mg 

cytosol ic  prote in  o r /~mol  per g liver per min.  
Cytosol ic  and mic rosomal  pro te in  concentra-  

t ions were es t imated by  a modi f ica t ion  of  the  
Biuret m e t h o d  using bovine serum albumin as 
the  s tandard  (16). 

Statistical compar i sons  of  results were per- 
fo rmed  by  1- or 2-way analysis of variance. 
When a significant t r e a t m e n t  effect  was indi- 
cated by  the  F test ,  the  d i f ferences  b e t w een  the  
means  were analyzed by  the  LSD test  (17). 

R ESU LTS 

The prox imate  analyses of  the  cereals and of  
the  cereal-based grower diets are given in 
Table 3. The corn diet  provides 24.5% pro te in  
and 3 Kcal/g, 33% by  pro te in ,  19% by fat  and 
48% by ca rbohydra te .  The barley diet provides 
19.4% pro te in  and 2.4 Kcal/g, 32% by prote in ,  
7% by fat and 61% by ca rbohydra te .  Both  diets 
provide 8 g pro te in  per 100 Kcal. The 10-fold 
d i f fe rence  in /3-glucans is the distinguishing 
feature,  apart f rom the  dis t r ibut ion of  the 
energy c o m p o n e n t s  and the  caloric dens i ty  of  
the  2 diets. 

The long-term feeding of  CF in combina t ion  
wi th  corn or barley has no adverse effect  as 
would be de tec ted  by a depression of  feed 
intake or o f  mature  weight  or by an enlarge- 
men t  of the  liver. Barley suppor ted  a mature  
weight  (1628 + 107 g) equal to that  suppor ted  
by corn ( 1 5 9 8 + 1 1 7 g ) .  The s t imulat ion of 
g rowth  no ted  in young chicks fed CF ( I )  had 
no significant ef fect  on ma tu re  weight (Table 4). 
The impac t  of barley and of  CF on cholesterol  
metabol i sm and l ipogenesis  previously no ted  in 
14- and 21-day studies o f  young chicks (1) are 
main ta ined  th roughou t  this 210-day feeding 

TABLE 3 

Proximate Analysis of Corn, Barley and 
Cereal-based Diets ('As is' Percentage Basis) 

Corn Barley 
Analysis a Corn diet Barley diet 

Nitrogen 1.7 3.92 2.0 3.1 
Ether extractables 4.0 3.1 2.3 1.9 
Ash 1.5 6.3 2.4 6.2 
Starch 66.8 36.7 53.6 37.1 
Acid detergent fiber 3.3 4.7 6.2 6.2 
Araban 2.8 3.2 3.1 3.9 
Xylan 7.6 8.9 6.5 10.4 
/3-Glucan 0.5 0.6 6.0 6.0 
Dietary fiber b 14.2 17.4 21.8 26.5 
Moisture 9.8 9.8 10.5 9.5 

aData presented on 'as is' basis after multiple 
determination. 

bDietary fiber = acid detergent fiber + araban + 
xylan +/3-glucan. 

LIPIDS, VOL. 19, NO. 4 (1984) 
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period. As was shownin  short-term studies with 
swine (2), lipogenic activities in the liver were 
elevated in birds fed the barley-based diet. 
Citrate cleavage and malic enzyme activities 
were 121% of the control activities; acetyl CoA 
carboxylase (201%) and fatty acid synthetase 
(364%) activities were increased to greater 
degree. The addition of CF to the diet caused a 
similar pattern of elevation it. these enzyme 
activities (Table 4). The suppression of HMG- 
CoA reductase (64% of control) and cholesterol 
7 c~-hydroxylase (69% of control) in livers of 
birds fed barley is also maintained over this 
210-day period. Adding CF to the corn-based 
diet lowered these activities to a similar degree; 
the effect of adding CF to the barley-based diet 
appears to be additive to that of barley. HMG 
CoA reductase activity was 36% of control and 
cholesterol 7 a-hydroxylase, 43% of control. 
The additive effect is also apparent in the 
lowering of the plasma cholesterol by the com- 
bined treatments (77% of control). 

First eggs appeared 17 and 25 days earlier 
when CF was fed from the day of hatching with 
corn- and barley-based diets. Birds fed the 
barley-based diet produced smaller eggs (94% of 
control weight). Addition of CF to the diet 
resulted in the production of heavier eggs. Yolk 
cholesterol concentrations measured by the 
enzymatic procedure agreed with those deter- 
mined chemically. In terms of activity and con- 
centration, the HMG-CoA reductase and plasma 
cholesterol of the experimental groups were 
in the order, control > barley > corn + CF > 
barley + CF. This pattern also was expressed 
in terms of yolk cholesterol concentration 
(Table 4). 

The responses of the layers to barley and to 
CF fed during the period of sexual maturation 
(Table 5) are generally consistent with those 
observed in birds fed the dietary treatments 
throughout the 30 weeks of the first study 
(Table 4). The treatment order follows the 
aforementioned pattern, control/barley/corn + 
CF/barley + CF in either < or > the level of the 
parameter under consideration. At 24 weeks, 
birds fed the barley diet were somewhat lighter 
in weight in both the second study (Table 5) 
and in the first study (data not  shown). During 
the final 6 weeks of the first study, the birds 
fed the barley diet caught up with the controls 
(Table 4). When fed the barley from the day of 
hatching, the onset of egg production was 
delayed by 11 days (Table 4). A 14-day delay 
was noted in the second study (Table 5). The 
addition of CF to the corn-based diet caused 
the onset of laying to begin 17 days earlier. A 
similar effect was obtained by adding CF to the 
barley-based diet (Tables 4,5). Changes in egg 

weights, yolk weights and yolk cholesterol con- 
centrations (Table 5) were consistent with 
those previously noted (Table 4). 

In the third study, 0.01% CF was added to 
the diet of 56-week-old layers. After 4 weeks 
exposure to CF, hepatic HMG CoA reductase 
and cholesterol 7 a-hydroxylase activities were 
ca. 70% of control values and plasma choles- 
terol, 77% of control. Plasma triglycerides were 
elevated by 36%. Lipogenic enzyme activities 
were only modestly increased, with the excep- 
tion of citrate cleavage enzyme, which ex- 
hibited 3-fold control activity. Eggs collected 
from CF-fed tayers during the final week of this 
study were significantly heavier (69.7 + 2.1 and 
62.4 +- 2.9 g). The cholesterol concentration 
was significantly lower (17.4-+0.2 and 18.7 -+ 
0.2 mg/g yolk) but, because of the increase in 
yolk weight (20.3 + 1.1 and 17.2 .+ 1.0 g), the 
CF treatment produced eggs containing more 
cholesterol (353 and 322 mg) (Table 6). 

DISCUSSION 

The impact and the duration of the CF treat- 
ment on avian cholesterol metabolism are 
independent of age-related variables. Hepatic 
HMG CoA reductase and cholesterol 7 ot- 
hydroxylase activities in birds fed CF were 
30-50% lower than control values and their 
plasma cholesterol levels were 20% lower. The 
CF treatment caused a 15% decrease in the con- 
centration of yolk cholesterol at 24 weeks and 
a 7% decrease at 60 weeks. Birds given the CF 
had higher plasma concentrations of triglyc- 
erides but with age, the difference in triglyc- 
eride concentration decreases. Consistent with 
the changes in triglyceride levels are the specific 
activities of the lipogenic enzymes. CF was 
more effective in stimulating lipogenic activity 
in the younger birds. 

The birds fed barley also had lower plasma 
cholesterol concentrations. This decrease might 
be attributed to the lower fat content or to the 
higher /3-glucan content of barley, The un- 
digestible components of human and animal 
diets have been associated in recent years with 
reductions in plasma and body tissue choles- 
terol concentrations by increasing its excretion 
(18-21). Cholestyramine also increases choles- 
terol excretion. In animals treated with this 
binder, hepatic HMG-CoA reductase activity is 
induced (22). On the basis of these observa- 
tions, rationalizing an effect of fiber that could 
be mediated through the suppression of choles- 
terol biosynthesis is difficult. On the other 
hand, polar and apolar components of barley, 
added to control diets at concentrations not in 
excess of 1%, suppress hepatic HMG-CoA 
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TABLE 6 

Effect of  CF of  T. viride on Liver Weights, Hepatic Enzyme 
Activities and Plasma and Egg Lipids of  60-Week-Old Laying Hens* 

Diet 

Parameter t  Corn (control) Corn + culture filtrate 

Initial body weight (g) 1736 +- 197 1744 -+ 155 
Final body weight (g) 1836 -+ 213 a 1883 -+ 190 a 
Feed consumpt ion  (kg) 26.75 27.30 

Liver weight (g) 39.2 • 2.7 a 46.3 + 4.1 a 
Liver weight (g/kg body wt) 21.35 24.58 

fl-Hydroxy-•-methylglut aryl- 
CoA reductase* 0.789 -+ 71 a ( 1 0 0 ) ~  0.552 -+ 52 b (70):~ 
Cholesterol 7c~-hydroxylase w 1.05 + 0.17a ( t00~.  * 0.69 -+ 0.06 b (66) 
Plasma cholesterol �82 134 + 13 a (100~:~ 103 -+ 18 b (77) 

Citrate-cleavage enzyme # 8.5 +- 1.6 a ( 1 0 0 ) ~  27.4-+4.1 b (322) 
Acetyl-CoA carboxylase # 0.62 +- 0.12 a ( 1 0 0 ~  0.91 -+ 0.11 b (147) 
Malic enzyme**  185 -+ 28 a (100~. :~ 236 -+ 11 b (128) 
Fat ty  acid s y n t h e t a s e t t  89.5 -+ 7 a (100~:~ 117.8 -+ 8 b (132) 
Plasma triglycerides�82 78 -+3.6 a (100~:~ 106 -+ 3.0 b (136) 

Egg weight (g) 62.4 +- 2.9 a (100~.:~ 69.7 -+ 2.1 b (112) 
Yolk weight (g) 17.2+ 1.0 a ( 1 0 0 ~ *  2 0 . 3 -  + 1.1 b (118) 
Yolk cholesterol (mg/g) 18.7 + 0.2 a (100~:~ 17.4 -+ 0.2 b (93) 

*Each diet contains c o r n - 9 . 5 %  (70.2%); soybean m e a l - 4 4 %  (14.8%); alfalfa m e a l - 1 7 %  
(1.7%); meat  and bone meal (5%); dicalcium phosphate  (0.5%); calcium carbonate (6.8%); 
NaC1 (0.5%); vitamin and mineral mixture  (0.5%); grit (5%), was incorporated at the ex- 
pense of feed. Vitamin and mineral mixture  contain (per kg feed): vitamin A, 5,000 IU; 
vitamin D3, 900 ICU; vitamin Ba2 0.01 mg; riboflavin, 3 mg; MnO 2, 50 mg; ZnSO 4, 110 
mg. tFeeding  period was 1 mon t h  data expressed as mean + SD; N = 10 chickens per group; 
Sr/mol of  mevalomc acid synthesized per mln per mg mlcrosomal protein. w of  [C ]- 
cholesterol into [C t4 ]7a-hydroxycholes terol  per min per mg rnicrosomal protein. 
� 8 2  ml of  plasma. #r/mol of  product  formed per min per mg cytosolic protein. **r~mol 
o f  NADP § reduced per min per mg cytosolic protein, t t r /mo l  of  NADPH oxidized per min 
per mg of cytosolic protein. ~: ~CPercentage of  respective corn activity data. a,bMeans within 
a line and without  a common  superscript are significantly different (P<0.01).  

r e d u c t a s e  b y  u p  t o  50% a n d ,  c o n c o m i t a n t l y ,  
l o w e r  p l a s m a  c h o l e s t e r o l  d u r i n g  t h e  c o u r s e  o f  
2 1 - d a y  s t u d i e s  (23) .  

T h e  ove ra l l  e f f e c t s  o f  b a r l e y  on  h e p a t i c  
c h o l e s t e r o l  m e t a b o l i s m  a n d  l i p o g e n e s i s  a n d  o n  
p l a s m a  l ipid c o n c e n t r a t i o n s  we re  s imi la r  to  
t h o s e  o f  CF .  T h e  m a j o r  d e p a r t u r e  in t h e  a c t i o n s  
o f  t h e  2 m a t e r i a l s  is t h a t  e f f e c t  o n  egg p r o d u c -  
t i o n .  C F  a d d e d  to  t h e  c o n t r o l  d i e t  a d v a n c e d  t h e  
d a t e  o f  f i r s t  egg a n d  i n c r e a s e d  t h e  ave rage  
w e i g h t  o f  eggs  p r o d u c e d  b y  l aye r s  24  a n d  6 0  
w e e k s  o f  age.  R e p l a c e m e n t  o f  c o r n  w i t h  b a r l e y  
c a u s e d  a d e l a y  in t h e  o n s e t  o f  egg p r o d u c t i o n  
a n d  d e c r e a s e d  t h e  ave rage  w e i g h t s  o f  eggs  p ro -  
d u c e d  b y  l a y e r s  24 w e e k s  o f  age.  C F  a d d e d  to  
t h e  b a r l e y  d ie t  r e v e r s e d  t h e s e  e f f e c t s  o f  b a r l e y  
o n  egg p r o d u c t i o n .  Al l  t r e a t m e n t s  l o w e r e d  t h e  
c o n c e n t r a t i o n  o f  c h o l e s t e r o l  in  t h e  yo l k .  O t h e r  
t r e a t m e n t s ,  i n c l u d i n g  d r u g s  (24) ,  d i e t a r y  p r o -  
t e i n  (25 ) ,  e n e r g y  level  a n d  s o u r c e  (26 ) ,  v i t a m i n  
A (27) ,  a s c o r b i c  ac id  (28 ) ,  v a n a d i u m  ( 2 9 )  a n d  
f ibe r  ( 3 0 )  h a v e  b e e n  t e s t e d .  T h e  m o s t  e f f e c t i v e  
t r e a t m e n t  i nvo lve s  t h e  u s e  o f  c r u d e  b u t  n o t  

p u r i f i e d  f o r m s  o f  f ibe r  ( 2 4 , 3 0 ) .  
T h e  i n f l u e n c e  o f  C F  o n  egg p r o d u c t i o n  

m i g h t  be  m e d i a t e d  t h r o u g h  a n  e s t r o g e n i c  e f f e c t  
o n  t h e  h e p a t i c  s y n t h e s i s  o f  v i t e l l in  ( 3 1 , 3 2 ) .  Pa r t  
o f  t h e  d e c r e a s e  in  y o l k  c h o l e s t e r o l  c o n c e n t r a -  
t i on  can  be  t r a c e d  to  t h e  i n c r e a s e  o f  t h e  y o l k  
t r i g lyce r i de s ,  an  i n c r e a s e  m e d i a t e d  b y  vi te l l in .  

O n e  o b s e r v a t i o n  r e q u i r i n g  f u r t h e r  s t u d y  is 
t h a t  c h i c k s  f ed  t h e  b a r l e y  d i e t  ove r  t h e  c o u r s e  
o f  30  w e e k s  c o n s u m e d  20% less  e n e r g y  a n d  y e t  
m a t c h e d  t h e  3 0 - w e e k  w e i g h t  o f  t h e  c o n t r o l s .  
A t  24  w e e k s ,  t h e  20% de f i c i t  in  e n e r g y  i n t a k e  
u n d e r l i e s  a 10% l o w e r  b o d y  w e i g h t .  
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Temperature-Dependent Deacylation of Molecular Species 
of Phosphatidylcholine by Microsomal Phospholipase A 2 

of Thermally Acclimated Rainbow Trout, Salmo gairdneri 1 
N.P. NEAS*, and J.R. HAZEL, Department of  Zoology, Arizona State University, Tempe, 
AZ 85287 

ABSTRACT 

Using the ratios of kinetic parameters, V/KIn, the deacylation of different molecular species of 
1-palmitoyl,2-acyl phosphatidylcholine via microsomal phospholipase A 2 (PLA 2 ) was studied in liver 
tissue of thermally acclimated rainbow trout (Salmo gairdneri). In general, PLA 2 from fish acclimated 
to cold temperatures showed an order of preference for the acyl moieties of 18:1 > 18:2 > 18:0. 
Trout acclimated to warm temperatures generally preferred 18:0 PC, but the actual order of pre- 
ference depended on the temperature of the assays and the presence of endogenous lipids in the 
enzyme preparation. At 5 C, the particulate (microsomal) enzyme preferred 18:0 > 18:2 > 18:1, but 
a lipid-free preparation of the enzyme preferred 18:2 > 18:0 > 18:1. At 20 C, particulate enzyme 
preferred 18:1 > 18:0 > 18:2 but purified enzyme preferred 18:0 > 18:2 > 18:1. Thus, assay tem- 
perature and the presence of microsomal lipids had a greater effect on PLA 2 from fish acclimated to 
warm temperatures than fish acclimated to cold temperatures. The substrate preference of PLA~ is 
discussed with reference to the previously observed changes in membrane fatty acid composition that 
o c c u r  with thermal acclimation in rainbow trout. 
Lipids, 19:258-263, 1984. 

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

In most poikilotherms, exposure to low 
ambient temperatures results in the incor- 
poration of highly unsaturated fatty acids into 
membrane phosphohpids, an adaptation that 
presumably conserves approporiate fluidity for 
optimal membrane function (1). Recent studies 
of  thermally induced phosphatide restructuring 
have demonstrated the significance of  a dea- 
cylation-reacylation cycle in the synthesis of 
appropriate molecular species (2,3). Because 
enzymes of lipid metabolism typically have 
broad substrate specificities, thermally modu- 
lated shifts in the substrate preferences of these 
deacylating and reacylating enzymes could 
potentially represent one point at which mem- 
brane lipid composition is regulated. 

The reacylating enzyme, acyl CoA: 1-acyl-sn- 
glycero-3-phosphorylcholine acyltransferase, has 
been demonstrated in microsomes of rainbow 
trout liver (4), and was shown to prefer oleoyl- 
CoA over palmitoyl-CoA substrates regardless 
of the temperature of the assay or the acclima- 
tion history of the fish. 

Deacylating enzymes, the phospholipases, 
have also been identified in trout tissues (5,6). 
Hazel (7) reported that most of the fatty acid 
substitutions occurring as a result of thermal 
acclimation were at the sn-2 carbon of the 
major membrane phosphatides, thereby impli- 

*To whom correspondence should be addressed. 
Present Address: Department of Biology, Colgate 
University, Hamilton, NY 13346. 

eating phospholipase A2 in remodeling of 
trout cell membranes. Phospholipase A2 was 
identified in trout liver microsomes (5) and, fol- 
lowing acclimation, exhibited perfect com- 
pensation for temperature in both particulate 
(microsomal) and lipid-free preparations when 
assayed with 1-acyl,2-oleoyl phosphatidylcho- 
line as substrate (8). The enzyme, however, has 
not been previously studied for thermally 
modulated substrate preference. 

To further explain the enzymatic basis for 
the synthesis of appropriate molecular species 
of phosphatidylcholines at different tempera- 
tures in rainbow trout,  we have studied the 
kinetic characteristics of the deacylation of 
exogenous 1-palmitoyl phosphatidylcholines 
containing different 18-carbon acyl chains at 
the sn-2 position. Both particulate microsomes 
and lipid-free preparations from liver tissue of 
trout acclimated to warm and cold tempera- 
tures were assayed at different temperatures to 
determine the influence of membrane lipids on 
the substrate preference of the enzyme. 

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

Materials 

1-Palmitoyl lysophosphatidylcholine and di- 
palmitoyl phosphatidylcholine were obtained 
from Sigma Chemical Co., St. Louis, MO. 
1-[ 14 C ] stearic (5 6.5 mCi/mmol),  I-[ 3 H ] oleic 
(53 mCi/mmol) and 1-[14C]linoleic (52 mCi/ 
mmol) acids were purchased from Amersham 
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Corp., Arlington Heights, IL, 1-Palmitoyl,2- 
l inoleoyl phosFhatidylcholine was obtained 
from PL Biochemicals, Inc., Milwaukee, Wl. 
Enzymatic grade ammonium sulfate was from 
Nutrit ional Biochemicals Corp., Cleveland, OH. 
Concentrated protein dye reagent was purchased 
from BioRad Laboratories, Richmond, CA. 

Animals 

Rainbow trout  (Salmo gairdneri) were ac- 
quired from the Alchesay National Hatchery, 
Whiteriver, AZ. Fish were maintained in running 
water at either 5 C or 20 C and a 12L:12D 
photoregime for at least 1 month before the 
experiments.  They were fed once a day with 
Glencoe Mills commercial t rout  food and main- 
tained a healthy appearance and normal activity 
for the duration of the study, 

Substrate Synthesis 

Synthesis of l-palmitoyl,2-[14C] stearoyl 
phosphatidylcholine (PC), 1-palmitoyl,2-[3 H]- 
oleoyl phosphatidylcholine and 1-palmitoyl,2- 
[ 14 C} linoleoyl phosphatidylcholine was accom- 
plished using rat liver microsomal acyltrans- 
ferease to esterify the radiolabeled fatty acids 
to 1-palmitoyl lysophosphatidylcholine (LPC), 
as described by Conner et al. (9). Radiolabeled 
PC was twice purified by thin layer chromatog- 
raphy (TLC) (5). Positional distribution of the 
radiolabel on PC was determined by snake 
venom hydrolysis (Crotalus adamanteus) ac- 
cording to Dickens and Thompson (10). Over 
99% of the radiolabel in the 1-saturated, 2- 
unsaturated species of  PC was esterified at the 
sn-2 position. In the disaturated PC, 90% of the 
label was esterified to carbon number 2. Sub- 
strates were stored in CHC13/MeOH (2:1, v/v) 
at -20 C under N~ and were periodically checked 
for specific radioactivity by counting aliquots 
and dividing by molar concentration as deter- 
mined by phosphorus analysis (11), 

Enzyme Preparation 

For each experiment,  7 to 9 trout (100-250 
g) were decapitated and the livers (0.6-2.5 g) 
were excised into 6 vol (w/v) ice-cold homo- 
genizing buffer (0.25 M sucrose; 10 mM TRIS-  
acetate,  pH 7.8 at 20 C; 1 mM ethylene diamine 
tetraacetic acid (EDTA). Livers were coarsely 
chopped and homogenized and microsomes 
isolated by differential centrifugation (5). Half 
of the microsomal pellet was resuspended in 0.1 
M TRIS-acetate (pH 8.0 at 20 C), 8 mM CaC12 
(20 mg/ml) for subsequent assay; the other 
half was resuspended in extracting buffer 
(0.1 M TRIS-acetate, pH 8.0 at 20 C; 8 mM 
CaClz and 0.1% Triton X-100; 2-3 mg/ml) for 
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further purification. Purified, lipid-free micro- 
somal phospholipase A2 was obtained using 
techniques (8) that included Triton extraction, 
ammonium sulfate precipitat ion (35-65%) and 
gel filtration chromatography on Sephadex G- 
200. 

Enzyme Assays 

Phospholipase A2(PLA2) activity was esti- 
mated by measuring the amount of radioacti- 
vity in intact phosphatidylcholine (PC), lyso- 
phosphatidylcholine (LPC) and free fat ty acid 
following incubation of microsome~ or aliquots 
of active column fractions with the radiolabeled 
substrate. The assay media were prepared by 
adding 0.1/aCi[14C]PC and enough unlabeled 
PC to bring the concentration to the desired 
level in a test tube and evaporating the organic 
solvents under a stream of N2. tn assays of 
disaturated PC, the radiolabeled tracer, 1- 
palmitoyl,2-[ 14 C] stearyl PC, was supplemented 
with unlabeled dipalmitoyl  PC. Otherwise, the 
radiotracer was identical to the unlabeled lipid. 
Following addit ion of assay buffer (0.1 M 
TRIS-acetate, pH 4,0 at 20 C, 8 mM CaC12, 
0.1% Triton X-100), the mixture was sonicated 
for 2 min in a bath sonicator (Bransonic 12) 
and allowed to equilibrate for 5 min at either 
5 C or 20 C. The assays were init iated by add- 
ing either 2 mg of microsomai suspension of 
aliquots of active column fractions at pH 8.0 to 
bring the final assay mixture to a volume of  1.0 
ml and a pH of 6.5. The reaction was termi- 
nated with 3 ml of CHC13/MeOH (1:2, v/v) and 
lipids were extracted with organic solvents (12). 
The lipid products were separated by TLC into 
PC, LPC and free fat ty acid fractions and 
counted using liquid scintillation methods,  as 
previously described (5). Counts per rain were 
converted to disintegrations per rain using 
quench correction. Four  concentrations were 
used of each substrate: 66.6/aM, 100.0/aM, 200.0 
/aM and 400.0/aM. Initial velocities were deter- 
mined after 45 min, a duration that fell within 
the range of linearity of hydrolysis with time at 
all concentrations (data not shown). Kinetic 
parameters (Kin and V) were estimated by 
weighted curve-fitting analyses of substrate 
concentration vs initial velocity (13), each 
velocity representing the mean from 2 experi- 
ments with 2 replicates per experiment.  

Protein concentration was determined using 
the technique of protein-dye binding according 
to Bradford (14). 

R ESU LTS 

Phospholipase A 2 from liver tissue of rain- 
bow trout  is typical  of the enzymes of lipid 
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metabolism in its ability to act on several 
different substrates. The preference of the 
enzyme for different molecular species was 
determined from kinetic data; substrates with 
the highest V/Km ratio being most preferred. 
The catalytic coefficient, Ccat, has been defined 
as the ratio of 

Vl/Kma 

V 2/Km~ 

(15), where VI and Kin1 are derived from the 
most "physiological" (or reference) substrate 
and V 2 and Km2 are constants for the substrate 
of comparison. In this case, no a priori designa- 
tion of a single most physiologically appro- 
priate substrate exists, so all possible com- 
parisons have been presented in Figure 1. 
Values of Ccat greater than unity indicate a 
preference of the enzyme for the species in the 
numerator. 

Acclimation history of the fish had the 
greatest influence on Ccat, with enzyme from 
fish acclimated to cold temperatures exhibiting 
a clear preference for 1-palmitoyl, 2-oleoyl 
phosphatidylcholine (2-18:1 PC) followed by 
1-palmitoyl,2-1inoleoyl phosphatidylcholine (2- 
18:2 PC), then 1-palmitoyl,2-stearoyl phos- 
phatidylcholine (2-18:0 PC). PLA2 from fish 
acclimated to warm temperatures generally 
showed a preference for the disaturated species, 
2-18:0 PC, but assay temperature influenced 
this substrate preference, particularly in the 
microsomat preparation, i.e., microsomes as- 
sayed at 20 C preferred 2-18:1 PC over both 
the disaturated and 2-18:2 PC, but at 5 C, 2- 
18:0 was the preferred substrate. 

In its substrate preference, purified PLAz was 
similar to the particulate preparations with the 
exception of fish acclimated to warm tempera- 
tures that were assayed at 5 C, for which the 
particulate enzyme preferred the acyl moieties 
18:0 > 18:2 > 18:1, but lipid-free enzyme pre- 
ferred 18:2 > 18:0 > 18:1. At 20 C, particulate 
enzyme preferred 18:1 > 18:0 > 18:2 but 
purified enzyme preferred 18:0 > 18:2 > 18:1. 
Thus, both acute temperature change and the 
presence of endogenous lipids had a greater 
influence on the substrate preference of PLA 2 
from fish acclimated to warm temperatures 
than cold. 

Changes in the catalytic constant with ac- 
climation history and assay temperature were a 
function of effects on both maximal velocity 
(V) and the Km (Table 1). The clear preference 
for 2-18:1 PC in PLA~ from fish acclimated to 
cold temperatures was caused in most cases by 

FIG. 1. Catalytic constant (Ccat) of microsomal 
PLA 2 from thermally acclimated rainbow trout. The 
activity of PLA 2 was measured at 4 different concen- 
trations of 3 different PC substtates, 1-16:0, 2-18:0 
PC, 1-16:0, 2-18:1 PC, and 1-16:0, 2-18:2 PC. Ccatis 
the ratio of kinetic constants, 

V~/Km~ 

V~/Km~ 

for the different substrates taken 2 at a time. A ratio 
of 1.0 indicates no preference of the enzyme. Panel A 
is data from 5 C-acclimated trout and panel B is from 
20 C-acclimated trout. Open bars are data from par- 
ticulate, microsomal preparations and shaded bars are 
from purified, lipid-free preparations of PLA~. Num- 
bers in the bars represent the temperature at which the 
assay was performed. 

low values of apparent Km. Maximal velocity in- 
creased with increasingly unsaturated substrates 
in microsomes of fish acclimated to cold 
temperatures, but the trend was not consistent 
in purified PLA2 preparations. The enzyme 
from fish acclimated to 20 C, on the other hand, 
was most active (i.e., had the highest V/Km 
ratio) against the disaturated substrate at 20 C 
when in purified form, becaused of high V and 
low Km values. Thus, whereas assaying the 
microsomal PLA2 in the absence of  membrane 
lipids changed the relationship between indi- 
vidual kinetic parameters of the enzyme with 
different substrates, in most cases the overall 
substrate preference was the same as that in 
particulate enzyme because changes in Km were 
offset by changes in V. 

For 2 of the 3 substrates, 2-18:1 PC and 
2-18:2 PC, an increase in assay temperature 
resulted in higher V/Km ratios due to the 
acute effects of temperature which both in- 
creased V and decreased Km. With the di- 
saturated substrate, however, reaction rates 
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TABLE 1 

Kinetic Constants (-+ SEM) of Microsomal PLA 2 with 
Different Species of 1-Palmitoyl PC as Substrate 

Acclimated to 5 C Acclimated to 20 C 

18:0 18:1 b 18:2 18:0 18:1 b 18:2 

Microsomes 
V c 5 C 4.81 12.18 62.92 11.11 21.02 23.14 

(0.78) (0.28) (10.38) (1.91) (1.35) (2.26) 
20 C 84.04 34.27 22.86 2.74 94.21 138.26 

(15.9) (2.37) (2.03) (0.19) (6.44) (25.4) 

Kmd 5 C 447 330 2174 148 1030 416 
(64) (16) (289) (26) (92) (42) 

20 C 6005 222 337 111 2463 6471 
(307) (25) (36) (17) (157) (321) 

V/Km 5 C 0.011 0.037 0.029 0.075 0.020 0.056 
20 C 0.014 0.154 0.068 0.025 0.038 0.021 

Purified 
V e 5 C 372 238 1316 1704 402 19280 

(25) (12) (223) (151) (7) (5945) 
20 C 553 523 1523 1134 261 4167 

(109) (36) (206) (107) (11) (708) 

Km 5 C 385 188 1600 790 3465 7739 
(15) (17) (272) (83) (488) (1234) 

20 C 658 261 828 145 406 1005 
(141) (23) (115) (23) (26) (171) 

V/Km 5 C 0.97 1.25 0.82 2.26 0.12 2,49 
20 C 0.84 2.00 1.84 7.83 0.65 4.17 

aLiver microsomes and purified PLA 2 were assayed at 4 substrate concentrations and 
2 acute temperatures. Numbers are means of 2 experiments. The symbols, 18:0, 18:1 and 
18:2, represent the fatty acyl moieties at the sn-2 position of 1-palmitoyl PC substrates. 

bData for 1-palmitoyl,2-oleoyl PC has been reported previously (8). 
CUnits of V=nMol fatty acid released (rag hr)-k 
dUnits of Km=/~m. 
cV is reported as specific maximal velocity, therefore purified values are significantly 

higher than those for microsomes. 

exh ib i ted  ei ther  no t empera tu re  sensit ivity,  or 
an inverse response  of  V / K m  in every case 
except  the purif ied enzyme  f rom fish accli- 
ma ted  to  warm tempera tures .  The enzyme  f rom 
fish accl imated to  20 C had higher V values at 5 
C than  at 20 C in b o t h  preparat ions .  In fish 
accl imated to cold t empera tu res ,  the  lack of  
t empera tu re  sensitivity of  V / K m  was caused by 
increases in Km wi th  t empera tu re  tha t  of fse t  
t he  normal  effects  o f  acute  t empera tu re  change 
on  V. 

DISCUSSION 

Because enzymes  typical ly  opera te  at less 
than  saturat ing subst ra te  concen t ra t ions  (below 
V), es t imates  of  substrate  preference  derived 
f rom in vitro measurements ,  which  include b o t h  
V and Km,  provide more  insight in to  the  in vivo 
catalyt ic  rate.  Analyses tha t  include just  one  
o f  these parameters  may yield qui te  d i f fe rent  
results  than  those  tha t  include b o t h  (as is 

evident  f rom the  data here).  The catalyt ic  
cons tan t ,  

VI/Kmx 

V2/Kin2 
may be used to  de te rmine  the  pre fe rence  of  an 
enzy me  for two  substra tes ,  1 and 2, using the  
kinet ic  characterist ics  of  each (15). 

Using 3 molecular  species of  PC, we have 
demons t r a t ed  tha t  the  microsomal  PLA2 f rom 
the  liver of  r a inbow t rou t  exhibi ts  subst ra te  
prefe rences  cons is ten t  wi th  the  acyl substi tu-  
t ion  previously repor ted  to  occur  (7) as a con- 
sequence  of  the rmal  accl imat ion.  Hazel (7) re- 
po r t ed  tha t  cold accl imat ion resul ted in an 
increase in long-chain po lyenoic  acids, but  a 
decrease in the  p ropor t ions  of  b o t h  18:1 and 
18:2 at the  sn-2 pos i t ion  of  PC, f rom 12.40% at 
20 C to  4.44% at 5C for  18:1 and 12.79%- 
5.22% for  18:2. The p ropor t ions  of  18:0 were  
typical ly  low regardless of  accl imat ion condi-  
t ion ,  i.e., 0.61% at 5 C and 0.33% at 20 C. The 
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phosphol ipase  A2 from t rout  accl imated to 
cold tempera tures  showed an order  of  pre- 
ference of  2-18:1 PC > 2-18:2 PC > 2-18:0 PC. 
In contrast  to procaryotes  (16), monoenes  and 
dienes have no t  been shown to be impor tan t  in 
maintaining membrane  f luidi ty  at low tempera-  
tures in fish. This selectivity of  PLA2 may 
account  for the low levels of  mono-  and dienoic 
molecular  species of  PC at low temperatures .  
The low act ivi ty of  PLA2 toward disturated PC 
in fish accl imated to cold tempera tures  may re- 
flect its in f requent  occurrence as a substrate in 
vivo. In contrast ,  bo th  membrane-bound  and 
solubilized PLA2 f rom t rout  accl imated to 
warm temperatures  clearly preferred 2-18:0 PC 
> 2-18:2 PC > 2-18:1 PC when assayed at 5 C. 
Fur the rmore ,  the  activity of  PLA2 toward 
disaturated PC in intact  microsomes was in- 
versely affected by acute tempera ture  change 
(i.e., rates were higher at 5 C than at 20 C). 

The t ransi t ion tempera ture  (T c) of  the 
disaturated species is 47 C, well above either of  
the  assay tempera tures  employed .  The species 
of  PC with  unsaturated fa t ty  acids at carbon 2 
have Tcs well be low the cold assay tempera ture  
of  5 C (17). Thus, the disaturated PC was in 
a gel confo rma t ion  at bo th  assay temperatures ,  
whereas the o ther  PCs were presumably in 
a l iquid-crystall ine conformat ion .  This may 

partially account  for the  lack of  normal  tem-  
perature sensitivity of  PLA2 when disaturated 
substrate was used, because the physical state 
of  the substrate could inf luence the kinet ic  
behavior  of  the  enzyme.  

The changes in substrate preference that  
accompanied  thermal  accl imat ion or  changes in 
assay tempera ture  could not  be a t t r ibuted to 
consistent  effects  on ei ther of  the kinet ic  
parameters ,  V or  Km. Comparisons be tween 
microsomal  and lipid-free preparat ions,  how- 
ever, indicate that  in most  cases, the  effects 
of  accl imat ion on kinet ic  parameters  were 
evident  regardless of  the presence or  absence of  
endogenous membrane  lipids, and,  thus, were 
an a t t r ibute  of  the enzyme prote in  itself and 
no t  just  the inf luence of  the membrane  lipids. 

Studies of  mammal ian  microsomal  PLA2 
have indicated that  the molecular  species of  
preferred phospholipid substrates may be 
related to the  tissue of  origin of  the  enzyme in 
a physiological ly meaningful  way. Thus, in rat 
lung, dienoic species of  PC were preferred 
substrates over monoeno ic  and disaturated 
species, which presumably served to enhance 
the  accumula t ion  of  saturated PC for produc-  
t ion  of  pu lmonary  surfactant  (18). In bovine 
brain, the microsomal  PLA2 preferent ial ly  
hydro lyzed  saturated acyl moiet ies  over poly-  
enoic ones of  phosphat idyl inos i to l  (PI), which 

accounted  for the accumula t ion  of  arachi- 
dona te  on PI, a form readily available for 
prostaglandin synthesis (19). Sevanian et al. 
(20) demons t ra ted  a 2-fold enhancement  of  rat 
liver microsomal  PLA2 when peroxidized fa t ty  
acids occupied the  sn-2 posi t ion of  phospho-  
lipid substrates, implicating the enzyme in 
selective el iminat ion of  damaged acyl chains. 

Consistent  wi th  these observations,  the 
t empera tu re -dependen t  substrate selectivity of  
t rou t  microsomal  PLA2 indicates that  phos- 
phat ide  restructuring may be regulated at the 
deacyla t ion step in the membrane  metabol ism 
of  poiki lotherms.  The preference for disaturated 
PC by microsomal  PLA2 from t rou t  acclimated 
to warm tempera tures  assayed at 5 C and the 
lack of  t empera ture  sensitivity in, the  hydrolysis  
of  this species may contr ibute  to the  removal  of 
saturated fa t ty  acids f rom membrane  phos- 
phat ides  formed at high temperatures .  The pre- 
ference for the monoeno ic  PC by  PLA2 from 
t rout  accl imated to cold tempera tures  may 
provide a b iochemical  explanat ion for why  
polyenes  but  not  monoenes  accumulate  in the 
membrane  phosphol ipids  of  fish fol lowing cold 
accl imation.  Fur ther  studies using longer chain 
po lyenoic  species of  phosphatides are necessary 
to state this wi th  cer tainty.  
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Double-Bond Patterns of Fatty Acids and Alcohols in Steer 
and Human Meibomian Gland Lipids 
N. NICOLAIDES,* EVELYN C. SANTOS and KONSTANTINE PAPADAKIS, Department 
o f  Medicine (Dermatology), The University of  Southern California, School o f  Medicine, 
2025 Zonal A ve., Los Angeles, CA 90033 

ABSTRACT 

Ozonolysis studies of the monoenes of the fatty chain types in lipids of steer meibomian gland 
excreta (meibum) have confirmed earlier structural assignments based on gas liquid chromatography 
(GLC) retention data and have assisted in assigning complete structures to a group of recently identi- 
fied co-hydroxy fatty acids. The co-hydroxy acids include straight-chain monoenoic acids (85%), 
saturated anteiso and iso acids (13%), monoenoic acids of the latter group (1%)and, finally, saturates 
of the normal monoenoic acids (1%). All the fatty chains of meibum can be biosynthesized by a uni- 
fied process of chain buildup to primary chain lengths of 12:0-20:0 for the straight evens, with 16:0 
predominating, 13:0-21:0 for the straight odds with 17:0 predominating, i16:0 to i28:0 for the iso 
and ai17:0 to ai29:0 for the anteiso chain types; then A9 desaturation of each of these chain types; 
and finally chain elongation of 1-10 C 2 units. Some chain degradation may also occur. The meibum 
lipid components involved are unsubstituted fatty acids, a-OH fatty acids, co-OH fatty acids, fatty 
alcohols and some other lipid components incompletely characterized. The carbon skeletons are 
straight even, straight odd, iso and anteiso except that the a-OH fatty acids are only straight even and 
straight odd and these chains are not elongated. All fatty chains are almost entirely saturated and 
monoenoic, the polyenes occurring in only trace amounts. Biosynthesis of the fatty chains of human 
meibum evidently occurs similarly, except that considerably more 18:0 than 16:0 fatty acids are built 
up by the fatty acid synthetase, before desaturation and extension. 
Lipids, 19:264-277, 1984. 

INTRODUCTION 

Within  t he  eyelids of an imals  is a row of  a 
sebaceous  type  of  gland k n o w n  as the  me ibo-  
mian  gland t h a t  excre tes  lipid o n t o  the  edge of  
t h e  eyelid. This  l ipid fo rms  a surface layer  on  
t he  tear  fi lm t h a t  p r o b a b l y  r e t a rds  loss of  wa te r  
by  evapora t ion .  It  also provides  a h y d r o p h o b i c  
barr ier  p reven t ing  tear  overf low and  forms  a 
wate r  t ight  seal for  the  closed lids dur ing  sleep. 
It may  have o the r  func t ions .  

In our  ef for ts  to  def ine  the  l ipid c o m p o n e n t s  
of  the  m e i b o m i a n  gland excre ta  (me ibum) ,  we 
have recen t ly  (1) ident i f ied  a g roup  of  co- 
h y d r o x y  f a t t y  acids of unusua l ly  long chain  
lengths  (C30 to C36) t ha t  occur red  to ca. 10% 
of  the  to ta l  acids of  b o t h  s teer  and  h u m a n  
me ibum.  Of the  3 h o m o l o g o u s  series r epor t ed ,  
series 1 (85%) was m o n o e n o i c  and  series 2 
(14%) was sa tu ra ted  bu t  was no t  the  sa tu ra ted  
analog of  series 1. This ind ica ted  t ha t  some 
add i t iona l  s t ruc tu ra l  d i f fe rence  exis ted b e t w e e n  
series 1 and  2. F r o m  gas c h r o m a t o g r a p h y  (GC) 
r e t e n t i o n  data  on ly ,  series 3 ( 1 % ) a p p e a r e d  to 
be the  u n s a t u r a t e d  analog of  series 2, bu t  this  
conc lus ion  was n o t  s ta ted  in the  earlier work.  

If the  s t ruc tu ra l  d i f fe rence  was m e t h y l  
b ranch ing ,  as f o u n d  in a n u m b e r  of  na tu ra l  
f a t t y  acids, c lar i f ica t ion of  ques t ions  as to  the  
loca t ion  of the  doub le  b o n d s  and  the  m e t h y l  
groups  migh t  be provided by  ozonolys is  s tudies.  
For  example ,  if series 1 was u n b r a n c h e d ,  a 

reduct ive  ozonolys i s  s tudy  of  the  ace ty la ted  
m e t h y l  esters could  locate  the  d o u b l e  bonds .  If 
series 1 also possessed m e t h y l  b r anch ing  on  
C-a toms d i f fe ren t  f rom those  of  the  doub le  
b o n d ,  one  could s imul t aneous ly  iden t i fy  the  
f r agmen t  w i th  m e t h y l  b ranch ing ,  i.e., on  e i ther  
the  a ldehyde  m e t h y l  ester  (a ldes ter)  or the  
a ldehyde  ace ta te  (a ldaceta te) .  Me thy l  b ranch ing  
on the  C-a toms of  the  doub le  b o n d  would yield 
ke tones .  

To pe r fo rm expe r imen t s  of  this  type ,  
s t anda rd  aldesters  and  a ldace ta tes  of  very long 
chain  lengths  would  p robab ly  be required ,  
especially if the  doub le  b o n d  was close to 
e i ther  end. Some useful  a ldace ta te  s tandards  
migh t  be o b t a i n e d  for this pu rpose  f rom a 
reduct ive  ozonolys i s  s tudy  of  the  unsa tu ra t ed  
f a t t y  a lcohols  (Falc)  of m e i b u m ,  and a t  the  
same t ime  the  doub le  b o n d  p a t t e r n  of  these  
a lcohols  could  be establ ished.  This  had  no t  
been  done  previously  (2), and  we knew tha t  
these  unsa tu ra t ed  alcohols  had  long chain 
lengths ,  at least  f rom C22 to C30. To ob ta in  
po ten t i a l ly  useful  long chain  a ldes ter  s tandards ,  
con f i rming  the  doub le  b o n d  pos i t iona l  assign- 
men t s  of the  u n s u b s t i t u t e d  f a t t y  acid m e t h y l  
esters ( F A M E )  b y  ozonolys is  s tudies  and possi- 
bly ex tend ing  these  ass ignments  to t race longer  
chain  c o m p o n e n t s  seemed appropr ia te .  We had  
earlier (2) made  these  ass ignments  solely f rom 
r e t e n t i o n  data  for  fish F A M E  on  free  f a t ty  acid 
phase  ( F F A P )  glass capi l lary c o l u m n s  (3). 
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After determining the double bond positions 
of all the chain types found in meibum, we con- 
sidered how all of these chain types could be 
formed by well-established biochemical pro- 
cesses. A relatively simple scheme that would 
account for all of them became apparent, and 
we report it here. To apply this scheme more 
fully, we also report here on the saturated 
structures of the substituted fatty acids of 
meibum, i.e., the c~-hydroxy as well as the 
c0-hydroxy fatty acids, as the saturates of the 
other chain types have already been reported 
(2). 

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

A sample of total steer meibomian gland 
lipids (263.4 mg), previously purified by gel 
chromatography (Sephadex G-25) to remove 
nonlipid substances (4), was saponified by 
refluxing under an atmosphere of nitrogen with 
20 ml of 10% KOH in 90% ethanol, w/v, for ca. 
3 hr. The reaction mixture was then diluted 
with about the same volume of water, acidified 
with 6 N HC1 and extracted 4 times with 
freshly redistilled chloroform. The extracts 
were pooled, counterwashed with water and 
dried to constant weight (253 mg). 

To separate the saponifiables from the 
unsaponifiables, the extract was chromato- 
graphed on an alkaline SiO2 column, 15.0 cm x 
1.6 cm (Col. No. 1), as originally described (5) 
except that the SiO2 adsorbent was Unisil 
(100-200 mesh, Clarkson Chemical Co., Inc., 
Williamsport, PA), and CHC13/CH3OH (95:5, 
v/v) was used to pack the column and elute 
the unsaponifiables (122.1 rag)instead of di- 
ethyl ether. Total fatty acids (135.6 mg) were 
eluted with CHC13/CH3OH/HCOOH (60:30:10). 
Methyl esters of total acids were prepared with 
7% BF3 in methanol (6), yielding 137.8 mg. 

On a 9.0 cm x 1.6 cm SiO2 column (Col. 
No. 2), to which 137.8 mg total FAME were 
applied, unsubstituted FAME (113.0 rag) were 
eluted with 10% benzene in hexane, a-hydroxy 
FAME (4.4 mg) with 50% benzene in hexane 
and co-hydroxy FAME (13.6 mg) with CHC13/ 
CH3OH (199:1). The 0~-hydroxy FAME 
(3.2 mg) were further purified by preparative 
thin layer chromatography (TLC) (2), yielding 
0.9 mg and several unidentified components. 

On a 1 7 . 0 c m x  1.13cm column of AgNO3/ 
SiO2, 7% w/w, (Col. No. 3) to which 45.1 mg 
unsubstituted FAME were applied, saturated 
FAME (24.0 mg) were eluted with hexane, 
monoenoic FAME (18.9 mg) with 20% benzene 
in hexane, dienoic FAME (1.7 rag) with 50% 
benzene in hexane and unidentified material 
(0.2 rag) with benzene. The adsorbent, pre- 

viously dried at 115 C overnight, was deacti- 
vated with 15% water (w/w) and equilibrated 
for 3 hr before packing the column in hexane. 

The unsaponifiables (122.1 mg) were chro- 
matographed on a 20.0 cm x 2.8 cm SiO 2 
column (Col. No. 4). This separated the wax 
alcohols (47.8 mg), eluted with 50% benzene in 
hexane, from sterols (51.2 mg) eluted with 
benzene, and from diols (9.0 mg) and other 
unidentified components (3.3 mg), eluted with 
0.5% and 30% CH3OH in CHC13. The wax 
alcohols were then acetylated (7), giving a 
yield of 49.6 mg. Saturated fatty alcohol ace- 
tates (37.9 rag) were separated from monoene 
acetates (4.1 mg) on a AgNO3/SiO2 column 
(Col. No. 5), as described above. 

Analytical thin layer chromatography (TLC) 
was performed on 19-channel (20 c m x 20 cm) 
Whatman LK5 D plates as in ref. 2. Solvents and 
other procedures for developing the TLC plates 
of column eluates were as follows: for Col. 
No. 1, CHC13/HAc (99:1) to 10 cm, followed 
by drying over a hot plate at 55 C for 5 min, 
then redeveloping with hexane/benzene (7:3) 
to the score line; for Col. No. 2, CHC13/ben- 
zene (4:6); and for Col. No. 4, earlier fractions 
with CHC13/hexane (9:1) and later fractions 
with CHC13/CH3OH/conc. aq. NH4OH (65:25: 
5) to an Rf of 0.3, drying on the hot plate as 
above, followed by CHC13 to the score line. 

The monoenes of the different fatty chains 
were analyzed by preparative gas liquid chroma- 
tography (GLC), ozonolysis and analytical 
GLC. Hydrogenation (8) was done to check 
chain lengths. Preparative GLC was performed 
on a Varian 3700 instrument with a flame 
ionization detector (FID) and a micropacked 
stainless steel column (2.7 m x 1.02 mm i.d.) 
with 80-100 mesh Chromosorb WHP phase 
support and 3% SE-30 liquid phase. Ultrapure 
Nz was the carrier gas, at an inlet pressure of 
1.8 kg/cm z, giving a flow rate of 5.4 cc/min at 
100 C. Injector and detector temperatures were 
350 C. Temperature programming was at 
4~ from ca. 140-315 C. The splitter sent 
1 part of the effluent to the dector and 22 

parts to collection tubes (straight glass tubes, 
30 c m x  2 mm i.d.). We collected as often as 
necessary in the same tube to obtain sufficient 
material for further analysis. Collected material 
was transferred to glass stoppered centrifuge 
tubes with hexane and stored if necessary at 
-20  C before ozonolysis. 

The procedure for reductive ozonolysis was 
modified from that of Stein and Nicolaides (9). 
An apparatus similar to that of Demole and 
Wuest (10) generated an estimated 0.9 mg of 
O3/min from dry 02 bubbling at the rate of 
60 ml/min. The ozone/oxygen mixture was 
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bubbled for 1 min into a CS2 solution of the 
corripound to be ozonized at ca. - 4 0  C. The 
excess O3 and solvent was blown off immedi- 
ately with N 2 at room temperature. The reduc- 
tion of the ozonide was performed with a 
2-fold molar excess of one of the following 
reductants: tri-n-butylphosphine, triphenyl- 
phosphine, tri-p-tolylphosphine, and tris-(p- 
methoxyphenyl)-phosphine (all from Aldrich 
Chemical Co., Milwaukee, WI), dissolved in the 
minimum quantity of CS2 possible. A low 
volume of CS2 was necessary to be able to see 
the very low molecular weight aldehydes that 
would otherwise be masked by the solvent in 
GLC. Thus, the C6 aldehyde was completely 
separated from the narrow CS2 solvent band 
when as much as 0.5/al of solution was injected 
into the gas chromatograph. We found the 
choice of several reductants useful to avoid 
masking the aldester or aldacetate peaks with 
peaks from the excess of the particular reduc- 
tant chosen and from its oxidation products. 

Analytical GLC of samples and their ozon- 
olysis products was performed on a Hewlett- 
Packard 5700A instrument with an FID, on a 
fused silica capillary column (30 m • 0.31 mm 
i.d.) chemically bonded with SE-30, 0.25 /am 
film thickness (J& W Scientific, Inc., Rancho 
Cordova, CA). The carrier gas was ultrapure N 2 
at an inlet pressure of 0.9 kg/cm 2, giving a flow 
rate of 3 ml/min at ambient temperature; 
injector and detector temperatures were 350 C; 
the column was kept at 75 C for 2 min then 
programmed at 8~ to 300 C. Equivalent 
chain length (ECL) values were obtained by 
isothermal glass capillary GLC on an FFAP 
column as previously described (2). Replicate 
values were easily within -+.04 ECL units. 

Assignments of structures of FAME as 
normal, iso or anteiso were on the basis of pre- 
cise comparison of retention times with stan- 
dards and by further confirmation by GC-MS 
(mass spectrometry) as described in (2). Nor- 
mal, iso and anteiso aldehydes formed by 
ozonolysis were identified as in ref. 11. 

The percentage of each position isomer was 
calculated on the basis of its total counts of 
aldehyde plus aldester (or aldacetate) from the 
integration of the FID response with an Auto- 
lab Minigrator (Spectra Physics, Santa Clara, 
CA). This method is a practical approximation 
for w/w percentage in structures with a more 
centrally located double bond and avoids the 
necessity of calibration of the detector response 
separately to aldehydes and aldesters (or aldace- 
rates) for determining position isomers of this 
type. Structures with a double bond near the 
w end were invariably present in minute 
amounts. 

RESULTS AND DISCUSSION 

Ozonolysis studies of the fatty chain types 
known to occur in meibum have yielded 2 
kinds of information. First, they have shed 
some light on the nature of  the structural dif- 
ferences between the various series of the newly 
identified co-hydroxy fatty acids described in 
the Introduction and listed in Table 1. Second, 
they have led to the recognition of a unified 
scheme of how the different fatty chain types 
of the various lipid components could be bio- 
synthesized. 

Because ozonolysis of the components of 
series 1 yielded only straight chain fragments, 
i.e., aldesters and aldacetates, this series must 
be straight chain and monoenoic. Even as well 
as odd members are present. The aldester and 
aldacetate fragments formed from ozonolysis 
were identified as straight chain from fragments 
with identical retention times obtained from 
straight chain monoenoic FAME and Falc 
acetates. 

The structural feature of series 2 is likely to 
be methyl branching of the iso and anteiso 
type, as is true of all the other branched chain 
compounds found in meibum. We believe this 

TABLE 1 

to-Hydroxy Fatty Acids of Steer Meibum a 

Series 1 b monoenes Series 4 saturated 

Normal Even Odd Normal Even  Odd 
(%) (%) (%) (%) 

C3o 6.2 0.5 
C31 6.1 
Ca2 39.1 0.4 
Caa 7.7 
Ca4 23.6 tr 
C3s 0.3 
Ca~ 1.6 tr 
Caa tr 

70.5 14.1 0.9 

tr  

tr 

tr 

Series 2 b saturated Series 3 b monoenes 

Iso Anteiso Iso Anteiso 
(%) (%) (%) (%) 

aiC29 1.0 
iC 3o 0.7 

aiCal 5.8 0.1 
iCa2 1.2 0.3 

aiC3a 4.8 0.4 
iC34 tr 0.2 

aiC3s tr  

1.9 11.6 0.5 0.5 

aAs the acetate or TMS derivative of the fatty acid 
methyl ester. They constitute 9.9% of the total acids. 

bSeries 1, 2 and 3 were identified in ref. 1. 
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to be  t rue  because  series 3, t he  uns a t u r a t ed  
analog of  series 2, gave a ldace ta tes  w i th  some 
s t ruc tu ra l  fea ture ,  p r e sumed  here  to  be m e t h y l  
b ranching ,  b u t  a ldesters  t h a t  were s t raight  for  
the  2 i somers  ozonized  (Table  2). This is what  
one  would  expec t  for  b r a n c h i n g  of the  iso or 
ante iso  type.  F u r t h e r m o r e ,  t he  ECL values for  
the  b r a n c h e d  C30, Ca1, C32 and  C33 chains  
were 29.42,  30.42,  31 .38  and  32 .42  w h e n  the  
h y d r o g e n a t e d  to ta l  sample  of the  ace toxy  
derivat ives of  all the  w-OH FAME were gas 
c h r o m a t o g r a p h e d  i so the rma l ly  on  Dexsil. These 
values are en t i re ly  reasonab le  if one  considers  
t ha t  t he  a ce toxy  group ex tends  the  cha in  by  
wha t  a m o u n t s  to ca. 3 C-atoms. This wou ld  
reduce  the  f rac t iona l  cha in  l eng th  (FCL)  
values, no rma l ly  at ca. 0 .60 for iso and  0.72 
for  an te i so ,  to ca. 0 .42 f o u n d  for  more  cen- 
t ral ly b r a n c h e d  m e t h y l  g roup  pos i t ions  (12,13) .  
The same applies to the  a ldaceta tes ,  wh ich  also 
gave FCL of  ca. 0 .40 on  ozonolys i s  of  series 3. 
We are, t he re fo re ,  des ignat ing the  even chain  
b r a n c h i n g  as iso and  the  odd  chain  b r a n c h i n g  as 
ante iso ,  and  the  fact  t ha t  ante iso  is the  favored 
b r a n c h  chain  t y p e  for  o t h e r  c o m p o u n d s  of  steer 
m e i b u m ,  as i t  is for  the  co-OH FAME,  is con-  
s i s tent  w i t h  the  cor rec tness  of  this  a s sumpt ion .  
NMR data  on  these  f rac t ions ,  to be publ i shed ,  
also s u p p o r t  this  conc lus ion .  Thus,  in s u m m a r y ,  
deta i led  e x a m i n a t i o n  of  the  co-OH fa t t y  acids 
has s h o w n  tha t  they  are a com p l ex  group  of  
exceedingly  long-chain  substances .  The  ma jo r  

f rac t ion ,  earl ier  called series 1, is s t ra ight  cha in  
and  u n s a t u r a t e d  w i th  odd  and  even m e m b e r s  
present .  An  apprec iab le  f rac t ion ,  earlier called 
series 2, is sa tu ra ted ,  the  bu lk  of  wh ich  are very 
l ikely ante iso  analogs,  w i th  small  a m o u n t s  of  
iso analogs also present .  The  f r ac t ion  earlier 
called series 3 consis ts  of  mos t  p r o b a b l y  iso and  
an te i so  u n s a t u r a t e d  analogs. Series 4, no t  re- 
po r t ed  earlier, wh ich  occurs  in t race  a m o u n t s ,  
are sa tu ra ted  n o r m a l  6o-hydroxy f a t t y  acids 
(Table  1 ). 

Me ibum releases ma in ly  4 types  of  a l iphat ic  
lipid c o m p o n e n t s  on  saponi f ica t ion .  These  are 
u n s u b s t i t u t e d  fa t ty  acids, f a t t y  alcohols ,  a-  
h y d r o x y  f a t t y  acids and  co-hydroxy f a t t y  acids. 
These  lipid c o m p o n e n t s  occur  in pr imar i ly  4 
d i f fe ren t  c a r b o n  skeletal  fo rms :  s t ra ight  even, 
s t ra ight  odd ,  iso even and  an te i so  odd,  These 
are the  same a l iphat ic  chain  t ypes  t ha t  occur  in 
m a n y  k inds  of  sebaceous  p roduc t s  (14,15) .  
Most  c o m p o u n d s  of  these  cha in  types  occur  as 
sa tu ra tes  or as m o n o e n e s .  Very  few dienes  and  
on ly  t races  of  t r ienes  occur ,  as has  been  f o u n d  
for  m e i b u m  in the  p resen t  s tudy .  In work  to be 
r epor ted ,  we have also f o u n d  evidence for  t h e  
occu r r ence  of  small  a m o u n t s  of  a,co diols. A 
very small  a m o u n t  of  iso odd  chains  occur  as 
f a t t y  acids and  f a t t y  a lcohols .  We have no t  been  
able  to  d e t e r m i n e  the i r  d o u b l e - b o n d  pa t t e rns  
because  t h e y  emerged  f r o m  the  gas c h r o m a t o -  
g raph  t oo  close to the  re la t ively  large a m o u n t s  
of  an te i so  odd  chains.  

TABLE 2 

Double-Bond Patterns of Acetates of co Hydroxy Normal and Branched 
Monoenoic Fatty Acids (as Methyl Esters) of Steer Meibum 

30:1 31:1 32:1 33:1 34:1 35:1 36:1 a Total w pattern 
(%) (%) (%) (%) (%) (%) (%) (%) 

Pattern 
co7 
~9  
co8 
t~10 

Percentage  o f  all 
monoenoic w-OH FAME 

87 7 49 
13 P- 51 

97 I~ 93 
3 P 7 

7.2 7.1 45.9 9.0 27.4 0.4 1.9 b 

ai31:1 i32:1 ai33:1 i34:1 
(%) (%) (%) (%) 

~ 1 8  D 22 P- 34.1 
82 '~ '78 Im 48.3 

D-100 15.7 
0.8 

98.9 

= 98.9 

Pattern 
~9 74 ~ 64 0.4 
col 1 26  P 36 0 .2  

0.6 
Percentage of all 
monoenoic co-OH FAME 0.1 0.4 0.5 0.2 b Z = 1.2 

aA trace of what appeared to be 38:1 was seen but the double-bond position could not be determined. 
bpercentages reported here are based on 100% monoenes. Of total w-OH fatty acids, ca 86% were monoenes 

and ca 14% saturates. 
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Monoenes  of  the lipid components  of  this 
s tudy can be eff icient ly discussed in terms of  
66 patterns.  We define an co pat tern as a sequen- 
tial group of  monoenes  where the double  bond 
of  each member  occurs on the same C-atom 
number ing  f rom the  co end of  the chain. Such 
patterns suggest similar modes  of  biosynthesis  
as each member  differs f rom the others  by an 
integral number  of  - C H 2 - C H  2 -  units (C2 
units). In Table 3, for example,  5 66 pat terns 
are found of  straight even FAME (663-661 1 ) and 
5 co pat terns of  straight odd FAME (664-6612). 
The total  amoun t  of  each co pat tern can be cal- 
culated by summing the products  obtained by 
mul t ip lying the percentage of  that  co isomer  for 
each chain length by the percentage of  that  
chain length of  the to ta l  monoenes ,  which is 
listed at the  b o t t o m  of Table 3. For  example,  
to calculate the to ta l  667 pat tern,  one would  
add the  product  of  0.18 x 1.5% for 14:1 plus 
0.77 x 27.1% for 16:1 plus 0.40 x 48.6% for 
1 8:1 plus the  corresponding products  for all the 
o ther  chains up to 32:1,  which would be 
45.1%, as listed in the last co lumn of  Table 3. 

For  the  straight even monoenes  of  the 
FAME,  we can account  for the  synthesis of  all 
the  homologs  according to 4 well-established 
biochemical  processes: (a) starting with  acetyl- 
CoA, a fa t ty  acid synthetase builds up the 
straight even chains f rom 12:0 to 20:0,  which 
we are calling the pr imary saturated chain 
lengths, then  (b) a 2X9 desaturase removes  an 
H-atom from the  9th and the 10th C-atoms in 
apparent ly  only these pr imary saturated chains 
( indicated by a diagonal do t ted  line in Table 3), 
(c) the resulting monoenes  are then extended to 
o ther  chain lengths, up to a max imum of 34:1 
or  10 C2 units, as observed by us and (d) some 
degradat ion may also occur  (indicated by 
dot ted  arrows to the left  of  the diagnal do t ted  
line in Table 3), but  we have no evidence for 
this. We would not  be aware of  any chain 
degradat ion occurring to the right of  the 
diagonal line. Note  that  the diagnal do t ted  line 
would have to be extended to 12:1 to account  
for the trace amount  of the 663 pat tern seen at 
16:1 (see foo tno t e  c, Table 3). Note also that  
any 6o3 for 14:1 was too  small to be detected 
by our  methods.  

A similar scheme would  explain all of  the 
monoenes  of  the  straight odd FAME:  (a) start- 
ing with  propionyl-CoA,  the fa t ty  acid syn- 
thetase builds up the  pr imary straight odd chain 
saturates f rom 13:0 to 21:0,  then (b) a A9 
desaturase removes  2 H-atoms from apparent ly  
only these chain lengths, (c) the monoenes  so 
formed are fur ther  ex tended to o ther  chain 
lengths, up to a m a x i m u m  of 33:1 as observed 
by us and (d) as with the straight even chains, a 

small a m o u n t  of  chain degradat ion may occur.  
Again the diagonal do t ted  line would have to be 
extended,  this t ime to 13:1 for the same A9 
desaturase to account  for the small amounts  of  
the 604 pat tern  for 15:1, 17:1, 19:1 and 29:1.  
We must also assume that  the  missing inter- 
mediates to form 29:1 were present in amounts  
too small to be detected by our  methods.  

The entire chain-building processes for .the 
straight even chains and the straight odd chains 
are strikingly similar in that  (a) the straight 
odds have the  same number  of  66 patterns as 
the straight evens, (b) only one desaturase, 
which removes  2 H-atoms at A9, is required to 
account  for  all the monoenes  present, and 
(c) these initially desaturated chains are fur ther  
ex tended  to almost  the same remarkably  long 
lengths. 

In the iso and anteiso chains (Table 4), a 
similar scheme could explain all of these 
monoenes :  (a) starting with  i sobutyl -CoA or  
with 2-methylbutyl -CoA,  the fa t ty  acid syn- 
thetase builds up, respect ively,  iso even chains 
f rom i16:0  to i28:0  and anteiso odd chains 
f rom a i l 7 : 0  to ai29:0,  then (b) a A9 desaturase 
removes  2 H-atoms f rom apparent ly  only these 
chain lengths and (c) the  monoenes  so fo rmed  
are fur ther  ex tended to o ther  chain lengths, up 
to a m a x i m u m  of i30:1 ,  and ai31:1.  Again, the  
dot ted  line should be extended to i16:1 and 
a i l 7 : l  and in termediates  f rom i20:1 to i26:1 
and f rom ai21:1 to ai27:1 were too  small to be 
detected and (d) again some degradation may  
occur  for the anteiso chains. 

The buildup of all the monoenoic  fa t ty  
a lcoho ls - s t ra igh t  even, straight odd, iso even 
and anteiso o d d - i s  strikingly similar to that  of  
the monoeno ic  fa t ty  acids (Tables 5 and 6). 
The fa t ty  acid synthetase first forms the pri- 
mary chain lengths of  each skeletal type, i.e., 
12:0 to 20:0  for the straight even chains, 13:0 
to 21:0 for the straight odd chains, i16 :0  to 
i28 :0  for iso chains and a i l 7 : 0  to a i29:0 for 
anteiso chains. The A9 desaturase acts on each 
of  these forming monoenes ,  and finally the  
elongase extends these, to a max imum of 34:1 
for the 665, 6o7 and 609 patterns of  the straight 
even chains, to 33:1 for the  606, 608 and col0  
pat terns of  the straight odd chains, to i34:1 for 
the 669 and co I 1 pat terns of  the iso even chains, 
and to ai33:1 for the 668, col0,  6o12, 6o14 
and 6o16 patterns of the anteiso odd chains 
(Tables 5 and 6). Again, the major pat terns are 
the  667 and 6o8 for the even and odd chains 
(Table 5), suggesting that ,  as with the fa t ty  
acids, the  primary products  of  the synthetase 
are 16:0 and 17:0. However ,  wi th  the alcohols,  
no saturated equivalents of  the unex tended  
chains are found,  as is the case with the fa t ty  
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acids. A similar situation exists for the branched 
Falc monoenes (Table 6), which make up less 
than 6% of the total monoenoic alcohols. The 
close similarity of the structures of the alcohols 
to the structures of the extended fatty acids is 
also notable, in an additional sense, for in 
another type of sebaceous gland, the uropygial 
glands of many birds, the alcohols are normal, 
whereas the acids are polybranched (16). 

About half of the 0t-OH FAME (Table 7) are 
unsaturated. Again, A9 desaturation occurs on 
the primary chains built up by the fatty acid 
synthetase with 16:1 predominating. The 
extensive chain elongation found for the FAME 
and the Falc does not occur with this lipid 
component and only straight odd and straight 
even chains occur. 

The co-OH FAME, on the other hand, show 
the same processes that occur for the FAME 
and the Falc but with certain distinct features 
(Table 2). For these substances, 16:0, 17:0, 
18:0, 19:0, i18:0, i20:0 and possibly a i lg :0  
and ai21:0 appear to be the chains that are first 
built up by the fatty acid synthetase, then A9 
desaturation occurs followed by chain elonga- 
tion, the longest chain being 38:1. Finally, the 
long chains are hydroxylated at the methyl end. 
Hydroxylation occurs to a small extent even 
on some iso and anteiso chains. Besides co- 
hydroxylation, hydroxylation on the anteiso 
methyl carbon could possibly occur. If it did, 
it would yield an c~-branched ethyl group. We 
did not determine the double-bond positional 
isomers of these anteiso chains, because of the 
very small amounts present, and because the 
large amounts of saturated anteiso homologs 
masked them in preparative GC. 

For the normal co-OH acids, the proportion 
of isomers of the 6o9 pattern is, in contrast to 
the other normal monoenes, somewhat greater 
than for the 6o7 pattern (Table 2). As with the 
alcohols, the co-OH fatty acids have no un- 
elongated chains and the elongations are re- 
markably long. 

All co patterns of all chain types are sum- 
marized in Table 8. Considering the relative 
amounts of the various straight even co patterns, 
substantially more acetyl-CoA must be avail- 
able than propionyl-CoA available for initial 
chain buildup of primary chains. Also, note 
that within the straight even chains, 6o7 > 
6o9 > 6o5 > col 1 > 6o3. This distribution paral- 
lels the distribution of the amounts of the pri- 
mary straight even saturated FAME (also listed 
in Table 8) from which each of these co pat- 
terns could be formed by A9 desaturation, i.e., 
1 6 : 0 >  18 :0>  14 :0>  2 0 : 0 >  12:0. The fact 
that the amount of each primary saturated 
chain remaining at that chain length parallels 
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TABLE 7 

~-Hydro;~y Fatty Acids (as Methyl Esters)  
of Steer Meibum a 

Saturates  Unsaturates  
c~-OH acid (%) (%) 

14:0 0.2 
14:1 0.1 
15:0 4.9 
15:1eo6 1.5 
16:0 46.9 
16:1o95 3.0 
16:1w7 34.7 
17:0 0.2 
17:1to8 6.4 
18:0 0.2 
1 8:1co9 1.8 

52.4 47.5 

a~-OH FAME = 0.9% of total FAME of steer 
meibum. 

the amount of that saturate used to synthesize 
the components in a given co pattern suggests 
that the A9 desaturase selects chains for desatu- 
ration randomly, at least for the straight even 
chains. In the case of straight odd chains, the 
distribution is 608 > co6 > col0 > 604 > col2, 
which does not exactly parallel the distribution 
of the amount of corresponding saturated sub- 
strates for random monoene formation of this 
chain type, i.e., 17:0 is not greater than 15:0 as 
would be predicted by a random process 
whereby 17:0 > 15:0 > 19:0 > 13:0 > 21:0 
(Table 8). The only likely explanation we have 
for this difference is that the amounts in ques- 
tion are very small, making the error of meas- 
urement more significant. 

The 6o6 pattern is structurally analogous to 
that of essential fatty acids. This pattern is 
built up by the steer, not by a plant. Plants are 
commonly supposed to be the sole source of 
these acids. However, the co6 pattern in this 
case produces an odd chain length rather than 
the even one normally considered to be "essen- 
tial." Furthermore, these acids are produced for 
external uses by holocrine excretion and are 
not available for any further internal use. 

The iso and anteiso monoenoic FAME com- 
prise 2.0% and 1.6% of the total co patterns in 
contrast to the straight evens and straight o d d s  
that make up 86.2% and 9.8% (Table 8). Con- 
sidering the fact that all the monoenes make up 
ca. 40% of the total unsubstituted acids in 
meibum, of the primary saturated chains built 
up, excluding those forming fatty alcohols, ca. 
80% of the straight evens and 80% of the 
straight odds were desaturated. In contrast, 
11% of the primary saturated iso chains and 
only 3% of the anteiso chains were desaturated, 

again excluding those forming alcohols. This 
implies that the methyl branch of these chains 
impedes the desaturation process, and that the 
anteiso branch impedes it more than the iso 
branch, especially for the lower w patterns, i.e., 
those closer to the co end. Thus; we confirm the 
observation of Brett et al. (17), who found 
considerably less A9 desaturation for the iso 
and anteiso Cls acids when compared with 
stearic acid. However, although only very small 
amounts of unsaturates of iso and anteiso 
chains are formed, they constitute a large num- 
ber of co patterns, 7 each for iso and anteiso. 
The amounts of these w patterns did not corre- 
late significantly with the general distribution 
of primary saturated chains (Table 8). 

Minor variations of the 4-step scheme postu- 
lated above, e.g., chain elongation or chain 
degradation preceding desaturation are also 
possible and, in some cases, may provide a 
better quantitative correlation of the amount of 
co pattern with the amount of primary chain 
build up. The scheme proposed here for the 
formation of all the monoenes could, if the 
desaturation step is omitted, also account for 
all the saturates of the different chains occur- 
ring in meibum. Thus, in summary, study of the 
double-bond patterns of the various chain types 
occurring in steer meibum sheds a good deal of 
light as to how all the chains could be formed. 

For the bulk of the FAME of steer and 
human meibum, our earlier assignments of co 
values for indicating the location of the double 
bonds of a fatty chain, based solely on ECL 
obtained on FFAP glass capillary columns (2), 
were correct, i.e., for each chain length of 16:1, 
18 : 1, 20 : 1, and 22 : 1, 3 position isomers were 
found: 605, co7 and 609, with an additional 

�9 isomer, t o l l ,  for 20:1. For 14:1, the assign- 
ments of the co5 and co7 structures were also 
correct, but we cannot now account for the 
assignment of co6, which occurred to the extent 
of .01% for this chain length. For 24:1 and 
26:1, the assignments w9 and col l  structure 
were made in place of the correct co7 and co9 
structures, and finally, for the odd chain 
lengths 15:1, 17:1, 19:1, 21:1 and 25:1, the 
assignment co7 or 609 was made in place of the 
correct co8 structure. These misassignments 
were made largely on components occurring in 
minute amounts, which produced poorly 
shaped peaks, resulting in retention data of less 
than the accuracy required to make these 
assignments, These misassignments concealed 
the remarkably consistent co patterns that have 
become manifest in the present study. 

Although we did not  perform ozonolysis of 
individual monoenes of human meibum, we did 
ozonize a sample of the entire unsubstituted 
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TABLE 8 

co Patterns of the Chain Types the Occur in Steer Meibum and Other Data 

Type 

to Patterns 

Fatty acid Fatty 
(unsubstituted) alcohols r FA ~o-OH FA 

(%) (%) (%) (%) 

Saturated fatty acids 
(unsubstituted) 

needed for A9 desaturation 

Chain length Percentage a 

Normal even 
w3 tr tr 
co5 8.6 12.0 6.3 
oJ7 45.1 45.8 72.8 34.1 
r 31.3 22.8 3.9 48.3 
coil 1.2 1.2 

86.2 81.8 83.0 82.4 

Normal odd 
0.1 0.6 

to6 2.1 2.5 3.2 
~8 6.9 8.7 13.6 15.7 
r 0.7 0.4 0.8 
to12 tr 

9.8 12,2 16.8 16.5 

Ca2 0.04 
~ 4  0.51 
C16 6.30 
Cos 1.97 
C-.2o 0.12 

8.94 

C~3 0.01 
~s  7 0.61 

0.29 
Ca9 0.03 
C21 tr 

0.94 

Iso 
r O. 1 tr Ca 6 O. 84 
~9 0.4 1.4 0.4 Cas 0.50 
~11 0.8 1.0 0.2 C-z0 0.61 
~13 0.2 0.2 C.z2 0.39 
tol 5 0.4 0.2 Ca4 1.59 
r 0.1 0.1 C~6 2.15 
w19 tr tr Cz8 0.32 

2.0 2.9 0.6 6.40 

Anteiso 
t,.,4 tr 
~o6 tr 
co8 tr 0.4 
wl0 0.2 1.2 
~12 0.4 0.7 
~14 0.3 0.2 
~o16 0.6 0.3 
co18 0.1 tr 
w20 tr 

99.8 99.5 Grand Totals 

1.6 2.8 

99.6 99.7 

Ca7 3.61 
Q9 1.22 
c21 2.18 
C.~3 2.38 
C.zs 9.44 
C~7 4.80 
C~9 1.25 

24.88 

aFrom Ref. 2. 

FAME of  human  me ibum and compared  the  
products  wi th  a similar sample f rom the  steer. 
The a ldehydes  released by this p rocedure  are 
indicative of  the relative amoun t s  of  the co 
pat terns ,  but  are not  quant i ta t ively  equivalent 
to  t hem,  because they  do no t  take in to  account  
the  amoun t  of  aldester  (or a ldaceta te)  in the 
various chains, which also con t r ibu te  to the 
a m o u n t  o f  w pat te rn .  In this fashion,  we estab- 
lished that  h u m a n  me ibum FAME are primarily 
6o7 and 6o9 that ,  we assume, are derived f rom 
A9 desa tura t ion  of  16:0 and 18:0. This con- 
firms the correct  ass ignments  of w7 and 609 
based on ECL values in our earlier s tudy  (2) 
(Tables 9 and 10). Also included are small 

amo u n t s  of  w5,  as in the  steer. 
Human  meibum has ca. 2 t imes as much  co9 

as co7, which is in cont ras t  to the  steer  FAME 
where the 607 is ca. 1.5 t imes larger than the  
6o9 (Table 10). (Note  also tha t  the  to ta l  w 
pa t te rns  f rom this s tudy  and the earlier s tudy 
for  all the fa t ty  chains tabula ted  are in close 
agreement . )  This would  mean that  in the  steer, 
the  A9 desaturat ion of  the  FAME occurs 
mainly on a 16:0 acid, whereas in the  human  it 
occurs  mainly on a 18:0 acid. For  the odd 
chains, 6o8 is p redominan t ,  indicat ing that ,  for  
b o t h  the  steer and the  human ,  A9 desa tura t ion  
is mainly  on  17:0, fo l lowed by chain extens ion.  
A small amo u n t  of  606 (and probably  6010, not  

LIPIDS, VOL. 19, NO. 4 (1984) 



D O U B L E  B O N D S  I N  M E I B U M  275  

e- 

< 

r..) 

"o 

cO 

o', (~ 

< 

"O 

r 
< 

r 

O 

0 

0 

r.,) 

M 

e~ 
r)  

N 

t~ 

~J 

. ~  "O 

. ~  "O 

3 

3 

txl 

I 

I 

.N "~ 

"O 

. o~ 0o 

o~ I I I 

r. 7 
I 1 ~ I I I 

o 

I I o I I 

00 O ('4 ~" xD 

I I I 

I , ~  I I I L I I I 

~ .'2. ~ .~. ~ " ~ ~ ~ 

o o 

o ~ ~ 

I I I 

< 

o 

o 

~ " . 

~ t '~ ,~. 

I ~ -  I I 

r r ('q 

"O 

9 =  ,'o 

e N g + ' o  -o 

�9 ~~,  ~ 

~r~ ~ 

~ ' ~  ~ 

= N - o  

L I P I D S ,  V O L .  19, N O .  4 (1984)  



276 N. NICOLAIDES, E.C. SANTOS AND K. PAPADAKIS 

e~ 

< < 

< 

3 

~Z 

< 

~' ~ i I q l l ~  / 

~ t 

I 

/ 

3 ~ 06 ~ o o ~ 6 d 

~ ~ .'2. ~ "" 

I I I L o 

I I 1 [ I o  

I 

~  

~ o ~ .  ~ o o  

2 

'3 

o 

E 

.o 

Z~ 
< 

O 

~a C 
e- m 

e,, 

LIPIDS, VOL. 19, NO. 4 (1984) 



DOUBLE BONDS IN MEIBUM 277 

listed in Table 10) also occurs. A l though  we did 
n o t  ozonize  the  f a t t y  alcohols  for the human ,  
we can ascribe correct  s t ructures  f rom their  
ECL values ob ta ined  in the present  s tudy 
compared  wi th  those  of  the  earlier s tudy (2) 
(Table 9). In this case, note  that  the h u m a n  
alcohols,  besides having ca. 3 t imes as much  
unsa tura t ion  as the  steer alcohols,  also have 
more  than twice the amoun t  of  6o7 as 6o9 
when compared  wi th  the  steer, c~-Hydroxy acids 
and 6o-hydroxy acids also occur  in the human,  
p robab ly  by similar mechan i sms  to those  of  the  
steer. Thus, we may  assume that  the  b iosynthe-  
sis of the fa t ty  chains of h u m a n  meibum 
parallels that  of the  steer me ibum and that  the 
monoenes  are based on  A9 desa tura t ion  of  the  
same pr imary chains buil t  up by the  fa t ty  acid 
syn the tase  (but  more  of  18:0 than 16:0 for the  
f a t t y  acids) and tha t  these  chains are then  
ex t ended  again to the  same remarkably  long 
chain lengths as in the  steer. 

As was po in ted  ou t  earlier (2), the  unsatu-  
rates of  human  sebum are based on A6 desatu-  
ra t ion  of  the  same 4 skeletal types  of  pr imary 
chains built  up by meibum.  The sebaceous 
gland, however ,  excre tes  on to  a dry  skin sur- 
face, whereas the  me ibomian  gland excretes  on 
to  a wet  surface. Can this  shift  of  6o pa t te rns  of  
unsa tura t ion ,  based on A6 to those  based on  
A9, have any func t iona l  advantage in the 
aqueous  env i ronment  of  tears? We have seen a 
similar shift  in some of  the  unsatura tes  of  
vernix caseosa wax esters and sterol  esters f rom 
A6 to 219 if one  compares  the  6o pa t te rns  of 
adul t  sebum,  excre ted  to a dry skin surface, 
w i th  those  of  vernix caseosa, excre ted  to a wet  
fetal  skin surface (1 8). 
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Singlet Oxygen in Copper-Catalyzed Lipid Peroxidation 
in Ergthrocgte Membranes 

AI-HAO DING and PHILLIP C. CHAN,*  The Department o f  Biochemistry, State University 
o f  New York Downstate Medical Center, Brooklyn, NY 11203 

ABSTRACT 

Lipid hydroperoxide was generated in human erythrocyte membranes by irradiation with near 
ultraviolet (UV) light in the presence of a photosensitizer, hematoporphyrin, but no production of 
2-thiobarbituric acid-reactive materials (malonaldehyde and its precursors) was detected. Incubation of 
the irradiated membranes with CuSO 4 led to increased levels of hydroperoxide and formation of 
malonaldehyde. Iqydroperoxides were essential for initiating the Cu(ll)-catalyzed peroxidation as no 
significant activity was observed with nonirradiated membranes and Cu(ll) unless an organic peroxide, 
either t-butyl hydroperoxide or cumene hydroperoxide, was added. Catalytic activity was also found 
with Fe(ll), but not with other metal ions tested. The peroxidation catalyzed with Cu(ll) was partially 
inhibited by several singlet oxygen quenchers but was not affected by superoxide dismutase, catalase 
or OH" radical scavengers. The possible involvement of singlet oxygen in the Cu(ll)-catalyzed peroxi- 
dation reaction was further supported by a 3-fold enhancement of malonaldehyde production in D 2 O. 
Lipids, 19:278-284, 1984. 

INTRODUCTION 

The complex i ty  of  the mechanisms of lipid 
peroxidat ion is evident f rom numerous  recent  
reports  implicating various reactive oxygen 
species in this process. Some hypotheses  are 
amply substantiated,  whereas others are still 
not  well understood.  These oxygen  species, in- 
cluding the l Ag state of  the singlet molecular  
oxygen (102) (1,2), OH" (3-5), O2: (6-8), 
HO2* (9), H202 ( 1 0 , 1 1 ) a n d  metal-oxygen 
complexes  (11-14),  may be involved in lipid 
peroxidat ion directly or indirect ly  in various 
combinat ions.  Metal ion-catalyzed peroxidat ion  
is most ly considered to be media ted  by OH" via 
the Fenton  react ion (3-5,10,13-15).  The par- 
t ic ipat ion of  IO 2 in some of the lipid peroxida- 
tion systems, however,  is still controversial .  

In this s tudy we used a simple system to 
illustrate a 2-stage peroxida t ion  mechanism in 
e ry th rocy te  membranes.  Lipid hydroperoxides  
were produced by pho toox ida t ion  and, subse- 
quent ly,  ( 'u ( l I )  served as a catalyst  for the 
second stage of  the peroxidat ion  leading to 
malonaldehyde as one of the products.  At- 
tempts  were made to examine the possible 
involvement  of  IO 2 in the metal-catalyzed lipid 
peroxidat ion.  

EXPERIMENTAL PROCEDURES 

Preparation of Erythrocyte Membranes 

Human blood was collected from healthy 
donors. Ery throcyte  membranes  were prepared 
with some modif ica t ion  (16) according to the 

*To whom correspondence should be addressed. 

procedure of  Dodge et al. (17). The membrane 
suspensions, with 1 mg protein per ml, were 
stored at - 7 0  C in a series of  tubes. 

Photooxidation 

A standard react ion mixture ,  which con- 
tained e ry th rocy te  membranes  (1 mg of pro- 
te in/ml) ,  5 ~M hematoporphyr in ,  7 mM sodium 
phosphate ,  pH 7.5, was incubated in a 37 C 
water  bath wi th  constant  stirring and irradiated 
directly with two lS-wat t  Sylvania F ISTS-BE 
blacklight f luorescent  bulbs with a maximum 
emission of  375 nm (18). The light intensity 
was adjusted by the distance of  the light from 
the reaction mixture  and was determined with a 
Black-Ray long-wave ultraviolet ( U V ) m e t e r  
(Ultraviolet  Products  Inc.). The light intensity 
used was 10 W/m 2 unless otherwise indicated. 

Hydroperoxide Determination 

Hydroperoxide  con ten t  in e ry th rocy te  mem- 
branes was determined iodometr ical ly  accord- 
ing to the procedure  of Buege and Aust (19) 
and expressed as nmol hydropcrox ide /mg 
membrane  protein.  A molar ext inct ion coeffi- 
c i e n t o f  1.73 x 104 at 353 n m ( 1 9 )  wasused.  

Cu (I I)-Catalyzed Peroxiflation 
and Malonaldehyde Determination 

A standard react ion mixture  containing an 
irradiated membrane  sample with 0.5 mg pro- 
tein, 5 mM sodium phosphate and 50 ~tM 
CuSO4 in a total  volume of 1.0 ml, plt 7.5, was 
incubated at 37 C. The reaction was stopped by 
the addi t ion of 10 /al of 0.5 M e thylenediamine  
tetraacetic  acid (EDTA)  and 50 /al of 6.1 M 
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trichloroacetic acid. The mixture was centri- 
fuged at 2,000 x g in an International Refriger- 
ated Centrifuge for 10 rain. An aliquot of the 
supernatant (0.8 ml) was taken for thiobabituric 
acid assay according to the procedure of 
Bidlack and Tappel (20). The spectrum of the 
reaction products between 400 and 650 nm was 
identical to that of a standard malonaldehyde 
sample. Therefore, the thiobarbituric acid- 
reactive materials in the products were assumed 
to be malonaldehyde and its precursors. The 
results were expressed as equivalent amounts of 
malonaldehyde per mg membrane protein. The 
molar extinction of 1.56 X l0 s at 532 nm (21) 
was used in the assay. 

Materials 

Hematoporphyrin dihydrochloride was ob- 
tained from Sigma Chemical Co., St. Louis, 
MO; 1,4-diazabicyclo [2,2,2]octane (DABCO) 
from Matheson, Coleman and Bell (Norwood, 
OH); 2,5-dimethylfuran (DMF) from Aldrich 
Chemical Co. (Milwaukee, WI); 2,5-dipheny- 
furan (DPF) from Eastman Kodak Co., Roches- 
ter, NY; 99.8% D 20  from Bio-Rad Lab0ratori~s 
(Richmond, CA); beef liver catalase f rom 
Boehringer Mannheim Biochemicals (Mann- 
heim, W. Germany). All other chemicals were 
of reagent grade. Superoxide dismutase (SOD) 
was purified from bovine erythrocyte s accord- 
ing to the procedure of McCord and Fridovich 
(22). 

R ESU LTS 

Production of Hydroperoxides during Photooxidation 

That singlet oxygen can directly react with a 
double bond in an unsaturated fatty acid by a 
concerted addition to yield an allylic hydro- 
peroxide has been well established (23-25). 
Figure 1 shows that when erythrocyte mem- 
branes were exposed to near UV light, in 
the presence of 5 pM hematoporphyrin, the 
accumulation of hydroperoxides increased 
throughout the course of irradiation. But no 
simultaneous production of malonaldehyde 
occurred, which suggests that oxidation of 
membrane lipid by singlet oxygen alone can 
lead to lipid hydroperoxides as relatively stable 
end products. 

Cu(I I I-Catalyzed Lipid Peroxidation 

As shown in Figure 2, when irradiated mem- 
branes were incubated with 50 /aM CuSO4, 
malonaldehyde was formed continuously up to 
120 rain. No significant malonaldehyde produc- 
tion was found in an irradiated membrane 
sample incubated without Cu(II), a nonirradi- 
ated sample incubated with Cu(II), or a mem- 
brane sample irradiated in the absence of 

40 , , 
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e,- ~ '30 
o ~ .  

- - ~ 2 0  
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'5 I0 20 30  

IRRADIATION TIME (min) 

FIG. 1. Production of hydroperoxides by photo- 
oxidation, Erythrocyte membranes were irradiated for 
varying lengths of time and assayed for hydroperoxide 
(a) and malonaldehyde (o) contents, as described 
under Experimental Procedures. 
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FIG. 2. Cu(II)-catalyzed peroxidation in irradiated 
membranes. Erythrocyte membranes were irradiated 
for 10 rain, then incubated with (*) or without (o) 
50 ~M CuSO4, as described under Experimental Pro- 
cedures. Malonaldehyde produced during incubation 
with Cu(II) and either membranes irradiated in the 
absence of hematoporphyrin or nonirradiated mem- 
branes with hematoporphyrin is represented by (x). 

hematoporphyrin and then incubated with 
Cu(II). This suggests the requirement of some 
photooxidation products as precursors for 
malonaldehyde production. 

Attempts were made to correlate the initial 
concentration of hydroperoxides formed during 
photooxidation with malonaldehyde produc- 
tion in subsequent incubation with Cu(II). 
After membrane samples were irradiated for 
varying lengths of time, their hydroperoxide 
contents were determined, and they were then 

LIPIDS, VOL. 19, NO. 4 (1984) 



280 A. DING AND P.C. CHAN 

incubated with  50 gM CuSO4 for 30 min. 
Figure 3 shows that  the p roduc t ion  of  malonal- 
dehyde increased propor t ional ly  to the initial 
hydroperox ide  concent ra t ion  up to 6 nmol /mg  
membrane  protein,  then leveled of f  gradually as 
it approached a saturat ion point .  When the con- 
centrat ion of  hydroperox ide  was below 2 nmol /  
mg protein,  no significant malona ldehyde  pro- 
duct ion was detected.  This may  be because of  

.•30 

}2o 
C 

,o 

J 
o 

o: 

I I I i 

30 60 90 120 
INCUBATION TIME (rain) 

FIG. 3. Cu(II)-catalyzed malonaldehyde produc- 
tion as a function of initial hydroperoxide concentra- 
tion. Erythrocyte membranes were irradiated at 
8 W/m 2 for varying lengths of time. Hydroperoxide 
content was determined and duplicate irradiated 
samples were incubated with 50 ~M CuSO 4 for 
30 rain. Malonaldehyde formed during the incubation 
of irradiated membranes with CuSO 4 was determined. 

the  presence of endogenous ant ioxidants  as 
observed in an early s tudy on membrane  lipid 
peroxidat ion  in the presence of  Cu(II)  and 
H2 02 ,  in which lipid peroxida t ion  was also not  
de tec ted  at low concent ra t ions  of  Hz 02 (11). 

Requirement of Hydroperoxides 
for Malonaldehyde Production 

Figure 4 provides addit ional  support  for the 
requi rement  of  hydroperoxides  in Cu(II)- 
catalyzed peroxidat ion.  Incubat ion  of  non- 
irradiated membranes  with either cumene 
hydroperox ide  or  t -butyl  hydroperox ide  in the 
presence of  50 /JM CuSO 4 also led to produc- 
t ion of malonaldehyde.  Fur thermore ,  the re- 
suits indicate that  hematoporphyr in ,  which was 
present in most  o f  the o ther  experiments ,  was 
not  necessary for the hydroperox ide-dependen t  
lipid peroxida t ion  catalyzed by Cu(II). 

Another  exper iment  was carried out  to fur- 
ther illustrate the  requi rement  o f  hydroperox-  
ides for malonaldehyde  product ion.  When 
irradiated membranes  were t reated with KI, 
60% of the hydroperoxides  were reduced. After  
removal  of excess reagents by washing, the 
membranes  were incubated with  50/ IM CuSO4. 
Product ion  of  malona ldehyde  in the KI-treated 
sample was only ca. 20% of  that  in the control  
(data not  shown). 

Time Course of Cu(ll )-Catalyzed Peroxidation 

During the incubat ion of  irradiated mem- 
branes with Cu(II),  a cont inuous  change in the 
concent ra t ions  of  hydroperox ides  and malonal-  

~-20 i , , [ dehyde was found,  as shown in Figure 5. The 

E ~o ~ ' a  20 

I0 

0 l , ' ' ' -  i i i ~ 1  g 
50 I00 150 200 "J Oi 
HYDROPEROXIDE (~M) 

FIG. 4. Cu(II)-catalyzed membrane lipid peroxida- 
tion in the presence of either t-butyl hydroperoxide or 
cumene hydroperoxide. Erythrocyte membranes were 
preincubated with either t-butyl hydroperoxide (e) or 
cumene hydroperoxide (A) for 1 hr at 37 C, then 
incubated with 50 ~M CuSO 4 for another 2 hr. 
Malonaldehyde production was determined as de- 
scribed under Experimental Procedures. 

6 0  120 180 
INCUBATION TIME (rain) 

FIG. 5. Time course of Cu(II)-catalyzed lipid 
peroxidation. Erythrocyte membranes were irradiated 
for 10 min, then incubated with 50 #M CuSO 4 as 
described under Experimental Procedures. Aliquots 
were taken at different intervals, as indicated, and 
assayed for their hydroperoxide and malonaldehyde 
contents. 
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hydroperoxide content in the membrane 
increased ca. 3-fold in 30 min and declined 
gradually thereafter. Meanwhile, the production 
of malonaldehyde, starting from zero time, 
increased steadily throughout the incubation 
time of 3 hr. 

results appear to indicate that the mechanisms 
of catalysis by these 2 metal ions are quite dif- 
ferent. Moreover, at low concentrations, close 
to physiological conditions (below 0.1 mM), 
the effect of Cu(II) is more pronounced than 
Fe(II). 

Catalytic Activity of Cu(l l}  and Fe(l l)  

An earlier study (11) showed that Cu(II) was 
uniquely capable of catalyzing membrane lipid 
peroxidation in the presence of H202. Several 
other transition metal ions have also been impli- 
cated in lipid peroxidation in some other model 
systems (4,10,11,14). 

Table 1 compares the catalytic activities of 
various transition metal ions on the peroxida- 
tion of irradiated erythrocyte membranes. Pro- 
duction of malonaldehyde was observed in 
catalysis with either Cu(II) or Fe(II), while the 
other metal ions tested were without significant 
activities. The addition of ADP did not poten- 
tiate the activity of either Fe(II) or Fe(III). 

The metal ion receiving the most attention 
in lipid peroxidation is the ferrous ion, which is 
thought to play an important role in the Haber- 
Weiss reaction and the Fenton reaction. How- 
ever, in our system, at the concentration of 
0.05 mM, Cu(II) was twice as effective as 
Fe(lI) in catalyzing peroxidation in irradiated 
membranes (Table 1). 

The effects of Cu(II) and Fe(II) were com- 
pared at various concentrations in Figure 6. 
Cu(II), serving as a catalyst in the peroxidation, 
reached a maximum at 0.1 mM and remained at 
a plateau thereafter. On the other hand, the 
catalytic activity of Fe(II) increased steadily 
throughout the concentration range tested. The 

T A B L E  1 

Effects of Metal Ions a 

Metal ion b Malonaldehyde production 

(50/~M) (nmol/mg protein) 
CuSO 4 15.6 
FeSO 4 8.6 
Fe SO 4 8.5 

(plus 0.2 mM ADP) 
FeClz 0.4 
FeClz 0.2 

(plus 0.2 mM ADP) 
SnCI~ 0.1 

aErythrocyte membranes were irradiated for 10 
min and then incubated for 30 min with various metal 
ions, as indicated. The procedures for irradiation, 
incubation and malonaldehyde assay were as described 
under Experimental Procedures. 

Effects of Various Scavengers 

The hydroxyl radical, superoxide radical and 
hydrogen peroxide have often been implicated 
in metal-catalyzed lipid peroxidation (6,8,11, 
26-28). Table 2 shows that malonaldehyde pro- 
duction in Cu(II)-catalyzed peroxidation in the 
irradiated membranes was not affected by 
addition of scavengers of OH" radicals such as 
formate, benzoate, mannitol or methanol. In 
addition, neither superoxide dismutase nor 
catalase inhibited the reaction. Thus, OH' ,  O2 r 
and H202 may be excluded as major mediators 
in the peroxidation. In contrast, a nonspecific 
free radical scavenger, either 2,6-ditert-butyl-p- 
cresol (BHT) or 2,(3)-tert-butyl-4-hydroxy- 
anisole (BHA), was able to abolish malonal- 
dehyde production, which implies the involve- 
ment of other free radicals, possibly peroxy and 
alkoxy radicals, in this process. 

When 102 scavengers, DABCO, DMF, DPF 
and NAN3, were tested, they all showed partial 
inhibitory effects (Table 2), which suggested 
that 102 may also be involved. However, as has 
been pointed out, these scavengers and quench- 
ers for 102 are not specific (29,30). To further 
examine its involvement by other means is 
necessary. 
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FIG. 6. Membrane lipid peroxidation as a function 
of Cu(II) or Fe(II) concentration. Erythrocyte mem- 
branes were irradiated for 10 min, and then incubated 
with varying concentrations of either CuSO 4 (o) or 

bMetal ions tested without detectable effects in- FeSO 4 (e) for 30 rain. Matonaldehyde production was 
cluded CdC12, NiSO4, COC12, Cr(NO~)3, MnSO4, determined as described under Experimental Proce- 
ZnSO 4 and HgC12. dures. 
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T A B L E  2 

Effects of Scavengers on Malonaldehyde Production a o 20  
e~ 
c n  

Percentage 
Addition Concentration of control -~ 

E 
Sodium benzoate 20 mM 97 w 
Sodium formate 20 mM 97 a 10 
D-Mannitol 20 mM 102 
Methanol 24 mM 102 u.I 
SOD 20 ~g/ml 100 _.J 
Catalase 20/~g/ml 98 ,~ 
DMF 20 mM 42 
DPF 2 mM 60 ..A 
DPF 20 mM 46 
DABCO 40 mM 76 
NaN 3 10 mM 76 
NaN 3 20 mM 67 
NaN a 30 mM 41 
BHA 10 #M 3 
BHT 10 ~zM 2 

aErythrocyte membranes were irradiated for 
10 rain. Various scavengers were added as indicated, 
and then the mixtures were incubated in the presence 
of 50 #M of CuSO 4 for 30 rain. DMF, BHA and BHT 
were dissolved in methanol, and DPF in acetone. The 
equivalent amount of each solvent was added to the 
respective control. Details of the experiments were as 
described under Experimental Procedures except that 
the effect of DABCO was tested in 20 mM Tris buffer, 
pH 8.5. 

Effect of D 2 0  on Photooxidation 
and on Cu(ll)-Catalyzed Peroxidation 

As the  m e a n  l i fe t ime  of  102 in D 2 0  is more  
t h a n  10 t imes  longer t h a n  in H 2 0  (31),  an  
e n h a n c e m e n t  of reac t iv i ty  involving 102 would  
be expec t ed  when  Dz O is s ubs t i t u t ed  for  H 2 0  
in the  m e d i u m .  

Because 102 is k n o w n  to  be a m e d i a t o r  in 
h e m a t o p o r p h y r i n - c a t a l y z e d  p h o t o o x i d a t i o n ,  we 
found ,  as expec ted ,  t h a t  i r r ad ia t ion  of  e ry th ro -  
cyte  m e m b r a n e  in D 2 0  resu l ted  in 3 t imes  
greater  p r o d u c t i o n  of  lipid h y d r o p e r o x i d e s  
c o m p a r e d  wi th  t ha t  in H~O (data  no t  shown) .  
An effec t  of  D 2 0  was also f o u n d  in the  second  
stage of  pe rox ida t ion .  As s h o w n  in Figure 7, 
w h e n  a m e m b r a n e  sample  was i r radia ted  in 
H 2 0  and  subsequen t l y  i n c u b a t e d  w i th  CuSO 4 
in  95% D 2 0 ,  a 3-fold ac t iva t ion  in malona l -  
d e h y d e  p r o d u c t i o n  occurred .  

DISCUSSION 

Several recen t  s tudies  have impl ica ted  in- 
vo lvemen t  o f  singlet oxygen  in m e m b r a n e  l ipid 
p e r o x i d a t i o n  by  0 2 ; - g e n e r a t i n g  sys tems such  
x a n t h i n e - x a n t h i n e  oxidase  (32-34)  and  micro-  
somal  NADPH c y t o c h r o m e  P4s0 reduc tase  (33,  
35-37).  Tha t  102 could  be p r o d u c e d  f rom o t h e r  
oxygen  species via i n t e r ac t i on  b e t w e e n  O2 r and  

01 
I0 20 50  

INCUBATION TIME (rain) 

FIG. 7. Effect of D20 in Cu(II)-catalyzed lipid 
peroxidation in irradiated membranes. Erythrocyte 
membranes were irradiated at 5 W/m 2 for  10 min in 
an H 2 O medium. One-half of the sample was washed 
with D20 buffer and finally incubated with 50 gM 
CuSO, in 95% D20 (o). The other half was treated 
similarly in an H20 medium (o). 

H 2 0 2  (6 ,28 ,37) ,  d i s m u t a t i o n  of  O2; (33)  and  
b r e a k d o w n  of  h y d r o p e r o x i d e  t h r o u g h  pe roxy  
radicals  ( 28 ,38 )  has been  suggested.  These inter-  
convers ions  among  various react ive oxygen  
species, however ,  are still no t  well u n d e r s t o o d  
and  r e m a i n  con t rovers ia l  (39 ,40) .  The  scavengers 
and  quenche r s  for 102 o f t en  used in these  
s tudies  are no t  specific (29 ,30 ,41) .  Conse-  
quen t ly ,  t he  evidence for  the  invo lvemen t  of  
102 in a complex ,  enzyme-ca ta lyzed  lipid 
p e r o x i d a t i o n  has o f t en  b e e n  ques t ioned  (40,  
42). 

In the  p resen t  s t udy  on  the  2 stages of  l ipid 
pe rox ida t i on  in e r y t h r o c y t e  m e m b r a n e s ,  a well- 
es tabl i shed  102-genera t ing  sys tem,  h e m a t o p o r -  
phyr in -ca ta lyzed  p h o t o o x i d a t i o n  (2 ,18) ,  was 
used in t he  first stage. Lipid h y d r o p e r o x i d e s  
were gene ra t ed  by  the  i r rad ia t ion  of  m e m b r a n e s  
in the  presence  of 5 ~M h e m a t o p o r p h y r i n ,  bu t  
no s igni f icant  m a l o n a l d e h y d e  p r o d u c t i o n  was 
f o u n d  f rom the  p h o t o o x i d a t i o n  (Fig. 1), sug- 
gesting t h a t  102 a lone  is no t  suff ic ient  to  cause 
chain  o x i d a t i o n  leading to free-radical  r eac t ion  
products .  

In  the  second  stage, l ipid h y d r o p e r o x i d e s  
served as in i t i a to r s  for  Cu(I I ) -ca ta lyzed  peroxi-  
da t ion .  F u r t h e r  increases in lipid h y d r o p e r o x -  
ides and  f o r m a t i o n  of m a l o n a l d e h y d e  were  
f o u n d  (Fig. 5). The  r e q u i r e m e n t  of  h y d r o p e r o x -  
ide as an  in i t i a to r  was s u p p o r t e d  by  the  fol low- 
ing results:  (a) at low concen t r a t i ons ,  t he  
p r o d u c t i o n  of  m a l o n a l d e h y d e  was cor re la ted  
w i th  the  ini t ia l  c o n c e n t r a t i o n  of lipid per- 
oxides  f o r m e d  dur ing  p h o t o o x i d a t i o n  (Fig. 3);  
(b)  w h e n  an i r radia ted m e m b r a n e  sample was 
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treated with KI to partially reduce the lipid 
peroxides, the subsequent production of 
malonaldehyde when incubated with Cu(II) was 
also decreased; and (c) when a nonirradiated 
membrane sample was incubated with Cu(II) in 
the presence of either t-butyl hydroperoxide or 
cumene hydroperoxide, lipid peroxidation was 
also detected by the production of malonal- 
dehyde (Fig. 4). 

The time course study in Figure 5 supports 
the hypothesis that lipid hydroperoxides are 
intermediates in the production of malonal- 
dehyde (5). Within 30 min, the concentration 
of lipid hydroperoxides increased to a maxi- 
mum and then declined gradually thereafter, 
whereas the amount of malonaldehyde accumu- 
lated continuously. The 3-fold increase of lipid 
hydroperoxide indicates that Cu(II)-catalyzed 
lipid peroxidation is not a simple conversion of 
hydroperoxide to malonaldehyde. It also in- 
cludes a propagation of a chain reaction in the 
production of more hydroperoxides as inter- 
mediates. 

Involvement of 102 in Cu(II)-catalyzed 
peroxidation was supported by the effects of 
D20  and 102 scavengers. When a sample of 
irradiated membranes in a H20  medium was 
washed and subsequently resuspended and in- 
cubated with Cu(II) in a D20 medium, up to 
3-fold activation of  malonaldehyde production 
was observed (Fig. 7). The ao 2 scavengers, 
which exerted significant inhibitory effects 
in Cu(II)-catalyzed peroxidation, included 
DABCO, DMF, DPF and azide (Table 2). 
However, none of the 102 scavengers, even at 
relatively high concentrations, inhibited malon- 
aldehyde production completely (Table 2). It 
implies that a fraction of the malonaldehyde 
produced was generated by a free-radical 
peroxidation mechanism that did not require 
102 as a mediator. 

In order to study the possible involvement 
of OH" and other potential derivatives from 
H2 02 and/or O2 r ,  the effects of catalase, SOD 
and several well known scavengers for OH" 
were examined. Neither O2 r nor H2 02 appears 
to play an important role in the Cu(II)-cata- 
lyzed peroxidation, as no significant difference 
was observed in the presence of either SOD or 
catalase (Table 2). Competitive studies with 
OH" scavengers, including mannitol, formate, 
benzoate and methanol, also did not  show any 
detectable effect (Table 2). In other systems in 
which 02- and H202 are thought to be in- 
volved to generate OH" in the Fenton reaction, 
inhibition of lipid peroxidation by catalase, 
SOD or OH" scavengers was observed (15,32, 
34,43). Thus, in this system, the OH" radical is 
not likely to be a major mediator. However, the 

possibility of generation of any of these species 
right at the site of reaction is not excluded, 
thus eluding the effect of a scavenger or a pro- 
tective enzyme in the aqueous medium. 

Russell (44) postulated a mechanism for the 
conversion of peroxy radicals to alkoxy radicals 
accompanied by the production of molecular 
oxygen. Hawco et al. (26) suggested that the 
oxygen product might be in the singlet state 
based on the chemiluminescence they observed 
during the ceric ion-catalyzed decomposition of 
linoleic acid hydroperoxide. Nakano et al. (38) 
cited the same mechanism in their spectro- 
scopic studies on the decomposition of organic 
peroxy radicals. Possible generation of 102 
from lipid hydroperoxide was also indicated in 
the study of Lai et al. (45) using DPF as a trap. 
Perhaps a similar mechanism may also be in- 
volved in the hydroperoxide-dependent lipid 
peroxidation catalyzed by Cu(II) in the eryth- 
rocyte membrane. The metal ion could react 
with hydroperoxides to form peroxy radicals 
(46) and thus lead to further generation of 102 
which, in turn, reacts with unsaturated fatty 
acids to create additional hydroperoxides. 
Cu(II) may also catalyze the decomposition of 
peroxy radicals to produce malonaldehyde. 

This study clearly demonstrates a two-step 
mechanism of lipid peroxidation in erythrocyte 
membranes: hematoporphyrin-sensitized photo- 
oxidation and Cu(II)-catalyzed, hydroperoxide- 
dependent free-radical chain reaction leading to 
malonaldehyde production. The results suggest 
t h a t  10 2 plays a partial role in the hydroperox- 
ide-dependent lipid peroxidation catalyzed by 
Cu(II). They also indicate that 10 2 by itself is 
not capable of propagating the chain peroxida- 
tion reaction to generate malonaldehyde. 
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ABSTRACT 

The ciliate, Tetrahymena, was provided a supplement of the fatty acid [1-14C] 18:2A6,9. After a 
period of growth the cells were claimed, the lipids extracted, the polar lipids recovered and the mild 
alkali-labile fatty acid methyl esters generated. The fatty acids were resolved by high pressure liquid 
chromatography (HPLC), the 18:3A6,9,12 (3'-linolenic acid) was recovered and its identity verified by 
high pressure liquid chromatography (HPLC), gas liquid chromatography (GLC), hydrogenation and 
oxidation. Fifty-three percent of the cell-associated label was found in "r-linolenic acid; thus, a A12 
fatty acid desaturase converts the 6,9 octadecadienoic acid to the 6,9,12 derivative. No carboxyl or 
methyl terminus restriction appears on A9 monoenoic or dienoic fatty acid desaturation in this cell 
as is found in higher plants and animals. 
Lipids, 19:285-288, 1984. 

Unsaturated fa t ty  acids are synthesized in 
Tetrahymena through a series of  steps that  give 
rise to a mix ture  of  9-monoenoic  fa t ty  acids, 
bo th  9,12- and 6,9-dienoic acids, and finally the 
6,9,12-tr ienoic acids (Fig. 1) (1-7). These 
react ions are carried out  by  fa t ty  acid desatu- 
rases that  probably  include 3 separate enzymes,  
wi th  specificity for p lacement  of  the double 
bond at C-6, C-9 and C-12. As is the general 
case for eukaryot ic  cells, the  first double  bond 
inserted in Tetrahymena fa t ty  acids is that  at 
C 9,10. The specificity of  the 9 desaturase has 
been studied extensively in vivo and l imited 
in vitro investigations wi th  palmitic and stearic 
acids have been per formed (8,9). Normal  fa t ty  
acids of chain length Cis~ w can serve as sub- 
strates for this enzyme,  with chain lengths of  
C17-19 preferred. Branched chain ( iso)acids  are 
less effect ive substrates, but  C16-19 monoeno ic  
acids are formed (3,6). Anteiso branched chain 
acids are not  substrates for the 9 desaturase (6). 

The array of  polyunsatura ted  fa t ty  acids in 
Tetrahymena indicates that the 6 desaturase 
can use a variety of  normal  fa t ty  acids as sub- 
strates. A9 Monoenes  are desaturated to 6,9 
dienes (4,7), an 1 1 monoene  is desaturated to a 
6,11 diene (4,10) and 9,12-dienes of  C 1 6 - 1 9  

chain length give rise to 6,9,12-tr ienoic acids 
(1,4,10). Branched chain 9 m o n o u n s a t u r a t e d  
acids are not  fur ther  desaturated in this organ- 
ism, presumably because the bulk of  the methyl  
group prevents proper  binding to the enzyme 

Our knowledge about  substrate specifici ty of  
the A12 desaturat ion step is more l imited. The 
in t roduc t ion  of  a double  bond into 9 monoeno ic  
acids to give rise to the corresponding 9,12 
dienes is. the  only previously known react ion in 

*To whom correspondence should be addressed. 

20:IDol3 (n) 
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18:IA il ( n ) ~ l  8:2A6,11 (n) 

16: lAg(n) 
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/ 
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18:2 "x6'9 (n) \ 

: 
I 
I 

i II II 14 8 4 20 : IA  ( n ) ~ 2 0 : 2 A '  ( n ) ~ 2 0 : S A ' "  (n) 

FIG. 1. Proposed scheme for the synthesis of 
unsaturated fatty acids in Tetrahymena. The solid 
arrows indicate reactions that have been demon- 
strated and the dashed arrows those sequences that are 
assumed; (n), normal. The information in this figure 
canbe found in references 1, 2, 4 and 10. 

Tetrahymena, taking place on normal  fa t ty  
acids of  chain lengths of C 1 6 - 1 9  (1,2,10). No 
12 monoenes  have been detected,  so that  the  
A12 desaturase apparent ly  is not  active on 
saturated fa t ty  acids as substrates. Branched- 
chain acids are not  substrates for this enzyme.  

The lack of availability of radiolabeled 
6,9 dienoic fa t ty  acids has deterred resolut ion 
of the quest ion of the  suitabil i ty of such com- 
pounds as substrates for the  12 desaturase in 
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Tetrahymena. An unsaturated fatty acid 
auxotroph of Tetrahymena (RH179E1) has 
been isolated that can be grown with an exten- 
sive series of unsaturated fatty acids (11). This 
mutant  is deficient in both 9- and 12-desaturase 
activity, although a functional 6 desaturase 
is present (12). The 9monoene ,  oleic acid, 
therefore, is converted in high yield to cis, cis 
18:2A6,9. This property of the mutant  allowed 
the preparation of the labeled diene that could 
be used, in turn, as a supplement with the wild 
cells to determine whether this compound is 
effectively converted by the 12 desaturase to 
18:3A6,9,12. 

MATERIALS AND METHODS 

absorption at 254 nm, and collected individ- 
uaUy for further analysis. To verify peak identi- 
fications, phenacyl esters were concentrated 
from the HPLC solvent by evaporation under 
nitrogen and converted to methyl esters by 
treatment with 0.5 N HC1 in methanol heated 
under nitrogen for 30 rain at 75 C. Gas liquid 
chromatography (GLC) was performed on a 
6-ft column packed with 15% HI-Eff-BP (Ap- 
plied Science)in a Varian 2100 chromatograph. 
The retention times of methyl esters were com- 
pared with those previously obtained (4). 
Radiolabeled samples were dried with a stream 
of nitrogen, dispersed in 5 ml Liquiscint (Na- 
tional Diagnostics) and counted in a Packard 
3255 Liquid Scintillation Spectrometer. 

Preparation of Radiolabeled 
6,90ctadecadienoic Acid 

Two 500 ml cultures of T. thermophila 
(RH179E1) were grown in 2% pepticase (She- 
field, Inc.; Nashville, TN), 0.1% yeast extract 
(Difco) and 45 /IM Fe:EDTA (ethylenediamine 
tetraacetic acid) chelate (13). Cultures were 
supplemented with 5 pC; [1J4C]oleic acid 
(Amersham, Inc.)(sp.act. 57.4 mCi/mmol)and 
incubated for 48 hr at 28.5 C. An additional 3- 
cultures without the radiosupplement were 
used as a source of carrier lipid. The ciliates 
were claimed by continuous-flow centrifugation 
(14), lyophilized and extracted thrice with 
warm chloroform/methanol (2:1, v/v) (4). The 
extracts were combined and passed through a 

sintered glass filter. The solvents were removed 
by rotary evaporation under reduced pressure. 
Nonlipid contaminants were eliminated by the 
use of a gel filtration column (I 5) and the puri- 
fied lipids were resolved into neutral and polar 
fractions by Unisil column chromatography (4). 
Free fatty acids (FFA) were released from the 
polar lipids by heating under nitrogen for 
30 min at 75 C in 10% KOH in 80% methanol/ 
20% water. The fatty acids were extracted after 
acidification with He1 into diethyl ether, and 
concentrated. Phenacyl esters were prepared by 
the method of Engelhardt and Elgass (16). The 
derivatives were injected directly onto the high 
pressure liquid chromatography (HPLC) col- 
umn. HPLC separations were carried out on a 
Beckman Model 332 Gradient Liquid Chroma- 
tograph equipped with a Hitachi Model 100-10 
variable wavelength spectrophotometer, and a 
5 pm Ultrasphere ODS reversed phase column. 
HPLC grade water and acetonitrile were from 
J. T. Baker. Elution of phenacyl esters was per- 
formed with 80% acetonitrile/water (v/v) for 
45 min at a flow rate of 2 ml/min, followed by 
acetonitrile for an additional 25 rain, as de- 
scribed by Borch (17). Esters were detected by 

Hydrogenation 

Purified samples of 18:2A6,9 and 18:3A6,9, 
12 methyl esters were subjected to catalytic 
hydrogenation with platinum oxide. 

Double Bond Positioning 

The purified fatty acid methyl ester samples 
were subjected to periodate-permanganate oxi- 
dation, and the monoenoic fragments were 
analyzed directly by GLC (4). The dicarboxylic 
fragments were methylated with diazomethane 
and chromatographed (4). Identification of the 
fragments was made by cochromatography with 
authentic standards (4,10). When aliquots of 
purified 18:2A6,9 were oxidized, the presence 
of the monocarboxylic acid, nonanoate and the 
dicarboxylic acid fragment, adipate, verified 
our earlier report (4) and established that the 
purified preparation contained less than 5% 
contamination by the 9,12 isomer, as evidenced 
by the lack of azaleic acid after oxidation. 

The purified radiolabeled 18:2A6,9 (1.9 x 
106 dpm/13.4 /amol) was added step by step to 
2, 500 ml cultures of T. pyriformis W. After a 
40 hr incubation at 28.5 C, the cells were 
claimed and subjected to the procedures de- 
scribed above. The 18:3A6,9,12 was isolated by 
HPLC, its identity was verified by GLC and an 
aliquot was assessed for radioactivity. A second 
portion was hydrogenated and found to yield 
only stearic acid (18:0). Periodate-permanga- 
nate oxidation produced hexanoic and adipic 
acids, confirming the identity of the trienoic 
acid. 

RESULTS AND DISCUSSION 

Three octadecadienoic acid isomers have 
been identified in Tetrahymena sp: 18:2A6,9, 
18:2A9,12 and 18:2A6,11 are found in a mass 
ratio of 1:8:3 in T. pyriformis W (4). The first 
2 are formed from oleic acid, whereas the last 
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or iginates  via the  palmi tole ic  acid p a t h w a y  
(Fig. 1) (10).  In wild cells 18:2A9,12 predomi- 
nates, whereas  in a m u t a n t  of  T. thermophila 
( R H I 7 9 E I )  t ha t  is defect ive  in A9 and  A I 2  
desa tu ra t ion ,  the  6,9 i somer  is mos t  a b u n d a n t  
when  olea te  is provided as a s u p p l e m e n t  (12).  

The  r e t e n t i o n  t imes  relat ive to m e t h y l  stea- 
rate on  GLC (12% DEGS)  of  the m e t h y l  esters 
of  the  oc t adecad ieno ic  isomers  are: 6,11 (1 .35) ;  
6,9 (1 .40) ;  9 ,12 (1.47).  C h r o m a t o g r a p h y  on 
silver n i t ra te  impregna t ed  Unisil  developed wi th  
increasing c o n c e n t r a t i o n s  of benzene  in pet ro-  
leum e the r  show an e lu t ion  pa t t e rn  of  9 ,12 < 
6,9 < 6,11.  This  p rocedure  resolves the  6,11 
isomer  f rom the  o the r  two.  HPLC of  the  
phenacy l  esters differs in the  order  of  e lu t ion .  
The 9,12 phenacy l  ester  emerges first, fo l lowed 
closely by  the  6,11 der ivat ive;  the  6,9 i somer  is 
cleanly separa ted  f rom the  o the r  two u n d e r  the  
cond i t i ons  emp loyed  and emerges last. 7- 
L ino lenoy l  phenacy l  ester  and  oleoyl  phenacy l  
esters elute  ahead of  and  beh ind  oc tadecadie-  
noyl  esters,  respect ively  (Table  1 ). 

TABLE 1 

IIPLC Retention Times Relative to 18:3 (1.00) 
of the Phenacyl Fatty Acids Esters Derived 

from the Glycerophospholipids of Tetrahymena 

Fatty acid RRT 

12:0 0.71 
18.3 1 .00  
14:0 1.29 
16:1 1.35 
18:2A9,12 1.47 
18:2A6,9 1.62 
16:0 2.41 
18:1 2.47 

rABLE 2 

Distribution of Radioactivity in the Fatty Acids 
of the Polar Lipids of Tetrahymena Incubated 

with 1-[14C]18:2A6,9 

Fatty acid a % of Radioactivity 

18:1 < 0 . 1  
18:2A6,9 43 
18:3A6,9,12 53 

aThe fatty acids were recovered from the polar 
lipids, converted to the phenacyl esters, resolved by 
HPLC and the radioactivity determined. 

than  5% as d e t e r m i n e d  by  analysis  of  the  oxida-  
t ion  f r agments  and by  HPLC, thus ,  could no t  
a ccoun t  for  the  convers ion  observed.  The 12 de- 
saturase can use an app rop r i a t e  6,9 dienoic  acid 
as a subs t ra t e  in add i t i on  to the  9 monoenes .  

We may  conc lude  tha t  in Tetrahymena, no 
abso lu te  specif ic i ty  exists in the  sequence  of  
inser t ion  of  double  bonds  in to  long-chain 
no rma l  acids o t h e r  than  tha t  9 desa tu ra t i on  
must  occur  first. The 9 m o n o e n e s  are sui table  
subs t ra tes  for  b o t h  the  6 and  the  12 desatu-  
rases, a l t hough  9 ,12 dienes  are found  in larger 
a m o u n t s  in this ciliate than  the  6,9 isomers  
(1,2,4).  C16-19 dienoic  acids have been no t ed  in 
Tetrahymena and,  whereas  only  the  18 ca rbon  
acids have been shown to undergo  fu r the r  
desa tu ra t ion ,  t ha t  the  o t h e r  chain  length  6,9 
dienes also could serve as minor  subs t ra tes  for  
the  12 desaturase  is a r easonab le  a s sumpt ion .  
No ob l iga to ry  ca rboxy l  or  m e t h y l  t e r m i n u s  
cons t r a in t  on fu r the r  de sa tu r a t i on  occurs  as 
found  in higher  p lants  and  animals.  

Phenacy l  esters p repared  f rom the  polar  
lipids of  the  m u t a n t ,  R H 1 7 9 E 1 ,  g rown wi th  
[1 - t4C]o le ic  acid were c h r o m a t o g r a p h e d  on  
HPLC and  the  18 :2A6,9  peak col lected.  The 
rad ioac t iv i ty  recovered was 1.9 • 106 dpm.  
This ester  was h y d r o l y z e d  to F F A  and added  to 
cul tures  of  T. pyriformis W. After  a p ro longed  
i ncuba t i on ,  the  polar  lipids were isolated,  and  
F F A  were ob ta ined  by  alkaline hydrolys is  
fol lowed by convers ion  to phenacy l  esters and 
analysis  by  HPLC (Table  1). The f rac t ions  cor- 
r esponding  to 18 :2A6 ,9  and  18 :3A6 ,9 ,12  were 
col lected separa te ly ,  and the  radioact iv i t ies  
were ascer ta ined .  Recoveries  of  the  to ta l  dpm  
applied to the  co lumn  were 95% or  be t ter .  
Table 2 shows the  p r o p o r t i o n s  of rad ioac t ive  
c o m p o u n d s  eluted f rom HPLC. Clearly,  a sig- 
n i f ican t  po r t i on  of the  18 :2A6,9  was conve r t ed  
to 7-1inolenate.  C o n t a m i n a t i o n  of  the  s ta r t ing  
mater ia l  (18:2A6,9) by 18 :2A9 ,12  was less 
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ABSTRACT 

Glycerol kinase, the key enzyme for glycerol use in phospholipid synthesis, was identified in 
cytosolic fractions of 2 dermatophytes, Microsporum gypseurn and Epidermophyton floccosum. 
Ammonium sulfate was observed to activate and stabilize this enzyme in both dermatophytes. Two 
pH optima, 8.0 and 10.5, were observed for both dermatophyte enzymes. Glycerol kinase from 
M. gypseum was purified up to 33-fold with a 225% recovery by ammonium sulfate precipitation and 
gel filtration. The molecular weight of the enzyme was ca. 4.5 x 10 s. It had 2 pH optima of 8.0 and 
10.5. The enzyme had Km values of 0.35 mM and 2.3 mM for glycerol and ATP. Reactivity of the 
enzyme for various nucleotides was ATP > TTP > GTP > ITP = CTP = UTP. Kinetic studies showed 
the enzyme to catalyze the reaction by the ping-pong mechanism. Fructose 1,6-bisphosphate and 
glucose-6-phosphate inhibited the enzyme competitively, whereas glucose was not inhibitory. 

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

D e r m a t o p h y t e s  are respons ib le  for a skin 
infec t ion  called de rma tomycos i s ,  and phospho -  
lipid c o m p o n e n t s  of these organisms have been 
shown to elicit  allergic reac t ions  (1). Synthes is  
of  m e m b r a n e  phospho l ip ids  in the  hos t  have 
been examined  in detail  and  a key role has been 
assigned to glycerol  kinase (2). This e n z y m e  is 
respons ib le  for g lycero l -3 -phospha te  syn thes i s  
and  has been  charac te r ized  f rom rat  liver (2), 
Candida mycoderma (3)  and  Escherichia coli 
(4), bu t  no t  f rom f i l amen tous  fungi (5). Our  
l abora to ry  is engaged in examin ing  the  bio- 
synthes is  of  phospho l ip ids  in d e r m a t o p h y t e s  
(6-10)  and,  in con t inu ing  our  work on phospho-  
lipid syn thes iz ing  enzymes  in d e r m a t o p h y t e s ,  
we have charac ter ized  glycerol  kinase in 2 
d e r m a t o p h y t e s ,  i.e., Microsporum gypseum 
and Epiderrn ophyton floccosum. D e r m a t o p h y t e  
glycerol  kinase was observed to be ac t iva ted  
and  stabi l ized by  a m m o n i u m  sulfate. This  
p rope r ty  had no t  been  repor ted  previously.  In 
view of  the  ident ical  k ine t ics  exh ib i t ed  by  the  
crude e n z y m e  f rom b o t h  the  d e r m a t o p h y t e s ,  
we have purif ied this  e n z y m e  only  f rom M. 
gypseum and the  d i f fe rence  in its p rope r ty  
compared  wi th  glycerol  kinase of  o the r  sources  
has been  discussed in this  c o m m u n i c a t i o n .  

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

Chemicals 

[U-14C]Glycero l  (8 m C i / m m o l )  was ob- 
ta ined f rom New England Nuclear  Corpo ra t i on ,  
Boston,  MA. Dowex I x 8 C1- (100-200  mesh )  
ion exchange  resin,  d i sodium ATP and  o t h e r  

*To whom correspondence should be addressed. 

nuc leo t ides  were ob t a ined  f rom Sigma Chemi-  
cal Co., St. Louis, MO. Sephadex  G-200 and  
high molecula r  weight  kit were p roduc t s  of  
Pharmacia  Fine  Chemicals ,  Sweden.  

Organisms and Growth Conditions 

M. gypseum was ob t a ined  f rom the  Public  
l l ea l th  L a b o r a t o r y  Service, School  of  Hygiene 
and  Tropical  Medicine,  London ,  U.K. The  
source  and m a i n t e n a n c e  of  M. gypseum and 
Epidermophyton floccosum were as given in 
our  earlier s tudy  (7). 

Subeellular Distribution 

Cells in the  log phase wcre harves ted  by  
f i l t ra t ion  and  washed wi th  chilled n o r m a l  saline 
to  r emove  the  adher ing  med ium.  Washed cells 
(15 g wet  w t / 1 0 0  ml buf fe r )  were h o m o g e n i z e d  
in a m o r t a r  in 10 mM Tris-HCl, pH 8.0, con ta in -  
ing 250 mM sucrose.  The  h o m o g e n a t e  was 
sonica tcd  for 5 min (I min at a t i m e ) b y  a 
Sonif ier  cell d i s rup to r  (Model  W-195, manufac -  
tu red  by Branson  Sonic Power  Co.) at 55 watts .  
The  t e m p e r a t u r e  was m a i n t a i n e d  at 4 C. The  
h o m o g e n a t e  was then  cen t r i fuged  at 5 ,000  x g 
for 20 min to remove cell debris.  Cell frac- 
t i ona t i on  was carried ou t  as descr ibed earlier 
(7). The  5 ,000 x g s u p e r n a t a n t  was spun at 
15,000 x g for 30 rain and the  pellet was 
suspended  in buffer  by son ica t ion ,  whereas  
the  s u p e r n a t a n t  was cen t r i fuged  at 105 ,000  x g 
for 90 rain. The  pellet  so ob ta ined  was sus- 
pended  in the  same buf fe r  and  sonica ted  for  
15 seconds.  The  1 5 , 0 0 0 x  g and  1 0 5 , 0 0 0 x  g 
pellets were charac te r ized  by  assaying marke r  
enzymes  like c y t o c h r o m e  C-oxidase for the  
m i t o c h o n d r i a  and glucose 6 -phospha tase  for the  
microsomes ,  as descr ibed earl ier  (7). 
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Protein Estimation 

Protein was estimated by Lowry's method 
(11), using bovine serum albumin as a standard. 

Ammonium Sulfate Fractionation 

Because glycerol kinase activity was exclu- 
sively located in the 105,000 x g supernatant, 
ammonium sulfate was added to this fraction 
for 60% saturation. After stirring for 40 min, 
the pellet was collected by centrifugation 
at 25,000 x g for 30 min and dissolved in 
buffer A (10 mM Tris-HC1, pH 8.0, containing 
250 mM and 400 mM ammonium sulfate). 

Gel Filtration Chromatography 

A Sephadex G-200 column (2.5 X 55 cm) 
was prepared and equilibrated with buffer A. 
The 60% ammonium sulfate precipitate was 
applied on the column and eluted with the 
same buffer. Fractions (5 ml each) were col- 
lected at a, flow rate of 15 ml/hr. The active 
fractions were pooled and stored at -70  C 
until required. 

Molecular Weight Determination 

To determine the molecular weight, the 
enzyme was applied on a Sephadex G-200 
column (2.5 x 55cm)  and eluted as men- 
tioned above. Aldolase, catalase, ferritin and 
thyroglobulin were used as calibration proteins. 

Enzyme Assay 

Glycerol kinase activity was measured by the 
method of Jungries et al. (12) with slight modi- 
fications as described earlier (10). The enzyme 
was assayed by measuring the formation 
of radiolabeled glycerol 3-phosphate from 
[U-14C]glycerol). The standard assay was done 
at 37 C for 60 min in a final volume of 1 ml, 
and the assay mixture contained 120 mM 
Tris-HC1 (pH 8.0), 15 mM MgC12, 10 mM ATP, 
2.5 mM [U-14C]glycerol (0.25 mCi /mmol)and  
0.3-0.5 mg purified enzyme protein. The re- 
action was stopped by adding 2 ml 100 mM 
glycerol in 0.2 N formic acid. An aliquot, 
200 pl, of sample was applied to a column 
(0.5 x 5 cm) on Dowex-l-HCOO- x 8 (100-200 
mesh ion exchange resin). The chloride form of 
resin was converted to its formate form by 
equilibrating it with 1 M sodium formate before 
applying the sample. The column was washed 
3 times with 5 ml water, and radioactive 
glycerol 3-phosphate was eluted with 1 ml of 
1 M ammonium formate and counted in Bray's 
fluid. Quenching correction was made by treat- 
ing a known amount of radioactive glycerol 
with ammonium, formate, as given above. A 
unit of glycerol kinase activity is defined as the 

amount in nmol of glycerol 3-phosphate 
formed per mg protein/hr. In kinetic studies, 
the concentrations of ATP and glycerol varied, 
as discussed later. To study nucleoside tri- 
phosphates affinity toward the enzyme, 10 mM 
ATP was replaced by an equal concentration of 
other nuceotides (GTP, CTP, UTP, ITP or 
TTP). 

Product Identification 

An aliquot of the assay mixture applied to a 
Whatman No. 1 paper and ascending chroma- 
tography was performed for 16-18 hr with 
n-butanol/acetic acid/water (5:2:3, v/v/v). The 
autoradiography of the chromatogram was 
done by exposing the chromatogram to Kodak 
X-ray film for 10-15 days. Detection of radio- 
active glycerol 3-phosphate in tests and its 
absence in the control confirmed the presence 
of glycerol kinase in the dermatophytes. 

RESULTS AND DISCUSSION 

Our earlier studies dealing with the biosyn- 
thesis of dermatophyte phospholipids revealed 
the presence of phosphatidic acid phosphatase 
(7) and choline kinase (8). Further, the pres- 
ence of cytidine pathway for phosphatidyl- 
choline (PC) synthesis and phosphatidylserine 
(PS)-decarboxylase and ethanolamine exchange 
reactions for phosphatidylethanalamine (PE) 
synthesis has also been demonstrated in our 
laboratory (6). This study presents the property 
of glycerol kinase in dermatophytes. This en- 
zyme was mainly located in the cytosolic frac- 
tion (Table 1) and exhibited 2 optimum pH, i.e., 
8.0 and 10.5, with crude preparation. Other 

TABLE 1 

Subcellular Distribution of Glycerol Kinase 
in M. gypseum and E. f loccosum 

Fractions Specific activity 
(units/mg protein ) 

M. gypseum E. f loccosum 

Mitochondrial 6.7 +- 1.2 "/.85 +- 1.7 
(ST.t) (59.55) 

Microsomal 4.8 +- 1.5 4.54 -+ 1.3 
(145.2) (25.1) 

Cytosolic 23.82 -+ 3.6 14.81 -+ 1.9 
(2274.8) (2286.4) 

Values are mean -+ SD of 4 independent determina- 
tions. 

One unit of the enzyme is defined as the nmol of 
glycerol 3-phosphate formed per mg protein per hr. 
Total activity of the enzyme is given in parentheses 
and 1 unit of total  activity is defined as the nmol of 
glycerol 3-phosphate formed per hr. 
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e n z y m e  kinet ics ,  e.g., specif ici ty  to nucleot ides ,  
ac t iva t ion  and  s tab i l i za t ion  of  the  e n z y m e s  by  
a m m o n i u m  sulfate  were also observed to be 
similar for this  enzyme.  Because the  k inet ic  
proper t ies  of  b o t h  d e r m a t o p h y t e  enzymes  were 
same,  the  pur i f i ca t ion  o f  glycerol  kinase f rom 
M. gypseurn, s tar t ing  wi th  its cytosol ic  frac- 
t ions,  was u n d e r t a k e n .  

A cytosol ic  f rac t ion  wi th  60% a m m o n i u m  
sulfate gave a 10-fold purif ied e n z y m e  in the  
prec ip i ta te  ('/-able 2). Dialysis of  this f rac t ion  
for  1 8 hr  resul ted  in a comple t e  loss of  e n z y m e  
act iv i ty ,  suggesting the  r e q u i r e m e n t  of am- 
m o n i u m  sulfate  for  e n z y m e  s tabi l i ty .  E n z y m e  
act iv i ty  in the  presence  and  absence  of  am- 
m o n i u m  sulfate was examined  at d i f fe rent  
intervals  at 4-6 C (Fig. 1). The  presence of  
a m m o n i u m  sulfate s tabi l ized the  act iv i ty  of this  
e n z y m e  for  more  than  72 hr, af ter  which  on ly  
25% of the  original  ac t iv i ty  r emainded .  

In view of  these observat ions ,  a m m o n i u m  
sul fa te  prec ip i ta te  was applied to a Sephadex  
G-200  c o l u m n  wi thou t  dialysis. "/'he purifica- 
t ion  procedure ,  which  involved a m m o n i u m  sul- 
fa te  p rec ip i t a t ion  and gel f i l t ra t ion,  yielded 
M. g.vpseum e n z y m e  tha t  was ca. 33-fold 
pur i f ied (Table  2). Similar obse rva t ions  have 
been r epo r t ed  for the  b Z coli enzyme,  which  
was purif ied to h o m o g e n e i t y  (4). We no ted  an 
e n z y m e  recovery  of  225% in this  s tudy ,  which 
was relat ively high compared  wi th  tha t  repor ted  
for the  E. coli e n z y m e  (10).  The  observed high 
recovery  of M. gypseum e n z y m e  in our  s tudy  
might  be caused by  ac t iva t ion  of  the  e n z y m e  as 
it occur red  on ly  when  the  e n z y m e  was precipi- 
t a t ed  wi th  a m m o n i u m  sulfate. Our  fu r ther  
expe r imen t s  to check the  effect  of a m m o n i u m  
sulfate  on  glycerol  kinase also s u p p o r t e d  the  
above  ac t iva t ion  p h e n o m e n o n .  

M. gypseum glycerol  kinase showed  2 pH 
o p t i m a  of  8.0 and 10.5 (Fig. 2). This  p roper ty  
has no t  been  r epo r t ed  for  glycerol  kinase f rom 
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T I M E  ( D A Y S )  

HG. 1. Effect of ammonium sulfate on enzyme 
activity �9 - -  �9  400 mM ammonium sulfate was added 
to the homogenate maintained at 4 C; 3--- v, am- 
monium sulfate. Samples were removed at times 
indicated and assayed for glycerol kinase. 

36 
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2. pH Optima for the purified glycerol 

G LYCI';ROL KINASI'; 0t'" DERMATOPHYTES 

kinase of M~ gypseum. Buffers of Tris-maleate (pH 
5.0-7.0), Tris-]ICl (pH 7.0-9.0) and glycine-NaOH 
(pH 9.0-12.0) were used. Values mean -+ SD of 4 in- 
dependent determinations. 

TA.BLE 2 

Purification Procedure of Glycerol Kinase from M. gypseurn 

Purification 
step 

Protein Total Specific Recovery 
(rag) activity activity yield 

(units) (units) (%) 

Purification 
(fold) 

Crude 383.6 5485.4 14.3 100.0 

105,000 X g 233.7 5421.8 23.2 98.8 
supernatant 

Ammonium 
sulfate (60%) 85.5 12226.5 143. I 222.8 
precipitate 

Sephadex 25.7 12319.5 478.8 224.5 
G-200 

1.0 

1.62 

10.0 

33.4 
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o the r  sources (2-4). The molecular  weight ~ 
(4.5 X l0  s ) o f  the enzyme,  de te rmined  by ~, 0.096 
gel f i l t ra t ion on  Sephadex G-200, is consider-  & 0.080 
ably higher than that  r epor ted  for  glycerol 
kinase of  E. col• (4). As expec ted  for  kinases, ~ 0.06~ 
Mg 2§ is required for the enzyme  activi ty (Table "~ ' 
3) and Co 2+ could replace Mg 2+ to  a l imited 2,. 0.0~8 
ex ten t ,  whereas in E. col• (4), Mn 2+ was re- .; 0.032 
por ted  to be a subs t i tu te  for Mg ~+. Sulfhydryl  
reagents  did no t  activate the enzyme and ~ 0.016 
iodoace ta te  did not  inhibit  the  enzyme  of ~ 
M. gypseurn. This suggested tha t  sul fhydryl  & 
group s are no t  required.  However,  enzyme  f rom 
o the r  sources required sul fhydryl  groups for 
their  activity (2-4). All tes ted nuc leo t ides  acted 
as substrate  for glycerol kinase of  M. g y p s e u m  
(Table 3), unlike the  E. col• enzyme,  which 
exhib i ted  specif ici ty only  for ATP (4). 

Double reciprocal  plots of  initial velocity vs 
ATP or glycerol  concen t ra t ions  at various fixed ~ 
concen t ra t ions  of  ei ther  glycerol or ATP are .-r 
presented  in Fig. 3 and 4, respectively.  A set of ~ 0.096 
paralle lines were obta ined in b o t h  studies, as ~, 0.080' 
expec ted  for  an enzyme  that  catalyzes a 2 sub- 
strate react ion via a ping-pong mechanism (I 3), ~ 0.06~ 
whereas an ordered  sequent ia l  mechanism was ~ 0.0~ 
repor ted  for  the  C. m y c o d e r m a  enzyme  (14). 
Km values of 2.3 mM and 0.35 mM were ~ 0.032 
ob ta ined  f rom Figures 3 and 4. Double  recipro- -~ 0.016 
cal plots  o f  initial velocity against the concen-  
t ra t ions  of  glycerol  in the absence and presence 
of  f ructose 1 ,6-bisphosphate  (Fig. 5) gave a set 
of  lines that  in tersect  on the  ordinate .  Similar 
results were also observed wi th  glucose 6- 
phospha te  (data no t  presented) ,  showing com- 
peti t ive inhib i t ion  of  the  enzyme  by these com- 
pounds.  Glucose, which is an end produc t  o f  

i I I I 
o, ols & o17 o18 0.9 ,'.o 

( AT  P, mM "1 ) 

FIG. 3. Double reciprocal plots of initial velocity 
vs ATP concentration at various fixed glycerol con- 
centrations. Symbols: ~ - - a ,  0.05 mM; o - - %  
0.25 mM; , - - - ,  2.5 raM. Least squares were used to 
draw the lines. 

' l I I l l 1 I I 
2 L 6 B 10 12 1/- 16 18 

( G L Y C E R O L ,  raM -1) 

I 

20 

FIG. 4. Double reciprocal plots of initial velocity 
vs glycerol concentration at various fixed ATP con- 
centrations, Symbols: zx__zx, 1 mM; o - - %  5 raM; 
e - - o ,  l0 mM. Least squares were used to draw the 
lines. 

TABLE 3 

Requirement of Nucleotides and Metal Ions 
for M. gypseum Glycerol Kinase Activity 

Nucleotide Specific activity 
(10 mM) (units/mg protein) 

Metal ions 
(8 mM) 

ATP 11.5 • 1.50 
TTP 4.4 • 1.1 
GTP 2.0 -+ 0.05 
ITP 1.1 -+ 0.05 
CTP 1.2 -+ 0.05 
UTP 1.1 -+ 0.15 
Mg 2+ 28.6 -+ 0.83 
Co 2+ 5.2 • 0.13 
Mn 2+ 1.92 -+ 0.22 
Cu 2+ 

Ba 2+ 

Values are mean • SD of 4 independent determina- 
tions. 

e )  

"5 
L 
13.  

0.032 { 

0016 T, 

V I I I I I I I I I I I 

~ .  | 2 3 /. S 6 7 8 9 10 
u') 

( GLYC E R O L , m M  -1 ) 

FIG. 5. Competitive inhibition of purified M. 
gypseum glycerol kinase by fructose, 1,6-diphosphate. 
Double reciprocal plot of initial velocity vs glycerol 
concentration in the absence ( o - - o )  or presence of 
5 mM ( . - - . )  or 2.5 mM (~__z~) fructose 1, 6- 
bisphosphate. Least squares were used to draw the 
lines. 
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g l u c o n e o g e n e s i s  f r o m  g lyce ro l ,  h ad  no  e f f e c t  
o n  e n z y m e  a c t i v i t y .  T h i s  o b s e r v e d  i n f l u e n c e  o f  
g l y c e r o l  k i n a s e  a c t i v i t y  by  t h e s e  g l y c o l y s i s  
i n t e r m e d i a t e s  s u g g e s t s  t h e  ro le  o f  p h o s p h a t e  
g r o u p s  in t h e  r e g u l a t i o n  o f  g l y c e r o l  3 - p h o s p h a t e  
s y n t h e s i s .  T h e  k i n e t i c  p r o p e r t i e s  o f  th i s  par -  
t ia l ly  pu r i f i ed  g l y c e r o l  k i n a s e  is s u b j e c t  to 
c h a n g e  w h e n  p u r i f i e d  to h o m o g e n e i t y .  
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Linoleate Hydroperoxides Are Cleaved Heterolytically 
into Aldehydes by a Lewis Acid in Aprotic Solvent 
H.W. GARDNER and R.D. PLATTNER, Northern Regional Research Center, Agricultural 
Research Service, USDA, 2 Peoria, IL 61604 

ABSTRACT 

Treatment of isomeric methyl linoleate hydroperoxides with a Lewis acid, BF3, in anhydrous 
ether led to a carbon-to-oxygen rearrangement that caused cleavage into shorter-chain aldehydes. 
Methyl (gz,11E)-I 3-hydroperoxy-9,11-octadecadienoate afforded mainly hexanal and methyl (E)- 12- 
oxo-10-dodecenoate, whereas methyl (lOE,12Z)-9-hydroperoxy-lO,12-octadecadienoate cleaved into 
2-nonenal and methyl 9-oxononanoate. The 2 aldehydes obtained from each hydroperoxide isomer 
were uncharacteristic of the complex volatile profile usually obtained by 13-scission of oxy radicals 
derived from homolysis of the hydroperoxide group. Rather, the reaction resembled the one catalyzed 
by the plant enzyme, hydroperoxide lyase. 
Lipids, 19:289-293, 1984, 

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

The acid-catalyzed,  carbon- to-oxygen re- 
arrangement  of organic hydroperoxides  has 
been  known  for over a half cen tury  (1,2). Be- 
cause the migra tory  apt i tude for rearrangement  
is greater for groups able to sustain a positive 
charge, aryl or vinyl groups rearrange in prefer- 
ence to H or alkyl  moiet ies  (1), as i l lustrated by 
the  well-known rearrangement  of cumene  
hydroperox ide  to phenol  and acetone.  

Appl ica t ion of  this rearrangement  to fat ty 
hydroperoxides  predicts a similar cleavage into 
shorter-chain aldehydes (Fig. 1). Thus, treat- 
ment  of  autoxidized triglycerides of fa t ty  esters 
with HCl-treated earths, e.g., Ful ler ' s  earth, 
bleaching earth or celite, caused increased pro- 
duct ion  of  volati le aldehydes (3-7). K imoto  and 
Gaddis (7) repor ted  that  HCl-treated Fuller 's  
earth decomposed  autoxidized tr i l inolein into a 
greater yield and more  selective dis t r ibut ion of 
volati le aldehydes than those obta ined f rom 
t rea tment  of  the autoxid ized  tr i l inolein with a 
free-radical catalyst.  They fur ther  showed that 
the volatiles were mainly hexanal  and nonenal  
in the conspicuous absence of  dienals. These 
results may be explained by applying the 
mechanism of Figure 1 to a mix ture  of  9- and 
13-hydroperoxide  isomers in the  autoxid ized  
tr i l inolein.  More recent ly ,  Grosch et al. (8) 
t rea ted pure isomers of  either linoleic acid 
hydroperox ide  or l inolenic acid hydroperox ide  
with t r ichloroacet ic  acid in benzene.  From 
(9Z, 1 1E)-13-hydropero xy-9,1 1-octadecadienoic 
acid they  obta ined hexanal,  and f rom (10E, 12Z)- 

1 Presented in part at the American Oil Chemists' 
Socie ty  Meeting, Chicago, Illinois, May 8-12, 1983. 

~The mention of firm names or trade products 
does  not imply that they are endorsed or recom- 
mended by the USDA over other firms or similar 
products  not mentioned. 

9-hydroperoxy-10,12-octadecadienoic  acid, bo th  
2-nonenal  and hexanal  were identified.  By 
contrast ,  Gardner et al. (9) found that  treat- 
ment  of (9Z, I iE)-13-hydroperoxy-9 ,1  l -octa-  
decadienoic  acid wi th  H2 SO4 in protic solvent 
gave most ly  in t ramolecular  cycl izat ion of  the 

00H 

~ H + OR 

O...OH ".+ ~+ 

[~H20 OR 

F H20 0R 
H § 

H20 
0 

6A 

12AE 

FIG. 1. Predicted mechanism for acid-catalyzed 
rearrangement of (9Z, i iE)-13-hydroperoxy-9 ,11-octa- 
decadienoate, 
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hydroperoxide into 12,13-epoxides with very 
little cleavage into aldehydes. 

Using a Lewis acid (BF 3) in aprotic solvent 
(anhydrous ether), we report here a much 
enhanced cleavage of methyl linoleate hydro- 
peroxides than with the result obtained with 
protic systems (9). The use of rigorously puri- 
fied hydroperoxide isomers, either the 9- or 
13-hydroperoxide of methyl linoleate, and 
complete analyses of cleavage products allowed 
a more comprehensive assessment of this 
acid-catalyzed rearrangement. 

METHODS 

Preparation of Hydroperoxides 

(9Z, 11E )-13-Hydroperoxy-9,11-octadecadie- 
noic acid was prepared by soy lipoxygenase 
oxidation of linoleic acid, followed by chroma- 
tography of the oxidation product through a 
silicic acid column (10). The isolate (ca. 99+% 
pure) was esterified with diazomethane, and the 
ester either was used directly for a large-scale 
(89 rag) reaction or purified further in smaller 
quantities by high performance liquid chroma- 
tography (HPLC). For HPLC, samples of the 
13-hydroperoxide (0.5 mg) were applied to a 
9.4 x 250 mm column packed with I 0/.tm silicic 
acid (Whatman) and eluted with 5% acetone in 
hexane (v/v) at a flow rate of 2 ml/min. The 
13-hydroperoxide isomer eluted as the main 
peak after ca. 49 min. 

(10E, 12Z)-9-Hydroperoxy-10,12-octadecadie- 
noic acid was prepared by tomato lipoxy- 
genase oxidation of linoleic acid (1 I), followed 
by silicic acid column chromatography of the 
oxidation mixture (10). The isolate from 
column chromatography (ca. 97%) was esteri- 
fled with diazomethane and separated further 
by HPLC. Although the esterified isolate from 
the silicic acid column was largely methyl 
( 10E, 12Z)-9-hydr opero xy- 10,12-octadecadieno- 
ate, the sample was contaminated with a few 
percent of other isomeric hydroperoxides 
determined by HPLC. These contaminating 
esters were particularly problematic as they 
could not be easily separated from the hydro- 
peroxide of interest by silicic acid HPLC 
because of peak overlap (12). Thus, we used 
RP-HPLC to effect a preliminary separation of 
(E,Z)- from (E,E)-dienes. Samples (1 mg) were 
applied to a Whatman C-18 HPLC column 
(Partisil M-9, 10/50, ODS-2, 9.4 x 500 mm) 
and eluted with methanol/HzO (75:25) at 
4 ml/min. The fastest eluting peak (96 min) 
contained the (E,Z)-dienes. During subsequent 
stages in the isolation, difficulties were encoun- 
tered with rearrangement between the hydro- 
peroxide isomers similar to that observed by 

Chan et al. (13); thus, the eluant from the C-18 
HPLC column was collected into a solution of 
2,2,5,7,8-pentamethyl-6-hydroxychroman (an a- 
tocopherol model). The amount of c~-tocoph- 
erol model compound used was 1/10-1/25 by 
weight of the hydroperoxide isolated. The 
antioxidant was carried through the sample 
manipulations until the last step, i.e., final 
purification by silicic acid HPLC. Presumably, 
the antioxidant suppressed peroxy radical 
formation, which is known to cause hydro- 
peroxide isomer rearrangement (13). Finally, 
separation by silicic acid HPLC isolated methyl 
(10E,12Z)-9-hydroperoxy-10,12-octadecadieno- 
ate in high purity from the antioxidant and 
other remaining impurities. The silicic acid 
HPLC method was the same as given above for 
the 13-hydroperoxide. At 2.7 ml/min solvent 
flow, the compound of interest eluted after ca. 
46 min. 
: All the isolated methyl linoleate hydroper- 
oxide samples were quantitated by their UV 
absorption at 233 nm using a molar absorptiv- 
•ty of 24,500 (14). 

Reaction of Hydroperoxides with BF3-Ether 

All hydroperoxide samples were reacted at 
concentrations ranging between 2.25-2.8 mM in 
BF3-ether solution. The BF3-ether solution was 
0.5% by volume BF3-etherate (Eastman-Kodak, 
Rochester, NY, redistilled in a closed system) in 
anhydrous ether (redistilled from LiA1H4). The 
hydroperoxides were reacted with the BF3- 
ether solution for 5 min at 25 C, and then 
quenched with an equal volume of water. The 
ether layer was then washed 3 times with a 
volume of water 1/5 that of the ether layer. 
TLC (Silica Gel G, hexane/ether [3:21) and 
HPLC of the products revealed that conversion 
of the hydroperoxide was 90-95% complete. 

A large-scale reaction was used exclusively 
for HPLC isolation of methyl (E)-12-oxo-10- 
dodecenoate for analyses by nuclear magnetic 
resonance spectroscopy (NMR) and infrared 
spectroscopy (IR). To this end, 89 mg methyl 
(9 Z, 11 E) - 13-hydropero xy-9,11 - octadecadieno- 
ate (2.8 raM) was reacted with the BF3-ether 
solution. 

For capillary gas chromatography-mass spec- 
trometry (GC-MS), HPLC-isolated methyl lino- 
leate hydroperoxides (300-400-~g) were spiked 
with a measured quanti ty of internal standard, 
methyl stearate, equivalent to 10-11% by 
weight of the hydroperoxide sample (see Fig. 2 
for specific quantities). Both the hydroperoxide 
and methyl stearate were then treated with 
BF3-ether. The samples were analyzed by 
GC-MS directly from the water-washed BF3- 
ether solution. As expected, treatment with 
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FIG. 2. Capillary GC-MS of products from BF 3- 
ether treated methyl linoleate hydroperoxides. Peak 
response is total ionization (El). (A) Methyl (9Z, 11E)- 
13-hydroperoxy-9,11-octadecadienoate (387 /~g) was 
treated with 500 ~1 BF3-ether solution with 40 /~g 
methyl stearate serving as an internal standard. 
(B) Methyl (10E,12Z)-9-hydroperoxy-10,12-octadeca- 
dienoate (367 ~g) was treated with 500 t~l BF3-ether 
solution with 40 /~g methyl stearate serving as an in- 
ternal standard. Abbreviations: 6A, hexanal; 12AE- 
A10, methyl (E)-12-oxo-10-dodecenoate; 9AA2, 2- 
nonenal; 9AE, methyl 9-oxononanoate. 

BF3-ether solution did not hydrolyze the 
methyl ester derivatives as ascertained by re- 
acting the product mixture with diazomethane. 
No difference in the GC-MS profile was ob- 
served before and after treatment with diazo- 
methane. 

Capillary GC-MS Methods 

Capillary GC-MS analyses of hydroperoxides 
treated with BFa-ether were performed using a 
Finnigan 4535/TSQ MS operated as a conven- 
tional GC-MS by setting Ql and Q2 in the all- 
pass mode. Samples were introduced into the 
MS from a directly coupled 30 m X 0.26 mm 
fused silica capillary GC column (J and W 
Scientific, Rancho Cordova, CA). The liquid 
phase was SE-54 with a film thickness of 
0.25 /~m. A 10 lb psi was maintained at the 

head of the column, giving an estimated flow of 
0.7 ml/min. Samples were split into a 50:1 
ratio. After injection, the column was held at 
50 C for 5 min, then programmed at 4 C/min 
to 250 C and finally held at 250 C until the end 
of the analysis. Either electron impact spectra 
(EI) at 70 eV or chemical ionization spectra 
(CI) with isobutane (0.25 torr) were recorded 
at a 1 sec scan rate. The EI and CI ions were 
coUected only with m/z greater than 40 and 
100, respectively. 

In experiments with heat-induced scission 
products, the hydroperoxides were decomposed 
in the GC injection port (220 C), and subse- 
quently the volatiles were separated and ana- 
lyzed by GC-MS. Thus, methyl  (9Z,11E)-13- 
hydroperoxy-9,11-octadecadienoate (66 gg in 
2 /~1 CS2) was injected, held for 30 see before 
starting the gas flow and then swept into a 
15 m x 0.26 mm capillary column (DB-5 from 
J and W Scientific). The column was held at 
2 0 C  for 5 min, programmed to 250 C at 
5 C/min and then held at 250 C. The GC- 
column effluent was sprit to both an FID and a 
Kratos MS-30 MS using an ionizing voltage of 
70 eV. 

Product Isolation and Identification 

Hexanal and methyl 9-oxononanoate were 
identified by comparing their capillary GC 
retention times and MS with those of authentic 
standards. Authentic hexanal was obtained 
from Aldrich Chemical Co., Milwaukee, Wl. 
Methyl 9-oxononanoate and nonanal were 
synthesized by periodic acid oxidation (15) of 
methyl 9,10-dihydroxystearate (Analabs, North 
Haven, CT). 

Methyl (E)-I 2-oxo-10-dodecenoate was iso- 
lated by silicic acid HPLC using the column 
described for isolation of hydroperoxides. This 
product eluted after ca. 1 hr using hexane/ 
acetone (98:2) at a flow rate of 3 ml/min. The 
isolate was characterized by nuclear magnetic 
resonance (NMR) and infrared (IR) spectro- 
scopy. The 1 H-NMR spectrum was recorded 
with a Bruker WH-90 operating at 90 MHz with 
the sample dissolved in CDC13. The IR spec- 
trum was obtained with a Perkin-Elmer Model 
621 using CS2 solutions in 0.1 mm NaC1 cells. 
Equivalent chain lengths (ECL) were obtained 
from GC retention time plots of standard 
saturated fatty methyl esters. 

RESULTS A N D  DISCUSSION 

Treatment of methyl (9Z,11E)-13-hydro- 
peroxy-9,11-octadecadienoate with BF3-ether 
gave 2 aldehydes from cleavage of the fatty 
chain (Fig. 2A). The fast eluting peak had 
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essentially the same retention time and MS as 
standard hexanal. The major MS ions and 
relative intensities were: (EI) m / z - 1 0 0  (0.2%, 
M+), 82 (6.6%, IVI+-H20), 72 (11%, M+-CO), 71 
(4.6%, M+-CHO), 67 (7.0%), 57 (29%), 56 
(49%), 44 (100%), 43 (51%), 41 (83%); (CI) 
m / z -101  (100%, M+tt+). The next peak, eluting 
at an ECL of 14.0, was tentatively identified as 
a methyl 12-oxododecenoate. The following 
major MS ions were consistent with the pro- 
posed structure: (El) m / z - 1 9 5  (2.4%, lVl +- 
CH30),  194 (1.3%, M+-CH3OH), 166 [3.9%, 
M+-(CH30+CHO)], 150 (3.4%), 124 (5.8%), 
109 (5.5%), 98 (14%), 87 (1'6%), 83 (23%), 
81 (25%), 74 (30%), 69 (29%), 67 (27%), 
59 (21%), 55 (74%), 44 (38%), 41 (100%); 
(CI) m / z - 2 2 7  (100%, M+I-I+), 195 (41%, 
M+-CH3 OH). HPLC isolation of this compound 
and subsequent analyses by 1H_NMR and IR 
led to the conclusion that it was methyl  (E)- 
12-oxo-10-dodecenoate, as demonstrated by 
the following spectral data: IR (CS2) 2,720 w 
(CHO), 1,695 s (CHO), 1,640 m (CH=CH-CHO), 
973 m (E olefin) cm -1 ; 1H-NMR (CDCI3) ~ 9.5 
(d, 1, J=7.5 Hz, H12), 6.85 (dt, 1, J=16, 7 Hz, 
H10), 6.11 (dd, 1, J=16, 7.5 Hz, H l l ) ,  2.31 
(t, 4, H2, H9). The 1H_NMR coupling of the 
aldehyde H12 proton with the H11 olefin and 
the IR absorption at 1,640 cm -1 established the 
position of the double bond at C10.11. The 
E-olefin was readily shown by the t H-NMR 
coupling of H10 and H11 (J=16 Hz) and by the 
IR absorption at 973 cm -I . 

BF 3-ether t reatment  of methyl  (10E, 12Z)-9- 
hydroperoxy-10,12-octadecadienoate produced 
both 2-nonenal and methyl 9-oxononanoate 
(Fig. 2B). Methyl 9-oxononanoate was identi- 
fied by comparing GC retention time (ECL = 
11.2) and MS with an authentic standard. The 
major MS fragment ions were as follows: (El) 
m / z - 1 5 8  (4.3%, M+-CO), 155 (8.8%, M+-CH3 O), 
143 (15%), 111 (32%), 87 (51%), 83 (39%), 
74 (89%), 69 (28%), 67 (25%), 59 (37%), 55 
(87%), 43 (86%), 41 (100%); ( C I ) m / z - 1 8 7  
(100%, M+H+), 155 (66%, M+-CH30). The 
2-nonenal peak (ECL = 7.7) eluted close to 
authentic nonanal (ECL = 7.8), and produced 
the following MS data: (El) m / z - 1 4 0  (0.1%, 
M+), 122 (1.0%, IVI+-H2 O), 111 (1.7%, M+-CHO), 
98 (5.6%), 97 (5.1%), 96 (9.1%), 84 (23%), 83 
(20%), 81 (11%), 70 (12%), 69 (38%), 67 (13%), 
55 (58%), 43 (32%), 41 (100%);(CI)  m /z -141  
(81%, M+I-I+), 123 [100%, IVI+-(H+H20)]. Al- 
though the MS data were indicative of 2- 
nonenal, no data were obtained on the (E) vs 
(Z) configuration of the double bond. 

In accord with the theory (Fig. 1), 2, 9- 
carbon fragments were obtained from the 
9-hydroperoxide,  and from the 13-hydroperox- 

ide both 6-carbon and 12-carbon aldehydes 
formed. The intramolecular insertion of a posi- 
tively charged oxygen atom, which precedes the 
cleavage, is a fairly common transformation of 
organic hydroperoxides (1,2), and the present 
s tudy represents another example of such a 
rearrangement. The mechanism (Fig. 1 ) p r e -  
supposes that hexanal and methyl  (Z)-I 2-oxo-9- 
dodecenoate forms from the 13-hydroperoxide, 
but  instead hexanal and methyl  (E)-I 2-oxo-10- 
dodecenoate were isolated. Because BF 3 is one 
of the strongest Lewis acids known, this result 
was not unexpected,  as the conversion of 
(Z)-/3,7-unsaturated carbonyls to (E)-a,/3-unsatu- 
rated carbonyls generally occurs in acid. Like- 
wise, BF3-ether cleavage of the 9-hydroperox- 
ide would be expected to give (E)-2-nonenal 
instead of (Z)-3-nonenal, but the configuration 
of the double bond was not directly demon- 
strated. 

In Figure 1, the participation of H20 in the 
reaction is implied; however, we demonstrated 
in this study that the cleavage occurred in an 
aprotic system. BF3, instead of I-1 +, causes 
removal of OH- from the hydroperoxide during 
oxygen insertion. The carbonium ion thus 
formed probably reacts with a stoichiometric 
amount of released hydroxyf luoroborate  ion 
[BF3OH]-  (or adventitious H20  ) to form a 
hemiacetal. As in the mutarotat ion of sugars, 
hydrolysis of hemiacetal to free aldehydes 
requires an acid as well as Hz O, but H20  plays 
only a catalytic role (16). Because a strong 
aldehyde odor was noted before the reaction 
was terminated,  adventitious H 20  or hydroxy-  
fluoroborate probably was sufficient to cause 
hydrolysis of the hemiacetal; however, quench- 
ing the reaction with H20  to terminate the 
process may have aided hydrolysis to some 
extent. The proposed hemiacetal intermediate 
may be identical to the "unknown" peaks elut- 
ing at later times in the GLC elution (Fig. 2). 
Inspection of the CI-MS of the unknown from 
Figure 2A (13-hydroperoxide product)  revealed 
all the ions expected for a CI-MS of a mixture 
of hexanal and methyl  (E)-12-oxo-10-dodece- 
noate, indicating that the structure of the un- 
known fragmented readily into these aldehydes 
under CI-MS conditions. A weak m/z 309 ion 
(4.4%) was the only other ion present in the 
spectrum, and this fragment ion was consistent 
with the carbonium ion shown in Figure 1. The 
facile loss of hydroxyl  from the hemiacetal (or 
H~O from M+H +) during CI-MS does not seem 
unreasonable. Likewise, a CI-MS of the un- 
known from Figure 2B (9-hydroperoxide prod- 
uct) afforded all the ions expected of a mixture 
of methyl 9-oxononanoate and 2-nonenal, and 
the only other significant ion was m/z 309 
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(7.1%). A very small ion at m/z 325 may have 
indicated the presence of a M-H + ion. 

The present report extends earlier research 
in several ways. In previous investigations (3-8), 
the cleavage fragments from the acyl portion of 
the fatty chain were not examined, but the 
present work now reports these fragments. 
Moreover, in early studies (3-7) the fatty hydro- 
peroxides were mixtures of positional isomers 
obtained from autoxidation, and thus, a mix- 
ture of cleavage products were obtained. The 
observation of hexanal and nonenal in the latter 
studies is consistent with the results presented 
here using pure positional isomers. Also, this 
communication generally agrees with the recent 
report of Grosch et al. (8), who used specific 
isomers of the hydroperoxides, but a major 
departure of their data from ours regards their 
observation of a 3.8:1 ratio of 2-nonenal to 
hexanal from the 9-hydroperoxide of linoleic 
acid. Because they did not report the actual 
purity of their sample of 9-hydroperoxide, 
surmising the cause of hexanal formation is 
difficult. Grosch et al. (8) obtained a low yield 
of volatile aldehydes (1.5-6.9 mol%) from 
hydroperoxides by the use of a protic acid 
(trichloroacetic acid) in aprotic solvent (ben- 
zene), and thus, other factors may have con- 
tributed to their result. In protic solvent 
(CH3OH/H20) with protic acid (H2SO4), 
cleavage of the fatty chain was very minor, but 
instead, epoxymethoxyoctadecenoic and epoxy- 
hydroxyoctadecenoic acids were major prod- 
ucts of linoleic acid hydroperoxide (9). Under 
these conditions, oxygen rearrangement of the 
13-hydroperoxide of linoleic acid mainly re- 
suited in 12,13-epoxides, and additional substi- 
tution from solvent at either C-9 or C-11 was 
indicative of a transitional epoxyallylic cation 
with the positive charge localized betwcen C-9 
and C-11. In the aprotic reaction reported in 
the present communication, the positive charge 
in the transition state is proposed to reside 
instead at C-13 (Fig. 1). This subtle difference 
in mechanism between the aprotic and protic 
reactions is of theoretical interest. 

The BF3-ether cleavage of fatty hydroperox- 
ides resembled the reaction catalyzed by the 
plant enzyme, hydroperoxide lyase (17). This 
acid-catalyzed heterolysis may indicate a 
mechanism for the enzymic process. The func- 
tion of hydroperoxide lyase in plants is not 
fully understood, but a few studies have indi- 
cated that the enzyme may be involved as a 
plant defense mechanism. For example, (E)-I 2- 
oxo-10-dodecenoic acid, which is isomerized 
from the lyase product, (Z)-12-oxo-9-dodece- 
noic acid, responded like a wound hormone, 
and thus, was named "traumatin" by Zimmer- 

man and Coudron (18). Also, 2-hexenal, which 
is readily derived from the lyase product, 
(Z)-3-hexenal, has been reported to be a potent 
inhibitor of fungal growth in leaves (19). The 
BF3-ether cleavage of hydroperoxides reported 
here may offer a facile route to some of the 
hydroperoxide lyase products for further 
studies of their biological significance in plants. 

The acid-catalyzed cleavage to aldehydes 
does not fully resemble the scission encoun- 
tered with the free-radical decomposition of 
fatty hydroperoxides. /3-Scission of the oxy 
radical, derived from homolysis of methyl (9Z, 
i 1 E)-  13-hydroperoxy-9, 11 -octadecadienoate, 
predicts pentane and methyl 13-oxo-9,11-tri- 
decadienoate from a C-13,14 cleavage (Fig. 3). 
In actual experiments of the heat decomposi- 
tion of the 13-hydroperoxide (supposedly a 
free-radical process), pentane and methyl 
(9Z, I 1E)- and (9E, 11E)-I 3-oxo-9,11-tridecadi- 
enoates were produced readily (Fig. 4). Pentane 
was identified from library MS after the spec- 
trum was subtracted because of the CS2 sol- 
vent. The 2 isomeric methyl 13-oxo-9,11-tri- 
decadienoate peaks were identified by their 
relative GLC retention and their known MS 
(20). Neither of these fragments were observed 
after the BF3-ether reaction. The appearance of 
minor amounts of methyl octanoate and 
methyl 9-oxononanoate can be explained by 
the well-known radical rearrangement of hydro- 
peroxide positional isomers through /3-scission 
of peroxy radicals (21). However, Chan et al. 
(21) reported greatly exaggerated molar ratios 

OOH 

o. h .OH 

OocH3 

A///'X / ~  ~ ~ / ~  / OCH3 
H" v/ ~ v v v ~11 

13AE~9.11 0 

6A 

I lG. 3. Generally accepted mechanism for chain 
scission of methyl (9Z,1 lE)-13-hydropcroxy-9,11- 
octadecadicnoate via an oxy radical. The question 
mark denotes a vinyl radical, which should he ener- 
getically disfavored. 
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for m e thy l  oc tanoa te  and me thy l  9 -oxononano-  
ate f rom the  decompos i t i on  of  the 13-hydro- 
peroxide ,  because they  failed to analyze the  
relatively large amoun t  of  me thy l  13-oxo- 
9,1 1- t r idecadienoates  demons t r a t ed  in our 
present  communica t ion .  

Free-radical  scission of  the C-13,14 bond  is 
u n d o u b t e d l y  impor tan t ,  bu t  radical scission of  
the  C-12,13 bond  creat ing hexanal  and a C-12 
vinyl radical (Fig. 3) should not  be favored 
because of  energetic a rguments  against it (22). 
That is, the  heat  o f  fo rma t ion ,  as well as the  
related bond  dissociat ion energy, required for  
the  fo rma t ion  of the vinyl radical is com- 
paratively m u c h  larger than for  a h y d r o c a r b o n  
radical (pen ty l  radical). Thus,  the fo rma t ion  of  
hexanal  observed in Figure 4 presen ted  an 
enigma. Does hexanal  originate via a free-radical 
scission of  C-12,13 (23), or is it genera ted  by 
heat-accelera ted heterolysis  of the hydro-  
peroxide?  Isomeric me thy l  12-oxododecenoa tes ,  
which also could be derived f rom he te ro ly t ic  
cleavage, were observed after heat  t r ea tmen t  of 
the 13-hydroperoxide  (Fig. 4). Carbonyls ,  like 
me thy l  12-oxododecenoa te ,  have been sug- 
gested as originating f rom a combina t ion  of  the 
vinyl radical with a hyd roxy l  radical (23),  and 
a h y d r o x y l  radical f rom h y d r o p e r o x i d e  h o m o -  
lysis conceivably could be t rapped  by  a cage 
effect  for  subsequent  reac t ion  wi th  the  vinyl 
radical p roduced  by scission. However,  in re- 

13AE,~911  

h 

_ i i _ _  L J 
10 20  30  4 0  50  

Ebution Tirrm, rmn 

FIG. 4. Capillary GC of heat-induced (220 C) 
volatiles from decomposition of methyl (9Z,11E)- 
13-hydroperoxy-9,11-octadecadienoate. The peak re- 
sponse was obtained by FID. Abbreviations: 5H, 
pentane; 6A, hexanal; 8E, methyl octanoate; 9AE, 
methyl 9-oxononanoate; 12AE erie, methyl 12-oxo- 
dodecenoate isomers (double bond not specified); 
13AEZX9,1 l,methyl 13-oxo-9,1 l-tridccadienoate iso- 
mers. 

act ions t hough t  to be exclusively radical 
processes,  e.g., the heat decompos i t ion  of 
hydroperox ides ,  he te ro ly t ic  mechanisms also 
may be involved in the scission to volatiles. 
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ERRATUM 

In  T h e  A n a l y s i s  o f  T r i g l y c e r i d e  Spec ies  b y  
H i g h  P e r f o r m a n c e  L i q u i d  C h r o m a t o g r a p h y  via 
a F l a m e  I o n i z a t i o n  D e t e c t o r ,  b y  F .C .  Ph i l l ips  
e t  al. in  t h e  F e b r u a r y  1 9 8 4  i s sue  o f  Lipids, 
F i g u r e s  7 a n d  8 w e r e  m i s l a b e l e d .  T h e  2 f i gu re s ,  
l a b e l e d  c o r r e c t l y ,  f o l l o w .  

LU 

Z 
0 Q .  

LU 
in,., 

A 

B 

+lill + 

1 1111 + 

0 ~ m 

o ~ 

io +'o +i io 

MINUTES 

FIG. 7. Triglyceride species analyses of  olive oil. A, the condit ions are as in Figure 1A except  that  a gradient 
f rom 30 to 60% was used;  B, Zorbax columns I and II were connected  and a 120 min  gradient used. Species 
identification as indicated where P = palmitate, S = stearate, O = oleate, L = linoleate, Ln = linolenate, Pa = 
palmitate, S = stearate, 0 = oleate, L = linoleate, Ln = linotenate, Pa = palmitoleate and U = unidentified. The 
order o f  the designations does not  indicate the separation of  isomers. 
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FIG. 8. The triglyceride species analysis of  olive oil with Zorbax co lumn II1. Isocratic 
elution with 45% methylene  chloride in acetonitrile; sample size 100 ~g and FID with 
a 1:1 effluent  split. A = flow rate of  1.2 ml /min  and B = 0.6 ml/min.  
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LETTER TO THE EDITOR 

Lipid Contaminants in Commercial Lipases 

Sir: 

During lipolysis of wax esters on thin layer 
chromatography (TLC) plates (1), abnormally 
high errors for stearic (18:0), palmitic (16:0) 
and oleic (18: t )  acids were found in the hydro- 
lysates. These anomalous results prompted us 
to examine the source of the contaminations, 
which was found to be the lipase used. 

We have analyzed 2 commercial lipase sam- 
ples that were used for the lipolysis of wax 
esters and developed a procedure for the pre- 
paration of commercial lipase free of fatty acid 
(FA) contaminants. Pancreatic lipase from 300 
mg each from Sigma Chemical Co. (St. Louis, 
MO, Type II, crude from porcine pancreas) and 
from Calbiochem (Los Angeles, CA, B grade 
from porcine pancreas) were mixed vigorously 
with 15 ml of redistilled diethyl ether and 
centrifuged. The supernatnats were carefully 
removed with a syringe and saved. The extrac- 
t ion procedure with diethyl ether was repeated 
6 times for each lipase sample. The pooled 
etherial extracts were dried over anhydrous 
sodium sulphate and the solvent was evaporated 
and weighed. The lipases were then washed 6 
times with 15 ml protions of acetone. The 
acetone extracts were also pooled and the 
solvent was evaporated and weighed. 

The etherial extracts were spotted on pre- 
parative TLC plates that were developed using 
a solvent system of light petroleum ether (40 C- 
60 C) diethyl ether/acetic acid (80:20:1.5, v/v). 
The bands were visualized by putting the plates 
in an iodine chamber. The bands were identi- 
fied by comparing the Rf values with those of 
known standards. Finally, the various bands 
were scraped off the plates and the compounds 
were extracted using diethyl ether, the solvent 
was evaporated and then weighed. The free 
fatty acid (FFA) bands from the 2 lipase 
samples were methylated using diazomethane 
(2). To each of the methyl ester samples, 50 
/~g of methyl pentadecanoate (15:0) were 
added and analyzed by gas liquid chromatog- 
raphy (GLC) using a 10% DEGS column. From 
the chromatograms, peak areas were deter- 
mined and each of the components was identi- 
fied and quantified. 

Beeswax and Avicennia officinalis leafwax 
were hydrolyzed with extracted and unextracted 
lipases on TLC plates, using 1 mg lipase and 1 
mg wax esters, according to the method des- 

*To whom correspondence should be addressed. 

cribed by Misra et al. (1). After developing the 
plates, the FA bands were scraped off the plates, 
extracted and methylated with diazomethane. 
To each of the methyl ester samples, 50 /~g 
methyl pentadecanoate were added and ana- 
lyzed by GLC, using a 10% DEGS column. 

Enzyme activities, determined according to 
Luddy et al. (3), were 111 units for Sigma and 
212 units for Calbiochem lipases before the 
extraction procedures. After extraction with 
solvents, the activities were found to be 105 
and 198 units for Sigma and Calbiochem lipases. 
Unit activity is defined as: 1.0/a equivalent of 
oleic acid hydrolyzed from triolein in 1 hr at 
pH 7.7 and 37 C. 

The percentages of ether-extracted lipids in 
Sigma and Calbiochem samples were 5.1% and 
4.16% of the lipases. Acetone-extracted lipids 
in Sigma (4.2%) and Calbiochem (0.4%) indicate 
that ether-extractable lipids were present in the 
highest proportion. Table 1 shows that major 
contaminants in both the commercial lipases 
were FA. The compositions of FA are presented 
in Table 2. The major contaminant in both 
lipases was 18:0 along with appreciable amounts 
of 16:0 and 18:1, with other minor com- 
ponents. The FA compositions of beeswax and 
A. officinalis leaf wax after lipolysis with 
extracted lipases are also presented in Table 2. 
The FA compositions of beeswax and A. 
officinalis leaf wax after incubation with 
extracted and unextracted lipases are presented 
in Table 3. Table 3 shows that considerable 
error exists in the compositions of 16:0, 18:0 
and 18:1 when unextracted lipases were used 
but both solvent extracted lipases produced 
results identical to those by chemical hydrolysis 
of the waxes (1). 

From the results of the present study, con- 
siderable contamination is in the FA pool when 
commercial pancreatic lipases are used, par- 
ticularly when the enzyme/substrate ratio is 1 : 1 
and FA analysis of the hydrolysate is required. 
Consistent results may be obtained by solvent 
extraction of the lipases before lipolysis, as has 
been described in this communication. 

SUNITI MISRA and A. CHOUDHURY 
Department of  Marine Science 
University of  Calcutta 
35 B.C. Road 
Calcutta 700 019, India 

LIPIDS, VOL. 19, NO. 4 (1984) 



L E T T E R  T O  T H E  E D I T O R  

T A B L E  1 

C o m p o s i t i o n s  ( p e r c e n t a g e  w / w )  o f  Var ious  Neu t r a l  Lipid  C o m p o n e n t s  in 
the  E ther  E x t r a c t s  of  S igma  and  C a l b i o c h e m  Lipases  

303 

S i g m a  l ipase C a l b i o c h e m  lipase 
Pe rcen tage  o f  Pe rcen tage  o f  Pe rcen tage  o f  Pe r cen t age  o f  

C o m p o n e n t s  e t h e r  e x t r a c t  l ipase e t h e r  e x t r a c t  l ipase 

l t y d r o c a r b o n  3 .0  0 .15  3 .0  0.11 
Stero l  es te r  4 .0  0 . 2 0  7 .0  0 . 3 0  
Tr ig lyce r ide  1.0 0 .05  5 .0  0 . 2 0  
F a t t y  acid 90 .0  4 . 6 0  7 8 . 0  3 .25  
S tc ro l  2 .0  0 .10  7 .0  0 . 3 0  
A c e t o n e  e x t r a c t  - 4 . 2 0  - 0 . 4 0  

T A B L E  2 

F a t t y  Acid C o m p o s i t i o n s  (/~g/mg) o f  Lipases ,  Beeswax  a n d  A. officinalis L e a f  Wax 

C o m p o n e n t  S igma  C a l b i o c h e m  A. officinalis a 
ac ids  l ipase l ipase Beeswax a l ea f  w a x  

12:0  0 .10  - 0 .9  
13 :0  0 .05  -- 
14 :0  0 .60  0 .5  3 .8  3 .0  
1 6 : 0  4 . 5 0  I 1.8 1 I 8.6 81.2  
18 :0  2 7 . 7 0  17.3 21.1 10.4  
18:1 1 2 . 8 0  2 .7  5.3 83 .0  
18:2  - 0 .2  l . g  34 .2  
2 0 : 0  - - 2.5 3.9 

a l n c u b a t e d  (1)  fo r  96 rain wi th  e x t r a c t e d  S igma l ipase.  

T A B L E  3 

F a t t y  Ac id  C o m p o s i t i o n s  ( p e r c e n t a g e  w / w )  o f  Beeswax  a n d  A. o f  t~cinalis l ea f  w a x  
O b t a i n e d  by Lipo lys i s  Using E x t r a c t e d  and  U n e x t r a c t e d  Lipases  

Beeswax A. oyficinalis leaf  wax  

C o m p o n e n t  E x t r a c t e d  U n e x t r a c t e d  l ipasc E x t r a c t e d  U n e x t r a c t e d  l ipase 

acids  l ipase S igma Calbic~chem lipase S igma C a l b i o c h e m  

12:0  - (I.05 - 0.4 0 .40  0 .4  
13 :0  - 0 .03  - - 0 .02  - 
14 :0  2.5 2 .20  2.3 1.4 1 .40  1.4 
16 :0  77 .5  6 1 . 9 0  70 .3  37 .5  3 2 . 6 0  37 .3  
1 8 : 0  13.8 2 4 . 5 0  20 .7  4 .8  1 4 . 5 0  I 1.1 
1 8:1 3.4 9 .10  4 .3  38 .3  3 6 . 6 0  34 .4  
18:2  1.2 0 . 9 0  1.1 15.8  13 .00  13.8 
2 0 : 0  1.6 1.32 1.3 1.8 1 .48 1.6 

A S H I S  K .  D U T T A ,  J .  D U T T A  

a n d  A M I T A B H A  G H O S I I *  

D e p a r t m e n t  o /  Chemis t ry  
Bose Ins t i t u t e  
93/1 A.P.C. R o a d  
Calcutta 700 009,  India 
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METHODS 

A Rapid Procedure for Screening and Isolating Oxygenated 
Free Fatty Acid Metabolites from Plants and Natural Waters 
VAN A. ROGERS, ROBERT T. VAN ALLER,* GEORGE F. PESSONEY, EDWARD J. 
WATKINS and HAROLD G. LEGGETT, Departments of Chemistry and Biology, 
University of Southern Mississippi, Hattiesburg, MS 39401 

ABSTRACT 

A rapid method of isolating a relatively pure fraction of oxygenated fatty acids from plants and 
natural waters is described. These metabolites were isolated from aqueous extracts using octadecylsilyl 
silica in a reverse-phase batch extraction method. The extraction method, together with reverse-phase 
analytical high pressure liquid chromatography (HPLC), was used to establish a routine screening 
method for the presence of these compounds in a variety of natural sources. A reverse-phase prepara- 
tive HPLC purification method is also described. 
Lipicls, 19:304-306, 1984. 

INTRODUCTION 

In a previous paper (1), the isolation of a 
large number of algal-inhibiting oxygenated 
fatty acids (OFA) from Eleocharis microcarpa 
Torr, was described. One metabolite was char- 
acterized as a C20 cyclic tr ihydroxy fatty acid 
similar to the prostaglandin F series. Chroma- 
tographic evidence from other aquatic plants 
and natural waters indicates that these metabo- 
lites commonly occur in small quantities. 

Procedures have been developed using C18 
bonded-phase silica (ODS silica) to isolate these 
components from large volumes of aqueous 
plant extracts and water, and these procedures 
are simpler and less time-consuming than liquid- 
liquid extraction and column chromatography. 
In view of the importance of these metabolites 
to allelochemical studies and the potential 
importance of prostaglandinlike compounds, 
these procedures may be useful to other investi- 
gators. 

EXPERIMENTAL METHODS 

Materials 

Fresh plants and water were collected from 
ponds located in or near Hattiesburg, MS. The 
plant material was collected by hand or with a 
course-tooth rake and washed with water. All 
collected material was kept in plastic containers 
with as little air as possible. Plants were either 
processed immediately or stored at -20  C. 
Aquatic macrophytes screened for fatty acid 
derivatives were: E. microcarpa, Potamogeton 
spp. (pond weed), Thalassia spp. (turtle grass) 
and Ruppia spp. (widgeon grass). The algae 

*To whom correspondence should be addressed. 

screened included, Chara spp., Ocillatoria spp. 
and Chlorella vulgaris. Pond waters screened 
were: 37 1 from a pond on the campus of the 
University of  Southern Mississippi, 20 1 from a 
farm pond that had a bloom of bluegreen algae, 
20 1 from a farm pond containing very little 
phytoplankton and 50 1 from a pond that had a 
dense growth of E. microcarpa. 

All solvents used were either reagent or 
high pressure liquid chromatography (HPLC) 
grade. Reagent grade solvents were distilled in 
glass before use. All solvents were mixed 
volume to volume. 

Spectral Methods 

Infrared spectra were taken neat on a 
Perkin Elmer 567 spectrophotometer and 
ultraviolet spectra were taken, in methanol, 
with a Varian Cary 17 spectrophotometer. 

EXTRACTION METHODS 

Previous work (1) reported that of the 43 
thin layer chromatography (TLC) fractions 
isolated from E. microcarpa, 33 demonstrated 
an inhibitory effect on the bluegreen alga 
Anabena flos-aquae. Infrared and ultraviolet 
spectra, chromatography and chemical charac- 
terization indicated the inhibitors to be OFA. 
In the same study, 1 compound was concluded 
to have a prostaglandinlike structure;therefore,  
separation techniques specific for these kinds of 
compounds were chosen. Powell described a 
rapid and an efficient procedure using ODS 
silica for the extraction of prostaglandins from 
body fluids and tissues (2). The procedure is 
designed for clinical analysis and makes use of 
very small (10-15 ml) samples. Powell's proce- 
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dure was modified so that 0.5-4.0 1 of aqueous 
plant extracts and 20-50 1 of pond water could 
be used. 

ODS silica was prepared from 60-200 mesh 
Baker silica according to the procedure of 
Bennett et al. (3). After preparation, the ODS 
silica was pretreated by rinsing first with 
methanol and then with distilled water. 

raphy, typically produced only 0.3 to 0.5 ppm. 
Infrared spectra and reverse-phase analytical 

HPLC showed the methyl-formate fractions to 
correspond to the chloroform/acetone fraction 
from column chromatography previously de- 
scribed (1). 

HPLC 

Aquatic Macrophytes 

Five hundred ml portions of cooled, acidi- 
fied aqueous plant extracts, were decanted 
slowly from particulate matter onto ca. 150 gm 
pretreated ODS silica. Each portion of the 
amber-colored extract was gently swirled with 
the ODS silica until  the colored materials were 
absorbed. The resulting colorless aqueous phase 
was discarded. 

The ODS silica was then gently swirled with 
5, 150 ml portions of ethanol/water (15:85, 
v/v) to elute polar substances. These ethanol/ 
water portions were discarded. The ODS silica 
was then gently swirled with 5, 150 ml portions 
of methyl formate to recover the OFA. The 
methyl formate layers were decanted from the 
ODS silica, combined in a separatory funnel 
and allowed to separate into 2 layers. The 
bottom layer (ethanol/water) was discarded. 
The ODS silica can be reused after washing with 
methanol. The top layer (methyl formate/ 
water) was flash evaporated with a Brinkmann 
ROTAVAPOR-R until  water and oily OFA re- 
amined. This mixture was extracted with 3, 
100 ml portions of chloroform. The pale yellow 
chloroform layers were combined, dried with 
anhydrous sodium sulfate, filtered and the 
chloroform was flash evaporated. The resulting 
OFA were weighed and stored in an atmosphere 
of nitrogen at - 20  C in chloroform/methanol 
(2:1) at a concentration of 30 mg/ml. 

Two liters of aqueous extract (from 2 kg 
plant) typically produced a yield of 125- 
150 ppm OFAs from E. microcarpa. 

Pond Water 

Pond water was filtered through 200 mesh 
nylon screen to remove plankton and passed 
through 100 gm of ODS silica contained in a 
glass column. Water-jet vacuum applied at the 
effluent end of the column, was necessary to 
maintain flow rate at or above 200 ml/min. The 
ODS silica was then extracted with ethanol/ 
water (15:85) and methyl formate as before. 
The ethanol/water fraction, in contrast to the 
plant extracts, contained very little polar 
material. AU pond water analyzed produced 
1-1.5 ppm of OFA from the methyl-formate 
fraction. In contrast, chloroform extraction of 
pond water, followed by alumina chromatog- 

Analytical HPLC 

Reverse-phase analytical HPLC described in 
Reference 1 was used to screen methyl formate 
fractions for OFA. Component I was isolated 
previously and shown to be a C2o trihydroxy 
fatty acid derivative. Component II, the major 
peak, with a retention time 31.5 min, was 
present in all but 2 samples. Analytical HPLC 
of other plant genera produced similar chroma- 
tograms. Potamogeton showed a very strong 
peak for component II; in the chromatogram of 
Thalassia, a major peak occurred for compo- 
nent I; Ruppia showed a minor peak for I and a 
major peak for II; and Najas showed minor 
peaks for I and II. The chromatogram of Chara 
provided a major peak for I and II, Ocillatoria 
showed a minor peak for I and Chlorella minor 
peaks for both I and II. 

The chromatograms of methyl-formate frac- 
tions from pond waters were less complex than 
those from plants. The chromatogram of the 
university pond showed a major peak for com- 
ponent II. The farm pond with bluegreen algae 
showed a minor peak for I and the farm pond 
with no bluegreen algae showed major peaks for 
I and II. The pond containing E. microcarpa 
showed major peaks for both I and II. 

Preparative HPLC of Component II 

Component II, from extracts of E. micro- 
carpa, was chosen for purification by prepara- 
tive HPLC because of its proximity to PGE1 
and PGA1. Two Alltech Magnum 9 columns 
(250 • 9.4 mm and 500 • 9.4 mm, packed 
with 10 mM ODS ~3) were connected in series. 
Flow rates were maintained at 3.8 ml/min. A 
Laboratory Data Control UV detector set at 
280 nm was used to monitor eluted compo- 
nents. Various solvent gradients were evaluated; 
for example, a gradient of water/methanol 
(2:3) for 10 min, then a 2% change every 
30 sec, showed component II to be a major 
peak with several shoulders. This portion of the 
chromatogram is shown in Figure la. The best 
resolution obtained employed a gradient of 
water/methanol (2:3) for 30 min, then 1% 
change every min. Figure lb  shows the separa- 
tion of these minor constituents from compo- 
nent  II. Injection of 300 mg OFA produced ca. 
2 mg component II as a light yellow oil. 
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Fig. 1. Preparative HPLC of II. 

Comparison of  IR, UV and chemical  tests 
indicated II to be in one of  the  relatively less 
polar TLC bands repor ted  in the  previous paper 
(1). The analytical  HPLC re ten t ion  t ime was 
identical  with TLC fract ion 6:5.  IR (both  com- 
ponent  II and fract ion 6:5)  (fi lm) 3,400 cm -1 
(broad) tailing to 2,300 cm -1 2,940 cm -1 (s), 
2,850 cm -1 (m), 1,710 c m - l ' ( s ) ,  1,595 cm -1 
(m). The fingerprint  region was also essentially 
the same. The UV spectrum of  the TLC frac- 
tion 6:5 showed a major peak at 227 nm and a 
minor  peak at 273 nm. C o m p o n e n t  II had a 
major peak at 223 nm and a major peak at 
277 nm. Fur ther  structural studies are in 
progress. 

DISCUSSION 

The me thodo logy  described was developed 
f rom a clinical procedure  so that low concentra-  
t ions of  dissolved organics can be extracted 
f rom very large volumes  of  water  rapidly and 
inexpensively.  This approach,  when combined 
wi th  preparative HPLC, can be used to isolate 
enough pure componen t s  for character izat ion 
and testing and is not  as t ime-consuming as 
co lumn and TLC methods.  This me thod  is 
especially suited for use as a rapid screening 
procedure  for these kinds of  compounds  when 
smaller batches of  plant material  are extracted 
and combined with  analytical  HPLC. 

This me thod  is particularly advantageous for 
absorbing small quant i t i tes  of  OFA from 
natural  waters with coarse-mesh ODS silica 
because flow rates are affected lit t le by fine- 
part iculate mat ter  usually present. Another  
advantage is that  the large quanti t ies  of  humic  
and tannic acids present in ponds and streams 
are not  retained on the ODS silica when water 
is passed through.  
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Thermal Decomposition of Individual Positional Isomers 
of Methyl Linolenate Hydroperoxides, Hydroperoxy Cyclic 
Peroxides and Dihydroperoxides 
KENNETH E. PEERS*, DAVID  T. COXON and H E N R Y  W.-S. CHAN, Agricultural Research 
Council. Food Research Institute, Colney Lane, Norwich, NR4 7UA, United Kingdom 

ABSTRACT 

The methyl esters of 4 individual positional isomers of hydroperoxides, 2 positional isomers of 
hydroperoxy cyclic peroxides and a 9,16-dihydroperoxide were prepared by autoxidation of methyl 
linolenate and separated by preparative high pressure liquid chromatography. Isolated hydroperoxide 
isomers were thermally decomposed and the resulting volatile components analyze, d. Each hydro- 
peroxide or hydroperoxy cyclic peroxide isomer yielded characteristic volatile products. The major 
volatiles from each acyclic hydroperoxide corresponded with those predicted to arise by carbon- 
carbon scission on either side of the corresponding alkoxy radical intermediate and little evidence was 
found of isomerization between the various positional isomers occurring during the process. A similar 
mechanism would account for the volatile products obtained from the cyclic peroxides. 2,3-Pen- 
tanedione was a significant odor contributor arising from the 13,15-epidioxy-16-hydroperoxide isomer 
although it was only a minor decomposition product. 
Lipids, 19:307-313, 1984. 

INTRODUCTION 

The role of hydroperoxides as intermediates 
in the formation of volatile off flavors from 
oxidized unsaturated fats is well established {1). 
The thermal decomposition of unsaturated 
hydroperoxides is believed to occur via homo- 
lyric cleavage of the oxygen-oxygen bond to 
yield a hydroxyl and an alkoxyl radical. The 
alkoxyl radical intermediate then decomposes 
by carbon-carbon cleavage to yield, most com- 
monly, aldehyde or hydrocarbon products. 
Aldehydes are formed directly but hydrocarbon 
products result from an alkyl radical that must 
then abstract a hydrogen atom from an appro- 
priate donor substrate. Alternatively, alkyl 
radicals may undergo further reactions, e.g., 
oxidation leading to alcohol or ketone products. 

When analyzing volatile products from oxida- 
tion of a complex lipid mixture such as a na- 
tural vegetable oil or even a simple model 
system such as methyl linoleate, to know with 
certainty the origin of many of the volatiles is 
difficult as with this simple mechanism the 
expected hydroperoxide precursors do not 
seem to account for all of the observed pro- 
ducts. This failure to account adequately for 
all of the volatile products could be caused by 
oversimplified theories for both the formation 
and decomposition of the hydroperoxides. In 
the dark, autoxidation of phenyl linoleate in 
addition to the expected 9- and 13-hydroper- 
oxides, minor amounts of 8-, 10-, ! 2 - a n d  14- 

*To whom correspondence should be addressed. 

hydroperoxides are produced (2). These pro- 
ducts would explain the origin of minor vola- 
tiles such as pentanal, 2-heptenal and 2-nonenal 
from the autoxidation of linoleate. Recent ESR 
evidence supports the formation of secondary 
alkyl radicals by hydrogen abstraction from 
nonallylic chain methylenes in the radical 
initiated oxidation of both methyl oleate and 
methyl elaidate (3). Radicals of this type 
arising during lipid autoxidation would pre- 
sumably form the corresponding secondary 
hydroperoxides and provide precursors to a 
whole range of minor volatiles. 

In order to study the decomposition of 
hydroperoxides to form volatiles, one would 
ideally wish to use pure single isomer hydro- 
peroxides as reaction substrates. Evans et al. 
(4) prepared a 13-hydroperoxide of linoleic 
acid by enzymic oxidation with soybean 
lipoxygenase and showed that it decomposed 
under thermal conditions to give pentane as the 
principal hydrocarbon product. Chane t  al. (5) 
produced individual 9 - a n d  13-hydroperoxides 
of linoleic acid in high purity (>99%) by 
enzymic synthesis and high pressure liquid 
chromatography (HPLC) purification. They 
obtained the same mixture of volatile decom- 
position products (hexanal, methyl octanoate, 
cis, trans- and trans, trans-2,4-decadienals and 
methyl 9-oxononanoate) from either isomer, 
although in different proportions. Frankel et al. 
(6) carried out an extensive investigation of the 
volatile thermal decomposition products of 
hydroperoxide fractions from autoxidation and 
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photosensitized oxidation of methyl oleate, 
linoleate and linolenate. Their study did not use 
individual purified isomers but purified mix- 
tures of isomers. Frankel et al. (7) have also 
reported on the volatile thermal decomposition 
products of pure isomeric hydroperoxy cyclic 
peroxides derived from methyl linolenate. 

In this study, we have prepared purified 
single isomers of methyl linolenate hydroper- 
oxide (9-, 12-, 13- and 16-hydroperoxides), a 
purified 9,16-dihydroperoxide of methyl lino- 
lenate (I) and 2 purified single isomers of 
methyl linolenate hydroperoxy cyclic peroxide 
[13,15~epidoxy-16-hydroperoxide ( I I ) a n d  10, 
12-epidioxy-9-hydroperoxide (III)] that re- 
present all of the major product types that arise 
during methyl linolenate autoxidation. The 
thermal decomposition of these compounds has 
been examined under the same conditions as 
used by Chan et al. (5) and volatile products 
have been identified using gas chromatography 
(GC) and gas chromatography-mass spectro- 
metry (MS). 

Our results on the identification and origin 
of the major volatiles are to a large extent in 
agreement with those of Frankel et al. (6,7). 
Although we have observed and identified 
fewer components, some of them, with 
important sensory characteristics, are additonal 
to those reported by Frankel. We have also 
shown that, whereas the thermal decomposition 
at 160 C of individual methyl linoleate hydro- 
peroxides (9- and 13-isomers) leads to extensive 
isomerization (involving oxygen migration 
between C-9 and C-13)before fragmentation of 
the carbon skeleton (5), similar decomposition 
of individual methyl linolenate hydroperoxides 
and cyclic peroxides results in very little, if any, 
isomerization before fragmentation. This is 
shown by the characteristic degradation pro- 
ducts that are obtained for each individual 
isomer. 

EXPERIMENTAL METHODS 

DL-a-tocopherol (c~-T) and methyl linolenate 
were obtained from Sigma Chemical Co. Ltd 
(UK). The ester was purified by column chro- 
matography on Hiflosil (Applied Science Labs. 
Inc., State College, PA) immediately before use. 
Authentic 2,3-pentanedione, 1-penten-3-one, 
trans, trans-2,4-heptadienal, hexanal and methyl 
octanoate were obtained from commercial 
sources. 4,5-Epoxyhept-2-enal was synthesized 
by epoxidation (3-chloroperoxybenzoic acid) 
of 2,4-heptadienal (8). Analytical and prepara- 
tive HPLC was carried out using Partisil-5 
columns as previously described (9,10). 

Hydroperoxides were prepared either by 

enzymic or autoxidation reactions. The 9- and 
13-hydroperoxides of linolenic acid were ob- 
tained from enzymic reactions using tomato 
and soybean lipoxygenases, respectively (11,5). 
The methyl ester derivatives were prepared and 
purified before GC analysis. Increased yields of 
the 9-, 12-, 13- and 16-monohydroperoxides 
and the 9,16-dihydroperoxide were obtained 
from autoxidation of methyl linolenate carried 
out in the presence of a-tocopherol (5% w/w or 
greater) (12). Oxidations were carried out in 
the dark at 40 C until  the conjugated diene 
value (9) indicated that the sample was oxi- 
dized 15-30%. The monohydroperoxide (HPO) 
and dihydroperoxide (DHPO) fractions from 
this autoxidation mixture were isolated and 
separated by column chromatography on 
Hiflosil. Column cuts were monitored by thin 
layer chromatography (TLC). Those containing 
monohydroperoxides were bulked and concen- 
trated to a small volume. Isolation of individual 
HPOs was achieved by repeated injections of 
this concentrate onto the preparative HPLC 
column using conditions as previously des- 
cribed (10). Purification of the DHPO fraction, 
which from this oxidation contained only iso- 
meric 9,16-dihydroperoxides (12), was achieved 
by a similar preparative HPLC procedure using 
3% ethanol in hexane as eluent. Two isomeric 
hydroperoxy cyclic peroxides, 15,16-erythro- 
16-hydroperoxy-13,15-epidioxy-9-cis,11-trans- 
octadecadienoate (II) and 9,10-erythro-9-hydro- 
peroxy-10,12-epidioxy-13-trans, 15-cis..octadec- 
adienoate (III), which are the major 'diperoxide' 
isomers obtained from autoxidation of methyl 
linolenate at 40 C, were separated from an 
autoxidation mixture using procedures pre- 
viously described (I 0). 

Individual hydroperoxide compounds (150- 
200 pg/injection) were thermally decomposed 
at the injection port of the GC and the break- 
down products analyzed on a Carbowax 20M 
column as described by Chan et al. (5). The 
identities of decatrienals were confirmed by 
analysis on a PEGA column (13). Samples were 
injected with and without added methyl ester 
markers so that fatty acid methyl ester (FAME) 
numbers could be calculated (13) for each 
major peak detected by either flame ionization 
(FID) or electron capture (ECD). The exhaust 
of the ECD was monitored by sniffing to 
detect odorous volatiles. Each sample was 
analyzed again on a GC coupled to the MS. 
Identification of each volatile component was 
achieved by comparing its properties (GC 
retention, MS and odor) with authentic com- 
mercial or synthesized compounds or with data 
obtained in previous work (13). 
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RESULTS A N D  DISCUSSION 

We have previously shown that autoxidation 
of methyl linolenate in the presence of 5% w/w 
~-tocopherol provides a means of producing 
reasonable yields of each of 4 isomeric hydro- 
peroxides (9-, 12-, 13- and 16-positional iso- 
mers) having only the cis, trans conjugated diene 
configuration (9). Each of these isomers is pro- 
duced in almost equal quantity and they may 
be separated by careful preparative HPLC where 
their elution order is 13-, 16-, 12- and 9-. In- 
dividual monohydroperoxides obtained in this 
way were reduced (NaBH4) and analyzed by 
HPLC as the hydroxy derivatives to more 
accurately determine their isomeric purity. The 
compositions of the hydroperoxide fractions 
obtained are listed in Table 1. A more polar 
fraction from the autoxidation of methyl 
linolenate in the presence of a-tocopherol was 
found to be a mixture of isomeric conjugated 
triene dihydroperoxides (12). The mixture 
contained 4 isomers, but since they were all 
9,16-dihydroperoxides (12)~ the purified mix- 
ture separated by preparative HPLC was used 
for this investigation. Reduction of this dihydro- 
peroxide fraction (NaBH4) and GC-MS analysis 
of the hydroxy derivatives as the bis- tr imethyl-  
silyl ethers confirmed that oxygenation was 
solely at the 9- and 16-positions. 

The 2 monocylic peroxides used in this 
study were chosen to represent each of the 2 
positional isomers that are formed by linolenate 
autoxidation. 9-Hydroperoxy-10,12-epidioxides 
are formed via the 12-hydroperoxy radical 
intermediate, whereas the 16-hydroperoxy-13, 
15-epidoxides are formed via the 13-hydro- 
peroxy radical intermediate. The 2 major 
cyclic peroxides formed as linolenate autoxida- 
tion products are the erythro-cis-epidioxy-cis,  
trans-diene isomers of these 2 structures as 

TABLE 1 

Isomeric Purity of Monohydroperoxide Fractions 

Actual isomeric composition 
(mol percent) (all positional 

Monhydroperoxide isomers cis, trans) 
fraction a 13- 16- 12- 9- 

13-Hydroperoxide 100 0 0 0 
'16-Hydroperoxide' 4 96 0 0 
'12-Hydroperoxide 'b 5 18 77 0 
9-Hydroperoxide 0 0 0 100 

aFractions from preparative HPLC were converted 
(with NaBH4) to hydroxy derivatives and then analyzed 
for isomer composition. 

bHydroperoxide chromatographed twice by pre- 
parative HPLC. 

suggested by Mihelich (14). Note that our 
original assignments for this group of com- 
pounds (10) were incorrect and that in all 
cases threo assignments should be changed to 
erythro and vice versa. An independent con- 
firmation of these structures has since been 
obtained (15). These 2 major products are 
also the first 2 peaks of the monocyclic per- 
oxide fraction to elute during an HPLC separa- 
tion and they were obtained preparatively in 
this way (10). 

A list of the volatile products detected 
after thermally decomposing each of the 
various hydroperoxides, together with their 
FAME numbers and odor descriptions, is 
given in Table 2. For the acyclic monohydro- 
peroxides, the major volatiles were as would 
have been predicted for each particular isomer. 
Conjugated 2,4-dienals in both cis, trans and 
trans, trans-conjugated diene configurations were 
major products except for the 16-hydroper- 
oxide, where the expected methyl 16-oxo- 
hexadeca-9,12,14-trienoate, although probably 
formed, was not detected because of its exces- 
sively long retention time under our GC con- 
ditions. The unsaturated long-chain (greater 
than C6) aldehydes, 2,4-heptadienals from the 
12-hydroperoxide and 2,4,7-decatrienals from 
the 9-hydroperoxide, were both given fatty 
odor descriptions as they eluted from the GC. 
The ECD response to compounds having the 
2,4-dienal structure and to 4,5-epoxyhept-2- 
enal was very high and proved useful in their 
identification. The predominant characteristic 
volatiles were 2,4,7-decatrienals from the 9- 
hydroperoxide, 2,4-heptadienals from the 12- 
hydroperoxide and methyl 13-oxotrideca-9, 
11-dienoates from the 13-hydroperoxide. The 
16-hydroperoxide produced no detectable 
characteristic volatiles but did produce trace 
amounts of 2,4-heptadienals and 4,5-epoxyhept- 
2-enal. The formation of heptadienals from the 
16-hydroperoxide might be accounted for by 
isomerization or could possibly have been 
caused by contamination of the original '16- 
hydroperoxide' by some 12-hydroperoxide 
(Table 1). The second possibility seemed un- 
likely as the isomeric analysis of the '16- 
hydroperoxide' revealed that, although it was 
only 96% 16-hydroperoxide, the remaining 4% 
was 13-hydroperoxide, and no 12-hydroperoxide 
was detected. A small amount of isomerization 
of 16-hydroperoxide to 12-hydroperoxide may 
have occurred. That the 9- and 13- and 12- and 
16-isomer pairs would have equilibrated to 
some extent before decomposition by a rever- 
sible carbon-oxygen /3-scission mechanism (10, 
16,17), as do the 9- and 13-hydroperoxides of 
methyl linoleate (5), might have been pre- 
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FIG. 1. Proposed pathway to 4,5-epoxyhept-2-enal from methyl 12-hydroperoxy-9,13, 
15-octadecatrienoate. 
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FIG. 2. Proposed pathway to 4,5-epoxyhept-2-enal from methyl 16-hydroperoxy-9,12,14-octadecatrienoate. 

dicted. The evidence for this type of isomeriza- 
tion occurring with linolenate hydroperoxides 
under GC conditions is, on the whole, very 
weak. For example, no trace of the methyl 13- 
oxotrideca-9,1 1-dienoates, which are the major 
volatiles produced from the 13-hydroperoxide, 
was obtained from the 9-hydroperoxide and, 
conversely, no trace of 2,4,7-decatrienals, 
which are the major volatiles produced from 
the 9-hydroperoxide, was obtained from the 
13-hydroperoxide. However, methyl 9-oxonon- 
anoate, which would only be predicted to arise 
directly from the 9-hydroperoxide, was also 
produced, not only from the 13-hydroperoxide 
but also from the 1 2 - a n d  16-isomers. An 
entirely satisfactory mechanism for this latter 
observation cannot be provided. 

Frankel et al. (6) have presented evidence 
for the isomerization of oleate hydroperoxides 
(9-,10-OOH ~ 8-,9-,10-,1 1-OOH) before thermal 
decomposition at 210 C. They failed to show 
significant isomerization of linoleate hydro- 
peroxides (6) but this was because they only 
examined mixtures already containing equal 
proportions of 9- and 13-, and 10- and 12- 
isomers. In agreement with our results, they 
also did not observe any significant isomeriza- 
tion of linolenate hydroperoxides (6), although 
a small amount of isomerization would have 
been difficult to detect with the mixtures of 
isomers that they studied. 

The formation of 4,5-epoxyhept-2-enal from 
both the 12- and 16-hydroperoxides requires 
some comment. From the 12-hydroperoxide, 
a simple epoxidation mechanism (Fig. 1), 
using hydroperoxide as the oxidizing agent, 
could account for the formation of the im- 
mediate precursor, epoxyhydroperoxide. 

The formation of 4,5-epoxyhept-2-enal from 
the 16-hydroperoxide could proceed via the 
mechanism shown in Figure 2. 

Alternatively, the epoxyhydroperoxide could 
have existed as a trace component in the original 
hydroperoxide sample. 4,5-Epoxyhept-2-enal 
was first identified in the volatiles collected 
from an oxidized butterfat system (8) but has 
since been identified in the breakdown pro- 
ducts of a thermally decomposed mixture of 
methyl linolenate hydroperoxides (6). 

The volatiles, 1-penten-3-one, cis-3-hexenal 
and hexanal, were only observed from the de- 
composition of the 13-hydroperoxide. Forma- 
tion of 1-penten-3-one can be explained by a 
mechanism (Fig. 3) involving oxidation of the 
allylic radical derived from the 13-hydroper- 
oxide. 

Cis-3-hexenal is the expected product from 
the 13-hydroperoxide but the formation of 
hexanal is not so easily explained. The obvious 
precursor for hexanal formation would be the 
1 3 - h y d r o p e r o x i d e  of linoleate. Trace amounts 
of methyl linoleate in the methyl linolenate 
used in this study could be responsible for this 
product as the respective 13-hydroperoxides 
are very similar chromatographically. 

, RO~ 
(or O2) 

OOH 

(or H20 ) 
OOR O 

FIG. 3. Proposed pathway to 1-penten-3-one from 
methyl 13-hydroperoxy-9,11,15-octadecatrienoate. 
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Only 2 volatile products were observed from 
thermal decomposition of the dihydroperoxide 
(I) (Table 2). These were methyl octanoate and 
methyl 9-oxononanoate, both arising from the 
carboxyl end of the molecule. Although ethane 
and propanal would have been expected pro- 
ducts, these were not detected as they would 
not have been separated from the solvent peak 
(hexane) of the gas chromatogram. No con- 
jugated aldehyde or dialdehyde products, which 
might also have been expected, were detected, 
but they may have been too unstable to survive 
the thermal treatment. 

Thermat decomposition of both hydro- 
peroxy cyclic peroxides (II) and (III) gave rise 
to 2,4-dienal products. The cyclic peroxide (III) 
gave only 4 identifiable products. Methyl 9- 
oxononanoate was the major product, which, 
together with methyl octanoate, was an ex- 
pected product. Cis, trans and trans, trans-2,4- 
heptadienals were the other 2 products, whose 
formation would require an oxygen-oxygen 
cleavage of the cyclic peroxide ring and a 
carbon-carbon cleavage between carbons 1 1 and 
12 of the chain (Scheme). 

(CHz)  C O O C H '  

HOO OOH 

[z] 

/ ~  methyl 13-oxo-trideca-9 II-dlenoate 

14 / I ~ (CH 2)7C00CH ~ 

HOb b~o', ' ~  m~thy, ~ctonoate 
/ 

2,3-pentanzdionr ~ methyl 9-oxononanootr 

HTI 

/ 
0/-0 I OOH 

, ,v  j .~(CH2) COOCH, 
2,4-heptadienol l  ~ - /  )1 I i 7 

I ~-~ methyl octanoaLe 
) 
i 

methyl 9 -  oxononanoatr 
[ n i l  

Scheme 

Frankel et al. (7)identified these components 
plus many others from the thermal decomposi- 
tion of the peroxide (III) but he used a higher 
decomposition temperature (200 C), which 
would be likely to cause more extensive decom- 
position, and he also used capillary GC, which 
would be more sensitive for the detection of 
additional minor components. No evidence for 
the formation of heptenal or heptanol, which 
were significant products (>~2,4-heptadienals) 
under Franket's conditions, was obtained in our 

COMMUNICATIONS 

work. The major decomposition products from 
the peroxide (II) were the isomeric methyl 13- 
oxo-trideca-9,I 1-dienoates, although these had 
no odor. Methyl octanoate and methyl 9- 
oxononanoate were minor products and, in this 
case, the formation of the 9-oxononanoate is 
less readily explained. Frankel et al. (7) sug- 
gested that formaldehyde was involved in its 
formation. Although this is possible, an alter- 
native mechanism (Fig. 4) involving peroxy 
radical isomerization via a/~-scission mechanism 
could account for both methyl octanoate and 
methyl 9-oxononanoate. 

However, this mechanism would, equally 
be expected to lead to the formation of de- 
catrienals, which were not observed as decom- 
position products of the hydroperoxy cyclic 
peroxide (II). No evidence for the formation 
of methyl furan octanoate, which was a major 
product (5.7%) under Frankel's conditions, was 
obtained in our work. The most interesting 
product from the thermal decomposition of II 
was 2,3-pentanedione, which has a strong ECD 
response and a strong butterlike smell. This pro- 
duct was not observed by Frankel et al. (7). 
Although present in only small amounts, its 
presence was confirmed by all our identifica- 
tion methods. Its formation would require an 
oxygen-oxygen cleavage of the cyclic peroxide 
ring followed by a carbon-carbon cleavage be- 
tween carbons 13 and 14 and, finally, a loss of 
water (Scheme). 

Some of the volatile decomposition products 
reported here (1-penten-3-one, 2, 3-pentane- 
dione and cis-3-hexenal) have been associated 
with the "reversion flavor" that develops when 
refined soybean oil in stored. 2,3-Pentanedione 
has also been blamed for the buttery flavor of 
oxidized soybean oil (18) and a cyclic peroxide 
of linolenic acid has been suggested as its pre- 
cursor. The evidence presented here supports 
that suggestion. 
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ABSTRACT 

The action of the tumor promoter, phorbol 12,13-dibutyrate (PDBu), on rabbit peritoneal and 
human neutrophils is associated with stimulation of 14C-arachidonic acid incorporation into phospho- 
lipids within 1-2 min. Stimulated 14 C-arachidonate incorporation was relatively selective for phospha- 
tidylinositol (PI) in rabbit neutrophils. In contrast, the secretory response of human neutrophils to 
PDBu coincided with stimulated label incorporation into phosphatidylserine (PS), phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phosphatidic acid (PA) and PI. Significant increases in label 
incorporation were observed with PDBu concentrations as low as 2 nM, and the dose response of 
stimulated label incorporation paralleled that of evoked lysozyme secretion. A parallel, but partial, 
inhibition of PDBu-stimulated PI labeling and enzyme release was observed after exposing rabbit 
neutrophils to calcium-deprived medium, whereas calcium deprivation failed to significantly depress 
either of these stimulant actions of PDBu in human neutrophils. Further, in rabbit neutrophils PDBu 
elicited an increase in cell associated 45 Ca. However, PDBu was unable to promote the incorporation 
of 3ap orthophosphate into PI or enhance phospholipase A 2 activity in broken cells. These findings 
suggest that one expression of the interaction between phorbol esters and their receptors on neu- 
trophils involves the turnover of arachidonic acid in phospholipids. This stimulated turnover of arachi- 
donate may be a critical step in the cascade of events associated with neutrophil activation. 
LipMs 19: 315-323, 1984. 

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

Activat ion of  the neut rophi l  by the chemo-  
tactic peptide formyl-Met-Leu-Phe and the 
calcium ionophore  A23187  is accompanied  by 
calcium influx and remodel ing of  membrane  
phospholipids,  particularly phosphat idyl inosi to l  
(PI) (1-4). Ionophore  A23187 and formyl-Met-  
Leu-Phe st imulate a parallel arachidonic acid 
turnover  in PI and enzyme  secretion by a 
ca lc ium-dependent  process (3,4). We (3,4) 
have hypothes ized that  the influx of  calcium 
promoted  by these secretagogues activates 
phospholipase A2 to init iate a deacylat ion-  
reacylat ion cycle of  arachidonic  acid in PI. 
This cycle,  catalyzed by phosphol ipase A2 and 
acyl CoA-transferase,  represents a potent ia l ly  
pivotal mechanism for regulating neut rophi l  
funct ion.  Lysophosphol ipids  formed as inter- 
mediates of  this sequence have been implicated 
in membrane  fusion phenomena,  e.g., exo- 
cytot ic  secretion (5). Further ,  hydroxyla ted  
derivatives of  arachidonic acid may act as 
second messengers to modula te  secretion (6,7). 

In an effort  to provide fur ther  insight into 
the roles of  calcium and arachidonate  turnover  

1 Dr. Kramer's present address is: Department of 
Pharmacology; University of Virginia School of Medi- 
cine; Charlottesville, VA 22908 

in secretion,  we have used the phorbol  esters as 
stimuli of  neutrophils.  These tumor  promoters  
trigger the release of  the conten ts  of  secondary 
granules (8,9) by a mechanism presumed to 
involve the mobi l izat ion of  cellular calcium 
(1 0,1 1). Moreover,  phorbol  esters have been 
repor ted  to st imulate phospholipase A2 and 
arachidonate  metabol ism in several cell types 
(1 2-14), including the neutrophi l  (1 5). We have 
employed  phorbol  12,13 d ibutyra te  (PDBu), a 
less l ipophilic but  highly active phorbol  ester 
that  binds to the same cellular receptors as 
1 2-0-tetradecanoyl  phorbol-13-aceta te  (TPA) 
(16). This repor t  reveals that the PDBu-evoked 
secretory response of  the neutrophi l  is not  
accompanied  by the act ivation of  phospho-  
lipase C but is associated with an al terat ion in 
calcium handling and a s t imulat ion of  arachi- 
donic acid incorpora t ion  into PI and o ther  
phospholipids.  The implicat ions of  these find- 
ings with regard to neut rophi l  act ivation are 
discussed. 

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

Materials 

14C_Arachidonic acid (58.4 mCi /mmol )  
was obta ined from Amersham/Sear le  Corpora-  
t ion,  Arlington Heights, IL. Other  radioactive 
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materials were obtained from New England 
Nuclear Corp., Boston, MA. Cytochalasin B, 
phosphocreatine, creatine phosphokinase, ade- 
nosine triphosphate, f a t t y  acid free bovine 
~serum albumin, Hepes, p-nitrophenyl-N-acetyl- 
glucosaminide, TPA, PDBu, and Micrococcus 
lysodeikticus were obtained from Sigma Chem- 
ical Company, St. Louis, MO. Precoated thin 
layer chromatographic (TLC) plates (Silica 
G e l G )  were obtained from Merck Darmstadt, 
Cincinnati, OH. All chemicals were reagent 
grade. 14C-Arachidonic acid was stored in 
toluene under argon at - 4 0 C .  The desired 
amount  of 14C-arachidonate was evaporated to 
dryness under nitrogen, redissolved in a small 
volume of absolute ethanol and suspended in 
an incubation medium. The final concentration 
of ethanol, 0.1% (v/v) in the incubation me- 
dium, did not alter secretion or label incorpora- 
tion. PDBu and cytochalasin B were stored in 
DMSO at concentrations of 1 mg/ml a t - 7 0  C 
and diluted in incubation medium to appropri- 
ate concentrations before use. The final concen- 
tration of DMSO, 0.1% (v/v) or less, did not  
alter secretion or incorporation of radiolabel. 

Cell Isolation 

Rabbit peritoneal neutrophils were pre- 
pared according to the method described pre- 
viously (3) with the following modifications: 
albino rabbits received intraperitoneal injec- 
tions of 150 ml 0.1% glycogen in sterile 0.9% 
NaC1, and the peritoneal exudate was collected 
in heparinized flasks 6-12 hr later. Contaminat- 
ing erythrocytes were removed by hypotonic 
lysis. Ceils were washed and resuspended in a 
modified Earle's balanced salt solution contain- 
ing 0.5 mM Ca 2+, 0.2 mM Mg 2§ 20 mM Hepes 
and 0.025% bovine serum albumin. 

Human neutrophils were obtained by the 
method of Boyum (17). Heparinized whole 
blood was obtained from healthy human volun- 
teers, and neutrophils were separated by the 
following procedure. A 40 ml aliquot of hepa- 
rinized blood was mixed with 10 ml 6.0% 
Dextran T-500 (Pharmacia, Piscataway, NJ) and 
allowed to settle for 30 rain at 37 C. Plasma 
was removed with a sterile pipette and mixed 
with an equal volume of sterile saline. A 25 ml 
aliquot of plasma/saline was layered over 
12.5 ml Ficoll-Paque (Pharmacia, Piscataway, 
NJ) and centrifuged at 600 x g for 30 rain at 
37 C. A pellet of neutrophils was obtained, and 
the supernatant was discarded. Erythrocytes 
were removed by hypotonic tYsis for 30 sec 
using 20 ml water, and !ysis was stopped with 
10 ml 2.7% NaC1. With this procedure, a prep- 
aration of greater than 95% purity was ob- 
tained, contaminated only by some additional 

granulocytes. Cells were resuspended in modi- 
fied Earle's balanced salt solution, counted and 
the cell concentration adjusted to 16 • 106/ml. 

All cells were preincubated at 37 C with 
cytochalasin B (1 #g/ml) for 5 min before the 
start of each experiment to depress motile and 
phagocytic responses (2,3). For calcium depri- 
vation experiments, cells were resuspended in 
buffer lacking added CaC12 and containing 
0.4 mM EGTA. No release of the cytoplasniic 
enzyme LDH was observed, indicating that cell 
viability was maintained. 

Incorporation of Radiolabeled Precursor 
into Cellular Phospholipid 

Radiolabel incorporation experiments were 
initiated by adding 4 x 106 cells in 250/al to an 
equal volume of buffer containing 0.03 /aCi 
1-14-arachidonic acid, with or without stimu- 
lant, in a shaking water bath at 37 C under an 
atmosphere of 95% 02 and 5% CO 2. For 
a2 P-phospholipid turnover studies, 4 • 106 
cells in 250 /~1, which were preincubated in 
50/ICi/m132 P-orthophosphate for 30 min, were 
added to an equal volume of buffer with or 
without stimulant. Reactions were terminated 
by adding 3 ml CHC13/MeOH (1:2) and lipids 
were extracted for at least 2 hr. Phospholipids 
were extracted by the method of Bligh and 
Dyer (I 8) and separated by thin layer chroma- 
tography (TLC), employing 2 solvent systems 
run in a single dimension (19). Phospholipids 
were visualized by iodine and identified by 
comparing to standards, scraped into vials and 
counted for I 0 min in 5 ml Beckman EP using a 
liquid scintillation spectrometer. Background 
counts-averaging 14 cpm-were  subtracted 
from all samples. 

Enzyme Assays 

Enzyme release experiments were identical 
to those described above except that radio- 
labeled compounds were omitted and reactions 
were terminated by rapid centrifugation at 
room temperature. The supernatant was re- 
moved and cell pellet lysed with 0.1% Triton 
X-100 for 10 min at room temperature. Soluble 
cell contents were obtained from the super- 
natant after centrifugation of this lysate. 
Lysozyme was measured by the rate of lysis of 
a Micrococcus lysodeikticus solution, as re- 
flected in a decrease in absorbance at 450 am 
(20). Lactate dehydrogenase and N-acetyl- 
glucosaminidase activities were measured as 
described previously (21,22). Enzyme release 
was expressed as the percentage of total cell 
enzyme activity, obtained by dividing activity 
in the supernatant by total cell (supernatant 
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plus lysed cells) activity. Basal secretion was 
substracted from corresponding values for 
stimulated secretion. 

Phospholipase A2 activity was determined 
by suspending rabbit neutrophils in the follow- 
ing buffer, which provides an ATP regenerating 
system: NaC1 (20 mM); KC1 (100 mM); MgC12 
(5 raM); NaHPO4 (0.96 raM); NaHCO3 (25 
mM); creatine phosphate (5 mM); creatine 
phosphokinase (5 units/ml); EGTA (1 mM); 
and CaC12 (final concentration 0.2 /aM). Cells 
were adjusted to a concentration of 16 • 106/ 
ml in this buffer, disrupted by sonication for 
2 min and assayed for phospholipase A2 
activity (23). Aliquots (25 /al) 'of sonicated 
cells were added to tubes containing autoclaved 
1J4C-oleate labeled E. cell ,  buffer and PDBu 
and ATP to a final volume of 500 /al. E. c e l l  
phospholipids were labeled almost exclusively 
in position 2. Ca. 2.5 • l0  s cells containing 
6,000 cpm in 5 nmol of phospholipid were 
used in each assay. The final concentration of 
ATP was 1.5 mM; high calcium samples con- 
tained buffer with 2 /aM CaC12. Samples were 
i n c u b a t e d  for 5 rain at 37 C and stopped w i t h  
CHC13/MeOH (1:2). Lipids were extracted 
(18), organic phases evaporated to dryness 
under nitrogen and resuspended in 80 /al 
CHC13/MeOH (9:1). Lipids were applied to 
heat-activated Silica Gel G-25 thin layer plates 
(Brinkmann) that were developed in petroleum 
ether/ethyl ether/acetic acid (80:20:1, v/v/v). 
Phospholipid, which remained at the origin, and 
fatty acids corresponding to standards, were 
visualized by iodine, scraped into minivials con- 
taining 5 ml Beckman EP and radioactivity was 
counted. Phospholipase A2 activity, as moni- 
tored by fatty acid release from position 2 
labeled phospholipids, was determined by 
dividing radiolabel in fatty acid by label in fatty 
acids plus phospholipid of each sample. Non- 
enzymatic hydrolysis, which was always less 
than 1%, was subtracted from each value. 

Net 4s Ca Flux 

Rabbit neutrophils were initially incubated 
w i t h  4 /aCi/ml 4SCa for 40 m/n to allow suffi- 
cient time for the radioactivity to reach steady 
state levels before the addition of 10 nM 
formyl-Met-Leu-Phe or 2 /aM PDBu. Net 4SCa 
uptake of samples of cell suspension was deter- 
mined (24), and 4SCa contents expressed as 
nanomoles per nag of cell protein. 

R ESU LTS 

ArachidonyI-PI Turnover and Secretion 
in Rabbit Neutrophils 

T i m e  course .  Rabbit neutrophils accumu- 
lated arachidonic acid in PI during a 30 min 

incubation (Table 1). More than 75% of the 
radioactivity associated with PI after 30 rain 
incubation with 14C-arachidonate was released 
by treatment of purified PI with exogenous 
phospholipase A2 and recovered in the zone 
corresponding to free arachidonic acid. Thus, 
most of the radiolabel was attributed to un- 
saturated fatty acid in position 2 of this phos- 
pholipid. 

PDBu (20 riM) elicited a prompt stimulation 
of arachidonate incorporation into PI (Table 1). 
When values from stimulated cells were repre- 
sented as a percentage of values derived from 
control ceils at a corresponding time point, a 
12% stimulation of labeling was detectable 
within 2 min (Table 1). Maximal levels of 
stimulation were approached by 5 min and 
were maintained for at least 30 min. Similarly, 
the maximal rate of enzyme secretion was 
observed within the first 5 min and after 
15 rain secretion was essentially complete 
(Fig. 1). No other phospholipid was similarly 
affected by PDBu during the time course of the 
experiment, except that a significant increase in 
labeling of p h o s p h a t i d y l s e r i n e  (16-+ 2%)was  
observed after 30 rain. 

D o s e - r e s p o n s e  re la t ionsh ip .  An increase in 
labeling of PI was detectable with 2 nM PDBu 
and label incorporation continued to rise with 
increasing concentrations as high as 2 /aM 
PDBu (Fig. 2). Labeling of other phospholipids 
was not dose related, indicating that PDBu- 
stimulated arachidonic acid incorporation was 
selective for PI. Both PI labeling and lysozyme 
release were stimulated in parallel in the con- 
centration range of 2 nM to 2/aM PDBu (Fig. 2). 

TABLE 1 

Time-Course of 14 C-Arachidonic Acid Incorporation 
into  Phosphat idy l inos i to l  and the Effect of PDBu 

14 C-Arachidonic acid incorporat ion  

Time cpm/4 X 106 c e l l s  Percentage 

(min) Control PDBu of control  

2 260 + - 30 290+- 30 112+-2 * 
5 790-+150 960+270 122+2 * 

15 2280 -+ 340 2750 -+ 140 125 + 5 * 
30 2660 -+ 670 3380 -+ 240 127 + 6 * 

Rabbit neutrophils (4 X 106 in 250 /~1) preincu- 
bat0d for 5 min in the presence of cytochalasin B 
(I #g/ml) were  added to an equal volume of buffer 
containing 0.03 ~tCi 1J4C-arachidonic acid with or 
w i t h o u t  20 nM PDBu. The exper iment  was stopped at 
various" intervals by adding 3 ml CHC13/MeOH (1:2) 
and radiolabeled PI was determined as described in the 
Materials and Methods  sect ion.  Values  are means  
(+- SE) for 4-9 independent  exper iments ,  each done in 
duplicate. 

*P < 0.05 vs control, unpaired t-test. 
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FIG. 1. Temporal prof'de of lysozyme release from 
neutrophils stimulated witti PDBu. Rabbit neutrophils 
preincubated with cytochalasin B were incubated in 
the absence or presence of 20 nM PDBu for various 
times and lysozyme release was determined as de- 
scribed in Materials and Methods. Values shown are 
means (• SE) of at least 4 determinations. According 
to 2-way analysis of variance, lysozyme release was 
significantly enhanced by PDBu over time (P < 0.05). 

The con t inued  rise in label incorpora t ion  with 
2 /aM PDBu coincided wi th  the onse t  o f  N- 
acetyl-glucosaminidase secret ion (4.1 +0 .8 % )  
(n = 5), a l though no de tec tab le  release of  cy to-  
plasmic lactate dehydrogenase  was found  
(results not  shown) .  

Effect of calcium deprivation. A previous 
s tudy  demons t r a t ed  a parallel and p ro found  
reduc t ion  in formyl-Met-Leu-Phe evoked en- 
zyme release and (arachidonyl)-PI  turnover  
when  neut rophi l s  were incubated  in a med ium 
devoid of  calcium (3). When neut rophi l s  were 
washed and incubated  in a calcium-free med ium,  
a pa r a l l e l -bu t  p a r t i a l - d ep re s s i o n  of  PDBu- 
induced  lysozyme secret ion and 14C-arachi- 
dona te  incorpora t ion  into PI was observed 
(Fig. 3). 

Effect of PDBu on 32 P-Orthophosphate 
Incorporation into Phospholipids 

A high concen t ra t ion  of  PDBu (2/aM) failed 
to increase significantly the  labeling of  phos- 
phat idic  acid (PA) or PI during a 10 min incu- 
bat ion period (Fig. 4). By contras t ,  as pre- 
viously repor ted  (2,3), formyl-Met-Leu-Phe 
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FIG. 2. PDBu dose-response curves of PI labeling 
and enzyme release. Rabbit neutrophils preincubated 
with cytochalasin B were incubated in the presence of 
increasing concentrations of PDBu" with 0.03 t~Ci 
1-14C-arachidonic acid for 30 min and labeling of PI 
measured (solid line). Incorporation is expressed as a 
percentage of basal incorporation from paired samples. 
All values are means (•  SE) of 3-8 determinations. 
Radiolabel incorporation was significantly enhanced 
compared with control at all concentrations of PDBu, 
as determined by unpaired t-test (P < 0.05). Lyso- 
zyme release was determined in neutrophils that were 
incubated with increasing concentrations of PDBu for 
15 min (dotted line). Values shown are means (-+ SE) 
of at least 4 determinations. According to 2-way 
analysis of variance, lysozyme release was significantly 
enhanced compared with control with increasing con- 
centrations of PBDu (P < 0.05). 

FIG. 3. Effect of calcium deprivation on PDBu- 
stimulated )4C-arachidonic incorporation into PI and 
lysozyme release. (a) Rabbit neutrophils preincubated 
with cytochalasin were incubated for 30 min with 
l-~4C-arachidonic acid in either normal or calcium- 
deprived medium in the presence or absence of 20 nM 
PDBu. Phospholipids were extracted and processed as 
described in Materials and Methods. Bars represent 
means (-+ SE) of at least 6 determinations. Incorpora- 
tion of label into Pi was significantly enhanced by 
PDBu in the presence or absence of calcium, as deter~ 
mined by unpaired t-test. (b) Bars represent mean 
values (• SE) for lysozyme release derived from at 
least 7 determinations. Lysozyme release was signifi- 
cantly stimulated after 15 min in the presence and 
absence of calcium according to unpaired t-test. 
Two-way analysis of variance showed that calcium 
enhanced the stimulatory effect of PDBu on lysozyme 
release (P < 0.05). 
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promoted  32p incorpora t ion  into  PA within 
1 min (Fig. 4), fo l lowed by a rise in label 
incorpora t ion  into  PI by 2 min (Fig. 4). 

Effect of PDBu on 4 5 C a  Content 
of Rabbit Neutrophils 

Figure 5 il lustrates the comparative effects  
of  s t imulat ion by PDBu and formyl-Met-Leu-  
Phe on 4s Ca con ten t  of  neutrophils .  A maximal  
s t imulat ing concent ra t ion  of  PDBu elicited a 
slowly developing increase in the  4SCa con- 
tent  of  cytochalasin- treated neutrophi ls  under  
steady-state condit ions.  The PDBu-induced 
increase in cell-associated 45Ca was significant 
af ter  2 min,  at which t ime bo th  PDBu stimu- 
lated incorpora t ion  of  arachidonic  acid in to  PI 
and enzyme  release became significant (Table 1, 
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Fig. 1). The more  rapid and powerfu l  s t imulat-  
ing action of  formyl-Met-Leu-Phe on 4SCa 
accumula t ion  (Fig. 5) is consistent  wi th  our 
previous findings of  a more  rapid and po ten t  
act ion of  this pept ide  on arachidonate  tu rnover  
and enzyme  secret ion (3). 

Effect of PDBu on Phospho|ipase A~ 
Activity in Rabbit Neutrophils 

The effect  of  PDBu on phosphol ipase A 2 
act ivi ty  in cell fragments was investigated to 
de te rmine  whether  phorbol  esters are capable 
o f  direct ly s t imulat ing this enzyme  (Table 2). 
In contrast  to marked s t imulat ion elicited by 
calcium, a broad range of  PDBu concent ra t ions  
failed to enhance enzyme  activity.  

POBu-Stimu|ated Arachidonic Acid Turnover 
and Secretion in Human Neutrophils 

For  comparat ive  purposes, addi t ional  experi- 
ments  were conduc ted  using human neutrophils .  
The relative dis t r ibut ion of  1-14C-arachidonic 
acid in human  neu t roph i l  phospholipids is given 
in Table 3. Initially, the  radiolabel  was incorpo-  
rated preferent ial ly into PI and PA. Al though  
these 2 phospholipids represent  only ca. 6% of  
the total  endogenous  phosphol ipids  in human 
neutrophi ls  (25), more  than 50% of  the radio- 
label in all phosphol ipids  was incorpora ted  in to  

(b) PA 2 5  

f ~ r mY'" Met : k'l'lu--Ph--'-- -- ~ i 

k 
/ poll .  i o /. 0 

Control o 1 5  
E 
c 

T i m e  (ra in . )  

FIG. 4. Effect of PDBu and formyl-Met-Leu-Phe 
on 32 P-orthophosphate incorporation into PI and PA. 
Rabbit neutrophils preincubated for 30 rain with 
cytochalasin B and ~2P-orthophosphate (50 #Ci/ml) 
were incubated at time zero with radiolabel in the 
presence or absence of 2 pM PDBu or 10 nM F-Met- 
Leu-Phe. Labeling of (a) PI and (b) PA was measured 
at different times. Incorporation is expressed as a 
percentage of incorporation at time zero. All values 
are means (_+ SE) of 5 determinations. PDBu had no 
effect on 32p incorporation at any time point accord- 
ing to paired t-test analysis. Formyl-Met-Leu-Phe 
significantly enhanced incorporation of 32p into PA 
and PI after 1 and 2 rain, respectively (paired t-test) 
(P < O.O5). 

of I I I i i 
I 2 5 4 5 

T i m e  ( m i n . )  

FIG. 5. Effect of PDBu and formyl-Met-Leu-Phe 
on *SCa content of neutrophils. Rabbit neutrophils 
were preincubated with 4 s  Ca for 40 min before being 
challenged with 2 M PDBu (o) or 10 nM formyl-Met- 
Leu-Phe (| The values shown are means (• SE) of 
4-6 determinations carried out on 2-4 different prep- 
arations. (o) Control values in the absence of stimu- 
lant. *Significantly different from control values 
(P < 0.O5). 
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PI and PA o f  uns t imula ted  cells wi thin  2 min.  
The relative a m o u n t  of  label in PA decl ined 
a f te r  2 min,  a l though  labeling of the  o the r  
phospho l ip ids  p roceeded  in a linear manne r  for  
15 min (Table 3). 

PDBu elicited a c o n c e n t r a t i o n - d e p e n d e n t  
s t imula t ion  of  a rach idona te  incorpora t ion  in to  
PI and ly sozyme  secret ion (Fig. 6). Label 
i nco rpo ra t ion  in to  PI was enhanced  by  PDBu 
compared  wi th  the  con t ro l  over the concent ra-  
t ion  range s tudied,  reaching a m a x i m u m  level 
wi th  200 nM PDBu (Fig. 6). Radioact iv i ty  in 
PA was enhanced  by up  to 20% over the  con- 
t ro l  in a c o n c e n t r a t i o n - d e p e n d e n t  manner  up to 
20 nM PDBu; higher concen t r a t ions  of  PDBu 
failed to s t imulate  labeling (data no t  shown).  

In h u m a n  neut rophi ls ,  PDBu also p r o m o t e d  
a parallel t ime -dependen t  labeling of  phospho-  
lipids and secret ion of  l y sozyme  (Fig. 7). 
S t imula ted  incorpora t ion  of  14C-arachidonate 
in to  PI was significantly enhanced  wi thin  
1-2 min and remained  elevated for  at least 
15 min (Fig. 7). Similarly, a m a x i m u m  rate  of  

TABLE 2 

Effect of PDBu and Calcium on Phospholipase A 2 
Activity in Sonicates  o f  Neutrophils 

Additions Hydrolysis 
(%) 

None 0.18 +- 0.09 
PDBu (.01 /~M) 0.18 • 0.05 
PDBu (0.1 ~M) 0.15 • 0.05 
PDBu (1 #M) 0.18 • 0.05 
CaCI 2 (2 ~M) 10.75 • 1.06 

Rabbit neutrophils were sonicated for 30 sec and 
aliquots (25 #1) were incubated in ATP regenerating 
medium for 5 min. Phospholipase A 2 was assessed as 
described in Materials and Methods and units are 
expressed as percentage of hydrolysis of E. coil 
phospholipids. Values are means (+- SE) of 4 experi- 
ments derived from 2 different preparations. 

ly sozyme secret ion was a t ta ined  wi th in  the  first 
min  (Fig. 7). At  concen t r a t i ons  of  PDBu above 
20 nM, release of  the  p r imary  granule enzyme  
N A G A  was also de tec ted  af ter  1 min (not  
shown) .  This result  con t ras t s  wi th  tha t  ob ta ined  
wi th  rabbi t  neut rophi l s  in which  PDBu con- 
cen t ra t ions  as high as 2 /zM s t imula ted  only  
ly sozyme  release. 

In human  neut rophi l s ,  in cont ras t  to rabbi t  
neut rophi ls ,  PDBu also p r o m o t e d  a concent ra-  
t ion  and t i m e - d e p e n d e n t  i nco rpo ra t ion  of  label 
in to  o the r  phosphol ip ids .  Arach idona te  incor- 
pora t ion  in to  PA increased 62 + 8% at 1 min 
af ter  the  addi t ion  of  PDBu, t hen  subsequent ly  
decl ined to  con t ro l  levels by  5 min.  This decl ine 
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FIG. 6. Concentration dependence for PDBu stim- 
ulated 14C-arachidonate incorporation into PI and 
lysozyme secretion. Human neutrophils were incu- 
bated for 5 min with concentrations of PDBu indi- 
cated plus 0.05 t~Ci 1-14C-arachidonic acid. Radio- 
activity in PI was determined as in Materials and 
Methods (solid line). Values are means (• SEM) of 
6-16 experiments, each performed in duplicate. 
*Incorporation into PI was enhanced at all PDBu 
concentrations (P < 0.05, unpaired t-test). Enzyme 
secretion was also determined in human neutrophils 
incubated for 5 rain with the indicated concentrations 
of PDBu. Values for enzyme secretion (dotted line) 
are means (• SEM) of 3-12 determinations. 

TABLE 3 

Time-Course of 1-14 C-Arachidonic Acid Incorporation 
into Phospholipids of Human Neutrophils 

cpm/4 X 106 cells 
Time 
(min) PC PI PS PE PA 

1 103+-14 63 +- 14 13 • 2 31 • 3 63 • 9 
2 322• 232 • 16 44 • 6 78 • 7 241 • 18 
5 499+-33 392 • 23 96 +- 9 133 • 7 203 -+ 12 

10 1125 • 676 +- 63 207 +- 15 180 +- 13 191 • 18 
15 1313 +-92 832 +- 69 168 -+ 12 210 +- 17 178 +- 49 

Cells pretreated with cytochalasin B were incubated with 0.05 •Ci 1-14C-arachidonic 
acid for various periods. Labeling of phospholipids was determined as described in Experi- 
mental Procedures. Values are means (+- SEM) of 6-20 experiments. 
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m a y  represent r'edistribution or release of label 
caused by the rapid turnover of PA. In addi- 
tion, a 5-min period of stimulation by PDBu 
promoted arachidonate incorporation into 
phosphatidylserine (PS), phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE) by 
55 + 7%, 55 -+ 4% and 45 + 4%, respectively. 
Thus, in contrast to the selectivity observed 
with rabbit neutrophils, PDBu-stimulated ara- 
chidonic acid incorporation into phospholipids 
of human neutrophils is not selective for PI. 
As in the rabbit neutrophil, where calcium 
deprivation elicited a partial impairment of 
PDBu induced stimulation of (arachidonyl)PI 
turnover and lysozyme secretion, in human 
neutrophils the stimulant actions of PDBu on 
these parameters were partially affected by 
calcium deprivation. In the presence of calcium, 
a 5 min exposure to 200 nM PDBu promoted 
14C-arachidonate incorporation into PI and 
lysozyme secretion by 54 + 4% of basal and 
22 -+ 2% of the total, respectively; whereas, in 
the presence of 0.4 mM EGTA, arachidonate 
incorporation and lysozyme secretion were 
increased by 39 + 7% and 17 -+ 4% (n = 4-12). 

DISCUSSION 

Our previous investigations have provided 
evidence that a deacylating-reacylating mechan- 
ism that acts on the arachidonic acid moiety in 
position 2 of PI is correlated with the evoked 
release of secretory product from rabbit neu- 
trophil by agents known to promote calcium 
influx (3,4). The present study has confirmed 
and extended these studies by demonstrating 
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FIG. 7. Time course of PDBu stimulated ~4C-ara- 
chidonate incorporation into PI and enzyme release. 
Human neutrophils were incubated with 20 nM PDBu 
for the times indicated, plus radiolabeled arachidonic 
acid (solid line). Values are means (x SEM) of 6-12 
experiments, each performed in duplicate. *Label 
incorporation into PI was enhanced relative to control 
at 2-15 min (unpaired t-test). Enzyme secretion was 
also measured in human neutrophils that were incu- 
bated with 200 nM PDBu for the times indicated. 
Values for enzyme secretion (dotted line) are means 
(-+ SEM) of 3-12 determinations. 

that the stimulation of (arachidonyl)PI turn- 
over is a mode of expression of the stimulant 
actions of PDBu, which does not promote a 
large influx of calcium, in both rabbit and 
human neutrophils. Another phorbol ester, 
TPA, elicited qualitatively and quantitatively 
similar effects on the labeling of PI and enzyme 
secretion in rabbit neutrophils, although the 
latency of responses was somewhat greater 
(data not shown). Although TPA elicits a 
modest release of arachidonic acid from pre- 
labeled rabbit neutrophils (15), the reported 
inability of the TPA to stimulate release of 
arachidonic acid from prelabeled human 
neutrophils (26) may be explained by a very 
rapid reacylation obscuring the earlier deacyla- 
tion. 

The turnover of arachidionic acid in position 
2 of PI is correlated with enzyme release as 
shown by the following findings: (a) the 
parallel time-course of PDBu-stimulated arachi- 
donate incorporation and enzyme secretion; 
(b) the correlation between the dose-response 
curves of lysozyme secretion and PI-labeling 
over a broad range of PDBu concentrations; 
(c) the parallel reduction in both parameters 
induced by calcium deprivation in rabbit and 
human neutrophils. On the other hand, the 
present (cf. Fig. 4) and previous results ob- 
tained in rabbit neutrophils (2) show that 
secretion can be evoked without modifying the 
polar head group of PI. The inability of PDBu 
to stimulate incorporation of 32p radioactivity 
into PI is indicative of an agent that is n o t  
involved in calcium "gating" (27). By contrast, 
formyl-Met-Leu-Phe, which enhances mem- 
brane permeability to calcium (1,6), elicits a 
marked increase in turnover of the polar head 
group indicative of a phospholipase-C mediated 
reaction (27). 

In rabbit neutrophils, PDBu, like formyl- 
Met-Leu-Phe (3), induces a rather selective 
stimulation of arachidonate incorporation into 
PI. This may be caused by activating PI-specific 
phospholipase A2, or may be a reflection of the 
relevant enrichment of arachidonic acid in PI, 
as also seen in unstimulated neutrophils. While 
arachidonic acid was also selectively incorpo- 
rated into PI of unstimulated human neu- 
trophils, the nonselectivity of PDBu-stimulated 
arachidonate incorporation into phospholipids 
of these cells could be interpreted in several 
ways. PDBu may stimulate a phospholipase A2 
that is not specific for PI in human neutrophils. 
The deacylation-recylation reaction induced by 
phorbol esters in canine kidney cells is cata- 
lyzed by a phospholipase A2 that is not  specific 
with regard to its phospholipid substrate (13, 
28). Alternatively, cell activation by PDBu may 
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stimulate the transfer of arachidonic acid from 
rapidly turning over PA to phospholipids via 
acyltransferase. Indeed, the avidity with which 
PA incorporates arachidonic acid in human 
neutrophils may reflect a PA-specific deacyla- 
tion-reacylation cycle that has previously been 
described in equine neutrophils (29) but is not 
present in rabbit neutrophils (Kramer and 
Rubin, unpublished observation). This would 
explain the difference in selectivity of arachi- 
donyl-phospholipid turnover in rabbit and 
human neutrophils. These results also illustrate 
the caveats involved in comparing cellular 
mechanisms in cells of different species or types 
(recruited or resident neutrophils), 

The present finding that PDBu, in contrast 
to calcium, was unable to activate phospho- 
lipase A2 in broken ceils (cf. Table 2), suggests 
that PDBu may be stimulating phospholipase 
A2 by increasing calcium availability, rather 
than by directly stimulating the enzyme (11, 
31). This conclusion is supported by the find- 
ing that the PDBu-induced increase in cell 
associated 4SCa (cf. Fig. 5) paralleled the 
time-course of stimulated (arachidonyl)PI turn- 
over and enzyme release. The inability of 
calcium deprivation to block completely 
PDBu-induced (arachidonyl)PI turnover sug- 
gests that extracellular calcium is not required 
for phospholipase A2 activation in the neu- 
trophil. Thus, cellular calcium may be used to 
activate phospholipase A2 in the neutrophil, as 
in the exocrine pancreas (32) and platelet (33, 
34). Arachidonate metabolites, synthesized as a 
consequence of phospholipase A2 activation, 
may, in turn, serve as physiological calcium 
ionophores (35) and in this manner mediate 
several neutrophil functions, including degranu- 
lation (6,7,36). Although a close association 
between PDBu action and calcium is indicated 
by the present studies, the recently described 
similarity between the phorbol ester receptor 
and calcinm/phospholipid-dependent protein 
kinase (37,38), as well as the ability of phorbol 
esters to stimulate this kinase (39), suggests 
that phorbol esters may act through an alterna- 
tive mechanism. 

Very recently, Sha'afi et al. (40) reported 
that a high concentration of TPA (1 pg/ml) 
stimulated calcium mobilization in rabbit 
neutrophils as monitored by quin-2 fluores- 
cence. These investigators also observed that 
with a lower concentration of  TPA (0.1 /_tg/ml), 
secretion was enhanced in the apparent absence 
of a rise in cytosolic ionized calcium. However, 
at the lower concentration, TPA was unable to 
elicit either a time- or dose-dependent stimula- 
tion of enzyme secretion; so, the relevance of 
these results to our own findings is uncertain. 

On the other hand, the recent findings of 
Serhan et al. (41), using human neutrophils, 
support the notion that an early response to 
phorbol esters is the release of membrane- 
associated calcium from intracellular stores. 

In summary, the present account extends 
further the observation that stimulation of the 
deacylation-reacylation cycle represents a con- 
comitant response to secretagogues, e.g., 
formyl-Met-Leu-Phe or ionophore A23187, 
which trigger calcium influx (6,42), and PDBu, 
which may mobilize cellular calcium (11,31). 
We cannot completely exclude the possibility 
that arachidonate turnover and enzyme secre- 
tion are parallel, but unrelated, events that 
occur during neutrophil activation by phorbol 
esters. However, the close association between 
this phospholipid effect and secretion, taken 
together with the increasing evidence for a role 
of arachidonate metabolites as mediators of 
neutrophil function (43,44), supports the 
contention that arachidonic acid turnover in 
position 2 of phospholipids is one modality by 
which signals for secretion are recognized and 
coupled to membrane events. 
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Effect of Ingestion of Thermally Oxidized Frying Oil 
on Peroxidative Criteria in Rats 
YAEKO IZAKI *a,  SHUNICHI YOSHIKAWA a and MITSURU UCHIYAMA b, Kyoto City 
Institute of Public Health a, Kyoto. Japan. and National Institute of Hygenic Sciences b, 
Tokyo, Japan 

ABSTRACT 

Thermally oxidized rapeseed oils (4 levels of deterioration; used by a manufacturer of fried fish paste in a 
conventional manner) were fed to rats at a practical level of concentration. Rats were fed a diet ad libitum for 
13 weeks that contained 15% of a test oil. The effects of the diet on several biochemical criteria related to 
peroxidative alterations were investigated. 

In groups given thermally oxidized oils relative liver weight, relative kidney weight, thiobarbituric acid- 
reactive substances (TBA-RS) in the liver and reduced glutathione content were increased significantly in 
proportion to the degree of deterioration of the oil, compared with the group given fresh oil. Tocopherol 
contents in both serum and liver were decreased considerably in proportion to the deterioration level of the 
supplied oils. 

The above criteria correlated well with various deterioration indices of the oil. For instance, TBA-RS was 
well correlated (p<0.001) with petroleum ether-insoluble oxidized fatty acid (r=0.9191), column chroma- 
tographically separated polar fraction (r=0.9056), glyceride dimer fraction (r=0.9023) and carbonyl value 
(r=0.8647). 
Lipids 19: 324-331, 1984. 

Because of the cont inued popular i ty  of foods 
prepared by deep fat frying, establishing l imitations 
on the extended usage of frying oils for b o t h  quali ty 
control  and  consumer  protect ion has become im- 
por tant .  Since C r a m p t o n  et al. (1) first found toxic 
compounds  in heated fats, some controversy has 
been generated regarding them. Reviews have been 
publ ished by Nolen et al. (2), Manke l  (3), Pol ing et 
al. (4), Wal tking et al. (5) and  Alexander  (6). 
Broadly speaking, there are two schools of thought .  
One group of researchers (7,8) has isolated com- 
pounds  from oils subjected to prolonged heat ing in 
the labora tory  by vacuum distillation, urea  adduct  
fo rmat ion  or co lumn chromatography .  They have 
observed pathological  responses such as appet i te  
and  growth depression, d iarrhea,  histological 
changes in various tissues, and  even dea th  in some 
cases, after feeding these compounds  to animals.  
This group takes a serious view regarding the 
potent ia l  toxicity of heated fats. The other  group of 
researchers (2,4) has generally t aken  commercial ly  
used frying oils and  either a t tempted  to es t imate  
the a m o u n t  of the quest ionable  componen t s  or fed 
the whole used fat to exper imental  animals  as par t  

of a balanced diet t h roughou t  the lifetime of the 
animals.  The latter studies suggest tha t  the sus- 
pected componen ts  are not  present  in ordinary  
commercial ly used oils in a significant quant i ty ,  
and  no  deleterious effects were detected in the 
feeding studies. 

To resolve the controversy,  an  exper imenta l  
model  tha t  permits quant i ta t ive  assessment  of 
possible harmful  effects of a heated fat was set up. 
For  this purpose,  we may use several biochemical  
criteria related to peroxidat ive a l terat ions for 
detect ing mild toxicity or low levels of toxic 
substances.  According to Andia  and  Street  (9), the 
ingestion of thermally  oxidized oil increases en- 
dogeneous malonaldehyde.  Peroxidat ive  al tera- 
t ions have been identified as a basic deter iorat ive 
reaction (10) in the cellular mechanisms of aging 
and  pathological  disorders,  and  may  be useful as a 
toxic response cri terion at  the b iomembrane  level, 

In  this study we a t tempted  to define the influence 
of whole commercial ly used oils on  the several 
biochemical  criteria related to peroxidat ive  deteri- 
orat ion,  using rats fed a balanced diet con ta in ing  
the oils in a practical range of concentra t ion .  

*To whom correspondence should be addressed. 

ABBREVIATIONS 

ox.FA: Petroleum ether-insoluble oxidized fatty acid 
CC-PF: Column chromatographically separated polar fraction 
GD: Glyceride dimer fraction 
TLC-UV233: Thin-layer chromatography with ultraviolet detec- 

tion at 233nm 
P/Ap: Polar/apolar ratio measured by TLC-UV233 
RIT: Relative interface tension 
TBA-RS: Thiobarbituric acid-reactive substance. 

MATERIALS AND METHODS 

Sample Oil Preparation 

Thermal ly  oxidized rapeseed oils were obta ined 
f rom a manufac ture r  of fried fish paste (a t radi t ion-  
al Japanese  fried food named  "Satsuma'age") .  The 
fresh rapeseed oil (low erucic acid rapeseed oil 
conta in ing citric acid at  20 ppm and  silicone oil at 
1.5 ppm, but  not  BHA or BHT;  Yoshihara  Seiyu 
Co., Ltd. Kobe, J apan )  was used for frying fish 
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paste for a maximum of 66 days in an auto fryer 
(frying temperature, 180 C; heating time, 3.5 
hr/day;  capacity, 39.0 kg; surface area, 7,700 cm2; 
fat turnover ratio, 4.1%/hr). Appropriate  oil was 
added to the fryer at the end of each day to replace 
oil removed by sampling or adsorption by the fried 
fish paste. 

Quality Assessment of Sample Oils 

The quality of the frying oils was checked daily. 
Oils showing 4 levels of deterioration were used for 
animal feeding tests. The sample oils were kept in 
glass bottles under nitrogen at a temperature below 
5 C. Carbonyl value (COV), peroxide value (POV), 
acid value (AV) and iodine value (IV) were mea- 
sured by the standard methods of the Japanese Oil 
Chemists' Society (11). COV was represented as 
meq /kg  for convenience in comparing it with other 
data. Petroleum ether-insoluble oxidized fatty acid 
(ox.FA) was determined by DGF-Einheitsmethoden 
C-III-3, rapid test (12). Column chromatographic 
separation of the polar fraction of frying oils has 
been proposed as a I U P A C - A O C S  method (13). 
Glyceride dimer (GD) fraction, abundant  in func- 
tional groups, was determined by silica gel column 
chromatography according to the method of Ohfuji 
and Kaneda (8). The polar /apolar  (P /Ap)  ratio 
was determined by the thin-layer chromatography 
with ultraviolet detection at 233nm (TLC-UV233) 
method according to Urakami et al. (14). Relative 
interface tension (RIT) measurement has been 
proposed by Yoshikawa et al. (15) as a simple and 
convenient method to assess the quality of used 
frying oil. Tocopherols in oils were determined by a 
high-pressure liquid chromatography (HPLC) 
method with spectrofluorometric detection (16). 
The fatty acid composition of  test oils were esti- 
mated by gas chromatography (GC) (11) using 
"Fat  and oil reference mixtures No. 3" (Applied 
Science Lab., State College, PA) as a standard. 
C18-Cyclic monomers were determined by GC 
according to the method of Meltzer et al. (17). 

Animals and Treatments 

Male COBS-Fisher  (F-344/Duclj)  rats (Japan 
Charles River, Kanagawa, Japan),  obtained at 4 
weeks of age, were housed in individual wire cages. 
After one week for acclimation, rats weighing 98 to 
108 g were randomly divided into 5 groups. 

The basal diet [Oriental refined diet B with fat 
eliminated and selenium (0.5 ppm) added as sodium 
selenite] was purchased from Oriental Yeast Co. 
(Tokyo, Japan). The experimental diet also con- 
tained the selected amount  (15%) of a test oil. The 
composition of  the experimental diet is shown in 
Table 1. 

The experimental diet was prepared once a week 
and stored in a closed container kept at a tempera- 

TABLE 1 

Composition of Experimental Diet 

Basal diet 
Cornstarch 34.4% 
Milk casein 22.6% 
Alpha starch 9.0% 
Cellulose powder 7.2% 
Granule sugar 4.5% 
Vitamins ~ 1.8% 
Minerals b 5.4% 

Test oil 15.0% 

Witamins (in 1 kg diet): retinyl acetate, 3.23 mg; cholecalciferol, 
45.3 ~g; thiamine HCI, 22 mg; riboflavine, 72 mg; pyridoxine 
HCI, 15 rag; cyanocobalamin, 90 ~g; ascorbic acid, 540 mg; dt-~- 
tocopherol acetate, 90 rag; phylloquinone, 91 mg; biotin, 0.4 rag; 
folic acid, 3.6 rag; Ca-pantothenate, 90 mg; p-aminobenzoic acid, 
90 mg; niacin, 90 mg; inositol, 109 rag; choline-Cl, 3.62 g. 

bMinerals (in 1 kg diet): K, 4.01 g; P, 5.7 g; Ca, 4.31 g; Na, 1.97 g; 
Mg, 543 mg; Fe, 259 mg; Zn, 31 mg; M n, 14 mg; Cu, 4 mg; I, 4 mg; 
Se, 0.5 mg. 

ture below 5 C. Uneaten food was discarded every 
3-4 days. Food and water were provided ad 
libitum, and food intake and body weight were 
measured every 3-4 days. 

Biological Procedures 

At completion of the study (after 13 weeks of 
treatment with the experimental diet), the rats were 
killed by exsanguination under a light ether anes- 
thesia. Blood was centrifuged at 2,500 rpm and 
thiobarbituric acid-reactive substance (TBA-RS) 
(18) and tocopherols (19) were estimated in the 
resultant serum. 

The liver and kidneys were immediately excised, 
tr immed of connective tissues, and weighed. Sam- 
ples of tissues (3 g) were weighed, added to 27 ml of 
cooled potassium phosphate buffer (75 mM, pH 
7.0) and kept refrigerated. Homogenat ion  and 
subcellular fractionation were done according to 
the method of Tsai et al. (20) as quickly as possible 
to avoid changes after excision. TBA-RS was 
determined by the method of Ohkawa et al. (21) 
and /o r  Uchiyama and Mihara  (22), using 0.5 ml of 
10% (w/v) whole homogenate,  with tetraethoxy- 
propane as a standard, and was expressed as 
malonaldehyde. Tissue-reduced glutathione (GSH) 
was determined by Ellman's method (23) with 
minor modifications. 

After subcellular fractionation, the 100,000 g 
supernatant was assayed for glutathione peroxidase 
(GSH-px) and glutathione reductase (GR) activi- 
ties. GSH-px  activity was estimated by Little's 
method (24) using tertbutyl hydroperoxide as the 
substrate, which measures not only GS H-px activ- 
ity but also GSH-S-transferases as well. GR activity 
was determined according to "Methods  of Enzy- 
matic Analysis" (25). Liver lipid was extracted with 
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FABLE 2 

Characteristics of Test Oils 

Heat-treated 

I-resh A B C D 

Frying time (hr) 0 10.5 31.5 87.5 231.0 
Carbonyl value (meq kg) 6.0 4 4 4  95.9 159.1 126.4 
Peroxide value (meq. kg) I. I 5.0 8.9 7.6 5.3 
Acid value 0. I 0.8 1.0 1.9 4.6 
Iodine value 119. I 114.3 109.7 100.0 104.2 
Polar material 

ox.FA (q~)" 0.0 0.5 1.7 5.1 4.7 
CC-PF (%)h 2. I 10.3 21.5 39. I 39.7 
Glyceride dimer (%)' 0.0 0.6 1.0 2.8 2.3 
P: Ap (TI.C-UV~0 d 0. I I 2.18 4.73 9.14 5.64 

Viscosity (cp. 20 C) 99 117 155 270 281 
Relative interface tension ~ 0.90 0.70 0.58 0.51 0.45 
Tocopherols (~g. g) c~, 136.0 

%367.5 0 0 0 0 
6, 3.6 

'Petroleum ether-insoluble oxidized fatty acid. 
"Polar fraction separated by silica gel column chromatography according to Waltking and Wessels (13). 
~Glyceride dimer traction obtained by silica gel column chromatography according to Ohfuji and Kaneda (8). 
ePolar:apolar ratio measured by the TI.C-I/V method of Urakami et al. (14). 

TABLE 3 

Fatty Acid Composition of Test Oils' 

Heat-treated 

Fresh A B C D 

16:0 3.5 3.6 3.6 3.5 3.7 
18:0 1.7 1.7 1.7 1.7 1.7 
18:1 57.2 56.3 53.5 49.9 53.2 
18:2 20.7 19.4 17.5 14.2 15.2 
18:3 14.6 11.4 9.6 7.4 g.0 
22:0 0.4 0.4 0.4 0.3 0.4 
22:1 2.2 2.2 2.1 2.0 1.9 

N oneluted 
material 
from GC 0.0 4.2 10.9 20.0 14.8 

'Results are expressed as the percentage composition of fatty 
acid methyl esters determined by using Fat & Oil reference mix- 
tures No. 3 (Applied Science Lab., State College, PA) as a stan- 
dard. 

chloroform/methanol (2: 1, v/v) and determined 
gravimetrically. Liver lipid fatty acid composition 
was estimated by GC (11) and toeopherols were 
determined by HPLC (26). 

RESULTS 

Characteristics of Test Oils 

A n a l y t i c a l  v a l u e s  o f  t h e  t e s t  o i l s  a r e  l i s t ed  in  

T a b l e  2, a n d  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 e s t  o i l s  

is given in Table 3. COV, AV and the content of 
polar materials in each oil increased markedly 
during the frying period. The maximum values of 
COV and polar materials were obtained at 87.5 hr 
(heated time), while the AV and viscosity continued 
to increase with prolongation of the heating time. 
Some of the thermally oxidized materials were 
probably adsorbed from oil into the fried food 
between periods C and D. The fate of such 
materials should be traced by further experiments. 

The fresh rapeseed oil was rich in oleic (57.2%), 
linoleic (20.7%) and ~ino|enic (14.6%) acids. Erucic 
acid was present at a low level (2.2%). Decreases in 
the contents of unsaturated fatty acids were large 
during the frying period, especially linolenic acid. 
Noneluted material on GC represents polar sub- 
stances in the fatty acid methyl esters; the amounts 
increased when the heating time was prolonged. 
C~,-Cyclic monomers were detected at low levels 
(fresh oil, 0%; thermally oxidized oil A, 0.04%; B, 
0.13%; C, 0.22%; D, 0. 18%). 

The consistency of the test oils during the feeding 
study was confirmed by the determination of COV 
and POV each time a fresh batch of experimental 
diet was prepared; these values remained constant. 

Fresh rapeseed oil contains natural tocopherols 
(m 136 #g/g; y, 368 pg/g; 6, 3.6/~g/g). Thermally 
oxidized oils contained no tocopherols. To deter- 
mine whether added dl-a-tocopherol acetate was 
decomposed by contact with deteriorated oils or 
n o t ,  p r e p a r e d  d i e t s  w e r e  e x t r a c t e d  w i t h  e t h e r  

i m m e d i a t e l y  a n d  a g a i n  ! w e e k  a f t e r  p r e p a r a t i o n ,  

L I P I D S ,  VOL.  19, NO.  5 (1984) 
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and the extracts '  were saponified. Unsaponi f ied  
materials  were analyzed by HPLC.  More  than  96% 
of added d l -a - tocopherol  acetate in all diets re- 
mained  after 1 week. 

palmitic (16:0), stearic (18:0), a rachidonic  (20:4) 
a n d  docosahexaenoic  (22:6) acids increased signifi- 
cantly, while oleic (18: 1), linoleic (18: 2) and  lino- 
lenic (18:3) acids decreased. 

Results of Feeding Study 

Body weight gain, food intake,  feed efficiency, 
relative liver weight and  relative kidney weight are 
shown in Table  4. 

Every diet was consumed in a no rma l  manner .  
Food  intake in the groups given heated oil was 
larger than  tha t  of the control  group, but  the body  
weight gain in all groups was essentially the same. 
No s tea torrhea  was observed t h r o u g h o u t  the feed- 
ing study. Significant differences were found  in 
relative liver and kidney weight between the control  
group and  groups given heated oil. The  conten t  of 
TBA-RS and other  biochemical  criteria are given 
in Table 5. 

T B A - R S  in liver homogena te ,  as de termined by 
bo th  Ohkawa 's  method  (21) and  Uchiyama 's  meth-  
od (22), increased significantly in the groups given 
heated oil. T B A - R S  in the kidney and  serum were 
unchanged.  Reduced GSH in the liver increased 
significantly in the groups given heated oil. G S H -  
px activity ( including GSH-S-t ransferases)  in the 
liver decreased significantly, while G R  activity was 
unchanged.  

Lipid content  in the liver was unaffected except 
in group C. Tocopherols  in the liver and  serum 
were decreased considerably in p ropor t ion  to the 
level of deter iora t ion of the supplied oil. The fat ty 
acid composi t ion  of liver lipid is given in Table  6. In 
the groups given heated oil, the relative amoun t s  of 

DISCUSSION 

There  are a n u m b e r  of  methods  available for 
measur ing lipid peroxida t ion  in vivo and  in vitro 
(e.g. de te rmina t ion  ofd iene  conjugat ion,  TBA-RS,  
f luorescent products  and  exha la t ion  of e thane  
a n d / o r  pentane  in the breath).  A m o n g  these meth-  
ods, TBA assay has been widely used as a sensitive 
and  simple method  for  animal  tissues, a l though  it is 
affected not  only by the amoun t  of  malona ldehyde  
a n d / o r  l ipoperoxides but  also by the polyunsatu-  
rated fatty acids ( P U F A )  content ,  an t iox idan t  level 
and iron catalyst in the tissue. 

In many  respects, lipid perox ida t ion  and  bio- 
membranes  are int imately related. Phosphol ip ids  
composing  the lipid bilayer of b iomembranes  are 
rich in P U F A ,  and  oxidative a t tack results in the 
fo rmat ion  of P U F A  radicals. These P U F A  radicals 
absorb  molecular  oxygen to yield peroxy radicals 
a n d / o r  peroxides. 

Lipid peroxides generated in b iomembranes  are 
bound  to membranous  protein.  The  combined  
peroxidat ive changes of several chemical  species in 
fresh tissues homogena tes  can be measured by 
means of the TBA assay procedures proposed by 
Masugi  and  N a k a m u r a  (27), Ohkawa  et al. (21) and  
Uch iyama  et al. (22). Malona ldehyde  precursors  
combined  in l ipid-protein complexes were mea-  
sured by adding surfactant  (21,27) or adjust ing the 
pH (2.0) of the react ion mixture  (22). According to 

TABLE 6 

Fatty Acid Composition of Liver Lipid ~ 

Heat treated 

Control A B C D 
(n=3) (n=3) (n=3) (n=3) (n=3) 

Commercial 
diet 

(n=2) 

14:0 0.5 0.4 0.3 0.3 0.4 0.5 
16:0 17.7 18.3 17.6 18.5 20.5 b 23.8 
16:1 1.7 1.6 1.6 1.8 1.9 1.9 
18:0 9.8 11.6 12.7 b 13.5 r 12.2 b 10.3 
18:1 34.9 32.5 31.7 c 30.0 c 32.8 13.5 
18:2 13.2 11.7 b 10.8 c 9.2 r 9.0 r 21.1 
18:3 3.0 2.3 b 1.7 r 1.3 c 1.3 c 1.2 
20:3 0.6 0.6 0.7 0.6 0.6 1. l 
20"4 11.1 13.0 14.g b 16.5 ~ 13.9 ~ 15.2 
20:5 1. I 1.0 0.8 b 0.8 b 0.6 ~ 0.8 
22:4 1.1 1.1 1.0 1.0 0.8 b 2.3 
22:6 3.9 4.6 b 4.9' 5.3 c 4.7 b 5.7 

aResults are expressed as mean percentage composition of fatty acid methyl esters 
lipids; n = number of animals examined. 

bSignificantly different from control group, p<0.05. 
~ different from control group, p<0.01. 

prepared from total liver 
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Masugi and Nakamura (27) and Mihara et al. (28), 
the preexisting malonaldehyde level was rather 
low, and intact PUFA remained substantially 
unchanged while "injured" PUFA changed to 
TBA-RS. On the other hand, Matsushita et al. 
(29,30) studied the process of coloration in the 
TBA test of purified fatty acid monohydroperoxide. 
They demonstrated that metal salts, such as reduced 
iron, are useful for the release of TBA-RS from 
lipid hydroperoxide, and that oxygen is not needed 
for this reaction (31). They also suggested that 
prolonged heating in air with no addition of 
antioxidant could cause artificial autooxidation of 
coexisting native PUFA (32). 

In this work, we used Ohkawa's (21) and/or 
Uchiyama's (22) methods. Since these methods 
require over 30 min for maximal color development 
for tissue homogenate, the possible occurrence of 
in vitro peroxidation could not be excluded. How- 
ever, in vitro peroxidation during color develop- 
ment, as in the incubation of homogenate prior to 
TBA coloration, could be considered as the kind of 
reflection of peroxidative deterioration occurring 
in vivo. 

The amounts of TBA-RS in the livers of rats of 
groups C and D were approximately twice that of 
the control. A good correlation was found between 
the results obtained by these two methods for fresh 
liver homogenate (r=0.9770, p<0.001). 

Rats given the heated oil showed relative de- 
creases of C-18 unsaturated fatty acids (18:1, 18:2, 
18:3) and relative increases of arachidonic (20:4) 
and docosahexaenoic (22:6) acids in liver lipid. 
These increments in arachidonic and docosahex- 
aenoic acid might possibly affect the results of TBA 
assay. However, in the group fed the commercial 
diet (Charles River CRF-1), in spite of the abun- 
dance of the PUFA, the TBA-RS level was very 
low. This result indicates indirectly that the rise of 
TBA-RS is not necessarily attributable to changes 
in the relative ratio of PUFA's in liver lipid or to 
artifactual formation during the reaction period. 

That dietary vitamin E participates in lipid 
peroxidation in vivo (33) is well known. The 
experimental diet contained 90 IU/kg of vitamin E 
as dl-a-tocopherol acetate. Fresh oil contained 
a-tocopherol at a level of 136 #g/g, and it made up 
15% of the diet, so the control group received about 
120 IU/kg diet. The heated oils contained no 
tocopherol, so groups A-D were fed a 90 IU/kg 
diet. No decomposition of added dl-a-tocopherol 
acetate occurred in the experimental diet during 
the feeding test. For the normal rat or mouse, 15 
IU/kg of vitamin E in the diet appears to be 
adequate (34). Though the vitamin E in the diet was 
more than sufficient in this experiment, the a- 
tocopherol content in the liver and serum decreased 
considerably as the deterioration level of the 
supplied oil was increased. The control group 

showed higher tocopherol levels in the liver and 
serum than the groups A-D. A graded decrease of 
hepatic and serum a-tocopherol levels was found in 
spite of the similar levels of dietary tocopherol in 
groups A-D, a fact of great importance, a-Tocoph- 
erol content and TBA-Rs in the liver were well 
correlated (r=0.8542, p<0.001.). 

These observations suggest two possibilities: 
some oxidation products in heat-treated oil decom- 
posed a-tocopherol in the gastrointestinal tract as 
the result of peroxidation in the intestinal lumen or 
they consumed a-tocopherol in liver biomembranes 
as the result of radical generation and subsequent 
lipid peroxidation. To clarify which actually occurs, 
the a-tocopherol absorption through intestinal 
tract with coexisting heated oil should be investi- 
gated further. 

GSH is widely distributed in animal and plant 
cells. It plays an integral role in many biological 
functions, including the protection of cell mem- 
branes, the destruction of peroxides, the destruc- 
tion of radiation-induced free radicals and the 
detoxification of xenobiotics. Wirth and Thorgeirs- 
son (35) studied the synthesis and degradation of 
GSH in the rat liver by i.p. administration of 
diethylmaleate. They reported that liver GSH 
levels in normal adult rats were rapidly decreased 
to 15% of the control level 30 min after diethylmal- 
eate administration and remained maximally de- 
pleted for 4 hr, after which they began to rise 
rapidly, returning to normal at 6 hr and to 200% 
normal at 24 hr. In our study, GSH levels in the 
livers of rats given heated oil were significantly 
increased, and GSH was probably consumed by a 
secondary oxidizing agent produced in the liver 
after the heated oils were ingested and an over- 
shooting of resynthesis subsequently occurred. 
GSH and TBA-Rs in the liver were correlated 
(r=0.6293, p<0.001). 

A "glutat hione peroxidase system," consisting of 
GSH-px, GR and glucose-6-phosphate dehydro- 
genase, may function as a metabolic unit in the 
reduction of peroxides. Hepatic GSH-px (including 
GSH-S-transferases) activity was decreased in 
groups given heated oil, while GR activity was 
unchanged. In this study, experimental diets were 
supplemented with selenium (0.5 ppm). Reddy and 
Tappel (36) have shown that autooxidized lipid 
does not stimulate hepatic GSH-px when the diet is 
supplemented with selenium. 

Since peroxide itself is normally present at low 
levels in heated fats, and its lymphatic absorption is 
very low, nonvolatile oxidized products accumu- 
lated during prolonged heating are important in 
assessing the biological effects of thermally oxidized 
oil. Combe et al. (37) reported that nonvolatile 
oxidized products, such as polymeric acids, oxi- 
dized monomeric acids and cyclic monomeric acids 
can be recovered from the lymphatic lipids. Accord- 
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ing to Artman and Smith (38), 136 components 
(0.42% of the fat) were separated from potato chips 
fried in cottonseed oil (182 C, 48 hr) and 51 
components were characterized. Although describ- 
ing the biological effects of heated fat with a single 
index might be difficult, the existing data from 
many feeding studies show that polar components, 
such as ox. FA, column chromatographically sepa- 
rated polar fraction (CC-PF), GD and cyclic 
monomers are the major factor responsible for the 
toxic effects. 

On the basis of the linolenic acid content (14%) 
and heating conditions (180 C, in air), formation of 
Cls-Cyclic monomers in this study was expected to 
be rather low, and was confirmed to be less than 
0.22% by GC analysis. The German Society for Fat 
Research has recommended a level of 1.0% or more 
of ox.FA to aid sensory evaluation (39) in the 
quality assessment of used frying fats. Since the 
method of deterioration of ox.FA is time-consum- 
ing, a column chromatographic analysis was devel- 
oped by Gupta (40) for the determination of polar 
components. Billek et al. (39) proposed that 1% of 
ox.FA corresponds to 27% (by weight) of polar 
components. On the other hand, Billek et al. (41) 
conducted feeding experiments with heated sun- 
flower oil that had been used for the industrial 
production of fish fingers. The polar fraction was 
separated by means of column chromatography on 
silica gel, and then fed to rats at a concentration of 
20% in the diet over a period of 18 months. 
Although the polar fraction caused a lower weight 
increase of the test animals, it showed no serious 
effects according to many biological, clinical and 
histological investigations. They calculated "a ten- 
tative ADI" of the polar fraction as 10 g/70 
kg/day. Ohfuji et al. (42) proposed 1% GD forma- 
tion in heated fats as an index of deterioration. 

Using ox.FA, CC-PF and GD as indices of the 
quality of heated oils is reasonable, since good 
correlations (p<0.001) exist between these indices 
and TBA-RS (ox.FA, r=0.9191; CC-PF, r=0.9056; 
GD, r=0.9023). Though viscosity (r=0.9205) and 
IV (r=-0.8796) also showed good correlations with 
TBA-RS, these indices differ greatly in different 
sort of fats, and may not be suitable for adoption as 
general indices. 

Since determining ox.FA, CC-PF and GD were 
very time-consuming, many simple and convenient 
methods have been developed. Urakami et al. (14) 
noticed that most of the components detected by 
Artman and Smith (38), and regarded as toxic, 
have a strong absorption at 233 nm, and they 
proposed a TLC-UV assay for assessment of the 
P /Ap ratio. P /Ap showed a good correlation with 
TBA-RS (r=0.8296). Relative interface tension 
(15) also showed a good correlation with TBA-RS 
(r=-0.8123). 

The carbonyl value of heated oils is an accepted 

index of the degree of degradation from oxygen 
attack, and the high carbonyl values of the oxidized 
oils indicate that attack by molecular oxygen 
during heating produced considerable amounts of 
carbonyl materials. Uchiyama and Sato (43) pointed 
out that carbonyl compounds formed by the 
deterioration of oils, such as 12-keto oleic acid, 
have a prooxidant action on unsaturated fatty 
acids in vitro and, when ingested by animals, they 
might participate in lipid peroxidation in vivo. 
Budowski et al. (44) found that thermally oxidized 
safflower oil is very effective in producing nutri- 
tional encephalopathy when fed to young chicks in 
a diet deficient in vitamin E. These results suggest 
that unsaturated keto compounds formed in heated 
oil may cause lipid peroxidation in vivo. Carbonyl 
value also showed a good correlation with TBA- 
RS in the liver (r=0.8647). 

According to Hemans et al. (45) and Iwaoka and 
Perkins (46), the results of this type of experiment 
depend on dietary protein level with the adverse 
effects of "used" fats progressively ameliorated by 
increasing levels of protein. Since the dietary 
protein level in this study was rather high (22.6%), 
food intake and body weight gain were found to be 
substantially the same in all groups. Even though 
the feeding study was carried out under very mild 
conditions, TBA-RS, GSH, vitamin E and the fatty 
acid profile clearly changed in proportion to the 
degradation indices of the supplied oils. These 
results suggest that some substances present in 
thermally oxidized oils act to promote peroxidative 
deterioration in the liver. We considered that the 
investigation of such criteria is a valuable experi- 
mental model for quantitative assessment of possi- 
ble chronic effects of thermally oxidized oils. 
Further work is necessary to determine whether or 
not these results are universally applicable to used 
oils. Confirmation of the present results is also 
desirable by the use of other techniques, such as the 
measurement of diene conjugation, lipofoscin and/ 
or exhalation of short-chain hydrocarbon gases in 
the breath. 
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Fatty Acid Metabolism in Young Oysters, Crassostrea gigas: 
Polyunsaturated Fatty Acids 
M.J. WALDOCK ~ and D.L. HOLLAND,*  N.E.R.C. Unit of Marine Invertebrate Biology, 
Marine Science Laboratories, Menai Bridge, Anglesey LL59 5EH, United Kingdom 

ABSTRACT 

Tetraselmis suecica and Dunaliella tertiolecta were grown for 24 hr in the presence of 14 C sodium 
bicarbonate and then fed separately to batches of juvenile oysters, Crassostrea gigas, for 3 days. 
D. tertiolecta contained fatty acids no longer than Ct8 ; 22:6oJ3 was absent in T. suecica. Analysis of 
the oyster fatty acids by radio gas chromatography (GC) showed that oysters were able to incorporate 
s o m e  of the dietary t4C label into long-chain fatty acids not supplied in the diet, e.g., C20 and C22 
mono- and polyunsaturated fatty acids, and particularly 20:5co3.~ However, the low 14C incorpora- 
tion into fatty acids longer or more unsaturated than those supplied in the diet suggests that elonga- 
tion and desaturation activity in young oysters is not sufficient to sustain optimum growth. 
Lipids 19: 332-336, 1984. 

INTRODUCTION 

Dietary 6o3 long-chain polyunsaturated fatty 
acids (PUFA), e.g., 20:5603 and 22:6603, are 
essential for the optimum growth of several 
marine fish (1-4), and for penaeid prawns (5-9). 
However, freshwater fish, e.g., rainbow trout 
and carp, can biosynthesize the long-chain C22 
PUFA from shorter chain precursors and may 
be cultured successfully on diets containing C is 
6o3 and 6o6 fatty acids (10-12). Further studies 
on fish and prawns (13,14) have confirmed that 
many freshwater species have active fatty acid 
elongation and desaturation systems, whereas 
marine species, especially those high in the food 
chain, e.g., turbot and plaice (13), have a re- 
duced ability to synthesize, from shorter chain 
precursors, the important C22w3 long-chain 
fatty acids by desaturation and elongation. 

In a series of studies on the bivalve clam, 
Mesoderma mactroides, Moreno et al. (15,16) 
have shown that linoleic acids, 18:26o6, and 
a-linolenic acid, 18:36o3, can be desaturated 
and to some extent elongated to higher homo- 
logues, e.g., 20:2606, 18:46o3 and 20:3603, but 
no biosynthesis of the longer and more unsatu- 
rated acids such as 20:4r 20:5r and 
22:6603 occurred. 

In this laboratory, the studies on juveniles of 
another bivalve, the: Pacific oyster, Crassostrea 
gigas, have shown that dietary requirements 
exist for 603 long-chain PUFA when animals 
are actively growing (17). Thus, when 20:5603 
and 22:6603 were absent in the algal diets, the 
growth of juvenile oysters was poor and endog- 
enous PUFA were rapidly depleted. Growth 
was improved when the algal diets were supple- 

1 Present address: M.A.F.F. Fisheries Laboratory, 
Burnham-on-Crouch, Essex CMO 8HA, U.K. 

mented with microencapsulated 6o3 C22 PUFA. 
Whether or not the ability to elongate and 
desaturate dietary Cls fatty acids was low or 
totally absent was not  conclusive. 

Because bivalves can directly incorporate all 
labeled algal fatty acids into tissue lipids (15) 
and because, in this laboratory, routine cultures 
of Dunaliella tertiolecta contain fatty acids no 
longer or more unsaturated than 18:36o3 and 
cultures of Tetraselrnis suecica contain no trace 
of 22:6603, this provided the basis for an 
in vivo study on the capability of young oysters 
to synthesize C20 and C22 6o3 PUFA from 
dietary algal fatty acids. T. suecica and D. 
tertiolecta, preincubated with 14 C bicarbonate 
to label the fatty acids, were fed to juvenile 
Crassostrea gigas at a stage when young oysters 
are still actively accumulating lipid in the body 
tissues (18) and the incorporation of radiolabel 
into tissue fatty acids was determined by radio 
gas chromatography (GC). 

MATERIALS AND METHODS 

Materials 

14C labeled sodium bicarbonate was ob- 
tained from Amersham International, Amer- 
sham, U.K. 

Labeling Algal Fatty Acids 

Nonaxenic cultures of D. tertiolecta and 
T. suecica were grown in 20 1 borosilicate flasks 
under continuous illumination (from 10,000 
lux, daylight fluorescent lamps at 18 C) in fil- 
tered seawater, salinity 32%0, enriched with 
Conway medium (19). The cultures were 
gently agitated by aeration and harvested dur- 
ing the growth phase on a semicontinuous basis. 
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Two hundred ml of each algal culture were 
taken during the growth phase and placed in 2 1 
conical flasks containing 200 ml filtered, UV- 
irradiated seawater, salinity 32%0, enriched 
with Conway medium, and 100 /~Ci of 14C 
sodium bicarbonate was added to the flask and 
mixed by gentle swirling. The algae were 
cultured at 15 C under continuous illumination 
from I0,000 lux daylight fluorescent lamps. 
Each culture was left for 24 hr with occasional 
swirling and then fed to the spat. Samples of 
the labeled algae were filtered off and taken to 
determine the level of 14C incorporation by 
scintillation counting. 

Culture and 14C Labeling of C. gigas Juveniles 

Young oysters were provided by the Fish- 
eries Experiment Station, Conway, N. Wales, 
U.K. In 2 separate experiments, 2 batches of 
young oysters were maintained in filtered and 
UV-irradiated sea water at a salinity of 25%0 
and at 2 4 C + 1  C. One batch was fed on 
nonlabeled D. t e r t i o l e c t a  and the other on T. 
suec i ca  for 1 week before the labeling experi- 
ments. Algae were added at a concentration of 
106 cells per mg of live fresh weight of oyster 
per week as described by Walne (20). The spat 
were fed twice daily and the water changed 
every other day. The cultures were agitated by 
gentle aeration (100 ml filtered air/min) to 
keep the algal cells in suspension. The batches 
of oysters were then fed on the appropriate 
single species of radiolabeled algae in the same 
way for 3 days, followed by 1 day of feeding 
on nonlabeled algae, to ensure that all the 
radiolabel was absorbed from the gut and 
incorporated into the body tissues. Finally, the 
oysters were starved for 24 hr to clear the gut 
of  any algae. Samples of oysters were then 
taken from each batch, briefly washed in 
chloroform/methanol (2:1, v/v) to remove 
lipids from any attached algae on the outside of 
the shell and digested in a N.C.S. (Amersham 
International, U.K.) tissue solubilizer. The total 

incorporated 14C radioactivity was then deter- 
mined by scintillation counting using a Tra- 
cerlab Services scintillation counter. 

The remainder of the batches were briefly 
washed in chloroform/methanol  (2:1, v/v) and 
then homogenized for 3 min in a minimum 
volume of seawater in a top-drive macerator. 
Total lipid was extracted according to the pro- 
cedure of Folch et al. (21) with 20 vol chloro- 
form/methanol  (2:1, v/v) containing 0.005% 
w/v of the antioxidant 2,6-di-tert-butyl-p- 
cresol, and finally stored in chloroform/antioxi- 
dant. The extracted lipids were then methyl- 
ated with BF 3 and methanol (22). Impurities 
were removed from the fatty acid methyl esters 
by thin layer chromatography (TLC) on Merck 
precoated silica gel plates in a continuous elu- 
tion system. Plates were developed for 90 min 
with petroleum ether (60-80 C)/diethyl ether/ 
glacial acetic acid (85 : 15:1) at room tempera- 
ture (ca. 22 C). Separation of the methyl esters 
and determinaton of 14C incorporation was 
carried out on a Pye 104 gas liquid chromato- 
graph coupled to an E.S.I. Nuclear radio gas 
detector. The conventional 5 ' x  �88 i.d. glass 
column was packed with 5% SP 1000 on 
Chromasorb W, AW DMCS 80-100 mesh. Argon 
was used as the carrier gas and the temperature 
program was 130-200 C at 2 C/min. Analysis of 
nonlabeled methyl esters was carried out using 
a Carlo Erba 4160 fitted with a 20 m x 0.5 mm 
i.d. glass capillary column coated with SP 1000. 
Hydrogen was used as the carrier gas and the 
temperature program was 130-200 C at 2 C/ 
min. 

RESULTS AND DISCUSSION 

The levels of  incorporation of  the 14C radio- 
label into the dietary algae and into oyster lipid 
is shown in Table 1. After 3 days, ca. 10% of 
the 14C activity in oyster tissues was in the lipid 
fraction. 

Table 2 shows the distribution of 14C label 

TABLE 1 

Assimilation of Radioactivity from 14C Labeled D. terffolecta and T. suecica into C. gigas Spat 

Diet Experiment 

Total 14C Total 14C 14C in 
in the recovered oyster Percent of total 14C 
diet in each spat lipid label incorporated by 

(dpm) (dpm) (dpm) the oysters as lipid 

D. tertiolecta 1 
2 

T. suecica 1 
2 

4.06 X 106 3.98 X 10 s 4.34 X 104 10.90 
6.30X l0 s 1.56X 104 1.33• 10 a 8.52 
6.90 X 106 2.68 X 106 2.75 • l0 s 10.26 
9.59 X 10 s 1.55 • l0 s 2.04 X 104 13.20 
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TABLE 3 

Fatty Acid Composi t ion of Total Lipids of 
D. tert iolecta and T. suecica 

Fatty acids D. rertiolecta T. suecica 

1 4 : 0  2.1 4 . 2  
1 4 : 1  0 . 2  t r a c e  
1 5 : 0  0 . 7  0 . 5  
1 6 : 0  1 8 . 4  2 1 . 9  
1 6 : 1 c o 9  0 . 3  2 . 2  
1 6 : 1 c o 7  1 .8  2 . 0  
1 6 : 1 ~ o 5  0 . 5  n d  
1 6 : 2 c o 6  1 .3  0 . 3  
16  : 3on 6 1 . 0  t r a c e  
1 6 : 3 o a 3  3.1 0 . 7  
1 6 : 4 t ,  o 3  13 .1  13.1  
1 7 : 0  0 . 5  n d  
1 8 : 0  0 . 9  2 . 2  
1 8 : 1  on9 5 . 0  2 0 . 8  
1 8 : l e a 7  0 . 6  t race  
1 8 : I ~ o 5  t r a c e  n d  
1 8 : 2 o a 6  7 .1  1 .6  
1 8 : 3 ~ 6  4 . 0  trace  
1 8 - 3 ~ o 3  3 6 . 2  8 . 2  
18:4o.~3 n d  3.1 
2 0 : 1  n d  3 . 0  
2 0 : 2 ~ o 6  nd  t race  
2 0 : 3 ~ o 3  n d  n d  
2 0 : 4 ~ 6  nd  0 . 8  
2 0 : 4 t o 3  n d  1 .0  
2 0 : 5 o ~ 3  nd  1 2 . 6  
2 2  : 1 ~o 11 +~o9+co7 n d  n d  
2 2 : 3 ~ o 3  nd  n d  
2 2 : 4 t o 6  nd  n d  
2 2 : 5 ~ o 3  n d  nd  
2 2 : 6 o a 3  n d  n d  

nd = not  detected .  
The results are expressed 

fatty acids present.  
as the percentage of total  

in the fatty acids of juvenile oysters after feed- 
ing 14C labeled D. tertioleeta or T. suecica for 
3 days. 

The highest proportion of t4c in oyster 
fatty acids was in fatty acids that are also 
present in the dietary algae (Table 3) and were 
presumably incorporated directly into the lipid 
reserves of the oysters in a largely unaltered 
form, as dietary algal lipids are in the clam 
M. mactroides (15). In oysters fed D. tertiolecta, 
84.4% and 78.8% of the 14C label in fatty acids 
were recovered in fatty acids less than C~8 in 
chain length, and only 18.4% and 15.3% in the 
fatty acids longer or more unsaturated than 
CaB. In oysters fed T. sueeica, 91.3% and 98.9% 
of the label in fatty acids were present in fatty 
acids up to 20:5603 in chain length. Longer 
chain fatty acids contained only 8.8% and 3.2% 
of the t4C label. Because D. tertioleeta contains 
fatty acids no longer or more unsaturated than 
18:3~3 and T. suecica contains fatty acids no 
longer or more unsaturated than 20:5co3 
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(Table  3),  t he  t4C label  in the  C20 and C22 
f a t t y  acids in oys te rs  fed D. tertiolecta and the  
C22 f a t t y  acids in oys ters  fed T. suecica must  
have been  fo rmed  by mod i fy ing  d ie ta ry  pre- 
cursor  fa t ty  acids wi th in  the  tissues of  the  
oys ters  or  by  de novo  synthes i s  in the  case of  
nonessen t ia l  f a t ty  acids. Chain  e longa t ion  could  
a c c o u n t  for  the  14 C label  in the  n o n d i e t a r y  C20 
and  C22 fa t ty  acids wi th  the  excep t ion  of  
20:5603 and  22:6603 in oys te rs  fed D. tertiolecta 
and  22:6603 in oys ters  fed T. suecica. A l t h o u g h  
e longa t ion  of  20:5093 could  a c c o u n t  for  the  
label  in 22:5603 in oysters  fed T. suecica, 
e longa t ion  c a n n o t  a c c o u n t  for  the  14C label in 
20:5603 or 22:6603 when  these  acids are absen t  
in the  diet  as a de sa tu ra t i on  step is necessary  in 
the  b iosynthes is .  Less than  1% of  the  14C label 
was f o u n d  in 20:5603 and 22:6603 when  these  
f a t t y  acids were o m i t t e d  f rom the  diet ,  indicat -  
ing tha t  desa tu ra t ion  act iv i ty  is low. The  im- 
p r o v e m e n t  of  oys te r  g r o w t h  wi th  the  add i t ion  
of  P U F A  such as 20:56o3 and  22:6603 in the  
diet  (17)  does  suggest tha t  the  act ivi t ies  of  
desa tu ra t ion  enzymes  in the  oys te r  are too  low 
to sustain o p t i m u m  growth .  Young  oys ters  
grow m u c h  b e t t e r  on  a diet  of  T. suecica, 
which  con ta ins  apprec iab le  levels of  the  P U F A  
20:5603,  one  of  the  w3  P U F A  so i m p o r t a n t  in 
mar ine  animals ,  t han  on D. tertiolecta (17),  
wh ich  con ta ins  no t race  of  the  6o3 C20 or  C22 
PUFA.  The fa t ty  acid c o m p o s i t i o n  of  the  algae 
is s h o w n  in Table  3. 

In ma tu re  oysters ,  Crassostrea virginica, 
Trider  and  Castell (23)  found  t ha t  b e t t e r  weight  
gain was achieved by feeding cod-liver oil con-  
ta in ing 603 f a t t y  acids than  by  feeding 6o6 fa t ty  
acids in the  form of  co rn  oil and  conc luded  t ha t  
oys ters  appear  to have a major  d ie ta ry  require-  
m e n t  for  603, and  possibly a mino r  r e q u i r e m e n t  
for  606, PUFA.  However,  t hey  did no t  indica te  
w h e t h e r  or no t  these  f a t ty  acids should  be ClS 
or C20/C22 PUFA.  

In Moreno ' s  expe r i m en t s  wi th  copepods  
(24),  a f te r  5 hr i n c u b a t i o n  wi th  [ 1 ) 4 C ]  tx- 
l inolenic  acid, the  t4C label in 20:5603 and  
22:6603 was on ly  1.9% and  0.6%, respect ively ,  
of  the  to ta l  label recovered in the  f a t t y  acids;  
o the r  603 P U F A  con ta ined  s igni f icant ly  less 
than 1% of  the  14C label. These  figures are com- 
parable  wi th  those  in Table  2 for  14C labeled 
20:5603 and  22:6603 in oys ters  fed D. tertio- 
lecta, i.e., syn thes ized  f rom shor t e r  cha in  pre- 
cursors.  On the  o the r  hand ,  in the  clam, M. 
mactroides, Moreno  et al. (15)  de t ec t ed  no 
14C act iv i ty  at  all in 20:5603 or 22:6603 a f te r  
admin i s t e r ing  18:36o3 for  12 hr. In Moreno ' s  
expe r imen t s ,  the  c lams were placed in a syn- 
the t i c  seawater  med ium con ta in ing  dissolved 
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rad io labe led  [ 1 - t 4 c ]  linoleic and [1-14C] ~-  
l inolenic  acid,  supp ly ing  the  14C label d i rect ly  
in the  diet  for 72 hr  as in the  expe r imen t s  
descr ibed in th is  paper ,  may  provide  a reason  
for  the  d i f fe rences  b e t w e e n  c lams and  oysters .  
Nevertheless ,  the  oys ter ,  C gigas, has some 
abi l i ty  to e longate  and  desa tu ra te  603 f a t t y  
acids to  p roduce  2 0 : 5 w 3  and  22:6603,  whereas  
th is  ac t iv i ty  is lacking in the  clam, M. mact- 
roides. All this  poin ts  the  way for  f u r t h e r  
s tudies  on  f a t t y  acid desa turase  and  e longa t ion  
enzymes  in bivalves and  mar ine  inve r t eb ra tes  in 
general .  
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ABSTRACT 

The composition of phosphatidylcholine (PC) and sphingomyelin (SM) was studied in cord blood 
lipoproteins to determine whether equilibration of the molecular species of phospholipids among 
lipoproteins was comparable with that reported for adults. The molecular species distributions of PC 
in low density lipoprotein (LDL) differed from that of high density lipoprotein (HDL). Whereas LDL 
PC was richer in combinations of fatty acids with 16 and 18 carbon atoms than HDL, the HDL was 
markedly enriched in combinations of fatty acids with 18 and 20 carbon atoms. Sphingomyelins in 
LDL were richer in palrnitic acid than HDL while HDL had a greater proportion of long chain sphin- 
gomyelin than LDL. The molecular species of PC and SM do not equilibrate in cord blood. The results 
for the SM distributions were similar to other reports for adult human lipoprotein. However, the 
marked differential distribution of PC among lipoproteins appears unique to cord blood. The me- 
chanisms responsible for equilibrating PC among lipoproteins are less well developed in the neonate 
when compared with the adult. 
Lipids 19: 337-340, 1984. 

INTRODUCTION 

The equilibration of phospholipids (PL) 
among adult plasma lipoproteins appears to 
occur by 2 possible mechanisms. During the 
catabolism of triacylglycerol-rich lipoproteins, a 
portion of the PL is transfered to the HDL 
fraction (1-3). PL also exchange among plasma 
lipoproteins (4). Both processes appear to be 
stimulated by proteins in plasma (5,6). Thus, 
all molecular species of PL are thought to 
equilibrate among plasma lipoproteins. RecentIy, 
the molecular species composition of respec- 
tive PL have been shown not to be equal in 
lipoproteins from adult plasma (7-9). Further- 
more, inhibition of lecithin=cholesterol acyl 
transferase (LCAT) activity reduces the ex- 
change of sphingomyelin (SM) but does not  
affect the rate of phosphatidylcholine (PC) 
exchange (4). 

The lipid transport processes in the neonate 
are different from the adult human where 
active fat transport from the intestine occurs. 
Although LCAT activity is reduced in cord 
blood when compared with the adult (10), 
no reports concerning the presence of exchange 
proteins have been made. Furthermore, little 
data is available concerning the composition of 
the molecular species of PL in cord blood 
lipoproteins. Therefore, determining whether 
the composition of the molecular species of 
phospholipids in cord blood lipoproteins is 
comparable with that of adult plasma is inter- 

*To whom correspondence should be addressed. 

esting as a prerequisite to assessing whether this 
process is altered when the newborn begins 
to consume diets of varying fat content. The 
data indicate that a much greater difference 
in the composition of the molecular species of 
PC of cord blood LDL and HDL exists when 
compared with that of adult lipoproteins. 

EXPERIMENTAL 

Patients 

Umbilical cord blood samples were obtained 
at delivery from healthy, normal birth, term 
human foetae of mean gestation 39.9 -+ 1.6 
weeks with Apgar scores of greater than 9 at 
5 rain. The samples were maintained at 4 C and 
within 12 hr the serum was recovered by low- 
speed centrifugation. Thimerosal (Sigma Chemi- 
cal Co., St. Louis, MO) was added to a final 
concentration of 0.1% and the sera were then 
screened for maternal blood contamination as 
indicated by the presence of IgA on Ouchter- 
lony radial diffusion analysis using Hyland im- 
munoplates containing antihuman IgA (Hyland 
Diagnostics, Deerfield, IL) as previously des- 
cribed (11). Twelve percent of  all cord sera 
received (N = 171) contained detectable quan- 
tities of IgA and were rejected for further 
analysis. This study was subjected to ethical re- 
view by the Faculty of  Medicine, the maternity 
hospital concerned and the granting agency. 

MATERIALS A N D  METHODS 
Lipoprotein Isolation 

Lipoproteins were isolated by sequential 
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FIG. 1. GLC of t-butytdimethylsilyl ethers of the 
diacylglycerols from PC of cord blood lipoproteins; 
A-LDL;  B-HDL 3. Carbon numbers identify the 
number of fatty acid carbons in the diacylglycerol 
component of the PC. 

u l t racent r i fugat ion  in a Beckman L5-50 ultra- 
centr i fuge using a 50.3 Ti  ro to r  at the fo l lowing 
densities, V L D L  d=1.006 kg/1 for 1.10 x l 0  s g/ 
min;  LDL,  d=1.063 kg/1 for 1.44 x l 0  s g /min ;  
HDL2 d=1.125 kg/1 for  1.57 x 10 s g/rain and 
HDL3 d=l .21  kg/1 for 1.71 • 10 s g/min.  

Lipid Analysis 

Phosphol ipids  were ex t rac ted  by  the  m e t h o d  
of  Fo lch  et al. (12). SM and PC were separated 
by thin layer ch romatography  (TLC) on  silica 
gel G using a solvent system of  ch lo ro fo rm/  
methanol /ace t i c  ac id /water  (74:45 : 12:6).  The 
lipids were recovered f rom the  silica by  extrac-  
t ion  with  a mix ture  of  c h l o r o f o r m / m e t h a n o l /  
acet ic  ac id /water  (50 :39 :10 :1 ) ,  and digested 
wi th  phosphol ipase  C as described by Kuksis 
et al. (13). The fract ions were purified on 
silica gel using c h l o r o f o r m / m e t h a n o l  (90 :10)  as 
a solvent.  Fol lowing recovery,  the ceramides 
were  conver ted  to t -buty ld imethyls i ly l  e ther  
derivatives (7). Diacylglycerols were analyzed as 
the  t r imethyls i ly l  or  t -buty ld imethyls i ly l  ethers.  
The molecular  species of  diacylglycerols  or 
ceramides were resolved according to  molecular  
weight  by gas liquid chromatography  (GLC) on 
3% OV-1 (Applied Science Labs., State College, 
PA). Ident i f ica t ion of  carbon numbers  was 
based on previous work  on human  PL (7,9). 
Fa t t y  acids of  isolated PL were conver ted  to 
m e t h y l  esters and analyzed (14) by  GLC on  6-ft 
stainless-steel columns packed with 10% EGSS- 
X (Applied Science Labs.). 

TABLE 1 

Molecular Species of Diacylglycerols from 
Phosphatidylcholines of Cord Blood Lipoproteins * 

Carbont Lipoprotein:~ (wt %) 
number LDL HDL 2 HDL a 

C32 4.8 +- 2.0 2.1 -+ 2.5 2.0 -2_ 1.0 
C34 34.8 + 10.0a, b 23.2 + 6.8w 22.5-+ 2.2 a 
C36 31.4• 3.1 32.5 • 3.6 34.0• 3.4 
C38 21.3• 6.1 a 35.8• 6.2 a 31.8• 3.7 a 
C40 6.5 • 4.5 8.8 + 5.4 8.9 -+ 3.0 

Values for a particular carbon number in different 
lipoproteins are significantly different where labelled: 
a) p < 0.001;b) p < 0.02. 

*Results are the mean -+ SD of 8 samples. 
tCarbon number represents number of fatty acyl 

carbon atoms in the diacylglycerol. 
SDensity fractions for isolation were LDL = 

1.006-1.063, HDL 2 = 1.063-1.125 and HDL 3 = 
1.125-1.21 g/ml. 

RESULTS 

Initial studies of  the total  lipid profiles of  
cord b lood established that  good recovery  o f  
PL by  the  phospholipidase C digestion (11) 
occurred.  The data also indicated that  the  pro-  
por t ion  of  longer chain molecular  species of  
PL in cord blood was greater  than usually no ted  
for  adul t  serum (8,9). Fol lowing isolat ion o f  
the  PC and conversion to the diacyiglycerols,  
we observed (Fig. 1) that  a marked  difference 
existed be tween  the molecular  species profi le  
for  the  LDL and H D L  fract ions.  The LDL was 
character ized by a major componen t  corre- 
sponding to  fa t ty  acid combina t ions  o f  CI 6 and 
C18 (C34) fa t ty  acids. Much lower  amounts  of  
o f  carbon number  C36 and C38 were found,  
which  represent  combina t ions  of  CI 6 and C18 
fa t ty  acids with C20 fa t ty  acids. The predo-  
minance  o f  the C34 species over  the o ther  
carbon numbers  was most  variable in LDL 
however .  High densi ty l ipoproteins  had ap- 
p rox imate ly  equal  amounts  of  C34, C36 and 
C38 molecular  species. The results of  the 
molecular  species analysis are shown in Table 1. 
The LDL had significantly higher amounts  of  
C34 and significantly lower amounts  of  C38 
than  with  HDL2 or  HDL3 whereas  the propor-  
t ion o f  C36 was approx imate ly  equal  in bo th  
groups. The reasons for  these differences were 
apparent  f rom the  fa t ty  acid compos i t ion  o f  
the PC (Table 2). The C20 unsatura ted  fa t ty  
acids accounted  for 23% of  the  fa t ty  acids in 
HDL3 but  only  12% in LDL. The p ropor t ion  of  
palmit ic  and stearic acids remained relat ively 
cons tant  in bo th  l ipoproteins .  

The SM compos i t ion  was also dist inct  for  
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TABLE 2 

Fatty Acid Composi t ion of Phospholipids from Cord Blood Lipoproteins a 

3 3 9  

PC (wt %) SM (wt %) 

Fatty acid b LDL HDL a LDL HDL 3 

16:0 42.3 • 1.8 38.6 -+ 3.3 33.0 + 2.1 21.5 -+ 2.1 
16:1 0.9 • 0.3 0.7 -+ 0.3 1,1 • 0.4 1.0 • 0.5 
18:0 18.9 • 0.8 18.7 • 1.1 15.4 -+ 0.9 13.0 • 1.1 
18:1 14.2 • 0.9 11.9 • 1.3 1.5 • 0.5 1.1 • 0.8 
18:2 9.5 • 0.5 5.6 • 1.1 --  - -  
20:0 --  --  9.3 • 1.0 7.5 • 0.9 
20:1 --  --  tr --  
20:2 0.5 • 0.5 3.4 • 0.9 --  - -  
20:3 2.4 • 0.6 5.0 • 1.0 --  - -  
20:4 10.0 • 1.1 15.1 -+ 1.4 --  - -  
22:0 --  - -  11.2 • 0.8 14.1 • 1.2 
22:6 1.2 -+ 0.4 1.1 + 0.4 --  --  
24:0 --  --  7.1 • 0.9 11.1 • 1.3 
24:1 --  - -  21.1 • 2.3 30.1 • 2.2 

aResults  are mean +- SD of analyses from 3 separate l ipoprotein preparations.  
bFa t ty  acid identified by number of  carbon atoms and double bonds. 

TABLE 3 

Molecular Species of  Ceramides from Sphingomyelins O f Cord Blood Lipoproteins* 

Lipoprotein :~ 

Carbon number t LDL HDL 2 HDL s 

C34 30.4 • 6.9 a 28.5 + 2.0 20.9 • 3.0 a 
C36 15.8 + 1.8 15.8 + 0.9 15.1 • 1.6 
C38 9.5 + 2.0 8.0 + 1.4 8.3 • 1.6 
C40 14.6 -+ 1.9 13.8 • 1.0 15.4 • 1.8 
C42 28.9 + 4 4 b c 3 5 . 2  +- 4.3 c 4 2 . 0  +- 4.6 b 
C34/C42 w 1.10 + 4.2 a 0.78 • 0.20 0.51 • 0.13 a 

*Results of mean + SD of  8 samples of cord blood. 
tCarbon number represents the total  number  of  sphingoshine and fat ty acyl carbon 

atoms. 
:~Values for a carbon number  in different l ipoproteins are significantly different when 

labelled: a, p < 0.01; b, p < 0.001; c, p < 0.02. 
w of C34 to C42. 

e a c h  l i p o p r o t e i n  f r a c t i o n  b u t  w a s  s i m i l a r  t o  t h a t  

n o t e d  f o r  I i p o p r o t e i n s  i n  a d u l t  p l a s m a  (7) .  In  

L D L  ( T a b l e  3)  a h i g h e r  p r o p o r t i o n  ( 3 0 % )  o f  
s h o r t - c h a i n  SM ( C 3 4 )  t h a n  H D L a  ( 2 1 % )  w a s  

f o u n d .  B y  c o n t r a s t ,  t h e  l o n g - c h a i n  ( C 4 2 )  SM 

w e r e  h i g h e r  i n  HDL3.  ( 4 2 % )  t h a n  L D L  (29%) .  
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  SM ( T a b l e  2 )  

r e f l e c t e d  t h e s e  c h a r a c t e r i s t i c s ,  p r i m a r i l y  in  t h e  

a m o u n t s  o f  p a l m i t i c ,  b e h e n i c  ( 2 4 : 0 )  a n d  

n e r v o n i c  ( 2 4 : 1 )  f a t t y  ac ids .  W h e r e a s  p a l m i t i c  
a c i d  w a s  a m a j o r  c o n s t i t u e n t  i n  L D L ,  t h e  H D L  
f r a c t i o n  w a s  c o n s i d e r a b l y  r i c h e r  i n  t h e  l ong -  
c h a i n  f a t t y  a c i d s  t h a n  L D L .  

DISCUSSION 

D e t a i l e d  a n a l y s e s  o f  t h e  m o l e c u l a r  s p e c i e s  o f  

PC f r o m  l i p o p r o t e i n s  o f  a d u l t  h u m a n  s e r u m  
h a v e  r e v e a l e d  a n e a r l y  e q u a l  d i s t r i b u t i o n  o f  t h e  

m o l e c u l a r  s p e c i e s  in  V L D L ,  L D L  a n d  H D L ,  
e x c e p t  f o r  h i g h l y  u n s a t u r a t e d  s p e c i e s  t h a t  a re  

s l i g h t l y  h i g h e r  in  H D L 3  t h a n  in  t h e  o t h e r  
l i p o p r o t e i n s  (9) .  H o w e v e r ,  a c o n s i d e r a b l e  
d i f f e r e n c e  i n  t h e  d i s t r i b u t i o n  o f  SM m o l e c u l a r  

s p e c i e s  a re  f o u n d  a m o n g  a d u l t  l i p o p r o t e i n s  
(7) .  In  c o r d  b l o o d  l i p o p r o t e i n s  a d i f f e r e n t i a l  

d i s t r i b u t i o n  is o b s e r v e d  f o r  SM t h a t  is  s i m i l a r  t o  
t h e  d i s t r i b u t i o n  seen  in  a d u l t  p l a s m a .  C o r d  

b l o o d  l i p o p r o t e i n s  a l so  h a d  a m a r k e d  d i f f e r e n c e  

i n  t h e  d i s t r i b u t i o n  o f  t h e  m o l e c u l a r  s p e c i e s  o f  

PC. T h e  c o r d  b l o o d  L D L  h a s  m u c h  h i g h e r  

p r o p o r t i o n s  o f  m o l e c u l a r  s p e c i e s  c o n t a i n i n g  

p a l m i t i c  a n d  C 1 8  f a t t y  a c i d s  t h a n  H D L .  T h e  
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HDL was ex t r eme ly  r ich in c o m b i n a t i o n s  
of  C18 and unsa tu ra t ed  C20 fa t ty  acids. 
Thus ,  HDL f rom b o t h  adul t  (14)  and  
cord  b lood  has h igher  a m o u n t s  of  PC wi th  
p o l y u n s a t u r a t e d  f a t t y  acids t h a n  LDL,  however  
the  d i f fe rence  is more  p r o n o u n c e d  in cord 
b lood.  The  fa t ty  acid c o m p o s i t i o n  o f  cord  
b lood  PC agrees wi th  previous  s tudies ,  wh ich  
d e m o n s t r a t e d  t ha t  C20 u n s a t u r a t e d  f a t t y  acids 
are present  in higher  c o n c e n t r a t i o n s  t h a n  in 
adu l t  serum (15) .  

The  reasons  for  the  p r o n o u n c e d  unequa l  
d i s t r i bu t ion  of  PL a m o n g  cord  b lood  l ipopro-  
reins are u n k n o w n  at  present .  In adul t  s e rum,  
PC equ i l ib ra t ion  is e n h a n c e d  by  the  PL ex- 
change  p ro te ins  present  in the  plasma (5,6) .  
The  PL exchange  p ro te in  m ay  poss ibly  n o t  
be p resen t  in the  fe tus  bu t  appea r  s o m e t i m e  
af te r  b i r th .  PL released f rom the  ca tabo l i sm of  
V L D L  are also i n c o r p o r a t e d  in to  HDL whereas  
LDL is general ly  cons idered  to be a p r o d u c t  of  
V L D L  ca tabol i sm.  Thus,  if V L D L  PL are 
p recursors  of  the  PL of  HDL and  LDL, the  PL 
of  the  l i popro te ins  would  be expec t ed  to be  
similar  in c o m p o s i t i o n  unless  specif ic i ty  for  
p h o s p h o l i p i d  hydro lys i s  by  l ipolyt ic  e n z y m e s  
occurs .  However  V L D L  is e x t r e m e l y  low in 
cord  p lasma (16 ,17)  and  syn thes i s  and  t u r n o v e r  
o f  V L D L  is p r o b a b l y  low because  of  t he  lack of  
ex tens ive  fat  t r anspor t .  A l t h o u g h  the  m e t a b o l i c  
p a t h w a y s  for  cord  b lood  l ipopro te ins  are es- 
sent ia l ly  u n d e f i n e d ,  the  p resen t  s tudies  suggest 
t h a t  LDL and  HDL3 PL may  arise f r o m  dif- 
f e ren t  me tabo l i c  pools.  The  lack of  equi l ibra-  
t ion  may  be caused by  a lack o f  PL exchange  
p ro t e ins  (5 ,6)  as well as low LCAT ac t iv i ty  (8).  
F u t u r e  s tudies  on  the  changes  in molecu la r  
species of  cord b lood  PL in t he  n e o n a t e  w h e n  
d ie t a ry  fa t  is c o n s u m e d  should  provide  clues to  
t he  ef fec t  of  d ie ta ry  l ipids and  fat  t r a n s p o r t  on  
p lasma PL and  l i popro te in  me tabo l i sm.  
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Metabolism of Arachidonate in Rat Testis: Characterization 
of 26-30 Carbon Polyenoic Acids 

W. McLEAN GROGAN, Department of Biochemistry. Box 614 MCV Station. Medical 
College of Virginia, Virginia Commonwealth University, Richmond, VA 23298 

ABSTRACT 

Fatty acid methyl esters of long-chain polyenoic fatty acids (LCPA) from rat testis injected with 
[1-14C] araehidonate were analyzed and separated by reversed-phase high performance liquid chroma- 
tography (RP-HPLC). Earlier, all previously identified LCPA were prepared in high purity along with 4 
previously unidentified fatty acids, which were further characterized by capillary gas chromatography 
(GC), catalytic hydrogenation and alkaline isomerization. Unidentified fatty acids proved to be 26:4, 
26:5, 28:5 and 30:5. All of these LCPA incorporated 14C from arachidonate (20:4) to specific activi- 
ties that were comparable to that of 20:4 and previously identified metabolites of 20:4 and much 
greater than specific activities of 18:1n-9 or 22:6n-3. LCPA were analyzed on a capillary GC system 
capable of resolving known cis-trans and positional isomers of the n-3, n-6, n-7 and n-9 families of 
unsaturated fatty acids. Log plots of isothermal retention times and normal plots of temperature 
programmed retention times were linear (r = 0.999) in carbon number when values for known and 
previously unidentified LCPA of 4 or 5 double bonds, respectively, were coplotted. Thus, the newly 
identified fatty acids belong to the n-6 family of fatty acids synthesized from arachidonic acid. 
Lipids 19: 341-346, 1984. 

INTRODUCTION 

Long-chain polyenoic acids (LCPA) with 
chain lengths in excess of 22 carbons have been 
reported in the testes of several species (1-4). 
The 24 carbon tetraene (24:4n-6) (by this con- 
vention, 24 carbons, 4 double bonds and 6 car- 
bons from the methyl end to the highest num- 
bered double bond (n-6), i.e., all cis-9, 12, 15, 
18-tetracosatetraenoic acid) and pentaene 
(24:5n-6) are biosynthesized in the testis from 
arachidonic acid (20:4n-6) by a series of elonga- 
t ion and desaturation reactions. The presence 
of 26 carbon fatty acids has been suggested by 
gas cttromatographic (GC) analysis of catalyti- 
cally hydrogenated methyl esters of fatty acids 
extracted from rat testes (2). Incubation of 
mouse testes or intratesticular injection of mice 
with [ 14 C] arachidonate resulted in incorpora- 
tion of 14C into fatty acids with GC retention 
times greater than those of known 22 or 24 
carbon polyenoic acids (5). Thus, circumstan- 
tial evidence that the testis biosynthesizes un- 
saturated fatty acids with chain lengths in 
excess of 24 carbons exists, but the specific 
fatty acids have not been isolated or identified. 
Because the number of potential isomers of 
LCPA having similar retention times becomes 
quite large as chain lengths increase, GC alone 
can provide only a tentative identification for a 
previously unknown LCPA (6). In the present 
study, we have used analytical and preparative 
reversed-phase high performance liquid chroma- 
tography (RP-HPLC) to confirm tentative 
identifications by capillary GC of 26, 28 and 30 

carbon LCPA. We also provide evidence that 
these fatty acids are members of the n-6 family 
of LCPA, derived from arachidonic acid. 

METHODS AND MATERIALS 

Preparation of Fatty Acid Methyl Esters (FAME) 

Total lipid was extracted with CHCla/MeOH 
(1:1, v/v) from decapsulated testes of adult 
male Sprague-Dawley rats (150-200 g; Flow 
Laboratories, Rockville, MD) by the procedure 
of Bridges and Coniglio (7). Extracts were 
reduced to dryness under vacuum on a rotary 
evaporator, redissolved in CHCla, dried under a 
stream of N2 and transmethylated with NaOCH3 
by the procedure of Grogan et al. (4) to yield 
FAME. For studies ofarachidonate metabolism, 
rats were anesthetized with ether and injected 
intratesticularly with 50 ~Ci/testis [1-14C] - 
arachidonate (New England Nuclear, Boston, 
MA, 56 mCi/mmol) as the albumin complex. 
After 48 hr, the rats were sacrificed by cervical 
dislocation and testes were removed for pre- 
paration of FAME. 

High Performance Liquid Chromatography (HPLC) 

FAME (50-500 ~g) were dissolved in 10-100 
/al acetonitrile (AcCN) and separated on an 
HPLC system (Waters Assoc., Framingham, 
MA) consisting of 6000A pumps, U6K injector, 
660 gradient programmer and a 7.8 mm x 30 cm 
reversed-phase column (/~Bondapak Cla). Ef- 
fluent was monitored on a Schoeffel SF770 
variable wavelength absorbance detector and 
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collector. FAME were eluted using a nonlinear 
g rad ien t (no .  5 on the Waters 660) of  60-100% 
AcCN (solvent B) in 15% M e O H - H 2 0  (solvent 
A) for 1 hr at 2 ml/min. The gradient was 
begun 10 min after injection. A second proto-  
col used to separate 18:2 from 22:5 consisted 
of  a 66-100% gradient of MeOH in H 2 0  for 1 
hr at 2ml/min. For  measurement of radioacti- 
vity in eluent, fractions were collected at 0.5 
min intervals into scintillation vials that  were 
subsequently filled with scintillation fluid 
(Budget-Solve, Research Products International 
Corp.) for liquid scintillation counting. Counts 
were checked for quenching by the channels 
ratio method.  For  GC or chemical characteriza- 
tion, fractions were collected into 50 ml glass 
stoppered tubes,  diluted 3-fold with H 2 0  and 
extracted 3• with 0.5 vol petroleum ether to 
recover FAME. FAME that  had been previously 
characterized were identified by  GC retent ion 
times. All solvents were HPLC grade. H20  was 
0.5 Mohm distilled H2 O redistilled in glass. 

Gas Chromatography 

Capillary GC of FAME was carried out  on a 
Packard 427 GC equipped with flame ioniza- 
t ion detector  (FID), a splitless injector and a 
0.75 m m x  60 m fused silica capillary column 
coated with 0.2 /am SP2340 (Supelco, Inc., 
Bellefont, PA). Argon carrier gas was used at a 
linear flow rate Of 20 cm/sec. Column effi- 
ciency was in excess of 1,200 plates/m, suffi- 
cient for baseline resolution of the n-3 and n-6 
isomers of 22:5. For  temperature programmed 
analysis, a linear gradient from 120-260 C at 
2 C/min was used with an initial t ime of 10 
min. FAME were identified by comparing of 
re tent ion times with those of commercial 
standards and biological samples of previously 
determined composit ion (5). 

Chemica(Characterization of LCPA 

Aliquots of unsaturated FAME purified to 
99% by preparative HPLC were catalytically 
hydrogenated by  the method of Farquhar et al. 
(8) to yield corresponding saturated methyl  
esters. These were subsequently indentified by  
isothermal (180 C) GC as described above. 
Double-bond content of purified LCPA was 
determined by spectrophotometr ic  analysis of  
alkaline isomerized aliquots. Petroleum ether 
extracts were dried under N2, dissolved in 10% 
KOH-glycerol and heated to 180 C for 45 min 
as described in detail  by Holman and Hays (9). 
Isomerized samples were analyzed for maxi- 
mum wavelength of absorbance (Xmax) on a 
Cary 210 recording spectrophotometer  (Varian 
Assoc., Palo Alto, CA) scanning 220-400 nm. 

Unknowns were assigned double-bond values on 
the basis of previously reported Xmax values 
(9,10) and by comparing them with known 
LCPA simultaneously subjected to the same 
analysis. 

R ESU LTS 

Total lipid extract  from rat testis was trans- 
esterified to yield methyl  esters of component  
fat ty  acids (FAME) and analyzed by RP-HPLC. 
Figure 1A shows the elution profile obtained 
by monitoring effluent for absorbance at 215 
nm. All major unsaturated fa t ty  acids were 
resolved by a single pass on this system with the 
exception of 18:2 and 22:5,  which overlapped 
completely in retention time. Rechromatog- 
raphy,  using the methanol-water gradient, com- 
pletely resolved these fat ty acids (relative 
retent ion times were 1.00 and 1.03, respec- 
tively), yielding 22:5 with no detectable 
impurities by HPLC or GC (data not  shown). 
Only unsaturated FAME were detected by this 
method because detector  response was roughly 
proport ional  to degree of unsaturation,  al- 
though not in a linear mode (Table 1). This is 
best illustrated by a comparison of the percen- 
tage of area under the absorbance curve ob- 
tained for 18:1 by HPLC with the actual 
percentage of mass obtained by GC. For  each 
fat ty  acid, detector response was proport ional  
to concentration up to 5 /ag of fat ty  acid 
injected. 

Figure 2 shows a chromatogram obtained by 
capillary GC of the same FAME sample. This 
system resolved the n-7 and n-9 isomers of 16:1, 
the cis-trans isomers of 18:1n-9 and the n-3 and 
n-6 isomers of 22:5, as well as achieving base- 
line resolution of  all commonly occurring 
fa t ty  acids. The differing modes of separation 
of HPLC and GC are apparent in the fact 
that  retention times are inversely proport ional  
to the degree of unsaturation on the hydropho-  
bic HPLC column and proport ional  to the 
degree of  unsaturation on the polar GC column, 
given the same number of carbons in the respec- 
tive FAME (Table I and Fig. 3). Retention 
times are proport ional  to carbon number with 
both  methods,  although the principle of separa- 
t ion is based on hydrophobic i ty  in the case of 
HPLC and boiling point (molecular weight) and 
polari ty in the case of GC. With the use of 
programmed decreases in solvent polarity 
(HPLC) or increases in column temperature 
(GC), the relationship between carbon number 
and retention time was linear (Correlation 
coefficient, r>0.999,  in every case) for each 
homologous series (4 or 5 double bonds, respec- 
tively) allowing tentative identification of 
unknown FAME. 

LIPIDS, VOL. 19, NO. 5 (1984) 



VERY LONG CHAIN POLYENOIC ACIDS 343 

A 

w 
(.) 

z 

tln 

m E  

_.J 
W 

,6 a 

t4 

' O  19 

x 

E 
a. to -  

N 
> -  

F--- 

p- 
O 
~ 6  
N 

4.  

2 

eJ 

oJ 

I I I 1 

'PEAK �9 e3,000 

i 

0 tO 2'0 3'0 40 50 60 70 BO 

RETENTION TIME (ram) 

FIG. 1. RP-HPLC elution profile of unsaturated 
fatty acid methyl esters from rat-testis lipids. FAME 
were prepared by transesterification of total lipid 
extracts from rats injected intratesticularly with 
[1,1'C] arachidonate. FAME were eluted by a 1 hr 
nonlinear gradient of AcCN in 15% McOII-H20 as 
described in Methods. (A) Absorbance of eluent 
monitored at 215 nm. (B) Radioactivity of fractions 
collected at 0.5 min intervals. 
Identification of Unknown Fatty Acids 

Unsaturated FAME coeluting with each 
major HPLC peak were col lected and analyzed 
by capillary GC. Their relative re ten t ion  t imes 
are given in Table 1. Most FAME could be 
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FIG. 2. Capillary GC of FAME from rat-testis 
lipids. FAME were prepared by transesterification of 
total lipid extracts and eluted by a linear temperature 
program from 120-260 C. Detector response is propor- 
tional to mass. 

identif ied by compar ing re tent ion  t imes with  
those of  standards or previously identif ied 
FAME from rat or  mouse testes. Standards were 
unavailable for >24  carbon unsaturated fa t ty  
acids. Al iquots  of  unknown  FAME were hydro-  
genated to corresponding 26, 28 and 30 carbon 
FAME and analyzed by GC. Aliquots  of  FAME 
were also isomerized by alkali to determine 
spec t rophotomet r ica l ly  the number  of  double  
bonds  present. As shown in Table 2, all 4 un- 
k n o w n  FAME were isomerized to compounds  
absorbing with kmax of  317 or 348 nm, indi- 
cating 4 or  5 double  bonds, respectively. 
Characterist ic kmax were also obtained for 
o ther  FAME prepared by HPLC, consistent 
wi th  results repor ted  by previous investigators 
using different  preparative techniques  and 
preparat ions of  lesser puri ty (10,11 ). 

Purified FAME were analyzed under  iso- 
thermal  condi t ions  by a capillary GC system 
capable of  resolving n-6 f rom n-3 and n-9 fa t ty  
acids. As shown in Figure 3, log plots of  reten-  
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FIG. 3. Linear plots of isothermal GC log relative 
retention times vs carbon number for methyl esters of 
20-30 carbon LCPA isolated by preparative HPLC. 
Retention times are relative to 20:4 for 4 and 5 
double-bond LCPA and relative to 20:0 for hydro- 
genated samples. Points plotted beyond 30 carbons 
represent peaks detected by GC, but not further 
characterized. Correlation coefficient, r ~ 0.999 in 
each case. 

TABLE 1 

A Comparison of Capillary GC and 
HPLC Analyses of LCPA 

GC a HPLC b 

Rel. rot. Percentage Rel. ret. Percentage 
Fatty acid time of mass time of mass 

18:1n-9 0.70 22 1.23 1.2 
18:2n-6 0.76 7.8 1.07 - 
20:3n-6 0.97 1.6 1.11 1.5 
20:4n-6 1.00 29 1.00 27 
22:4n-6 1.16 2.9 1.16 4.0 
22:5n-6 1.19 30 1.07 50 c 
22:6n-3 1.26 1.4 0.96 1.1 
24:4n-6 1.29 1.7 1.33 2.6 
24:5n-6 1.33 2.1 1.21 3.6 
26:4n-6 1.42 0.2 1.52 0.2 
26:5n-6 1.46 0.3 1.37 0.6 
28:5n-6 1.58 0.3 1.54 0.8 
30:5n-6 1.70 0.4 1.71 0.3 

aTemperature programmed 120-260 C at 2 C/min. 
Retention times are relative to 20:4. FID response is 
linear with respect to mass. Percentage calculation 
includes only unsaturated fatty acids. 

bSolvent programmed 60-100% AcCN in 15% 
MeOH-HzO. Retention times are relative to 20:4. 
Absorbance at 215 nm is dependent on degree of 
unsaturation. 

CIncludes 18:2. 

t ion t imes  for  FAME of  k n o w n  n-6 fa t ty  acids 
of  4 and 5 doub le  bonds  and those  newly  iden-  
t i f ied as 26:4 ,  26:5,  28:5 and 30:5 were re- 

TABLE 2 

Characteristics of Previously Identified and 
Unknown LCPA Isolated by HPLC a 

Previously hmax 
Fatty acid identified b H 2 FA (rim) 

20:3 x 20:0 279 
22:4 x 22:0 317 
22:5 x 22:0 348 
22:6 x 22:0 374 
24:4 x 24:0 317 
24:5 x 24:0 348 
26:4 26:0 317 
26:5 26:0 348 
28:5 28:0 348 
30:5 30:0 348 

aH 2 FA = fatty acid identified by GC after catalytic 
hydrogenation; hmax = maximum wavelength of 
absorbance following alkaline isomerization of double 
bonds. 

bSee references 1, 10, 11. 

markab ly  linear in carbon number .  Peaks were 
also seen having r e t en t ion  t imes  appropr ia te  
fo r  32 carbon  LCPA of  4 and 5 double  bonds ,  
a l though  these  were no t  fu r the r  character ized.  

Biosynthesis of LCPA from Arachidonic Acid 

Figure 1 B shows the  d is t r ibut ion  o f  radioac- 
t ivi ty in f ract ions  col lected during HPLC 
separa t ion  of  FAME prepared  f rom rat testis 
llpids 48 hr  af ter  in t ra tes t icular  in jec t ion  o f  
[ 1-14 C] a rachidonate .  Radioact ivi ty  was incor-  
pora ted  in to  22:4,  22:5,  24:4 and 24:5,  wh ich  
are k n o w n  to  be synthes ized  f rom 20:4  in the  
rat  (2),  and in to  26:4 ,  26:5 ,  28:5 and 30:5,  
the  newly  ident i f ied  LCPA. With the  excep t ions  
of  22:5 and 30:5,  specific radioactivi t ies  o f  
LCPA, which  incorpora ted  14C, were quite  
similar to the  specific radioact ivi ty  of  20:4 
f rom which  the  label was der ived  (Table 3). 
Specific radioactivi t ies  o f  all LCPA derived 
f rom 20:4  were 2- to  15-fold higher than  tha t  
o f  18 : 1, which  was labeled during de novo 
synthesis  f rom aceta te  derived f rom fl-oxidation 
of  20:4 or a metabol l te .  The 22:6 ,  wich  is the  
p r e d o m i n a n t  m e m b e r  of  the  n-3 family of  
LCPA, conta ined  no  de tec tab le  14C. The 22:5 ,  
which  cons t i tu ted  30% of  the  unsa tura ted  fa t ty  
acid (Table 1), con ta ined  only  11% of  to ta l  
14C, bu t  accoun ted  for  a cor responding  28% 

of  14C in fa t ty  acid metabo l i t es  o f  20:4  (Table 
3). In cont ras t ,  22:4  cons t i tu ted  only  3% o f  
unsa tura ted  fa t ty  acid but  con ta ined  10% o f  
to ta l  t4C and 25% o f  14C in metabo l i t es  of  
20:4.  Thus,  the  specific radioact ivi ty  of  22:4 ,  
which  was typical  o f  specific radioactivi t ies  o f  
20:4  and the  24-28 carbon metabol l t es ,  was 
7-fold higher than  tha t  o f  22:5.  
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DISCUSSION 

The presence of 26 carbon fatty acids in 
testis has been suggested by GC analysis of 
hydrogenated fatty acid methyl esters prepared 
from rat-testis lipids (2). Presence of 14C in 
FAME having GC retention times greater than 
those of known LCPA following intratesticular 
injection of mice or incubation of mouse 
testicular cells with [ 14 C] arachidonate sug- 
gested the biosynthesis of metabolites of 
arachidonate with chain lengths greater than 
24 (5). In the present work, we have isolated 
and characterized 4 of these metabolites from 
rat testis, along with previously identified 
LCPA, and presented evidence that they are 
also derived from arachidonate. 

LCPA of the 4 double-bond series have 
maximum wavelengths of absorbance near 317 
nm following alkaline isomerization, charac- 
teristic of 4 double bonds (9-11), and yield 
saturated fatty acids of 20-26 carbons following 
catalytic hydrogenation. LCPA of the 5 double- 
bond series have maximum wavelengths of 
absorbance near 348 nm following alkaline 
isomerization, characteristic of 5 double bonds, 
and yield saturated fatty acids of 22-30 carbons 
folowing hydrogenation. The newly identified 
fatty acids are 26:4, 26:5, 28:5 and 30:5. 
Identifications of these LCPA are further cor- 
roborated by linear plots of GC (isothermal and 
programmed modes) and HPLC retention times 
vs carbon number in each homologous series. 
Because the capillary GC column used was able 
to resolve completely the n-6 and n-3 isomers 
of 22:5, the newly identified LCPA are almost 
certainly of the n-6 family derived from lino- 
leate by way of arachidonate. This assignment 
is further supported by the incorporation of 
14C from arachidonate into each of the newly 
identified LCPA at specific radioactivities 
similar to those of 20:4, 22:4, 24:4 and 24:5 
n-6 and much higher than the specific radioac- 
tivities of 18:1 or 22:6, which would only 
become labeled by de n o v o  synthesis from 
acetate resulting from degradation of 20:4 or 
its metabolites. The major n-3 LCPA, 22:6, 
incorporated no detectable radioactivity. 

RP-HPLC proved to be a highly efficient 
method for both analysis and preparation of 
each of the newly identified LCPA as well as 
those identified by previous investigators. 
Whereas conventional chemical techniques were 
used to support the identification of previously 
unknown LCPA, information derived from 
preparative HPLC and capillary GC is sufficient 
for unambiguous identification of the unknown 
components. A single pass on the HPLC was 
sufficient to purify most LCPA to 99% homo- 

TABLE 3 

Relative Specific Radioactivities of 
Metabolites of [ 1-14 C] Arachidonate 48 hr 

After Intratesticular Injection 

345 

Percentage of Relative specific 
Fatty acid total radioactivity radioactivity 

18:1 6 0.1 
20:3 1 0.3 
20:4 63 1.0 
22:4 10 1.5 
22:5 11 0.2 
22:6 0 0 
24:4 S 1.3 
24:5 4 0.9 
26:4 0.4 0.9 
26:5 1 1.5 
28:5 1 1.5 
30:5 0.3 0.4 

aRats were injected intratesticularly with [1-14C]- 
arachidonate. After 48 hr, lipids were extracted and 
transesterified to methanol. Methyl esters were iso- 
lated by HPLC and assayed for radioactivity by scintil- 
lation counter. Relative specific radioactivity -- percen- 
tage radioactivity + percentage mass, relative to 20:4. 

geneity. In cases where a partial or complete 
overlap of LCPA with another component took 
space (e.g., 22:5 and 18:2), rechromatography 
of the collected fraction with the alternate 
solvent system was sufficient to achieve com- 
plete homogeneity as judged by GC analysis. 

The range of elongation of n-6 LCPA by rat 
testis is now at least 30 carbons and minor mass 
peaks from GC suggest the presence of LCPA 
with even greater chain lengths. These fatty 
acids of greater than 24 carbons comprise 1% or 
more of total fatty acid in the testis and are 
synthesized from arachidonate at rates that are 
sufficient to result in 48 hr equilibration of 14C 
label between most of the precursor-inter- 
mediate-product LCPA pools involved. The 
specific radioactivity of 22:5 suggests a pool 
slowly equilibrating, probably because of the 
size and stability of the 22:5 pool. Accumula- 
tion of 14C in 22:4, 24:4 and 26:4 suggests that 
the A4 desaturase, which catalyzes the reaction 
22:4 --> 22:5, is relatively slower than the elong- 
ation activities. The 24-30 carbon 5 double- 
bond homologs are probably also derived by 
sequential elongations from 22:5, since the A6, 
AI0 and A12 desaturases required for biosyn- 
thesis from the corresponding 4 double-bond 
analogs are nowhere else in evidence. A A8 
desaturase has been shown to participate in an 
alternate pathway for biosynthesis of arachi- 
donate in rat testis (12). However, this desa- 
turase probably would not act only on 20 and 
26 carbon fatty acids. 
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Lack of  a c c u m u l a t i o n  of  the  24-30 c a r b o n  
LCPA in t he  tes t is  desp i te  rapid  equ i l i b ra t ion  o f  
14C a m o n g  t he  20-30 c a r b o n  LCPA suggests a 
re la t ive ly  h igh  ra te  o f  t u r n o v e r  o f  these  LCPA, 
caused e i the r  b y  o x i d a t i o n  or  r e t r o c o n v e r s i o n  
to  sho r t e r - cha in  analogs,  as has b e e n  d e m o n -  
s t r a t ed  for  22 c a r b o n  LCPA b y  several invest i-  
ga tors  (13-16) .  Unl ike  22 :5 ,  t he  24-30 c a r b o n  
LCPA are p r o b a b l y  n o t  p re sen t  in quan t i t i e s  
suf f ic ien t  to  m a k e  t h e m  i m p o r t a n t  s torage 
f o r m s  of  20 :4 .  However ,  as has  been  r e c e n t l y  
r epo r t ed  for  22 :6n-3  (17) ,  these  LCPA m ay  
m o d u l a t e  b iosyn thes i s  of  b iological ly  act ive 
me tabo l i t e s  o f  t he  20 c a r b o n  f a t t y  acids or  even 
give rise to  biological ly  act ive m e t a b o l i t e s  
themselves .  
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ABSTRACT 

A triacylglycerol (TG) lipase (EC 3.1.1.2), assayed by monitoring [ 1 -s4 C] -oleic acid release from 
[carboxyl-14Cl-triolein after liquid-liquid partition of the fatty acid from the unhydrolyzed triacyl- 
glycerol substrate, was isolated and partially purified from steelhead trout adipose tissue. The TG 
lipase was resolved from contaminating lipoprotein lipase by heparin-sepharose affinity chromatog- 
raphy and purified ca. 71-fold over the original fraction. Optimal enzyme activity occurred at pH 7.5. 
The purified enzyme migrated on SDS-polyacrylamide gels with an apparent molecular weight of 
48,000. 
Lipids 19: 347-352, 1984. 

INTRODUCTION 

The hydrolysis of depot fat in the rat (1-6) 
and the chicken (7) is catalyzed by hormone- 
sensitive triacylglycerol (TG) lipase, diacyl- 
glycerol (DG) hydrolase, monoacylglycerol 
(MG) hydrolase and cholesteryl ester (CE) 
hydrolase. The lipolytic action of these en- 
zymes results in the mobilization of nonesteri- 
fied fatty acids (8,9) and the subsequent trans- 
port of these acyl acids to peripheral tissues 
(10). The hormonal activation of the mam- 
malian TG lipase (EC 3.1.1.2) has been well 
demonstrated (1 1-13). Purified hormone-sensi- 
tive TG lipase from both the chicken (7,14) and 
the rat (6,15) has been shown to be activated 
by a cAMP-dependent protein kinase. 

Apart from the hydrolosis of long-chain 
glycerides in the dark muscle of rainbow trout 
observed by Bilinski and Lau (16), relatively 
little attention has been given to the study of 
lipid mobilization in fish or poikilotherms in 
general. Reported here is the partial purifica- 
tion of a triacylglycerol lipase isolated from 
the adipose tissue of the teleost fish, Salmo 
gairdneri. 

MATERIALS AND METHODS 

Experimental Animals 

Juvenile steelhead trout, Salmo gairdneri 
(ca. 15 months of age), from a true-breeding 
anadromous population, were obtained from 
the California Department of Fish and Game 
Iron Gate Fish Hatchery. The fish were trans- 
ferred to holding tanks (14 C) in the laboratory 
and left undisturbed for 96 hr. Animals were 
sacrificed by rapid transection. Mesenteric fat 

attached to the posterior portion of the stom- 
ach and along the dorsal and ventral surfaces of 
the intestine were removed and stored a t -120 C 
until used. 

Enzyme Purification 

Adipose tissue from 5-10 individuals was 
homogenized in 2 vol cold (4 C) Buffer A 
(0.25 M sucrose, 25 mM Tris-HC1, 1.0 mM 
EDTA, pH 7.4) and the homogenate centri- 
fuged at 1,000 g for l0  min at 0 C. The result- 
ing overlying fat cake was removed and the 
infranatant (Infranatant I) centrifuged at 
110,000 g for 1 hr at 0 C. A 0.2 M acetic-acid 
solution was added by drops to the supernatant 
fraction until the pH reached 5.2. After 20 min, 
the precipitate (pH 5.2 precipitate) was col- 
lected by centrifugation at 3,000 g for t5 min 
at 0 C. The pH 5.2 precipitate was resuspended 
in Buffer B [25 mM Tris-HC1, 1.0 mM EDTA, 
pH 7.4, 4 C] to 1/10 the vol of Infranatant I. 
NaCI was added to the pH 5.2 fraction to yield 
a final salt concentration of 0.5 M, then centri- 
fuged at 10,000 g for 15 rain at 0 C. The result- 
ing infranatant (lnfranatant II) was loaded on a 
heparin-sepharose affinity column (1.5 x 20 cm) 
previously equilibrated with Buffer C [0.5 M 
NaCI, 10 mM Tris-HC1, pH 7.4] at 4 C (7). The 
flow rate was adjusted to 35 ml/hr and 1.5 ml 
fractions were collected. After 100 ml of efflu- 
ent, the eluent was changed to Buffer D [ 1.5 M 
NaC1, 10 mM Tris-HCl, pH 7.4] in order to 
elute lipoprotein lipase (LPL). The column ef- 
fluent was continuously monitored at 280 nm 
with a Beckman model 24 Spectrophotometer. 

The heparin-sepharose affinity column was 
prepared by coupling bovine lung heparin 
(sodium salt, Sigma Chemical Co., St. Louis, 
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FIG. 1. Time course of [1-'4C]-oleic acid hydroly- 
sis from [carboxyl-t4C]-tdolein incubated with (e) 
and without (o) pH 5.2 enzyme preparation (ca. 2 mg 
protein) at 25 C. The substrate mixture contained 
0.12 vmol triolein, 45 nCi [carboxyl-'4C]-triolein in a 
Tds-Maleate buffer, pH 7.5, with 2.8% (w/v) bovine 
serum albumin. Results expressed as the mean of 3 
experiments. 

MO) to CNBr-activated sepharose 6MB (Sigma) 
by means of a modification of the method sugr 
gested by Pharmacia (17). The heparin was 
allowed to incubate with the sepharose beads 
overnight at 4 C in a shaker bath. Excess CNBr 
groups were blocked with 0.2M glycine, pH 8.0. 
The gel was stored in Buffer C at 4 C between 
runs. 

Enzyme A.ssay 

Triacylglycerol (TG) lipase activity was 
assayed by a modification of the method of 
Khoo and Steinberg (18). A stock substrate 
mixture of 12 /amol triolein (Sigma) and 
4.5 pCi [carboxy-14C]-triolein (New England 
Nuclear, Boston, MA; specific activity 99.7 mCi/ 
m mol) was dissolved in absolute ethanol, made 
up to a final volume of 1.0 ml and stored in the 
dark at 4 C until used. A working substrate 
solution was prepared by mixing 4.9 ml H20,  
2.0 ml 0.2 M Tris-Maleate buffer with 10% 
(w/v) bovine serum albumin (Sigma), pH 7.5, 
and 0.1 ml stock substrate solution. For the 
determination of pH optima, 0.2 M Tris- 
Maleate (5 .5 -8 .5 )  buffer or 0.1 M citrate- 
phosphate (4.5 - 5.0) buffer was employed. For 
TG lipase assays, 0.7 ml of working substrate 
solution was placed in a disposable glass cul- 
ture tube and the incubation initiated by the 
addition of 0.1 ml enzyme solution. Just after 
the addition of enzyme, a 50 pl aliquot was 
removed for [1-14C]-oleic acid specific radio- 
activity estimation. The incubation was stopped 
by the addition of 3.0 ml of fatty acid extrac- 
tion solvent (chloroform/methanol/benzene, 

1:2.4:2, v/v/v). The mixture was brought to 
pH 11.5 with 0.1 M NaOH and mixed thor- 
oughly. Separation into 2 phases was hastened 
by centrifugation at 1,000 g for 10 min at room 
temperature. A 1.5 ml aliquot of the upper 
aqueous phase was assayed for radioactivity in a 
Packard Model 3320 liquid scintillation counter 
mixed with Aquasol-2 (New England Nuclear). 
Quenching was corrected by the channels ratio 
method. Units of enzyme activity, expressed as 
nmol [ 1-14 C]-oleic acid released/hr, were calcu- 
lated after correcting for autolytic hydrolysis 
(estimated from duplicate assay tubes not con- 
taining enzyme solution). Specific enzyme 
activity is expressed as units/mg protein. 

Lipoprotein lipase activity was assayed in a 
similar manner, except that the working sub- 
strate was prepared from 4.8 ml H20,  2.0 ml 
Tris-Maleate buffer, pH 8.5, 0.1 ml trout serum 
and 0.1 ml stock substrate solution. 

Electrophoresis 

SDS-polyacrylamide disc gel electrophoresis 
(10% [w/v] monomere concentration) was 
carried out using the method of Weber and 
Osborn (19). Standards and samples were 
boiled in 1% (w/v) SDS for 5 min (i.e., non- 
reducing). Gels were stained for protein with 
0.025% (w/v) Coomassie blue in isopropanol/ 
acetic acid (2.5:1, v/v). A standard mixture 
containing lysozyme, soybean trypsin inhibitor, 
carbonic anhydrase, ovalbumin, bovine serum 
albumin and phosphorylase B was obtained 
from Bio-Rad, Richmond, CA. 

Proteins from Coomassie stained gel slices 
were eluted (24 hr at 4 C with gentle swirling) 
in 0.1 ml Buffer B after 1 hr preincubation in 
0.25% (v/v) acetic acid. 

Protein Determination 

Protein was determined by the method of 
Lowry et al. (20) using bovine serum albumin 
(Sigma) as standard. 

R ESU LTS 

Preliminary experiments on the time course 
of [ 1J4C]-oleic acid release and the effect of 
incubation temperature were carried out to 
determine optimal enzyme assay conditions. 
Hydrolysis of [1J4C]-oleic acid from [car- 
boxylJ4C]-tr iolein incubated at 25C was 
linear for up to 40 min (Fig. 1). Subsequent 
assays were performed for 30 min as longer 
incubation periods were judged to have un- 
desirably high blanks (probably resulting from 
increased autolytic hydrolysis of substrate). 
The effect of- incubation temperature on TG 
lipase activity in the pH 5.2 fraction appears in 
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FIG. 2. Effect of assay temperature on triacyl- 
glycerol lipase activity in the pH 5.2 fraction. Aliquots 
of the pH 5.2 fraction were incubated in a Tris- 
Maleate buffer, pH 7.5, containing 2.8% (w/v) bovine 
serum albumin, 0.12 ~mol triolein and 45 nCi [car- 
boxyl-'4C]-triolein. Results presented as the mean 
-+ SEM for 3 experiments. 

Figure 2. Maximal enzyme activity was ob- 
tained at 25 C; therefore, this temperature was 
used in subsequent assays. 

Resolution of TG lipase from lipoprotein 
lipase was achieved by heparin-sepharose 
affinity chromatography of the resuspended 
pH 5.2 precipitate. The elution profile of 
total protein, TG lipase activity and LP lipase 
activity is shown in Figure 3. Most of the TG 
lipase activity in the pH 5.2 fraction emerged 
from the heparin-sepharose affinity column 
when eluted with Buffer C (containing 0.5 M 
NaC1) as a sharp, slightly retarded peak (Frac- 
tion II, Fig. 3B), but a small amount  appeared 
just after the void (Fraction I, Fig. 3B). After 
100 ml of effluent were collected, the eluent 
was changed to Buffer D (containing 1.5 M 
NaC1), thus eluting the LPL bound to the ligand 
of the affinity column. LPL activity was eluted 
in a broad, twin-peaked fraction (Fractions III 
and IV, Fig. 3C). Fractions I and II were 
assayed for LPL activity with no significant 
activity recorded (Fig. 3C), indicating little or 
no contamination with LPL. Similarly, Frac- 
tions Il l  and IV were assayed for TG lipase with 
no appreciable activity noted (Fig. 3B), suggest- 
ing that the majority of the TG lipase was 
eluted in Fractions I and II. 

The effect of pH on TG lipase activity is 
shown in Figure 4. Assays were performed in an 
appropriate buffer at the pH values indicated. 
For ease of comparison, activity is expressed in 
relation to optimal pH. The pH profile of Infra- 
natant I (Fig. 4A), resulting from the original 
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FIG. 3. Chromatography of the pH 5.2 fraction on 
a heparin-sepharose 6MB affinity column (1.5 X 
20 cm). (A) A280, (B) triacylglycerol lipase activity 
and (C) lipoprotein lipase activity. The column was 
eluted with a 10 mM Tris-HC1 buffer solution contain- 
ing 0.5 M NaC1, pH 7.4 (Buffer C). After 100 ml of 
effluent were collected, the eluent was changed to a 
Tris-HC1 buffer solution containing 1.5 M NaC1 (Buf- 
fer D). The flow rate was 35 ml/hr and 1.5 ml frac- 
tions were collected. Triacylglycerol lipase was assayed 
in a Tris-Maleate buffer, pH 7.5, containing 2.8% (w/v) 
bovine serum albumin, 0.12/~mol triolein and 45 nCi 
[carboxyl-~4C]-triolein at 25 C. Lipoprotein lipase 
activity was assayed in a similar manner except that 
the incubation media contained 14 #1 of trout serum 
and the pH was adjusted to 8.5 (TG, triacylglycerol; 
LP, lipoprotein). 

homogenate and containing both membrane 
and soluble enzymes, appears bimodal with 
optimal activity at pH 7.5 and enhanced hydro- 
lase activity at pH 5.0. The effect of pH on the 
soluble enzyme pH 5.2 fraction (Fig. 4B) re- 
suited in a monomodal profile with optimal 
activity at pH 7.5. The pH profiles of the 
Fraction I and Fraction II enzyme preparations 
appear in Figure 4B. Three successive pooled 
fractions (4.5 ml) of each peak (Fraction I and 
Fraction II) were assayed for TG lipase activity 
at each of the pH values indicated. The pH 
optimum for both preparations was 7.5. 

The molecular weight of the TG lipase prep- 
aration was estimated by SDS-polyacrylamide 
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FIG. 4. Effect of pH on tricylglycerol lipase activ- 
ity. (A) Infranatant I, (B) pH 5.2 fraction (o), heparin- 
sepharose affinity chromatography Fractions I (zx) and 
II (e). Aliquots of the individual fractions were incu- 
bated at 25 C in either a citrate-phosphate or Tris- 
Maleate buffer containing 2.8% (w/v) bovine serum 
albumin, 0.12 pmol triolein and 45 nCi [carboxyl- 
~4C]-triolein at the pH values indicated. Activities are 
expressed in relation to optimal pH and represent the 
mean values of 3 experiments. 

FIG. 5. SDS-polyacrylamide disc gel electrophore- 
sis of heparin-sepharose affinity fractions. Gel A, 
aliquot from 3 successive pooled fractions (4.5 ml) in 
heparin-sepharose affinity chromatography Fraction I. 
Gd  B, aliquot from 3 successive pooled fractions 
(4.5 ml) in heparin-sepharose affinity chromatography 
Fraction II. Band 1 M r = 48,000 daltons; Band 2 
M r = 16,000 daltons. Gels were stained for protein 
with 0.25% (w/v) Coomassie blue. 

TABLE 1 

Localization-of Triacylglycerol Lipase Activity 
in the M r = 48,000 Dalton and M r = 16,000 Dalton 

Protein Bands from Heparin-Sepharose Affinity 
Chromatography Fraction II 

gel e lec t rophores is .  One majo r  p ro t e in  b a n d  
M r = 4 8 , 0 0 0 ,  was observed  in the  hepar in -  
sepharose  a f f in i ty  F rac t ion  I (Fig. 5, gel A).  
Two  p ro te in  bands ,  M r = 4 8 , 0 0 0  and  M r = 
16,000,  were observed in hepar in -sepharose  
a f f in i ty  F r a c t i o n  1I (Fig. 5, gel B). In o rde r  to  
localize l ipase ac t iv i ty  in t he  F rac t i on  II bands ,  
each b a n d  was sliced f rom the  gel and  the  pro- 
te ins  e lu ted  in 0.1 ml  Buf fe r  B. The  TG lipase 
ac t iv i ty  d e t e r m i n e d  on  each  e luate  appears  in 
Table  1. Seventy-e ight  pe r cen t  of  t he  t o t a l  re- 
covered  ac t iv i ty  was associa ted w i th  the  M r = 
4 8 , 0 0 0  p ro t e in  ( b a n d  1, Fig. 5). 

Tr iacylglycerol  lipase act iv i ty  was deter-  
m ined  on  a l iquots  (0.1 ml)  r e m o v e d  f r o m  
the  original  i n f r a n a t a n t  ( I n f r a n a t a n t  I), t he  
110 ,000  g supe rna t an t ,  t he  pH 5.2 f r ac t ion  
and  hepa r in - sepharose  a f f in i ty  c h r o m a t o g r a p h y  
F r a c t i o n  II. A s u m m a r y  of  the  pur i f i ca t ion  
appears  in Table  2. Most  of  the  hydro lase  
ac t iv i ty  in t he  fat-free i n f r a n a t a n t  ( I n f r a n a t a n t  I) 

Fraction Protein a Specific enzyme activity 
(rag) (units/mg protein) 

Band 1 0.024 684 
Band 2 0.018 181 
Total 0.042 865 
Recovery b 37% 

aprotein content in bands was estimated by densi- 
tometry. Total protein equals amount of protein 
applied to electrophoresis gels. 

bRecovery calculated as percentage of specific 
enzyme activity observed in heparin-sepharose affinity 
chromatography Fraction II. 

was recovered in the soluble enzyme (110,000 g 
supernatant) fraction. The lipoprotein lipase 
free heparin-sepharose Fraction II was purified 
71-fold over the original fraction with 37% 
recovery of the enzyme. 

DISCUSSION 

The resul ts  of  t he  p resen t  s t u d y  ind ica te  t h a t  
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TABLE 2 

Summary of the Purification of a Triacylglycerot Lipase from Steelhead Trout 
(Salmo gairdnerO Adipose Tissue a,b 
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Total Specific 
enzyme Total enzyme 
activity protein activity Yield Purification 

Fraction (units)C (rag) (units/rag protein) (%) (fold) 

Infranatant 1 316 9.54 33 100 1 
110,000 g supernatant 293 5.45 54 93 1.6 
Resuspended pH 5.2 249 2.18 114 78 3.4 
Heparin-sepharose 

Fraction II 117 0.05 2340 37 71 

aData presented are the mean values of 3 experiments. 
bCa. 5.0 g of adipose tissue from 5-10 animals were used as starting material. 
CUnits = nmol ~4 C-oleic acid released �9 h -1 at 25 C. 

s teelhead t rou t  adipose tissue conta ins  a neutral  
t r iacylglycerol  lipase enzyme  associated wi th  
the  soluble cytosol ic  f ract ion.  This conclus ion  
is suppor t ed  by the  observat ion  that  most  of  
the hydrolase  act ivi ty in the  original fat-free 
in f rana tan t  ( ln f rana tan t  I) was recovered 
in the 110,000 g superna tan t  (Table 2) and that  
no acid lipase activity was observed in the  
1 10,000 g superna tan t  or subsequen t  f ract ions  
(Fig. 4B). 

The pH op t imum for each of  the  purified 
adipose tissue f ract ions  ( Inf rana tan t  I, pH 5.2, 
hepar in-sepharose  fract ion I and heparin-  
sepharose  f rac t ion I1) was ca. pH 7.5. This value 
is the  same as that  r epor ted  for  t rout  lateral line 
muscle tr iglyceride hydrolase  activity by 
Bilinski and Lau (16). Enhanced  hydrolase 
activity at pH 5.0 in the  Inf rana tan t  I f rac t ion 
appears  to  be associated with m e m b r a n e  ele- 
ments.  This observa t ion  is cons is tent  wi th  pre- 
vious repor t s  of acid lipase activity (21-24).  

The apparen t  molecular  weight of  t rout  
adipose tissue lipase is 48,000.  This is indicated 
by the  presence of  a single prote in  band of  
M r = 4 8 , 0 0 0  in the early hepar in-sepharose  
af f in i ty  f rac t ion (fract ion I), and the  localiza- 
t ion of  t r iacylglycerol  lipase activity f rom the 
M r = 4 8 , 0 0 0  band in the partially included 
hepar in-sepharose  aff ini ty  f ract ion (fract ion II). 
In the  few species in which purified lipase prep- 
arat ions have been  ob ta ined ,  a wide range of 
molecular  weight  pro te ins  have been ident if ied.  
In the rat, an M r = 85,000 prote in  has been 
ident i f ied by a number  of  investigators (6,15, 
25). Bergland et  al. (26) isolated a M r = 42,000 
prote in  f rom chicken adipose tissue that  was 
fully capable of  being p h o s p h o r y l a t e d  when  
incubated  wi th  cAMP-dependen t  pro te in  kinase 
and ATP-Mg. 
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HPLC of Plasmalogen-Containing Phosphatidylcholine 
Under Reverse-Phase or Argentation Conditions 

WILLIAM N. MARMER,* THOMAS A. FOGLIA and PETER D. VAIL, Agricultural 
Research Service. USDA, Eastern Regional Research Center, Philadelphia, PA 19118 

ABSTRACT 

Two approaches to the high pressure liquid chromatography (HPLC) isolation of intact plasmalo- 
gens were investigated. The lust used reversed-phase HPLC and sought to take advantage of subtle 
differences in the hyd~ophobicity of the alk-l-enyl chain from the acyl counterpart. On a C-18 col- 
umn, bovine heart phosphatidylcholine (PC), which was 47% plasmalogen, was separated into a 
number of fractions that differed in their molecular species composition. One combination of frac- 
tions amounted to a 26% yield of PC enriched to 82% plasmalogen. The second approach sought to 
take advantage of the uniquely electron-rich functionality of the plasmalogens, the alk-l-enyl ether 
double bond, and its potential to coordinate with heavy metal ions. Specifically, bovine heart PC was 
applied to a cation-exchange type HPLC column in the silver ion mode. Although complete exchange 
of all the active sites of the column with silver ion led to complete retention of PC, partial activation 
with silver ion resulted in the separation of the PC into fractions, according to the degree of unsatura- 
tion. Plasmalogen-rich fractions eluted last and remained intact during the process. One combination 
of these fractions amounted to a 49% yield of PC enriched to 72% plasmalogen. Use of a cation- 
exchange system in the mercuric ion mode led to on-column hydrolysis of the plasmalogen; with 
palladium ion, the metallic species was stripped from the column by the eluting lipid. 
Lipids 19: 353-358, 1984. 

INTRODUCTION 

Chromatographic separation of intact plas- 
malogens (alk-l-enyl phosphatides) has eluded 
researchers for years. The behavior of these 
species during high performance liquid chroma- 
tography (HPLC) has been ignored, mainly 
because HPLC studies have largely been con- 
fined to model diacylphosphatides or to natural 
phosphatides with tittle or no plasmalogen 
content (e.g., liver, egg yolk or soy phospha- 
tidylchotine [PC] ). The plasmalogen content of 
natural phosphatides from muscle or heart 
tissue is considerable, however. The phospha- 
tide selected for the present investigation, 
bovine heart PC, is ca. half plasmalogen. 

The alk-l-enyl group is a unique and highly 
electron-rich double bond, which is easily 
protonated and capable of complexing with 
electrophilic species (such as tetracyanoethyl- 
ene [1 ], maleic anhydride [2] and mercuric 
ion [3]),  to a degree unseen with isolated 
double bonds. With the exception of early 
argentation thin layer chromatography (TLC) 
work discussed below, however, such inter- 
actions have not been used to at tempt the 
isolation of intact plasmalogen from non- 
plasmalogen analogs. Typically, the chroma- 

*To whom correspondence should be addressed. 

tographic behavior of plasmalogen is governed 
by the polar character of the phosphobase 
group that it has in common with its non- 
plasmalogen counterparts. Successful chromato- 
graphic separations, therefore, have been 
achieved by first removing the polar group by 
enzymatic hydrolysis (4) or chemical reduction 
(5), or by conversion of the polar group to a 
nonpolar derivative (6,7). The chromatography 
that ensues thus ceases to be a separation of 
intact plasmalogen. These types of chromato- 
graphic analyses have been reviewed (8). 

Successful separation of molecular species 
of intact phosphatides has been achieved by 
argentation TLC. Fractionation was based on 
unsaturation content, despite the common 
polar group shared by all the species. Although 
most reports dealt with phosphatides of negligi- 
ble plasmalogen content (9-13), 2 studies dealt 
with plasmalogen-rich bovine heart phospha- 
t ides-PC (14) and phosphatidylethanolamine 
(PE) (15). These studies demonstrated that the 
lipids could be fractionated into overlapping 
bands on Silica Gel G plates that had been pre- 
developed with saturated silver nitrate. The 
overall separations seemed to be a function of 
the total degree of unsaturation, though some 
of the bands were found to be enriched in 
plasmalogen. 
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Argentation HPLC of phosphatides, on the 
other hand, has been virtually ignored. It has 
been used to supplement reversed-phase HPLC 
(RP-HPLC) to isolate molecular species of 
sphingomyelin (SM) (16), whereby the argenta- 
tion technique enabled the separation of critical 
pairs unseparable on reversed-phase columns 
but differing in unsaturation content. Similarly 
separated were critical pairs of egg-yolk PC (17). 

On a different tack, another group recently 
has reported on the successful separation of 
molecular species of (plasmalogen-free) rat-liver 
phosphatides by RP-HPLC (18). Under these 
conditions, too, the influence of the polar 
group is minimized, this time by the dominance 
of hydrophobic interactions. 

The present research was done to investigate 
the behavior of plasmalogen-rich (47 mol %) 
bovine heart PC when subjected to argenta- 
tion and other charge-transfer HPLC, and to 
RP-HPLC. 

EXPERIMENTAL 

HPLC Instrumentation 

Chromatography was run on a Beckman 
Model 334 Gradient Liquid Chromatograph, 
consisting of a Model 210 sample injection 
valve, a Model 421 system controller and Model 
l lOA pumps (Beckman Scientific Instruments 
Division, SmithKline-Beckman, Inc., Berkeley, 
CA), and supplemented by an LKB Model 238 
Uvicord S UV detector (LKB Instruments, Inc., 
Gaithersburg, MD)and  an MFE Model 2125B 
dual pen recorder (Allen Data Graph, Inc., 
Salem, NH). Monitoring of column effluent was 
done at 206 nm. 

Two strong cation-exchange columns were 
used; initial runs were on a Nucleosil 5 SA 
column, 4.0 mm i.d. • 20 cm, 5 micron particle 
size (Macherey-Nagel GmbH, Dtiren, FRG and 
Rainin Instruments, Inc., Woburn, MA); later 
runs were on a Chromegabond P-SCX column, 
4.6 mm i.d. x 30 cm, 10 micron particle size 
(ES Industries, Marlton, N J). For RP-HPLC, an 
Ultrasphere ODS column was used, 4.6 mm 
i.d. x 25 cm, 5 micron particle size (Beckman). 

Other Instrumentation 

Gas chromatographic (GC) analysis of fatty 
acid methyl esters (FAME) and aldehydes was 
performed on a Hewlett-Packard Model 5880A 
level 4 flame ionization capillary gas chro- 
matograph (Hewlett-Packard, Avondale, PA) 
equipped with a 100 m 0.25 mm i.d. SP 2340 
glass column (Quadrex, New Haven, CT). 
Identification of FAME was aided by standards 
reported in an earlier publication (19). Addi- 

tionally, structural identification of individual 
aldehydes and FAME was confirmed by GC- 
mass spectrometry (MS), using a Hewtett- 
Packard Model 5995 instrument equipped with 
a Hewlett-Packard 15 m OV-IO1 fused silica 
capillary column (Hewlett-Packard, Avondale, 
PA); the oven was programmed from 150 to 
220 C at 8 C/min. 

HPLC Conditions 

Cation-exchange columns were treated with 
silver nitrate as foUows: the column first was 
converted from the acid mode to the sodium 
mode by treatment with 0.1 N NaNO3 until no 
further detection of eluted acid (pH paper) 
occurred. This was followed by flushing with 
doubly distilled water. Then, after switching to 
the solvent system to be used (aqueous meth- 
anol), 0.I N aqueous AgNO 3 was introduced 
incrementally (by 10/al injections) to establish 
optimum column load. After each incremental 
addition, the column was evaluated with the 
lipid solution (20 /al of bovine heart PC in 
chloroform, 10 mg/ml [Sigma Chemical Co., 
St. Louis, MO]). Column capacity was deter- 
mined by charging the column with 0.1 N 
HNO3, flushing with water, collecting the 
effluent during charging with 0.1 N NaNO3 and 
finally titrating the released acid with 0.I N 
NaOH. In a manner analogous to charging with 
silver ion, the same procedure was used to 
incorporate palladium II ion (0.1 M PdC12 in 
methanol), mercuric ion (using 0.1 M aqueous 
mercuric acetate) and phenylmercuric ion 
(using 0.1 M phenylmercuric acetate in 10% 
aqueous methanol). (Warning: handle toxic 
mercuric compounds with care.) 

Run conditions were as follows (solvent A = 
water, B = methanol): Macherey-Nagel column 
in Ag mode-f low,  1 ml/min;solvent  gradient = 
100% B to 70% B over 15 min, then isocratic; 
ES column in Ag mode--flow, 2 ml/min through 
8 min, then to 4 ml/min over 6 min, then con- 
stant flow at 4 ml/min; solvent = 85% B; 
Macherey-Nagel column in Hg mode-f low,  
1 ml/min;  solvent = 80% B; ES column in 
palladium mode-f low = I ml/min;  solvent = 
80 or 85% B; Beckman reversed-phase c o l u m n -  
flow = 2.5 ml/min; solvent = B/A/acetonitrile 
95:4:1 0.13 M in choline chloride (a modifica- 
tion of the method of Patton et al. [ 181 ). 

Highly unsaturated PC fractions that failed 
to elute from the charge-transfer columns by 
the solvents of choice were released by injec- 
tion of 80 /al of 1-hexene at the end of each 
run, in accordance with published results on 
medium pressure liquid chromatography of 
neutral lipids (20,21 ). 
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Metal ion leakage from the columns was 
detected as follows: A g - w h i t e  precipitate with 
aqueous NaC1; Hg and Pd-pu rp l e  color with 
s-diphenylcarbazone (Fisher, Fairlawn, N J). 

Analysis of Lipid Fractions 

Lipid fractions were analyzed for plasmal- 
ogen content by acid cleavage of the plasmal- 
ogen to aldehyde and 2-acylglycerophospho- 
choline, TLC to separate the fragments from 
unreacted nonplasmalogen PC and elemental 
phosphorus analysis (22) of the 2 phosphorus- 
containing species, according to the Horrocks 
procedure (23). 

Aldehydes that were released from plasmal- 
ogen by acid treatment were analyzed directly 
by GC or converted to FAME after a mild oxi- 
dation during a multistep TLC procedure as 
follows: a lipid spot at the origin of a Silica Gel 
G TLC plate (5 x 20 cm, 250 m, Analtech, 

A20G 

002 

0 l~ 30 4b 
TIME (mln) 

FIG. 1. RP-HPLC of bovine heart I'C (0.26/~mol). 
Column: Beckman Ultrasphere ODS; conditions: cf. 
Experimental; peak numbers correspond to fraction 
numbers in "Fable 1. 

Newark, DE) was first treated with HCI vapor 
(23). The plate then was developed 7 cm using 
hexane/ether (80:20, v/v). Phosphorus-contain- 
ing species remained at the origin. The aldehyde 
spot, which was just below the solvent front 
and located by spraying a parallel spot with 
fuchsin/bisulfite, was sprayed with a saturated 
solution of ceric sulfate in 0.5 N H2SO4. The 
plate was warmed for a minute on a hot plate 
(at the lowest setting). The cooled plate was 
redeveloped 14 cm in the same solvent mixture 
to separate any unreacted aldehyde (high Rf) 
from the product fatty acid (which only moved 
slightly from the region sprayed with ceric sul- 
fate). The fat ty  acid spot was visualized under 
UV light after spraying with 1,6-diphenyl- 
hexatriene. Redevelopment in hexane removed 
the visualization reagent but left the fat ty  acid 
at its former position. The fat ty acid spot was 
removed by scraping, eluted from the silica gel 
by ether and derivatized to methyl ester by 
treatment  with diazomethane. Tests with 
standard saturated and monounsaturated alde- 
hydes confirmed the validity of the oxidation, 
and FAME profiles from oxidation of the 
aldehydes released from the bovine heart PC 
closely resembled the profiles of the underiva- 
tized aldehydes. Finally, the phosphorus- 
containing species-st i l l  at the or ig in-could  be 
separated from one another by developing the 
plate 7 cm with chloroform/methanol /water  
(65:25:4,  v/v/v). The resulting spots could then 
be visualized by Phospray (Supelco, Bellefonte, 
PA), scraped and analyzed for phosphorus to 
determine the plasmalogen content  of the 
original lipid fraction. 

Acyl groups were determined by KOH/ 
methanol derivatization to FAME by a micro- 
column technique (24), followed by GC analy- 
sis (19). 

TABLE 1 

Lipid Analysis of Bovine Heart PC Fractions Separated by RP-HPLC 

Fraction 
(peak number a) 

Recovered  Plasmalogen 
PC b content c 
(%) (%) 

1 1 .2  5.6 
2 5.6 33 
3 4.3 41 
4 5.2 44  
5 15.7 15 
6 7.2 '76 
7 18.4 85 

Recovered Plasmalogen 
Fraction I'C content 

(peak number) (%) (%) 

8 18.1 31 
9 7.3 45 

10 4.3 18 
11 6.5 74 
12 2.5 54 
13 3.6 52 

Total 100 47 

acf. Figure 1. 
bMol percentage of total PC, based on phosphorus analysis. 
CMol percentage of  fraction, based on phosphorus analysis (cf. Experimental). 
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Azos~ ~ -  TABLE 2 
mL/min 

l [ I .-~ / t Fraction b 

z / 1 
0.01 2 2 

3 
4 
5 (postwash) 11 

. _ Total 

aRun on ES column. 
0 V ' ' dO 

Lipid Analysis of Bovine Heart PC Fractions 

0 3 6 9 12 15 
TIME (min) 

FIG. 2. Argentation HPLC of bovine heart PC 
(0.26 umol). Column: ES Chromegabond P-SCX; 
Ag/PC = 86:1; other conditions-eL Experimental; 
peak numbers correspond to fraction numbers in 
Tables 2 and 3. 

RESULTS A N D  DISCUSSION 

Figure 1 shows the  trace f rom a reversed- 
phase separa t ion of  bovine hear t  PC. Table 1 
provides the  i n fo rma t ion  on lipid analysis o f  
the  c o m p o n e n t s  labeled in  this figure. 

Al though  the  pa t te rn  o f  plasmalogen elut ion 
f rom this co lumn  was unpred ic tab le ,  the  frac- 
t ion  giving the  largest de t ec to r  response  (peak 
7) was highly enr iched in plasmalogen con ten t .  
Together  wi th  the  preceding  fract ion (peak 6), 
RP-HPLC al lowed 26% of  the  to ta l  PC to  be 
isolated wi th  an 82% plasmalogen con ten t .  

from Argentation HPLC a 

Recovered Plasmaiogen 
PC c content d 
(%) (%) 

10 19 
41 19 

8 78 
30 75 

58 
100 47 

bcf. Figure 2. 
CMol percentage of total PC, based On phosphorus 

analysis. 
dMol percentage of fraction, based on phosphorus 

analysis (cf. Experimental). 

Because the  present  research sought  a chro-  
matographic  p rocedure  tha t  a l lowed isolat ion 
of  plasmalogen by  virtue of  the  unique  alk-1- 
euyl e the r  func t iona l i ty  of  tha t  class of  lipids, 
greater  a t t en t i on  was given to  charge-transfer  
HPLC than  to RP-HPLC. The ideal e lect rophi le  
for  HPLC would have to  in terac t  specifically 
wi th  the  a lk- l -enyl  double  bond ,  bu t  only  in a 
reversible way, and wi thou t  catalyzing any re- 
ac t ion of  the  double  bond  wi th  the  mobi le  
phase. The e lect rophi le  would  best  be immo-  
bilized on a s t rong cat ion exchange column.  
Initial expe r imen t s  wi th  such argenta t ion-HPLC 
showed  that  bovine hear t  PC could be frac- 
t iona ted  on a 5-micron co lumn  (Macherey-  
Nagel) in to  4 major  fractions.  This separat ion 

TABLE 3 

Moles of Acyl and Alk-l-enyl Chain per 50 Mol of Bovine Heart PC a 

C=C per chain: 0 1 1 2 3 4 5 Total 
Type of chain: acyl acyl alkenyl acyl acyl acyl acyl chain 

Fraction 

Total PC 28.9 16.8 23.5 21.6 3.3 4.9 1.1 100 

Plasmalogen 1.7 6.1 23.5 11.4 1.7 2.3 0.5 47 
Other PC 26.3 13.6 0.0 10.3 1.3 1.3 0.2 53 
Sum 28.0 19.7 23.5 21.6 2.9 3.6 0.7 100 

Average 
C=C per 

chain 

1.2 

1.5 
0.8 
1.1 

1 5.1 3.9 1.0 0 .1  0 0 0 1 0  0.5 
2 15.0 8.6 3.9 13.4 0 0 0 41 1.0 
3 1.3 2.5 3.1 0.7 0.1 0.2 0 8 1.1 
4 2.0 1.1 11.3 12.6 2.1 0.9 0 30 1.6 
5 1.3 0.2 3.2 0.5 1.0 4.2 0.7 11 2.5 

Sum 24.7 16.4 22.4 27.3 3.2 5.3 0.7 100 1.3 

aOn ES column. 
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resulted from adjusting the silver ion load to a 
silver/lipid ratio (Ag/PC) of 86:1. (PC did not 
elute from a column that had been saturated 
with silver ion [Ag/PC = 4000:1 ] . )TLC analy- 
sis showed that each fraction was progressively 
more enriched in plasmalogen content. Never- 
theless, very high column pressures (ca. 4,000 
lb/sq in.) were necessary. Therefore, this col- 
umn, with particle size of 5 microns, was 
replaced with another one (ES) of 10-micron 
particle size. The optimized separation on this 
ES column still was achieved with Ag/PC = 
86:1, though the elution pattern shown in 
Figure 2 differed from the pattern seen from 
the earlier column. Required adjustments of 
solvent composition and flow rate, and the 
differences in elution patterns from column to 
column no doubt reflected nonuniform distri- 
bution of silver ion during partial argentation of 
an existing column. Better consistency may be 
possible by packing a column with support that 
already has been partially argentated. However, 
this would require testing several columns that 
differ in their silver load. Table 2 gives the lipid 
analysis for the separation shown in Figure 2. 
The initially eluting fractions (1 and 2) were 
low in plasmalogen content, whereas the later 
ones (3-5) were rich in it. Fraction 5 was the 
postwash, the lipid that was released by treat- 
ment with l-hexene. 

To understand the processes that led to 
plasmalogen enrichment of the later fractions, 
the recovered lipids were analyzed for their 
acyl and alk-l-enyl content. Direct GC analysis 
of aldehydes liberated from the fractions 
showed essentially no difference in aldehyde 
composition from fraction to fraction. Oxida- 
tion and derivatization to FAME showed that 
the aldehydes were mainly palmitaldehyde with 
some stearaldehyde and olealdehyde, in agree- 
ment with published analyses of other bovine 
heart plasmalogen (25). Unsaturation content 
was 1.06 double bond/alk-l-enyl  chain, includ- 
ing the enol ether functionality. 

Acyl analysis, on the other hand, showed 
great differences from fraction to fraction. 
Detailed acyl profiles were recalculated from a 
weight basis (the flame ionization response of 
the GC) to a molar basis. The molar amounts 
then were grouped according to double-bond 
content to show the distribution of unsatura- 
tion fraction by fraction. Table 3 shows this 
distribution, in units of mol of acyl and alk-1- 
enyl chain per 50 mol of bovine heart PC (50 
mol of PC gives rise to 100 mol of chain). The 
distribution of the total PC may be compared 
with the summations from the PC fractions. 
Concordance is adequate, given the experimen- 

tal error of the procedures used to generate the 
data. 

The last column of Table 3, average C=C per 
chain, was calculated as shown in the following 
example: the first HPLC fraction was 10% of 
the total lipid, or 5.0 mol out of 50 mol of 
total lipid. These 5 mol gave rise to 10 mol of 
chain, of which 5.1 mol were saturated acyl 
groups (no C=C), 3.9 mol were monoenoic acyl 
groups (1 C---C), 0.9 mol were alk-l-enyl groups 

( 1 . 0 6  C=C) and 0.1 mol were dienoic acyl 
groups (1 C=C), 0.9 mol was alk-l-enyl groups 
(1.06 C=C) and 0.1 mol was dienoic acyl 
groups (2 C=C). These 10 mol of chain there- 
fore averaged 0.5 mol of C=C per mol of chain 
[(5.1 • 0 ) + ( 3 . 9  • 1 ) + ( 0 . 9  • 1.06)+(0.1 • 
2) mol of C=C/10 mol of chain], as indicated 
in the last column of Table 3. The table also 
shows that the saturated acyl chains originated 
mainly in the nonplasmalogen PC, and that the 
plasmalogen had about double the unsaturation 
of the nonplasmalogen (1.5 vs 0.8 C=C per 
chain). Most importantly, the table also shows 
that the retention times o f  the fractions in- 
creased with the degree of overall unsaturation 
(0.5-2.5 C=C per chain). The last fraction was 

s o  unsaturated, in fact, that 1-hexene was 
necessary to displace it from the column. 

Thus, argentation-HPLC succeeded in frac- 
tionating bovine heart PC into several fractions 
based on overall unsaturation, and not on 
plasmalogen content alone. Nevertheless, be- 
cause the plasmalogen was also highly unsatu- 
rated in acyl content, it tended to be retained 
on the column better than the nonplasmalogen. 
In fact, in the experiment illustrated by Fig- 
ure 2 and Tables 2 and 3, starting PC, 47% of 
which was plasmalogen, gave a 49% yield of PC 
enriched to 72% plasmalogen (combined frac- 
tions 3-5). 

The influence of the overall unsaturation on 
the fractionation of bovine heart PC by argenta- 
tion-HPLC thus confirms the earlier findings by 
argentation TLC (14,15). Furthermore, the 
findings concur with a report on the equi- 
librium of model olefins with silver nitrate 
surfaces, which found that "despite a possible 
influence of a large polarization of the carbon- 
carbon double bond in [alk-l-enyl] ethers, the 
equilibrium data obtained for these compounds 
have manifested general features similar to 
those already recognized for olefins" (26). 

Variations on argentation HPLC perhaps 
could lead to a system more specific for the, 
alk-l-enyl functionality. Mercuric ion, for 
example, is well known as a coordinator with 
this functionality, but in aqueous systems leads 
to hydrolysis and aldehyde formation. Because 
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water  is a m a n d a t o r y  c o m p o n e n t  of  mobi l e  
phases for  the  e lu t ion  of  p h o s p h a t i d e s  f rom 
sil ica-based HPLC co lumns ,  m e r c u r a t i o n  HPLC 
b y  the  sys tems  used for a rgen ta t i on  HPLC 
would  seem to be prec luded.  A recen t  r epor t ,  
however ,  showed  tha t  mercur ic  ion- induced  
hydrolys is  of  p lasmalogens  is inh ib i t ed  at lower  
t empera tu res .  Thus,  a c h l o r o f o r m  so lu t ion  of  
p lasmalogen-r ich  lipid in con t ac t  w i th  art 
aqueous  so lu t ion  of mercur ic  ace ta t e  at  0 C 
t r ans fe r red  Hg II ion in to  the  organic  phase ;  
t i t r a t i on  of  the  t r ans fe r red  Hg II ion cor re la ted  
well wi th  the  p lasmalogen c o n t e n t  (3). This  
encouraged  us to test  m e r c u r a t i o n  HPLC of  
bov ine  hear t  PC at  r educed  t empera tu res .  The  
ion exchange  co lumn ,  p re t r ea t ed  wi th  mercur i c  
ace ta te ,  was r o u t e d  t h r o u g h  an  ice-water  ba th .  
E lu t ion  of  in jec ted  b o v i n e  hear t  PC gave an 
in i t ia l  f r ac t ion  composed  a lmos t  en t i re ly  of  
n o n p l a s m a l o g e n  PC. This  f rac t ion  was fo l lowed 
by  2 -acy lg lyce rophosphocho l ine ,  the  res idue  of  
p lasmalogen PC. Similar resul ts  occur red  w h e n  
mercur ic  ion was replaced by  p h e n y l m e r c u r i c  
ion.  Thus ,  o n - c o l u m n  hydro lys i s  of  the  plasmal-  
ogen by  mercur ic  species could  no t  be sup- 
pressed b y  ope ra t ing  at  low t e m p e r a t u r e .  The  
absence  of  a purp le  color  w h e n  t r ea t ing  e luate  
f rom the  mercur ic  co l um ns  of  the  present  work 
w i th  s -d ipheny lca rbazone  ind ica ted  t ha t  these  
c o l u m n s  did no t  suffer  leaching of  t he  ions 
dur ing  t r e a t m e n t  wi th  the  bov ine  hear t  PC. 
Such was no t  t he  case, however ,  w i th  co l um ns  
t r ea ted  wi th  Pd II ion ;  s -d ipheny lca rbazone  
de tec ted  leaching  on  i n t r o d u c i n g  the  PC to the  
co lumn.  

CONCLUSIONS 

Two m e t h o d s  have been  d e m o n s t r a t e d  for  
isolat ing PC f rac t ions  en r i ched  in p lasmalogen.  
F r o m  bov ine  hear t  PC c o n t a i n i n g  47% plasmal-  
ogen,  RP-HPLC gave a 26% yield of  PC en- 
r iched  to 82% plasmalogen,  t h o u g h  the  separa- 
t ion  of  PC f rac t ions  did no t  use the  u n i q u e  
f u n c t i o n a l i t y  of  t he  p l a s m a l o g e n - t h e  a lk - l - eny l  
group.  A r g e n t a t i o n  HPLC of  t he  same PC gave a 
49% yield of  PC enr iched  to  72% plasmalogen.  
A l t h o u g h  the  e lec t ron-r ich  a lk - l - eny l  g roup  
offered  t he  p o t e n t i a l  for  select ive c o m p l e x a t i o n  
wi th  silver ion,  the  to ta l  u n s a t u r a t i o n  c o n t e n t  
of  the  PC c o n t r i b u t e d  to the  actual  separa t ion .  
E n r i c h m e n t  of  the  la te-elut ing f r ac t ions  in 
p lasmalogen  occur red  because  t he  p lasmalogens  

were  more  h ighly  unsa tu r a t ed  t h a n  the i r  non-  
p lasmalogen coun te rpa r t s .  
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ABSTRACT 

Acyl-acyl carrier protein (acyl-ACP) can serve as well as acyI-CoA as substrate of the l-acyl-sn- 
glycero-3-phosphocholine (1-acyl-GPC) acyltransferase of rat-liver microsomes. The product of the 
acylation with either thioester substrate is predominantly phosphatidylcholine (PC) (92-95%). The 
acyl-gtoup transferred from either myristoyl-CoA or myristoyl-ACP is located at the C-2 position of 
the phospholipid (PL). The apparent Km values for the myristoyl-CoA and myristoyl-ACP were 46 uM 
and 63 ~M, and the corresponding apparent Vmax values were 1.0 and 1.6 nmol/min/mg. The rate of 
acylation with the acyl-ACP was unaffected by the addition of free CoA-SH. These data suggest that 
acyl-CoA and acyl-A('P are transferred to 1-acyl-GPC by the same or similar enzyme systems. 
Lipids 19: 359-362, 1984. 

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

Naturally occurring phospholipids (PL) 
usually have a saturated fatty acid at position 1 
and an unsaturated fatty acid at position 2 of 
the sn-glycerol-3-phosphate backbone (1). In 
animal systems, the incorporation of unsatu- 
rated fatty acids into the 2 position of PL is 
catalyzed by acyl-CoA : 1-acyl-sn-glycero-3-phos- 
phate (l-acyl-GP) and acyl-CoA:l-acyl-sn-glyc- 
ero-3-phosphocholine (1-acyl-GPC) acyl trans- 
ferase systems. In liver, monoenoic and dienoic 
fatty acids may be incorporated into PL mainly 
by the l-acyl-GP acyltransferase system where- 
as arachidonate and other long-chain polyun- 
saturated acids may be esterified mainly by the 
1-acyl-GPC acyltransferase system (2). 

The acylation specificity of the 1-acyl-GPC 
acyltransferase has also been studied in the 
presence of mixtures of unsaturated acyl-CoAs 
(3-6), and under these conditions the posi- 
tional distribution of fatty acids in PL observed 
in vitro is similar to the distribution in vivo. In 
a recent study (7), no effect on the activity of 
liver microsomal 1-acyl-GPC transacylase was 
observed in rats fed a corn-oil or coconut-oil 
diet compared with those fed a control, fat-free 
diet. 

A major complication in evaluating these 
data with acyl-CoA substrates is that they are 
potent inhibitors, above their critical micelle 
concentration, of the acyltransferase because of 
the formation of detergent micelles (8). This 
property makes including serum albumin in the 
assay necessary to overcome the detergent ef- 
fect of the substrate. This difficulty has led us 
to evaluate an acyl-acyl carrier protein (acyl- 
ACP) that does not exhibit detergent proper- 

ties, as substrate for the acyltransferase, in com- 
parison with the corresponding acyl-CoA. 

Furthermore, determining whether the 1- 
acyl-GPC acyltransferase could use acyl-ACP as 
acyl donor in animal systems, as has been 
demonstrated in bacterial (9) and plant (10) 
systems, for the acylation of glycerophosphate 
is of interest. 

This communication reports that an acyl- 
ACP (myristoyl-ACP) can serve as well as the 
corresponding acyl-CoA (myristoyl-CoA) as 
substrate for the 1-acyl-GPC acyltransferase of 
rat-liver microsomes. 

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

[ 9,10 -3 H ] Myristoyl-CoA (0.052 Ci/mmol) 
and [9,10-3H]myristoyl-acyl carrier protein 
(0.85 Ci/mmol) were the generous gift of 
Dr. E. Do, Lipid Group, New England Nuclear 
(Boston, MA). The myristoyl-ACP is a synthetic 
product derived from ACP of Escherichia coll. 
Concentrations of acyl-CoA and acyl-ACP were 
determined by measuring the release of free 
CoA-SH or ACP-SH after alkaline hydrolysis 
according to the method of Ray and Cronan 
(11). These values for acyl-CoA and acyl-ACP 
agreed well with values obtained by calculation 
from the specific activity of the radioactive 
myristate used in the preparations. The authen- 
ticity of the acyl-CoA and acyl-ACP was deter- 
mined from the ultraviolet (UV)absorp t ion  
spectra. The acyl-CoA had an absorbance ratio 
(A232/A26o, thiol absorption/adenine absorp- 
tion) of 0.61 (theoretical, 0.573) (12). The 
acyl-ACP and the ACP-SH released after alka- 
line hydrolysis had an absorption peak at 

LIPIDS, VOt.. 19, NO. 5 (1984) 



360 COMMUNICATIONS 

-0 Acyt-CoA 

3 
Acy[-ACP 

~' 2 o 

c 

1 

0 10 20 30 

Time: rain. 

FIG. 1. Time course of l-acyl-sn-glycero-3-phos- 
phocholine acyltransferase with either myristoyl-CoA 
(o) or myristoyl-acyl carrier protein (o) as acyl donor. 
Assay conditions are described in the text. 

275 nm, which has been shown to be charac- 
teristic of  acyl carrier protein (13). 

Rats were starved and refed a fat-free diet as 
described by S t r i t tmat te r  et al. (14) and liver 
microsomes were prepared as described pre- 
viously (I 5). I-AcyI-GPC acyltransferase activ- 
i ty was measured by incorpora t ing  ei ther [ 9,10- 
3 H } myris toyl -CoA or [ 9,10 -a H ] myr is toyl ,ACP 
into phosphat idylchol ine  (PC) as described pre- 
viously (7). The comple te  react ion mixture  
(1.0 ml) conta ined 0.1 M Tris-HC1 (pH 7.2), 
50/aM 1-palmitoyl-sn-glycero-3-phosphocholine,  
400 #g microsomal  protein,  1 mg bovine serum 
a lbumin and ei ther 1-3 ~M [9,10-3H] 14:0-CoA 
(0.052 Ci /mmol )  or 1-3 /IM [9 ,10 -3H]14 :0  - 

ACP (0.85 Ci /mmol) .  Incubat ions were carried 
out  at room tempera ture  for the t ime periods 
indicated in the table and figure legends. The 
react ion was terminated  by extract ing the lipids 
by the Bligh and Dyer procedure  (16). PL were 
isolated by silicic acid co lumn chromatography  
and individual species examined by thin layer 
chromatography  (TLC), as described previously 
(7). 

The  posi t ional  dis t r ibut ion of  [ 3 H ] myr is ta te  
incorporated into PC was de te rmined  by treat-  
ment  with phospholipase A2 from Na]a na]a 
venom (17) and protein was de termined  by the  
method  of  Lowry et al. (18). 

RESULTS A N D  DISCUSSION 

l-Acyl-sn-glycero-3-phosphocholine acyltrans- 
ferase act ivi ty  was demonst ra ted  in rat-liver 
microsomes with either myr is toyl -CoA or 
myris toyl-ACP serving as acyl donor.  The 
species of  acyl donor  used had an inf luence on 
the t ime course of acyltransferase act ivi ty 
(Fig. 1). Under  condi t ions  known to allow 
maximum enzyme act ivi ty  (7), but  in the pres- 
ence of serum albumin, incorpora t ion  of  
[ 3 H ] myr is toyl -CoA into PC proceeded linearly 
for ca. 2-3 min. When [3H]myr i s toy l -ACP was 
subst i tuted for myr is toyl -CoA in the react ion 
mixture ,  the react ion also proceeded linearly 
for ca. 2-3 min but  a somewhat  slower reaction 
was observed over a 30 min period. Under the 
same condi t ions,  but  in the absence of  serum 
albumin,  no change was observed in the  re- 
act ion rates (data not  shown).  Fur thermore ,  the 
addi t ion of  CoA-SH to the  react ion mixture  
had no effect  on the rate of  acylat ion with 
myris toyl-ACP as substrate (data not  shown).  

The major lipid fo rmed  wi th  bo th  myris toyl-  
CoA and myris toyl-ACP as substrate was PC 

TABLE 1 

Products of the Acylation of l-Acyl-sn-glycero-3-phosphocholine with Myristoyl-CoA 
and MyristoyI-ACP by Acyltransferase of Rat-Liver Microsomes a 

Time of 
Acyl donor incubation Phosphatidylcholine Free fatty acid 

Min nmol of Lipids/mg protein 

Myristoyl-CoA ! 1.60 (93.8%) b 0.10 (5.9%) 
MyristoyI-CoA 3 3.01 (95.1%) 0.15 (4.7%) 

MyristoyI-ACP 1 0.35 (92.0%) 0.03 (7.9%) 
MyristoyI-ACP 3 0.76 (93.8%) 0.05 (6.0%) 

aThe reaction mixture was as described in the text. Results are the means of duplicate 
determinations with deviations of -+2% and have been corrected for background. 
bThe number in parenthesis represents the percentage of total I 3 H ]lipid product. 
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FIG. 2. Myristoyl-CoA and myristoyl-acyl carrier 
protein dependence of 1-acyl-sn-gtycero-3-phospho- 
choline acyltransferase activity. The assay conditions 
were as described in the text except that various 
concentrations of myristoyl-CoA (=) and myristoyl- 
ACP (o) were used. Incubations were at room tem- 
perature for 3 min. 

(Table 1). With bo th  the CoA and ACP sub- 
strates, some free fa t ty  acid ( F F A )  (5-8% of  the 
to ta l  lipids) was formed,  presumably by the  
act ion of  the fa t ty  acyl-CoA hydrolase,  which is 
known  to be active in these microsomes (7). 
The relative dis t r ibut ion o f  these 2 lipids was 
about  the  same with bo th  substrates and con- 
stant th roughou t  the  linear por t ion  of  the  t ime  
curve. Only trace amounts  of  o ther  lipids in- 
cluding lysophosphat idylchol ine ,  phosphat idyl-  
e thanolamine  (PE) and phosphat idylser ine-phos-  
phat idyl inos i to l  (PS-PI) were found (<0.2%). 

The PC product  recovered f rom exper iments  
using [ 3 H ] myr i s toy l -CoA or [ 3 H ] myris toyl-  
ACP as substrate was t reated with snake venom 
phosphol ipase A2 to de termine  the  posi t ion of  
incorpora t ion  of  radioact ivi ty  into PL. With the  
acyl-CoA substrate,  the radioact iv i ty  was found  
to be incorpora ted  p redominan t ly  at the C-2 
posit ion (97%) with the remainder  being in- 
corpora ted  at the C-1 posi t ion (3%) of  the PL. 
Note  that  in animal systems, long-chain satu- 
rated (16:0,  18:0)  acyl-CoA are incorpora ted  
specifically into the C-1 posi t ion (1). With the 
acyl-ACP substrate,  the radioact iv i ty  was 
incorpora ted  almost  exclusively at the C-2 
posi t ion (> 99%). 

Myris toyl-CoA and myris toyl -ACP have 
similar activities as substrates for 1-acyl-GPC 
acylat ion (Fig. 2). T h e  apparent  Km for myris- 
toyl -CoA was ca. 46 /aM whereas the  apparent  
Km of  myris toyl -ACP was ca. 63/aM. Apparen t  

Vmax values-for myr i s toy l -CoA and myris toyl-  
ACP were 1.0 and 1.6 nmol /min /mg .  

The above data thus show that  an acyl-ACP 
-myr i s t oy l -ACP ,  as well as the analogous 
a c y l - C o A - m y r i s t o y l - C o A ,  can serve as sub- 
strate for  the 1-acyl-GPC acyltransferase of  
rat-liver microsomes.  These results suggest that  
the  2 thioesters  may  be transferred to the  lipid 
acceptor  by the  same or similar enzyme  system. 
This conclusion is supported by the very similar 
Km values of  the  acyl-ACP and acyl-CoA sub- 
strates. The  al ternate  route  in which the  acyl 
group is transferred f rom acyl-ACP to  endo-  
genous CoA and then  to the  lipid acceptor  is 
unlikely because the  addi t ion of  CoA does no t  
affect the  rate of  acylat ion.  The finding that  
wi th  bo th  myr i s toy l -CoA and myris toyl-ACP,  
the  myr i s toy l  group is specifically incorpora ted  
into the  2-posit ion usually reserved for unsatu-  
rated acyl chains is no tewor thy .  Fur ther  
invest igat ion of  this observat ion would be 
worthwhile .  

The present  results also show that  at the  low 
substrate concent ra t ions  used (1-3 /aM), no  
detergent  effect  of the myr is toyl -CoA was 
observed. However ,  at high substrate concentra-  
t ions,  where long-chain acyl-CoA have inhibi- 
tory  detergent  propert ies  but  acyl-ACP do no t  
(8), the acyl-ACP could be used as a mode l  sub- 
strate for  the 1-acyl-GPC acyltransferase. 
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ABSTRACT 

We have investigated the distribution of antithrombin-Ill and glucosylceramide (Glc-Cer) in human 
plasma, plasma lipoproteins and lipoprotein-deficient plasma. Antithrombin 1II activity was measured 
employing immunochemical and biological assays. GIc-Cer was quantified by gas liquid chroma- 
tography (GLC). Whole plasma contained 145 ug antithrombin lll/ml plasma, all of which was as- 
sociated with the lipoprotein-deficient plasma (d > 1.25 g/ml). Whereas, most if not all the plasma 
GlcCer was associated with plasma low density lipoproteins (LDL) (d-1.022-1.055 g/ml) and high 
density lipoproteins (HDL) (d-1.063-1.25). GlcCer was not found in the lipoprotein-deficient plasma. 
We conclude that GlcCer on lipoproteins does not contribute to antithrombin 111 activity. Moreover, 
the absence of GlcCer in lipoprotein-deficient plasma does not impair antithrombin-Ill activity. 
Lipids 19: 363-366, 1984. 

INTRODUCTION 

Antithrombin III is a ct2-plasma protein which 
progressively inactivates thrombin (1) and 
several serine proteases that participate in the 
coagulation process (2). Deficiency of anti- 
thrombin III may be responsible for recurrent 
thrombosis (3). In contrast, excessive bleeding 
occurs when the levels of anti thrombin III are 
increased (4). Antithrombin III is a glycopro- 
tein (Mrs60,000) with 4 identical N-glycosidi- 
caUy linked carbohydrate chains per molecule 
(5). Recently, glucosylceramide was found to 
complex tightly with antithrombin III (6). The 
latter finding is of considerable interest as most 
if not all the glycosphingolipid, including 
glucosylceramide, is associated with lipopro- 
reins (7), and anti thrombin III complexed with 
GlcCer may produce anticoagulative properties. 
In addition, these studies implied glycosphingo- 
lipid function in the blood coagulation process. 
We therefore investigated the distribution of 
anti thrombin Ili and GlcCer in normal human 
plasma, various plasma lipoproteins and lipo- 
protein-deficient plasma. Our observations in- 
dicate that anti thrombin III and GlcCer are not 
tightly complexed and that GlcCer is not re- 
quired for anti thrombin III activity. 

MATERIALS AND METHODS 

Antithrombin II I 

Human anti thrombin III and goat anti- 
human III antibody were obtained from Alpha 

*To whom all correspondence should be addressed. 

Therapeutic Corporation (Los Angeles, CA) 
and Cutter Laboratories, Inc., Berkeley, CA. 
Normal human plasma, plasma lipoproteins 
and lipoprotein-deficient plasma were prepared 
exactly as described previously (7). 

Measurement of Antithrombin I I I  Activity 

Antithrombin lll  activity was measured by 
immunochemical and biological assays de- 
scribed previously (8,9). These studies were 
performed on fresh plasma or newly recon- 
stituted lyophilized anti thrombin III (human). 
Trisodium citrate dehydrate, 3.8%, 1 vol of 
which was mixed with 9 vol of whole blood, 
was the anticoagulant employed. Heparin was 
not in any of the specimens assayed. All speci- 
mens were assayed in triplicate. 

Measurement of Glucosylceramide 

Total lipids in anti thrombin Ill, whole 
plasma, plasma lipoproteins and lipoprotein- 
deficient plasma were isolated by extraction 
with organic solvents (7). GSL were isolated 
from the total lipid extracts by silicic acid 
column chromatography, purified by thin 
layer chromatography ( T L C ) a n d  quantified 
by gas liquid chromatography (GLC), exactly 
as described previously (7). Mannitol was used 
as an internal standard. 

R ESU LTS 

Antithrombin I I I  levels in Human Plasma, Plasma 
Lipoproteins and Lipoprotein- Deficient Plasma 

The mean level of human plasma antithrom- 
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TABLE 1 

Distribution of Antitbrombin III and (;lucosylceramide in Human Plasma, 
Plasma Lipoproteins and Lipoprotein-Deficient Plasma 

Plasma Lipoproteins Lipoprotein-de ficient 
Plasma VLDL IDL LDL HDL plasma 

Antithrombin III 145 0 0 0 0 162.5 
(/ag/ml) (139-152) (145-180) 

Glueosylceramide 8 1 0 4.5 2.5 0 
(nmol/ml) (6-10) (0.7-1.3) 0 (3.5-5.5) (2-3) 0 

Fasting blood was collected from 2 males, S.C. and R.W. Total plasma, plasma lipopro- 
teins and lipoprotein-deficient plasma d > 1.25 g/ml was prepared as described previously 
(7). Plasma lipoproteins and lipoprotein-deficient plasma samples were analyzed to deter- 
mine antithrombin lII (8,9) and glucosylceramide levels. The results are presented as mean 
values and the individual values ate presented within parentheses. VLDL, very low density 
(prebeta) lipoproteins (d < 1.006 g/ml); IDL, intermediate density lipoproteins (d 1.006- 
1.019 g/ml); LDL, low density (beta) lipoproteins (d 1.022-1.055 g/ml); HDL, high density 
(alpha) lipoproteins (d 1.063-1.25 g/ml). 

bin III was 145 /ag/ml (Table 1). No antithrom- 
bin III was found in the plasma lipoproteins. In 
sharp contrast, the mean level of  antithrombin 
III in lipoprotein-deficient plasma was 162 
/zg/ml. Thus, all the antithrombin III present 
in whole plasma was recovered in the lipopro- 
rein-deficient plasma. The values obtained with 
the biologic functional assay were identical to 
those obtained with the immunologic technique. 

Glucosylceramifle Levels in Human Plasma, Plasma 
Lipoproteins and Lipoprotein-Deficient Plasma 

The mean level of GlcCer in human plasma 
was 8 nmol/ml.  The mean levels (nmol/ml) of 
GlcCer in very low density lipoprotein (VLDL), 
low density lipoprotein (LDL) and high denisty 
lipoprotein (HDL) were 1, 4.5 and 2.5. GlcCer 
was not found in plasma intermediate density 
lipoproteins (IDL) and in lipoprotein-deficient 
plasma. Antithrombin III obtained commer- 
cially contained 1.4 nmol GlcCer/20 mg pro- 
tein. Thus, most if not all the GlcCer present in 
whole plasma is associated with the human 
plasma lipoproteins. Antithrombin III con- 
tained very small amounts of the GlcCer in 
relation to whole plasma. 

DISCUSSION 

The major findings of these studies are: 
first, antithrombin llI is associated with the 
lipoprotein-deficient plasma; second, little if 
any glucosylceramide is tightly associated with 
antithrombin III; and third, antithrombin III 
activity does not require glucosylceramide. 

We have shown previously that most if not 
all the normal human plasma glycosphingolipids 
(GSL) are associated with the human plasma 

lipoproteins (7). In particular, plasma LDL, 
which carry most of the plasma cholesterol, 
are enriched in various plasma GSL including 
GlcCer (10-12). Moreover, GSL distribution 
studies in lipoproteins obtained from patients 
with Fabry's disease (a-galactosidase-A-defi- 
ciency) and Gaucher's disease (~-glucosidase 
deficiency) have revealed enrichment of tri- 
hexosylceramide (Gl3a) and glucosylceramide, 
respectively, in LDL (11,13). No GSL were 
found in lipoprotein-deficient plasma. 

Recently, glucosylceramide was found to be 
tightly associated with antithrombin III, and 
glucosylceramide was implicated in the anticoa- 
gulative action of antithrombin III (6). Based 
on these findings, we rationalized that human 
plasma lipoproteins, which contain most if not 
all the GlcCer, should also be enriched with 
antithrombin III. Thus, exploring the role of 
lipoproteins in the pathogenesis of athero- 
sclerosis may be possible. 

We therefore fractionated normal human 
plasma by KBr density gradient centrifugation. 
The resultant plasma lipoproteins and hpopro- 
tein-deficient plasma were dialyzed and the 
levels of antithrombin III and glucosylceramide 
were measured. We found a clear dichotomy of 
distribution of antithrombin Iii and GlcCer 
among plasma lipoproteins and lipoprotein- 
deficient plasma. Antithrombin llI was com- 
pletely recovered in the lipoprotein-deficient 
plasma and none was detectable in the plasma 
lipoprotein fractions. In contrast, as expected 
from our previous work and that of other 
investigators (7,10-12), GlcCer levels in the 
various plasma lipoproteins accounted for all 
the GlcCer present in human plasma. Moreover, 
GlcCer was not found to associate with the 
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lipoprotein-deficient plasma. A similar observa- 
t ion was found by Dawson and Oh (13) in 
patients with Gaucher's disease who have 
elevated GlcCer levels in plasma and LDL. 
Commercially available anti thrombin III con- 
tained 1.4 nmol GlcCer/20 mg protein. Con- 
sidering that the concentration of anti thrombin 
III in plasma is ca. 14 mg/100 ml and the levels 
of glucosylceramide is 800 nmol/100 ml, and 
as only 1.4 nmol GlcCer is associated with 20 mg 
anti thrombin III, very little, if any, of the 
plasma GlcCer is trightly associated with anti- 
thrombin III. 

Our findings are in contrast to a previous 
report (6) in which practically all of the plasma 
GlcCer was considered to associate tightly with 
anti thrombin III and that anti thrombin III 
serves as a carrier for GlcCer in plasma. Our 
data clearly suggest that plasma lipoproteins, 
particularly LDL, are the  predominant carriers 
of plasma GlcCer, not anti thrombin III. On the 
other hand, anti thrombin III is not strongly 
associated with any plasma lipoprotein and 
hence is found in the lipoprotein-deficient 
plasma. 

Several reasons may be advanced for the 
discrepancy between the observations of 
Danishefsky and coworkers (6) and the data 
presented here. Lipoproteins are known to be 
a possible source of contamination in the isola- 
t ion of anti thrombin III (14). Danishefsky et al. 
(6) used Method B of Thaler and Schmer (14) 
to isolate human anti thrombin III (except that 
the affinity chromatography step was per- 
formed with heparin/aminohexyl Sepharose). 
This method employs precipitation of proteins 
from plasma with polyethylene glycol, followed 
by heparin-agarose chromatography (14). Two 
sources of contamination are possible with 
plasma lipoproteins. When the precipitate from 
polyethylene glycol is resolubilized and the 
protein reprecipitated with ammonium sulfate, 
a small floating lipoprotein layer is present in 
the supernatant after centrifugation. Although 
the ammonium sulfate step is reported to 
remove contamination with plasma lipopro- 
teins, some material (that may be LDL), can 
still be seen at the origin of sodium dodecyl 
sulfate polyacrylamide gels (14). Second, after 
only 3 preparations of anti thrombin III have 
been applied to the heparin affinity columns, 
the columns need to be washed carefully to 
remove all components nonspecificaUy bound,  
especially plasma lipoproteins, which stick 
tightly to such columns and are not removed by 
the usual wash procedures (14). In addition to 
the above approach, Danishefsky et al. (6) also 
used alternate methods to remove the glucose 
derivative from antithrombin III but were 

unable to reduce the proportion of glucose 
present. We used commercially obtained 
anti thrombin I I I  (see Methods). Following 
"Cohn fractionation," anti thrombin III is 
isolated from the lipoprotein-rich fraction by 
prolonged heating (10 hr at 60 C) in the pre- 
sence of high salt concentrations, followed by 
heparin-Sepharose column chromatography. 
Since we found little if any glucosylceramide 
on anti thrombin III prepared in this way, the 
method probably dissociated any lipoproteir/- 
derived glucosylceramide from anti thrombin 
III. 

We found, after preparative ultracentrifuga- 
t ion using KBr gradients, that plasma glucosyl- 
ceramide was associated with the lipoproteins 
and not with plasma proteins. The plasma 
protein fraction contained all of the plasma 
anti thrombin III material and also all of the 
anti thrombin III activity. Thus, although ultra- 
centrifugation may have dissociated glucosyl- 
ceramide and anti thrombin III, such a possible 
effect did not destroy the activity of antithrom- 
bin III. In addition, the activity of anti thrombin 
III in unfractionated plasma (which contained 
lipoproteins) was not greater than that in lipo- 
protein-deficient plasma, indicating that the 
presence of lipoproteins did not enhance anti- 
thrombin III activity. Danishefsky and co- 
workers (6) did some exploratory experiments 
and were unable to find evidence that glucosyl- 
ceramide was necessary for anti thrombin III 
activity. 

Since lipoprotein-deficient plasma did not 
contain any GlcCer but  maintained biological 
and immunological properties of anti thrombin 
III, we cannot associate any functional role for 
GlcCer with anti thrombin Ill-related coagula- 
t ion reactions at our present state of knowledge. 
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ABSTRACT 

Tissue phospholipid fatty acid compositions in streptozot0cin-induced diabetic rats were studied. 
The major changes in liver, plasma, erythrocyte and heart were increased proportions of linoleic and 
dihomo--r-linolenic acids and a decreased proportion of arachidonic acid. The latter was not signi- 
ficantly changed in phospholipids of kidney, adrenal gland and testis. Skin fatty acids in diabetic rats 
showed an increase in the proportion of arachidonic acid and a reduction in the proportion of linoleic 
acid. The fatty acid desaturating activity in diabetes may be regulated differently in different tissues. 
Lipids 19: 367-370, 1984. 

INTRODUCTION 

Many clinical features in severely diabetic 
rats, e.g., scaly tails, rough fur and dermal 
symptoms, are indistinguishable from those in 
EFA-deficient animals. These similarities are 
possibly a reflection of an impaired conversion 
of linoleic acid to arachidonic acid because liver 
microsomal fatty acid desaturation has been 
shown to be depressed in experimental diabetic 
rats (1-6). A decrease in the proportion of 
arachidonic acid (20:4n-6) and an increase of 
linoleic acid (18:2n-6) in liver and blood have 
been frequently reported. Fatty acid composi- 
tions of adipose tissues and testes in diabetic 
rats have also been described (7). Recently, 
Clark et al. (8) have reported the changes in 
kidney phospholipid fatty acids and Holman et 
al. (9) demonstrated the fatty acid composi- 
tions of phospliolipids of heart, liver, kidney, 
aorta and serum in diabetic rats. However, de- 
tailed data concerning the effect of diabetes on 
fatty acid profiles and in individual phospho- 
lipid components in other tissues are lacking. 
The purpose of this study was to examine 
whether previously described changes are also 
present in other tissues in experimental diabetic 
rats. 

MATERIALS AND METHODS 

Male Sprague-Dawleyrats weighing 275-3 25 g 
were maintained on Purina rat chow and water 
ad libitum. Rats were made diabetic by a single 
i.p. injection of 75 mg/kg body weight of 
streptozotocin; the controls received saline. 
Two days after injection, blood glucose was 
estimated using Dextrostix reagent strips 
(Ames Division, Miles Laboratories Ltd., 

*To whom correspondence should be addressed. 

Rexdale, Ont., Canada). Only rats with blood 
glucose greater than 250 mg/dl were considered 
diabetic. Three weeks after diabetic induction, 
10 animals from each group were killed under 
light ether anesthesia by exsanguination. 
Erythrocytes were separated from plasma and 
washed with ice-cold saline. Liver, heart, kidney, 
adrenal gland, testis, skin of the front paw and 
epididymal fat pad were rapidly excised, washed 
and frozen. Plasma glucose was measured en- 
zymatically using Cobas Bio centrifugal an- 
alyzer (Hoffmann-La Roche Inc., Veudreil, 
Quebec, Canada). 

Plasma and tissue lipids were extracted and 
total phospholipids (PL) separated from neu- 
tral lipids (10). Aliquots of liver and erythrocyte 
phospholipids were further separated by thin 
layer chromatography (TLC) (11) to obtain 
3 major phospholipid fractions, phosphatidyl- 
choline (PC), phosphatidylinositol and -serine 
(PI+PS) and phosphatidylethanolamine (PE). 
Fatty acid methyl esters were prepared with 
BF-methanoI (12) and analyzed by gas liquid 
chromatography (GLC) (13). 

RESULTS 

At the end of the experiment, mean (+ SEM) 
plasma glucose concentration was 474.6 (+- 36.8) 
mg/dl in diabetic rats and 135.6 (+ 7.2) mg/dl 
in the controls. 

The detailed results showing changes in the 
fatty acid composition of total phospholipids in 
liver, plasma, heart, kidney, testis, adipose 
tissue, skin and adrenal gland are shown in 
Table 1. Fatty acid levels on PC, PI+PS and PE 
are shown in Table 2. The changes can be seen 
in the tables but the following consistent or 
substantial changes in the diabetic animal are 
worth emphasizing: (a) changes in saturated 
fatty acid in PL were relatively small; 16:0 was 

LIPIDS, VOL. 19, NO. 5 (1984) 



368  

C 

0 

.=. 

O 

m ~ 

< 
~ g 

o 

o 

"N 

0 
e~ 

o 

N 

.~, 

N 

.=. 

C O M M U N I C A T I O N S  

. ~ -  2 ~  0 6  6 o  G G  d d  

o o o o  ~ =  o o  ~ o  6 d  o o  

o 0  o 0  4 ~  0 6  - o  G o  o o  6 ~  

~ o  o o  o o  o o  

O O 

o o o ~ 6 0  ,.-, ~ .-; - 

o o = o o 5 0 6  , = , o  

o o o o "J = - o ,::; o 

44 44 ~ ~H +1 44 ~4 ~ ~ ~4 

.,t.i 44 44 44 4.,i .14 .H +1 ~ 4,1 

- :  " - :  4 - ~ c; - o 6 

o .-, ,=, o o o o ~ ,=; ~ 

. . . . . .  ~ 

p l  I !  

o o  o 

~ o  

o ~ 5  
I ~  ~ 4 4  

�9 r .4-1 �9 .r r 

~ ~,,,.  ",,; 

�9 ~ 

�9 ~ 

- = ,,, . .  ~ . . %  o ~ - ~  , , . %  
6 .2 - ,4 r 6 d - ,-., o .-; ,-., .... d 
e l  44 e l  e l  44 ~ 0r .14 ~1 .14 .r 44 .H ,H 

..I ~ 

L I P I D S ,  VOL.  19, NO.  5 (1984) 

& 
,,Q 

's 

#v 

" W  

~ o  

"~ v 

o %  

O 

,..~ 
~ v  
r ~  

~ o  

~ 6  
~ V  

~ 6  

m W  

6 

r ,  

~ 2  

o~ 2 

o ' "  

9 o o  



COM MUNICATIONS 369 

< 

e , e  r162  

r  

< 

' 0  

0 
.r" 

a o  

:~ .?. 

0 

~ oo 

. ,  . . . . . . .  , . . ~ 1 7 6  . ~  , ~  

. . *  . . . . .  * ~  . . . . . . . .  

o o o o o o  6 d 6 6 6 G  ~ ~  o o o o o o  o o o o o o  

�9 . ~  . . . . . . . . . . . . .  ~ 

~ . . ~  ~ ~ ~ , . .~ , , 

- o. '2. R ~ 
666~c;6 o o o c ,  

'4"i w,H "H "IH '+t 4"1 4 1 t ' 4 4 1  "t '4414 

n ~ . o ~ - -  --."i. 

~H + ~  + 1  + l  + 1  + 1  e , I  +~  + l  4"1 + ~  + t  

0 O 0  d 6 6 G  G G 6 6 G ~  

~ ,-w , . r  t ' ~  e , I  .-w ,'~1 ~ r r , I  e' ,l  e , I  

�9 W + I ' H + I ' H + I  + t t " I + 1 + 1 + 1 + t  

e . . I t ' , , l e , . l e , i , . w r ' ~  , , ~ . , ~ o a o c ) ~ O  

O Q , . . w  ,.w C ~ O ~ O , . w ~  

il" ~ . ~ . ~ L  ~. 

~'H~elW~I I .el 

I l l l l l  

I T . . . .  

. . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . .  , ~ 

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

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

Y ~ = Y =  ~ Y=Y= Y .~Y Y Y Y Y Y Y 

LIPIDS, VOL. 19, NO. 5 (1984) 



370 COMMUNICATIONS 

reduced and 18:0 increased in heart, kidney, 
adipose tissue and skin. Changes in oleic acid 
were also small, except in skin, where a dramatic 
fall took place. (b) Linoleic acid in PL was 
elevated in all tissues except the testis where it 
was unchanged and the skin where it was re- 
duced. (c) 20:3n-6 In PL was elevated in every 
tissue. Its immediate metabolite, arachidonic 
acid, was reduced in every tissue but the skin 
and adrenal gland. Except for these last 2 tis- 
sues, the ratio of 20:3n-6 to 20:4n-6 was 
substantially above the controls. (d) Changes in 
the C22n-6 fatty acids were rather small but 
22:4n-6 was down in every tissue in which it 
was present, and 22:5n-6 was sharply reduced 
in adipose tissue. (e) Levels of the n-3 acids 
were low and changes were small. However, in 
20:5 n-3, the n-3 equivalent of arachidonic acid 
was consistently reduced. (f) The detailed 
changes shown in Table 2 generally show 
similar trends in all 3 phospholipid fractions 
measured. The 18:2n-6 elevations were con- 
sistently greater in PC than PI+PS. The 20:3n-6 
elevations, however, were consistently as large 
in PI+PS as in PC. Changes in 20:4n-6 were 
substantial in the liver in both PC and PI+PS, 
but the heart showed change only in PC. 
Changes in 20:4n-6 in other tissues were small. 
The kidney showed changes in all 3 fractions in 
22:6n-3, with a rise in PC and fall in PI+PS and 
PE. (g) The skin was remarkable in consistently 
showing changes opposite from other tissues. 

DISCUSSION 

In general, our observations are similar to 
those reported by others (1-9) but are more 
detailed and cover a larger number of  tissues. 
The observed changes in n-6 and n-3 essential 
fatty acids (EFA) in the PL could be related 
either to changed pattern of incorporation from 
a free fatty acid pool of unchanged composi- 
t ion, or to unchanged incorporation from a 
fatty acid pool where composition has changed 
or to a mixture of  both mechanisms. Substantial 
evidence already exists that desaturation of 
EFA by both the A6 and A5 enzyme is reduced 
in diabetes (1-6), suggesting that the pool of 
fatty acids available for incorporation into PL 
has changed. On the other hand, changes in 
incorporation may also occur as suggested by 
the levels of 22:6n-3 in individual PL in the 
kidney, where diabetes produced changes in 
opposite directions in the different fractions. 
We suspect that both mechanisms may be 
involved but that the changes in desaturation 
already demonstrated by others are the more 
important factors. 

The very consistent elevation of 18:2n-6 has 
been repeatedly reported by others and is con- 
sistent with, though not proof of, inhibition of 
A6 desaturation. The 20:3n-6 levels have not 
usually been reported in previous studies, ex- 
cept by Holman et al. (9), whose observation 
are similar. Our findings of elevated 20:3n-6 
and reduced 20:4n-6 are consistent with re- 
duced A5 desaturation activity, as has been 
reported by direct microsomal studies (14). The 
low 20:5n-3 levels are also consistent with this. 

The fatty acid patterns show rather large dif- 
ferences from tissue to tissue, which are pro- 
bably explained both by different mechanisms 
of fatty acid incorporation into PL and also by 
different patterns of desaturation and elonga- 
tion. On the whole, however, the change pro- 
duced by diabetes was similar in direction in 
all tissues. The one major exception to this was 
the skin in which 18:2n-6 was strikingly re- 
duced and 20:4n-6 significantly increased. 
Thus, generalizing about the effects of  diabetes 
from tissue where measurements of fatty acid 
levels have been made to one where they have 
not been made is not possible. Each tissue 
appears to have a specific mechanism for handl- 
ing fatty acids and, in some cases, regulating 
factors, e.g., hormones, may have opposite 
effects in different tissue. 
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ABSTRACT 

The lecithin-cholesterol acyltransferase activity of human plasma was found to be inhibited by 
Rowachol, a proprietary mixture of pure monoterpenes. Menthol, the major ingredient in Rowachol 
(32%), and a number of other monoterpenes were found to inhibit the enzyme independently. Con- 
centrations of monoterpenes required to achieve 50% inhibition were of the same order of magnitude 
as the cholesterol concentration present in the reaction mixture. 
Lipids 19: 371-373, 1984. 

INTRODUCTION 

The incidence of coronary heart disease has 
been shown to be inversely correlated with 
serum high density lipoprotein (HDL) chole- 
sterol concentration in man (1-3). HDL may 
function in conjunction with the enzyme 
lecithin-cholesterol acyltransferase to bring 
about the efflux of cholesterol from peripheral 
tissues to sites of catabolism (4,5). In vitro 
evidence for such a transport role has been 
obtained by Stein et al. (6) using human skin 
fibroblasts. Lecithin-cholesterol acyltransferase 
(LCAT) is thought to assist in this process by 
increasing the capacity of HDL particles for 
cholesterol storage by shifting the equilibrium 
between membrane and plasma cholesterol 
(7,8). 

Rowachol, a proprietary choleretic prepara- 
tion composed of menthol  (32% w/w), pinene 
(17% w/w), menthone (6% w/w), borneol (5% 
w/w), camphene (5% w/w) and cineole (2% 
w/w) in olive oil, has been shown to elevate 
serum HDL-cholesterol concentrations in hu- 
mans (9). In addition, Benko et al. (10) showed 
that monoterpenes could prevent the formation 
of atherosclerotic plaques in cholesterol-fed 
rabbits. Middleton et al. (11) found that 
Rowachol reduced the in rive activity of S-3- 
Hydroxy-3 methylglutaryl-CoA reductase, an 
enzyme involved with cholesterol biosynthesis, 
but the monoterpenes did not inhibit the 
enzyme directly in vitro. Because lecithin- 
cholesterol acyltransferase has been implicated 
in the process of cholesterol transport by HDL 
and monoterpenes are known to increase serum 
HDL-cholesterol, our laboratory undertook an 
investigation into the effects of Rowachol and 
monoterpenes on human plasma LCAT activity. 
The present paper describes the inhibition of 
LCAT by a number of pure monoterpenes as 
well as Rowachol. 

MATERIALS AND METHODS 

Rowachol was generously provided by 
ROWA Limited Pharmaceuticals of Bantry Co., 
Cork, Ireland. Menthol camphor, menthone, 
cineole, borneol and digitonin were purchased 
from Sigma Chemical Company, St. Louis, MO. 
[7n-all]Cholesterol was obtained from Amer- 
sham Corp., Arlington Heights, IL. All other 
chemicals were reagent grade. 

Enzyme assays were carried out according to 
the method of Stokke and Norum (12). Each 
sample contained 200 /~1 of freshly pooled 
human plasma, 40/al of 10 mM Ellman reagent, 
50 pl of 3H-substrate and 10/~1 of either olive 
oil or olive oil plus inhibitor. The mixture was 
preincubated for 2 hr at 37 C to allow for 
equilibration of substrate, label and inhibitor. 
The reaction was started by adding 40 /ll of 
0.1 M mercaptoethanol. The samples were 
incubated for 3 hr after which time the conver- 
sion of all_cholesterol to cholesterol ester was 
determined using the digitonin precipitation 
method of Piran and Morin (13). Aliquots of 
100 /ll were removed from the supernatant 
after precipitation and counted in 3.0 ml of 
ACS liquid scintillation counting fluid in a 
Packard Tricarb scintillation counter. Values 
reported represent the means of duplicate 
determinations repeated 4 times. 

RESULTS AND DISCUSSION 

Rowachol was found to inhibit LCAT acti- 
vity at a variety of concentrations tested (Table 
1). Complete inhibition occurred when 2/al or 
more of Rowachol were used in our assay 
system. Because Rowachol is a mixture of 
chemicals, giving a molar concentration of 
Rowachol per se is not possible; however, 2 All 
would correspond to a 20 mM menthol con- 
centration in the assay. 
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TABLE 1 

Inhibition of Lecithin-Cholesterol Acyltransferase by Rowachol 

Menthol concentration Inhibition 
~1 Rowachol (mM) cpm a (%) 

0 0 1954 -+ 66 0 
0.05 0.05 2010 -+ 50 0 
0.1 1 2114 -+ 144 0 
0.2 2 1860 -+ 40 4.8 
0.5 5 1222 + 52 37.5 
1.0 10 576 + 15 70.5 
2.0 20 0 100 
5.0 50 0 lO0 

aMean cpm above blank + standard deviation (n = 4). 
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FIG: 1. Effect of methol concentration on chol- 
esterol esterification. 
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FIG. 2. Effect of camphor concentration on chol- 
esterol esterification. 

Figures  1 and  2 show t he  e f fec ts  o n  L C A T  
o f  m e n t h o l  and  c a m p h o r ,  respect ive ly .  A m e n -  
t h o l  c o n c e n t r a t i o n  of  ca. 11 mM resul ted  in 
50% i n h i b i t i o n  o f  LCAT, whereas  14 mM cam-  
p h o r  was r equ i red  to achieve t he  same degree o f  
i nh ib i t i on .  M e n t h o n e  also p roduced  a similar 
c o n c e n t r a t i o n - d e p e n d e n t  i n h i b i t i o n  o f  LCAT. 
We were u n a b l e  to  tes t  t he  e f fec t  of  b o r n e o l  

o n  LCAT because  o f  i ts  l imi ted  so lubi l i ty  in  ou r  
assay sys tem.  Cineole  appea red  to  inh ib i t  L C A T  
to  some e x t e n t ;  however ,  resul ts  were very 
i ncons i s t en t  w i th  th is  c o m p o u n d  and  no t  
r ep roduc ib l e  because  of  t he  wide  sca t te r ing  of  
data .  

All  of  the  m o n o t e r p e n e s  t es ted ,  t he re fo re ,  
i n h i b i t e d  LCAT to  varying ex ten t s .  These  
resul ts  are cons i s t en t  wi th  the  observed  inhi-  
b i t i o n  of  LCAT b y  Rowacho l ,  w h i c h  is grea ter  
t h a n  t h a t  p red ic ted  o n  t he  basis of  i ts  m e n t h o l  
c o n t e n t .  

The  m o n o t e r p e n e s  may  be  ac t ing as com-  
pe t i t ive  inh ib i to r s  to  LCAT because  t h e  con-  
c e n t r a t i o n  of  m o n o t e r p e n e  requ i red  to  achieve 
50% i n h i b i t i o n  is of  the  same o rde r  of  magni-  
t u d e  as the  cho les te ro l  c o n c e n t r a t i o n  in t he  
e n z y m e  assay (ca. 6 mM).  a d d i t i o n a l  experi-  
m e n t s  w i th  h ighly  pur i f ied  e n z y m e  and  sub-  
s t ra tes  p repa red  w i t h  s y n t h e t i c  l iposomes  m a y  
shed  f u r t h e r  l ight  on  the  specif ic  m e c h a n i s m  
involved  in i n h i b i t i o n  and  the  relat ive aff in i t ies  
o f  L C A T  for  cho les t e ro l  and  var ious  m o n o t e r -  
penes .  An  in te res t ing  ques t ion  is raised in th i s  
regard  as to  w h e t h e r  t he  e n z y m e  m a y  be 
es ter i fy ing  a f a t t y  acid to m e n t h o l  or  com-  
pe t ing  for  t he  act ive site w i t h o u t  serving as a 
subs t ra te .  LCAT is k n o w n  to  use H 2 0  as an  
acyl  a ccep t e r  as well  as some  o t h e r  a lcohols  
(14) .  Work by  Morin  and  Ihrig (15)  o n  t he  
f o r m a t i o n  of  pa lmi t a t e  esters  of  m o n o h y d r i c  

s h o r t - c h a i n  a lcohols  b y  swine ar ter ia l  subcel-  
lular  f rac t ions  suggests t h a t  some es ter i fy ing 
e n z y m e s  m a y  n o t  be  h ighly  specific,  l ending  
some  credib i l i ty  to  t he  f o r m e r  hypo thes i s .  If  
m e n t h o l  is es ter i f ied b y  LCAT, m e n t h o n e  and  
c a m p h o r  migh t  r ep resen t  longer  las t ing inh ib i -  
to rs  in  vivo because  o f  the i r  lack of  a h y d r o x y l  
group.  

The  f inding t h a t  R o w a c h o l  and  m e n t h o l  
i nh ib i t  l ec i th in -cho les te ro l  acy l t rans fe rase  is 
par t icu la r ly  in t r iguing  in l ight  of  the  prevai l ing 
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view t h a t  L C A T  may  f u n c t i o n  to increase  
p lasma HDL-choles te ro l  (16) .  One  t h e o r y  
cu r r en t l y  ho lds  t h a t  L C A T  f u n c t i o n s  w i t h  HDL 
in a reverse cho les te ro l  t r a n s p o r t  p a t h w a y  (17) .  
Such  a t h e o r y  predic ts  a direct  co r re l a t ion  
b e t w e e n  LCAT ac t iv i ty  and  se rum HDL- 
cho les t e ro l  levels. Our f ind ing  t ha t  m o n o t e r -  
penes  i nh ib i t  LCAT,  whi le  increas ing  se rum 
HDL-cho les t e ro l  (9),  suggests a d i f fe ren t  and  
m o r e  c o m p l e x  re l a t ion  b e t w e e n  HDL,  L C A T  
and  cho les te ro l  r emova l  t h a n  previous ly  t h o u g h t .  
In te res t ing ly ,  some clinical suppor t  for  our  
obse rva t ions  is p rov ided  b y  Soloff  and  V a r m a  
(18)  w h o  r e p o r t e d  an  inverse r e l a t i on  b e t w e e n  
LCAT act iv i ty  and  se rum HDL-cho les t e ro l  
c o n c e n t r a t i o n  in hum ans .  

The s ignif icance and  re la t ionsh ip  o f  ou r  in  
vi t ro  f indings  to  the  in vivo ac t ion  o f  m o n o -  
t e rpenes  r ema ins  to  be  de t e r m i ned .  In  t h e  ear ly 
work  of  B e n k o  et  al. (10) ,  an  equ imo la r  q u a n -  
t i t y  of  m o n o t e r p e n e s  relat ive to  adm i n i s t e r ed  
choles te ro l ,  was requ i red  to  p reven t  t he  fo rma-  
t i o n  of  a the rosc le ro t i c  plaques.  Such  a dose 
p r o d u c e d  a p lasma cho les te ro l  c o n c e n t r a t i o n  of  
ca. 25 mM. Because m o n o t e r p e n e s  were  admin i -  
s tered  at the  same dose level as choles te ro l ,  
mi l l imolar  levels o f  the  f o r m e r  m a y  have  been  
achieved.  This  r e p o r t  p rovides  t he  first  ev idence  
for  a d i rec t  ef fec t  of  m o n o t e r p e n e s  o n  t he  
act iv i ty  of  an  e n z y m e  involved in cho les t e ro l  
me t abo l i sm .  The  r e l a t i on  b e t w e e n  th is  e f fec t  in 
vi t ro  and  the  observed  e leva t ion  o f  p lasma HDL-  
cho les t e ro l  and  t he  p r e v e n t i o n  o f  a therosc leros is  
in  vivo b y  m o n o t e r p e n e s  deserves f u r t h e r  s t udy  
in vivo. Add i t i ona l ly ,  o t h e r  similar c o m p o u n d s  
need  to be  screened for  the i r  abi l i ty  to  inh ib i t  
L C A T  a t  lower  concen t r a t i ons .  

The  m e t h o d  used in t he  cu r r en t  s t udy  (12)  is 
well  su i ted  for  a compara t i ve  s tudy  o f  in t r ins ic  
p lasma LCAT act iv i ty  in n o r m a l  vs m o n o t e r -  
pene - t r ea t ed  pa t ien ts .  Such  a s tudy  would  
p rov ide  i n f o r m a t i o n  as to  w h e t h e r  or  n o t  L C A T  
i n h i b i t i o n  can be  achieved in vivo as well. 
Depend ing  o n  t he  t � 89  for  m e n t h o l  in p lasma,  
m o n o t e r p e n e  c o n c e n t r a t i o n s  in p lasma in t he  
i n h i b i t o r y  range could be  achieved.  Eider  et  
al. s h o w e d  t h a t  m e n t h o l ,  w h e n  given oral ly  (13 
mg/kg) ,  s t imu la t ed  galactose  o x i d a t i o n  in vivo;  
mi l l imolar  levels are requ i red  to achieve  the  
same effec t  o n  t he  e n z y m e  sys tem in vi t ro  (19) .  
F u r t h e r  research  in to  t he  m e c h a n i s m s  of  

ac t ion  o f  the  m o n o t e r p e n e s  m a y  also cont r i -  
bu t e  to  ou r  u n d e r s t a n d i n g  of  t he  processes  
involved in cho les t e ro l  t r a n s p o r t  and  m e t a b o -  
l ism. 
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Volatiles from Thermal Decomposition of Isomeric Methyl 
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ABSTRACT 

Two epimers of methyl ( 12 S, 13S)-(F_'.)- 12,13-epoxy-9-hydroperoxy- 10-octadecenoate were isolated 
after esterification of a mixture of fatty acids obtained from decomposition of (13S)-(9Z, I 1E)- 13- 
hydroperoxy-9,11-octadeeadienoic acid by an Fe"'-cysteine catalyst. These epimeric epoxyhydro- 
peroxyoctadecenoates were decomposed by heat (210 C) in the injection port of a gas chromatograph, 
and the cleavage fragments were subsequently separated by gas chromatography (GC) and identified 
by mass spectrometry (MS). Among the scission products obtained, the most prominent in the GC 
peak profile were methyl octanoate and methyl 9-oxononanoate. Other peaks were identified as 
pentane, I-pentanol, hexanal, 2-heptanone, 2-pentylfuran, methyl heptanoate, 2-octenal, 4,5-epoxy-2- 
decenal, methyl 8-(2-furyl)-octanoate, 11-oxo-9-undecenoate and methyl 13-oxo-9,11-tridecadienoate. 
In addition, 3,4-epoxynonanal, methyl 8-oxooctanoate, 3-hydroxy-2-pentyl-2,3-dihydrofuran and 
methyl 10-oxodecanoate were tentatively identified. Except for the furan compounds, the formation 
of the fragmentation products could be explained by conventional free-radical scission mechanisms. 
Lipids 19:375-380, 1984. 

INTRODUCTION 

Homolysis of the hydroperoxide group leads 
to chain cleavage of fatty hydroperoxides by 
the well-known 13-scission of the oxy radical (1). 
This mechanism has satisfactorily explained the 
formation of a majority of volatiles from the 
decomposition of autoxidized lipids and pure 
fatty hydroperoxides. 

The isolation of 4,5-epoxy-2-heptenal from 
the Cu/ct-tocopherol-induced autoxidation of 
either butterfat or cod liver oil (2) stimulated 
interest in the origin of epoxide carbonyls. Sub- 
sequently, the same carbonyl was identified as a 
thermal decomposition product of methyl 
linolenate hydroperoxides (3). According to 
Swoboda and Peers (2), 4,5-epoxy-2-heptenal 
could originate from 15,16-epoxy-I 2-hydro- 
peroxy-9,13-octadecadienoic acid produced by 
further oxidation of the 16-hydroperoxide of 
linolenic acid. A similar carbonyl, 4,5-epoxy-2- 
decenal, was tentatively identified by Selke 
et al. (4) as a decomposition product of autoxi- 
dized trilinolein. They postulated that 4,5- 
epoxy-2-decenal could arise from 1 2,13-epoxy- 
9-hydroperoxy-10-octadecenoate, which had 
been isolated previously (5) as an oxidation 
product of the 13-hydroperoxide of linoleate. 
Recently, methyl 12,13-epoxy-9-hydroperoxy- 
10-octadecenoate also has been isolated from 
autoxidized methyl linoleate (6). 

The mention of firm names or trade products does 
n o t  i m p l y  that  t h e y  are e n d o r s e d  or r e c o m m e n d e d  by 
the  U.S. Department of Agriculture over  o ther  firms 
or similar p r o d u c t s  not mentioned. 

To substantiate the origin of epoxide al- 
dehydes from epoxyhydroperoxy fatty acids or 
their esters, we isolated isomeric methyl 12,- 
13-epoxy-9-hydroperoxy-10-octadecenoates for 
thermal decomposition studies. 

METHODS 

Preparation of Hydroperoxides 

( 13_S )- (9_Z, 11 E )- 13 -h ydroperoxy-9, l 1 -octa- 
decadienoic acid was obtained by soy lipoxy- 
genase oxidation of linoleic acid (NuChek Prep., 
Elysian, MN) followed by isolation with col- 
umn chromatography (7). The purity of the 
isolate was analyzed by high performance 
liquid chromatography (HPLC)and found to be 
99%. The HPLC system and conditions were 
the same as reported below for the separa- 
tion of isomeric methyl epoxyhydroperoxy- 
octadecenoates. 

To prepare 12,13-epoxy-9-hydroperoxy-10- 
octadecenoic acid, the 13-hydroperoxy-9,11- 
octadecadienoic acid (162 rag) was reacted in a 
solution containing FeCI3 and cysteine as de- 
scribed previously (5,8). Because the epoxy- 
hydroperoxyoctadecenoic acids also were de- 
composed by this reagent, care had to be exer- 
cised to terminate the reaction at a time when 
maximum yields could be realized (as assessed 
by TLC). Thus, the solution was treated with 
pure 02 at 25 C for 10 min, and terminated 
with the addition of 130 ml 1 mM Na2EDTA 
(aqueous) and 325 ml CHC13. The CHCI3 layer 
containing the fatty acid products was washed 
twice with 150 ml H20. The recovered fatty 
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acids were esterified with diazomethane before 
chromatographic separation. 

Chromatographic Methods 

Separation of methyl epoxyhydroperoxy- 
octadecenoates from other fatty esters was 
accomplished by chromatography of the esters 
on a column (i.d. 2.5 cm) packed with 50 g 
SilicAR CC7 (Mallinckrodt). Step-by-step elu- 
tion was performed with 0.25 1 of 10% (by vol) 
diethyl ether in hexane followed by ether in 
hexane in the proportions of 0.25 1, 20%; 
0.30 1, 25%; 0.30 1, 30%. The isomeric methyl 
epoxyhydroperoxyoctadecenoates (16.7 mg) 
eluted between 0.62-0.83 1 as determined by 
TLC (Silica Gel G; hexane/diethyl ether [7.3, 
v/v]) of a small portion of the fractions and 
spraying the plates with peroxide-specific 
ferrous thiocyanate solution (9). 

The esters isolated by column chroma- 
tography were further separated by HPLC 
(9.4 • 250 mm Partisil M-9 column, Whatman) 
using 6% acetone in hexane at a flow rate of 
3 ml/min. A Perkin Elmer LC-75 spectrophoto- 
metric detector set at 206 nm monitored the 
eluants. Isomeric methyl epoxyhydroperoxy- 
octadecenoates separated as nearly equal peaks 
and were designated as isomers A and B, eluting 
at 65 min and 73 rain, respectively. Isomer A 
was adequately purified after the initial HPLC 
separation, but B required refractionation by 
HPLC to remove small amounts of A and a 
slower moving component. Compounds A and 
B were examined by proton nuclear magnetic 
resonance spectrometry (1H-NMR) using a 
Bruker WH-90 operating at 90 MHz. For 
1H_NMR the samples were dissolved in CDC13, 
with 1% tetramethylsilane serving as an internal 
standard. 

Gas Chromatography-Mass Spectrometry 

Between 0.5-0.7 mg of epoxyhydroperox- 
ides A and B were dissolved in 6-8 yl CS2 and 
inserted into the injection port (210 C) of a 
Bendix 2600 series gas chromatograph. Thermal 
decomposition products of epoxyhydroperox- 
ides A and B were separated on a glass column 
(4.9 m x 4 mm) packed with 3% JXR on gas 
chromosorb Q. Initially, the He carrier flow was 
ca. 5 ml/min just before and 1 min after sample 
injection, and then the flow was increased to 
ca. 36 ml/min. The column temperature was 
programmed from 0 C to 275 C at 2 C/min. As 
the volatiles eluted from the column, they were 
monitored with jet separator by a Nuclide MS 
(12-90 double focussing, magnetic scanning) set 
to scan from m/z 10 to m/z 450 at 9 sec inter- 
vals. Output from the MS was stored by com- 

puter for later processing. Volatiles were identi- 
fied by matching their MS to those in a 35,000 
standard library and confirmed by GC retention 
data. The computerized GC-MS system has 
been described previously (10). 

RESULTS AND DISCUSSION 

Methyl 12,13-epoxy-9-hydroperoxy-I 0-octa- 
decenoate, used to produce volatiles, has been 
characterized before (5), and the same method 
of preparation was used in this study. However, 
in the previous work this compound was iso- 
lated by methods (column chromatography and 
TLC) that gave no apparent separation of iso- 
mers. In this study, HPLC afforded isolation of 
2 isomers, A and B. x H-NMR (90 MHz) of each 
revealed insignificant differences in spectral 
data between the pair, and the spectrum of 
each isomer was comparable to that reported 
previously for the apparent isomeric mixture 
(5), i.e., for both isomers the epoxide and 
double bond were both trans. In the previous 
study the hydroperoxide (OOH) absorption was 
not reported, and we can now report this 
absorption as a singlet at 87.83 for A and at 
67.85 for B. 

On the basis of previous work (5,11), the 
pair was assigned a 12S, 13S chirality (based on 
the 13S-hydroperoxide precursor and the trans 
configuration of the epoxide). The chirality at 
C 9 (9S vs 9R) was not defined, thus A and 
B may be the diastereomeric pair, methyl 
(9S, 12S, 13S)-(E_)- 12,13-epoxy-9-hydroperoxy- 
10-octadecenoate and methyl (9R,12S,13S)- 
(E)-I 2,13-epoxy-9-hydroperoxy-10-octadeceno- 
ate. An analogous pair, methyl (9S,12S,13S)- 
(E)- 12,13 - epoxy- 9 - hydro xy - 10 - octad ecen oate 
and methyl (9R,12S,13S)-(_E)-12,13-epoxy-9- 
hydroxy-10-octadecenoate, also originated from 
the 13S-hydroperoxide of linoleic acid; this 
pair was separated by the same HPLC tech- 
nique (12). These investigators (12) also found 
that their pair of diastereomers could not  be dis- 
tinquished by 90 MHz 1H-NMR. In future 
studies we will attempt to define the specific 
chirality of the A and B isomers, as well as 
other epoxyhydroperoxy isomers not reported 
here. 

The thermal (210 C) decomposition prod- 
ucts of epoxyhydroperoxide A are shown in 
Figure 1. Although the GC profile for epoxy- 
hydroperoxide B is not  shown, this isomer gave 
similar volatiles, both qualitatively and by peak 
size (Table 1). Methyl octanoate and methyl 9- 
oxononanoate were the main volatiles (> 13%) 
from thermal decomposition. Other significant 
cleavage fragments (> 1.7%) were pentane, 
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hexanal ,  2 -pen ty l fu ran ,  m e t h y l  8-(2-furyl) -octa-  
noa te ,  m e t h y l  l l - o x o - 9 - u n d e c e n o a t e ,  m e t h y l  
13-oxo-9 ,11- t r idecad ienoa te ,  4 ,5-epoxy-2-dec-  
enal  ( the  expec t ed  volat i le)  and  3 t en ta t ive ly  
iden t i f i ed  peaks  (3 ,4 - epoxynonana l ,  m e t h y l  8- 
o x o o c t a n o a t e  and  3-hydroxy-2-pen ty l -2 ,3 -d i -  
hyd ro fu ran ) .  Minor  volati les ( < 1 . 7 % ) w e r e  l -  
pen tano l ,  2 -hep t anone ,  m e t h y t  h e p t a n o a t e  and  

14 

9 

CS2 t 
3 6 1011 

i i 
o ~b do ,so 

Elution Temperature,~ 

17 18 

15 16 

2;0 2;~ 

FIG. 1. Gas chromatography of thermally induced 
(210 C) products from methyl 12,13-epoxy-9-hydro- 
peroxy-10-octadecenoate (isomer A). Peak response 
was by a flame ionization detector. Identification of 
volatiles by peak number is keyed to Table 1. 

2-octenal ,  and  2 of  these  m i n o r  peaks  were 
t en t a t i ve ly  iden t i f i ed  as h e p t a n a l  and  m e t h y l  
10-oxodecanoa te .  The  ident i t ies  of  pen tane ,  
1-pentanol ,  hexana l ,  2 -hep t anone ,  2-pentyl-  
furan ,  m e t h y l  h e p t a n o a t e ,  2-octenal ,  m e t h y l  
oc t anoa t e ,  m e t h y l  9 - o x o n o n a n o a t e  and m e t h y l  
11 -oxo-9 -undecenoa te  were easily ascer ta ined  
f rom the i r  e lu t ion  t e m p e r a t u r e  and  f rom com- 
par ison of  MS data  w i th  l ib rary  spectra .  The  
cleavage f r agment ,  4 ,5-epoxy-2-decenal ,  af- 
fo rded  MS and  GC data  c o m p a r a b l e  to  those  
pub l i shed  by  Selke et al. (4),  excep t  t h a t  we 
o b t a i n e d  add i t i ona l  ions  as fol lows:  m /z  (rela- 
t ive percentage ,  ion  s t ruc ture ) ,  152 (2, lVl~-O), 
150 (2,  M+-H20), 127 (3) ,  109 (7), 107 (8),  
95 (9),  81 (40) ,  57 ( 3 3 ) a n d  28 (30).  The  peaks  
iden t i f i ed  as m e t h y l  8 - (2 - fu ry l ) -oc tanoa te  and  
m e t h y l  13-oxo-9 ,11- t r idecad ienoa te  gave MS 
t h a t  c o m p a r e d  favorab ly  w i th  those  r ecen t ly  
pub l i shed  (13).  A few add i t iona l  ions  of  moder -  
ate  i n t ens i t y  were observed  in this  s t u d y  for  
m e t h y l  8 - (2 - fu ry l ) -oc tanoa te  [ m / z  (rel. percen t -  
age), 59 (11),  55 (17) ,  53 (22)  and  41 (19) ]  
and  for  m e t h y l  13-oxo-9 ,11- t r idecad ienoa te  
[m/z  (rel. percentage) ,  178 (3),  149 (22) ,  121 
(6), 79  (27) ,  67 (33)  and  41 ( 4 8 ) ] .  

TABLE 1 

Relative Gas Chromatographic Peak Areas of Volatiles a from Thermal Decomposition 
of Two Isomers (A and B) of Methyl 12,13-Epoxy-9-hydroperoxy-10-octadecenoate 

Relative percentage 

Volatile compounds Peak number b A B 

Pentane 1 1.9 2.7 
1- Pentanol 2 0.1 0.2 
Hexanal 3 4.3 4.8 
2-Heptanone 4 0.8 0.9 
Heptanal c 5 0.6 0.3 
2- Pentylfuran 6 2.4 5.6 
Methyl heptanoate 7 0.3 0.1 
2-Octenal 8 1.3 1.0 
Methyl octanoate 9 13 14 
3,4-Epoxynonanal c 10 2.6 6.5 
Methyl 8-oxooctanoate c 11 2.7 1.7 
3- Hydr ox y- 2-pentyl- 2, 3- dihydr o furan c 12 5.2 5.1 
4, 5- Epoxy- 2-decenal 13 5.6 2.7 
Methyl 9-oxononanoate 14 23 31 
Methyl 10-oxodecanoate c 15 1.2 1.0 
Methyl 8- (2-furyl)-octanoate 16 3.2 3.8 
Methyl 11-oxo-9-undecenoate 17 4.7 3.3 
Methyl 13-oxo-9,11-tridecadienoate 18 4.4 2.1 
Unidentified 23 13 

aThe relative peak areas are determined from flame ionization detection, and are re- 
ported as percentage of the total volatiles eluting from the pentane peak to methyl 13-oxo- 
9,11-tridecadienoate. The solvent peak (CS 2) and compounds with retention longer than 
methyl 13-oxo-9,11-tridecadienoate were excluded from the calculations. The data are un- 
corrected for response factors, thus the tabulated values probably deviate somewhat from 
the absolute. 

bFor peak numbers see Figure 1. 
CTentative identification. 
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For various reasons, 6 volatiles of moderate 
peak size could not be identified with confi- 
dence; however, the data permitted tentative 
assignments for 5 of these. Peak 5 was thought 
to be heptanal from its expected elution tem- 
perature, but its MS was not definite enough to 
allow identification because of the small size of 
the sample. Methyl 10-oxodecanoate was indi- 
cated for peak 15 from a library match of its 
MS and its elution temperature;  however, the 
GC characteristics of a standard have not been 
tested with our equipment. Peak 10 was pre- 
sumed to be 3,4-epoxynonanal on the basis of 
its elution characteristics and the following MS 
data: m/z (rel. percent.age, ion structure), 138 
(2, M+-H20), 128 (3, M+-CO), 127 (2, M+-CHO), 
113 (3, M+-CH2 CHO), 110 [2,/VI+-(H20 + CO)],  
100 (18), 99 [29, CH3(CH2)4CHO+], 85 
[51. M+-CH3(CH2)4], 72 (38), 71 [42, CH 3- 
(CH2)4+], 58 (13), 57 (24), 55 (20), 43 (100), 
41 (28), 29 (53), and 27 (27). The MS from 
peak 12 was similar to that obtained with peak 
10, except for 2 additional ions: m/z (rel. 
percentage), 109 (9) and 81 (27). This volatile 
cannot be a homolog of 10 because its GC re- 
tention is ca. 1 equivalent chain length (ECL) 
larger. A plausible structure would be 3-hy- 
droxy-2-pentyl-2,3-dihydrofuran for the follow- 
ing reasons: (a) more polar functionali ty (hy- 
droxyl  plus dihydrofuran) probably would 
cause the higher retent ion temperature com- 
pared with 3,4-epoxynonanal;  (b) this com- 
pound has a molecular weight identical with 
3,4-epoxynonanal,  as well as a similar predicted 
pattern of MS fragment ions; ( c ) the  addit ional 
diagnostic ion, m/z 81, is indicative of 2-alkyl 
substi tuted furans ( J O ~ , C H 2  +, 100% rel. 

intensity for 2-pentylfuran), and could be de- 
rived from ring dehydration.  Methyl 8-oxoocta- 
noate was indicated for peak 11 by its retent ion 
temperature and the following MS: m/z (rel. 
percentage, ion structure), 144 (6, M+-CO), 141 
(6, M+-CH30), 129 (35), 101 (15), 97 (40), 95 
(25), 87 (100), 81 (61), 74 (91), 69 (61), 59 
(43), 55 (77), 43 (48), 41 (98), 29 (50), and 28 
(77). The moderately sized peak migrating 
between peaks 13 and 14 could not be identi- 
fied, but  it probably was a methyl ester as sur- 
mised by the intense MS ions at m/z 59, 74 
and 87. 

Other decomposit ion products, eluting later 
than ca. 245 C, were thought to be C 18 fat ty  
esters that did not undergo carbon-carbon 
cleavage. These components had apparent M* 
ions ranging between m/z 292-322. The large 
peak eluting at ca. 268 C resulted in a spectrum 

typical of either methyl  13-oxo-9,11-octadec- 
adienoate, methyl 9-oxo-10,12-octadecadieno- 
ate or a mixture of both:  m/z 308 (20%, IVl+), 
277 (6%, M+-CH30), 252 [4%, +CH2=COH - 
(CH=CH)2(CH2)TCOOCH3)], 237 [18%, M +- 
CH3(CH2)4 ], 187 (8%), 179 (10%), 177 (23%), 
166 [12%, CH3(CH2)4(CH=CH)2COH=CI-~2)], 
159 (12%), 151 (100%, M+-(CH2)TCOOCH3], 
135 (20%), 121 (11%), 109 (22%), 107 (28%), 
99 (37%), 95 (68%), 81 (92%), 67 (50%), 55 
(63%), 43 (60%) and 41 (48%). 

In the production of volatiles from epoxy- 
hydroperoxides A and B, we used the heat of 
the GC injector port to induce molecular 
decomposition. This technique has been used 
extensively by others (e.g., 3 ,13-15) to  decom- 
pose a variety of fat ty hydroperoxides.  The 
method is believed to result in a cascade of 
hemolyt ic  reactions that ult imately lead to 
/~-scission of radicals and concomitant  chain 
cleavage. Radical decomposit ion of epoxy- 
hydroperoxides A and B predicts events leading 
to hemolysis of the 9-hydroperoxide into an 
oxy radical. /~-Scission of the oxy radical would 
fragment the carbon chain as indicated in 
Figure 2. Scission at C 8,9 would result in 
methyl  octanoate and 4,5-epoxy-2-decenal, 
which were observed in this study. Similarly, 
the production of methyl 9-oxononanoate 
could be at tr ibuted to C 9,10 radical scission. 
However, the comparatively higher heat of 
formation of the vinyl radical involved in 
C 9,10 cleavage should disfavor this reaction. 
Although it could be argued (e.g., 1 ,3,  15) that 
the compound tentatively identified as 3,4- 
epoxynonanal  arose from reaction of the vinyl 
radical (Fig. 2) with a hydroxyl  radical, 3,4- 
epoxynonanal  as well as methyl  9-oxononano- 
ate could also form via a heterolytic  pathway 
(1,16), as shown in Figure 3. Until experiments 
are designed to define this cleavage between a 

OocH3 

~ O o c H 3  

? 

0 OCH3 

Scission 0 H 

Methyl octanoete 

FIG. 2. Proposed pathways to volatiles from 
methyl 12,13-epoxy-9-hydroperoxy- 10-octadecenoate. 
The question mark denotes a vinyl radical that is 
energetically unfavorable. 
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OOH O~H 3OH- 

3A-epoxynonanal 

Methyl 9.oxononanoate ,,~,,--,~,..~,~O OH 

FIG. 3. Alternative heterolytic pathway to 3,4- 
epoxynonanal and methyl 9-oxononanoate. Structures 
are abbreviated to show only C 8 through C 4. An 
electron acceptor (A) could be a protic acid or a 
Lewis acid. 

hydroperoxy carbon and a double bond, the 
putative radical /3-scission of the C 9,10 bond 
adequately explains the formation of methyl 
9-oxononanoate in this study and also explains 
many cleavage fragments of other hydroperox- 
ides (I).  Thus, the /3-scission model shown in 
Figure 2 could account for 3 and perhaps 4 of 
the volatiles, of which 2 were the most abun- 
dant. Comparing the volatile profile of Figure 1 
with the one obtained with the thermal decom- 
position of methyl 9-hydroperoxy-lO,12-octa- 
decadienoate (17) is interesting. Except for the 
absence of 2,4-decadienals in this study, the 
major volatiles were comparable. 

The appearance of smaU but significant 
amounts of pentane, hexanal and methyl 13- 
oxo-9,11-tridecadienoate was reminiscent of 
the volatiles obtained from thermal decomposi- 
tion of methyl 13-hydroperoxy-9,11-octadec- 
adienoate (16). Their origin can be readily 
explained by an equilibrium involving a variety 
of ~scission reactions and a rearrangement of a 
radical (Fig. 4). The /3-scission of O~ from a 
peroxy radical, demonstrated by Chan et al. 
(18) and others (19), makes the formation of 
an epoxyallylic radical from A and B appear 
feasible. The demonstrated rearrangement of 

propylene oxide radical (CH/ONCH_CH;) to 

propylene oxy radical ( C H / O "  CH=CH2) (20) 
would make the rearrangement of the 12,13- 
epoxyallylic radical to 13-oxydiene radical 
seem plausible. ~3-Scission of the 13-oxydiene 
radical would then offer a postulated route to 
pentane, hexanal and methyl 13-oxo-9,11- 
tridecadienoate. 

Figure 4 also shows a possible route to 
methyl 11-oxo-9-undecenoate, heptanal and 
2-heptanone. An epoxyallylic radical derived 
from the epoxyhydroperoxide is proposed to 

AH 
OOH A ~  00- 

O" (,B-Scission) 

V 
Pentane ~, Hexanal 

Methyl 13-0xo-9,11- ~ .  
trideeadienoate RO �9 

O" 

C-11A2 / ~C-10,11 
S c i s s i 0 , J  k Scissi0, 

2-heptanone ,4...,~ " ~  ,,> 
Heptanal 

Methyl ~ 1 -oxo- 
9-undecenoate 

FIG. 4. Proposed pathways to pentane, hexanal, 
methyl 13-oxo-9,11-tridecadienoate, methyl 11-oxo-9- 
undecenoate, heptanal and 2-heptanone from methyl 
12,13-epoxy-9-hydroperoxy- I 0-octadecenoate. Struc- 
tures are abbreviated to show only C 8 through C 4. 

react with alkyl peroxy radical generated ther- 
mally from a second molecule of epoxyhydro- 
peroxide. Those peroxy radicals that combine 
with C 1 1 of the allylic radical, instead of C 9, 
would lead to production of an 11-oxy radical. 
~-Scission of the l l-oxy radical would lead 
directly to methyl 11-oxo-9-undecenoate, but 
the formation of heptanal and 2-heptanone 
would require additional transformations. 

Appreciable quantities of both 2-pentylfuran 
and methyl 8-(2-furyl)-octanoate were found 
(Fig. 1). Although a number of mechanisms for 
furan formation have been suggested in a recent 
review (1) and by Sessa and Plattner (21), none 
of these would seem to apply directly to this 
study. The volatile tentatively identified as 
3,4-epoxynonanal could lead to 2-pentylfuran 
by a reaction analogous to one used to synthe- 
size furanoid fatty esters from epoxyoxo fatty 
acids by intramolecular attack of the oxo group 
on the epoxide (22). When this reaction was 
applied to 3,4-epoxynonanal, intramolecular 
nucleophilic attack of the enol form of the 
aldehyde on the C 4 epoxide would predict 
formation of 3-hydroxy-2-pentyl-2,3-dihydro- 
furan, a volatile tentatively identified as peak 
12 in this study. Elimination of H2 O from this 
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c o m p o u n d  wou ld  a f ford  2 -pen ty l fu ran .  How- 
ever, the  an a lo g o u s  precursors  for  the  fo rma-  
t ion  o f  m e t h y l  8 - (2 - fu ry l ) -oc tanoa te  were no t  
observed ,  t h u s  t h e  p roposed  p a t h w a y  p r o b a b l y  
is no t  t h e  on ly  o n e  to be cons ide red  for the  
p r o d u c t i o n  o f  f u r a n  volati les.  

ACKNOW LEDGMENT 

The NMR spectra were provided by D. Weisleder, 
and expert HPLC separation was accomplished by 
E. C. Nelson. 

REFERENCES 

1. Frankel, E.N. (1983) Prog. Lipid Res. 22, 1-33. 
2. Swoboda, P.A.T., and Peers, K.E, (1978) J. Sci. 

Food Agric. 29, 803-807. 
3. Frankel, E.N., Neff, W.E, and Selke, E. (1981) 

Lipids 16, 279-285. 
4. Selke, E., Rohwedder, W.K., and Dutton, H.J. 

(1980) J. Am. Oil Chem. Soc. 57, 25-30. 
5. Gardner, H.W., Weisleder, D., and Kleiman, R. 

(1978) Lipids 13, 246-252. 
6. Imagawa, T., Kasai, S., Matsui, K., and Naka- 

mura, T. (1982)J. Biochem. 92, 1109-1121. 
7. Gardner, H.W. (1975) Lipids 10, 248-252. 
8. Gardner, H.W., and Jursinic, P.A. (1981) Bio- 

chim. Biophys. Acta 665, 100-112. 

9. Vioque, E., and Holman, R.T. (1962) Arch. Bio- 
chem. Biophys. 99, 522-528. 

10. Selke, E., Rohwedder, W.K., and Dutton, H.J. 
(1975) J. Am. Oil Chem. Soc. 52,232-235, 

11. Gardner, H.W., and Kleiman, R. (1981) Biochim. 
Biophys. Acta 665, 113-125. 

12. Van Os, C.P.A., Vliegenthart, J.F.G., Crawford, 
C.G., and Gardner, H.W. (1982) Biochim. Bio- 
phys. Acta 713, 173-176. 

13. Frankel, E.N., Neff, W.E,, and Selke, E. (1983) 
Lipids 18, 353-357. 

14. Chan, H.W.-S., Prescott, F.A.A., and Swoboda, 
P.A.T. (1976) J. Am. Oil Chem. Soc. 53, 572-576. 

15. Selke, E., Frankel, E.N., and Neff, W.E. (1978) 
Lipids 13, 511-513. 

16. Gardner, H.W., and Plattner, R.D. (1984) Lipids 
19, 294-299. 

17. Chan, H.W.-S., Prescott, F.A.A., and Swoboda, 
P.A.T. (1976) J. Am. Oil Chem. Soc. 53, 572-576. 

18. Chan, H.W.-S., Levett, G., and Matthew, J.A. 
(1979) Chem. Phys. Lipids 24, 245-256. 

19. Porter, N.A., Lehman, L.S., Weber, B.A., and 
Smith, K.J. (1981) J. Am. Chem. Soc. 103, 
6447-6455. 

20. Dobbs, A.J., Gilbert, B.C., Laue, H.A.H., and 
Norman, R.O.C. (1976)J.  Chem. Soc. Perkin II, 
1044-1047. 

21. Sessa, D.J., and Plattner, R.D. (1979) J. Agric. 
Food Chem. 27,209-210. 

22. Lie Ken Jie, M.S.F., and Lain, C.H. (1977) Chem. 
Phys. Lipids 20, 1-12. 

[Received D e c e m b e r  12, 1983]  

LIPIDS, VOL. 19, NO. 6 (1984) 



Fatty Acid Metabolism and Cell Proliferation. 
V. Evaluation of Pathways for the Generation 
of Lipid Peroxides 
NOBUHIRO MORISAKI, JENIFER A. LINDSEY, JUDITH M. STITTS, HANFANG ZHANG 
and DAVID G. CORNWELL, Department of Physiological Chemistry, The Ohio State 
University, Columbus, OH 43210 

381 

ABSTRACT 

Primary cultures of smooth muscle cells were established from the medial layer of guinea pig 
aorta. Confluent cells at passage level 4-6 were challenged with arachidonic acid and treated with a 
number of antioxidants and inhibitors of specific lipid peroxidation pathways. Lipid peroxidation was 
measured by the thiobarbituric acid test for malondialdehyde (MDA) and the isolation of hydro- 
peroxy fatty acids (HPETE) by high performance liquid chromatography (HPLC). Prostanoids were 
measured by radioimmunoassay and the separation of labeled compounds by HPLC. MDA, 6-keto- 
PGFla, and PGE 2 were formed when cells were challenged with arachidonic acid and these cells 
synthesized small amounts of one HPETE isomer, 15-HPETE. The HPETE isomers characteristic of 
the lipoxygenase pathway, 12-HPETE and 5-HPETE, were not detected. Furthermore, the lipoxy- 
genase inhibitors, eicosatetraynoic acid (ETYA) and 6,7-dihydroxycoumarin (Esculetin), did not block 
MDA formation. These data show that MDA is not generated in the cells by a lipoxygenase pathway. 
The cyclooxygenase inhibitors, indomethacin and ETYA, did not block MDA formation but these 
agents blocked the formation of 15-HPETE. These data show both that 15-HPETE is generated by a 
cooxidation pathway and that 15-HPETE and cooxidation are not involved in MDA formation. 
Three inhibitors of cytochrome P450 linked lipid peroxidation, 2-amino-3-ethoxycarbonyl-6-benzyl-4, 
5,6,7-tetrahydrothieno-[2,3-C]-pyridine (Tinoridine), 3-methyl-l,2-di-3-pyridyl-l-propanone (Metyra- 
pone) and phenobarbital, did not block MDA formation. These data support earlier studies that in- 
dicated that MDA is not generated by a P4s0 pathway. Cells contained a bound precursor that decom- 
posed to MDA when cells were treated with Fe 3+. The cells exhibited autofluorescence and concentric 
lamellae in lipid droplets that are characteristic of ceroid-lipofuscin. These observations are consistent 
with lipid peroxidation through increased peroxisomal activity leading to the generation of MDA and 
the accumulation of ceroid-lipofuscin. The natural antioxidants, vitamin E and vitamin E quinone 
(EQ), and the synthetic antioxidants, butylated hydroxytoluene and nordihydroguaiaretic acid 
(NDGA), a-naphthol (c~-N) and propyl gallate (PrGa), all blocked MDA formation in confluent 
smooth muscle cells, showing that these antioxidants did not function solely as specific inhibitors of 
lipoxygenase, cooxidation or P4so pathways. Cell proliferation was measured in cells challenged 
with arachidonic acid and treated with antioxidants and other inhibitors. The least cytotoxic and most 
potent antioxidant, EQ, blocked MDA formation in confluent cells and promoted growth in proli- 
ferating cells when it was present in either system in the same concentration range. The synthetic 
antioxidants, NDGA, ~-N and PrGa, blocked prostanoid synthesis and promoted growth in proliferating 
ceils. The cyclooxygenase inhibitors, indomethacin, ETYA and Esculetin, did not enhance cell proli- 
feration even though they were highly effective inhibitors of prostanoid synthesis. These data suggest, 
but do not prove, the hypothesis that cell proliferation is controlled in part by general peroxidation 
reactions rather than the specific peroxidation reaction involved in prostanoid synthesis. 
Lipids 19:381-394, 1984. 

INTRODUCTION 

Studies f rom several laboratories show that  
polyunsatura ted  fa t ty  acids at concent ra t ions  
greater than 30 pM inhibit  the prol i fera t ion of  
cells in tissue culture (1). Ant ioxidants  (1-7), 
including the natural  ant ioxidants  vi tamin E 
(E) (2-4,7) and vi tamin E quinone  (EQ) (4-6), 
and the synthet ic  ant ioxidants ,  bu ty la ted  hy- 
d roxy to luene  (BHT) (2,7), a -naphthol  (a-N) 
(2), 6-hydroxy-  2 ,5 ,7 ,8- te t ramethylchrom-2-  
carboxyi ic  acid (2) and dipyr idamole  (7), 
block the  inhibi tory  effect  of  polyunsatura ted  

fa t ty  acids on cell prol i ferat ion.  Inhibi tory  
polyunsaturat,ed fa t ty  acids generate lipid 
peroxides  that  can be est imated by the  thio-  
barbi tur ic  acid test (TBA) for  malondia ldehyde  
(MDA) (4,5,7,8). Vi tamin E, BHT and di- 
pyr idamole  not  only p r even t  the inhibi tory  
effect  of  polyunsatura ted  fa t ty  acids on ceU 
prol i fera t ion but also block MDA format ion  
by cells in cul ture (4,5,7,8).  Fa t ty  acid pre- 
parat ions that  contain traces of  h y d r o p e r o x y  
fa t ty  acids (HPETE)  inhibit  much  more  than  
pure fa t ty  acids and all fa t ty  acid preparat ions 
must  be mon i to red  for the  presence of  HPETE 
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in cell growth studies (1-8). The MDA and 
HPETE data show that lipid peroxides are 
involved in the inhibition of cell proliferation. 

Lipid peroxides are formed in cells by a 
number of different mechanisms involving 
llpoxygenase (1,9-11), cyclooxygenase linked 
cooxidation (1,12,13) and microsomal cyto- 
chrome P4s0 (1,14,15) pathways. Lipoxygenase 
(16-21), cooxidation (17,18) and P4s0 (22) 
reactions are found in aorta, smooth muscle 
cells cultured from aorta and particulate frac- 
tions from aorta and cultured cells. Antioxi- 
dants, e.g., E and a-N, are effective inhibitors of 
lipoxygenase (23,24), cooxidation (13) and 
P4s0 (15) reac t ions .  Data indicating that these 
antioxidants  block MDA formation in smooth 
muscle cells (4,5,7,8) suggest that lipid per- 
oxidat ion in these cells may involve either 
lipoxygenase, cooxidation or P4s0 reactions. 

We have examined various lipid peroxidation 
pathways in smooth muscle ceils by measuring 
the effects of a number of inhibitors on MDA 
and HPETE formation,  prostanoid synthesis 
and cell proliferation. The synthetic antioxi- 
dants, nordihydroguaiaretic acid (NDGA), ot-N 
and propyl gallate (PrGa), were selected be- 
cause these agents are highly effective inhibitors 
of soybean lipoxygenase (23,24) and these 
agents, particularly NDGA (25), have been 
used as mammalian lipoxygenase inhibitors in 
many studies. Two agents, eicosatetraynoic acid 
(ETYA) and 6,7-dihydroxycoumarin (Esculetin: 
ES), were selected because they inhibit both 
lipoxygenase and cyclooxygenase. One agent, 
ETYA, inhibits both enzymes with similar 
effectiveness (9) whereas the second agent, ES, 
preferentially inhibits lipoxygenase (26). ln- 
domethacin (IM) was chosen as a specific cyclo- 
oxygenase inhibitor (9). 2-Amino-3-ethoxy- 
carbony1-6-benzyl- 4,5,6,7-t etrahydrot  hieno-[ 2, 
3-C]pyridine (Tinoridine: TO) was selected 
for study because this agent is 50 times more 
effective than E as an inhibitor of P45o lipid 
peroxidation reactions (27,28). 3-Methyl-l ,2- 
di-3-pyridyl- l-propanone (Metyrapone: MR) 
was selected because this agent significantly in- 
hibits P450 lipid peroxidation reactions (29). 
Phenobarbital (PB) was selected for study 
because this agent competes for reducing 
equivalents from NADPH-P4s0 reductase during 
metabolic transformations, inhibiting P4s0 lipid 
peroxidation (15). 

Intracellular lipid peroxidation generates 
MDA from both free fatty acid derivatives, 
e.g., HPETE (1,10-19), and bound fatty acid 
derivatives that are incorporated into complex 
pigments such as lipofuscin (30-32). We have 
used lipid extraction and HPLC techniques to 
find if MDA in smooth muscle cells is formed 

from intracellular HPETE. These techniques 
and time studies with Fe 3§ a catalyst that 
promotes MDA formation from lipid peroxides 
(33,34), have been used to investigate the 
occurrence of a bound MDA precursor in ceils 
challenged with arachidonic acid [20:4 (n-6)].  

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

Materials 

20:4 (n-6) Was purchased from NuChek Prep 
(Elysian, MN), purified by elution from a 
Unisil R column with hexane/ether (9:1, v/v), 
and used only when  thin layer chromatography 
(TLC) showed that lipid peroxides were absent 
(35). Other reagents were obtained from the 
following sources: vitamin E and vitamin E 
quinone (Eastman, Rochester, NY); esculetin, 
indomethacin,  a-naphthol ,  nordihydroguaiaretic 
acid, phenobarbital ,  propyl  gallate, metyrapone 
(Sigma, Chemical Co. St. Louis, MO); eicosate- 
traynoic acid (Hoffman-La Roche, Nutley, 
N J); tinoridine (Yoshitomi, Fukuoka,  Japan); 
11J4C1-20:4 (n-6) (40-60 mCi/mmol) and 12- 
L-hydroxy-5,8,10,14-eicosatetraenoic acid [ 5, 
6 ,8 ,9 ,11 ,12 ,14 ,15 , -3H(N)]  (30-60 Ci/mmol) 
(New England Nuclear, Boston, MA). 

Tissue Culture 

Primary cultures of smooth muscle cells 
were established from the dissected medial 
layer of guinea pig aorta from prepubertal  
males (1-8,35,36). The medium for grow- 
ing cells to confluency (growth medium) 
was prepared from IX Eagle's minimum es- 
sential medium containing Hank's salts and 
24 mM HEPES buffer (GIBCO, (;rand Island, 
NY) supplemented with 50/ag/ml of gentamy- 
tin sulfate (Schering, Kenilworth, NJ), 2 mM 
glutamine, 1X nonessential amino acid (Micro- 
biological Associates, Walkersville, MD), 1 mM 
sodium pyruvate, and 1.3 mg/ml of sodium 
bicarbonate. This medium was supplemented 
with 10% fetal bovine serum (Sterile Systems, 
Logan UT; Hyclone lot 100348). The medium 
in lipid peroxidation and prostanoid studies 
with confluent cells (experimental medium) 
consisted of growth medium supplemented 
with 20% fetal bovine serum, 1X essential 
amino acids, and 1X essential vitamins. Cells 
from random confluent cultures were detached 
with trypsin and counted (37). Cells were used 
at passage levels 4-6. Cloning medium contained 
10% fetal bovine serum and the same supple- 
ments as experimental medium. 

Fat ty  acids and other agents were dissolved 
in 95% ethanol and diluted with experimental 
medium or cloning medium. Control cultures 
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were treated with medium containing the same 
amount of 95% ethanol. 

TBA Assay 

Lipid peroxidation in tissue cultures (4) 
was measured with cells seeded at 1.3 x 1 0 ~ 
cells/cm 2 in flasks containing 4 ml of experi- 
mental medium. The cells were grown to 
confluency before treatments were initialed. 
Cells were killed and disrupted by the addition 
of 2 ml of 20% trichloroacetic acid to the tissue 
culture flask. Four ml of 0.67% TBA was then 
added to the flask and this mixture was in- 
cubated for 20 min at 97 C. The flask contents 
were decanted and centrifuged at 600 g for 
30 rain at 4 C. The absorbance of the super- 
natant  was measured at 532 nm and converted 
to nmol from a standard curve generated with 
1,1,3,3-tetramethoxypropane. Lipid peroxides 
are reported as nmol MDA/culture. 

Lipid peroxidation was also studied in a 
model system that contained 1 mM 20:4 
(n-6) in 0.1 M phosphate buffer (pH 7.4). The 
20:4 (n-6) was incubated in the presence and 
absence of 2.84 mM cumene hydroperoxide 
(CHP) and 41 //M Fe a§ Mixtures were incu- 
bated at room temperature for 10 min. The 
Fe 3§ was added either at the beginning or at 
the end of the incubation period. Lipid per- 
oxides were assayed by the TBA procedure (4) 
and reported as absorbance at 532 nm (Asa2). 

High Performance Liquid Chromatography (HPLC) 

HPLC was used to isolate and to identify 
hydroperoxy fatty acids and prostanoids. The 
reference compounds 15-hydroperoxyeicosate- 
traenoic acid (15-HPETE)and 12~hydroxyeico- 
satetraenoic acid (12-HETE) were synthesized 
by published procedures using soybean lipoxy- 
genase (38) and human platelets (9), respec- 
tively. The 15-HPETE was converted to the 
hydroxy compound, 15-HETE, by treatment 
with SnC12 in methanol (9) and this com- 
pound cochromatographed with authentic 15- 
HETE supplied by Dr. R.W. Bryant. Reference 
PGE2 and 6-keto-PGFla were supplied by Dr. 
John E. Pike (Upjohn, Kalamazoo, MI). Tri- 
tiated 12-HETE was purchased from New 
England Nuclear (Boston, MA). 

Prostanoids and hydroperoxy and hydroxy 
fatty acids were separated by a published HPLC 
procedure (39) using a reversed-phase column 
(Ultrasphere-ODS [5 /~m particles], 0.46 i.d. • 
25 cm [Beckman, Irvine, CA]) and various 
mixtures of acetonitrile-aqueous phosphoric 
acid (pH 2). Column fractions were monitored 
both by radioactivity and by absorbance at 
234 nm. The HPLC instrument used a model 

l l0A pump (Beckman, Irvine, CA), model 
110-10 variable-wavelength detector (Hitachi, 
Tokyo, Japan), model 420 microprocessor 
(Altex, Berkeley, CA) and model C-RIA inte- 
grator. 

In tissue culture experiments, fatty acid 
derivatives were extracted from both media 
and cells that were first acidified with 5% 
formic acid to pH 3.5-4.5. Cells and media 
were homogenized (teflon) after acidification 
and before extraction. The homogenate was 
extracted 2 times with 4 vol ethyl acetate. 
Recoveries were greater than 90% when re- 
ference compounds were added to tissue cul- 
tures. 

Prostaglandin Biosynthesis 

6-Keto-PGFla in tissue culture media was 
estimated by a standard radioimmunoassay 
(RIA) procedure (40). The cross-reactivity of 
the 6-keto-PGFla antibody was: PGE2, 0.15%; 
PGD2, 0.02%; PGF2a, 0.10%; 20:4 (n-6), 
0.005%. Data for immunoreactive metabolites 
are expressed as nmol/culture. 

Cell Proliferation 

Smooth muscle cells, 3-5 days after con- 
fluence, were seeded at low densities (40-80 
cells/cm 2) in Falcon single-well (60 • 15 ram) 
plates. The same number of cells was seeded in 
control and treatment plates in each experi- 
mental series. Cells were allowed to attach to 
the plastic petri plates for 1 day before initial 
treatment.  Cells were retreated with a media 
change at day 5 of the incubation period. After 
an 8-10 day incubation period, cells were fixed 
in 3.7% phosphate-buffered formalin and 
stained with filtered Giemsa. 

A relative cell count was obtained from the 
total cell area on the Falcon plate. Total cell 
area was measured by image analysis using an 
Optomax Visual Analysis System (Optomax, 
Watlis, NH). The relationship between cell 
area and cell number was validated both with a 
microscope and with a Coulter Counter (6-8). 
Cells from the same primary culture and the 
same batch of growth medium were compared 
in each treatment group. 

Statistics 

Data are reported as mean + SEM. The 
significance of differences in a treatment series 
was determined by a one-way analysis of 
variance (F-ratio). Individual treatments were 
compared with the control by the Tukey-HSD 
test (sample sizes equal), the Scheffe test 
(sample sizes unequal) or the Student's t-test 
when only one treatment group was involved. 
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R ESU LTS 

Lipid Peroxidation in Model Systems 

F a t t y  acid pe rox ides  (TBA reac t i on )  were 
fo rmed  w h e n  2 0 : 4  (n-6) was i n c u b a t e d  for  10 
min  in a p h o s p h a t e  bu f f e r  at  pH 7.4 (Table  1). 
Fer r ic  ion  had  no  ef fec t  on  t he  TBA reac t ion  
w h e n  MDA was genera ted  f rom 1,1 ,3 ,3- te t ra-  
m e t h o x y p r o p a n e .  However ,  t he  MDA yield 
(A~32) f rom lipid pe rox ides  was increased w h e n  
Fe 3t was added  e i the r  at  t he  beg inn ing  or  at  
t he  end  of  t he  i n c u b a t i o n  pe r iod  (Table  I ) .  The  
MDA yield w i th  Fe 3t was increased f u r t h e r  
w h e n  the  organic  h y d r o p e r o x i d e ,  CHP, was 
added  to t he  i n c u b a t i o n  sys tem.  The  o rde r  of  
Fe at add i t i on  had  no  ef fec t  o n  t he  a m o u n t  of  
MDA fo rmed  in e i the r  sys tem.  These  exper i -  
m e n t s  con f i rm  prev ious  s tudies  t h a t  show t he  
ca ta ly t ic  ef fec t  of  Fe 3t o n  the  convers ion  of  
lipid peroxides  to  MDA (33 ,34) .  

In a second series of  expe r i m en t s ,  f a t t y  acid 
h y d r o p e r o x i d e s  were ex t r ac t ed  f rom t he  in- 
c u b a t i o n  mix tu res ,  separa ted  b y  HPLC and  
de t ec t ed  b y  the i r  con juga ted  d iene  a b s o r b a n c e  
(A2a4). Six peaks  were f o r m e d  w h e n  2 0 : 4  
(n-6)  was i n c u b a t e d  w i th  e i the r  CHP a lone ,  or 
CHP and  Fe at  added  at t he  beg inn ing  of  t he  
i n c u b a t i o n  per iod  (Table  2). The  Fe 3t ca ta lys t  
had  no  effect  on  e i the r  the  n u m b e r  or  size of  
the  peaks  (Table  2). These  data  provide  d i rec t  
ev idence  t h a t  Fe at  does  no t  have a ca ta ly t ic  
ef fec t  o n  t he  f o r m a t i o n  of  l ipid peroxides .  

Several e x p e r i m e n t s  showed  t h a t  the  syn-  
t he t i c  a n t i o x i d a n t ,  BHT, b locked  20 :4  (n-6)  
p e r o x i d a t i o n  in t he  mode l  sys tem.  Thus  BHT 
inh ib i t ed  the  f o r m a t i o n  of  the  6 o x i d a t i o n  
p r o d u c t s  separa ted  by  HPLC (Table  2)  and  as a 
consequence ,  BHT decreased the  MDA yield 

f rom 20 :4  (n-6)  pe rox ides  t h a t  was measu red  
by  the  TBA reac t ion  (Table  3). The  MDA yield 
f rom 20 :4  (n-6)  was decreased by  E and  EQ, 
showing  t ha t  these  na tu ra l ly  occur r ing  com- 
p o u n d s  b o t h  f u n c t i o n e d  as a n t i o x i d a n t s  in  t he  
mode l  sys tem (Table  3). The  MDA yield f r o m  
2 0 : 4  (n-6)  pe rox ides  was decreased b y  N D G A  
and t~-N, showing  t h a t  these  s y n t h e t i c  an t i -  
ox idan t s  also f u n c t i o n e d  in t he  m o d e l  sys tem 
(Table  3). These  na tu ra l ly  occur r ing  and  
s y n t h e t i c  a n t i o x i d a n t s  were used in s u b s e q u e n t  
e x p e r i m e n t s  w i th  cu l tu red  s m o o t h  muscle  cells. 
One add i t i ona l  s y n t h e t i c  a n t i o x i d a n t ,  PrGa,  was 
also used in t issue cu l ture  expe r imen t s ,  b u t  th is  
agent  could no t  be  eva lua ted  in t he  m o d e l  
sys tem because  it  f o r m e d  a co lored  Fe 3t com- 
p lex  t h a t  i n t e r f e red  in t he  TBA test .  

Prostanoid and Lipid Peroxide Synthesis in 
Confluent Cultures of Smooth Muscle Cells 

S m o o t h  muscle  cells, g rown  to  c o n f l u e n c y  
as descr ibed  in Methods ,  c o n t a i n e d  1 ,100 ,000  
+ 139 ,000  cel ls /cul ture .  These  cells y ie lded 
0.55 + 0.09 n m o l  6 -ke to -PGFlcdCul tu re  w h e n  
t h e y  were i n c u b a t e d  for  24 hr  w i th  f resh  
media  a lone  and  these  cells y ie lded 3.37 + 0 .20  
n m o l  6 -ke to -PGFla /Cu l tu re  w h e n  t hey  were 
i n c u b a t e d  for  24 h r  w i t h  f resh med ia  con ta in ing  
120 /.tM 20 :4  (n-6).  Cells and  med ia  f rom 
cul tures  i n c u b a t e d  w i th  [1 -14C] -20 :4  (n-6)  
were separa ted  before  lipid e x t r a c t i o n  and  
HPLC analysis.  The p ro s t ano id s  6 - k e t o - P G F l a  
and  PGE2 were on ly  f o u n d  in t he  media .  

C o n f l u e n t  cu l tures  y ie lded 0 .96 + 0.13 n m o l  
M D A / c u l t u r e  w h e n  t h e y  were i n c u b a t e d  for  24  
hr  w i t h  f resh  media  a lone .  Media  and  cells were  
separa ted  and the  media  was cen t r i fuged  to  

TABLE 1 

Lipid Peroxidation (TBA Test) in Model Systems 

A532 
System a Mean -+ SEM b 

A. Effect of Fe 3+ 
20:4 (n-6) 0.059 -+0.003 (33) 
20:4 (n-6) + Fe 3+ (beginning) 0.088 -+0.006 (8) c 
20:4 (n-6) + Fe ~§ (end) 0.093 -+0.003 (6) c 
F ratio 18.0 

B. Effect of CHP + Fe 3§ 
20:4 (n-6) + CHP 
20:4 (n-6) + CHP + Fe s§ (beginning) 
20:4 (n-6) + CHP + Fe s§ (end) 
F ratio 

0.058 -+O.00S (9) 
0.173 -+0.003 (34) c 
0.182 -+0.007 (6) c 

1"71.8 

aThe model system (see Methods) contained 1 mM 20:4 (n-6), 2.84 mM CHP and 41 ~M 
Fe 3+. 

bNumber of experiments in parentheses. 
CDiffered significantly from control (Scheffe test). 
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TABLE 2 

Separation (HPLC) and l.;stimation (A2341 of Lipid Peroxides in Model Systems 

385 

Peak a 
(Elution time) System b Peak Area c 

A 
(28.4 min) 

B 
(31.7 rain) 

C 
(33.0 min) 

D 
(34.5 min) 

E 
(36.1 min) 

F 
(40.1 min) 

20:4 (n-6) + ClIP 
20:4 (n-6) + ClIP + Fe 3. 
20:4 (n-6) + CHP + t"e 3+ + BHT 

211:4 (n-6) + CHP 
20:4 (n-61 + CHP + I.'e 3. 
20:4 (n-6) + CHP + Fe 3+ + BItT 

20:4 (n-6) + CHP 
20:4 (n-6) + CHP + I-'e 3§ 
20:4 (n-6) + CHP + Fe 3* + BHT 

20:4 (n-6) +CItP 
20:4 (n-6) + ClIP + t"e 3* 
20:4 (n-6) +CItP + Fe 3+ + BttT 

2(t:4 (n-6) + CHP 
211:4 (n-6) + CHP + Fe 3+ 
20:4 (n-6) + CHP + I"e 3+ + BHT 

20:4 (n-6)  + CHP 
20:4 (n-6) + CHP + Fe 3+ 
20:4 (n-6) + CHP + F'e 3* + BHT 

1,000,000 
1,050,000 

75,000 

535,000 
562,000 

55,000 

281,000 
332,000 

45,000 

362,000 
387,000 

21,000 

316,000 
315,000 

10,000 

775,000 
863,000 

56,000 

apeaks were separated hy HPLC with 55% acetonitrile-aqueous phosphoric acid (pH 2). 
bThe model systems (see Methods) contained 1 mM 20:4 (n-6), 2.84 mM CHP, 41 gM 

Fe a§ (beginning) and 1,000/~M BHT. 
Clntegrator units. 

ensure the removal  of  all cells. The TBA an- 
alysis o f  these f ract ions  showed tha t  MDA was 
dis t r ibuted be tween  media and cells (Table 4). 
Conf luent  cultures incubated  for 24 hr wi th  
fresh media containing 120 /aM 20:4 (n-6), 
yielded 13.8 *- 0.52 nmol  MDA/cul ture .  This 
inc remen t  in MDA was found only in cells 
when  media and cells were separated before  
TBA analysis (Table 4). 

Ferric ion increased the MDA yield when it 
was added to s m o o t h  muscle cells incubated  
in ei ther  media alone or media conta ining 120 
/aM 20:4 (n-6) (Table 4). The increase in MDA 
was the same when Fe 3§ was added ei ther  at 
the  beginning or at the end of  the incubat ion  
period (Table 4), showing that  Fe 3§ in cell 
cul tures  catalyzed the  decompos i t i on  of fa t ty  
acid hyd rope rox ide  derivatives to  MDA just  as 
Fe 3+ in model  systems catalyzed the decom-  
posi t ion of  fa t ty  acid hyd rope rox ides  to M D A  
(Tables 1-2). Finally,  a ch lo ro fo rm-me thano l  
ext rac t  of  cells in culture yielded MDA when  
Fe 3§ was added to the  TBA assay system. Thus, 
s tudies wi th  the Fe 3§ catalyst  show that  MDA is 

generated f rom a lipid soluble precursor  and the  
d is t r ibut ion  studies show that  the MDA pre- 
cursor is localized in the cells ra ther  than  the 
media.  

Isolation of 6-keto-PGFta, PGE 2 and 15-HPETE 

Conf luent  cultures were incubated  for 24 hr 
wi th  labeled [1 - t4c ]  120/aM 20:4 (n-61. Fa t ty  
acid derivatives were ext rac ted  immedia te ly  
and separated by HPLC as decr ibed in Methods.  
Cells in culture synthes ized  6-keto-PGF~a and 
PGE2 (Fig. l) .  No 12-1tPETE, 5-HPETE, 12- 
HETE or 5-HETE were found  in the ext rac t  by 
HPLC. HPLC gave one small peak that  co- 
ch roma tographed  with au then t ic  15-HPETE 
(Fig. 1). This peak was radioactive and had an 
absorbance  at 235 nm.  The peak was no t  found  
when  ei ther  IM or ETYA was added to the  
incubat ion  mixture .  In addi t ion ,  mild alkaline 
hydrolys is  fo l lowed by ex t rac t ion  and HPLC 
analysis showed that  t r iglycerides and phospho-  
lipids did not  conta in  esterified H(P)ETES. The 
synthesis  of  15-HPETE by cooxida t ion  in 
part iculate f ract ions of fetal  calf aorta and the 
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T A B L E  3 

Effec t  o f  A n t i o x i d a n t s  on Lipid Pe rox ida t i on  (TBA Test )  in the  Model  Sys tem 

A532 
Sys tem a Mean • SEM b 

Model  s y s t e m  alone 0 .173  -+0.003 (34)  
Model  sy s t em + 100 #M BHT 0 .066  -+0.002 (11)  c 
Model  s y s t e m  + 1000/aM BHT 0 .040  -+0.002 (6) c 
F ra t io  350.2  
Model  s y s t e m +  1 /aM E 0.091 •  (11)  c 
Model  s y s t e m +  1 0 / a M E  0.051 -+0.002 (11) c 
Model  s y s t e m +  1 0 0 # M E  0.051 -+0.003 (11)  c 
Model  s y s t e m +  1000/aM E 0.061 +0 .003  (10) c 
F ra t io  337.2  
Model  sy s t em + 1 /aM EQ 0 .118  +0 .004  (8) c 
Mode l  sy s t em + 10/aM EQ 0 .064  +-0.002 (8) c 
Model  sy s t em + 100/aM EQ 0 .046  -+0.001 (8) c 
Model  sy s t em + 1000/aM EQ 0 .046  -+0.001 (8) c 
F ra t io  279 .6  
Model  sy s t em + 100/aM N D G A  0 .119  +-0.003 (I  1) c 
Model  sy s t em + 1000/aM N D G A  0 .069  -+0.002 (8) c 
F ra t io  177.3 
Model  s y s t e m +  1 0 0 # M a - N  0.147 +-0.005 (11) c 
Model  sy s t em + 1000/aM c~-N 0.081 -+0.004 (8) c 
F ra t io  100.8 

aThe m o d e l  sy s t em (see Methods )  con t a ined  1 mM 20 :4  (n-6), 2 .84  mM CHP and 41 /aM 
Fe 3+ (beginning) .  

b N u m b e r  o f  e x p e r i m e n t s  in parentheses .  
CDiffered s ign i f i can t ly  f r o m  mode l  sys t em alone (Scheffe  tes t ) .  

T A B L E  4 

Lipid  Pe rox ida t i on  (TBA Test)  in Conf luen t  Cul tures  o f  
Aor t a  S m o o t h  Muscle Cells I n c u b a t e d  for 24 Hours  

MDA 
E x p e r i m e n t  n m o l / c u l t u r e  a 

A. D i s t r ibu t ion  of  l ip id  p e r o x i d e s  
Media a lone  

Media 0.44 • 0.11 (3) 
Cells 0 .77  • 0.05 (3) 

Media + 120/aM 2 0 : 4  (n-6) 
Media 0.55 +- 0 .05 (3) 
Cells 12.9 -+ 0.27 (3) 

B. Effect  o f  Fe 3+ 
Media a lone  1.59 -+ 0 .13  (4) 
Media a lone  + 10/zM Fe 3+ (beginning)  3 .34 (2) 

Fea+ . . Media a lone  + 50/zM +(beginning) 4 .48  + 0.26 (4) 
Media  a lone  + 100/aM Fe 3 (beginning)  5.06 (2) 
Media a lone  + 50/aM Fe 3+ (end)  4 .22  (2) 
Media + 120/aM 2 0 : 4  (n-6) 14.7 -+ 0.62 (4) 
Media + 120/aM 20 :4  (n-6) + 10/aM Fe 3+ (beginning)  23.7 (2) 
Media + 120 /aM 20 :4  (n-6) + 50 #M Fe 3+ (beginning)  33.5 • 0 .56 (4) 
Media + 120/aM 20 :4  (n-6) + 100/zM Fe 3+ (beginning)  34.4 (2) 
Media + 120 #M 2 0 : 4  (n-6) + 50/aM Fe 3+ (end)  33.3 (2) 

aMean -+ SEM; n u m b e r  of  e x p e r i m e n t s  in parentheses .  

i n h i b i t i o n  o f  i t s  s y n t h e s i s  b y  IM w a s  r e c e n t l y  
r e p o r t e d  ( 1 7 ) .  O u r  d a t a  s h o w  t h a t  a o r t a  s m o o t h  
m u s c l e  c e l l s  a l s o  s y n t h e s i z e  1 5 - H P E T E  a n d  
t h e s e  c e l l s  i n  c u l t u r e  d o  n o t  c o n v e r t  t h e  H P E T E  
t o  H E T E .  

Effect of Antioxidants on 20 :4  (n-6) Metabolism 

N a t u r a l l y  o c c u r r i n g  a n d  s y n t h e t i c  a n t i -  
o x i d a n t s  b l o c k  t h e  o x i d a t i o n  o f  2 0 : 4  ( n - 6 )  t o  
i t s  h y d r o p e r o x i d e  d e r i v a t i v e s  a n d  t h e r e f o r e  
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FIG. 1. HPLC separation of prostanoids and lipid 
peroxides formed in smooth muscle cells and model 
systems. (A) radioactive 6-keto-PGFla , PGE 2 and 
15-HPETE peaks isolated from confluent smooth 
muscle cells incubated with 120 /~M[1J4C]-20:4 
(n-6). The 15-HPETE peak also showed a conjugated 
diene absorbance (234 nm). (B) Absence of prostanoid 
and lipid peroxide peaks when either 10 ~M IM or 
100 ~M ETYA was added to the incubation system. 
(C) Separation of reference hydroxy and hydroperoxy 
compounds (see Methods for syntheses). 

diminish the formation of MDA in the TBA 
assay (Tables 2-3). We showed in previous 
studies that the natural antioxidants E and EQ 
and the synthetic antioxidant BHT inhibited 
MDA formation in smooth muscle cells chal- 
lenged with 20:4 (n-6) (4,5,7,8). These data 
were extended in the present study, which 
showed that E, EQ and BHT selectively blocked 
MDA formation without altering prostanoid 
synthesis in the confluent cells (Table 5). Three 
additional synthetic antioxidants, NDGA, a-N 
and PrGa, all blocked MDA formation in 
smooth muscle cells (Table 5). Two of these 
antioxidants, ct-N and PrGa, were effective 
inhibitors of prostanoid synthesis and one 
antioxidant, NDGA, inhibited prostanoid 
synthesis only at high concentrations (Table 5). 
All naturally occurring and synthetic anti- 
oxidants tested in this study inhibited MDA 
formation in confluent cultures when they were 
added to the cultures in the 10-100 pM concen- 
tration range. 

Effect of Cyclooxygenase and Lipoxygenase 
Inhibitors on 20:4 (n-6) Metabolism 

IM was a potent inhibitor of prostanoid 

synthesis in confluent smooth muscle cells but  
this cyclooxygenase inhibitor (9) had no effect 
on MDA synthesis in these cultures (Table 6). 
ETYA inhibited prostanoid synthesis in con- 
fluent smooth muscle ceils but a high concen- 
tration of this cyclooxygenase and lipoxygenase 
inhibitor (9) had only a small effect on MDA 
synthesis in these cultures (Table 6). ES only 
inhibited prostanoid synthesis at high concen- 
trations and this selective lipoxygenase inhibi- 
tor (26) had no effect on MDA synthesis (Table 
6). IM and ETYA blocked prostanoid synthesis 
in confluent smooth muscle cells but a high 
concentration of this cyclooxygenase and 
lipoxygenase inhibitor (9) had only a small 
effect on MDA synthesis in these cultures 
(Table 6). ES only inhibited prostanoid syn- 
thesis at high concentrations and this selective 
lipoxygenase inhibitor (26) had no effect 
on MDA synthesis (Table 6). IM and ETYA 
blocked prostanoid synthesis in confluent 
cultures when they were added in the 10-100 
~uM concentration range. Cyclooxygenase and 
lipoxygenase inhibitors has little effect on MDA 
formation when they were added in this con- 
centration range. 

Effect of Mierosomal (Cytochroma P4s0 ) Lipid 
Peroxidation Inhibitors on 20:4 (n-6) Metabolism 

One selective P450 inhibitor, TO (27,28), 
only inhibited prostanoid and MDA levels 
significantly at a high 200 /aM concentration 
(Table 7). A second P4s0 inhibitor, MR (29), 
had little effect on prostanoid and MDA levels 
even at a very high 1000 /.tM concentration 
(Table 7). Furthermore, PB, an agent that 
competes with polyunsaturated fatty acids in 
P4s0 reactions (15), had no effect on either 
prostanoid or MDA synthesis when it was 
added over a wide concentration range to 
smooth muscle cells and the cells were in- 
cubated for 4 hr (data not shown) and 24 hr 
(Table 7). 

Effect of Antioxidants and Other 
Inhibitors on Cell Proliferation 

Because the cell density for confluent cul- 
tures was 44,000 + 5,560 cells/cm 2 and cul- 
tures were seeded at 40-80 cells/cm 2 in proli- 
feration experiments, the concentrations of 
antioxidants and other agents were lowered 
from the 10-100 /.tM concentration range used 
with confluent cultures to a 0.1-1.0 /aM con- 
centration range for cultures in proliferation 
experiments. Subsequent proliferation experi- 
ments showed that most agents began to 
exhibit cytotoxicity at 10 juM or greater con- 
centrations. 

LIPIDS, VOL. 19, NO. 6 (1984) 
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TABLE 5 

Effect of  Ant ioxidant  on Prostanoid (6-keto-PGF~c~) and MDA Formation in 
Confluent  Cultures of  Aorta Smooth  Muscle Cells Incubated for 24 Hours 

6-keto-PGFl~ MDA 

Treatment  nmol /cul ture  a 

Vitamin E (E) 
120 /zM 20:4 (n-6) 2.45 + 0.28 (6) 
120 paM 20:4 (n-6) + 10/aM E 2 . 7 0 + 0 . 2 3 ( 4 )  
120 /AVl 20:4 (n-6) + 50/aM E 2.10 • 0.25 (4) 
F ratio 1.035 

Vitamin E quinone (EQ) 
120 pJvl 20:4 (n-6) 3.90 -+ 0.46 (15) 
120 paM 20:4 (n-6) + 10 #M EQ 3.48 +- 0.43 (14) 

Butylated hydroxyto luene  (BHT) 
120 p,M 20:4 (n-6) 3.38 + 0.36 (12) 
120 /zlVI 20:4 (n-6) + 10/aM BHT 2 .95 -+0 .25 (12 )  

Nordihydroguaiaretic acid (NDGA) 
120 paM 20:4 (n-6) 2.67 -+ 0.27 (8) 
120 ~Vl 20:4 (n-6) + 10 #M NDGA 2 . 8 1 - + 0 . 5 8 ( 6 )  
120 pa'Vl 20:4 (n-6) + 50 #M NDGA 3.01 (2) 
120 paVl 20:4 (n-6) + 100/aM NDGA 0.81 + 0.23 (5) b 
F ratio 5.412 

c~-Naphthol ( s - N )  
120 /aM 20:4 (n-6) 4.03 + 0.22 (8) 
120 /s 20:4 (n-6) + 10 #M ~-N 3.30 + 0.12 (4) b 
120 /~VI 20:4 (n-6) + 50/aM ct-N 0.11 + 0.002 (4) b 
120 /~I 20:4 (n-6)+ 100 #M tx-N 0.03 + 0.002 (4) b 
120 p~M 20:4 (n-6) + 200 #M c~-N 0.03 +- 0.002 (4) b 
F ratio 136.449 

Propyl Gallate (PrGa) 
120 /aM 20:4 (n-6) 4.23 +- 0.25 (6) 
120 pM 20:4 (n-6) + 10/aM PrGa 3.92 (2) 
120 ~r 20:4 (n-6) + 50/aM PrGa 1.49 -+ 0.13 (4) b 
120 gM 20:4 (n-6) + 100/aM PrGa 0.59 -+ 0.43 (4)~ 
120 /aM 20:4 (n-6) + 200/.LM PrGa 0.08 -+ 0.009 (4) ~ 
F ratio 103.539 

12.5 +- 0.41 (6)~ 
5.2 -+ 0.74 (4) ~ 
0.5 + 0.10 (4) ~ 

169.729 

13.9 -+ 0.90 (17)~ 
1.8 + 0.92 (14) ~ 

18.1 + 1.2 (12),_ 
3.5 + 0.3 (12) ~ 

13.4 -+ 0.60 (6)L 
10.9 + 0.80 (6) ~ 

4.7 (2) 
2.3 + 0.28 (6) b 

71.444 

12.8 + 0.50 (8) 
12.4 -+ 0.50 (4)~ 

8.3 + 0.51 (4) ~ 
5.5 + 0.21 (4)~ 0 
3.0 + 0.16 (4) ~ 
76.672 

11.4 + - 0 .10 (6 )  
12.5 • 0.20 (4),_ 
10.0 + 0.23 (4) ~ 

7.7 + 0.57 (4)~ 
5.5 + 0.23 (4) ~ 

99.393 

aMean + SEM; number  of  exper iments  in parentheses.  
bDiffered significantly f rom control (Tukey-HSD test or Student ' s  t-test). 

We f o u n d  in p r e v i o u s  e x p e r i m e n t s  t h a t  t h e  
a n t i o x i d a n t s ,  E,  E Q  a n d  B H T ,  s t i m u l a t e d  cel l  
p r o l i f e r a t i o n  w h e n  cells  w e r e  g r o w n  in  m e d i a  
t h a t  was  s u p p l e m e n t e d  w i t h  a p o l y u n s a t u r a t e d  
f a t t y  ac id  (2-7) .  T h e s e  s t u d i e s  w e r e  c o n f i r m e d  
a n d  e x t e n d e d  i n ' t h e  p r e s e n t  s t u d y .  W h e n  ce l l s  
w e r e  g r o w n  in  m e d i a  t h a t  c o n t a i n e d  6 0  /aM 
2 0 : 4  (n -6 ) ,  p r o l i f e r a t i o n  a v e r a g e d  21% o f  t h e  
p r o l i f e r a t i o n  o f  cel ls  g r o w n  in m e d i a  a l o n e .  
L o w  c o n c e n t r a t i o n s  o f  N D G A ,  a - N  a n d  P r G a  
h a d  l i t t le  e f f e c t  o n  cell  p r o l i f e r a t i o n  w h e n  cells  
w e r e  g r o w n  in m e d i a  a l o n e ,  b u t  t h e s e  an t i -  
o x i d a n t s  h a d  a s i g n i f i c a n t  e f f e c t ,  s t i m u l a t i n g  
cel ls  g r o w n  in  m e d i a  c o n t a i n i n g  2 0 : 4  (n -6 )  
( T a b l e  8) .  

P r o s t a n o i d  levels  ( R I A  a s s a y )  we re  d e c r e a s e d  
b y  a n t i o x i d a n t s  in  cell  p r o l i f e r a t i o n  e x p e r i -  
m e n t s  ( T a b l e  8).  T h e  T B A  t e s t  was  n o t  s u f  
f i c i e n t l y  s ens i t i ve  fo r  M D A  m e a s u r e m e n t s  in  
p r o l i f e r a t i o n  e x p e r i m e n t s ,  b u t  an  e f f e c t  o n  
M D A  levels  m a y  be  i n f e r r e d  f r o m  t h e  p r o -  
s t a n o i d  da t a .  B e c a u s e  t h e  i n h i b i t o r y  e f f e c t s  o f  

N D G A ,  c~-N a n d  P r G a  o n  M D A  levels  in  c o n -  
f l u c n t  c u l t u r e s  pa ra l l e l ed  o r  e x c e e d e d  t h e  
i n h i b i t o r y  e f f e c t s  o f  t h e s e  a n t i o x i d a n t s  o n  
p r o s t a n o i d  levels  ( T a b l e  5 )  a n d  b e c a u s e  t h e s e  
a n t i o x i d a n t s  i n h i b i t e d  p r o s t a n o i d  s y n t h e s i s  in  

p r o l i f e r a t i n g  c u l t u r e s ,  t h e s e  a n t i o x i d a n t  c o n -  
c e n t r a t i o n s  we re  p r o b a b l y  s u f f i c i e n t  t o  l o w e r  
M D A  levels  in  p r o l i f e r a t i n g  c u l t u r e s .  

T h e  a n t i o x i d a n t  e f f e c t  o n  p r o l i f e r a t i n g  
c u l t u r e s  w a s  c o n f i r m e d  in  a n u m b e r  o f  e x p e r i -  
m e n t s  w i t h  EQ.  T h i s  a n t i o x i d a n t  is 100  t i m e s  
m o r e  e f f e c t i v e  t h a n  t h e  s y n t h e t i c  a n t i o x i d a n t s  
N D G A  a n d  c~-N in  m o d e l  s y s t e m s  ( T a b l e  3)  a n d  
t h i s  a n t i o x i d a n t  is even  less  t o x i c  t h a n  E in  
p r o l i f e r a t i n g  c u l t u r e s  (4) .  C o n c e n t r a t i o n s  o f  E Q  
as l o w  as  t h e  1 -5 / aM r a n g e  ( t he  E Q  d a t a  d id  n o t  
d e v i a t e  s i g n i f i c a n t l y  f r o m  a l i nea r  t r e n d ;  F r a t i o  
1 3 4 . 7 6 8  fo r  a w e i g h t e d  l i nea r  t e r m )  i n h i b i t e d  
l ip id  p e r o x i d a t i o n  in  c o n f l u e n t  c u l t u r e s  ( T a b l e  
9)  a n d  EQ in  t h e  s a m e  c o n c e n t r a t i o n  r a n g e  
s t i m u l a t e d  p r o l i f e r a t i o n  w h e n  cel ls  w e r e  g r o w n  
in m e d i a  c o n t a i n i n g  2 0 : 4  (n -6 )  ( T a b l e  9) .  

LIPIDS, VOL. 19, NO. 6 (1984) 



LIPID P E R O X I D E  IN C U L T U R E D  C E L L S  389 

T A B L E  6 

Effect  of  C y c l o o x y g e n a s e  and L ipoxygenase  Inh ib i to r s  on  P ros tano id  
( 6 - k e t o - P G F l a )  and MDA F o r m a t i o n  in Conf luen t  Cul tures  of  

Aor t a  S m o o t h  Muscle Cells I n c u b a t e d  for 24 Hours  

T r e a t m e n t  

6-ke to-PGFlc  ~ MDA 

n m o l / c u l t u r e  a 

I n d o m e t h a c i n  (IM) 
120 /~M 2 0 : 4  (n-6) 3 .00  -+ 0.61 (4) 12.6 -+ 0 .82  (4) 
120 #M 20 :4  (n-6) + 1 ~M IM 1.24 (2) 13.5 (2) 
120 #IV[ 20 :4  (n-6) + 10/.tM IM 0.09 -+ 0.01 (4) b 13.3 -+ 0 .99  (4) 
120 /zM 2 0 : 4  ( n - 6 ) +  2 0 # M  IM 0.06 (2) 12.2 (2) 
120 ~vl 20 :4  (n-6) + 50/zM IM 0.03 (2) 14.6 (2) 

E i c o s a t e t r a y n o i c  acid (ETYA)  
120 ~ 2 0 : 4  (n-6) 3 .23 -+ 0.31 (12_) 12.8 -+ 0.37 (11)  
120 pM 20 :4  ( n - 6 ) +  1 0 # M E T Y A  1.87-+ 0.29 (8) ~ 11.7-+ 0 .52  (8) 
120 ~ 20 :4  (n-6) + 5 0 # M  E T Y A  1.12 + 0.17 (4) ~ 11.3 + 0.27 (4) 
120 /zM 2 0 : 4  (n-6) + 100 #M E T Y A  0 . 3 9 - + 0 . 0 6 ( 1 0 )  b 1 0 . 7 - + 0 . 7 1 ( 1 0 )  b 
F ra t io  25 .617  3 .017 

Escu le t in  (ES) 
120 /sam 20 :4  (n-6) 3.69 -+ 0 .09  (6) 12.4 -+ 0.4 (6) 
120 bttM 2 0 : 4  ( n - 6 ) +  1 0 # M  ES 3.84-+ 0.16 (4),_ 13.1 -+ 0.5 (4) 
120 /aM 20 :4  (n-6) + 100 ~M ES 2.24 -+ 0.04 (6) ~ 13.0 -+ 0.5 (6) 
120 tzM 20 :4  (n-6) + 2 0 0 / z M  ES 0 .95  -+ 0 .08  (4) ~ 11.6 (2) 
F ra t io  43 .041  1.077 

aMean -+ SEM; n u m b e r  of  e x p e r i m e n t s  in parentheses .  
bDi f fe red  s ign i f i can t ly  f r o m  con t ro l  (Tukey-HSD tes t  or S t u d e n t ' s  t- test) .  

T A B L E  7 

Effect  o f  C y t o c h r o m e  P4s0 Pe rox ida t i on  Inh ib i to r s  on Pros tano id  
(6-ke to-PGF~a)  and MDA F o r m a t i o n  in Conf luen t  Cul tures  of  

A o r t a  S m o o t h  Muscle Cells I n c u b a t e d  for 24 Hours  

6 -ke to -PGF,~  MDA 

T r e a t m e n t  n m o l / c u l t u r e  a 

T inor id ine  (TO) 
Media 0.9"7 -+ 0.21 (6) 
M e d i a +  1 0 # M  TO 0.81 + 0.23 (6) 
M e d i a +  5 0 # M T O  0 .59"+0 .11  (4) 
Media + 100 #M TO 0.23 "+ 0.01 (4),_ 
Media + 200 #M TO 0.04 "+ 0.01 (4) ~ 
F ra t io  4 .557  
120 /zM 20 :4  (n-6) 3 .50 + 0 .19  (9) 
120 /IM 2 0 : 4  (n-6) + 10/~M TO 2 . 9 5 + 0 . 2 2 ( 1 0 )  
120 t~Vl 2 0 : 4  (n-6) + 50/zM TO 2 . 6 9 + - 0 . 1 5 ( 7 )  
120 /zM 20:4  (n-6) + 100 laM TO 2.25 +- 0 .26 (8)b 
120 ~ 20 :4  (n-6) + 200 #M TO 1.30 -+ 0.15 (4) 
F ra t io  9 .368  

M e t y r a p o n e  (MR) 
120 /.tM 2 0 : 4  (n-6) 3 .80 -+ 0.31 (4) 
120 / . tM20:4 ( n - 6 ) +  1 0 ~ M M R  3.28 (2) 
120 /~M 20 :4  (n-6) + 100 pM MR 4.21 "+ 0.42 (4) 
120 #M 20 :4  (n-6) + 1000 ~uM MR 2.87 (2) 

P h e n o b a r b i t a l  (PB) 
120 /~M 2 0 : 4  (n-6) 4 .28  (2) 
120 #M 2 0 : 4  (n-6) + 1 0 # M  PB 4 . 6 7 ( 2 )  
120 p M 2 0 : 4  ( n - 6 ) +  5 0 # M P B  4 .84  (2) 
120 phi 20 :4  (n-6) + 1 0 0 # M  PB 5.17 (2) 
120 ~ 2 0 : 4  (n-6) + 1000 /zM PB 4 .94  (2) 

0 .99 -+ 0 .23  (5) 
0 .73  -+ 0.21 (6) 
0.81 -+ 0.36 (4) 
0 .68 + 0 .14  (4) 
0 .82 -+ 0.37 (4) 

0 .178  
12.2 -+ 0.65 (11) 
12.8 -+ 0.83 (10)  
12.7 -+ 0 .46  (8) 
11.6 -+ 0 .64  (8)b 

�9 8.6 + 1.45 (4) 
3 .150  

14.2 -+ 0.95 (4) 
12.6 (2) 
14.6 -+ 0 .80  (4) 
15.0 (2) 

15.7 (2) 
15.4 (2) 
15.7 (2) 
16.7 (2) 
16.2 (2) 

aMean -+ SEM; n u m b e r  of  e x p e r i m e n t s  in pa ren theses .  
bDi f fe red  s ign i f ican t ly  f rom con t ro l  (Tukey-HSD test) .  
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TABLE 8 

Effect of Ant ioxidants  on Proliferation and 
Prostanoid Synthesis with Aorta Smooth Muscle Cells 

Treatment  Cell number  a 6-keto-PGFlc~ b 

Nordihydroguaiaret ic  acid (NDGA) 
60 p.M 20:4 (n-6) 
60 tzM 20:4 (n-6) 
60 ,aM 20:4 (n-6) 
F ratio 

tx-Naphthol (ix-N) 
60 #M 20:4 (n-6) 
60 /zM 20:4 (n-6) + 1 ~M ~ N  
60 ~ 20:4 (n-6) + 5 /~M t~-N 
F ratio 
60/zM 20:4 (n-6) 
60/zM 20:4 (n-6) + 1 #M ~-N 
6 0 / ~ I  20:4 (n-6) + 5 #M ~-N 
F ratio 

Propyl gallate (PrGa) 
60 tdvl 20:4 (n-6) 
60 tdvl 20:4 (n-6) 
60 /tM 20:4 (n-6) 
F ratio 

3,050 • 214 (8) 28 • 2.0 (8) 
+ 0.1 # M N D G A  3 , 6 9 0 •  (8) 
+ 0.5 ~tMNDGA 6 , 8 7 0 •  c 17-+0.4 (8) c 

40.76 

2,430 -+ 288 (7) 21 
3.640 • 391 (7) 11 
4,360 • 454 (8) c 6 

6.21 
5,130 -+ 461 (8) 29 
7,110_+ 837 (8) 21 
8,860 +_ 565 (8) c 8 

8.48 

5,010-+ 514 (8) 25 • 1.2 (8) 
+ 0.05 ~M PrGa 8,400 -+ 519 (7) c 19 -+ 1.6 (7) c 
+ 0.1 ~M PrGa 11,200 • 1,420 (7) c 14 • 1.1 (8) e 

12.368 18.234 

aArbitrary area units;  mean • SEM; number  of experiments  in parentheses. 
bprostanoid levels (pmol/cul ture)  corrected for cell number  in pooled (single value) or 

separate (mean • SEM)exper iments .  
CDiffered significantly from control (Tukey-HSD test or Student 's  t-test). 

TABLE 9 

Effect of Vitamin E Quinone (EQ) on Lipid Peroxidation (TBA Test) in 
Confluent Cultures and Cell Proliferation with Aorta Smooth Muscle Cells 

MDA 
Treatment  nmol /cul ture  a Cell number b 

120 ~tM 20:4 (n-6) 13.9 -+ 0.90 (17) 
120 /aM 20:4 (n-6) + 1~,1 EQ 11.9 • 1.32 (8) 
120 pM 20:4 (n-6) + 5~VI EQ 3.7 • 1.83 (4) c 
120 ~ 20:4 (n-6) + lO/zM EQ 1.8 • 0.92 (14) c 
120 ArM 20:4 (n-6) + 50~M EQ 0.6 -+ 0.06 (6) c 
F ratio 35.430 

60 /zM 20:4 (n-6) 
60/.tM 20:4 (n-6) + l/zM EQ 

60 ~ 20:4 (n-6) 
60 ~ 20:4 (n-6) + 1/zM EQ 

60 ~Vl 20:4 (n-6) 
60 /zM 20:4 (n-6) + 1/.dVl EQ 

60 yam 20:4 (n-6) 
60 yam 20:4 (n-6) + 1/zM EQ 

60 #M 20:4 (n-6) 
60/zM 20:4 (n-6) + I#M EQ 

3,050 • 214 (8) 
4,310 • 425 (8) c 

2,430 • 288 (7) 
5,790 • 569 (8) c 

5,130 -+ 461 (8) 
10,900 • 935 (8) c 

5,010-+ 514 (8) 
8,540 • 815 (8) c 

7,200 +- 410 (8) 
13,700 • 672 (7) c 

aMean -+ SEM; number of experiments  in parentheses. 
bA-rbitrary area units; mean -+ SEM; number  of exper iments  in parentheses. 
CDiffered significantly from control (Scheffe test or Student 's  t-test). 
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Agents  t ha t  f u n c t i o n e d  as cyc looxygenase  
and  l ipoxygenase  inh ib i to r s  did no t  inh ib i t  
lipid p e r o x i d a t i o n  in c o n f l u e n t  cu l tures  (Table  
6) and  these  agents  did no t  s t imula te  cell proli-  
fe ra t ion  when  cells were g rown in the  presence  
of  20 :4  (n-6)  (Table  10). The  specific cyclo- 
oxygenase  inh ib i to r ,  IM, showed  li t t le cy to-  
tox ic i ty  (Table  10). However ,  the  l ipoxygenase  
inh ib i to r s ,  ETYA and ES, were  c y t o t o x i c  when  
the i r  c o n c e n t r a t i o n s  in prol i fera t ing  cu l tu res  
exceeded  the  0.1-1.0 /IM c o n c e n t r a t i o n  range 
(Table  10). 

DISCUSSION 

A n t i o x i d a n t s  in mode l  sys tems b lock  the  
f o r m a t i o n  of  lipid peroxides  t ha t  genera te  
MDA (Table  2-3). q h e  i n h i b i t i o n  of  MDA for- 
m a t i o n  by  na tura l  and  syn the t i c  a n t i o x i d a n t s  
(Table  5) t ha t  also inh ib i t  s oybean  and  mam-  
mal ian  l ipoxygenases  (23-25)  could be inter-  
pre ted  as evidence for  a l ipoxygenase  pa t hw ay  
leading to h y d r o p e r o x y  fa t ty  acid syn thes i s  and  
its b r e a k d o w n  to MDA in guinea pig s m o o t h  
muscle  cells. However ,  several obse rva t ions  in 
our  s tudy  show tha t  the  l ipoxygenase  p a t h w a y  
does no t  genera te  MDA in these cells. The  
me tabo l i t c s  t ha t  charac te r ize  the  l ipoxygenase  
p a t h w a y  in m a m m a l i a n  cells, 12-H(P)ETE and  
5-H(P)ETE (41 ,42) ,  were not  ident i f ied  pre- 
viously in cul tures  of  rat  s m o o t h  muscle  cells 
(43) ,  and  these  charac ter i s t ic  me labo l i t e s  were 
no t  ident i f ied  in our  s tudies  when  in tac t  
guinea pig s m o o t h  muscle  cells were i n c u b a t e d  
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wi th  20 :4  (n-6)  (Fig. 1 ). ETYA and ES are b o t h  
p o t e n t  inh ib i to r s  of m a m m a l i a n  l ipoxygenases  
(9 ,26) .  These agents  ev ident ly  en te r  the  cell 
s ince t hey  b lock  p ros t ano id  syn thes i s ,  bu t  these  
agents  have no effect  on  MDA f o r m a t i o n  in 
the  cells (Table  6). The  f o r m a t i o n  of  on ly  15- 
HPETE in t race  a m o u n t s  and  the  inabi l i ty  of  
e i the r  ETYA or ES to  i nh ib i t  MDA f o r m a t i o n  
show tha t  s ignif icant  a m o u n t s  of  MDA are no t  
fo rmed  by the  l ipoxygenase  pa thway  in ou r  
s m o o t h  muscle  cell cul tures .  

Some invest igators  have used NDGA as 
t h o u g h  it f u n c t i o n e d  solely as an i nh ib i t o r  of  
m a m m a l i a n  l ipoxygenase  (20 ,42) .  We find t ha t  
NDGA,  like E and  EQ, selectively b locks  MDA 
f o r m a t i o n  before  it b locks  p ros tano id  syn thes i s  
(Table  5). The  N D G A  effect  on  MDA is ob-  
viously unre la ted  to a l ipoxygenase  p a t h w a y  
because  the  s tudies  summar ized  above show 
tha t  a l ipoxygenase  is no t  involved in MDA 
f o r m a t i o n .  Thus,  NDGA inh ib i t s  several lipid 
p e r o x i d a t i o n  pa thways  and inh ib i t i on  wi th  
NDGA alone  does  no t  d e m o n s t r a t e  tha t  t he  
l ipoxygenase  pa thway  is involved in a specif ic  
biological  effect .  

Microsomat  coox ida t i on  reac t ions  dur ing  
p ros tano id  synthes is  form several I tETE iso, 
mers  (12 ,13) .  A par t icu la te  f rac t ion  f rom fetal  
calf aor ta  synthes izes  15-HETE by this  process  
(17) .  When guinea pig s m o o t h  muscle cells 
were chal langed wi th  [ 1 J 4 C ] - 2 0 : 4  (n-6),  
t hey  syn thes ized  a labeled c o m p o u n d  wi th  a 
con juga ted  d iene  group (UV abso rbance )  and 
th is  c o m p o u n d  had the  same e lu t ion  pa t t e rn  

TABLE 10 

Effect of Cyclooxygenase and Lipoxygenase Inhibitors 
on the Proliferation of Aorta Smooth Muscle Cells 

Treatment Cell number a 

Indomethacin (IM) 
90 .aM 20:4 (n-6) 10,300 -+ 835 (8) 
90.aM 20:4(n-6)+  10/zMIM 9,660-~: 557(7)  

Eiscosatetraynoic acid (ETYA) 
90 .aM 20:4 (n-6) 7,700 +- 410 (8) 
90 /aM 20:4 (n-6) + 0.1 ,uM ETYA 7,590-+ 528 (8) 
90 .aM 20:4 (n-6) + 1.0.aM ETYA 6,460 -+ 517 (8) 
90 .aM 20:4 (n-6) + 10.aMETYA 5,040 + 152(8) b 
90 /.tM 20:4 (n-6) + 50 .aM ETYA 1,490 + 123 (8) ~ 

[: ratio 43.592 
Esculetin (ES) 

60 .aM 20:4 (n-6) 8,790 4 979 (7) 
60 /~M 20:4 (n-6) + 0.1 .aM ES 6,060-+ 1,280 (5) 
60 ~ 20:4 (n-6) + 1.0.aM ES 6,520 :~ 794 (8) 
60 ~ 20:4 (n-6) + 10.aM ES 634 + 226 (7) b 

1' ratio 10.450 

aArbitrarv area units, mean -+ SEM;number of experiments in parentheses. 
bDiffered" significantly from control (Tukey-HSl) test). 
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as 15-HPETE on HPLC (Fig. 1). This com- 
pound was evidently formed by cooxidation 
because it was not found when either IM or 
ETYA was added to the incubation system 
(Fig. 1). However, cooxidation does not ac- 
count for MDA formation by smooth muscle 
cells in tissue culture as neither IM nor ETYA 
significantly inhibited MDA formation in these 
cultures (Table 6). 

The microsomal cytochrome P4s0 pathway 
has been found in aorta (22) and this pathway 
generates lipid peroxides (1,14,15,29). A 
number of antioxidants, including E and NDGA, 
inhibit P4s0 oxidation reactions (15,44,45). 
However, TO is a selective inhibitor of P4s0 
lipid peroxidation (27,28) and this agent has 
little effect on MDA formation even though it 
partially blocks prostanoid synthesis in our 
cultures (Table 7)." Two other agents, MR (29) 
and PB (15), are known inhibitors of P4so lipid 
peroxidation and these agents also had no 
effect on MDA formation by smooth muscle 
cells (Table 7). Finally, a naphthoquinone, 
menadione, is an effective inhibitor of P4s0 
lipid peroxidation (45,46) and earlier studies 
from our laboratory showed that menadione 
did not block MDA formation by smooth 
muscle cells (4). The TO, MR, PB and mena- 
dione data show that MDA is not formed in 
significant amounts by the P4s0 pathway. 

Several observations in our study show that 
MDA is formed from lipid peroxide derivatives 
that are contained in complex intracellular 
lipids rather than the H(P)ETE derivatives of 
free fatty acids generated by lipoxygenase, 
cyclooxygenase or P450 pathways. The MDA 
precursors, unlike HETE (42), are not found in 
media (Table 4) and alkaline hydrolysis experi- 
ments show that these precursors are not found 
as simple esters in triglycerides and phosplio- 
lipids. The precursors are extracted from cells 
by chloroform-methanol but the chloroform- 
methanol extract only generates MDA when 
Fe 3+ is added to the TBA reaction mixture. 
Previous investigators found that Fe 3+ catalyzed 
the decomposition of lipid peroxides to MDA 
in the TBA reaction (33,34). We also find in 
model systems that. Fe 3+ catalyzes the decom- 
position of HPETE to MDA in the TBA reaction 
(Table 1) and the Fe 3+ does not catalyze the 
formation of increased amounts of HPETE 
during lipid peroxidation (Table 2). In tissue 
culture, the catalytic effect of Fe 3+ on the TBA 
reaction is the same when the Fe 3§ is added 
either at the beginning or at the end of a 24 hr 
incubation period (Table 4). The Fe 3+ effect is 
dependent on the concentration present (Table 
4). Cells in tissue culture evidently contain 
sufficient Fe 3+ to catalyze the partial decom- 

position of bound lipid peroxides to MDA in 
the TBA reaction. 

Previous studies from our laboratory suggest 
that the bound MDA precursor may be a com- 
plex lipid related to ceroid-lipofuscin. We 
found that smooth muscle cells challenged 
with 20:4 (n-6) contained increased numbers of 
acid phosphatase-reactive granules in the per- 
inuclear area (3). Acid phosphatase-reactive 
granules in the perinuclear region of cultured 
glial cells have been characterized as lipofuscin 
(47). Preliminary studies with our cultures 
show autofluorescence and the presence of 
concentric lamellae in lipid droplets seen in 
electron photomicrographs. These lamellae and 
autofluorescence are characteristic of ceroid- 
lipofuscin (30-32). 

The presence of ceroid-lipofuscin suggests 
that l ipid peroxidation in our cells may be 
associated with increased peroxisomal activity 
in these cells. An early study showed that lipo- 
fuscin contained a cyanide-insensitive NADPH 
oxidase (48) and this enzyme is characteristic 
of peroxisomes (49,50). Early studies showed 
that lipofuscin was formed in close proximity 
to peroxisomes (51) and recent studies showed 
that agents that stimulate peroxisomal activity 
promote the accumulation of lipofuscin (52). 
High-fat diets in experimental animals stimulate 
peroxisomal fatty acid oxidation and this 
activity decreases the cellular free fatty acid 
concentration and generates Hz02 (53). 
We suggest that increased peroxisomal activity 
may occur when cells are challenged with large 
amounts of polyunsaturated fatty acids, a 
situation that mirrors in some respects a high- 
fat diet. Thus, peroxisomal activity could 
generate bound lipid peroxides that decompose 
to MDA and ceroid-lipofuscin. 

Previous studies from our laboratory showed 
that lipid peroxides and prostaglandins in the 
E series both inhibited cell proliferation (1-8). 
Many fatty acids generate both lipid peroxides 
and prostaglandins and assessing the contribu- 
tion of each product to the inhibition of cell 
proliferation has been difficult. The anti- 
oxidants and other inhibitors used in t h i s  
study bring us closer to a resolution of the 
problem. One antioxidant,.  EQ, inhibits MDA 
formation but has little effect on prostanoid 
synthesis in confluent cultures (Table 5). This 
agent is a potent antioxidant (Table 3) that 
exhibits little cytotoxicity in proliferating 
cultures (4). Similar concentrations of EQ 
inhibit MDA formation in confluent cultures 
and promote growth in cultures challenged 
with 20:4 (n-6) (Table 9). Three antioxidants, 
NDGA, a-N and PrGa, inhibit both MDA 
formation and prostanoid synthesis in con- 

LIPIDS, VOL. 19, NO. 6 (1984) 



LIPID PEROXIDE IN CULTURED CELLS 393 

f luent  cul tures (Table 5). These an t iox idan t s  
also enhance  pro l i fe ra t ion  in cultures chal- 
lenged wi th  20:4  (n-6) (Table 8). Cyc looxy-  
genase inhibi tors ,  IM, ETYA and ES, only  
inhibi t  p ros tanoid  synthesis  in conf luen t  cul- 
tures  (Table 6) and these agents ei ther  have no 
effect  or slightly inhibit  cell p ro l i fe ra t ion  
(Table 10). These results  suppor t ,  but  do n o t  
prove,  our  hypo thes i s  that  cell prol i fera t ion  is 
cont ro l led  in part  by general  pe rox ida t ion  
react ions  ra ther  than  the  specific pe rox ida t ion  
react ions  involved in p ros tanoid  synthesis .  Our 
hypo thes i s  will only  be verified by  the  isolat ion 
and ident i f ica t ion  of inh ib i tory  peroxides  in 
prol i ferat ing cultures.  

We have p roposed  in this  s tudy  tha t  MDA 
genera t ion  in ceils challenged wi th  po lyun-  
saturated fa t ty  acids is the  result  of  pe rox i somal  
activity leading to  lipid pe rox ida t ion  and the  
f o r m a t i o n  of  l ipofuscin.  A number  of  s tudies 
tha t  are summar ized  in several reviews (1,30,31,  
50,54)  no te  tha t  l ipofuscin accumula t ion  is 
d iminished in tumors  and o the r  prol i fera t ing 
tissues. This observa t ion  has led to the  sugges- 
t ion  tha t  l ipofuscin s o m e h o w  diminishes  cell 
prol i fera t ion.  We suggest tha t  l ipofuscin and 
d iminished  cell prol i fera t ion are b o t h  con- 
sequences  of  perox isomal  activity leading to  
pe rox ida t ion  react ions.  
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ABSTRACT 

High-sensitivity differential scanning calorimetry of small unilameUar vesicles (SUV) made by 
sonication of dipalmitoylphosphatidylcholine (DPPC) reveals that the gel-liquid crystalline transition 
at 37 C is preceded by a pretransition at 28 C that is relatively slow (t�89 ~ 2-4 min) and has an en- 
thalpy change of ca. 0.2 kcal/mol. On incubation at 4 C, these SUV fuse spontaneously into large 
unilamellar vesicles (LUV). LUV also exhibit both a pretransition and a main-phase transition. The 
temperature of the main transition (T m) and the enthalpy change of both the pretransition and main 
transition of these fused vesicles are similar to those of large multilamellar vesicles (MLV). The en- 
thalpy change associated with the transition at 28 C decreases in SUV in a manner directly correlated 
to the decrease in the apparent enthalpy change of the 37 C main transition, indicating that the 
smaller (low temperature) transition is indeed a pretransition that is an inherent property of SUV. 
Therefore, unilamellar vesicles of DPPC appear to exhibit a pretransition at a temperature that varies 
from 28 C for the small vesicles to 35 C for the much larger vesicles. 
Lipids 19:395-400, 1984. 

INTRODUCTION 

In addition to the main gel-to-liquid crystal- 
line phase transition, a second thermotropic 
transition, the pretransition, occurs at a lower 
temperature in multilamellar vesicles (MLV) of 
synthetic phospholipids (PL) (1,2). X-ray dif- 
fraction studies of MLV have shown that in the 
temperature range between the pretransition 
temperature (T o ) and the main transition tem- 
perature (T m), the PL bilayer assumes a phase 
(P~') that is distinctly different from the gel 
phase and the liquid-crystalline phase (3). The 
question of whether or not a pretransition (and 
thus a P#, phase) also exists in single-walled 
vesicles made of synthetic lipids is not yet re- 
solved. Electron diffraction studies of multi- 
lamellar and unilametlar vesicles (4) concluded 
that a P#, phase does not exist in unilamellar 
vesicles. This conclusion is consistent with the 
apparent absence of a pretransition in the 
calorimetric scans of dipalmitoylphosphatidyl- 
choline (DPPC) large unilamellar vesicles (LUV) 
made by ethanol injection (5) or by sponta- 
neous fusion of small unilamellar vesicles (SUV) 
(6). In contrast to these studies, Dufour et al. 
(7) have presented calorimetric data that indi- 
cate 2 transitions in dimyristoylphosphatidyl- 
choline (DMPC) unilamellar vesicles and Friere 
et al. (8) have presented similar calorimetric 
data for LUV made of DPPC according to the 
procedure used by Wong et al. (6). Although in 

both these reports, the authors referred to the 
low temperature as a "pretransition," it has not 
been completely characterized. 

Recently, a systematic study of LUV made 
of DPPC using the reverse-phase evaporation 
method (9) revealed a "broadened endotherm 
below the main transition" (10). In addition, 
this study presented electron microscopic evi- 
dence for the existence of a P#, phase in LUV 
in the temperature range between this broad- 
ened endotherm and the main transition (10). 
This observation agrees with earlier studies 
(1 1), which have indicated the possible exist- 
ence of a P#, phase in LUV made by the ether 
injection method (12). Nevertheless, Diizgiines 
et al. (10) did not  reach a definite general con- 
clusion regarding the existence of a pretransi- 
tion in unilamellar vesicles because they could 
not exclude the possibility that the existence o f  
a P#' phase, indicated by the electron micro- 
scopic data and the broadened endotherm 
below Tin, was caused by oligolamellar vesicles 
present in their LUV preparations (9). They 
have, however, noted the absence of such a 
transition in several previously studied vesicle 
preparations (5,6) and attributed it to the small 
size of these vesicles and to the very low en- 
thalpy associated with the pretransition. Thus, 
the possibility that a pretransition exists in 
SUV, but the techniques used to investigate 
these vesicles are not sufficiently sensitive to 
disclose it, cannot be excluded. However, one 
may argue that a pretransition only occurs in 
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MLV and LUV but not in the much smaller and 
highly curved SUV. 

In 1976, the results of Suurkuusk et al. (13) 
indicated the possible existence of several 
thermotropic transitions in DPPC preparations 
consisting of what we now know to be a mix- 
ture of small unilamellar vesicles and large 
unilamellar vesicles (13-15). However, because 
of the lack of detailed structural knowledge of 
such systems at that time and problems with 
the calorimetric baseline, no detailed interpreta- 
tions of the data on the smaller transitions was 
made. We have now expanded calorimetric 
studies of this system by using higher lipid con- 
centrations (~50 mM), a new scanning calorim- 
eter with improved sensitivity and the capa- 
bility of operating the calorimeter in the cool- 
ing mode. The results reported here strongly 
support the existence of a pretransition in 
DPPC unilamellar vesicles, both large and smaU. 

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

L-a-dipalmitoylphosphatidylcholine (DPPC) 
was purchased from Avanti and used without 
further purification. Its purity was confirmed 
by TLC on silica gel using CHC13/CH3 OH/H20 
(65:35:4 v/v) as the eluting solvent. 

Dispersions of large multilamellar liposomes 
were prepared by the method of Bangham et al. 
(16). SUV of DPPC were prepared as described 
by Suurkuusk et al. (13), except that the soni- 
cation was done with a bath sonicator for 1 hr 
at 45 C. Dispersions were fractionated from 
larger liposomes by high-speed centrifugation at 
10 ~ x g for 1' hr. The resultant vesicles (17) 
were kept above Tin, to avoid fusion (14). 
LUV of an average diameter of 950 A were pre- 
pared by incubation of SUV at 4 C (6). The 
lipid concentration of each dispersion was 
measured as inorganic phosphate according to 
Barlett's method (18). At least 5 phosphate 
determinations were made on each sample with 
a resulting standard deviation of 2%. DPPC con- 
centrations in dispersions examined calori- 
metrically were 25-50 mM. 

The custom-built differential scanning calo- 
rimeter used in these experiments was originaUy 
designed only for heating scans. Recently, a 
PDP 11/10 computer was added to the calorim- 
eter to make the control of the scanning rate 
more precise. The control of the rate of heating 
is accomplished as follows: the computer 
monitors the heat-sink temperature and calcu- 
lates the current scanning rate, using least 
squares analysis. Next, the computer deter- 
mines the current scanning error, SCNERR, and 
the integral of the past errors, ERRSUM. The 
new voltage setting for the heat-sink power 

supply is then found using the formula: Volts = 
K1 x SCHERR+ K2 ERRSUM, where K1 and 
K2 are empirically derived feedback coeffi- 
cients. The addition of computer control makes 
it possible to use this calorimeter for precisely 
controlled cooling scans. In the cooling mode, 
the heater to the adiabatic shield is turned off 
and cooling initiated. The rate of cooling is 
then controlled by adjusting the  heater to 
oppose the cooling to maintain a constant rate 
of cooling. The maximal cooling rate (-9 C/hr) 
of this instrument is limited by the capacity of 
the cooling coils. 

The apparent excess heat-capacity curves 
reported in this study have not been corrected 
for the time response of the instrument. This 
correction only provides for a true shape of the 
heat-capacity curve and does not affect the 
measured enthalpy change or the main phase- 
transition temperature (19). 

The calorimeter was calibrated electrically, 
as described previously (13). The baseline noise 
of this instrument is ca. 25/acal/deg at the scan- 
ning rates used in these experiments. At the 
concentrations used in these studies, the noise 
amounts to ca. 10-3kcal/mol. This noise level is 
within the pen width of the attached drawings 
(except in Fig. 3). 

RESULTS A N D  DISCUSSION 

A major problem in obtaining thermo- 
dynamic information on the phase behavior of 
SUV is that most temperature-scanning calorim- 
eters of the required sensitivity operate only in 
the heating mode. Because the SUV fuse at 
temperatures below the Tm (13-15), the heat- 
capacity curve for a system consisting only of 
SUV is difficult to obtain without the presence 
of contaminating vesicles of larger sizes (13). 
Thus, SUV made of DPPC and characterized in 
the heating mode (Figure la), show multiple 
endothermic phase transitions with maxima at 
ca. 29 C, 38 C and 42 C. The 2 transitions ob- 
served at 38C and 42C  are the main gel 
liquid-crystalline DPPC phase transitions for 
SUV and for large fused vesicles (13). 

On incubation of the SUV at room tempera- 
ture, spontaneous fusion occurs (14,15). Con- 
sequently, the apparent heat capacity associ- 
ated with the main transition of the fused 
vesicles increases with time at the expense of 
the heat capacity of the SUV. This is demon- 
strated in Figure l b, which shows the calori- 
metric scan obtained using a SUV sample that 
had been incubated at room temperature for 
72 hr. The transition observed in this scan at 
38-39 C is presumably caused by the melting of 
a residual amount of SUV. The small but 
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FIG. 2. (a) Cooling calorimetric scan of DPPC 
SUV. The lipids, at a concentration of 30 -+ 0.5 mM in 
20 mM TES buffer (pH 8.0), were kept above the T m 
during the entire preparation procedures. The scan was 
performed in the cooling mode starting from 48 C 
with a scanning rate of -7  C/hr. (b) Cooling calori- 
metric scan of DPPC LUV. These vesicles were formed 
spontaneously by fusing small unilameUar vesicles by 
being kept at 4 C for 1 mo. The lipid concentration is 
25 -+ 1.1 mM in 20 mM TES buffer, pH 8.0. The 
vesicles were scanned in the cooling mode at a scan- 
ning rate o f - 7  C/hr. 
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FIG. 1. Heating calorimetric scans of dipalmitoyl- 
phosphatidylcholine (DPPC) sonicated small unilamel- 
lar vesicles (SUV). DPPC SUV at a concentration of 
38.4 -+ 0.4 mM in 20 mM TES buffer pH 8.0 were in- 
cubated at room temperature for (a) 1.5 hr; (b) 72 hr. 
Curve a has been vertically displaced slightly in order 
to demonstrate the details of each curve. Before and 
during the preparation procedure, the vesicles were 
maintained above the T m of DPPC multilamellar 
vesicles. 

d iscern ib le  t r ans i t ion  of  29 C o b t a i n e d  in 
Figures  l a  and  l b  have no t  been  s tud ied  pre- 
viously.  The  h igher  t e m p e r a t u r e  t r ans i t i on  at 
ca. 45 C has n o t  previous ly  been  observed.  In a 
s u b s e q u e n t  hea t i ng  scan,  i t  did n o t  appear  and  
i t  is p r o b a b l y  associated w i th  aggregat ion-  
disaggregat ion processes  of  t he  lipid vesicles. 

SUV are s table  for  m a n y  hours  above  T m 
(13-15) .  Ther fo re ,  we a d a p t e d  our  ca lo r ime te r  
to  provide  accura te  data  w h e n  ope ra t ing  in  the  
cool ing mode .  A typ ica l  hea t -capac i ty  curve 
o b t a i n e d  in the  cool ing  m o d e  for  a f reshly  
p repared  sample  o f  SU V  is s h o w n  in F igure  2a. 
T w o  d iscern ib le  phase  t r ans i t i ons  are observed .  
The  h igher  t e m p e r a t u r e  t r ans i t i on  is cen te red  at  
37.2 C, t ha t  is ca. 4 C lower  t h a n  in MLV, 

whereas  the  lower  t e m p e r a t u r e  t r ans i t i on  is 
observed  at 27.5 C, wh ich  is ca. 7 C lower  t h a n  
t h e  p r e t r ans i t i on  de t ec t ed  for  MLV (Table  1). 
The  t r ans i t i on  en tha lp ies  of  t h e  lower  and  t h e  
h igher  t e m p e r a t u r e  t r ans i t ions  are e s t ima ted  to  
be  0 .13 and  5.5 kca l /mol .  The  la t t e r  value is in 
r ea sonab ly  good a g r e e m e n t  w i t h  t h e  value of  
6.2 k c a l / m o l  for  the  ma in  t r ans i t i on  of  SUV 
d e t e r m i n e d  by  Suurkuusk  et al. ( 1 3 ) a n d  t he  
resul t  of  Gaber  and  Sher idan  (20) ,  who  ob-  
t a ined  a value of  6.1 k c a l / m o l  for  SUV (see 
f o o t n o t e  to  Table  1). 

I n c u b a t i o n  o f  SUV at  4 C for  1 m o n t h  re- 
suits  in t he  f o r m a t i o n  o f  fused,  large uni lamel-  
lar vesicles w i th  a d i ame te r  of  ca. 950  A, w i t h  
very few SUV rema in ing  (6). When  such a 
p repa ra t i on  is e x a m i n e d  by  high-sensi t iv i ty  
d i f fe ren t ia l  scann ing  ca lo r ime t ry  in t he  cool ing 
mode ,  t he  e n d o t h e r m i c  t r ans i t i on  profi le  of  t he  
fused vesicles displays 2 t r ans i t ions  cen te red  at 
41 C and  ca. 32  C, as s h o w n  in Figure  2b. The  
smaller  t r ans i t i on  at t h e  lower  t e m p e r a t u r e  is 
p r o b a b l y  t he  p r e t r ans i t i on  of  LUV. Our  resu l t  
is cons i s t en t  wi th  t he  obse rva t ions  of  D u f o u r  
et  al. (7)  and  Fr iere  et  al. (8) ,  w h o  have s h o w n  
t he  ex is tence  o f  a l o w - t e m p e r a t u r e  t r ans i t i on  in 
L UV c o m p o s e d  of DMPC and DPPC. 
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TABLE 1 

Thermodynamic Characteristics of Various Liposome Dispersions 

Pretransition Main transition 

Preparation T m (~ AH l (kcal mor I ) T m (~ AH 2 (kcal mol -j ) 

SUV 28.0 0.13• 37.2t  0.1 5.5+-0.5 
LUV 33.8 0.60• 41.4+-0.1 7.5+-0.5 
MLV 35.3 1.80• 41.3+-0.1 8.0• 

AH 2 vary b y  up to +-10% from one batch of lipid to another. We do not understand the 
reason for this variation. However, A H  t and AH 2 values are very consistent for a given 
preparation, and the differences in the enthalpy changes as reported in this table among 
SUV, LUV and MLV exist for any lipid source. The values of A H  t and AH 2 reported in this 
table are for a single preparation of lipid and thus the differences in enthalpy change be- 
tween SUV, LUV and MLV are reliable within the precision stated. 

In cool ing scans, dis t inct  thermal  t rans i t ions  
are observed at 27-29 C for  SUV (Fig. 2a) and 
at 31-33 C for  LUV (Fig. 2b). If, as we suspect ,  
the  27-29 C peak observed in Figure 2a and 
Figure 1 is a pre t ransi t ion of  the  SUV, whose 
main t ransi t ion is at 37-39 C, it should exhibi t  
a direct  correla t ion with the  lat ter  peak. In 
order  to test this hypothes is ,  a series o f  appar- 
ent  excess heat -capaci ty  curves were ob ta ined  
with al iquots  f rom the  same sample,  which had 
been  incubated  at room tempera tu re  ( 2 2 2  C) 
for  varying lengths of  t ime. 

The apparen t  excess heat -capaci ty  data ob- 
ta ined f rom these exper iments ,  emphasiz ing the  
27-29 C t ransi t ion and 37-39 C t ransi t ion,  are 
shown in Figures 3a-3b, respect ively,  on scales 
greatly expanded  compared  wi th  Figure I. The 
results on the  27-29 C t rans i t ion are particu- 
larly difficult  to analyze because this small 
t ransi t ion is super imposed  on the  leading edge 
of  a much  larger t ransi t ion at 37 C. The en- 
tha lpy  change associated with the 27-29 C tran- 
si t ion was es t imated by using a baseline, as 
shown in Figure 3a. This p rocedure  is obviously 
not  exact  but  is suff ic ient ly  precise for our  pur- 
poses. The remainder  of  the data,  including 
those  relating to the 41 C t ransi t ion,  were 
d e c o m p o s e d  to yield the  apparen t  en tha lpy  
change associated with each t ransi t ion in the  
manner  descr ibed by Suurkuusk et al. (13). 
These au thors  have shown that  a linear relat ion-  
ship wi th  negative slope exists be tween  the  
en tha lpy  change of  the 37 C and 41 C transi- 
t ions for this system. Our results,  p lo t ted  in 
Figure 4, show a linear re la t ionship,  with posi- 
tive slope, be tween  the en tha lpy  changes of  the 
27-29 C and the  37-38 C t rans i t ions  and a linear 
re lat ionship,  with negative slope, be tween  the  
en tha lpy  changes associated wi th  the 27-29 C 
and the  41 C transit ions.  Given that  the 37- 
38 C t ransi t ion is associated with the  gel-to- 
liquid transi t ion of  small unilamellar vesicles, 
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FIG. 3. tteating calorimetric scans of DPPC SUV as 
a function of their incubation time at room tempera- 
ture. Heating scans of separate aliquots from one SUV 
preparation held at room temperature for 1 hr, 14 hr, 
30 hr, 46 hr, 72 hr and 23 days are presented in the 
figure from top to bottom. The scans between 25-32 C: 
(a) (including the 27-29 C transition) are magnified 
30 times compared with (b) the scan in the tempera- 
ture range of 32-42 C. The dashed (---) baseline for 
the 27-29 C transition was drawn so that it connects 
the local minimum in the heat-capacity curve at about 
30 C with the point at which the curve departs from 
its baseline (at ca. 25 C). 
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FIG. 4. Correlation between the enthalpy changes 
corresponding to the transition at 28 C, Q2a, to the 
transitions at 37 C, Q37, (e) and at 41 C, Q41, (o). The 
enthalpy changes estimated for the 28 C transition 
shown in Figure 3a are plotted against data obtained 
from analogous scans shown for the 37 C transition 
(Fig. 3b). and for the 41 C transition (data not shown). 
The enthalpy changes were estimated as described in 
the text, and are reported in actual calories rather than 
kcal/mol lipid. 

the  27-29 C t ransi t ion is a p h e n o m e n o n  associ- 
a ted with them as well. 

We cannot  develop a similar corre la t ion be- 
tween the 32 C transi t ion and the  41 C transi- 
t ion of LUV (Fig. 2b) because the  fo rmer  is 
always domina ted  by the  gel-liquid crystall ine 
t ransi t ion of  the  SUV in mixtures.  However ,  
because o f  the  existence o f  a pretransi t ion in 
SUV and MLV, we suggest that  the  32-34 C 
transit ion,  found in essentially pure prepara- 
t ions of  LUV, is also a pretransi t ion.  

The kinet ics  associated with  the  pretransi- 
t ion in mult i lamellar  vesicles have been deduced 
by  repeated heat ing and cool ing of the disper- 
sions (19,21).  These studies clearly demons t ra te  
that  the rate of  lipid phase t ransformat ion  at 
the  pretransi t ion is slower than the t ransforma- 
t ion that  occurs at the  main-phase t ransi t ion 
tempera ture .  If a similar s i tuat ion exists wi th  
the  small unilamellar  vesicles, then the apparent  
T m of the  27-29 C transi t ion should depend on 
the scanning rate  of  the calorimeter .  Indeed,  a 
scanning rate dependence  of  T m on bo th  heat-  
ing and cooling rate for the SUV was observed. 
F rom the  dependence  of  the  apparent  T m on 
scanning rate we estimate,  in a manner  similar 
to Lentz  et al. (19), that  the true T m for  the  
low tempera tu re  transi t ion is ca. 28 C. The 
apparent  half- t ime o f  the transi t ion is ca. 
2-4 rain, which is slightly faster than the  rate of  

the  pretransi t ion in large mult i lamellar  l ipo- 
s o m e s .  

In the  course of  these studies, we also no ted  
a t ransi t ion at 16-21 C. However ,  the appear-  
ance and tempera ture  of  this t ransi t ion de- 
pended on the his tory of  the sample. This 
t ransi t ion was not  observed when a vesicle 
preparat ion was studied in the  heat ing mode  
af ter  being incubated  at 4 C for  1 mo.  However ,  
when the vesicles were heated above the  Tm 
and then  cooled to 4 C and stored there  for 
24 hr, this t ransi t ion appeared.  If vesicles were 
first hea ted ,  then cooled to  4 C and immedi-  
ately heated,  t hey  did not  exhibi t  this transi- 
t ion.  This p h e n o m e n o n  appears to  be similar to 
the  transi t ion observed initially by Chen and 
coworkers  (22) wi th  mult i lamellar  DPPC 
liposomes. PL bilayers appear to undergo a 
number  o f  reversible t ransi t ions and, in addi- 
t ion,  af ter  proper  manipula t ion  o f  the experi-  
menta l  his tory of  the  sample,  some irreversible 
transit ions.  

In summary,  mult i lamellar  vesicles, small 
unilamellar  vesicles and large unilamellar  
vesicles all exhibi t ,  in addi t ion to the main 
gel-to-liquid crystall ine transit ion,  a pretransi- 
t ion,  which occurs ca. 7-9 C below Tm. The 
t he rmodynamic  characteristics of  these transi- 
t ions for each type  of  preparat ion are sum- 
marized in Table  1. While the  structural  change 
of  lipid molecules  in the mul t i lamenar  lipo- 
somes accompanying  the pretransi t ion has been 
characterized,  the  low tempera tu re  t ransi t ion in 
SUV and LUV has not .  Whether or  not  all the  
pretransit ions ref lect  the  same type  of  struc- 
tural  change is still open to ques t ion and 
beyond  the scope of  this s tudy.  Nonetheless ,  
the  results show a direct re lat ionship be tween  
the  melt ing tempera tures  and enthalpy changes 
of  the  pretransi t ion and main transi t ion and the  
average vesicle size. The  radius of  curvature  has 
a defini te  effect  on the t he rmodynamic  changes 
associated with all the  phase transit ions of  
DPPC bilayers. 
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ABSTRACT 

A lipid fraction enriched in polyisoprenoid alcohols was prepared from seeds of a number of crop 
plants, using Florisil chromatography. Analysis by HPLC of the fraction from soybeans showed a 
series of peaks corresponding to a-saturated homologues (dolichols) from 15 to 22 isoprene units in 
length. Similar results were obtained with seeds of other dicotyledonous species (rapeseed, peanuts, 
mung beans, navy beans and peas). In contrast, analysis of the seeds of monocotyledonous plants 
(wheat, rye, barley, rice and corn) by HPLC gave split peaks, indicating the presence of nearly equal 
amounts of 2 different homologous series of compounds. The polyisoprenoid material isolated from 
wheat germ was subsequently shown to consist of a mixture of dolichols and s-unsaturated homo- 
logues (polyprenols). Treatment with manganese dioxide selectively oxidized the polyprenols to the 
corresponding aldehydes, which were separated from the dolichols by TLC. The identity of the com- 
ponents was established by infrared-nuclear magnetic resonance (IR-NMR) spectroscopy and by 
comparison with authentic standards on high performance liquid chromatography (HPLC). The con- 
centration of polyisoprenoid alcohols in seeds varied from 1-16 mg/100 g. Seeds of different species 
showed some differences in the pattern of homologues present. 
Lipids 19:401-404, 1984. 

INTRODUCTION 

Polyisoprenoid alcohols appear to be univer- 
sally present in bacteria, plants and animals. 
They are of interest because they participate in 
the biosynthesis of cell-wall polymers in bac- 
teria and asparagine-linked glycoproteins in 
yeasts, plants and animals (1,2). 

In some of these compounds, every isoprene 
unit is unsaturated, (Fig. la), whereas in others 
the a-isoprene unit containing the primary al- 
cohol is saturated (Fig. lb). The latter type of 
compound was first isolated from pig liver (3) 
and was named dolichol from the Greek dolikos 
(long). Subsequent investigation showed that 
dolichol normally occurs in nature as a series of 
homo!ogues of varying chain length, so speak- 
ing of a mixture of dolichols is perhaps more 
appropriate. 

The term polyprenol has been used collec- 
tively for all polyisoprenoid alcohols, regardless 
of  whether the a-isoprene unit is saturated or 
unsaturated (1,4). No convenient term is av- 
ailable to refer specifically to a-unsaturated 
polyisoprenoid alcohols. We therefore propose 
that the short form, polyprenol, be restricted 
to this class of compound to distinguish it from 
the a-saturated dolichols (Fig. 1). Where no 
distinction is made between polyprenols and 
dolichols, they can be referred to as polyiso- 
prenoid alcohols. Dolichols may also be classi- 
fied as dihydropolyprenols because the name 

1Career Investigator of the Medical Research 
Council of Canada. 

hexahydropolyprenols was suggested by Hem- 
ming (1) for the more highly saturated deriva- 
tives isolated from Aspergillus. 

Dolichols have been isolated mainly from 
animal tissues, whereas polyprenols are more 
characteristic of bacteria and plants (1,5). 
However, a few reports have been made on the 
occurrence of polyprenols in animals (6,7) and 
of dolichols in plants (1,8). This paper presents 
data on the dolichols and polyprenols in seeds 
of a number of  common crop species. All seeds 
examined contained dolichols, but polyprenots 
were found only in seeds of cereal grains, 
which contained dolichols and polyprenols in 
approximately equal amounts. 

MATERIALS AND METHODS 

[l-3H]Dolichol (specific radioactivity 12.5 
Ci/mmol) was obtained from New England 
Nuclear, Boston, MA. Human liver dolichol and 
the individual homologue containing 18 iso- 

p r e n e  units (dolichol-18) were isolated and 
purified by high performance liquid chroma- 
tography (HPLC) as described previously (8). 
Polyprenol-18 from Prunus avium was obtained 
from Calbiochem, San Diego, CA. Silica Gel 60H 
and Florisil were from E. Merck, Darmstadt, 
Germany and Fisher Scientific, Toronto,  
Ontario, Canada, respectively. Chloroform-d 
was from Merck, Sharp and Dohme, Montreal, 
Quebec, Canada. Seeds were purchased from 
local seed stores. All other chemicals were from 
Fisher Scientific, Toronto,  Ontario, Canada. 

LIPIDS, VOL. 19, NO. 6 (1984) 
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(o) 

I CH 3 ] CH 3 m a n )  C18 reverse-phase co lumn .  Opera t ing  
H CHz-C=.CH-CHzT CH2-C= CH-CH2OH c o n d i t i o n s  have been  descr ibed previously  (8).  

Po ly i sopreno id  a lcohol  c o n c e n t r a t i o n s  indi- 
J 5-21 cated (Table  1) r ep resen t  the  sum of  the  h o m o -  

logues con ta in ing  13-22 isoprene units ,  and 
POLYPRENOL were cor rec ted  for losses incur red  dur ing  

e x t r a c t i o n  and isola t ion by using [1-3H] do- 
l ichol  as t racer .  

I 
(b) H CH2-C = e l l -  CH 2 CH2- CH - CH2- CH20H 

i3-23 

DOLICHOL 

FIG. 1. Structures of polyisoprcnoid alcohols. 

Isolation of Polyisoprenoid Alcohols from Seeds 

Finely g round  seeds (10 g) were digested by 
ref luxing  for  10 hr  in a m i x t u r e  of  150 ml 30% 
w/v KOt t ,  30 ml e thano l  and  0.5 g pyrogal lo l  
(8). Nonsapon i f i ab le  lipids were ex t rac ted  wi th  
d ie thy l  e the r  and washed several t imes  wi th  
water .  They  were c o n c e n t r a t e d  in a ro ta ry  
evapora to r  and c h r o m a t o g r a p h e d  on co lumns  
o f  Florisil  deac t iva ted  by  7% (w/v)  wate r  (9). 
Co lumns  were washed wi th  hexane  and sequen-  
t ial ly e lu ted  wi th  h e x a n e / 5 %  d ie thy l  e ther  and  
h e x a n e / 1 5 %  d ie thy l  e ther .  Po ly i sopreno id  al- 
cohols  appear  in the  15% e the r  f rac t ion .  

HPLC of Polyisoprenoid Alcohols 

Frac t ions  enr iched  in po ly i sopreno id  alco- 
hols  were in jected in to  a Hewle t t -Packard  1084- 
B HPI.C equ ipped  wi th  e i the r  an ana ly t ica l  
(Hewle t t -Packard)  or  semiprepara t ive  (What-  

Oxidation of Polyprenols 

Manganese d ioxide  was p repared  as des- 
cr ibed by  A t t e n b u r r o w  et al. (10) .  Polyiso- 
p reno id  a lcohols  (100  mg) pur i f ied f rom 
whea t  germ by  HPLC were dissolved in 10 ml 
c h l o r o f o r m  and  t r ea ted  wi th  1 g MnO2 at 4 C 
for  16 hr. 

Nuclear Magnetic Resonance (NMR) 
and infrared (IRI Spectra 

NMR spectra  were recorded  in CDCI3 using 
a Var ian  XL-100 s p e c t r o m e t e r  opera t ing  at 
100.1 MHz. Te t r ame thy l s i l ane  was used as the  
in te rna l  re fe rence  s tandard .  IR spect ra  were 
r ecorded  in a Beckman  s p e c t o p h o t o m e t e r .  

RESULTS 

Poly i sopreno id  a lcohols  were isolated f rom 
the  seeds of  a n u m b e r  of  p lant  species (Table  1 ). 
The  mater ia l  ob t a ined  f rom d i c o t y l e d o n o u s  
species could be resolved by  HPLC in to  a 
fami ly  of  symmet r i ca l  peaks represen t ing  al- 
cohols  con ta in ing  f rom 14 to 22 i soprene  uni ts .  
The same f rac t ion  f rom cereals, however ,  
yielded o n  HPLC a family  of  peaks  t ha t  were 
n o n s y m m e t r i c a l  and  appeared  to be made  up of  
near ly  equal  a m o u n t s  of 2 c o m p o n e n t s  (Fig. 
2a). Th i s sp l i t  peak mater ia l  c o n t a i n e d  f rom 13 

TABLE I 

Polyisoprenoid Alcohol Content of Seeds a 

Concentration Homologues 
Source Type of peaks (mg/l O0 g) detected Major homologues 

Monocotyledons 
Rye split 7.7 -~ 0.7 13-18 15,16 
Maize split 6.7 -~ 0.9 14-18 15,16 
Barley split 6.0 ~ 1.2 13-17 14.15 
Wheat split 4.4 _4. 0.6 13-17 15,16 
Rice b split 1.2 -~ 0.2 15-18 16,17 

Dicotyledons 
Rapeseed single 15.9 • 0.8 14-18 16,17 
Peanut single 9.6 -* 0.7 14-19 15,16 
Soybean single 8.6 -~ 0.5 15-22 17,18 
Navy bean single 2.5 -~ 0.08 16-20 17,18 
Mung bean single 1.4 -~. 0.18 16-20 1"7,18 
Peas single 1.1 :~ 0.07 15-18 16,1'7 

aAverage -+ SD for 4 determinations. 
b Polished rice. 
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FIG. 2. Reverse-phase HPLC of: (a) wheat germ 
polyisoprenoid alcohols; (b) wheat germ polyiso- 
prenoid ',alcohols after MnO 2 oxidation; (c) com- 
ponent I from oxidation mixture (b), after TLC; 
(d) component II from oxidation mixture (b) after 
TLC. The figures above individual peaks indicate the 
retention times lbr the particular homologue(s) 
involved. For example, the figures 11.10, 12.34 and 
13.55 indicated in panel(c)correspond to retention 
times for dolichols containing 15, 16 and 17 isoprene 
units, respectively. 

to 18 isoprene units. A similar split peak could 
be reproduced by mixing equal amounts of 
dolichol-18 and polyprenol-I 8, and injecting 
the mixture into the HPLC. This suggested that 
the peaks obtained with monocotyledons 
represented a mixture of dolichols and poly- 
prenols. Wheat germ proved to be a rich source 
of such material (18 mg/100 g)and was used as 
the source of the fairly large amounts (100 rag) 
of polyisoprenoid alcohols required for chemi- 
cal characterization. 

By taking advantage of the known sensitivity 
of polyprenols to oxidation by MnO2 (10), 
wheat germ could be shown to contain both 
dolichols and polyprenols. Experiments with 
authentic IIPLC standards indicated that only 
ca. 5% of dolichol is oxidized under conditions 
that result in complete oxidation of poly- 
prenols to the corresponding aldehydes. Before 
oxidation, the polyisoprenoid alcohol fraction 
from wheat germ ran as a single spot on TLC 
plates of Silica Gel 60H developed in hexane/ 
diethyl ether/acetic acid (65:35:1, v/v/v) (Fig. 
3, lane E). After oxidation, 2 spots were ob- 
tained, one of which ran with the same Rf 

A B C D E F 

~ i ) , .~: . ,  ~- ~,'.~1~, . . . . . . .  

- : -z .  " ~ " ~ "  :'&:~'~ ~ ' : " ~ ' :  M �9 ...'~v- '..;' �9 :,,.,~!iii!~l..~ 

FIG. 3. Thin layer chromatography (TLC) of: 
(a) human dolichol; (b) human dolichol after MnO 2 
oxidation; (c) polyprenol-18; (d) polyprenol-18 after 
MnO 2 oxidation; (e) wheat germ polyisoprenoid 
alcohols; (f) wheat germ polyisoprenoid alcohols 
after MnO 2 oxidation. Small aliquots of standards or 
test samples were spotted on Silica Gel 60H plates 
and run in a solvent system of hexane/diethyl ether/ 
acetic acid (65:35:1, v/v/v). Compounds were visua- 
lized by exposure to iodine vapor. 

(0.34) as dolichol (component I), and the other 
with the Rf of polyprenol aldehyde (com- 
ponent II, Fig. 3, lane F). 

Component I had HPLC retention times that 
were identical to those of the hornologues of 
dolichol (Fig. 2a and 2c), and also gave an 
NMR spectrum that was very similar to that of 
standard dolichol. Component 1I (presumably 
polyprenol aldehyde) could be resolved into a 
family of symmetrical peaks containing from 
13 to 18 isoprene units by HPLC (Fig. 2b and 
2d). When examined by IR spectroscopy (Fig. 
4), component 1I was shown to possess a C:O 
stretch at 5.97 /a, which is indicative of a dou- 
ble bond a,/3 to the aldehyde group (3). By 
comparison, the corresponding C:O stretch in 
the aldehyde form of dolichol occurs at 5.78/.t 
(3). These results indicate that all the cereals 
examined contain both polyprenols and do- 
lichols, and that the 2 forms encompass the 
same size range. 

The concentration of polyisoprenoid alco- 
hols present in seeds of various plant species 
varied from 1-16 rag/100 g (Table 1). The 
values for monocotyledons represent the sum 
of dolichol and polyprenol forms present. 

D I S C U S S I O N  

Previous studies in our labortory (8) showed 
that soybeans contain substantial amounts of 
dolichols ranging in length from 15 to 22 iso- 
prene units. Results of the present experiments 
indicate that seeds of other dicotyledonous 

i,IPIDS, VOL. 19, NO. 6 (1984) 



404 K. RAVI, J.W. RIP AND K.K. CARROLL 

W A V E L E N G T H  IN  M I C R O N S  
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FIG. 4. IR spectrum of component II from TLC. 

plants  also conta in  dohchols  (Table 1). Al- 
t hough  the  concen t r a t ions  were generally 
higher in oil-rich seeds,  no direct  re la t ionship  to 
to ta l  lipid con t en t  was found  (1 1). 

In cont ras t ,  whea t  germ was f o u n d  to  
conta in  approx ima te ly  equal  quant i t ies  o f  
dohchols  and po lypreno l s  ranging in length 
f rom 13 to 18 isoprene uni ts  (Fig. 2a). This 
pa t t e rn  appeared to be typical  of m o n o c o -  
t y l edonous  plants  (Table 1). 

The reason for  this d i f ference  is n o t  known .  
The b iosynthes is  of  dol lchols  is t hough t  to 
p roceed  by a pa thway  leading first to  poly-  
p renyl  py rophospha t e s ,  fo l lowed by  sa tura t ion 
of  the a-residue to give dol ichyl  py rophos -  
phates  tha t  are subsequen t ly  dephospho ry l a t ed  
to  free dol ichol  (12). The presence  of free 
po lyprenols  in m o n o c o t y l e d o n s  may mean  tha t  
d e p h o s p h o r y l a t i o n  wi thou t  sa tura t ion o f  the  
a- i soprene  unit  occurs more  readily in these  
species. 

Two repor t s  (13,14)  have suggested,  on  the  
basis o f  indirect  evidence,  tha t  dol ichol  inter-  
media tes  are involved in the  b iosynthes i s  o f  
asparagine-l inked g lycopro te ins  in germinat ing 
seeds. These in te rmedia tes  are normal ly  phos-  
phory la t ed  forms  of dohchol .  Only traces of  
Dol-P were found  in our  analysis of  soybeans  
(8), bu t  the  concen t ra t ion  may  increase during 
germinat ion .  This active form might  be required 
for  the  b iosynthes is  of  hydro ly t i c  enzymes ,  
w h i c h  act on the food  reserves of the  seed. 
Some of  these hydrolases  may carry a carbo-  
hydra te  m o ie ty  N-hnked to asparagine (15). 
The po lyprenols  in m o n o c o t y l e d o n s  may  
serve a metabo l ic  func t ion  d i f fe rent  f rom tha t  
o f  the  dolichols.  

Council of Canada, and by a National Overseas Scholar- 
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ABSTRACT 

Limited information is available on the effect of irradiation on the intestinal absorption of pas- 
sively transported nutrients. In this study a previously validated in vitro technique was used to meas- 
ure the uptake of fatty acids (FA), fatty alcohols and cholesterol into the jejunum, ileum and colon of 
control rats and animals exposed to cesium -13~ source irradiation applied to the abdomen. The effec- 
tive resistance of the intestinal unstirred water layer was measured with lauryl alcohol, and in cont ro l  
rats this resistance was lowest in the ileum, highest in the colon, and of intermediate value in the 
jejunum. Fourteen days after 600 rads, unstirred layer resistance was reduced by half in the colon 
when the bulk phase was stirred at 600 rpm, and in the jejunum, ileum and colon when the bulk phase 
was unstirred (0 rpm). The incremental change in the free energy of transfer (fAFw~Q) was measured 
with a homologous series of saturated medium-chain length fatty acids; 14 days after 600 and 900 fads 
the value of fAxFw~ in the jejunum rose significantly, and occurred when light and electron micro- 
scopic changes were minimal. Fourteen days after 300 fads, the uptake of FA 6:0-12:0 was reduced, 
but this decline in uptake appeared to be caused by a fall in the functional surface area of the mem- 
brane rather than a change in fAxFw-~Q. The uptake of cholesterol into the jejunum, ileum and colon 
was unaffected by irradiation, suggesting that cholesterol and fatty acids may have different diffusion 
pathways through the membrane. Thus, external abdominal irradiation influences the dimensions and 
characteristics of the barriers to passive transport in the intestine of the rat, and thereby modifies the 
uptake of some but not all passively absorbed nutrients. These functional changes are not closely 
associated with morphological alterations. 
Lipids 19:405-418, 1984. 

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

R a d i o t h e r a p y  for  ma l ignan t  h u m a n  neo-  
plasms is a re la t ively  safe and  effect i fe  f o r m  of  
t r e a t m e n t ,  bu t  its use m a y  b e c o m e  l imi ted  by  
its undes i rab le  side effects  on  t he  gas t ro in tes t i -  
nal t rac t  (1-4). A l t h o u g h  changes  in the  absorp-  
t ion  of  some n u t r i e n t s  have been  descr ibed 
fo l lowing r a d i o t h e r a p y  (5-13),  l i t t le  i n fo rma-  
t ion  is avai lable on  t he  m e c h a n i s m  of  the  effect  
of  r ad i a t i on  on  in te s t ina l  t r a n s p o r t  of passively 
abso rbed  solutes.  The  in tes t ina l  u p t a k e  of  
passively t r a n s p o r t e d  n u t r i e n t s  is d e t e r m i n e d  b y  
t he  d imens ions  and  characteristics of  2 diffu-  
s ion barr iers  in series, t he  uns t i r r ed  layer  and  
the  b rush  b o r d e r  m e m b r a n e  (3). Accord ing ly ,  a 
previously val idated in vi t ro  t e c h n i q u e  was used 
to  examine  the  u p t a k e  of  a h o m o l o g o u s  series 
of  sa tu ra ted  f a t t y  acids (FA) ,  f a t t y  a lcohols  and  
choles te ro l  in to  the  j e j u n u m ,  i leum and  co lon  
of  ra ts  exposed  to varying doses of  cesium -137 
source  i r rad ia t ion  appl ied ex te rna l ly  to the  
a b d o m e n .  

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

Chemicals 

Unlabe led  and  [ 1-14 C]- labe led  F A  and  f a t t y  
a lcohols  were all greater  t h a n  99% pure  as sup- 

plied by  Appl ied  Sciences Labora to r i e s  Inc.,  
State  College, PA, and  by  Sigma Chemica l  
Corp.,  St. Louis,  MO; un labe led  t a u r o d e o x y -  
cholic  acid was f rom Sigma, and  [1-14C]-  
cho les te ro l  and  [G -a ] -dex t r an  were o b t a i n e d  
f rom New England  Nuclear ,  Bos ton ,  MA. The  
rad io labe led  dex t r an  had  an a p p r o x i m a t e  
molecula r  weight  of  15 ,000-17 ,000  and  was 
used as a n o n p e r m a n e n t  m a r k e r  o f  the  a d h e r e n t  
mucosa l  volume.  All o the r  c o m p o u n d s  were of  
reagen t  grade and  were o b t a i n e d  f rom Fisher  
Scient i f ic  Co. Ltd.,  Fai r lawn,  NJ. The  F A  probe  
molecules  t h a t  were used inc luded  acetic,  
bu ty r i c ,  h e x a n o i c  (caproic) ,  oc t ano ic  (capryl ic) ,  
decanoic  (capr ic)  and  dodecano ic  ( lauric)  acid;  
the  abb rev ia t ions  used for  each of  these  F A  
were F A  2:0 ,  F A  4:0 ,  F A  6:0 ,  F A  8:0 ,  F A  
10:0  and  F A  12:0.  The  f a t t y  a lcohols  t h a t  were 
used inc luded  hexanol ,  oc tano l ,  decanol  and  
d o d e c a n o l  ( lauryl  a lcohol) .  

Preparation of Incubation Solutions 

An appropr i a t e  a m o u n t  of  b o t h  14 C-labeled 
and  un labe led  cho les te ro l  was dissolved in an 
exact  vo lume of c h l o r o f o r m / m e t h a n o l  (2 :1 ,  
v/v)  in  an i n c u b a t i o n  beaker ,  and  the  chloro-  
f o r m / m e t h a n o l  phase  was t h e n  evapora ted  to  
ensure  comple t e  r emova l  of  the  organic  solids. 
Seventy-f ive ml  of  a 40  mM t a u r o d e o x y c h o l a t e  
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solution in Krebs-bicarbonate buffer (with 
calcium omitted) were added to the beaker and 
the solution was stirred with a magnetic bar for 
2 hr. The solution was then further diluted by 
the addition of 75 ml of Krebs-bicarbonate 
buffer to give a final volume of 150 ml and a 
final taurodeoxycholate concentration of 20 
mM. The final bulk phase concentration of cho- 
lesterol was 0.1 raM. The breaker was gassed 
with 5% carbon dioxide in oxygen for 2 hr at 
37 C and, if necessary, the pH was readjusted to 
7.4. A trace amount of radiolabeled volume 
marker [G -3 H]-dextran was then added and the 
solution was ready to be used for the deter- 
mination of uptake rates of tissues. This tech- 
nique for preparing micellar incubation solu- 
tions has been previously published (14). 

The technique used for preparing the test 
solutions containing FA and fatty alcohols has 
also been published elsewhere (15-17). Briefly, 
an appropriate amount of both a 14C-labeled 
and unlabeled probe molecule were dissolved in 
150 ml Krebs-bicarbonate buffer to yield final 
concentrations of 5 mM for acetic and butyric 
acid, 1 mM for hexanoic acid, 0.5 mM for 
decanoic acid and 0.2 mM for lauric acid. The 
solutions containing the fatty alcohols were 
prepared in a similar manner and yielded final 
concentrations of 1 mM for hexanol and 
octanol, 0.5 mM for decanol and 0.2 mM for t 
lauryl alcohol. These FA and fatty alcohol con- 
centrations were selected to ensure solubility of 
the fatty probes in the aqueous solution. Pre- 
vious validation studies have confirmed that the 
rate of uptake of these probes is linear between 
4-12 min incubation, and that a linear relation- 
ship existed between concentration and the 
uptake of FA or fatty alcohol. The counting 
activity of the solutions was ca. I00,000 cpm/ 
ml of t4C-labeled compounds and 250,000 
cpm/ml of 3H-dextran; the nonabsorbable 
3 H -dextran marker was used m all experiments. 

Tissue Preparation 

Albino Wistar rats were anesthetized with 
Nembutal. As is outlined in detail elsewhere 
(15-17), a short segment of  proximal jejunum, 
distal ileum and transverse colon was rapidly 
removed, rinsed with 50 ml of cold saline, 
opened along its mesentery border and the 
mucosal surface was carefully washed with a 
stream of cold saline from a syringe to remove 
visible mucus and debris. Circular discs of 
intestine were cut from a segment, mounted 
as a flat sheet in incubation chambers and 
clamped between 2 plastic plates so that the 
mucosal and serosal surfaces were exposed to 
separate incubation solutions, with apertures in 
the plates exactly 0.25 cm in diameter. To the 

serosal compartment was added 1.0 ml of 
Krebs-bicarbonate buffer, and the chambers 
were transferred to beakers containing oxygen- 
ated Krebs-bicarbonate buffer at 37 C for a 
preincubation period of 30 min. The chambers 
were then transferred to other beakers for 
specific experiments. 

The preincubation and incubation solutions 
were mixed at identical stirring rates with cir- 
cular magnetic bars and the stirring rates were 
precisely adjusted by means of a strobe light. 
Stirring rates were reported as the revolutions 
per minute (rpm) at which the stirring bar was 
driven. Stirring rates were altered in a system- 
atic and reproducible manner to yield different 
values of the effective thickness and surface 
area of the unstirred water layer. 

Determination of Rates of Uptake 
of Fatty Acids and Cholesterol 

After preincubation in Krebs-bicarbonate 
buffer for 30 min, the chambers were trans- 
ferred to other beakers containing 3H-dextran 
and various concentrations of 14 C-labeled fatty 
acid or cholesterol in oxygenated Krebs-bicar- 
bonate buffer at 37 C. After incubation for 
6 rain, the experiment was terminated by re- 
moving the chamber and quickly rinsing the 
tissue in cold saline for ca. 5 sec. The exposed 
mucosal tissue was then cut out of the chamber 
with a circular steel punch, blotted on filter 
paper and placed in a tared counting vial. The 
tissue was dried overnight in an oven at 75 C 
and the dry weight was determined. The sample 
was then saponified with 0.75 N NaOH, scintil- 
lation fluid was added and radioactivity was 
determined by means of an external standard- 
ization technique to correct for variable quench- 
ing of the 2 isotopes (11,17,18). The rate of 
uptake, Jd, was calculated after correcting the 
total tissue 14 C-radioactivity for the mass of the 
probe molecule present in the adherent mucosal 
fluid; these uptake rates were expressed as the 
nanomoles of  the probe molecule taken up into 
the mucosa per minute per I00 mg dry weight 
of tissue. When comparisons were made of the 
relative uptake rates of the different fatty acids 
in the homologous series, Jd was expressed as 
nmol/100 mg/min/mM in order to correct for 
the varying concentrations of FA in the bulk 
phase. 

Determination of Rates of Uptake of Fatty Alcohols 

The method for measuring the rate of up- 
take of the fatty alcohols was similar to that 
used for the FA, except that the intestinal 
tissue was weighed wet and was placed in 1 ml 
Protosol R (New England Nuclear C o r p . ) a t  
56 C for 18 hr. The samples were cooled to 
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room temperature (16,17), scintillation fluid 
was added and radioactivity was determined as 
described above. Separate pieces of jejunum 
were weighed wet and reweighed after drying 
overnight at 75 C. From the ratio of intestinal 
dry to wet weight, the rate of uptake of the 
fatty alcohols changed from nmol/min/100 mg 
wet weight to nmol/min/100 mg dry weight. 
These latter units are similar to those used for 
the FA and cholesterol. When comparisons 
were made of the relative uptake rates of the 
different fatty alcohols, Jd was expressed as 
nmol/min/100 mg/mM to correct for the vary- 
ing concentrations of fatty alcohols in the bulk 
phase. 

In one group of experiments, the bulk phase 
was stirred at 600 rpm and the rate of uptake 
of FA 6:0-12:0 was determined after a 6 min 
incubation period. The natural logarithm of the 
rate of uptake (nmol/100 mg/min/mM) divided 
by the appropriate aqueous diffusion coeffi- 
cient (~n Jd/D) was plotted against the number 
of carbons in the fatty alcohol. Note that l~n 
Jd/D is an expression of permeability and is not 
a flux term. Since the value ~n Jd/D of the 
fatty alcohols reached a plateau between 10:0 
and 12:0, the rate of uptake of lauryl alcohol 
was determined at different rates of stirring of 
the bulk phase. 

Measurement of Effective Resistance 
of Intestinal Unstirred Water Layer 

The rate of uptake of fatty alcohols 10:0 
and 12:0 has previously been shown to be 
limited by the effective resistance of the un- 
stirred water layer (15,19). This study has also 
demonstrated that the uptake of these fatty 
alcohols was limited by diffusion across the 
unstirred water layers, and therefore the rate 
of uptake of lauryl alcohol at different stirring 
rates may be used to estimate the effective 
resistance of the unstirred layer (16,17,19). 

Expression of Results 

The rate of uptake, Jd, was calculated after 
14 correcting the total tissue C radioactivity for 

the mass of the probe molecule present in the 
adherent mucosal fluid. The value of the ad- 
herent mucosal fluid volume was not influenced 
by radiation. The uptake rates were expressed 
as the nmol of the probe molecule taken up 
into the mucosa per min per 100 mg dry weight 
of tissue (nmol/min/ lO0 mg). When compari- 
sons were made of the relative uptake rates of 
the different FA and fatty alcohols in the 
homologous series, Jd was expressed as nmol/  
1 O0 mg/min/mM to correct for the varying con- 
centrations of FA in the bulk phase. The values 

obtained for the different groups are reported 
as mean + SEM of the results of 8-12 animals. 
The statistical significance of the difference 
between any 2 means was determined using 
Student's t test. 

Irradiation of Animals 

Animals were allowed ad libitum access to 
food and water until the morning they were to 
be irradiated. All animals were anesthetized 
with Nembutal. One half of the rats were 
allowed to awaken without being irradiated. 
While the other rats were asleep, they were 
placed in a uniform position under a cesium -la7 
source, the head and thorax were shielded and 
the abdomen was exposed to 300, 600 or 900 
rads. Irradiation was applied at a rate of 150 
rads/min. The animals were placed on a re- 
strainer that permitted uniform density with 
shielding of the thorax. Half the dose was 
applied with the animal supine and half with 
the animal prone. The animals were then 
allowed to awaken. The control and irradiated 
animals were returned to their cages and were 
again allowed ad libitum access to food and 
drink until the morning of the absorption 
studies. The absorption studies were performed 
3, 7 and 14 days after external abdominal 
irradiation. 

These doses of irradiation were chosen in an 
at tempt to identify the doses that would permit 
survival of the animal, yet would also allow the 
demonstration of functional changes in the 
intestine. These time intervals of 3, 7 and 14 
days were chosen to demonstrate early absorp- 
tion changes when the animals were not eating, 
as well as later transport changes when the 
animals were eating and gaining weight nor- 
really, and when the morphology of the intes- 
tine was normal. 

Parameters of Intestinal Structure 

The weight of the full thickness of the 
intestinal wall exposed to a fixed 0.25 cm 
diameter aperture in the transport chamber was 
determined. The ratio of dry/wet intestinal 
weight was established from the weight of 
samples of intestine weighed before and after 
drying overnight. The adherent mucosal fluid 
volume was determined from the 3H-dextran 
space. 

At the time of laparotomy to obtain intesti- 
nal tissue for the absorption studies, full- 
thickness samples of jejunum and ileum were 
removed, mounted on mesh and fixed in either 
Bouin's solution for later staining in H & E for 
examination by light microscopy, or in glutar- 
aldehyde for subsequent examination by elec- 
tron microscopy. The micrographs were coded 
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and  read w i t h o u t  knowledge  of the  t r e a t m e n t  
given. The he ight  and wid th  of the  villi were 
measured  f rom a m i n i m u m  of  6 samples  f r o m  
each of  4 animals  in each group  (cont ro l ,  300,  
600  and  900  rads i r radia ted 14 days  earlier).  
The surface area of  the  mucosa l  m e m b r a n e  was 
calculated (5). The  n u m b e r  of  cells per  villus 
and  the  n u m b e r  of villi per uni t  of  serosal 
length  were assessed. 

For  t ransmiss ion  e lec t ron  mic roscopy ,  speci- 
mens  were t r i m m e d  to 1 x 3 cm and  fixed for 
4 hr  in 3% g lu ta ra ldehyde  in p h o s p h a t e  buf fe r  
at  pH 7.2. Af t e rward ,  they  were r insed in the  
above  buffer ,  then  fixed for  1 hr  in 1% o s m i u m  
t e t rox ide  in p h o s p h a t e  buffer .  The  spec imens  
were then  d e h y d r a t e d  in e t hano l  and  e m b e d d e d  
in epoxy  resin. Thin  sec t ions  were cut  and 
m o u n t e d  on to  copper  grids, s ta ined wi th  
uranyl  ace ta te  and  lead c i t ra te ,  t h e n  examined  
and  p h o t o g r a p h e d  wi th  a Siemens  E lmiskop  
102. The  he ight  of  the  microvil l i  were measured  
for  the  c o l u m n a r  cells at the  t ip of  the  villus. 

R ESU LTS 

Characteristics of  Animals  

All animals  survived the  300  and  600  rads 
a b d o m i n a l  i r rad ia t ion ,  bu t  one- th i rd  of the  ra ts  
perished wi th in  2 days of  a single dose of  
900  rads. For  the  first 2 days  fo l lowing irradia- 
t ion the  animals  ate  less than  cont ro l s ,  and  by  
day 3 af ter  i r rad ia t ion  the  body  weight  of  the  
an imals  i r radia ted wi th  600  rads was less than  
the  b o d y  weight  of  the  con t r o l  an imals  (190  + 
17 g vs 236 -+ 19 g, respect ively,  p < 0 .05)  and  
the  weight  of the  j e j unum  per uni t  of  serosal 
area was also r educed  (1.2 + 0 .08 mg vs 1.9 -+ 
0 .06 mg, respect ively ,  p < 0.05).  The i r radia ted 
an imals  then began to eat no rmal ly  and  by  
day 7 the  je juna l  weights  of  the  i r rad ia ted  and  
con t ro l  an imals  were similar  (1.8 +-0.07 mg vs 
1.9-+ 0.06 rag, respect ively) ,  even t h o u g h  the  
b o d y  weight  of  the  i r radiated animals  r ema ined  
less than  con t ro l s  (191 + 17 g vs 239 -+ 20 g, 
respect ively,  p < 0.05).  The  in tes t ina l  weights  
remained  similar in the  con t ro l  and i r radia ted  
groups  at later  periods fo l lowing i r radia t ion.  
By day 14 the  b o d y  weights  of  the  con t ro l  and  
i r radia ted groups  were similar (270  +-22 g vs 
255 -+ 20 g, respect ively) ,  and  the  food  in takes  
in the  2 groups  remained  similar. 

Alcohols  

The bulk phase was st i rred at 600  rpm to 
reduce  the  effect ive  th ickness  of  the  uns t i r red  
water  layer, and  the  rate of  up take  of  a homol -  
ogous  series of sa tura ted  fa t ty  a lcohols  was 
d e t e r m i n e d  in the  j e j u n u m ,  i leum and  colon.  In 

con t ro l  animals ,  when  the  chain  length  of  the  
f a t ty  a lcohols  was p lo t t ed  against  ~n J d / D  
(na tura l  loga r i thm of  ra te  of  up take  divided by  
the  app rop r i a t e  aqueous  d i f fus ion coef f ic ien t  of 
the  f a t t y  a lcohols) ,  the  value of  s J d / D  ini- 
tially rose as the  chain  length  increased f rom 6 
to 10 ca rbon  a toms ,  bu t  a p la teau  was reached  
be tween  a lcohols  wi th  10 and 12 ca rbon  a t o m s  
(Fig. 1). A similar curvi l inear  re la t ionsh ip  was 
no t ed  for con t ro l s  and  an imals  i r radia ted for 
14 days (600  rads) in the  j e j u n u m  and ileum. 

The  rate  of  u p t a k e  of  lauryl  a lcohol  ( 1 2 : 0 )  
was used to measure  the  effect ive  res is tance  of  
the  uns t i r red  water  layer  (17).  When the  bulk  
phase was st irred at  600  rpm to reduce  the  
effect ive res is tance  of  the  uns t i r red  layer,  the  
effect ive res is tance  was similar in the  j e j u n u m  
of  con t ro l  and  i r radia ted an imals  (Fig. 2). The  
effect ive res is tance  was lower  in the  i leum than  
in the  j e j u n u m ,  17.3 +- 1.5 min  vs 22.4 -+ 2.5 
rain �9 199 mg/cm 3, respect ively  (p < 0.05,  and  
once  again no  d i f fe rence  was found  in uns t i r red  
layer  res is tance in the  i leum of  con t ro l  and 
i r radia ted animals.  When the  bulk  phase was 
st i rred at  600  rpm,  uns t i r red  layer  res is tance 
was m u c h  higher  in the  colon  than  in the  
j e j u n u m  or i leum of  con t ro l  rats, but  un- 
s t i r red layer res is tance was lower  (p < 0 .05)  in 
the  colon  of  i r radia ted t han  con t ro l  an imals  
(Fig. 2). 

When the  bulk phase was uns t i r red  (0 rpm) ,  
the  effect ive resis tance in the  con t ro l  animals  
was m u c h  higher  in each site (Fig. 2). A b d o m -  
inal i r rad ia t ion  was associated wi th  a decl ine in 
uns t i r red  layer res is tance  in the  j e j u n u m  f rom 
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t:IG. 1. Rate ot  uptake of a homologous series of 
fatty alcohols into the jejunum, ileum and colon of 
control rats. The bulk phase was stirred at 600 rpm to 
reduce the effective resistance of the tmstirred water 
layer. I'ach point represents the mean of the results of 
9-12 anim',ds. The size of the SEM was usually smaller 
than the size of the symbol used to depict the magni- 
tude of the mean. 
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42.2  + 3 rain to  20.0 + 1.3 ra in  �9 100 m g / c m  3 
(p < 0.05),  and  i n  the  i leum f rom 34.6 -+ 2.7 
ra in  to 17.6 + 1.2 m i n "  100 mg /cm 3 (p < 
0.05).  Similarly,  w h e n  the  bu lk  phase  was un-  
s t i r red,  i r r ad ia t ion  was also associa ted w i t h  a 
lower  uns t i r r ed  layer  res i s tance  over  t he  co lon  
(Fig. 2). 

Fatty Acids and Cholesterol 

Three  days a f te r  the  app l i ca t ion  of  600  rads  
ex te rna l ly  to  the  a b d o m e n ,  t he  u p t a k e  of  F A  
4 :0  and  F A  12:0  in to  the  j e j u n u m  was signifi- 
cant ly  increased (Fig. 3). The  e n h a n c e d  u p t a k e  
of  these  F A  t h e n  gradual ly  decl ined a t  days 7 
and  14. Whereas  t he  u p t a k e  o f  F A  4 :0  was less 
t h a n  con t ro l  values at  day  14 (p < 0.05) ,  t he  
u p t a k e  of  F A  12:0  r ema ined  above  the  c o n t r o l  
value (p < 0.05).  The  u p t a k e  of  cho les te ro l  in to  
the  j e j u n u m  was una f f ec t ed  by  ex te rna l  a b d o m -  
inal i r rad ia t ion .  

When  the  chain  l eng th  of  the  h o m o l o g o u s  
series of sa tu ra ted  shor t -  and  m e d i u m - c h a i n  
l eng th  F A  was p lo t t ed  against  ~n J d / D  (na tura l  
loga r i thm of  ra te  of  u p t a k e / a q u e o u s  d i f fus ion  
coeff ic ient ) ,  a l inear  re la t ionsh ip  was n o t e d  
b e t w e e n  F A  4 : 0 - 1 2 : 0  in the  con t ro l  (Fig. 4A) ,  
and  in t he  rats  i r rad ia ted  for  14 days, and  be- 
t w e e n  F A  8 :0 -12 :0  in t he ra t s  i r rad ia ted  for 3 
days (Fig 4B). This  r e l a t ionsh ip  was n o t e d  b o t h  
w h e n  the  resul ts  were expressed as n m o l / m i n /  
100 mg (Fig. 4A),  and as n m o l / m i n  (no t  
shown) .  The  slope of  this  l inear  c o m p o n e n t  was 
used to calculate  the  a p p a r e n t  i n c r e m e n t a l  

change in free energy  ( f A F w - ~ ) ;  th is  value rose 
f rom - 2 6 7  ca l /mol  in con t ro l  ra ts  to  - 4 0 0  cal /  
m o l  in the  rats  i r rad ia ted  for  3 days, and  rose 
above  con t ro l s  to - 3 0 0  ca l /mol  in t he  an imals  
i r rad ia ted  for  14 days (p < 0.05) .  The  values 
for  the  ra tes  of  u p t a k e  s h o w n  in Figure  4 were 
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FIG. 3. Rate of uptake of butyric (FA 4:0) and 
lauric (FA 12:0) acid.and cholesterol into the jejunum 
of control and irradiated rats. The bulk phase was 
stirred at 600 rpm to reduce the effective resistance of 
the unstirred water layer. The animals were exposed to 
600 rads from a cesium 137 source 3, 7 or 14 days 
previously. An asterisk (*) indicates that the differ- 
ence between the mean value of the irradiated and the 
control groups was statistically significant, p < 0.05. 
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FIG. 2. Effective resistance of the unstirred water 
layer in control and irradiated rats. The bulk phase 
was either stirred at 600 rpm, or was unstirred (0 rpm), 
and the rate of uptake of lauryl alcohol was used to 
assess the effective resistance of the unstirred layer 
overlaying the jejunum, ileum and colon. The ir- 
radiated animals had been exposed to 600 rads from a 
cesium 137 source 14 days previously. An asterisk (*) 
indicates that the difference between the mean value 
of the irradiated and the control groups was statisti- 
cally significant, p < 0.05. 
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FIG. 4. Rate of uptake of a homologous series of 
saturated FA into the jejunum of control and irradi- 
ated rats. The bulk phase was stirred at 600 rpm to 
reduce the effective resistance of the unstirred layer. 
The irradiated animals had been exposed to 600 rads 
from a cesium 137 source 3 or 14 days previously. 
Each point represents the mean of the results of 9-12 
animals. The size of the SEM was usually smaller than 
the size of the symbol used to depict the magnitude of 
the mean. The results are expressed as the natural 
logarithm of Jd/D when Jd is the rate of uptake of the 
FA, and D is the free aqueous diffusion coefficient. 
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uncor rec ted  for  the  effect ive resis tance o f  the  
unst i r red layer,  and even when  the  bulk phase 
was stirred at 600 rpm to reduce  unst i r red layer 
resistance,  a significant d i f fus ion barrier  per- 
sisted (Fig. 2). When the  rates of  up take  of  the  
FA were cor rec ted  for unst i r red layer resist- 
ance,  then  the  rates  of  up take  were higher,  and 
the  inc rementa l  change in free energy calcu- 
lated taking unst irred layer resis tance into 
account  was also higher: fAFw-->s in the  
j e junum of  con t ro l  rats w a s - 2 9 1  cal /mol,  and 
fAFw-+s  was - 3 2 9  ca l /mol  in the  animals 
i rradiated for  14 days (p < 0.05). 

The uptake  of  short -chain FA and choles- 
terol  in to  the  i leum and colon was also a f fec ted  
by i rradiat ion of  the  abdomen .  In the  i leum the  
uptake  of FA 2:0 was reduced  (p < 0.05) at 
days 3 and 14, but  the  up take  of  FA 6:0 and 
choles terol  was unchanged (Fig. 5). In the  
colon,  the up take  of FA 2.0 and FA 6.0 was 
significantly reduced  3 and 14 days after  
i rradiat ion but  choles terol  up take  was un- 
af fec ted  (Fig. 6). 

Influence of  Dose of Irradiation 

Four teen  days after  the  appl icat ion o f  300 
rads to the  a b d o m e n ,  a decl ine occurred  in the  
uptake  of  FA 6 :0-12:0  in the  j e junum and 
colon (p < 0.05),  but  no t  in the  ileum. When 
the  rates of  up take  of  the FA were cor rec ted  
for unst i r red layer effects  and were p lo t t ed  as 
s Jd /D vs FA chain length,  a linear relat ion- 

ILEUM 

ship was ob ta ined  (Fig. 7). In b o t h  the  j e junum 
and the  colon,  the  lines were parallel for con- 
trois and animals i rradiated wi th  300 rad, bu t  
were lower  (p < 0.05)  in the  irradiated than  in 
the con t ro l  rats. In cont ras t  to the  lower rate  of  
uptake of  FA into  the  j e junum and colon 14 
days after  300 rads, 14 days af ter  the  applica- 
t ion of  900 rads to the  a b d o m e n ,  the  uptake  of  

COLON 

FA 2:0 FA 6:0 Cholesterol 

FIG. 6. Rate of uptake of acetic (FA 2:0) and 
hexanoic (FA 6:0) acid and cholesterol into the colon 
of control and irradiated rats. The bulk phase was 
stirred at 600 rpm to reduce the effective resistance of 
the unstirred water layer. The animals were exposed to 
600 fads from a cesium 137 source 3 or 14 days pre- 
viously. An asterisk (*) indicates that the difference 
between the mean value of the irradiated and the con- 
trol groups was statistically significant, p < 0.05. 
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FIG. 7. Rate of uptake of a homologous series of 
FIG. 5. Rate of uptake of acetic (FA 2:0) and saturated FA into the jejunum and colon of control 

hexanoic (FA 6:0) acid and cholesterol into the ileum and irradiated rats. The bulk phase was stirred at 600 
of control and irradiated rats. The bulk phase was rpm to reduce the effective resistance of the unstirred 
stirred at 600 rpm to reduce the effective resistance of layer. The irradiated animals had been exposed to 300 
the unstirred water layer. The animals were exposed to fads from a cesium 137 source 14 days previously. 
600 fads from a cesium 137 source 3 or 14 days pre- Each point represents the mean of the results of 9-12 
viously. An asterisk (*) indicates that the difference animals. The size of the SEM was usually smaller than 
between the mean value of the irradiated and the con- the size of the symbol used to depict the magnitude 
trol groups was statistically significant, p < 0.05. of the mean. 
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FIG. 8. Light microscopy of irradiated intestine. The tissue was fixed in Bouin's solution, and was stained 
with H & E. The panels represent (a) jejunum, 600 rads, day 1 ; (b) jejunum, 600 rads, day 3; (c) ileum, 600 fads, 
day 3; (d) ileum, 600 fads, day 7; (e) jejunum, 300 rads, day 14; (f) ileum, 900 fads, day 14. The details of the 
findings are given in the Results section. Magnification X 10. (continued) 
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FIG. 8 (continued). Light microscopy of irradiated intestine. The tissue was fixed in Bouin's solution, and was 
stained with H & E. The panels represent (a) jejunum, 600 rads, day l ; (b) jejunum, 600 rads, day 3 ; (c) ileum, 
600 rads. day 3; (d) ileum. 600 rads, day 7; (e) jejunum, 301) rads, day 14; (|) ileum, 900 rads, day 14. The 
details of the findings are given in the Results section. Magnification x 10. 

FA 6:0-12:0  was higher in the irradiated than 
in the control  animals and fAFw--,~ was higher 
(not shown). 

|ntestinai Morphology 

One day after the applicat ion of  600 rads 
irradiation to the abdomen,  light microscopy of  
the je junum and i leum was normal  (Fig. 8A). 
By day 3, deeper  crypts developed with active 
mitoses, and expansion of the regenerat ion 
zone with mitoses increased 2/3 of  the way up 
the villus (Fig. 8B); the size and shape of  the 
villi and appearance of the en terocytes  re- 
mained normal.  Similar changes were noted in 
the i leum, but  in addi t ion to the expanded area 
of regeneration in the crypts,  the villi were 
shorter  and the nuclei were enlarged (Fig. 8C). 
By day 7 after 600 rads of  abdominal  irradia- 
t ion,  the jejunal  villi remained well preserved 
with only a few interepithclial  l ymphocy te s ;  by 
day 14 the je junum was of  normal  appearance 
by light microscopy,  a l though the villi appeared 
higher. In contrast ,  at day 7 the ileal villi re- 
mained shorter  and wider, with enlarged nuclei,  
loss of  nuclear polari ty and increased inter- 

epithelial l ymphocy tes  (Fig. 8D). By day 14 the 
villi of the ileum were normal,  and only mini- 
mal abnormali t ies  persisted in the enterocytes .  

At day 14, af ter  300 fads of  abdominal  ir- 
radiation,  a patchy lesion was noted in the 
je junum,  with a mild abnormal i ty  consisting of 
increased mitot ic  figures in the crypts  extend-  
ing up the lower third of the villus, blunting 
and broadening of  the villi, enlargement  of  the 
nuclei of the enterocytes  and loss of  basal 
polari ty of the nuclei (Fig. 8E). The lesion in 
the i leum at 14 days, after 300 rads, was worse 
than in the je junum and had many similarities 
with the ileal lesion 14 days after  600 rads: 
slight blunting of  the villi, interepithelial  
lymphocy te  infi l trat ion,  en te rocyte  absnormali-  
ties and increased goblet  cells; mitosis less 
marked than in the ileum at earlier periods after 
600 rads (Fig. 8C-D). At 14 days, after 900 
rads, the crypts of  the je junum and ileum ap- 
peared normal ;  the villus height was reduced in 
the i leum (Fig. 8F)  but  normal  in the je junum.  
Mild lymphangiectasia  was noted at the tip of  
the villi of  the je junum but not  the ileum. 
These morphological  changes were consistent 
over 10-in. lengths of  je junum and ileum. 
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FIG. 9. Electron microscopy of irradiated intestine. The electron photomicrograph depicts an enterocyte 
near the tip of the jejunal villus from a control rat (A) and an animal exposed to 300 fads abdominal irradiation 
14 days previously (B). Magnification X 9000. 

At day 14, after 300 rads, the abnormality 
in the enterocytes of the jejunum and ileum 
seen on electron microscopy included mild 
blunting of the microvilli, ballooning of the 
mitochondria and increasing convolutions of 
the lateral columnar cell membrane (Fig. 9). 
The change in the height of the microvilli was 
influenced by the intestinal site, and by the 
interval after irradiation, as well as by the dose 
of radiation (Table 1). 

The height and width of the villi, the depth 
of the crypts, and the surface area of the villi 
14 days after 300, 600 and 900 fads are shown 
in Table 1. In control animals the villi and 
microvilli were shorter in the ileum than in the 
jejunum, and the surface area of the ileum was 
lower in the jejunum than in the ileum (p < 
0.05). Following abdominal radiation, changes 
were found in the height of the villi, depth of 
the crypts and mucosal surface area (Table 1). 
Fourteen days after abdonominal radiation, the 
height of the jejunal villi was decreased after 
300 rads, increased after 600 rads and un- 
changed after 900 rads. In contrast, the height 
of the ileal villi were unchanged after 300 and 
600 rads but was increased after 900 rads. The 
depth of the crypts was reduced in the ileum 
14 days after 300 rads and in the jejunum 
after 600 rads. The surface area of the jejunal 

mucosa was decreased ca. 25% after 300 rads 
and increased by the same percentage after 
600 rads, whereas the ileal surface area was un- 
changed after 300 and 600 rads but increased 
after 900 rads. The number of jejunal mucosal 
cells per villus was increased after 300, 600 
and 900 rads. Thus, the pattern of morpholog- 
ical changes in the intestine differed for the 
jejunum and ileum and was influenced by the 
dose of  abdominal radiation. 

The timing and direction of changes in the 
microvilli varied with site and did not neces- 
sarily coincide with the changes in the villi. For 
example, in the jejunum the height of the 
microvilli was greater than in controls 14 days 
after 600 rads of abdominal radiation, whereas 
in the ileum the mean height of the microvilli 
was less than in controls 14 days after 600 rads 
(p < 0.05). By day 14, after 600 rads, the 
morphology of the villi ahd returned to normal 
(Fig. 8), the height of the villi and microvilli 
were increased (Table 1), but the uptake of 
alcohols, FA and cholesterol was variably af- 
fected (Fig. 1-5). 

DISCUSSION 

The rate of passive transport of nutrients 
into the body is determined by the dimensions 
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and characteristics of two major barriers in 
series, the intestinal unstirred water layer and 
the permeability properties of the brush border 
membrane (19). The effective resistance of the 
unstirred water layer is altered according to site 
along the intestine, with aging and with dia- 
betes mellitus (19). This study has also demon- 
strated low unstirred layer resistance in the 
ileum, high resistance in the colon and inter- 
mediate values in the jejunum (Fig. 1-2). The 
magnitude of the effect of irradiation on the 
unstirred layer resistance depended upon the 
site and rate of stirring of the bulk phase 
(Fig. 2). The dimensions of the unstirred layer 
in vivo are likely closest to those observed 
in vitro w h e n  the bulk phase is unstirred (i 9), 
and it is of considerable interest that under 
these conditions of high resistance (0 rpm), 
irradiation was associated with a 45% reduction 
in unstirred layer resistance in jejunum, ileum 
and colon (Fig. 2). The mechanisms responsible 
for these changes in unstirred layer resistance 
with irradiation are unknown, and why the 
dimensions of this diffusion barrier vary along 
the intestine is also unknown. At 14 days, after 
600 rads, variable changes occurred in the 
histology of the intestine (Table 1 and Fig. 8). 
The alterations in unstirred layer resistance 
following abdominal irradiation are unlikely to 
be related simply to variations in mucosal 
morphology. As the mucosal permeability to 
passive uptake increased 14 days after 600 and 
900 rads, we anticipated that the effective 
resistance of the intestinal layer wo~uld decline. 
This decline in unstirred layer resistance was 
demonstrated when the bulk phase was un- 
stirred, but was not demonstrated when the 
bulk phase was stirred at 600 rpm (Fig. 2). The 
lack of demonstrable effect of abdominal radia- 
tion on the unstirred layer resistance over the 
jejunum when the bulk phase was stirred is 
probably related to the low value of this resist- 
ance at 600 rpm, and to the relatively small 
change in the value of f A F w ~ .  Finally, when 
the unstirred layer resistance was high (0 rpm), 
demonstrating this effect of irradiation in 
decreasing unstirred layer resistance was possi- 
ble (Fig. 2). 

The permeability properties of a membrane 
may be best appreciated from the measurement 
of the incremental change in free energy associ- 
ated with the uptake of a homologous series of 
solutes (20,21). Fourteen days following irradi- 
ation, the value of f A F w ~  increased (p < 
0.05) from -291 cal/mol in control animals to 
-329  cal/mol in the rats irradiated at 600 rads 
after 14 days. The value of f A F w ~  also in- 
creased 14 days after 900 rads but was un- 
changed after 300 rads. Thus, irradiation was 

associated with an increase in the passive per- 
meability properties of the jejunum, but only 
after moderately high doses of irradiation. 
Furthermore this result was associated with a 
decrease in the effective resistance of the un- 
stirred layer when the bulk phase was unstirred 
and resistance was high. The permeability prop- 
erties of the intestine 14 days after irradiation 
were also influenced by the dose: after 300 
rads, the uptake of FA declined (Fig. 7), 
whereas uptake rose after 600 and 900 rads 
(Fig. 3-4). However, after 300 rads, the value of 
the incremental change in free energy was un- 
changed, but the y-axis intercept was lower 
(Fig. 7). This suggests a lower functional sur- 
face area of the jejunal membrane 14 days after 
300 rads (22). This suggestion was substan- 
tiated by the light microscopic studies, which 
showed shortening of the jejunal villi 14 days 
after 300 rads (Table 1). In contrast, the higher 
value of f A F w ~  in the jejunum at day 14 after 
600 rads was noted in animals whose jejunal 
villi were higher than normal. Fourteen days 
after 900 rads the intestinal structure had also 
returned to normal, but the incremental change 
in free energy was increased above the values 
obtained in either controls or animals exposed 
to 600 rads. Thus the greater values of fAFw-+~ 
could not be related to s imple  structural 
changes, and are probably associated with true 
changes in the permeability properties of the 
brush border membrane. 

We anticipated that morphological changes 
would be more pronounced after 900 rads. 
However, morphology was done only at one 
point in time, 14 days after irradiation. Mucosal 
damage may have been initially greater after 
600 or 900 rads, but that sufficient time had 
elapsed for apparently normal mucosa to be 
observed by day 14. This time-course of mor- 
phological changes following external abdomi- 
nal irradiation must now be explored using 
varying doses of irradiation. However, whether 
the same proportion or total surface area of the 
villus is used for passive permeation of each of 
the lipids studied is unclear. Thus, whether 
changes in the total surface area of the mem- 
brane associated with abdominal radiation 
(Table 1) is necessarily associated with changes 
in that portion of the membrane responsible for 
uptake of the various lipid probes is uncertain. 

Despite these changes in the dimensions and 
characteristics of the unstirred layer and the 
villus and microvillus membrane, the uptake of 
some passively transported solutes was un- 
affected by irradiation: cholesterol uptake into 
the jejunum, ileum and colon was unchanged 
(Fig. 3, 5 and 6), and the uptake of FA 6:0 was 
reduced into the colon (Fig. 6) but not into the 
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jejunum or ileum (Fig. 4-5). The effect of 
irradiation also depended on the interval fol- 
lowing treatment: the uptake of FA 2:0 into 
the ileum and colon was reduced 3 and 14 days 
after irradiation (Fig. 5-6), whereas the uptake 
of FA 2:0 into the jejunum was reduced at 14 
days but was unchanged 3 days following 
irradiation (Fig. 4). These findings indicate that 
although irradiation alters the dimensions and 
characteristics of the barriers to passive trans- 
port in the intestine of the rat, the uptake of 
some but not all passively absorbed nutrients is 
modified, suggesting that FA and cholesterol 
may have different diffusion pathways through 
the membrane. 

Three days following irradiation, the animals 
reduced their intake of food and had failed to 
gain weight at the same rate as the control rats. 
By the 14th day after irradiation the rats had 
comparable body weights and intestinal weights 
as the control animals, thus the observed trans- 
port abnormalities were unlikely to have been 
related to food intake or intestinal weight. The 
height of the villi and the mucosal surface area 
was variable: these values were reduced after 
300 rads, increased after 600 rads and normal 
14 days after 900 rads, whereas for the ileum, 

t h e  villus height and mucosal surface area were 
unchanged except after 900 rads (Table 1). 
Prolonged and repeated exposure to sublethal 
doses of total body irradiation induces signifi- 
cant morphologic changes in the mucosa of the 
small intestine of laboratory animals (7,10,21, 
23-26) and man (25,27,28). The increased 
mitosis in the intestinal crypts, loss of nuclear 
polarity, interepithelial lymphocyte infiltration 
and decreased height of the villi quickly reverse 
following radiotherapy, leaving only subtle 
abnormalities in brush border enzymes or in 
scanning electron microscopy (29-33). In this 
study, no distinguishable difference was found 
between control and intestine irradiated by 900 
rads when examined by light microscopy at 
14 days. By electron microscopy performed 
14 days after 600 and 900 rads, a slight increase 
occurred in the height of the microvilli in the 
jejunum, but decrease in the ileum at 14 days 
after 300 and 600 rads (Table 1). However, the 
functional changes persisted, even 14 days after 
a dose as low as 300 rads (Fig. 7), at which time 
the height of the microvilli was normal. At 14 
days, after 600 rads, for example, alcohol up- 
take was similar in the jejunum and ileum 
(Fig. 1-2), even though mocosal surface area 
was increased in the jejunum and decreased in 
the ileum (Table 1). Despite the greater surface 
area in the je junum 14 days after 600 fads, the 
uptake of FA 4:0 was reduced, and the uptake 

of cholesterol was unchanged (Fig. 3). In con- 
trast, in the ileum, the uptake of FA 2:0 was 
reduced but the uptake of FA 6:0 and choles- 
terol were unchanged (Fig. 5), despite a greater 
mucosal surface area (Table I). These func- 
tional changes were also unrelated to the num- 
ber of mucosal cells per villus. Therefore, this 
lack of correlation between functional and mor- 
phological changes suggests that the changes in 
the function were related to subtle changes in 
the diffusion properties of the membrane, 
rather than being related to changes in the 
morphology of the viUi or microvilli. 

Impaired fat absorption has been described 
in patients undergoing conventional X-ray 
therapy, Co 6~ teletherapy and the intrauterine 
application of radium (8-10). The measurement 
of fat absorption may be a more sensitive indi- 
cator of changes occurring in the gastrointesti- 
nal tract because of ionizing radiation than are 
barium studies (5). This might appear to be 
surprising in light of the findings of this study, 
because the lower effective resistance of the 
unstirred layer in the jejunum or ileum of the 
irradiated animals when the bulk phase was 
unstirred (Fig. 2) would be expected to be 
associated with a greater rather than a lesser 
efficiency of of fat absorption. However, the 
application of low doses of irradiation to the 
abdomen (300 fads) was associated with a 
decline in the uptake of FA into the jejunal and 
colonic membrane (Fig. 7), rather than an 
increase in uptake as was found with higher 
doses of 600 and 900 rads (Fig. 3-6). Thus the 
dose and possibly the frequency of abdominal 
irradiation will probably influence the clinical 
usefulness of fat absorption as a measure of 
radiation-induced functional damage to the 
intestine. Furthermore, the collection of stools 
represents a cumbersome and time-consuming 
investigation, and developing a simpler and 
more sensitive clinical tool for the detection of 
the presence of radiation damage to the in- 
testine is necessary. From the present study, we 
would predict that the probes that would best 
reflect the functional changes in the small and 
large intestine following abdonominal irradia- 
tion would include lauryl alcohol (Fig. 2) and 
medium-chain length FA (Fig. 3-5). Whether 
these functional changes persist for periods in 
excess of 14 days, and whether functional 
changes in the intestine also occur following 
multiple exposure to low doses of abdominal 
irradiation remain to be established. 
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APPENDIX 

Theoretical Considerations 

As outlined by Diamond and Wright in their 
comprehensive analysis of the determinants of 
cell membrane permeation (20,21), the varia- 
tions of permeability rates among the different 
passively absorbed FA can be explained in 
terms of intermolecular forces that determine 
so lu te-water  and solute-l ipid interactions. A 
summary of these theoretical considerations has 
previously been published (16,22,34). Under 
conditions where the effective resistance of the 
unstin'ed layer is low and where membrane 
permeation is limited by the rate of diffusion 
through the membrane, then 

p = e-AFw_,~/R T ~ Dm 
dm [11 

where P is the true permeability coefficient, 
Dm is the diffusion coefficient of the probe in 
the membrane, dm is the effective thickness of 
the cell membrane, fAFw-+t~ is the free energy 
change in transferring 1 nmol of FA from the 
bulk phase to the lipid membrane, R is the gas 
content and T is the absolute temperature. The 
apparent passive permeability coefficient, Pd*, 
of each FA was calculated from 

Pd* = J d / C 1  [2] 

where Ca is the concentration of the probe 
molecule in the bulk phase. However, these 
values needed to be corrected for unstirred 
layer effects (17): 

C2 = Ca - J d ' d / S w ' D  [3] 

where C2 is the concentration of the probe 
molecule of the aqueous membrane interface, 
Jd is the experimentally determined rate of 
uptake, d is the effective thickness of the un- 
stirred layer, Sw is the effective surface area 
of the membrane and D is the aqueous free 
diffusion coefficient. Then, the value of d/Sw 

was calculated from the uptake of lauryl 
alcohol. Because the rate of uptake of lauryl 
alcohol is limited by diffusion through the 
unstirred layer, its rate of uptake may be used 
to estimate the effective resistance of the 
unstirred layer: 

Jd = (C2-C1)(DSw/d) [41 

where the reciprocal of SwD/d, i.e., d/SwD, 
equals the effective resistance of the unstirred 
layer, with the units min '  100 mg/cm 3. Then, 
the value of the true permeability coefficient 
Pd may be calculated from 

Pd = Jd/C2 �9 [51 

Thus, the quantity of Jd/C2/D, or Pd/D will be 
proportional to f A F w ~ .  The value of f A F w ~  
cannot be directly determined, but the change 
in f A F w ~ ,  i.e., the incremental free energy of 
solution, fAFw-+~, caused by the addition of a 
- C H 2 -  functional group, can be calculated 
from the true passive permeability coefficient 
Pd of different members of the homologous 
series of FA (17,20,21): 

Pda 
f A F w ~  = (RT) n - -  [6] 

Pd2 
where Pda and Pd2 are the true permeability 
coefficients of 2 FA differing only in a func- 
tional group. 

In an attempt to calculate the incremental 
free energy changes of the different species, 
~n Pd/D was plotted against the number (N) of 
- C H 2 -  groups in each FA probe molecule 
(16). The slope of the linear portion of this 
relationship between FA 8:0 and FA 12:0 was 
determined to permit comparison of the in- 
cremental free energy changes ( J ' A F w ~ ) o f  
the jejunal membranes of the discs. Previously 
researchers had reported that changes in the 
slope of the relationship between ~n Jd/D vs 
(N) represents a change in the permeability 
properties of the membrane, whereas a parallel 
displacement of this relationship represents a 
change in the surface area of  the membrane, 
used for the uptake of the homologous series of 
saturated FA, without a change in permeability 
properties of the membrane (16,17,19,22,24). 
Furthermore, because the uptake of a homolo- 
gous series of solutes is being compared, relative 
rather than absolute changes are being com- 
pared and this approach is not influenced by 
alterations in mucosal mass. 

REFERENCES 

1. Pierce, M. (1948) edited by W. Bloom, McGraw- 
Hill, New York, p. 502. 

LIPIDS, VOL. 19, NO. 6 (1984) 



418 A.B.R. THOMSON, C.I. CHEESEMAN AND K. WALKER 

2. Sauer, W.G. (1960) J. Iowa St. Med. Soc. 50, 1-7. 
3. Van Dongen, J.M., Visser, W.J., Daems, W.T., and 

Galjaard, H. (1976)Cell Tiss. Res. 174, 183-199. 
4. Viner, S.K. (1958) Med. J. Aust. 2, 255-257. 
5. Ecknauer, R., Vadakel, T., and Wepler, R. (1982) 

J. Geront. 37, 151-155. 
6. Hamlet, R.; Can, K.E., Toner, P.G., and Mias, 

A.H.W. (1976) Brit. J. Radiol. 49, 624-629. 
7. Quastler, H. (1956) Radiat. Res. 4, 303-320. 
8. Quastler, H., Bensted, J.P.M., Lamerton, LF. ,  

and Simpson, S.M. (1959) Brit. J. Radiol. 32, 
501-511. 

9. Reeves, R.J., Cavanaugh, P.J., Sharpe, K.W., 
Thorpe, W.A., Winkler, C., and Sanders, A.P. 
(1965) Am. J. Roentgenol. 94, 848-851. 

10. Reeves, R.J., Sanders, A.P., Isley, J.K., Jr., 
Sharpe, K.W., and Baylin, G.J. (1959) Radiology 
73, 398-401. 

11. Reeves, R.J., Sanders, A.P., Sharpe, K.W., Thorne, 
W.A., and Isley, J.K., Jr. (1963) Am. J. Roent- 
genol Rad. Ther. Nucl. Med. 89, 122-126. 

12. Sheeban, J.F. (1944) Arch. Path. 37, 297-308. 
13. Warren, S. (1942) Arch. Path. 34, 1070-1079. 
14. Wellwood, J.M., and Jackson, B.T. (1973) Brit. 

J. Surg. 60, 814-818. 
15. Kedziora, J., Kanski, M., Clieslinska, D., and 

Rosiek, S. (1976) Radobiol. Radiother. 17, 737- 
741. 

16. Thomson, A.B.R. (1980) Am. J. Physol. 239, 
6363-6371. 

17. Warren, S., and Friedman, N.B. (1972) Am. J. 
Path. 18, 499-507. 

18. Sallee, V.L., and Dietschy, J.M. (1973) J. Lipid 
Res. 14,475-484. 

19. Thomson, A.B.R. (1981) in BasiC Mechanisms of 
Gastrointestinal mucosal Cell Cytoprotection, 
Grossman, M., ed., Wilkin and Wilkin. 

20. Diamond, J.M., and Wright, E.M. (1969) Proc. R. 
Soc. Land. B. Biol. Sci. 172,273-316. 

21. Diamond, J.M., and Wright, E.M. (1969) Ann. 
Rev. Physiol. 31, 581-646. 

22. Thomson, A.B.R. (1980) J. Lipid Res. 21, 1097- 
1107. 

23. Bloom, M.A. (1950) Radiology 55, 104-115. 
24. Parshkov, E.M., and Brokskii, R.A. (1975) Bull. 

Exp. Biol. Med. 80, 1390-1392. 
25. Trier, J.S., and Browning, T.H. (1966) J. Clin. 

Invest. 45, 194-204. 
26. Westergaard, H., and Dietschy, J.M. (1974) 

J. Clin. Invest. 54, 718-732. 
27. Goodrich, J.K., and Hickman, B.T. (1962) Am. 

J. Roentgenol. Rad. Ther. Nucl. Med. 87, 69-75. 
28. Sallee, V.L., Wilson, F.A., and Dietschy, J.'M. 

(1972) J. Lipid Res. 13, 184-192. 
29. Becciolini, A., Gerber, B.G., and Deros, J. (1977) 

Acta Radiol. 16, 87-96. 
30. Becciolini, A., Gerber, B.G., Buracahi, A., and 

Deros, J. (1977) Strahlentherapie 153,485-488. 
31. Greenberger, N.J., and Issellsacher, K.J. (1964) 

Am. J. Med. 36, 450-456. 
32. Mohiuddin, M., Tarnura, K., and DeMare, P. 

(1978) Radiation Res. 74, 186-190. 
33. Thomson, A.B.R., Cheeseman, D., and Walker, 

K. (1983) I. Lab. Clin. Med., in press. 
34. Strelina, A.V., and Khanson, K.P. (1978) Med. 

Radiol. 23, 9-18. 

ADDITIONAL REFERENCES 

1. Lukie, B.E., Westergaard, H., and Dietscby, J.M. 
(1974) Gastroenterology 67, 652-661. 

2. Thomson, A.B.R., Cheeseman, C., and Walker, 
K. (1983)J.  Lab. Clin. Med., in press. 

3. Westergaard, H., and Dietschy, J.M. (1976) J. 
Clin. Invest. 58, 97-108. 

4. Wimber, D.R., and Lamerton, L.F. (1963) 
Radiation Res. 18, 137-152. 

[Revision received J a n u a r y  16, 1984]  

LIPIDS, VOL.  19, NO. 6 (1984) 



419 

Hepatic Origin of Triglycerides in Fatty Livers Produced 
by the Continuous Intragastric Infusion of an Ethanol Diet 
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ABSTRACT 

Male Wistar rats were maintained for 30 days on an independent and continuous intragastric 
infusion of ethanol and nutritionally defined liquid diet containing only a small amount of corn oil 
(CO-4.9% calories). Ethanol intake was progressively increased from 32% to 40.4% of the total 
calories to maintain a high degree of intoxication during this period. Rats in the control group were 
infused with an isocaloric diet in which alcohol was replaced by dextrose. The liver triglyeeride (TG) 
content of rats given alcohol (61.5 -+ 16.4 rag/g) was ca. 10-fold greater than that of controls (5.9 -+ 
2.1 rag/g) and similar to that observed previously in rats fed an ethanol diet containing high levels of 
fat (35% and 43% calories). In TG of fatty liver, the level of 18:2 was small (3%), even though CO in 
the diet contained a high level of this acid. Furthermore, 16:1 and 16:0 contents were markedly 
elevated (16% and 40%, respectively) despite the fact that CO did not contain 16:1 and had only a 
small amount of 16:0. Liver TG having a fatty acid (FA) composition markedly different from that 
of CO and the presence of high levels of 16:1 and 16:0 indicate that the TG accumulated in the fatty 
liver originated from hepatic lipogenesis rather than from dietary fat. 
Lipids 19:419-422, 1984. 

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

The biological  effects  of  e t h a n o l  inges t ion  
have been  inves t iga ted  by  a var ie ty  of  experi-  
m e n t a l  procedures .  Some s tudies  have used an 
acute  dose of  alcohol.  In o thers ,  a lcohol  was 
mixed  w i th  e i ther  d r ink ing  wate r  or l iquid diets  
in  o rder  to  provide  ch ron ic  doses of  a l coho l  to 
animals.  

We have  r ecen t ly  deve loped  a new mode l  of  
chron ic  a l coho l  i n t o x i c a t i o n  in the  ra t  (1) tha t  
involves the  c o n t i n u o u s  in t ragas t r ic  in fus ion  of 
e t h a n o l  and  a l iquid d ie t  via d o u b l e  gastro-  
t o m y  cannulas.  The advantages  of th is  mode l  
compared  w i th  those  where  the  e t hano l  diets  
are fed ad l ib i tum are: (a) the  na tu ra l  aversion 
of  animals  t oward  die ts  con ta in ing  h igh  levels 
of  a lcohol  can be avoided,  the re fo re ,  an  increas- 
ing daily dose of  e t h a n o l  can be admin i s t e r ed ;  
(b)  serial b lood  samples  can be col lected via a 
cent ra l  venous  cannula  f rom an un res t r a ined  
and  u n d i s t u r b e d  an imal ;  (c) the  e t hano l  in take  
can be m o d u l a t e d  to m a i n t a i n  the  b lood  alco- 
hol  levels; (d) t he  d ie ta ry  c o m p o s i t i o n  and 
in t ake  can be max ima l ly  con t ro l led .  

In earlier s tudies,  severe f a t t y  liver was pro- 
duced in the  rat  fo l lowing chron ic  inges t ion  of  
e t hano l  wi th  a l iquid diet  con ta in ing  high levels 
of  fat  (35% and  43% calories)  (2-7). A reduc-  
t ion  in d ie ta ry  fa t  to 25% or  less resu l ted  in a 
s ignif icant  decrease  of  hepa t ic  t r ig lycer ide 
a c c u m u l a t i o n  (3). In the  present  s tudy ,  how-  
ever, severe f a t t y  liver similar to  t ha t  induced  

*To whom correspondence should be addressed. 

wi th  a h igh  fat  e t hano l  diet  was observed  fol- 
lowing the  in t ragas t r ic  in fus ion  of  e t hano l  and  a 
diet  con ta in ing  on ly  4.9% fat. Detai led analysis  
of  the  f a t t y  acid (FA)  c o m p o s i t i o n  of liver 
l ipids suggested t ha t  the  f a t t y  liver deve loped  
main ly  because of  the  a c c u m u l a t i o n  of  tri- 
glycerides (TG)  p roduced  de novo  r a the r  t han  
those  f rom die ta ry  fat.  

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

Animal Model 

Details of  the  mode l  have been  descr ibed  
elsewhere,  inc luding  cannu l a t i on  procedures ,  
d ie ta ry  reg imen and  b lood  a lcohol  level achieved 
(8-10).  Male Wistar ra ts  weighing 350-400  g 
were used. E i ther  single ( c o n t r o l  g roup)  or 
double  (a lcohol  g roup)  ga s t ro s tomy  cannula  
were surgically i m p l a n t e d  as previously  de- 
scr ibed (8). The  use of  spring coils and  swivels 
a l lowed the  p r o t e c t i o n  of the  cannu la  and  the  
free m o v e m e n t  of  an imals  in indiv idual  m e t a b o -  
lism cages. The  low-fat  l iquid  diet  or iginal ly  de- 
scr ibed b y  T h o m p s o n  and  Rei tz  (11)  was used. 
In th is  diet ,  p ro t e in  was p rov ided  by  lac ta lbu-  
min  hyd ro lysa t e ,  c a r b o h y d r a t e  b y  glucose and  
fat  by  co rn  oil (CO). The  l iquid diet  was in- 
fused t h r o u g h  1 l u m e n  of  the  doub le  gastros-  
t o m y  cannu la  at a ra te  of 120 ml /kg /day .  
E t h a n o l  was admins t r e r ed  t h r o u g h  the  o t h e r  
l umen  of the  g a s t r o s t o m y  cannu la  at  a c o n s t a n t  
ra te  o f  80 m l / k g / d a y  and  an increase in dose 
was achieved b y  raising the  e t h a n o l  concen t r a -  
t ion .  Caloric c o n t r i b u t i o n s  of  e thano l  and  
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m a c r o n u t r i e n t s  at an e thano l  dose level of  
8 g /kg /day  were:  24.9% of  the  to ta l  calories as 
p ro te in ,  4.9% as fat ,  35.8% as c a r b o h y d r a t e  and  
32.0% as e thanol .  The  dose of  e t hano l  was pro- 
gressively increased to 11.5 g /kg /day  to main-  
tain a high degree of  i n t ox i ca t i on  over  a per iod 
of 30 days. The  diet and glucose so lu t ion  
( isocaloric to  e thano l  infused)  were mixed  and 
infused to pair-fed con t ro l s  t h r ough  single 
ga s t ro s tomy  cannulas  at  a ra te  of  200 ml /kg /  
day.  

Ouantitation and Analysis of Liver Lipids 

Fol lowing 30 days  of  a lcohol  in tox ica t ion ,  
rats  were sacrificed,  and a small  piece of  liver 
(300-500  rag) was cfit f rom the  cent ra l  po r t i on  
of  the  middle  lobe and weighed.  Total  lipids 
were ex t r ac t ed  f rom liver and  separa ted  in to  
classes by th in  layer  c h r o m a t o g r a p h y  (TLC)  
as descr ibed previously  (5). The  a m o u n t  of  FA 
methy les t e r s  p roduced  f rom the  to ta l  lipid, 
TG, and phospho l ip id  (PL) f rac t ions  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  
using m e t h y l p e n t a d e c a n o a t e  as an internal  
s t andard  (5). 

RESULTS AND DISCUSSION 

Fatty Liver 

In the livers of  rats given a c o n t i n u o u s  
int ragastr ic  infus ion  of  e thanol ,  the level of  
to t a l  l ipids was ca. 3-fold grea ter  than  tha t  in 
con t ro l s  (Table  1). As observed by  m a n y  in- 
vest igators  (2-7), the  increase in the  c o n t e n t  of  
to ta l  liver l ipids is most ly  caused by  a rise in the  
TG level. In rats  given e thanol ,  the  c o n t e n t  of  
liver TG was ca. 10-fold grea ter  than  tha t  in 
con t ro l s  (Table  1). Despite  feeding a low-fat  
diet ,  the  hepa t ic  TG c o n t e n t  was similar to tha t  
f ound  earlier in rats given a l iquid diet  con ta in -  
ing e thano l  and the  high levels (35% and  43%) 
of  fat  (2-7). 

The  results  of the  effects  of  chron ic  a lcohol  
c o n s u m p t i o n  on  the  hepa t ic  levels of PL con-  
flict. A l though  the  increased levels of  liver 

lipids in animals  fed a lcohol  are main ly  caused 
by  the  enhanced  TG c o n t e n t ,  a small bu t  
s ignif icant  rise in PL c o n t e n t  has been observed 
in somc  studies (5,6).  The  PL levels in the  livers 
of animals  fed a lcohol  have also been  found  to 
decrease  compared  wi th  the  levels in con t ro l s  
(4). In the  present  s tudy ,  the  liver PL c o n t e n t  
in rats  given a lcohol  also appeared  to be re- 
duced,  a l t h o u g h  no t  s ta t is t ical ly  d i f fe ren t  f rom 
the  c o n t e n t  in the  con t ro l s  (Table  1 ). 

Fatty Acid Composition of Liver Lipids 

Al though  the  c o n t e n t  of  liver lipids in ra ts  
infused wi th  e thano l  and  a low-fat  diet  in 
this  s tudy  was similar to  tha t  o b t a i n e d  earlier 
in an imals  given a h igh-fa t  e t hano l  diet  (5-7), 
sevcral d i f ferences  in the  FA compos i t i on  were 
observed.  For  example ,  the  levels of  16:0 and  
16:1 observed in earlier s tudies were low 
(12-16% and  1-2%, respect ive ly)  (5-7). How- 
ever, they  were found  to be high in the  present  
s tudy  (38% and 14%, respec t ive ly)  (Table  2). 
F u r t h e r m o r e ,  the  p r o p o r t i o n s  of  18:1 (43-52%)  
and 18:2 (17-23%)  in liver lipids were high in 
previous expe r imen t s  (5-7)  whereas  they were 
low (295; and 4%, respect ive ly)  in this  s tudy.  
Unlike the  case wi th  an imals  fed a high-fat  diet  
and  e thanol ,  t he  levels of 20 :4  were also low, 
9% vs 4% (5-7) (Table  2). A l though  20:3  was 
not  de t ec t ed  in lipids in earlier expe r imen t s ,  
apprec iab le  levels of  this  acid were found  
(Table  2). Similar changes  in the  compos i t i on  
of  FA wcre also observed in the  PL (Table  3). 
These d i f ferences  may  be re la ted  to the  types 
and levels of  fat fed to the  animals  in this  and 
earlier studies.  A decreased level of  18:26o6 and 
the  presence  of apprec iab le  a m o u n t s  of  20:3609 
suggest tha t  CO in the  diet  did no t  provide 
adequa t e  levels of  18:2 to mee t  the  require-  
m e n t  of  essential  FA. Whethe r  this  is caused by  
an i ncomple t e  in tes t ina l  abso rp t ion  of fat 
dur ing  the  c o n t i n u o u s  in t ragast r ic  infusion of  
the  diet  or an  inadequacy  in the level of  CO in 
the  diet  is no t  k n o w n  at the  present  t ime. 

Al though  similar a m o u n t s  of  TG/g  liver were 

TABLE 1 

Lipid Content in the Livers of Rats Given Intragastric Infusion 
of an Ethanol or Control Diet a 

Diet Total lipid Triglyccride Phospholipid 

Control 27.49-  + 1.37 5.91- + 2.05 20.82+_1.13 
Alcohol 83.45 -+ 19.13 b 61.51 -+ 16.45 b 16.85 .~: 1.93 c 

aThe contents of total lipid, triglyceride and phospholipid are given as mg I"A methyl 
esters/g liver. The values given are mean • SE from separate analysis of liver lipids from 5 
rats in each group. 

bSignificantly different (p<0.O01) compared with controls (2=tailed t-test). 
CNot significant compared with controls (2=tailed t-test). 
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TABLE 2 

Fatty Acid Composition of Total Lipids from 
Livers of Rats Given Intragastric Infusion of 

a control or Alcohol Diet a 

Diet 

Fatty acid Control Alcohol 

14:0 0.7 • 0.1 1.3 • 0.04 
16:0 23.2 +- 1.6 37.8 • 6.6 
16:1co7 6.7 +- 0.2 13.7 +- 2.1 
18:0 17,2 • 0.4 7.7 • 3.2 
18:1co9 19.9 • 0.7 29.4 • 0.9 
18:2co6 8.9 +- 1.6 4.4 • 1,6 
20:3~o9 1.2 • 0.1 0.7 +- 0.4 
20:4to6 19.8 -2_ 1.0 4.4 • 2.7 
22:6to3 1.6 • 0.4 0.7 • 0.06 

aValues given are percentage of total FA. These 
are mean +- SE from separate analysis with liver in 
each diet group. 

found  when the  animals were given a lcohol  and 
a high- (5-7) or low-fat  diet (Table 1), the  FA 
compos i t ions  were markedly  d i f fe rent  (Table 4). 
As in the  case of  tota l  lipids, the levels of  16:0 
and 16:1 were  several t imes  greater,  and those  
of  18:1 and 18:2 were much  smaller in TG than 
the  levels found  in earlier exper iments  (5-7). 
Fu r the rmore ,  de tec tab le  levels of 20:46o6 were 
no t  found  in TG (Table 4); appreciable  levels of  
this po lyenoic  acid were observed when rats 
were  fed a high-fat  e thanol  diet  (5-7). 

The FA compos i t ion  of  TG in the fa t ty  liver 
caused by the  intragastric infusion of  e thanol  
was also qui te  d i f fe rent  f rom tha t  o f  CO in the  
diet. No de tec tab le  levels of  16:1 were f o u n d  in 
CO whereas this m o n o e n o i c  acid was ca. 16% 
in the  TG of  fa t ty  liver (Table 4). In CO, 16:0 
comprised  only  ca. 8%, whereas  this acid was 
the  major  c o m p o n e n t  (40%) of  TG in fa t ty  
liver. Al though 18:2 was the  p r e d o m i n a n t  acid 
(60%) in CO, only a small level of  this acid (370) 
was present  in liver TG (Table 4). These differ- 
ences in the  FA compos i t i on  be tween  CO and 
liver TG show that  the  origin of  f a t ty  liver was 
no t  dietary fat. 

Origin of TG in Fatty Liver 

The chronic  consumpt ion  of  a lcohol  pro- 
duces fa t ty  liver no t  only when  the  diet con- 
tains high levels o f  fat (2-7), but  also when  fat  
is no t  fed (12). When a high-fat  e thano l  diet  is 
fed,  the FA tha t  accumula te  in the  fa t ty  liver 
TG are of  dietary origin (5,13).  Fu r the rmore ,  
the  2-monoglycer ide  backbone  of dietary TG is 
retained p r edominan t ly  by the TG of  f a t ty  
liver (14). Thus,  f rom these observat ions,  we 
conclude tha t  in animals fed high levels o f  fat ,  
a lcohol- induced fa t ty  liver is caused by the  

accumula t ion  of  die tary  fat. On the  cont rary ,  
when fat is excluded f rom the  diet ,  hepa t ic  
l ipogenesis is s t imulated (15-17). Hence,  the  
fa t ty  liver p roduced  by  the chronic  ingest ion 
of  an e thanol  fat-free diet  must  be caused by  
the  accumula t ion  of  TG synthes ized  de novo 
(12). The severe fa t ty  liver f o u n d  in the present  
s tudy  also appears to be derived f rom hepat ic  
lipogenesis. This is suggested by the  FA com- 
posi t ion of  hepat ic  lipids. 

Changes in the  relative levels o f  16:1 to 16:0 
in tissue lipids have been cons idered  to indicate  
a l tera t ions  in t he  levels of desaturase activity.  
In earlier studies,  when  fa t ty  liver was p roduced  
by  feeding rats an e thanol  diet  wi th  high levels 
of  fat, a 16:1 /16:0  rat io in tota l  lipids and TG 
was ca. 0.1 (5). This rat io increased great ly 
(0.4) in the  cor responding  lipids of  fa t ty  liver 
in the  present  s tudy  (Tables 2 and 4)i Such an 
increase in the  relative level o f  16:1 shows tha t  
the  desaturase activity was enhanced  signifi- 
cantly in the fa t ty  livers p roduced  in this s tudy  
compared  wi th  those  ob ta ined  by feeding an 
e thano l  high-fat  diet.  The various nut r i t iona l  
condi t ions  that  s t imulate  liver desaturase actiw 
i ty  also enhance  lipogenesis. Thus,  a greater  
degree of  hepat ic  l ipogenesis occurred  in rats 
given an intragastric infus ion of  a lcohol  diet 
than  those  fed the  Lieber-DeCarli  e thanol  diet 
in earlier studies.  

Unlike the  present  s tudy,  f a t ty  liver was no t  
p roduced  when  rats were fed a Lieber-DeCarli 
a lcohol  diet conta in ing  5% calories as fat  (3). 
The reason for this d iscrepancy is not  known .  
Unlike the  case of  f a t ty  livers p roduced  by  the  
intragastric infusion of  alcohol  diet ,  hepat ic  
l ipogenesis may  have been  inhibi ted  in the  livers 
of rats fed the  e thanol  diet  conta ining 5% 
calories of  fat. The 18:2 levels in the  fat were 

TABLE 3 

Fatty Acid Composition of Phospholipids from 
Livers of Rats Given Intragastric Infusion of 

a Control or Alcohol Diet a 

Diet 

Fatty acid Control Alcohol 

14:0 0.4 • 0.06  0,3 • 0.07 
16:0 19.4 • 0.9 22.9 -+ 1.5 
16:1co7 5.7 • 0.S 4.9 • 1,4 
18:0 20.6 • 0.4 23.9 +- 1.1 
18:1~o9 14.5 • 0.2 14.1 + 0.7 
18:2co6 9.2 • 0.2 10.0 • 1.7 
20:3co9 1.5 • 0.I 2.6 +- 0.8 
20:40)6 25.3 • 0.3 17.0 • 1.6 
22:6o)3 2.2 • 0,3 3.6 -+ 0.4 

aValues given are percentage of total FA and are 
given as mean • SE. 
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T A B L E 4  

Fat ty Acid Composit ion of  Triglyceride from 
Livers of  Rats Given Intragastric Infusion o f  

a Control or Alcohol Diet a 

HL 25408 to Corey Largman. The authors  wish to  
thank  Mr. George Delgado for technical assistance. 

REFERENCES 

Diet 

Fatty acid Control Alcohol 

14:0 1.3 + 0.1 2.0 --- 0.5 
16:0 30.8 + 3.7 40.3 -+ 2.3 
16:1r 14.8 + 0.2 15.7 + 2.0 
18:0 3.2 -+ 1.7 2.7 --- 0.9 
18:1to9 41.7 + 3.7 36.0 + 4.1 
18:2r 7.1 + 3.9 3.0 -+ 0.5 

aValues given are percentage of  total FA and are 
given as mean -+ SE. 

25% o f  t o t a l  a c i d s  (5) .  I n  a d d i t i o n  to  t h e  d ie t  
fa t ,  r a t s  w e r e  f ed  e t h y l  l i n o l e a t e  (2% ca lo r i e s )  
to  p r e v e n t  e s s e n t i a l  F A  d e f i c i e n c y  (3) .  W h e n  
a n i m a l s  a re  f e d  d i e t s  c o n t a i n i n g  p o l y u n s a t u -  
r a t e d  fa t ,  h e p a t i c  l i p o g e n e s i s  is d e p r e s s e d  (15 ,  
18 -20 ) .  

I n  t h e  f a t t y  l iver p r o d u c e d  b y  c h r o n i c  inges -  
t i o n  o f  a f a t - f r e e  e t h a n o l  d i e t ,  t h e  level  o f  F A  
s y n t h e t a s e  in  c y t o s o l  was  seve ra l  t i m e s  g r e a t e r  
t h a n  t h a t  in  t h e  f a t t y  l iver  p r o d u c e d  b y  f e e d i n g  
a h i g h - f a t  e t h a n o l  d ie t  (21) .  W h e n  r a t s  a re  g iven  
a c o n t i n u o u s  i n t r a g a s t r i c  i n f u s i o n  o f  e t h a n o l  
a n d  a d ie t  c o n t a i n i n g  a s m a l l  a m o u n t  o f  C O,  t h e  
levels  o f  h e p a t i c  F A  s y n t h e t a s e  a re  p r o b a b l y  
a l so  g r e a t e r  t h a n  t h o s e  in  r a t s  f ed  a h i g h - f a t  
a l c o h o l  d ie t  ad  l i b i t u m .  R e s u l t s  o b t a i n e d  in t h e  
-p re sen t  a n d  ear l ier  ( 1 2 )  s t u d i e s  s u p p o r t  t h e  
c o n c e p t  t h a t  h i g h  levels  o f  d i e t a r y  f a t  a r e  n o t  
a n  a b s o l u t e  r e q u i r e m e n t  for  p r o d u c t i o n  o f  
s eve re  f a t t y  l iver i n d u c e d  b y  c h r o n i c  c o n s u m p -  
t i o n  o f  a l c o h o l .  
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ABSTRACT 

A lipoprotein system is described that transports gut hydrocarbons of low polarity in chylomicrons 
of intestinal lymph and plasma to plasma high density lipoproteins (HDL) in rat. Four highly lipo- 
philic aryl and alkyl hydrocarbons [benzo(a)pyrene; 1.1,l-trichloro-2,2-bis(p-chlorophenol)ethane 
(DDT), hexadccane and octadecane] were selected to give a graded range of polarity. Chylomicrons 
were labeled doubly with radioisotopes in triacylglycerol and a single hydrocarbon by feeding [3It]- 
glycerol and [~4C] hydrocarbon. All hydrocarbons were transported in the triacylglycerol oil phase of 
chylomicrons. Injected chylomicron triacylglycerol and 3 of 4 hydrocarbons were cleared simulta- 
neously from plasma consistent with lipoprotein-lipase dependent hydrocarbon clearance but I)DT 
was cleared more rapidly. HDL was the major plasma aceeptor of all labeled hydrocarbons. Plasma 
chemical fluxes were measured for octadecane and DDT and both showed net fluxes from chylo- 
microns to ttDL. ttDL selectively concentrated chylomicron hydrocarbons from chylomicron tri- 
acylglycerol. Lipoprotein iipase stimulation by intravenous heparin significantly increased transfer of 
alkanes from chylomicrons to IIDL. These results indicate that (a) chylomicrons transport gut-derived 
hydrocarbons with a wide range of structure and polarity as triacylglycerol solutes; (b) HDL are a 
major plasma acceptor of all these hydrocarbons, demonstrating both selective solute uptake from 
triacylglycerol and net chemical uptake tbr the 2 hydrocarbons studied and (c) efflux of these chylo- 
micron hydrocarbons from plasma and into HDL is regulated partly by hydrolysis of chylomicron 
triacylglycerol. 
Lipids 19:423435, 1984. 

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

Lymph chylomicrons  are the major trans- 
port proteins for long-chain fat ty acids, mono-  
acylglyccrols and cholesterol  absorbed from 
gut. These hpoprote ins  also transport  minor  
quanti t ies  of  l ipophilic compounds ,  some with 
a physiological funct ion such as vitamins A 
(1), D (2) and E (3,4) and some wi thout  spe- 
cific funct ions,  e.g., hexadecane (5) and esters 
of  phyto l  and cetyl  alcohols (6). In vivo lymph 
chylomicron  transport  from gut has been 
demonst ra ted  for 2 polycyl ic  aromatic  hydro-  
c a r b o n s - t h e  carcinogen, 9 ,10-d imethy l - l ,2  di- 
me thy l - l , 2  benzanthracene (DMBA) (7) and 
l , l , l - t r i ch lo ro-2 ,2 -b i s  (p-chlorophenol)  ethane 
( D D T ) - a n d  the subsequent  plasma transport  of  
chylomicron  DDT has been studied (8). DDT 
and DMBA are recovered quant i ta t ively  from 
the oil phase of  disrupted chylomicrons  and 
other  highly lipophilic compounds  are probably 
t ransported in the central  oil core of chylo- 
microns, which is composed predominant ly  of 
tr iacylglycerols (9). 

The purpose of  this s tudy was to extend 
these isolated observations to determine if 
hydrocarbons  with a wide, defined range of  
polari ty and variable molecular  s t ructure share 
a c o m m o n  transport  system from gut as solutes 
in lymph chylomicron  core lipid and subse- 
quent ly  in plasma. Fol lowing their  absorpt ion 

from gut, the association of these hydrocarbons  
with chy lomicron  core lipid was determined.  
The subsequent transport ,  in vivo, of  chylo- 
micron core hydrocarbons  in plasma, the 
dependence  of  hydrocarbon plasma clearance 
on chylomicron  tr iacylglycerol  clearance and 
hydrocarbon  transport  to o ther  l ipoproteins,  
were examined.  The potent ia l  impor tance  in 
solute transport  of partially metabol ized 
chylomicrons  or chylomicron  remnant  parti- 
cles was not studied. 

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

Chylomicrons 

Lymph  was obtained from male Wistar rats 
with thoracic ducts  cannulated and duodenums 
incubated,  2 days previously (8). After  an 8 hr 
fast, labeled hydrocarbons  in 300/11 safflower 
oil (Hain Pure Food Co., Los Angeles, CA) with 
or wi thout  10-20 mg unlabeled carrier, all 
emulsified with sodium taurochola te  (35 mM) 
in 0.6 ml saline, were infused for 5 rain. One 
hundred /aCi [3Hlg lyce ro l  in 5 ml saline was 
infused cont inuously  be tween 60-90 min after 
fat feeding. Peak absorpt ion lymph was col- 
lected between 30-90 min after  fat feeding and 
stored coagulated under N2 at 8 C for a maxi- 
mum of 60 hr. Chylomicrons  were prepared by 
layering lymph under 2 cm of 0.15 M sodium 
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chloride solution, pH 7.4, in 6 cm tubes centri- 
fuged at 106 g/min in a swinging bucket (SB 
405) in a B-60 ultracentrifuge (International 
Equipment Co., Needham, MA). The top 2 cm 
of chylomicrons were removed by slicing the 
tube, then redispersed and the process repeated. 
Chylomicrons were used immediately and had 
the following characteristics. Their triacyl- 
glycerol/protein (w/w) range was 18-50. Chylo- 
micron lipid was 3H labeled specifically in 
glycerol moieties of acylglycerols; following 
saponification, less than 2% of [3H]l ipid was 
recovered in fat ty acids. 90.3 + 0.8% (n = 4) of 
[3H]l ipid was in triacylglycerols and 5.3 + 
1.7% (n = 3) in diacylglycerols. Hydrocarbon 
metabolites were minor and [14C] or [a l l ]  
octadecane, hexadexacane, benzo(o0pyrene and 
DDT accounted for 93%, 91%, 90% and 98% of 
radiochemical lipid in 4 chylomicron collec- 
tions with each hydrocarbon. Chylomicrons 
were obtained at high and low concentrations 
of octadecane and DDT. High concentrations of 
these solutes (0.5-3% of triacylglycerol weight) 
were achieved by feeding oil with 2-8% octa- 
decane or DDT. 

Male Wistar rats (290-340 g) fed chow 
ad libitum, were cannulated in the R jugular 
vein and carotid artery and maintained under 
light ether anesthesia for 30 min before injec- 
t ion (8). All control  animals were matched by 
weight. Chylomicrons (vol of 0.4-0.8 ml and 
triacylglycerol concentrations of 7-50 mg/ml) 
were injected intravenously in 20 sec. Complete 
plasma mixing required 3-4 min. Serial arterial 
blood samples were collected in EDTA (1 rag/ 
ml) and all plasma analyses began immediately.  
Livers for lipid analysis were flushed with 10 ml 
ice-cold saline via portal  veins before and after 
removal. Initial results of plasma clearance of 
chylomicron triacylglycerol and [14C]alkane 
(n = 3) or [14C]DDT (n = 3) showed no differ- 
ences between nonanesthetized animals in 
restraining cages and anesthetized rats that 
were used subsequently. The specificity of 3H 
for neutral acylglycerols and of 14C for each 
hydrocarbon in chylomicrons remained high in 
plasma sampled 10 rain or 14 rain after chylo- 
micron injection; 95.6-+ 0.85% (n = 6) of  
plasma [3H]l ipid was recovered in tri- and di- 
acylglycerols and 93.4%, 92.4% and 98.5% of 
[14Cllipid and 90.2% of [a l l ] l ip id  was re- 
covered from chromatograms at the RF of 
octadecane, hexadecane, DDT and benzopy- 
rene, respectively, in single experiments with 
each. 

Functional  hepatectomy was performed 
under ether anesthesia by ligating superior and 
inferior mesenteric arteries, the coeliac axis and 
portal vein and removing gut between esopha- 

gus and mid-rectum. Blood glucose concentra- 
tions remained above 100 mg/dl after this 
procedure but  animals required 2-3 ml serum 
after hepatectomy to restore arterial pressure. 
Chylomicrons were injected in the R jugular 
vein when animals were fully active, 30 min 
after abdominal closure. 

Materials 

Hexadecane, octadecane (Applied Science 
Labs., Waltham, PA), pentadecane, eicosane 
(Polyscience Corp., Niles, IL) and DDT (Ald- 
rich Chemical Co., Milwaukee, WI)" were speci- 
fied at greater than 99% purity. (D+) galactos- 
amine hydrochloride was purchased from Sigma 
Chemical Co., St. Louis, MO; [1-14C]hexa- 
decane (54 mCi/mmol),  [1-14C]octadecane 
(21 mCi/mmol),  [6 -a H] benzo(o0pyrene (21 Ci/ 
mmol), [ l (3)-3H]glycerol  (2.4 Ci/mmol) and 
[14C]palmitic acid (256 mCi/mmol) were 
specified at greater than 99% purity (Amersham 
Corp., Oakville, Ontario, Canada). The purity 
of all labeled solutes was reconfirmed by glass 
fiber paper chromatography (8). 

Analyses 

The major l ipoprotein classes in plasma were 
separated by column chromatography with a 
90 cm column of agarose gel beads (6% [w/v] 
agarose A5m, 200-400 mesh, Bio Rad Labs., 
Richmond, CA) (1) modified by  elution with 
Tris-HCL buffer (0.18M, pH 8.1 with 0.2g 
EDTA/1). Elution was monitored with a 
Uvicord detector (254 nm, LKB Produkter,  
Sweden). Column elution vol of ultracentri- 
fugally prepared very low density (VLDL), 
low density (LDL) and high density lipopro- 
teins (HDL) (11) from rat were identical to 
those of major peaks I, II and III in whole 
plasma and were identical to elution vol re- 
ported for human and rabbit  l ipoproteins (10). 
Chylomicron [3H]tr iacylglycerol  and [14C]- 
hydrocarbons were recovered quantitatively 
from Peak I and no significant 3H or 14C were 
detected in elution volumes corresponding to 
Peaks II and III. Column recoveries of 3H and 
14C were greater than 88%. Distribution of 
hydrocarbons among chromatographed plasma 
lipoproteins was not altered in preliminary 
experiments by collecting blood in 0.4 mM 
5,5'dithiobis (2-nitro-benzoic acid), an inhibitor 
of lecithin cholesteryl acyltransferase (LCAT) 
activity, and this was not  used subequently2 To 
reduce ultracentrifugation artefact (12,13), 
whole plasma was chromatographed in place of 
d < 1.21 plasma lipoproteins. Column fractions 
for electrophoresis were reconcentrated by 
ultrafil tration (Minicon-B 15 concentrators, 
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Amicon Corp., Danvers, MA) to reduce lipo- 
protein damage. When multiple plasma samples 
were analyzed, lipid radioactivity in HDL was 
separated from that in less dense l ipoproteins 
by precipitating the latter with Mg ~+ and sodium 
phosphotungstate (15). HDL previously sepa- 
rated from plasma by other methods were 
examined for a-mobil i ty  by electrophoresis on 
paper in a Durrum cell with barbital buffer at 
pH 8.6 and 1% bovine albumin; l ipoprotein 
standards were detected by Oil Red O stain 
(16). HDL were separated from plasma by 3 
me thods -co lumn  chromatography,  ultracentri- 
fugation and Mg ~ precipitation and results with 
each method were compared with at least one 
other method,  including electrophoresis. As 
shown in the Results section, general agreement 
occurred between methods in quantitative 
measurement of HDL-labeled hydrocarbon.  The 
oil phase of chylomicrons was obtained by 
physical disruption (8). 

Plasma lipids were extracted in heptane- 
isopropanol (8). Triacylglycerols were measured 
by enzymatic dehydrogenation of glycerol 
(16) and plasma cholesterol by the combined 
cholesterol esterase-oxidase enzymatic method 
(17). Chylomicron protein was measured after 
diethyl ether extraction of lipid turbidi ty  (18). 
Alkanes were separated from chylomicrons and 
plasma lipids by saponification and column 
chromatography of the unsaponified fraction 
on silicic acid with hexane/diethyl  ether (95:5) 
elution. The eluted alkanes were separated by 
gas liquid chromatography (GLC) (19) on an 
8 ft • 0.125 in. o.d. stainless-steel column with 
3% JXR silicone on 80-100 mesh Gas Chrom Q 
(Chromatographic Specialties, Brockville, On- 
tario, Canada) in a gas chromatograph (Model 
5830A with 1885A terminal, Hewlett-Packard 
Co., Palo Alto, CA) with temperature program- 
ming from 70-200 C at 4 C/min and flame 
ionization detect ion (FID). Sample alkane mass 
was calculated from internal standards of 
pentadecane and eiosane and recoveries from 
added [14C]octadecane. Neutral lipids, DDT 
and its metabolites, were separated by glass 
fiber paper chromatography with silica gel G or 
silicic acid (Gelman Sciences, Ann Arbor, MI) 
(8,20). The puri ty of [14C] or [3H]alkanes and 
benzpyrene were examined by chromatography 
on silicic acid Raper developed in 100% iso- 
octane (8,20). H and 14C were assayed by 
simultaneous scintillation spectrometry (8). 

The polari ty of hydrophobic solutes in 
lipid was measured by  part i t ion in a biphasic 
system of te t rahydrofuran/cyclohexane/propy-  
lene glycol (2:2.6:2,  v/v/v). The partition 
coefficient, Q, is the ratio of solute in the 
upper nonpolar phase to that in the more polar 

lower phase. Q for radioisotope-labeled benz- 
pyrene, DDT, decane, hexadecane and octa- 
decane at 0.2 /~M in the total  system were 2, 5, 
9, 24 and 34, respectively, in order of decreas- 
ing polarity. 

In Vitro Transfer of Hydrocarbons 

Chylomicrons containing either [14C]octa- 
decane or [14C]DDT were incubated with 
serum from fasting rats, individual rat l ipopro- 
tein fractions dialyzed against 0.15 M saline or 
bovine serum albumin (Fraction V, Winley 
Morris Co., Montreal, Canada), all at pH 7.2 
with EDTA. Incubation in polypropylene tubes 
was at 4 C  or 37C at 100 cycles/min in a 
metabolic incubator,  with rapid cooling to 4 C 
after incubation. To compare the transfer of  
hydrocarbons from chylomicrons to different 
proteins, chylomicrons were separated from 
them by flotat ion in centrifuged sucrose 
gradients as previously described (8) modified 
by using 25-40% sucrose in an SB 283 swinging 
bucket rotor  and centrifuging for 60 min at 
48,000 g. In these conditions, chylomicrons are 
recovered from tubes 4, 5 and 6 (96% chylo- 
micron [3 H]acylglycerol)  of a 6-tube elution 
from the bo t tom of the gradient and LDL, 
HDL and albumin remain at the origin in tubes 
1 and 2. The presence or absence of hydro- 
carbon transfer to HDL in plasma was also 
measured by separating HDL from other incu- 
bate l ipoproteins by  Mg *+ precipitation. 

Results are expressed as means + SEM. Data 
were analyzed for significance by Student 's  t 
test. Plasma clearance (t�89 time constants (k) 
and correlation coefficients (r) were obtained 
from monoexponential  decay curves fitted by  
nonlinear least squares using a programmed 
microcomputer  (Statistician 342, Compucorp, 
Los Angeles, CA). 

R ESU LTS 

The distribution of labeled hydrocarbons 
between chylomicron apoprotein-phospholipid 
"membrane"  and interior triacylglycerol-rich oil 
core was studied by comparing 3 H/14C ratios in 
intact  chylomicrons (3H[14C= 1.0) with re- 
leased core oil. Ratios in core oil were similar to 
those in intact chylomicrons for octadecane 
(0.97 and 0.98), hexadecane (0.99), DDT 
(0.98 and 0.96) and for benzo(a)pyrene (1.02 
and 1.05). These results are consistent with 
quantitative transport  of  all 4 hydrocarbons in 
the triacylglycerol phase of chylomicrons. 

Plasma [ ~H]tr iacylglycerol  50% occupancy 
times, measured after intravenous pulse injec- 
tions of double radioisotope-labeled chylo- 
microns, correlated positively with the mass of 
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chylomicron triacylglycerol injected per kg 
body weight (r = 0.71, n = 9, P < 0.01). Plasma 
50% occupancy times of [3 H] acylglycerols for 
injected loads greater than 80 mg/kg body 
weight were 12.5 + 1.5 min (n =3 )  and for 
loads less than 80 mg/kg were 7.5 + 1 min 
(n -- 6). 

The simultaneous plasma clearances of 
hydrocarbons and triacylglycerols from chylo- 
microns were analyzed for []4Clhexadecane, 
[ 14 C ] octadecane, [ 14 C] DDT, [ 3 H ] benzpyrene 
and triacylglycerol labeled with [3H]glycerol 
or [14C]palmitic acid. The results for one 
typical experiment with each hydrocarbon are 
given in Figure 1. 

Hexadecane, octadecane and benzopyrene 
were cleared from plasma simultaneously with 
triacylglycerol in the initial 10 min. DDT was 
cleared more rapidly than triacylglycerol. The 
fractional clearance from triacylglycerol is 
shown in Figure 2 for the 4 solutes. Hexa- 
decane, octadecane and benzpyrene were 
cleared at mean fractional rates that were 
within 7% of those of [3H]triacylglycerol in 
the initial 4-10 min. By 14 min, hexadecane 
clearance exceeded that of triacylglycerol. 
[14C]DDT was cleared rapidly from plasma 
[3H]triacylglycerol with first-order kinetics 
in all experiments. DDT clearance was partly 
independent of chylomicron triacylglycerol 
clearance, because complete inhibition of the 
latter by galactosamine pretreatment (750 rag/ 
kg body weight, intraperitoneally 24 hr pre- 
viously [22] ) failed to block DDT clearance as 
shown in Figure 3. DDT clearance from tri- 
acylglycerol continued at a reduced rate after 
galactosamine (t�89 = 3.40 + 0.01 min) compared 
with controls (t�89 = 2.53 -+ 0.16 min) and 
normal animals receiving other chylomicron 
batches (t�89 = 2.55 + 0.34 min, n = 4). 

The effect of hydrocarbon concentration on 
initial plasma clearance was examined for hy- 
drocarbons cleared from triacylglycerol either 
more rapidly (DDT) or simultaneously (octa- 
decane). Mean fractional clearance rates per 
minute (FCR) of  labeled hydrocarbons from 
plasma [3H]triacylglycerol were compared at 
50-fold concentration changes of each hydro- 
carbon in triacylglycerol (octadecane < 0.02%, 
n = 3, and > 1.00%, n = 3, injected at triacyl- 
glycerol loads of 53 + 8 mg/kg body weight; 
D D T <  0.01%, n = 4  and > 0.50%, n = 3 ,  
injected at triacylglycerol loads of 122-+27 
and 139-+36 mg/kg, respectively). Between 
4-10 rain, octadecane FCR at low and high 
octadecane concentrations were -0 .019  -+ 0.009 
and --0.028 -+ 0.014. For DDT, between 2 and 
6 rain, FCR at low and high concentrations of 
DDT were 0.173-+0.022 and 0.195 -+0.025. 

e------e Hydrocarbon 
% C . P . M .  r oTriacyl Glycerol 
1 oo-  ~ 

~d 

[14C] O C T A D E C A N  E 

1C i f r 1~2 J 
4 8 

1 0 0 - _ ~  N 

lOol , ~ ' ~ ' 

[140] HEXADECANE 

, 1 i l l2 i 
4 8 

[3H] B E N Z P Y R E N E  

MIN 
FIG. 1. Chylomicron triacylglycerol and solute 

clearances from plasma were measured simultaneously 
in 4 experiments each with either [14 C] octadecane, 
[ ,4 C] hexadecane, [14 C] DDT or [ 3 H] benzpyrene and 
either [3HI or [l*C]triacylglycerol. Mean triacyl- 
glycerol load was 68 -+ 25 mg/kg and solute loads/kg 
were 5.0 pg, 50 #g, 15 pg and 75 ng respectively. 
Abscissa = rain after chylomicron injection. 

No effect of concentration on clearance of 
either hydrocarbon was observed. These results 
with DDT are consistent with rapid clearance 
by passive diffusion. Triacylglycerol loads did 
not correlate significantly with fractional clear- 
ance rates for either hydrocarbon. 

The liver contained important quantities of 
[aH] and [14C]hydrocarbons cleared from 
plasma in random experiments. Liver lipid 
accounted for 42% and 14% of cleared [aH]- 
benzpyrene in livers removed 8 and 13 min 
after chylomicron injection, for 30-+3% of 
[14C]DDT ( n = 6 ,  time = 1 4  m i n ) a n d  for 
34% and 39% of [14Clhexadecane and [14C]- 
octadecane, respectively, (n = 2) at 14 min. The 
effect of functional hepatectomy on plasma 
solute clearance was examined for octadecane 
and for DDT. In DDT experiments, the t�89 
values from the initial 2-6 rain monoexponen- 
tial phase of clearance from triacylglycerol 
(2.93 + 0.05 min in 3 normal rats, and 4.3 -+ 
0.05 in 2 controls) was decreased markedly in 
hepatectomized animals (12.7 + 2 rain, n = 3). 
Serum [X4C]octadecane clearance was greatly 
reduced in relation to [3H]triacylglycerol in 
heoatectomized animals as shown in Figure 4. 
[xl4.C]Octadecane was cleared from plasma of 
hepatectomized animals but from 4 rain to 
10 min, the t�89 of 32 -+ 3 rain greatly exceeded 
the t�89 in sham-operated controls (7 min and 
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FIG. 2. Fractional clearance of 4 solutes from 
plasma chylomicron triacylglycerol at varying solutes 
loads. Results are fractions of initial plasma sample 
ratio of hydrocarbon to triacylglycerol d.p.m. [3H]- 
Benzpyrene results are shown as the 3H/~4C ratio. 
For octadecane, hexadecane and DDT, solute loads 
were, respectively, 5-1500 pg, 6-50 #g and 1-3,900 pg/ 
kg body weight and benzpyrene was used only at low 
loads of 75 ng/kg. Triacylglycerol loads were 46 -+ 
6 mg, 102 +- 30 mg, 110 �9 42 mg and 40 +- 18 mg/kg, 
respectively. Means -+ SEM. 

7.6 rain) and in normal  rats (9.25 +- 2.04 rain, 
n = 3, P < 0.01). These results indicate that  in 
in tact  animals, liver was an impor t an t  site of  
chy lomic ron  hydrocarbon  clearance and that  
h e p a t e c t o m y  delayed clearance of  solutes f rom 
plasma and f rom the  tr iacylgtycerol  phase of  
chylomicrons.  

To de te rmine  if chy lomicron  hydrocarbons  
were t ransported by HDL or l ipoprote ins  other  
than chylomicrons  and their  degradation 
product ,  chy lomic ron  remnan t  particles, plasma 
l ipoproteins  were analyzed after separation by 
agarose co lumn chromatography  at varying 
t imes fol lowing inject ion of  chylomicrons  con- 
ta ining [14C]hexadecane,  [14C]octadecane,  
[ 14 C ] DDT or [ 3 H ] benzpyrene.  Examples  f rom 
plasma co lumn chromatograms  for each of  the  
4 hydrocarbons  are shown in Figure 5. The 
major  peaks of  labeled solute and triacylglyc- 
erol were recovered in the leading Peak I of 
chylomicrons ,  V L D L  and in te rmedia te  l ipopro- 
teins. The other  major labeled hydrocarbon  
peak eluted with  Peak III, plasma HDL, in all 
experiments .  In 8 of  9 exper iments ,  a smaller 
third hydroca rbon  peak eluted with  the  plasma 
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14 C 

I I 1 1 I ,,- 
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TIME - -  minutes 

FIG. 3. Plasma clearance of [14C]DDT during 
galactosamine induced inhibition of [3H]triacyl. 
glycerol clearance. Two animals injected with gatacto- 
samine were matched with control rats injected with 
saline. Injected chylomicron loads were 21 nag and 
32 mg triacylglycerol and 0.8 mg and 0.6 mg DDT/kg 
body weight, respectively, for each pair. Means -+ range. 
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FIG. 4. Effect of functional hepatectomy on frac- 
tional clearance of [14 C] octadecane from [3H]tri- 
acylglycerol. The control animals were sham oper- 
ated. The injected chylomicron load contained 17 mg/ 
kg body weight triacylglycerol and 14.4 pg/kg octa- 
decane in hepatectomized and control animals and 
53 mg/kg triacylglycerol containing 0.005-1% octa- 
decane (w/w) in the normal series. Means -+ SEM. 

LDL in Peak II. The dis t r ibut ion of  labeled 
hydrocarbons  in plasma for a l l  exper iments  is 
given in Table 1. The combined  eluate of  Peaks 
I I  and III (HDL) accounted  for 19.7% of  
labeled solutes in the plasma of  the series in 
Table 2. Seventy percent  (range 54-88%) of this 
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FIG. 5. Plasma chromatograms from agarose bead columns from 4 animals injected with chylo- 
microns transporting hydrocarbons.. Plasma was taken from animals injected with [~4C] octadecane, 
[~4C]hexadecane, [~4C]DDT and [3H]benzpyrene,  respectively, at 30 min, 15 rain, 4 min and 
15 rain after injection; - - ,  absorbance at 254 nm;  . . . . .  , percentage of plasma of total  labeled 
hydrocarbon. 
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TABLE 1 

Distribution of Chylomicron-Labeled Solutes in Plasma in Vivo 

Plasma [ 14 C] solute (%) 

Solute Time (min) Load (/~g) LDL (%) HDL (%) HDL/LDL 

Hexadecane 15 <2 1.6 11.9 7.4 
Hexadecane 15 <2 17.8 26.0 1.5 

Octadecane 10 37 5.4 6.4 1.2 
Octadecane 10 10 4.1 5.2 1.3 
Octadecane 30 10 4.3 11.5 2.7 

DDT 4 100 4.2 5.5 1.3 
DDT 4 13 7.9 15.0 1.9 
DDT 4 13 8.8 12.0 1.4 

Benzopyrene 15 <2 8.6 20.7 2.4 

Plasma was obtained 
proteins were separated 
#g solute /ml  plasma. 

at varying times after chylomicron solute injection. Plasma lipo- 
by agarose column chromatography.  The loads are expressed as 
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TABLE 2 

Chylomicron Octadecane Net Chemical Transport to High Density 
Lipoproteins in Plasma in Vivo 

429 

Chylomicrons 
pg Octadecane/ml plasma 

HDL HDL Net Octadecane Octadecane g 
0 min 10 rain transport load Acylglycerol g 

Method 
Mg ++ ppt 0.32 2.73 +2.41 37 0.034 
Ultracentrifuge 0.20 2.05 + 1.85 37 0.034 
Column - (1.56) - 37 0.034 
Ultracentrifuge 0.14 0.88 +0.74 10 0.010 
Ultracentrifuge 0.17 0.98 +0.81 10 0.010 
Column - (0.61 ) - 10 0.010 
Mean • SE 0.208 • 0.046 1.45 • 0.47 

Plasma HDL chemical and radiochemical octadecane were measured before and 10 min 
after injection of chylomicrons transporting octadecane. Three methods of HDL preparation 
were used but the agarose column chromatogram values show only radiochemical transport. 
Net chemical transport was measured in 4 animals. 

material was in Peak III and in all experiments 
this exceeded Peak II labeled solute (n - -9 ,  
P < 0.01). In 3 experiments labeled solute 
peaks associated with Peak II and III proteins 
showed incomplete separation (e.g., [14C]- 
hexadecane, Figure 5). The minor solute frac- 
tion eluted with Peak II was not characterized 
further. The hydrocarbon-transporting proteins, 
eluted from gel chromatograms with Peak III 
(HDL), were concentrated and electrophoresed 
o n  paper in 3 alkane and 2 aromatic hydro- 
carbon experiments. Plasma [14C]DDT radio- 
activity was insufficient for this analysis. In all 
experiments, labeled solute was recovered quan- 
titatively with rat serum a-lipoprotein band 
(benzpyrene, 88% and 89%, hexadecane, 
88% and 92%; octadecane, 92%) and no signifi- 
cant radioactivity was recovered in the t3 band. 
These experiments demonstrated that hydro- 
carbon-transporting proteins in Peak III had the 
hydrated diameter and electrophoretic mobility 
characteristic of HDL. 

Two hydrocarbons, one alkyl and one 
aromatic, octadecane and DDT, were selected 
to measure chemical fluxes from chylomicrons 
to HDL. Because endogenous octadecane was 
present in rat plasma before chylomicron injec- 
tion, chylomicron and HDL o c t a d e c a n e  concen- 
tration and specific radioactivity were measured 
to calculate fluxes. Significant endogenous 
DDT was not detected in plasma from control 
animals and DDT transfers were calculated 
directly from the specific radioactivity of  fed 
DDT. (Pooled sera from 5 control animals were 
analyzed by GLC by Dr. J. Scott, Pesticide 
Research Labs., Dept. of Agriculture, Govern- 
ment of Canada, Ottawa, and DDT content was 
less than 5 ng/ml.) 

Chylomicrons were prepared with octa- 
decane concentrations in triacylglycerol of 
1.0% and 3.4% by weight and injected at similar 
triacylglycerol loads of 38 mg and 43 mg/kg 
body weight, respectively. 

The results from 4 experiments demonstrate 
a significant net chemical transport of octa- 
decane into the HDL fractions after 10 rain of 
chylomicron metabolism and this flux was 
doubled in the experiments with higher octa- 
decane concentrations (Table 2). Radiochemi- 
cal octadecane fluxes were 56% of chemical 
values and the specific radioactivity of HDL 
octadecane was consistently less (47-82%)than 
that of chylomicron octadecane, indicating 
dilution b~ endogenous octadecane. The 
recovered [ C]octadecane percentage distribu- 
tion in lipoproteins was similar with ultracentri- 
fugal and agarose separations, respectively, 
yielding 86.5, 2.1, 10 and 1.5 and 86.1, 3.9, 6.7 
and 3.2 in VLDL-IDL, LDL, HDL and VHDL. 

In similar experiments, chylomicrons con- 
taining DDT, at concentrations of 0.5% and 
2.0% of triacylglycerol by mass were injected at 
higher triacylglycerol loads of 110 mg and 
190 mg/k~ body weight, respectively, to obtain 
a higher 4C input. The data in Table 3 show 
net chemical transport of DDT to HDL, meas- 
ured both by Mg ~ precipitation and column 
chromatography. Higher influx to HDL was 
observed with chylomicrons containing higher 
solute concentrations. The results demonstrate 
that 2 lipid solutes with major differences in 
molecular structure, octadecane and DDT, 
show net chemical flux into the HDL fractions, 
with similar quantitative results when HDL is 
separated by either precipitation or chroma- 
tography. 
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TABLE 3 

Chylomicron DDT Net Chemical Transport  to High Density Lipoproteins in Plasma in Vivo 

Expt.  no.  

#g DDT/ml plasma 

HDL (0 min) HDL (4 min)  Net t ransport  DDTload  

Chylomicrons 

DDT g 

Triacylglycerol g 

la 0 1.11 +1.11 100 0.020 
lb 0 1.32 +1.32 100 0.020 
2 0 0.44 +0.44 27 0.005 
3 0 0.49 +0.49 27 0.005 

Mean + SE +0.84 +- 0.26 

Plasma HDL [ 14C] DDT was measured 4 min after injection of  chylomicrons containing 
[ X4C] DDT of known specific radioactivity. HDL was separated from other l ipoproteins by 
either precipitation (experiment  la) or agarose column chromatography (experiment  lb, 
2,3). Chylomicrons were injected in 3 animals. 

TABLE 4 

Chylomicron Solute and Triacylglycerol Distribution in Serum Lipoproteins in Vivo 

14C/3 H 

Plasma 

Solute Chylomicrons injected Peak I Peak II Peak III 

Solute mol 

Triacylglycerol tool 

Chylomicrons Peak III 

Octadecane 1.0 0.91 5.4 10 
Octadecane 1.0 1.00 2.5 90 

DDT t .0  0.07 3.7 13 
DDT 1.0 0.19 7.7 25 
DDT 1.0 0.17 4.0 12 

Hexadecane 1.0 0.34 1.9 50 
Hexadecane 1.0 -- -- 9 

0.122 1.22 
0.035 3.10 

0.052 0.68 
0.010 0.25 
0.010 0.11 

Octadecane 1.0 -- - 21 0.122 2.53 

Chylomicrons labeled with [ all]  triacylglycerol and [14C] solutes were injected intravenously and 
subsequent  plasma samples were chromatographed on agarose bead columns.  The molar ratios of  
lipids transferred to Peak III (HDL) were calculated from specific radioactivities o f  chylomicron solute 
and triacylglycerol. In order, f rom the table, plasma was sampled at 10 rain, 10 min,  4 min, 4 min,  
4 min 15 min,  14 min and 12 min after chylomicron injection and triacylglycerol loads were 40 
mg/kg, 40 mg/kg, 200 mg/kg, 110 mg/kg, 110 mg/kg, 120 mg/kg, 40 mg/kg and 40 mg/kg,  respec- 
tively. In the last 2 experiments ,  HDL was obtained by precipitation. 

D i s s o c i a t i o n  o f  n e u t r a l  a c y l g l y c e r o l s  f r o m  
h y d r o c a r b o n  t r a n s p o r t e d  f r o m  c h y l o m i c r o n s  to  
H D L  was  c a l c u l a t e d  f r o m  spec i f i c  r ad ioac t iv i -  
t i e s  in c h y l o m i c r o n s .  T h e  s m a l l  q u a n t i t i e s  o f  
[ 3 H ] l i p i d  in H D L  w ere  a s s u m e d  to  be  n e u t r a l  
a c y l g l y c e r o l  a n d  n o t  a n a l y z e d  fo r  p h o s p h o -  
l ip ids ,  w h i c h  a lso  t r a n s f e r  f r o m  c h y l o m i c r o n s  to  
H D L  in  r a t s  (23) .  C o n s e q u e n t l y  t h e  h i g h  s o l u t e /  
n e u t r a l  a c y l g l y c e r o l  r a t i o s  in  H D L  in  T a b l e  4 
a re  m i n i m a l  va lues .  In  all e x p e r i m e n t s  t h e  
P e a k  I, c h y l o m i c r o n  a n d  c h y l o m i c r o n - r e m n a n t  
p a r t i c l e  f r a c t i o n  c o n t a i n e d  98 + 0 .7% (n  = 8 )  o f  
p l a s m a  [ 3 H ] l i p i d  a n d  t h e  [ 1 4 C ] s o l u t e  c o n c e n -  
t r a t i o n  in  [3 H]  t r i a c y l g l y c e r o l  was  e i t he r  e q u a l  
t o  o r  less t h a n  t h a t  in  i n j e c t e d  c h y l o m i c r o n s .  In  
all e x p e r i m e n t s  t h e  H D L  f r a c t i o n  1 4 C / 3 H  a n d  
r e l a t i ve  m o l a r  s o l u t e  c o n c e n t r a t i o n  in  t r a n s -  

f e r r e d  l ip id  e x c e e d e d  t h a t  in  c h y l o m i c r o n s  b y  
10 -90  t i m e s  (P < 0 . 0 1 ) .  T h e  d e m o n s t r a t i o n  o f  
H D L  c o n c e n t r a t i o n  a n d  d i s s o c i a t i o n  o f  c h y l o -  
m i c r o n  r a d i o c h e m i c a l  s o l u t e  f r o m  a c y l g l y c e r o l s  
a n d  t h e  c o n c o m i t a n t  n e t  c h e m i c a l  t r a n s f e r  o f  
s o l u t e  f r o m  c h y l o m i c r o n s  to  H D L ,  s u g g e s t  t h a t  
H D L  has  a spec i f i c  f u n c t i o n  in  s o l u t e  r e m o v a l  
f r o m  c h y l o m i c r o n s .  

P l a s m a  k i n e t i c s  o f  3 o f  t h e  4 h y d r o c a r b o n s  
i n d i c a t e d  t h a t  p l a s m a  h y d r o c a r b o n  c l e a r a n c e  
c o r r e l a t e d  c lo se ly  w i t h  t r i a c y l g l y c e r o l  clear-  
a n c e ,  a l i p o p r o t e i n  l ipase  m e d i a t e d  f u n c t i o n  
(24) .  T h e  t r a n s f e r  o f  s o l u t e  t o  H D L  in  vivo was  
s t u d i e d  d u r i n g  s t i m u l a t o n  o f  t h e  l i p o p r o t e i n  
l ipase  s y s t e m  b y  i n t r a v e n o u s  h e p a r i n .  H e p a r i n  
(45  U S P  u n i t s / k g )  w a s  i n j e c t e d  ove r  20  sec  
e i t h e r  1 ra in  o r  4 m i n  a f t e r  t h e  c h y l o m i c r o n  
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FIG. 6. Transfer of [14 C] hydrocarbon to HDL 
from chylomicrons during heparin stimulation of 
chylomicron tdacylglycerol hydrolysis. Chylomicrons 
containing [ 14 C] hexadecane and [ 3 H] triacylglycerol, 
2.1 ~mol and 45 #mol/kg body wt respectively, were 
injected (dense bar) in 3 animals, wt 280 g. In 2, 
heparin was subsequently injected intravenously 
(arrows). A__zx, control; �9 e, heparin at 1 min; 
o o, heparin at 4~/2 min. Percentage of plasma 
hydrocarbon in HDL at 4 min, 7 rain, 10 min and 
14 min were, respectively, control 7%, 10%, 8% and 
9%, 1 rain heparin 65%, 27%, 17% and 17% and 4 min 
heparin 7%, 25%, 33% and 22%. 

pulse and after plasma sampling. Three chylo- 
micron batches (1 octadecane and 2 hexa- 
decane) were injected in 3 experimental groups, 
each containing 1 saline-injected control and 1 
or 2 heparin-injected animals (n = 5). Heparin 
injection after adequate chylomicron,plasma 
mixing (4 min) induced a rapid decrease in 
plasma [3H] triacylglycerol in the subsequent 
3 min (88 + 2% In = 3] vs 32 + 3%in controls). 
Plasma [14C]alkane radioactivity in HDL at 
4 min, 7 min and 10 min was 100%, 104 +- 1.6% 
and 71 + 8%, respectively, in controls, but after 
heparin it increased by 177 + 55% (n = 12, P < 
0.01) above control values at the corresponding 
sample times at 4 min, 7 min or 10 min. HDL 
[ 14C] alkane formed 7-24% of total plasma lipo- 
protein [ 14 C] alkane in controls and increased 
to 16-65% in post-heparin plasmas. The results 
for one typical experimental group are shown 
in Figure 6. Post-heparin HDL prepared by 
ultracentrifugation gave similar results to pre- 
cipitated HDL in 7 min sera (n = 4), respec- 
tively 93 -+ 6% and 107 -+ 6% of combined mean 
HDL [14C]alkane. Following the peak of HDL 
[ z4 C] alkane after heparin, the clearance rate of 

1007 ~ PLASMA HDL 
/ [3HI BENZPYRENE 

60 

E 
~e 40 

20. 

T I M E -  minu tes  
FIG. 7. Plasma HDL was serially sampled after 

pulse injection of HDL containing [3H]benzopyrene 
(Fraction III column eluate obtained from chylo- 
micron [3 H]benzopyrene injected animals [n = 3]). 
Chylomicron benzopyrene load injected was 264 -+ 
160 pg/kg body weight. Details are in text. Means 
-+ SEM. 

HDL [14Clalkane from plasma (k = 2.7 -+ 0.5 x 
10-3/sec, n = 5 )  exceeded control clearance 
rates for the same 3 rain interval (k = 0.8-+ 
0.7 x 10-3/sec, n = 5, P < 0.05). This indicated 
that high [14C]alkane in HDL after heparin was 
caused by increased influx and not by inhibited 
effux. These results are interpreted as evidence 
for the importance of lipoprotein lipase in 
mediating chylomicron-HDL solute transfer. 

HDL are heterogeneous in composition and 
metabolic derivation. Comparison of all 4 HDL 
analytical methods gave similar quantitative 
results for HDL hydrocarbon and the major 
plasma acceptor of hydrocarbons was charac- 
terized as HDL by precipitation, agarose chro- 
matography, density flotation and electro- 
phoresis. 

The plasma kinetics and tissue disposition of 
these HDL hydrocarbons were examined only 
for [3H]benzopyrene because alkanes are 
potentially exchangeable with endogenous 
pools and DDT radioactivity in HDL was in- 
sufficient. Lymph chylomicrons with [3H]- 
benzopyrene were obtained from 3 animals and 
after injection (n = 3) HDL labeled with [3H]- 
benzopyrene were obtained from Peak III of 
agarose chromatograms, dialyzed and re- 
injected. HDL [ ~H]benzopyrene in pulse 
injections of 1.0-+0.1 mg HDL cholesterol 
were cleared rapidly from plasma with a single 
exponential disappearance (tV2 = 4.6 + 0.5 min, 
n = 3). The results are shown in Figure 7. All 
plasma samples were examined for [~  
pyrene transfer to lower density lipoproteins 
but significant 3H was not detected in these. 
Livers excised 10 min after HDL injection in 2 
experiments contained 39% and 46% of the 3H 
cleared from plasma. Liver 3H per g wet tissue 
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TABLE 5 

Chylomicron [ 14C] DDT Transfer to Proteins in Vitro 

Protein g/dl 

Protein g/dl 

Additions to chylomicron incubate 

Nil Albumin Serum 
0 5.0 4.8 

+ 

+ 

+ 

Nil Alb Alb HDL VHDL 
0 3.75 0.15 0.15 2.0 

+ 

+ 

Percentage of a4C DDT 
at gradient origin 

0.4 
0.7 

20.0 

0.5 
5.9 
0.7 

+ 10.6 
+ 5.8 

+ 14.3 
+ + 13.9 

Chylomicrons were incubated at 37 C for 10 min with proteins at mean 8 mM chylomi- 
cron triacylglycerol and molar DDT concentration in triacylglycerol of 0.001% in 2 experi- 
ments. Incubate chylomicrons were separated by flotation from denser proteins and HDL 
at sucrose gradient origin. Chylomicrons were from different animals for each experimental 
group. Results are duplicate assay means. 

was 15-fold grea ter  t han  t h a t  in the  c o n t r o l  
t issue, psoas muscle .  These  resul ts  suggest t h a t  
[ 3 H ] b e n z o p y r e n e  in p lasma HDL was cleared 
d i rec t ly  to  t issues w i t h o u t  ma jo r  t r ans fe r  to  
o the r  l i popro te ins  and  t h a t  1Ner was a m a j o r  
accep to r  o f  HDL [ 3 H ] b e n z o p y r e n e .  

To d e t e r m i n e  if  so lu te  t ransfers  f rom chylo-  
mic rons  observed  in vivo exis ted in vitro,  
c h y l o m i c r o n s  labeled  w i t h  [ 14 C ] DDT or  [ 14 C ] - 
o c t a d e c a n e  were i n c u b a t e d  w i t h  serum,  bov ine  
se rum a lbumin  or  wi th  serum l i pop ro t e in  
f rac t ions .  S u b s e q u e n t  f lo t a t ion  in sucrose 
separa ted  c h y l o m i c r o n s  f rom HDL and  denser  
p ro te ins ,  wh ich  r ema ined  at t he  origin.  [ 14 C ]- 
DDT t rans fe r red  readi ly  and  the  resul ts  are 
s h o w n  in Table  5. In e x p e r i m e n t  1, bov ine  
se rum a l b u m i n  b o u n d  1.71 //g DDT per  g, b u t  
serum to t a l  p ro t e in s  b o u n d  5.0 pg  DDT per  g 
and  20% of  c h y l o m i c r o n  DDT. O t h e r  chylo-  
m ic rons  were i n c u b a t e d  w i th  a l b u m i n  or l ipo- 
p ro te ins  and  again separa ted  f rom these  pro- 
te ins  b y  f l o t a t i on  in sucrose  gradients  (experi-  
m e n t  2, Tab le  5). HD L  b o u n d  mos t  [ 1 4 C ] D D T  
at t he  origin even at  low H D L  c o n c e n t r a t i o n s .  
The  add i t i on  of  HD L  to  o t h e r  f rac t ions  in- 
creased t h e  pe rcen tage  of  D D T  at  origin for  
saline, a l b u m i n  and  V H D L  b y  10.1%, 8.4% and  
8.1%, respect ively.  The  /ag a m o u n t s  of  DDT 
b o u n d  per  g p ro te in  were 0.05 for  a lbumin ,  
2.23 for H D L  and  0.09 for VHDL.  These  
resul ts  are cons i s t en t  w i th  rapid  d i f fus ion  of  

DDT f rom c h y l o m i c r o n s  and  a h igh  a f f in i ty  of  
DDT for  HDL, 45 t imes  grea ter  t h a n  t ha t  for  
a l b u m i n  at  the  physiologic  c o n c e n t r a t i o n s  o f  
p ro te ins  used in these  expe r imen t s .  Oc tadecane ,  
in con t ras t ,  did n o t  t r ans fe r  f r o m  c h y l o m i c r o n s  
to  HDL e i the r  in p re l iminary  expe r imen t s  
ana logous  to  the  DDT i n c u b a t i o n  or where  pro- 
longed i n c u b a t i o n  and  Mg -~ p rec ip i t a t ion  were 
used (Table  6). These  resul ts  ind ica te  t h a t  in  
vitro ef f lux of  c h y l o m i c r o n  DDT is rapid  and  
quan t i t a t i ve ly  i m p o r t a n t  bu t  no  evidence of  
o c t a d e c a n e  eff lux in vitro was found .  The  
in  vi t ro results ,  in t he  absence  of  l i pop ro t e in  
lipase act ivi ty ,  are cons i s t en t  w i th  t he  in vivo 
f indings  of  rapid  DDT c learance  f r o m  chylo-  
mic ron  t r iacylglycerol ,  which  is pa r t ly  inde-  
p e n d e n t  of  t r iacylglycerol  c learance,  and  w i t h  
the  a p p a r e n t  comple t e  d e p e n d e n c e  of  octa-  
decane  c learance on  t r iacylg lycero l  c learance.  

DISCUSSION 

The  presen t  s t udy  descr ibes  the  ma jo r  char-  
acter is t ics  of  a l i pop ro t e in  t r a n s p o r t  sys tem 
t h a t  t r anspo r t s  h y d r o c a r b o n s  of  low po la r i ty  
f rom the  in tes t ina l  l u m e n  in to  l y m p h  l ipopro-  
te ins  and  t h e n  via p lasma c h y l o m i c r o n s  to 
p lasma HDL. F o u r  c o m p o u n d s  w i th  a range of 
po la r i ty  f rom b e n z o p y r e n e  to oc t adecane  and  
w i th  3 widely d i f fer ing molecu la r  s t ruc tures ,  
were abso rbed  f rom gut  in to  in te s t ina l  l y m p h  
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TABLE 6 

Chylomicron [14C] Octadecane Transfer to HDL in Vitro 

433 

Net percentage of incubate [ 14C] octadecane in HDL 

Incubation, temperature 0 C <0.5 0.5 <0.5 0.8 <0.5 0.5 
37 C 0.8 0.7 <0.5 0.6 <0.5 0.8 

Incubation, minute 0 5 10 20 30 60 

Chylomicrons containing [a H] triacylglycerol and [ 14 C] octadecane were incubated at 
1.2 mM triacylglycerol and 4.1 ~tM octadecane in 90% rat serum. HDL was measured by 
mg ++ precipitation and supernatant [14C1 chylomicron contamination was corrected by 
3H assay (<2.1% per incubate). Results are means of duplicates. 

chylomicrons. The potential quantitative im- 
portance of this pathway was high since, after 
high fed loads, octadecane and DDT were re- 
covered at 1-3% concentration in lymph chylo- 
micron triacylglycerol. The quantitative associa- 
t ion of all 4 hydrocarbons with triacylglycerol 
supports the suggestion that core lipid provides 
an oil phase for nonspecific transport of hydro- 
carbons of low polarity (8). Efficiency of 
intestinal absorption and partition of solutes 
between portal and lymphatic systems were not 
examined in this study. Little information is 
available on the absorption and subsequent 
transport of quantitatively minor lymph lipids. 
Aliphatic hydrocarbons with carbon numbers 
from C14 to C32 fed intragastrically to rats are 
absorbed with an efficiency that correlates 
inversely with their carbon number (25). Gut  
absorption and recovery in lymph have been 
reported for [14C]cetyl alcohol (6) with 50% 
of the former absorbed and 70% of this  was 
recovered in intestinal lymph. High efficiency 
of intestinal absorption and transport into 
intestinal lymph has been reported with [14C]- 
DDT with 60% recovered from lymph within 
12 hr of gastric feeding (8). 

The subsequent transport in plasma of 
xenobiotic absorbed hydrocarbons in intestinal 
lipoproteins had been studied only with DDT 
(8). More information is available for the 
physiological lipids transported in minor quan- 
tity in intestinal lipoproteins, i.e., Vitamins A, 
D and E. Vitamin A as retinal or retinol, is 
absorbed efficiently and transported esterified 
in lymph in chylomicrons (1). Vitamin A in 
chylomicrons injected intravenously in rats, is 
taken up rapidly by liver (1) and is found only 
in chylomicrons or chylomicron remnant 
particles prior to hepatic uptake (26). Vitamin 
D2 and Da, following intestinal absorption, are 
recovered in lymph, predominantly in chylo- 
microns, but plasma chylomicron transport has 
not been studied. Tocopherols are associated 
with chylomicrons in human lymph (27) and 
a- and ~,-tocopherol are efficiently absorbed, 

entering the VLDL-chylomicron fraction of rat 
lymph. Chylomicron [3 H] tocopherol injected 
intravenously or incubated in serum is re- 
covered in low and high density plasma lipopro- 
teins, results interpreted as redistribution in 
proportion to lipoprotein lipid mass (3). The 
nature of transport of hydrocarbons from lipo- 
proteins is complex. Results with hydrocarbons 
introduced into lipoproteins in vitro indicate 
subsequent passive diffusion of benzopyrene 
and its hydroxylated metabolites among major 
human serum lipoproteins (29) and similar 
diffusion of chlorinated hydrocarbons (30). 
Simple passive diffusion of hydrocarbons 
introduced biologically in lipoproteins has been 
reported only for chylomicron DDT (8). In the 
present study, 2 methods of hydrocarbon clear- 
ance from chylomicrons were determined: 
(a) simple passive diffusion from intact chylo- 
microns, independent of hydrocarbon concen- 
tration in triacylglycerol and partly inde- 
pendent of triacylglycerol hydrolysis and 
(b) clearance dependent on triacylglycerol 
hydrolysis but independent of hydrocarbon 
concentration. The latter is consistent with 
passive diffusion facilitated by lipoprotein- 
lipase and its induced molecular changes in 
chylomicrons. These are binding to the enzyme 
at endothelial cell surfaces (24), subsequent 
release of redundant polar surface components 
(31), transfer of apoproteins and phospholipids 
to HDL with transient formation of particles 
in the LDL and HDL particle diameter range 
(22) and the return of C apoproteins to HDL 
(32). In addition to these changes, which pro- 
vide potential hydrocarbon transport pathways, 
hydrocarbons may be retained in chylomicron 
remnant particles for subsequent clearance. 
Although no relative retention of hydrocarbons 
occurred in agarose Peak I, which contains 
remnant particles, this fraction is heterogeneous 
and one other lipid, [14C] cholesterol, is 
cleared very rapidly from plasma enriched in 
remnant particles (28). A major role for rem- 
nants in hydrocarbon transport cannot be 
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excluded. 
[3H] Benzopyrene in vivo did not transfer 

rapidly to other lipoproteins either from 
chylomicrons or from injected HDL. This 
differs from a report in which chylomicrons, 
labeled with [3H]benzo(a)pyrene by incuba- 
tion, were injected in rats and [3H]benzopy- 
rene was recovered predominantly in VLDL 
and the ultracentrifuged residual protein frac- 
tion (d > 1.21) with highest specific radio- 
activity in lung (33). These differences may 
reflect incubation damage to chylomicrons and 
ultracentrifugation shear damage to VLDL 
and chylomicrons that generates lipoprotein 
material in the residual protein fraction (I 2). 

The liver was a quantitatively important  site 
of rapid hydrocarbon clearance for all 4 hydro- 
carbons of chylomicrons and for HDL benzo- 
pyrene. Chylomicron octadecane was not 
cleared more rapidly than triacylglycerol 
in intact animals and its clearance rate was 
markedly depressed in the hepatectomized rats 
in the face of continuing triacylglycerol clear- 
ance. These results suggest that the liver clears 
octadecane from lipoprotein products of 
peripheral triacylglycerol degradation of chylo- 
microns and not from intact chylomicrons. 

That the transfer of hydrocarbons from 
chylomicrons to HDL was correlated with 
triacylglycerol hydrolysis was suggested by the 
absence of alkane transfer from unhydrolyzed 
chylomicrons in vitro and by the simultaneous 
increase in hydrolysis and alkane transfer to 
HDL induced in vivo by heparin. Lipoprotein 
lipase inhibition in vivo was not studied because 
the inhibitors, galactosamine, cycloheximide 
and protamine, also profoundly alter HDL 
metabolism. We did not establish whether 
hydrocarbon transfer, with or without heparin, 
was to preexisting HDL or to HDL newly 
generated by transfer of other chylomicron 
components to the HDL fraction during lipo- 
protein lipase action (31). The molecular char- 
acteristics of the hydrocarbon transporting 
HDL were, by 4 methods, those of classical 
HDL but plasma HDL is highly heterogeneous 
(34) as is its plasma production by direct 
secretion from liver (35) and intestines (36) and 
by metabolic degradation of chylomicrons (33). 

HDL selectively concentrated hydrocarbons 
from their chylomicron triacylglycerol phase 
both during passive transfer of DDT from un- 
hydrolyzed chylomicrons in vitro and with 
other solutes in vivo. The report of long-chain 
alkanes, including octadecane, in human HDL 
(37) and the demonstration of octadecane in 
normal rat HDL in this study, in the absence of 
reports of octadecane synthesis in mammalian 
systems, support the concept of HDL as an 

acceptor of nonpolar solutes from intestinal 
lipoproteins. 

HDL have an established role as a reservoir 
of apoproteins that transfer to triacylglycerol- 
rich hpoproteins entering plasma (32) stimu- 
lating peripheral hydrolysis and blocking recog- 
nition of triacylglycerol-rich lipoproteins by 
hepatic receptors (38). HDL reduce binding, 
interiorization and degradation of LDL in a 
variety of peripheral cells, a characteristic 
of HDL that may reside exclusively in the 
arginine-rich protein subfraction of HDL (39). 
The function of HDL in transporting lipid is 
controversial. HDL may have an important 
quantitative role in removal of peripheral cell 
cholesterol to plasma by uptake and interioriza- 
tion in HDL after esterification by LCAT 
(40). Direct net chemical clearance of HDL 
cholesterol has not been demonstrated during 
splanchnic passage (41) but kinetic analysis 
indicates that free cholesterol in HDL is a pre- 
ferred substrate for biliary cholesterol secretion 
in man (42). HDL cholesterol transfers to 
VLDL in the presence of cholesterol transfer 
protein (43). This may provide an indirect 
route for peripheral cell cholesterol transfer via 
HDL to liver. The present results indicate a 
second lipid transport role of HDL for nonpolar 
hydrocarbons absorbed from gut and suggest 
that HDL may have a specific function among 
rat plasma proteins of accepting and concen- 
trating solute hydrocarbons from triacyl- 
glycerol-rich fipoproteins. The transport of a 
known cellular toxin (DDT) and a carcinogen 
(benzopyrene) suggest potential importance for 
this system in cell pathology. 
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Differential Response of Lipid Metabolism 
and Membrane Physical State by an Actively and 
Passively Overwintering Planktonic Crustacean 
T. FARKAS,  a*  GY NEMECZ a and I. CSENGERI,  b alnstitute of Biochemistry, Biological 
Research Center, Hungarian Academy of Sciences, H-6701 Szeged, Hungary and bFish 
Culture Research Institute, H-5541 Szarvas, Hungary 

ABSTRACT 

Phospholipid (PL) composition, fatty acid (FA) composition of total and major individual PL as 
well as the physical state of isolated PL were investigated in relation to temperature exposure by 
freshwater planktonic crustaceans, Cyclops vicinus and Daphnia magna. C. vicinus, adapted to warm 
water, accumulated appreciable amounts of docosahexaenoic acid in its PL within 3 days when the 
temperature was decreased from 20 C to 10 C. Docosahexaenoic acid was preferentially esterified to 
phosphatidylethanolamine (PE). Docosapolyenoic FA were absent in PL ofD. magna and this species 
did not increase polyenoic acid level under identical temperature treatment. The level of PE was 
elevated, however, in both species in response to decreased environmental temperature. Two charac- 
teristic breaks were observed in In S vs 1/T plots of 5-doxyl stearic acid spin probe. These were at 
19 C and 13 C for C vicinus and at 20 C and 7 C for D. magna. C. vicinus shifted both the upper and 
lower phase-separation temperatures of its PL to lower temperatures when exposed to cold. Differ- 
ences between the onset and completion of phase-separation temperatures equalled that in environ- 
mental temperature (I 0 C). The phase-separation temperatures of D. magna were unchanged under 
identical experimental conditions. Results are interpreted as a c~)mplete temperature adaptation of 
membrane transitional state by C. vicinus but not by D. magna. Researchers have postulated that one 
of the reasons the latter species cannot overwinter in an active form as does C.. vicinus, but instead 
overwinters as resting eggs, involves its failure to adapt membrane PL composition and physical state 
to temperature. 
Lipids 19:436442, 1984. 

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

Inves t iga t ions  made  on microbial  sys tems  
(1-4), plants  (5-7) and  some po ik i lo the rmic  
an imals  (8 ,9)  showed  an a d a p t a t i o n  of  mem-  
brane  lipid c o m p o s i t i o n  and  physical  s ta te  to 
acc l imat ion  t empe ra tu r e .  Some  data  show tha t  
m a x i m u m  and m i n i m u m  growth  t e m p e r a t u r e s  
of  some mic roorgan i sms  depend  on  the  cell 's 
abi l i ty  to m a i n t a i n  p roper  physical  charac ter -  
istics of  their  m e m b r a n e  s t ruc tu res  (10,11 ). On 
the  basis of  these data,  the  a s s u m p t i o n  can be 
made tha t  seasonal  occu r rence  or even geo- 
graphical  d i s t r ibu t ion  of  d i f fe ren t  species may 
part ial ly be d e t e r m i n e d  by  w h e t h e r  they  can 
man ipu la t e  the i r  m e m b r a n e s  in o rder  to survive 
at a given t empera tu re .  We found  earlier, by 
invest igat ing changes  in phospho l ip id  (PL) f a t t y  
acid (FA)  compos i t i on ,  t ha t  those  p l ank ton ic  
c rus taceans  unab le  to increase long-chain poly- 
unsa tu ra t ed  FA in thei r  PL did no t  spend the  
winter  in act ive form whereas  those  active in 
winter  regulated the  level of  these FA accord ing  
to the  t e m p e r a t u r e  (12,13) .  Thus,  c rus taceans  
be longing  to the  la t ter  g roup  can be expec ted  
to actively adap t  the  physical  s ta te  of  the i r  
m e m b r a n e s  to changing t empera tu res .  PL polar 

* To whom correspondence should be addressed. 

head group c o m p o s i t i o n ,  FA c o m p o s i t i o n  of 
phospha t i dy l cho l ine s  (PC) and  phospha t idy l -  
e t hano l amines  (PE)  and order -d i sorder  transi-  
t ions  of PL vesicles ob t a ined  f rom Cyclops 
vicinus and Daphnia magna adap ted  to warm 
t empera tu res ,  t hen  sh i f ted  to cooler  t empera-  
tures,  were invest igated in this  s t udy  as a test  of  
this  hypothes is .  The  fo rmer  species is a b u n d a n t  
in na tu ra l  waters  at a r a the r  wide t e m p e r a t u r e  
range (5-20 C) whereas  the  la t te r  exists only  
above  10-12 C. 

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

Animals 

C. vicinus and D. magna were col lec ted  f rom 
d i f fe ren t  fish ponds  on  May 10 and  May 7, 
1982,  respect ively.  Water t e m p e r a t u r e  in these  
ponds  varies b e t w e e n  2-3 C and  25-30 C in 
win te r  and  summer .  The  ac tua l  t e m p e r a t u r e  at 
the  t ime  of  col lec t ing was 18 C for C. vicinus 
and 20 C for D. magna. The p o p u l a t i o n  of  
C. vicinus was decl in ing when  col lected.  The  
popu l a t i ons  were near ly  h o m o g e n o u s  (>95%) .  
The an imals  were b r o u g h t  to the  l abo ra to ry  
alive and placed in 30 1 aquar ia ,  con ta in ing  
fi l tered lake water.  Fi l ter ing removed  any  kind 
of suspended  mater ia l ,  inc luding  green algae 

LIPIDS, VOI.. 19, NO. 6 (1984) 



LIPIDS IN FRESH-WATER CRUSTACEANS 437 

and diatoms. One group (25 g fresh weight) of 
animals  was killed immediately by adding 
chloroform/methanol (2:1, v/v). The other 

animals in the aquaria were placed in a cold 
room (10 C), and were allowed to cool down 
over a period of 20 hr. After 72 lax in the coid 
room, they were removed from the tanks by 
filtration and treated as above. 

Extraction and Separation of Lipids 

The Folch extraction technique (14 )was  
used to obtain total lipids. Total lipids were 
separated into neutral and polar lipid fractions 
by silicic acid column chromatography. Polar 
lipids, eluted with methanol, were stored at 
-25 C in chloroform containing 0.01% butyl- 
ated hydroxytoluene as antioxidant. In some 
other cases, one-dimensional thin layer chroma- 
tography (TLC), using petroleum ether/ethyl 
ether/acetic acid (85:15:1, v/v/v) as solvent, 
was used to separate lipid classes. PL class 
composition was determined by two-dimen- 
sional TLC (15). One-dimensional TLC with a 
solvent system of chloroform/methanol/water 
(65:25:4, v/v/v) was used to obtain pure PC 
and PE. Visualization was accomplished by 
spraying the plates with 0.2% 8-aminonaphtha- 
lene sulfonic acid in 50% methanol and inspect- 
ing the plates under ultraviolet (UV) light. PL 
standards were purchased from Serdary Re- 
search Laboratories (London, Ontario, Canada). 

FA composition of total as well as of puri- 
fied individual PL were determined by gas 
liquid chromatography (GLC) following trans- 
esterification in the presence of 5% He1 in 
absolute methanol at 80 C. A JEOL 20K instru- 
ment, equipped with dual flame ionization 
detector (FID) was used. The separations took 
place on 15% EGSS-X (Applied Science Lab., 
Deerfield, IL) coated onto 100-120 mesh 
Supelcoport (Supelco, Bellefonte, PA). Tem- 
perature was programmed with a rate of 2 C per 
rain from 140 C to 195 C. Identification was 
made using reference standards (Nu-Chek Prep, 
Elysian, MN; Serdary Research Lab.) and plot- 
ting the log of relative retention times vs carbon 
atoms, obtained in isothermal runs. Quantita- 
tion was done by an electronic integrator 
(Packard 603). Each sample was run in tripli- 
cate. 

Electron Spin Resonance Spectroscopy 

PL (0.4-0.5 X 10 -6 tool) was mixed with 
15-20 nmol 5-doxyl stearate [5-(N-oxy-4',4'- 
dimethyloxazolidino)-stearic acid] at room 
temperature for 5 min. The samples were 
poured into microflat cell (Scanlon) and tem- 
perature programmed from 0 C to 25 C. Spec- 

tra were recorded with a JES-PE-1X (JEOL) 
Electron Spin Resonance Spectrometer. Order 
parameter (S) was calculated by the method of 
Seelig (16). 

R ESU LTS 

Effect of Cold Exposure on PL FA Composition 

In order to ascertain whether the investi- 
gated species behave identically as found pre- 
viously (12), the animals adapted to warm 
temperatures were exposed to 10 C for 72 hr 
and the PL FA compositions were compared 
with the initial states. The data of Table 1 sup- 
port earlier observations regarding the differ- 
ences in FA composition of copepods and 
cladocerans (12), i.e., high amounts of doco- 
sapolyenoic FA in the former and the absence 
in the latter species. The response to decreased 
temperature by the 2 species was similar only 
in one respect: both left the proportion of 
palmitic acid unchanged. The levels of C18 
saturated and unsaturated fatty acids were 
reduced in C. vicinus. This animal did not 
change the level of 20:5033, the second most 
abundant  long-chain polyunsaturated FA but 
increased 22:6033 by ca. 13%. Total number of 
double bonds also increased by ca. 15%. D. 
magna exposed to cold did not have elevated 
levels of polyunsaturated FA in their PL and, 
in contrast to C. vicinus, did not have reduced 
C18 fatty acids (including stearic acid) levels. 
Consequently, the total number of double 
bonds also remained unchanged. 

PE are the major acceptors of 22:6 in C. 
vicinus (Table 2). Only PC and PE were ana- 
lyzed in this study. The fact, however, that the 
level of docosahexaenoic acid in animals ex- 
posed to cold was less than in the total PL 
fraction indicates that this acid may have been 
incorporated in appreciable amounts into some 
other PL. Palmitic acid level increased in PC 
on exposure to cold and was almost identical 
to that of docosahexaenoic acid in both control 
and C. vicinus exposed to cold. The same is not 
true for PE. Detailed investigations on molecu- 
lar-species composition are in progress to reveal 
how exposure to cold affected the pairing of 
saturated and unsaturated FA. In D. magna 
exposed to cold, almost no changes occurred in 
PC and PE FA compositions except for an 
elevated level of palmitic acid. 

Phospholipid Compositions in Animals 
Shifted to Cooler Temperatures 

PC was roughly 50% of the total PL in 
D. magna adapted to warm temperatures. PE 
was the second most abundant PL in this 
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TABLE 1 

Effect of Shift of Temperature from 20 C to 10 C on Fatty Acid 
Composition of Total Phospholipids in Cyclops vicinus and Daphnia magna 

Species C. vicinus D. magna 

Temperature C 20 10 20 10 

Fatty acids mol (%) 

14:0 1.7 1.0 0.6 0.8 
14:1 0.4 0.6 0.3 0.7 
15:0 0.5 0.6 -- -- 
16:0 19.8-+ 0.1 20.0 t 0.1 20.3 + 0.2 21.3 + 0.1 
I 6 : 1  2.3 2.6 4.2 4.4 
16:2 2.5 3.0 3.6 2.0 
18:0 6.1 -+ 0.1 l . l  + 0.1 5.2 + 0.1 5.2 + 0.1 
18:l 3.6 1.9 20.9 -+ 0.1 20.0 -+ 0.1 
18:2 2.2 0.1 4.1 4.3 
18:3 7.6 5.4 13.4 -+ 0,1 13.6 t 0.1 
20:1 0,6 0.3 2.4 2.1 
20:2 0.3 0.4 0.1 0.1 
20:3 tr tr 0.3 tr 
20:4 1.7 1.2 6.9 6.7 
20:5 14.9 -+ 5 14.2 -+ 0.6 17.7 -+ 0.1 18.4 -+. 0.1 
22:4 0.5 tr - - 
22:5 2.3 2.5 -- -- 
22:5 3.1 3.4 - -- 
22:6 30.0 +- 0.9 41.7 -+ 1.0 - - 

Z, Double bonds 322 383 200 189 

Saturated / 
unsaturated 0.4 0.3 0.3 0.4 

The values are the averages -+ SE of 3 determinations from a pooled sample. 

species.  On the  c o n t r a r y ,  C vicinus a d a p t e d  to 
w a r m  t e m p e r a t u r e s  was  r icher  in PE than  in PC. 
The  ra t ios  of  PC to PE were  1.6 and 0.8 in 
D. rnagna and  C. vicinus a d a p t e d  to w a r m  tem-  
pe ra tu re .  T h e  r e s p o n s e  to decreased  t e m p e r a -  
tu re  was s imilar :  PC decreased  wi th  a s imul -  
t a n e o u s  increase  in PE levels in b o t h  species.  
The  ra t io  o f  PC to  PE had decreased  to 1.1 and  
0.5 in the  respec t ive  species.  L y s o p h o s p h a t i d y l -  
cho l ine  was absen t  bu t  a n i n h y d r i n  posi t ive  
spo t ,  s h o w i n g  ident ical  c h r o m a t o g r a p h i c  be- 
havior  to 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  w h e n  
c o c h r o m a t o g r a p h e d ,  s h o w e d  a t e n d e n c y  to  de- 
crease w h e n  e x p o s e d  to cold.  The  same  also 
was  t rue  for  s p h i n g o m y e l i n ,  w he rea s  p h o s p h a -  
t idy l se r ine  t ended  to a c c u m u l a t e .  

Ordering State of Isolated PL in Normal Animals 
and Animals Shifted to Cooler Temperatures 

T w o  charac te r i s t i c  b reaks  are f o u n d  o n  In S 
vs 1/T p lo t s  o c c u r r i n g  at 19 C and  13 C and 
20 C and 7 C in C vicinus (Fig. 1 ) a n d  D. 
magna (Fig. 2), r espec t ive ly ,  a d a p t e d  to  w a r m  
t e m p e r a t u r e s .  The  break  at  the  h igher  t e m p e r a -  
tu re  is regarded  as the  onse t ,  w he rea s  tha t  at 
t he  l ower  t e m p e r a t u r e  is r egarded  as the  com-  
p le t ion  o f  phase  s e p a r a t i o n  (17).  A l t h o u g h  the  

F A  c o m p o s i t i o n  o f  to ta l  PL as well as t he  
polar  head  c o m p o s i t i o n  differ  m a r k e d l y ,  the  S 
values are a l m o s t  ident ical  in b o t h  c rus taceans .  
Ev iden t ly ,  b o t h  o f  these  p a r a m e t e r s  made  con-  
t r i b u t i o n s  in o rde r  to  assure  ident ical  phys i co -  
chemica l  charac te r i s t i cs  to t he  m e m b r a n e  PL 
in an imals  g r o w n  at 20 C. 

Shif t  o f  the  t e m p e r a t u r e  f r o m  20 C to 10 C 
resu l ted  in an increase  o f  o rde r  p a r a m e t e r s  in 
C. vicinus, which  wou ld  ind ica te  s o m e  increase  
in m o l e c u l a r  packing.  Howeve r ,  b o t h  the  onse t  
and  c o m p l e t i o n  o f  phase  s e p a r a t i o n  t e m p e r a -  
tu res  were  sh i f ted  to 10 C and  3 C, respec t ive ly  
(Fig.  1). The  m a g n i t u d e  o f  sh i f t ing  to  coo le r  
phase  s epa ra t i on  t e m p e r a t u r e s  exac t ly  corre-  
s p o n d e d  w i t h  t ha t  o f  t he  e n v i r o n m e n t a l  wa te r  
t e m p e r a t u r e .  In con t r a s t ,  the  s ame  t r e a t m e n t  
had no  in f luence  on  the  phys ica l  s ta te  of  PL in 
D. magna (Fig. 2). Ne i the r  the  S values n o r  the  
b r e a k - p o i n t  t e m p e r a t u r e s  change  w h e n  ex- 
posed  to cold.  

DISCUSSION 

The  p re sen t  da ta  c o n f i r m  earl ier  o b s e r v a t i o n s  
on  FA c o m p o s i t i o n  o f  f r e s h w a t e r  c l adoce rans  
and  c o p e p o d s  ( 1 2 ) a n d  on  the  d i f fe rent ia l  re- 
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FIG. 1. Temperature dependency of the order 
parameter, S, of 5-doxyl stearic acid in isolated phos- 
pholipids on C. vicinus adapted to warm temperatures 
placed in cooler temperatures; �9 = warm adapted, 
o = exposure to 10 C for 3 days. The standard error of 
order parameter, S, was 2%. 

sponse of lipid metabol ism of various crusta- 
ceans to changes in envi ronmenta l  t empera ture  
(13). A basic difference be tween  C. vicinus, a 
representat ive species active in winter and 
summer,  and D. magna, representing those 
active only in the summer,  is that  only  the 
fo rmer  could increase the level of  long-chain 
polyunsatura ted  FA in PL when  exposed to 
cold. Accumula t ion  of  long-chain polyunsatu-  
rated F A  in C. vicinus exposed to cold is not  
l ikely to be the result of  a selective re tent ion  
f rom possible starvation during the exper iment .  
Previous studies using labeled precursors 
showed an immedia te  rise in fo rmat ion  of  these 
F A  in cyclops shifted to lower tempera tures  
(13). Biosynthesis  of long-chain polyunsatu-  
rated F A  proceeds via chain elongat ion and 
desatura t ion of  the corresponding precursors 
(18). As no food  was available during the ex- 
periment ,  these precursors must  have been 
l iberated f rom some c o m p l e x  lipids. Thus, a 
rapid tempera ture- induced deacylat ion fol- 
lowed by chain elongation,  desaturat ion and 
reacyla t ion can be postulated to take place on 
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FIG. 2. Temperature dependency of the order 
parameter, S, of 5-doxyl stearic acid in isolated phos- 
pholipids of D. magna adapted to warm temperatures 
placed in cooler temperatures; �9 = warm adapted, 
o = exposure to 10 c for 3 days. Note that the ordi- 
nate for the plot of animals placed in cooler tempera- 
tures is shifted one unit downwards to avoid over- 
lapping. 

exposure  to cold. This speculat ion is supported 
by observat ions of Chapelle et al. ( 19 ) showing  
that  the  tempera ture  controls  the phosphat idyl-  
choline ~ lysophosphat idylchol ine  deacylat ion-  
reacyla t ion  react ion in the decapod crustacean, 
Carcinus meanas. Dickens and Thompson  (20) 
suggest this process plays an impor tan t  role in 
thermal  adapta t ion  of  Tetrahymena. Although  
we do not  have direct evidence to prove this 
point ,  the  reduc t ion  of  lysophosphat idyle th-  
anolamine  in C. vicinus and D. magna exposed 
to cold (Table 3) fits well in this picture. As 
D. magna did not  increase the produc t ion  of  
long-chain polyunsatura ted  F A  with  exposure 
to cold it must recycle the F A  al ready present ;  
hence,  its PL FA compos i t ion  remains un- 
changed. 

Besides PL F A  composi t ions ,  the PL polar  
head group compos i t ion  is also di f ferent  in the  
2 crustaceans investigated (Table 3). However ,  
despite significant differences in PL class and 
FA compos i t ion  of  crustaceans adapted to 
warm temperatures ,  the ordering states of  iso- 
lated PL were identical  (Figs. 1 and 2). Also, 
the  onset  of  phase separations were at identical  
tempera tures  and exact ly at the  tempera ture  of  
growth.  Thus, as in some unicellular systems 
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TABLE 3 

Phospholipid Composition of Cyclops vieinus and Daphnia magna Before and 
After Shift of Temperature from 20 C to 10 C 

Species C. Vicinus D. magna 

Temperature C 20 10 20 10 

Phosphatidylinositol 6.3 • 0.3 
Phosphatidylserin 2.7 • 0.2 
Sphyngomyelin 3.1 • 0.5 
Lysophosphatidyl- 

ethanolamine 5.4 • 0.5 
Phosphatidylcholine 37.5 +- 1.6 
Phosphatidylethanolamine 44.9 • 2.6 

5 .7•  5 .2•  8 .7•  
8 .2 •  2 .5 •  3 .6•  
1 .2•  5 .2•  3 .9•  

5 .2 •  2 .5+0.1  -- 
27 .7•  52 .6•  43 .4 •  
54 .8•  31 .9•  40 .6•  

For legend see Table 1. 

(1 ,2 ,21 ,22) ,  a very close co r re l a t ion  is f o u n d  
b e t w e e n  g r o w t h  t e m p e r a t u r e  and m e m b r a n e  
physical  s ta te  in  these  c rus taceans ,  As revealed 
b y  Tables  2 and  3, C. vicinus and  D. magna 
adap t ed  to warm t e m p e r a t u r e s  achieved ident i -  
cal f lu idi ty  pa ramete r s  fo l lowing d i f f e ren t  
routes .  PC fo rm less packed  m e m b r a n e s  t h a n  
PE of  the  same F A  c o m p o s i t i o n  (23)  bu t  h igher  
levels of  p o l y u n s a t u r a t e d  F A  of  t he  la t te r  migh t  
ove rcome  the  condens ing  effect  of t he  head  
group.  F r o m  Table  2 we infer  t h a t  C. vicinus 
uses the  p o l y u n s a t u r a t e d  f a t t y  acids present  in  
PE whereas  D. magna uses the  molecu la r  archi-  
t e c tu r e  of PC head  groups  to  assure a com- 
parable  physical  s ta te  of  the i r  m e m b r a n e s  in 
warm t empera tu re s .  

The  increase  in PE level o n  exposure  to cold, 
seen w i th  b o t h  C. vicinus and  D. magna, has 
also been n o t e d  wi th  some  o the r  species (9, 
24-26).  Wieslander  et al. (27)  p ropose  t h a t  the  
s tab i l i ty  of  t he  bi layers  at  r educed  t e m p e r a t u r e s  
requi res  an increase  in wedge-shaped PL (PE in 
th i s  case) as well  as an  e n h a n c e d  i n c o r p o r a t i o n  
of  p o l y u n s a t u r a t e d  FA. The  present  resul ts  
ind ica te  (Tables  2 a nd  3)  t h a t  D. magna on ly  
par t ia l ly  fulfills this  r e q u i r e m e n t  because  it  is 
unab le  to  i nco rpo ra t e  more  p o l y u n s a t u r a t e d  
F A  in PE w h e n  exposed  to cold. 

C o m p a r i s o n  of  Figures  1 and  2 ind ica tes  t ha t  
C. vicinus comple t e ly  adap t s  its PL t r ans i t i ona l  
s ta te  to  t e m p e r a t u r e  b u t  D. magna does  not .  
The  di f ferences  b e t w e e n  the  onse t  and  comple-  
t ion  of  phase-separa t ion  t e m p e r a t u r e s  exact ly  
co r r e sponded  to t he  d i f fe rence  in t he  environ-  
m e n t a l  t e m p e r a t u r e  in t he  case of  t he  f o r m e r  
species. An add i t iona l  w o o f  tha t  C. vicinus 
regulates  the  physical  s ta te  of  the i r  phospho -  
lipids very precisely accord ing  to t e m p e r a t u r e  
comes  f rom observa t ions  made  on  animals  
col lected f rom waters  at 15 C. These  crusta-  
ceans kep t  the  onse t  of  phase - separa t ion  
t e m p e r a t u r e  at 1 4 C  (data  no t  shown) .  T he  
a d j u s t m e n t  of  PL t r ans i t i ona l  s ta te  to  tern- 

pe ra tu re  b y  C. vicinus can be  expec t ed  to be 
as rapid  as tha t  given w i th  t he  p r o d u c t i o n  o f  
iong-chain p o l y u n s a t u r a t e d  FA w h e n  exposed  
to cold (13).  Fai lure  to  regula te  PL phasical  
s ta te  in  D. magna might  be one  of the  reasons  
w hy  this  species spends  t he  cold season in the  
fo rm of  rest ing eggs. M e m b r a n e  func t i ons  
(pe rmeab i l i t y ,  k ine t ics  of  m e m b r a n e  b o u n d  
e n z y m e s  and so f o r t h )  are k n o w n  to be  a l te red  
dras t ical ly  be low phase-separa t ion  t empe ra tu r e .  
This,  and  t he  ins t ab i l i ty  of  b i layers  expec ted  
f rom the  s tudies  of  Wieslander  et al. (27) ,  m igh t  
r ende r  these s t ruc tu res  unsu i t ab le  to fulfill  
n o r m a l  f u n c t i o n s  in cold t empera tu re s .  As an  
imba l ance  in me tabo l i sm,  as also suggested for  
p lan ts  sensit ive to  chil l ing (28),  c a n n o t  be 
t o l e r a t ed  b e y o n d  ce r ta in  l imits,  a d a p t a t i o n  of  
PL physical  s ta te  to  t e m p e r a t u r e  can be  re- 
garded  as a requis i te  for  the  survival  of crusta-  
ceans at  r educed  t empera tu re .  

We are aware t ha t  to t a l  PL, as inves t iga ted  in 
th is  s tudy,  are r ep resen ta t ive  of  on ly  average 
m e m b r a n e s ,  and  t h a t  indiv idual  m e m b r a n e s  
(e.g., endop lasmic  r e t i cu lum,  m i t o c h o n d r i a ,  
p lasma m e m b r a n e s )  migh t  differ  in  the i r  phos-  
pho l ip id  compos i t i ons  and  physical  states. The  
response  we f o u n d  to a t e m p e r a t u r e  decrease  
m a y  be more  p r o n o u n c e d  in one  type  of  mem-  
b r a n e  t h a n  in ano the r .  However ,  t he  indiv idual  
m e m b r a n e s  would seem likely to  exh ib i t  t he  
same response  to a t e m p e r a t u r e  decrease as t h a t  
observed  w i th  t o t a l  PL. 
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ABSTRACT 

Fatty acid compositions of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) and the 
rates of fatty acid esterification to these phospholipids (PL) were measured in intact rat red cell popu- 
lations of different ages separated by density gradient centrifugation in order to clarify changes in 
membrane lipids of red blood cells during in vivo aging. Fatty acid compositions of PC and PE altered 
progressively as red cells became denser. Changes in unsaturated fatty acids occurred predominantly at 
the 2-position of PC and PE and those in saturated fatty acids at both positions. The esterification 
rates of 5 major fatty acids decreased as red cells became denser and those of oleic acid, linoleic acid 
and arachidonic acid to both PC and PE of fraction I cells (oldest ceils) were 37-51% those of fraction 
IV cells (youngest cells). Reduction in the rates of fatty acid esterification appeared to occur in the 
course of red cell maturation because reticulocyte-enriched cell fractions showed 4.5-14.5 times 
higher rates of linoleic acid and arachidonic acid esterifications to PC and PE. 
Lipids 19:443-448, 1984. 

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

Red blood ceUs circulate in the bloodstream 
for a definite period. Senescent cells are seques- 
tered in the reticuloendothelial system (1,2). 
Changes in red cell components and their func- 
tions during survival in the bloodstream, in vivo 
aging, have been extensively studied using 
density-separated young and old ceils. Old cells 
have been demonstrated to be denser and 
smaller in size (3), have a reduced deformability 
(4) and become osmotically fragile (5). A de- 
crease in enzymatic activities has been also 
observed in the denser cells (6,7). 

Changes in membrane lipids and their 
metabolism during in vivo aging of red blood 
ceils have not been well confirmed. Alteration 
of polyunsaturated fatty acids has been demon- 
strated in cell membranes of old and young 
ceils (8-10). Although reticulocytes are able to 
synthesize fatty acids and phospholipids (PL) 
de novo, matured mammalian erythrocytes 
cannot alter fatty acid chain length or degree of 
unsaturation, or synthesize PL de novo (11-13). 
Fatty acid metabolism of matured red cells is 
limited to deacylation of endogenous PL and 
reacylation of the resulting lysophosphohpids 
and exchange of intact PL molecule with an 
exogenous one (14). In order to clarify changes 
in membrane lipids of red blood cells during 
in vovo aging, we measured the fatty acid com- 
positions at the 1 and 2 positions of phospha- 
tidylchohne (PC) and phosphatidylethanol- 
amine (PE) of density-separated red cells and 
the in vitro esterification rates of fatty acids to 
these PL. 

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

Chemicals 

Radioactive fatty acids purchased from New 
England Nuclear (Boston, MA) were [5,6,8,9, 
11,12,14,15-3H] arachidonic acid (78.2 Ci/ 

1 4  - �9 mmol), [1- C] 11nolelc acid (56.5 mCi/mmol), 
[9,10-3H] oleic acid (5.7 Ci/mmol), [I-14C] 
stearic acid (55.7 mCi/mmol) and [9,10-3H] 
palmitic acid (11.8 Ci/mmol). Other chemicals 
were purchased from the following companies: 
Boehringer Mannheim (Germany), phospho- 
lipase A2 [EC 3. 1. 1.4]  from Crotalus durissus 
terrificus; Pharmacia Fine Chemicals (Piscat- 
away, NJ), Dextran T40, lot. FL 18974; Wako 
Pure Chemicals (Tokyo, Japan), reagent kit for 
nonesterified fatty acid and phenylhydrazine. 
All other chemicals were of at least reagent 
grade. 

Fractionation of Red Blood Cells 

Blood samples were obtained from ether- 
anesthetized male Wistar rats (body weight: 
400-500 g) using heparin as anticoagulant. The 
blood was mixed with 1/3 vol 50% Dextran 
T40, layered on the Dextran T40 discontinuous 
density gradient and centrifuged at 90,000 • g 
for 90 rain at 4 C, using a Beckman L5-65B 
centrifuge with a swing rotor (SW 28, 40 ml • 
6). The gradient was consisted of 30%, 32%, 
34% (8 ml each) and 50% Dextran T40 solu- 
tions (3 ml). The Dextran T40 solutions were 
prepared according to the method of Abraham 
et al. (15). Four discrete zones of red blood 
cells were obtained and were designated as 
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fractions I-IV from the bottom. Red blood 
cells from each fraction were collected and 
washed 3 times with saline to remove Dextran. 
During this procedure, no visible lysis of red 
cells was observed. Contents of reticulocytes 
and leukocytes in each red-ceU fraction were 
determined microscopically according to stand- 
ard methods (16). Fraction IV cells contained 
2-4% of reticulocytes, which were identified by 
brilliant cresyl blue staining with 1000 or more 
red cells counted to determine the percentage 
of reticulocytes. Three other fractions con- 
tained less than 0.1%. Content of leukocytes 
was less than 0.02% of the total cells in 4 
fractions. 

Preparation of Reticulocyte-Enriched Cell Fraction 

Rats (450-500 g) were injected with phenyl- 
hydrazine hydrochloride for 3 consecutive days 
(30 mg/kg body weight/day). On day 7, blood 
samples were obtained. Fraction IV cells were 
prepared by density-gradient centrifugation and 
the reticulocyte counts were performed as 
described above. 

Analysis of Membrane Lipids 

Lipids were extracted by the method of 
Folch et al. (17) from red-cell membranes 
obtained according to the procedure of Dodge 
et al. (18). PC and PE were isolated by thin 
layer chromatography [HP-TLC silica-gel plates, 
E. Merck; chlorform/methanol/28% ammo- 
nium/water (73:27:2:3, v/v/v/v)] and were 
heated with boron trifluoride in methanol by 
the method of Metcalfe and Schmitz (19). Re- 
suiting fatty acid (FA) methylesters were 
analyzed at 230 C in a Shimadzu GC-7AG gas 
chromatograph (GC) (Shimadzu Corp., Japan) 
using a flame ionization detector (FID) and a 
glass column (4.1 m x 0.5 cm) packed with 5% 
Shinchrom E-71 (nitrile polyester) on Shimalite 
(AW) (80-100 mesh, diatomaceous earth) 
(Wako Pure Chemicals). In this condition, 16:0 
and 16:1 were not always separated clearly so 
the percentage of 16:0 + 16:1 was calculated. 
Areas of peaks and percent composition of FA 
methylesters were computed using a Shimadzu 
Chromatopack R1-A Data System (Shimadzu 
Corp.). 

The positional distribution of FA in PC and 
PE was analyzed by treatment with snake 
venom phospholipase A2 as described by 
Ferber et al. (20). PL (0.5-1.0/amol), dissolved 
in 2 ml of diethylether/ethanol (19:1, v/v) con- 
taining 1.5 mM butylated hydroxytoluene, 
were mixed with 100 /~1 of 0.2 M Tris-HC1 
(pH 8.0), 100/.d of enzyme solution (1 mg/ml) 
and 50/11 of 0.2 M CaC12 and incubated at 30 C 

with vigorous shaking for 6 hr. Then the lipids 
were recovered and separated by TLC (chloro- 
form/methanol/water [65:25:4, v/v/v]). More 
than 98% of PC and 93% of PE were hydro- 
lyzed. Resulting free fatty acids ( F F A ) a n d  
lysophospholipids were recovered and their 
fatty acid compositions were examined by gas 
liquid chromatography (GLC). 

The plasma was isolated from heparinized 
rat blood by centrifugation. Lipids were ex- 
tracted from plasma, and FFA and PC were 
separated from extracted lipids by TLC. The 
composition of FA was determined by GLC as 
described above. 

Esterification of Radioactive Fatty Acids 
to Phospholipid of Density-Separated Red Cells 

Plasma was heated at 56 C for 1 hr to 
destroy lecithin-cholesterol acyltransferase (21) 
and mixed with radioactive FA. When 1 /~Ci of 
radioactive FA was added to 1 ml of plasma, 
the specific radioactivity in plasma was as 
foUows: palmitic acid, 33.2 /aCi//zmol; stearic 
acid, 36.9/aCi//amol; oleic acid, 45.9/~Ci//~mol; 
linoleic acid, 19.6 /aCi//~mol; and arachidonic 
acid, 192.3 /~Ci//Jmol. The plasma containing 
radioactive FA was preincubated at 37 C for 
30 min. A 1.3 ml aliquot of the plasma contain- 
ing 1.3/aCi of radioactive FA was added to 1 ml 
of packed red cells and incubated at 37 C with 
gentle shaking. In the absence of red blood 
cells, radioactive FA were not esterified to 
plasma PL in the whole period of incubation. 
Two hours after incubation, cells were centri- 
fuged, washed 3 times with saline and hemo- 
lyzed. Lipids were extracted from red-cell 
membranes and PC and PE were separated from 
extracted lipids by TLC. The radioactivities of 
PC and PE were determined using a liquid 
scintillation counter (Packard model 3325). 
The amount of inorganic phosphorus was deter- 
mined as described by Gerlach and Deuticke 
(22). The FA esterification to PC and PE of the 
reticulocyte-enriched cell fraction was ex- 
amined by incubation with plasma obtained 
from untreated rats in the presence of radio- 
active FA. 

R ESU LTS 

Fatty Acid Compositions of PC and PE 
of Density-Separated Red Cells 

Table 1 shows the FA composition of PC of 
whole and fractionated red cells. Significant 
alterations in FA composition were observed 
between fraction IV and fraction I cells. The 
percentages of 18:0 and 18:2 increased as red 
cells became denser from fractions IV to I, 
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TABLE 1 

Fat ty Acid Composi t ion of  PC in Density-Separated Red Cells a 

445  

Fat ty acid composi t ion (%) 

Whole cells Fraction IV Fraction I 

16:0+16:1 b Overall 46.9 • 0.7 50.4 + 1.5 45.4 + 0 .6*** 
1 Position 54.2 + 2.4 58.0 + 2.8 53.5 • 0.8* 
2 Position 36.3 -+ 4.5 36.5 -+ 3.1 32.1 • 5.2 

18:0 Overall 14.0 + 0.7 11.3 -+ 0.6 16.9 • 0 .4*** 
1 Position 28.0 -+ 2.1 22.7 • 0.7 32.5 +- 1.2"** 
2 Position 5.2 + 0.4 4.0 -+ 0.7 6.9 -+ 0.5* 

18:1 Overall 8.7 -+ 0.2 10.5 • 0.5 7.2 -+ 0 .2*** 
1 Position 7.7 -+ 0.9 8.6 -+ 0.6 7.7 -+ 0.6 
2 Position 10.1 • 0.8 12.2 • 0.4 8.8 -+ 1.1"* 

18:2 Overall 16.9 -+ 0.6 15.4 -+ 0.5 18.6 • 0 .7*** 
1 Position 6.2 + 0.9 6.6 -+ 0.5 6.3 +- 1.3 
2 Position 24.3 + 1.2 23.8 + 1.2 29.5 • 1.7"* 

20:4  Overall 10.7 + 0.8 10.9 • 1.1 10.0 • 0.8 
1 Position 3.9 -+ 2.1 4.1 -+ 1.9 19.1 -+ 2.4 
2 Position 20.6 -+ 3.3 20.1 -+ 2.9 19.1 -+ 2.4 

22:6 Overall 1.7 • 0.2 1.5 + 0.3 1.7 -+ 0.2 
1 Position - -  --  - -  
2 Position 2.7 • 0.5 2.4 • 0.1 2.7 • 0.6 

aFat ty  acid composi t ions at the 1 and 2 positions of PC in unf rac t iona ted  (whole) and 
density-separated (fractions IV and I) red cells were determined as described in Materials 
and Methods. Fat ty  acid composi t ions  of  unhydrolyzed PC (overall) were also determined.  
The values given were mean • SD (n=6 for overall, n=4 for 1 and 2 positions). The dif- 
ference between fraction IV and I cells was tested by s tudent ' s  t-test: *p<0.05,  **p<O.O1, 
***p<O.O01. 

~ 98% of  these fatty acids were 16:0. 

w h e r e a s  1 6 : 0 +  16:1  a n d  18:1 d e c r e a s e d .  
C h a n g e s  in u n s a t u r a t e d  F A  o c c u r r e d  pre -  
d o m i n a n t l y  at  t h e  2 p o s i t i o n  a n d  t h o s e  in  
s a t u r a t e d  F A  a t  b o t h  p o s i t i o n s .  A l t e r a t i o n s  o f  
F A  c o m p o s i t i o n  o f  PE  we re  s o m e w h a t  d i f f e r e n t  
f r o m  t h o s e  o f  PC ( T a b l e  2).  T h e  p e r c e n t a g e s  o f  
1 8 : 0 ,  18 :1  a n d  1 8 : 2  i n c r e a s e d  s i g n i f i c a n t l y  as 
r ed  cells  b e c a m e  d e n s e r  f r o m  f r a c t i o n s  IV to  I. 
By  c o n t r a s t ,  t h o s e  o f  1 6 : 0 +  16 : 1 ,  2 0 : 4 ,  2 2 : 5  
a n d  2 2 : 6  d e c r e a s e d .  C h a n g e s  in  s a t u r a t e d  F A  
were  m a i n l y  c a u s e d  b y  c h a n g e s  at  t h e  1 pos i -  
t i o n .  O n  t h e  o t h e r  h a n d ,  c h a n g e s  in  u n s a t u r a t e d  
F A  were  m a i n l y  c a u s e d  b y  c h a n g e s  a t  t h e  2 
p o s i t i o n .  T h e s e  a l t e r a t i o n s  o f  F A  c o m p o s i t i o n s  
o f  PC a n d  PE  were  p r o g r e s s i v e l y  m o r e  m a r k e d  
as r e d  cel ls  b e c a m e  d e n s e r  ( d a t a  n o t  s h o w n ) .  

Esterification of Radioactive Fatty Acids to PC 
and PE of Density-Separated Red Cells 

T h e  ra t  p l a s m a  c o n t a i n e d  0 .11  m E q  F F A ,  
w h i c h  was  c o m p r i s e d  o f  27 .3%,  1 6 : 0 ;  8 .3%,  
1 8 : 0 ;  19 .6%,  1 8 : 1 ;  3 0 . 1 % ,  1 8 : 2 ; 4 . 6 % ,  2 0 : 4 ;  
10 .1% m i n o r  F A .  T h e  a d d i t i o n  o f  r a d i o a c t i v e  
F A  c a u s e d  i n c r e a s e s  in  t h e  c o n c e n t r a t i o n s  o f  
p l a s m a  F A  as f o l l o w :  1 8 : 0 ,  0 . 0 0 9 - 0 . 0 2 7  m E q ;  
1 8 : 2 ,  0 . 0 3 3 - 0 . 0 5 1  m E q .  I n c r e a s e s  in  t h e  c o n -  

c e n t r a t i o n s  o f  o t h e r  F A  were  less  t h a n  0 .2% o f  
t h e  o r i g ina l  p l a s m a  o n e s .  W h e n  r ed  b l o o d  cel ls  
w e r e  i n c u b a t e d  w i t h  p l a s m a  c o n t a i n i n g  r a d i o -  
ac t ive  F A ,  e s t e r i f i c a t i o n s  o f  r a d i o a c t i v e  F A  to  
PC a n d  P E  o f  r ed  cell  m e m b r a n e s  c o n t i n u e d  
l i nea r ly  f o r  at  l eas t  2 h o u r s .  T a b l e  3 s h o w s  t h e  
e s t e r i f i c a t i o n  r a t e s  o f  r a d i o a c t i v e  F A  to  PC a n d  
P E  o f  r ed  cell  m e m b r a n e s .  T h e  e s t e r i f i c a t i o n  
r a t e s  o f  all F A  t e s t e d  to  PC a n d  PE  d e c r e a s e d  as 
r ed  cel ls  b e c a m e  d e n s e r  f r o m  f r a c t i o n s  IV to  
III. T h e  e s t e r i f i c a t i o n s  o f  1 8 : 1 ,  1 8 : 2  a n d  2 0 : 4  
t o  PC o f  f r a c t i o n  III cel ls  we re  51%,  45% a n d  
60% t h o s e  o f  f r a c t i o n  IV cel ls ,  r e s p e c t i v e l y .  
A l s o ,  t h e  e s t e r i f i c a t i o n s  o f  1 8 : 1 ,  1 8 : 2  a n d  2 0 : 4  

to  PE  o f  f r a c t i o n  III cel ls  w e r e  51%,  4 5 %  a n d  
65% t h o s e  o f  f r a c t i o n  IV cells.  A m o n g  d e n s e r  
f r a c t i o n s  III,  II a n d  I, n o  s i g n i f i c a n t  d i f f e r e n c e  
was  o b s e r v e d .  

Esterification of Radioactive Fatty Acids to PC 
and PE of Reticulocyte-Enriched Red Cell Fraction 

F r a c t i o n  IV cells  c o m p r i s e d  t h e  y o u n g e s t  
e r y t h r o c y t e s  a n d  a s m a l l  n u m b e r  o f  r e t i c u l o -  
cy t e s .  In  o r d e r  to  e x a m i n e  p o s s i b l e  i n v o l v e m e n t  
o f  r e t i c u l o c y t e s  in  h i g h e r  e s t e r i f i c a t i o n  r a t e s  o f  
f r a c t i o n  IV cells ,  r e t i c u l o c y t e - e n r i c h e d  b l o o d  
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T A B L E  2 

Fa t ty  Acid Compos i t i on  o f  PE in Dens i ty -Separa ted  Red Cells a 

Fat ty  acid compos i t i on  (%) 

Whole cells Fract ion IV Frac t ion  I 

16 :0+16:1  b 

18:0 

18:1 

1 8 : 2  

20:4  

22 :4  

22:5  

22 :6  

Overall  
Position 

2 Position 

Overall  
Position 

2 Position 

Overall  
Position 

2 Position 

Overall  
Position 

2 Position 

Overall  
Position 

2 Position 

Overall  
1 Position 
2 Position 

Overall  
Position 
Position 

Overall  
1 Position 
2 Position 

2 7 . 7 - + 0 . 7  2 9 . 0 - + 0 . 5  2 5 . 5 - + 0 . 9 * * *  
57 .3 -+2 .1  6 0 . 4 •  5 2 . 2 - + 2 . 1 " *  

4.9-+ 1.1 3.8 t 1.9 6 . 7 •  

3 .8 -+0 .2  3.3 t 0.1 4 . 3 - + 0 . 5 * *  
9.9_+ 1.1 8.6 ~ 1.4 12 .2 -+2 .2  
1 .4 -+0 .8  0.7 t 0.1 1 .6 -+0 .7  

10 . 8 -+0 . 2  9.1 t 0.6 1 3 . 6 - + 0 . 6 " * *  
21.0-+ 1.0 19.3 t 2.2 2 1 . 9 - + 3 . 6  

5 .7_+0.6  5 .2 -+1 .2  7 . 8 •  

6 . 1 - + 0 . 3  4 .0  ~ 0 . 4  9.2_+ 1 .0"**  
5 . 9 - + 0 . 6  5.7 t 1.7 7 . 6 - + 2 . 3  
7 . 1 - + 1 . 3  5 . 3 •  1 2 . 9 - + 0 . 5 " * *  

34 .9_+0 .6  36.7 ~ 1.2 31.9 • 1 .5"**  
5.5-+ 1.7 6.2 t 4 .0 6.0-+ 1.7 

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

3 .6 -+0 .1  3.9 t 0.3 3 .3_+0 .3  

5 .2_+0.5  5 . 8 •  4 . 4 - + 0 . 7 *  

6 .5 -+0 .1  6.9 ~ 0 . 4  5.9 •  

9 . 6 •  10.9 t 1.1 8 . 7 - + 0 . 7 *  

5 . 9 •  6.2 t 0.1 5 . 3 •  

8 .6_+0.2  9.1 t 0.4 7 .7_+0 .5**  

a l : a t ty  acid compos i t i ons  at the 1 and 2 posi t ions o f  PE in u n f r a c t i o n a t e d  (whole )  and 
dens i ty - sepa ra ted  ( f ract ions  IV and I) red cells were  d e t e r m i n e d  as descr ibed in Materials 
and Methods.  Fat ty  acid compos i t i ons  o f  u n h y d r o l y z e d  I 'E (overall)  were  also d e t e r m i n e d .  
The  values given were  mean  _+ SD (n=6 for overall ,  n=4 for  1 and 2 posi t ions) .  The  dif- 
fe rence  be t w ee n  f rac t ion  IV and I cells was tes ted by s t u d e n t ' s  t-test: * p < 0 . 0 5 ,  * * p < 0 . 0 1 ,  
* * * p < 0 . 0 0 1 .  

15Ca. 70% of  these fa t ty  acids were 16:0.  

T A B L E  3 

Ester i f icat ion Rates of  Radioact ive  Fat ty  Acid f rom Plasma to PC and PE o f  Dens i ty -Separa ted  Red Cells a 

I nc o rpo ra t i on  rate o f  fa t ty  acid ( ~ m o l / m o l  phospho l ip id /2  hr )  

Whole cells I. 'raction IV Fract ion III  Fract ion !I Fract ion ! 

Phospha t idy lcho l ine  
1 6 : 0 ( 2 )  1 0 3 -  + 7 145-+ 4 113_+ 14 100_+ 12 121.+_26 
1 8 : 0 ( 2 )  14-* I 18-+ 4 1 6 -  + 1 I t  -+ 1 1 2 -  + 1 
1 8 : 1 ( 4 )  53-+ 12 145-+ 3* 61-+ 1 51 + 5 5 4 -  + 7 
18:2 (8) 204 -+ 39 515 +- 120" *  234 -+ 44  197 • 25 222_+ 28 
2 0 : 4 ( 6 )  1 3 9 - + 4 3  273-+ 79*  1 6 4 + - 3 5  1 3 3 + - 2 8  114-+ 10 

Pbosphat id  ylet h ano lamine  
1 6 : 0 ( 2 )  21-+ I 26-+ 0 17-+ 0 19-+ 3 23-+ 4 
18:0 (2) 7 _+ I I 0  _+ 1 n.d.  5 _+ 1 5 • 1 
18: t  (4)  37 _+ 10 85 -+ 10"*  43 -+ 4 35 -+ 6 32 -+ 4 
1 8 : 2 ( 8 )  60-+ 14 134_+ 37* * *  6 0 •  12 53-+ 9 58-+ 9 
2 0 : 4 ( 6 )  56-+ 8 91 • I f *  59-+ 10 56-+ I I  46-+ 3 

aEster i f ica t ion  o f  rad ioac t ive  fa t ty  acids to PC and PE o f  un f r ac t iona t ed  (whole)  and detasi ty-separated 
( f ract ion IV to  I) red cells was  e x a m i n e d  as descr ibed in Materials and Methods.  The  values given were  m e a n  -+ 
SD. The n u m b e r  of  the e x p e r i m e n t  was  given in parentheses .  The  di f fe rence  b e tween  f rac t ion  IV and Il l  cells 
was tested by s t u d e n t ' s  t-test:  *p<O.05,  **p<O.01 ,  ***p<O.O01.  

L I P I D S ,  VOL. 19, NO. 6 (1984) 



FATTY ACID AND RED CELL AGING 447 

~2.5  

~ 2.0 

-6 
E 
o 15 
E 

10. 

~ 0 . 5  
8 

}o 

A '76' 

\ \ 

\ \ 

\ \ 

\ \  
\ \ (14.5) 

\ \ [--., 
\ \ 

PC PE 

0�84184 o 

B 
(4.5__._) 

\ 

\ \ 

\ \ 

\ \ 

(6.01 
\ \ 

\ \  

\ \  

PC PE 

FIG. 1. Fatty acid esterification to PC and PE of 
fraction IV cells obtained from phenylhydrazine- 
treated rats. Esterification of 18:2(A) and 20:4(B) to 
PC and PE of fraction IV ceils prepared from bloods 
of phenylhydrazine-treated (hatched bars) and un- 
treated rats (open bars) were examined as described in 
Materials and Methods. The values represented the 
mean of 2 experiments and the ratios of phenyl- 
hydrazine-treated to untreated were shown in paren- 
theses. 

was obtained from phenylhydrazine-treated rats 
and fractionated by density-gradient centrifuga- 
tion. Reticulocytes were located exclusively in 
fraction IV and accounted for more than 40% 
of fraction IV cells. Esterification of radioactive 
FA to fraction IV cells of phenylhydrazine- 
treated rats was compared with that of fraction 
IV cells of untreated rats (Fig. 1). Esterification 
rates of 18:2 and 20:4 to PE was 8.0-fold and 
14.5-fold as high, respectively, in phenylhydra- 
zine-treated rats as in untreated ones. A similar 
result was obtained for esterification of these 
FA to PC. 

DISCUSSION 

In total lipids of human red cells, an in- 
crease in 18:2 and a decrease in 20:4 were 
found to accompany red cell aging (8,9). Simi- 
lar changes have been demonstrated in rat red 
cells (10). The present results confirmed that 
alterations in FA compositions of PC and PE, 
major PL of rat red cells, proceeded progres- 
sively during in vovo aging of rat red cells 
(Tables 1 and 2). Changes in unsaturated fatty 
acids occurred predominantly at the 2 position 
of PC and PE and those in saturated FA at both 
positions. 

In vitro studies using density-separated red 
cells have shown that the rates of esterification 
of radioactive FA from plasma to cell mem- 
brane PC and PE decreased to varying degrees 
depending on the FA species at the earliest 
stage of red cell aging (Table 3). This reduction 
appears to occur in the course of maturation of 
reticulocytes to erythrocytes because the 

reticulocyte-enriched red-cell fraction ob ta ined  
from phenylhydrazine-treated rats showed 
markedly higher rates of FA esterification 
(Fig. 1). Based on the data of Figure 1 and 
Table 3, the esterification rates of phenylhydra- 
zine-induced reticulocytes were calculated. 
Reticulocyte-enriched red-cell fraction con- 
tained 40% reticulocytes and 60% matured red 
cells, and esterified 18:2 and 20:4 to PE at the 
rates of 1.29 and 0.57 mmol/2 hr, respectively. 
If the esterification rates of matured red 
ceils are supposed to be those of whole cells 
(Table 3), the esterification rates of 18:2 and 
20:4 to PE in phenylhydrazine-induced reticulo- 
cytes are estimated at 3.13 and 1.35 mmol/  
2 hr, respectively. Using the esterification rates 
estimated for phenylhydrazine-induced reticulo- 
cytes and those of whole cells, the esterification 
rates of fraction IV cells obtained from un- 
treated rats, which contained 2-4% reticulo- 
cytes, were calculated and proved to be 0.122- 
0.183 and 0.082-0.108 mmol/2 hr for 18:2 and 
20:4 to PE, respectively. These values are con- 
sistent with the observed ones of fraction IV 
cells obtained from untreated rats (Table 4). 
Similarly, the esterification rates of 18:2 and 
20:4 to PC in fraction IV cells were calculated 
at 0.317-0.429 and 0.193-0.247 mmol/2 hr, 
respectively, based on the esterification rates of 
phenylhydrazine-induced reticulocytes (5.83 
and 2.85 mmol/2 hr for 18:2 and 20:4, respec- 
tively). These results support the contention 
that the higher rates of FA esterification of 
fraction IV cells obtained from untreated rats 
are mainly caused by reticulocytes present in 
this fraction. Three denser fractions, III, II and 
I, contained less than 0.1% of reticulocytes. 
Participation of reticulocytes in the FA esterifi- 
cation of these 3 fractions seems to be less than 
6% of the total esterification of 18:2 and 20:4 
to PE and PC. 

Matured mammalian erythrocytes cannot 
synthesize PL de novo and their FA metabolism 
is limited to the deacylation-reacylation re- 
action, which is catalyzed by phospholipase A2, 
acyl CoA lipase and acyl CoA-lysophospholipid 
acyltransferase (14,23). On the other hand, 
reticulocytes are able to synthesize PL de novo 
(11-13) so that plasma FFA are esterified to PC 
and PE of reticulocytes by both de novo syn- 
thesis and the deacylation-reacylation reaction. 
The higher rates of FA esterification to PC and 
PE of fraction IV ceils are probably caused by 
de novo synthesis of PL performed by reticulo- 
cytes present in this fraction. In the course of 
reticulocyte maturation, the FA esterification 
to PL will decrease by the loss of de novo syn- 
thesis and the decreased rate of FA esterifica- 
tion, which is performed by the deacylation- 
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reacy l a t i on  sy s t em,  is m a i n t a i n e d  t h r o u g h -  
o u t  the  s u b s e q u e n t  p roces s  of  red cell aging 
(Table  3). F A  c o m p o s i t i o n s  o f  PC and  PE o f  
red-cell  m e m b r a n e s  still a l tered p rogress ive ly  
du r ing  in vivo aging o f  m a t u r e  red cells. The  
d e a c y l a t i o n - r e a c y l a t i o n  r eac t ion  is c o n c e i v a b l y  
c losely re la ted  to changes  in the  F A  c o m p o s i -  
t ion  o f  PL du r ing  in vivo aging o f  e r y t h r o c y t e s .  
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ABSTRACT 

The effects of triarimol, tridemorph and triparanol on sterol biosynthesis in carrot, tobacco and 
soybean suspension cultures were studied. The 3 plant species normally contain calnpesterol, stigma- 
sterol and sitosterol as major sterols. Triarimol inhibited demethylation at C 14 and the second alkyla- 
tion of the side chain in all 3 species. The primary effects of tridemorph were the inhibition of the 
opening of the 9fl, 19-cyclopropane ring and the second alkylation of the side chain. Triparanol treat- 
ments resulted in the accumulation of 14a-methyl sterols, and the inhibition of second alkylation in 
the side chain in carrot and tobacco cultures. Cyclopropyl sterols also acculnulated in carrot and 
tobacco cultures treated with triparanol. Triparanol did not alter the sterol composition of soybean 
cultures except for decreasing concentrations of campesterol and stigmasterol and increasing amounts 
of sitosterol. 
Lipids 19:449-456, 1984. 

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

Numerous  inhibitors of sterol mctabol ism 
have been used in studies of sterol biosynthesis.  
A fungicide, t r iarimol [ec-(2,4-dichlorophenyl)- 
a -phenyl -5-pyr imid ine-methanol ] ,  is known to 
inhibit  14a-demethylase in animal tissues (1), 
in several spccies of water molds (Oomycetes)  
(2,3), in ~L~'tilago ma),dis (4,5) and in Chlorella 
(6). Other  inhibi tory sites of tr iarimol include 
A24(28)-reductase (4,5), the synthesis of  A 22- 
sterols (4,5,6) and the second alkylat ion at 
C 24 (6). In bean seedlings (Phaseolus vulgaris), 
t r iarimol retards growth but does not  appear to 
affect  sterol biosynthesis  (7). 

Fenar imol  [a-(2-chloro phenyl)-a-(4-chloro- 
phenyl)-  5-pyr imidine-methanol  ], a corn pound 
structural ly similar to tr iarimol,  inhibits the 
A24(28)-reductasc and the 14e~-demethylase in 
suspension cultures of  bramble (Rubus f)'utic- 
osus) (8). In this higher plant cell system, 
fenar imol  blocks the synthesis of normally 
occurr ing AS-sterols and st imulates the accutnu- 
lation of  sterols with 14c~-methyl and A5,24(28)_ 
unsaturation.  

Another  fungicide, t r idemorph (2,6-di- 
methyl-N-t r idecyl-morphol ine) ,  has been shown 
to interfere with ergosterol synthesis in fungi 
studied (9,10), and is a specific inhibitor  of  the 
A 8 ~ A 7 isomerase. The accumulat ion  of 
sterols having a AS-bond was also observed in 

Scientific article number A-3713, contribution 
number 6689 of the Maryland Agricultural Experi- 
ment Station. 

water molds treated with t r idemorph (2,3). 
Zymosterol ,  fecosterol  A8'24(28)-crgostadienol 
and st igmasta-8,E-24(28)-dienol were the prin- 
cipal A8-stcrols accumulated in t r idemorph-  
treated water molds. In 2 higher plant systems, 
bramble suspension cultures ( I 1 ) and corn seed- 
lings (12), t r idemorph effect ively blocks cyclo- 
eucalcnol-obtusifol iol  isomerase, the enzyme 
involved in opening the 9fl ,19-cyclopropane 
ring. 

A hypocholes te ro lemic  compound,  triparanol 
( 1 -I 4(diet  hylam inoet ho x y)-pehn yl ] -I -(p-tolyl)- 
2-(p-chlorophenyl)-ethanol) ,  inhibits the reduc- 
tion of  desmosterol  to cholesterol  in animal 
systems (13,14). The accumula t ion  of  desmo- 
sterol in an insect (15) and a nematode  (16) 
results as tr iparanol blocks the conversion of  
sitosterol to cholesterol.  In Saccharomyces 
cerevisiae, tr iparanol inhibits the A 8 ~ A 7 
isomcrase and interferes with the conversion of  
lanosterol to ergosterol (17,18). In 3 species of  
Chlorella studied, t r iparanol inhibits A8 ~ A7 
isomerase (19,20,21),  A 7 and AI4 reductase 
(19,20), thc second alkylat ion at C 24 (19,20,  
21), 14~-demethylase (19,20,21,22)  and the 
synthesis of  A22-sterols (19), depending on the 
Chlorella species. 

The effects of  sterol inhibitors have been 
extensively studied in animals, fungi and algae. 
With the except ion of  recent work with bram- 
ble and corn (11,12), very little published data 
is available about  the effects of  these com- 
pounds on sterol biosynthesis in higher plants. 
Suspension cultures of carrot,  tobacco and 
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soybean were used to determine the effects of 
triarimol, tridemorph and triparanol on sterol 
biosynthesis of  these agriculturally important 
plants. 

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

Suspension cultures of  carrot, Daucus carota 
var. Danvers, were grown in Murashige-Skoog 
media (23) supplemented with 1 rag/l, 2,4-D, 
0.1 rag/1Benzylamino purine and 30 g/1 sucrose. 
Cultures of soybean, Glyeine max var. Acme, 
were grown in R3 media composed of  LS salts 
(24) supplemented with 0.5 rag/1 thiamine-HC1, 
5 rag/1 Indole acetic acid, 0.3 mg/1 kinetin, 
0.5 mg/1 2,4-D and 40 g/1 sucrose. Suspension 
cultures of tobacco, Nicotiana tabacum var. 
Sulfur, were grown in Murashige-Skoog media 
to which 2 mg/1 naphtalene acetic acid, 0.1 mg/l 
kinetin and 30 g/1 sucrose were added as a 
supplement. Cultures were grown under fluores- 
cent light (24 hr) at 11,195 Lux. Suspension 
cultures (150 ml) were maintained at room 
temperature (26 C) with constant shaking at 
140 rpm. 

Triarimol, tridemorph and triparanol steri- 
lized in a filter were added in solution (in 
ethanol) to culture media. Cultures were 
treated with various levels o f  inhibitors de- 
signed to produce ca. 50% growth inhibition 
(Table 1). Controls were used for each species 
with and without ethanol. At a logarithmic 
phase of the growth cycle, control cells were 
harvested after the fifth day and treated cells 
were harvested after the eighth day of  treat- 

ments. Each treatment was repeated at least 3 
times for each species. 

Freeze-dried cells were refluxed in a Soxhlet 
(24 hr) using chloroform/methanol (2:1, v/v). 
The crude lipid was saponified with 20% KOH 
in 80% EtOH (45 min) and the nonsaponifiable 
fraction was extracted with ether. The re- 
maining aqueous fraction in the liquid-liquid 
extractor was acidified with 6N HC1, and 
reextracted with ether using liquid-liquid 
extractor (24 hr). The second ether fraction 
was coUected, evaporated and the fatty acids 
esterified with a BCla-MeOH solution. The 
esterified fatty acid fraction was partitioned 
into hexane. Sterols were isolated from this 
fraction as well as the nonsaponifiable fraction 
by chromatography on alumina. 

Sterols were separated into dimethyl, mono- 
methyl and desmethyl sterol fractions by 
modification of the thin layer chromatography 
(TLC) described by Tu et al. (25). 

Separation of unsaturated sterols (as ace- 
tates) was carried out using argentation TLC 
described by Vroman and Cohen (26). 

Sterols were tentatively identified by gas 
liquid chromatography (GLC) (27) with a 
Varian 3700 gas chromatograph fitted with a 
1.8 x 3.4 mm column of 3% SE-30 on Gas 
Chrom Q. Peak area calculations were processed 
with a Varian CDS 111 Chromatographic Data 
System. 

Mass spectra (MS) were obtained using the 
method described by Berg et al. (3). MS of 
samples were compared with MS of authentic 
standards, and sterols were identified by GLC- 
MS (28). 

TABLE 1 

Comparison of Lipid Data from Control and Drug Treated 
Cultures of Carrot, Tobacco and Soybean a 

Total lipid Total sterol 
Culture Treatment Dry wt. (g) (mg/g dry wt.) (mg/g dry wt.) 

Carrot Control 10.2 (9.1-10.9) 107.6(101.1-115.9) 1.0(0.9-1.2) 
Triarimol (5 rag/l) 4.2(3.9-4.7) 112.2(104.4-120.3) 0.7(0.7-0.8) 
Tridemorph (3 m g / 1 )  2.3(2.1-2.7) 310.4(302.2-322.6) 1.4(1.2-1.7) 
Triparanol (10 m g / 1 )  5.4(4.9-6.1) 87.2(83.5-91.9) 1.8(1.6-2.2) 

Tobacco Control 16.0(15.0-17.3) 47.5(45.9-49.2) 1.3(1.2-1.4) 
Triarimol (10 mg/l) 12.5(11.7-13.0) 24.7(22.6-28.0) 0.7(0.5-0.8) 
Tridemorph (1 n a g / l )  14.4(14.1-15.0) 15.2(13.9-16.8) 0.6(0.5-0.6) 
Triparanol (5 m g / 1 )  10.6(9.6-11.9) 48.3(46.1-51.2) 1.8(1.7-2.0) 

Soybean Control 22.9(21.8-24.4) 22.2(20.4-24.5) 1.0(0.8-1.1) 
Triarimol (10 m g / 1 )  8.0(7.3-8.9) 57.7(56.1-60.7) 1.1(0.9-1.2) 
Tridemorph (5 mg/l) 9.6(9.2-10.5) 45.6(43.5-48.4) 1.2(1.1-1.3) 
Triparanol (16 m g / 1 )  16.2(15.5-16.6) 50.0(48.8-52.1) 1.3(1.2-1.4) 

aValues given are means of 3 replications with ranges in parentheses. 
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RESULTS AND DISCUSSION 

Growth was inhibited as measured by dry- 
ma t t e r -p roduc t ion  in carrot, tobacco and 
soybean cultures when grown in media sup- 
plemented with either triarimol, tridemorph 
or triparanol (Table 1). The quantitites of 
total lipid and total sterol produced varied 
according to treatment with cultures of carrot 
and soybean, but increased in all treated soy- 
bean cultures compared to controls (Table 1). 

The 3 major sterols of each control culture 
were campesterol, stigmasterol and sitosterol. 
A minute quantity of cholesterol was found in 
all 3 control cultures and a trace of 24-methyl- 
enecycloartanol in carrot and tobacco control 
cultures. The sterols from controls with and 
without ethanol were identical in each culture. 
As noted in Table 2, with the exception of 
24-methylenecycloartanol, all the sterols in 
control cultures were AS-sterols, accounting for 
98% or more of total sterol. In other tissue cul- 
tures of higher plants campesterol, stigmasterol 
and sitosterol were the major sterols, and sito- 
sterol was the predominant sterol (29-33). 

Effects of Triarimol on Sterol Composition 

Triarimol effectively altered the composition 
of sterols in carrot, tobacco and soybean cul- 
tures. All 3 cell cultues produced 14a-methyl- 
5a-ergost-8-en-313-ol (Table 2). The spectrum 
was similar to that of the authentic compound 
as described by Doyle et al. (34). Triarimol also 
caused the accumulation of 14a-methyl-5a- 
ergost-8-en-3t3-ol in Chlorella species (6). 
Obtusifoliol (4,14-dimethyl-5c~-ergosta-8,24(28)- 
dien-3~-ol) was also detected in all cell cultures 
treated with the fungicide (Table 2). A large 
quantity of this sterol was present in the 
treated cultures of carrot and tobacco. The MS 
of the sterol matched the spectrum of authentic 
samples and was similar to the spectrum of 
obtusifoliol described by Ragsdale (4) and of 
Chlorella species (6) treated with triarimol. 

A small quantity of cycloeucalenol [4,14- 
dimethyl-9~, 19-cy clo-5 a-ergo st-24 (28)-en-3/3-ol ] 
accumulated only in carrot cultures treated 
with triarimol (Table 2). The MS was similar to 
the spectrum of cycloeucalenol described by 
Doyle et al. (22). A minute amount of 5~- 
stigmast-7-en-3~-ol was found in the cultures of 
carrot treated with triarimol. The MS of the 
sterol was similar to the spectrum of an authen- 
tic sample and similar to the one described by 
Doyle et al. (22). 

The cultures of carrot and soybean (Table 2) 
produced 24-dihydroobtusifoliol (4,14-dimethyl- 
5c~-ergost-8-en-3~-ol) when treated with the 
fungicide. The MS of the sterol was similar to 

that of the authentic sample and of the MS of 
24-dihydroobtusifoliol from C emersonii treated 
with triparanol (22). In C. ellipsoidea and 
C emersonii, 24-dihydroobtusifoliol accumu- 
lated when treated with triarimol (6). 

The remaining sterols in cultures treated 
with triarimol were sterols normally found in 
control cultures (Table 2). GLC-MS of these 
sterols indicated identity with campesterol, 
stigmasterol and sitosterol. However, all 3 were 
considerably reduced (pg/g dry wt.) in triarimol- 
treated cultures. 

Triarimol appears to induce 2 principal 
effects on carrot, tobacco and soybean cultures. 
The fungicide caused a large accumulation of 
sterols with a 14a-methyl group (Table 3). The 
accumulation of sterols with a 14a-methyl 
group was noted in animals (1), water molds 
(2,3), U. maydis (4,5) and in ChIorelIa species 
(6) as a result of treatments with the fungicide. 
In these organisms, triarimol effectively blocked 
the removal of the 14-methyl group. The 
accumulation of sterols, e.g., 14a-methyl-5a- 
ergost-8-en-3/3-ol, obtusifoliol, 24-dihydroobtu- 
sifoliol and 14a-methyl-5o~-stigmast-8-en-313-ol, 
indicates that triarimol is also an effective 
inhibitor of the 14a-demethylase in cultures of 
carrot, tobacco and soybean. 

The other principal effect of triarimol on the 
3 cultures is the inhibition of the second 
alkylation at C 24. Reduction of sterols with a 
10-carbon side chain and an increase in the 
level of sterols having a 9-carbon side chain 
in triarimol-treated cultures were significant 
(Table 3). Compared with control cultures, 
the quantity of 24-methylene sterols increased 
from a trace to ca. 33% of total sterol in carrot, 
and increased to 30% of total sterol in tobacco 
(Table 3) cultures treated with triarimol. 
Sterols with 24-methylene groups are known to 
be precursors for the second alkylation at C 24 
(35). The increase in sterols with a 9-carbon 
side chain, in 24-methylene sterols and the 
decrease in sterols with a 10-carbon side chain 
indicate that triarimol is an effective inhibitor 
of the second alkylation at C 24 in carrot, 
tobacco and soybean cells. The inhibition of 
the second alkylation was also observed in 
Chlorella species treated with triarimol (6). 

The concentration of triarimol effective for 
the accumulation of 14a-methyl sterols varied 
with the organism studied. In fungi, the concen- 
trations of triarimol effective in the accumula- 
tion of 140L-methyl sterols were 2 mg/1 in 
U. maydis (4,5) and 10 mg/1 in Oomycetes 
(2,3). Cultures of carrot, tobacco and soybean 
required 5 rag/l, 10 mg/1 and 10 mg/1 triarimol, 
respectively, for an effective inhibition of the 
C 14 demethylation. Therefore, these higher 
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plant cells, grown in suspension culture, appear 
to be as sensitive to the fungicide as fungi pre- 
viously studied. However, an intact higher plant 
may be more resistant to triarimol. When bean 
seedlings were treated with the fungicide, no 
noticeable modification in the sterol content 
was observed (7). 

Effects of Tridemorph on Sterol Composition 

The sterol compositions of carrot, tobacco 
and soybean cultures treated with tridemorph 
differed from the sterol composition of con- 
trol cultures. The occurrence of 24-methylene- 
pollinastanol (14a-m ethyl- 9/3,19 -cycl o-5 a-ergost- 
24(28)-en-3/3-ol) was detected in carrot and 
tobacco (Table 2), but not in soybean cultures 
treated with tridemorpli. The molecular ion of 
the sterol was at m/z 412 (5%). The spectrum 
was similar to the one described by Doyle et al. 
(22). 24-Methylenepollinastanol is also one of 
the major cyclopropyl sterols to accumulate in 
suspension culture of bramble (11) and in corn 
seedlings (12) treated with tridemorph. 

In tridemorph-treated cultures of tobacco 
and soybean, 24-methylpollinastanol (14a- 
methyl-9~3,19-cyclo-50l-ergostan-3/3-ol) was de-. 
tected, but was not observed in carrot cultures 
(Table 2). The molecular ion was at m/z 414 
(22%). The prominent ions were at m/z 399 
(M-CH3, 36%), 396 (M-H20, 35%), 381 (M- 
CH3-H2 O, 29%), 302 (cleavage of cyclopropane 
ring and ring B, 42%) and 2 8 7  (M-side chain, 
45%). This cyclopropyl sterol accumulated in 
cultures of bramble (11) and in corn seedlings 
(12) treated with the fungicide. 28-Isofuco- 
sterol was detected in carrot and tobacco cul- 
tures but  not in soybean (Table 2) cultures. The 
MS was similar to the spectrum of authentic 
samples. This sterol was present i n  the un- 
treated cultures of bramble, but not detected 
when treated with tridemorph (11). In contrast, 
28-isofucosterol was not detected in any of the 
control cultures of carrot, tobacco or soybean 
used in this study. 

24-Methylenecholesterol (ergosta-5,24(28)- 
dien-3/3-ol) accumulation was limited to to- 
bacco cultures (Table 2) treated with the 
fungicide. The occurrence of 24-methylene 
cholesterol was noted in untreated cultures of 
bramble cells (11). In our study, 24-methylene- 
cholesterol was not detected in the control 
cultures of carrot, tobacco or soybean. 

The MS of remaining sterols from tride- 
morph-treated cultures, cholesterol, campe- 
sterol, 14a-methyl-5c~-ergost-8-en-3/3-ol and 24- 
methylenecycloartanol were identical to the MS 
of the same sterols found in either control or 
triarimol-treated cultures. 

In bramble cells (11) and corn seedlings 
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(12), tridemorph is known to inhibit the 
enzyme involved in the opening of cyclopro- 
pane ring. In our study, the fungicide caused a 
similar effect in carrot, tobacco and soybean 
cultures. A tremendous accumulation of sterols 
with a cyclopropane ring occurred in tride- 
morph-treated cultures. Ca. 33% of total sterol 
in carrot, 58% in tobacco and 49% in soybean 
(Table 3) cultures treated with tridemorph were 
sterols with a cyclopropane ring. An increase in 
the concentration of cyclopropyl sterols re- 
sulted from the accumulation of cycloeucalenol, 
24-methylenecycloartanol, 24-methylenepollin- 
astanol and 24-methylpollinastanol in tride- 
morph-treated cultures (Table'2). 

An enzyme in cell-free preparations of 
bramble cells (36) and in microsomes of corn 
embryo (37,38) was shown to cleave the cy- 
clopropane ring of cycloeucalenol and iso- 
merize the sterol to obtusifoliol. This enzyme, 
cycloeucalenol-obtusifoliol isomerase from corn 
embryo, was shown to be highly specific for 
cycloeucalenol (37,38). In tridemorph-treated 
cultures of carrot, tobacco and soybean, cy- 
clopropyl sterols accumulated, but obtusifoliol 
was not detected in any of the fungicide- 
treated cultures (Table 2). The absence of 
obtusifoliol and the presence of cyclopropyl 
sterols, e.g., cycloeucalenol, in the treated 
cultures indicate that the fungicide blocks the 
conversion of cycloeucalenol to obtusifoliol. 
Tridemorph appears to be an effective inhibitor 
of the cycloeucalenol-obtusifoliol isomerase in 
carrot, tobacco and soybean cells. 

The other major tridemorph-induced modi- 
fication related to the sterol composition was 
that tridemorph caused a reduction of sterols 
with a 10-carbon side chain and an increase of 
sterols with a 9-carbon side chain (Table 3). In 
addition, the level of 24-methylene sterols in- 
creased in the fungicide-treated cultures, 
especially in carrot and tobacco (Table 3) 
cultures. In view of the effects in these cultures, 
tr idemorph appears to be an effective inhibitor 
of the second alkylation at carbon 24. 

A minor effect of  tridemorph may be to pre- 
vent the removal of the 14o~-methyl group in 
soybean cultures, where 8% of total sterol was 
14a-methyl-5~-ergost-8-en-3/3-ol (Table 2). The 
other secondary effect of the fungicide was on 
the accumulation of sterols with A 5,24(28) 
double bonds, e.g., 24-methylenecholesterol 
and 28-isofucosterol (Table 2). Because these 
sterols were not detected in controls, the pres- 
ence of A s,24(28) sterols in treated cultures 
(Table 3) indicates that tridemorph inhibits the 
reduction of the A24(28)-double bond. 

Tridemorph has been known to inhibit the 
A8 -+ A7 isomerase in fungi (2,3,10). Previously 

the inhibition of this enzyme was demonstrated 
for corn seedlings treated with low concentra- 
tions of  the fungicide (12). This effect of tri- 
demorph was observed here only in cultures of 
soybean with the accumulation of 14a-methyl- 
5a-ergost-8-en-3/~-ol. Instead the primary effect 
of tridemorph was the inhibition of the opening 
of  the 9/3,19-cyclopropane ring. 

When relative sensitivities of tridemorph are 
compared in fungi and higher plants, a trend 
similar to that observed with triarimol is found. 

In fungi tested (2,3,9,10), the concentration 
of tridemorph effective in inducing the primary 
effect (inhibition of  the A8 ~ A 7 isomerase) 
was in the range of 3-10 mg/l. In higher plants, 
the primary effect of tridemorph appears to be 
the accumulation of 9/3,19-cyclopropyl sterols. 
In carrot, tobacco and soybean suspension cul- 
tures, the concentrations of tridemorph effec- 
tive in the accumulation of cyclopropyl sterols 
were 3 mg/1, 1 mg/1 and 5 rag/l, respectively. In 
suspension cultures of bramble, the concentra- 
tion of tridemorph effective in the accumula- 
tion of cyclopropyl sterols was 10 mg/1 (11). 
An intact higher plant, however, was less sensi- 
tive to the fungicide. In corn seedlings, the 
accumulation of 9/3,19-cyclopropyl sterols 
resulted when treated with 20 mg/1 of tri- 
demorph (1 2). 

Effects of Triparanol on Sterol Composition 

Sterol compositions of carrot and tobacco 
cultures were altered when treated with tri- 
paranol (Table 2). However at 16 mg/1, tri- 
paranol did not greatly change the sterol 
composition of soybean cultures (Table 2). 
All sterols detected in triparanol-treated cul- 
tures were observed in either triarimol or 
tridemorph-treated cultures. The structural 
features of sterols from triparanol-treated 
cultures were identical to the steroks from 
triarimol- or tridemorph-treated cultures. 

The effects of triparanol on sterol com- 
position were quite similar in carrot and in 
tobacco cultures. In carrot and tobacco cultures 
treated with triparanol, the accumulation of 
sterols with a 14a-methyl group was significant 
(Table 3). In particular, 14a-methyl-5a-stigmast- 
8-3n-3/3-ol and 14a-methyl-5a-ergost-8-en-3~-ol 
were major 14a-methyl sterols accumulating in 
these cultures. The accumulation of these 
14c~-methyl sterols contributed to the major 
build-up of AS(9)-sterols with a 14a-methyl 
group (Table 3). The accumulation of sterols 
with a 14a-methyl group and the absence of 
sterols with a 4a-methyl group indicate that 
triparanol is an effective inhibitor of the 14a- 
demethylase in carrot and tobacco cultures. A 
similar effect when a 14a-methyl group was 
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removed was observed in Chlorella species 
treated with triparanol (19-22). 

Just as the accumulation of sterols with 
9/3,19-cyclopropane ring was noted in C. 
emerson i  treated with triparanol (19,22), 
the accumulation of cyclopropyl sterols also 
occurred in carrot and tobacco cultures treated 
with triparanol (Table 3). In triparanol-treated 
cultures of carrot, the major cyclopropyl sterols 
accumulated were 24-methylenecycloartanol, 
cycloeucalenol, 24-methylenepollinastanol and 
24-methylpollinstanol (Table 2). 

In the case of tobacco cultures, cyclopropyl 
sterols accumulated and larger accumulations of 

sterols occurred with a 14~-methyl group (m 
particular obtusifoliol) when treated with 
triparanol (Table 3). 

When soybean cells were treated with tri- 
paranol, only the normally occurring AS-sterols 
campesterol, stigmasterol and sitosterol were 
present, llowever, campesterol decreased from 
22% of total sterol in the control to 16% in the 
treated cultures, stigmasterol decreased from 
37% to 26%, but sitosterol increased from 41% 
to 59~)~ in triparanol-treated cultures of soybean 
(Table 2). Triparanol has been known to inhibit 
the synthesis of A22-sterols in Chlorella species 
(19). 

I,IPIDS, VOL. 19, NO. 6 (1984) 
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The sites of sterol biosynthesis inhibition by 
triarimol, tridemorph and triparanol demon- 
strated in this work are illustrated in Figure 1. 
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ABSTRACT 

l:ree and esterified sterols of the common marine dinoflagellate Gonyaulax polygramma were 
identified using capillary gas chromatography-mass spectrometry (GC-MS). Fractions containing free 
4c~-methyl and 4-desmethyl sterols were isolated by column chromatography and shown to consist of 
at least 20 components. Major sterols included 4a,23,24-trimethyl-Sa-cholestan-3~ol (dinostanol), 
4a,23,24-trimethyl-5a-cholest-22E-en-3/3-ol (dinosterol). cholest-5-en-3~-ol (cholesterol), 23,24- 
dimethyl-5a-cholest-22I--en-3~ol and 23,24-dimethylcholesta-5.22E-dien-3~3-ol. Although the same 
group of sterols was found in the free and esterified sterol fractions, the proportions of individual 
sterols were quite different. The complexity of the sterol distributions, together with the predomi- 
nance of dinostanol, distinguishes the sterol composition of this alga from those of other members of 
the Gon)'aulacaceae. 
Lipids 19:457-465, 1984. 

INTRODUCTION 

Dinoflagel lates  are o f t en  major  c o n s t i t u e n t s  
of  mar ine  p h y t o p l a n k t o n  and thus  are impor -  
t a n t  in m a n y  mar ine  food  chains.  Recen t  bio- 
chemical  s tudies  have focussed on the  ident i f i -  
ca t ion  of  tox ins  p roduced  by  species tha t  fo rm 
massive b l o o m s  called red t ides (1). Consider-  
able in teres t  has also been shown  in the  s terol  
c o m p o s i t i o n  of  dinoflagel lates ,  b o t h  as a source 
of  novel  s terol  s t ruc tu res  (2-19),  and  in s tudies  
of  the  cellular in t e rac t ions  be tween  mar ine  
an imals  and the i r  symbio t i c  zooxan the l l ae  
(20-24) .  

Dinoflagel lates  are also a major  source  of  the  
organic  ma t t e r  found  in some mar ine  sedi- 
ments ,  and  hence  they  can be s ignif icant  con-  
t r i bu to r s  of  the  sterols  and o t h e r  lipids found  in 
these  sed imen t s  (26,27) .  For  example ,  the  
presence of d inos tero l ,  4 e , 2 3 , 2 4 - t r i m e t h y l - 5 a -  
cholest-22E-en-313-ol, in mar ine  sed imen t s  is 
t aken  as good evidence t ha t  at least part  of  the  
organic m a t t e r  or ig inated  f rom dinof lagel la tes  
(26 ,27)  because  this  unusua l  s terol  is c o m m o n  
in these algae (2-4 ,12 ,13)  bu t  is no t  found  in 
others .  

U n f o r t u n a t e l y  most  r epor t s  of d inof lagel la te  
s terols  in the  l i te ra ture  do not  record  all the  
mino r  s terols  present ,  main ly  because the 
analyses were pe r fo rmed  on low reso lu t ion  
packed gas c h r o m a t o g r a p h y  (GC) co lumns  and  
not  on capil lary co l um ns  tha t  are widely used 

*'lo whom correspondence should be addressed. 

today .  Such data  are essential  for  organic  geo- 
chemical  s tudies  tha t  a t t e m p t  to assign origins 
to the  s ed imen ta ry  organic  mat ter .  In fact,  
m a n y  sterols  of  p resumed  dinof lagel la te  origin 
t ha t  have been  found  in sed imen t s  (27)  have 
yet  to be ident i f ied  in these  algae. With this  
in mind,  we u n d e r t o o k  a detai led analysis  
of a c o m m o n  red- t ide  mar ine  dinof lagel la te ,  
Gonyaulax polygramma (25) ,  using capil lary 
GC and  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) t echn iques  comparab l e  to those  used 
in organic  geochemica l  studies.  

Our analyses show tha t  Gonyaulax poly- 
gramma con ta ins  a m u c h  more  diverse range of 
s terols  than had previously been  r epo r t ed  for  
o the r  Gonyaulax species (2 ,4 ,5 ,7) ,  which  were 
based on packed c o l u m n  analyses.  Fur the r ,  the  
major  s terol  is no t  d inos te ro l  bu t  its fully satu- 
ra ted  analog 4 a , 2 3 , 2 4 - t r i m e t h y l - 5 a - c h o l e s t a n -  
3/3-ol. The  b i o s y n t h e t i c  impl ica t ions  of these  
results  are discussed. 

EXPERIMENTAL 

Gonyaulax polygramma Stein was cu l tu red  
by S. ( ;a l lagher  at E n v i r o n m e n t a l  Sys tems 
Labora to ry ,  Woods Hole Oceanograph ic  Inst i tu-  
t ion ,  using f /2  cul ture  med ium (28)  b u b b l e d  
wi th  air at 10 ml /min .  The  alga was cu l tu red  in 
5 1 and  I0 1 ba tches  for  14 days at 18 + 1 C 
u n d e r  a whi te  l ight in tens i ty  of  5 • 10 -4 wa t t s /  
cm 2. (?ells were col lected dur ing  the  exponen -  
tial phase of  g rowth ,  washed briefly wi th  dis- 
ti l led water  and  ex t rac ted  wi th  CH2CI 2 using 
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sonication to disrupt the cells. The total non- 
polar lipid extract was separated into lipid 
classes by column chromatography using a 
0.9 cm i.d. glass column packed to a depth of 
22 cm with silicic acid (70-230 mesh), deacti- 
vated with 5%, by weight, of water. Fourteen 
fractions were collected by elution with hex- 
ane, toluene and ethyl acetate mixtures. After 
elution with hexane (50 ml), and 25% toluene 
in hexane (20 ml), a fraction containing steryl 
esters was eluted with 50% toluene in hexane 
(10 ml). After further elution with 50% toluene 
in hexane (10 ml), 5% ethyl acetate in hexane 
(20 ml) and 10% ehtyl acetate in hexane 
(20 ml), a fraction containing 4a-methyl sterols 
was eluted with 15% ethyl acetate in hexane 
(20 ml). Further elution with 20% ethyl acetate 
in hexane (20 ml) afforded a fraction contain- 
ing 4-desmethyl sterols. No desmethyl sterols or 
4-methyl sterols were detected in the column 
fractions eluting before or after the sterol 
fractions. The free sterols were reacted with 
acetic anhydride in pyridine to convert the 
sterols to steryl acetates for GC and GC-MS 
analysis. An aliquot of the steryl ester fraction 
was hydrolyzed in methanolic KOH, and the 
total sterols liberated were converted to steryl 
acetates, without further separation. 

Each sterol fraction was analyzed by capil- 
lary GC using a Carlo Erba FTV 2150 gas 
chromatograph fitted with a 20 m • 0.33 mm 
i.d. pyrex WCOT column coated with SE-52. 
The samples were injected in the splitless mode 
at room temperature and the oven was then 
programmed to 330 C at 4 C/min. Each frac- 
tion was also analyzed on a 25 m • 0.2 mm i.d. 
OV-1 fused-silica capillary column using a 
Shimadzu GC-9A gas chromatograph with H2 
as the carrier gas. The oven was operated iso- 
thermally at 260 C to enable retention indices 
relative to cholesteryl acetate to be calculated 
for comparison with literature data (27,29,41). 
Compounds were identified by coinjection with 
standards, comparison of retention index data 
and from MS data. Sterol abundances were 
calculated from flame ionization detector (FID) 
responses assuming equal response factors. In- 
tact steryl esters were also analyzed directly by 
GC using persilylated SE-52 glass capillary 
columns programmed from 180 C to 370 C at 
2 C/min (30). A nonvaporizing, cold on-column 
injector was used for these analyses to minimize 
discrimination against high molecular weight 
components (30). Reference standards were not 
available for most of the steryl esters present so 
no attempt was made to identify individual 
compounds. Retention times indicate that the 
fatty acids contain C14 to C20 chain lengths, 
with palmitic acid as a major component.  

Electron impact MS of steryl acetates were 
obtained using a Finnigan 1015C quadrupole 
mass spectrometer coupled to a Varian Aero- 
graph 1400 gas chromatograph modified for 
capillary column operation (30). A 25 m x 
0.3 mm i.d. SE-52 WCOT pyrex capillary 
column was used with He at 55 kPa as the 
carrier gas, and GC conditions as above. The 
mass spectrometer was scanned from 50 a.m.u. 
to 550 a.m.u, in 1 sec intervals. A Finnigan- 
INCOS 2300 data system was used to acquire 
and process the MS data. Portions of the recon- 
structed ion chromatograms of the free 4a- 
methyl sterol and 4-desmethyl sterol fractions 
(as acetates) are shown in Figure 1. 

R ESU LTS 

Compositional data for free and esterified 
4-desmethyl sterol and 4a-methyl sterol frac- 
tions are presented in Table 1. From the 
amount of material in the 2 fractions, the ratio 
of free 4a-methyl sterols to free 4-desmethyl 
sterols was calculated to be ca. 1.1:1. The 
corresponding ratio for the esterified sterols 
was 3.5 : 1. The ratio of free-to-esterified sterols 
was ca. 11:1. 

Free 4-Desmethyl Sterols 

This fraction consisted of at least 14 compo- 
nents, of which 8 were positively identified and 
a further 5 tentatively identified. Sterols 1-6 
(Fig. 1A) were identified as cholesta-5,22E- 
dien-3/3-ol, cholest-5-en-3/3-ol, 5a-cholestan-3/3-ol, 
24-methylcholesta-5,22E-dien-3/3-ol, 24-methyl- 
cholest-5-en-3/3-ol and 24-methyl-5a-cholestan- 
3/3-ol from coinjection in each case with the 
appropriate standard and by comparison of MS 
with published data (29). The possibility that 
sterol 1 might have the s t ruc tu re  27-nor-24- 
methylcholesta-5,22E-dien-3/3-ol (occelasterol) 
was considered because this sterol has a very 
similar MS to cholesta-5,22E-dien-3/3-ol. How- 
ever, these 2 sterols are completely separated 
by apolar capillary columns (e.g., 27) and co- 
injection with standards confh'med that sterot 1 
was cholesta-5,22E-dien-3/3-ol. Configurations 
at C24 could not be determined because of the 
small amounts of sterols isolated. 

Sterol 7 is a diunsaturated C29 sterol, identi- 
fied as 23,24-dimethylcholesta-5,22E-dien-3/3-ol 
from its retention index (1.34 cf. 1.36 [41])  
and MS (MS m/z [relative intensity] 394[M-60, 
7%], 37910.11, 35111], 323[0.4] ,  282[1.7],  
267[0.6] ,  25515], 25315], 691100]). The MS 
of an alternative structure, 24-ethylcholesta- 
5,22E-dien-3/3-ol, is quite different (29), and 
does not have a major ion at m/z 69, which is 
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FIG. 1. Partial reconstructed total ion chromatograms (RIC) of A: 4-desmethyl sterols (as acetates) and B: 
4~-methyl sterols (as acetates). Compounds are identified in Table 1. SE-52 capillary column, conditions as 
described in the Experimental section. 

characterist ic of sterols with A22-23,24- 
d imethyl  side chains. This sterol also elutes 
slightly later on apolar capillary columns (31). 
The MS of  sterol 8 indicated a sterol with very 
similar s t ructure to sterol 7 but  wi th  one less 
double bond (MS: 456[lV1+,0.3%1, 4 1 3 [ 0 . 4 ] ,  
35381] ,  3 4 4 [ 3 ] ,  31586] ,  25787] ,  698100]) .  
This compound  was identif ied as 23,24-di- 
methyl-5~-cholest-22E-en-3/3-ol because it elutes 
just  after 23,24-dimethylcholes ta-5 ,22E-dien-  
3/3-ol with a re tent ion  index difference of  
0.04, which is typical of A5,22-s terol /A22-  
sterol pairs (41). Also, the presence in the  MS 
of  the ion m/z  257 is indicative of' a saturated 
nucleus and hence a side-chain double  bond is 
present in this compound .  

Sterols 10 (MS: 396[M-60+,35%], 38182] ,  
25583] ,  21386] ,  1478100])  and 11 (MS: 
458[M+,0.2%], 398 [0 .6 ] ,  257 [0 .3 ] ,  215831] ,  
988100] )  were identif ied as 23,24-dimethyl-  
cholest-5-en-3/3-ol and 23,24-dimethyl-5c~-cho- 
lestan-3/3-ol f rom their MS and re ten t ion  
indices (27), but  these ident i f icat ions could no t  
be conf i rmed because authent ic  standards were 
not  available. The MS of c o m p o u n d  12 (MS: 
382 [M+,26], 36782] ,  187821] ,  174[100] ,  

R" 

R I: R=H 

I1: R=CH 3 

R" 

v 

R ~ 

R II1: R=H 

IV: R=CH 3 

FIG. 2. Tetracyclic ring systems occurring in 
sterols of G. polygramma. Side chains (R*) are given 
in Schemes 1 and 2. 

161 [35 ] ) was very similar to a library spect rum 
of cholesta-3,5-dien-7-one but  a standard was 
not  available for coinject ion.  F rom its re ten t ion  
t ime,  this compound  seems more likely to be 
cholest-5-en-3/3-ol-7-one, in which case the m/z  
382 ion corresponds to loss o f  acetic acid f rom 
the acetate  derivative. 
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Sensitive GC-MS techniques were used to 
tentatively identify several minor sterols. A 
mass fragmentogram for the ion m/z 296, 
which is a characteristic feature of the MS of 
steryl acetates containing a 24(28) double 
bond (e.g., 29), indicated the presence of 2 
minor sterols with this structural feature. The 
first compound corresponded with the small 
peak on the upslope of peak 5 in Figure 1, 
which we confirmed was the expected position 
for 24-methylcholesta-5,24(28)-dien-3/3-ol by 
coinjection with an authentic standard. The 
calculated retention index of 1.28 on SE-52 
also compares well with the literature value of 
1.27 for OV 1 columns (41). Djerassi (40) has 
drawn attention to the fact that another sterol, 
22,23-methylenecholesterol, could be mistak- 
enly identified as 24-methylcholesta-5,24(28)- 
dien-3~-ol, because these sterols have similar 
MS, but they quote a retention index of 1.22 
on SE-52, which is clearly different from that 
of the minor sterol in Gonyaulax polygramma. 
The m/z 296 mass fragmentogram also revealed 
the presence of a second sterol containing a 
24(28) double bond eluting between sterols 11 
and 12 at scan number 2904 (Fig. 1). This com- 
pound has a retention index of 1.67, which is 
identical with that reported by Itoh et al. (41) 
for 24-ethylcholesta-5,24(28)Z-dien-3/3-ol (28- 
isofucosterol). No peak was found at the ex- 
pected retention time for the 24(28)E double- 
bond isomer, fucosterol. 28-Isofucosterol has 
also been identified in Gonyaulax diagenesis 
(5). 

Free 4c~-Methyl Sterols 

This fraction consisted of 4 major and 2 
minor constituents, plus a trace amount of 
cholesterol that was incompletely separated 
during column chromatography. Compound 16 
was identified as 4c~-methyl-5~-cholestan-3/3-ol 
from its characteristic MS and retention index 
(MS: 444[IV1+,0.5%1, 3841161, 3691201, 355 
[3], 244191, 2291791, 2151151, 9511001). 
The MS of sterol 17 indicated a monounsatu- 
rated C29 sterol (MS: 456[M+,4%], 358161, 
329[7],  2711131, 9511001); ions at m/z 271 
and 358 indicated that the double bond is in 
the side chain, probably at C22. This sterol co- 
eluted with an authentic standard of 4a,24-di- 
methyl-5a-cholest-22E-en-3t3-ol, indicating that 
it is probably not the structurally similar 
sterol 4a,23-dimethyl-5 a-cholest-22E-en-3~-ol, 
which is a major constituent of Gonyaulax 
diagenesis (5). Coinjection with a standard also 
confirmed the presence of minor amounts of 
the sterol, 4a,24-dimethyl-50~-cholest-24(28)- 
en-3~-ol (sterol 18), which was confirmed from 
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its MS (MS: 372[IVf-84,100], 35719], 329128], 
269[13] ,  2291291,951671). 

Sterol 19 was identified as dinosterol (4a,- 
23,24-trim ethyl-5a-cholest-22E-en-3/3-ol) from 
its MS (12) and by coinjection (MS: 470[M +, 
0.1%], 398[0.2] ,  367[0.8] ,  35812.8], 32917], 
27117], 229[0.4],  691100]). The MS of the 
major constituent of the 4a-methyl sterol frac- 
tion, compound 20, indicated that it is a satu- 
rated C30 sterol (m/z 472) with a C10 side 
chain (MS: 472[M+,1.3%], 41214.6], 39715.5], 
383[1.2] ,  229121], 981100]). This sterol was 
identified as dinostanol (4a,23,24-trimethyl-5~x- 
cholestan-3]3-ol) by coinjection with the stanol 
produced from catalytic hydrogenation of 
dinosterol. An alternative possibility for sterol 
20, 4a-methyl-24-ethyl-5a-cholestan-3~-ol, was 
ruled out because on the OV 1 capillary column 
used in our work it eluted slightly before 
dinostanol, although on packed columns it 
would probably coelute. The MS of these 2 
steryl acetates are very similar but the MS 
of 4a-methyl-24-ethyl-5a-cholestan-3/3-yl ace- 
tate (MS: 472[M+,6.3%], 412120], 397[34] ,  
38317.1], 2291751,95[ 1001) lacks a major ion 
at m/z 98. 

Esterified Sterols 

Saponification of the steryl ester fraction 
yielded a mixture containing 4t~-methyl and 
4-desmethyl sterols that was acetylated and 
analyzed without further separation. The 
fatty acid moieties were not examined. Almost 
all of the sterols found in the free fraction were 
also identified in the steryt ester fraction but  
quantitative differences were apparent in the 2 
distributions (Table 1). The esterified 4-des- 
methyl sterol fraction contained considerably 
more cholesterol than the free sterols (54.2 cf. 
36.2%), and much less 23,24-dimethylcholesta- 
5,22E-dien-3r (1.9 cf. 12.2%). Dinostanol 
predominated in the esterified 4a-methyl 
sterols as in the free sterols, although its relative 
abundance was diminished (31.1 cf. 50.1%). 
However, the second major esterified 4a-methyl 
sterol was 4,24-dimethyl-5a-cholest-22-en-3/3-ol 
(31.0%) and not dinosterol as in the free 4a- 
methyl sterols. Several minor sterols were 
detected in the saponification products of the 
steryl ester fraction that were not present in the 
free sterols but their concentrations were too 
low to permit unequivocal identifications. 

DISCUSSION 

The sterol composition of Gonyaulax poly- 
gramma differs from that of other Gonyaulax 
species in several major respects. First, many 
Gonyaulax species contain cholesterol and 
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dinosterol with only smalt amounts of other 
sterols (2,4), but in G. polygramma, the com- 
bined abundance of these 2 sterols represents 
only 34% of the total free sterols (Table 1). 
Second, the wide range of sterol structures bio- 
synthesized by G. polygramma is unusual and 
found in only a few other algae. Third, the high 
proportion of the 2 C29 4-desmethyl sterols, 7 
and 8, in the 4-desmethyl sterol fraction is 
without precedent, as is the predominance of 
dinostanol in the 4a-methyl sterol fraction. 

4-Desmethyl Sterols 

Cholesterol has been identified as the sole or 
major 4-desmethyl sterol in most Gonyaulax 
species (4) analyzed to date: Isofucosterol has 
been reported, however, in G. diagenesis (5), 
and gorgosterol and 23-methylene-24-methyl- 
cholestanol have been reported in G. monilata 
(7). Despite the diversity of 4-desmethyl sterols 
synthesized by G. polygramma, only a trace of 
I o f  these 3 sterols (isofucosterol) was detected 
in our analysis. Most of the 4-desmethyl sterols 
identified are present, however, in other species 
of dinoflagellates. 

Cholesta-5,22E-dien-3/3-ol is found in a 
variety of organisms in the marine environment, 
including the luminescent dinoflagellate Pyro- 
cystis lunula (9), and several species of zoo- 
xanthellae from corals (21 ) and a zoanthid (10), 
although it is rarely a major component (32). 
24-Methylcholesta-5,22E-dien-3/3-ol is common 
in diatoms (32,33), but it is comparatively rare 
in dinoflagellates with the exception of the 
dinoflagellate Noctiluca milialis, where it 
represents over 80% of the free and esterified 
sterols (19). It has been found as a minor sterol 
in several zooxanthellae (21). 

The identification of small amounts of 4- 
desmethyl stanols, e.g., 5c~-cholestan-3/3-ol, is of 
interest because saturated sterols are very un- 
common in marine unicellular algae (18). 5a- 
Cholestan-3~-ol has been detected in the 
dinoflagellates Pyrosystis lunula (9,34) and 
Noctiluca milialis (19) and it is a minor con- 
stituent of the cultured zooxanthellae isolated 
from a coral (17). Small amounts of ring- 
saturated 4-desmethyl sterols have also been 
detected in an alga FCRG51 assigned to the 
Dinophyceae on chemotaxonomic grounds 
(18). Significant amounts (17.2% of total 
sterols) also occur in the luminescent dino- 
flagellate Pyrocystis lunula (34). Ring-saturated 
sterols represent only 27% of the free 4-des- 
methyl sterols, but they represent at least 99% 
of the free 4a-methyl sterols. The correspond- 
ing values for the esterified sterol fraction are 
25.5% and 98%, respectively. 

23,24-Dimethylcholesta-5,22E-dien-3~ol is 
widely distributed in the marine environment, 
being found in molluscs (35), soft corals (36), a 
diatom (32) and a coccolithophore (33), but it 
has been isolated previously from only one 
cultured dinoflagellate (34). It has also been 
found in an alga, FCRG51, (18) and in some 
coral zooxanthellae that are probably dino- 
flagellates (24). Only 3 other reports (17,18,34) 
have been made of the isolation of 23,24- 
dimethyl-Sa-cholest-22E-en-3~-ol from cultured 
algae, despite the fact that this sterol is the 
4-desmethyl analog of dinosterol, which is the 
major sterol in most dinoflagellates. This sterol 
is also thought to be a biosynthetic intermedi- 
ate in the biosynthesis of gorgosterol (37) but 
no trace of the latter could be detected in 
G. polygramma. No reports seem to exist of the 
more saturated 23,24-dimethyl sterols 10 and 
1 i in marine biota, although both have been 
identified in marine sediments (27). Our data 
support the suggestion of De Leeuw et al. (27) 
that in sediments these sterols may originate 
from dinoflagellates. 

4a-Methyl Sterols 

The high concentration of dinosterol in G. 
polygramma is typical of most dinoflagellates, 
but one other report has been made of its fully 
saturated analog, dinostanol, in a dinoflageltate 
(8) and it was only a minor constituent in that 
alga. Several reports have been made, however, 
of the structurally related stanol, 4a-methyl- 
24-ethyl-5a-cholestan-3/3-ol, in cultured dino- 
flagellates (11), and zooxanthellae (17,22). We 
have shown that these 2 stanols have very 
similar retention times (see Results section), 
even on high resolution capillary columns such 
as used here, so that MS data are essential to 
differentiate between them if packed columns 
are used. 

Of the other two 4a-methyl sterols in 
G. polygramma, 4a-methyl-5c~-cholestan*3/3-ol 
has been identified as a very minor constituent 
of Noctiluca milialis (19), Pyrocystis lunula 
(34) and a Glenodinium sp. (11). It is also 
present in zooxanthellae from corals (17,21) 
and snails (21). 4a,24-dimethyl-5a-cholest-22E- 
en-3~-ol (23-desmethyldinosterol) has been 
identified in several dinoflagellates and zoo- 
xanthellae (10,11,19,22,23,34), in some cases 
as a major constituent (10,22). A similar sterol, 
24-desmethyldinosterol, has been reported in 2 
other dinoflagellates (5,6). 

Esterified Sterols 

Comparatively few reports have been made 
of steryl esters in dinoflagellates or other 
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unicellular algae although this lack may be a 
reflection of the analytical methods used rather 
than a true indication of their occurrence. In 
many studies, only the free sterols have been 
examined or the total lipids saponified so no 
information is obtained about the chemical 
forms in which the sterols occur. Our identifica- 
tion of esterified sterols in G. polygramma and 
their occurrence in the red-tide dinoflagellate, 
Noctiluca milialis (19), and a Glenodinium 
species (11) suggest that steryl esters may be 
quite common in dinoflagellates. This sugges- 
tion is certainly consistent with the finding of 
large amounts of steryl esters in sediments 
from the Black Sea where much of the organic 
matter originates from dinoflagellates (27). 
Steryl esters are common in higher plants and 
in some green algae (e.g., 38) but from the 
limited data available, they may be rare in 
diatoms (32,38,39). We hope that in future 
studies of algal sterols, more attention will be 
given to the chemical form in which the sterols 
occur, particularly as almost nothing is known 
about the possible occurrence of steryl sulfates 
or glycosides (39) in these organisms. 

The major difference between the sterol 
composition of the free and esterified sterol 
fractions is the much higher proportion of 
4c~-methyl sterols in the latter (78 cf. 52% of 
total sterols). Quantitative differences also 
occur in the proportions of individual sterols in 
the free and esterified sterol fractions but these 
differences do not indicate major differences in 
the biosynthetic pathways leading to the 2 
pools of sterols. Rather, in Gonyaulax poly- 
gramma the different structural and metabolic 
roles of the free and esterified sterols seem to 
be achieved by varying the proportion of the 
individual sterols and not by synthesis of new 
or different sterols. Considerable interspecies 
variation probably exists in steryl ester bio- 
synthesis because Teshima et al. ( 1 9 ) f o u n d  
only minor differences between the composi- 
tions of free and esterified sterols in Noctiluca 
milialis, but in other algae (11,38) quite differ- 
ent distributions of sterols are found in the free 
and esterified sterol fractions. 

Sterol Biosynthesis by Dinoflagellates 

The mechanisms by which sterols are biosyn- 
thesized by dinoflagellates have been the sub- 
ject of considerable speculation, but because 
few labeling studies have been done, our knowl- 
edge is still limited. At least 2 mechanisms have 
been suggested for the formation of the un- 
usual 23,24-dimethyl side chain found in 
dinosterol and sterols 7, 8, 10, 11 and 20. 
Withers et al. (13) presented evidence based on 

labehng studies for the sequence of side chain 
in Scheme 1. 

In this mechanism, the A22 double bond, 
which is seen as a necessary prerequisite for 
introduction of the 23-methyl group, is intro- 
duced after formation of the 24-methyl group. 
However, Djerassi (40) has suggested that 
bioalkylation of an isolated side-chain double 
bond can occur even when a 24-methyl sub- 
stituent is not present, giving rise to a 23- 
methyl-z522-sterol. An alternative sequence of 
side-chain modification (Scheme 2) needs to 
be considered. 

Of the 2 pathways, that proposed by Withers 
et al. (13) accounts for all of the major 4- 
desmethyl and 4c~-methyl sterols found in 
G. polygramma. Thus, in the 4-desmethyl sterol 
series, the probable sequences are (a) cholesta- 
5,24-dien-3/3-ol (desmosterol) ~ cholest-5-en-3/3- 
ol (36.2%)-+ cholesta-5,22E-dien-3/3-ol (8.9%) 
and (b) desmosterol -+ 24-methylcholesta-5,- 
24(28)-dien-3/3-ol (trace, see below) -+ 24- 
methylcholest-5-en-3J3-ol (1.5%) -+ 24-methyl- 
cholesta-5,22E-dien-3/3-ol (7.1%) ~ 23,24-di- 
methylcholesta-5,22E-dien-3/3-ol (12.2%). Note 
that 24-methylcholesta-5,22E-dien-3~-ol could 
also arise directly from C24 methylation of 
cholesta-5,22E-dien-3/3-ol, of which a significant 
concentration is present. 

The key intermediate in Scheme 1 is 24- 
methylcholesta-5,24(28)-dien-3/3-ol (24-methyl- 
enecholesterol), because its presence indicates 
that C24 alkylation precedes alkylation at 
either C22 or C23. The presence of this sterol is 
not immediately apparent from capillary GC of 
the free 4-desmethylsterols so using sensitive 
GC-MS techniques was necessary, as described 
in the Results section. Significantly, none of 
the intermediates predicted by Scheme 2 could 
be detected in G. polygramma, even when these 
GC-MS techniques were used. Either they are 

d e f 

SCHEME 1 

g h i 

1 e 

SCHEME 2 
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no t  a c c u m u l a t e d  b y  the  a lga  at  all, or more  
likely, this  b i o s y n t h e t i c  p a t h w a y  does no t  
occu r  in G. polygramma. 

The m e c h a n i s m  b y  which  nuc lea r - sa tu ra ted  
4 -de sme thy l  s terols  (5a-s tano ls )  are fo rmed  in 
dinof iagel la tes  is no t  k n o w n .  One poss ibi l i ty  
(12 ,18 )  is t ha t  the  A5-s terol  is first ox id ized  to 
a 3-oxo-A5-s terol ,  wh ich  rear ranges  to a 3-oxo-  
A4-sterol ,  wh ich  in turn  is reduced  to the  
5a-s tanol .  At  wh ich  stage in t he  s terol  b iosyn-  
the t i c  p a t h w a y  such  a process  migh t  occur  is 
n o t  obvious.  If  i t  occurs  before  s ide-chain modi -  
f ica t ion ,  t hen  t he  r educed  s te ro l  (p r e sumab ly  
5a-cholest-24-en-3/~-ol)  could be modi f i ed  by  
the  p a t h w a y  s h o w n  in Scheme  1 to p roduce  
5a(H)-analogs  of  each of the  A5 and  A5,22 
s terols  in G. polygramma. Alterna t ive ly ,  the  
r e d u c t i o n  s tep m i g h t  occur  a f te r  t he  s ide-chain 
modi f ied  sterols  are fo rmed .  Whichever  is the  
case, the  a b u n d a n c e  of  the  5a-stanol depends  
on  the  s t ruc tu re  of  t he  side chain  and  presence  
or  absence  of  a A22 doub le  b o n d .  Thus,  t he  
C27 s tanol ,  5a-cholest-22E-en-3/3-ol ,  was be low 
the  level of  d e t e c t i o n  whereas  the  concen t r a -  
t ion  of  23 ,24-dimethyl -5a-choles t -22E-en-3/~-ol  
is a lmos t  twice  t h a t  of  23 ,24 -d ime thy lcho le s t a -  
5,22E-dien-3fi-ol  (Table  1 ). 

The  b i o s y n t h e t i c  p a t h w a y  rep resen ted  by  
S c h e m e  1 also accoun t s  for  the  major  4a-  
m e t h y l  s terols  in G. polygramma. T he  p r o b a b l e  
sequence  is 4a-methyl -5a-choles t -24-en-3f i -o l  
( no t  de t ec t ed )  ~ 4a-methyl -5ot -choles t -24(28)-  
en-3/3-ol (1 .5%) ~ 4a,24-dimethyl-5a-cholestan- 
3 ~ o l  ( t race)  ~ 4a ,24 - d i m e t hy l - 5a - cho l e s t - 22E -  
en-3~-ol (12 .7%) --* 4 a , 2 3 , 2 4 - t r i m e t h y l - 5 a -  
cholest-22E-en-3fl-ol  (29 .4%) -* (?) 4a ,23 ,24 -  
t r imethyl -5a-choles tan-3/3-ol  (50.1%).  The  fully 
sa tu ra ted  4 a - m e t h y l  sterol,  4 a - m e t h y l - 5 a - c h o -  
les tanol ,  could  be  fo rmed  b y  reduc ing  the  pre- 
sumed  precursor ,  4a-metl iyl-50t-cholest-24-en-  
3/3-ol, whereas  4 a , 2 3 , 2 4 - t r i m e t h y l - 5 a - c h o l e s t a n -  
3/3-ol (d inos t ano l )  could be  fo rmed  b y  reduc ing  
the  A22 doub le  b o n d  in 4 a , 2 3 , 2 4 - t r i m e t h y l -  
5a-cholest-22E-3/3-ol  (d inos te ro l ) ,  a l t h o u g h  th is  
r emains  unproven .  Al te rna t ive ly  d i n o s t a n o l  
could  be f o r m e d  b y  q u e n c h i n g  the  c a r b o n i u m  
ion  i n t e r m e d i a t e  in t he  f o r m a t i o n  o f  d inos t e ro l  
(8). 

No A5 unsa tu r a t ed  4~ -me thy l  s terols  were 
de t ec t ed  and  yet  A5 uns a t u r a t ed  sterols  pre- 
d o m i n a t e  in the  4 -desmethy l  s terol  f ract ion.  
This  implies tha t  the  ini t ial  subs t ra te  for  t he  
s ide-chain m o d i f i c a t i o n  sequence  is A5 unsa tu-  
ra ted  in the  case of  t he  4 - de s m e t hy l  s terols  b u t  
sa tu ra ted  at  C5 in the  case of  4 - m e t h y l  sterols.  
This is con f i rmed  by our  iden t i f i ca t ion  o f  
the  2 key in te rmedia tes ,  24 -me thy lcho le s t a -  
5 ,24(28)-d ien-3~-ol  and  4o~,24-dimethyl-5a- 
cholest-24(28)-en-3/3-ol,  bu t  w hy  this  d icho t -  

o m y  exists  is no t  clear. Our  deta i led  analysis  
of  t he  s terols  in  this  alga has  p o i n t e d  ou t  several 
areas where  knowledge  of  the  b i o s y n t h e t i c  
pa thways  involved is very  l imted  and  we h o p e  
t ha t  more  b i o s y n t h e t i c  s tudies  to  address  these  
deficiencies,  using appropr i a t e  t racer  tech-  
niques ,  will be  carr ied ou t  in t he  fu tu re .  
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FIG. 2. Cu(ll)-catalyzed peroxidation in irradiated 
membranes. Erythrocyte membranes were irradiated 
for 10 min, then incubated with (o) or without (~) 
50 ~M CuSO4, as described under Experimental Pro- 
cedures. Malonaldehyde produced during incubation 
with Cu(II) and either membranes irradiated in the 
absence of hematoporphyrin or nonirradiated mem- 
branes with hematoporphyrin is represented by (x). 
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FIG. 3. Cu(ll)-cata|yzed malonaldehyde produc- 
tion as a function of initial hydroperoxide concentra- 
tion. Erythrocyte membranes were irradiated at 
8 W/m a for varying lengths of time. ttydroperoxide 
content was determined mid duplicate irradiated 
samples were incubated with 50 /~M CuSO 4 for 
30 rain. Malonaldehyde formed during the incubation 
of irradiated membranes with CuSO 4 was determined. 
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METHODS 

Hydrogenation of Unsaturated Fatty Esters During Isobutane 
Chemical Ionization Mass Spectrometry 
WILLIAM K. ROHWEDDER* and SANDRA M. COX, Northern ReE/onal Research 
Center, Agricultural Research Service, U.S. Department of Agriculture, Peoria, Illinois 
61604 

ABSTRACT 

Hydrogenation of double bonds was observed to occur during the isobutane chemical ionization mass 
spectrometry (MS) of unsaturated fatty esters. Chemical ionization (C1) spectra of a series ofmethyt esters in 
the C 16- C20 carbon range containing 0- 4 dou ble bonds showed a variety of ionization characteristics in the 
molecular ion cluster, including hydride abstraction, charge exchange, protonation and, for the unsaturated 
fatty acids (FA), hydrogenation of the double bond followed by protonation. 
Lipids 19:466-468, 1984. 

INTRODUCTION 

I sobutane  chemical  ionizat ion (CI) provides an 
excellent mass spectrometry (MS) technique for 
quali tat ive and quant i ta t ive  evaluat ion of the mo-  
lecular ion region of methyl esters of  fatty acids 
(FA). Chemical  ionizat ion MS of esters with a 
variety of reagent gases has been studied since 1966 
(1). Tsang and Harr i son  studied the change in the 
nature  of CI with the change in the chain length of 
saturated methyl esters (2). Others  have studied the 
possibility of determing double -bond  locat ion with 
C1 using hydroxy derivatives (3), and techniques 
have been reported for the analysis of FA mixtures  
(4). Recently, the usefulness of CI in the analysis of 
subst i tuted fatty acids has been demons t ra ted  (5). 

Data  presented here show tha t  spectra of unsatu-  
rated methyl esters produced dur ing chemical 
ionizat ion with i sobutane  reagent gas have a peak 
at mass M+3, which corresponds to hydrogena t ion  
of the double  bond  followed by pro tonat ion .  This 
extra  peak must  be considered in bo th  quali tat ive 
and quant i ta t ive  work because it falls at the same 
mass as compounds  having one less double  bond  or 
a label containing 2 deuterium atoms. The s tandard  
samples, the procedure  and the data  presented 
here, were part  of a project to analyze lipids derived 
from h u m a n  subjects fed deuter ium-labeled fats 
(6,7). 

EXPERIMENTAL 

The test sample, a mixture  of the 10 methyl  es- 
ters (methyl palmitoleate  [16: 1], methyl  palmitate  
[16:0], methyl linoleate [18:2], methyl oleate [18: 1], 
methyl stearate [18:0], methyl arachidonate  [20:4], 

The 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. 

*To whom correspondence should be addressed. 

methyl eicosatr ienoate [20:3], methyl eicosadieno- 
ate [20:2], methyl eicosenoate [20: l] and methyl 
arachidate  [20:0]), was prepared from high-puri ty 
methyl esters. One /A of isooctane solution, con- 
taining the mixture with ca. one #g of each of the 
compounds ,  was injected with a 10:1 split onto  a 
30m, wide-bore,  thick film, fused silica capillary 
DB1 gas ch roma tog raph  (GC) column. The GC was 
t empera tu re -p rogrammed from 176 C to 221 C at 
2.3 degrees per rain. 

The G C - M S  system was a F innigan Model 4000 
with a F innigan INCOS 2000 data  system. The exit 
end of  the GC column was brought  to within 20 
mm of the ion beam, and isobutane was bled into 
the system th rough  an auxiliary port  in the separa- 
tor  oven. The isobutane pressure was measured by 
the Finnigan source thermocouple  gauge, and the 
source tempera ture  was held at 140 C. The 10- 
componen t  test mixture  was completely separated 
on the GC column, and the intensity values of the 
molecular  ion regions were measured with a 3-stage 
1NCOS multiple ion detection (MID)  descriptor 
covering the 16:1 and 16:0 from mass 267 to mass 
274; 18:2, 18:1 and 18:0 from mass 293 to mass 
302; and 20:4 to 20:0 from mass 318 to mass 329, 
With these MID descriptors,  the M - I  peak of 
20:4 was not collected. Six replicates were recorded 
at 3 i sobutane  reagent gas pressures, 0. I 1,0.21 and 
0.40 torr,  with an average relative s tandard  devia- 
tion of 0.05. 

RESULTS A N D  D ISCUSSION 

The intensities of the molecular  ion cluster for l0 
methyl esters, ionized with i sobutane  as the reagent 
gas, are shown in Table 1. The letter M in the table 
refers to the molecular  weight of the compound ,  
with M - I  referring to the molecular  ion less l 
hydrogen a tom and M + I ,  M+2  and  M+3 to the 
molecular  ion with 1,2 or  3 added hydrogen atoms. 
The data  have been corrected for the ca rbon  13 
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TABLE 1 

Isotope-Corrected Relative Intensities of the 
Molecular Ion Region of Long-Chain Methyl Esters 

Ionized with lsobutane Reagent 

Compound Torr M -  1 M M+ 1 M+2 M+3 

16:1 0,11 2,3 
M=268 0,21 1,8 

0,40 1.9 

16:0 0.11 10.2 
M=270 0.21 5.3 

0,40 3.0 

18:2 0.11 8.5 
M=294 0.21 4,5 

0,40 3.6 

18:1 0.11 3.5 
M=296 0.21 2.9 

0.40 3,5 

18:0 0.11 11.0 
M=298 0.21 5.6 

0.40 3.2 

20:4 0.11 
M=318 0.21 

0.40 

r 

20:3 0.11 6.6 
M=320 0.21 4.1 

0.40 3.9 

20:2 0.11 
M=322 0.21 

0.40 

r 

r 

20:1 0.11 5.1 
M=324 0.21 4.3 

0,40 5.1 

20:0 0.11 14.0 
M=326 0.21 7.2 

0.40 4.3 

3,6 93.1 0.4 0.4 
2,6 93.4 0,3 1.7 
2.9 89.4 0.5 4.8 

3.1 85.8 0.7 0,0 
1.4 92,3 0.8 0.0 
1.8 93.9 1.0 0.1 

15.7 73.8 0.3 1.5 
6.9 83.5 0.5 4,4 
5.1 78,9 1.3 10.3 

3.6 91.6 0.2 0.9 
2.6 91.3 0.3 2.9 
2.6 85.2 0.7 7.7 

3.3 85.6 0.0 0.0 
1,4 92.8 0,0 0.0 
1.6 94.9 0.0 0.0 

512 91.6 1.0 2,1 
3.4 88.3 1.3 6,8 
4.0 77.3 3,3 t3.8 

8.7 82.3 0.5 1.8 
4.5 84.0 0.7 6,5 
4,6 74.7 2.9 12,4 

17.3 79.4 0.4 2,7 
7.3 85.2 0.6 6,6 
5.7 80.2 1.5 11,7 

3.5 90,2 0.0 0.9 
2,5 89.5 0,0 3.5 
2.6 82.7 0,6 8.5 

4.3 81.7 0.0 0.0 
1.7 90.7 0.4 0.0 
1,8 93.2 0.5 0.2 

i so tope  c o n t r i b u t i o n ,  a n d  t h u s  the  tab le  r ep r e sen t s  
the  re la t ive  a m o u n t s  o f  e ach  ion  type  p r e sen t  in the  
s p e c t r u m .  T h e  20:2  M - 1  peaks  are  no t  s h o w n  
because  t ha t  m a s s  a n d  G C  p o s i t i o n  are  d o m i n a t e d  
by  an  in t e r f e r ing  peak ,  p r o b a b l y  c a u s e d  by  a 
pos i t i ona l  i s o m e r  o f  20: 3. 

T h e  larges t  peak  in all c o m b i n a t i o n s  o f  s a m p l e  
a n d  r eagen t  gas  p r e s s u r e  is t he  M + l  peak ,  f o r m e d  
by p r o t o n a t i o n  o f  the  molecu le .  All  c o m p o u n d s  
a lso  s h o w  a m o l e c u l a r  ion  peak  g e n e r a t e d  by 
cha rge  e x c h a n g e ,  a n d  a p e a k  at M - 1  f o r m e d  by 
hyd r ide  a b s t r a c t i o n  or  r e m o v a l  of  a h y d r o g e n  a t o m  
f r o m  the  m o l e c u l e  by t he  r eagen t  gas.  P r o t o n a t i o n ,  
cha rge  e x c h a n g e  a n d  h y d r i d e  a b s t r a c t i o n  are  all 
expec ted  f r o m  l i t e ra tu re  r epo r t s  o f  c h e m i c a l  ioni-  
za t ion .  

A l o n g  wi th  the  expec t ed  ion  t y p e s ,  a new  ion  
type  was  o b s e r v e d  wi th  a m a s s  peak  of  M + 3  tha t  
c an  best  be e x p l a i n e d  by h y d r o g e n a t i o n  o f  the  

doub le  b o n d  of  the  u n s a t u r a t e d  acid esters  fo l lowed 
by p r o t o n a t i o n .  T h e  in tens i t ies  in the  M + 3  c o l u m n  
s h o w  a c o n s i d e r a b l e  va r i a t ion ,  be ing  essen t ia l ly  
zero for  the  s a t u r a t e d  esters  and  as h igh  as 13.8% for 
20:4  at 0.40 t o r t  r e agen t  gas  pressure .  T h e  in tens i ty  
of  the  h y d r o g e n a t i o n  peak  at M + 3  increases  wi th  
the  n u m b e r  o f  d o u b l e  b o n d s ,  be ing  m o s t  in tense  in 
the  20:4. The  M + 3  peak  also varies  wi th  reagen t  gas  
pressure  and  becomes  qui te  smal l  at 0.11 t o r r - - w h i c h  
is a b o u t  t he  lowes t  p r e s s u r e  at  w h i c h  the  m a s s  
s p e c t r o m e t e r  will o p e r a t e  in a CI  m o d e - - t o  g rea te r  
t h a n  10% at 0.40 torr ,  wh i ch  is a b o u t  the  h ighes t  
p r e s s u r e  the  v a c u u m  s y s t e m  will to lera te .  N o  
d o u b l e  h y d r o g e n a t i o n  M + 5  peaks  o f  p o l y u n s a t u -  
ra ted  es ters  were  f o u n d .  Th i s  is as w o u l d  be 
expec t ed ,  b e c a u s e  the  la rges t  M + 3  peak  is on ly  
13.8%, a n d  it w o u l d  be the  s t a r t i ng  ma te r i a l  for  the  
d o u b l e  h y d r o g e n a t i o n .  

M o s t  o f  the  s p e c t r a  desc r ibed  in t he  l i t e ra tu re  a re  
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of saturated or subst i tuted FA, and  none  show 
detailed molecular  ion cluster peaks of i sobutane  
CI spectra. Budzikiewicz and Busker have studied 
unsatura ted  alkenes and have provided much  of 
the in format ion  on hydride abstract ion,  charge 
exchange and p ro tona t ion  of unsa tura ted  com- 
pounds  (8). They did not  report  hydrogenat ion ,  
a l though  one spect rum of octadecene in their  paper  
has a significant M+3 peak. 

The saturated methyl  esters show hydride ab- 
s tract ion peaks ( M - 1  in the table) of 10, I I and  
14% at the lowest reagent gas pressure. These peaks 
are smaller at higher gas pressures. Full-scan 
spectra of the i sobutane  reagent gas shows a mass 
43 peak (C3 HT*, isopropyl free radi'cal) of 2% for 0.4 
torr,  7% for 0.2 to r r  and 15% for 0.11 torr,  which 
has the same t rend as the intensities of 3.2, 5.6 and 
11.0 for the hydride abs t rac t ion  peaks of 18:0. The 
isopropyl free radical appears to remove a hydrogen 
a tom from the saturated hydroca rbon  chain to 
produce the M - 1  ion and propane.  The monoene  
esters, which have M -  1 intensities under 5% through- 
out the reagent pressure range, appear  not to be 
at tacked significantly by the isopropyl free radical. 
The isopropyl free radical, which should be a good 
hydride abs t rac t ion reagent, appears  to have a 
much greater affinity for the saturated chain ra ther  
than  the unsatura ted  chain. 

The 18:2 and 20:2 are bo th  unusual  because they 
have molecular  ion peaks of 15.7% and 17.3%, 
respectively, at 0.11 torr. The 20:3 has a molecular  
ion peak half  as intense as the 20:2, and all other  
compounds  have only moderately small molecular  
ion peaks. This peaking of the intensity of the diene 

compounds  compared  with the other  unsa tura ted  
compounds  is an interesting point  and  future work 
might determine if doub le -bond  posit ion has an 
effect. 

CI is used in bo th  quali tat ive and  quant i ta t ive  
work in order to emphasize the molecular  ion 
region with the format ion  of the p ro tona ted  mole- 
cule, which is much more  stable and  intense than  
the odd electron molecular  ion formed in electron 
impact  spectra. The M - 1  and M+3 peaks found in 
methyl ester spectra can confuse in terpre ta t ion  of 
quali tat ive spectra ,  giving false positives for the 
number  of double  bonds  present. Careful  control  
of reagent gas pressure and  frequent  s tandards  are 
necessary to use CI for quant i ta t ive  work to correct 
for the presence of the M - l  and M+3 peaks. 
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COMMUNICATIONS 

A Lack of Correlation 
in Human Breast Milk 

Between Linoleate and Arachidonate 

R.A. G I B S O N *  and G . M ,  K N E E B O N E ,  Department of Paediatrics. Flinders Medical 
Centre, Bedford Park 5042, South Australia, A ustralia 

ABSTRACT 

The levels of arachidonic acid and linoleic acid found in the lipid fraction of human milk samples were 
compared. No correlation was found between the level of precursor linoleate and product arachidonate in 80 
samples of colostrum (day 3-5) or 60 samples of mature breast milk. We attempted to test the hypothesis tha t 
the absence of a precursor-product relationship was caused by a constant level of arachidonate being 
secreted in the phosigholipids (PL) of breast milk cells. Examination of the fatty acid (FA) composition of 
the PL and trig~yceride fractions revealed arachidonate in high concentration in PL but that most of the total 
araehidonate existed in triglycerides. 
Lipids 19:469-471, 1984. 

INTRODUCTION 

The lipid composition of breast milk has received 
a great deal of attention in recent years, and has 
been the subject of comprehensive reviews (1,2). 
Although the fact has been known for many years 
that the fatty acid composit ion of human breast 
milk varies with time of lactation (3) and diet (4), 
the focus of this attention has chiefly been either 
medium-chain saturated fatty acids (FA), or linoleic 
acid levels. 

Recently we reported (5) the results of our 
analyses of the FA composition of colostrum and 
mature breast milk taken from Australian mothers 
on ad libitum diets. We now report the comparison 
of the linoleic acid (18: 2o~6) level of colostrum and 
mature breast milk with the corresponding level of 
arachidonic acid (20:4w6). A correlation between 
the levels of these 2 FA was expected because 
20:4o~6 is synthesized from 18:2~o6. However, no 
correlation was found. This fact is significant for 
any dietary intervention study designed to increase 
the levels of long-chain polyunsaturated FA of the 
~o6 series in breast milk. 

METHODS 

Breast milk samples (I-3 ml) from 10 healthy 
female volunteers were collected at the early morn- 
ing nursing following an overnight fast, by manual 
expression into plastic containers and immediately 
frozen. All women were on ad libitum diets and the 
level of nutrition was not influenced by economic 
factors. Samples were collected at any time during 
the nursing, as we have recently demonstrated (6) 
that this has no effect on the FA composit ion of 
milk. Collections were made from mothers either 
early (day 3-5, colostrum) or later (day 40-45, 
mature milk) in lactation. 

*To whom correspondence should be addressed. 

The lipid fraction was extracted from milk 
samples using 10 ml chloroform / methanol (2: 1, 
v:v) for each 0.5 ml milk and sufficient water to 
result in phase separation (1.5 ml). One third of the 
extract was dried under nitrogen, transesterified in 
1% H2SO4 in methanol  and analyzed by gas liquid 
chromatography (GLC) as previously described 
(5). Separation of  FA methyl esters was achieved 
on 5 ft columns of 5% SP2310 on chromosorb W 
AW (Supelco Inc., Bellefonte, PA) using nitrogen 
as a carrier gas at 20 ml 'min ~. The chromato-  
graphic oven was increased from an initial tempera- 
ture of 125 C to 225 C at 4 C per min. 

The remainder of the lipid extract was dried 
under nitrogen and separated into cholesterol 
ester, triglyceride and PL fractions on thin layer 
plates of silica gel H developed in a variation of the 
solvent system reported by Christie (7), petroleum 
spirit (40-60 C b.p.) / ethyl ether / acetic acid 
(180:30:2). These fractions were subsequently 
eluted from the plate, transesterified and the FA 
composition determined by GLC. 

RESULTS AND DISCUSSION 

Researchers have now confirmed, in a number of 
systems,qncluding human tissues, that linoleic acid 
is the precursor of  the co6 series of polyunsaturated 
FA, including 18:3, 20:3, 20:4 and 22:4 (8). We 
recently reported the presence of  these compounds 
in breast milk (6), and noted the fact that they 
appeared in higher concentrations in colostrum 
than in mature breast milk (5). 

When we plotted 20:4w6 levels against 18:2o~6, 
we were somewhat surprised to find that no 
correlation existed between the 2 for 80 samples of 
colostrum (Fig. 1) or 60 samples of mature breast 
milk (Fig. 2). A similar result can be seen in the data 
of Insull and Ahrens (9) for 6 in-patients and 5 out- 
patients on ad libitum diets. 

LIPIDS, VOL. 19, NO. 6 (1984) 
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TABI.E 1 

Fatty Acid Distribution of Total Lipids and Triglyceride 
and Phospholipid Fractions of Human Co|�9 

2% 

Total Triglycerides Phospholipids 

10:0 .33+ .27 .34• .31 4.48• .99 
12:0 2.1 I i 1,00 2.23-+ 1.18 .53• .33 
1 4 : 0  4,75• .70 4.84• .82 2.58• .42 
14:1 .31+ .07 .35• .10 .46• .20 
15:0 .45_+ .08 .46• .08 .49 • .15 

1sol6:0 .17• .04 .13-+ .03 .68• .32 
16:0 24.52• 1.73 23.96• 1.87 t6.45 • 1.73 
16:1 3.68_ + .41 3.63• .47 1.94• .4I 
17:0 .62_+ .I0 .63• .10 .51_+ .05 
17:1 .50-+ .09 .48• .07 .26 + - .07 
18:0 8.40_+ .75 8.16_ + .78 17.65• 
18:1 37.31_+1.01 37.37• .90 18.49• 

18:2w6 8.39 • 8.44--+2.21 11.03• 
18:3o~6 .28• 09 .34• .08 .16-+ .06 
/8:3~3 .37_+ .07 .41• .12 14_+ .09 
20:0 .68• .11 .76• .16 .70- + .23 
20:1 1.13_+ .27 1.14• .24 .93-+ .10 

20:2~o6 .76_+ .27 .63-+ .22 .44 • .27 
20:3w6 .56_+ .25 .57_+ .19 1.51 _+ .30 
20:4oJ6 .77_+ .26 .74-+ . 14 5.76 • 1.53 

22:0 21•  .10 .22_+ .07 .78_+ 45 
22: ~ .33 • ,09 .34_+ .08 .70_+ .25 

22:4~6 .33• 15 .31)• .16 1.20-+ 55 
24:0 .30_+ ,13 .26-+ .10 1.27_+ .77 
24:1 .31• .11 .24_+ .11 .79• .69 

22:50,3 .34 • . 14 .37 _+ . 16 .78 -+ .26 
22:6o)3 .73_+ .35 .80 • .38 1.66-+ .35 

The figures represent the mean of I1) values• 

A n u m b e r  of  e x p l a n a t i o n s  are  poss ib le  for  these  

results .  One  t h a t  a p p e a r e d  to be r ead i ly  t e s t ab le  
was  the  s u g g e s t i o n  t h a t  p e r h a p s  mos t  a r a c h i d o n i c  
acid could  be a s s o c i a t e d  wi th  P k ,  which ,  in tu rn ,  
a re  de r ived  f rom the  m e m b r a n e s  of  cells secre ted  
wi th  the mi lk  (10). Because  the  t o t a l  n u m b e r  of  cells 
f o u n d  in breas t  mi lk  a l ters  on ly  s lowly  w i t h  the 
l eng th  of  l a c t a t i o n  (11), the  l ack  of  c o r r e l a t i o n  
be tween  the  p r e c u r s o r  l ino le ic  ac id  a nd  the p r o d u c t  
a r a c h i d o n i c  ac id  cou ld  be caused  by a r e l a t ive ly  
c o n s t a n t  sec re t ion  of  ce l l u l a r  PL:  

We the re fo re  e x a m i n e d  the l ip id  f r a c t i o n  f rom 

the  m i l k  o f  l0  m o t h e r s  ear ly  (day  3-5) in l a c t a t i o n  

because  we had  s h o w n  p r e v i o u s l y  t h a t  c o l � 9  
con ta ins  the highest  level of  l ong -cha in  p o l y u n s a t u -  
ra ted  FA. 

The  resu l t s  of  the G L C  a n a l y s e s  of  the  F A  of  all  
f r ac t i ons  (i.e., t o t a l  l ipids,  t r i g lyce r ides  and  PL)  are  
l is ted in T a b l e  I. These  d a t a  d e m o n s t r a t e  tha t  the 
level o f  i n d i v i d u a l  F A  var ies  in the  2 l ipid f rac t ions ,  

a nd  indeed  the  l o n g - c h a i r  p o l y u n s a t u r a t e s ,  inc lud-  
ing a r a c h i d o n i c  ac id ,  a re  p resen t  in the  g rea tes t  
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c o n c e n t r a t i o n  in the  P L  f rac t ion .  H o w e v e r ,  the  P L  
r ep re sen t  on ly  1.7% of  the  c o m b i n e d  t r ig lycer ide  
(97.8%), s terol  es ter  (0~5%) a n d  P L  f rac t ions ,  
ag r ee ing  w i th  the  resu l t s  o f  C r a w f o r d  et al. (12). 
T h u s ,  b e c a u s e  the  bu lk  o f  l o n g - c h a i n  p o l y u n s a t u -  
ra tes  are  loca ted  in t r ig lycer ides ,  the  h i g h e r  level o f  
a r a c h i d o n i c  ac id  in c o l o s t r u m ,  c o m p a r e d  wi th  
m a t u r e  b reas t  mi lk ,  is no t  on ly  caused  by h i ghe r  P L  
c o n t e n t  o f  c o l o s t r u m .  

T h e  lack o f  co r r e l a t i on  be t ween  the  l inoleic  acid 
a n d  a r a c h i d o n i c  acid levels in mi lk  l ipids is in teres t -  
ing, a n d  c a n n o t  be e x p l a i n e d  w i t h o u t  f u r t h e r  
inves t iga t ion .  T h e  fact  tha t  m a t u r e  b reas t  mi lk  can  
con t a in  levels o f  l inoleic  acid r a n g i n g  f r o m  4% to 
24% w i t h o u t  c o n c o m m i t a n t  changes  in a r a c h i d o n i c  
acid levels ind ica tes  specif ic  m e t a b o l i c  r e g u l a t i o n  
o f  a r a c h i d o n i c  acid.  T h i s  cou ld  be ach ieved  e i ther  
by r ap id  use  o f  a r a c h i d o n a t e  or  con t ro l  o f  its 
syn thes i s .  

W h e t h e r  t he se  resu l t s  can  be re la ted  to d i f fe rent  
a r a c h i d o n a t e  poo l s ,  as has  been recent ly  p o s t u l a t e d  
to occu r  in a n i m a l s  (13,14),  is q u e s t i o n a b l e ,  bu t  
they  m a y  be a re f lec t ion  o f  use  o f  p l a s m a  20:40)6 by 
m a m m a r y  t issue.  A l t h o u g h  no  ev idence  ha s  been  
f o u n d  of  a m e t a b o l i c  b lock  in the  s y n t h e s i s  of  
20:40)6 in m a n ,  desp i t e  the  r epo r t ed  s low conve r -  
s ion  o f  l i no lena te  (18:30)3) to m o v e  u n s a t u r a i e d  
m e t a b o l i t e s  (15), s o m e  con t ro l  o f  p l a s m a  a rach i -  
d o n a t e  syn the s i s  m u s t  occur ,  

A n u m b e r  o f  s tud ie s  a re  n o w  ava i l ab le  tha t  
ind ica te  t ha t  the  level o f  a r a c h i d o n a t e  in t i s sues  is 
t igh t ly  con t ro l l ed  in a n i m a l s  o t he r  t h a n  t he  rat.  F o r  
e x a m p l e ,  we have  s h o w n  tha t  m a r m o s e t s  on  a diet  
r ich in I8:20)6 a c c u m u l a t e  l ino lea te  in the i r  m e m -  
b r a n e s  bu t  no t  20:4oJ6 (16). M o r e  p e r t i n e n t  is the  
s t u d y  of  Mel l ies  et al. (17) in wh ich  m o t h e r s  on  a 
diet  h igh  in l ino lea te  did  no t  inc rease  a r a c h i d o n a t e  
levels in e i ther  p l a s m a  or mi lk  l ipids desp i t e  large  
increases  in 18:20)6 in these  body  fluids. I n con t ras t ,  
A u s t r a l i a n  abo r ig ina l s  on  a diet  r ich in 20:40)6, 
d e m o n s t r a t e d  e leva ted  p l a s m a  a r a c h i d o n a t e  levels 
a f te r  2 weeks  (18). T a k e n  t o g e t h e r  t he se  resul ts  
sugges t  t ha t  i nc r ea s ing  20:40)6 in b reas t  mi lk  or 

o t h e r  t i s sues  by inc reas ing  d ie ta ry  l ino lea te  will 
have  litt le effect .  W h e t h e r  it c an  be ach i eved  by 
i n c r e a s i n g  d i e t a ry  096 l o n g - c h a i n  p o l y u n s a t u r a t e s  
t h e m s e l v e s  is c u r r e n t l y  be ing  tes ted .  
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The Very Long Chain Fatty Acids of the Green Alga, 
Chlorella kessleri 
TOM~,.~ REZANKA and MILOSLAV PODOJI L*, Institute of  Microbiology, Czechoslovak 
Academy of  Sciences, Prague 4, 142 20 Czechoslovakia 

ABSTRACT 

Fatty acids of the fresh-water green alga, Chlorella kessleri (heterotrophically cultivated), were 
fractionated (as methyl esters) using high performance liquid chromatography (HPLC). A fraction of 
fatty acids with chain lengths longer than 28 carbon atoms was analyzed by gas chromatography-mass 
spectrometry (GC-MS). The very long chain fatty acids, ranging from 31 to 36 carbon atoms, were 
found for the first time in a green alga. 
Lipids 19:472-473, 1984. 

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

In our previous communication ( l) ,  we des- 
cribed the distribution of fatty acids of a 
collection of fresh-water green algae, e.g., fatty 
acids with up to C30 chain lengths in Chlorella 
kessleri cultivated heterotrophically. The de- 
tector response indicated the presence of higher 
homologues but they could not be precisely 
analyzed because of the low proportion. 

This study was aimed at separating a fraction 
of very long chain fatty acids with more than 
28 carbon atoms from the whole complex of 
fatty acids and determining the composition 
of fatty acids in this fraction. 

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

A sample of fatty acids (3,500 mg) from the 
fresh-water green alga, C. kessleri, was con- 
verted to methyl esters by boron trifluoride- 
methanol reagent (2). 

High performance liquid chromatography 
(HPLC) of fatty acids was performed using a 
SP 8000 instrument (Spectra Physics, USA) 
with a Separon SI CI column 50 cm • 6 mm 
i.d. (Laboratorntpl'tstroje, ~SSR); mobile phase- 
linear gradient (2 ml/min) from the mixture 
methanol/water (80:20) into methanol (30 
min), followed by methanol (60 min), then 
detection in a UV detector at 210 nm. The 
column efficiency was 8,700 theoretical plates, 
V o 4 ml and t R of the methyl ester of octaco- 
sanoic acid (28:0) was 27.13 min. In 7 runs 
(500 mg each), 3,500 mg of a mixture of very 
long chain fatty acids was chromatographed. 
The separation was achieved by collecting 
fractions with retention time of more than 
27.13 min and pooling fractions from twice 
repeated HPLC. After evaporation of the mo- 
bile phase, the total yield of a mixture of fatty 
acids with the chain longer than 28 carbon 
atoms was 32.2 rag. 

*To whom correspondence should be addressed. 

These were separated and identified on a 
Hewlett-Packard 5992 B ( U S A ) g a s  chrom- 
tograph-mass spectrometer (GC-M S) instrument 
with a SCOT glass capillary column (SGE, 
Australia) 77 m • 0.5 mm i.d., with SE-30 
stationary phase. The operating conditions of 
the instrument were: ionization energy 70 eV, 
scan speed 690 amu/s, mass range 4-600 amu; 
data were processed with a HP 9825 A compu- 
ter connected online with the GC-MS. For the 
separation of very long chain fatty acids, the 
capillary column oven temperature was pro- 
grammed from 100-290 C (2 min isothermally, 
ballistically to 240 C, then at a rate of 2C/rain 
to 290 C, and further isothermally 50 min). 
The flow of carrier gas (helium) was 1.5 ml/min. 
The t R of methyl ester of octacosanoic acid 
was 9.15 rain and that of the methyl ester of 
hexatriacontenoic acid (36:1) 57.21 min. 

RESULTS A N D  DISCUSSION 

The usual fatty acids of the fresh-water 
green algae (regardless to branching) range from 
Cl4 to C22 (3). Fatty acids with longer chains 
have been described in mycobacteria (up to 70 
carbon atoms) (4); Saccharomyces cerevisiae 
(5,6); marine algae, Botryococcus braunii (7) 
and Emiliana huxleyi, (unsaturated fatty acids 
36:2 and 36:3) (8); higher plants (fatty acid 
esters up to 60 carbon atoms) (9,10). 

Table 1 shows the percentage representation 
of very long chain fatty acids in the whole 
complex of fatty acids of C. kessleri. The fatty 
acids found were saturated and monounsat- 
urated from C29 up to C36, odd and even 
numbered, most of them with a straight chain. 
Only one fatty acid (C:9) was branched. ]'he 
ratio of saturated and unsaturated fatty acids 
changes with the number of carbons; in the C29 
acids, the saturated fatty acids predominate; in 
the C30 acids, the unsaturated acid predo- 
minates and in the higher homologues, the 
saturated fatty acids are missing. 

LIPIDS, VOL. 19, NO. 6 (1984) 
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TABLE 1 

Percentages of Very Long-chain Fatty Acids of the Alga, C. kessteri (Heterotrophically 
Cultivated), and MS Fragments Imp tant for Identification 

473 

Methyl ester Percentage a M M-29 M-31 M-32 Other ions Base peak 

29:0 br 2 3.6 452(13) 423(1) - - 381(1) 325(1) 269(2) 88 
29:1 6.3 450(1) -- 419(7) 418(18) 376(2) b 334(2) c 74(43) 55 
29:0 9.9 452(17) 423(1) 421(1) 367(1) 311(1) 255(2) 74 
30:1 60.0 464(1) 435(1) 433(5) 432(5) 390(1) b 348(1) c 311(1) 55 
30:0 17.0 466(20) 437(1) 435(1) 423(4) u 367(2) 311(1) 74 
31:1 3.9 -- -- -- 426(13) 404(2) b 362(2) c 199(2) 55 
32:1 14.6 -- -- 461(5) 460(10) 418(1) b 376(1) c 199(2) 55 
33:1 1.8 -- -- 475(3) 474(5) 432(2) b 199(7) 143(10) 55 
34:1 2.6 -- -- 489(3) 488(6) 199(8) 143(12) 74(56) 55 
35:1 2.0 -- -- 503(2) 502(3) 199(7) 143(8) 74(32) 55 
36:1 2.1 -- -- 517(1) 516(3) 199(3) 143(12) 74(58) 55 

aIn the whole complex of fatty acids (10-2). 
bIon M-74. 
Clon M-116. 
dIon M-43; br 2 -branching on carbon C 2 ; figures in parenthesis-percentage of intensity of the base peak. 

The unsa tura t ion  of  very long chain fa t ty  
acids might  improve the  t ranspor t  across the 
m e m b r a n e  in Saccharomyces ,  as descr ibed by  
Welch and Burlingame (5), by bringing d o w n  
the  melt ing po in t ;  for  example ,  the  f a t t y  acid 
w i th  one  double  b o n d  mel ts  22 C lower  than  
the  cor responding  sa tura ted acid. The dif f icul ty  
in analyzing the  very long chain fa t ty  acids in 
t he  whole  complex  of  f a t ty  acids was elimi- 
na ted  by  separating lower  fa t ty  acids (up to C2s) 
using the  HPLC me thod .  Even though  the  pro- 
po r t i on  of  very long chain fa t ty  acids (higher 
t hen  C30) drops  dramat ical ly ,  under  the  experi-  
men ta l  cond i t ions  given, the  C36 is also detec-  
table a l though only  10 -2 % of  tota l  f a t t y  acids. 

Table 1 also shows that  in m o n o u n s a t u r a t e d  
me thy l  esters of  fa t ty  acids above C31, the  
molecular  ions were no t  found .  For  their  
de t e rmina t ion ,  the  ions M-31 (M-MeO) and 
M-32 (M-MeOH) b e c o m e  impor t an t ,  as well as 
the  ions M-74 and M-116. The in tens i ty  of  the  
lat ter  goes d o w n  wi th  the  increasing n u m b e r  of  
ca rbon  a toms.  The c o m m o n  peak,  m/z  55 
(C4 H7 ) (1 1 ), was found  in all m o n o u n s a t u r a t e d  
m e t h y l  esters of fa t ty  acids. 

We prefer red  the  ident i f ica t ion  o f  f a t ty  acids 
as me thy l  esters ra ther  than  TMS derivatives for 
the  fol lowing reason:  at the  opera t ing  co lumn  
t empera tu r e  (280 C), percept ib le  evapora t ion  
o f  s ta t ionary  phase (me thy l  si loxane) already 
takes  place,  making the  e m p l o y m e n t  of  the  
SIM m e t h o d  for  ion 73 impossible  (it or iginates 
by  decompos i t i on  of  s ta t ionary  phase,  SE-30). 
The use of  SIM m e t h o d  for  m/z  74 (MacLaffer ty  
rea r rangement  of  me thy l  ester o f  f a t ty  acid) 
enabled scanning the  spec t rum in the m o m e n t  

of  m a x i m u m  ion current .  
The data summar ized  in Table I, and by  

l~ezanka et al. (1), indicate  tha t  the  co n t en t  o f  
very long chain fa t ty  acids was inf luenced by  
the  m o d e  of  cul t ivat ion.  In the  au to t roph ica l ly  
cult ivated C. kessleri, only fa t ty  acids up to  C28 
were  found .  Under  these condi t ions  the  elonga- 
t ion  of  the  carbon chain p robab ly  does no t  take 
place. 
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ABSTRACT 

The effect of cholesteryl sulfate, a natural membrane component, on the physical state of dipalmitoyl 
phosphatidylcholine multilamellar vesicles was investigated using fluorescence polarization and differential 
scanning calorimetry techniques. Cholesteryl sulfate increased the order of acyl chains for those 
temperatures higher than the gel-to-liquid crystalline transition temperature while it decreased the order for 
those temperatures below the phase transition temperature. At equimolar concentrations, cholesteryl sulfate 
suppressed the crystal liquid-to-gel phase transition of dipalmitoyl phosphatidylcholine. These data suggest 
that sterol sulfates may provide new tools for the elucidation of molecular mechanisms involved in sterol- 
lipid interactions. 
Lipids 19:474-477, 1984. 

INTRODUCTION 

Cholesteryl sulfate (Chol So4) is a membrane 
component  that is widely distributed in nature and 
its isolation has been reported from both inverte- 
brate (1) and mammalian tissues (2,3). Although it 
generally represents a small percentage of total 
membrane sterols, Chol SO4 has a protective effect 
against osmotic shock of the erythrocyte membrane 
(3) and may be involved in membrane modifications 
of the spermatozoa (4). Researchers have also 
suggested that Chol SO4 could be involved in ion 
transport (5). In contrast to the relationships 
between cholesterol and phospholipids (PL), which 
have been extensively studied (6-10), no data are 
available concerning the interaction of Chol SO4 
with PL. 

In the present study we have demonstrated, 
using fluorescence polarization and differential 
scanning calorimetry techniques, that Chol SO4 
suppresses the liquid-gel phase transition of syn- 
thetic dipalmitoyl phosphatidylcholine. 

MATERIALS AND METHODS 

L-c~-dipalmitoyl phosphatidylcholine (DPPC)  
was purchased from Sigma Chemical Co. (St. 
Louis, MO). Cholesteryl sulfate was synthesized 
and purified by chromatography as previously 
reported (1 l). Briefly, cholesterol was purified via 
the dibromide derivative and sulfurylated in dry 
pyridine and chlorosulfonic acid. Following parti- 
tion chromatography on celite, the ammonium salt 
of the sterol sulfate was twice crystallized from 
aqueous methanol (m.p. 198-201 C) (12), and 
solutions were prepared in ch loroform/methanol  
(1:2 V/V). Cholesterol (special grade) was obtained 

To whom correspondence should be addressed. 

ABBREVIATIONS 

DPH: 1,6-diphenyl-l,3,5-hexatriene; DPPC: L-a-dipalmitoyl- 
phosphatidylcholine; Chol SO4: cholesteryl sulfate; Chol: choleserol. 

from Applied Science Lab. (State College, PA). 
1,6-Diphenyl-l,3,5-hexatriene (DPH)  was pur- 
chased from Aldrich Chemicals (Milwaukee, WI). 
The purity of all compounds was verified by thin 
layer chromatography (TLC). 

Appropriate aliquots of stock solutions of D P P C  
and cholesterol in chloroform, or Chol SO4 in 
chloroform/methanol ,  were mixed in test tubes. 
The solvent was removed under a stream of 
nitrogen and then under high vacuum overnight. 
Some samples were also freeze-dried to monitor 
the possible occurrence of a phase separation 
during the sample preparation. Both preparations 
provided identical results. For  the fluorescence 
polarization experiments, DPH in a 2 mM stock 
solution in tetrahydrofuran was directly added to 
the mixtures before evaporation. The concentra- 
tion of D P H  was maintained constant at 1/1000 
relative to the PL concentration. Lipid suspensions 
were prepared either in distilled water or in 50 mM 
Na phosphate buffer, pH 7.2, as previously de- 
scribed (13). Measurements were performed on a 
SLM 4000 apparatus equipped with a 4-cell ther- 
mostated compartment  and a magnetic stirrer. A 
Nesslab temperature programmable circulatory 
bath was connected to the spectrofluorometer and 
the temperature was monitored with a thermolinear 
probe placed directly within the cell compartment.  
Light scattering was reduced to very low levels by 
the use of cut-off filters. In all conditions, the 
individual values obtained were the mean of at least 
4 successive measurements which, by themselves, 
were the average of l0 determinations. The results 
of the steady-state depolarization experiments are 
expressed in terms of fluorescence anisotropy r, 
with r=l ] t - I •  where 11[ and 12_ are the 
fluorescence intensity observed with the analyzing 
polarizer parallel and perpendicular to the polar- 
ized excitation beam. A correction factor, G, equal 
to I'• the primes indicating excitation polar- 
ized in a perpendicular direction, was used to 
correct for the unequal transmission of differently 
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polarized light. The lipid order parameter, S~>Pu, 
was calculated according to the method of Jahnig 
(14). 

Samples prepared for differential scanning calo- 
rimetry were hydrated with 80% water or Na 
phosphate buffer. These solutions were preheated 
to 10 C above the theoretical phase transition of the 
pure PL, transferred to standard aluminum sample 
pans and scanned at least twice at a rate of  5 C or 
10 C/ra in  using a DSC-IB Perkin-Elmer instru- 
ment. The extent of hydrolysis of the sterol sulfate 
during the course of the experiments was verified 
by the addition of 14C-cholesteryl sulfate as internal 
standard. Following TLC and the assay of radioac- 
tivity~ the degree of hydrolysis was (ound to be less 
than I%. 

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

Because D P H  does not partition strongly in 
favor of  domains of different lipid composit ion or 
physical state (10), the measurement of its steady- 
state fluorescence anisotropy provides a rapid and 
sensitive index of the average of  changes in the 
order of membrane lipids (14). 

In lipid suspensions composed of DPPC-Chol  
SO4 at various molar ratios, Chol SO4 increased 
the anisotropy of DPH,  i.e., the order of acyl 
chains for those temperatures higher than the gel- 
to-liquid crystalline phase transition temperature, 
%n (Fig. 1). The reverse is true for temperatures 
below T~. At equimolar concentration, Chol SO4 
suppressed the liquid-gel phase transition of DPPC.  

Although cholesteryl sulfate, like cholesterol 
(6,8,10) decreased the order for T < Tin, increased 
the order for T >Tm and suppressed the transition 
for molar  ratios of  I: 1, examinat ion of the aniso- 
tropy vs temperature curves for different molar 
ratios (Fig. 2) revealed that the interactions in the 
Chol SO4-DPPC systems were not identical to 
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r 0 2  
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(b 

0 

LL 

10 20 30  40  50  6 0  
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FIG. 1. Effect of increasing amounts of Chol SO4 on 

the fluorescence anisotropy of DPH in DPPC suspen- 
sions. The solid line corresponds to pure DPPC. Molar 
concentrations of Chol SO4 were (o) 5%, (e) 15%, (~) 
25%, (A) 33% and (el) 50%. 
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FIG. 2. Comparative effects of Chol SO~ and choles- 
terol on the fluorescence anisotropy of DPH in DPPC 
suspensions. Molar concentrations of Chol SO4 (full line) 
or cholesterol (dashed line): a: 15%, b: 25%, c: 33%, d: 
50%. Note: the thickness of the lines are larger than the 
standard deviations of the determinations. 

those found for the ChoI -DPPC mixtures. Thus, 
the increase in order for T >Tm was less pronounced 
than that observed with cholesterol. In particular, 
one does not observe the marked change that 
occurs between 15 - 25 tool % with cholesterol (Fig. 
3a [10]). The increase in order obtained with Chol 
SO4 exhibited an almost linear relationship to the 
fraction of the ester in the suspension. Using the 
same technique, other cholesterol esters, e.g., cho- 
lesteryl phosphorylcholine (15), cholesteryl hemi- 
succinate, cholesteryl betainate (16) and cholesteryl 
phosphate (17), have also been shown to increase, 
although to a lesser extent than cholesterol, the 
degree of order of egg PC liposomes or of lipids 
from the red blood cell. The use of D P P C  enables 
us to demonstrate that for temperatures below the 
Tin, Chol SO4 also decreased the order of acyl 
chains. However, for Chol S O ~ / D P P C  molar 
ratios higher than 15%, its effect was significantly 
more pronounced at 30 C than that of cholesterol 
(Figs. 2,3b) whereas the reverse was true at 20 C 
(Figs. 2,3c). Finally, Chol SO4 caused a progressive 
shift in the transition temperature,  which decreased 
from 41.6 C for pure D P P C  to 40.4 C, 39 C, 36.3 C, 
and 35 C for Chol S O 4 / D P P C  molar  ratios of 5%, 
15%, 25% and 33%, respectively. Simultaneously, 
the transition broadened but remained detectable 
at 33% extending from 25 C to 45 C (Fig. 2c). The 
differential scanning calorimetry recording (Fig. 4) 
confirmed that, in contrast to cholesterol, for 
which very little change occurs in the midpoint 
temperature of the transition at increasing concen- 
trations (6,9), Chol SO4 produced a large down- 
ward shift in Tin. For  both Chol SO4-DPPC and 
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FIG. 3. Comparative effects of Chol SO4 and choles- 
terol on the DPH lipid order S~p,. Temperatures: 50 C 
(3a), 30 C (3b) and 20 C (3c); (I): Chol SO4, (o)  
cholesterol. 

C h o I - D P P C  (in c o n t r o l  e x p e r i m e n t s )  no  f u r t h e r  
p h a s e  t r a n s i t i o n  was  de tec ted  w h e n  the  re la t ive 
c o n c e n t r a t i o n  o f  the  s tero l  a t t a i ned  33 mol%.  T h i s  
va lue  agrees  wi th  t ha t  o b s e r v e d  by mos t  inves t iga-  
to rs  u s i n g  s imi l a r  e q u i p m e n t  w h e r e  de t ec t i ng  the  
p r e sence  o f  b r o a d  p e a k s  is d i f f icul t  (9). 

T h e  a p p r o x i m a t e l y  l inear  r e l a t i onsh i p  b e t w e e n  
the  Cho l  SO4 c o n t e n t  o f  the  vesicles  a n d  the  
dec r ea se  in t r a n s i t i o n  t e m p e r a t u r e  as  well as the  
b r o a d e n i n g  o f  the  t r a n s i t i o n  s u g g e s t s  t ha t  par t  o f  
the  effects  o f  C h o l  SO4 m a y  be caused  by n o n s p e -  
cific i n t e r ac t ions .  In  acco rd  wi th  c lass ical  t h e r m o -  
d y n a m i c  t h e o r y  (18), sma l l  mo lecu le s ,  e.g. ,  ane s -  
the t ics  (19) a n d  a l coho l s  (20), c an  b r o a d e n  as well 
as lower  the  t r a n s i t i o n  t e m p e r a t u r e  o f  a pure  lipid. 
O n  the  o t h e r  h a n d ,  this  f ac to r  w o u l d  no t  a c c o u n t  
for  b o t h  the  f lu id iz ing  (T < Tin) a n d  r ig id i fy ing  
(T  > Tin) effects  o f  C h o l  SO4. T h e  fact  t ha t  
e q u i v a l e n t  a m o u n t s  of cho les te ro l ,  cho les te ry l  su~- 
fa te  a n d  5 - a - c b o l e s t a n - 3 - o n e  (20,21) a re  r equ i r ed  
to s u p p r e s s  c o m p l e t e l y  the  gel - l iquid  t r a n s i t i o n  
w o u l d  a lso  s u p p o r t  the  i m p o r t a n c e  o f  t he  s tero l  
n u c l e u s  a n d  o f  t he  V a n  de r  W a a l ' s  force  b e t w e e n  
this  n u c l e u s  a n d  t he  acyl  c h a i n s  in th is  s u p p r e s s i o n .  
Th i s  agrees  wi th  t he  recen t  w o r k  o f  B i t t m a n  et al. 
(22) i nd i ca t i ng  t h a t  no  specif ic  or  direct  i n t e r ac t i on  
o f  the  P C  head  g r o u p  wi th  cho le s t e ro l  occurs .  

In  c o n c l u s i o n ,  t hese  s tud ies  d e m o n s t r a t e d  t ha t  
choles teryl  sul fa te ,  a na tu ra l ly  occu r r i ng  choles tery l  
ester ,  can  s u p p r e s s  the  l iquid-gel  t r a n s i t i o n  o f  
D P P C .  It a lso inc reased  the  o rde r  o f  l ipids for  
t e m p e r a t u r e s  a b o v e  t h e  t r a n s i t i o n  t e m p e r a t u r e  a n d  
dec reased  th i s  o rde r  for  t e m p e c a t u r e s  below.  Al-  
t h o u g h  f u r t h e r  i nves t i ga t i on  is i nd ica ted  to  c lar i fy  
the  n a t u r e  o f  the  i n t e r a c t i o n  b e t w e e n  cho les te ry l  
su l fa t e  a n d  D P P C ,  ou r  resu l t s  sugges t  t ha t  s te ro l  
su l f a t e s  m a y  r ep re sen t  new tools  for  t he  e l u c i d a t i o n  
o f  m o l e c u l a r  m e c h a n i s m s  invo lved  in s te ro l - l ip id  
in t e rac t ions .  
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Effect of Essential Fatty Acid Deficiency on Myelin Proteins 
S H E L D O N  L. MILLER* ,  D A V I D  M. KLURFELD,  B E R N A D E T T E  LOFTUS and 
D A V I D  KRITCHEVSKY, The Wistar Institute of Anatomy and Biology, 36th Street 
and Spruce, Philadelphia. PA 19104 

ABSTRACT 

The effect of essential fatty acid (EFA) deficiency on rat-brain myelin proteins was studied. Rats were 
maintained on a lipid-free diet and compared with control rats fed the same diet supplemented with 3% corn 
oil. At 17 days of age, each pup was injected with [3H]leucine and rats from each group were killed over a 
period of 163 days. Although a large decrease occurred in the total amount of myelin protein per brain, the 
proportions of constituent myelin proteins remained relatively unchanged. Metabolic studies showed a 
decrease in the net turnover of myelin proteins analogous to that previously demonstrated for myelin 
phospholipid (PL). 
Lipids 19:478-480, 1984. 

INTRODUCTION 

Studies concerning the effects of essential fatty 
acid (EFA) deficiency on whole brain and myelin 
lipids have demonstrated: (a) changes in the acyl 
moieties of lipids (1-3); (b) decrease in R N A  (4); (c) 
decrease in total protein and selected enzyme levels 
(4,5). Pre- and postnatal E F A  deficiency was found 
to impair learning in rodents (6,7), and to cause 
motor  and vision abnormalit ies in humans (8). 

Based on the membrane model of Singer and 
Nicolson (9), changes in acyl composit ion of 
membrane lipids could result in changes of mem- 
brane fluidity that might alter membrane metabo- 
lism. We have previously shown that myelin phos- 
pholipid (PL) metabolism is perturbed during E F A  
d.eficiency (10). The present report 'is concerned 
with the effects of EFA deficiency on the metabo- 
lism of myelin proteins. 

MATERIALS AND METHODS 

Sprague-Dawley rats (Charles River Breeding 
Laboratories,  Wilmington, MA), 8 days pregnant, 
were fed a fat-free diet (10). Control  rats received 
the same diet, supplemented with 3% corn oil by 
weight to provide EFA. Litters were reduced to 10 
animals at birth, weaned at 28 days of age and the 
pups maintained on their respective diets for the 
duration of the experiment. Only male pups were 
used in the study. 

At 17 days of age, each pup was injected 
intracranially with 20 ~tL of a solution containing 
0.01 M phosphate buffer, pH 7.2, 0.9% NaC1 and 
750 ~Ci of L-[3,4,5-3H]leucine (New England 
Nuclear, Boston, MA). One rat from the control 
group and one from the experimental group were 
decapitated at each time point (21, 45, 73, 106, 134 
and 163 days) after injection. Brains were rapidly 

*To whom correspondence should be addressed. 

ABBREVIATIONS 

EFA - essential fatty acid. 

removed and myelin was isolated (11) from the 
forebrain, lyophilized and stored at - 7 0  C. One 
aliquot was extracted for lipids (12), which were 
digested in perchloric acid and assayed for total 
lipid phosphorus (13). A second aliquot was used 
for lipid acyl analysis by gas liquid chromatogra-  
phy (GLC) (10). A third aliquot was prepared 
according to the method of Wiggins et al. (14) for 
total protein determination (15). Lipids were re- 
moved from a fourth aliquot, the protein was 
subjected to disc gel electrophoresis and stained 
with Fast Green dye (14). Gels were scanned at 570 
nm on a Gilford spectrophotometer  equipped with 
a linear transport system and the relative protein 
concentrations were determined from the areas 
under the peaks. Gels were subsequently sliced 
(1 mm thick), treated with Protosol  (New England 
Nuclear), scintillation fluid was added and radioac- 
tivity was measured in a Packard Tri-Carb Model 
3255 liquid scintillation spectrophotometer  (14). 
Counting efficiency for 3H was 45%. 

RESULTS 

EFA-deficient rats showed reduction in body 
weight (40%), brain weight (7%), whole brain 
myelin lipid phosphorus (22%) and whole brain 
myelin protein (25%) compared with their corre- 
sponding controls. Analysis of acyl composit ion 
showed that levels of arachidonate (20:4 [oJ6]) in 
myelin of EFA-deficient rats were significantly 
lower at all time points (P < 0.001 by a paired 
Student's t test) than the corresponding controls. 
In the myelin of EFA-deficient rats, 20:3 (to9) 
increased from 3.0% to 12.4% of the total acyl 
groups. The triene-to-tetraene ratio increased 4- 
fold in EFA-deficient rats. Acyl group 20:3 (to9) 
was absent from myelin in all of the control rats 
except for the rat killed 163 days after injection of 
[3H]leucine, in which it constituted only 0.1% of the 
total myelin acyl groups. 

Figure 1 shows the percentage of several major 
myelin proteins in relation to the total myelin 
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FIG. 1. Effect of EFA deficiency on myelin protein 
accumulation. EFA deficient (,.) and control (t) rats were 
killed at times indicated, myelin was isolated, lipids 
removed and proteins separated by disc gel electrophor- 
esis. Gels were stained with Fast Green, scanned at 570 
nm and relative protein concentration determined from 
the area under the peak. Total protein was determined by 
summing the area under all protein peaks. Significance 
between control and EFA data was tested by trend 
analysis using a Student's t test: (a) Wolfgram protein, 
P > 0.1; (b) proteolipid protein, P > 0.2; (c) DM-20 
protein, P > 0.1; (d) large myelin basic protein, P < 0.08; 
(e) small myelin basic protein, P < 0.08. 

protein content at various times after injection of 
EFA-deficient and control rats with [3H]leucine. 
The experimental and control data for each protein 
were compared by a trend analysis using a paired 
Student's t test. The relative concentrations of 
Wolfgram, proteolipid and DM-20 proteins do not 
differ in EFA-deficient rats and controls. Large 
and small myelin basic proteins show a small but 
consistent reduction in the relative amounts  of 
these proteins in myelin of EFA-deficient rats when 
compared with controls (for each protein, P < 0.08 
by a paired Student 's t test). 

The radioactivity in individual myelin proteins 
from EFA-deficient and control rats was quanti- 
tated after injection of [3H]leucine. Figure 2 shows 
the percentage of decrease of 3H in the major 
myelin proteins from 21 to 163 days after injection. 
The 3H loss from these myelin proteins was slower 
in EFA-deficient rats than in their paired controls. 
To determine the statistical significance between 
rates of 3H loss from a specific protein in control 
and EFA-deficient  animals, all values were com- 
pared by trend analysis using a paired Student's t 
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FIG. 2. Percentage decrease in SH cpm of major 
myelin proteins after injection with [3H]leucine. EFA- 
deficient and control rats were injected with [SH]leucine 
and killed at various times from 21 to 163 days after 
injection. Whole brain myelin was isolated from each 
animal, and myelin proteins were separated from each 
other by disc gel clectrophoresis. After staining, the major 
myelin protein bands were cut from the gel and ~H 
quantitated by scintillation spectrophotometry. Solid 
bars (EFA-deficient rats) and open bars (control rats) 
show the decrease in [3H] protein counts in major myelin 
proteins from 21 to 163 days after injection. Statistical 
significance was determined by Student's paired t test as 
described in the Results; (a) Wolfgram proteins, P<  0.02; 
(b) proteolipid protein, P > 0.1; (c) DM-20 protein, 
P < 0.05; (d) large basic protein, P < 0.1; (e) small basic 
~rotein, P < 0.06. For a specific protein, differences in the 
H metabolism between control and experimental data 

indicate the significance of the difference of the last time 
points. 

test after normalization to the earliest time point. 
The calculated P values, based on the paired 
Student's t test, were: Wolfgram protein, P < 0.02; 
proteolipid, P ~ 0.1; DM-20 protein, P < 0.05; 
large basic protein, P < 0.1; small basic protein, 
P < 0.06. 

DISCUSSION 

The decreases in body weight, brain weight and 
whole brain myelin lipid phosphorus are all indica- 
tive of EFA deficiency (3,4,10). An additional 
indicator of E F A  deficiency is a large increase in 
the tr iene/tetraene ratio of acyl moieties (16). In 
this study, the ratio increased 4-fold. 

Myelin PL and protein, which had parallel 
increases, accumulated more slowly in EFA-de-  
ficient than control rats, indicating reduced deposi- 
tion of myelin with a normal protein-lipid ratio. 
This is analogous to the alterations in myelination 
observed during protein-calorie malnutri t ion (14). 
The large and small basic protein of myelin are the 
only myelin proteins in this study whose relative 
amounts changed in EFA-deficient animals. Al- 
though these changes are consistent for the time 
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per iod  s tud ied ,  t hey  are  sma l l  in m a g n i t u d e ,  excep t  
a t  one  t ime  po in t .  

A l t e r a t i o n  o f  m y e l i n  p ro t e in  m e t a b o l i s m  para l -  
leled the  P L  c h a n g e s  seen  in o u r  p r e v i o u s  s t u d y  
c o n c e r n i n g  the  effects  o f  E F A - d e f i c i e n c y  on  mye l i n  
l ipids (10). T h e  m a j o r  mye l i n  p r o t e i n s - - p r o t e o l i p -  
id, W o l f g r a m ,  D M - 2 0 ,  large a n d  sma l l  bas i c  p ro -  
t e i n s - - s h o w e d  a s lower  t u r n o v e r  ra te  in the  E F A -  
def ic ient  ra ts  c o m p a r e d  wi th  the i r  respec t ive  con -  
t rols .  Resu l t s  f r o m  s ta t i s t ica l  ana lys i s  o f  the  dif fer-  
ences  in 3 o f  t he se  p r o t e i n s  were  a b o v e  o r  very  
s l ight ly  below the  95% conf idence  level. Di f fe rences  
b e t w e e n  E F A - d e f i c i e n t  a n d  c o n t r o l  ra ts  in the  
t u r n o v e r  o f  la rge  bas ic  p ro t e i n  were  no t  s ign i f i can t  
( p r o b a b l y  because  o f  s o m e  po i n t  scat ter) .  P r o t e o -  
l ipid s h o w e d  n o  s ta t i s t ica l ly  s ign i f i can t  c h a n g e  in 
t u r n o v e r  rate .  C o n s e r v a t i o n  o f  m y e l i n  p r o t e i n  in 
E F A - d e f i c i e n t  ra ts  is s u g g e s t e d  by the  s lower  loss  
o f  3H c o m p a r e d  wi th  con t ro l s .  B ecause  t he  exper i -  
m e n t a l  des ign  c a n n o t  d i s t i n g u i s h  be t ween  [~H]pro  - 
te in  t ha t  r e m a i n s  in the  m e m b r a n e  a n d  [3H]p ro t e in  
t h a t  is lost  f r o m  the  m e m b r a n e  a n d  s u b s e q u e n t l y  
recycled back  in to  it, t he  loss o f  [3H]pro te in  f r o m  
m y e l i n  r e p r e s e n t s  ne t  t u r n o v e r .  T h e  effect  o f  E F A -  
def ic iency  o n  mye l i n  p r o t e i n s  m a y  be a n  a l t e r a t i o n  
o f  t u r n o v e r ,  recyc l ing  or  bo th .  T h u s ,  c h a n g e s  in 
mye l in  p ro t e in  m e t a b o l i s m  occu r  in a s s o c i a t i o n  
wi th  c h a n g e s  in mye l i n  acyl  c o m p o s i t i o n  in E F A -  
def ic ien t  ra ts .  
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ABSTRACT 

Binding properties of liver cytosolic protein for oleic acid, palmitoyl-CoA and bromosulpho- 
phthalein (BSP) were compared for rat, mouse and guinea pig. Hepatic cytosol of rat, mouse and 
guinea pig contained proteins with a molecular weight of ca. 12,000 and had an affinity for [1 -'4 C]- 
oleic acid. The concentration of fatty acid-binding protein (FABP) was almost the same in livers of 
the animals of the 3 species and was ca. 50 #g/rag cytosolic protein. Electrophoretic studies revealed 
that FABP from hepatic cytosol of rat, mouse and guinea pig, purified with affinity chromatography, 
are distinct from one another in terms of their charge. FABP of rat liver was capable of binding any 
3 ligands-oleic acid, palmitoyl-CoA and BSP-at relatively high binding capacity. FABP of mouse 
liver also bound oleic acid and palmitoyl-CoA to a great extent, but its binding capacity for BSP was 
only one-third that of rat liver. FABP of guinea pig liver bound less oleic acid and palmitoyl-CoA 
than rat liver, whereas it had almost the same binding capacity for BSP as rat liver. 
Lipids 19:481-487, 1984. 

INTRODUCTION 

Cytosolic proteins with a relatively low 
molecular weigh participate in cellular trans- 
location and metabolism of organic anions that 
are not very soluble in water. Fatty acid- 
binding protein (FABP) is localized in cytosol 
of various organs including liver, myocardium, 
intestinal mucosa, adipose tissue, skeletal 
muscle and kidney (1,2). This protein of rat 
liver has been known not only to be specific for 
fatty acid, but also to have high affinities for 
long-chain acyl-CoA and several other organic 
anions (3,4). Considerable evidence indicates a 
physiological significance of FABP in trans- 
location and metabolism of long-chain fatty 
acid and their CoA esters in rat liver and small 
intestine (5-16), and the properties of FABP in 
these tissues have been well studied (17-19). 
However, most information about the physi- 
ological role and properties of FABP was 
obtained from the studies on rats. To have a 
general understanding about physiological signi- 
ficance of FABP, more information should be 
obtained about FABP from species other than 
rat. In this context, we studied binding charac- 
teristics and properties of FABP in hepatic 
cytosol of rat, mouse and guinea pig. 

MATERIALS AND METHODS 

Materials 

[ 1 j 4  C ] Oleic acid (57.0 Ci/mol) and [ 1 -z4 C ] - 
palmitoyl-CoA (56.1 Ci/mol) were purchased 
from New England Nuclear Corp. (Boston, 
MA). Palmitoyl-CoA, bromosulphophthalein 

(BSP), bovine serum albumin and Coomasie 
brilliant blue were purchased from Sigma 
Chemical Co. (St. Louis, MO); Sephadex 
G-50, Sephadex G-75 and aminohexyiamino- 
Sepharose 4B from Pharmacia Fine Chemicals 

�9 (Uppsala, Sweden). All other chemicals were 
of analytical grade. Oleoyl-aminohexylamino- 
Sepharose was prepared from oleic acid and 
amino-hexylamino-Sepharose 4B (14). 

Animals 

Male Wistar rats (160-180 g), male ddY mice 
(30-40 g) and male Hartley guinea pigs (250- 
390 g) were used. 

Preparation of Cytosol 

Animals were decapitated. Livers were 
isolated and perfused with cold 0.9% NaC1 
until  the livers turned pale with no further 
color change, then homogenized with 1.5 vol 
cold 0.25 M sucrose. Cytosol was obtained 
from the homogenates by differential centri- 
fugation (14,20) Hepatic cytosol of mouse 
was prepared from 4 or 5 pooled livers. 

Binding Assay for Oleic Acid 

The amount of [1J4C]oleic acid bound to 
FABP in cytosol was measured by the method 
of Ockner et al. (10) with some modification 
(20). The incubation mixture contained 120 
nmol [1-14C]oleic acid (45 nCi), 7.5 mg cyto- 
solic protein and 3 mg Triton WR-1339 in 1.5 
ml 0.154 M KC1/0.01 M potassium phosphate 
buffer (pH 7.4). The mixture was incubated at 
37 C for 30 min. After being cooled on ice, 
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1 ml of the mixture was subjected to gel 
filtration on a Sephadex G-50 column (2.2 cm 
• 30 cm) equilibrated with 0.154 M KC1/0.01 
M potassium phosphate buffer (pH 7.4) at 4 C 
and eluted with the same buffer. Fractions of 
2 ml were collected. In some experiments, for 
further resolution of cytosolic proteins, a 
column o f  Sephadex G-75 (2.2 cm • 80 cm) 
was used. Fourty-eight nmol [l-14C]oleic 
acid (0.1 /~Ci) in 60 #1 of methylethylketone 
was added to an incubation mixture containing 
24 mg cytosolic protein in 2.34 ml of 0.154 M 
KC1/0.01 M potassium phosphate buffer (pH 
7.4). The mixture was incubated at 0 C for 30 
min and 2.0 ml of the mixture was applied to 
the Sephadex G-75 column. The column had 
been equilibrated with 0.154 M KC1/0.01 M 
potassium phosphate buffer (pH 7.4) and elu- 
t ion was carried out with the same buffer at a 
flow rate of 12 ml/hr at 4 C. Fractions of 4 
ml were collected. The radioactivity in the 
eluate was measured by a liquid scintillation 
spectrometer after mixing with toluene and 
a Triton-based scintillator. 

Binding Assay for PalmitoyI-CoA 

Forty nmot [l-14C]palmitoyl-CoA (0.1 
/~Ci) in 0.2 ml was added to an incubation 
mixture containing 20 mg cytosolic protein in 
1.8 ml of 0.154 M KC1/0.01 M potassium phos- 
phate buffer (pH 7.4) at 0 C, then 1.5 ml of the 
mixture was applied to a Sephadex G-75 
column (2.2 cm • 80 cm). The column was 
equilibrated with 0.154 M KC1/0.01 M potas- 
sium phosphate buffer (pH 7.4) and elution was 
carried out with the same buffer at a flow rate 
of 12 ml/hr. Fractions of 4 ml were collected 
and an aliquot of the fraction was used to 
measure radioactivity as described above. 

Binding Assay for BSP 

The incubation mixture contained 3 #mol 
BSP and 25 mg cytosolic protein in 2.0 ml 
0.154 M KC1]0.01 M potassium phosphate 
buffer (pH 7.4). The mixture was incubated at 
0 C for 30 min and then subjected to a Se- 
phadex G-75 column (2.2 cm • 80 cm) equili- 
brated with 0.154 M KC1/0.01 M potassium 
phosphate buffer (pH 7.4). Elution was carried 
out with the same buffer at a flow rate of 12 
ml/hr and fractions of 4 ml were collected. 
BSP in the fraction was determined by measur- 
ing the absorbance at 580 nm after alkaliniza- 
tion with 1 N NaOH. 

Measurement of FABP by an 
Affinity Chromatography 

The concentration of FABP was determined 

using affinity chromatography with oleoyl- 
aminohexylamino-Sepharose (14). 

Fatty Acid Analysis 

Lipids were extracted by the method of 
Bligh and Dyer (21) and were separated by thin 
layer chromatography (TLC) of Silica gel G 
with petroleum ether/diethyl ether/acetic acid 
(80:30:1, v/v/v) as developing solvent. The 
area of silica gel corresponding to fatty acid 
was identified by means of standards. Fatty 
acid was isolated from the silica gel by the 
method of Stern and Pullman (22). Methyl 
esters of fatty acids were prepared and analyzed 
by gas liquid chromatography (23). Penta- 
decanoic acid was used as an internal standard 
for quantitation. 

�9 Other Procedures 

Protein concentration was determined by 
the method of Lowry et al. (24) with bovine 
serum albumin as standard. Electrophoresis 
with polyacrylamide disc gel was performed 
according to the method of Davis (25,14). 
Statistical analyses were performed using 
Student's t test for 2 means�9 

RESULTS 

Figure 1 shows elution profiles of [ I J 4 C ] -  
oleic acid bound to cytosolic protein when 
cytosolic protein was mixed with [ 1 14 C] oleic 
acid and subjected to gel filtration with Sepha- 
dex G-75. A single peak with radioactivity 
appeared at the position with a molecular 
weight of ca. 12,000 from any hepatic cytosol 
of rat, mouse and guinea pig, indicating that 
hepatic cytosol of mouse and guinea pig also 
contains FABP with a molecular weight similar 
to that of rat liver. To determine the concen- 
tration of FABP in hepatic cytosol of the 
animals of the 3 species, FABP fractions 
obtained with get filtration were subjected to 
affinity chromatography of oleoyl-aminohexyl- 
amino-Sepharose and the amounts of FABP 
were measured after removing unabsorbed 
protein to the affinity column. As described in 
Table 1, the concentrations of FABP in hepatic 
cytosol of rat, mouse and guinea pig were 
48.2 Ng/mg, 49.1 /.tg/mg and 45.8 /~g/mg 
cytosolic protein. The contents of hepatic 
FABP of mouse and guinea pig were 124% and 
73% that of rat per g liver. 

The FABP, which was purified by gel filtra- 
tion with Sephadex and subsequent affinity 
chromatography with oteoyl-aminihexylamino- 
Sepharose from hepatic cytosol of rat, mouse 
and guinea pig, was analyzed with polyacryl- 
amide disc gel electrophoresis in a nondenatur-  

L1PIDS, VOL. 19, NO. 7 (1984) 



FATTY ACID-BINDING PROTEIN 

4 

30 50 70 30 50 70 

Fraction number 

30 50 70 

3.6 i 

3.4~ 

) .24  

FIG. 1. [ 1-14 C] Oleic acid binding to liver cytosoiic protein o f  rat, mouse  and guinea pig. 
Mixture (2.4 ml) containing 24 mg of  cytosolic protein was incubated for 30 min at 0 C 
with 40 nmol  [l-14C]oleic acid ad 60 #1 of  me thy le thy lke tone  solution. Sephadex G-75 
co lumn (2.2 cm • 80 cm) was used for 2.0 ml  of  the mixture .  A, rat; B, m o u s e ; C ,  guinea 
pig. 

TABLE 1 

Concentration and [ 1A4C] Oleic Acid Binding Capacti ty of  Liver Cytosolic 
FABP of  Rat, Mouse and Guinea Pig 

483  

Concentrat ion of  FABP Oleic acid bound to FABP 

Cytosolic protein Liver Cytosolic protein Liver 
Animals (/zg/mg) (mg/g) (nmol /mg)  (nmol/g) 

Rat (5) 48.2 • 3.5 1.74 • 0.26 1.14-+ 0.13 40.1 • 7.0 
Mouse (3) 49.1 -+ 12.2 c 2.14 • 0.70 c 2.10 -+ 0.08 a 97.6 • 6.5 c 
Guinea pig (3) 45.8 • 7.4 c 1.25 • 0.31 c 0.30 • 0.03 a 8.2 • 0.5 a 

Values are mean • SD. Values in parentheses represent  the number  of  separate experiments .  
[l-~4C]Oleic acid binding capacity was measured by gel filtration on a Sephadex G-50 co lumn as 
described in the text.  Concentrat ion of  FABP was determined by affinity chromatography.  FABP 
fractions obtained by gel filtration o f  cytosol  were combined.  An aliquot (300-900 #g o f  protein) 
of  the pooled fraction was diluted with an equivolume of  phosphate-bufferred saline and was applied 
to a column (0.9 cm • 2.5 cm) of  oleoyl-aminohexylamino-Sepharose 4B. The unbound  proteins to 
the column were washed out  with 10 ml of  phosphate  buffered saline and the absorbed proteins were 
eluted with 12 ml 25% ethanol  in 0.075 M sodium phosphate  buffer (pH 6.0). The proteins remaining 
in the column were washed out  with e thanol /0 .05 N NaOH (1:1, v/v). The proteins eluted with 25% 
ethanol /0 .075 M sodium phosphate  buffer  (pH 6.0) were regarded as FABP. 

up<0.001 relative to rat. 
bp~0.01  relative to rat. 
CNot significant. 

i ng  b u f f e r .  As  s h o w n  in  F i g u r e  2 ,  t h e  s t a i n i n g  
o f  t h e  p u r i f i e d  F A B P  o f  r a t  l iver  d e m o n s t r a t e s  
t h e  p r e s e n c e  o f  m o r e  t h a n  2 p r o t e i n  b a n d s .  
F A B P  p u r i f i e d  f r o m  m o u s e  l iver  a lso s h o w e d  
m o r e  t h a n  2 p r o t e i n  b a n d s .  T h e  m i g r a t i o n  
p r o f i l e s  in  p o l y a c r y l a m i d e  ge l  w e r e  m a r k e d l y  
d i f f e r e n t  f r o m  t h o s e  o f  F A B P  o f  r a t  l iver.  
F A B P  o f  g u i n e a  p ig  f iver m i g r a t e d ,  as w a s  
o b s e r v e d  w i t h  F A B P  o f  m o u s e  l iver ,  a l t h o u g h  
t h e  s t a i n i n g  o f  F A B P  o f  g u i n e a  p ig  s h o w e d  
m o r e  b r o a d  b a n d s .  

T h e  r e s u l t s  in  F i g u r e  1 i n d i c a t e  t h a t  m a r k e d  
d i f f e r e n c e s  ex i s t  in  t h e  b i n d i n g  c a p a c i t y  o f  
F A B P  to  [ 1 - 1 4 C ] o l e i c  ac id  a m o n g  r a t ,  m o u s e  
a n d  g u i n e a  pig. As  d e s c r i b e d  in  T a b l e  1 in  

m o r e  de ta i l ,  t h e  a m o u n t s  o f  [ 1 - 1 4 C ] o l e i c  
ac id  b o u n d  to  F A B P  in  m o u s e  l iver was  ca. 2 
t i m e s  g r e a t e r  t h a n  t h o s e  o f  r a t  l iver.  M o r e o v e r ,  
t h e  a m o u n t s  o f  [ 1 - 1 4 C ] o l e i c  ac id  b o u n d  to  
F A B P  o f  g u i n e a  pig  l iver  we re  o n e - f o u r t h  p e r  
m g  c y t o s o l i c  p r o t e i n  a n d  o n e - f i f t h  p e r  g l iver ,  
c o m p a r e d  w i t h  r a t  l iver.  

F A B P  in  r a t  l iver  is k n o w n  to  b i n d  v a r i o u s  
o t h e r  l i g a n d s  b e s i d e  f a t t y  ac id  (4) .  To  c o m p a r e  
b i n d i n g  c a p a c i t i e s  o f  F A B P  fo r  l i g a n d s  o t h e r  
t h a n  f a t t y  acid, h e p a t i c  cytosol was  m i x e d  w i t h  
BSP a n d  was  s u b j e c t e d  to  a S e p h a d e x  G-75  
c o l u m n .  Ge l  f i l t r a t i o n  gave  2 m a j o r  p e a k s  o f  
BSP a s s o c i a t e d  w i t h  p r o t e i n s .  T h e  p e a k  w i t h  a 
m o l e c u l a r  w e i g h t  o f  ca. 4 5 , 0 0 0  m a y  c o r r e s p o n d  
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FIG. 2. Disc gel "electrophoresis of FABP from 
liver of rat, mouse and guinea pig. FABP fractions 
obtained by gel filtration of hepatic cytosol were 
combined and subsequently applied to an oleoyl- 
aminohexylamino-Sepharose column (0.9 cm • 
2.5 cm). The unbound proteins in the column were 
washed out with 10 ml of phosphate-buffered saline. 
The proteins bound to the gel were eluted with 12 ml 

o f  25% ethanol in 0.075 M sodium phosphate buffer 
(pH 6.0). The latter proteins were regarded as purified 
FABP. To each gel was added ca. 20 ~g of purified 
FABP. Polyacrylamide disc gel electrophoresis was 
performed as follows: 2.5% contracting (pH 6.7) and 
7% separating (pH 8.9) gels were buffered with 0.5 M 
Tris and 0.38 M glycine (pH 8.6) and run at 0.8 
mA/gel for 5 hr. Proteins were fixed and stained in 
0.2% Coomasie brilliant blue in 50% methanol/7% 
acetic acid. A, Rat; B, mouse; C, guinea pig. 

to  Y-pro te in  ( l igandin)  and  the  o t h e r  peak  is 
Z-p ro te in  w i th  a molecu la r  we igh t  of  ca. 12 ,000  
(4).  The  a m o u n t s  of  BSP e lu ted  in the  2 peaks  
were  summar i zed  in Table  2. Regarding Y- 
p ro t e in ,  the  a m o u n t s  of  BSP b o u n d  to  Y- 

p ro t e i n  of  guinea  pig were as m u c h  as 2 t imes  
grea ter  t h a n  those  of  ra t .  Li t t le  d i f fe rence  was 
f o u n d  b e t w e e n  the  a m o u n t s  of  BSP b o u n d  to  
y -p ro te in  in ra t  an d  mouse .  On the  o t h e r  h a n d ,  
n o  d i f fe rence  was f o u n d  b e t w e e n  t h e  a m o u n t s  
of  BSP b o u n d  to  Z-pro te in  in  ra t  and  guinea  
pig, whereas  t h e  a m o u n t  of  BSP b o u n d  to  
m o u s e  Z-pro te in  was ca. one - th i rd  t h a t  of  ra t  
Z-pro te in .  

Because long-chain  acyl -CoA has  been  
k n o w n  to  be as good  a l igand for  FABP in ra t  
liver as f a t t y  acid and  BSP (3),  t he  b ind ing  
p a t t e r n  of  [1 -14C]pa lmi toy l -CoA to  cy tosol ic  
p r o t e i n  was ana lyzed  w i th  gel f i l t r a t ion  on  a 
Sephadex  G-75 co lumn .  As s h o w n  in Figure 3, 
on ly  one  peak labeled w i th  [ 1 - 1 4 C ] p a l m i t o y l  - 
CoA  appeared  at  the  pos i t ion  co r r e spond ing  to  
FABP f rom rat  and  mouse  cytosol .  On the  
o t h e r  h a n d ,  2 peaks  labeled w i t h  [ 1-14C] palmi-  
toy l -CoA appeared  f r o m  guinea  pig cytosol .  
The  2 fo rms  of  p ro t e in  capable  of  b ind ing  
pa lmi toy l -CoA were e lu ted  at  the  pos i t ions  
co r r e spond ing  to  molecu la r  weights  of  7 0 , 0 0 0  
and  12,000.  The  a m o u n t s  of  [ 1- 4 C] pa lmi toy l -  
CoA b o u n d  to  the  p r o t e i n  w i t h  h igher  molecu-  
lar we igh t  were 2 t imes  grea te r  t h a n  those  
b o u n d  to the  p ro t e i n  wi th  lower  molecu la r  
we igh t  (Table  3). When the  a m o u n t s  of  
[1 -14C]pa lmi toy l -CoA b o u n d  to t h e  p ro t e i n  
w i t h  a molecu la r  we igh t  of  12 ,000 are com-  
pared ,  b ind ing  capac i ty  of  t h e  p ro t e i n  of  guinea  
pig was one- f i f th  t h a t  of  ra t  per  mg cytosol ic  
p ro t e i n  and  one - seven th  t h a t  of  ra t  per  g liver. 

Liver cytosol ic  p ro te in  was separa ted  b y  
gel f i l t r a t ion  to FABP f r ac t ion  and  the  o t h e r  
f r ac t ion ,  and  c o n c e n t r a t i o n s  of  free f a t t y  acid 
in these  2 f rac t ions  were d e t e r m i n e d .  As des- 
cr ibed in Table  4,  FABP f r ac t ion  f r o m  livers of  
mouse  and  ra t  c o n t a i n e d  142.1 nmoles /g  and  
72.2  nmoles /g  liver. These  a c c o u n t  for  more  
t h a n  60% of free f a t t y  acid in hepa t i c  cy toso l  
of  b o t h  mouse  and  rat .  FABP f r ac t ion  of  guinea  

TABLE 2 

Binding BSP to Y-Protein and Z-Protein in Liver of Rat, Mouse and Guinea Pig 

Binding to Y-protein Binding to Z-protein 

Cytosolic protein Liver Cytosolic protein Liver 
Animlas (nmol/mg) (nmol/g) (nmol/mg) (nmol/g) 

Rat (3) 0.72 -+ 0.09 25.8 -+ 1.8 1.17 -+ 0.14 41.6 -+ 2.8 
Mouse (3) 0.89 + 0.21 d 31.5 -+ 8.0 d 0.34 -+ 0.01 a 12.0 + 1.0 a 
Guinea pig (3) 1.48 + 0.09 b 42.0 +- 5.2 c 1.49 -+ 0.07 c 42.8 +- 4.1 d 

Values are mean +- SD. The number in parantheses represent the numbers of separate experiments. 
ap<o.o01 relative to rat. 
bp<o.01 relative to rat. 
cp<o.05 relative to rat. 
dNot significnat. 
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FIG. 3. Gel-filtration profiles of cytoslic protein with [1-a4C]palmitoyl-CoA. Fourty 
nmol [1-'4C]palmitoyl-CoA was mixed with 20 mg of cytosolic protein in 2.0 ml of 0.154 
M KC1/0.1 M potassium phosphate buffer (pH 7.4) at 0 C. A Sephadex G-75 column (2.2 
cm • 80 cm) was used on 1.5 ml of the mixture. A, rat; B, mouse; C, guinea pig. 

TABLE 3 

[ 1-14C] Palmitoyl-CoA Binding to Liver Cytosolic Protein of Rat, Mouse and Guinea Pig 

Binding to protein with 
high molecular weight 

Binding to protein with 
low molecular weight 

Cytosotic protein Liver Cytosolic protein Liver 
Animals (nmol/mg) (nmol/g) (nmol/mg) (nmol/g) 

Rat (3) trace trace 0.29 + 0.06 10.2 • 2.1 
Mouse (4) trace trace 0.40 • 0.13 c 12.1 -+ 3.5 c 
Guinea pig (4) 0.13 • 0.02 3.26 -+ 0.52 0.06 -+ 0.01 b 1.4 -+ 0.4 a 

Values are mean • SD. The number in parentheses represent the number of separate experiments. 
High- and low-molecular weight proteins correspond to fraction numbers 30-38 and 49-58, in Figure 
3. 

ap<o.o01 relative to rat. 
bP<0.01 relative to rat. 
CNot significant. 

pig liver c o n t a i n e d  47.2  nmoles  of  free f a t t y  
acid/g fiver accoun t ing  for  54% of  free f a t t y  
acid o f  hepa t i c  cy toso l  of  guinea  pig. 

DISCUSSION 

Recen t ly ,  the  i n f o r m a t i o n  regarding FABP 
of  species o t h e r  t h a n  ra t  has  received a t t e n t i o n .  
Haq et al. (26)  r epo r t ed  t h a t  h u m a n  adipose  
t issue con ta ins  FABP and  t h a t  the  p ro t e in  has  
p roper t i e s  similar to  those  of  FABP f rom rat  
liver. The liver of  Phatyrhindes triserata con-  
ta ins  Z-p ro te in  w i t h  a slight b ind ing  capac i ty  
for  BSP and  n o  b ind ing  a f f in i ty  for  oleic acid 
(27).  In the  p resen t  s tudy ,  we prov ided  evidence  
for  t he  ex is tence  of  FABP w i t h  a molecu la r  
weight  of  ca. 12 ,000 in hepa t i c  cy toso l  of  b o t h  
mouse  and  guinea  pig, as was observed  in t ha t  
of  rat .  F o u r  to  5% of  cytosol ic  p ro t e in  of  ra t  
liver has been  r epo r t ed  to be FABP (14,19) .  
The p resen t  s t udy  showed  t h a t  hepa t i c  cy toso l  
of  mouse  and  guinea  pig con ta in  FABP at al- 

mos t  the  same c o n c e n t r a t i o n  as t h a t  of  ra t .  
These  resul ts  m a y  suggest t h a t  FABP is a b u n -  
dan t  in hepa t i c  cy toso l  of  any  m a m m a l .  How-  
ever, t he  p roper t i e s  o f  F A B P  of  ra t ,  mouse  and  
guinea pig di f fered marked ly  in the i r  b ind ing  
capaci t ies  to  l igands and  in the i r  e lectr ical  pro-  
pert ies.  

FABP f rom rat  liver has been  f o u n d  to 
be involved wi th  several p ro te ins  t ha t  share 
i m m u n o l o g i c a l  i d e n t i t y  bu t  differ  in e lectr ical  
charge (19) .  Our  p resen t  resul ts  also ind ica ted  
t h a t  FABP pur i f ied  f rom rat  liver showed  more  
t h a n  2 p ro t e in  b a n d s  on  po lyac ry l amide  disc 
gel. FABP pur i f ied  f rom mouse  liver also 
showed  more  t h a n  2 p ro t e in  b a n d s  o n  po lyacry l -  
amide  gel, b u t  t he  mig ra t i on  of  the  p ro t e in s  
d i f fered f rom the  mig ra t i on  of  p ro t e in  f rom rat  
liver. Migra t ion  o f  FABP f rom gu inea  pig liver 
was similar to  t h a t  f rom mouse  liver r a t h e r  t h a n  
t h a t  of  ra t  liver, a l t h o u g h  the  p ro t e in s  in  po ly-  
ac ry lamide  gel were s ta ined more  b road ly .  
The  FABP were pur i f ied  by  a f f in i ty  c h r o m a t o g -  
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"FABLE 4 

Content of Endogenous Free Fatty Acid in FABP 
of Liver from Rat, Mouse and Guinea Pig 

Fraction other 
FABP fraction than FABP 
(nmol/g liver) (nmol/g liver) 

Rat (3) 72.2 _+ 7.6 43.6-+ 4.9 
Mouse (3) 142.1 -+ 15.2 b 79.4 +- 0.6 a 
Guinea pig (3) 47.2 -* 7.6 c 41.6 -+ 6.5 d 

Values are mean -+ SD. The numbers in parentheses 
represent the numbers of separate experiments. Three 
ml of hepatic cytosol was subjected to a Sephadex 
G-75 column (2.5 cm • 45 cm) and was eluted with 
0.154 M KCI/0.O1 M potassium phosphate buffer 
(pH 7.4) at 4 C at a flow rate of 8 ml/hr. Fractions of 
4 ml were collected. Fractions corresponding to FABP 
and fractions other than the FABP fraction were 
pooled separately. These 2 pooled samples were con- 
centrated by lyophylization and lipidsin the concen- 
trated samples were extracted to analyze free fatty 
acid as described in the text. 

ap<0.O01 relative to rat. 
bp<o.oI relative to rat. 
cp<0.05 relative to rat. 
dNot significant. 

r aphy  w i th  o l e o y l - a m i n o h e x y l a m i n o - S e p h a r o s e .  
Therefore ,  these results  suggest t ha t  FABP 
f rom liver of  mouse  and  guinea  pig also con ta in  
several molecu la r  species w i th  a similar a f f in i ty  
for f a t t y  acid di f fer ing in electr ical  charge,  as 
was f o u n d  wi th  FABP of  rat  liver. 

Our  present  e x p e r i m e n t  has shown  t h a t  
FABP of mouse  liver has high b ind ing  capaci t ies  
for b o t h  oleic acid and  pa lmi toy l -CoA,  bu t  the  
FABP has a lower  b ind ing  capaci ty  for  BSP 
compared  wi th  rat  liver. On the  o t h e r  hand ,  
FABP of  guinea  pig liver has an e x t r e m e l y  low 
b ind ing  capac i ty  for b o t h  f a t ty  acid and  acyl- 
CoA,  whereas  it has a lmos t  the  same b ind ing  
capaci ty  for BSP as tha t  of  rat.  Thus,  the  
changes  in b ind ing  aff ini t ies  of  FABP for  f a t t y  
acid and pa lmi toy l -CoA were not  parallel  to 
changes  in a f f in i ty  for  BSP. Cons ider ing  the  
fact  t ha t ,  on  the  basis of  a tn ino  acid analysis  
of  the  pro te ins ,  FABP (1),  Z-pro te in  (4)  and  
a m i n o  azo dye-b in ing  p ro te in  (28)  may  be 
ident ica l  pro te ins ,  our  present  resut ls  may 
indicate  t ha t  BSP and  fa t ty  acid b ind  at dif- 
f e ren t  sites of  FABP.  

We showed  tha t  pa lmi toy l -CoA was b o u n d  
to 2 p ro te in  zones  in hepa t i c  cy toso l  of  guinea  
pig. An immuno log ica l  s t udy  wi th  r abb i t  serum 
ant i -guinea  pig a lbum i n  suggests t ha t  the  e luate  
co r r e spond ing  to the  peak wi th  a h igh molecu-  
lar weight  (ca. 70 ,0 00 )  was c o n t a m i n a t e d  by  
serum a lbumin  at the level of  2-4%. On the  
o t h e r  hand ,  the  p ro te in  did no t  b ind  [1-14C] - 
oleic acid,  as shown in Figure 1, despi te  the  
poss ibi l i ty  t ha t  the  p ro t e in  may b ind  [1-14C}- 

oleic acid easily if the  p ro te in  is serum a lbumin .  
Hepat ic  cy toso l  of  rat  and  mouse  did no t  con-  
ta in  the  pro te in .  There fore ,  the  e n t i t y  of  the  
cytosol ic  p ro te in ,  which  was d e m o n s t r a t e d  in 
guinea pig liver to  have a molecu la r  weight  of  
ca. 70 ,000  and  to be capable  of  b ind ing  palmi-  
toy l -CoA,  has no t  been  clarified at  the  p resen t  
stage. 

Ockner  et al. ( 1 9 ) r e p o r t e d  t ha t  FABP of  ra t  
liver b inds  60% of  free f a t t y  acid in cytosol .  
We f o u n d  t ha t  FABP of  ra t  liver b inds  64% of  
free f a t ty  acid in cytosol ,  wh ich  agrees wi th  
Ockner  et al. (19) .  We f o u n d  this  was also the  
case for  FABP of  mouse  liver. FABP of  guinea  
pig liver was f o u n d  to b ind  as m u c h  as 54% of  
free f a t ty  acid in cytosol ,  despi te  its low bind-  
ing capac i ty  for  oleic acid. This may  be caused 
by  the  absence  of  a carrier  of  free f a t ty  acid 
ins tead  of FABP in the  cytosol .  

A l though  FABP b inds  var ious l igands, 
several lines of  evidence suggest the  re la t ion-  
ship in vivo be tween  the  p ro te in  and e i the r  
cellular t r ans loca t ion  or  use o f  long-chain f a t ty  
acid (5-12,14) .  Moreover ,  FABP has been de- 
m o n s t r a t e d  to s t imula te ,  in vitro,  several 
enzymic  reac t ions  involved in f a t ty  acid me- 
tabl ism ( 7 , 1 1 - 1 3 , 1 5 , 1 6 ) a n d  the  high a f f in i ty  
of FABP for long-chain  acyl-CoA is i m p o r t a n t  
when  the  pro te in  acts  as a m o d u l a t o r  on  the  
act ivi ty  of  ace ty l -CoA carboxylase  (29) ,  mi to-  
chondr ia l  aden ine  nuc leo t ide  t ranslocase  (30) ,  
me thy l s t e ro l  oxidase  (31)  and h y d r o x y m e t h y l -  
g lu tary l -CoA reductase  (31).  We showed the  
presence  of  FABP in hepa t ic  cy toso l  of  rat ,  
mouse  and guinea pig and the  d i f ferences  in 
af f in i tes  of FABP for diverse l igands a m o n g  
the  animals  of  the  3 species. These  resul ts  
ind ica te  tha t  FABP may conce ivab ly  play a 
physiological ly  i m p o r t a n t  role,  such as men-  
t ioned  above ,  in h e p a t o c y t e s  of  m a m m a l s  of  
any  species. 
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Analysis of the StearoyI-CoA Desaturase System 
in the Morris Hepatoma 7288C and 7288CTC 
RAPHAEL A. ZOELLER* and RANDALL WOOD, Department of  Biochemistry and 
Biophysics, Texas Agricultural Experiment Station, Texas A&M University System, College 
Station, TX 77843 

ABSTRACT 

The microsomal stearoyl-CoA desaturase system was examined in both the Morris hepatoma 
7288CTC, maintained in the host Buffalo strain rat, and the Morris hepatoma 7288C, maintained in 
tissue culture. In vitro examination shows the stearoyl-CoA desaturase system to be similar in the 
2 tissues. Both show extremely low overall stearoyl-CoA desaturase activity, having 4% and 8% of 
normal liver values respectively. Examination of the electron transport system showed both tissues 
have decreased electron transport components cytochrome b s and cytochrome b 5 reductase. Par- 
ticularly noticeable were the extremely lo~v levels of cytochrome b 5 (2% compared with normal 
liver). Microsomes from both tissues showed a decreased ability to reduce an artificial electron ac- 
ceptor, cytochrome c. With the low levels of cytoehrome b 5 observed in these tissues, the low levels of 
overall desaturase activity may be caused by lack of terminal enzyme, lack of sufficient cytochrome 
bs, or both. Analysis of the stearoyl-CoA desaturase system in cultured hepatoma ceils suggests that 
these cells are similar to the host-grown tumor in this respect and may be used as a model in further 
examinations of the stearoyl-CoA desaturase system. 
Lipids 19:488-491,198z~. 

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

Differences in the lipid composition of  hepa- 
toma compared with normal liver tissue have 
been well documented. One commonly ob- 
served phenomenon is the increased levels of 
monoenoic fatty acids (I-5). Particularly 
noticeable are the increased levels of octa- 
decenoic acid (18:1) in the phospholipids. 
These vary from 2 to 10 times the levels ob- 
served in normal liver, depending on the cell 
line and phospholipid species. Little is known 
concerning the source of  18:1 (host or hepa- 
toma) in these ceils or the mechanism by which 
they maintain high levels of this fatty acid. The 
stearoyl-CoA desaturase system, the obligatory 
step in the biosynthesis of  18:1 in mammalian 
tissue, has been examined in a variety of 
transplantable hepatomas (6-10). With the 
exception of the Morris hepatoma 7800 (10), 
all tissues examined show low levels of  desat- 
uration activity when compared with normal 
liver. The low desaturase activity is contrary to 
an abnormally high level of 18 : 1, leading to the 
suggestion that the hepatoma depends heavily 
on the host for the majority of the 18:1 ob- 
served and selectively incorporates 18:1 from 
the surrounding fluid. The metabolic signifi- 
cance of this in vitro data is difficult to inter- 
pret without further in vivo studies. In vivo 
studies using hepatoma maintained within the 
host are difficult to carry out because of  the 
variability of the host system and complications 
caused by host contributions or interferences. 

*To whom correspondence should be addressed: 
Department of Biochemistry, 420 Henry Hall, Univer- 
sity of Wisconsin, Madison, WI 53706. 
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We have therefore chosen a hepatoma main- 
tained in tissue culture (HTC) in order to 
coordinate in vitro observations with in vivo 
metabolic studies. Tissue culture affords a more 
manipulatable, better defined environment in 
which to work. 

The Morris hepatoma 7288 may be main- 
tained either by transplantation into the host 
rat (7288CTC) or in tissue culture (7288C). 
This tissue, maintained in either environment 
shows similar lipid profiles, including the high 
18:1 levels (11-13). The Morris hepatoma 
7288C demonstrates the capacity to form 18:1 
from acetate, palmitate or stearate when added 
to the culture medium (14). Because of  the 
compositional similarity and the evidence of  
an active stearoyl-CoA desaturase system, we 
have chosen to examine the stearoyl-CoA 
desaturase system in the Morris hepatoma 
7288CTC (CTC) and 7288C (HTC). Results 
obtained were compared with data obtained 
from normal fiver and host liver. The stearoyl- 
CoA desaturase system of the HTC and CTC 
tissue was studied to evaluate the similarity 
between this tissue in the 2 separate environ- 
ments, and to assess the validity of  relating 
further metabolic studies concerning 18:1 
metabolism using the 7288C to the host-tumor 
situation. 

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

Materials and Animals 

Buffalo strain rats were obtained from 
Simonsen Labs (Gilroy, CA) and maintained on 
a chow diet (Wayne Lab-Blox, Continental 
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Grain Co., Chicago, IL). [ 1-14 C] Stearoyl-CoA 
was purchased from Amersham (Arlington 
Heights, IL). All other substrates and reagents 
were purchased from Sigma Chemical Co. (St. 
Louis, MO). Spectrophotometric assays were 
performed on a Gilford model 252 spectro- 
photometer (Gilford Instruments Laboratories 
Inc., Oberlin, OH). 

Growth of Morris Hepatoma 7288C and 7288CTC 

Morris hepatoma 7288C cells were grown as 
monolayers in roller cultures using Swim's 
77 minimal essential medium. The medium was 
supplemented with NaHCO3 (2.2 g 1-1 ), gluta- 
mine (292 mg 1-1), cystine (12 mg 1 -I) ,  peni- 
cillin (60 mg 1-1), phenol red (5 mg l - l ) ,  
CaC12"2H20 (265 mg 1-1), fetal calf serum 
(5% by volume) and calf serum (5% volume). 
This medium will be designated as 5/5.Cells 
from 4 roller culture bottles were used for 
each subcellular preparation. The cells were 
harvested near confluence, medium was re- 
moved, the cells were rinsed once with phos- 
phate-buffered saline (PBS), pH 7.4, and a 
trypsin solution was added to detach cells. 
After a 2-3 min incubation at 37 C, 5/5 me- 
dium was added to stop the reaction. Cells 
from the 4 roller cultures were combined and 
formed into pellets by centrifugation at 70 x g 
for 5 min. Cells were washed twice using PBS 
at 4 C. The final cellular pellet was used im- 
mediately for preparing subcellular fractions. 

Morris hepatoma 7288CTC was implanted 
by bilateral intermuscular injection of a homo- 
genate of tumor tissue into the hind limbs of 
male Buffalo strain rats. Ca. 15 days after the 
hepatoma was implanted, the host animals, 
while still in a fed state were sacrificed by 
decapitation and bled. Hepatoma tissue was 
removed with the careful avoidance of any ne- 
crotic areas. Host liver was also collected at this 
time. Both liver and hepatoma were minced and 
washed with homogenization buffer before 
homogenization. 

Preparation of Microsomes 

Microsomes were prepared by one of 2 
methods. The first involved homogenization of 
the washed tissue in 6 vol homogenization 
buffer (0.25 M sucrose, 0.1 M phosphate, 1 mM 
EDTA, 1 mM dithiothreitol, pH 7.2) using 3 
up-and-down strokes of a Potter-Elvehjem 
tissue homogenizer. The homogenate was 
filtered through 4 layers of cheesecloth and 
centrifuged at 700 • g for 10 min. The 700 • g 
supernatant was centrifuged at 15,000 x g for 
20 min to form pellets of the mitochondria. 
The 15,000 • g supernatant was subjected to 
100,000 x g for 1.5 hr to form pellets of the 
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microsomes. Microsomes were resuspended in 
0.1 M phosphate buffer, pH 7.2, for use in 
assays. The second method of subceliular 
preparation involved cell disruption using 
nitrogen cavitation. A cellular pellet from HTC 
cells or minced and washed tissue from CTC 
cells was resuspended in 6 vol homogenization 
buffer (0.25 M sucrose, 0.1 M phosphate, 0.25 
mM MgSO4, 1 mM dithiothreitol, pH 7.2) and 
placed under nitrogen at 1000 psi for 30 min 
while stirring in a Parr Bomb apparatus (Parr 
Instrument Co., Moline, IL). The cells were 
disrupted by slow release through a small 
apperature. The homogenate was filtered 
through 4 layers of cheesecloth and brought 
to 1 mM EDTA. Microsomes were prepared 
through differential centrifugation steps des- 
cribed previously. All procedures were carried 
out 0-4 C. Microsomes prepared by either 
method were used immediately for assays. The 
method by which a particular microsomal 
fraction was prepared will be mentioned in the 
results section. 

Enzyme Assays 

Overall, microsomal stearoyl-CoA desaturase 
was assayed by monitoring the desaturation of 
[ i J 4 c ]  stearoyl-CoA (15). Cytochrome bs 
content was determined by measuring the 
reduced minus oxidized spectra of the micro- 
somes at 424 nm and 409 nm (16). Cyto- 
chrome bs reductase was measured by the 
method of Oshino and Sato (17) and cyto- 
chrome c reductase was measured by the 
method of Jones and Wakil (18). Protein con- 
centration was determined by the Biuret (19) 
or Lowry method (20). The amount of protein 
was varied in each assay to assure that maximal 
rates were observed. 

RESULTS AND DISCUSSION 

The microsomal stearoyl-CoA desaturase 
system was examined in the Morris hepa- 
toma 7288CTC, grown in the host (CTC), host 
liver and normal liver (Table 1). In these sam- 
pies, a Potter-Elvehjem tissue homogenizer was 
used to disrupt the cells. Overall, stearoyl-CoA 
desaturase activity was reduced by ca. 50% in 
host liver (0.10> P> 0.5) compared with normal 
liver. The electron transport system in host liver 
was also affected, with the cytochrome bs 
content  and cytochrome b s reductase activity 
reduced to 71% and 56% of control values. The 
ability of this system to reduce an artificial 
electron acceptor, cytochrome c, was also 
impaired. Microsomal cytochrome c reductase 
activity in the host liver was reduced to 57% of 
normal liver. These decreases are probably 
caused by anorexia in the host animals. In 
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T A B L E  1 

In Vi t ro  Ana lys i s  o f  the  S t e a r o y l - C o A  Desa tu rase  S y s t e m  in N o r m a l  and  
Hos t  Liver  and Morr is  H e p a t o m a  7 2 8 8 C T C  

18 :0  --~ 18:1 Cy t  b s c o n t e n t  Cy t  b s r e d u c t a s e  Cy t  c r educ t a se  
( p m o l  rain -t m g  -1)  (pmol  m g  -1)  0zmol  rain -x m g  -1 ) ( nmol  rain -t  m g  -1 ) 

N o r m a l  l ivera,  c 690  -+ 322 433  -+ 43  4 .74  + 0 .63  995  -+ 190 
Hos t  l iver  b 346  +- 259  316 • 34 d 2 .66 -+ 0 .33  d 571 +- 126 d 
7 2 8 8 C T C  21 + 22 d 9 +- 5 d 0.69-+ 0 .13  d 82 +- 32 d 

aMicrosomes prepared with a Potter Elvehjem tissue homogenizer for cell disruption in all tissues. 
bHost liver taken at the time of tumor tissue harvest. 
CAll values represent the mean • SD of 4 samples. 
dp<0.05 compared with normal liver values as calculated by the Student's t test. 

order to obtain sufficient hepatoma tissue for 
microsomal preparations (1-2 g), the tissue 
must be harvested at least 2 weeks after the 
tumor is implanted. Anorexia is a commonly 
observed phenomenon in tumor-bearing animals 
(21) and manifests itself ca. 2-3 weeks after 
tumors are implanted in this model system. 
Considering the sensitivity of the stearoyl-CoA 
desaturase system to starvation (17), decreased 
activity in the host system is not suprising. 

Morris hepatoma microsomes showed ex- 
tremely low levels of overall activity, only 3% 
of that observed in normal liver. Examination 
of the hepatoma electron transport system 
revealed extreme deficiencies in function. 
Particularly noticeable were the extremely 
low levels of cytochrome bs.  Hepatoma micro- 
somes contain 2% of the cytochrome bs of 
normal liver and only 3% of host liver values. 
Cytochrome bs reductase activity was 15% 
and cytochrome c reductase activity was only 
8% of normal liver activity. Increases or de- 
creases in the stearoyl-CoA desaturase activity 
in liver have been demonstrated to be a direct 
result of increases or decreases in the level of 
the terminal desaturase enzyme (22). The 
electron transport components are less severely 
affected and are not limiting. Examination of 
the electron transport system in the Morris 
hepatoma 7288CTC shows that, not only is 
overall activity drastically reduced, but the 
functioning of the electron transport system is 
deficient. This aberration has been observed in 
other hepatoma tissues (5,8). The Novikoff 
hepatoma, which demonstrates no stearoyl-CoA 
desaturase activity, contains no microsomal 
cytochrome bs (8). Readdition of either puri- 
fied cytochrome bs or terminal enzyme, alone, 
to the Novikoff hepatoma microsomes had no 
effect, whereas adding the 2 proteins together 
restored desaturase activity. Apparently the 
lack of desaturase activity in this tumor tissue 
was a result of a deficiency in both the terminal 
enzyme and cytochrome b s . 

Whether this is the case with the hepatoma 
tissues used in this study is not known. Flux 
through the electron transport system appears 
to be adequate. Cytochrome c reductase acti- 
vity in these microsomes, a direct function of 
the c y t o c h r o m e b s - c y t o c h r o m e  bs reductase 
complex is reduced in these tissues, but still 
functions in the nmol min -I mg -1 range. The 
turnover rate of this electron transport complex 
should be adequate to handle the pmol min -I 
mg -1 rate of the A9 desaturase system. Cyto- 
chrome bs is used in several other reactions in 
the cell (23,24) and therefore the terminal 
desaturase may not be in functional contact 
with cytochrome bs because of competition by 
other proteins normally associated with this 
protein. 

The microsomal stearoyl-CoA desaturase 
system in the Morris hepatoma 7288C (HTC), 
maintained in culture, and Morris hepatoma 
7288CTC (CTC) maintained in the host animal 
(Table 2) were compared. Ceils used for micro- 
some preparation were disrupted by nitrogen 
cavitation. Comparison of the 2 tissues showed 
that they were similar in their desaturase 
systems. Little difference was found in overall 
specific activity of the desaturase system be- 
tween the CTC and HTC tissue. HTC micro- 
somes showed a higher overall specific activity 
but the activity was still extremely low when 
compared with normal liver values. Cytochrome 
bs content and cytochrome bs reductase activi- 
ties were similar, but cytochrome c reductase 
activity was 3-to-4 fold higher in the HTC 
microsomes than in the CTC microsomes. This 
discrepancy between the 2 tissues is, as yet,  
unexplained. Microsomes from CTC tissue, 
prepared using the nitrogen cavitation method, 
showed higher levels of cytochrome bs reduc- 
tase activity compared with that of microsomes 
prepared with the Potter-Elvehjem tissue homo- 
genizer (Table 1). The reason for this is also 
unclear. Normal liver microsomes prepared by 
either method showed identical values in all 
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TABLE 2 

In Vitro Analysis of the Stearoyl-CoA Desaturase System in 
Morris Hepatoma 7288C and 7288CTC 
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18:0~ 18:1 Cyt b s content Cyt b reductase Cytcreductase 
(pmolmin ' l m g  t) (pmol mg -1) (#molmin -1 mg - t )  (nmolmin -1 mg -1) 

7288CTC a,b 47 -+ 8 10 -+ 2 1.92 • 1.25 69 ~ 19 
7288C a,c 81 -+ 28 10 -+ 5 2.36 -+ 0.57 267 • 64 d 

aMicrosomes prepared using nitrogen cavitation for cell disruption. 
bAll values represent the mean -+ SD of 4 samples. 
CMorris hepatoma 7288C cells were grown in roller culture in Swin's 77 medium supplemented 

with 5% fetal calf serum and 5% bovine serum (5/5 medium). Cells were harvested before confluence. 
dp<0.05 compared with values for Morris hepatoma 7288CTC as determined by the Student's t 

test. 

4 parameters  measui'ed (data no t  shown) .  
The Morris hepa toma  7288C and 7288CTC, 

tissues wi th  relatively high levels o f  18:1, 
showed  decreased s tearoyl-CoA desaturase acti- 
vity when  compared  wi th  e i ther  host  or normal  
liver. These results  agree wi th  data ob ta ined  
f rom o ther  hepa toma  tissues (6-9). The me- 
tabol ic  significance of  these data is, as ye t ,  
unknown .  Several exp lana t ions  may jus t i fy  low 
desaturase act ivi ty ,  measured in vitro,  wi th  
high 18:1 levels. The s tearoyl-CoA desaturase 
sys tem in hepa toma  tissue may be more  sensi- 
tive to mechanical  manipula t ion  and the re fo re  
lower act ivi ty results.  This is no t  unreasonable  
because o f  the abnormal  compos i t i on  of  the 
membranes  in this tissue (25). Researchers have 
suggested that  these ceils may obta in  mos t ,  
if not  all, of  the  18:1 f rom the  sur rounding  
milieu. Watson (26) has d e m o n s t r a t e d  that  the  
Morris h e p a t o m a  7288C in spinner  culture 
makes only  15-20% of  the  fa t ty  acids required 
during g rowth ,  th rough  de novo synthesis .  
This f inding suppor t s  the 18:1 being of  pri- 
marily exogenous  origin. These calculat ions,  
however ,  do  no t  take into account  the  18:1 
that  is p roduced  through desa tura t ion  of  
exogenous  long-chain fa t ty  acids; a rou te  tha t  
is dependen t ,  also, on the s tearoyl-CoA desat-  
urase sys tem.  The impor t ance  o f  the  s tearoyl-  
CoA desaturase sys tem for  the  main tenance  o f  
high 18:1 levels in these cells, there fore ,  re- 
mains unresolved.  Fur ther  in vivo s tudies  are 
underway in our  labora tory  to answer this 
ques t ion ,  using the  Morris hepa toma  7288C. 
The results ob ta ined  f rom these studies will be 
related to  the  in vitro data ob ta ined  in bo th  the  
Morris hepa toma  7288C and 7288CTC. 
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ABSTRACT 

Lipid class analyses and fatty acid analyses of neutral and polar lipids were carried out on ripe roes 
of herring, cod, haddock, whiting, saithe, sand eel and capelin. Total lipid was 10-26% of roe dry 
weight. The species with the highest total lipid, sand eel and capelin, also had the highest percentage of 
neutral lipid in total lipid, 77% and 49% respectively. In the other species, phospholipids accounted 
for 62-77% of roe total lipid. Both the neutral lipids, and especially the phospholipids, of all species 
were very unsaturated because of high concentrations of (n-3) polyunsaturated fatty acids (PUFA),, 
frequently amounting to 50% of the total egg lipid. Phosphatidylcholine (PC) and phosphatidyl- 
ethanolamine (PE) had similar fatty acid compositions in all species, with an average ratio (n-3)/(n-6) 
of ca. 20:1. Phosphatidylinositol (PI) consistently had high concentrations of 18:0 and 20:4 (n-6) 
with an average ratio of (n-3)/fn-6) of 1.8:1. Requirements for high levels of (n-3) PUFA in the em- 
bryonic and early larval development stages of marine fish are suggested as is a special role for the 
20:4(n-6) in PI. 
Lipids 19:492-499, 1984. 

INTRODUCTION 

Marine lipids contain high concentrations of 
PUFA with an (n-3)/(n-6) ratio in the region of 
10-15:1 (1). The origins of (n-3) PUFA in the 
marine phytoplankton and their importance in 
the marine food web, particularly as essential 
dietary factors for marine fish, are well known 
(2), and indications have been found that (n-6~ 
PUFA may also be essential dietary factors 
in marine fish (3,4). 

Much research, relevant to commercial 
marine fisheries and aquaculture alike, is cur- 
rently being directed toward understanding 
factors influencing the survival and growth of 
larval fish. These fish appear to have rather 
exacting requirements for dietary PUFA and 
methods have been developed for providing 
them with relatively high concentrations of 
marine PUFA in both natural and synthetic 
diets (5,6). 

Fish eggs contain supplies of PUFA that are 
optimized nutritionally for growth of the 
embryo and also for growth of the resultant 
larva up to the stage of yolk sac absorption. 
Numerous analyses of  the lipids of fish eggs 
have been published and, although the litera- 
ture is fragmentary, PUFA clearly can ac- 
count for more than 40% of the total fatty 
acids in marine fish eggs, reflecting at least in 
part, the high concentrations of phospholipids 
in the egg (7-9). However, few if any studies 
have been made of fish egg lipids where com- 
plete lipid class analyses together with fatty 
acid analyses of individual neutral lipids and 

*To whom correspondence should be addressed. 

phospholipids have been presented. Recently 
we reported that PI in the salt-secreting epi- 
thelia of 2 marine fish was unusual in contain- 
ing relatively high concentrations of arachi- 
donic acid and stearic acid and we discussed the 
implications of this finding in terms of fish 
nutrition (4). The present study stems from 
that result and is concerned with defining the 
distribution of (n-3) and (n-6) PUFA in indi- 
vidual lipid classes in fish eggs so as to elucidate 
the role of these fatty acids in embryonic and 
subsequent larval development. 

MATERIALS AND METHODS 

Fish Eggs 

Ripe roe was excised from the following fish: 
cod (Gadus morhua) caught during March 1983 
off Gourdon, Scotland; Atlantic herring (Clupea 
harengus), haddock (Melanogrammus aegle- 
finus), saithe (Pollachius virens) and whiting 
(Merlangus merlangus) caught at the end of 
March 1983 on the BaUantrae Bank in the 
lower Clyde estuary, Scotland; sand eel (Am- 
modytes lancea) (10) taken in Loch Ewe, 
Scotland, during the summer of 1983; capelin 
(Mallotus villosus) taken in Balsfjorden, nor- 
thern Norway, in May 1981. All roe samples 
were stored at -80 C before they were analyzed. 

Analyses 

Moisture contents were determined by 
freeze-drying replicate samples in an Edwards 
"Speedivac" centrifugal freeze dryer. Total 
lipid was extracted from freeze-dried eggs by 
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the method of Folch et al. (1957) (11) and 
stored at -20 C between analytical procedures. 
Polar and neutral lipids were separated by thin 
layer chromatography (TLC) on silica gel 60 
plates using hexane/diethyl ether/acetic acid 
(80:20:2 by vol) as solvent. Neutral lipids were 
eluted with chloroform/methanol (2:1); polar 
lipids with chloroform/methanol/water (5:5:1 ). 
The eluted lipids were dried under N 2 and 
relative proportions determined gravimetrically. 
For quantitative analyses the neutral lipids were 
separated by TLC using hexane/diethyl ether/ 
acetic acid (80:20:1 ) after which the plates were 
stained with copper acetate/phosphoric acid 
reagent (12) and scanned in a Vitatron TLD 
100 densitometer coupled to a Hewlett Packard 
3380A recording integrator. Polar lipids were 
separated using 2-dimensional TLC (13) and 
visualized by brief and minimal exposure to 
iodine vapor; eluted and dried phospholipids 
were quantified by the colorimetric estimation 
of phospholipid-bound phosphorus (14). 

Procedures similar to the above were used to 
separate individual neutral lipids and phospho- 
lipids for fatty acid analyses, except that all 
solvents were supplemented with 0.05% bu- 
tylated hydroxytoluene. Methyl esters of fatty 
acids were prepared by acid-catalyzed transme- 
thylation of individual lipids (15), then purified 
by TLC. The putative steryl ester zones in 
neutral lipid analyses, when transmethylated 
and purified by TLC, yielded fatty acid methyl 
esters, free sterol and only traces of free fatty 
alcohols. Fatty acid methyl esters were an- 
alyzed in a Packard 429 gas chromatograph 
(GC) (Packard Instruments Inc., Caversham, 
U.K.)equipped with a CP Wax 51 fused capil- 
lary column (50 m • 0.34 mm i.d.) (Chrom- 
pack, U.K. Ltd., London) using helium as car- 
rier gas and a thermal gradient from 140 C to 
225 C. Individual methyl esters were identified 
by comparison with known standards and also 
by reference to published data (1,16) and 
quantified using a Hewlett-Packard 3390A re- 
cording integrator. 

RESULTS A N D  DISCUSSION 

All analyses were carried out on the roes of 
ripe female fish immediately before spawning. 
At this time the bulk of ovary consists of eggs 
rather than ovarian tissue, so that the results 
here can reasonably be taken to represent 
analyses of the eggs themselves. In all species, 
except capelin, the roes were taken from sam- 
ples of fish, some individuals of which were 
separately stripped and the released eggs 
successfully fertilized by the addition of milt. 
The capelin population sampled was observed 

spawning spontaneously less than 1 hr after the 
roe samples were taken. 

The total lipid contents of the ripe ovaries 
studied varied from ca. 10% to over 26% of the 
dry weigh t in the different species investigated 
(Table 1). In the species with total lipid con- 
tents of 10-15% the majority of the lipid (70% 
on average) was polar lipid. Sand eel and ca- 
pelin eggs had higher lipid contents than the 
other species and also contained more neutral 
lipid, over 75% in the case of sand eel eggs, 
which are known to have distinct oil globules. 
The eggs of cod, saithe, haddock and whiting 
are planktonic whereas herring eggs, with a 
similar lipid content, are spawned on the bot-  
tom and adhere to the stratum (17). Further- 
more, the eggs with the highest total and neu- 
tral lipid contents, capelin and sand eel, and 
therefore, presumably, the most positively 
bouyant  are not  planktonic but are spawned on 
the shore or on the bottom (17). This suggests 
that although the total and neutral lipid con- 
tents may affect buoyancy,  they do not have a 
functional role in this respect, and that other 
factors such as area of spawning, currents, tides 
and egg-specific features have a more important 
role. However, both the total and neutral lipid 
contents of the eggs correlate with the time 
interval between fertilization and hatching. 
Sand eel eggs have an incubation time of ca. 
27 days, capelin eggs have an incubation time 
of ca. 23 days and the other species all have 
incubation times of 10-16 days, all at 8 C (17, 
18). This is in line with the well-known role of 
neutral lipids as energy reserves in embryonic 
and early larval development in fish (19-21 ). 

Triacyiglycerols were generally the major 
neutral lipid class with free sterol also being 
notable. However. in capelin and sand eel eggs 
the concentration of steryl esters exceeded that 
of free sterols. The steryl/wax ester zone after 
transmethylation and TLC analyses indicated 
only traces of wax esters in all the species 
examined. Whiting eggs contained a relatively 
high concentration of free fatty acids, which 
may be a decomposition artefact, although this 
was not reflected in the values for partial acyl 
glycerols or lysophosphatides in this species. Of 
the polar lipids, PC and PE generally con- 
stituted ca. 70% and 20% of the total polar 
lipids, respectively, with PI accounting for 
2.5-4.5%. 

The fatty acid composition of the polar lipid 
fractions show, on average, 29% saturated fatty 
acids (primarily 16:0), 19% monoenes (pri- 
marily 18:1 isomers) and almost 50% PUFA, of 
which 94% was (n-3) isomers (mainly 20:5 and 
22:6), giving an (n-3)/(n-6)ratio of 14.6 (Table 
2). Variation in the (n-3)/(n-6) ratio between the 
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TABLE 2 

Fatty Acid Composition of Total Phospholipids from Roes a 

495 

Cod Herring Saithe Haddock Whiting Capelin Sand eel 

14:0 1.5 1.8 1.1 1.2 0.9 2.8 1.8 
16:0 23.7 27.4 23.1 21.4 25.3 22.1 23.9 
16:1(n-9) 0.9 0.5 0.8 0.8 1.1 0.4 0.4 
16 : 1 ( n - 7 )  2.6 2.9 2.4 2.6 1.7 3.1 2.9 
17:0 0.3 0.3 0.4 0.5 0.4 0.4 0.3 
1 8 : 0  2.3 2.7 3.5 2.4 3.3 2.1 2.9 
18:1  ( n - 9 )  1 1 . 0  4 . 8  1 3 . 6  8 .3  1 1 . 0  8 . 2  7 . 0  
18  : 1 ( n - 7 )  3 . 6  5 . 8  4 .1  7 . 0  4 .1  3 . 4  2 . 0  
1 8 : 2  (n-6) 1.1 0.5 1.3 0.7 0.7 0.8 1.7 
18:3(n-3) 0.3 0.3 0.6 0.3 O. 1 0.6 0.7 
18:4~n-3) 0.3 0.3 0.5 - 0.1 0.6 0.8 
20:1 ~ 2.1 0.5 2.3 1.4 1.5 2.0 1.4 
20:4(n-6) 1.9 1.0 1.6 3.7 2.4 I. 1 I. 9 
20:4(n-3) 0.4 0.3 0.7 0.3 0.3 0.6 0.6 
20:5(n-3) 15.3 13.7 11.5 12.6 13.3 19.0 16.7 
22:1 . . . . . .  1.4 
22:5(n-3) 1.2 1.0 1.1 3.2 1.2 1.7 1.0 
22:6(n-3) 28.6 31.4 27.7 27.6 30.3 24.6 25.5 
24:1 0.1 - 0.1 0.3 0.1 1.0 0.7 

Total saturates c 28.1 32.7 28.1 25.5 29.9 27.4 29.1 
Total monoenes 20.3 14.5 23.3 20.4 19.5 18.1 15.8 
Total (n-3) c 46.1 47.1 42.3 44.3 45.3 47.1 45.3 
Total (n-6) c 3.0 1.6 3.1 5.1 3.1 1.9 3.9 
(n-3)/(n-6) 15.4 29.4 l 3.7 8.7 14.6 24.8 11.6 
Total unknowns 2.6 4.1 3.3 4.8 2.4 4.8 6.1 

aComposition as percentage of weight. Values are means of duplicate or triplicate analyses. Stan- 
dard deviations are omitted for clarity but were normally <5%. 

bpredominantly 20 : 1 (n-9). 
CTotals include 20:2(n-6); 22:0, 22:4 isomers and 24:0, present in some samples at <0.5%. 

d i f ferent  species s t emmed  mainly f rom variation 
in the (n-6) levels. The neutral  lipid f ract ion 
conta ined on average ca. 24% saturates,  again 
mainly the 16:0 (Table 3) found  in the polar 
fract ion (Table 2). However,  the  percentage o f  
PUFA in the neutral  lipid f rac t ion was reduced 
to  37% with  a cor responding  increase in the 
percentage o f  monoenes ,  mainly 16 : 1 and 1 8:1 
isomers,  to  35% (Table 3). The (n-3)/(n-6)  ratio 
in the  neutral  lipid f ract ions  averaged 10:6. 

The fa t ty  acid compos i t ions  of  the polar 
lipid f ract ions  were generally similar in all 
species (Table 2), the same holding true for  
the  neutral  lipid f ract ions  (Table 3), suggesting 
that  the diet  o f  the parent  fish has relatively 
little effect  in de te rmin ing  the final fa t ty  acid 
compos i t ion  of  egg lipids, a conclusion reached 
earlier (7). However,  haddock  eggs had higher 
concen t ra t ions  of  (n-6) fa t ty  acids than the 
o the r  species and di f ferences  do occur  in the  
percentages  of  individual fa t ty  acids in the 
o the r  species. Clearly some inf luence of  paren- 
tal diet on egg-lipid compos i t ion  occurs.  In the 
present  s tudy we de te rmined  the fa t ty  acid 
compos i t ions  of  the total  roe lipid in the dif- 
ferent  species. The data for tota l  lipid (not  

shown)  were sitnilar to those for polar lipid in 
all species except  capelin and sand eel where 
the  higher levels of  neutral  lipid in the roes 
generate  somewha t  lower percentages  of  PUFA 
in total  roe lipid. 

PI and its phosphory la t ed  derivatives, al- 
though  quant i ta t ively  minor  c o m p o n e n t s  of  
b iomembranes ,  play critical roles in regulating 
numerous  major metabol ic  processes (22). 
Researchers had shown earlier that  PI f rom 
garfish o l fac tory  nerve (23), t rout  liver (24) 
and t rou t  total  body  lipid (25) contains  a 
relatively high percentage of  saturates,  mainly 
18:0, and a low (n-3)/(n-6)  ratio s t emming  
fronl a high concen t ra t ion  of  20:4(n-6) .  This 
pa t te rn ,  similar to that  of a terrestrial  mam- 
malian phosphol ip id ,  has recent ly  also been 
found in plasma membrane  fract ions f rom cod 
gills and dogfish rectal gland (4). Bell et al. 
have proposed  (4) that  the cons is tent  composi-  
t ion of  PI results f rom this phosphol ip id  play- 
ing the same unique b i o m e m b r a n e  role in fish 
as it does  in terrestrial mammals .  "Fable 4 shows 
that  the PI f rom all the species s tudied conta ins  
relatively high concen t ra t ions  of  (n-6) PUFA,  
mainly 20:4(n-6) ,  giving, on average, a low 
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TABLE 3 

Fatty Acid Composition of Total Neutral Lipid from Roes a 

Cod Herring Saithe Haddock Whiting Capelin Sand eel 

14:0 3.3 3.6 2.8 2.5 1.3 7.1 4,9 
16:0 15.0 24.6 13.2 15.0 17.4 16.1 19.4 
16:1 (n-9) 0.7 0.7 0.6 1.0 1.7 0.3 0.5 
16 : 1 ( n - 7 )  6.8 7.0 5.6 7.9 3.5 9.2 8.7 
1"/:0 0.7 0.6 0.5 0.6 0.5 0.5 0.3 
1 8 : 0  2.3 1.8  3,4 2.3 2.3 1.2 2 .1  
18:1(n-9) 18.2 18.3 21.2 11.3 17.3 13.4 8.1 
18:1  ( n - 7 )  S.0 5.6 4.9 8.0 4.8 3.8 2 .4  
18:2(n-6) 2.0 1.5 1.9 1.0 0.9 2.1 2.4 
18:3(n-3) 1.0 1.5 1.5 0.8 0.5 1.7 1.7 
18:4(n-3) 1.3 1.1 2.2 1.2 0.6 2.0 2.0 
20:1 b 5.7 1.4 5,7 3.2 2.2 6.5 3.4 
20:4(n-6) 1.2 0.6 1.2 2.8 2.4 0.5 0.9 
20:4(n-3) O. 8 O. 6 1.1 0.7 0.6 0.8 1.5 
20:5 (n-3) 10.9 9.7 9,7 14.0 15.0 13.1 12.4 
22:1 3.6 0.5 2.1 0.9 0.8 2.7 2.7 
22:5(n-3) 1.5 0.8 1.6 2.9 1.4 0.9 1.4 
22:6(n-3) 16.0 17. I 14.8 14.5 22.3 14.1 18.8 
24:1 1.5 - 1.4 0.6 0.9 - 0.1 

Total saturates 21.3 30.6 19.9 20.4 21.5 24.9 26.7 
Total monoenes 41.5 33.5 41.5 32.9 31.2 35.9 25.9 
Total (n-3)c 31.5 30.8 30.9 34.4 40.4 32.6 38.0 
Total (n-6) c 3.2 2.1 3.4 4.2 3.3 2.6 3.6 
(n,3)/(n-6) 9.8 14.7 9.1 8.2 12.2 12.5 10.6 
Total unknowns 2.8 2.8 4.3 6.4 2.7 4.0 5.9 

aComposition as percentage of weight. Values are means of duplicate or triplicate 
dard deviations are omitted for clarity but were normally <5%. 

bpredominantly 20: I (n-9). 
CTotals include 20:2(n-6) and 22:4 isomers present in some samples at <0.5%. 

analyses. Stan- 

(n-3)/(n-6)  ratio of  1.8. A relatively high con-  
cent ra t ion  of  18:0 was also observed,  a l though 
the  tota l  percentages  of  saturates  and m o n o -  
unsatura tes  in PI were similar to  those  in tota l  
polar lipid. The major  phosphol ip ids  in roes,  
PC and PE had fa t ty  acid compos i t i ons  similar 
to  that  o f  the total  polar lipid f rac t ion ,  wi th  
high (n-3)/(n-6)  ratios,  which  again showed 
some variation depend ing  on the  level o f  (n-6) 
(Table 5 and 6). PE was the  only  phosphol ip id  
conta ining plasmalogens as shown by the 
presence of  d imethylace ta l s  af ter  acid-catalyzed 
t r ansme thy la t ion  but the  amoun t s  present  were 
generally low (Table 6). 

In general,  the  data here provide an insight 
into the lipid and fa t ty  acid requ i rements  of  
the developing embryos  and early larvae of  
marine fish,  because the  egg is a r epos i to ry  of  
all the essential nut r ien ts  required for  de- 
ve lopment  o f  the  ferti l ized egg up to the  larval 
feeding stage, The generally comparab le  fa t ty  
acid compos i t i on  of  egg lipids (whe the r  total ,  
polar or individual classes) be tween  the  species 
studied po in t s  to involvement  of  these lipids in 
basic func t ions  c o m m o n  to all the species,  The 
cons is tent ly  high concen t ra t ions  of  PUFA,  

generally approaching  50% of  the tota l  fa t ty  
acids in polar and indeed tota l  lipids, is par- 
t icularly n o t e w o r t h y .  The P U F A  co n t en t  o f  the  
eggs is ca. 5-10% of  the  egg dry  weight  and 
because the chor ion  con t r ibu tes  significantly 
to the dry weight  o f  the  egg, the P U F A  co n t en t  
o f  the egg yolk itself must be even higher.  In 
a sense, the deve lopmen t  of  ferti l ized eggs and 
larvae up to the  stage of  yolk sac absorp t ion  
requires nut r ients  with a very high co n t en t  o f  
(n-3) PUFA.  Whether  such a r equ i rement  
ex tends  beyond  the  stage o f  yolk sac absorp-  
t ion is not  k n o w n  but  the  impl ica t ions  of  such 
a possibil i ty in early larval nut r i t ion  are ob- 
vious. The reasons under ly ing the  very high 
c o n t e n t  of (n-3) P U F A  in fish eggs are no t  
cur rent ly  k n o w n .  One possibil i ty is tha t  phos-  
phol ipids  are more  easily mobil ized than  
tr iacylglycerols  in eggs so that  the former  lipid 
is the preferred energy reserve and a high con-  
cen t ra t ion  of  (n-3) P U F A  is an inevitable con-  
sequence .  This propos i t ion  is not  easily recon-  
cried wi th  the observat ion  here tha t  eggs wi th  
longer deve lopment  t imes,  i.e., conta ining 
larger energy reserves,  are r icher in tr iacylgly- 
cerols than  phosphol ip ids .  An al ternative pos- 
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T A B L E  5 

F a t t y  Acid 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  (PC) f r o m  Roes  a 

Cod  He r r i ng  Sa i the  H a d d o c k  Whi t i ng  Cape l in  Sand  eel 

14 :0  2 .2  2.5 2 .0  1.4 0 .8  4 .5  1.5 
15:0  0 .4  -- 0 .8  -- -- 1.3 -- 
16 :0  28 .7  29 .2  24 .7  26 .2  26 .5  22 .7  23 .3  
1 6 : 1 ( n - 9 )  1.3 0.6  0 .9  l . l  1.3 1.1 0.4  
16 : 1 (n-7)  3.1 3 .6  2 .4  3.2 1.6 3.9 2 .8  
18 :0  1.9 1.8 3.2 1.3 2 .0  1.4 2 .0  
1 8 : 1 ( n - 9 )  11.1 5.5 13.3 8.5 11 .0  7.1 7.1 
1 8 : 1 ( n - 7 )  2 .8  5 .4  3 .4  5.7 3.2 2 .4  2.1 
1 8 : 2 ( n - 6 )  0 .9  0 .7  I. 1 0 .5  0 .5  0 . 8  1.5 
1 8 : 3 ( n - 3 )  0 .3  0 .4  0.5 0 .2  - 0 .6  0 .6  
18 :4~n-3)  0 .3  0 .6  0 .7  - - 0 .6  0 .8  
20 :1U 1.9 0 .3  2 .2  0 .8  1.5 1.9 1.3 
2 0 : 4 ( n - 6 )  1.5 0 .6  i .0 3 .0  1.9 0 .5  1.5 
2 0 : 4 ( n - 3 )  0 .3  0 .3  0 .6  0 .3  0 .3  0 .6  0 .6  
2 0 : 5  (n-3)  13.2 1 s .9  11.4 14.0  14.7 18.3 17.8  
22:1  . . . . . .  I.O 
2 2 : 5 ( n - 3 )  1.1 0 .8  1.0 2 .6  1.1 1.3 1.I 
2 2 : 6 ( n - 3 )  24 .7  26 .5  2 5 . 8  21 .2  26 .7  21 .4  29 .4  

To ta l  s a t u r a t e s  c 33.1 33 .8  31 .4  28 .9  29 .3  30 .3  28 .2  
To ta l  m o n o e n e s  20 .2  15.4  22 .2  19.3 19.0  16.4 13.7 
To ta l  (n-3)  c 39 .9  4 4 . 5  4 0 . 2  38 .3  4 2 . 8  4 2 . 8  50 .3  
To ta l  (n-6)  c 2 .4  1.5 2.5 3.5 2 .4  1.3 3 .0  
(n -3 ) / (n -6 )  16.6 29 .7  i 6.1 10.9 17.8 32 .9  16 .8  
To ta l  u n k n o w n s  4 .0  4 .8  3.5 8.5 4 .3  4 . 8  4 .3  

a C o m p o s i t i o n  as p e r c e n t a g e  o f  we igh t .  Va lues  are m e a n s  o f  d u p l i c a t e  o r  t r ip l i ca te  ana lyses .  S tan-  
d a r d  d e v i a t i o n s  are o m i t t e d  fo r  c l a r i ty  b u t  we re  n o r m a l l y  < 5 % .  

b p r e d o m i n a n t l y  20:1 (n-9) .  
CTotals  i nc lude  17 :0 ,  18 :3 (n -6 ) ,  2 0 : 2 ( n - 6 ) ,  2 0 : 3 ( n - 6 ) ,  2 2 : 0 ,  2 2 : 4  i somer s  a n d  2 4 : 0  p re sen t  in 

some  s amp le s  at  < 0 . 5 % .  

sibility, currently under investigation, is that 
the phospholipids in egg are destined mainly 
for biomembranes in the developing organism 
and that the high initial concentration of  these 
lipids in egg yolk is related to the rapid pro- 
liferation of cells and new biomembranes in 
the developing organism. Finally, despite the 
emphasis on (n-3) PUFA in egg lipids, an 
important  and possibly essential role for 20:4 
(n-6) in development,  previously postulated for 
marine salt secreting tissues (4), is indicated by 
the unique and consistent fat ty acid composi- 
tion of PI, even at the earliest stage of  the 
fishes' life history. 
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Fa t ty  Acid Compos i t i on  of  P h o s p h a t i d y l e t h a n o l a m i n e  (PE) f r o m  Roes a 
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Cod Herr ing Sai the H a d d o c k  Whiting Capelin Sand eel 

14:0 2.4 4.1 2.6 0.8 1.1 5.5 1.5 
1 5 : 0  0.6 0.8 0.6 0.3 0.4 0.9 - 
1 6 : 0  16.6 16.8 14.1 13.7 15.7 16.7 12.8 
1 6 : 1  ( n - 9 )  0.8 0.6 0.7 0.5 1 . 0  - 0.2 
16:1(n-7)  1.4 2.2 0.9 1.4 0.9 1.5 1.7 
I 8:0 3.5 4.2 4.5 1.6 2.7 4.2 3.1 
18:1(n-9)  11.4 6.1 14.0 8.4 10.2 12.0 6.8 
18:1 (n-7) 5.5 10.4 5.2 11.5 5.9 4.9 3.2 
1 8 : 2 ( n - 6 )  1.3 0.7 1.3 1.4 1.6 1.3 2.3 
1 8 : 3 ( n - 3 )  0 . 3  1.1 0 . 4  0 . 4  - - 0 . 7  
18:4[n-3)  - 1.5 - - 1.3 0.4 
20:1 u 3.4 1.3 3.4 2.7 4.3 3.0 2.5 
20 :2 (n -6 )  0.4 - -- 0.5 0.5 -- 0.5 
20 :4 (n -6 )  1.4 0.5 1.0 2.2 1.6 0.8 2.0 
20 :4 (n -3 )  0.3 -- 0 .8 0.5 0.4 - 0.6 
20 : 5 (n -3 )  14.2 11.1 10.5 10.2 11.0 13.0 13.1 
22:1 . . . . .  1.7 
22:5  (n-3) 1.1 0.8 1.2 3.2 1.3 0.9 1.1 
22 :6 (n -3 )  28.7 24.4 30.8 31.3 36.0 17.0 31.0 
24:1 . . . . .  1.8 0.9 

Total  sa tura tes  c 23.1 25.9 22.0 16.9 19.9 27.3 17.4 
Tota l  m o n o e n e s  22.5 20.6 24.2 24.5 22.3 23.2 17.0 
Total  (n-3)  c 44 .6  37.4 45.4 46 .0  48 .7  32.2 46 .9  
Total  (n-6) c 3.9 1.2 2.3 4.5 3.7 2.1 4.8 
(n-3) / (n-6)  11.4 31.2 19.7 10.2 13.1 15.3 9.8 
Total  

d i m e t hy l ace t a l s  d 0.7 0.9 0.5 2.3 3.1 2.7 2.4 
Total  u n k n o w n s  3.0 13.5 5.4 4.5 2.4 13.8 9.6 

aCompos i t i on  as pe rcen tage  of  weight .  Values are means  of  dupl ica te  or  t r ipl icate  
dard  devia t ions  are o m i t t e d  for clarity but  were  normal ly  <5%.  

b l ' r e d o m i n a n t l y  20:1 (n-9). 
CTotal include 17:0,  20 :3 (n -6 )  and 22:4  i somers  present  in some  samples  at <0 .5 .  
d l ) ime thy l ace t a l s  were  invar iably C16,  C I 7  and CI 8. 
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ABSTRACT 

The metabolism of various dietary sterols and the effects of an azasteroid on sitosterol metabolism 
in the free-living nematode Caenorhabditis elegans was investigated. The major unesterified sterols of 
C elegans in media supplemented with sitosterol, cholesterol or desmosterol included 7-dehydrocho- 
lesterol (66.5%, 40.5%, 31.2%, respectively), cholesterol (6.7%, 52.3%, 26.9%), lathosterol (4.4%, 
3.6%, 1.7%) and 4~-methylcholest-8(14)-en-3#-ol (4.2%, 2.1%, 3.8%). Esterified sterols, representing 
less than 20% of the total sterols, were somewhat similar except for a significantly higher relative con- 
tent of 4~-methylcholest-8(14)-en-3&ol (23.3%, 23.4%, 10.6%). Thus C. elegans not only removes the 
substituent at C24 of dietary sitosterol but possesses the unusual ability to produce significant quanti- 
fies of 4~-methylsterols. When C elegans was propagated in medium supplemented with sitosterol plus 
5 ~g/ml of 25-azacoprostane hydrochloride, the azasteroid strongly inferfered with reproduction and 
motility of C. elegans and strongly inhibited the A24-sterol reductase enzyme system;excluding sito- 
sterol, the major free sterols of azacoprostane-treated C. elegans were cholesta-5,7,24-trien-3~-ol 
(47.9%), desmosterol (9.4%), fucosterol (2.1%) and cholesta-7,24-dien-3~-ol (2.0%). These 4 sterols are 
likely intermediates in the metabolism of sitosterol in C elegans. 
Lipids 19:500-506, 1984. 

INTRODUCTION 

Although the sterol composition of several 
nematodes has been investigated, knowledge of 
nematode sterol metabolism has been limited 
by the complex nutritional requirements or 
parasitic habits of these organisms. Like insects, 
nematodes nutritionally require sterol because 
they lack the capacity for de nave sterol bio- 
synthesis (1-6). Moreover, many azasteroids and 
nonsteroidal amines and amides that interfere 
with insect sterol metabolism and development 
also inhibit nematode growth and development 
(7-9) and thus provide model compounds for 
developing novel nematode control agents. The 
mode of action of these compounds in nema- 
todes is unknown,  however. In an initial investi- 
gation, we discovered that the free-living 
nematode, Caenorhabditis elegans, converts 
substantial quantities of dietary 4-desmethyl- 
sterols to 4a-methylsterol derivatives (10). The 
present study was undertaken to determine the 
pathways involved in the metabolism of various 
dietary sterols and to investigate the effects of 
an azasteroid on sterol metabolism in this 
nematode. 

MATERIALS AND METHODS 

Steroids 

No impurities were detected in dietary 
cholesterol (cholest-5-en-3/3-ol) or desmosterol 
(cholesta-5,24-dien-3/3-ol) by either thin layer 
chromatography (TLC) or gas liquid chroma- 

*To whom correspondence should be addressed. 

tography (GLC). Although pure by TLC, GLC 
revealed sitosterol (24a-ethylcholest-5-en-3/3-ol) 
containing 1.5% campesterol (24a-methylcho- 
lest-5-en-3/3-ol). [26J4C]Desmosterol was ob- 
tained from New England Nuclear, Boston, MA, 
and [4-14C]sitosterol was purchased from 
Amersham Corp., Arlington Heights, IL. After 
column chromatographic purification, the radio- 
chemical purity of each surpassed 99% by TLC 
and GLC. The appropriate amount of the 
proper nonradiolabeled sterol was added to 
create specific activities of 2200 dpm/pg, as 
determined by GLC. The 25-azacoprostane 
hydrochloride was previously synthesized (11). 
Authentic cholesta-5,7,9(11)-trien-3/~-yl acetate 
was synthesized from 7-dehydrocholesteryl ace- 
tate (12). 

Dietary sterols were initially dissolved in 
benzene in a centrifuge tube, Tween 80 was 
added at a rate of 20 mg sterol per ml of Tween 
80, benzene was removed under a stream of 
nitrogen and sterol and Tween 80 were dis- 
persed by addition of warm water with vigorous 
agitation. The 25-azacoprostane hydrochloride 
was similarly solubilized, except methanol was 
substituted for benzene. Concentrations of 25- 
azacoprostane hydrochloride in preliminary 
toxicity determinations varied between 1- 
100 pg/ml. 

Nematode Culture 

C. elegans was sterilely cultured at 22 C in 
an aqueous basal medium containing yeast 
extract, soy peptone, casein hydrolyzate and 
dextrose (13), with all ingredients except soy 
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peptone extracted 3 times with chloroform/ 
methariol (2 : 1, v/v) to remove any endogenous 
sterol. Filter-sterilized stock solutions (10X)of  
sterol (final concentration in media of 25 pg/ml, 
and chloroform-extracted hemoglobin (final 
concentration of 500 pg/ml) were added to 
autoclaved basal media. Living nematodes were 
isolated from logarithmic phase cultures (14). 

Sterol Analysis 

Lipids were isolated from lyophilized nema- 
todes and separated into neutral and polar 
lipids (15). Crude free sterol and steryl ester 
fractions were isolated from the neutral lipids 
by silicic acid column chromatography (16). 
The 4-desmethylsterols and 4a-methylsterols 
were isolated from saponification products of 
each fraction, separated on silicic acid columns 
and identified and quantified by GLC. The 
sterols were analyzed further by acetylation, 
purification of the resulting steryl acetates on 
silicic acid columns, argentation column chro- 
matography of the purified acetates (17) and 
GLC. Argentation TLC was performed on Silica 
Gel 60 high performance TLC plates (E. Merck, 
Darmstadt, W. Germany) previously impreg- 
nated with AgNO3 (18). Plates were developed 
with a solvent system of hexane/benzene/ 
chloroform/acetic acid (110:65:25:0.5,  v/v/v/v). 
Identifications were made via gas chromatog- 
raphy-mass spectrometry (GC-MS) and ultra- 
violet (UV) and proton magnetic resonance 
(PMR) spectroscopy. Compounds were dis- 
solved in methanol or CDC13 for UV or PMR 
spectroscopy, respectively. 

Radioactivity determinations were performed 
with a toluene-based cocktail containing 0.5% 
PPO and 0.03% dimethyl POPOP. Quench was 
measured for each sample by an external stand- 
ard, and counting efficiency was determined by 
reference to a standard curve generated from a 
10-membered series of quenched standards 
(Packard Instrument Co., Downers Grove, IL). 

Instrumentation 

GLC was performed isothermally with a 
Varian model 3700 gas chromatograph equipped 
with packed glass columns (2 mm i.d. • 2 m) 
containing 2.0% SE-30 or 2.0% OV-17 liquid 
phases. UV spectra were recorded with a 
Perkin-Elmer model 559 double beam spectro- 
photometer, and PMR spectra were recorded at 
60 mHz with a JEOL FX-60-Q Fourier Trans- 
form Instrument. GC-MS was performed in a 
Finnigan model 4510 instrument fitted with a 
15 m • 0.32 mm DB-1 fused silica capillary 
column (0.25 /am film) and connected to an 
Incos data system. A Packard Tri-Carb 460 CD 
Liquid Scintillation System was employed for 
radioactivity determinations. 

RESULTS AND DISCUSSION 

The sterol content of C. elegans varied from 
0.13% to 0.34% of nematode dry wt (Table 1). 
Although previously investigated nematodes 
have contained 0.01% (19) to 0.38% (20) 
sterol, comparison with other species is difficult 
because nematode sterol content has been 
shown to vary in direct proportion to dietary 
sterol concentration (2). Regardless of the 
dietary sterol, most of the sterol from C 
elegans was nonesterified as esterified sterol 
accounted for only 13% to 19% of the total 
sterol (Table 1). 

The sterols from free and esterified sterol 
fractions of C. elegans propagated in media 
containing sitosterol, cholesterol or desmosterol 
are listed in Table 2. Excluding dietary sterol, 
7-dehydrocholesterol (cholesta-5,7-dien-3J3-ol) 
was by far the major sterol, accompanied by 
lesser quantities of cholesterol, lathosterol 
(cholest-7-en-3/~-ol) and 4a-methylcholest-8(14)- 
en-3/3-ol. All 4 sterols were identical to authentic 
standards by GLC (Table 3), GC-MS and, for 
7-dehydrocholesterol, UV spectroscopy (~kma x 
at 272, 282 and 294 nm). The abundance of 

TABLE 1 

Sterol Content of Caenorhabditis elegans Propagated in Media 
Containing 25 #g/ml Different Dietary Sterols 

Supplemented sterol 

Cholesterol Desmosterol Sitosterol 

Sitosterol plus 
5/~g/ml 25- 

azacoprostane 
hydrochloride 

Percentage of dry wt as sterol 0.17 0.34 0.13 0.19 
Percentage of total sterol as 

esterified sterol 18.8 15.3 13.3 15.0 
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TABLE 2 

Relative Percentages of Sterols in Free Sterol (FS) and Steryl Ester (SE) Fractions 
from Caenorhabditis elegans Propagated with Different Dietary Sterols a 

Supplemented sterol 

Cholesterol Desmosterol Sitosterol 

Sitosterol plus 
5 ~tg/ml 25- 

azacoprostane 
hydrochloride 

FS SE FS SE FS SE FS SE 

Cholesterol 52.3 
7-Dehydrocholesterol 40.5 
Lathosterol 3.6 
Cholesta- 5,7,9(11)-trien-33-ol 1.4 
Sitosterol 
Campesterol 
Desrnosterol 
Cholesta-5,7,24-trien-33-ol 
Fucosterol 
Cholest a-5,7,9(11),24-tetraen-33-ol 
Cholest a-7,24-dien-33-ol 
Cholest-24-en-33-ol 
24-Methylenecholesterol 
Campesta-7,24(28)-dien-33-ol 
Campesta-5,7-dien-33-ol 
Stigmasta-5,7-dien-33-ol 
Other 4-desmethylsterols 
4ct-Methylcholest -8(14)-en-3/3-ol 2.1 
4ct-Methylcholest -7-en-33-ol 0.1 
4a-Methylcholest a-8(14),24-dien-33-ol 
4a-Methylcholesta-7,24-dien-33-01 
4ct-Methylcholestan-33-ol 
4~-Methylstigmastan-33-ol 

41.2 26.9 18.7 6.7 9.3 0.4 0.3 
26.7 31.2 39.0 66.5 30.5 1.2 0.9 

5.7 1.7 1.4 4.4 3.6 0.2 0.3 
1.5 1.4 1.4 0.8 0.3 0.1 0.1 
-- -- -- 16.0 30.3 27.5 42.7 
- -  - -  - -  0 . 7  1 . 3  0 . 8  1 , 4  

-- 32.3 22.8 -- -- 9.4 6.8 
-- 2.4 4.5 -- -- 47.9 24.9 
- -  - -  - -  0.1 0.1 2.1 3.6 
. . . . .  1.1 1.9 
. . . . .  2.0 2.6 
. . . . .  0.1 0.3 
. . . . .  0.1 
. . . . .  0,1 0.2 
. . . . .  0.1 0.1 
. . . . .  0.1 0,1 
. . . . .  1.3 0.1 

23.4 3.8 10.6 4.2 23.3 0.2 0.2 
1.3 0.3 1.6 0.7 1.4 0.5 0.3 
. . . . .  1 . 8  6.3 
. . . . .  2.4 6.8 
. . . . .  0.1 0.1 
. . . . .  0.2 0.1 

aThe 4a-methylsterol data is from a previous report 

7 -dehydrocholes te ro l ,  which  was observed espe- 
cially in s i tos terol - fed nema todes ,  indicates  tha t  
s terol  metabol i sm in C. elegans may be cen te red  
a round  the  p r o d u c t i o n  of  7 -dehydrocho les t e ro l  
ra ther  than  choles tero l  and tha t  this p r o d u c t i o n  
may  be favored when  the  die tary  s terol  is a 
phytos te ro l .  Cholesterol ,  7 -dehydrocho les te ro l  
and la thos te ro l  are the  major  sterols  o f  ano the r  
free-living nema tode ,  Turbatrix aceti (2). Iden- 
t i f icat ion of  la thos terol  in C. elegans, t oge the r  
wi th  our  previous f indings tha t  C. elegans pro- 
duces A7- and A8(14)-4ol-methylsterols  f rom 
4-desmethy l s te ro l  precursors ( I0 ) ,  indicates  
tha t  l a thos te ro l  may  be an i m p o r t a n t  precursor  
in 4a -me thy l s t e ro l  b iosynthes is  in C. elegans. 

In addi t ion ,  small quant i t ies  o f  cholesta-  
5 ,7,9( l l ) - t r ien-3/3-ol  were ident i f ied  by  a UV 
spec t rum of  the  aceta te  (~kma x at 3 1 1 , 3 2 5  and 
340 nm)  tha t  was ident ical  to  a l i terature  spec- 
t rum (21) as well as tha t  of  our  synthes ized  
reference  c o m p o u n d .  During argenta t ion  TLC, 
the synthes ized  aceta te  and the  aceta te  derived 
f rom C. elegans behaved ident ical ly ,  migrat ing 
be tween  choles teryl  and 7 -dehydrocho les te ry l  
acetates ,  as has been  previously descr ibed (12). 
The au then t ic  c o m p o u n d  and the  aceta te  de- 

(Chitwood et al., Steroids, 42, 311-319. 

rived f rom C. elegans were also ident ical  by  
GLC (Table 3) and by  GC-MS: m / z  ( re l . in ten-  
sity):  424 (molecular  ion M +, 5%), 364 (M- 
CH 3 COOH, 100), 349 (M-CH 3 COOH-CH3,33) ,  
251 (M-CHaCOOH-CaH17, 31), 209 (M-CH 3- 
COOH-CItH23,  64), 197 (M-CH3COOH-Ct2- 
H23 , 43),  and 195 (M-CH3COOH-Ct2H2s,  52). 
Possibly an art ifact ,  cholesta-5,7,9(11 )-trien-33- 
ol has not  previously been  de tec ted  in nema-  
todes.  A sterol  wi th  the  unusual  ~x5,7,9(11) 
nucleus (ergosta-5,7,9(11),22-tetraen-3/3-ol)  has 
been de tec ted  in the  fungus  Chaetornium 
cochliodes (22). 

In addi t ion ,  desmos te ro l - fed  C. elegans con- 
ta ined small amo u n t s  of  a sterol  wi th  UV ~.max 
at 272, 282 and 294 nm,  indicative of a A5,7- 
sterol.  The steryl  ace ta te  migra ted  more  slowly 
during argenta t ion  TLC than  7 -dehydrocho-  
lesteryl  acetate .  The MS o f  the  acetate  [424 
(M +, 3%), 364 (M-CHaCOOH, 98), 349 (M-CH 3- 
COOH-CH3, 20), 253 (M-CH3COOH-CsHls  , 
16), 251 (M-CH3COOH-CsHls -2H,  10), and 69 
(C5H9, 100)] was similar to tha t  r epo r t ed  for 
cholesta-5,7,24-tr ien-33-yl  ace ta te  in the  litera- 
ture  (23). In addi t ion ,  GLC relative r e t en t ion  
t imes (RRT, Table 3) were ident ical  to  values 
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TABLE 3 

Gas Liquid Chromatographic Relative Retention Times of Sterols from 
Caenorhabditis elegans, Expressed Relative to Cholesterol 

503  

SE-30 OV- 17 

Cholesta-5,7,9(11 )-trien-3fl-ol 0.98 1.06 
Cholesterol 1.00 1.00 
Cholesta-5,7,9(l 1 ),24-tetraen-3fl-ol 1.07 1.28 
Desmosterol 1.09 1.21 
7-l)ehydrocholesterol I. 10 1.16 
Cholest-24-en-3~3-ol I. 12 1.26 
Lathosterol I. 12 1.19 
Cholesta-5,7,24-trien-313-ol 1.21 1.42 
Cholest a-7,24-dien-3/3-ol 1.23 1.44 
24-Meth ylenecholesterol 1.26 1.36 
Cam pesterol 1.30 1.33 
Cam pest a-7,24 (28)-dien-3/3-ol 1.42 1.63 
Cam pest a-5,7-dien-3/3-ol 1.43 1.52 
Sitosterol 1.63 1.67 
Fucosterol 1.63 1.75 
Stigmasta-5,7-dien-3B-ol 1.78 1.87 
4o~-Methylcholest-8(l 4)-en-3~3-ol 1.18 I. 16 
4a-Meth ylcholest-7-en-3fl-ol 1.31 1.37 
4a-Methylcholesta-8(14),24-dien-3~3-ol 1.29 1.41 
4a-Methylcholesta-7,24-dien-313-ol 1.44 1.66 
4a-Methyleholestan-313-ol 1.20 1.18 
4~x-Meth ylstigm ast an-313-ol 1.95 1.90 

GLC was performed isothermally on packed glass columns (2 m X 2 mm i.d.) containing 
2.0% SE-30 or 2.0% OV-17 stationary phases. The 4a-methylsterol data is from a previous 
report (Chitwood et al., Steroids, 42, 31 i-319). 

calcula ted  f rom la thos te ro l  and  desmos te ro l  
s tandards .  Cholesta-5,7,24-trien-313-ol is a n o t h e r  
s te ro l  tha t  has no t  previously  been  de tec ted  in 
nema todes .  

When rad io labe led  desmos te ro l  or s i tos te ro l  
was the  d ie ta ry  sterol ,  all s terols  in b o t h  the  
free s terol  and  s teryl  ester  f rac t ions  f rom C. 
elegans c o n t a i n e d  a p p r o x i m a t e l y  the  same spe- 
cific ac t iv i ty  as the  original  d ie ta ry  sterol.  This  
ind ica tes  t ha t  all s terols  i so la ted  f rom C. elegans 
were derived f rom the  s u p p l e m e n t e d  d ie ta ry  
s terol  and  were no t  c o n c e n t r a t e d  media  con-  
t aminan t s .  C. elegans, the re fore ,  dea lky la ted  
the  p lant  sterol ,  s i tosterol ,  and  conve r t ed  it to  
3 o the r  s terols  p robab ly  b e t t e r  sui ted for  i ts  
own  g rowth  and  r e p r o d u c t i o n :  7 -dehydrocho -  
lesterol ,  cho les te ro l  and  la thos tero l .  The resul ts  
also provide  add i t iona l  ev idence  for the lack of  
de novo  s terol  b iosyn thes i s  in Caenorhabditis 
(4). 

A few consp icuous  d i f ferences  occur red  
b e t w e e n  the  free and  the  ester i f ied s terol  frac- 
t ions.  F o r e m o s t  a m o n g  these was the  de t ec t ion  
of  surpris ingly high a m o u n t s  of  4 a - m e t h y l -  
s terols  in the  s teryl  esters of  C. elegans. Highly 
specula t ive  exp lana t ions  for  this  p h e n o m e n o n  
would include an es te r i f ica t ion  r e q u i r e m e n t  for  
4 a - m e t h y l s t e r o l  synthes is  or t r anspo r t  or 
possibly a specific h o r m o n a l ,  p h e r o m o n a l  or 
o t h e r  physiologic  role for  a 4a - m e t hy l s t e r y l  

ester  or  metabol i t e .  In add i t ion ,  a larger propor-  
t ion  of  s i tos te ro l  occur red  in the  s teryl  esters  
of  C elegans. A similar s eques t r a t ion  of  p h y t o -  
s terols  in s teryl  esters has been  r epo r t ed  in the  
plant-paras i t ic  n e m a t o d e  Ditylenchus dipsaci 
(24).  

Under  our  descr ibed cul tura l  cond i t ions ,  
C. elegans norma l ly  moves  rapidly  in a sinusoi- 
dal manner .  When ca. 1000 n e m a t o d e s  were 
t r ans fe r red  in to  I ml o f  media  s u p p l e m e n t e d  
wi th  25 -azacopros t ane  hyd roch lo r i de ,  no imme-  
dia te  abnorma l i t i e s  were appa ren t ,  even at a 
100 /ag/ml c o n c e n t r a t i o n  of  inh ib i to r .  Af ter  3 
days, however ,  cu l tu res  wi th  a 20 /~g/ml con-  
c e n t r a t i o n  or grea ter  of  azas te ro id  c o n t a i n e d  
fewer  moving  n e m a t o d e s ,  and  the i r  m o v e m e n t s  
were slow and  erratic.  Af ter  4 days,  r ep roduc-  
t ion  was obvious ly  poore r  in azas te ro id- t rea ted  
cul tures .  Effects  on  b o t h  r e p r o d u c t i o n  and  
mot i l i ty  were di rect ly  re la ted to inh ib i to r  
c o n c e n t r a t i o n ,  wi th  ha l f -maximal  r ep roduc t ive  
rate occur r ing  be tween  4-6 /.tg/ml of  inh ib i to r .  
R e p r o d u c t i o n  was r educed  s o m e w h a t  at con-  
cen t r a t i ons  as low as 2 /ag /ml ,  and  even t h o u g h  
the  r ep roduc t ive  rate was slow, reproduc-  
t ion  c o n t i n u e d  at  c o n c e n t r a t i o n s  as high as 
i 00 /ag /ml .  

T r e a t m e n t  of  C. elegans with  5 /.tg/ml of  
25 -azacopros tane  h y d r o c h l o r i d e  resu l ted  in 
sl ight hype r l ip idemia  (Table  4). Compared  
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TABLE 4 

Lipid Content of Caenorhabditis elegans Propagated with Different 
Dietary Sterols, Expressed as Relative Percentage of Nematode Dry Weight 

Supplemented sterol 

Lipid class Cholesterol Desmosterol Sitosterol 

Sitosterol plus 
5/.tg/ml 25- 

azacoprostane 
hydrochloride 

Total lipid 17.8 17.2 1 8.3 2 2 . 2  
Neutral lipid 9.4 8.9 9.4 1 1.8 
Polar lipid 8.4 8.3 8.9 10.4 

with untreated nematodes, azacoprostane- 
treated nematodes contained very small quanti- 
ties of cholesterol, 7-dehydrocholesterol and 
lathosterol (Table 2). The major sterol had 
GLC, GC-MS and UV absorbance properties 
identical to the cholesta-5,7,24-trien-3/3-ol pre- 
viously isolated from nematodes fed desmo- 
sterol. The PMR spectrum of the acetate 
contained the same C18 and C19 methyl 
resonances (6 0.63 ppm and 6 0.98 ppm, 
respectively) as a 7-dehydrocholesteryl acetate 
standard and also contained the C26, C27 
doublet  at 6 2.68 ppm present in the spectrum 
of authentic desmosteryl acetate. The major 
sterol in azacoprostane-treated nematodes was 
thus identified as cholesta-5,7,24-trien-3~-ol; its 
abundance indicates that the azasteroid signifi- 
cantly inhibited A24-sterol reductase in C. 
elegans. 

Azasteroid-treated C. elegans contained 
several other sterols that  occurred in no more 
than trace quantities in sitosterol-propagated 
controls. Fucosterol  (stigmasta-5,24(28)E-dien- 
3~-ol), 24-methylenecholesterol (campesta-5,24- 
(28)-dien-3/3-ol), desmosterol, campesta-5,7- 
dien-3/3-ol and stigmasta-5,7-dien-3/3-ol were 
identified following argentation column chro- 
matography of their acetates and were identical 
to authentic reference compounds by argenta- 
t ion TLC, GLC (Table 3) and GC-MS. 

Although lacking reference compounds,  we 
did identify in azasteroid-treated nematodes the 
following compounds as steryl acetate deriva- 
tives by GC-MS and by GLC RRT (Table 3) 
deviating no more than 0.01 unit from calcu- 
lated values: cholesta-5,7,9(11 ),24-tetraen-3/3-ol, 
cholesta-7,24- dien- 3/3- ol, cholest-24-en-3~-ol 
and campesta-7,24(28)-dien-3/3-ol. None of 
these have previously been detected in nema- 
todes. The first of these sterols as the acetate 
had a MS that included an M ~ of m/z 422 (4%) 
and fragments at 362 (M-CHaCOOH, 68), 347 
(M-CHaCOOH-CH3, 15), 251 (M-CHaCOOH- 
CsHls ,  18), 249 (M-CHaCOOH-CaH1s-2H, 14), 
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209 (M-CHaCOOH-ClIH21, 44), 197 (M-CH3- 
COOH-C12 H 2 1 , 2 9 ) ,  195 (M-CHa COOH-C12 H23 , 
34) and 69 (Cs H9,100) .  Cholesta-7,24-dien-3/3- 
yl acetate had a PMR spectrum with C18 and 
C19 methyl  resonances at ~ 0.54 and ~ 0.82 
ppm, respectively, as did the PMR spectrum of 
a lathosteryl acetate reference. The MS of this 
diene was similar to that of a literature spec- 
trum (25) and included an M + of m/z 426 (12%) 
and fragments at 411 (M-CHa, 10), 366 (M- 
CHaCOOH, 2), 351 (M-CHaCOOH-CH3, 3), 
342 (M-CsH9-CHa, t3) ,  315 (M-CaHlS , 3), 313 
(M-CaHls-2H, 91), 255 (M-CHaCOOH-CaHIs , 
10), 253 (M-CHaCOOH-CsHxs-2H, 4), 229 
(M-CHaCOOH-C10H17, 6), 213 (M-CHaCOOH- 
CllH21,  19) and 69 (C5H9, 100). Cholest-24- 
en-3/3-yl acetate possessed a MS including an bl + 
of 428 (4%) and fragments at 413 (8), 368 
(0.4), 353 (4), 344 (12), 317 (3), 315 (70), 
257 (6), 255 (43), 215 (17) and 69 (100). The 
MS of campesta-7,24(28)-dien-3/$-yl acetate de- 
rived from C. elegans [m/z 440 (IVl +, 3%), 425 
(M-CH3, 3), 365 (M-CHaCOOH-CH3, 2), 356 
(M-C6H12, 22), 315 (M-CgH17, 2), 313 (M- 
C9H17-2H, 100), 255 (M-CHaCOOH-C9H17, 
14), 253 (M-CHaCOOH-C9H17-2H , 9), and 213 
(M-CHaCOOH-CI2H23, 26)] was identical to 
that  of the same compound we isolated from 
corn pollen (26). 

Excluding dietary sterol, 96.6% of the total  
sterol in azacoprostane-treated nematodes con- 
tained a C24 double bond. Accumulation of 
fucosterol, desmosterol,  cholesta-5,7,24-trien- 
3/3-ol and cholesta-7,24-dien-3/3-ol indicates that 
these 4 sterols are metabolic intermediates in 
the metabolism of sitosterol by C. elegans 
(Fig. 1). Similarly, detect ion of 24-methyl- 
enecholesterol and campesta-7,24(28)-dien-3~ 
ol indicates that these 2 sterols are probable 
intermediates in campesterol metabolism in 
C. elegans, as small amounts of this sterol did 
contaminate the dietary sitosterol. We have pre- 
viously reported (10) on the inhibition of a 
A7-sterol isomerase in C. elegans by 25-azaco- 
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FIG. 1. Metabo~sm of sitosterol by Caenorhabditis 
elegans. Dotted lines indicate possible but unproven 
metabolic steps. 

pros tane  hydroch lo r ide  and the  resul tant  ac- 
cumula t ion  of  4tx-methylcholesta-7,24-dien-3/3- 
ol (Table 2). All sterols isolated f rom azaco- 
pros tane- t rea ted  nema todes  were radiolabeled 
and had specific activities quite  similar to the 
original dietary si tosterol ,  with the excep t ion  of  
c o m p o u n d s  for  which quant i t ies  were insuffi-  
cient for de te rmina t ion :  cholest-24-en-3/3-ol, 
campesta-5,7-dien-3/3-ol, stigmasta-5,7-dien-3/3- 
ol, 4a-methylcholestan-3/3-ol  and 4a-methyls t ig-  
mastan-3/3-ol. 

Most plant-feeding insects p roduce  choles- 
terol  by removing the C24 methyl  or e thyl  
groups typical  o f  plant  sterols (27). T rea tmen t  
of  such insects  wi th  azasteroids  interferes  wi th  
choles terol  p roduc t ion  by inhibi t ion of  A24- 
sterol  reductase  and results in the accumula t ion  
of  A24-sterols  (11,28).  Because of  the abund-  
ance of  A24-sterols  in azacopros tane- t rea ted  
C. elegans, the phy tos t e ro l  dealkylat ion mechan-  
ism in C. elegans must  be very similar to  that  in 
insects. Indeed,  p redominance  of 7-dehydro-  
choles terol  and accumula t ion  of  cholesta-  
5,7,24-trien-3/3-ol, fucosterol  and desmos te ro l  
when fed s i tosterol  plus azasteroid are features 
shared by b o t h  C. elegans and the confused 
f lour beetle,  Tribolium confusurn (29,30).  

With the  excep t ion  of  the free-living T. aceti, 
phytos te ro l  dealkylat ion in o the r  nema todes  
has received l imited a t t en t ion ,  largely because 
of  the diff icul ty  in culturing parasitic nema- 
todes  apart  f rom their  plant or animal hosts.  
The animal parasite,  Ascaris lumbricoides, did 
no t  dealkylate  or o therwise  metabol ize  injected 
radiolabeled s i tosterol  (31). Because the few 
plant-parasit ic nema todes  investigated thus  far 
have conta ined  much greater  amoun t s  of  cho- 

lesterol  and /o r  la thosterol  than their  hosts  (24, 
32), phytoparas i t ic  nema todes  have been 
suggested as being capable of  C24 dealkylat ion 
(32). The tox ic i ty  of  azasteroids to nematodes ,  
together  with our  f indings that  25-azaco- 
pros tane  hydroch lo r ide  interferes  wi th  phy to -  
sterol  dealkylat ion by inhibit ing A24-sterol  
reductase  in C. elegans, indicates  that  s teroid 
metabol i sm is a viable target for novel nemat i -  
cidal agents. 
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ABSTRACT 

The degradation of exogenous radioactively labeled fatty acids by 5-day-old barley shoots was 
examined. [1-'4C] Linoleic acid was observed to be degraded 7 times faster than [1-'4C] oleic acid 
and 5 times faster than [ 1-14C] palmitic acid. The pathway of degradation was determined by identi- 
fying the water-soluble products and determined to be ~-oxidation. During a 15 rain incubation, the 
barley shoots took up 0.91 nmol/g fresh wt of linoleic acid, of which 0.16 nmol/g fresh wt was incor- 
porated into glutamic acid, 0.07 nmol/g fresh wt into succinic acid and 0.002 nmol/g fresh wt into 
carbohydrates. By 30 min, additional TCA cycle intermediates, especially malic acid, were detected. 
Palmitic acid and oleic acid were broken down to the same products. The rates of uptake and the 
distribution of label into lipids were determined. The uptake of label by the tissue was similar for all 
3 fatty acid substrates. Label from linoleic, oleic and palmitic acids was found to be incorporated into 
similar lipids, primarily phosphatidylcholine (PC), and the extent of incorporation was comparable. 
Although all  3 fatty acid substrates were broken down by #-oxidation, the reason for the more rapid 
degradation of linoleic acid was not established. It does not appear to be related to uptake of substrate 
or  incorporation of label into lipids. 
Lipids 19:507-514, 1984. 

INTRODUCTION 

Fatty acids play an important role as energy- 
rich fuel in mammalian systems. The fatty acids 
are stored in the form of triacylglycerols in 
specialized tissues devoted to fat storage and 
metabolism. In general, the green tissue of 
plants does not store fat. Triacylglycerols are 
found in relatively small amounts in vegetative 
tissues; therefore fatty acids are not believed to 
be a major source of energy in the photosyn- 
thetic organs of plants. The seeds of certain 
plants, however, do store a considerable amount 
of triacylglycerols and much of what is known 
about fatty acid metabolism in plants comes 
from studies conducted on these oil-rich seeds. 
At this time, further work with other tissues is 
necessary to adequately assess the catabolism of 
fatty acids in plants. 

Three major degradative processes for fatty 
acids have been established in various plant 
tissues: a-oxidation, H-oxidation, and peroxida- 
tion by lipoxygenase. The a-oxidation system is 
responsible for the oxidation of free Cn fatty 
acids to Cn_ l aldehydes with liberation of CO2. 
The aldehyde may be oxidized to the corre- 
sponding Cn_ 1 fatty acid, which can then 
reenter the a-oxidation cycle. The physiological 
role of a-oxidation in plants is not fully de- 
fined. Hitchcock and James (3) proposed that 
a-oxidation may be a significant metabolic 
pathway in growing plants. They found in 

*To whom correspondence should be addressed. 

young leafy tissue, fatty acids were more read- 
ily oxidized by a-oxidation than /3-oxidation, 
and "on leaf maturation this activity was lost. In 
addition, research has suggested that a-oxida- 
tion is the main source of odd-numbered fatty 
acids, because they can be formed from the 
more common even-numbered fatty acids (4). 
Although not established, a-oxidation may 
also be responsible for the formation of 2-D- 
hydroxy acids found in specialized complex 
lipids, e.g., cerebrosides. 

Another important  degradative mechanism is 
peroxidation by lipoxygenase. The exact pro- 
cess is unclear, but this group of enzymes is 
known to catalyze the oxygenation, by molecu- 
lar oxygen, of fatty acids containing a cis, cis- 
1,4-pentadiene system to form conjugated 
cis, t rans-hydroperoxydiene derivatives. A char- 
acteristic substrate is 18:2 as lipoxygenase 
prefers free polyunsaturated fatty acids. A 
variety of products exist, including hydro- 
peroxides and the so-called leaf alcohols and 
aldehydes, that are volatile and give character- 
istic odors to various plants (2). 

Stumpf and Barber (6) provided the first 
evidence for in vitro/3-oxidation in plants while 
studying germinating oil-rich seeds. In general, 
the mechanism was found to be similar to 
/3-oxidation in mammalian systems. Unlike the 
mammalian system, j3-oxidation in plants was 
found to be extramitochondrial (7,8). In 1969, 
Cooper and Beevers demonstrated that the 
major j3-oxidation process of germinating fatty 
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seeds resides in the glyoxysomes (9,10). In 
1981, -Gerhardt  showed that  the t3-oxidation 
enzymes were associated with peroxisomes in 
spinach leaves (11). Macey and Stumpf (12), 
while working on artichoke tuber tissue, also 
found the /3-oxidation enzymes present in 
microbodies and not  in the mitochondria.  

Cooper and Beevers (10) showed the acetyl- 
CoA produced by glyoxysomal/~-oxidation was 
consumed in the glyoxylate cycle, which is also 
found in this organelle (9,13). They suggested 
that  /3-oxidation in germinating oil-rich seeds 
was involved in the efficient conversion of  oils 
to sucrose by  channeling acetate produced by 
~-oxidation through the glyoxylate cycle. That 
this is the major role of 13-oxidation in these 
tissues is now generally accepted (2). 

The physiological role of 13-oxidation in 
other plant tissues is not  as well defined. Macey 
and Stumpf (12), in a recent s tudy on Jeru- 

salem artichokes, reported they were unable to 
detect the presence of the glyoxylate cycle 
enzymes. Thus, acetyl-CoA must have another 
fate in this tissue. They suggested the product  
of/~-oxidation in nongluconeogenic tissues may 
be a substrate for fat ty  acid synthesis in plastids 
or for further oxidation in the mitochondria.  

In a series of experiments carried out in this 
laboratory in which free fat ty acids were incu- 
bated with 5-day old barley shoots, we noted a 
consistently rapid loss of 18:2. We present evi- 
dence here that  in these barley shoots, there 
was a preferential degradation of 18:2 and that 
the pathway of degradation was /3-oxidation. 
The resultant acetyl-CoA was then incorporated 
into organic and amino acids. 

MATERIALS AND METHODS 

Plant Growth Conditions 

Barley (Hordeum vulgare L. cv. Atlas 68) 
seeds were planted in vermiculite and grown for 
5 days in a growth chamber with cycles of 
16 hr light (3.2 mW cm -2 from fluorescent 
lamps) at 22C  and 8 hr dark at 20C.  The 
plants were irrigated daily with distilled water. 

Materials 

14CO2 (53 mCi/mmol),  [14C] acetic acid 
(59 mCi/mmol),  [1- C/ linoleic acid (54.7 
mCi/mmol)  and [1J4C]  oleic acid (52.3 mCi/ 
mmol) were purchased from New England 
Nuclear, Boston, MA. [1A4CI Palmitic acid 
(56 mCi/mmol) was obtained from Amersham 
Corporation, Arlington Heights, IL. BSTFA was 
obtained from Pierce Chemical Company, 
Rockford,  IL. The barley seeds (Atlas 68) were 
generously provided by Dr. Jerry McClure, 

Botany Department,  Miami University, Oxford, 
Oil.  

Tissue Incubation 

Five-day-old barley shoots were excised 
above the coleoptile and the lower surface 
gently abraded with carborundum to remove 
the epidermis. The leaves were rinsed in dis- 
tilled water to remove the carborundum, gently 
blot ted dry and weighed (20 shoots; ca. 0.9 g 
fresh wt). The shoots were then floated in Petri 
dishes containing 20 ml distilled water and 
100/~1 substrate. The substrates, [ 1-14 C] acetic 
acid, [1-14C] palmitic acid, [1J4C]  oleic acid 
and [ 1-14 C/ linoleic acid, were prepared by dis- 
solving 1 gCi (17.8 nmol)  of each in 20/~1 1,2- 
propanediol  and diluting with 80 /~1 distilled 
water. With the lower surface of the leaf con- 
tacting the medium, the tissue was incubated 
for the specified period. When 14 CO2 was used, 
the tissue was placed on wet filter paper in a 
petri dish. The dish was placed in a 3 1 dessi- 
cator and 100 pCi 14CO2 was released by 
acidification with sulfuric acid of a [14C] 
sodium bicarbonate solution. Normally,  incuba- 
tions were carried out at 22 C in the same light 
as indicated for growth conditions. For dark 
experiments, immediately after adding sub- 
strate the petri dishes were wrapped in alumi- 
num foil and placed in a dark chamber at 22 C. 
At the end of each incubation time, the shoots 
were removed from the labeled medium, rinsed 
with distilled water and placed in a test tube 
containing warm chloroformJmethanol (1:1, 
v/v). The tube was sealed and the tissue was 
extracted by heating at 60 C for 30 min. The 
solution was cooled and transferred to another 
test tube and the volume reduced to 1 ml under 
a stream of nitrogen while heating at 60 C. Dis- 
tilled water was added to produce (a) an 
organic phase (chloroform) containing lipids 
and (b) an aqueous phase (water/methanol)  
containing water-soluble breakdown products. 
The mixture was centrifuged and the phases 
separated. 

Analytical Methods 

The amounts of radioactivity in the aqueous 
and chloroform phases were measured by liquid 
scintillation spectrometry.  The scintillation 
cocktail  was: toluene/Tri ton X-100 (3:1, v/v); 
0.3% (w/v) 2,5-diphenyloxazole  (PPO), and 
0.02% 1,4-bis [2,(5-phenyloxazolyl)]  benzene 
(POPOP). 

The aqueous phase was analyzed by  modify- 
ing procedures described by Stumpf and Burris 
(14). Columns were prepared with a bed height 
of 6 cm and i.d. of 0.6 cm. The aqueous solu- 

LIPIDS, VOL. 19, NO. 7 (1984) 



LINOLEIC ACID METABOLISM BY BARLEY 509 

tion was eluted sequentially through a Dowex 1 
column and a Dowex 50 column. An additional 
2 ml of distilled water was passed through each 
column to remove residual carbohydrates, 
which were not adsorbed to either column�9 The 
organic acids were eluted from Dowex 1 with 
3 ml 16N formic acid and the amino acids were 
eluted off Dowex 50 with 3 mt 6N ammonium 
hydroxide. The amount of radioactivity in the 
eluents was measured as described above. 

The eluents were evaporated to dryness and 
a known amount of phenanthrene (internal 
standard) was added to each sample. The 
organic acid samples were trimethysilylated 
with 100 /.tl BSTFA and placed in a heating 
block at 60 C for 30 min before injection into 
the gas chromatograph (GC). The amino acid 
samples were trimethylsilated by adding 100/al 
BSTFA and heating the solution for 2.5 hr at 
135 C in an oil bath (15). 

The derivatized compounds were analyzed 
on a GC (Packard Model 427) equipped with a 
flame ionization detector (FID). The column 
used was a 2 m x 6 mm glass coil packed with 
3% SE-30. The temperature program was 90- 
240 C with a 3 C rise/min. The GC was also 
equipped with a stream splitter and a radio- 
activity monitor (Packard Model 894, Packard 
Instrument Company, Inc., Downers Grove, IL) 
connected to an electronic integrator. 

The chloroform phase samples were dried 
under N2, redissolved in 1 ml chloroform and 
the lipids separated on 1 ml silicic acid col- 
umns. Neutral lipids and free fatty acids were 
eluted with 10 ml chloroform�9 This was fol- 
lowed by 10 ml acetone to remove glycolipids 
and then 10 ml methanol to elute phospho- 
lipids. 

The individual lipids were separated by thin 
layer chromatography (TLC) on Silica gel G. 
The solvent used to resolve neutral lipids and 
free fatty acids was petroleum ether/diethyl 
ether/acetic acid (80:20:1, v/v/v). The glyco- 
lipids were separated with chloroform/meth- 
anol/acetic acid/water (170:15:15:2,  v/v/v/v) 
and the phospholipids with chloroform/meth- 
anol/acetic acid/water (170:30:20:7,  v/v/v/v). 
Radioactivity was located with a Berthold TLC 
radioactivity scanner. Lipids were visualized 
with iodine vapor. 

Electron Microscopy 

Five-day old barley shoots were excised 
above the coleoptile and the lower epidermis 
gently abraded with carborundum. The leaves 
were rinsed with distilled water and allowed to 
remain in distilled water for 2 hr. The leaves 
were prepared for electron microscopy by a 
modification of procedures described by 

Molar and Cocking (16)�9 The leaves were fixed 
for 3 hr at 4 C with 2% glutaraldehyde in 0.05 

�9 . t . �9 

M plperazme-N,N-his(2-ethanesulfomc acid) 
(PIPES) buffer (pH 7.0) and postfixed for 3 hr 
at 4 C with 2% OsO4 dissolved in the same 
medium. A 7% uranyl acetate solution was 
added to the leaves for 30 min to enhance con- 
trast. The samples were dehydrated at 4 C in 
acetone. The tissue was embedded in Spur's 
resin and sectioned with a diamond knife. The 
silver sections were stained with 7% uranyl 
acetate in 50% ethanol for 15 min and counter- 
stained with 3% lead citrate for 10 min. 

R ESU LTS 

Incubation Conditions 

Experiments were conducted to compare the 
uptake and metabolism of radioactively labeled 
18:2, 18:1 and 16:0 by 5-day-old barley 
shoots, with emphasis on the degradation of 
these fatty acids. The carborundum treatment 
enhanced substrate incorporation but did not 
significantly change the labeling pattern of the 
products (17). In addition, electron micro- 
graphs of 5-day-old barley shoots abraded with 
carborundum and left in distiUed water for 
2 hr before incubation showed no apparent 
morphologic changes in the mesophyll cells. 

The barley leaf tissue was incubated with the 
individual substrates for 0.25, 0.5, 1 and 2 hr 
(Table I). The initial rate of uptake was more 
rapid for 18:1 than for the other 2 substrates. 
By 2 hr, however, similar molar quantities of 
18:1, 18:2 and 16:0 were taken u p . b y  the 
tissue�9 

Degradation of Linoleic, Oleic 
and Palmitic Acids 

As early as 0.25 hr, the radioactive label 
taken up by the barley shoots was found to be 
associated with water-soluble .compounds using 
all 3 substrates (Table 2). The amount of label 
in the aqueous phase, however, was low for 
tissues incubated using either 18:1 or 16:0 
substrates compared with 18:2. At 0.25 hr, 
0.23 nmol/g fresh wt of 18:2 were metabo- 
lized into water-soluble compounds, whereas 
0.06 nmol/g fresh wt and 0.04 nmol/g fresh wt 
of 18:1 and 16:0, respectively, were metabo- 
lized. The incorporation of label increases with 
time for all 3 substrates. By 2 hr, 0.24 nmol/g 
fresh wt of 18:1 and 0.36 nmol/g fresh wt of 
16:0 were metabolized, where 1.74 nmol/g 
fresh wt of 18:2 were metabolized. Thus, 
although no preference was found for which 
substrate enters the tissue, once in the tissue, 
18:2 was preferentially degraded to water- 
soluble products. 
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TABLE 1 

The Uptake of  Substrate by Five-Day-Old Barley Shoots 

Incubat ion t ime Total uptake a Uptake 
Substrate (hr) (nmol/g fresh wt) (% a4 C) 

[1-14C] 18:2 0.25 0.91 • 0.45 b 5,1 
0.50 1.59 • 0.78 8,9 
1.0 2.33 • 0.75 13.1 
2.0 3.86 • 1.22 21,7 

[ 1-14C] 18:1 

[ 1)4C] 16:0 

0.25 2 . 7 2 •  15.3 
0.50 2 . 0 0 •  11.2 
1.0 3 . 4 0 •  19.1 
2.0 4 . 2 3 •  23.8 

0.25 0 . 9 7 •  5.4 
0.50 2 . 0 6 •  11.6 
1.0 3 .33•  1.23 18.7 
2.0 4 . 1 1 •  23.1 

All incubat ions contained 20 shoots  (ca. 0.9 g fresh wt). The shoots  were incubated for 
the  t imes indicated with 17.8 nmoles  of  the indicated substrate.  

aSum of  the aqueous  and organic fractions. 
bMean • standard deviation; m i n i mum of four experiments .  

TABLE 2 

The Distribution of  Label into the Aqueous  and Organic Phases 

Uptake Uptake 

Incubation t ime Aqueous  Organic Aqueous  Organic 
Substrate (hr) (nmol/g fresh wt) (nmol/g fresh wt)  (% 14 C) (% 14 C) 

[1)4 C] 18:2 

[ 1-14 C] 18:1 

[ 1-14 C] 16:0 

0.25 0 . 2 3 •  a 0 . 6 8 •  25.3 74.7 
0.50 0 . 4 9 •  1 . 1 0 •  30.8 69.2 
1.0 0 . 9 0 •  1 . 5 3 •  34.3 65.7 
2.0 1 . 7 4 •  2 . 1 2 •  45.1 54.9 

0.25 0 . 0 6 •  2 . 6 6 •  2.2 97.8 
0.50 0 . 0 9 •  1 . 9 4 •  4.5 95.5 
1.0 0 . 1 8 •  3 . 2 2 •  5.3 94.7 
2.0 0 . 2 4 •  3 . 9 9 •  5.7 94.3 

0.25 0 . 0 4 •  0 . 9 3 •  4.2 95.8 
0.50 0 . 0 8 •  1 . 9 8 •  3.8 96.2 
1.0 0 . 1 4 •  3 . 1 9 •  4.2 95.8 
2.0 0 . 3 6 •  3 . 7 5 •  8.8 91.2 

All incubat ions contained 20 shoots  (ca. 0.9 g 
dicated with 17.8 nmoles  of  the indicated substrate.  

aMean • SD; m i n i m u m  of  4 experiments.  

fresh wt) and the tissues were incubated for the t imes in- 

T h e  a m o u n t  o f  l abe l  in  t h e  c h l o r o f o r m  p h a s e  
a lso  i n c r e a s e d  w i t h  t i m e  fo r  all 3 s u b s t r a t e s  
( T a b l e  2) .  A f t e r  0 . 25  h r ,  t i s s u e s  i n c u b a t e d  w i t h  
18 :1  we re  f o u n d  t o  h a v e  t h e  l a rges t  a m o u n t  o f  
l abe l  a s s o c i a t e d  w i t h  t h e  o r g a n i c  p h a s e .  B y  
0 .5  h r ,  c o m p a r a b l e  a m o u n t s  o f  l abe l  f r o m  1 6 : 0  
a n d  18:1  w e r e  a s s o c i a t e d  w i t h  t h e  o r g a n i c  
p h a s e  ( 1 . 9 4  n m o l / g  f r e s h  w t  a n d  1 .98  n m o l / g  
f r e s h  w t ,  r e s p e c t i v e l y ) .  T h i s  w a s  a lso  t r u e  fo r  
1 h r  a n d  2 h r  i n c u b a t i o n  t i m e s .  A t  all i n c u b a -  
t i o n  t i m e s ,  h o w e v e r ,  t h e  r e l a t ive  a m o u n t  o f  
l abe l  in  t h e  c h l o r o f o r m  f r a c t i o n  f r o m  i n c u b a -  

t i o n s  w i t h  18 :2  was  m u c h  l o w e r  t h a n  t h a t  f r o m  
18:1  a n d  1 6 : 0 .  

T h e  p e r c e n t a g e  o f  t h e  u p t a k e  t h a t  w a s  
a s s o c i a t e d  w i t h  t h e  a q u e o u s  p h a s e  a n d  o r g a n i c  
p h a s e  w a s  a lso  c a l c u l a t e d  fo r  t h e  3 s u b s t r a t e s .  
T h e  p e r c e n t a g e  in  t h e  a q u e o u s  p h a s e  w a s  f o u n d  
t o  i n c r e a s e  w i t h  t i m e  fo r  all s u b s t r a t e s  ( T a b l e  2).  
T i s s u e s  i n c u b a t e d  w i t h  18 :2  h a d  t h e  g r e a t e s t  
i n c r e a s e  in p e r c e n t a g e  o f  l abe l  i n c o r p o r a t e d  
i n t o  t h e  a q u e o u s  p h a s e  w i t h  t i m e .  T h i s  i n c r e a s e  
in  p e r c e n t a g e  was  l a rges t  b e t w e e n  0 .25  h r  a n d  
0.5  hr .  A f t e r  1 h r ,  t h e  p e r c e n t a g e  in  t h e  a q u e -  
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TABLE 3 

The Distribution of Label into the Water-Soluble Breakdown Products 
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Fraction 

Incorporation (nmol/g fresh wt) 

Aqueous breakdown Incubation time (hr) 
products 0.25 (4) a 0.50 (4) a 1.0 (5) a 2.0 (12) a 

Amino acid 

Organic acid 

Carbohydrate 

Glutamate 0.16 -+ 0.09 b 0.16 -+ 0.09 0.49 ~ 0.18 0.75 t 0.21 

Succinate 0.07 • 0.03 0.14 -+ 0.06 0.19 -+ 0.03 0.25 -+ 0.08 
Malate _c 0.16 -+ 0.08 0.21 -* 0.06 0.42 -+ 0.14 
Citrate - 0.02 - 0.04 -* 0.02 
~-Ketoglutarate - 0.01 - - 
Oxaloacetate - -- 0.001 0.03 • 0.01 
Aconitate - 0.005 0.008 0.03 -* 0.02 
Malonate - - - 0.06 -+ 0.04 

0.002 -+ 0.001 0.010 • 0.004 0.012 -+ 0.009 0.065 +- 0.020 

All incubations contained 20 shoots (ca. 0.9 g fresh wt) and the tissues were incubated for the times in- 
dicated with 17.8 nmoles of 18:2. 

aNumber of observations for the time indicated. 
bMean .4_. standard deviation. 
CNone detected. 

ous phase began to level off ,  so that  by 4 hr, 
the percentage was only 46% (data not  shown) .  
The percentage of  label f rom 18:1 and 16:0 
also increased,  but in cont ras t  to 18:2, this 
percentage remained qui te  low. 

Distribution of Label into Water-Soluble Products 

To de te rmine  the degradative process of  
18:2 involved in the p roduc t ion  of  water-  
soluble products ,  the aqueous  phase was ana- 
lyzed for the d is t r ibut ion of  label in amino  
acids, organic acids and carbohydra tes .  The low 
level of  incorpora t ion  into the  aqueous  phase 
using 18:1 and 16:0 as substrates  made  measur-  
ing the quan t i ty  of  label found  in the amino 
acid, organic acid and ca rbohydra te  f ract ions  
difficult .  Therefore ,  quant i ta t ive  analysis of  the  
b reakdown  produc t s  of  18:1 and 16:0 was not  
carried out.  

The d is t r ibut ion  of  label f rom 18:2 in the 
aqueous  f ract ions  was de t e rmined  with increas- 
•ng t ime (Table 3). At 0.25 hr, ca. 68% of  the 
label in the  aqueous  phase was associated wi th  
the amino-acid fract ion,  31% with the organic 
acids and I% with the ca rbohydra te  fract ion.  
With an increase in t ime, this d is t r ibut ion  
changed.  We observed a decrease in the percent-  
age of label in the  amino-acid f ract ion and an 
increase in the percentage in the organic and 
ca rbohydra te  f ract ions.  By 2 hr, ca. 46% of  the 
label was in amino acids, 50% in organic acids 
and 4% in carbohydra tes .  At all incubat ion  
t imes,  the a m o u n t  of label in the ca rbohydra te  
f ract ion was minimal and this f ract ion was not  

fur ther  analyzed.  
The individual water-soluble b reakdown 

products  were ident i f ied by GC. The data pre- 
sented in Table 3 indicate that ,  principally,  3 
c o m p o u n d s  were labeled: glutamic acid, suc- 
cinic acid and malic acid. Glutamic acid was the 
only  amino  acid labeled at all incubat ion times. 
The amo u n t  of  label from 18:2 incorpora ted  
into glutamic acid remained essentially cons tan t  
until 0.5 hr (0.16 nmol /g  fresh wt), then 
rapidly increased to 0.49 nmol /g  fresh wt at 
1 hr and 0.75 nmol /g  fresh wt at 2 hr. In addi- 
t ion,  of  the individual water-soluble b reakdown 
products ,  the amo u n t  of  label in glutamic acid 
was found  to be the highest  at all incubat ion  
times. 

Succinic and malic acids were the principal 
organic acids labeled. At 0.25 hr, the label was 
associated only with succinic acid, but by 
0.5 hr, bo th  succinic and malic acids were 
labeled. In addi t ion ,  the quan t i ty  of  mallc acid 
was slightly higher than that  of  succinic acid, 
0.16 nmol /g  fresh wt and 0.14 nmol /g  fresh wt, 
respectively.  Whereas the a m o u n t  of  label in 
both  malic and succinic acids increased with 
t ime, the amoun t  of  label incorpora ted  in to  
malic acid remained higher than the amo u n t  in 
succinic acid. At 2 hr, 0.42 nmol /g  fresh wt of 
the label f rom 18:2 were incorpora ted  into 
malic acid, whereas 0.25 nmol /g  fresh wt were 
in succinic acid. 

Though malic and succinic acids were the 
principal organic acids labeled, several o ther  
TCA cycle in termedia tes ,  e.g., citric and oxal- 
acetic acids, were occasionally observed.  They 
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T A B L E  4 

] ' he  D i s t r i b u t i o n  o f  Labe l  in to  F a t t y  Ac ids  f r o m  Ind i ca t ed  S u b s t r a t e s  

Pe r cen t age  o f  i n c o r p o r a t i o n  in to  f a t t y  ac ids  

S u b s t r a t e  16 :0  18 : I 1 8 :2  18 :3  

I I f l a C l  18 :2  9 .3  10.9 70 .4  6 .6  
[ 1 ) 4 C ]  18:1 0 67 .7  32 .3  0 
[~4C] C O  2 34 .3  12 .8  39 .6  9 .7  
[ 1 : 4 C ]  Ace t i c  acid 18.7 27 .9  4 6 . 8  6 .8  

All incubations contained 20 shoots (ca. 0.9 g fresh wt) and tile tissue was incubated for 
4 hr with 1 ~Ci of acetic acid, 18:1, or 18:2 or with 100 #Ci of CO 2 . 

were frequently n.ot detected, especially at 
0.25 hr and 0.5 hr, and no apparent pattern was 
found for their appearance. 

Where possible, the amino-acid and organic- 
acid fractions generated by incubations with 
16:0 and 18:1 were analyzed. At 2 hr, label 
was observed only in glutamic acid and succinic 
acid for incubations with 16:0 as substrate. 
When 18:1 was substrate, label was detected in 
glutamic, succinic and malic acids (data not 
shown). 

The appearance of label in malic and suc- 
cinic acids, along with glutamic acid, indicated 
the involvement of the TCA cycle. Three lines 
of evidence argue against thc synthesis of TCA 
cycle intermediates from C02 generated by 
a-oxidation. First, less than 1% of the radio- 
activity in the aqueous fraction was found in 
carbohydrates at the shortest incubation time, 
and this percentage increased with time. As 
CO 2 fixation enters carbohydrate metabolism 
initially, this was opposite to the expected 
trend. Second, a parallel set of incubations 
carried out in the dark for 0.25-2 hr, which 
should have diminished CO2 fixation, did not 
alter the labeling of the organic and amino acids 
(data not shown). Finally, tissue incubated with 
14CO2, [1A4C] acetate, [14C] 18:1 and 
[14C] 18:2 incorporated label into fatty acids 
in a manner consistent with/5-oxidation of 18:2 
(Table 4). The label from 18:2 appeared in 
16:0 and 18:1, indicating breakdown and re- 
synthesis. The 16:0/18:0 ratio was 0.85, which 
was similar to this same ratio when acetate 
(0.67) was the substrate, but quite different 
from the ratio obtained when CO2 (3.4) was 
the substrate. Thus, 18:2 was broken down to 
acetyl-CoA by the J3-oxidation pathway. No 
evidence was found for breakdown by a- 
oxidation. 

Lipoxygenase did not appear to be involved 
in the degradation of 18:2 in this tissue. Nu- 
merous attempts to identify labeled lipids other 
than palmitic, stearic, oleic and linoleic acids 
were unsuccessful. Analyses were intended to 

detect either shorter-chain fatty acids or polar 
fatty acids. Both polar and nonpolar GC 
columns in conjunction with temperature pro- 
grams were used and failed to reveal any possi- 
ble products of lipoxygenase. Furthermore, 
whereas 16:0 and 18:1 are not substrates for 
lipoxygenase, their degradation led to the 
same products as 18:2, albeit in much lower 
quantities. 

Distribution of Label into Lipids 

To determine whether the observed differ- 
ences in the rate of breakdown between 18:2, 
18:1 and 16:0 were related to differences in 
their incorporation into lipids, the distribution 
of label from these 3 fatty acid substrates into 
the major lipid classes was studied. This was 
accomplished by using silicic acid columns to 
separate the organic phase into neutral lipid, 
glycolipid and phospholipid fractions. The 
results indicated that the label from 18:2, 18:1 
and 16:0 was incorporated into similar lipids 
and that the amount of label incorporated into 
lipids was comparable for all 3 fatty acids. 

At 0.25 hr, the label was principally ob- 
served in the neutral lipid fraction for all 3 
substrates (Table 5). With an increase in time, 
the amount of label in the neutral lipid fraction 
decreased for 18:1. For both 16:0 and 18:2 
substrates, the amount of label increased until 
1 hr, then leveled off. This increase in label was 
more rapid for 16:0 than 18:2. For all 3 sub- 
strates, the neutral lipid fraction was primarily 
free fatty acid at all incubation times (data not 
shown). For each substrate, the free fatty acid 
was found to be the substrate used in the incu- 
bation, and thus represented fatty acid that 
had been absorbed or transported into the cell 
but was not yet metabolized. For 16:0, how- 
ever, although the majority of the label was still 
free fatty acid, ca. 15% of the label was also 
observed to bc incorporated into several other 
neutral lipids as early as 0.5 hr. The identities 
of the lipids were not determined. 

The amount of label incorporated into 
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TABLE 5 

The Distribution of Label into the Three Major Lipid Classes 

513  

Incubation time Incorporation (nmol/g fresh wt) 
Substrate (hr) Neutral lipids Glycolipids Phospholipids 

[ 1-14C] 18:2 

[ 1-14 C] 18:1 

[ 1-14C] 16:0 

0.25 0 .38•  a 0 .09•  0 .19+0.05  
0.50 0 .45•  0 .14•  0 .30•  
1.0 0 .66•  0 .12•  0 .61•  
2.0 0 .72•  0 .32•  1.04• 

0.25 1 .99•  0 .21•  0 .46•  
0.50 1.19• 0 .15+0.05  0 .60•  
1.0 1.89• 0 .16•  1 .17•  
2.0 1 .50•  0 .18•  2 .01•  

0.25 0 .73•  0 .05•  0 .15+0.08  
0.50 1 .40•  0 .17•  0.41 • 
1.0 1 .84•  0 .13•  1 .04•  
2.0 1 .84+0.62 0 .14•  1.65• 

All incubation contained 20 shoots (ca. 0.9 g fresh wt) and the tissues were incubated for the times indicated 
with 17.8 nmoles of the indicated substrate. 

aMean • SD; minumum of 4 experiments. 

glycol ipids is re la t ively  low for  all 3 subst ra tes .  
The  glycol ipids were diff icul t  to  i den t i fy  be- 
cause the  a m o u n t  of  label  in th is  f r ac t ion  was 
low for  all 3 subs t ra tes  and  the  resul ts  were 
o f t e n  incons i s ten t .  The  glycol ipids expec t ed  to 
be  labeled were monoga lac tosy ld i acy lg lyce ro l  
( M D G D )  or  d iga lac tosyld iacylg lycero l  (DGDG) .  
However ,  TLC analysis  showed  the  ma jo r  radio-  
act ive l ipid did no t  c o r r e s p o n d  to M G D G  or 
D G D G  s tandards ,  bu t  migra ted  ahead of  
MGDG. A l t h o u g h  the  glycol ipids were no t  
ident i f ied ,  t hey  were the  same for all 3 f a t t y  
acids. Fur the r ,  t he  i n c o r p o r a t i o n  of  label  in to  
glycol ipids was min ima l  for  the  3 subs t ra tes  and  
could  no t  a c c o u n t  for  the  s ignif icant  d i f fe rence  
in the  ra te  of  b r e a k d o w n  b e t w e e n  these  f a t t y  
acids. 

A t  0.25 hr, t he  largest  a m o u n t  of  label  in  
phospho l ip ids  was associa ted wi th  t issues 
i n c u b a t e d  using 18 : 1 as subs t ra t e  (0.46 n m o l / g  
f resh wt).  Tissues i n c u b a t e d  using 16 :0  and  
18:2 showed  similar molar  quant i t ies ,  0.15 
n m o l / g  f resh wt  and  0 .19 n m o l / g  fresh wt,  
respect ively.  The a m o u n t  of  label  in the  phos-  
phol ip id  f r ac t ion  increased w i th  t ime  for  all 3 
subst ra tes .  By 2 hr, 1.65 n m o l / g  f resh wt 
of  t he  label  f rom 16:0 were i n c o r p o r a t e d  in to  
phosphol ip ids ,  and  1.04 n m o l / g  f resh wt  and  
2.01 n m o l / g  f resh wt  of  the  label  f rom 18:2  
and  18:1 were f o u n d  i n c o r p o r a t e d  in to  phos-  
phol ip ids .  The  individual  phospho l ip id s  were 
ident i f ied .  At  all i n c u b a t i o n  t imes ,  the  pr inc ipa l  
phospho l ip id  labeled was p h o s p h a t i d y l c h o l i n e  
(PC), and  t he  label  f rom all 3 f a t t y  acids were 
i n c o r p o r a t e d  in to  similar phosphol ip ids .  

DISCUSSION 

The data  p re sen ted  in this  s tudy  ind ica te  
t ha t  t he  5-day-old bar ley  t issue has  l i t t le  prefer-  
ence  as to which  f a t t y  acid subs t ra t e  en ters  the  
tissue. The a m o u n t  of  label  and  t he  ra te  at  
which  the  label  was t aken  up were similar for  
t issues i n c u b a t e d  wi th  18:2 ,  18:1 and  16:0. 
Once in the  t issue, however ,  on ly  18:2 was 
extens ively  degraded  to water -so luble  produc ts .  
The same p r o d u c t s  were b r o k e n  d o w n  f rom 
16:0  and  18:1 as 18:2,  bu t  at  a m u c h  slower 
rate.  

The  water -so luble  b r e a k d o w n  p roduc t s  were 
iden t i f i ed  as a m i n o  acids and  organic  acids, 
ind ica t ing  the  i nvo lvemen t  of  t he  TCA cycle. 
These resul ts  sugges t /3-oxida t ion  was the  oxida-  
t ive process  respons ib le  for  the  degrada t ion  of  
the  3 f a t t y  acids. In add i t ion ,  we observed  t ha t  
label  f rom 18:2  was r e i n c o r p o r a t e d  in to  f a t t y  
acids. These  obse rva t ions  are cons i s t en t  w i th  
the  conc lus ion  t ha t  /3-oxidation was the  degra- 
dat ive process  involved because  the  ini t ial  
p r o d u c t  of  f l -oxidat ion,  ace ty l -CoA,  may  also 
be a subs t ra te  for  f a t t y  acid synthesis .  In l ight  
of  the  above  observa t ions ,  the  p r o d u c t  of  
f l -oxidat ion in leafy t issue would  appear  to  be a 
subs t ra t e  p r imar i ly  for  f u r t he r  m e t a b o l i s m  in 
the  m i t o c h o n d r i a  and,  to  a lesser ex t en t ,  for  
f a t t y  acid synthes i s  in the  plastids.  

The  observed  d i f fe rences  in the  e x t e n t  of  
~-ox ida t ion  b e t w e e n  18:2  and  the  o the r  2 f a t t y  
acid subs t ra tes  c a n n o t  be readi ly  exp la ined  by  
the i r  i n c o r p o r a t i o n  in to  lipids. Label  f rom all 
3 f a t t y  acids were f o u n d  to be i n c o r p o r a t e d  
in to  the  same l ipids (pr imar i ly  PC) and the  
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a m o u n t s  of  label i n c o r p o r a t e d  were no t  sub- 
s tant ia l ly  d i f fe ren t  for  the  3 substrates .  

The data  suggest 2 possible me tabo l i c  
rou tes  for the  f a t t y  acids to  fo l low o n  en te r ing  
the  tissue. Because b o t h  /3-0xidation and  in- 
co rpo ra t i on  of  f a t t y  acids in to  phospho l ip ids  
requi re  a f a t t y  acyl-CoA as subs t ra te ,  the  
obse rva t ion  t ha t  all 3 fa t ty  acids were incorpo-  
ra ted  in to  phospho l ip id s  implies  t ha t  each of  
the  free f a t t y  acid subs t ra tes  was ac t iva ted  to 
the  CoA th ioes ter .  Af ter  a f a t t y  acyl -CoA is 
fo rmed ,  t he  f a t t y  acyl -CoA m a y  be  degraded  by  
one  of  two  possible pa thways :  (a) the  fa t ty  
acyl-CoA is me tabo l i zed  to f a t ty  acyl-PC and  
t h e n  the  f a t ty  acid m o i e t y  (p re fe ren t i a l ly  18:2)  
is subsequen t l y  b r o k e n  d o w n  by  /3-0xidation, 
or  (b)  t he  f a t t y  acyl-CoA m ay  di rect ly  en te r  
e i ther  the  /~-oxidation sequence  or phospho -  
lipid synthesis .  In the  first p roposed  pa thway ,  
the  f a t t y  acyl-PC is an in t e rmed ia t e .  Because all 
3 f a t t y  acid subs t ra tes  are i n c o r p o r a t e d  in to  PC 
in similar a m o u n t s ,  the  observed d i f ferences  in 
the  e x t e n t  of  b r e a k d o w n  would  reflect  a prefer-  
ent ial  b r e a k d o w n  of  18:2-PC. If this  mode l  is 
cor rec t ,  one  would expec t  to observe a rapid  
t u rnove r  in 18:2-PC wi th  an increase  in t ime,  
because 18:2 is p referen t ia l ly  degraded.  Morgan 
(17)  p resen ted  evidence t ha t  the  a m o u n t  of  
18:2-PC does no t  rapid ly  tu rn  over  c o m p a r e d  
wi th  16:0 and 18:1. In pulse-chase experi-  
ments ,  the  q u a n t i t y  of 18:2-PC c o n t i n u e d  to 
slowly increase dur ing  a 4 hr  chase,  ind ica t ing  
t h a t  very li t t le,  if any,  t u rnove r  of the  18:2-PC 
was occurr ing.  Fu r the r ,  initiM incorpora -  
ion of 18:2 in to  18:2-PC before  /S-oxidation 
occurs  would be surpr is ing in light of  how  
rapidly  ( < 1 5  min)  the  deg rada t ion  p roduc t s  
appear .  These  results  ind ica te  t h a t  f a t t y  acyl-PC 
is p robab ly  no t  involved in the  deg rada t ion  
sequence.  Thus ,  the  o t h e r  model ,  i .e . , /~-oxida- 
t ion  i n d e p e n d e n t  of i n c o r p o r a t i o n  in to  lipids, 
is p robab ly  the  l ikely route .  

The  data  p resen ted  indica tes  t ha t  the  prod-  
uct  of  ~-oxidat i0n,  ace ty l -CoA,  is i n c o r p o r a t e d  

in to  a m i n o  and  organic  acids as well as f a t t y  
acids in leafy tissue. F u r t h e r ,  a preferen t ia l  
b r e a k d o w n  of  18:2  over  16:0 and  18:1 occurs .  
This may  have s ignif icant  impl ica t ions  in the  
me tabo l i c  role o f /3 -ox ida t ion  in green plants .  
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ABSTRACT 

The effects of 2 bile acid analogs, chenodeoxy-oxazoline [2-(3a,7a-dihydroxy-24-nor-5fl-cholanyl)- 
4,4-dimethyl-2-oxazoline] and ursodeoxy-oxazoline [2-(3a,7/3-dihydroxy-24-nor-5fl-cholanyt)-4,4- 
dimethyt-2-oxazoline] were examined in the prairie dog model of cholesterol cholelithiasis. Gallstones 
and biliary cholesterol crystals were induced in 5 out of 6 male prairie dogs fed a semisynthetic diet 
containing 0.4% cholesterol for 8 weeks. Six animals maintained on a low cholesterol control diet 
(0.08% cholesterol) exhibited neither gallstones nor biliary cholesterol crystals. The addition of 
0.06% chenodeoxy-oxazoline to the lithogenic diet did not prevent induced cholelithiasis or the 
appearance of cholesterol crystals in bile. In contrast, 0.06% dietary ursodeoxy-oxazoline prevented 
gallstones in 5 out of 6 prairie dogs (but cholesterol crystals were present in the bile of 4 of these 
animals). Histologically, most of the livers from the prairie dogs fed the cholesterol-supplemented 
semisynthetic diet showed bile duct proliferation, inflammatory infiltration and fibrosis along the 
portal tracts. These pathologic changes were generally not ameliorated by adding chenodeoxy-oxa- 
zoline or chenodeoxy-oxazoline plus chenodeoxycholic acid to the diet. Portal tract pathology was 
markedly reduced in most animals by adding ursodeoxy-oxazoline to the cholesterol-supplemented 
diet. The pathologic changes overall could best be correlated with the presence of gallstones, but not 
with the incidence of biliary cholesterol crystals. 
Lipids 19:515-521, 1984. 

INTRODUCTION 

In the developed countries, cholesterol is the 
major component of most gallstones (1-4). The 
etiology of cholesterol gallstone disease is re- 
lated to the relative stability of cholesterol- 
containing micelles or liquid crystals in the bile: 
if the bile is supersaturated w.ith cholesterol, 
crystals of cholesterol monohydrate precipitate 
and eventually aggregate to form gallstones (3, 
5,6). The 3,7-dihydroxy bile acids, chenodeoxy- 
cholic acid and ursodeoxycholic acid, have been 
used clinically to dissolve gallstones (7-10). 
These bile acids desaturate the bile by decreas- 
ing the amount of cholesterol in relation to the 
other 2 biliary lipids, bile acids and lecithin, 
and, in selected patients, dissolution of gall- 
stones occurs during a period of 6-24 mo (10- 
12). Observations have recently been made that 
some of the so-called hydrophilic bile acids, 
e.g., ursodeoxycholic acid, may have a dual- 
action mechanism. They not only favor the 
desaturation of bile but also prevent the tran- 
sition of a liquid-crystalline phase, consisting 
of cholesterol and lecithin, to crystalline 
cholesterol monohydrate (13). Bile acid ther- 
apy of cholesterol cholelithiasis suffers from a 
number of disadvantages: (a) a requirement for 
prolonged, daily administration of the drug; 
(b) the relatively large dosage of bile acid 

*To whom correspondence should be addressed. 

required, ca. 1-1.5 g/day; (c) loss of active drug 
from the enterohepatic circulation via excretion 
and bacterial 7-dehydroxylation to form the 
potentially hepatoxic lithocholic acid (14). 
Thus, new drugs with greater efficacy and bio- 
logical stability need to be developed and 
tested. 

Our laboratory employs the prairie dog 
model of cholesterol cholelithiasis with the 
goal of developing more effective cholelitho- 
lytic drugs. In the present study, we tested 2 
bile acid analogs modified at C24 of the side 
chain, namely, chenodeoxy-oxazoline and urso- 
deoxy-oxazoline, because previous work had 
shown that these compounds had an increased 
resistance to bacterial 7-dehydroxylation (15). 
In addition, the bile acid oxazolines are known 
to inhibit the growth of those intestinal anaero- 
bic bacteria that degrade chenodeoxycholic 
acid and ursodeoxycholic acid to lithocholic 
acid (15). We tested the ability of the bile 
acid oxazolines to prevent cholesterol-induced 
cholelithiasis and measured their effect on 
biliary lipids, tissue cholesterol and hepatic 
morphology. 

MATERIALS AND METHODS 

Animals and Diet 

Adult male prairie dogs (Cynomys ludovi- 
cianus, trapped in the wild) were purchased 
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from Fur and Feather Game Farm, Green Bay, 
WI. The animals were quarantined for 2 weeks 
and fed Purina rat chow and water ad libitum. 
The prairie dogs were maintained according to 
the guidelines developed and administered by 
the Animal Facil i ty of Beth Israel Medical 
Center. The animals were then weighed and 
divided into 5 groups: group 1, semisynthetic 
diet (0.08% cholesterol, Teklad, Madison, WI); 
group 2, semisynthetic diet plus 0.4% choles- 
terol; group 3, semisynthetic diet plus 0.4% 
cholesterol plus 0.06% 2-(3ol,70~-dihydroxy- 
24- nor- 5t3 -cholanyl)-4,4 - dimethyl-2 -o xazoline 
(chenodeoxy-oxazoline); group 4, semisynthetic 
diet plus 0.4% cholesterol plus 0.06% 2-(3a,7~- 
dihydroxy- 24- nor- 5~- cholanyl)-4,4-dimethyl-2- 
oxazoline (ursodeoxy-oxazoline);  group 5, semi- 
synthetic diet plus 0.4% cholesterol plus 0.03% 
chenodeoxycholic acid plus 0.06% chenodeoxy- 
oxazoline. The semisynthetic diet contained 
(g/kg): soy protein, 202.3; sucrose, 565.7; corn 
starch, 139.0; corn oil, 16.2; fiber (cellulose), 
25.8; mineral mix (Teklad 17082), 40.0; 
vitamin mix (Teklad 40060), 10.0; flavor 
(sessalom), 1.0. The cholesterol-enriched diets 
contained 0.2% cholesterol from egg yolk 
powder and 0.2% cholesterol from reagent- 
grade cholesterol (Sigma Chemical Co., St. 
Louis, MO). The animals were fed the pelleted 
experimental diets for 8 weeks, except that 
they were starved for 24 hr before sacrifice. At 
the end of the experiment (8 weeks), the 
animals were anesthetized with 100 mg of 
ketamine hydrochloride (Bristol Labs, Syra- 
cuse, NY) and 20 mg of xylazine (Haver-Lock- 
hard, Shawnee, KA). The gallbladder of each 
animal was excised, opened and the gallbladder 
bile examined under a polarizing microscope 
for cholesterol crystals and gallstones. Blood 
was obtained by cardiac puncture to determine 
plasma cholesterol. The liver was excised and 
weighed and portions were taken to determine 
cholesterol concentration and for histologic 
study. 

Reference Compounds 

Chenodeoxycholic acid (Canada Packers, 
Inc., Ontario, Canada) and ursodeoxycholic 
acid (Tokyo Tanabe Co., Tokyo,  Japan) were 
used to synthesize chenodeoxy-oxazoline and 
ursodeoxy-oxazohne, respectively, using meth- 
ods already described (16,17). Chenodeoxy- 
cholic acid and ursodeoxycholic acid were 
analyzed for their methyl  ester tr imethyl-  
silylether derivatives by gas liquid chromatog- 
raphy (GLC) on 1% HiEff 8BP and found to be 
greater than 99.5% pure. 

5o~-Cholestane (Applied Science, State Col- 

lege, PA) was used as an internal standard 
for the GLC determinations of cholesterol. 
3a,7a-Dihydroxy-12-keto-5/3-cholanoic acid was 
used as a recovery standard to analyze biliary 
bile acids (18-21). 

GLC and GLC with Mass Spectroscopy (MS) 

GLC of liver, plasma and bile cholesterol was 
carried out on a Hewlett-Packard 5830 gas 
chromatograph using conditions already de- 
scribed (18). Bile samples containing the 
oxazolines were hydrolyzed to give the free bile 
acids and analyzed (21). Biliary bile acids were 
analyzed for their methyl ester acetates on 
0.5% OV-210 (21). Identification of steroids in 
bile was carried out on a Hewlett-Packard 
5992B mass spectrometer using the following 
conditions: 3 ft glass column, 4 mm o.d., 2 mm 
i.d., packed with 3% SP-2250 on 100/120 
Supelcoport;  gas chromatograph-oven temp 
260 C, injector temp 265 C, mass spectrometer 
-pressure  2 x 10 -6 torr, source temp 140 C. 

Determination of Lipids in Liver, Plasma and Bile 

The determination of cholesterol in liver and 
plasma was carried out as described earlier (I 8). 
Gallbladder bile obtained at sacrifice was centri- 
fuged at 2000 x g for 10 min, and aliquots of 
the supernatant solution were prepared to 
determine biliary lipids (21). The bile samples 
of the animals fed the oxazolines were analyzed 
by thin layer chromatography (TLC) (silica gel 
using benzene/acetone, 70:30, v/v). The regions 
corresponding to the oxazolines were.devoid of  
these compounds. In addition, extracting the 
bile with ethyl acetate followed by GLC also 
showed no oxazolines. Consequently, the bile 
samples were hydrolyzed in the standard 
manner (21). The phospholipids were analyzed 
by a modification of the procedure of Fiske 
and Subbarow (21). 

Calculations and Statistics 

The lithogenic indices of the bile were deter- 
mined as described by Carey (22). All data are 
reported as mean + SEM. Student 's  t test or chi 
square was used to determine statistical signifi- 
cance (23). Analysis of variance was used for 
multiple comparisons. 

Histology 

Thin slices of each liver were fixed in Mil- 
lonig's buffered formalin, embedded in paraf- 
fin, sectioned and stained with hematoxylin 
and eosin, periodic acid-Schiff, trichrome and 
reticulin stains. 
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R ESU LTS 

Male adul t  prairie dogs were  fed the  experi-  
menta l  diets for  8 weeks.  The animals showed  
no adverse ef fec ts  to the  diets and no animals 
died during "the exper iment .  The average initial 
and final weights among  groups  did no t  differ  
significantly (Table 1); daily food  in take and 
fecal ou tpu t s  were also similar. 

At  sacrifice, gallbladders were r emoved  and 
opened  to de t e rmine  the  presence  of  gallstones. 
Bile was analyzed under  a polarizing micro- 
scope to de te rmine  the presence  o f  choles terol  
crystals. These data are summar ized  in Table 2. 
Animals  fed the  semisynthe t ic  diet (group 1) 
had no choles tero l  crystals or gallstones. In the  
group fed the  semisyn the t i c  diet plus 0.4% 
cholesterol ,  5 ou t  o f  6 animals had gallstones 
and choles terol  crystals. Feeding  the  bile acid 
analog, chenodeoxy-oxazo l ine ,  failed to  prevent  
gallstones or crystals;  4 out  5 animals had gall- 
s tones  as well as choles terol  crystals. In teres t -  
ingly, when  chenodeoxy-oxazo l ine  was com- 
bined wi th  chenodeoxycho l i c  acid, the inci- 
dence  of  choles tero l  gallstones was r educed  to 
40% but  choles terol  crystals were present  in 4 
out  of  5 animals. Ursodeoxy-oxazo l ine  was the 

mos t  effective bile acid analog in prevent ing 
choles tero l  gallstones (1 ou t  o f  6 animals had 
gallstones);  however ,  choles terol  crystals were 
present  in the  bile o f  4 out  o f  6 animals. 

Choles terol  concen t ra t ions  in liver, plasma 
and bile are summar ized  in Table 3. Both  
u r sodeoxy-oxazo l ine  and the  combina t i on  of  
c h e n o d e o x y c h o l i c  acid plus chenodeoxy-oxa -  
zoline significantly lowered  liver and plasma 

c h o l e s t e r o l  levels. However,  ne i ther  of  these 
diets was able to significantly reduce  biliary 
cholesterol .  As in previous studies,  animals fed 
the  non l i thogen ic  diet  had the  lowest  choles- 
terol  levels (24). 

Biliary lipid compos i t ion  is summar ized  in 
Table 4. Biliary choles terol  was elevated in all 
groups fed choles terol  co mp a red  wi th  controls .  
In con junc t ion  wi th  these increases,  the  l i tho- 
genic indices in all o f  these groups were above 
1.0. Biliary bile acid concen t ra t ions  were no t  
statistically d i f fe ren t ;  however,  phosphol ip id  
concen t ra t ions  were lower in the  animals fed 
chenodeoxy-oxazo l ine  co mp a red  wi th  the o the r  
groups. 

Analyses of  the  biliary bile acids revealed 
several d i f ferences  be tween  the  groups.  In the  

TABLE 1 

Weights, Food Intakes and Fecal Outputs of Prairie Dogs a 

Number 
Group of 
number animals Diet 

Initial Final Food Fecal 
weight weight intake output 

(g) (g) (g/day) (g/day) 

1 6 
2 6 
3 5 
4 6 
5 5 

Semisynthetic diet (SSD) 993 
SSD + 0.4% cholesterol (CH) 973 
$SD + 0.4% CH + 0.06% chenodeoxy-oxazoline 941 
SSD + 0.4% CH + 0.06% ursodeoxy-oxazoline 862 
SSD + 0.4% CH + 0.03% chenodeoxycholic acid 

+ 0.06% chenodeoxy-oxazoline 768 

1188 30.7 1.43 
1123 33.9 1.30 
1183 27.6 2.02 
1092 35.0 1.40 

1124 40.0 1.42 

aNumbers are means for each group. 

TABLE 2 

Incidence of Cholesterol Gallstones and Cholesterol Crystals in Prairie Dogs 

Number 
Group of 
number animals Diet 

Incidence of 

Cholesterol Cholesterol 
gallstones crystals 

1 6 
2 6 
3 5 
4 6 
5 5 

Semisynthetic diet (SSD) 
SSD + 0.4% cholesterol (CH) 
SSD + 0.4% CH + 0.06% chenodeoxy-oxazoline 
SSD + 0.4% CH + 0.06% ursodeoxy-oxazoline 
,SSD + 0.4% CH + 0.03% chenodeoxycholic acid 

+ 0.06% chenodeoxy-oxazoline 

0/6 0]6 
5/6 a 5/6 a 
4/5 a 4/5 a 
1/6 h 4/6 a 

2/5 4/S a 

aDiffers from group 1 by chi square test, p<0.01. 
bDiffers from group 2 by chi square test, p<0.05. 
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animals fed chenodeoxy-oxazoline or cheno- 
deoxycholic acid plus chenodeoxy-oxazoline, 
chenodeoxycholic acid became the predomi- 
nant  biliary bile acid (Table 5). No ursodeoxy- 
cholic acid was present in the bile. When urso- 
deoxy-oxazoline was in the diet, ursodeoxy- 
cholic acid comprised 29.8% of the biliary bile 
acids with chenodeoxycholic acid comprising 
an additional 37.7%. Only small amounts of 
lithocholic acid and deoxycholic acid were 
present. 

Histologic sections of the livers from all 
animals fed the semisynthetic diet supple- 
mented with 0.4% cholesterol revealed a vari- 
able amount of micro- and macrovacuolar lipid 
accumulation in the parenchyma, which was 
otherwise unaltered. Specifically, no morpho- 
logic evidence was found of bile stasis in any of 
the prairie dogs, Bile duct proliferation, inflam- 
matory infiltration and fibrosis were evident in 
the portal tracts in 4 of 6 animals fed the semi- 
synthetic diet supplemented with cholesterol 
alone; in 4 of 5 prairie dogs given the semisyn- 
thetic diet supplemented with cholesterol and 
chenodeoxy-oxazoline; in 2 of 5 animals fed 
the semisynthetic diet supplemented with 
cholesterol, chenodeoxy-oxazoline, and cheno- 
deoxycholic acid; and in 1 of 6 prairie dogs 
given the semisynthetic diet supplemented with 
cholesterol and ursodeoxy-oxazoline. The portal 
tract abnormalities were most striking in the 
group fed the basic diet plus cholesterol (Fig. 1) 
and in the group given the basic diet plus 
cholesterol and chenodeoxy-oxazoline (Fig. 2). 
Portal tract changes were minimal in most of 
the animals given the basic diet plus cholesterol 
and ursodeoxy-oxazollne (Fig. 3). 
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FIG. 1. Liver from a prairie dog fed a semisyn- 
thetic diet supplemented with cholesterol. Across the 
center of the microscopic field is an expanded portal 
tract displaying bile duct proliferation, heavy inflam- 
matory infiltration and mild reactive fibrosis. The 
adjacent parenchyma shows mild micro- and macro- 
vacuolar steatosis (H&E stain, X 120). 
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FIG. 2. Liver from a prairie dog fed a semisyn- 
thetic diet supplemented with cholesterol and cheno- 
deoxy-oxazoline. Across the center of the field is 
a greatly expanded portal tract with prominent duct 
proliferation, moderate inflammatQry infiltration and 
moderate reactive fibrosis. The contiguous paren- 
chyma shows only focal microvacuolar steatosis (H&E 
stain, • 120). 

FIG. 3. Liver from a prairie dog fed a semisyn- 
thetic diet supplemented with cholesterol and urso- 
deoxy-oxazoline. The portal tract reveals minimal 
mononuclear inflammatory infiltration, but is other- 
wise intact. The contiguous parenchyma exhibits 
slight focal microvacuolar steatosis, but is essen- 
tially unavailable (H&E stain, • 120). 

DISCUSSION 

This study evaluated the effectiveness of 
chenodeoxy-oxazoline and ursodeoxy-oxazo- 
line as gallstone-preventing agents in the prairie 
dog model of cholelithiasis. In previous studies, 
feeding the free bile acid (chenodeoxycholic 
acid) to prairie dogs on a lithogenic regimen 
gave varying results: in one study gallstones and 
cholesterol crystals were completely absent 
(25), whereas in another study both gallstones 
and cholesterol crystals were prominent in the 
gallbladder (24). The reasons for this discrep- 
ancy were not clear. One possibility was the 

heterogeneity of the prairie dogs used; another 
was that the amounts of bile acid ingested were 
lower in our studies than in those of Doty et al. 
(25). Consequently, a search for more effective 
gallstone-dissolving agents using this model 
seemed appropriate. 

The prairie dogs used in the present study 
showed no overt signs of illness over the 8-week 
experiment. The animals in each group gained 
weight, ate the dietary regimens and had no 
diarrhea. Ursodeoxy-oxazoline proved effective 
in preventing gallstones in 5 out of 6 animals. 
In 3 of the 5 animals, cholesterol crystals were 
present in the bile but no stones formed. In an 
earlier study, we observed that ursodeoxy- 
cholic acid (0.03%) prevented gallstones in 5 
out of 6 animals, whereas ursodeoxycholic acid 
at a high dose (0.06%) prevented stones in only 
2 out of 6 animals (24). The mechanism where- 
by ursodeoxy-oxazoline and ursodeoxycholic 
acid reduced gallstone incidence was probably 
similar and will be discussed later. In contrast 
to ursodeoxy-oxazoline, chenodeoxy-oxazoline 
did not prevent either gallstones or crystals. 
The animals given this drug had the highest 
lithogenic index (average of 3.03 + 0.60) com- 
pared with ursodeoxy-oxazoline (1.46 + 0.08). 
Recent studies by Salvioli et al. (13) suggested 
that gallstones could be absent from bile even 
when the lithogenic index was greater than 1.0 
(e.g., 1.46, supersaturated bile). In addition, 
Fromm et al. have shown that ursodeoxycholic 
acid can induce gallstone dissolution in spite of 
the persistence of a lithogenic index above 1 
(10). These biles probably contained aggregates 
of cholesterol and lecithin in the liquid crystal- 
line state because bile acids with hydrophilic 
properties, e.g., ursodeoxycholic acid, prevent 
the phase transition of these liquid crystals to 
microcrystals. Ursodeoxy-oxazoline and urso- 
deoxycholic acid may prevent gallstones by this 
type of mechanism, but further studies are 
needed to verify this point. Though cheno- 
deoxy-oxazoline was ineffective in preventing 
gallstones, a combination of chenodeoxycholic 
acid plus chenodeoxy-oxazoline prevented gall- 
stones in 3 out of 5 animals. This combination 
of drugs did not prevent cholesterol crystals in 
bile. The combination drug therapy was admin- 
istered with the expectation that the oxazoline 
would prevent the bacterial 7-dehydroxylation 
of chenodeoxycholic acid and this might ele- 
vate chenodeoxycholic acid concentration in 
bile. However, the dose of chenodeoxy-oxazo- 
line reaching the large bowel was apparently 
too low to achieve this result; fecal steroid 
analyses showed that in all treated groups 
lithocholic acid, the 7-dehydroxylation product 
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of  c h e n o d e o x y c h o l i c  acid,  was the  ma jo r  fecal 
bile acid.  

Histologic  s t u d y  of  the  livers revealed str ik- 
ing changes  in t he  po r t a l  t r ac t s  of  m o s t  prair ie  
dogs fed the  s emi syn the t i c  diet  s u p p l e m e n t e d  
wi th  cho les t e ro l  a lone  and  in mos t  an imals  fed 
t he  semisyn the t i c  diet  s u p p l e m e n t e d  w i t h  
cho les te ro l  and  chenodeoxy-oxazo l ine .  The  
por ta l  t rac t  abnorma l i t i e s  inc luded  bile duc t  
p ro l i fe ra t ion ,  i n f l a m m a t o r y  in f i l t r a t ion  and  
react ive  f ibrosis  (Figs. 1 and  2). These  pa tho -  
logic changes  were less cons i s t en t  in the  prair ie  
dogs fed the  s emi syn the t i c  d ie t  s u p p l e m e n t e d  
w i th  choles tero l ,  c h e n o d e o x y - o x a z o l i n e  and  
c h e n o d e o x y c h o l i c  acid, and  on ly  1 of  6 an imals  
fed the  s e m i s y n t h e t i c  diet  s u p p l e m e n t e d  wi th  
u r sodeoxy -oxazo l i ne  d isplayed equiva len t  por ta l  
t r ac t  pa tho logy .  These  morpho log ic  observa- 
t ions  can be  bes t  cor re la ted  wi th  the  p resence  
of  gallstones.  In fact ,  in  the  groups  w i th  a low 
inc idence  of  por ta l  t r ac t  pa tho logy ,  the  h is to-  
logic abnorma l i t i e s  were p r o m i n e n t  on ly  in 
those  an imals  w i th  d e m o n s t r a b l e  gallstones.  No 
similar  cor re la t ion  was f o u n d ,  however ,  w i t h  
the  presence  of bi l iary cho les te ro l  crystals ,  
because  m a n y  of  the  prair ie  dogs w i th  such  
crystals  revealed l i t t le  or no  por ta l  t rac t  pa th-  
ology. 
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Effects of a (n-3) Polyunsaturated Fatty Acid-Deficient Diet 
on Profiles of Serum Vitellogenin and Lipoprotein 
in ViteUogenic Trout (Salmo gairdnert) 
L. FRI~MONT, C. L(=GER, B. PETRIDOU and M.T. GOZZELINO, Station de Recherches 
de Nutrition, C.N.R.Z.-I.N.R.A., 78350-Jouy-en-Josas, France 

ABSTRACT 

During the 6 months of vitellogenesis, 3-year-old female trout (Salmogairdneri) were fed either an 
enriched (E) or an (n-3) polyunsaturated fatty acid (PUFA)-deficient (D) diet; serum viteUogenin (VG) 
and lipoproteins (d < 1.21 g/ml) were analyzed at the third month of viteUogenesis (September) and 
at ovulation (December). The serum content of high density lipoproteins (HDL), the major protein 
class, maintained a mean value of 1500 mg/dl at both stages and with both diets. On the contrary, very 
low density lipoproteins (VLDL) were 90% higher during vitellogenesis than at spawning time, whereas 
excess vitellogenin circulated at thisperiod (6580 mg/dl serum with diet E). The diet deficient in (n-3) 
lowered serum vitellogenin content by 16% in September and by 26% in December. The degree of 
(n-3) PUFA incorporation moderately decreased in low density lipoproteins (LDL) and in HDL with 
the (n-3)-deficient diet. The effect was more pronounced for 20:5. On the other hand, essential 22:6 
was incorporated into vitellogenin at the same rate in September as in December with diet E (23% and 
25%, respectively), whereas after a 3-month deficiency, the percentage fell to 12%; this percentage 
rose again to 19% at spawning time. These findings show that, although stored (n-3) PUFA were not 
exhausted after a 6-month dietary deficiency, the incorporation of essential fatty acids (EFA) into 
viteUogenin during the early stages of oogenesis was low, suggesting changes in egg composition that 
may influence hatching. 
Lipids 19:522-528, 1984. 

INTRODUCTION 

During primary vitellogenic stages in trout 
(February to July), very small amounts of vitel- 
logenin (VG), the proteolipid precursor of egg 
yolk, are incorporated into oocytes and the 
serum concentrations remain below 20 jug/ml 
(1). Yolk accumulation really begins at the 
following stage, which is called exogenous 
viteUogenesis and corresponds to the uptake of 
yolk protein and lipids by oocytes as they grow 
from 0.6 mm to 4.5 mm (2). Lipids ingested 
during this period can be predicted to influence 
the fatty acid composition of egg lipids and, 
thus, the precursors that are carried in the 
serum. 

In a previous study (3), a group of  female 
trout were fed a diet deficient in (n-3) during 
the final 3 months of vitellogenesis, correspond- 
ing to four-fifths of oocyte growth. This period 
lasted from September to December. Analysis 
of serum and egg lipids at spawning showed a 
net decrease in total (n-3) fatty acids compared 
with a control group receiving cod-liver oil as 
the dietary lipid source. In the group deficient 
in (n-3), 22:6 was the major polyunsaturated 
fatty acid (PUFA) found in blood and eggs. 

These results suggest that the levels of essen- 
tial fatty acids stored in the tissues before and 
during the early stages of vitellogenesis were 
sufficient to provide the required (n -3 )PUFA 

for oocyte development. In terms of weight, 
egg development is minor during the first 3 
months of vitellogenesis. However, this period 
is physiologically important because oocyte 
structures are being organized, and essential 
fatty acids or their derivatives may play a role. 
Similar events occur in anadromous salmonids, 
which fast from the onset to the end of a 
spawning migration lasting 2-3 months or more. 
At the beginning of this period, the gonads are 
usually in the early stages of  maturation, and 
nutrients for the formation of sexual tissues are 
probably taken up from endogenous sources. 

We carried out the present experiment to 
evaluate the effects of a diet deficient in (n-3) 
given during the whole period of exogenous 
vitellogenesis. Serum lipids have been compared 
at the third month of vitellogenesis and at 
spawning. The distribution of components and 
levels of (n-3) PUFA were evaluated in vitel- 
logenin and other classes of  serum lipoproteins 
(LP) because all lipid vehicles can be used 
directly or indirectly for the formation of yolk. 

MATERIAL AND METHODS 

Animals 

Female rainbow trout (Salmo gairdneri) 
were reared at 12-15 C in freshwater tanks. 
They were fed a commercial diet from the 
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swimming-up stage to the experimental period. 
Dietary lipid accounted for 8-10% of the dry 
matter to provide the levels (1% of the d ie t )of  
(n-3) PUFA essential to the trout (4,5). The 
main (n-3) PUFA (in percentages of total fatty 
acids) were 18:3 (4-5%), 20:5 (1-2%) and 22:6 
(2-3%). 

In 1980, the trout were 3 years old and had 
begun the second reproductive cycle. On June 2 
they were divided into 2 groups of 19 fish, each 
fish weighing 1000-1200 g. After a starvation 
period of 15 days, the experimental diets, 
either enriched (E) with (n-3) or deficient (D) 
in (n-3), were given to each group. The sources 
of fatty acids were cod-liver oil in diet E and 
lard in diet D. The-fatty acid composition of 
those diets were, respectively: saturates-18.7,  
47.9; monoenes-46.8 ,  36.8; (n-6) polyenes-  
7.1, 12.2; (n-3) polyenes-25.4,  3.1 ; 20 :5 -9 .4 ,  
0.6; 22 :6 -10 .6 ,  1.0 (percentages of total fatty 
acids). 

In September, when the eggs were one-fifth 
developed (3), the fish were randomly divided 
into 2 subgroups (I and II) of 8-9 fish each 
(some died during the experiment). Ca. 10 ml 
of blood per fish was withdrawn from the 
dorsal caudal artery, and the animals were sub- 
sequently maintained in similar experimental 
conditions until  they were killed at spawning in 
December. Ca. 4 ml of serum per sample of 
blood was obtained after low-speed centrifuga- 
tion. Because of the small volumes, sera from 
all fish in each subgroup were pooled for analy- 
sis. In order to obtain baseline values of endo- 
genous lipid, the September groups were bled 
after 1 week of starvation. This starvation 
period was reduced to the 2 days following 
ovulation in the December groups because the 
ovulated eggs had to be stripped early when 
ripe. The serum was isolated and stored at 
- 80  C (6) and collected oocytes were stored at 
- 80  C for further analysis. 

Analytical Procedures 

Classes of LP were isolated by sequential 
ultracentrifugation at different densities (7,8). 
Briefly, a rotor 50 Ti was operated at 10 C and 
45,000 rpm (145,000 • g) in a Beckman L5 
50B centrifuge. The density intervals for LP 
flotation and the run times were: very low 
density lipoprotein (VLDL), 18 hr (d < 1.015 
g/ml); low density lipoprotein (LDL1), 24 hr 
(d 1.015-1.063 g/m1); LDL2, 24 hr (d 1.063- 
1.085 g/ml); high density lipoprotein (HDL), 
40 hr (d 1.085-1.21 g/ml); VG, 40 hr (d 1.21- 
1.28 g/ml). 

Electrophoresis in agarose gel revealed that 
LP (d < 1.21 g/ml) had greater mobility than 
VG, which migrated near the origin. The faster 

bands, LDL1 and LDL2 (unresolved), migrated 
close to HDL (6). Lipids were extracted from 
total serum and from the isolated LP or VG 
with chloroform/methanol (2:1, v/v) (9). Tri- 
glycerides (TG) and cholesterol were quantified 
using enzymatic procedures (Biochemica test 
combination Boehringer). Phospholipids (PL) 
were estimated by the method of Barlett (10) 
and protein according to the method of Lowry 
et al. (11). Lipid classes were fractionated by 
thin layer chromatography using hexane/ethyl 
ether/formic acid (120:60:1.5, v/v/v) as the 
solvent for development. After saponification 
of eluted spots by an excess of 15% alcoholic 
KOH at room temperature, methyl esters were 
prepared and analyzed (8). 

Gas chromatography was performed using an 
open-tubular glass column (0.5 mm i.d. • 50 m) 
packed with 0.38% free fatty acid phase (FFAP) 
as the stationary phase (Supelco, Inc., Belle- 
fonte, PA). The temperatures of the column 
and the injector were 190 C and 230 C. The 
peaks were identified by calculating the equiva- 
lent chain lengths (12). 

The pooled sera of each subgroup were 
assayed separately. The contents of the LP 
classes were estimated by analyzing their lipid 
and protein moieties. 

VG was evaluated in 2 steps: (a) the com- 
plex floating in the density range 1.21-1.28 g/ 
ml was pure but not quantitatively recovered, 
therefore, it was analyzed to obtain the ratio of 
protein to lipid; (b) VG lipid content was 
obtained indirectly from lipid analysis of the 
bottom fraction remaining after the LP classes 
(d < 1.21 g/ml) had been isolated. Electro- 
phoresis revealed that this fraction contained 
serum proteins and VG with practically no 
other lipids. Finally, VG levels were calculated 
from both the proteinqipid ratio and the lipid 
content. 

The levels of (n-3) PUFA in esterified lipid 
of serum were calculated by multiplying the 
ratio: [(n-3) PUFA (total 20:5 or 22:6)]/( total  
fatty acids) by the total fatty acid contents of 
esterified lipids (TG, cholesterol ester ICE] or 
PL). Total fatty acids were calculated from the 
serum content (mg/dl) in TG (a), CE (b) and 
PL (c) and the relative mean weight of fatty 
acids in these esters: TG fatty acids = a X 0.90; 
CE fatty acids = b • 0.44; PL fatty acids = 
c • 0.70. 

R ESU LTS 

Lipoprotein Analysis (LP d < 1.21 g/ml) 

Figure 1 clearly shows that serum LP levels 
were almost unmodified by the dietary defi- 
ciency i n  (n-3) PUFA and that HDL was the 
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FIG. I. Total serum contents (mg/dl) of tipopro- 
rein classes (d < 1.21 g/ml) and vitellogenin in female 
trout. Results are the mean values of the analyses (in 
duplicate or triplicate) of 2 subgroups of trout per 
diet. The same subgroups were used in September and 
December; each included the pooled sera of 8-9 fish. 

predominant class. The mean value of HDL of 
the 2 subgroups was 1500 mg/dl at both peri- 
ods for diet D. A variation between September 
and December was observed for diet E, but 
Student's t test revealed that results obtained 
from both samples did not differ significantly 
(mean-1580). 

Total LP levels (mg/dl serum) were not influ- 
enced by diet but they were higher in Septem- 
ber than in December, 3142 and 2858 com- 
pared with 2040 and 2132 for E and D. 

As shown in Figure 2, the VLDL class was 
responsible for the difference, showing a 90% 
decrease between September and December. 
The derivate LDLI was also affected. 

Properties of Viteliogenin 

Unlike LP (d < 1.21 g/ml), VG contents 
changed with the diet and the period in the 
cycle (Fig. 1). The comparison was performed 
by analyzing variance. The results show a sig- 
nificant difference between diets and periods. 
In September and December, the means of the 
2 subgroups were 3179 mg/dl and 6580 mg/dl 
(P < 0.02, for diet E, and 2684 and 4876 
(P < 0.05) for diet D. I n  addition, the differ- 
ence between September and December was 
significantly less (P < 0.05) with diet D than 
with diet E. 

(n-~) enriched d~et 

/ Ig 9 ~."-.::'-~ 

Sept Dec 

I, n - 3 )  d e f i c i e n t  C;et  

Sept Dec 

V L D L  ~ L D L 2  

LDL I ~ HDL 

FIG. 2. Mean weight (%) distribution of female 
trout lipoproteins (d < 1.21 g/ml) in relation to the 
diet and period of the sexual cycle. 

The composition of diet did not influence 
the distribution of the VG components. The 
lipid and protein percentages in VG for E and D 
in September and December were, respectively: 
cho les te ro l - l .0  throughout; CE-0 .5 ,  0.5, 0.6 
and 0.5; TG-5 .5 ,  5.0, 3.0 and 3.0; PL-14 .0 ,  
17.0, 14.0 and 14 .0 ;p ro te in -78 .5 ,  76.5, 81.4 
and 81.5. 

The (n-3) dietary deficiency did not change 
the protein-lipid ratio, which, however, was 
influenced by the period in the sexual cycle 
(3.3 in September and 4.2 in December). 

Fatty Acid Distribution 

At both seasons, the percentage of 18:1 
(n-9) was higher with diet D (18-23%) than 
with diet E (13-17%), but note that 20:3 (n-9), 
which is an index of combined (n-6) and (n-3) 
deficiency (4), was not found in circulating 
lipids. 

Table 1 shows that in the groups with diets 
enriched with (n-3), the proportion of 20:5 
was similar in the diet and the serum (ca. 10%), 
but circulating lipids were largely enriched in 
22:6 compared with the diet. In the groups 
deficient in (n-3), fatty acid 20:5 fell drastically 
in serum lipids, whereas 22:6 decreased at a 
moderate rate. 
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TABLE 1 

Fatty Acid Composition (Percentage of Weight) of Serum LP (d < 1.21 g/ml) 
and Vitellogenin in Female Trout 

525 

VLDL LDL 1 LDL 2 HDL VG 

Fatty acids Sept. Dec. Sept. Dec. Sept. Dec. Sept. Dec. Sept. Dec. 

Diet E 
Saturates 20.1 - 25.0 25.6 - 24.0 26.8 - 26.1 2 8 . 0 - 2 6 . 2  33.1- 30.7 
Monoenes 35.8 - 22.9 29.5 - 25.9 24.6 - 21.6 2 3 . 8 - 2 0 . 8  2 6 . 2 - 2 2 . 3  
Polyenes 44.1 - 42.1 45.9 - 50.1 48.6 - 52.3 5 8 . 2 - 5 3 . 0  4 0 . 7 - 4 7 . 0  

20:5 n-3 11.1 - 10.0 9.7 - 11.4 9.0 - 10.9 8.9- 10.8 6.8- 9.1 
22:6n-3 18.4 - 20.7 22,3 - 25.8 26.0 - 29.5 2 8 . 6 - 3 0 . 6  2 3 . 2 - 2 5 . 4  

22:6/20:5 1.6 - 2.0 2.3 - 2.2 2.9 - 2.7 3.2- 2.5 3.4- 2.9 

Diet D 
E Saturates 26.0 - 28.7 32.5 - 28.1 42.9 - 28.4 2 9 . 2 - 2 7 . 9  4 3 . 9 - 3 2 . 6  
~E Monoenes 45.5 - 36.2 31.7 - 29.1 23.9 - 26.3 2 7 . 6 - 2 5 . 2  2 7 . 1 - 2 6 . 9  

Polyenes 28.5 - 35.1 35,8 - 42.8 33.2 - 45.3 4 3 . 2 - 4 6 . 9  2 9 . 0 - 4 0 . 5  

20:5n-3 1.5 - 2.0 1,8 - 2.3 2.0 - 2.7 2.6- 2.9 1.5- 2.6 
22:6n-3 9.3 - 14.0 15,6 - 18.9 17.2 - 22.9 2 2 . 3 - 2 4 . 0  1 2 . 2 - 1 9 . 2  

22:6/20:5 6.2 - 7.0 8.6 - 8.2 8.6 - 8.5 8.6- 8.3 8.1 - 7.4 

Each result is the mean value of  subgToups I and I1 (see Fig. 1). 

Each  LP class s h o w e d  a s imilar  d i s t r i b u t i o n  
o f  f a t ty  acids in S e p t e m b e r  and D e c e m b e r  
w h e n  (n-3)  P U F A  were  p rov i ded  to t r ou t .  The  
p e r c e n t a g e  o f  20 :5  and  especia l ly  o f  22 :6  was  
s l ight ly  h ighe r  in D e c e m b e r  t h a n  in S e p t e m b e r  
in all LP classes (d < 1.21 g / m l )  and ,  at b o t h  
seasons ,  it inc reased  f r o m  V L D L  to HDL.  A 
s imi lar  f e a tu r e  was  obse rved  w i t h  the  diet  
def ic ien t  in (n-3) ,  wh i ch ,  as e x p e c t e d ,  s h o w e d  
a l o w e r  i n c o r p o r a t i o n  o f  (n -3)  P U F A .  At  b o t h  
seasons ,  on ly  1.5-3% o f  20:5  r e m a i n e d  in all 
classes o f  l i pop ro t e in s .  The  essent ia l  22 :6  de- 
creased b u t  r e m a i n e d  re la t ive ly  high.  The  inf lu-  
ence  o f  d i e t a ry  (n-3)  de f i c i ency  was  m o r e  p ro-  
n o u n c e d  in V L D L  and  the i r  der ivat ive,  L D L 1 ,  
and  to  a lesser degree  in L D L 2 ,  t h a n  in H D L ,  
w h i c h  was  m a i n l y  e n d o g e n o u s .  

Dur ing  vi te l logenesis ,  the  i n f l u e n c e  o f  diet  
on  the  n e w l y  s y n t h e s i z e d  V G  was m o r e  p ro-  
n o u n c e d  t h a n  w i t h  o t h e r  LP:  pe r cen t ages  o f  
22 :6  were  50% lower  in S e p t e m b e r  b u t  o n l y  
25% l o w e r  in D e c e m b e r ,  w h e n  D rep laced  E. 

F igure  3 s u m m a r i z e s  t he  d i s t r i b u t i o n  o f  
(n -6)  and  (n-3)  P U F A  in V L D L ,  the  class t ha t  
f l u c t u a t e d  m o s t ,  and in H D L  and  VG,  the  
m a j o r  classes, The  lack o f  d i e t a ry  (n -3)  P U F A  
caused  a decrease  in t h o s e  f a t t y  acids in t he  
s e r u m ;  this  co inc ided  w i t h  an increase  in (n-6)  
P U F A ,  especia l ly  20 :4  (n-6)  der ived f r o m  t h e  
18:2 inges ted .  F ina l ly ,  t he  l o w e r  levels o f  20 :5  
and  22 :6  were  par t ia l ly  ba lanced  by  an en-  
h a n c e m e n t  o f  20 :4  (n-6).  
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FIG. 3. Distribution of  dietary (n-3) and (n-6) 
PUFA, serum VLDL, HDL and vitellogenin at the 
third month of vitellogenesis (September) and at 
ovulation (December). Data are expressed in percent- 
age of total fatty acids: (n-6) PUFA: top of  diagram; 
(n-3) PUFA bot tom of diagram. 

The  q u a n t i t a t i v e  a spec t  o f  essent ia l  f a t t y  
acid t r a n s p o r t  e s t i m a t e d  b y  the  ca lcu la t ions  is 
s h o w n  o n  Table  2 a n d  Figure  4. PL carr ied  ca. 
55% o f  to t a l  (n-3)  P U F A  in S e p t e m b e r  a n d  
70% in D e c e m b e r ,  w h a t e v e r  diet  was  inges ted .  
F o r  a given diet ,  the  to t a l  s e r u m  levels o f  20 :5 ,  
as well  as o f  22 :6 ,  r e m a i n e d  in the  s a m e  range ,  
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FIG. 4. Contents of total (n-3) PUFA (20:5 and 
22:6) in LP (d < 1.21 g/ml) and in vitellogenin of 
trout serum (mg/dl). 

i.e., the higher amount in LP (d < 1.21 g/ml) 
corresponded to the lower amount in VG. 

The overall effect of (n-3) deficiency on 
serum levels of (n-3) fatty acids was a 55% 
decrease in September and a 48% decrease in 
December. 20:5 was affected more drastically; 
it fell by 6 times and 4.5 times, whereas 22:6 
only fell by 1.7 times and 1.5 times. 

v 

II 

DISCUSSION 

The high level of VLDL during vitellogenesis 
is consistent with the well-known effect of 
estrogens in oviparous vertebrates, i.e., the in- 
duction of liver biosynthesis of VLDL and VG 
(13-15). In the present work, the higher serum 
VG content in December might represent an 
excess of the complex previously synthesized 
and subsequently catabolized by another path- 
way. Serum estrogen levels are usually low at 
spawning time. In a normal 1-year seasonal 
cycle, estradiol levels in female trout serum rise 
at the onset of exogenous vitellogenesis, the 
maximum being reached in October (16,17) or 
at the end of vitellogenesis, some weeks before 
spawning (2). The VG levels found by White- 
head et al. (16) were 1250 mg/dl in September 
and 2800 mg/dl in December. On the other 
hand, van Bohemen (18) recovered  100 mg/dl 
or less during previtellogenesis and endogenous 
vitellogenesis. These levels varied during exo- 
genous vitellogenesis, reaching 1290 mg/ml in 
November and decreasing during the following 
months�9 

These authors' values are lower than the 
ones we obtained by chemical analysis of the 
components, but note in all cases, even with the 
(n-3)-deficient diet, VG levels were 2 times 
higher at spawning time than during exogenous 
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vitellogenesis. Some observations suggest that, 
in addition to VG, circulating LP (d < 1.21 g/ 
ml) may enter the ovary of  trout. In the pre- 
vious experiment (3), the higher levels of (n-3) 
PUFA in lipovitellin than in VG suggested that 
LP (d < 1.21 g/ml), which was the vehicle for 
more (n-3) PUFA than VG, contributed to 
oocyte lipids. In addition, LP uptake by ovary, 
at least of VLDL, has now been largely proved 
in other oviparous species, such as hen. Using 
labeled amino acids, Holdsworth et al. (19) 
demonstrated in 1974 the direct transfer of 
serum VLDL protein into egg LP. Later, Evans 
et al. (20) observed that the basal lamina was 
permeable to circulating VLDL of the laying 
fowl. 

If some data lead us to speculate on VLDL 
uptake by ovary, very little is known about the 
fate of the HDL class that reaches very high 
levels during gonadal development in both 
sexes. In a previous experiment (8), serum 
HDL levels in 2 groups of spermiating trout 
were higher than 1000 mg/dl, and this class 
accounted for more than 50% of the total LP. 
On the contrary, in a group where most fish 
were sexually immature, VLDL and LDL were 
the predominant classes in September. These 
findings underline the relationships between 
plasma LP profiles and sexual maturation, but 
the regulation of  HDL levels and the effects of 
hormones (sexual and others) are still unknown. 

The absence of any effect of (n-3) deficiency 
on the protein-lipid ratio of VG at a given 
season suggests that the organization of the 
complex was not affected. The higher value in 
December than in September may reflect a 
protein enrichment from the onset of vitel- 
logenesis to spawning. Regular analysis through- 
out the annual cycle is required to test eventual 
changes in the component distribution of  VG. 
The values reported by Wiegand and Idler (21) 
are in the same range as ours because they 
found 79% protein and 21% lipid. 

In all studies, phospholipid is the predomi- 
nant lipid class, accounting for more than 70% 
by weight. The VG composition of other spe- 
cies of fish studied is similar; in the elasmo- 
branch, Scyliorhinus canicula (22), and in 
goldfish (23) lipid represents 18% and 21% of 
total VG. 

The present data clearly show that the effect 
of the (n-3) deficient diet on plasma fatty acids 
was more pronounced in September than in 
December and that VG was more affected than 
LP (d < 1.21 g/ml). In the previous study (3), 
the diet deficient in (n-3) was only ingested 
during the last 3 months of vitellogenesis. When 
comparing results obtained in December, the 
trout of the present experiment were subjected 

to extended depletion. Consequently, they had 
to mobilize stored (n-3) PUFA throughout the 
6 months of exogenous vitellogenesis, and 
possibly the mechanisms for mobilization and 
bioconversion became more intense during the 
last 3 months, when oocyte growth was at its 
peak. Thus, the process of adapting to the 
deficient diet during this period might enhance 
EFA incorporation into VG, which constitutes 
a reserve of food and structural lipids for the 
future embryo. 

The change in the ratio 22:6/20:5 was 
caused mainly by an almost complete absence 
of 20:5, but 20:5 and 22:6 are both essential to 
growth (24). Recently, the influence of essen- 
tial fatty acid (EFA) deficiency has been re- 
viewed by Watanabe (25), who found that trout 
fed an EFA-deficient diet for 3 months before 
spawning matured but that egg production 
decreased, the hatching rate was low and some 
fish larvae were deformed. 

Our experiments did not study this question, 
but chemical analysis showed that a (n-3) 
deficiency during the last 3 months of vitello- 
genesis had a moderate effect on 22:6 (n-3) 
incorporation into egg lipids, whereas 20:5 
decreased by 50% (3). 

In mammals, PUFA (n-6 and n-3) are esesen- 
tial to the developing brain and may also play a 
role in the excitation of nerves (26). This fea- 
ture suggests that in fish the maternal defi- 
ciency of 20:5 and 22:6 may affect embryonic 
development and larval mobility. 

In fish, the oxidative pathways of 20:5 
metabolism are not yet widely studied but 
hydroxy derivatives of 22:6 were recently 
found in trout gills (27). 

Our data lead to the conclusion that a diet 
deficient in (n-3), given to trout during exo- 
genous vitellogenesis, did not affect the lipo- 
protein profile but changed PUFA distribution 
in serum lipids. The very low levels of 20:5 
in VG and the fact that 22:6 was incorporated 
into the complex to a lesser extent during the 
early stages of oogenesis than at spawning 
might cause structural oocyte damage and 
affect the reproductive process. 
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ABSTRACT 

Fatty acids of Sterculia foetida were added to the medium used to maintain the Morris hepatoma 
7288C in culture. The effect of this supplement on the lipid composition was examined. Overall, 
monoene levels were decreased with 18:1 levels reduced by 40%. Saturated fatty acid levels were 
increased, with stearate (18:0) levels 220% of control values. No effect occurred on the level of poly- 
unsaturates (18:2, 20:4, 22:5, 22:6). These changes in fatty acid makeup were observed in both neu- 
tral and phospholipid fractions, and all lipid classes were affected. Triglycerides were most affected 
with a 66% decrease in 18:1. There appeared to be little specificity of effect in the phospholipids with 
18:1 levels decreased 40-60% in all classes. All classes were therefore dependent on an endogenous 
supply of 18:1. Examination of the distribution of geometrical isomers of 18:1 reveals that in all lipid 
classes, except diphosphatidylglycerol (DPG), the ratio of All  to ,a9 isomer decreased toward the 
isomeric distribution displayed by to tal medium lipids. In DPG, although 18:1 levels were lowered, the 
isomeric distribution increased. DPG, synthesized and found in the mitochondria, may use a separate 
pool of 18:l during synthesis. Cyclopropene fatty acids (sterculic and malvalic)were incorporated 
into both neutral and phospholipid fractions with preferential incorporation into triglycerides. 
Cyclopropene fatty acids were not selectively incorporated into any phospholipid species. Sphingo- 
myelin did not incorporate cyclopropene fatty acids, indicating that a different class of acyltransferase 
is used in the formation of this phospholipid class. 
Lipids 19:529-538, 1984. 

INTRODUCTION 

The Morris hepatoma 7288C (HTC), grown 
in tissue culture, exhibits abnormally high 
levels of 18:1 when compared with liver. Par- 
ticularly noticeable are the high levels of 18:1 
in the phosphoglycerides, major components of 
the membranes. This aberration in fatty acid 
composition is not unique to this cell line, but 
rather is a common phenomenon, observed 
among a variety of hepatoma cell lines (1-5). 
The f a t t y  acid composition of the HTC cell is 
carefully maintained. Alterations in the serum 
content of medium used to maintain the Morris 
hepatoma cells in culture and growth in fat-free 
medium fail to effect changes in the lipid com- 
position of these cells (5). The ubiquity of 
elevated 18:1 levels and the ability of this cell 
line to maintain a particular fatty acid composi- 
tion indicate that maintenance of 18 : 1 levels in, 
at least the phospholipid fraction of neoplastic 
cells, is of importance in maintenance of proper 
cellular function. 

The source of 18:1 in these cells is presently 
not well defined. The growing cells may obtain 
18:1 either through incorporation of 18 : 1 from 
the surrounding medium (exogenous) or 
through synthesis within the cell (endogenous). 
Synthesis within the cell may be accomplished, 
through the stearoyl-CoA desaturase system, 
either by production, from acetyl-CoA and 

malonyl-CoA, through de novo synthesis, or 
through the desaturation of exogenous stearate 
(18:0). The contribution that these pathways 
make toward the 18:1 requirements of this cell 
line during rapid growth is unknown. Also in 
question is the dependence of individual neutral 
and phospholipid species on endogenously or 
exogenously supplied 18:1. Considering the 
divergent pathways involved, certain classes 
may rely more heavily on different fatty acid 
pools. Rapidly growing cells may selectively 
maintain high levels of 18:1 in certain lipid 
classes, particularly the membrane phospho- 
lipids, because of their importance in cellular 
function. Alterations in membrane fatty acid 
composition have been shown to affect the 
activity of membrane-bound enzyme (6), 
including the mammalian stearoyl-CoA desatu- 
rase system (7), as well as the permeability of 
membranes to nonionic small molecules, e.g., 
glycerol, ethanol and so forth (8). The ability 
of normal liver to selectively maintain the fatty 
acyl integrity of phospholipids has been demon- 
strated (9). 

Sterculic acid, an inhibitor of the stearoyl- 
CoA desaturase system (10,11), was added to 
the medium used to grow the Morris hepatoma 
7288C in order to determine the importance of 
this desaturase system for the maintenance of 
high 18 : 1 levels. The individual neutral and 
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phospholipid classes were examined to deter- 
mine the ability of neoplastic cells to preserve 
the fatty acid composition of specific lipid 
classes. 

MATERIALS AND METHODS 

Preparation of Sterculia foetida Fatty Acids 

Stereulia foetida seeds were purchased from 
United Chemical and AP, Calcutta, India. 
Its seed oil was obtained by extracting the 
crushed seed kernel with hexane. Solvent was 
removed by flash evaporation and fatty acids 
were prepared by saponification with 1 N KOH 
in 70% ethanol for 1 hr at 100 C. Fatty acids 
were extracted after neutralization with hexane 
and purified on thin layer chromatography 
(TLC) using Silica gel G (MC/B Manufacturing 
Chemists, Inc., Cincinnati, OH) in a chloroform 
solvent system. Analysis of fatty acid methyl 
esters on gas liquid chromatography (GLC) 
revealed that sterculic acid constitutes 57.4% 
of the fatty acid mass. Other fatty acids were 
palmitate (13.1%), malvalate (14.5%), octa- 
decenoate (5.6%), linoleate (5.2%), stearate 
(1.6%) and unknowns (2.6%). Sterculia foetida 
fatty acids were added to the culture medium 
in ethanol. Final ethanol concentration in the 
medium was 0.1%. 

Growth of HTC Cells 

Morris hepatoma 7288C cells were plated in 
roller culture flasks and allowed to attach over- 
night in Swim's 77 minimal essential medium 
supplemented with NaHCO3 (2.2 g 1-1), gluta- 
mine (292 mg 1-1), CaC12"2H20 (265 mg 1-1), 
cystine (12 mg 1-1), penicillin (60 mg 1-1), 
phenol red (5 mg 1-1 ), fetal calf serum and calf 
serum (5% by volume each). This medium is 
designated "5/5." After attachment, the 
medium was removed and 100 ml of 5/5 
medium containing fatty acids of S. foetida 
(20 /ag m1-1) was added. To control cells was 
added 100 ml of 5/5 medium containing 0.1% 
ethanol. Media were changed daily. Cells were 
grown for a period of at least 5 doubling times 
before harvest. 

For harvest, medium was removed and cells 
washed with phosphate buffered saline (PBS), 
pH 7.4, and released with trypsin. Trypsin was 
inhibited after 3 min at 37 C with the addition 
of 5/5 medium and cells were counted using a 
Neubauer counting chamber. Cells were pel- 
leted at 70 x g for 10 min and resuspended in 
PBS containing defatted bovine serum albumin 
(2 mg m1-1 ), remaining on ice for 5 min. Cells 
were pelleted again and supernatant removed. 
The cellular pellet was weighed in a tared 
centrifuge tube and stored at - 80  C. 
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Lipid Analysis 

Frozen cells were lypophilized in tared flasks 
and weighed to obtain dry weight. The total 
lipid fraction was extracted twice by the modi- 
fied method of Bligh and Dyer (12). The 
extracts were combined and solvent removed 
by flash evaporation. Lipid was redissolved in 
chloroform and filtered through a fritted glass 
filter (fine mesh) in order to remove con- 
taminating protein. Phospholipid and neutral 
lipids were separated using silicic acid chroma- 
tography (13). Total fipid, neutral lipid and 
phospholipid were quantitated gravimetrically 
after solvent was removed. Phospholipid and 
neutral lipid classes were separated using thin 
layer chromatography (TLC) (12). For analysis 
of geometrical isomers of octadecenoic acid, 
diphosphatidylglycerol (DPG) was further puri- 
fied (to remove phosphatidic acid) by TLC 
using a .5 mm HR plate in chloroform/meth- 
anol/30% ammonia (65:25:5, v/v/v). Free fatty 
acids from the various classes were produced by 
saponification using 1N KOH in 70% ethanol 
for 2 hr at 100 C, and extracted 3 times using 
hexane after the saponification mixture was 
neutralized with He1. When quantification was 
desired, a known amount  of internal standard, 
heneicosanoic acid (21:0), was added before 
saponification. Methyl esters were produced 
using diazomethane (14). Fatty acid methyl 
esters (FAME) were treated with methanol 
saturated with AgNO3 to produce the methoxy 
derivatives of sterculic and malvalic acids (15). 
FAME were analyzed using GLC on a 10% 
SP2330 column (5 ft) (Supelco, Inc., Belle- 
fonte, PA), temperature programmod from 
140C to 210 C at 3 C/rain using a Varian 
Model 3700 chromatograph. Isomers of 18:1 
were separated using a 25 meter OV-101 capil- 
lary column at 150C. Quantitation of the 
individual phospholipid classes separated by 
TLC was determined by phosphorus analysis, 
according to the procedure' of Rouser et al. 
(16). All solvents used in analyses and extrac- 
tions were distilled in glass (Burdick and Jack- 
son Laboratories, Inc., Muskegon, MI). 

R ESU LTS 

Table 1 shows the effects of growth of HTC 
cells in sterculic acid supplemented medium on 
total lipid, neutral lipid and phospholipid con- 
centrations. A slight but significant increase 
(P < .005) occurred in dry weight per cell, 
accompanied by a similar increase (.01 > P > 
.005) in total lipid concentration in the cells 
supplemented with sterculic acid. This increase 
was caused primarily by the increased levels of 
neutral lipids, whereas phospholipid content 
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TABLE 1 

Effect of Cyclopropene Fatty Acids on the Total Lipid, Neutral Lipid and 
Phospholipid Content of Morris Hepatoma 7288C 

531 

Dry weight Total lipid Neutral lipid Phospholipid 
(mg/109 cells) (mg/10 9 cells) (mg/10 9 cells) (mg/109 cells) 

-CPFA 373 -+ 13 50.3 -+ 3.5 16.1 -+ 1.7 36.1 -+ 1.1 
+ CPFA 427 • 12 60.9 -+ 2.3 20.2 + 2.1 37.8 • 0.9 

CPFA = cyclopropene fatty acids. 

TABLE 2 

Effect of Cyclopropene Fatty Acids on the Phospholipid Profile of the Morris Hepatoma 7288C 

Relative percentage of phospholipid class 

o SPH PC PI PS PE DPG + PA 

- CPFA 1.0 _+ 0.5 9.5 -+ 0.8 39.2 _+ 1.6 9.4 • 0.4 6.7 -+ 0.4 27.2 -+ 1.4 5.2 -+ 0.1 
+ CPFA 1.1 + 0.3 9.0 • 0.3 39.4 -+ 1.4 9.3 • 0.3 6.9 -+ 0.3 27.9 -+ 1.2 5.1 • 0.1 

O = origin of TLC plate, SPH = sphingomyelin, PC = phosphatidylcholine, PI = phosphatidylinositol, PS = 
phosphatidylserine, PE = phosphatidylethanolamine, DPG = diphosphatidylglycerol, PA = phosphatidic acid, 
CPFA = cyclopropene fatty acids. 

r ema ined  unchanged .  The  increase in neu t r a l  
l ipid c o n t e n t  was p r o b a b l y  caused  b y  increased  
t r ig lycer ide  levels resu l t ing  f rom t he  sequester-  
ing of  added  f a t t y  acids. Phospho l ip id  levels 
were una f fec t ed ,  as was the  d i s t r i bu t ion  of  
phos pho l i p id  species (Table  2). 

E x a m i n a t i o n  of  the  ef fec t  of  s tercul ic  acid 
o n  levels of  o the r  f a t t y  acids in the  t o t a l  l ipids 
of  these  cells (Table  3) reveals t h a t  18:1 levels 
were lowered  d ramat ica l ly  (40%).  Hexadeceno-  
ate ( 1 6 : 1 )  levels were r educed  as well. This  
r e d u c t i o n  in m o n o e n o i c  f a t t y  acid levels was 
a c c o m p a n i e d  b y  increases in t he  level of satu- 
r a t ed  f a t t y  acids 16 :0  and  18:0.  The  po lyeno ic  
f a t t y  acid levels (18 :2 ,  20 :4 ,  22 :5 ,  2 2 : 6 )  re- 
ma ined  una f fec t ed .  B o t h  sterculic acid and  
malvalic acid, p resent  in the  med ium,  were 
i n c o r p o r a t e d  in to  cellular lipids, mak ing  up 
14.6% and  3.3% of  the  to ta l  f a t t y  acid mass.  
These  effects  were observed  in b o t h  neu t r a l  
l ipid and  phospho l i p i d  f ract ions .  Table  4 shows 
t h a t  the  phospho l i p i d  f a t t y  acid prof i le  ex- 
h ib i t ed  t he  same p e r t u r b a t i o n s  observed  in t he  
t o t a l  lipid f rac t ion ,  w i t h  decreased 16:1 and  
18:1 and  increased levels of  the  sa tura tes .  
Neut ra l  l ipids were a f fec ted  to  a greater  degree 
because  18:0  was increased 4-5 fold.  B o t h  
neu t r a l  l ipid and  p h o s p h o l l p i d  f r ac t ions  incor-  
po ra t ed  t he  c y c l o p r o p e n e  f a t t y  acids s tercul ic  
and  malvalic acids. These  were f o u n d  as 11% of  
t he  phospho l i p id  f a t t y  acids while  compr i s ing  
26% of  the  to ta l  f a t t y  acid mass in  neu t r a l  
lipids. 

E x a m i n a t i o n  of  t he  f a t t y  acid c o m p o s i t i o n  
of  t he  indiv idual  neu t r a l  l ipid classes (Tab le  5) 
shows t h a t  all 3 c l a sses - t r ig lyce r ides  (TG),  free 
f a t t y  acid ( F F A )  and  s terol  esters ( S E ) - e x -  
h ib i t ed  the  same t r ends  as observed  before .  TG 
showed  t he  greates t  changes ,  w i th  18 : 1 decreas- 
ing f rom 66.2% to 22.2% w h e n  cells were  
t r ea ted ,  and  18:0  increasing f rom 7.4% to  
26.4% (a 3.6-fold increase  over the  u n t r e a t e d  
cells). Least  a f fec ted  wi th in  the  neu t r a l  l ipids 
were  s terol  esters, wh ich  s h o w e d  a decrease 
f rom 37.7% to 24.1% in 18:1 and  on ly  a 1.9- 
fold increase in 18:0  levels. Sterculic and  
malvalic acids were i n c o r p o r a t e d  in to  all 3 neu-  
t ra l  l ipid classes, w i th  TG showing  the  greates t  
degree of  i nco rpo ra t i on .  Cyc lop ropene  f a t t y  
acid made  up  26% of  t he  f a t t y  acid mass in  this  
l ipid class. Cyc lop ropenes  compr i sed  16% of  
the  f a t t y  acid mass  in  t he  s terol  esters whereas  
F F A  showed  t he  least degree of  i n c o r p o r a t i o n  
wi th  cyc lop ropene  f a t t y  acid compr i s ing  less 
t han  6% of  the  t o t a l  f a t t y  acid mass. 

E x a m i n a t i o n  of  individual  p h o s p h o l i p i d  
classes (Tables  6 and  7) shows tha t ,  t h r o u g h o u t  
all classes, the  same general  t r ends  were ob-  
served. Monoenes  decreased  whereas  sa tu ra ted  
f a t t y  acids increased.  Li t t le  select ivi ty  appears  
for  these  effects  a m o n g  the  phospho l i p id  
classes. Sph ingomye l in  (SPH),  w h i c h  no rma l ly  
con ta ins  pr imar i ly  sa tu ra ted  f a t t y  acids, showed  
the  least  a m o u n t  of  change.  All of  the  p h o s p h o -  
l ipid classes i n c o r p o r a t e d  less cyc lop ropene  
f a t t y  acids t han  the  neu t ra l  lipids. Phospha-  
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TABLE 7 

Effects of Cyclopropene Fatty Acids on the Fatty Acid Composition of Phosphatidylinositol, 
Phosphatidylserine, Diphosphatidylglycerol and Phosphatidic Acid in the Morris Hepatoma 7288C 

535 

l:atty acid percentages 

14:0 16:0 16:1 17:0 17:1 18:0 18:1 

PI a 
-CPFA 
+CPFA 

PS 
-CPFA 
+CPFA 

PA + I)PG 
-CPFA 1.2 (0.2) 
+CPt"A 1.4 (0.1) 

3.5 (0.5) b 2.0 (0.3) 0.3 (0.1) 0.3 (0.1) 46.4 (0.7) 39.1 (1.1) 
3.6 (0.4) 0.4 (0.1) 0.4 (0.1) 0.2 (0.0) 55.6 (0.8) 16.3 (0.6) 

4.7 (0.5) 1.7(0.3) 0.6 (0.1) 0.5 (0.1) 34.3 (1.4) 49.3 (0.7) 
4.9 (0.3) 0.7 (0.2) 0.6 (0.1) 0.3 (0.1) 48.4 (1.4) 24.0 (0.7) 

10.0 (0.5) 7.2 (0.7) 0.5 (0.1) 0.9 (0.2) 7.9 (1.1) 48.6 (0.6) 
12.2(0.8) 2.8(0.2) 0.7(0.1) 0.6 (0.1) 15.5(1.6) 30.8(0.8) 

Fatty acid percentages 

18:2 20:1 20:4 22:5 22:6 SA MA 

PI a 
-CPFA 2.8 (0.1) 1.6 (0.7) 3.0 (0.5) 1.0 (0.1) T - - 
+C}'['A 2.8 (0.1) 1.6 (0.1) 2.5 (1.2) 1.3 (0.1) 0.7 (0.1) 8.5 (0.4) 6.1 (0.8) 

PS 
-CPFA 4.0 (0.5) 1.8 (0.4) 1.3 (0.4) 1.2 (0.1) 0.6 (0.2) - - 
+CPFA 6.2 (0.5) 1.1 (0.1) 2.1 (0:7) 2.3 (0.6) 1.6 (0.5) 5.8 (0.7) 2.0 (1.0) 

PA + DPG 
-CPFA 19.3 (1.2) 1.0 (0.3) 0.9 (0.2) 1.3 (0.3) 1.2 (0.3) - - 
+CPFA 26.0 (1.9) 0.5 (0.1) 2.0 (1.1) 2.3 (0.2) 0.6 (0.1) 3.6 (0.6) 1.4 (0.4) 

apl = phosphatidylinositol, PS = phosphatidylserine, I)PG = diphosphatidylglycerol, PA = phosphatidic acid, 
SA = sterculic acid, and MA = malvalic acid, CPFA = cyclopropene fatty acids. 

bValues in parentheses represent the standard deviations from 4 separate samples. 

t idylchol ine  (PC), phospha t idy le thano lamine  
(PE), phosphat idy lser ine  (PS) and combined  
d iphospha t idy lg lycero l  and phospha t id ic  acid 
all showed cyc lopropenes  to make up less 
than 9% of the  total  fa t ty  acid mass, whereas 
phospha t idy l inos i to l  (PI) incorpora ted  more  
(14.6%). SPH incorpora ted  no cyc lopropenes .  

Table 8 shows that ,  when t reated for long 
periods of  t ime .(5 doubl ing periods) ,  the iso- 
meric profile o f  oc tadecenoa tes  t ended  to simu- 
late that  of  the medium.  Vaccenate  cons t i tu t ed  
31.5 + 2.2% of the 18:1 found  in the total  lipid 
f ract ion in contro l  cells, with oleate (A9) 
making up the remainder .  Vaccenate  consti-  
tu ted  only 19.9-+ 1.9% of  the total 18:1 con- 
tent  in the t rea ted  cells; much closer to the 
14.7% value observed in the medium lipids. 
Examina t ion  of the individual lipid classes 
reveals that  all classes, with the excep t ion  of  
DPG, were af fec ted .  Most not iceably  af fec ted  
were the  phosphol ipids .  PE and PS in t reated 
ceils demons t r a t ed  a lower vaccenate percent-  
age than that  o f  total  medium lipid, and resem- 
bled the F F A  fract ion of  the medium.  DPG did 

not  show a decrease in vaccenate;  in fact  the 
vaccenate percentage increased from 40.5% to 
54.5%. 

DISCUSSION 

Addi t ion of  S. foetida seed oil to the feed of 
host  animals bearing Morris h ep a t o ma  7288- 
CTC (9) or to the culture med ium used to 
maintain the Morris h ep a t o ma  7288C (17,18) 
in previous studies has had little or no effect  on 
the fat ty acid profile of  this t umor  tissue. The 
addi t ion  of  FFA of  S. foetida in this s tudy,  
however,  e f fec ted  rather  drastic changes in the 
fa t ty  compos i t ion  of  the Morris hepa toma  
7288C. The reason for this d iscrepancy is prob-  
ably the inabili ty of  these cells to  incorpora te  
and use fa t ty  acids when esterif ied,  in the form 
of  complex  lipids such as TG, as in S. foetida 
seed oil. Of the various forms  in which fa t ty  
acid may exist in the medium,  the FFA form is 
probably  the most  readily taken up by cells in 
culture.  FFA,  bound to a lbumin,  serve as an 
excel lent  substrate  for uptake in bo th  neo- 
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TABLE 8 

Effects of Cyclopropene Fatty Acids on 
Octadecenoate Isomer Percentages in Various Lipid 

Classes in the Morris Hepatoma 7288C 

Percentage of A11 isomer a 

Lipid class -CPFA +CPFA 

Cellular lipids 
TG c 35.3 
SE 29.9 
FFA 41.8 
PC 33.4 
PE 21.4 
SPH 31.4 
PI 24.1 
PS 16.2 
DPG 40.5 
Total lipids 31.5 

Medium lipids 
FFA 9.4 
TG 20.0 
SE 15.3 
PL 13.5 
Total lipids 14.7 

• 1.1 b 24 .9•  
•  23 .0•  
•  27 .4•  
•  18 .4•  
• 1.1 11.9• 
•  17 .7•  
• 1.0 16 .0•  
• 10 .2•  
•  54 .5•  
• 19 .9•  

aThe A9 isomer constituted the remainder of  the 
isomeric makeup in cellular lipid. A small percentage 
of A12 was observed in the serum lipid (>3%). This 
isomer was not found in cellular lipid and was dis- 
regarded in the calculations. 

ba l l  values for cellular lipid represent the average 
+- SD for 4 samples. Values for serum lipids represent a 
single determination. 

CTG = triglycerides, SE = sterol esters, FFA = free 
fatty acids, PC = phosphatidylcholine, PE = phos- 
phatidylethanolamine, PI = phosphatidylinositol, PS = 
phosphatidylserine, SPH = sphingomyelin, DPG = 
diphosphatidylglycerol, PL = total phospholipids. 

plast ic  (19 ,20 )  and  non-neop las t i c  cell l ines 
(21) .  Complex  lipids, e.g., TG,  are i n c o r p o r a t e d  
in to  cu l tu red  cells, a l t h o u g h  at  m u c h  lower  
rates.  Bailey et  al. (22) ,  work ing  w i th  L-strain 
mouse  f ibroblas t s ,  r e p o r t e d  t h a t  TG were incor-  
po ra t ed  at o n e - t e n t h  the  ra te  of  the  F F A  
whereas  p h o s p h o l i p i d  was n o t  used b y  the  cells. 
Ehrlich ascites ceils are able to  use TG present  
in the  asci tes  plasma very low dens i ty  l ipopro-  
reins  (23 ,24) ,  a l t h o u g h  at a m u c h  s lower  
ra te  when  c o m p a r e d  to FFA.  Stercul ic  acid,  
w h e n  p resen ted  as the  oil (pr imar i ly  as tr iglyc- 
er ides)  in t he  cu l ture  m e d i u m ,  can r easonab ly  
be  assumed no t  to  be  i n c o r p o r a t e d  in to  the  
HTC cells and  the re fo re  had  no  effect .  When  
fed to the  host  an ima l  bear ing  the  Morr is  
h e p a t o m a  7288CTC (9),  s tercul ic  acid m ay  
have been  seques te red  by  the  liver and  never  
ac tua l ly  p re sen ted  to the  h e p a t o m a ,  or ,  if i t  is 
p resent  in the  su r r ound i ng  fluid,  it is a g a i n  
ester i f ied in c o m p l e x  l ipids and  no t  readi ly  
i nco rpo ra t ed .  H y p e r a l i m e n t a t i o n  or i n t r a v e n o u s  
in jec t ion  of  s tercul ic  acid m a y  yield a l t e ra t ions  

in t he  f a t t y  acid c o m p o s i t i o n  of  solid t u m o r s  
m a i n t a i n e d  in t he  host .  

The  add i t i on  of  c y c l o p r o p e n e  fa t ty  acids 
caused a 40% r e d u c t i o n  of  18:1 levels in these  
cells. Stercul ic  acid inh ib i t s  t he  f o r m a t i o n  of  
m o n o e n o i c  f a t t y  acids (11) ,  and  r ecen t ly ,  re- 
suits  f r om this  lab have  s h o w n  tha t  s tercul ic  
acid is able to  inh ib i t  m o n o e n e  synthes is  
t h r o u g h  de novo  synthes i s  and  b y  d e s a t u r a t i o n  
of  exogenous  s teara te  in this  cell line. The  
decrease  in m o n o e n e  levels m a y  be  caused by  
the  i nh ib i t i on  of  t he  s tea roy l -CoA desaturase  
sys tem,  and  thus  the  synthes is  o f  18:1 w i t h i n  
t he  cell, and  the  inab i l i ty  of  exogenous  18:1 to 
b e c o m e  i n c o r p o r a t e d  because  of  c o m p e t i t i o n  
f rom the  added  S. foetida f a t t y  acids. A l t h o u g h  
the  l a t t e r  m a y  be involved,  the  ma jo r  fac to r  in- 
volved in the  r e d u c t i o n  of  18:1 levels is p rob-  
ably  the  i n h i b i t i o n  of  t he  s t ea roy l -CoA desatu-  
rase system.  The  levels of  o t h e r  f a t t y  acids, 
inc lud ing  l inoleic acid (an  essential  f a t t y  acid),  
are no t  reduced .  In fact ,  s a tu ra ted  f a t t y  acid 
levels are increased.  This  increase  is caused by  
synthes i s  or i n c o r p o r a t i o n  of 18:0,  wh ich  
would  no rma l ly  be  desa tu ra t ed  to  fo rm 18:1. 
The  data  suggest t ha t  t he  s tea roy l -CoA desatu-  
rase sys tem,  a l t h o u g h  low in th is  t issue w h e n  
measu red  in vi t ro (25)  in  these  cells, is responsi-  
ble for  a ma jo r  p o r t i o n  of  t he  18:1 observed.  
This  m a y  be t he  case in o t h e r  h e p a t o m a  cell 
l ines (26-28) ,  wh ich  display low levels of 
desa turase  act ivi ty.  

C y c l o p r o p e n e  fa t ty  acids (s tercul ic  acid) 
e f f e c t e d  a l t e ra t ions  in t he  f a t t y  acid prof i le  of  
b o t h  neu t r a l  l ipids and  phosphol ip ids .  All l ipid 
classes were d e p e n d e n t  on  the  s tearoyl -CoA 
desa turase  sys tem because  all n eu t r a l  and  phos-  
phol ip id  classes were  af fec ted .  These  resul ts  
con t r a s t  w i th  those  o b t a i n e d  f rom n o r m a l  ra t  
fiver (9).  A l t h o u g h  fed  as the  oil, cyc lop ropenes  
were able  to  a f fec t  the  l ipid c o m p o s i t i o n  of rat  
liver. The  liver of  ra ts  given a d ie t  s u p p l e m e n t e d  
w i th  0.5% S. foetida seed oil  d e m o n s t r a t e d  
decreased levels of  18:1 in the  neu t ra l  lipids 
whereas  phospho l i p id  f a t t y  acid c o m p o s i t i o n  
was unaf fec ted .  A l t h o u g h  18:1 levels were un-  
a f fec ted  in phosphol ip ids ,  t he  vaccena te  (A11)  
to  o lea te  (A9)  ra t io  decreased  in this  f rac t ion ,  
ind ica t ing  an  a l t e r a t ion  in the  source  of  18:1 
for  phosphoglycer ides .  The  m a i n t e n a n c e  of  
phosphog lyce r ide  18:1 levels may  have been  
achieved t h r o u g h  t he  select ivi ty  of  acyl t rans-  
ferases for  m o n o e n o i c  f a t t y  acids dur ing  phos-  
phoglycer ide  synthes is  or t h r o u g h  a deacyla-  
t ion - reacy la t ion  process  (Land ' s  cycle)  (29)  
once  synthes i s  is comple te .  An  a l te rna t ive  r o u t e  
of o lea te  b iosynthes i s ,  insensi t ive to  s tercul ic  
acid, has  been  suggested as a possible  source  of  
18:1 in liver (9). A l t e ra t ions  in acyl t ransferase  
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activities (30,31),  as well as activities o f  the  
Land's  cycle (31), have been demons t ra ted  in 
neoplast ic  tissue. Disfunct ion of  these regula- 
tory  mechanisms in the hepa toma  may  explain 
this tissue's inabi l i ty  to maintain phospho-  
glyceride fa t ty  acid composi t ion .  

Sterculic and malvalic acids were incorpo-  
rated into most  lipid classes of  HTC cells with 
preferential  incorpora t ion  into triglycerides.  
Incorpora t ion  of  sterculic acid into the  com- 
plex lipids of  normal  tissue ( t rout  liver) was 
demons t ra ted  using radioact ively labeled ster- 
culic acid (32). Label was incorpora ted  pri- 
marily into the tr iglyceride fract ion in this 
tissue as well. The distr ibut ion of  cyc lopropene  
fa t ty  acid in normal  rat liver has no t  been exa- 
mined.  SPH was the only  lipid class that  d i d  
no t  incorpora te  cyc lopropene  fa t ty  acids. 
SPH differs f rom other  phosphol ipid  species in 
its fa t ty  acid composi t ion ,  rou te  of  synthesis 
and the nature of  the bond with which the  
fa t ty  acid mo ie ty  is a t tached (amide linkage 
instead of  an ester linkage). A separate class of  
acyltransferases is probably  involved in the 
a t t achment  of  the  acyl moie ty .  

If sterculic acid inhibits  m o n o e n e  synthesis 
and there is no specifici ty for fa t ty  acid uptake  
of  oleate vs vaccenate f rom the  medium,  or of  
these isomers in to  complex  lipids, the  rat io of  
oleate to vaccenate should mimic  that  of  the 
medium in cells t reated with  this inhibitor .  This 
indeed is observed. Almost  every lipid class, 
bo th  phosphol ipid  and neutral  lipid, demon-  
strated a decrease in vaccenate relative to 
oleate.  The  ceils do no t  appear to distinguish 
be tween  these 2 isomers. 

Analysis of  the  F F A  fract ion of sera used to 
supplement  this medium shows that  the A1 1 
isomer const i tutes  only 9% of  the 18:1. The 
shift in vaccenate percentages in most  classes 
of  lipid, but  most  not iceably  PE and PS, are 
consistent wi th  the hypothesis  that  these cells 
preferent ial ly  use the F F A  fract ion of  the 
serum-supplemented  med ium as the preferred 
source of  fa t ty  acid. 

The one  lipid class that  appears to be unaf- 
fected by inhibi t ion of  the desaturase system is 
cardiolipin (DPG). The A1 1 isomer percentage 
increased in this class. This phosphol ipid  is 
found primari ly in the mi tochondr ia  (33), 
which is also the  site of  its synthesis (34). The 
fa t ty  acid compos i t ion  is probably control led  
by selective acylat ion of  the glycerol  moie ty .  
Mitochondria  possess their own glycerophos-  
phate  acyltransferase system (35), which 
demonst ra tes  dist inct  posi t ional  and fa t ty  acid 
specificit ies (36) di f ferent  f rom those found  in 
the endoplasmic ret iculum. Sterculic acid, how- 
ever, does lower the 18:1 levels in this lipid 

class and therefore  DPG does depend,  to some 
extent ,  on  the  s tearoyl-CoA desaturase system. 

Through the  use of  cyc lopropene  fat ty  acids 
we have been able to lower the cellular 18:1 
levels 40%. This effect  is observed in all lipid 
classes including the phospholipids,  integral  
componen t s  of  the membrane  systems. This 
decrease, however,  had lit t le effect  on any 
other  observable parameter  of  cellular funct ion,  
including phosphol ipid  compos i t ion  (Table 3) 
and growth  rate. The levels of  18:1 required 
for rapid growth of  these cells is unknown.  
At tempts  to further  lower 18:1 levels and to  
evaluate the data obta ined in this system are 
compl ica ted  by the presence of  exogenous  
lipids (in a variety of  forms) in the serum used 
in the  culture medium.  Efforts  are presently 
underway to develop serum-free culture me- 
dium for fur ther  studies. 

REFERENCES 

1. Howard, B., Butler, J.D., and Bailey, J.M. (1972) 
in Tumor Lipids: Biochemistry and Metabolism 
(Wood, R., ed.) pp. 200-214, American Oil 
Chemists' Society, Champaign, IL. 

2. Van Hoeven, R.P., and Emmelot, P. (1972)in 
Tumor Lipids: Biochemistry and Metabol ism 
(Wood, R., ed.) pp. 126-138, American Oil 
Chemists' Society, Champaign, IL. 

3. Morton, R., Cunningham, C., Jester, R., Waite, 
M., Miller, N., and Morris, H.P. (1976) Cancer 
Res. 36, 3246-3254. 

4. Reitz, R.C., Thompson, J.A., and Morris, H.P. 
(1977) Cancer Res. 37, 561-567. 

5. Wood, R.,and Falch, J. (1973) Lipids 8, 702-710. 
6. Mazliak, P. (1977) in Lipids and Lipid Polymers 

in Higher Plants (Trevini, M., and Lichtenthaler, 
H.K., eds.) pp. 48-74, Springer-Verlag, NY. 

7. Enoch, H.G., Catal~, A., and Strittmatter, P. 
(1976) J. Biol. Chem. 251, 5095-5103. 

8. Van Deenan, L.L.M. (1965)in Progress in the 
Chemistry of Fats and Other Lipids (Holman, 
R.T., ed.) Vol. 8, pp. 1-27, Pergamon Press 
Inc., Oxford, England. 

9. Wood, R., Chumbler, F.., an.d Weigand, R.D. 
(1978) Lipids 13, 232-238. 

10. Raju, P.K., and Reiser, R. (1972) J. Biol. Chem. 
247, 3700-3701. 

11. Jeffcoat, R. (1977) Lipids 12, 480-485. 
12. Wood, R. (1973) Lipids 8, 690-701. 
13. Bergstrom, B. (1952) Acta Physiol. Scand. 25, 

101-110. 
14. Schlenk, H., and Gellerman, J.L. (1960)Anal. 

Chem. 32, 1412-1414. 
15. Schneider, E.L., Loke, S.P., and Hopkins, D.T. 

(1968) J. Am. Oil. Chem. Soc. 45, 585-590. 
16. Rouser, G., Siakotos, A.M., and Fleischer, S. 

(1966) Lipids 1, 85-86. 
17. Wood, R., and Falch, J. (1974) Lipids 9, 979- 

986. 
18. Wood, R., Falch, J., and Weigand, R.D. (1974) 

Lipids 9, 987-992~ 
19. Fillerup, D.L., Migliore, J.C., and Mead, J.F. 

(1958) J. Biol. Chem. 233, 98-10t. 
20. Spector, A.A., and Steinburg, P. (1967) Cancer 

Res. 27, 1587-1594. 

LIPIDS, VOL. 19, NO. 7 (1984) 



5 3 8  R.A. ZOELLER AND R, WOOD 

21. Howard, B.V, and Kritchevsky, D. (1969) Bio- 
chim. Biophys. Acta 187, 293-301. 

22. Bailey, J.M., Howard, B.V., and Tillman, S.F. 
(1973) J. Biol. Chem. 248, 1240-1247. 

23. Brenneman, D.E., and Spector, A.A. (1973) 
Fed. Proc. 32, 2587. 

24. Wright, J.D., and Green, C. (1971) Biochem. J. 
123, 837-844. 

25. Zoeller, R.A., and Wood, R. (1982) J. Am. Oil 
Chem. Soc. 59, 267. 

26. Morton, R.E., Hartz, J.W., Reitz, R.C., Waite, 
B.M., and Morris, H.P. (1979) Biochim. Biophys. 
Acta 573, 321-331. 

27. Prasad, M.R., and Joshi, V.C. (1979) Lipids 14, 
413-415. 

28. Raju, P.K. (1974) Lipids 9, 795-797. 
29. Hill, E.E., and Lands, W.E.M. (1970) in Lipid 

Metabolism (Wakil, S.J., ed,) pp. 185-277, 
Academic Press, Inc., NY. 

30. Stern, W., and Pullman, M.E. (1978) J. Biol. 
Chem. 253, 8047-8055. 

31. Waite, M., Parce, B., Morton, R., Cunningham,  
C., and Morris, H.P. (1977) Cancer Res. 37, 
2902-2908. 

32. Eisele, T.A., Parker, R.S., Yoss, J.K., Nixon, 
J.E., Pawlowski, N.E., and Sinnhuber,  R.O. 
(1979) Lipids 14, 523-528. 

33. Pugh, E.L., and Kates, M. (1979) Lipids 14, 
159-165. 

34. Prebble, J.N. (1981) Mitochondria,  Chloroplasts 
and Bacterial Membranes,  pp. 122-124, Long- 
man,  Inc., NY. 

35. Van der Bosch, H. (1974) Ann. Rev. Biochem. 
43, 243-277. 

36. Monroy, G., Rola, F.H., and Pullman, M.E. 
(1972) J. Biol. Chem. 247, 6884-6894. 

[ R e c e i v e d  O c t o b e r  20 ,  1983  ] 

LIPIDS, VOL. 19, NO. 7 (1984) 



A Possible Regulatory Role of Squalene Epoxidase 
in Chinese Hamster Ovary Cells 

H A V I V A  EILENBERG and I S H A I A H U  SHECHTER, Department of Biochemistry. The 
George S. Wise Faculty o f  Life Sciences, Tel A viv University, Tel A viv 69978, Israel 

539 

ABSTRACT 

Growth of Chinese Hamster Ovary (CHO) cells in the presence of 20% lipid depleted serum (LDS) 
for only 2 hr results in an increase in the synthesis of [14C] sterols from [14C] mevalonate and from 
[14C]squalene compared with cells grown under normal growth conditions in the presence of 10% 
fetal calf serum (FCS). Thisenhanced sterol synthesis increases with time of exposure of the cells to 
LDS. However, exposing these cells for time periods up to 42.5 hr to a growth medium containing 
20% LDS did not result in enhanced [1'C] sterol synthesis from [14C] 2,3-oxidosqualene. Incubation 
of these ceils with [14 C] mevalonate resulted in the accumulation of [14 C] squalene regardless of the 
presence of either LDS or FCS. These results suggest that squalene epoxidase is a regulatory enzyme in 
the cholesterol biosynthetic pathway in CHO. 
Lipids 19:539-543, 1984. 

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

The major regulatory enzyme in cholesterol 
synthesis is considered to be 3-hydroxy-32 
methylglutaryl coenzyme A reductase (HMG- 
CoA reductase) (1). However, recent studies 
suggest that other enzymes of the cholesterol 
biosynthetic pathway are also regulated simul- 
taneously in this pathway (2-4). The impor- 
tance of squalene epoxidase in the control of 
cholesterogenesis has been suggested by a few 
groups of investigators (5-7). Gonzalez et al. 
have suggested a regulatory role for squalene 
epoxidase in cultured human renal cancer cells 
(7). In addition, squalene epoxidase activity but 
not oxidosqualene-lanosterol cyclase activity 
has been shown to be at low levels in mam- 
marian tissues with limited capacity for sterol 
synthesis, suggesting that squalene epoxidase 
limits the rate in these cells (5). In this com- 
munication, we present evidence that in Chi- 
nese hamster ovary (CHO) cells, squalene 
epoxidase undergoes regulation under different 
growth conditions. Our results also suggest that 
squalene epoxidase might limit the rate of 
cholesterogenesis in these cells and therefore 
has an important function in the control of 
cholesterol metabolism. 

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

Materials 

DL-[ 2 -14 C] mevalonate (31 mCi /mmol )  w a s  

purchased from the Radiochemical Centre, 
Amersham. [ z4 C] Squalene was biosynthesized 
in our laboratory from [14C]mevalonate ac- 

*This research w as  su p p or te d  by  Grant 1426 from 
the Counci l  for T o b a c c o  Research--USA, Inc. 

cording to the method of Popjak (8) with slight 
modifications (6). [14C1 2,3-Oxidosqualene 
was biosynthesized in our laboratory by the 
same procedure as [Z4C]squalene except 
that the plant growth retardant Amo 1618 
(2-isopropyl-4- [ trimethylam monium chloride]- 
5-methylphenyl-piperidine- 1-carboxylate) w a s  

added to inhibit squalene-2,3-oxide lanosterol 
cyclase (9,10). Fetal-calf serum and F-12 
medium were from Maagar, Israel. Lipid- 
depleted serum (44.5 mg/ml) was prepared 
according to the method of Cham and Knowles 
(11 ). All chemicals were of analytical grade. 

Cells 

CHO cells were grown in 80 cm 2 tissue cul- 
ture flasks at 37 C in F-12 medium containing 
10% fetal calf serum, 2 mM glutamine, penicil- 
lin 100 units/ml and streptomycin 100 ~g/ml. 
The cells were harvested using a trypsin (0.25%) 
- E D T A  (0.05%) solution and plated on 50 mm 
tissue culture plates in 3 ml growth medium. 

Preincubation of Cells for the Assay 

When the ceils reached confluence (3-5 
days), the medium was drained off and the ceils 
were rinsed twice with 3 ml phosphate buffered 
saline (PBS). Then, each plate was preincubated 
for various time periods with F-12 medium con- 
raining either 20% lipid-depleted serum or 10% 
fetal-calf serum. 

Incorporation of Radiolabeled Substrates 

In experiments where incorporation of 
[ 14C] mevalonate to sterols was determined, the 
radiolabeled substrate was added directly to the 
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preincubation medium and the incubation was 
carried on for 22 hr. On the other hand, when 
[ 14 C ] squalene or [ 14 C ] 2,3-oxidosqualene in- 
corporation to sterols was studied, the different 
preincubation media were removed and the 
cells rinsed twice with 3 ml PBS. Each dish was 
then incubated with 1.5 ml PBS containing 
15 mM glucose, 1% BSA, [14C]squalene or 
[14C]2,3-oxidosqualene and a final amount  of 
10% dimethyl sulfoxide (v/v). After various 
time periods, as indicated in the various experi- 
ments, the incubation of the cells with radio- 
labeled substrates were stopped by adding 
160 /al solution of 10% Triton X-100. After 
15 rain at room temperature, the resulting 
lysate was transferred to glass tubes and the 
dishes were washed with 1 ml of 1% Triton 
X-100 solution followed by 2.5 ml solution of 
10% methanolic KOH. 

Lipid Saponification and Extraction Procedure 

The combined extract from each dish was 
saponified for 30 rain at 55 C. Thereafter, 1 ml 
acetone was added to each tube and the non- 
saponifiable materials were isolated by 3 extrac- 
tions of 2 ml hexane. 

Lipid Analyses and Determination 

Ten /al of 0.5% (w/v) unlabeled squalene, 
lanosterol and cholesterol were added as car- 
riers to each combined extract, which was then 
evaporated under nitrogen. The residues were 
dissolved in small volumes of benzene and 
ethylacetate and applied to 0.25 mm thin layer 
chromatography (TLC) silica gel plates. The 
plates were then developed for 10 cm with 
10% ethylacetate in benzene for analyses of 
products from [14C]squalene or [14C]2,3- 
oxidosqualene. For analyses of products from 
[14C]mevalonate, the samples were applied to 
silica gel plates impregnated with 1.5% silver 
nitrate and were developed for 10 cm with 
hexane/ethylacetate/benzene, 380:120:1. The 
positions of radiolabeled squalene, lanosterol 
and cholesterol on the TLC plates was identi- 
fied with authentic standards. The appropriate 
zones of the gel were scraped off and counted 
for radioactivity. Exact identification of [ 14 C]- 
squalene was done by cochromatography of the 
radiolabeled material with an authentic stand- 
ard of squalene on silica gel plates developed 
with n-hexane (Rf-- 0.45). Lanosterol and 
cholesterol were also identified by cochroma- 
tography with authentic standards on silica gel 
plates developed with 10% ethylacetate in ben- 
zene or on AgNO3 plates developed with 
hexane/ethylacetate/benzene, 380:120:1. The 
radiolabeled products were also identified by 

GLC (HP model 5790). Squalene was separated 
and identified on a SP-2340 column and sterols 
were identified on a 3% SE-30 column. Results 
are expressed as total radiolabeled sterols pro- 
duced per dish or per mg protein. Protein was 
determined according to the method of Lowry 
et al. (12). 

RESULTS AND DISCUSSION 

Post HMG-CoA reductase regulation of 
cholesterol biosynthesis was studied in CHO 

cel ls  by monitoring the incorporation of the 
radioactively labeled, post HMG-CoA interme- 
diates, mevalonate, squalene and 2,3-oxido- 
squalene, into lipids under different growth 
conditions. 

We first determined the conditions that were 
necessary for the incubation of the radiolabeled 
substrates with the cultured cells. To do that, 
we pretreated the cells with 20% LDS for 24 hr. 
Under these conditions, the cells are known to 
have an increased endogenous sterol synthesis 
from acetate caused by the lack of uptake of 
exogenous cholesterol via the LDL receptor 
(13). We compared production of [ 14C] choles- 
terol from [ 14 C] squalene by these ceils to that 
in cells grown under normal conditions (10% 
FCS). Figure 1 shows the time-dependent con- 
version of [ 14C ] squalene into [ 14 C] cholesterol 
by the cells. In both cases, the accumulation of 
[ 14 C] cholesterol increased nearly linearly with 
the time of incubation up to incubation periods 
of 5 hr. In our assays, we chose to use 4 hr in- 
cubation of cells with substrates. This assures 
both linearity of reaction rate and sufficient 
conversion of substrates to products for accur- 
ate determinations. As can also be seen in this 
figure, production of radiolabeled cholesterol 
from squalene is significantly higher in cells 
that were preincubated in lipid-depleted serum 
compared with untreated cells. In fact, a 3.2- 
4.2 fold increase in [14C]cholesterol produc- 
tion was observed regardless of the incubation 
period. This increase in cholesterol synthesis 
was not caused by the difference in the amount 
of the serum present in the cultures as similar 
differences in cholesterol synthesis were ob- 
served in ctaltures that were pretreated for 24 hr 
with 20% LDS and 20% FCS (data not shown). 
The enhanced conversion of squalene to choles- 
terol by cells treated with 20% LDS for 24 hr 
was presumably caused by a deficiency in 
endogenous cellular cholesterol caused by the 
LDS. Therefore, we preincubated the cells for 
various periods of time with 20% LDS, then we 
measured conversion of radiolabeled squalene 
to sterols. Indeed, direct correlation was 
found between the rate of conversion of [ 14C ]- 
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FIG. 1. Time-dependent synthesis of [~4C]choles- 
terol from [~4C]squalene by CHO cells. Cells were 
plated on 50 mm dishes and allowed to reach conflu- 
ence under  normal growth conditions (F-12 supple- 
mented with 2 mM glutamine, penicillin 100 units/ml, 
streptomycin 100 ~g/ml and 10% fetal-calf serum). At 
confluence, the medium was drained off, the dishes 
were each rinsed twice with 3 ml PBS and preincu- 
bated in 3 ml medium F-12 containing either 10% 
FCS (e) or 20% LDS (o), for 24 hr. The medium was 
then removed and the cells rinsed twice with 3 ml 
PBS. Each dish was incubated with 1.5 ml PBS con- 
taining 15 mM glucose, 1% BSA, [~*C]squalene 
(40,000 cpm, 110.7 Ci/mol) and a final amount of 
10% dimethyl sulfoxide. The incubation was stopped 
at various time periods by adding 160/A solution of 
Triton X-100. After 15 min at room temperature, the 
resulting lysate was transferred to glass tubes and the 
dishes were washed with 1 ml 1% Triton X-100 
solution followed by 2.5 ml solution of 10% meth- 
anolic KOH. The combined extract was saponified for 
30 min at 55 C. The labeled products were then 
extracted, separated and identified as described in 
Materials and Methods. 

squa lene  to [ Z4C]sterols  and  the  t ime  per iod  in 
which  the  cells were exposed  to LDS (Fig. 2). 
This ra te  t ends  to reach  a p la teau  at  ca. 40  hr  
exposure  t i m e  to LDS, ind ica t ing  tha t  a h igher  
s teady  s ta te  level of  cho les te ro l  synthes is  f rom 
squa lene  was ob ta ined .  The  new s terol  syn thes i s  
level ob t a ined  is ca. 1.6 h igher  t han  t ha t  ob-  
served in u n t r e a t e d  cells, as s h o w n  in the  same 
figure. These  resul ts  no t  on ly  s uppo r t  previous  
s tudies  by  o thers  tha t  p o s t m e v a l o n a t e  regula- 
t ion  of  cho les te ro l  b iosyn thes i s  exists,  b u t  also 
suggest the  ex is tence  of  a pos t squa lene  regula- 
t ion  in CHO cells (3,4,7).  

Earl ier  repor t s  suggested t h a t  one  post-  
squalene  regu la to ry  step in the  b iosyn thes i s  of  
s terols  might  be squa lene  convers ion  to 2,3- 
ox idosqua lene  b y  squa lene  epoxidase  (5-7). In 
o rder  to d e t e r m i n e  if t he  increase  in the  post-  
squa lene  s terol  synthes is  was caused e i ther  b y  
an  increased squa lene  epoxidase  ac t iv i ty  or pos- 
s ibly an increase in some of  the  s u b s e q u e n t  
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FIG. 2. The effect of incubation of CHO cells with 
20% LDS on the incorporation of [14C] squalene into 
sterols. Cells were plated on 50 mm dishes and allowed 
to reach confluence under normal growth conditions 
(F-12 supplemented with 2 mM glutamine, penicillin 
100 units/ml, streptomycin 100 ug/ml and 10% 
fetal-calf serum). At confluence, the medium was 
drained off and the dishes were each rinsed twice with 
3 ml PBS. The dishes were then incubated for various 
periods of time with 3 ml medium F-12 containing 
either 10% FCS (e) or 20% LDS (o). At the end of the 
incubation period, the cells were rinsed twice with 
3 ml PBS. Each dish was then incubated with 1.5 ml 
PBS containing 15 mM glucose, 1% BSA, [14C]- 
squalene (40,000 cpm, 110.7 Ci/mol) and a final 
amount of 10% dimethyl sulfoxide. After a 4 hr 
incubation with the radioactive substrate, the re- 
action was stopped by addition of 160 ~zl solution of 
10% Triton X-100. After 15 min at room temperature, 
the resulting lysate was transferred to glass tubes and 
the dishes were washed with 1 ml 1% Triton X-100 
solution followed by 2.5 ml solution of 10% meth- 
anolic KOH. The combined extract was saponified for 
30 rain at 55 C. The labled products were then ex- 
tracted, separated and identified as described in 
Materials and Methods. 

enzymes  in the  b i o s y n t h e t i c  p a t h w a y ,  we com- 
14 pared  t he  ra te  of  s terol  syn thes i s  f rom [ ] C ] -  

squa lene  to t ha t  f rom [14C]2 ,3 -ox idosqua l ene  
at  var ious g rowth  cond i t ions .  Figure 3 ind ica tes  
t ha t  the  ra te  of  s terol  synthes is  f rom [14C]-  
2 ,3 -ox idosqua lene  did no t  increase,  fo l lowing 
exposure  of  the  cells to  20% LDS for  various 
per iods  of  t ime,  compared  w i t h  cells g r o w n  
unde r  n o r m a l  g rowth  condi t ions .  Ra ther ,  a 
decrease  in the  s terol  syn thes i s  f r o m  this  sub- 
s t ra te  could  be observed  in the  cells g rown in 
LDS. We do no t  have,  a t  p resen t ,  a sa t i s fac tory  
exp l ana t i on  for  the  observed decrease  in s te ro l  
syn thes i s  f rom 2 ,3 -ox idosqua lene  at  shor t  
per iods  o f  t ime  (up  to 40 hr) .  One  possible 
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FIG. 3. The effect of incubation of CHO cells with 
20% LDS on the incorporation of [J4Cl2,3-oxido- 
squalene into sterols. Cells were plated on 50 mm 
dishes and allowed to reach confluence under normal 
growth conditions (F-12 supplemented with 2 mM 
glutamine, penicillin I00 units/ml, streptomycin 
I00 pg/ml and I0% fetal-calf serum). At confluence, 
the medium was drained off and the dishes were each 
rinsed twice with 3 ml PBS. The dishes were then 
incubated for various periods of time with 3 ml 
medium F-12 containing either 10~/c FCS (e) dr 20% 
LDS (o). At the end of the incubation period, the 
cells were rinsed twice with 3 ml PBS. Each dish 
was then incubated with 1.5 ml PBS containing 
15 mM glucose, I% BSA, [~4C]2,3-oxidosqualene 
(43,000 cpm, It0.7 Ci/mol) and a final amount of 
10% dimethyl sulfoxide. After a 4 hr incubation with 
the radioactive substrate, the reacti'on was stopped by 
addition of 160 pl solution of 10% Triton X-100. 
After 15 rain at room temperature, the resulting 
lysate was transferred to glass tubes and the dishes 
were washed with 1 ml 1% Triton X-100 solution 
followed by 2.5 ml solution of 10% methanolic KOH. 
The combined extract was saponified for 30 min at 
55 C. The labeled products were then extracted, 
separated and identified as described in Materials 
and Methods. 

explanat ion  is that  the change of the g rowth  
media affects  various endogenous  cell processes,  
one of which is 2 ,3-oxidosqualene- lanosterol  
cyclase; hence,  the lowering of  this activity.  
Af ter  an initial ad jus tment  period this act ivi ty 
(and possibly o the r  processes as well) increases 
and,  af ter  45 hr, reaches the level of this 
activity observed in un t rea ted  cells. Whatever 
the explanat ion ,  Figures 2 and 3 clearly show 
that under  condi t ions  that  cause enhanced  
cellular sterol  synthesis  f rom squalene (and as 
will be seen later f rom mevalonate  too) ,  the 
conversion of 2 ,3-oxidosqualene  to sterols  is 
not  enhanced.  These findings led us to conclude  
that  a postsqualene  regulat ion may exist in 
CHO cells at the enzyme squalene epoxidase  

A lanosterol so~m~ne 
o~igin cholesterol front 
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FIG. 4. Incorporation of [t4C]mevalonate into 
nonsaponifiable lipids by CHO cells grown either in 
10% FCS or in 20% LDS. Cells were plated on 50 mm 
dishes and allowed to reach confluence under normal 
growth conditions (F-12 supplemented with 2 mM 
glutamine, penicillin 100 units/ml, streptomycin 
100 tag/ml and 10% fetal-calf serum). At confluence, 
the medium was drained off, the plates were each 
rinsed twice with 3 ml PBS and preineubated with 
3 ml 1"-12 containing either 10% FCS (Panel A) or 
20% LDS (Panel B). Twenty-four hours later, 1.25 
pCi [14Clmevalonate (26.7 pM) was added to each 
dish. The incubation with the radioactive substrate was 
carried on for 22 hr. The incubations were stopped 
by adding 160 ul solution of 10% Triton X-100. After 
15 min at room temperature, the resulting lysate was 
transferred to glass tubes and the dishes were washed 
with 1 ml 1% Triton X-100 solution followed by 
2.5 ml solution of methanolic KOtl. The combined 
extract was saponified for 30 min at 55 C. The 
labeled products were then extracted, separated and 
identified as described in Materials and Methods. 
The position of authentic standards of cholesterol, 
lanosterol and squalene are shown on the top. Panel 
A and B represent the radioactive products obtained 
from cells grown in the presence of 10% FCS and 20% 
LDS respectively. 

step. The impor tance  of this en zy me  as a regu- 
latory en zy me  in the b iosyn the t i c  pa thway  of  
choles terol  was fur ther  conf i rmed  by incorpo-  
rat ion studies using [14Clmevalona te  as a sub- 
strate. Figure 4 il lustrates the incorpora t ion  of 
[14 ]mevalonate  into nonsaponi f iab le  lipids in 
cells grown under  normal  g rowth  condi t ions  
(Panel A) or in med ium conta in ing  20% LDS 
(Panel B). As can be seen in panel A, CHO cells 
grown in 10% FCS accumula ted  [14C]squalene 
whereas sterol synthesis  remained low and 
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barely de t ec t ab le  u n d e r  the  assay cond i t ions .  
T h e . l o w  ra te  in  s terol  syn thes i s  is expec t ed  
because  in t he  presence  of  LDL (FCS)  this  
process  is suppressed  (13) .  As expec ted ,  the  
ra te  of s terol  synthes is  was s igni f icant ly  en- 
hanced  w h e n  t he  cells were g rown in 20% LDS 
(Panel  B). Yet ,  even u n d e r  c o n d i t i o n s  in which  
s terol  syn thes i s  is e n h a n c e d ,  squalene  accumula-  
t ion  is still observed.  These resul ts  s t rongly  sug- 
gest t h a t  squa lene  epoxidase  is indeed  catalyz-  
ing a ra te - l imi t ing  step,  and  t h a t  in  CHO ceils 
this  e n z y m e  con t inues  to  l imi t  ra tes  even u n d e r  
cond i t ions  where  increased s terol  synthes is  
o c c u r s . .  

In con t r a s t  to squalene,  2 ,3 -ox idosqua lene  is 
fo rmed  in cell-free ex t rac t s  in very low concen-  
t r a t ions  (14) ,  suggesting again t h a t  the  epoxi-  
dase act iv i ty  is a ra te - l imi t ing  s tep in s terol  
synthesis .  Therefore ,  even a small  increase  in i ts 
ac t iv i ty  could  resu l t  in  a s ignif icant  increase  in 
s te ro l  synthesis .  The  presence  of a pool  of 
squalene  unde r  b o t h  cho les te rogenic  and  non -  
cho les te rogenic  cond i t i ons  in CHO cells indi- 
cates t ha t  the  step ca ta lyzed  by  squa lene  
epoxidase  is a s ignif icant  r egu la to ry  step in 
cho les te ro l  b iosynthes i s .  Havel et al. have 
s h o w n  t h a t  in  p r imary  cul tures  of  ra t  hepa to -  
cytes, s terol  d e m e t h y l a t i o n  and  HMG-CoA 
reduc tase  ac t iv i ty  were d i rec t ly  re la ted  (15).  In 
our  studies,  we could  n o t  observe the  accumula -  
t ion  of l anos te ro l  or o the r  p recho les t e ro l  s terol  
i n t e rmed ia t e s  f rom rad io labe led  meva lona t e  in 
ceils g rown in the  presence  of FCS. In fact ,  
cho les te ro l -dep le ted  cells (grown in the  pres- 
ence  of LDS)  showed  an increase  in the  a m o u n t  
of  l anos te ro l  p resen t  (Fig. 4). These  data  do n o t  
suggest t h a t  d e m e t h y l a t i o n  reac t ions  are sup- 
pressed in FCS-grown CHO cells. Thus,  hepa t i c  
ceils and  n o n h e p a t i c  cells appea r  to  be regu- 
la ted at  d i f fe ren t  steps in the  cho les te ro l  bio-  
syn the t i c  pa thway .  Because HMG-CoA re- 
duc tase  is a r egu la to ry  e n z y m e  in the  choles- 
t e ro l  b i o s y n t h e t i c  p a t h w a y  (as c o n f i r m e d  in our  
cells [da ta  n o t  s h o w n ]  ) and  its ac t iv i ty  varies in 
response  to the  LDL present  in  the  g r o w t h  
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m e d i u m  (16),  the  presence  of  an  e n d o g e n o u s  
poo l  of  squa lene  in these  cells u n d e r  n o n c h o -  
les terogenic  c o n d i t i o n s  is s o m e w h a t  surprising. 
Although we do n o t  have data  to  explain  this  
p h e n o m e n o n ,  r educ tase  ac t iv i ty  may  possibly 
be a f fec ted ,  in par t ,  b y  t he  size of  the  endo-  
genous  pool  of squalene.  F u t u r e  s tudies  of  
t he  var ia t ions  of  this  pool  in r e l a t ionsh ip  to 
r educ tase  act iv i ty  may  shed l ight  on  th is  
p h e n o m e n o n .  
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Side-Chain Structural Requirements for Sterol-lnduced 
Regulation of Phytophthora cactorum Physiology 
W. DAVID NES* and ALLAN E. STAFFORD, Plant Physiology and Chemistry Research 
Unit, WRRC-A RS/U.S, Department of Agriculture, Berkeley, CA 94710 

ABSTRACT 

The influence of cholesterol, (E)-17(20)-dehydrocholesterol, sitosterol, (Z)-17(20)-dehydrocholes- 
terol and 20-isocholesterol on growth and sexual morphogenesis in Phytophthora cactorum has been 
examined. Optimal growth-response and production of oospores occurred with the 3 former sterols, 
which possessed "right-handed" side chains (C22 trans-oriented to C13). Abnormal hyphae and 
aborted oospores were evident in mycelia cultured with sterols having side chains with "left-handed" 
structures, i.e., 20-isocholesterol and (Z)-17(20)-dehydrocholesterol. The induction of the sexual cycle 
lacked a selectivity for stereochemistry in the side chain. The results are interpreted to imply that 
fungal recognition of the sterol molecule in the reproductive phase of the life cycle is of 2 types: one 
involves discrimination of stereochemical features of the sterol side chain (oospore production); in the 
other, no functional significance can be attributed to conformation or configuration of side chain 
moieties (sexual structure induction). Growth response to dietary sterol seems to fall into the former 
category. 
Lipids 19:544-549, 1984. 

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

The ultimate tetracyclic products, e.g., 
4,4,14-tris-desmethylsterols, of 2,3-oxidosqua- 

lene cyclization that occur as membrane com- 
ponents, are sterols that possess a 20~x-H atom 
and a side chain that presumably orients func- 
tionally a s  the right-handed skew conformer 
(1). Fungi (1-4), bacteria (5-7) and insects (8,9) 
with a nutritional dependence on polycyclic 
isopentenoids (steroids and triterpenoids) for 
growth and reproduction have been useful 
model systems to assess the similarities (and 
differences) in the biochemical and physiologi- 
cal roles of these molecules in otherwise evolu- 
tionarily divergent organisms. Phytophthora 
cactorum, which causes a collar rot of  various 
crop roots, is especially attractive as an organ- 
ism with which to explore the significance of 
sterol function. Despite the fungus's failure to 
epoxidize squalene (10,11), dietary sterols 
available from its host or the culture medium 
(4) are accumulated by mycelial membranes 
(12,13) affecting growth (14,15) and biochemi- 
cal properties (3,16-18). Reproduction can also 
be "turned-on," resulting in the production of 
numerous oospores (19). 

The purpose of  the present communication 
is to report the effect of several sterols that are 
stereochemically modified, producing "right- 
and left-handed" side chains (1), for their 
ability to concurrently stimulate growth and 
induce oospores in P. cactorurn. In order to 
form a basis for the structure-activity compari- 
sons, detailed studies of uptake, derivatization 

* To whom correspondence should be addressed. 

and physiological parameters, with cholesterol 
as a standard, were made first. Previous investi- 
gations with the C20 stereoisomers of choles- 
terol in supporting growth of anaerobic yeast 
(20-22), metabolism by a protozoan (23), 
inhibition of hepatic cholesterol synthesis in a 
mammal (24) and lipid vessicle formation (25) 
demonstrated that the extent to which the side 
chain is recognized depends on the biological 
and physicochemical systems involved. In the 
present study we observed that the ability for 
the fungus to discriminate between the various 
synthetic and naturally occurring side chains 
is significant to the life cycle of the pathogen. 
In contrast, however, to inferences in the 
literature (26,27), we now find that the kinds 
of recognition of the sterol by P. cactorum are 
not as found in Achyla, a related Oomycete, in 
the induction of the sexual cycle. Alternatively, 
some similarities in the sterol requirements for 
membrane structure are implied. 

M A T E R I A L S  AND METHODS 

Culture Methods 

The test organism, P. cactorum (strain 
51-22), obtained from the U. C. Berkeley 
fungal collection, was grown on a synthetic 
sucrose-asparagine medium as described by 
Elliott (26) and modified according to Nes 
et al. (14). The method for quantitating the 
various sexual reproductive structures has been 
described in the literature (19,26,30). Two 
stock cultures were routinely maintained at 
room temperature: one set was maintained on 
clarified V8 juice solidified by the addition of 
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Difco agar (20 g/l) and a second set was main- 
tained on agar-supplemented synthetic medium. 
The only difference in the medium used for the 
experimental cultures with that of the second 
set was the addition of sterol dispersed in 
ethanol. Difco agar was recently shown to con- 
tain trace levels of cholesterol (28,29). The 
mycelia, originally cultured on the V8 ju i ce -  
agar medium and producing an orange colored 
mat with no significant aerial hyphae, were 
transferred to a synthetic medium supple- 
mented with agar. Every 2 weeks the fungus 
was transferred (5 mm plug) to fresh, agar- 
supplemented synthetic medium to which 
no additional sterol had been added. After 
ca. 2 transfers, the mycelia were white with 
aerial mycelium. This mat form served as the 
inoculum source for the various sterol supple- 
mentation experiments. When the mycelium 
was serially transferred to synthetic agar media 
(containing only trace sterol), the ability of the 
fungus to produce oospores in response to cho- 
lesterol supplementation diminished (4). Thus, 
every 6 months we initiate new synthetic, agar- 
supplemented stock cultures from the V8- 
cultures. Sterols (10 /Jg/ml of medium) were 
added as an ethanolic solution (10 #1 or 2 ~l/ml 
of medium, depending on the treatment) to the 
agar-supplemented synthetic media as the agar 
was solidifying. Ethanol at 2 /al/ml had no 
effect on growth or reproduction of cultures 
grown on agar. The higher level of ethanol 
(10 /~l/ml) had no observable effect on repro- 
duction or hyphal extension. However, as 
recently reported (31), dry wt of the fungus 
was increased by ca. 50% with 10/al/ml etha- 
nol. This ethanol effect was independent of the 
addition of sterol (within the concentration 
range tested) to the medium. No apparent 
synergistic or additive effects resulted from 
sterol-ethanol combinations. The effect that the 
greater amount of ethanol has on dry wt pro- 
duction may be related to the respiratory com- 
petency of the mitochondria analogous to that 
described in yeast (32). Analogous effects of 
high levels of ethanol (10/al/10 ml of medium) 
supplied to mycelia cultured on liquid media 
are not apparent; in fact this level inhibits their 
growth (Poley and Nes, unpublished data). Also 
we have found that 0.5 /ag of sterol/ml of 
medium is sufficient to stimulate maximal 
growth of mats cultured in synthetic liquid 
medium (Nes and Poley, unpublished data). 
We preferred to use 10 /ag/ml of sterol in the 
present set of experiments because this level 
produced maximal oospores numbers. As the 
amount of sterol in the media decreases a corre- 
sponding decrease in the number of oospores is 
observed (Nes and Poley, unpublished data). 

Cholesterol 20-1socholesterol 

E- 17 (20)- Dehydrocholesterol Z- 17 (20)-Dehydrocholesterol 

FIG. 1. Structures of some of the sterols incubated 
with P. cactorum. 

Chemicals 

[4-14C] Cholesterol (59.4 mCi/m Mol) was 
purchased from New England Nuclear, Boston, 
MA. Cholesterol and sitosterol (24a-ethyl- 
cholesterol) were purchased from Applied 
Science Labs, State College, PA, and recrystal- 
lized from ethanol. The sitosterol contained a 
small percentage of 24-methylcholesterol. This 
contaminant was removed by chromatograph- 
ing the commercial sitosterol on LH-20 Sepha- 
dex, developed isocratically with 5% MeOH in 
hexane. 20-Isocholesterol (also referred to as 
20-epicholesterol), (Z)- and (E)-17(20)-dehy- 
drocholesterol were the gifts of Dr. W. R. Nes. 
They had been synthesized according to estab- 
fished methods (33). Their structures are shown 
in Figure 1. 

Lipid Extraction and Analysis of Sterols 

The mycelia in each petri dish (5 dishes per 
structure-activity treatment) were recovered 
from the agar at each harvest (34). The mycelia 
were dried in vaccuo in an Abderhalden appa- 
ratus and then weighed, ground to a powder 
and extracted in a Soxhlet apparatus with re- 
fluxed acetone for 18 hr. In order to assess the 
derivatization of [ 14 C] cholesterol by the 
mycelia, the total lipid extract (TLE) from each 
harvest was chromatographed by TLC accord- 
ing to Nes et al. (34). Zones matching free 
sterols, sterylesters and sterylglycosides were 
scraped from the plate into scintillation vials 
containing POPOP cocktail (5 ml) and the 
radioactivity determined. 

Sterols, reisolated from the fungus (without 
saponification) by thin layer chromatography 
(TLC) (34), were chromatographed on 3 
packed gas liquid chromatographic (GLC) 
columns having different polarities. The reten- 
tion times relative to cholesterol on 3% SE-301 
3% OV-17, and 1% SP-1000 packed columns 
(operated isothermally at 235 ~ , 235 ~ and 255 ~ , 
respectively) for the 5 test sterols (4 99% pure 
by GLC) were: s t ios terol - l .61,  1.68, 1.32; 
20-isocholesterol-0.91, 0.89, 0.89; (E)-l 7(20)- 
dehydrocholesterol-0.93, 1.00, 0.98; and (Z)- 
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17(20)-dehydrocholesterol-0.87, 0.91, 0.92. 
We employed the 3 packed columns routinely 
because the EI-MS of the pairs, 20-isocholes- 
terol and cholesterol, and (E)- and (Z)-17(20)- 
dehydrocholesterol are very similar (33). 
Furthermore, long-chain fatty alcohols were 
found to cochromatograph with the sterols on 
some TLC and GLC systems (29)- th is  can 
affect sterol quantitation. We used GLC-MS 
(GLC co lumn-3% OV-17) to confirm the 
identities of the sterols found eluting in at least 
one GLC system used for routine analysis. 

RESU LTS A N D  D ISCUSSION 

Growth and Reproduction with Cholesterol 

Although a great deal of information is avail- 
able on sterol affecting both growth and repro- 
duction of P. c a c t o r u m  (for a recent review, of. 
19), the sequence of physiological events that 
result from the addition of cholesterol to the 
media has not been followed from the initia- 
tion of growth to the formation of oospores. 
Because we have been unable to produce 
oospores or oogonia in the liquid synthetic 
media over a 28-day incubation period (20 ~ 
incubation temp) with 10 ppm of cholesterol, 
we chose to use the agar solidified synthetic 
media -a  system previously shown to permit 
cholesterol to induce oospore production (28, 
30). As shown in Figure 2, cholesterol initiates 
and maintains optimal growth, measured as 
changes in hyphal extension and dry weight. 
This "sparking" (40) of growth, in which the 
length of the lag phase is reduced by sterol 
supplementation, has recently been observed in 
yeast auxotrophic for sterols (40). The next 
event (Fig. 3) is the formation of the female 
sexual structures (oogonia), followed by 
fertilization and maturation of the latter into 
double-walled oospores. No consequential re- 
production occurs in the absence of sterol (data 
not shown). In some of our experiments the 
control produces a few oogonia that variably 
mature into oospores. This, however, is attrib- 
able to the trace levels of sterol in the agar (29). 

Derivatization of Cholesterol 

Previous investigations (35,36) that ex- 
amined sterol derivatization in P. cac torum 
were conducted under conditions in which no 
sexual reproduction occurred. In order to gain a 
more complete picture we examined this prob- 
lem with cholesterol under culture conditions 
where multiple physiological processes could 
similarly be monitored. For the radiolabeled 
sterol experiment, [4J4C]-cholesterol  (3.6 • 
106 cpm/1.8 mg cholesterol), as an ethanolic 
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FIG. 2. Growth curves (top-growth measured as 
changes in hyphal extension; bottom-growth meas- 
ured as changes in mycelial d~  weight) of P. cactorum 
cultured on solid media at 20--in the dark. 
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FIG. 3. Sequence of reproductive events exhibited 
by P. cactorum that can be readily observed micro- 
scopicaUy and quantitated. Under these test condi- 
tions male sexual organs are not readily apparent, nor 
are the asexual zoospores. 

solution, was distributed equally (5 ml aliquot) 
into each of 36 petri dishes, each of which con- 
tained 10 /ag nonradioactive cholesterol and 
2 /J1 ethanol per ml of medium. The first har- 
vest (day one, post inoculation) contained the 
mycelia from 10 petri dishes. The second har- 
vest (days 4, 6, 7-10, 14, 16, 20, 24, 28) con- 
tained mycelia from 2 petri dishes. Insufficient 
mass was available in the 24-hr period before 
the first harvest to obtain earlier data points. 
When the TLE of each of the mycelia harvested 
during the 28-day period was examined by TLC 
radioscanning and by comparing the radioactive 
counts in the 3 zones corresponding to free, 
esterified and glycosylated sterols, no signifi- 
cant differences in time were apparent in the 
ratio (ca. 72:26:2) of these molecular forms. 
In a separate experiment, cultures (ca. 5 per 
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treatment) with 10 ppm cholesterol were har- 
vested at 12, 15, 21 and 28 days. The amount 
of free sterol in the mycelium was ca..01% of 
the dry weight in each of the 4 harvests. Thus, 
no change occurred in the level of free or 
derivatized cholesterol in the mycelia during 
growth or reproduction. These findings contrast 
with data obtained with fungi capable of 
de novo sterol synthesis where, on entering the 
stationary phase, the sterylester pool greatly 
increases in relation to the free sterol pool (32). 
Furthermore, our results agree with Hendrix 
(37,38) and do not confirm the suggestion of 
Elliott and Knights (35) that derivatization of 
free sterols controls reproduction. In another 
experiment (data no t shown)  the TLE from the 
combined mycelia (5 petri dishes) of a choles- 
terol treatment (10 ppm) was chromatographed 
by TLC. The TLC plate was divided into 15, 
1 cm zones and 'each  zone scraped and the 
material eluted from the plate with ether. Each 
of these zones was bioassayed for oospore pro- 
duction. The only zone that produced signifi- 
cant oospores was the zone corresponding to 
4,4-desmethyl sterols. Although we and others 
(39) observe the occurrence of steroid metabo- 
rites (distinct from the sterylglycosides and 
sterylesters, therefore presumably autooxida- 
tion products) from radiolabeled sterol feeds 
with P. eactorum, these compounds, as they 
occur in the mycelium, have no obvious bio- 
logical activity. Had derivatization of the 
steroid pool been a major element in the 
reproductive cycle, we would have expected 
a significant change in the free sterol-to-deriva- 
tized pool ratio before or at the onset of 
oospore production. 

Structure-Growth Relationships 

Growth response to sterol supplementation 
was measured in 2 ways: changes in hyphal 
extension and dry weight. Growth and mycelial 
membrane biogenesis of filamentous fungi, 
e.g., Phytophthora, unlike single-celled organ- 
isms, e.g., yeasts, occur by localized extension 
of hyphal tips (41,42). The addition of 4 of the 
5 test sterols to the culture medium affected 
both parameters of mycelial growth. Each of 
the 5 test compounds were recovered from 
stationary phase cultures and their identities 
confirmed by GLC and GLC-MS (mass spec- 
troscopy). Cholesterol was present in every 
mycelial extract. To ensure that cholesterol 
was a contaminant in those cultures other than 
the cholesterol treatment and not the product 
of metabolism, e.g., reduction of the A17(20)- 
bond, we incubated another set of synthetic 
liquid cultures with 10 ppm of each of the 

sterols. These cultures were maintained for 2 
weeks in 50 ml synthetic media/250 ml flasks 
and inoculated with a mycehal homogenate. 
The homogenate was formed from cultures that 
had been grown for 2 weeks on a sterol-free 
synthetic media and seeded with mycelial 
fragments. The GLC analysis of the 4-des- 
methyl zone from each mycelial extract failed 
to detect cholesterol, except in the cholesterol 
treatment. Thus, the inability of some sterols 
to effect a stimulatory growth-response in 
P. cactorum, e.g., (Z)-17(20)-dehydrocholes- 
terol, cannot be caused by its lack of accumula- 
tion by the mycelium. Morphological abbera- 
tions of 6-day-old cultures treated with 20- 
isocholesterol and Z-I 7(20)-dehydrocholesterol 
were observed in the extent of hypal branching; 
many hyphae grew as a single tube from the 
implant with no branch at all. The radial 
growth measurement for the 20-isocholesterol 
treatment is somewhat misleading because this 
response could be interpreted to imply a 
stimulatory effect; rather, we suggest, this com- 
pound has a deleterious effect on the fungus. 
Comparable rate of growth (hyphal extension) 
and mycelial morphology similar to the choles- 
terol treatment (43) was observed for (E)- 
17(20)-dehydrocholesterot and sitosterol. The 
addition of 3 of the 5 test sterols to the culture 
media stimulated growth as measured by the 
dry weight (Table 1), whereas 4 of the test 
sterols were stimulatory as measured by the 
radial growth. The results show that the initia- 
tion and maintenance of optimal growth (meas- 
ured by both parameters) is accomplished by 
the 3 "right-handed" sterols. 

Structure-Reproduction Relationships 

From the time-course growth and reproduc- 
tive studies with cholesterol treatment (Figs. 2 
a n d  3), we observed that maximal oospore 
production occurred on the twenty-first day 
following the inoculations. Thus, all quantita- 
tive comparisons were made at this time. As 
shown in Table 1, all 5 test sterols induced 
oogonia formation. The naturally occurring 
4-desmethyl sterols, e.g., cholesterol and fuco- 
sterol, when supplied to Achlya as an exo- 
genous hormonal supplement, fail to induce 
sexual structure formation. Apparently only 
specific polyoxygenated steroids, e.g., anther- 
idiol and oogoniol, derived by endogenous 
metabolism of fucosterol, stimulate the anther- 
idia and oogonia to form (27 and ref. cited 
therein). 

When sitosterol was bioassayed in P. cacto- 
rum more oospores were formed than with 
cholesterol or (E)-17(20)-dehydrolesterol. On 
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the other hand, 20-isocholesterol and E-17(20)- 
dehydrocholesterol failed to produce oospores. 
Because we observed oogonia and structures 
that appeared to be aborted oospores, i.e., 
hollow cells rather than double-walled struc- 
tures, the "left-handed" sterols were probably 
recognized in a deleterious fashion by the 
fungal receptor sites at some point. That certain 
A5-sterols induce production of oogonia which 
fail to mature into oospores, we conclude that 
formation of oogonia and oospores are con- 
trolled by different biochemical component(s) 
and these may differ from those observed in 
other Oomycetes, e.g., Achlya (19). 

In conclusion, the molecular requirements of 
structure demonstrated in this study for initiat- 
ing and maintaining growth are similar to pre- 
vious microbial studies with singled-celled 
organisms (22). However, unlike A chyla (44), 
where the induction of the female sex organs is 
influenced by the stereochemistry of the side 
chain (45), P. cactorum may use either of the 
"right- and left-handed" sterols for induction of 
the oogonia. The production of functional 
oospores, however, requires "right" handed 
sterols. Sterol derivatization appears to precede 
the formation of oogonia and no quantitative 
changes in the proportion of free sterol to 
esters or glycoside occur during oospore pro- 
duction. Interestingly, no steroid hormones 
have been implicated in oospore production, 
only in the induction of the male and female 
gametangia. Whereas the induction process 
may involve sterol feedback (19) on enzymes 
controlling the so-called "a-hormone"  (46), 
oospore production itself appears to be regu- 
lated by the fitness of the sterol as a compo- 
nent of the maturing oogonia membranes, i.e., 
the developing double wall (28), rather than 
being metabolized to an oxygenated steroid 
hormone. The extent to which sterol-induced 
alterations in the mycelial membranes effect 
the oogonia maturation process requires further 
study. 
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METHODS 
Selective Oxidation of Steroidal Allylic Alcohols Using 
Pyrazole and Pyridinium Chlorochromate 

EDWARD J. PARISH* ,  SARAWANEE CHITRAKORN,  and SUSAN LOWERY, Department 
of  Chemistry, Auburn University, Auburn University, AL 36849 

ABSTRACT 

This paper presents a modified method for the selective oxidation of allylic alcohols. Pyrazole, when 
used with pyridinium chlorochromate, is a mild and useful reagent system for the rapid and selective 
oxidation of steroidal allylic alcohols to the corresponding a, j3-unsaturated ketones. The reaction of 
each substrate was carried out by adding the oxidant to a dry methylene chloride solution containing 
pyrazole and an allylic alcohol. This report is the first on the use of pyrazole to augment selective 
oxidation by a chromium (VI) reagent. 
Lipids 19:550-552, 1984. 

INTRODUCTION 

In many instances, the chemical synthesis 
of steroids of biological interest requires the 
controlled or selective oxidation of an allylic 
hydroxyl function on the steroid molecule. 
Moreover, this transformation is sometimes 
difficult to accomplish with a high yield when 
conventional reagents are used. We have under- 
taken the development of improved reagent 
systems to accomplish this reaction (1,2). 
We now wish to report that pyrazole, when 
used with the versatile oxidant, pyridinium 
chlorochromate, forms a convenient and useful 
reagent system for the rapid and selective 
oxidation of  steroidal allylic alcohols. To our 
knowledge, this report is the first of the use of 
pyrazole to augment selective oxidation by a 
chromium (VI) reagent. Pyridinium chloro- 
chromate (PCC) has recently become widely 
used in organic synthesis for the oxidation of 
primary and secondary alcohols to carbonyl 
compounds (1). This reagent, in methylene 
chloride containing pyridine or 3,5-dimethyl- 
pyrazole, was reported to effect the selective 
oxidation of the allylic hydroxyl function of a 
number of steroidal alcohols (2,3). In this 
report, we have endeavored to develop an 
improved reagent system to accomplish selec- 
tive oxidations. 

EXPERIMENTAL 

General Methods 

Melting points were determined with art 
electrothermal capillary apparatus and are 
uncorrected. Infrared (IR) spectra (KBr pellet) 

*To whom correspondence should be addressed. 

were recorded by a Perkin-Elmer Model 580 
spectrometer. Proton nuclear magnetic reso- 
nance (NMR) spectra (deuterated chloroform 
solvent) were obtained with a Varian EM-390 
spectrometer using tetramethylsilane as an in- 
ternal standard. Proton chemical shifts (~) for 
the C18 and C19 angular methyl resonances 
were calculated by the method of Zurcher (4). 
Ultraviolet (UV) spectra (ethanol solution) 
were recorded with a Cary 17 spectrometer. 
Mass spectral (MS) analyses were conducted 
usingaDuPont  491 mass spectrometer. Gas 
liquid chromatographic (GLC) analyses were 
performed on a Varian 3700 gas chromatograph 
(GC) equipped with dual flame ionization 
detectors (FID) using 3% OV-1 and 3% OV-17 
columns (270 C). Silanized glass columns 
(6 ft • 2 mm i.d.) were employed using nitro- 
gen as the carrier gas (25 ml/min). Thin layer 
chromatography (TLC) was carried out on 
plates of Silica gel G (Analtech, Newark, DE) 
with the components visualized after being 
sprayed with molybdic acid (5). Solvent sys- 
tems for TLC analysis were: 50% ethyl acetate 
in toluene, 50% ether in toluene and 75% ether 
in hexane. American Chemical Society solvents 
were used and methylene chloride was dried 
over molecular sieves (type 3A) before use. 
Column chromatography employed silica gel 
(60-200 mesh) on columns that were 60 cm • 
1.5 cm. All isolated reaction products and 
starting materials were compared with authen- 
tic compounds (TLC and GLC, IR, NMR and 
MS) (2,3,6-10). 

General Oxidation Procedure 

Pyridinium chlorochromate (3 equivalents, 
388 mg, 1.8 mmol) was added to a solution 
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(50 ml) of the sterol (0.60 mmol) in a mixture 
of dry methylene chloride and pyrazole (2%, 
14.7 mmol) at 2-3 C. After stirring for 30 rain 
under nitrogen, a saturated NaCI solution was 
added and the mixture was thoroughly ex- 
tracted with chloroform. The resulting extracts 
were dried over anhydrous magnesium sulfate, 
filtered and evaporated to dryness under 
reduced pressure to give a brown residue that 
was subjected to column chromatography 
using a solvent gradient of ether in toluene 
(compound 2 in 'Fable 1 required a gradient of 
ether in hexane). The purified material was 
recrystallized from acetone and water to give 
the products shown in Table 1. 

RESULTS AND DISCUSSI ON 
The selectivity of this reagent was indicated 

by its failure to significantly oxidize saturated 
primary and secondary alcohols relative to 
allylic alcohols. Using 3.0 equivalents of pyri- 
dinium chlorochromate in methylene chloride 
containing an excess of pyrazole (2%)at 2-3 C, 
several steroidal allylic alcohols were success- 
fully oxidized to the corresponding a, fl-un- 
saturated carbonyl compounds (Table 1). The 
allylic hydroxyl function of 1, 3a, 5a and 7 
is in the quasiequitorial configuration that 
makes them more amenable to chromate 
oxidation. Quasiaxial allylic alcohols have 
been reported to have a slower rate of oxida- 
tion (11). The quasiaxial substrate 3b gave a 
92% yield of 7-keto sterol 4, demonstrating the 
ability of this reagent to selectively oxidize 
allylic alcohols in either configuration. The 
attempted oxidation of 5b (quasiaxial allylic 
alcohol) resulted in the formation of a complex 
mixture of oxidation products (observed by 
TLC); a 51% yield of the 7-keto sterol 6 was 
obtained. These results were a marked im- 
provement over those observed when 5b was 
oxidized by pyridinium chlorochromate in a 2% 
pyridine or 3,5-dimethylpyrazole solution of 
methylene chloride (2,3). Undesired side 
reactions have been reported by other workers 
during the chromate oxidation of allylic alco- 
hols (11). In addition, 5b and its esters have 
been reported to rearrange during treatment 
with acid, Oppenauer oxidation and pyrolysis 
(12,13). Treatment of alcohols 9 and 10 under 
identical conditions resulted in a greater than 
90% recovery of starting material. 

Manganese dioxide is commonly used for the 
selective oxidation of allylic and benzylic 
alcohols, but undesired side reactions, long 
reaction times and difficulty during the oxida- 
tion of hindered alcohols have been reported 
(11,14,15). Other chromate oxidizing reagents 

TABLE 1 

Selective Oxidation of Steroidal 
Allylic Alcohols with Pyrazole and 

Pyridinium Chlorochromate and Pyrazol 

Alcohol a 

Percentage of 
yield b (% 

Ketone recovered starting 
product material) 

OH OH 

88(-) 

R R 

:311 RI=OH, R2=H 931~) 
3 b  RI:H, R2=OH 92(--) 

R R 

S8 RI=oH, R2=H 90(--) 
Sb RI=H, R2=OH 51(11) 

R R 

R 

. o ~  -(,z) 
9 

THPO ~ ( C H 2 ) 3 - O H  

,o -(oJ) 

aThe reactions were carried out in dichlorome- 
thane at 2-3 C using 0.6 mmol of alcohol. 

byield of isolated ketone product. Values deleted 
indicate that no significant amount of the indicated 
compound was isolated from the reaction mixture. 

(16,17,18) and 2,3-dichloro-5,6-dicyanobenzo- 
quinone (14,19) have been reported to selec- 
tively oxidize benzylic and allylic alcohols. In 
general, these reactions are characterized by 
moderate selectivity and extended reaction 
times. The observed selective oxidations of 
steroidal allylic alcohols by pyridinium chloro- 
chromate and pyrazole (under basic conditions) 
at low temperatures, and the ease of using this 
procedure offers a useful and attractive alterna- 
tive to other reagents in oxidations of complex 
allylic alcohols. 
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ABSTRACT 

A kinetic dialysis method for determining the critical miceUe concentration and the composi- 
tion of mixed miceUes has been adapted to study a binary system of bile acids. Using kinetic di- 
alysis, the critical micelle concentrations of taurocholate, deoxycholate and taurodeoxycholate 
were determined. Monomer analysis was performed by colorirnetric and radioactive tracer tech- 
niques on aliquots of the dialysates. Similarly, the composition of mixed miceUes made from 
various molar fractions of deoxycholate and taurocholate containing tritium and 14 C tracers were 
determined by this method. The results suggest that, for these bile acids, mixed miceUe composi- 
tion is largely predicted by the molar composition of the binary system. Kinetic dialysis has 
proven to be a rapid procedure and to yield results that agree with critical miceUe concentration 
values previously reported. 
Lipids 19:553-557, 1984. 

INTRODUCTION 

The interaction of bile acids and lipids to 
form mixed miceUes during digestion is impor- 
tant for the proper emulsification and absorp- 
tion of lipophilic nutrients. Although a variety 
of methods are available for determining the 
critical micelle concentration (CMC) of single 
amphiphiles, few techniques are suitable for 
studying monomer concentrations in mixed 
miceUe systems. Surface tension measurements 
that have been used to determine mixed miceUe 
composition do not apply in a number of cases. 
For example, micellar systems that contain 
multiple ionic surfactants, in the absence or 
presence of small amounts of salt, and systems 
in which the solubility is close to the CMC, 
have been refractory to surface tension mea- 
surements (1). Bile salts that form dimers over a 
wide concentration range well above the CMC 
(2) have also been difficult to study in mixed 
micelles. 

Recently, ultrafiltration has been used to 
determine the composition of mixed micelles 
(3). A variation of the filtration approach is 
kinetic dialysis, which separates monomers 
from micelles with of membrane of appropriate 
pore size. Kinetic dialysis measures the rate at 
which monomers diffuse through a membrane, 
and using a dialysis equation (4), the monomer 
concentration at to can be calculated. The time 
required for kinetic dialysis measurements is 
on the order of 1-2 hr in contrast to equili- 
brium dialysis or Sephadex bead inclusion 
methods (5), which require up to 48 hr for 

*To whom correspondence should be addressed. 

analysis. Kinetic dialysis has previously been 
used to determine the CMC and mixed micelle 
composition of  soap solutions (6,7), which have 
relatively high CMC values. 

In the following study, kinetic dialysis 
was investigated as a method for determining 
the CMC of 3 bile acids: deoxycholate (DC), 
taurocholate (TC) and taurodeoxycholate (TDC). 
We also report the application of kinetic 
dialysis to the analysis of  monomer content in a 
binary system containing radioactive bile salts 
and the determination of the molar fractions of  
each in the mixed micelle. 

MATERIALS AND METHODS 

Dialysis Cell 

A dialysis cell was made from 2 blocks of 
acrylic plastic (9 cm • 9 cm • 1.2 cm), with 
each block containing a circular cavity 6.4 cm 
diameter by 0.9 cm deep (ca. 30 ml vol). Two, 
1 era-wide circular rubber gaskets, lightly 
greased with silicone grease, were used to seal 
the dialysis membrane in place. A 4 mm hole 
was drilled in the top of each block for filling 
and removing of solution. Dialysis membrane 
tubing (MW cutoff of 1000) was obtained from 
Fisher Scientific, Inc. The tubing was cut, 
washed in deionized water and opened to fit 
between the 2 cavities. The 2 blocks were 
securely clamped and mounted on a mechanical 
shaker. 

Procedure for CMC Determination 

Solutions of  TC (2 m M - 1 0  mM) and DC or 
TDC (1 raM-5 raM) were prepared in 20 mM 
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sodium phosphate buffer, pH 7.4. The sodium 
salts of the bile acids were obtained from 
Calbiochem, La Jolla, CA. NaC1 was added to 
give a final Na concentration of 156 raM. The 
solutions were brought to equilibrium overnight 
and 25 ml vol were dialyzed at 20 C against an- 
equivalent sodium phosphate buffer. A smaller 
volume of solution than the cell capacity was 
used for proper agitation during dialysis. The 
shaker was operated at 100 RPM during dialysis 
and at various time intervals (1 and 2 hr), 0.5 
ml atiquots were removed for analysis. 

TC concentration in the dialyzate was 
determined by a modification of the Petten- 
koffer reaction. To 0.5 ml of dialyzate was 
added 1.5 ml of distilled water, 2.0 ml of 
0.4% (w/v) furfuraldehyde (recently distil- 
led) and 2.0 ml of cold concentrated sulfuric 
acid. The solution was kept on ice as the 
acid was added. The contents were mixed 
and placed in a water bath at 65 C for 13 
minutes. The solutions were cooled to room 
temperature and the color stabilized by adding 
4.0 ml of  glacial acetic acid. The contents were 
mixed and absorbance at 610 nm measured 
against a reagent blank. 

Deoxy bile acids (DC and TDC) were deter- 
mined by a separate colorimetric procedure. 
Distilled water (0.5 ml) was added to 0.5 ml of 
dialyzate followed by 4.0 ml of cold reagent, 
which was prepared by adding 1 g of p-di- 
methylamino-benzaldehyde to a mixture of 60 
ml of concentrated H2SO4 , 40 ml of H3PO4 
and 10 ml of distilled water. Samples were then 
mixed and heated in a water bath at 65 C for 
13 min. The solutions were cooled to room 
temperature and the absorbance determined at 
425 nm against a reagent blank. The dialyzate 
concentration was determined as before, from 
standards run concurrently. Using these color- 
imetric procedures, TC could be determined in 
the presence of the other bile salts. However, 
the colorimetric procedure was not applicable 
for determining the concentration of the deoxy 
bile salts in the presence of TC. 

Radioactive Isotope Procedure 

Various concentrations of DC and TC con- 
taining tracer quantities of G-3H DC (4.0 

1 4  Ci/mmol) or 24- C TC (40.3 mCi/mmol) 
(New England Nuclear, Boston, M A ) w e r e  
prepared and dialyzed as described. From the 
determination of radioactivity in the starting 
solutions and the sample aliquots, the concen- 
tration of bile salt in the dialyzate was deter- 
mined. For each bile salt a plot of dialyzate 
concentration vs the total concentration of the 
individual bile salt was made, at 1 and 2 hr time 
intervals. 

In addition, mixed systems containing 
various molar fractions of DC and TC at a total 
bile salt concentration of 5 mM were prepared 
with labeled isotopes and dialyzed as before. 
Liquid scintillation counting procedures were 
used to measure 14C, 3H or 3H/14C. 

The CMC values were calculated using the 
dialysis equation (4)CMC (mM) = a2/(a-b/2), 
where a is the concentration of bile salt in 
the dialyzate at time t; b is the concentra- 
t ion in the dialyzate at 2t. 

RESULTS AND DISCUSSION 

As illustrated in Figure 1, the rate of dialysis 
of TC monomer is nearly linear for the first 
60 min and then decreases. Using the kinetic 
dialysis equation for CMC determinations, 
experimental time point 2t should be taken 
in the nonlinear region of the dialysis curve. 
As an example, for TC, if measurements are 
made at time points during the linear por- 
tion of the curve, the denominator (a-b/2) of  
the dialysis equation approaches zero and 
the CMC becomes erroneously large. On the 
other hand, if t and 2t are taken after the 
micellar system has attained equilibrium, the 
CMC determined will be erroneously small. 
Kinetic dialysis, therefore, is based on measure- 
ments taken during the period where the 
change in the rate of diffusion is nonhnear. In 
this study, CMC values were calculated from 
experimental time points taken after 1 and 2 
hr, although nearly identical results were 
obtained for the time periods 45-90 min and 
50-100 min of dialysis (Fig. 1). Optimal sam- 
pling times were also determined for each set of 
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FIG. 1. Time dependence of TC dialysis. A 10 mM 
solution of TC was prepared and dialyzed against 
buffer. Aliquots were withdrawn periodically and 
analyzed colorimetricaUy as described in Materials and 
Methods. 
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exper imenta l  condit ions.  A compar ison of  our  
findings to published results (see below) sug- 
gests that  for micelles wi th  an u n k n o w n  CMC 
reliable measurements  can be made f rom 
determinat ions  based on the diffusion rate,  as 
in Figure 1. 

The t ime required for dialysis also de- 
pends on the  pore  size of  the membrane  used. 
A membrane  must  be selected on the basis o f  
micelle aggregation number  and whether  or  not  
dimers form,  as is the case for  bile salts. Be- 
cause TC and TDC have dimer molecular  weight  
of  over 1000 daltons,  a dialysis membrane  with  
a 1000 MW cutof f  was chosen.  The dimer MW 
of  DC is slightly less than 1000 but  the  CMC 
determined  for  DC agrees reasonably well  wi th  
l i terature values (9, see also Table 1). 

Table 1 contains  the  CMC values for 5 mM 
concent ra t ions  of  bile salts de te rmined  color-  
imetr ical ly  and by the isotope procedure.  The 
CMC for TC whose m o n o m e r  concent ra t ion  
varies according to the to ta l  concent ra t ion ,  
even above the  CMC, (5) was determined at 5 
and 10 mM concentrat ions .  A compar ison  of  
exper imenta l  and l i terature values (co lumn 3) 
indicates that  nearly identical  results were 
obtained by ei ther analytical  procedure  for 
m o n o m e r  analysis. Despite the general agree- 
ment  be tween  the exper imenta l  and l i terature 
values, the  color imetr ic  me thod  of  analysis 
is subject to error because of  the dif f icul ty  
of  control l ing tempera ture  during the color  
deve lopment  step. The accuracy in using the  
radioactive bile salts was improved when the 
dialyzate concent ra t ions  were corrected for  
nonspecif ic  radioactive contamina t ion .  

Prel iminary analysis revealed that  radioact ive 
contamina t ion  of  ei ther 3H-DC or 14C-TC 
solutions during the dialysis procedure  gave 
CMC values about  twice  those repor ted  (8) and 
higher than the  color imetr ic  procedure.  Thus,  a 
correct ion fac tor  was made for each bile salt, 
which  was based on ext rapola t ion  of  dialyzate 
concent ra t ion  to zero bile salt concent ra t ion  as 

shown in Figure 2 for DC. The Y in tercept  
values for the  1 and 2 hr dialysis t imes were 
then  subtracted f rom the  corresponding dialysis 
concent ra t ions  and the CMC subsequent ly  
de termined.  These radioactive contaminates ,  
which  did not  react color imetr ical ly  and were 
not  removed by TLC of  radioact ive bile salts, 
may  result  f rom degradat ion of bile salts 
during the overnight  equil ibrat ion that  pre- 
ceeded dialysis. The Sephadex bead technique  
of  A m m o n  et al. (5), which also employed  
radioact ive bile salts, gave CMC values ca. twice 
the values repor ted  here. Al though the CMC 
values repor ted  for bile salts vary widely,  we 
chose to compare  our  results wi th  those re- 
por ted  f rom a thorough  s tudy under  various 
condi t ions  (8). 

The change in m o n o m e r  concent ra t ions  for a 
5 mM binary micelle system containing radio- 
labeled TC and DC is shown in Figure 3 By 
ei ther  the color imetr ic  or radiois tope pro- 
cedure,  the CMC of  TC increases as a func t ion  
o f  the increase in the molar  f ract ion of  TC in 
the  original solution.  Similarly, the CMC 
of  DC also increases as a func t ion  of  the molar  
percentage of  DC, but  the effect  appears to be 
linear. The CMC for pure TC at the 5 mM 
concent ra t ion  used in the exper iments  was 2.1 
mM as opposed  to 2.8 mM for the I0  mM 
solut ion o f  pure TC (see Table i). The nonideal  
behavior  of  some bile salts (e.g., TC) results in 
an increasing m o n o m e r  concent ra t ion  as a 
func t ion  of  to ta l  concen t ra t ion  above the CMC 
(5). The reason for th is  effect  is no t  ent i rely 
clear. Thus, for the  bile acids, the  condi t ions  at 
which  the CMC is de termined  must  be care- 
ful ly stated for comparat ive  purposes. 

Table 2 compares the molar  f ract ion of  TC, 
in mixed  micelles of  TC and DC, wi th  the to ta l  
molar  f ract ion of  TC at various molar  ratios. 
The molar  f ract ion of  TC was de termined  by 
subtract ing the m o n o m e r  concent ra t ion  (Fig. 
3) f rom the to ta l  concent ra t ion  of  equivalent  
bile salt and dividing the TC micelle concen- 

TABLE 1 

CMC Values of Various Bile Salts Determined by Kinetic Dialysis a 

Bile salt 

Colorimetric Isotope Literature 
procedure procedure (9) 

(mM) (mM) (mM) 

Deoxycholate 1.4 • 0.4 1.2 • 0.2 1.0 
Taurocholate (5 mM) b 2.1 +- 0.4 1.8 • 0.3 -- 
Taurocholate (10 mM) 2.8 • 0.3 2.8 • 0.3 2.7 
Taurodeoxycholate 0.8 • 0.2 -- 0.8 

aValues represent the mean -+ SD for n=4 determinations in parenthesis for 5 mM solu- 
tion of pure bile acid. 

bTC concentration determined at 5 mM and 10 raM. 
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FIG. 2. Plot of monomer concentration in di- 
alyzate at 1 and 2 hr intervals vs bile salt concentra- 
tion for DC. Curves -�9 and - o -  are for pure DC, 1 
and 2 hr, respectively; curves - A -  and -A-- arc for 
the DC-TC mixed system, 1 and 2 hr respectively. 
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HG. 3. Concentration of DC and TC monomers at 
various molar fractions: TC (-- �9 determined color- 
imetricaUy; TC ( - o - ) ;  DC ( - A - )  dctermined by 
radioactive counting procedures. Nonspecific binding 
of DC and TC to membranes was less than 2% and 1% 
of the radioactivity used in these studies. 

TABLE 2 

Mole I:raction of Taurocholate in Mixed Micelles of Taurocholate and Deoxycholate a 

Starting 
Concentration of Micelle Micelte 

TC/DC concentration of concentration of Molar fraction TC 
(raM) TC DC Prepared Calculated 

4 .0 /1 .0  2.50 0.70 0 .80  0 .78  
3 .0 /2 .0  2 .10  1.45 0.60 0.59 
2 .0 /3 .0  1.60 2 .18  0 .40  0.42 
1 .0/4 .0 .  0 .83 2 .90  0 .20  0.22 

aMicelle concentrations were calculated by subtracting the monomer concentration from 
the total concentration for each bile salt (total concentration, 5 raM). 

t ra t ion  by the sum of  the micelle concent ra-  
t ions  of  TC and DC. For  TC, the  micelle con- 
cent ra t ion  varied f rom 62% to 83% of  the  
concen t ra t ion  of  TC in the  start ing solut ions.  
For  DC, however ,  the micelle concen t r a t ion  
was a nearly cons tan t  70-72% of  the  DC con- 
ten t  in the prepared  solut ions.  As shown in 
co lumns  4 and 5 of  Table 2, the calculated 
molar  f ract ions  of  TC in the  micelles agrees 
very well wi th  the  molar f rac t ion of  TC in the  
original solutions.  This result  is no t  u n e x p e c t e d  
because the  s t ructures  of  b o t h  TC and DC are 

similar and the CMC values (at 5 raM) are no t  
too  d i f fe rent  (2.1 vs 1.4 raM), indicat ing that  
the mixed micelle compos i t ion  of  TC and DC 

is de te rmined  primarily by statistical considera-  
t ions  (molar  concen t ra t ions )  in solut ion.  The 

use of  3H and X4C labeled bile salts permi ts  
rapid analysis o f  a binary sys tem.  More com-  

plex sys tems of  bile salts may be amenable  to 
analysis with the  use of  high pressure liquid 
ch roma tog raphy  for separat ion and quant i ta-  
t ion.  
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Analytic Ultracentrifuge Calibration and Determination 
of Lipoprotein-Specific Refractive Increments 1 
TALWINDER S. KAHLON a GERALD L. ADAMSON, a LAURA A. GLINES, a FRANK T. 
L INDGREN,  a*  MARIE A. LASKARIS b and V IRGIE  G. SHORE, b aDonner Laboratory, 
Lawrence Berkeley Laboratory, University o f  California, Berkeley, CA 94720 and 
bLawrence Livermore Laboratory, Livermore, CA 94550 

ABSTRACT 

Accurate quantification of the major classes and subfractions of human serum lipoproteins is an 
important analytical need in the characterization and evaluation of therapy of lipid and lipoprotein 
abnormalities. For calibrating the analytic ultracentrifuge (AnUC), we routinely use a Beckman cali- 
bration wedge cell with parallel scribed lines 1 cm apart. Such a cell gives a rectangular pattern in the 
schlieren diagram, which determines magnification and also provides an area corresponding to an 
invariant refractive increment. We have independently validated this wedge calibration cell using a 
special boundary-forming cell in which 1.174% sucrose is overlayered with distilled water. Comparing 
wedge cell area with extrapolated zero time boundary area refractive increment gives agreement to 
within less than I%, corresponding to a refractive increment error of -+0.00002 An. Complete calibra- 
tion for AnUC analysis of lipoproteins also requires accurate determination of the specific refractive 
increments (SRI) of the major lipoprotein classes, namely low density lipoprotein (LDL) and high 
density lipoprotein (IIDL). These are measured in the density in which they are analyzed, i.e., 1.061 g/ 
ml for LDL and 1.200 g/ml for HDU Five fresh serum samples were fractionated for total LDL and 
total HDL and their SRI determined. Total lipoprotein mass was determined using precise CItN 
elemental analysis and compositional analyses. The results yielded corrected SRI of 0.00142 and 
0.00135 An/g/100 ml for LDL and HDL. Thus, our current values using 0.00154 and 0.00149 An~g/ 
100 ml underestimate LDL and HDL by 9% and 11%. Corrections of all previous LDL and ttDL AnUC 
data can be made using appropriate factors of 1.087 and 1.106. 
Lipicls 19:558-561, 1984. 

INTRODUCTION 

H u m a n  plasma l ipopro te in  d i s t r i bu t ion  pro- 
files have been  ana lyzed  quan t i t a t ive ly  for  ca. 
35 years using the  AnUC. However ,  i n f o r m a t i o n  
on  ca l ib ra t ion  of the  schl ieren opt ica l  sys tem 
is l imi ted  to the  Beckman  technica l  bu l le t in  
(1),  which  describes a special scr ibed quar tz  
wedge ca l ib ra t ion  cell. No i n d e p e n d e n t ,  accur- 
ate  va l ida t ion  of  this  invar ian t  means  of  check-  
ing the  relat ive ca l ib ra t ion  of  an A n U C  appears  
to  have been  done.  In add i t ion ,  a r eeva lua t ion  
of  the  SRI for  each major  l i pop ro t e in  class is 
also necessary for  accura te  c o n c e n t r a t i o n  
de t e rmina t ions .  The  available l i popro te in  SRI 
data  are l imi ted  to a value of  0 .00171 An/g /  
100 ml for ~- l ipopro te in  (equ iva len t  to  LDL, 
Sf 0-12)  and  0 .00178  A n / g / 1 0 0  ml for  12g 1 lipo- 
p ro te in ,  b o t h  measured  in saline (2), to  values 
of  0 .00151 A n / g / 1 0 0  ml  for Sf 0-12 and  Sf 
0-100 LDL measured  in 1.063 g /ml  NaC1 (3) 
and  to a value of  0 .00158  A n / g / 1 0 0  ml for Sf 
20-400 very low dens i ty  l i popro te ins  (VLDL)  
as measured  in 0 .194  molal  NaC1 (4). These  
i n c r e m e n t s  were measured  at 5461 A, similar 

*To whom correspondence should be addressed. 
1 A preliminary part of this study was presented at 

the 74th Annual AOCS meeting, Chicago, 1983. 

to tha t  wi th  the Hg l ight  source  and  fil ter in the  
AnUC.  The  la t te r  V L D L  SRI were measured  
w i th  a precision Abbe  r e f r a c t o m e t e r  using a 
Nat)  1,2 light source  (5890  and  5896 •). No 
expe r imen t a l  SRI data  are avai lable for  HDL 
unde r  the  cond i t i ons  of  AnUC f lo ta t ion  in 
NaBr at  d = 1.200 g/ml.  

MATERIALS AND METHODS 

In order  to  check  the  B e c k m a n  ca l ibra t ion  
cell (Part  No. 3 0 6 3 8 6 )  i n d e p e n d e n t l y ,  a syn- 
the t i c  b o u n d a r y  cell was made  f rom a doub le  
sec tor  (21A ~ Al-filled epoxy  cen te rp iece  by  
scr ibing 0 .001"  deep scra tches  across the  cen te r  
pa r t i t ion  on b o t h  faces. A 1.174% sucrose 
so lu t ion  was i n t r o d u c e d  in to  one  sector  to  a 
level ca. 3 m m  below the  scribe line. The  o t h e r  
sec tor  was t hen  comple t e ly  filled wi th  disti l led 
H 2 0 .  Af ter  loading the  ro to r ,  t he  Model  E 
u l t racen t r i fuge  (Beckman  I n s t r u m e n t s ,  Palo 
Al to ,  CA)  was s imul t aneous ly  p u m p e d  d o w n  
and acce lera ted  to 10,000 rpm.  Unde r  these  
cond i t ions ,  at 26 C, a sharp sucrose b o u n d a r y  
was f o r m e d  at ca. 5000  rpm,  and  pic tures  were 
t a k e n  at 0, 2, 6, 8, 14, 22 and  30 min af te r  
reach ing  full speed (10 ,000  rpm) .  A s tandard  
Model  E Beckman  schlieren opt ica l  sys tem 
equ ipped  wi th  a phase-pla te  wire c o m b i n a t i o n ,  
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set at 53 ~ was used (5). A pressure difference 
occurred of ~3 atmospheres between the 2 
sectors, but this would have little effect on 
boundary stability as full speed during the run 
was 10,000 + 20 rpm. To further validate this 
calibration without pressure differences, our 
centerpiece was scribed across the top between 
the 2 sectors. Sucrose boundary stability and 
total An of the boundaries before and after this 
scribing were indistinguishable. 

Rectangular and gaussian schlieren patterns 
for both the standard calibration wedge and the 
sucrose boundary cell pictures were traced at a 
total magnification of 11.62 • with an enlarger 
(Omega, type B4, Simmons Brothers Inc., 
Long Island City, NY). Area of the tracings 
were measured using a sonic digitizer-minicom- 
puter (6) and the changing sucrose boundary 
areas were extrapolated to zero time. The 
latter area represents the refractive increment 
of the 1.174% sucrose solution above distilled 
H20 as measured by the schlieren optics of the 
ultracentrigue using an Hg source (5461 A). A 
Bausch and Lomb Precision Abbe Sugar Refrac- 
tometer (6), equipped with both Na D and Hg 
(5461)~)  light sources, provided the refractive 
index difference between the 1.174% sucrose 
solution and the distilled water. Standard error 
of measurement for total An was + 2 x 10 -s An 
for both light sources (n = 10 independent 
samples read by 3 technicians). Serum samples 
that were very low in VLDL were fractionated 
for total LDL and total HDL (7). Such LDL 
and HDL samples were dialyzed 3 times for 
18 hr against 1.061 g/m1 and 1.200 g/ml 
densities NaBr containing 0.194 molal NaC1, 
respectively, at 4 C to remove all small organic 
molecules, e.g., glucose, amino acids and so 
forth. The solutions used for dialysis were 
adjusted to pH 7.4 by adding small amounts of 
0.1 M NaOH or 0.1 M HC1. After dialysis, lipo- 
protein aliquots and the final dialysate were 
measured by precision refractometry and 
AnUC as described above for the sucrose solu- 
tion, except the rotor speed was 52,640 rpm. 
However, the standard error of An measure- 
ment was significantly higher~ -+ 3 x 10 -s An for 
LDL fractions and + 5 • 10- An for HDL frac- 
tions (n = 14 duplicate pairs each as read by 2 
technicians). This greater error involves greater 
difficulty of reading small samples (0.02 ml) 
where the drop size, using the reflection read- 
ing, increases errors in n because of evaporation 
in samples containing higher salt concentra- 
tions. 

Total lipoprotein mass was measured by 
CHN elemental analysis (5) of 200-300 #g sam- 
pies. Protein content of these lipoprotein solu- 
tions was determined by the method of Lowry 

et al. (8) with bovine serum albumin as the 
standard and calibration by amino acid analysis 
of reference lipoprotein samples. Cholesteryl 
esters, free cholesterol, triacylglycerol and 
phospholipids were determined spectrophoto- 
metrically as described earlier (9). Human 
albumin present in the HDL subnatant was 
determined by radial immunodiffusion. 

RESULTS A N D  DISCUSSION 

Figure I shows schematically the compari- 
son of the calibration procedures with results 
obtained by the Beckman calibration cell and 
by the special boundary-forming cell. At 11.62 
fold magnification, the parameters of the cali- 
bration cell gave an area of 115.77 cm 2, corre- 
sponding to a An of 0.007638 as shown in the 
formulae in Figure 1. The extrapolated 0-time 
area for the 1.174% sucrose boundary at 
11.62 x was 25.94 cm 2, corresponding to a 
An of 0.001711. The An by precision refrac- 
tometry at 26 C for the sucrose solution minus 
the distilled water reading was 0.001717, and 
both NaD and Hg source measurements were 
within the error of measurement. Thus, the 2 
independent procedures agree to within 1%, 
which corresponds to the error of measurement 
of the precision refractometry for such samples, 
namely, +0.00002 An. 

Table 1 shows the mass analysis for total 
LDL and HDL fractions from 5 different sub- 
jects and their respective subnatant back- 
grounds. Similar data are also given for 2 frozen 
samples after 7 weeks and 1 year a t - 7 0  C. 
The - 7 0  C freeze-thawed samples were selected 
to evaluate the potential for long-term frozen 
serum as a stable LDL and HDL standard. 
These data suggest that little change occurs in 
total macromolecular mass in both the LDL 
and HDL fractions and subnatants as the result 

F L O T A T I O N  tN t ,470 9 / m I  NaBr  

7608 ~HDL(0 1ml) 12 00 

7608 HDL Subnatant 1: 

(10-15 ml) 13 

52,640 rpm, 64' U" 

FIG. 1. Schematic comparison of refractive incre- 
ment calibration by the Beckman scribed optical 
wedge cell and the sucrose boundary-forming cell. 
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TABLE 1 

Total Lipoprotein Mass by CHN Elemental Analysis and Composition Analysis (mg/ml) 

(LDL) c (HDL) c 

Sample# % Sf 0-12 2VL~ 4VL~ 2VLH 0 4VLHII.5 

6569 96.2% 4.19 (4.03) a 0.29 (0.40) 8.00 (7.72) 0.58 ( . . . .  ) 

6661 93.4% 4.47 (4.15) 0.21 (0.28) 8.38 (7.34) 0.53 (0.26) 

6662 95.5% 5.18 (4.81) 0.29 (0.46) 8.85 (8.40) 0.79 (0.73) 

7608 95.5% 8.42 (8.05) 0.86 (0.89) 12.00 (II.93) 3.16 (3.38) 

7684 97.5% I0.65 (I0.68) 1.31 ( . . . .  ) 13.25 (13.50) 3.05 ( . . . .  ) 

Mean difference (5) (95.6%) (96.1%) 

7072 (frozen 7 wk) b 98.7% 9.37 (8.43) 1.32 ( . . . .  ) 12.94 (12.86) 3.41 ( . . . .  ) 

7609 (frozen l yr) b 96.9% 8.73 (8.23) l.lO (I.05) 14.23 (13.18) 3.11 (3.39) 

Mean difference (2) (92.1%) (96.0%) 

aValues in parentheses are composition analysis, i.e., total protein, triglycerides, free 
cholesterol, cholesteryl esters, and P-containing phospholipids. No carbohydrates are 
analyzed nor are the 5-6% of lipids (free fatty acids and certain phospholipids) analyzed. 
bFrozen sample at --70 C obtained earlier from subject 7608. 
C2VL ~ and 2VLH ~ are abbreviations for total low density and total high density di- 
alyzed fractions, respectively, concentrated two-fold over serum. The corresponding 
LDL and HDL subnatant fractions, concentrated four-fold, are designated 4VL~ and 
4VLH11.s, respectively. The variations in the subnatant macromolecular mass reflect 
largely individual variations which, in part, may explain the differences in SRI's obtained 
by schlieren analysis and refractometry. 

of -70  C storage and single thawing over a year 
period. Thus, frozen aliquots of such a sample 
with very little VLDL might provide an accept- 
able lipoprotein frozen standard for LDL and 
HDL, as suggested earlier (6). Comparison of 
total mass by elemental CHN analysis with 
chemical composition analyses of the LDL and 
HDL fractions indicates 4% lower values for the 
latter. This is very good agreement because 
composition analyses do not include carbo- 
hydrate, free fatty acids and certain minor 
lipids, whereas CHN analysis quantifies essen- 
tially all organic components. Table 2 shows a 
summary of the SRI of total LDL and HDL as 
obtained by calibrated AnUC and by refrac- 
tometry.  The more accurate elemental mass was 
used for these results. The average SRI for LDL 
and HDL determined by AnUC was lower by 
10% and 5% than that by refractometry. These 
unexpected results suggest the presence in 
both the LDL and HDL fractions of lipo- 
protein macromolecules close to the densities 
1.061 ml/g and 1.200 g/ml. At these solution 
densities, given at 26 C, such molecules would 
not be expected to undergo significant flotation 
(or sedimentation) at 52,640 rpm and hence 
would not contribute to the flotation boundary 
and refractive index increment resolved by the 
schlieren optical system. This interpretation is 
supported by the presence in the second ml 

(LDL) and second V2 ml ( H D L ) o f  ca. 5% and 
8% of lipoprotein macromolecules of density 
close, to that in the preparative tube (see 
Table 1). The implications of this finding sug- 
gest the need for some increase in preparative 
fractionation time, possible revision of solvent 
densities used and analysis of both the top and 
infranatant fractions by other techniques. 

In order to further characterize the signifi- 
cant subnatant macromolecular mass, samples 
2VLH ~ (total HDL) and 4VLH~ (HDL sub- 
natant) from subject 7608 were dialyzed against 
a solution of d = 1.470 g/m1 that contains 
NaBr in 0.194 molal NaC1. Flotation at 52,640 
rpm for 64 min yielded the schlieren patterns 
shown in Figure 2. These results, and those 
from radial immunodiffusion, indicate the pres- 
ence in the subnatant of  1.84 mg/ml albumin 
and 1.32 mg/ml HDL3 lipoproteins. Because 
this fraction is at 4-fold concentration, the 
unrecovered HDL is 5.5% in the most extreme 
case. The much smaller HDL peak reflects the 
significantly reduced SRI of HDL in the 1.470 
g/ml salt solution. For all 5 LDL and HDL 
samples, the CHN and compositional data indi- 
cate the unrecovered lipoproteins in the sub- 
natarrts of a standard low and high density 
run (5) to be ca. 3%. Essentially no albumin 
was found in the LDL subnatant, but ca. 58% 
of the HDL subnatant mass was albumin. 
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TABLE 2 

Evaluation of Lipoprotein Specific Refractive Increments (SRI) ~Xn/g/100 ml 

Total LDL Total HDL 

Sample # AnUC (n = I) d Refractometry d AnUC d Refractometry d 

6569 0.001339 0.001754 0.001447 (n : 4) 0.001617 

6661 0.001421 0.001579 0.001252 (n : 2) 0.001326 

6662 0.001552 0.001502 0.001333 (n = 3) 0.001322 

7608 0.001363 0.001500 0.001487 (n : I )  0.001461 

7684 0.001409 0.001528 0.001213 (n = I )  0.001343 

Mean SRI (5) 0.001417 (90.1%) a 0.001573 0.001347 (95.3%) 0.001414 

Correction f~ctor 
for  old data ~ 1.087 1.106 

7072 (frozen 7 wk) c 0.001284 0.001446 0.001227 (n = I )  0.001405 

7609 (frozen 1 yr)  ~ 0.001410 0.001591 0.001237 (n : I )  0.001347 

Mean SRI (2) 0.001347 (88.7%) 0.001519 0.001237 (89.9%) 0.001376 

apercent of lipoprotein refractive increment resolved by AnUC compared with refractometry. 
bold SRI values for total LDL = 0.00154 and for HDL = 0.00149 An/g/lO0 ml. New values 
include total mass evaluated by CHN elemental microanalysis and by refractive increment 
evaluated by AnUC schlieren An. 
CFrozen sample at --70 C obtained earlier from subject 7608. 
dAll AnUC data and precision refractometry were performed at 26 C. 

ANUC CALIBRATION 

BOUNDARY CELL 
STANDARD CALIBRATION CELL 

(Scribed optical wedge) 

. A t  , 
; . 

~ A 8  - Distilled H 2 O 

1.174% Sucrose So{. = 

An _ 4 0  ' ~R _ (0.00918 Rad)(0.9984) 1 .  

Area CaJib Cell T 1.20 cm 

.s .om= . . . . . . . . .  d.oOO0,S3S~n I , / ~  ~ . . . . . . . .  

J 

(magnification = 11.62 X) I ~ / ~  25,94 cm 2 
2. 

J I ~ n  = 0.001711 

Precision refractometry, z~n = 0.001717 Na D line 
(Hg line measurement wi th in error of measurement, • 0.00002 &n) 3 ,  

FIG. 2. Flotation in 1.470 g/ml of the total HDL 
4. 

fraction and subnatant from subject 7608. The sub- 
natant HDL contamination is the slowly migrating 
HDL 3 when compared with the upper total HDL 5. 
pattern. 

In s u m m a r y ,  t h e  val idated s t anda rd  wedge  
ca l ibra t ion  cell and  the  revised SRI for L D L  6. 
and  HDL s igni f icant ly  improve  and  con f i rm  the  
a c c u r a c y  o f  all A n U C  runs .  Thus ,  improved  
rel iabil i ty an d  accuracy  is possible  for the  
A n U C  as a r e fe rence  s t anda rd  for  quan t i t a t i ve  7. 
h u m a n  l ipopro te in  analysis .  A l t h o u g h  the  
above  resul ts  are in s o m e  ways  u n e x p e c t e d ,  8. 
t h e y  provide a m easu re  o f  abso lu te  concen-  
t r a t ion  co r rec t ion  to all previous  and  cu r r en t  9. 
A n U C  data,  Thus ,  to ta l  LDL and H D L  concen-  
t r a t i ons  us ing our  previous  SRI values  of  
0 . 0 0 1 5 4  an d  0 . 0 0 1 4 9  A n / g / 1 0 0  ml  shou ld  be 
cor rec ted  b y  fac to r s  o f  1 .087 and  1.106.  
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Behavior of Sugar Derivatives in Procedures 
for Ganglioside Isolation 
ALLAN J. YATES* and JEAN K. WARNER, Division of  Neuropathology, College of  
Medicine, Room 111 Upham Hall, Ohio State University, 473 W. 12th Avenue, Columbus, 
OH 43210 

ABSTRACT 

A common method of studying ganglioside metabolism is to measure the amounts of radioactivity 
incorporated into ganglioside from a radiolabeled precursor. This requires that radioactive nonganglio- 
side material be completely removed from the ganglioside fraction. Nucleotide sugars and aminosugars 
comprise an important source of such contaminants. Therefore, we have studied their behaviors in 
several procedures currently employed to isolate gangliosides. Over 50% of the radioactivity associated 
with several nucleotide sugars added to a brain homogenate is extracted with chloroform/methanol 
(2:1, v/v), and most of this is recovered in the upper phase of a Folch partition. Dialysis against water 
removes almost all of the free aminosugar but only 70% of nucleotide sugar. Treatment with alkaline 
phosphatase, phosphodiesterase and alkaline methanol followed by dialysis removes almost all of the 
nucleotide diphosphate sugars but only 88% of cytidine 5'-monophosphate sialic acid (CMP-NeuAc). 
Nucleotide sugars cannot be separated from gangliosides by Unisil or Iatrobead chromatography, 
but nucleotide diphosphate sugars and gangliosides are resolved with Sephadex LH-20 chromatography 
following treatment with phosphodiesterase and alkaline phosphatase. CMP-NeuAc was not satisfac- 
torily separated from gangliosides using any of the procedures. 
Lipids 19:562-569, 1984. 

INTRODUCTION 

Gangliosides are sialic acid containing glyco- 
sphingolipids located mainly at the cell surface 
and found in virtually all vertebrate tissues 
studied. Their normal biological roles are un- 
known but researchers have considerable inter- 
est in them because of evidence suggesting that 
they may be involved in nerve regeneration (1), 
immunoregulation (2,3), receptor activities (4) 
and cellular growth control (5). In metabolic 
studies involving the radiolabeling of ganglio- 
sides by radioactive precursors, two major 
problems have arisen: (a) separation of labeled 
gangliosides from other radioactive metabolites 
(mainly aminosugars and nucleotide sugars); 
(b) preventing the loss of gangliosides, particu- 
larly during desalting procedures such as dialy- 
sis. Carter and Kanfer (6) studied the behavior 
of N-acetylgalactosamine, glucose, UDP-glucose 
and UDP-galactose in some of the procedures 
available at that time for ganglioside isolation. 
A few other reports on the behavior of such 
contaminants at some steps of some isolation 
procedures are scattered in the literature, usu- 
ally as minor parts of major papers (7-10). 
However, no recent comprehensive study has 
been done on this subject. Because of the 
importance of such information in interpreting 
the data from experiments in which ganglio- 
sides are radiolabeled, we have studied the 
behavior of several nucleotide sugars and 

*To whom correspondence should be addressed. 

aminosugars during some of the critical proce- 
dures currently being used to isolate ganglio- 
sides. The results of that study form the basis 
of this report. 

MATERIALS AND METHODS 

Materials 

The following chemicals were purchased: 
uridine diphosphate [14C-(U)] glucose, 327 
mCi/mmol (UDP-glc); uridine diphosphate 
[ 14C.(U)] galactose, 302 mCi/mmol (UDP-gal); 
uridine diphosphate N-acetyl [ 1-14 C]-D-glucos- 
amine, 51.7 mCi/mmole (UDP-glcNac); uridine 
diphosphate N-acetyl [1-14C]-D-galactosamine, 
47.2 mCi/mmol (UDP-galNac); guanosine di- 
phosphate [X4C(U)] fucose, 190 mCi/mmol 
(GDP-fuc); cytidine 5'-monophosphate [sialic- 
4-14C] sialic acid, 1.6 mCi/mmol and 247 mCi/ 
mmol (CMP-NeuAc); glucosamine hydrochlor- 
ide, D-[1,6-3H(N)], 32.5 Ci/mmol (GlcNHz); 
Aquasol-2 Universal Liquid Scintillation Count- 
ing Cocktail from New England Nuclear, 
Boston, MA; DEAE Sephadex A-25 and Seph- 
adex LH-20 from Pharmacia Fine Chemicals, 
Piscataway, NJ; Unisil (silicic acid) 200-325 
mesh from Clarkson Chemical Co., Williams- 
port, PA; Iatrobeads from Iatron Labs, Tokyo, 
Japan; snake venom phosphodiesterase I and 
E. Coli alkaline phosphatase from Worthington 
Biochemicals Corps, Freehold, N J; precoated 
thin layer plates (Silica Gel 60, 20 cm x 20 cm) 
from Merck, Darmstadt, Germany; microdialy- 

LIPIDS, VOL. 19, NO. 7 (1984) 



METHODS 563 

sis tubes  f rom Pope Scientific,  Menominee ,  WI. 
All chemicals  and organic solvents  were  of  

reagent  grade and solvents  were redist i l led be- 
fore use. Puri ty of  radiolabeled materials  was 
de te rmined  by paper  ch roma tog raphy  using 
S&S Orange R ibbon  589C paper  (Schuleucher  
and SchueU, Inc., Keene,  N H ) u s i n g  the  fol low- 
ing solvents:  bu t ano l / e t hano l /wa t e r  (50 :32 :18 ,  
v/v/v) for g lucosamine hydroch lo r ide ;  e thanol /  
1.0M a m m o n i u m  aceta te  pH 3.8 (5:2,  v/v) for  
UDP-glcNac; e thanol /1 .0M a m m o n i u m  aceta te  
pH 5.0 (7:3,  v/v) for all o the r  nuc leo t ide  sugars. 
Pur i ty  for all o f  these was at least 94.0% and 
averaged 95.8%. 

A mix ture  of  gangliosides was isolated f rom 
normal  h u m a n  cerebral  co r t ex  ( N H C G ) a c c o r d -  
ing to the  m e t h o d  of  Suzuki (11). 

Experimental Procedures 

Extraction and partition. Aliquots  of  radio- 
labeled nuc leo t ide  sugars and GlcNH2 (amounts  
in dpm given in Table 1) were added  separate ly  
to homogena t e s  of  1 g normal  h u m a n  cerebral  
cor tex  in 20 vol c h l o r o f o r m / m e t h a n o l  ( 2 : t ,  

TABLE 1 

Distribution of Nucleotide Sugars and Glucosamine 
Following Extraction and Folch Partition a 

Radiolabeled Initial Total lipid Upper Lower 
compound amount extract phase phase 

GlcNH 2 381 292 265 5.02 
UDP-gal 102 39.4 47.1 0.18 
UDP-galNac 93.2 70.1 74.5 0.20 
CMP-NeuAc 98.0 66.5 69.9 0.12 

aValues are dpm • 10 -3 . 

v/v). Gangliosides were ex t rac ted  and parti- 
t ioned  by  the  m e t h o d  of  Suzuki (11)  wi th  3 
addi t ional  washes of theore t ica l  upper  phase 
wi thou t  KC1. Al iquots  were taken f rom the  
to ta l  unwashed  lipid extract ,  upper  phase and 
lower  phase, and radioact ivi ty  in each was 
de te rmined .  

Dialysis. In expe r imen t  I, samples of GlcNH2 
(235,000 d p m )  were dissolved separately in 
2 ml  al iquots of  water,  t ransfer red  to mini 
dialysis bags and dialysed at 4 C against dis- 
tilled water  for several d i f fe ren t  periods of  
t ime wi th  water  changes every 2 hr. Conten t s  
o f  the  dialysis bags were taken  to  dryness  and 
radioact ivi ty  de te rmined .  

In expe r imen t  II, al iquots (0.2 nmol  each;  
amo u n t s  in dpm given in Table 2) of  nucleot ide  
sugars were prepared  for dialysis as above. 
Some conta ined  NHCG equivalent  to 100 mg 
cerebral  cor tex ;  o thers  did not .  Dialysis was for 
48 hr at 4 C wi th  6 water  changes. 

In expe r imen t  III, a l iquots  of  nuc leo t ide  
sugars (0.2 nmol  each;  amo u n t s  in d p m  given in 
Table 2) and NHCG as above were t rea ted  wi th  
phosphodies te rase  and alkaline phospha tase  (6) 
and dialysed as in expe r imen t  II. Ident ical  
samples received no enzyme  t r ea tmen t  but  were 
dialysed similarly. 

In expe r imen t  IV, samples prepared identi-  
cally to  those  in expe r imen t  III were subjec ted  
to alkaline methanolys i s  (12) by  t reat ing wi th  
0.6N NaOH in me t h an o l  at r o o m  tempera tu re  
and neutral iz ing wi th  HC1, but  did no t  receive 
the e n z y m e  t r ea tmen t .  They were dialysed as in 
expe r imen t  II. Control  samples were not  
methano lysed .  

TABLE 2 

Removal of Nucleotide Sugar Radioactivity by Dialysis a 

Experiment b UDP-glc UDP-glcNac UDP-gal UDP-galNac GDP-fuc CMP-NeuAc 

I1 A -- - 122 20.9 -- 94.6 
B - - 26.3 (2t.6) 1.23 (5.9) -- 15.9 (16.8) 
C - - 42.6 (34.9) 20.8 (99.5) -- 33.5 (35.4) 

III A 150 19.7 122 18.6 71.2 111 
B 17.2 (11.5) 8.13 (41.3) 11.8 (9.7) 9.17 (49.3) 35.3 (49.6) 31.6 (28.5) 
C 0.19 (0.1) 0.10 (0.5) 0.05 (0.04) 0.I0 (0.5) 0.08 (0.1) 14.7 (13.2) 

lV A - -- 122 21.0 -- 94.6 
B -- - 3.4 (2.8) 3.30 (15.7) - 13.0 (13.7) 

aSamples were dialysed for 48 hr against distilled water with 8 water changes at 6 hr intervals. Values refer to 
dpm X 10 -3 radioactivity remaining within dialysis bag; number in brackets is percentage of original radioactivity 
remaining after dialysis. 

blIA, IIIA and IVA-lnitial amounts of radioactivity before dialysis. Sample liB was dialysed in absence of 
ganglioside; all others had human cerebral cortex gangliosides added before dialysis. IIIB received no enzyme 
treatment; 1IIC was treated with alkaline phosphatase and phosphodiesterase before dialysis. IVB underwent 
alkaline methanolysis before dialysis. 
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Un&il columns. Known amounts of nucleotide 
sugars (ca. 100,000 dpm each) were loaded 
onto a 1 g Unisil column and sequentially 
eluted with chloroform (15 ml), chloroform/ 
methanol (4:1, v/v, 15 ml), chloroform/metha- 
nol (1:1, v/v, 15 ml) and methanol (35 ml). 
UDP-GIc was also chromatographed on a Unisil 
column with gangliosides (100 /.tg NeuAc). 
Radioactivity in each 1 ml fraction was deter- 
mined. 

latrobead columns. Iatrobeads were prewashed 
according to the method of Momoi (13) and 
known amounts of nucleotide sugars (ca. 
100,000 dpm each) were loaded onto separate 
1 g columns in 5 ml chloroform/methanol 
(85 : 15, v/v). Columns were eluted with chloro- 
form/methanol (85:15, v/v; 15 ml, including 
5 ml to load) and chloroform/methanol (1:2, 
v/v, 40 ml). 

DEAE Sephadex A-25 columns. These columns 
were prepared by first converting the resin to 
acetate by the method of Ledeen and Yu (14). 
Nucleotide sugars (100,000 dpm each) or 
GlcNtt2 (325,000 dpm) were added to separate 
dried aliquots of total lipid extract from 
100 mg of normal human cerebral cortex. Each 
sample was then loaded onto a 1 g column in 
50 ml chloroform/methanol/water (30:60:8, 
v/v/v) and eluted with 50 ml more of the same 
solvent (Fraction A). The columns were then 
eluted with 100 ml chloroform/methanol/0.8 M 
aqueous sodium acetate (30:60:8, v/v/v [Frac- 
tion B I). Because of low recoveries of radio- 
activity, in certain cases the columns were fur- 
ther eluted with 100 ml of chloroform/meth- 
anol/0.8 M aqueous KC1 (30:60:2, v/v/v [Frac- 
tion C]). The fractions were collected and 
aliquots taken for counting in 10 ml Aquasol-2. 

Sephadex LH-20 columns. Sephadex LH-20 was 
soaked in chloroform/methanol (1:1, v/v) over- 
night before use. Columns (17-18 mm o.d. x 
370 ram) were prepared with 15 gin Sephadex 
LH-20 in the same solvent. Samples were 
loaded onto columns in 5 ml methanol and 
eluted isocratically with chloroform/methanol 
(1:1, v/v). Nucleotide sugars and aminosugars 
(100,000 dpm each) were chromatographed 
with and without NHCG (100 pg NeuAc). 
Other samples of nucleotide sugars (0.2 nmol 
each; amounts in dpm as in Table 2, experi- 
ment Il iA) with gangliosides (100 /ag NeuAc) 
were subjected to phosphodicstcrase--alkaline 
phosphatase treatment or alkaline methanolysis 
or both, and then passed through Sephadex 
LIt-20 columns. For all of these columns, 1 ml 
fractions were collected by a Buchler Frac- 
tomette Alpha 400 into mini scintillation vials. 
The fractions were then dried under nitrogen 

and counted in 6 ml Aquasol-2. If gangliosides 
were present, 10% aliquots of the fractions 
were spotted on Merck TLC Silica Gel 60 plates 
and visualized by Svennerholm's (15)resorcinol 
spray, which detects 0.5 mg NeuAc. 

Liquid scintillation counting. All radioactive 
samples were counted in Aquasol-2 using a 
Beckman LS-7500 Liquid Scintillation Counter. 
An external standard was used to correct for 
quenching and calculate dpm. 

RESULTS 

Initial Lipid Extraction and Folch Partition 

Significant amounts of nucleotide sugars and 
GIcNH2 are soluble in the solvents commonly 
used to extract gangliosides from wet tissue. 
Over 99% of the nucleotide hexoses and 98% 
of GIcNH2 are in the upper phase following a 
Folch partition ('Fable I). 

Dialysis 

Four sets of experiments were performed to 
determine the effects of several factors on the 
dialysis of GIcNII 2 and nucleotide sugars. Dura- 
tion of dialysis was studied in the first set. 
After 12 hr of dialysis with 6 water changes, 
over 99.7% of free GlcNH2 was removed both 
in the presence and absence of gangliosides. An 
additional 36 hr of dialysis with 14 more water 
changes only removed an additional 0.1% of the 
original 295 x 103 dpm GIcNH2 (data not 
shown). The presence of gangliosides within the 
dialysis bag did not affect the dialysis of free 
GIcNH2 but did retard the dialysis of nucleo- 
tide sugars (Table 2, experiment 2). In the third 
set of experiments, the effects of alkaline phos- 
phatase and phosphodiesterase digestion of 
nucleotide sugars before dialysis were investi- 
gated. Dialysis of nonenzyme-treated samples in 
the presence of gangliosides removed between 
54% and 91% of radioactivity. Dialysis follow- 
ing enzyme treatment removed almost all radio- 
active nucelotide diphosphatc sugars but only 
88% of CMP-NeuAc (Table 2, experiment 3). 
Dialysis following alkaline methanolysis re- 
moved a greater proportion of radioactivity 
than no treatment, but was not as effective as 
enzyme digestion (Table 2, experiment 4). 

Unisil Column Chromatography 

When chromatographed alone, GDP-fucose, 
UDP-galNac, UDP-glcNac and CMP-NeuAc 
eluted almost entirely in the methanol frac- 
tion (Fig. la). However, significant amounts 
of UDP-gal and UDP-glc eluted in the C/M 
( I : I ,  v/v) as well as in the methanol fraction. 
When chromatographed with gangliosides, UDP- 
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glcNac elutcd in the ch lo ro fo rm/me thano l  (1:1.  
v/v) and methanol  fractions. 

latrobead Column Chromatography 

Six radiolabeled nucleot idc  sugars (UDP-gaI, 
UDP-glc, UDP-galNac, UDP-glcNac. GDP-fucose 
and CMP-NeuAc) were passed tlu'ough latro- 
bead columns. Almost  no radioactivi ty eluted 
in the ch lo ro fo rm/me thano l  (85:15,  v/v) frac- 
tion. However,  for all 6 compounds  large 
amounts  of radioact ivi ty eluted as a peak as 

1~ C/M ( I 2) 
I= 

Gangll(~ide Froctlorl 

CMP-  SIALIC ACID 

IATROBEAD COLUMN 

20 30 40  ,5,(3 60  

FRACTION NUMBER 

FIG. l. I(lution profiles of radioactivity from 
klnisil loaded with UDP-glcNac (a) and latrobead 
h)adcd with CMP-NcuAc (b). 

soon as the solvent was changed to ch lo ro fo rm/  
methanol  (1:2,  v/v) the fraction in wl~ich 
gangliosides elute (Fig. I b). 

DEAE Sephadex A-25 Column Chromatography 

Six radiolabeled nucleot idc sugars separately 
added to total lipid extract  f rom 100 mg of 
normal human cerebral cor tex  were loaded 
onto  DF, AE Scphadcx A-25 columns. Of the 
total  amounts ,  between 1.37; and 7.7';~ was re- 
covered in Fract ion A (where neutral lipids 
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TABLE 3 

Radioactivity Recovered from DEAE-Sephadex Column a 

F r a c t i o n  b U DP-ga l  U I ) P - G I c  U D P - g a l N a c  U l ) P - g l c N a c  G D P - f u c o s e  C M P - N e u A c  G I c N H  2 

I n i t i a l  1 2 2  1 2 8  1 1 2  1 1 8  1 0 7  1 1 8  3 2 8  
F r a c t i o n  A 9 . 9 2  2 . 7 9  6 . 9 0  2 . 5 7  2 1 . 9  1 . 9 1  3 5 4  
Fraction B 3 . 7 9  4.33 2.03 0.71 0 . 4 8  111  5 . 6 7  
F r a c t i o n  C - - - 0 . 2 6  - 1 6 . 3  - 

aValues represent dpm • 10  ,3 radioactivity. 
blnitial-the amount of radioactivity in the nucleotide sugar that was loaded onto the column in the presence 

of total lipids extracted from 100 mg normal human cerebral cortex. Fraction A-chloroform/methanol/water 
(30:60:8, v/v/v), 100 ml. Fraction B-chloroform/methanol/O.8M Na acetate in water (30:60:8, v/v/v), 100ml. 
Fraction C-chloroform/methanol/0.8M KCI in water (30:60:2, v/v/v), 100 ml. 

elute) except  GDP-fucose,  20% of which eluted 
in the first fract ion (Table 3). Only 0.4-3.1% of 
the total  amoun t  of  these eluted with the acidic 
lipids (Fract ion B) except  CMP-NeuAc, 94.3% 
of which was recovered in Fract ion B. Because 
of  the low recoveries of  these compounds  (ex- 
cept CMP-NeuAc),  an addit ional  100 ml chloro- 
fo rm/me thano l /0 .8M KC1 (30 :60 :2 ,  v/v/v) 
(Fract ion III) was passed through 2 columns. 
Even this harsher solvent removed  only another  
0.2% UDP-GlcNac, but removed all of  the 
remaining CMP-NeuAc. Almost  all of  the radio- 
label f rom GlcNH2 was recovered in Fract ion A 
(Table 3). 

Sephadex LH-20 Column Chromatography 

Normal  human cerebral cor tex  gangliosides 
always eluted in fract ions 20-43. When chroma-  
tographed alone, most of  the radioact ivi ty  
associated with the nucleot ide  sugars we 
studied (except  GDP-fucose) was recovered 
from Sephadex LH-20 columns within these 
same fractions. GDP-fucose eluted as a large 

single peak between fract ions 40 and 50. How- 
ever, when NHCG was chromatographed  at the 
same t ime as ei ther UDP-galNac or UDP-glcNac 
the re tent ion  times of  the nucleot ide  sugars 
were increased so that  only  a very small propor- 
tion of  either of  them co-eluted with the gangli- 
osides (Fig. 2a). A similar elut ion pat tern was 
seen when GIcNH2 was chromatographed  with 
NHCG. However,  CMP-NeuAc eluted both with 
and, later than NHCG. 

When UDP-glcNac was subjected to alkaline 
methanolysis  before  loading it on to  a column,  
a significant amount  of  radioact ivi ty  usually 
co-eluted with the NHCG (Fig. 2b). However ,  
t rea tment  of  both UDP-glcNac and UDP-galNac 
(Fig. 2c) with phosphodiesterase and alkaline 
phosphatase resulted in the radioact iv i ty  eluting 
later than NHCG. Trea tment  of  UDP-glcNac 
with both enzymes and alkaline methanolysis  
resulted in the separation of most  of  the radio- 
act ivi ty from NHCG (Fig. 2a). CMP-NeuAc 
could not  be separated from NHCG by treat ing 
it with these 2 enzymes  (Fig. 2c). 
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FIG. 2. Elution profiles of radioactivity from Sephadex LH-20 columns loaded with: (a) 
gangliosides and U I)P glcNac or ganglioside and UDP-glcNac treated with phosphodiesterase, 
alkaline phosphatase and alkaline methanolysis; (b) gangliosidcs and either UDP-glcNac or 
UDP-glcNac subjected to alkaline mcthanolysis; (c) gangliosidcs and either UDP-galNac or 
CMP-NeuAc treated with both phosphodiesterase and alkaline phosphatase. 

DISCUSSION 

Two physical properties of gangliosides, 
which have been exploi ted in some isolation 
procedures,  are their amphiphil ic  nature and 
abili ty to form micelles in water. However ,  
these propert ies are also probably responsible 
for the diff icul ty in removing some contami-  parti t ion.  Therefore ,  

nants, e.g., free aminosugars and nucleot ide  
sugars, f rom ganglioside preparations.  Chloro- 
f o rm/me thano l  (2 : 1, v/v) can dissolve relatively 
large amounts  of  GIcNH2 and nucleot ide sugars 
in tissue homogenates ,  and virtually all of  these 
substances present in the total  lipid extract  of  
tissues goes into the upper phase of  the Folch 

de terminat ions  of radio- 
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activity in chloroform-methanol extracts or 
Folch upper phases cannot be equated with the 
amount  of ganglioside radioactivity in extracted 
tissue if they contain any radioactive nucleotide 
sugar or GlcNH2. This is probably also true for 
other aminosugars but we did not study them. 

Dialysis of gangliosides against water has 
been a common method of removing low 
molecular weight contaminants from ganglio- 
sides. The critical miceUe concentration of 
gangliosides is still a matter of controversy but 
is not higher than 10 -4 M and probably closer 
to 10 -8 M (16). Minimal amounts are lost when 
gangliosides are present as micelles in water 
during dialysis (17,18). Our results indicate that 
within 12 hr almost.all of the GlcNH2 can be 
removed from ganglioside samples by dialysis 
with frequent water changes. This is not the 
case with nucleotide sugars, significant amounts 
of which still remain in the ganglioside frac- 
tion after 48 hr of dialysis with several water 
changes. This is probably caused by the trap- 
ping of the nucleotide sugars in the ganglioside 
miceUes possibly on the basis of hydrophobic 
interactions. Gangliosides can form such mixed 
miceUes (16), and Kanfer reported this phe- 
nomenon for UDP-gal and UDP-glc (6,7). He 
recommended treating samples with phospho- 
diesterase and alkaline phosphatase before 
dialysis to split the nucleotide sugars into 
readily dialysable fragments. Our results con- 
firm that this treatment, plus dialysis, effec- 
tively removes nucleotide diphosphate sugars. 
However, ca. 10% CMP-NeuAc radioactivity 
remains with the ganglioside fraction. The rea- 
sons for this are not entirely clear, but although 
CMP-NeuAc is resistant to phosphodiesterase 
treatment, it may undergo nonenzymatic hy- 
drolysis to CMP and NeuAc during dialysis. 
CMP-NeuAc is relatively unstable. Alkaline 
methanolysis, followed by dialysis, was not as 
effective as the enzyme treatment in removing 
nucleotide sugars. Therefore, if a procedure 
calls for alkaline methanolysis, usually to re- 
move phospholipids (12), we suggest that the 
methanolysis step should follow enzyme 
digestion. 

Unisil and Iatrobead column chromatogra- 
phy are commonly used as a final step in gangli- 
oside purification (14,19), usually to remove 
lipid contaminants less polar than gangliosides. 
Our results show that these columns do not 
effectively separate gangliosides and nucleotide 
sugars when eluted with solvents usually em- 
ployed. SillcAR also fails to separate these com- 
pounds (6). 

DEAE Sephadex A-25 column chromatogra- 
phy is used in ganglioside isolation to separate 
neutral and Zwitterionic lipids from acidic 

lipids. Over 90% of CMP-NeuAc radioactivity 
loaded onto the column is recovered in the 
acidic lipid fraction with gangliosides. The re- 
covery of the other 5 nucleotide sugars we 
studied was quite low. This is probably because 
each has 2 phosphate groups that would inter- 
act electrostatically with the solid phase to a 
greater extent than CMP-NeuAc. Additional 
evidence for this is the finding of Ueno et al. 
(8) that gangliosides can be separated from 
UDP-gal on Sephadex G-50. In our study, the 
small amount of the diphosphonucleotide 
sugars that did elute from the DEAE-Sephadex 
column probably were electrically neutralized 
by a positive counterion. Virtually all of the 
free GleNH2 was recovered in the neutral lipid 
fraction, as would be expected. Therefore , 
DEAE-Sephadex column chromatography re- 
moves most of the potentially contaminating 
free and nucleotide sugars from gangliosides, 
with the exception of CMP-NeuAc. This is in 
striking contrast to results obtained with 
Sephadex G-50, with which a complete separa- 
tion of nucleotide sugars and gangliosides can 
be obtained with quantitative recoveries of 
nucleotide sugars (9). 

The main purpose for using a Sephadex 
LH-20 column during ganglloside isolation is to 
remove inorganic salts. Theoretically, it might 
also remove other low molecular weight sub- 
stances, e.g. free aminosugars and nucleotide 
sugars. Almost all of the free GlcNH2 elutes 
after the gangliosides. With exception of 
GDP-fucose, all the nucleotide sugars we 
studied, when run in the absence of ganglio- 
sides, eluted in the same fractions in which 
gangliosides consistently elute. However, the 
elution profiles of UDP-glcNac, UDP-galNac 
and CMP-NeuAc were altered when chromato- 
graphed with gangliosides. The first two were 
retarded and the bulk of each eluted later than 
gangliosides. CMP-NeuAc eluted both with and 
later than the gangliosides. The reasons for 
these changes in mobility in the presence of 
gangliosides are unknown. 

Alkaline methanolysis has been included as a 
step in the isolation of gangliosides to remove 
glycerophosphollpids (12,14). Such a treatment 
of a mixture of UDP-glcNac and gangliosides 
resulted in slightly variable elution profiles of 
the radioactivity. Sometimes it eluted with and 
sometimes later than the gangliosides. This is 
probably a consequence of the multiple prod- 
ucts formed. Most of the 14C-labeled products 
that elute are probably GlcNac-l-phosphate and 
GlcNac-2-phosphate (20). The reason that most 
of these radiolabeled reaction products elute 
sooner than their parent nucleotide sugars is 
that the retarding aromatic interactions of the 
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nonradioac t ive  purines and pyr imidines  (which  
are re tarded because of their  a romat ic  inter-  
act ions wi th  the  s ta t ionary phase)  have been  
dissociated f rom the  radiolabeled GlcNH2. A 
similar effect  has been  n o t e d  when  UDP-glcNac 
was t rea ted  wi th  phosphodies te rase  (results no t  
shown)  and the  same explana t ion  p robab ly  
applies in this case as wi th  the  alkaline metha-  
nolysis. Treat ing UDP-glcNac wi th  combined  
phosphod ies te rase  and alkaline phospha tase  
resul ted in most  of  the  radioact ivi ty  eluting 
later than  the gangliosides, similar to free 
GlcNH2. Indeed,  the  p roduc t s  of  phosphod i -  
esterase t r e a t m e n t  would be expec ted  to be 
d e p h o s p h o r y l a t e d  by  alkaline phospha tase  
yielding free GlcNH2. Therefore ,  effect ive 
removal  o f  radiolabeled free aminosugars  and 
nucleo t ide  d iphospha te  sugars can be ob ta ined  
by digesting them with  these  2 enzymes  before  
Sephadex  LH-20 co lumn chromatography .  
However,  because sialic acid does no t  have a 
hyd roxy l  group on carbon-2,  CMP-NeuAc is 
no t  split by phosphod ies te rase  and significant 
amoun t s  of  radioact ivi ty  co-elute wi th  ganglio- 
sides. If separating CMP-NeuAc f rom ganglio- 
sides is imperat ive,  the  m e t h o d  of  Yohe  et al. 
(9) can be employed .  
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The Biosynthesis of n-[2H7 ] Fatty Acids 
by Arthrobacter g/obiformis from [U-2H15] Octanoic Acid 

ROBERT H. WHITE, Department of Biochemistry and Nutrition, Virginia Polytechnic 
Institute and State University, Blacksburg. VA 24061 

ABSTRACT 

The principal fatty acids present when Arthrobacter globiformis is grown on a glycine medium free 
of normal fatty acids were found to be the C15 and C16 anteiso fatty acids; only a small amount of 
the normal fatty acids (C14 and C16) were present~ Ceils grown on the same medium but supplemented 
mented with 0.1 mg/ml [U-~Hls]octanoic acid were found to contain an increased amount of the 
normal fatty acids and these fatty acids were found to be labeled with 7 deuteriums. I concluded that 
the octanoic acid is degraded by/~oxidation in these cells to [U-2H7 ] butyryl-CoA, which then com- 
petes with 2-methylbutyryl-CoA for the initiation of fatty acid biosynthesis. 
Lipids 19:570-572, 1984. 

INTRODUCTION 

Methyl-branched iso and anteiso long-chain 
fatty acids are widely distributed in bacterial 
lipids, where they normally occur along with a 
small amount of normal fatty acids (1). Both 
types of fatty acids are biosynthesized b y t h e  
repeated condensation of malonyl-CoA with a 
starter acyl-CoA group. The biosynthetic 
difference between the branched- and straight- 
chain fatty acids lies in the starter acyl-CoA 
group used to initiate the biosynthesis (2,3). 
For the branched-chain fatty acids, the me- 
tabolic products of the branched-chain amino 
acids supply the required precursors. For the 
terminally branched iso fatty acids with an even 
number of carbons, the required initiator, 
isobutyryl-CoA, originates from valine via 
a-ketoisovalerate. Similarly, the terminally 
branched iso acids with a odd number of car- 
bons come from leucine and the subterminally 
branched anteiso acids come from isoleucine 
(4,5). The assumption is generally made that 
the normal odd- and even-numbered fatty acids 
are initiated from either acetyl-CoA or pro- 
pionyl-CoA, respectively (6). 

In their work on fatty acid biosynthesis in 
Bacillus subtilis and Escherichia coli, But- 
terworth and Bloch (7) demonstrated that one 
of the major factors governing the final pattern 
of fatty acids produced by these organisms was 
determined by the specificity of the initial 
acyl-CoA-acyl carrier protein transacylase. 
In B. subtilis this enzyme mainly produces 
branched-chain acids; it has a high degree of 
preference for the branched-chain primers and 
virtually excludes initiation of straight-chain 
fatty acid synthesis by acetyl-CoA. In order to 

determine how cells that produce mostly 
branched-chain fatty acids biosynthesize n-fatty 
acids this investigator conducted an in vivo 
stable isotope experiment using Arthrobacter 
globiformis. This work demonstrated that the 
n-fatty acids produced by this bacteria are 
initiated exclusively from butyryl-CoA, not 
acetyl-CoA. 

MATERIALS AND METHODS 

A. globiforrnis (ATCC 8010) was grown at 
28 C in 450 ml of the medium described by 
Kochi and Kikuchi (8) in 2.8 1 Fernback flasks, 
which were rotated at 100 RPM unless other- 
wise indicated. Cells were maintained on slants 
of the same medium and transferred to the 
growth medium after 24 hr growth at 28 C. 
After growth at 28 C for 18 hr, the cells were 
removed by centrifugation and the entire cell 
pellet hydrolyzed with acid (9). The fatty acids 
were extracted from the acid-hydrolyzed cells 
with methylene chloride and converted into 
the methyl esters with diazomethane. Gas 
chromatography (GC) and GC-MS (mass 
spectrometry) of the resulting methyl esters 
were used to establish the identity of the fatty 
acids. The methyl esters were separated in each 
case on a 1/8 in. • 6 ft glass column packed 
with 10% SP-2100 on Chromosorb Q, with the 
temperature programmed from 150 C to 250 C 
at 10 C/min. Quantitation of the fatty acids 
was based on peak areas and is corrected for 
the relative molar response of each acid (10). 

[U-2Hls ] Octanoic acid (98 atom % 2H) was 
obtained from Merck Sharp and Dohme of 
Canada and was added to the growth medium 
as indicated. 
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TABLE 1 

Fatty Acids of Arthrobacter globiformis Grown on a 
Glycine Medium in the Presence and in the 

Absence of 0.1 mg/ml [U-2Hx5 ] Octanoic Acid 

Without With 
Fatty a c i d  octanoic a c i d  octanoic acid 

Anteiso C14 3.4 a 1.4 
n-CI4 0.9 3.9 (76.9% dT) 

Anteiso br-C15 76.9 64.4 
Anteiso br-C16 9.9 5.3 

n-C16 1.6 16.8 (74.0% dT) 
Anteiso br-C 17 7.2 6.7 

aData expressed as the percentage of the total 
fatty acids. 

RESULTS AND DISCUSSION 

Analyses, as their methyl esters, of the 
fatty acids isolated from A. globiformis grown 
in the absence of octanoic acid showed the 
major fatty acids to be branched-chain acids 
(Table 1 ). These acids were identified as antieso 
acids by their GC retention times, which were 
shorter than those for the normal fatty acids 
of the same molecular weight (11), and by their 
mass spectra, i.e., each branched acid had a m/z 
(M+-29) ion that was more intense than the m/z 
(M + -31) ion (12). In addition, the anteiso fatty 
acids have been characterized as the major 
fatty acids in other species of Arthrobacter 
(13). The cells also contained a small percen- 
tage of the normal C14 and C16 fatty acids, 
which were characterized by comparing their 
GC retention times and mass spectrum with 
that of knowns. 

Growth of the cells in the presence of oc- 
tanoic acid, however, resulted in a marked 
increase in the abundance of the normal C14 
and C16 fatty acids (Table 1). This could indi- 
cate either that the octanoic acid chains were 
extended to the C14 and C16 acids or that it 
underwent a /3-oxidation to a smaUer fragment, 
which then initiated the biosynthesis of the 
nonbranched fatty acids. That only the latter 
occurred became clear because greater than 
75% of the normal fatty acids isolated from the 
cells grown with the [U-2Hxs] octanoic acid 
contained 7 deuterium. Thus, the octanoic 
acid was being degraded by 0-oxidation to 
[U-2HT)butyric-CoA, which had, in turn, 
been extended to the C14 and C16 n-fatty 
acids. The metabolism of octanoic acid in these 
cells by /3-oxidation is consistent with the 
known ability of Arthrobacter species to grow 
aerobically with fatty acids as their sole carbon 
source (14) and contrasts sharply with fatty 
acid metabolism in E. coti, which is unable to 

metabolize fatty acids smaller than C 14 because 
of the inability of these fatty acids to induce 
the enzymes of fatty acid oxidation (15,16). 
Thus, the synthesis of the n-fatty acids pre- 
sumably occurred in A. globiform[s by the 
substitution of butyryl-CoA for the a-methyl- 
butyryl-CoA, the starter acyl-CoA expected to 
initiate the synthesis of the anteiso acids present 
in these cells (6). Had the octanoic acid been 
degraded completely to acetyl-CoA, and had 
this acetyl-CoA then served to initiate n-fatty 
acid biosynthesis, then some of the n-C 14 and 
n-C16 fatty acids would be expected to contain 
3 deuteriums. Because this was not observed, 
the butyrate must be assumed to serve to 
initiate all n-fatty acid synthesis in these cells. 
That portion of n-fatty acids not containing 
deuterium can be explained by fatty acid 
biosynthesis from unlabeled butyryl-CoA pro- 
duced by the cells. 

This observation was indirectly observed by 
Kaneda in his work on the biosynthesis of fatty 
acids in B. subtilis (3). Kaneda observed that 
label from both pyruvate-2-14C and pyruvate-3- 
~4C was incorporated to  a greater extent into 
the methylene carbons of palmitic acid than 
into the 2 terminal carbons (C16 and C15). 
This indicated that acetyl-CoA was not the 
acyl-CoA responsible for the biosynthesis of the 
palmitic acid present in these cells. Because 
butyric acid increased the production of n-fatty 
acids, Kaneda suggested (3), as is reported here, 
that butyryl-CoA serves as the initiator of fatty 
acid biosynthesis in bacteria. These observa- 
tions explain how n-fatty acids can be produced 
in ceils such as B. subtilis, which contain an 
acyl-CoA-acyl carrier protein transacylase this 
is not able to initiate fatty acid biosynthesis with 
acetyl-CoA (7). Only butyryl-CoA initiates 
n-fatty acid biosynthesis in cells that contain 
mostly branched-chain acids. 
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ABSTRACT 

The present study demonstrated that the patterns of the incorporation of [1J4C] arachidonic acid 
and [1J4C]eicosapentaenoic acid into individual phospholipids by polymorphonuclear leukocytes 
w e r e  similar. However, human leukocytes exhibited higher activity than guinea pig peritoneal leuko- 
cytes in the formation of arachidonoyl- and eicosapentaenoyl-phosphatidic acid. Cells from both 
origins showed a decrease of label in phosphatidylcholine accompanied by an increase of label in 
phosphatidylethanolamine after a longer period (30-120 rain) of incubation, suggesting that part of 
the arachidonoyl or eicosapentaenoyl moiety in phosphatidylethanolamine may be derived from that 
of phosphatidylcholine. The observed difference between human cells and elicited cells in the time- 
course of the incorporation of both fatty acids into phosphatidylcholine and phosphatidylethanol- 
amine appears to be due to different contents of the diacyl and ether-linked class compositions of 
these phospholipids in cells from different origins. Both labeled fatty acids were incorporated more 
rapidly into the diacyl-linked class, but were retained to a greater extent in alkylacyl-phosphatidyl- 
choline and alkenylacyl-phosphatidylethanolamine. The data suggest that, in addition to alkylacyl- 
phosphatidylcholine and phosphatidylinositol, alkenylacyl-phosphatidylethanolamine may be an 
important endogenous source of arachidonic acid and eicosapentaenoic acid in stimulated human 
leukocytes. 
Lipids 19:573-577, 1984. 

Eicosapentaenoic acid, 20:5(n-3), is a major 
unsaturated component of fish lipid. It has 
been shown to be a little more active than 
arachidonic acid, 20:4(n-6), toward 5-1ipo- 
xygenase in guinea pig peritoneal polymorpho- 
nuclear leukocytes (PMNS) (1). It is metabo- 
lized to 5,12-dihydroxyeicosatetraenoic acid or 
leukotriene Bs (LTBs) by these cells in re- 
sponse to ionophore A23187, and LTBs 
exhibits 10- to 30-fold less chemotactic po- 
tency for human PMNS than 5,12-dihydroxy- 
eicosatetraenoic acid or leukotriene B4 (LTB4) 
(2). However, our knowledge is lacking about 
the esterification of exogenous eicosapentaenoic 
acid to phospholipids by PMNS. The present 
study was undertaken to compare the incorpo- 
ration of exogenous [1J4C]20:4(n-6)  into 
phospholipids with that of [ 1Jr 20:5(n-3) by 
intact PMNS in vitro. Although studies on the 
metabolism of arachidonic acid by PMNS 
in vitro have been carried out with cells either 
from human blood or from animal peritoneal 
exudates, elicited PMNS differ from human 
blood PMNS in a number of respects (3,4). In 
the present study, PMNS from human blood 
and from guinea pig peritoneal exudates were 
compared in their incorporation of radiolabeled 
arachidonic acid [20:4(n-6)] and eicosapentae- 
noic acid [20:5(n-3)] into phospholipids. 

MATERIALS AND METHODS 

Preparation of PMNS 

Human venous blood was collected from 
normal donors using heparin (1000 Units/ 
50 ml blood) as an anticoagulant. The heparin- 
ized blood was diluted with an equal volume of 
Hanks balanced salt solution. In a 50 ml centri- 
fuge tube the diluted heparinized blood was 
layered over one-third volume of Lymphocyte 
Separation Medium (Bionetics). After centri- 
fuging the tubes at 400 x g for 30 min, PMNS 
and erythrocytes were found in the lower cell 
layer. After sedimentation of erythrocytes with 
two volumes of 3% dextran T500 (Pharmacia) 
and hypotonic lysis of contaminating erythro- 
cytes, PMNS were washed and resuspended in 
Krebs-Ringer phosphate buffer modified to 
contain 1.3 mM CaC12 and 5 mM glucose at a 
concentration of 20 x 106 cells/ml. Cell counts 
were made in a hemocytometer, and cell 
viability was measured by trypan blue exclusion 
test. Cell preparations contained more than 
95% PMNS. Guinea pig peritoneal PMNS were 
prepared as described previously (5). PMNS 
were collected 14 hrs after intraperitoneal 
injection of 12% sodium caseinate solution to 
guinea pigs. 
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Incubation of Cells with Radiolabeled Fatty Acid 

[1 j4  C] Arachidonic acid (52.9 Ci/mol, New 
England Nuclear Corp.) or [1-14C]eicosapen - 
taenoic acid (55.5 Ci/mol, New England Nu- 
clear Corp.) was dissolved in dimethylsulfoxide 
(DMSO) and mixed with fatty acid-free bovine 
serum albumin (Mile Laboratory, 4 mg/ml 
0.9% NaCt). The tubes, each containing 2.54 x 
l0 s dpm of [1J4C]arachidonic acid or 2.37 x 
l0  s dpm of [ 1-14C] eicosapentaenoic acid, were 
preincubated at 37 C for 30 min and then 
mixed with 20 • 106 PMNS from human blood 
or from guinea pig peritoneal exudates in a final 
volume of 2 ml and further incubated. The 
final concentration of bovine serum albumin in 
the incubation medium was 0.1 mg/ml. The 
DMSO, whose final concentration in the incu- 
bation medium was 0.025%, had no adverse 
effect on cell viability. Incubations were per- 
formed at 37 ~ and stopped by the addition of 
10 ml methanol to each tube. 

Lipid Extraction and Analysis 

Lipids were extracted according to Bligh and 
Dyer (6). Phospholipids were resolved by two- 
dimensional thin-layer chromatography on 
silica gel H (Analtech) and analyzed as de- 
scribed previously (7). The chromatogram was 
developed with chloroform-methanol-28% aque- 
ous ammonia (65:25:5, v /v) in  the first dimen- 
sion and then with chloroform-methanol-acetic 
acid-water (85:10:40:4.5, v/v) in the second 
dimension. 

PC and PE purified according to (8) were 
each treated with B a c i l l u s  cereus  phospholipase 
C (Sigma) and followed by acetylation of the 
diglycerides (9). The resultant 1-radyl-2-acyl-3- 
acetylglyeerols were resolved into 1-alkenyl-2- 
acyl-3-acetylglycerol, 1-alkyl-2-acyl-3-acetylglyc- 
erol and 1,2-diacyl-3-acetylglycerol by thin- 
layer chromatography (TLC) according to (10) 
on silica gel H (Analtech). The radioactivity of 
each lipid class was measured by liquid scintilla- 
tion. 

RESULTS AND DISCUSSION 

The present study demonstrated that the 
patterns of the incorporation of 20:4(n-6) and 
20:5(n-3) into individual phospholipids by 
PMNS were similar. It is likely that 20:4(n-6) in 
PMNS will be replaced by 20:5(n-3) when 
animals are fed a diet containing fish lipid. The 
lower chemotactic potency of LTBs derived 
from 20:5(n-3) than that of LTB4 derived from 
20:4(n-6) (2) will consequently alleviate the 
process of inflammation. 

Figure 1 shows the similarity of the time- 
course of the incorporation of [ 1 j4  C ] 20:4(n-6) 

TOU 

r Guinea pig peritoneal PMNS 
I f ' )  

2r, ~ o [T-14C] 20:4(~-6) 

) 

o 5 
x 

11 

0 10 20 30 40 60 120 

Minutes 
FIG. 1. The incorporation of [ 1 J* C] 20:4(n-6) and 

[1J4C] 20:5(n-3) into PA by PMNS as a function of 
time. PMNS (20 • 106 ceils) from human blood or 
from guinea pig peritoneal exudates were incubated at 
37 C at the indicated time with [1J4C] 20:4(n-6) 
(2.54 X 10 ~ dpm) or [1J4C]20:5(n-3) (2.37 X 105 
dpm) as described in Materials and Methods. Each 
point represents the average value from three experi- 
ments. 

and [1J4C]20:5(n-3)  into phosphatidic acid 
(PA) by PMNS from human blood and from 
guinea pig peritoneal exudates. However, 
human PMNS exhibited higher activity than 
guinea pig peritoneal PMNS in the formation of 
[1-14C]20:4(n-6) - and [1-1acI20:5(n-3)-PA. 
The labeled PA may participate in the biosyn- 
thesis of other phospholipids and neutral 
glycerolipids. 

The labeling patterns of phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE) by 
both fatty acids in human PMNS were different 
from those in guinea pig peritoneal PMNS. In 
human PMNS the radioactivity of PC reached 
its maximum after 30 rain incubation and 
started to decline, whereas that of PE and 
phosphatidylinositol (PI) continued to increase 
(Fig. 2). In guinea pig peritoneal PMNS (Fig. 3), 
the radioactivity of PC reached its maximum 
between 20 and 30 min; at 120 min it was 
approximately 60% of that at 20 min. During 
the incubation period the phosphorus content 
of each phospholipid remained unchanged. The 
observed decline in the radioactivity of PC 
appears to be the consequence of an exhaustion 
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FIG. 2. The incorporation of [1-~4CI20:4(n-6) 

into PC, PE and PI by human PMNS as a function of 
time. Incubation conditions and phospholipid analysis 
were described in Materials and Methods. Each point 
represents the average value -+ S.D. from three experi- 
ments. 

of labeled arachidonic acid and a rapid metabo- 
lism of the arachidonoyl moiety in PC, since it 
could be restored by a further addition of 
labels. The radioactivity of PE, on the other 
hand, was increased with incubation time, and 
it became higher than that of PC after 30 min 
incubation. The results suggest that part of the 
20:4(n-6) moiety in PE may be derived from 
20:4(n-6)-PC. The time-course of [1-14C]20:5 - 
(n~3) incorporation into phospholipids by 
PMNS from both sources resembled that of 
[ 1-14C 120:4(n-6) (data not shown). 

Since quantitative analyses of the diacyl- 
linked and ether-linked classes of PC and PE in 
PMNS from human blood and guinea pig 
peritoneal exudates have been reported (11,12), 
in the present study only the distribution of 
[ 1 - 1 4 C 1 2 0 : 4 ( n - 6 )  and that of [ 1-14C] 20:5(n-3) 
among these class compositions were measured. 
Figure 4 shows the chromatographic resolution 
of alkenylacyl-, alkylacyl-, and diacyl-glyceride 
acetates derived from PC and PE. PC and PE 
from human PMNS contain more ether-linked 
class than diacyl-linked class, whereas the 
reverse is true for those from guinea pig perito- 
neal PMNS. It remains to prove whether the 
low content of ether linked PC and PE in 
guinea pig peritoneal PMNS is a characteristic 
of elicited PMNS or a reflection of the lipid 
pattern of guinea pig blood PMNS. It is noted 

N~lnutes 

FIG. 3. The incorporation of [l-t*C]20:4(n-6) 
into PC, PE and PI by guinea pig peritoneal PMNS as 
a function of time. Incubation conditions and phos- 
pholipid analysis were described in Materials and 
Methods. Each point represents the average value 
• S.D. from three experiments. 

that the content of alkenylacyl-PE in guinea pig 
peritoneal PMNS obtained in the present study 
is lower than that obtained by Sugiura et al. 
(12). Further study is required to prove whether 
the discrepancy is a result of the use of differ- 
ent time periods in collecting PMNS from 
guinea pig peritoneal exudates. In the present 
study PMNS were collected 14 hrs after intra- 
peritoneal injection of 12% sodium caseinate 
solution to guinea pigs; the time period of 
elicitation was 2 to 4 hrs longer than that per- 
formed by Sugiura et al. (12). If ethanolamine 
plasmalogen is one of the endogenous sources 
of 20:4(n-6) in stimulated PMNS, the content 
of  this class of PE is expected to be decreased 
after a longer period of  elicitation. 

As demonstrated in Table 1, the rate of 
esterification of [1-14C]20:4(n-6) into  diacyl- 
linked and ether-linked PC and PE differed. The 
arachidonoyl moiety in diacyl-linked PC and 
PE appears to be more metabolically active 
than the corresponding ether-linked class. It 
was more rapidly incorporated into the diacyl- 
linked PC and PE by PMNS from both sources, 
but it was retained to a greater extent in 
alkylacyl-PC and alkenylacyl-PE. After 2 hr 
incubation of human PMNS with [1-14C]20:4 - 
(n-6) the radioactivity in diacyl-PC and alkyl- 
acyl-PC became comparable and that in alkenyl- 
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T A B L E  1 

D i s t r i b u t i o n  o f  [ ~4C] A r a c h i d o n i c  Ac id  in Diacyl- ,  A l k y l a c y l -  
a n d  A l k e n y l a c y l - p h o s p h a t i d y i 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 *  

H u m a n  PMNS 

P h o s p h a t i d y l e h o l i n e  P h o s p h a t i d y l e t h a n o l a m i n e  

Time D i a c y l  Alkylacyl Alkenylacyl D i a c y |  Alkylacyl Alkenylacyl 
(Min) (%) (%) 

10 83.1 16 .0  0 . 9 0  62 .2  12.6  25 .2  
2 0  72 .5  25 .3  2 .21 4 8 . 6  15 .4  36 .0  
3 0  67 .7  2 9 . 9  2 . 4 0  38 .9  14.5  4 6 . 6  
6 0  60 .3  37.1  2 .60  33 .3  13 .3  53 .4  

120  54.1 4 3 . 3  2 . 6 0  26 .3  13 .0  60 .7  

Guinea Pig Peritoneal PMNS 

Phosphatidylcholine Phosphatidylethanolamine 

Time D i a c y l  Alkylacyl Alkenylacyl D i a c y l  Alkylacyl Alkenylacyl 
(Min) (%) (%) 

10 92 .5  6 . 7 0  0 . 8 0  93.1  3 . 6 6  3 .24  
2 0  89 .4  9 .75  0 . 8 5  89 .3  5 .24  5 .46  
30  86 .2  12 .6  1 .20 84 .7  8 .13  7 . 1 7  
60  84.1 14 .4  1 .50 83.1 7 . 3 0  9 . 6 0  

120  82.5  15 .8  1 .70  83 .0  6 . 5 0  10.5  

* P M N S  (20  X 106 cells)  f r o m  h u m a n  b l o o d  a n d  gu inea  pig p e r i t o n e a l  e x u d a t e s  w e r e  
s e p a r a t e l y  i n c u b a t e d  w i t h  [ 1 A 6 C ] 2 0 : 4 ( n - 6 )  (2 .54  X 106 d p m )  a t  37  C a t  i n d i c a t e d  t ime .  
PC a n d  PE were  p u r i f i e d  a n d  t r e a t e d  w i t h  p h o s p h o l i p a s e  C as d e s c r i b e d  in Mater ia ls  a n d  
Me thods .  The a m o u n t  o f  r a d i o a c t i v i t y  in each  class  o f  t he  r e s u l t a n t  d i g l y c e r i d e  a c e t a t e s  is 
t h e  average  value  f r o m  t w o  e x p e r i m e n t s  a n d  is e x p r e s s e d  as a p e r c e n t  o f  t h e  t o t a l  r ad io -  
ac t i v i t y  r e c o v e r e d  f r o m  the  t h i n - l a y e r  p la te .  

A t k e n y l a c y l  

�9 �9 �9 A / k y l a c y l  

�9 �9 �9 " D i a c y l  

PC PE PC PE 
From gu inea  p ig  l'rorn Human 
p e r i t o n e a l  t',~l S PiiNg 

FIG. 4. TLC separation of diglyceride acetates 
derived from PC (1.2 ug phosphorus) and PE (1.2 ug 
phosphorus) isolated from human PMNS or from 
guinea pig peritoneal exudates. The thin-layer plate 
of silica gel H was first (7 cm) developed with hexane: 
ether (1:1, v/v), then (15 cm) with toluene (10). 
Spots were detected by charting the plate with 50% 
sulfuric acid containg 0.06% potassium dichromate. 

acyl-PE comprised 61% of the total radioactiv- 
ity in PE fraction. Under identical incubation 
conditions a small but significant amount of 
radioactivity was detected in alkenylacyl-PC 
and alkylacyl-PE. In guinea pig peritoneal 
PMNS, the percentage of radioactivity in 
alkylacyl-PC and in alkenylacyl-PE was much 
lower than that in human cells. The marked 
loss of label in PC from guinea pig peritoneal 
PMNS after a longer incubation period is prob- 
ably accounted for by the higher contents of 

diacyl-linked PC in these cells than in human 
cells. A more rapid metabolism of the 20:4(n-6) 
group in the diacyl-PE than in the alkenylacyl- 
PE was also demonstrated in rat testis during 
essential fatty acid deficiency (13). Further 
studies are required to determine whether the 
transfer of arachidonoyl group from PC to PE 
is catalyzed by a coenzyme A dependent 
acyltransferase (14) or by a recently discovered 
transacylase in platelets [15). 

The retainment of [1)4C]20:4(n-6)  by 
alkylacyl-PC and alkenylacyl-PE to a greater 
extent in vitro than the corresponding diacyl- 
linked class demonstrated in the present study 
is compatible with the distribution of endo- 
genously esterified 2 0 : 4 ( n - 6 ) i n  vivo (11,12). 
In human PMNS the enrichment of 20:4(n-6) 
in alkenylacyl-PE suggests that, in addition to 
PC and PI (16), ethanolamine plasmaiogen may 
be an important endogenous source of 20:4(n-6) 
in stimulated ceils for the synthesis of lipo- 
xygenase products. Indeed, a loss of endo- 
genous 20:4(n-6) from both PC and PE was 
identified in PMNS from human patients with 
chronic myelogenous leukemia after phago- 
cytosis (I 7). 
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Effects of Streptozotocin-lnduced Diabetes on Microsomal 

Long-Chain Fatty AcyI-CoA Synthetase and Hydrolase 
A.Q. DANG,  F.H. FAAS*  and W.J. CARTER,  Veterans Administration Medical Center, 
300 East Roosevelt Road, Litt le Rock, AR 72206, and Department o f  Medicine, 
University o f  Arkansas for Medical Sciences, Lit t le Rock, AR 72205 

ABSTRACT 

Streptozotocin-induced diabetes significantly decreased rat liver microsomal long-chain fatty 
acyl-CoA (LCA-CoA) hydrolase. The decrease was observed using either palmitoyI-CoA (35 per cent. 
p < 0.01) or oleoyl-CoA (23 per cent, p < 0.01) as the substrate for the enzyme. Under the same 
conditions, diabetes did not significantly alter activity of LCA-CoA synthetase. Daily subcutaneous 
injections of protamine zinc insulin (10-12 units/day) into the diabetic rats returned their blood 
glucose to normal but only partially corrected the LCA-CoA hydrolase activity and did not effect 
LCA-CoA synthetase activity. The decreased LCA-CoA hydrolase and the unchanged LCA-CoA 
synthetase activities in the diabetic rat liver were interpreted as factors that may contribute to eleva- 
tion of fatty acyl-CoA levels in the diabetic liver. 
Lipids 19:578-582, 1984. 

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

Significant elevations of hepatic long-chain 
fatty acyl-CoA (LCA-CoA) levels in fasted and 
alloxan-induced diabetic rats were indepen- 
dently reported two decades ago by different 
laboratories (1,2). Several cellular enzymes are 
inhibited by the LCA-CoA thioesters such as 
fatty acid synthetase, acetyl-CoA carboxylase, 
and glucokinase (1,3). Although some of these 
inhibitory effects may be normal metabolic 
control mechanisms, increasing LCA.-CoA levels 
in the livers of fasted or diabetic rats may be 
detrimental to cellular function. 

LCA-CoA thioesters are synthesized by the 
enzyme LCA-CoA synthetase (EC 6.2.1.3) and 
are utilized in several ways such as acylation of 
glycerol 3-phosphate to form triglycerides or 
phosphoglycerides, acylation of cholesterol to 
form cholesteryl esters or/3-oxidation in mito- 
chondria to form CO2 and H20. The LCA-CoA 
thioesters can also be hydrolyzed back to the 
fatty acid and CoA by the enzyme LCA-CoA 
hydrolase (EC 3.1.2.2). LCA-CoA hydrolase 
activity resides primarily in the mitochondrial 
and microsomal fractions of liver, with the 
microsomal LCA-CoA hydrolase exhibiting 
higher enzyme specific activity than the mito- 
chondrial enzyme (4,5). During studies on the 
effects of streptozotocin-induced diabetes on 
acyl-CoA: glycerol 3-phosphate and acyl-CoA: 
lysophosphatidylcholine acyltransferases, we 
found that liver microsomal LCA-CoA hydro- 
lase activity was significantly decreased in the 
diabetic animals, while LCA-CoA synthetase 
activity was not significantly changed. The 

*To whom correspondence should be addressed, 
at the VA address above. 

results of these studies are reported in this 
communication. 

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

5,5'-Dithiobis-(2-nitrobenzoic acid) (DTNB), 
palmitoyl-CoA, oleoyl-CoA and triton WR- 
1339 (tyloxapol) were obtained from Sigma 
Chemical Company, St. Louis, Missouri. Pre- 
coated silica gel G TLC plates were purchased 
from Eastman Kodak Company, Rochester, 
New York. Streptozotocin was kindly donated 
by Dr. W. Dulin, Upjohn, Kalamazoo, Michigan. 
[1-t4C]Palmitic acid, [ IJ4Clpalmitoyl-CoA, 
Aquasol -2 and Omniflour were obtained from 
New England Nuclear, Boston, Massachusetts. 
All other chemicals and reagents were reagent 
grade and commercially available. 

Animals and Their Treatment 

Male Sprague-Dawley rats from Charles 
River Breeding Laboratories were maintained 
on a Purina Chow diet and water ad libitum. 
Rats were about 1% months old and weighed 
about 200-220 gm (see Table 1). They were 
divided into three groups: Controls (17), 
diabetics (17), and insulin treated diabetics 
(9). Streptozotocin (SZ) was dissolved in cold 
25 mM citrate buffer, pH 4.5, and prepared 
just before injection. Diabetes was induced by 
the IV injection of SZ into the rat's tail vein at 
a dose of 75 mg/kg body weight. The time 
between SZ injection and sacrifice was 3 weeks. 
In insulin treated diabetic rats, 10-12 units of 
protamin zinc insulin (PZI) was injected sub- 
cutaneously daily for 3 days into diabetic rats 
beginning 2 weeks after SZ treatment. They 
were sacrificed 18 hours after the last insulin 
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TABLE 1 

Effects of SZ-Induced Diabetes on Blood Glucose and Body Weights 

Per c e n t  
Controls Diabetes Change D+I  

Body weights (g) before SZ treatment 213 -+ 7 (17) 202 -+ 6 (17) 
before death 308 -+ 11 (17) *230 + 14 (17) -2S 

Blood glucose before death 120 + 9 (17) *447 -+ 14 (17) +273 
(mg/dl) 

tl15-+ 21 (9) 

Values are expressed as mean -+ SEM. 
D + I-Insulin treated  diabet ic  rats. 
*p < 0.01, experimental versus control; )-number of rats. 
1"Blood glucose levels before insulin t r e a t m e n t  w e r e  402 -+ 24 mg/dl (9). 

injection. Random blood glucose was estimated 
by using Dextrostix reagent strips read in an 
Ames reflectance meter. Before injecting SZ, 
beginning insulin treatment,  and before sacri- 
fice, blood was taken from a tail vein for glu- 
cose determination by a commercial glucose 
oxidase method (Sigma kit 510). 

Preparation of Microsomes 

Rats were kilted by a blow on the head, and 
the entire liver was homogenized in ice-cold 
0.25 M sucrose (5 ml/g wet weight liver). The 
homogenate was centrifuged at 1000 x g for 
10 min to eliminate ceU debris and nuclei. This 
and all subsequent steps were carried out at 
4 C. The supernatant was then centrifuged at 
16,000 • g for 20 minutes and the resulting 
supernatant centrifuged at 100,000 x g for 
60 min to obtain the microsomal pellet. After 
the surface of the microsomal pellet was 
washed twice with ice-cold 0.25 M sucrose, the 
pellet was resuspended in 0.25 M sucrose to a 
protein concentration of 20 mg/ml. The micro- 
somal suspension was divided into small por- 
tions and stored at -70  C until used. Protein 
was assayed by a modification of the Lowry 
method as described by Hartree (6). 

Enzyme Assays 

Fatty acyl-CoA synthetase assay: Enzyme 
activity was assayed as described by Marcel and 
Suzue (7). The reaction mixture contained 
200 mM Tris-HC1, pH 7.4, 20 /ag triton WR- 
1339, 5 mM dithiothreitol, 10 mM ATP, 4 mM 
MgSO4, 1.25 mM CoA, 20 /aM 14C-palmitic 
acid (S.A. = 9 mCi/mmole),  and 2.5 /ag micro- 
somal protein in a final volume of 0.20 ml. The 
reaction mixtures were incubated at 37 C for 
3 min or as indicated, and the reactions stopped 
by adding 1 ml of 1 N H2 SO4. Control reaction 
mixtures were carried out omitting CoA or by 
stopping the reaction at 0 rain. The unreacted 
14C_palmitic acid was extracted with four 5 ml 

portions of diethylether. The aqueous phase 
containing the 14C-palmitoyl-CoA product was 
transferred to counting vials. After residual 
ether was evaporated by a N2 stream, 10 ml of  
Aquasol-2 was added to the vials and radio- 
activity determined. 

Fatty acyl-CoA hydrolase: This enzyme was 
measured either by a spectrophotometric assay 
or radioactive tracer assay. In the spectrophoto- 
metric assay, enzyme activity was measured by 
following the reduction of DTNB by the thiol 
group of released CoA at room temperature 
using the Aminco DW-2 UV-Vis spectrophoto- 
meter in the split beam mode. Both reference 
and sample cuvettes held I ml of a mixture con- 
taining 100 mM Tris-HC1, pH 7.4, 0.33 mM 
DTNB and 25 /aM palmitoyl-CoA. Reactions 
were started by adding 10/al of rat liver micro- 
somes containing 25 /ag protein to the sample 
cuvette, unless otherwise indicated. Initial re- 
action rate was recorded at 412 nm for 1 to 
3 minutes, and the enzyme activity was calcu- 
lated based on a molar extinction coefficient of 
13,600 M -1 cm -1. Reaction rates were linear 
with time. 

In the radioactive tracer assay, enzyme 
activity was assayed at 37 C. Reaction mixtures 
contained 100 mM Tris-HC1, pH 7.4 and 25/aM 
14 C-palmitoyl-CoA (S.A. = I. 15 mCi/mmole) in 
1 ml. Reactions were started by adding 25 /ag 
microsomal protein and stopped 2 min later by 
adding 4 ml CHC13 :CH3OH (2:1, v /v)and 1 ml 
of 0.2 N HC1. Controls were carried out by 
stopping reactions at 0 min. The chloroform 
layer was washed twice with 4 ml of CHaOH: 
0.1 N HC1 (1 : 1, v/v) and evaporated to dryness 
by a N2 stream. The product, 14C-palmitic acid, 
was separated from 14C_palmitoyl_CoA by 
TLC on silica gel G plates using the solvent 
system: n-hexane:diethylether :acetic acid (80: 
20:1, v/v). After identifying the products on 
TLC by iodine vapor, the individual fractions 
were cut out, placed in scintillation vials and 
counted using 10 ml of omniflour cocktail. 

LIPIDS, VOL. 19, NO. 8 (1984) 



i 

~j 

% 

~J 

A.Q. DANG, F.H. FAAS AND W.J. CARTER 

R ESU LTS 

Table 1 indicates that streptozotocin treat- 
ment (75 mg/kg body weight) of the rats 
caused an increase in blood glucose to greater 
than 400 mg/dl and a body weight gain that 
was 25 per cent less than controls. Polyuria, 
polyphagia and polydipsia were observed in the 
diabetic rats. Treatment of the diabetic rats 
with protamin zinc insulin (10-12 units/day) 
for three days corrected these symptoms and 
brought blood glucose levels back to normal. 

Effects of Diabetes on Mierosomal Long*Chain Fatty 
AcyI-CoA Synthetase (LCA-CoA Synthetase) 

Figure la shows that the enzyme activity 
was linear with time up to 5 min of incubation. 
Figure lb  shows that the enzyme activity was 
linear with microsomal protein concentration 
up to 3 #g protein per reaction. For these 
reasons, enzyme assays were carried out using 
about 2.5 pg protein per assay and an incuba- 
tion time of 3 min at 37 C. Similar assay condi- 
tions were used in a previous study (7). The 
enzyme activities in control and diabetic 
animals are reported in Table 2. Results of 
these studies indicated that the specific activity 
of  the microsomal LCA-CoA synthetase was 
not significantly changed by diabetes. Insulin 

treatment of the diabetic rat also caused no 
change in enzyme activity. 

Effects of Diabetes on Microsomal Long-Chain Fatty 
AcyI-CoA Hydrolase (LCA-CoA Hydrolase) 

The specific activity of microsomal LCA- 
CoA hydrolase is similar to that of LCA-CoA 
synthetase (Table 2). Enzyme activity of the 
hydrolase was linear with protein concentration 
to 75 /ag per reaction (Fig. 2). To check the 
specificity of the spectrophotometric assay, we 
also used a radioactive tracer assay which 
measured the conversion of [1-t4C]palmitoyl - 
CoA to [1-t4C]palmitic acid. As shown in 
Table 2, both the spectrophotometric and 
radioactive assays gave similar results, thus 
validating the spectrophotometric assay. Strep- 
tozotocin-induced diabetes caused a 25 to 37 
per cent decrease in microsomal LCA-CoA 
hydrolase activity when palmitoyl-CoA was 
used as substrate, and a 23 per cent decrease 
when oleoyl-CoA was used as substrate. Treat- 
ment of the diabetic rats for 3 days with 
insulin did not correct the decreased LCA-CoA 
activity. 

DISCUSSION 

Results of this study indicate that, while 

0.4 

B 

0.3 

0.2 

0 

A 

o.3 

~0.2 

~0.1 

I I I 

.5 I 0  15 

M I N  
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I I I I , I 
5 I 0  15  2 0  2 5  
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FIG. 1. Microsomal fatty acyl-CoA synthetase time and protein-dependent curves. The enzyme was assayed 
by following the incorporation of [1-14C] palmitic acid into water soluble product. FIG. 1A. Reaction mixtures 
(see Materials and Methods) contained 2.5 #g microsomal protein per assay and were incubated at 37 C. At 
various incubation periods as indicated in the abscissa, the reaction was stopped by adding 1 ml of 1 N sulfuric 
acid. The unreacted substrate ([1-t4C]palmitic acid) was extracted with diethylether. The remaining prod- 
uct ([ l-t4 C] palmitoyl-CoA) in the aqueous layer was determined by a liquid scintillation spectrophotometer. 
FIG. I B. Same as Fig. 1A, except that time of incubation was 3 rain and various amounts of microsomal protein 
were present in the reaction mixtures as indicated in the abscissa. 
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Enzyme Specif ic Activity (nmoles/mg/min) 

Per c e n t  
Contro l s  Diabetes Change D + I 

Per c e n t  
Change 

Palmi toy l -  C o A  s y n t h e t a s e  
Pa lmi toy l -  C o A  h y d r o l a s e  

(spectrophotometric assays )  
( r ad ioac t ive  t r a c e r  a s says )  

O leoy i -Co  A h y d r o l a s e  

91 .5  -+ 3 .3  (16)  82 .4  • 6 .2  ( l S )  - 1 0  88 .7  • 9 .7  (9)  

83 .5  :~ 6 .6  (18)  * 5 3 . 0  + 5 .9  (18 )  - -37  62 .3  + 8 .8  (9)  
9 9 . 6  + 6 .0  ( S )  *64 .5  • 9 .5  ( 8 )  - -35  
4 1 . 9  + 1.0 (12)  * 3 2 . 2  + 1.8 (12 )  - -23  *3O.O • O.9 (s) 

- 3  

- 2 5  

- 2 5  

Values are expressed as mean • SEM. 

D + I-insulin treated diabetic rats. 
*p < 0.01, experimental versus control; ( ) -number of rats. 

N~ 4 .5  

o~ 

3 . 0  

e, 

1.5  

I i I i 

50 I 0 0  1 5 0  200 
P- 0 MICROSOMAL PROTEIN 

FIG. 2. Microsomal fatty acyl-CoA hydrolase. This 
enzyme was assayed at room temperature by using the 
Aminco DW-2 UV-Vis spectrophotometer, set for split 
beam mode. Both reference and sample cuvettes 
contained 1 ml of 100 mM Tris, HCi, pH 7.4, 0.33 mM 
5,5'-dithiobis-(2-nitrobenzoic acid) and 25 uM palmit- 
oyi-CoA. Reactions were started by adding 10 /zl of 
rat liver microsomes containing various amounts of 
protein as indicated in the abscissa. A linear reaction 
rate was recorded at 412 rim, and the enzyme activity 
was calculated based on a molar extinction coefficient 
of 13,600 M - t cm -l . 

diabetes caused very little effect on microsomal 
LCA-CoA synthetase activity, it consistently 
caused a significant decrease in microsomal 
LCA-CoA hydrolase activity. Although this 
decrease was not corrected by 3 days of insulin 
treatment,  longer duration of treatment may be 
necessary for reversal of the defect. 

Previous studies in fat cells have shown that 
LCA-CoA synthetase is regulated by insulin 
(8). However, studies in the perfused rat liver 
showed that insulin had no effect on LCA-CoA 
synthetase activity (9). Thus, our study demon- 
strating no change in liver microsomal LCA- 

CoA synthetase activity in the diabetic rat is 
consistent with this finding. Similarly, Murthy 
and Shipp (10) indicated that streptozotocin- 
induced diabetes had no effect on heart micro- 
somal LCA-CoA synthetase activity. 

In prior studies of LCA-CoA hydrolase 
activity, Kurooka et al. (11) showed that 
enzyme activity per g wet weight was signifi- 
cantly increased in the 16,000 g supernatant 
from the liver and kidney of alloxan-induced 
diabetic rats, provided the supernatant had 
been preheated to 55 C for 3 min prior to the 
assay. These authors found that more than 
90 per cent of the increased liver LCA-CoA 
hydrolase activity was found in the cytoplasmic 
fraction. Recent studies have shown that liver 
LCA-CoA hydrolase activity occurs predomi- 
nantly in the microsomal fraction (4,5). Thus, 
the difference between our finding of decreased 
LCA-CoA hydrolase activity in the diabetic rat 
and that of Kurooka et al. (11) may be attrib- 
uted to differences in the cellular distribution 
of the enzyme studied (microsomes versus 
cytosol), the methods of assay (presence or 
absence of preheating the enzyme), the manner 
in which the data are expressed (enzyme 
activity/mg microsomal protein versus g of wet 
tissue) or the etiology of the diabetes (alloxan 
vs streptozotocin). Hashimoto and Dayton 
found aortic microsomal LCA-CoA hydrolase 
activity to be 40 per cent higher in streptozoto- 
cin-induced diabetic rats than in controls (12). 
Thus, microsomal LCA-CoA hydrolase activity 
in diabetes may also vary in different tissues. 

The physiological role(s) as well as mech- 
anism(s) for the regulation of the LCA-CoA 
hydrolase(s) is still unknown. It is well known 
that there is an increased flow of fatty acids 
from adipose tissue to the liver in diabetes pro- 
viding increased substrate for fatty acyl-CoA 
formation and /3-oxidation (13). Although this 
increased substrate flow may be the major 
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fac tor  causing the  increased levels of  hepa t ic  
LCA-CoA th ioes te r s  in d iabe tes  (1 ,2) ,  decreased 
hepa t ic  mic rosoma l  LCA-CoA hydro lase  activ- 
i ty in d iabet ic  an imals  (Table  2) also may  con-  
t r i bu t e  to  increased  LCA-CoA levels. There  are 
u n d o u b t e d l y  o t h e r  fac tors  such as decreased 
sn-glycerol  3 -phospha t e  c o n c e n t r a t i o n  in the  
liver of  s tarved rats  (2 ,14)  which  would  l imit  
the  es te r i f ica t ion  of  LCA-CoA, t h e r e b y  increas-  
hag LCA-CoA levels. On the  o t h e r  hand ,  in- 
creased act ivi ty  of  phospho l ip id  acyl -CoA 
transferases  in the  d iabe t ic  ra t  (15)  and  in- 
creased fa t ty  acyl-CoA H-oxidat ion would 
tend  to lower  LCA-CoA levels. Thus ,  the  in- 
creased level of  LCA-CoA in the  liver of  the  
d iabet ic  rat  is the  resul t  of  a compl i ca t ed  
var iety of  r eac t ions  which  m ay  be e i the r  s t imu-  
lated or depressed by  the  d iabe t ic  s tate .  

The  decrease in mic rosomal  LCA-CoA 
hydro lase  act iv i ty  in the  livers of  d iabe t ic  
an imals  will in f luence  the  b r e a k d o w n  of  added  
LCA-CoA used in in vitro assays of  e n z y m e s  
using th is  subs t r a t e  such as acyl t ransferases .  For  
this  reason,  care should  be t aken  in measur ing  
these  enzymes  in d iabet ic  an imals  to be cer ta in  
t ha t  observed  effects  c a n n o t  be a t t r i b u t e d  to 
decreased LCA-CoA hydro lase  act ivi ty .  

In s u m m a r y ,  we have found  decreased 
hepa t ic  mic rosomal  LCA-CoA hydro lase  activ- 
i ty  in the  d iabet ic  rat  w i t h o u t  a l t e ra t ion  of 
hepa t ic  LCA-CoA syn the t a se  act iv i ty .  This  m ay  
c o n t r i b u t e  to  the  increased hepa t i c  LCA-CoA 

levels in d iabetes ,  and  may in te r fe re  wi th  the  
in vi t ro assay of  enzymes  ut i l iz ing fa t ty  acyl- 
CoA substrates .  
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Fatty Liver Caused by Chronic Alcohol Ingestion is Prevented 
by Dietary Supplementation With Pyruvate or Glycerol 
G. A N A N D A  RAG*,  D IANA E. RILEY and EDWARD C. LARKIN,  Veterans 
Administration Medical Center, 150 Muir Road, Martinez, CA 94553 

ABSTRACT 

Earlier studies showed that the fatty liver, caused by feeding rats the Lieber-DeCarli alcohol diet for 
four weeks, was prevented if the diet was supplemented with dihydroxyacetone (22 g/l), pyruvate 
(22 g/l) and riboflavin (2.2 g/l). In the present study, we observed that fatty liver was prevented if 
the alcohol diet was supplemented with glycerol and lactate (22 g/l each) and riboflavin (2.2 g/l). 
Hence, the prevention of alcoholic fatty liver by the dietary supplementation with dihydroxyacetone 
and pyruvate may not be related to their capacity to serve as hydrogen aeceptors and to oxidize 
NADH produced during ethanol metabolism. When rats were fed the alcohol diet supplemented with 
either glycerol or pyruvate, the hepatic triglyceride (TG) levels were similar to those in rats pair-fed a 
Lieber-DeCarli control diet in which alcohol was replaced with an isocaloric amount of dextrins. 
Therefore, the prevention of fatty liver does not require the simultaneous presence of several supple- 
ments. Dietary dihydroxyacetone or riboflavin did not reduce alcoholic fatty liver. Supplementation 
of the ethanol diet with isocaloric amounts of lactate or glucose, instead of pyruvate, did not abolish 
the development of fatty liver but caused a marked reduction in the hepatic TG levels. Animals fed 
the alcohol diet consumed only small amounts of carbohydrate for long periods of time. Since the 
inclusion of glucose or its metabolites in the alcohol diet fed to rats caused a marked decrease in the 
liver TG content, it is likely that the production or prevention of fatty liver is related to carbohydrate 
metabolism. 
Lipids 19:583-588, 1984. 

INTRODUCTION 

Alcohol  is the most abused drug in the 
United States. About  75% of  all deaths caused 
by alcoholism are due to cirrhosis o f  the liver. 
The three c o m m o n  disorders produced by 
a lcohol  abuse are fa t ty  liver, hepati t is  and 
cirrhosis. Fa t ty  Liver is the  earliest and most  
c o m m o n  response to a lcohol  ingestion. The 
degree to which it contr ibutes  to the develop- 
ment  of  more advanced stages of  liver injury 
is unknown.  If it is a requisi te for the develop- 
ment  of  hepati t is  and cirrhosis, then these 
later stages of  alcoholic liver damage can be 
avoided by preventing fa t ty  liver. 

Previous studies have shown that  the fa t ty  
liver produced in rats by feeding them a Lieber- 
DeCarli a lcohol  diet could be prevented if the  
diet was supplemented with  a mix ture  of  
d ihydroxyace tone ,  pyruvate  and riboflavin 
(1,2). These compounds  were considered effec- 
t ive since they  could serve as hydrogen accep- 
tors  and oxidize the NADH which is p roduced  
during e thanol  ox ida t ion  (1). In the present 
s tudy,  d ihydroxyace tone  and pyruvate  were 
replaced by their  reduced counterpar ts ,  namely  
glycerol  and lactate,  in order  to de termine  
whether  the removal  of  NADH was direct ly 
responsible for the prevent ion of  fa t ty  liver. 

Al though Stanko et al. (1) observed that  

*To whom correspondence should be addressed. 

dietary supplementa t ion  with d ihydroxyace-  
tone ,  pyruvate  and riboflavin abolished alco- 
holic fa t ty  liver, it was not  known whether  the 
s imul taneous  presence of  all three compounds  
was necessary. In explora tory  exper iments  to 
find compounds  that can prevent  alcoholic 
fa t ty  liver, several chemical  agents were exami-  
ned (1). However ,  they  were investigated with  
an alcoholic dose which did not  cause fa t ty  
liver. For  example ,  rats were fed Purina Labora- 
tory  Chow and given a lcohol  by gastric intuba- 
l ion  once  a day for 10 days. The amoun t  of  
esterified fa t ty  acids in the hvers of  a lcohol  fed 
rats was 11.35 meq /100  g. This value was only  
slightly greater than that  in controls  (9.74 meq /  
100 g) and considerably less than that  observed 
in rats fed ei ther a Lieber-Decarli  cont ro l  (ca 
15 meq /100  g) or  an e thanol  (ca 25 m e q / 1 0 0  
g) diet (1). Fur the rmore ,  the differences be- 
tween the hepatic  lipid levels in rats fed alcohol  
with or wi thout  the supplements  were small 
(for example  11.35 meq /100  g in alcohol-fed 
vs 11.00 meq /100  g in a lcohol  + pyruvate)  (1). 
Hence,  we determined the individual effect  o f  
these three substances in prevent ing fat ty  liver 
by giving rats a chronic dose of  alcohol.  These 
and related studies showed that  fa t ty  liver was 
no t  produced when rats were fed the Lieber- 
DeCarli a lcohol  diet supplemented  with ei ther  
pyruvate  or glycerol.  The results suggested also 
that  the product ion  or  prevent ion of  alcoholic  
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fatty liver may be related to hepatic carbo- 
hydrate metabolism. 

TABLE 1 

Diets Used in This Study 

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

Animals and Diets 

Sprague Dawley male rats weighing ca 100 
to 125 g were purchased from Bantin and 
Kingman Inc. (Fremont,  California). They 
were fed a stock diet (Wayne Lab Blox; Allied 
Mills, Chicago, Illinois) and water ad libitum 
for 4 to 7 days prior to the experiment. They 
were housed individually in stainless steel 
cages having wire bottoms. Animal room was 
maintained at 24 C with a 40 to 50% relative 
humidity. It had a 12 hr dark and 12 hr light 
cycle. For 4 weeks, each group of 4 to 6 rats 
was fed one of the diets listed in Table 1. The 
effects of several dietary supplements in pre- 
venting alcohol-induced fatty liver were studied 
by four different experiments. In the first one, 
the effect of dihydroxyacetone, pyruvate and 
riboflavin was compared with that of glycerol, 
lactate and riboflavin. In another, the individual 
effect of dihydroxyacetone, pyruvate and 
riboflavin was examined. In the third study, 
inclusion of pyruvate in the diet was compared 
with that of glucose. In the fourth experiment, 
either glycerol or lactate was added to the 
alcohol diet and the effect on fatty liver was 
investigated. In order to confirm some observa- 
tions, certain additives were used in more than 
one experiment. Rats in the alcohol group were 
weaned on the diet by feeding them a mixture 
of 1/3 alcohol and 2/3 control diets for 3 days 
and a mixture of 2[3 alcohol and 1/3 control 
diets for 4 days. From the eighth day onward, 
they were fed the Lieber-DeCarli ethanol diet 
ad libitum for four weeks. Rats in other groups 
were individually pair-fed to those in the alco- 
hol group for 4 weeks. 

The Lieber-DeCarll diets (control and 
alcohol) were purchased from Bio-Serv, Inc. 
(Frenchtown, New Jersey). The composition of 
the diets has been given in detail elsewhere (3). 
Dihydroxyacetone, pyruvate, glycerol and 
lactate were from Sigma (St. Louis, Missouri). 
Dextrose and riboflavin were obtained from 
ICN Pharmaceuticals, Inc. (Cleveland, Ohio). 

Analysis of Liver TG Content 

Rats were anesthetized by an intraperitoneal 
injection of sodium pentobarbital (50 mg/ml/ 
300 g rat). Livers were removed, rinsed in ice- 
cold saline and blotted. Small portions of liver 
(0.3-0.5 g) were cut from the central portion of 
the left lobe and weighed. Liver pieces were 
homogenized in ice cold water (2 ml) and 
lipids were extracted from the homogenate by 

1. Lieber-DeCarli Control Diet 
2. Lieber-DeCarli Control Diet supplemented with the 

following: 
a) Glycerol (22 gfl), Lactate (22 g/l) and Ribo- 

flavin (2.2 g/l) 
b) Glucose (18.6 gO) 

3. Lieber-DeCarli Alcohol Diet 
4. Lieber-DeCarli Alcohol Diet Supplemented with 

the following : 
a) Dihydroxyacetone (22 g/i), pyruvate (22 g/l) 

and Riboflavin (2.2 g/l) 
b) Glycerol (22 g/l), Lactate (22 g/l) and Ribo- 

flavin (2.2 g/l) 
c) Dihydroxyacetone (22 g/l) 
d) Pyruvate (22 g/l) 
e) Pyruvate (11 g/l) 
f) Riboflavin (2.2 g/l) 
g) Glycerol (22 g/l) 
h) Lactate (22 g/l) 
i) Glucose (18.6 g/l) 

the method of Folch et al. (4). Triglycerides 
(TG) were separated from total lipids by thin 
layer chromatography, and their fatty acid 
methyl esters were prepared (5). Fatty acid 
methyl esters were analyzed by gas liquid 
chromatography as described earlier and 
quantitated by using methyl pentadecanoate 
as an internal standard (5). 

RESULTS A N D  DISCUSSION 

Animal Weight Gain and Diet Consumption 

When rats were fed the Lieber-DeCarli 
alcohol diet containing various supplements, 
their weight gain and daily diet consumption 
were generally similar to those in the alcohol- 
fed controls (Tables 2-5). Although the values 
for these parameters differed from one experi- 
ment to another, they were comparable within 
each study. When the initial weights of rats 
were ca 100 g, they consumed ca 50 ml of 
liquid diet/day and gained 70-80 g in four 
weeks (Table 3). Similar results were obtained 
even when the initial weights of the animals 
were somewhat greater (Table 4). However, 
in other experiments (Tables 2 and 5), rats 
weighing 120-170 g consumed ca 60 ml diet/ 
day and gained considerabley more weight 
(130-190 g). The reason for such differences 
in the weight gain between experiments is not 
known. 

Liver TG Levels 

As reported earlier (1,2), when rats were 
fed the alcohol diet containing dihydroxyace- 
tone, pyruvate and riboflavin, fatty liver was 
prevented (Table 2). When glycerol and lactate 
replaced dihydroxyacetone and pyruvate res- 
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ALCOHOLIC FATTY LIVER PREVENTION 

TABLE 2 

Weight Gain, Diet Consumpt ion  and Liver Triglyceride Content  o f  Rats Fed 
Ethanol  Diet Supplemented with Glycerol and Lactate a 

585  

Diet 

Liver TG 
Initial wt Final wt  Weight gain Diet consumpt ion  content  

g g g mi/day mg/g 

Alcohol 163.0 +4.7 304.3 + 12.9 141.3 +- 13.2 61.4 -+2.1 62.6 • 14.1 b 

Alcohol + 
Dihydroxyacetone + 
Pyruvate + Riboflavin 163.5 + 4.7 289.5 + 15.1 126.0 • 14.6 57.8 -+ 1.7 18.9 • 5.0 

Alcohol + Glycerol + 
Lactate + Riboflavin 164.6 • 3.5 299.0 • 7.7 134.4 -+ 7.8 56.8 -+ 2.1 15.6 • 3.7 

Control 172.8 +2.9 330.3 • 5.0 157.5 -+ 2.3 61.5 •  1 4 . 0 •  

Control + Glycerol + 
Lac ta t e+Ribof l av in  162.5 • 320.3 •  157.8 -+ 7.9 59.9-+2.0 1 1 . 2 •  

aValues are given as mean • SE from determinat ions with four rats in each diet group. In each group, rats 
were fed the indicated diet for 4 weeks. 

bTriglyceride content  in the livers of  rats fed the alcohol diet was significantly (p<0.01)  different from that  
in other groups (2-tailed t-test). 

TABLE 3 

Weight Gain, Diet Consumpt ion  and Liver Triglyceride Content  of  Rats Fed 
Ethanol Diet Supplemented with Dihydroxyacetone,  Pyruvate or Riboflavin a 

Liver TG 
Initial wt Final wt Weight gain Diet consumpt ion  content  

Diet g g g mild ay mg]g 

Alcohol 99.0 • 3.4 178.4 • 8.8 79.4 -+ 7.1 47.8 -+ 1.8 69.1 • 6.7 

Alcohol + 
Dihydroxyacetone 104.7 -+ 3.3 178.7 -+ 3.7 74.0 -+ 5.8 48.7 • 2.0 67.2 • 7.2 

Alcohol + Pyruvate 110.0 -+ 2.9 183.0 + 1.1 73.0 +- 2.1 47.7 • 2.4 22.6 • 2.4 b 

Alcohol+ Riboflavin 100.3 + 1.9 164.3 • 6.1 63.7 + 8.7 48.4 • 1.9 66.8 • 5.6 

aValues are given as mean -+ SE from determinat ions  with four rats in each diet group. In each group, rats 
were fed the indicated diet for 4 weeks. 

bTriglyceride content  in the livers of  rats fed the 
ferent  f rom that  in other  groups (2-tailed t-test). 

p e c t i v e l y ,  t h e  f a t t y  l iver a lso was  a b o l i s h e d  
( T a b l e  2).  H e n c e ,  t h e  d i r ec t  p a r t i c i p a t i o n  o f  
d i h y d r o x y a c e t o n e  a n d  p y r u v a t e  as  h y d r o g e n  
a c c e p t o r s  to  u t i l i z e  t h e  N A D H  g e n e r a t e d  b y  
a l c o h o l  m e t a b o l i s m  m a y  n o t  b e  r e l e v a n t  in  t h e  
p r e v e n t i o n  o f  a l c o h o l i c  f a t t y  l iver.  

F a t t y  l iver a l so  w a s  a b o l i s h e d  w h e n  r a t s  w e r e  
f ed  t h e  a l c o h o l  d i e t  c o n t a i n i n g  o n l y  p y r u v a t e  
as  t h e  s u p p l e m e n t  ( T a b l e s  3 a n d  4) .  E v e n  w h e n  
t h e  p y r u v a t e  c o n t e n t  w a s  r e d u c e d  b y  50%,  t h e  
a m o u n t  o f  l iver  T G  in  a l c o h o l - f e d  a n i m a l s  w a s  
r e d u c e d  s u b s t a n t i a l l y  ( T a b l e  4) .  T h e  p r e s e n c e  
o f  e i t h e r  d i h y d r o x y a c e t o n e  o r  r i b o f l a v i n  in  
t h e  d ie t  h a d  n o  e f f e c t  o n  a l c o h o l - i n d u c e d  f a t t y  
l iver  ( T a b l e  3).  T h e r e f o r e ,  in ear l ie r  s t u d i e s  
( 1 , 2 ) ,  a n d  in e x p e r i m e n t s  g i ven  in  T a b l e  2 ,  

alcohol + pyruvate diet was significantly (p<0.001)  dif- 

w h e n  d i h y d r o x y a c e t o n e ,  p y r u v a t e  a n d  r i b o -  
f l av in  w e r e  u s e d  as d i e t a r y  s u p p l e m e n t s  t o  
p r e v e n t  a l c o h o l i c  f a t t y  l iver ,  o n l y  p y r u v a t e  
m u s t  h a v e  b e e n  ac t ive .  S u p p l e m e n t a t i o n  o f  
t h e  e t h a n o l  d i e t  w i t h  g l y c e r o l  a l o n e  a l so  p r e -  
v e n t e d  f a t t y  l iver ( T a b l e  5).  H o w e v e r ,  t h e  
i n c l u s i o n  o f  i soca lo r i c  a m o u n t s  o f  g l u c o s e  o r  
l a c t a t e  i n s t e a d  o f  g l y c e r o l  d id  n o t  a b o l i s h  t h e  
f a t t y  l iver ,  a l t h o u g h  i t  c a u s e d  a m a r k e d  r e d u c -  
t i o n  in  t h e  l iver  T G  c o n t e n t  ( T a b l e s  4 a n d  5).  
T h e s e  o b s e r v a t i o n s  s h o w  t h a t  t h e  i n c l u s i o n  o f  
g l u c o s e  o r  i t s  m e t a b o l i t e s  in  t h e  d i e t  c a u s e s  a 
m a r k e d  r e d u c t i o n  in  t h e  l iver  T G  c o n t e n t  in  
r a t s  g i v e n  a c h r o n i c  d o s e  o f  a l c o h o l .  S u c h  a 
c o n c l u s i o n  is f u r t h e r  s u p p o r t e d  b y  t h e  r e s u l t s  
f r o m  ear l ier  s t u d i e s  u s i n g  t h e  L i e b e r - D e C a r l i  
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TABLE 4 

Weiglit Gain, Diet Consumption and Liver Triglyceride Content of Rats Fed 
Ethanol Diet Supplemented with Pyruvate or Glucose a 

Diet 

Liver TG 
Initial wt Final wt Weight gain Diet consumption content 

g g g ml/day mg/g 

Alcohol 161.9 -+ 0.9 229.5 -+ 5.5 67.5 • 52.2 -+ 3.4 57.5 ~: 5."]~ d 

Alcohol + 
Pyruvate (22 g/l) 130.8 -+0.7 215.8 + 10.1 85.0 + 5.0 47.7 -+4.0 19.9 -+ 3.2 b 

Alcohol + 
P y r u v a t e ( l l g / I )  134.0 -+0.3 206.5 -+ 5.5 72.5 -+5.4 46.3-+4.1 36.2 • c 

Alcohol + 
Glucose (18.6g/I) 143.7 -+3.4 222.3 +- 13.1 78.7 -+ 10.1 48.4-+4.0 31.3-+2.9 d 

aValues are given as mean -+ SE from determinations with five rats in each diet group. In each group, rats 
w e r e  f e d  t h e  indicated diet for 4 weeks. Those with common superscripts are significantly different with b, 
p<0.001, and c,d, p<0.01 using the 2-tailed t-test. 

TABLE 5 

Weight Gain, Diet Consumption and Liver Triglyceride Content of Rats Fed 
Ethanol Diet Supplemented with Glycerol or Lactate a 

Diet 

Liver TG 
Initial wt Final wt Weight gain Diet consumption content 

g g g ml/day mg/g 

Alcohol 152.2 -+ 1.4 284.0 -+ 7.1 131.8 -+ 5.8 61.4 -+ 1.8 78.1 -~ 7.2 b 

Alcohol + Glycerol 126.2 -+0.7 269.1 -+ 8.7 142.9 -+ 8.7 54.5 +- !.9 18.5 -+2.8 

Alcohol+ Lactate 131.4 -+0.5 287.2 -+ 14.8 155.6 -+ 13.1 58.7 -+ 1.7 37.1 -+4.6 

Alcohol + Glucose 140.5 -+ 1.3 278.0 -+ 15.6 137.7 -+ 14.9 60.2 -+0.6 39.9 • 

Cont ro l+Glucose  121.4 -+0.8 311.1 • 13.2 185.7 -+ 10.3 63.4-+ 1.9 19.1 -~.2.4 

aValues are given as mean -+ SE from determinations with six rats in the alcohol and alcohol + glucose diet 
groups and five rats in the remaining groups. In each group, rats were fed the indicated diet for 4 weeks. 

hTriglyceride content in the livers of rats fed the alcohol diet was significantly (p<0.001) different from that 
in other diet groups. 

a l coho l  diet  c o n t a i n i n g  var ious  levels o f  fa t  
(6) .  F a t t y  rivers were  obse rved  o n l y  w h e n  the  
level o f  fa t  in t he  diet  was  35% o f  t he  to t a l  
ca lor ies  or  h igher .  If  t he  fat  c o n t e n t  o f  diet  
was  25% o f  calor ies  or  l ower ,  t he  hepa t i c  TG 
c o n t e n t s  in a lcohol - fed  an ima l s  were  r e d u c e d  
to  levels (18-23  m g / g )  obse rved  in ra t s  fed a 
c o n t r o l  diet  devoid  o f  a l coho l  (6) .  In these  
in s t ances ,  w h e n  the  level o f  fat  in t he  diet  was  
r e d u c e d ,  t he  c a r b o h y d r a t e  c o n t e n t  was  in- 
c reased  c o r r e s p o n d i n g l y  and  f a t t y  river was  n o t  
p r o d u c e d .  H o w e v e r ,  the  e f fec t  o f  increased  
c a r b o h y d r a t e  c o n t e n t  o f  the  a l coho l  diet  in 
r e d u c i n g  o r  p r e v e n t i n g  f a t t y  river a p p e a r s  to  
be re la ted  to  t h e  level o f  p r o t e i n  in t he  diet .  
The  p ro t e in  c o n t e n t  o f  the  Lieber-DeCar l i  
a l coho l  diet  is 18% o f  to ta l  calor ies  (3).  In 

s tud ie s  in w h i c h  the  p r o t e i n  c o n t e n t  was  re- 
d u c e d  to  12.5% o f  to t a l  calories  and  the  ca rbo-  
h y d r a t e  level was  increased c o r r e s p o n d i n g l y ,  
t he  e x t e n t  o f  f a t t y  liver was  n o t  a f f ec ted  (6).  

Carbohydrate Deprivation in Rats 
Given a Chronic Dose of Alcohol 

In m a n y  inves t iga t ions  o f  a l c o h o l - i n d u c e d  
f a t t y  liver, an ima l s  have b e e n  fed the  Lieber-  
DeCarl i  l iquid die ts  (1-3,  5-7).  It has  genera l ly  
b e e n  cons ide red  tha t  f a t ty  liver was  p r o d u c e d  
b y  the  c h r on i c  inges t ion  o f  a l c oho l  in spi te  
o f  feed ing  a n u t r i t i o n a l l y  a d e q u a t e  diet  (7 ,8) .  
The  Lieber-DeCar l i  c o n t r o l  d ie t  was  sugges ted  
to  be n u t r i t i o n a l l y  a d e q u a t e  s ince w h e n  fed ad 
l ib i tu rn ,  it p r o m o t e d  g r o w t h  o f  r a t s  in a w a y  
c o m p a r a b l e  to tha t  b y  o t h e r  c o m m e r c i a l  d ie ts  
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(3). However, unlike the control diet, it is 
doubtful whether the alcohol diet provides a 
nutritionally adequate dietary regimen. The 
consumption of the alcohol diet by rats is 
reduced by ca 50% when compared to that of 
the control diet when fed ad libitum (5). 
Therefore, not only the dally caloric intake 
but also the consumption of essential dietary 
ingredients is reduced markedly when alcohol is 
included in the diet. Such a restriction in the 
diet affects the rate of growth of animals fed 
the alcohol and control liquid diets. When rats 
are fed the ethanol diet ad libitum, their 
growth rates are comparable to those of pair- 
fed controls (3). However, when compared to 
rats fed the control diet ad libitum, the weight 
gain of alcohol-fed rats is small (5). 

The caloric contribution of carbohydrate 
in many normal diets is high (62-75%) (3). 
It is somewhat low (47%) in the Lieber-DeCarli 
control diet (3). It is reduced further to only 
3% or 11% in alcohol diets depending on the 
level of fat. Hence, animals given the ethanol 
diet for long periods are deprived of adequate 
amounts of carbohydrates. As a consequence 
of such a dietary regimen, the glycogen content 
of livers is reduced (9,10). Even after feeding 
rats the alcohol diet for only 3 days, the liver 
glycogen levels are reduced by 50% (9). The 
liver glycogen content has also been found to 
be markedly reduced as compared to the con- 
trois when rats were fed an alcohol diet having 
a composition different from that of the 
Lieber-DeCarli diet (11). The glycogen content 
of alcoholic fatty livers is low (56 + 20/.tmole 
as glucose/g compared to 318 + 48 /amole as 
glucose/g in normals) (10). Such reduced levels 
have been reported in alloxan-diabetes (12). 
Hence, rats fed the Lieber-DeCarli alcohol diet 
have low levels of glycogen in the liver for 
prolonged periods during the development of 
fatty liver. Whether such reduced levels of 
glycogen have a role in promoting hepatic TG 
accumulation is not known. The various com- 
pounds (glucose, pyruvate, lactate, dllaydroxy- 
acetone and glycerol) which were used as 
dietary additives can be converted to glycogen 
in the liver. Whether the synthesis of glycogen 
from these precursors occurs in alcohol-fed 
animals remains to be examined. Due to the 
generation of NADH during ethanol oxidation, 
pyruvate may most likely be converted to 
lactate rather than glycogen. If the supplements 
are metabolized by the liver, a sparing effect 
on the glycogen level is likely in the livers of 
alcohol-fed rats. 

Of the many substances studied as supple- 
ments, only pyruvate and glycerol were capable 
of preventing alcoholic fatty liver (Tables 3-5). 
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Addition of glucose or lactate to the alcohol 
diet reduced the liver TG levels by ca 50% 
(Tables 4 and 5). Unlike glycerol, dihydroxy- 
acetone was not effective i n  abolishing alco- 
holic fatty liver (Tables 3 and 5). Prior to their 
metabolism, both these compounds need to be 
converted to their phosphorylated derivatives. 
Glycerol kinase, which catalyses the production 
of glycerol 3-phosphate from glycerol and ATP, 
also acts on dihydroxyacetone to yield di- 
hydroxyacetone phosphate. Moreover, with the 
kinase isolated from rat livers, dihydroxy- 
acetone was found to be phosphorylated at a 
rate about twice that of glycerol (13). Hence, 
if glycerol was active due to its metabolism in 
the liver, it is surprising that dihydroxyacetone 
was not effective in preventing fatty liver. 
Whether the difference in their efficiency is 
related to their absorption by the intestinal 
mucosa remains obscure. It is also surprising 
that an isocaloric amount of glucose was 
not as effective as its metabolite, pyruvate. 
Whether this phenomenon is due to the mobi- 
lization of some fraction of glucose from liver 
to extra-hepatic tissues is unknown.  

Inclusion of pyruvate or glycerol (22 g/I) in 
the alcohol diet provided only 74 additional 
cals/1 diet. Their presence caused a small 
increase (6%) in the carbohydrate calories and 
prevented hepatic accumulation of TG. These 
additives also caused a decrease in the caloric 
contribution of ethanol from 35.5% to 33%. 
Such a small decrease in the proportion of 
alcohol calories may not be related to the 
abolition of fatty liver. This is evident from the 
results of earlier studies in which rats were fed 
diets containing different alcohol calories 
(36% (7), 34% (2) or 33% (1)). The extent of 
fatty liver as indicated by the TG contents was 
similar in these instances. In spite of this 
small difference in the percentage of alcohol 
calories, the amount of alcohol consumed per 
day is the same whether rats were fed ethanol 
diets with or without the supplements. How- 
ever, when alcohol ingestion caused fatty 
liver, it was avoided by the presence of small 
amounts of metabolites. The mechanism by 
which glucose or its derivatives affect the 
hepatic TG levels in rats given a chronic dose of 
alcohol is not known. It is likely that the nor- 
mal metabolism of carbohydrates is intimately 
associated with the production of lipoproteins 
which are necessary for the mobilization of fat. 
The role of carbohydrates in the production 
and prevention of alcohol-induced fatty liver 
requires further investigation. 
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ABSTRACT 

CommerciaUy refined soybean oil was heated at 180 C for 50, 70 or 100 hr with aeration. The 
triacylglycerol fractions separated from the oils by column chromatography on silica gel were frac- 
tionated further by silicic acid thin layer chromatography (TLC), and species compositions were 
determined by argentation TLC and lipase hydrolysis. There was a decrease in the absolute amounts of 
the triacylglycerols with longer heating periods, such as 21% for 50 hr and 42% for 100 hr. Relatively 
large changes occurred in the proportion of the molecular species of the triacylglycerols during heat- 
ing; there was an increase in the more saturated species, 1-4 double bonds, and a decrease in species 
containing 5-7 double bonds. Although these changes occurred in the percentage of each triacylglyc- 
erol species, the positional distribution of the fatty acids in the 2-position remained virtually un- 
changed throughout heating. Oleic and linoleic acids were commonly found in the 2-position of the 
acylglYCerol moiety, whereas most of the palmitic and stearic acids favored esterification in the 1- 
and 3-positions. The results indicate that unsaturated fatty acids located in the 2-position are pro- 
tected significantly from thermal oxidative decomposition. 
Lipids 19:589-593, 1984. 

INTRODUCTION 

Vegetable oils are a complex mixture of 
molecular species of triacylglycerols (1-5), 
containing from 70-95% of unsaturated fatty 
acids (6,7). These acids, especially linoleic and 
linolenic, are much more prone to degradation 
during heating than the saturated fatty acids. 
Chemical reactions such as thermal and oxida- 
tive decompositions produce both volatile and 
nonvolatile products, which can have adverse 
effects on experimental animals (8-II) .  Many 
decomposition products, both volatile (12,13) 
and nonvolatile (13-17), have been identified 
during the last 20 years. However, no studies 
had been reported on the effects of heating 
with aeration on the composition of triacyl- 
glycerol species. 

Fats are susceptible to thermal oxidation 
even when subjected to the conditions used 
for food processing and deep frying (18,19). 
Substantial decreases in the amount of triacyl- 
glycerol have been observed in oils heated in 
the laboratory at 180 C with aeration (20), 
a temperature comparable to restaurant deep- 
frying. In this study we investigated the struc- 
tures of molecular species of triacylglycerols in 
fats before and after heating to assess their 
stability to thermal oxidation when subjected 
to frying temperatures.  

MATERIALS AND METHODS 

Preparation of Heated Soybean Oils 

Commercially available refined soybean oil 

*To whom correspondence should be addressed. 

was thermally oxidized at 180 C for 50, 70 or 
100 hr in the presence of air (0.11-0.16 ml/ 
min/g), using the apparatus described in a pre- 
vious report (20). 

Determination of Triacylglycerols 

Unheated and thermally oxidized oils were 
separated by one dimensional TLC on Silica Gel 
G plates activated at 120 C for 3 hr immedia- 
tely before use. Solvent systems used were 
petroleum ether/diethyl ether (70:30, v/v) and 
n-hexane/benzene (40:60, v/v). The plates 
were exposed to iodine vapor to visualize the 
triacylglycerol band. The appropriate band was 
scraped from the plate, and the triacylglycerols 
were recovered from the adsorbent by extrac- 
tion with 10% methanol in diethyl ether. The 
content of triacylglycerol was estimated by the 
ester bond determination (21), and methyl 
palmitate was used for the calibration curve. 

Isolation of Triacylglycerols 

The thermally oxidized oils were separated into 
two fractions by column chromatography on 
silica gel by the method of Billek et al. (22), 
with minor modifications (20). Elution with 
150 ml of 20% isopropyl ether in n-hexane ob- 
tained the triacylglycerols (fraction I) which 
were relatively nonpolar. With 150 ml of 60% 
isopropyl ether in n-hexane, and finally 200 ml 
of diethyl ether, the polar components (frac- 
tion II) were collected. The proper separation 
and triacylglycerol contents were verified by 
TLC. Along with the triacylglycerols, fraction I 
contained part of the unsaponifiable matter 
which was removed by TLC as described 
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earlier. The unheated oil was exposed to the 
same fractionation procedures as above, to 
isolate the triacylglycerols. 

Triacylglycerol Species Analysis 

Silver nitrate-silica gel TLC was used to 
fractionate the total triacylglycerols into their 
various species according to the degree of 
unsaturation. The TLC plates were prepared by 
the method of Roche et al. (23). Each sample 
was separated with solvent systems consisting 
of 0.8% to 5% methanol in chloroform, depend- 
ing on the polarity of the triacylglycerols (24). 
Individual bands were visualized under ultravio- 
let light after being sprayed with 2', 7'-dichloro- 
fluorescein (0.1% in ethanol) and recovered 
from the plate by extraction with 10% me- 
thanol in diethyl ether, followed by diethyl 
ether. Quantitative determination of the 
amount,  as well as composition of each band, 
was carried out by the addition of a known 
weight (10 to 100 g) of methyl heptadecanoate 
as an internal standard. The triacylglycerols 
were converted into fatty acid methyl esters by 
heating them with boron trifluoride/methanol 
(25), and analyzed by GLC. A Hewlett-Packard 
Model 5840A gas chromatograph equipped 
with a flame ionization detector and an elec- 
tronic integrator for quantitation of peak areas 
was used. The other GLC conditions were as 
described previously (20). 

Lipase Hydrolysis 

The hydrolysis technique was similar to the 
general procedure described by Mattson and 
Volpenhein (26) scaled down to a semi-micro 
mothod. At least 2 mg of triacylglycerol (from 
more than one TLC plate if necessary)was 
suspended in 1 ml of Tris buffer (pH 7.6) con- 
taining 0.25 M CaCI2, and 8 mg of lipase were 
added. The reaction was carried out in a water 
bath at 37 C with vigorous stirring for 13 
min. Then the mixture was poured into diethyl 
ether over anhydrous sodium sulfate and fil- 
tered. The ether solution was concentrated to a 
small volume under a stream of nitrogen. 
Residual 2-monoacylglycerols were separated 
by TLC on Silica Gel G with n-hexane/diethyl 
ether/acetic acid (50:50:1, v/v/v). The appro- 
priate band was scraped directly into an ampule 
and esterified by heating it with boron tri- 
fluoride/methanol (25). Fatty acid composition 
of the methyl esters was determined by GLC. 

RESULTS 

The relative contents of the residual triacyl- 
glycerols in the heated oils as isolated by pre- 
parative TLC were determined by the ester 

bond method, and the value for the fresh 
unheated oil was normalized to 100. With the 
progress of heating, the amounts of triacyl- 
glycerols gradually decreased by 21.5% after 
50 hr, 29.2% after 70 hr and 42.4% after 
100 hr. 

The extent of the variations of molecular 
species in triacylglycerols was determined by 
quantitation with argentation TLC. The com- 
position of bands was calculated from GLC 
data (24,27) on the basis of their fatty acid 
components (Table 1 ). Saturated fatty acids are 
denoted as S and include palmitic (16:0) and 
stearic (18:0) acids. Unsaturated fatty acids, 
oleic (18:1), linoleic (18:2) and linolenic 
(18:3), are designated as monoene (M), diene 
(D) and triene (T), respectively. No species 
containing two ro more linolenic acid units 
(T2 or T 3) were detected in the unheated oil. 
The species containing three saturated fatty 
acids ($3) was only a trace component (<0.09%) 
after 70 hr of heating. In all, fifteen different 
molecular species were detected by TLC, but 
a few containing linolenic acid (SDT, MI)T and 
D2 T) became very small components with I00 
hr of heating (Table 1). Conversely, most 
species containing saturated acids (S2M, SM2, 
S2D, SMD, SD2 and SMT) gradually increased 
by a range from 1.4% for SD2 to 5.1% for SMT. 
Two species containing monoene and no 
saturate, (M 3 and M2 D) also increased by 4.9% 
and 5.1%, whereas two others (MD 2 and M2T) 
decreased by 2.5% and 3.7% respectively. D 3 
showed the greatest change with a loss of 9.6%. 

Figure 1 shows selected data representing 
I to 7 double bonds in the triacylglycerol 
species. In general, as the heating period was 
extended there was an increase in the percen- 
tage of all species containing saturated fatty 
acids (maximum of 3 double bonds). The 
species representing 4 double bonds (M~D) 
increased with heating in spite of an erratic 
response indicating reversal after 70 hr. In 
contrast, the species containing 5, 6 and 7 
double bonds all showed substantial declines. 

In order to obtain information on isomer 
composition, the distributions of fatty acids in 
the 2-position were determined by lipase hy- 
drolysis, and the remainder of each fatty acid 
was esterified in the 1 and 3-positions. The 
results on total triacylglycerol fractions are 
summarized in Table 2. Very little of the 
saturated fatty acids were in the 2-position in 
the soybean oil, but increases were apparent 
after 100 hr of heating. More than a third of 
18:1 and 18:2 remained in the 2-position after 
heating with no appreciable change. For 18:3 
heating caused an increase in the amount in the 
2-position above the original 22%. 

LIPIDS, VOL 19, NO. 8 (1984) 



S T R U C T U R E  O F  T R I A C Y L G L Y C E R O L S  DUE TO H E A T  

T A B L E  1 

C o n c e n t r a t i o n s  of  Tr iacylg lycero l  Species f r o m  The rma l ly  Oxidized So y b ean  Oils (wt %)a 

591 

Triacylg lycero l  No. o f  Hea t ing  per iod (hr)  

species b double  bonds  0 50 70 100 Ad 

S2M 1 2 . 3 •  3 . 1 •  3 . 5 •  6 . 7 •  4.4 
SM 2 2 0 . 7 •  1 . 2 •  1 . 9 •  3 . 1 •  2.4 
S2D 2 5 . 8 •  6 . 7 •  7 . 5 •  9 . 2 + 0 . 5  3.4 
M 3 3 4.1 •  7 . 0 •  7 . 4 •  9 . 0 •  4.9 
SMD 3 4 . 3 •  5 . 9 •  6 . 7 •  7 . 4 •  3.1 
M2D 4 1 1 . 2 •  1 4 . 3 •  1 7 . 2 •  1 6 . 3 •  5.1 
SD 2 4 i l . 9  • l . l  12.3 • 1.0 13.6 • 1.2 1 3 .3 •  1.2 1.4 
SMT 4 1 .3•  0.1 2 . 0 •  3 . 4 •  6 . 4 •  5.1 
MD 2 5 1 2 . 3 •  1.1 1 0 . 8 •  l.O 9 . 6 •  1.0 9 . 8 •  1.0 -2.5 
MaT  5 1 4 . 0 •  1 3 . 1 •  1.1 1 1 . 4 •  [ 0 . 3 •  -3.7 
D 3 6 1 4 . 5 •  1 2 . 2 •  1 0 . 3 •  4 . 9 •  -9.6 
SDT 5 4 . 2 •  3 . 7 •  2 . 8 •  1 . 7 •  -2.5 
MDT 6 4 . 7 •  3 . 1 •  2 . 0 •  0 . 8 •  -3.9 
D2T 7 8 . 7 •  4 . 6 •  2 . 7 •  1.1 •  -7.6 

Categorical  A 4 1 . 6 •  1.2 52.5 • 1.4 61.2 • 1.5 7 1 . 4 •  1.7 
S u m m a r y  c B 5 8 . 4 •  1.6 4 7 . 5 •  1.5 38.8 • 1.3 2 8 . 6 •  1.0 

aEach value represen ts  the m e a n  of  t r ipl icate  d e t e r m i n a t i o n s  • SEM. 
bAbbrev ia t i ons :  S, s a tu ra t ed ;  M, m o n o e n o i c ;  D, d ienoic ;  T, t r ienoic  acid moie t ies  of  t r iacylgly-  

cerols,  e.g.,  SMD, a t r iacylg lycerol  con ta in ing  one sa tu ra t ed ,  one  m o n o e n o i c  and one  d ienoic  fa t ty  
acid;  D 3 , tr i l inolein.  

CTotal pe rcen tages  of  t r iacylg lycerol  species:  A = the species con ta in ing  I-4 double  bonds ,  B = the 
species con ta in ing  5-7 doub le  bonds .  

dGain  or  loss for  100 hr  hea t ing  relat ive to unhea t ed  oil. 

a 
16 M2D (4) 

14 

12 

I- SMD (31 
~ ~ S2M (1) 

o~ D3 (6) 

~ - - ~  ~ SM2 (21 

D2T (7) 
I I I J I I 

0 10 30 50 70 100 
Heating Period (hr) 

FIG. l. Changes in the amount of selected mole- 
cular species of the triacylglycerols in the thermally 
oxidized soybean oils (representing 1-7 double bonds). 
aAbbreviations of triacylglycerol species: see Table 1. 

For comparison, selected data for individual 
triacylglycerol species isolated from unheated 
oil and oil heated 70 hr are shown in Table 3. 
This detailed information allows us to see that 

the specific distribution patterns for the indivi- 
dual fatty acids changed little due to heating. 
In the absence of higher unsaturation, oleic 
acid was highly concentrated in the 2-position 
(S2M and SM2). However, when diene was 
present it dominated the 2-position at the 
expense of monoene or triene. The saturates 
were consistently low in this position. 

DISCUSSION 

Fatty acid contents of soybean oil triacyl- 
glycerols at 0, 50, 70 and 100 hr of heating 
have been reported (20). Distribution of fatty 
acids in triacylglycerols can have an influence 
on their rate of autoxidation (28-30), but the 
effect of acylglycerol structure on the rate of  
thermal oxidation had not been investigated. It 
is indefinite whether hydroperoxides are for- 
med at frying temperatures of 180 C and above, 
since hydroperoxides of lipids are known to be 
heat-labile, and peroxides produced early 
during heating are unstable and break down to 
form thermal decomposition products (31,32). 
However, there is no information about their 
presence, or the kinetics that control their 
decomposition (33). 

Extensive thermal oxidation of triacyl- 
glycerols occurs in soybean oil during heating 
(19,20,34), and the amount of triacylglycerols 
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TABLE 2 

Lipase Hydrolysis of Total Triacylglycerol Isolated from Thermally Oxidized 
Soybean Oils, Showing Weight Per Cent Esterified in 2-Position a,b 

HeatingperiodOr) 

Fat tyac~ 0 50 70 100 

16:0 1.9• 2 .1•  2 .0•  5 .1•  
18:0 2 .8•  2 .6•  2.0•  8 .3•  
18:1 35.8• 37.8• 37.7• 39.7•  
18:2 42.5•  42.8•  43.8•  43.2•  
18:3 21.8•  27.0• 28.6•  26.3•  

aper cent esterified in 2-position =% in 2-monoacylglycerol X 100. 
3 x % in triacylglycerol 

bEach value represents the mean of triplicate determinations • SEM. Minor components 
have been omitted (<0.09). 

TABLE 3 

Lipase Hydrolysis of Individual Triacylglycerol Species Isolated from Thermally Oxidized 
Soybean Oils, Showing Weight Per Cent of Fatty Acids Esterified in 2-Position a 

Heating No. of  
Period Triacylglycerol double Fatty acid 
(hr) species b bonds 16:0 18:0 18:1 18:2 18:3 

S2M 1 10.3• 4 .2•  85.5•  
SM 2 2 3 .7•  -- 96.3• 
SzD 2 8 .2•  9 .8•  82.0•  
SMD 3 2.5• -- 29.1• 68.4•  
MD z S 12,6• 87.4• 
D2T 7 83.6• 16.4• 

70 

S2M 1 11.2• 4 .1•  84.7• 
SM 2 2 3 .6•  -- 96.4• 
SzD 2 8.4•  10.2• 81.4•  
SMD 3 2 .7•  -- 29.6•  67.7•  
MD 2 5 13.5• 86.5•  
D2T 7 84.2•  15.8• 

aEach value represents the mean of triplicate determinations • SEM. Minor components have been omitted 
(<0.09). 

bAbbreviations: See Table 1. 

decreases substant ial ly.  However ,  residual tri- 
acylglycerols were still major  c o m p o n e n t s  of  
the  hea ted  oils. The decrease in t r iacylglycerols  
was accompanied  by extensive changes in 
molecular  species concen t ra t ions  (Fig. 1 ), 
which  were re la ted to  the  fa t ty  acid compos i -  
t ion  of  the  tr iacylglycerols.  The pa t te rns  de- 
pended  on  the  degree of  unsa tura t ion ,  re f lec ted  
in the  to ta l  num be r  of  double  bonds  in the 
moiet ies  (Table 1). For  the unhea ted  oil, all 
t r iacylglycerol  species conta ining f rom one to  
four  double  bonds  (S2M-SMT) con t r ibu ted  
app rox ima te ly  42%, whereas  those  conta ining 
more  than  four  double  bonds  ( M D 2 - D 2 T ) w e r e  
app rox ima te ly  58%. With the  progress of  
heating,  the  percentage of  the  fo rmer  increased 
substant ia l ly ,  such  as 53% at 50 hr and 71% at 
100 hr, whereas  tha t  o f  the  la t ter  dramat ical ly  

decreased to  abou t  47% at 50 hr d o w n  to 29% 
at 100 hr of  heating.  Species wi th  more  than  
one  D in the  s t ruc ture  would  have in addi t ion  
to  the  high level (more  than  80%) in the  2- 
pos i t ion ,  extra  D in the  u n p r o t e c t e d  1 and 
3-posi t ions  result ing in a higher ra te  of  degrada- 
t ion.  This d rop  in the  n u m b e r  o f  double  b o n d s  
is conf i rmed  by  lower  iodine values for  ther-  
mally oxid ized  fats (10). 

When the percentages  of  the  fa t ty  acids 
remaining in the  2-posi t ion of  the  residual 
t r iacylglycerols  (Table 2) were calculated for  
the dominan t  types ,  there  were no major  
changes in the  p r o p o r t i o n  of  esters as a result  
o f  heat ing and aerat ing the  oil. Rates of  autoxi-  
da t ion  increase direct ly  wi th  the  n u mb er  of  
doub le  bonds  in fa t ty  acids (30,35).  However,  
Raghuveer and H a m m o n d  (28) suggested that  
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acylglycerol  s t ruc ture  might  af fect  the  relative 
rates  of  ox ida t ion  o f  acyl groups  in a t r iacyl-  
glycerol.  They  indicated tha t  acyl groups  in 
the  sn-1 and 3 pos i t ions  should oxidize  faster  
t han  those  in sn-2. The data p resen ted  here 
show tha t  the  d is t r ibu t ion  o f  the  fa t ty  acids in 
the  2-posi t ion of  several acylglycerol  species 
remained  near ly  cons tan t  during large changes  
in the  p r o p o r t i o n  of  these  species. This suggests 
tha t  fa t ty  acids in the  1- and 3-posi t ions were  
more  susceptible to ox ida t ion ,  and tha t  the  
po lyunsa tu ra ted  fa t ty  acids can be conserved 
significantly f rom thermal  oxidat ive  decompos i -  
t ion  if t h e y  are located  in the  2-posi t ion.  This 
observat ion  agrees wi th  the  recen t  conclus ions  
of  Wada and Koizumi  (36). 
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The Effects of Streptozotocin Diabetes on 

Tissue Specific Lipase Activities in the Rat 
T A K A H I D E  NOMURAa,  * ,  YASUMICHI  H A G I N O  a, M I N E H I R O  GOTOH b, 
A K I H I S A  IGUCHI b and NOBUO SAKAMOTO b, aDepartment of Pharmacology, 
and bThe Third Department of Internal Medicine, Nagoya University School of Medicine, 
Nagoya 466, Japan 

ABSTRACT 

Fasting in normal rats produced a fall in hepatic triglyceride lipase (H-TGL) activity as well as 
lipoprotein lipase (LPL) activities of adipose tissue and psoas minor muscle. On the other hand, LPL 
activities of heart and diaphragm were not decreased by fasting; the former, in fact, was increased 
significantly. Changes in tissue specific lipase activity caused by withdrawal of insulin from insulin- 
treated diabetic animals paralleled in direction the changes induced by starvation of normal rats. 
Furthermore, it was shown in the present paper that the tissue specific lipase activity of diabetic 
rats became stuck in the starve phase of the starve-feed cycle regardless of dietary intake. The changes 
of the tissue specific lipase activities, especially of liver, adipose tissue and heart, appeared to coincide 
with those of plasma insulin levels. These results strongly suggest that the tissue specific lipase system 
is under hormonal regulation by insulin. Streptozotocin diabetes produced hypertriglyceridemia. The 
possible mechanism of the hypertriglyeeridemia in diabetic animals was discussed in connection with 
the role of the tissue specific lipase system in the serum triglyceride metabolism. 
Lipids 19:594-599, 1984. 

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

Hypertriglyceridemia, a risk factor for 
premature atherosclerosis (I) ,  may result from 
decreased use of plasma triglyceride by tissues. 
The removal of triglyceride is thought to be 
mediated by triglyceride lipase (TGL) (2). It 
is known that heparin releases two kinds of 
lipolytic activities from tissues: hepatic trigly- 
ceride lipase (H-TGL) and extrahepatic lipo- 
protein lipase (LPL) (3,4). Further investiga- 
tions on the origin of these lipases have revealed 
that both LPL and H-TGL components are 
heterogeneous; the former resides chiefly in 
adipose tissue, skeletal muscle, heart and 
mammary tissue (5,6), and the latter in the 
liver, ovary and adrenal gland in the rat (7). 
Therefore, it has been suspected that the lipase 
activity of each tissue changes differently as a 
result of alteration in the nutritional and 
hormonal environment (6). In other words, 
to understand the physiological role of the 
triglyceride lipase in serum triglyceride metabo- 
lism, it is necessary to study the specific tissue 
lipase. Nevertheless, so far, the significance of 
H-TGL and LPL activities in post heparin 
plasma has been discussed for the elucidation of 
the mechanism of hypertriglyceridemia in 
various conditions (8-10). 

The aim of the present study was to inves- 
tigate the effects of fasting and streptozotocin 

*To whom correspondence should be addressed. 
Present address: Dr. Takahide Nomura, Department of 
Pharmacology, Fujita-Gakuen University School of 
Medicine, Kutsukake-cho, Toyoake 470-I 1, Japan. 

(STZ) diabetes on TGL activities of different 
tissues (liver, adipose tissue, psoas minor 
muscle, heart and diaphragm) and clarify the 
significance of the lipase system in the meta- 
bolism of serum triglyceride. 

MATERIALS A N D  METHODS 

Male Wistar rats (250-300 g) were used. 
Standard laboratory chow containing 5.1% 
(w/w) lipid was obtained from the Oriental 
Yeast Co., Tokyo, Japan. All animals were 
maintained in a room in which the artificial 
lights were switched on at 7:30 a.m. and off 
at 7:30 p.m. for at least 7 days prior to the 
experiment. Except as noted, the rats were 
allowed access to food during the dark phase. 
In the fasting experiments, the animals were 
deprived of food beginning at 7:30 a.m. (Oh). 
Diabetes was induced by a single intravenous 
injection of streptozotocin (Sigma. Co., St. 
Louis, Missouri) amounting to 65 mg/kg body 
weight. Diabetic animals were used 3 to 4 days 
after the injection, by which time plasma 
glucose concentrations exceeded 350 mg/dl. 
Some diabetic animals were treated by daily 
subcutaneous injection of lente insulin (Novo 
Laboratory, Copenhagen, Denmark), 6 units 
per animal at 5 p.m. for 4 days. The insulin 
injection of the 4th day was omitted from a 
part of the treated rats (insulin-withdrawn 
group). Insulin-treated animals were fed on the 
diet ad libitum in order to prevent hypogly- 
cemia. All animals were killed by decapitation. 
The blood was collected in ice-chilled tubes 
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for the determination of plasma insulin and 
metabolites. Plasma immunoreactive insulin 
(IRI) was measured by a double antibody 
radio-immunoassay (11). Metabolite concentra- 
tions were determined as follows: glucose by 
the method of Stevens (12); triglyceride by the 
method of Fletcher (13) using Triglyceride-Test 
(Wako Pure Chemical Industries, Osaka, Japan); 
free fatty acids (FFA) by Wako's NEFA C-Test 
using acyl-CoA oxidase (14). Total ketone 
bodies were calculated by the summation of 
acetoacetate and fl-hydroxybutyrate deter- 
mined as described by Williamson et al. (15). 
Lipase activity was measured in liver, heart, 
diaphragm (red muscle), psoas minor (white 
muscle) and in adipose tissue (epididymal fat 
body). Liver slices were prepared with a slicer. 
Other tissues were cut into about 20 mg pieces. 
After rinsing in approximately 100 ml of chil- 
led Krebs-Henseleit buffer, pH 7.4, 200 mg of 
tissue w a s  weighed. All tissues were homo- 
genized in Krebs-Henseleit buffer containing 5 
units of heparin per ml with an Ultra-Turrax 
(Janke u. Kunkel KG, West Germany) for 30 
sec. Liver, heart and diaphragm were homo- 
genized at a tissue concentration of 40 mg wet 
weight per ml of homogenate; psoas minor and 
adipose tissue were at 70 mg wet weight per ml 
of homogenate. The homogenates were filtered 
through 4 layers of gauze to remove debris, 
and the resulting debris-free homogenates were 
assayed for lipase activity. The suspension of 
adipose tissue was centrifuged, the fat layer was 
removed and the infranatant layer was used as 
the enzyme source. Lipase activity was deter- 
mined by the method of Krauss et al. (4). The 
triolein emulsion used as substrate was prepared 
by sonicating the following components: 1 ) tri- 
[ 1 _14 C] -oleate (99.7 mCi/mmole, New England 
Nuclear, Boston, Massachusetts), 127 nmoles; 
2) unlabeled triolein (Sigma, St. Louis, Mis- 
souri), 113 btmoles; 3) FFA-free bovine serum 
albumin (Sigma), 250 mg; 4) Triton X-100 
(Wako), 0.6 ml of a 1% aqueous solution; 5) 
11.4 ml of Tris-HC1 buffer, 0.194 M, pH 8.6, 
containing 0.15 M NaC1. These constituents 
were sonicated 2 times for 2 min with a 1 min 
interval in an ice bath with a Branson Sonifier 
(Branson Sonic Power Co., Danbury, Connec- 
ticut, model W-200P) at a setting of output 5. 
In most cases, 0.3 ml of this emulsion was 
mixed with an equal volume of the enzyme 
source and 0.06 ml of plasma obtained from 
rats fasted overnight. The addition of plasma 
was omitted from H-TGL assay. Incubation was 
conducted at 37 C and continued for 60 min 
over which time the reaction was shown to be 
linear. Extraction of FFA was performed by 
the procedure of Schotz et al. (16) and 14C- 

labeled FFA released into the assay medium 
were counted, using the Aloka liquid scintilla- 
tion system LSC-751. It was equipped with 
automatic external standardization to measure 
quenching (Aloka, Tokyo, Japan). Results were 
expressed as /zmoles of FFA release/h/g tissue. 
All the experimental data were expressed as 
means + SEM. The statistical significance of the 
difference was analyzed by Student's t test. 

RESULTS 

Properties of Tissue Specific Lipases 

Characteristics of each tissue lipase obtained 
from normal fed rats are shown in Table 1. In 
the absence of serum, enzyme activities of 
adipose tissue, heart, diaphragm and psoas 
minor were largely inhibited, whereas that of 
liver was not affected. Preincubation with 1 M 
NaC1 produced a marked reduction of enzyme 
activity in the tissues other than liver. The 
results indicate that the enzyme prepared from 
liver was identical to the properties of H-TGL, 
and other enzymes were identical to those of 
LPL (5). Essentially similar results were ob- 
tained with enzymes from STZ diabetic rats. 

Effects of Fasting on Tissue Specific 
Lipase Activities in Normal Rats 

As shown in Fig. 1, in normal rats fasted 
continuously for 48 hr, the patterns of varia- 
tion oflipase activities determined at 12 hr inter- 
vals were shown to be classified into two types. 
The first pattern, showing gradual decrease 
of the enzyme activity during the time course, 
was seen in liver, adipose tissue and psoas 
minor. The second one was observed in heart 
and diaphragm, whose enzyme activities were 
not reduced by fasting. Especially the lipase 
activity of heart showed statistically significant 
increase between 12 hr and 36 hr, although it 
returned to normal after 48 hr fasting. In some 
cases, the lipase activities released by heparin 
(5U/ml) from the tissues during 45 min incuba- 
t ion were measured as described by LaRosa et 
al. (3). Heparin-released lipase activities (mean 
+ SEM, N=5) obtained for fed and 24 hr 
starved rats were as follows: liver, 8.2 + 0.5 and 
4.0 + 0.9 ~tmoles/h/g tissue, respectively; adi- 
pose tissue, 2.9 + 0.3 and 0.3 + 0.1/.tmoles/h/g 
tissue, respectively; heart, 1.7 +- 0.2 and 3.1 +- 0.1 
~tmoles/h/g tissue, respectively. The alteration 
of heparin-released TGL activities resembled 
that of tissue homogenates. No significant 
heparin releasable lipase activity was observed 
either in diaphragm or in psoas minor in the 
present study. The rats deprived of food over 
a 48 hr period showed the expected decline of 
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T A B L E  1 

Character is t ics  o f  the  Lipase in Dif fe ren t  Tissues a 

E n z y m e  act ivi ty  (relat ive to c o m p l e t e  sy s t em)  

Condi t ion  o f  assay Liver Adipose  tissue Psoas min o r  Hear t  D iaph ragm 

C o m p l e t e  sys t em 100% 100% 100% 100% 100% 
No se rum  95.2 + 1.4 7.7 + 4.3 25.7 -+ 1.8 16.8 -+ 3.3 14.5 -+ 2.9 
NaCI (1 M) 82.4 + 2.0 5.5 -+ 1.7 11.6 -+ 5.8 6.0 + 2.5 15.7 -+ 6.6 

aEffect of 1 M NaCl was studied by the preincubation of enzyme with 1 M NaCI for I0 rain at 37 C prior to 
60 rain incubation. Results are expressed as means -+ SEM for four determinations. 
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FIG. 1. Effect of fasting on lipase activity of 
different tissues and plasma insulin and triglyceride 
levels. Rats were deprived of food beginning at 7:30 
a.m. (Oh). Five pairs of rats were killed at each time 
interval. Each point represents the mean _+ SEM. 
*:P<0.05, compared with fed. 

plasma IRI  and tr iglyceride levels ( the b o t t o m  
of  Fig. 1). On the  o ther  hand,  levels o f  plasma 
F F A  and to ta l  ke tone  bodies  were raised by  
fasting. The concent ra t ions  (mean -+ SEM, N=6) 
obta ined for fed and 24 hr  starved rats were as 
fol lows:  FFA,  0.23 + 0.04 and 0.60 + 0.15 mM, 
respect ively;  total  ke tone  bodies,  0.08 + 0.04 
and 1.12 + 0.40 mM, respectively.  

Effects of STZ Diabetes on Tissue 
Specific Lipase Activities 

The concent ra t ions  of  plasma metabol i tes  
for insulin-treated rats are shown in Table 2. In 
terms of  achieving normoglycemia  and for  
reduced plasma F F A ,  tr iglyceride and ke tone  
bodies,  the administered insulin dose was 
es t imated to be the op t imal  dose. Overnight  
wi thdrawal  of  insulin f rom the treated rats 
p roduced  a marked rise in plasma glucose, 
t r iglyceride,  F F A  and to ta l  ke tone  bodies 
(Table 2). The plasma IRI  level was reduced 
markedly.  Withdrawal of  insulin induced a 
significant fall in bo th  liver and adipose tissue 
lipase activities and an increase in those o f  the 
heart  and diaphragm (Table 2). Ps0as minor  
lipase act ivi ty did no t  change significantly. 
Al tera t ion  of  enzyme  activities caused by 
wi thdrawal  of  insulin f rom diabetic  rats was 
very similar to that  caused by  short- term (24 
hr)  fasting in normal  rats. 

Effects of Fasting on Tissue Specific 
Lipase Activities of STZ Diabetic Rats 

Plasma IRI,  glucose,  F F A  and to ta l  ke tone  
bodies  of  diabetic rats did no t  change signifi- 
cantly as a result  o f  24 hr  fasting (Table 3). 
However ,  the  t r iglyceride level was very high in 
the  fed state,  and it  was decreased significantly 
by  fasting. The data of  lipase act ivi ty  in Table 3 
clearly indicate that  the  effects  of  fasting on 
the  tissue specific lipase activities were lost in 
the  diabetic  animals. 

DISCUSSION 

The exper iments  repor ted  in this s tudy have 
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TABLE 2 

Effect of Insulin-withdrawal from Insulin-treated Diabetic Rats on 
Plasma Insulin and Metabolites and Lipase Activity of Different Tissues a 

597  

Insulin-treated b Insulin-withdrawn c 

Plasma 
IRI (~U/ml) 220 + 41 23 + 3* 
Glucose (mg/dl) 110 + 20 508 + 17" 
TG (mg/dl) 37 + 4 88 -+ 5* 
FFA (mM) 0.15 -+ 0.01 0.72 -+ 0.07* 
Total ketone bodies (mM) 0.15 -+ 0.01 2.49 + 0.89* 

Lipase activity (/~mol/h/g tissue) 
Liver  28.2 -+ 1.7 21.7 -+ 0.5* 
Adipose tussue 10.6 + 1.3 1.6 -+ 0.3* 
Psoas minor 1.3 -+ 0.1 1.3 + 0.2 
Heart 28.4 -+ 2.2 50.4 -+ 2 . 7 *  
Diaphragm 5.0 + 0.4 8.1 +- 0.9* 

aRats were fed on the diet ad libitum up to the time of killing. Five pairs of rats were 
killed at 8 a . m .  Results are expressed as means -+ SEM. Values which are significantly dif- 
ferent from insulin-treated rats are indicated by * :P<0.05. 

bDiabetic rats were treated by dally subcutaneous injection of insulin, 6 units per animal 
at 5 p.m. for 4 days. 

CInsulin was omitted in the previous evening. 

TABLE 3 

Effect of  Fasting on Plasma Insulin and Metabolites and Lipase Activity 
of Different Tissues in Streptozotocin-diabetic Rats a 

Fed b Fasted c 

Plasma 
IRI (~U/ml) 9 -+ 1 9 -+ 1 
Glucose (mg/dl) 431 -+ 16 373 +- 22 
TG (mg/dl) 753 + 115 146 +- 37* 
FFA (mM) 1.03 -+ 0.15 0.80 -+ 0.07 
Total ketone bodies (raM) 5.61 -+ 1.20 4.24 -+ 1.00 

Lipase activity (#mol/h/g tissue) 
Liver 16.3 + 1.2 15.5 + 0.6 
Adipose tussue 0.37 + 0.04 0.59 + 0.14 
Psoas minor 0.65 -+ 0.10 0.57 + 0.05 
Heart 16.0 + 3.9 18.0 +-4.1 
Diaphragm 4.7 -+ 0.7 4.0 +- 0.5 

asix pairs of rats were killed at 7:30 a.m. Results are expressed as means -+ SEM. Values 
which are significantly different from fed diabetic rats are indicated by *:P<0.05. 

bRats were allowed access to food during the dark phase. 
eRats were deprived of  food for 24 hr beginning at 7:30 a.m. 

s h o w n  t h a t  H - T G L  ac t iv i ty  and  LPL act ivi t ies  
o f  ad ipose  t i s sue  and  p s o a s  m i n o r  are r e d u c e d  
b y  s t a r v a t i o n  o f  n o r m a l  ra ts ,  whi le  LPL activi-  
t ies o f  hea r t  and  d i a p h r a g m  are n o t  dec reased ,  
especia l ly  t he  f o r m e r ,  w h i c h  s ign i f ican t ly  in- 
creased du r ing  the  ear ly  s tages  o f  fas t ing .  The  
obse rved  changes  in r e spec t ive  t i s sue  l ipase 
act ivi t ies  are c o n s i s t e n t  w i t h  t h e  p r e v i o u s  
f ind ings  o f  o t h e r s  t h a t  fas t ing  o f  n o r m a l  r a t s  
dec reased  l ipase act ivi t ies  o f  liver ( 1 7 , 1 8 )  and  
ad ipose  t i ssue  ( 1 7 , 1 9 - 2 1 ) ,  whi le  it i nc reased  
t h o s e  o f  h e a r t  (22 -24 )  a n d  d i a p h r a g m  (22 ,24) .  
A n e w  f ind ing  in t he  p r e s e n t  s t u d y  is t h a t  

w i t h d r a w a l  o f  insu l in  f r o m  insu l in - t r ea t ed  STZ 
d iabe t ic  r a t s  p r o d u c e d  a change  in t h e  act ivi t ies  
o f  t i s sue  specif ic  l ipase very  s imi lar  to  t h a t  b y  
fas ted  n o r m a l  ra ts .  The re  was  a decrease  o f  
l ipase act ivi t ies  in  b o t h  liver and  a d ipose  t i s sue  
a n d  an  increase  o f  t h a t  in b o t h  h e a r t  and  dia- 
p h r a g m  (see Table  2). F u r t h e r m o r e ,  w h e n  
insu l in -de f i c i en t  d iabe t ic  an ima l s  were  fas ted  
f o r  24 h r ,  n o  a l t e r a t i o n  o f  l ipase act ivi t ies  w a s  
o b s e r v e d  (Tab le  3).  Chert et al. ( 2 5 ) a l s o  in- 
d ica ted  t h a t  insu l in -def ic ien t  r a t s  we re  inca-  
pab le  o f  inc reas ing  ad ipose  t i s sue  LPL ac t iv i ty  
in r e s p o n s e  to  ea t ing .  A m o n g  earl ier  s tud ies ,  
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only Elkeles et al. (17) investigated the effects 
of streptozotocin diabetes both on LPL activi- 
ties of different tissues (adipose tissue and heart) 
and H-TGL activity of liver. They also demons- 
trated that H-TGL behaved like adipose tissue 
LPL in rats from which insulin had been with- 
drawn. In the present study, determination of 
plasma IRI level indicated that changes of the 
enzyme activities, especially of liver, adipose 
tissue and heart, coincided with those of plasma 
IRI levels (see Fig. 1 and Table 2). This strongly 
suggests that insulin is the hormone involved in 
the regulation of the tissue specific lipase 
system. Hormonal regulation of heart LPL 
activity is still controversial. Borensztajn et al. 
(23) postulated that the heart lipase activity 
might be regulated by the mechanism different 
from insulin. Nevertheless, in later studies (26), 
they found no correlation between plasma 
glucagon level and heart lipase activity. The 
results of the present study showing increased 
activity of heart LPL by both fasting and dia- 
betes are in line with the results reported by 
Kessler (27), in which he pointed out the pos- 
sible regulation of heart lipase by insulin. 
Further investigation is required to clarify the 
hormonal regulation of heart lipase. 

The evidence that the tissue lipase activity is 
an important determinant of the ability of 
tissues to remove plasma triglyceride from the 
circulation has been reviewed (2,28). Thus, it 
is probable that the changes of enzyme activi- 
ties among the tissues under the hormonal and 
nutritional environment might determine the 
direction of plasma triglyceride to certain tis- 
sues. So far, the role of the LPL system in 
governing the uptake of plasma triglyceride 
fatty acids (TGFA) has been somewhat eluci- 
dated (21,22,24,29,30), while the fuction of 
H-TGL remains obscure. In the present study 
it was clearly indicated that the lipase activities 
of liver and adipose tissue and that of the heart 
are reciprocally changed, not only by 24 hr star- 
vation of normal rats, but also by withdrawal of 
insulin from streptozotocin diabetic animals. 
Our data also show that lipase activity of the 
diaphragm is greater than that of psoas minor, 
which uses mainly carbohydrate as fuel (see 
Fig. 1 and Table 2), and that the calculated 
ratio of the activity of diaphragm LPL to that 
of psoas minor LPL was increased from 6.1 to 
15.2 by 24 hr starvation of normal rats and also 
increased from 3.8 to 6.2 by withdrawal of 
insulin from diabetic animals. Therefore, it is 
strongly suggested that when carbohydrate 
supply to the tissues is restricted, either by 
fasting or by diabetes, the lipase system serves 
to direct TGFA away from liver, adipose tissue 
and white muscles (e.g., psoas minor) to the 

tissues such as heart and red skeletal muscles 
(e.g., diaphragm) as an energy source. Knauer 
et al. (3 I) pointed out the inverse relationship 
between H-TGL activity and plasma FFA level. 
Our data from fasting and insulin-withdrawal 
experiments show that H-TGL activity is 
decreased when plasma FFA and ketone 
bodies are high. It is well known the liver 
becomes the organ producing ketone bodies for 
the peripheral tissues under the condition of 
fasting or diabetes (32). Therefore, the present 
study strongly suggests that the decreased H- 
TGL activity, whether caused by fasting or 
diabetes, might serve to direct TGFA away 
from the uptake by the liver to the peripheral 
tissues including heart and red skeletal muscles 
and that consequently the latter tissues can 
utilize TGFA as well as FFA and ketone 
bodies as a source of energy under these cir- 
cumstances. 

What is a contributing factor to the eleva- 
tion of plasma triglyceride in diabetic animals is 
not yet clear. According to Reaven et al. (33), 
the development of hypertriglyceridemia in 
streptozotocin diabetic rats is possibly caused 
by a defect in the removal of triglyceride-rich 
lipoproteins from plasma. Two lines of evidence 
obtained in the present work suggest the 
involvement of lipases especially of liver and 
adipose tissue. First, our data showed that 
withdrawal of insulin from the insulin-treated 
diabetic rats caused a rise in plasma triglyceride 
level with simultaneous reduction in lipase 
activities of liver and adipose tissue (Table 2). 
Secondly, it was observed that the hypertri- 
glyceridemia was greatly exaggerated by feeding 
of diabetic animals, under which condition 
these two lipase activities remained low (Table 
3). It is therefore assumed that the reduced 
lipase activities of liver and adipose tissue might 
decrease the amount of removal of triglyceride 
from the circulation and at least partially ex- 
plain the cause of hypertriglyceridemia. How- 
ever, which lipase is most responsible for the 
development of hypertriglyceridemia remains 
to be elucidated. 
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Studios on Poroxidized Lipids. V. Formation and 

Characterization of 1,4-Dihydropyridine-3,5-Dicarbaldehydes 

as Model of Fluorescent Components in Lipofuscin 
K. KIKUGAWA* and Y. IDO, Tokyo College of Pharmacy, 1432-I Horinouchi, Hachioji, 
Tokyo 192-03, Jaoan 

ABSTRACT 

We investigated fluorescence properties of 1,4-dihydropyridine-3,5-dicarbaldehydes and their 
formation in mild reaction of primary amines and malonaldehyde, in order to clarify the role of 
malonaldehyde in the formation of fluorescent components of lipofuscin. The compounds exhibited 
fluorescence with excitation maxima at 375-405 nm and emission maxima at 435-465 nm, which was 
similar to those of lipofuscin and the fluorescent substances derived from the reaction of oxidized 
fatty acids with primary amines. Fluorescence of the compounds was greatly affected in acidic me- 
dium and little influenced in alkaline medium or by the metal chelator. The compounds lost fluores- 
cence by treatment with sodium borohydride. They were inert to thiobarbituric acid reaction. Some 
of the fluorescence properties of the compounds were different from those of lipofuscin and the 
related fluorescent substances. Mild reaction of methylamine with pure malonaldehyde gave a single 
fluorescent compound, 1,4-dimethyl-l,4-dihydropyridine-3,5-diearbaldehyde (la), and the reaction 
with the acid hydrolysate of tetramethoxypropane gave la and 1-methyl-4-(dimethoxyethyl)-l,4- 
dihydropyridine-3,5-dicarbaldehyde (lla), the latter being produced from the impurity in the hy- 
drolysate. These reactions produced a non-fluorescent Schiff base, a l:l-adduct of methylamine and 
malonaldehyde (Ilia), as a major product. It looks unlikely that malonaldehyde is the only product of 
lipid oxidation that produces fluorescent components in lipofuscin complex. 
Lipids 19:600-608, 1984. 

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

Polyunsaturated fatty acids are oxidized 
to produce a mixture of several products in- 
cluding malonaldehyde (1). This sequence of 
reactions has been regarded generally as being 
involved in cell damage, and in the formation 
of lipofuscin with characteristic fluorescence 
(2-4). The structure of the fluorescent com- 
ponents found in lipofuscin complex had been 
assumed to be the conjugated Schiff base be- 
tween malonaldehyde and primary amino 
groups of proteins or phospholipids, on the 
basis of in vitro experiments described by 
Chio and Tappel (5-7). They treated primary 
amines with malonaldehyde, prepared by acid 
hydrolysis of tetramethoxypropane (TMP), and 
obtained amorphous conjugated Schiff bases 
(N,N'-disubstituted I-amino-3-iminopropenes; 
RNHCH=CHCH=NR) (5) with fluorescence 
maxima similar to those of lipofuscin complex 
(4). Previously we isolated another type of 
fluorescent compound, 1,4-dihydropyridine-3, 
5-dicarbaldehydes (I and II), in crystalline form 
from the reaction of primary amines with the 
TMP hydrolysate at neutral pH, and the struc- 
ture of these compounds was unambiguously 
established (8,9). 

In this paper, we investigated the fluores- 
cence properties of these compounds to com- 

*To whom correspondence should be addressed. 

pare them with those of lipofuscin complex and 
the fluorescent substances derived from the 
reaction of primary amines and oxidized lipid, 
and their formation in mild reaction of primary 
amines and malonaldehyde. We also discussed 
the role of malonaldehyde on the formation of 
the fluorescent components in lipofuscin com- 
plex. 

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

Materials 

Tetramethoxypropane (TMP) was the pro- 
duct of Tokyo Kasei Kogyo Company, Ltd., 
Tokyo. Europiu m-tris(2,2,6,6-tetramethyl-3,5- 
heptanedionate, [ Eu(thd)3 ] was the product of 
Fluka AG, Chemische Fabrik, Switzerland. 1, 
4-Dimethyl-1,4-dihydropyridine-3,5-dicarbalde- 
hyde (la), 1-n-hexyl-4-methyl-l,4-dihydropyri- 
dine-3,5-dicarbaldehyde (Ib), 3,5-diformyl-4- 
methyl-l,4-dihydropyridine-l-acetic acid ethyl 
ester (Ic) and 1-methyl-4-(dimethoxyethyl)-1,4- 
dihydropyridine-3,5-dicarbaldehyde (lla) were 
prepared by reaction of the corresponding 
amines with TMP hydrolysate at pH 7 and 37 C 
according to the methods described elsewhere 
(8,9). 3,5-Diformyl-4-methyl-l,4-dihydropyri- 
dine-l-acetic acid (Id) was prepared by treat- 
ment of Ic with mild alkali (9). N-(2-formyl- 
vinyl)-glycine (Illd), the 1:1 Schiff base between 
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glycine and malonaldehyde, was prepared as 
described (9,10). 

Analytical Methods 

Ultraviolet absorption was determined by 
use of a UV-200S Shimadzu double beam spec- 
trophotometer. Nuclear magnetic resonance 
(NMR) spectra were obtained using a JEOL PS- 
100 instrument. Fluorescence was determined 
with a Hitachi MPF-4 fluorescence spectro- 
photometer, and the relative intensity was 
expressed relative to 0.1 /aM quinine sulfate in 
0.1 N sulfuric acid with excitation at 352 nm 
and emission at 448 nm. Buffers used for 
fluorescence measurements were 0.1 M glycine- 
0.1 N HC1 (pH 2 and 3), 0.1 M acetate (pH 4 
and 5), 0.1 M phosphate (pH 6 and 7), 0.1 M 
Tris-HCl (pH 8 and 9) and 0.4 M glycine-0.1 
N NaOH (pH 10 and 11). Thin layer chroma- 
tography (TLC) was performed on a Silica gel 
70F254 plate-Wako with a solvent system, 
ethyl acetate: ethanol (8:2). 

The fluorescent products in reaction mix- 
tures were analyzed by high performance liquid 
chromatography (HPLC) on a Shimadzu LC-2 
liquid chromatograph with a stainless steel 
column (4.6 mm i.d. x 25 cm) of Zorbax ODS, 
eluting with a mixture of methanol-water (1 : 1 ) 
at a flow rate of 0.7 ml/min. The peaks were 
detected by fluorescence at 460 nm with exci- 
tation at 400 nm with a Shimadzu RF-530 
fluorescence spectromonitor. Authentic com- 
pounds, Ia and IIa, eluted at retention times of 
6.8 and 6.0 min, respectively. The peak heights 
of Ia and IIa showed a linear relationship with 
their concentrations. 

Thiobarbituric Acid Test 

The thiobarbituric acid (TBA) test was 
performed according to the previously des- 
cribed methods (11,12) with modifications. In 
Method 1 a mixture of 0.10 ml sample solution, 
2.9 ml 0.5% trichloroacetic acid (TCA) and 1.0 
ml 0.5% TBA was heated at 60 C for 90 min. 
After cooling the mixture, the absorption 
spectrum was monitored between 400 and 600 
rim. In Method 2 a mixture of 0.10 ml sample 
solution, 3.0 ml glacial acetic acid and 3.0 ml 
0.5% TBA was heated at 100 C for 20 min to 
measure absorbance. 

In both methods, each mixture contained 
more than 35/amol TBA and less than 2/amol 
test compound, and the standard samples (pure 
malonaldehyde and TMP) produced red pig- 
ment with equal absorbance at 532 nm. 

TMP Hydrolysate 

TMP hydrolysate was prepared by two 

methods. For Preparation A, 1.64 g (10 mmols) 
of TMP was mixed with 0.90 ml 1.0 N HCI and 
warmed at 40 C until  miscible, and made up to 
10 ml with water. The acidic solution was incu- 
bated at 37 C for 1 hour before use (5,13,14). 
This solution contained no TMP when esti- 
mated by gas chromatography (13). For Pre- 
paration B, TMP was similarly treated with 
concentrated HC1 instead of 1.0 N HC1. 

Malonaldehyde Sodium Salt (MDA. Na) 

MDA-Na was prepared according to the 
method of Marnett and Tuttle (15) with slight 
modifications. Thus, 8.2 g (50 mmols) of 
TMP was stirred with 33 ml Dowex 50W-X4 
(I-I +) in 100 ml of water at room temperature 
for 30 min. The resin was removed by filtra- 
tion, and the filtrate was adjusted at pH 7-8 by 
addition of 5 N NaOH. The filtrate was ex- 
tracted with an equal volume of ethyl acetate 
three times, the aqueous layer was evaporated 
in vacuo below 30 C and the residue was crystal- 
lized by addition of acetone. The crystalline 
MDA'Na was collected by filtration (1.35 g) 
and recrystaUized from water-acetone. NMR 
(D2 O) 5 8.65 ppm (d), 5.30 (t), 4.72 (HOD). 
The spectrum coincided with that of MDA'Na 
reported by Marnett and Tuttle (15). The 
preparation contained about 3 mols of water by 
NMR analysis. 

Reaction of Methylamine with 
TMP Hydrolysate and MDA. Na 

Mixtures of (1) 200 mM methylamine and 
50 mM TMP hydrolysate[A] (the ratio of the 
reactants, 4:1); (2) 50 mM methylamine and 
100 mM TMP hydrolysate[A] (1:2); (3) 200 
mM methylamine and 100 mM TMP hydro- 
lysate[A] (4:2); (4) 50 mM methylamine and 
100 mM TMP hydrolysate[B] (1:2), (5) 200 
mM methylamine and 100 mM TMP hydro- 
lYSate[B] (4:2), or (6) 50 mM methylamine 
and 100 mM MDA'Na (1:2), in phosphate 
buffer (pH 7), were incubated at 37 C during 
the periods indicated. The fluorescence spec- 
trum of the reaction mixture was measured after 
dilution with 0.1 M phosphate buffer (pH 7). 
TLC and HPLC of the reaction mixture were 
carried out to estimate the fluorescent pro- 
ducts. Chloroform-extractable products were 
estimated as follows. The reaction mixture 
(2 ml) was mixed with 2.0 g sodium chloride 
and 5 ml 1 N NaOH, and extracted with 20 ml 
chloroform. The extracts were evaporated and 
dissolved in 10 ml water, and ultraviolet absorp- 
tion and the fluorescence spectra of the solu- 
tion were measured in 0.1 N HC1 and in 0.1 M 
phosphate buffer (pH 7), respectively. 
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R ESU LTS 

Spectral Characterization of 
1,4-Dihydropyridine-3,5-Dicarbaldehydes 

Ultraviole t  abso rp t ion  spectra  of  1,4-dihy- 
d ropyr id ine -3 ,5 -d ica rba ldehydes  (I and  I I ) w e r e  
measured  u n d e r  ident ical  cond i t i ons  (Fig. 1 and  
Table  1). C o m p o u n d  la showed  a charac te r i s t ic  
a b s o r p t i o n  spec t rum wi th  m a x i m a  at 2 3 8 , 2 6 4  
and  401 n m  at pH 7 and  the  spec t rum was no t  
s igni f icant ly  a l tered in 0.1 N HCI and  0.I  N 
NaOH, ind ica t ing  tha t  it had  no  d issoc ia t ion  of  
p r o t o n s  b e t w e e n  pH 1 and  13. C o m p o u n d s  la, 
b,c,d were s table  a f te r  i n c u b a t i o n  at 37 C for  
16 hours  in p h o s p h a t e  buf fe r  (pH 7),  0.1 N 
HC1 or  0.1 N NaOH. However ,  c o m p o u n d  IIa 
was uns tab le  and  degraded in 0.1 N HC1 at 
37 C. 

F luorescence  spectra  o f  c o m p o u n d s  I and  II 
in various solvents  are s h o w n  in Fig. 2 and  
Table  2. C o m p o u n d  la revealed an  e x c i t a t i o n  
m a x i m u m  at 403  n m  and  an emiss ion  maxi-  
m u m  at 462  nm in p h o s p h a t e  buf fe r  (pH 7) 
w i th  h igher  relat ive molar  in t ens i ty  t han  
qu in ine  sulfate.  Exc i t a t i on  and  emiss ion  maxi-  
ma of  c o m p o u n d s  lb ,c  and l la  in p h o s p h a t e  
bu f f e r  (pH 7) were very close to those  of  com- 
p o u n d  la,  bu t  those  of  lc were sh i f ted  to 
sho r t e r  wave length .  When the  spectra  of  la ,b,c  
and Ila were measured  in m e t h a n o l ,  e thano l ,  

20" 

A 

t o  

.EEIO �9 

\ 
200 3b0 4"0o s00 

Wavelength (nm) 

FIG. I. Absorption spectrum of la in 0.1 M phos- 
phate buf~r  (pH 7.0). 

TABLE ! 

Ultraviolet Absorption Maxima of I and II a 

UV: nm (me) 

hmax(O.l M phosphate, pH 7) hmax(O.l N HCI) hmax(0.1 N NaOH) 

la b 

Ib 

Ic 

ld 

lla 

238 (22) 236 (22.S) 236 (23) 
264 (7.6) 265 (7.3) 264 (8.1) 
401 ( l l . 3 )  401 (11.3) 401 ( l l . l )  

238 (25.4) 238 (25.6) 238 (25.1) 
265 (9.1) 264 (8.8) 264 (9.8) 
402 (12.2) 402 (12) 402 (12) 

236 (22.4) 236 (22.4) 
264 (9.5) 264 (9.5) 
384 (10.7) 384 (10.7) 

238 (24.6) 236 (23.5) 238 (25.3) 
265 (9.7) 263 (9.6) 265 (10.3) 
394 (! 1.8) 384 (11.3) 394 (11.8) 

236 (21.7) 236 (22.4) 236 (21.7) 
264 (7.2) 264 (7.3) 264 (9.1) 
394 (10.6) 396 (10.8) 394 (10.3) 

aAll the spectra were unchanged by incubation at 37 C for 16 hours, except for the 
spectrum of lla in 0.1 N HCI, which lost 96% absorbance at 396 rim. 

bSee Fig. 1. 
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FIG. 2. Fluorescence spectrum of Ia in 0.1 M 
phosphate buffer (pH 7.0) ( ) and in chloroform 
(----). 

!01 
pH value 

FIG. 3. Fluorescence intensity of Ia in solutions 
with different pH values. Open circles: intensity at the 
pH value indicated. Closed circles: intensity after neu- 
tralization. 

isopropanol and chloroform, both excitation 
and emission maxima shifted to shorter wave- 
length�9 The shifts in wavelength were the largest 
in chloroform. The relative molar intensities of 
these compounds in methanol, ethanol and 
isopropanol were different with each com- 
pound, and their intensity in chloroform 
decreased markedly, probably due to the 
quenching effect of this solvent. 

Fluorescence spectra of Ia were measured in 
aqueous solutions at different pH values. 
Excitation and emission maxima were not 
altered between pH 1 and 12, but the intensity 
was markedly decreased below pH 4 (Fig. 3). 
This decrease could not be due to t h e  changes 
in electronic structure nor to degradation, but 
rather to the solvent effect, since subsequent 
treatment with alkali restored the fluorescence 
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TABLE 3 

Fluorescence Intensity of I and II under Various Conditions 

Treatment 

0.1 N HCla, b 0.1 N NaOH a 2 mM NaBH4a,c 40 #M Eu(thd)a/MeOHd 

la e 13 95 3 1 O0 
Ib 13 100 7 100 
Ic 19 - 9 100 
Id 12 98 6 100 
IIa 19 85 4 -- 

aFluorescence intensity was expressed as percentage of that obtained in 0.1 M phosphate 
buffer (pH 7.0). 

bThe intensity was increased to about 100 by neutralization. 
Cl.25 t~M compound was treated with 2 mM NaBH 4 at room temperature for 10 min 

and diluted to 0.1 ttM concentration with 0.1 M phosphate buffer (pH 7.0). 
d Fluorescence intensity was expressed as percentage of that obtained in MeOH. 
eSee Fig. 3. 

in tens i ty .  Other  1 ,4-dihydropyridine-3,5-dicar-  
ba ldehydes  exhib i ted  similar decreases in fluo- 
rescence in tens i ty  in acidic condi t ions  (Table 
3). When these  c o m p o u n d s  were t rea ted  wi th  2 
mM sodium bo rohydr ide ,  f luorescence intensi-  
ties were reduced  to  less than  10% of  the  initial 
in tens i ty  (Table 3). T rea tmen t  of  these com-  
pounds  wi th  the  chelat ing agent,  eu rop ium-  
t r i s (2 ,2 ,6 ,6- te t ramethyl -3 ,5-heptanedionate)  (7), 
gave no decrease in f luorescence in tens i ty  
(Table 3). 

TBA Reaction of 
1,4-Dihydropyridine-3,5-Dicar baldehydes 

The TBA tes t  of  1 ,4-dihydropyr idine-3 ,5-  
d icarba ldehydes  (I and II) was pe r fo rmed  in 
the  presence  of  TCA ( m e t h o d  1) and glacial 
acetic acid ( m e t h o d  2) (Fig. 4). While the  1:1 
Schiff  base (IIId) be tween  glycine and malon-  
a ldehyde  ( I0 )  showed  a m a x i m u m  at 532 n m  
similar to  tha t  o f  TMP or ma lona ldehyde  wi th  
b o t h  m e thods ,  the  spec t rum ob ta ined  wi th  1,4- 
d ihydropyr id ine-3 ,5 -d ica rba ldehydes  (I and II) 
was qui te  di f ferent .  C o m p o u n d s  Ia,b,c,d 
exhib i ted  a m a x i m u m  around  430 n m  ( m e t h o d  
1) and at 490 and 525 n m  ( m e t h o d  2), whereas  
IIa was no t  colored wi th  ei ther  m e t h o d .  Absor-  
bance  at 532 n m  of  IIId was abou t  70% of  tha t  
of  TMP wi th  ei ther  m e t h o d ,  but  abso rbance  of  
I and II was less than  1% ( m e t h o d  1) or less 
than  6% ( m e t h o d  2) (Table 4 ) .  It was found  
tha t  c o m p o u n d s  I and II were essential ly iner t  
to  TBA reac t ion  and did no t  l iberate malonal-  
dehyde  in acidic condi t ions ,  in con t ras t  to  the  
fact  tha t  the  1:1 Schiff  base (IIId) readily 
l iberated ma lona ldehyde  in acidic condi t ions  to  
p roduce  red p igment  (10,16).  

Characterization of Reaction Between 
Methylamine and Malonaldehyde 

It has been  s ta ted (8) tha t  the  reac t ion  of  

A B 

I~2 

Ic 

i; 

400 500 400 500 600 
Wavelength (nm) 

FIG. 4. Absorption spectrum of TBA reaction 
mixture of la,b,c and d. Spectrum was measured 
after reaction of 2 mM solution of Ia,b,c and d ( - - ) ,  
0.2 mM solution of TMP ( . . . . .  ), or 0.2 mM solution of 
IIId ( - - - )  with TBA. A: TBA Method 1, and B: TBA 
Method 2. 

TABLE 4 

Ratio of Absorbance at 532 nm in TBA Reaction 

Method I Method 2 

TMP 1.00 1.00 
Ia 0.006 0.014 
Ib 0.004 0.007 
Ic 0.01 0.057 
Id 0.01 0.054 
IIa 0.001 0.002 
IIId 0.74 0.68 

me thy lamine  and TMP hydro ty sa t e [A]  under  
mild condi t ions  p roduced  the  f luorescent  
c o m p o u n d s  (Ia and IIa) and the  1:1 Schiff  
base (IIIa), whose  s t ruc ture  was unambiguous ly  
establ ished (Scheme I). In order  to  obta in  
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H CH 3 

OHCN~CHO 

Ia,b,c,d + +RNH 2 
H,I TMP hydrolysate 

neutral 

a: R=CH 3 

b: R=(CH2)sCH 3 

c: R=CH2COOC2H5 

d: R=CH2COOH 

pCH 3 H CH2C ~ 
OCH~ 

OHC~,~N~CHO J 

IIa 

SCHEME I 

RNHCH=CHCHO 

IIIa,d 
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200. 

further information on the characteristics of 
the reaction, the reaction of methylamine with 
several preparations of malonaldehyde was 
performed under several conditions, and the 
products were analyzed by ultraviolet spec- 
trum, fluorescence spectrum, TLC and HPLC. 

The mixture of methylamine and TMP hy- 
drolysate[A] in a ratio of 4:1 (reaction 1 in 
"Experimental Procedures") was incubated for 
96 hours. The reaction mixture afforded 
ultraviolet-absorbing and fluorescent substances 
which were extracted with chloroform, whereas 
the control without methylamine yielded no 
chloroform-extractable ultraviolet-absorbing or 
fluorescent compounds. The absorption spec- 
trum of the chloroform extract revealed three 
maxima at 240 ,270  and 400 nm (Fig. 5). The 
maxima at 240 and 400 nm may be due to Ia 
and IIa (Fig. 1 and Table I), and that at 270 nm 
to the 1 : 1 Schiff base (IIIa) (8). Absorbance at 
270 nm reached a maximum after 24 hours, 
and absorbance at 400 nm and fluorescence 
increased more gradually during a period of 96 
hours (Fig. 6). Fluorescence intensity of the 
reaction mixture due to Ia and IIa increased 
gradually during the period. Thus the reaction 
of malonaldehyde with large excess of methyl- 
amine provided the 1:1 Schiff (Ilia) more 
readily than 1,4-dihydropyridine-3,5-dicarbal- 
dehydes Ia and IIa. 

Formation of the fluorescent 1,4-dihydro- 
pyridine-3,5-dicarbaldehydes was investigated 
with the following mixtures: methylamine and 
TMP hydrolysate [A] in a ratio of 1:2 (reaction 
2 in "Experimental Procedures"); methylamine 
and TMP hydrolysate[A] in a ratio of 4:2 

270 nm 

200 

lO~ 

CH ~0 pCH 
 HC.2C. " 

CH30 OCH 3 

TMP 

3bo 40o 

Wave] ength (nm) 

~u0 

FIG. 5. Absorption spectrum of the chloroform- 
extractable substances in reaction mixture of 200 mM 
methylamine and 50 mM TMP hydrolysate [A] 
incubated for 96 hours. The spectrum was taken in 
0.1 NHC1. 

(reaction 3); methylamine and TMP hydrol- 
ysate[B] in a ratio of 1:2 (reaction 4); methyl- 
amine and TMP hydrolysate[B] in ratio of 4:2 
(reaction 5); and methytamine and MDA'Na in 
a ratio of 1:2 (reaction 6). The reactions were 
performed at the different molar ratio of 
methylamine and matonaldehyde preparation. 
TMP hydrolysate[A] may contain malonal- 
dehyde, and its intermediates or polymerized 
products, and TMP hydrolysate[B] may 
contain more polymerized products. Fluores- 
cence spectra of every reaction mixture exhi- 
bited an excitation maximum at 405 nm and an 
emission maximum at 465 nm. TLC of the 
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FIG. 6. Time course of increase in ultraviolet ab- 
sorbing and fluorescent substances in the chloroform 
extracts of the reaction mixture of 200 mM methyl- 
amine and 50 mM TMP hydrolysate[A] (e) and the 
control without methylamine (o). 
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FIG. 7. HPLC of the reaction mixtures of methyl- 
a m i n e  and malonaldehyde. The mixtures of (2) 50 
mM methylamine and 100 mM TMP hydrolysate[A] ; 
(4) 50 mM methylamine and 100 mM TMP hydroly- 
sate[B], and (6) 50 mM methylamine and 100 mM 
MDA �9 Na were incubated for 24 hours. 
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FIG. 8. Time course of formation of la and lla in 
reaction mixtures of (2) 50 mM methylamine and 100 
mM TMP hydrolysate[A] (e) and (6) 50 mM methyl- 
amine and 100 mM MDA-Na (o). Concentration of 
la and Ila was analyzed by HPLC. 

Ia and IIa in reaction (2 and 6) were followed 
by HPLC (Fig. 8). HPLC of the reaction mix- 
ture with pure malonaldehyde under reaction 
(6) revealed no other fluorescent peaks than 
that of Ia during the test periods. The reaction 
mixture with TMP hydrolysate[A] (2) afforded 
fluorescent peaks corresponding to la and IIa, 
the yield of the latter being higher than that of 
the former. The concentration of la in reaction 
(6) after 180 hours was about 4 mM (8% based 
on methylamine), and those of la and lla in 
reaction (2) were 4 mM (8%) and 12 mM 
(24%), respectively. Compound IIa may be 
derived from the reaction of methylamine and 
malonaldehyde and 3,3-dimethoxypropionalde- 
hyde (15) in the TMP hydrolysate. Although 
data are not shown, time course and the yields 
of la and IIa in reaction (3) with methylamine 
in excess were essentially similar to those of 
reaction (2). The results indicate that la was the 
single fluorescent product derived from the 
reactions of methylamine a'nd malonaldehyde 
under neutral conditions. 

reaction mixtures (2,3,4 and 5) revealed two 
major fluorescent spots corresponding to Ia 
(Rf: 0.31) and IIa (Rf: 0.20), and the reaction 
mixture (6) gave a single fluorescent spot 
corresponding to Ia. On HPLC, the reaction 
mixtures (2 and 3) revealed two peaks of Ia and 
IIa; the reaction mixtures (4 and 5) two peaks 
of la and lla with a small unidentified fluores- 
cent peak, and the reaction mixture (6) a single 
peak of la (Fig. 7). Time course of the yields of 

DISCUSSION 

It has been suggested that aging tissue ac- 
cumulates fluorescent compounds in lipofuscin 
complex which are derived from the in vivo 
reaction of oxidized lipids with proteins or 
phospholipids (2). Since Chin and Tappel 
reported that the reaction of primary amines 
with malonaldehyde afforded the fluorescent 
conjugated Schiff bases (N,N'-disubstituted l- 
amino-3-iminopropenes), the 2:l-adducts of 
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primary amines and malonaldehyde,  it has been 
believed that  lipofuscin complex was composed 
of the conjugated Schiff bases (3,5). Fluores- 
cent components in lipofuscin complex showed 
fluorescence spectra with excitation maxima 
at 340-380 nm and emission maxima at 420- 
470 nm (4) which were similar to those of  the 
conjugated Schiff bases with excitation maxima 
at 350-396 nm and emission maxima at 450- 
462 nm (5). Shimasaki et al (17) demonstrated 
that fluorescence of lipofuscin extracted from 
rat testicular tissue was quenched at alkaline 
pH and by metal  chelators, and these proper- 
ties were similar to those of the conjugated 
Schiff bases (7). 

Chio and Tappel (5) treated primary amines 
including amino acids with malonaldehyde,  
prepared by acid hydrolysis of TMP, under 
relatively low acidic conditions, non-physiolo- 
gical, to obtain the conjugated Schiff bases in 
amorphous state. The conjugated Schiff bases 
were reduced into the disubstituted amines by  
treatment with sodium borohydride to eluci- 
date the structure. It has been pointed out, 
however, by Buttkus and Bose ( 1 6 ) t h a t  more 
rigorous assignment of the structures of the 
compounds may be required because the com- 
pounds were unstable and obtained in an 
amorphous state. Studies of  the chemistry of  
malonaldehyde are complicated by its tendency 
to undergo self-condenstation reactions (18, 
19), and/3-methoxyacrolein and 3,3-dimethoxy- 
propionaldehyde were also produced by acid 
hydrolysis of TMP (15). Nair et al. (20) demon- 
strated that  the reaction of  pure malonaldehyde 
with amino acids under mild conditions failed 
to give the conjugated Schiff bases but  gave the 
non-fluorescent 1:1 Schiff bases. They reported 
that  the reasons for this difference must be 
associated with the puri ty of  TMP hydrolysate 
and the mildly acidic conditions used in their 
work. We made several at tempts to isolate the 
conjugated Schiff bases from the neutral reac- 
tion of  primary amines and TMP hydrolysate,  
but obtained 1,4-dihydropyridine-3,5-dicarbal- 
dehydes as the major fluorescent substances 
whose structures were unambiguously establi- 
shed (8,9). Aklylamines such as methylamine 
and n-hexylamine and amino acids such as gly- 
cine and glycine ethyl ester produced the same 
kind of fluorescent compounds.  

In the present investigation, we charac- 
terized the fluorescence properties of the 1,4- 
dihydropyridine-3,5-dicarbaldehydes (I and II) 
and compared them with those of the fluores- 
cent components of lipofuscin. Compounds 
I and II exhibited fluorescence with excitation 
maxima at 390-405 nm and emission maxima at 
450-465 nm in phosphate buffer (pH 7). The 

maxima shifted to shorter wavelength in 
organic solvents, and the fluorescence in 
chloroform exhibited excitation maxima at 
375-395 nm and emission maxima at 440-450 
rim. These fluorescence spectra were close t o  
those of  the fluorescent components in lipo- 
fuscin (4) and the conjugated Schiff bases 
(5), but the following characteristics were 
different. Fluorescence of compounds I and II 
was little influenced in alkaline medium and 
was greatly affected in acidic medium; the pro- 
perties were greatly different from those of 
lipofuscin (17) and the conjugated Schiff 
bases (7), whose fluorescence was little in- 
fluenced in acidic medium and greatly in- 
fluenced in alkaline medium. Fluorescence of 
compounds I and II was little affected by the 
metal chelator, while those of lipofuscin (17) 
and the .conjugated  Schiff bases (7) were af- 
fected by the metal chelator. 

In order to characterize the reaction profiles 
of the primary amines with malonaldehyde,  
reactions of methylamine with various prepara- 
tions of  malonaldehyde were performed under 
several conditions. The major product  of the 
reaction with methylamine in excess was the 
non-fluorescent 1 : 1-Schiff base. The conjugated 
Schiff base composed of 2 mols of methyl- 
amine and 1 mol of malonaldehyde could be 
produced in reaction with methylamine in ex- 
cess, but  the reaction produced no such fluores- 
cent compound.  While any reactions with TMP 
hydrolysates [A and B] provided two fluores- 
cent compounds Ia and IIa, the reaction with 
pure malonaldehyde produced a single fluores- 
cent compound Ia. Compound Ia may be 
derived from malonaldehyde,  but compound IIa 
may be derived from the mixture of malonal- 
dehyde and 3,3-dimethoxypropionaldehyde 
(15), an impurity in the TMP hydrolysate.  
Though mechanisms of formation of Ia were 
not  known, IIa may be formed from the reac- 
t ion of  1 tool of methylamine, 2 tools of 
malonaldehyde and 1 mol of 3,3-dimethoxy- 
propionaldehyde via the so-called "Hantzsch 
dihydropyridine synthesis" (21 ). 

Mild reaction of primary amines with malo- 
naldehyde produced fluorescent compounds,  1, 
4-dihydropyridine-3,5-dicarbaldehydes I. How- 
ever, fluorescence characteristics of I were not  
similar to those of lipofuscin in every respect. 
Several studies on the formation of fluorescent 
pigments in reaction of primary amines with 
oxidized unsaturated fat ty  acids have appeared 
(22-26). In our previous paper (16), it was 
demonstrated that the reactions of methyl- 
amine and oxidized unsaturated fat ty  acids 
afforded many fluorescent substances with 
different fluorescence characteristics, and the 
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m a j o r  p r o d u c t s  we re  n o t  1 , 4 - d i m e t h y l - l , 4 -  
d i h y d r o p y r i d i n e - 3 , 5 - d i c a r b a l d e h y d e  Ia.  I t  is 
u n l i k e l y  t h a t  m a l o n a l d e h y d e  a l o n e  c o n t r i b u t e s  
t o  t h e  f o r m a t i o n  o f  f l u o r e s c e n t  c o m p o n e n t s  
in  l i p o f u s c i n  o r  r e l a t e d  s u b s t a n c e s .  
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The Effects of Hypophysectomy and Testosterone Treatment 
on the Composition and Metabolism of Testicular Lipids. 
ZOHAIR M.H. MARZOUKI a and JOHN G. CONIGLIO, b*  apresently with School of  
Medicine, King Abdulaziz University, P.O. Box 9029, Jeddah, Saudi Arabia, bDepartment of 
Biochemistry, Vanderbilt University, Nashville, TN 37232 

ABSTRACT 

The effects of hypophysectomy and of testosterone administration on lipid composition and 
metabolism of rat testicular tissue have been investigated. Increased concentrations of triacylglycerols 
and cholesterol were observed in testes of hypophysectomized compared to control (non-hypophysec- 
tomized) rats on the eighth day posthypophysectomy. Administration of testosterone maintained the 
concentrations of these lipids at about normal levels. The concentration of phospholipids was not 
affected by the hypophysectomy. Incorporation of ~4C from 1-[~4C]linoleate into testicular lipids 
was determined 24 hours after intratesticular injection. In hypophysectomized compared to control 
rats there was more 14C in C 16:0, C 20:2 and C 20:3 and less ~4C in C 20:4 and C 22:4 of both 
phospholipids and triacylglycerols. After intratesticular injection of 1-[14C] eicosatrienoate there was 
more 14C in C 16:0 and C 20:3 and less ~4C in C 20:4 and C 22:4 of both phospholipids and tri- 
acylglycerols of hypophysectomized compared to control rats. Intratesticular injection of 1-[~*C] - 
arachidonate resulted in less 1, C incorporation in C 22:4 in testes of hypophysectomized than in those 
of control rats. Treatment with testosterone did not affect the metabolism of any of the t4 C-sub- 
strates. These results indicate that the testicular desaturation of C 20:3 to arachidonate, requiring a 
Zx5 desaturase, is inhibited by hypophysectomy and that testosterone by itself may control the con- 
centrations of some testicular lipid classes but not the metabolism of the polyenoic acids. 
Lipids 19:609-616, 1984. 

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

Polyunsatura ted  fa t ty  acids, part icularly 22- 
carbon polyenoic  acids, appear  to have an 
impor tan t  role in testicular tissue metabol i sm 
and in spermatogenesis  in the rat (1). A three- 
fold increase in the concent ra t ion  of  docosa- 
4 ,7 ,10,13,16-pentaenoic  acid (C 22:5)  occurs in 
rat testes during sexual matura t ion  (2), and 
most  of  the pentaene  is associated wi th  the  
germinal cells (3). The pentaene  can be syn the-  
sized in the testis f rom dietary l inoleic acid by a 
series of  e longat ion and desatura t ion reactions 
(4). The p redominan t  pa thway of  synthesis is: 
C 18:2 ~ C 18:3 --> C 20:3 -+ C 20:4 -+ C 22:4 

C 22:5.  
Essential fa t ty  acid deficiency in the rat 

leads to degenerat ion of  the testis wi th  subse- 
quen t  infer t i l i ty  (5,6). Similarly, hypophy-  
s ec tomy  prevents  testicular deve lopment  and 
leads to suppressed spermatogenesis  and steril- 
i ty  (7,8). 

Al though much  has been learned about  the 
pathways  of  the polyenoic  acids in testes, l i t t le 
is known  concerning the  role of hormones  in 
the  regulat ion of  these processes or  of  relat ion-  
ships be tween  hormones  and the lipids contain-  
ing these polyenoic  acids. An increase in 
testicular lipids in hypophysec tomized  rats has 
been repor ted  (9,10). Luteinizing ho rmone  and 
tes tos terone  caused an increase in 14C incorpo-  

*To whom correspondence should be addressed. 

ra t ion f rom 14C l inoleate  in to  testicular poly-  
enes of  hypophysec tomized  rats (I 1). Replace- 
ment  therapy fol lowing h y p o p h y s e c t o m y  did 
no t  inf luence the fa t ty  acids into which 14C 
f rom 14C-linoleate had incorporated.  The rate  
of  catabolism of  tr iacylglycerols and of  phos- 
pholipids appeared to be increased by hypophy-  
s ec tomy  (12). In addit ion,  there was an ac- 
cumula t ion  of  choles teryl  esters and glyceryl- 
ether  diesters and an increase in C 22:5 in bo th  
classes. Adminis t ra t ion  of  gonadot ropins  par- 
tially prevented the  effect  of  hypophysec tomy .  

Prolactin and prolactin plus tes tos terone  
caused a reduc t ion  in to ta l  testicular lipids of  
cont ro l  rats (13). Testicular phospholipids,  par- 
t icular ly phosphat idyl  chol ine and phosphat idyl  
e thanolamine,  were markedly  depleted.  

This s tudy was under taken  to de termine  the  
effect  of  h y p o p h y s e c t o m y  and of  rep lacement  
therapy with  tes tos terone  on the  lipid composi-  
t ion and on the metabol i sm of polyenoic  acids 
in testes of  young  adult  rats at short  t ime 
periods after h y p o p h y s e c t o m y  and prior to 
degenerat ion of  the  testes. 

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

Animals 

Sprague-Dawley rats (procured f rom Harlan 
Sprague-Dawley,  Inc., Indianapolis,  Indiana) of  
13 weeks of  age were used. Rats were divided 
into  two  groups. One group remained intact  
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and served as controls. The other group was 
hypophysectomized by the transaural route. 
The hypophysectomized rats were divided into 
two groups. One group was injected subcutane- 
ously with testosterone (Sigma Chemical Com- 
pany, St. Louis, Missouri) and the other group 
was injected only with the carrier, propylene 
glycol. The exact dosages and the length of 
time of replacement therapy are detailed in the 
section on results for a particular set of data. 

Some of the rats of each group were injected 
intratesticularly with a 14C-polyene substrate 
complexed with albumin. The following radio- 
isotopic compounds were used: 1 /aCi per testis 
of 1-[ 14 C]linoleate (Amersham Corp., Arling- 
ton Heights, Illinois, 56 mCi/m mol), 1 /aCi per 
testis of 1-[ 14 C ] eicosa-8,11,14-trienoate (New 
England Nuclear Corp., Boston, Massachusetts, 
54.9 mCi/m mol) or 1/aCi per testis of 1-[14C] - 
arachidonate (Amersham Corp., 57.6 mCi/m 
mol). The rats were killed at four or 24 hours 
after [14C]-substrate administration and the 
testes removed immediately, chilled, weighed 
and extracted. 

Analyses of Lipids 

Testes were homogenized in chloroform/ 
methanol (2:1, v/v) for preparation of a total 
lipid extract. Aliquots of the total lipid extract 
were used for the determination of total and 
free cholesterol by the method of Sperry and 
Webb (14), of total phospholipids by the 
method of Doizaki and Zieve (15) and of 
acylglycerols by the method of Soloni (16). 

Transesterification of total lipids and of lipid 
classes was done by the method of Morrison 
and Smith (17). Analytical gas chromatography 
of methyl esters was done using a Varian Aero- 
graph model 1520 gas chromatograph equipped 
with flame ionization detectors and a column 
packed with 10% SP 2340 on 110/120 mesh 
Supelcoport. The temperature was programmed 
from 175 to 225 C at 5 C/min. Known stand- 
ards were used for qualitative and quantitative 
calibration. Measurement of peak areas was 
done using a Hewlett-Packard Model 3390A 
Reporting Integrator. 

Lipid Class Separations 

Methods for thin-layer chromatography of 
total lipids have been reported previously (18). 
Lipid classes were identified by using known 
standards spotted on a lane next to the sam- 
pies. For 14C determination the silica gel con- 
taining each lipid class was scraped directly 
into a counting vial. For gas chromatographic 
analysis of fatty acids the silica gel was trans- 
ferred to a teflon-lined, screw-capped tube, 

A N D  J .G.  C O N I G L I O  

and the lipid transesterified according to the 
method of Morrison and Smith (17). 

14 C Incorporation 

Radioisotopic determination of total lipids 
and of fatty acids was done using a Packard 
Tricarb Model 3000 spectrometer. Separation 
of fatty acid methyl esters for 14C determina- 
tion was accomplished as reported previously 
(19) using a Varian model 1800 gas chromato- 
graph equipped with a thermal conductivity 
cell, the exit port of which was connected to a 
heated Packard Instrument Company fraction 
collector. The methyl esters were trapped in 
glass wool packed into glass cartridges. The 
glass wool and cartridges were transferred to a 
counting vial for 14C determination. Eighty to 
ninety percent of the radioactivity injected into 
the column was usually recovered in the fatty 
acids collected. 

Statistical Analysis 

Data were analyzed for statistical signifi- 
cance by the two-sample student's t-test (20). 

R ESU LTS 

In hypophysectomized rats compared to 
control rats the weights of the body, adrenal 
glands, prostate and seminal vesicles were 
decreased significantly at eight days after 
hypophysectomy (77, 38, 29 and 44%, respec- 
tively, of the values for control rats). The 
weight of the testes was decreased less than 
20% (3.60 +- 0.06 vs. 2.90 + 0.05 g). Treatment 
with testosterone at 0.5 mg per day for eight 
days starting at day 1 of hypophysectomy 
maintained the weights of the prostate and 
seminal vesicles (80% of the values for control 
rats for both organs). However, treatment with 
testosterone at 17 /.tg/100 gm body weight per 
day or 1 mg per day for four days starting at 
day 5 after hypophysectomy did not influence 
the weights of the accessory sex organs. The 
weight of the testes was not affected. 

The concentration of testicular phospho- 
lipids was not significantly different among 
control, hypophysectomized and hypophy- 
sectomized rats treated with 0.5 mg testoster- 
one. However, the concentrations of triacyl- 
glycerols, total and unesterified cholesterol 
were significantly increased in hypophysec- 
tomized rats compared to control rats at the 
eighth day posthypophysectomy (Table 1). 
Treatment  with testosterone at 0.5 mg per day 
for eight days starting on the day of hypophy- 
sectomy was effective in restoring the con- 
centrations of these lipids to normal levels 
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TABLE i 

Concentrat ion of  Lipid Classes in Testes of  Control, Hypophysectomized 
and Hypophysectomized Rats Treated with Testosterone* 

611  

Total Unesterified 
Phospholipids Triacylgly cerols cholesterol cholesterol 

Control (6) 13.4 -+ 0.20 2.00 -+ 0.04 1.73 -+ 0.02 1.45 • 0.02 
Hypophysectomized (7) 13.6 -+ 0.23 2.53 -+ 0.14 a 1.98 -+ 0.05 a 1.55 • 0.03 b 
Hypophysectomized-  

testosterone treated* (7) 13.2 • 0.21 1.90 -+ 0.04 c 1.70 • 0.03 d 1.34 -+ 0.02 d 

*Results are expressed as mg per g wet weight of  testis; mean -+ S.E.; figures in parentheses are the number  of  
samples.  

*Hypophysectomized rats injected subcutaneously  with 0.5 mg testosterone daily for eight days starting on 
the first day of  hypophysee tomy.  

aDifferent from control rats P<0.005.  
bDifferent from control rats P<0.O1. 
CDifferent from hypophysec tomized  rats P<O.001. 
dDifferent from hypophysec tomized  rats P<O.O005. 

TABLE 2 

Fatty Acid Composit ion of  Phospholipids and of  Triacylglycerois 
in Testes of  Control and Hypophysectomized Rats* 

Phospholipids Triacylglycerols 

Control Hypophysectomized Control Hypophysectomized 
Fatty acid (6) (7) (6) (7) 

16:0 37,9 -+0.39 38.5 -+0.45 33.0 -+.0.47 32.9 -+0.62 
18:0 %8 -+0.43 6.2 -+0.04 a 2.5 -+0.07 3.1 • a 
18:1 12.2 -+0.21 12.7 -+0.25 12.3 -+0.59 11.4 -+0.43 
18:2 4.5 -+0.10 3.5 +-0.05 b 2.8 -+0.23 2.9 -+0.39 
20:3 0.75 -+0.03 0.86 -+ 0.03 c 1.3 -+0.05 1.8 -+0.05 b 
20:4 16.7 -+0.34 16.8 -+0.20 3.9 -+0.09 3.6 -+0.11 
22:4 0.95 -+0.02 0.72 -+0.02 b 4.9 -~ 0.04 3.8 -+0.11 b 
22:5 15.8 -+0.23 17.4 -+0.28 a 29.6 -+0.69 31.7 -+0.62 d 
22:6 1,1 •  1.1 -+0.04 3.1 -+0.09 2.8 -+0.11 
2~:4 0.52 -+0.03 0.37 -+0.01 4.5 -+0.08 3.9 •  b 

*Results are expressed as weight percent;  mean -+ S.E.; figures in parentheses are the number  
not  all the fatty acids are listed; therefore, these percentages do not  total 100%. 

aDifferent from control rats P<0.005.  
bDifferent from control rats P<0.0005.  
CDifferent from control rats P<0.01.  
dDifferent from control rats P<0.025.  

of  samples;  

( T a b l e  1). In c o n t r a s t ,  t r e a t m e n t  w i t h  t e s t o s -  
t e r o n e  a t  17 /ag pe r  I 0 0  g b o d y  w e i g h t  pe r  d a y  
o r  a t  1 m g  pe r  d a y  fo r  f o u r  d a y s  s t a r t i n g  a t  
d a y  5 p o s t h y p o p h y s e c t o m y  was  n o t  e f f e c t i v e  in 
r e s t o r i n g  t h e  c o n c e n t r a t i o n s  o f  t h e s e  l ip ids  to  
n o r m a l  va lues  ( d a t a  n o t  s h o w n ) .  T h e  c o n c e n t r a -  
t i o n s  o f  t o t a l  a n d  u n e s t e r i f i e d  c h o l e s t e r o l ,  b u t  
n o t  o f  p h o s p h o l i p i d s  a n d  t r i a c y l g l y c e r o l s ,  we re  
s i g n i f i c a n t l y  i n c r e a s e d  in h y p o p h y s e c t o m i z e d  
c o m p a r e d  to  c o n t r o l  r a t s  14 d a y s  p o s t h y p o p h y -  
s e c t o m y .  N o n e  o f  t h e s e  c h a n g e s  w e r e  o b s e r v e d  
a t  ear l ie r  t i m e  p e r i o d s  ( f o u r  a n d  s ix  d a y s )  a f t e r  
h y p o p h y s e c t o m y  ( d a t a  n o t  s h o w n ) .  

T h e  f a t t y  ac id  c o m p o s i t i o n  o f  t o t a l  p h o s -  
p h o l i p i d s  a n d  o f  t r i a c y l g l y c e r o l s  o f  h y p o p h y -  

s e c t o m i z e d  ra t s  was  c o m p a r e d  w i t h  t h a t  o f  t h e  
c o n t r o l  r a t s  a t  e i gh t  d a y s  p o s t h y p o p h y s e c t o m y .  
T h e  r e s u l t s  a re  g iven  in T a b l e  2. T e s t i c u l a r  
p h o s p h o l i p i d s  o f  h y p o p h y s e c t o m i z e d  ra t s  h a d  
m o r e  C 2 0 : 3  a n d  C 2 2 : 5  a n d  less C 1 8 : 0 ,  
C 18 :2  a n d  C 2 2 : 4  t h a n  d id  t h o s e  o f  c o n t r o l  
ra t s .  T h e  f a t t y  ac id  c o m p o s i t i o n  o f  t o t a l  l ip ids  
was  s im i l a r  to  t h a t  o f  t h e  p h o s p h o l i p i d  f r a c t i o n  
( d a t a  n o t  s h o w n ) .  T r i a c y l g l y c e r o l s  o f  t e s t e s  o f  
h y p o p h y s e c t o m i z e d  ra t s  h a d  m o r e  C 1 8 : 0 ,  
C 2 0 : 3  a n d  C 2 2 : 5  a n d  less  C 2 2 : 4  t h a n  d id  
t h o s e  o f  c o n t r o l  r a t s .  T r e a t m e n t  o f  h y p o p h y -  
s e c t o m i z e d  r a t s  w i t h  t e s t o s t e r o n e  a t  all d o s a g e s  
d e s c r i b e d  a b o v e  h a d  n o  i n f l u e n c e  o n  t h e  f a t t y  
ac id  c o m p o s i t i o n  o f  e i t h e r  p h o s p h o l i p i d s  o r  
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t r i a c y l g l y c e r o l s .  
T h e  i n c o r p o r a t i o n  o f  14 C - l i no t ea t e  i n t o  l ip id  

c / a s ses  o f  c o n t r o l  a n d  h y p o p h y s e c t o m i z e d  r a t s  
o n  t h e  e i g h t h  d a y  p o s t h y p o p l i y s e c t o m y  was  
d e t e r m i n e d  a t  f o u r  a n d  24  h o u r s  a f t e r  i n t r a -  
t e s t i c u l a r  i n j e c t i o n .  T h e  r e s u l t s  a re  g iven  in  
Tab l e  3. M o s t  o f  t h e  r a d i o a c t i v i t y  w a s  re- 
c o v e r e d  in t h e  p h o s p h o l i p i d  f r a c t i o n .  H o w -  
ever ,  t h e r e  was  a s m a l l e r  p r o p o r t i o n  o f  14C in  
t e s t i c u l a r  p h o s p h o l i p i d s  o f  h y p o p h y s e c t o m i z e d  
r a t s  t h a n  in t h o s e  o f  c o n t r o l  r a t s .  T h i s  was  
pa ra l l e l ed  b y  a g r e a t e r  p r o p o r t i o n  o f  14C in  
t r i a c y l g l y c e r o l s  o f  t e s t e s  o f  h y p o p h y s e c t o m i z e d  
c o m p a r e d  to  con t ro l  ra t s .  

T h e  i n c o r p o r a t i o n  o f  X4C f r o m  14C_l inoleate  
i n t o  f a t t y  a c id s  o f  p h o s p h o l i p i d s  a n d  o f  t r i acy l -  
g l y c e r o l s  o f  t e s t e s  f r o m  t h e s e  r a t s  was  de t e r -  

m i n e d .  D i f f e r e n c e s  b e t w e e n  c o n t r o l  a n d  h y -  
p o p h y s e c t o m i z e d  r a t s  were  o b s e r v e d  at  f o u r  
a n d  24 h o u r s  f o l l o w i n g  i n j e c t i o n  o f  t h e  l a b e l e d  
s u b s t r a t e .  B e c a u s e  t h e  va lue s  f o r  i n c o r p o r a t i o n  
o f  i s o t o p e  i n t o  t h e  v a r i o u s  f a t t y  a c id s  w e r e  
g r e a t e r  a t  24 t h a n  a t  f o u r  h o u r s ,  t h e  r e s u l t s  f o r  
t h e  f o r m e r  s t u d i e s  a r e  g iven  in  T a b l e  4. T e s t i c u -  
lar  p h o s p h o l i p i d s  o f  h y p o p h y s e c t o m i z e d  r a t s  
h a d  m o r e  14C in C 1 6 : 0 ,  C 2 0 : 2  a n d  C 2 0 : 3  a n d  
less  14C in  C 2 0 : 4  a n d  C 2 2 : 4  t h a n  d id  t h o s e  o f  
c o n t r o l  ra t s .  S imi l a r  d i f f e r e n c e s  w e r e  o b s e r v e d  
in  t h e  f a t t y  ac ids  o f  t h e  t r i a c y l g l y c e r o l  f r a c t i o n ,  
b u t ,  in  a d d i t i o n ,  t h e r e  was  less  14C in C 1 8 : 2  
a n d  in  C 2 2 : 5  in t r i a c y l g l y c e r o t s  o f  h y p o p h y -  
s e c t o m i z e d  r a t s  t h a n  in  c o n t r o l  r a t s .  A d m i n i s -  
t r a t i o n  o f  t e s t o s t e r o n e  h a d  n o  i n f l u e n c e  o n  t h e  
r e s u l t s  o f  t h e  m e t a b o l i s m  o f  [ 1 4 C ] l i n o l e a t e  

TABLE 3 

Incorporation o f  14 C From 1-[ ~4 C] Linoleate into Lipid Fractions 
of  Testes of  Control and Hypophysectomized Rats* 

Time of  incorporat ion(h) 

4 24 

Control Hypophysec tomized  Control Hypophysectomized 
Lipid class (5) (7) (4) (6) 

Phospholipids 89.0 -+ 0,44 79.5 • 0.67 86.7 -+ 0.23 74.9 • 1,5 
Unesterified 

cholesterol 2.6 • 0.20 2.4 • 0 . I9  2.9 -+ 0.09 3.4 -+ 0.23 
Unesterified 

fat ty acids 0.86 +- 0.08 5.2 • 0.75 0.69 -+ 0.10 1.1 • 0.16 
Triacylglyeerols 6.4 + 0.23 11.0 -+ 0.45 8.2 -+ 0.4 15.4 -+ 1.0 
Cholesteryl esters 0.61 -+ 0.0S 1.4 • 0.11 0.76 + 0.01 2.5 • 0.24 

*Results are expressed as % of  total ~4C recovered from thin-layer plate; mean -+ S.E.; figures in parentheses 
are the number  o f  samples. { 2aCllinoleate was injected intratesticularly on the eighth day posthypophysectomy 
and the rats killed 24 hours  after the t4C administrat ion.  

TABLE 4 

Incorporation o f  14 C From 1-1 t4 C] Linoleate into Fatty Acids o f  Phospholipids 
and o f  Triacylglyeerots o f  Testes o f  Control and Hypophysec tomized  Rats* 

Phospholipids Triacylglycerols 

Control Hypophysec tomized  Control Hypophysec tomized  
Fat ty acid (4) (6) (4) (6) 

16:0 3.8 -+0.21 10.6 •  a 7.6 20 .45  16.2 t 1.1 a 
18:2 62.6 • 1.2 59.3 • 1.1 45.5 -+ 1.7 30.2 -+2,4 b 
20:2 2.2 -+0.11 3.8 -+0.22 a 4.9 -+0.21 8.2 -+0.23 a 
20:3 5.7 • 0.0S 7.8 -+ 0.27 a l 1.1 • 0.39 20.7 • 0.53 a 
20:4 17.6 • 1.0 9.9 -+ 0.30 a 7.6 • 0.60 3.8 -+ 0.48 b 
22:3 0.88 20 ,06  0,85 20 ,07  0.85 -+0,13 1.9 •  a 
22:4 1.5 -+0.12 t . I  •  b 6.7 20 .27  2.0 -+0.16 a 
22:5 1,0 -+0.03 1.2 -+0.06 3.8 -+0.19 2.0 -+0.16 a 

*Results are expressed as % of  ~4C recovered in fat ty acids of  each particular lipid fraction;  mean • S.E.; 
figures in parentheses are the number  of  samples;  no t  all the fat ty  acids are listed; therefore,  these percentages 
do not  total 100%. [ 14C] linoleate was injected intratesticularly on the eighth day pos thypophysec tomy and the 
rats killed 24 hours  later, 

aDifferent from control rats P<O.OOOS. 
bDifferent f rom control rats P<0.O05. 
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e i t h e r  a t  f o u r  o r  24  h o u r s  a f t e r  i n j e c t i o n .  
14C i n c o r p o r a t i o n  f r o m  i n t r a t e s t i c u l a r l y  in-  

j e c t e d  1-[ 14 C ] e i c o s a - 8 , 1 1 , 1 4 - t r i e n o a t e  (C 2 0 : 3 )  
i n t o  l ip ids  o f  t e s t e s  o f  c o n t r o l  a n d  h y p o p h y -  
s e c t o m i z e d  r a t s  was  d e t e r m i n e d  o n  t h e  e i g h t h  
d a y  p o s t h y p o p h y s e c t o m y .  T h e  r a t s  w e r e  k i l l ed  
f o u r  h o u r s  a f t e r  t h e  14C i n j e c t i o n .  In  T a b l e  5 
a re  g iven  r e s u l t s  o f  d e t e r m i n a t i o n s  o f  t h e  14C 
in  d i f f e r e n t  l ip id  c lasses .  T h e r e  was  less  14C in  
t e s t i c u l a r  p h o s p h o l i p i d s  o f  h y p o p h y s e c t o m i z e d  
ra t s  t h a n  in  t h o s e  o f  c o n t r o l  r a t s ,  a n d  t h i s  was  
pa r a l l e l ed  b y  a g r e a t e r  14C c o n t e n t  in  t e s t i c u l a r  
t r i a c y l g l y c e r o l s  o f  h y p o p h y s e c t o m i z e d  t h a n  in  
t h o s e  o f  c o n t r o l  r a t s .  

R e s u l t s  o f  s t u d i e s  o f  14C i n c o r p o r a t i o n  f r o m  
t h i s  s u b s t r a t e  i n t o  t h e  f a t t y  a c i d s  o f  p h o s p h o -  
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l ip ids  a n d  t r i a c y l g l y c e r o l s  in  t h e s e  r a t s  a re  
s h o w n  in  T a b l e  6. T h e r e  was  m o r e  14C in  C 1 6 : 0  
a n d  C 2 0 : 3  a n d  less  14C in  C 2 0 : 4  a n d  C 2 2 : 4  
in  t e s t i c u l a r  p h o s p h o l i p i d s  o f  h y p o p h y s e c -  
t o m i z e d  r a t s  t h a n  in  t h o s e  o f  c o n t r o l  r a t s .  
S imi la r  r e s u l t s  we re  o b t a i n e d  in  t h e  t r i acy l -  

1ycero l  f r a c t i o n ,  b u t  t h e r e  w a s  a lso  d e c r e a s e d  
C in  C 2 2 : 5  in  t h e  h y p o p h y s e c t o m i z e d  r a t s .  

T r e a t m e n t  w i t h  0 .5  m g  t e s t o s t e r o n e  pe r  d a y  
fo r  e i gh t  d a y s  b e g i n n i n g  o n  t h e  f i rs t  d a y  o f  
h y p o p h y s e c t o m y  d id  n o t  a f f e c t  a n y  o f  t h e  
r e s u l t s  o f  t h e  m e t a b o l i s m  o f  [ 14C] e i c o s a t r i e n o -  
a t e  in  h y p o p h y s e c t o m i z e d  ra t s .  

S imi l a r  s t u d i e s  w e r e  d o n e  u s i n g  1 - [14C]  - 
a r a c h i d o n a t e  as t h e  i n j e c t e d  s u b s t r a t e .  R e s u l t s  
o f  s t u d i e s  o f  14 C i n c o r p o r a t i o n  i n t o  l ip id  c l a s ses  

TABLE 5 

Incorporation o f  14 C From 1-[ 1, C] Eicosa-8,11,14-Trienoate and From 1-[ 14 C]-Arachidonate 
into Lipid Fractions o f  Testes of  Control and Hypophysec tomized  Rats* 

]4 C-compound injected 

1-[ 14 C I eicosatrienoate 1-[ ]4 C l arachidonate 

Control Hypophysectomized Control Hypophysectomized 
(6) (7) (6) (6) 

Phospholipids 86.0 -+ 0.78 78.7 + 1.1 a 89.3 -+ 0.35 90.2 -+ 0.14 
Unesterified 

cholesterol 2.5 -+ 0.33 1.7 -+ 0.09 3.1 -+ 0.26 2.5 -+ 0.14 
Unesterified 

fat ty acids 4.2 -+ 0.47 4.8 -+ 1.0 1.3 -+ 0.13 1.2 -+ 0.28 
Triacyiglycerols 6.2 -+ 0..76 12.3 _+ 0.32 a 5.2 -+ 0.19 4.9 -+ 0.2 
Cholesteryl esters 0.66 -+ 0.09 1.8 -+ 0.19 0.73 -+ 0.06 0.65 - 0.09 

*Results are expressed as % of  total ]4C recovered from thin-layer plate; mean -+ S.E.;f igures in parentheses 
are the  number  of  samples. | t4C]e icosa t r ienoate  or { ~4C] arachidonate was injected intratesticularly on the 
eighth day pos thypophysec tomy and the rats killed four hours  after the 14C administrat ion.  

aDifferent from control rats P<0.0005.  

TABLE 6 

Incorporation of  14 C From 1-[ 14 C] Eicosa-8,11,14-Trienoate into Fat ty Acids of  Phospholipids 
and of  Triacylglycerols o f  Testes of  Control and Hypophysec tomized  Rats* 

Phospholipids Triacylglycerols 

Control Hypophysectomized Control Hypophysec tomized  
Fat ty acid (6) (7) (6) (7) 

16:0 1.8 +0.13 2.3 --0.21 a 8.0 +0.61 9.6 -+0.75 
20:3 37.4 -+ 1.0 76.5 +- 1.3 b 52.1 -+2.8 77.2 -+ 1.8 b 
20:4 53.7 -+0.97 15.1 -+0.96 b 15.7 -+0.92 3.3 - 0 . 1 0  b 
22:3 1.2 -+0.06 1.3 -+0.25 1.8 -+0.14 2.5 -+0.20 c 
22:4 2.3 -+0.13 0 . 9 0 + 0 . 1 1  b 9.3 -+0.48 1.7 -+0.14 b 
22:5 0.64 -+0.06 0.54 -+0.12 2.9 -+0.45 0 .50-+0.07 b 

*Results are expressed as % of  ]4C recovered in fat ty acids of  each particular lipid fraction;  mean -+ S.E; 
figures in parentheses are the number  o f  samples; no t  all the fat ty acids are listed; therefore,  these percentages do 
not  total 100%. The t4C-substrate was injected intratesticularly on the eighth day pos thypophysec tomy and the 
rats killed four  hours  later. 

aDifferent f rom control rats P<0.05.  
bDifferent f rom control rats P<0.0005.  
CDifferent f rom control rats P<0.025.  
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TABLE 7 

Incorporation of 14 C From 1-[ 14 C ] Araehidonate into Fatty Acids of  Phospholipids 
and of  Triacylglycerols o f  Testes of  Control and Hypophysec tomized  Rats* 

Phospholipids Triacylglycerols 

Control Hypophysec tomized  Control Hypophysectomized 
Fatty acid (6) (6) (6) (7) 

16:0 1.0 -+0.05 1.0 +-0.06 6.7 +0.28 8.2 -+0.38 b 
20:4 88.2 • 87.6 -+0.70 44.3 -+0.64 46.6 + 1.5 
22:3 1.4 +0.11 1.4 -+0.12 1.0 -+0.16 0.86-+0.15 
22:4 4.3 -+0.08 3.6 • a 21.1 • 18.5 • a 
22:5 1.2 +0.12 1.4 +-0.05 5.8 • 5.1 -+0.23 

*Results are expressed as % of 14C recovered in fatty acids of each particular lipid fraction; mean • S.E; 
figures in parentheses are the number of samples; not all the fatty acids are listed; therefore,  these percentages do 
not total 100%. [ 14C ] arachidonate was injected intratesticularly on the eighth day posthypophysectomy and the 
rats killed four hours later. 

aDifferent from control  rats P<0.000S. 
dDifferent from control  rats P<0.01. 

are given in Table 5. There were no significant 
differences be tween  cont ro l  and hypophysec to -  
mized rats in the incorpora t ion  of  14C into  the 
different  lipid fractions. Results of  studies of  
14C incorpora t ion  into  fa t ty  acids of  phospho-  
lipids and of  tr iacylglycerols are summarized in 
Table 7. There was a slight but  statistically 
significant decrease in the amoun t  of  14C in 
C 22:4 of  testicular phospholipids and triacyl- 
glycerols of  hypophysec tomized  compared  to 
control  rats. 

DISCUSSION 

The effectiveness of  the h y p o p h y s e c t o m y  
was conf i rmed by the decrease in weight  of  the 
adrenal  glands, prostate and seminal vesicles. 
Trea tment  wi th  tes tos terone  at 0.5 mg per day 
for eight days starting at day one  pos thypophy-  
sec tomy prevented the changes in the  accessory 
sex organs. This t rea tment  also resulted in 
higher serum tes tos terone  levels than those of  
hypophysec tomized  rats no t  t reated with  testo- 
s terone (16.7 + 2.5 vs 1.5 -+ 0.53 ng/ml).  

Significant changes in testicular triacyl- 
glycerols due to h y p o p h y s e c t o m y  were ob- 
served at 8 days p o s t h y p o p h y s e c t o m y  but  not  
at 4, 6 or  at 14 days. At  the  same t ime  there 
was an increased concent ra t ion  in cholesterol  in 
the testes of  hypophysec tomized  rats compared  
to the cont ro l  rats. This probably  was due to 
decreased steroid synthesis in the absence of  
luteinizing hormone.  This also led to an in- 
crease in cholesteryl  esters, the storage form of  
cholesterol.  At least one of  the schedules of  
tes tos terone  therapy used was effect ive in the  
main tenance  of  normal  levels of  these lipids. 

The concent ra t ion  of testicular phospho-  
lipids was not  affected by h y p o p h y s e c t o m y  
during the t ime periods studied. Our results are 

thus similar to those of  Gambal  and Ackerman  
(9), whose studies covered a period of  20 days 
after hypophysec tomy .  

H y p o p h y s e c t o m y  also resulted in significant 
changes in the fa t ty  acid compos i t ion  not  only 
o f  tr iacylglycerols but  also of  the phospho-  
lipids. Of major  interest  is the  effect  on poly-  
enoic acids of  the  l inoleate  series. The concen- 
t ra t ion of  the 22-carbon pentaene  (C 22:5)  of  
this series increases three-fold in rat testis dur- 
ing sexual matura t ion  (21,2),  and the  pentaene  
may be associated with  normal  deve lopment  of  
spermatids (22,23). The concent ra t ion  of  
C 22:5 was greater in testes of  hypophysec to -  
mized rats compared  to those of  the  cont ro l  
group. Al though the concent ra t ion  of  C 20:3 of  
this series was also greater in testes of  hypophy-  
sectomized compared  to cont ro l  rats, the con- 
centrat ions of  C 22:4 ,  the  immedia te  precursor  
of  C 22:5 ,  and of  l inoleate,  the  first member  of  
this series and a dietary essential, were lower  
than those in testes of  cont ro l  rats. Adminis-  
t ra t ion of  tes tosterone in the  three methods  
described in a preceding sect ion did not  alter 
these changes. 

In order to de termine  the  reason for the 
changes in fa t ty  acid compos i t ion  brought  
about  by h y p o p h y s e c t o m y ,  a number  o f  14C- 
labeled substrates in this sequence of  react ions 
(C 18:2 to C 2 2 : 5 )  was used. When [14C]- 
l inoleate was injected intratest icularly,  there 
was an accumula t ion  of  14C in C 20:3 and a 
decreased amount  of  14C in C 20:4 in testes of  
hypophysec tomized  compared  to cont ro l  rats. 
In the t r iacylglycerol  f ract ion there also was a 
smaller amoun t  of  14C in the l inoleate  fract ion 
of  the hypophysec tomized  compared  to t h e  
control  rats. These data suggested that  there 
was no impa i rment  in the conversion of  C 18:2 
to higher polyenes  but  that  there might  be an 
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impairment in the conversion of C 20:3 to 
other polyenes (particularly to arachidonic 
acid). 

The conversion of C 20:3 to C 20:4 was 
investigated in the two groups of rats more 
directly by use of intratesticularly-injected 
[ 14 C] 20:3. In both triacylglycerols and phos- 
pholipids of testes of hypophysectomized rats 
the amount of 14C in C 20:3 was much greater 
than that found in the two lipid fractions of 
testes of control rats. These results confirmed 
those suggested by the studies using [14C] 
linoleate and pointed to an inhibition of the 
A5 desaturase in the hypophysectomized rats. 

Following the intratesticular injection of 
[14C]linoleate and [14C] 20:3 less 14C was 
incorporated into C 22:4 in testes of hypophy- 
sectomized rats than in those of control rats. 
This result could be due either to a decrease in 
the availability of the precursor, [14C]arachi- 
donate, in the testes of the hypophysectomized 
rats, or to an inhibition of the elongation of 
C 20:4 to C 22:4. The substrate [14C]arachi- 
donate was used to distinguish between these 
two possibilities. There was only a slight de- 
crease in 14C incorporation into C 2 2 : 4  of 
testicular ,lipids of the hypophysectomized 
rats, and this was not statistically significant 
when expressed on the basis of testicular 
weight. Therefore, the data indicate that the 
elongation of C 20:4 to C 22:4 was not af- 
fected by the hypophysectomy. 

Following intratesticular injection of the 
three [14C] substrates the amount of 14C 
found in C 22:5 in phospholipids was similar in 
the testes of the two groups. However, after 
injection of [14C]linoleate and [14C]arachi- 
donate but not after [ 14C] eicosatrienoate there 
was a smaller amount of 14C in C 22:5 of testic- 
ular triacylglycerols of hypophysectomized 
compared to control animals. These data do not 
permit any conclusions concerning the effect of 
hypophyseetomy on the A4 desaturase (C 22:4 
to C 22:5). The testicular metabolism of C 22:5 
(as well as of C 22:4) is complicated because, in 
addition to opposing reactions of biosynthesis 
and of degradation by beta oxidation to acetyl 
CoA, there is an active process of retroconver- 
sion in which 22:5 is converted to 22:4 and 
subsequently to 20:4 (24). 

When [14C]linoleate was used for intra- 
testicular injection, there was an accumulation 
of l a c  in C 20:2 as well as C 20:3 in testicular 
lipids of hypophysectomized rats. Rat liver 
(25) and brain (26) do not have A8 desaturase 
activity and desaturate eicosa-ll ,14-dienoic 
acid to eicosa-5,11,1 4-trienoic acid, a dead-end 
product. However, rat testis can desaturate this 
dienoic acid to the 8,11,14 isomer as well as the 

5,11,14 isomer (27). It is possible, therefore, 
that this pathway may be stimulated in the 
testes of hypophysectomized rats or that the 
accumulation of C 20:3 inhibited the conver- 
sion of C 20:2 to the trienoic acid. 

Treatment with testosterone at any of  the 
dosages described previously had no effect on 
the incorporation of 14C in testes of the hy- 
pophysectomized rats. It is possible that treat- 
ment using other dosages or schedules of ad- 
ministration or that the combined use of 
testosterone and some other hormone may have 
an influence on these reactions involving de- 
saturation of substrates. In this regard it is 
relevant to note that inhibition of liver, kidney 
and aorta A5 desaturase has been reported in 
rats made diabetic by streptozotocin (28). 

In contrast to the results obtained on 14C 
incorporation into the polyenoic acids in 
hypophysectomized rats treated with testo- 
sterone were those in which the elevated levels 
of triacylglycerol and cholesterol observed in 
testes of hypophysectomized rats were pre- 
vented by administration of testosterone. It 
appears, therefore, that testosterone alone may 
be effective in controlling some aspects of 
lipid metabolism. 
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ABSTRACT 

The effect of supplementation with cod-liver oil containing eicosapentaenoic acid (EPA), 20:5r 
on bleeding times, thrombin-induced platelet aggregation, platelet protein, platelet cholesterol, and the 
level and fatty acid composition of individual phospholipids in the platelets of human subjects was 
determined. Measurement of these parameters was conducted before the subjects received the supple- 
ment (day 0), after they received the supplement for 14 days (day 14), and 14 days after the supple- 
ment was terminated (day 28) so as to monitor recovery. The mean bleeding times exhibited a marked 
increase (by 81%) with supplementation and returned to near basal (day 0) values within 14 days after 
the supplement was terminated. Cod-liver oil supplementation significantly reduced thrombin-induced 
platelet aggregation with a partial recovery being exhibited by day 28. The content of phospholipid, 
cholesterol and protein (#g/109 platelets) was not significantly different (P>0.05) when isolated from 
the subjects at day 0, 14 and 28, as neither were the composition of individual phospholipids [phos- 
phafidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol 
(PI) and sphingomyelin (SPH)] given as % of total phospholipid. However, the fatty acid compositions 
of all platelet phospholipids were altered significantly by the fish oil supplement. In PC, EPA rose 
from 0.3 to 2.9% of total fatty acids and docosahexaenoate from 0.7 to 1.8% concomitant with a drop 
in arachidonate (from 14.1 to 9.6%) and linoleate (from 10.2 to 7.9%); these levels approached basal 
levels 14 days after supplementation was terminated. The highest percentage of EPA with supplement- 
ation was found in PE (4.3%), while the arachidonate fell from 38.8 to 30.5%, with low percentages 
of EPA occurring in PS (0.7%) and PI (0.5%). The level of 24:1 in SPH increased significantly (from 
17.8 to 24.8) with supplementation and reverted to basal values by day 28. These results suggest a 
close relationship of the observed fatty acid changes in individual platelet phospholipids to the altered 
hematological parameters and platelet-vessel wall interactions produced by cod-liver oil supplement- 
ation. 
Lipids 19:617-624, 1984. 

INTRODUCTION 

The consumption of a diet enriched in fish 
or fish oil containing EPA, 20:5603, recently 
has been shown to diminish platelet aggregation 
and prolong bleeding times in human subjects 
(1-4). Dyerberg and Bang (2) have suggested 
that the ingestion of EPA in significant quanti- 
ties by the Greenland Eskimo may protect 
them from arterial thrombosis and atheroscle- 
rotic cardiovascular disease. A dietary supple- 
ment of marine oil was found to reduce the 
incidence of experimental cerebral infarction in 
cats and myocardial infarction in dogs (5,6). 
Recently, the consumption of a daily sup- 
plement of cod-fiver oil in patients with ische- 
mic heart disease was found to produce changes 
in platelet kinetics which would limit the pro- 
gression of  atheroma and reduce platelet/vessel- 
wall interactions (7). 

The mechanisms by which dietary EPA 

*To whom correspondence should be addressed. 

decreases platelet aggregation have not been 
clearly established, although a few proposals 
have been made (1,4). Included among these 
are an increased EPA/arachidonate ratio in the 
phospholipid of platelet membranes, a reduced 
release of arachidonate from the phospholipids 
of stimulated platelets, and/or a reduced 
formation of thromboxane A2 from the liber- 
ated arachidonate via competitive inhibition of 
EPA at the tevel of the cyclo-oxygenase. The 
consumption by human subjects of diets 
containing fish or supplemented with fish oil 
for 1 to 11 weeks produces an elevation in the 
percentage of  EPA in the fatty acids of platelet 
phospholipid (3,4,8-1t). The effect of such 
dietary alterations on the level and relative 
distribution of individual phospholipids in the 
human platelet was not studied in these former 
studies nor was the effect of fish oil supple- 
mentation on the fatty acid composition of 
human platelet PI apart from total or other 
phospholipids such as PS. PI has been impli- 
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cated in platelet aggregation and the release 
of arachidonic acid for conversion to pro- 
staglandins including thromboxane Az (12-16). 
Other work has emphasized the potential  
importance of PC and PE as sources of free 
arachidonate in stimulated platelets (15,17-19). 

The purpose of the present work was to 
study the effect of cod-liver off supplementa- 
tion on bleeding times, platelet aggregation 
(thrombin-induced),  and the level and fat ty  
acid composition of individual phospholipids 
in the platelets of human subjects and the 
recovery of these same parameters after ter- 
minating supplementation. 

MATERIALS AND METHODS 

Subjects and Experimental Design 

The subjects were seven healthy volunteers 
having a mean age of 32 yr. They were taking 
no medication and were asked to maintain their 
normal dietary habits over the period of  study. 
Informed consent was obtained from the sub- 
jects, and the study received certification of 
ethical acceptabil i ty for research involving 
human subjects from the review committee of  
the University of  Guelph. During the period of 
supplementation,  the subjects consumed 10 ml 
of cod-liver oil (Life Brand, Toronto, Ontario, 
Canada) containing EPA (6%) and docosahexae- 
noic acid (6%) plus other fatty acids three times 
daffy with meals (30 ml/day) for 2 wk. 

Blood samples were taken for platelet isola- 
tion, aggregation studies and biochemical analy- 
ses on three different occasions from each of 
the sub jec t s -a t  day 0 (just before receiving the 
cod:liver oil supplement),  after receiving the 
supplement continually for 14 days (day 14), 
and after having terminated supplementation 
for a period of 14 days (day 2 8 ) - 2 8  days 
following initiation of the trial. The latter 
sampling allowed a comparison of the various 
platelet parameters (recovery values) with basal 
values obtained at day 0. At each time when 
blood samples were taken, bleeding times were 
performed by the modified Duke procedure 
(20) following puncture of the ear lobe. 

Platelet Isolation and Aggregation 

Approximately 27 ml of blood was drawn 
from the antecubital veins into siliconized 
vacutainer tubes containg 1 [ 10 volume of 3.8% 
sodium citrate as anti-coagulant. The blood was 
spun at 111 xg for 15 min at room temperature 
to obtain platelet-rich plasma (PRP). The plate- 
lets were then pelleted from PRP according to a 
procedure similar to that of McKean et al. 
(18) in which PRP containg 6 mM EDTA is 
centrifuged at l l00xg for 15 rain at 4 C to 

remove the platelet-poor plasma (PPP). The 
platelets were resuspended in one volume of 
Tris-saline buffer (20 mM Tris-HC1, pH 7.4, and 
150 mM NaCI containing 2 mM E D T A ) a n d  
sedimented by centrifugation at 1000xg for 10 
rain at 4 C. The platelets were finally resus- 
pended in 1/3 volume of Tris-saline buffer con- 
taining 5 mM glucose. 

Platelet Counting and Protein Analyses 

Cell counts were performed on the final 
platelet suspension by phase contrast micro- 
scopy using a standard microscope with in-base 
halogen il luminator 6V10W (Carl Zeiss, Ober- 
kochen, West Germany). Platelet protein was 
determined by the method of Lowry et al. (21) 
on duplicate 10/~1 aliquots of the final platelet 
suspensions, using bovine serum albumin as the 
standard. 

Platelet Aggregation 

Platelet aggregation was performed by the 
method of Born (22) at 37 C in an aggregom- 
eter cuvette by stirring 0.5 ml of the final 
platelet suspensions at 900 rpm. The extent of 
aggregation was measured as the maximal trans- 
mission of light (in per cent) using a dual- 
channel Payton aggregometer (Payton Associ- 
ates Ltd., Scarborough, Ontario, Canada). 
Platelet samples were tested in each subject at 
day 0, day 14, and day 28 (see above). Throm- 
bin (Sigma Chemical Co., St. Louis, Missouri) 
was added to provide a concentration of  0.8 
units/ml. 

Platelet Lipid Analyses 

Platelet lipids were extracted according to 
the method of Folch et al. (23) using 10 ml of 
chloroform:methanol  (2:1, v/v) for each 2 ml 
of platelet suspension. Platelet cholesterol was 
determined on aliquots of the lipid extracts as 
described (24). The remainder of the lipid 
extracts were applied to glass plates coated with 
a 0.5 mm layer of Silica gel H (Analabs, North 
Haven, Colorado) following activation over- 
night at 115 C. The plates were developed in a 
system modified from that of Skipski et al. (25) 
using chloroform:methanol:acet ic  acid:water 
(50:30:5:3,  v[v/v/v) to separate individual 
phospholipids. The chromatograms were visual- 
ized under ultraviolet light after being sprayed 
with a solution of dichlorofluorescein in water: 
methanol (50:50, v/v) and exposed to ammonia 
vapor. 

The amount and fat ty acid compositions of 
the individual phospholipids, PC, PE, PS, PI, 
and SPH, were determined by gas-liquid chro- 
matography after transmethylation in the pres- 
ence of  the gel scrapings and known amounts of  
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monopentadecanoin (Nu Chek Prep, Elysian, 
Minnesota), as an internal quantitative standard 
(26), for 14 hr at 80 C using 6% (by vol) 
H2SO4 m methanol. Corresponding blank 
regtons of the plate also were methylated 
routinely in the presence of internal standard 
and analyzed as controls. Gas-liquid chroma- 
tographic analyses of fatty acid methyl esters 
were performed as described by Chapkin et al. 
(26) on glass columns packed with 10% Silar- 
10C (Applied Science Laboratories Inc., State 
College, Pennsylvania) using a Hewlett-Packard 
5840A gas chromatograph equipped with flame 
ionization detectors. Identification of the peaks 
was established by comparison of retention 
data with known standards (Nu Chek Prep, 
Elysian, Minnesota) and by gas-liquid analysis 
following separation of the fatty acid methyl 
esters by argentation thin-layer chromatog- 
raphy. 

Statistical Analyses 

All data obtained on the subjects just before 
receiving the cod-liver oil supplement (day 0), 
after receiving the supplement for 14 days (day 
14), and after having terminated supplementa- 
tion for 14 days (day 28) were analyzed by 
Duncan's multiple range test (27). The level of 
significance was chosen at P < 0.05. 

R ESU LTS 

The consumption of the supplement of cod- 
liver oil containing EPA for 14 days was found 
to produce a marked increase (by 81%) in the 
mean bleeding times to a level which was 
significantly greater (P < 0.01) than basal 
(pre-supplement) values (Figure 1). Within 
14 days of terminating the supplement, the 
bleeding times decreased to levels which were 
not significantly different (P > 0.05) from basal 
values, although the mean value was 20% above 
the basal. 

Summarizing the platelet aggregation data 
from all subjects (Figure 2) reveals that the 
overall aggregation response to thrombin was 
significantly suppressed (P < 0.05), by 53 to 
67%, due to the consumption of the fish oil 
supplement for in vitro aggregation measure- 
ments taken 1, 2, and 3 min following throm- 
bin addition. These values approached pre- 
supplement levels after terminating supplemen- 
tation for 14 days but did not fully recover to 
basal values within this interval. 

The cellular content of phospholipid, cho- 
9 lesterol and protein (/.tg/10 platelets) was 

found not to be significantly different (P > 
0.05) when isolated from the subjects before 
receiving, after receiving, and after terminating 
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FIG. 1. Effect of cod-liver oil supplementation on 
bleeding times. Bleeding times were measured before 
receiving supplement (day 0), after receiving the 
supplement for 14 days (day 14), and 14 days after 
terminating the supplement (day 28). All data repre- 
sent mean values _+ SE. 
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FIG. 2. Effect of cod-liver oil supplementation on 
aggregation response of platelet suspensions to throm- 
bin. See also legend to FIG. 1. 

the supplement of cod-liver oil. The composi- 
tional data were in excellent agreement with 
reported levels of phospholipid, cholesterol and 
protein in human platelets (28). The composi- 
tion of individual phospholipids (PC, PE, PS, 
PI, and SPH) given as % of total phospholipid 
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FIG. 3. Effect of cod-liver oil supplementation on 
phospholipid composition of human platelets. See also 
legend to FIG. 1. Abbreviations: PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine (diacyl plus 
alkenyl acyl); PS, phosphatidylserine; PI, phospha- 
tidylinositol; SPH, sphingomyelin. 

also was not significantly different (P > 0.05) 
at the three different sampling times (Figure 3). 
The pre-supplement values for the relative 
abundance of individual phospholipids in 
human platelets are in general agreement with 
published data (29-32). 

The fatty acid compositions of all five 
platelet phospholipids were altered significantly 
by consumption of the fish oil supplement 
(Tables 1-5). In the case of PC (Table 1), the 
percentage of EPA rose significantly (P < 
0.05) in subjects consuming the supplement for 
14 days (from 0.3 to 2.9%) concomitant with a 
marked drop in the level of arachidonate (from 
14.1 to 9.6%) and a moderate drop in linoleate 

(from 10.2 to 7.9%). Within 14 days after 
terminating supplementation, the levels of EPA, 
arachidonate and linoleate had approached 
basal values. The level of docosahexaenoic acid 
(22:6603) also rose significantly with supple- 
mentation (P < 0.05) and exhibited a partial 
recovery, but not a complete return to basal 
levels, after terminating supplementation for 
14 days. 

The highest enrichment of EPA was found in 
the PE (Table 2) where it reached 4.3% of the 
total fatty acids with supplementation while 
the arachidonate fell from 38.8 to 30.5%. Both 
fatty acids returned to levels which were not 
significantly different (P > 0.05) from basal 
values after terminating supplementation. As in 
the case of phosphatidylcholine, half of the 
elevation in the 22:6603 level due to supple- 
mentation was still present 14 days after 
ceasing the consumption of cod-liver oil. 

In contrast to PC and PE, only low levels of 
EPA accumulated in the PS (0.7%) and PI 
(0.5%) of the platelets from subjects consuming 
the cod-liver oil for 14 days (Tables 3 and 4). In 
the case of PS (Table 3), there was a reduction 
in the level of arachidonic acid with supplemen- 
tation which approached, but not completely, 
pre-supptement levels after terminating supple- 
mentation. A reversible doubling of the docosa- 
hexaenoate content of platelet PS occurred 
with fish oil ingestion. Interestingly, the level of 
arachidonate in platelet PI was only moderately 
reduced following the consumption of cod-liver 
oil (Table 4). The level of 20:1 in all four phos- 

T A B L E  1 

Fatty Acid Composition of Phosphatidyleholine in Hatelets of Subjects Before Receiving, 
After Receiving, and After Terminating Supplement of Cod-Liver Oil ~ 

Before receiving After receiving After terminating 
Fatty acid supplement supplement supplement 

( W e i g h t  % o f  t o t a l )  

1 6 : 0  2 8 . 3  -+ 0 . 4  a 3 1 . 2  +- 1 .0  b 2 7 . 7  +- 0 . 4  a 
1 6 : 1  1 .8  -+ 0 .1  a 1 .8  -+ 0 . 1  a 1;'5 +- 0 .1  b 
1 8 : 0  1 4 . 4  -+ 0 . 2  a 1 3 . 2  +- 0 . 3  b 1 4 . 7  -+ 0 . 2  a 
1 8 : 1  2 4 . 9  -+ 0 . 3  a 2 4 . 5  -+ 0 . 7  a 2 4 . 8  -+ 0 . 3  a 
1 8 : 2  1 0 . 2  + 0 . 4  a 7 . 9  -+ 0 . 2  b 1 0 . 5  -+ 0 . 4  a 
2 0 : 1  1 .6  -+ 0 . 0  a 2 . 4  -+ 0 .1  b 1 .5  +- 0 . 0  a 
2 0 : 2  1 . 0  + 0 . 0  a 0 . 9  + 0 .1  a 1 .2  + 0 .1  b 
2 0 : 3  1 .7  -+ 0 . 1  a 1 .7  -+ 0 .1  a 1 .9  -+ 0 .1  a 
2 0 : 4  1 4 . 1  -+ 0 . 3  a 9 . 6  -+ 0 . 3  b 1 3 . 0  -+ 0 . 2  c 
2 0 : 5  0 . 3  -+ 0 . 0  a 2 . 9  -+ 0 . 5  b 0 . 6  -+ 0 . 1  a 
2 2 : 4  0 . 6  -+ 0 .1  a 0 . 7  -+ 0 . 3  a 0 . 7  + 0 .1  a 
2 2 : 5  0 . 5  -+ 0 . 2  a 1 .1  -+ 0 . 4  a 0 . 6  -+ 0 .1  a 
2 2 : 6  0 . 7  -+ 0 .1  a 1 . 8  -+ 0 .1  b 1 .3  + 0 . 0  c 

] All data represent mean values -+ SE for seven subjects. 
Values across each row having different superscript letters are significantly different 

from each other (P<0.05). 
Minor fatty acids contributing <0. 5% to the total have been omitted from the table. 
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T A B L E  2 

F a t t y  Acid  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  in Pla te le ts  o f  Sub jec t s  Before  
Receiv ing ,  Af t e r  Rece iv ing ,  a n d  A f t e r  T e r m i n a t i n g  S u p p l e m e n t  o f  Cod. Liver Oil ~ 
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Before  rece iv ing  A f t e r  rece iv ing  Af t e r  t e r m i n a t i n g  
F a t t y  acid  s u p p l e m e n t  s u p p l e m e n t  s u p p l e m e n t  

(Weight  % o f  t o t a l )  

16 :0  2.7 ~- 0 .2  a 4 .2  • 0 .5  a 4 .3  t 0 .3  a 
1 6 : 0 A  2 6.2 • 0 .9  a 5.4 • i . 0  a 10.2 • 0 .6  b 
16:1 2 .3  -~ 0.5 ab 1.4 +- 0 .3  a 2 .8  t 0 .3  b 
18 :0  16.0 -~ 0 .6  a 16.6  • l . I  a 15.6 • 0 .2  a 
1 8 : 0 A  8.2 t 0 .8  a 7 .9  t 0 .8  ab 4 .5  • 1 .2  b 
18:1  8 .0  • 0 .4  a 9 .8  -+ 0 .8  b 8 .9  • 0 .2  ab  
1 8 : 1 A  1.5 t 0 .2  a 1.3 • 0 .2  a 2 .4  • 0 .2  b 
18 :2  2 .7  t 0 .2  a 2 .9  t 0.2 a 3.2 • 0 .2  a 
2 0 : 0  0 .8  • 0.2 a 0 .7  t 0.1 a 0 .7  t 0 .2  a 
20 :1  0 .4  t 0 .0  a ! . 2  • 0 .2  b 0 .5  + 0.1 a 
2 0 : 3  0 .8  • 0.1 a 1.0 • 0.1 a 0 .8  • 0.1 a 
2 0 : 4  38 .8  ~- 0 .9  a 30 .5  +- 1.6 b 37 .2  • 0 .6  a 
2 0 : 5  0.5 • 0.1 a 4 .3  • 0 .6  b 1.1 • 0.1 a 
2 2 : 4  5.6 • 0 .3  a 2.7 +- 0 .6  b 4 . 0  +- 0 .2  c 
2 2 : 5  2.9 • 0 .3  a 3.4 • 0 .3  a 2 .8  • 0 .4  a 
2 2 : 6  2.1 • 0 .2  a 4.1 -+ 0 .4  b 3.2 • 0 .2  c 

1 See l egend  to  Tab le  1. 
2 A l d e h y d e  der iva t ive .  

T A B L E  3 

F a t t y  Acid  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 s e r i n e  in Pla te le ts  o f  Sub jec t s  Before  Receiving,  
Af t e r  Receiving,  a n d  Af te r  T e r m i n a t i n g  S u p p l e m e n t  o f  Cod-L ive r  Oil 1 

Before  rece iv ing  Af t e r  rece iv ing A f t e r  t e r m i n a t i n g  
F a t t y  acid  s u p p l e m e n t  s u p p l e m e n t  s u p p l e m e n t  

(Weight  % o f  t o t a l )  

16 :0  0 .2  ! 0 .3  a 1.5 • 0.2 b 0 .6  • 0 .2  a 
16:1 0 .3  -+ 0 .2  a 1.3 • 0 .2  b 0 .9  • 0 .2  ab 
18 :0  39 .0  -~ 0 .7  a 4 1 . 4  + 0 .6  b 4 0 . 2  -+ 0 .3  ab  
18:1  24 .2  -~ 1.2 a 26 .2  + 0 .4  a 25 .2  + 0 .4  a 
18 :2  3.9 • 0 .3  a 3.1 + 0.1 b 3 .8  • 0.1 a 
20 :1  1.3 • 0.1 a 2.1 -+ 0.1 b l . l  + 0.1 a 
2 0 : 2  0 .9  -~ 0 .2  a 1.1 • 0.1 ab 1.3 • 0.1 b 
2 0 : 3  2.1 -4. 0 .2  a 2 .9  • 0.1 b 2 .2  • 0.1 a 
2 0 : 4  25 .9  -~ 1.1 a 15.9  • 0 .9  b 21 .3  • 0 .3  e 
2 0 : 5  0.1 • 0.1 a 0 .7  • 0.1 b 0 .2  t 0.1 a 
2 2 : 4  0 .8  • 0.1 a 0 .7  • 0.1 a 0 .8  t 0.1 a 
2 2 : 5  0 .8  -~ 0.1 a 1.0 • 0.1 a 0 .7  • 0.1 a 
2 2 : 6  1.1 _4 0.2 a 2.2 • 0.2 b 1.4 • 0.1 a 

~See l egend  to  Table  1. 

p h o l i p i d s  ( T a b l e s  1 - 4 )  i n c r e a s e d  a n d  t h e n  r e -  

t u r n e d  t o  b a s a l  l e v e l s  a f t e r  r e c e i v i n g  a n d  a f t e r  

t e r m i n a t i n g  t h e  s u p p l e m e n t ,  r e s p e c t i v e l y .  I t  is  

o f  i n t e r e s t  t h a t  a f u l l y  r e v e r s i b l e  a n d  s t a t i s t i -  

c a l l y  s i g n i f i c a n t  ( P  < 0 . 0 5 )  i n c r e a s e  in  t h e  l e v e l  

o f  2 4 : 1  ( f r o m  1 7 . 8  t o  2 4 . 8 % )  a n d  d e c r e a s e  in  

t h e  l e v e l  o f  2 2 : 0  ( f r o m  2 4 . 2  t o  1 9 . 8 % )  i n  S P H  

( T a b l e  5 )  r e s u l t e d  f r o m  t h e  c o d - l i v e r  o i l  s u p p l e -  

m e n t  d e s p i t e  t h e  f a c t  t h a t  t h i s  p h o s p h o l i p i d  d i d  

n o t  c o n t a i n  a n y  s i g n i f i c a n t  a m o u n t  o f  E P A  o r  

a r a c h i d o n i c  a c i d .  

DISCUSSION 

T h e  m a r k e d  i n c r e a s e  ( b y  8 1 % ) i n  m e a n  o v e r -  

a l l  c a p i l l a r y  b l e e d i n g  t i m e s  a s  m e a s u r e d  b y  t h e  

m o d i f i e d  D u k e  p r o c e d u r e  c o n c o m i t a n t  w i t h  t h e  

r e d u c t i o n  in  t h r o m b i n - i n d u c e d  p l a t e l e t  a g g r e g a -  

t i o n ,  m e a s u r e d  u s i n g  w a s h e d  p l a t e l e t  s u s p e n -  
s i o n s  d u e  t o  t h e  i n g e s t i o n  o f  a c o d - l i v e r  o i l  

s u p p l e m e n t  f o r  1 4  d a y s  a s  o b s e r v e d  h e r e i n ,  is  

i n d i c a t i v e  o f  a d i e t a r y  l i p i d  i n f l u e n c e  o n  p l a t e -  

l e t - v e s s e l  w a l l  i n t e r a c t i o n s .  T h e  a p p r o a c h  o f  
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TABLE 4 

Fatty Acid Composition of Phosphatidylinositol in Platelets of Subjects Before Receiving, 
After Receiving, and After Terminating Supplement of  Cod-Liver Oil ~ 

Before receiving After receiving After terminating 
Fatty acid supplement supplement supplement 

(Weight % of total) 

16:0 1.3 • 0.4 a 3.1 • 0.8 ab 4.2 -+ 0.7 b 
16:1 0.6 • 0.2 a 1.0 -+ 0.5 a 1.0 • 0.2 a 
18:0 41.3 + 1.2 ab 43.6 • 1.2 b 39.2 -+ 0.7 a 
18:1 19.2 • 1.6 a 16.9 • 0.5 ab 14.2 • 0.5 b 
18:2 2.0 • 0.2 a 2.0 • 0.1 a 2.8 • 0.2 b 
20:1 0.2 • 0.1 a 0.9 • 0.1 b 0.3 • 0.1 a 
20:2 1.1 • 0.2 a 1.1 • 0.1 a 1.4 -+ 0.2 a 
20:3 1.1 • 0.1 a 0.8 • 0.1 b 1.0 • 0.0 ab 
20:4 31.4 • 1.1 ab 28.3 • 1.6 a 33.0 • 0.9 b 
20:5 <0.1 a 0.5 • 0.I b <0.1 a 
22:4 0.5 • 0.1 a 0.6 • 0.2 a 0.3 • 0.1 a 

1See legend to Table 1. 

TABLE 5 

Fatty Acid Composition of Sphingomyelin in Platelets of Subjects Before Receiving, 
After Receiving, and After Terminating Supplement of Cod-Liver Oil 1 

Before receiving After receiving After terminating 
Fatty acid supplement supplement supplement 

(Weight % of total) 

16:0 23.2 -+ 0.7 a 24.2 • 0.9 a 25.6 -+ 2.2 a 
16:1 1.3 • 0.2 a 0.4 • 0.2 b 1.0 • 0.2 ab 
18:0 4.8 + 0.4 a 5.1 • 0.2 a 5.0 • 0.4 a 
18:1 2.3 • 0.3 a 2.0 • 0.6 a 1.9 • 0.2 a 
20:0 6.5 • 0.3 a 5.1 -+ 0.2 b 6.5 + 0.3 a 
20:1 0.6 • 0.1 a 0.7 • 0.2 a 0.4 • 0.2 a 
22:0 24.2 -+ 0.6 a 19.8 • 0.9 b 23.3 • 0.8 a 
22:1 3.5 • 0.2 a 2.8 • 0.2 a 3.1 • 0.7 a 
23:0 3.7 • 0.2 a 3.6 • 0.2 a 3.4 • 0.4 a 
24:0 10.8 • 0.6 a 10.4 • 0.6 a 11.0 • 0.8 a 
24:1 17.8 • 0.5 a 24.8 • 0.7 b 17.2 -+ 1.2 a 

1See legend to Table 1. 

t hese  h e m a t o l o g i c a l  p a r a m e t e r s  t o w a r d s  basal  
( p r e - s u p p l e m e n t )  values as seen 14 days  a f t e r  
t e r m i n a t i n g  s u p p l e m e n t a t i o n  is s u p p o r t i v e  o f  
th is  c o n c e p t .  This  c o n c l u s i o n  is c o n s i s t e n t  w i t h  
t h a t  b y  D y e r b e r g  (33 )  a n d  o t h e r  inves t iga to r s  
w h o  have r e p o r t e d  increases  in Ivy  b leed ing  
t imes  (3 ,8 ,11 )  b y  11-48% and  decreases  in 
pla te le t  agg rega t i on  i n d u c e d  b y  col lagen a n d / o r  
A D P  as s t ud i ed  us ing  p la te le t - r ich  p l a sm a  (3,  
8 -11)  w h e n  h u m a n  v o l u n t e e r s  c o n s u m e d  fish,  
f i sh  oil or  an E P A - e t h y l  es ter  c o n c e n t r a t e  
m a d e  f r o m  cod-l iver  oil. T h e  in vi t ro a d d i t i o n  
o f  EPA to  p la te le t - r ich  p l a s m a  has  b e e n  re- 
p o r t e d  to  inh ib i t  t h r o m b i n - i n d u c e d  p la te le t  
aggrega t ion  (34) .  

In  a g r e e m e n t  w i t h  t h e  w o r k  o f  G o o d n i g h t  
et al. (9) ,  w h o  t es ted  s a l m o n  oil, t h e  i n g e s t i o n  
o f  t h e  cod-l iver oil s u p p l e m e n t  did n o t  signifi- 
can t ly  a l ter  p r o t e i n  levels /109 pla te le ts .  The  

level o f  p la te le t  p h o s p h o l i p i d ,  n o t  r e p o r t e d  in 
t h e  p r e v ious  w o r k  (9) ,  a lso was  n o t  s ign i f ican t ly  
cha nged  as ne i t he r  was  p la te le t  cho les te ro l .  

I t  was  o f  cons ide rab l e  in t e res t  in  th  e p r e s e n t  
s t u d y  to  d e t e r m i n e  t h e  i n f l u e n c e  o f  rece iv ing a 
cod-l iver oil s u p p l e m e n t  o n  t h e  level and  f a t t y  
acid c o m p o s i t i o n s  o f  indiv idual  p h o s p h o l i p i d s  
in h u m a n  pla te le ts .  The  r e c o v e r y  o f  these  
p a r a m e t e r s  was  also m o n i t o r e d  fo l l owing  
t e r m i n a t i o n  o f  t he  s u p p l e m e n t  w i t h  each  sub-  
jec t  serving as the i r  o w n  c on t r o l .  A l t h o u g h  n o t  
m e a s u r e d  in p r e v ious  w o r k  (3 ,4 ,8 -11) ,  t he  rela- 
tive a b u n d a n c e  o f  t he  ind iv idua l  p h o s p h o l i p i d s  
was  f o u n d  n o t  to  be  s ign i f ican t ly  a l t e red  b y  
inges t ing  the  f ish  oil s u p p l e m e n t  ( F igu r e  3). 
The  f a t t y  acid c o m p o s i t i o n s  o f  t he  indiv idual  
p h o s p h o l i p i d s  f r o m  the  p la te le t s  i so la ted  j u s t  
p r io r  to  s u p p l e m e n t a t i o n  (Tab les  1-5) were  in 
genera l  a g r e e m e n t  w i th  p rev ious  f indings  on  
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pla te le ts  f rom n o r m a l  subjec ts  (29 ,30 ,35) .  The  
m a r k e d  increases in the  pe rcen tage  of  EPA 
(20:5603)  and  docos ahexaeno i c  acid (22:6603) ,  
and  decreases in a rach idon ic  acid (20:4606),  in  
PC, PE, PS, and  PI wi th  cod-liver oil supp lemen-  
t a t i o n  (Tables  1-4) have been  r e p o r t e d  pre- 
viously for  the  t o t a l  p la te le t  p h o s p h o l i p i d  of  
subjec ts  ingest ing a diet  enr iched  in f ish or 
s u p p l e m e n t e d  w i th  fish oil (4,8).  All four  
phospho l ip ids  also exh ib i t ed  an  increase  in 20:1 
w i th  s u p p l e m e n t a t i o n  (Tables  1-4) as f o u n d  for  
t o t a l  p h o s p h o l i p i d  (8). Even t h o u g h  SPH did 
n o t  i n c o r p o r a t e  any  s ignif icant  q u a n t i t y  of  EPA 
(Table  5), t he  level of  24:1 increased  signifi- 
cant ly  wi th  s u p p l e m e n t a t i o n ,  in keep ing  wi th  
the  f ind ing  of  Brox  et al. (10)  t h a t  lower  levels 
of  th is  f a t t y  acid were p resen t  in  p la te le t  SPH 
f rom subjects  receiving a cod-liver oil  r a the r  
t h a n  a co rn  oil supp lemen t .  

An  increased  ra t io  of  E P A / a r a c h i d o n a t e  in 
p la te le t  p h o s p h o l i p i d  has  been  cen t ra l ly  impli-  
ca ted in the  m e c h a n i s m s  p roposed  to  expla in  
the  d a m p e n i n g  effect  of  d ie ta ry  fish oil on  
pla te le t  aggregat ion (33) .  The  presen t  work  
ind ica tes  cons iderab le  h e t e r o g e n e i t y  in the  
E P A / a r a c h i d o n a t e  ra t io  amongs t  the  indiv idual  
phospho l ip ids  (Tables  1-4) w i th  m e a n  values of  
0 .30,  0 .14,  0 .044 ,  and  0 .018  present  in  PC, PE, 
PS, and  PI, respect ively ,  fo l lowing  s u p p l e m e n t a -  
t ion .  These  p a t t e r n s  are of  in te res t  because  the  
response  of  PI to  d ie ta ry  f ish oil has no t  been  
e x a m i n e d  in any  previous  s tudy ,  even t h o u g h  
this  phospho l i p id  and  its m e t a b o l i c  t u rnove r  
have been  impl i ca t ed  in p la te le t  ac t iva t ion  and  
t he  release of  a rach idon ic  acid for  conve r s ion  to  
p ros tag land ins  inc lud ing  t h r o m b o x a n e  A2 (12- 
16). F r o m  the  p resen t  resul ts ,  i t  can be  calcu- 
la ted  t h a t  the  m e a n  EPA c o n c e n t r a t i o n  fol low- 
ing cod-liver oil s u p p l e m e n t a t i o n  for  14 days in 
t he  PC, PE, PS, and  PI was 2.92,  2 .09,  0 .18,  
and  0 .08 btg/109 pla te le ts ,  respect ively ,  wh ich  
a c c o u n t e d  for  55.4,  39.7 ,  3.4,  and  1.5% of t he  
t o t a l  EPA in p la te le t  phospho l ip id .  This  low 
p r o p o r t i o n a l  associa t ion  w i th  PI m ay  ref lect  a 
rapid  t u r n o v e r  ( en t ry  and  release)  of  EPA in 
this  phosphol ip id .  In s uppo r t  of  this  concep t ,  
[1 -14C]EPA has  been  f o u n d  to  be readi ly  
i n c o r p o r a t e d  in to  PI in  in  vi t ro s tudies  wi th  
i so la ted  p la te le t  suspens ions  and  PRP (36).  

The  fact  t h a t  the  a l t e ra t ions  and  recovery  of  
the  f a t t y  acid c o m p o s i t i o n s  of  the  indiv idual  
phospho l ip ids  w i th  s u p p l e m e n t a t i o n  and  a f te r  
t e r m i n a t i n g  s u p p l e m e n t a t i o n ,  respect ively ,  cor-  
re la te  wi th  the  bleeding t ime  and  pla te le t  
aggregat ion responses  suppor t s  a key  re la t ion-  
ship of  these  f a t t y  acid changes  to the  hema-  
tological  pa ramete r s  and  platelet-vessel  wall 
in te rac t ions .  The  specific p h o s p h o l i p i d ( s ) a n d  
the i r  c o m p o n e n t  molecu la r  species respons ib le  

for  med ia t ing  the  ant i -aggregatory  effect  of  
d ie ta ry  f ish oil r ema in  to be  inves t igated ,  
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LETTER TO THE EDITOR 

Sir: 

In Figure  5B, p. 799  of  1983 Lipids Vol.  18, 
Grumrne r ,  R.R. et  al. i l lus t ra te  two  arcs for  the  
h igh dens i ty  l i pop ro t e in  f r ac t ion  of  bov ine  
l ipopro te ins ,  and  yet  do n o t  c o m m e n t  u p o n  
th i s  p h e n o m e n o n .  It seems possible  t h a t  these  
t w o  arcs r ep resen t  d issoc ia t ion  of  apol ipo-  
p ro t e in s  A-I and  A-II b r o u g h t  a b o u t  b y  f reezing 
and  thawing  before  e lec t rophores is ,  or  the  
p resence  of  nones t e r i f i ed  f a t t y  acids (NEFAs)  
in the  b l o o d s t r e a m  (Muckle  T.J.  1976 Clin. 
Chem.  Acta  73;  57-61 and  1976 Biochem.  Med. 
15; 17-21). The  e l ec t rophore t i c  mob i l i t y  of  
a l b u m i n  can also be  a f fec ted  b y  the  presence  of  
N E F A s  as well  as o t h e r  subs tances  (Muckle  T.J. 
1978 J. Chroma tog r .  (B iomedica l  Appl ica t ions )  
146,  77-84) ,  and  m i n o r  c o n t a m i n a t i o n  of  the  
HDL f r ac t ion  b y  such modi f i ed  a l b u m i n  can 
also p r oduce  th i s  p h e n o m e n o n .  
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METHODS 
Analysis of Molluscan Sterols: Colorimetric Methods 
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ABSTRACT 

The wide variety of sterols normally found in extracts of bivalve molluscs leads to high variability 
in analytical data obtained with colorimetric (chole)sterol methods. Total sterol levels in oyster 
(Crassostrea virginica) extracts were determined using the Liebermann-Burchard reagent, an acid- 
FeCl 3 reagent and a cholesterol oxidase procedure. The data from the latter two agreed to within 
5.4% and yielded about 30% higher estimates of sterol content than the Liebermann-Burchard test. 
Gas-liquid chromatographic data also are compared. 

Several pure sterols, selected because of their presence in oyster sterol fractions or because of 
their structural similarities to such sterols, were examined using each of the three procedures. Sterols, 
differing from cholesterol only with regard to the side chain, reacted 80-102% as well as cholesterol 
with the acid-FeCl3 reagent and cholesterol oxidase. The Liebermann-Burchard reaction was more 
specific for cholesterol. The colorimetric cholesterol oxidase method is recommended for the estima- 
tion of total molluscan sterol content. 
Lipids 19:625-630, 1984. 

The simplicity, efficiency and inexpensive- 
ness of quantitative colorimetric sterol methods 
help to maintain their popularity. However, the 
problems encountered with colorimetric choles- 
terol/sterol analysis on extracts of molluscs 
have been recognized since 1937 (1). Problems 
of  reproducibility, correct chromogen produc- 
tion and accuracy may be traced to the wide 
variety of sterols normally found in these ani- 
mals (2,3). For example, tissues of the oyster, 
Crassostrea virginica Gmelin, may contain up to 
35 sterols (4). The steroid nuclei of  90.4% of 
the identified sterols are identical to those of 
cholesterol. Of the remaining sterols, 7% dif- 
fered from cholesterol in the steroid nucleus 
and in some cases in the side chains as well. 
Similar varieties of sterols have been identified 
in other marine fauna: gastropods, cephalo- 
pods, crustacea and vertebrate fishes (2,5,6, 
7,8). 

Recent reports addressing methodological 
difficulties encountered in the analysis of 
invertebrate sterols have been either modifica- 
tions of classic techniques (2,3) or comparisons 
of  results obtained by two or more procedures 
(9,10,11). The present study evaluates three 
methods for the estimation of sterols: Lieber- 
mann-Burchard (12), acid-FeC13 (13), and 
cholesterol oxidase (14). First, the results 
from analyses of free sterol content in oysters 
a r e  compared. In addition, several pure sterols 
selected because of their presence in molluscan 
sterol fractions or because of their structural 
similarities to such sterols, were examined 

using each of the three techniques. After 
reaction of the selected sterols, the visible 
spectra of the developed chromogens and the 
relative absorbance were measured. 

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

Oysters, Crassostrea virginica Gmelin, were 
obtained from a retail outlet (Capt. White and 
Sons Seafood, Washington, D.C. 20024). After 
removal of the shells and separation of tissues, 
lipids were extracted according to Folch et al. 
(15). Free sterols were isolated by silicic acid 
thin-layer chromatography using n-hexane/ 
diethyl ether/glacial acetic acid (70:30:1, v/v/v) 
for development (16). Mobility of standard 
cholesterol was used to identify the free sterol 
bands. The silicic acid containing the sterols 
was scraped into a small glass syringe and eluted 
with 2:1 (v/v) chloroform/methanol.  The 
chloroform/methanol was evaporated from 
aliquots taken for analysis. The sterols were 
redissolved in solvents appropriate for the 
selected analytical procedure. 

Sterols, free or as digitonides (17), were 
estimated using three methods. A modified 
Liebermann-Burchard reaction (12) was used. 
The sterols, dissolved in 1 ml of  glacial acetic 
acid, were treated with 2 ml of an ice cold 
20:1 (v/v) mixture of acetic anhydride/con- 
centrated H2SO4. The color was developed in 
the dark for 30 minutes and read at 625 nm. 
Second, the sterols were estimated using an 
acid-FeC13 reagent (13). Sterols, in 2 ml of glacial 
acetic acid, are treated with 2 ml of the acid- 
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FeCls reagent. This reagent consists of a 2.5% 
solution F e C l a ' 6 H 2 0  in 85% H3POa, which is 
diluted 1:10 with concentrated H2SO4 just 
before use. The color is allowed to develop for 
30 minutes and read at 560 nm. Last, free 
sterols were assayed using cholesterol oxidase 
(14). 

In addition, aliquots of  oyster sterols were 
analyzed by g a s  liquid chromatography to 
confirm that the samples contained a mixture 
of sterols. Free sterols were separated by gas- 
liquid chromatography on 1.5% SE-30 (18) 
using 5a-cholestane as an internal standard. 
Steryl acetates were separated similarly on 3% 
SE-30 (19). 

Authentic samples of 24-methylcholest-5- 
en-3~-ol and 24-ethylcholest-5-en-3/3-ol were 
obtained from Applied Science (State College, 
Pennsylvania, 16801). Cholesterol, 24-ethyl- 
cholest-5-22-dien-3/3-ol, 5ot-cholestane, 5a-cho- 
lestan-3~-ol, cholest-5,7-dien-3/3-ol, ergosta-5,7, 
22-trien-3/3-ol and 3-keto-24~thylcholest-4,22- 
diene were purchased from Sigma Chemical Co. 
(St. Louis, Missouri 63178). Cholesterol oxi- 
dase, S.V.R. was obtained from Calbiochem 
(LaJolla, California 92037). Digitonin, an- 
alytical grade reagents and solvents were from 
Fisher Scientific Co. (Silver Spring, Maryland 
20910). Absorption spectra were determined 
with a Beckman Model 25 UV]VIS Spectro- 
photometer  (Beckman Instruments, Inc. Fuller- 
ton, California 92634). A Shimadzu Seisakusho 
Model GS-5A gas liquid chromatograph (Ameri- 
can Instrument Co., Silver Spring, Maryland 
20910) was used. 

RESULTS AND DISCUSSION 

The results obtained from the analyses of a 
series of oyster free sterol fractions, using each 
of  the three methods are shown in Table 1. The 
values given by the Liebermann-Burchard reac- 

tion are on average 36% and 29% lower than 
those obtained using the acid-FeCt3 and choles- 
terol oxidase methods, respectively. Values 
estimated using the acid-FeCls and cholesterol 
oxidase techniques agreed, on average, to 
within 5.4% This is consistent with data pre- 
viously reported (8,9). 

GLC analysis of these oyster samples re- 
vealed seven major sterol constituents. Chroma- 
tography of oyster free sterols in 1.5% SE-30 
yielded six peaks (Fig. 1). Tentative identifica- 
tion was made by comparing retention ratios 
related to 5a-cholestane (I 8). Peaks 2 through 
6 had retention ratios equal to those reported 
for cholesta-5,22-dien-3/3-ol, cholesterol, cho- 
lesta-5,24-dien-3~-ol or 24-methylcholesta-5,22- 
dien-3/3-ol, 24-methylcholesta-5-en-3/3-ol and 24- 
ethylcholesta-5-en-3/3-ol, respectively. Note that 
24-methylcholest-5-en-3/~-ol and 24-methylene 
cholesterol co-chromatograph on this column. 
Oyster steryl acetates separated by chroma- 
tography on 3% SE-30 yielded eight peaks 
(Fig. 2). Peaks 2 through 8 had retention 

3. 

FIG. 1. Chromatogram obtained when oyster free 
sterols are separated on 1.5% SE-30. Internal standard, 
peak S, is 5a-cholestane. See text for peak identifica- 
tion. 

TABLE l 

Oyster Free Sterol Values Obtained Using Three Methods 

Liebermann- Cholesterol 
Burchard Acid-FeC13 oxidase 

(mg/g Wet wt. tissue • S.D.) 
Group I 

Whole animal 0.69 • 0.01 (2) 1.06 • 0.07 (3) 1.03 +- 0.11 (8) 
Mantle &gills 0.88 • 0.01 (3) 1.22 • 0.09 (3) 1.15 -+ 0.04 (3) 
Dig. divert. & gonads 1.01 • 0.03 (2) 1.13 • 0.10 (3) 1.20 • 0.10 (3) 

Group II 
Whole animal 0.72 • 0.03 (4) 1.01 -+ 0.11 (2) 0.81 • 0.004 (3) 
Mantle & gills 0.84 • 0.07 (2) 1.16 • 0.02 (2) 1.14 • 0.05 (4) 
Dig. divert. & gonads 1.01 • 0.02 (4) 1.35 • 0.04 (2) 1.31 • 0.03 (2) 

Values in parentheses indicate number of replicate determinations. 
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FIG. 2. Chromatogram obtained when oyster 
steryl acetates are separated on 3% SE-30. See text 
for peak identification. 

ratios, relative to cholesterol, equal to those 
reported (19) for cholesta-5,22-dien-3~-ol, 
cholesterol, 24 - methylcholesta - 5,22 - dien- 3/3- 
ol, 24-methylene cholesterol, 24-methylcho- 
lesta-5-en-3/~-ol, 24-ethylcholesta-5,7,22-trien- 
3/3-ol and 24-ethylcholesta-5,7-dien-3/~-ol res- 
pectively. Peak 1 on both chromatograms 
could not be identified. From these data and 
the literature (4,8,20) it may be concluded that 
the major oyster sterols are: cholesterol, 36- 
40%, 24-methylene cholesterol, 13-26%, 24- 
methylcholesta-5,22-dien-3/3-ol, 16%, cholesta- 
5,22-dien-3~3-ol, 6-10%, 24-ethylcholesta-5-en- 
3/3-ol, 4% 24-methylcholesta-5~.n-3/3-ol, 4% and 
24-ethylcholesta-5,22-dien-3~-ol, 2%. Recently 
it has been reported that oysters contain sterols 
with modified ring systems. Concentrations of 
A s'7 sterols in oysters are reported as totalling 
7% of total sterols in C. virginica (21)and 16% 
of total sterols in Crassostrea gigas (2). In C. 
virginica cholesta-5,7-dien-3/3-ol and ergosta-5, 
7,22-trien-3/~-ol predominate (21 ). 

This variety of sterols found in oyster ex- 
tracts should raise questions regarding the 
specificity and degree of reaction of each 
reagent with the various structural analogues of 
cholesterol present in these samples. The rela- 
tive absorbance of the chromophores deve- 
loped, after reaction of the selected sterols with 
the Liebermann-Burchard and acid-FeC13 re- 
agents, is shown in Table 2. Any structural 
difference among the sterols resulted in a 
change in the chromogen produced with the 
Liebermann-Burchard reagent. Of the sterols in 
Table 2, only 24-ethylcholest-5-en-3~-ol and the 
A s'7 sterols have been compared to cholesterol 
previously. In all studies, 24-ethylcholest-5-en- 
3~-ol had a lower molar absorption coefficient 
at 625 nm than cholesterol (22,23) and the 
A s'7 sterols yielded 130% to 250% as much 
color as cholesterol after treatment with the 
Liebermann-Burchard reagent (2,14,22,24,25). 
Absorbance of the chromogen produced upon 
reaction with the acid-FeC13 reagent is within a 
narrower range when the nucleus is the same as 
that of cholesterol. 

Inspection of the absorption spectra pro- 
duced upon reaction of the sterols with these 
two reagents confirms these results. Spectra 
obtained after reaction of the sterols with the 
Liebermann-Burchard reagent were dissimilar 
with regard to absorbance (Table 2) and wave- 
length maxima (Table 3). On the other hand, 
spectra of sterols with identical steroid nuclei 
treated with the acid-FeCl3 reagent had con- 
stant wavelength maxima of 560 nm. Any 
alteration in the steroid nucleus caused marked 
changes in the spectra. 

Spectra obtained after reaction of choles- 
terol and oyster sterols with the Liebermann- 
Burchard and acid-FeCl3 reagents are displayed 

TABLE 2 

Reactivity of Selected Sterols With the Liebermann-Burchard and Acid-FeCl 3 Reagents 

Relative absorbance 
Liebermann- Structural 

Sterol Burchard a Acid- FeC13 b difference 

C h o l e s t e r o l  1 0 0  100  -- 
24 -Methy lcho le s t -5 -en -3 f l -o l  79 .5  107  Side  cha in  
2 4 - E t h y l e h o l e s t - 5 - e n -  3~-ol 53 .6  85.1  Side  c h a i n  
2 4 - E t h y l c h o l e s t - S  ,22-dien-3~-ol  67 .3  9 5 . 8  Side cha in  
5r~-Cholestan-3/~-ol 2 .73  6 .55  R ing  
Cho les t -5 ,7 -d ien -3~-o l  2 1 8  2 6 . 2  R ing  
E r g o s t a - 5 , 7 , 2 2 - t r i e n - 3 ~ - o l  242  37 .9  R ing  & side cha in  
3 - K e t o - 2 4 - e t h y l c h o l e s t - 4 , 2 2 - d i e n e  7 .27  9 .83  Ring  & side cha in  
5a -Cho le s t  ane  0 0 R ing  
O y s t e r  s te ro ls  c 81 9 8  Ring  & side cha in  

aConcentration of 2.0 ~M, measured at 625 nm. 
bconcentration of 0.4/~M, measured at 560 nm. 
CCalculated based on percentage of sterols present as determined by GLC on 3% SE-30. 
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TABLE 3 

Spectral Characteristics of Sterols after Treatment with the 
Liebermann-Burchard and Acid-FeCl z Reagents 

Sterol 

Major absorbance bands 

Liebermann- Structural 
Burchard Acid-FeCI 3 difference 

(h nm) 

Cholesterol 630 560 
24-Methyich olest- 5-en-3~3-ol 630 560 
24-Et hylch olest-5-en-3/3-ol 677 560 
24-Et hylch olest- 5,22-dien-3/3-ol 693 560 
5c~-Cholest an-3/3-ol - 343,450,553,510 
Cholest-S,7-dien 3/~-ol 660 385,490 
Ergost a- 5,7,22-trien-3/3-ol 665 385,465 
3-Keto-24-ethylcholest-4,22-diene 694 383,465 
5~-Cholestane - - 
Oyster sterols 630,675 560 

Side chain 
Side chain 
Side chain 
Ring 
Ring 
Ring & side chain 
Ring & side chain 
Ring 
Ring & side chain 

0.9 

CHOLESTERO L 

0.? 

Z 

0.5 

0"3 t 

0.1 

STEROL$ 

OYSTER 
STEROLS 

.500 600 700 .500 800 700 
WAVELENGTH (nm) 

FIG. 3. Shown axe the spectra obtained after reaction of cholesterol and oyster sterols with: A) 
the Liebermann-Burchard reagent; B) the acid-FeCl 3 reagent. 

in Fig. 3. The ch romogen  developed by  reac t ion  
of  oyster  sterols with the  acid-FeCl3 reagent  
appears quite  similar to that  developed using 
cholesterol .  

The use of  digi tonides in these expe r imen t s  
produced  results which were nearly ident ical  
to  those r epor ted  above. 

Relative reactivi ty of  the  selected sterols 
wi th  cholesterol  oxidase is shown  in Table 4. 

The sterols closely related s t ructural ly  to 
choles terol  reacted almost  as well as cholesterol  
wi th  the enzyme.  React ion of  each sterol  wi th  
choles terol  oxidase was fur ther  examined  over a 
concen t ra t ion  range of  0.02-0.2 #M. A linear 
response  was observed over a concen t ra t ion  
range of  0.02 to 0.2 /aM, and the data were 
f i t ted to the best straight line by regression 
analysis. Cholesterol  oxidase f rom Norcardia 
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TABLE 4 

Reactivity of Selected Sterols with Cholesterol Oxidase 

629 

Relative Slope due Structural 
Sterol absorbance a to regression b difference 

Cholesterol I00 1.39 -+0.08 - 
24-Methylchotest-5-en-3/3-ol 86.2 2.12 -+0.15 Side chain 
24-Ethylcholest-5-en-3/3-ol 102 2.85 -+0.04 Side chain 
24-Ethylcholest-5,22-dien-3fl-ol 99.6 2.29 +0.10 Side chain 
5~x-Cholestan-313-ol 89.8 2.19 -+0.10 Ring 
Cholest - 5,7-dien-3B-ol 62.5 0.954 +0.099 Ring 
Ergosta-5,7,22-trien-313-ol 12.7 0.157 -+ 0.044 Ring & side chain 
3-Keto-24-ethylcholest-4,22-diene 2.47 -- Ring & side chain 
5c~-Cholestane 17.3 - Ring 
Oyster sterols c 97 -- Ring & side chain 

aConcentration of 0.1 ~M. 
bConeentration range of 0.02-0.2/~M. 
eCalculated based on percentage of sterols 

erythropolis has been  s h o w n  to  reac t  wi th  all 
s terols  used  in th is  s t u d y  (26).  However ,  in 
m a n y  in s t ances  t h e  degree o f  reac t iv i ty  n o t e d  
here  is h igher  t h a n  t ha t  p rev ious ly  r epo r t ed  
(23 ,26 ,27) .  

In s u m m a r y ,  t h e  L i e b e r m a n n - B u r c h a r d  re- 
agent  is n o t  r e c o m m e n d e d  for  the  analys is  o f  
mo l lu scan  sterols .  This  r eagen t  deve lops  specif ic  
c h r o m o g e n s  wi th  ind iv idua l  s terols  t ha t  differ  
s ign i f ican t ly  f r o m  those  deve loped  wi th  choles-  
terol .  Oys t e r  s terots  t r ea ted  w i th  the  Lieber-  
m a n n - B u r c h a r d  reagen t  develop a c h r o m o g e n  
w h i c h  is diss imilar  to t he  one  p r o d u c e d  by  t he  
reac t ions  wi th  choles terol .  

Even t h o u g h  t h e  acid-FeCla and  cho les te ro l  
ox idase  m e t h o d s  gave c o m p a r a b l e  resul t s ,  t h e  
la t ter  p ro ced u re  is prefer red .  The  e n z y m e  
reacts  well w i th  all o f  the  t y p e s  o f  s terols  t ha t  
occur  in m o l l u s c a n  samples .  The  e n z y m a t i c  
analys is  y ie lds  linear resu l t s  over the  concen -  
t r a t i on  range  at  wh ich  the  var ious  s terols  m a y  
be f o u n d  in m o l l u s c a n  samples .  Fu r the r ,  possi-  
bili t ies for  t h e  f o r m a t i o n  o f  in te r fe r ing  c h r o m o -  
gens  are m i n i m i z e d  since the  assay d e p e n d s  
u p o n  the  p r o d u c t i o n  o f  h y d r o g e n  pe rox ide  and  
n o t  the  s terol  deg rada t ion  p r o d u c t  (14).  
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Squalene Isolation by HPLC and 
Quantitative Comparison by HPLC and GLC 
J.C. SULPICE* and J. FF'REZOU, Laboratoire de Physiologie de la Nutr i t ion I , Universit~ 
de Paris-Sud, B~timent 447 91 405 Orsay Cedex France 

ABSTRACT 

A new procedure is described for isolating and measuring squalene in plasma and in several organs 
of the rat. The unsaponifiable material was fractionated by normal phase HPLC on a silica gel column 
using a mobile phase consisting of hexane/propanol-2/water. The eluate was monitored at 215 nm. 
The squalene in the hydrocarbon fraction thus collected was than quantified on an analytical column 
eluted with hexane. Squalene concentrations ranging from 3 to 200 ug per ml of plasma or per g of 
fresh tissue were accurately measured. The results obtained agree with those of the squalene assays 
carried out by gas chromatography on a packed or capillary column. 
Lipids 19:631-635, 1984. 

INTRODUCTION 

Squalene, which is the last metabolite pre- 
ceding sterol ring formation in the biosyn- 
thetic cholesterol pathway, has both synthetic 
and dietary origins. The active participation of 
dietary squalene in cholesterol production 
already has been demonstrated (1,2). Moreover, 
cholesterogenesis has been correlated to the 
plasma squalene level when a low squalene diet 
is administered (3). Various approaches have 
thus been proposed to evaluate the rate of 
cholesterogenesis by measuring the squalene 
concentration in plasma or by measuring its 
specific radioactivity after injection of a ra- 
dioactive precursor (4,5). The present study 
concerns a rapid method of squalene isolation 
which can be useful in the investigation of 
squalene metabolism. High performance liquid 
chromatography (HPLC), a convenient method 
for fractionating fipid mixtures, especially 
sterols (6,8), was used to isolate squalene from 
cholesterol, methylsterols and sterol precursors 
by directly using the unsaponifiable material 
of the plasma and several organs in the rat. This 
procedure involved a normal phase preparative 
HPLC on a silica gel column using hexane/ 
propanol-2/water as the mobile phase, with UV 
squalene detection at 215 nm. The squalene in 
the hydrocarbon fraction thus obtained was 
then accurately measured by HPLC on an 
analytical column using hexane as the mobile 
phase. The results were compared to conven- 
tional gas-chromatographic assays on a packed 
o r  capillary column. 

MATERIALS AND METHODS 

Materials 

Standard cholestane and squalene were ob- 
*To whom correspondence should be addressed. 
~Equipe de Recherche Associde au C.N.R.S. : ERA 

0415. 

rained from Sigma (St. Louis, Missouri), [ U J H ] -  
squalene and [ 1,2 -3HI-cholesterol, from the 
Service des Moldcules Marqudes (C.E.A., 
Saclay, France). n-Hexane, analytical grade, 
propanol-2, HPLC grade and petroleum ether 
(boiling range 35-60 C) were purchased from 
Prolabo (Paris, France). Water was double 
distilled. All solvents used for elution were 
filtered through a membrane with 0.5/am pores 
(Miilipore lntertec, Inc., Bedford, Massachu- 
setts), sonicated and degassed under vacuum 
every 3 hours. 

The animals used for this study were adult 
male Wistar rats housed in the laboratory and 
fed a semi-synthetic diet (9). They were killed 
by intraaortic puncture after pentobarbital 
anesthesia. Samples of  liver, intestine (wall and 
mucosa), skin, kidney and adipose tissue were 
collected after the cardiovascular system was 
washed with physiological saline. Plasma and 
tissue samples were directly saponified in 2N 
alcoholic KOH for 2 hours at 80 C. The unsa- 
ponifiable material was extracted three times 
with petroleum ether, washed with ethanol/ 
water (50:50, v/v) and dried by evaporation. 

HPLC 

Apparatus 

HPLC was conducted with a double pump 
LIREC A 802 apparatus (LIREC, Montgeron, 
France) equipped with a manual injector and a 
variable wavelength detector (cell volume 8/al, 
optical path 10 mm). Preparative chroma- 
tography was performed on a commercial 
column (Chrompack, 4330 AA Middelburg, 
The Netherlands) (25 cm long, 1.2 cm I.D.) 
packed with SI 60-7 silica gel (Merck, Darms- 
tadt, W. Germany) preceded by a precolumn (5 
cm long, 2 mm I.D.) packed with HP Pellosil 
(30-38 /am) (Whatman, Clifton, New Jersey) 
which served as a filter for column protection. 
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This system was connected to a time-program- 
med fraction collector. For squalene measure- 
ments, a commercial analytical column (Chrom- 
pack) (25 cm long, 4.6 mm I.D.) packed with 
Si 60-5 silica gel (Merck) was used. Chroma- 
tograms were analyzed with an electronic 
integrator. 

PROCEDURES 

Preparative HPLC 

A fraction of the unsaponifiable material 
containing 1 to 10 mg of sterols was dis- 
solved in 1 ml hexane and injected onto the 
column. The mobile phase was an isohydric 
mixture (10) consisting of hexane/propanol-2/ 
water (98:1.986:0.014, v/v/v), with a flow rate 
of 5 ml/min. The eluate was monitored at 215 
rim. The retention time of squalene was 4 min. 
When required, squalene collected in the hydro- 
carbon fraction was purified by a second-step 
chromatography on the same column using 
hexane as the mobile phase, with a flow rate of 
5 ml/min. Under these conditions, its retention 
time was 8 min. 

HPLC Measurements 

The squalene samples collected by prepara- 
tive HPLC were dissolved in a convenient 
volume of hexane to a final squalene concen- 
tration ranging from 5 to 50 /Jg/ml. Squalene 
assays were carried out using hexane as the 
mobile phase, with a flow rate of 1 ml/min. A 
calibration curve was established with known 
injected amounts of squalene ranging from 0.1 
to 1.5 /~g. Both the standard and samples were 
injected from the same completely filled 24/.tl 
loop. This volume was accurately measured by 
injecting a standard solution of [1,2-3H] - 
cholesterol into the loop and collecting the 
sample without passing through the column. 
Each sample injection was followed by two 
calibrating injections each spaced 2 minutes 
apart. 

GAS CHROMATOGRAPHY 

Apparatus 

Gas/liquid chromatography was carried out 
with a Varian 1400 apparatus (Varian Aero- 
graph, Palo Alto, California) equipped with a 
FID detector. The glass column (1.5 m long, 
2 mm I.D.) was packed with 1.5% OV 202 on 
100-120 mesh Chromosorb WHP (Chrompack). 
Its temperature was 280 C, with the detector 
and injector at 260 and 270 C respectively. 

Capillary gas chromatography was con- 
ducted with a Carlo Erba 4100 apparatus (Carlo 
Erba, Milano, Italy) equipped with a Ross 

needle type injector and a FID detector. The 
commercial silica column (25 m long) was 
coated with SE 52 (Carlo Erba). Its tempera- 
ture was 255 C with the detector and injector 
at 285 C. The carrier gas was H2 at a pressure 
of 0.3 bar. Chromatograms were analyzed with 
an electronic integrator. 

Procedures 

The squalene fractions collected after pre- 
parative HPLC or squalene samples used for the 
calibration curve were dissolved in hexane in 
the presence of a known amount of cholestane 
as an internal standard. In order to measure 
minute amounts of squalene, the capillary 
column was used and squalene concentrations 
were adjusted from 0.4 to 2 or from 2 to 10/ag 
per ml of hexane containing 2 or 10 /lg of 
cholestane respectively. Two microliters were 
injected. Usually, however, the packed column 
was used and squalene concentrations were 
adjusted to 10-100/ag/ml of hexane containing 
100/.tg of cholestane. The injected volume was 
three microliters. 

In order to evaluate the technical squalene 
losses that could occur during the purification 
steps (extraction + preparative HPLC), several 
squalene assays were carried out after adding a 
fixed amount of cholestane prior to the sam- 
ples saponification. Since squalene and cho- 
lestane were eluted in the same hydrocarbon 
fraction by preparative HPLC using hexane/ 
propanol-2/water as the mobile phase, their 
concentration ratio could be measured by 
GLC both in the unsaponifiable material and in 
the squalene fraction thus collected. Using this 
procedure, squalene amounts were corrected 
for 100% recovery of the internal standard. 

RESULTS AND DISCUSSION 

Preparative HPLC on a silica gel column in 
normal phase proved to be a more rapid and 
efficient method of isolating squalene from the 
various sterols present in the biological sample's 
unsaponifiable material (Figure 1 and Table 1) 
than thin layer chromatography. The low cost 
of this procedure was due to the possible use 
of hexane analytical grade in the mobile phase. 
However, in hexane/propanol-2/water, squalene 
was collected with the solvent front in the 
hydrocarbon fraction (Figure 1). A polarity 
gradient from hexane to hexane/propanol-2/ 
water would have been more appropriate to 
improve squalene purification. Unfortunately,  
the higher resolution of this procedure resulted 
in the loss of internal standards as cholestane 
or squalane which could be useful for a further 
squalene assay by GLC (to correct for a 100% 
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FIG. 1. HPLC separation of squalene, cholesterol 

and sterol precursors from the unsaponifiable material 
of rat skin. The column (25 cm long, 1.2 cm I.D.) was 
packed with Si 60-7 silica gel (Merck). The mobile 
phase was hexane/propanol-2/water (98:1.986:0.014, 
v/v/v) and the flow rate 5 ml/min. Fractions 1,2,3 and 
4 contained squalene, methylsterols, cholesterol and 
A 7-cholesterol, respectively. 

recovery of the internal standard). Moreover, 
such a gradient required appreciable volumes 
of hexane and several hours to re-equilibrate 
the column between two injections. Thus, 
when squalene purification was necessary, 
especially to measure its specific radioactivity, 
the preferred method consisted of  purifying the 
squalene fraction first collected in hexane/ 
propanol-2/water as a mobile phase by a sub- 
sequent chromatography on the same column 
preconditioned in hexane. 

The quantitative isolation of squalene by 
preparative HPLC in hexane/propanol-2/water 
as a mobile phase was verified. More than 95% 
of a standard [U-aH]-squalene solution was 
usually recovered in the hydrocarbon fraction, 
suggesting that squalene retention on the silica 

T A B L E  1 

Separation of Squalene, Sterols and 
Non-Biological Standards 

Compound 

k t 

TR CapacitYhfactor 

Retention time k'= TR'T~ 
in minutes T O 

S q u a l e n e  4 0 .3  
S q u a l a n e  (ST)  4 0 .3  
C h o l e s t a n e  (ST) 4 0 .3  
Fa rneso l  (ST)  a 7.1 a n d  8 .6  1.4 a n d  1.9 
L a n o s t e r o l  10 2 .3  
C h o l e s t e r o l  17 4 .6  
A 7 - c h o l e s t e r o l  1 8.6 5.2 

Separation of squalene, sterols and non-biological 
standards (ST) by HPLC on a Si 60-7 (Merck)silica 
gel column (25 cm long, 1.2 cm I.D.) using hexane[ 
propanol-2/water (98:1.986:0.014, v/v/v) as the 
mobile phase (5 mi/min). 

aMixture of two isomers. 
bRetention time of the solvent front (T0=3 min.). 

gel was negligible. Similarly, when rats received 
an intravenous injection of radioactive cho- 
lesterol precursor, more than 95% of the 
radioactivity of the unsaponifiable material 
obtained from the various organs was recovered 
in four principal fractions called squalene, 
methylsterols, cholesterol and A7-cholesterol 
(Fig. 1). 

GAS CHROMATOGRAPHIC SQUALENE ASSAYS 

Gas chromatography is the usual method for 
squalene assays (1-5). In this study, the squa- 
lene amounts of the diets and the different 
organs in the rat were usually measured by 
using the packed column. However, in rats fed 
a low squalene diet (5.9 /zg/g), the plasma 
squalene level was too low to be measured 
accurately. A greater sensitivity and an im- 
proved resolution were thus obtained when 
chromatography was carried out on a capillary 
column (Fig. 2). The efficiency of this pro-  
cedure was limited by the purity of  solvents 
used in the chemical treatment of the biological 
samples. 

The main advantage of gas chromatography 
resided in the possible addition of an internal 
standard to the biological sample before saponi- 
fication and collection of the squalene by 
preparative HPLC using hexane/propanol-2/ 
water as a mobile phase. Using this method, 
only 5 to 10% of the squalene was estimated 
to be lost during its purification from several 
samples of  rat plasma, skin and adipose tissue 
(Table 2). 

HPLC Squalene Assays 

In the HPLC procedure, common non-bio- 
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FIG. 2. Capillary gas chromatography of squalene on a silica gel column (25 m long) coated with SE 52. 
The temperature was 255 C, hydrogen pressure 0.3 bar and detection was flame ionization. A. Analysis of the 
unsaponifiable material from rat skin. B. Squ',dene assay in the hydrocarbon fraction prepared by HPLC using 
hexane/propanol-2/water as the mobile phase, from the unsaponffiable material of rat plasma. The sample was 
dissolved in 0.5 ml hexane containing 2 ~g of cholestane per ml. The injected volume was 2 gl. 

Signals 1,2,3 and 4 represent squalene, standard cholestane, cholesterol and A7-cholesterol, respectively. 

TABLE 2 

Squalene Concentration in Plasma and Several Organs 

Samples Plasma Adipose tissue Skin 
(n) (3) (4) (3) 

Unsaponifiable material 6.01 • 0.78 38.3 -* 5.0 129.1 • 
Squalene fraction 5.30 • 0.65 36.43 • 4.93 115.8 -+ 44.8 

Squalene concentrations (mean value • standard error of the mean) in plasma (~g/ml) 
and several organs (~g/g of fresh tissue) from the rat measured by GLC in the unsaponifiable 
material and in the squalene fraction collected by preparative IIPLC. Cholestane was added 
as an internal standard before saponification of the biological samples. 

logical internal  s tandards  such as choles tane  or 
squalane generally used in GLC (I-5)  were 
unable to improve squalene assays and correct  
for its technical  losses, since those c o m p o u n d s  
were not  de tec ted  at 215 nm. However,  
squalene was accurately measured in the ab- 
sence of  a convenient  internal  s tandard by using 
a calibrat ion curve ob ta ined  f rom known  

amo u n t  of  squalene.  In order  to improve the  
precision of  the assays, the de t ec to r  response 
was calibrated by two inject ions  of  s tandard 
squalene after  each sample inject ion (Fig. 3). 
This me thod  was validated by a direct com- 
parison with squalene assays carried out by gas 
chroma tography  on a packed or capillary 
column.  The small technical  squalene losses 
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were  n o t  t a ke n  in to  a c c o u n t ,  and  cho les t ane  
was added  to  t he  squa lene  f r ac t ion  prepared  by  
HPLC in h e x a n e / p r o p a n o l - 2 / w a t e r  as t he  
mobi le  phase .  As seen in Table  3, the  pro-  
cedures  were similar .  Indiv idual  squa lene  con-  
cen t r a t ions ,  HPLC versus  GLC,  expressed  in 
/.tg/ml o f  p l a sma  or /.tg/g o f  f resh  t i ssue ,  were 
re la ted by  a regress ion  line ( e qua t i on  y = 
0 . 9 5 3 x  + 0.9) ,  w i th  a Pea r son  cor re la t ion  co- 
ef f ic ient  (r) of  0 .993 .  

Ei ther  HPLC or  GLC can be used  for  squa-  
lene assays .  This  s t u d y  has  s h o w n  t h a t  GLC was  
be t t e r  for  precise squa lene  c o n c e n t r a t i o n  
m e a s u r e m e n t s ,  as t he  use  of  an  in te rna l  s t an-  
dard t o o k  in to  a c c o u n t  the  cor rec t ion  for  to ta l  
squa lene  recovery  dur ing  its pur i f i ca t ion .  
However ,  HPLC appeared  to be par t i cu la r ly  
su i tab le  for  m e a s u r i n g  t he  specif ic rad ioac t iv i ty  
o f  squa lene  samples  because  it enab led  pur i f ied  
squa lene  to be b o t h  rap id ly  isola ted and  pre-  
cisely quan t i f i ed .  This m e t h o d  p r o b a b l y  could  

- be i m p r o v e d  b y  c o n n e c t i n g  the  HPLC s y s t e m  
to  an a u t o m a t i c  rad ioac t iv i ty  de t e c to r  w h ic h  is 
a l ready  c o m m e r c i a l l y  avalaible.  I0 ra in  

FIG. 3. HPLC assay of the hydrocarbon fraction 
isolated by preparative HPLC from the unsaponifiable 
material of rat skin. The column (25 cm long, 4.6 mm 
I.D.) was packed with Si 60-5 silica gel (Merck) and 
the mobile phase was hexane with a flow rate of 1 
ml/min. The sample injection (S) was followed by two 
calibrating injections of standard amounts of squalene 
(1.6 and 0.8 #g). The injected volume was 24 t~l. 
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TABLE 3 

Squalene Concentrations in Various Organs, Plasma and Diet of Rats 

Intestine a 

Samples Liver Kidney Wall Mucosa Adipose tissue Skin Plasma Diet 
(n) (10) (4) (4) (2) (7) (9) (9) (5) 

HPLC 23.9 + 2.4 21.3 + 1.3 8.3-+ 1.5 12.5 + 3.8 36.4-+ 2.9 100.7 -+ 14.5 5.0+ 0.4 
GLC 25.4 + 2.5 23.2 + 1.2 8.9 + 0.7 10.0 + 3,0 36.6-+ 2.8 105.4 + 18.0 4.7 + 0.6 5.9 + 0.8 

Squalene concentrations (mean value + standard error of the mean) in various organs (/~g/g of fresh tissue), in 
the plasma (/~g/ml) and the diet (~tg]g) of the rats, measured by HPLC and GLC. Measurements were carried out 
in the squalene fractions collected by preparative HPLC from the unsaponifiable materials. 

aAfter its content was removed by washing with physiological saline, the intestine was longitudinally opened 
and the mucosa was scraped off with a scalpel blade. The wall represents the remaining part of the intestine. 
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ABSTRACT 

To assess possible incorporation of halogenated fatty acids into the neonate via the milk, a 4-day 
study was carried out in which lactating Wistar rats were orally dosed with either brominated olive 
oil (BOO) (0.6 g/kg body wt/day) or chlorinated olive oil (COO) (0.4 g/kg body wt/day) for the first 
4 days. On days 1-5 inclusive 2 pups per litter were sacrificed and the stomach curd and livers analyzed 
for halogenated fatty acids by gas liquid chromatography (GLC). On day 5 all dams also were sacri- 
ficed and their livers and adipose tissue similarly analyzed. With BOO, brominated fatty acids (bfa) 
accumulated in both the milk lipids and neonate liver lipids, and appeared to plateau on day 4 at levels 
of 2% and 5% respectively. In contrast to the BOO in which approximately 100% of the bfa was 
dibromostearic (DBS), the milk bfa comprised 79% (DBS), 9% dibromopalmitic (DBP) and 12% 
dibromomyristic (DBM) acids, suggesting maternal metabolism to the shorter chain brominated acids. 
In the neonate liver lipids the bfa composition was 47% (DBS), 12% (DBP) and 41% (DBM), suggesting 
either further metabolism in the neonate and/or preferential accumulation of the shorter chain bromi- 
nated acids. The analysis of maternal tissue indicated very low bfa residues, contrary to previous 
studies in non-lactating rats. Similar results were obtained with CO0. 
Lipids 19:637-642, 1984. 

INTRODUCTION 

In contrast to the transfer of various con- 
taminants such as polychlorinated biphenyls 
(1), polybrominated biphenyls (2), and halo- 
genated hydrocarbons (3-5) to the neonate via 
the milk, little has been reported on the mam- 
mary transfer of food additives. While it is 
recognized that food additives have limited 
toxicity compared to the various contaminants 
quoted previously it also should be recognized 
that additives normally are present in foods at 
much higher levels. Consequently, levels to 
which the neonate may be exposed in the,milk 
also may be much higher. 

Several reports recently have appeared in the 
literature on the metabolism of brominated 
fatty acids (bfa) in the rat (6-8). It was shown 
that both males and females accumulate bfa in 
the liver, heart and adipose tissue. This com- 
muhication describes preliminary studies con- 
ducted in lactating rats with brominated olive 
oil (BOO) and with chlorinated olive oil (COO) 
to assess possible incorporation of  halogenated 
acids into the milk, further absorption into the 
neonate, and any metabolism occurring in 
these processes. Brominated vegetable oils 
presently are permitted as food additives in 
North America, and chlorinated oils can result 
from the use of  chlorine as a bleaching and 
maturing agent on some flours (9). 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Brominated olive oil was prepared by bromi- 
nation of olive oil in cold diethyl ether (10); 
chlorinated olive oil by chlorination of olive oil 
in cold carbon tetrachloride in the absence of 
light (11). The chlorinated oil was demonstra- 
ted (12) to contain less than 1 ppm carbon 
tetrachloride. Solutions of BOO (32%) and 
COO (20%) in corn oil were prepared; 0.5 ml 
aliquots were used for dosing by oral intuba- 
tion. 

On the fourth day post partum (day 1 of the 
study) the litters of lactating Wistar rats (265- 
306 g, Woodlyn Farms, Guelph, Ontario) were 
culled to 10 pups. In addition, 2 pups/litter 
were sacrificed by decapitation (as controls). 
Six dams were dosed with BOO (0.6 g/kg body 
wt/day), and 5 dams with COO (0.4 g/kg body 
wt/day). Previous studies in our laboratories 
had indicated no apparent visual toxic effects 
in adult rats dosed at these levels for 10 days. 
Dosing of dams and sacrificing (2 pups/litter) 
were continued for the next 3 days. On the 
fifth day, all dams were sacrificed using ether 
anesthesia, and the remaining pups by decapita- 
tion. The stomach curd and livers of all pups, 
and the livers and adipose tissue of dams were 
taken for lipid analysis. 

Throughout the study rats were housed in 
Health Guard System | shoe box cages and 
permitted free access to laboratory rat chow 
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(Master Laboratory Cubes, Master Feeds, 
Toronto,  Ontario) and water. The cages were 
kept in an air conditioned (72 + 1 F), humidity 
controlled (50-55%) room with artificial light- 
ing (12 hours light/dark cycle). Necropsies were 
performed at the same time each day. 

Lipid was extracted from the stomach curd, 
livers and adipose tissue by the method of Bligh 
and Dyer (13), and converted to methyl esters 
by refluxing with 2% sulfuric acid in methanol/  
hexane (5:1). Under these transesterification 
conditions brominated and chlorinated trigly- 
cerides were converted to methyl esters with no 
loss of bromine (14) or chlorine (15). Methyl 
pentadecanoate was included as internal stan- 
dard to permit quantitative measurement of 
total fatty acid esters. 

Gas chromatographic (GC) analyses were 
carried out on a Varian 2100 chromatograph 
fitted with two identical 6' x 2 mm id glass 
columns packed with 3% OV-3 on 80-100 
mesh Chromosorb W, HP. One column was 
connected to a flame ionization detector 
(FID), and the other to a Coulson electrolytic 
conductivity detector operated in the halogen 
mode. Outputs from the two detectors were 
displayed on a dual pen recorder as shown in 
Figures 1, 2 and 5 with the upper and lower 
tracings representing the Coulson and flame 
ionization outputs respectively. Columns were 
temperature programmed from 100-300 C at 
10/min, and flow rates were adjusted to permit 
simultaneous elution of methyl dibromos- 
tearate in approximately 16 min. Peak areas 
were measured by electronic integrator. For 
quantitation by FID, response factors were 
calculated for d i b r o m o - a n d  dichlorostearate 
standards using Cis fatty acid as an internal 
standard. With the Coulson detection system, 
quantitation was carried out by comparing 
sample peak areas to external standards of the 
two halogenated stearates, since Cls acid does 
not produce a response with this detector. 
Levels of the two metabolites were based on 
peak areas assuming detector responses are 
similar to the respective brominated and 
chlorinated stearates. 

RESULTS 

Dosing Solutions 

Figure l shows the GC chromatograms 
resulting from the transesterification of the 
dosing solution of BOO (A) and COD (B). 
The response on the Coulson detector indicated 
one major peak corresponding to methyl 9,10- 
dibromostearate in BOO. and the methyl 9,10- 
dichlorostearate in COO, with no halogenated 
peaks corresponding to chain-lengths shorter 
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FIG. 1. GLC chromatograms of methyl esters of 
dosing solution. A - BOO dosing solution methyl 
esters; B - COO dosing solution methyl esters; DBS - 
methyl dibromostearate; Des methyl dichloros- 
tearate. Numbers adjacent to peaks on FID tracing 
indicate chain-length of fatty acids in peak immedia- 
tely to right of number. 

than Cl8 in either case. Peaks corresponding to 
the tetra-substituted derivatives which would 
arise from halogenation of linoleic acid present 
in the original olive oil were not observed under 
the analytical conditions and were not consi- 
dered further in this study. 

Stomach Curd Lipids 

Figure 2 illustrates the fatty acid pattern of 
the stomach curd lipids prior to dosing (A), and 
one day after dosing the dams with BOO (B) 
and with COO (C). Fatty acids ranged in chain- 
length from approximately C10-C22, and no 
halogenated acids were present in the curd 
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FIG. 2. GLC chromatograms of methyl esters of 
stomach curd lipids. A - Methyl esters of stomach 
curd lipids prior to dosing dam; B - Methyl esters of 
stomach curd lipids one day after dosing dam with 
BOO; C - Methyl esters of stomach curd lipids one 
day after dosing dam with COO; DBS - methyl 
dibromostcarate; DBP - methyl dibromopalmitate; 
DBM - methyl dibromomyristate; DCS - methyl 
dichlorostem'ate; DCP -- methyl dichloropalmitate; 
DCM - methyl dichloromyristate. Numbers adjacent 
to peaks on FID tracing indicate chain-length of fatty 
acids in peak immediately to right of numbers. 

prior to dosing. Brominated (B) and chlorinated 
(C) acids, however, appeared in the milk lipids 
one day after dosing. The appearance of halo- 
genated peaks, corresponding to C16 and Cn4 
di-halogenated acids, indicated some metabo- 
lism, presumably /3-oxidation, had occurred. It 
has been shown recently that metabolism of 
BOO and brominated corn oil in male rats 
resulted in the formation of C14 and C16 
dibrominated acids (7,8). It also appears that 
the loss of the 2-carbon fragments stops after 
Cl4 since no C12 acids were reported. Gas 
chromatography-mass spectrometry was used to 
identify the metabolites (8). 

Shown in Figure 2 is the chromatogram 
obtained with the Coulson detector for the 
stomach curd of the neonates of the BOO 
group. The results are similar to results found 
earlier (8) for the bfa composition of the livers 
of rats fed BOO for 4 days. Both results show 
only the presence of the metabolites, dibromo- 
myristate and dibromopalmitate,  in addition to 
unchanged dibromostearate. The obvious ad- 
vantages of the Coulson detector in identifying 
and measuring the halogenated fatty acids are 
readily apparent from chromatograms B and C. 
With the flame ionization detector alone, the 
C14 and C16 halogenated acids could not be 
observed since they eluted with, and con- 
sequently were obscured by, the more common 
non-halogenated CIa, C20 and C22 fatty acids. 

The total di-halogenated fatty acid contents 
(Cls + C!6 + C14) of the curd fatty acids for 
BOO and CO0 are shown in Figures 3 and 4, 
respectively. Brominated fatty acids appear to 
have increased over the dosing period up to a 
level of approximately 2% where they leveled 
off. Chlorinated fatty acids appeared to plateau 
at a slightly lower level of 1.2-1.5%. On a molar 
basis, the difference between the two becomes 
negligible. 

Although the total halogenated fatty acids 
increased over the dosing period, the relative 
percentages of halogenated fatty acids (C is: 
C 16 :C 14 ) remained unchanged (Table 1 ) during 
this period, and no appreciable differences 
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FIG.  3. B r o m i n a t e d  f a t ty  acid c o n t e n t  o f  the 
curd  and  liver f a t t y  acids over  dosing per iod .  Each 
po in t  shows  the m e a n  • range for 2 rats  f r o m  each o f  
6 litters. 
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FIG.  4. Ch lo r ina ted  fa t ty  acid c o n t e n t  of  the 
curd and liver fa t ty  acids  over  dosing per iod.  Each 
po in t  shows  the  m e a n  ~ range  for 2 rats  f r o m  each o f  
5 litters. 

tively, and remained constant over the dosing 
period. 

N e o n a t e  L i v e r  L i p i d s  

The fat ty  acid patterns of the neonate liver 
lipids prior to dosing (A), and one day after 
dosing the dams with BOO (B) and with COO 
(C) and shown in Figure 5. As with the curd, 
halogenated fatty acids corresponding to the 
di-halogenated Cm, C]6 and C14 acids, which 

T A B L E  1 

Relat ive A m o u n t s  o f  Different  B romina t ed  and o f  Different  Chor ina t ed  
Acids in Curd and in Neona te  Liver Over  the Period o f  S tudy  

% o f  Tota l  Ha logena ted  Acids 

Day 2 a Day 3 Day 4 Day 5 Mean 

Curd (BOO) 
C I 8  76 -+ 3 b 78 -+ 1 81 -+4 80 .:~3 79 ! 3  
C I 6  9 t 1 9 -  + 1 9 -+1  10 •  9 t 2  
C ! 4  15 • 3 13 • 3 tO +-4 10 -+2 12 -+4 

Curd (COO) 
C18 84 + 4 85 - + 2 83 -+3 84 -+ 1 84 •  
C16 8 + 2 8 t 1 8 -+2 8 -+2 8 •  
C14 8-+ 3 7 t 3 9 -+1  8 + 1  8 t 2  

Liver (BOO)  
C18 41 -+ 11 47 + 4 50 + 4  49 •  47  + 8  
C16 14 ~ 7 I I  + 2 12 +2  11 -+2 12 -+4 
C I 4  45  • 11 42 -+ 4 38 -+3 40  -+8 41 -+7 

Liver (BOO)  
C18 38-+ 7 47 -+ 12 50 t" /  4 9 - + 5  4 6 _ +9  
C16 8-+ 2 8-+ 3 9 - + 2  11 -+2 9 •  
C I 4  54 -+ 8 45 • !0  41 •  40  *-6 45 +-9 

aDay 2 is equiv,  to 5th day p o s t - p a r t u m .  
bMean -+ std. dev.  
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FIG. 5. GLC chromatograms of methyl esters of 
neonate liver lipids. A . Methyl esters of neonate 
liver lipids prior to dosing dam; B - Methyl esters of 
neonate liver lipids one day after dosing dam with 
BOO; C - Methyl esters of neonate liver lipids one day 
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after dosing dam with COO. Abbreviations as in Figure 
2. 

were not evident before dosing, appeared one 
day after dosing. The total di-halogenated fatty 
acid level in the liver fatty acids increased over 
the dosing period and appeared to level off at 
about 5% for BOO (Fig. 3) and at about 2% for 
COO (Fig. 4). On a molar basis, the halogenated 
acids from BOO equilibrate at twice the level 
of those from COO. 

Again, the relative percentages of the halo- 
genated acids (excluding possibly the first day 
after initial dosing) appeared to be unchanged 
during this period (Table 1 ) with no appreciable 
differences between the BOO (47:12:41) and 
the COO (46:9:45). However, these relative 
percentages were considerably different from 
those observed in the milk lipids. 

Dam Adipose Tissue and Liver Lipids 

Only trace levels (<0.1%) of halogenated 
lipids were found in the adipose tissue and Liver 
lipids of the dams in the present study. This is 
in contrast to the higher levels found in the 
neonate Liver Lipids and to the higher levels 
(> 1%) found by us previously (8,15) in the 
adipose tissue and liver lipids of non-lactating 
adult rats. 

DISCUSSION 

The results of this study in which lactating 
rats were dosed for 4 days with high levels of 
halogenated olive oil indicate that halogenated 
fatty acids can be incorporated into the milk, 
be further absorbed into the neonate, and be 
metabolized in the process. This is in agree- 
ment with previous studies in which it was 
demonstrated that the label from iodinated 
fatty acids, fed to cows, appeared in the milk 
(16), and that the label from chlorinated fatty 
acids, fed to rats, appeared in both the milk 
and the neonate (17). 

In the present study, the di-halogenated 
fatty acid degradation products are of particu- 
lar interest in that in the milk lipids approxi- 
mately 15-20% of the total halogenated acids 
are of shorter chain-length (Cl4 and C16) than 
the original Cla dihalo acid, and that catabo- 
lism, presumably /3-oxidation, stops at C14. In 
the neonate Liver lipids 55% of the di-halo- 
genated acids are of shorter chain-length. This 
probably reflects further catabolism by the 
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n e o n a t e  (18)  b u t  p r e s u m a b l y  could  also resul t  
f r o m  selective a b s o r p t i o n  o f  t he  sho r t e r  cha in  
f a t t y  acid.  Again ca t abo l i sm appears  to  s top  at  
C14 ref lec t ing  the  a p p a r e n t  inabi l i ty  o f  t he  
/3-oxidation s y s t e m  to c o n t i n u e  d o w n  the  
f a t t y  acid chain .  This  can be con t r a s t ed  w i th  
t he  ca tabo l i sm in the  adul t  ra t  o f  the  9 ,10-  
m e t h y l e n e  o c t a d e c a n o a t e  w h i c h  is a p p a r e n t l y  
ca tabol ized  one  s tage fu r t he r  to the  C12 3,4- 
m e t h y l e n e  acid (19).  Bo th  b r o m i n a t e d  and  
ch lo r ina ted  lipids appear  to be me tabo l i z ed  
in a similar  fash ion .  
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ABSTRACT 

The liver oil content of seven Mediterranean Centrophorus spp. were studied together with the oil 
of one unfertilized egg and one yolk bag. The relative weight of the liver ranges from 15 to 29% of 
total body weight; 63 to 89% of the liver weight is oil. Squalene, the major component (49-89% in oil) 
of the unsaponifiable fraction, is directly quantified by GLC following TLC separation, The squalene 
level increases with the age of the animals. More than 50 fatty acid species were identified. Among 
them, the most abundant are: 16:0 (22-27%), 18:1o39 (21-36%) and 22:6033 (2-18%). The level of 
w3-fatty acids, essential in the fishes, shows a maximum in the egg (26%), decreases to a minimum in 
the young (5%) and stabilizes to an intermediate level in the adult (12%). 
Lipids 19:643-648, 1984. 

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

Centrophorus spp. is a small, cosmopolitan 
shark living at depths ranging from 150 to 
1000 m. The liver, which is the main site of 
lipid accumulation in elasmobranchs (1), is one- 
fifth of the total body weight on the average. 
Squalene is the main constituent of the liver oil 
(2). Hydrogenation and purification of this oil 
lead to production of squalane, which is used as 
a fixative in the perfume industry and a skin 
lubricant in cosmetology. The various species 
are caught on the west African coasts (Senegal) 
and around Japan. Occasional captures of 
Centrophorus spp. are made on the Mediterra- 
nean French coast, but no commercial exploita- 
tion occurs. 

An experimental deep sea fishery took place 
in 1982 on the Corsican coast to collect deep 
sea sharks: Etmopterus pusillus, Hexanchus 
griseus, Galeus melanostomus and Centrophorus 
spp. were taken. This unexploited Centrophorus 
liver oil may be of potential economic interest, 
so we have investigated its chemical characteris- 
tics, paying attention to its squalene content,  
and to its total fatty acid composition, and 
relate these to the physiological state of animals 
used in this study. 

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

The sharks were captured on long lines in 

*To whom correspondence should be addressed. 

the bay of Ajaccio (Corsica-France) during the 
year 1982, at depths ranging from 200 to 
600 m. The juveniles and sub-adults were 
caught at shallower depths (150-180 m) than 
the mature animals (300-400 m). 

Seven sharks were selected according to their 
physiological state and oil extracted from their 
livers. Moreover, one unfertilized egg (UFE) 
and one yolk bag (YB) were recovered from 
two females for fatty acid analysis. The biologi- 
cal data are presented in Table 1. 

Systematics 

Centrophorus spp. belongs to the large 
Squalidae family. The Squalidae are small, 
cosmopolitan sharks, either benthic or pelagic, 
and are found at all depths. Several species of 
Centrophorus live in the Mediterranean and 
Atlantic oceans, but their taxonomy is still not 
elucidated. Cadenat and Blache (3) have used 
sharks of identical sizes to discriminate between 
the species. The specific identification criteria 
are too labile and subtle during the growth 
period to be used safely. Thus we have consid- 
ered that the Corsican species might belong to 
two "groups":  C. granulosus (Schneider 1801) 
and C. uyato (Rafinesque 1820)-C. machiquen- 
sis (Maul 1955). Most of the sharks processed 
in this study belong to the group in which 
sexual maturity is reached at a relatively small 
size and we have assigned these to the C. uyato- 
machiquensis group. 
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TABLE i 

Biological Data for Mediterranean Centrophorus spp. 

Sample number a UFE YB 1 2 3 4 5 6 7 

Sex M F M F M F F 
Length (cm) 12 tO 34 55 60 65 82 101 100 
Weight of animal (g) 223 785 1200 2320 4000 6400 6900 
Weight of liver (g) 46 139 179 520 1150 1409 1673 
Weight of egg (g) 310 210 

aUFE: unfertilized egg from female 6; YB: yolk bag of embryo 1 ; 1 : male embryo from 
female 7; 2: mature female with poorly differentiated ovaries; 3: juvenile male with poorly 
differentiated testicles; 4: young female showing granular ovaries with oocyte diameters of 
more than 1 cm; 5: sexually mature male; 6: mature female with UI:E; 7: female ending 
gestation. 

TABLE 2 

Analytical Data of Centrophorus spp. Liver Oil 

Sample number a 1 2 3 4 5 6 7 Squalene 

Saponification value 77 59 51 46 27 20 0 
Iodine value (Wijs) 247 273 295 306 345 333 308 360-380 
Density, d as - 0.8625 0.8671 0.8531 0.8582 0.8593 0.8583 0.8584 b 
Refractive index, n ~  !.4843 1.4873 1.4880 1.4897 1.4914 1.4900 1.4903 1.4965 b 
Oil in liver (% wt) c 67 70 73 73 75 87 89 
Squalene in oil (% wt) d 48.8 58.7 66.3 71.8 88.6 79.7 82.3 

aSee footnotes Table I. 
bMeasured at 20 C. 
CResults of hexane extraction. All other data refer to oil recovered without solvent. 
dDetermined by gas liquid chromatography. 

Liver Oil Extraction 

The  sharks  were deep- f rozen  a t - 3 0  C fol- 
lowing thei r  cap tures .  The  livers were r e m o v e d  
in the  l abo ra to ry ,  weighted  and  then  sh redded .  
The  oil which  e x u d e d  at  a m b i e n t  t e m p e r a t u r e  
w i t h o u t  pressure  (98% of to ta l  oil) was s t ra ined  
us ing paper  and  then  s to red  u n d e r  he l ium be- 
fore being processed  and  ana lyzed .  The  oil 
weight  pe rcen tages  in the  liver, r epor t ed  in 
Table 2, take  in to  a c c o u n t  a c o m p l e m e n t a r y  
ex t r ac t i on  us ing h e x a n e  at a m b i e n t  t e m p e r a -  
ture .  

The  iodine  and  sapon i f i ca t ion  values, as well 
as refract ive  index  and dens i ty ,  were deter-  
m ined  accord ing  to A F N O R  m e t h o d s  (4). 

Squalene Quantification 

Squalane  was used as in te rna l  s t anda rd  for 
quan t i f i c a t i o n  of  squa lene  by gas l iquid chro-  
m a t o g r a p h y  (GLC).  Syn the t i c  m i x t u r e s  f r om 
30 to 70% of  squa lene  (Sigma,  St. Louis ,  
Missouri)  an d  squa lane  (AEC,  C o m m e n t r y ,  
France) ,  pu r i t y  over 98%, were used to set up  a 
s t anda rd  curve.  

The  pure squa lane  was added  to  the  oil sam-  
ples so the  rat io  of  squa lene  on squa lane  weight  

a p p r o x i m a t e d  1. Of  this  m i x t u r e ,  2 5 / J L  at 10% 
(vol.) in h e x a n e  were depos i t ed  on  silica gel 
plates Merck Si 60 F 254,  0.25 m m  th ickness  
and  developed  us ing  h e x a n e / e t h e r  (92 :8 ,  v/v) as 
the  solvent  sys t em.  Plates were sp rayed  wi th  
r h o d a m i n e  B and  ba nds  were e x a m i n e d  unde r  
366 n m  UV light. The  squa lene - squa lane  band  
(Rf  = 0.9 - 1) was t raced,  scraped of f  and 
ex t r ac t ed  wi th  h e x a n e  (2-3 ml). 

Mix tures  were ana lyzed  on an l n t e r s m a t  IG 
12 DFL gas c h r o m a t o g r a p h  (F rance )  equ ipped  
with a split  in jec tor  and  f lame ioniza t ion  
de tec tor .  The  silica capil lary c o l u m n  used was 
25 m long,  0.23 m m  id and  coa ted  wi th  OV 
1701 (0.1 /Jm phase  th ickness ) .  The  c o l u m n  
was opera ted  at 230 C while the  inlet and 
de t e c to r  ovens were ope ra t ed  at 290 C. The  
inlet  pressure  o f  h y d r o g e n  used as the  carrier 
gas was 0.8 bar (split  45 m l . m i n  -1 ). Peak areas 
were in tegra ted  by  a LTT  ICAP 5 e lec t ronic  
in tegrator .  

Analysis of Fatty Acid Composition by GLC 

All the  m a n i p u l a t i o n s  were carried ou t  
unde r  he l ium.  Fo l lowing  the  sapon i f i ca t ion  of  
oil wi th  2 M K O H / E t O H ,  the  unsapon i f i ab l e  
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fraction was extracted using isopropyl ether 
(5). Fatty acid methyl esters were prepared by 
acid-catalyzed methylation using BFs-CHaOH 
(10%, Fluka, Buchs, Switzerland) according to 
AFNOR NFT 60-230 Norm (4). Commercial 
saturated and unsaturated, even and odd- 
numbered (Fluka), and polyunsaturated (Sigma, 
St. Louis, Missouri) fatty acid methyl esters 
were used as standards for the identification of 
Centrophorus liver oil fatty acid methyl esters, 
together with those of cod liver oil (6). 

Analysis was performed on a Girdel 30 gas 
chromatograph (Girdel, France) equipped with 
a glass injector and a flame ionization detector. 
The glass capillary column was 40 m long, 
0.30 mm id and coated with Carbowax 20 M, 
0.15/am dr. Operating temperatures were 180 C 
for the column and 255 C for the inlet and 
detector ovens. Inlet pressure of hydrogen as 
carrier gas was 0.8 bar, split 40 ml 'm in  -1 ; peak 
areas were integrated by LTT ICAP 5 electronic 
integrator. 

Hydrogenation of Fatty Acid Methyl Esters 

Platinum oxide (10% Pt, Fluka) deposited 
on charcoal (25 mg) was added to the mixture 
of fatty acid methyl esters (500 mg) in hexane 
(6 ml). Hydrogenation was achieved by stirring 
for 16 hr at ambient temperature under a slight 
positive pressure of hydrogen. 

Gas Liquid Chromatography-Mass Spectrometry 

Hydrogenated fatty acid methyl esters were 
analyzed on a Girdel-Ribermag R 10-10 B gas 
chromatograph mass spectrometer (Ribermag, 
France). The Girdel 30 chromatograph was 
fitted with a 25 m silica capillary column, 
0.32 mm id coated with CP Sil 5 (Chrompack, 
France) 0.134 /am dr. Operating conditions 
were: inlet 320C, the column temperature 
linearly programmed from 140 to 300 C at 
3 C rain- ' ,  helium carrier gas 0.5 bar, ionizing 
voltage 70 eV, ion source 150 C. Data computa- 
tion was performed on a Sidar system. 

R ESU LTS 

The relative weight of Centrophorus liver 
ranges from 14.9 to 28.8% of total animal 
weight. The analytical values summarized in 
Table 2 show variations with the age of ani- 
mals: the oil percentage in the liver increases 
from 67 to 89% while the proportion of squa- 
lene in the oil increases from 49 to 89% (squa- 
lene is over 98% of unsaponifiable matter); the 
saponification value decreases from 77 to 16, 
while the iodine value increases from 247 
to 345. 

The squalene was identified by 0pen-tubular 

GLC (OV 1701). The pristane often found in 
marine animals (7-10) was not detected in 
significant amounts. 

The quantification of squalene was executed 
on raw oil, using squalane as internal standard. 
The squalene and the squalane were separated 
together from the other oil components (cho- 
lesterylester, diacylglycerylether, triglyceride) 
by TLC and analyzed by GLC (relative response 
factor ~ I). Tests have shown the accuracy of 
this method (on synthetic mixtures of squalene- 
squalane or vegetable oil-squalene-squalane). 
Squalene quantitation in samples 1 to 7 shows a 
regular increase (49-89%) of this hydrocarbon 
as a function of age. A concomitant decrease of 
the saponifiable fraction is observed. 

The fatty acid compositions of lipids from 
total UFE and YB samples, and of the liver oil 
from the seven shark samples, were determined 
as methyl esters by GLC (Carbowax 20 M). 
Chromatograms are characterized by more than 
50 different acids identified by comparison 
with pure standards and with cod liver oil (6). 
Equivalent chain lengths (ECL) are derived 
from a second order equation relating the reten- 
tion time log to the carbon number as described 
by Nelson (1 I). In our case of analysis for a 
large range of carbon atoms number (CI 2-C24), 
a linear relationship (12) gives a variance of 
1.39-10 -3 while the variance given by a second 
order equation is 7.6"10 -4, which better fits 
the experimental curve. The ECL of saturated 
fatty acids (Table 3) were calculated to esti- 
mate their deviations from the theoretical 
values. The structural attributions lead to ECL 
values in good agreement with the previously 
published values on Carbowax 20 M (13-15) 
and allow assignment of structures to all ob- 
served peaks. 

One unusual fatty acid was detected (ECL = 
16.89). After hydrogenation of the esters, this 
component disappeared, and a peak of similar 
size (0.6-1%) was found at ECL = 16.26. It was 
identified by GC-MS (M ~ at m/e 284 with other 
ions at 241, 234, 185, 157, 129, 87, 74). The 
spectrum and fragmentation pattern were 
basically similar to that of methyl 7-methyl- 
hexadecanoate produced from 7-methyl-7- 
hexadecenoic acid found in liver oil of ocean 
sunfish Mola mola (16). Therefore, the esters 
were thought to contain a 7-methyl-7-hexa- 
decenoic acid of ECL = 16.89 before hydro- 
genation. Still, it is possible that 7-methyl- 
hexadecanoic acid is also present and is hidden 
because its ECL is the same as that of 9-hexa- 
decenoic acid. Complete results are given in 
Table 3. The same fatty acids were found in all 
samples and the important ones are = C16:0 
(22.2-27.0%), C18:1w9 (21.1-36.2%), C22: 
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T A B L E  3 

F a t t y  Acid Compos i t i on  (Area  %) o f  Centrophorus spp. Egg and  Liver Oils 

Sample  n u m b e r  a ECL b U F E  YB 1 2 3 4 5 6 7 5 H y d r o  c 

Fa t ty  acid 
12 11.96 . . . . . . . . .  t r  
13 13 .08  . . . . . . . . .  t r  
14 13 .99  1.3 1.1 0.9 2.1 2.1 2.9 2.3 1.5 1.5 2.2 

iso 15 14.49 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 
ante iso  15 14.67 - - 0.1 0.1 - 0.2 0.1 - 0.1 

15 14 .98  0.5 0.5 0.4 0.9 0.5 0.9 0.7 0.5 0.5 0.6 
iso 16 15 .50  0.1 0.1 0.2 0.2 0.1 0.1 0.1 - 0.1 0.1 

16 15 .99  22.4 24.4 24.6 25.7 26.2 27.7 26.5 23.'7 22.2 32.4 
16:1099 16.20 0.9 1.3 0.'7 0.5 0.6 0.5 0.8 1.2 2.0 
16:1097 16.26 3.8 3.6 3.8 5.4 4.6 6.6 5.9 4.5 4.5 
16:1095 16.40 0.3 0.4 0.2 0.2 0.4 0.3 0.3 0.2 0.3 
iso 17 16.53 0.2 0.2 0.3 0.3 0.3 0.1 0.4 0.2 0.3 0.2 
ante iso  17 16 .68  0.1 tr  0.3 0.2 0.1 0.1 0.1 - 0.1 0.2 
7-M 7-H d 16.89 0.5 0.5 0.8 1.2 1.2 1.4 0.6 0.5 1.1 1.0 
p h y t a n i c  16.96 tr tr t r  t r  t r  t r  t r  t r  t r  tr  

17 17 .00  0.6 0.'7 0.8 0.8 0.7 0.6 0.5 0.4 0.6 1.4 
17:1co8 17.23 0.7 0.7 0.8 1.1 0.9 1.0 0.8 0.8 0.8 
iso 18 17.50 0.1 0.2 0.4 0.4 0.3 0.2 0.1 0.1 0.2 0.2 

18 17 .97  2.3 2.9 3.4 3.6 3.5 3.2 4 .0  2.4 2.9 37.8 
18:10911 18.13 0.3 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1 
18:1099 18.22 21.0  22 .6  26.5 32.0 36.2 28.5 28 .4  32.9 28.2 
18:1097 18.29 3.5 3.8 4.5 4.0 3.8 3.4 3.6 4.8 4.5 
18:1095 18 .40  0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.2 
18:2096 18.65 2.8 1.3 1.3 1.0 0.9 1.8 2.8 1.1 1.1 
18:3096 18.92 - - 0.1 0.2 0.3 0.4 0.2 0.1 0.1 

19 19.01 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.6 
19:1098 ? 19.22 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.2 
18:3093 19.25 0.6 0.5 0.4 0.3 0.2 0.5 0.6 0.3 0.5 
18:4093 19.54 0.1 - 0.1 0.2 0.2 0.4 0.4 0.1 0.1 

20 20.01 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.4 8.1 
20:10911 20 .14  0.6 0.6 0.6 1.4 1.1 0.6 0.7 1.1 1.2 
20:1099 20.19 2.7 3.0 3.2 4.2 4.2 3.1 2.9 4.5 5.6 
20:1097 20 .26  0.2 0.2 0.3 0.4 0.3 0.3 0.3 0.4 0.4 
20:1095 20.44 0.1 tr 0.1 0.1 0.1 0.1 -- 0.2 0.1 
20:2096 20.62 0.6 0.6 0.6 0.5 0.4 0.3 0.4 0.4 0.6 
20:3096 20 .86  0.2 0.3 0.2 0.1 0.1 0.1 0.1 0.2 0.2 

21 21.01 tr t r  t r  t r  t r  t r  t r  t r  t r  0.6 
20:4096 21 .06  3.1 3.8 2.8 1.1 0.7 1.1 1.1 0.5 0.5 
20:3093 21.24 0.1 0.2 0.3 0.1 0.1 0.1 0.1 0.3 0.3 
20:4093 21 .48  0.2 0.4 0.3 0.3 0.2 0.2 0.3 0.4 0.5 
20:5093 21 .68  4.0 3.0 2.1 1.5 1.1 2.0 1.8 0.9 1.2 

22 22.01 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.3 12.0 
22:10911+16013 22 .10  0.6 0.5 0.5 2.2 2.0 1.2 1.1 1.1 1.3 
22:1099 22 .16  0.6 0.6 0.7 0.9 1.1 0.6 0.7 1.3 1.4 
22:1097 22.26 0.2 0.1 0.1 0.2 0.1 0.1 -- 0.1 0.2 

23 23 .00  tr  tr t r  t r  t r  t r  t r  t r  tr  0 .4 
22:4096 23 .04  0.7 1.0 0.9 0.3 0.2 0.3 0.3 0.7 0.8 
22:5096 23 .30  0.9 0.9 0.7 0.4 0.3 0.5 0.4 0.6 0.5 
22:5093 23 .66  3.4 3.0 2.7 0.7 0.4 0.5 0.8 2.3 2.6 
22:6093 23 .92  18.0 15.1 11.3 2.7 2.1 5.6 7.3 7.1 7.9 

24 23 .99  0.1 -- 0.1 0.2 0.1 0.1 0.1 -- 0.1 2.2 
24:1099 24.15 0.8 0.6 0.6 1.1 1.4 1.2 1.5 1.5 1.4 

26 25 .98  . . . . . . . . .  t r  

aSee f o o t n o t e s  Table  1. 

bEqu iva l en t  chain  l e n g t h p f  f a t t y  acid m e t h y l  esters on Ca rbowax  20M ca lcu la ted  by  a s e c o n d  o rde r  equa t i on  
giving re la t ion  b e t w e e n  log d R and  ca rbon  n u m b e r .  

CHydrogena ted  esters of  sample  5. 

dT-methyl -  7 -hexadeceno ic  acid. 

6603  ( 2 . 1 - 1 8 . 0 % ) .  G o o d  a g r e e m e n t  w a s  f o u n d  

b e t w e e n  f a t t y  a c i d  p e r c e n t a g e s  b e f o r e  a n d  

a f t e r  h y d r o g e n a t i o n  f o r  s a m p l e  5. A l l  c h r o m a -  

t o g r a m s  s h o w  a p e a k  o f  r e s i d u a l  s q u a l e n e  

( E C L  = 2 4 . 1 8 ) ,  d e s p i t e  f a t t y  a c i d - u n s a p o n i f i -  

a b l e  f r a c t i o n a t i o n ,  g i v i n g  b y  h y d r o g e n a t i o n  a 
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peak of squalane (ECL = 19.74). 

DISCUSSION 

The relative weight of liver in Mediterra- 
nean Centrophorus spp. (14.9-28.8%), Japanese 
Centrophorus spp. (27.1%) (8) and Spanish 
C granulosus (23%) (17) are of the same order 
of magnitude. The literature gives large varia- 
tions in liver oil percentages for different 
species: Centrophorus spp., 88% (8); C. gran- 
ulosus, 60-75% (17), 79-88% (18); C. lusitani- 
cus, 86% (18); C. jonsonii, 34.8% (19), and 
C. squamosus, 35.5% (19). 

An increase in percentage of unsaponifiable 
matter is correlated with aging of the animals. 
All the chemical characteristics of the oil 
become increasingly closer to those of squalene, 
which reaches a maximum value of 89% in the 
fiver oil of an adult male (sample 5). A close 
value is given for C. uyato (90%) (20), although 
smaller values are reported for Centrophorus 
spp. and C. granulosus (8,17). It thus appears 
that the oil composition is a function of the 
animal's age. In this connection, the importance 
of precisc biological data is stressed. The fre- 
quent lack of this data in previously published 
papers makes any comparison with our results 
difficult. 

The occurrence of important quantities of 
squalene in liver oil is known for the deep sea 
sharks Centrophorus, Centroscyllium, Etmop- 
terus and Deania. These oils have low densities 
(d~ s < 0.9) by comparison to more common 
marine oils with high levels of triglycerides 
(d4 is > 0.9), this value being used by Tsujimoto 
to classify shark oils (2). The most frequently 
advocated hypothesis to explain the function of 
fiver oil in deep sea sharks is that it confers an 
almost neutral buoyancy (21). However, this 
hypothesis does not account for the significant 
amount of squalene in sharks living alterna- 
tively at the surface or at greater depths, e.g. 
Cetorhinus maximus (basking shark), or the 
absence of squalene in sharks sharing the same 
habitat with Centrophorus, like Hexanehus 

griseus (22). Other fats, such as diacylglyceryl- 
ethers (23) and triglycerides (24), have been 
shown to play a role in buoyancy control. 

To explain squalene accumulation in the 
liver, Kayama et al. (25) proposed that choles- 
terol biosynthesis follows the usual pathway 
but with the activation of hydrocarbon forma- 
tion in lieu of completion of  the sterol cycliza- 
tion. Another hypothesis is the inhibition of  
cholesterol biosynthesis either by blocking of 
the 2,3 epoxysqualene formation resulting from 
a lack of monooxygenase (26), or by the inhibi- 
tion of the 2,3 oxydosqualene cyclase. The 
latter process has been clearly demonstrated in 
plant tissue cultures (27,28) using various 
inhibitors (29-33) which lead to the accumula- 
tion of oxydosqualenc. However, no evidence 
for the accumulation of squalene oxide in 
Centrophorus livers has been found. 

Fatty acid composition of  egg (UFE) oil was 
in good agreement with previously published 
results (34-36). However, a larger number of 
fatty acids were characterized and quantitated 
in this study. The fatty acid composition of 
liver oil was different from the one given by 
Kayama et al. (8), but comparisons are difficult 
due to the lack of  biological data. The differ- 
ence may be linked to the absence of species 
determination of sharks belonging to the 
Centrophorus genus, or to the occurrence of 
different habitats in the sampling localities. 
The percentages of saturated and unsaturated 
fatty acids of the same co-position are reported 
for all samples in Table 4. Variations in 6o-3 
(linolenic acid family), essential for most fish 
(37), are important. The unfertilized egg which 
is the site of nutrient reserve for embryo devel- 
opment shows the highest level (26%) of 6o-3 
acids. Following the fertilization, this level 
decreases (22%) as a part of these fatty acids is 
transferred to the embryo for its growth and 
part is stocked in the embryo liver (17%), 
which has the highest level found in any shark 
liver. For the self-sustaining animals, the 6o-3 
level is minimal for the young (5%) owing to 
the growth process, while this level increases 

TA BLt." 4 

Sum (Area %) of Same o~-position Fatty Acid Classes in Egg and Liver Oils 

Sample number a UFE YB 1 2 3 4 5 6 7 

Total fatty acids (%) 
~9 26.1 28.1 31.7 38.8 43.5 34.0 34.3 41.4 38.6 
~07 7.7 7.7 8.7 10.0 8.8 10.4 9.8 9.8 9.6 
t~6 8.3 7.9 6.6 3.6 2.9 4.5 5.3 3.6 3.8 
o~3 26.4 22.2 17.2 5.9 4.3 9.3 11.3 11.4 13.1 
saturated 28.3 30.7 32.2 35.2 34.5 36.6 35.5 29.5 29.6 

aSee footnotes Table 1. 
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a n d  s t ab i l i z e s  a r o u n d  12% in  a d u l t s .  T h e  c u r v e  
s h o w i n g  t h e  age  a n d  60-6 ac i d  r e l a t i o n s h i p  is 
s im i l a r ,  a l t h o u g h  s m o o t h e r .  T h e  60-6 ac ids ,  
e s s e n t i a l  f o r  m a n ,  i m p r o v e  t h e  g r o w t h  o f  s o m e  
f i sh  (38 ) ,  b u t  a re  u s u a l l y  f o u n d  in  s m a l l  a m o u n t s  
in  m a r i n e  f i sh  (39 ) .  T h e  level  o f  m o n o e t h y l e n i c  
co-7 f a t t y  a c id s  is a l m o s t  c o n s t a n t  fo r  all  t h e  
s a m p l e s .  T h e  co-9 a n d  s a t u r a t e d  f a t t y  a c i d  levels  
s h o w  a r e l a t i ve  m a x i m u m  c o r r e l a t e d  w i t h  t h e  
m i n i m u m  level  o f  60-3 ac i d s  in  t h e  y o u n g  
a n i m a l s .  
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ABSTRACT 

Relatively high levels of a non-methylene-interrupted dienoic fatty acid were detected in the fresh- 
water mollusc Diplodon delodontus. The (7,13) 22:2 NMID fatty acid was separated from total fatty 
acids by TLC, and its structure was determined by GLC and reductive ozonolysis. Its seasonal distribu- 
tion was investigated in different tissues and lipids of the mollusc. High concentrations of this acid 
were found in polar lipids. The absence of the 22:2 NMID fatty acid in the lipids of plankton and 
sediment in the same habitat suggests that it may be biosynthesized by the mollusc. Possible synthesis 
and functions of the NMID fatty acids are discussed. 
Lipids 19:649-655, 1984. 

INTRODUCTION 

Several isomers of 20:2 and 22:2 NMID 
fatty acids have been reported in marine 
molluscs such as bivalves and gastropods (1-5). 
Recent work in our laboratory demonstrated 
that a 22:2 NMID acid is present in the fresh- 
water bivalve mollusc Diplodon patagonicus 
(6). A fatty acid with similar chromatographic 
characteristics also was detected in the related 
species D. delodontus, which lives under 
different conditions in a distant habitat. In the 
present experiment the structure of this fatty 
acid, its distribution in different organs during 
the annual cycle of the animal and its relation 
to the fatty acid composition of the diet were 
investigated. The main objects of the experi- 
ment were to obtain further information about 
the presence of this type of acid in molluscs 
and about its possible origin. 

In our special case, we collected molluscs 
living in a very particular habitat. The samples 
came from an isolated eutrophic pond in which 
the cyanophyceae constituted practically the 
whole of the phytoplankton. 

MATERIALS AND METHODS 

Samples 

Specimens of Diplodon delodontus were 

* To whom correspondence should be addressed. 
1 Member of the Carrera del Investigador Cientffico, 

Comisidn de Investigaciones Cienttficas de la Pcia. de 
Buenos Aires, Argentina. 

2 Member of the Carrera del Investigador Cientlfico, 
Consejo Nacional de Investigaciones Cientlficas y 
Tdcnicas, Argentina. 

obtained from a fresh-water pond close to the 
river Rio de la Plata, Buenos Aires province, 
Argentina. Eight adult animals 8 to 12 cm long 
were collected each season (December, March, 
July and October) and transported to the 
laboratory in vessels containing water from the 
pond. Digestive diverticula, feet, gills, mantle 
and gonads of both sexes were separated and 
processed independently to obtain total lipids. 
Sediment samples (30 g) were collected each 
season from the same area. Planktonic algae 
samples, mainly composed of cyanophyceae of 
the genus Oscillatoria which predominated 
during the whole year, were obtained in winter, 
and during a bloom at late summer, with a 
40/2 net. 

Lipid Extraction and Fatty Acid Analysis 

Tissues, sediment and plankton were homog- 
enized and total lipids were extracted with 
chloroform/methanol (2:1, v/v) by the proce- 
dure of  Folch et al. (7). Polar and neutral lipids 
were fractionated by silicic acid absorption 
chromatography (8). Each fraction was saponi- 
fied with 10% KOH in ethanol during 45 rain at 
80C  under N 2. The unsaponifiables were 
extracted with petroleum ether and discarded. 
Fatty acids were extracted with petroleum 
ether and esterified with 3N HC1 in methanol. 

Neutral and polar lipids were analyzed by 
TLC on Silica gel G using hexane:ether:acetic 
acid (80:20:1, v/v/v) and chloroform:methanol:  
acetic acid:water (65:25:4:4,  v/v/v/v). Lipids 
were identified by comparison of  the Rf with 
standards or by spraying the plates with specific 
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reagents. The quantitative determination of the 
lipids was performed by densitometry after 
charring with sulphochromic acid solution (9). 

Fatty acid methyl esters (FAME) were 
analyzed by gas-liquid chromatography (GLC) 
in a Hewlett-Packard 5840 apparatus equipped 
with a flame ionization detector. A column 
packed with 10% SP-2330 on Chromosorb 
WAW was used. The oven temperature was 
programmed at 3 C/rain from 140 C to 220 C. 
The chromatographic peaks were identified as 
described earlier (10). 

The identities of some fatty acids were inves- 
tigated by mass spectrometry (MS) in tandem 
with GLC, with a Hewlett-Packard 5995 GC-MS 
using the following conditions: source tempera- 
ture 215 C, ionization potential 70 ev and scan 
speed 380 amu/sec. Helium was used as the 
carrier gas at a flow rate of 25 ml]min. 

Isolation and Structural Analysis 
of 22:2 N M I D  Fatty Acid 

Total FAME from each tissue were separated 
according to their number of double bonds by 
TLC, on preparative plates (500 p) of Silica gel 
H impregnated with 10% AgNO3. Chromato- 
grams were developed by running them twice 
with hexane-ethyl ether-acetic acid (94:4:2, 
v/v/v) (l 1). The plates were sprayed with 2% 
dichlorofluorescein solution, and the spots were 
visualized under UV-light. Sample spots of Rf 
0.74; 0.45; 0.29 and 0.19 corresponding to 
FAME standards of 0, 1, 2 and 3 double bonds 
respectively were obtained. 

The zones corresponding to acids with two 
double bonds were scraped from the plates and 
eluted with chloroform-methanol-water (50: 
50:1, v/v/v). To separate 22:2 fatty acids from 
other dienoic fatty acids with different chain 
lengths, the extracts of fatty acids with two 
double bonds were again fractionated by TLC- 
AgNO3 developed three times with chloroform 
(12) with the corresponding standards. The 
spots were detected in the same way as de- 
scribed above. The zones containing C22 
dienoic fatty acids (Rf = 0.54) were scraped 
from the plates and eluted. Aliquots of these 
extracts were used to check their purity by 
GLC. Other aliquots were hydrogenated (13) 
and again analyzed by GLC to confirm the 
carbon chain-lengths. 

The remaining extracts were used to deter- 
mine the positions of double bonds by means of 
reductive ozonolysis according to the method 
of Stein and Nicolaides (14). Ozone generated 
by a micro ozonizer (Supelco) was bubbled 
through the solutions in pentane during 1-2 min 
in a dry ice-acetone bath. Ozonides were re- 
duced by adding triphenylphosphine. The 

ozonolysis products were analyzed by GLC as 
described above, with the exception that the 
temperature was programmed 10C/min from 
100 C (10 min) to 220 C. Similar procedures 
were performed to determine the 20:1 fatty 
acid structure. 

R ESU LTS 

Structures of 22:2 and 20:1 Acids 

The total FAME were fractionated by 
AgNO3 TLC with hexane:ethyl ether:acetic 
acid (94:4:2, v/v/v). The fraction that corre- 
sponded to dienoic acids was analyzed by gas- 
liquid chromatography. It was shown to be 
made up principally of C2~. and Cls acids, with 
only small amounts of C20 acids. By means of a 
new AgNO3 TLC developed three times with 
chloroform, it was possible to separate zones 
that were made up of 22, 20 and 18 carbon 
dienoic acids. The purity of each zone was 
checked by gas-liquid chromatography before 
and after hydrogenation. 

Reductive ozonolysis of the 22:2 methyl 
ester fraction followed by gas-liquid chroma- 
tography gave as products only two main peaks, 
about 45% each, corresponding to a C7 alde- 
hyde-ester and C9 aldehyde (Table 1). There- 
fore, the structure of the acid may be attrib- 
uted to a non-methylene-interrupted C22 acid 
with double bonds in the C7-8 and C13-14 posi- 
tions. Other, minor peaks detected were less 
than 6%. 

A similar separation of the methyl esters of 
Cz0 acids by AgNO3-TLC followed by gas- 
liquid chromatography revealed the presence of 
two isomers. However, the low proportion of 
this fraction did not allow further study of the 
structure by ozonolysis. 

The structure of the 20:1 acid also was in- 
vestigated for possible metabolic relations to 
the 22:2 NMID acid. The corresponding frac- 
tion was separated by AgNO3-TLC and ozon- 
ized. The structure corresponded to (1 I)-20:1 
(Table 1 ). No other isomer was detected. 

Composition of Lipids 

The analysis of total lipids in December 
samples demonstrated that they were mainly 
polar lipids in proportions higher than 70% in 
all tissues except in digestive diverticula, where 
they totalled up to 52%. The principal lipid 
components were phosphatidyl ethanolamine, 
phosphatidyl choline, esterified sterol, free 
sterol, triacylglycerol, free fatty acids and 
alcohols. 

The fatty acid compositions of neutral and 
polar lipids of different tissues of D. delodontus 
at different seasons are presented in Tables 2A, 
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TABLE 1 

Structural Analysis of 22:2 NMID and of 20:1 Fat ty  Acids 
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Molecular Chain length of Number of Ozonolysis products Double bond 
ion isolated acid double bonds (d) position 
(a) (h) (c) 

Aldehyde Aldehyde 
ester 

350 Czz 2 C 7 C 9 C 7 , Cxs 
324 C20 1 Cll C 9 Clt 

Determinations were performed by: a) GLC-MS; b) Hydrogenation followed by GLC; c) GLC after 
TLC-AgNO 3 separation; d) Reductive ozonolysis and GLC of products. 

B, C and D. Only major fatty acids and those 
acids that show variations are included. The 
composition of total fatty acids of gonadal 
tissues of D. delodontus at different sexual 
stages was reported in a previous paper (10). It 
does not differ qualitatively from those found 
in other tissues in the present work. Table 2 
shows that in all tissues analyzed, the pre- 
dominant fatty acids are 16:0, 16:1, 18:1 and 
(11)-20:1. However, there are differences 
among the different tissues and between 
phospholipids and neutral lipids. In phospho- 
lipids the most abundant acids are in general 
16:0, (11)-20:1 and (5,8,11,14)-20:4. The pro- 
portion of polyunsaturated acids in phospho- 
lipids is higher than in neutral lipids, while the 
proportion of 16:1 and 18:1 in neutral lipids is 
higher than in phospholipids. The 22:2 NMID is 
in general more abundant  in phospholipids and 
is present in all the tissues analyzed. The high- 
est value found was 9.8% in phospholipids and 
the lowest 1.8% in neutral lipids. The lipid 
composition of all the tissues showed variations 
during the yearly cycle. 

Lipid and fatty acid composition of plank- 
ton and sediment collected from around the 
specimens also were analyzed. Neutral lipids 
were more than 90% and 80% of plankton and 
sediment lipids, respectively. 

Free fatty acids and triacylglycerols were the 
largest components of sediment, while tri- 
acylglycerols were especially prominent in the 
plankton. 

The composition of sediment fatty acids 
(Table 3) was rich in 16:0, 16:1, 18:1 and 
18:0. The more abundant  fatty acids in plank- 
ton were (9,12,15)18:3; 16:0 and 16:1. In all 
the samples analyzed the NMID 22:2 fatty acid 
was absent. 

DISCUSSION 

In a previous report (6) the structure of the 
NMID 22:2 acid of D. patagonicus was studied 

by mass spectrometry. The spectra corre- 
sponded to a (7,13)-22:2 and/or to a (7,14)- 
22:2 acid. In the present work, a mass spectrum 
of similar characteristics with a molecular ion 
of mass 350 was obtained for the NMID 22:2 
acid of D. delodontus, and the same GC reten- 
tion time was obtained. The analysis of the 
products obtained by reductive ozonolysis indi- 
cated 7,13 double bond positions. Other 
isomers apparently would be absent, since no 
other products of ozonolysis different from the 
C7 aldehyde-ester and C9 aldehyde were found 
in detectable amounts. 

It has been suggested (15) that non-methyl- 
ene-interrupted dienoic-fatty acids accumulate 
primarily in filter feeders such as shell fish or 
herbivores. The distribution of these anomalous 
fatty acid components in higher species suggests 
that they reflect invertebrates in their diet and 
are biochemicaUy inert. Johns et al. (3) found 
that levels of NMID fatty acids in marine gas- 
tropods show a correlation with the levels of 
NMID acids present in the algal diet. 

The examination of the fatty acid composi- 
tion of the pond algae showed the presence and 
predominance of (9,12,15)-18:3, 16:0 and 16:1 
fatty acids, and the absence of NMID 22:2 acid 
or of any immediate possible C20 precursor. 
None of these acids were detected in the fatty 
acids of the pond sediment, which was made up 
of algal and plant detritus in any season. Since 
both plankton and sediment form part of the 
mollusc diet, it is difficult to accept that the 
NMID 22:2 acid has an exogenous origin. 

In D. patagonicus (16) after 60 days of 
starvation the NMID 22:2 acid level in the 
animal did not  change. Moreover, the relative 
proportions of NMID 22:2 acid did not change 
when D. patagonicus was transferred to a differ- 
ent habitat and fed a quite different diet, 
whereas other fatty acid compositions changed 
significantly. 

The composition of triacylglycerols is gener- 
ally considered to reflect dietary fatty acid 
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T A B L E  3 

Fa t t y  Acid  Compos i t i on  (%) o f  S e d i m e n t  and P lank ton  f r o m  the  Hab i t a t  o f  the  Molluscs 

S e d i m e n t a  P lank ton  b 

F a t t y  acids Polar lipids Neut ra l  lipids Tota l  lipids 

14:0 2.3 2.7 1.1 
t $ :O+X 3.9 1 .q 0.2 
16:0 23.7 22.1 25.9 
(9)-16:1 17.3 12.4 18.5 
17 C 6.1 4.9 1.1 
18:0 11.1 12.5 1.9 
(9)-18:1 16.7 19.0 4.2 
19 :0  ? 0.7 0.5 -- 
18:2 4.8 7.6 8.8 
( 9 , 1 2 , 1 5 ) - 1 8 : 3  1.7 3.3 30.8 
2 0 : 1 + 1 8 : 4  1.8 2.4 0.9 
20 :2  0.9 1.2 -- 
21 C 1.3 0.4 - 
20 :4  3.1 2.7 0.6 
(7 ,13 ) -22 :2  NMID - - -- 
Others  4,6 6.6 - 

Fatty acids analyzed by GLC, Column packed with 10% SP-2330 on Chromosorb WAW. 
aResults are the average of three determinations. 
bSamples were composed mainly of Cyanophyceae of genus Oscillatoria and minor 

quantities of Chlorophyceae of genus Scenedesmus. Results are the average of two deter- 
minations. 

X = Unknown. 

composition. NMID 22:2 fatty acids are found 
in triacylglycerols, but they are present in 
phospholipids in a higher relative percentage. 
This would suggest a possible functional role of 
the NMID acid as well as a probable endoge- 
nous origin. The latter possibility also was 
suggested in a recent report by Klingensmith 
(4). The biosynthesis of non-methylene-inter- 
rupted acids (5,11)-20:2 and (5,11,14)-20:3 in 
rat liver microsomes has been shown by Ullman 
and Sprecher (17). On the other hand, the 
biosynthesis of (5,11,14,17)-20:4 and (5, 
11,14)-20:3 from labeled ot-linolenic and 
linoleic acids, respectively, was shown in trans- 
formed ceils such as HTC cells (7288 C) (18,19). 

A potential precursor of (7,13)-22:2 acid 
could be the (11)-20:1 acid which, after desatu- 
ration to (5,11)-20:2 by a A5 desaturase, would 
be elongated to (7,13)-22:2 acid. This pathway 
already has been suggested by Pearce and Still- 
way (12). Another possible route could be the 
A7 desaturation of a (13)-22:1 acid produced 
by elongation of (11)-20:1 acid. 

(11 )20 : (%~%~ ~" 
+.. 

(5,11 )20:2 N~~C' (7,1 

�9 3)22:2 

/ ~ % "  

(13)22:1 /~,\ 

No definite evidence exists yet for any of 
these pathways in molluscs. However, the A5 
desaturase is an active enzyme in other animals, 
whereas the existence of a A7 desaturase is less 
documented. Moreover, the (11)-20:1 acid is 
very abundant in D. delodontus (Table 2) 
whereas (13)-22:1 acid was not detected in the 
animal. Therefore, the first route would be 
more probable than the second one, especially 
since Ullman and Sprecher (17), as well as 
Alaniz et al. (18), have shown that NMID poly- 
unsaturated acids may be synthesized by a A5 
desaturase from unsaturated acids of C20 
possessing a double bond in the A11 carbon. 

It has been suggested (15) that NMID 20:2 
and 22:2 fatty acids would be biologically 
inert for higher species. It also has been claimed 
that the proximity of a double bond to the 
carboxyl group increases the stability of NMID 
fatty acid esters towards lipolytic hydrolysis. 
Therefore, the accumulation of NMID fatty 
acid in external membranes of molluscs would 
increase the protection against the attack of 
microbial lipases (1). It might explain the high- 
est accumulation of NMID fatty acids in mantle 
and gills of M. mercenaria (4). In D. delodontus 
NMID 22:2 acid also is found in mantle and 
gills, but it is not possible to deduce from our 
data that the acid is preferentially incorporated 
in this tissue (Table 2). Probably more profit- 
able speculation may be made from the data in 
Table 2 that show a small preferential incorpo- 
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ration of NMID in the phospholipids.  Since 
phospholipids are obligatory componen t s  of  
membranes  and the parameter  order and struc- 
ture of  a lipid bilayer are in some aspects re- 
lated to the hydrocarbon  tail characteristics of  
the fa t ty  acid, it is possible that  a NMID double  
bond structure may have special effects  on the 
membrane.  We intend to study the effect  of  
NMID fat ty acids on the physicochemical  prop- 
erties of  lipid bilayers. 
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The Distribution of Serum High Density Lipoprotein 

Subfractions in Non-Human Primates 1 
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ABSTRACT 

The ultracentrifugal flotation patterns in 1.2 g/ml solvent and ultracentrifugal gradient distribu- 
tion of high density lipoproteins (HDL) from the primates-human, apes and monkeys-were deter- 
mined, with emphasis on the gorilla species of apes and rhesus monkeys. Diets for non-human primates 
were commercial chow, which is low in cholesterol. Molecular weights and protein, cholesterol, phos- 
pholipid and triglyceride compositions of various density fractions were determined on human, gorilla 
and rhesus HDL. The HDL 2/HDL 3 ratio was determined from the two peaks observed upon flotation 
in high salt in the analytical ultracentrifuge. The HDL 2 of all three species of apes-gorillas (Gorilla 
gorilla), chimpanzees (Pan troglodytes) and orangutans {Pongo pygmaeus)-was always greater than 
HDL3, while that of all six species of Old World monkeys-Rhesus (Macaca rnulatta), sooty mangabeys 
[Cercocebus atys), cynomolgus (Macaca fascicularis), stumptails, (Macaca arctoides) paras (Erythroce- 
bus patas) and African greens (Cercopithecus aethiops) -was less. In addition, the HDL 3 concentration 
in five gorillas was about 15 mg/dl as cholesterol while the HDL 2 concentration was 92 mg/dl, much 
lower and higher, respectively, than humans. HDL 2 of gorillas was similar in density and molecular 
weight to that of humans. The distribution of densities in gorilla HDL was predominantly in HDL2, 
while rhesus HDL usually, but not always, was unimodal, having a density distribution similar in 
heterogeneity to human HDL3, but somewhat less dense (peaking at 1.109 vs 1.129 g/ml). The molec- 
ular weight of rhesus HDL was about the same as human HDL 3 in all three density subfractions and at 
the peak density. Likewise, the chemical compositions were similar for the subfractions 1.10-1.125 
and >1.125 g/ml for rhesus HDL and human HDL 3. Consequently most but not all chow-fed rhesus 
HDL was very similar to human HDL3, but lighter in density. 
Lipids 19:656-663, 1984. 

INTRODUCTION 

Fewer  de ta i led  s tudies  have been  carr ied ou t  
o n  serum l i pop ro t e in s  of  apes t h a n  of  monkeys .  
Apes are more  similar to  h u m a n s  in m a n y  char-  
acter is t ics ,  bu t  m o n k e y s  are more  economica l  
and  are easier to  adap t  to  e x p e r i m e n t a l  situa- 
t ions.  I t  would  be of  in t e res t  to  c o m p a r e  t he  
g r o u p s - h u m a n s ,  apes and  monkeys .  Recen t ly ,  
HDL have as sumed  i m p o r t a n c e  for  the i r  role  in 
p lasma cho les te ro l  t r anspor t ,  bu t  e f for t s  to  
def ine  the i r  precise role  have no t  m e t  w i th  
success. In view of  the  h e t e r o g e n e i t y  of  the  
h igh dens i ty  l ipopro te ins ,  we wished to  e x t e n d  
t he  available i n f o r m a t i o n  to  apes  a n d  c o m p a r e  
the  d i s t r ibu t ion  and  phys ica l  p roper t i e s  of  H D L  
a m o n g  h u m a n s ,  apes and  m o n k e y s .  To th is  end,  
we have isola ted and  charac te r ized ,  unde r  
similar cond i t ions ,  the  H D L  and  dens i ty  gra- 
d ien t  sub f rac t ions  of  gorillas, o r a n g u t a n s  and  
ch impanzees ,  in add i t i on  to  p e r f o r m i n g  similar  
s tudies  on  t h r ee  d i f fe ren t  species of  m o n k e y s :  
cynomolgus ,  rhesus  and  s o o t y  mangabey .  

1A preliminary report of this study was given at 
the American Society for Biological Chemists Meeting 
in New Orleans in April 1982. 

* To whom correspondence should be addressed. 

METHODS AND M A T E R I A L S  

All an imals  were fed Pur ina  c h o w  and  h o u s e d  
at  the  Gul f  S o u t h  Research  Ins t i t u t e  at  New 
Iberia ,  Louis iana,  excep t  for  the  c y n o m o l g u s  
wh ich  were at  the  Univers i ty  of  Arkansas  for  
Medical  Sciences at  Li t t le  Rock.  Animals  were 
no t  fed overnight .  Blood was col lec ted  and  
a l lowed to  clot ,  a f te r  wh ich  d i t h i o n i t r o b e n z o i c  
acid,  t h imerosa l  and  E D T A  were added  to  t he  
serum. The  serum was sh ipped  i m m e d i a t e l y  in  
ice and  arr ived iced wi th in  24 hr.  To ta l  choles-  
t e ro l  (1),  H D L  choles te ro l  (2),  t r iacylg lycero l  
(3)  and  agarose e lec t rophores i s  (4)  were carr ied 
ou t  on  each sample .  H u m a n  low dens i ty  l ipo- 
p ro te ins  (LDL)  were samples  descr ibed pre- 
viously (5). All bu t  one  were male  and  o f  
ages 47-61.  

Purification-HDL was pur i f ied  by  one  of  
t wo  me thods .  The  first  was u l t r a cen t r i f uga t i on  
b e t w e e n  KBr solvents  of  densi t ies  1.063 and  
1.25 g/ml,  inc lud ing  a layer  of  1.22 g /ml  
solvent  which  served to wash the  f loa t ing  
HDL, par t icu lar ly  well  in the  swinging b u c k e t  
ro to r .  The  o t h e r  m e t h o d  involved f lo t a t ion  at  
1.22 g /ml  t h r o u g h  a layer  of  solvent ,  fo l lowed 
b y  6% agarose c o l u m n  gel f i l t r a t ion  which  
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separates according to molecular size (6). HDL 
was pure by agarose electrophoresis and analyti- 
cal ultracentrifugation. 

HDL2 and HDL3-HDL,  upon flotation 
velocity in density 1.2 g/ml KBr at 48,000 rpm 
in a double sector cell in the Beckman Model E 
analytical ultracentrifuge, separated into two 
components, which were well defined. HDL2 
and HDLa were clearly visible as shown in the 
top photograph of Figure 1. The photographs 
were enlarged 10X and traced on graph paper. 
The peak tracings were redrawn to a linear 
baseline. The two components were estimated 
by completing tracing of the HDL peak or 
peaks symmetrically. All area under the HDL 
peak could be accounted for by two compo- 
nents. A figure illustrating the method has been 
given previously (7). The relative areas were 
corrected for the sector shape of the ultra- 
centrifuge cell. No correction was made for the 
Johnston-Ogston effect since it is about 2-3% 
(8). There was no relative area change of HDL2 
and HDL3 upon dilution. Remixing purified 
HDL2 and HDL3 yielded the correct ratios. 

Flotation velocity rate measurements were 
carried out on 3-10 mg/ml solutions of HDL 
dialyzed vs 1.2 g/ml KBr solvent containing 
0.01% Na azide plus 10-4M EDTA at pH 7.5. 
The exact density was measured pycnometri- 
caUy for each solvent after dialysis. A double 
sector cell was employed to obtain a baseline. 
The speed was 48,000 or 47,660 rpm at 25 C 
and a schlieren bar angle of 60 degrees. 

Equilibrium molecular weights were carried 
out at 4-7 C (the exact temperature was meas- 
ured) in solvents of NaBr containing 0.0I% Na 
azide plus 10-4M EDTA at pH 7.5 near 1.43 g/ 
ml. (The exact density was measured with a 
Westphal balance at the temperature used.) 
Equilibrium was attained in 48 hr at speeds of 
10,000-13,000 rpm using 0.15 ml of solvent 
dialyzed HDL, which had been diluted with 
solvent to a concentration of 0.3-0.5 mg/ml. 
Interference optics was used. The reciprocal of 
the density of the sample was taken as the par- 
tial specific volume. This method has been 
described previously for human HDL sub- 
fractions (9) and is similar to that used for 
LDL (10). 

Density gradients-In preliminary experi- 
ments, density gradients were prepared from a 
number of salts. In the swinging bucket tubes, 
gradients have the highest resolution, but 
require very long equilibrium times. We found 
KBr to yield steep gradients, particularly at the 
bottom end. NaC1, on the other hand, could be 
made nearly linear and ranged over 0.06 g/ml, 
as from 1.07 to 1.13 g/ml. NaBr was intermedi- 
ate. Consequently we selected NaCI or NaBr for 

FIG. 1. From top to bottom; A. gorilla #3 HDL 
containing 57% HDL~ ; B. gorilla #6 HDL containing 
91% HDL2; C. rhesus #7818 HDL; D. human HDL 
containing 89% HDL~. All were in density 1.2 -+ 0.005 
g/ml KBr solvent at 48000 rpm, 25 C. Flotation is 
from right to left. The photographs were taken 80 rain 
after reaching speed. Note the intermediate flotation 
rate of rhesus HDL. The flotation rates (Sf, 1.2) of the 
four major peaks were (in the same order): 6.6, 6.5, 
4.6, and 2.8. 

the density gradients. Gradients were prepared 
by stepwise layering of 5 salt solutions of 
NaBr or NaC1 with different densities contain- 
ing 0.01% azide and 10-4M EDTA in, for 
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example ,  1.07, 1.08, 1.10, 1.11 and  1.13 g /ml  
densit ies.  Dialyzed HDL was added  t h r o u g h  a 
p ipe t t e  as the  midd le  f rac t ion .  Cen t r i f uga t i on  
for  72 hr  at  1 5 C  was in the  B e c k m a n  SW40 
r o t o r  at  36 ,000  rpm in 6 t ubes  of  13 ml  each. 
No b rake  was used  at  t he  end  of  each run.  A 
hole  was p u n c h e d  in t he  b o t t o m  of  each  t ube  
and  15 f r ac t ions  were col lected.  The  dens i ty  of  
each f r ac t ion  was measu red  at  r o o m  t empera -  
tu re  by  p y c n o m e t r y .  Abso rbanc i e s  at 280  n m  
were d e t e r m i n e d  to  loca te  the  p r o t e i n  p o r t i o n  
of  the  l ipopro te in .  Choles te ro l  m e a s u r e m e n t s  
paral le led the  p ro te in  b u t  peaked  in dens i ty  
f rac t ions  0 .002-0 .005  g /ml  less. 

Chemical analyses w e r e - P r o t e i n  by  the  
Har t ree  m e t h o d  (11)  using bov ine  se rum 
a l b u m i n  as s t andard ,  and  p h o s p h o l i p i d  f rom 
p h o s p h a t e  (12) ,  mu l t ip ly ing  b y  25 to cor rec t  
for  the  added  weight  of  lipid. The  cho les t e ro l  
ester  c o n t e n t  was assumed to  be  70% and  the  
cho les te ro l  c o n t e n t  mul t ip l i ed  b y  1.5 to  cor rec t  
for  the  added  ester  weight .  All errors  are 
s t andard  deviat ions .  

R ESU LTS 

Lipoprotein distribution-The gorillas had  
the  highest  to t a l  p lasma cho les te ro l  and  H D L  
choles te ro l  of  any  of  t he  groups  of  animals .  
A b o u t  40% of  the  to ta l  p lasma cho les te ro l  was 
f o u n d  in HDL. The  m e a n  to t a l  cho les te ro l  
value of the  o r a n g u t a n  and  c h i m p a n z e e  was 
a b o u t  200  mg/dl ,  and  30-35% of  this  was f o u n d  
in HDL. For  compar i son ,  we have t a k e n  values 
f rom the  data  of  Srinivasan et al. (13)  on  chim-  
panzees .  Thei r  m e a n  t o t a l  cho le s t e ro l  values are 
s o m e w h a t  lower  t han  ours ,  bu t  the  % dis t r ibu-  

t ion  of  cho les te ro l  in HDL is ident ica l  to  t ha t  
f o u n d  by us. The  mos t  variable  t o t a l  cho-  
les terol  was f o u n d  in t he  t h r ee  groups  of  s o o t y  
mangabeys  where  the  free ranging group f rom 
Yerkes had  the  h ighes t  t o t a l  choles te ro l  w h e n  
c o m p a r e d  to the  caged a n i m a l s .  The  % of  HDL 
choles te ro l  was 41-43% in each  group  of  soo ty  
m a n g a b e y s  (Table  1). 

The  rhesus m o n k e y s  t r a n s p o r t e d  a b o u t  
47% of  to t a l  cho les te ro l  as HDL choles terol .  
Srinivasan et al. (13)  f o u n d ,  in  a small  g roup  of  
rhesus  m o n k e y s ,  greater  t h a n  50% of to t a l  
choles te ro l  as HDL. The  c y n o m o l g u s  had  b o t h  
the  lowest  t o t a l  p lasma cho les te ro l  (115 mg/d l )  
and  the  h ighes t  % H D L  cho les te ro l  ( a b o u t  50%) 
of  any  group of  apes or m o n k e y s .  V L D L  is n o t  
s h o w n  separa te ly ,  b u t  was very low (2-5 mg/d l )  
in all animals.  Triglycerides  were l ikewise low. 

The apes had  a lower  p r o p o r t i o n  of  the i r  
l i pop ro t e in s  in HDL. However ,  t he  abso lu te  
a m o u n t  of  HDL was no  less t h a n  t h a t  of  t he  
monkeys .  Gori l las had  the  h ighes t  m e a n  HDL 
concen t r a t i ons .  The  lowest  HDL c o n c e n t r a t i o n s  
were in ch impanzees ,  c y n o m o l g u s  and  some of 
the  soo ty  m a n g a b e y  groups.  

HDL2 and HDL3 distribution-HDL2 and 
HDL3 separa ted  suf f ic ien t ly  u p o n  f lo ta t ion  
ve loc i ty  in dens i ty  1.2 g /ml  KBr  solvent  in the  
ana ly t ica l  u l t racen t r i fuge  to be es t imated .  
S h o w n  at the  t op  of  Figure  1 are the  HDL f rom 
the  two  gorillas hav ing  the  least  HDL2 (1A)  and  
the  mos t  HDL2 (1B). H u m a n  HDLa is s h o w n  at 
the  b o t t o m  of  Figure  1 (1D).  It  moved  sl ightly 
s lower t han  goril la HDL3 ( r ight  h a n d  peak in 
the  t op  sample) .  This can be  seen u p o n  careful  
compar i son  of  the  two  peaks.  Chow-fed  rhesus 
H DL usual ly  was a n o m o l o u s ,  having  a single 

TABLE 1 

Distribution of Cholesterol in Chow-Fed Primate Lipoproteins 

N a (number of VLDL + LDL 
Species determination) Total mg/dl HDL %HDL 

Apes 
Gorilla 5 (13) 272 -+ 85 159 -+49 110 -+44 40.4-+ 4.4 
Orangutan 2 (3) 190 -+ 54 121 -+74 69 -+21 35.0-+ 14.0 
Chimpanzee (ours) 43 203 -+ 48 140 -+ 31 60 -+ 16 30.0 -+ 5.9 

Srinivasanetal . (13) 13 167 -+27 117 -+24 50 -+19 30 .0 -  + 9.6 

Monkeys 
Sooty Mangabey 

Juvenile 6 (30) 149 -+ 31 88 -+ 26 60 -+ 12 40.8 +- 6.0 
Adult 11 (53) 135 -+30 81 -+24 55 -+13 42.6-+ 9.9 
Yerkes(7) 20 187 -+40 106 +-28 81-+ 9 43.5-+ 6.6 

Rhesus(ours) 142 155 -+31 81 -+21 73 -+16 47.0-+ 6.0 
Srinivasan et al. (13) 16 141 -+ 29 63 -+ 20 78 -+ 22 57.8 -+ 13.9 

Cynomoigus (ours) 14 (44) 115 -+ 25 57 -+ 17 58 -+ 14 51.6 -+ 11.5 
Rudel and 
Lofiand (14) 63 125 71 54 43.0 

aN = no. of animals. In parentheses is the number of total measurements. 
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TABLE 2 

Distribution of HDL Subfractions in Chow-Fed Non-Human Primates 
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HDL Cholesterol HDL~ HDL a 
Species N (determinations) mg/dl Weight per cent 

Apes 
Gorilla 5 (13) 110 +-44 77 +- 18 23 +- 18 
Orangutan 2 (3) 69 -+ 21 72 +- 16 28 -+ 16 
Chimpanzee 5 63 +- 11 75 • 16 25 +- 16 

Monkeys 
Sooty mangabey 14 (20) 57 -+ 13 33 +- 25 67 -+ 24 
Rhesus 19 a 73 -+ 14 0 100 

The distribution of HDL into HCL 2 and HDL 3 was determined from the two peaks 
observed upon flotation velocity in the analytical ultracentrifuge in density 1.2 g/ml KBr 
solvent. They were recalculated to cholesterol content to correspond to the total HDL 
column. 

All ape species were composed of 2 males with the remainder females. Sooty mangabey 
were 3 males, 11 females, while the rhesus included 10 males. Gorilla and chimpanzee males 
had about the same % HDL 2, while the three sooty mangabey males had 61 -+ 8% HDL 2 and 
69 mg/dl mean HDL cholesterol. 

aNot included were two rhesus which had 2 HDL components and 3 rhesus which had 1 
HDL component which was intermediate in flotation between the usual two peaks. 

peak f loat ing in te rmedia te  in speed be tween  
human  HDL2 and HDL3 (Fig. 1C). Among  any 
group of  rhesus were a few wi th  a clearly dis- E 
cernable HDL2 and HDLa and a few wi th  a 
faster single peak than  usual, a l though no t  O 10(3 
an HDL2.  Ld 

The d is t r ibu t ion  of  HDL be tween  HDL2 and 
HDL3 among  apes is shown  in Table 2 along ~ 
wi th  the  soo ty  mangabey  and rhesus. In every O 
individual ape serum, HDL2 was greater  in - r  

L) amoun t  than  HDL3 (Fig. 2). This is in contras t  
to  all m o n k e y  groups  such as the mangabeys  and __j~C:~ 
rhesus where  the  mean HDL2 levels were less 
than  the HDL3 levels. We also s tudied two  
stumptai ls ,  three  patas and two  African green ~) 4C 
monkeys .  Their  HDL3 p r e d o m i n a t e d  also, c~ 
being 94 -+ 6%, 90 -+ 2%, and 95 -+ 5%, respec- J 
tively. We f o u n d  in cynomolgus  HDL, low Sf -r- 
HDL (like HDL3)  also p r e d o m i n a t e d  (15). ~ 2C 

Density gradient distribution-To clarify the  
comparat ive  s t ruc ture  of  pr imate  HDL, equilib- hA 
r ium densi ty  gradient  u l t racent r i fugat ion  was 
carried out  on numerous  samples,  t/tree o f  
which are shown  in Figure 3. Gorilla ~ HDL 
(57% HDL2)  peaked at a very low densi ty ,  
1.080 g/ml. Rhesus  #7911 HDL peaked near  
tha t  o f  h u m a n  HDL3,  1.110 vs 1.115 g/ml. 
Gorilla #6  HDL,  which con ta ined  91% HDL2,  
con ta ined  ti t t le material  in the  region above 
1.10 g/ml. Rhesus  HDL f rom animals wi th  no 
discernible HDL2 and HDL3 f lo ta t ion  velocity 
peaks con ta ined  considerable  HDL be low 
1.10 g /ml  densi ty.  Human  HDL3 spread over a 
similar dens i ty  range (1.10-1.15 g/ml)  as f o u n d  
by  Cheung and Albers (16). 

I I 

-- HDL 2 �9 IIII 

A �9 

- - l ~  �9 0 
[] 

-~ Z ~  0 0 HDLs -- 

E] A A 0 CI O 

o -  I A I 1 
-4o  6o 

SERUM HDL CHOLESTEROL mg/dl 
FIG. 2- The amount ofHDL 2 and HDL 3 as a func- 

tion of total serum HDL cholesterol concentration in 
mg/dl in apes. The closed symbols are HDL 2 ; the open 
symbols are HDL3. Circles are gorillas, triangles are 
chimpanzees and squares are orangutans. 

The densi ty  d is t r ibut ion  of  choles terol  
found  in HDL for  pr imates  is s h o w n  in Table 3. 
The cont ras t  of  gorilla HDL wi th  rhesus HDL 
and h u m a n  HDL3 is evident ,  the  f o rmer  having 
73-89% HDL choles terol  in the  <1 .10  g/ml  

L1PIDS, VOL. 19, NO. 9 (1984) 



660 C.A. NELSON, W.E. GREER AND M.D. MORRIS 

IO 

I I I 
GORILLA G-5 

4 

TABLE 3 

Density Distribution of HDL 

Density ranges in g/ml 

N < 1 . 1 0  1.10 > 1 . 1 2 5  
-1 .125 

% as cholesterol 

0 
or" 
h i  
I--- 
09 
uJ I0 
J 
0 3- 
(D 

0 
T 

I0 

RHESUS 7911 

HUMAN HDL 5 

Gorilla a #6 89 8 3 
HDL #3 73 19 8 

Rhesus 7 30 53 17 
HDL -+13 +-14 -+7 

Human b 15 29 37 34 
HDL 3 -+9.5 -+6 -+12 

aThe gorillas used were one having little apparent 
HDL 3 (9%) and one having the highest amount of 
HDL 3 (43%). 

bIndividuals chosen who had 87 -+ 6% HDL a (the 
denser of the two HDL peaks observed upon flotation 
velocity). 

1.06 1.08 LIO 1.12 LI4 1.16 
EQUILIBRIUM DENSITY G /ML  

FIG. 3. Equilibrium density gradient patterns of 
gorilla #3 (top), rhesus #7911 (middle), and a human 
(bottom) having very little HDL 2 (3% by flotation 
velocity). The gorilla chosen was that having the least 
amount of HDL 2 (57% by weight). 

dens i ty  range, while rhesus and h u m a n  HDL3 
had abou t  30% in tha t  range. Human  HDL3 was 
broader  in densi ty  d is t r ibut ion  than  rhesus 
HDL, and con ta ined  more  material  o f  dens i ty  
> 1.125 g/ml. 

Compara t ive  peak f rac t ion  densit ies,  flo- 
t a t ion  rates of the  major  c o m p o n e n t  and 
f lo ta t ion  equil ibrium molecular  weights of 
this peak f rac t ion  are given in Table 4. While 
the  gorilla peak f rac t ion  was clearly an HDL2, 
being of  400 ,000 molecular  weight ,  rhesus HDL 
and human  HDL3 were nearly the  same at 
209-200,000 molecular  weight.  Rhesus  HDL 

f loated  faster in densi ty  1.2 g/ml solvent  
because i t  had a l ighter dens i ty ,  as seen in b o t h  
Tables 3 and 4. 

The gorillas and mangabeys  had higher 
HDL2 f lo ta t ion  rates than  orangutans  and 
ch impanzees ,  while HDL3 Sf were similar. 
Orangutan HDL3 Sf values were too  few and at 
too  low an HDL3 concen t r a t i on  to  consider.  
The peak f rac t ion  was de t e rmined  f rom pro te in  
measuremen t  (Table 4), which  was at a higher 
dens i ty  (0.002-0.006 g/ml)  than  choles terol  
measurements  revealed (Table 3). 

Molecular weights-Human HDL3 is he te ro-  
geneous (17). To de te rmine  w h e t h e r  rhesus 
HDL conta ined  only  HDL3-1ike molecules ,  
f lo ta t ion  equil ibrium molecular  weight  deter-  
minat ions  were carried out  on various dens i ty  
f ract ions  (Table 5). Between 1.11 and 1.14 g/ 
ml, molecular  weights ranged only  f rom 216 to  
189,000 for ei ther  rhesus HDL or human  
HDL3. In dens i ty  1.085-1.090 g/ml,  HDL near  
290,000 was f o u n d  in bo th .  

TABLE 4 

Densities and Sizes of the Primate HDL Peak Density Gradient Subfraction 

Flotation rate 
N Density g/ml Sf, 1.2 Molecular weight 

Gorilla HDL 5 1.077 _+ 0.001 7.3- + 0.5 400,000 
RhesusHDL 10 1.109 -+0.005 4.6 + - 1.0 209,000-+ 9,000 
Human HDL a 20 1.129 -+ 0.012 3.5- + 0.4 200,000-+ 15,000 

N for molecular weights were 1;5 and 10 respectively. All mean values and standard 
deviations are of the peak fraction in each density gradient. 

alndividuals chosen who had little HDL in the lower density of the two HDL peaks 
observed upon flotation velocity. 
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TABLE 5 

Molecular Weight of HDL Density Gradient Subfractions 

661 

Density fraction of HDL in g/ml 

N 1.085 1.109 1.133 
-1.090 -1.114 -1.140 

Molecular weight X 10 -3 

RhesusHDL 5 291 +26 209 -+ 9 189 -+12 
Human HDL a 
(87 +- 6% HDL3 ) 8 284 • 216 -+17 195 -+16 

alndividuals chosen who had 87 • 6% HDL 3 . 

TABLE 6 

Comparative Chemical Composition of Primate Density Gradient HDL Subfractions 

Density subfraction 

Cholesterol Phospholipids 

N Protein Weight percentage Triacylglycerol 

Gorilla HDL 2 2 37 • 2 29 -+ 0.5 29.6 + 0.6 4 -+ 2 
Rhesus HDL 1.1-1.125 g/ml 12 48.2 • 2.6 16.0 -+ 2.3 30.3 -+ 2.9 5.3 • 2.7 
Rhesus HDL > 1.125 g/ml 6 59.7 • 2.3 14.9 -+ 1.0 24.1 -+ 1.9 1.3 • 1.5 
HumanHDL 3 1.1-1.125g/ml 6 49.2-+6.1 17.3 • 1.2 27.4-+3.8 5.0 • 
Human HDL 3 > 1.125 g/ml 6 56.5 • 5.0 15.7 • 1.4 23.5 • 4.3 • 
Rhesus HDL 1.063-1.125 g/ml 

Scanu et al. (18) 45.0 -+ 5 20.4 -+ 4 24.0 • 5 3.2 • 0.5 
Rhesus HDL 1.125-1.21 g/ml 

Scanu et al. (18) 53.0 • 5 16.7 • 3 26.5 • 5 2.8 • 0.5 
Rhesus HDL 1.063-1.125 g/ml 

Portman et al. (19) 11 51.1 -+ 2.0 21.1 -+ 1.6 25.9 • 1.4 1.5 -+ 0.3 
Rhesus HDL 1.125-1.21 g/ml 

Portman et al. (19) 11 55.3 • 5 20.5 +- 1.2 22.8 • 0.5 1.4 • 0.2 

Chemical compositions were carried out  on 
f ract ions  in dens i ty  ranges 1.063-1.125 and 
> 1.125 g /ml  (Table 6), in order  to  assess their  
he te rogene i ty  and to compare  them to previous 
studies of  rhesus HDL (18,19),  and to  h u m a n  
HDL2b and HDL3 (20). While pure gorilla 
HDL2 clearly was similar to h u m a n  HDL2 in 
compos i t ion ,  rhesus HDL and human  HDL 3 
were similar to  each other .  

DISCUSSION 

HDLR/HDL 3 ratios o f  apes and monkeys-  
Our major  f inding was tha t  the  HDL of  apes, 
gorillas, ch impanzees  and orangutans  con ta ined  
more  HDL2 than HDL3,  while tha t  o f  Old 
World monkeys ,  rhesus,  soo ty  mangabeys ,  
cynomolgus ,  s tumptai ls ,  patas and African 
greens, con ta ined  less HDL2 than  HDL3 on a 
tow choles terol ,  low fat diet. This separa t ion 
and es t imat ion  of  HDL2 and HDL3 was based 
solely on the  natural  separa t ion in to  two  sym- 
metr ical ,  f loat ing peaks in dens i ty  1.2 g/ml 
solvent  in the  analytical  u l t racentr i fuge.  While 
we have descr ibed the  uncer ta in t ies  in assigning 
rhesus HDL and HDL2 or HDL3 designat ion,  

this does no t  obscure  the  marked  lower  densi ty ,  
l ipid-rich and higher  molecular  weight  of  mos t  
of  ape HDL. Ape HDL is unique  in conta in ing  
less HDL3 than  even h u m a n  HDL in spite of 
the fact  that  the  to ta l  concen t r a t ion  of  HDL 
choles terol  was much  higher. Since HDL2/  
HDL3 ratios are regula ted by  hepat ic  lipase and 
plasma l ipopro te in  lipase (21), possibly ei ther  
hepat ic  lipase is low, or l ipopro te in  lipase is 
high, or bo th ,  in apes. Hepat ic  lipase hydro lyzes  
phospho l ip id  f rom HDL2 preferent ia l ly  (22,23),  
while l ipopro te in  lipase s t imulates  the forma-  
t ion of  HDL2 f rom surface cons t i tuen t s  o f  
VLDL and chy lomic rons  (24,25).  

HDL concentrations o f  ape and monkey 
sera-Both apes and mo n k ey s  had higher serum 
HDL concen t ra t ions  than  humans .  Some soo ty  
mangabeys  and ch impanzees  had serum HDL 
concen t ra t ions  similar to  humans  having high 
concen t ra t ions  (50-60 mg/dl  as cholesterol) .  
Serum low dens i ty  l ipopro te in  (LDL) concen-  
t ra t ions  were comparab le  in apes and humans ,  
but  were much  lower  in monkeys .  This higher 
HDL in apes was p r ed o mi n an t l y  in HDL2. 
While the  higher p r o p o r t i o n  in HDL2 might  be 
expec ted ,  u n e x p e c t e d  was the  lower  HDL3 
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(13-17 mg/dl) in apes than in humans. Even 
humans with low serum HDL cholesterol con- 
centrations range from 25-35 mg/dl. Gorilla 
HDL2 was similar to human HDL2 in molecular 
weight (400,000 vs 358,000 (17), 400,000 
(26), and 420,000 (8)), and density (1.077 vs 
1.096 (17) and 1.090 g/ml (8)). 

Properties o f  gorilla and rhesus HDL-In 
order that more detailed comparisons could be 
made, we further compared gorilla and rhesus 
monkey HDL as to the density distribution, 
peak density, peak flotation rate and molecular 
weights of different density fractions. All of 
these confirmed the striking difference between 
the properties of gorilla and rhesus HDL. 
Gorilla HDL was primarily (>70%) in the 
1.10 g/ml density fraction, while only 30% of 
the rhesus HDL or human HDL3 were found 
there. The low peak density of gorilla HDL 
(1.077 g/ml) suggested that it would be diffi- 
cult to avoid cross-contamination with LDL. 
We carefully checked for its presence by 
agarose electrophoresis and analytical ultra- 
centrifugation and found none. The low peak 
density was not likely due to aging of the 
sample since we found that aging of gorilla 
HDL for several months shifted the peak 
density to higher densities. 

Monkey HDL properties- The second impor- 
tant finding was that rhesus and presumably 
other monkey HDL usually did not compare 
closely with human HDLa in density distribu- 
tion or in composition. However, the compara- 
tive compositions of rhesus HDL and human 
HDL3 were very similar in identical density 
fractions. 

Number of  components in monkey HDL-  
Rhesus were anomolous, usually having a single 
HDL component which was like human HDL3 
in molecular weight (209,000 vs 200,000), but 
had a lighter density (1.109 g/ml) overall than 
human HDL3 (1.129 g/ml) and contained a 
lower % protein. It must be stressed that diet is 
extremely important. On a cholesterol diet, 
HDL2 and HDL3 become evident as separate 
peaks, although at high cholesterol serum levels 
(low HDL levels), HDL2 disappears (7). The 
monkey chow diet is very low in fat and in 
cholesterol. Even under these conditions, a few 
rhesus monkeys produced an HDL having a 
clearly discernible HDL2 and HDL3, while a 
few had a fast floating HDL, having an Sf, 
1.2 of 5-6, rather than the 4.6 usually observed. 
(HDL2 Sf would be 6-8.) We observed further 
that the concentration of total HDL cholesterol 
was a reasonable predictor of the type of HDL 
which would be found. In general, monkeys 
with higher HDL cholesterol were more likely 
to show two easily discernible HDL peaks 

in the analytical ultracentrifuge. Mangabey 
monkeys differed in this regard. In the chow- 
fed animal, HDL2 and HDL3 could not  be seen 
regardless of the concentration of HDL choles- 
terol, whereas in the cholesterol-fed state, even 
where HDL cholesterol was no higher than 
chow-fed animals, we frequently observed 
easily separable HDL2 and HDL3 (7). 

Densities o f  rhesus HDL and human HDLa-  
Rhesus HDL and human HDL3 peaked at 
differing densities (1.109 and 1.129 g/ml). This 
was caused by human HDL3 having a distribu- 
tion shifted to higher densities with twice as 
much cholesterol in the > 1.125 g/ml fraction as 
in the rhesus. Almost half of the <1.10 g/ml 
human HDL was HDL2, since the human HDL 
samples contained 87% HDL3 and 13% HDL2. 
Thus the actual density spread (density hetero- 
geneity) of human HDL3 and rhesus HDL was 
not greatly different. The molecular weights of 
rhesus HDL and human HDL3 were within 10% 
of each other between 1.11 and 1.13 g/ml 
densities. At 1.085 g/ml, both were 40% 
higher. Thus, at least in rhesus, the molecular 
size envelope was not symmetrical. In human, 
this was probably due to the HDL2 present in 
our samples. 

We found more HDL floating at density 
1.125 g/ml for rhesus than other investigators. 
We found 83% floating, while Scanu et al. (18) 
found 66%. On a 36% (calories) corn oil diet, 
Portman et al. (19) found 37% floating. For 
cynomolgus monkeys, a species closely re- 
lated to the rhesus, we found 71% floating at 
1.125 g/ml. Assuming the corn oil diet to cause 
the lower HDL2, those values also support the 
contention that monkeys have a less dense HDL 
than human HDL3 and thus are often arbitrar- 
ily said to contain HDL2 because of some HDL 
floating at density 1.125 g/ml. This is not 
necessarily incorrect, because HDL is hetero- 
geneous, and the fraction floating at density 
1.125 g/ml is a subpopulation of HDL, what- 
ever name it is given. However, it is not a dis- 
continuous HDL density fraction as HDL2 is in 
humans. 

Our composition data agrees in comparable 
density fractions with that of Anderson et al. 
(20), who reported human HDL was composed 
of HDL2b, HDL2a and HDL3. Our molecular 
weight of the HDL2b density fraction was 
much lower. This probably was because our 
monkeys were chow-fed and had little HDL2. 
When cholesterol-fed, they develop an HDL2 
(7). Presumably, detailed study of this HDL 
would reveal HDL2a-like properties in molecu- 
lar weight in the 1.! 0-1.125 g/ml density gradi- 
ent region. Indeed, studies on cholesterol-fed 
African green HDL which exhibited distinct 
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HDL2 and HDL3 peaks in dens i ty  gradients  
revealed tha t  the  molecular  weights and compo-  
si t ions of  arbi t rary  dens i ty  gradient  subfrac- 
t ions  co r r e sponded  closely to tha t  of  Ander-  
son et al. (20) for h u m a n  HDL2b,  HDL2a, and 
HDL3 (27). 

Indeed the  nomenc la tu re  of  Anderson  et al. 
(20) could have been used to  describe HDL 
subfract ions.  For  instance,  gorilla HDL could 
be descr ibed as HDL2b and HDL2a, wi th  very 
li t t le HDL3 (> 1.125 g/m1 density) .  Fless et al. 
(28) chose to  t e rm the two peaks they  observed 
in densi ty  gradients as HDL L and HDLH, 
p resumably  since they  do no t  m a t c h  h u m a n  
HDL2 and HDL3 in densit ies and alter in 
densit ies u p o n  choles terol  feeding. We chose to  
use the  HDL2 and HDL3 terms,  po in t ing  out  
the  compar i sons  and di f ferences  among  species,  
while dens i ty  f rae t ionat ing  HDL fu r the r  so as 
also to compare  similar dens i ty  intervals among  
members  of  the  major  pr imate  species. 

The present  comprehens ive  studies reveal 
many  complexi t ies  in the  d is t r ibut ion of  serum 
HDL l ipopro te ins  in the  broades t  compara t ive  
s tudy  thus  far under taken  of  sub-human pri- 
mates.  While our unders tand ing  of  the me tabo-  
lism of HDL has progressed in the  last 10 years,  
the  present  work  reveals tha t  fu r ther  detai led 
studies will be required,  in pe r tu rbed  states of  
cholesterol  and fat  feeding,  before  j u d g m e n t  
can be made  of  the  role of  these substances  in 
choles terol  and lipid homeostas is .  
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The Effects of Dietary Cholesterol on Blood and Liver 

Polyunsaturated Fatty Acids and on Plasma Cholesterol 

in Rats Fed Various Types of Fatty Acid Diet 
Y.S. HUANG*,  M.S. MANKU and D.F. HORROBIN, Efamol Research Institute, P.O. Box 
818, Kentville, Nova Scotia, Canada B4N 4H8 

ABSTRACT 

Male rats were fed on a fat-free diet for 8 weeks and then switched to diets containing 10% hydro- 
genated coconut oil (HCO), safflower oil (SFO) or evening primrose oil (EPO). Half of each group was 
also given 1% of cholesterol in the diet. After 5 further weeks, plasma, red cell and liver fatty acids 
were measured in the various lipid fractions. Plasma and liver cholesterol also were estimated. In 
almost all fractions and on all three diets, feeding cholesterol led to accumulation of the substrates of 
desaturation reactions and to deficits of the products of these reactions. The results were consistent 
with inhibition of A-6, n-5 and A-4 desaturation of n-6 essential fatty acids. Since the diets were 
deficient in n-3 fatty acids, levels were very low but were also consistent with inhibition of desatura- 
tion. In contrast, cholesterol had relatively less consistent effects on 20:3n-9, suggesting that desatura- 
tion of n-9 fatty acids was less inhibited. Plasma cholesterol levels rose sharply in the HCO and SFO 
groups but not at all in the EPO group. EPO contains the product of h-6-desaturation, 18:3n-6, sug- 
gesting that conversion of linoleic acid to 18:3n-6 and possibly to further metabolites may be impor- 
tant for the cholesterol-lowering effect of polyunsaturates. 
Lipids 19:664-672, 1984. 

INTRODUCTION 

The addition of adequate amounts of poly- 
unsaturated fatty acids (PUFA) to the diet of 
humans consistently lowers plasma cholesterol 
levels (1,2). The mechanism remains uncertain 
but the evidence is compelling enough to allow 
bodies such as the American Heart Association 
to recommend a general increase in dietary 
polyunsaturates (3). 

While there is an immense literature on the 
effects of polyunsaturates on cholesterol, there 
is much less information on the effects of 
cholesterol on polyunsaturate metabolism. 
Although the possibility that cholesterol syn- 
thesis is reduced by PUFAs has been ruled out 
by many investigators (4-7), data reported by 
Bochenek et al. (8) have demonstrated that 
feedback inhibition by dietary cholesterol on 
hepatic cholesterol synthesis is greater when 
linoleic acid is fed with the cholesterol. Cho- 
lesterol fed to monkeys lowers total blood 
polyunsaturate levels (9). Feeding cholesterol 
to animals with sub-optimal essential fatty acid 
(EFA) intake leads to a striking exacerbation of 
the signs of EFA deficiency (10-12). This sug- 
gests that cholesterol may interfere with EFA 
metabolism or increase the need for EFAs. 
These indirect indications of a cholesterol 
effect on polyunsaturate metabolism have been 
followed up by direct measurements of indivi- 
dual fatty acids in some studies. Most investi- 
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gations have looked only at linoleic and arachi- 
donic acids, and a consistent finding is that 
arachidonic acid levels are reduced by cho- 
lesterol, while linoleic acid concentrations are 
unchanged or elevated (8,13-15). One report 
also noted an unusual elevation of dihomo- 
gamma-linolenic acid (20:3n-6), an interme- 
diate in the pathway from linoleic acid to 
arachidonic acid (13). These studies suggest 
that cholesterol may reduce the efficiency of 
conversion of linoleic to arachidonic and 
possibly may also lower arachidonic acid levels 
by increasing utilization in the formation of 
cholesterol esters (8,13). 

The present study aimed to examine further 
the effects of cholesterol on blood and liver 
fatty acid levels in animals fed a fat-free diet 
supplemented with saturated or unsaturated 
fats. 

MATERIALS AND METHODS 

Forty two male Sprague Dawley rats, weigh- 
ing about 100 g, were maintained on a fat-free 
(FF) diet. The diet (TD 8323 I) was supplied by 
Teklad Test Diets (Madison, Wisconsin) and 
contained 66.8% sucrose, 22.2% vitamin-free 
casein, 5.6% cellulose, 4% mineral mix (AIN- 
76), 1.1 % vitamin mix and 0.3% DL-methionine. 
After 8 weeks on this diet, animals showed 
growth retardation and scaly skin on feet and 
tail, indicating the onset of EFA deficiency. 
Animals were then allocated to six matched 
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weight groups of 7 rats each and were fed for 
5 further weeks with oil supplemented diets. 
To the FF diet was added 10% by weight of 
either hydrogenated coconut oil (HCO), saf- 
flower oil (SFO) or evening primrose oil (EPO). 
Half the 14 animals in each of the three groups 
were also given 1% by weight of cholesterol 
(CH) in the diet. The experiment was designed 
to deprive animals of EFAs and then to provide 
linoleate-rich oils with or without the addition 
of cholesterol, so that the interaction between 
dietary cholesterol and EFA could be examined 
with minimum complication from the endo- 
genous EFA pool. HCO was virtually EFA free 
(contained less than 0.1% linoleic acid); SFO 
was rich in linoleic acid (79.5%), and EPO had 
about 9% of 18:3n-6 and 71% of linoleic acid, 
giving a total EFA content similar to that of 
SFO. The SFO and EPO supplemented animals 
were used for comparison of the effect of 18:3- 
n-6, while the HCO supplemented animals were 
used as the isocaloric controls. 

All animals were kept in groups of two or 
three in plastic cages and had free access to 
food and water. At the end of the dietary ex- 
periment, animals were killed by exsanguina- 
tion under light ether anesthesia between 8:00 
and 10:00 a.m. Blood was collected via the 
abdominal aorta into a test tube containing 
ethylenediaminetetraacetate (EDTA) (1 mg/ml 
blood). Plasma was separated from erythrocytes 
by centrifugation. Livers were excised, rinsed in 
ice cold saline, blotted, weighed and frozen for 
lipid extraction. 

Plasma and liver lipids were extracted by the 
method of Folch et al. (16), and erythrocyte 
lipids by that of Dodge and Phillips (17). 
Plasma cholesterol was measured enzymatically 
using a Cobas-Bio centrifugal analyzer (Hof- 
fman-La Roche). Total liver cholesterol was 
measured after saponification of aliquots of 
liver lipid extracts and quantitated as trimethyl- 
silane ether derivatives with 5-alpha-cholestane 
as internal standard by gas liquid chroma- 
tography (GLC) using 3% OV-1 on Gas Chrom 
Q (Applied Science Laboratories, State College, 
Pennsylvania) packed column. Free and ester 
cholesterols were separated by thin layer 
chromatography (TLC) and quantitated by 
GLC by the above method. Phospholipids and 
lipid fractions separated by TLC were methyl- 
ated according to Morrison and Smith (18)and 
subjected to GLC for determination of fatty 
acid composition. A 10% Silar 10 C on Gas 
Chrom Q column was used with a Hewlett 
Packard 5880A machine with automated 
integration as described previously (19). 

Statistical comparisons were made by 
Student's t-test. 

R E S U L T S  

At the end of the dietary experiment, the 
symptoms of EFA deficiency, scaly skin and 
rough fur, were significantly a l lev ia ted ' in  
animals fed SFO or EPO, but not in animals 
fed HCO. 

Table 1 shows the body and liver weights 
of animals. Both SFO and EPO animals had 
similar body weights at the time of sacrifice, 
and these were not significantly affected by the 
cholesterol supplementation. The HCO animals 
had lower body weights which also were not 
affected by the cholesterol supplementation. 
Supplementation with cholesterol had no signi- 
ficant effect on liver weight in the HCO group 
but significantly increased the actual and rela- 
tive liver weight of animals in SFO and EPO 
groups. Table 1 also shows the plasma and liver 
cholesterol levels. None of the diets had any 
effect on baseline cholesterol levels in the 
absence of dietary cholesterol. Dietary cho- 
lesterol substantially elevated plasma cholesterol 
in the HCO and SFO group but had only a 
small effect in the EPO group. In the liver, in 
the groups without added dietary cholesterol, 
total liver cholesterol in the EPO group was 
significantly lower than in the other two 
groups. In the groups with dietary cholesterol, 
liver cholesterol was higher in the EPO groups 
than in the other two groups. The excess 
cholesterol in the liver was mainly in the form 
of esters. 

The fatty acid composition of plasma total 
phospholipids is shown in Table 2. Levels of 
n-3 fatty acids were generally low because of 
the diets and are not shown. The distribution of 
fatty acids in rats fed HCO diet reflects EFA 
deficiency with low levels of 18:2n-6 and 20:4- 
n-6 and a high level of 20:3n-9. Cholesterol 
feeding increased both 18:1n-9 and 20:3n-9 
but decreased 22:5n-6. Supplementation with 
either SFO or EPO significantly raised the 
levels of 18:2n-6 and 20:4n-6 and also of other 
long chain n-6 fatty acids. Cholesterol supple- 
mentation decreased the proportions of 20:4- 
n-6 and other n-6 fatty acids, with the excep- 
tions of 18:2n-6 and 20:3n-6, which were 
increased. 

Table 3 shows the effect of diet with or 
without cholesterol supplementation on the 
percentage distribution of fatty acids of plasma 
cholesteryl esters. In HCO treated animals, CH 
supplementation significantly reduced the levels 
of 20:4n-6 and 22:5n-6. In SFO and EPO 
animals, CH feeding significantly elevated both 
18:2n-6 and 20:3n-6 but reduced 20:4n-6 and 
22:5n-6. 

Effects of cholesterol feeding on fatty acid 
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composition in liver phospholipids are shown in 
Table 4. In the HCO group, cholesterol feeding 
reduced 22:5n-6. In the SFO and EPO groups, 
the proportions of 18:2n-6 and 20:3n-6 were 
increased, while those of 20:4n-6 and 22:5n-6 
all were decreased significantly. 

In liver CE (Table 5), the cholesterol feeding 
significantly decreased all n-6 fatty acids in 
the HCO group. Cholesterol feeding also re- 
duced the proportions of 20:4n-6, 22:4n-6 and 
22:5n-6, but increased those of 18:2n-6 and 
20:3n-6 in the EPO group. 

PC and sphingomyelin are the two major 
phospholipid fractions in red blood cell mem- 
branes readily exchangeable with plasma phos- 
pholipids (20). Since sphingomyelin contains 
mainly saturated or monounsaturated fatty 
acids, dietary supplementation of PUFAs did 
not significantly affect the fatty acid pattern 
of sphingomyelin. Therefore, in this study, 
only fatty acid of red blood cell-phosphatidyl 
choline (RBC-PC) are shown in Table 6. Cho- 
lesterol feeding had no significant effect on the 
RBC fatty acid pattern in the HCO group. 
However, significant increases of 18:2n-6 and 
20:3n-6 and decreases-of 20:4n-6 and 22:5n-6 
in both the SFO and EPO groups occurred 
when the cholesterol diet was given. 22:4n-6 
also was found decreased in the SFO group 
treated with cholesterol. 

Plasma and liver triglycerides contained very 
low levels of 20:3n-6 and 20:4n-6. These results 
are not presented but are available for inspec- 
tion. Cholesterol feeding affected the fatty acid 
patterns in these two fractions with trends simi- 
lar to those found in phospholipids and cho- 
lesteryl esters. 

The changes in essential fatty acid levels in 
response to feeding cholesterol were similar in 
all three diet groups and can be summarized as 
follows: 

1. EFA levels were naturally very low in the 
HCO group, and n-3 EFA levels were low in 
all groups because of their absence from the 
diet. 

2. Concentrations of 18:2n-6 were con- 
sistently elevated, especially in the SFO and 
EPO groups. 

3. 18:3n-6 was present in only some frac- 
tions in trace amounts and was slightly elevated 
in the EPO group. 

4. 20:3n-6 was undetectable in most frac- 
tions in the HCO group. In the SFO and EPO 
groups it was consistently elevated by cho- 
lesterol feeding. The rise was particularly strik- 
ing in liver triglycerides in the EPO group (3.1 
• 0.5 vs 0.9 • 0.3 rag/100 mg total fatty acids 
present). 

5. 20:4n-6 was present only in small quanti- 

ties in the HCO group but in much larger 
amounts in the SFO and EPO groups. Its levels 
were consistently reduced in all fractions by 
cholesterol feeding. The fall tended to be less 
in the EPO group than in the SFO group. 

6. 22:4n-6 and 22:5n-6 were present in low 
concentrations in most fractions in the SFO 
and EPO groups and also consistently fell with 
cholesterol feeding. 

DISCUSSION 

These results leave little doubt that, as 
hinted at in many previous studies (8-15), 
cholesterol has a profound effect on the me- 
tabolism of n-6 EFAs. 18:2 and 20:3n-6 are 
consistently elevated and 20:4n-6 is consisten- 
tly reduced by cholesterol feeding. 22:4n-6 also 
tends to be reduced, but 22:5n-6 is lowered to 
a much greater extent. The ratios of substrates 
to products at all three desaturation steps (A-6, 
A-5, A-4), were increased. This suggests either 
that cholesterol inhibits desaturation or that, 
less likely, in all fractions in the plasma, red 
cells and liver it selectively enhances incor- 
poration of substrates for desaturation. Since 
the rats were deficient in n-3 EFAs, little in- 
formation was provided on n-3 metabolism 
although there certainly was reduced formation 
of the last major metabolite, 22:6n-3 (not 
shown, results available from the authors). 

n-3, n-6 and n-9 fatty acids compete with 
one another for desaturation systems and it is 
commonly believed that the same enzymes are 
involved with all three series (21,22). The ac- 
cumulation of 20:3n-9 is a widely used marker 
of EFA deficiency, since its formation from 
18:1n-9 is readily inhibited by both n-3 and n-6 
EFAs (21). Although the present studies show 
clear modification of n-6 metabolism by cho- 
lesterol, 20:3n-9 levels were unchanged or 
elevated by cholesterol, except in the cho- 
lesterol ester fraction in the HCO group. This 
suggests that cholesterol may modify 18:1n-9 
metabolism less than that of the n-6 fatty acids. 

The data suggest that cholesterol leads to 
less efficient metabolism of 18:2n-6 along the 
essential fatty acid pathway. There also may be 
increased utilization of arachidonic acid as a 
contributory factor to the low levels of 20:4n-6 
(13), but such raised utilization cannot be the 
whole explanation. If it were, one would 
expect to see reduced levels of the arachidonate 
precursors 20:3n-6 and 18:2n-6 instead of the 
raised concentrations actually observed. In 
humans there is one small study which provides 
direct evidence for a reduced metabolism of lino- 
leic acid in patients with elevated blood lipid 
levels (23). When 14C-l-linoleic acid was admi- 
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nis tered  to no rma l s  and  to  pa t i en t s  w i t h  h igh  
b l o o d  lipids, a p p r o x i m a t e l y  d o u b l e  t he  a m o u n t  
of  r ad ioac t iv i ty  appea red  in 20 :3n -6  and  20 :4 -  
n-6 in t he  no rma l s  as in t he  hype r l i p idemics  
(23) .  

The  groups  w i th  and  w i t h o u t  cho les te ro l  
r ep resen t  two  ex t r emes  of  cho les te ro l  m e t a b o -  
l ism. In the  absence  o f  d ie ta ry  cho les t e ro l  all 
available cho les te ro l  mus t  be  syn thes ized  
endogenous ly .  In the  presence  of  a massive 
excess of  d ie ta ry  choles te ro l ,  e n d o g e n o u s  
cho les te ro l  synthes is  will be  max ima l ly  sup- 
pressed and  t he  ma jo r i t y  of  t he  cho les te ro l  will 
be f r o m  the  e x o g e n o u s  source .  In t h e  absence  
of  cho les te ro l  in the  die t ,  whi le  p lasma cho-  
les terol  c o n c e n t r a t i o n s  were  similar  in all t h r ee  
groups,  t o t a l  liver cho les te ro l  was s igni f icant ly  
lower  in the  EPO group.  This  suggests t h a t  
18 :3n-6  or  one  of  its m e t a b o l i t e s  is able  to  re-  
duce  e n d o g e n o u s  cho les te ro l  synthes is .  In the  
choles tero l - fed  groups ,  in con t ras t ,  t o t a l  liver 
cho les te ro l  was h ighes t  and  p lasma cho les t e ro l  
lowest  in the  EPO group.  This suggests t ha t  
EPO is able  to  s t imula te  t he  t r a n s p o r t  of  cho-  
les terol  f rom the  p lasma in to  the  liver. Thus  
there  appea r  to  be  two  separate  effects ,  a sup-  
press ion of  cho les te ro l  syn thes i s  and  an en- 
h a n c e m e n t  of  c learance o f  cho les t e ro l  f rom the  
plasma.  The  i n t e r ac t i ons  of  these  t w o  need  to  
be s tudied  f u r t h e r  in s i tua t ions  in wh ich  the  
ba lance  b e t w e e n  e n d o g e n o u s  cho les te ro l  syn- 
thesis  and  exogenous  cho les te ro l  supplies are 
more  similar to  those  in real  life. 

Since the  on ly  ma jo r  d ie ta ry  d i f fe rence  be-  
t w e e n  t he  SFO and  EPO groups  was t he  pre-  
sence  o f  18:3n-6  in t he  la t te r ,  th is  f a t t y  acid 
p r e s u m a b l y  was the  cause of  the  p lasma cho-  
les terol- lowering ac t ion  and  the  effects  on  the  
liver. This is cons i s t en t  w i th  the  obse rva t ion  
t h a t  EPO and  a r ach i dona t e  seem to  be  m u c h  
more  p o t e n t  t h a n  l inoleic  ac id -con ta in ing  oils 
in lower ing  choles te ro l  levels in  h u m a n s  and  
an imals  (24-26) .  Nei ther  t he  h u m a n  n o r  t he  ra t  
s tudies  provide  any  ev idence  as to  w h e t h e r  t he  
act ive m e t a b o l i t e  is the  same for  b o t h  ef fec ts  
or  w h e t h e r  i t  is 18 :3n-6 ,  20 :3n-6 ,  20 :4n -6 ,  a 
cyc looxygenase  me tabo l i t e ,  a l ipoxygenase  
m e t a b o l i t e  or  some c o m b i n a t i o n .  In t he  p resen t  
s tudies ,  18 :3n-6 ,  20 :3n-6  and  20 :4n -6  concen -  
t r a t i ons  were in mos t  f r ac t ions  h igher  in the  
EPO group  t h a n  the  SFO group .  

Since a m e t a b o l i t e  of  18 :2n-6  lowers  p la sma  
choles te ro l ,  whi le  feeding choles te ro l  inh ib i t s  
de sa tu r a t i on  of  l inoleic acid,  the re  is t he  sug- 
ges t ion  of  a f eedback  re la t ionsh ip  b e t w e e n  t he  
ef fec ts  of  p o l y u n s a t u r a t e s  o n  choles te ro l  and  of  
cho les te ro l  o n  p o l y u n s a t u r a t e  m e t abo l i s m .  One 
poss ib i l i ty ,  cons i s t en t  wi th  the  c u r r e n t l y  k n o w n  
facts ,  is t h a t  a m e t a b o l i t e  of  18 :2n-6  s t imula tes  

t he  t rans fe r  of  p lasma choles te ro l  in to  liver 
cells, e i the r  via LDL-recep tors  or via one  of  t he  
a l t e rna t ive  rou tes  (27) .  This will raise the  hepa-  
t ic  in t race l lu la r  cho les te ro l  concen t r a t i ons .  This  
cho les t e ro l  will t h e n  progressively inh ib i t  
de sa tu r a t i on  of  l inoleic  acid,  leading to  r educed  
c o n c e n t r a t i o n s  of  act ive me tabo l i t e s  and h e n c e  
to  a r educed  in f low of  cho les te ro l  f rom plasma.  
Such a sys tem would  help to regulate  the  
p lasma and  in t race l lu la r  cho les te ro l  levels. 
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ABSTRACT 

Structural analyses were performed on milk fat samples obtained 3-10 days postpartum from a 
lactating patient with primary Type 1 hyperiipidemia. The milk triacylglycerols contained 3-7% C~o , 
14-21% C12 , 20-30% C14 , 22-26% C16 and 20-30% C18 (largely oleic) acids. Gas liquid chromato- 
graphic (GLC) analyses of the X-l,3- and X-1,2-diacylglyeerols on polar siloxane columns showed a 
markedly non-random association of acyl chains. Stereospecific analyses indicated that the short chain 
length fatty acids were confined essentially to the sn-3-position of the triacylglycerol molecule. Fur- 
thermore, these acids were largely absent from the phosphatidylcholines and the endogenous sn-l,2- 
diacylglycerols of the milk fat. It is concluded that the short chain fatty acids are incorporated into 
the milk triacylglycerols during the final stage of biosynthesis via the phosphatidic acid pathway, and 
that the overall fatty acid distribution is consistent with the 1-random 2-random 3-random hypothesis. 
Lipids 19:673-682, 1984. 

INTRODUCTION 

We have reported previously (1) on the un- 
usual composition of the milk fat of a lactating 
patient with a primary Type 1 hyperlipidemia 
characterized by a congenital deficiency of 
lipoprotein lipase. The previous data (1) sug- 
gested that the plasma lipids could not be taken 
up by the mammary gland. This results in a 
replacement of much of the plasma long chain- 
length fatty acids by the short and medium 
chain-length acids synthesized de novo in the 
mammary gland (2). Due to this substitution 
the molecular weight distribution of the milk 
fat triacylglycerols of this patient assumes the 
appearance of the distribution of the milk fat 
of ruminants and horses, which also incorporate 
much short  and medium-chain acid into their 
milk triacylglycerols. 

Since ruminant  milk fats are known to 
possess characteristic structure in regards to 
both molecular association and positional dis- 
tr ibution of the short chain acids (3-5), we have 
undertaken detailed analyses of the structure of 
the abnormal human milk fat in order to deter- 
mine if the similarity with the ruminant  milk 
fat also extends to the stereochemical structure 
of the triacylglycerols. The results indicate that 
the influx of the C10 and C12 fatty acids is con- 
fined largely to the sn-3-position of the triacyl- 
glycerols, in a close correspondence to the 
distribution of these acids in horse milk triacyl- 
glycerols. 

MATERIALS AND METHODS 

The milk samples were collected at 4-8 hr 
intervals 3-10 days postpartum as previously 

*To whom correspondence should be addressed. 

described (1). Each sample was approximately 
10 ml. All samples were cooled to 2 C immedi- 
ately after collection and were kept under 
refrigeration until  analyzed. Total lipids were 
extracted (6) and mono-, di- and triacytglyc- 
erols were separated by thin layer chromatog- 
raphy (TLC), as described elsewhere (5). The 
trimethylsilyl (TMS) ethers of the X-l,2- and 
X-1,3-diacylglycerols were prepared and sepa- 
rately resolved according to molecular weight 
and degree of unsaturation using polar cyano- 
propylphenylsiloxane columns as previously de- 
scribed (7). Random degradation of triacyl- 
glycerols was performed by Grignard reaction 
(8). Stereospecific analyses were done on the 
total sample of the triacylglycerols by the 
method of Brockerhoff (9). The carbon number 
profiles of the sn-2,3-diacylglycerol moieties of 
the triacylglycerols were obtained from the 
sn-2,3-diacylphosphatidylphenols by pyrolysis 
in the hot (310 C) metal injector port of the 
gas chromatograph as previously reported (4). 
Fatty acid analyses were done as outlined else- 
where (5). The analytical standards and general 
methods of analysis were as described (10). In 
addition to the abnormal human milk samples, 
a sample of horse milk (11) was analyzed as a 
reference material. 

RESULTS AND DISCUSSION 

The general composition and interrelation- 
ships between the plasma and milk lipids of the 
subject with Type 1 hyperlipidemia have been 
described elsewhere (12), where the differences 
between normal milk and milk of the patient 
also were pointed out. In the present study we 
have examined in detail the structure of the 
triacylglycerols of the abnormal milk fat and 
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have compared it to that of mare's milk to 
which it bears a striking resemblance. 

Composition of Fatty Acids 

Table 1 gives the fatty acid composition of 
several of the milk samples collected from the 
patient 3-10 days postpartum in comparison to 
that of a sample of horse milk triacylglycerols. 
It is seen that the different abnormal human 
milk samples are similar in their fatty acid 
composition and are characterized by the pres- 
ence of a high proportion of C~0-C~4 saturated 
fatty acids and small amounts of linoleic and 
the higher unsaturated fatty acids. Oleic acid is 
the major unsaturated fatty acid and accounts 
for about 20% of the total. These values differ 
markedly from those of normal human milk, 
which contains much less short and medium 
chain fatty acid and more polyunsaturated 
fatty acids (13). Mothers on high carbohydrate/ 
low fat diets previously have been reported (14, 
15) to produce milk enriched with medium 
chain length fatty acids. While the nature of our 
patient's diet (70% carbohydrate, 10% fat) 
might have been partly responsible for the 
observed milk fat composition, the proportions 
of the medium chain fatty acids in her milk are 
clearly outside the range which is reached 
merely with dietary manipulation. Further- 
more, the changes in the fatty acid composition 
seen during the course of a single day are ob- 
viously outside those characterizing a normal 
diurnal variation (16). Animal studies have 
shown (17) that the mammary gland synthe- 
sizes medium chain length fatty acids in re- 
sponse to a shortage of unsaturated acids in the 
diet or in the blood stream. This may serve the 
purpose of decreasing the melting point of the 
largely saturated fat and increasing its solubility 
in the aqueous medium. 

Molecular Association of Fatty Acids 

Figure 1 represents the GLC profiles of the 
milk fat triacylglycerols as recorded for the 
samples taken on successive days of lactation. 
The initial milk sample was collected on the 
third day postpartum, and its triacylglycerol 
elution pattern shows some resemblance to that 
of normal human milk fat (13). However, by 
day 9 (Fig. 1 B) postpartum the triacylglycerol 
pattern has become greatly distorted by the 
presence of high proportions of the medium 
chain triacylglycerols. As lactation progresses, 
the proportion of the short and medium chain 
length fatty acids (Table 1) increases further; 
this is reflected in the carbon number profile 
(Table 2). 

Table 2 gives the quantitative carbon num- 
ber distribution in the abnormal milk fat sam- 
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FIG. 1. Gas-liquid chromatographic resolution of 

the triacylglycerols of the milk fat of a patient with 
Type 1 hyperlipidemia. A, day 3 (2:30 p.m.); B, day 9 
(7:50 a.m.); C, day 9 (11:30 a.m.); D, day 9 (4:00 
p.m.); E, day 9 (8:00 p.m.); F, day 9 (11:30 p.m.); G, 
day 10 (8:00 a.m.). Peak 27, TMS ether of cholesterol; 
Peak 30, tfidecanoylglycerol internal standard; Peaks 
32-56, triacylglycerols with a total of 32-56 acyl 
carbons. Instrument: Hewlett-Packard Model 5700 gas 
chromatograph equipped with an unheated on-column 
injector, dual columns, differential electrometer, 
electronic peak area integrator and an automatic 
sample injector. Column: stainless steel tube, 50 cm • 
2 mm I.D., packed with 3% OV-1 on Gas Chrom Q 
(100-120 mesh). Carrier gas, nitrogen at 80 ml/min. 
Detector temperature, 350C. Column temperature 
program, 180 to 350 C at 8 C/min. Sample: 1 ~I of the 
lipid in petroleum ether. Attenuation, 1/100 full 
sensitivity. Vertical lines intersecting the base line are 
the event marks of the peak area integrator. 

pies along with the carbon number distribution 
for the milk triacylglycerols of a normal subject 
and of the sample of horse milk. The closely 
similar distributions of the carbon numbers 
between the horse milk triacylglycerols and the 
triacylglycerols of some of the abnormal human 
milk samples are due to corresponding similari- 
ties in the carbon number distribution of  the 
component fatty acids in these samples, as well 
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TABLE 1 

l.'atty Acid Composi t ion of Milk Triacylglycerols from a Patient with Type 1 
Hyperlipidemia Compared to that  of a Norm',d Subject and of a Horse 

6 7 5  

Patient a Normal 
Fatty subject 
acids 3d 9dl  9d2 9d3 9d4 9d5 lOd (13) Horse 

Moles% 

8:0 2.0 
10:0 3.2 3.5 5.5 7.0 3.1 4.1 1.6 3.8 
12:0 5.8 14.9 14.6 16.9 13.8 18.0 21.3 6.4 4.7 
14:0 8.9 21.6 22.0 22.2 24.8 27.5 29.9 7.0 6.0 
16:0 27.8 26.0 26.2 24.3 25.0 23.6 21.8 23.0 19.9 
16 : l t J7  2.7 1.5 1.4 1.9 1.8 1.4 0.7 3.7 5.8 
18:0 5.7 5.9 5.5 5.5 4.6 5.8 4.7 5.7 1.0 
18:1cv9 39.6 20.9 22.2 19.5 18.9 16.9 13.5 31.3 22.1 
18:2co6 7.6 4.1 3.5 3.1 2.7 2.9 2.8 16.6 16.3 
18:3to3 16.4 
20: I t,.~9 0.8 0.8 0.6 0.6 1.0 0.2 0.8 0.7 
20:2to6 0.6 0.4 0.1 1.0 
20:4tv6 0.1 0.2 0.6 
Other 0.8 

aTimes of sampling: 3d, day 3 (2:30 p.m.); 9d l ,  day 9 (7:50 a.m.); 9d2, day 9 (11:30 
a.m.); 9d3, day 9 (4:00 p.m.); 9d4, day 9 (8:00 p.m.); 9d5, day 9 (I 1:30 p.m.); 10d, day 10 
(8:00 a.m.). 

TABLE 2 

Carbon Number Distribution of Milk Triacylglycerols from a Patient with Type 1 
Hyperlipidemia Compared to that  of a Normal Subject and of  a Horse 

Patient a Normal 
Carbon subject 
number 3d 9dl  9d2 9d3 9d4 9d5 10d (13) Horse 

Mole % 

32 0.6 0.7 1.8 0.8 0.8 0.7 1.2 - - 
34 0.7 0.9 2.2 1.3 1.0 1.0 1.3 - 1.3 
36 1.2 2.4 4.4 3.5 3.0 3.5 3.6 - 2.5 
38 1.2 5.0 5.1 6.9 6.5 7.8 8.5 - 4.1 
40 0.8 8.3 8.4 10.9 11.6 12.5 14.7 0.9 4.9 
42 2.5 11.4 12.0 14.6 13.5 15.1 17.4 2.1 7.6 
44 3.0 12.7 13.3 15.5 13.8 15.5 14.8 4.7 10.9 
46 7.1 14.3 12.2 13.4 14.6 13.7 13.1 8.2 9.9 
48 11.2 11.7 10.9 10.3 11.0 9.9 8.7 l l . 6  8.4 
50 19.8 12.0 11.6 9.5 9.7 8.4 7.0 16.8 12.8 
52 31.5 14.0 13.2 10.4 10.2 8.5 6.4 34.0 22.7 
54 16.7 4.6 3.4 2.1 3.0 2.6 2.1 16.7 15.0 
56 3.5 1.7 0.9 0.4 1.1 0.9 0.9 3.6 -- 
58 0.5 0.5 1.2 -- 

aTimes of sampling as in Table 1. 

as t o  s i m i l a r i t i e s  in  t h e  m o l e c u l a r  a s s o c i a t i o n .  

A m o r e  d i r e c t  i n d i c a t i o n  o f  t h e  m o l e c u l a r  

a s s o c i a t i o n  o f  f a t t y  ac id s  in  t h e  t r i a c y l g l y c e r o l s  
is o b t a i n e d  by  c o m p a r i n g  t h e  c a r b o n  n u m b e r  

d i s t r i b u t i o n  in  t h e  s n - 1 , 2 ( 2 , 3 ) -  a n d  in  t h e  X-1 ,3-  
d i a c y l g l y c e r o l s  d e r i v e d  f r o m  the  m i l k  fa t  t r i -  

a c y l g l y c e r o l s  b y  G r i g n a r d  d e g r a d a t i o n .  T a b l e  3 

g ives  t h e  q u a n t i t a t i v e  d i s t r i b u t i o n  o f  t h e  c a r b o n  
n u m b e r s  fo r  t h e  t w o  t y p e s  o f  d i a c y l g l y c e r o l s  
f r o m  a b n o r m a l  m i l k  s a m p l e s  as o b t a i n e d  b y  

G L C  a n a l y s i s  o f  t he  c o r r e s p o n d i n g  TM S e t h e r s  

on n o n - p o l a r  c o l u m n s .  It  is s een  t h a t  b o t h  t h e  
X - l , 3 - d i a c y l g l y c e r o l s  a n d  the  s n - l , 2 ( 2 , 3 ) - d i -  

a c y l g i y c e r o l s  c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  o f  
m e d i u m  c h a i n - l e n g t h  spec ies .  F u r t h e r m o r e ,  
b o t h  d i a c y l g l y c e r o l  t y p e s  c o n t a i n  h i g h e r  
p r o p o r t i o n s  of  t h e  s h o r t e r  c h a i n  a n d  l o w e r  
p r o p o r t i o n s  of  t h e  l o n g e r  c h a i n  d i a c y l g l y c e r o l  
m o i e t i e s  t h a n  w o u l d  be  p r e d i c t e d  by  t h e  
r a n d o m  c a l c u l a t i o n .  T h i s  i n d i c a t e s  t h a t  t h e r e  is 
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TABLE 3 

Carbon Number Distribution of sn-1,2(2,3)- and X-l,3-diaeylglycerols Released 
from the Triacylglycerols of Abnormal Human Milk and from Horse Milk a 

Patient (9d5) b Patient (lOd) c Horse b 
Carbon 
number sn- 1,2(2,3)- X-I,3- sn- 1,2(2,3)- X-I,3- sn-1,2(2,3)- X-l,3- 

20 0.9 (0.3) 
22 0.3 (0.4) 0.4 (0.6) 0.4 (0.4) 0.6 (1.5) 2.0 (0.7) (0.4) 
24 3.5 (3.2) 5.2 (4.5) 5.9 (3.7) 6.6 (9.1) 4.0 (2.0) 0.8 (1.4) 
26 13.5 (10.1) 15.1 (11.5) 18.0 (13.6) 19.0 (18.5) 7.3 (5.3) 5.2 (5.3) 
28 22.0 (20.2) 18.2 (17.0) 24.1 (23.6) 21.5 (19.1) 8.4 (6.3) 10.3 (8.8) 
30 18.3 (23.6) 20.8 (25.1) 18.7 (25.2) 20.0 (21.8) 8.0 (9.0) 8.0 (7.6) 
32 1%2 (21.0) 16.1 (20.3) 14.4 (16.5) 14.9 (17.9) 13.6 (15.5) 7.1 (8.5) 
34 21.4 (17.8) 13.4 (10.9) 14.1 (13.5) 9.9 (6.3) 32.1 (36.6) 21.0 (22.3) 
36 3.3 (3.6) 10.2 (10.0) 3.5 (1.4) 6.8 (6.1) 22.7 (23.7) 44.7 (46.0) 
38 0.5 0.8 0.7 0.6 1.1 3.0 
40 0.2 

aValues in brackets have been calculated for a random association of fatty acids in the sn-i-, sn-2- 
and sn-3-positions from stereospecific analyses (see below). 9d5 and lOd indicate times of milk collec- 
tion as given in Table 1. 

bl-random 2-random 3-random. 
c 1,3-random 2-random. 

some  preferent ia l  associa t ion  of  the  shor t  and  
m e d i u m  chain  length  f a t ty  acids a m o n g  them-  
selves in the  or iginal  t r iacylglycerol  molecules .  

A more  deta i led  ind ica t ion  of  the  molecula r  
associa t ion  of  the  f a t t y  acids in the  t r iacylglyc-  
erol molecules  can be seen f rom the  molecu la r  
species d i s t r ibu t ion  o b t a i n e d  for  the  sn-1 ,2(2 ,3)-  
and  the  X-1,3-diacylglycerols  on  polar  s i loxane 
co lumns ,  which  pe rmi t  a r e so lu t ion  based on  
b o t h  ca rbon  n u m b e r  and  degree of  unsa tu ra -  
t ion.  Table 4 gives the  quan t i t a t ive  resul ts  of  
such analyses for one  of the  a b n o r m a l  milk 
samples  and  for  the  sample  o f  the  horse  milk 
t r iacylglycerols .  For  the  pa t i en t ' s  milk sample  
the  presence of  a h igher  p r o p o r t i o n  of  unsa tu-  
ra ted  species in the  X- l ,3 -d iacy lg lycero ls  indi-  
cates tha t  the  unsa tu ra t ed  fa t ty  acids are 
c o n c e n t r a t e d  in the  sn - l -  a n d / o r  sn-3-posi t ions .  
As shown in Table  3, the re  are s ignif icant  
d i f fe rences  be tween  t he  sn-1 ,2(2 ,3) -  and  the  
X- l ,3 -d iacy lg lycero ls  t ha t  are derived f rom the  
t r iacylglycerols  of  horse  milk.  In con t r a s t  to  the  
a b n o r m a l  h u m a n  milk there  are doub le  m a x i m a  
in the  d i s t r ibu t ion  profi le  of  the  X-1,3-diacyl-  
glycerols  of  the  horse  milk. 

Stereospecific Distribution of Fatty Acids 

Table 5 gives the  d i s t r ibu t ion  of  the  f a t ty  
acids a m o n g  the  sn-1, sn-2- and  sn-3-posi t ions  
of  the  t r iacylglycerol  molecules  of  represen ta -  
tive samples  of  the  a b n o r m a l  h u m a n  and  horse  
milk. The shor t e r  chain f a t t y  acids (Cl0 and  
C12) are preferent ia l ly  associated wi th  the  
sn-3-posi t ion,  as no t ed  earlier for normal  

h u m a n  milk, where  they  are present  in t race 
a m o u n t s  on ly  (13) ,  and  in horse  milk,  where  
t hey  are present  in s ignif icant  a m o u n t s  (11 ,l 8). 
The sa tura ted  C14 acid is d i s t r ibu ted  evenly 
a m o n g  the  th ree  sn-posi t ions ,  wi th  the  satu- 
ra ted  Cl6 acid i nco rpo ra t ed  largely in to  the  
sn-2-posi t ion.  Stearic  acid is p referen t ia l ly  
ester if ied to the  sn - l -pos i t i on ,  while  oleic acid 
is loca ted  main ly  in the  sn-1- and  sn-3-posi t ions  
of  the  milk t r iacylglycerols  f rom b o t h  the  
pa t i en t  and the  normal  subject .  The small  
a m o u n t s  of  l inoleic acid found  in the  a b n o r m a l  
h u m a n  milk sample  were d i s t r ibu ted  a m o n g  all 
three  pos i t ions ,  as in the  n o r m a l  milk,  which  
con t a ined  m u c h  more  of it. The  preferent ia l  
p l acemen t  of  the  med ium-cha in  f a t ty  acids in 
the  a b n o r m a l  h u m a n  milk sample  is s imilar  to  
t h a t  seen in the  horse  milk t r iacylglycerols ,  
a l t h o u g h  the  sn-3-pos i t ion  of  the  la t te r  con ta ins  
in add i t ion  m u c h  l inolenic  acid. Such a posi- 
t iona l  d i s t r ibu t ion  of  the  f a t ty  acids is consis t-  
ent  wi th  the  above  observed d i f fe rences  in the  
ca rbon  n u m b e r  d i s t r i bu t ion  of  the  sn - l , 2 (2 ,3 ) -  
and of the  X-1,3-diacylglycerols  derived f rom 
the  t r iacylglycerols  by  Gr ignard  degrada t ion  
(Tables  3 and  4)  and  in the  f a t t y  acid compos i -  
t ion  of  the  co r r e spond ing  diacylglycerol  types  
(results  no t  shown) .  It may  be  n o t e d ,  however ,  
t ha t  a horse  milk sample  ana lyzed  by  Parodi  
(18)  c o n t a i n e d  more  closely similar  a m o u n t s  of  
Cl2 in the  sn-1- and  sn-3-posi t ions  t han  the  
present  horse  milk sample ,  wi th  the  C14 acid 
be ing  con f ined  largely to the  sn - l -pos i t i on  and  
the  sn-2-posi t ion.  
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TABLE 4 

Molecular Species of sn- 1,2 (2,3)- and X- 1,3-diacylglycerols Released 
from Triacylglycerols of Abnormal Human Milk and from Horse 

Milk by Grignard Degradation a 

Patient (10d) b'c Horse 
Carbon number: 
double bond number sn-1,2(2,3)- X-I,3- sn-1,2(2,3)- X-l,3- 

Mole % 

20:0 0.9 (0.3) 
22:0 0.4 (0.4) 0.6 (1.5) 1.7 (0.7) 0.4 (0.4) 
22:1 0.3 
24:0 5.9 (3.7) 6.6 (9.1) 3.1 (1.8) 0.7 (1.2) 
24:1 0.9 (0.3) 0.1 (0.2) 
26:0 18.0 (13.6) 19.0 (18.5) 3.7 (2.8) 2.O (2.1) 
26:1 2.8 (1.2) 2.5 (1.8) 
26:2 0.9 (0.6) 0.7 (0.7) 
28:0 24.1 (26.0) 20.7(17.9) 3.9 (2.8) 2.4 (1.6) 
28:1 (0.3) 0.8 (1.I) 2.8 (3.5) 4.8 (3.6) 
28:2 (0.1) 1.7 (0.9) 3.0 (1.7) 
30:0 16.1 (21.9) 12.4 (11.7) 3.3 (2.9) 3.7 (1.3) 
30:1 1.7 (2.5) 6.3 (9.2) 3.2 (2.9) 2.4 (3.1) 
30:2 0.9 (0.8) 1.2 (1.0) 1.5 (1.6) 1.9 (1.6) 
32:0 7.4 (8.9) 5.5 (5.8) 4.5 (4.5) 2.0 (0.9) 
32:1 5.6 (6.3) 8.2(10.9) 4.8 (6.0) 2.3 r 
32:2 1.4 (I.4) 1.2 (1.2) 2.1 (2.7) 1.7 (2.0) 
32:3 2.2 (2.3) 1.1 (1.7) 
34:0 3.1 (3.5) 2.6 (1.6) (0.6) (0.1) 
34:1 9.0 (8.7) 6.3 (4.1) 13.7(12.1) 7.2 (5.8) 
34:2 1.9 (1.3) 1.0 (0.6) 10.6(11.2) 7.6 (7.5) 
34:3 7.8 (10.8) 6.2 (6.7) 
36:0 (0.1) (0.4) (0.2) 
36:1 3.5 (0.3) 6.8 (2.1) 2.4 (0.4) 3.0 (0.5) 
36:2 (0.5) (2.9) 3.7 (3.7) 9.4 (7.9) 
36:3 (O.4) (0.6") 6.9 (5.8) 10.7 (11.2) 
36:4 7.0 (7.4) 13.0 (14.9) 
36:5 2.7 (4.3) 5.5 (7.6) 
36:6 3.0 (4.0) 

aValues in brackets huve been calculated for a random association of 
sn-l-, sn-2- and sn-3-positions from stereospeeific analyses (see below). 

blod, milk sample from day 10. 
CStereospecific analyses done on sample 9d5. 

fatty acids in the 

Composition of Molecular Species 
Table  6 gives the  ca rbon  n u m b e r  d i s t r ibu t ion  

of the  sn-2,3-diacylglycerols  as d e t e r m i n e d  by  
direct  GLC of  the  sn-2 ,3 -d iacy lphospha t idy l -  
phenols ,  a long wi th  the  ca rbon  n u m b e r  distri- 
b u t i o n  of the  sn-1,2-diacylglycerols ,  as ob ta ined  
by  sub t r ac t i on  of  the  c o m p o s i t i o n  of  the  sn- 
2 ,3-diacylglycerols  f rom tha t  of  the  sn-1,2(2,3)-  
diacylglycerols ,  and  of  the  sn- l ,2- ,  sn-2,3- and  
the  sn- l ,2 (2 ,3) -d iacy lg lycero l s  ca lcu la ted  f rom 
the  k n o w n  pos i t iona l  d i s t r ibu t ion  of  the  fa t ty  
acids assuming a 1- random 2- random 3 - random 
dis t r ibu t ion .  There  is fair ag reemen t  be t w een  
the  expe r imen t a l  and  ca lcula ted  diacylglycerol  
profiles,  which  suggests t ha t  the  molecula r  
associa t ion  of the  f a t t y  acids in the  tr iacyl-  
glycerol  molecules  is d e t e r m i n e d  largely by 

the i r  mass p ropor t ions .  F u r t h e r m o r e ,  as s h o w n  
above  (see Table  4),  the  molecula r  species dis- 
t r i bu t i on  o b t a i n e d  on  the  polar  co lumns  for the  
sn-1,2(2,3)-  and for the  X-1,3-diacylglycerols  
genera ted  f rom the  t r iacylglycerols  by  Grignard 
degrada t ion ,  was closely similar to  t ha t  calcu- 
la ted for  these diacylglycerols  f rom the  knowl-  
edge of  the  pos i t iona l  d i s t r ibu t ion  of  the  f a t ty  
acids. It was the re fo re  app rop r i a t e  to  calcula te  
the  c o m p o s i t i o n  of  the  molecu la r  species of  the  
milk t r iacylglycerols  f rom the  knowledge  of  the  
f a t ty  acid c o m p o s i t i o n  of  the sn- l - ,  sn-2, and  
sn-3-posi t ions.  

Table  7 compares  the  ca lcula ted  and the  
expe r imen ta l ly  d e t e r m i n e d  c o m p o s i t i o n  of the  
ca rbon  n u m b e r s  of  milk fat  t r iacylglycerols  of 
the  pa t i en t  and  the  horse.  The ca lcula t ion  used 
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TABLE 5 

Positional Distribution of Fatty Acids in Milk Triacylglycerols of  a Patient 
with Type I Hyperiipidemia Compared to that of a Normal Subject 

and of a Horse 

Patient a Normal subject b Horse 
Fatty 
acids sn-1- sn-2- sn-3- sn-1- sn-2- sn-3- sn-1- sn-2- sn-3- 

Mole % 

8:0 0.2 2.0 3.8 
10:0 0.7 1.1 3.7 0.2 0.3 1.4 0.6 1.9 9.2 
12:0 10.8 11.1 31.1 1.3 2.7 5.8 2.1 5.8 6.5 
14:0 23.9 28.8 28.8 3.2 7.9 7.0 3.3 9.4 5.6 
14:1 -- -- -- 0.3 0.2 1.5 0.4 0.6 0.0 
16:0 22.5 47.7 12.2 16.1 55.8 5.8 17.9 38.4 4.6 
16:1 0.8 0.4 0.6 3.6 5.0 7.5 5.1 6.9 5.7 
18:0 12.7 2.3 4.7 15.0 3.2 2.0 2.1 1.1 0.1 
18:1 25.4 6.5 16.5 46.1 13.4 50.0 32.4 12.0 23.1 
18:2 3.3 2.2 3.1 11.0 7.6 14.8 17.6 11.6 20.6 
18:3 0.4 0.5 1.6 18.3 10.2 21.6 

aSample 9d5, as described in Table 1. 
bBreckenridge et al. (13). 

TABLE 6 

Carbon Number Distribution of the sn-l,2-, sn-2,3- and sn-l,2(2,3)-diaeylglycerol Moieties 
of Milk Triacylglycerols of  Type 1 Hyperiipidemia Patient as Determined Experimentally 

and as Calculated from Stereospecific Analyses 

Experimental a Calculated b 
Carbon 
number sn-l,2- sn-2,3- sn-1,2(2,3)- sn-l,2- sn-2,3- sn-1,2(2,3) 

Mole % 

20 
22 0.2 0.40 3.0 0.2 0.7 0.5 
24 1.6 5.4 3.5 1.6 4.8 3.2 
26 7.7 19.3 13.5 6.3 14.0 10.2 
28 16.9 27.1 22.0 15.2 25.2 20.2 
30 21.3 17.1 19.2 24.0 23.2 23.6 
32 23.4 12.3 17.8 25.7 16.2 21.0 
34 25.9 15.1 20.5 22.4 13.1 17.8 
36 2.7 2.4 2.6 4.5 2.7 3.6 
38 0.3 0.5 0.5 
40 0.1 0.4 0.2 

asn-2,3- and sn-l,2(2,3)-diacylglycerol distributions determined by direct GLC of the 
corresponding phospbatidylphenols; sn-l,2-diacylglycerol distribution was obtained by 
subtraction of sn-2,3- from sn-l,2(2,3)-species for sample 9d5. 

bAll diacylglycerol distributions calculated from the stereospecific distribution of  the 
fatty acids assuming non-correlative association. 

t he  1 - r a n d o m  2 - r a n d o m  3 - r a n d o m  m e t h o d .  The  
e x p e r i m e n t a l  da ta  were  o b t a i n e d  b y  mul t ip l i ca -  
t i on  of  t he  f a t t y  acid c o m p o s i t i o n  o f  t he  
sn -2 -pos i t i on  b y  the  c o m p o s i t i o n  o f  t he  molec -  
u la r  species  o f  t he  X-1 ,3-d iacy lg lycero ls ,  a n d  b y  
the  m u l t i p l i c a t i o n  o f  t he  f a t t y  acid c o m p o s i t i o n  
o f  t he  s n - l - p o s i t i o n  b y  the  c o m p o s i t i o n  o f  t h e  
m o l e c u l a r  species  o f  t he  sn -2 ,3 -d iacy lg lycero l s  
( c a r b o n  n u m b e r s  on ly ) .  All o f  these  e s t i m a t e s  
a p p e a r  to  be  o f  a b o u t  t he  s a m e  o rde r  and  

ind ica te  t he  genera l  c o r r e c t n e s s  o f  t he  overal l  
d i s t r i bu t ion .  

A c o m p a r i s o n  o f  t he  da ta  in Table  7 reveals  
t ha t  t he r e  are m a r k e d  s imi lar i t ies  in t he  associa-  
t i on  of  the  m e d i u m  and long  chain  f a t t y  
acids in the  t w o  t y p e s  o f  mi lk  fa t  t r iacylglyc-  
erols.  The  h o r s e  mi lk  fa t ,  h o w e v e r ,  c o n t a i n s  
larger  p r o p o r t i o n s  o f  t h e  l ino len ic  acid wh ic h ,  
in m a n y  ins t ances ,  w o u l d  a p p e a r  to  s u b s t i t u t e  
f o r  the  s a t u r a t e d  m e d i u m  cha in  l e ng th  f a t t y  
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TABLE 7 

Carbon Number Distribution of Triacylglycerols in Abnormal Human Milk 
and in Horse Milk as Obtained Experimentally and by Calculation 
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Patient milk (9d5) Horse milk 
Carbon 
number  Expt, Calc.a Calc. b Calc. c Calc. d Expt. Calc. a Calc. b Calc. c 

Mole % 

34 0.9 0.3 0.2 0.1 
36 1.4 1.1 0.8 0.9 0.8 1.7 0.6 0.5 0.4 
38 5.2 3.5 3.0 3.6 3.7 3.0 1.2 1.0 0.7 
40 11.0 7.8 7.7 9.1 9.1 4.6 2.1 2.1 1.8 
42 14.8 13.5 13.9 15.6 15.1 7.9 4.3 4.8 4.7 
44 16.1 18.3 19.0 18.4 19.8 11.3 7.7 8.4 9.0 
46 16.3 19.9 21.1 18.3 19.8 10.4 10.0 9.5 10.0 
48 12.1 17.2 16.8 15.0 13.8 8.9 11.9 11.2 10.7 
50 10.5 11.3 10.4 11.2 9.2 13.4 17.6 17.4 16.6 
52 10.0 5.5 6.0 6.4 6.8 23.0 25.4 28.6 27.7 
54 2.6 1.7 1.1 1.1 1.0 14.6 18.4 16.1 17.0 

al,2,3-random. 
bl-random 2-random 3-random. 
cx-1,3-diacylglycerol species X fatty acids in sn-2-position. 
dsn- 2,3-diacylglycerol species X fatty acids in sn- 1-position. 

acid in the tr iacylglycerol  molecule.  As no ted  
f rom the stereospecific analyses, much  of  the 
l inolenic acid is associated with  the sn-3-posi- 
t ion in the horse milk fat tr iacylglycerols.  

Table 8 indicates the compos i t ion  of  the 
molecular  species of  tr iacylgiycerols calculated 
for the pat ient ' s  milk sample using the  1- 
random 2-random 3-random method .  Again the 
agreement  be tween  the calculated and the 
de termined  values appears to be good and 
suggests tha t  the  molecular  association of  the 
fa t ty  acids is restr icted r andom despite their  
highly specific posi t ional  placement .  

The finding of  an apparent ly  non-correlat ive 
dis t r ibut ion of  the  fa t ty  acids among the three 
posit ions of  the  glycerol  molecules  in the  
tr iacylglycerols of  the abnormal  human milk fat 
and in the horse milk fat agrees wi th  certain 
previous findings about  the fa t ty  acid distribu- 
t ion in animal  milk fat tr iacylglycerols.  Thus, 
the pig milk tr iacylgtycerols have been demon-  
strated (19) to give an excel lent  agreement  
be tween  the de termined  tr iacylglycerol  class 
composi t ion  and that  calculated by l - r andom 
2-random 3-random distr ibut ion hypothesis ,  
when the tr iacylglycerols  are pref rac t ionated  
according to  degree of  unsa tura t ion  by argenta- 
t ion TLC and the  individual fract ions are sub- 
jec ted  to  stereospecific analysis. Similar results 
have been obtained for several o ther  mam- 
malian species on the basis of  comparisons  
be tween  the  determined carbon number  distri- 
bu t ion  and that  calculated f rom the  known  
posit ional  dis t r ibut ion of  fa t ty  acids (18). 

Fur thermore ,  we have shown elsewhere that  the  
composi t ion  of tr iacylglycerols calculated f rom 
the knowledge of  the  molecular  species of  the  
sn-1,2, sn-2,3- and X-1,3-diacylglycerols derived 
by Grignard degradat ion gives good agreement  
with that  calculated on the basis of  the l-  
r andom 2-random 3-random distr ibut ion for 
peanut  oils (20) and for plasma tr iacylglycerols  
(21). 

Mechanism of Biosynthesis 
It appears to have been well established that  

the  tr iacylglycerols of  milk fat are fo rmed  
exclusively via the phosphat idic  acid pa thway 
(2), but  some acylat ion of  2-monoacylglycerols  
also may  take place (22). Table 9 gives the fa t ty  
acid compos i t ion  of  the free X-l ,2-  and X-1,3- 
diacylglycerols isolated along with  the  triacyl- 
glycerols f rom the  abnormal  milk fat as well as 
of  the sn- l ,2-diacylglycerol  moiet ies  of  the  
milk fat tr iacylglycerols of  the  pat ient ,  as deter- 
mined  by subtract ion of  the  fa t ty  acid composi-  
t ion of  the sn-2,3-diacylphosphat idylphenols  
f rom that  of  the sn- l ,2(2,3)-diacylphosphat idyt-  
phenols.  There is an excel lent  agreement  be- 
tween the composi t ion  of  the free X-1,2- 
diacylglycerols and the sn- l ,2-diacylglycerol  
moiet ies  of  the tr iacylglycerols,  which suggests 
that  the  free diacylglycerols are of  the  sn- l ,2-  
enan t iomer  type  and serve as precursors of  the 
sn- l ,2-diacylglycerol  moiet ies  of  the  milk fat 
tr iacylglycerols.  Had the free diacylglycerols 
originated f rom an enzymic  hydrolysis  of  the  
tr iacylglycerols,  they  would have possessed 
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TABLE 8 

Composition of Molecular Species of Abnormal 
Human Milk (9d5) Triacylglycerolsa 

Carbon 
number b Molecular speciesb, c Calculated d 

Mole % 

38:0 12:0 14:0 12:0 0.97 
14:0 12:0 12:0 0.83 

40:0 12:0 14:0 14:0 0.87 
13:0 16:0 12:0 1.61 
14:0 12:0 14:0 0.74 
14:0 14:0 12:0 2.16 

42:0 12:0 16:0 14:0 1.44 
14:0 14:0 14:0 1.93 
14:0 16:0 12:0 3.57 
16:0 12:0 14:0 0.70 
16:0 14:0 12:0 2.02 

42:1 18:1 12:0 12:0 0.88 

44:0 12:0 16:0 16:0 0.63 
14:0 14:0 16:0 0.84 
14:0 16:0 14:0 3.19 
16:0 14:0 14:0 1.81 
16:0 16:0 12:0 3.35 
18:0 14:0 12:0 1.14 

44:1 12:0 14:0 18:1 0.51 
18:1 14:0 12:0 2.29 
18:1 12:0 14:0 0.79 

46:0 14:0 16:0 16:0 1.40 
16:0 14:0 16:0 0.'/9 
16:0 16:0 14:0 3.00 
18:0 14:0 14:0 1.02 

46.1 12:0 14:0 18:1 0.51 
14:0 14:0 18:1 1.14 
18:1 14:0 14:0 2.05 
18:1 16:0 12:0 3.79 

48:0 14:0 16:0 t8:0 0.54 
16:0 16:0 16:0 1.31 
18:0 16:0 14:0 1.69 

48:1 14:0 16:0 18:1 1.88 
16:0 14:0 16:0 0.89 
18:1 16:0 18:1 3.39 
16:0 14:0 18:1 1.07 

48:2 18:1 18:1 12:0 0.51 

50:0 16:0 16:0 18:0 0.51 
18:0 16:0 16:0 0.74 

50:1 16:0 16:0 18:1 1.76 
18:0 14:0 18:1 0.60 
18:1 16:0 16:0 1.48 

50:2 18:1 14:0 18:1 1.21 

52:1 18:0 16:0 18:1 1.00 
18:1 16:0 18:0 0.57 

52:2 18:1 16:0 18:1 2.00 

54:3 18:1 18:1 18:1 0.50 

aMolecular species making up more than 0.5%; 
sample 9d5, as described in Table 1. 

bCarbon number: number of total double bonds. 
CFatty acids are given for positions sn-1, sn-2 and 

sn-3 from left to right. 
dl-random 2-random 3-random. 

fa t ty  acid compos i t i ons  similar to  those  of  the  
sn- l ,2(2 ,3)-diacylglycerols  o f  the  milk fat  
tr iacylglycerols,  and would have represen ted  
b o t h  sn- l ,2-  and sn-2,3-diacylglycerols in 
racemic propor t ions .  In fact ,  there  could have 
been  an excess o f  the  sn-2,3-diacylglycerols,  
since the  milk lipase preferent ia l ly  at tacks the 
sn- l -pos i t ion  o f  t r iacylglycerols  (23,24).  The 
free X-1,3-diacylglycerols appear  to  be isomeri-  
zat ion p roduc t s  of  the sn- l ,2-diacylglycerols  
because of  the  great similarity in their  f a t ty  
acid compos i t ion .  

Since the milk g lycerophosphol ip ids  also 
appear  to  originate p r edominan t ly ,  if  no t  exclu- 
sively, f rom de novo synthesis  within the 
m a m m a r y  tissue (25),  it is conceivable tha t  the  
sn- l ,2-diacylglycerol  moiet ies  of  the  triacyl- 
glycerols and those  of  the  g lyce rophospho-  
lipids (largely phospha t idy lcho l ine ) ,  would  be 
similar. Table 9 shows tha t  this is n o t  the case. 
In addi t ion  to the  di f ferences  in the  chain 
length and the  degree of  unsa tura t ion  of  the  
fa t ty  acids of  the  tr iacylglycerols  and the  phos-  
pha t idy lcho l ines  of  the  milk fat ,  there  are dif- 
ferences  in the molecular  associat ion of  the  
fa t ty  acids (results no t  shown).  Apparen t ly ,  a 
significant degree of  selectivi ty of  diacylglyc- 
erol species t o o k  place at the  t ime of  in t roduc-  
t ion of  the phosphory lcho l ine  moie ty  (26). 
These di f ferences  in the  s t ruc ture  of  the diacyl- 
glycerol moiet ies  the re fore  would  exclude or 
minimize  the par t ic ipa t ion  of  the  phospha t idy l -  
cholines as in te rmedia tes  in tr iacylglycerol  
fo rma t ion  in the  m a m m a r y  gland (27). 

The close agreement  b e t w e e n  the  exper imen-  
tal and the  1-random 2-random 3-random distri- 
bu t ion  of  fa t ty  acids in the milk fat triacyl- 
glycerols is cons is ten t  with the  non-correla t ive 
acyla t ion of  t r iacylglycerols  first c laimed for  rat 
liver (28). However ,  b iochemica l  evidence to  
suppor t  a 1-random 2-random 3-random distri- 
but ion  in milk tr iacylglycerols  is scanty.  It has 
been shown  (29) tha t  the chain length  speci- 
f ici ty of  the  acyl t ransferases  is una f f ec t ed  by  
the  nature  of  the  f a t t y  acid at the  sn - l -pos i t ion  
of  the  1-acyl-sn-glycerol-3-phosphate in the 
cow. In the  lactat ing rat  m a m m a r y  gland, the  
acyl CoA specif ici ty was minimal ly  a f fec ted  by  
the type  of  sn- l ,2-diacylglycerol  acceptor  
available (30). The best  accep to r  was sn- l ,2 -  
dimyris toyl- ,  sn- l ,2 -d ipa lmi toy l -  and sn- l ,2-  
dis tearoylglycerol  in decreasing order  of  activ- 
ity. This order  of  react ivi ty,  however ,  coincides 
wi th  the  decreasing order  of  solubil i ty of  these 
diacylglycerols in the  aqueous  reac t ion  medium.  
Studies wi th  various prepara t ions  of  m a m m a r y  
tissue f rom the  cow (29,31)  and the  rat (30,3 2) 
have d e m o n s t r a t e d  tha t  the  sn-glycerot-3-phos- 
phate  acyl t ransferase  and the  1-acyl-sn-glycerol- 
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TABLE 9 

Fat ty Acid Composi t ion of  the Free Diacylglycerols and of  the  sn-l ,2-,  sn-2,3- 
and sn- 1,2 (2, 3)-diacylglycerol Moieties of  Triacylgtycerols of  the  Milk (10d) 

from a Patient with Type 1 Hyperlipidemia 

Free diacylglycerols Bound diacylglycerols 

sn-1- + sn-2 -a sn-2- + sn-3 -a Fatty 
acids X-I,2- X-l,3- 2 2 sn-1,2(2,3) -b X-1,3 -c PC d 

Moles % 

10:0 1.9 4.3 0.5 2.5 1.4 2.7 -- 
12:0 5.2 4.6 12.3 24.7 18.6 27.1 -- 
14:0 27.4 19.9 32.5 33.0 32.9 32.9 16.7 
16:0 43.8 40.8 35.3 28.6 32.0 12.4 35.1 
16:1 0.5 0.5 0.3 0.4 0.4 -- 
18:0 10.7 15.0 5.7 2.0 3.8 6.5 23.5 
18:1 8.2 12.3 11.2 7.3 9.2 16.4 10.2 
18:2 2.7 2.9 2.3 2.0 2.1 1.8 6.1 
Other . . . . . .  8.0 

aThe fa t ty  acid composi t ions  of  positions sn-1 and sn-3 for this purpose were est imated 
by dividing the  total composi t ion of  positions 1 and 3 according to the  proport ions found 
by direct measurement  for sample 9d5. The composi t ion of  posit ion 2 was determined 
directly. Samples 9d5 and 10d, as given in Table 1. 

bAs determined for the total sn.l,2(2,3)-diacylphosphatidylphenols. 
CAs determined for the  X-1,3-diacylglycerols generated during Grignard degradation. 
d Phosphatidylcholine.  

3 - p h o s p h a t e  a c y l t r a n s f e r a s e  s h o w  v e r y  m a r k e d  
s p e c i f i c i t y  f o r  l o n g  c h a i n  a c y l  C o A s ,  a l t h o u g h  
t h e s e  ac t iv i t i e s  m a y  d i f f e r  a m o n g  d i f f e r e n t  
c o w s  (31 ) .  T h e  c o m p o s i t i o n  o f  t h e  sn -3 -pos i -  
t i o n  is n o t  d e t e r m i n e d  t o  a n y  g r e a t  e x t e n t  b y  
t h e  s p e c i f i c i t y  o f  t h e  b o v i n e  m a m m a r y  d i acy l -  
g l y c e r o l  a c y l t r a n s f e r a s e  (33 ) .  T h e  s n - 3 - p o s i t i o n  
a p p e a r s  t o  be  s u b j e c t  t o  e s t e r i f i c a t i o n  b y  a n y  
r e m a i n i n g  f a t t y  a c y l  C o A s ,  g iv ing  r i se  t o  a 
h i g h l y  a s y m m e t r i c  d i s t r i b u t i o n  o f  f a t t y  ac ids ,  
w h i c h  is u n r e l a t e d  to  t h e  f a t t y  ac id  c o m p o s i -  
t i o n  o f  a n y  spec i f i c  p o s i t i o n  o f  t h e  g l y c e r o l  
m o l e c u l e .  Th i s  n o n - c o r r e l a t i v e  d i s t r i b u t i o n  o f  
a c y l  g r o u p s  o b s e r v e d  fo r  o t h e r  m i l k  f a t s  ( 1 8 , 1 9 )  
a p p e a r s  t o  h o l d  a l so  fo r  t h e  a b n o r m a l  m i l k  f a t  
t r i a c y l g l y c e r o l s  o f  t h e  T y p e  1 h y p e r l i p i d e m i a  
p a t i e n t .  

S ince  t h e  c o m p l e t i o n  o f  t h i s  s t u d y ,  a l t e r e d  
l ip id  c o m p o s i t i o n  in  m i l k  f r o m  a p a t i e n t  w i t h  
T y p e  I h y p e r l i p o p r o t e i n e m i a  a lso  h a s  b e e n  
r e p o r t e d  b y  Berger  e t  al. (34) .  
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ABSTRACT 

The triacylglycerols of very low density lipoproteins (VLDL-TG) were analyzed in samples from 
normal subjects and patients with Frederickson's Type III and Type IV hyperlipoproteinemia. VLDL 
were obtained by conventional ultracenttifugation, and the triacylglycerols were isolated by thin-layer 
chromatography (TLC). Representative sn-1,2(2,3)- and sn-l,3-diacylglycerols were generated by 
Grignard degradation of the triacylglycerols, and were resolved by TLC on borate-treated silica gel. 
The molecular association of the fatty acids in the diacylglycerol moieties was determined by gas- 
liquid chromatography with mass spectrometry (GC/MS) of the tertiary-butyldimethylsilyl ethers. The 
positional distribution of the fatty acids was established by the Brockerhoff stereospecific analysis. 
The results showed a marked asymmetry in the distribution of the fatty acids in all samples, with the 
saturated acids predominantly in the sn-t-position and the unsaturated fatty acids distributed about 
equally between the sn-2- and sn-3-positions. In all instances, the molecular species composition of the 
sn-l,2-, sn-2,3- and sn-l,3-diacylglycerols was found to be similar to that calculated for 1-random 2- 
random 3-random distribution of triacylglycerols. There were marked differences in the quantitative 
composition of the molecular species of the VLDL-TG between normal subjects and patients, but 
these discrepancies were attributed to differences in the fatty acid composition of the samples. 
Lipids 19:683-691, 1984. 

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

Despite considerable experimental at tention 
the causes of hypertriglyceridemia remain 
obscure. A recent workshop summary of the 
subject area (1) points to the overproduction of 
the very low density lipoprotein triacylglycerols 
(VLDL-TG) as the major defect, but the possi- 
bility that this may be associated with de- 
creased clearance of the hepatic VLDL also 
must be considered. In most studies the VLDL- 
TG has been treated as a single and uniform 
moiety of the lipoprotein and no distinction 
has been attempted between differences in the 
chemical composition of the VLDL-TG from 
normal subjects and patients with hyperlipopro- 
teinemia. Limited comparative studies of the 
composition (2-6) and stereospecific distribu- 
tion (3-5) of the fatty acids in the VLDL-TG 
have shown significant differences between 
patients with hypertriglyceridemia and normo- 
lipemic subjects. Thus, Type II patients and 
normal subjects have been shown to differ in 
the symmetry of distribution of linoleic acid in 
the sn-1- and sn-3-positions of the VLDL and 
LDL (5), while structural analyses of plasma 
total triacylglycerols have shown statistically 
significant differences between normal subjects 
and Type IV patients for palmitic and linoleic 

*To whom correspondence should be addressed. 

acids at the sn-2-, and for oleic and linoleic 
acids at the sn-3-position (3,4). There have been 
no confirmatory reports of these findings, and 
the significance of these differences has re- 
mained unexplained in regards to the increased 
synthesis and/or delayed clearance of the 
VLDL-TG in hypertriglyceridemia. 

We have determined the stereospecific distri- 
bution of the fatty acids along with the compo- 
sition of the molecular species of the VLDL-TG 
from normal subjects and from patients with 
Type III and Type IV hyperlipoproteinemia. 
The results confirm the high asymmetry of the 
VLDL-TG in both normal subjects and in 
patients with hypertriglyceridemia, but fail to 
reveal significant structural differences between 
normal subjects and patients after correction 
for discrepancies in the total fatty acid compo- 
sition of the samples. 

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

Standards 

Purified synthetic sn-l,2, sn-2,3- and sn-l,3- 
diacylglycerols containing the common fatty 
acids were available from a previous study (7). 
Reference fatty acid methyl esters, synthetic 
triacylglycerols and glycerophospholipids were 
obtained from Supelco, Inc., Bellefonte, 
Pennsylvania. 
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Subjects and Samples 

The plasma samples were obta ined  from 
three heal thy  volunteers  and f rom three Type  III 
and three Type IV patients  at the  St. Michael 's  
Hospital  Lipid Clinic, Toron to ,  Ontario.  The 
subjects lived at home,  subsisted on their  usual 
diets and were not  taking l ipid-lowering drugs. 
The blood was drawn in the  fasting state (12 
hrs). The hyper l ipopro te inemia  condi t ion  in 
each pat ient  was established on the basis of  
clinical his tory and the b iochemical  criteria sug- 
gested by the Lipid Research Clinics Program 
(8). Table 1 gives the age, sex and the plasma 
total  cholesterol  and tr iacylglycerol  levels of  all 
subjects. The total  hpid profiles of  the V L D L  
fractions are given in Figure 1. 

Preparations of Lipoproteins 

The V L D L  fract ion (d < 1.006) was isolated 
essentially according to Hatch and Lees (9), as 
described in detail  previously (10). The ident i ty  
of the l ipoprote in  was independen t ly  estab- 
hshed by double  immunodi f fus ion  against 
rabbit  ant i -human albumin,  ant i -human LDL 
and HDL, as elsewhere described (10). The pro-  
tein concent ra t ion  in the l ipoprote in  fractions 
was determined by the m e t h o d  of  Lowry  et al. 
(11) using bovine serum a lbumin as standard. 
The preparat ion of  VLDL was ext rac ted  with 
diethyl  ether  af ter  the color  development .  For  
lipid analyses the V L D L  fract ions were pooled  
separately for the patients and for the normal  
females, while the V L D L  of the normal  male 
was analyzed separately. 

Analyses of Lipids 

Total  lipid extracts  of  the VLDL were ob- 

TABLE 1 

Plasma Lipids and Clinical Characteristics 
of Normal Subjects and Patients 

Hasma total lipids 

Cholesterol Triglycerides 
Subjects a (mg/dl) (mg/dl) Disease 

Female 202 110 None 
Female 163 112 None 
Male 180 131 None 
Male 374 438 Type III 
Male 232 270 Type III 
Male 208 266 Type III 
Male 340 1005 Type IV 
Male 282 583 Type IV 
Male 316 915 Type IV 

aThe subjects were 30-59 years old. The VLDL-TG 
were pooled separately from the three Type III, three 
Type IV patients and from the two female control  
subjects, while the sample from the male control sub- 
ject was analyzed as such. 

I t y P E  

I 

i ~ L  i ~ ~ "  1 ' q ~ 4  ~ ' ~  

i 2 7  , 5 ~  

FIG. 1. Total lipid profiles of normolipemic 
(Normal) and hyperlipemic (Type III and Type IV) 
plasma as obtained by high temperature gas-liquid 
chromatography (GLC). Peak 27, trimethylsilyl ether 
of cholesterol; Peak 30, tridecanoylglycerol internal 
standard; Peak 34, trimethylsilyl ether of palmit- 
oylsphingosine; Peaks 36-40, trimethylsilyl ethers of 
diacylglycerols of a total number of 34 to 38 acyl 
carbons; Peaks 43-45, cholesteryl esters of fatty acids 
with a total number of 16-18 acyl carbons; Peaks 48- 
54, triacylglycerols with a total number of 48-54 acyl 
carbons. Sample size 1 ~1 of an approximately 1% 
solution in silylation mixture. Attentuation: 1 O0 times 
full sensitivity. Other operating conditions and instru- 
mentation as given in text. 

tained by  a modif ied  m e t h o d  of Folch et al. 
(12). The tr iacylglycerols were isolated by pre- 
parative TLC on silica gel plates wi th  pe t ro leum 
ether  (b.p. 30-60 C)-diethyl  e ther  150-20 as the 
developing solvent. Abou t  15 mg of triacyl- 
glycerol  were obtained.  Stereospecif ic  analyses 
o f  the total  t r iacylglycerols were per fo rmed  ac- 
cording to Brockerhoff  (13). Mixed sn-1,2(2,3)- 
and sn-l ,3-diacylglycerols  were generated by 
Grignard degradation as described by Yurkow- 
ski and Brockerhoff  (14), but  the preparat ion 
was scaled down to smaller quanti t ies  of  tri- 
acylglycerols (7). The sn-1,2(2,3)- and the 
sn-l ,3-diacylglycerols  were resolved by TLC 
using borate- impregnated silica gel G and 
ch loroform-ace tone  96:4 as the developing 
solvent (15). The mixed sn-l ,2(2,3)-diacyl-  
glycerols were conver ted  to  the  phenylphospha-  
tides and purified by TLC as described by 
Brockerhoff  (16). The phenylphosphat ides  were 
exhaust ively digested with phosphol ipase A2 
and the resulting fa t ty  acid, lysophosphat idyl-  
phenols  and residual phosphat idylphenols  were 
isolated by TLC and their  fa t ty  acid com- 
posi t ion de termined  by GLC. The fa t ty  acid 
compos i t ion  of  the  2-monoacylglycerols  was 
independent ly  obta ined by hydrolysis  with 
pancreat ic  lipase (17) using a commercia l ly  
available enzyme kit  conta ining diethyl  ether- 
extracted porcine pancreat ic  lipase, t r is(hydrox-  
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m e t h y l ) - a m i n o m e t h a n e  bu f fe r  and  gum Arabic  
(Analabs,  N o r t h  Haven,  Connec t i cu t ) .  The  
monoacy lg lyce ro l s  were isola ted b y  TLC on  
bo ra t e  i m p r e g n a t t e d  silica gel wi th  c h l o r o f o r m -  
ace tone  8 8 : 1 2  as the  developing  solvent  (15).  

In t ac t  t r iacylglycerols  and  diacylglycerol  
t -BDMS e thers  were resolved accord ing  to 
molecu la r  weight  by  GLC on  3% OV-1 (7 ,18) .  
This  m e t h o d  was also sa t i s fac tory  for  pyrolysis  
GLC of  the  sn -2 ,3 -d iacy lphospha t idy lpheno l s .  
F a t t y  acid m e t h y l  esters were ana lyzed  on  
co lumns  p repa red  wi th  10% EGSS-X and  3% 
SILAR 5CP as descr ibed (19).  The f a t t y  acid 
m e t h y l  esters  were p repa red  using 6% sulfuric  
acid in abso lu te  m e t h a n o l ,  or wi th  IN sod ium 
m e t h o x i d e  in m e t h a n o l - b e n z e n e  60 :40 .  The 
molecu la r  species of  the  var ious diacylglycerol  
p repa ra t ions  were d e t e r m i n e d  by  GC/MS of  
the i r  t e r t i a ry -bu ty ld ime thy l s i l y l  ( t -BDMS)e the r s  
as previous ly  descr ibed (20,21) .  The  t -BDMS 
e thers  were p repa red  by  reac t ing  the  diacylglyc- 
erols wi th  t e r t i a ry -bu ty ld ime thy l ch lo ros i l ane -  
imidazole  reagent  (Appl ied  Science Labora-  
tories ,  Sta te  College, Pennsy lvan ia )  at  80 C for  
20 min  (20).  The  t -BDMS e thers  o f  diacyl-  
glycerols  were pur i f ied  b y  TLC using to luene-  
d ie thy l  e ther  97 :3  as t he  developing solvent .  
To ta l  l ipid profi les  of  the  V L D L  were deter-  
m ined  as descr ibed (10).  

Calculations 

The pos i t iona l  d i s t r i bu t ion  of  t he  f a t t y  acids 
in the  t r iacylglycerols  was ca lcula ted  accord ing  
to  the  m e t h o d s  ou t l i ned  b y  B r o c k e r h o f f  (13).  
The sn-2-pos i t ion  was o b t a i n e d  f rom the  f a t t y  
acid c o m p o s i t i o n  of  the  sn -2-monoacy lg lycero l s  
released by  pancrea t ic  lipase. The  f a t t y  acid 
c o m p o s i t i o n  of  the  sn-3-pos i t ion  of  the  t r iacyl-  
g lycerol  molecule  was ca lcu la ted  f rom the  
fo rmula :  

sn-3- = (FA of TG X 3) - (FA of MG + FA of Lyso PL) 

The  monoacy lg lyce ro l s  and  l y sophospha t i de s  
are represen ta t ive ,  respect ively ,  of  t he  sn-2- and  
sn- l -pos i t ions .  Theore t i ca l  c o m p o s i t i o n s  of  tri- 
acylglycerols  and  diacylglycerols  were calcu- 
la ted  on  the  basis of  1 - random 2 - r andom 3- 
r a n d o m  d i s t r ibu t ion  (7),  wh ich  assumes t h a t  
the  f a t t y  acid c o m p o s i t i o n  of  each pos i t ion  of  
the  acylglycerol  molecu le  is i n d e p e n d e n t  of  t h e  
c o m p o s i t i o n  of  the  o the r  two  pos i t ions .  The  
co r r e spond ing  c a r b o n  n u m b e r  and  doub le  b o n d  
n u m b e r  profi les of  the  t r iacylglycerols ,  sn- 
1,2(2,3)-  and  sn- l ,3 -d iacylg lycero ls  were ob-  
t a ined  b y  s u m m i n g  and  no rma l i z ing  the  appro-  
pr ia te  p roduc t s  of  mul t ip l i ca t ion .  

An  index  of  n o n - r a n d o m n e s s  of  d i s t r i bu t ion  
( INR)  of  molecu la r  species of  diacylglycerols  
was c o m p u t e d  b y  t he  fo rmula  

INR = Z ( E X P T -  CALC) 2 

w h e r e  EXPT and  CALC are the  e x p e r i m e n t a l  
and  ca lcula ted  compos i t i ons ,  and  t he  summa-  
t ion  is m a d e  over the  en t i re  series of  molecu la r  
species. A value close to  zero ind ica tes  a com-  
p le te  r a n d o m n e s s ,  while  dupl ica te  analyses  of  a 
m i x t u r e  of  na tu ra l  sn - l , 2 -  or sn-2,3-diacylglyc-  
erols give I N R  values of  a b o u t  20. However ,  in  
the  p resen t  s t u d y  INR values up  to  twice  t he  
e x p e r i m e n t a l  er ror  were cons idered  insignifi-  
cant .  

R ESU LTS 

Analysis of Total Triacylglycerols 

The c o m p o s i t i o n  and  pos i t iona l  d i s t r i bu t ion  
of  f a t t y  acids in the  V L D L  t r iacylglycerols  of  
the  Type  III and  Type  IV pa t i en t s  and  of  t he  
n o r m o l i p e m i c  subjects  of  comparab l e  age are 
given in Table  2. The  resul ts  for  t he  con t ro l s  

TABLE 2 

Positional Distribution of Fatty Acids in VLDL Triacylglycerols from Normal Subjects 
and Patients with Type III and Type IV Hyperlipoproteinemia 

Fatty 
acids 

Normals Type III Type IV 

Pos. 1 a Pos. 2 Pos. 3 Total Pos. 1 Pos. 2 Pos. 3 Total Pos. 1 Pos. 2 Pos. 3 Total 

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

Mole % 

3.3 2.1 0.9 2.1 1.2 4.0 2.2 2.5 3.1 3.5 0.3 2.3 
51.3 7.8 8.1 22.4 66.9 14.6 8.1 29.9 66.3 17.8 6.5 30.2 

6.7 8.0 2.9 5.9 5.3 15.8 6.6 9.2 4.3 8.0 3.2 5.2 
4.4 0.6 2.8 2.6 5.1 1.9 3.0 8.3 6.4 2.2 3.8 4.1 

22.5 43.1 56.3 40.6 18.2 49.1 59.7 42.3 14.6 45.6 62.6 40.9 
10.9 37.6 26.5 25.0 3.3 14.6 17.9 11.9 3.9 22.3 21.3 15.2 

0.9 0.8 2.5 1.4 -- -- 2.6 0.9 1.3 0.6 2.0 1.3 

apositions 1, 2 and 3 represent sn-l, sn-2 and sn-3-positions in sn-glycerol of the triacyl-sn-glycerols. 
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agree well wi th  previous analyses o f  the posi- 
t ional  dis t r ibut ion of  fa t ty  acids in to ta l  plasma 
triacylglycerols of  normol ipemic  subjects (3). 
The sample is highly asymmetr ic  with respect  
to all the major  fa t ty  acids. Thus, 76% of all 
palmit ic  acid occurs in the  sn- l -posi t ion,  while 
the  sn-3-position contains  12% of  it, wi th  the  
rest being found in the sn-2-position. In con- 
trast, 46% of oleic acid occurs in the sn-3- 
posit ion,  while the sn- l -pos i t ion  contains only 
18% of it. Likewise, the sn-3-position contains  
about  2.5 t imes as much  l inoleic acid as the 
sn-l-posi t ion.  A comparable  asymmetr ic  distri- 
but ion  was found for these fa t ty  acids in the  
V L D L  triacylglycerols of the Type III and 
Type  IV patients.  There was a highly selective 
placement  of  the palmi ta te  in the sn- l -pos i t ion  
of  the tr iacylglycerols,  while the oleate and 
l inoleate were preferent ial ly  associated with  the 
sn-3-position. A similar t rend of  dis t r ibut ion of  
these fa t ty  acids for the Type  IV subjects has 
been repor ted  by Parijs et al. (4), who analyzed 
to ta l  plasma triacylglycerols.  In the cont ro l  
subjects the sn-2-position showed a markedly  
higher con ten t  o f  l inoleic acid than the pr imary 
positions,  while in the pat ients  bo th  sn -2 -and  
sn-3-positions contained about  the same pro- 
port ions of  the  acid. There were marked differ- 
ences in the  total  fa t ty  acid compos i t ion  of  the 
V L D L  triacylglycerols among the subjects, 
which were presumably  due to dietary differ- 
ences. 

Figure 2 gives the carbon number  profiles 
of  the V L D L  triacylglycerols of  the normal  
subjects and of  the pat ients  wi th  Type III and 
Type IV hyper l ipoprote inemia .  The quant i ta-  
tive est imates of the t r iacylgiycerol  carbon 
numbers  are compared  in Table 3. It is seen 
that  all subjects possess closely similar carbon 
number  proport ions .  They all conta in  the bulk 
of  the species in the form of Cs0-Cs2 triacyl- 
glycerols, along with smaller amounts  of  C4~ 
species. It may  be no ted  that  the exper imen-  
tal carbon number  dis t r ibut ion approximates  
closely that  obta ined by 1-random 2-random 
3-random calculation based on the fa t ty  acid 
compos i t ion  in Table 2. 

Analysis of Derived Diacylglycarols 

Figure 3 gives the carbon number  distribu- 
t ions of  the sn-1,2(2,3)- and the sn-l ,3-diacyl-  
glycerols derived f rom the VLDL-TG of  the  
normal  subjects and the pat ients  with Type  III 
and Type IV hyper l ipoprote inemia .  A quant i ta-  
tive evaluat ion of  the peak areas of  the diacyl- 
glycerols is given in Table 4. It  is seen that  in 
all instances the diacylglycerols conta in  the 
same carbon numbers  (Peaks 34 and 36). How- 
ever, while the sn-l ,2(2,3)-diacylglycerols  con- 

FIG. 2. Carbon number profile of triacylglycerols 
of VLDL from a normolipemic (Normal) and hyper- 
lipemic (Type III and Type IV) subjects. Peaks 45-56 
represent triacylglycerols with a total number of 45-56 
acyl carbons. GLC conditions as previously described 
(7). 

TABLE 3 

Distribution of Carbon Numbers of Triacyiglycerols 
in VLDL-TG from Normal Subjects and Patients 

with Type IIl and Type IV Hyperlipoproteinemia 

Normals Type III Type IV 
Carbon 
number Obs. Calc. Obs. Calc. Obs. Calc. 

46 0.5 0.4 1.1 1.0 1.0 0.5 
48 3.4 3.4 6.1 7.4 5.8 5.2 
50 16.7 17.9 25.6 28.3 22.'7 24.7 
52 56.7 50.9 51.2 48.7 51.0 52.6 
54 19.4 28.0 a 13.1 14.5 16.0 16.6 
56 3.4 -- 2.9 -- 3.5 -- 

aThe single normolipemic male subject analyzed 
separately gave a complete agreement between the 
observed and calculated carbon number of the VLDL- 
TG. 

x,toE m T ' a~U 

28~O ~ 4 0  

FIG. 3. Carbon number profiles of sn-1, 2(2,3)- 
and sn-l,3-diacylglycerols derived by Gdgnard degra- 
dation of VLDL-TG of normal and hyperlipemic 
subjects. Peaks 30-40, trimethysilyl ethers of diacyl- 
glycerols with a total of 30-40 acyl carbons: Upper 
profiles, sn-l,2(2,3)-diacylglycerols; lower profiles, 
sn-1,3-diacylglycerols. GLC conditions as in Figure 2. 

tain these peaks in about  equal  propor t ions ,  the 
sn-l ,3-diacylglycerols  are character ized by a 
2-3-fold greater excess of  Peak 34 over Peak 36. 
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TABLE 4 TABLE 5 

Distribution of Carbon Numbers in Diacylglycerol 
Moieties of VLDL-TG from Normal Subjects 

and Patients with Type III and Type IV 
Hypeflipoproteinemia 

Distribution of Molecular Species in sn-l,2(2,3)- 
Diacylglycerol Moieties of VLDL-TG from Normal 
Subjects and Patients with Type III and Type IV 

Hypedipoproteinemia 

Normals Type III Type IV Normals Type III Type IV 
Carbon Molecular 
number Obs. Calc. Obs. Calc. Obs. Calc. species a Obs. Calc. Obs. Calc. Obs. Calc. 

Mole % Moles % 

sn-1,2(2,3) 30:0 0.6 0.8 0.9 1.7 1.1 1.6 
30 1.3 1.1 1.8 2.2 1.7 1.9 30:1 0.7 0.3 0.0 0.5 0.6 0.3 
32 8.6 8.5 13.4 16.1 11.8 14.3 
34 41.0 38.4 45.1 44.1 43.7 43.4 32:0 2.2 2.4 4.4 5.7 5.6 6.7 
36 49.2 52.3 37.8 36.0 42.5 40.9 32:1 4.5 4.5 8.0 8.8 4.9 5.7 

32:2 1.9 1.6 1.0 1.6 1.3 1.9 
sn-1,3- 

30 0.8 0.9 1.6 0.8 1.9 0.5 34:0 0.7 0.5 0.1 1.4 1.1 1.7 
32 8.0 9.6 12.2 12.2 11.7 9.5 34:1 18.1 16.3 28.9 24.9 26.8 24.0 
34 63.3 55.2 64.1 63.8 64.1 65.9 34:2 19.2 17.9 17.0 16.1 14.0 15.2 
36 27.9 33.5 22.0 22.5 22.1 23.7 34:3 3.0 3.7 1.4 2.7 1.8 2.4 

Peaks 30-36 normalized to 100% for purposes of 36:0 - 0.0 - 0.1 0.3 0.1 
comparing observed and calculated values. 36:1 1.3 1.8 2.1 2.7 2.9 3.2 

36:2 16.6 18.5 20.2 19.9 20.2 19.0 
This is due  to the  preferent ia l  loca t ion  of  the  36:3 21.4 22.9 12.8 10.9 14.4 14.4 

36:4 8.3 8.3 2.7 2.2 3.1 3.8 
palmit ic  acid in the  sn - l -pos i t ion  and its associ- 36:5 1.6 0.8 - -  0.2 1.6 0.4 
a t ion  wi th  Cls  fa t ty  acids in the  sn-3-posit ion.  
The above carbon n u m b e r  d is t r ibut ions  w e r e  Z(Obs.-Cale.) 2b 4 31 39 
closely similar to  those  calculated by  the  
1-random 2-random 3- random dis t r ibut ion  
using the  data f rom the  posi t ional  analysis o f  
f a t t y  acids and summing  the  mul t ip l ica t ion  
p roduc t s  by  carbon  number .  Fu r the rmore ,  
these carbon n u m b e r  dis t r ibut ions  agreed 
closely wi th  those  calculated f rom the data o f  
Gordon  et  al. (5) and Parijs et al. (4), a t tes t ing 
to  the  general a s y m m e t r y  of  the  s t ruc ture  of  
the  parent  tr iacylglycerols.  

The molecular  associat ion of  fa t ty  acids in 
the  tr iacylglycerols  was es t imated  by  chroma-  
tographic  and mass spec t romet r ic  examina t ion  
of  the sn-1,2(2,3)-  and the  sn- l ,3-dlacylglyc-  
erols derived f rom the  VLDL-TG by  r a n d o m  
degradat ion  wi th  the  Grignard reagent .  The 
compos i t i on  of  the  molecular  species of  the  
sn- l ,2(2 ,3)-d iacylglycerol  moiet ies  o f  the  tri- 
acylglycerols o f  the  normal  subjects  and the  
pa t ients  is given in Table 5. The theore t ica l  
values were  derived by the  1-random 2- random 
3- random calculat ion using the  posi t ional  dis- 
t r ibu t ion  of  f a t ty  acids given in Table 2. There 
is a ra ther  close ag reemen t  be tween  the  experi-  
menta l  and calculated compos i t ions  o f  the  
molecular  species for  b o t h  normal  subjects  and 
pat ients .  All pa t ients  possess,  however ,  a higher 
p ropo r t i on  of  the  m o n o e n e s  and dienes (34:1 
and 36:2)  than'  the n o r m o l i p e m i c  subjects ,  
which con ta in  relatively more  of  the  t r ienes  and 
te t raenes  (36:3 and 36:4).  On the  basis o f  these  
similarities be tw een  the  exper imenta l  and calcu- 

aMolecular species identified by total number of 
acyl carbons: total number of double bonds; posi- 
tional isomers and enantiomers are not distinguished. 

blndex on non-randomness. 

lated values it may  be conc luded  tha t  the  fa t ty  
acids in each o f  three  pos i t ions  o f  the  triacyl- 
glycerol molecule  are esterif ied i n d e p e n d e n t l y  
of  the  t w o  o the r  posi t ions.  

The c o m p o s i t i o n  of  the  molecular  species of  
the  sn-1,3-diacylglycerol  moiet ies  of  the  VLDL- 
TG is given in Table 6. In t h i s  ins tance  the  
co r r e spondence  b e t w een  the  exper imenta l  and 
the  calculated values is no t  as good  as tha t  seen 
for the  sn- l ,2(2 ,3)-d iacylglycerol  moiet ies .  This 
is due to  the  inheren t  di f f icul ty  of  preparing 
the  sn- l ,3-diacylglycerols  w i thou t  con tamina-  
t ion f rom the  i somer i za t ion  produc t s  o f  the  
sn- l ,2(2 ,3)-d iacylglycerols  n o t e d  previously 
(13). Nevertheless ,  there  are n o t e w o r t h y  differ-  
ences seen b e t w een  the  molecular  species of  the  
sn- l ,3-diacylglycerols  in the  normal  subjects  
and pat ients .  Thus, the  sn- l ,3-diacylglycerols  
f rom the  VLDL-TG of  the  pa t ients  are higher  in 
the  m o n o e n e s  (34:1)  and lower  in the  dienes 
and t r ienes  (34:2 and 36:3)  than  those  of  the  
normal  subjects ,  which is in accordance  with  
the f indings for  the  sn-1,2(2,3)-diacylglycerols .  

Figure 4 compares  the  ca rbon  n u m b e r  distri- 
bu t ion  in the  sn-2,3-diacylglycerol  moiet ies  of  
the  sn-2 ,3-d iacy lphospha t idy lphenols ,  which  
represent  the  sn-2,3-diacylglycerol  moiet ies  of  
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TABLE 6 TABLE 7 

Distribution of  Molecular Species in sn- l ,3-  
Diacylglycerol Moieties o f  VLDL-TG from 

Normal Subjects and Patients with Type III 
and Type IV Hyperl ipoproteinemia 

Distribution of Carbon Numbers  in Diacylglycerol 
Moieties of  VLDL-TG from Normal Subjects 

and Patients with Type III and Type IV 
Hyperl ipoproteinemia 

Normals Type III Type IV 
Molecular Carbon 
species a Obs. Calc. Obs. Calc. Obs. Calc. number  

Normals Type III Type IV 

Obs. Catc. Obs. Calc. Obs. Calc. 

Moles % 

30:0 -- 0.7 1.2 0.6 1.5 0.4 
30:1 0.8 0.2 0.4 0.2 0.4 0.1 

32:0 1.5 4.3 5.8 5.6 5.2 4.4 
32:1 4.9 4.1 6.5 6.0 5.5 4.4 
32:2 1.6 1.2 -- 0.6 1.0 0.7 

34:0 0.6 1.8 3.3 2.4 1.6 3.0 
34:1 37.0 31.0 47.7 41.9 47.0 42.8 
34:2 21.6 18.9 13.1 16.6 13.8 17.6 
34:3 4.1 3.5 -- 2.9 1.7 2.5 

36:0 0.1 0.1 -- 0.5 -- 0.3 
36:1 4.0 3.1 3.5 3.6 4.9 4.6 
36:2 11.1 14.1 12.2 11.9 10.8 10.7 
36:3 9.1 12.2 4.1 5.4 5.0 5.7 
36:4 3.6 4.0 2.2 1.1 1.4 2.0 
36:5 . . . . .  0.4 

Z (Obs.-Calc.) 2b 4 31 39 

aMolecular species identified by number  of  acyl 
carbons: total number  of  double bonds;  positional 
isomers and enant iomers  are not  distinguished. 

bIndex of  non-randomness .  

h 

�9 ! ' i  ~\ 32 J', ; 
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FIG. 4. Carbon number  profiles o f  sn-2,3-diacyl- 
glycerols derived by  pyrolysis o f  sn-2,3-diacylphospha- 
t idylphenols prepared from VLDL-TG by Grignard 
degradation, synthesis  of  phosphat idylphenols  and  
stereospecific hydrolssis  with phospholipase A2. 
Peaks 32-40, diacylglycerols with a total number  o f  
32-40 acyl carbons. GLC condit ions as in Figure 2. 

t h e  o r ig ina l  V L D L - T G  f r o m  t h e  n o r m a l  s u b j e c t s  
a n d  f r o m  t h e  p a t i e n t s  w i t h  T y p e  I I l  a n d  T y p e  
IV h y p e r l i p o p r o t e i n e m i a .  T a b l e  7 g ives  t h e  
d e t e r m i n e d  c o m p o s i t i o n  o f  t h e  s n - 2 , 3 - d i a c y l -  
g l y c e r o l s  b y  c a r b o n  n u m b e r  in  c o m p a r i s o n  to  
t h e  c o r r e s p o n d i n g  c o m p o s i t i o n s  c a l c u l a t e d  
f r o m  r a n d o m  d i s t r i b u t i o n .  

It  is s e e n  t h a t  t h e  T y p e  III p a t i e n t s  p o s s e s s  a 

Moles % 

sn-1,2(2,3) 
30 1.3 1.1 1.8 2.2 1.7 1.9 
32 8.6 8.5 13.4 16.1 11.8 14.3 
34 41.0 38.4 4S. l"  44.1 43.7 43.4 
36 49.2 52.4 37.8 36.0 42.5 40.9 

sn-2,3 a 
30 -- 0.4 -- 1.3 -- 0.4 
32 2.3 4.3 5.6 9.2 5.0 3.0 
34 18.2 23.0 30.7 35.1 27.4 31.0 
36 79.5 72.4 62.6 54.5 67.6 65.6 

asn- 2,3-diacylphosphatidylphenols.  

s o m e w h a t  h i g h e r  p r o p o r t i o n  o f  t h e  C32 a n d  C34 
d i a c y l g l y c e r o l s  t h a n  t h e  T y p e  IV  p a t i e n t s  o r  t h e  
c o n t r o l  s u b j e c t s ,  b u t  t h i s  d i s c r e p a n c y  is p r o b -  
a b l y  d u e  to  t h e  s l i g h t l y  h i g h e r  p r o p o r t i o n  o f  
p a l m i t i c  ac id  in  t h e  sn -2 -  a n d  s n - 3 - p o s i t i o n s  o f  
t h e  o r ig ina l  V L D L - T G  as  s e e n  f r o m  T a b l e  2. 
T h e r e  we re  n o  a p p a r e n t  d i f f e r e n c e s  b e t w e e n  
t h e  d e t e r m i n e d  a n d  c a l c u l a t e d  d i s t r i b u t i o n s  o f  
t h e  c a r b o n  n u m b e r s ,  w h i c h  a t t e s t s  f u r t h e r  to  
t h e  a p p a r e n t  i n d e p e n d e n c e  o f  t h e  m o l e c u l a r  
a s s o c i a t i o n  o f  t h e  f a t t y  a c id s  a m o n g  t h e  d i f f e r -  
e n t  p o s i t i o n s  o f  t h e  g l y c e r o l  m o l e c u l e .  

Reconstitution of Molecular Species 
of Triacylglycerols 

Since  t h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  d is t r i -  
b u t i o n s  fo r  t h e  s n - 1 , 2 ( 2 , 3 ) - ,  s n - 2 , 3 -  a n d  s n - l , 3 -  
d i a c y l g l y c e r o l s  a g r e e d  c l o s e l y  w h e n  c o m p a r e d  
o n  t h e  bas i s  o f  t h e  p r o p o r t i o n s  o f  t h e  v a r i o u s  
u n s a t u r a t i o n  c la s ses  w i t h i n  e a c h  c a r b o n  n u m -  
ber ,  it  was  c o n c l u d e d  t h a t  t h e  1 - r a n d o m  2- 
r a n d o m  3 - r a n d o m  c a l c u l a t i o n  a l so  w o u l d  give a 
r e a s o n a b l e  a p p r o x i m a t i o n  o f  t h e  m o l e c u l a r  
s p e c i e s  c o m p o s i t i o n  o f  t h e  t r i a c y l g l y c e r o l s .  T h i s  
a s s u m p t i o n  is e x p e r i m e n t a l l y  ve r i f i ed  in Tab l e  3, 
w h i c h  c o m p a r e s  t h e  e x p e r i m e n t a l  a n d  ca l cu -  
l a t ed  c a r b o n  n u m b e r  d i s t r i b u t i o n s  o f  t h e  
t r i a c y l g l y c e r o l s .  T h e  a g r e e m e n t  is e x c e l l e n t .  
T a b l e  8 g ives  t h e  c a l c u l a t e d  c o m p o s i t i o n s  o f  t h e  
m a j o r  m o l e c u l a r  s p e c i e s  o f  t h e  V L D L - T G  o f  
c o n t r o l  s u b j e c t s  a n d  o f  T y p e  III a n d  T y p e  IV 
p a t i e n t s  b a s e d  o n  t h e  1 - r a n d o m  2 - r a n d o m  
3 - r a n d o m  d i s t r i b u t i o n .  T h e  m o l e c u l a r  spec i e s  
a re  a r r a n g e d  in  o r d e r  o f  i n c r e a s i n g  d o u b l e  b o n d  
n u m b e r  w i t h i n  e a c h  c a r b o n  n u m b e r .  T a b l e  8 
i n c l u d e s  a t o t a l  o f  45  spec i e s ,  w h i c h  a c c o u n t  
f o r  a b o u t  80% o f  t h e  t o t a l  V L D L - T G .  A m o n g  
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T A B L E  8 

Di s t r ibu t ion  o f  Molecular  Species  o f  Tr i acy lg lyce ro l s  in V LD L o f  N o r m a l  Sub jec t s  
and Pat ients  wi th  T y p e  III  and  T y p e  IV H y p e r l i p o p r o t e i n e m i a  

689 

Carbon  
n u m b e r  Molcular  species  Norma l s  T y p e  Il l  T y p e  IV 

Moles % 

4 8 : 0  16 :0  16 :0  1 6 : 0  0.791 0 .767  
48:1  16 :0  I 4 : 0  I 8:1 0 .606  1.597 1.452 
48 :1  16 :0  16 :0  I 6:1 0 .644  0 .644  
48:1  16 :0  16:1 16 :0  0 .856  
50:1 16 :0  16 :0  1 8 : l  2 .252  5.831 7 .387  

50:1  16 :0  18:1 16 :0  1 .790 2 .660  1.965 
50 :2  14 :0  18:1 18:1 0 .800  0 .884  
50:2  16 :0  16 :0  18:2  1.060 1.748 2 .513  
50 :2  16 :0  16:1 18:1 2 .310  6 .310  3 .320  

50 :2  16 :0  18:1 16:1 0.641 2 .167  0 .967  
50:2  16 :0  18:2 16 :0  1.562 0.791 0.961 
50 :3  14 :0  18:2 18: I 0 . 6 9 8  
50 :3  16 :0  16:1 18 :2  1.087 1.892 1.129 
50 :3  16 :0  18:2 16:1 0 .559  0 .644  

52:1 16 :0  18:1 18 :0  0 .619  0 .985  1 .148 
52:1 16 :0  I 8 :0  18:1 0 . 7 5 8  0 .913  
52 : I 18 :0  16 :0  I 8:1 0 .713  
5 2 : 2  16 :0  18 :0  18:1 12 .448  19 .610  18.925 

52 :2  16 :0  18 :2  I 8 :0  0 .540  0.561 
52 :2  18:1 16 :0  18:1 0 .988  1,586 1.586 
52:2  18: I I 8:1 16 :0  0 .785  0 .723  
52 :3  16 :0  18:1 18 :2  5 .859  5 .879 6 .439  

5 2 : 3  16 :0  I 8 :2  18:1 10 .859  5.831 9 .255 

52 :3  16:1 18:1 18:1 1.625 1.553 1.227 
52 :3  18:1 16:1 18:1 1.013 1.716 0.731 
52 :3  18:1 18:2  16 :0  0 .685  
52 :3  18:1 18:1 16:1 0 .589  
52 :3  18:1 16 :0  18:2  0 .553  
52 :4  16 :0  18:1 18:3  0 .552  0 .854  0 .604  
52 :4  16 :0  18:2  18 :2  5.111 1.748 3 .149  

52:4  16:1 18:1 18 :2  0 .765  
52 :4  16:1 18 :2  18:1 1 .418 0 .600  
52 :4  18:1 16:1 18:2  0 .514  
52 :5  16:1 18:2  18:2  0 .667  

54 :2  18 :0  18:1 18:1 1.067 1.494 1.826 
54 :3  18 :0  18:1 18:2  0 .502  0.621 
54 :3  18 :0  18:2 18:1 0.931 0 .893  
54:3  18:1 18:1 18:1 5 .459  5 .334  4 .167  

5 4 : 4  18:1 18:1 18:2  2 ,569  1.599 1 .418 
54 :4  18:1 18:2  18:1 4 . 7 6 2  1.586 2 .038  

5 4 : 4  18:2  18:1 18:1 2 .644  0 .967  1.113 
54:5  18:1 18:2  18 :2  2.241 0 .693  
54:5  I 8 :2  I 8:1 18:2  1.244 
54:5  18 :2  18:2  18:1 2 .307  0 ,544  
5 4 : 6  18:2 18:2  18 :2  1.086 

Posi t ions  o f  e n a n t i o m e r i c  t r i acy lg lycero l s  read f r o m  left  to r igh t  as fo l lows :  sn- l - ,  sn-2- 
and sn-3- pos i t ion .  

the individual molecular species there are 
marked quantitative differences between the 
normal subjects and patients, which are due to 
differences in the fatty acid composition of the 
samples, but not to their arrangement in the 
triacylglycerol molecules. Thus, a close inspec- 

tion of Table 8 reveals that the hypertriglycer- 
idemic subjects contain relatively more of 
triacylglycerols with sn-l,2-dipalmitoyl moie- 
ties and less of the triacylglycerols with the 
sn-l,2-dilinoleoylglycerol moieties. The high 
proportion of the triacylglycerols with sn-l,2- 
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dipalmitoylglycerol moieties is due in part to 
the greater proportion of palmitic acid in these 
samples and in part to the specific increase of 
this acid in the sn-2-position with increasing 
concentration of the total palmitate. The oppo- 
site changes apparently take place for the 
linoleic acid. All samples appear to contain 
similar proportions of the triacylglycerols with 
sn-1,2-dioleoytglycerol moieties. The changes in 
the palmitic and linoleic acid content of the 
sn-positions of the VLDL-TG correspond to 
those reported by Parijs et al. (4) for the total 
triacylglycerols of Type IV patients. In Type III 
patients there was a significant increase in the 
palmitoleic acid content of sn-2-position of the 
VLDL-TG, when compared to normal subjects. 
There have been no previous stereospecific 
analyses of the total or VLDL-TG of Type III 
patients. 

DISCUSSION 

Validity of Calculation of Molecular 
Species of Triacylglycerols 

The calculation of the molecular species of 
triacylglycerols on the basis of the l-random 
2-random 3-random distribution is justified by 
the experimental demonstration of the exist- 
ence of non-correlative distribution of fatty 
acids in the sn-1,2(2,3)- and sn-l,3-diacylglyc- 
erols. A further experimental validation of the 
calculated distribution is provided by the close 
agreement between the calculated and the 
determined carbon numbers for the sn-2,3- 
diacylglycerols. The 1-random 2-random 3- 
random distribution is consistent with certain 
metabolic facts about triacylglycerol biosynthe- 
sis and secretion by animal and human liver. 
Thus, it is known that acyltransferases exist 
which are specific for the esterification of sn-1- 
and sn-2-positions of sn-glycerol-3-phosphate 
leading to the formation of phosphatidic acids 
with markedly different complements of fatty 
acids in the sn-1- and sn-2-positions (22,23). It 
also is well known that the sn-3-position of the 
triacylglycerol molecule is synthesized last and 
that a fatty acid pool different from that 
utilized in the synthesis of the phosphatidic 
acids is utilized (24). There also may be differ- 
ences in the subcellular sites involved in the 
synthesis of the different acylglycerol deriva- 
tives (25). A non-correlative esterification of 
fatty acids in the various glycerol positions pre- 
viously has been claimed by Slakey and Lands 
(26) for total rat liver triacylglycerols, but 
Christee and Moore (27) could not confirm it 
for plasma triacylglycerols of the pig. 

Triacylglycerol Differences Among Normal 
Subjects and Patients 

Estimates of relative indices of non-random- 
LIPIDS, VOL. 19, NO. 9 (1984) 

ness of fatty acid distribution by subtracting 
the experimental from the calculated distribu- 
tion of molecular species in the sn-1,2(2,3)- and 
sn-1,3-diacylgIycerols and in the carbon number 
distributions of triacylglycerols gave differences 
of the order of the experimental error of analy- 
sis. Apparently, both normal subjects and 
patients biosynthesized VLDL-TG with the 
same degree of positional specificity, and of the 
same degree of non-correlative molecular asso- 
ciation. Likewise, there were no obvious differ- 
ences in the relative composition of the VLDL- 
TG between the Type III and Type IV hyper- 
lipoproteinemia patients. Both types were 
characterized by the presence of triacylglyc- 
erols of comparable asymmetry and apparently 
represented the products of biosynthesis via the 
phosphatidic acid pathway of the liver. This 
observation is consistent with the current belief 
(28) that the elevated VLDL-TG in hyper- 
triglyceridemia is due to an overproduction of 
VLDL rather than to its delayed clearance. If 
the clearance had been delayed, it is possible 
that differences might have been detected be- 
tween normal subjects and patients due to the 
specificity of lipoprotein lipase, which might 
have attacked certain species more readily than 
others (29). However, in Type III hyperlipopro- 
teinemia Fainaru et al. (30) have observed a 
heterogeneous mix of lipoproteins in the 
d < 1.006 plasma fraction, which could have 
included chylomicron remnants. As a result, the 
latter triacylglycerols should have possessed 
more symmetrical distributions for the satu- 
rated and unsaturated fatty acids because the 
chylomicron triacylglycerols are formed largely 
via the monoacylglycerol pathway, which.is less 
stereospecific than the phosphatidic acid path- 
way (31,32). Since all the triacylglycerol mix- 
tures in this study were markedly asymmetrical, 
it must be concluded that the chylomicron rem- 
nants contributed little to the VLDL-TG of 
plasma. Previous work has shown (29) that lipo- 
protein lipase of normal subjects hydrolyzes all 
of the common triacylglycerol species at about 
the same rate by attacking the sn-l-position in 
preference to the sn-3-position. It is not  known 
what the specificity is for the lipoprotein lipase 
of patients with Type III and Type IV hyper- 
lipoproteinemia. In conclusion the present 
detailed comparisons of the VLDL-TG compo- 
sition of control subjects and patients with 
Type III and Type IV hyperlipoproteinemia fail 
to reveal any structural abnormalities. 

It would be desirable to confirm this ident- 
ity of VLDL-TG structures in normal subjects 
and patients with hyperlipoproteinemia by 
analyzing individual samples from a larger 
number of subjects subsisting on controlled 
diets. 
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METHODS 

Purification of Lysosomal CholesteryI Ester Hydrolase 
From Rat Liver by Preparative Isoelectric Focusing 
RABBE KLEMETSa, * and BO LUNDBERG,  b aWallac Biochemical Laboratory, P.O. Box 
10, SF - 20101 Turku 10, Finland and bDepartment of  Biochemistry and Pharmacy, Abo 
Akademi, Porthansgatan 3, SF - 20500 Abo 50, Finland 

ABSTRACT 

Ion-exchange chromatography and preparative isoelectric focusing (PIEF) were compared to pro- 
duce a stable rat liver lysosomal cholesteryl ester hydrolase of high specific activity. The PIEF purifica- 
tion method proved to be more rapid and easier to perform. PIEF purification involved the follow- 
ing steps: i) osmotic shock of the lysosome fraction, ii) (NII,)~ SO 4 precipitation (10-70%, w/v), 
iii) Sepharose CL-6B gel filtration, and iv) PIEF. The enzyme was purified 60-120-fold with a yield of 
2-4%. The activity of the purified enzyme was best restored by stabilizing with a 0.5% (w/v) albumin 
solution. The purified enzyme produced one major band on SDS-polyacrylamide gel electrophoresis 
having a MW of 58,500 daltons. Gel filtration showed a MW of 58,000 daltons. The optimum pH of 
the enzyme was 4.5, and the isoelectric point was 6.0-6.2. The specific activity of hydrolysis of 
cholesteryl oleate and triolein increased by similar rates during purification. 
Lipids 19:692-698, 1984. 

INTRODUCTION 

The enzymic activity of acid cholesteryl 
ester hydrolase (ACEtl) (E.C. 3 .1.1.13)is  re- 
stricted mainly to the lysosomes of liver and 
other tissues (1,2,3). ACEH purified from liver 
has been reported to have hydrolytic activity 
also towards triacylglycerols (4). A change in or 
a deficiency of lysosomal cholesteryl ester 
hydrolase activity leads to different metabolic 
disorders such as Wolmans disease ( 5 ) a n d  
cholesteryl ester storage disease (6). It also has 
been regarded as a factor responsible for the 
accumulation of cholesteryl esters in smooth 
muscle cells of atherosclerotic arteries (7,8). 

Although ACEH from rat liver has been 
purified by different methods, the enzyme 
preparations have been unstable and the pro- 
cedures difficult to reproduce (9,10,11). The 
yield of pure enzyme also has been quite small. 
The mechanism for the action of cholesteryl 
esterase on cholesteryl esters embedded in 
supersubstrates with different physicochemical 
properties is not yet fully understood. Nor is it 
clear by what mechanism the different lipid 
components in the supersubstrate affect the 
enzymatic activity. In a previous study, we 
investigated the effect of substrate properties 
on ACEH using a partial purified enzyme prep- 
aration (12). The aim of the present study was 
to develop a rapid and efficient method of pro- 
ducing a stable and pure ACEH suitable for 
studies on substrate specificity and enzyme 
kinetics. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Chem icals 

Cholesteryl [ 1-14 C] oleate, specific activity 
34 mCi/mmol, and glycerol tri [1J4C] oleate, 
specific activity 30-60 mCi/mmol, were ob- 
tained from The Radiochemical Centre, Amer- 
sham, United Kingdom. Glycerol tri [ I J4C]  
oleate was purified by Florisil column chroma- 
tography before use, and the radiochemical 
purity was 99% as tested by thin layer chroma- 
tography (TLC) on silica gel plates. Cholesteryl 
oleate was purchased from Merck, Darmstadt, 
Federal Republic of Germany. It was found to 
be chromatographically pure by TLC and was 
therefore used without further purification. 
Glycerol trioleate, sodium taurocholate and 
p-nitrophenylacetate were obtained from Sigma 
Chemicals, St. Louis, Missouri. Egg phospha- 
tidylcholine was isolated in our laboratory 
according to the method described by Lund- 
berg (13). Glycerol trioleate was purified by 
Florisil column chromatography before use. 
Acrylamide, N,N'-methylenebisacrylamide and 
N,N,N',N'-tetramethylethylenediamine were ob- 
tained from Eastman Kodak Co., Rochester, 
New York. Triton X-100 was obtained from 
BDH Chemicals, Poole, United Kingdom. 
Sephadex and Sepharose chromatographic 
media, as well as the calibration proteins, were 
obtained from Pharmacia, Uppsala, Sweden. 
Ultrodex, Ampholines and Ampholine PAG- 
Plates, pH 3.5 -9 .5 ,  were obtained from LKB 
Produkter, Bromma, Sweden. 

LIPIDS, VOl.. 19, NO. 9 (1984) 



METHODS 693 

Preparation of the Lysosome Fraction 

The rivers of 4-6 Sprague-Dawley rats (each 
weighing 150-250 g) were used for each isola- 
tion. The subcellular fractionation procedures 
of the lysosomal fraction were the same as 
described earlier (12) except that homogeniza- 
tion was performed in 8 volumes of 0.5 M 
sucrose, 1 mM EDTA, in 0.01 M Tris-HC1 (pH 
7.5). The lysosomal pellet from the 12,000 x g 
(20 min) centrifugation step was frozen to 
- 20  C and then thawed by adding 50 ml of the 
cold Tris buffer containing 1 mM EDTA per rat 
river. This solution was frozen and thawed 3 
times and is hereafter called the osmotically 
shocked lysosome fraction. This fraction was 
stored at -20  C. 

The release of ACEH from lysosome mem- 
branes was tested by using different concentra- 
tions of Triton X-100 and sodium chloride: 
These releasing agents were added to samples of 
the osmotically shocked lysosome fraction and 
the mixtures stirred for 2 hr at 4 C. One set of 
test tubes was used for Triton X-100 and a dif- 
ferent set for NaC1. The finat concentration of 
Triton X-100 in the samples was adjusted to 0, 
0.2, 0.5 and 1.0% (w/v)respectively in the Tris 
buffer (pH 7.4). The final concentration of 
NaC1 in the samples was adjusted to 0.1 and 
0.3 M, respectively. After completion of the 
release procedure the samples were centrifuged 
at 50,000 x g for 30 minutes at 4 C. The pellet 
and supernatant were separated and protein 
content and ACEH activity were determined in 
each fraction. Protein was determined accord- 
•ng to Lowry et al. (14). 

Purification Procedure 

All the purification steps were performed at 
0-4 C. The osmotically shocked lysosome frac- 
t ion was diluted, if necessary, with 0.01 M Tris- 
HC1 (pH 7.5), to produce a protein concentra- 
tion of 5 mg/ml or less. This protein solution 
was subjected to 10-70% (w/v) (NHa)zSO4 
precipitation. The pellet was collected and dis- 
solved in the Tris buffer containing 0.25 M 
sucrose. The solution was applied onto a 
Sepharose CL-6B column (2.5 x 50 cm), which 
was eluted with 0.05 M Tris-HC1 buffer (pH 
7.0) at a flow rate of  60 ml/hr. The elution pro- 
file was monitored at A2s0. Fractions showing 
ACEH activity were pooled and concentrated 
with an Amicon ultrafiltration cell using a 
PM-30 filter membrane (Amicon Corporation, 
Lexington, Massachusetts). The concentrate 
was washed with 2 volumes of the Tris buffer 
containing 0.25 M sucrose in the ultrafiltration 
cell. This fraction was further purified by PIEF 
using a granulated Ultrodex gel. 

The gel was prepared by suspending 4 g 
Ultrodex in 100 ml of distilled, deionized water 
containing 4.7 ml Amphorine, pH 5-7, and 
0.4 ml Ampholine, pH 3.5-10. The gel was 
spread on a 2 mm-thick glass plate (12 • 
20 cm) to a thickness of 3-4 mm and a hair 
dryer used to reduce the water content by 
about 39%. A strip of gel (1 cm wide) was then 
carefully cut and removed from the plate and 
mixed with the ACEH concentrate in a beaker 
before being poured back into the 1 cm wide 
trough from which it came. The anode solution 
used was 1% H3PO4 and the cathode solution 
1% NaOH. The glass plate was put on a Multi- 
phor cooling chamber maintained at 0 C. A 
LKB 2103 Constant Power Supply unit was 
used to supply a constant power of 40 W. After 
the focusing had finished (about 4 hours), the 
pH gradient was measured with a surface elec- 
trode. Gel pieces (1 x 2 cm) were then scraped 
off the plate and eluted in a LKB 2117-502 
PEGG elution column with 3 ml of the Tris 
buffer containing 0.25 M sucrose. The eluate 
was immediately assayed for ACEH activity and 
the protein concentration was determined using 
a modified Lowry assay (15). 

In order to compare the PIEF method with 
conventional purification methods, the enzyme 
concentrate obtained after Amicon ultrafiltra- 
tion was separately purified by chromatography 
using DEAE-Sephadex A-50 and CM-Sephadex 
C-50. The DEAE-Sephadex purification proce- 
dure was performed according to (16)with  the 
following modifications. The buffer used was 
0.05 M Tris-HC1 (pH 7.8) and the linear gra- 
dient ranged from 0-0.4 M NaC1. The CM- 
Sephadex purification procedure was per- 
formed according to (9) at pH 5.6. After the 
enzyme activity was measured, the active frac- 
tions were pooled and dialysed with the ultra- 
filtration ceil using 0.01 M Tris-HC1 (pH 7.5), 
0.25 M sucrose, and stored at - 20  C. 

Cholesteryl Ester Hydrolase Assay 

The vesicle substrate used for the determina- 
tion of ACEH contained 20 mg egg phospha- 
tidylchorine and 500 /ag cholesteryl [1-14C] 
oleate per ml. The substrate was prepared in 
0.1 M NaC1, 0.01 M Tris-HC1 buffer (pH 7.4), 
and 0.02% NaN3 as described earlier (12). Each 
assay contained 100 /~1 substrate preparation, 
150 /~1 0.15 M acetate buffer, pH 5.0, and 25- 
100 /11 of the enzyme preparation. The final 
incubation volume was made up to 400/al with 
distilled water. The incubation was carried out 
for 15 rain at 37 C on a rotary shaker table 
immersed in a water bath. The labelled free 
fatty acid formed was measured according to 
Pittman et al. (17). The radioactivity was calcu- 
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lated using a Triton-toluene scintillation cock- 
tail, which contained per liter 667 ml toluene, 
333 ml Triton X-100, 6 g PPO and 0.8 g di- 
metyl-POPOP. All measurements were made in 
duplicate. 

Triacylglycerol Hydrolase Assay 

Substrate preparation for the Triacylglycerol 
hydrolase assay was prepared in the same 
manner as that for the ACEH assay and con- 
tained 20 mg egg phosphatidylcholine and 4 mg 
glycerol tri [1-t4c] oleate per ml. This gave a 
substrate preparation that contains mainly 
lecithin and triolein emulsion particles (18). 
The enzyme assay was similar to the one de- 
scribed for ACEH except that 50/al of the sub- 
strate preparation was used. 

Non-specific Esterase Assay 

Non-specific carboxylesterase activity was 
assayed using p-nitro-phenylacetate as the sub- 
strate. A solution of p-NPA (4 mM) was pre- 
pared by adding 2 ml, 100 mM p-NPA dissolved 
in methanol, to 48 ml of a mixture containing 
0.15 M acetate buffer, pH 5.0, and 0.4% 
Triton X-100 (w/v). The mixture was stirred 
constantly during the addition procedure. The 
enzyme assay was initiated by adding 50 /al 
of enzyme preparation to 4 ml of the substrate 
solution. The incubation was carried out for 
15 min at 37 C. The release of p-nitrophenol 
was recorded at 400 rim. 

Characterization of the Purified Enzyme 

The degree of purification was routinely 
followed by conventional polyacrylamide gel 

electrophoresis. Duplicate samples were run; 
one gel slab was stained to give a visual estimate 
of protein content and the other was stained in 
order to compare the accordance with non- 
specific activity. The latter test was carried out 
by incubating the gel at room temperature in 
the following substrate solution: 2 mM p-NPA 
in 0.15 M acetate buffer, 0.4% Triton X-100, 
and 2% methanol. Analytical isoelectric focus- 
ing of the purified enzyme was performed using 
Ampholine PAG-Plates, pH 3.5-9.5. 

The molecular weight of the purified en- 
zyme was determined by SDS-polyacrylamide 
gel electrophoresis according to the method of 
Weber and Osborn (19). Purified fractions of 
PIEF were dialysed against 0.01 M Tris-HC1 
(pH 7.4), 0.25 M sucrose on Amicon ultrafiltra- 
tion cell using a PM-10 filter before being 
applied to the gel rod. Etectrophoresis calibra- 
tion proteins obtained from Pharmacia were 
used as standards. The molecular weight also 
was determined by gel filtration chromatog- 
raphy using a Sephadex G-150 column (2.5 x 
50 cm). The column was eluted with 50 mM 
Tris-HC1 (pH 7.0). Gel filtration calibration 
proteins obtained from Pharmacia were used to 
calibrate the column. 

The stability of the PIEF purified, and gel 
filtrated enzyme was tested by storage at - 2 0  C 
in 0.01 M Tris-HC1 (pH 7.4) containing, respec- 
tively, one of the following stabilizers: 0.25 M 
sucrose, 20% (w/v) glycerol and 0.5% (w/v) 
bovine albumin. The stability of the osmot- 
ically shocked lysosome fraction, ammonium 
sulphate precipitated enzyme and the enzyme 
purified by ion exchange chromatography were 

TABLE 1 

Release of Cholesteryl Ester Hydrolase From Rat Liver Lysosomes 

Total protein Total activity Total activity 
Release procedure tested (rag) (nmol • h -a ) (% of control)  

1. Lysosomal fraction 
(= control) 143 39194 100 

2. Lysosomal pellet dissolved 
in 0.01M Tris-HCl, pH 7.5, 
1 mM EDTA 143 55264 141 

3. No. 2, 3 times frozen and 
thawed 143 68590 175 

4. Lysosomal fraction 
homogenized in an 
all glass apparatus 117 40083 102 

Release procedure tested, lysosomal fraction dissolved in I) 0.25 M sucrose, 0.01 M Tris- 
HCI, pH 7.5, I mM EDTA, 2) dissolved in 0.01 M Tris-HCI, pH 7.5, 1 mM EDTA, 3) numbr 
2 frozen and thawed as a thin layer (0.5 cm thick) 3 times, and 4) number ! homogenized in 
all-glass apparatus. The vesicle substrate, containing 20 mg egg, phosphatidylcholine and 
500/~g cholesteryl [ l-s~C l oleate per ml was used in the assays. 
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tested with 0.25 M sucrose in 0.01 M Tris-HC1 
(pH 7.5). 

ACEH purified by PIEF was characterized 
for its optimum pH, initial reaction velocity 
and maximum reaction rate (Vmax) using the 
vesicle substrate. 

R ESU L T S  

Release of  A C E H  

Table I shows the results of experiments 
designed to release the maximum amount of 
cholesteryl ester hydrolase from lysosomes but 
without simultaneously inhibiting the enzyme 
activity, as is generally the case when using 
detergents, such as Triton X-100, as a releasing 
agent. When the lysosomal pellet was dissolved 
in 0.01 M Tris-HC1 (pH 7.5), 1 mM EDTA, the 
total yield increased by 41% as compared to the 
same buffer containing sucrose. Three freezing 
and thawing sequences increased the total 
enzyme activity still further. Increasing the 
freezing and thawing cycles from three to ten 
times did not help the yield. 

Osmotic shock followed by freezing and 
thawing alone without releasing agents resulted 
in about 90% of the enzyme activity being 
found in the supernatant fraction. Triton X-100 
used at a concentration of 0.2% (w/v) clearly 
affected the protein distribution between the 
supernatant and precipitate fractions but had a 
very strong inhibitory effect on ACEH activity. 
A more pronounced effect was obtained with 
the higher Triton X-100 concentrations. When 

NaC1 was used, no solubilizing effect was 
noticed but there was slight inhibition of total 
ACEH activity. 

Based on the results from Table 1, fraction 
No. 3 was used for further purification. 

Puri f icat ion 

Cholesteryl ester hydrolase was treated with 
a wide range (10-70%) of ammonium sulfate 
saturation to achieve a good yield. This step 
usually yielded a twofold increase in ACEH 
activity. The ammonium sulphate precipitate 
was further purified by gelfiltration on Seph- 
arose CL-6B (data not shown). The ACEH 
eluted as a broad double peak immediately 
after the second major protein peak. This type 
of elution pattern was observed during several 
elutions. Acid trioleylglycerol hydrolase activ- 
ity and part of the p-NPA hydrolase activity 
coincided with cholesteryl oleate hydrolysis. 
When using Sephadex G-200 for gel filtration, 
one sharp peak for cholesteryl oleate hydrolysis 
was obtained. This activity coincided with the 
protein peak. Prolonged concentration of the 
enzyme after gel filtration with an Amicon 
ultrafiltration cell using a PM 30 filter inacti- 
vated the enzyme. 

Figure 1 shows the ACEH activity, p-NPA 
hydrolysis and protein pattern found in a typi- 
cal isoelectric focusing experiment. The ACEH 
activity coincided with p-NPA hydrolysis 
activity. Specific activity for cholesteryl oleate 
hydrolysis from six similar purifications varied 
within a range of 2369-3050 nmol • mg -1 • 
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FIG. 1. Purification of cholesteryl ester hydrolase on PIEF using a pH gradient (e) of 
pH 5-8. Details of the procedure and the assays are described in the text. Cholesteryl oleate 
(a) and pNPA (o) hydrolysis. Protein concentration (o). 
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h -1. When the osmotical ly  shocked lysosome 
fract ion was directly purified by PIEF,  the 
usual result was a very high yield of  enzyme  
act ivi ty in a single purif icat ion step. 

In order to compare  the final purif icat ion 
step, ACEH was purified on CM-Sephadex C-50 
and DEAE-Sephadex A-50 columns.  With the 
cationic exchanger,  the enzyme  was eluted as 
one peak at a concent ra t ion  of  0.1 M NaC1, 
and with DEAE-Sephadex  at a concent ra t ion  
of  approximate ly  0.17 M NaC1 (data not  
shown).  

The results of  the purif icat ion procedures  
are shown in "Fable 2. The degree of  purifica- 
tion usually was slightly higher with PIEF than 
with the ion exchange chromatographic  meth-  
ods. The yield of  pure enzyme  was similar in all 
three methods  tested except  that PIEF pro- 
duced the enzyme in a more concent ra ted  
form. 

Characteristics of the Enzyme 

The pH op t imum of the purified ACEH was 
4.5. The enzyme produced an initial velocity 
lasting 20 rain with the vesicular substrate and 
had a Vma x value of  2.083 nmol  x mg -t x h -1 . 
Its molecular  weight was 58,500 daltons as 
determined by SDS-polyacrylamide electro- 
phoresis and 58,000 daltons as de termined by 
Sephadex G-150 gelfil tration. The isoelectric 
point  measured by analytical  isoelectric focus- 
ing was 6.0-6.2. 

On polyacrylamide  gel electrophoresis  the 
PIEF fraction showed one major band at a 
Rf-value of  0.12-0.14 and a weak band with a 
slightly higher Rf-value. When polyacrylamide 
gel slabs were incubated in the 2 mM p-NPA 
solution,  the yellow band showing esterase 
activity appeared in the gels at the Rf-value of 
0.12-0.14. 

The stability of  ACEII in different  media at 
- 2 0  C is shown in Figure 2. No loss in ACEH 
activity was observed when the osmotical ly  
shocked lysosome fraction (in 0.25 M sucrose, 
0.01 M Tris-HCl, pH 7.4) and the dissolved 
(NH4)2 SO4 precipi tate fract ion were stored at 
- 2 0  C up to four  weeks. However,  the lyso- 
somal fract ion is sensitive to higher tempera-  
tures and a decrease of  15% ACEH activity was 
observed during a 6 hr period of storage at 
room tempera ture  (20 C). When the enzyme 
prepared after the gel f i l tration step was stored 
in 0.25 M sucrose, 0.01 M Tris-llC1, pH 7.4, 
about  25% of its act ivi ty was lost in 10 days at 
- 2 0  C. But no loss in act ivi ty for 10 days was 
found when stored in 0.5% BSA. When the 
purified ACEH was stabilized with bovine 
serum albumin,  only 10% of the original activ- 

ity was lost after 1 week of  storage. The sta- 
bilizing effect  of  the tested compounds :  BSA, 
glycerol  and sucrose, each in 0.01 M Tris HC1, 
pH 7.4, and then the Tris Buffer by itself, 
decreased in the order  in which they  are listed 
here. 

Amphol ine ,  pH 5-7, did not  inhibit the 
enzyme at a concen t ra t ion  of  0.2% (w/v) which 
was the approximate  concent ra t ion  of  Am- 
pholine in the fractions used for analysis after 
PIEF purification.  At an assay concent ra t ion  of  
1.25% (w/v) Amphol ine  caused a decrease of  
the original act ivi ty with 30%. 

DISCUSSION 

A stable, pure enzyme  is needed to study the 
kinetics and enzyme-substra te  interact ion of 
l ipolytic enzymes.  By using PIEF as the final 
purif icat ion step, a 100 fold purif icat ion of  lyso- 
somal cholesteryl  ester hydrolase is achieved in 
one day. 

The purified enzyme  had a molecular  weight 
of  approx imate ly  58,000, a pH op t imum of  4.5 
when using the vesicle substrate and an isoelec- 
tric point  of  6.2. These values are in agreement  
with earlier reports  (9,20). 

ACEH and the acid lipase are obviously 
partly associated with lysosomal membranes  
(10,11). Tri ton X-100 is of ten  used to release 
these enzymes from membranes  even though 
nonionic  detergents have been reported to 
interfere with cholesteryl  ester hydrolysis  (9, 
12). In our enzyme  release exper iments ,  we 
found no advantage in using Tri ton X-100. The 
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FIG. 2. Stability of purified cholesteryl oleate 
hydrolase. Stability of osmotic'ally shocked lysosome 
fraction (X), Sepharose CI.-6B (m) and CM-Sephadex 
C-50 (6) fractions stored in 0.01 M Tris-HCl buffer 
(pH 7.4), 0.25 M sucrose. Stability of dissolved 
(NII,) :SO , precipitate (| PIEI T purified fraction 
stored in: a) 0.01 M Tris-HC1 buffer (pH 7.4) (A), 
b) a + 0.25 M sucrose (o), c) a + 0.5% (w/v) BSA (n) 
and d) a + 20'~ (w/v) glycerol (o). 

LIPIDS, VOL. 19, NO. 9 (1984) 



698 METHODS 

mos t  effect ive  m e t h o d  of  releasing ACEH was 
to osmot ica l ly  shock the  lysosome f rac t ion  
fo l lowed by freezing and  thawing .  

Specific hyd ro ly t i c  ac t iv i ty  towards  choles- 
teryl  o lea te  and  t r iole in  increased t h r o u g h o u t  
the  pur i f i ca t ion  p rocedure  a l t h o u g h  the  ra t io  of  
choles te ry l  o lea te  hydro lys i s  to  t r iolein hydro l -  
ysis did not  vary s igni f icant ly  be t w een  the  
osmot ica l ly  shocked  lysosome f r ac t ion  and  the  
PIEF- f rac t ion .  This  m ay  ind ica te  t h a t  the  same 
e n z y m e  cata lyzes  the  hydro lys i s  of  b o t h  lipids. 
There  are several repor t s  which  s uppo r t  this  
hypo thes i s  in the  rat  (9) ,  r abb i t  (16)  and  
h u m a n  liver (4). 

ACEH act iv i ty  e lu ted  f rom the  Sepharose  
CL-6B c o l u m n  as a b road  doub le  peak.  How- 
ever, on  Sephadex  G-200  the  e n z y m e  e lu ted  as 
one  na r row peak.  The reason  for  this  r emains  
unc lear  bu t  the  exis tence  of  d i f fe ren t  sized 
e n z y m e - p h o s p h o l i p i d  complexes  could be one  
reason.  Suppo r t  for  this  a s s u m p t i o n  is given by  
a var ie ty  of  r e p o r t e d  molecu la r  weights  for  the  
pur i f ied or  part ial ly pur i f ied  e n z y m e  (16) ,  and  
by  the  fact  t h a t  the  e n z y m e  is ac t iva ted  by  the  
add i t i on  of  in t ac t  lysosomes  (11 ). 

The  pur i f i ca t ion  fold wi th  PIEF was clearly 
higher  t han  wi th  t he  ion exchange  media  tes ted  
when  app ly ing  the  same sample.  The  yield of  
pur i f ied e n z y m e  was ,~milar wi th  the  m e t h o d s  
tes ted .  Similar low yields of  acid choles te ry l  
es ter  hydro lase  have been  r epo r t ed  by  o the r s  
(9). In compar i son  to c o l u m n  c h r o m a t o g r a p h i c  
m e t h o d s ,  the  advan tage  of  us ing prepara t ive  f lat  
bed isoelectr ic  focus ing  on a g ranu la ted  gel as 
the  final pur i f i ca t ion  s tep is the  rapid i so la t ion  
o f  the  e n z y m e  in a c o n c e n t r a t e d  band  (21) .  The  
m e t h o d  is su i tab le  for  small  scale pur i f i ca t ion  
even t h o u g h  qui te  large a m o u n t s  of  p ro te in  can 
be appl ied to  t he  gel (22).  When dry ing  t he  gel 
unde r  an air dryer ,  it is advisable  to  app ly  the  
crude  e n z y m e  p repa ra t ion  as a band  to avoid 
inac t iva t ion  of  the  enzyme.  The  pur i f ied  
e n z y m e  usuaUy was col lec ted  at  pH 5.8-6.2,  
which  cor re la tes  well w i th  the  r epo r t ed  isoelec- 
tric point .  

ACEH and  acid lipase have been  r epo r t ed  to 
be unstable enzymes  w h e n  pur i f ied  f rom differ-  
en t  m a m m a l i a n  liver sources  (10 ,15) .  In th is  
s t udy  it has been  clearly s h o w n  tha t  it is possi- 
ble to increase  the  s tabi l i ty  of  t he  pur i f ied  
e n z y m e  at - 2 0  C by  the  add i t i on  of  stabil izers.  
Bovine serum a lbumin  proved  to be  the  mos t  

effect ive s tabi l izer  in ma in t a in ing  e n z y m e  
ac t iv i ty ,  and  a b o u t  90% of  original  act ivi ty  re- 
mained  af ter  12 days of  s torage at  - 2 0  C. 
Glycero l  also had some s tabi l iz ing effect  bu t  
sucrose proved ineffect ive .  
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COMMUNICATIONS 

Dihomo- (-linolenic Acid Reverses Hypertension 
Induced in Rats by Diets Rich in Saturated Fat 
CEDRIC H. HASSALL* and STEPHEN J. K IRTLAND,  Roche Products Limited, We/wyn 
Garden City, Hertfordshire, Eng/and 

ABSTRACT 

This study has shown that hypertension induced in rats by a diet rich in saturated fat (16% coco- 
nut oil, 4% palmitic acid by weight) is reversed by the addition of the essential fatty acid, dihomo-3,- 
linolenic acid (DItLA), at 5.0% but not at 0.5% of dietary energy. This potent effect of DHLA has 
been attributed to modulation of prostaglandin biosynthesis. 
Lipids 19:699-703, 1984. 
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I N T R O D U C T I O N  

Diets rich in saturated fat have been shown 
to elevate blood pressure of man (1) and ani- 
mals (2,3) and to exacerbate salt-induced (3-6) 
and spontaneous hypertension (6,7). These 
hypertensive effects have been ascribed to 
limitation of the production of prostaglandins 
from dietary linoleates (1,4-7). The conversion 
of linoleic acid (18:2w6) to prostaglandins 
proceeds in mammals through desaturation and 
homologation steps to DHLA (20:3w6) and 
arachidonic acid (20:46o6), the immediate 
precursors of prostaglandin El (PGEI) and 
prostaglandin E 2 (PGE2), respectively (8). This 
pathway is controlled by genetic, hormonal and 
nutritional factors, which limit the synthesis 
of DHLA from dietary llnoleates (9-11). It 
w a s  therefore of interest to investigate the 
potential of DHLA to modulate hypertension 
induced with saturated fat in an animal model. 
Since dietary DHLA is directly available for 
prostaglandin synthesis (12-14), diets contain- 
ing this acid could well show effects against 
such hypertension different from those of diets 
enriched with linoleates (2-7). 

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

Animals and Diets 

Male, Wistar rats maintained on a certifi- 
cated, pelleted diet (B.P. Nutrition, Essex, see 
footnote a, Table 3) were allocated to three 
groups (n = 12) of similar body weight (ap- 
proximately 78 g) and blood pressure (ap- 
proximately 125 mm Hg). Each group was then 
fed one of three synthetic diets. These diets 
were isocaloric (4.3 cal.g - l )  with the same 
general composition (see Table 1). Fat repre- 
sented 41.7% of total dietary energy. The 

*To whom correspondence should be addressed.  

larger part of this fat (33.3% total energy) was 
provided by coconut oil (Loders and Nucoline 
Ltd., London); the remainder was a mixture of 
palmitic acid (94% purity by gas liquid chroma- 
tography (GLC), British Drug Houses Ltd., 
Dorset) and chemically-synthesised DHLA 
(98% purity by GLC, Roche Products Ltd., 
Herts). The total amount of both acids added 
was the same for all diets, but their proportions 
were varied to provide diets with increasing 
levels of DHLA at 0, 0.5 and 5.0% of dietary 
energy. All diets contained 0.7% dietary energy 
as  linoleic acid (from coconut oil). Bile salts, 
a mixture of sodium glycocholate and sodium 
taurocholate (Oxoid) were added with the 
prospect that these might improve the absorp- 
tion of lipids. In preliminary studies, it was 
noted that the pigmentation of feces w a s  

reduced in rats fed a high fat diet, possibly 
because of their inability to completely absorb 
the high levels of fat. The introduction of bile 
salts to the diet did tend to normalise fecal 
color. However, bile salts were not essential 
to induce hypertension and had no significant 
effect on essential fatty acid status. 

Diets and drinking water were fed ad libitum 
and allocated as indicated in the Results section 
and legend to Figure 1. Food intakes were 
measured weekly on a cage basis (4 rats). 

Blood Pressure Measurements 

Systolic blood pressure was determined by 
tail cuff sphygmomanometry (15) using a W+W 
Recorder (Kontron Instruments, Herts). 

Determination of Prostaglanflins in Urine 

Rats were housed individually in metabolism 
cages and urines were collected for 24 hr. 
PGE's were extracted into acidified ethyl 
acetate and isolated after separation by argenta- 
tion thin-layer chromatography as previously 
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"FABLE I 

Compositious (Weight %) of the Experimental Diets 

Diet 

With DHLA With DHLA 
Constituent Non-supplemented (0.5~ energy) (5.0% energy) 

Coconut oil a 16.0 16.0 i 6.0 
Palmitic acid 4.0 3.76 1.59 
Dirt LA - 0.24 2.41 
Casein, vitamin and fat free b 20.0 20.0 20.0 
Cellulose (solkanoc) 4.0 4.0 4.0 
Sucrose 46.2 46.2 46.2 
Vitamin/mineral mix c 7.6 7.6 7.6 
Methionine 0.2 0.2 0.2 
Bile salts 2.0 2.0 2.0 

aFatty acid composition (weight %) by GLC: 8:0, 5.0%; 10:0, 4.7%; 12:0, 45.0%; 14:0, 
21.0%; 16:0, 10.1%; 18:0, 3.2%; 18:1,8.4%, and 18:2, 2.2%. 

b82.0% of protein by weight. 
Cproviding the following, as mg per kg diet: vitamin A, 3.9; vitamin Da, 0.064; vitamin 

Bt, B 2 and B 6 , 12.8 each;vitamin Bl2 O.013;vitamin C, 2560;vitamin E, 7OO;vitamin K, 
0.024; folic acid, 2.6; nicotinic acid, 26; pantothenic acid, 24; choline, 1050; biotin, 0.128; 
inositol, 640; p-aminobenzoic acid, 128; iron, 128; copper, 0.064, and fluorine, 12.8. And, 
as weight (%) of diet: calcium, 0.89; phosphorus, 0.64; magnesium, 0.06; potassium, 0.64; 
and sodium, 0.24 (O.l 5% sodium chloride). 

E 

o., 

o_ 

12o~ 
" ~ - - - ~ -  . . . .  1 I I I 

weeks of diet 

FIG. 1. Influence of diet on blood pressure of  the rat. Rats (n=l 2) were fed for 6 weeks 
a diet rich in fat (41.7% dietary energy as fat, 36.3% saturated) and low in essential fatty 
acids ( -e - - ) .  Over the same period, another group (n=l 2) were fed a saturated fat-rich diet 
supplemented with DHLA (31.3% energy saturated fat, 5% energy as DHLA, (---e---). After 
6 weeks, diets of  the two groups of  rats were crossed over. Differences in blood pressure 
(x -* s.e.m.) of  rats receiving the different diets are indicated; *, p<0.05; **, p<0.02. 

LIPIDS, VOL. 19, NO. 9 (1984) 



COMMUNICATIONS 701 

descr ibed (16).  Rf 's  for  a u t h e n t i c  s t andards  
of  PGE t and  PGE2 were 0 .67 and 0.48 respec- 
tively. PGE's  were d e t e r m i n e d  by  r a d i o i m m u n e  
assay. The  cross reac t iv i ty  of  ant isera  to PGEI  
and  PGE2 ( l n s t i t u t  Pas teur  P r o d u c t i o n )  is given 
in Table  2. 

Lipid Analysis 

Blood was ob t a ined  by  aor t ic  p u n c t u r e  
unde r  Sagatal anes thes ia ,  and  red cell l ipids 
were ex t rac ted  by  the  Bligh and  Dyer  proce-  
dure  (17).  The  ex t rac t s  were derivat ised by 
t r e a t m e n t  wi th  b o r o n  t r i f luor ide  in m e t h a n o l  
(14%) for  20 min  at 70 C. The  fa t ty  acid m e t h y l  
esters  were ex t r ac t ed  in to  hexane  and ana lyzed  
on  a Perk in  Elmer  F17 gas c h r o m a t o g r a p h  wi th  
f lame ion iza t ion  de t ec to r  and  modi f ied  to take  
a su ppo r t  coa ted  open  tubu la r  co lumn  (SP 
1000).  The  in jec to r  and  de t ec to r  t e m p e r a t u r e  
was 300  C, and the  f a t ty  acid esters  were 
ana lyzed  at a t e m p e r a t u r e  p r o g r a m m e d  at 0.5 
C/ra in  be tween  180 and 215 C. Samples  and  
s t anda rds  were q u a n t i t a t e d  by  in t eg ra t ion  
(Hewle t t  Packard  3380A) .  

RESULTS 

Systolic b lood  pressures of  two groups  of  
ra ts  over  the  per iod of  m a i n t e n a n c e  on  experi-  
m e n t a l  diets  are shown  in Figure 1. Af ter  2 
weeks,  rats receiving DHLA at 5.0% die ta ry  
energy  es tabl i shed  a s ignif icant ly  lower b lood  
pressure  t han  those  fed the  n o n - s u p p l e m e n t e d  
diet .  The  d i f fe rence  in b lood  pressure b e t w e e n  
these  groups  was ma in t a ined  for  a f u r t he r  4 
weeks at  wh ich  t ime  the i r  diets  were crossed 
over. Within  2 to 3 weeks of  reversing the  
diets ,  the  d i rec t ion  of  b lood pressure d i f fe rence  

TABLE 2 

Cross Reactivity (%) of Antisera to 
PGE with Other Prostaglandins 

Antiserum 

PG I'GE l PGE 2 

A l 0.1 <0.1 
A s <0.1 0.2 
B t < 0 . 1  < 0 . 1  
B 2 <0.1 <0.1 
D t 0.1 - 
D 2 <0.1 - 
E 1 100.0 3.2 
E 2 15.0 100.0 
Fla  0.2 <0.1 
F2a <0.1 0.1 
dihydro-E l - <0.1 
dihydro-l.; 2 - 0.15 
dihydro-keto-E~ 0.2 <0. I 
dih ydro-ket o-E 2 <0.1 O. 1 

b e t w e e n  these  groups  was reversed and levels 
were m a i n t a i n e d  to the  end o f  s t udy  (Fig. 1). 
Mean b lood pressure of rats receiving 5.0% 
energy as DHLA (143.5  -+ 1.6 m m  Hg) was 
cons i s t en t  wi th  n o r m o t e n s i o n .  Levels were 
similar to those  measured  unde r  the  same 
cond i t i ons  in rats  fed a s tock pel let  diet  (142 .8  
-+ 0.9 m m  Hg) or a diet  enr iched  in sunf lower  
oil con ta in ing  23% energy as l inoleic acid 
(142 .0  -+ 1.3 m m  Hg). 

One group  of  rats  was fed t h e  sa tu ra ted  fat-  
r ich diet  wi th  0.5% energy as DHLA th rough-  
ou t  the  11-week s tudy.  Blood pressures of  these  
ra ts  were no t  s ignif icant ly  d i f fe ren t  f rom those  
fed the  n o n - s u p p l e m e n t e d  diet ,  e i the r  in the  
per iod before  or af ter  d ie tary  crossover.  At 
t e r m i n a t i o n  of  the  s tudy  the  p r o p o r t i o n  of  
an imals  in each d ie ta ry  group wi th  b lood 
pressures  above  150 m m  Hg was 75%, 67% 
and 0% for  the  n o n - s u p p l e m e n t e d  diet  and  diets  
con ta in ing  0.5% or 5.0% energy as DHLA,  
respect ively .  

Food  in take ,  measured  weekly ,  was similar  
for  ra ts  on  all th ree  diets  t h r o u g h o u t  the  s tudy.  
Mean c o n s u m p t i o n  of  calories per  ra t  calculated 
f rom 24 m e a s u r e m e n t s  of  food  in take  over  the  
s t u d y  was 68.5 + 8.6, 68 .9  -+ 8.5 and  67.1 -+ 6.4 
kcal .24 h - l  for  an imals  ma in t a ined  on  the  non -  
s u p p l e m e n t e d  diets  and diets  wi th  0.5% and 
5.0% energy as DHLA respect ively.  These 
values were no t  s ignif icant ly  d i f fe ren t  ( two 
sided S tuden t  t test) .  

Levels of  PGEI  in the  ur ine  of  ra ts  receiving 
5.0% energy as DHLA at t e r m i n a t i o n  were 
s ignif icant ly  increased over  levels in those  
receiving the  o t h e r  two diets  ( p < 0 . 0 0 2 ) .  The  
m e a s u r e m e n t s  of  PGEI  (x -+ s.e,m., pg .#mol  
c rea t in ine  -1- kg body  weight  -1)  for  the  th ree  
g roups  of  rats  receiving diets  con ta in ing  0%, 
0.5% and 5.0% energy as DHLA at t e r m i n a t i o n  
were respect ively  92.4  + 7.3;  83.5 -+ 9.9,  and 
306.7  -+ 54.2.  The  co r re spond ing  levels of  
PGE2, 2250  • 224;  1834 -+218 and 2391 + 3 9 0 ,  
were no t  s ignif icant ly  d i f fe ren t  for  the  th ree  
groups.  

The c o m p o s i t i o n  of f a t ty  acids in the  red 
cell l ipids of rats receiving the  non-supp le -  
m e n t e d  diet  at  t e r m i n a t i o n  was similar to  t h a t  
of  ra ts  receiving DHLA (5.0% energy)  (Table  
3). Bo th  diets  caused a marked  depress ion  in 
levels of  18:26o6 in compar i son  wi th  those  of  
rats  fed a s tock pel let ,  re ference  diet .  However ,  
levels of  the  20 and  22 ca rbon  essential  f a t ty  
acids ( E F A )  in the  red cells of  rats  fed the  
e x p e r i m e n t a l  diets  were no t  decreased wi th  
respect  to levels p roduced  by the  pel let  diet  
(Table  3). Feeding  the  e x p e r i m e n t a l  diets  did 
no t  s ignif icant ly  affect  the  ra t io  20:3039/  
20:4co6 (Table  3). 

I.IPIDS, VOL. 19, NO. 9 (1984) 
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TABLE 3 

Fatty Acid Composition (% by Weight) of Total Red Cell Lipids 

Diet at Termination 

With DHLA Reference a 
Non-supplemented (5.0% energy) Diet 

Fatty acid composition b 

16:0 25.48 -+ 1.08 26.38 -+0.56 22.38 -+ 1.18 
16:1 3.40 -+0.48 2.87 -+0.22 2,02 -+0.16 
18:0 9.30 -+0.52 9.72 -+0.30 9.88 -+0.23 
18:1 14.49 -+ 1.06 11.45 -+0.28 11.46 -+0.99 
18:2oj6 2.55 -+0.14 2.19 +-0.08 12.77 -+0.89 
20:3co6 4.24 -+0.36 6.56 -+0.16 0.41 -+0.07 
20:4c,...'6 25.'77 -+ 1.69 26.56 -+ 1.06 18.90 -+ 0.57 
22:4o.,'6 3.24 -+ 0.24 3.21 -+ 0.18 2.20 -+ 0.21 
22:5o.~6 2.46 -+ 0.24 1.86 -+ 0.16 1.58 -+ 0.38 
20:3co9 0.11 -+0.05 0.24 +-0.03 0.21 -+0.06 
20:3oJ9/20:4co6 0.006 -+ 0.004 0.009 -+ 0.002 0.011 -+ 0.003 

aData are for animals of similar age and weight maintained on a certificated pelleted diet. 
This was a natural ingredient diet which contained 3.0% by weight of oils and provided the 
following fatty acids (wt % of diet): 16:0,0.28%; 18:1, 0.85%; 18:2oa6, 0.50%,and 20:4oa6, 
0.16%. 

bMean -+ s.e.m., n=10. 

DISCUSSION 

The var ia t ions  b e t w e e n  t he  b l o o d  pressure  o f  
groups  of  ra ts  fed the  e x p e r i m e n t a l  d ie ts  are 
ascr ibed  to  d i f fe rences  in t h e  c o m p o s i t i o n  of  
d ie ta ry  fa t ,  s ince similar t o t a l  a m o u n t s  of  f ood  
were  c o n s u m e d  in each  case. The  resul t s  are 
cons i s t en t  w i t h  the  ev idence  of  o the r s  t h a t  
d ie ts  enr iched  in sa tu ra ted  fa t  induce  h y p e r -  
t ens ion  (1-3).  They  show for  t he  first  t ime  t h a t  
i n c o r p o r a t i n g  low levels of  DHLA (5.0% 
energy)  can c o u n t e r a c t  th is  effect .  

It is un l ike ly  t h a t  the  absence  of  e levated 
b l o o d  pressures  of  ra ts  fed t he  diet  c o n t a i n i n g  
5% energy  as DHLA can  be  ascr ibed to the  
very small  r e d u c t i o n  in sa tu ra ted  fa t  in t h a t  
diet .  Nor  can th is  be  ascr ibed to t he  fac t  t h a t  
the  o t h e r  die ts  were i nduc ing  a s ta te  of  E F A  
def ic iency  for  t he  fo l lowing  reasons :  (1)  t he  
b o d y  weights  of  groups  fed the  DHLA-supple-  
m e n t e d  and  n o n - s u p p l e m e n t e d  diets  a t  t e rmina-  
t i on  were no t  s ignif icant ly  d i f fe ren t ,  and  n o  
o the r  gross changes  (e.g. skin lesions)  charac-  
ter is t ic  of  E F A  def ic iency  were  obse rved ;  (2)  
no  i n c r e m e n t  in  20 :3c09 /20 :4co6  or depress ion  
in to t a l  E F A  was f o u n d  in the  red cell l ipids of  
ra ts  receiving the  n o n - s u p p l e m e n t e d  diet  a t  
t e r m i n a t i o n ;  (3)  renal  exc re t i on  of  PGE2 ,  
w h i c h  is r educed  in E F A  def ic iency ,  was similar  
in  ra ts  fed diets  w i th  or  w i t h o u t  DHLA,  and  
(4)  the  rapid  response  of  b lood  pressure  to  
changing  diets  is d i f f icul t  to  reconci le  w i t h  the  
progressive d e v e l o p m e n t  of  t he  EFA-de f i c i en t  
s tate .  

In t he  p resen t  work ,  a d d i t i o n  of  D H L A  (5% 

energy)  to  the  h igh  fat  die t  resu l ted  in an  in- 
crease in renal  exc re t i on  of  PGE1 ,  b u t  no  
change  in exc re t ion  of  PGE2.  In o t h e r  s tudies  
(C.H. Hassall, S.J. Ki r t l and ,  u n p u b l i s h e d  w o r k )  
we have f o u n d  t h a t  a diet  p rov id ing  l inoleic  
acid (6% energy)  failed to  c o u n t e r a c t  h y p e r t e n -  
s ion induced  w i th  sa tu ra ted  fat .  We propose  
t h a t  DHLA exer t s  a direct  an t i hype r t ens ive  
ac t ion  wh ich  is p r o b a b l y  re la ted  to i ts con-  
vers ion to  pros tag landins .  

Increased levels of  PGE1 in ur ine ,  as f o u n d  
in these  expe r imen t s ,  have been  r e p o r t e d  pre- 
viously for  an imals  receiving DHLA or its e thy l  
es ter  (16,  18); th is  p r o b a b l y  ref lec ts  increased 
p r o d u c t i o n  of  P G E t  b y  the  k i d n e y  (14 ,19) .  It 
has  been  observed  b y  o the r s  t ha t  impa i red  
rena l  synthes is  of  p ros tag land ins  is associa ted 
w i t h  a r e d u c t i o n  in ren in-secre t ion ,  vasodi la t ion  
and  nat r iures is ,  e f fec ts  wh ich  m a y  be  i m p o r t a n t  
c o n t r i b u t i n g  fac to rs  in h y p e r t e n s i o n  (20) .  
PGE t is p o t e n t  as a s t imu la to r  of  r en in  secre- 
t i on  and  as a vasodi la to r  and  na t r iu re t i c  agent  
(21-23) ;  i t  has  b e e n  s h o w n  to  have h y p o t e n s i v e  
p roper t i e s  (22 ,24) .  
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Brominated Fatty Acid Distribution in Tissues and Fluids 

of Rats Fed Brominated Vegetable Oils 

JAMES F. LAWRENCE, RAJINDER K. CHADHA, FRANK IVERSON, PETER MCGUIRE 
and HENRY B.S. CONACHER,* Food Research Division, Health Protection Branch, 
Ottawa, Ontario, Canada K IA OL2 

ABST RACT 

Rats dosed orally for four days with 0.24 g/kg body weight per day of brominated olive oil  (BOO) 
or brominated sesame oil (BSO) were found to accumulate dibromostearic (DBS) acid (from BOO) 
and DBS and tetrabromostearic (TBS) acids (from BSO) in the liver, heart and adipose tissue. The 
metabolites, dibromopalmitic, and dibromomyristic acids (from BOO and BSO), as well as their 
tetrabromo-analogues (from BSO) were found as determined by gas chromatography with halogen 
specific detection and confirmed by gas chromatography-mass spectrometry. Blood contained no 
DBS, TBS or metabolites. However, inorganic bromide was observed in both blood and urine while 
none was observed in the feces. The latter contained significant quantities of both DBS and TBS but 
showed the absence of the four brominated metabolites. 
Lipids 19:704-707, 1984. 

INTRODUCTION 

Brominated vegetable oils (BVOs) are per- 
mitted in Canada and the USA as dispersing 
agents in citrus flavored soft drinks. Limited 
toxicology studies in the rat (1-3) with BVOs 
have shown an increased bromine content of 
the lipids. Tinsley and coworkers (4-6) have 
reported on bromine levels in heart and liver 
lipids of the rat following feeding of bro- 
minated corn oil or the monoglycerides of 
dibromo- or tetrabromo-stearate. Using a 
debromination reaction (7) followed by gas 
chromatography with flame ionization detec- 
tion, they determined the brominated fatty 
acid composition of heart, liver and adipose 
tissue lipid. We report here the results of a 
similar study using brominated olive oil and 
brominated sesame oil as a source of bromi- 
nated fatty acids. The methodology used was 
the transesterification-gas chromatography tech- 
nique reported recently for the determination 
of BVOs in soft drinks (8). In addition to heart, 
adipose and liver lipids, urine, blood and feces 
were analyzed either for brominated fatty acids 
or inorganic bromide. 

METHOD 

Feeding Studies 

Solutions of brominated olive oil (BOO) and 
brominated sesame oil (BSO) (Abbott Labora- 
tories, Montreal, Canada) were prepared at a 
concentration of 30% (w/v)in corn oil (Mazola). 
Aliquots (0.2 ml) of these solutions were 

*To whom correspondence should be addressed. 
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administered by oral intubation to male Wistar 
rats weighing approximately 250 g each. The 
dose represented about 0.24 g/kg body weight. 

Groups of eight rats were dosed daily by 
gavage for four days with BOO (group 1), BSO 
(group 2) and corn oil (control group, given 
0.2 ml per day). The animals were kept in 
metabolism cages and fed standard rat chow 
cubes ad libitum. Urine and feces were col- 
lected on a 24 hr basis. On day five all rats were 
sacrificed by ether anesthesia. Liver, heart and 
adipose tissue were removed for analysis. A 
portion of blood was heparinized and plasma 
obtained for analysis. 

Tissue and Fluid Analysis 

Lipids were extracted from the tissues and 
feces by the method of Bligh and Dyer (9). 
Suitable volumes of the extracts were trans- 
ferred to transesterification flasks and subjected 
to acid methanolysis with 2% sulfuric acid in 
methanol/hexane (5:1, v/v) (8). Methyl penta- 
decanoate (C15) was added as an internal 
standard for quantitation. After the reaction 
was complete the products were extracted into 
hexane exactly as described earlier (8). An 
aliquot of each of these solutions was analyzed 
by gas chromatography. 

Gas Chromatography 

A Varian 2100 gas chromatograph fitted 
with a 2m • 2mm id glass column packed with 
3% OV-3 on Chromosorb W,HP, 80-100 mesh 
was used for the determinations. Detector and 
injector temperatures were 280 C. The column 
was temperature programmed from 150-280 C 
at 10~ with a helium carrier gas flow rate 
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of 30 nal/min. The effluent emerging from the 
column was split and fed to a flame ionization 
detector (FID) and a Coulson electrolytic con- 
ductivity detector in the halogen mode. The 
signals were recorded on the same chart to 
facilitate identification of unknown halogen 
compounds. Quantitation was performed by 
peak area using electronic integration. 

The confirmation of di- and tetrabromomy- 
ristic and di- and tetrabromopalmitic acids was 
carried out by gas chromatography-mass spec- 
trometry by high resolution repetitive scanning 
with a VG 12000 quadrupole mass spectrom- 
eter in the electron impact mode at a potential 
of 70 eV, interfaced to a Dani gas chromato- 
graph. Since the molecular ions at 398, 426, 
558 and 586 m/e were absent, the compounds 
were characterized by their fragments as shown 
in Table 1. 

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

Figure 1 shows gas chromatograms obtained 
with FID detection of liver lipid extracts from 
control, BOO and BSO treated rats. The pres- 
ence of DBS and TBS in the treated groups can 
be seen. The detector was neither sensitive nor 
selective enough to detect the halogenated 
metabolites. Figure 2 corn 9ares chromatograms 
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FIG. 1. A comparison of three typical gas chroma- 
tograms (FID detection) of liver lipid extracts from 
BSO, BOO and control rats. Conditions as described in 
the text. Peak numbers in the chromatogram refer to 
carbon chain lengths of non-halogenated fatty acids 
present in the samples. 
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FIG. 2. A comparison of three typical gas chroma- 
tograms (electrolytic conductivity detection) of the 
same liver lipid extracts as shown in Figure 1. Condi- 
tions as described in the text. 

o b t a i n e d  w i th  c o n d u c t i v i t y  de t ec t i on  of  fiver 
l ipid ex t rac t s  f rom the  th ree  groups.  It  readi ly  
can be  seen t h a t  this  d e t e c t o r  is m u c h  more  
sui ted  to  b r o m i n a t e d  f a t t y  acid analysis  t h a n  is 
t he  FID. No ha logena t ed  f a t t y  acid peaks  are 
seen in t he  con t ro l  liver. The  DBS peak  f rom 
the  BOO and t he  DBS and  TBS peaks  f rom t he  
BSO t r ea t ed  an imals  are readi ly  apparen t .  In 
add i t ion ,  peaks  co r r e spond ing  to shor t e r  chain-  

l eng th  ha logena t ed  c o m p o u n d s  also are present .  
F o u r  peaks,  ind ica ted  in the  c h r o m a t o g r a m s ,  
were con f i rmed  b y  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  to be d i b r o m o m y r i s t i c  acid 
(DBM),  d i b r o m o p a l m i t i c  acid (DBP),  te t ra-  
b r o m o m y r i s t i c  acid (TBM) and  t e t r a b r o m o -  
pa lmi t ic  acid (TBP),  suggest ing m e t a b o l i s m  by  
3 -ox ida t ion  resul t ing  in 2 -ca rbon  f ragments  
be ing  cleaved d o w n  to  a C14 cha in l eng th  as 
earlier was r e p o r t e d  b y  Conache r  (10) .  No C12 
b r o m i n a t e d  acids were observed.  Jones  et al. 
(5)  r epo r t ed  similar f indings.  However ,  t hey  
were unsure  a b o u t  the  presence  of  C12 acids 
due to  t he  possible loss of  these  t h r o u g h  the  
ana ly t ica l  t e c h n i q u e  t hey  used. Taken  toge the r ,  
all the  available data  s u p p o r t  m e t a b o l i s m  to  
C16 and  C14 bu t  n o t  to  C12 acids. Table  2 com- 
pares the  d i b r o m o - m e t a b o l i t e  c o n c e n t r a t i o n s  in  
the  liver, hear t  and  ad ipose  tissue. In the  liver 
and  ad ipose  tissue, DBM was the  p r e d o m i n a n t  
m e t a b o l i t e  while  in the  hea r t  DBP was the  
ma jo r  me tabo l i t e .  This  was obse rved  for  b o t h  
BOO and BSO groups.  These  resul t s  dif fer  f rom 
those  r epo r t ed  b y  Jones  et  al. (5) ,  who  fed 
b r o m i n a t e d  corn  oil or a m i x t u r e  of  m o n o -  
glycerides of  DBS or TBS. They  observed  t h a t  
DBP p r e d o m i n a t e d  in the  hea r t  and  ad ipose  
t issue bu t  no t  in the  liver. In general  the  two  
me tabo l i t e s  in the  p resen t  work  r ep resen ted  
10-20% of the  d i b r o m i n a t e d  f a t t y  acid c o n t e n t  
in the  th ree  t issues analyzed.  Tota l  d i b r o m o -  
f a t t y  acids were grea tes t  in the  hear t ,  an  obser-  
va t ion  also m a d e  by  Jones  et al. (5).  The rela- 
t ive c o n c e n t r a t i o n  of  d i b r o m o - f a t t y  acids in  the  
hear t  and  liver t issues was s igni f icant ly  h igher  
for  BSO c o m p a r e d  to  BOO w h e n  the  resul ts  
were cor rec ted  for  d i f ferences  in  DBS c o n t e n t  
of t he  original  oils (BOO c o n t a i n e d  74.6% DBS, 
while BSO c o n t a i n e d  42 .7% DBS). No differ- 
ence  was observed  for  adipose  tissue. 

TBS was f o u n d  on ly  in t he  liver t issues of  
t he  BSO group  (Table  2). N o n e  was de tec ted  in 

TABLE 2 

Brominated Fatty Acids in Rat Tissues a 

Liver  Heart'  

Substance Control BOO BSO Control BOO 

A d i p o s e  

BSO Control BOO BSO 

% Lipid . 2.64 2.64 3.23 1.74 1.73 
% DBFA l~ - 0.88 0.69 -" 1.45 

DBS c -- 81.8 85.7 - 81.0 
DBP -- 5.1 3.9 - 12.7 
DBM -- 13.0 10.3 - 6.3 

% TBS - - 0.93 - - 

1.91 4.8 4.7 3.5 
1.12 - 0.91 0.51 

92.2 -- 85.4 89.8 
6.9 -- 2.2 0.3 
0.9 -- 12.3 9.9 

aAverages of 8 animals. 
bper cent dibrorno-fatty acids in the extracted lipid. 
CRelative per cent of DBS, DBP and DBM in total DBFA. 
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the heart  or adipose tissue. This observat ion  is 
similar to tha t  made  by  Jones  et al. (5) in their  
s tudy  where  TBS was s h o w n  to  accumula te  in 
the  liver to  a far greater ex t en t  than  ei ther  hear t  
or adipose.  In this s tudy  the  major  t e t r a b r o m o  
metabol i t e  observed in the  liver was TBM (at 
abou t  10-20% of  the  TBS level). TBP was found  
to  be present  but  at a level about  1% of  tha t  
o f  TBS. 

BOO had no effect  on  the  tissue lipids while 
BSO caused an increase in per  cent  lipid con- 
ten t  of  the  liver and heart .  These effects  are 
d i f fe rent  f rom those  of  Jones  et al. (5); t hey  
r epo r t ed  a substant ia l  increase in lipid c o n t e n t  
o f  hear t  and liver wi th  b r o m i n a t e d  corn  oil and 
the  monoglycer ides  of  DBS and TBS. 

Chromatograph ic  analysis of  b lood  samples 
showed  the  absence  of  b romina t ed  fa t ty  acids. 
However ,  the  average inorganic b romide  con- 
t en t  was de te rmined  to be 0.15 mg/ml  plasma 
for  the  con t ro l  group,  0.63 mg/ml  and 0.69 mg/  
ml for the  BOO and BSO groups,  respect ively,  
result ing in net  increases of  0.48 mg/ml  for  the  
BOO group and 0.54 mg/ml  for  BSO. When cor- 
rec ted  for  d i f fe rent  b romine  con ten t  o f  the  
original oils (BOO conta ins  83% of  the  b romide  
level of  BSO) the  d i f ference  in the  two  t rea ted  
groups becomes  insignificant .  

Table 3 shows the  quan t i ty  of  b romide  
excre ted  in the  urine over the  dura t ion  of  the  
s tudy.  When p lo t t ed  graphically it appears  tha t  
a s teady-s ta te  excre t ion  of b romide  has no t  
been  quite reached  after  four  days for  e i ther  
t rea ted  group.  When cor rec ted  for  d i f ferences  
in b romide  con t en t  of  the original oils, the  
excre t ion  rates and levels are essentially the  
same for  b o t h  t rea ted  groups.  The urine was 
no t  analyzed for b romina t ed  fa t ty  acids. 

Only the  unchanged  DBS and TBS were 
found  in the  feces. No fa t ty  acid metabol i tes  

TABLE 3 

Bromide in Rat Urine a 

Day BOO BSO 

1 1.89 4.24 
2 4.86 6.26 
3 7.25 7.51 
4 7.48 9.05 

TOTAL: 21.48 27.06 

amg total  per day, corrected for control values 
(average 1.11 mg per day). 

were observed nor  was any ionic b romide  
de tec ted .  There also was no apparen t  t rend  in 
the  levels of  DBS or TBS observed wi th  t ime. 
However ,  as can be seen in Table 4, the  rat io of  
to ta l  DBS:TBS f o u n d  in the  feces of  the  BOO 
group is higher by a factor  o f  abou t  2.4 com-  
pared to  their  rat io in the  original oil. An in- 
crease of  1.6 fold was found  for  the  BSO group. 
This indicates  tha t  TBS appears to be absorbed  
to  a ~greater ex t en t  than  DBS f o r  the  two  oils 
s tudied ,  or it is degraded to  u n k n o w n  produc t s  
preferent ia l ly  in the  small in tes t ine .  

TABLE 4 

Brominated Fatty Acids in Feces a 

DBS TBS Feces Oil Difference b 
Group/Day (mg) (rag) ratio ratio by factor of: 

BOO/1 6.6 0.5 13.2 6.3 2.1 
2 7.9 0.5 15.8 6.3 2.5 
3 2.2 0.1 22.0 6.3 3.5 
4 7.7 0.5 15.4 6.3 2.4 

TOTAL 24.4 1.6 15.3 6.3 2.4 

BSO/ 1 1.4 1.2 1.2 0.9 1.3 
2 2.3 1.5 1.5 0.9 1.7 
3 1.0 0.7 1.4 0.9 1.6 
4 2.0 1.5 1.3 0.9 1.4 

TOTAL 6.7 4.9 1.4 0.9 1.6 

aAverages of four rats; mg total per day. 
bFactor = feces ratio/oil ratio. 
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ABSTRACT 

3-Methylindole (3MI) is the causative agent in the development of acute bovine pulmonary edema. 
Microscopic studies revealed a structural disruption in the lamellar bodies of type II cells, indicating 
an abnormal metabolism of phospholipid in the lung of 3MI treated anim',ds. In the present study, 
lung slices from 4 goats were used to investigate the changes in phosphatidylcholine metabolism 
induced by 3MI. Eighteen slices were cut from each healthy lung and divided into control and 3MI 
groups. After a 4-hr pretreatment with 3MI (.19 or .57 mM) or carrier, the level of incorporation of 
a4C-choline into phosphatidylcholine, sphingomyelin and their water soluble intermediates was 
studied. The uptake of 14 C-choline and its incorporation into phosphatidylcholine and sphingomyelin 
w a s  depressed by 3MI treatment. In the water soluble fractions, the radioactivity increased in free 
choline and CDP-choline, while it decreased in P-choline. This suggests that choline kinase and the P- 
choline transferases have become relatively more rate limiting and may play a role in the depressed 
de nova synthesis of phosphatidylcholine induced by 3MI. 
Lipids 19:70%7130 1984. 

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

Acute pulmonary  edema is a naturally oc- 
curring, chemical ly induced lung disease, which 
is known to affect  cattle,  sheep and goats. The 
causative agent is 3MI, a ruminal  fe rmenta t ion  
product  of t ryp tophan  (1). The produc t ion  of  
3MI in the rumen is induced when the animal 
is faced with a sudden increase in dietary 
protein.  Humans  are exposed to 3M1 through 
cigarette smoke (2) and the fe rmenta t ion  of  
t ryp tophan  in the lower gut (3), al though the 
potent ia l  risk f rom this exposure  has not  been 
investigated. 

3MI is l ipophilic and has been shown to 
interact  with membrane  lipids and alter mem- 
brane funct ion in vitro (4,5). The deve lopment  
of  the disease is not  due to these direct effects,  
but  is dependent  on the metabol ism of 3MI by 
the mixed funct ion oxidases (MFO) located 
in the smooth  endoplasmic ret iculum (SER).  
The severity of  the lung damage is lessened 
when the MFO system is inhibited (6). Reactive 
metabol i tes  formed by the MFO metabol ism of 
3MI have been shown to bind covalently to 
microsomal  proteins  (7). 

Microscopic studies of  the early stages of  
3MI induced lung injury in goats demonst ra ted  
that the toxic  effects  are rapid and cellular 
selective. The major  effects  are on Clara cells 
and alveolar Type  I cells. Intersti t ial  and 
alveolar edema also are present within a few 
hours after 3MI administrat ion (8). Af ter  the 

*To whom correspondence should be addressed. 

initial damage,  alveolar type 1I cells proliferate,  
but e lectron micrographs reveal some striking 
abnormali t ies  in these cells. At 72 hr after 3 MI 
infusion, the lamellar bodies are devoid of  the 
usual s tructure of  transverse ribs. These or- 
ganelles are the storage and secretory granules 
of  surfactant  in type II cells (9). With 3MI 
t rea tment  the surfactant  phospholipid (PL) in 
lamellar bodies are replaced by neutral  lipids 
(NL) (I 0). 

These observat ions indicated that  3MI me- 
tabolism may cause an inhibi t ion of  PL synthe-  
sis. Phosphat idylchol ine  (PC) is the major 
componen t  of  surfactant  and an impor tan t  
structural  componen t  of  lung membranes.  
The major synthet ic  route  for PC in the lung is 
reported to be the CDP-choline pa thway (I I). 
The de nova  synthesis of  PC is dependent  on 
the uptake of  choline f rom the blood and its 
metabol ism through the in termediate  com- 
pounds phosphorylchol ine  (p-choline) and 
cyt idine diphosphate  choline (CDP-choline).  
3MI may inhibit  the de nova synthesis of  PC by 
inhibit ing the uptake of  choline from the 
medium,  or by inhibit ing one or more of  the 
required enzymes.  In the present s tudy we have 
investigated the effect  of  3MI on the uptake 
of 14C-choline by goat lung slices and its 
incorpora t ion  into PC, sphingomyelin (SM) and 
their water soluble intermediates.  

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

Four  heal thy crossbred male goats (Farr ' s  
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Farm Service, Guelph, Ontario) from 6-12 
months of age were used in this study. They 
were maintained ad libitum on alfalfa hay with 
a concentrate supplement (22% protein) and 
tap water. The animals were killed with a 
captive bolt gun, and the lungs were removed 
and placed on ice. 

[MethylJ4C]-choline (50.5 mCi/mmol) was 
obtained from New England Nuclear, Boston, 
Massachusetts; 3MI from Sigma Chemical, 
St. Louis, Missouri; silica gel H from Analabs, 
North Haven, Colorado, and fluorescein from 
Eastman Organic Chemicals, Rochester, New 
York. Standards for PC and SM were obtained 
from Sigma Chemical, and 14C-labelled stan- 
dards for P-choline and CDP-choline were 
obtained from New England Nuclear. Other 
reagents were obtained from Fisher Scientific 
Ltd., Toronto, Ontario. 

Eighteen slices (1 mm thickness) were cut 
from each lung using 2 fixed microtome blades. 
The disposable microtome blades were held a 
distance of 1 mm apart by the placement of a 
small brass strip at each end, held together by 
small bolts. When this was used to cut through 
a section of lung, it produced clean slices of 
consistent thickness. New blades were used for 
each lung. The lung was divided into right and 
left halves. The lower third portion of each 
half was removed, and the upper portion was 
bisected vertically. Three slices were cut from 
each of the 6 sites. The slices from each site 
were divided into control and 2 treatment 
groups (3MI at .19 and .57 mM), reducing 
the variability associated with different areas of 
the lung. The slices were weighed immediately 
following cutting, and one slice of 100-200 mg 
wet weight was placed in each flask. The 25 ml 
flasks contained 4 ml of Krebs Ringer bicar- 
bonate buffer (pH 7.4), with additional glucose 
(10 mM), pyruvate (1 mM) and a mixture of 21 
amino acids (12). The concentrations of amino 
acids were modified from those used by Eagle 
(13). The flasks were placed in a shaking water 
bath at 37 C and gassed continuously with 95% 
02 and 5% CO2. After a 4-hr incubation with 
carrier (15 /al ethanol), .57 mM 3MI or .19 mM 
3MI, 1 /aCi of 14C-choline was added to each 
flask. Incubation was continued for 2 hr. The 
slices were removed, washed and homogenized 
in 5 ml of chloroform:methanol (2:1, v/v), 
using an Ultra Turrax homogenizer (8 mm 
diameter). The incorporation of 14C-choline 
was tested from 4-6 hr after slicing and found 
to be linear. The stability of the lung slices was 
tested by comparing the incorporation from 
0-2 hr after slicing to that from 4-6 hr. These 
levels were found to be identical. One ml of 
water was added to the tissue homogenate to 

create a 2-phase system. The chloroform phase 
was removed and evaporated to dryness under a 
stream of N2. The lipids were redissolved in 
100 /al of chloroform:methanol (2:1, v/v), and 
spotted on plates coated with silica gel H 
(.50 mm). The plates were developed in a 
solvent system consisting of chloroform: 
methanol:water (50:40:5, v/v/v) and ~prayed 
with a saturated solution of fluorescein in 
me thanohwa te r ( l  :1, v/v). This is a modifica- 
tion of the method of Skipski et al. (14). The 
plates were dried, and the spots visualized 
under UV light. The bands containing the 
various lipid fractions were scraped into vials 
and resuspended in 1.5 ml of water. Scintiverse 
counting fluid (Fisher Scientific Ltd.) was 
added, and the radioactivity was measured in a 
Searle liquid scintillation counter. 

The water soluble intermediates in the water: 
methanol phase of the tissue homogenate were 
separated on Watman #1 paper. The papers 
were developed in a descending system using n- 
butanol:acetic acid:water (5:1.6:4, v/v/v). The 
samples were separated over a distance of 18 
cm. The papers were cut into strips with a 
width of 1 cm, and placed in vials with a 
toluene based counting fluid containing 5g/l 
POP and 50 mg/1 POPOP. The radioactivity 
was determined and totalled within each peak. 
The following Rf values were obtained for the 
intermediates; CDP-choline .25, P-choline .43, 
and choline .75. An aliquot of the incubation 
medium was counted to calculate the uptake 
of 14 C-choline by the slices. 

The level of incorporation of radioactivity 
into each fraction was averaged across the 6 
slices in each group. The effect of treatments 
was expressed as a percentage change from the 
control values, and this difference was assessed 
in a group of 4 goats using a paired Student's 
t-test (15). Some data also was evaluated using 
the sign test (15). 

R ESU LTS 

The uptake of choline into the lung slices 
was calculated by measuring the disappearance 
of radioactivity from the medium (Table 1). 
This figure includes the choline present in all 
the intermediates and end products of PC and 
SM biosynthesis, as well as the choline which is 
used in other metabolic pathways or oxidized 
to CO2. 3MI, at .57 mM, caused a 38% depres- 
sion in the uptake of choline from the medium. 
The lower level of 3MI (.19 mM) also caused a 
depression, but this effect was not statistically 
significant. 

Table 2 summarized the effect of 3MI on 
the incorporation of 14C-choline into the 
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Uptake of 14C-choline* 

(dpm/100 mg tissue) (% depression • SD) 

Control 434,900 0 
3MI (.19 mM) 338,490 -22.0 • 11.0 
3MI (.57 raM0 270,080 -37.7a• 7.1 

*Values given are the means from 4 goat lungs, 6 slices per lung. 
aThe value is significantly different (p<0.05) when the treatment group is compared 

with its paired control group by the Student's paired t-test. 

TABLE 2 

The Effect of 3MI on the Incorporation of 14C-Choline into the Choline Containing Lipids 

Sphingomyelin * Phosphatidylcholine * 

dpm/100 mg % depression dpm/100 mg % depression 
tissue (• SD) tissue (• SD) 

Control 2,200 0 179,130 0 
3MI (.19 mM) 1,130 -45.6 a 112,780 -36.8 a 

(-+ 15.9) (• 16.0)  
3MI(.57 mM) 485 -75.7 a 75,850 -57.0 a 

(• I 0.0) (• 1.6) 

*Values given are the means from 4 goat lungs, 6 slices per lung. 
aThe value is significantly different (p<0.05) when the treatment group is compared 

with its paired control group by the Student's paired t-test. 

choline-containing lipids. 3MI, at both .57 and 
�9 19 mM concentrations, caused significant 
depressions in the incorporation of  14C-choline 
into PC and SM. The higher level of 3MI 
caused a 76% depression in the incorporation of  
14C-label into SM and a 57% depression in the 
incorporation into PC. Although the effect of 
3MI was greater in the SM fraction, the incor- 
poration of 14C-label into the PC fraction was 
greater by 2 orders of magnitude. The lung 
slices have a much greater capacity for the 
incorporation of choline into PC than they 
have for SM. 

Table 3 summarized the effect of 3MI on 
the accumulation of laC-radioactivity in the 
water soluble intermediates of PC and SM 
synthesis. In the control slices, the greatest 
accumulation of 14C-label occurred in P- 
choline, with slightly less appearing in free 
choline and only trace amounts in the CDP- 
choline fraction. Pretreatment with .57 mM 
3MI caused a 21% increase in free 14C-choline 
within the slice, while the incorporation of 
label into the P-choline fraction was depressed 
by 48%. Although the level of radioactivity in 
CDP-choline more than doubled with 3MI treat- 
ment,  the response was variable and not statis- 

tically significant using the Student 's t-test. As 
3MI increased the radioactivity in this fraction 
in all of the lungs used, the sign test indicates 
that this is a significant increase, although it 
does not provide information on the magni- 
tude. 3MI, at the lower concentration of .19 
mM, caused a similar trend, but the differences 
were not statistically significant by the paired 
Student's t-test. 

DISCUSSION 

3MI (.57 mM) caused large depressions in 
the incorporation of  14C-choline into the lipids 
SM (-76%) and PC (-57%). In our previous work 
using 14C-acetate as a label, similar results were 
obtained, even though these precursors are 
incorporated via distinctly separate pathways�9 
3MI (.57 mM) depressed 14C-acetate incorpora- 
tion into SM by 72% and into PC by 46%, but 
did not affect its incorporation into neutral 
lipid (12). 

The synthesis of PC and SM is dependent on 
the uptake of choline from the medium, and 
its metabolism through the intermediates P- 
choline and CDP-choline. 3MI may inhibit the 
incorporation of labelled choline into PC and 
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TABLE 3 

The Effect of 3MI on the Incorporation of 14C-Choline into Water Soluble Intermediates 

Choline* P-Choline* CDP-Choline* 

Control 
dpm]100 mg tissue 68,050 72,270 3,540 

3MI (.19 mM) 
dpm/100 mg tissue 71,720 47,100 7,440 
%change + 5.4 -35.2 +138.7 

(+- SD) (+ 12.7) (+-20.1) (+-92.6) 
3MI (.57 mM) 

dpm/100 mg tissue 81,550 37,810 8,000 
% change +20.7 a -47.9 a +129.0 b 

(-+SD) (-+ 8.1) (+- 8.2) (+-74.4) 

*Values given are the means from 4 goats, 6 slices per lung. 
aThe value is significantly different (p<0.05) when the treatment group is compared 

with its paired control group by the Student's paired t-test. 
bThe value is a significant increase (p<0.05) when the treatment group is compared with 

its paired control group using the sign test. 

SM by inhibiting the uptake of choline by the 
lung slice, or by inhibiting one or more of 
the required enzymes. These are, in sequence, 
choline kinase, P-choline cytidyl transferase, 
and the P-choline transferases. P-choline cytidyl 
transferase is generally thought to be rate 
limiting (16), and this is supported by the 
accumulation of 14 C-label in the P-choline and 
free choline fractions of the control slices. 

The decreased incorporation of 14C-choline 
into PL may also be due to differences in pool 
sizes of intermediates, with no change in the 
synthesis of PC or SM. This is unlikely for 
several reasons. Special care was taken to ensure 
that the 3 slices in each group were from the 
same location in the lung. Although differences 
in pool sizes may develop during the pretreat- 
ment period, the 2-hr exposure to 14C_ choline 
should largely equilibrate the specific activities 
in these pools. Also, if this effect was an arti- 
fact of different pool sizes of  choline interme- 
diates, the results from the 14C-acetate tracer 
study would not have indicated the same de- 
pressions in lipid synthesis (12). Lastly, if the 
decreased incorporation of  label into the lipids 
was due to the dilution of 14C-choline, one 
would expect a consistent effect throughout 
the pathway. This is not the case, as 3MI 
increases the radioactivity in free choline and 
CDP-choline while decreasing that in P-choline 
and the final products. 

At .57 mM, 3MI did cause a large depression 
in the uptake of 14C-choline by the lung 
slices (Table 1). These results implied that 
3MI on the plasma membrane may inhibit the 
uptake of choline and limit the synthesis of 
PC and SM. The level of free 14 C-choline within 
the slice, however, was increased 21% by treat- 
ment with .57 mM 3MI (Table 3). The de- 

pressed PC and SM synthesis induced by 3MI is 
not, therefore, caused by a limited concentra- 
tion of the substrate, choline, within the tissue 
slice. The depression in choline uptake by the 
slice does not appear to be caused exclusively 
by a direct effect on the plasma membrane or 
transport mechanisms. The accumulation of 
choline within the slice may have a feedback 
inhibitory effect on the uptake of choline f r o m  
the medium. 

The accumulation of 14C-label in the water 
soluble intermediates was measured to investi- 
gate the mechanism by which 3MI depresses 
PC and SM synthesis. The accumulation of free 
14C-choline, and the 48% depression in 14C-p- 
choline (Table 3), indicates that the enzyme 
required for this conversion, choline kinase, is 
inhibited by 3MI treatment. In spite of the 48% 
depression in 14C-P-choline, the level of ra- 
dioactivity in CDP-choline was increased with 
3MI treatment. This suggests that 3MI is not 
limiting the activity of the second enzyme, 
P-choline cytidyl transferase, which is generally 
thought to be rate limiting. Since the incorpora- 
tion of label into the final products, PC and 
SM, is decreased, the increase in laC-CDP- 
choline probably is due to an inhibition of the 
terminal enzymes, the P-choline transferases. 

In conclusion, the present studies have 
shown that 3MI treatment causes a decrease in 
the uptake of choline from the medium and its 
incorporation into the lipids PC and SM. The 
effect of 3MI on the biosynthesis of PC is 
depicted in Figure 1. With 3MI treatment,  the 
radioactivity in free choline and CDP-choline 
is increased, while it is decreased in P-choline. 
This suggests that choline kinase and the P- 
choline transferases have become relatively 
more rate limiting and may play a role in the 
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FIG. 1. The effect o f  3MI on the incorporation o f  ~4C-radioactivity in the intermediates  
and end products  o f  PC synthesis  in goat lung tissue slices after incubat ion with 14 C-choline. 
The enzymes  involved in the synthesis  o f  PC are listed below the intermediates.  

d e c r e a s e d  de n o v o  s y n t h e s i s  o f  PC. T h e  ac-  
c u m u l a t i o n  o f  r a d i o a c t i v i t y  in i n t e r m e d i a t e  
c o m p o u n d s  d o e s  n o t  give q u a n t i t a t i v e  i n f o r m a -  
t ion  o n  t h e  c h a n g e s  in e n z y m e  a c t i v i t y ,  b u t  
d o e s  s u g g e s t  t h a t  t h e r e  is i n h i b i t i o n  at  o n e  o r  
m o r e  p o i n t s  in th i s  p a t h w a y .  M ore  d e t a i l e d  
w o r k ,  c h a r a c t e r i z i n g  t h e  c h a n g e s  in e n z y m e  
a c t i v i t y ,  is r e q u i r e d  in th i s  area .  
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Characterization of a Cytosolic Protein Inhibiting 
Lysosomal Acid Choleste l Ester Hydrolase 
MITSUO TANAKA* ,  RYOOJI YONEKURA, TOSHIHIRO |10 and TOSHIKAZU TABATA, 
Showa College of Pharmaceutical Sciences, 1.8, Tsurumaki-5-chome, Setagaya-ku, Tokyo, Japan 

ABSTRACT 

An inhibitor of lysosomal acid cholesteryl ester hydrolase (Acid CEH), (EC 3.1.1.13) was found 
in the cytosolic fraction of rat liver and various other tissues. The extent of the inhibitory effect was 
dependent on the concentration of the cytosolie protein. The Acid CEH inhibitor was heat-labile, non- 
dialyzable, and its inhibitory activity significantly decreased by trypsin or ehymotrypsin digestion, but 
not by lipase digestion. The inhibitor had no effect on the activity of cathepsin D, #-glucuronidase and 
acid phosphatase, which are other enzymes found in lysosomes. The present findings suggest that the 
inhibitor may be involved in the regulation of the hydrolysis of cholesteryl esters in lipoproteins that 
have been transferred into the liver. 
Lipids 19:714-720, 1984. 

INTRODUCTION 

A lysosomal Acid CEH from rat liver was 
first reported by Stoffel and Greten (1), and 
was characterized and partially purified by 
Brown et al. (2). It exhibited a molecular 
weight of about 60,000 and was shown to be a 
glycoprotein with sulfhydryl groups essential 
for enzyme activity (3,4). It is well known that 
Acid CEH is required for hydrolysis of endo- 
genous and exogenous cholesteryl esters in 
several tissues, including liver, spleen and aorta. 

There is a marked accumulation of choles- 
terol and cholesteryl esters in the arterial wall 
during the pathogenesis at atherosclerosis (5), 
and it has been suggested that the accumulation 
of cholesteryl esters may be responsible for the 
change in lysosomal membranes which accom- 
panies the decrease in Acid CEH activity (6). 

We found recently that lysosomal Acid CEH 
activity in hypercholesterolemic rat liver de- 
creased markedly in comparison with that of 
normal rat (Tanaka, M., unpublished data). 
However, the relationship between lysosomal 
Acid CEH activity and any physiological role 
in the regulation of cellular cholesteryl esters 
metabolism has not yet been established. 

In the course of an investigation of the 
characteristics of lysosomal Acid CEH, we 
found a cytosolic protein in rat liver that has 
an inhibitory effect on this enzyme. In this 
paper, we present a partial characterization of 
the cytosolic inhibitor of Acid CEH. 

MATERIALS AND METHODS 

Chemicals and Radioehemicals 

Cholesteryl [ 1-14C] oleate (specific activity 
58.6 mCi/m mole) was purchased from New 

*To whom correspondence should be addressed. 

England Nuclear Corp. Trypsin, chymotrypsin, 
trypsin inhibitor, phenolphthalein glucuronide, 
phenylphosphate, hemoglobin, chymotrypsino- 
gen and a-N-benzoyl-DL-arginine-2-naphthyl- 
amide hydrochloride (BANA) were purchased 
from Sigma Chemicals Co. Ltd. 

Preparation of Lysosomal and Cytosolic Fraction 

Young male Sprague-Dawley rats weighing 
150-200 g were used for all studies. For the 
preparation of lysosomal and cytosolic frac- 
tions from various tissues, the method of 
Brecher et al. (7) was followed. Rats were 
killed by guillotine and livers were perfused 
with ice-cold 1.15% KC1 solution at 4 C. The 
tissues were homogenized in 8 volumes of ice- 
cold 0.25 M sucrose/1 mM EDTA/0.01 M 
Tris-HC1 buffer (pH 7.5). The homogenate was 
centrifuged at 1,000 xg for 10 min and the 
resulting supernatant was centrifuged at 3,300 
xg for 20 min. The 3,300 xg supernatant solu- 
tion was centrifuged at 12,000 xg for 35 min. 
The pellet was rehomogenized in 0.25 M 
sucrose solution and recentrifuged at 12,000 
xg for 20 min. The resulting pellet was resus- 
pended in 0.25 M sucrose/0.01 M Tris-HC1 
buffer (pH 7.4) and used for enzymatic study. 
The original 12,000 xg supernatant solution 
was recentrifuged at 105,000 xg for 60 min 
to obtain the cytosolic fraction. 

Acid Cholesteryl Ester Hydrolase Assay 

The activity of Acid CEH was measured by 
the method of Brecher et al. (7). Benzene 
solutions of cholesteryl oleate and cholesteryl 
[1-14C] oleate were mixed, and the benzene 
was evaporated under nitrogen. Saline solu- 
tion with 0.5% albumin was added, and the 
mixture was sonicated 3 times for 10 sec. 
The standard incubation mixture usually 
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contained 0.69 nmol of cholesteryl [1J4C] 
oleate (0.04btCi)  in 0.15 M acetate buffer 
(pH 4.5) and 50 /~g of lysosomal protein in a 
final volume 0.3 ml. The tubes were incubated 
at 37 C for 30 min. The reaction was termi- 
nated by addition of 3.0 ml of benzene/chloro- 
form/methanol mixture (1:0.5 : 1.2, v/v/v) con- 
taining unlabeled oleic acid (0.1 mM) as carrier. 
NaOH (0.6 ml of 0.3 M) was then added. The 
solution was mixed for 25 sec on a vortex 
mixer and centrifuged for 10 min at 3,000 rpm. 
The amount of liberated [ 1-14C] oleate in the 
upper aqueous phase was determined by adding 
0.5 ml aliquot to 10 ml of Aquasol 2 liquid 
scintillation mixture and counting the samples 
in an Aroka LSC 900 liquid scintillation coun- 
ter. 

Gel Filtration Chromatographv 

The cytosolic fraction was further treated 
by reducing the pH from 7.4 to 5.1 with 
acetic acid. The mixture was left at 4 C for 2 hr 
and then centrifuged at 15,000 xg for 30 min. 
The supernatant was dialyzed against 50 
volumes of 0.01 M phosphate buffer (pH 7.5). 
The dialyzed supernatant was applied to a 
column (3 x 60 cm) of Sephacryl S-200 (Phar- 
macia Fine Chemicals). The column was equili- 
brated with 0.01 M phosphate buffer (pH 7.5) 
containing 0.1 M NaC1. Fractions of 5 ml were 
collected and 50 pl of each fraction was assayed 
for activity with respect to inhibition of Acid 
CEH and thiol proteinase (cathepsin B). 

4 
r~ 

3 

2 

"~ 1 

0 t t 

4 5 6 7 8 

pH 

FIG. I. Effect of pH on hydrolysis of cholesteryl 
esters by liver lysosomal fraction. Incubation in the 
pH range of 3-5 was carried out in 0.15 M sodium 
acetate buffer. For pH 6 and the pH range 7-8, incuba- 
tions were done in 0.15 M phosphate buffer and 0.15 
M Tris-HCl buffer, respectively. Standard assay con- 
ditions were used as described in Materials and Me- 
thods. 

Assay of Lysosomal Marker Enzymes 

Cathepsin D was determined by a modifica- 
tion of the procedure of Hirado et al. (8). The 
reaction mixture (1.0 ml), containing 20 mg 
hemoglobin, 1.0 M formate buffer (pH 3.0) and 
0.5 ml enzyme solution, was incubated at 45 C 
for 30 rain. The reaction was stopped by adding 
3% TCA and the solution mixed for 30 sec 
and centrifuged for 10 min at 3,000 rpm. The 
amount of reaction products in the supernatant 
was assayed bY the method of Lowry et al. (9). 
Cathepsin B was assayed by the method of 
Lenney et al. (10), using BANA as substrate. 
/3-Glucuronidase was assayed with phenolph- 
thalein glucuronide as substrate. Phenolphtha- 
lein liberated from the substrate was measured 
by the method of Gianetto et al. (11). Acid 
phosphatase was measured using phenylphos- 
phate as a substrate essentially as described 
previously (12). Protein concentration was 
assayed by the method of Lowry et al. (9). 

RESULTS 

Optimal Assay Conditions for 
Lysosomal Acid CEH Activiw 

The effect of pH on lysosomal Acid CEH 
activity was examined in the range from 3 to 8, 
using acetate, phosphate and Tris-HC1 buffers. 
Under our assay conditions, the highest rate of 
Acid CEH activity was observed at pH 4.5 in 
sodium acetate buffer (Fig. 1), and its activity 
was negligible below pH 4.0 or above pH 6.0. 
The rate of hydrolysis was linear for 60 min, 
and good proportionality with enzyme concen- 
tration was observed up to about 50 pg of the 
lysosomal protein. 

Effect of Various Metals on Acid CEH Activity 

Recent studies demonstrated that lysosomal 
Acid CEH was affected by several cations (13). 
We found (Fig. 2a, 2b) the enzyme was signi- 
ficantly inhibited at 1.0 mM concentrations of 
FeC12, FeC13 and ZnC12. In addition, MnC12 at 
3 mM or CaC12 at 6 mM inhibited the enzyme 
activity about 50%. 

Effect of the Cytosolic Fraction 
on Lysosomal Acid CEH Activity 

The Acid CEH Activity was markedly 
inhibited by the addition of the cytosolic 
fraction. The inhibitory effect on Acid CEH 
activity was dependent on the concentration of 
the cytosolic protein, with the addition of 
about 50 /.tg of cytosolic protein causing ap- 
proximately half maximal inhibition of Acid 
CEH activity (Fig. 3a). 
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( a )  ( b )  100 ~ 1 0 0  
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FIG. 2. Influence of various metals on Acid CEH activity. The 100% value is the activity 
under standard assay contitions. (a) �9 CaC12, o MgC12, D MnC12; (b) ~, FeC12, �9 FeC13, o 
ZnC12 . 
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FIG. 3. Effect of the cytosolic fraction on Acid CEH activity, a) The substrate was 
dissolved in 20 pl saline containing 0.5% bovine serum albumin (e); b) The substrate was 
dissolved in 20 ul acetone (A) or 20 pl dimethylsulfoxide (o). 

Since cholesteryl  esters are generally insolu- 
ble in aqueous  solut ion,  we tested the inhibi- 
tory  effect  of  the cytosol ic  f ract ion with 3 
di f ferent  modes  of  prepara t ion of  substrate:  (a) 
0 . 5 % - a l b u m i n  in saline solut ion (Fig. 3a), (b) 
acetone (Fig. 3b), and (c) d imethylsu l foxide  
(Fig. 3b). A similar inhibi tory  pat tern  was 
produced by the cytosol ic  f ract ion with all 3 

ways of  adding the substrate to the enzyme.  
The kinetics of  inhibi t ion of  Acid CEH, 

given in Figure 4a as Lineweaver-Burk plots,  
showed that  the cytosol ic  prote in  inhibited 
Acid CEH compet i t ive ly .  The apparent  Km 
value was 11.1 #M. Moreover ,  the inhibi tor  
became more effective with incubat ion  t ime 
(Fig. 4b). 
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FIG. 4. Inhibitory effect of the cytosolic fraction on Acid CEH. a) Lineweaver-Burk 
plots of cholesteryl ester hydrolase in the presence (e) or absence (o) of the cytosolic pro- 
tein (45 #g). b) Time course of the rate of hydrolysis in the presence (o) and absence (o) 
of the cytosolic protein (125 #g). Standard assay conditions were used as described in 
Materials and Methods. 

Inhibitory Properties of Cytosolic Fraction 
on Acid CEH Activity 

Table 1 shows the effect of various pretreat- 
ments of the cytosolic fraction on its capacity 
to inhibit Acid CEH activity. Boiling the cyto- 
solic fraction for 5 min abolished most of the 
inhibitory effect. The inhibitory effect also 
was partly destroyed in cytosolic fractions 
pretreated with trypsin or chymotrypsin, while 
the inhibitory activity of cytosol was not 
influenced by steapsin and N-ethylmaleimide. 

On the other hand, cytosol dialyzed over- 
night against 0.01 M Tris-HC1 buffer (pH 7.4) 
or, exposed to repeated freezing-thawing, 
completely retained the inhibitory activity. 
After the cytosolic fraction was kept at pH 5.0 
for 2 hr for the elimination of the lipid-soluble 
phosphate (14), 70% of its inhibitory activity 
remained. 

Effect of Cytosolic Fraction on Other Enzymes 

The cytosolic fraction did not inhibit 3 
other lysosomal enzymes: cathepsin D, acid 
phosphatase and /3-glucuronidase (data not 
shown). Furthermore, no inhibition of neutral 
CEH was observed (data not shown). The same 
concentrations of the cytosolic fractions were 
used in these studies as in Figure 3. 

Tissue Distribution of Acid CEH 
and the Cytosolic Inhibitor 

Acid CEH was present in all tissues tested, 

and high activity was observed in the spleen, 
lung, liver and heart. The cytosolic inhibitor 
also was present in various other tissues. Using 
the cytosolic protein concentration necessary 
for 50% inhibition of lysosomal Acid CEH 
activity in the liver as a standard, the concen- 
tration in other tissues would indicate inhibi- 
tory strength of cytosol to be especially high 
in the brain and heart, followed by the liver, 
kidney and lung (Fig. 5). 

Identification of the Cytosolic Inhibitor 

The pH 5.1 treated liver cytosol was frac- 
tionated by Sephacryl S-200 gel filtration. The 
eluate was monitored by absorption at 280 nm, 
and the inhibitory activities on Acid CEH and 
thiol proteinase (cathepsin B) were examined 
in each fraction. The Acid CEH inhibitory 
activity eluted in a broad peak (Fig. 6). Fur- 
thermore, the inhibitory activity for Acid CEH 
was distinguished in elution position from the 
inhibitory activity for thiol proteinase. 

DISCUSSION 

An inhibitor of lysosomal Acid CEH in vitro 
was found in the cytosolic fraction of liver and 
other tissues. The inhibitory strength was 
highest in brain and heart. 

The cytosolic inhibitor was non-dialyzable, 
and was destroyed by heat treatment and 
partly destroyed by trypsin or chymotrypsin 
digestion. These results strongly suggest that 
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TABLE 1 

Inhibitory Properties of Cytosol on Acid CEH Activity 

Acid CEH activity 
Treatment (xl0Sdpm/mg of protein/30 min) Relative per cent 

none 4,24 100.0 
native cytosol 1.12 26.4 

(a) dialyzed cytosol 1.21 28.5 
(b) boiled cytosol 3.50 82.5 
(e) freezing and thawing 1.17 27.6 
(d) trypsin 2.91 68.5 
(e) trypsin + trypsin inhibitor 1.38 32.5 
(f) chymotrypsin 2.98 70.3 
(g) steapsin 1.28 30.2 
01) N-ethylmaleimide 1.29 30.4 
(i) pH 5.0 treatment 1.69 39.9 

Assay conditions are given in Figure 3. (a) The cytosol was dialyzed overnight against 
0.01 M Tris-HCl buffer (pH 7.4); (b) Boiled for 5 min and centrifuged at 3,000 rpm for 
20 min; (e) Freezed and thawed 2 times; (d) Treated with trypsin (0.2%) for I5 min at 
37 C, and then trypsin inhibitor was added (1.0%) before assay; (e) Treated with a mixture 
of trypsin inhibitor and trypsin; (f) Treated with chymotrypsin (0.2%); (g) Treated with 
steapsin (0.1%) for 15 min at 37 C; (h) N-ethylmaleimide was added to the cytosol (10 
mM), after incubation at 37 C for 5 min, the mixture was dialyzed; (i) Adjusted to pH 
5.0 with acetic acid and centrifuged at 10,000 rpm for 15 min. 

50 % inhib i t ion  

( ~ag of ey tosol  p ro t e in  ) 
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FIG. 5. Tissue distribution of Acid CEH activity and the eytosolic inhibitor. Standard 
assay conditions were used as described in Materials and Methods. 

the  lysosomal  Acid CEH inh ib i to r  present  in 
cy tosol  is p ro te in  in nature  or is a t t ac ted  to  
cytosol ic  pro te in .  

It has been repor ted  tha t  many  kinds of  
pro te in  inhib i tors  are present  in various tissues 
and serum. GorJn et al. (15)  indica ted  tha t  the 
inhibi tor  o f  acid lipase in cul tured f ibroblasts  

was p resen t  in Chon  f rac t ion IV of  h u m a n  and 
calf serums. In addi t ion ,  Kubo  et al. (16) 
recognized tha t  h u m a n  plasma l ipopro te in  A-I 
and A-II inhibi ted  the  hydrolys is  of  tr iglyceride 
catalyzed by hepat ic  tr iglyceride lipase. These 
results  show tha t  the  inh ib i tory  ef fec t  of  serum 
on lipase activity is due to a serum prote in  
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FIG. 6. Gel filtration of pH 5.1 treated liver cytosol on Sephacryl S-200. The column 
was equilibrated with a 0.1 M NaCI, 0.01 M phosphate buffer, pH 7.5, at 4 C. -- -% absor- 
bance at 280 rim; ~ : ~ ,  inhibitory activity on Acid CEH; . . . . . .  , inhibitory activity on 
cathepsin B. The column was calibrated with the following markers: Blue Dextran 2,000; 
albumin (tool. wt. 66,000); chymotrypsinogen (21,500). 

componen t .  On the o ther  hand, the results 
presented here show that Acid CEH activi ty is 
strongly inhibited by a liver protein com- 
ponent .  However ,  it is not  obvious whether  
liver inhibi tor  and serum inhibi tor  are the same, 
because the liver inhibi tor  has not  been purified. 

A thiol  proteinase inhibi tor  in rat liver 
cytosol  has been purified and characterized 
(8,17). This inhibitor  is present in the cytosol ic  
f ract ion of  all rat tissues. It is very heat stable 
and loses inhibi tory activity when treated with 
sulfhydryl  reagent  such as Ellman reagent or  
N-ethylmaleimide.  t towever ,  the present Acid 
CEH inhibi tor  is heat labile, and its inhibi tory 
activity was not affected by t rea tment  with 
these sulfhydryl  reagents. Fur thermore ,  gel 
f i l tration profile on Sephacryl  S-200 of  the 
present cytosol ic  inhibitor  was different  f rom 
that of  a thiol  proteinase inhibitor .  The cytoso- 
lic inhibi tor  seems to correspond to a protein of 
approximate ly  Mr = g0,000 and, in addi t ion,  a 
higher molecular  weight protein that eluted in 
the void volume from a Sephacryl  S-200 
column.  But,  it is not  clear at the present 
whether  more than one protein may be respon- 
sible for the inhibi tory activity.  

Neiderhiser et al. (18) has also reported that  
a protein present in the cytosol  of  guinea pig 
gall bladder mucosa compet i t ively  inhibited the 
activity of  mi tochondr ia l  Acid CEH. But, it is 
not  clear at the present whether  the rat liver 
cytosol ic  inhibi tor  of  Acid CEH is identical  to 
the cytosol ic  inhibitor  in guinea pig gall blad- 
der. 

Lysosomal  Acid CEH in involved in the 
catabolism of cholesteryl  esters in t roduced into 
the liver as l ipoproteins  (19). This enzyme was 
inhibited by the cytosol ic  protein.  The findings 
suggest that  the cytosol ic  inhibitor  may be 
related to the regulation of  uti l ization of  
cholesteryl  esters in the cell. However ,  any 
physiological significance of  the presence of  an 
active Acid CEH inhibi tor  in the cytosol  re- 
mains to be established. 
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ABSTRACT 

This study was undertaken to investigate the capacity of the intestinal mucosa to maintain a con- 
stant cholesterol content under conditions where mucosal uptake or cholesterol transport into the 
lymph were manipulated. Two series of bile-diverted unanaesthetised rats were infused intraduo- 
denally with saline, triolein emulsified with Pluronic F68, or taurocholate with or without added 
tomatine. Pluronic F68 is a nontoxic detergent which promotes mucosal uptake of polar lipids but not 
cholesterol. Tomatine is a cholesterol-binding saponin. One series of rats was used for measuring 
mucosal cholesterol content, DNA and protein after the test infusions. A second series of rats had the 
thoracic lymph duct cannulated but otherwise remained the same as the first series. The second series 
was used for measuring the effect of the different infusions on mass cholesterol output into lymph. 
Mucosal cholesterol content of rats that were not fed decreased with bile-diversion and was restored 
with taurocholate infusion. This suggested a contribution of luminal cholesterol to the mucosal 
cholesterol pool. However, evidence for a contribution from the lumen was provided by only one of 
two groups of rats given infusions which did not promote mucosal uptake of cholesterol. First, addi- 
tion of tomafine to the taurocholate infusate prevented both the increase in lymph output of choles- 
terol and the increased mucosal cholesterol content shown in rats given taurocholate alone. Second, in 
another group of rats in which mucosal uptake of cholesterol was prevented, i.e. in rats given Pluronic 
F68-triolein emulsions, the increased fat absorption was accompanied by a marked increase in choles- 
terol output into lymph without a concomitant decrease in mucosal cholesterol content. These results 
would be consistent with increased mucosal synthesis of cholesterol as a possible source of endogenous 
cholesterol absorbed into lymph. 
Lipids 19:721-727, 1984. 

INTRODUCTION 

In mos t  cells the re  is a c o n t i n u o u s  t u rnove r  
of  choles terol .  A fairly s t eady  cell c o n t e n t  
implies  m u t u a l  a d j u s t m e n t  of  up take ,  syn thes i s  
and  remova l  b y  h o m e o s t a t i c  m e c h a n i s m s  (1). In 
t he  liver and  in tes t ine ,  wh ich  play t he  ma jo r  
role  in overal l  homeos ta s i s  of  b o d y  choles tero l ,  
t u r n o v e r  is rap id  and  large relat ive to  t issue con-  
t en t .  The cells in t issues of  b o t h  organs  are 
polar ized wi th  respec t  to  gain and  loss, in the  
in te s t ine  m o r e  s t rongly  t h a n  in the  liver. 

The  canal icular  side of  t he  h e p a t o c y t e  is a 
one-way  channe l  for  loss of  choles tero l ,  as 
b i l iary  cho les te ro l  and  as newly  syn thes ized  bile 
acids. However ,  the re  is b o t h  gain and  loss of  
cho les te ro l  f rom the  s inusoidal  s i d e - b y  u p t a k e  
of  soluble  l i popro te ins  and  r e m n a n t  par t ic les  
and  by  e x p o r t  of  nascen t  l ipopro te ins .  This  
two-way  t raff ic  is d i f f icul t  to  q u a n t i t a t e  or 
m a n i p u l a t e  in re la t ing  the  cho les te ro l  c o n t e n t  
of  h e p a t o c y t e s  to  a l te red  gains or losses. 

Choles te ro l  u p t a k e  and  remova l  are more  
s t rongly  polar ized in the  en te rocy te .  Choles- 
t e ro l  is t aken  up  f rom the  in te s t ina l  l u m e n  
t h r o u g h  the  b r u s h  b o r d e r  and  r e m o v e d  baso-  
la teral ly  in to  l y m p h  as l ipopro te ins ,  ma in ly  
c h y l o m i c r o n s  and  very low dens i ty  l i popro te ins  

* To whom correspondence should be addressed. 

(VLDL) .  To some ex ten t ,  s teady-s ta te  u p t a k e  
and  loss can be varied i n d e p e n d e n t l y .  Changes  
in cho les te ro l  c o n t e n t  t h e n  shou ld  ref lect  con-  
c o m i t a n t  a d j u s t m e n t s  in  synthesis .  A consider-  
able a m o u n t  o f  work  has  been  done  on  the  role  
of  bile salts and  lumina l  cho les te ro l  in con-  
t ro l l ing mucosa l  synthes is ,  measured  i so top-  
ically (2,3).  However ,  t he re  is re la t ively  l i t t le  
i n f o r m a t i o n  o n  mass ba lance  of  cho les te ro l  
gains and  losses b y  the  mucosa .  

In the  expe r imen t s  p re sen ted  here,  two  
aspects  of  mucosa l  cho les te ro l  ba lance  have 
been  m a n i p u l a t e d  in u n a n a e s t h e t i z e d  rats. Up- 
take  f rom the  l u m e n  has  been  vir tual ly  abol-  
ished b y  bile f is tula and  res to red  b y  replac ing 
bile salts. E x p o r t  of  cho les te ro l  to  the  l y m p h  
has been  s t imula ted ,  in the  absence  of  choles-  
t e ro l  up t ake ,  b y  giving fat  emuls i f ied  w i th  a 
non- ion ic  de t e rgen t  to  bile f is tula rats .  The  non -  
ionic  de te rgen t ,  P luronic  F68 ,  subs t i t u t e s  for  
bile acids in  t r ig lycer ide  a b s o r p t i o n  bu t  has  no  
ef fec t  o n  cho les t e ro l  a b s o r p t i o n  (4).  

The  fas t ing  mucosa l  c o n t e n t  decreased w i th  
bile f is tula  and  was r e s to red  by  rep lac ing  bile 
salts w i t h o u t  b i l iary  choles terol .  These  changes  
were a c c o m p a n i e d  b y  decreased  and  increased  
o u t p u t ,  respect ively ,  of  cho les te ro l  in l ymph .  
Such resul ts  suggested a par t ia l  d e p e n d e n c e  of  
mucosa l  cho les te ro l  c o n t e n t  o n  cho les te ro l  
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supply  f rom the  lumen .  However ,  in  t he  ab- 
sence of cho les te ro l  up t ake ,  fat  a b s o r p t i o n  
increased cho les t e ro l  t r a n s p o r t  i n t o  t he  l y m p h  
several fold w i t h o u t  a c o n c o m i t a n t  decrease  in 
mucosa l  cho les te ro l  c o n t e n t .  The  cho les te ro l  
e x p o r t e d  in 8 hr  was comparab l e  w i th  t h e  
mucosa l  c o n t e n t  in a bile f istula rat .  This is 
cons i s ten t  w i th  a h o m e o s t a t i c  role  of  increased  
choles te ro l  synthes is .  

MATERIALS A N D  METHODS 

Experimental Design 

Male rats  of  an  inb red  Wistar s t ra in  weighing 
150-200 g were used in t he  expe r imen t s .  There  
were t w o  series o f  rats.  In  Series A, 35 ra ts  were 
divided i n t o  6 groups.  Each  ra t  was in fused  a t  a 
c o n s t a n t  ra te  (1.5 m l / h r ) t h r o u g h  a n  i n t r aduo -  
denal  cannula .  All ra ts  e x c e p t  those  in g roup  1 
were bi le-diverted.  In groups  1-3 the  compos i -  
t i on  of the  in fusa te  r ema ined  u n c h a n g e d  for  
48 hr. Groups  4-6 were given a basic glucose 
saline in fusa te  for  40 hr,  fo l lowed  by an  8-hr 
t es t  i n fus ion  del ivered at  the  same f low rate .  At  
t he  end  of  48  h r  the  ra ts  were killed and  the  
mucosa l  c o n t e n t  of choles tero l ,  p ro t e in  and  
DNA in the  small  i n t e s t ine  was de t e rmined .  

In Series B t he  cho les te ro l  o u t p u t  in l y m p h  
was measu red  in 17 rats  w i th  cannu lae  in the  
a b d o m i n a l  tho rac ic  duct .  They  were divided 
in to  t he  same 6 groups  and  t r ea t ed  in t he  same 
way as in Series A excep t  t h a t  the  vo lume  of  
t he  in te s t ina l  in fusa te  was d o u b l e d  (3 m l / h r )  to  
ma in t a in  h y d r a t i o n .  

T r e a t m e n t  of  t he  6 groups  is s u m m a r i z e d  in 
Table  1. 

Surgical Procedures 

Rats  no t  fed overn igh t  had  one  or more  
cannulae  inse r ted  u n d e r  e the r  anaes thes ia  as 
descr ibed previous ly  (5). All ra ts  had  an  in t ra-  

duodena l  cannu la  t h r o u g h  wh ich  fluid was 
infused  af te r  surgery.  In Series A and  B, in all 
ra ts  excep t  those  in g roup  I,  bile was dra ined  
t h r o u g h  a cannu la  inse r t ed  jus t  dis tal  to  the  
b i fu r ca t i on  of  the  bile duct .  This  a l lowed pan-  
creat ic  juice to  en t e r  the  d u o d e n u m  normal ly .  
In Series B the  ra ts '  l y m p h  was col lec ted  
t h r o u g h  a cannu la  inse r ted  i n t o  the  a b d o m i n a l  
t ho rac i c  l y m p h  duc t  jus t  above  the  c is terna  
coli. Af te r  surgery the  ra ts  were t r ans fe r red  
to  res t ra in t  cages m a i n t a i n e d  at  30 C where  
t h e y  were infused w i th  a basic glucose saline 
in fusa te  of  10 mM glucose, 4 mM KC1 and  
143 m M  NaC1. 

I nfusates 

Test  infusa tes  for  groups  4-6 were made  
up  in p h o s p h a t e - b u f f e r e d  saline (6.75 mM 
Na2HPO4,  16.5 mM Na H2PO4,  115 mM NaC1, 
5 mM KC1, pH 6.4)  con ta in ing  10 mM glucose 
and  1 mM CaC12. The  t r io le in  emuls ion  was 
p repa red  by  add ing  the  r equ i red  a m o u n t  of  
P luronic  F68 (BASF,  W y a n d o t t e  Corp. ,  Michi- 
gan)  mixed  in a small  vo lume  of  p h o s p h a t e  
bu f f e r  to  the  t r iole in .  This  m i x t u r e  was son- 
ica ted  wi th  gradual  add i t ions  of  more  wa rm 
buf fe r  un t i l  the  requ i red  vo lume  of  s table  
emuls ion  was ob ta ined .  

Tau rocho la t e ,  10 mM, was added  for  groups  
3, 4 and  5. In g roup  6 t o m a t i n e  (U.S. Biochemi-  
cal Corp. ,  Cleveland,  Ohio)  0.5 m g / m l  was 
added  to the  t a u r o c h o l a t e  infusate .  

Collection of Samples and Analyses 

At  the  end  of  the  8-hr i n fus ion  ra ts  were 
anaes the t i s ed  wi th  e the r  and  the  small  in tes t ine  
f rom the  L igament  of  Tre i tz  to  the  lower  
i l eum was rap id ly  and  careful ly  excised before  
cardiac punc tu re .  Upper  and  lower  halves were 
t h e n  washed  t h r o u g h  wi th  chi l led  saline. Prep- 
a r a t i on  of  mucosa l  h o m o g e n a t e s  was carr ied 

TABLE 1 

Summary of Treatment of 6 Groups of Rats (Series B) During Measurement 
of Cholesterol Output in Lymph 

Group Bile 
number diverted 48-hour infusion 

] i 

2 + 

3 + 
4 + 

5 + 

6 + 

Glucose-saline for 48 hr 
Glucose-saline for 48 hr 
Glucose-saline + I0 mM NaTC for 48 hr 
Glucose-saline for 40 hr, glucose-saline 

+ 10 mM NaTC for 8 hr 
Glucose-saline for 40 hr, glucose-saline 

+ 10 mM NaTC + 0.5 mg/ml Tomatine 
for 8 hr 

Glucose-saline for 40 hr, Triolein + 
Pluronic F68 for 8 hr 
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out at 4 C. The mucosal scrapings were homo- 
genized by sonication in 20 ml saline per half 
intestine. Aliquots taken for cholesterol assay 
were extracted by the method of Blankenhorn 
and Ahrens (6) and saponified (7). Cholesterol 
was determined by the method of Zlatkis and 
Zak (8). Appropriate reagent blanks and stand- 
ards were extracted, saponified and assayed in 
the same way. 

Hourly lymph samples were collected over 
ice into heparinized tubes and extracted by the 
method of Blankenhorn and Ahrens (6). Ali- 
quots of the lipid extracts were taken for total 
cholesterol and for thin layer chromatography 
(TLC) on 25 mm layers of Silica gel G (Merck, 
Darmstadt, Germany) and plates prewashed in 
chloroform-methanol (2:1, v/v). Plates were 
developed in he xane: diethyl ether :glacial acetic 
acid (70:30:2, v/v/v) to separate the neutral 
lipids. Free cholesterol and esterified choles- 
terol were identified against plated reference 
standards and eluted from the plate with 
chloroform:methanol (2:1, v/v), which was 
evaporated off before saponification and 
determination of cholesterol as for mucosal 
homogenate extracts. 

Protein was determined by the Lowry 
method (9). DNA was measured by a modifi- 
cation of the method of Burton (10). Two ml 
aliquots from the 20 ml mucosal homogenate 
were washed twice with 5 ml of ice cold 0.3 M 
perchloric acid (PCA) by centrifuging (IEC-PR 
6000) at 2500 rpm for 5 rain. The pellet was 
then resuspended in 8 ml of ice cold 0.8 M PCA 
and incubated at 70 C for 45 min with shaking. 
During incubation the samples were well-mixed 
every 10 min. The samples were m a d e  up to 
10 ml with a 0.8 M PCA and again centrifuged 
at 2500 rpm for 5 min. Two ml of color reagent 
(100 ml of 1.5% diphenylamine in glacial acetic 
acid, 0.5 mls 2% acetaldehyde in H20 and 
1.5 ml cone. H2SO4) was added to duplicate 
lml aliquots of each supernatant. 

The samples, together with blanks and 
standards, were then left for 16-19 hr at 37 C 
and read at 600 nm (Varian Techtron spectro- 
photometer G35). 

Materials 

Cholesterol and triolein (TO) were pur- 
chased as high purity grade (>99% pure) from 
the Nu-chek-Prep Inc., Elysian, Minnesota and 
used as supplied. Sodium taurocholate was pre- 
pared by the method of Lack et al. ( I1)  and 
moved as one spot on TLC plates developed 
in propionic acid-isoamylacetate-water-n-pro- 
pranalol, 15:20:5:10 (v/v/v/v). O-phthalalde- 
hyde was from Sigma, St. Louis, Missouri. All 
reagents and solvents were of analytical grade 

except ethanol, which was redistilled. 

Statistical Analysis 

The results are expressed as mean values and 
standard error of the means. Student's t-test 
was used to determine the significance of the 
differences. 

R ESU LTS 

Mucosal Cholesterol 

The results in 6 groups of rats in Series A, 
5 groups with bile fistula and one group with 
bile ducts intact, are summarized in Table 2. 

Bile fistula (40 hr) decreased the fasting 
cholesterol content of the mucosa, per mg 
DNA, by about 20% (compare groups 1 and 2, 
p < 0.01). The decrease was prevented by re- 
placing bile salts as sodium taurocholate (TC), 
30 micromoles per hr, from the time of opera- 
tion (group 3). 

Duodenal perfusion of TC for 8 hr also 
raised the mucosal content in bile fistula rats 
to values found in rats with bile ducts intact 
(compare groups 4 and 2, p < 0.001, and 
groups 4 and 1, ns). The effect of TC was 
abolished by adding tomatine, 0.5 mg per ml, 
to the perfusate (group 5). Tomatine precipi- 
tates cholesterol but not bile salts from micellar 
solution. 

An increased loss of cholesterol from mucosa 
to lymph, without an equivalent compensatory 
uptake from the lumen, was produced by 
duodenal perfusion of bile fistula rats with 
triolein in the non-ionic hydrophilic detergent, 
Pluronic F68 (group 6). Lymphatic cholesterol 
output  was considerably increased, see below, 
but the mucosal cholesterol content  remained 
the same as in saline-perfused bile-fistula rats 
(compare groups 2 and 6). 

The protein content of the mucosa per mg 
DNA was significantly decreased by bile fistula 
(compare groups 1 and 2, p < 0.01) but did not 
vary significantly among the differently treated 
bile-fistula groups. 

Lymph Cholesterol Output 

Only the mucosal content was studied in the 
above 6 groups, comprising 30 rats (Series A). 
Mucosal losses to the lymph were measured in 
another 17 rats with lymph fistulae (Series B). 
The effects of the various procedures on choles- 
terol output  in the lymph are shown in Figure 1. 
Three of the groups were presumably in a fairly 
steady state of mucosal cholesterol turnover 
(Fig. 1A). Bile fistula rats perfused only with 
saline had a low, steady output  of lymphatic 
cholesterol. This was increased several fold by 
steady infusion of TC and probably still more 
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TABLE 2 

Effect of Bile Diversion, Taurocholate and Lipid Infusion on Cholesterol Content of Intestinal Mucosa 

Number Cholesterol 0zg/mg DNA Protein (mg/mg DNA) 
of 

Procedure a Group rats Total Upper Lower Total Upper Lower 

Sham 
operated b 1 (7) 357 c 350 366 16.7 17.4 f 16.1 

�9 +!7.2 +-21.6 +-22.1 -+0.82 -+1.12 -+1.11 
�9 *d *e * ** * 

Bile 2 (6) 284 282 289 13.8 14.9 13.0 
fistula +-10.4 +-12.6 • +-0.28 -+0.75 +-0.26 

Bile 3 (5) 334 339 331 14.7 15.2 14.3 
fistula +-26.9 +-16.8 -+38.8 -+0.83 -+0.91 +-0.93 
+ TC (48 hr)  * 

Bile 4 (7) 356 368 349 14.5 14.9 14.2 
fistula -+16.3 +-31.1 -+15.6 +-0.50 -+0.64 +0.49 
+ TC (8 hr) * * * * 

Bile fistula 5 (5) 243 237 248 15.4 15.4 15.4 
+TC +-15.5 +-16.5 -+17.2 -+1.05 -+0.92 -+1.19 
+ tomatine 

Bile fistula 6 (5) 281 284 277 14.4 15.1 13.7 
+ triolein -+22.4 -+25.6 • -+0.48 -+0.48 -+0.51 
+ Pluronic F68 

aAll rats given glucose-saline infusion for the 40 hrs preceding the 8-hr test infusion except for group 3 where 
rats were infused with 10 mM TC continuously for 48 hr. 

brats  in group 1 had intraduodenal cannulae for infusion. 
CValues represent mean -+SEM for the number of rats shown. 
d**p < 0.01 when compared with group 2. 
e ,p  < 0.05 when compared with group 2. 
fMean values given without an asterisk were not significantly different from mean values for rats in group 2 

(p > o.os). 

in rats wi th  bile ducts  intact ,  a l though the 
number s  of  l y m p h  fistula rats are too  small for 
statistical evaluation. The effects  in bile fistula 
rats of  changing the compos i t i on  of  the  per- 
fusate  af ter  40 hr perfus ion of  saline alone are 
shown in Figure 1 B. Steady perfus ion of  TC for 
8 hr increased choles terol  ou tpu t  at first rapidly 
and then  more  slowly to a level somewha t  
higher than in rats perfused with TC for  more  
than  40 hr. When toma t ine  was added  to the 
TC perfusate  the increase was abolished.  This 
suggested that  the  increased choles terol  ou tpu t  
with TC alone was derived f rom the lumen.  An 
increased o u t p u t  o f  choles terol  comparab le  to  
tha t  with TC was ob ta ined  by infusing triolein 
emulsif ied in Pluronic F68. Under  these circum- 
stances no choles terol  was absorbed  f rom the  
lumen,  the  increase being derived f rom the  cells 
during assembly of  chy lomicrons  conta in ing  
absorbed  tr iglyceride.  

In Figure 2, the lympha t i c  o u t p u t  o f  choles- 
terol  during the  final 8 hr perfus ion in the 
second series of  exper iments  (Series B), is com- 
pared with the  mucosal  choles terol  c o n t e n t  o f  

the whole  small intest ine in the  first series 
(Series A). The 8-hr turnover  was considerable ,  
ranging f rom abou t  20% of  mucosal  co n t en t  in 
bile fistula rats to over 60% in rats with bile 
ducts  intact .  

D I S C U S S I O N  

The object  of  these exper iments  was to  
measure  the effect  on mucosal  choles terol  con- 
t en t  of  altering gain f rom the  lumen or loss to 
the lymph.  Exogenous  choles terol  was ex- 
cluded.  No food was given t h roughou t  the  
exper iments ,  excep t  for glucose (approx.  
0.4 kcal /day)  in the  perfusate.  Mucosat choles- 
terol  was measured 48 hr af ter  opera t ion  and 
p lacement  in a res traint  cage. 

Bile fistula deprives the  animal of  bile salts 
which are essential for the  up take  of  choles terol  
f rom the  lumen.  Under  these cond i t ions  the  
ou tpu t  o f  choles terol  in the  l y m p h  was abou t  
one-quar te r  of  tha t  in animals wi th  bile ducts  
intact .  This d iminut ion  (by abou t  300 /~g per 
hr) presumably  reflects  the absence  of  tu rnover  
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FIG. 1. Lymph output of cholesterol showing (A) steady values obtained during con- 
tinuous infusions and (B) output when the infusates were given for 8 hr commencing 40 hr 
post-operatively. Lymph fistula rats were infused intraduodenally at 3 ml/hr. Fxcept for one 
group, group 1 (o), all rats were bile-diverted. Two rats given 10 mM NaTC continuously 
after surgery (group 3) were used to measure steady lymph output rate (left panel, �9 - - � 9  
and 3 rats (group 4) were given the same infusate for 8 hr (fight panel, � 9 1 4 9  3 rats 
(group 2) were given saline (o); 3 rats (group 5) were infused with tomatine 0.5 mg/ml in 
10 mM NaTC for 8 hr ( ,~- - -a )  and 2 rats (group 6) were given TO emulsified with Pluronic 
F68 for 8 hr ( o - - - e ) .  For comparison, the steady rate cholesterol output for a bile intact 
rat given saline is shown (D). Values are/~g/hr, means -+S.E.M. for the number of rats shown 
except for group 6, where the mean and range of the two values is given. Further experi- 
mental details in Materials and Methods. 

f rom up take  of  lumina l  choles terol .  There  still 
was a subs tan t i a l  o u t p u t  of  choles te ro l  in the  
l y m p h  ( abou t  100 /lg per  hr, equ iva len t  to 
a b o u t  50% of  mucosal  c o n t e n t  per  day).  It 
c a n n o t  be assumed,  however ,  t h a t  this  choles-  
terol  or  even the  major  par t  of  it ref lects  tu rn-  
over  of  cho les te ro l  syn thes ized  in the  mucosa .  
On the  one  hand ,  some  of  the  cho les te ro l  in the  
l y m p h  is der ived f rom passage of  l ipopro te ins  
f rom plasma to t issue fluids. Up take  of  lipo- 
p ro te in  cho les te ro l  may  occur  via the  l ipopro-  
te in  b inding  sites now repor t ed  in isola ted 
in tes t ina l  mucosal  ceils (12).  On the  o t h e r  
hand ,  some  of  the  cho les te ro l  syn thes ized  in 
the  mucosa  may  be lost  in to  the  l umen  (13).  

Mucosal  cho les te ro l  per  un i t  DNA was 
s ignif icant ly  decreased by  bile fistula. Thus,  
even if mucosa l  syn thes i s  (2)  or  t r ans fe r  f rom 
plasma was increased in the  absence  of  bile, 
this  did no t  fully c o m p e n s a t e  for  the  absence  of  
up take  f rom the  lumen .  

The lowered mucosa l  c o n t e n t  in bile f istula 
rats was not  f u r t h e r  decreased when  loss of  

choles te ro l  by  e x p o r t  in c h y l o m i c r o n s  was in- 
creased dur ing  fat  absorp t ion .  A non- ion ic  
de te rgen t ,  Pluronic  F68 ,  was s u b s t i t u t e d  for  the  
missing bile salts. This  de t e rgen t  was as ef f ic ient  
as bile salts in p r o m o t i n g  fat  a b s o r p t i o n  in bile 
fistula an imals  bu t  was unab le  to  med ia t e  cho-  
lesterol  a b s o r p t i o n  (4). With the  dose of  fat  
given, the  l y m p h a t i c  o u t p u t  of  cho les te ro l  ex- 
ceeded t ha t  in fas t ing bile f is tula rats  b y  a to ta l  
of  1700 /ag in 8 hr, equivalent  to  40% of  the  
to ta l  mucosal  choles terol .  Since up take  of  
cho les te ro l  was negligible,  the re  mus t  have been  
a cons iderab le  increase  in mucosa l  syn thes i s  or 
u p t a k e  from plasma associated wi th  chylo-  
mic ron  p roduc t ion .  

These resul ts  can be compared  wi th  those  
when  t a u r o c h o l a t e  was infused  in the  absence  
of  bi l iary lipid. The  increase  in l y m p h a t i c  out -  
put  of  cho les te ro l  was similar,  bu t  the  fat  out -  
put  increased on ly  slightly.  The  mucosal  con-  
ten t  of  cho les te ro l  was increased to values near  
those  in fast ing rats  wi th  bile ducts  in tact .  This  
suggested a cons iderab le  up take  of  non-b i l ia ry  
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FIG. 2. Comparison of total cholesterol content of the intestinal mucosa after 8 hr infu- 
sions and total cholesterol collected in lymph during 8 hr infusions with the same solutions. 
Cholesterol values represent the cholesterol extracted from the mucosal scrapings of the 
total small intestine (,ugirat) or from lymph (gg/8 hr). Rats used for mucosal values differed 
from those used for lymph values in having intact lymph flow. Values are means +S.E.M. for 
the number of rats shown in parentheses except for those lymph values where only 2 rats 
were used. l:or these 2 groups error bars indicate the range between the two values. Experi- 
mental details in Methods. 

cholesterol  f rom the lumen,  media ted  by as brush borders  or intracellular membranes .  
t aurochola te  even in the absence of  biliary Nevertheless,  the  f indings raise ques t ions  on the 
cholesterol .  The effects  of  adding toma t ine  to relat ionship of  changes in the  mucosal  choles- 
the taurochola te  perfusate  were cons is tent  with terol  pool  to ad jus tmen t s  in uptake,  synthesis  
this but were by no means  conclusive. Toma- and expor t  which warrant  fur ther  s tudy.  
tine has been claimed to precipiate cholesterol  
but no t  bile salts f rom micellar solut ion in the ACKNOWLEI)GMENT 
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Serum kipids and Fatty Acid Composition Of 
Tissues in Rats on Total Parenteral Nutrition (TPN) 
F.M. MARTINs,b,  c A. WENNBERG,a S. MEURLING,  b R. KIHLBERG a and 
L. L I N D M A R K ,  a, * aVitrum Institute for Human Nutrition, KabiVitrum AB, Stockholm, 
and bDepartrnent of Pediatric Surgery, University Hospital, Uppsala, Sweden, Cpresent 
address: Department of Pediatric Surgery, S.4, Hospital D. Estefania, Lisbon, Portugal 

ABSTRACT 

The modulating effect of energy and exogenous triglyceride supply on serum lipids and fatty acid 
composition of liver, tibialis anterior muscle, subcutaneous and peri-epididymal fat was assessed in rats 
using Total Parenteral Nutrition (TPN). Nutrients were infused continuously for 10 days through a 
central vein catheter. Four levels of fat were tested: No fat, Low fat (6% non-protein calories), Me- 
dium fat (30%) and High fat (60%), at 2 energy levels (270 kcal and 350 kcal/kg �9 day). An isonitro- 
genous supply was given to all groups as 0.9 g N/kg �9 day. At the highest level of fat intake (20.4 g/kg) 
at the high energy level triglycerides, cholesterol and phospholipids of serum were elevated. Biochemi- 
cal signs of essential fatty acid (EFA) deficiency were observed as rising levels of eicosatrienoic acid 
and lowered concentrations of linoleic and arachidonic acid, mostly in the liver and the muscle in the 
No fat groups. EFA levels were reduced significantly in the No fat and Low fat groups and more pro- 
nounced at the high energy level. In conclusion, our study suggests that when energy intake is in- 
creased the EFA status becomes more critical. It seems evident that more EFA is required in absolute 
values when hypercaloric diets are given. 
Lipids 19:728-737, 1984. 

INTRODUCTION 

Deficiency of linoleic acid ( 1 8 : 2 ~ 6 )  and 
alpha-linolenic acid (18:3603) leads to well char- 
acterized syndromes,  first described in the rat 
by Burr and Burr (1), and subsequent ly  by 
Hansen et al. (2) s tudying orally fed children. 
EFA deficiency has been described in children 
after  only one week of  TPN with only glucose 
as energy substrate (3,4), and in adults on long- 
term TPN (5,6). Newborn  individuals seem to 
be part icularly susceptible to EFA deficiency,  
due to low fat reserves. Linoleic acid is the 
most impor tan t  of  the EFA's ,  the requi rement  
for which still has not  been precisely deter- 
mined. An expert  group within Food  and 
Agricultural  Organizat ion/World Health Organ- 
izat ion (FAO/WHO)  (7) proposed that  at least 
3% of the  energy requi rements  in adults, and 
7% in pregnant  and lactat ing women,  should be 
met by l inoleic acid. In children,  Adam (8) pro- 
posed in 1958 that  4% of the energy should be 
supplied as linoleic acid, and today  this value is 
accepted by most  authors as covering chi ldren 's  
daffy requirements .  

In mammals ,  fat deposits const i tu te  the 
most impor tan t  form of energy reserves, readily 
available in periods of  energy shortage. Lipids, 
s tored in adipose cells as tr iglycerides (TG), are 
submit ted  to a permanent  f lux of  lipolysis and 
lipogenesis, modula ted  by genetic factors,  
nutr i t ional  status, hormonal  milieu and sub- 

*To whom correspondence should be addressed at 
P.O. Box 12170, S-102 24 Stockholm, Sweden. 

strate support .  Adipose tissue, muscle and liver 
tissue are the most  active tissues in the inter- 
mediate lipid metabolism. Using a rat model  
and TPN, this s tudy was designed to investigate 
how the  concent ra t ions  of fa t ty  acids in the 
above ment ioned  tissues were affected by 
ex t reme situations of  fat deprivat ion and fat 
overload,  as well as by more balanced regimens, 
and also to investigate the inf luence of  energy 
intake on lipid metabol ism.  

In a separate publ icat ion,  we have repor ted  
the results from this s tudy regarding body 
growth,  ni trogen balance and body  composi t ion  
(9). 

MATERIALS AND METHODS 

Animals and Pre-treatment 

Sixty-four  male Sprague Dawley rats, 37-38 
days old (Ant ic imex AB, S tockholm,  Sweden),  
were divided into  8 groups and housed in indi- 
vidual cages. The animals were kept  at an envi- 
ronmenta l  t empera tu re  of  21 C, on a dark-light 
12-hr cycle f rom the day they  arrived at the 
laboratory.  They were fed ad l ibi tum a com- 
plete seimi-synthetic 19% casein diet supple- 
mented  with 0.3% L-methionine.  During one 
week, the rats were adapted to a harness, 
especially designed to protec t  a central  vein 
catheter.  Under  general anesthesia, a silicone 
catheter  was then implanted  in the superior 
caval vein, through the internal  jugular vein and 
tunnel ized to the back of  the rat and through a 
hole in the  harness. In the  next  six days, the 
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rats recovered,  while being fed ad l ibi tum a 
ni t rogen amino acid diet. The body  weights of  
the rats when the  infusion procedure  started 
were about  200 g. For  fur ther  details of  the 
diets see Martins et al. (9). 

Study Design 

Two different  energy levels, 270 kcal and 
350 kcal /kg �9 day,  and 4 fat /glucose energy 
ratios were tested:  " N o  fa t "  (N, 0% fat), " L o w  
fa t "  (L, 6% fat),  "Med ium fa t "  (M, 30% fat) 
and "High  fa t "  (H, 60% fat). Each group in- 
cluded 7-9 animals. 

Nutrients and Infusion Procedure 

The nutr ients  were administered contin-  
uously for 10 days, through a central  vein 
catheter ,  at a constant  rate. Every day, new 
infusion solutions were mixed ,  aseptically,  
under  laminar air f low (Table 1). Amino  acids 
were adminis tered to all rats at a constant  dose 
of  0.9 g N[kg day, and provided as a comple te  
amino acid solut ion (Vamin|  N, KabiVit rum 
AB, Stockholm).  Fat  was administered as Intra- 
lipid| 20% (KabiVit rum AB, S tockholm)  
(Table 2). Carbohydra te  was adminis tered as 
glucose 50% in water.  The infused volume was 
adjusted to 330 ml/kg ~ day, using distilled 
sterile water.  Vitamins and minerals also were 
added,  in amount s  adapted to the daily require- 
ments  of  the rats. During the infusion proce- 
dure, the animals were housed in metabol ic  
cages that  al lowed them to move  freely. 

Tested Parameters 

After  comple t ing  a 10-day period on TPN, 
two hr after  infusion ended,  the rats were 
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anesthet ized with  sodium pentobarbi ta l  in- 
jec ted  in t raper i toneal ly  and were killed by 
exsanguinat ion through the heart.  Liver and 
samples  f rom epididymal  and sub-cutaneous fat 
were taken,  immedia te ly  f rozen in l iquid nitro-  
gen and kept  at - 7 0  C until  analyzed. Tibialis 
anter ior  muscle (right) also was excised and 
equal ly  f rozen and kep t  at - 7 0  C. 

Serum lipid classes. Serum lipids were 
analyzed during infusion (day 2). Blood sam- 
pies, obta ined f rom the tail, were analyzed for 
serum triglycerides (TG) according to Fle tcher  
et al. (10), for serum total  cholesterol  according 
to  Zlatkis et al. (I  1 ), for  phosphol ipid  (PL) ac- 
cording to Svennerholm et al. (12) and for 
cholesterol  esters and free fa t ty  acids ( F F A )  
according to R ichmond  (I 3). 

Fatty  acid profiles. Fa t ty  acid compos i t ion  
of  the  liver, tibialis anter ior  muscle,  epididymal  
and sub-cutaneous fat pads were determined by 
means of  gas l iquid chromatography  (GLC) 
(14), slightly modif ied  in our  laboratory.  

Statistical methods. The data, presented as 
mean values + standard error of  the means 
(SEM), were compared  using Student ' s  t-test 
for unpaired samples, and the differences con- 
sidered significant at a probabi l i ty  level less 
than 0.05. 

R ESU LTS 

The o u t c o m e  of  this s tudy can be divided 
i n t o  2 parts, serum lipids, and fa t ty  acid com- 
posi t ion of  some tissues. The results are pre- 
sented in Tables 3-7 and Figures 1-2. 

Serum Lipids 

The serum triglycerides during TPN (Table 3) 

TABLE 1 

Amounts of Energy and Nutrients Infused Daily as TPN During the Infusion Period 
(expressed per kg bodyweight and day)* 

Total energy keel 270 270 270 270 350 350 350 350 
Non-protein energy supply kcal 240 240 240 240 320 320 320 320 
Groups N L M H N L M H 
Fat/carbohydrate energy ratio (%) 0/100 6/94 30/70 60/40 0/100 6/94 30/70 60/40 

Component Given amounts (nominal values) 

Nitrogen g 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

64 59 42 21 84 79 56 29 

0 1.5 7.7 15.3 0 2.0 10.2 20.4 
0 0.1 0.5 0.9 0 0.1 0.6 1.2 
0 0.2 0.9 1.8 0 0.2 1.2 2.3 

330 330 330 330 330 330 330 330 

Glucose g 

Triglycerides g 
Egg yolk phospholipids g 
Glycerol g 

Total fluid volume ml 

*For further details of minerals and vitamins given see Martins et al. (9). 
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TABLE 2 

Fatty Acid Composition of Intralipid | 20% 

Weight % 

16:0 Palmitic acid 11.7% 
18: 0 Stearic acid 3.8% 
18:1 Oleic acid 26.5% 
18:2o96 Linoleic acid 49.2% 
18:3o93 Alpha-linolenic acid 7.7% 

Others 1.1% 

Average values of ten different  batches.  

showed  values significantly higher in the  High 
fat  group at  t he  high energy level than  in the  
o ther  groups.  

The serum free fa t ty  acids (Table 3) showed  
the  lowest  values in the  No fat  and Low fat 
groups. The highest  F F A  values were f o u n d  in 
b o t h  High fat groups.  

The serum total  choles terol  and phospho-  
lipid levels also paralleled the  a m o u n t  of  fat  
admin is te red  (Table 3). The levels were ele- 
vated significantly in the  Medium fat  and High 
fat groups  compared  wi th  the  No fat  and Low 
fat  groups. The  choles tero l  es ter  levels (Table 3) 
were  signif icantly lower  in the  Medium fat  and 
High fat groups  regardless of  energy supply.  
This was mos t  p r o n o u n c e d  in the  350 High fat 
group. 

Fatty Acid Pattern of Tissue Lipids 

Saturated fatty acids. Increasing the  a m o u n t  
of  fat f rom 0% to 60% of  the  non-p ro te in  
energy infused generally was fo l lowed by  a 

decrease in the  levels o f  palmit ic  ac id  in the  
tissues s tudied.  

Monosaturated fatty acids. In our  data,  18:1 
represents  the  sum of  18:16o9 (oleic acid) and 
1 8 : l w l  1 (vaccenic acid). As for  the  sa tura ted  
fa t ty  acids, the  higher levels o f  palmitoleic  and 
oleic acid were de tec ted  in the  No fat  a n d  Low 
fat groups. The levels o f  palmitoleic  acid 
showed  a s teeper  fall when  the  a m o u n t  of  fat 
was increased in the  infusions,  w h e n  co mp ared  
wi th  the  levels o f  oleic acid. 

Polyunsaturated fatty acids. 18:26o6. In the  
adipose tissues, s ignificantly lower  values of  
linoleic acid were observed in the  No fat  and 
Low fat  groups,  w h e n  c o m p a r e d  wi th  t he  
Medium fat  and  High fat  groups.  However ,  the  
last 2 groups  showed  similar values at b o t h  
energy levels. In the  muscle  and liver tissues, 
lower  values also were observed in the  No fat 
and Low fat groups,  bu t  the  levels of  linoleic 
acid were generally higher in the  High fat than  
in the  Medium fat  groups.  The No fat  groups 
showed  low levels of  linoleic acid wi th  the  
lowest  level observed at the  higher energy level. 

20:4606. In the  fiver and muscle tissue, 
arachidonic  acid was no t  only  decreased in t he  
groups receiving no fat bu t  also in the  group 
receiving high fat and high energy  supply.  The 
levels t ended  to  be lower  at  the  higher energy 
level. 

20:3609. The eicosatr ienoic acid was de- 
t ec ted  only  in the  liver samples.  The highest  
values were seen in the  No fat  groups  at b o t h  
energy levels. At the  high energy level eico- 
satr ienoic acid was more  s ignif icant ly elevated. 

TABLE 3 

Serum Lipids After Two Days of Continuous Infusions of TPN in Rats (Mean values + SEM) 

G r o u p s  n TG Total Cholesterol PL FFA f 
choles tero l  ester 

mmol/l mmol/! % mmol/l gmol/l 

270 kcal/kg, day 
No fat (7) 1.7 + 0.5 1.3 • 0.1 77 -+ 3 1.5 -+ 0.1 155 -+ 25 
Low fat (8) 1.2 +- 0.1 1.4 :~ 0.1 72 -+ 4 1.6 -+ 0.04 247 -+ 40 
Medium fat (8) 2.0 -+ 0.1 b 2.0 ~: 0.1a,b, c 55 -+ la,b, d 2.8 + 0.1 a,b,c,d 766 ~: 48 
High fat (9) 2.0 • 0.2b, e 3.2 -+ 0.1a,b, e 55 +- 4a,b, e 4.1 • 0.1a,b, e 932 • 29 

350 kcal/kg~ 
No fat (7) 1.8 -+ 0.2 e 1.5 -+ 0.1 d,e 66 • 2d, e 1.8 + 0.04a,d, e 
Lowfat (8) 1.8 • 0.1b, e 1.5 -+ 0.1d, e 74 + 2d, e 1.6 + 0.1d, e 
Medium fat (8) 2.0 • 0.3 e 2.5 • 0.1 e 48 + 1 3.3 + 0.1 e 
High fat (9) 3.3 • 0.4 4.4 • 0.1 40 • 4 5.1 -+ 0.2 

268 -+ 68 
183 + 30 
908 -+ 63 

1100 

aSignificant difference to 2T0 No fat. 
bSignificant difference to 270 Low fat. 
CSignificant difference to 270 High fat. 
dSignificant difference to 350 Medium fat. 
eSignificant difference to 350 High fat. 
fDue to limited amounts of blood, only a few animals in each group were analyzed. 
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FIG. 1. Triene/tetraene ratios in liver of rats given 
various TPN (Mean value _+ SEM). 
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FIG. 2. Total EFA in liver and muscle of rats given 
various TPN (Mean value -+ SEM). 

The triene/tetraene ratio (Fig. 1)  was signifi- 
cantly elevated in the liver of both groups re- 
ceiving no supply of fat. A higher energy supply 
further changed this. In the muscle total EFA 
was lowered only in the No fat groups. 

DISCUSSION 

One of the main concerns, when using TPN 
in clinical practice, is the determination of the 
optimal dosage of fat in order to avoid a defi- 
ciency syndrome or fat overload. It is desirable 
to reach EFA concentrations as close as possi- 
ble to those found in the tissues of healthy 
individuals. This study reports the modulating 
effect of energy and energy substrate ratios on 
serum lipid profiles and total fatty acid compo- 
sition in different tissues of rats submitted to 
various regimens of TPN for 10 days. 

The appearance of an EFA deficiency syn- 
drome is a slow metabolic process that can take 
up to months to fully develop (15), depending 
on the type of diet administered, the metabolic 
state of the animal, its age and growth rate 
(16). White (17) showed that a biochemical 
imbalance of the lipid composition in the 
various organs usually precedes the appearance 
of clinical symptoms of EFA deficiency. 

Given to animals with fast growth, charac- 
teristic of this model, the 10-day infusion 
period was regarded as long enough to show 
possible differences among groups receiving 
different treatments. However, with respect to 
the magnitude of normal fat reserves of a rat, 
no dramatic changes were expected in the 
blood lipids or tissue fatty acid pattern of 
animals deprived of fat for a 10-day period. 

The values for serum lipid classes, obtained 
from samples collected during continuous infu- 

sion (day 2), should reflect the steady-state 
balance between infused substrates and the 
capacity of the body to clear them from the 
blood. Since the solutions were infused con- 
tinuously for 24 hr per day, only small cyclic 
variations should be expected, and the results 
can be considered as mean daily values: 

In this study, the level of serum TG seemed 
more influenced by a fat overload than by the 
absence of fat. When comparing the values 
obtained with the total amount of TG infused 
in the different groups (Table 1) it was ob- 
served that the clearance capacity of serum TG 
remained efficient when the amount of TG 
infused was between 1.5 and 15.3 g TG/kg b.w. 
and day. The serum clearance capacity became 
limiting only when 20.4 g TG/kg b.w. was 
infused per day. 

Our study further indicates that the level of 
energy supplied di not seem to have a major 
influence on the serum lipids. 

Bergstr6m et al. (18) reported high levels of 
serum FFA in EFA deficient rats. In our experi- 
ment the low FFA levels observed during infu- 
sion in the No fat and Low fat groups, at both 
energy levels, could be caused not only by the 
low fat content in the diet of these groups, but 
also by the anti-lipolytic effect of circulating 
high levels of glucose and insulin, isolating the 
animal from its own fat tissue. This also could 
be a causative factor for EFA deficiency. 

In order to investigate the influence of 
energy on lipogenesis, the levels of palmitic, 
palmitoleic, stearic and oleic acids were com- 
pared in the 270 kcal Low fat and the 350 kcal 
Medium fat groups, since these groups were 
infused with almost the same amount of 
glucose (Table 2). The results showed no major 
differences between these groups. In our experi- 
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m e n t ,  l ipogenesis  seemed  to be  more  d e p e n d e n t  
on  glucose avai labi l i ty  t h a n  o n  the  energy  level 
or the  a m o u n t  of  fat  p r e sen t  in the  diet .  

The  pa t t e rn s  of  E F A  in t he  ad ipose  t issues 
s tud ied  at  t he  2 energy levels were similar,  The  
sl ightly h igher  c o n c e n t r a t i o n  of  l inoleic acid in 
the  Low fat  and  the  M e d i u m  fat  g roups  of  t he  
per i -ep id idymal  fa t  poss ibly  ind ica tes  a h igher  
me tabo l i c  ac t iv i ty  in th is  t issue c o m p a r e d  w i th  
s u b c u t a n e o u s  fa t  tissue. 

Accord ing  to  Alling et al. (19)  t he  muscle  is 
m o r e  a f fec ted  b y  long per iods  of  fat  depriva-  
t i on  t h a n  the  liver, regard ing  t he  E F A  compos i -  
t ion .  In our  e x p e r i m e n t  t he  liver seemed  to be  
m o r e  a f fec ted  t h a n  the  muscle ,  since t he  con-  
c en t r a t i ons  of  l inoleic and  a rach idon ic  acids 
were lower  in  the  No fa t  and  Low fat  groups  at  
b o t h  energy levels in t he  liver tissue. 

The  350  kcal  No fat  ra ts  showed  t he  lowes t  
abso lu t e  values of  E F A  in all t he  t issues s tudied .  
This  fact  c a n n o t  be  a t t r i b u t e d  on ly  to a relat ive 
E F A  def ic iency (higher  a m o u n t s  of  s a tu ra t ed  
and  m o n o u n s a t u r a t e d  f a t t y  acids syn thes ized  
f rom excess c a r b o h y d r a t e  in take) .  Despi te  an  
increased fa t  c o n t e n t  (9)  in  t he  livers of  No fa t  
rats  at  t he  h igh  energy level, the  a m o u n t  of  
E F A  was lowered  f u r t he r  c o m p a r e d  to t he  
co r r e spond ing  group at  t he  low energy  level. 

A lower  g rowth  is charac te r i s t ic  of  E F A  
def ic iency  (1)  and,  accord ing  to  H o l m a n  (16) ,  
a decrease  in g r o w t h  can p o s t p o n e  the  appear-  
ance  of  a def ic iency s y n d r o m e .  The  expe r imen-  
tal  an imals  given a h igh  energy  level did grow 
faster  (9) ,  wh ich  should  give an  increased 
d e m a n d  of  EFA,  re f lec ted  in a more  pro- 
n o u n c e d  b iochemica l  E F A  def ic iency  w h e n  the  
fat  a d m i n i s t r a t i o n  was l imit ing.  Lower  E F A  
c o n c e n t r a t i o n  in t issues also was seen in the  
Low fat  groups  when  the  energy  was increased.  
This  suggests t h a t  the  daily r e q u i r e m e n t s  of  
E F A  could  be expressed in re la t ion  to  t he  
pa rame te r s  inves t iga ted  as an abso lu te  a m o u n t  
of  E F A  per kg b o d y  weigh t  and  day  or  in rela- 
t ion  to desired g rowth ,  r a t h e r  t han  a re la t ive  
c o n c e n t r a t i o n  of  the  daily energy  suppl ied.  

The  c o n c e n t r a t i o n s  of  a rach idon ic  acid in 
liver and  muscle  (Table  5) were s igni f icant ly  
lowered wi th  no  fa t  or  very h igh  fa t  (20.4  g/kg)  
diets.  An  inh ib i t i on  in de l ta -6-desa turase  en- 
z y m e  sys tem could be  respons ib le  for  this  
p h e n o m e n o n  caused by  d i f fe ren t  mechan i sms .  
When no  fat  is given this  e n z y m e  is i nh ib i t ed  by  
low l inoleic acid and  c i rcula t ing  h igh  levels of 
glucose. With  the  h igh  fa t  diet ,  it is l ikely the  
e n z y m e  act iv i ty  is i nh ib i t ed  by  excess o f  
l inoleic acid,  resu l t ing  in an  an imal  n o t  defi- 
c ient  in l inoleic acid bu t  still de f ic ien t  in 
a rach idon ic  acid ( subs t r a t e  i nh ib i t i on ) .  This  is 
s u p p o r t e d  in the  l i t e ra tu re  by  in vi t ro  s tudies  
(20). 
LIPIDS, VOL. 19, NO. l0 (1984) 

The  20:3609 is de t ec t ed  on ly  rarely in 
n o r m a l l y  fed rats. Rivers et al. (21)  cons ider  i ts 
presence  as a sign of  impa i red  nu t r i t i ona l  status.  
In our  e x p e r i m e n t  we could  de tec t  th is  f a t t y  
acid on ly  in the  liver. The  c o n c e n t r a t i o n  of  
e icosa t r ienoic  acid was s ignif icant ly  h igher  in 
t he  two  No fat  groups ,  and  more  p r o n o u n c e d  at 
the  h igher  energy level. This  is in ag reemen t  
w i th  h y p e r a l i m e n t a t i o n  (22)  and  hypoca lo r i c  
n u t r i t i o n  s tudies  (23)  and  suggests t h a t  energy  
in t ake  is an  i m p o r t a n t  f ac to r  for  E F A  status.  

The  to ta l  a m o u n t  of  all E F A  in the  t issues 
s tud ied  (Fig. 2, Table  6 and  7 ) s h o w e d  t h a t  
m a x i m u m  i n c o r p o r a t i o n  was o b t a i n e d  in the  
Medium fat  and  High fa t  groups  regardless of  
energy intake.  No fu r t he r  increased incorpora -  
t ion  of  to t a l  E F A  was seen above  7.7 g soybean  
T G / k g  �9 day. This  suggests an  o p t i m a l  l inoleic  
acid i n t ake  of  4 g /kg  �9 day.  

In conclus ion ,  ou r  s tudy  shows t h a t  b o t h  
energy level and  subs t ra te  c o m p o s i t i o n  are 
i m p o r t a n t  fac tors  for  E F A  status.  When  energy  
is increased the  E F A  in t ake  can b e c o m e  limit-  
ing, resul t ing  in a lowered  E F A  status.  
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Effects of Streptozotocin-lnduced Diabetes 
On Phosphoglyceride Metabolism of the Rat Liver 
AN-QUOC DANG, FRED H. FAAS and WILLIAM J. CARTER, Veterans Administration 
Medical Center, 300 East Roosevelt Road, Lit t le Rock, AR 72206, and Department o f  
Medicine, University of  Arkansas for Medical Sciences, Li t t le Rock, AR 72205 

ABSTRACT 

We have studied the effect of streptozotocin (SZ)-induced diabetes on fatty acyltransferase and 
phospholipase enzyme activities involved in the synthesis and degradation of rat liver phosphoglycer- 
ides. Neither mitochondrial nor microsomal acyl-CoA:glycerol 3-phosphate acyltransferase (GPAT) 
activity was altered, although insulin treatment stimulated mitochondrial GPAT activity. However, 
microsomal acyl-CoA:l-acylglycerol 3-phosphate acyltransferase (1-acyI-GPAT) activity increased 
(24-33 per cent, p < 0.01) in the diabetic animals using 3 different acyl-CoA donors: palmitoyl-CoA, 
oleoyl-CoA and linoleoyl-CoA. SZ-induced diabetes also increased acyl-CoA:l-acylglycerol 3-phos- 
phorylcholine acyltransferase (GPCAT) activity (38-45 per cent, p < 0.01) with 3 different acyl-CoA 
donors: oleoyl-CoA, linoleoyl-CoA and arachidonoyl-CoA. 1-acyl-GPAT and GPCAT activity returned 
to normal with insulin treatment. In contrast to the increased activity of the microsomal fatty acyl- 
transferases 1-acyI-GPAT and GPCAT, SZ-induced diabetes decreased mitochondrial phospholipase A 2 
activity and lysophospholipase activity (49-70 per cent, p < 0.01). Insulin treatment of the diabetic 
rats corrected the decreased lysophospholipase and stimulated phospholipase A 2 activity 35 per cent 
higher than controls. Since microsomal 1-acyI-GPAT and GPCAT are known to have higher activity 
toward unsaturated fatty acyl-CoA donors, the increased GPCAT activity coupled with the decreased 
lysophospholipase activity and the increased 1-acyI-GPAT activity in diabetes would tend to increase 
the formation of newly synthesized phospholipids containing unsaturated fatty acids. This mechanism 
plus the decreased fatty acid desaturase (4) may be the factors which alter the fatty acid composition 
of phosphoglycerides in diabetic rat liver microsomes. 
Lipids 19:738-748, 1984. 

INTRODUCTION 

Recent studies in this (1) and other labora- 
tories (2) have indicated that streptozotocin- 
induced diabetes changes the fatty acid compo- 
sition of rat liver microsomal phospholipid. 
Changes in the phospholipid fatty acid compo- 
sition due to diabetes also have been observed 
in a number of tissues other than the liver, such 
as human platelet (3) and rat heart, kidney, 
aorta and serum (2). Fatty acids such as linoleic 
and docosahexaenoic acids were increased and 
palmitoleic, oleic and arachidonic acids were 
decreased in the major microsomal phospho- 
lipids (1,2) in the diabetic animal. Such fatty 
acid composition changes have been explained 
partially by decreases of the Ag, m 6 and A s 
fatty acid desaturases (2,4). Furthermore, it has 
been found that in the alloxan-induced diabetic 
rat the conversion of PE to PC by stepwise 
methylation of PE was decreased (5). Parallel 
with that decrease was an increase in choline 
phosphotransferase activity, the enzyme cata- 
lyzing the step: CDP-choline + 1,2-diacyl-Sn- 
glycerol -~ PC + CMP (5). It was speculated that 
the increase of the latter step also might bring 
about changes in fatty acid composition of the 
microsomal phospholipids in the diabetic rat 
(5), since the increase of choline phosphotrans- 
ferase would increase the flux of PC derived 

from 1,2-diacyl-Sn-glycerol whose secondary 
acyl groups are predominantly monoene or 
diene, while the decrease in PE methyltrans- 
ferase would decrease the conversion of PE to 
PC, i.e., decrease polyunsaturated fatty acids in 
PC since PE normally contains substantial 
amounts of polyunsaturated fatty acids. 

Phospholipid fatty acid composition plays 
an important role in membrane fluidity, en- 
zyme activities and other properties of mem- 
branes (6,7). The present study was carried out 
to determine: a) whether streptozotocin, 
induced diabetes would change activities of 
enzymes that are involved in the incorporation 
(esterification, acylation) of long chain fatty 
acids into phosphatidic acid and into PC and 
PE; b) whether diabetes would have an effect 
on activities of phospholipases that are involved 
in the degradation of phospholipids, and 
c) whether these effects can be corrected by 
insulin treatment. The enzymes studied and 
reported here are: acyl-CoA: glycerol 3-phos- 
'phate acyltransferase (GPAT), acyl-CoA: 1-acyl- 
glycerol 3-phosphate acyltransferase (1-acyl- 
GPAT), acyl-CoA: 1-acylglycerol 3-phosphoryl- 
choline acyltransferase (GPCAT), phospholipase 
A2 and lysophospholipase. The first enzyme 
(GPAT) is known to catalyze a rate-limiting 
step for the synthesis of phosphatidic acid in 
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rat liver microsomes (8) and mitochondria (9). 
After the saturated fat ty  acid is incorporated 
into the primary position of Sn-glycerol 3-phos- 
phate by GPAT, 1-acyl-GPAT catalyzes the 
incorporation of a second unsaturated fat ty  
acid into the secondary position forming 
phosphatidic acid. GPCAT and phospholipase 
A2 form an acylat iondeacylat ion cycle that  is 
known to play an important  role in introducing 
polyunsaturated fat ty acids (linolenic and 
arachidonic acids) into PC and PE. Finally, 
lysophospholipase catalyzes the degradation of 
lyso-PC or lyso-PE. Results of this s tudy indeed 
have pointed out mechanisms by which diabetes 
can modify the fat ty acid composition of 
phospholipids. 

MATERIALS AND METHODS 

DL-~-glyceropho sphat e, L-~-glycerophosphate, 
, . . P 

fat ty  acid free bovine serum albumin, 5 ,5 -  
dithiobis-(2-nitrobenzoic acid) (DTNB), lyso- 
phosphatidylcholine,  egg lecithin, 1-palmitoyl- 
2-oleoyl-Sn-glycerol 3-phosphorylcholine, and 
fat ty  acyl-CoAs were obtained from Sigma 
Chemical Company, St. Louis, Missouri; 1- 
palmitoylglycerol 3-phosphate and 1-palmitoyl- 
Sn-glycerol 3-phosphorylcholine were obtained 
from PL Biochemicals, Milwaukee, Wisconsin. 
Streptozotocin was donated by Dr. W. Dulin, 
Upjohn Co., Kalamazoo, Michigan. Precoated 
silica gel G thin layer chromatography (TLC) 
plates were from Eastman Kodak Company, 
Rochester, New York. Precoated silica gel H 
TLC plates were from E. Merck, Darmstadt,  
West Germany. [U-14C]-Sn-glycerol 3-phos- 
phate was purchased from ICN Chemical and 
Radioisotope Division, Irvine, California. 1- 
palmitoyl-  2- [ 1-14 C ] oleoyl-  Sn-glycerol 3-phos- 
phorylcholine, 1-[ 1-14C] palmitoyl-Sn-glycerol 
3-phosphorylcholine, Aquasol-2 and Omnifluor 
were from New England Nuclear, Boston, 
Massachusetts. All other chemicals and reagents 
were reagent grade and commercially available. 

Animals and Their Treatment 

Male Sprague-Dawley rats from Charles 
River Breeding Laboratories were maintained 
on a Purina Chow diet and water ad libitum. 
Rats were about  6 weeks old and with a mean 
body weight of 207 g at the beginning of the 
experiments. In each experiment they were 
divided into 3 different groups using 4 or 5 rats 
per group: controls, diabetics and insulin- 
treated diabetics. Streptozotocin was dissolved 
in ice-cold 25 mM citrate buffer, pH = 4.5 and 
prepared just before use. Diabetes was induced 
by injection of  SZ (75 mg/kg body weight) into 
the tail vein. Time between SZ injection and 

sacrifice was 2-3 weeks. Control rats were in- 
jected with the citrate buffer vehicle. Ten to 12 
units of protamin zinc insulin (PZI) was in- 
jected subcutaneously in insulin-treated dia- 
betic rats daily for 3 days before they were 
killed. Before injections of SZ and insulin and 
before killing, blood was taken from the tail 
vein for glucose determination by a commer- 
cial glucose oxidase method (Sigma kit 510). 
Rats were killed by a blow on the head, and the 
liver was homogenized in ice-cold 0.25 M 
sucrose (5 ml/g wet weight liver). The homo- 
genate was centrifuged at I000 x g for 10 min 
to eliminate cell debris and nuclei. The super- 
natant  was then centrifuged at 6000 • g for 
20 rain and the resulting pellet washed twice. 
The mitochondria were resuspended in 0.25 M 
sucrose and stored at  - 7 0  C (10-20 mg protein/  
ml). The 6000 • g supernatant was centrifuged 
at 16,000 • g for 20 min and the resulting 
supernatant was subjected to addit ional centri- 
fugation at 100,000 • g for 60 rain to obtain 
the microsomal pellet. After the surface of the 
pellet was washed twice, the microsomal frac- 
tion was resuspended in 0.25 M sucrose and 
stored at - 7 0  C (20 mg protein/ml).  Protein 
was assayed as described by Hartree (10). 

Enzyme Assays 

Acyl-CoA : glycerol 3-phosphate acyltrans- 
/'erase (GPAT). Both microsomal and mito- 
chondrial GPAT were assayed as described by  
Yamashita and Numa (1 I) ,  but in the presence 
of 2 mM Mg C12 to enhance the enzyme activ- 
i ty as described by Monroy et al. (12). The re- 
action mixtures (0.35 ml) contained 60 mM 
Tris HC1, pH 7.4~ 0.72 mM DL-ct-glycerol 3- 
phosphate and [U-14C]-Sn-glycerol 3-phosphate 
(specific activity: 450 dpm/nmol  assuming half 
of the DL-ct-glycerol 3-phosphate is Sn-glycerol 
3-phosphate), 2 mM MgC12, and different 
amounts of acyl-CoA and mitochondrial  or 
microsomal protein as indicated in Figure 1C 
and 1 A, respectively. The reaction mixture was 
incubated at 37 C for several minutes as indi- 
cated in Figure 1B and the reaction terminated 
by adding 4 ml of chloroform:methanol  (2:1, 
v/v) and 1 ml of  0.2 N hydrochloric acid. After 
centrifugation, the lower chloroform phase was 
washed twice with 4 ml of methanol:0.1 N 
hydrochloric acid (1:1, v/v) each time and 
counted in 10 ml of Omnifluor cocktail. 

Figure I A shows that when the mitochon- 
drial or microsomal protein content  of the re- 
action mixture was less than 0.5 mg (using 
either 0.72 mM or 2.0 mM substrate), the 
activity of both  enzymes was proport ional  to 
protein concentration. However, the microsomal 
GPAT showed a decrease in activity when the 
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FIG. 1A. Microsomal and mitochondrial GPAT 
protein-dependent curve. Enzyme activities were 
assayed as described in Materials and Methods. They 
were carried out at 2 different substrate concentra- 
tions of DL-ovglycerol-3-phosphate (0.72 mM and 
2 mM final concentrations), 75 pM acyl-CoA and at 
different amounts of either mitochondrial or micro- 
somal protein as indicated in figure. Each point was an 
average of at least 2 determinations. 

\ 
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FIG. lB. Microsomal and mitochondrial GPAT 
time-dependent curve. Enzyme activities were deter- 
mined as described in the legend to Figure 1A, and the 
final concentration of DL-a-glycerol-3-phosphate was 
0.72 mM. Each reaction mixture contained 0.5 mg of 
either microsomal or mitochondrial protein. Time of 
incubations varied as indicated in the abscissa. 

p ro te in  c o n t e n t  of  the  r eac t ion  m i x t u r e  was 
greater  t h a n  1 mg. This  m a y  be  due to  t he  pres- 
ence  of  acy l -CoA hydro lase  wh ich  hyd ro lyzes  
the  acyl-CoA added  as a subs t ra t e  for  the  
GPAT,  since the  acyl -CoA hydro la se  ac t iv i ty  in 
mic rosomes  is k n o w n  to be  h igher  t h a n  t h a t  in 

'C 
I. 5 / .| ~ ~--ITOYL-CoA 

I_./ . ' e  

~ 1.0 / I w  STEAI~OYL-CoA 

e: 
0 .5  

I I I 1 I 
50 I O 0  i 5 0  200 250 

uM ACY L-CoA 
FIG. 1C. Acyl-CoA dependent curve for microso- 

mal GPAT. Microsomal GPAT activity was determined 
as described in the legend to Figure 1 B, but  incubation 
time was 3 min. Final concentration of palmitoyl-CoA 
or stearoyl-CoA in reaction mixtures was varied as 
indicated in the abscissa. 

m i t o c h o n d r i a  (13).  B o t h  the  m i c r o s o m a l  and  
m i t o c h o n d r i a l  G P A T  act iv i ty  were l inear  wi th  
t i m e  of  i n c u b a t i o n  for  a b o u t  t h e  first 3 ra in  
(Fig. 1B). When  the  m i c r o s o m a l  GPAT was 
assayed at  d i f fe ren t  c o n c e n t r a t i o n s  of  pa lmi toy l -  
CoA or s tea roy l -CoA as ind ica ted  in Figure  1 C, 
the  h ighes t  e n z y m e  ac t iv i ty  occu r red  at  150 /aM 
acyl-CoA. There fo re ,  in t he  assays s h o w n  in 
Table  1, r e ac t i on  mix tu re s  c o n t a i n e d  0.5 mg 
m i t o c h o n d r i a l  or mic rosoma l  p ro te in  and  
75 /aM pa lmi toy l -CoA and  were i n c u b a t e d  for  
3 min.  

Acyl-CoA : l-acyl glycerol 3-phosphorylcho- 
line acyltransferase (GPCA T). This  e n z y m e  was 
assayed e i ther  s p e c t r o p h o t o m e t r i c a l l y  by  meas-  
ur ing  r e d u c t i o n  of  DTNB at  412  n m  b y  t he  th io l  
g roup  of  free CoA-SH released or  by  measur ing  
the  convers ion  of  [ 1 J 4 C ] p a l m i t o y l g l y c e r o l  3- 
p h o s p h o r y l c h o l i n e  to 14C-PC as descr ibed by  
McKean  et al. (14).  The  s p e c t r o p h o t o m e t r i c  
assay was carr ied ou t  at  r o o m  t e m p e r a t u r e  in a 
dual  b e a m  A m i n c o ,  DW-2 UV-vis s p e c t r o p h o t o -  
m e t e r  set  for  split  b e a m  mode .  The  r eac t ion  
mix tu re s  cons is ted  of  100 mM Tris-HC1, pH = 
7.4,  0 .33 mM DTNB,  25 /aM fa t t y  acyl-CoA, 
0.1 mM egg lyso-PC and  m i c r o s o m a l  p ro t e in  as 
ind ica ted  in Figure  2A in a t o t a l  vo lume of  
I ml. Egg lyso-PC was o m i t t e d  f rom the  refer-  
ence  cuvet te .  The  assay was in i t i a ted  by  the  
add i t i on  of the  e n z y m e  to b o t h  re fe rence  and  
sample  cuve t tes  and  mixed  well. The  ini t ia l  
r eac t ion  rate  was r eco rded  c o n t i n u o u s l y  at  
412  n m  for  a b o u t  1 min  and  was l inear  wi th  
t ime.  Since b o t h  re fe rence  and  sample  cuve t tes  
c o n t a i n e d  equal  a m o u n t s  of  acyl-CoA and  
microsomes ,  mic rosoma l  acyl -CoA hydro lase  
act iv i ty  is cancel led ou t  and  the  changes  in 
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opt ica l  dens i ty  represen t  on ly  GPCAT activi tyf  
The molar  e x t i n c t i o n  coef f ic ien t  13 ,600 M- 
cm -1 was used to calcula te  the  e n z y m e  act ivi ty.  
When the  radioact ive  assay was used, the  re- 
ac t ion  m i x t u r e  was ident ical  wi th  the  spec t ro-  
p h o t o m e t r i c  assay descr ibed above,  bu t  0.I  mM 
of I-[ 1-14 C ]-palmitoyl-Sn-glycerol  3 -phosphory l -  
chol ine  (specific act iv i ty :  2700  d p m / n m o l e )  
was used and  the  i n c u b a t i o n  was carr ied ou t  at  
37 C for d i f fe ren t  periods,  as ind ica ted  in 
Figure 2B. The  reac t ion  was s topped  by  add ing  
4 ml c h l o r o f o r m : m e t h a n o l  (2:1 ,  v/v) and  
0.25 ml 2N sulfuric acid to the  reac t ion  mix- 
ture.  Af te r  cen t r i fuga t ion ,  the  lower chloro-  
form phase was washed wi th  4 ml m e t h a n o l :  
0.1 N hydroch lo r i c  acid (1 : l ,  v/v). Fol lowing 
the  add i t ion  of  unlabel led  egg leci thin  and  
l y sophospha t i dy l cho l i nc  carriers,  the  ex t rac t s  
were spo t t ed  on Silica gel H TLC plates which  
were developed wi th  c h l o r o f o r m : m e t h a n o l :  
acet ic  acid :water  (25 : 15:4:  2, v/v)  as descr ibed 
by  Skipsky et al. (15).  The  lyso-PC and  PC 
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FIG. 2A. Microsomal GPCAT protein-dependent 
curve. Enzyme activity was determined by spectro- 
photometric assays as described in Materials and 
Methods. Linear initial reaction rates were measured at 
different concentrations of microsomal protein as 
indicated in the abscissa. The enzyme protein depend- 
ent curve was carried out for 2 different acyl-CoA 
donors: linoleoyl-CoA and oleoyl-CoA. Final concen- 
tration of each acyI-CoA in the reaction mixtures was 
25 pM. Each point was an average of at least 2 deter- 
minations. 
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spots  were ident i f ied  by  iodine  vapor,  scraped 
f rom the  plates  and  c o u n t e d  in 10 ml Omni-  
f luor  cocktai l .  

In the  s p e c t r o p h o t o m e t r i c  assay, the  ini t ial  
rate of  e n z y m e  ac t iv i ty  was l inear  wi th  micro-  
somal  p ro te in  c o n c e n t r a t i o n  to at  least 150 #g 
pro te in  per assay (Fig. 2A). In the  radioac t ive  
t racer  assay, the  e n z y m e  reac t ion  ra te  was 
l inear  wi th  t ime  up to 10 min  (Fig. 2B). Thus,  
the  a m o u n t  of  mic rosomal  p ro te in  used in b o t h  
assay p rocedures  was 50 #g, and  the  i n c u b a t i o n  
t ime in the  radioac t ive  t racer  assay was 6 rain 
(Table  I ). 

Acyl-CoA:l-acylglycerol 3-phosphate acyl- 
transferase [1-acyI-GPAT}. This e n z y m e  was 
assayed s p e c t r o p h o t o m e t r i c a l l y  as descr ibed for  
the  GPCAT,  excep t  t ha t  0.1 mM l -pa lmi toy l -  
glycerol  3 -phospha te  was used as subs t ra t e  
ins tead of  egg lyso-PC. The  buffer  subs t ra t e  
mix tu re  was son ica ted  in the  presence  of  f a t t y  
acid free BSA (2.0-2.5 mg/ml )  and  2 mM MgCI2. 
The soni f ica t ion  was done  wi th  a Bronson  
sonif ier  at a se t t ing  of  8 ( a p p r o x i m a t e l y  120 
wat t s )  for 1 rain or unt i l  the  subs t r a t e  was uni-  
fo rmly  dispersed.  

Figure 3 shows t ha t  the  init ial  ra te  of  en- 
zyme  act iv i ty  measured  s p e c t r o p h o t o m e t r i c a l l y  
was l inear wi th  mic rosomal  p ro te in  to  at  least 
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Microsomal GPCAT time-dependent 
curve. Enzyme activity was determined by radioactive 
assays as described in Materials and Methods. 25 uM 
oleoyl-CoA was used as acyI-CoA donor. Reactions 
were started by addition of 50 pg microsomal protein 
and then stopped at indicated times in the abscissa. 
Each point was an average of 2 determinations. 
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FIG. 3. Microsomal 1-acyl-GPAT protein-depend- 
ent curve. Enzyme activity was measured spectro- 
photometrically as described in Materials and Meth- 
ods. 25 pM oleoyl-CoA was used as an acyl-CoA 
donor. Linear initial reaction rates were measured at 
different concentrations of microsomal protein as 
indicated in the abscissa. Each point was an average of 
2 or 3 determinations. 

200 #g per assay. Results in Table 1 were per- 
formed at a microsomal protein concentration 
of 50 #g per assay. 

Lysophospholipase. This enzyme was as- 
sayed by determining the release of labelled 
palmitic acid from lysophospholipid. The incu- 
bation mixtures (0.5 ml) contained 100 mM 
Tris-HC1, pH = 7.4, different amounts of 1- 
[ 1-14 C ] palmitoyl-Sn-glycerol 3-phosphorylcho- 
line (S.A.: 450-650 dpm/nmole )and  16,000 g 
supernatant protein as indicated in Figures 4C 
and 4A, respectively. The reaction was started 
by adding the enzyme and the reaction mixture 
incubated at 37 C for the periods indicated in 
Figure 4B. The reaction was stopped by the 
addition of 4 ml chloroform:methanol (2:1, 
v/v) and 0.25 ml 2N sulfuric acid. After extract- 
ing 14C-palmitic acid released from the reaction 
into the chloroform by vortex mixing, the 
lower chloroform phase was washed twice with 
4 ml methanol: 0.1N hydrochloric acid ( I :1 ,  
v/v). The 14 C-palmitic acid was separated from 
unreacted 14C-lyso-PC substrate by TLC on 
Silica gel G, developed with the solvent system: 
n-hexane :diethylether:acetic acid (80: 20:1, v/v). 
In this procedure, the recovery of 14C-palmitic 
acid was 85-95 per cent. TLC also was carried 
out on Silica gel H, developed with the solvent 
system chloroform: methanol:acetic acid:water 
(25:15:4:2,  v/v) as described above for the 
enzyme GPCAT. In the latter procedure, 
14C-PC also was determined, since it was 
separated from 14C-palmitic acid and t4C-lyso- 
PC. The amount of 14C-palmitic acid released 
was similar in both TLC systems. 

It appears that lysophospholipase is in- 
hibited either at high protein or high substrate 
concentration. For assays using 0.16 mM lyso- 
phosphatidylcholine (Fig. 4A), enzyme activity 
was inhibited when the protein content of the 
reaction mixture was greater than I mg. Using 
0.8 mg protein per assay, enzyme activity was 
linear with time of incubation up to 10 min 
(Fig. 4B). Figure 4C shows that when 0.8 mg 
protein per assay was used, the enzyme activity 
was not inhibited at substrate concentrations 
up to 0.25 mM, but when 0.4 mg protein per 
assay was used tile enzyme activity was in- 
hibited at substrate concentrations greater than 
0.12 mM. Thus, we selected 0.16 mM lysophos- 
phatidylcholine and 0.8 mg protein for this 
enzyme assay with an incubation time of 
I 0 min per assay (Table 1). 

Phospholipase A2. This enzyme was assayed 
as described by Shakir (16): To 50/al aliquots 
of 5 mM l-palmitoyl-2-[l-t4C]oleoyl-Sn-glyc- 
erol 3-phosphorylcholine (specific activity = 
230-450 dpm/nmole) dissolved in chloroform: 
methanol (2:1, v/v) were added 70 /11 of 0.5 
per cent Triton (v/v). The solvent was then 
evaporated and 130 #1 of buffer containing 
100 mM glycine-NaOH, pH 9.5, 0.5 M KC1, 
5 mM CaC12 and 2 mM sodium deoxycholate 
added. The reaction was started by adding 
300 /al of rat liver mitochondria in 0.25 M 
sucrose containing different amounts of pro- 
tein as indicated in Figure 5A. The reaction 
mixtures were incubated at 37 C for several hr 
as indicated in Figure 5B and the reactions 
terminated by adding 2 ml heptane:isopropanol: 
2 N sulfuric acid (5:20:1, v/v). The 14C-oleic 
acid released into the reaction mixture and the 
unreacted substrate were extracted into the 
heptane layer and separated by using 150 mg 
silicic acid (16). To verify the amount of 
14C-oleic acid released, the heptane layer was 
evaporated and then applied to silica gel G TLC 
plates and developed with the solvent system: 
n-hexane:diethylether:acetic acid (80:20:1, 
v/v) as described above for lysophospholipase. 
Both of these procedures yielded similar 
amounts of released 14C-oleic acid. 

Figure 5A and 5B indicate that the reaction 
rate was linear with time up to 3 hr and with 
mitochondrial protein concentration to 8 mg 
protein per assay. Therefore, phospholipase A2 
was assayed with incubation time of 3 hr in the 
presence of 4 mg mitochondrial protein per 
assay (Table 1). 

Statistical Analysis 

The results of replicate experiments were 
pooled for statistical analysis, and the number 
of animals used for each assay are indicated in 
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Lysophospholipase protein-dependent FIG. 4A. 
curve. Enzyme activity was measured as described in 
Materials and Methods. Reaction mixtures contained 
0.16 mM of substrate 1-[ 1-14C] palmitoyl-Sn-glycerol 
3-phosphorylcholine and different amounts of 16,000 
X g supernatant protein as indicated in the abscissa. 
Incubations were done at 37 C for 10 min. Each point 
was an average of 2 determinations. 

the  tables. Significant d i f ferences  be tween  
groups were de te rmined  by  using S tuden t ' s  
t tes t .  

R ESU L T S  

The diabet ic  rats had a significant increase in 
b lood  glucose (diabetic:  477 mg/d l  -+ 8, cont ro l :  
130 + 6 mg/dl)  and a significant decrease (25 
per cent ,  p < 0.001) in weight  gain 2-3 weeks 
af ter  induc t ion  of  diabetes  as compa red  to 
cor responding  cont ro l  rats. The un t rea ted  
diabetic rats also showed  overt  polyuria ,  poly- 
phagia and polydypsia .  Daily t r e a t m e n t  of  the  
diabet ic  rats wi th  10-12 units  o f  p ro tamine  zinc 
insulin for  3 days cor rec ted  these s y m p t o m s  
and decreased their  b lood  glucose to con t ro l  
levels�9 

E n z y m e  Characterist ics 

The microsomal GPAT enzyme activity was 
3 to 6 times higher than that of the mitochon- 
drial GPAT (Table 1), which had an activity 
similar to that reported by Orosjean and Haldar 
(17). The act ivi ty of  the  microsomal  GPAT has 
been  separated f rom the  microsomal  1-acyl- 
GPAT (11). As seen in Figure 3 and Table 1, 
the  1-acyl-GPAT e n z y m e  activi ty is a b o u t  20 
t imes higher than  microsomal  GPAT. This is 
similar to  the  repor t  o f  Lands et  al. (18). 
Table 1 also shows tha t  the  1-acyl-GPAT had a 
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FIG. 4B. Lysophospholipase time-dependent curve. 

Enzyme activity was measured as described in the 
legend to Figure 4A except that 0.8 mg of protein was 
used and incubation times were varied as indicated in 
the abscissa. 
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FIG. 4C. Lysophospholipase substrate-dependent 
curve. Enzyme activity was determined as described in 
the legend to Figure 4A and 4B, but 2 different 
amounts of protein were used: either 0.8 mg ( e - - e - - e )  
or 0.4 mg ( i  . . . . .  �9 . . . . .  �9 as indicated in the 
figure, and the final substrate concentrations were 
varied as indicated in the abscissa. Incubation time was 
10 min. In the assays with 0.4 mg protein/assay, the 
formation of 14C-phosphatidylcholine also was deter- 
mined and plotted on the bottom line (~__zx__A). 
This line represents lysophosphatidylcholine :lysophos- 
phatidylcholine transacylase activity. Note that a 
smaller scale was used for the transacylase activity as 
indicated in the right ordinate. 
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curve. Enzyme activity was determined by the Shakir 
procedure (16) as described in Materials and Methods. 
Incubations were carried out for 3 hr at 37 C in the 
presence of different amounts of mitochondrial pro- 
tein as indicated in the abscissa. Each point was an 
average of 2 determinations. 

FIG. 5B. Phospholipase A s time-dependent curve. 
Enzyme activity was determined as described in the 
legend to Figure 5A, but 4 mg mitochondfial protein 
were used and incubation times were varied as de- 
scribed in the abscissa. 

higher activity toward the monounsaturated 
fatty acyl-CoA (oleoyl-CoA) than toward the 
saturated acyl-CoA (palrnitoyl-CoA). Similar 
observations were made by Lands et al. (18) 
and by Yamashita et al. (19)using the partially 
purified enzyme. 

The microsomal enzyme GPCAT has been 
separated from microsomal 1-acyl-GPAT (19). 
The activity of the GPCAT enzyme toward 
polyunsaturated fatty acyl-CoA donors oc- 
curred in the following order: arachidonoyl- 
CoA > linoleoyl-CoA > oleoyl-CoA (Table 1). 
Similar results were obtained by Lands et al. 
(18). The radioactive tracer technique gave 
results similar to the spectrophotometric assays 
(Fig. 2B and Table 1), supporting the validity 
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of the spectrophotometric assays. 
Subcellular fractionation of rat liver homo- 

genates has shown that 82 per cent of lyso- 
phospholipase activity is found in the micro- 
somal and protein soluble fractions (20). In this 
study the enzyme was assayed in 16,000 • g 
supernatants. Substrate inhibition seen in the 
lysophospholipase assay (Fig. 4C) has pre- 
viously been reported for this enzyme in rat 
liver 100,000 g supernatant or in rabbit heart 
microsomes by van den Bosch et al. ( 20 ) a nd  
Gross and Sobel (21), respectively. These 
authors explained that the unusual enzyme 
properties of lysophospholipase may be due to 
the different lysophospholipid density existing 
in the microsomal membrane (21) or to the 
expression of "protein entities" with different 
lysophospholipase activities (22). 

It has been demonstrated that lysophospho- 
lipase in rat lung cytosol has the capability to 
transfer the fatty acyl moiety from one lyso- 
phosphatidylcholine molecule to another with 
the formation of phosphatidylcholine, i.e., 
transacylase activity (23). However, in the 
16,000 g supernatant from rat liver, the trans- 
acylase activity was only 1/30th the optimal 
activity of lysophospholipase (lower line of 
Fig. 4C). 

Effects of Streptozotocin-induced 
Diabetes on Enzyme Activities 

After the optimal assay conditions were 
determined for each enzyme (see Methods), the 
effect of streptozotocin-induced diabetes on 
enzyme activities was studied. The results 
obtained in non-diabetic controls, 3-week 
diabetic rats and in insulin-treated diabetic rats 
are shown in Table I. 

Table 1 shows that both mitochondrial and 
microsomal GPAT were not affected by dia- 
betes. Although a previous study reported that 
specific activity of microsomal GPAT from 
diabetic animals was increased 58 per cent over 
controls (24), the present study showed no sig- 
ni f icant  change in GPAT, ha agreement with 
Whiting et al. (25) (Table 1). Bates and Sagger- 
son (24) reported that the diabetic mitochon- 
drial GPAT was decreased 24 per cent over 
controls. However, the present study indicated 
only an 11 per cent decrease compared to con- 
trols, and this small decrease was not  reproduci- 
ble. Nevertheless, in the insulin-treated diabetic 
rats, the mitochondrial GPAT activity increased 
104 per cent over controls. This suggests that 
mitochondrial GPAT can be induced by insulin 
and is consistent with results obtained from a 
perfused liver system (26). 

Although diabetes did not  change GPAT 
activity, it stimulated microsomal 1-acyl-GPAT 
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activity (24-33 per cent, p < 0.01). This in- 
crease was observed using 3 different acyl-CoA 
donors: palmitoyl-CoA, oleoyl-CoA and lino- 
leoyl-CoA. Insulin t reatment  of diabetic rats for 
3 days reduced the microsomal 1-acyI-GPAT to 
the control  level. Microsomal 1-acyl-GPAT is 
known to catalyze the esterification of the 
monoene and diene fat ty  acids into phosphatidic 
acid (27), whereas the polyunsaturated fat ty  
acids such as eicosatrienoic (C20:3) and arachi- 
donic (C20:4) acids are esterified mainly by the 
microsomal GPCAT. Therefore, studies of the 
latter enzyme were carried out. Experimental  
diabetes also increased GPCAT activity 38-45 
per cent above control  levels, p < 0.01. The 
increased GPCAT activity also was found with 
3 different acyl-CoA donors: oleoyl-CoA, 
linoleoyl-CoA and arachidonoyl-CoA. The 
radioactive tracer experiment with oleoyl-CoA 
as acyl-CoA donor verified the increase in esteri- 
fication (24 per cent, p < 0.01) by GPCAT 
in the diabetic rat. Experiments using arachi- 
donoyl-CoA as the acyl-CoA donor showed that 
the increased GPCAT activity in diabetic rats 
was corrected by daily injections of insulin for 
3 days. 

In order to determine whether the acylation- 
deacylation cycle is affected by diabetes, we 
examined mitochondrial  phospholipase A2 
activity. This enzyme had considerably lower 
activity (0.5-1 nmole/mg/hr)  than other en- 
zymes in the phospholipid metabolic scheme as 
previously reported (28). The results in Table 1 
indicate that phospholipase A2 activity in the 
diabetic rats was decreased 32 per cent as com- 
pared to controls. Insulin t reatment  not  only 
restored depressed enzyme activity, but  caused 
a stimulation to a level 35 per cent greater than 
controls and twice that of untreated diabetics 
(p < 0.05). The stimulation of phospholipase 
A2 by insulin also has been demonstrated in 
isolated rat adipocyte plasma membranes (29). 
A product  of phospholipase A s is lysophospho- 
lipid, which can be hydrolyzed by the lyso- 
phospholipase as well as reacylated by GPCAT. 
Results in Table 1 show that the lysophospho- 
lipase activity in diabetes was markedly de- 
creased (49-70 per cent) and that this decrease 
was restored to normal by insulin treatment.  
Since the other product  in the phospholipase 
A2 assay, 1-palmitoyl-lyso PC, was not  identi- 
fied, it is possible that the apparent decrease in 
phospholipase A2 activity might have resulted 
from a phospholipase A1 activity followed by 
lysophospholipase activity. 

DISCUSSION 

This paper presents the effects of strep- 

tozotocin-induced diabetes on several enzyme 
activities involved in phospholipid synthesis and 
breakdown. The microsomal acyltransferases 
1-acyl-GPAT and GPCAT are known to cata- 
lyze the incorporation of unsaturated fat ty  
acids into the secondary posit ion of lysophos- 
phoglycerides such as 1-acyl-Sn-glycerol 3- 
phosphate and 1-acyl-Sn-glycerol 3-phosphoryl- 
choline to form the corresponding phosphatidic 
acid and phosphatidylcholine.  Both of these 
enzyme activities were found to be increased in 
diabetic rat liver microsomes. The increase in 
GPCAT was accompanied by a significantly 
decreased lysophospholipase activity which 
catalyzes the hydrolysis of 1-acyl-Sn-glycerol 
3-phosphorylcholine. Thus, the decrease of 
lysophospholipase coupled with the increase in 
GPCAT would further stimulate the formation 
of phospholipids containing polyunsaturated 
fat ty  acids, since the decrease of lysophospho- 
lipase would increase availability of the sub- 
strate 1-acyl-Sn-glycerol 3-phosphorylcholine 
for the acylation reaction catalyzed by GPCAT. 
Both the increased enzyme activity of micro- 
somal 1-acyl-GPAT and GPCAT and the de- 
creased enzyme activity of lysophospholipase 
were corrected by insulin treatment of the 
diabetic rats. Although starvation and diabetes 
have many similarities, Pugh and Kates (30) re- 
ported that starvation or various diets did not  
affect GPCAT activity in the rat liver. 

The enzyme GPAT which catalyzes the 
esterification of saturated fat ty  acids into the 
primary position of Sn-glycerol 3-phosphate 
was assayed in both mitochondria and micro- 
somes. The microsomal GPAT is distinguishable 
from the mitochondrial  GPAT because the 
former is sensitive to sulfhydryl  reagents while 
the latter is not  (12). The microsomal GPAT 
also is known to have high activity toward both 
palmitoyl-CoA and oleoyl-CoA substrates, 
whereas the mitochondrial  GPAT is much more 
active with palmitoyl-CoA as substrate as com- 
pared to oleoyl-CoA (17). Indeed, the major 
product  formed from mitochondrial  GPAT is 
monoacyl-Sn-glycerol 3-phosphate, while the 
major product formed from the microsomal 
GPAT and 1-acyI-GPAT is diacyl-Sn-glycerol 
3-phosphate (phosphatidic acid). Thus, the 
synthesis of phosphatidic acid in liver micro- 
somes proceeds through a sequential acylation 
of Sn-glycerol 3-phosphate and the synthesis is 
mediated by 2 distinct acyltransferases: GPAT 
and 1-acyI-GPAT (11). The microsomal GPAT 
has been partially purified and separated from 
the microsomal 1-acyl-GPAT and GPCAT (19). 
Our results indicate that s treptozotocin-induced 
diabetes exerted different effects on microsomal 
GPAT and 1-acyl-GPAT, with diabetes causing 
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s t imu la t i on  of  1-acyl-GPAT while  having  no  
ef fec t  on the  mic rosoma l  GPAT.  Previous  
s tudies  have ind ica ted  t h a t  m i c r o s o m a l  G P A T  
was e i the r  increased  (24)  or  u n c h a n g e d  (25)  in 
d iabe tes  and  t h a t  m i t o c h o n d r i a l  G P A T  was 
decreased (24) .  The  f indings  in th is  r e p o r t  indi-  
cate t ha t  the  increase in m i c r o s o m a l  phos-  
pha t id ic  acid synthes i s  wh ich  has  b e e n  r e p o r t e d  
in hea r t  m ic rosomes  of  d iabe t ic  ra ts  (31)  m a y  
be  due to the  increase  in t he  1-acyl-GPAT 
r a t h e r  than  GPAT. A l t h o u g h  m i t o c h o n d r i a l  
G P A T  was no t  subs tan t i a l ly  changed  in t he  
d iabe t ic  rats,  i t  was i nduced  b y  insulin.  Thus  
this  s t udy  suggests t ha t  the  m i t o c h o n d r i a l  
G P A T  is u n d e r  r egu la t ion  b y  insu l in  as has  been  
d e m o n s t r a t e d  previously  in the  per fused  liver 
(24)  and  may  be  r educed  in more  severely 
insul in  def ic ien t  d iabe t ic  animals .  

E n z y m e  phospho l ipase  A2 occurs  p redomi -  
n a n t l y  in the  ou t e r  m e m b r a n e  of  ra t  liver 
m i t o c h o n d r i a  (32) .  We have f o u n d  t h a t  mi to -  
chondr i a l  phospho l ipase  A2 ac t iv i ty  was de- 
creased in the  d iabet ic  animals ,  and  t h a t  th is  
decrease  was overcor rec ted  b y  insul in  t reat-  
men t .  This  obse rva t ion  is cons i s ten t  w i th  
s tudies  in ad ipose  t issue p lasma m e m b r a n e s  
(29)  in wh ich  phospho l ipase  A2 was f o u n d  to  
be s t imu la t ed  by  insul in  w h e t h e r  insul in  was 
added  at the  t i m e  of  i n c u b a t i o n  or pre incu-  
b a t e d  w i t h  the  m e m b r a n e s .  A l t h o u g h  GPCAT 
act iv i ty  was increased in the  d iabet ic  ra t  liver, 
t he  decrease  in phospho l ipase  A2 ac t iv i ty  sug- 
gests t ha t  the  deacy la t ion - reacy la t ion  cycle in  
phosphog lyce r ides  is n o t  s t imu la t ed  in diabetes.  
However ,  t he  increased G P C A T  act iv i ty  cou- 
pled wi th  the  decreased lysophospho l ipase  
ac t iv i ty  and  the  increased  1-acyl-GPAT act iv i ty  
in d iabetes  all wou ld  t end  to increase  the  for- 
m a t i o n  of  newly  syn thes ized  phospho l ip id s  
con ta in ing  u n s a t u r a t e d  f a t t y  acids. These  
changes  in e n z y m e  ac t iv i ty  a lone  c a n n o t  en- 
t i re ly  expla in  t he  a l t e red  f a t t y  acid c o m p o s i t i o n  
of  phospho l ip ids  in diabetes ,  s ince t he  G P C A T  
and  1-acyl-GPAT act ivi t ies  were increased 
equal ly  using m o n o u n s a t u r a t e d  and  po lyunsa tu -  
ra ted  f a t t y  acyl -CoA subst ra tes .  Hbwever ,  t he  
d imin i shed  f a t t y  acid desa tu ra t i on  in d iabe tes  
(4)  would  d imin i sh  the  poo l  of  m o n o u n s a t u -  
ra ted  f a t t y  acids and  a r ach idon ic  acid. Thus,  
the  a l te red  e n z y m e  act ivi t ies  which  t end  to 
increase  the  f o r m a t i o n  of  u n s a t u r a t e d  f a t t y  acid 
con ta in ing  phosphol ip ids ,  t oge the r  wi th  the  
d imin i shed  f a t t y  acid desa turase  ac t iv i ty ,  m ay  
expla in  the  a l t e ra t ions  in  f a t t y  acid compos i -  
t i on  in the  d iabe t ic  animal .  
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ABSTRACT 

In guinea pigs, total plasma cholesterol concentrations increased above the control values after 
single intravenous injections and after 3 days of continuous subcutaneous administration of neuroten- 
sin (NT). A high dose of NT (125 pmol/100 g body weight) induced tachycardia and severe respiratory 
distress; the lowest dose (1.25 pmol[100 g body weight) had the greatest hypercholesterolemic effect 
15 min after the injections. The bulk of the total plasma cholesterol was in low density lipoprotein 
fractions. Cholesterol increased in the same fractions after intravenous administrations of NT. NT 
induced a decrease in the cholesterol content in the ileum but did not affect significantly the choles- 
terol content in the liver, kidneys or adrenals. In 48-hr fasted controls, plasma cholesterol concen- 
tration and cholesterol content in the liver, kidneys, adrenals and terminal ileum increased; after 
intravenous injections of NT, plasma cholesterol concentration further increased but cholesterol 
content of the liver, kidneys and ileum decreased. In fed animals, the concentration of the biliary 
taurochenodeoxycholic acid increased above the control values 5 and 35 min after the intravenous 
injections of NT. In fasted controls, the total concentration of bile acids was higher than in fed con- 
trois, but only the concentration of taurocherlodeoxyeholie acid further increased after the injections 
of NT. Proportionately more tauroehenodeoxycholic acid than cholesterol was present in bile after 
the intravenous injections of NT. These data are consistent with the hypothesis that NT has a regula- 
tory role in intestinal cholesterol transport. 
Lipids 19:749-755, 1984. 

INTRODUCTION 

Neurotensin  (NT) originally was isolated 
f rom the bovine hypotha lamus ,  but  later it 
also was found in considerable concent ra t ion  in 
the small intest ine (1). Initially,  hypotens ion ,  
increased secret ion of  ACTH,  LH and FSH, 
and hyperglycemia  were described as the major  
biological effects  of  NT (1,2): We repor ted  
that  single in t ravenous inject ions of NT induced 
significant transient hypercholes tero lemia  in 
rats, no t  media ted  by the adrenal  glands or the 
pi tui tary (3). 

In our  prel iminary studies, the hypercholes-  
te ro lemic  response to intravenously injected NT  
was even more p ronounced  in guinea pigs than 
in rats (4). In the present investigation, we 
examined the dura t ion and dose-dependence  of  
the  hypercholes tero lemic  response to NT, 
and the effects  of  cont inuous  adminis t ra t ion of  
NT. Considering the abundance of  NT in the 
wall of  the small intest ine coexisting with 
synthesis and assembly of  some cholesterol  
t ransport ing l ipoproteins  (5), we have suggested 
that  NT may  regulate the intestinal t ransport  
of  cholesterol  (3). A s tudy of  NT-like im- 
munoreac t iv i ty  in rats also suggested that  NT 
may  be involved in lipid homeostasis  (6). To 
test this hypothesis  fur ther ,  we compared  the  

*To whom correspondence should be addressed. 

changes of  cholesterol  concent ra t ions  in the 
plasma and i leum before  and after the intrave- 
nous adminis t ra t ions  of  NT and began to 
characterize changes in the plasma l ipoproteins  
in the same animals. To evaluate the possible 
influence of  the contents  of  the intestinal 
lumen  on the hypercholes te ro lemic  effect  of  
NT, we per formed  these exper iments  in fed and 
48-hr fasted guinea pigs. NT had no effect  on 
the rate of  7a -hydroxyla t ion  of  cholesterol  (7). 
In the present  investigation we examined the 
effect  of  NT on the concent ra t ions  of  choles- 
terol  and bile acids in gall bladder bile. 

MATERIALS AND METHODS 

Single Injections of NT 

NT was purchased f rom Bachem, Inc., 
Torrance,  California. Its au thent ic i ty  was con- 
f i rmed by analysis for amino acid sequence and 
puri ty.  Abou t  4-month-old  male Hart ley 
guinea pigs (280-320 g ) f r o m  Simonsen Labora- 
tories,  Inc., Gilroy,  California or  f rom Elm Hill, 
Chatswor th ,  Massachusetts, were kept  in con- 
trolled en i r o n m e n t  animal quarters for at 
least a week before the exper iments .  They had 
free access to Purina guinea pig chow, fresh 
green vegetables and water  unti l  about  2 hr  
before the exper iments .  The animals were killed 
with a neck clamp 5, 15, 25 or 35 min after 
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injections in to  the ear veins of 12.5 pmol 
NT/100 g body weight in 0.05 ml saline (0.9% 
NaCI)/100 g body weight. In a subsequent 
experiment testing the effects of different doses 
of NT, one group of guinea pigs received 125 
pmol NT/100 g body weight intravenously 
and another group received 1.25 pmol NT/100 
g body weight, both 15 min before they were 
killed. Control animals received intravenously 
0.05 ml saline/100 g body weight. 

Continuous Administration of NT 

Because continuous intravenous administra- 
tion of NT for several days is impractical in 
guinea pigs, we chose the subcutaneous route 
by means of osmotic mini-pumps purchased 
from Alza, Palo Alto, California. The perfor- 
mance of  the mini-pumps was tested by measur- 
ing the release of the Evans blue dye and by 
determining the in vitro discharge of NT by 
radioimmunoassay. Mini-pumps were filled only 
with saline for the controls or with NT dis- 
solved in saline in a concentration that dis- 
charged about 10 p m o l N T / 1 0 0 g b o d y w e i g h t /  
30 rain, were implanted subcutaneously on the 
backs of the animals, and left in place for 3 or 5 
days. After these 2 time periods, the animals 
were killed with a neck clamp. 

Fasting 

In the fasting study, fed controls had free 
access to Purina guinea pig chow, fresh green 
vegetables and water until about 2 hr before the 
experiments. Fasted animals were without food 
48 hr before the experiments but had free 
access to water. The animals were killed with a 
neck clamp 15 min after the intravenous injec- 
tions of 12.5 pmol NT/100 g body weight 
dissolved in 0.05 ml saline/100 g body weight. 
The same numbers of fed and fasted guinea pigs 
were killed in the same manner 15 rain after the 
intravenous injections of 0.05 ml saline/100 g 
body weight. 

Plasma and Tissue Cholesterol 

In all experimental groups, blood was ob- 
tained by cardiac puncture with heparinized 
syringes immediately after the animals were 
killed. Plasma was separated after centrifuga- 
tion for 30 min at 2,000 x g at room tem- 
perature and processed immediately. Bile was 
obtained by the aspiration of the gall bladders. 
Liver, kidneys, adrenal glands and the distal 
portion of the ileum were removed and washed 
with cold saline. Bile and tissues were im- 
mediately frozen at - 2 0  C for further process- 
ing shortly thereafter. Cholesterol content in 
the tissue was determined only in the animals 
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killed 15 min after the injections of 12.5 pmol 
NT/100 g body weight. 

About 200 mg of each tissue was cut with a 
razor blade into small pieces and then homo- 
genized in a motor-driven high speed homo- 
genizer. Total cholesterol concentrations in the 
homogcnates and aliquots of the plasma sam- 
ples were determined by the method of Wei- 
gensberg and McMillan (8). The washed digi- 
tonide was redissolved in methanol and the 
absorbance of cholesterol measured at 202-203 
nm in a Beckman DK-2A recording spectropho- 
tometer. Samples of known concentrations of 
purified (9) authentic cholesterol (Calbiochem, 
La Jolla, California) were processed simul- 
taneously by the same method. The intensity of 
the spectrophotometric absorbancc of these 
samples was used to calculate the plasma and 
tissue cholesterol concentrations. The re- 
coveries of cholesterol by this method compare 
very favorably with other methods (10). 

Lipoprotein Cholesterol 

Due to an insufficient amount of plasma in 
other groups, separation of  lipoproteins was 
done only in the plasma of fed guinea pigs 
that received intravenously 12.5 pmol NT/IO0 
g body weight. Plasma samples remaining after 
the determinations of total cholesterol (8) were 
pooled. Thus one 7.5 ml control sample (5 

- -  I 25 omo l  I0  

a 

60 

30 

10 
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FIG. i. Per cent increase of the total plasma 
cholesterol concentrations above the control values 
in guinea pigs after intravenous injections of 12.5 
pmol NT/100 g body weight. The effect of lower and 
higher doses was examined only 15 rain after the 
injections. Fourteen guinea pigs were used in the 
control group and at least 8 guinea pigs in each experi- 
mental group. 
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animals) and two 7.5 ml NT samples (3 animals 
each) were obtained. Each of these samples was 
diluted to 10 ml by addition of 0.5 ml H20 and 
2.0 ml saline. In these samples, lipoproteins 
were separated by density gradient ultracentri- 
fugation in a Ti50 vertical rotor (Beckman 
Instruments Inc., Palo Alto, California). Den- 
sity gradients were generated during ultracentri- 
fugation at 10 C (11) and verified by refrac- 
tometry at room temperature. Fractions of 1.8 
ml each were collected by displacement with 
75% sucrose solution. Cholesterol concentra- 
tions were measured in enzymatic assay using 
cholesterol esterase/cholesterol oxidase (Beck- 
man Instruments, Carlsbad, California). 

Determination of Bile Acids and Cholesterol in Bile 

Bile acids in the gall bladder bile were se- 
parated by thin layer chromatography (TLC) 
on Whatman KCls F plates with the solvent 
system ethanol/0.3 M CaC12/dimethylsulfoxide 
(25/25/2) (12). Total cholesterol was deter- 
mined by the method of Weigensberg and 
McMillan (8). 

The significance of the experimental data 
was determined by means of Student 's  t-test. 

RESULTS 

Effect of Single Injections of NT 

Total plasma cholesterol concentration was 
30+4 mg/100 ml (mean + S.D.) in the control 
animals. In all experimental groups it increased 
significantly above the control value after the 
intravenous injections of 12.5 pmol NT/100 g 
body weight (Fig. 1). Fifteen min after the 
injections of 125 pmol NT/100 g body weight, 
plasma cholesterol concentrations increased to 
46+9 mg[100 ml (mean + S.D.; p < 0.001 vs 
control). However, these animals had tachy- 
cardia and severe respiratory distress. In animals 
that received only 1.25 pmol NT/100 g body 
weight, the plasma cholesterol concentrations 
increased to 52-+8 mg/100 ml (mean -+ S.D.; 
p < 0.001 vs control) 15 min after the injec- 
tions. In the majority of animals, NT induced a 
significant decrease of the total cholesterol 
concentration in the terminal ileum 15 rain 
after the injections of 12.5 pmol NT/100 g 
body weight, but did not significantly affect 
the concentrations of cholesterol in the liver, 
kidneys or adrenal glands. 

Effect of Continuous Administration of NT 

On the third day after the implantation of 
mini-pumps, cholesterol concentrations were 
significantly higher in the animals bearing mini- 
pumps with NT than in those bearing mini- 

3 0 -  
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tO- 

+ 39% 

-t-- 
N.S  
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3 days 5 days 

Durat ion  of  In fus ion  

FIG. 2. Total plasma cholesterol concentrations in 
guinea pigs after continuous administration of NT. 
Five guinea pigs were used in each control and experi- 
mental group. The difference from the corresponding 
control after 3 days 0.02 < p < 0.01. 

pumps with saline. Five days after the implanta- 
tion, the plasma cholesterol concentrations 
were about the same in the animals receiving 
NT as in the controls (Fig. 2). 

Effect of Fasting 

The results of the fasting experiment are 
presented in Table 1 and 2. Total plasma 
cholesterol concentrations were significantly 
higher in fasted animals and further increased 
after the injections of NT. In 48-hr fasted 
controls cholesterol concentrations increased in 
all 4 tissues examined; after the intravenous 
injections of NT, cholesterol content decreased 
in the liver, kidneys and ileum. The loss of 
weight associated with fasting did not change 
the significance of these data. NT did not 
affect the adrenal cholesterol concentration. 

Lipoproteins 

The bulk of total plasma cholesterol was in 
low density lipoprotein fractions. Cholesterol 
significantly increased in the same fractions 
after intravenous administration of NT (Fig. 3). 

Biliary Bile Acids and Cholesterol 

In fed animals, the concentration of the 
biliary taurochenodeoxycholic acid signifi- 
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T A B L E  1 

P l a s m a  C o n c e n t r a t i o n s  o f  T o t a l  C h o l e s t e r o l  i n  

C o n t r o l s  ( C )  a n d  1 5  m i n  A f t e r  I n t r a v e n o u s  I n j e c t i o n s  

o f  1 2 . 5  p m o l  N T / 1 0 0  g B o d y  W e i g h t  i n  F e d  

G u i n e a  P igs  a n d  A f t e r  4 8 - h r  F a s t  

Total Cholesterol in 
m g / 1 0 0  ml  • SD 

n C N T  

Fed 10 32 +-6 4 5  +- 6 b 
Fasted 16 76  -+ 2 0  a 1 0 4  +- 34  a,c 

ap<0.001 vs non-fasted. 
bp<o.01 vs control. 
c0.02<p<0.01 vs control. 

cantly increased above the control values 5 and 
35 min after the intravenous injections of NT 
(Table 3). In fasted controls, the total concen- 
tration of bile acids was higher than in fed 
controls, but only the concentration of tauro- 
chenodeoxycholic acid further increased after 
intravenous injections of NT (Table 4). No 
cholic acid was detected in the bile of these 
guinea pigs. We did not pursue the identifica- 
tion of the minor biliary bile acids. Most gall 
bladders in the guinea pigs killed 25 rain after 
the injections of NT did not contain a sufficient 
amount of bile for reliable analysis. In fed 
guinea pigs, biliary cholesterol was significantly 
lower 15 min after administration of NT. The 
ratios between cholesterol and bile acids in- 
dicated that NT induced an increased catabo- 
lism of cholesterol to bile acids with a preferen- 
tial conjugation with taurine (Table 4). 

DISCUSSION 

The increase of plasma cholesterol concen- 
trations in guinea pigs after the intravenous 
injections of NT in this study (Figure 1) was in 
accord with the results of our investigations in 
rats (3,7), which were later confirmed by other 
investigators (13,14). Hypercholesterolemia in- 
duced by 12.5 pmol NT/100 g body weight 
lasted longer in guinea pigs than in rats. The 
magnitude of the hypercholesterolemic res- 
ponse was dose-dependent in rats. In guinea 
pigs, the highest dose of NT (125 pmol/100 g 
body weight) induced a further increase in the 
plasma cholesterol concentrations. However, 
these animals had tachycardia and severe 
respiratory distress which may have modified 
the hypercholesterolemic response to NT. 
Similar adverse effects of high doses of NT have 
been reported in other species (15). On the 
other hand, the hypercholesterolemic response 
to NT was greatest at the lowest dose (1.25 
pmol/100 body weight). This observation 
indicated that NT affects cholesterol transport 
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TABLE 3 

Bile Acids in Gall Bladder Bile in Fed Control Guinea Pigs and 5 and 35 rain After 
Intravenous Injections of 12.5 pmol NT/100 g Body Weight 

Bile acids in mg/t00 ml -+ SD 

Min after Taurochenodeoxy cholic Glycochenodeoxycholic 

injection Control NT Control NT 

5 126 -+28 a 330-+ 124 b 520 -+218 607-+ 171 
35 126+28  a 230 -+ 62 b 520-+218 550-+224 

aThe same controls were used in these 2 successive experiments. 
bp<0.01 vs control. 

to  the  greates t  e x t e n t  w h e n  its c o n c e n t r a t i o n  
is on ly  m o d e r a t e l y  elevated.  The  increased 
p lasma choles te ro l  c o n c e n t r a t i o n  af te r  3 days  
of  c o n t i n u o u s  admin i s t r a t i on  of  NT ind ica ted  
a p ro longed  effect  of  NT on  the  p lasma choles- 
te ro l  c o n c e n t r a t i o n  (Fig. 2). This  ef fec t  m a y  
have been  abol i shed  by  the  f i f th  day due  to  an 
equ i l ib r ium b e t w e e n  the  e n d o g e n o u s  and  exo-  
genous  NT. Delivery of  NT by  means  of  mini-  
p u m p s  also d e m o n s t r a t e d  t he  hype rcho le s t e ro l -  
emic  ef fec t  of  subcu t aneous l y  admin i s t e r ed  NT. 

As in our  guinea  pigs, fas t ing has  been  as- 
socia ted wi th  an  increase in p lasma cho les te ro l  
c o n c e n t r a t i o n s  in o t h e r  species (16).  The  in- 
crease of  ileal cho les te ro l  in fas ted an imals  is a 
surpris ing f inding.  Some  i n f o r m a t i o n  is avai- 

lable on  the  lipid c o n c e n t r a t i o n  in the  uppe r  
j e j u n u m  (17) ,  bu t  no  i n f o r m a t i o n  regarding the  
ileal c o n c e n t r a t i o n  of  cho les te ro l  in guinea  pigs 
can be f o u n d  for  compar i son  wi th  our  data .  I t  
is p robab l e  tha t  the  ra tes  of  lipid a b s o r p t i o n  
and l i popro te in  f o r m a t i o n  differ  a long the  
l eng th  of  the  in tes t ina l  t rac t ,  bu t  on ly  l imi ted 
comparab l e  da ta  for  the  distal  p o r t i o n  of  the  
in tes t ine  are available in any  species (18) .  In 
fasted an imals  b iosyn thes i s  of  cho les te ro l  in 
the  i leum m a y  increase  while the  synthes i s  of  
the  cho les te ro l  carrying l i popro te ins  in the  
small  in tes t ine  as well as the  a m o u n t  of  l ipo- 
p ro te ins  carr ied to  the  in tes t ine  f rom the  liver 
m ay  decrease.  A NT- induced  decrease of  choles- 
t e ro l  c o n c e n t r a t i o n  in fed guinea  pigs was 
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observed only in the ileum. Thus, following the 
intravenous injections of NT, the decrease of 
cholesterol concentrations in the ileum both in 
fed and in fasted animals coincided with the 
increased plasma cholesterol concentrations. 
This observation suggests that some of the addi- 
tional circulating cholesterol may be brought 
into the plasma pool from the intestine. Such 
transfer of a portion of the intestinal cholesterol 
into the plasma would indicate that NT stimu- 
lates the rapid transport of cholesterol carrying 
lipoproteins from the intestinal wall into the 
blood (19), possibly following the increased 
absorption of nutrients from the intestinal 
lumen (20). 

In our animals, distribution of cholesterol 
in low density lipoproteins corresponded to 
that reported by others (21), and the additional 
cholesterol in the plasma of guinea pigs treated 
with NT was distributed in the same lipoprotein 
fractions. 

Chenodeoxycholic acid conjugated with 
taurine or glycine was the only major biliary 
bile acid present. The lack of cholic acid was 
not surprising, since this acid usually is not 
found in the bile of  young guinea pigs (22). The 
increased biliary concentrations of chenodeoxy- 
cholic acid in fasted animals and in 2 groups of 
fed animals following intravenous injections of 
NT may be due to the commonly observed 
variation in the concentrations of bile acids in 
gall bladder bile (23); more likely, the increase 
may be due to an enhanced catabolism of 
cholesterol. Since in rats we did not observe 
any effect of NT on the 70~-hydroxylation of 
cholesterol (7), the enhanced catabolic rate 
probably occurs at a different step of choles- 
terol metabolism. Conjugation with glycine 
prevailed in the control bile, but chenodeoxy- 
cholic acid that presumably was formed after 
the administration of NT was conjugated with 
taurine. This may be due to the greater affinity 
of taurine conjugates for the hepatic transport 
system (24) and thus support the suggestion 
that some chenodeoxycholic acid was newly 
formed after intravenous administration of NT. 

The results of this study further support the 
putative role of NT in the regulation of choles- 
terol transport. The mechanism of NT-induced 
hypercholesterolemia is not known. However, 
these data suggest that a small increase in the 
plasma concentration of NT brings about an 
accelerated transport of cholesterol in the low 
density lipoprotein fractions from the small 
intestine into the blood with a probable sub- 
sequent increase in the rate of catabolism of 
cholesterol. 
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ABSTRACT 

Autoxidation of Acholeplasma laidlawii membranes (with equimolar ratio of palmitic and linoleic 
acid) lacks an obvious induction period, and the overall rate of disappearance of substrate does not 
follow closely that of typical autocatalytic kinetics. Throughout the course of autoxidation, the major 
oxygenated products isolated were hydroperoxides (as hydroxy esters) and compounds that gave rise 
to trihydroxy esters. The yield of trihydroxy esters was appreciable even at the early stage of the oxi- 
dation and eventually grew to surpass that of hydroperoxides. The positions of the three hydroxyl 
groups in the trihydroxy esters were determined to be mostly of the 1,2,5-type rather than 1,2,3-type 
arrangement. To a lesser extent, some degraded products, including dimethyl nonanedioate, methyl 
myristate, methyl pentadecanoate, methyl hexadecadienoate and methyl heptadecadienoate also were 
obtained. Dimethyl nonancdioate was a previously known degradation product from 9-hydroperoxide. 
The shorter chain esters presumably arise from the cleavage of a-hydroperoxides of palmitate and 
linoleate moieties. 
Lipids 19:756-767, 1984. 

INTRODUCTION 

Consequences of certain reactions occurring 
in organized assemblies such as monolayers and 
micelles have been demonstrated to be different 
from those in solution or neat systems (l).  In 
an effort to understand the peroxidation re- 
action as it occurs in highly ordered biomem- 
branes, a series of attempts has been made in 
our laboratory to study the reaction with 
several model systems (1-4). These model sys- 
tems range from simple fatty acid monolayers 
to phospholipid liposomes of various constitu- 
ents similar to those usually found in biomem- 
branes. These studies have demonstrated that 
both the kinetics and product distribution vary 
in membrane-like arrangements. The kinetics 
are shifted from those of a classical autocata- 
lytic reaction to an apparent first order reaction 
in some instances, and certain secondary prod- 
ucts, which are only minor components in 
liquid phase, increase in organized systems. 
These changes appear to be brought about by 
two factors: the spatial arrangement of the lipid 
molecules and the fatty acid composition of the 
model membranes. 

Past studies of lipid peroxidation in biomem- 
branes have been concentrated on the different 
rates of reaction initiated by various agents. 
Little attention has been given to the nature of 
the products and their distribution. For exam- 
ple, the effect of chaotropic agents on the rate 
of peroxidation of submitochondrial particles 

*To whom correspondence should be addressed. 

and microsomes (5,6), of iron-ascorbate on rat 
tissue homogenates (7) and of copper sulfate on 
erythrocyte membranes (8), have been re- 
ported. The assessment of the extent of peroxi- 
dation in these studies has been either the meas- 
urement of malondialdehyde or diene conjuga- 
tion produced, or physical parameters, such as 
permeability, viscosity and susceptibility to 
hemolysis. 

In this study, we have used a simple, natural 
membrane, that of mycoplasma A choleplasma 
laidlawii B (A. laidlawii], to further investigate 
membrane peroxidation of model systems. The 
advantages of choosing A. laidlawii membranes 
are as follows: 1) the absence of cell walls or 
internal membranes makes the isolation of pure 
plasma membranes straightforward; 2) A. 
laidlawii strains do not require cholesterol or 
closely related sterols for growth, thus simplify- 
ing the membrane lipid constituents, and 3) the 
organism has a limited capability to synthesize 
or alter the endogenous or exogenous fatty 
acids. Therefore, in the presence of avidin to 
further suppress the biosynthetic capacity (9), 
the fatty acid composition of the membranes 
can be controlled entirely by the growth 
medium (10,1 1). 

The consequences of membrane peroxida- 
tion reported here are mostly assessed from the 
viewpoint of the nature and distribution of the 
secondary products formed by the autoxida- 
tion. Attempts also are made to search for the 
possible routes of formation of these major 
products in biomembranes. 

LIPIDS, VOL. 19, NO. 10 (1984) 



A.~M~wHMEMBRANES 757 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

The A. laidlawii strain B used in this study 
was grown in a lipid-poor growth medium sup- 
plemented with an exogenous fatty acid mix- 
ture containing 50 mole % each of linoleic and 
palmitic acids (12). Avidin was used to further 
suppress a small extent of endogenous fatty 
acid biosynthesis and exogenous fatty acid 
elongation during cell growth (13). Cells were 
harvested by centrifugation in the late log or 
early stationary phase of growth. The plasma 
membranes were isolated by osmotic lysis in 
either deionized water or phosphate buffer 
(14). The major lipids in A. laidlawii mem- 
branes have been found to consist of  phos- 
phatidylglycerol, monoglucosyldiglyceride, and 
glycerophosphoryl diglucosyldiglyceride (15). 

Gas liquid chromatography (GLC) was 
carried out using a Hewlett Packard Gas Chro- 
matograph Model 5830A. The columns used 
were a 0.20 x 300 cm coiled metal column 
packed with 10% SP2330 on 100/200 mesh 
Chromosorb WAW and a 0.20 x 180 cm glass 
column packed with 3% OV-101 on 100/120 
mesh Gas Chrom Q. The trimethylsilyl deriva- 
tives were prepared by treating the hydroxy 
esters with TRI-SIL reagent (Pierce Chemical 
Co., Rockford, Illinois). The relative yields of 
the products were calculated as the area ratio of 
the product peak versus the methyl palmitate 
peak in the mixture. Thin layer chromatogra- 
phy (TLC) was carried out using precoated 
Silica Gel G plates (0.25 mm thick, Analtech, 
Inc., Newark, Delaware). Most of the products 
were separated with the solvent system, petro- 
leum ether/diethyl ether/acetic acid (80:20:1 
or 50:50:1, v/v/v), except trihydroxy esters, 
which were separated with the solvent system, 
chloroform/methanol (95:5, v/v). The spots 
were revealed by dipping the plates in a solu- 
tion of 3% cupric acetate in 8.5% phosphoric 
acid and charring at 140 C. Mass spectroscopic 
analyses (GC/MS) were carried out on a Finni- 
gan Model 300 quadrupole spectrometer 
coupled with a Varian Aerograph Series 1400 
gas chromatograph. The GLC column used was 
a 0.20 x 180 cm metal coiled column packed 
with 3% OV-1 on 100/120 mesh Chromosorb 
WHP. High pressure liquid chromatography 
(HPLC) was performed on a Varian Liquid 
Chromatograph Model 8500 equipped with 
a Varian Vari-Chrom UV detector operating 
at 234 nm and a Hewlett Packard Model 
3380A Integrator. The column was Partisil I0 
(4.6 mm x 25 cm), and the solvent system 
for hydroxy esters was 2-propanol/hexane 
(0.75:100, v/v) with a flow of 80 ml/hr. 

Autoxidation of A. laid/awii Membranes 

About 5 ml of membrane suspension (in 
deionized water) containing 24 mg of lipid and 
36 mg of protein was incubated at 40 C with 
shaking for the desired length of time. For the 
experiments with an initiator, 1 ml of 3 mM 
ascorbic acid (final concentration, 0.43 mM) 
and 1 ml of 1.5 mM FeC13 "6HzO (final concen- 
tration, 0.21 mM) were added to the suspension 
before incubation. After incubation, the mem- 
brane suspension was lyophilized to dryness. 
Extraction without prior lyophilization resulted 
in the loss of a considerable amount  of glyco- 
lipid to the aqueous phase. The residue was 
extracted 3 times with chloroform/methanol/ 
water (1:2:0.8, v/v/v), and the supernatant was 
removed after centrifugation (35,000 x g, 
20 min). The solvent was removed from the 
combined extracts, and the dried residue was 
found to contain all of the lipid and some pro- 
tein. A partition between aqueous methanol 
and chloroform phases at this step to remove 
protein was again found to result in loss of 
lipid; thus the protein was removed at the sub- 
sequent hydrolysis step. The residual lipid was 
hydrolyzed at 25 C with 4 ml of diethyl ether 
and 0.6 ml of KOH solution (3 g of KOH in 
10 ml of methanol) (4). The isolated fatty acids 
were esterified with diazomethane, and the 
methyl esters were quantitated by GLC. The 
organism grown in a medium containing exactly 
50 mole % of palmitic acid and linoleic acid was 
found to contain 47% palmitic acid and 52% 
linoleic acid in the isolated membrane fatty 
acids. 

Preparation of 9,10-Dihydroxy-11-octadecenoic 
Acid, 11,12-Dihydroxy-9-octadecenoic Acid 
and 9,12-Dihydroxy-10-octadecenoic Acid 

12-Hydroxy-9-trans-octadecenoic acid, which 
was prepared from commercial 12-hydroxy-9- 
cis-octadecenoic acid (16) for another purpose 
in this laboratory, was used to prepare trans, 
trans-9,11-octadecadienoic acid by thermal 
dehydration with subsequent collection of the 
product by distillation (17). The product was 
then purified by crystallization. 

9,11-Octadecadienoic acid was epoxidized 
by an established procedure (18) with slight 
modification. 9,11-Octadecadienoic acid, 10 mg 
in 0.5 ml CH2C12, was mixed with 10 mg m- 
chloroperbenzoic acid in 0.5 ml CH2C12, and 
the mixture stirred at room temperature for 
3 hr. The isolated epoxides can be hydrolyzed 
by perchloric acid in tetrahydrofuran/water to 
the desired dihydroxy acid. Alternatively, the 
epoxidation mixture of 9,11-octadecadienoic 
acid and m-chloroperbenzoic acid can be 
allowed to react overnight following which a 
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good yield of the diol mono-m-chlorobenzoate 
can be obtained. After hydrolysis and esterifica- 
tion with diazomethane, the positional isomers 
were separated by preparative TLC using petro- 
leum ether/ether/acetic acid (50:50:1, v/v/v). 

Ozonolysis of Hydroxy Unsaturated Esters 

Samples to be ozonized were first acylated 
with an excess of trifluoroacetic anhydride in 
CHCI 3 to protect the hydroxyl groups. After 
removing the reagent and solvent under a 
stream of nitrogen, the samples, 0.I-1.0 mg in 
1 ml CH2C12, were ozonized at Dry lce/2- 
propanol temperature, and the ozonide reduced 
by addition of a 2-3-fold equivalent excess of 
triphenylphosphine (19). The reaction mixture 
was injected directly into the gas chromato- 
graph. Samples were chromatographed on both 
a nonpolar, OV-101, and a polar, SP2330, 
column. 

Preparation and Autoxidation of Linoleic Acid- 
9,11-Octadecadienoic Acid Monolayers 

Pure linoleic acid, mixed with either 10% or 
22% of 9,1 l-octadecadienoic acid, was used to 
form a monomolecular coating on Silica Gel G 
following the procedure described previously 
(1). The monolayers were incubated at 60 C for 
3 hr. The fatty acids were recovered by extrac- 
tion with methanol, and a mixture of KOH/ 
methanol and ether was used to convert the 
peroxides to alcohols (4). The total crude 
product was analyzed by GLC. 

RESULTS 

The rate of autoxidation of A. laidlawii 

membranes (equimolar 18:2 and 16:0, with 
18:2 exclusively at C-2 of the glycerol moiety) 
without an initiator is extremely slow. The dis- 
appearance of linoleic acid was about 20% after 
126 hr of incubation at 40 C. As shown in 
Figure 1, a high level of conversion eventually 
was attained, after 17 days of incubation. A 
mild sonication of the membrane suspension 
accelerated the reaction considerably. The re- 
maining linoleic acid was reduced to 46% after 
138 hr of incubation. A plot of the logarithm 
of the remaining linoleic acid versus the length 
of incubation gave a reasonably straight line up 
to 126 hr. In contrast, the autoxidation of 
A. laidlawii membranes mixed with a low con- 
centration of iron-ascorbate was faster; only 
13% of the linoleic acid remained after 72 hr of 
incubation (Fig. 1). 

Hydroperoxides, which were isolated and 
identified as hydroxy esters (4,20), were the 
major products at low conversion. With iron- 
ascorbate, the rate of production of hydro- 
peroxides reached a maximum at about 40 hr 
and then fell rapidly with further incubation 
(Fig. 2). The 4 isomeric hydroxy esters, la, 2a, 
3a and 4a, derived from the hydroperoxides~, 
could be resolved completely by HPLC (4). The 
separation of 2 sets of geometrical isomers, 
la  + 3a and 2a + 4a, also can be accomplished 
by GLC (peaks D, E and F, Fig. 3). The trans, 
trans isomers 2a + 4a, however, were found to 
be less stable than the corresponding cis, trans 
isomers la + 3a, at the GLC temperature. 
Therefore the ratio cis, trans/trans, trans ob- 
tained by GLC was always larger than that from 
HPLC. The relative yields of the four isomers 
obtained from HPLC are shown in Table 1 and 

r~lO0 ~--~ 

w I ~ . .  m 
~ 8 0  ".,. - --u-- . . . . .  -in 

Z t "~ 
"., 

t.o o"'. 
t~60 ",.... 

5 40 ......... 
LL ~ ", (~ ".%. 
I-- "'"'-. 

20 ""-,... 

g /  
o. 0 |  I I I I I I 

20 40 60 80 100 120 

TIME (HOURS) 
g.  L 

400 

FIG. 1. Rate of autoxidation of linoleate in A. laidlawii membranes with and without 
added initiators. ----e .... e----e .... , with iron-ascorbate, and - ~ - - = - m - ,  without iron- 
ascorbate. 
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FIG. 3. Gas chromatograph of  autoxidized products from A. laidlawff membranes. Mem- 
brane suspension was allowed to autoxidize for 47 hr at 40 C with iron/ascorbate, and after 
hydrolysis was analyzed as its trimethylsilyloxy ether, methyl ester derivatives. The separa- 
tion was carried out on a 6 ft column packed with 3% OV-101 on Gas Chrom Q with 
temperature programming from 175 to 195 C at 0.8 C]min. A, methyl palmitate; B, methyl 
linoleate; C, 9,10- and 12,13-epoxyoctadecenoate; D, mixture of la and 3a; E and F, mix- 
ture of 2a and 4a; G, position',d isomers of hydroxyepoxyoctadecenoate;  H, mixture of 
5a, 7a and unidentified products; 1 and J, mixture of  6a and 8a. 

TABLE i 

Relative Yield of Isomers of Hydroxy Fatty Acids from A. laidlawii Membranes 

Condition and length 
of incubation la 2a 3a 4a la + 3a/2a + 4a 

+ Fe-ascorbate 
16 hr 0.20 0.27 0.21 0.31 0.70 
47 hr 0.16 0.30 0.16 0.36 0.48 
72 hr 0.033 0.090 0.032 0.101 0.34 

- l.'e-aseorbate 
99 hr 0.13 0.29 0.18 0.38 0.46 
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in Figure 2. In runs with iron-ascorbate, the 
ratio, cis, trans/  trans, trans decreased consist- 
ently as the length of incubation increased, but 
without iron-ascorbate the ratio was smaller at 
the same extent of conversion. 

OZ 
c t I 

RCH = CHCH = CHCHR' 1 a,b  

OZ 
t t I 

RCH = CHCH = CHCHR' 2 a,b  

OZ 
i t c 

RCHCH = CHCH = CHR' 3 a,b  

OZ 
I t t 

RCHCH = CHCH = CHR' 4 a,b  

R = CH3 (CH2) 4 - 
R' = -(CH~)7 COOCH3 
a ,Z=H 
b, Z = TFA 

In addition to hydroperoxides, products that 
yield trihydroxy compounds were present in 
major quantity. The major pattern of product 
distribution was found to be essentially the 
same with or without added initiator. The yield 
of trihydroxy esters was appreciable early in 
the reaction and continued to increase to even- 
tually surpass the yield of hydroperoxides 
(Fig. 2). The 4 isomers of trihydroxy esters, 
5a, 6a, 7a and 8a, appeared as peaks H, I and J 
in the GLC of silylated crude autoxidation 
products (Fig. 3) .  Other products, such as 
hydroxyepoxides (peak G, Fig. 3) and di- 
hydroxy esters, which appear in the region be- 
tween peaks F and H, were present in minor 
quantities. 

OZ OZ OZ 
[ I I 

RCH = CH-CH-CH-CHR' 5 a,b  

OZ OZ OZ 
I I I 

RCH-CH = CH-CH-CHR' 6 a,b  

OZ OZ OZ 
L I I 

RCH-CH-CH-CH = CHR' 7 a,b  

OZ OZ OZ 
I I I 

RCH-CH-CH = CIt--CttR' 

R = CH 3 (CH2), - 
R' = -(CH ~), COOCH 3 
a ,Z=H 
b, Z = TFA 

8 a,b 

In a liquid phase autoxidation of a mixture 
approximately equimolar quantities of of 

palmitic and linoleic acids, the isolated mono- 

meric oxygenated product mixture was much 
more complex; in addition to trihydroxy esters, 
there were at least 5 other compounds pro- 
duced in yields comparable to that of tri- 
hydroxy ester (4). 

Since the autoxidation of A.  laidlawii  mem- 
branes produced a large quantity of product 
that yielded trihydroxy ester, attempts were 
made to establish unequivocally the positions 
of the 3 hydroxyl groups in this compound. 
The production of trihydroxy fatty esters from 
linoleate hydroperoxides has been reported pre- 
viously (21,22). The GC/MS properties of tri- 
methylsilyl derivatives of both 1,2,3- (5a and 
7a) and 1,2,5- (6a and 8a) trihydroxy esters 
have been reported previously by this labora- 
tory (4) and others (21,23). Compounds 5a and 
7a give intense ions which are distinctive for the 
1,2,3-substitution (e.g., ions 199 and 361 from 
7a). These ions result from the cleavage be- 
tween two trimethylsilyloxy groups on C-11 
and C-12. Using GC/MS alone, it was not possi- 
ble to confirm the presence of 6a and 8a in a 
mixture, since all the major ions, 301 ,259 ,387  
and 173, indicative of 6a and 8a, also are de- 
rived from 5a and 7a. 

Therefore ozonolysis was used to establish 
the positions of 3 hydroxyl groups unequivo- 
cally. Relatively pure samples of trihydroxy 
esters were isolated by preparative TLC prior to 
ozonolysis. Isomers of trihydroxy esters (peaks 
H, I and J in Fig. 3) can be separated from most 
of the other products and also resolved partially 
from each other by TLC. The Rf values for 
peaks H, I and J are 4.4, 2.1 and 1.6 respec- 
tively. The spot with Rf 4.4 was found to con- 
tain only about 70% of peak H. The spots with 
Rf 2.1 and 1.6 were exclusively trihydroxy 
compounds represented by peaks I and J 
(Fig. 3) with the faster and slower compounds 
being I and J, respectively. The 2 peaks, how- 
ever, could not be completely resolved by vary- 
ing the solvent systems. 

For the purpose of protecting the hydroxyl 
groups in the resulting hydroxyaldehyde and 
the ease of chromatographing the hydroxy 
compounds, 5a, 6a, 7a and 8a were converted 
to trifluoroacetates before ozonolysis. The 
ozonolysis of the mixture represented by peaks 
I and J (Fig. 3) gave 4 degradation products, 9, 
10, 11 and 12, as depicted in Scheme 1. The 
identification of these 4 products was carried 
out by comparison with the authentic com- 
pounds prepared by 2 independent routes. In 
the first route, the authentic compounds, 10 
and 11, were obtained from the ozonolysis of 
pure positional isomers of hydroxyoctadec- 
adienoate ( lb  - 4b). As shown in Scheme 2, 
trifluoroacetate l b  + 2b gave hexanal and the 
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desired hydroxya ldehyde  ester 10. Correspond- 
ingly, 3b and 4b gave hydroxya ldehyde  11 and 
9-oxononanoate .  The identi t ies of  hexanal  and 
9 -oxononanoa te  were conf i rmed by comparison 
with the ozonolysis  products  f rom pure methy l  
linoleate. From the ozonolysis  of  l b - 4 b ,  the 
desired products  were obtained.  However,  the 
ozonolysis  was compl ica ted  by a rearrangement  
be tween the posit ional isomers. Starting with 
an HPLC pure sample of  lb  + 2b, some con- 
taminat ion of  ozonolysis  product  f rom 3b + 4b 
and vice versa always can be expected.  

OTFA 
', O 3 

RCH2CH = CHCH--CHR' 
I 

OTFA 

13 

OTFA OTFA 
I [ 

RCH 2 CHCH = CHCHR' 

14 

R = CH~(CH,), - 
R' = -- (CH2)7 COOCH 3 

In the second a t t empt ,  the starting com- 
pounds were chosen so as to result in a more 
straightforward reaction at the ozonolysis  
step. React ion of  9,1 l -oc tadecadienoic  acid 
with m-chloroperbenzoic  acid resulted in both 
epoxida t ion  and the subsequent  ring open- 
ing reaction to form the benzoate  of the 
corresponding d ihydroxy  compounds .  Hydroly-  
sis of the benzoate  gave 9,10-, 11,12- and 
9 ,12-d ihydroxyoctadecenoa te .  This mixture  
can be successfully separated by preparative 
TLC. The relative quanti t ies  of  9,10- and 11,12- 
d ihydroxyoc tadecenoa te  in a particular sample 
can be moni to red  by GC/MS, measuring the 
relative intensities of  ions 259 and 285, repre- 
senting fragments CH(OTMS)(CH2 ) 7 C O O C H 3  

and CH(OTMS)CH=CH(CH2)TCOOCH3,  respec- 
tively. 

As indicated in Scheme 3, ozonoiysis  of  13 
gave in addi t ion to heptanal ,  d ihydroxyalde-  
hyde 12, which coincides with the products  
from t r ihydroxy  esters 6b + 8b in GLC reten- 
t ion t imes in both polar and non-polar  columns.  
Correspondingly,  ozonolysis  of  14 gave 2 degra- 
dat ion products.  The higher molecular  weight 
f ragment  matches that  f rom ozonolysis  of  tri- 
hyd roxy  esters 6 b +  8b on both polar and 
non-polar  columns. 

The TLC isolated fract ion,  corresponding 
most ly  to peak H (Fig. 3), gave ions 199, 361, 
271, 275 and 285, which are characterist ic of  
1 ,2 ,3- t r ihydroxy esters, 5a and 7a (4). This 
fraction,  when subjected to ozonolysis ,  gave, 
among o ther  degradat ion products,  a high yield 
of  9-oxononanoate ,  indicative particularly of  
s t ructure  7b. The minor  componen t  in this 
fract ion,  based on GC/MS, appears to be a 
methoxy-conta in ing  compound .  

In a search for evidence to support  an addi- 
tion mechanism for the format ion  of  trihy- 
droxy esters, exper iments  were designed to see 
whether  the supply of  conjugated dienes in the 
au toxida t ion  of  l inoleate enhances the produc- 
tion of  addi t ion products.  In silica gel-sup- 
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+ OHCCHCHR' 
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ported pure linoleic acid monolayers (1), 
autoxidation produced only a minor quanti ty 
of dihydroxy esters. When 15 was incorporated 
into linoleic acid monolayers, a large quantity 
of dihydroxy esters 16, 17 and 18 was pro- 
duced upon autoxidation (Scheme 4). The 
dihydroxy esters obtained from linoleic acid- 
9,11-octadecadienoic acid monolayers were 
identified by comparing their behavior on GLC 
and TLC with those of authentic samples pre- 
pared by epoxidation of 15 followed by ring 
opening. The relative yields of 16, 17 and 18 
from linoleic acid-9,11-octadecadienoic acid 
monolayers are 2:2:7 respectively. The total 
yield of 16, 17 and 18 obtained from the 
monolayers is proportional to the quantities of 
15 included in the monolayers. 

In the autoxidation of A. laidlawii mem- 
branes, in addition to the major products, some 
compounds appearing earlier than methyl 
palmitate on GLC also were noted (Fig. 4). 
The major cleavage product appears to be 
dimethyl nonanedioate (peak A, Fig. 4), 
presumably arising from the oxidation of 
methyl 9-oxononanoate. Other degradation 
products were found to be methyl myristate 
(peak B, Fig. 4), methyl pentadecanoate (peak 
C, Fig. 4), methyl hexadecadienoate (peak D, 
Fig. 4) and methyl heptadecadienoate (peak F, 
Fig. 4). These products were identified by the 
retention times on both polar and non-polar 
columns on GLC before and after hydrogena- 
tion, and also by the mass and fragmentation 
patterns obtained from GC/MS. The mass spec- 

10 

| 

TiME (min) 

t 

l 
G 

I 

s~ 

FIG. 4. Gas chromatogram of autoxidized degradation products from A. laidlawii 
membranes. The membrane suspension was allowed to autoxidize for 47 hr at 40 C with 
iron/ascorbate, and after hydrolysis was analyzed as methyl esters. The separation was 
carried out on a 6 ft column packed with 3% OV-101 on Gas Chrom Q with temperature 
programming from 105 to 190 C at 1.30 C/rain. A, dimethyl nonanedioate; B, methyl 
myristate; C, methyl pentadecanoate; D, methyl hexadecadienoate; E, methyl palmitate; 
F, methyl heptadecadienoate; G, methyl linoleate and H, methyl stearate. 
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trometry of saturated, unsaturated and long 
chain diesters has been well established in the 
past (24,25). 

DISCUSSION 

A. laidlawii membranes, with the advantages 
of simplicity in membrane isolation and manip- 
ulatable fatty acid composition, have been 
chosen frequently for studies of membrane 
properties. The autoxidation of A. laidlawii 
membranes without initiator proceeds ex- 
tremely slowly at 40 C. The rate was acceler- 
ated considerably by the addition of a small 
amount of iron-ascorbate. The kinetics of the 
oxidation appear not to conform entirely to a 
typical autocatalytic reaction. The early phases 
indicated apparent first order kinetics, which 
lasted 10 hr with added initiator and 130 hr 
without. 

The autoxidation of A. laidlawii membranes, 
with or without the addition of iron-ascorbate, 
up to the conversion of about 60%, gave hydro- 
peroxides as major products. At a higher 
conversion, the product that yields trihydroxy 
esters dominates (Figs. 2 and 3). The ratio 
of cis, trans/trans, trans hydroperoxide isomers 
(Table 1) is a measure of the relative extent of 
2 competing reactions for the peroxyl radicals: 
I) abstraction of hydrogen atoms by the 
peroxyl radicals from neighboring molecules 
that leads to cis, trans isomer formation, and 
2) 13-scission to regenerate the pentadieny! 
system to yield trans, trans isomer (26). We pre- 
viously reported that purc soybean phospha- 
tidylcholine (PC) iiposomes gave a considerably 
higher cis, trans/ trans, trans hydroperoxide ratio 
(1.06) than that from neat linoleic acid (0.55) 
(4). In addition, the hydrogen abstraction 
process in pure soybean PC liposomes was 
suppressed considerably by the dilution of 
unsaturated moieties with saturated moieties, 
as in the case of 1:4 soybean PC-dipalmitoyl 
PC liposomes (the cis, trans/trans, trans ratio 
dropped from 1.06 to 0.28 [4]). This suggests 
that hydrogen abstraction is favored over 
/3-scission not only by the hydrogen donating 
ability of hydrogens attached to bis-allylic 
carbons, but also by their accessibility because 
of the packing and orientation of the acyl 
chains. In A. laidlawii membranes, the cis, trans/ 
trans, trans product ratio at the early stage 
represents a middle value (0.70) (Table 1) 
between pure soybean PC and soybean PC- 
dipalmitoyl PC liposomes. The difference in 
the 2 systems can be explained on the basis of 
linoleate concentration and its spatial arrange- 
ment in the membrane lipids. The proportion 
of cis, trans isomer also was found to decrease in 

A. laidlawii membranes as the incubation pro- 
gressed. This reduction in cis, trans/trans, trans 
ratio could result from the decrease in readily 
accessible hydrogen donors or isomerization of 
cis, trans hydroperoxide to the trans, trans 
isomer (27,28). The ratio of cis, trans/trans, trans 
isomers from the run without iron-ascorbate 
was slightly higher than that from the run with 
this catalyst (0.46 and 0.34 respectively, 
Table 1) when compared at similar extended 
incubation periods. The ferric ion-assisted 
cleavage of hydroperoxide to peroxyl radical 
might increase the proportion of trans, trans 
isomer in the mixture and thus lower the 
cis, trans/trans, trans ratio. However, in the 
system with excess reducing agent, the contri- 
bution from ferric ion is unknown;  therefore, 
the role played by iron in this aspect is not 
clear. 

The trihydroxy esters 5a, 6a, 7a and 8a are 
the major secondary products in the autoxida- 
tion of A. laidlawii membranes with or without 
initiators throughout the incubation period. As 
shown in Figure 2, the yields of trihydroxy 
esters are as great as those of trans, trans hy- 
droxy esters (derived from the corresponding 
hydroperoxide) even at the early stage of 
autoxidation. 

It has been reported that in the enzymatic 
(21,23,29) and iron-catalyzed (22) conversion 
of hydroperoxides, the trihydroxy esters ob- 
tained were exclusively a mixture of 6a and 8a 
based on the results from GC/MS and periodic 
acid oxidation. In the present case, both 1,2,3- 
(5a and 7a) and 1,2,5- (6a and 8a) trihydroxy 
esters were found in the autoxidation of A. 
laidlawii membranes, with the ratio of 6a + 8a/ 
5a + 7a equal to approximately 5 at any stage 
of autoxidation. 

The mechanism of formation of trihydroxy 
esters from the autoxidation of linoleate or 
from the preformed hydroperoxide has been 
dealt with in detail in the past in only one 
instance, in which it was suggested briefly to 
arise from either 1,2- or 1,4- addition of hy- 
dorxyl radicals to the conjugated diene system 
of the 9- and 13-dienol intermediates or from 
trihydroperoxides (30). In the autoxidation of 
A. laidlawii membranes, an addition mechanism 
for the formation of trihydroxy esters depicted 
in Scheme 5 accounts for the existing experi- 
mental evidence. A sequence of reactions lead- 
ing to the trihydroxy esters originates from 
addition of a peroxyl radical to either end of 
the conjugated system of a hydroperoxide. The 
resulting allylic radical is oxygenated to form a 
triperoxide which is reduced during isolation to 
the triol. An epoxide ring opening cannot be 
ruled out as contributing to the polyol prod- 
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ucts. At low pH, linoleate hydroperoxide has 
been reported to give trihydroxy compounds 
by way of an epoxide intermediate (H. W. 
Gardner, private communication). The relative 
amounts of trihydroxy compounds that should 
be ascribed to the various possible schemes have 
not been determined. 

There are several lines of evidence that 
support the feasibility of a peroxyl radical 
addition to conjugated diene of a hydroperox- 
ide for the formation of trihydroxy esters. 
A mixture of 9,10-epoxy-ll-hydroxy-12-octa- 
decenoate and 11-hydro xy-12,13-epoxy-9-octa- 
decenoate obtained from the autoxidation of 
linoleic acid monolayers (1,2), when subjected 
to the conditions of autoxidation of A. laidlawii  
membranes, gave no trihydroxy esters. This 
observation excludes the possibility that the 
trihydroxy esters are the ring opening products 
of these particular hydroxyepoxy compounds. 

An experiment also was performed to meas- 
ure the extent of addition of peroxyl radicals to 
the cor~iugated diene. In silica gel-supported 
linoleic acid monolayers (I),  different propor- 
tions of 9,11-octadecadienoic acid were incor- 
porated. The autoxidation of the mixed mono- 
layers gave, in addition to the expected prod- 
ucts from linoleic acid, a large quantity of a 
mixture of 9,10-, 9 ,12-and  l l ,12-dihydroxy- 
octadecenoic acid, presumably formed by the 
addition of peroxyl radicals to the conjugated 
acid (Scheme 4). On GLC, dihydroxy esters 
were increased considerably in the samples after 
an alkaline hydrolysis (20). The ratio of 1,4- 
diol to 1,2-diol in these reactions was approxi- 
mately 2 to I. The predominance of the 1,4- 
addition was often noted for the addition of 
radicals to the conjugated systems (31). The 
yields of dihydroxy esters were found to be 
proportional to the amount of 9,11-octadec- 
adienoic acid included in the linoleic acid 
monolayers. Without 9,11-octadecadienoic acid, 
there were no appreciable amounts of di- 
hydroxy esters detected from the autoxidation 
of linoleic acid monolayers. 

The degradation of hydroperoxides through 
the formation of alkoxyl radical has been re- 
garded as one of their major secondary re- 
actions. In the thermal decomposition of 
methyl linoleate hydroperoxide, all of the 
possible /3-scission products of oxy radicals, 
except those resulting in vinyl radicals, have 
been isolated (32,33,34). It also has been re- 
ported that a normal spontaneous scission 
favors the cleavage of the carbon linkage be- 
tween the double bond and the alkoxyl radical. 
However, under conditions such as high tem- 
perature, high pH or metal catalysis, a larger 
proportion of other cleavage products also was 

found (35). In the A. laidlawaii membrane sys- 
tem, following a prolonged incubation at 40 C, 
only 1,9-nonandioate was detected in a major 
quantity. The results seem to indicate the pre- 
dominance of a /3-scission between the carbon 
of alkoxyl radical and the neighboring double 
bond. Since the major product is the same with 
or without the initiator, the site of the cleavage 
apparently is not affected by the presence of 
iron., Hexanal or hexanoic acid from the methyl 
terminal end of linoleic acid probably was lost 
prior to GLC. The predominance of 1,9- 
nonanedioate over other cleavage products also 
was apparent in the autoxidation of soybean 
PC liposomes (Wu, G.-S., unpublished observa- 
tions). 

In addition to the /3-scission products of 9- 
and 13-oxy radicals, a different group of frag- 
mentation products with yields comparable to 
those of 1,9-nonanedioate also was obtained 
from A. laidlawii membranes (Fig. 4). Among 
these products, heptadecadienoate and hexa- 
decadienoate appear to arise from carbon- 
carbon scission on either side of the a-hydro- 
peroxide derived from the oxygenation of the 
a-carbon radical of linoleate. The shorter chain 
esters were obtained either directly from the 
oxidation of the corresponding aldehyde or 
through prior oxygenation and hydrogen atom 
abstraction as depicted in Scheme 6. Similarly, 
pentadecanoate and hexadecanoate probably 
were derived from the palmitate. Evidence for 
the possible precursor, a-hydroperoxyhexadec- 
anoate, was established by detecting in small 
yield, a-hydroxyhexadecanoate. The presence 
of a-hydroperoxyoctadecadienoate was not 
established, since the expected retention time 
of a-hydroxyoctadecadienoate was similar to 
that of la  + 3a. 

The cleavage product from a-alkoxyl radicals 
was detected, although to a lesser extent, 
among the products of autoxidation of soybean 
PC liposomes, but not from the liquid phase 
oxidation of a linoleate-palmitate mixture of 
the same composition. It also was found re- 
cently in a prolonged incubation of human 
erythrocyte ghosts (36). 

In the autoxidation of A. laidlawii mem- 
branes, there are 2 important products that are 
either absent or in much smaller proportion in 
liquid phase or in solution (4,22). These are the 
trihydroxy esters, particularly 6a and 8a, and 
the degradation products originating from an 
a-attack on fatty acid chains. 

The organized semirigid assemblies, such as 
monolayer films, micelles and artificial bilayers 
have been known to divert the course of a 
chemical process and result in consequences 
that are different from those found in liquid 
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phase  or  in so lu t i on .  The  c o n t r o l  o f  the  fa te  o f  
p e r o x y l  radicals  to favor  the  add i t i on  to t he  
con juga t ed  s y s t e m s  r a t he r  t h a n  o t h e r  cou r se s  
in the  m e m b r a n e s  migh t  be e f fec ted  b y  2 fac- 
t o r s  w h i c h  are specif ic  f o r  these  s y s t e m s .  1 ) Be- 
cause  o f  a c o n s i d e r a b l y  h igher  mic rov i scos i t y ,  
t he  radical  e scape  eff ic iencies  are s ign i f ican t ly  
smal le r  t h a n  in the  l iquid phase  o r  in s o l u t i o n  
(37 ,38) .  T h e r e f o r e ,  the  p e r o x y l  radicals ,  o n c e  
f o r m e d ,  are s low to  d i f fuse  a w a y  and r e m a i n  in 
the  vicinity o f  the  c o n j u g a t e d  h y d r o p e r o x i d e s .  
2)  In m e m b r a n e s ,  the  c loseness  in pack i ng  and  
a l i g n m e n t  o f  lipid m o l e c u l e s  cou ld  be such  as 
to  faci l i ta te  t he  add i t i on  r eac t ion .  

The  a b s t r a c t i o n  o f  ~ - h y d r o g e n s  f r o m  fa t ty  
es ters  is a h igher  ene rgy  p roces s  t h a n  the  re- 
mova l  o f  allylic h y d r o g e n s ,  and  its cause  in the  
A. laidlawii m e m b r a n e s  is no t  clear. It cou ld  be 
faci l i ta ted by  a relat ively larger c o n c e n t r a t i o n  
o f  in i t i a to r  at  t he  h y d r o p h i l i c  su r face  in com-  
par i son  wi th  tha t  in t he  h y d r o c a r b o n  in t e r io r  o f  
the  m e m b r a n e .  P r e s u m a b l y  this is due  to a 
l imi ted  d i f fu s ion  of  an in i t i a to r  wh ich  is sup-  
plied t h r o u g h  the  a q u e o u s  m e d i u m  (37) .  
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Phospholipid Studies of Marine Organisms: New 
Branched Fatty Acids From Strongylophora durissima 
A M I T A V A  DASGUPTA,  ESER A Y A N O G L U  and CARL DJERASSI,*  Department of 
Chemistry, Stanford University, Stanford. CA 94305 

ABSTRACT 

The phosphofipids of the sponge Strongylophora durissima were analyzed. The major phospho- 
lipids present were phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine 
(PS), phosphatidylglycerol (PG) and phosphatidylinositol (PI). The major fatty acid components of 
the phospholipids consisted of short chain (C14-C~9) and very long chain (C2s-C30) "Demospongie" 
acids. Three novel branched AS monounsaturated acids, Z-19-methyl-5-pentacosenoic, Z-19-methyl- 
5-hexacosenoic and Z-19-methyl-5-heptacosenoic acids were encountered in the sponge. The 3-satu- 
rated counterparts of these compounds, 19-methylpentacosanoic, 19-methylhexacosanoic and 19- 
methylheptacosanoic acids, as well as 19-methyltetracosanoic and 20-methyloctacosanoic acids also 
are hitherto undescribed acids present in the sponge. Trace amounts of 2 very long chain acids also 
were detected and their structures tentatively assigned as 19,21-dimethylheptacosanoic and 20,22- 
dimethyloctacosanoic acids. The distribution of these fatty acids according to phospholipid head 
groups also was described. 
Lipids 19:768-776, 1984. 

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

The detec t ion  of  novel  sterols wi th  unusual 
side chains and nuclei in marine invertebrates  
(1,2) and their  possible role in the cell mem- 
brane s t ructure  drew our a t ten t ion  to the o ther  
major lipid membrane  components ,  the phos- 
pholipids.  Bergmann and Swift initially re- 
por ted  the presence of  high amounts  of C24, 
C26, C28 fa t ty  acids in sponges (3). In the late 
seventies Litchfield and his co-workers also 
repor ted  the presence of  new fa t ty  acids with 
very long chains (24 to 30 carbon a t o m s ) f r o m  
Demospongiae  (4-7). The occurrence of  long 
chain fa t ty  acids and their  possible role as con- 
st i tuents of  membrane  phospholipids in a 
number  of  sponges recent ly  has been evaluated 
(8). 

In connec t ion  with our research in the field 
of membrane  phospholipid composi t ion ,  we 
have concent ra ted  on sponges in which "un-  
usual"  sterols are de tec ted  in large amount s  and 
convent ional  sterols such as cholesterol  are 
absent or present only in small amounts .  Our 
studies already have revealed the presence of  
novel  branched (9-11), cyc lopropane  (1 1) and 
me thoxy  (12,13)  fa t ty  acids with very long 
chains in the phosphol ipids  of  various members  
of  Demospongiae.  Quant i ta t ive  analysis of 
phospholipids indicates that these acids are 
most ly  accumula ted  in major  amino groups 
containing phospholipids PE and PS. PC gener- 
ally was found to be a minor  componen t .  Addi- 
t ionally,  analysis of the sponge Parasperella 
psila as well as Axinella verrucosa led to the 

*To whom correspondence should be addressed. 

surprising observat ion that  5,9-hexacosadienoic 
acid (AS '9 -26 :2 ) i s  virtually the exclusive acid 
in the phospholipids with amino-containing 
head groups. This is unusual  because conven- 
t ional  membrane  phospholipids generally are 
known to conta in  2 different  fa t ty  acyl frag- 
ments. Our exper iments  on the Pacific sponge 
Parasperalla psila (E. Ayanoglu,  K. Kurtz and C. 
Djerassi, unpublished data) using centr i fugat ion 
of  enzymat ical ly  disaggregated cells on a step- 
wise gradient of  Ficoll  also indicate  that  PE and 
PS are enriched in denser layers, which contain 
no or only small amounts  of  bacterial cells, 
based on electron microscopic  studies. 

Almost  all straight chain or methy l  branched 
demospongic  acids consist of  a typical  diunsatu- 
rat ion pattern (AS'9), first encountered  by 
Litchfield et al. (4-7). We now wish to repor t  
the presence of  a new group of  demospongic  
acids with A s monounsa tura t ion  and with 
branching f rom the phospholipids of  the sponge 
Strongylophora durissima which contains stron- 
gylosterol  (14-16) as the major sterol and is 
almost  devoid of  cholesterol.  

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

Strongylophora durissima sponge colonies 
were col lected at the Laing Island Marine Sta- 
t ion near Madang, Papuea-New Guinea. Total  
phospholipids were extracted with ch lo ro fo rm/  
methanol  (1:1,  v/v) at 5 C as described earlier 
(9). The crude extract  was purifie d by co lumn 
chromatography  using silicic acid (100 mesh) as 
s tat ionary phase and ch loroform/ te t rach loro-  
methane  (2:1,  v/v), ace tone  and methanol  re- 
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spectively as mobile phase (17). The methanol 
fraction contained the phospholipids. The ex- 
tract was kept  under argon or nitrogen at - 1 0  C 
containing 0.002% BHT as preservative. Com- 
mercially prepared precoated silicagel thin layer 
chromatography (TLC) plates (0.2 mm thick- 
ness) were used for all TLC analyses. Molybde- 
num Blue was used as a general spray reagent 
for all phospholipids. Other spray reagents 
employed for identification of phospholipid 
head groups include: Ninhydrin (PE, PS), 
Dragendorff (PC), and Periodate-Schiff (DPG, 
PG, PI). Rhodamine 6G was used as a non- 
destructive spray reagent for visualizing fat ty  
acid methyl  esters, pyrrolidides, and different 
phospholipid bands. Quantitative estimation of 
different classes of phospholipids was done by 
analyzing the phosphate content  of different 
bands by a spectrophotometric  assay using 
Fiske and Subbarow Reagent (18-19). The 
developing solvents for phospholipids were 
CHC13/MeOH/H20 (65:30:5,  v/v) and CHC13/ 
MeOH/AcOH/H20 (50:30:4:2,  v/v). The latter 
solvent was used for the quantitative estimation 
of the head group phosphates. The developing 
solvents for fat ty  acid methyI esters were 
hexane/ether (80:20, v/v) and for pyrrolidides 
hexane/ether (20:80, v/v). 

The capillary gas chromatography (GC) 
analyses were carried out  by using a Carlo Erba 
series 4160 Fractovap chromatograph equipped 
with a fused silica column (30 mm • 0.32 mm) 
coated with SE-54 (J & W Scientific Inc.), a 
model 400 LT programmer, and a flame ioniza- 
tion detector (FID). The initial oven tempera- 
tures were 70 and 130 C and the final oven 
temperature was 290 C, with gradients of 5 C/ 
rain or 10 C/rain for the analysis of fa t ty  acid 
methyl esters or pyrrolidides. 

Either a Finnigan MAT-44 GC/MS system 
carrying spiral glass column (1.80 m • 2.0 mm) 
coated with 3% OV-17 on GCQ or a Ribermag 
R10-10 quadrupole mass spectrometer with a 
Carlo Erba series 4160 Fractovap chromato- 
graph containing a fused silica column (28 m • 
0.32 mm) with SE-54 (J & W Scientific) were 
used for capillary gas chromatography-mass 
spectrometry (GC/MS) analysis of phospholipid 
fat ty  acids. 

IH-NMR spectra were run on a Varian Asso- 
ciates HA-100 NMR instrument. A Nicolet 
7000 series FT-IR was used for recording infra- 
red spectra. 

The total  fa t ty  acid methyl  esters were pre- 
pared by treating the dry phospholipid extract 
with 1.25 N HC1 in methanol for 30 rain under 
reflux (20). The fat ty  acid contents of individ- 
ual head groups were analyzed by separating 
individual phospholipid classes by preparative 
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TLC and transesterification of each class by the 
use of I4% boron trifluoride ha methanol 
(10 min, 100 C) (21). N-Acyl-pyrrolidide 
derivatives were prepared by treating the 
methyl esters with pyrrolidine/acetic acid 
(10:1, v/v) in a screw capped vial ( l  hr, 100 C) 
followed by extraction with ether and purifica- 
tion by preparative TLC. Hydrogenation of 
fat ty  acid methyl  esters was carried out by 
stirring the mixture in methanol under a bal- 
loon filled with hydrogen using platinum (IV) 
oxide as catalyst. 

The high performance liquid chromatogra- 
phy (HPLC) separation of fat ty acid methyl  
esters was achieved by using a 50 cm • 9 mm 
Whatman ODS-2 reversed phase column, a 
Waters M-6000 A pump, a Valco loop injector 
and a Waters R 401 refractometer  detector. The 
eluting solvent was absolute methanol.  

The degradation studies for the location of 
double bonds were carried out by NalO4] 
KMnO4 oxidative degradation in t-butanol fol- 
lowing esterification of the resulting carboxylic 
acid with 1.25 N HC1 in methanol  (22). 

Two methyl branched esters, methyl  14,18- 
dimethylnonadecanoate (7__) and methyl 14- 
methyleicosanoate (16)  were synthesized as 
shown in Figure 1 for comparison with the 
degradation compound obtained from the 
monoenoic C:6 acid methyl  ester derived from 
the sponge. 3,7-Dimethyl-6-octenal (2 )  was 
obtained by the oxidation of 3,7-dimethyl-6- 
octanol (1 )  with pyridinium dichromate in dry 
dichloromethane (93% yield), l l-Undecyltri-  
phenylphosphonium bromide (4__) was prepared 
from l l -bromoundecanoic acid (3__) and tri- 
phenyl phosphine in refluxing benzene (over- 
night). The Wittig reaction of 2- with l l-  
undecyltr iphenylphosphoranylidene in tetrahy- 
drofuran/dimethylsulfoxide (1:1, v/v) at room 
temperature (2 hr) gave 14,18-dimethyl- 11,17- 
nonadienoic acid (5 )  in 20% yield. 11-Undecyl- 
t r iphenylphosphonium bromide was deproton- 
ated at 0 C with n-butylli thium. The unsatu- 
rated acid 5 was converted to the correspond- 
ing methyl  ester (6 )  with diazomethane and 
hydrogenated with platinum (IV) oxide in 
methanol at room temperature for 8 hr to pro- 
vide methyl  14,18-dimethylnonadecanoate (7) .  

3-Methylnonanoic acid (10)  was prepared 
from 1-bromohexane (8 )  through a 1,4 ring- 
opening addit ion to /~-butyrolactone (9) by a 
Grignard reaction in te t rahydrofuran/methyl  
sulfide (20:1, v/v) in the presence of  copper (I) 
iodide (50% yield). The acid was converted to 
its methyl ester by diazomethane. The corre- 
sponding aldehyde (I.~3) was obtained by the 
use of LiA1H4 in ether (room temp., 2 hr) 
followed by oxidation with pyridinium chloro- 
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FIG. I. The synthetic routes to methyl 14,18-dimethylnonadocanoatc (_7) and to methyl 
14-methyleicosanoate (16). 
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FIG. 2. The synthesis of methyl 14-methylheneicosanoate. 

chromate in dichloromethane (room temp., synthesized as shown in Figure 2 for compari- 
2 hr). The Wittig reaction of  1_33 wi th l l -un- son with the degradation compound obtained 
decyltriphenylphosphonium bromide produced from the monoenoic C27 acid methyl ester. For 
the monounsaturated compound 14-methyl-I l- this purpose heptylmagnesium bromide (17)  
eicosenoic acid (144) (yield 16%). Its methyl was treated with fl-butyrolactone (9)  in the 
ester (15)  was hydrogenated in the usual way presence of copper (I) iodide to give 3-methyl- 
to obtain methyl 14-methyleicosanoate (L6). decanoic acid 18. lts corresponding aldehyde 

Methyl 14-methylheneicosanoate (24)  was (2_L) was obtained following the above-men- 
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TABLE 1 

The Major Phospholipids of  Strongylophora durissima 

Phospholipid class Mol %a 

Phosphatidylethanolamine (PE) 
Phosphatidylglycerol (PG) 
Phosphatidylcholine (PC) 
Phosphatidylserine (PS)/ . 

Phosphatidylinositol (PI) b 

2 1 •  
1 4 •  
2 1 •  

2 4 •  

aAverage of 4 replicates; percentages are based on 
relative phosphate content. 

bp! comprised a small portion, less than 5% of the 
total mixture. 

tioned procedure. The Wittig reaction of 21 
with 4 followed by methyl esterification and 
hydrogenation in the usual manner afforded 
methyl 14-methylheneicosanoate (24). Syn- 
thetic reaction products and intermediates were 
characterized by their proton nuclear magnetic 
resonance (1H-NMR), infrared ( I R ) a n d  MS 
spectral data. 

RESULTS AND DISCUSSION 

Quantitative estimation of the phospholipids 
using solvent elution and spectrometric analysis 
of each TLC spot indicated the presence of 5 
major phospholipid head groups, namely PE, 
PG, PC, PI and PS. The percentage of these 
major phospholipid head groups was calculated 
from 4 replicates and the results are summa- 
rized in Table 1. The capillary GC analysis of 
total fatty acid methyl esters from the sponge 
Strongylophora durissima indicated the pres- 
ence of approximately 60 peaks out of which 
27 peaks contribute to 92% of the total fatty 
acid methyl ester mixture. Many peaks, espe- 
cially the conventional ones, were usually 
identified by comparison of the mass spectra 
and equivalent chain length (ECL)values (23) 
of the known standards. A capillary GC analysis 
of the hydrogenated derivatives of total fatty 
acids also was useful for identification. The 
pyrrolidides of the total fatty acids and hydro- 
genated derivatives also were analyzed by 
GC/MS. In general, a 12 atomic mass unit  
(amu) difference between the 2 most intense 
peaks of fragments containing n and n - 1  
carbon atoms in the acid moiety indicates a 
double bond between n and n + I carbon in a 
pyrrolidide derivative (24). A peak of reduced 
intensity belonging to a carbon atom sur- 
rounded by 2 enhanced peaks shows the 
presence of methyl branching at that carbon 
atom of the molecule. 

Taking an example from Table 2, the pyrrol- 
idide of the monounsaturated and branched 
acid 14 (methyl ester M + 408, hydrogenated 
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methyl ester IVl + 410) in our mixture showed a 
molecular ion peak corresponding to a C-26 
acid (IVl + 447); and a 12 amu difference between 
C4 (m/z 140) and Cs (m/z 152) (Fig. 3A) 
indicating the presence of a double bond at C-5. 
In addition, a peak with reduced intensity at 
C19 (m/z 348) with concurrent enhanced Cla 
and C20 fragment peaks (m/z 334 and m/z 362) 
clearly disclosed a branching at C19. A slightly 
diminished fragment peak at C24 (m/z 418) 
indicated the possibility of an iso-branching. 
Hydrogenation of this compound yielded the 
naturally occurring (Table 2) acid 15 where- 
upon the diminished fragment peak at C19 
shifted to m/z 350. A slightly reduced fragment 
peak at m/z 420 also was observed (Fig. 3B). 
The monounsaturated acid 14 exhibited a 
notable absence of absorptions in the 980-968 
crn -1 region of its infrared spectrum, indicating 
the presence of a cis rather than trans double 
bond (9,25). The position of this double bond 
at Cs also was confirmed by oxidative degra- 
dation which gave a C21 acid (methyl ester M + 
340) as the monofunctional  reaction product. 
The pyrrolidide of this degradation product 
showed a diminished peak at C14 (m/z 280) 
with the expected enhanced fragment peaks at 
m/z 264 (Fig. 4A) and m/z 294. A slightly 
diminished fragment peak at Cl8 (m/z 350) 
again raised the possibility of an iso-branching 
(24). 

In order to make an unambiguous assign- 
ment of the structure of 14, the 2 possible 
degradation products 14-methyleicosanoic 1 ~ )  
and 14,18-dimethylnonadecanoic (7) acids 
were synthesized as shown in Figure 1. The 
mass spectrum of the pyrrolidide derivative of 
14,18,dimethylnonadecanoic acid (7) was simi- 
lar to the pyrrolidide of the natural degradation 
product, except that the fragment peak at m/z 
350 was more visibly diminished in the case of 
the synthetic compound (Fig. 4A and C). More 
significantly, the methyl ester of 14,18:di- 
methylnonadecanoic acid (7) gave a slightly 
shorter retention time than that of the natural 
product, thus demonstrating that they could 
not be identical. 

On the other hand, 14-methyleicosanoic acid 
(16) had an identical retention time with the 
natural product as evidenced by the coinjection 
in the capillary GC. The mass spectra of their 
pyrrolidide derivatives also were identical 
(Fig. 4A and B). The fragment peaks at m/z 
350 were slightly diminished in both cases. 
Based on these observations, the structure of 
the degradation product had to be 14-methyl- 
eicosanoic acid whereupon it follows that 
natural compound is 19-methyl-5-pentacosenoic 
acid (14 in Table 2). The only unanswered 
question is the possible chiral nature and 
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FIG. 3. (A) Mass spectrum of  N-(19-methyl-5- 
pentacosenoyl)pyrrolidine (acid 14, Table 2). (B) Mass 
spectrum of  N-(19-methyl-5-hexacosenoyl)pyrrolidine 
(acid 15, Table 2). 

absolute configuration of C-19. 
Compound 15 also was obtained by.catalytic 

hydrogenation of the above-mentioned acid 14. 
The mass spectrum of pyrrolidide showed a 
molecular ion peak at m/z 449, typical for 
saturated C26 fatty acid pyrrolidides. The 
branching at C19 was confirmed by observing a 
peak of reduced intensity at Ci9 (m/z 350) 
surrounded by enhanced fragment peaks. All 
these results showed compound 15 to be 19- 
methylpentacosanoic acid. 

The major demospongic acid found in the 
mixture was compound 16 (methyl ester M + 
422). The mass spectrum of its pyrrolidide 
showed the molecular ion at m/z 461, charac- 
teristic for monounsaturated C27 acids. The 
presence of a double bond at Cs was indicated 
again by a 12 amu difference between C4 
(m/z 140) and C5 (m/z 152). Its IR spectrum 
gave no prominent absorption at 980-968 cm -1 , 
indicating a cis rather than a trans orientation. 
The position of branching was deduced first by 
observing a fragment peak of reduced intensity 
at C19 (m/z 348), accompanied by heightened 
flanking fragment peaks (Fig. 5A). Hydrogena- 
tion of the acid yielded compound 17 of the 
natural fatty acid mixture. In this case the 

" J/L 
iJ d 11~ . , .  i~ i .  , . .  ,,o 

266 280 294  

I r i , ,  L ~  
�9 2 g o  . . . . .  2 g o  ' ' ' ' 3"oo 

. . . . . . . .  jt "3'" 
I, J. L l 

�9 ' 3ko . . . .  46o . . . . . .  

4C 

5 'o  . . . .  ~bo  . . . .  ~go  ' ' ' 

266 280 294 

L, ! ! , ,  I, I ; "  
2OO 2SO 300 

336 350 364 / M§ 379 

F I G .  4. (A) Mass spectrum of  the pyrrolidide of  
the monofunctional  degradation product from 19- 
methyl-5-pentacosenoic acid�9 (B) Mass spectrum of  the 
pyrrolidide of  14-methyleicosenoic acid. (C) Mass 
spectrum of  the pyrrolidide of  14,18-dimethylnona- 
decanoic acid. 

fragment peak of diminished intensity at C~9 
shifted 2 amu to m/z 350 as expected (Fig. 5B). 

In order to verify the position of the double 
bond, NalO4/KMnO4 oxidative degradation of 
our acid was carried out which was purified by 
HPLC. The monofunctional  degradation prod- 
uct was a C22 (methyl ester M + 354), in accord- 
ance with our assignment. The pyrrolidide mass 
spectrum of this product showed a molecular 
ion at m/z 393 and a methyl branching at C14 
(m/z 280). Enhanced ions at Cl3 (m/z 266) and 
Cls (m/z 294) also were present (Fig. 6A). Since 
this is the major component of the mixture, we 
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FIG. 5. (A) Mass spectrum of N-(19-methyl-5- 
hexacosenoyl)pyrrolidine. (B) Mass spectrum of 
N-(19-methylhexacosanoyl)pyrrolidine. 

carried out the synthesis (Fig. 2) of the degra- 
dation product, methyl 14-methylheneicosano- 
ate (see Exp. Section), in order to assign an 
unambiguous structure of the molecule. The 
synthetic methyl branched product was identi- 
cal in all respects to the natural double bond 
degradation product, establishing the structure 
of the parent major acid 16 as Z-19-methyl-5- 
hexacosenoic acid. This result also indicates the 
structure of its saturated analog 17, present in 
the natural mixture, as 19-methylhexacosanoic 
acid. 

The presence in the sponge of trace amounts 
of a similarly branched acid (acid 13, methyl 
ester lVl + 396, typical for a C2s acid) also was 
demonstrated. The molecular ion of  its pyrrol- 
idide derivative was found at m/z 435, verifying 
the occurrence of a Czs acid. A fragment peak 
with reduced intensity at m/z 350 indicated the 
position of branching at C]9. Fragment peaks 
with higher intensities also were observed at 
Cls (m/z 336) and C20 (m/z 364). Therefore, 
the assigned structure is 19-methyltetracosanoic 
acid (13). 

Another very long chain phospholipid com- 
ponent (acid 18, methyl ester M + 436, hydro- 
genated methyl  ester M* 438) in this series of 

" i 
35O 40O 

FIG. 6. (A) Mass spectrum of the pyrrolidide 
of the monofunctional degradation product from 
19-methyl-5-hexacosenoic acid (acid 16, Table 2). 
(B) Mass spectrum of the pyrrolidide of the mono- 
functional degradation product from 19-methyl-5- 
heptacosenoic acid (acid 18, Table 2). 

19-methyl branched analogs is a monounsatu- 
rated C2s acid. A double bond at C s was 
detected by observing a 12 amu difference 
between the most intense peaks of C4 (m/z 
140) and Cs (m/z 152) as anticipated in the 
pyrrolidide mass spectrum of the acid. A dimin- 
ished fragment peak also was seen at C19 
(m/z 348). On hydrogenation, the fragment 
peak with reduced intensity was shifted to 
m/z 350. Enhanced peaks at C, s and C20 were 
shifted by 2 amu. The IR spectrum of the 
purified compound by HPLC again indicated a 
cis double bond. The oxidative degradation of 
the parent compound produced a C2a acid 
(methyl ester IVl + 368) as the monofunctional 
reaction product. Its pyrrolidide (IVl + 407) 
showed the expected diminished peak at C14 
(m/z 280) (Fig. 6B). These results lead to the 
conclusion that compound I8 was indeed a 
branched A s phospholipid acid, namely 19- 
methyl-5-heptacosenoic acid. Compound 19 
also was obtained by catalytic hydrogenation of 
acid 18. From the above-mentioned observa- 
tions its structure was assigned as Z-19-methyl- 
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heptacosanoic acid. 
A second long chain, monobranched fatty 

acid which did not change upon hydrogenation 
(acid 21, methyl ester M + 452) also was de- 
tected in the mixture. The pyrrofidide spectrum 
exhibited a molecular ion peak at m/z 491, 
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FIG. ?. Mass spectrum of  N-(20-methyloctaco- 
sanoyl) pyrrolidine (acid 21, Table 2). 
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FIG. 8. (A) Mass spectrum of N-(19,21-dimethyl- 
heptacosenoyl)pyrrolidine (acid 20, Table 2). (B) Mass 
spectrum of N-(20,22-dimethyloctacosanoyl)pyrrol- 
idine (acid 22, Table 2). 

featuring the presence of a C29 acid and a frag- 
ment peak with reduced intensity at m/z 364, 
this time pointing to a methyl branch at C20 
rather than C19 (Fig. 7). Flanking fragment 
peaks with increased intensities were observed 
at C19 (m/z 350) and C21 (m/z 378). Therefore 
the structure of this new component is estab- 
fished as 20-methyloctacosanoic acid (21). 

Finally we also encountered small amounts 
of 2 branched C29 and C30 saturated demo- 
spongic acids with unusually small ECL values 
(20 and 22 in Table 2). The pyrrolidide spec- 
trum of 20 (methyl ester M + 452) showed a 
molecular ion peak m/z 491 (Fig. 8A), charac- 
teristic for a C29 acid derivative. The fragment 
peaks with reduced intensities at m/z 350 and 
m/z 392 indicate 2 methyl branchings rather 
than one, at C-19 and C-21 (22) in accordance 
with the ECL value (Fig. 8A). Enhanced frag- 
ment peaks also were observed at m/z 336, 
m/z 364, m/z 378 and at m/z 406. The pyrrol- 
idide mass spectrum of the second compound 
with an unusually short ECL value (acid 22, 
methyl ester M + 466) showed a molecular ion 
at m/z 505 and indicated a saturated C30 acid. 
The fragment peaks with lowered intensities at 
m/z 364 and m/z 406 again pointed to two 
branchings, this time at C-20 and C-22 (Fig. 8B). 
Elevated fragment peaks also were observed at 
m/z 350, m/z 378, m/z 392 and m/z 420. Given 
the relatively short ECL values (23) and mass 
spectral properties (24), the structures of these 
2 novel phospholipid components 20 and 22 
were assigned tentatively as 19,21-dimethyl- 
heptacosanoic acid and 20,22-dimethylocta- 
cosanoic acid respectively. To our knowledge, 
fatty acids with such a dimethylation pattern 
are not known in nature. 

Major phosphofipids present in the sponge 
(Table 1) are PE, PS and PC. Our present and 
previous studies demonstrate that high percent- 
ages of PE and PS seem to be characteristic 
features of sponges. PG and PI usually are 
found in relatively small amounts and are 
known to occur in bacterial membranes. There- 
fore, the presence of significant quantities of 
PG and PI in our extract implies the presence of 
bacteria, probably in symbiosis with our 
sponge. The detection of typical bacterial com- 
ponents, iso and anteiso acids in the total 
phospholipid acid mixture, also suggests such a 
coexistence. These acids in our phospholipid 
fraction (iso-15:0, anteiso-15:0, iso-16:0, iso- 
17:0, and anteiso-17:0) contribute 12.1% of 
the total mixture. 11-Methyloctadecanoic acid 
which comprises 6.5% of the total mixture also 
may come from bacteria (9). In fact, relatively 
large quantities of these acids are in the PG 
fraction (Table 2) which further supports a 
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bacterial  origin. Based on the  analytical  s tudies  
carried out  so far, mar ine  bacteria do no t  
possess very long chain fa t ty  acids in their  
lipids. On the o the r  hand,  our studies (9 ,10,13)  
show that  typical  sponge phosphol ip ids  (PE, 
PS, and somet imes  PC) always conta in  rela- 
tively smaller amount s  of  normal  chain and 
larger a m o u n t s  of  very long chain demospong ic  
acids. These findings lead us to  believe tha t  the  
novel C24_30 fa t ty  acids are f rom sponge phos- 
phol ipids  and no t  f rom lipids ex t rac ted  f rom 
the bacterial  symbionts .  

This is the  first  t ime  tha t  large quant i t ies  
(30.7% of  the  tota l  fa t ty  acid mix ture )  o f  very 
long chain A s acids ra ther  than  A s'9 of  diun- 
saturated acids have been found  in sponges. 
According to  the  studies by Litchfield and his 
co-workers on demospongic  acids, a double  
bond  at C9 is first in t roduced ,  fo l lowed by a 
second double  bond  at C5 (26). Our new group 
of  A s m onounsa tu r a t ed  demospongic  acids 
opens  up the  possibil i ty of  a d i f ferent  b iosyn-  
thet ic  pa thway  in Strongylophora durissimr So 
far, we have encoun te r ed  d i f ferent  novel mono-  
and diunsatura ted  straight chain, branched,  
m e t h o x y ,  cyc lopropane  ( 9 - 1 3 ) o r  b romina t ed  
(27) phosphol ip id  fa t ty  acids wi th  one  c o m m o n  
feature:  a very long h y d r o c a r b o n  chain up to 
30 carbons  which seems to  be unique to these 
primitive marine  organisms. 

A recent  article (28) on the  evolut ion of  the  
phosphol ip id  compos i t ion  of  marine inverte- 
brates points  out  tha t  the  ascent  up the  evolu- 
t ionary scale is associated wi th  changes in the  
compos i t ion  of  phosphol ip ids ,  and an increase 
of  the  tota l  PC and PE toge ther  wi th  a decrease 
of  PS (in sponges and a r th ropods  in compar i son  
with tunicates ,  respect ively)  is observed.  It also 
is s ta ted tha t  an increase in the  degree of  satura- 
t ion is accompan ied  by the  disappearance of  
demospongic  acids. The presumed causes of  
these al terat ions are changes o f  t empera ture ,  
oxygen  concen t ra t ion  and degree of different ia-  
t ion of  tissues during the  course of  evolut ion.  
Fur ther  invest igat ions on morphologica l  and 
b iosynthe t ic  impl icat ions  of  our f indings are 
under  way. 
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ABSTRACT 

The mechanism by which high doses of estrogen influences lipid metabolism was studied with a 
microtubular blocking agent. Castrated male rats received oral injection daily for 14 days of 3 mg 
hexestrol in olive oil, or oil alone as controls. About half of the animals in each group were injected 
intraperitoneally with 4 mg/100 g body weight colchicine 3 hr before they were killed, ltexestrol 
treatment caused an accumulation of esterified cholesterol in the liver while it decreased those in 
serum. Triglyceride concentrations slightly decreased in the liver but were unaffected in serum. On 
polyacrylamide-gel disc electrophoresis, the peaks of high density lipoproteins (HDL) and low density 
lipoproteins (LDL) were decreased remarkably. Electron microscopic examination of hepatocytes 
revealed electron-lucent lipid droplets in the cytoplasm. 

After a colchicine treatment of the control animals, concentrations of esterified cholesterol and 
triglycerides markedly increased in the liver, while those in serum decreased. Electron microscopic 
examination of hepatocytes revealed numerous secretory vesicles filled with nascent VLDL. In hex- 
estrol-treated animals, the colchicine treatment was associated with marked decreases in serum- 
esterified cholesterol and triglyceride as seen in the controls. However, there were no further increases 
of esterified cholesterol in the liver, and the increase of triglycerides was slight. Flectron microscopic 
examination showed less secretory droplets than in the controls. 

These data suggest that very low density lipoproteins (VLDL) synthesis in the liver of hexestrol 
treated rats was inhibited. An accumulation of esterified cholesterol with a marked decrease in serum 
could not be accounted for by the inhibition of lipoproteins secretion, but rather by their enhanced 
entry into the liver. 
Lipids 19:777-783, 1984. 

INTRODUCTION 

Many s tudies  have s h o w n  tha t  es t rogen influ- 
ences lipid me tabo l i sm (1-4),  and  admin is t ra -  
t ion  of  h igher  doses of  es t rogen causes hypo-  
l ipidemia,  especially h y p o c h o l e s t e r o l e m i a  (5-9). 
Recent ly ,  we r epo r t ed  t h a t  the  t r e a t m e n t  of  
p ros ta t ic  cancer  wi th  high doses o f  syn the t i c  
es t rogen caused nona lcoho l i c  s t ea tohepa t i t i s ,  in 
which  marked  a c c u m u l a t i o n  of  lipid d rop le t s  
and  s tea tonecros i s  were seen in the  liver (10).  
Since mos t  of  the  pa t i en t s  in our  s tudy  showed  
hypocho le s t e ro l emia ,  the  occur rence  o f  s tea to-  
hepat i t i s  and changes  in the  level of  serum 
lipids should  depend  on  the  a l t e ra t ion  of  lipo- 
p ro te in  me tabo l i sm by the  e f fec t  of  es t rogen.  
L ipopro te ins  secre ted f rom the  liver and  the  
small  in tes t ine  to  the  b lood  s t ream are degraded 
by  l ipopro te in  lipase and  hepat ic - t r ig lycer ide  
lipase, and  parts  of  t hem are t aken  up by hep-  
a tocy te s  t h r o u g h  l ipopro te in  recep tors  (11).  
Therefore ,  inves t igat ion of  these  steps may 
t h r o w  fu r t he r  l ight  on  the  al tered-l ipid me tab -  
olism in the  t r e a t m e n t  of  es t rogen.  

In order  to  discover the  m e c h a n i s m  for the  
c rea t ion  of  s t ea tohepa t i t i s  and  hypocho le s t e r -  

*To whom correspondence should be addressed. 

o lemia  by es t rogen,  we t rea ted  rats wi th  high 
doses of  es t rogen and  invest igated b o t h  serum 
and  liver lipids in c o m b i n a t i o n  with m o r p h o -  
logical studies.  In add i t ion ,  the  effect  of  colchi-  
cine, which  is k n o w n  to inh ib i t  the  final steps 
of  l ipopro te in  secre t ion  (12 ,13) ,  was investi- 
gated to e luc ida te  which  steps of  l ipopro te in  
me tabo l i sm are mainly  involved in the changes  
of  serum and  liver lipids. 

MATERIALS AND METHODS 

Treatment of Animals 

Male Wistar rats  weighing 120-130 g (Nihon  
D obu t su  Co. Ltd . )  were cas t ra ted  under  thi-  
amylal  anes thes ia  (5 m g / 1 0 0  g body  weight ,  
i n t r ape r i tonea l  in jec t ion)  and  were housed  in 
wire mesh  cages i l lumina ted  f rom 7 a.m. to  
9 p.m. All an imals  had  free access to water  and  
s t andard  rat  chow.  Af te r  4-day intervals,  the  
an imals  received daily oral in jec t ions  of  3 mg 
hexes t ro l  (Wako Pure Chemica l  Ind. Co. Ltd . )  
dissolved in olive oil (10 mg/ml) ,  or  oil a lone  as 
con t ro l s  for  14 days. On the  15th  day,  fol low- 
ing overn ight  fast ing,  the  an imals  were killed by 
exangu ina t i on  from the  heart .  Three  hours  
before  they  were killed, a b o u t  half  of  the  
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animals in each group were injected intra- 
peritoneally with 4 mg/100 g body weight col- 
chicine ( I 0  mg/ml,  dissolved in 0.9% NaC1 
immediately before use, Wako Pure Chemical 
Ind. Co. Ltd.). 

Hepatic Morphology 

Immediately after the collection of blood, 
laparotomy was performed and the liver re- 
moved�9 The liver from each animal was divided 
into 3 pieces for cytochemical studies (pooled 
at - 2 0  C), for light microscopic study (fixed in 
10% formalin) and for electron microscopic 
study�9 Livers for electron microscopic study 
were fixed in 2% osmium oxide or 1% osmium 
oxide after fixation with 2.5% glutal aldehyde, 
embedded in Epon, and stained with uranyl 
acetate and lead citrate. 

Serum Lipid and Lipoprotein Analysis 

The blood from each animal was collected, 
allowed to clot at room temperature and 
centrifuged at 1500 g for 15 min. The serum 
thus obtained from each animal was pooled at 
4C.  Serum lipid analysis was determined 
enzymatically, and HDL cholesterol was deter- 
mined enzymatically after the precipitation of 
VLDL and LDL by heparin-Ca**. Analysis of 
serum lipoproteins was performed by poly- 
acrylamide-gel disc electrophoresis according to 
the method of Narayan (14). 

Liver Lipid Analysis 

Total lipids in the animal liver (400-500 mg 
fresh weight) were extracted by the method of 
Folch (15). The amount of total lipids was esti- 
mated gravimetrically with an electromicro- 
balance (Chan) after drying an aliquot of the 
sample at 130 C for 3 min. The amount of 
cholesterol was determined by the Zurkowski 
method (16). Esterified cholesterol and tri- 
glyceride analyses were performed by the 
ester-linkage determination after separation by 
thin layer chromatography (TLC) (17). The 
amount of  phospholipids was determined by 
the method of  Chert (18). 
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Liver Protein Analysis 

The amount of liver protein was determined 
by the method of Lowry (19) after the homo- 
genization of the liver (100-150 mg) in a 
0.25 M sucrose buffer. 

Statistical Analysis 

Statistical differences were analyzed using 
Student's t-test. 
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R ESU LTS 

Changes in Serum Lipids and Lipoproteins 

Table 1 shows the effects of  3 mg hexestrol 
administration with or without colchicine. 
Three mg of hexestrol caused a marked de- 
crease in serum-cholesterol concentrations from 
81 to 41 mg/dl. The decrease of  serum choles- 
terol was accounted for by the decrease of  
esterified cholesterol from 63 to 21 mg/dl. 
Also, the level of  HDL cholesterol was remark- 
ably reduced from 67 to 15 mg/dl. On the 
other hand, the level of  serum triglyceride was 
increased slightly but not statistically�9 Patterns 
of  lipoproteins on polyacrylamide-get disc 
electrophoresis arc shown in Figure I. Peaks of  
HDL and LDL were reduced by treatment with 
hexestrol. After the colchicine treatment, 
marked decreases of  serum-total cholesterol, 
esterified cholesterol and triglyceride were 
observed both in the hexestrol-treated animals 
and in the controls. 

Changes in Liver Lipids 

Table 2 shows the effects of  hcxestrol with 
or without colchicine in the liver. Administra- 
tion of  3 mg hexestrol resulted in a marked in- 
crease in liver-esterified cholesterol concentra- 
tions from 26 to 115 ~mol /10  g liver. Concen- 
trations of  triglyceride decreased slightly, from 
59 to 33 ~mol /10  g liver. After the colchicine 
treatment, significant increases of  total lipids 
(from 38 to 55 ~tg/mg liver), phospholipids 
(24 to 36 /~g/mg liver), 

Control r a t s  

free cholesterol (22 to 

Hexestrol treated rats 

~ L  

.=_ 

2 
ca_ 

...d 

O 

=o 

o 

" o  

g 
"E 

x 

9 9 ,'i" 9 9 9 

rvt.oL) (t.01_ r 

FIG. I. Polyacrylamide-gcl disc electrophoretic 
pattern of lipoproteins in hexestrol-treated rats. The 
peaks of HDL and LDL are lower than in the controls. 
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FIG. 2. Liver of hexestrol-treated rat, showing hepatocytes containing numerous lipid droplets 
(arrows). There are not inflammatory or degenerated signs in the other hepatocytes. (HE stain X 100) 

FIG. 3. Electron micrograph of the hepatocyte containing lipid droplets, showing electron-lucent 
lipid droplets with a single membrane. (• 7000) 
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70 /~mol/10 g liver), esterified cholesterol (26 
to 36 /.tmol/10 g liver) and triglyceride (59 to 
l l l  /Jmol/10 g fiver) were observed in the 
control animals. In hexestrol-treated animals, 
colchicine produced the same changes in 
phospholipids (from 25 to 32 #g/rag liver) and 
free cholesterol (29 to 55 /.tmol/10 g liver) as 
was the case in the control animals. However, 
esterified-cholesterol concentrations were not 
increased (from 115 to 93/amol/10 g l iver)and 
the increase in triglyceride was slight (33 to 
42 ~mol/10 g liver). 

Changes in Morphology of the Liver 

Light microscopic examination of hexestrol- 
treated animals revealed a few hepatocytes con- 
taining lipid droplets (Fig. 2), while under the 
electron microscope, numerous electron-lucent 
lipid droplets with a single membrane were 
found in the cytoplasm (Fig. 3). After the 
colchicine treatment, electron microscopic 
examination of the hepatocytes of control 
animals revealed Golgi elements with a higher 
load of nascent-VLDL particles and a large pop- 
ulation of VLDL-containing secretion vacuoles. 
These were found scattered throughout the 
cytoplasm (Fig. 4). In hexestrol treated animals, 
the electron microscopic examination of the 
liver revealed, however, only a few VLDL 
vesicles in the cytoplasm in comparison with 
controls (Fig. 5). 

DISCUSSION 

Treatment of rats with high doses of hexes- 
trol caused a marked reduction of esterified- 
cholesterol concentrations in serum, which was 
accounted for by decreases in HDL and LDL in 
confirmation of previous reports (5,8,9). In 
addition to the changes of lipids and lipopro- 
teins in s~rum, esterified-cholesterol concentra- 
tions markedly increased in the fiver while 
the concentrations of triglycerides decreased 
slightly. Light and electron microscopic exami- 
nations of the liver revealed hepatocytes con- 
taining substantial numbers of lipid droplets. 

Several mechanisms should be involved in 
the occurrence of those changes following the 
administration of high doses of estrogen. 
Although previous reports have suggested 
stimulated catabolism or enhanced removal of 
lipoproteins might be the cause of hypolipide- 
mia (5,8,9), the mechanism of the hypolipidemic 
effect of high doses of estrogen has not been 
clarified completely. In addition, the accumula- 
tion of esterified cholesterol in the liver could 
not be explained by stimulated catabolism. 

Esterified cholesterol and triglyceride of rats 
are secreted mainly in d < 1.01 lipoproteins, 
and their secretion is completely inhibited by 
colchicine (20). Colchicine treatment caused 
marked decreases of serum-esterified cholesterol 
and triglyceride in hexestrol-treated animals, 
similar to the results in the controls. In the 

FIG. 4. Electron micrograph of the hepatocyte of control animal after a colchicine treatment. 
Numerous secretory vesicles containing nascent VLDL are shown. (• 7000) 
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FIG. 5. Electron micrograph of the hepatocyte of hexestrol-treated rat after a colchicine treat- 
ment. There are a few VLDL vesicles as compared with those in the controls. (X 7000) 

liver, triglyceride concentrations increased 
slightly, while esterified-cholesterol concentra- 
tions did not increase further due to the admin- 
istration of colchicine in hexestrol-treated 
animals. Electron microscopic examination 
revealed less VLDL particles in the liepatocytes 
of hexestrol-treated animals than in those of 
controls�9 This suggests that hexestrol does 
inhibit VLDL synthesis. Therefore, the marked 
increase in the liver and decrease in the serum 
of esterified cholesterol accompanied by the 
decrease of HDL and LDL in serum could be 
explained only by the enhanced entry of these 
lipoproteins to the liver from circulation�9 This 
is supported by the observation of Wilcox (9), 
who reported enhanced removal of Apo-E rich 
subfraction of HDL from circulation accom- 
panied by large doses of ethynyl estradiol. 

Other possible factors affecting the mech- 
anism of lipid alteration might be considered, 
e.g. toxic effect of estrogen or the cholestatic 
effect of estrogen. Food consumption of rats 
treated with hexestrol decreased slightly. How- 
ever, there were not degenerated nor inflamma- 
tory signs in the liver of hexestrol-treated rats 
except for hepatocytes containing lipid droplets 
(Fig. 2). Consequently, 3 mg of hexestrol can- 
not be considered as having substantial toxic 
effect on the liver. 

There are several reports concerning the 
cholestatic effect of estrogen (21). However, in 

this experiment there were no signs of cholesta- 
sis in the liver treated with this drug. 

The fate of esterified cholesterol is hydro- 
lyzed by cholesterol esterase in lysosome (22). 

�9 P . , 

In our previous reports, 4,4-dlethylammo- 
ethoxyhexestrol,  which also was a compound 
of hexestrol, caused marked accumulations of 
phospholipids and esterified cholesterol in the 
liver accompanied by peculiar morphological 
changes showing a large number of multilamel- 
lar inclusion bodies in the hepatocytes (23,24). 
The mechanism of this accumulation was clari- 
fied to be the inhibition of lysosomal lipid 
hydrolytic enzyme (25). From another point of 
view, accumulation of esterified cholesterol in 
the liver might be accounted for by the inhibi- 
tion of cholesterol esterase. 
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Reduction of Polyunsaturated Fatty Acid 
Hydroperoxides by Human Brain Glutathione Peroxidase 

E. KAPLAN*a and K. ANSARI, b Neuro-lmmunology Research Laboratory and 
Neurology Service, Veterans" Administration Medical Center, Minneapolis, MN, 
U.S.A.; and Department of  Neurology b and Department of Medicine, a University 
o f  Minnesota Health Sciences Center, Minneapolis, MN, U.S.A. 

ABSTRACT 

Glutathione peroxidase (GSHPx) activity in the normal human brain was investigated using lipid 
hydroperoxides as substrates. Samples were obtained from autopsied frontal gray matter of 5 normal 
human males with no known central nervous system (CNS) disease. Aliquots were homogenized in 
0.9% NaC1-0.5% Triton X-100, and the supernatant solution, obtained after centrifugation at 105,000 
• g, was used for GSHPx assay. Glutathione peroxidase was measured by following the oxidation of 
NADPH at 340 nm. Hydroperoxides of linoleic, linolenic, gamma linolenic, 11,14 eicosodienoic, homo 
gamma linolenic, arachidonic, docosotetraenoic and docosohexaenoic acids were prepared and used as 
substrates. All these hydroperoxides were reduced by the brain GSHPx system, but at different rates. 
Gamma linolenic and docosotetraenoic hydroperoxides were reduced rapidly, whereas the peroxides 
of docosohexaenoic and 11,14 eicosodienoic were reduced at the lowest rate. Arachidonic hydro- 
peroxide had the highest affinity for the enzyme and linolenic the lowest. Our results suggest that the 
brain GSHPx system is capable of reducing hydroperoxides of polyunsaturated fatty acids. 
Lipids 19:784-789, 1984. 

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

The brain contains a high concentration of 
polyunsaturated fatty acids (PUFA). These 
PUFA are important constituents of phospho- 
lipids of cell membranes (1,2). Analysis of brain 
phospholipids has shown that they are rich in 
the following PUFA: arachidonic (20:4w6), 
docosotetraenoic (22:4603) and docosohex- 
aenoic (22:6606) (1,2). PUFA are susceptible to 
toxic oxygen products (3); increased formation 
of hydroperoxides has been implicated in the 
development of senescence (3-6) and cellular 
damage (3,7-9). Removal of these harmful 
hydroperoxides from tissues may occur through 
the action of the enzyme glutathione peroxi- 
dase (GSHPx, EC 1.11.1.9) (3,10,11). Although 
the relevance of GSHPx in prevention of tissue 
lipid peroxidation has been questioned (12-14), 
many investigators (3,10,11) feel that this 
peroxidase is of importance in reduction of 
lipid hydroperoxides. It has been reported that 
GSHPx from liver and erythrocytes can reduce 
lipid peroxides (3,10,15,16). No studies have 
been performed on the ability of GSHPx in 
brain to reduce these fatty acid hydroperox- 
ides. Since the brain does have a measurable 
quantity of GSHPx (17-19), we investigated the 
capacity of the enzyme in frontal gray matter 
of the human brain to reduce these hydro- 
peroxides which may be produced in vivo non- 

*To whom correspondence should be addressed at 
Research Service, V.A. Medical Center, Minneapolis, 
MN 55417. 

enzymatically and/or enzymatically from their 
own PUFA. We have evaluated the reduction of 
8 PUFA hydroperoxides by GSHPx present in 
normal human brain supernatant solution and 
compared these results with those obtained 
using H202 and t-butyl hydroperoxide as sub- 
strates. 

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

Frontal gray matter samples from 5 autop- 
sied normal human brains were used for this 
study. Individuals from whom samples were 
obtained ranged between 52 and 62 yrs of age, 
and all were males. Two of the 5 brains were 
analyzed for GSHPx within a few days of 
autopsy, and the other 3 samples had been 
stored at -80  C for 7 to 10 yr. We have found 
that GSHPx activity in normal frontal gray 
matter samples (excised during surgical ap- 
proach for various intracranial lesions) and 
fresh autopsy human frontal aliquots were 
similar to those of frontal tissues which had 
been stored for 7 to 10 years (unpublished 
observations). 

The chemicals Hepes, EDTA, NADPH, 
sodium azide, soybean lipoxygenase, gluta- 
thione reductase and t-butyl hydroperoxide 
were obtained from Sigma Chemical Co., 
St. Louis, Missouri. I-I202 was purchased from 
Fisher Scientific Prod., Pittsburgh, Pennsyl- 
vania. GSH and Triton X-100 were bought from 
Cal-Biochem., LaJolla, California. Hemoglobin 
standards and Drapkins reagent were obtained 
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from Hycel, Inc., Houston, Texas. The follow- 
ing PUFA were purchased from Nu-Chek-Prep 
Inc., Elysian, Minnesota: linoleic (18:26o6), 
3' linolenic (18:36o6), linolenic (18:36o3), homo 
3' linolenic (20:36o6), 11,14 eicosodienoic 
(20:26o6), arachidonic (20:46o6), docosotetra- 
enoic (22:46o6) and docosohexaenoic (22:66o3). 
.These PUFA were greater than 99% pure 
according to GC and TLC analysis performed 
by Nu-Chek-Prep Inc. 

Enzyme assay. Tissue was homogenized in 
9 vol of 0.9% NaC1-0.5% Triton X-100 using a 
Polytron (Brinkman, Westbury, New York) 
intermittently for a total time of one minute at 
the maximum speed setting. This homogenate 
was centrifuged at 105,000 x g for 90 rain in a 
Beckman preparative ultracentrifuge. A 60 /11 
aliquot of the supernatant solution was used for 
GSHPx assay. GSHPx activity was determined 
by the method of Beutler (20) as modified by 
Prohaska and Ganther (17). Hepes-EDTA, pH 
7.5, was substituted for phosphate buffer, 
pH 7.0 (Prohaska, J., personal communication). 
Final concentration of the components in a 
volume of 2.0 ml was: 0.1 M Hepes, 3.0 mM 
EDTA, 1.0 mM GSH, 4.0 mM sodium azide, 
1.5 /amoles NADPH, and 1 unit per ml gluta- 
thione reductase. The reaction was started by 
addition of.hydroperoxide. Activity was moni- 
tored at 340 nm in a Beckman Acta III spectro- 
photometer maintained at a constant tempera- 
ture of 37 C by a Haake circulating water bath. 
Baseline changes (non-specific activity) in 
optical density of less than 0.002 per rain were 
subtracted from the total change in absorbance 
per min following the addition of hydroperox- 
ide. The GSHPx activity was expressed as 
nmoles NADPH oxidized rain -1 mg protein -1 . 

Since the brain homogenate was contami- 
nated with blood, it was necessary to correct 
for contributions to the brain GSHPx activity 
by erythrocytes. The erythrocytes of 15 
hospitalized patients were individually isolated 
by centrifugation at 800 x g for 20 rain in an 
IEC, Model PR 6000 centrifuge, kept at 4 C. 
The cells were washed twice with 0.9% NaC1 
and lysed with 0.9% NaC1-0.5% Triton X-100 
(I :40). Hemoglobin in each lysed erythrocyte 
preparation and brain supernatant solution was 
measured by the method of Drapkin (21). 
GSHPx activity in these preparations was 
assayed by the method described above. Sixty 
/al aliquots were used for Hb and for GSHPx 
determinations. Enzyme activity in each brain 
sample was corrected for erythrocyte contribu- 
tion (average GSHPx activity of the 15 erythro- 
cyte samples) by the following formula: [OD/ 
min (brain)]-[OD/min/mg Hb (RBC) x mg Hb 
(brain)] = OD/min (brain corrected). GSHPx 

activity of erythrocytes in these autopsied brain 
samples ranged from 1-6 nmoles NADPH oxi- 
dized/rain. 

Preparation o f  hydroperoxides. The fatty 
acid hydroperoxides were prepared according 
to the method of Hamberg and Samuelsson 
(22). The fatty acid (4 mg/ml) was solubilized 
in 0.019 M NH4OH. To complete the solubili- 
zation, 0.5 ml of 95% EtOH was added (23). 
Soybean lipoxygenase (1 mg [20000 units/rag] 
per ml) was dissolved in 0.1 M borate buffer, 
pH 9.0, and added to the incubation mixture 
(2.5 ml/4 mg fatty acid). The reaction was 
allowed to proceed for 30 rain at 0 C. Pure 
oxygen was bubbled throughout the incubation 
period (23,24). At the end of this time 100 ml 
each of 95% EtOH and H20 was added. The 
mixture was acidified to a pH of less than 3.0 
with 5.0 N HC1. Hydroperoxides were extracted 
3 times with diethyl ether. The ether was 
washed 3 times with 0.1 vol H20,  dried with 
MgSO4, and evaporated to dryness at room 
temperature with N2. Hydroperoxide residue 
was stored at - 20  C in closed containers until 
analyzed for peroxides (25). The hydroperox- 
ides were solubilized in a mixture 0.1 ml 95% 
EtOH and 0.1 ml H20. A 20 /al aliquot of the 
appropriate dilutions was used for assay of 
GSHPx. 

In the case of t-butyl and H202, the solu- 
tions were serially diluted with H~O and a 
20/al aliquot used for the GSHPx assay. 

Protein in the I05,000 • g brain supernatant 
solution was determined by the Lowry tech- 
nique as modified by Markwell et al. (26), using 
bovine serum albumin as a standard. 

R ESU LTS 

The enzyme, GSHPx, in supernatant solu- 
tion (105,000 x g) of brain was capable of 
reducing all 8 lipid hydroperoxides used in the 
present study (Figs. 1-3). As shown in these 
figures, these hydroperoxides were reduced at 
different rates by the brain GSHPx system. The 
values used in these figures are the means + S.D. 
of 3-5 different brain samples claculated by a 
BMDP statistical analysis program (27) on a 
Digital computer, Model pdp 11. 

In the 18 carbon series saturation of enzyme 
with linoteic and gamma linolenic was reached 
with 45 /aM and 90 /aM of the respective sub- 
strate (Fig. 1). At the highest concentration of 
linolenic (75 /aM), the activity was approaching 
a constant rate with respect to substrate con- 
centrations. These data suggest that hydro- 
peroxides of 18 carbon PUFA, with an unsatu- 
rated bond at co6, saturated the enzyme at the 
concentrations used. 
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FIG. 1. A plot of GSHPx activity (velocity) in 
human frontal gray matter versus concentration of 
peroxides of 18 carbon polyunsaturated fatty acids: 
X X, linoleic (18:3to6) [3] ; A . . . . . . .  A, linolenic 
(18:3to3) [31, and �9 . . . .  ", 3' linolenic (18:3to6) 
~4|. Values are the means obtained with frontal gray 
matter samples run in duplicate. The number of differ- 
ent brain samples analyzed is indicated in brackets [ 1. 
The means • were calculated by a Digital com- 
puter using a BMDP program for statistical analysis 
(27). The GSH concentration was kept constant at 
1.0 raM. 
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FIG. 2. A plot of GSHPx activity (velocity) in 
human frontal gray matter versus concentration of 
peroxides of 20 carbon polyunsaturated fatty acids: 
X X, eicosodienoic (20:2to6); A - - z ~ ,  homo 7 
linolenic (20:3oj6), and �9 . . . . . . .  . ,  arachidonic 
(20:4to6). Values are the means obtained with frontal 
gray matter samples run in duplicate from 5 different 
human brains. The means • were calculated by a 
Digital computer using a BMDP program for statistical 
analysis (27). The GSH concentration was kept 
constant at 1.0 raM. 
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FIG. 3. A plot of GSHPx activity (velocity) in 
human frontal gray matter versus concentration of 
peroxides of 22 carbon polyunsaturated fatty acids: 
�9 - -  - - � 9  docosotetraenoic (22:4w6), and o o, 
docosohexaenoic (22:6to3). Values are the means 
obtained with frontal gray matter samples run in 
duplicate from 5 different human brains. The means 
• were calculated by a Digital computer using a 
BMDP program for statistical analysis (27). The GSH 
concentration was kept constant at 1.0 mM. 

Figures  2 and  3 show the  changes  in veloci ty  
(nmoles  NADPH ox id ized  per  m in  per  mg  pro- 
t e in )  versus subs t ra t e  c o n c e n t r a t i o n  w h e n  3 
h y d r o p e r o x i d e s  of  the  20 c a r b o n  series, n a m e l y  
e icosodienoic ,  h o m o  g a m m a  l inolenic  and  ara- 
ch idon ic  (Fig. 2), and  2 h y d r o p e r o x i d e s  of  t he  
22 c a r b o n  series, d o c o s o t e t r a e n o i c  and  docoso-  
h e x a e n o i c  (Fig. 3) were used as substrates .  
H o m o  gama l inolenic  and  a rach idon ic  h y d r o -  
pe rox ide  sa tu ra ted  the  e n z y m e  at  60 and  
25 /aM, respect ively.  The  subs t ra te ,  hyd ro -  
pe rox ide  of  e icosodienoic ,  d id  n o t  r each  a con-  
s t an t  ra te  at  t he  h ighes t  c o n c e n t r a t i o n  t e s t ed  
(75 #M). The  two  22 c a r b o n  cha in  l eng th  f a t t y  
acid h y d r o p e r o x i d e s ,  docoso t e t r aeno i c  and  
docosohexaeno i c ,  appea red  to sa tu ra te  the  
e n z y m e  at  20 and  105/.tM, respect ively .  G S H P x  
act iv i ty  wi th  d o e o s o h e x a e n o i c  h y d r o p e r o x i d e  
at  t he  h ighes t  c o n c e n t r a t i o n ,  was jus t  beg inn ing  
to  a p p r o a c h  a c o n s t a n t  rate .  The  o t h e r  h y d r o -  
pe rox ides  of  t h e  20 and  t h e  22 c a r b o n  P U F A  
wi th  an  u n s a t u r a t e d  b o n d  at  w 6  had  sa tu ra t ed  
t he  e n z y m e  excep t  for  t he  h y d r o p e r o x i d e  of  
11,14 e icosodienoic ,  a P U F A  n o t  general ly  
f o u n d  in tissues. 

Brain GSHPx ac t iv i ty  also was e x a m i n e d  
using H 2 0 2  and  t - bu ty l  h y d r o p e r o x i d e ,  the  2 
pe rox ides  mos t  c o m m o n l y  used for  e n z y m e  
assay (Fig. 4). The  data  ind ica t ed  t h a t  H 2 0 2  
and  t -bu ty l  h y d r o p e r o x i d e  sa tu ra ted  the  en- 
z y m e  at 0.1 mM and  0.45 raM, respect ively.  

In order  to  c o m p a r e  G S H P x  act iv i ty  using 
d i f fe ren t  h y d r o p e r o x i d e s  as subs t ra tes ,  GSHPx  
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FIG. 4. A plot of GSHPx activity (velocity) in 
human frontal gray matter versus concentration 
of hydrogen peroxide and t-butyl hydroperoxide. 
X . . . .  X, H~O 2 [5], and o - - %  t-butyl [4]. 
Values are the means obtained with frontal gray 
matter samples run in duplicate. The number of 
different human brains analyzed is indicated in brack- 
kets [ 1- The means _+S.D. were calculated by a Digital 
computer using a BMDP program for statistical analy- 
sis (27). The GSH concentration was kept constant at 
1.0 raM. 

ac t iv i ty  on  the  l inear  po r t i on  of  the  curve 
(Figs. 1-4) was used. A subs t ra t e  c o n c e n t r a t i o n  
of  0.01 mM was f o u n d  to be sui table  for  th is  
compar i son ,  and  GSHPx ac t iv i ty  (expressed  as 
nmoles  NADPH oxid ized  min  -1 mg p ro t e in  -1)  
for  the  h y d r o p e r o x i d e s  at  0.01 mM varied f rom 

8-54.7 (Table  1). The  h y d r o p e r o x i d e  subs t ra tes  
which  were r educed  mos t  rap id ly  b y  G S H P x  
were g a m m a  l inolenic  (54 .7)  and  docoso-  
t e t r aeno ic  (53.0) ,  fo l lowed by  a rach idon ic  
(36 .5) ,  l inolenic  (35 .3)  and  l inoleic  (32.7) .  The  
h y d r o p e r o x i d e  subs t ra tes  which  were r educed  
mos t  s lowly by  GSHPx  were h o m o  g a m m a  
l inolenic  (29 .0) ,  d o c o s o h e x a e n o i c  (29 .0)  and  
11,14 e icosodienoic  (22 .0) .  A t  this  concen t r a -  
t ion  of  h y d r o p e r o x i d e  (0.01 raM), t -bu ty l  
h y d r o p e r o x i d e  had  a GSHPx ac t iv i ty  of  8.0 and  
H 2 0 2 ,  23.5. The  na tu ra l  c o m p o u n d s ,  lipid 
h y d r o p e r o x i d e  and  H 2 0 2 ,  were b e t t e r  sub- 
s t ra tes  t h a n  the  n o n - n a t u r a l  c o m p o u n d ,  t - bu ty l  
h y d r o p e r o x i d e :  

DISCUSSION 

GSHPx  is a un ique  e n z y m e  in t ha t  i t  is 
capable  of  r educ ing  h y d r o p e r o x i d e s  of  d i f fe ren t  
molecu la r  sizes and  shapes,  ranging  f rom in- 
organic  (H2 O2)  to  organic  ( P U F A  and  t e rpene-  
t ype  h y d r o p e r o x i d e s )  (9 ,12 ,13) .  The  mechan -  
ism of GSHPx reac t ion  is 2 subs t r a t e  d o u b l e  
d i sp l acemen t  (p ing-pong)  (9). Two types  of  
GSHPx,  a Se -dependen t  and  a Se - independen t ,  
have been  iden t i f i ed  in the  bra in  (17).  Our  
s tudies  using h u m a n  bra in  s u p e r n a t a n t  so lu t ion  
p r o b a b l y  c o n t a i n e d  b o t h  e n z y m e s  and  gluta- 
t h i o n e  S-transferase,  and  th is  g roup  of  e n z y m e s  
was labeled  'b ra in  G S H P x  sys tem. '  We did n o t  
a t t e m p t  to  d i f fe ren t i a te  the  various types  of  
enzymes .  

Using th is  b ra in  GSHPx sys tem,  we calcu- 
la ted the  a p p a r e n t  Km for  each l ipoperox ide .  
In order  to  use zero o rde r  k ine t ics  the  second  
subs t ra te ,  GSH, was kep t  c o n s t a n t  at  1.0 raM. 

TABLE 1 

Glutathione Peroxidase Activity Using Different Hydroperoxides 

Hydroperoxide Unsaturation 

GSHPx activity 
(nmoles NADPH oxidized 

min -t mg protein -1 ) 

L i n o l e i c  1 8 :  2 t o 6  3 2 . 7  
L i n o l e n i c  1 8 : 3 6 0 3  3 5 . 3  
7 L i n o l e n i c  1 8 : 3 t o 6  5 4 . 7  

1 1 , 1 4  E i cosod i eno i c  20 :2~o6  2 2 . 0  
H o m o  7 Lino len ic  2 0 : 3 t o 6  2 9 . 0  
A r a c h i d o n i c  2 0 : 4 6 0 6  36 .5  

Docosotetraenoic 22:4w6 53.0 
Docosohexanenoic 22:6to3 26.5 

t-butyl 8.0 
H202 23.5 

Enzyme activity in brain 105,000 X g supernatant solution was determined at hydro- 
peroxide concentration of 0.01 mM and GSH concentration of 1.0 mM using the data 
shown in Figures 1-4. The activity is expressed as NADPH oxidized per rain per mg protein 
and is the mean of 3-5 different human frontal gray matter samples done in duplicate. 
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The apparent Km was calculated from the slope 
of a line obtained by a Lineweaver-Burke plot 
which was drawn by a Digital computer with a 
BDMP linear regression program (27). Arachi- 
donic hydroperoxide had the lowest apparent 
Km for the enzyme, 2.1 #M, followed by 
docosohexaenoic, 3.3 /aM, docosotetraenoic, 
6.1 #M, 11,14 eicosodienoic, 7.8 /aM, and 
gamma linolenic, 9.0 ~tM. Hydroperoxides of 
homo gamma linolenic, 10.9/.tM, and linolenic, 
15.1 /.tM appeared to have the lowest affinity 
for brain GSHPx. An apparent Km of 23.2 mM 
and 43.4 mM was calculated for H202 and 
t-butyl hydroperoxide, respectively. The af- 
finity of lipid hydroperoxides for GSHPx ap- 
peared to be higher than that for H202 and 
t-butyl. In order to accurately calculate the 
apparent Km using zero order kinetics, the 
enzyme and substrate should be purified, and a 
sufficient amount of the substrate available so 
the enzyme activity will approach a constant 
rate with respect to the substrate concentra- 
tion. In these experiments, however, we were 
interested primarily in comparing the apparent 
Km of the different hydroperoxide substrates 
under similar reaction conditions. 

The brain GSHPx system reduced the hydro- 
peroxides of PUFA that have been found in the 
brain, namely, arachidonic, docosotetraenoic 
and docosohexaenoic (1,2). These PUFA are 
present in high concentrations in brain phos- 
pholipids (1,2). According to some reports, 
hydroperoxidation of these phospholipid PUFA 
yields a product which cannot be reduced by 
GSHPx (12-14,28). The data of McCay et al. 
(12-14) suggest that lipid peroxidation is pre- 
vented by a radical scavenging protein, a GSH- 
cytosolic compound, not GSHPx. Their conclu- 
sions were based on 2 observations: 1)GSHPx, 
partially purified, was not able to reduce the 
microsomal membrane peroxidized phospho- 
lipids, and 2) hydroxylated fatty acids could 
not be isolated and identified by TLC (10). By 
contrast, Ursini and coworkers (29), using a 
similar system, observed an increased reduction 
of fatty acid peroxides at the C-2 position of 
microsomal membrane phospholipids and sug- 
gested that this system included GSHPx, and 
was not giutathione S-transferase. Further 
studies on the identification and the mechan- 
isms of action of the cytosolic protein are re- 
quired before concluding whether GSHPx is 
involved. 

In their paper on human brain GSHPx, 
Carmagnol et al. (19) reported an activity of 
18 nmoles NADPH oxidized min -l mg pro- 
rein -1 using t-butyl hydroperoxide (0.25 mM) 
as substrate. We obtained a value of 62 nmoles 
NADPH oxidized rain -1 mg protein -1 using 

0.25 mM t-butyl hydroperoxide (Fig. 4). Our 
values of GSHPx activity in the human brain 
were higher. This difference may be related to 
methodology: they used phosphate buffer, 
pH 7.0, whereas we used Hepes-EDTA, pH 7.5, 
and they sonicated their tissue and we solu- 
bilized the tissue in Triton X-100. 

Lipid peroxides in the brain may have an 
important role in cellular damage (3,7-9) and 
aging (3-6). DeMarchena et al. (30) had ex- 
pressed some doubts regarding the significance 
of brain GSHPx in reduction of hydroperoxides 
because they were able to detect only small 
amounts of this enzyme. This concept on lack 
of significance of GSHPx in reduction of lipid 
hydroperoxides was supported by McCay et al. 
(12-14). It is apparent from the data of Pro- 
haska and Ganther (17), Brannan et al. (18) and 
Carmagnol et al. (19) that the brain contains a 
significant amount of GSHPx to minimize 
damage from peroxidation products. Our data 
indicates that lipid hydroperoxides can be re- 
duced by brain supernatant solution, which we 
are calling, GSHPx system. In cases of patho- 
logical insults, arachidonic acid is released (31, 
32) and can be converted to a hydroperoxide 
(33). These lipid peroxides can activate phos- 
pholipase A2, which causes the release of more 
unsaturated fatty acids from the C-2 position 
of phospholipids (34). Excess buildup of these 
lipid hydroperoxides or decreased enzyme 
levels and/or activity may cause damage to cell 
membrane, and thus decrease the brain's ability 
to function normally. These changes also may 
be involved in the development of senescence 
(3-6). 
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Analysis of Autoxidized Fats by Gas Chromatography-Mass 
Spectrometry. IX. Homolgtic vs. Heterolgtic Cleavage of Primary 
and Secondary Oxidation Products 

E.N. FRANKEL* ,  W.E. NEFF and E. SELKE, Northern Regional Research Center, 
Agricultural Research Service, U.S. Department of Agriculture, Peoria, Illinois 61604 

ABSTRACT 

To elucidate the genesis of volatile lipid oxidation products, thermal homolytic and acid heteroly- 
tic decomposition processes were compared. Secondary oxidation products were decomposed ther- 
mally (200 C), and the volatiles formed were identified by capillary gas chromatography-mass spectro- 
metry (GC-MS). Oxidation products also were decomposed in the presence of HCl-methanol, and the 
resulting dimethyl acetals were identified by GC-MS. The volatile thermal decomposition products 
were those expected by homolytic #-scission on both sides of the hydroperoxide group. No dialde- 
hydes were identified under our thermal decomposition conditions. In contrast, the acetals formed by 
acid decomposition were those expected by selective heterolytic scission between the hydroperoxide 
group and the allylic double bond. Dialdehydes identified from acid decomposition of cyclic peroxides 
and dihydroperoxides included malonaldehyde and 2,4-hexadienedial. 
Lipids 19:790-800, 1984. 

INTRODUCTION 

Previous papers in this series (1,2) reported 
the identification of volatile thermal decompo- 
sition products of hydroperoxy cyclic per- 
oxides. These papers provided direct evidence 
for the contribution of secondary lipid oxida- 
tion products as precursors of volatiles. Many 
of these volatile lipid oxidation products are 
associated with flavor deterioration of lipids 
(3), with cellular damage (4,5), and with a 
decrease in the safety of fat-containing foods 
(6). A major part of the volatile thermal de- 
composition products are those expected by 
the generally recognized mechanism involving 
homolytic ~-scission on both sides of the hydro- 
peroxide group (3). In another paper (7), we 
described an acetalation-acid decomposition 
procedure to investigate the formation of 
malonaldehyde from primary and secondary 
products of lipid oxidation. A heterolytic 
cleavage mechanism was suggested to explain 
the fragmentation of hydroperoxy cyclic per- 
oxides and 1,3-dihydroperoxides to produce 
malonaldehyde as the tetramethyl acetal 
derivative. 

This paper describes an extension of our 
studies on the thermal decomposition volatile 
products of other recently identified secondary 
products, including dihydroperoxides and hy- 
droperoxy bicycloendoperoxides (1,8,9). The 
dimethyl acetal cleavage products resulting 
from decomposition with HCl-methanol also 

To whom correspondence should be addressed. 

were identified by gas chromatography-mass 
spectrometry (GC-MS) and compared to the 
corresponding thermal decomposition products 
generated directly on the injector port of a 
gas chromatograph. 

EXPERIMENTAL 

Monohydroperoxides, dihydroperoxides, hy- 
droperoxy epidioxides, and hydroperoxy bi- 
cycloendoperoxides were prepared from oxi- 
dized methyl linoleate and linolenate by a 
general procedure developed previously (1,8- 
10), which involves the following steps: (a) 
autoxidation (8) or photosensitized oxidation 
(1,9); (b) silicic acid column chromatographic 
separation of monohydroperoxides from secon- 
dary oxidation products by elution with mix- 
tures of diethyl ether/hexane (11); (c) high- 
pressure liquid chromatography (HPLC) of 
dihydroperoxides and hydroperoxy bicyclo- 
endoperoxides on a 6 /a microporous silica 
column (Zorbax Sil, 250 • 2.12 cm, Dupont, 
Wilimington, Delaware) eluting with a mixture 
of absolute ethanol/hexane (3:9, v/v), and 
hydroperoxy epidioxides on a 10 /~ micro- 
porous silica column (Partisil-10 M9, 100 x 
0.94 cm, Whatman, Clifton, New Jersey) 
eluting with a mixture of hexane/methylene 
chloride/ethyl acetate (7:4:1, v/v/v) (9); and 
(d) thin-layer chromatography (TLC) of each 
chromatographic fraction to check for func- 
tional purity (1,9). 

Thermal decomposition of oxidation pro- 
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ducts  was achieved in the injector  por t  o f  a 
GC-MS sys tem at 200 C, using a capillary fused 
silica co lumn bonded  with Durabond  DB-5 
(J&W Scientif ic,  Rancho  Cordova,  Califorina) 
(2). Acid decompos i t i on  was carried out  with 
HCl-methanol  by the same procedure  r epo r t ed  
for  the  fo rma t ion  of  ma lona ldehyde  (7). The 
resulting d ime thy l  acetal derivatives were 
analyzed by GC-MS, using a glass co lumn 
packed with 10% SP 2330 (Supelco,  Inc., 
Bel lefonte ,  Pensylvania) (7). Thermally gener- 
ated volatiles were ident i f ied as before  wi th  a 
compute r i zed  GC-MS system (12,13),  match ing  
mass spectra with those of  our  reference  
library and conf i rming by GC re ten t ion  data. 
Acid-generated d ime thy l  acetals were ident i f ied 
by compar ing their  mass spectra  and GC 
re t en t ion  t imes with those of  d ime thy l  acetals 
o f  au thent ic  a ldehydes  (Bedoukian Research,  
Inc., Danbury ,  Connec t i cu t ;  Aldrich Chemical  
Co.,  Milwaukee, Wisconsin;  Eas tman Organic 
Chemicals,  Roches te r ,  New York;  K & K 
Labora tor ies ,  Long Island City,  New York).  
Methyl  9 -oxononanoa te  was prepared by 
reduct ive ozonolysis  o f  me thy l  oleate (14). 
When reference  c o m p o u n d s  were not  available, 
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the ident i f ica t ion  was based on mass spectral  
in te rp re ta t ion  f rom the  l i terature (15,16).  

RESULTS AND DISCUSSION 

Thermal Decomposition Products 

Dihydroperox ides  were fo rmed  in relatively 
significant amoun t s  (1.0 to 5.6%) and hydro -  
pe roxy  b icyc loendoperox ides  in only minor  
amoun t s  (0.1 to 0.3%) in our samples of  p h o t o -  
sensit ized oxidized me thy l  l inolenate  (9). The 
volatiles fo rmed  by thermal  decompos i t i on  of  
these secondary  ox ida t ion  p roduc t s  were 
ident i f ied by capillary GC-MS (Table 1). Pro- 
panal was an impor t an t  volatile p roduced  f rom 
the  ox ida t ion  p roduc t s  containing a 16-hydro- 
peroxide  group: 9,16(I)-,  10,16(II)-, 9,12+13, 
16(V)-d ihydroperoxides ,  and f rom the  9- and 
16-hydroperoxy  b icyc loendoperox ide  mix ture  
(VI). Other  significant volatiles included 2- 
butenal  f rom d ihydrope rox ide  IV, me thy l  
oc tanoa te  f rom d ihydrope rox ides  I, IV and V, 
me thy l  9 -oxononanoa te  f rom d ihydrope rox ides  
I, III, IV and V and f rom h y d r o p e r o x y  bicyclo- 
endope rox ides  VI, me thy l  10-oxo-8-decenoate  
f rom d ihydrope rox ides  II and III, me t h y l  

TABLE 1 

Capillary GC-MS Analysis a of Volatiles from Thermally Decomposed 
Dihydroperoxides (I-V) and Hydr0peroxy Bicycioendoperoxides (VI) (Schemes 1-4) b 

Relative peak area per cent Relative 
Volatile compounds retention I II III IV V VI 

Acetaldehyde 0.11 0.6 0.1 0.9 1.9 0.2 0.3 
Ethane O. 12 1.0 0.4 1.0 1.2 0.9 
Acetone 0.12 3.1 4.3 3.8 4.8 5.8 3.1 
Propanal 0.13 19.4 24.7 2.1 19.9 26.0 
Butanal 0.16 0.6 1.2 2.4 2.0 
2-Butenal O. 17 1.8 2.0 2.1 29.1 1.7 1.6 
1,4-Hexadiene 0.24 0.9 1.9 3.3 
2,4-Hexadienal c O. 58-0.61 0.6 1.0 0.4 
Me Hexanoate 0.65 0.2 0.7 0.1 0.3 
Butyl Furan c 0.72 5.8 
2-Heptenal 0.74 0.7 
2,4-Heptadienal c 0.80-0.81 0.2 1.3 4.6 0.7 1.2 5.5 
Me Heptanoate 0.83 0.1 1.0 1.9 0.9 1.0 0.2 
Me Octanoate 1.00 7.8 0.8 3.5 10.0 10.0 2.5 
Me 8-Oxooctanoate 1.35 0.6 1.9 3.0 1.8 2.6 0.3 
Me 9-Oxononanoate 1.53 38.8 2.2 7.1 9.2 9.8 30.3 
Me 10-Oxodecanoate 1.63 0.6 0.3 6.1 0.8 1.0 2.0 
Me 10-Oxo-8-decenoate 1.71 2.7 40.9 35.6 5.1 5.0 2.0 
Me Furan octanoate d 1.73 5.0 7.6 1.2 
Me l l-Oxo-9-undecenoate d 1.84 4.1 4.4 5.5 7.0 6.5 0.9 
Me 12-Oxo-8,10-dodecadienoateC, d 1.94-1.96 3.7 
Me 13-Oxo-9,1 l-tridecadienoateC, d 2.15-2.19 7.8 5.5 1.8 
Unidentified 19.2 14.9 17.8 10.8 13.9 13.6 

aQuantitation based on flame ionization detection. 
hCompound I was a mixture of cis, trans, trans- and trans, trans, t rans -9 ,16 -d ihydroperox ides ;  II-IV were pure 

positional isomers; V was a mixture of 9,12 (VA) and 13.16 (VB) dihydroperoxides; VI was a mixture of 9, 
(VIA) and 16 (VIB) hydroperoxy bicycloendoperoxides. All compounds were mixtures of diastereomers. 

CSeparated cis, trans and trans, trans isomers are combined. 
dTentative identification (2). 
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furan octanoate from dihydroperoxides IV and 
V, and methyl 1 l-oxo-9-undecenoate from di- 
hydroperoxides III, IV and V. 

Fragmentation Schemes 1-4 account for 65 
to 80% of the total volatiles produced by ther- 
mal decomposition of the dihydroperoxides I 
to V and hydroperoxy bicycloendoperoxides 
VI (Table 1). More detailed mechanisms to 
explain formation of major volatile products 
from the multitude of reactions indicated in 
these schemes have been discussed previously 
(1-3). In the 9,16- and 10,16-dihydroperoxides 
(I and II), internal cleavage A producing al- 
dehyde esters and internal cleavage B producing 
propanal are the most important (Scheme 1). 
External cleavage C, on the other side of  the 
first hydroperoxide group, explains the for- 
mation of  methyl octanoate in I involving the 
addition of an H �9 radical, as well as the forma- 
tion of methyl 9-oxononanoate in II involving 
the addition of an "OH radical followed by 
rearrangement (2,13). Internal cleavage E may 
explain the formation of methyl l l-oxo-9- 
undecenoate in I by an allylic rearrangement of 
oxygen. The formation of methyl 1 l-oxo-9- 
undecenoate in II by cleavage E would involve 
rearrangment of  O" and H �9 radicals. The forma- 
tion of 2,4-heptadienal can be similarly ration- 
alized by a rearrangement via a peroxy radical 
intermediate: 

E t - C H - C H = C H - C H = C H -  ~ E t - C H  = C H - C H = C I t - C H  - 

i L I OO" OO" 
/3-scission 

2,4- Heptadienal ~ Ft-CH=CH-CH-CH-CH- 

I 
O. 

The formation of acetone usually is asso- 
ciated with the formation of propanal (see 1, II, 
IV, VB and VIA, Schemes 1-4). Oxygen migra- 
tion from carbon-I to carbon-2 may be postu- 
lated via an epoxy intermediate (17), as pre- 
viously was suggested for the conversion of 2- 
octanone into octanal (2). However, this 
mechanism would not apply to 10,12-dihydro- 
peroxide III, which produced acetone without 
the formation of propanal. 

In the fragmentations shown in Scheme 2, 
cleavage A apparently was more important in 
10,12-dihydroperoxide (Il l)  than in 13,15- 
dihydroperoxide (IV), and the reverse was 
true for cleavage B. This difference may be due 
to the large number of fragments produced on 
the right side of cleavage A in IV (C, E and F 
totaling 36.3%), compared to those in III (C 
and E totaling 9.0%). Alternatively, cleavage 
products containing a conjugated dicne system 
may be less important because they are more 
reactive and can undergo further oxidative 

CH3--CO--CH3 ~ I OHC--CH--CH--(CH2)7--COOMe 
t ' Me 11.oxo.9.undecenoate (4.1%) Acetone (3.1%) i 
I i 

I 
/ i B I l 

H 0"-~-0 I ' O"~OH 
I I I I 

D i I , , A~ I ,C 
CH3CH2"*-CH-'-CH--CH--CH----CH-~-CH--CH-*-CH-'~- CH-, 7--COOMe 

I I I I 176 I: i 9 t H "  

CH3CH 3 ~ " , .. ,, ~ CH3--(CH2)~--COOMe 
Ethane (1%) (19.4%) (38.8%) ~, Me octanoate (7.8%) 

CH3CH2CHO OHC--(CH2)7--COOMe 
Propanal ~ (2.2%)Ff Me 9.oxononanoate 

Hn~Ln ',(24.7%) .,',~_n "OH 
U T U  I l l U ~ U  

=B E A ~ I  I 
I l l ~ l  I I 

CH3CH2--CH'+-CH~CH--CH~CH-',-CH2"+-CH-D-CH~CH-- CH 2 6--COOMe 
I I I 16 ~ I10 C 

Acetone 14 3%i "W'p ~ OHC--CH--CH--(CH2)6--COOMe 
Me lO.oxo-8-decenoate (40.9%) 

CH3CH2CH--CH--CH----CH--CHO ~ Me l loxogundecenoate (4.4%) 
2.4.Heptad=enal (1 3%) 
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OHC--CH=CH--CH=CH--ICH2)6--COOMe 
i Me 12-oxo-B,tO-dodecadienoate (3.7%) I 
I 
I 
IID OHC--CH=CH--(CH2)7COOMe 

Me 11-oxo-9-undecenoate (5.5%) 
, r "  
I I i I ~ ~ CH3--(CH2)5--COOMe 

HO-~-O B A ,Or-~OH llu Me heptanoate (1.9%) 
i i ~ I 1 ~  

( I l I ~ I 
CH3C H2--CH~CH--CH--CH.-~-CH-t-CH2-~-C H--,,-CH--CH-~-(CH216COOMe 

1 i ~  I 1 I "  '~ I 
J "  I I ~' ~,'OH E b / "  , I 

CH3CH2--CH=CH--CH=CH 2 i I OHC--(CH2)7--COOMe 
1,4-hexadiene (1%) II I(35"6%) Me 9-oxononanoate (7.1%) 

I I 
I I 

CH3--CH2--CH=CH--CH=CH--CHO ,,~ L~. OHC_CH=CH_(CH2)B_COOMe 
2,4-hepladienal (4.6%) Me lO-oxo-B-decenoate 

Me Furan octanoate (5.0%) ~ I H2 
Acetone (4.8%) ~ /r 0; /  %) 
Propanal (21%),~ c~lO ~ E I Me lO.oxodecanoate (6.1%) 

"OH o ^ ' ' 
0 u M I I f 

1 15  I I 13  I I r 
CH 3--CH--CH'-t-CH-f-. CH2 -*-CH--+-CH=CH--~-CH=CH-*-(CH2)TCOOMe 

I I I I 
, I  , J ,  'H" 

HO-*-O ' O-+-OH 
I I I 

CH3--CH-'-CH--CHO j HCHO 
2.Butenal (29.1%) 

m 

IV 

Me octanoate (10.0%) I 
I ,HCHO 

Me 90xononanoate (9.2%) 

"ww, Me 11-oxo-9-undecenoate (7.0%) 

K~, Me 13-oxo-9,11-tridecadienoate (7.8%) 

SCH I.'M F 2 

793 

degradation. 2,4-Heptadienal from Ill and 
methyl 13-oxo-9,11-tridecadienoate from IV 
can be further oxidized and cleaved into shorter 
aldehydes in the same way as previously re- 
ported with 2,4-decadienal (3,18). The forma- 
tion of methyl 11-oxo-9-undecenoate by 
cleavage B in III can be rationalized by rear- 
rangement via a 3-carbon allylic intermediate, 
as suggested for dihydropcroxide I. Methyl 
1 l-oxo-9-undcccnoate from IV may be formed 
either by cleavage E with addition of formal- 
dehyde (2) or by oxidative degradation of the 
conjugated diene precursor, methyl 13-oxo-9, 
11-tridecadienoate. 

The formation of methyl furan octanoate 
[methyl 8-(2-furyl-)octanoate] by cleavage 
C in dihydroperoxide IV is equivalent to 
the fragmentation previously observed with 
16- hydropero xy- 13,15-epidioxy-9,11 -octadeca- 
dienoate (2). The formation of malonaldehyde 
would be expected by cleavages C and D in 
both dihydroperoxides III and IV. However, 
this dialdehyde apparently is too unstable 
under our conditions of thermal decomposition 
on the GC injector port. Indeed, malonalde- 

hyde was not observed previously as one of the 
thermal decomposition products expected from 
the 5-member cyclic peroxides of oxidized 
methyl linolenate (2). On the other hand, the 
dimethyl acetal of malonaldehyde was detected 
as an important product of the decomposition 
of dialdehydes III and IV under milder acid 
conditions (7) (see Acid Decomposition Pro- 
ducts). 

Fragmentations of 1,4-dihydroperoxides VA 
and VB (Scheme 3) are similar to those of the 
1,3-dihydroperoxides 111 and IV (Scheme 2). 
Cleavage B in VA and Cleavage A in VB are 
less important because they are associated with 
the formation of unstable products containing 
conjugated dienc systems (2,4-heptadienal in 
VA and methyl 13-oxo-9,1 l-tridecadienoate in 
VB). The formation of 2-butenal and butanal 
can be rationalized from VA either by cleavage 
between C-14 and C-15 (Scheme 3) or by 
oxidative degradation of 2,4-heptadienal pro- 
duced by cleavage B. Methyl 10-oxo-8-de- 
cenoate from VB can be explained similarly 
either by cleavage E between C-10 and C-I 1 or 
by oxidative degradation of methyl 13-oxo-9, 
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CH3CH2--CH~CH--CH~CH2 -,~ f CH3--(CH2)B--COOMe 
1,4-Hexadiene (3.3%) I H-! Me octanoate (5.0%) 

D i A 'i C 
I i 12  I 9 I 

CH3CH2--CH ----CH'-'~-CH --~CH -~--CH'-~-CH----CH -f--CH .-~-(CH2)TCOOMe 

HO'i, HO~O I OTOH 
CH3--CH--~CH--CHO H ~ DHC--(CH2)7--COOMe 

2Butenal (1.7%) Me 9.oxononanoate (9.8%) 

I H2 ~ OHC--CH----CH--(CH2)7--COOMe 
Butanai (2.4%) Me 11-oxo-9-undecenoate (B.5%) 

CH3CH2--CH--~CHiCH~CH--CHO 
2,4-Heptadienal (1.2%) 

2.Heptena1107%) ~ Me Furan octanoate f7.6%1 
I 

Acetone (5.8%) Iic H.F.y,-Me oclanoate 
I "~B6, ', E ( 

13 I I I 
CH3CH~--CH--f-CH~CH-*-CH--~CH~--~CH--~-'CH~CH'-~- CH27COOMe 

I I 0 I 

HO~O ,, O~OH ',.OH 
OHC--CH~CH--(CH2)G--COOMe 

CH3CH2--CHO "~  Me lO-oxo-8-decenoate (5.0%) 
Propanal (199%) 

Me 13.oxo-9,11 -tridecadienoate (5.5%) 

IrA 

s 

SCHEME 3 

Me octanoate 
IC 

Me00C--ICH2)7 J ~ . ~ / [ _  

/ ' ~ , 2 " . .  ', mA 
CH3CH3 j 0TOH ) ~ ._,n 

Ethane (1%) ~ r  / 
CH3CH2CH0 / 

Propanal (26%) / 

MeOOC--ICH2)7--CH----CH--CH~CH--CHO 
Me 13-oxo-9,11-tridecadienoate (1.8%) 

Ethane 

I J . i l  o ,8 
0 / / ~ ( ~ , r ~ ( C H 2 ) T O O O M e  

/ !- . . . .  
( / 0TOH ~ CH3(CH2)BC00Me 
\ ~ Me octanoate (2.5%) 
\ 0HC--(CH2)7C00Me 

~ Me 9-oxononanoate (36.3%) 

CH3--CH2--CHiCH--CHzCH--CHO 
2,4-heptadienal (5.5%) 

SCHEME 4 

1 1-tridecadienoate. Methyl furan octanoate is 
formed by cleavage C and addition of oxygen 
radical in the same way as in dihydroperoxide 
IV (Scheme 2). 

Thermal fragmentation of the hydroperoxy 
bicycloendoperoxides shows dominant cleavage 
A between the hydroperoxide group and the 
allylic double bond to form propanal in VIA 
and methyl 9-oxononanoate in VIB (Scheme 
4). Cleavage B on the other side of the hydro- 
peroxide group and cleavage C across the endo- 
peroxide ring explain the formation of methyl 
13-oxo-9,1 1-tridecadienoate in VIA and 2,4- 
heptadienal in VIB. Cleavage C across the ring 

apparently is more important than cleavage D 
on the side of the endoperoxide ring, producing 
methyl octanoate in VIA and ethane in VIB. 
Cleavage C also would be expected to form 
malonaldehyde as suggested by Pryor et al. 
(19,20), but this dialdehyde was again too 
unstable to detect under our thermal decom- 
position conditions. However, malonaldehyde 
was detected as a product of VIA and VIB 
under acid decomposition conditions (cf. 
below). 

Acid Decomposition Products 
Our successful identification of malonal- 
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d e h y d e ,  as the  t e t r a m e t h y l  acetal ,  by  t r ea t ing  
va r ious  lipid o x i d a t i o n  p r o d u c t s  wi th  a di lute  
H C l - m e t h a n o l  reagent  (7)  p r o m p t e d  us to 
s t u d y  the  p r o d u c t s  o b t a i n e d  u n d e r  the  mi lde r  
acid c o n d i t i o n s  in re la t ion  to those  o f  t h e r m a l  
d e c o m p o s i t i o n  at 200 C. The  a ldehyde  frag- 
m e n t a t i o n  p r o d u c t s  o b t a i n e d  unde r  acid con-  
d i t ions  were  ident i f ied  by  MS as the  d i m e t h y l  
acetals  by c o m p a r i s o n  wi th  a series o f  r e fe rence  
a l d e h y d e s  (Tab le  2). The  MS charac te r i s t i c s  o f  
these  der ivat ives  genera l ly  agreed wi th  t hose  
r e p o r t e d  fo r  h igher  a l d e h y d e s  (16) ,  w i th  
s ignif icant  mass  f r a g m e n t s  for  M-OCHa,  M- 

H O C I | 3 ,  M-(OCH3 + H O C H 3 ) ,  M- (CHaO-CH-  
O C H a ) * ,  ( C H a O - C H - O C H 3 )  § and C H 2 = C H  - 

C H - - 6 C H a .  

OF OXIDIZED FATS 795 

We first  e x a m i n e d  the  f r a g m e n t a t i o n  o f  
m o n o h y d r o p e r o x i d e s  wi th  H C l - m e t h a n o l  to  
o b t a i n  a be t t e r  u n d e r s t a n d i n g  o f  the  d e c o m -  
pos i t i on  p a t h w a y s  o f  s e c o n d a r y  lipid o x i d a t i o n  
p r o d u c t s .  Table  3 c o m p a r e s  the  GC-MS ana lys i s  
o f  a l d e h y d e s  (as the  d i m e t h y l  ace ta ls )  p r o d u c e d  
by  acid d e c o m p o s i t i o n  f r o m  pure  h y d r o p e r -  
ox ide s  o f  a u t o x i d i z e d  m e t h y l  l inolea te  (9- + 13- 
O O H )  wi th  those  f r o m  p h o t o s e n s i t i z e d  oxi-  
dized m e t h y l  l inolea te  (9- + 1 0 - +  1 2 - +  13- 
O O H ) .  A l t h o u g h  a g rea te r  p r o p o r t i o n  o f  peaks  
were  un iden t i f i ed  in a u t o x i d a t i o n - d e r i v e d  hy-  
d r o p e r o x i d e s ,  t h e y  p r o d u c e d  s igni f ican t ly  m o r e  
hexana l  and m e t h y l  9 - o x o n o n a n o a t e  and less 
3 - n o n e n a l  and  m e t h y l  1 2 - o x o - 9 - d o d e c e n o a t e  
t han  the  p h o t o s e n s i t i z e d  ox ida t i on -de r ived  

TABLE 2 

Mass Spectral Data of Aldehyde Dimethyl Acetals 

Relative abundance of structurally 
significant masses a, % 

Mol 
Aldehyde Di Me Acetals weight M-31 M-32 M-63 M-75 75 

Other 
base 

71 peak 

3-Hexenal 146 55 - 36 100 74 100 - 
Hept analb 160 l I l 10 l 100 12 - 
2-Heptenal b 158 48 8 I I - 37 100 - 
2,4-Heptadienal b 156 87 40 73 80 22 7 40 
2"Nonenalb 186 27 7 1 3 - 55 40 
2,4-Nonadienal b 184- 14 7 8 5 51 41 40 
2,6-Nonadienal 184 I 4 1 2 I00 7 - 
3,6-Nonadienal 184 1 2 3 3 100 3 - 
2,4-Decadienal b i 98 36 46 4 69 23 21 45 
Me 9-oxononanoate 232 49 1 20 2 100 62 - 
Me 12-oxo-9-dodecenoate 272 2 6 3 - lO0 20 - 
Me 15-oxo-9,12-pentadecadienoate 312 18 72 l 1 ! 96 28 84 
Propanedial 164 0.4 0.5 8 l 100 3 - 
2,4-Hexadienedial 202 4 - - 4 100 3 - 

a31=OCH3; 32=HOCH~ 63=OCH 3 + HOCt13;75=(CH30.CH.OCHs)§ (16). 
bReference compounds purchased commercially. 

TABLE 3 

GC-MS Analysis a of Dimethyl Acetals from Acid Decomposed 
Monohydroperoxides b of Methyl Linoleate 

Aldehydes (1)i Me Acetals) 

Relative peak area per cent (origin) d 

Relative Photosensitized 
retention c Autoxidation oxidation 

Hexanal 1.18 17 (13-OOH) 12 (13-OOH) 
3-Nonenal 1.58 2 (9-OOH) 4 (9- + 10-OOH) 
Me 9-Oxononanoate 2.50 42 (9-OOH) 30 (9- + 10-OOH) 
Me 12-Oxo-9-dodeccnoate 2.88 21 (13-OOH) 51 (12-+ 13-OOH) 
Unidentified 18 3 

aQuantitation based on flame ionization detection. 
bMixtures of geometric (cis, trans and trans, trans) and positional (9 and 13) bydroperoxides. 
CRelative to n-tridecane (7). 
dBased on Scheme 5. 
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H + H + 
R'--CH~CH--CH--CH--CH--CH2--R ~ R'--CH--CH--CH--CH--CH--CH2--R 

! I 
OOH O+ 

R'--CH~-~CH--CH~CH--O--CH--CH2--R CH30H = .~ R'--CH"-CH--(~H--CH--O'-PCH--CH2--R 
+ H+ =1 

OCH3 

H+~CH30H 

R'--CH--CH--CH2--CH(OCH3)2 + (CH30)2CH--CH2--R 

R' = CH3--(CH2)4 
R = (CH2)6--COOMe 

SCHEME 5 

hydroperoxides. This difference in distribution 
of cleavage products can be explained clearly 
by the presence of 21-25% of 10- and 12- 
isomers (21,22) in the hydroperoxides from 
photosensitized oxidation of methyl linoleate. 
In both types of hydroperoxides, the major 
volatile products are those derived exclusively 
from heterolytic cleavage between the hydro- 
peroxide group and the allylic double bond 
(Scheme 5). This heterolytic cleavage me- 
chanism to produce dimethyl acetals of alde- 
hydes is essentially the same as that previously 
proposed for the oxidation of methyl oleate 
and linoleate in an HCl-methanol system (23, 
24). In contrast to this heterolytic mechanism, 
the homolytic mechanism recognized for the 
thermal decomposition of hydroperoxides (3) 
involves cleavage on both sides of the hydro- 
peroxide group and produces a much more 
complex mixture of volatile materials (13) than 
under the acid conditions used in the present 
work. It is interesting to note that ether acids 
similar to the ether intermediates in Scheme 5 
have been reported as enzyme products in 
potatoes and have been decomposed by acid 
hydrolysis into unsaturated aldehydes and oxo 
acids (25). 

The GC-MS analyses of aldehydes (as di- 
methyl acetals) from monohydroperoxides, 
dihydroperoxides, hydroperoxy epidioxides 
and hydroperoxy bicycloendoperoxides of 
methyl linolenate are compared in Table 4. The 
monohydroperoxides of autoxidized linolenate 
(9- + 12- + 13- + 16-OOH) produced the same 
aldehydes as the respective hydroperoxides of 
phtotosensitized oxidized linolenate ( 9 - +  10- 
+ 12- + 13- + 15- + 16-OOH). The hydro- 
peroxides derived by autoxidation produced 
more methyl 12-oxo-9-dodecenoate and less 
propanal and 3.6-nonadienal than the hydro- 
peroxides derived by photosensitized oxidation. 

With both hydroperoxides the decomposition 
products obtained with HCl-methanol are 
those expected by selective cleavage between 
the hydroperoxide group and the allylic double 
bond (Scheme 5). 

The acid cleavage products from 9,16-dihy- 
droperoxide (I) of linolenate include propanal, 
methyl 9-oxononanoate in major amounts and 
2,4-hexadienedial in minor amounts (Table 4). 
These products are expected by the heterolytic 
mechanism we previously suggested for the 
formation of malonaldehyde (propanedial) 
from 1,3-dihydroperoxides (7). Selective cleav- 
age A and B occur on the internal bonds be- 
tween each hydroperoxide group and allylic 
double bonds (Scheme 6). The center dicar- 
bonyl fragment, 2,4-hexadienedial, was detec- 
ted only in small quantities, apparently because 
its stability is lower than that of the end 
saturated monocarbonyl derivatives. Acid frag- 
mentation of 10,16-dihydroperoxide ( I I )p ro -  
ceeded the same way as I, producing the same 
aldehydes. Methyl 9-oxononanoate from II was 
produced by an A cleavage between C-9 and 
C-10, because the double bond is located 
between C-8 and C-9 (Scheme 1). The other 
fragmentation proceeded as depicted in Scheme 
6 for the 9,16-dihydroperoxide (I) by selective 
cleavage A and B. 

Aldehyde fragments of 10,12-dihydroper- 
oxide (III) (3-hexenal and methyl 9-oxonona- 
noate) and of 13,15-dihydroperoxide (IV) 
(propanal and methyl 12-oxo-9-dodecenoate) 
(Table 4) are those expected by cleavage on the 
outside of each hydroperoxide group because 
of the allylic double bonds (cleavages C and D 
in Scheme 2). This type of heterolytic cleavage 
was suggested previously for the formation of 
malonaldehyde from dihydroperoxides III and 
IV (7), and explains the formation of this 
dialdehyde from dihydroperoxides III to V and 
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cyclic peroxides VI and VII (Table 4). 
The principal aldehydes produced from the 

mixture of 9,12- and 13,16-dihydroperoxides 
(V) included propanal from cleavage of the 16- 
hydroperoxide group in VB, and methyl 9- 
oxononanoate from cleavage of the 9-hydroper- 
oxide group in VA (Table 4). A small amount 
of methyl 12-oxo-9-dodecenoate came from 
cleavage between C-12 and C-13 in VB by the 
heterolytic mechanism depicted in Scheme 5. 
By this mechanism, cleavage D in VA and 
cleavage A in VB produced small amounts of 
3-hexenal and methyl 13-oxo-9,11-tridecadie- 
noate (Scheme 3, dimethyl acetal products), 
respectively. The dimethyl acetal of 4-hydroxy- 

2-hexenal expected from VB by cleavage C 
(Scheme 3) was identified by the characteristic 
ions, m/z (relative %): M-31, 129 (30); M-32, 
128 (4); M-63, 97 (20); M-75, 85 (2), 75 (53), 
71 (100), and the following fragmentation: 

I I ~_ CH(OCH~) 2 CHaCH 2 -I-- CH(OH) -4- CH=CH 

1~31(3) ~101(37) ~75(100) 

This type of hydroxy aldehyde belongs to a 
series of aldehydes reported to have significant 
biological activity (26). 

The aldehyde products from the mixture of 
9- and 16-hydroperoxy epidioxides VII (Table 

9,16.Oihydroperoxide (I) 

CH3CH2--CH--CH~---CH--CH--CH--CH--CH--CH--ICH2)7COOMe 
I I 
OOH ~H + O+ 

CH3CHz--CH--CH~CH--CH--CH--CH~CH--O--CH--(CH2)TCOOMe 
t + 

OOH MeOH~H + 

CH3CH2--CH--CH~CH--CH--CH--CH--CH--O--CH--(CH2)7COOMe 
I I 
O+ MeOH~H + OMe 

CH3CH2--CH--O--CH----CH--CH----CH--CHzCH--O--CH--(CH2)TCOOMe 
+ I 

OMe B MeOH~rH+ A 
I I 

CH3CH2--CH--Z-O--CH:CH~CH--CH--CHzCH--O-4-CH--(CH2)TCOOMe 

OMe MeOH~H + OMe 

CH3CH2CH(OMe)2 + (MeO)2CH--CH-"CH--CH-'-'CH--CH(OMe)2 + (MeO)2CH--(CH2)TCOOMe 
(38.1%) (49.1%) 

SCHEME 6 

CH3~CH2--CH--CH--CH~CH--CHIOMe)2 (MeOI2CH--(CH2)7--COOMe 

CH3--CH2--CH=CH--CI,~ CH ~ , ,  " ~  CH--(CH217--COOMe lj}I]A i ~ _ i J i [  O-4-0 i^^, 
CH3--CHz--CH-'CH--CHz--CH(OMe)'"="""~ I i i ou" 

(MeO)2CH--CH2--CH(OMel2 
C ~ (MeO)zCH--CH2--CH--CH--(CH2)7--COOMe 

16 A| t ~B 
CH3--CHT--CH~ CH"-CH--CH~CH--(CH217--COOMe ~l]m 

I i ~ . •  ; .oo,,; "L( 
CH3--CH2--CH(OMe)2 (MeO)zHC --CH--CH--CH--CH--(CH2)7--COOMe 

SCHEME 7 
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4) can be explained by Scheme 7. The forma- 
tion of malonaldehyde (as the tetramethyl  
acetal) was explained previously by a heteroly- 
tic mechanism, in which the cyclic peroxide 
cleaves like a monohydroperoxide in forming 
an ether intermediate allylic to the double 
bond (7). In addition to this pathway, the 
formation of 2,4-heptadienal from VIIA and 
of methyl 13-oxo-9,11-tridecadienoate from 
VIIB requires peroxide ring cleavage C. 

The main acid cleavage products of the 
hydroperoxy bicycloendoperoxides included 
propanal from the 16-hydroperoxy isomer VIA 
and methyl  9-oxononanoate from the 9-hydro- 
peroxy isomer VIB (Table 4). The formation 
of these products is expected by the same 
heterolytic ruptures A and B depicted for the 
corresponding 9,16-dihydroperoxide I (Scheme 
6). Methyl 12-oxor9-dodecenoate derived from 
VIA and 3-hexenal from VIB, identified in 
small amounts as the dimethyl acetal deriva- 
tives, correspond to the central fragments 
remaining after formation of malonaldehyde 
and heterolytic ruptures between the hydro- 
peroxides and allylic double bonds. 

The acid heterolytic mechanism involving 
selective rupture between the hydroperoxide 
group and allylic double bond previously 
investigated with simple monohydroperoxides 
(23,24,27,28) has been confirmed in this 
study, with both primary and secondary 
oxidation products of methyl linolenate. In 
contrast to this straightforward heterolytic 
mechanism, the thermal homolytic  mechanism 
involves an alkoxy intermediate that cleaves on 

each side of the hydroperoxide group (3,13). 
With allylic hydroperoxides,  this homolyt ic  
/~-scission would produce an alkyl radical ( R ' )  
on one side and a vinyl radical (Rt-CH=CH -) 
on the other side of the hydroperoxide group. 
The vinylic radical may be an unlikely inter- 
mediate, because the weaker bonds to the 
alkyl group would be more easily dissociated 
(29). 

Another thermolytic scheme known as the  
Hock cleavage has been recognized and gen- 
erally accepted (30,31) because it does not 
invoke unstable vinylic radicals. Hock cleavage 
is related to the selective heterolytic mechanism 
in Scheme 5 and produces the same aldehydes 
by hydrolysis (3). It is clear, however, that the 
greater complexity of thermal decomposit ion 
products,  including hydrocarbons,  alcohols, 
ketones and esters (3,13), is due to cleavage on 
both sides of the hydroperoxide group. To 
explain the formation of cleavage products 
other than aldehydes, a "mixed"  homolytic-  
heterolytic type mechanism may be postulated 
to avoid the formation of unfavorable vinylic 
radicals (Scheme 8). By this mechanism, fl- 
scission would occur homolytical ly on the 
alkyl side of the hydroperoxide to produce 
2-alkenals, and heterolytically on the un- 
saturated side of the hydroperoxide to produce 
alkanals. The remaining free radical fragments 
now can lead to hydrocarbons,  alcohols and 
lower esters. This mechanism is supported by 
the known acidity of hydroperoxides reported 
to have higher acid strengths than the corres- 
ponding alcohols (32). 

H + ,4, 
I I 

B --CH--CH--[-CH ,-~-CHz--R 
I I I 

R'--CH--CH--CH--CH2--R ~ar'/J OOH L ~  R'--CH--CH--CH--CH2--R 
I 
O+ 

R'--CH~CH--O--CH--CH2--R + 
H20~ 

R'--CH~CH--O--CH--CHz=R 
I 
OH 

R'--CH2--CHO + OHC--CHz--R 

I 
0" 

R'--CH~-CH--CHO 
t- 

-CHz--R 

HO--CH2--R + CH3--R 

SCHEME 8 
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ABSTRACT 

Procedures are described for the rapid purification of gram quantities of methyl oleate, methyl 
linoleate, methyl ~- and 3,-linolenates and methyl ricinoleate from appropriate natural oils by 
high pressure liquid chromatography (HPLC). 
Lipids 19:801-803, 1984. 

INTRODUCTION 

The application of HPLC to lipid analysis 
has begun to gather momentum. Reversed- 
phase HPLC has been applied to triacylglycerols 
(1), fatty acids (2), methyl esters (3) and leci- 
thins (4), and competes with gas liquid chroma- 
tography (GLC) in that both procedures 
separate lipids according to chain length and 
resolve cis and trans isomers to some extent 
(5). The latter resolution is enhanced if silver 
nitrate is dissolved in the eluting solvent (6), or 
impregnated in the stationary phase (7). Guerts 
Van Kessel et al (8) reported a HPLC procedure 
for the preparative purification of phospho- 
lipids. We now describe the use of preparative 
HPLC for the rapid purification of useful 
quantities of commonly required methyl esters. 

MATERIALS AND METHODS 

HPLC was carried out on a Waters Prep. 
LC/System 500 using refractive index detec- 
tion. Flow rates were typically 200-250 ml/ 
min. Columns (commercially available Prep. 
PAK-500 cartridges, 5.7 x 30 cm)were  flushed 
with 1-2 1 of solvent (methanol for reverse 
phase columns, 5% diethyl ether in petroleum 
ether for normal phase columns) prior to each 
run and then with the effluent to be used in the 
chromatographic separation until a steady base 
line was obtained. All solvents were of AR 
grade. Petroleum ether (b.p. 40-60 C ) a n d  
diethyl ether were dried over calcium chloride 
and distilled before use. Methanol was refluxed 
over magnesium turnings for 2 hr before being 
distilled (twice). 

Procedures for preparing methyl esters from 
fatty acids or directly from glycerides have 
been reported previously (9). Transesterified 
oils containing unwanted polar oxygenated 

material were purified by elution from a short 
column of silica (sorbsil) with petroleum ether. 

Gas liquid chromatography was carried out 
on a Pye series 104 chromatograph equipped 
with flame ionization detector (FID) and fitted 
with a glass column (5'  x �88 packed with 
SP2300 (10%) as stationery phase on chromo- 
sorb WAW (100-120 mesh) operating at 200 C. 
Nitrogen was used as carrier gas at a flow rate 
of  55-65 ml/min. 

RESULTS AND DISCUSSION 

For the separations now described we 
selected solvents that were inexPensive, could 
be easily recovered for re-use, and still gave 
adequate separation in a reasonable time. 
Petroleum ether was generally used for normal 
phase chromatography and methanol for re- 
verse phase systems. Our procedures, therefore, 
represent convenient methods for the rapid 
purification of useful quantities of commonly 
required methyl esters. 

Methyl Oleate from Olive Oil Methyl Esters 

Methyl oleate usually has been obtained 
from olive oil using one or more of urea crystal- 
lization, low-temperature crystallization and 
distillation as separation procedures (9). 

Some years ago we recommended urea 
crystallization of olive acids to reduce the 
content of saturated acids below 1% followed 
by low temperature crystallization to raise the 
level of oleic acid to >/99% (9). The acids were 
then esterified and chromatographed to remove 
traces of colored impurities and oxidation 
products. We now find HPLC offers a con- 
venient alternative. 

It is generally advantageous to reduce the 
content of saturated esters by preliminary 
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urea fractionation (9), since palmitate forms 
a critical pair with some of the unsaturated 
C18 esters on a reverse phase column. Using 
olive esters in which the saturated ester content 
has been reduced to below 5% by urea frac- 
tionation, up to 15 g could be chromatog- 
raphed in a single batch with recycling and pure 
methyl oleate (>/99%) obtained with 30 min 
of operator time. Figure 1 shows a typical 
HPLC trace for the isolation of methyl oleate 
from an upgraded sample of olive esters [7.5g: 
oleate (76.8%), linoleate (22.0%), palmitate 
(0.9%) and palmitoleate (0.3%)]. After 3 
recycles, 2 peaks are observed with a resolution 
of 0.96 and the linoleate can be shaved off the 
major peak. Collection of the majority of the 
oleate peak on the subsequent pass then gives 
pure ester containing only traces of palmitate 
(0.6%) and palmitoleate (0.2%). With an aged 
column (i.e. one that has been used on several 
occasions previously) it may be necessary to 
recycle more than 3 times, though we found no 
further improvement after 6 recycles. 

Methyl Linoleate from Maize, 
Sunflower, or Evening Primrose Oils 

Low-temperature crystallization (10), urea 
fractionation (11,12), solvent partition of 
mercury complexes (13), liquid-liquid extrac- 
tion (14), adsorption chromatography (15) 
and silver ion chromatography (16)have  been 
used to isolate methyl linoleate (>/95% pure) 
from suitable seed oils. For example, Gunstone 
et al (9) isolated methyl linoleate (999% pure, 
300-325 g) from Evening Primrose oil (1 Kg) 
containing 70-75% of linoleic acid by a c o m -  

i 
NJ 

W R WC R W 

A 

I I I I I 

1 2 3 
VOLUME (i) 

FIG. 1. Isolation of pure methyl oleate from up- 
graded olive esters. R = recycle, W= to waste, C = 
to collection, A = change in attenuation. Column 
Prep. PAK-500/C,8 cartridge (5.7 X 30 cm), solvent 
methanol, flow rate 250 ml/min, load 7.5 g. 

bination of low-temperature crystallization, 
urea fractionation and column chromatog- 
raphy. 

We now have isolated methyl linoleate from 
the esters derived from maize oil, sunflower oil 
or Evening Primrose oil on a reverse phase 
column using methanol as eluting solvent. All 
3 sources proved to be equally satisfactory, 
and yields of methyl linoleate (/>99% pure) 
were in excess of 65% of the theoretical yield in 
each case. Recycling was necessary with shaving 
of the leading and trailing edges to remove 
linolenate and monoene/saturated esters respec- 
tively. In general, 6 recycles were needed taking 
34 min and loads up to 13 g were routinely 
handled. 

Without shaving, linoleate of about 90% 
purity can be obtained after recycling in about 
17 min, but shaving is essential to get higher 
purity. Aged columns also gave pure esters but 
in slightly lower yields (50-55%). 

Methyl ~-Linolenate from Linseed Oil 

The conventional techniques of low-tem- 
perature and urea crystallization do not readily 
furnish pure methyl a-linolenate because of 
the difficulty of  separating linoleate and ct- 
linolenate. Gunstone et al (9) previously 
recommended (a) crystallization of linseed 
acids (55-60% linolenic) from acetone at 
-75 C to raise the concentration of linolenic 
acid to 65-70% (b) urea crystallization to raise 
this further (90-92%), and (c) purification of 
methyl esters by repeated column chromatog- 
raphy on silica. The method produces about 
120 g of pure ot-linoleate (> 99%) per kilogram 
of linseed oil at best and is very time consum- 
ing. 

Reverse phase preparative HPLC of linseed 
esters (18:3 48.1%, 18:2 29.1%, 18:1 21.2%, 
and others 1.6%) gave a colorless product 
(about 96% pure) in 28 min. In a typical run, 
8 recycles were performed with continuous 
shaving of the trailing edge and collecting the 
first 70% of the final recycle peak. Palmitate 
and palmitoleate were the major contaminants. 
A preliminary urea fractionation removes these 
C16 esters and a-linolenate (>99%) is then 
obtained. About 7-8 g of linseed esters can be 
purified in a single run with a recovery of 1.4- 
1.7 g of pure a-linolenate. 

Methyl ~,-Linolenate from Evening Primrose Oil 

Evening Primrose oil is the most convenient 
source of methyl ")'-linolenate and can furnish 
methyl linoleate at the same time. Because of  
the low concentration of 7-1inolenate (7-9%) in 
the oil, it is better to raise this to 50% or better 
by urea fractionation and low-temperature 
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crystal l izat ion.  HPLC of  an upgraded fract ion 
(18:3 49%, 18:2 27%, 18:1 24%) gave 7- 
l inolenate (>97% pure) after 4 recycles in 28 
rain. Batches of ester purified to this level and 
rechromatographed  8 g at a time gave pure 
7-1inolenate (/>99.5% pure) in 20 rain. 

As noted  earlier (9), it is easier to separate 
7-1inolenate from linoleate than ~-]inolenate 
from linoleate. This also was evident in HPLC 
separat ion.  Af ter  4 recycles (wi thout  shaving), 
the resolut ion between 7-1inolenate and lino- 
leate was 0.78, whereas with l inoleate/a-  
l inolenate no resolut ion was apparent  even 
after 8 recycles. 

Methyl Ricinoleate from Castor Oil 

Castor oil contains  ricinoleic acid (ca. 90%) 
along with palmita te ,  stearate and unsaturated 
Cta acids. Methyl  ricinoleate is easily isolated 
from castor esters by adsorpt ion  chromatog-  
raphy on columns or thin layers, the more  
polar hyd roxy  ester being more strongly 
adsorbed than the less polar impurit ies.  

Methyl  ricinoleate was purified easily by 
normal  phase HPLC. Loads of  up to 15 g can 
be to lera ted ,  and pure ester is ob ta ined  in a 
single pass within 15 min.  We achieved this 
satisfactorily with pet ro leum ether  conta ining 
diethyl  e ther  (4:1),  but ob ta ined  be t te r  results 
with pe t ro leum ether  conta in ing  propan-2-ol  
(99:1).  This has the added advantage that  the 
pe t ro leum ether  can be recovered easily for 
re-use. 
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The Thiobarbituric Acid Test for Lipid Peroxidation: Structure of 

the Adduct with Malondialdehyde 

VASU NAIR and GREGORY A, TURNER, Department of  Chemistry, University of  Iowa, 
Iowa City, Iowa 52242  

ABSTRACT 

The complete structure of the red crystalline 2:1 adduct from thiobarbituric acid and malondial- 
dehyde has been unambiguously determined by FTIR and high-field 1 H and 13C NMR studies. 
Lipids 19:804-805, 1984. 

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

The thiobarbituric acid (TBA) is a com- 
monly used method for the detection of 
peroxidation of unsaturated fatty acids and 
lipids (1,2). It is dependent on the development 
of a red pigment resulting from the reaction of 
TBA with oxidized lipids. It originally was 
suggested by Sinnhuber, et al. (3) that the red 
compound formed in the TBA test probably 
was a 2:1 adduct of TBA and malondial- 
dehyde (MDA). However, several types of 
compounds other than MDA give positive TBA 
tests (4-7). Also, the presence of metal ions 
strongly influences the results (8). 

Despite these limitations, the TBA test 
continues to be useful when used judiciously 
in studies of lipid peroxidation. Although 
the early proposed structural nature of the 
adduct of  TBA and MDA is still cited, complete 
establishment of the structure of this red pig- 
ment is lacking. We now wish to report on a 
detailed and unambiguous assignment of the 
structure of this adduct. 

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

The adduct of TBA and MDA was pre- 
pared and purified as described previously (3), 
except that pure sodium malondialdehyde (9) 
instead of 1,1,3,3-tetraethoxypropane was 
used in the preparation. The dark red needles 
that formed melted above 350 C. The high-field 
1H and 13C NMR data, including delayed de- 
coupling experiments, were determined on a 
Bruker WM-360 pulse Fourier transform 
instrument. The UV-visible spectra were re- 
corded on a Varian-Cary Model 219 spectro- 
photometer.  Fourier transform IR measure- 
ments were made on an IBM Model 98 
instrument. 

RESULTS A N D  DISCUSSION 

The crystalline TBA-MDA adduct correctly 
analyzed for C t lHsN404S2 .  Its UV-visible 

spectrum in H 20  showed absorptions at 
)tmax532 nm (e = 159,200), 305 nm (e = 
11,250), and 243 nm (e = 23,000), indica- 
tive of a highly conjugated system. The 
FTIR spectrum (KBr) was very diagnostic 
and exhibited bands characteristic of OH 
and NH stretching (broad peaks at 3490, 
3200 cm -1 ), amide carbonyl stretching 
(1633, 1670(sh) crn-1), C-N vibration of 
S 
f( 

-C-NH- (1494 cm-1), OH bending (1361 cm-1), 
C-O stretching (1210, 1177 cm-~), and thi- 
omide C=S stretching (1127 cm-1). The S-H 
stretching vibration which normally occurs at 
about 2500 cm -1 was not observed. 

The high-field 360 MHz 1H NMR spectrum 
of the adduct in DMSO-d6 showed only 4 types 
of resonances. There were 5 exchangeable 
hydrogens, 3 appearing as a broad peak (W�89 = 
41.7 Hz) at 6 6.11 and 2 appearing as a broad 
peak (W�89 = 10.8 Hz) at ~ 11.52. The presence 
of vinyl protons of the MDA derived compo- 
nent easily could be discerned as a doublet 
(J = 13.9 Hz) integrating for 2 hydrogens and 
a triplet (J = 13.9 Hz) integrating for 1 hydro- 
gen. No -SH resonance was observed (Table 1). 
The 90.56 MHz 13C NMR data in DMSO-d6 
suggested that the adduct had considerable 
symmetry within its structure. The 11 carbons 
of  the molecule showed only 5 resonances. 
Delayed decoupled high-field 13C NMR exper- 
iments revealed the presence in the adduct of  
3 different quaternary carbons and 2 types of 
tertiary carbons. A broadened peak at 6 161.9 
was interpreted as being due to the presence of 
C=S of a thioamide. The carbons of the MDA 
moiety were assigned with the aid of the 
delayed-decoupling data to resonances at 
6 117.5 and6 157.4. The absorption a t6  176.3 
was assigned as being due to the presence of 
amide carbons and that at fi 101.3 to the re- 
maining two equivalent ring carbons (Table 2). 
The assignments are consistent with those ex- 
pected on the basis of electronic, tautomeric 
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a n d  m u l t i p l i c i t y  c o n s i d e r a t i o n s ,  a n d  a lso  o n  t h e  
bas i s  o f  c o m p a r i s o n s  w i t h  13C N M R  s p e c t r a  o f  
s o m e  c o m p o u n d s  w i t h  r e l a t e d  m o i e t i e s  ( 1 0 - 1 2 ) .  

In  c o n c l u s i o n ,  t h e  c o m b i n e d  s p e c t r o s c o p i c  
d a t a  a re  t o t a l l y  c o n s i s t e n t  w i t h  t w o  s p e c t r a l l y  
e q u i v a l e n t  t a u t o m e r i c  s t r u c t u r e s  1 a n d  2. It  

TABLE 1 

360 MHz 1H NMR Data (in DMSO-d 6 ) 

6 (ppm), TMS Assignment  

6.11 (s, br, 3H) (variable) f 
7.72 (d, J = 13.9 Hz, 2H) c 
8.56 (t, J = 13.9 Hz, 1H) b 
11.52  (s, br, 2H) g 

s h o u l d  be  m e n t i o n e d ,  h o w e v e r ,  t h a t  v a r i a t i o n  in 
c o n c e n t r a t i o n  o f  s o l u t i o n  a n d  t h e  p r e s e n c e  o f  
t r a ce  c o n t a m i n a n t s  m a y  cause  p r o t o t r o p i c  
s h i f t s  to  f a v o r  e q u i l i b r a t i n g  s t r u c t u r e s  s imi la r  to  
1 a n d  2 b u t  b e a r i n g  3 h y d r o x y l  a n d  2 a m i d e  
h y d r o g e n s .  F o r m a t i o n  o f  t h e  2:1 a d d u c t  o f  
T B A  a n d  M D A  p r o b a b l y  is i n i t i a t e d  b y  n u c l e o -  
ph i l i c  a t t a c k  i n v o l v i n g  c a r b o n - 5  o f  T B A  o n t o  
c a r b o n - 1  o f  M D A  f o l l o w e d  b y  d e h y d r a t i o n  a n d  
s imi l a r  s u b s e q u e n t  r e a c t i o n  o f  t h e  i n t e r m e d i a t e  
1 : 1 a d d u c t  w i t h  a s e c o n d  m o l e c u l e  o f  T B A .  
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TABLE 2 

90.56 MHz 13C NMR Data (in DMSO-d6) 

6 (ppm), TMS Delayed Decoupling Assignment  

101.3 C a 
117.5 CH b 
157.4 CH c 
161.9 C d 
176.3 C e 

0 c c OHg eJLa. . 

S ~ H g  O '~ I~S  
Hf  

STRUCTURE 1 

OHg c c 0 

Hf g Hf  
STRUCTURE 2 
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Essential Fatty Acids in Plasma, Red Blood Cells 

and Liver Phospholipids in Common Laboratory 
Animals as Compared to Humans 
D A V I D  F. H O R R O B I N * ,  Y-S. HUANGo S.C. C U N N A N E  and M.S. M A N K U ,  Efamol 
Research Institute, P.O. Box 818, KenWille, Nova Scotia B4N 4H8, Canada 

ABSTRACT 

Essential fatty acids were estimated in plasma, red blood cells and liver total phospholipids in rats, 
mice, hamsters, guinea pigs, rabbits and humans. There were large species differences, suggesting that 
different species levels should be borne in mind when choosing an animal for a particular study. The 
2 species most susceptible to atheroma, the guinea pig and the rabbit, had very high levels of linoleic 
acid and low levels of linoleic acid metabolites, n-3 fatty acid levels were low in guinea pigs and rabbits 
and the ratio of n-3 to n-6 fatty acids also was low in the rat. Mice and hamsters had the highest n-3 
levels, suggesting they may be the best species to use for studies on the roles of n-3 essential fatty 
acids. Mice and hamsters and, in some respect rats, were closest to humans in their fatty acid patterns. 
Lipids 19:806-81 I, 1984. 

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

While studies on essential fat ty acid defi- 
ciency have been carried out  in most  laboratory  
animals, the great major i ty  have been per- 
fo rmed in the rat. Compar i sons  of  liver and 
brain essential fat ty acid (EFA)  levels have 
been made in larger animals (1), but surpri- 
singly there does  not  appear to be in the 
l i terature any survey of  EFA levels, using the 
same me thodo logy ,  in the c o m m o n l y  used 
laboratory animals. Much informat ion  is 
available about  EFA levels in rats, but there  
are no comparat ive  studies. We have, therefore ,  
measured EFA levels in plasma, red cell mem- 
branes, and liver total phosphol ip ids  in rats, 
mice,  hamsters ,  guinea pigs, rabbits and hu- 
mans. The results show considerable  d i f ferences  
among species, which should be borne in mind 
when choosing a species for a particular s tudy.  

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

All samples were from young adult males 
unless o therwise  stated.  All animals were being 
fed standard laboratory  chows.  The rats, mice 
and hamsters  were fed on Purina rat chow and 
the rabbits  and guinea pigs on Purina guinea 
pig chow. The lipid compos i t ions  of  these 
chows are shown in Table 1. As can be seen, 
they  are virtually identical.  Animals  were killed 
by exsanguinat ion under  e ther  anesthesia fol- 
lowing an overnight  fast during which the 
animals had access to water  only.  Blood was 

*To whom correspondence should be addressed. 

TABLE 1 

Fatty Acid Composition of Diets 

Fatty Acid Rat Chow 5001 Guinea Pig Chow 5025 

14:0 1.5 I.I 
14:1 -- 0.5 
16:0 21.9 20.1 
16:1 3.1 3.7 
18:0 9.9 8.7 
18:1 32.2 30.4 
18:2n-6 24.3 2"/.I 
l 8:3n-3 3.7 3.3 

Others 3.4 5.1 

The rat chow was used for the mice and hamsters 
also. 

The guinea pig chow was also used for rabbits. 
Results are shown as rag/100 mg total fatty acids 

present. 
Total fat in the rat chow was 4.5 g/t00 g and in 

the rabbit chow 4 g/100 g. 

collected via the abdominal  aorta into a test 
tube containing EDTA (1 mg/ml blood).  
Plasma was separated from e ry th rocy te s  by 
centr i fugat ion.  Livers were excised,  rinsed in 
ice cold saline and frozen for lipid ex t rac t ion .  

Plasma and liver lipids were ex t rac ted  by the 
m e t h o d  of Folch ,  et al (2) and e ry th rocy te  
lipids by that of  Dodge and Phillips (3). The 
phosphol ip id  fract ions were separated by thin 
layer ch roma tog raphy  (TI,C), mc thy la ted  and 
subjected to gas-liquid ch roma tography  (GLC) 
for de te rmina t ion  of  fa t ty  acid compos i t ion  as 
previously described (4,5). A 10% Silar 10 C 
on Gas Chrom Q co lumn was used with a 
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Hewlett Packard 5880A machine with auto- 
mated integration. 

The following animals were used: 7 Sprague- 
Dawley rats; 9 Swiss albino mice; 8 Syrian 
Golden Hamsters; 8 Hartley guinea pigs; 3 New 
Zealand White rabbits.The human plasma and 
red cell samples were from normal university 
students as previously described (5). There were 
32 males and 18 females, but because no sex 
differences were observed they were grouped 
together. Samples were taken in the morning 
after an overnight fast. Caution must be ex- 
pressed concerning the human liver samples 
because they were not from normal individuals: 
they were taken from nine women and 1 man 
undergoing by-pass surgery for refractory 
obesity. 

R ESU LTS 

The results are shown in Tables 2-4. In the 
animals m a n y  of the fatty acids showed little 
variation among individuals, leading to very 
small standard deviations, and emphasizing the 
importance of the striking differences among 
species. The details can be obtained by inspec- 
tion of the tables, but the following points are 
worth  emphasizing: 

1. Linoleic acid levels were exceptionally 
high in all 3 tissues in the rabbit and the guinea 
pig. 

2. Arachidonic acid levels were exceptionally 
high in the rat. 

3. Total metabolites of 18:2n-6 were high in 
the rat with the human consistently second. 
Levels of arachidonic acid were substantial 
in humans, but this metabolite was not so 
dominant as in the rat. 18:2n-6 metabolites 
were consistently low in all tissues in the rabbit 
and in the liver and plasma in guinea pigs. The 
ratio of 18:2n-6 to its metabolites was consis- 
tently highest in the guinea pig and rabbit and 
lowest in the rat and human. 

4. n-6 EFAs with 22 carbons were much 
more evident in plasma and red cells in humans 
than in other species. 

5. 18:3n-3 was low in all fractions in all 
species. Concentrations of 18:3n-3 metabolites 
were exceptionally low in guinea pigs and 
rabbits and consistently rather high in mice 
and hamsters. 

6. The ratio of 18:2n-6 metabolites to 
18:3n-3 metabolites was high in rats, guinea 
pigs and rabbits. This ratio was lowest in mice 
and hamsters, with humans intermediate. 

DISCUSSION 

This survey provides background informa- 
tion which can be used when choosing an 

appropriate species for a particular study. It is 
commonly believed that fatty acid patterns are 
closely related to diet. While this may be true 
of other lipid components such as triglycerides, 
cholesterol esters and free fatty acids, it does 
not appear to be true of the phospholipids 
which were measured in this study. For all 4 
animals the lipid composition of the diet was 
virtually identical, yet the fatty acid composi- 
tions of plasma, red cell and liver phospholipids 
showed striking differences. It was not possible 
to put our normal human controls on a stan- 
dard diet, but at least as far as phospholipids 
are concerned there seems to be considerable 
consistency in different populations. Plasma 
phospholipid fatty acid compositions were 
recently found to be virtually identical in po- 
pulations from Minnesota and Nova Scotia 
living about 2000 miles apart (5,6). 

Some general conclusions can be drawn from 
this study: 

1. Each species has a characteristic phospho- 
lipid fatty acid composition which cannot be 
explained by differences in dietary lipid intake 
and must, therefore, be related to species 
differences in essential fatty acid metabolism. 

2. The 2 species of animals most susceptible 
to atheroma, the guinea pig and the rabbit, have 
by far the highest levels of linoleic acid. Al- 
though linoleic acid rich diets may protect 
against cardiovascular diseases in humans (7), it 
is unlikely that linoleic acid itself is the agent 
responsible. Swell, et al (8) showed that the 
susceptibility of a species to atherosclerosis 
was inversely related to the level of arachidonic 
acid in plasma cholesterol esters. The results of 
this survey are consistent with the Swell study 
and also with the observation that a linoleic 
acid metabolite, rather than linoleic acid itself, 
seems to be important in lowering cholesterol 
levels in humans (9). 

3. The exceptionally high levels of arachi- 
donate in the rat make it a good species for. 
studying arachidonate metabolism. On the 
other hand, results obtained in the rat may, for 
this same reason, have only limited application 
to other species, including humans. 

4. Amounts of 18:3n-3 metabolites, especi- 
ally when expressed in relation to 18:2n-6 me- 
tabolites, are low in rabbits, guinea pigs and 
rats. These species appear to be able to function 
with only small amounts of n-3 EFAs and so 
may be inappropriate for studies on the effects 
of n-3 deficiencies. The hamster or the mouse 
would appear to be the species of choice. 

In conclusion, species variations in EFA 
levels suggest that the laboratory animal to be 
used in an EFA study must be chosen with 
care. 

L1PIDS, VOL. 19, NO. 10 (1984) 
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Influence of Cholesterol Feeding and Dietary Restriction 
on Cholesterol Absorption in Rabbits 

G. CORRAZE, C. LACOMBE* and M. NIBBELINK, ERA 412 CNRS, Institute de 
Physiologic, rue Francois Magendie F-31400 Toulouse, France 

ABSTRACT 

Plasma cholesterol and cholesterol absorption were measured in rabbits given either a standard or 
cholesterol-rich diet which were fed either ad libitum or reduced to 50% of the control ration. The 
results confirmed the aggravating effect of dietary restriction on the plasma cholesterol response to 
cholesterol feeding. Hypercholesterolemia was doubled when cholesterol feeding was associated with 
reduced dietary intake. The percentage of cholesterol absorbed increased significantly in cholesterol- 
fed rabbits on normal caloric ration, while dietary restriction had no effect on this parameter either 
with the standard or the cholesterol-rich diet. These data indicate that the mechanisms by which 
plasma cholesterol increases in response to cholesterol feeding involve increased cholesterol absorp- 
tion. Nevertheless the aggravating effect of dietary restriction cannot be attributed to increased 
cholesterol absorption. 
Lipids 19:812-814, 1984. 

INTRODUCTION 

Among the various animal species, the rabbit 
is well known for its propensity to develop 
severe hypercholesterolemia when dietary cho- 
lesterol is increased (1-3). In addition, our 
previous results showed that the hypercho- 
lesterolemia could be markedly aggravated 
when cholesterol feeding is associated with 
restriction in dietary intake (4). The present 
study was designed to test the possible changes 
in intestinal cholesterol absorption. 

MATERIALS AND METHODS 

The experiment was carried out with four 
groups of 8 male New Zealand rabbits in the 
weight range of 2.4-2.8 kg. A standard rabbits' 
diet provided from UAR (Villemoisson/Orge) 
and the same diet supplemented with cho- 
lesterol were used. The rabbits were given 
daily the following dietary ration as previously 
described (4): Control (C), 160 g of standard 
diet; Restricted Control (RC), 80 g of standard 
diet; Cholesterol (Ch), 160 g of standard diet + 
0.2 g/kg body weight of cholesterol; Restricted 
Cholesterol (R Ch), 80 g of  standard diet + 0.2 
g/kg body weight of cholesterol. During the 
course of the experiment, body weight and 
plasma cholesterol (5) were measured weekly. 

After four weeks on the respective diets the 
intestinal absorption of cholesterol was mea- 
sured with the dual isotope method of Zil- 
versmit (6). The intravenous dose of 14C- 
cholesterol (2.61 /,tCi/rabbit) and the oral dose 
of 3 H-cholesterol (8.28/,tCi/rabbit) were admin- 

*To whom correspondence should be addressed. 

istered simultaneously in the morning follow- 
ing an 18-hour fast. Plasma samples were then 
collected after 24, 48 and 96 hours. Isotope 
measurements were carried out after combus- 
tion of  the plasma samples in an Oxymat ap- 
paratus (Inter-Technique). The samples were 
counted in Carbomax (Kontron Analyt ic)and 
in dioxane/toluene (7V/3V) 2% naphtalene, 
0.7% butyl PBD for 14C and 3H respectively. 
The results are the mean of  the three samples 
collected, as no change with time was observed 
in the values obtained. 

RESULTS 

Changes in body weight and in plasma cho- 
lesterol were as expected. Rabbits on normal 
caloric ration (Control and Cholesterol) con- 
tinued their growth (229 -+ 20 g of body weight 
increase), while rabbits on restricted diets 
(Restricted Control and Restricted Cholesterol) 
lost 164 -+ 19 g during the course of the ex- 
periment. The increase in plasma cholesterol 
was doubled when cholesterol feeding was 
associated with dietary restriction, while no 
marked changes occurred in the Restricted 
Control group (Fig. 1). 

The dietary intake and the intestinal cho- 
lesterol absorption data are presented in Table 
1. The amount of cholesterol provided was 
adjusted to body weight (0.2 g/kg); therefore, 
the mean daily intake was less in the Restricted 
Cholesterol than in the Cholesterol group. On 
the other hand, the proportion in the diet was 
less in the Cholesterol group. Dietary restriction 
had no effect on the percentage of cholesterol 
absorbed either with the standard or the cho- 
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lesterol  r ich  diet .  Converse ly ,  cho les te ro l  feed-  
ing w i t h o u t  food  res t r i c t ion  induced  a signifi- 
can t  increase in this  pa rame te r .  There fore ,  the  
to ta l  daily a m o u n t  of  cho les te ro l  abso rbed  was 
cons i s t en t ly  reduced  in the  Res t r ic ted  Cho-  
lesterol  c o m p a r e d  w i th  the  Choles te ro l  g roup  
w h e n  expressed per  an imal  as well  as per  kg 
b o d y  weight .  

D ISC USSI ON 

The homeos ta s i s  of  b o d y  choles te ro l  u n d e r  

g / 100 ml 

0,8 

0.@ 

O.4 

0.2 

l R.Ch 
!/ 

,/ 

"==~I=-*~*, 

} 2i 3~ 

aC. 
C. 

DAYS 

FIG. 1. Influence of dietary restriction on cho- 
lesterolemia in rabbits fed either standard or cho- 
lesterol-rich diets. C = Control; RC = Restricted Con- 
trol; Ch = Cholesterol; R Ch = Restricted Cholesterol. 

cond i t i ons  o f  a h igh cho les te ro l  in t ake  depends  
o n  several mechan i sms  involving inh ib i t i on  of  
e n d o g e n o u s  synthes is ,  l imi ta t ion  of  in tes t ina l  
a b s o r p t i o n  and  increased fecal exc re t ion  (7-9). 
In choles te ro l - fed  r abb i t s  the  m a r k e d  expans ion  
of  the  miscible  poo l  of  cho les te ro l  shows a 
de f ic iency  in these  regula t ing  sys tems (9). 
Rabb i t s  in par t i cu la r  are k n o w n  for  the i r  inabi-  
l i ty  to  c o m p e n s a t e  increased inpu t  of  exo-  
genous  choles te ro l  b y  raising the  exc re t ion  of  
neu t r a l  s terols  and  bile acids (10) .  Moreover ,  
t he  p resen t  s t udy  shows t h a t  in r abb i t s  on  a 
choles te ro l - r ich  diet  t he  in tes t ina l  a b s o r p t i o n  o f  
cho les te ro l  is no t  l imi ted  bu t  o n  the  con t r a ry  is 
d o n e  o f  a more  ef f ic ient  rate .  

The ra te  of  in tes t ina l  u p t a k e  of  a micel lar  
so lu t ion  of  cho les te ro l  e x a m i n e d  b y  an  in vi t ro 
t e c h n i q u e  was seen to be r educed  in mucosa  
or ig ina t ing  f rom choles tero l - fed  r abb i t s  (1 1). 
Our  resul ts  d e m o n s t r a t e  t ha t  in vivo the  overal l  
resul t  of  the  var ious s teps in the  whole  process  
of  cho les te ro l  a b s o r p t i o n  is d i f fe rent .  Present  
k n o w l e d g e  on  the  major  ra te- l imi t ing steps 
was r ecen t ly  reviewed by  G r u n d y  (12).  They  
are:  t he  so lubi l iza t ion  of  cho les te ro l  in mixed  
micelles wh ich  requires  suff ic ient  c o n c e n t r a t i o n  
of  bile acids and  o t h e r  a m p h i p a t h i c  subs tances ;  
t he  m o v e m e n t  of  cho les te ro l  t h r o u g h  t he  
uns t i r red  layer  of  wate r  ad jacen t  to  the  surface 
of  the  lumina l  cells and,  f inal ly,  the  capac i ty  
for  es te r i f i ca t ion  b y  mucosa l  ceils (12).  F u r t h e r  
s t u d y  would  be necessary to d e t e r m i n e  the  
m e c h a n i s m  by  wh ich  choles te ro l  a b s o r p t i o n  is 
increased in choles tero l - fed  rabbi t s .  However ,  
t he  d i sc repancy  b e t w e e n  our  da ta  and  t h a t  of  
s tudies  w i th  isola ted mucosa  suggests the  pre- 
p o n d e r a n c e  of  the  so lub i l iza t ion  process.  

In add i t ion ,  the  present  resul ts  conf i rm the  
prev ious  obse rva t ion  t ha t  l imi ted  feeding en- 
hances  the  effect  o f  increased d ie tary  cho-  
les terol  on  the  rise in p lasma choles te ro l  (4). 

TABLE 1 

Influence of Dietary Restriction on Cholesterol Absorption 
in Rabbits Fed Either Standard or Cholesterol-Rich Diets 

Dietary Cholesterol Cholesterol Absorbed 

Percen t  o f  m g / d a y / k g  
m g / d a y  rag /1  O0 g d i e t a r y  i n t a k e  m g / d a y / r a b b i t  b o d y  w e i g h t  

C 0 0 4 9 . 4  + 3.5 a* 0 0 
RC 0 0 53 .3  -+ 2 .8  a* 0 0 
Ch  556  -+ 10.6 a 3 4 8  +- 6 .8  a 68 .2  + 2 .3  b 3 7 9  + 7 .2  a 136 -+ 4 .6  a 
R C h  507  -+ 9 .7  b 633-+  12.1 b 4 1 . 9  +- 7 .3  a 2 1 2  • 4.1 b 8 3 . 8  + 14.6 b 

C = C o n t r o l ;  RC = Restricted Control; Ch = Cholesterol; R Ch = Restricted Cholesterol. Values are means -+ 
SEM of eight rabbits, a b. superscript letters, indicate intergroups statistical difference means not sharing a 
common letter are significantly different (P < 0.05). 

*Per cent of dietary intake presented for C and RC rabbits represents the ability of animals without cho- 
lesterol in their diet to absorb a single dose of orally administered cholesterol. 
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The  m e a s u r e m e n t  of  cho les te ro l  t u rnove r  
carr ied ou t  in the  previous  s tudy  showed  an 
increased p r o d u c t i o n  ra te  of  cho les te ro l  in  the  
Res t r ic ted  Choles te ro l  c o m p a r e d  to the  Cho-  
les terol  group.  Converse ly ,  th is  p a r a m e t e r  was 
reduced  in food  res t r ic ted  r abb i t s  on  a s t andard  
diet .  The  fact  t ha t  d ie ta ry  res t r i c t ion  has  an  
oppos i t e  e f fec t  on  choles te ro l  tu rn-over  w i t h  
the  choles te ro l - r ich  or t he  s tandard  diet  sug- 
gested a d i f fe rence  in t he  in tes t ina l  a b s o r p t i o n  
o f  choles terol .  In fact  t he  p resen t  da ta  show 
tha t  the  in tes t ina l  a b s o r p t i o n  of  d ie ta ry  cho-  
les terol  is no t  e n h a n c e d  in Res t r ic ted  Cho-  
les terol  r abb i t s  bu t ,  converse ly ,  the  daily 
a m o u n t  abso rbed  is reduced .  

In our  e x p e r i m e n t a l  c o n d i t i o n s  the  a m o u n t  
of  cho les te ro l  ingested daily was ad jus ted  to 
b o d y  weight  (0.2 g/kg).  There fore ,  the  pro-  
po r t i on  of  cho les te ro l  in t he  d ie ta ry  r a t i o n  was 
less in the  Choles te ro l  t h a n  in the  Res t r ic ted  
Choles te ro l  diet .  Thus  it can be  h y p o t h e s i z e d  
t h a t  more  f a t t y  acids would  be  avai lable for  the  
f o r m a t i o n  of  mixed  micelles w i t h  h igher  d ie ta ry  
in t ake  provid ing  more  cho les te ro l  in a su i tab le  
f o r m  for  u p t a k e  b y  the  mucosa l  cells to  expla in  
t he  increased choles te ro l  a b s o r p t i o n  in cho-  
lesterol-fed r abb i t s  on  n o r m a l  caloric r a t i on .  

In conc lus ion ,  the  p resen t  r epor t  showing  
the  very ef f ic ien t  ra te  of  cho les te ro l  a b s o r p t i o n  
in choles terol - fed rabb i t s  provides  add i t i ona l  
da ta  to  expla in  the  severe h y p e r c h o l e s t e r o l e m i a  
observed  in these  animals .  On the  o t h e r  h a n d ,  
the  daily a m o u n t  of  cho les te ro l  abso rbed  is 
cons i s t an t ly  less in food  res t r ic ted  rabbi t s .  

There fore ,  the  aggravating ef fec t  of  d ie ta ry  
res t r i c t ion  when  associated w i th  cho les te ro l  
feeding c a n n o t  be a t t r i b u t e d  to  increased cho-  
les terol  abso rp t ion .  F u r t h e r  expe r imen t s ,  es- 
pecial ly conce rn ing  t he  e n d o g e n o u s  synthes is  
of  choles te ro l ,  are necessary to invest igate  the  
origin of  the  add i t iona l  increase in p lasma 
choles te ro l  which  occurs  w i th  res t r i c t ion  in 
d ie ta ry  in take .  
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ABSTRACT 

The fatty acid composition of oyster" larvae at various stages, as well as of the algal diet, were 
determined by gas liquid chromatography (GC). Saturated fatty acids are the major fatty acid compo- 
nents in all larval stages and account for 34-62%, 30-35% and 35-81% of the neutral, polar and total 
lipids of algal-fed larvae respectively. Weight percentage of saturated fatty acid in "starved" larvae was 
consistently higher (63-81%) during the whole period. The total polyunsaturated fatty acids were 
higher in the polar lipids than in the neutral lipids. The concentration of the to3 fatty acids also was 
comparatively higher in the polar lipids than in the neutral lipids. In the total and neutral lipid frac- 
tions, the weight percentage of polyunsaturated and to3 fatty acids was higher in the eyed than in the 
pre-eyed (pediveliger) larvae. Eicosapentaenoic acid (20:5to3) and 22:6to3 were not detected in lipids 
of "starved" and young larvae. There was an accumulation of 20:5~o3, 22:6to3, and total to3 fatty 
acids in the older larvae. Lipid classes were separated by thin layer chromatography (TLC). There was 
no qualitative change in lipid composition during larval development, but a marked increased of 
triacylglycerol in larvae up to the stage of maturation in algae-fed larvae. 
Lipids 19:815-820, 1984. 

INTRODUCTION 

Previous studies (1-6) have demonstrated the 
importance of lipids and fatty acids in oyster 
larval growth and development. Creekman (3) 
reported that the lipid content of the egg and 
that  of the resulting larvae of American oyster 
(Crassostrea virginica) were correlated and that 
a greater egg lipid content significantly increased 
larval growth, vigor, set and successful meta- 
morphosis. Recent studies by Gallager and 
Mann (6) on the same subject with 2 bivalve 
species, Mercenaria mercenaria and C. virginica, 
have produced results which agreed with those 
of  Creekman. Similarly, Helm et al. (7) have 
reported that the viability of Ostrea edulis larvae 
was related to their lipid content, particularly 
the neutral lipid, at the time of liberation. 
Holland and Spencer (2) indicated that accumu- 
lation of neutral lipid (from 8.8 to 23.2%) 
occurred during development of O. edulis larvae. 
The larval growth rate of O. edulis and C. vir- 
ginica was found to be unrelated to the quantity 
of total lipid (4,5), but closely related to the 
triacylglycerol content present in the algal diet 
(4). These results support the conclusion that 
lipid supplies most of the energy requirements 
of  larvae during periods of both growth and 
starvation (1,8). However, all of these studies 
were concerned only with the changes of the 
total lipid or neutral lipid during larval develop- 
ment. In the literature there is only one paper 

*To whom correspondence should be addressed. 
1Contribution number 1195 of the Virginia Insti- 

tute of Marine Science, Gloucester Point, VA 23062 

(4) that deals with the determination of fatty 
acid composition of C. gigas larvae, and that 
study involved only one stage (6-day old larvae) 
of larval development. The objectives of the 
experiments reported here were twofold: to 
examine the changes in fatty acid and neutral 
(in terms of  triacylglycerol) lipid of oyster lar- 
vae during development, and to assess the nutri- 
tional significance of these changes in larval 
development. 

MATERIALS AND METHODS 

Growth Experiments 

The larval growth experiment was performed 
twice. Conditioned adult oysters (C. virginica) 
were induced to spawn in filtered seawater at a 
temperature of 27-29 C. The parent stocks used 
for the 2 growth experiments were not the 
same, but were both conditioned in a flume 
with water at 20-22 C for 4-8 weeks and supple- 
mentally fed with the alga Tetraselrnis suecica. 
Gametes were collected and fertilized. About 
12.5 • 104 fertilized eggs were placed in a 
250 1 fiberglass larval tank and allowed to de- 
velop to straighthinge larvae. When the larvae 
reached the straighthinge stage (18 to 24 hrs 
after fertilization at 27-29 C), larval cultures 
were divided into 4 fiberglass larval tanks at a 
larval density of 5 to 6 larvae/ml. Two tanks of 
larvae were fed with an algal diet (a combina- 
tion of Pavlova (Monochrysis) lutheri and 
Isochrysis galbana} until the larvae reached 
the "eyed"  stage. The algae, P. lutheri and 
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L galbana, were cultured as described prev- 
iously (9). Algal batch cultures in log growth 
phase (4-15 days old) of P. lutheri and L gal- 
bana were used as larvel food. Equal numbers 
of  ceils of each algal species were mixed and fed 
to the larvae. Algal cells for lipid analysis were 
harvested during log growth phase and lyophy- 
lized prior to total  lipid extraction. The other 
2 tanks of larvae were starved for the same 
period and served as control. Seawater at 27-29 C 
was filtered through 10 and 1 btm Cuno filters 
and used throughout the experiment.  No 
a t tempt  was made to collect any residual bac- 
teria or other  particulate matter  in the seawater 
for fat ty acid analysis. 

Larval samples were collected from both 
groups (algae fed and "starved") on every other 
day up to the "eyed"  stage. Larval samples 
from either group were pooled into a 1 or 2 1 
beaker and the number of larvae determined. 
Algae-fed larvae were maintained in the beaker 
for 4 to 6 hrs to allow the larvae to clear their 
guts. Larvae from each group were divided into 
2 fractions, one-half used for estimation of total  
neutral lipid and the other half for fat ty acid 
composit ion determination. The larvae were 
washed with isotonic ammonium formate (0.9% 
NH4COOH) to remove the sea water. Larvae 
were then placed in 13 • 100 mm glass tubes, 
freeze-dried, flushed with nitrogen and stored 
at -20 C. Total  lipid extract ion was performed 
on the dried larval samples between 2 weeks 
and 3 mos. 

Larvae from growth Experiment I were used 
to determine the fat ty acid composit ion of  neu- 
tral and polar lipid fractions. Larval samples 
from Experiment II were used to determine the 
fat ty acid composit ion of the total  lipid and 
total  neutral lipid of the larvae. 

Lipid and Fatty Acids Analyses 

Total lipids were extracted with chloroform, 
methanol  and distilled water (2:2:1)  according 
to the procedure of Bligh and Dyer (10). Lipid 
classes were separated on thin layer chromatog- 
raphy (TLC), pre-coated silica gel plated (Ap- 
plied Science, U.S.A.), using a solvent mixture 
of hexane, ether and acetic acid (85 : 15:1, v/v). 
The TLC plates were developed twice. Neutral 
and polar lipid bands were scraped off the plate 
and recovered with chloroform and methanol  
(2:1,  v/v). Total  neutral lipid, in terms of tria- 
cylglycerol, was quanti tated in triplicate sam- 
ples by a colorimetric method (11). 

For  fat ty  acid analysis, the total ,  neutral and 
polar lipids recovered from TLC subsequently 
were transesterified with BF3 in CH3OH (14%, 
v/v) with additional CH3OH and benzene (12). 
Impurities also were removed from t h e  fat ty 

acid methyl  esters by TLC. Separation of fat ty  
acid methyl  esters (FAME) was carried out on a 
Varian Model 3700 gas chromatograph with a 
packed column (2.4 m x 4 mm id glass column, 
3% EGSP-Z on 100/120 mesh Gas-Chrom Q). 
The column was temperature-programmed from 
100-190 C at 8 C/min. The flow rates of nitro- 
gen, compressed air and hydrogen were 40 
ml/ min, 300 ml/min and 30 ml/min, respec- 
tively. Fa t ty  acids were identified using corn- 
mercially available standards (Applied Science, 
U.S.A.), a secondary reference standard (fat ty 
acid methyl esters of cod liver oil [13])  and 
graphic techniques (14). The chromatograms 
were quanti tated by triangulation techniques. 

RESULTS AND DISCUSSION 

P. lutheri and I. galbana are species used in 
tradit ional algal diets (15-19) for oyster larvae. 
Usually, larvae fed on these algae would develop 
to the " eyed"  stage in 10 to 15 days, as they 
did in this study. 

In growth Experiment I, the larvae reached 
the "eyed"  stage in 10 days, whereas in growth 
Experiment II, it took 12 days. Changes take 
place in the appearance and structure of the 
larva as it grows. "Eyed"  larvae (pediveligers) 
are free-swimming larvae at a stage of develop- 
ment ready to set (change from free-swimming 
to sedentary). 

In terms of assimilation or metabolic inter- 
conversion, at tent ion is focused on the concen- 
trations of saturated, mono-unsaturated,  poly- 
unsaturated, 6o3 and 606 fatty acids. Weight 
percentage of saturated, monoethylenic,  poly- 
ethylenic, 6o3 and 606 fatty acids in neutral, 
polar and total  lipids of algal-fed and "starved" 
larvae are shown in Tables 1 and 4. Total satur- 
ated fat ty acids are higher in the total  lipid of 
"starved" larvae and in the neutral lipid of algal- 
fed larvae than in the polar lipid of algal-fed 
larvae. In contrast,  the weight percentage of 
polyunsaturated fat ty acids, especially in the 
older and eyed larvae, are consistently higher 
in the polar lipid than in the neutral and total  
lipid of the algal-fed larvae or in the total  lipid 
of the "starved" larvae. Similarly, in algal-fed 
larvae, the polar lipid had higher levels of co3 
fat ty  acids than in the neutral  lipid (Table 1 
and 2, Fig. 1). Phospholipids are the structural 
components  of the cell membranes. These re- 
sults reinforce the importance of polyunsatur- 
ated fat ty acids (PUFA), especially long chain 
PUFA, in the physiology of marine animals for 
processes such as membrane integri ty and 
permeabili ty.  Conservation of PUFA in the 
phospholipid fraction of the ocean-strider, 
Halobates fijiensis, during starvation for 8 days 
has been reported (20). The higher weight per- 
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FATTY ACIDS AND LIPIDS OF OYSTER LARVAE 

TABLE 1 

Weight Percentage of Saturated, Monoethylenic, Polyethylenic, 606 and 603 Fatty Acids 
in the Total Lipid of the Algal Diet and Neutral Lipid of Oyster Larvae 

817  

Algal food Larvae 

Age (days) 1 3 6 8 10 10 (eyed) 
Size (#m) 79 85 127 168 230 270 

Fatty acids 
Saturated 49.0 59.0 41.9 34.3 50.0 62.3 44.0 
Monoethylenic 24.5 21.2 18.5 30.4 18.8 11.7 20.7 
Polyethylenic 18.0 17.6 6.91 31.2 24.7 19.2 28.0 

20:5603 3.45 - 1.05 0.38 6.12 6.60 8.86 
22:6603 3.24 -- -- 0.34 7.85 3.33 6.94 
~606 3.00 10.75 5.39 28.06 6.24 5.58 5.65 
~r 15.0 6.41 1.52 2.92 18.6 13.6 22.4 
606/603 0.20 1.67 3.54 9.61 0.34 0.41 0.25 

" - "  Means not detected (Growth Experiment I). 

TABLE 2 

Weight Percentage of Saturated, Monoethylenic, Polyethylenic, 6o6 and 603 Fatty Acids 
in the Total Lipid of the Algal Diet and Polar Lipid of Oyster Larvae 

Algal food Larvae 

Age (days) 1 3 6 l0 l0 (eyed) 
Size (/~m) 79 85 127 230 270 

Fatty acids 
Saturated 49.0 30.5 35.2 32.6 29.5 31.1 
Monoethylenic 24.5 22.7 38.3 22.3 16.4 17.2 
Polyethylenic 18.0 37.0 14.2 26.7 39.6 35.8 

20:5to3 3.45 7.27 0.85 3.81 7.46 4.56 
22:6603 3.24 9.70 3.58 5.22 12.9 8.77 
~606 3.00 4.16 4.79 9.30 7.15 9.24 
~60 3 15.0 18.9 6.9 S 11.9 24.4 17.8 
606/603 0.20 0.22 0.76 0.78 0.29 0.52 

(Growth Experiment I). 

cen tage  of  603 f a t t y  acids in  the  p h o s p h o l i p i d  
f rac t ions  t h a n  in t he  neu t ra l  l ipids dur ing  larval 
d e v e l o p m e n t  may  be  due  to  t h e  selective inser-  
t i on  of  6o3 series r a t h e r  t h a n  the  606 series in the  
p h o s p h o l i p i d  of  the  cell m e m b r a n e .  This  bio- 
chemica l  p h e n o m e n a  has  been  suggested to  be a 
charac te r i s t i c  m e c h a n i s m  of  aqua t ic  mar ine  
an imals  (21) .  

In  the  t o t a l  l ipid and  t he  neu t r a l  l ipid frac- 
t ions  the  t o t a l  20:5603 and  22:6603,  and  the  
to ta l  603 f a t t y  acids,  increased wi th  larval age 
(Tables  1 and  3, Fig. 1). E i cosapen taeno ic  acid 
(20 :5603)  and  22:6603 were n o t  de t ec t ed  in 
e i the r  the  t o t a l  l ipid and  neu t r a l  l ipid of  y o u n g  
larvae (one-day  and  3 day-olds)  or  in the  t o t a l  
l ipid of  " s t a r v e d "  larvae (Tables  I ,  3 and  4).  
These  2 f a t t y  acid c o m p o n e n t s ,  20:5603 and  
22:6603 ,  have  been  r epo r t ed  to be essent ia l  for  
oys t e r  spat  (Crasostrea gigas) g r o w t h  (22) .  The  

resul ts  o f  this  s t udy  do  ind ica te  the  accumula -  
t ion  o f  these  2 f a t t y  acids in o lder  larvae b u t  n o t  
in younge r  and  ini t ia l  larvae (Tables  1 and  3). 
The  a c c u m u l a t i o n  o f  20 :5603 ,22 :6603  and  to ta l  
603 f a t t y  acids (Fig. 1) in  older  larvae is consis t-  
en t  wi th  2 ideas:  [ 1 ] t he  a c c u m u l a t i o n  of  these  
f a t t y  acids is a t t r i b u t a b l e  to  the  f o o d  in t ake ;  
since d e p o t  l iquids  (neu t r a l  l ipids) are the  pri- 
mary  energy  reserve in t he  ma jo r i t y  of  mar ine  
an imals  (8,1 7 ,20 ,23 ,24)  and  the  f a t t y  acid com-  
pos i t i on  of  the  neu t r a l  l ipid is i n f luenced  by  the  
diet ,  find [2]  o lder  larvae have some abi l i ty  to  
b iosyn thes i ze  long chain  603 f a t t y  acids de novo .  
DeMoreno  et al. (25)  r e p o r t e d  t ha t  t he  ye l low 
clam, Mesodesma matroides, is capable  o f  elon-  
gat ing and  desa tu ra t ing  l inoleic and  a - l ino len ic  
acids f rom ingested p h y t o p l a n k t o n  w i th  the  
p resence  of  d ie ta ry  p ro t e in  (casein  hydrosy la t e ) .  
Similar ly ,  Waldock and  Hol land  (26 )  r e p o r t e d  
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FIG. 1. Weight percentage of total w3 family fatty acids in different lipid fractions of 
oyster larvae during development (from straight-hinge stage to the "'eyed" stage). 

TABLE 3 

Weight Percentage of Saturated, Monoethylenic, Polyethylenic, ~6 and t~3 Fatty Acids 
in the Total Lipid of the Algal Diet and Total Lipid of Oyster Larvae 

Algal food Larvae 

Age (days) I 3 6 8 10 12 12 (eyed) 
Size (~zm) 73 87 | 38 182 238 270 327 

Fatty acids 
Saturated 49.0 63.8 81.3 67.1 46.2 54.1 53.2 35.3 
Monoethylenic 24.5 18.3 5.66 20.9 29.5 17.6 24.8 29.8 
Polyethylenic 18.0 5.25 3.53 9.10 18.5 15.4 14.6 31.2 

20:5193 3.45 - - 1.96 4.43 2.86 2.83 6.96 
22:61o3 3.24 - - 1.27 3.23 3.47 3.59 9.40 
~'-(,o 6 3.00 2.93 2.51 1.97 3.45 4.54 3.78 5.95 
Zt,~3 I 5.0 2.23 1.02 5.63 12.9 9.35 9.43 22.9 
to6/to 3 0.20 1.31 2.46 0.35 0.27 0.49 0.40 0.26 

" - "  Means not detected (Growth experiment 11). 

some incorpora t ion  of  14C-labeled dietary fa t ty  
acid into C20 and C22 m o n o -  and polyunsatur -  
ated fa t ty  acids, including 2 0 : 5 ~ 3  in juvenile 
oys ters  o f  C. gigas. In the  neutral  and tota l  lipid 
fract ions,  higher weight percentage of  P U F A  and 
~ 3  fa t ty  acids were observed in eyed than pre- 
eyed prepediveliger larvae (Table 5). This sug- 
gests that  in order  to m e t a m o r p h o s e ,  the larvae 
require a relatively higher level of  P U F A  and t~3 
fa t ty  acids reserved in the  d e p o t  fats for energy 
provision and conservat ion of  s t ructural  PUFA 
in phosphol ip ids .  

The "s ta rved"  larvae had a higher percentage 
of  saturated fa t ty  acids than the  fed larvae, but  
lacked 20:5603 and 22:66o3 fat ty  acids. Similar 
observat ions  were repor ted  by DeMoreno et al. 
(25) for clams in a season in which less food 
was available, and the food source was mainly 
detr i tus .  Eicosenoic acid (20:1)  and docoseno ic  
(22:1)  were de tec ted  in bo th  "s ta rved"  and 
algal-fed larvae but  not  in the  algal diet. Appar-  
ent ly ,  oyster  larvae have the abili ty to e longate  
die tary  16:1 and 18:1 to 20:1 and 22:1. Alter- 
natively,  there may be a significant input  of  
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TABLE 4 

Weight Percentage of Saturated, Monoethylenic, Polyethylenic, 606 and 603 Fatty Acids 
in the Total Lipid of Starved Oyster Larvae 
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Larvae 

Age (days) 1 3 6 8 10 12 
Size (/.tm) 73.2 81.0 95.5 102.0 113.2 119.4 

Fatty acids 
Saturated 72.1 63.3 80.9 78.8 79.4 64.5 
Monoethylenic 19.4 11.7 9.29 7.22 7.38 7.47 
Polyethylenic 5.96 17.7 5.93 12.5 9.76 13.3 

20:5~o3 . . . . . .  
22:6603 . . . . . .  
~6o6 2.93 11.7 5.93 9.29 5.25 13.3 
Z~o3 2.23 5.97 -- 1.48 3.36 -- 
o~6/~o 3 1.31 1.95 -- 6.25 1.56 -- 

" - "  Means not detected or cannot be calculated (Growth experiment II). 

TABLE 5 

Total to3, to6 and Polyethylenic Fatty Acids in "Eyed" 
and Non-eyed Larvae of the Same Age 

Fatty acids 

Lipid Growth Polyethylenic to6 o33 
fraction experiment Non-eyed Eyed Non-eyed Eyed Non-eyed Eyed 

Neutral I 19.2 28.0 5.58 5.65 13.6 22.4 
Polar I 39.6 35.8 7.15 9.24 24.4 17.8 
Total II 14.6 31.2 3.78 5.95 9.43 22.9 

m o n o u n s a t u r a t e d  fa t ty  acids f rom dissolved 
organic material ,  de t r i tus  or bacteria.  The con- 
siderably higher ra t ion  o f  606/603 fa t ty  acids in 
oys te r  larvae compared  to algal diets  and the  
depos i t ion  of  606 fa t ty  acids in " s t a rved"  larvae 
also suggests that  this fa t ty  acid comes  f rom 
ei ther  the  dissolved or par t icula te  phase of  the  
seawater.  

During larval deve lopment ,  there  was a 
marked increase of  neutra l  lipid ( t r iacylglycerol)  
( f rom 3.6 to 11.1 • 10 -3 /dg larva -x)  in larvae 
up to the  pre-eyed stage. In contras t ,  the neutra l  
lipid c o n t e n t  in the  " s t a rved"  larvae remained  
relatively cons tan t  and low (3.6 to 1.89 • 10 -3 
/ag larva -1 ). The apparen t  accumula t ion  of  a re- 
serve of  neutra l  lipid ( t r iacylglycerol)  during 
larval deve lopmen t  agrees wi th  the previous 
s tudies  by Hol land and Spencer  (2). They  pro-  
posed tha t  lipid, especially neut ra l  lipid (triacyl- 
glycerol) ,  is the  main energy reserve during 
deve lopmen t  th rough  me tamorphos i s .  This 
hypo thes i s  may apply for larvae of  many  ben th ic  
marine inver tebrates .  Triacylglycerol  reserves 
are accumula ted  during the larval stages and 
provide energy for  me tamorphos i s  in to  the 
adult  stage (8). The amoun t  of  t r iacylglycerol  
in " e y e d "  larvae (6.9 • 10 -3 /.tg larvae -1)  was 

much  lower  than  in pre-eyed larvae (1 1.1 X 
10 -3 /~g larvae -1).  The decline of  neutral  lipid 
( t r iacylglycerol)  in " e y e d "  larvae is p robably  
due to the  c o n s u m p t i o n  o f  neutra l  lipid for the  
deve lopmen t  of  new organs: eyes,  foot  and 
related s t ructures .  The presence  o f  an " e y e "  in 
the f ree-swimming larvae indicates  the  approach-  
ing se t t l emen t  and me tamorphos i s .  The accu- 
mula t ion  of  a neutral  lipid reserve for  develop- 
m e n t  may no longer be essential  since af ter  
s e t t l emen t  the principal  energy reserve is carbo- 
hydra te  (glycogen).  
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ABSTRACT 

The lipid classes, fatty acids of total arid individual lipids and sterols of Antarctic kdll (Euphausia 
superba Dana) from two areas of the Antarctic Ocean were analyzed by thin layer chromatography 
(TLC), gas liquid chromatography (GLC) and gas liquid chromatography/mass spectrometry (GLC/ 
MS). Basic differences in the lipid composition of krill from the Scotia Sea (caught in Dec. 1977) and 
krill from the Gerlache Strait (caught in Mar. 1981) were not observed. The main lipid classes found 
were: phosphatidylcholine (PC) (33-36%), phosphatidylethanolamine (PE) (5-6%), triacylglycerol 
(TG) (33-40%), free fatty acids (FFA) (8-16%) and sterols (1.4-1.7%). Wax esters and sterol esters 
were present only in traces. More than 50 fatty acids could be identified using GLC/MS, the major 
ones being 14:0, 16:0, 16:1(n-7), 18:1(n-9), 18:1(n-7), 20:5(n-3)and 22:6(n-3). Phytanic acid was 
found in a concentration of 3% of total fatty acids. Short, medium-chain and hydroxy fatty acids 
(C < 10) were not detectable. The sterol fraction consisted of cholesterol, desmosterol and 22-dehy- 
drocholesterol. 
Lipids 19:821-827, 1984. 

INTRODUCTION 

Krill (Euphausia superbo Dana) lives exclu- 
sively in cold Antarctic waters and is the central 
link in the Antarctic food web. Its general 
chemical and biochemical composit ion has been 
the subject of several investigations (1). A num- 
ber of contributions also have dealt with the 
lipid content and lipid composit ion of this 
pelagic euphausiid. Lipid contents between 1% 
and 6% have been published (2), and remark- 
ably differing data have been reported for lipid 
composition (3 -12 ) .  The main lipid classes 
found by almost all investigators were phospho- 
glycerolipids, triacylglycerols (TG), free fat ty  
acids (FFA)  and free sterols. The dominating 
fa t ty  acids reported were 16:0 among saturated 
fa t ty  acids and 18: 1, 20:5 and 22:6 among un- 
saturated and polyunsaturated fat ty  acids. This 
investigation has been carried out to give 
thorough and complete analyses of lipid classes, 
fa t ty  acids and sterols, supported by mass 
spectrometry (MS). 

MATERIALS AND METHODS 

Sample Collection and Preparation 

Antarctic krill were collected from the 
Scotia Sea on December 16, 1977 at 57 ~ 47' S, 
42 ~ 43'  W (13) and from the Gerlache Strait,on 
March 12, 1981 at 64 ~ 33.7' S ;62  ~ 3 2 ' W  (14) 
during the  second (1977/78) and third (1980/ 
81) Antarctic expeditions of the Federal Re- 

*To whom correspondence should be addressed. 

public of Germany with FMS "Julius Fock"  
and FRV "Walther Herwig," respectively, using 
a 1219 mesh pelagic KriU net. 

Krill samples of 5 kg were quick-frozen and 
stored at -35  C until analyzed. Subsamples pre- 
pared from the core of the 5 kg samples were 
homogenized in a mortar  under liquid nitrogen, 
and lipid extraction was performed according 
to Folch et al. (15). Lipids were dissolved in 
dichloromethane: methanol 1 : 1 (v/v) and 
stored under a nitrogen atmosphere at - 2 3  C. 

Thin Layer Chromatography 
and Gas Liquid Chromatography 

Crude lipids were separated into classes by 
TLC on HPTLC-plates (E. Merck, Darmstadt) 
developed with n-hexane:diethylether :glacial 
acetic acid 60:40:1 (v/v) for neutral lipids, and 
with dichloromethane:methanol:glacial  acetic 
acid 60:30:10 (v/v) o r  dichloromethane:metha-  
nol:aqueous ammonia 60:20:5 (v/v) for polar 
lipids. Lipid classes were visualized by exposure 
to iodine vapor or by charring with 50% sul- 
phuric acid. After 2 dimensional TLC using the 
above mentioned solvents, identification was 
achieved by comparison with standard mixtures 
and lipid class specific stainings (16). After  the 
silica gel was scraped off, the eluted acylglycer- 
ols were quantified by an enzymatic test for 
esterified glycerol (E. Merck, Darmstadt),  and 
phosphoglycerides by phosphorus determina- 
tion (17). F F A  and sterols were determined by  
GLC using heptadecanoic acid and stigmasterol, 
respectively, as internal standards. 

LIPIDS, VOL. 19, NO. l l  (1984) 
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Fatty acid methyl ester (FAME) of total 
lipids and individual lipid classes were prepared 
with 14% boron trifluoride in methanol (18), 
and fatty acid benzyl esters (FABE) according 
to Klemrn et al. (19). Trimethylsilylation of 
sterols was carried out as described by Ballan- 
tine et al. (20). FAME and FABE were purified 
by TLC prior to GLC analysis. Separations and 
identifications were carried out on a polar wall 
coated (WCOT) open-tubular glass column 
(25 m) coated with SILAR 10 C (Packard in- 
struments), temperature programmed from 
110 C to 210 C (3 C/min) and on a 50 m fused 
silica column (WCOT) coated with CP SIL 5, 
temperature programmed from 100 C to 320 C 
(3 C/min) using a Packard 428 gas chromato- 
graph equipped with a FID and a HP 3371 
integrator. Helium was used as carrier gas at a 
flow of 1 ml/min with a split ratio of 100:1. 
The presence of plasmalogens and alkylglycer- 
ols was tested subsequent to hydrolysis using 
the procedure of Pugh et al. (21). 

GLC/MS analysis of FAME and trimethyl- 
silyl (TMS) sterols was performed on a HP 
5985A quadrupole mass spectrometer, ioniza- 
tion energy 70 eV, ion source temperature 
200 C, column: 25 m WCOT coated with CP 
SIL 5 (Chrompak), temperature programmed 
from 140 C to 280 C (4 C/min). 

Individual FAME, FABE and TMS sterol 
peaks were identified by co-chromatography 
with standards, by comparison with calculated 
equivalent chain length (ECL) values (22) and 
by mass spectra. To ensure identification of 
unusual fatty acids, samples were hydrogenated 
and rechromatographed. For positional analy- 
sis, cleavage of PC and PE was performed with 
phospholipase As from Crotalus durissus 
terrificus (Boehringer, Mannheim). After 24 hr 
incubation in diethylether and 0.1 M tris-buffer, 
the reaction mixture was separated by TLC into 
lysophospholipids and FFA. 

RESULTS AND DISCUSSION 

Lipid Content and Lipid Composition 

The total lipid content and the lipid compo- 
sition data of the 2 krill samples are given in 
Table 1. Although different lipid compositions 
have been published, there is general agreement 
as to the main lipid classes present in Euphausia 
superba (3-12). The krill caught in December 
1977 has a lower fat content than the krill 
caught in March 1981. This increase in fat con- 
tent during the catching season, which co- 
incides with the sexual maturity (2) of krill, has 
been shown previously (14). Beginning with a 
low fat content of approx. 1% on a wet weight 
basis in November/December, the fat content 

TABLE 1 

Lipid Composition of  Antarctic Krill 
(Euphausia superba Dana) 

Sample 12/1977 3/1981 

Total lipid content 
(% wet weight) 2.7 + 0.2 6.2 -+ 0.3 

Phospholipids 

Phosphatidylcholine 35.6 -+ 0.1 33.3 -+ 0.5 
Phosphatidylethanolamine 6.1 +- 0.4 5.2 + 0.5 
Lysophosphatidylcholine 1.5 +- 0.2 2.8 -+ 0.4 
Phosphatidylinositol 0.9 + 0.1 1.1 -+ 0.4 
Cardiolipin 1.0 -+ 0.4 l 
Phosphatidic acid 0.6 + 0.4 1.6 �9 0.2 

Neutral lipids 

Triacylglycerols 33.3 -+ 0.5 40.4 +- 0.1 
Free fatty acids a 16.1 -+ 1.3 8.5 -+ 1.0 
Diacylglycerols 1.3 -+ 0.1 3.6 -+ 0.1 
Sterols 1.'7 -+ 0.1 1.4 +- 0.1 
Monoacylglycerols 0.4 + 0.2 0.9 + 0.1 

Others b 0.9 -+ 0.1 0.5 + 0.1 

Total 98.9 99.3 

Data are expressed as wt % of total lipids and 
represent means + standard deviation of 3 separate 
experiments. 

aprobably mostly artifacts. 
bTraces of lysophosphatidylethanolamine, phos- 

phatidylserine, sphingomyelin, glycolipids, sterol es- 
ters, waxes and carotenoids were detected. 

increases to approx. 6% in March/April. 
Euphausia superba is extremely rich in phos- 

pholipids (I>40% of total lipids) and TG (33 
and 40% respectively of total lipids). While the 
relative content of phospholipids is similar in 
the 1977 and 1981 samples, the percentages of 
TG differ somewhat. This is in accordance with 
the previous results of our laboratories (23), 
which show that the relative phosphotipid con- 
centration will not change with varying total 
lipid contents. In other marine organisms an 
increase of total lipid content usually is caused 
by an increase of TG (24). 

The sterol contents of 1.4% and 1.7% re- 
spectively of total lipids are in the range which 
has been reported (2,25) for Krill. These are 
very low values compared with those of Clarke 
(3), who found up to 16.9% sterols of total 
lipids in krill from South Georgia. This differ- 
ence may be due to the methods. Clarke used 
densitometry (3) and our laboratory GLC. 

�9 In the 1977 sample the FFA content is 
about twice that of the 1981 sample. The high 
value could be caused by the longer storage 
t ime of the 1977 sample. A residual lipolytic 
activity against phospholipids exists even at 
temperatures of - 3 0  C and below. Samples of 
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t h e  s a m e  h a u l  w h i c h  w e r e  c o o k e d  o n  b o a r d  

i m m e d i a t e l y  a f t e r  h a u l i n g  a n d  s t o r e d  u n d e r  t h e  

s a m e  c o n d i t i o n s  s h o w e d  a F F A  c o n t e n t  w h i c h  

w a s  m u c h  l o w e r ,  r a n g i n g  f r o m  1 %  t o  3 %  o f  

t o t a l  l i p i d s .  T h i s  l o w  F F A  c o n t e n t  o f  f r e s h l y  

c a u g h t  k r i l l  a l s o  w a s  c o n f i r m e d  b y  E l l i n g s e n  
( l l ) .  

In addition, lysophosphatidylcholine, lyso- 
p h o s p h a t i d y l e t h a n o l a m i n e ,  p h o s p h a t i d y l i n o s i -  

t o l  p h o s p h a t i d i c  a c i d ,  c a r d i o l i p i n  a n d  m o n o -  

a n d  d i a c y l g l y c e r o l s  w e r e  d e t e c t e d ,  w h e r e a s  

p h o s p h a t i d y l s e r i n e ,  s p h i n g o m y e l i n ,  g l y c o l i p i d s ,  

w a x  e s t e r s  a n d  s t e r o l  e s t e r s  w e r e  p r e s e n t  o n l y  i n  

t r a c e  a m o u n t s .  W a x  e s t e r s  w e r e  f o u n d  b y  

B o t t i n o  ( 8 )  i n  t h e  e u p h a u s i i d  Euphausia crystal- 
lorophias b u t  n o t  i n  Euphausia superba. T h e  

c o m p o s i t i o n  o f  c a r o t e n o i d s  w a s  n o t  i n v e s t i -  

g a t e d  b u t  h a d  b e e n  a n a l y z e d  b y  o t h e r s  ( 2 6 - 2 8 ) .  

Fatty Acid Composition of Total Lipifls 

T h e  c o m p o s i t i o n  o f  t h e  f a t t y  a c i d s  o f  t o t a l  

l i p i d s  o f  Euphausia superba i s  s i m i l a r  t o  t h a t  o f  

o t h e r  m a r i n e  c r u s t a c e a n s  a n d  s o m e  m a r i n e  

f i s h e s  ( 2 9 )  ( T a b l e s  2 a n d  3 ) .  T h e  m a i n  f a t t y  

T A B L E  3 

B r a n c h e d  Cha in  F a t t y  Ac id  C o m p o s i t i o n  
o f  T o t a l  Lipids  o f  Euphausia superba Dana  

S a m p l e  1 2 / 1 9 7 7  3 / 1 9 8 1  

Ivl + E C L  

1 3 : 0  i 
14 :0  i 
1 5 : 0 i  
1 5 : 0  ai 
16 :0  i 
17 :0  i 
1 7 : 0  b r  a 
17:1 br 
17:1  br  
1 8 : 0 i  
P h y t a n i c  b 

ac id  

2 2 8  12.6  tr .  n .d .  
2 4 2  13 .6  0 .05  ~+ 0 .01  n .d .  
2 5 6  14 .6  0 . 1 9  �9 0 . 0 0  0 .31  -+ 0 .15  
2 5 6  14 .7  0 .21  -+ 0 .01  0 . 2 4 - + 0 . 0 7  
2 7 0  15 .6  0 .09-+  0 . 0 3  0 .10-+  0 . 0 6  
2 8 4  16 .6  0 .54-+  0 . 0 5  0.20_+ 0 . 0 2  
2 8 4  16 .4  tr .  0 . 0 9  -+ 0 . 0 2  
2 8 2  16 .5  0 . 0 5  • 0 . 0 3  0 .11  -+ 0 . 0 8  
2 8 2  16 .2  tr .  0 . 1 0  -+ 0 .05  
2 9 8  17 .6  tr .  0 . 1 0  -+ 0 .01  

3 2 6  17 .7  2 .82-+ 0 .41  1.2 + 0 . 4 3  

Da ta  a re  e x p r e s s e d  as w t  % o f  t o t a l  f a t t y  ac ids  a n d  
r e p r e s e n t  m e a n s  +- s t a n d a r d  d e v i a t i o n  o f  3 s e p a r a t e  
e x p e r i m e n t s .  

tr .  = t r ace ;  n .d .  = n o t  d e t e c t e d ;  br.  = b r a n c h e d ;  
i = iso;  ai = an te i so .  

a p r e s u m a b l y  7 - m e t h y l h e x a d e c a n o i c  acid .  

b 3 , 7 , 1 1 , 1 5 - t e t r a m e t h y l h e x a d e c a n o i c  ac id .  

T A B L E  2 

F a t t y  A c i d  C o m p o s i t i o n  o f  To ta l  Lipids  o f  Euphausia superba D a n a  

S a m p l e  1 2 / 1 9 7 7  3 / 1 9 8 1  

M+a E C L  b 

1 0 : 0  186  10 .0  
1 1 : 0  2 0 0  11 .0  
1 2 : 0  2 1 4  12 .0  
1 3 : 0  2 2 8  13 .0  
1 4 : 0  2 4 2  14 .0  
14:1  2 4 0  13 .8  
1 5 : 0  2 5 6  I 5 .0  
15 :1  2 5 4  14 .8  
1 6 : 0  2 7 0  16 .0  
16:1  (n-7)  2 6 8  15 .7  
16:1  (n-?)  2 6 8  1 5 . 8  
1 6 : 2 ( n - 6 )  2 6 6  15 .6  
16 :3  2 6 4  15 .5  
1 6 : 4 ( n - 3 )  2 6 2  15 .4  
1 7 : 0  2 8 4  17 .0  
17:1  2 8 2  16 .7  
17:1  2 8 2  16 .8  
1 8 : 0  2 9 8  18 .0  
1 8 : 1 ( n - 7 )  2 9 6  17 .8  
1 8 : 1 ( n - 9 )  2 9 6  17 .7  
1 8 : l ( n - ? )  2 9 6  17 .9  
1 8 : 2 ( n - 6 ) .  2 9 4  17 .6  
1 8 : 3 ( n - 3 )  2 9 2  17 .6  
1 8 : 3 ( n - 6 )  2 9 2  17 .3  

tr .  t r .  
tr .  tr .  

0 . 2 3  -+ 0 .06  0 . 2 2  -+ 0 .06  
0 . 0 4  -+ 0 .01  0 . 0 7  -+ 0 . 0 4  

1 1 . 3 3  • 1 .48  1 5 . 2 3  • 2 .31  
tr .  0 . 1 9  • 0 .01  

0 . 3 4  + 0 .01  0 . 2 7  -+ 0 .05  
tr .  0 . 0 4  -+ 0 . 0 3 '  

2 5 . 9 1  -+ 2 .33  3 1 . 7 9  -+ 1 . 7 3  
7 .26  -+ 0 .35  7 . 3 7  -+ 0 . 3 4  
0 . 0 9  -+ 0 . 1 3  0 . 3 0  -+ 0 .01  i 
0 . 8 2  -+ 0 .01  0 . 1 2  + 0 . 0 6  

tr.  0 . 2 9  -+ 0 .01  
0 . 7 4  _+ 0 . 0 6  0 . 4 8  • 0 . 1 4  
0 . 0 6  _-L- 0 . 0 2  0 . 1 7  -+ 0 . 1 5  

tr .  0 .41  -+ 0 . 0 5  
tr .  0 . 1 2  -+ 0 . 0 6  

1.21 +_ 0 . 1 8  2 . 1 4  • O . 2 3  
8 .32  -+ 0 . 5 4  7 .49  -+ 0 . 7 9  

1 0 . 1 3  -+ 2 .20  1 0 . 5 2  +- 0 . 9 0  
tr .  0 . 0 9  -+ 0 . 0 5  

1 .58  + 0 . 0 9  0 . 7 4  -+ 0 . 3 8  
0 . 4 7  _+ 0 . 0 2  0 .33  -+ 0 . 0 7  
0 .21  • 0 .06  0 . 5 7  -+ 0 .35  

S a m p l e  12]1977 3 / 1 9 8 1  

M+a E C L  b 

1 8 : 4 ( n - 3 )  2 9 0  17 .4  0 . 6 7  -+ 0 . 0 7  0 .62  -+ 0 . 4 9  
1 9 : 0  3 1 2  19 .0  tr .  0 .11  -+ 0 . 1 6  
19:1  3 1 0  18 .8  0 . 1 2  -+ 0 . 0 4  0 . 2 0  -+ 0 . 0 9  
1 9 : 2  3 0 8  18 .7  tr .  0 . 0 7  _+ 0 . 0 5  
2 0 : 0  3 2 6  2 0 . 0  0 . 0 4  -+ 0 . 0 0  0 . 1 9  -+ 0 . 1 4  
2 0 : 1 ( n - 7 )  3 2 4  19 .8  0 . 4 0  -+ 0 .01  0 . 5 0  -+ 0 . 0 9  
2 0 : 1 ( n - 9 )  3 2 4  19 .7  0 . 7 7  -+ 0 . 0 4  1 .35  _+ 0 . 2 3  
2 0 : 2  3 2 2  19 .6  tr .  0 . 0 8  -+ 0 . 0 6  
2 0 : 4 ( n - 3 )  3 1 8  19 .5  0 .46  -+ 0 . 1 0  0 . 2 2  -+ 0 . 0 6  
2 0 : 5 ( n - 3 )  3 1 6  19.3  12 .71  -+ 1 .57  7 .83  +- 1 .27  
2 1 : 0  3 4 0  2 1 . 0  tr .  t r .  
2 1 : 5 ( n - 3 )  3 3 0  20 .2  0 .42  _+ 0 . 0 3  0 . 3 0  _+ 0 . 1 8  
2 2 : 0  3 5 4  2 2 . 0  0 . 1 4  -+ 0 . 0 3  tr .  
2 2 : 1 ( n - 7 )  3 5 2  21 .6  0 . 2 9  -+ 0 . 1 7  0 .41  +_ 0 . 1 6  
2 2 : 1 ( n - 9 )  3 5 2  21 .5  0 .51 -+ 0 .06  1 .22  _+ 0 . 3 3  
2 2 : 5 ( n - 3 )  3 4 4  21 .2  0 . 5 4  -+ 0 . 0 9  0 . 2 4  -+ 0 .11  
2 2 : 5  3 4 4  21 .4  tr .  0 . 0 4  + 0 . 0 3  
2 2 : 6 ( n - 3 )  3 4 2  21 .1  5 .41 -+ 0 .51  2 . 6 0  _+ 0 . 7 9  
23 :1  366  22 .5  tr .  0 .11  -+ 0 . 0 7  
2 4 : 0  3 8 2  2 4 . 0  tr .  t r .  
24 :1  3 8 0  2 3 . 6  tr .  0 . 15  + 0 .11  
2 5 : 0  3 9 6  2 5 . 0  tr .  tr .  

O t h e r s  c - - 3 .95  2 .45  

"Data  are  e x p r e s s e d  as w t  % o f  t o t a l  f a t t y  ac ids  a n d  r e p r e s e n t  m e a n s  -+ s t a n d a r d  d e v i a t i o n  o f  3 s e p a r a t e  exper i -  
m e n t s .  

tr .  = t race .  

aM+: m o l e c u l a r  w e i g h t  o f  f a t t y  ac id  m e t h y l  es te r  as d e t e r m i n e d  b y  G L C / M S .  

bECL: e q u i v a l e n t  c h a i n  l eng th ,  c a l c u l a t e d  b y  p l o t t i n g  c h a i n  l e n g t h  (as c a r b o n  n u m b e r )  versus  r e t e n t i o n  t i m e  
o n  CP S I L  5. 

C p r e d o m i n a n t l y  b r a n c h e d  c h a i n  f a t t y  ac ids  as given in Tab le  3 in de ta i l .  

L I P I D S ,  V O L .  19, N O .  11 (1984) 
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acids are 14:0 (11-15%), 16:0 (26-32%). 
16:1(n-7) (7%), 18:1(n-9) (10%), 18:1(n-7) 
(8%), 20:5(n-3) (8-13%) and 22:6(n-3) (3-5%). 
Odd-numbered fatty acids with chain lengths 
ranging from C-11 to C-25 also were found in 
trace amounts and verified by GLC/MS. In the 
unsaturated fatty acids the species of  the (n-3) 
series are dominant, while (n-6) fatty acids are 
found only to a limited extent. This also has 
been reported for marine shrimps and fish (29- 
31). Several branched-chain fatty acids ranging 
from C-13 to C-18 (straight-chain length) were 
found, most of them belonging to the iso- or 
anteiso series. Among the multi-branched-chain 
fatty acids phytanic acid (32-34), which was 
the main component,  amounted up to 3% of 
total fatty acid content. The samples from the 
early season 1977 contain more unsaturated 
fatty acids, especially 20:5(n-3) and 22:6(n-3), 
and less saturated fatty acids such as 14:0 and 
16:0 than the sample from March 1981. This 
difference in the fatty acid compositions seems 
to be a seasonal phenomenon which also was 
reported by Shibata (2). 

In most of  the investigations of krilt lipids 
the fatty acids were determined only by their 
retention behavior (3,35). In this study it was 
possible to determine the mass, and hence the 
chain length and number of double bonds, for 
all fatty acids by the combination of GLC/MS. 
The number of 57 analyzed fatty acids exceeds 
that reported by Golovnya et al. (36), who used 
the same technique. According to their ECL 
values 20:1 and 22:1 belong to the (n-7)and 
(n-9) series and not to the (n-11) series (36). 
The data found suggest that a (n-7) monoene 
series is present carrying from 16:1 (n-7) through 
18:1(n-7) and 20:1(n-7) to 22:1(n-7) (37,38). 
Arachidonic acid which was found by Clarke 
(3), Golovnya (36) and Bottino (5) in krill, and 
by Bottino in a shrimp (39) as a minor compo- 
nent, was not found. Dembitskii (40) showed 
that marine crustacea contained high levels of 
lipids with alkenyl side chains. In the samples 
investigated neither free aldehydes nor dimeth- 
ylacetals after derivatization could be detected. 
Short chain, medium chain and hydroxy fatty 
acids (~<C-12) were not detectable even after 
transesterification to the corresponding benzyl 
esters (19). 

Fatty Acid Composition of Lipid Classes 

The analysis of fatty acids of individual lipid 
classes indicates different fatty acid composi- 
tions for phospholipids (Table 4) and TG 
(Table 5). Fatty acids in TG are mostly satu- 
rated or monounsaturated with 14:0, 16:0, 
16:1(n-7), 18:1(n-7) and 18:1(n-9) as dominat- 
ing species. Polyunsaturated fatty acids were 

found only in small amounts. 
In phospholipids phytanic acid was detected 

only in traces, but it represented 5.6% of TG 
fatty acids. The phospholipids and FFA have 
16:0, 20:5(n-3) and 22:6(n-3) as principal fatty 
acids. In the individual lipid classes a difference 
can be seen between the December samples 
(1977) and the March samples (1981). The 
lipid classes of the December samples contain 
more saturated fatty acids and less unsaturated 
fatty acids than the March 1981 samples. The 
discrepancy in the seasonal changes of the fatty 
acid composition of total lipids as mentioned 
above and that of  the individual lipid classes is 
caused by the different lipid class composition 
with varying relative amounts of TG. 

The positional analysis of the fatty acids in 
the main phospholipids PC and PE (Table 6) 
shows that saturated fatty acids are commonly 
linked to the sn -1  position and that the s n - 2  

position is preferred by unsaturated fatty acids. 
In this respect krill has the same fatty acid dis- 
tribution as other marine animals (41). 

TABLE 6 

Fatty  Acid Positional Analysis in Phosphatidylcholine 
(PC) and Phosphatidylethanolamine (PE) 

of Euphaus ia  superba  Dana (1977 Sample) 

Phospholipid PC PE 

sn-position sn- 1 an-2 sn- 1 sn- 2 

14:0 3.5 2.3 0.7 0.8 
16:0 60.8 4.7 45.4 3.3 
16:1(n-7) 1.5 5.4 0.7 0.5 
18:0 1.9 0.8 5.6 1.5 
18:1(n-7) 11.1 tr. 24.0 0.9 
18:1(n-9) 3.5 22.0 4.8 2.9 
18:2(n-6) 0.6 4.8 0.6 0.6 
20:5(n-3) 5.6 27.7 5.7 31.3 
22:6(n-3) 2.1 11.1 3.5 41.3 
Others  9.4 21.2 9.0 16.9 

Data are expres sed  as wt % of fatty acids in o n e  
pos i t ion  f r o m  o n e  experiment. 

TABLE 7 

Composition of the  Free Sterol Fraction 
in Euphaus ia  superba  Dana 

Sample 12/1977 3/1981 

Cholesterol a 70.0 -+ 5.9 75.5 -+ 3.7 
Desmosterol b 18.2 -+ 1.4 17.7 _+ 1.1 
22-Dehydrocholesterol c 11.5 -+ 4.8 6.0 _+ 3.5 
Others 0.8 +- 0.5 1.0 -+ 0.7 

Total 100.5 100.2 

aCholesta-5-en-  3/~-ol 

b Cholesta- 5,24-dien - 3fl-ol 
c 2 2-cis / trans-cholesta-  5,2 2-dien- 3t3-ol 

LIPIDS, VOL. 19, NO. 1! (1984) 
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Sterols 

T h e  kri l l  s a m p l e s  c o n t a i n e d  3 s t e r o l s  as  
m a j o r  c o m p o n e n t s  i d e n t i f i e d  b y  G L C / M S  a n d  
t r a c e s  o f  o t h e r  s t e r o l s  a n d  s t e r o l  e s t e r s  w i t h  u n -  
k n o w n  s t r u c t u r e .  T h e  p r o p o r t i o n s  o f  c h o l e s -  
t e ro l ,  d e s m o s t e r o l  a n d  2 2 - d e h y d r o c h o l e s t e r o l  
a re  g iven  in  T a b l e  7. C h o l e s t e r o l ,  w h i c h  c a n n o t  
be  s y n t h e s i z e d  de  n o v o  in  m a r i n e  c r u s t a c e a n s  
(42 ) ,  is t h e  m a i n  s t e ro l .  D e s m o s t e r o l  a n d  22 -  
d e h y d r o c h o l e s t e r o l  levels  a re  ve ry  h i gh .  T h e s e  
s t e r o l s  a re  a s s u m e d  t o  be  i n t e r m e d i a t e s  in  t h e  
c o n v e r s i o n  o f  d i e t a r y  s t e r o l s  to  c h o l e s t e r o l  ( 4 2 ,  
43) .  A s m a l l  a m o u n t  o f  2 2 - d e h y d r o c h o l e s t e r o l ,  
b u t  n o  d e s m o s t e r o l ,  a l so  was  d e t e c t e d  in  t h e  
A r c t i c  e u p h a u s i i d  Meganyctiphanes norvegica, 
w h e r e a s  t h e  h e r b i v o r o u s  c o p e p o d  Calanus 
finnmarchicus c o n t a i n e d  14 .1% 2 2 - d e h y d r o -  
c h o l e s t e r o l  a n d  2 7 . 7 %  d e s m o s t e r o l  b e s i d e s  
c h o l e s t e r o l  as  m a i n  s t e ro l  (44 ) .  
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Comparative Study of Lipogenic Enzymes in Several Vertebrates 
NOBUKO IRITANI* ,  YUMIKO IKEDA, HITOMI FUKUDA and AKIHIKO KATSURADA, 
Tezukayama Gakuin College, Sumiyoski-ku, Osaka 558, Japan 

ABSTRACT 

The liver lipogenic enzymes are compared among rats, chickens, frogs and fish. Although the appar- 
ent Km values of glucose-6-phosphate dehydrogenase for glucose-6-phosphate are not much different 
among all the species, those of malic enzyme for malate are much higher in chickens and fish than in 
rats and frogs. Glucose-6-phosphate dehydrogenase showed very high activities compared with malic 
enzyme in fish liver, and malic enzyme showed high activities in chicken liver. Although the apparent 
Km values of acetyl-CoA carboxylase and fatty acid synthetase for substrates are in the same range 
among all the animals, the activity of aeetyl-CoA carboxylase seems to be extremely low in fish and 
frog livers, and that of fatty acid synthetase is low in frog livers only. In addition, the apparent Km 
values of c~-glycerophosphate acyltransferase of fish liver are very high, and the enzyme activity appears 
to be extremely low compared to the others. Therefore, the enzymes at the first steps of both fatty 
acid and glycerolipid syntheses of poikilothermos animals appear to be very low. On the other hand, 
the Ouchterlony double-diffusion patterns showed that the lipogenic enzymes of chickens, frogs and 
fish are immunologically different from those of rats, with the exception of acetyl-CoA carboxylase in 
chickens. Therefore, it is suggested that the fatty acid and glycerolipid forming systems of poikilo- 
thermos animals are quite different from those of homoiothermos and the lipogenesis is very low in 
poikilothermos. 
Lipids 19:828-835, 1984. 

INTRODUCTION 

It has been reported that, while the hepatic 
lipogenic enzymes of fish respond to dietary 
manipulation similarly to those of rats, the 
length of time required to observe a change in 
enzyme activity was much longer than reported 
in rats (1,2). Fasting the fish for 6 days did not 
influence activities of lipogenic enzymes but 
the activities finally decreased after 23 days (2). 
As poikilothermos animals are capable of chang- 
ing metabolic rates with temperature, the regu- 
lation of lipogenesis for storage of triglycerides 
may not be important for them. Therefore, 
poikilothermos animals may have different reg- 
ulatory mechanisms from homoiothermos ani- 
mals. In the present study, we have attempted 
kinetic and immunological analyses of lipogenic 
enzymes in poikilothermos animals such as fish 
and frogs, in comparison to homoiothermos 
animals such as rats and chickens. 

MATERIALS AND METHODS 

Male Wistar rats, 5 weeks old, were fed a 
stock diet (Oriental Shiryo No. MF, Japan) or a 
fat free diet (3) for 2 weeks before being killed. 
The stock diet contained 3.9% fat (53% linoleic 
acid, 23% oleic acid and 6.9% linolenic acid). 
Rats and frogs (Bufo bufo japonica Schlegel), 
3 mo old, were purchased from Awadzu Ani- 
mals (Japan). Live fish (Sea bream, Pagrus major 
Temminck et Schlegel), 2 yr old, were purchased 
from a fish market. Fresh livers of chicken 

*To whom correspondence should be addressed. 

(Gallus gallus var domesticus Brisson), 2 mo old, 
fed on a stock diet (Oriental Shiryo N. PB, 
Japan) were obtained from a chicken slaughter 
house, immediately after decapitation. The 
stock diet for chicken contained 6% fat (39% 
oleic acid and 20% linoleic acid). Fish were 
naturally fed in the sea and frogs in a pond. All 
the animals were killed by decapitation between 
8 a.m. and 10 p.m. The livers were removed 
quickly to measure lipid synthesis. Liver homog- 
enate was prepared in 3 volumes of 0.25 M 
sucrose, using a Teflon glass homogenizer, and 
centrifuged at 10,000 x g for 10 min. The re- 
sultant supernatant was again centrifuged at 
105,000 • g for 60 min (Spinco L-5 50, Beck- 
man). The pellets (microsomes) and the super- 
natant were used for enzyme assays. 

Fresh liver slices (0.3 g) were incubated for 
120 min at 37 C with constant shaking in 2.5 
ml of Krebs-Ringer phosphate buffer (pH 7.4), 
containing 1.6 mM sodium [l-14C]acetate 
(0.1 /.tCi, purchased from The Radiochemical 
Centre, Amersham). Total lipids were extracted 
as described by Folch et al. (4) and separated by 
thin-layer chromatography (TLC) on silica gel 
H (Merck) impregnated with 10 mM Na2CO3. 

An aliquot of the lipid extract was developed 
with chloroform-methanol-acetic acid-acetone- 
water (200:40:40:80:20)  for the separation of 
triglycerides, phospholipids and others. The 
lipid fractions were identified by comparison 
with authentic standards, which were visualized 
by exposure to iodine vapor. The silica gel zones 
corresponding to phospholipids and triglyc- 
erides were scraped and extracted with chloro- 
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form:methanol (1:1). The radioactivity in the 
zones was measured in the scintillant solution. 
After saponification of an aliquot of the total 
lipids with 10% ethanolic KOH at 60 C for 1 hr, 
the aqueous phase was washed with petroleum 
ether and acidified. The fatty acids were ex- 
tracted with petroleum ether. The radioactiv- 
ities of the fatty acids in the petroleum ether 
were measured. Further, fresh liver slices (0.5 g) 
were incubated with tritiated water (50 /aCi, 
purchased from New England) in 1 ml of the 
Krebs-Ringer phosphate buffer (pH 7.4). The 
total incorporation of the radioactivities into 
the total fatty acid fractions was measured ac- 
cording to the methods described above, with- 
out the separation of triglycerides and phospho- 
lipids. 

Liver triglycerides and cholesterol were deter- 
mined by the methods of Fletcher (5) and Zak 
et al. (6), respectively. The total phospholipid 
content was measured by phosphorus determi- 
nation (7) in lipid fraction extracted from tis- 
sues according to Folch et al. (4). 

Glucose-6-phosphate dehydrogenase (EC 
1.1.1.49) was assayed according to Glock and 
McLean (8) except the fish enzyme. The fish 
enzyme was assayed in 50 Mm Tris-HCl, pH 8, 
0. I mM glucose-6-phosphate, 40 mM MgC12 
and 0.12 mM NADP. Malic enzyme (EC 1.1.1.40) 
was assayed according to Ochoa (9). Acetyl-CoA 
carboxylase (EC 6.4.1.2) activity was assayed 
at 37 C by the Hl4COa-fixation method 
(10). 0t-Glycerophosphate acyltransferase (EC 
2.3.1.15) were assayed according to the prin- 

ciple of Brandes et al. (11), using a l mM 
0e-glycerophosphate and 1 mM palmityl-CoA. 
Diglyceride acyltransferase was assayed as 
described previously (12), essentially according 
to Weiss et al. (13). The optimum conditions of 
pH and additions in the assay mediums were 
examined for all the enzymes of the species of 
animals. Consequently, the enzymes were 
assayed by the methods described above, in 
linear ranges. Elongation and desaturation of 
fatty acids were determined by the methods of 
Podack et al. (14) and Mercuri et al. (15), re- 
spectively. All the enzyme assays were con- 
ducted at 37 C. 

Acetyl-CoA carboxylase was purified from 
rat liver as described previously (I 6,17). Glucose- 
6-phosphate dehydrogenase and malic enzyme 
were purified from rat liver, essentially according 
to Matsuda and Yugari (18), and Rutter and 
Lardy (19), respectively. For further purifica- 
tion, each enzyme was chromatographed on 
an affinity column containing immobilized 
N6-(6-aminohexyl)-adenosine-2 ', 5'-bisphosphate 
and eluted specifically by NADP, essentially 
according to Yeng and Carrico (20). The anti- 

sera and the immunoglobulins of the enzymes 
of rat liver against rabbit were prepared as de- 
scribed previously (21). Ouchterlony double- 
diffusion analyses (22) performed with the use 
of antibodies against the enzymes gave single 
precipitation bands. The enzyme preparations 
of glucose-6-phosphate dehydrogenase, malic 
enzyme and acetyl-CoA carboxylase were the 
precipitate fractions of 105,100 x g liver super- 
natant resulting from 70%, 70% and 30% satur- 
ation with ammonium sulfate, respectively. 

The partially purified enzymes were applied 
onto 4.8 ml of a 5-20% (w/v) linear sucrose gra- 
dient containing 50 mM Tris-HCl buffer (pH 8.0), 
5 mM 2-mercaptoethanol and 1 mM EDTA. 
The tube was centrifuged in a Beckman SW-50.1 
rotor at 25 C and 30,000 rpm for 16 hr. After 
centrifugation, fractions were collected and 
assayed for protein and enzyme activities. De- 
tails were similar to those described previously 
(23). 

RESULTS AND DISCUSSION 

Kinetic Study of Enzymes for Fatty Acid 
and Glycerolipid Syntheses 

The results of the kinetic studies are sum- 
marized in Table 1. The Km values of glucose- 
6-phosphate dehydrogenase for glucose-6- 
phosphate in rat, chicken, frog and fish livers 
are in the same range. The Km values of malic 
enzyme for malate in fish and chicken livers are 
much higher than those in rats and frogs. The 
Km values of acetyl-CoA carboxylase for acetyl- 
CoA were similar among all the animals, al- 
though the Km values for citrate (activator of 
the enzyme) were lower in rats than in the 
others. The Km values of c~-glycerophosphate 
acyltransferase for 0~-glycerophosphate and 
palmityl-CoA were similar among rat, chicken 
and frog livers. However, the Km values were 
very high in fish liver compared to the values 
of the others. The Km values of a-glycerophos- 
phate acyltransferase for palmityl-CoA in fish 
liver was markedly higher than that in rat liver 
and the Km for t~-glycerophosphate, also higher 
in fish liver. The Km values of the enzyme for 
other acyl-CoAs, such as linoleyl-CoA, oleyl- 
CoA and eicosapentaenoyl-CoA, were not much 
different from the value for palmityl-CoA (data 
not shown). The Km values of diglyceride acyl- 
transferase for palmityl-CoA were similar 
among all the species. 

Enzyme Activities for Fatty Acid 
and Glycerolipid Syntheses 

Table 2 shows the enzyme activities for fatty 
acid and glycerolipid syntheses. Although the 
enzyme activities cannot be strictly compared 
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TABLE 1 

Km Values of Hepatic Enzymes in Fatty Acid and Glycerolipid Syntheses for Substrates 

Enzyme Substrate or effector Rat Chicken Frog Fish 

Glucose-6-phosphate (Glucose-6-phosphate) 83 83 77 77 #M 
dehydrogenase 

Malic enzyme (L-Malate) 87 367 91 200 
Fatty acid synthetase (Malonyl-CoA) 50 S 1 1S 50 
Acetyl-CoA carboxylase (Acetyl-CoA) 75 75 71 77 

(Citrate) 1.7 5.3 6.3 5.3 mM 
a-Glycerophosphate (c~-Glycerophosphate) 200 200 227 667 gM 

acyltransferase (Palmityl-CoA) 20 20 15 500 
Diglyceride 

acyltransferase (Palmityl-CoA) 148 125 143 118 

The enzymes were assayed as described in "Materials and Methods." The Km values of 
the enzymes for substrates or effector are shown. 

The enzyme preparations of acetyl-CoA carboxylase and fatty acid synthetase were the 
precipitate fractions of 105,000 X g liver supernatant resulting 30% saturation with ammo- 
nium sulfate, and those of glucose-6-phosphate dehydrogenase and malic enzyme, the pre- 
cipitate resulting 70% saturation. 

Microsomal fractions of the liver homogenate were used for the assays of a-glycerophos- 
phate acyltransferase and diglyceride acyltransferase. 

The apparent Km values of the enzymes were obtained from Lineweaver-Burke plots. 

a m o n g  t he  an imal  species because  of  d i f fe ren t  
nu t r i t i ona l  c o n d i t i o n s  and  m e t abo l i s m ,  the  rela- 
t ive  act ivi t ies  of  enzym es  for  f a t ty  acid and  
glycerol ip id  syntheses  can be compared  in the  
same animals .  It is well k n o w n  t h a t  the  act ivi t ies  
of  g lucose -6 -phospha te  dehydrogenase ,  malic  
enzyme ,  f a t t y  acid syn the tase  and  ace ty l -CoA 
carboxylase  in the  rat  liver are decreased b y  
fas t ing  and  marked ly  increased by  a fat  free 
diet .  While the  hepa t i c  l ipogenic  e n z y m e s  of  
f ish r e spond  to d ie ta ry  m a n i p u l a t i o n  in a similar 
way,  the  l eng th  of  t ime  requ i red  to observe  a 
change  in e n z y m e  act ivi ty  was m u c h  longer  
t h a n  r e p o r t e d  in ra ts  (1,2) .  Fast ing the  f ish for  
6 days  did no t  in f luence  act ivi t ies  of  l ipogenic  
enzymes ,  bu t  the  act ivi t ies  decreased af te r  23 
days  (2).  We also f o u n d  t h a t  the  e n z y m e  activ- 
i t ies for  f a t t y  acid and  glycerol ip id  syn theses  of  
f ish and  frog livers were no t  r educed  by  fas t ing 
for  7 days  (da ta  no t  shown) .  As the  act ivi t ies  
are no t  easily changed  b y  d ie ta ry  m a n i p u l a t i o n  
in frogs and  fish,  the  hepa t i c  e n z y m e  act ivi t ies  
for  f a t t y  acid and  glycerol ip id  syntheses  in 
commerc ia l ly  available frogs and  fish are com- 
pared  rough ly  to those  in rats  and  chickens .  

A l t h o u g h  the  activi t ies of  glucose-6-phos-  
p h a t e  dehydrogenase  and  mal ic  e n z y m e  are 
c o m p a r a b l e  in ra t  liver, t he  mal ic  e n z y m e  activ- 
i ty  is m u c h  higher  t han  g lucose -6 -phospha te  
dehyd rogenase  act iv i ty  in ch icken  liver. T he  
mal ic  e n z y m e  act ivi ty  in ch icken  is m u c h  
h igher  t h a n  in the  o the r  species. The re fo re ,  
mal ic  e n z y m e  may  be an  i m p o r t a n t  NADPH-  
d o n o r  in ch icken  liver, a l t hough  the  K m  of 
malic  e n z y m e  for  ma la te  is very  high.  In f ish,  as 
g lucose -6 -phospha te  dehydrogenase  act iv i ty  is 

very high,  the  e n z y m e  may  be an  i m p o r t a n t  
NADPH-donor .  It  is no t ab l e  t h a t  t he  ac t iv i ty  of  
ace ty l -CoA ca rboxy lase  is very  low in poiki lo-  
t h e r m o s  an imals  such as frogs and  fish.  F u r t h e r ,  
t he  ac t iv i ty  of  f a t t y  acid syn the t a se  is also very 
low in frogs. In g lycerol ip id  synthes is ,  a-glycero-  
p h o s p h a t e  acyl t ransferase  ac t iv i ty  was e x t r e m e l y  
low in f ish liver c o m p a r e d  to t he  o thers ,  where-  
as diglycer ide acyl t ransferase  act ivi t ies  in all t he  
species were at  s imilar  levels. In f ish liver, as the  
Km values of  ~ -g lyce rophospha t e  acyl t ransferase  
for  a - g l y c e r o p h o s p h a t e  and  acyl -CoA are very 
h igh  (Table  1), g lycerol ipid  synthes i s  does  no t  
seem to occur  act ively.  Ace ty l -CoA carboxylase  
and  a -g lyce rophospha t e  acyl t ransferase  reac t  at  
t he  first s teps of  f a t t y  acid and  glycerol ipid  
syntheses ,  respect ively .  These  e n z y m e s  of  poi- 
k i l o t h e r m o s  an imals  seem to be  d i f fe ren t  f rom 
those  of  h o m o i o t h e r m o s  at t he  first  s teps  of  the  
syntheses .  Those  are the  l imi t ing  s teps in m a n y  
cases. As the  ac t iv i ty  of  l ipogenesis  is very  low 
in the  p o i k i l o t h e r m o s  animals ,  t he  regu la t ion  
m e c h a n i s m s  for  l ipogenesis  appea r  to  be very 
poor .  As p o i k i l o t h e r m o s  an imals  are capable  o f  
changing  me tabo l i c  ra tes  wi th  t e m p e r a t u r e ,  t he  
regu la t ion  m e c h a n i s m  may  no t  be i m p o r t a n t  
for  t h e m .  

In Vitro Incorporation of [a4 C] acetate 
or Tritiated Water into Lipids 

The  i n c o r p o r a t i o n  of  [14C] ace ta te  in to  tri- 
glycerides  and  phospho l ip id s  by  liver slices was 
in the  same range a m o n g  rats ,  chickens ,  frogs 
and  fish, as s h o w n  in Table  3. A l t h o u g h  the  
act ivi t ies  of  ace ty l -CoA carboxylase  were very 
low in f ish liver (Table  2), the  ace ta t e  was incor-  
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TABLE 3 

Incorporation of [ Iac ] Acetate or Tritiated Water into Lipids by Liver Slices 

Rats a Fish Frog 

cpm X 10"a/hr]g liver slices 

Incorporation of [ la C ] acetate 

Triglycerides 2.98 +- 0.79 2.'70 -+ 0.81 2.51 -+ 0.78 
Phospholipids 3.80 -+ 0.85 3.64 -+ 0.91 4.17 ,+ 0.25 
Fatty acids of total lipids 5.57 -+ 0.96 5.33 +- 1.02 4.78 • 0.83 

Incorporation of tritiated water 

Fatty acids of total lipids 2.17 • 0.28 2.39 • 0.25 

Mean ,+ SD (n=3). The experiment was repeated six times for [ 14 C] acetate incorporation 
and twice for tritiated water, and one of the typical results for each incorporation is shown. 

aFed on a stock diet. Fresh liver slices were incubated at 37 C for 2 hr with constant 
shaking in Krebs-Ringer phosphate buffer, pH 7.4, containing either [ 1ac ] acetate or tritiated 
water. Details are described in "Materials and Methods." 

TABLE 4 

Lipid Levels in Livers 

Rat 

Stock diet Fat-free diet 
Chicken Frog Fish 

mg/g liver 

Triglycerides 20.5 • 2.32 28.6 -+ 3.59 
Phospholipids 15.4 • 1.74 17.7 -+ 1.73 
Cholesterol 3.04 -+ 0.21 3.21 -+ 0.24 

101 ,+ 22.5 62.2 -+ 10.6 255 ,+ 8.73 
15.0 ,+ 1.10 16.5 -+ 1.84 14.2 _+ 1.44 
4.14 ,+ 0.39 7.89 ,+ 1.38 4.27 _+ 1.22 

Mean • SD (n=5-6). The animals used are explained 
the animals not starved are shown. 

pora ted  in to  the  fa t ty  acids of  t r iglycerides and 
phosphol ip ids  ra ther  than  in to  the  glycerol.  The 
comparab le  incorpora t ions  in to  fa t ty  acids be- 
tween  rat and fish livers may  be caused by  the  
rapid decrease o f  [Z4C]acetate  level ( for  exam-  
ple, due to  CO2 fo rma t ion )  by rat liver slices 
during the  incuba t ion .  However ,  the  incorpora-  
t ions  of  t r i t ia ted water  in to  to ta l  f a t ty  acids of  
liver were also comparab le  be tween  rat  and fish. 
In any case, we found  tha t  the  fa t ty  acids are 
synthes ized  in fish liver. 

On the  o the r  hand ,  Iri tani et al. (24)  prev- 
iously r epo r t ed  that  the rate of  phosphol ip id  
synthes is  in rat liver occurs  at a roughly  con-  
s tant  rate wi th  dietary manipula t ion ,  whereas  
the rate of  tr iglyceride synthesis  varies greatly.  
Regardless of  animal species (Table 3) and nutri-  
t ional  s tate,  phosphol ip id  synthesis  appears  to 
occur  at a roughly  cons tan t  rate.  

Lipid Levels in Liver 

As shown in Table 4, the con ten t s  of  liver 
phosphol ip ids  in rats,  chickens,  frogs and fish 
were at a similar level. We previously repor ted  
tha t  the  phospho l ip id  levels o f  rat liver did no t  
vary wi th  die tary  manipu la t ion  (25). Therefore ,  

in "Materials and Methods." The lipid level in livers of 

regardless of  animal species and nut r i t ional  
s tates,  phospho l ip id  levels as well as synthesis  
rates  (Table 3) appear  to  be roughly cons tan t .  
The cons tan t  level of  memb ran e  phosphol ip ids  
may  be impor t an t  for  m e m b r a n e  funct ion .  The 
con ten t s  of  liver choles terol  also were similar 
among  rats fed a s tock or a fat free diet ,  and 
chickens and fish. On the o the r  hand ,  the tri- 
glyceride con ten t s  in liver change easily wi th  
nut r i t iona l  and physiological  states. For  infor-  
ma t ion ,  however ,  the tr iglyceride con ten t s  in 
the ver tebrates  also are shown in Table 4. The 
tr iglyceride co n t en t s  of  fish liver generally were 
very high. In any  case, it is suggested that  the  
major  fa t ty  acids of  fish are no t  endogenous .  
Fu r the r  evidence of  the  suggestion is that  fish 
have a large amo u n t  of  n-3 po lyunsa tu ra t ed  
fa t ty  acids such as e icosapentaenoic  acid and 
docosahexaeno ic  acid, which fish cannot  syn- 
thesize (26-28). 

Sucrose Density Gradient Centrifugation 

The results of  sucrose dens i ty  gradient  
centr i fugat ion of  g lucose-6-phosphate  dehy-  
drogenase  showed that  the sed imen ta t ions  of  
the enzymes  of  chicken and frog are similar to  
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FIG. I. Sucrose density gradient centrifugations of 
glucose-6-phosphatc dehydrogenase and malic enzyme 
in rat, chicken, frog and fish livers. Sucrose density 
gradient centrifugation was carried out with a gradient 
from 5 to 20% (w/v) sucrose. The precipitate fractions 
of 105,000 X g liver supernatant from 70% saturation 
with ammonium sulfate were dialyzed and concen- 
trated. Two-tenths ml of the enzyme solutions (con- 
taining 6-14 mg protein) was applied on the gradient 
(4.8 ml). The gradient tubes were centrifuged for 16 
hr at 30,000 rpm and 4 C in a Beckman SW 50.1 rotor 
in a Spinco model L-5 ultracentrifuge. After centrifu- 
gation, 20 fractions were collected from each gradient. 
Fraction 0 is on the bottom of the tube, and the migra- 
tion is from right to left. The enzyme activities of 
glucose-6-phosphate dehydrogenase (e) and malic 
enzyme (o) were measured as described in "Materials 
and Methods." Rabbit muscle pyruvate kinase [i.'.C 
2.7.1.40] (S20,w = 10.4 S) and horse hemoglobin 

(S20,w = 4.4 S) were used as extern',d markers. 

that of  rat,  whereas that  of  fish is larger (Fig. 1 ). 
The sedimenta t ions  of  chicken,  frog and fish 
malic enzyme  coincided with that  of  rat, where- 
as chicken malic enzyme  showed an extra peak 
of  the sedimenta t ion.  On the o ther  hand, Sil- 
pananta et al. (29) repor ted  that  malic enzyme  
of  chicken liver showed a single symmetr ica l  
peak in the analytical  ul t racentr i fuge,  whereas 
the liver appeared to contain isozymes in poly-  
acrylamide gel electrophoresis .  It is known that 
a correlat ion between activity and sedimenta-  
tion coeff ic ient  o f  mammal ian  acetyl-CoA car- 
boxylase revealed some molecular  propert ies 
of  the active " large"  form and the inactive 
" smal l "  (30). As demonst ra ted  previously (31), 
chicken acetyl-CoA carboxylase sedimented 
as a large form even in a medium wi thout  ci- 
trate (data not  shown),  whereas rat carboxylase 
sedimented as a small form in the absence of  
citrate and as a large form in its presence. Fish 
carboxylase sedimented as the large form in 
both  the absence and the presence o f  citrate,  
similarly to chicken carboxylase (Fig. 2). How- 
ever, the fish carboxylase was not activated 
with citrate and showed very little act ivi ty in 
both the absence and the presence of citrate. 

Ouchterlony Double Diffusion Analysis 

Ouchter lony  double  diffusion pattern 
showed that glucose-6-phosphate dehydrog-  
enase, malic enzyme  and acetyl-CoA carboxylase 
of  chickens, frogs and fish are not  immunolog-  
ically homogenous  to those of  rats, except  for 
chicken acetyl-CoA carboxylase,  as shown in 
Fig. 3. It already has been reported that  chicken 
carboxylase is homogenous  to that  of  rats (32). 
The immunochemica l  analyses may reveal that  
glucose-6-phosphate dehydrogenase,  malic en- 
zyme and acetyl-CoA carboxylase of  poikilo- 
thermos  animals are qui te  different  f rom those 
of rats, a l though the sedimentat ion behaviors in 
the sucrose densi ty gradient centr i fugat ion are 
similar. 

In particular,  the activities of acetyl-CoA 
carboxylasc and et-glycerophosphate acyltrans- 
ferase at the first steps of  fatty acid and glycero- 
lipid syntheses,  respectively,  were very low in 
po ik i lo thermos  animals. Fur the rmore ,  in fish 
liver, as the Km value of  t~-glycerophosphate 
acyltransferase for palmityl -CoA was ex t remely  
high, glycerolipid as well as fa t ty  acid syntheses 
appear to be very low. However ,  when [ 1-14C] 
acetate or tri t iated water was incubated with 
fish liver slices, the incorpora t ion  of  radioactiv- 
ities into fat ty acids of  triglycerides and phos- 
pholipids was found.  Al though the major fa t ty  
acids of  fish seem to be exogenous,  a small 
amount  of  fatty acids may be synthesized in 
the liver. Lin et al. (1) reported that  the major 
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FIG. 2. Sucrose density gradient centrifugations of 
acetyl-CoA carboxylase in rat, chicken and fish livers. 
The precipitate fractions of 105,000 • g liver super- 
natant from 30% saturation with ammonium sulfate 
were dialyzed and concentrated. The enzyme solutions 
were incubated at 25 C for 10 min in a medium con- 
taining 50 mM Tris-HC1, pH 7,5, 5 mM 2-mercapto- 
ethanol, 1 mM EDTA and 3 mg/ml bovine serum albu- 
min, with (e) or without (o) 10 mM potassium citrate. 
Two-tenths ml of the incubated enzyme solutions 
(4.73-6.54 mg) was applied on 4.8 ml of sucrose grad- 
ient (5 to 20%, w/v) containing the same additions 
with the incubation medium. The gradient tubes were 
centrifuged for 80 min at 38,000 rpm and 25 C. Frac- 
tion 0 is on the bottom of the tube and the migration 
is from right to left. 

site of  fa t ty  acid synthesis  in coho sa lmon 
appears to be the liver, and the fa t ty  acid syn- 
thesis in adipose tissue is very low (similar to 
rats). 

Kaul and Berdanier (33) found  a circadian 
rhy thm in g lucose-6-phosphate  dehydrogenase  
and,  to a lesser degree,  in malic enzyme.  How- 
ever, we observed no r h y t h m  in glucose-6-phos- 
phate  dehydrogenase ,  malic enzyme  and acetyl-  
CoA carboxylase  (Fukuda ,  H., Katsurada,  A., 
and Iritani, N., in prepara t ion) .  As the enzyme  

FIG. 3. Ouchterlony double-diffusion analyses of 
lipogenic enzymes. Agar gel (1%) contained 20 mM 
Tris-HC1 buffer, pH 7.5 and 0.15 M NaC1. The enzyme 
preparations of glucose-6-phosphate dehydrogenase 
(A), malic enzyme (B) and acetyl-CoA carboxylase (C) 
were the precipitate fractions of 105,000 • g liver 
supernatant resulting from 70%, 70% and 30% satura- 
tion with ammonium sulfate, respectively. The center 
wells in A, B and C contained anti-~/-globulins of rat 
liver glucose-6-phosphate dehydrogenase, malic en- 
zyme and acetyl-CoA carboxylase against rabbit (0.45, 
0.22 and 0.36 rag, respectively). Top wells contained 
the corresponding enzyme preparations from rat liver 
(0.6-1.20 rag); upper right wells, from chicken (2.05- 
3.30 mg); lower right wells, from frog (3.11-4.40 mg); 
lower left wells, from chicken (2.05-3.30 mg); upper 
right wells, from fish (2.84-3.14 mg). 
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activities in a 24-hr r h y t h m  were obta ined f rom 
di f ferent  animals , d iscrepancies  in the results 
were found.  As the half-lives of  the enzymes  of  
rat liver were most ly  more  than 2 days (34),  
our  results appear  to be possible.  Also the half- 
life of  malic enzyme  of  chicken liver was re- 
por ted  to be 55 hr (29). Therefore ,  the results  
shown in Table 2 do not  seem to be inf luenced 
by circadian r h y t h m  of  food intake.  

Glucose-6-phosphate  dehydrogenase ,  malic 
enzym e  and acetyl-CoA carboxylase of  fish 
liver are immunologica l ly  d i f fe rent  f rom the  rat 
enzymes .  F u r t h e r m o r e ,  the enzyme  activit ies 
that  represent  the limiting steps for l ipogenesis 
in rats are ex t remely  low in fish. Consequen t ly ,  
it may be that  the  length of  t ime required to 
observe changes in the enzyme  activities is 
much  longer in fish than in rats (1). As poikilo-  
t he rmos  animals are capable of  changing meta-  
bolic rates with t empera ture ,  the regulat ion of  
tr iglyceride synthesis  for energy storage may 
not  be impor t an t  for them.  Therefore ,  the regu- 
la tory mechan i sms  of  l ipogenesis appear  to be 
very poor  in po ik i lo the rmos  animals. Al though 
such a s tudy suffers  f rom a number  of  p rob lems ,  
in fo rma t ion  on compar i sons  of  fa t ty  acid and 
glycerol ipid syntheses  in several ver tebrates  is 
presented  in this paper.  
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Urinary Malondialdehyde as an Indicator of Lipid Peroxidation in 

the Diet and in the Tissues 

H.H. DRAPER,* L. POLENSEK, t M. HADLEY and L.G. MCGIRR, Department of 
Nutrition, College of Biological Science, University of  Guelph, Guelph, Ontario, 
Canada NIG 2W1 

ABSTRACT 

Although malondialdehyde (MDA) is extensively metabolized to CO2, small amounts are neverthe- 
less excreted in an acid-hydrolyzable form in rat urine. In this study, urinary MDA was evaluated as an 
indicator of lipid peroxidation in the diet and in the tissues. MDA was released from its bound form(s) 
in urine by acid treatment and determined as the TBA-MA derivative by HPLC. MDA excretion by the 
rat was found to be responsive to oral administration of the Na enol salt and to peroxidation of 
dietary lipids. Urinary MDA also increased in response to the increased lipid peroxidation in vivo pro- 
duced by vitamin E deficiency and by administration of iron nitrilotriacetate. Chronic feeding of a 
diet containing cod liver oil led to increases in MDA excretion which were not completely eliminated 
by fasting or feeding a peroxide-free diet, indicating that there was increased lipid peroxidation 
in rive. MDA excretion was not responsive to Se deficiency or CC14 administration. DPPD, a biologi- 
cally active antioxidant, but not BHA, a non-biologically active antioxidant, prevented the increase in 
MDA excretion in vitamin E deficient animals. The results indicate that MDA excretion can serve as an 
indicator of the extent of lipid peroxidation in the diet and, under conditions which preclude a dietary 
effect, as an index of lipid peroxidation in vivo. 
Lipids 19:836-843, 1984. 

INTRODUCTION 

Current methods of determining the effect 
of prooxidants, antioxidants, drugs and other 
agents on lipid peroxidation in vivo consist of 
monitoring the exhalation of gaseous hydro- 
carbon residues of  peroxidized fatty acids or 
analyzing the tissues for products of peroxi- 
dized lipids such as malondialdehyde (MDA), 
conjugated dienes or "l ipofuscin" pigments 
(1). The first method requires specialized equip- 
ment for the separation, collection and meas- 
urement of respiratory gases uncontaminated 
by gases of bacterial origin. The second requires 
invasive or terminal procedures. 

In a study on the metabolism of [1,3-14C] 
MDA in the rat, Siu and Draper (2) observed 
that about 10% of the radioactivity admini- 
stered orally was excreted in the urine. Analysis 
of  rat urine revealed the presence of MDA in an 
acid-hydrolyzable form. These observations sug- 
gested that the urinary excretion of MDA might 
serve as an indicator of  MDA consumed in the 
diet and/or formed in the tissues. 

In the present study, urinary MDA was 
found to be responsive to MDA intake as well 
as to conditions associated with increased lipid 
peroxidation in rive:  vitamin E deficiency, iron 
administration and a high tissue concentration 
of  polyunsaturated fatty acids (PUFA). 

*To whom correspondence should be addressed. 
i Part of this research was performed in fulfillment 

of the requirements for the MSc degree in nutrition. 

METHODS 

Experiment 1 

The enolic sodium salt of MDA (Na MDA) 
was prepared from tetramethoxypropane and 
purified as described previously (3). It was 
administered to Wistar rats weighing 'x,330 g by 
stomach intubation in 1 ml 0.9% NaC1 solution 
at a dose of  2 pg per g body weight. Urine and 
feces were collected at 12-hr intervals for 48 hr 
and frozen. MDA in the feces and diet (Purina 
Laboratory Chow) was determined by the 
HPLC procedure of  Bird et al. (4) for food and 
tissues. Urinary MDA was determined by the 
following modification of this method. One ml 
of urine (and cage washings)and 1 ml of satu- 
rated thiobarbituric acid (TBA) solution were 
placed in a screw-cap culture tube and the pH 
was adjusted to 3.0 +-0.1 with HC1 (4N,IN, 
0.1N). The tubes were capped, heated in a boil- 
ing water bath for 30 min and cooled to room 
temperatur e. The sample was applied to a Sep- 
pak TM CIs cartridge (Waters) after pretreating 
the cartridge with 10 ml methanol (HPLC 
grade), 15 ml double-distilled water and flush- 
ing with air. MDA was eluted using 4 ml meth- 
anol and the eluate was dried at 70 C on a sand 
bath under a stream of air. The residue was dis- 
solved in 2 ml double-distilled water and an 
aliquot (10-200 /al) was injected onto the 
column (4) (Fig. 1). 

Urine was collected under toluene and 
stored in the frozen state. Urine MDA values 
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FIG. 1. HPLC elution profile for the TBA deriva- 

tive of MDA. 0.39 X 30 cm #Bondapak Cls stainless 
steel column attached to a 3 • 22 cm guard column 
packed with Bondapak CiJCorasil (Waters). 546 nm 
interference filter attached to an electronic integrator. 
Mobile phase 17% methanol. For details see text and 
Bird et al. (4). MDA at 7.80 min. 

were not affected by standing at room tem- 
perature for 24 hr or by prolonged storage 
of frozen samples. Chromatographic analysis 
demonstrated that there is little, if any, free 
MDA in rat urine; MDA determined by the 
TBA procedure is released from "bound forms" 
by acid hydrolysis (L. G. McGirr, M. Hadley 
and H. H. Draper, unpublished results). 

Experiment 2 

The effect of feeding a high PUFA diet on 
MDA excretion in the urine was determined. 
MDA was measured in 24-hr urine samples 
obtained from animals fed diets high or low in 
PUFA for 9 weeks. To assess the endogenous 
contribution to urinary MDA, the animals then 
were fed a diet devoid of PUFA for 48 hr, and 
urinary MDA was determined during the 
second 24 hr period. Finally, the animals were 
fasted for 48 hr and MDA excretion during the 
final 24 hr was measured. Liver and epididymal 
adipose tissue samples were taken for fatty acid 
analysis. 

'The composition of the diets (%) was as 
follows: cornstarch 32.76; glucose 30.60; 
cellulose 2.50; "vitamin-free" casein 15.00; fat 
15.00; CaCO3 1.03; Ca(H2PO4)2"H20 0.86; 

MgCO3 0.69; choline chloride 0.10; DL- 
methionine 0.05; vitamin mix (5) 0.50; mineral 
mix (5) 0.91. The fat portion of the diets con- 
sisted of 10% molecular-distilled ("stripped") 
corn oil plus 5% cod liver oil (high PUFA), 10% 
hydrogenated coconut oil plus 5% stripped corn 
oil (low PUFA) or 15% hydrogenated coconut 
oil (no PUFA). 

Experiment 3 

Two groups of 7 male weanling Wistar rats 
were fed vitamin E deficient diets for 28 weeks. 
One group was fed a basal diet containing 10% 
stripped corn oil and the other a similar diet 
containing 10% stripped lard. Control groups 
were fed the same diets supplemented with 
30 IU of vitamin E per kg as DL~-tocopheryl 
acetate. The composition of the diets was 
similar to that described for Experiment 2 
except that the fat content was 10% and the 
carbohydrate consisted of 68.26% glucose. 
Vitamin E depletion was monitored by the 
autohemolysis test (6) a n d  by depression of 
weight gain. 

Experiment 4 

The effect on urinary MDA of administering 
ferric nitrilotriacetate (Fe NTA) was deter- 
mined using rats fed the stripped corn oil basal 
diet for 10 wk with and without vitamin E 
(30 IU per g). Fe NTA was prepared by com- 
bining 1.5 volumes of a 0.1M solution of rLitril- 
otriacetate (NTA) in H20 with 1 volume of 
0.1M Fe(NO3)3"9H20 in 0.4N HC1 and adjust- 
ing the pH to 7.2 using solid NaHCO3 (G. 
Goddard, personal communication). Fresh 
Fe NTA solution was injected intraperitoneally 
in amounts providing either 3 mg or 9 mg Fe 
per kg body wt. Controls were given equivalent 
amounts of NTA. 

Experiment 5 

The effect on MDA excretion of feeding the 
necrogenic selenium and vitamin E deficient 
Torula yeast diet of Schwartz (7) was investi- 
gated. Three groups of 7 weanling rats were fed 
the basal diet alone, supplemented with vitamin 
E (30 IU per kg) or supplemented with vitamin 
E and selenium (0.2 ppm as NazSeO3). Eryth- 
rocyte hemolysis, plasma Se and urinary MA 
were monitored for 6 weeks. Selenium was 
determined by a modification of the fluoro- 
metric method of Hoffman et al. (8). 

Experiment 6 

The effect of carbon tetrachloride (CC14) 
administration on MDA excretion was deter- 
mined. Urine, plasma and liver were analyzed 
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fo r  M D A  b y  t h e  H P L C  m e t h o d  o f  Bird et  al. 
(4 )  24  h r  a f t e r  ora l  i n t u b a t i o n  o f  n o r m a l  a d u l t  
r a t s  w i t h  100 /al CC14 per  100  g. A d d i t i o n a l  
a n i m a l s  we re  g iven  r e p e a t e d  o ra l  d o s e s  ove r  3 
d a y s  ( 1 0 0 ,  50  a n d  50 /al pe r  100 g, r e spec -  
t ive ly ) .  T h e  e f f ec t  o f  v i t a m i n  E d e p l e t i o n  
(12  w k )  a n d  f a s t i n g  ( w h i c h  h a s  b e e n  r e p o r t e d  
t o  p o t e n t i a t e  CCI 4 h c p a t o x i c i t y )  o n  t h e  u r i n a r y  
M D A  r e s p o n s e  t o  CC14 a l so  was  d e t e r m i n e d .  

Experiment 7 

M D A  is f o r m e d  as  a p r o d u c t  o f  t h e  m e t a b o -  
l i sm o f  e n d o p e r o x i d e s  in t h e  c y c l o o x y g e n a s e  
r e a c t i o n  o f  p r o s t a g l a n d i n  s y n t h e s i s ,  a n d  c y c l o -  
o x y g e n a s e  p r o d u c t s  a re  f o r m e d  in i n c r e a s e d  
a m o u n t s  in v i t a m i n  E d e f i c i e n t  r a t s  ( M a c h l i n ,  
1 9 7 8 ;  H w a n g  a n d  D o n o v a n ,  1982 ) .  T h i s  in-  
c r ea se  is i n h i b i t e d  b y  a d m i n i s t r a t i o n  o f  a sp i r i n ,  
a c y c l o o x y g e n a s e  i n h i b i t o r .  H e n c e  t h e  e f f e c t  o f  
a sp i r in  o n  M D A  e x c r e t i o n  was  i n v e s t i g a t e d  as  a 
m e a n s  o f  d i f f e r e n t i a t i n g  b e t w e e n  t h e  e f f e c t s  o f  
v i t a m i n  E d e f i c i e n c y  o n  t h e  e x c r e t i o n  o f  M D A  
f o r m e d  in t h e  c o u r s e  o f  p r o s t a g l a n d i n  m e t a b o -  
l i sm a n d  M D A  f o r m e d  as  a r e su l t  o f  n o n -  
e n z y m a t i c  l ipid p e r o x i d a t i o n  in vivo.  W e a n l i n g  

r a t s  we re  f ed  t h e  v i t a m i n  E d e f i c i e n t  s t r i p p e d  
c o r n  oil d ie t  un t i l  t h e y  e x h i b i t e d  a pos i t i ve  
h e m o l y s i s  t es t  a n d  i n c r e a s e d  M D A  e x c r e t i o n ,  
t h e n  we re  g iven  a sp i r i n  m i x e d  i n t o  t h e  d ie t  a t  
e i t h e r  0 . 3% or  0 .6%.  M D A  was  d e t e r m i n e d  3 
d a y s  l a t e r  o n  24  h r  u r i n e  s a m p l e s .  T h e  e f f e c t  o f  
a sp i r in  a lso  was  t e s t e d  on  c o n t r o l s  g iven  100 IU 
v i t a m i n  E /g  d ie t .  

R ESU LTS 

Na M D A  Administration 

S t o m a c h  i n t u b a t i o n  w i t h  Na M D A  a t  a level  
o f  2 p g / g  b o d y  w e i g h t  e l i c i t ed  s i g n i f i c a n t  in-  
c r ea se s  in M D A  in t h e  f ece s  a n d  u r i n e  by  t h e  
T B A - H P L C  p r o c e d u r e  ( T a b l e  1). C h r o m a t o g -  
r a p h y  o f  t h e  u r i n e  on  an  i on  e x c h a n g e  c o l u m n  
d e m o n s t r a t e d  t h a t  n o n e  o f  t h e  M D A  was  pres-  
e n t  in t h e  f ree  f o r m  ( u n p u b l i s h e d  r e su l t s ) .  

PUFA Intake 

T a b l e  2 i l l u s t r a t e s  t h e  e f f e c t  o f  c h r o n i c  
P U F A  a n d  v i t a m i n  E i n t a k e  o n  u r i n a r y  M D A  
e x c r e t i o n  in f ed  a n d  f a s t e d  ra t s .  M D A  e x c r e t i o n  
was  m a r k e d l y  i n c r e a s e d  by  f e e d i n g  t h e  h i g h  

"FABLE 1 

Effect of  Intubating Adult  Rats with the Na enol Salt of  MDA 
on MDA Excretion in the Urine and Feces 

MDA intake (~tg) MDA excretion (~tg/48 hr) 

Trea tment  Dose Diet Feces Urine 

Control - s tock diet - 287 80 -+ 7 b 47 • 7 
Na MDA- 2 /.tg/g BW a 652 264 108 • 18 c 93 -+ lO c 

aBody weight. 
b~ • SEM. 
cp < 0.05, n -- 5. 

TABLE 2 

Effect of  PUFA and Vitamin E Intake on MDA Excretion in the Urine 

Vitamin E (IU/g diet)a 

Diet sequence Time 0 30 I O0 

High PUI:A 9 wk 10.7 • 0.9 b 10.7 • 1.8 8.1 -+ 0.8 
No PU|:A 4 8 h r  c 2.7 -+ 0.2 1.7 • 0.1 1.3 • 0.06 
Fast 48 hr c 4.8 + 1.6 2.9 • 0.2 2.3 t 0.3 

Low PUFA 9 wk 2.7 • 0.3 1.1 • 0.1 i .0 • 0.1 
No PUI"A 4 8 h r  c 1.6 • 0.1 0.8 -+ 0.04 0.6 +- 0.02 
Fast 4 8 h r  c 1.9 • 0.2 1.3 • 0.2 1.1 • 0.1 

a AIl-rac-a-tocoph eryl acetate. 
b~tgMDA/24hr ,  x • SEM, N = 8. 
CMDA values are for the last 24 hr of  the 48-hr period. 
P < 0.01 for effects of  PUFA, vitamin E a n d  fasting. 
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P U F A  diet.  Swt ich ing  t h e  an imals  to  a P U F A -  
free diet  r esu l ted  in a ma jo r  decrease  in MD A  
exc re t ion  by  the  h igh  P U F A  group,  ind ica t ing  
t h a t  m o s t  of  the  u r ina ry  MDA was of  d ie ta ry  
origin. Analys is  of  diets  f o r m u l a t e d  to  con t a i n  
d i f fe ren t  m ix tu re s  of  t he  fats  and  oils used in 
thi~. e x p e r i m e n t  s h o w e d  t h a t  m o s t  of  t h e  M D A  
in the  h igh  P U F A  diet  was f o r m e d  f rom the  cod 
fiver oil c o m p o n e n t .  Use of  t he  ace ta t e  f o r m  of  
v i t amin  E had  a permissive ef fec t  on  f a t t y  acid 
pe rox ida t i on  in the  diet.  

Feed ing  a PUFA-f ree  diet  r educed ,  bu t  did 
n o t  e l iminate ,  t he  d i f fe rence  in MD A  exc re t ion  
b e t w e e n  an imals  fed h igh  vs. low P U F A  diets  
(Table  2). To prec lude  a possible e f fec t  on  
MDA exc re t i on  of  any  res idues  of  the  original  
diets  r ema in ing  in t he  gut  or recycled  by  
coprophagy ,  the  an imals  were  fas ted for  48 hr  
a f te r  be ing  fed t he  PUFA-f ree  diet ,  and  ur ine  
col lec ted  dur ing  the  f inal  24 h r  of  the  fast  was 
ana lyzed  for  MDA. R a t h e r  t han  a f u r t he r  
decrease,  fas t ing resu l ted  in a small  bu t  signifi- 
can t  increase  in MDA exc re t i on  in b o t h  groups  
(Table  2). The  a p p r o x i m a t e l y  two- fo ld  differ- 
ence in MDA exc re t ion  b e t w e e n  groups  pre- 
viously fed  h igh  vs. low P U F A  diets  persis ted,  
ind ica t ing  t ha t  it was due to a d i f fe rence  in 
MDA f o r m a t i o n  in vivo. 

There  was a s ignif icant  ef fec t  o f  v i t amin  E 
in t ake  on  MDA exc re t i on  excep t  in the  an imals  
c o n s u m i n g  the  h igh  P U F A  diet ,  in w h i c h  case 
u r ina ry  M D A  was der ived p r e d o m i n a n t l y  f r o m  
the  diet  (Table  2). A l t h o u g h  MDA exc re t ion  
t e n d e d  to  be  lower  at  the  100 IU/g  level of  
v i tamin  E in take  t h a n  at 30  IU/g,  n o n e  of  t he  
d i f ferences  was s igni f icant  (P > 0.05).  Suppres-  
s ion of  MDA exc re t ion  dur ing  c o n s u m p t i o n  of  
t he  PUFA-f ree  diet  and  dur ing  fas t ing  ind ica tes  
t h a t  t he  ef fec t  of  the  v i t amin  on  u r ina ry  MD A  
was due  to i n h i b i t i o n  of  l ipid p e r o x i d a t i o n  in 
the  tissues. It  is n o t e w o r t h y ,  however ,  t h a t  
even at  a h igh  v i t amin  E in t ake  (100  IU/g diet) ,  
MDA excre t ion  f rom e n d o g e n o u s  sources  was 

twice  as great  in  the  an imals  previously  fed t he  
h igh P U F A  diet.  

Analys is  of  liver and  ep id idyma l  fat  pads 
c o n f i r m e d  t he  e n r i c h m e n t  of  the  t issues of  t he  
ra ts  fed the  h igh  P U F A  diet  wi th  cod  liver oil 
f a t t y  acids (Table  3). 

Vitamin E Deficiency 

The effec t  of  feeding t he  v i t amin  E def ic ien t  
co rn  oil d ie t  on  u r i na ry  MDA is i l lus t ra ted  in 
Figure  2. A d i f fe rence  in MDA exc re t ion  be- 
t w e e n  def ic ien t  an imals  and  con t ro l s  was dis- 
ce rn ib le  a f te r  6 weeks,  and  by  24  weeks  the re  
was a 5-fold different ia l .  S u p p l e m e n t i n g  t he  
def ic ien t  diet  wi th  v i tamin  E (100  IU/kg)  
resu l ted  in a fall in  MDA exc re t i on  to  the  con-  
t ro l  level. Increased  MDA exc re t i on  was asso- 
c ia ted  wi th  a s igni f icant  increase  in red b l o o d  
cell hemolys i s  at  9 weeks  (P < 0.05) .  

On a b o d y  weight  basis, MDA exc re t ion  
dec l ined  dur ing  g r o w t h  in t he  +E ra ts  and  t h e n  

Corn  Oil Diet 
4(3 �9 

~ 3 C  

2 0  

.E 
~10 

0 I I I 
10 20 30 

W e e k s  
FIG. 2. Excretion of MDA in the urine of rats fed 

the stripped corn oil diet with and without vitamin E, 
expressed on a body weight basis. N = 7, *P < 0.05. 

TABLE 3 

Fatty Acid Composition of Liver and Adipose Tissue of Rats Fed High and Low PUFA Diets (%, w/w) 

Diet Saturated Unsaturated 18:2 18:3 20:4 20:5 22:6 

LivEr 

H igh  P U F A  3 7 . 6  + 0 .9  a 6 2 . 4  + 0 .9  2 2 . 6  -+ 0 .5  1.4 -+ 0.1 7 .9  -+ 0 .5  1.6 -+ 0 .2  5.7 -+ 016 
L o w  P U F A  4 5 . 3  -+ 0 .9  54 .7  -+ 0 .9  15 .2  -+ 0 .6  0 .2  -+ 0.1 15 .8  -+ 0 .6  0.1 -+ 0.1 1.2 -+ 0 .2  

Epididymal fat pad 

High PUFA 28.2 -+ 0.6 71.8 +- 0.6 30.3 -+ 0.7 2.8 + 0.1 0.4 + 0.1 <0.2 n.d. 
Low PUFA 39.3 -+ 1.0 60.7 -+ 1.0 23.4 +- 0.6 n.d. 2.4 -+ 0.9 <0.03 n.d. 

aMean -+ SEM, N = 8. 
n.d. = none detected. 
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stabi l ized (Fig. 2). Tota l  exc re t ion  increased 
f rom 1 .7 /ag /d  a f te r  1 wk to  3.6-5.5 / tg/d f rom 
7 to  25 weeks.  In the  - E  animals ,  MDA excre-  
t ion  increased f rom 1.8 /ag/d a f t e r  1 wk to  
16.3/ . tg/d at  25 weeks. 

MDA exc re t ion  by t he  ra ts  fed the  lard die ts  
is i l lus t ra ted  in Figure 3. In acco rdance  wi th  i ts 
lower  P U F A  c o n t e n t ,  t he  v i tamin  E def ic ien t  
s t r ipped  lard diet  p roduced  a smal ler  increase  in 
MDA exc re t ion  t han  the  de f i c i en t  co rn  oil diet .  
Nevertheless ,  a s ignif icant  increase in u r inary  
MDA (P < 0 .05)  was observed  by 19 weeks. 
MDA exc re t ion  fell to  c o n t r o l  levels a f te r  
v i tamin  E s u p p l e m e n t a t i o n .  Signif icant  differ- 
ences  (P < 0 .05)  in hemolys i s  and  b o d y  weight  
were r ecorded  at 12 weeks and  19 weeks,  
respect ively.  

Iron Administration 

The effec t  of  Fe NTA a d m i n i s t r a t i o n  o n  
MDA exc re t ion  is s h o w n  in Table  4. In t he  
v i tamin rep le te  rats ,  t he re  was a 2.4-fold in- 
crease in u r inary  MDA dur ing  the  24-hr  per iod  
fo l lowing a dose of  3 mg  Fe /kg  and  a 5-fold 
increase fo l lowing a dose of  9 mg Fe/kg .  
Fe NTA at  t he  lower  dose was fatal  to  all 8 
v i tamin  E def ic ien t  rats.  

Selenium/Vitamin E Depletion 

The s e l en ium/v i t am i n  E def ic ien t  Torula  
yeast  die t  p roduced  no  increase  in e r y t h r o c y t e  
hemolys i s  or  MDA excre t ion  (Table  5). Af te r  4 
weeks, mor t a l i t y  f rom liver necrosis  increased 
rapid ly  in the  u n s u p p l e m e n t e d  group un t i l  a t  
6 weeks  on ly  2 an imals  r emained .  No d i f fe rence  
in MDA excre t ion  was f o u n d  in the  5-week 

i 

4 0  

m 30 
== 

c 

10 

L a r d  Die t  

I I I 
10 2 0  3 0  

W e e k s  

FIG. 3. Urinary excretion of MDA by rats fed the 
stripped lard diet with and without vitamin E. N = 7, 
*P < 0.05. 

TABLE 4 

Stimulation of Urinary MDA Excretion in the Rat 
Produced by lntraperitoneal Administration 

of Ferric Nitrilotriacetate (Fe NTA) 

Urinary M DA 
T r e a t m e n t  pg/24 hr 

+E 1.16 +- 0 . 2 2  a 
- E  3.84 +- 0.72 c 

+E+ NTA 1.09 +-0.12 
+E + Fe NTA (3 mg Fe/kg) 2.63 +- 0.34 c 

+E + N T A  1.44 -+. 0.15 
+E +Fe NTA (9 mg Fe/kg) 7.41 ~: 0.75 c 

- E  + NTA 3.84 -+. 0.68 
- E  + Fe NTA (3 mg Fe/kg) _.b 

a~ +_ SEM. 
bAll died. 
c P <  0.01, N = 8. 

survivors.  Plasma se len ium was marked ly  lower  
in t he  ra ts  u n s u p p l e m e n t e d  wi th  th is  e lement .  

C C l  4 Administration 

No cons i s ten t  ef fec t  of  CC14 a d m i n i s t r a t i o n  
on  MDA excre t ion  was d iscernible  (da ta  no t  
shown) .  Analysis  of  plasma and  liver also re- 
vealed n o  d i f fe rences  in MDA c o n t e n t  a t t r i b u t a -  
ble to  CC14 t r ea tmen t .  

Fasting 

Since ur inary  MDA is responsive  to oral 
MDA admin i s t r a t i on ,  the  poss ib i l i ty  tha t  the  
increased MDA exc re t ion  by  the  v i tamin E 
def ic ien t  an imals  was due to a grea ter  in take  of  
MDA genera ted  in the  a n t i o x i d a n t  def ic ien t  
basal d ie ts  dur ing  s torage or feeding was t es ted  
by  c o m p a r i n g  the  MDA exc re t ion  of  fas ted  
def ic ien t  and  con t ro l  rats.  The  increased MDA 
exc re t ion  by  the  v i tamin  E def ic ien t  rats  fed 
the  co rn  oil d ie t  was una f f ec t ed  by  fast ing 
(Fig. 4), ind ica t ing  t h a t  the  increase was of  
e n d o g e n o u s  origin. There  also was no  increase  
in MDA exc re t ion  dur ing  fas t ing  in ra ts  fed the  
10% corn  oil diet ,  in con t r a s t  to  those  fed a diet  
con t a in ing  5% cod liver oil in add i t i on  to 10% 
corn  oil (Table  2). This d i f fe rence  in response  
may  have been due  to the  sho r t e r  per iod of  
fas t ing  imposed  on  t he  corn  oil animals .  Alter-  
nat ively ,  it may  ind ica te  t h a t  the  increase in 
MDA exc re t ion  observed  in E x p e r i m e n t  2 was 
caused by  pe rox ida t i on  of  highly u n s a t u r a t e d  
f a t t y  acids o f  the  t~-3 series re leased by  fas t ing 
lipolysis. 

MDA excre t ion  by the  c o n t r o l  ra ts  fed the  
s t r ipped  lard d ie t  was cons i s t en t ly  h igher  than  
t ha t  by  the  con t ro l s  fed the  s t r ipped  corn  oil 
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TABLE 5 

Effect of Feeding Torula Yeast Diet on Plasma Se, Hemolysis and Urinary MDA a 

841 

Diet Plasma Se % Hemolysis Urinary M DA 
ppm tzg/24 hr 

+E +Se 0.37 • 0.03 2.6 • 0.4 3.77 • 0.52 
+E -Se  0.09 • 0.02 b 2.9 • 0.4 3.92 +- 0.46 
- E  -Se 0.06 • 0.01 b 4.5 • 0.8 4.03 • 0.44 

aAfter4seeks, N = 6 , ~ •  SEM. 
bp < 0.01. 
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FIG. 4. Effect of fasting on MDA excretion by rats 
fed the stripped corn oil diet (**P < 0.01). 

die t  (Fig. 2 and  3). There  was no  d i f fe rence  in 
the  MDA c o n t e n t  of  the  f rozen  diets  (0 .3-0.4  
/Jg/g), bu t  an  increase  in t he  MDA c o n t e n t  of  
the  s t r ipped  lard diet  to  1.24/. tg/g was observed  
when  it was kep t  at  r o o m  t e m p e r a t u r e  for  
48  hr. No increase  was seen in the  s t r ipped  corn  
oil d ie t  u n d e r  the  same cond i t ions .  Feed ing  the  
v i tamin  E def ic ien t  lard diet ,  bu t  no t  the  
de f ic ien t  co rn  oil diet ,  led to an i m m e d i a t e  in- 
crease in MDA exc re t ion  in the  urine.  Fas t ing  
e l imina ted  the  d i f fe rence  in MDA exc re t ion  
be tween  an imals  fed the  2 diets.  Hence,  the  
d i f fe rence  in MDA excre t ion  observed  b e t w e e n  
v i tamin  E rep le te  ra ts  fed the  lard and  corn  oil 
diets  was due  to  inges t ion  of  MDA f o r m e d  f rom 
fa t t y  acids in the  s t r ipped  lard dur ing  the  feed- 
ing procedure .  No increase  in MDA c o n t e n t  was 
observed  over  48  hr  at  r o o m  t e m p e r a t u r e  in the  
diet  in which  s t r ipped  lard was replaced wi th  

commerc ia l  lard. These  obse rva t ions  ind ica te  
t h a t  pe rox id ized  a rach idon ic  acid was the  pri- 
mary  source  of  MDA f o r m e d  in the  s t r ipped  
lard diet .  

I~HA and DPPD 

Since the  food a n t i o x i d a n t  b u t y l a t e d  hy- 
d roxyan i so le  ( B H A )  is inef fec t ive  as a subst i -  
t u t e  for  v i t amin  E in vivo, it was of  in te res t  to  
c o m p a r e  its ef fects  on  the  e levated MDA 
exc re t ion  of  v i tamin  E def ic ien t  an imals  wi th  
those  of  the  biological ly  act ive a n t i o x i d a n t  
N ,N-d ipheny l -p -pheny l ened i amine  (DPPD)  (11 ). 
Af ter  1 wk of  BHA a d m i n i s t r a t i o n  to  def ic ien t  
ra ts  at  a level of  0.1% of  the  diet ,  fas t ing MDA 
exc re t ion  was no t  s igni f icant ly  r educed  (3 .9 /ag /  
d vs. 3.5 btg/d). Af ter  1 wk of  0.1% DPPD feed- 
ing MDA exc re t ion  had  decreased to 2.3 /ag/d 
(P < 0.01) .  

Aspirin 

Aspirin admin i s t r a t i on  had  no  ef fec t  on  
MDA exc re t ion  in v i tamin E-replete  animals ,  
bu t  t he  increase  due  to v i tamin  E def ic iency  
was m o d u l a t e d  s igni f icant ly  (P < 0 .05)  (Fig. 5). 
Similar resul ts  were o b t a i n e d  by  feeding 0.3% 
and  0.6% aspirin.  The  data  i nd i ca t e  t h a t  v i t amin  
E def ic iency resul ts  in some  increase  in the  
exc re t ion  of MDA arising f rom pros tag land in  
me tabo l i sm,  bu t  t h a t  mos t  of  t he  increase  in 

2C +ASP 

o ,s f ii c m / 
~ I O  +ASP 

~ " "  5 a a ~ =  

+ E  - E  

FIG. 5. Effect of feeding 0.6% aspirin (ASP) on 
MDA excretion by vitamin E deficient and control 
rats. Values with different superscripts are signifi- 
cantly different (P < 0.05). 
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MDA excretion is due to cyclooxygenase- 
independent processes. 

DISCUSSION 

This study shows that urinary MDA is re- 
sponsive to lipid peroxidation in the diet and 
that, under conditions in which the influence of 
peroxidized dietary lipids is precluded, MDA 
excretion reflects the rate of  lipid peroxidation 
in vivo. Responsiveness to increased in vivo 
peroxidation was seen in the examples of 
peroxidation caused by iron loading, vitamin E 
deficiency and a high PUFA intake. 

The marked response in urinary MDA to 
parenteral administration of Fe NTA is con- 
sistent with the increase in pentane evolution 
produced by this compound in mice (12) and 
by iron dextran in rats (13). The vulnerability 
of vitamin E deficient animals to iron-catalyzed 
lipid peroxidation is evident from the uni- 
formly lethal effect of Fe NTA on deficient 
animals at a dose which had no gross effects on 
the controls. 

Although vitamin E deficiency produced an 
increase in MDA excretion, urinary MDA in 
replete animals decreased with maturation on a 
body weight basis (Fig. 2). This observation, 
coupled with the increase in MDA excretion in 
cod liver oil-fed rats during fasting (Table 2), 
suggests that MDA formation in vivo may be 
increased under conditions of enhanced turn- 
over of tissue lipids. 

A specificity for vitamin E or another bio- 
logically active lipid antioxidant for the modu- 
lation of MDA formation in vivo is indicated by 
the effectiveness of DPPD, and the ineffective- 
ness of BHA, in reducing the elevated MDA 
excretion of vitamin E deficient animals. A 
similar disparity in activity between these 
antioxidants has been reported with respect to 
the suppression of  pentane evolution in iron- 
loaded rats (13). Although BHA is an effective 
food antioxidant, it is inactive as a substitute 
for vitamin E in the prevention and treatment 
of vitamin E deficiency diseases in animals (11 ). 
These observations provide further evidence 
that the biological role of  vitamin E is associ- 
ated with its antioxidant properties. 

Failure to observe an increase in urinary 
MDA in animals fed the selenium/vitamin E 
deficient Torula yeast diet indicates that MDA 
formation in vivo is mainly a vitamin E-depend- 
ent process. Although their selenium status was 
low (Table 2), the deficient animals were only 
moderately depleted of vitamin E, as indicated 
by negative hemolysis tests and the longer 
depletion periods required to produce an in- 
crease in MDA excretion by rats fed a diet 

deficient in vitamin E alone (Fig. 2 and 3). Hill 
and Burk (14) observed that, whereas hepato- 
cytes isolated from vitamin E-deficient rats con- 
tained increased amounts of TBA-reactive sub- 
stances, there was no increase in cells derived 
from selenium-deficient animals. The failure of 
MDA to accumulate in selenium deficiency may 
be explained by the fact that the primary sub- 
strate for selenium-dependent glutathione per- 
oxidase is H2Oz rather than fatty acyl perox- 
ides (15). Selenium is ineffective in the preven- 
tion of most diseases caused by feeding diets 
lacking vitamin E or another biologically active 
lipid antioxidant. 

The failure of CC14 administration to cause 
an increase in MDA excretion is surprising in 
view of its capacity to increase pentane evolu- 
tion (1,13). However, while some investigators 
have reported evidence of  lipid peroxidation in 
the liver following CC14 administration, several 
groups have failed to find increases in TBA- 
reactive substances, diene conjugation or MDA- 
derived fluorescent products. De Toranzo and 
Castro (16) concluded that MDA-derived flu- 
orescent products are not formed in rat liver 
during CC14 intoxication, and Harris et al. (17) 
found no increase in diene conjugation even 
though pentane exhalation was enhanced. The 
present study supports the view that CC14 does 
not increase MDA formation in the tissues. It is 
possible that lipid dienyl radicals generated in 
the liver, via an attack on lipids by the "CC13 
radical (18) decompose to form alkanes but do 
not undergo significant oxidative decomposi- 
tion to form MDA. 
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The Influence of Protein and Carbohydrate Type on Serum and 
Liver Lipids and Lipoprotein Cholesterol in Rabbits 
JOHN E. BAUER* and STEVEN J. COVERT, Department of Physiological Sciences, 
College of Veterinary Medicine. University of Florida, Gainesville, FL 32610 

ABSTRACT 

The non-lipid portions of semi-synthetic diets appear to be important determinants of hypercholes- 
terolemia and atherosclerosis in the rabbit. Serum and liver lipid concentrations were determined in 
rabbits which had been pair-fed various protein (casein or soy protein isolate) and carbohydrate (sucrose 
or dextrose) sources as part of low fat, low cholesterol, semi-synthetic diets. It was verified that casein- 
containing diets render rabbits hypercholesterolemic, while soy protein caused a degree of hypocholes- 
terolemia. Additionally, sucrose, when fed in conjunction with casein, appears to augment this hyper- 
eholesterolemic effect. The distribution of total cholesterol am ong lipoprotein subclasses was increased 
in both the intermediate density lipoprotein (IDL) (1.006-1.019 g/ml) and low density lipoprotein 
(LDL) (1.019-1.063 g/ml) fractions and decreased in the high density lipoprotein (HDL) (1.063-1.21 
g]ml) fraction when casein is fed. Soy protein feeding caused relatively more cholesterol to appear only 
in the IDL fraction when compared with commercial chow fed rabbits. Reasons for these differences 
may involve the saturation or suppression of endogenous lipoprotein hepatic receptors. 
Lipids 19:844-850, 1984. 

INTRODUCTION 

Hypercholesterolemia and atherosclerosis 
have been produced in rabbits by feeding 
cholesterol-free; semi-purified diets containing 
animal protein (1,2). The replacement of this 
protein type by soy protein isolate has been 
shown to lower plasma cholesterol concentra- 
tions in both normocholesterolemic and hyper- 
cholesterolemic human subjects (3) as well as in 
laboratory animals (4,5). The non-lipid portion 
of the diet, therefore, appears to be important 
in the development of hypercholesterolemia 
and atherosclerosis seen in rabbits when fed low 
fat, low cholesterol, semi-synthetic diets (6). 
However, the types and amounts of fat used in 
many of these previous studies may have been 
an additional factor in the biochemical changes 
observed in these animals (7,8). 

The objective of this study was to determine 
the effects of various protein and carbohydrate 
sources when fed as part of a low fat, low cho- 
lesterol, semi-synthetic diet on serum and liver 
lipid concentrations in the rabbit. Free and 
esterified cholesterol and phospholipid content 
was measured at the end of the experiment. In 
addition, the distribution of cholesterol in the 
different serum lipoprotein fractions of these 
rabbits is reported. 

MATERIALS AND METHODS 

Animals and Experimental Design 

In the experiment, 30 3-month old, New 
Zealand white rabbits, matched for  size (ca. 

*To whom correspondence should be addressed. 

2 kg), were used. The animals were housed 
individually in stainless steel cages in a room 
with controlled lighting (12 hr) and constant 
temperature and humidity. On arrival at the 
animal facility, the rabbits were maintained on 
commercial rabbit pellets (Ralston Purina Co., 
St. Louis, Missouri) for 2 weeks to accustom 
them to their new environment. 

A group consisting of 6 rabbits continued 
to receive the commercial diet during the ex- 
perimental period of 84 days. The other animals 
were transferred at this time to one of 4 semi- 
purified diets (ICN Nutritional Biochemicals, 
Cleveland, Ohio) the general composition of 
which is indicated in Table 1. Protein sources 
included either casein or soy protein isolate 
while carbohydrate was supplied by either dex- 
trose or sucrose. The rabbits (6 animals per 
group) were pair-fed the pelleted diets contain- 
ing either casein-sucrose (CS) and soy protein- 
sucrose (SS) or casein-dextrose (CD) and soy 
protein-dextrose (SD) during the course of the 
experiment. 

Analytical Methods 

During the feeding period, the animals were 
weighed every 2 weeks. Blood samples were 
taken from a marginal ear vein on days 17, 52 
and 84 without prior fasting between 9 and 
10:30 a.m. and allowed to clot at room temper- 
ature. The serum was isolated after low speed 
centrifugation. Serum total cholesterol and 
triglyceride concentrations were estimated 
enzymatically, on the day of collection, using 
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TABLE 1 

Composition of Diets (g/100 g feed) 

Protein a 25.0 
Carbohydrate 51.5 
Corn oil 2.5 
USP XIV salt mixture 5.0 
Cellulose (aiphacel) 15.0 
Vitamin pre-mix b 1.0 

aln the case of soy protein-isolate diets, 1.0 mg d, 
1 methionine]lb feed was added. 

bAmounts in g/IO0 lbs diet: vitamin A (200,000 
units/g), 4.5; vitamin D (400,000 units/g), 0.25; 
t~-tocopherol acetate, 5.0; ascorbic acid, 45.0; inositol, 
5.0; choline chloride, 75.0; menadione, 2.25; p-amino 
benzoic acid, 5.0; niacin, 4.5; riboflavin, 1.0; pyridox- 
ine hydrochloride, 1.0; thiamine hydrochloride, 1.0; 
calcium pantothenate, 3.0; in Mg]100 lbs diet: biotin, 
20; folio acid, 90; vitamin B12 , 1.35. 

k i t s  suppl ied  by  Gi l ford  Diagnos t ics  (Gi l ford  
I n s t r u m e n t  Labora to r i e s ,  Cleveland,  Ohio) .  

A t  the  end  of  the  e x p e r i m e n t a l  per iod ,  
an imals  were killed by  exsangu ina t ion .  Livers 
were rap id ly  excised and  s tored  a t - 7 0  C un t i l  
t h e  t ime  of  analysis.  K n o w n  a m o u n t s  of  liver 
t issue were h o m o g e n i z e d  in CHC1 a :MeOH 
(2:1 v/v)  in an Omni-Mixer  ( D u P o n t  Ins t ru -  
m e n t s ,  N e w t o n ,  C o n n e c t i c u t )  and  to ta l  lipid 
ex t r ac t s  p repa red  accord ing  to  Fo lch  et  al. (9). 
Se rum samples  col lected a t  the  same t ime  were 
s imilar ly ex t r ac t ed .  Liver t o t a l  cho les te ro l  in 
t he  ex t rac t s  was d e t e r m i n e d  by  a f l uo r om e t r i c  
t e c h n i q u e  based on  the  L i e b e r m a n - B u r c h a r d  
r eac t i on  (10) .  The  lipid p h o s p h o r u s  concen t r a -  
t i ons  were d e t e r m i n e d  as descr ibed  by  Bar t l e t t  
(11) .  Free  and  ester if ied cho les te ro l  of  b o t h  
l iver and  se rum ex t rac t s  were e s t ima ted  spect ro-  
p h o t o f l u o r o m e t r i c a l l y  a f t e r  f r a c t i o n a t i o n  of  t he  
l ipids by  TLC in h e x a n e : d i e t h y l  e ther :g lac ia l  
acet ic  acid ( 9 0 : 1 0 : 1  v/ely) as previous ly  de- 
scr ibed (12) .  The  se rum l l pop ro t e in  classes were 
separa ted  w i th  a B e c k m a n  Ti  50 r o t o r  i n to  4 
dens i ty  classes by  sequen t ia l  dens i ty  ul t ra-  

cen t r i fuga t ion ,  accord ing  to Ha tch  and  Lees 
(13) .  To ta l  cho les te ro l  in the  f rac t ions  was 
d e t e r m i n e d  enzyma t i ca l l y  as for  serum.  

R ESU LTS 

The  m e a n  b o d y  weights  of  the  pair-fed 
r a b b i t  g roups  are p re sen ted  in Table  2. While 
pair  feed ing  s o m e w h a t  res t r i c ted  these  an imals '  
i n t ake ,  the i r  b o d y  weights  were m a i n t a i n e d  
t h r o u g h o u t  the  feeding per iod.  It  should  be 
n o t e d  t h a t  the  c o m m e r c i a l  chow fed r abb i t s  
ga ined cons iderab ly  more  weight  dur ing  th is  
same pe r iod  of  t ime.  However ,  these  an imal s  
were fed ad l ib i tum.  This  d ispar i ty  in b o d y  
weigh t  ind ica ted  t ha t  the  r abb i t s  used in th is  
s tudy ,  pu rchased  as a single lot ,  were in a g r o w t h  
stage of  life. This  i n f o r m a t i o n  is useful  since i t  
has  been  r epo r t ed  previously  tha t  growing 
r abb i t s  are more  suscept ib le  to  semi - syn the t i c  
d ie t  i nduced  h y p e r c h o l e s t e r o l e m i a  t h a n  m a t u r e  
an imals  (14) .  On t he  o t h e r  h a n d ,  res t r ic ted  feed- 
ing of  semi-pur i f ied diets  has  been  r epo r t ed  as 
p re fe rab le  in these  types  of  s tudies  to  bes t  ex-  
c lude possible  i n t e r f e r ences  w i th  t he  choles te r -  
o lemic  response  due  to  d i f fe rences  in g r o w t h  
ra te  b e t w e e n  r abb i t s  fed diets  con ta in ing  casein 
versus soy p ro t e in  (15) .  F u r t h e r m o r e ,  the  aver- 
age caloric  i n t ake  of  the  e x p e r i m e n t a l  diet  fed 
r abb i t s  a p p r o x i m a t e d  t h a t  general ly  regarded  as 
necessary  for  m a i n t e n a n c e  bu t  n o t  g r o w t h  (16) ,  
and  is in ag reemen t  wi th  the  f inal  weights  ob-  
served in these  animals .  

Figures  1 and  2 show the  serum cho les te ro l  
and  t r iglycer ide c o n c e n t r a t i o n s  in the  r abb i t s  
du r ing  the  feeding  per iod .  R a b b i t s  fed the  CS 
diet  r ap id ly  b e c a m e  hype rcho l e s t e ro l emic ,  whi le  
those  fed the  CD die t  became  hype rcho le s t e r -  
o lemic  more  slowly.  By con t ras t ,  r abb i t s  fed 
e i the r  the  SS or  SD die ts  deve loped  low n o r m a l  
serum cho les te ro l  levels w h e n  c o m p a r e d  wi th  
the  c h o w  fed group.  Se rum t r ig lycer ide  levels in  
all g roups  were s o m e w h a t  var iable ,  w i th  a statis- 

TABLE 2 

Body Weights of Rabbits Pair-Fed the Semi-Purified Diets a 

Body weight (grams) 

Dietary group b Day 0 Day 17 Day 52 Day 84 

CD 2560 -+ 168 2533 -+ 197 2652 +- 246 2877 -+ 245 
SD 2567 +- 173 2440 -+ 231 2617 -+ 316 2647 -+ 328 
CS 2778 + 227 2671 -+ 167 2882 -+ 218 2881 + 448 
SS 2780 -+ 233 2425 -+ 220 2547 + 228 2792 -+ 280 
C 2690 -+ 418 3037 -+ 470 3347 +- 533 3775 -+ 636 

aValues are expressed as mean -+ S.D. 
bFeed consumption averaged 55 g/day in the CS-CD pairs and 50 g/day in the SS-SD 

pairs. Rabbits on commercial chow diets were fed ad lib. 
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FIG. 1. S e r u m  c h o l e s t e r o l  c o n c e n t r a t i o n s  of 
rabbits during the experimental period. For abbrevia- 
tions of dietary groups, see text. Values are signif- 
icantlydifferent fromchow fed animals at: *p  < 0.001, 
o = p < 0.01, and �9 = p < 0.05 levels by the student 
t-test. 

E 

03 

DIET: C SDssCDcs cSDssC%s cSDssC%S 

TIME (DAYS) 17 52 84 

FIG. 2. Serum triglyceride concentrations of 
rabbits during the experimental period. For abbrevia- 
tions of dietary groups, see text. Values are signif- 
icantly different from chow fedanimals at: * p < 0.05, 
levels by the student t-test. 

t ical ly s ignif icant  increase in on ly  t h e  SS diet  
fed an imals  c o m p a r e d  w i th  t he  c h o w  fed case�9 

Se rum lipid c o n c e n t r a t i o n s  a m o n g  r a b b i t s  at  
t he  end  of  the  d ie ta ry  per iod  can be  f o u n d  in 
Table  3. R a b b i t s  fed. t h e  casein diets  were hyper -  
cho les t e ro lemic  due  to increases  in b o t h  free 
and  ester i f ied cho les te ro l  w h e n  c o m p a r e d  w i th  
t he  soy p r o t e i n  d ie t  fed animals�9 This  ef fec t  was 
s o m e w h a t  more  p r o n o u n c e d  w h e n  casein was 
fed in c o n j u n c t i o n  w i th  sucrose,  a l t h o u g h  it was 
n o t  s ta t is t ical ly  s ignif icant .  Some  wi th in -g roup  
var iabi l i ty  was obse rved ,  especial ly in  t h e  CS 
diet  fed animals ,  as ev idenced  b y  t he  large s tan-  
dard  error .  A long  wi th  t he  increased levels of  
b o t h  free  and  esterff ied cho les t e ro l  in  t he  casein 
fed rabbi t s ,  t h e  per  cent  free cho les te ro l  and  
free to  esterff ied cho les te ro l  ra t ios  in these  
g roups  also were e levated ind ica t ing  t h a t  free 
cho les te ro l  was increased more  marked ly  relat ive 
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to its esterified form. 
Autopsy data on the livers of  the rabbits in 

this study is presented in Table 4. No appreciable 
differences among liver weights as per cent of  
body weight were found. In addition, no gross 
atherosclerotic lesions were seen in the aortas 
from any of the rabbits. Liver total cholesterol 
was elevated in the CD diet fed rabbits, but 
only when compared with the SD and CS 
groups. Free cholesterol tended to be decreased 
somewhat in the livers of the semi-purified diet 
fed animals when compared with the chow fed 
case except for the rabbits fed the SS diets. The 
liver esterified cholesterol concentrations were 
elevated in the casein fed rabbits when compared 
with either the soy protein or chow fed animals. 
Here, too, variability among rabbits fed the CS 
diet was observed. The percentage free choles- 
terol in livers of the casein fed rabbits was de- 
creased when compared with either their soy 
protein pair-fed counterparts or the chow fed 
animals. Additionally, liver phospholipid con- 
tent in livers of  casein fed rabbits was decreased. 

The distribution of cholesterol among lipo- 
protein classes of rabbits fed the various diets 
can be found in Table 5. The excess cholesterol 
in the casein fed animals was shown to be pres- 
ent mainly in the IDL (1.006-1.019 g/ml) and 
LDL (1.109-1.063 g/ml)fract ions.  Rabbits fed 
the soy protein diets showed only a small in- 
crease in their IDL cholesterol distribution. 
Serum HDL (1.063-1.21 g/ml)percentage cho- 
lesterol was found to be decreased in all semi- 
purified diet fed animals when compared with 
the chow fed rabbits. This change was most 
marked in the casein dietary groups. On an ab- 
solute basis, however, serum HDL cholesterol 
concentrations in the casein fed groups were 
elevated most likely because of the overall 
hypercholesterolemia observed in these rabbits. 
Calculated HDL/LDL ratios indicate decreased 
values for both casein diet ted groups, while the 
soy-protein fed rabbits were observed to have 
ratios similar to the chow fed case. 
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DISCUSSION 

Previous studies have implicated the athero- 
genie nature of animal protein as well as certain 
refined carbohydrates when fed either to rab- 
bits, primates or humans (17-20). In most of 
these studies the total fat content of the diets 
used was in excess of 14%, with appreciable 
amounts being of the saturated type. While one 
study (17) used a diet low in fat (2.33%) pro- 
vided by corn oil, in this experiment casein and 
dextrose were the only sources of protein and 
carbohydrate used. The results reported in the 
present work represent an initial attempt to 
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TABLE 5 

Per cent Distribution of Serum Cholesterol Among Lipoprotein Classes in Rabbits. 
Values in parentheses represent mg cholesterol/mg (mean • S.E.) a 

Dietary Group 

Density (g/ml) CD SD CS SS C 

VLDL (d < 1.006) 10.2 _+ 2.6 15.3 • 2.9 6.1 • 1.7 16.6 • 1.9 10.4 • 3.9 
(18.0 • 2.4) (7.2 • 2.1) (15.8 • 3.5) (7.1 • 1.7) (8.5 • 0.8) 

I D L ( d =  1.006-1.019) 6.7 • 1.5 15.2 • 1.0 c 15.3 • 2.5 c 13.4 • 0.9 c 5.8 -+ 1.0 
(12.1 • 1.5) (7.5 -+ 1.0) (39.6 • 13.7) (6.0 • 0.7) (5.0 • 0.8) 

LDL(d=  !.019-1.063) 59.5 • 4.3 c 30.4 -+ 2.1 58.3 -* 4.9 e 34.9 +_ 4.4 29.2 • 5.6 
(107.2 • 25.6) (14.8 • 3.8) (152.0 • 37.6) (14.2 • 1.7~ (23.2 • 4.0) 

HDL(d = 1.063-1.21) 19.5 • 2.0 c 34.7 + 2.0~ 18.5 • 3.6 c 30.6 + 3.5b 45.5 • 5.2 
(35.4 • 3.2) (16.9 -+ 2.3) (47.9 • 7.2) (13.2 • 1.1) 07.3 +- 2.5) 

Rf (d < 1.21) 4.6 • 0.4 4.3 • 0.8 1.9 • 0.4 4.4 • 0.6 9.1 • 1.4 
(8.0 • 0.9) (2.2 • 0.2) (4.6 • 0.5) ( I .9  • 0.5)  (7.5 -+ 3.1) 

H DL/LDL 0.32 1.10 0.31 0.91 1.67 
Total  serum chol .  (mg/dl )  181 • 30 48 • 9 259  • 73 43 • 4 82 • 5 

aResults are expressed as per cent of total serum cholesterol in each lipoprotein class and the residual fraction 
(Rf). Recovery of cholesterol averaged 93 • 3%. 

bSignificantly different from chow-fed rabbits (p < 0.01). 
CSignificantly different from chow-fed rabbits (p < 0.001). 

d o c u m e n t  the  c o n t r i b u t i o n s  of  var ious  p ro t e in  
and c a r b o h y d r a t e  sources  in the  d e v e l o p m e n t  
of  hype rcho l e s t e ro l em i a  and o the r  lipid modif i -  
ca t ions  in serum and  liver t issue w h e n  fed to 
r abb i t s  as par t  of  a low fat,  low choles te ro l  semi- 
pur i f ied diet .  The  changes  in lipid concen t r a -  
t ions  r epo r t ed  here may be i m p o r t a n t  in the  
d e v e l o p m e n t  of  a therogenes is  in r abb i t s  fed 
s imilar  diets  for  longer  per iods  (17) .  

With regard to the  casein con ta in ing  diets,  
we have verif ied t he h y p e r c h o l e s t e r o l e m i c  na tu re  
of  this  an imal  p ro te in  in the  rabbi t .  When  
casein die ts  were used, the  higher  to t a l  se rum 
choles te ro l  c o n c e n t r a t i o n s  were due to increases  
in b o t h  the  free and ester if ied fo rms  and  an in- 
crease in the  relat ive a m o u n t s  of serum free 
choles terol .  In  the  livers of  these animals ,  in- 
creases in the  ester i f ied cho les te ro l  c o n t e n t  on ly  
were observed causing a decrease  in the  pe rcen t -  
age free choles terol .  These  f indings  raise the  
possibi l i ty  t ha t  hepa t ic  recep tors  requ i red  for  
the  u p t a k e  of  cho les te ry l  ester  con ta in ing  lipo- 
p ro te ins  may  be sa tura ted  or suppressed in the  
casein fed case pe rmi t t i ng  the  a c c u m u l a t i o n  of  
to t a l  choles te ro l ,  b o t h  free and  ester i f ied,  in the  
c i rcula t ion  (21 ,22) .  This  r ecep to r  p h e n o m e n o n  
m a y  a c c o u n t  for the  increased d i s t r i bu t ion  of  
cho les te ro l  in the  serum LDL f rac t ion  and  lower  
a m o u n t s  in the  HDL f rac t ion  when  casein is fed.  
Fu r the r ,  wi th in  the  casein fed g roups  the  sucrose 
con ta in ing  diet  (CS) appears  to add to this  net  
effect ,  resul t ing  in the  increased d i s t r i bu t ion  of  
b o t h  IDL and  LDL cho les t e ro l  in the  serum of  
these  an imals  w h e n  c o m p a r e d  wi th  the  CD diet  
fed rabbi ts .  This  f ind ing  may be due,  in par t ,  to  
the  k n o w n  l ipogenic na tu re  of sucrose (23)  

w h e r e b y  increased a m o u n t s  of  t r ig lycer ides  
would  be i nco rpo ra t ed  in to  the  serum V L D L  
(1 .006  g /ml)  f rac t ion .  In prev ious  studies,  
casein fed r abb i t s  have been  s h o w n  to secrete  
increased a m o u n t s  of  V L D L  (24)  which  is cho-  
les terol-r ich (17) .  C o n s e q u e n t l y ,  the  c o m b i n a -  
t ion  of  casein and  sucrose in the  diet  might  be 
such  t ha t  increased a m o u n t s  of  choles tero l - r ich  
V L D L  are p roduced .  These  V L D L  may subse- 
quen t l y  be t r a n s f o r m e d  in to  choles tero l - r ich  
IDL via the  ac t ion  of  l i popro te in  lipase (25) .  
Also cons i s ten t  wi th  th is  m e c h a n i s m  is the  ob-  
servat ion t ha t  casein fed r abb i t  livers con ta in  
lower  c o n c e n t r a t i o n s  o f  phospol ip ids ,  which  
may be the  resul t  of  increased hepa t i c  d e m a n d  
for  this  polar  lipid in VLDL s y n t h e t i c  processes.  
F u r t h e r  s tudies  on  th is  aspect  would  be mos t  
in teres t ing .  

Resul ts  f rom the  feeding of  the  soy p ro t e in  
isolate-based diets  verif ied t he  h y p o c h o l e s t e r o -  
lemic ef fec t  of  th is  p ro te in  in the  r abb i t  as well 
(18) .  Reasons  for  this  ef fec t  have  been  reviewed 
by Sugano  (26) .  Brief ly,  in soy p ro t e in  fed rab- 
bits,  cho les te ro l  d y n a m i c s  appea r  to  be sh i f ted  
in the  d i rec t ion  of  a lowered choles te ro l  poo l  
size in b o t h  t he  p lasma and  tissues. The  cont r i -  
b u t i o n  of  sucrose in p roduc ing  e levat ions  in 
serum choles te ro l  when  fed as par t  of  the  soy 
p ro te in  based diet  (SS) appears  to  be min imal .  
Some  small  d i f ferences  be tween  the  SD and  SS 
die ts  were appa ren t ,  however ,  The  e leva t ion  o f  
serum tr iglyceride c o n c e n t r a t i o n s  on  days  17 
and  52 in the  case of  the  SS die t  fed r abb i t s  
once  again po in t s  to the  l ipogenic  na ture  of  this  
sugar. When the  SD diet was fed,  it is unc lear  
why  lower  liver cho les te ry l  ester  c o n c e n t r a t i o n s  
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were observed: however. 
N o  significant differences were seen in the 

distribution of cholesterol due to dietary carbo- 
hydrate type in the soy protein fed animals. 
Generally soy protein feeding caused signif- 
icantly more cholesterol to be found in the IDL 
fraction but not in the LDL fraction as in the 
casein fed case. A possible reason for this find- 
ing is the presence of normal, functional endog- 
enous lipoprotein receptors in the soy protein 
fed rabbit liver. Further studies are needed to 
clarify this possibility. 

The calculation of HDL cholesterol/LDL 
cholesterol has been reported as a useful indica- 
tor of risk for atherosclerosis in man (27). In 
the present study, this ratio was markedly re- 
duced in both casein fed rabbit groups when 
compared with their soy-protein counterparts 
or chow fed animals. It may therefore be a use- 
ful indicator in assessing the atherogenicity of 
the diets used. 

When absolute levels of LDL and HDL cho- 
lesterol are considered, the findings are less 
distinct. In the case of CS diet fed rabbits, in- 
creases of both LDL and HDL cholesterol 
occurred; in the CD diet fed animals, only LDL 
cholesterol was elevated. Although a causal rela- 
tionship between LDL levels and coronary heart 
disease has been well established, no animal or 
human studies have yet shown that raising the 
concentration of HDL will prevent coronary 
disease, The effect of hypercholesterolemia and 
increased LDL cholesterol concentrations might 
indeed override any beneficial effect of moder- 
ate HDL cholesterol elevations in the CS dietary 
case. 

In the soy-protein fed group absolute 
amounts of HDL cholesterol were the lowest 
among rabbits fed any of the diets in this study. 
Low levels of HDL cholesterol, however, may 
not  necessarily indicate higher atherogenic risk. 
Epidemiological studies among African and 
Asian populations have observed low levels of 
total plasma cholesterol, LDL cholesterol and 
HDL cholesterol along with a low incidence of 
coronary heart disease and atherosclerosis (28). 
It may be that the lower levels of total plasma 
cholesterol or LDL cholesterol are once again 
important  determinants of risk in this regard. 
In either case, however, the use of HDL clioles- 
terol/LDL cholesterol values still appears to be 
a useful index of risk for atherosclerosis. 

Finally, it should be noted that discrepancies 
among other workers exist in the reported dis, 
tr ibutions of cholesterol among lipoprotein 
fractions in rabbits fed casein or soy protein 
containing diets. Terpstra et al. (29) have shown 
that in some rabbits an LDL band within the 
range of IDL as defined for humans (1.006-1.019 

g/ml) is seen. Thus, the possibility has been 
raised that individual rabbits may differ in their 
response to the feeding of semi-purified diets. 
Roberts et al. (30) reported that the increase of 
serum cholesterol in casein fed rabbits was 
mostly due to increased levels in the IDL frac- 
tion. 

Other workers (29,31,32) have observed 
higher levels of cholesterol in the LDL fractions 
compared with the IDL as reported in the pres- 
ent work. Ross et al. (17) found a similar distri- 
bution but with an increased amount  of choles- 
terol in the VLDL fraction as well. Although 
the lipoprotein isolation technique used in the 
present study was essentially that used by Ross 
et al. (17), it should be noted that these workers 
used a diet containing 63.2% sucrose with no 
fiber. This additional amount of dietary sucrose 
may have accounted for the higher distribution 
o f  serum cholesterol in the VLDL by the pro- 
duction of greater amounts of cholesteryl-rich 
lipoproteins within this density class. 

Further studies designed to assess the contri- 
bution of semi-purified diets in the development 
of hypercholesterolemia and atherogenesis in 
the rabbit should consider the individual re- 
sponses o f  the  rabbit to these types of diets. It 
is also felt, however, that experiments in which 
the effect of a specific non-protein dietary com- 
ponent is being evaluated for its ability to pro- 
duce hypercholesterolemia in the rabbit should 
avoid casein as a sole protein source. 
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Inhibition of Fatty Acid Synthesis in Isolated Adipocytes by 
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ABSTRACT 

The compound 5-(tetradecyloxy)-2-furoic acid (TOFA), a hypolipidemic agent, inhibits fatty acid 
synthesis, lactate and pyruvate accumulation and CO 2 release in isolated rat adipocytes. TOFA stimu- 
lates the accumulation of citrate. ATPlevels are not lowered by TOFA. In comparison with the natural 
fatty acid, oleate, TOFA exhibited a much greater inhibitory effect on lipogenesis. TOFyI-CoA forma- 
tion within intact adipocytes was demonstrated. Although not inhibited by TOFA, acetyl-CoA carbox- 
ylase is inhibited by TOFyI-CoA. It is proposed that many of the metabolic effects of TOFA in isolated 
adipocytes can be explained by TOFyl-CoA inhibition of acetyl-CoA carboxylase. TOFA inhibits 
glycolysis as a secondary event with the primary event of inhibition of fatty acid synthesis causing an 
accumulation of citrate which is an inhibitor of phosphofructokinase. 
Lipids 19:851-856, 1984. 

INTRODUCTION 

Fatty acid synthesis in both fiver and adipose 
tissue is knowri to be inhibited by various long 
chain fatty acids (1,2). The mechanism of this 
inhibition is through the action of the CoA 
esters of the fatty acids on acetyl-CoA carboxy- 
lase (3,4), which is generally considered the rate 
limiting enzyme in fatty acid synthesis. The de- 
gree of inhibition varies depending on the partic- 
ular fatty acid (2). It has been demonstrated 
that 5-(tetradecyloxy)-2-furoic acid (TOFA or 
MDL 14,514) inhibits lipogenesis both in vivo 
and in isolated hepatocytes (5-8). This com- 
pound is structurally very similar to long chain 
fatty acids (9). The inhibition of fatty acid 
synthesis was shown to be through TOFyl-CoA, 
the CoA derivative of TOFA (8,9), and it is 
TOFyl-CoA, not TOFA, that has been demon- 
strated to inhibit acetyl-CoA carboxylase to a 
greater extent than oleyl CoA (9). 

There is an observed decrease in glycolytic 
activity in hepatocytes treated with TOFA (8). 
The concentrations of glucose-6-phosphate 
and fructose-6-phosphate are increased while 
the levels of pyruvate, fructose-1,6-diphosphate 
and lactate are shown to decrease. This indi- 
cates an inhibitory action on the enzyme phos- 
phofructokinase. A possible explanation for 
this observation is that the increased citrate 
concentration seen in TOFA treated cells causes 
the inhibition of phosphofructokinase. 

It is well-established that a number of long- 
chain fatty acids inhibit adipose tissue acetyl- 
CoA carboxylase (10,11). Therefore, because 
of the similarity of TOFA to a long-chain fatty 
acid, we examined the metabolic effects of 

*To w h o m  correspondence should be addressed .  

TOFA on adipocytes isolated from rat epidid- 
ymal fat pads. The mechanism of action of 
TOFA in adipocytes will be compared with 
that observed in hepatocytes. A preliminary 
report of the work has been presented previ- 
ously (12). 

MATERIALS AND METHODS 

Adipocytes were isolated between 10:00 and 
11:00 a.m. from the epididymal fat pads of "ad 
l ibitum" fed male Sprague-Dawley rats (150- 
220 g) by the method of Rodbell (13). Incuba- 
tions were carried out in 20 ml plastic incubation 
vials in a shaking water bath at 37 C under 95% 
02/5% CO2 atmosphere. The cells were sus- 
pended in a final volume of 2.0 ml in a reduced 
Ca 2+ (1.3 mM) Krebs-Henseleit buffer (pH 7.4) 
with 2.0% bovine serum albumin (Fraction V, 
Sigma Chemical Co., charcoal treated and dia- 
lyzed), 3.0 mM glucose, 0.04 ml insulin (0.1 
mg/ml) and 0.05 ml bacitracin (1.0 mg/ml). Ali- 
quots of TOFA dissolved in acetone were added 
to the incubation vials and allowed to dry before 
preincubation with the buffer/bovine serum 
albumin mixture, a procedure described by 
Panek et al. (7) which causes all of the" TOFA 
to be dissolved. 

Fatty acid synthesis was measured by the 
incorporation of 3H20 (0.5 mCi/ml) in to  fatty 
acids. The cells were terminated by the addition 
of 0.1 ml 60% HC104 and extracted twice for  
total lipids with 2:1 methanol-chloroform at 5 C 
for 24 hr as described by Kates (14). Further 
extraction of the samples was according to 
Harris (15). The fatty acid synthesis rate was 
determined as described by Jungas (16). 

14CO release was determined by the method 2 
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of Crabb and Harris (17) using [U-14C]glucose 
(0.25/aCi/ml) in the incubation. Metabolites 
were measured in KOH-neutralized HCIO4 ex- 
tracts  o f  cell preparations. The assays were con- 
ducted spectrophotometrically by enzymatic 
methods according to Hohorst et al. (18) for 
lactate and pyruvate, Mollering and Gruber (19) 
for citrate and Lamprecht and Trautschold (20) 
for ATP. 

For the measurement of the formation of 
TOFyI-CoA, the isolated adipocytes were incu- 
bated for 90 rain with or without TOFA and 
then 2 different methods were used to confirm 
the presence of TOFyI-CoA. With one proce- 
dure at the end of the incubation period the 
cells were washed 3 times with fresh buffer 
terminated with 2:1 methanol-chloroform, and 
extracted for 24 hr at 5 C. TOFyI-CoA was 
assayed spectrophotometrically as described by 
Harris and McCune (9). The second method of 
identification of TOFyI-CoA was by the basic 
procedure of McGee and Spector (2). The sam- 
ple obtained was chromatographed on Silica 
Gel G thin layer plates in petroleum ether/ether/  
acetic Acid (70/30/1, v/v/v). After ah- drying, 
the silica gel in a band 0.5 cm on either side of 
the origin was scraped into screw cap test tubes 
and then incubated with 5 ml 0.3N NaOH in 
90% methanol for 30 min at 73 C to hydrolyze 
any TOFyI-CoA. The samples were cooled, 0.5 
ml 5 N HC! added, and then extracted 3 times 
with 5 ml aliquots of  petroleum ether. The 
combined extracts were taken to dryness under 
N2 and then taken up in a small volume of ace- 
tone and chromatographed as described above 
with TOFA, oleate and palmitate standards. 
After air drying, the plate was sprayed with 
dilute H2SO4 and heated to detect the fatty 
acids. Under these conditions oleate or palmi- 
tate exhibit an R F of 0.69 while TOFA has an 
RF of 0.45 and all CoA esters of these com- 
pounds remain at the origin. 

Radioactive compounds were obtained 
from Research Products Int. Type II collagen- 
ase, other enzymes, and most biochemicals 
were obtained from Sigma Chemical Co. TOFA 
(MDL 14,514) was a gift from Merrell Dow 
Pharmaceuticals, Inc. (Cincinnati, Ohio). 

R ESU LTS 

Effect of TOFA on the Fatty Acid Synthesis Rate 

TOFA inhibits fatty acid synthesis in isolated 
adipocytes. This inhibition was observed in cell 
suspensions incubated with TOFA concentra- 
tions ranging from 5-250/aM (Fig. 1). This con- 
centration-dependent effect was nearly maximal 
at 50/aM. Further inhibition of fatty acid syn- 
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FIG. 1. Inhibition of fatty acid synthesis of adipo- 
cytes prepared from male rat epididymal fat pads as a 
function of TOFA concentration. Incubations were 
conducted with 50 mg. wet wt. of adipocytes/ml. In- 
sulin and bacitracin were present in all incubations. 
Tritiated water was added after 30 min of incubation. 
Incorporation of 3H20 into fatty acids was deter- 
mined after an additional 60 rain of incubation. A rep- 
resentative experiment is presented which was repro- 
duced with another preparation of adipocytes. 

thesis by higher concentrations of TOFA 
seemed to be minimal. 

The presence of insulin had no significant 
effect on the inhibition of lipogensis observed 
in cells incubated with TOFA (Table 1). The 
inhibitory effect was substantial in both cases. 
TOFA had a much greater inhibitory capacity 
than the naturally occurring fatty acid oleate. 
Adipocytesincubated with 50/aM TOFA showed 
a 62% decrease of fatty acid synthesis, while 
cells incubated with 100 /aM oleate exhibited 
no significant decrease in lipogenic rate (Table 
1). Cells incubated with 500/aM TOFA showed 
an 81% inhibition, while 500/aM oleate reduced 
lipogenesis by only 23%. These levels of inhibi- 
t ion  by T O F A  are in agreement with studies 
using hepatocytes (8). 

Effects of TOFA on Cellular Processes 
and Metabolite Concentrations 

T h e  effects TOFA had on cellular processes 
and metabolite concentrations present in the 
adipocyte are shown in Table 2. Cells incubated 
with 50/aM TOFA were observed to show a sig- 
nificant decrease in the amount of ~4CO2 re- 
leased and fatty acid synthesis. The concentra- 
tion of pyruvate present in cells incubated with 
TOFA also was shown to decrease significantly 
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TOFA EFFECTS IN ADIPOCYTES 

TABLE I 

The Comparative Inhibition of Lipogenesis 
in Isolated Adipocytes by TOFA and Oleate 

853 

Rate of  Fatty Acid Synthesis 
(#Moles/min/mg dry wt.) 

Additions Basal rate (no insulin) + Insulin 

None 0.029 -+ 0.007 0.232 t 0.027 

TOFA 
(50/JM) 0.005 *- 0.002* 0.066 -+ 0.008* 

TOFA 
(500/.LM) 0.002 • 0.001 * 0.022 -t 0.009* 

Oleate 
(100p.M) - 0.225 t 0.030 

Oleate 
(500/zM) -- 0.186 • 0.024* 

Note: Adipocytes (60-100 mg dry wt/ml)  were pre-incubated 30 rain with each agent at 
37 C prior to introduction of the a H20 radiolabel. Incubation period with 3 H20 lasted 60 
min. Shown are mean -+ SEM for 3 experiments. 

*Values significantly different by Student's t test for paired samples from the same con- 
ditions without drug, P<0.05. 

TABLE 2 

The Effect of  TOFA on Metabolite Concentrations 
and CO 2 Release in Isolated Adipocytes 

Process or TOFA 
metabolite Con trol 50/.tM 

14CO2 Release a 6463 • 257 2824 +- 702* 
Pyruvate b 1.02 • 0.10 0.81 +- 0.06* 
Lactate b 5.52 -+ 2.78 4.58 • 1.86 
ATP b 0.24 _+ 0.06 0.21 • 0.03 
Citrate b 0.22 -+ 0.03 0.28 +- 0.02* 

whi le  t he  c i t ra te  c o n c e n t r a t i o n  was  s h o w n  to 
increase  s ign i f ican t ly .  These  o b s e r v a t i o n s  corre-  
late w i th  t hose  m a d e  in T O F A - t r e a t e d  h e p a t o -  
cy t e s  (8) .  Lac t a t e  c o n c e n t r a t i o n s  were  l ow ered ,  
b u t  no t  s ign i f ican t ly .  ATP c o n c e n t r a t i o n  was  
n o t  a l te red  in a d i p o c y t e s  i n c u b a t e d  in t he  pres-  
ence  o f  T O F A .  As  the  T O F A  c o n c e n t r a t i o n  
p re sen t  du r ing  the  i n c u b a t i o n  inc reased ,  the  
m e t a b o l i c  e f fec t s  o n  the  cells were  m o r e  dra-  
ma t i c  (Fig.  2). 

In a t ime  s t u d y  o f  these  e f fec t s  ( F i g . ' 3 A ,  
B,C),  cells i n c u b a t e d  wi th  T O F A  s h o w e d  a 
rapid  e f fec t  (as early as 1 5 m i n )  o n  l ow er i ng  the  
ra te  o f  f a t ty  acid s y n t h e s i s  in cell s u s p e n s i o n s  

Note: Adipocytes (75-100 mg dry w't/ml) were preincubated for 30 rain in the presence 
of  insulin and bacitracin at 37 C. After another 60 min of  incubation, the samples for metab- 
olites and CO 2 release were taken as described in Materials and Methods. Results are ex- 
pressed as means ~: SEM for 3 preparations of  adipocytes. 

aRelease expressed as counts per minute. 
bAll metabolites measured as nmoles per mg dry wt of cells. 
*Values significantly different by student's t test for paired samples from the same con- 

ditions without drug, p<0.05. 

t e r m i n a t e d  at va r ious  t imes .  H o w e v e r ,  the  p y r u -  
vate  c o n c e n t r a t i o n  was  obse rved  to  increase  
ini t ia l ly ,  s tabi l ize,  and then  decrease  while ,  
s i m u l t a n e o u s l y ,  the  c i t ra te  c o n c e n t r a t i o n  re- 
m a i n e d  s table  and  increased  a f te r  45 rain o f  
i n c u b a t i o n .  A s imi lar  t ime  cour se  and  change  in 
m e t a b o l i c  c o n c e n t r a t i o n s  o c c u r  in h e p a t o c y t e s  
( M c C u n e - u n p u b l i s h e d  o b s e r v a t i o n s ) .  

Formation of TOFyI-CoA 

T h e  p r o p o s e d  ac t i on  o n  l ipogenes is  is t h r o u g h  
the  inh ib i t i on  o f  ace ty l -CoA c a r b o x y l a s e  by  the  
C o A  der ivat ive  o f  T O F A .  T w o  lines o f  ev idence  
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FIG. 2. Effects of increased concentrations of 
TOFA on fatty acid synthesis and metabolite concen- 
trations. Adipocytes (80-100 mg dry wt/ml) were pre- 
incubated for 30 min. Insulin and bacitracin were 
present in all incubations. Control cells were not  incu- 
bated in the presence of TOFA, but experimental cells 
were incubated in the presence of various levels of 
TOFA. 3 H20 was added after the pre-incubation period 
of 30 min, and rates of fatty acid synthesis ( ~  were 
calculated by 3H20 incorporation into fatty acids 
after an additional 60 min of incubation. Citrate (�9 
pyruvate (e) and ~4CO2 (o) release were determined 
as described in Materials and Methods. Results are 
shown as mean -+ SEM for 3 experiments. 
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FIG. 3. Changes (with respect to time) in fatty acid 
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synthesis, citrate and pyruvate levels in adipocytes 
treated with 50 /~M TOFA. Adipocytes (85 mg dry 
wt/ml) were incubated in the presence of insulin and 
bacitracin for up to 90 min. 3H20 was added at zero 
time for determination of fatty acid synthesis. Control 
incubations-(e);  TOFA-treated cells-(<>). Results 
shown here are data from a representative experiment 
which was reproduced with 2 other preparations of 
adipocytes. 

ind ica te  t h a t  TOFyI -CoA is fo rmed  in t he  adi- 
pocy te .  The  CoA ester  of  T O F A  has  a d i s t inc t ive  
spec t rum (9)  con ta in ing  2 peaks,  one  at  259  n m  
(e mM = 14.3),  wh ich  co r r e s ponds  to t he  ade- 
n ine  m o i e t y  of  the  CoA p o r t i o n  of  t he  mole-  
cule,  and the  o t h e r  at 326 n m  (e mM = 17.2),  
wh ich  co r re sponds  to  the  shif t  caused in the  
a b s o r b a n c e  m a x i m u m  of  T O F A  as a resul t  of  
f o r m a t i o n  of  the  th io l  ester  bond .  T he  2:1 
m e t h a n o l - c h l o r o f o r m  ex t rac t s  of  cells incu- 
b a t e d  wi th  T O F A  were measu red  s p e c t r o p h o t o -  
met r ica l ly  against  ex t r ac t s  of  n o n - T O F A  t r ea t ed  
cells. The  spec t rum observed  c o n t a i n e d  2 ab-  
so rbance  peaks.  The  first  peak  was observed  at 

259  rim, while  t he  second peak  had  m a x i m u m  
a b s o r b a n c e  at  326 nm,  which  ind ica ted  the  
f o r m a t i o n  of  TOFy l -CoA in a d i p o c y t e s  incu-  
b a t e d  wi th  T O F A  (data  no t  shown) .  Using t he  
mola r  e x t i n c t i o n  coeff ic ient  for  TOFyl -CoA,  
t he  c o n c e n t r a t i o n  o f  TOFy l -CoA fo rmed  by  t he  
cells was 1.03 nM per mg  dry  weight  of  ad ipo-  
cytes  p resen t  dur ing  the  i ncuba t i on .  Th in  layer  
c h r o m a t o g r a p h y  (TLC)  also d e m o n s t r a t e d  t h a t  
ex t r ac t s  isolated f rom ceils i n c u b a t e d  wi th  
T O F A  fo rm a CoA ester  o f  T O F A ,  because 
w h e n  the  mater ia l  t a k e n  f rom the  origin of  t he  
first  t h in  layer  plate  is h y d r o l y z e d  wi th  sod ium 
h y d r o x i d e ,  T O F A  appears  o n  the  second  p la te  
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only in samples obtained from cells which were 
incubated with TOFA (zero time controls with 
TOFA do not exhibit a TOFA band with the 
second thin layer). 

DISCUSSION 

In this study, we show that TOFA inhibits 
fatty acid synthesis in isolated adipocytes in a 
concentration-dependent manner, with near 
maximal inhibition occurring at 50 #M. This 
inhibition is not significantly altered by the 
presence of  insulin. TOFA has been shown to 
be a more potent inhibitor of fatty acid synthe- 
sis than the naturally occurring fatty acid, 
oleate. Reasons for this difference may be that 
TOFyl-CoA has greater binding to acetyl-CoA 
carboxylase than oleyl-CoA, or TOFA is more 
readily esterified to the CoA form or less easily 
oxidized than is oleate. A further explanation 
may be that TOFA and/or TOFyl-CoA may not 
be sequestered as readily by the fatty acid bind- 
ing protein (21). 

Other significant metabolic changes were 
observed in adipocytes incubated with TOFA. 
There was a small but significant rise in the con- 
centration of citrate. This would be expected 
if acetyl-CoA carboxylase was inhibited by 
TOFyl-CoA. The citrate increase may cause a 
decrease in the glycolytic rate through an inhi- 
bition of phosphofructokinase (22). Criticism 
of this idea may be that the increase in the ci- 
trate concentration is not large enough to inhibit 
glycolysis at phosphofructokinase. A study by 
Saggerson and Greenbaum (23) showed that 
adipocytes incubated with insulin and epineph- 
rine showed a 480% increase in cellular citrate 
concentration but no inhibition of phospho- 
fructokinase. However, addition of oleate to 
the mixture did cause some inhibition, and they 
concluded that the citrate was compartmental- 
ized within the cell, probably in the mitocon- 
drion. McCune and Harris (8) observed an in- 
creased flux of citrate from the mitochondria 
of isolated hepatocytes incubated with TOFA 
which probably also occurs in adipocytes. 
Therefore, TOFA added to adipocytes not only 
inhibits acetyl-CoA carboxylase which causes 
increased citrate levels, but probably inhibits 
phosphofructokinase by causing a large enough 
efflux of citrate from the mitocondria to attain 
the threshold necessary for the inhibition of 
this enzyme. 

The time study concerning the effect of 
TOFA on the glycolytic activity gave further 
evidence concerning a crossover at the point of 
phosphofructokinase. It seems that there is an 
immediate effect by TOFA on fatty acid syn- 
thesis but the effects observed on the pyruvate 
and citrate concentration show a definite lag 

period between the early and later incubation 
times. It may be that citrate is required to reach 
a certain concentration before the effects on 
the glycolytic pathway can be observed. Further 
support for the inhibition of glycolysis is the in- 
hibition of 14CO2 release, which was observed 
in cells incubated with TOFA. An inhibition of 
14CO2 release of 56% was observed in adipo- 
cytes incubated with 5 0 #M TOFA. 

It has been shown that the CoA ester of 
TOFA will inhibit acetyl-CoA carboxylase puri- 
fied from isolated hepatocytes (9). TOFA itself 
has no inhibitory effect on the enzyme. The 
presence of TOFyl-CoA in rat adipocytes incu- 
bated with TOFA, indicated by our spectre- 
photometric and chromatographic findings, 
suggests that the inhibition of fatty acid synthe- 
sis by TOFA is mediated through a CoA deriva- 
tive in these cells. Thus, the inhibition of lipo- 
genesis in adipocytes has characteristics of the 
inhibition that has been observed in hepatocytes 
(8,9). 
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Lung Surfactant Phospholipids in Different Animal Species 
SUE A. SHELLEY,* JUNE E. PAGIGA and JOHN U. BALLS, Department of  Pathology, 
University of  South Florida Medical Center, and James A. Haley Veterans Administration 
Hospital, Tampa, FL 33612 

ABSTRACT 

A comparative study of adult mammalian lung surfactants was undertaken to determine which 
animal species might serve as appropriate models for surfactant alterations in human lung diseases. 
Phosphatidylcholine (PC) comprised 80-87% of the phospholipid and contained more than 65% 
palmitic acid in all species studied. Phosphatidylglycerol (PG) was found to vary significantly in fatty 
acid composition among the species. Rabbit, dog and rat surfactant PG contained 50-60% palmitic 
acid, while human and cat surfaetant contained much lower levels of saturated fatty acids. Both the 
PC and PG of all species contained 2 positional isomers of fatty acids with 16 carbons and one double 
bond, but the relative amounts of the unusual isomer, 16:1&7, and palmitoleic acid, 16:1&9, varied 
among the different animal species. Only cat and dog surfactant phospholipids contained 18:1A5. Cat 
surfactant phospholipids also differed by the absence of 20:4 and the presence of small amounts of 
several 20- and 22-carbon fatty acids. These results explain some discrepancies found in the literature 
concerning surfactant composition and delineate limiting factors in extrapolating results from animal 
studies for the evaluation of maturation and pathological alterations in human surfactant. 
Lipids 19:857-862, 1984. 

INTRODUCTION 

Lung surfactant has been investigated exten- 
sively since its discovery was reported by Pattie 
(1), its characteristic surface properties demon- 
strated by Clements (2), and its deficiency in 
infants with hyaline membrane disease (HMD) 
described by Avery and Mead (3). Animal 
models have been used to s tudy the pathophysi-  
e legy and treatment  of surfactant deficiency on 
the assumption that this material is essentially 
identical in various species. Many reports of  
phospholipids in lung tissue, lung washings and 
type II ceils from various species can be found 
in the l i terature and have been summarized in a 
recent review article (4). The phosphollpid 
composit ion of purified surfactant fractions 
also has been reported for a number of  species 
(5). However, in most cases only a single species 
has been studied carefully by each group of 
workers, using quite different methods for iso- 
lating and analyzing the surfactant. During the 
course of  our study with human surfactant (6) 
we have conducted a systematic,  comparative 
analysis o f  mammalian lung surfactants to 
determine whether characteristic composit ional  
differences exist, thereby defining limiting fac- 
tors of animal models used to investigate 
human lung disease. Our results clearly show 
differences in the phospholipid composit ion,  as 
well as the fa t ty  acid compositions of both  
phosphatidylcholine (PC) and phosphatidyl- 
glycerol (PG), among various animal species. A 
portion of this work has been published in 
abstract form (7). 

* To whom correspondence should be addressed. 

M ETH 0 DS 

Human lung tissue was obtained from 
pneumonectomy or lobectomy specimens as de- 
scribed previously (6). Lungs were taken from 
6-7 individual dogs ,  cats and rabbits,  and 7 
groups of 10 rats. In addit ion,  selected studies 
were performed using one group of 6 hamster 
lungs, and 2 bovine and porcine lungs. Using 
identical techniques, surfactant was isolated 
from minced lung tissues (8) by repetitive 
centrifugation on discontinuous sodium bro- 
mide density gradients as previously described 
(9). The visible, white particulate band of  sur- 
factant,  located at a density of  about 1.085 at 
4 C, was removed and used for biochemical 
analyses of the phospholipids. 

Lipids were extracted from the purified 
surfactants with chloroform/methanol  (2:1, 
v/v) (10), and the total  phospholipid content  
was determined by measuring the phosphorus 
content after digestion of the lipids w i t h  
perchloric acid (11). The amount  of  phospho- 
lipid present was calculated on the assumption 
that the phospholipids contain an average of 
4% phosphorus. Phospholipid classes were 
separated by two dimensional thin layer chro- 
matography (TLC) on silica gel G plates using a 
basic solvent in the first dimension, chloroform/ 
methanol/58% ammonium hydroxide (90:30:6,  
v/v/v) and an acidic solvent, chloroform/meth-  
anol/acetone/acetic acid/water (60:15:20:10:4 ,  
v/v/v/v/v) in the second dimension. The amount  
of each phosphol ipid  present was determined 
using the method of Vaskovsky et al. (12) after 
spraying the TLC plates with 50% sulfuric acid 
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and charring. Disaturated PC (DSPC) was sepa- 
rated f rom the total  lipid extract  fol lowing 
react ion with osmium te t roxide  using an 
alumina co lumn and quant i ta ted  using an 
enzymat ic  me thod  (13). No o ther  phospho- 
lipids were detected in the  DSPC extracts  of  
purified surfactants evaluated in the TLC sys- 
tem described above. For  fa t ty  acid analysis, 
the  TLC plates were sprayed with Rhodamine  
6G, 0.01% in water,  the PC and PG spots were 
de tec ted  under  ultraviolet  light, and then 
scraped f rom the plate. Fa t ty  acid methy l  esters 
were prepared by t ransmethyla t ion  (14) and 
quant i ta ted  by gas liquid chromatography  
(GLC) on a 10% EGSS-X column.  The ident i ty  
of  unusual odd-numbered  fa t ty  acids was con- 
f i rmed by GLC fol lowing catalyt ic  hydrogena-  
tion. Fur ther  gas liquid chromatographic  
studies were carried ou t  using a 50 mete r  Silar 
10C glass capillary column.  

The posi t ion o f  the double  bond in an un- 
usual 16:1 fa t ty  acid was de termined  using dog 
lung surfactant.  Hexadecenoic  acid methy l  
esters were isolated by preparative GLC on a 
10% EGSS-X co lumn using a 10:1 pos t -detec tor  
splitter. Fol lowing ozonolysis  and reductive 
cleavage with t r iphenylphosphine  (15), the 
aldehydes and a ldehyde  esters were separated 
and identif ied by GLC on the Silar 10C capil- 
lary column.  

R ESU LTS 

As expected ,  PC was the most  abundant  

phospholipid in all species and comprised f rom 
80 to 87% of the  total  phospholipid (Table 1). 
Cat and rat surfactants conta ined significantly 
more PC (p < 0.05) than did human and dog 
surfactants.  The average DSPC conten t  of  sur- 
factants ranged f rom 53% of  the  total  phospho-  
lipid in rat to 63% in cat. The PG conten t  of  cat 
surfactant  varied f rom 1 to 5% of  the total  
phospholipid,  much  less than that  of  all o ther  
species studied. This can be best appreciated 
f rom the PC/PG ratios shown in Table 1. Pre- 
l iminary studies with surfactant  purified f rom 
hamster,  porcine and bovine lungs indicated 
that  surfactant  from these species did not  differ 
f rom human surfactant  in ei ther PC or PG 
content .  

Significant differences were found in the 
fa t ty  acid composi t ions  of  both  PC and PG 
(Tables 2 and 3). Both cat and dog surfactants  
conta ined less palmitic acid ( 1 6 : 0 ) a n d  more 
oleic acid (18:1)  in the PC than did human 
surfactant .  In addi t ion,  cat surfactant  PC con- 
tained less palmitoleic  acid (16 :1)  than did 
human.  Rabbi t  and rat surfactant  PC did no t  
differ  from human in palmit ic  acid content ,  but  
differed in the conten ts  of  palmitoleic  and the 
18-carbon fa t ty  acids. No 2 animal  species were 
identical,  and only rat surfactant  conta ined as 
many  saturated fa t ty  acids in PC as did human 
surfactant .  

PG fat ty  acid con ten t  varied even more  
greatly among the species than that  of  PC. 
The  PG of human surfactant  conta ined signifi- 

TABLE 1 

Surfactant Phospholipid Distribution-Per cent of Total Phospholipid (Mean t SE, n = 6) 

Phospholipids Human Cat Dog Rabbit Rat 

Phosphatidylcholine 80.5 86.3 a 81.3 83.6 87.0 a 
(-+ l.a) (-+1.7) (• (-+0.8) (-+0.8) 

Phosphatidylglycerol 9.1 2.1 a 11.1 8.0 8.3 
(-+0.4) (-+0.7) (-+ 1.1) (+-0.5) (-+0.4) 

Phospha tidylethanolamine 2.3 3.2 2.0 3.5 0.7 
(-+0.8) (+-0.8) (+-0.6) (-+0.4) (-+0.2) 

All other phospholipids b 8.1 8.4 5.6 a 4.9 a 4.0 a 
(+0.61 (-+ 1.0) (-+0.3)  (-*0.6) (-+0.9) 

Diaaturated Phosphatidylcholine X 100 68 73 Not 69 61 
Total Phosphatidylcholine (-+2) (-~S) Done (-+S) (-*3) 

Phosphatidylcholine 8.9 52.5 a 7.9 10.7 10.5 
Phosphatidylglycerol (-+0.5) (-+12.2) (+ 1.1) (-+0.7) (-+0.5) 

aSignificantly different from human surfactant with p < 0.05. 
blncludes sphingomyelin, phosphatidylinositol (PI), phosphatidylserine (PS) and lyso- 

bis-phosphatidie acid. These phospholipids were determined separately in some samples, and 
no differences were observed among the species. The amounts of PI ranged from 1.5-2.8% 
and PS from 0.2-0.9%, while the amounts of the others were more variable. 
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TABLE 2 

Fatty Acid Composition of Surfactant Phosphatidylcholine 
Fatty Acid Distribution-Per cent of Total Fatty Acids (Mean -+ SE) 
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Human Cat Dog Rabbit Rat 
N= 11 6 7 5 7 

Major fatty acids 
(>1.5% of total 
fatty acids) 

14:0 3.5 3.8 2.6 2.3 a 3.9 
(---0.3) (-+0.7) (sO.S) (+0.2) (20.3) 

16:0  73.1 65.7 a 6S.8 a 71.6 72.8 
(-+1.1) (-+0.7) (+-0.8) (-+1.8) (-+1.7) 

16:1 7.3 2.8 a "/.4 5.5 a 10.4 a 
(20.3) (+-0.2) (-+0.6) (-+0.7) (20.7) 

1 8 : 0  3.2 3.9 a 6.7 a 1.6 a 2.4 a 
(20.2) (-+0.2) (-+0.5) (-+0.1) (-+0.2) 

18:1  8.9 13.9 a 12.8 a 1 1.9 a 4.7 a 
(.+-0.5) (+-0.6) (20.6) (-+0.6) (20.3) 

1 8 : 2  2.0 3.0 1.8 5.7 a 3.7 a 
(20.4) (+-0.3) (-+0.2) (-+ 1.0) (-+0.5) 

Other fatty acids b 2.0 6.9 2.9 1.4 2.1 

Per cent saturated fatty acids 81.3 74.9 a 76.7 a 76.6 a 80.0 
(• 1.0) (-+1.0) (+0.9) (+-1.9) (-+1.8) 

Per cent monounsaturated fatty acids 16.2 18.2 20.4 a 17.7 15.1 
(-+0.7) (-+0.7) (-+0.7) (-+ 1.0) (• 1.0) 

Per cent polyunsaturated fatty acids 2.5 6.9 a 2.9 5.7 a 4.9 a 
(-+0.5) (• (-+0.6) (• (20.9) 

Total saturated fatty acids 

Total unsaturated fatty acids 
4.6 3.0 a 3.3 a 3.4 a 4.2 

(+-0.3) (-+0.2) (-+0.2) (_+0.4) (-+0.5) 

aSignificantly different from human surfactant with p < 0.05. 
blncludes from 0.1 to 1.2% of 15:0, 1"/:0 and 20:4. in addition, cat lung surfactant contained three 20- 

carbon and one 22-carbon unsaturated fatty acids in amounts ranging from 1.0 to 1.6% (see Hg. 1). Fhese fatty 
acids were present in trace amounts or were not detectable in other species. 

cant ly  less palmit ic  acid than all o the r  species 
(Table 3), and only  cat sur fac tan t  con ta ined  a 
similar low level o f  sa tura ted  fa t ty  acids in the  
PG. However ,  cat sur fac tan t  dif fered f rom 
human  surfac tant  in PG fa t ty  acid compos i t i on  
in tha t  it con ta ined  less palmitoleic ,  stearic 
(18:0)  and oleic acids, and more  palmitic,  
linoleic (18:2)  and o ther  unsa tura ted  fa t ty  
acids. 

Analysis o f  sur fac tan t  PC and PG fa t ty  acids 
by capillary GLC revealed addi t ional  differ-  
ences in unusual  posi t ional  i somers  of  m o n o u n -  
sa tura ted  fa t ty  acids (Fig. 1 ). Surfac tant  PC and 
PG in all species examined  con ta ined  at least 2 
posit ional  isomers of  f a t ty  acids wi th  16 car- 
bons  and one  double  bond .  One of  these  iso- 
mers is the  c o m m o n l y  found  palmitoleic  acid, 
16:1A9,  which is the  expec ted  p roduc t  o f  A9- 
desa tura t ion  of  palmit ic  acid. The o the r  i somer  
was ident i f ied by analysis o f  its ozonolys is  
p roduc t s  as 16:1A7. Human and rabbi t  sur- 

factant  PC conta ined  2-3 t imes more  palmitoleic  
acid than 16:1A7,  while in rat sur fac tant  PC 
the  two  16:1 isomers were approx ima te ly  equal  
in a m o u n t s  (Table 4). By contras t ,  cat and dog 
surfac tant  PC con ta ined  cons iderably  more  of  
the  unusual  16:1 isomer  than palmitoleic  acid. 
The specif ic i ty  of  this fa t ty  acid to the  sur- 
fac tant  sys tem was examined ,  using dog lung, 
by compar i son  of  the 1 6 : I A 9 / 1 6 : l A 7  ratio in 
surfactant  PC, total  dog lung PC and dog liver 
PC. We found that  while tota l  lung PC con- 
ta ined less hexadeceno ic  acids than  surfac tant  
PC (4.4% vs. 7.3%) the ratio of  1 6 : I A 9 / 1 6 : I A 7  
was the same. In liver PC only 1% of  the  fa t ty  
acids were hexadeceno ic  acids, and the  two  
isomers  were present  in equal amounts .  

Capillary GLC also al lowed quan t i t a t ion  of  
18:1A5 previously r epor ted  in dog surfac tant  
(16). This fa t ty  acid was found  only  in dog and 
cat surfactant  and was no t  de tec ted  in any 
o the r  species. In dog lung surfac tant  PC the  
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TABLE 3 

Fatty Acid Composition of Surfactant Phosphatidylglycerol 
Fatty Acid Distribution-Per cent of Total Fatty Acids (Mean +- SE) 

Human Cat Dog Rabbit Rat 
N= 9 4 6 5 7 

Major fatty acids 
(> I. 5% of to ta l  
fatty acids) 

Other fatty acids b 

16:0 22.2 36.0 a 54.5 a 50.5 a 58.9 a 
(+-1.2) (-+4.7) (+ 1.5) (+4.0) (+4.0) 

16:1  3.0 0.8 a 3.3 3.2 4.0 a 
(-+0.2) (+-0.1) (-+0.6) (+0.6) (+0.2) 

18:0 16.7 6.3 a 12.6 a 5.3 a 5.8 a 
(-+1.0) (-+1.2) (-+1.6) (-+0.2) (+-0.5) 

18:1 51.3 31.0 a 23.4 a 33.5 a 19.2 a 
(-+1.4) (-+2.4) (-+0.7) (-+1.5) (-+2.0) 

18:2 4.0 11.2 a 1.6 a 5.0 8.7 a 
(-+0.6) (-+2.1) (-+0.3) (+-0.7) (-+1.1) 

2.8 14.7 4.6 2.5 3.4 

Per cent saturated fatty acids 40.0 43.8 69.2 a 56.8 a 65.7 a 
(-+!.7) (-+4.0) (-+0.8) (-+3.5) (-+3.7) 

Per cent monounsaturated fatty acids 54.3 35.6 a 27.6 a 37.5 a 23.4 a 
(-'1.4) (-+2.5) (-+0.7) (-+3.6) (-+2.0) 

Per cent polyunsaturated fatty acids 5.7 20.6 a 3.2 5.7 10.9 a 
(-+0.8) (-+2.5) (t0.5) (-+0.4) (-+1.7) 

Total saturated fatty acids 

Total unsaturated fatty acids 
0.7 0.9 2.3 a 1.4 a 2.2 a 

(+-0.05) (-+0.15) (-+0.10) (-+0.28) (-+0.35) 

aSignificantly different from human surfactant with p < 0.05. 
bin all species except eat, other fatty acids includes from O. 1 to 1.4% 14:0, 15:0, 17:0, 20:4 and the same 22 

carbon unsaturated fatty acid (22:x) found in cat phosphatidylcholine. All of these fatty acids are present in cat 
surfactant phosphatidylglycerol, with the 22:x being 2.8% of the total fatty acids. In addition, the 20-carbon 
unsaturated fatty acids present in cat surfactant PC also are present in the PG in amounts ranging from 1.4 to 
3.8%. 

ratio of  18:1A9 (oleic acid) to 18:1A5 was 0.9, 
while in sur fac tant  PG it was 4.5. No 18:1A5 
was de tec ted  in dog liver PC. In cat lung sur- 
fac tant  PC the  ra t io  was 0.7 and in PG, 5.8. 

DISCUSSION 

Mammalian lung sur fac tants  conta in  large 
quant i t ies  o f  d ipa lmi toy lphospha t idy lcho l ine  
(DPPC), the major c o m p o n e n t  which allows 
generat ion of  the  low surfac~ tens ion (<9  mN/  
m)  found  in the  con t rac ted  lung (17). In the  
present  compara t ive  investigation we isolated 
surfac tant  f rom minced lung washings using 
t echn iques  which were identical  to those  re- 
por ted previously in a s tudy  of  human  surfac- 
rant  (6). Therefore ,  the  presen ted  data provide 
a basis for a meaningful  compar i son  with the  
human  surfac tant  system.  The sur fac tants  f rom 
all species con ta ined  a large a m o u n t  of  PC, wi th  
palmitic acid compris ing  at least 65% o f  the  
tota l  PC fa t ty  acids. In a previous s tudy  of  sur- 

fac tants  f rom h u m a n  n ew b o rn s  with or wi thou t  
HMD we found  tha t  a l though PC values show a 
broad variation, 65% palmit ic  acid in the  PC 
was the lowest  value cons i s ten t  with adequa te  
neonata l  lung func t ion  regardless of  gestat ional  
age (18). These results and the  PC fa t ty  acid 
compos i t ion  in d i f fe ren t  species suggest that ,  
while a m i n i mu m level o f  DPPC is required for 
normal  sur fac tant  funct ion ,  there  is no appar- 
ent  need  for an exact  metabol ic  con t ro l  of  each 
molecular  species of  PC. 

Al though  the role of  PG in sur fac tant  func- 
t ion is not  clearly establ ished,  our  results 
demons t r a t ed  that  high values of  disaturated 
PG are not  necessary. Rather ,  the  observed 
wide spec t rum of  PG fa t ty  acid compos i t ions  
suggests that  the  acidic head group may be of  
more  impor t ance  than  the  acyl chain composi-  
tion. 

The di f ferences  in sur fac tant  phosphol ip id  
fa t ty  acid compos i t ion  may ref lect  to some 
ex ten t  d i f ferences  in the metabol ic  pa thways  
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FIG. 1. Chromatograms of cat and human surfac- 
rant PC fatty acid methyl esters separated on Silar 10C 
glass capillary column. A, unusual monounsaturated 
16-carbon fatty acid, 16:1s Two additional peaks of 
16-carbon fatty acids can be seen clearly in the human 
surfactant chromatogram, one before A and the other 
after 16:1s These peaks are identified tentatively as 
16:iA5 and 16 : IAl l  on the basis of their relative 
retention times. B, 18:1A5; C, 20-carbon fatty acid 
methyl esters, and D, 22-carbon fatty acid methyl 
ester. Note the absence of arachidonic acid (20:4) in 
cat surfac 'tant PC. 
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FIG. 2. Diagrammatic representation of possible 
pathways for formation of monounsaturated fatty 
acids found in lung surfactant phospholipids. 

TABLE 4 

Hexadecem)ic Acids of Surfactant Phospholipids- 
Ratio of Palmitoleic Acid, 16 : 1 A9, to 16 : l A7 

Human Cat Dog Rabbit Rat 

Phosphatidylcholine 2.4 0.3 0.3 2.6 0.9 
Phosphatidylglycerol 6.8 0.3 0.4 7.0 Not 

Done 

and  the i r  regu la t ion  in d i f f e ren t  species. The  
presence  of  18:1 A5 suggests t he  ex is tence  of  a 
un ique  e n z y m a t i c  ac t iv i ty  in cat  and  dog lung 
(Fig. 2), since A5 fa t ty  acyl CoA desa turase  
normal ly  uses unsa tu r a t ed  fa t ty  acyl CoA as 
subs t ra t e  (19).  By con t ras t ,  variable a m o u n t s  of  
the  unusua l  16:1 i somer  are present  in all spe- 

cies s tudied .  This  f a t t y  acid does  n o t  a p p e a r  to  
be  specif ic  for  su r f ac t an t  bu t  is more  act ively  
i nco rpo ra t ed  in to  PC, as c o m p a r e d  to  PG, in 
h u m a n s  and  r abb i t s  t han  in cats and  dogs, 
where  the  ra t io  of  1 6 : I A 9 / 1 6 : I A 7  is the  same 
in b o t h  PC and  PG. The  presence  of  several un- 
usual  f a t ty  acids in cat  lung su r f ac t an t  also 
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is most  likely a ref lec t ion of  overall lipid 
metabol ic  pathways.  Cats, unlike the  o the r  
species s tudied,  are unable to synthes ize  arachi- 
donic  acid f rom linoleic acid (20) and appear  to  
use o the r  pa thways  result ing in the  fo rma t ion  
of  unusual  f a t ty  acids which are available for 
incorpora t ion  into sur fac tant  phosphol ip ids .  
These cons idera t ions  as well as the  di f ferences  
among  animal species in percentages  of  m o n o -  
unsa tura ted  and po lyunsa tu ra ted  fa t ty  acids 
and total sa tura ted to  unsa tura ted  fa t ty  acid 
rat ios  suggest that  a wide variety of  molecular  
species of  PC and PG are suitable for sur fac tan t  
phosphol ip ids ,  provided that  a cer tain mini- 
mum quan t i ty  o f  DPPC is mainta ined.  
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Peroxidation of Free and Esterified Fatty Acids by 
Horseradish Peroxidase 
CHARLES W. GARNER, Texas Tech University Health Sciences Center, 
Department of Biochemistry, Lubbock. TX 79430 

863 

ABSTRACT 

Linoleic and arachidonic acids and unsaturated esterified fatty acids of soybean leci~in liposomes 
were oxidized by horseradish peroxidase in the presence of hydrogen peroxide. The major products 
formed in the presence of oxygen were fatty acid hydroperoxides. In the absence of oxygen, other 
unidentified products were formed. Diene conjugation was about 5 times faster in oxygen than in 
nitrogen. Malondialdehyde was formed only in the presence of oxygen. Superoxide, singlet oxygen 
and hydroxyl radical may have been involved in the free fatty acid oxidation system but not in the 
liposome system. Replacement of hydrogen peroxide with the hydrogen peroxide (and superoxide) 
generators xanthine oxidase or galaetose oxidase caused a more efficient oxidation in the presence of 
peroxidase than in its absence, suggesting that the in vivo toxicity of hydrogen peroxide and superoxide 
may be greatly increased in the presence of peroxidase. 
Lipids 19:863-868, 1984. 

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

Lipid peroxidation proceeds through a free 
radical mechanism resulting in the formation of 
mainly fatty acid hydroperoxides but also lesser 
amounts of carbonyls and hydrocarbons. Many 
aspects of this process have been studied in de- 
tail and have been reviewed (1-6). Peroxidation 
of lipids is not entirely a deleterious event, since 
some normal processe s appear to involve lipid 
peroxides. These include prostaglandin syn- 
thesis (7), phagocytosis ( 8 ) a n d  aging (9). How- 
ever, it is clear that an uncontrolled peroxida- 
tive attack on a cell would result in its demise. 

The expiration of hydrocarbons demon- 
strates that lipid peroxidation occurs in vivo 
(10). However, many problems remain, such as 
determining how much peroxidation should be 
considered normal and beneficial, determining 
what are the roles of activated oxygen species 
(i.e. superoxide, hydrogen peroxide and hy- 
droxyl radical) and determining what enzyme 
systems are responsible for lipid peroxidation. 

In this report, it is shown that horseradish 
peroxidase catalyzes the peroxidation of fatty 
acids in the presence of very small amounts of 
hydrogen peroxide or superoxide. It is suggested 
that several important functions of peroxidases 
may be mediated through lipid peroxidation. 

MATE R IALS A N D  M E T H O D S  

Horseradish peroxidase type VI (donor: 
H202 oxidoreductase, EC 1.11.1.7), super- 
oxide dismutase Type I, xanthine oxidase 
Grade III, galactase oxidase Type V, mannitol,  
histidine, sodium taurodeoxychotate, soybean 
lecithin, dicetyl phosphate, cholesterol, thio- 

barbituric acid, diethylenetriaminepentacetic 
acid (DTPA) and EDTA were purchased from 
Sigma Chemical Co., St. Louis, Missouri. Arachi- 
donic and hnoleic acids were products of 
Nu Chek Prep, Inc., Elysian Field, Minnesota. 
Tetramethoxypropane was from Aldrich Chem- 
ical Co. Hydrogen peroxide and t-butyl alcohol 
were from products of MCB Reagents, Cincin- 
nati, Ohio. 2 ,6 -Di - t -bu ty l -4 -hydroxymethy l  
phenol was from K and K Rare and Fine Chem- 
icals, Plainview, New York. Thin layer plates 
were 20 • 20 cm glass plates with 200/~m layers 
of silica gel from Analtech, Newark, Delaware. 
Other reagents used were purchased from usual 
sources as the highest grade available. Glass dis- 
tilled deionized water was used in all solutions. 

Fatty acid solution. An optically clear 
solution of linoleic or arachidonic acid was pre- 
pared using taurodeoxycholate as solubizer. 
Fatty acid, 12 /~mol, was added to a test tube 
and the solvent was removed in a stream of 
nitrogen. Taurodeoxycholate, 5.5 ml of 55 mM, 
was added. The suspension was sonicated under 
nitrogen for 5 min until  optically clear. The 
solution was then increased in volume to 20 ml 
and contained in addition 0.45 M NaC1, 0.15 M 
potassium phosphate, pH 6.2, and 3 mM EDTA. 
The solution was then filtered through a nitro- 
cellulose filter, HAWP (Millipore). The solution 
could be stored at 4 C or at -20 C for a month 
with little oxidation. Reaction mixtures con- 
tained 0.2 ml of this solution in a final volume 
of 0.6 nil. Taurodeoxycholate was inhibitory at 
concentrations above 8 raM. 

Liposome solution. Liposomes were pre- 
pared by injecting a 1-ml ethanol solution of 
soybean lecithin, 5 /2mol; dicetyl phosphate, 
2.5 /~mol; and cholesterol, 2.5/1tool, into 50 ml 
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of bu f f e r  con ta in ing  0 .15 M NaCI, 1 mM E D T A  
and  0.05 M po tas s ium p h o s p h a t e  at  pH 7.2. 
The  f ina l  r eac t ion  m i x t u r e  of  0.6 ml  c o n t a i n e d  
0.1 ml  of  th is  so lu t ion  in t he  same buf fer .  T he  
l iposome  m i x t u r e  was s tored  f rozen.  No effec t  
o f  f reezing o f  l iposomes  o n  subs t r a t e  ac t iv i ty  
was n o t e d .  

Measurement of  diene conjugation. Diene  
con juga t ion  was measu red  f rom the  change  in 
a b s o r b a n c e  at  233 n m  in a B e c k m a n  Ac ta  M VI  
U V / V i s  S p e c t r o p h o t o m e t e r  at  35 C + 0.1 C. A n  
e x t i n c t i o n  coef f ic ien t  o f  25 ,000  M - l  cm -1 (11)  
was assumed.  

Thin layer chromatography of  fatty acid 
peroxides. A p p r o p r i a t e  r eac t ion  m i x t u r e s  were  
made  0.1 M in HC1 and  ex t r ac t ed  t w o  t imes  
w i th  5 ml  of  e thy l  e ther .  T he  e the r  layers  were 
c o m b i n e d  and  reduced  to dryness  u n d e r  a 
s t r eam of  n i t rogen .  The  r ema in ing  volat i le  sol- 
ven t s  were r emoved  in vacuo.  The  res idue was 
dissolved in 0.1 ml of  c h l o r o f o r m .  A l iquo t s  
con ta in ing  14 /ag of  f a t ty  acid were spo t t ed  
o n t o  the  c h r o m a t o g r a p h y  plate .  T he  pla te  
was deve loped  wi th  e t h e r : h e x a n e : a c e t i c  acid 

( 5 0 : 5 0 : 1 ,  v /v /v)  and  was s ta ined in iod ine  vapo r  
or  wi th  a s ta rch- iod ine  spray (12) .  

Malondialdehyde determination. Malondia l -  
d e h y d e  was measured  by  the  t h i o b a r b i t u r i c  acid 
p rocedu re  of  Dahle  et al. (13)  using t e t r a m e t h -  

o x y p r o p a n e  as a s t anda rd .  
Oxygen measurements. O x y g e n  c o n s u m p -  

t i on  was measured  w i t h  an  o x y g e n  e lec t rode  
(Yel low Springs I n s t r u m e n t  C o m p a n y ,  Inc . ,  
Yel low Springs,  Oh io )  in  a r e a c t i o n  m i x t u r e  of  
1.2 ml  using an  app rop r i a t e  recorder .  Absorp-  
t i o n  m e a s u r e m e n t s  m a d e  u n d e r  pure  oxygen  or  
n i t rogen  were m a d e  in an  ane rob i c  cuvet te .  

R ESU LTS 

Horserad ish  pe rox idase  ca ta lyzed  t he  pe rox-  
i da t ion  of  l inoleic and  a rach idon ic  acids. This  
cou ld  be fo l lowed b y  t h e  a b s o r b a n c e  change  at 
233 n m  due  to the  con juga t i on  of  doub le  bonds .  
As s h o w n  in Table  1, t he  r eac t i on  was depen-  
den t  o n  t he  p resence  o f  perox idase  and  h y d r o g e n  
peroxide .  The  r eac t i on  was i n h i b i t e d  by  a vari- 
e ty  of  a n t i o x i d a n t s  and  pe rox idase  subst ra tes .  
D e n a t u r a t i o n  of  the  e n z y m e  by hea t ing  de- 
s t royed  90 to 95% of  the  act ivi ty .  Var ious  
scavengers  of  ac t iva ted  oxygen  species such as 
the  superox ide  scavenger  supe rox ide  d i smutase ,  
the  h y d r o x y l  radical  scavengers  m a n n i t o l  (14)  
and  t -bu ty l  a lcohol  (15) ,  and  t he  singlet  o x y g e n  
scavengers  h i s t id ine  (16-18)  and  ur ic  acid (30)  
were i n h i b i t o r y  on ly  in the  free f a t t y  acid sys- 
t em.  Dif ferences  in the  so lubi l i ty  of  these  
i nh ib i t o r s  in miceUes and  in l iposomes  migh t  

TABLE 1 

Lipid Peroxidation as Measured by Diene Conjugation 

AA233 
(% control) 

Reaction mixture Linoleic acid Liposomes 

complete a (100) (100) 
- peroxidase 0 0 
-- hydrogen peroxide 1 0 

EDTA 64 92 
-- EDTA + DTPA (1.7 raM) 58 105 

complete with heat-treated peroxidase b 4 11 
+ antioxidant c 0 0 
+ superoxide dismutase, 1.0/~g 38 95 
+ tert-butyl alcohol, 75 mM 33 89 
+ mannitol, 0.177 M 21 92 
+ histidine, 60 mM 61 103 
+ uric acid, 2/~M 50 94 
+ catalase, 1 ~tg 2 5 

aThe complete fatty acid reaction mixture contained in a volume of 0.6 mi, 0.05 M 
potassium phosphate, pH 6.2; 0.15 M NaC1; 5 mM taurodeoxycholate; 1 mM EDTA; 0.2 
mM linoleic acid; 0.17 mM hydrogen peroxide and 1.0/~g peroxidase. Identical results were 
obtained with arachidonic acid. The control rate was 0.0055 A233 units per rain. The com- 
plete l iposome reaction mixture  contained in a volume of 0.6 ml, 0.05 M potassium phos- 
phate, pH 7.2; 0.15 M NaCI; 1 mM EDTA; 0.17 mM hydrogen peroxide; 1.0 #g peroxidase 
and liposomes prepared as described in the methods section. The control rate was 0.0091 
Az33 units per rain. 

bperoxidase heated at 88 C for 10 rain. 
c0.17 mM 2,6-di-tert-butyl-4-hydroxymethyl phenol. 
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Time; rain 
FIG. 1. Peroxidation of linoleic acid with differ- 

ent amounts of peroxidase. The reaction mixture de- 
scribed in the first footnote to Table 1 was supple- 
mented with peroxidase in the amounts indicated 
beside each line in the figure. Each mixture contained 
linoleic acid. 

account  for differences in their  action.  Omit t ing  
the NaCI or increasing the NaCI concent ra t ion  
to 0.5 M had no effect  on ox ida t ion  in ei ther  
system. 

Increasing the amount  of  peroxidase in- 
creased the rate of  oxidat ion.  This is shown in 
Figure 1 with linoleic acid as the substrate. The 
react ions with l inoleic acid or with soybean lec- 
ithin l iposomes were autocata ly t ic  as shown by 
the  increase in slope of  each curve with time. 
Af ter  an increase in absorbance of  about  0.04,  
the curves became linear. React ion rates were 
est imated after  the absorbance change became 
linear. React ions  proceeded to about  30 to 50% 
comple t ion  assuming a s to ichiometr ic  conver- 
sion of  hydrogen peroxide  to conjugated diene. 
React ions  with arachidonic acid as substrate 
(data not  shown) also were nonlinear,  with the 
react ion rates decreasing with t ime instead of  
increasing. React ion rates were measured at 
zero t ime with arachidonic acid as substrate.  

The react ion rate was nearly constant  at 
hydrogen peroxide concent ra t ions  be tween 
1 /aM and 0.1 mM (Fig. 2). High concent ra t ions  
of  hydrogen peroxide  were inhibi tory,  while 
very low concent ra t ions  gave reduced rates of  
oxidat ion.  The measurement  of  oxida t ion  rates 
at hydrogen peroxide  concent ra t ions  below 0.2 
/~M were l imited by the availability of  substrate.  

A 
So lven t  f r o n t  -jlt" 

o 
0 

6 

I 2 3 4 

B 
Solvent f ront  

0 0 0  0 

O 
O 

8 

;:- 0 ": 
I 2 3 4 

FIG. 3. Thin layer chromatography of peroxidized 
fatty acids. The reaction mixture described in the 
Table 1 footnotes contained araehidonic acid (lanes 1 
and 2) or linoleic acid (lanes 3 and 4) and was incu- 
bated for 16 hr at 35 C. Reaction mixtures spotted 
onto lanes I and 3 contained no peroxidase. The fatty 
acids were extracted and chromatographed as described 
in the Materials and Methods Section. Hate A was 
sprayed with starch-iodide to stain hydroperoxides. 
Plate B was stained in iodine vapor to stain all lipid 
components. 

The  increase in absorbance at 233 nM was 
presumed to be due to the accumula t ion  of  
fa t ty  acid dienes p redominan t ly  as hydro-  
peroxides.  The presence of  hydroperoxides  was 
demons t ra ted  by thin layer chromatography  
(TLC),  shown in Figure 3. Iodine vapor was 
used to stain all of  the lipid componen t s  in an 
ether  extract  of  a typical react ion mixture ,  
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"I'ABLE 2 

Effect of Oxygen and Nitrogen 
on Linoleic Acid Peroxidation a 

Gas Malondialdehyde b 1,3-diene c 
#M #M 

N 2 0.3 14 
02 3.2 69 

aThe reaction mixture, described in footnote 1 to 
Table 1, was incubated under the gas indicated at 37 C 
for 16 hr. 

bMeasured by the thiobarbituric acid test. 
CMeasured from the absorption at 233 nm. 

whi le  a s t a rch- iod ine  spray (12)  was used to 
s ta in  on ly  fa t ty  acid hydrope rox ides .  Mul t ip le  
pe rox ide  p r o d u c t s  were seen wi th  a rach idon ic  
acid,  while on ly  a single major  spot  was seen 
wi th  l inoleic acid. H y d r o p e r o x i d e  f o r m a t i o n  
was d e p e n d e n t  u p o n  the  presence  of  peroxidase ,  
h y d r o g e n  pe rox ide  and oxygen .  

Replacing the  air a t m o s p h e r e  above  the  
r eac t ion  mix tu r e  wi th  pure  oxygen  increased 
reac t ion  rates.  When the  reac t ion  m i x t u r e  was 
u n d e r  n i t rogen  the  reac t ion  rates  were d imin-  
ished,  bu t  they  did not  reach  zero. Typical ly  a 
5-fold d i f fe rence  in reac t ion  rate was seen be- 
t w e e n  the  use of  oxygen  and n i t rogen  a tmos-  
pheres .  In the  e x p e r i m e n t  wi th  free acids s h o w n  
in Table  2 , 6 9 # M  con juga ted  diene accum ul a t ed  
dur ing  a 16-hr i n c u b a t i o n  unde r  oxygen ,  while  
on ly  14~tM con juga ted  d iene  accumula t ed  unde r  
n i t rogen .  The  ma jo r  species f o r m e d  in the  pres- 
ence of oxygen  was appa ren t ly  a f a t ty  acid 
h y d r o p e r o x i d e  which  was de tec ted  by  reac t ion  
wi th  t h i o b a r b i t u r i c  acid (13) .  H y d r o p e r o x i d e s  
were evident  when  the  reac t ion  was carr ied ou t  
in the  presence  of  oxygen ,  while  in the  presence  

I00 " - ~ - r ~ - ~ / / - - w - ~ - r  

i3 

0.5 1.0 4 8 
Superoxide 

Dismutase,iJg 

of n i t rogen ,  very litt le h y d r o p e r o x i d e  was 
fo rmed .  The  f o r m a t i o n  of  con juga ted  dienes  in 
the  absence  of oxygen  appa ren t ly  represen t s  
the  f o r m a t i o n  of  species o t h e r  than  hydro-  
peroxides .  Oxygen  was consumed  dur ing  the  
reac t ion .  

Since the  s t imu la t i on  of  r eac t ion  ra tes  in the  
presence of oxygen  might  have been due  to 
r eac t ion  wi th  ac t ivated  oxygen  species, several 
scavengers  of  these species were tes ted  as inhib-  
i tors  of  the  ox ida t i on  in air as measured  by the  
change in abso rbance  at 233 nm.  As no t ed  in 
Table  1, the  superox ide  scavenger,  superox ide  
d i smutase ,  inh ib i t ed  p e r o x i d a t i o n  of free fa t ty  
acids. Upon  the  add i t i on  of  increasing a m o u n t s  
of  superox ide  d i smutase ,  i nh ib i t i on  increased to 
a m a x i m u m  of a b o u t  70 to 80% in air  (Fig. 4). 

In the  presence of n i t rogen ,  the  inh ib i t ion  
reached  only  9%. An invo lvemen t  of  the  hy-  
d roxy l  radical  was suggested by  the  i nh ib i t i on  
of  t -bu ty l  a lcohol  and mann i to l ,  k n o w n  hy-  
d roxy l  radical  scavengers  (14 ,15) .  With increas- 
ing a m o u n t s  of  m a n n i t o l  (or  t -bu ty l  a lcohol ) ,  a 
m a x i m u m  of  a b o u t  80% inh ib i t i on  was a t t a ined .  
Singlet oxygen  may have been  involved since 
h is t id ine  (16-18)  when  added in increas ing 
a m o u n t s  inh ib i t ed  a b o u t  40%. Similar  data  
were ob t a ined  wi th  uric acid (no t  s h o w n )  wi th  
m a x i m u m  inh ib i t i on  reaching  a b o u t  58% at a 
c o n c e n t r a t i o n  of a b o u t  30 ttM. As seen in 
Table  1, omiss ion  of  EDTA reduced  the  rate of  
o x i d a t i o n  by  33%. DTPA bu t  no t  EDTA inac- 
t ivates  t race  heavy meta l s  (19) .  This  suggests 
some role o f  heavy meta l  c o n t a m i n a n t s  in the  
reac t ion  wi th  de te rgent - s tab i l i zed  so lu t ions  of  
f a t ty  acids,  but  no t  in l iposomes.  

Ox ida t i on  of  fa t ty  acids by perox idase  
occur red  at  very low c o n c e n t r a t i o n s  of  h y d r o -  
gen peroxide .  Hydrogen  pe rox ide  at  200  nM 
al lowed d iene  con juga t ion  to proceed  at an  

B 

2 5  50  75  
Histidine, mM 

0.1 0.2 0.3 0.4 
Monnitol ; M 

FIG. 4. Inhibition of peroxidation by oxygen scavengers. The reaction mixtures con- 
rained iino~,eie acid and are described in the first footnote to Table 1. A. Inhibition by 
superoxide dismutase in the presence of air ( - -o - )  or nitrogen ( - o ) .  B. Inhibition by 
histidine. C. Inhibition by mannitol. 
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FIG. 5. Peroxidation of linoleic acid by perox- 
idase will galactose/galactose oxidase in place of 
hydrogen peroxide. The reaction mixture described in 
the first footnote to Table 1, minus hydrogen perox- 
ide, was supplemented with 1 unit of galactose oxidase 
and I 0 mM galactose and contained linoleic acid. 

appreciable rate, although the extent of con- 
version was limited by the availability of 
hydrogen peroxide. At very low concentrations 
of hydrogen peroxide, 1 tool of diene was 
formed for each tool of hydrogen peroxide 
consumed. 

It was expected that the low concentrations 
of hydrogen peroxide produced by certain oxi- 
dative enzyme systems would be sufficient to 
cause lipid peroxidation in the presence of 
peroxidase. This was observed readily with both 
fatty acids or liposomes as substrates. In Figure 5 
the oxidation of linoleic acid by peroxidase in 
the presence of galactose and galactose oxidase 
is described. The rates obtained with this sys- 
tem were similar to those obtained with exog- 
enously added hydrogen peroxide. In the 
absence of peroxidase there was a negligible 
rate of oxidation. In the presence of xanthine 
oxidase and acetaldehyde, skown in Figure 6, 
peroxidase again catalyzed linoleic acid oxida- 
tion. With this system there was a low rate of 
oxidation in the absence of peroxidase, presum- 
ably due to the production of superoxide by 
this system. Thus, peroxidase potentiates the 
oxidative capacity of superoxide and hydrogen 
peroxide. 

DISCUSSION 

Because of the potent cytotoxicity properties 
of certain peroxidases (20), I have investigated 

! ! I ' 
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FIG. 6. Peroxidation of linoleic acid by peroxidase 
with acetaldehyde/xanthine oxidase in place of hy- 
drogen peroxide. The reaction mixture described in 
the first footnote to Table 1, minus hydrogen perox- 
ide, was supplemented with 0.3 pg of xanthine oxidase 
and 30 mM acetaldehyde and contained linoleic acid. 

the peroxidation of lipids by horseradish perox- 
idase, a peroxidase which is available commer- 
cially in pure form and which is itself cytotoxic 
(unpublished results), in order to determine if 
membrane damage is possibly the mechanism of 
cell destruction. Lipid peroxidation is well 
known to cause membrane damage and cell 
death (21 ). 

Horseradish peroxidase was found to mount 
an aerobic attack on fatty acids bearing 2 or 
more double bonds either in detergent solution 
or in liposomes. In the presence of oxygen, 
hydroperoxides were formed as indicated by 
oxygen consumption, malondialdehyde forma- 
tion and diene conjugation. In the absence of 
oxygen, diene conjugation also was observed, 
although at a reduced rate. These observations 
are consistent with a free-radical mechanism in 
which peroxidase in the presence of hydrogen 
peroxide catalyzes the abstraction of a hydrogen 
atom from the methylene group between 2 
double bonds. The resulting lipid radical in 
turn reacts accordingly with other lipids, 
oxygen, etc. 

The mechanism of how peroxidase can cata- 
lyze the abstraction of a hydrogen atom is un- 
known, although it appears that the formation 
of activated oxygen species by peroxidase is not 
required. Oxidation of the lipid is presumed to 
have occurred via a direct interaction of the en- 
zyme with the lipid substrate. 

The lack of apparent involvement of activated 
oxygen species in the peroxidation of liposomes 

LIPIDS, VOL. 19, NO. 11 (1984) 



868  C.W. GARNER 

was possibly  the  resul t  of  the  s ignif icant ly  h igher  
ra te  of  pe rox ida t ion .  At  pH 7.2 t he  ra te  of  
o x i d a t i o n  o f  l iposomes  was 5-10 t imes  fas ter  
t h a n  the  ra te  o f  o x i d a t i o n  of  free f a t ty  acids in  
de te rgen t  micelles.  The  mean ing  of  th is  differ-  
ence  in ra te  is obscured  by  the  d i f fe rence  in the  
phys ica l  s ta tes  of  t he  subst ra tes .  

The  ra t io  of  bile salt to  f a t t y  acid was 25,  
wh ich  is a p p r o x i m a t e l y  equa l  to  the  aggregat ion 
n u m b e r  of  t a u r o d e o x y c h o l a t e  u n d e r  these  con-  
d i t ions  (22) .  This  migh t  have lead to t he  fo rma-  
t i on  of  ac t iva ted  o x y g e n  species as a side reac- 
t i on  which  in tu rn  also pa r t i c ipa t ed  in l ipid oxi-  
da t ion .  

This  peroxidase  has  some d i f f e ren t  p rope r t i e s  
f rom o t h e r  o f t e n  s tudied  peroxidases ,  such  as 
m y e l o p e r o x i d a s e  and  lac toperox idase .  However ,  
these  obse rva t ions  are e x t e n d e d  r ead i ly  to  bio-  
logical sys tems.  Fo r  example ,  ra t  u t e r ine  perox-  
idase has  been  shown  ( u n p u b l i s h e d  r e s u l t s ) t o  
ca ta lyze  the  p e r o x i d a t i o n  of  l ipids in t he  same 
sys tems  used in this  s tudy .  Recen t ly  K a n n e r  
a n d  Kinsella (23)  d e m o n s t r a t e d  the  pe rox ida -  
t i on  of  l ipids by  lac toperox idase .  

Several an ima l  cell organel les  such as mi to -  
chondr i a  (24) ,  m i c r o s o m e s  (25)  and  nuc le i  (26)  
p roduce  h y d r o g e n  peroxide .  Hydrogen  pe rox ide  
m a y  have some physiological  s ignif icance in 
me tabo l i c  r egu la t ion  (27 ,28) ,  even t h o u g h  scav- 
engers  of  h y d r o g e n  pe rox ide  like catalase and  
g l u t a t h i o n e  perox idase  are no rma l ly  present .  
Also,  peroxidases  are f o u n d  in m a n y  t issues 
(29) .  Thus ,  the  p o t e n t i a l  fo r  ox ida t ive  damage  
such as t h a t  descr ibed in th i s  r epor t  exis ts  dur-  
ing per iods  of  hyd rogen  pe rox ide  p r o d u c t i o n .  
As was d e m o n s t r a t e d  in th is  work ,  sub-micro-  
molar  a m o u n t s  are suff ic ient  to cause pe rox ida -  
t ion .  Since perox idases  have such  low specif ic i ty  
for  the  h y d r o g e n  d o n o r ,  t he  poss ib i l i ty  exis ts  
t h a t  the  role o f  perox idases  in t issues m a y  be 
o t h e r  t h a n  t h a t  classically p roposed ,  name ly  the  
r emova l  of  h y d r o g e n  perox ide .  It  is possible  
t h a t  l ipid p e r o x i d a t i o n  m ay  serve a role in  t he  
m e d i a t i o n  o f  h o r m o n a l  effects ,  in p r o t e c t i o n  
f rom microb ia l  a t t ack  or  in n o r m a l  cell dea th .  
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The Effects of trans Fatty Acids on Fatty Acyl A5 Desaturation by 
Human Skin Fibroblasts 

M I R I A M  D. R O S E N T H A L *  and M A R K  A. DOLORESCO,  Department of Biochemistry, 
Eastern Virginia Medical School, Norfolk, VA 23501 

ABSTRACT 

The effectiveness of different fatty acids as inhibitors of fatty acyl A5 desaturation activity in 
human skin fibroblasts has been investigated. When incubated with 2.25 uM [1"C] eicosatrienoate 
(20:3~6) in otherwise lipid-free medium, these cells rapidly incorporate the radiolabeled fatty acid 
into cellular glycerolipids and desaturate it to produce both [t4C]arachidonate and [14C] docosate- 
traenoate. The A5 desaturation activity can be enhanced by prior growth of the cells without serum 
lipids. Elaidate (9t-18:1) is a potent inhibitor of A5 desaturation while trans-vaccenate (11 t-18:1) is 
vktually without effect. Oleate and linoleate are only mildly inhibitory. Linoelaidate (9t, l 2t-I 8:2) is 
more inhibitory than linoleate but significantly less effective than elaidate. The effects of elaidate can 
be readily overcome by increasing the concentration of exogenous eicosatrienoate. Studies with a 
variety of trans monounsaturates of differing chain lengths indicate that the to9 trans fatty acids are 
potent inbibitors of A5 desaturation, while to7 trans fatty acids are relatively ineffective. Intact 
human fibroblasts could thus be important in characterizing novel fatty acids as selective inhibitors of 
arachidonate synthesis in rive. 
Lipids 19:869-874, 1984. 

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

Mammalian cells contain a series of micro- 
spinal enzymes which catalyze the desaturation 
and elongation of dietary linoleate (9c, 12c-18: 2) 
to produce longer chain 20- and 22-carbon 
polyunsaturated fatty acids. Fatty acyl A5 de- 
saturase is of special interest in that it converts 
the CoA ester of 8c,1 lc,14c-eicosatrienoate to 
arachidonate (5c,8c, 11 c. 14c-eicosatetraenoate) 
(1). In addition to being major components of 
cellular phospholipids, these two fatty acids are 
the precursors of the 1- and 2-series prosta- 
glandins (2). In most tissues arachidonate nor- 
mally predominates over 20:3 as a component 
of membrane phospholipids (3) and as a sub- 
strate for the cyclooxygenase and lipoxygenase 
enzymes. Inhibition of fatty acyl A5 desatura- 
tion could thus shift the synthesis of prosta- 
glandins, resulting in an increase in PG z's relative 
to PG2's (4). Regulation of enzyme activity 
may be of particular importance in humans, 
where the level of A5 desaturase activity appears 
to be less than in the mouse or rat (5). 

The mixtures of t rans  fatty acids present in 
partially hydrogenated vegetable oils have been 
shown to suppress synthesis of arachidonic acid 
in rive and to exacerbate symptoms of essential 
fatty acid deficiency (6,7). Although in vivo 
studies have demonstrated inhibition of the ini- 
tial A6 desaturation of linoleate by t rans  mono- 
unsaturates (8) and linoelaidate (9t,12t-18:2) 
(9), they provide only indirect data on A5 de- 
saturation activity. In vitro studies using liver 

*To whom correspondence should be addressed. 

microsomal preparations have shown that a va- 
riety of isomeric cis- and t r a n s - o c t a d e c e n o i c  

acids directly inhibit the desaturation of 
8,11,14-eicosatrienoyl CoA (10,11) 

Our laboratory has developed a protocol for 
investigating fatty acyl desaturation activities in 
intact human cells ( 1 2). Human skin fibroblasts 
readily incorporate exogenous free fatty acids 
into cellular phospholipids and triacylglycerol, 
thus facilitating nutritional modification of cel- 
lular composition. We have shown that both lino- 
elaidate and elaidate are potent inhibitors of 
A6 desaturation in these cells. By contrast, the 
A9 desaturation of [14Clstearate is inhibited 
by cis but not by trans fatty acids. Interestingly, 
the relative effectiveness of various fatty acids 
in the intact cell system is different from that 
found in microsomal studies. The cell culture 
system thus appears to be a useful tool for eval- 
uating the physiological effects of isomeric fatty 
acids on cellular metabolic processes. 

The present study uses this cell culture sys- 
tem to examine fatty acyl A5 desaturation in 
human cells, in particular we have investigated 
the effects of medium supplementation with 
individual t rans  fatty acids on the synthesis of 
arachidonate from [ 14C] eicosatrienoate. 

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

Cell Culture 

Normal human skin fibroblasts derived from 
a 3-month fetus (GM-10) were obtained from 
the NIGMS Human Genetic Mutant Cell Repos- 
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itory (Camden, New Jersey). Cells were propa- 
gated in Eagle's Minimum Essential Medium 
containing I0% Fetal Bovine Serum (Gibco, 
Grand Island, New York) as described previously 
(12,13). Each experiment used replicate flasks 
of subconfluent, actively mitotic cells with 
approximately 600 /lg cellular protein/25cm 2 
flask. Delipidized calf serum was prepared by 
acetone:ethanol (1:1 v/v) extraction (14) and 
reconstituted in Earle's Balanced Salt Solution. 
The delipidized serum was used to replace com- 
plete serum for 4 days prior to each experiment 
as well as during fatty acid supplementation. 

Fatty Acid Supplementation 

(8c,l lc,14c)-[ 1-14C] Eicosatrienoate (54.9 mCi/ 
mmol) was obtained from New England Nuclear 
Corp. (Boston, Massachusetts). The t rans  fatty 
acids 9t-16:1, 10t-17:l,  10t-19:l and l l t - 2 0 : l  
were obtained from NuChek Prep, Inc. (Elysian, 
Minnesota), and other fatty acids were from 
Sigma (St. Louis, Missouri). The fatty acids 
were stored in hexane at -20 C under a nitrogen 
atmosphere. Concentrations and purity of the 
free fatty acids were confirmed by gas liquid 
chromatography (GLC) after methylation with 
BCI 3 in methanol using internal standards (12). 
For each experiment, aliquots of fatty acid 
solutions were evaporated to dryness under N2 
and resuspended in 95% EtOH. The fatty acids 
were then transferred quantitatively to recon- 
stituted delipidized serum and diluted with 
culture medium (15). 

Lipid Extraction and Analysis 

The cells were harvested by trypsinization 
and cellular lipids extracted in a 2:1:1 mixture 
of ethyl acetate/acetone/cell suspension (16). 
Fatty acid methyl esters were prepared from 
cellular lipids using methanolic base. Gas-liquid 
chromatography was performed on a Packard 
427 chromatograph (Downers Grove, Illinois) 
with flame ionization detection using a 6-ft 
glass column packed with 10% SP-2330 on 
100/120 Chromasorb W AW (Supelco, Belle- 
fonte, Pennsylvania). After a 3 min initial hold, 
the oven was programmed from 160 to 235 C 
at 2 degrees/min. The distribution of [ t4CI fatty 
acid methyl esters was determined with a 
Packard 894 Gas Flow Proportional Counter 
interfaced to the chromatograph. A Linear 
dual-pen recorder was used to obtain simultan- 
eous radioactivity and mass tracings of each 
chromatographic separation; a Spectra-Physics 
(Santa Clara, California) Minigrator was used to 
integrate radioactivity peak areas. Thin layer 
chromatography (TLC) to separate neutral lipids 
and the major classes of phospholipids was per- 
formed as described previously (13). 
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FIG. 1. Time course of incorporation of [1J4C] 
eicosatrienoate into cellular lipids and its desaturation 
to arachidonate plus doeosatetraenoate. GM-10 cells 
were grown for 4 days in medium without serum lipids. 
They were then incubated with 0.25 ttCi [~*C]eico- 
satrienoate in 4ml Eagle's minimum essential medium 
plus delipidized serum protein as described in Materials 
and Methods. At each time point, 2 replicate flasks 
were harvested and cellular lipids analyzed, o -  o, 
total incorporation into cellular lipids, of which >96% 
i s  glycerolipids; � 9  percentage desaturation calcu- 
lated from [ ~4 C] arachidonate plus [ 14 C] docosatetetra- 
enoate (22:4) divided by total cellular 14 C-fatty acids. 

RESULTS AND DISCUSSION 

Figure 1 shows the results obtained when 
subconfluent, actively mitotic human skin fibro- 
blasts are incubated with 2.3 /zM [ IJ4C]e ico  - 
satrienoate in medium with delipidized serum. 
Initial incorporation of the exogenous [14 C] 20:3 
into cellular lipids is quite rapid, reaching 48% 
in 6 hr. Active desaturation of the incorporated 
[14C] 20:3 is seen;within 1 hr 33% of the cellu- 
lar 14C-acyl groups consist of arachidonate 
(20:4) plus docosatrienoate (22:4). A5 desatu- 
ration activity continues after incorporation has 
slowed considerably, and the percentage desat- 
urated rises to 85% in 48 hr. Throughout this 
process, most of the radioactivity in cellular 
lipids was in phospholipids. For example, at 6 
hr 86.8% of the cellular 14C-acyl groups were 
esterified in phospholipids, with 9.5% in triacyl- 
glycerol and 3.0% in diacylglycerol. 

The data shown in Figure 1 was obtained 
with cells which had been grown for 4 days in 
lipid-free medium prior to the experiment. A 
comparison was made between these cells and 
replicate flasks grown with 10% fetal bovine 
serum. The incubations with [14C120:3 were 
performed under identical conditions. Although 
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total incorporation at 6 and 24 hr was similar 
for both groups, the cells grown with fetal 
bovine serum exhibited 40% less desaturation 
of the incorporated [14C120:3 (data not shown). 
Previous studies in our laboratory (12) have 
demonstrated a similar enhancement of both 
fatty acyl A9 and A6 desaturation activities in 
human skin fibroblasts after growth without 
serum lipids. Regulation of fatty acid synthesis  
and fatty acyl A9 and A6 desaturation in fibro- 
blasts are thus similar to what is observed in 
vivo. Dietary regulation of A5 desaturase activ- 
ity in vivo has not, however, been completely 
elucidated. One recent study (17) found that 
enzyme activity in liver microsomes decreased 
in response to a fat-free diet. De novo enzyme 
synthesis was enhanced by dietary supplemen- 
tation with linoleate but not  palmitate. By con- 
trast, De Schrijver and Privett (18) report that 
addition of  safflower oil to a fat-free diet de- 
pressed A5 desaturase activity. This latter study 
appears to have induced a greater degree of 
essential fatty acid deficiency in its controls. 
Growth of human skin fibroblasts without 
serum lipids results in a progressive depletion of 
6o6 polyunsaturated fatty acids and the conse- 
quent synthesis of 20: 36o9 (13). Further studies 
with the cell culture system may help elucidate 
the apparently complex long term effects of 
dietary lipids on A5 desaturase activity. 

The present study focuses on short term 
effects of exogenous fatty acids on A5 desatu- 
ration activity. All subsequent experiments thus 
used a 6-hr incubation period. In all cases, the 
fibroblast cells were previously grown for 4 
days in lipid-free medium to enhance their de- 
saturation of [ 14 C] eicosatrienoate. 

Effects of Exogenous Fatty Acids 

The effects of medium supplementation 
with free fatty acids on the metabolism of 
[14C] eicosatrienoate are shown in Table 1. We 
find that total incorporation of the [ 14 C] 20:3 
varies less than 15% with the addition of differ- 
ent fatty acids. Palmitate (16:0) does not signif- 
icantly affect total A5 desaturation, although it 
appears to inhibit the elongation of [ 14 C] arach- 
idonate to [14C] 22:4. Mild inhibition is seen with 
oleate (9c-18:1) and linoleate (9c, 12c-18:2), 
while inhibition with arachidonate (5c, 8c, 11 c, 
14c-20:4) is greater than 50%. Interestingly, the 
2 trans fatty acids, elaidate (91-18:1) and lino- 
elaidate (9t,12t-18:2) are more inhibitory than 
their cis isomers. Elaidate is even more potent  
an inhibitor of A5 desaturation activity than is 
arachidonate, the product of the reaction. 

Increased concentrations of free fatty acids 
in the culture medium have been shown to result 
in intracellular accumulation of triacylglycerol 
(15). In this study, we found that when the 
cells were incubated with either 40 #M elaidate 
or 40 #M oleate along with the 2.5 #M[14C] 
eicosatrienoate, the percentage of 14C-acyl 
groups esterified in triacylglycerol increased 
from 9.5% to 36% and 50% respectively. Both 
[ 14C] 20:3 and the products of its desaturation 
were present in both phospholipids and triacyl- 
glycerol (data not shown). Consistent with 
previous findings in this laboratory (13), rela- 
tively more arachidonate and [14C] 22:4 were 
esterified in phospholipids. 

Figure 2 shows the effects of different con- 
centrations of trans fatty acids on A5 desatura- 
tion. Inhibition by elaidate is seen at medium 

TABLE 1 

The Effects of Exogenous Fatty Acids on Incorporation and Desaturation of [ 14 C ] Eicosatrienoate a 

14 C-Fatty acids 
[ 14C] I n c o r p o r a t e d  b Desaturation c 

Fatty acid (n mol/flask) 20:3 20:4 22:4 (%) 

Cont ro l  (no f a t ty  acid)  5.22 +- 0 .06  2 .26  2 .34  0 .52  54.8 
Pa lmi ta te  ( 1 6 : 0 )  5 .12 +- 0 .12 2.12 2.82 0 .18  58.6 
Oleate (9c -18 :1 )  5 .68 -+ 0 .24  3.04 2 .48  0 .14  46 .2  
L ino lea te  ( 9c ,12c -18 : 2 )  4 .90  -+ 0 .10  2 .88  1.88 0 .10  40 .4  
A r a c h i d o n a t e  (5c ,8c ,1  l c , 1 4 c - 2 0 : 4 )  5.02 -+ 0 .14  3.52 1.14 0 .30  28.7 
Elaidate  (91-18:1)  5.36 + 0.11 4 .18  1.16 - 21 .6  
Linoela ida te  ( 9 t , 1 2 t - 1 8 : 2 )  5 .28 +- 0 .08  3.12 1.96 -- 37.2 

aReplicate flasks of GM-10 cells were established in lipid-free medium as in Figure 1. They were then preincu- 
bated with 3mi of medium containing delipidized serum and 40/~M fatty acid. After 2 hr, 1 ml of medium con- 
taining 0.5 /~ Ci [ 1-14 C] eicosatrienoate was added to each flask. Final concentrations were 2.25 #M [ 14 C] eico- 
satrienoate and 30/~M non-radioactive fatty acid. The cells were harvested after a 6-hr incubation and their lipids 
analyzed as described in Materials and Methods. 

bValues are means -+ S.D. from analyses of 3 separate flasks from one of 2 similar experiments. 
Cpercentage desaturation calculated from ~20:4 + 22:4/Total Incorporation. 
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vaccenate, and zx _ zx, linoelaidate. 

concent ra t ions  as low as 0.63 /IM, one- four th  
that  of  the  [ t4C]e icosa t r ienoate .  Increased 
elaidate concent ra t ions  have a dose-dependent  
effect  on A5 desaturat ion.  By contrast ,  t rans  
vaccenate  ( l l t - 1 8 : l ) ,  a posi t ional  isomer of  
elaidate,  has virtually no effect  on the  synthesis 
o f  arachidonate  from [14C]20:3.  Al though  
l inoelaidate acts in an in termedia te  manner  at 
10-40 /IM, lower c o n c e n t r a t i o n s  are wi thout  
measurable effect .  

Our previous studies (12) have shown that  
t rans  vaccenate  is readily incorpora ted  into the  
glycerolipids of  human skin fibroblasts.  In addi- 
t ion ,  t rans  vaccenate acts similarly to elaidate 
in both  its inhibi t ion of  de novo  fa t ty  acid syn- 
thesis and p r o m o t i o n  of  t r iacylglycerol  accumu-  
lation. This seems to indicate that  the markedly  
greater effects  of  elaidate on the  desa tura t ion  
of  bo th  [14 C] eicosatr ienoate and [14 C] l inoleate 
by human skin fibroblasts appear  to be specific 
to the desaturat ion reactions.  We also have per- 
formed similar exper iments  using human  endo-  
thelial  cells derived f rom umbil ical  vein (19). 
When these cells are incubated  with  [14C] eico- 
satr ienoate,  the  inhibi t ion of  A5 desaturat ion 
by elaidate is 2-3 fold that  of  l inoelaidate ; trans 

vaccenate has virtually no effect .  Thus the  rela- 
tive effect iveness of  the  3 t rans  fa t ty  acids as 
inhibitors of  A5 desatura t ion act ivi ty of  human 
ceils in cul ture is similar for  2 marked ly  differ- 
ent  cell types.  

There are 2 interest ing differences in the 
effects  of  t rans  fa t ty  acids on A6 and A5 desat- 
ura t ion activities of human skin fibroblasts. 
First ,  elaidate is a far more po t en t  inhibi tor  o f  
A5 desaturat ion than is l inoelaidate,  and its 
effects  are seen at much  lower inhibi tor  concen-  

08.  

~ 

0.4  

0"20 . . , 

0 O.OS 0 . 1 0 . 1 5 J  91-18:1 

. , . y j  

L 
0;5 l~o ,.5 d.o 

i /Is]  
FIG. 3. The effects of varied substrate concentra- 

tion on the desaturation of [14C] eicosatrienoate in 
the presence and absence of elaidate. Replicate flasks 
were incubated for 6 hr with 0.2-30 t~M [14C]eico- 
satrienoate; concentrations above 4.5 t~M 20:3 were 
obtained by addition of non-radioactive fatty acid. 
For transformation to the double reciprocal plot, the 
total incorporation of [~4C120:3 nmol/flask was 
taken as substrate concentration, [S]. Velocity of the 
reaction was expressed as nmol 20:3 desaturated dur- 
ing the 6-hr incubation. The area with high substrate 
concentrations (1/IS] < 0.15), corresponding to 3.3-30 
~tM exogenous []4C]eicosatrienoate, is magnified in 
the insert, o - o, no elaidate; A -- ZX, 13 t~M elaidate, 
and G - ~, 40 ~M elaidate. 

trations.  The reverse relationship occurs for  
A6 desaturat ion.  Second,  the  relative effect ive- 
ness of  9t-18:1 and l l t - 1 8 : l  on  A5 desatura- 
t ion in these cells is similar to that  found  in 
studies with rat liver microsomal  preparat ions  
(10). The effects on A6 desatura t ion are qui te  
different ,  with 1 l t - I  8:1 being more  inhibi tory  
than 9t-18:1 in microsomal  studies and virtu- 
ally wi thout  effect  in the cell cul ture system. 

Kinetics of Inhibition by Elaidate 

We have examined  the effects  o f  elaidate on 
cells incubated with varied concent ra t ions  of  
[ 14 C] eicosatr ienoate .  In the absence o f  inhib- 
itor, a double  reciprocal  p lot  of  A5 desatura- 
t ion act ivi ty vs. to ta l  incorpora t ion  gives a linear 
result (Fig. 3). Elaidate is inhibi tory  in a dose- 
dependen t  manner  over a wide range o f  eico- 
satr ienoate concentra t ions .  As seen in Figure 3, 
the inhibi tory effect  of  elaidate can be over- 
come at high substrate concentra t ions .  
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Mahfouz  et al. (10 )  have po in t ed  ou t  t ha t  
since b o t h  subs t ra te  and p r o d u c t s  are incorpor -  
a ted in to  a var ie ty  of glycerol ipids ,  a Lineweaver-  
Burk plot  should  no t  s t r ic t ly  apply for  the  
mic rosomal  fa t ty  acyl desaturase  reac t ions .  
They  f o u n d ,  however ,  t h a t  the  mic rosomal  sys- 
tem did give l inear  doub le  rec iprocal  p lo t s  for  
f a t ty  acyl A5 de sa tu r a t i on  ind ica t ing  t ha t  the  
de sa tu r a t i on  s tep is rate l imit ing.  In the i r  assays 
t r a n s  o c t a d e c e n o a t e s  acted as classic compe t i -  
tive inhib i tors .  Use o f  e x o g e n o u s  f a t ty  acids by 
in tac t  cells is clearly more  complex  t h a n  a mi- 
c rosomal  assay, and the  i n c u b a t i o n  t imes  are 
longer.  The  convergen t  lines ob t a ined  wi th  
in tac t  cells (Fig. 3) are suggestive of  compe t i -  
tive inh ib i t ion .  However ,  e x a m i n a t i o n  of  the  
data  for  high subs t ra t e  c o n c e n t r a t i o n s  (Fig. 3A) 
indica tes  t ha t  the  l ines do  indeed converge  at  
a f ini te  subs t ra te  c o n c e n t r a t i o n  and ac tua l ly  
are curves at  low 1/[s] values. This  may be due  
to the  increased i m p o r t a n c e  of  o the r  fac tors  
such as relat ive scarci ty  of  CoA or  accumula -  
t ion  of  neu t ra l  lipid. Al te rna t ive ly ,  ou r  assay 
may  actual ly  measure  2 reac t ions ,  b o t h  the  
c o n v e n t i o n a l  e icosa t r i enoyl  CoA desa turase  
and  the  e icosa t r i enoy l  leci thin  desa turase  de- 
scr ibed by  Pugh and  Kates  (20) .  

Influence of Position of the 7)~r/~ Double Bond 

The d i f fe ren t  resul ts  ob t a ined  wi th  e la idate  
and  t r a n s  vaccena te  (Fig.2)  would  seem to indi-  
cate tha t  the  pos i t ion  of  the  t r a n s  d o u b l e  b o n d  
is i m p o r t a n t  in d e t e r m i n i n g  the  e f fec ts  of  the  

f a t ty  acid on  A5 desa tu ra t ion .  To invest igate  
th is  f u r t h e r  we e x a m i n e d  the  ef fec ts  o f  a series 
o f  commerc ia l ly  available t r a n s  m o n o u n s a t u -  
ra ted  f a t ty  acids. As seen in Table  2, the re  is no  
cor re la t ion  be tween  the  pos i t ion  of  the  t r a n s  

d o u b l e  bond  as coun ted  f rom the  ca rboxy l  
ca rbon  (9t ,  10t, or  1 I t )  and ef fec t iveness  as an  
inh ib i to r .  Thus  pa lmi to lea te  (9t - I  6 :1 )  does  n o t  
inhib i t  the  desa tu ra t i on  of  [ t4C] e icosa t r ienoa te ,  
while e la idate  ( 9 t - 1 8 : 1 )  does. When the  t r a n s  

f a t ty  acids are g rouped  by  the  pos i t ion  of  the  
t r a n s  doub le  bond  f rom the  m e t h y l  ca rbon ,  a 
def in i te  pa t t e rn  is seen. All the  609 t r a n s  f a t t y  
acids tes ted  are p o t e n t  inh ib i to r s  o f  A5 desa tu-  
r a t ion  act ivi ty  in h u m a n  skin f ibroblas t s ;  the  
607 t r a n s  fa t ty  acids are no t  par t icu lar ly  inhib-  
i tory .  

This  select ivi ty in the  i n h i b i t o r y  ef fec ts  of  
t r a n s  m o n o e n o i c  f a t t y  acids is qui te  puzzl ing.  
Subs t ra t e  specif ic i ty  of  m a m m a l i a n  desa turases  
appears  to involve r ecogn i t ion  o f  the  ca rboxy l  
end of  the  molecule  (21) .  The  ma jo r  subs t ra t e  
r e q u i r e m e n t s  of  the  A5 desa turase  involve 1 l c  
and 14c doub le  bonds ,  while the  8c b o n d  en- 
hances  react iv i ty .  Pollard et al. ( 2 2 )  have s h o w n  
very low levels of  A5 de sa tu r a t i on  of  9t-20:1 
bu t  no t  1 l t - 1 8 : l  by  rat  liver microsomes .  They  
f o u n d ,  however ,  t ha t  de sa tu r a t i on  of  9t-20:1 
was 7-fold grea ter  t h a n  9t- i  8:1 Our  data  (Table  
2) ind ica tes  tha t  9t-20:1 is no t  as effect ive  an  
i nh ib i t o r  as is 9 t -18 :1 .  Thus,  there  is no corre- 
la t ion  b e t w e e n  the  e x t e n t  of  A5 desa tu ra t i on  of  
a t r a n s  m o n o e n o a t e  in the  mic rosomal  assays 

TABLE 2 

The Effects of Different trans Monoenoic Fatty Acids 
on the Incorporation and Desaturation of [ ~4CI Eicosatrienoate a 

Fatty acid Concentration Incorporation of [ ~4C] 20:3 Desaturation 
(n mol/flask) (%) 

Control (no fatty acid) - 5.62 -+ 0.26 39.2 

9t-16"i (607) 13/~ M 4.68 -+ 0.10 46.2 
10t-17:l (to7) 13/.t M 5.40 -+ 0.14 41.8 
1 l t -18:l  ((,o7) 13/z M 6.00 -+ 0.08 39.0 

9t-18:1 (699) 13 # M 5.66 • 0.08 24.8 
10t-18:l ((.o9) 13# M 6.12 -+ 0.02 31.3 
1 l t-20:l  (to9) 13/z M 6.32 -+ 0.03 34.6 

9t-16:1 ((,o7) 40/z M 5.42 -+ 0.16 43.7 
10t-17:l (to7) 40/.t M 5.94 -+ 0.11 34.7 
l i t -18 : l  (w7) 40t t  M 6.54 • 0.08 29.4 

9t-18:1 (to9) 4 0 ~  M 6.62 • 0.13 14.7 
lOt.19:l (to9) 40/~ M 6.50 -+ 0.20 13.7 
1 It-20:! (to9) 40/.t M 6.86 -+ 0.22 19.5 

aReplicate flasks of GM-10 cells were preincubated with trans fatty acids for 2 hr as 
described in Table 1. 0.5 /.L CI [1-14ClEicosatrienoate/flask was then added for the 6-hr 
incubation. Final trans fatty acid concentrations are indicated above ; other procedures as in 
Table 1. 
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and its inhib i t ion  of  e icosat r ienoate  desa tura t ion  
act ivi ty in intact  cells. If  these t rans  monosa tu -  
ra tes  do indeed act as compet i t ive  inhibi tors ,  
(10),  e lucidat ion of  their  specif ici ty may  con- 
t r ibu te  to our unders t and ing  of  the s t ructural  
conf igura t ion  of  the  active site. 

A decrease in liver microsomal  A5 desaturase 
act ivi ty has been observed in rats  fed partially 
h y d r o g e n a t e d  marine  oils but  no t  partial ly hy-  
d rogena ted  peanu t  oil (21,22) .  Svensson (23) 
has suggested that  this ef fect  may be due to 
t r a n s  eicosenoic  and docoseno ic  fa t ty  acids in 
the  marine oil products .  In our  sys tem 1 l t -20:1  
is only  slightly less effect ive than elaidate as an 
inh ib i to r  of  the desa tura t ion  of [14C]eico- 
sa t r ienoate ,  l l t -E icosa t r i enoa te  is, however ,  
significantly less effective than  elaidate as an 
inh ib i to r  of  the  desa tura t ion  of  [14C] l inoleate 
(Rosenthal ,  M.D.; Doloresco,  M.A., and Banerjee,  
N., unpubl i shed  observat ions) .  It would  be of  
in teres t  to examine  the  e f fec ts  of  o ther  isomeric 
t r a n s  eicosenoates .  A t rans  fa t ty  acid or fa t ty  
acid analogue which  is still more  selective in its 
e f fec ts  on A5 desa tura t ion  might  have po ten -  
tially useful ef fec ts  on  the  metabo l i sm of  eico-  
sa t r ienoate  and arachidonate  in vivo. 
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Intestinal Metabolism of Plasma Free Fatty Acids in 

Streptozotocin Diabetic Rats 
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ABSTRACT 

Moderate insulin deficiency was reported to be accompanied by an increased production of intes- 
tinal very low density lipoprotein (VLDL) triglyceride in the rat. Because plasma free fatty acids 
(FFA) are incorporated into triglyceride by intestinal mucosa of rats and humans and plasma FFA are 
increased in insulin-deficient diabetes mellitus, we investigated several aspects of the intestinal metab- 
olism of plasma FFA in diabetic rats. All experiments were performed on the third day following the 
i.v. injection of streptozotocin (45 mg/kg body weight) or buffer alone. A (54 C)palmitic acid-rat serum 
complex was rapidly injected intravenously and its initial uptake by small bowel mucosa, the intracel- 
lular incorporation into lipids and water soluble metabolites and the specific radioactivity of triglycer- 
ides of mucosal homogenates was determined. No significant differences could be found between dia- 
betic and control rats at 2 and 5 rain after ~4C-palmitate i.v., suggesting that neither the influx of 
plasma free fatty acids into intestinal mucosal cells nor their initial intracellular metabolic pathways 
are significantly altered in moderately diabetic rats. A pronounced decrease in intestinal mucosal tri- 
glyceride at 10 min after ~4C-palmitate i.v. might be interpreted as indirect evidence for an enhanced 
triglyceride effiux from intestinal mucosa into mesenteric lymph in diabetic rats. 
Lipids 19:875-879, 1984. 

INTRODUCTION 

Recent studies have revealed increasing evi- 
dence that insulin deficiency states are accom- 
panied by major changes in intestinal lipid 
metabolism. Pancreatomized dogs maintained 
on a fat free diet developed hypertriglyceridemia 
associated with the appearance of chylomicron- 
like particles in the mesenteric lymph (1). More 
recently, an abnormal accumulation of lipids 
was described micromorphologically in intes- 
tinal mucosa of  children with poorly controlled 
insulin deficient diabetes mellitus (2). Finally, 
a contribution of intestinal mucosa to the 
overall production of VLDL triglycerides in 
rats with moderate insulin deficiency was 
demonstrated (3,4). Since plasma free fatty 
acids (FFA) also are esterified to endogenous 
triglycerides by intestinal mucosa (5,6) and 
plasma FFA are increased in insulin deficiency 
states (7), it was speculated that in this special 
condition plasma FFA might be an important 
source of intestinal triglyceride production (3). 

This study was undertaken to follow the 
intestinal metabolic fate of  plasma FFA in dia- 
betic rats. 

MATERIALS AND METHODS 

Animals and Their Diabetogenic Treatment 

Unanaesthetized male albino rats (body 
weight 280-350 g per rat)were used in all exper- 
iments. During the experimental period animals 
were fed standard rat chow ad libitum combined 

*To whom correspondence should be addressed. 

with free access to water until 12 hrs before 
blood was drawn (day 1 and 2) or rats were 
decapitated (day 3). Streptozotocin (Serva 
Feinbiochemica GmbH., Heidelberg, West Ger- 
many) was freshly dissolved in citrate buffer pH 
4.5 at 4 C before each experiment and then 1 ml 
of this solution, or buffer alone (controls), was 
injected into the tail vein of the conscious rat. 
The dose of streptozotocin was 45 mg/kg body 
weight. After 24 and 48 hrs blood for monitor- 
ing glucose, triglyceride and FFA concentrations 
was gained by scarification of the tail tip. 

Measurement of plasma immunoreactive in- 
sulin levels was performed in the fasting state 
before and after streptozotocin administration. 

Preparation of (54 C)palmitic 
Acid-rat Serum Complex 

About 20 uCi (U J4 C)palmitic acid (735 mCi[ 
mmol, New England Nuclear, Boston, Massa- 
chusetts; radiochemically > 98% pure)dissolved 
in 20 ul of  methylethyl ketone, was neutralized 
with a slight excess of  ethanolic KOH, slowly 
mixed with 3 ml rat serum, and diluted 1 : 1 with 
0.85% saline. This preparation was made imme- 
diately before each experiment, and about 1.0 
ml of this preparation (0.5 ml serum) was in- 
jected per rat. The successful use of such a (a, C) 
palmitic acid-rat serum complex has been 
described earlier (5). 

Experimental Procedure 
and Tissue Preparation 

The (14C)palmitic acid-rat serum complex 
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was injected acutely into a tail vein of conscious 
rats. After decapitation at specified time inter- 
vals (2, 5 and 10 min after injection), blood was 
collected and then the abdomen was opened 
immediately. The small intestine from duode- 
num to coecum was removed and flushed with 
50 ml of ice-cold saline. The time from decapi- 
tation to completion of saline flush never ex- 
ceeded 90 sec. The isolated small intestine was 
divided into proximal (jejunal) and distal (ileal) 
halves, the whole mucosa from the former 
(jejunal) segment extruded on a chilled glass 
plate and homogenized in a Teflon-glass homog- 
enizer after adding 3 vol of methanol to inter- 
rupt any lipolytic activity. 

ANALYTICAL METHODS 

Lipids were extracted from mucosal homog- 
enates and whole serum by the method of Folch 
et al. (8). Lipid classes were separated on pre- 
coated TLC plates (Silica gel, 0.25 mm EM rea- 
gents, E. Merck, Darmstadt, West Germany) 
and eluated after identification by comparison 
with standards as described elsewhere (5). These 
eluates were used for determination of fatty 
acids (8) and triglycerides (10). The protein 
content of the mucosal homogenates was deter- 
mined by the method of Lowry et al. (11). 
Blood glucose was measured by an enzymatic 
method (12). 

Serum levels of insulin were determined by 
radioimmunoassay as described by Heding (13), 
using ethanol for the precipitation of the antigen- 
antibody complex. 

Radioassays 

Aliquots of homogenates (0.2 ml) were 
assayed for radioactivity in liquifluor toluene 
solution (New England Nuclear) containing 10% 
Biosolv (Beckman Instruments, Inc., FuUerton, 
California) in a Beckman liquid scintillation 
system (model LS 315oT). For lipid soluble ex- 
tracts, Biosolv was not added. Water soluble 
radioactivity in intestinal mucosa was calculated 
by subtracting the lipid soluble radioactivity 
from the radioactivity in whole mucosal homog- 
enates. Quenching was corrected for by an auto- 
matic external standard, and results were ex- 
pressed as disintegrations per minute. 

Calculation of Data 

To permit comparison of results among rats 
injected with slightly different amounts of iso- 
tope, all radioactivity data were normalized to 

R ESU LTS 

Serum levels of glucose, triglycerides and 
FFA during the experimental period are shown 
in Figure 1. Blood glucose was significantly in- 
creased in the streptozotocin treated rats as 
compared with controls at all time points inves- 
tigated. Also, triglycerides and FFA were ele- 
vated in the diabetic rats, almost always reaching 
statistical significance. Fasting serum insulin 
levels were 0.68 • 0.07 ng/ml in the streptozo- 
tocin treated rats and 0.75 • 0.15 ng/ml i n  
controls, the slight difference being insignificant. 
To evaluate whether for studying these moder- 
ately diabetic rats 3 days after initiation of 
diabetes steady state conditions have been 
reached already, in additional experiments 
serum glucose, free fatty acids and triglycerides 
were measured 4 (n = 12) and 7 - 9 days (n = 14) 
after streptozotocin. Glucose was elevated con- 
stantly on days 3 and 4 (256 • 34 mg/dl and 
240 • 34 mg/dl; mean -+ SEM) and declined 
somewhat on days 7 - 9 (161 • 14 mg/dl). Serum 
free fatty acids were almost identical on days 3 
and 4 (0.69 -+ 0.05 mmol/1 and 0.65 • 0.05) 
and showed a moderate decline on days 7 -  9 
(0.58 • 0.04 mmol/1). Triglycerides were not 
significantly different on day 3 (0.98 -+ 0.25 
mmol/1), day 4 (0.66 • 0.12) and days 7 - 9  
(0.71 +- 0.22). 

Intestinal mucosal triglyceride and fatty acid 
concentrations as determined on day 3 after i.v. 
injection of streptozotocin diabetic and control 
rats are shown in Table 1. 

Uptake and Metabolism of Plasma FFA 
by Intestinal Mueosa (Table 2) 

Since it was shown in earlier studies (5) that 
no major differences exist in mucosal metab- 

Glucose ( mg/dl ) Triglycerides ( mmol/l } Free Fatty Acids 
( mmol/l ) 

2.0 

}-.. : 
1.o \ [  

time ( days ) 

4~ t 300 

200 

100~ ,~--**--~, 

time ( days ) 

+ 
1,0 

061 ~ 
0.2 

time(davsl 

FIG. 1. Serum levels of glucose, triglyeerides and 
plasma free fatty acids in rats 1, 2 and 3 days after i.v. 
injection of streptozotocin (45 mg/kg body weight, 

an injection of 1.0 ~Ci. All results are expressed n = 18, - - )  and in controls (---). Blood was drawn 
as mean • I standard error. The two groups after an overnight fast on day 1 and 2 from the tail tip 
(streptozotocin treated vs. controls) were com- and on day 3 after decapitation. M -+ SEM. *p < 0.005, 
pared by Student 's t-test. **p < 0.02,+p < 0.05 (t-test). 
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TABLE 1 

Intestinal Mucosal Triglycerides and Free Fatty Acids 
of Diabetic and Control Rats (# molelgmucosal protein) 

Diabetics Controls 

Triglycerides 16.8 -+ 2.9 13.5 -+ 1.8 
Free fatty acids 6.8 -+ 0.7 7.2 -+ 0.9 

After an overnight fast diabetic (n = 18) and con- 
trol rats (n = 17)were decapitated on day 3. Intestinal 
mucosal homogenates were assayed for triglycerides 
and free fatty acids. See also methods. M -+ SEM. Dif- 
ferences between diabetics and controls are statistically 
not significant (t-test). 

olism of plasma FFA between proximal and 
distal small intestine, only the proximal portion 
was investigated. Intestinal mucosal radioactiv- 
ity 2 rnin after intravenous injection of (14C) 
palmitic acid was 6156 -+ 350 d pm/g wet weight 
in diabetic rats and 6560 -+ 487 dpm/g wet 
weight in control rats. Apparently there was no 
major difference. Since plasma free fatty acid 
specific activities at this early time also were 
not significantly different in diabetic and con- 
trol rats (8517 -+ 1165 dpm x #mo1-1 vs 11742 
-+ 1483, mean +- SEM), one can assume that the 
initial mucosal uptake is not altered in diabetic 
rats. 

At 5 and 10 min a moderate but steady in- 
crease in mucosal radioactivity was observed. 
However, no significant difference existed be- 
tween diabetic and control rats at the specified 
intervals. 

The distribution of (14C)among intestinal 
mucosal metabolites also is shown in Table 2. 
The major part of radioactivity was incorporated 
into water soluble metabolites (about 1/3) and 
phospholipids (about 1/3); to a minor extent 
(14 C) was incorporated into endogenous triglyc- 
erides (about 1/5). This general pattern was 
rather constant in diabetic and control rats at 
2 and 5 min after i.v. injection of the (~4C) 
palmitate-rat serum complex. Only at 10 rain 
significantly more 14C was found in water 
soluble metabolites and less radioactivity in 
mucosal triglycerides of diabetic rats. This ob- 
servation is discussed below. 

To rule out the possibility that (14 C) labeled 
triglycerides isolated from the small bowel mu- 
cosa do not reflect de novo synthesis by intes- 
tinal epithelial ceils but represent only a con- 
tamination by hepatogenous serum triglycerides, 
the specific activities of triglycerides in mucosa 
and serum were calculated. As shown in Figure 2 
the specific activities of serum triglycerides 
were significantly less than those of mucosal 
triglycerides at 2, 5 and 10 min, thus excluding 
any significant contribution by serum (14C) 

triglycerides to intestinal mucosa (~4 C) triglyc- 
erides and confirming our earlier findings in 
rat (5) and man (6) that plasma FFA are incor- 
porated into triglycerides by intestinal mucosa. 
No significant difference in this intestinal path- 
way existed between diabetic and control rats. 

DISCUSSION 

Studying moderately diabetic rats 3 days 
after streptozotocin injection seems appropriate 
since adaptation changes-a well known phe- 
nomenon when relatively small doses of strep- 
tozotocin are used (14)-have not occurred yet 
but plasma free fatty acids already exhibited 
steady state conditions. 

The finding of a similar intestinal lipid con- 
tent in diabetic and control rats is in good agree- 
ment with earlier findings in man, where intes- 
tinal mucosa also contained similar amounts of 
lipids both in well controlled juvenile or matur- 
ity onset diabetes and in normal subjects (15). 

The initial uptake of (~4C) into intestinal 
mucosa after i.v. injection of (,4 C) palmitate is 
not  different between diabetic and normal rats, 
indicating that plasma FFA influx into the 
intracellular space is not altered in moderately 
insulin deficient rats. Also, the intracellular 
esterification and oxidation pathways of these 
plasma derived FFA cannot be significantly 
abnormal in diabetic rats, because the pattern 
of lipid radioactivity at 2 and 5 min was quite 
similar in both groups investigated and consist- 
ent with earlier data in normal rats (5). The 
finding that significantly less mucosal triglyc- 
eride radioactivity was detected 10 min after 
(~4 C) application in diabetic rats is difficult to 
interpret at the moment.  Because a small, but  
significantly higher amount of (a, C) was recov- 
ered in mucosal water soluble metabolites of 
diabetic rats at the same time, this could mean 
that plasma derived (14 C) palmitate was oxi- 
dized to a higher extent within the preceding 
10 min at the expense of incorporation into 
mucosal triglycerides. 

It is unlikely, however, that this effect 
would show only relatively late at 10 min but 
not at 2 and 5 min after the i.v. injection of 
(a4 C) palmitic acid. Therefore, an alternate ex- 
planation seems more attractive: The recent 
description of a significantly higher contribu- 
tion of endogenous fatty acids to the enhanced 
production of intestinal VLDL triglyceride 
fatty acids in diabetic rats during fasting (4), 
and the fact that we could not find a significant 
difference in the intestinal mucosal triglyceride 
concentrations of diabetic and control rats 
(Table 1) can be reconciled by the assumption 
of an increased intestinal secretion of triglyc- 
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FIG. 2. Specific activity (dpm/t~mole) of triglyc- 
erides in intestinal mucosa ( - - )  and serum (---) of 
diabetic (e) and control (o) rats after i.v. (14 C)palmitic 
acid. After an overnight fast rats received (1+C) palmi- 
tate rapidly intravenously, and specific activity of tri- 
glycerices in mucosa and serum was determined after 
decapitation at 2 min (8 diabetic, 7 control rats), 5 
min (5 diabetic, 5 control rats) and 10 min (5 diabetic, 
5 control rats). Mean +- SEM. Statistically significant 
differences between specific activities in serum and 
mucosa are designated with *p < 0.02 and **p < 0.005 
(t-test). The differences between diabetic and control 
rats in serum and mucosal specific activities were not 
statistically significant. 

eride rich l ipopro te ins  in diabet ic  rats. Thus,  
our  f inding of  significantly less t r iglyceride 
radioact iv i ty  at 10 min after  the appl icat ion of  

(1+C) palmitic acid in diabetic rats could be 
interpreted as indirect evidence of an acceler- 
ated efflux of labeled triglyceride from intes- 
tinal epithelial  cells in to  mesenter ic  lymph.  This 
specula t ion  could be conf i rmed  only  by  direct  
measu remen t  of  l y m p h  tr iglyceride radioactiv- 
i ty,  which was no t  pe r fo rmed .  Nevertheless,  
there  is no  evidence that  plasma free palmit ic  
acids play a major  role in the  enhanced  intes- 
tinal VLDL tr iglyceride p r o d u c t i o n  in diabet ic  
rats wi th  mo d e ra t e  insulin def ic iency.  One can- 
no t  rule out  the  possibi l i ty tha t  the  intest inal  
metabol i sm of  plasma F F A  is al tered when  
diabet ic  animals are comple te ly  insulin defi- 
cient.  
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METHODS 

Quantitative Analysis of Triglyceride Species of Vegetable Oils by 
High Performance Liquid Chromatography via a Flame 
Ionization Detector 
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ABSTRACT 

A method for the quantitative analysis of triglyceride species composition of vegetable oils by 
reversed-phase high performance liquid chromatography (RP-HPLC) via a flame ionization detector 
(FID) is described. Triglycerides are separated into molecular species via Zorbax chemically bonded 
octadecylsilane (ODS) columns using gradient elution with methylene chloride in acetonitrile. Identi- 
fication of species is made by matching the retention times of the peaks in the chromatogram with the 
order of elution of all of the species that could be present in the sample on the basis of a random dis- 
tribution of the fatty acids and comparision of experimental and calculated theoretical carbon numbers 
(TCN). Quantitative analysis is based on a direct proportionality of peak areas. Differences in the re- 
sponse of individual species were small and did not dictate the use of response factors. The method is 
applied to cocoa butter before and after random~ation, soybean oil and pure olive oil. 
Lipids 19:880-887, 1984. 

INTRODUCTION 

Considerable progress has been made in re- 
cent years on the separation of triglyceride 
species by reversed-phase high performance 
liquid chromatography (RP-HPLC) (1-9). Quan- 
titative analysis generally is performed on iso- 
lated fractions by gas liquid chromatography 
(GLC) of methyl esters using an internal stan- 
dard as described by Plattner (2) and Wada (10) 
and as used in glyceride analysis in conjunction 
with lipase hydrolysis and thin layer chroma- 
tography (TLC) (11-13). Quantitative analysis 
directly by ultraviolet (UV) (14) or refractive 
index (RI) (15) detectors usually is not made 
because of the need for response factors for all 
of the individual species. These detectors also 
place limitations on the solvents that can be 
used in the chromatography. 

In a recent report (16) we described the 
separation by RP-HPLC of triglyceride species 
differing by one double bond or one methylene 
group, as well as of 2 and 4 component critical 
pair mixtures. In the present study the quanti- 
tative analysis of the molecular species of tri- 
glycerides based on a direct proportionality of 
peak areas using a flame ionization detector 
(FID) developed in this laboratory (17) is 
demonstrated on standard mixtures of pure 
triglycerides and applied to several vegetable 
oils. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Triglycerides. The following highly purified 
simple triglycerides were obtained from Nu- 
Check Prep, Inc., Elysian, Minnesota: trilaurin 
(36:0), trimyristin (42:0), tripalmitin (48:0), 
tripalmitolein (48:3), tristearin (54:0), triolein 
(54:3), trilinolein (54:6) and trilinolenin (54:9). 

Triglyceride reference mixtures. Four mix- 
tures, A, B, C and D, were prepared for identifi- 
cation purposes by randomization of equal 
amounts of the following pure triglycerides: 
A, tripalmitin, trilinolein and trilinolenin ; 
B, tripalmitin, triolein and trilinolein; C, tri- 
palmitin, triolein and tristearin, and D, triolein, 
trilinolein and trilinolenin. 

The randomizations were carried out by 
heating equal amounts of the pure triglyceride 
mixtures for 4 hr at 100 C under an atmosphere 
of nitrogen with a sodium methoxidc catalyst 
as previously described (l 8). The reaction mix- 
tures were purified by gravity flow silicic acid 
column chromatography in which the nonpolar 
material was eluted with low boiling petroleum 
ether, following which the triglycerides were 
collected as a single fraction by elution with 
methylene chloride. Each of the above mixtures 
contained l0 molecular species as follows: 
Mixture A. P3, L3, Ln3, P2LI,  PIL2, P2Lnl ,  
P lLn2,  L:Ln~,  L1Ln2, P 1 L I L n l ;  P = palm- 
itate, L = linoleate, and Ln = linolenate ; Mixture 
B. Pa, O3, La, P2Ol,  PiO2,  PzL],  PIL2, 
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02LI ,  OIL2,  P IOIL1;  P = palmitate, 0 = 
oleate, and L = linoleate; Mixture C. P3, Oa, 
S3, P2OI, PIO2, P2SI, PIS2, O2S1, OIS2, 
P I O I S l ;  P = palmitate, O = oleate, and S = 
stearate; Mixture D. 03,  L3, Lna, O2Ll ,  OILz,  
O2Lnl ,  OiLn2,  L2Lnl ,  LILn2,  O i L l L n l ;  
O = oleate, L = linoleate, and Ln = linolenate. 

Cocoa butter and soybean oil were commer- 
cial samples. Randomized cocoa butter was pre- 
pared from the natural sample as described 
above. The triglycerides of these oils also were 
purified by gravity flow column chromatography 
with silicic acid. Samples of pure olive oil were 
obtained from Dr. Eduardo Vioque of the In- 
stitute de La Grassa sus Derivados (C.S.I.C.), 
Seville, Spain, and Professor Enzo Fedeli, Cen- 
tro Nazionale Per La Lipochimica, Milano, 
Italy, and used as received. 

Fatty acid composition of the oils was deter- 
mined on methyl esters, prepared as described 
by Christie (19), using a Hewlett Packard Model 
5840A gas chromatography with a 12' • 0.125" 
o.d. column of 10% Silar 10 C on 100-200 
mesh Gas Chrom Q (Applied Science, State 
College, Pennsylvania). The column temper- 
ature was programmed from 200-225 C at 2.0 C 
per rain with a flow rate of helium of 10 
ml/min. The fatty acid analyses of the oils 
studied here are shown in Table 1. 

Lipase hydrolysis. The method used in this 
work is described by Privett and Nutter (11). It 
is a refinement of that described by Mattson 
and Volpenheim (20) which has been used ex- 
tensively in methods for the determination of 
triglyceride structure. 

RP-HPLC. This technique was carried out 
with a Spectra Physics Model 3500 B liquid 
chromatograph equipped with two 4.6 m m •  
25 cm Zorbax columns of chemically bonded 
ODS connected together and a FID as previously 
described (16). The columns were obtained 
from E.I. Dupont de Nemours and Co., Wilm- 
ington, Delaware. Peak areas were recorded 

automatically and per cent composition deter- 
mined with an IMSAI 8080 microprocessor- 
integrator system. The chromatography was 
carried out with a linear gradient elution pro- 
gram starting with various concentrations of 
methylene chloride but generally 30% by vol in 
acetonitrile. The concentration of methylene 
chloride was increased until all of the compo- 
nents were eluted. In order to demonstrate the 
application of the FID in conjunction with 
large bore columns, several experiments were 
carried out with a Golden Series Zorbax ODS 
column, packed with 3 /lm diameter porous 
spherical microspheres in a 6.2 mm x 8.0 cm 
configuration, also obtained from E. I. Dupont 
de Nemours and Co., Wilmington, Delaware. 

Solvents. Methylene chloride was a reagent 
grade purchased from local suppliers and pur- 
ified by a preliminary distillation followed by 
shaking in a separatory funnel with concentrated 
sulfuric acid several times, dilute sodium car- 
bonate and finally with water. The washed sol- 
vent was dried over calcium chloride and 
redistilled in an all-glass still. 

Acetonitrile was a reagent grade obtained 
from Fischer Scientific Co., Fairlawn, New 
Jersey. It was treated with phosphorus pentox- 
ide and fractionally distilled through a 2-meter 
Hyper-cal Podbielniak column at a reflux ratio 
of 20:1. This procedure removed nonvolatile 
contaminants and insured uniformity of the sol- 
vent from batch to batch. 

Flame ionization detector [FID). The detec- 
tor is described in previous work (17). Briefly, 
the eluent from the column is applied to the 
moving transport device which is a perforated 
belt whose construction features have been de- 
scribed previously (17). The solvent is removed 
in the evaporator which is maintained at 200 C 
in a stream of nitrogen and collected in a dry 
ice trap. The sample remains as a residue on the 
belt and is transported into the reactor, which 
is heated to 600 C, where it is converted to vol- 

T A B L E  1 

F a t t y  A c i d  C o m p o s i t i o n  o f  N a t u r a l  Oi l s  

F a t t y  a c i d  C o c o a  b u t t e r  (%)  S o y b e a n  oi l  (%)  I t a l i a n  o l i ve  oi l  ( % )  S p a n i s h  o l i ve  oil  ( % )  

1 6 : 0  a 2 4 . 9 4  +- 0 . 3 6  b 1 0 . 4 0  + 0 . 0 3  1 2 . 0 8  • 0 . 0 3  1 3 . 2 6  • 0 . 2 4  
1 6 : i  0 . 5 3  -+ 0 . 0 2  0 . 2 4  + O.Ol  1 .02  • 0 . 0 2  1 . 3 7  • 0 . 0 2  
1 8 : 0  3 4 . 5 2  +- 0 . 2 2  4 . 1 9  • 0 . 0 2  2 . 5 7  ,+ 0 . 0 1  3 .41  -+ 0 . 0 3  
1 8 : 1  3 5 . 3 6  ,+ 0 . 2 2  2 2 . 4 9  -+ 0 . 0 3  7 4 . 1 2  ,+ 0 . 1 0  72 .36 - +  0 . 1 8  
1 8 : 2  4 . 1 1  -+0 .04  5 3 . 9 6  +-0 .04  8 . 6 4  +- 0 . 0 2  8 . 2 8 2  0 . 0 5  
1 8 : 3  0 . 1 7  -+ 0 . 0 1  7 . 1 2  +-0.01 0 .71  +- 0 . 0 2  0 .63-+  0 . 0 4  
2 0 : 0  -- 0 . 5 7  +- 0 . 0 1  0 . 4 0  • 0 . 0 2  0 . 3 0  -+ 0 . 0 3  

aNumber  before colon = number of carbon atoms; number after colon = number of  
double bonds. 

bMean -+ S.D. 
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is processed by the  IMSAI m i c r o c o m p u t e r  and 
pr in ted  out,  The raw data is conver ted  to  
per  cent  compos i t i on  on  the  basis o f  a p ropor -  
t ional i ty  of  peak areas by means  of  a BASIC 
sof tware  program.  

atile h y d r o c a r b o n s  by reac t ion  wi th  hydrogen .  
The p roduc t s  o f  the  reac t ion  are swept  in to  the  
stack in a mix tu re  of  n i t rogen and hyd rogen  
and c o m b u s t e d  in a f lame of  hydrogen  at the  
out le t .  The current  tha t  is p roduced  u p o n  ion-  
izat ion of  the  sample in the  f lame is amplif ied 
by  a Kei th ley  (Model  417K)  e lec t rometer .  The 
signal is r ecorded  on a strip chart  recorder  and 
passed in to  an in tegra tor  which  stores it unt i l  it 
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FIG. 1. Separation of a mixture of randomized samples A, B and C; column - two 
250 X 4.6 mm, 5 pro, Zorbax C18 ODS columns coupled in series; mobile phase- 120 min 
linear gradient from 30 to 60% methylene chloride in acetonitrile; flow rate - 0.8 ml per 
rain; detector - flame ionization. Species identification as indicated with Ln = linolenate; 
L = linoleate; O = oleate; P = palmitate; S = stearate (the order of designation does not indi- 
cate positional isomers). 
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FIG. 2. Separation of randomized mixture D; conditions and species designations as in 
Fig. 1. Insert is the separation of a 4-component critical pair mixture using an isocratic sol- 
vent system of 40% methylene chloride in acetonitrile and a column 80 m m •  6.2 ram, 
3 ~m, Zorbax ODS at 1.2 ml per min with an effluent split of 1:1. 
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separately and in combination. There are 10 
species in each mixture, but when they are 
combined, 8 species of these mixtures are the 
same as shown by the compositions in Methods. 
Thus, the combination of A, B and C gave 22 
different species, all of  which were separated 
with virtually baseline efficiency as shown in 
Figure 1. There are several critical pairs in this 
mixture. The 4-component critical pair mix- 
ture, PPP, PPO, POO and OOO, is marked out 
in Figure 1 as an example. These species have 
an ECN of 48 calculated on the basis that one 
double bond has the equal and opposite effect 
of 2 methylene groups. However, they obviously 
differ in their partition coefficients in order to 
be separated. 

Mixture D also contained 10 species as 
shown in Figure 2. It was not added to the mix- 
ture of A, B and C because only 3 species, 
LnLnO, LnLo and LnOO, were different. 
However, mixture D is important for the iden- 
tification of the species of soybean oil which 
contains triglycerides with acyl groups of lino- 
lenic and linoleic acid in appreciable amounts. 
The interesting feature of this reference mixture 
(Fig. 2) is that it contains 3 pairs of species that 
not only have the same ECN but the same num- 
ber of carbon atoms and the same number of 
double bonds. Species LnLL and LnLnO 
(Fig. 2) have an ECN of 40, 54 carbon atoms 
and 7 double bonds. Species LLL and LnLO 
have an ECN of 42, 54 carbon atoms and 6 
double bonds. Species LLO and LnOO have an 

ECN of 44, 54 carbon atoms and 5 double 
bonds. All 6 of  these species as well as other 
species in this mixture were separated well 
enough to serve as reference compounds to 
determine their relative order of elution. 

In order to demonstrate that a rapid analysis 
can be made with the FID using short, large 
bore columns, the 4-component critical pair 
mixture set out in Figure 1 was analyzed iso- 
cratically with 45% methylene chloride in 
acetonitrile as shown in the insert in Figure 2. 
These compounds emerged in approximately 2 
min in a 15-min run, showing not only that fast 
eluting peaks can be analyzed with the FID, 
but that a rapid analysis can be performed 
with the methylene chloride-acetonitrile sol- 
vent system. 

The plot of  the response (peak area) vs mass 
of individual components of a standard mixture 
of simple triglycerides varying in unsaturation 
from 0 to 9 double bonds is shown in Figure 3. 
This plot gave a linear relationship satisfying 
the parameters for a quantitative analysis based 
on a proportionality of peak areas over the 
molecular weight range of species found in 
common vegetable oils. The linear dynamic 
range extended to approximately 200/zg, which 
enabled the analysis of minor components in 
concentrations of less than 1%. The table in 
Figure 3 shows that the relative error of the 
method for the analysis of minor components 
is approximately 7%, which decreases to approx- 
imately 1% for the major components. 
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g 10 2~) 4)0 gO 8() ~ 1:;0 140 160 180 200  
u g  

FIG. 3. A plot of the response versus #g injected for an equal weight mixture of triglycerides. 
Ln 3 = trilinolenin; L 3 = trilinolein; 03 = triolein; l'a 3 = tripalmitolein; P3 = tripalmitin; S 3 -- tristeazin. 
M _+ SD = the mean + standard deviation of the responses for each individual triglyceride in the mix- 
ture (n -- 8). 
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FIG. 4. Separation of  natural and randomized cocoa butter triglyceride molecular species. Con- 
ditions and identification as in Fig. 1. A = atachidate. 

TABLE 2 

Analysis of Cocoa Butter 

Molecular Total calculated HPLC natural Calculated 1,3 random HPLC total 
species a random (%) (%) 2 random (%) random (%) 

LOO 1.5 0.6 • 0.2 b 0.4 1.1 +- 0.2 b 
LOP 2.2 1.7 • 0.2 1.9 1.4 +- 0.2 
OPaP - - 0.7 -- 
LPP 0.8 tr 1.1 0.6 • 0.1 
OOO 4.4 0 .4  • 0.1 0.8 3.8 • 0.2 
LOS 3.0 0.5 +- 0.1 2.5 1.9 -+ 0.2 
O O P  9.4 3.8 • 0.1 6.3 9.8 • 0.3 
OPaS 0.4 - 0.9 - 
LPS 2.1 2.9 • 0.1 2.8 1.6 -+ 0.2 
OPP 6.6 14.6 + 0.2 12.0 8.0 • 0.2 
PPP 1.6 tr - 2.0 • 0.1 
OOS 13.0 5.8 • 0.3 8.3 12.6 • 0.6 
LSS I.S 1.3 • 0.2 2.2 0.9 • 0.1 
OPS 18.3 38.S • 0.4 31.7 19.9 ~- 0.6 
PPS 6.4 0.5 • 0.l 0.8 8.3 -+ 0.5 
OSS 12.6 26.0 • 0.3 21.0 12.8 • 0.3 
PSS 8.9 0.6 • 0.1 0.8 9.7 • 0.2 
OSA 0.7 1.1 • 0.1 - 1.0 • 0.4 
SSS 4.1 0.3 -+ 0.1 0.4 4.4 • 0.1 

aL = linoleate; O = oleate; Pa = palmitoleate; P = palmitate; S 
(the order of  designation does not indicate positional isomers). 

bMean • S.D. 

I d e n t i f i c a t i o n  o f  t r ig lycer ide  spec ies  c o m p o -  
s i t ion  of  na tu r a l  oils  was  m a d e  b y  d e t e r m i n a t i o n  
o f  the  o r d e r  o f  e l u t i on  o f  all o f  t he  spec ies  t ha t  
cou ld  be p r e s e n t  in the  oil by  a m o d i f i c a t i o n  o f  
t h e  c o m p u t e r  p r o g r a m  desc r ibed  by  Merri t  
et  al. ( 2 1 )  to t ake  in to  a c c o u n t  the i r  t h e o r e t i c a l  
c a r b o n  n u m b e r s  (TCN) .  The  peaks  in t he  
c h r o m a t o g r a m  of  the  oils are t h e n  iden t i f i ed  b y  
m a t c h i n g  the  ca lcula ted  and  the  e x p e r i m e n t a l  

= s teara te ;A= arachidate 

TCN values  relat ive to  the  o r d e r  o f  e l u t i on  o f  
t h e  c o m p o n e n t s  o f  r e f e r ence  m i x t u r e s  of  t he  
s ame  and similar  species .  The  T C N  values  were  
d e t e r m i n e d  a c c o r d i n g  to  E I - H a m d y  and  Perk ins  
(8 )  us ing  c o n s t a n t s  fo r  p a l m i t o l e a t e ,  o lea te ,  
l ino lea te  and  l ino lena te  in r e f e r e n c e  m i x t u r e s  
u n d e r  t h e  specif ic  c h r o m a t o g r a p h i c  c o n d i t i o n s  
e m p l o y e d .  The  ca lcula ted  and  e x p e r i m e n t a l  
T C N  values  f r e q u e n t l y  will vary  s l ight ly ,  b u t  
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they are sufficiently reproducible to give the 
order of elution when compared with reference 
compounds. The order of elution and identifi- 
cation of the species in the oils examined here 
was fairly simple because virtually all of the 
species were present in the reference mixtures. 

Application of this technique to identifica- 
tion of the species in natural and randomized 
cocoa butter is shown in Figure 4. All of the 
species except LOS, LPS and LSS were present 
in the reference mixtures. Quantitative analyses 
of the species of these oils are summarized in 
Table 2. The analyses in Table 2 show that in 
the natural sample, the distribution of the fatty 
acids among the triglycerides does not follow a 
random pattern but agrees in principle with a 
1,3-random-2-random distribution proposed by 
Vander Wal (22). On the other hand, the anal- 
ysis of the species of the randomized cocoa 
butter shows good agreement with that calcu- 
lated for a random distribution which is further 
verification of the method. 

The chromatogram of the analysis of soy- 
bean oil is shown in Figure 5. Identification of 
the species composition of this oil also was 
made by comparision of the retention times of 
the peaks relative to the order of elution of 
reference compounds and by their TCN values. 
All of the species in this oil, except LLS, LOS 
and LPS, were present in the reference mixtures 
A, B, C and D. It is generally believed that the 
triglyceride species of this oil conform to a ran- 
dom distribution pattern and the experimental 
values are in general agreement with this type 
of fatty acid distribution as shown in Figure 5. 

Q. 

.= 

Cake, Calc. 

Molecular Rand. H P L C Molecular Rand. 
SPgg:~9~ ~ ~ ~ i e s  

LnLnL 0 8  1.3:1:0.3 LOP 7,6 
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LnLnO 0 3  I r  t Pp 1,8 

L L L  15.? 18J~ • G6 0 0 0  1.1 

LnLO 5.2 L 3 ~ 0 . q  LLA  0.5 

LnLP 2A 2.8:1:O5 LOS 3.1 

LLO 19,7 17.3 + 0.7 OOP 1.6 

LnOO 1.1 t r  L PS 1A~ 

L L P 91 12~ :l:OJg OPP 0.7 

LnLS 1.0 -- LOA 0.4 

LnOP 1.0 tr OOS 0.6 

LO0  82  7.6:1:03 LSS 0,3 

LLS  ~L7 3~9 ::1:0.1 OPS 0.6 
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Application of the method of identification 
to the molecular species of pure olive oil is 
shown in Figure 6. The triglyceride species 
composition of samples of pure olive oil from 
Italy and Spain as shown in Table 3 were vir- 
tually identical in spite of the fact they came 
from widely different geographical sources. 
These analyses show that olive oil (Table 3; 
Fig. 6) is characterized by 3 major components, 
LOO, OOO and OOP. 

DISCUSSION 

Although only 3 oils were analyzed, the re- 
suits indicate that the FID used in the present 
study provides a quantitative analysis of the 
triglycerides of vegetable oils by HPLC insofar 
as they can be separated. The linear relationship 
of response to peak area showed good agreement 
for a variety of simple triglycerides which cover 
the elution time and equivalent carbon numbers 
of those found in common vegetable oils. With 
fats and oils other than those analyzed here, 
different reference mixtures might be used de- 
pending on their fatty acid composition. 

The analyses of cocoa butter before and after 
randomization provide a good test of the method 
because the natural fat has a non-random tri- 
glyceride composition and randomization gives 
well-defined differences. 

It has been well established that the triglyc- 
eride species compositions of both olive and 
soybean oils follow a random pattern. However, 
there were minor discrepancies in both cases 
although overall there was no doubt of the 
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FIG. 5. Separation of soybean oil triglyceride molecular species. Conditions and identification as 
in Fig. 1. 
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FIG.  6.  Sepa ra t ion  o f  pu re  I ta l ian ol ive oil t r ig lycer ide  mo lecu l a r  species. Cond i t ions  and  identi-  
f ica t ion  as in Fig. 1. 

T A B L E  3 

Analyses  o f  Pure Olive Oils 

Italian Spanish 

Molecular  Calcula ted HPLC Calcula ted HPLC 
Species R a n d o m  (%) (%) R a n d o m  (%) (%) 

L L O  a 1.68 1.14 -+ 0.02 b 1.51 1.20 + 0.07 b 
LnOO 1.19 0.91 +- 0 .03  1.00 1.03 + 0.02 
LLP 0.27 0 .38  -+ 0.03 0 .28  0.33 • 0 .03  
LnOP 0 .39  0 .39  + 0 .03  0 .37  0 .39  + 0 .08  
L O O  14.44 10.36 + 0 .09  13.16 9 .80  -+ 0 .36  
OOPa 1.70 1.18 -+ 0 .03  2 .18  1.54 -+ 0 .03  
LOP 4.71 4.91 • 0 .06  4 .82  4 .80  -+ 0.11 
OPaP 0 .56  0 .53  -+ 0.O2 0 .80  0 .70  -+ 0 .03  
LPP 0 .38  0 .53  -+ 0 .04  0 .44  0.86 -+ 0 .07  
O O O  41 .29  41.51 • 0 .30  38 .33  38.51 -+ 0 .53  
LOS 1.00 1.15 -+ 0.15 1.24 1.34 +- 0 .30  
OOP 20 .19  24 .80  + 0.25 21 .07  26 .13  + 0 .38  
OPP 3.29 3.03 -+ 0.07 3.86 3.40 -+ 0 .20  
PPaS - 0.55 +- 0 .09  - 0 .70  • 0 .09  
OOS 4 .29  3.98 • 0 .10  5.42 4 .97  • 0 .10  
OPS 1.40 0.85 -+ 0 .10  1.99 1.16 • 0 .03  
PPS 0.11 0 .47  • 0.01 0 .18  0 .57  • 0 .02  
OSS 0.22 0 .19  +- 0.01 0 .26  0 .27  • 0.01 

aLn - l ino lena te ;  L = l inoleate ;  O = o lea te ;  Pa = pa lmi to l ea t e ;  P = p a l m i t a t e ;  S = s teara te  
( the o rde r  o f  des ignat ion  does  no t  indicate  posi t ional  i somers) .  

bMean + S.D. 

basic pa t te rns .  The  ques t ion  arises as to w h e t h e r  
or no t  the  e x p e r i m e n t a l  analyses  represen t  the  
t rue  c o m p o s i t i o n  and the  calcula ted values  an 
a p p r o x i m a t i o n  i na smuch  as the  f a t ty  acids are 
no t  expec ted  to fol low a t rue  r a n d o m  p a t t e r n  
in na tura l  fats  (23) .  
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Analysis of Sterol Esters by Capillary Gas Chromatography:Electron 
Impact and Chemical Ionization-Mass Spectrometry 
WILLIAM R. LUSBY,* MALCOLM J. THOMPSON and JAN KOCHANSKY, Insect 
Physiology Laboratory, Agricultural Research Service, U.S. Department of Agriculture, 
Beltsville, Maryland 20705 

ABSTRACT 

Synthetic mixtures of C4o to C4~ sterol esters in groups of 7 esters were effectively separated and 
analyzed by capillary gas chromatography-mass spectrometry. Ammonia chemical ionization of all 20 
sterol esters analyzed at a source block temperature of 120 C yielded (M+NH 4)* and (M+H-RCO 2 H) + 
ions of high abundance or as base peak, thereby indirectly indicating the molecular weights of the 
ester and the sterol and acid moieties. Ammonia CI spectra of all esters containing a AS-sterol moiety 
exhibited in addition to the above 2 ions an M+NH4-RCO 2 H fragment. At a source block temperature 
of 150 C, M+H-RCO2H fragment was the base peak for all esters, and there was little or no indication 
of an (M+NH4) + adduct ion. Protonated molecules were not observed for any esters analyzed by 
methane or isobutane CI. Molecular ions of 3-14% intensity were obtained for only 3 of the esters 
analyzed by electron impact; they contained a AT-bond in the sterol nucleus, and the acid moiety was 
either saturated normal or branched chain or contained a single double bond. The base peak was a 
function of both the acid and sterol moieties of the sterol ester. The esters containing both  saturated 
straight chain acid and saturated sterol moieties exhibited a base peak at m/z 215. The AS-sterol esters 
with saturated branched or straight chain acid moieties exhibited base peaks at M-RCO 2 H. Other ions 
also were of diagnostic value. 
Lipids 19:888-901, 1984. 

INTRODUCTION 

Direct  gas ch roma tog raph i c -mass  spec t ro-  
met r ic  (GC-MS) analysis  of  s te ro l  esters,  com- 
p o u n d s  w h i c h  are u b i q u i t o u s  in  b o t h  the  p l an t  
and  a n i m a l  k ingdom,  has  b e e n  h i n d e r e d  b y  gas- 
l iquid c h r o m a t o g r a p h i c  l imi ta t ions  of  effi- 
c ien t ly  separa t ing  and  e lu t ing  these  h igh  mo-  
lecular  weight  c o m p o u n d s  f r o m  the  GC c o l u m n  
as well  as the  inab i l i ty  to  p r oduce  ions  charac-  
ter is t ic  of  the  molecu la r  weight  (1,2,3) .  The  
d e v e l o p m e n t  of  o n - c o l u m n  in jec tors  and  fused  
silica capil lary co lum ns  t oge the r  w i t h  b o n d e d  
l iquid phases  has  great ly  increased t he  capabil-  
i ty  of  GLC to ana lyze  s te ro l  esters  (3,4) .  

E l ec t ron  i m p a c t  mass spec t rome t r i c  analysis  
of  s te ro l  esters,  via e i the r  d i rec t  p r o b e  or  GC, 
has n o t  p rov ided  ions d i rec t ly  indica t ive  of  t he  
molecu la r  weight .  M e t h a n e  has  been  used for  
chemica l  i on i za t i on  mass s p e c t r o m e t r y  of  s terol  
esters  (3) ,  and  p r o d u c e d  f r agmen t  ions  w h i c h  
ind ica te  b o t h  t he  acid and  s te ro l  moie t ies ,  bu t  
did n o t  p roduce  a molecu la r  ion of  t he  in tac t  
ester.  The  lack of  ions  r ep resen ta t ive  o f  the  
molecu la r  weight  becomes  a p r o b l e m  when  
samples  are ana lyzed  via d i rec t  p r o b e  or w h e n  2 
or  more  esters  co-elute  f rom a gas c h r o m a t o -  
graph. I s o b u t a n e  chemica l  i on iza t ion  (1)  of  
s terol  esters  p r o d u c e d  ions w h i c h  again indi-  
ca ted  the  acid and  s te ro l  po r t i ons  bu t  n o t  the  

*To whom correspondence should be addressed at 
Insect Physiology Laboratory, Bldg. 467, BARC-East, 
Beltsville, MD 20705. 

i n t a c t  molecule .  The  use of  a m m o n i a  as a 
reagen t  gas has  been  r epo r t ed  to  p roduce  
a m m o n i u m  a d d u c t  ions  ( M + N H , )  ~, at  low 
in t ens i t y  in one  s t u d y  (1)  and  at  h igh  a b u n -  
dance  in a n o t h e r  s t udy  (5). None  of  the  CI 
s tudies  has  inves t iga ted  the  in f luence  on  spec- 
t ra l  charac ter is t ics  of  u n s a t u r a t i o n  in the  acid 
or s terol  mo ie ty ,  and  mos t  s tudies  have been  
l imi ted  to AS-sterol  esters.  

We r epo r t  here  t he  d e v e l o p m e n t  of  EI and  
CI t echn iques  for  the  GC/MS analysis  of  i n t a c t  
s te ro l  esters,  b y  wh ich  the  l a t t e r  p r o d u c e d  ions  
indica t ive  of  the  molecu la r  we igh t  as well as t he  
s terol  and  acid p o r t i o n s  of  t he  molecule .  Fur-  
ther ,  we r epo r t  t he  ef fec t  of  u n s a t u r a t i o n  at  
var ious sites in t he  acid and  s te ro l  moie t ies  on  
the  d i s t r i bu t ion  of  charge  as well  as t he  e f fec t  
of  reagen t  gas ion c o m p o s i t i o n  and  i o n i z a t i o n  
c h a m b e r  t e m p e r a t u r e  o n  spec t ra l  fea tures .  

EXPERIMENTAL PROCEDURES 

Sterols and Fatty Acids 

Sitos terol ,  stigmast-5-en-3/3-ol (6) ,  was pre- 
pared  f rom s t igmas tero l  by  the  m e t h o d  o f  
Steele and  Moset t ig  (7). Campes t e ro l  ( c a m p e s t -  
5-en-3/3-ol) was o b t a i n e d  by  f r ac t iona l  crystal-  
l iza t ion  f rom a c e t o n e  of  soybean  s terols  f r o m  
which  the  s t igmas te ro l  had  been  removed .  
Choles tero l ,  recrystaUized once  f rom e thano l ,  
was o b t a i n e d  f rom Fisher  Chemica l  Co. Iso- 
fucos te ro l  [ 2 4-trans-stigmasta-5 ,2 4( 28 )-dien-3[J- 
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ol] and 24-methylenecholest-5-en-3/3-ol were 
obtained from rape pollen. 5t~-Cholestan-3/~-ol 
and 5a-campestan-3/3-ol were prepared by the 
catalytic hydrogenation of cholesterol and 
campest-5-en-3/~-ol, respectively. Similarly, 5a- 
campest-7-en-3/3-ol and 5a-cholest-7-en-3/3-ol 
were obtained via hydrogenation, in the pres- 
ence of Raney nickel, of 7-dehydrocampesterol 
and 7-dehydrocholesterol, respectively. Cam- 
pestively. Campesterol and campestanol were 
pesterol and campestanol were >95% purity, 
and the other sterols were > 98% purity by GLC 
and TLC. 

9,12-Octadecadienoic acid (linoleic acid), 
9,12,15-octadecadienoic acid (linolenic acid), 
9-hexadecenoic acid (palmitoleic acid), and 9- 
tetradecenoic acid (myristoleic acid) were pur- 
chased from Supelco, Bellefonte, Pennsylvania. 
The 4-methyl acids were prepared from 1- 
bromodecane or 1-bromododecane as follows. 
2-Methyldodecanoic acid was prepared by the 
method of Allen and Kalm (8, note 2) and 
reduced with lithium aluminum hydride to give 
2-methyldodecanol. Treatment with phospho- 
rus tribromide/ether/pyridine gave the bromide, 
which was allowed to react with sodiomalonic 
ester under conditions analogous to those of 
the 2-methyldodecanoic acid preparation which 
gave, after saponification and decarboxylation, 
4-methyltetradecanoic acid (mp 34-35 C after 
crystallization from hexane). 4-Methylhexa- 
decanoic acid was prepared similarly except 
that 2-methyltetradecanol was converted to the 
methanesulfonate (methanesulfony chloride/py- 
ridine) instead of the bromide for use in the 
malonic ester synthesis. The product melted at 
44.5-45.5 C after crystallization from hexane. 

Tridecanoic acid of 97% purity was pur- 
chased from Aldrich Chemical Co., Milwaukee, 
Wisconsin. All other acids were > 98% purity by 
TLC and GLC analyses of their methyl esters. 

Reagent Gases 

Ammonia (99.99%), isobutane (99.5%), and 
methane (99.97%) were purchased from Mathe- 
son (Rutherford, New Jersey). 

General Procedure for Preparation and Purification 
of Sterol Esters (Cholestan-3/3-ol Tridecanoate 
as Model Compound) 

Tridecanoic acid (17 mg) in 2 ml of benzene 
was converted to the acid chloride by refluxing 
with 0.02 ml of thionyl chloride (3 fold excess) 
in dry benzene for 4 hr. The benzene and ex- 
cess thionyl chloride were removed under 
vacuum, then 25 mg of cholestan-3/~-ol in 2 ml 
of benzene was added to the flask and the mix- 
ture was allowed to react with stirring overnight 
or in an oven at 50 C without stirring. The sol- 

vent was removed under vacuum, and the 
crude product was chromatographed over 5 g 
(10 mm x 65 mm) neutral alumina (activity 
grade II) and the following fractions were 
collected: a 50 ml fraction of hexane then two 
25 ml fractions of benzene-hexane (1:1). The 
first 25 ml portion of benzene-hexane yielded 
about 20 mg of cholestan-3/3-ol tridecanoate. A 
TLC analysis on a Silica Gel G plate in a solvent 
system of toluene-hexane (1:1) showed only 
one spot. The ester was used for mass spectral 
analyses without any further purification. 

Instrumentation 

Mass spectra were obtained using a Finnigan- 
MAT model 4510 gas chromatograph-mass 
spectrometer (GC-MS) fitted with a 15 meter 
by 0.25 mm fused silica capillary column 
coated (0.1 /am) with a bonded methyl silicone 
phase (DB-1, J&W, Inc.). Data were collected 
and analyzed via an Incos data system. In order 
to improve transmission of sample from the GC 
into the spectrometer ionizing chamber, the 
following 2 modifications were made. First, the 
separator thermal protect switch, initially set to 
activate at 280 C, was reset to activate at 
375 C. Second, the moveable transfer line 
assembly was heated by the application of a 
heating tape (previously baked out at 410 C in 
a muffle oven). The temperature was monitored 
via an iron-constantan thermocouple arbitrarily 
placed between the heating tape and the 
transfer-line assembly. Sufficient current was 
supplied to the heating tape to cause a rise of 
thermocouple temperature from an initial value 
of 90 C to 185 C. For both electron impact and 
chemical ionization GC-MS spectra 7 or 8 sterol 
esters in 0.3 /al of hexane were introduced via 
on column injector (J&W 200-1020), and the 
column was held at 280 C for 1 minute, then 
temperature programmed to 350 C at a rate of 
10 C/minute. Helium (Air Products, Allentown, 
Pennsylvania) was used as the carrier gas at a 
pressure of 20 psig. 

Electron impact spectra were collected at 
70 eV and a source block temperature of 
150C. Chemical ionization spectra were ob- 
tained at 2 source block temperatures of 150 C 
and 120 C for all compounds and at 100 C for 
a limited number of compounds. The indicated 
reagent gas pressures were: methane, 0.30 Torr; 
isobutane, 0.35 Torr, and ammonia, 0.60 Torr. 
Reagent gas ionic distribution was recorded at 
the beginning of each GC-CI-MS sample analysis 
by collecting spectra from 10 to 200 amu while 
operating the electron multiplier at reduced 
voltage. Reagent gas ion ratios were: methane 
(CHs:H30:C2Hs:CaHs), 150C (100:24:84:22),  
120 C (100:40:72:20);  isobutane (NH4(H20): 
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TABLE 1 

Relative Retention Times of Sterol Esters a 

Sterol esters b RRT 

0) 
(ii) 
(111) 
(iv) 
(v) 
(Vl) 
(vii)  
(viii)  
(Ix) 
(x) 
(Xl) 
(XZl) 
(XIII) 
(x iv )  
(xv )  
(xvl) 
(XVll) 
( X V l l l )  
(x tx )  
(xx)  

5a-Cholestan-3#-ol tridecanoate 1.00 
Cam pest- 5-en-31ff-ol tridecanoate 1.17 
Cholest-5-en-3/3-ol 9-tetradecenoate 1.18 
Cholest-5-en-3#-ol 4-methyltetradecanoate 1.26 
5~-Cholest-7-en-313-oi 9-tetradecenoate 1.29 
5c~-Cholest-7-en-3~-ol 4-methyltetradecanoate 1.39 
Stigmasta-5,24(28)-dien-3~-ol tridecanoate 1.41 
24-Methylenecholest-5-en-3/~-oi 4-metbyltetradecanoate 1.50 
5a-Cholestan-3~-ol 9-bexadecenoate 1.71 
Sc~-Cholestan-3B-ol 4-methylhexadecanoate 1.85 
5c~-Cholest-7-en-3/3-ol hexadecanoate 1.87 
24-Meth ylenecholest- 5-en-3B-ol 9-hexadecenoate 2.00 
5a-Cholestan-3~-ol 9,12,15-octadecatrienoate 2.49 
5a-Cholest-7-en-3~-ol 9,12-octadecadienoate 2.71 
Campest-5-en-3a-ol 9,12,15-octadecatrienoate 3.00 
5a-Cam pestan-3#-ol 9,12-octadecadienoate 3.02 
5a-Campest-7-en-3B-ol 9,12,15-octadecatrienoate 3.34 
Stigmast-5-en-3~ol 9,12-octadecadienoate 3.45 
Stigmasta- 5,24(28)-dien-3#-ol 9,12,15-octadecatrienoate 3.62 
Stigmasta- 5, 24 (28)-dien-3/3-ol 9,12-octadecadienoate 3.96 

aRelative to 5a-cholestan-3/3-ol tridecanoate (retention time 2.95 min) at 315 
15 m • 0.25 mm DI~I (0.1 ~m) column with 20 psig of helium. 

bNomenclature according to Thompson et al. (6). 

TABLE 2 

Identification Numbers of Sterol Esters and Positions 
of Unsaturation in Sterol and Acid Moieties 

C on 

Sterol moiety Acid moiety 

Position of Normal Branched 
unsaturation saturated saturated A 9 

Position of unsaturation 

A9~12 A~,I2,1S 

A ~ 1 X 1X XVI XIII 
A s I1 IV I11 XVIII XV 
A 7 XI VI V XIV XVII 
A s,24 (2=) VII VIII Xll XX X IX 

C3H3:C3HT:CaH9), 1 5 0 C  (13:8:30:100),  120 C 
(40:  1 2 : 2 0 : 1 0 0 ) ;  ammonia  (NH4: (NH3)2H:  
(NH3)3H), 150 C (100:23 :1) ,  1 2 0 C ( 1 0 0 : 3 4 : 3 ) .  
The presence of  m/z  19 ( H 3 0 ) r e m a i n e d  in the  
me thane  reagent  gas spec t rum even af ter  re- 
peated purging. Similarly, m/z  18 (NH4,  or 
H 2 0  if residual e lec t ron impact  was present) ,  
could not be removed f rom the i sobutane  
reagent  gas spec t rum.  

R ESU LTS 

Twen ty  sterol  esters that  con ta ined  f rom 40 
to 47 carbons,  in groups  of  7 esters,  were suc- 
cessfully separated and eluted th rough  the 
capillary GC and analyzed by GC/MS. Their  
relative r e t en t ion  t imes are given in Table 1. 
The results of  mass spectral  analyses are pre- 

sented  below. For  convenience  and immedia te  
recogni t ion  of  the basic s t ructural  features  of  
sterol  and acid moiet ies  of  s terol  esters,  we have 
prepared Table 2. 

Electron Impact 

Of the 20 sterol  esters analyzed by e lec t ron 
impact ,  molecular  ions of  3-14% intens i ty  were 
ob ta ined  for only  sterol  esters V, VI and XI 
(Table 3). These 3 esters con ta ined  a AT-bond 
in the  sterol  nucleus and the acid moie ty  was 
ei ther  b ranched  or normal  sa turated,  or con- 
tained only  one  double  bond .  

The base peak of  s terol  esters was a func t ion  
of  bo th  the acid and sterol  por t ion  of  the  
molecule (Table 3). The ester  conta ining bo th  
sa tura ted acid and sterol  moiet ies  exhib i ted  a 
base peak at m/z  215, indicat ing loss of  the acid 
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and side chain plus part  of  D-ring resulting f rom 
cleavage of  the C-13, C-17 and C-14, C-15 
bonds of  the  stanol  nucleus together  wi th  the  
transfer o f  a hydrogen  f rom the  stanol nucleus 
(9). The abundance  of  this ion  decreased when 
the acid moie ty  was ei ther  branched,  mono- ,  
di-, or t r i -unsaturated (85, 28, 20, and 11%, 
respectively).  The  base peak for  A ~ A s- or  
AT-sterol esters containing di- and tri-unsatu- 
rated acid moiet ies  was e i ther  at m/z  81 o r  95 
(C6H 9 or  C 7 H l l  ) (Table 3). The AS-sterol 
esters wi th  saturated branched or  straight chain 
acid moiet ies  exhib i ted  base oeaks at M-RCO 2 H 
(Table 3). The A 7- and A~,2A(2S)-sterol esters 
wi th  saturated fa t ty  acid moiet ies  also gave 
p rominen t  ions (but  no t  base peaks) that  corre- 
spond to M-RCO2 H, while for  those containing 
an unsaturated acid group the  p rominen t  sterol 
ion occurred at M-RCO 2 . The  abundance  o f  the  
ion  corresponding to M-RCOzH-CH3 decreased 
with  increasing unsatura t ion of  either the 
sterol  or acid moie ty .  

Fragments  at m / z  257 and 255, c o m m o n  in 
the  mass spectra o f  sterols conta ining satu- 
ra ted and A s or  A 7 unsaturated nuclei,  respec- 
t ively (10,11),  also were present in the mass 

spectra of  the sterol esters wi th  similar features. 
The m o n o e n e  (257 amu)  and diene (255)  frag- 
ments,  result ing f rom the loss o f  bo th  the  acid 
mo ie ty  and sterol side chain were approxi-  
mately  the  same intensi ty  for bo th  saturated 
(4-14%) and AS compounds  (10-18%), but  
significantly higher for A7 compounds  (19- 
74%). Fo r  the  sterol  ester wi th  a As'24(2S)-sterol 
moie ty  the p redominan t  steroid f ragment  
occurred at m/z  253 and was presumably  a 
steroid nucleus wi th  3 double  bonds resulting 
f rom hydrogen  transfer to the sterol  side chain. 
The intensities of  these f ragments  decreased 
with increased unsatura t ion  of  the  acid por t ion  
of  the  molecule  (Table 3). 

Chemical Ionization 

Methane. Protonated  molecules  were not  
observed for any esters analyzed by  methane  
chemical  ionizat ion (CI). Methane CI of  all the  
sterol  esters, however ,  p roduced  base peaks 
representat ive of  the sterol mo ie ty  of  the  mole-  
cule. At  a source block tempera tu re  o f  150 C, 
the base peak for all esters conta ining an 
unsaturated sterol moie ty  corresponded to 
M+H-RCO2H (Table 4) whereas for sterol 

TABLE 4 

Characteristic Ions From Methane Chemical Ionization GC-MS of Sterol Esters 
and the Effect of Unsaturation in Acid or Sterol Moieties 

on the Relative Abundance of These Ions 

Sterol moiety Acid moiety 

Position of Normal Branched 
unsaturation saturated saturated 

Position of unsaturation 

A9 A9,12 A9~12,15 

ao  100 /58  
AS 48/100 
A t 73/100 
A s'24 (2a) 30/100 

A ~ 100/100 
AS 34/100 
A 7 47/100 
A s'24 (28) 25/100 

A ~ 32 
A s 21 
A 7 26 
A s#4~8) 10 

a.m.u. 
A ~ 257 47 
A s 255 20 
A 7 AS,24 (2a) 255 34 

255 53 

M-H-RCO 2 H / M+H-RCO 2 H (150 C) 

100/59 100/55 100/55 100/62 
50/100 56/100 47/100 48/100 
70/100 66/100 69/100 67[100 
27/100 30/100 38[100 30/100 

M-H-RCO2 H / M+H-RCO2H (120 C) 

100/92 100/92 100/90 100/100 
36/100 37/100 31/100 32/100 
42/100 44/100 45/100 44/100 
22/100 20/100 23/100 22/100 

M-RCO2 H-CH a (150 C) 

33 31 35 34 
29 22 22 25 
28 25 24 23 
11 12 11 9 

m/z 255 and 257 (150 C) 

46 45 57 45 
14 15 22 15 
20 25 25 23 
52 48 48 54 
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esters having a saturated sterol component,  the 
base peak corresponded to M-H-RCO2H. The 
abundance of M-H-RCO2H for the unsaturated 
esters was related to the position of unsatura- 
tion of the sterol nucleus. For example, A 7- 
unsaturated compounds gave the highest 
abundance of M-H-RCO2H .(.66-70%); A s_ 
compounds (48-56%); A s,24(2s) compounds 
(27-38%). Analysis of esters at a source block 
temperature of 120C still produced base 
peaks representative of the sterol component 
though the intensities for M-H-RCO2H were 
reduced (Table 4). 

The abundance of M+H-RCO2H-CH4 of 
sterol esters at a source block temperature of 
150 C also is related to both the degree of 
unsaturation and position of unsaturation of 
the sterol part (Table 4). The abundance of the 
(M+H-RCO2H-CH4) + ion is reduced at 120 C. 
The spectra of those esters containing C2a and 
C29 sterol moieties with AS,~(2S)-bonds showed 
diagnostic ions at m/z 297 (40-64%) which 
correspond to M-RCO2H-C6Hll or C7H13 
which resulted from cleavage of the 22-23 
bond. At 120 C the intensity of the ions at m/z 
297 is reduced (8-14%). Spectra of esters having 
either saturated or A s,~(2a~ sterol moieties indi- 
cated a greater abundance of low mass ions 
than did those of esters possessing a sterol part 
with a A s- or Al-bond.  

The abundance of ions at m/z 257 and 255 
from methane chemical ionization of sterol 
esters was related to the position and degree of 
unsaturation of the sterol component.  Esters 
with saturated sterol moieties or sterol moieties 
containing As~(2S)-bonds provided an abun- 
dance of approximately 50%, whereas the 
averages for esters containing sterol compo- 
nents with a A 7- or AS-bond were 27 and 17%, 
respectively (Table 4). 

Isobutane. Isobutane CI of sterol esters at 
150 C did not produce protonated molecules 
but produced M+H-RCO2H as the base peak for 
all esters regardless of the degree of unsatura- 
tion (Table 5). This is in contrast to methane 
CI where esters containing saturated sterol com- 
ponents produced M-H-RCO2H as the base 
peak. For isobutane, however, the abundance 
of M-H-RCO2H, except for compound I, was 
always greater than 50% for esters with satu- 
rated moieties. For esters with unsaturation in 
the sterol part, the abundance of this ion was 
always less than 36%. 

Isobutane CI of esters bearing a saturated or 
AT-sterol moiety gave a greater abundance of 
M-H-RCO2 H with increasing degree of unsatu- 
ration in the acid portion of the molecule. With 
A s- and A sJ4 (~8)-sterol compounds, this was not 
the case. The abundance of M-H-RCO2H was 

qualitatively the same at 120 C, but the intensi- 
ties were reduced. In contrast to methane 
CI, neither ions at m/z 257 and 255 nor the 
(M-RCO2H-CH4) + ions were observed in isobu- 
tane CI spectra. The ion at m/z 297, indicative 
of sterol ester with a sterol moiety having 
AS~(2S)-olefinic bonds, was present in lower 
(11-32%, 150 C) in isobutane CI spectra com- 
pared to methane CI spectra (40-64%, 150 C). 
The abundance of this ion was reduced to 
1-11% at a lower source temperature of 120 C. 

Ions diagnostic for the acid portions of the 
esters, (RCO2H-Hf, were of approximately the 
same abundance (4-66%) as for those pro- 
duced by methane (8-50%). Interestingly, the 
abundance of the (RCOzH-H~ (Table 5) ion 
was always greater than the abundance of 
the (RCO2H+H) + ion for esters containing a 
branched saturated acid component;  this rela- 
tionship was always reversed for esters contain- 
ing normal saturated or unsaturated acid 
moieties. This relationship was observed at both 
120 and 150 C. Esters possessing both an un- 
saturated sterol portion and an acid moiety 
with 2 or 3 olefinic bonds yielded very low 
intensities for (RCOEH+Hf and (RCO2H-H~" 
ions. These ions were not of diagnostic value 
for the esters. 

Ammonia. Only ammonia CI of sterol esters 
afforded ions indicative of the molecular 
weights of the sterol esters, sterol and acid 
moieties (Fig. 1). In fact, ammonia CI of the 
sterol esters at a source block temperature of 
120 C yielded an (M+NH4)+ adduct ion as the 
base peak for all esters except for compounds 
IV, cholest-5-en-3/3-ol 4-methyltetradecanoate 
(base peak was M+H-RCO2H) and VIII, 24- 
methylenecholest-5-en-3/~-ol 4-methyltetradec- 
anoate (base peak was M+NH4-RCO2 H) (Table 
6). The (M+NH4) § adduct ions for compound 
IV and VIII, however, were 40 and 60% relative 
abundances, respectively. Interestingly, am- 
monia CI spectra of all esters containing a sterol 
moiety with a AS-bond exhibited, in addition 
to the (M+NH4) + and (M+H-RCO2H) + ions, an 
ion numerically equivalent to M+NH4-RCO2H 
which is coincidentally equivalent to the 
molecular ion of the sterol moiety (Fig. 2, 
Table 6). This feature readily distinguishes a 
AS-sterol ester from a A ~ or AT-sterol ester. 
At a source block temperature of 150 C, 
M+H-RCO2H was the base peak for all esters 
(Fig. 3). Examination of a limited number of 
esters at a source temperature of 100 C pro- 
duced (M+NH4f adduct ions as base peak; 
however, no other ions had an abundance 
greater than 10% (Fig. 4). Thus, the ammonia 
CI spectra of sterol esters obtained at a source 
temperature of 120 C were far more informa- 
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"fABLE 5 

Characteristic Ions From lsobutane Chemical Ionization GC-MS of Sterol Esters 
and the Effects of Unsaturation in Acid or Sterol Moieties 

on the Relative Abundance of These Ions 

Sterol moiety Acid moiety 

Position of Normal Branched 
unsaturation saturated saturated 

Position of unsaturation 

A 9 A9~12 Ag~12t15 

A~ 35/100 
AS 18/I 00 

7 24[100 
~AS'24(zs) 18/100 

A~ 30/100 
AS 11/100 

7 15/100 
~AS,Z4 (2s) 8/100 

A ~ 60/30 
AS 15/1 i 
A 7 11/9 
/%5,24(28) 25/22 

A ~ 14/14 
A s 12/7 
A7 6/2 
A s'2a (2a) 23/I 3 

M-H-RCO2H / M+H-RCO2 H (150 C) 

55/100 85/100 94/100 68/100 
18/100 18/100 13/100 16/100 
21/100 20/100 36/100 36/100 

9/100 8/100 8/100 11/100 

M-H-RCO2 H / M+H-RCO~ H (120 C) 
49/100 51/100 72/100 55/100 
l l /100  !0/100 12/100 I I / lO0 
18/i00 13/100 28/100 27/I00 

5/100 9/100 8/100 7/100 

RCO2 H~-H / RCO2H-H (150 C) 

28/40 42/4 51/13 66/10 
14/24 14/6 5/2 7/3 
20/28 22/0 12/4 6/3 
14/30 23/8 10/7 13/5 

RCO2H+H / RCO2 H-H (120 C) 

I1/19 24/4 32/3 41/2 
7/16 7/0 4/I 3/1 

10/29 1/1 8/1 1/1 
l 5/30 30/8 6/3 7/2 

tive than any of  the o ther  CI spectra. 
The ion representing RCO2 H+NH4 was 

present in the spectra of  many esters having an 
unsaturated acid port ion,  whereas many spectra 
of  esters containing a saturated straight or 
branched chain acid group provided a diagnos- 
tic ion corresponding to RCO2H+NH4-H2 
(Table 6). 

DISCUSSION 

Through the use of  an on-column injector ,  a 
fused silica capillary co lumn coated with a 
bonded methyl  silicone phase (DB-I) ,  and a 
modif ied GC system which improved transmis- 
sion of  sample f rom the GC into the spectrom- 
eter ionizing chamber ,  we have successfully 
separated and analyzed a series of  sterol esters 
by GC/MS using both electron impact  and 
chemical ionizat ion.  

Electron Impact 

Although molecular  ions were obta ined for 
only 3 of  the sterol esters analyzed by GC/MS, 
certain o ther  ions in the spectra were of  diag- 
nostic value in establishing the general struc- 
tural features of  the sterol moiet ies  of  the 

esters as well as indicating whether  the fat ty 
acid moiet ies  were normal  or branched satu- 
rated chain or normal  unsaturated chain. For  
example,  as with many  AS-sterol acetates (10, 
12), the (M-RCO2 H) + ion was the base peak of  a 
AS-sterol  ester conta ining branched or normal  
saturated chain or normal  mono-olef in ic  acid 
moie ty  (Table 3). This peak readily establishes 
whether  the ester contains  a C27, C28, or  C29 
sterol moie ty .  Only the As'24(2S)-sterol esters 
containing normal  chain acid moiet ies  gave ions 
at m/z  296 as base peaks (M-RCO2H-C6Ht2,  
for C2a sterols or -C7H14 for C29 sterols), 
whereas corresponding esters containing satu- 
rated branch chain or  unsaturated acid moiet ies  
did not.  The A s-sterol  esters containing unsatu- 
rated acid moiet ies  gave as base peaks fragments 
f rom cleavage of  the acid por t ions  (Table 3). 
While the A - and AS'24(2~)-sterol esters contain- 
ing saturated acid moiet ies  gave prominent  
M-RCO2H fragments,  those conta ining unsatu- 
rated acids gave p rominen t  ions corresponding 
to M-RCO2. Whether  these characterist ics are 
c o m m o n  to o ther  esters conta ining sterol or 
fa t ty  acid moiet ies  with double  bond(s)  present 
in o ther  positions in their  molecules  remains to 
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be determined. Esters containing both saturated 
acid and sterol moieties are readily distin- 
guished from other sterol esters by exhibiting 
base peaks at m/z 215. Clearly, the foregoing 
results of GC/MS analyses of sterol esters indi- 
cate that considerable information can be 
acquired as to the basic structure of the sterol 
moiety as well as whether the acid moiety is 
either straight or branched chain and saturated 
or straight or branched chain and unsaturated. 

C h e m i c a l  I o n i z a t i o n  

In chemical ionization studies of organic 
compounds it has been a common practice to 
report only the pressure of the gas used. There 
are several problems with using only this meas- 
urement to specify chemical ionization condi- 
tions. First, location of the pressure measuring 
device is, to varying degrees, remote from the 
actual site of ion production. Second, the 
location varies from instrument to instrument. 
Third, establishment of the same apparent gas 
pressure does not insure the same reagent gas 
ionic distribution. This may be due to differ- 
ences in rate of air leaking into the instrument, 

5a-cholestan-3#-ol tridecanoatc: (a) 150 C; (b) 120C; 

variation of ion residence time within source 
due to different source geometries, water being 
desorbed from the wall of both reagent gas 
tubing and the spectrometer, and possibly 
residual reagent gas of a different type being 
desorbed from the walls of the gas lines and 
spectrometer. In this study we have obtained 
distinctly different CI spectra with the same 
compound at the same indicated reagent gas 
pressure. Examination of the actual ionic com- 
position of the reagent gas, however, revealed 
significant differences. We also have obtained 
similar sample spectra with different gas pres- 
sures but with similar ionic distribution for the 
reagent gas. Thus, in order to more completely 
characterize the chemical ionization conditions, 
we suggest reporting the gas pressure, ionic dis- 
tribution of the reagent gas and the source 
block temperature. 

For example, ammonia chemical ionization 
experiments at a temperature of 120 C and at 
source pressure of 0.3, 0.6 and 0.9 Torr demon- 
strated dramatic changes in both reagent gas 
ionic distribution and sample ions produced. 
When the pressure was increased from 0.3 to 

LIPIDS, VOL. 19, NO. 11 (1984) 



METHODS 899 

TABLE 6 

Characteristic Ions From Ammonia Chemical Ionization GC-MS of Sterol Esters 
and the Effects  of Unsaturation in Acid or Sterol Moieties 

on the Relative Abundance of These Ions 

Sterolmoiety Acid m o i e t y  

Posit ion of Normal Branched 
unsaturation saturated saturated 

Posit ion o f  unsaturat ion 

A 9 A9112 A9~12 ,iS 

A ~ 141100 
AS 11100 
A 7 31100 
AS,24(2a) 31100 

A ~ 8/0 
A s 431100 
A 7 111 
AS'24(2a) 49/69 

A~ 1/15 
A s 118 
A 7 010 
AS'24 (28) 1115 

A ~ 0/10 
As 2/12 
A 7 1/3 
AS,24 ('28) 2113 

M+NH4 (150 C / 120 C) 
31100 211100 6 6 1 1 0 0  651100 
1140 71100 1 0 1 1 0 0  15/100 
5/100 131100 22/100 27/100 
1160 71100 15/100 20#00 

M+NH4-RCO2 H (150 C / 120 C) 
11 /8  711 211 811 
45/83 41/67 32123 32130 

1/1 1/1 1/1 1# 
51/100 49174 40/21 38129 

R C O  2 H + N H  4 / R C O  2 H + N H  4 - H  2 ( 1 5 0  C)  

0/7 IO/l 67/2 13/0 
1/8 111 410 210 
0110 211 610 310 
1/8 111 12/8 810 

RCO2H+NH 4 / RCO2H+NH4-H 2 (120 C) 
1/5 2/0 31/1 1410 
1123 2/1 18/2 1911 
4/40 3/1 15/1 010 
0121 14/3 21/3 37/0 

0.9 Torr, the relative abundance o f  the am- 
monium ion decreased from 100% to 85% 
while the relative abundances of the reagent gas 
cluster ions [(NH3)2H] § and [(NHa)aH] § in- 
creased respectively from 21% to 100% and 
<1% to 43%. The above change in pressure 
increased the relative abundance of the am- 
monium adduct of the sample from 9% to 
100%, while abundance of the ion indicative of 
the sterol moiety decreased from 100% to 11%. 

Of the 3 reagent gases used in the chemical 
ionization GC/MS analysis of sterol esters, 
methane produced the greatest number of frag- 
ments. Isobutane generated fewer fragments 
than methane and ammonia even fewer than 
isobutane. This would be expected, how- 
ever, from the proton affinities of methane, 
isobutane and ammonia of 127 kcal/mole, 
195 kcal/mole and 207 kcal/mole, respectively. 

At a source block temperature of 150 C, 
methane CI of all sterol esters containing an 
unsaturated sterol moiety gave a base peak that 
corresponded to M+H-RCO2H, whereas for 
esters having a saturated sterol moiety the base 
peak corresponded to M-H-RCO2H (Table 4). 
An analogous ion, (M-H-ROH)+, h a s  been 

reported for the ammonia desorption chemical 
ionization analysis of saturated steryl benzyl  
ether (13). This is similar to the production of 
ions of (M-H) + for saturated hydrocarbons and 
(M+H)+ for unsaturated hydrocarbons when 
analyzed by methane CI (15). The reduction 
of intensities for M-H-RCO2H at source tem- 
perature of 120 C suggests that this process 
is thermally driven and may correspond to 
M+H-RCO2H-H2, or alternatively the simple 
thermal elimination of an acid molecule (9) 
from the neutral ester followed by hydride 
abstraction by the ethyl reagent gas ion. Iso- 
butane CI at 150C of all esters produced 
M+H-RCO2H as the base peak regardless of the 
degree of unsaturation. 

The ion (M+H-RCO2H)+ of strong intensity 
has been reported for methane CI of esters 
saturated in both the acid and sterol portions at 
a source pressure of 0.9 Torr and a temperature 
of 160 C (3). However, the intensity of the 
M-H-RCO2H fragment or the ionic distribution 
of the reagent gas was not  reported. 

The presence and absence of M+H-RCO2H- 
CH4 in methane and isobutane CI spectra re- 
spectively is related to the proton affinity (PA) 
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of the gases. Methane (PA = 127 kcal/mole) 
transfers sufficient energy to consecutively 
eliminate both RCO~H and CH4, whereas for 
isobutane (PA = 195 kcal /mole)only RCO2H is 
eliminated. 

Of the 3 reagent gases, ammonia CI of the 
sterol esters at source temperature of 120 C 
afforded the most basic and definitive informa- 
tion as to the molecular weights of the sterol 
esters, and of the sterol and acid moieties 
(Fig. 1). It is the method of choice for mass 
spectral analysis of sterol esters. At 120 C, 
ammonia CI yielded an (M+NH4 Y" adduct ion as 
the base peak for all esters except for 2, and for 
those compounds adduct ions were of high rela- 
tive abundance. In addition, at this source 
temperature the presence of a large (M+NH4- 
RCO2H) + ion which was observed only in esters 
containing a AS-sterol moiety, immediately 
characterizes the sterol por t ion  as a AS-sterol 
(Fig. 2, Table 6). Similarly, (M+NH4-RCO2HY" 
ions were observed by Tecon et al. in ammonia 
desorption chemical ionization spectra of 
acetates and benzoates of both A ~ and A s 
cholestenols, but were not  found in the spectra 
of acetates and benzoates of cholestanol (14). 
The authors concluded that one of the pre- 
requisites for the formation of this ion or its 
stabilization seems to be a double bond in the 
neighborhood of the substitution center (14). 
We have observed a similar stabilizing effect in 
the ammonia chemical ionization spectra of 
esters of the allylic alcohols phytol and geranyl- 
geraniol but not with the saturated dihydro- 
phytol (16). Our success in obtaining relatively 
large (M+NH4)+ adduct ions and (M+H-RCO2 H) + 
ions for sterol esters is due to the operation of 
the mass spectrometer at a lower source block 
temperature (120 C) than that routinely used in 
mass spectral analysis. Certainly, the weak 
peaks for this adduct ion in the ammonia CI 
spectra of sterol esters obtained at a source 
block temperature 150 C (Fig. 3) supports this 
conclusion. Lowering the source temperature to 
100 C still gives the (M+NH4)* adduct ions as 
the base peak for sterol esters. However, the 
(M+H-RCO~ H) + ion which allows one to deter- 
mine indirectly the molecular weights of the 
acid and sterol moieties is barely discernible 
(Fig. 4). Thus, the temperature of 120 C does 
appear to approach the ideal source tempera- 
ture for obtaining the most useful information 
when analyzing sterol esters by ammonia CI. 

While the reduction in source block temper- 
ature alters the ionic distribution of the reagent 
gas and thereby influences the rate of forma- 
tion of (M+NH4) + ions, it is likely that the 
instability of the M+NH4 adduct of sterol esters 
causes a reduction in the relative intensity at 

elevated temperatures. Mass spectral analyses of 
organic compounds at low source block tem- 
perature certainly accelerate contamination of 
the source. However, with the advent of instru- 
ments that allow for readily changed ion 
volumes, the problems of source contamination 
and memory effects are greatly reduced. 

The high resolution capabilities of capillary 
GC permit the separation and analyses by EI 
and CI of mixtures of esters that are different 
by only one carbon unit  and in some instances 
simply by the addition and/or position of a 
double bond; hence the practical potential of 
analyzing complex mixtures of sterol esters by 
this method. In fact, in research concerned with 
the isolation of feeding stimulant(s) of the 
cotton boll weevil from cotton buds, we have 
successfully analyzed by GC-CI-MS a mixture 
of wax esters and sterol esters that was not 
separable by any other method (16). Further- 
more, the combined use of electron impact and 
chemical ionization GC-MS has permitted us to 
obtain the molecular weights of these waxes 
and sterol esters, to identify nearly all of the 
alcohol and sterol moieties of waxes and sterol 
esters, respectively, of the cotton buds, and 
have allowed us to derive the basic structure of 
the acid moieties of these compounds. Being 
able to identify the esters demonstrates the 
advantages of this technique. 

Certainly, the resolution capabilities of high 
temperature gas capillary columns have made it 
possible to analyze sterol esters by GC-MS with 
only minor modifications to the mass spectrom- 
eter. The exploitation of both electron impact 
and chemical ionization GC/MS as a tool for 
the analysis of waxes and sterol esters is limited 
only by the innovative ideas of the investigator. 
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Effect of Protein Depletion on the VLDL Triacylglycerol 
Secretion and Apoprotein Synthesis by the Perfused 
Liver from Pregnant Rats 

H. TOURNIER, G. YARYOUR,  O. MERCURI* and M.E. DE TOM.AS,* Instituto de Inves- 
tigacione$ Bioqulmicas de la Plata (INIBIOLP), Facultad de Ciencias Mbdicas, UNLP- 
CONICET, cal/es 60 y 120, 1900 o La Plata, Argentina. 

ABSTRACT 

The effect of protein depletion in the pregnant rat on the polyunsaturated fatty acid incorpora- 
tion into very low density lipoproteins (VLDL) has been investigated. The apoprotein pattern of these 
particles was determined. In in vivo experiments the amounts of serum and liver triacylglycerol were 
determined. VLDL were isolated and their apo C concentration calculated. In in vitro experiments the 
radioactivity of [a HI leucine incorporated into VLDL apoproteins was measured. The results show 
that protein depletion during pregnancy promotes a drastic increase in serum and liver triacylglycerol. 
The VLDL isolated from these animals show an increase in the triacylglycerol/protein ratio and a de- 
crease in their content of apo C. Meanwhile, a significant reduction in the [3 H] leucine incorporation 
into apo C peptides by the perfused liver of protein depleted rats was detected. On the other hand, 
protein deprivation did not affect labeled linoleic and arachidonic acid incorporation into triacyl- 
glycerol of the newly secreted VLDL. Taking these results together, let us deduce that a defective 
VLDL is secreted by the liver of the protein depleted pregnant rats. The abnormal composition of 
these particles may influence its normal metabolis~n through their effects on lipoprotein iipase and this 
fact could affect the normal supply of polyunsaturated fatty acids to the fetus. 
Lipids 19:902-905, 1984. 

INTRODUCTION 

The importance of an adequate supply of es- 
sential fatty acids (EFA) for normal fetal growth 
and tissue development is well-documented (1). 
Linoleic acid is the principal dietary form of 
EFA, and arachidonic acid is the principal func- 
tional form of EFA in mammalian tissues. The 
transformation of linoleic acid into arachidonic 
acid is limited by the in vivo activity of the en- 
zyme A6 desaturate (2), and no measurable 
activity of  this enzyme was detected in fetal rat 
liver and placenta (3). These results suggest that 
fetal arachidonic acid originates in the maternal 
liver from dietary linoleic acid. This assumption 
was confirmed by Pascaud et ai. (4). 

More recently, Mercuri et al. (3) demon- 
strated that the activity of liver ,a6 desaturase 
was profoundly affected by protein deprivation 
during pregnancy in the rat and, consequently, 
the normal supply of polyunsaturated fatty 
acids to the fetus could be altered. 

No data are available in the literature at pres- 
ent on the effect of protein depletion in the 
transfer of polyunsaturated fatty acids from the 
mother 's liver to the fetus. Hummel et al. (5) 

*Members of  the Carrera del Investigador Cient|f- 
ico, Consejo Nacional de Investigaciones Cienttficas y 
T~cnicas, Argentina. 

demonstrated that triacylglycerol from very 
low-density lipoproteins (VLDL) is a direct 
source of fetal fatty acids via lipoprotein lipase 
(LPL). 

The present experiments were designed to 
study the effect of maternal protein depletion 
on the linoleic acid and arachidonic acid incor- 
poration into VLDL triacylglycerol and on the 
apoprotein pattern of these particles which 
could affect their normal metabolism via lipo- 
protein lipase. This study is part of  a continuous 
investigation of the influence of  maternal pro- 
tein deficiency on the supply of EFA to the 
fetus. 

MATERIALS AND METHODS 

[ I-]4C] linoleic acid, specific activity 52 mCi/ 
mmol, radiochemical purity 98%, arachidonic 
acid 5,6,8,9,11,12,14,15-3H (N) specific activ- 
ity 62.2 Ci/mmol and with a 99% radiochemical 
purity and 9% of trans isomer, L-(4.5 -3 H)leucine 
55 Ci/mmol were purchased from Radiochem- 
ical Centre, Amersham, England. Bovine albu- 
min poor fatty acid was purchased from Miles 
Laboratories, Kankakee, Illinois. 

Animals and Diets 

Female Wistar rats Chbb Thom (Random) 
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Germany, weighing 150-170 g, were used. The 
rats were fed the following diets ad libitum. 
Control diet: casein 25%, dextrine 66%, maize 
oil 5%, salt mixture 4% (6) and vitamins (7). 
Low protein diet: casein 5%, dextrine 88%, 
maize oil 5%, salt mixture 4% and vitamins. 

The rats were divided into 2 groups after 
mating and were fed the diets indicated above 
throughout gestation. On the 20th day of ges- 
tation the mothers were decapitated and blood 
samples collected and livers removed. 

The rats assigned to in vitro experiments were 
anesthetized using an intraperitoneal injection 
of sodium pentobarbital (50 mg/kg), and in 
each experiment 2 livers were perfused, one of 
them from a normal rat and the other from a 
protein deficient rat. 

Perfusion Technique 

The perfusion technique and the perfusion 
apparatus were the same as those described by 
Assimacopoulos et al. (8). The livers were per- 
fused with 70 ml of Krebs-Henseleit buffer pH 
7.4 containing 210 mg of glucose and 3 g of 
bovine serum albumin complexed with 150 
/.tmoles of palmitic acid (9). After 20 min of 
perfusion, 1 ml of 0.15 M NaC1 containing 0.7 
/~moles of linoleic acid and 10/aCi of [1-14C] 
linoleic acid-albumin complex was added, and 
the perfusion was continued for 120 rain at a 
flow rate of 2.0 ml]min/g -l tissue. In another 
trial [3H]aracliidonic acid was used instead of 
labeled linoleic acid. When [3H]leucine incor- 
poration into apoprotein was measured, 100 
/.tCi of [3Hlleucine was added instead of the 
labeled fatty acids. 

Isolation of VLDL 

VLDL from serum and perfusate were iso- 
lated by ultracentrifugation at the medium den- 
sity 1.007 according to the technique of Lind- 
gren (10) in an MSE ultracentrifuge using a 
43114 rotor at 40,000 rom for 18 hr at 10 C. 
The VLDL fraction was recentrifuged for pur- 
ification, and its purity was checked by poly- 
acrylamide gel electrophoresis (Lipofilm, Sebia, 
France). 

Extraction and Analysis of Lipids 

The lipids were extracted from an aliquot of 
the VLDL solutions, from the serum samples 
and from the livers by the method of Folch-Pi 
et al. (1 ]). 

The /ipids were recovered from the original 
chloroform-methanol extracts and resolved into 
their components by thin layer chromatography 
(TLC) (12), and the amount of triacylglycerol 
was determined after this fraction was extracted 

from the silica using warm chloroform-methanol 
2:1 v/v. The recovery from the silica was cor- 
rected by the use of authentic standard and 
quantified by glycerol analyses (13). 

The incorporation of radioactivity into tria- 
cylglycerol from VLDL was measured after the 
samples were chromatographed, the silica 
scraped off from the plate, transesterified with 
methanolic HC1, extracted with light petroleum, 
evaporated and counted in a Packard Scintilla- 
tion Counter. 

Apo C Isolation and Quantification 

Total proteins from serum VLDL were esti- 
mated by the modified Lowry assay (14). Apo C 
from VLDL was isolated by the method of 
Holmquist and Carlson (15), using acetone as 
organic solvent, and quantified by protein anal- 
ysis. The efficiency of extraction and purity of 
the isolated apo C were checked by electro- 
phoresis in 0.1% SDS on 10% polyacrylamide 
gel according to Weber and Osborne (16). 

Isolation and Counting of Apolipoproteins of VLDL 

The recentrifuged VLDL lipoproteins were 
dialyzed against distilled water pH 8.4 with 
NH4OH and lyophilized. Delipidation was per- 
formed at 4 C on freeze-dried lipoproteins with 
ethanol/diethyl ether (17). Apolipoproteins 
were solubilized in 0.02 M sodium phosphate 
buffer pH 7.0, 1% in SDS and 1% in ~-mercapto- 
ethanol and placed in boiling water for 2 rain. 
The apoproteins were then separated by elec- 
trophoresis as was previously described. 

The radioactivity of individual apolipopro- 
reins was determined in bands sliced from the 
stained gels according to Mahin and Lofberg 
(18). Identification of the different apoproteins 
was based on their different mobilities using the 
nomenclature of Swaney et al. (19), and by run- 
ning samples of creatin phosphokinase (MW 
40,000), trypsine (MW 24,000) and cytochrome 
(MW 11,700), Sigma Chemical Co., St. Louis, 
Missouri. 

RESULTS 

In Vivo Experiments 

Protein depletion during pregnancy promotes 
a drastic increase in serum and liver triacylglyc- 
erol contents as is shown in Table 1. The 
amount of liver triacylglycerol and the serum 
triacylglycerol concentration of the protein de- 
pleted rats are double and triple, respectively, 
the values observed in the control animals. 

The isolated VLDL particles show an in- 
crease in the triacylglycerol/apoprotein ratio 
promoted in the rat by protein depletion dur- 
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TABLE 1 

Effect o f  Protein Depletion on the Amounts  of  Serum 
and Liver Triacylglycerol f rom Pregnant Rats 

Experimental  Serum triacylglycerol  Liver t r iacylglycerol  
group mg/100 ml mg/g 

Control  (6) a 413.2 • 102.1 b 
Low protein (10) 1226.4 • 414.5 

P < 0.001 

6.8 +- 2.3 
13.8 +- 4.3 

P < 0.01 

aNumbers between parentheses indicate the number  of animals in each group. 
bValues are the mean • SD. 

Probabil i ty values are related to control  group. 

ing pregnancy, as can be seen in Table 2. Serum 
triacylglycerol is transported mainly as a core in 
the VLDL particles surrounded by a polar-lipid- 
protein environment. 

In order to determine if the protein moiety 
of VLDL was defective in any particular apo- 
protein,  the content of  apo C was determined. 
The results show that apoprotein C is signif- 
icantly reduced as component  of  the protein 
moiety of the VLDL isolated from protein 
depleted pregnant rats (Table 2). 

In Vitro Experiments 

It was suggested (20) that there is a circulat- 
ing apoprotein which can be reused for VLDL 
formation without de novo synthesis, but if the 
liver is perfused with plasma free medium one 
can overlook the effect of the circulating apo- 
protein and even study the apoprotein synthesis 
of  the secreted VLDL. 

The per cent distribution of the [ a H I -leucine 
radioactivity incorporated into peptides of 
VLDL isolated from liver perfusates of control  
and protein deficient pregnant rats is shown in 
Figure 1. The radioactivi ty]s  distributed primar- 
ily among peptides bands located in 3 molecular 

TABLE 2 

Effect of Protein Depletion on the Triacylglycerol /  
Apoprotein Ratio and ape C Content  of  Apoprote ins  

from Serum VLDL of  Pregnant Rats 

Exper imental  tr iaeylglycerol  apoprotein 

group apoprotein % ape C 

Control  (4)a 8.2 -+ 2.5 b 35.0 • 1.1 
Low protein (5) 13.3 • 2.8 24.5 • 3.2 

P < 0.05 P < 0.001 

aNumber between parentheses indicates t he  number  
of  animals. 

bValues are the mean • SD. 
Probabil i ty values are related to control  group. 

CONTROL 
~rodioactivity 

G.Tt 2.s { 

18.S+- 5.s { 

5.7 + - 2.3 / 

aB+- 6.,; { 

MOLE CULAR WEIGItl LOW PROTEIN 

6g,< - - L ~  
i 
i 

~ - - / , 0  K - - I  
i 

....... _ _ 2 5 K  ~-,,~ 

i ........ 
_ 1 2 ~ _ _  

I I  

1 

% radioactivity 

4/'.9 +_ 6.6 

} 8 .7 -  + ~.o 

23.8+_ g6  

6.9 _+ 3.0 

/ 12.6 + - 2.1 

FIG. 1. Per cent  dis t r ibut ion of  [ s H] leucine radio- 
act ivi ty incorporated in to  apoprote ins  from VLDL iso- 
la ted from liver perfusates of  control  and prote in  defi- 
c ient  pregnant rats. Data are the mean +- S.D. Each 
point represents the mean of three determinations. 

*Significant difference from control. 

weight regions of the SDS gels identified ac- 
cording to their e lectrophoret ic  mobilities as 
apo B, ARP and apo C (21). The significant de- 
crease in the radioactivity found in the small C 
peptides from the protein depleted animals was 
coincident with a decrease in the amount  of  
these rapidly migrating bands. 

The effect of  protein depletion on the capa- 
bil i ty of the perfused liver to esterify polyun- 
saturated fatty acids into triacylglycerol also 
was measured. No significant differences were 
observed in the amount  of radioactivity from 
labeled linoleic and arachidonic acids incorpor- 
ated per /amol of VLDL traicylglycerol by the 
perfused livers from pregnant rats. 

DISCUSSION 

Pregnancy could affect lipid metabolism since 
hypertriglyceridemia in late gestation is ob- 
served in several animal species, including man 
and rat (22). Two possible mechanisms were 
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p o s t u l a t e d  to expla in  this  e levated t r iacylglyc-  
erol  c o n c e n t r a t i o n :  first ,  an  increased synthes i s  
and  second,  an  impai red  r emova l  of  V L D L  tria- 
cylglycerol  (23) .  Pub l i shed  data  favor  t r iacyl-  
g lycerol  o v e r p r o d u c t i o n  r a the r  t h a n  under -  
r emova l  as t he  m e c h a n i s m  of  V L D L  tr iacylglyc-  
erol  a c c u m u l a t i o n  in a well  p ro t e in  fed p r e g n a n t  
ra t .  However ,  when  the  p ro t e in  i n t ake  was 
lowered  as in the  low p r o t e i n  d ie t  g roup ,  an  
a b n o r m a l  increase of  se rum t r iacy lg lycero l  con-  
c e n t r a t i o n  was observed  (Tab le  1). C o i n c i d e n t  
wi th  this  fac t  is the  sec re t ion  b y  the  l iver of  a 
defec t ive  V L D L  part icle  which  shows a relat ive 
decrease  in t he i r  c o n t e n t  of  a p o p r o t e i n s  as was 
suggested b y  t he  increase  in the  t r iacylg lycero l  
a p o p r o t e i n  ra t io .  

Analys is  of  t he  a p o p r o t e i n  showed  the re  was 
a decrease  in the  ape  C c o n t e n t  of  VLDL,  sug- 
gest ing t h a t  i ts  synthes is  is indeed  decreased  in 
p ro t e in  m a l n u t r i t i o n .  This  a s s u m p t i o n  was con-  
f i rmed  by  measur ing  t he  i n c o r p o r a t i o n  of  [3 H] 
leucine in to  V L D L  a p o p r o t e i n s  by  the  per fused  
liver of  p ro t e in  dep le ted  p r e g n a n t  rats. Cer ta in ly  
[a H] leucine i n c o r p o r a t i o n  in to  ape  C pep t ides  
is drast ical ly  r educed  in the  secre ted V L D L  
(Fig. 1). 

On the  o t h e r  h a n d ,  p r o t e i n  dep r iva t i on  did 
no t  a f fec t  p o l y u n s a t u r a t e d  f a t t y  acid i n c o r p o r -  
a t i on  i n to  t r i acy lg lyce ro l  o f  t he  newly  secre ted 
VLDL.  

Taking  t o g e t h e r  t he  resul t s  o b t a i n e d  f rom in 
vivo and  in vi t ro  expe r i m en t s ,  let us  deduce  
t h a t  a defec t ive  V L D L  is secre ted b y  t he  liver 
of  p ro t e in  dep le ted  p r egnan t  rats.  The  h igh  tria- 
cy lg lyce ro l /p ro te in  ra t io  and  t he  low c o n t e n t  o f  
apo  C in these  par t ic les  m ay  in f luence  l ipopro-  
te in  me tabo l i sm t h r o u g h o u t  the i r  ef fects  o n  
l i pop ro t e in  lipase (24) .  Thus ,  we can assume 
t h a t  the  hype r t r ig lyce r idemia  observed  in the  
p ro t e in  dep le ted  rats  dur ing  ges ta t ion  m a y  be  
caused b y  an  impa i red  remova l  of  V L D L  tria- 
c lyglycerol  (25)  t ha t  could  a f fec t  the  n o r m a l  
supply  o f  p o l y u n s a t u r a t e d  f a t t y  acids to  the  
fetus.  
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Mass Spectrometric Evidence for the Presence of Platelet- 
Activating Factor (1-O-Alkyl-2-AceWI-sn-Glycero-3-Phosphocholine) 
in Human Amniotic Fluid During Labor 
JUN N I S H I H I R A ,  a T E R U O  ISHIBASHI , * ,  a Y O H  I M A I  a and TOSHIO M U R A M A T S U ,  b 
aDepartment of Biochemistry. Hokkaido University School of Medicine, Sapporo 060, 
Japan, and bFaculty of  General Education, Tokyo Medical and Dental University, 
Ichikawa 272, Japan 

ABSTRACT 

Evidence is presented for the existence of platelet-activating factor (PAF) in human amrdotic fluid 
during labor by gas-liquid chromatographic (GLC) and mass-spectrometric (MS) analysis. The unique 
ether-linked phospholipid was identified only in an amniotic fluid obtained from women during labor, 
and its alkyl side chain was composed exclusively of octadecyl residue. 
Lipids 19:907-910, 1984. 

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

Platelet-activating factor (PAF) was recog- 
nized initially in IgE-sensitized rabbit  basophils 
by antigen stimulation (t ,2) .  Its chemical 
structure, 1-alkyl, 2-acetyl and 3-choline 
moiety,  is responsible for certain potent  bio- 
logical activities (3-5), including platelet aggre- 
gation, neutrophil  activations, increase of 
vascular permeabil i ty,  bronchoconstr ict ion and 
the hypotensive effect (6,7). Recently we 
reported that the precise chemical nature of 
PAF is also essential for antigenic expression 
(8). The unique alkyl phospholipid subse- 
quently was found by specific stimuli from 
various other cells such as platelets (9), neu- 
trophils (10), peritoneal macrophages (11) and 
bone marrow-derived mast cells (12). 

Billah and Johnston recently suggested the 
presence of PAF in human amniotic fluid by 
chromatographic mobil i ty,  platelet aggregation 
and chemical modifications (13). However, the 

v e r y  limited quantities of PAF in amniotic fluid 
make it difficult to obtain the final structural 
proof. The results of the present s tudy using 
mass spectrographic analysis presented convinc- 
ing evidence that  PAF is contained in human 
amniotic fluid during labor. The structural 
determination showed that  the chain length in 
1-alkyl was exclusively 18:0. These findings 
deserve to be followed up in further studies on 
the physiological significance of  PAF in labor. 

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

Materials 

The following chemicals were obtained from 
commercial sources: Silicic acid (100 mesh) 

*To whom correspondence should be addressed. 

from Wako Chemical Co., pre-coated thin layer 
plate (LK6DF) from Whatman Co., N,O- bis 
(trimetylsilyl) t r if luoroacetamide and tr imethyl-  
chlorosilane from Tokyo Kasei Kogyo Co., 
phospholipase C (clostridium perfr ingens)from 
Sigma Chemical Co., Ovahormon (estradiol 
dipropionate)  from Teikoku Zoki Co. 1-O-Alkyl- 
2- acetyl-sn-glycero- 3- phosphocholine (PAF), 
which was used as an authentic standard, was 
prepared semi-synthetically from raffish (Hy- 
drolagus colliei) liver oil as described previously 
(14). The alkyl moiety consisted of 16.7% 
hexadecyl  and 78.2% octadecyl.  All other 
chemicals were of reagent grade. 

Extraction and Isolation of PAF 

The procedure described by  Billah and 
Johnston (13) was used with the following 
modifications. One liter of fresh amniotic fluid 
containing a small amount  of contaminated 
blood was collected during parturit ion from 
women having a normal pregnancy. The amni- 
otic fluid was mixed with methanol  (amniotic 
f luid/methanol  = 2:3, v/v) for I hr at room 
temperature.  After centrifugation of the 
mixture for 10 min at  10,000 • g, the  resulting 
supernatant was mixed with 6 vol of chloro- 
form and 1.4 vol of water. The lower phase 
was evaporated under nitrogen, and the total  
lipids, which were dissolved in a minimal 
volume of chloroform, were subjected to silicic 
acid column chromatography (15). After 
removing neutral lipids with chloroform, 
phospholipids were eluted with methanol. The 
methanol eluate was applied to thin layer 
chromatography (TLC) as described by De- 
mopoulos et al. (16) using a solvent system of 
chloroform/methanol /water  (65:35:6,  v/v/v). 
The part corresponding to authentic PAF was 

LIPIDS, VOL. 19, NO. 12 (1984) 



908 J. NISHIHIRA, T. ISHIBASHI, Y. IMAI AND T. MURAMATSU 

scraped from the plate and eluted with chloro- 
form/methanol /water  (1:2:0.8,  v/v/v), then 
further purified, by  rechromatography using a 
solvent system of  chloroform/methanol /water  
(65:35:4,  v/v/v). Extract from the silica was 
used as the purified PAF for characterization of 
the chemical structure and biological activities. 

Gas-Liquid Chromatography-Mass Spectrometry 

The purified PAF prepared as described 
above was hydrolyzed with phospholipase C 
(17) and then the acyl-ester was removed by 
mild alkaline hydrolysis (18). The dephosphor- 
ylated and de-acylated lipid product  was 
converted to I-O-alkyl-2,3-di-O-trimethylsilyl- 
glycerol at 70 C using N,O-bis (trimethylsilyl)- 
tr if luoroacetamide,  pyridine and t r imethyl  
chlorosilane (6:3:1 ,  v/v/v) (19,20) and applied 
to a GLC-MS (Joel, JMS-D300) equipped with a 
1 m glass column containing 3% OV-1. Condi- 
tions for this column were as follows: iniector, 
250 C; column, 150-300 C at a rate of 8 C/min; 
ion source, 180 C; ionozing voltage, 30 eV. 

Assay for Biological Activity of the Lipid Extract 

Platelet aggregation was measured by the 
turbidimetric method using an aggregometer 
(21). PAF concentrations were calculated by 
comparing the aggregation obtained along 
with authentic PAF at known molarity.  Meas- 
urements of uterine contractions were carried 
out according to the procedure described by 
Trautschold (22). For  this experiment,  female 
virgin rats were administered an intraperitoneal 
injection of Ovahormon (0.1 mg) 24 hr before 
hysterectomy. 

R ESU LTS 

Identification of 1-O-Octadecyl-2,3-Di-O- 
TrimethylsilyI-Glycerol 

The sample prepared as described in "Ex- 
perimental" was subjected to GLC and MS 
(Fig. 1). MS examination (Fig. 1B) of the one 
peak (retention time of 11 min) among 6 
major peaks which appeared from the GLC 
(Fig. IA)  gave the following values m/z (per- 
centage of relative intensity):  M-15 (1.07), 
M-90 (1.27), M-180 (1.98), 205 (100), 133 
(34.8), 130 (24), 117 (22.3), 75 (10.5), 71 
(14.8) and 57 (15.9). The compound was 
identified as l-O-octadecyl-2,3-di-O-trimethyl- 
silyl-glycerol by  comparison with a spectrum of 
the tr imethylsilyl  derivative of  authentic PAF 
(20). Although the other 5 peaks in Figure 1A 
also were examined by MS analysis, it  was not  
possible to identify them as known substances, 
such as sphingomyelin or lysolecithin, which 
are possible contaminants because of their 

A 
1000- 
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71 117 .I 

.1 .  L , .  I U 
50 " 1 i ) o  " 1 ~ o  . . . .  2i)o . . . .  2~o  " I000]t//*zo.q 
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FIG. t. Gas-liquid chromatography (A) and mass 
spectrometric (B) analysis of the sample extracted. 
The sample preparation and column conditions are 
described in "Experimental." 

similar chromatographic behavior to PAF. On 
the contrary,  no PAF derivative was detected in 
the amniotic fluid obtained by transuterine 
amniocentesis from full term pregnant women 
who showed hyperamniosis but no signs of 
labor (data not  shown). Ten samples in each 
group were analyzed. 

Biological Activities of the Isolated PAF 

The sample extract induced a dose-depen- 
dent aggregation of washed rabbit  platelets 
(data not shown). Furthermore,  the sample 
provoked a significant muscle contract ion of 
rat  uterus (Fig. 2). The intensity of muscle 
contract ion was dependent  on the amount  of 
extract added. However, more detailed quanti- 
fication of PAF concentration was not per- 
formed. On the other hand, the PAF activities 
in amniotic fluid before the onset of labor 
could not  be determined by these biological 
assays, or by the MS analysis described above. 

DISCUSSION 

In the present studies definite evidence was 
obtained for the presence of PAF in human 
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FIG. 2. Kymographic tracing of the contracting 
responses of rat uterine muscle by the sample ex- 
tracted or the authentic PAF standard used. The 
muscle strip was exposed to 500 pM (a), 750 pM (b) 
and 1 nM (c) of the authentic PAF, respectively, and 
to 1/20 (d) of the sample extracted from 1 liter of 
amniotic fluid. Arrows indicate the times of an addi- 
tion of PAF, which provoked the muscle contraction 
within 28 sec after initiation. 

a m n i o t i c  f luid dur ing  labor  by  GC and  MS 
analysis  (Fig. 1). This f ind ing  provides  a s t rong  
i m p e t u s  for fu tu re  s tudies  deal ing wi th  the  
cel lular  origin and  molecu la r  mechan i sms  o f  
P A F  secre t ion  dur ing  labor .  With regard to t he  
origin of  PAF  in a m n i o t i c  f luid,  i t  is cons ide red  
mos t  l ikely to be  released f rom the  fe tus ,  s ince 
a m n i o t i c  fluid is composed  pr imar i ly  of  fetal  
u r ine  and lung secret ions.  Billah and  J o h n s t o n  
have f o u n d  PAF  in fetal  u r ine  and  in the  pel let  
f rac t ion  of  a m n i o t i c  fluid,  which  is r ich in 
lamel lar  bod ies  secre ted  by  the  fe ta l  lung (13) .  
Conce rn ing  fetal  ur ine ,  the  a lkyl  side chains  of  
a n t i h y p e r t e n s i v e  polar  r e n o m e d u l l a r y  lipid 
( A P R L )  isola ted f rom the  k idney ,  t he  s t r u c t u r e  
of  which  is k n o w n  to be  the  same as PA F  (24) ,  
are c o m p o s e d  pr imar i ly  of  hexadecy l  (67%),  
wi th  oc t adecy l  (4%) appear ing  on ly  in residues.  

This  c o m p o s i t i o n  of  PA F  is r e m a r k a b l y  dif- 
f e ren t  f rom tha t  p resen ted  here ,  which  indi-  
cates  the  exclusive presence  of  oc t adecy l  
(Fig. 1). This molecu la r  d i s t inc t ion  o f  the  side 

chain  may  deny  the  hypo thes i s  of  the  renal  
origin of  PAF  in a m n i o t i c  f luid.  On the  o t h e r  
h a n d ,  Prevost  et al. r ecen t ly  r epo r t ed  t h a t  PAF 
was released in p u l m o n a r y  alveolar  f luid as a 
consequence  of  h y p o x i a  (23) .  These  observa- 
t ions  seem to be fu r t he r  impl ica t ions  of  the  
fetal  lung origin of  PAF  in a m n i o t i c  fluid.  

Several lines o f  ev idence  s u p p o r t  the  idea 
t h a t  p ros tag land ins  par t i c ipa te  in the  in i t i a t ion  
of  u te r ine  c o n t r a c t i o n s  in h u m a n  labor  (25 ,26) .  
A l t h o u g h  the  physiological  f u n c t i o n  of  P A F  in 
a m n i o t i c  f luid r emains  to  be  clarif ied,  th is  
c o m m u n i c a t i o n  has s h o w n  t h a t  PAF  indeed  
i nduced  s ignif icant  u t e r ine  c o n t r a c t i o n s  (Fig. 2). 
P A F  may  work  in c o n j u n c t i o n  wi th  o the r  l ipid 
med ia to r s  such as l euko t r i ens  and  t h r o m b o x a n e  
A2 (27-30) .  In o rder  to ob ta in  f u r t h e r  ins ights  
in to  the  b iochemica l  m e c h a n i s m ( s )  involved in 
t he  in i t i a t ion  of  h u m a n  pa r tu r i t ion ,  the  roles  of  
PAF  dur ing  labor  need  to be e luc ida ted  and  
def ined  in grea ter  detail .  
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Effect of Dietary Vitamin E Upon Fluorescent Compounds of the 
Rat Uterus 

A. SAARI C S A L L A N Y * ,  K. LUND A Y A Z  and B. ZASPEL MENKEN,  Department of Food 
Science and Nutrit ion, University o f  Minnesota, 1334 Eckles Avenue, St. Paul, MN 55108 

ABSTRACT 

Several water soluble and organic solvent soluble fluorescent peaks were observed in extracts of 
uteri from vitamin E deficient or supplemented rats following Sephadex column chromatography and 
spectrophotofluorometric analysis. Levels of one of the organic and two of the water soluble fluores- 
cent peaks were found to be signiicanfly higher in the uteri of vitamin E deficient rats than in vitamin E 
supplemented rats. Some of these fluorescent fractions may contribute to the brown discoloration 
that is known to occur in the uterus of vitamin E deficient animals. 
Lipids 19:911-915, 1984, 

INTRODUCTION 

It has been established that a brown discolor- 
ation of the uterus occurs when rats become 
vitamin E deficient (1), resulting in an increase 
in fluorescence in the uterus (2). This fluores- 
cence is thought to arise from peroxidation 
products of the lipid components of cellular 
material, sometimes referred to as ceroid- 
lipofuscin pigments (3). These pigments have 
been postulated to play a role in the fetal re- 
sorption process (4) and irreversible sterility (5) 
seen in vitamin E deficient rats. Desai et al. (6) 
have reported more fluorescence in the water 
soluble portion of the uterus in the vitamin E 
deficient rat than in the organic portion of the 
extract. The present study was undertaken to 
examine the fluorescent characteristics of or- 
ganic and water soluble extracts obtained from 
the uteri of rats that have been fed a vitamin E 
deficient or supplemented diet for a one-year 
period. 

MATERIALS AND METHODS 

Animals and Diets 

Twenty female, weanling Sprague-Dawley 
rats (Sprague-Dawley, Madison, Wisconsin) were 
fed either a basal, vitamin E deficient diet or a 
basal diet supplemented with d-~-tocopheryl 
acetate (300 mg/kg diet, Sigma Chemical Com- 
pany, St. Louis, Missouri). The diet, containing 
8% vacuum distilled corn oil, was identical to 
that described previously (7) except that it con- 
tained no added DL-methionine. Diet and water 
were provided ad libitum from weaning to one 
year of age, at which time the rats were killed 
by decapitation. The uteri were removed and 
immediately frozen at :70 C until  extraction. 

*To w h o m  correspondence should be addressed. 

E xtraction of Utar i 

The uterus from each animal was accurately 
weighed, homogenized and extracted in chloro- 
form :methanol (2:1, v/v) and washed with water 
as described by the method of Csallany and 
Ayaz (8). The organic (chloroform) layer was 
dried over anhydrous sodium sulfate, and the 
solvent was removed over a rotary evaporator. 
The water-methanol layer was filtered to remove 
any insoluble material and lyophilized using a 
Virtis freeze drying apparatus. 

Column Chromatography of Uteri Extracts 

The organic layer of the tissue extract was 
chromatographed on a Sephadex LH-20 column 
in chloroform :methanol (1:9, v/v) as previously 
described (8). The dried water extract was 
brought up to a volume of 0.1-1.0 ml with 
water, and a known aliquot (100-250 #1) was 
applied to a 1.5 x 35 cm Sephadex G-25 (me- 
dium particule size) column and eluted with 
0.02% sodium azide. Two-ml fractions were col- 
lected from both the Sephadex LH-20 and G-25 
columns, and fluorescent measurements were 
made of each. 

Quantitative Fluorescence Measurements 

Fluorescent excitation and emission spectra 
were determined for each fraction eluting from 
the Sephadex column using an Aminco-Bowman 
Ratio Spectrophotofluorometer (American In- 
strument Co., Silver Spring, Maryland) as de- 
scribed previously (9). A Hanovia Xenon Lamp 
was used for the excitation light source. From 
the spectra, maximum excitation and emission 
wavelengths were determined for each eluting 
peak collected from the Sephadex LH-20 or 
Sephadex G-25 columns. Every fraction was 
read at these predetermined wavelengths, but 
each peak had its own excitation and emission 

r 
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maxima. The instrument was standardized daily 
to read 100 relative fluorescent units against a 
quinine sulfate solution (1 btg/ml 0.1 _N H2 SO4) 
at an excitation wavelength of 350 nm and an 
emission wavelength of 435 nm. 

Statistical Methods 

The total fluorescence of each peak eluted 
from the column was measured and calculated 
as relative fluorescence units per gram of wet 
tissue. Statistical comparisions of the mean 
fluorescence values of each peak were analyzed 
using the two-tailed Student's t distribution (10) 
to determine significant differences between 
the vitamin E deficient and vitamin E supple- 
mented groups. 

R ESU LTS 

Animals 

Growth curves were used to assess the vita- 
min E status of the rats. After 17 weeks on the 
vitamin E deficient diet, the rats began to show 
noticeable decreases in the rate of weight gain 
compared to vitamin E supplemented rats. This 
weight difference continued to increase and by 
one year of age the vitamin E deficient rats 
weighed 25% less than the vitamin E supple- 
mented rats. 

Column Chromatography 

Elution profiles for organic and water soluble 
extracts from vitamin E supplemented rat uteri 
were qualitatively identical to those of the vita- 
min E deficient rats. A typical elution profile 
for the organic uterus extract from a vitamin E 
deficient rat is shown in Figure 1. The first peak 
eluting from the Sephadex LH-20 column (frac- 
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tions #7-17) had maximum excitation and emis- 
sion wavelengths (ex/em) at 350 nm and 435 
nm, respectively. This has been observed prev- 
iously in other tissues (7), and the material has 
been referred to as the "organic solvent soluble 
lipofuscin pigment." The second and third peaks 
(fractions #18-40), both exciting and emitting 
maximally at 240 nm/350 nm, are not well sep- 
arated by Sephadex LH-20 column chromatog- 
raphy. Retinol (350 nm/495 rim) was not 
detected in the organic portion of the uteri ex- 
tracts as observed previously in other tissues 
such as the liver (8). 

A typical Sephadex G-25 elution profile for 
the water-soluble uterus extract is shown in 
Figure 2. Four fluorescent peaks were observed 
with maximal excitation and emission wave- 
lengths as follows (in order of elution): peak 1 
(fractions #10-16), 275 nm/350 nm;  peak 2 
(fractions #23-37), 270 nm/310 nm;  and peaks 
3 and 4 (fractions #23-46), 275 nm/350 nm. 
Peaks with the same fluorescence characteristics 
and elution behavior have been observed in the 
rat liver (CsaUany, A.S., and Menken, B. Zaspel, 
unpublished data) and in the mouse liver (9). 
Peak 3 in Figure 2, however, has not been ob- 
served in the mouse liver. 

When the same water extract was chromato- 
graphed on a 1.5 x 35 cm Sephadex G-15 
column in 0.02% sodium azide, one additional 
peak (peak 2) was found with maximal ex- 
citation and emission wavelengths of 275 nm/ 
350 nm (Fig. 3). Although separation of the 
fluorescent compounds was improved, the 
Sephadex G-25 column was used routinely for 
the separation of the water extracts because 
Sephadex G-15 column chromatography took 
7-8 hr longer. 

. \  . / ' ,  ./ 
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/ . . . .  - -  
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FRACTION NUMBER ( 2 ml) 

FIG. 1. Organic soluble fluorescent peaks of rat uterus eluted from a Sephadex LH-20 
column with chloroform :methanol (1:9, v/v). Excitation wavelength/emission wavelength 
350 nm/435 nm ( - - )  and 240 nm/350 nm (- - - -). 
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FIG. 2. Water soluble f luorescent  c o m p o u n d s  o f  rat u terus  eluted from a Sephadex G-25 
medium particle size co lumn with 0.02% sodium azide. Excitat ion wavelength/emission 
wavelength: 275 n m / 3 5 0  nm ( - - )  and 270 n m / 3 5 0  nm ( . . . .  ). 
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FIG. 3. Water-soluble f luorescent  c o m p o u n d s  o f  rat u terus  eluted from a Sephadex G-15 
co lumn with 0.02% sodium azide. Excitat ion wavelength/emission wavelength 275 n m /  
350 nm ( - - ) a n d  270 n m / 3 1 0  nm ( . . . .  ). 
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FIG. 4. Summary of the fluorescent compounds from the (a) organic and (b) aqueous 
extracts of vitamin E deficient ( E )  and vitamin E supplemented (.:-:-:.) rat uteri. Each bar 
represents the mean • S.E.M. for 6 animals. NS = not significant. S* --- significant (Student's 
t test, p < 0.05). 

Analysis of Uteri f rom Vitamin E 
Deficient and Supplemented Rats 

Visual examination of the uteri from the 
vitamin E deficient rats revealed a uniform, dark 
brown pigmentation whereas the vitamin E 
supplemented uteri  had a light pink color. This 
characteristic in vitamin E deficiency has been 
well documented ( 1,2,4-6). 

The results from the fluorescence analysis of  
the uteri  from the vitamin E deficient and vita- 
min E supplemented rats are shown in Figure 4. 
In the organic phase of the extracts the 350 nm/ 
435 nm compound,  the "organic solvent soluble 
lipofuscin pigment ,"  was significantly higher in 
concentration in the vitamin E deficient group 
than the vitamin E supplemented group. We 
previously have reported similar increases in 
this compound in the liver but  not  in other tis- 
sues of vitamin E deficient mice (7,11). The 
second group of  organic solvent soluble com- 
pounds (a combination of peaks 2 and 3 of 
Fig. 1) with maximum excitation and emission 
wavelengths of 240 nm/350 nm was not  signif- 
icantly different for the deficient and supple- 
mented rats. 

The fluorescent compounds from the water- 
methanol  phase of  the uteri extracts are shown 
in Figure 4b. The first peak with ex/em maxima 
at 275/350 nm showed no significant difference 
between the vitamin E deficient and supple- 
mented groups. The second fluorescent com- 

pound (270 nm/310 nm) was significantly 
higher in the vitamin E deficient animals. The 
third fluorescent compound with ex/em maxima 
of 275 nm/350 nm (calculated as a combination 
of peaks 3 and 4) also was significantly higher 
in vitamin E deficient animals. 

D I S C U S S I O N  

The irreversible brown pigmentat ion of the 
rat uterus that occurs in dietary vitamin E defi- 
ciency is commonly thought to be due to in- 
creased accumulation of fluorescent, ceroid- 
lipofuscin type pigments (1-5). In the present 
study an a t tempt  was made to further separate 
and determine the fluorescent materials in the 
uterus under various dietary conditions. Present 
data show that the 350 nm/435 nm peak in the 
organic phase and the 270 nm/310 nm and the 
later eluting 2 7 5 n m / 3 5 0 n m  peaks in the 
aqueous phase were higher in concentration due 
to vitamin E deficiency, About  3 times as much 
fluorescence was found in the water-soluble 
port ion of  the uteri  extracts as in the organic 
portion. The fluorescence of the organic and 
water-soluble extracts of deficient rat uteri,  
however, does not  seem to account for the heavy 
brown discoloration observed. The same fluor- 
escent peaks were found in vitamin E deficient 
and supplemented rat uteri,  but  the differences 
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in f luorescence  b e t w e e n  the  s ignif icant  d ie t a ry  
group  s were  twice  or  less. I t  appears  t h a t  addi-  
t i ona l  f luorescence  and  poss ib ly  the  m a j o r  por-  
t i o n  of  t he  f luorescence  in b r o w n  u t e r i  m u s t  b e  
p resen t  in  the  inso luble  pa r t  of  the  t issue. I t  has  
b e e n  r e p o r t e d  b y  ou r  l a b o r a t o r y  t h a t  t he  washed ,  
inso luble  i n t e rphase  mate r ia l  f r om 2:1 ch loro-  
f o r m : m e t h a n o l  liver ex t r ac t s  has  a t o t a l  f luor-  
escence  m u c h  grea ter  t h a n  t h a t  of  t he  wa te r  
ex t r ac t  (12)  at  2 8 0 n m / 3 4 0 n m .  This  is n o t  
surpr is ing as a n u m b e r  o f  p ro te ins ,  especial ly  
t h e  larger ones,  would  be e x p e c t e d  to p rec ip i t a t e  
o u t  in  t he  presence  of  c h l o r o f o r m  and  m e t h a n o l  
and  r ema in  inso lub le  as d e n a t u r e d  pro te ins .  T he  
resul t s  of  this  s t u d y  appear  to  ind ica te  t h a t  
some  o f  the  f luorescen t  f r ac t ions  observed  m a y  
c o n t r i b u t e  to  increased f luorescence  k n o w n  to  
occur  in t he  " b r o w n  u t e r u s "  o f  v i t amin  E defi-  
c ient  ra ts ;  however ,  t he  inso lub le  i n t e rphase  
m a y  con ta in  more  of  t h e  f luorescen t  c o m p o u n d s  
respons ib le  for  th is  severe p i g m e n t a t i o n .  
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Cholesteryl Ester Hydrolysis in Rat Liver Cytosol. Modulation by 
Female Sex Hormones 
J.M. GANDARIAS, M. LACORT and B. OCHOA*, Department of Physiologv and 
Biochemistry, Faculty of Medicine, University of Pais Vasco, Bilbao Ap. 699, Spain 

ABSTRACT 

The regulation of cholesterol ester hydrolase activity by female sex hormones was studied in cyto- 
solic preparations from female rat liver. The investigation was undertaken in order to determine 
whether a reduction in the enzyme activity might be responsible for the increased content of esterified 
cholesterol found in rat liver after estradiol or progesterone treatments. The single injection of estradiol 
(0.75mg/100 g) or progesterone (1.50mg/100g) produced respectively significant decreases and in- 
creases in sterol hydrolase activity. Both opposite effects were noted after a similar lag period of 3-4 hr 
and were of short duration. No alterations were observed in rats receiving short-term treatments. When 
hormones were added to the incubation medium, the activity of cholesterol ester hydrolase decreased 
progressively with increasing concentrations of hormones. Kinetic studies demonstrate that both estra- 
diol and progesterone compete with the substrate (cholesteryl oleate) for the active center. The f'mdings 
of the present paper exclude a direct relationship between hepatic hydrolytic activity and lipid deposi- 
tion. However, they provide evidences that female sex hormones act as modulatory agents of the 
hydrolysis of cholesteryl esters in rat liver cytosol and suggest that other factors besides competitive 
inhibition are involved in such regulatory effects. 
Lipids 19:916-922, 1984. 

INTRODUCTION 

Hepatic cholesteryl esters, which derive pri- 
marily from the uptake and degradation of 
plasma lipoproteins, are hydrolyzed in the liver 
cells through the action of the enzyme choles- 
terol ester hydrolase (also called cholesterol 
esterase, EC 3.1.1.13). The resulting free choles- 
terol as well as the endogenous cholesterol can 
be catabolized, reesterified and stored or se- 
creted from the liver. Free and esterified choles- 
terol are then subject to constant turnover, and 
the enzyme cholesterol esterase plays an impor- 
tant role in controlling the supply of free sterol 
from its storage form. The existence of at least 
3 cholesterol ester hydrolytic activities in differ- 
ent hepatic subcellular locations to which 
specific biological functions have been attributed 
has been described (1,2). The cytosoli6 enzyme, 
which acts at a pH near neutrality, has been 
implicated mainly in the breakdown of plasma 
lipoproteins internalized in the liver by endo- 
cytic processes (3,4). 

It has been postu!ated that the hepatic ester- 
ified cholesterol content reflects net plasma 
cholesterol uptake by the hepatocyte (5); so, an 
increased level of this lipid in the liver could in- 
dicate some alteration in the rate of this process. 
Previous results in our laboratory showed that 
in estradiol and progesterone treated rats, 
hepatic esterified cholesterol is increased drasti- 
cally, while the initial rate of plasma cholesterol 
esterification was not altered and, therefore, 

*To whom correspondence should be addressed. 

the turnover and hepatic catabolism of high and 
low density lipoproteins were not supposed to 
be substantially changed (6,7). However, there 
are experimental evidences that estrogens induce 
specific cell surface receptors for apoB and apoE 
containing lipoproteins (8-1 1) including rem- 
nants of chylomicrons and very low density 
lipoproteins which are quantitatively the most 
important particles in the supply of cholesteryl 
esters to the liver (12,13). Thus, we found it 
interesting to establish the relative influence of 
female sex hormones on hepatic processes re- 
lated to the uptake and degradation of lipo- 
proteins. 

In the present study we have determined the 
cholesterol ester hydrolase activity from rat 
liver cytosol under endocrine conditions in 
which enhancement in hepatic esterified choles- 
terol was induced and also after a single injection 
of hormones. Because we have observed signif- 
icant modifications in the enzyme activity after 
the administration of a single dose of estradiol 
or progesterone, we also have investigated the 
influence of  the presence of  these hormones on 
cholesterol ester hydrolase activity and on its 
kinetic parameters. 

MATE R IALS AND M ETHODS 

Estradiol, progesterone, oleic acid, bovine 
serum albumin and unlabeled cholesteryl oleate 
were obtained from Sigma Chemical Co., St. 
Louis, Missouri. Cholesteryl [ 1J4C] oleate (sp. 
act, 50 Ci/mol) was purchased from the Radio- 
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chemical Center, Amersham, United Kingdom) 
and was used without further purification after 
being checked by thin layer chromatography. 
Naphtalene, 1-4dioxane, 2,5-diphenyloxazole 
(PPO) and 1,4-di-2,5-plienyloxazolilbenzene 
(POPOP), were from Hopkin & Williams Ltd, 
Chadwell Heat, Essex, United Kingdom. All 
other chemicals used were reagent grade. 

Female Wistar rats (160-210g) were main- 
tained on standard laboratory chow and tap 
water "ad l ibitum" and were exposed to an 
alternating light cycle of 12 hr (light from 
7:00 a.m.). When the effects of short-term tre.at- 
ments of pharmacological doses were studied, 
groups of 4 rats were given daily injections of 
estradiol (1.50mg/100g) or progesterone (2.5 
mg/100g) dispersed in 0.5ml, 1,2-propylenglycol 
(10% in saline solution) for 3 consecutive days. 
Control animals received isovolumetric amounts 
of hormone vehicle. Animals had free access to 
food until they were killed by decapitation 
24 hr after the last dose of hormone. In the 
studies for the effects of a single injection of 
hormones, rats were given estradiol (0.75mg/ 
100g) or progesterone (1.50mg/ 100g) and were 
killed at intervals varying between 1 and 24 hr 
after the treatment. All experiments began at 
8:00 a.m. 

The blood from control and treated animals 
was collected into heparinized tubes and the 
plasma was removed for hormone determin- 
ations. Plasma estradiol and progesterone levels 
were measured with a commercially available 
radioimmunoassay (CEA'SORIN, RIA Kit). 

Cholesterol ester hydrolase assay: The liver 
was excised from freshly killed rats, rinsed in 
cold saline, weighed and homogenized in a 
Potter-Elvehjem homogenizer with 9vol. pf  
35 mM sodium phosphate buffer (pH 7.45). The 
homogenates were centrifuged at 2,000xg for 
30 min, and the resulting supernatant was recen- 
trifuged at 105,000xg for 60 min to obtain the 
particle-free supernatant (cytosol fraction). Care 
was taken to remove t~e floating lipid layer. 
Defatted cytosol preparations were used habit- 
ually as the enzyme source. Cholesterol ester 
hydrolase activity was measured in terms of the 

14 release of [ 1- C] oleic acid from the cholesteryl 
[ 1-14C] oleate substrate according to the method 
of Traynor and Kunze (14). A model incubation 
mixture contained, in a total volume of 2 ml, 
100 nmol of cholesteryl [ 1-14 C] oleate (sp. act. 
0.22 Ci/mol) dispersed in 50 jul acetone, 750/al 
of enzyme source and 35 mM sodium phos- 
phate buffer (pH 7.45). The assay was run for 
45 min at 37 C in a metabolic shaker. When 
estradiol or progesterone was added to the incu- 
bation medium, they were dissolved in 10 /~1 

acetone and injected with a Hamilton syringe. 
10 /al acetone were added to the control incu- 
bates. In all experiments blanks containing 
buffer in place of the enzyme protein were 
done and averaged 1% of the total substrate 
radioactivity. The reaction was stopped and the 
lipids were extracted as described by Nilsson (3). 
The fipidic extract was separated by TLC, and 
radioactive areas were scraped and suspended in 
10 ml of a dioxan-based scintillation cocktail. 
Radioactivity was measured in a Searle Mark II 
liquid scintillation counter. The percentage of 
cholesteryl esters hydrolyzed was calculated 
according to Nilsson's equation (3), and the 
unit of enzyme was arbitrarily defined as 
the amount of enzyme which hydrolyzes 1 pmol 
of substrate per hr at 37 C. Protein was deter- 
mined b~, the method of Lowry et al. (15) 
using bovine serum albumin as standard. 

Liver lipids were extracted, separated and 
cholesteryl esters determined as described 
earlier (6). 

The kinetic analysis of the results was per- 
formed with a Superbrain INTERTEC micro- 
computer using a weighted least squares fit of 
the data points to a double reciprocal plot 
(Lineweaver-Burk representation). Statistical 
significance was determined by the Student's 
t-test. 

RESULTS 

The optimal conditions for measuring the 
cytosolic cholesterol ester hydrolase activity 
were chosen after a previous set of experiments 
was performed. The hydrolase activity proved 
to be linear with time up to 60 min and with 
protein cond~ntration up to 8 mg/ml, when the 
substrate was present at a 50/a M concentration. 
The effect of increasing substrate concentra- 
tions and the Lineweaver-Burk representation 
also were done. A typical Michaelis & Menten 
kinetic was found (Fig. 1 ). 

The effects of short-term treatments of phar- 
macological doses of estradiol and progesterone 
on cytosolic cholesterol ester hydrolase activity 
are reflected in Table 1. Data show that the 
administration of both hormones over 3 consec- 
utive days resulted in no significant changes in 
hydrolase activity. It 'should be pointed out that 
animals receiving hormonal injections had plas- 
ma leve]s of estradiol of more than 700 pg/ml 
(control, 7.2 pg/ml) and of progesterone of 
more than 500 ng/ml (control, 14.4 ng/ml) at 
the time of killing (Table 1 ). 

The time-response studies of cholesterol 
esterase activity and of hepatic cholesteryl ester 
content in rats given a single dose of the hor- 
mone are summarized in Figure 2. Estradiol 
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FIG. 1. Cholesterol ester hydrolase activity from rat liver cytosol. A - Time-course reaction. The 
protein in the incubate was 5.8 mg/ml. B - Dependence of  the rate of  hydrolysis with protein concentra- 
tion. The incubation ran for 45 min. C - Dependence of  the rate of  hydrolysis with substrate concen- 
tration. The protein in the incubate was 3 mg/ml. D - Double-reciprocal design of the values given in C. 
The enzyme activity is expressed as the percentage of  the total substrate hydrolyzed (A), as the per- 
centage of  the substrate hydrolyzed per hour  (B) and as units per mg protein (C,D). Each point  is the 
mean of  4 determinations. Bars represent the S.E. of  the mean. 

TABLE 1 

Effect of Estradiol (1.50mg/100g) and Progesterone (2.50mg/lOOg) Administration 
for 3 Days on Cytosolic Cholesterol Ester Hydrolase Activity 

from Rat Liver and on Plasma Estradiol and Progesterone Levels 

Hormone concentration 
(pg/ml plasma) (8) 

Cholesterol esterase 
Group (units/mg protein) (4) Estradiol Progesterone 

Control 652 -+ 44 7 :t 3 - -  
Estradiol-treated 617 -+ 37 798 +- 87* - -  

Control 557 -+ 32 - -  14,430-+ 1,056 
Progesterone-treated 567 -+ 27 - -  558,640 -+ 32,572* 

Results are expressed as mean +- S.E. 
The number of observations are given in parenthesis. 
*Significantly different from control. P ~ 0.005. 

caused a significant decrease in the enzyme 
activity 3 hr after the t reatment  (about 50%); 
however, the progesterone increased the choles- 
terol ester hydrolase activity, this effect being 
maximal 4-6 hr after the injection. Both oppo- 
site effects diminished gradually until the en- 

zyme reached normal values at 24 hr. The lack 
of response observed following 24 hr of the 
injection agrees with the results obtained in rats 
treated for 3 days in which the enzyme also was 
measured 24 hr after the last dose. After 4 hr of 
hormone treatments, the amount of hepatic 
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FIG. 2. Time-response of cytosolic cholesterol ester 
hydrolase activity and liver esterified cholesterol following 
administration of a single dose of (e) estradiol (0.75mg/ 
100g), (o) progesterone (1.5mg/100g) or (o) vehicle. The 
studies were performed using 3 rats per group. Enzyme 
activity was determined in pooled cytosolic fractions 
from rats killed at the indicated times following the hor- 
mone injection *8:00 a.m.); rats from control group were 
sacrificed at 9:00 and 11:00 a.m. and noon to average 
some diurnal fluctatioris. Esterase activity is expressed as 
units/mg protein and hepatic cholesteryl esters level as 
mg]g wet weight. The points are the mean of triplicate 
determinations. Bars represent the S.E. of the mean. 

*Significantly different from control. P ~ 0.005. 
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FIG. 3. In vitro effect of estradiol and progesterone 
on cholesterol ester hydrolase activity. Rat liver cyto- 
sol preparations were incubated with varying concen- 
trations of estradiol and progesterone between 5 and 
100 /~mol/1. Protein concentration in the incubates 
was 2.8 mg/ml. The points are the average of triplicate 
determinations of a selected experiment. Bars represent 
the S.E. of the mean. 

*Significantly different from control. 

cho les te ry l  esters rose s ignif icant ly ,  reach ing  
t he  m a x i m u m  level at  24 hr. 

To tes t  the  d i rec t  ef fec t  of  es t rad io l  and  pro-  
ges te rone  on  cytosol ic  cho les te ro l  esterase,  
i n c u b a t i o n s  were carried ou t  in the  presence  o f  
var ious h o r m o n e  c o n c e n t r a t i o n s  ranging f rom 
5 to 100 /aM. Data  dep ic ted  in Figure 3 show 
tha t  e n z y m e  ac t iv i ty  decreased gradual ly  wi th  
increasing a m o u n t s  of  the  h o r m o n e s  and  t h a t  
i nh ib i t i on  was s ignif icant  at  c o n c e n t r a t i o n s  
h igher  t han  10/aM. Add i t i ona l  e x p e r i m e n t s  were 
designed to verify the  ex is tence  of  i n t e r ac t i ons  
be tween  the  s teroid  molecule  and the  subs t ra t e  
of  the  reac t ion .  The  d e p e n d e n c e  of  the  h y d r o -  
lyt ic  ac t iv i ty  wi th  e n z y m e  c o n c e n t r a t i o n  in the  
presence  and in the  absence  of  p roges t e rone  is 
p lo t t ed  in Figure 4. The  resul ts  clearly ind ica te  
t h a t  the  observed  i nh ib i t i ons  are due ma in ly  to  
a d i rec t  ef fec t  on  the  ca ta ly t ic  ac t iv i ty  o f  the  
enzyme .  In o rder  to  examine  in more  detai l  t h e  
ac t ions  of  es t radiol  and p roges te rone  on  the  
cy tosol ic  cho les te ro l  esterase,  we inves t igate  
the i r  e f fec ts  on  the  k ine t ic  behav io r  of  t he  en- 
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FIG. 4. Dependence of the rate of  cholesteryl ester 
hydrolysis with protein concentration in the absence 
(o) and in the presence (e) of progesterone (50 t~M). 
The hormone was added in 10/al acetone. Control in- 
cubates contained 10 /al solvent. Each point is the 
mean of 4 determinations. Vertical bars represent the 
S.E. of the mean. 

z y m e .  The  a ppa re n t  Michaelis  & M e n t e n  values  
( K m )  for  cho les te ry l  o leate  and  the  m a x i m u m  
veloci t ies  (V) were ca lcula ted  by us ing  a l inear 
regress ion p rogram and are listed in Table 2. 
The  doub l e  reciprocal  p lots  (L-B r ep re sen t a t i on )  
o f  the  da ta ,  s h o w n  in Figure 5, indica te  tha t  the  
add i t ion  o f  es t radio l  and p roges t e rone  raises the  
K m  values for  s u b s t r a t e ; m e a n w h i l e ,  no  c o n c o m -  
i tant  changes  in V are observed .  The  e f fec t s  o f  
es t radiol  and p roges t e rone  did no t  differ  sub-  
s tan t ia l ly  f rom each o ther .  

D I S C U S S I O N  

In the present paper we have examined the 
ro le o f  female sex hormones in the regulat ion 
of  the  hydro lys i s  of  liver cy toso l  choles te ry l  
es ters  in order  to assess  w h e t h e r  t he  r epor t ed  
increases  in this  lipid in r e sponse  to es t radiol  
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FIG. 5. Double-reciprocal plots of the inhibition kinetics of  cytosolic cholesterol ester hydrolase from rat 
liver by estradiol and progesterone. A - assays contained estradiol as follows: o, none; zx, 20/aM and ~, 100/aM. 
B - assays contained progesterone as follows: e, none; A, 20/aM and - ,  100 taM. U, unit of  enzyme; S, cholesteryl 
el ,  ate. Each point is the mean of 3 determinations. 

TABLE 2 

Kinetic Data for the Inhibition of Cholesteryl Oleate Hydrolysis 
in Rat Liver Cytosol by Estradiol and Progesterone 

Hormone added to Km V 
the incubate (#molfl) (units/mg protein • 103) 

None 99 • 8 3.03 • 0.22 
Estradiol, 20/aM 155 • 11" 3.11 • 0.18 
Estradiol, 100/aM 197 • 16 �9 2.97 • 0.25 
Progesterone, 20/~M 139 +- 10" 3.18 + 0.27 
Progesterone, 100/aM 191 • 18 �9 2.91 • 0.13 

Values were calculated from the Lineweaver & Burk plot by using a linear regression 
program with a microcomputer. 

Data are the mean • S.E. of 3 determinations. 
*Significantly different from control. 
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and progesterone (6,16,17) would be due to a 
diminished cholesterol ester hydrolase activity. 
The results we have obtained with a single injec- 
tion of estradiol are in part compatible with this 
presumption. The hydrolytic activity of the 
cytosolic fraction was significantly decreased 
after administration of the hormone, although 
this effect was detected only for a very short 
period (3-4 hr after injection). By contrast, pro- 
gesterone was found to increase the liver enzyme 
activity, this effect also being achieved after a 
similar lag period of  4 hr. This observation and 
the fact that cholesteryl esters increased progres- 
sively between 4 and 24 hr following hormone 
injection clearly indicate that a causal relation- 
ship between esterase activity and hepatic lipid 
deposition cannot be assumed. Even the tran- 
sient inhibition produced by the estradiol does 
not seem to account for the elevation in the 
level of cholesteryl esters. However, some inter- 
esting reflections can be deduced from these 
results. 

The regulation of the enzyme cholesterol 
ester hydrolase has been studied intensively in 
those tissues where the free cholesterol level 
must be rigidly controlled. Several reports have 
demonstrated that cholesterol esterases are sen- 
sitive to hormonal stimuli in adrenal cortex 
(18-21), adipose tissue (22,23), brain (24), 
gonads (25) and aorta (26). Since liver is the 
major site for cholesterol and lipoprotein syn- 
thesis and the only site for the conversion of 
cholesterol to bile acids, it could be speculated 
that cholesterol ester hydrolase plays a more 
important role than simply hydrolyzing choles- 
terol esters from storage whereby it would be 
carefully modulated. The current level of know- 
ledge about the regulation of cholesterol esterase 
in the liver of man or experimental animals and, 
moreover, the influence of  gonadal steroids on 
that metabolic pathway, is poor. The present 
study shows that under our experimental condi- 
tions, estradiol and progesterone modulate cho- 
lesterol ester hydrolase activity resulting in early 
effects of opposite sign. This selectivity in ester- 
ase regulation is consistent with numerous other 
studies where progesterone has been shown to 
be quite an antagonist of estrogen action in 
several tissues (27-30). Both hormonal responses 
were abolished in 6-8 hr which might be due to 
the fact that hormones are lost from the tissue 
at a fast rate (31,32). An alternative explanation 
could be that liver cells adapt in some way to the 
continuing presence of the hormones, perhaps 
by altering either the sensitivity of the receptors 
or the hormone response pathway at some later 
stage. 

Another aspect of the investigation reflects 
that estradiol and progesterone are capable of 

inhibiting the enzyme in a concentration depen- 
dent manner, since such decrease of the hydro- 
lytic activity is not due to interactions between 
the hormone and the substrate. Both female sex 
hormones exerted similar actions on the kinetic 
properties of enzyme, so that marked increases 
in the apparent Km for cholesteryl oleate 
were found. The similarity among the structure 
of the hormones and substrate backs up the 
existence of a competit ion between them for 
the active site of the enzyme. The lack of 
response of esterase activity after 3 days of  
treatment, when the circulating hormone con- 
centrations were elevated drastically, may be 
interpreted to mean that female sex hormones 
in vivo act through mechanisms more complex 
than simple competitive inhibitions. Further- 
more, the discrepancies observed between the 
results from the in vivo and in vitro studies and 
the different responses induced by estradiol and 
progesterone suggest that they are, most prob- 
ably, mediated by different mechanisms of 
action. It has been suggested that in rat uterus 
the estrogen-induced responses are mediated 
separately by independent mechanisms (33), 
among them the genomic reponses involving the 
cytosol-nuclear receptor system (34) and some 
other responses possibly involving the adenyl-  
cyclase (35) and/or guanylcyclase systems (36). 

In conclusion, the results described in the 
present report provide substantial evidence that 
estradiol and progesterone are modulatory 
agents of the cytosolic cholesterol ester hydro- 
lase in rat liver, although the biochemical basis 
underlying these regulatory effects is difficult 
to postulate. 
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ABSTRACT 

The total lipid content of fruit seeds of the Ribes family ranges by weight from 18.3% in goose- 
berries (Ribes uva crispa) to 30.5% in black currants (Ribes nigrum). Isolation procedures and analyti- 
cal methods (gas chromatography, mass spectrometry, high performance thin layer chromatography 
and stereospecific analysis) demonstrate that the oils from Ribes seeds contain up to 19% by weight of 
"r-linolenic acid (~/-LA, C18: 3, n-6) in black currant oil. This last Ribes species thus constitutes one of 
the richest natural sources in 7-LA yet described. These oils appear promising for critically ill patients 
who seem unable to convert/inoleic acid into subsequent EFA fractions. 
Lipids 19:923-928, 1984. 

INTRODUCTION 

7-1inolenic acid (T-LA, C18:3 n-6) is known 
to play a crucial step in the generation of 
prostaglandin derivatives (1). Under normal 
physiological circumstances, "),-LA results from 
the hepatic bioconversion of linoleic acid (LA, 
C18:2 n-6), the major essential fatty acid (EFA) 
for humans. The transformation of LA to the 
more unsaturated 7-LA requires the activation 
of the liver A6-desaturase enzyme (2). The 
dietary requirements for LA are estimated 
around 2.7% of the total caloric intake in chil- 
dren (3) and around 3-5 g/day in adults (4). 
These EFA amounts usually are supplied with a 
well-balanced diet. The endogenous conversion 
of LA into T-LA and subsequent compounds 
proceeds normally, explaining why biochemical 
or clinical signs of EFA deficit are extremely 
rare. 

In contrast, it is known that fat-free paren- 
teral diet very rapidly exhausts the endogenous 
EFA resources, leading to biochemical and 
clinical abnormalities (5-8). Moreover, a num- 
ber of recent reports suggest that the normal 
transformation of LA into further EFA frac- 
tions may be depressed under several stressful 
conditions (9-11), most probably as a result of 
the A6-desaturase depression (2). Critically ill 
patients thus become at risk of developing 
EFA-deficient status, even in the case of appro- 
priate LA delivery. We have, therefore, focused 
our at tention towards new lipid sources which 
could be of clinical usefulness in situations 
characterized by the enzyme defect. We were 
successful in isolating in the seeds of fruits be- 
longing to the Ribes family varying 7-LA con- 
cent-rations, amounting to 19% in black currant 
oil (12). 

*To whom correspondence should be addressed at 
Nestl6 Products Technical Assistance Co. Ltd., Re- 
search Department, P.O. Box 88, CH-1814 La Tour de 
Peilz, Switzerland. 

ISOLATION PROCEDURES 

In black currant varieties from Austria, 
France, Germany, Sweden and Switzerland, the 
amount  of 7-LA varied within relatively narrow 
limits. Principally 3 different sources are avail- 
able for the oil extraction from black currant 
seeds. These are: [1] whole fruits, including 
possibly enzymatic treatment for obtaining the 
seeds; [2] industrial residues (press cakes) from 
juice or jam production, and [3] industrial 
residues from fermentation processes, which are 
products of [2] .  

According to the degree of purification of 
the raw material, their fat content may vary 
between 13 and 30%, the latter being the 
amount  of fat in washed grains. The press cake 
is milled and extracted on a Soxhlet apparatus 
with hexane to yield an oil which contains a 
large amount  of wax and dyestuff, 7-8%. After 
their removal by winterization and bleaching, 
the resulting oil was analyzed. 

Gas Chromatography (GC) Analysis 

GC analyses of fatty acid methyl esters 
(FAMES) (13,14) were performed on tailor- 
made high-resolution Carbowax 20 M capillary 
columns (15,16). For this purpose the triglyc- 
erides were transmethylated with sodium 
methoxide (17,18). Figure 1 shows a typical 
GC of FAMES of black currant oil with the 
sequence: palmitic, stearic, oleic, elaidic, lino- 
leic, 7-linolenic, a-linolenic, stearidonic and 
very little arachidic and gadoleic acid. The 
range of composition, according to the origin 
of the seeds, is shown in the legend. Each of 
these peaks was identified by retention t ime  in 
comparison with known standards, except for 
stearidonic acid. Utilization of other stationary 
phases, like a mixture of OV-17 and SE-30 
(1:1 ), and SP 2340, gave the same results. 
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FIG. 1. GC of black currant oil FAMES. Condi- 

tions: Carlo Erba Mod. 4160 with high resolution 
Carbowax 20 M capillary column. On column injec- 
tion, 80-230 C. For details, see references 15 and 16. 

Peak % of total 
number FAMES lipid FAME 

1 C16:0 6-7 
2 C18:0 1-2 
3 C18:1 N-9 cis 9-10 
4 C18:1 N-9 trans 0.5 
5 CI 8:2 N-6 all cis 47-49 
6 C18:3 N-6 all cis 15-19 

(7-1inolenic acid) 
7 C18:3 N-3 all cis 12-14 
8 C18:4 N-3 all cis 3-4 

(stearidonic acid) 
U unknown (from solvent) 

Gas Chromatography/Mass Spectrometry 
(GC/MS) Analysis 

Electron impact mass spectra of FAMES do 
n o t  give structural information on double bond 
positions (19-24). To obtain these data FAMES 
or triglycerides may be converted into pyrrol- 
idides (25). 

o H II N ~  
R_C_OCHa v ~ R - C -  

Acetic acid 

The yield o f  this reaction under the de- 
scribed conditions is slightly over 90% and still 
some unreacted FAMES remain in the mixture. 
Our works demonstrated almost 100% conver- 
sion into the pyrrolidides when triglycerides 
were used as substrate instead of FAMES. 
Obviously, glycerol is a better leaving group 
than the methoxyl during substitution. A typi- 
cal procedure was: 10 mg oil, 1 ml pyrrolidine 
and 0.1 ml acetic acid were stirred for 30 min 
at 100 C in a closed, round bot tomed flask. 
Unreacted. solvents were evaporated on a 
vacuum evaporator for about 30 min at 90 C 
bath temperature. The residue was taken up in 
heptane to give a 0.05% solution of which 1#1 
was injected for GC/MS. However, GC-reten- 
tion indices of the pyrrolidides are different 
from those of the methyl esters. The pyrrol- 
idides of linoleic and 7-linolenic acid show very 
similar retention behavior on Carbowax col- 
umns and thus are very difficult to separate. 
This problem becomes even more pronounced 
in case of  GC/MS, as peak broadening effects 
due to the interface result in reduced resolu- 
tions. On the other hand, a-linolenic pyrrol- 
idide is well separated from the 2 n-6 acids 18:2 
and 18:3, but shows the same resolution prob- 
lem with stearidonic pyrrolidide 18:4 n-3. The 
basic separation principle of different com- 
pounds on Carbowax columns is related to their 
polarity. It appears that in the case of fatty acid 
pyrrolidides the polarity of the compounds is 
highly influenced by the positions of the 
double bonds, in particular those of A6 and 
A9, respectively, relative to the amide group, 
Figures 2a and 2b show the corresponding mass 
spectra of the pyrrolidides of  7-linolenic and 
stearidonic acids, respectively. 

Fragmentation patterns of the different 
compounds show the exact positions of double 
bonds in each of the acids. The amide group 
obviously has a charge stabilization effect upon 
the fatty acid moiety (26-28)which results in 
more stable and characteristic fragments. Ac- 
cording to the general rule, fragment intervals 
of 1 2 mass units which occur between the most 
intensive peaks of clusters of fragments contain- 
ing n and n-1 carbon atoms of the acid moiety, 
indicate the double bond being located between 
carbons n and n+l .  Accordingly, the El-mass 
fragmentation of 7-1inolenic pyrrolidide shows 
intervals of 12 mass units between carbons 5 
and 6, 8 and 9 and 11 and 12, respectively 
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(Fig. 2a). The presence of stearidohic acid 
C18:4, n-3 in black currant oil also could be 
proved by this method (Fig. 2b). 

Preparative High Performance Thin Layer 
Chromatography (HPTLC) 

As already mentioned above, GC separation 
of some of the fatty acid pyrrolidides was not 
sufficient for the production of well resolved 
peaks and clearly defined mass spectra. There- 
fore, a preparative preseparation of FAMES on 
thin layer plates had to be performed. Black 
currant oil was saponified and methylated with 
diazomethane in ether and a group separation 
according to the degree of unsaturation was 
achieved on reversed phase RP-18 as well as 
RP-12 HPTLC plates (A. Studer and H. Traitler, 
in preparation). Argentation chromatography 
which basically would lead to the same results 
was abandoned due to its inconvenience. More- 
over, separation efficiencies are not better with 
the latter and quantification by visible scanning 
over the spots is practically impossible in the 
case of AgNOa. Linoleic acid could be sepa- 
rated from ~/- and tx-linolenic acid, which 
migrated together, and stearidonic acid (18:4, 
n-3), the latter giving a single and very pure 
spot. Figure 3 shows a chromatogram scanned 
over a FAMES separation on RP-18 HPTLC 
plates. Conversion of the fractionated FAMES 
to the pyrrolidides gave ideal samples for fur- 
ther GC/MS analysis. 

Analysis of Geometric isomers 

In order to obtain evidence on the stereo- 
isomerism of the double bonds of the black 
currant oil fatty acids, an enzymatic analysis 
with lipoxygenase was performed (29-33). For 
this purpose 120 mg of oil were saponified with 
ethanollc potassium hydroxide solution; borate 
buffer and 0.5 N hydrochloric acid were added. 
After 20 min, an aliquot of this solution to- 
gether with inactivated lipoxygenase was used 
for zero adjustment. Samples were measured 
with active lipoxygenase after a reaction time 
of 20 min. This method allows the determina- 
tion of the total amount of cis double bonds in 
isolated pentadienoic structures and can be 
used for the quantification of cis double bonds 
in polyunsaturated fatty acids as well. For this 
purpose, black currant oil FAMES were sub- 
mitted to an enzymatic analysis. Only those 
polyunsaturated fatty acids having cis double 
bonds in A9 and A12 positions are susceptible 
to lipoxygenase catalyzed oxydation to hydro- 
peroxide (Fig. 4). This compound shows a UV 
absorption maximum of 234 nm and thus can 
ideally be used for the quantitative determina- 

6 ~ 7  

i,-i 
t 

r . -  

FIG. 3. HPTLC densitogram of black currant oil 
FAMES. Conditions: Nanoplate RP 18 (Merck)with 
solvents methanol/acetonitrile 1:1 dipping into 5% 
phosphomolybdic acid in acetone, charring at 150 C, 
5 min. Scanning: Camag scanner, 546 nm, scanning 
speed 0.5 mm/sec, slit width 5 mm. Integration: 
Spectra Physics 4100, chart speed 4 cm/min, attenua- 
tion 128. (For peak numbers, see Fig. 1.) Vertical 
figures indicate retention times as printed out by the 
integrator. 

R-CH=CH-CH2-CH-CH-Rt + 02 --" 
cis cis 

OH 
I 
O 

t 
R-CH=CH-CH=CH-CH-R 1 

cis trans 

FIG. 4. Schematic pathway of lipoxygenase re- 
action. 

tion of most polyunsaturated fatty acids also in 
complex mixtures. 

The total amount  of polyenic cis-cis com- 
pounds in black currant oil as determined gas 
chromatographically was 81.9%. Application of 
the enzymatic method, including the calibra- 
tion with pure linoleic acid, gave a value of 
83.7% polyunsaturated fatty acids. The conclu- 
sion can be drawn from these results that all 
polyunsaturated fatty acids in black currant oil 
also have all-cis double bonds. 

DISCUSSION 

The present study unequivocally demon- 
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TABLE 1 

Linoleic Acid, ~/-Linolenic Acid, Dihomo-~/-Linolenic Acid 
and Arachidonic Acid in Some Natural Products 
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Natural sources Total lipid content 
g/lO0 ml (milks) LA b 

g/lO0 g (seeds) 

EFA fractions 
3,-LA c DH,yLA d 

(% of the total lipid content) 
AA e 

Human colostrum a 2.5-3.5 7.82 0.34 
Human mature milk a 3.5-4.5 10.75 0.35 
Hops seeds 7.0 52.8 3-4 

(Humulus lupulus) 
Hemp seeds 38.0 56.4 3-6 

(Cannabis sativa) 
Red Currant Seeds 25.2 41.5 4-6 

(Ribes rubrum) 
Evening Primrose Seeds 17 71.5 7-9 

(Oenothera biennis) 
Gooseberry seeds 18.3 40.0 10-12 

(Ribes uva crispa) 
Black Currant Seeds 30.5 48.5 15-19 

(Ribes nigrum) 

0.49 
0.31 

0 

0 

0 

0 

0 

0 

0.71 
0.41 

0 

0 

0 

0 

0 

0 

avalues from Gibson and Kneebone, 1981 (ref. 36). 
bLA = linoleic acid, C18:2 n-6. 
c3~-LA = 3,-linolenic acid, C18:3 n-6. 
dDH"/LA = dihomo-.it-linolenic acid, C20:3 n-6. 
eAA = arachidonic acid, C20:4 n-6. 

strates the presence of 7-LA in several fruit 
seeds belonging to the Ribes family, with the 
richest concentration reaching up to 19% of the 
total lipid content  in seeds of black currant oil. 
This seed oil also contains 13.5% of ot-linoleic 
acid (a-LA, C18:3 n-3) and 3.5% of the unusual 
stearidonic acid (SA, C18:4 A6,9,12,15 n-3) 
fraction, setting black currant oil in a very 
original position as regards EFA sources. Both 
ot-LA and SA belong to the n-3 PUFA series 
leading to the formation of n-3 eicosapentaenoic 
acid (EPA, C20:5 n -3)and  of docosahexaenoic 
acid (DHA, C22:6 n-3), a bioconversion requir- 
ing the same desaturases and elongases as those 
involved in the generation of n-6 and n-9 com- 
pounds. The n-3, n-6 and n-9 anabolic pathways 
are, therefore, in competit ion for the elabora- 
tion of their end-products. A recent patent (12) 
covers the fruit seeds of the Ribes family as 
purveyors of the physiologically active n-6 EFA 
fractions. 

Healthy newborns submitted to breast-feed- 
ing are not at risk of developing signs of EFA 
deficit. Depending on maternal diet and nutri- 
tional status, large fluctuations in the LA con- 
tent of human milk are described (34). Under 
normal circumstances, however, the LA concen- 
tration of  human colostrum and milk lies with- 
in relatively narrow limits oscillating from 7% 
to 11% by weight of the total lipid content  (35, 
36). This means that LA intake by breast-fed 
children is significantly higher than that sup- 

plied by a well-balanced diet during any later 
period of life. The additional presence of 7-LA, 
dihomo-~/-linolenic acid (DH~/LA, C20:3 n-6) 
and AA in human colostrum and milk (35,36) 
points to the uniqueness of breast-feeding and 
further suggests that EFA compounds fulfill 
special requirements in the growing child during 
the first months of  life. Table 1 compares some 
EFA characteristics of human milk, 3 already 
described vegetable oils and 3 lipid fractions 
extracted from Ribes seeds. 

Body EFA resources are very low at birth 
(1) so that fat-free enteral or parenteral diet 
causes biochemical and clinical abnormalities 
both in premature infants (5) and in healthy 
newborns (6,7). Biochemical signs of EFA- 
deprivation arise as early as one week after the 
onset of fat restriction (7,37) whereas clinical 
signs, such as dermatitis; usually develop after 
3 weeks (38). Even adult patients with appro- 
priate reserves of linoleate in adipose tissue 
triglycerides may exhibit early biochemical and 
clinical signs of EFA depletion (8,39). This 
situation typically is delineated by a gradual 
decrease in the long chain n-6 derivatives, con- 
trasting with a progressive increase in endo- 
genous FA substitutes for carbon chain elonga- 
tion and desaturation. Theoretically, admini- 
stration of lipid emulsions based on soybean oil 
or safflower oil would suffice to prevent bio- 
chemical and clinical symptoms of EFA defi- 
ciency, since these 2 vegetable products contain 
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54% and 77.5% LA, respectively.  An increasing 
n u m b e r  of  recen t  studies,  however ,  demon-  
s t ra te  tha t  use o f  emuls ions  conta in ing  LA may  
no t  solve the  p rob lem of  E F A  def ic iency in 
to ta l  parentera l  nu t r i t ion  (TPN), since the  
b lood  and tissues of  those  pat ients  con ta in  
significantly higher  LA but  lower  a rach idona te  
levels, a metabol ic  profi le  s t rongly  suggestive of  
depressed b ioconvers ion  (6,7,8) ,  entai l ing t h e  
accumula t ion  of  LA. Moreover ,  the  major  PG 1 
and PG 2 urinary metabo l i t es  s ignif icantly 
decline during the  course of  TPN (9) to  reach 
nadir  values reminiscent  o f  E F A  def ic ient  s ta tus  
(40). The mos t  likely explana t ion  resides in 
a l terat ions  of  the  A6-desaturase act ivi ty which  
seems reset  at novel  func t iona l  th resholds  favor- 
ing the  genera t ion  of n-9 derivatives at  the  
expense  of  n-6 compounds .  The current  con- 
sensus is tha t  the  A6-desa tura t ion  is the  ra te  
l imit ing s tep in linoleic acid metabo l i sm (41,42)  
and tha t  the  enzymat ic  act ivi ty may  be in- 
h ib i ted  by  a n u m b e r  of  factors  such as p ro te in  
res t r ic t ion  (43), fasting, p remed ica t ion  and 
anesthesia (44), and several nu t r i t iona l  or 
ho rmona l  a l tera t ions  (2) tha t  are involved in 
the  stress reac t ion  (45). These data suggest tha t  
cur rent ly  available lipid emuls ions ,  despi te  their  
he lpful  supply  of  energy,  may  well no t  opti-  
maUy fulfill the  t rue E F A  requ i remen t s  of  
critically ill pa t ien ts  who ,  there fore ,  appear  as 
major  candidates  for  the  beneficial  effects  o f  
~/-LA supp lemen ta t ion .  
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Cholesterol Blocks the Disordering Effects of Ethanol in 

Biomembranes 
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ABSTRACT 

To assess the relation between the physical order of a membrane and its sensitivity to ethanol, we 
enriched biomembranes with cholesterol, both in vivo and in vitro. Japanese quail of the SEA line 
(selectively bred for susceptibility to experimental atherosclerosis) were treated for 9 to 16 weeks with 
a diet that contained 2% cholesterol. This regimen increased the cholesterol content of serum and 
erythrocytes. The cholesterol content of brain synaptosomal plasma membranes (SPM) was unaffected 
by the high cholesterol diet. In other experiments, isolated mouse synaptosomal plasma membranes 
were incubated with cholesterol/phospholipid (C/P) vesicles; different amounts of cholesterol were 
transferred according to the sterol content of the donor vesicles. Membrane order was determined in 
both types of membranes by a sensitive electron paramagnetic resonance (EPR) technique. The order 
parameter with 5- and 12-doxylstearic acid increased along with the cholesterol content. As expected, 
ethanol disordered membranes (decreased the order parameter) in a concentration-related manner. 
The slope of the concentration response curve was less steep in high cholesterol than low cholesterol 
membranes, indicating that cholesterol enrichment partially blocks the membrane action of ethanol 
in both types of membranes. 
Lipids 19:929-935, 1984. 

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

The ratio of cholesterol and phospholipids in 
cell membranes is an important determinant of 
the fluidity of the bilayer. The cholesterol 
content of biomembranes can be altered 
experimentally in some tissues by dietary 
means (1) or in vitro by incubation with 
cholesterol/phospholipid (C/P) dispersions (2). 
Upon insertion into the membrane, cholesterol 
orients its rigid sterol ring with the 3~-hydroxyl 
group toward the aqueous phase and its flexible 
hydrocarbon chain toward the center of the 
bilayer (3). At physiological temperatures the 
addition of cholesterol orders fluid lipid bilay- 
ers (4). 

In contrast to cholesterol, alcohols disorder 
the structure of membrane bilayers (5-10). 
Sensitive electron paramagnetic resonance (EPR) 
or fluorescence polarization techniques show 
that sublethal concentrations of ethanol dis- 
order many types of biomembrane, including 
synaptosomal plasma membranes (SPM) (5,6), 
erythrocyte membranes (5), and hepatic 
mitochondrial membranes (8). The effect is 
seen in the absence of proteins, e.g. in lipid 
extracts of biomembranes (6-8). This observa- 
tion suggests that ethanol affects the lipids 
themselves and that the chemical composition 
of the membrane lipids might control their 
response to ethanol. That the differential 
sensitivity to ethanol in individual types of 

*To whom correspondence should be addressed. 

biomembranes (5,6) might be due to their 
different cholesterol content is suggested by the 
relative insensitivity of cholesterol-rich myelin 
membranes compared to SPM (5,6) and by our 
previous demonstration (9) that the disordering 
of ethanol in phosphatidylcholine liposomes 
decreases progressively with increasing choles- 
terol content. Cholesterol cannot be the only 
factor, however, because lipids extracted from 
SPM can differ in sensitivity to ethanol even 
when their cholesterol content has been made 
equal (7). Differences in other membrane 
components (10) as well as differential inter- 
action of these compounds with cholesterol in 
microdomains (11) may account for these 
findings. 

We report here the results of enriching 
biomembranes with cholesterol in vivo and in 
vitro. The intrinsic order increased with the C/P 
molar ratio, and high cholesterol membranes 
were relatively resistant to the disordering 
effect of ethanol. 

METHODS 

Quail Erythrocyte and Brain Membranes 

Erythrocyte membranes and brains from 
male Japanese quail of  the SEA line, selectively 
bred to be susceptible to experimental athero- 
sclerosis (12), were provided by Dr. Keith 
Lurie. As reported elsewhere (13), one group of 
quail was fed for 6-16 weeks on a diet contain- 
ing 2% cholesterol in 50% wild bird seed and 
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50% mash. A control group received the same 
diet without added cholesterol. The quail were 
killed in pairs (one experimental and one 
control bird) after different lengths of time on 
the diet. 

Quail whole brains were used to prepare 
SPM (14) for cholesterol and phospholipid 
analyses. Erythrocyte membranes were pre- 
pared by the method of Hoffman et al. (15), 
slightly modified. The red cell membrane 
suspension in 50 mM TRIS buffer pH 7.5 with 
10 mM MgC12 was centrifuged at 500 x g for 
2 min to remove any remaining debris, and 
the supernatant was used within 24 hr for EPR 
experiments. 

Mouse Brain Membranes 

SPM were prepared by the method of Jones 
and Matus (14) from whole brains pooled from 
12 to 27 male Swiss Webster mice (8-10 weeks 
old, Charles River Breeding Laboratories, 
Wilmington, Massachusetts). The membrane 
fraction collected at the interface between 28.5 
and 34% (w/w) sucrose layers was diluted with 
cold phosphate-buffered saline (PBS) (137 mM 
NaC1, 2.7 mM KC1, 1 .5mMKH2PO4,  8.1 
mMNa2HPO4, pH7.4)  and recovered by 

centrifugation at 27000 x g for 20 min. The 
membranes were resuspended in PBS and stored 
at - 80  C under nitrogen or used immediately 
for lipid exchange. 

The SPM were enriched with cholesterol by 
incubating them with cholesterol/phosphatidyl- 
choline vesicles. The purity of cholesterol 
(Sigma Chemical Co., St. Louis, Missouri) 
and egg phosphatidylcholine (Calbiochem, La 
Jolla, California) was checked by thin layer 
chromatography (TLC) in chloroform/metha- 
nol/water (65:25:4, v/v/v) and in benzene/ethyl 
acetate (3:2, v/v), respectively. Each compound 
was detected as a single spot upon exposure to 
iodine or after charring with sulfuric acid. The 
lipids were dissolved in chloroform/methanol 
(3:2, v/v) at ratios of 0.6 to 1.0 mole choles- 
terol per mole phospholipid and spread on the 
sides of a flask by evaporating the solvent with 
a stream of nitrogen; any remaining solvent was 
removed under vacuum overnight. The lipid 
films were hydrated with PBS to a concentra- 
tion of about 2.7 mg of phosphatidylcholine/ml, 
and the membrane suspension was sonicated 
under a nitrogen atmosphere until  clear. Usu- 
ally a Heat Systems Sonicator was used with a 
�89 tip probe and a circulating cell immersed 
in ice water to prevent overheating, but in a few 
experiments a bath sonicator was used. To 
minimize adsorption of intact vesicles to the 
membranes (16), the lipid suspension was 

diluted after sonication with a solution of 
bovine serum albumin to a final concentration 
of 0.75% protein and 0.2% phospholipid. The 
dispersions were centrifuged at 106,500x g 
for 60 rain to remove undispersed lipid and 
ti tanium fragments from the sonicator probe 
tip. The supernatant was used for incubation 
with membranes or for lipid analyses. 

SPM were incubated with the vesicles in 
50-ml Erlenmeyer flasks at 37 C with shaking. 
Aliquots of membrane suspension in PBS 
(one ml containing 4 mg protein) were mixed 
with two ml of liposome-albumin sonicate or 
PBS. The final incubation medium contained 
100 U/ml of penicillin and 100/ag/ml of 
streptomycin (Pen-Strep, Irvine Scientific Co., 
Santa Ana, California). After 12-20hr of 
incubation under a nitrogen atmosphere, the 
membranes were separated from the liposomes 
by layering onto 0.5 M sucrose and centrifuging 
at 100,000 x g for 40 min (17). The resultant 
SPM pellet was washed 4 times with glass- 
distilled water (for lipid analyses) or with PBS 
(for EPR experiments). The washed membranes 
were resuspended in glass-distilled water or 
PBS, flushed with nitrogen, and stored at 
- 8 0  C. 

EPR Measurements 

Mouse SPM that had been enriched with 
cholesterol in vitro and stored frozen were 
thawed, diluted with PBS to a protein concen- 
tration of 20 mg/ml, and dispersed by sonica- 
t ion in a Heat Systems bath disruptor horn. 
Freshly prepared erythrocyte membranes were 
concentrated by centrifugation, and most of 
the supernatant was removed. Both types of 
membranes were spin-labeled with 5- or 12- 
doxylstearic acid at 37 C as previously de- 
scribed (9). SPM were incubated for 30 min at a 
probe concentration of about 0.3 mM (6 to 
8 btg/mg of protein). The mean spin label 
concentration in the erythrocyte membrane 
suspension was about 0.3 to 0.4 mM. Buffer or 
diluted ethanol was added to the spin-labeled 
membranes to a final concentration of 0, 87.5, 
350 or 700raM ethanol. The final protein 
concentration in brain membranes was 17 mg/ 
ml. 

Order parameters (18)were determined by a 
smoothed computer curve fit of the relevant 
peaks of the recorded spectra, as previously 
described (9). The order parameter for a 
single sample was the mean of the values 
determined from each of 3 8-min scans. Two to 
4 samples were run for each concentration of 
ethanol. 
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Lipid Analyses 

Lipids f rom SPM were ext rac ted  by  the  
procedure  of  Fo lch  e t a l .  (19),  modi f ied  as 
previously described (20) excep t  that  the  final 
potass ium ci trate  wash was omi t ted .  Tota l  
lipids were ext rac ted  f rom l iposomes wi th  20 
volumes  of  c h l o r o f o r m / m e t h a n o l  (2 :1)  and 
were washed wi th  0.2 vo lume of 0.05 M KC1. 
Lipids wer~ assayed by  spec t ropho tomet r i c  
me thods  for choles terol  (21) and for to ta l  
phosphol ip id  phosphorus  (22). 

Statistical Analyses 

Values for cont ro l  and cholesterol-fed quaff 
were compared  by  Student ' s  t test  for  paired 
observations.  The  concentra t ion-re la ted  dis- 
ordering effect  of  e thanol  as well as the  order- 
ing effect  of  choles terol  was de termined  f rom 
t h e  slope of  regression lines obta ined  f rom 
least-squares analyses. The difference be tween  
the  slopes of  2 regression lines was assessed by t 
test  if  the  F rat io of  the  variances was no t  
significant. 

R ESU LTS 

Quail Membranes Enriched in vivo 

As repor ted  elsewhere (13), the  sterol  diet 
increased the  choles terol  con ten t  of  erythro-  
cytes and serum f rom SEA Japanese quail.  The 
elevat ion was maximal  by 8 weeks of  treat-  
men t ;  no fur ther  change occurred up to  16 
weeks. The serum cholesterol  levels increased 6 
to 7 t imes and the  C/P molar  ratio in erythro-  
cyte  membranes  rose abou t  28% (Table 1), due 
mainly to  an increase in choles terol  content .  In 
contrast ,  the  C/P molar  rat io in brain mem- 

branes was essentially unal tered.  
Choles terol  feeding significantly increased 

order  parameters  of  quail  e ry th rocy te  mem- 
branes spin-labeled near  the surface (5-doxyl-  
stearic acid probe)  and in the  inter ior  of  the  
bilayer (12-doxyl  label) (Table I ). 

E thanol  was added in vitro to red cell 
membranes  f rom a group of  quaff that  had been  
on the diet for 12-16 weeks. The C/P mol~r  
rat io of  membranes  f rom the  cholesterol-fed 
birds in this group was 34% higher than that  of  
their  controls.  The addi t ion of  e thanol  de- 
creased the  order  parameter  in a concent ra t ion-  
related manner  (Fig. 1). Both spin labels 
showed that  membranes  f rom the  cholesterol-  
fed birds were more  rigid than  those  of  con- 
trois, both  in the  absence and presence of  
e thanol  (Fig. 1). In each individual exper iment  
t h e  membranes  f rom cholesterol- t reated quaff 
were less affected by e thanol  than were mem- 
branes of  the corresponding cont ro l  bird tested 
on the  same day. The slopes of  the  regression 
lines for  individual birds in the  cholesterol-fed 
group were less steep than those  for  the con- 
trois  (P < 0.05 by  t test for paired observations,  
Table 2). 

Mouse Membranes Enriched in vitro 

Isolated mouse  SPM were enriched wi th  
choles terol  in vitro by incubat ion  with  phos- 
phol ipid  vesicles conta ining various propor t ions  
of  cholesterol .  Different  amount s  of  choles terol  
were transferred to SPM according to  the sterol  
con ten t  of  the donor  vesicles (data no t  shown).  

As expected ,  the  order  parameter  was lower  
wi th  the  12-doxyl  probe  than with  the 5-doxyl  
probe  when  spectra were recorded at the same 

TABLE I 

Effects of Diet on Cholesterol  Content  of Serum and of Erythrocyte  
and Brain Membranes (SPM) of Japanese Quail 

Controls Cholesterol-fed 

~ r u m  
Total cholesterol, mg/lO0 ml 142 -+ 11 960 -+ 91"** 

Erythrocyte  membranes  
C/P molar ratio 0.584 -+ 0.020 0.748 -+ 0.018"** 
Order parameter, 5-doxyl, 37 C 0.617 + 0.001 0.623 -+ 0.002** 
Order parameter, 12-doxyi, 19 C 0.578 -+ 0.007 0.605 + 0.010"** 

SPM 
C/P molar ratio 0.598 -+ 0.O11 0.605 +- 0.009 

Each value is the mean -+ S.E.M. of 7 birds (except N = 6 for serum cholesterol) .  The 
cholesterol-fed quail were  maintained on a 2% cholesterol diet for 9 to 16 weeks. The con- 
trols received the same diet without the added cholesterol .  Membranes were  prepared from a 
bird in each group at about  weekly intervals. These birds were part of a larger group whose  
serum and red cell  (but not  SPM) data are reported elsewhere (Lurie, K.G., Chin, J.H., and 
Hoffman, B.B., submitted for publication). 

**P < 0.01 and ***P < 0.001 by Student's t test for paired comparisons  with controls.  
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FIG. 1. Disordering effect of ethanol in erythrocyte membranes from cholesterol-fed 
quail. Ethanol was added in vitro to erythrocyte membranes from quail fed the cholesterol 
diet for 12 to 16 weeks and the corresponding control birds. Membranes from individual 
birds were spin-labeled and spectra were recorded at 37 C with 5-doxylstearic acid or at 
19 C with 12-doxylstearic acid. Points represent means and vertical bass show S.E.M. for 3 
birds. 

TABLE 2 

Effect of Cholesterol on the Response 
to Ethanol in vitro 

c/P 
molar 
ratio 

Decrease in order parameter 
per 500 mM ethanol 

5-doxyl 12-doxyl 

Quailerythrocyte membrane 
0.56 .009 .017 
0.75 .005 a .009 a 

Mouse SPM 
0.66 .009 .021 
0.75 .008 .016 b 
0.84 .006 c .012 c 

The C/P for the quail erythrocytes is the group 
mean for the control (0.56) and the cholesterol-fed 
(0.75) birds. The C/P for mouse SPM is that of differ- 
ent suspensions. 

EPR data are the slopes of the lines in Figures 1 
and 3, expressed as the decrease in order parameter 
per $00 mM ethanol. For quail, EPR spectra were 
recorded at 37 C with 5-doxyl and at 19 C with the 
12-doxyl probe. For mouse, spectra were recorded at 
28 C with both probes. 

ap < 0.05 by Student's t test for paired compari- 
sons of slopes between individual birds in the control 
and cholesterol-fed groups. 

bp < 0.05 by t test vs. the slope when C/P = 0.66. 
ep < 0.05 vs. the slope when C/P = 0.75 and P < 

0.001 vs. the slope when C/P = 0.66. 

t empera ture .  Choles terol  increased the  order  
pa ramete r  at b o t h  d ep t h s  of  t he  bilayer. As in 
quail e ry th rocy t e  membranes  (13),  the  order  
pa ramete r  increased wi th  the  C/P molar  rat io 
(r = 0.87,  P < 0.001 for 5-doxyl  and r = 0.83,  
P < 0.001 for  the  12-doxyl  p robe)  (Fig. 2). 
With 12-doxyls tear ic  acid the  e f fec t  o f  choles- 
t e ro l  was qui te  marked ,  as s h o w n  by  the  s teep 
slope of  the  regression line. Expressed as the  
increase in order  parameter  per 0.1 uni t  in- 
crease in the  C/P molar  rat io,  the  slopes and 
95% conf idence  intervals at 28 C were 0.011 
(0.006 to  0.016)  for  12-doxyl  and 0.003 (0.002 
to  0 .004)  for  5-doxyls tear ic  acid. 

The addi t ion  of  e thanol  to mouse  SPM 
p ro d u ced  a c o n c e n t r a t i o n - d e p e n d e n t  decrease 
in the  order  pa ramete r  tha t  was quite  pro-  
n o u n c e d  with the  12-doxyl  p robe  (Fig. 3). 
Choles terol  part ial ly b locked  the  e thanol  ef fec t ,  
as seen mos t  easily wi th  t he  12-doxyl  p robe  
(Table 2). As Figure 4 shows,  the  higher the  
cholesterol ,  the smaller was the  disorder  pro-  
duced  by e thanol  ( r = 0 . 9 6 ,  P <  0.001 for  
12 -doxy l ; r  = 0.74,  P < 0.06 for  5-doxyl) .  

D I S C U S S I O N  

The choles tero l -enr iched  diet  greatly in- 
creased the  serum choles tero l  in quail, and the  
s terol  apparen t ly  was t ransfer red  f rom serum to 
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FIG. 3. Disordering effect of ethanol in mouse SPM enriched with cholesterol in vitro. 
Portions of a membrane preparation pooled from whole brains of  21 mice were enriched 
with cholesterol to different extents by incubation with liposomes, producing 3 suspensions 
of different cholesterol content. The lower line (C/P = 0.66) represents unincubated mem- 
branes. Ethanol was added to each of the 3 suspensions after adding 5- or 12-doxylstearic 
acid, and EPR spectra were recorded at 28 C. Each point represents the mean and range of 
the order parameters for 2 to 3 samples of each suspension at each ethanol concentration. 
The lines are calculated from least squares analyses. Numerical values of slopes are shown in 
Table 2. 

e r y t h r o c y t e  m e m b r a n e s ,  a we l l -known process.  
Even t h o u g h  t h e  m e m b r a n e  s terol  c o n t e n t  was 
increased ,  we could  no t  predic t  wi th  ce r t a in ty  
tha t  the  m e m b r a n e s  would  b e c o m e  m o r e  rigid. 

This  is because  d ie ta ry  changes  are slow and  
the re  is a mp le  o p p o r t u n i t y  for  adap t ive  re- 
sponses .  The  o rde r ing  effect  of  an unavo idab le  
u p t a k e  of cho les te ro l  migh t  have been  of f se t  by 
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FIG. 4. Relation between membrane disordering 
by ethanol and membrane cholesterol content. The 
magnitude of membrane disordering is expressed as 
the absolute change in order parameter per 100 mM 
ethanol, determined from slopes of regression lines 
such as those shown in Figure 3. 

an increased degree of unsaturation in the acyl 
chains of phospholipids, as has been shown in 
CHO cells (23). Apparent ly  no such compensa- 
t ion occurred; we found the erythrocyte  
membranes of cholesterol-treated birds to be 
more ordered than those of controls. As pre- 
viously shown (13), the order parameters 
measured with both  5- and 12-doxylstearic acid 
increased progressively with sterol content.  In 
the  current work, the same increase in order 
parameter with cholesterol content  was seen in 
mouse SPM after incubation with cholesterol 
in vitro. These findings confirm the ordering 
effect of cholesterol shown by fluorescence 
polarization in human erythrocyte  membranes 
(2) and in rat SPM that  were depleted or 
enriched with cholesterol (17). Not all reports 
agree, however. Some workers (24,25) found 
that  cholesterol decreased the microviscosity of 
SPM at temperatures below 37 C. 

Brain, unlike other tissues, synthesizes its 
own cholesterol and does not  exchange with 
plasma (26). However, since most of the brain 
cholesterol is in the myelin fraction, changes in 
the relatively small pool  of sterol in neuronal 
plasma membranes might have been missed. In 
our experiments,  SPM isolated from choles- 
terol-fed quail did not  change their cholesterol 
content  at all, even though they were perfused 
by serum that  contained 7 times more choles- 

terol than normal, Nevertheless, SPM can take 
up cholesterol in vitro by a passive process, as 
shown here. Some protective mechanism must 
prevent this uptake in vivo. 

Our data show that  cholesterol greatly 
reduces motion in the middle region of phos- 
pholipid acyl chains, confirming results with 
EPR (9,27), fluorescence (28) and deuterium 
nuclear magnetic resonance (29) in phospha- 
t idylcholine model  membranes. It is not  appro- 
priate to  compare the effects of cholesterol 
with 5- and 12-doxylstearic acid directly. 
The order parameter  may not  change linearly 
on addit ion of a perturbing agent. Thus, the 
magnitude of the change may depend on the 
initial value of the order parameter.  Further,  
Taylor and Smith (30) postulated that  the 
membrane may perturb the geometry of the 
doxyl  group, especially when the oxazolidine 
ring is in the ordered region of the bilayer, near 
the surface. The distort ion of the probe is 
thought to produce an artifactually low prder  
parameter. Changes produced by cholesterol at 
the 5- (but not  at the 12-) posit ion might be 
partly offset by increased distortion of the 
probe, accounting for the smaller effect of 
cholesterol we observed with the 5-doxyl probe 
than with 12-doxylstearic acid. 

Our previous studies showed that  the dis- 
ordering effect of ethanol in egg phosphatidyl-  
choline vesicles was greatest in the absence of 
cholesterol and was blocked gradually as the 
cholesterol content  was elevated (9). Although 
it was not  obvious that  complex biomembranes 
would respond in the same manner, w e  did 
observe in both quail erythrocyte  and mouse 
brain membranes that  the disordering effect of 
ethanol was greater at low than at high choles- 
terol content,  especially with the 12-doxyl 
label. Thus cholesterol dampened the effects of 
e thanol  in biomembranes in these EPR experi- 
ments, as also has been observed in rat SPM in 
fluorescence experiments with 1,6-diphenyl- 
hexatriene (DPH) (25). In contrast, other 
fluorescence polarization studies with DPH in 
lipid extracts, rather than i n tac t  membranes, 
suggest that some cholesterol may be needed 
for a maximal disordering effect of ethanol. 
Ethanol was more potent  in the total  lipid 
extract (without ganglioside) from SPM than in 
the phospholipid fraction alone (6). Similarly, 
Johnson et al. (7) found that the readdit ion of 
cholesterol to membrane lipid extracts from 
which it previously had been removed enhanced 
the disordering effect of ethanol. Cholesterol 
may interact with specific phospholipids (11) 
to induce lateral phase separations, and some of 
the microdomains thus formed may be espe- 
cially sensitive to ethanol. 
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EPR and f luorescence studies agree tha t  
certain m e m b r a n e s  isolated f rom chronical ly  
e thanol - t rea ted  animals are relatively resistant  
to the  membrane-d i so rde r ing  effect  of  e thanol  
added  in vitro (8,31-34).  The chemical  basis for  
this apparen t  c o m p e n s a t o r y  response  has no t  
yet  been de te rmined .  Choles terol  seems an 
appropr ia te  addit ive for this purpose ,  and 
indeed  it is somet imes  (but  no t  always) elevated 
by  chronic  e thanol  t r e a t m e n t  (35). Choles terol  
may act  by  decreasing the  par t i t ion  coeff ic ient  
o f  e thanol  in m e m b r a n e s  (32). However ,  o the r  
lipids also may change wi th  chronic  e thanol  
t r e a tmen t  (35). 

In mode l  membranes ,  e thanol  reduces  EPR 
order  parameters  mos t  sharply at high tempera-  
tures  and at low choles terol  levels, suggesting 
tha t  d isordered  domains  of  b i o m e m b r a n e s  are 
part icularly vulnerable. Thus, we might  expec t  
the  alcohol  to per turb  membranes  in regions 
where choles tero l  is scarce, such as intracellular  
membranes  and the  immedia te  env i ronment  of  
some  m e m b r a n e - b o u n d  proteins.  There  is 
evidence that  choles terol  is d is t r ibuted un- 
evenly in b iomembranes  (36)  and that  the C/P 
ratio may be lower  in the  lipid annulus  of  a 
m e m b r a n e - b o u n d  prote in  than  in the  bulk lipid 
(37). If there  exist  some m e m b r a n e  pro te ins  
whose  bounda ry  lipids are choles te ro l -poor ,  the  
func t ions  of these pro te ins  may  be part icular ly 
suscept ible  to  d is rupt ion  by ethanol .  
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Molecular Species and Fatty Acid Distributions of Triacylglycerols 
from Germinating Soybean CoWledons 
HIROMI YOSHIDA, Department of  Nutrition, Kobe-Gakuin University, Arise, 
Ikawadani-cho, Nishi-ku, Kobe 673, Japan 

ABSTRACT 

Molecular species and fatty acid distributions of triacylglycerols obtained from cotyledons of 
soybean seedlings were investigated. Changes observed in triacylglycerol content were closely related 
to levels of total lipids present in the cotyledons. At day 12 of seedling growth, ca. 85% of triacyl- 
glyeerols had been consumed. Immediately after the beginning of imbibition the oil consisted of tri- 
acylglyeerols with even carbon numbers (from C-50 to C-60) based on the combined length of the 
fatty acyl chains present in a triacylglycerol. The dominant components throughout germination were 
C-52 and C-54 triacylglycerols. Fourteen molecular species of triacylglycerols were identified in the 
cotyledons. As soybean seedlings grew, the percentages of triacylglycerols decreased to 0.9-36.2% 
during the 12 days. Triacylglycerols containing one or more saturated fatty acids were hydrolyzed 
slightly faster than other species. Unsaturated fatty acids were dominant in the 2-position through- 
out germination. These results suggest the mechanism of initial triacylglycerol hydrolysis may be 
different in various molecular species. 
Lipids 19:936-941, 1984. 

INTRODUCTION 

Natural triacylglycerols are known to be 
made up of a complex mixture of molecular 
species (1-3), which are believed to influence 
the biological properties for mobilization in 
storage tissues during germination (4,5). Altera- 
tion of triacylglycerol composition of oil seeds 
during maturation is being investigated for 
several crops (6-8), and it is now possible 
to define with precise conversion reactions a 
number of precursors to triacylglycerols (9,10). 
In these crops, there is genetic variability in 
how fatty acid concentration affects the 
triacylglycerol species formed (11). During 
seedling growth of oil seeds, the reserve triacyl- 
giycerols in the storage tissues are first hydro- 
lyzed to fatty acid and acylglycerol; these 
a r e  then converted to sucrose by a long gluco- 
neogenic pathway (4,12). In castor bean, the 
spherosomes containing the reserve triacylglyc- 
erols possess an acid lipase which is already 
active in the dry seed before germination 
(13,14). In jojoba, an alkaline lipase (wax ester 
hydrolase) is present in the spherosomes (wax 
bodies) of germinated but not dry seeds (15). 
In other oilseed species, lipase activities in the 
spherosomes of dry or germinated seeds are 
absent or have not been reported (5). Many 
studies have been conducted on the general 
nature and fatty acid level of soybeans, but  
triacylglycerol, the main component of the 
cotyledons, has not been investigated at the 
molecular level. The present study was carried 
out to isolate triacylglycerols from the cotyle- 
dons of soybean seedlings and to determine 

changes in molecular species composition and 
fatty acid distri.bution of triacylglycerols during 
germination. 

MATERIALS AND METHODS 

Germination of Seeds 

Mature seeds (Glycine Max L) of an early 
variety of soybean, Okuhara, were harvested at 
Hokkaido Prefecture, Japan, 1982 and selected 
for uniformity based on seed weight (i.e. 285.2 
to 315.6 mg). Seeds were surface sterilized with 
2.5% NaOC12, soaked in water for 12 hr at 4 C 
and allowed to germinate on moist paper towels 
at 28 C in the dark (16). 

Seedlings were removed from the growth 
chamber after 2, 4, 6, 8 and 12 days of growth, 
and the cotyledons were removed with a 
micro-spatula. 

Lipid Analyses 

Cotyledons were extracted 3 times with 
chloroform/methanol (once 1 : 1 and then twice 
2:1, v/v) in a Waring Blender. Combined ex- 
tracts of total lipids were purified as per Folch 
et al. (17), and then dried over anhydrous 
Na2 SO4. Solvents were removed from filtrates 
with a rotary evaporator under nitrogen at 
30-35 C. Triacylglycerols were isolated from 
other lipid classes by TLC on plates coated to 
0.5 mm thickness with Silica Gel G. Ca. 50- 
60 mg of total lipids were streaked on each 
plate, and plates were developed with 20% 
diethyl ether in n-hexane. The appropriate band 
was scraped from the plate and triacylglycerols 
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recovered from adsorbent by extraction with 
10% methanol in diethyl ether. 

Triacylglycerol Composition 

Triacylglycerols isolated by TLC were 
analyzed using GLC by the method of Matsui 
et al. (18), using a Shimadzu Model 7AG gas 
chromatograph equipped with a hydrogen 
flame ionization detector. A glass column 
(50 cm x 2.6 mm i.d.) was packed with 2% 
OV 101 (phenyl methyl silicone) supported on 
Chromosorb W HP (100/120 mesh). Helium 
carrier gas was used at a flow rate of 60 ml/min. 
The column temperature was programmed from 
250 C to 340 C at 4 C/min. Triacylglycerol 
peaks were identified by co-chromatography 
with known standards. Peak areas were calcu- 
lated by addition of a known weight (20 to 
100 pg) of trilaurin as an internal standard 
using an electronic integrator (Shimadzu 
C-RIB). In the quantitative analysis of high 
molecular weight triacylglycerols, the calibra- 
tion factors determined by the internal normal- 
ization technique (19) were as follows: C~36 
(I.00), C-42 (1.03), C-48 (0.95), C-50 (0.87), 
C-52 (0.84), C-54 (0.78), C-56 (0.72) and C-58 
(0.70), respectively. 

Triacylglycerol Species Analysis 

Molecular species analysis of total triacyl- 
glycerols was performed by silver nitrate-silica 
gel TLC (11). Plates were coated to 0.3 mm 
thickness with a slurry of 35 g of Silica Gel 
G and 8.8 g of silver nitrate dissolved in 70 ml 
of water. Freshly prepared plates were activated 
at 110-120 C for 2 hr, then stored before use in 
a desiccator in the dark. Triacylglycerol molec- 
ular species were separated by argentation TLC 
using 0.8% to 5.0% methanol in chloroform, 
depending on their degree of unsaturation (20). 
For quantitation of species containing the 
trienoic acid, linolenic acid, plates were.streaked 
with 10-15 mg triacylglycerol and developed 
with 5.0% methanol in chloroform. Remaining 
species were separated by streaking 8-10 mg 
triacylglycerol on the plates and by developing 
these plates with 0.8-1.5% methanol in chloro- 
form. The methanol in chloroform system was 
varied according to temperature and humidity 
conditions. Individual bands were visualized 
under ultraviolet light after spraying with 0.2% 

I ! . 
2 ,7  -dlchlorofluoresceln in ethanol. Bands were 
recovered from the plate by extraction with 
10% methanol in diethyl ether in a Buchner 
funnel, followed by acidification of the adsorb- 
ent with 10% aqueous HC1 in a separatory 
funnel and extraction with diethyl ether. 
Determination of relative amounts of each 
triacylglycerol subfraction was carried out by 
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FIG. 1. Changes in the lipid contents of soybean 
cotyledons during seedling growth. Lipids were ex- 
tracted from fresh cotyledons with chloroform/ 
methanol (2:1 and 1:1, v/v). Triacylglycerols were 
separated by TLC and the amount determined by 
GLC, using trilaufin as an internal standard. Each bar 
represents mean -+ SEM (n = 3). �9 = total lipids; 
�9 = triacylglycerols. 

comparison of fatty acid methyl esters with a 
known amount (10 to 100/,tg) of methyl 
pentadecanoate as an internal standard. The 
subfraction was converted into fatty acid 
methyl esters by heating it with boron trifluo- 
ride-methanol (21), and analyzed by GLC as 
described earlier (16). Peak areas were cali- 
brated with standard fatty acid mixture (F & 
OR mixtures No. 3, Applied Science, State 
College, Pennsylvania) and then calculated as 
mole% of each fatty acid with the aid of an 
electronic integrator (Shimadzu C-RIB). The 
other GLC conditions were the same as pre- 
viously described (22). 

Lipase Hydrolysis 

Hydrolysis generally followed the procedure 
of Mattson and Volpenhein (23). Briefly, at 
least 5 mg of triacylglycerol (from more than 
one TLC plate if necessary) was suspended in 
2.0 ml of Tris buffer (pH 7.6) to which was 
added 35 ~1 of 1% aqueous solution of bile salts 
(Wako Junyaku Co., Ltd., Tokyo), 60/~I 
saturated aqueous CaC12 and 10 mg of purified 
pancreatic lipase (Sigma Chemical Co., St. 
Louis, Missouri). The reaction was carried Out 
in a water bath at 37 C with vigorous stirring 
for 8 min, then the mixture was poured into 
diethyl ether over anhydrous Na2SO4 and 
filtered. The ether solution was concentrated to 
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a small volume under a ~ stream of  nitrogen. 
Residual 2-monoacylglycerols were separated 
by TLC on Silica Gel G with n-hexane/diethyl 
ether/formic acid (70:30:2,  v]v/v). The appro- 
priate band was scraped directly into an ampule 
and esterified by  heating it with boron trifluo- 
r ide-methanol (21). Fa t ty  acid composit ion of 
the methyl  esters was determined by GLC. 

All the experiments in this paper have been 
replicated at.least 3 times. 

R ESU LTS 

With continuous growth of soybean seed- 
lm~s, the amounts of triacylglycerols as well as 
total  lipids rapidly decreased, by  29.2% within 
4 days, 55.0% in 8 days and 69.5% in 10 days 
(Fig. 1). At day 12 of seedling growth, ca. 85% 
of  the triacylglycerols had been consumed. 

Cotyledons contained even numbered tri- 
acylglycerols from C-50 to C-60 (those with 
contents >5.0 mg/100 seedlings) as shown in 
Table 1, and the initial mole% of each of 
these components  was 3.4 for C-50, 31.7 for 
C-52, 63.1 for C-54, 1.4 for C-56 and 0.4 for 
C-58. Dominant components  consisted of C-52 
and C-54 triacylglycerols (1311 mg and 2619 
mg/100 seedlings, respectively), whereas the 
other triacylglycerols were very minor compo- 
nents (less than ca. 140 mg/100 seedlings). With 
continuous growth of  soybean seedlings, the 
amounts of the various trlacylglycerols de- 
creased substantially, by 6.0-25.9% at day 4 
and by 36.5-71.9% at day 8. Decreases differed 
in magnitude, depending on the carbon number 
of  the triacylglycerols. By day 12 of growth, 
reductions ranged from 73.6% for C-58 to 
90.1% for C50. 

Fourteen different molecular species were 
detected during germination (Table 2). For  12 
days after the start of imbibit ion,  most species 
containing saturated fat ty  acid (S2M, SM~, 
S2D, SMD, SD2, SMT and SDT) decreased 
drastically to less than 10% of the original 
content.  Two species containing linolenic acid 
(MDT and D2T) also decreased by 0.2% and 
11.5%, respectively, by 12 days. However, the 
other species represented from 42.4-69.2% of 
their original (day 0) values by 8 days to 
23.2-36.2% by 12 days. 

In order to obtain information on isomer 
composit ion,  the distribution of fat ty  acids in 
the primary (a)  and secondary (#) positions of 
the triacylglycerol were determined via lipase 
hydrolysis. Very little of the saturated fat ty  
acids were in the 2-position in the triacylglyc- 
erols of the cotyledons of soybean seedlings 
(Table 3). A third of the 18:1 remained in the 
2-position after imbibit ion with no appreciable 
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TABLE 2 

The Residual Molecular Species of  Triacylglycerois 
f rom Germinating Soybean Cotyledons a,b 

Days after imbibi t ion 
Triacylglycerol No. o f  double % total  

species c bonds at day 0 0 4 8 12 

S2M 1 4.8 100 62.2 d 14.9 e 2. 4 f  
SM 2 2 3.2 100 62.3 d 16.2 e 0.9 f 
S2D 2 5.2 100 65.8 d 27.1 e 4.8 f 
M 3 3 6.9 100 85.4 d 45.5 e 25.2 f 
SMD 3 10.3 100 63.4 d 25.9 e 8.3 f 
M 2 D 4 7.'1 100 95.9 42.4 d 23.4 e 
SD 2 4 12.5 100 70.9 d 28.9 e 8.1 f 
SMT 4 2.5 100 72.5 d 30.3 e 7.3 f 
MD 2 5 9.6 100 94.7 69.2 d 36.2 e 
M 2 T 5 2.8 100 83.7 d 42.6 e 27.7 e 
SI)T 5 4.8 100 73.2 d 32.5 e 8.5 f 
D 3 6 15.9 100 95.1 51.4 d 23.2 e 
MDT 6 5.6 100 73.1 d 30.5 e 9.2 f 
D 2 T 7 8.2 100 74.9 d 35.9 e 11.5 f 

aEach value is an average of  3 determinations.  
bThe residual amoun t s  (relative percentage) were calculated in comparison with a known 

amoun t  o f  methyl  pentadecanoate  as an internal s tandard,  and each value at day 0 was 
normalized to 100. 

CSaturated fa t ty  acids (S) consisting o f  palmitic (16 :0 )and  stearic (18:0) acids. Unsatu- 
rated fa t ty  acids, oleic (18:1), linoleic (18:2), and linolenic (18:3), are denoted as monoene  
(M), diene (D) and triene (T), respectively. 

d,e,fValues wi thout  the  same superscript are significantly different f rom those immedi-  
ately after imbibi t ion (dp < 0.05, ep < 0.02, fp < 0.01). 

TABLE 3 

Per Cent Distribution of  Fat ty  Acids Esterified 
in the 2-Position of  Total Triacylglycerols 

Isolated from Germinating Soybean Cotyledons 
as Determined by Lipase Hydrolysis a,b 

Days after imbibi t ion 
Fat ty 
acid 0 4 8 12 

16:0 0.8 1.1 2.4 c 3.0 d 
18:0 1.2 1.8 2.3 c 2.3 c 
18:1 33.3 34.7 33.3 33.7 
18:2 44.0 44.8 48.5 c 52.7 c 
18:3 26.3 25.9 31.3 c 48.1 d 

aMole% distribution of  fa t ty  acyl chains esterified 
in the 2-position. Formular  example:  (mole% 18:2 in 
2-position)/(3 X mole% 18:2 Triacylglycerol)•  100 = 
percentage 18:2 in triacylglycerol that  is located in 
2-position. 

bEach value is an average of  3 determinations.  
c ,dva lues  are significantly different f rom those 

immediately after imbibit~on (Cp < 0.05, dp < 0.01). 

c h a n g e s .  W i t h  c o n t i n u o u s  g r o w t h  o f  s o y b e a n  
s e e d l i n g s ,  t h e  p e r c e n t a g e  o f  1 8 : 2  a n d  18 : 3  
g r a d u a l l y  i n c r e a s e d  in  t h e  2 - p o s i t i o n .  

S e l e c t e d  d a t a  fo r  i n d i v i d u a l  t r i a c y l g l y c e r o l  
s p e c i e s  i s o l a t e d  f r o m  t o t a l  l ip ids  in  t h e  c o t y l e -  
d o n s  o f  s o y b e a n  s e e d l i n g s  a re  s h o w n  in  T a b l e  4. 
T h i s  d e t a i l e d  i n f o r m a t i o n  i n d i c a t e s  t h e  ex i s t -  

e n c e  o f  spec i f i c  d i s t r i b u t i o n  p a t t e r n s  f o r  t h e  
i n d i v i d u a l  f a t t y  ac ids ;  o le ic  ac id  was  h i g h l y  
c o n c e n t r a t e d  i n  t h e  2 - p o s i t i o n  ($2 M a n d  SMz) .  
H o w e v e r ,  w h e n  t h e  d i e n e  w a s  p r e s e n t ,  i t  
d o m i n a t e d  in  t h e  2 - p o s i t i o n  a t  t h e  e x p e n s e  o f  
t h e  m o n o e n e  o r  t r i ene .  T h e  s a t u r a t e s  w e r e  
c o n s i s t e n t l y  l o w  in  t h i s  p o s i t i o n .  

DISCUSSION 

D a t a  p r e s e n t e d  h e r e  s h o w  t h a t  g e r m i n a t i o n  
a n d  s e e d l i n g  g r o w t h  in  s o y b e a n s  a re  a c c o m -  
p a n i e d  b y  a s u b s t a n t i a l  d e c l i n e  in  t h e  t r i acy l -  
g lyce ro l s .  T h e  e x t e n t  o f  t h i s  d e c l i n e  is  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t h e  a c y l  c h a i n  
p r e s e n t  in  a c y l g l y c e r o l s .  W i t h  c o n t i n u o u s  
g r o w t h  o f  s o y b e a n  s e e d l i n g s ,  t h e  a m o u n t s  o f  
C-5 8 t r i a c y l g l y c e r o l  d e c r e a s e d .  La rge  r e d u c t i o n s  
w e r e  e v i d e n t  in  t h e  a m o u n t  o f  t r i a c y l g l y c e r o l  o f  
s h o r t e r  a c y l  c h a i n  l e n g t h s  in  t h e  c o t y l e d o n s .  
T h i s  i n d i c a t e s  t h a t  t h e  t r i a c y l g l y c e r o l s  o f  
s h o r t e r  a c y l  c h a i n  l e n g t h  m a y  be  p r e f e r e n t i a l l y  
m e t a b o l i z e d  in  c o t y l e d o n s  o f  s o y b e a n  s e e d l i n g s  
r e l a t i ve  t o  l o n g e r  t r i a c y l g l y c e r o l s .  In  a d d i t i o n ,  
t h e r e  a re  g r e a t e r  r e d u c t i o n s  in  m o l e c u l a r  s p e c i e s  
o f  t r i a c y l g l y c e r o l s  c o n t a i n i n g  s a t u r a t e d  f a t t y  
a c i d s  t h r o u g h o u t  g e r m i n a t i o n  o f  s o y b e a n  seeds .  
T h r e e  o f  t h e s e  s p e c i e s  (S2M,  SM2 a n d  S 2 D )  
b e c a m e  ve ry  m i n o r  c o m p o n e n t s  b y  12 days .  
H o w e v e r ,  r e s i d u a l  a m o u n t s  ( r e l a t ive  p e r c e n t -  
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TABLE 4 

Per Cent Distribution o f  Fatty Acids Esterified in the 2-Position of Individual 
Triacylglycerol Species Isolated from Germinating Soybean Cotyledonsa, b 

Days after 
imbibition 

No. of Fatty acid 
Triacylglycerol double 

species c bonds 16:0 18:0 18:1 18:2 18:3 

S 2 M 1 11.5 4.2 84.3 
SM 2 2 3.4 - 96.6 
S2D 2 7.6 9.3 83.1 
SMD 3 2.7 - 28.5 68.8 
MD a 5 12.9 87.1 
D2T 7 82.6 17.4 

S2M 1 10.8 4.7 84.5 
SM 2 2 3.8 - 96.2 
S2D 2 7.9 10.1 82.0 
SMD 3 3.2 - 27.9 68.9 
MD 2 5 13.5 86.5 
D2T 7 82.1 17.9 

12 

S2M 1 9.8 4.6 85.6 
SM 2 2 4.2 - 95.8 
S 2 D 2 8.2 11.3 80.5 
SMD 3 3.4 - 26.8 69.8 
M D 2 5 15.2 84.8 
D 2 T 7 80.5 19.5 

aEach value is given as mole% of total fatty acyl chains in the 2-position and represents 
an average of 3 determinations. Minor components have been omitted (<0.09). 

bValues are not significantly different from those immediately after imbibition (p < 
0.05). 

CAbbreviations: see Table 2. 

ages) of t he  t r iacylg lycero l  molecu la r  species 
consis t ing of  on ly  uns a t u r a t ed  f a t t y  acids (M3,  
M2D, MD2, M2T,  D3 and  D2T)  were general ly  
h igher  in c o m p a r i s o n  to  those  of  o t h e r  species 
con ta in ing  sa tu ra t ed  f a t t y  acids. G e r m i n a t i o n  
and  seedling g r o w t h  of  seeds are a c c o m p a n i e d  
by  the  mob i l i za t ion  of  reserves present  in 
s torage tissues, co ty l edons ,  e n d o s p e r m ,  etc. 
(24).  On the  basis of these  data ,  it is cons idered  
t h a t  some t r iacylglycerol  molecu la r  species 
(S2M, SM2 and  S2D) are p re fe ren t ia l ly  mobi -  
lized to  suppo r t  the  g r o w t h  of  the  s torage 
t issues and  the  e m b r y o n i c  axis. 

In soybean  oil, s a tu ra t ed  fa t ty  acids (16 :0  
and  18:0)  are d o m i n a n t  c o m p o n e n t s  in the  
1,3-posi t ions,  bu t  18:3 is d i s t r ibu ted  in all 
pos i t ions  at  r a n d o m  (1). However ,  in s oybean  
seeds, pa t t e rns  of  t r iacylglycerol  molecula r  
species and  the i r  f a t t y  acid d i s t r ibu t ions  changed  
dur ing  g e r m i n a t i o n  and  seedl ing growth .  It is 
l ikely t h a t  those  t r iacylglycerols  which  c o n t a i n  
sa tu ra ted  f a t t y  acids are the  first to  be com- 
pletely hydro lyzed .  This  indica tes  t ha t  the  
m e c h a n i s m  of  ini t ial  t r iacylglycerol  hydro lys i s  
may  be  d i f fe ren t  in various molecu la r  species. 

It previously  was t h o u g h t  t h a t  seed lipases 
were general ly  non-speci f ic  and  could  hydro -  
lyze a wide var iety of t r iacylglycerols .  In 

cont ras t ,  L i n e t  al. ( 25 ,26 )  f o u n d  t h a t  glyox-  
ysomal  lipase which  cata lyzes  the  ini t ial  hy-  
drolysis  of  s torage t r iacylglycerols  was act ive 
t oward  t r i l inolein ,  d i l inole in  and  mono l ino l e in ,  
bu t  n o t  act ive t o w a r d  t r io le in ,  t r i s tear in  and  
t r ipa lmi t in .  At present ,  however ,  it is no t  
possible to  pred ic t  w h e t h e r  or no t  a specific 
lipase func t i ons  in hydro lys i s  in oil seeds. 
Unl ike  t he  s imple  t r iacylglycerols  ac ted  on  b y  
g lyoxysoma l  lipase, na tu ra l  t r iacylglycerols  of  
oil seeds are c o m p o s e d  of  a c o m p l e x  m i x t u r e  of  
molecu la r  species. These  species consis t  of  f a t ty  
acids of  d i f fe ren t  lengths ,  and  the re  are doub le  
b o n d s  on  the  f a t t y  acyl  cha ins  p resen t  in the  
t f iacylglycerols .  

A l t h o u g h  the  t r iacylglycerols  of the  coty le-  
dons  serve main ly  as reserve energy sources  
(27) ,  it would  be of  in te res t  to  pursue  s tudies  
on  the  biological  p roper t i e s  of  the  molecu la r  
species of t r iacylglycerols  res iding dur ing  
ge rmina t i on  in regards to  the i r  f a t t y  acid 
d i s t r ibu t ions  in the  sn-l, 2 and  3-posi t ions.  
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Homeostatic Control of Membrane Fatty Acid Composition in the 
Rat After Dietaw Lipid Treatment 
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Majors Road. O'Halloran Hill, South Australia 5158, Australia 

ABSTRACT 

Diets in which both the lipid content and composition (polyunsaturated to saturated fatty acid 
ratio) were varied were fed to rats for 20 weeks, and the effects on the tissue lipid profiles were deter- 
mined. The fatty acid profile of the plasma lipids, and the phospholipid fatty acids of the mitochon- 
drial and microsomal fractions of liver, heart, kidney and brain, as well as erythrocyte membranes 
were determined. Despite large differences in the level and type of lipid present in the experimental 
diets and in the proportion of saturated fatty acids in the plasma lipids in response to the various diets, 
there was little effect on the proportion of saturated to unsaturated fatty acids in the phospholipids of 
the various membranes examined. The major effect of altering the dietary level of polyunsaturated to 
saturated fatty acids was on the ratio of the to6/w3 series of unsaturated fatty acids in the membrane 
lipids. This change occurred in all tissues except the brain, in which only a small response to altered 
dietary lipid intake was observed. The to6/~3 ratio was elevated upon feeding a diet rich in to6 poly- 
unsaturated fatty acids, but decreased when a diet rich in saturated fatty acids was fed. The failure to 
significantly alter membrane lipid saturation/unsaturation in the tissues examined would suggest that 
a homeostatic mechanism is operative in biological membranes and may act to buffer membranes from 
the effects of changes in the nature of the dietary lipid intake. 
Lipids 19:942-951, 1984. 

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

Dietary lipids are known to inf luence the 
fat ty  acid compos i t ion  of  tissue lipids ( I -3)  
including those of  heart (4), brain (5), liver (6) 
and blood (7-9). Most studies have concen-  
t rated on the dietary- induced changes in the 
fa t ty  acid dis t r ibut ion of  ei ther total  lipids or 
the individual phosphol ipids  f rom unfract ion-  
ated tissues and organs (10,11). However,  
recent  studies have focused on dietary- induced 
changes in specific subcellular membranes  
(12-15). These changes are now being recog- 
nized as funct ional ly  impor tan t  as the specific 
role of  subcellular membrane  lipids in modu-  
lating membrane  func t ion  becomes  more clear 
(16-18). This is part icularly so with regard to 
the effects of  dietary lipids on the physical 
propert ies o f  membrane  lipids and the  effect  
they have on the funct ioning of  the various 
membrane  enzymes  associated with many 
physiological processes (19-22). 

As part of a larger survey on the effects  of  
dietary lipids on the physical and b iochemical  
propert ies of  cellular membranes  and associated 
processes, we have examined the  changes in 
subcellular membrane  lipid compos i t ion  fol low- 
ing changes in the nature of  the  dietary lipid 
intake. Of particular interest  have been the 
effects  of  diets of  widely differing lipid compo-  

*To whom correspondence should be addressed. 

sition on both the level of  membrane  lipid 
sa tura ted/unsatura ted  fa t ty  acids and the 
nature  of  the unsaturated fat ty  acids present,  
part icularly with regard to the relat ionship 
be tween the 609 (oleate),  606 ( l inoleate)  and 6o3 
( l inolenate)  series of  unsaturated fat ty  acids. In 
addi t ion to the biophysical  effects  of  changing 
membrane  lipid composi t ion ,  the established 
role of  these fa t ty  acid families in prostanoid 
metabol ism (23-25) supports  the relevance of  
such a study. 

We show that  in the rat, subceUular mem- 
brane phosphol ipid  fa t ty  acid compos i t ion  can 
be altered by dietary lipid t rea tment .  However ,  
for any one organ the  change is p redominan t ly  
in the type of  membrane  unsaturated fa t ty  
acids present rather  than in differences in the  
ratio of  the saturated to unsatura ted  fa t ty  
acids. The subcellular membranes  f rom tissues 
that  do respond significantly to changes in the  
dietary lipid intake appear to exhibi t  consider- 
able homeostasis  in that  a constant  level is 
maintained for bo th  the p ropor t ion  of lipid 
unsatura t ion and the value of the unsatura t ion  
index,  despite wide differences in the values of  
these two parameters in the various experi-  
mental  diets used. 

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

Male rats (Hooded  Wistar), weighing be- 
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tween 242 and 315g  (mean 277g)  were 
maintained on the various lipid-supplemented 
diets described below for 20 weeks. At the time 
of sacrifice the body weights were, REF. group 
438 +-7.5 g (mean +SE; n = 18), SAT. group 
497 + 7.8 g (n = 18) and UNSAT. group 495 + 
7.2 g (n = 18). Rats were killed by decapitation 
and the tissues removed immediately for 
preparation of subcellular membrane fractions. 

Rat Diets 

The basic rat ration was composed of 52% 
wheat starch, 18% milling byproducts (includ- 
ing starch, fiber and crude protein), 7% meat 
and bone meal, 6% cottonseed meal, 6% fish- 
meal, 5% soybean meal, 1% brewers yeast, 3% 
salt mix and 2% vitamin mix. Vitamins and 
minerals were added to the mixture in the 
following amounts per kilogram: choline, 
525 mg; vitamin E, 36 mg; vitamin K3, 18 rag; 
thiamine, 58/ag; vitamin A, 22,000 I.U.; 
pantothenic acid, 16 mg; niacin; 18 rag; vitamin 
B12, 0.12rag;  vitamin D3, 4,000 I.U.; biotin, 
0.12 mg; riboflavin, 5 mg; pyridoxine, 5 rag; 
folic acid, 2mg;  magnesium, 415mg;  iron, 
66 rag, manganese, 114 mg; zinc, 64 rng; 
copper, 5 mg; molybedenum, 1 rag; iodine, 
2 mg, and cobalt, 0.4 rag. The fat content of 
the diet was either 4% or 16%, depending on 

TABLE 1 

Fatty Acid Composition of Normal and Lipid 
Supplemented Rat Diets 

Fatty acid I REF. a SAT. a UNSAT. ~ 
(%; w/w) 

14:0 1.5 2.5 0.3 
16:0 18.6 21.1 8.2 
16:1 3.1 2.2 0.7 
17:0 0.6 1.9 0.2 
18:0 6.7 29.1 4.9 
18:1 22.6 31.5 22.6 
18:2o96 33.2 8.6 60.3 
18:3t03 3.1 1.3 0.9 
20:1 3.4 0.8 0.7 
22:1120:5 4.7 0.6 0.7 
22:6603 2.4 0.3 0.4 

SAT. 27.4 54.6 13.6 
UNSAT. 72.6 45.4 86.4 
UNSAT./SAT. 2.6 0.8 6.4 

1 Fatty acids are designated by the number of car- 
bon atoms followed by the number of double bonds. 
The position of the first double bond relative to the 
methyl or omega (to) end of the molecule also is 
indicated. 

2 REF. (Reference, standard laboratory diet); SAT. 
(sheep kidney fat supplemented diet); UNSAT. (sun- 
flower seed oil supplemented diet). Trace amounts 
(less than 0.3%) also were detected for the fatty acids 
20:0 and 22:0. 
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the nature of the experimental diet. The fat was 
either a basal mixture of vegetable oils as used 
in normal rat ration (Australasian Feed Serv- 
ices, Australia) for the reference (REF.) diet or 
4% basal fat plus 12% sheep perirenal fat for 
the saturated fatty acid (SAT.) diet or 4% basal 
fat plus 12% sunflower seed oil (Nuttelex Pry. 
Ltd., Australia) for the unsaturated fatty acid 
(UNSAT.) diet. The fat was added to the 
commercial mixture at the time of pelleting. 
Fatty acid analysis of the diets is shown in 
Table 1. 

Combustion calorimetry of the REF., SAT. 
and UNSAT. diets gave energy values of 17.1, 
20.1 and 20.0 KJ/g respectively. Animals fed 
the SAT. and UNSAT. diets consumed about 
20 g of food per day compared with approxi- 
mately 25 g of food per day for the animals in 
the REF. group. All diets were supplied ad libi- 
turn. 

Blood and Plasma Collection 

Immediately after the animals were killed, 
blood was collected and centrifuged to separate 
plasma and red blood cells. The red blood cells 
were washed" 3 times by centrifugation in 
phosphate buffered saline. 

Liver, Kidney and Brain Mitochondrial Fractions 

For preparation of  mitochondria from the 
above tissues, about 4 g from one liver, both 
kidneys or all the brain tissue from one animal 
were chopped and rinsed in ice-cold medium 
containing 250 mM sucrose, 2 mM Hepes 
(4-(2-hydroxy-ethyl)-I piperazine ethane-sulph- 
onic acid), 0.5 mM EGTA and 0.05% (w/w) 
delipidated bovine serum albumin (BSA), pH 
7.4 and then homogenized in 40 ml of the 
above medium using a Polytron tissue homoge- 
nizer (Kinematica, GmbH, Switzerland) at 
setting 3.5 for 2 bursts each of  6 seconds. The 
homogenate was filtered through cheesecloth 
and centrifuged at 500 g for 12 min and the 
supernatant saved. The resulting pellet was 
resuspended in medium to the original volume 
and recentrifuged at 500 g for 12 min. The 
supernatant from this and the previous centri- 
fugation were combined and centrifuged at 
6000 g for 15 min. The resulting supernatant 
was saved for preparation of  the microsomal 
fraction described below. The mitochondrial 
pellet from the above centrifugation was 
washed twice by centrifugation in the above 
medium at 6000 g for 15 min. and finally 
resuspended in this medium. 

Heart Mitochondrial Fraction 

Ventricular tissue from one animal was 
chopped and rinsed in ice-cold medium contain- 
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ing 100 mM 50 mM Mops (4-Morpholinepro- 
panesulphonic acid), 2 mM EGTA and 0.2% 
(w/v) delipidated BSA, pH 7.2 and then ho- 
mogenized in 40 ml of the above medium in a 
manner identical to that described for the 
preparation of mitochondria from the other 
tissues. The procedure for the subsequent 
isolation of heart  mitochondria by differential 
centrifugation was as described for the other 
tissues, except that the first mitochondrial  
pellet was resuspended in the above medium 
without  BSA. After washing the mitochondrial  
pellet by centrifugation, the pellet was then 
finally resuspended in the buffer without BSA. 
The supernatant resulting from the first centri- 
fugation at 6000 g for 15 min was saved for the 
preparation of the heart microsomal fraction. 

Liver, Kidney, Brain and Heart Microsomal Fractions 

The supernatants from the first 6000g  
centrifugation described above were centrifuged 
at 110,000 g for 60 min and the pellet collected 
and referred to as the microsomal membrane 
fraction. 

Lipid Analysis 

Prior to lipid analysis, the mitochondrial  and 
microsomal membrane preparations from the 
liver, kidney,  brain and heart  were diluted in 50 
volumes of 20 mM Tris, 2 mM EDTA, pH 7.2 
and centrifuged at 250,000 g for 60 min to 
remove sucrose or KCI. The resulting membrane 
pellets were resuspended in glass distilled water, 
prior to extract ion of lipids using a modifica- 
t ion of  a method developed for erythrocyte  
membranes (26). Briefly, to one volume of 
plasma, washed red blood cells or washed 
mitochondrial  or microsomal membrane prepa- 
rations, 4 volumes of boiling 2-propanol were 
added and the mixture was boiled for 30 
seconds. After cooling, 8 volumes of  chloro- 
form containing the antioxidant  b utylated 
hydroxyanisole (0.1% of the estimated lipid 
weight) were added. Following the addit ion of 
1 volume of glass distilled water, the samples 
were shaken, centrifuged and the organic phase 
collected. After re-extracting the aqueous phase 
with a further 4 volumes of chloroform, the 
organic phases were combined and dried using 
anhydrous sodium sulphate. For  all but  the 
plasma lipids, phospholipids were separated 
from the total  extracted lipids by thin-layer 
chromatography (TLC) on silica gel H plates 
developed in petroleum ether/diethyl  ether/ 
acetic acid, (90:15 : 1). The phospholipids 
remaining at the origin were removed and 
methylated in 1% (v/v) H2 SO4 in methanol  by 
heating at 70 C for 3 hr. For  plasma, the fat ty  
acids of the total  lipids were methylated.  For 

analysis of the fat ty  acids present in the various 
dietary lipid supplements, the diet pellets were 
extracted and fat ty  acid analysis was performed 
on the total  lipid extract. 

Gas Chromatography 

Fa t ty  acid methyl  esters were analyzed using 
a Hewlett-Packard 5850A gas chromatograph 
fi t ted with dual FID detectors. Operating 
conditions were as follows: the FID was set 
at 300 C, the injection port  at 200 C and the 
oven temperature programmed from 125 to 
225 C at a heating rate of 4 C/min. Glass 
columns were packed with 5% SP2310 on 
chromasorb WAW (Supelco Inc. Bellefonte, 
Pennsylvania). This packing allows for the 
separation of up to 4 double bonds of one 
homologous series of fa t ty  acids before encoun- 
tering the parent saturate of the next series, 
thus resulting in minimal overlap of  the major 
membrane phospholipid fat ty  acids. For 
example, 18:36o3 was clearly separated from 
20:0 and 20:4666 emerged before 22:0. Two 
overlaps which did occur in this system were 
20:36o9 with 20:2666, and also 20:56o3 with 
22:1, but as none of these compounds were 
present in large amounts in the samples ex- 
amined, no a t tempt  was made to estimate the 
amounts of the individual fa t ty  acids by re- 
chromatography on different packings. 

R ESU LTS 

The fat ty  acid composit ion of the various 
l ipid-supplemented diets is shown in Table 1. 
Addit ion of sheep kidney perirenal fat (SAT. 
diet)  to the normal or REF. diet increased 
the proport ion of myristic (14:0), palmitic 
(16:0), stearic (18:0)  and oleic (18:16o9) acids. 
Sunflower seed oil (UNSAT. diet) increased 
lipid unsaturation to about 86%, mainly by 
elevating the proport ion of linoleic acid (18: 
2606). The total  caloric energy derived from 
linoleic acid represented 2.5, 12.4 and 23.9% of 
the dietary energy intake for the SAT., REF. 
and UNSAT. diets, respectively. These levels are 
all above the minimum requirement for linoleic 
acid of  1.3% of the total  dietary energy intake 
in male rats (27). All diets also contained 0.9% 
or greater linolenic acid (18:3663), but  no diet 
contained any measurable quanti ty of arachi- 
donic (20:4606) or eicosapentaenoic (20:5603) 
acids. Only trace amounts of docosahexaenoic 
acid (22:66o3) were present in the SAT. and 
UNSAT. diets. 

The fat ty  acid composit ion of the plasma 
lipids and the red blood cell (erythrocyte)  
phospholipids, as well as the phospholipids 
from the various subcellular membrane frac- 
tions of the tissues examined, are shown in 
Tables 2 to 6. A summary of all these tables in 
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T A B L E  2 

M a j o r  F a t t y  A c i d s  o f  P l a s m a  L i p i d s  a n d  R e d  B l o o d  Cel l  P h o s p h o l i p i d s  f r o m  R a t s  
F e d  L i p i d - S u p p l e m e n t e d  Die t s  f o r  2 0  W e e k s  

945 

P l a s m a  R e d  b l o o d  cel ls  

F a t t y  ac id  R E F .  S A T .  U N S A T .  R E F .  S A T .  U N S A T .  
(%; w/w) 

1 4 : 0  0 .6  • 0 . 0 4  0 .8  -+ 0 . 0 7  0 .2  ,+ 0 . 0 2  0 .3  -+ 0 . 0 3  0 .2  ,+ 0 .01  0 ,2  + 0 .01  
D M A  1 6 : 0  0.1 -+ 0 .01  0.1 + 0 .01  0.1 ,+ 0 .01  3 .3  -+ 0 . 0 4  2 .4  • 0 . 1 7  2.3 -+ 0 . 1 0  

1 6 : 0  18 .7  • 0 . 7 0  15 .5  + 0 . 7 2  14 .5  • 1 .00  2 8 . 4  • 0 . 1 4  2 3 . 6 , +  0 . 5 2  2 5 . 3  •  
1 6 : 1  4 . 0  -+ 0 . 1 8  2 .9  • 0 . 0 9  0 .3  -+ 0 . 2 8  -- -- -- 
1 7 : 0  0 . 8  • 0 . 0 4  1.1 • 0 . 0 7  0 .5  ,+ 0 . 0 7  1 .2  • 0 . 0 5  1.5 • 0 . 0 6  1.1 ,+ 0 . 0 4  

D M A  1 8 : 0  0 . 4 •  0 . 3 - + 0 . 0 4  0 . 1 , + 0 . 0 3  3 . 1 •  3 . 1 •  2 . 6 , + 0 . 1 4  
D M A  1 8 : 1  - - - 1 .2 -+ 0 . 0 9  1.3 -+ 0 . 0 5  1.2 • 0 . 0 6  

1 8 : 0  11.1 • 0 . 5 5  13 .8 ,+  0 . 4 2  13 .3 ,+  1 .13  13.1 • 0 . 2 2  17 .0  • 0 . 2 9  17.1 -+ 0 . 3 5  
18 :1  14 .9  • 0 . 4 3  2 5 , 8  +_ 1 .33  1 3 . 8  ,+ 0 . 6 8  9 .3  -+ 0 . 1 4  11 .3  -+ 0 . 2 0  8.1 +- 0 . 1 3  
1 8 : 2 6 0 6  19 .6  + 0 . 5 7  15 .1  •  30 .1  , + 0 . 7 2  8 .7  •  9 . 7 - + 0 . 3 0  1 1 . 4 +  0 . 3 2  
1 8 : 3 6 0 6  0 .3  ,+ 0 . 2 0  0 .2  • 0 . 1 6  0 .3  ,+ 0 . 2 7  -- -- -- 
1 8 : 3 6 o 3  0 .9  ,+ 0 . 0 7  0 .9  • 0 . 0 5  0 .5  ,+ 0 . 1 5  -- -- -- 
2 0 : 0  0 .4  • 0 . 0 4  0 .8  • 0 . 0 4  0 .5  -+ 0 . 0 2  0 .2  + 0 .01  0 .2  • 0 . 0 2  0 .3  • 0 . 0 2  
2 0 : 1  1.1 • 0 . 0 8  1 .0  _+ 0 . 0 4  0 .9  ,+ 0 . 0 4  0 .3  -+ 0 . 0 2  0 .3  • 0 . 0 2  0 .4  • 0 . 0 3  
2 0 : 2 6 0 6 + 2 0 : 3 6 0 9  0 .4  • 0 . 0 3  0 .4  + 0 . 0 3  0 .5  ,+ 0 . 0 4  0 .2  + 0 . 0 2  0 .3  + 0 . 0 4  0 .5  + 0 . 0 2  
2 0 : 3 6 0 6  0 .7  • 0 . 0 5  0 .6  + 0 . 0 8  0 .4  ,+ 0 . 0 5  0.1 • 0 . 0 3  0 .5  • 0 . 0 3  0 .3  • 0 .01  
2 0 : 4 6 0 6  20 .1  • 1 .11  14.3_+ 1 .13  2 0 . 7 , +  1 .55  2 1 . 4  •  20 .1  + 0 . 5 6  2 1 . 9  • 0 . 5 2  
2 2 : 0  . . . . . .  
2 2 : 1 + 2 0 : 5 6 0 3  1.3 -+ 0 . 1 6  1.1 • 0 . 1 6  0 .6  • 0 . 1 9  0 .7  ,+ 0 .01  0 .9  • 0 . 0 3  0.1 • 0 .01  
2 2 : 4 6 0 6  0 .3  ,+ 0 . 0 5  0 .2  + 0 . 0 5  0 .5  ~ 0 . 0 6  1.1 + 0 .4  0 .7  • 0 . 0 5  1.9 ,+ 0 . 0 7  
2 4 : 0  0 . 4 - + 0 . 0 6  0 . 3 •  0 . 7  ~ 0 . 0 5  1 . 4 •  1.1 ,+ 0 . 0 4  1 . 7 , + 0 . 1 1  
2 4 : 1 + 2 2 : 5 6 o 6  -- -- -- 0 .6  • 0 . 0 5  0 .7  • 0 . 0 4  0 .6  • 0 . 0 7  
2 2 : 5 6 0 3  0 .7  • 0 . 0 8  0 .3  • 0 . 0 4  0.1 ,+ 0 . 0 2  1 .4  • 0 . 0 4  1 .4  • 0 . 0 7  0 .5  • 0 . 0 2  
2 2 : 6 6 0 3  3 .0  • 0 . 2 2  3 .4  • 1 .05  1.3 ~: 0 . 1 0  3 .7  • 0 . 0 5  3 .8  • 0 . 1 9  2 .6  • 0 . 2 0  

F a t t y  ac ids  are  d e s i g n a t e d  as d e s c r i b e d  in  T a b l e  1. Da ta  are p r e s e n t e d  as t h e  m e a n  r e l a t i v e  p e r c e n t a g e  -+SEM 
f o r  n = 6 a n i m a l s  in  each  d i e t a r y  g r o u p .  ( - )  = n o t  d e t e c t e d  o r  p r e s e n t  a t  less t h a n  0 .1%.  

T A B L E  3 

M a j o r  F a t t y  A c i d s  o f  t h e  P h o s p h o l i p i d s  o f  t h e  M i t o c h o n d r i a l  a n d  M i c r o s o m a l  M e m b r a n e  F r a c t i o n s  
f r o m  t h e  L i v e r  o f  Ra t s  F e d  L i p i d - S u p p l e m e n t e d  Die t s  f o r  20  W e e k s  

M i t o c h o n d r i a  M i c r o s o m e s  
F a t t y  ac id  
(%; w / w )  R E F .  S A T .  U N S A T .  R E F .  S A T .  U N S A T .  

1 4 : 0  0 .2  -+ 0 0.1 + 0 0.1 -+ 0 0 .2  -+ 0 0.1 • 0 0.1 + 0 
D M A  1 6 : 0  0. I -+ 0 0,1 -+ 0 0.1 + 0 0.1 + 0 0.1 -+ 0 0.1 + 0 

1 6 : 0  15 .1  + 0 .2  11.1 -+ 0 .3  11 .7  + 0.1 16 .4  -+ 0 .2  11 .6  -+ 0 .2  12 .8  -+ 0 .3  
1 6 : 1  2 .6  • 0.1 1,3 +- 0 0 .1  • 0 2 .5  • 0 .1  1.3 +- 0 0 .01  _-2 0 
1 7 : 0  0 .7  -+ 0.1 0 .8  -+ 0 0 .7  + 0 0 .9  + 0 0 .9  -+ 0 0 .7  + 0 

D M A  1 8 : 0  0 .5  • 0 0 .3  + 0 0 .3  • 0 0.5 + 0 0 .4  • 0 0 .4  + 0 
D M A  1 8 : 1  . . . . . .  

1 8 : 0  18 .4  + 0 .2  23 .1  + 0 .8  21 .3  + 0 .3  21 .1  -+ 0 .5  23 .9  -+ 0 .4  2 4 . 9  -+ 0 .3  
1 8 : 1  9 .5  + 0 .3  l l . 0  • 0 .5  8 .3  -+ 0 .2  9 .6  -+ 0 .2  11.1 • 0 . 4  7 .3  + 0.1 
1 8 : 2 6 o 6  15 .0  -+ 0 .3  12 .4  -+ 0 .7  14 .0  + 0 .7  12.1 +- 0.1 10 .7  -+ 0 .4  10 .7  -+ 0 .2  
1 8 : 3 6 o 6  0 .3  + 0 .3  0 .4  • 0 .2  -- 0 .3  -+ 0 .2  0 .4  • 0 .3  0.1 --- 0.1 
1 8 : 3 6 0 3  . . . . . .  
2 0 : 0  0 .2  -+ 0 0 .2  -+ 0 0 .3  -+ 0 0 .2  -+ 0 0 .4  + 0 0 .3  -+ 0 
2 0 : 1  0 .5  -+ 0.1 0 .4  + 0 0 .7  + 0 0 .4  -+ 0 0 .6  + 0 . I  0 .7  + 0 
2 0 : 2 6 0 6 + 2 0 : 3 6 0 9  0 .4  -+ 0 0 .4  • 0 1.2 • 0.1 0 .4  + 0 0 .6  • 0 0 .9  -+ 0 
2 0 : 3 6 0 6  1.2 -+ 0.1 1.1 + 0.1 0 .5  + 0 1.3 -+ 0 .1  1.3 -+ 0.1 0 .5  -+ 0 
2 0 : 4 6 0 6  2 4 . 5  -+ 0 .4  2 5 . 8  -+ 1.1 31 .3  -+ 0 .5  2 4 . 6  -+ 0 .4  25 .2  + 0 .5  32 .1  + 0 .3  
2 2 : 0  . . . . . .  
2 2 : 1 + 2 0 : 5 6 0 3  1.4 -+ 0 0 .8  -+ 0 .2  -- 1.2 -+ 0 . I  1.4 -+ 0 . I  0 .2  -+ 0 .2  
2 2 : 4 6 0 6  0 .2  ,+ 0 0 .2  -+ 0 0 .5  + 0 0 .3  ,+ 0 0 .2  + 0 0 .5  + 0 
2 4 : 0  0 .5  ,+ 0 1.5 -+ 0.1 1.5 --- 0.1 0 .6  ,+ 0.1 0 .4  + 0 1.3 -+ 0.1 
2 4 : 1 + 2 2 : 5 6 0 6  0 . I  ,+ 0 -- -- 0 . I  ,+ 0 0 . I  -+ 0 0 . I  -+ 0 
2 2 : 5 6 0 3  0 .5  -+- 0 0 . 3  -+ 0 0 .3  -+ 0 0 .4  ,+ 0 0 .4  + 0 0 .2  -+ 0 
2 2 : 6 6 0 3  8 .2  ,+ 0 .3  9 .2  +- 0 . 2  7 .4  + 0 .2  6 .7  ,+ 0 . I  8.3 -+ 0 .2  6 .0  -+ 0 .2  

Da ta  are as d e s c r i b e d  in  T a b l e  2, 
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T A B L E  4 

M a j o r  F a t t y  A c i d s  o f  t h e  P h o s p h o l i p i d s  o f  t h e  M i t o c h o n d r i a l  a n d  M i c r o s o m a l  F r a c t i o n  
f r o m  t h e  H e a r t  o f  Ra t s  F e d  L i p i d - S u p p l e m e n t e d  Die t s  f o r  20  W e e k s  

F a t t y  a c i d  
(%; w/w) 

M i t o c h o n d r i a  M i c r o s o m e s  

R E F .  S A T .  U N S A T .  R E F .  S A T .  U N S A T .  

1 4 : 0  0 .1  • 0 0.1 • 0 0.1 • 0 0.1 • 0 .1  0.1 �9 0 0 .1  • 0.1 
D M A  1 6 : 0  2 . 3 •  1 . 9 •  1.9 • 0.1 2 . 6 •  2 .2  �9 0 .2  2 . 0 •  

1 6 : 0  9 .3  • 0 .2  7 .9  • 0 .2  6 .6  • 0 .2  9 .9  • 0 . 8  8 .8  -+ 0 .5  8 .3  • 0 . 8  
1 6 : 1  0 .9  -+ 0 .2  1 .6  • 1 ,2  0 .2  • 0 .2  -- -- -- 
1 7 : 0  0 .6  + 0 0 .6  • 0 0 .3  • 0.1 0 .3  • 0.1 0 .4  -+ 0 0 .3  • 0 . I  

D M A  1 8 : 0  1.1 • 0 2 .0  • 0.1 1.4 • 0 .2  1 . ' / •  0 .1 2.3 • 0 . 3  1.7 • 0.1 
D M A  18 :1  0 .1  • 0,1 0 .5  • 0 .1  0 .7  -+ 0.1 0 .3  • 0 .1  0 . 6  • 0.1 0 .6  • 0.1 

1 8 : 0  19 .9  • 0 .4  21 .1  • 0 .2  2 3 . 3  • 0 .3  2 0 . 6  -+ 1 .0  21 .1  +- 0 .3  2 1 . 8  • 0 .7  
1 8 : 1  9 . 0 •  9 . 2 - + 0 . 1  7 . 2 + 0 . 3  1 2 . 2 + - 0 . 7  1 1 . 4 •  1 0 . 0 •  
1 8 : 2 6 o 6  2 1 . 9  • 0 .9  15.1 • 0 .5  17 .7  + 0 .5  16 .9  • 0 . 6  13 .4  • 0 .6  16 .0  • 0 . 9  
1 8 : 3 e o 6  . . . . . .  
1 8 : 3 t o 3  . . . . . .  
2 0 : 0  0 , 2 •  0 . 2 •  0 . 2 •  0 . 2 •  0.1 S O  0 . 2 •  
2 0 : 1  0 ,4  • 0 0 . 3  • 0.1 0 .3  + 0.1 0 .8  • 0 . 2  0 .4  • 0 0 .5  • 0.1 
2 0 : 2 t o 6 + 2 0 : 3 t , o 9  0 .2  • 0 0 .2  • 0 0 .2  • 0 0 .3  • 0 0 .2  • 0 0 . 4  • 0 
2 0 : 3 t o 6  0 .3  • 0 0 .4  • 0 0 . 3  • 0 0 .6  • 0 .1  0 .5  • 0 0 .5  • 0.1 
2 0 : 4 t o 6  15 ,9  • 0 .3  18 .6  • 0 .3  2 1 . 8  • 0 .3  16 .4  • 1.1 19 .2  -+ 0 . 7  21 .1  • 1 .0  
2 2 : 0  . . . . . .  
2 2 : 1 + 2 0 : 5 t o 3  0 ,4  • 0.1 0 .5  • 0,1 0 .2  • 0 .2  0 .6  • 0 ,3  0 ,6  • 0 .2  0 .7  • 0 .3  
22 :4 ( ,06  0 .4  • 0 0 . 3  • 0 1.6 • 0 1.4 • 0 . 2  0 . 8  • 0 1.9 • 0 .3  
2 4 : 0  0 .6  • 0 0 . 4  • 0 3.5 • 0.1 1.3 • 0 .3  1.0 • 0 .2  3 .0  • 0 .5  
2 4 : 1 + 2 2 : 5 t o 6  . . . . . .  
2 2 : 5 t o 3  1.1 • 0 1.4 • 0 0 . 8  + 0 1.2 • 0.1 1.6 -+ 0.1 0 ,9  • 0.1 
2 2 : 6 t o 3  15 .2  • 0 .4  17 .3  • 0 ,3  11 .5  • 0 .3  12 .7  • 0 . 9  15 .4  • 0 .3  9 .9  • 0 .6  

Da ta  are  as d e s c r i b e d  in  T a b l e  2. 

T A B L E  5 

Ma jo r  F a t t y  A c i d s  o f  t h e  P h o s p h o l i p i d s  o f  t h e  M i t o c h o n d r i a l  a n d  M i c r o s o m a l  M e m b r a n e  F r a c t i o n s  
f r o m  t h e  K i d n e y  o f  R a t s  F e d  L i p i d - S u p p l e m e n t e d  Die t s  f o r  2 0  W e e k s  

F a t t y  a c i d  
(%;w/w) 

M i t o c h o n d r i a  M i c r o s o m e s  

R E F .  S A T .  U N S A T .  R E F .  S A T .  U N S A T .  

1 4 : 0  0.1 -+ 0 0.1 • 0 0.1 • 0 0 .2  • 0 0.1 + 0 0.1 +- 0 
D M A  1 6 : 0  1.8 • 0.1 1.3 + 0.1 1.3 + 0 2 .8  + 0.1 2 .0  • 0 2 .4  + 0 .2  

1 6 : 0  13 .6  + 0 .2  13 .6  +- 0 . 2  13 .3  • 0 .3  19 .2  + 0 .3  19 .7  • 0 . 4  19.1 + 1.1 
1 6 : 1  1 .8  • 0.1 2 . 0  + 0 0.1 + 0 - -- -- 
1" / :0  0 .5  -+ 0.1 0 .5  • 0 0 .5  + 0 0 .6  + 0 0 .8  +- 0 0 .6  + 0.1 

D M A  1 8 : 0  0 .9  • 0 1.1 • 0 0 .9  + 0 1.5 +- 0.1 1.5 +- 0.1 1.5 • 0 .1  
D M A  1 8 : 1  0 .2  -+ 0.1 0 .3  • 0.1 0 . 4  • 0 0.1 + 0.1 0 .6  + 0 0 .5  • 0.1 

1 8 : 0  1"/.3 • 0 .2  17 .5  + 0 .3  18 .5  • 0 .3  19 .4  • 0 . 6  17 .9  • 0 .3  2 0 . 5  • 0 . 8  
1 8 : 1  11.1 • 0 .2  12 .8  + 0 .2  9 .9  • 0.1 10 .3  • 0 .3  12.1 • 0 .3  10.1 • 0 . 2  
1 8 : 2 t ~ 6  14.1 • 0 .3  13 .9  f 0 .3  15 .8  • 0 .4  7.2 • 0~2 7.5  • 0 .3  8.5 +- 0 . 2  
1 8 : 3 6 o 6  -- -- -- 0 .3  • 0 . 2  0.1 • 0 0 . 3  • 0 .2  
1 8 : 3 t o 3  . . . . . .  
2 0 : 0  0 .2  • 0 0 .2  • 0 0 ,2  • 0 0 .2  + 0 0 .2  • 0 0 .2  • 0 
2 0 : 1  0 .6  • 0 . 2  0 .4  • 0.1 0 .3  • 0 0 .5  • 0 . 2  0 .3  • 0 0 .5  • 0.1 
2 0 : 2 t o 6 + 2 0 : 3 t o 9  0 .2  • 0 0 . 2  • 0 0 .5  • 0 0 .3  • 0 0 . 2  • 0 0 .3  • 0 
2 0 : 3 t o 6  0 .8  +- 0.1 0 . 7  +- 0.1 0 , 5  • 0 0 .9  + 0.1 0 .6  • 0 0 .6  • 0 
2 0 : 4 e o 6  3 1 . 7  -+ 0 .4  30 .5  • 0 . 2  34 .3  + 0 .4  30 .5  + 0 .6  30 .2  • 0 .4  2 9 . 7  • 1.6 
2 2 : 0  . . . . . .  
2 2 : 1 + 2 0 : 5 t o 3  1.5 + 0 .2  1.3 • 0.1 0 .1  • 0.1 0 .6  -+ 0 .2  0 .9  • 0.1 0.1 • 0 
2 2 : 4 t o 6  0 .2  + 0 0 .2  • 0 0 . 4  • 0 0 .5  • 0.1 0 . 4  • 0 0 .8  • 0.1 
2 4 : 0  0 .6  + 0.1 0 .6  • 0 .1  0 .9  • 0.1 2 .0  • 0 . 6  1,4 + 1 .0  1.7 • 0.1 
2 4 : 1 + 2 2 : 5 o ~ 6  0 .1  • 0 0.1 • 0 0.1 • 0 0 .4  -+ 0.1 0 .4  • 0 0 .5  • 0.1 
2 2 : 5 t o 3  0.1 • 0 0 .2  • 0 0.1 • 0 0 .2  • 0 0 . 3  • 0 0.1 • 0 
2 2 : 6 t o 3  2 .5  • 0.1 2 .4  • 0.1 2.1 • 0.1 2 .4  • 0 . 2  2 ,9  -+ 0 .2  2 .2  • 0 .2  

Da ta  are  as d e s c r i b e d  i n  T a b l e  2. 
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TABLE 6 

Major F a t t y  A c i d s  o f  t h e  P h o s p h o l i p i d s  o f  t h e  Mitochondrial and Microsomal Membrane F r a c t i o n s  
f r o m  t h e  Brain of Rats Fed Lipid-Supplemented Die t s  f or  20 Weeks 

F a t t y  a c i d  
(%; w/w) 

Mitochondria Microsomes 

REF. SAT. UNSAT. REF. SAT. UNSAT. 

DMA 

DMA 
DMA 

14:0 0.1 +0  0.1 +0 0.1 :tO 0.1 +0  0 . 2 + 0  0.1 :tO 
16:0 2.3 • 0.2 2.4 -+ 0.1 2.5 :t 0.1 2.3 :t 0.1 2.5 + 0.2 2.4 -+ 0.1 
16:0 17.0 :t 0.6 16.9 + 0.8 15.8 + 0.1 26.2 :t 0.3 26.0 :t 1.5 26.8-+ 1.9 
16:1 1.9 -+ 0.4 2.3 :t 0.1 2.0 • 0.1 - - - 
1 7 : 0  0.4 • 0 0.5 -+ 0 0.4 • 0 0.5 + 0 0.5 • 0 0.4 :t 0.1 
18:0 3.0 • 0.2 2.9 -+ 0.1 3.2 • 0.2 3.6 + 0.2 3.0 • 0.2 3.2 + 0.3 
1 8 : 1  . . . . . .  
1 8 : 0  19.3 -+ 0.2 18.9 :t 0.3 19.9 • 0.4 17.8 + 0.1 17.3 :t 0.5 17.7 :t 0.5 
18:1 25,1 • 0.2 24.7 :t 0.2 23.8 -+ 0.2 18.1 :t 0.1 18.3 -+ 0.2 17.7 :t 0,4 
18:2to6 2,4 :t 0.3 2.1 • 0.1 2.4 +- 0.1 1.5 -+ 0.2 1.5 • 0.1 1.9 :t 0.1 
18:3to6 0.2 • 0.2 0.7 • 0.2 0.4 • 0.2 0.3 :t 0.1 0.6 :t 0.2 0.1 :t 0.1 
18:3to3 . . . . . .  
20:0 0.3 -+ 0.1 0.3 • 0 0.3 +- 0 0.2 -+ 0 0.2 -+ 0 0.2 • 0 
20:1 2.3 -+ 0.1 2.3 :t 0.1 2.3 -+ 0.1 1.3 • 0.1 1.4 • 0.2 1.1 -+ 0.1 
20:2t.~6+20:3to9 0.2 -+ 0 0.3 • 0 0.3 :t 0 0.2 :t 0 0.2 :t 0 0.2 :t 0 
20:3to6 0.3 :t 0 0.3 -+ 0 0.3 -+ 0 0.2 +- 0 0.3 -+ 0.1 0.2 -+ 0.1 
20:4~o6 8.4 :t 0.3 8.3 :t 0.2 9.1 -+ 0.2 8.1 -+ 0 8.0 -+ 0.1 8.5 -+ 0.2 
22:0 . . . . . .  
22:1+20:5to3 0.5 :t 0.1 0.5 -+ 0.1 0.5 • 0 0.1 :t 0.1 0.3 • 0.2 0.2 :t 0.2 
22:4to6 2.6 -+ 0.2 2.5 • 0.1 2.5 -+ 0.1 2.7 + 0.1 2.6 :t 0.1 2.6 :t 0.1 
24:0 0.5 -+ 0.2 0.9 :t 0.1 1.1 • 0.1 0.4 -+ 0.1 0.5 • 0.2 1.1 -+ 0.1 
24:1+22:5t.o6 0.9 :t 0.1 1.0 -+ 0.2 0.9 :t 0.1 0.1 :t 0 0.2 :t 0 0.2 -+ 0 
22:5to3 -- -- -- 0.1 :t 0 0.1 • 0 0.1 -+ 0 
22:6t,~3 12 .1+0 .3  12.0-+0.3 11 .9+0.2  16.1-+0.3 16.3-+0.6 15 .2+0 .9  

Data are as described in Table 2. 

r e l a t i on  to changes  in t he  to ta l  s a t u r a t e d ,  
u n s a t u r a t e d ,  606 a n d  603 u n s a t u r a t e d  f a t t y  acids 
and  the  u n s a t u r a t i o n  i ndex  is s h o w n  in Table  7. 

In  general ,  t he  d ie ta ry  lipid t r e a t m e n t s  had  
li t t le ef fec t  o n  the  ra t io  o f  s a t u r a t e d  to  un -  
s a t u r a t e d  f a t t y  acids  in t he  l ipids o f  t he  va r ious  
s a m p l e s  e x a m i n e d ,  desp i t e  large d i f f e r ences  
in th i s  ra t io  in t he  diet. F o r  t h e  p l a sma  l ipids,  
t he  increase  in to t a l  u n s a t u r a t e d  f a t t y  acids 
u p o n  feed ing  the  m o r e  u n s a t u r a t e d  diet  was  
due  p r imar i l y  to  an  increase  in t he  p r o p o r t i o n  
o f  1 8 : 2 w 6 .  A l t h o u g h  smal l  changes  in t he  value 
o f  the  u n s a t u r a t i o n  i ndex  in b o t h  t h e  SAT.  a n d  
U N S A T .  fed an ima l s  were  seen  in s o m e  m e m -  
b r anes  of  t he  hea r t  and  liver, genera l ly  l i t t le 
change  in th is  p a r a m e t e r  was  evident .  T h e  
var ious  d i e t a ry  lipid t r e a t m e n t s  had  li t t le e f fec t  
o n  the  overall  level o f  u n s a t u r a t e d  f a t t y  acids ,  
bu t  t h e y  did have a s igni f icant  ef fec t  on  the  
t y p e  o f  u n s a t u r a t e d  f a t t y  acids  p r e sen t  in t he  
m e m b r a n e  l ipids,  pa r t i cu la r ly  w i th  regard  to  t h e  
p r o p o r t i o n s  o f  t he  w 6  and  603 series o f  u n s a t u -  
ra ted  f a t ty  acids. In general ,  t he  changes  
obse rved  in the  6o6 and  603 u n s a t u r a t e d  f a t t y  
acids were  in o p p o s i t e  d i r ec t ions ,  t he  U N S A T .  
diet  e levat ing  the  p r o p o r t i o n  o f  t he  606 u n s a t u -  
r a t ed  f a t t y  acids  a n d  the  SAT.  diet  e levat ing  the  
p r o p o r t i o n  o f  t he  603 u n s a t u r a t e d  f a t t y  acids.  

With  regard  to  t he  changes  in t h e  p r o p o r t i o n  

o f  the  606 u n s a t u r a t e d  f a t t y  acids  as a resul t  o f  
t he  2 d ie ta ry  lipid t r e a t m e n t s ,  it was  a p p a r e n t  
t ha t  the  g rea te s t  change  o c c u r r e d  in t he  p l a s m a  
l ipids (25% ne t  change) .  Rela t ive ly  smal le r  
changes  were  ev iden t  in t he  va r ious  subceUula r  
m e m b r a n e  lipid s a mp le s ,  w i t h  t he  e x t e n t  o f  
change  for  the  hea r t ,  liver and  e r y t h r o c y t e  
m e m b r a n e  w 6  u n s a t u r a t e d  f a t t y  acids (2 to  
12% ne t  c h a n g e )  be ing  g rea te r  t h a n  tha t  ob-  
served fo r  the  k i d n e y  and  the  b ra in  (Tab le  7). 

Cer ta in  t i ssue-speci f ic  r e s p o n s e s  also were  
obse rved  in the  t y p e  o f  6 u n s a t u r a t e d  f a t t y  
acids u n d e r g o i n g  the  g rea tes t  change .  Thus ,  in 
r e s p o n s e  to  increased  d ie ta ry  18:2,  t he  levels o f  
l inoleic acid inc reased  in p l a sma  and  red  b l o o d  
cells w i t h o u t  a n y  change  in 20 :4  levels. In 
c o n t r a s t ,  t he  SAT.  diet  i n d u c e d  r e d u c t i o n s  in 
p l a sma  18:2  and  20 :4  levels. The  m i t o c h o n d r i a l  
and  m i c r o s o m a l  m e m b r a n e s  o f  hea r t  and liver 
sh i f ted  in a s imi lar  w a y  in r e s p o n s e  to  diet ,  in 
t ha t  b o t h  SAT. and  U N S A T .  diets  r e su l t ed  in 
decreased  levels o f  18:2  and  inc reased  levels o f  
20:4.  The  U N S A T .  die t  e voke d  t h e  g rea tes t  
r e s p o n s e .  A l t h o u g h  k i d n e y  m e m b r a n e s  s h o w e d  
li t t le r e s p o n s e  to  the  SAT.  diet ,  smal l  increases  
in b o t h  18:2 and  20 :4  were  obse rved  u p o n  
feed ing  the  U N S A T .  diet.  

The  p r e d o m i n a n t  f a t t y  acid o f  t he  w 3  series  
to  u n d e r g o  change  as a resul t  o f  t he  2 d ie ta ry  

LIPIDS, VOL. 19, NO. 12 (1984) 
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T A B L E  7 

F a t t y  Acid  C o m p o s i t i o n  o f  t h e  P lasma  Lipids  a n d  t h e  P h o s p h o l i p i d s  I so la t ed  f r o m  V a r i o u s  
M e m b r a n e  F r a c t i o n s  f r o m  Ra t s  Fed  L i p i d - S u p p l e m e n t e d  Diets fo r  2 0  Weeks  

Diet 

P a r a m e t e r  REF.  SAT.  U N S A T .  

Blood  l ip ids  

P lasma  RBC P lasma  RBC P lasma  RBC 

Tota l  sat .  F A  32 .5  50 .9  
To ta l  unsa t .  F A  67 .5  49 .1  
To ta l  to6 unsa t .  FA 41 .1  31 .7  
To ta l  to3 u n s a t .  F A  4 .6  5.1 
To ta l  D M A  0 .5  7 .6  
t~6 / t o3  8 .9  6 .2  
Unsat .  i n d e x  171 151 

32 .8  4 9 . 0  2 9 . 9  50 .5  
67 .2  51 .0  70.1  4 9 . 5  
30 .3  31 .0  51 .8  35 .5  

4 . 6  5.2 1.8 3.1 
0 .5  6 .8  0 .2  6.1 
6 .6  6 .0  2 9 . 0  11 .4  

149  149  174  149  

Liver m e m b r a n e s  

Mito.  Micro.  Mito .  Micro.  Mito .  Micro.  

To ta l  sat .  F A  3 5 . 6  
To ta l  unsa t .  F A  6 4 . 4  
To ta l  to6 unsa t .  F A  4 1 . 4  
To ta l  to3 unsa t .  FA 8.7  
To ta l  D M A  0 .6  
t~6 / t o3  4 .7  
Unsat .  i n d e x  2 0 0  

4 0 . 0  36 .3  3"7.9 3 6 . 0  4 0 . 7  
6 0 . 0  63 .7  62.1  64 .0  59 .3  
38 .6  3 9 . 8  37 .8  4 6 . 2  4 3 . 9  

7 .2  9 .5  8."/ 7 .6  6 .2  
0 .7  0 .4  0.6 0.4  0 .4  
5 .4  4 .2  4 .3  6 .0  7 .0  

186  2 0 6  19"/ 2 1 4  2 0 2  

Hea r t  m e m b r a n e s  

Mitn.  Micro.  Mito.  Micro.  Mito .  Micro .  

To ta l  sat .  FA 34 .0  
To ta l  unsa t .  F A  6 6 . 0  
To ta l  to6 unsa t .  F A  38 .5  
To ta l  to3 unsa t .  F A  16 .3  
To ta l  D M A  3.4  
to6 [ t~3  2 .4  
Unsa t .  i n d e x  2 1 8  

36 .7  34 .0  35 .8  37 .2  37 .4  
63 .3  66 .0  64 .2  62 .8  62 .6  
35 .3  34 .4  34 .0  4 1 . 3  39 .6  
13 .8  18 .7  17 .0  12.2  10 .8  

4 .6  4 .4  5.2 4 . 0  4 .3  
2 .6  1.8 2 .0  3 .4  3.7 

2 0 3  2 3 2  2 2 2  2 1 3  2 0 3  

K i d n e y  m e m b r a n e s  

Mito.  Micro.  Mito.  Micro.  Mito.  Micro.  

To ta l  sa t .  F A  3 5 . 0  4 5 . 8  
To ta l  unsa t .  FA 6 5 . 0  54 .2  
To ta l  to6 unsa t .  F A  4 6 . 9  39 .4  
To ta l  to3 unsa t .  F A  2 .6  2 .6  
To ta l  D M A  2 .9  4 . 4  
t ,~6/to3 18.1 15.1 
Unsat .  i n d e x  1 9 0  1 "/0 

35 .1  43."/  3 5 . 6  4 6 . 0  
64 .9  56 .3  64 .4  54 .0  
4 5 . 3  38 .8  51 .0  39 .9  

2 .6  3.1 2.1 2 .3  
2 .7  4.1 2 .6  4 .4  

1"/.5 12 .4  2 3 . 8  17 .2  
185  1"13 19"/ 1 6 8  

Brain m e m b r a n e s  

Mito.  Micro.  Mito.  Micro.  Mito.  Micro.  

To ta l  sat .  F A  4 2 . 9  51 .2  4 2 . 9  50 .3  4 3 . 3  52 .0  
To ta l  unsa t .  FA 57.1 4 8 . 8  57.1 49."/ 56."/ 4 8 . 0  
T o t a l  w 6  unsa t .  FA 14 .0  12 .9  13.9  12.9  14 .8  13 .3  
To ta l  ~o3 unsa t .  F A  12.1 16.2  12 .0  16.3  11 .9  15 .2  
To ta l  D M A  5.3 5.9 5.3 5 .6  5.7 5.6 
t o6 / t~3  1.2 0 .8  1.2 0 .8  1.2 0 .9  
Unsat .  i n d e x  155  165  155  167 157  1 6 0  

Data  a re  as d e s c r i b e d  in Tab le  2. The  u n s a t u r a t i o n  i n d e x  is Z [ ( a ) ( b ) ]  w h e r e  a is t h e  
re la t ive  p e r c e n t a g e  o f  each  u n s a t u r a t e d  f a t t y  ac id  a n d  b is t he  n u m b ~  ot '  d o u b l e  bo-nds f o r  
t h a t  p a r t i c u l a r  f a t t y  ac id .  DMA, d i m e t h y l  ace ta l  d e r i v a t ~ e .  
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lipid treatments was docosahexaenoic acid 
(22:6603) (Tables 2 to 6). In comparison 
to the UNSAT. dietary animals, the SAT. diet 
increased the proport ion of the 603 series 
unsaturated fa t ty  acids, with the greatest 
difference being observed in the phospholipids 
of the 2 membrane fractions from liver, heart 
and kidney. Differences in the proport ion of 
the w3 unsaturated fat ty  acids in brain mem- 
brane phospholipids were relatively small. 

The dietary-induced changes in the type of 
unsaturated fat ty  acids present in the mem- 
brane phospholipids are best viewed in terms of 
changes in the 606/603 ratio of unsaturated 
fat ty  acids (Table 7). In all instances this ratio 
was elevated on feeding the UNSAT. diet and 
decreased on feeding the SAT. diet relative to 
the value obtained on feeding the REF. diet. 
The extent  of change in the 606]603 unsaturated 
fat ty  acid ratio differed between the various 
tissues examined. The greatest response was 
observed in the fat ty acids of the plasma lipids, 
where a 4-fold change in the value of this ratio 
between SAT. and UNSAT. dietary treated rats 
was evident. In contrast, the phospholipid fat ty  
acids of the mitochondrial  and microsomal 
membranes from all organs exhibited a one- to 
2-fold change in the 606/~o3 unsaturated fat ty  
acid ratio, with the exception of the lipids 
from the membrane fractions from brain tissue 
which were virtually unchanged (Table 7). In 
comparison to the REF. diet, the lipid-supple- 
mented diets were equally effective in altering 
the 606/603 unsaturated fat ty  acid ratio away 
from the value exhibited by the REF. group for 
each of the respective samples examined, 
except those of  the erythrocyte  membrane. For  
erythrocyte  membrane phospholipid fat ty 
acids, the 606/603 ratio was altered only in 
response to the UNSAT. diet. 

DISCUSSION 

This study was designed to examine the 
effects of dietary lipids on the fat ty  acid 
composition of microsomal and mitochondrial  
membrane phospholipids. In most of the 
tissues examined the same general findings were 
observed, and these can be summarized as 
follows. First,  the proport ion of saturated fat ty  
acids in the membrane phospholipids was 
affected only marginally by dietary lipid 
manipulation. Where small changes did occur, it  
was apparent that increased dietary lipid 
saturation often caused small decreases in 
the proport ion of saturated fat ty  acids, while 
increases in dietary polyunsaturates induced an 
opposite effect. Second, increasing the ratio of 
one class of dietary unsaturated fat ty  acid 

increased the ratio of  that  class of  unsaturated 
fa t ty  acids in the membrane lipids. For  exam- 
ple, the diet with the highest 606/603 unsatu- 
rated ratio, i.e. the UNSAT. diet, induced a 
change in the membrane unsaturated fat ty  acids 
toward an increased 6o6/w3 ratio. The diet 
characterized by the lower 606/603 ratio, the 
SAT. diet, had the opposite effect. Third, the 
value for the unsaturation index of the mem- 
brane phospholipids was independent  of the 
nature of the dietary lipid intake. 

An increase in the dietary 18:2 intake 
increased the proport ion of 6 unsaturated fa t ty  
acids in the membrane phospholipids, but  did 
not  lead to an increase in the total  proport ion 
of unsaturated fat ty  acids in the various mem- 
branes. In general terms, although the level of 
6o6 unsaturated fat ty  acids increased in certain 
membrane lipids, this was )galanced by de- 
creases in the propor t ion of both  monounsatu- 
rated fat ty  acids and the 603 series of unsatu- 
rated fat ty acids, particularly docosahexaenoic 
acid (22:6). The effect of increasing dietary 
18:2606 on total  606 fat ty  acids was predictable 
with regard to the results obtained by other 
workers (2,4,15). The increase in 606 fat ty acids 
in most tissues was due mainly to increases in 
20:4606, with the exception of samples from 
plasma and brain. For  the brain, which is noted 
for its lack of response to dietary manipulation 
(5,15), only minimal changes in the proport ion 
of 18:26o6, 20:4606 and 22:4606 were ob- 
served. Of the other tissues examined, the liver 
elicited the greatest response, followed by the 
lipids from the various membranes from the 
heart and kidney. These results confirm the 
results of  other workers (2,7,8,10,13-15) who 
have demonstrated that the composit ion of  the 
membrane lipids is modulated by dietary long 
chain fat ty  acids even when the diet is adequate 
in all nutrients. 

It is well established that  several distinct 
pathways exist for the metabolic conversion of 
unsaturated fat ty acids, these being denoted as 
the 609 (oleate), 606 (linoleate) and w3 (linole- 
hate) pathways. Important  features of these 
pathways are, first, they are noninterconverti- 
ble and the fat ty  acids of one series cannot give 
rise to fat ty  acids of another series. Second, the 
competi t ion for further unsaturation of 18 
carbon unsaturated fat ty  acids is known to be 
in the order of 603 > 606 > w9 (28). Third, to a 
large extent  the factors controlling the level of 
polyunsaturated fat ty  acids in tissue lipids are a 
combination of substrate affinity and avail- 
ability. The effects of substrate concentrations 
on the relative rates of synthesis by these 3 
pathways of polyunsaturated fat ty  acid synthe- 
sis have been investigated both in vivo and in 
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vitro (29-33). 
In neither of the 2 dietary manipulated 

groups was the level of 603 fatty acids inten- 
tionally varied, and both lipid-supplemented 
diets contained a level of 18:36o3 at about 1% 
(w/w) of the total fatty acid content. However, 
by increasing the level of the saturated fatty 
acid in the SAT. diet at the expense of 606 
polyunsaturated fatty acids, the 6o6/663 ratio of 
the SAT. diet was lowered to 5 from about 50 
in the UNSAT. diet. This reinforced the fact 
that in addition to the change in the proportion 
of saturated fatty acids, the change in the 
dietary lipids was a change primarily in the 
606/6o3 ratio rather than in the individual 
proportions of unsaturated fatty acids from 
each class. The effect of the SAT. diet on all 
tissues was to increase the proportion of 6o3 
unsaturated fatty acids and lower the propor- 
tion of 6o6 unsaturated fatty acids. In all cases, 
any increase in the level of 663 polyunsaturates 
due to this dietary treatment was the result of 
increases in the level of 22:6603 which presum- 
ably was synthesized from dietary 18:3603. 

Where the supply of dietary 6o3 fatty acids is 
nonlimiting, the role of 22:66o3 in modulating 
the unsaturation index requires special com- 
ment. The compensatory variation in the levels 
of docosahexaenoic acid, in response to oscil- 
lating levels of 606 fatty acids in particular, has 
been reported by other workers (10,34) and is 
confirmed by our own results. Although 
monounsaturates are involved in the mainte- 
nance of the unsaturation index, their contribu- 
tion is relatively small. By far the greatest 
contributors to the unsaturation index are the 
6o6 and 603 fatty acids. Since 22:6 constitutes 
over 90% of the total 6o3 acids present in most 
membranes, the key regulatory role of docosa- 
hexaenoate is apparent. Obviously where 
dietary 6o6 and 603 fatty acids are unavailable, 
such as in fat-free diets, this compensatory role 
is taken over by monounsaturated fatty acids 
and the w9 unsaturated fatty acid, 20:3. 

The mechanism by which the levels of the 
6o6 fatty acids, principally 20:4, and the 6o3 
fatty acids, principally 22:6, act to maintain 
the unsaturation index is unclear; the process 
does not appear to involve a dilution of one or 
more fatty acids by the other. Although in vitro 
studies have established the effectiveness of 
22:6663 as an inhibitor of the various desatu- 
rase enzymes (35), there is little direct evidence 
to support this concept from in vivo studies. 
The early work of Mohrhauer and Holman (29) 
dearly established the competitive nature of 
the inhibition of each of the 3 major pathways 
by the substrate of each fatty acid family. They 
concluded that the composition of the tissue 
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polyunsaturated fatty acids is dependent upon 
the dietary supplies of their precursors and is 
regulated by competitive inhibition(s) of their 
metabolism. Whether any other feedback 
mechanism exists to allow for fine tuning of the 
membrane fatty acid profile and thus mainte- 
nance of the overall fluidity of the membrane is 
unknown.  However, recent results obtained 
with cultured hamster kidney cells (31) indicate 
that while the presence of 18:2666 in the 
culture medium resulted in replacement of 
monoenes by 18:26o6 at position 1 of mem- 
brane phosphatidylcholine, the presence of 
20:3606 or 20:4606 resulted in these same 
monoenes being replaced by saturates. These 
results may help to explain the paradox where- 
by diets which are rich in 18:26o6 and cause 
increased levels of 20:3606 and 20:4606 result 
in slightly higher levels of saturates in some 
membranes. 

We believe our data illustrate an important 
homeostatic principle in which the level of 
membrane lipid saturation/unsaturation is buff- 
ered against transient changes which may 
be induced by alteration in the nature of the 
dietary lipid intake. Many reports (1-10,27-29, 
34) confirm such a concept of lipid homeo- 
stasis. One recent study confirms our findings 
in the microsomes and mitochondrial mem- 
branes of the rat, although in that study the 
phospholipid fraction was not  examined (15). 
Furthermore, even the work on rats raised on 
fat-free diets (34,36) confirms that there is a 
maintenance of both the level of lipid satura- 
tion and the unsaturation index to within a few 
per cent, despite the unavailability of both 6o6 
and 6o3 unsaturated fatty acids in the diet. 
Although we did not attempt to determine the 
dynamic nature of these changes in membrane 
lipid composition, we have established in 
separate experiments that the changes that 
occur after 20 weeks do not  change signifi- 
cantly after 12 mo of dietary lipid treatment 
(data not shown). It has been shown by others 
(37) that changes can occur in the fatty acid 
component of certain phospholipids of rat liver 
membranes within hours of dietary lipid 
changes. 

In summary, our data clearly demonstrate 
that dietary fats can change the composition of 
membrane phospholipids in only a very re- 
stricted sense. The proportion of saturated 
fatty acids in membrane phospholipids appears 
to remain relatively constant, regardless of the 
dietary treatment, and may be dictated by the 
specificity of the sn-1 position of the phospho- 
lipid molecule for saturated fatty acids. Our 
data also suggest that there is competition for 
the sn-2 position of the phospholipid molecule 
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by  l o n g  c h a i n  606 a n d  603 p o l y u n s a t u r a t e d  f a t t y  
ac ids ,  p a r t i c u l a r l y  2 0 : 4 6 0 6  a n d  22 : 6603 .  W h e t h e r  
s u c h  a h o m e o s t a t i c  c o n t r o l  o f  t h e  u n s a t u r a t i o n  
i n d e x  o f  t h e  m e m b r a n e  l ip ids  a l l o w s  fo r  t h e  
m a i n t e n a n c e  o f  m o r e  t h a n  j u s t  t h e  p h y s i c a l  
p r o p e r t i e s  o f  t h e  bu l k  l ipid p h a s e  o f  t h e  m e m -  
b r a n e  r e m a i n s  to  be  d e t e r m i n e d .  T h e  q u e s t i o n  
as t o  t h e  c o n s e q u e n c e s  o f  t h i s  l ipid h o m e o s t a s i s  
in t e r m s  o f  pos s ib l e  m o d u l a t i o n  o f  v a r i o u s  
m e m b r a n e - a s s o c i a t e d  e n z y m e  ac t iv i t i e s ,  is a lso  
a n  i m p o r t a n t  aspe, ct  fo r  c o n s i d e r a t i o n  w i t h  
r e g a r d  to  t h e  p o t e n t i a l  e f f e c t s  o f  d i e t a r y  l ip ids  
on  v a r i o u s  p h y s i o l o g i c a l  p r o c e s s e s .  
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Photosensitized Oxidation of Methyl kinolenate Monohydroper- 
oxides: Hydroperox31 Cyclic Peroxides, Dihydroperoxides and 
Hydroperoxy bis-Cyclic Peroxide# 
W.E. NEFF and E.N. FRANKEL,* Northern Regional Research Center, Agricultural 
Research Service, U.S. Department of Agriculture, Peoria, Illinois 61604 

ABSTRACT 

To elucidate the biological and flavor significance of lipid secondary oxidation products, cyclic 
peroxides were prepared by photosensitized oxidation of the hydroperoxides in autoxidized methyl 
linolenate. The oxidation product was fractionatcd by silicic acid chromatography, followed by high 
pressure liquid chromatography (HPLC) on a microporous silica column. Products characterized by 
thin layer chromatography (TLC), gas chromatogralShy (GC), ultraviolet (UV), infrared (IR), nuclear 
magnetic resonance (NMR) and mass spectroscopy (MS) included 6-membered cyclic peroxides 
(9-hydroperoxy-10,13-epidioxy-11, 15- and 16-hydroperoxy-12,15-epidioxy-9, 13-octadecadienoates), 
15-membered cyclic peroxides (9-hydroperoxy-10,12-epidioxy-13,15- and 16-hydroperoxy-13, 
5-epidioxy-9,11-octadecadienoates), dihydroperoxides (9,12-; 9,t6-; 10,12% 10,15-; 10,16-; 13,15-; 
13,16-dihydroperoxy octadecatrienoates) and hydroperoxy bis-cyclic peroxides, each with one 5- and 
one 6-membered ring (9-hydroperoxy-10,12,13,16-bis-epidioxy-14- and 16-hydroperoxy-9,12,13, 
15-bis-epidioxy-10-octadecenoates). The 6-membered cyclic peroxides are formed by 1,4-addition of 
singlet oxygen to the conjugated diene system in 9- and 16qinolenate hydroperoxide isomers after 
their isomerization to the trans, trans configuration. The bis-cyclic peroxides are formed by 1,4-addition 
of singlet oxygen to the hydroperoxy 5-membered cyclic peroxides derived from the 12- and 13- 
linolenate hydroperoxidc isomers. Secondary oxidation products similar to those identified in this 
study previously have been shown to be important precursors of volatile compounds that may con- 
tribute to flavor deterioration of fat-containing foods. 
Lipids 19:952-957, 1984. 

INTRODUCTION 

In previous studies, secondary products char- 
acterized from autoxidized and singlet oxygen- 
ated methyl linoleate and linolenate included 
5-membered hydroperoxy epidioxides (1-8) 
dihydroperoxides (5,7) and hydroperoxy bicyclo- 
endoperoxides (4,7). Recently, we identified 
6-membered hydroperoxy epidioxides in the 
products obtained from linoleate monohydro- 
peroxides (9-OOH and 13-OOH) subjected to 
photosensitized oxidation (9). These secondary 
oxidation products were shown to be important 
precursors of volatile compounds associated with 
odor and flavor deterioration of fats (5,7,9-13). 
The suggestion that 6-membered hydroperoxy 
epidioxides are likely precursors of pentyl furan 
(13) was confirmed recently in our studies of 
thermal decomposition of these cyclic perox- 
ides (9). Hydroperoxy epidioxides also have 
been shown to be active in the formation of 
fluorescence with DNA (14), and thus may have 
biological activity due to their crosslinking 
properties. 

This paper extends our previous studies (9) 
*To whom correspondence should be addressed. 
Ipresented at the American Chemical Society 

meeting, St. Louis, MO, April 8-13, 1984, Div. Agric. 
Food Chem. Abstract No. 47. 

to the photosensitized oxidation of the conju- 
gated hydroperoxides from autoxidized methyl 
linolenate (9-, 12-, 13-, and 16-OOH). New 
compounds identified in this work include 
6-membered monocyclic and bis-cyclic perox- 
ides with both 5-membered and 6-membered 
rings in the same molecule. 

EXPERIMENTAL 

Materials and Methods 

Previous methods were used to prepare pure 
methyl linolenate (15) and monohydroperoxides 
from autoxidized linolenate (3). The mixture of 
9-, 12-, 13- and 16-monohydroperoxide isomers 
was subjected to oxidation by singlet oxygen 
(1 02)  under the same conditions of photosens- 
itized oxidation as before (5,9). After photo- 
sensitized oxidation at 0C  for 10hr,  TLC 
indicated that about 50% of the monohydro- 
peroxides were converted into secondary 
oxidation products. 

Separation and Characterization 

The reaction mixture was separated by silicic 
acid chromatography as described previously (3). 
Selected fractions, containing hydroperoxy epi- 
dioxides, dihydroperoxides or hydroperoxy 
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bis-epidioxides, were resolved by HPLC as de- 
tailed previously (7,9). The oxidation products 
were characterized by GC, TLC, UV, IR, NMR, 
gas chomatography-mass spectrometry (GC-MS) 
and MS (7,9). The isomeric composition of 
linolenate monohydroperoxides was determined 
by HPLC of the hydroxy derivatives obtained 
after NaBH4 reduction (16). 

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

The monohydroperoxide mixture separated 
from autoxidized methyl linolenate was photo- 
oxidized with methylene blue. After a 10-hr 
reaction with 1 02 in CH2C12 at 0 C, the sec- 
ondary oxidation products were separated by 
silicic acid chromatography and identified for 
functionality by comparing their TLC properties 
with products previously characterized from 
photosensitized oxidation of methyl linolenate 
(7). Quantitative analysis of the products ob- 
tained by silicic acid chromatography showed 
the following relative weight percentages: non- 
polar material, presumably keto trienes (7), 
4.5%; unreacted monohydroperoxides, 46.2%; 
hydroperoxy 5- and 6-membered epidioxides, 
9.7%; dihydroperoxides, 19.2%; hydroperoxy 
bis-epidioxides, 5.2% and unidentified polar 
substances, 15.2%. The mono- and dihydro- 
peroxides and hydroperoxy mono- and bis- 
epidioxides were identified further after purifi- 
cation by HPLC. 

6- and 5-Membered Hydroperoxy Epidioxides 

The mixture of hydroperoxy monoepidi- 
oxides separated by silicic acid chromatography 
was resolved by HPLC (Fig. 1 ) into the following 
components: unreacted monohydroperoxides, 
30%; methyl 9-hydroperoxy- 10,13-epidioxy- 11, 
15- and 16-hydroperoxy- 12,15 -epidioxy-9,13- 
octadecadienoates (I, II), 12%; 9-hydroperoxy- 
10,12-epidioxy-13,15- (III), 17%; 16-hydroper- 
oxy-13,15-epidioxy-9,11-octadecadienoates (IV), 
26% and unidentified material, 15%. The 
structures established chromatographically and 
spectrally for these compounds are given in 
Figure 2. 

TLC (silica, diethyl ether/hexane, 60:40) of 
HPLC fractions I + II, UV inactive, R 0.79; 
fraction III, UV active, R 0.72; and fraction IV, 
UV active, R 0.69 relative to methyl linolenate 
monohydroperoxides. Fractions I-IV were all 
peroxide positive. 

IR (CS2) of fraction I + II: 3635-3300 
(bonded C-OOH), 3005 (olefinic-H), 965 (iso- 
lated trans double bond); fraction III: 3600- 
3350 (bonded C-OOH), 3010 (olefinic-H), 995 
(S), 945 (W) (conjugated diene); fraction IV: 
3600-3350 (bonded C-OOH), 3000 (olefinic-H), 

i 
16-009HO-102H,~50-;; i3iiox;des ~ / 

9-00H-10,12-epidioxide 
f iml 

16-00H-13,15-epidioxide 
. /  or) 

e= 
T~ 

12 16 20 24 28 32 36 40 44 48 
Time, min. 

FIG. 1. 10-t~m silica HPLC chromatogram of 
hydroperoxy epidioxides from singlet oxygenated 
methyl linolenate monohydroperoxides [flow 4 ml/ 
rain; mobile phase, hexane/CH2C12/ethyl acetate 
(7:4:1, v/v/v); refractive index detector X 8, column 
temperature 20 C]. 

I CH3CH2--CH:CH--CH2~iH--(CH2ITCOOMe 
OOH 

1I CH3CH2--~H---~-'~CH;--CH-----cH--(CH2)?COOMe 
01t 0--0 

9 
llI CH3 C H 2 ~ / ~ ' ~  ~H--{CH2)?COOMe 

0--0 OOH 

16 

OOH 0--0 
FIG. 2. Structures ofhydroperoxy epidioxides iso- 

lated by HPLC (Fig. 1). 

985 (S), 948 (W) (conjugated diene) cm- a 
ZH-NMR (90 MHz, CDC13) of HPLC frac- 

tions I + II: 8.65 (s, 1, OOH), 5.98 [br s, 2, ole- 
finic protons of 6-membered ring with endo- 
cyclic double bond (9)], 5.45 (m, 2, CH2CH-- 
CH__CH2), 4.65 [m, 1, proton of 6-membered 
ring methine carbon adjacent to exocyclic 
hydroperoxy bearing carbon (9)], 4.48 [m, 1, 
proton of 6-membered methine carbon adjacent 
to exocyclic methylene group (9)], 4.22 (m,1, 
CH_H_OOH) , 3.65 (s, 3, CO2CH_H_3), 2.32 (t, 2, 
CH2CO), 2.05 (m, 2, CH2C=C), 1.6 (m, 2, 
CH2CHOOH), 2.0 (m, 2, CFI2-~-OO-~-), 1.35 
[s, 10, (CH2)x], 0.95 (t, 3, CH3"C) ppha. 
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HPLC fractions III and IV showed the same 
1H-NMR absorptions as reported previously for 
9-OOH-10,12-epidioxy-13,15- and 16-OOH-13, 
15- epidioxy- 9,11- octadecadienoates, respec- 
tively (3,9). 

For compounds I + II, IR and 1H-NMR data 
support the general structures of  a 6-membered 
hydroperoxy cyclic peroxide with an endocyclic 
double bond, a homoallylic exocyclic double 
bond and an exocyclic hydroperoxide group. 
For III and IV, the IR and I H-NMR data 
support a 5-membered hydroperoxy cyclic per- 
oxide with an exocyclic hydroperoxide group 
and conjugated diene system in the trans, trans 
configuration (3,8) (Fig. 2). 

These structures were supported further by 
GC and GC-MS analyses of the silylated poly- 
hydroxy derivatives. On catalytic hydrogenation 
followed by silylation, I gave 9,10,13- and II 
gave 12,15,16-tri(OTMS)stearates, identified by 
GC retentions relative to methyl stearate and 
by GC-MS (17), m/z (rel. intensity) I + II: 

M-(90+15), 457 (4); 73 (100); I: 259 (23), 
213 (32); 172 (22) (Structure A) and for II: 
341 (17), 301 (22) and 131 (38) (Structure B). 
On hydrogenation followed by silylation, III 
gave 9,10,12- and IV gave 13,15,16-tri(OTMS) 
stearates, identified by GC retentions relative to 
methyl stearate and by GC-MS (3). 

Structures of I and II were further confirmed 
by MS of unsaturated hydroxy derivatives ob- 
tained after reduction with PhaP followed by 
silylation, m/z (rel. intensity) I + II (Fig. 2) M, 
412 (1); M-16, 396 (1); m-32, 380 (2); M-90, 
322 (3); 73 (72); 75 (100); I: 259 (19); 153 
(15); 135 (25); 69 (22); 55 (44) (Structure C) 
and II 131 (22); 267 (5); 281 (1); 183 (10); 
197 (8) (Structure D). 

This study shows that the 6-membered 
hydroperoxy epidioxides may be formed by 
1,4-addition of 1 02 to the 1,3-diene system of 
the 9- and 16-monohydroperoxides of methyl 
linolenate (Fig. 3). According to the mechanism 
in Figure 3, the trans, cis diene hydroperoxides 

13 I 10 I 9 
CH~---(CH 2 )~---CH(OTMS) 1. (CH2)~---CH(OTMS) ~ CH(OTMS) - (CH 2)~---COOMe 

173 213 259 
(303-90) 

STRUCTURE A 

16 I 15 I 12 
CHa---CH~'--CH(OTMS) t CH(OTMS) - (CH2)2-~-CH(OTMS) - (CH2)I-a-COOMe 

3Ol 
131 341 (431-90) 

STRUCTURE B 

i to o i 
i i I i 

CHr--CH~--CH = CH/CH~-I C] H--CH = CH-CH~H(OTMS)- (CH2)v--COOMe 

jl  i s 3  259  
55 69 

STRUCTURE C 

io o i i 
i I i I I 

CH~---CH~---CH(OTMS~H-CH = CH-CH~-CH~-CH = e l l -  (ell 2)~--COOMe 

131 281 % ~ 183 
197 

STRUCTURE D 
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k l  
OOH (senslhu) 

k2 

HO0 0 - - 0  

14 13 10 9 

OOH 

'021k3 
o--0 OOH 

1B 15 12 11 

1I I 

FIG. 3. Scheme for the formation of6-membcred hydroperoxy epidioxides from lino- 
lenate monohydroperoxides (sens --- sensitizer). 

OOH OOH 

~'~-'~" " ~  ~ - ~  R ~ ~ R ~  

OOH HO0 

o - o  OOH I . ~  2 Hoo o---o 

O--O OOH I HO0 o - - O  

0--0 O- 0 OOH HO0 0--0 0--0 

. - -  - _ ::) S R, -'- " 

R I = (CH2);COOMe 

FIG. 4. Scheme for the formation of 6 5-membcred 
hydroperoxy bis-epidioxides from linolenate mono- 
hydroperoxides (sens = sensitizer). 

are isomerized to the trans, trans configuration 
before cycloaddit ion of 1 02 , as suggested prev- 
iously for linoleate hydroperoxides (9). HPLC 
quantitative analyses of the linolenate hydro- 
peroxides before and after reaction with 102 
indicated little change in the amount of trans, 
trans hydroperoxy diene derivatives. The ratio 
of trans, trans to cis, trans monohydroperoxide  
mixtures changed by only 2% after 10~ oxida- 
tion. These results are explained, as before (9), 
by a mechanism that assumes photosensitized 
isomerization (k l / k2 )  from cis, trans to trans, 

trans to be faster than 1,4-cycloaddition (k s )  
of  102 to the conjugated diene system of the 
linolenate hydroperoxides (Fig. 3). 

Under the conditions of photosensitized oxi- 
dation, significant amounts of 5-membered 
hydroperoxy epidioxides also are for/ned, appar- 
ently by free radical cyclization of the internal 
12- and 13-monohydroperoxides of methyl 
linolenate (Fig. 4). The higher proport ion found 
for 5-membered cyclic peroxides (III, IV) than 
for 6-membered cyclic peroxides (I, II, Fig. 1) 
indicates that free radical cyclization of  the 12- 
and 13-hydroperoxide isomers is more prevalent 
than 1,4-cycloaddition of  ) 02 to the 9- and 16- 
hydroperoxide isomers of methyl linolenate. 
HPLC analysis of monohydroperoxides  of lino- 
lenate (16) before and after photosensitized 
oxidation showed only little change in the posi- 
tional isomeric distribution (% before and after 
oxidation):  28, 30% 9-OOH; 13, 12%, 12-OOH; 
18, 15% 13-OOH and 41,43% 16-OOH. Accord- 
ing to schemes in Figures 3 and 4, 6-member 
cycl ic  peroxides come from 9-and 16-OOH, and 
the 5-member cyclic peroxides come from 12- 
and 13-OOH. Therefore, to explain the larger 
concentration of 5-membered than 6-membered 
cyclic peroxides, one may postulate that the 
9- and 16-hydroperoxides undergo isomerization 
to 12- and 13-hydroperoxides, as postulated by 
Coxon et al. (2). This positional isomerization 
would be significant only when pure linolenate 
hydroperoxides are photooxidized.  During 
autoxidat ion of methyl linolenate, we previously 
found no evidence for this positional isomeriza- 
tion of  hydroperoxides (3), because it would be 
inhibited by unreacted methyl linolenate, as 
reported by Porter et al. for linoleic and arach- 
idonic acids (18,19). 

H y d r o p e r o x y  bis-Epidioxides 

One silicic acid chromatographic fraction, 
which contained a non-UV active and hydroper- 
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oxide positive component,  had an R similar to 
singlet oxygenated methyl linolenate hydro- 
peroxy bis-epidioxides (7). After HPLC purifi- 
cation, a fraction was obtained that was charac- 
terized by 1H-NMR and by GC and GC-MS 
after hydrogenation and silylation as a mixture 
of 9- and 16-hydroperoxy bis-epidioxides with 
one 5-membered ring and one 6-membered ring 
V, VI (Fig. 4). 

IH-NMR (90 MHz, CDC13) of  V + VI: 8.45 
(s, 1, OOH), 5.68 [m, 2, olefinic protons of  a 
6-membered ring with endocyclic double bond 
(9)] ,  4.45 [m, 4, protons of methine carbons 
in the 5- and 6-member rings (7,9)],  4.08 (s, 1, 
CHOOH), 3.67 (s, 3, CO2CH3) , 2.1-2.7 [m, 2, 
methylene protons of a 5-member ring (7)] ,  
2.3 (t, 2, CH2CO), 1.6 (m, 4, CH_HACHOOH ] 
CH2CH3), 1.35 [m, 10, (CH2)x] and 0.95 
(t,3,CH3C) ppm. 

GC-MS of V and VI after hydrogenation and 
silylation, m/z (rel. intensity): 73 (100), 259 
(18), 389 (479-90, 6%), 299 (389-90, 20%), 
387 (477-90, 25%), 297 (387-90, "11%), 261 
(5%), 171 (261-90, 43%), 131 (26%), 169 

(259-90, 2%), 79 (169-90, 3%), 209 (299-90, 
9%), 207 (297-90, 4%), and 81 (171-90, 6%) 
(Structures E, F). 

The structures of V and VI were confirmed 
further by MS of hydroxy derivatives obtained 
after Ph3P reduction and silylation, m/z (rel. 
intensity) (Fig. 4), V: 73 (100), 259 (83), 
185 (22) (Structure G) and VI: 131 (94), 
313 (2) (Structure H). 

The hydroperoxy bis-epidioxides V and VI 
apparently are formed from the 12- and 13- 
hydroperoxides after change of configuration 
of the conjugated diene system from cis, trans 
to trans,trans (Fig. 4). This process is followed 
by free radical cyclization and hydroperoxida- 
tion to form first the 5-membered epidioxides, 
followed by 1,4-cycloaddition of 102 to the 
epidioxide diene system to form the adjacent 
6-membered epidioxide. 

Dihyflroperoxifles 

The silicic acid chromatographic fraction 
containing dihydroperoxides was resolved by 
HPLC into positional isomers, as described for 

16 I 15 13 I 12 I 9 
CH~---CH~--'CH(OTMS~CH(OTMS)--CH r--CH(OTMS~H(OTMS)- ( C H , ) ~ H  (OTMS)-- (CH2)~--COOMe 

131 349 389 2S9 

STRUCTURE E 

16 I 13 112 10 I 9 

131 261 477 479 259 

STRUCTURE F 

o o o o I 

, I t I I  
CH~--CHr---CH--CH = CH-CH-CH-CHi---C~H(OTMS)-(CH 2)~----COOMe 

185 259 

STRUCTURE G 

i o  
'1 

CH ~----CH ~--CH(OTM S~t~H -CH 2 

131 313 

O O O 
i I I 

--CH--CH--CH = CH-CH--(CH a)W--cOOMe 

STRUCTURE H 
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singlet oxygenated linolenate (7). Character- 
ization of these isomers by HPLC retention, 
1H-NMR, and by GC and GC-MS of the sil- 
ylated, hydrogenated derivatives showed that 
oxidation of linolenate monohydroperoxides 
with IO 2 produced the same dihydroperoxides 
previously reported for singlet oxygenated 
linolenate (7). The following weight per cent 
composition was estimated by HPLC: 9,12 + 
13,16-diOOH (4%); 10,12-diOOH (5%); 13,15- 
diOOH (8%); 10,16-diOOH (15%); 9,15-diOOH 
(15%); trans, cis, trans-9,16-diOOH (34%) and 
trans, trans,trans 9,16-diOOH (19%). These di- 
hydroperoxides apparently are derived by both 
free radical and 1Oa oxidation of linolenate 
monohydroperoxides (7). 

We previously found that thermal decompo- 
sition of hydroperoxy cyclic peroxides and 
dihydroperoxides (9,10) produced volatile 
materials similar to those of monohydroperox- 
ides (12) (e.g., hydrocarbons, aldehydes, furans, 
ketones, unsaturated ketone, aldehydes and 
alcohols). Therefore, the cyclic peroxides and 
dihydroperoxides identified in this work also 
would be expected to produce similar volatile 
products that may have flavor significance. 
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Lipid Composition of Millet (Pennisetum americanum) 
A.U. OSAGIE a and M. KATES*, Department of Biochemistry, University of Ottawa, 
Ottawa, Ontario, Canada K IN  9B4 

Seeds 

ABSTRACT 

The composition of lipids extracted from a sample of millet seeds by each of 8 solvent systems is 
reported. Lipid components were separated by silicic acid column and thin layer chromatography 
(TLC) and quantitated by analysis of fatty acid methyl esters by gas liquid chromatography (GLC), 
with heptadecanoic acid as internal standard. Best results were obtained by extraction with hot water- 
saturated butanol. Lipids extracted amounted to 7.2% of the seed dry weight and consisted of 85% 
neutral lipids, 12% phospholipids and 3% glycolipids. Neutral lipids contained mostly (85%) triacyl- 
glycerols and small amounts of mono- and diacylglycerols, sterols and free fatty acids. Sterols consisted 
of campesterol, stigmasterol and 2 unidentified sterols, occurring in the same proportions in free and 
esterified forms. Ten glycolipid and 10 phospholipid components were separated and characterized. 
Contrary to previously published observations, lysophosphatidylcholine was the major phospholipid 
(42%) in millet seeds; smaller amounts of phosphatidylcholine (24%), lysophosphatidylethanolamine 
(21%) and trace amounts of phosphatidylglycerol, phosphatidic acid, phosphatidylserine and phospha- 
tidylinositol also were present. The major glycolipids were esterffied sterol glycoside, sterol glycoside, 
monogalactosyldiacylglycerol, digalactosyldiacylglycerol and cerebrosides (ceramide monohexosides). 
Lipids 19:958-965, 1984. 

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

Millet seeds are of considerable importance 
in many countries as a food for human con- 
sumption. Because it is one of man's most 
drought tolerant food crops, millet is grown 
primarily in the dry sahel zone across Africa 
and in the semi-arid areas of India. Estimated 
production is about 18 million metric tons 
annually. With the development and testing of 
new varieties, improved production and proc- 
essing methods and the introduction of new 
products, the use of this cereal may be expanded 
further. 

The quality of millet deteriorates quickly 
after it has been ground into a meal, and the 
action of activated lipase and phospholipase on 
the lipid components is considered to be respon- 
sible for the deterioration (1). Odor changes 
were detected in millet meal stored at. 19 C and 
58% relative humidity for only 4-5 days (1). 
Carnovale and Quaglia (2) observed a 3% de- 
crease in ether-extractable lipids on storing mil- 
let flour at 30 C and 95% relative humidity for 
3 mo. Using infrared spectrometry to study the 
extracted lipids, they observed an increase in 
absorption due to the -COOH group, indicating 
an increase in free fatty acids and suggesting 
that hydrolytic as well as oxidative changes in 
lipids occur during storage. Commercial malters 
reject millet seeds because the relatively low 
carbohydrate and the high lipid content would 
contribute to poor head retention and organo- 

IOn leave from Department of Biochemistry, Uni- 
versity of Benin, Benin City, Nigeria. 

*To whom correspondence should be addressed. 

leptic properties of the beer (3). 
The level of petroleum ether extractable free 

lipids in millet cultivars varies from 3.0 to 7.4% 
(1,4-7). The bound lipids extractable with 
water-saturated butanol range from 0.58 to 
0.90% (1). Prudthi and Bhatia (8) reported the 
composition of various polar lipid components 
of Pennisetium typhoideum, after separation by 
two-dimensional TLC, but some of the compo- 
nents were identified erroneously. Badi et al. (9) 
separated millet (Pennisetium americanum (L). 
K. Schum) free and bound lipids by TLC, but 
gave no quantitative results. 

Thus, information available on the lipid com- 
ponents of millet is incomplete. This paper re- 
ports on the relative efficiency of different sol- 
vents in extracting lipids from millet seeds and 
on the composition of the individual lipids 
extracted. 

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

Millet seeds (Pennisetum americanum), grown 
in Zaria, Northern Nigeria, were harvested 
in December 1982 and sun-dried within 5-7 
days after harvest; they were collected on 
Jan. 5, 1983, packed in an air-tight plastic bag 
sealed in a metal tin, transported to Ottawa by 
air on Jan. 22, 1983 and stored in the sealed 
container at 4 C until  analyzed. The seeds were 
ground in a Moulinex coffee grinder and ana- 
lyzed for moisture (10); a moisture content of 
7.6-7.8% was found. Portions (10g) of the 
ground material were immediately extracted 
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separately with each of the following solvents 2 : 
A) Soxhlet extraction with 250 ml n-hexane/ 
diethyl ether (80:20, v/v) for 16 hr; B) Soxhlet 
extraction with 250 ml 85% aqueous methanol 
for 16 hr; C) Soxhlet extraction with 250 ml 
chloroform/methanol  (2:1, v/v) for 16hr;  
D) Soxhlet extraction with 250 ml ethanol/  
ether/water (2:2:1,  v/v/v) for 16 hr; E) boiling 
with 250 ml ethanol/water (80:20, v/v) under 
reflux for 12hr ;  F) boiling with 2 5 0 m l  iso- 
propyl  alcohol for 30 min, then extraction 
3 times with 50 ml portions of methanol/  
chloroform (2 : 1, v/v) with vigorous agitation at 
room temperature;  G) extraction 3 times with 
water-saturated butanol (sample weight/solvent 
volume, 1:5) for 1 hr each with vigorous agita- 
t ion at room temperature,  and H) extraction 
3 times with hot water-saturated butanol (sam- 
ple weight/solvent volume, 1:5, w/v) for 1 hr 
each time with vigorous shaking. After each 
hour, the mixture was cooled to 20 C and fil- 
tered with suction. 

The crude extracts were centrifuged to 
remove insoluble material and evaporated to 
dryness on a rotary evaporator. The residues 
were purified by extraction with chloroform/ 
methanol/water (1:2:0.8,  v/v/v) and forming a 
biphasic system (chloroform/methanol/water ,  
1:1:0.9, v/v/v) by addition of chloroform and 
water (11);  the chloroform layer was diluted 
with benzene and brought to dryness on a rotary 
evaporator. The purified lipids were fractionated 
by silicic acid column chromatography into 
neutral lipid (NL), glycolipid (GL) and phos- 
pholipid (PL) fractions (12) and each fraction 
was examined by TLC on pre-coated silica gel 
plates (J.T. Baker, Phillipsburg, New Jersey) 
in the following solvent systems: I) diethyl 
ether/benzene~ethanol~acetic acid (40:50:2:0 .2 ,  
v/v/v/v); II) n-hexane/diethyl ether (96:4, v/v); 
III) ch loroform/methanol /H20 (65:25:4,  v/v/v); 
IV) chloroform/methanol/conc, ammonia (65: 
35:5, v/v/v); V) chloroform/methanol /acetone/  
diethylamine/H20 (120:35:37.5:6:4.5, v/v/v/v/v), 
and VI) chloroform/acetone/methanol /acet ic  
ac id /H20 (10:4 :2 :2 :1 ,  v/v/v/v/v). All solvents 
were freshly distilled before use. 

Neutral lipids were separated by development 
of the plates first with solvent system I, then, 
after air-drying, in the same direction with 
system II. Polar lipids were separated by one- or 
two-dimensional TLC using systems I l l  and IV. 
The glycolipids were resolved in solvent system V 
while the phospholipids were resolved in sol- 
vent system VI. Lipids were detected on TLC 
plates bycharr ing  with 50% H2SO4 or by spray- 

2It should be noted that solvent systems C and D 
form azeotropes and systems A and B also fractionate 
during reflux in the Soxhlet extraction procedures. 
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ing with specific spray reagents (12). Identifica- 
tion of polar lipid components was established 
by use of specific spray reagents (12) and com- 
parison of their Rf values with those of authen- 
tic wheat lipids (13). 

Fa t ty  acid methyl esters (FAME) were pre- 
pared by methanolysis of the lipid fraction or 
component  in 2.5% methanolic HCl (gaseous) 
(12) and were analyzed on a Pye-Unicam gas 
chromatograph equipped with dual flame ion- 
ization detectors on a glass column (2m x 4ram) 
packed with 10% SP2330 polyester  on 80/100 
mesh chromosorb W-AW support (Supelco Inc., 
Bellefonte, Pennsylvania) and operated at 
225 C under a nitrogen flow rate of 30 ml/min. 
Each major lipid fraction obtained from column 
chromatography and the individual polar lipid 
components  obtained by TLC were quantified 
by GLC analysis of their fatty acid methyl 
esters (14,15) using an internal standard (17:0). 
The results are expressed as weight % of  total 
phospholipids, total  glycolipids or total  neutral 
lipids. 

RESULTS A N D  DISCUSSION 

The various solvents and conditions used 
here for lipid extract ion have been shown to be 
adequate for lipid extraction from other cereals 
(14-18). Since lipid solvents also extract varying 
amounts of non-lipid impurities, all extracts 
were purified by the Bligh and Dyer partit ioning 
procedure (11). The efficiency of several sol- 
vents at extracting millet lipids has not been 
investigated previously. Table 1 shows the quan- 
titative distribution of lipid classes extracted 
by 8 solvent systems. Although chloroform- 
methanol (2:1) and hexane/ether were good 
solvents for extraction of neutral lipids, they 
gave a low yield of  total  lipids due to poor ex- 
traction of polar lipids. Ethanol-ether-water 
(2:2:1 )ex t rac ted  more polar lipids and also was 
a good solvent for neutral lipids, but still gave a 
low yield of total  lipids. Aqueous methanol or 
ethanol were good for extracting phospholipids 
from millet seeds, but they were too polar to 
extract all of the neutral lipids and gave low 
yields of total lipids. Hot water-saturated 
butanol (WSB) was most efficient in t;xtracting 
the polar lipids as well as neutral lipids, more so 
than WSB at room temperature (cold WSB), 
and gave the highest yield of total  lipids. This 
is in agreement with the results reported for 
other cereals (8,16,18). Total lipids extracted 
with hot WSB accounted for 7.2% of seed dry 
weight and consisted of about 85% neutral 
lipids, 12% phospholipids and 3% glycolipids. 

Fa t ty  acid analysis of the total lipids ex- 
tracted by the various solvents (Table 1) showed 
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TABLE 1 

Composition of Lipids Extracted from a Single Sample 
of Millet Seeds by 8 Solvent Systems 

Lipid classes c 
g/100 g dry seed Fatty acid composition (area %) 

Solvent system a Totallipid %b NL GL PL t6:0 18:0 18:1 18:2 18:3 20:0 

A) n-hexane/ether (80:20) 5.39 5.30 0.05 0.04 16.2 5.2 26.5 47.8 3.0 1.3 
B) methanol/water (85:15) 3.00 2.21 0.22 0.57 18.2 4.2 23.7 48.6 4.6 0.6 
C) CHCIz/MeOH(2:I) 6.90 6.50 0.12 0.28 16.7 5.3 26.3 47.0 3.5 1.2 
D) ethanol]ether]water (2:2:1) 6.20 5.45 0.11 0.64 16.3 5.4 26.6 47.9 3.0 0.7 
E) ethanol/water (80:20) 2.20 1.43 0.17 0.60 20.5 3.9 23.7 45.9 5.5 0.6 
F) isopropanol and CHCI3/MeOH (1:2) 5.20 4.61 0.17 0.42 15.3 5.2 26.5 48.7 3.2 1.0 
G) cold water-saturated butanol 6.09 5.40 0.18 0.51 16.8 5.4 26.6 46.5 3.4 1.3 
H) hot water-saturated butanol "/.19 6.16 0.19 0.84 16.2 7.4 24.7 47.4 3.5 0.8 

aSee text for extraction and purification procedure. 
bTotal purified lipid, expressed as % by weight of dry seeds. 
Cprepared by Bio-Sil BH (100-200 mesh) silica gel column chromatography of total lipids, using chloroform 

to elute neutral lipids (NL), acetone to elute glycolipids (GL) and methanol to elute phospholipids (PL) (12). 

TABLE 2 

Fatty Acid Distribution in Major Lipid Classes of Millet a 

Fatty acids (area %) 

Lipid fraction h 16:0 18:0 18:1 18:2 18: 3 Others c 

Neutral lipids (NL) 16.7 8.2 24.7 45.7 3.2 1.4 
Glycolipids (GL) 19.4 4.3 24.4 39.5 10.9 1.5 
Phospholipids (PL) 29.6 2.6 26.4 37.3 4.1 trace 

aValues are averages for 4 separate analyses of fatty acids from lipids of seeds extracted 
with hot WSB. 

bFractions were prepared as described in footnote c, Table 1. 
Clncludes 14:0, 20:0 and 22:0; trace = less than 0.5%. 

tha t  l inoleic (18 :2)  was the  p r e d o m i n a n t  f a t ty  
acid in all ext racts ,  fo l lowed by oleic (18:1)  and 
palmit ic  16:0 acids. Dist inct  d i f fe rences  in f a t ty  
acid compos i t i on  were observed for  the  NL, GL 
and PL f rac t ions  (Table 2), the  NL f rac t ion  
having the  highest  and lowest  con ten t s  o f  18:2 
and 16:0 acids, respect ively ,  while the  PL frac- 
t i on  had the  lowest  and highest  con ten t s  o f  
these  acids; the  GL fract ion had the  highest  
con t en t  of  18:3 acid. It should be no ted  tha t ,  
as has been  observed for  o the r  seeds (19,20),  
t h e  16:0 acid con t en t  o f  the  lipids ex t rac ted  by 
the  various solvents  increased wi th  increasing 
p ropo r t i ons  of  phospho l ip ids  ex t rac ted  (com-  
pare solvents,  A, C, B and E, Table 1) and tha t  
th is  can be a t t r ibu ted  to  the high con t en t  o f  
16:0 in the  PL f rac t ion  (Table 2). 

Exper ience  wi th  whea t  l ipids has shown  (16) 
tha t  l y sophospha t idy lcho l ine  (LPC) is the  mos t  

diff icul t  lipid to  ex t rac t ,  and the  yield of  LPC 
was taken  as indicat ive of  the  tho roughness  of  
ex t rac t ion .  TLC separa t ion of  the  phosphol ip id  
f rac t ions  f rom lipids ex t rac ted  by  the  d i f fe ren t  
solvent  sys tems showed  (Fig. 1) tha t  LPC was 
wel l -extracted by  solvent  sys tems e thano l /wa te r  
(80:20) ,  hot  WSB, cold WSB and me thano l /  
water  (85:15) ,  but  no t  by the  o the r  solvents. 
Quant i ta t ive  compar i son  of phospho l ip ids  ex- 
t rac ted  by  hot  WSB and c h l o r o f o r m / m e t h a n o l  
(2:1)  showed  that  LPC was the major  phos-  
phol ip id  (42% of  to ta l )  ex t r ac ted  wi th  h o t  
WSB, while less t han  1% was ex t rac ted  wi th  
c h l o r o f o r m / m e t h a n o l  (Table 3). In contras t ,  on  
charred TLC plates (Fig. 1) the  phospha t idy l -  
chofine (PC) spot  was the  mos t  in tense ,  ra ther  
t han  the  LPC spot .  Other  workers  (5 ,8 ,21 )a l so  
have observed PC to give a more  intense  spot  
t han  LPC on charred TLC plates and conc luded  
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FIG. 1. Thin layer chromatographic separation of millet seed phospholipid fraction (in 

solvent system VI) from lipids extracted by 8 solvent systems: lane 1, ethanol/water (80:20); 
lane 2, CHC13/MeOH (2:1); lane 3, hot WSB; lane 4, n-hexane/ether (80:20); lane 5, cold 
WSB; lane 6, ethanol/diethylether/water (2:2:1); lane 7, isopropanol + CltCI 3 :MeOH (1:2); 
and lane 8, methanol/H20 (85:15). Identity of spots: X 1 , unidentified; LPC, lysophospha- 
tidylcholine; LPE (+PS), lysophosphatidylethanolamine (+phosphatidylserine); PC (+PI), 
phosphatidylcholine (+phosphatidylinositol); PE, phosphatidylethanolamine; PG, phos- 
phatidylglycerol; PA, phosphatidic acid; X 2, X3, unidentified; and X4, tentatively, bis- 
phosphatidic acid; NL, neutral lipid. Total phospholipids were separated from the total 
lipids by silicic acid chromatography (see footnote c, Table 1). 

erroneously that PC is the major phospholipid. 
The explanation for this anomaly lies in the 
fact that LPC contains one mole of fatty acid/ 
mole LPC with a high proportion of saturated 
fatty acids, while PC contains 2 moles of fatty 
acid/mole PC with a high proportion of unsat- 
urated fatty acids. Since the latter are oxidized 
more readily than saturated acids, the PC com- 
ponents will char more intensely than LPC. PC, 
in fact, was the second predominant phospho- 
lipid, accounting for about 24% of the total 
phospholipids (Table 3). Also unusual was the 
high content of lysophosphatidylethanolamine 
(LPE) (21%), higher than that of phosphatidyl- 
ethanolamine (PE). Phosphatidylglycerol (PG), 

phosphatidic acid (PA) and the presumed bis- 
phosphatidic acid (bis-PA, X4) were present in 
low amounts (ca 1%) (Table 3). Traces of phos- 
phatidylserine (PS) and phosphatidylinositol 
(PI) were present in the LPE and PC spots, 
respectively (Fig. 1, Table 3), as confirmed by 
two-dimensional TLC (Fig. 2). 

The high content of lysophosphatidylcholine 
probably is not due to the action of phospho- 
lipase A2 activity during the extraction proce- 
dure since the highest proportions of LPC were 
obtained with hot WSB, which is the best phos- 
pholipase inactivating solvent system of the 
solvents tested. Phospholipase activity during 
ripening or drying of the seeds also probably is 
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TABLE 3 

Composition of Phosphoglycerides (% by wt) Extracted 
from Millet Seeds by 2 Solvent Systems a 

Phospholipid Hot WSB CHCI 3 MeOH (2 : 1) 

Lysophosphatidylcholine (LPC) 
Lysophosph atidyleth anolamine (LPE) b 
Phosphatidylcholine (PC) c 
Phosphatidylethanolamine (PE) 
Phosphatidylglycerol (PG) 
Phosphatidic acid (PA) 
Biphosphatidic acid (X 4) 

41.6 0.8 
21.2 16.0 
24.3 62.4 

6.4 1"/.2 
1.1 1.3 
1.2 0 .7  
1.2 1.5 

aTotal phospholipids, obtained by silica gel column chromatography (see Table l) ,were 
separated by preparative TLC in solvent system VI; the individual phospholipid components 
w e r e  eluted from the silica with the Bligh-Dyer solvent system (11,12) and quantitated as 
FAME (14,15) using an internal standard (17:0). 

blncludes phosphatidylserine. 
Clncludes phosph atidylinositol. 

TABLE 4 

Fatty Acid Composition of Millet Seed Phospholipids a 

Fatty acids (area %) 

Phospholipid 16:0 18:0 18 : 1 18:2 18: 3 Others b 

LPC 46.0 3.2 28.9 18.3 3.7 trace 
LPE (+PS) 41.8 2.4 20.2 33.0 2.6 trace 
PC (+PI) 18,8 2.8 28.2 48.1 2.2 trace 
PE 20.0 2.3 21.9 52.4 1.8 1.6 
PG 8.2 2.4 10.5 70.4 ! .8 6.6 
PA 26.8 4.8 21.4 37.3 1.9 7.9 
X 4 31.8 6.1 20.4 36.0 trace 5.7 

aTotal lipids were extracted with hot WSB and fractionated by sflicic acid column chro- 
matography (see Tables 1 and 2) and the PL fraction was separated by TLC (see Table 3); 
X, is tentatively identified as bis-phosphatidic acid. 

blncludes 14:0, 20:0 and 22:0; trace=less than 0.5%. 

no t  respons ib le  for  the  high LPC c o n t e n t ,  since 
lipid degradat ive  changes  are de tec ted  on ly  
a f te r  the  grain has  been  g round  in to  a meal  or  
a l lowed to f e r m e n t  (1). LPC and  o t h e r  lysd- 
phospho l ip ids  are no rma l  c o n s t i t u e n t s  of  seeds 
of  cereals where  t hey  exist  as amylase  inc lus ion  
complexes  wi th in  the  s tarch  g ranu le ;  these  
complexes  p r o m o t e  helix f o r m a t i o n  of  the  
newly  syn thes ized  amylase  dur ing  seed devel- 
o p m e n t  (22) .  

F a t t y  acid analysis  of the  indiv idual  phos-  
phol ip ids  (Tab le  4) showed ,  as e x p e c t e d ,  high 
p r o p o r t i o n s  of  16:0 acid in the  l y s o p h o s p h o -  
l ipids LPC and  LPE which  were more  t h a n  
twice t ha t  in the  diacyl  phosphog lycer ides .  High 
p r o p o r t i o n s  of  18:2  acid were f o u n d  in PC, PE 
and  PG, whi le  lower  p r o p o r t i o n s  of  18:1 and 
on ly  small  a m o u n t s  of  18:3 acids were p resen t  

in all of  the  c o m p o n e n t s .  
Sei t -Ablaeva et  al. (23)  have repor ted  the  

phospho l i p id  c o m p o s i t i o n  of  mil let  seeds as 
13-20% PA, 12-14% PS and 18-22% PI. The  
p r o p o r t i o n s  of  these  c o m p o n e n t s  appear  to  be 
very high compared  to the  values f o u n d  here  
(Tab le  3). Two-d imens iona l  TLC separa t ion  of  
our  mil le t  seed p h o s p h o l i p i d s  (Fig. 2) showed  
good  reso lu t ion  of  the  m i n o r  c o m p o n e n t s  PS, 
PI, PA and  PG. These  resul ts  were similar to  
those  pub l i shed  by P r u d t h i  and  Bha t i a  (8)  and  
also to those  ob t a ined  for  whea t  and  maize 
(16 ,24) .  Sei t -Ablaeva et al. (23)  may have 
wrongly  ident i f ied  these  p h o s p h o l i p i d s  because 
of  i n c o m p l e t e  reso lu t ion  on  one -d imens iona l  
TLC. P h o s p h a t i d y l i n o s i t o l  could  no t  be resolved 
f rom PC in 3 one -d imens iona l  TLC solvent  
sys tems  tha t  we tr ied ; and  PS and  LPE could be 
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FIG. 2. Two-dimensional  TLC separation o f  mil let  seed phospholipid fraction m: 
1) CHC13/MeOH/H~O (65:25:4,  v/v/v); and 2) CHC13/MeOH/conc Ammonia  (65:35:5,  
v/v/v); abbreviations as in Fig. 1 ; X, Y, unidentified. 

TABLE 5 

Composit ion of  Millet Seed Glycolipids a 

Fatty acid composit ion (area %) 

Glycolipid wt  % 16:0 18:0 18:1 18:2 18:3 

Acyl-monogalacto syldiacylglycerol 2.0 27.5 8.0 22.1 36.2 6.2 
Esterified sterolglycoside 37.4 27.9 4.4 26.9 37.3 3.4 
Monogalactosyldiacylglycerol 11.7 20.2 5.9 26.0 34.3 13.7 
Unidentified 4.5 21.0 10.4 23.0 35.5 10.1 
Sterol glycoside 14.2 
Cerebroside I 9.4 32.5 11.9 23.1 23.2 9.3 
Cerebroside II 1.7 25.9 18.0 19.9 29.2 7.0 
Monogalactosylm onoacylgly cerol b 1.4 20.9 8.1 22.5 42.1 6.3 
Digalact osyldiacylgly cerol 15.4 16.6 5.6 20.4 38.6 18.7 
Digalactosylmonoacylgly cerol b 2.3 13.9 10.8 29.8 35.0  10.5 

aTotal lipids extracted by hot WSB were fractionated on a co lumn of  silicic acid (Table 1) 
and the glycolipid fraction was separated by preparative TLC in solvent system V. 

bIdentified by comparison of  Rf values in solvent systems III, IV and V and in CHC13 / 
MeOH/Acetic Acid/H 2 0  (65:25:8:4,  v/v/v/v) with those o f  authentic standards. 
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TABLE 6 

Composition of Millet Seed Non-Polar Lipids a 

Fatty acid composition (area %) 

Lipid component vet % 16:0 18:0 18:1 18:2 18:3 Others b 

Steryl ester 3.5 18.0 8.7 30.8 42.5 trace - 
Triacylgly cerols 85.8 15.9 5.3 28.8 46.2 2.5 0.8 
Mono- and di-acylglycerols 3.2 24.1 4.8 22.7 40.8 7.6 trace 
Free fatty acids 2.1 21.1 8.8 27.2 37.8 4.1 0.8 
Free sterols 5.4 . . . . . .  

aTotal lipids were  extracted by hot WSB and fractionated by silicic acid column chrom- 
atography (see Table 1). Non-polar lipids were separated by TLC on silica gel G using solvent 
systems I and II in the same direction. 

blncludes 14:0, 20:0 and 22:0; trace = less than 0.5%. 

completely resolved in only one solvent system 
(solvent III). Also, PC was inseparable from 
digalactosyldiacylglycerol (DGDG) when total 
lipid extracts were separated on TLC. It is, 
therefore, essential to do a preliminary fraction- 
ation of the total lipids by column chromatog- 
raphy in order to effectively separate and 
identify minor phospholipids such as PA, PS 
and PI in millet. 

The glycolipid fraction was resolved into 10 
components by TLC in solvent V (Table 5). 
These components were identified by co- 
chromatography with authentic samples and 
identification of the deacytated products (12). 
The major glycolipids were DGDG, monogalac- 
tosyldiacylglycerol (MGDG), sterol glycoside 
(SG) and esterified sterolglycoside (ESG). Lai 
and Variano-Marston (1) were unable to detect 
MGDG in their millet lipid extracts. In contrast 
to the glycolipid composition in wheat (16), 
sterol glycosides greatly predominate over 
glycosyldiacylglycerols (Table 5). Obara and 
Kihara (25) reported a 13.5% lipid content, 
containing 17.5% glycolipids, in Italian millet 
(Setaria italiea). The sugar in MGDGand DGDG 
was exclusively glucose, whereas it is almost 
entirely galactose in other cereals. These high 
glycolipid contents are questionable because of 
the difficulties in analyzing millet glycolipids 
by TLC of total lipid extracts. Again, prelim- 
inary fractionation of total lipids by column 
chromatography is recommended. In the present 
study, analysis has shown that the glycolipids 
constitute less than 8% of the total lipid extract 
with SG and ESG as the predominant compo- 
nents. The presence of small amounts of 
acyl-MGDG, monogalactosylmonoacylglycerol 
(MGMG) and digalactosylmonoacylglycerol 
(DGMG) in millet lipids have been demonstrated 
for the first time (Table 5). The cerebrosides 
usually were resolved into 2 spots on TLC. One 
of  the spots co-chromatographed with authentic 

ceramide monohexoside in 3 solvent systems. 
In regard to the neutral (non-polar) lipid 

fraction, triacylglycerol was found to be the 
major component,  followed by free and ester- 
ified sterols (Table 6). The fatty acid composi- 
t ion of the neutral lipids (Table 2) largely 
reflects that of the triacylglycerols (Table 6). 
The free sterols and the sterols in the various 
"bound"  sterol, lipids (sterol ester (SE), SG and 
ESG) were isolated, after hydrolysis with 
methanolic-HC1 (12), by preparative TLC (12, 
26) and analyzed by GLC and by combined 
GLC-mass spectrometry (26). The same sterol 
composition was found for both the free and 
"bound"  sterols, namely, campesterol (3%), 
unidentified 1 (21%), unidentified 2 (11%) and 
/3-sitosterol (65%). The 2 unidentified sterols 
probably are not artifacts produced during 
methanolic-HC1 hydrolysis of the "bound"  
sterols as was found in diatoms (26), since they 
were present in the "free" sterol fraction that 
had not been treated with methanolic-HC1. 

In summary, the lipids found in millet are 
similar to those that have been identified 
previously in other cereals (13,19). The present 
work presents a more complete analysis of the 
lipid components of millet seed. This study will 
serve as a basis for further investigation of the 
metabolism of lipids during germination of mil- 
let seeds and to assess the importance of lipids 
in foods prepared from millet. 
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ERRATA 

In "Changes  in the Structure  of  Soybean  Tri- 
acylglycerols  Due to  Hea t , "  by Hiromi Yoshida  
and J.C. Alexander  in the  August  1984 issue of  
Lipids, an error  was made  in the  tex t  due to an 
omiss ion by a word  processor .  On line 21 in the  
first co lumn of  page 590, the  values in paren-  
theses  should be (10 to 100 / a g ) o f  me thy l  
hep t adecanoa t e .  

In the  May 1982 issue of  Lipids, the name of  
Tjet M. Sun was omi t t ed  as a co-author  of  the  
paper ,  " S e d i m e n t a t i o n  Equi l ibr ium of  Human  
Low Densi ty  L ipopro te in  Subf rac t ions . "  
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ERRATA 

In "Changes  in the Structure  of  Soybean  Tri- 
acylglycerols  Due to  Hea t , "  by Hiromi Yoshida  
and J.C. Alexander  in the  August  1984 issue of  
Lipids, an error  was made  in the  tex t  due to an 
omiss ion by a word  processor .  On line 21 in the  
first co lumn of  page 590, the  values in paren-  
theses  should be (10 to 100 / a g ) o f  me thy l  
hep t adecanoa t e .  

In the  May 1982 issue of  Lipids, the name of  
Tjet M. Sun was omi t t ed  as a co-author  of  the  
paper ,  " S e d i m e n t a t i o n  Equi l ibr ium of  Human  
Low Densi ty  L ipopro te in  Subf rac t ions . "  
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METHODS 
A Modified Radiometric Assay for 3-Hydroxy-3-Methylglutaryl 
Coenzyme A Reductase 
NAFSIKA H. GEORGOPAPADAKOU% x and BARBARA A. D IX  a , The Squibb 
Institute for Medical Research, Princeton, New Jersey 08540 

ABSTRACT 

A radiometric assay for measuring the activity of 3-hydroxy-3-methylglutaryl-coenzyme A 
(HMG-CoA) reduetase is described. The assay is based on the separation of ~ e  mevalonate product 
from HMG-CoA by high-voltage electrophoresis. This method is more sensitive and more specific than 
the NADPH-based spectrophotometric assay, and less tedious than available radiometric assays. It has 
been used to measure HMC_,-CoA reductase activity in crude extracts of Saccharomyces cerevisiae and 
in human skin fibroblasts. 
Lipids 19:966-970, 1984. 

INTRODUCTION 

The enzyme 3-hydroxy-3-methy lg lu ta ry l -  
coenzyme A (HMG-CoA) reductase [mevalonate: 
NADP + oxidoreductase (acetylating CoA), EC 
1.1.1.34] catalyzes the reduction of HMG-CoA 
by NADPH to produce mevalonic acid (MVA) 
(Fig. 1). The reaction is the first exclusive to 
isoprenoid biosynthesis and, at least in sterol 
biosynthesis, is the rate-limiting step (1-3). The 
mevalonate product  is thus a key intermediate 
in the biosynthesis of sterols, as well as dolichol, 
ubiquinone and isopentenyladenosine (3,4). 
HMG-CoA reductase is a highly regulated en- 
zyme;  regulation occurs through changes in the 
rates of synthesis and degradation (5,8), and 
possibly through phosphorylat ion-dephosphoryl-  
ation (9-11). The enzyme from several sources 
has been purified and studied (12-15), and its 
regulation recently has been the focus of intense 
research interest (16,17). 

Several methods for measuring activity of  
HMG-CoA reductase exist. They are based on 
the disappearance of NADPH (I 8,19), the incor- 
porat ion of radiolabel from HMG-CoA into 
MVA (20-22), or the release of CoA (23). Of 
these assays, the radiometric is the most sensi- 
tive and specific and has been widely used with 
crude enzyme preparations (24,12); it employs 
[ t4C]HMG-CoA as substrate, with [3H]MVA 
being added at the end of the incubation 
as an internal standard. MVA is isolated as 
mevalonolactone (MVAL) by  thin layer chrom- 
atography (TLC). Drawbacks of the method are 
that  it involves several manipulations and is 
relatively t ime-consuming. Most important ly ,  
the [3H]MVA standard may interfere with the 
measurements of [14C]MVAL product  at low 
enzyme activities. 

*To w h o m  correspondence should be addressed. 
1Currently with Hoffman-La Roche, Inc., Nutley, 

NJ 07110. 

In this paper a variation of the radiometric 
assay is described in which the separation of 
MVA from other components  is performed by 
high-voltage paper etectrophoresis. Percentage 
conversion is then calculated, total  recovered 
radioactivity serving as an internal standard. 
The method involves minimal manipulations 
and has been applied successfully to studies with 
HMG-CoA reductase from yeast and mammalian 
sources. 

M A T E R I A L S  AND METHODS 

DL-[3J4C]HMG-CoA (51 #Ci//.tmol) and 
Aquasol scintillation fluid were obtained from 
New England Nuclear Corp. (Boston, Massachu- 
setts); DL- [3J4C]MVAL (10 #el /gruel )  from 
Amersham Corp: (Arlington Heights, Illinois); 
NADPH, dithiothrei tol  (DTT), phenylmethane- 
sulfonyl fluoride (PMSF), 13-glucuronidase and 
Trizma base from Sigma Chemical Co. (St. 
Louis, Missouri) and Whatman 3MM paper from 
Fisher Scientific (Springfield, New Jersey). 
Tissue culture media supplies were purchased 
from GIBCO Laboratories (Grand Island, New 
York). Mevinolin was a gift from Merck, Sharp 
and Dohme (Rahway, New Jersey). 

Yeast Culture 

S. cerevisiae ATCC 9763 was grown with 
shaking at 30 C in YEPD medium (1% yeast 
extract,  2% peptone,  2% dextrose) until  late log 
phase (OD660=1.3-1.5). Cells were harvested by 
centrifugation, washed with 10 mM potassium 
phosphate buffer, pH 7.0 and, if not  used 
immediately,  stored at -20 C. 

Fibroblast Culture 

Cultured human fibroblasts derived from 
neonatal foreskin were grown as a monolayer  
and used between the 10th and 30th passage. 
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H MG-CoA CoA 
H2C~I~'%COOH Reductase ~ HHC~,COOH 

SC~ NADPH + H + 2 NADP + O 
HMG-CoA MVA 

H c. p -.coo. H c.p  o 
"~ L.y o. "~ Lvol 

O 
HMG MVAL 

FIG. 1. Enzymatic and non-enzymatic reactions occurring in assays of HMG-CoA reduc- 
tase with crude extracts. Position of the radioactive label is shown by an asterisk (*). 

Stock cultures were maintained in a humidified 
incubator (5% CO2) at 37 C in 250 ml (75-cm 2) 
flasks containing 15 ml of Eagle's minimum 
essential medium (GIBCO No. 3330-1435) 
supplemented with 0.2% NaHCO3, 2 mM gluta- 
mine, 50 U/ml penicillin, 50 pg/ml streptomycin, 
and 10% fetal calf serum (EMEM-FCS medium). 
Cells were split (1:3 ratio) every 7 days. 

On day 5 the EMEM-FCS medium was re- 
placed with EMEM, and on day 6 (20 hr prior 
to each experiment) with EMEM medium con- 
taining 0.01 mM mevinolin (6). On day 7 cells 
were dissociated with 0.025% trypsin-0.02% 
EDTA, harvested by centrifugation, washed with 
50 mM Tris-HC1, pH 7.5 - 0.15 M NaC1, and 
used immediately. 

Preparation of Extracts 

Yeast spheroplasts were prepared by EDTA- 
~-glucuronidase treatment as described (25). 
They were lysed in 50 mM Tris-HC1, pH 7.5- 
2 mM MgC12, and membranes were solubilized 
in 50 mM potassium phosphate, pH 7.0 - 0.5% 
Triton X-100 at 0 C for 60 min (1). After cen- 
trifugation at 37,000 g for 30 min, the super- 
natant was dialyzed overnight against 100 mM 
potassium phosphate, pH 7.0 containing lmM 
EDTA and 1 mM ~-merceptoethanol. The dial- 
ysate was stored at -20 C in 0.5 ml aliquots, to 
avoid repeated freezing and thawing; under this 
condition the enzyme is stable for at least one 
month.  

Enzyme from human fibroblast pellets was 
prepared by briefly homogenizing the cells 
(2 x 107/ml) in 50 mM Tris-HC1, pH 7.5, con- 
taining 10 mM DTT, 1 mM PMSF, and 0.5% 
Triton X-100, and then incubating the suspen- 
sion at 0 C for 60 min (26). After centrifugation 
at 37,000 g for 30 rain, the supernatant was 

stored in 0.5 ml aliquots at -20 C, where it has 
a half-life of 2 weeks. 

Enzyme Assays 

The yeast enzyme was assayed at 30 C with 
a 30 rain incubation period. Incubation mixtures 
contained a total volume of 25 /.d (6 X 50 mm 
tubes); 7.5 mM NADPH, 50 mM DTT, 0.1 mM 
[14CIHMG-CoA (200,000 cpm), and enzyme 
sufficient to convert 10-13% of substrate to 
product. Typically, 10/.tl of crude extract was 
used. This corresponds to 2-3 /ig of protein, 
measured by the method of Lowry (27). The 
mammalian enzyme was assayed at 37 C using 
2 hr incubation period. Incubation mixtures 
contained a total volume of 25 pl: 7.5 mM 
NADPH, 100 mM DTT, 0. l mM [ 14 C] HMG-CoA 
and 10 /al (20-30/~g protein) of crude extract. 
A reaction mixture without enzyme also was 
run in parallel and served as a blank. Reactions 
were started by the addition of enzyme and 
were stopped by the addition of 5 /aI of 10% 
tricholoroacetic acid (TCA), : 

Acidified incubation mixtures were spotted 
on 57 x 46 cm Whatman 3MM paper (middle 
of long dimension, 3 cm apart) which then was 
subjected to high-voltage electrophoresis (100 
V/cm) at pH 3.5 (pyridine/acetic acid/water, 
1/10/1000, v/v/v) for 20 rain. Substrate and 
product (Fig. 1) were localized by autoradiog- 
raphy on Kodak XAR 5 X-ray film (overnight 
exposure). Under these conditions, the following 
mobilities were observed: MVAL,-1 cm; MVA, 
+2cm; HMG, +5.5 cm; HMG-CoA, +10 crn. The 
radioactive spots were cut, counted in 5 ml 
Aquasol, and percentage conversion of substrate 
(HMG + HMG-CoA + MVA + MVAL) to product 
(MVA + MVAL) was determined. Enzyme 
activity was calculated in pmoles of mevalonate 
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FIG. 2. Effects of DTT on HMG-CoA reductase 
activity in crude extracts from S. cerevisiae (A) and 
human fibroblasts (B). 

formed per rain per mg protein, since the reac- 
tion is Linear with time and protein concentra- 
tion under these experimental conditions. 

RESULTS 

Four major radioactive spots were detected 
on the electrophoretograms at the end of the 
enzyme incubations with [14C]HMG-CoA. Of 
these, 2 with mobilities +5.5 and +10 cm also 
appeared in the incubation without enzyme. 
They were identified as HMG and HMG-CoA 
respectively, by subjecting [ 14 C] HMG-CoA to 
electrophoresis before and after saponification 
with 1 M NaOH (30 min at 40 C). The former 
condition gave predominantly the +10 cm spot 
and the latter the +5.5 cm spot. The other 
2 spots, with mobiLities -1 cm and +2 cm, were 
identified as MVAL and MVA respectively, by 
subjecting commercial [ 14C] MVAL to electro- 
phoresis after treatment with 2% TCA or 0.5 M 
NaOH (15 min at 30 C). The former treatment 
gave predominantly (85%) the -1 cm spot and 
the latter (98%) the +2 cm spot. Average recov- 
ery of radioactivity was 70% of original samples. 
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FIG. 3. pH profile of HMG-CoA reductase activity 
in S. cerevisiae (A) and human fibroblasts (B). Crude 
extracts were prepared as described in Methods, with 
50 mM potassium phosphate (a - zx), Tris-HCl (o-o), or 
sodium borate (a - ~). Incubation mixtures thus con- 
tained 20 mM of the indicated buffer and pH. 

Variation between duplicate assays was approx. 
5%. 

In preliminary experiments, the [14C]MVA 
was incubated with crude extracts from either 
cell source under conditions favoring formation 
of MVA (pyro)phosphate (28,29). No product 
other than MVA and MVAL could be detected 
in the electrophoretogram. Mevinolin, a potent 
inhibitor of HMG-CoA reductase (30), com- 
pletely inhibited [14C]MVA formation from 
[14C]HMG-CoA at 10 /aM. Finally, using an 
NADPH-generating system instead of NADPH 
in the incubation mixture (31) gave the same 
activity. NADPH was used routinely in the 
assays in the interest of convenience. 

Next, the assay variables were optimized. 
NADPH, between 2 and 15 mM, produced max- 
imal activity, and 7.5 mM was used routinely. 
DTT substantially increased activity of both the 
mammalian and yeast enzymes (Fig. 2). 50 mM 
DTT was thus employed for assay of the yeast 
enzyme and 100 mM DTT for assay of the 
mammalian one. Both pH and the nature of the 
buffer affected enzyme activity (Fig. 3), the 
optimal pH being 7.5. Sodium borate inhibited 
enzyme activity in both species. Potassium phos- 
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FIG. 4. Lineweaver-Burk (double reciprocal) plots 
of HMG-CoA reductase activity vs. HMG-CoA substrate 
concentration in crude extracts from S. cerevisiae (A) 
and human fibroblasts (B). 

phate, Bicine (pH 8.0 and 8.5) and Hepes (pH 
7.0 and 7.5) buffers inhibited activity only in 
human fibroblasts (data not shown). Thus, the 
yeast extract was routinely prepared and assayed 
in potassium phosphate, pH 7.5, and the fibro- 
blast extract in Tris-HC1, pH 7.5. Preincubation 
of either enzyme with Escherichia coti phos- 
phatase under conditions reported to convert 
the enzyme to the active, dephosphorylated 
form (31) did not affect activity. Therefore, a 
preincubation step was not included ha the 
standard assay. 

The K m values for HMG-CoA in the 2 sys- 
tems were 1.8/aM for the yeast enzyme and 4.2 
/aM for the mammalian enzyme (Fig. 4). The 
specific activities of the crude enzyme prepara- 
tions used were 2.0 and 0.07 nmoles/min/mg 
protein, respectively. 

measure mevinolin-sensitive-HMG-CoA reduc- 
tase ha crude extracts using the spectrophotomet- 
ric assay. Presumably, other NADPH-utilizing 
enzymes also were present. It is noted that in 
human fibroblasts the small amounts of cell 
material and the lability of the enzyme make 
measurements in crude extracts not only desir- 
able but necessary. The advantages of the 
present method over available radiometric 
assays, in particular the widely used TLC method 
(21,22), are 2: manipulations are kept to a 
minimum (protein removal and extraction with 
organic solvents are eliminated) and corrections 
are built in for incomplete recovery. Enzyme 
activities are initially calculated as percentage 
conversion of []aC]HMG-CoA to [I4C]MVA, 
and subsequently are expressed as nmoles 
MVA/incubation. As with all radiometric assays, 
the present assay is a fixed-time assay. However, 
it may be used ha kinetic studies if aliquots of 
the reaction mixture are removed with time, 
provided the reaction stays linear with assay 
conditions. 

The K m values for HMG-CoA obtained for 
the yeast and mammalian enzymes are ifi good 
agreement with those reported in the literature 
using other assays. For the S. cerevisiae the 
reported value is 1.2 /aM (19), while for the 
mammalian enzyme reported values range from 
0.5 to 35/aM (14, 32-36). 

The specific activities obtained in cell-free 
extracts from the 2 species are also in line with 
values reported in the literature. These range 
from 0.24 to 2 nmoles MVA/min/mg protein 
for the yeast enzyme (12,37) and from 0.09 to 
2.8 nmoles/min/mg protein for the mammalian 
enzyme (14,34,36,38). It is noted that in yeast, 
HMG-CoA reductase activity increases with the 
age of the culture, being maximal during sta- 
tionary phase (1). We routinely used late log- 
phase cells to facilitate spheroplast formation. 
With fibroblasts, the observed tenfold increase 
in activity after mevinolin treatment is.compar- 
able to the reported increase after treatment 
with the structurally related compactin (6). In 
hepatocytes, however, mevinolin has been re- 
ported to repress HMG-CoA reductase (39). 

In conclusion, the present assay is sensitive, 
accurate and easy to perform. It is thus well- 
suited for studies on the regulation of HMG-CoA 
reductase and its role in the biosynthesis of 
sterols and other important isoprenoids. 

DISCUSSION 

A radiometric method for assaying HMG-CoA 
reductase has been described. Its advantages over 
the spectrophotometric method are sensitivity 
and specificity. For example, we were unable to 

ACKNOWLEDGMENTS 

Dr. Carl Ciosek provided us with secondary fibro- 
blast cultures, and Drs. William A. Scott and David 
Cushman critically read the manuscript. 

LIPIDS, VOL. 19, NO. 12 (1984) 



970 METHODS 

REFERENCES 

1. Quain, D.E., and Haslam, J.M. (1979) J. Gen. 
Microb. 111,343-351.  

2. Siperstein, M.D., and Fagan, V.M. (1966)J. Biol. 
Chem 241,602-609. 

3. Rodwell, V.W., Nordstrom, J.L., and Mitschelen, 
J.J. (1976) Adv. Lipid Res. 14, 1-74. 

4. Faust, J.R., Goldstein, J.L., and Brown, M.S. 
(1979) Arch. Biochem. Biophys. 192, 86-99. 

5. Boll, M., Lowel, M., Still, J., and Bendt, J. (1975) 
Eur. J. Biochem. 54,435-444. 

6. Brown, M.S., Faust, J.R., Goldstein, J.L., Kaneko, 
I., and Endo, A. (1978) J. Biol. Chem, 253, 
1121-1128. 

7. Rine, J., Hansen, W., Hardeman, E., and David, 
R.W. (1983) Prec. Natl. Acad. Sci. USA 80, 
6750-6754. 

8. Tanaka, R.D., Edwards, E.A., Lan, S.F., and 
Fogelman, A.M. (1983) J. Biol. Chem. 258, 
13331-13339. 

9. Beg, Z.H., Stonik, J.A., and Brewer, H.B. (1979) 
Prec. Natl. Acad. Sci. USA 76, 4375-4379. 

10. Gibson, D.M., and Ingebritsen, T.S. (1978) Life 
Sci. 23, 2649-2664. 

11. Beg, Z.H., and Brewer, H.B. (1982) Fed. Prec. 
41, 34-38. 

12. Qureshi, N., Dugan, R.E., Nimmannit, S., Wu, 
W.H., and Porter, J.W. (1976) Biochemistry 15, 
4184-4190. 

13. Bensch, W.R., and Rodwell, V.W. (1970) J. Biol. 
Chem. 245, 3755-3762. 

14. Ness, G.C., Spindler, C.D., and Moffler, M.H. 
(1979) Arch. Biochem. Biophys. 197,493-499. 

15. Beg, Z.H., Stonik, J.A., and Brewer, H.B. (1977) 
FEBS Lett. 80, 123-129. 

16. Chin, D.J., Luskey, K.L., Faust, J.R.,MacDonald, 
R.J., Brown, M.S., and Goldstein, J.L. (1982) 
Prec. Natl. Acad. Sci. USA 79, 7704-7708. 

17. Hardeman, E.C., Jenke, H.S., and Simoni, R.D. 
(1983) Prec. Natl. Acad. Sei. USA 80, 1516- 
1520. 

18. Fimognari, G.M., and Rodwell, V.W. (1965) Bio- 
chemistry 4, 2086-2090. 

19. Kirtley, M.E., and Rudney, H. (1967) Biochem- 
istry 6,230-238. 

20. Goldfard, S., and Pitot, H.C. (1971) J. Lipid Res. 
12,512-515. 

21. Neprokoeff, C.M., Lakshmanan, M.R., Ness, G.C., 
Dugan, R.E., and Porter, J.W. (1974) Arch. Bio- 

chem. Biophys. 160, 387-393. 
22. Shapiro, D.J., Nordstrom, J.L., Mitschelen, J.J., 

Rodwell, V.W., and Sehimke, R.T. (1974) Bio- 
chim. Biophys &eta 370,369-377. 

23. Hulcher, F.H., and Oleson, W.H., (1973) J. Lipid 
Res. 14, 625-631. 

24. Brown, M.S., Dana, S.E., and Goldstein, J.L. 
(1973) Prec. Natl. Acad. Sci. USA 70, 2162-2166. 

25. Cabib, E. (1971) in Methods in Enzymology 
(Jacoby, W.B., ed.) Vol. 22, pp. 120-122, Aca- 
demic Press, New York. 

26. Kennelly, P.J., Brandt, K.G., and Rodweil, V.W. 
(1983) Biochemistry 22, 2784-2788. 

27. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and 
Randall, R.J. (1951) J. Biol. Chem. 193, 265-275. 

28. Flint, A.P.F. (1970) Biochem. J, 120, 145-150. 
29. Beytia, E., Dorsey, J.K., Mart, J., Cleland, W.W., 

and Porter, LW. (1970) J. Biol. Chem. 245, 
5450-5458. 

30. Alberts, A.W., Chen, J., Karon, G., Hunt, V., 
Huff, J., Hoffman, C., Rothroch, J., Lopez, M., 
Joshua, H., Harris, E., Patchett, A., Monoghan, R., 
Currie, S., Stapley, E., Albers-Sehonberg, G., 
Hensens, O., Hirsehfield, J., Hoogstem, K., 
Liesch, J., and Springer, J. (1980) Prec. Nail. 
Acad. Sci. USA 77, 3957-3961. 

31. Brown, M.S., Goldstein, J.L., and Dietschy, J.M. 
(1979) J. Biol. Chem. 254, 3144-3149. 

32. Srinkantaiah, M.V., Tormanen, C.D., Redd, W.L., 
Hardgrave, J.E., and Scallen, T.J. (1977) J. Biol. 
Chem. 252, 6145-6150. 

33. Langdon, R.B., and Counsell, R.E. (1976) J. Biol. 
Chem. 251, 5820-5823. 

34. Kawachi, T., and Rudney, H. (1970) Biochem- 
istry 9, 1700-1705. 

35. Edwards, P.A., Lvmangello, D., and Fogelman, 
A.M. (1979) J.Lipid Res. 20, 40-46. 

36. Edwards, P.A., Lemangello, D., and Fogeiman, 
A.M. (1979) Biochim. Biophys. Aeta 574, 123- 
135. 

37. Berg, D., Draber, W., yon Hugo, H., Hummel, W., 
and Mayer, D. (1981) Z. Naturforsch. 36c, 
798-803. 

38. Kleinsek, D.A., and Porter, J.W. (1979) J. Biol. 
Chem. 254, 7591-7599. 

39. Edwards, P.A., Lan, S.-F., Tanaka, R.D., and 
Fogeiman, A.M. (1983) J. Biol. Chem. 258, 
7272-7275. 

[Received June  14, 1984] 

LIPIDS, VOL. 19, NO. 12 (1984) 



Mass Spectrometric Location of Double Bonds in Unsaturated 
Fatty Acids Including Conjugated Acids as Their Methoxybromo 
Derivatives 
N.C. SHANTHA and T.N.B. KAIMAL,* Regional Research Laboratory (CSIR), Hyderabad 
500 007, India 

971 

ABSTRACT 

Methoxybromo derivatives of unsaturated fatty acids including conjugated acids yield simple mass 
spectra and can be used to locate the position of double bonds in these acids. The derivatives are pre- 
pared under mild conditions by bromination of the unsaturated fatty acids in methanol. The method 
is illustrated with the methoxybromo derivatives from methyl esters of oleic, petroselenic, erucic, 
undecenoic, linoleic, linolenic, the conjugated diene acids from dehydrated castor oil, a-eleostearic, 
punicic and parinaric acids. Unlike other methods using methoxy derivatives, the methoxybromo 
derivatives yield fewer ions, the diagnostic peaks forming the most intense ions of the spectra. While 
unambiguous double bond location is possible with monoenoic acids and conjugated fatty acids, 
only the end carbon atoms of the unsaturation system in nonconjugated polyenoic acids is located. 
But the characteristic appearance of fragments corresponding to [CH3(CH2)nCH(OMe)CH03r)CH=-2H] § 
and fragments 24 mass units higher than those which locate the end carbons in such fatty acids indi- 
cate a methylene-interrupted system of double bonds. 
Lipids 19:971-974, 1984. 

INTRODUCTION 

A number of methods have been reported 
for the location of double bonds in monoenoic 
and non-conjugated polyenoic fatty acids. 
Owing to the easy migration of double bonds 
upon electron impact (1,2), most of these 
methods use chemical labelling of the double 
bond positions prior to mass spectrometry. The 
earlier methods have been reviewed (3,4). 
Recent proposals include reactions between 
fatty acids and vinylmethyl ether in the ion 
source under charge exchange conditions 
(CSz/N2) resulting in the formation of cyclo- 
butane adducts (5); negative chemical ioniza- 
t ion and coUisionally activated dissociation and 
mass analyzed ion kinetic energy (CAD MIKE) 
spectra (6); the Diels-Alder adducts of olefins 
with ketals of tetrachlorocyclopentadiene (7); 
nicotinic acid derivatives of fatty alcohols (8), 
and pyrrolidides of the products of deuterodi- 
imide reduction (9). No method exists at 
present for the location of double bonds in 
conjugated unsaturated acids. 

The existing methods require cumbersome 
and time consuming derivatization steps often 
using expensive and toxic (for example,  os- 
mium tetroxide) reagents. The method reported 
in this investigation, applicable to both conju- 
gated and nonconjugated acids, uses methoxy- 
hromo derivatives easily prepared under mild 
conditions by addition of bromine to a metha- 
nolic solution of the ester. Fragments contain- 

* To whom correspondence should be addressed. 

ing methoxy groups form a simple spectrum. 
The drawbacks encountered with the poly- 
methoxy derivatives are absent. There has been 
an attempt to prepare methoxyhalogeno 
derivatives by demercuration of the methoxy- 
mercuriacetate adducts with bromine or iodine 
(10). However, the derivatives prepared thus 
from diene and triene fatty acids did not yield 
useful mass spectra. 

EXPERIMENTAL 

Materials 

Methyl oleate was purchased from Acme 
Synthetic Chemicals, Bombay. Methyl un- 
decenoate and methyl petroselenate were 
available in the laboratory. Methyl erucate was 
isolated from mustard oil, methyl linoleate 
from safflower oil and linolenate from linseed 
oil, by silver ion TLC of the total methyl esters 
of the respective oils. A mixture of (E_,E) and 
(E,Z)-methyl 9,11-octadecadienoate was iso- 
lated from dehydrated castor oil methyl esters 
by silver ion TLC. Other conjugated acids were 
isolated from Mornordica charantia (a~eleostearic 
acid; (Z,E,E)-methyl- 9,11,1 3- octadecatrienoic 
acid), Trichosanthes anguina (punicic acid; 
(Z,E,Z__)-methyl- 9,11,1 3-octadecatrienoic acid) 
and from Impatiens balsarnina (parinaric acid; 
(Z,E,E,Z_)-methyl-9,11,13,15-octadecatetraenoic 
acid) by TLC of the total methyl esters on silica 
gel G. Each sample was checked for its purity 
by gas chromatography on a Silar 10C or SE-30 
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column for nonconjugated and conjugated acids, 
respectively. 

METHODS 

Preparation of Methoxybromo Derivatives 

Bromination of the fatty acid methyl esters 
was carried out in methanol. About 10 mg of 
ester dissolved in 10 ml of methanol (analytical 
reagent grade) was taken in a 2-necked, round- 
bottomed flask provided with a gas inlet tube. 
The flask was cooled to 0 C and a stream of 
nitrogen was bubbled through the solution. A 
solution of bromine in methanol (30%, wt) was 
added drop by drop and the mixture was stirred 
magnetically. Addition of bromine was con- 
tinued until  a faint yellow color persisted; stir- 
ring was continued for another 30 min. The 
brominated products were isolated by extrac- 
tion with ether. 

The reaction products were separated by 
preparative TLC on silica gel G using hexane- 
diethyl ether (90:10, v/v) as solvent. The 
fractions with the highest and the lowest Rf 
values were rejected. While unreacted ester con- 
stituted the former, the latter is assumed to be 
the polybromo derivatives. The methoxybromo 
derivatives resolve into more than one band; for 
example, 3 bands are obtained for trienoic acids 
all of them not  necessarily yielding identical 
mass spectra. Hence, when analyzing polyenoic 
acids, analysis of the various products may be 
necessary. Rf values of the relevant bands can- 
not be specified as they vary with the number 
of double bonds in the original ester, but gener- 
ally they ranged between 0.3 and 0.6. 

CH3 

CH~ 

Mass Spectrometry 

Mass spectra were recorded under electron 
impact conditions on a VG Micromass 7070 H 
high resolution mass spectrometer equipped 
with a minicomputer (Digital PDP 8A) with 
floppy disc recorder (RX 02) and 16K core 
memory. Samples were introduced by either a 
direct inlet system for solid samples or a 
septum inlet system for liquid samples. The 
source temperature was 180 C and emission 
200 /~A at 70 eV. A few spectra also were 
recorded at 20 eV. 

R ESU LTS 

Methyl Oleate 

Bromination in methanol of methyl oleate 
((_Z)-methyl-9-octadecenoate) produces 2 iso- 
meric bromomethoxy derivatives. 

I OMe 
I 

- (CH2)7 - CH i 1 CH - (CH 2)7 - COOMe 
L 

Br 201 

157 Br 
I 

- (CH2)7 - CH ~ CH - (CH 2)7 - COOMe 
I t 

OMe I 

Cleavage between the carbons bearing the Br 
and OMe groups gives high intensity ions at m/z 
201(100) and 157(97). The figures in parenthe- 
ses indicate the relative intensity. Peaks arising 
from the loss of MeOH from these fragments at 
m/z 169(16) and 125(6) also are present. The 
former loses an additional molecule of MeOH 
to form the peak at m/z 137(20). The spectrum 
is simple, making the location of the double 
bond easy. A molecular ion peak, as could be 
expected, is not observed. But a pair of low 
intensity ions at m/z 375 and 377(3), corre- 
sponding to the acylium ion (M+-31), and that 
arising from a further loss of HBr from this ion, 
at m/z 295(4), are seen. The fragment at m[z 
263(4) should arise by the loss of MeOH from 
the ion m/z 295. 

MethYl Petroselenate 

The diagnostic peaks correspond to m/z 159 
(100) and 199(77). Peaks also are present, in 
conformity with the observations made with 
methyl oleate, at m/z 375 and 377 (M+-OCH3) 
(<1) at m/z 295-(~I+-OCHa-HBr) (8) and at 
m/z 263 (-Ivlr-OCHs-HBr-CHa OH) (4). 

Methyl Eurcate 

Cleavage between 13, 14 position gives in- 
tense ions at m/z 157(100) and 257(78). 
These fragments lose methanol to generate 
ions at m[z 125(8) and 225(16), respectively. 
Fragments containing the carbomethoxy and 
the methoxy groups can lose an additional 
molecule of methanol, in the present case 
yielding the ion at m/z 193(8). 

Methyl Undecenoate 

The diagnostic peaks appear at m/z 215 
(100) and m/z 45(97%). The peaks at _m/z 183 
(26) and 151(29) arise by the loss of one and 2 
molecules of CH3OH, respectively, from this 
fragment. The doublet at m/z 137, 139(33) 
arises from the fragment [CH2 (Br) CH(OMe)] § 
However, the other fragment arising by this 
scission, namely that of mass 171, does not 
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appear in the spectrum. Obviously, the charge is 
stabilized on the former fragment, owing to the 
presence of both Br and OMe. This doublet  at 
m/z 1.37, 139 appears to be characteristic of 
terminal olefins since the corresponding frag- 
ments were not  observed in any of the internal 
olefins studied. 

Methyl Linoleate 

The fragments of m/z 201(86) and 115(100) 
locate the end carbons of the 2 double bonds 
present in this acid. A doublet  appears at m/z 
219, 221(23), which corresponds to the frag- 
ment [ CH 3 (CH2)4 CH(OMe) CH(Br) CH2-2H ]+. 
Two prominent  peaks 24 mass units higher than 
these, namely m/z 225(60) and 139(21), also 
appear in the spectrum. 

Methyl Lifo|snare 

The methoxybromo derivatives of methyl  
tinolenate show intense peaks at mLz 73(100) 
and 201(61), locating again the end carbons of 
the trienoic system. Fragments arising from the 
methoxy groups on the carbons corresponding 
to the middle double bond do not appear in the 
spectrum. Such a fragment with 2 methoxy  and 
b r o m i n e  groups could be expected to have a 
very short life. As observed with linoleate, a 
doublet  of equal intensity corresponding to 
[ CH3-CH2-CH(OMe)-CH(Br)-CH2 -2H ] + appears 
at m/z  177, 179(33). Further,  fragments of 
mass 24 units higher than those which locate 
the end double bonds are present again in con- 
formity with the observation made with linole- 
ate. Though the genesis of these latter frag- 
ments is difficult to explain, this appears to be 
a characteristic feature of fat ty  acids with a 
methylene-interrupted system of double bonds. 

One notable feature in the spectra of meth- 
oxybromo derivatives is the absence of ions 
arising by cleavage a to the methoxy group 
which considerably simplifies the spectra. 
Cleavage appears to take place only between 
carbons bearing the bromine and the methoxy  
groups, respectively. The only exception was 
the terminal olefinic compound,  methyl  un- 
decenoate. 

Conjugated Acids 

Dienes. This class of compounds is exempli- 
fied by methyl-9,1t-octadecadienoate.  With a 
conjugated diene both 1,2- and 1,4-addition can 
take place. This, however, did not  complicate 
the spectrum since fragments arising from the 
1,4-adduct are of higher intensity than those 
arising from the 1,2-adduct and the double 
bonds are easily located (fragments at m/z  129 
(30) and 201(46)). Those from the 1,2-adduct 

produce fragments at m/z  155(26) and 227(11). 
Trienes. Methyl <x-eleostearate and methyl  

punicate were studied under this class. Differing 
only in the configuration of one of the 3 
double bonds, these isomers yield identical 
spectra. The end carbons of the conjugated 
system are clearly indicated by the peaks at 
m/z  101(56) and 201(26). While these peaks 
should arise from the derivatives formed by 
1,6-addition, 1,4-addition (peaks at m[z 127 
(38) and 227(10) and 1,2-addition (peaks at 
m/z  153(5) and 253(6) also take place to a 
lesser extent.  

Tetraenes. The spectrum corresponding to 
the derivatives of methyl  parinarate shows high 
intensity ions at m/z  73(100) and 201(53) 
arising by 1,8-addition and locates the end car- 
bons of  the conjugated system. In addit ion to 
the predominant  1,8-adduct, products arising 
by 1,6-addition (m/z 99(10) and 227(4)), 
1,4-addition (m/z 125(7) and 253(2)) also were 
present, while those arising by  1,2-addition 
yielded low intensity ions (m/z 151 and 279, 
<1). 

As observed with monoenoic and noncon- 
jugated polyenoic acids, alpha cleavage is vir- 
tually absent, though in these cases the Br and 
OMe groups are not  on adjacent carbons, ex- 
cepting the 1,2-adduct. While simple methoxy 
derivatives give peaks corresponding to scission 
on either side of the carbon bearing the methoxy 
group, the presence of Br in the methoxybromo 
derivatives appears to direct the cleavage of the 
molecule to one side only; that  is, to the side 
where the Br is located. Thus in the above cases 
cleavage between Cs and C9 is suppressed, and 
the intensity of the ion (m/z 157) arising by 
this cleavage is < 1%. 

DISCUSSION 

The above cited examples show the ut i l i ty 
of  the method in locating the double bonds in 
conjugated and nonconjugated fat ty  acids. 
While for the former class of compounds no 
such method exists, for the latter, the present 
method offers advantages over existing ones. 

The derivatives are easily prepared from in- 
expensive and commonly available reagents 
under mild condit ions (room temperature).  
This is important  especially with polyenoic 
acids of conjugated unsaturation. The whole 
sequence of operations can be completed in 
ca. 2 hr. Low intensity of the diagnostic peaks 
is a problem with almost all of the existing 
methods. The methoxybromo derivatives on 
the other hand give high intensity ions, the 
diagnostic peaks forming the most intense 
peaks in the spectra. Owing to the absence of 
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a-cleavage, these  derivat ives yield s imple  spec t ra  
con ta in ing  fewer  ions  c o m p a r e d  to the  deriva- 
t ives r e p o r t e d  so far. F r agmen t s  con ta in ing  
b r o m i n e  do no t  appea r  in the  spec t rum excep t  
in a few cases at  h igh mass ranges  in m o n o e n o i c  
and  con juga ted  po lyeno ic  acids. In po lyeno ic  
acids wi th  a m e t h y l e n e - i n t e r r u p t e d  sys tem of  
doub le  bonds ,  a d iagnost ic  Br-conta in ing  frag- 
m e n t  appears ,  co r r e spond ing  to  [ C H 3 ( C H 2 )  n 
CH(OMe)CH(Br)CH2-2H]+.  Halogens f rom ali- 
pha t ic  hal ides  are lost  easily dur ing  mass spec- 
t r o m e t r y .  McLaf fe r ty  (11) ,  who  made  a com-  
prehens ive  s tudy  of  the  m o n o h a l o g e n a t e d  
a l iphat ic  c o m p o u n d s ,  conc luded  the re  was a 
scarc i ty  o f  ha logen  con ta in ing  ions in the i r  mass 
spectra .  This may  be a t t r i b u t e d  to the  high 
e lec t ron  a f f in i ty  of  the  G r o u p  VII  e lements .  

The Reaction 

The m o d e  of  add i t i on  o f  ha logens  to olef inic  
sys tems  is well  d o c u m e n t e d  (12-15),  Halogena-  
t ion  in a nuc leoph i l i c  so lvent  such  as m e t h a n o l  
(16-18)  yields a m i x t u r e  of  dihal ides  and  
m e t h o x y h a l o g e n o  derivatives.  

A s tudy  of  the  add i t i on  of  b r o m i n e  to 
hexa-1 ,3 ,5 - t r i ene  led to  the  i so la t ion  of  1,6- and  
1 ,2-d ibromides  on ly  (19).  However ,  t he  mass 
spect ra  of  the  m e t h o x y b r o m o  der ivat ives  of  
m e t h y l  c~-eleostearate ind ica te  the  presence  of  
i somers  f o r m e d  by 1,2-, 1,4- and  1 ,6-addi t ion.  
The  f r a g m e n t a t i o n  pa t t e r n  also ind ica tes  t ha t  
the  b r o m o n i u m  ion  undergoes  r e a r r a n g e m e n t  so 
t h a t  in the  f inal  p r o d u c t  the  b r o m i n e  appears  
on  the  f o u r t h  ca rbon ,  r a the r  t han  the  first,  o f  
the  con juga ted  system.  This is in conf l ic t  w i th  
the  pos tu la ted  m e c h a n i s m s  of  e lec t rophi l ic  
add i t i on  to con juga ted  systems.  This aspect  
needs  invest igat ion.  

In conc lus ion  it m ay  be  s ta ted  t h a t  the  
p resen t  m e t h o d  satisfies the  need  for  a rel iable  
m e t h o d  for  the  loca t ion  of  doub le  b o n d s  in 
con juga ted  po lyeno ic  acids. The  m e t h o d  appl ies  
equal ly  well to  i someric  m o n o e n o i c  acids. For  
m e t h y l e n e  i n t e r r u p t e d  po lyeno ic  acids the  
m e t h o d  locates  on ly  the  t e rmina l  doub le  bonds .  
But  the  charac te r i s t ic  presence  of  f r agmen t s  
co r r e spond ing  to [CH 3 ( C H 2 ) n C H ( O M e ) C H ( B r )  
CH2-2H]  + and  the  f r agmen t  24 mass uni t s  
h igher  t han  those  which  locate  the  t e rmina l  

ca rbons  of  the  po lyeno ic  sys tem,  clearly indi-  
cate a m e t h y l e n e - i n t e r r u p t e d  sys tem of  doub le  
bonds .  
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ABSTRACT 

The effect of organic solvents on the stability and catalytic activity of the microbial lipase from 
Candida rugosa for hydrolysis of triglyceride (fat splitting) has been examined. The solvents examined 
were 5 hydrocarbons (n-hexane, n-heptane, n-octane, iso-octane and cyclohexane) and 3 ethers (diethyl- 
ether, diisopropylether and di-n-butylether). The results revealed that iso-octane and cyclohexane axe 
superior to the other solvents examined for enzymatic fat splitting in organic solvent systems. 
Lipids 19:975-977, 1984. 

INTRODUCTION 

In recent years, the bioconversion or bio- 
transformation of steroids and lipids in water- 
immiscible organic solvents has been studied 
intensively, because these organic systems are 
advantageous when steroids and lipids which 
are poorly soluble in water are used (1,2). In 
contrast to the bioconversion of steroids, how- 
ever, there are a limited number of research 
papers on the bioconversion of lipids in organic 
solvents. According to eelibi  et al., the rate of 
lipid hydrolysis by lipase from Candida cylin- 
dracea (syn. C. rugosa) was increased appre- 
ciably when such solid lipids as tr ipalmitin and 
tristearin were dissolved in n-heptane (2). Bell 
et al. used the solvent di isopropylether in the 
hydrolysis of the trglycerides by mycelial 
lipase from Rhizopus arrhizus (3). However, 
they did not  elaborate any rationale as to why 
they used those specific solvents for hydrolysis 
of  triglycerides (fat splitting). 

The objective of this report  is to select the 
solvent most suitable for fat splitting by lipase 
in terms of lipase stability and catalytic activity 
of lipase. In this report  lipase from Candida 
rugosa, which has random specificity of  reac- 
t ion relative to the positions and fat ty acids of 
triglycerides (4), was used to study the hydrol-  
ysis of olive oil. 

MATERIALS AND METHODS 

The lipase from Candicla rugosa was pur- 
chased from Sigma Chemical Co. (St. Louis, 
Missouri, USA). 

The solvents used were 5 hydrocarbons 
(n-hexane, n-heptane, n-octane, iso-octane and 
cyclohexane) and 3 ethers (diethylether,  diiso- 
propylether  and di-n-butylether).  These solvents 
were purchased from Tokyo Kasei Chemical 

Co., Ltd. (Tokyo,  Japan), and highly refined 
olive oil and tr ibutyrin were specifically manu- 
factured by Sigma as lipase substrates. All 
other reagents and chemicals used were of  
analytical grade. To maintain the constant 
water-solvent ratio of each solvent, all of  the 
solvents used were saturated with water before 
treatments.  

Effects of the solvent on the lipase were 
studied by measuring the lipase stability and 
activity in a well-stirred batch reactor. One unit 
of  lipase activity was defined as one micromole 
of fat ty  acids produced per 20 min under the 
analytical conditions. The stability of the lipase 
in solvents was estimated by determining the 
residual activity of the lipase after thorough 
mixing with each solvent for 1 ,2 ,  4, 6 and 8 hrs 
at 35 C. Lipase solution was prepared by dis- 
solving 50 mg of lipase powder (155 units per 
1 mg lipase powder,  according to the supplier) 
in 5 ml of 0.05 M phosphate buffer (pH 6.5) at 
4 C; 5 ml of the lipase solution was added to 
each solvent (50 ml), thermally equilibrated at 
35 C, and agitated at 1,000 rpm in the stirred 
batch reactor. After stopping the agitation at the 
predetermined time intervals, 100 /~1 of the 
lipase solution were taken off from the under- 
layer of the mixture of solvent and enzyme by 
microsyringe. This enzyme solution was added 
to a 5% (v/v) emulsion solution of the tr ibutyrin 
which contained 5% (w/v) gum arabic. The 
residual activity of lipase was determined by 
ti trating the butyric  acid produced with 0.05 N 
sodium hydroxide (5). 

Lipase activity in each solvent was deter- 
mined by assaying the fat ty acids produced by 
a rapid colorimetric method (6). Phosphate 
buffer (5 ml, 0.05 M, pH 6.5) including 10 mg 
lipase powder was added to 50 ml of  olive oil- 
solvent reaction mixture at 35 C. After incuba- 
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t i on  for  20 min  in the  st i rred b a t c h  reac tor ,  
10 rnl of  6N-HC1 was added  and  ag i t a t ion  was 
c o n t i n u e d  for  a b o u t  3 0  sec, Af te r  s topp ing  t he  
ag i ta t ion ,  t he  s u p e r n a t a n t  composed  of  f a t t y  
acids and  solvent  was t aken ,  the  so lvent  was 
evapora ted  f rom this  s u p e r n a t a n t  wi th  a ro t a ry  
v a c u u m  evapora to r ,  and  the  resu l t ing  f a t t y  
acids were redissolved in n -hexane .  F ina l ly  
lipase ac t iv i ty  in  n -hexane  was d e t e r m i n e d  b y  
observ ing  the  abso rbance  at  715 n m  fo l lowed  
b y  c o m p u t i n g  t he  f a t t y  acids p r o d u c e d  f r o m  t he  
ca l ib ra t ion  curve of  f a t t y  acids vs. ab s o r bancy .  

RESULTS AND DISCUSSION 

One objec t ive  of  using a wate r - immisc ib le  
so lvent  is to  min imize  the  exposure  of  the  
e n z y m e  to  organic  solvents.  T h u s  the  so lubi l i ty  
of  t he  organic  solvent  in wa te r  m ay  be impor -  
t an t ,  since it causes e i the r  i n h i b i t i o n  of  the  
r e a c t i o n  or  inac t iva t ion  of  the  e n z y m e  as 
reviewed by  Lilly (7).  Based on  th is  p r o p e r t y ,  
we exc luded  ca rbony l s  ( a ldehydes  and  ke tones )  
and  ha logena t ed  h y d r o c a r b o n s ,  since t h e y  have 
h igher  so lubi l i ty  in water.  A r o m a t i c  h y d r o -  
ca rbons  also were exc luded ,  because  t h e y  are 
h ighly  tox ic  to  h u m a n  be ings  and  because  t h e y  
yie lded lower  p r o p o r t i o n s  of  f a t t y  acids accord-  
ing to  our  p re l imina ry  tests.  We inc luded  on ly  
a l ipha t ic  and  cyclic h y d r o c a r b o n s  and  e the r s  as 
t he  possible  solvent  sys tem.  Besides t he  wa te r  
so lubi l i ty  and  t ox i c i t y  of  the  solvents ,  o t h e r  
phys i cochemica l  p roper t i e s  of  t he  so lvent  m u s t  
be  cons ide red  in select ing a so lvent  for  enzy-  
ma t i c  fa t  spl i t t ing:  dens i ty ,  dielectr ic  c o n s t a n t ,  
boi l ing  po in t ,  f reezing po in t ,  p r o t o n i c  ac t iv i ty  
t owards  buffers ,  in ter rac ia l  tens ions ,  h y d r o -  
ph i l le - l ipophi l le -ba lance  and  p ropens i t y  for  
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FIG. 1. Stability of lipase in hydrocarbons. After 

incubation of lipase with each of the solvents for 1, 2, 
4, 6 and 8 hrs at 35 C, residual activity was determined 
by titrating the fatty acids produced in tributyrin 
emulsion with 0.05 N NaOH. Each point represents 
the mean value of 3 determinations. Symbols: o = 
n-hexane; o = n-heptane; �9 = n-octane; �9 = iso-octane, 
and o= cyclohexane. 

h y d r o g e n  b o n d  f o r m a t i o n  (8) .  However ,  we 
could no t  P inpo in t  any  c r i te r ion  for  select ing 
t he  solvent  for  fat  sp l i t t ing  on  the  basis of  these  
phys i cochemica l  proper t ies .  

The  lipases were relat ively uns t ab l e  in  all 
h y d r o c a r b o n s  excep t  n -oc tane  (Fig. 1), whereas  
t he  lipases were all s table  in  the  e the r  group.  
The  res idual  act ivi t ies  in  the  e the r  group sl ightly 
decreased  up to 2 hr  and  r e m a i n e d  c o n s t a n t  
t h e r e a f t e r  at a b o u t  the  90-95% level. The  lipases 
in  n -oc tane  and  the  e the r  g roup  were,  in  fact ,  
a lmos t  as s table  as in the  aqueous  so lu t ion  at  

TABLE 1 

Lipase Activity in Various Organic Solvents a 

Lipase activity for olive oil 

Solvent 3% b 10% 30% 

Hydrocarbons 
n-Hexane 15.5 -+ 0.2 c 63.3 + 0.3 
n-Heptane 14.1 + 0.3 42.3 + 1.3 
n-Octane 25.2 + 2.2 42.3 +- 1.2 
Iso-octane 103.2 + 1.1 326.2 -+ 2.1 
Cyclohexane 64.1 -+ 1.3 180.0 -+ 2.5 

Ether 
Diethyl ether <5.0 <5.0 
Diisopropyl ether <5.0 25.2 -+ 0.9 
Di-n-butyl ether <5.0 <5.0 

213.3 -+ 12.0 
158.7 -+ 4.6 
172.8 + 6.6 
710.0 -+ 31.0 
414.0 +- 16.1 

15.9 -+ 1.5 
99.0 -+ 1.8 

<5.0 

aOne unit is defined as one/~mole of  fatty acids/20 min/5 ml of enzyme solution.  
bOlive oil concentration, % (v/v). 
CMean value -+ SD based on 3 samples. 
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35 C (9). The lipase activity must be measured From the above results, it can be concluded 
within the time range in which the activities of that iso-octane and cyclohexane are better sol- 
lipase do not appreciably change with the types vents than any of  the other solvents examined 
of the solvent. The above results show that the for enzymatic fat splitting in organic solvent 
residual activity of the lipase remained at about systems. 
the 98% level when the enzyme was incubated 
for 20 min, regardless of the solvents used. 

Table 1 shows the lipase activity in the 
organic solvents used at the substrate (olive oil) 
concentration of 3, 10 and 30% (v/v). The data 
indicate that the rate of the enzymatic fat 
hydrolysis increased with the increase of the 
substrate concentration up to 30% olive oil, 
whereas in the emulsion system the rate of  fat 
hydrolysis was increased only up to 5% of olive 
oil concentration and decreased substantially 
thereafter with the increase of substrate con- 
centration as shown by Kwon and Rhee (10). 
According to Linfield et al., the impurities in 
the olive oil inhibited the lipase activity (1 1). 
However, we did not find any inhibition in our 
study, as we used highly refined olive oil. 
Furthermore, branched (iso-octane) and cyclic 
(cyclohexane) hydrocarbons yielded much 
higher lipase activity than the group of straight- 
chain aliphatic hydrocarbons. On the other 
hand, the ether group yielded very poor activ- 
ities despite their excellent stability. This poor 
activity probably is due to the competitive 
inhibition of ether molecules. Brockerhoff sug- 
gested, in fact, that the diethylether molecule 
reacts as a substrate inhibitor, thus inhibiting 
the activity of the lipase competitively (12). 
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ABSTRACT 

Guinea pigs have varying plasma triglyceride concentrations ranging from 28 to 1392 mg/dl, with 
relatively uniform plasma cholesterol and phospholipid levels. To understand why the animals 
exhibit such wide variations of plasma triglyceride concentrations, we have explored the triglyceride 
hydrolyzing system by measuring tissue lipoprotein lipase activities and plasma activator for the 
enzyme. Lipoprotein lipase activities of epididymal adipose tissue of these animals were 759-+117 
(mean-+SE) n moles FFA-min -I .g wet tissue -a , markedly low compared with those of rats. There 
were no relationships between plasma triglyceride concentrations and tissue lipase activities. Plasma 
activator for lipoprotein lipase was lacking in this animal. Guinea pigs with ascorbic acid deficiency 
for 2 weeks also showed marked variations of plasma triglyeeride eoncentrations, without any 
changes in tissue lipoprotein lipase activities. Low adipose tissue lipoprotein lipase activities with 
deficient plasma activator for the enzyme suggest that the lipoprotein lipase-medlated triglyceride 
degradation could be impaired in this animal, and this may account for the marked variation of 
plasma triglyceride concentrations. 
Lipids 19:978-981, 1984. 

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

We have observed previously that guinea pigs 
fed a high fat diet showed chylomicronemia (1). 
In subsequent studies, we often have observed 
that some of the guinea pigs fed a laboratory 
chow had hyperlipidemia, even if blood was 
taken after an overnight fast. This prompted us 
to perform studies focusing on plasma levels of 
triglyceride in this animal. Further, we have 
studied the triglyceride-hydrolyzing system, by 
measuring tissue lipoprotein lipase (LPL) activ- 
ities and plasma activators for LPL. 

The guinea pig is unable to synthesize ascor- 
bic acid. Some reports suggest that chronic 
ascorbic acid deficiency causes changes o f  
plasma cholesterol levels in guinea pigs (2-4), 
while little attention has been paid to the 
changes in plasma triglyceride levels. In the 
present work, we also have studied the effect 
of acute ascorbic acid deficiency on both plas- 
ma triglyceride levels and tissue LPL activities. 

MATERIALS A N D  METHODS 

Hartley strain male guinea pigs, weighing 
around 200 g, were used. The animals were fed 
an ascorbic acid-free diet containing 5% of soy- 
bean oil for 2 weeks. One group of animals 
received 5 mg of ascorbic acid by intubation 
every day. The other group of animals did not 
receive ascorbic acid. At the time of the exper- 

*To whom correspondence should be addressed. 

iment, the animals were fasted for 24 hr and 
killed by decapitation. Blood was collected into 
tubes containing EDTA (1 mg per ml of blood) 
and the plasma separated by centrifugation was 
used for the determination of triglyceride (5). 

Six guinea pigs receiving ascorbic acid and 
eight ascorbic acid deficient animal s were used 
for further studies. Both heart and 6pididymal 
adipose tissue were excised immediately and 
the LPL activities measured. In these animals, 
plasma triglyceride, cholesterol (6) and phos- 
pholipids (7) were determined enzymatically. 

The whole heart was homogenized in 10 ml 
of 0.05 M NH4OH-NH4CI buffer (pH 8.5) con- 
taining 0.5 U/ml of heparin (Novo Indust., Den- 
mark) on ice for 60 min. The suspension was 
then centrifuged at 4 C, and the supernatant 
obtained was used for the measurement of LPL 
activities. 

In the case of epididymal adipose tissue, an 
acetone-ether dried powder was prepared (8) 
and the LPL was then extracted from this dried 
powder with the same method used for the ex- 
traction of heart LPL. 

The enzyme activity was determined by the 
method described previously (1). The substrate 
was a mixture of 2/aCi of glycerol tri-[1J4C] 
oleate (Amersharn]Seale Corp., Arlington Heights, 
Illinois), 0.133 g of unlabeled triolein (Sigma 
Chemical Co., St. Louis, Missouri), 0.9ml of 1% 
Triton X-100 and 10.2 ml of 0.2 M Tris-HC1 
buffer (pH 8.6). The mixture was sonicated on 
ice for 3 min with a Tomy UP-sonifier (Tomy, 
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Seiko Co., Tokyo) .  To 0.4 ml o f  this substrate ,  
0.1 ml of  poo led  rat plasma as an act ivator  for  
l ipopro te in  lipase and 0.3 ml of  4% bovine serum 
a lbumin /0 .2  M Tris-HC1 buf fe r  (pH 7.4) were 
added.  Incuba t ion  was s tar ted wi th  the  addi t ion  
o f  0.2 ml of  the  enzyme  ext rac t  and was carried 
ou t  for 30 min at 37 C. The free fa t ty  acids 
( F F A )  released during incuba t ion  were ex t rac ted  
and the  radioact iv i ty  was de t e rmined  (9). The 
LPL activi ty was expressed as n moles  F F A  
hydro lyzed  per  min per  g wet  tissue. 

All results  were expressed as mean-+SE. The 
statistical significance of  the  data was analyzed 
by  the  S tuden t ' s  t test.  

RESULTS 

Plasma Lipid Concentrations 

As Figure 1 shows,  guinea pigs had wide 
var iat ions of  plasma tr iglyceride concen t ra t ions ,  
ranging f rom 28 to  1392 mg/dl .  Plasma c-holes- 
te ro l  and phospho l ip id  levels o f  guinea pigs were 
60-+9 and 66-+6 mg/dl ,  respect ively (Table 1). 

LPL Activities in Epididymal 
Adipose Tissue and Heart 

LPL activities of  adipose tissue and hear t  
were 130+13 and 759+117 n moles  F F A - m i n  -1 "g 
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FIG. 1. Plasma triglyceride concentrations of 

ascorbic acid-supplemented (o) and ascorbic acid- 
deficient (e) guinea pigs. Values are plotted on a 
logarithmic scale. 

TABLE 1 

Plasma Lipid Concentrations and Tissue Lipoprotein Lipase Activities in Guinea Pigs 

Plasma lipids 
(mg/dl) 

Tissue lipase activities 
(n moles FFA'min -1 "g wet tissue -1 ) 

TG Chol PL Adipose tissue Heart 

Guinea pigs 

1 46 50 48 160 
2 1392 105 283 118 
3 62 42 44 129 
4 164 52 59 84 
5 73 49 48 172 
6 77 59 49 115 

Mean-+SE 302-+218 60-+9 89-+ 39 130-+ 13 

Ascorbic acid deficient 
guinea pigs 

1 82 53 58 175 
2 96 89 79 123 
3 242 67 99 159 
4 589 61 143 212 
5 232 49 83 113 
6 119 51 64 114 
7 171 96 122 254 
8 96 65 73 185 

Mean-+SE 203-+ 72 66-+6 90-+10 167-+18 

858 
526 

1229 
468 
600 
875 

759~117 

868 
799 
711 
599 
492 
536 
584 
774 

670-+ 48 

TG = triglyceride; Chol = cholesterol, and PL = phospholipids. 
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wet tissue -1, respectively. Since guinea pig 
plasma lacks an activator for LPL, we assumed 
that, in compensation for this, tissue LPL activ- 
ities would be increased. Therefore, for compar- 
ison purposes, we measured tissue enzyme 
activities of rats of similar ages. Contrary to our 
assumption, the adipose tissue LPL activity of 
guinea pigs was only one-half that of rats 
(262+-10 n=5) and the heart LPL activity was 
almost comparable to that of rats (758+26). 

Activation of LPL by Guinea Pig Plasma 

In our previous studies using the same assay 
procedure, guinea pig postheparin plasma LPL 
achieved its full activity when 10btl of rat serum 
was added to the assay system (1). In the 
present experiment, we used LPL extracted 
from guinea pig heart and added to the assay 
system 100/al of plasma, a sufficient amount of 
plasma giving full LPL activity. Figure 2 shows 
that LPL was markedly activated by pooled rat 
plasma, whereas activation of LPL by pooled 
guinea pig plasma was very weak, and was only 
one-tenth of that by rat plasma. 

Relationship Between Plasma Triglyceride 
Concentrations and Tissue LPL Activities 

There were no relationships between plasma 
triglyceride concentrations and adipose tissue 
LPL activities (r=0.24) as well as heart LPL 
(r=0.45). 

Ascorbic Acid Deficient Guinea Pigs 

Ascorbic acid deficiency was evaluated in 
some of the guinea pigs by measuring tissue 
ascorbic acid contents with the use of high- 
performance liquid chromatography (HPLC) 
(10). We always have observed that ascorbic 
acid deficient guinea pigs gain body weight for 
the first 10 days and after that they begin to 
lose body weight rapidly (4). Ascorbic acid defi- 
cient guinea pigs showed marked variations 
with plasma triglyceride concentrations of be- 
tween 20 and 589 mg/dl (Fig. 1). Ascorbic acid 
deficiency did not cause any changes in LPL 
activities of either adipose tissue or heart 
(Table 1). There were no relationships between 
plasma triglyceride concentrations and activities 
of adipose tissue LPL (r--0.32) as well as heart 
LPL (r=0.41) in ascorbic acid deficient animals. 

DISCUSSION 

The present study demonstrates that wide 
variations of plasma triglyceride concentra- 
tions are a characteristic feature of guinea pigs. 
The present study as well as previous reports 
(1,11,12) indicates that plasma of this animal 
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FIG. 2. Activation by guinea pig plasma (o) and 
rat plasma (e) of lipoprotein lipase extracted from 
guinea pig heart. In this experiment, 100ul of either 
pooled guinea pig plasma or pooled rat plasma was 
added to the incubation mixture. 

lacks an activator(s) for LPL. We assumed that 
deficient plasma activator for LPL might cause 
a compensatory increase in tissue LPL activities. 
Contrary to our assumption,' LPL activities in 
adipose tissue, which is known to have the high- 
est LPL activity, did not increase, or rather 
seemed to be low. Low adipose tissue LPL 
activities with deficient plasma activator suggest 
that the LPL-mediated triglyceride removal 
process could be operating poorly in this animal. 
Because of this, if guinea pigs take increased 
amounts of exogenous fat or if endogenous 
triglyceride production is enhanced in this 
animal, chylomicron or very low density lipo- 
protein may remain for a long time in circulating 
plasma. Our previous observation that guinea 
pigs fed a high fat diet showed chylomicronemia 
(1) is in support of such an idea. In summary, it 
can be speculated that a variety of the degree 
of either or both exogenous fat ingestion and 
endogenous triglyceride production, in com- 
bination with the derangement of catabolic 
degradation of triglyceride due to defective 
LPL functions, causes wide variations of plasma 
triglyceride concentrations in this animal. 

We also have attempted in the present study 
to see the effects of ascorbic acid deficiency 
on both plasma lipid levels and tissue LPL 
activities. Some authors described that chronic 
ascorbic acid deficiency caused an elevation of 
plasma cholesterol (2-4). Contradictory results 
have been published on the effect of acute 
ascorbic acid deficiency on plasma cholesterol 
levels (13). On the other hand, not so much 
attention has been paid to the effect of ascor- 
bic acid deficiency on plasma triglyceride levels. 
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F u j i n a m i  et  al. r epo r t ed  t h a t  serum tr iglycer ide 
c o n c e n t r a t i o n s  rose sl ightly af te r  2 weeks  of  an  
ascorbic  acid-free diet  (14) .  Nambi san  and  
K u r u p  r e p o r t e d  t h a t  ascorbic  acid de f ic iency  of  
4 m e  d u r a t i o n  p rovoked  hype r t r i g lyc idemia  in 
gu inea  pigs (15) .  It is specula ted  t h a t  such 
changes  m a y  be a c c o m p a n i e d  by  t he  changes  in 
t issue LPL act ivi t ies  (13) .  In  the  p resen t  s tudy ,  
however ,  we did n o t  observe  t h a t  ascorbic  acid 
de f ic iency  for  2 weeks  caused any  changes  in 
e i the r  p lasma l ipid levels or  t issue LPL activities.  
The  mos t  s t r ik ing  f ind ing  is, again, t h a t  ascorbic  
ac id-def ic ient  guinea  pigs showed  varying p lasma 
t r ig lycer ide  concen t r a t i ons .  

In t he  p resen t  s tudy ,  6 of  45 guinea  pigs had  
hype r l i p idemia  wi th  p lasma t r ig lycer ide  concen-  
t r a t i ons  of  more  t han  4 0 0 m g / d l .  Previous  
r epo r t s  showed  relat ively u n i f o r m  plasma tri- 
glycer ide levels in  guinea pigs. It  is possible  t h a t  
in  mos t  of  t he  previous  r epor t s  hyper t r ig lyc-  
e r idemic  an imals  were exc luded  as excep t iona l  
cases. However ,  t he  p resen t  s t udy  p o i n t s  ou t  
t h a t  the  guinea  pig is an u n i q u e  an imal  in i ts 
p lasma t r ig lycer ide  m e t a b o l i s m  in t h a t  t he  LPL- 
m e d i a t e d  t r iglyceride deg rada t ion  should  be 
defec t ive  and  hence  wide var ia t ions  in  p lasma 
t r ig lycer ide  c o n c e n t r a t i o n s  are a charac te r i s t ic  
fea tu re  of  th is  animal .  
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The Positional Distributions of Fatty Acids in the Triacylglycerols 
and Phosphatidylcholines of the Intestinal and Popliteal Lymph and 
Plasma of Sheep 

W.W. CHRISTIE, R.A, CLEGG, D,T. CALVERT and R,C. NOBLE, Hannah Research 
Institute. Ayr. KA6 5HL, Scotland 

ABSTRACT 

As part of a study of the contribution of the intestinal lymph lipoproteins and their lipid constit- 
uents to the plasma lipids in sheep, the positional distributions of the fatty acids in the triacyl-sn- 
glycerols and phosphatidyleholines in very low density/low density lipoprotein and high-density 
lipoprotein fractions were determined by stereospecific analysis procedures. The triacyl-sn-glycerols of 
these lipoprotein fractions in intestinal lymph did not differ appreciably in structure and resembled 
the plasma triacyl-sn-glycerols in the composition of position sn-2 especially. However, there were 
appreciable amounts of the essential fatty acid, linoleic acid, in positions sn-1 and sn-3 of the triaeyl- 
glycerols in lymph but not in plasma. This result is discussed in terms of the metabolism of the tria- 
cylglycerols of lymph after they enter the plasma as part of a mechanism for the conservation of 
essential fatty acids in ruminants. No differences of metabolic note were observed in the structures of 
the phosphatidylcholines between lipoprotein fractions and among tissues. 
Lipids 19:982-986, 1984. 

INTRODUCTION 

In order to assess the potential contribution 
of the lipids and lipoproteins of the intestinal 
lymph to those of the plasma in sheep, the 
main lipoprotein fractions of the intestinal 
lymph, peripheral (popliteal) lymph and plasma 
have been isolated and their lipid class and fatty 
acid compositions determined (I) .  Triacylglyc- 
erols and phosphatidylcholines are among the 
most abundant glycerolipids in these body 
fluids. Comparative studies have shown that the 
structures of such lipids, i.e. the distributions of 
the fatty acids among the various positions of 
the sn-glycerol moieties, can vary markedly in 
different tissues, and that such variations can 
reflect important metabolic differences in as- 
pects of the biosynthesis or catabolism of the 
lipids (2-4). Therefore, for comparison purposes, 
the positional distributions of the fatty acids in 
the triacyl-sn-glycerols and phosphatidylchohnes 
of the main lipoprotein fractions of intestinal 
lymph, popliteal lymph and plasma have been 
determined by stereospecific analysis procedure. 

EXPERIMENTAL METHODS 

Lymph and Plasma Samples 

Intestinal lymph, popliteal lymph and plasma 
were obtained from mature wethers of the Clun 
Forest breed as described earlier (1). 

Preparative Precipitation 
of Lipoprotein Fractions 

Chylomicrons, very low density lipoproteins 

(VLDL) and low density lipoproteins (LDL) 
were precipitated at room temperature by the 
addition of high moledular-weight dextran sul- 
phate (0.05% w]v; av. mol. wt 5 x 10 s, Na + salt, 
Sigma London Chemical Co., Poole, Dorset) 
and CaC12 (0.1M), and were collected by centri- 
fugation; the supernatant was used for isolation 
of the high density lipoproteins (HDL) as below 
(5). On redissolving the precipitated VLDL-LDL 
fraction in 10% (w/v) sodium sulphate solution 
(40ml/1 of lymph or serum), the Ca 2+ remained 
as its insoluble sulphate. The HDL fraction was 
precipitated from the VLDL-LDL supernatant 
by increasing the dextran sulphate and CaCI2 
concentrations to 0.55 (w/v) and 0.2M respec- 

2+ tively. HDL, but not Ca , was selectively 
re-dissolved from the pellet in 0.5M potassium 
oxalate (40ml/1 of lymph or serum). Ca2+-free 
lipoproteins then were dialyzed into 20mM 
Tris-HC1 buffer (pH 7.2)-1% NaC1 at a dilution 
equivalent to the original volume of serum or 
lymph and were reprecipitated by the addition 
of CaC12 as above. The precipitates were treated 
as above but instead of being diluted were 
dialyzed into 1% BaCI-I% NaC1 solution to pre- 
cipitate dextran sulphate and finally, after 
centrifugation, into 20mM Tris-HC1 buffer (pH 
7.7), containing 1% NaC1, lmM EDTA and 
0.02% sodium azide. Lipoproteins were stored 
at 4 C in this buffer and were characterized by 
agarose-gel electrophoresis. 

Stereospecific Analysis 
of the Triacyl-sn-Glycerois 

Lipids were extracted from lipoprotein frac- 
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t i ons  as descr ibed earlier (1). Tr iacy lg lycero ls  
were isolated f ro m the to ta l  l ipids in each 
ins t ance  by prepara t ive  th in- layer  c h r o m a t o g -  
r a p h y  (TLC)  on  0 . 5 m m  silica gel G layers  
(E. Merck,  D a r m s t a d t ) ;  h e x a n e - d i e t h y l  e the r  
(4 :1 ,  v/v) was the  deve lop ing  solvent .  T h e y  were 
sub jec ted  to s te reospeci f ic  analys is  by a p roce-  
dure  descr ibed e lsewhere  (6). In brief ,  t r iacyl-  
g lycerols  were par t ia l ly  h y d r o l y z e d  by m e a n s  of  
e t hy l  m a g n e s i u m  bromide ,  and  the  1,2- and 
2 ,3-diacyl-sn-glycerols  f o rmed  were isolated and 
conver t ed  syn the t i ca l ly  in to  p h o s p h a t i d y l -  
chol ines ,  which  in tu rn  were reacted  wi th  the  
s te reospeci f ic  p h o sp ho l i pa se  A of  snake  v e n o m .  
Resu l t s  for  pos i t ion  sn-1 were ob t a ined  by 
analys is  of  the  l y s o p h o s p h a t i d e  p r o d u c e d ,  t hose  
for  pos i t ion  sn-2 were ob t a ined  i n d e p e n d e n t l y  
by  m e a n s  o f  pancrea t ic  lipase hyd ro lys i s  and  
t h o s e  for  pos i t ion  sn-3 were ca lcula ted  by dif- 
fe rence  f rom the  k n o w n  t r iacy lg lycero l  com-  
pos i t ion .  Ana lyses  were accep ted  on ly  when  
t h e y  c o n f o r m e d  to the  s t anda rds  o f  accu racy  
descr ibed earlier (6). 

Stareospecific Analysis 
of the Phosph~tidylcholines 

P h o s p h a t i d y l c h o l i n e s  were isolated by  prep-  
arat ive TLC on silica gel G layers;  c h l o r o f o r m -  
m e t h a n o l - w a t e r  ( 2 5 : 1 5 : 4  by vol) was the  

deve lop ing  solvent .  T h e y  were h y d r o l y z e d  by 
m e a n s  o f  the  phospho l i pa se  A of  snake  v e n o m  
and the  l y s o p h o s p h o l i p i d  (pos i t ion  s n - l )  and 
the  free f a t ty  acids (pos i t ion  sn-2)  released were 
isolated for  ana lys is  (7). 

Gas-Liquid Chromatographic (GLC) 
Analysis of the Fatty Acids 

Glycero l ip ids  were t ranses ter i f ied  wi th  so- 
d i u m  m e t h o x i d e  (8),  and  free f a t t y  acids were 
m e t h y l a t e d  wi th  m e t h a n o l - s u l p h u r i c  acid (6). 
Methy l  esters  were sub jec ted  to  GLC analys is  
on  a c o l u m n  (3m x 4 m m )  packed  wi th  10% 
Silar 10C on  G a s c h r o m  Q (Appl ied  Science 
Labora to r i e s  Inc. ,  S ta te  College, Pennsy lvan ia ,  
USA),  ma in t a ine d  i so the rma l ly  at 2 1 0 C  wi th  
n i t rogen  as carrier gas. 

RESULTS AND DISCUSSION 

Lipopro t e in  f r ac t ions  were isolated in th i s  
s t u d y  by m e a n s  of  p rec ip i t a t ion  wi th  d e x t r a n  
su lpha t e  and ca lc ium chlor ide ,  r a the r  t ha n  by 
d i f fe ren t ia l  c en t r i fuga t ion ,  in order  to ob ta in  
su f f i c ien t  mater ia l  ( 3 0 - 5 0 m g  o f  t r iacylgly~erol)  
for  s t ruc tu ra l  analysis  with the  m a x i m u m  
e c o n o m y  of  e f for t  and  the  m i n i m u m  use o f  
valuable  t ime  on the  u l t r acen t r i fuge .  This  tech-  
n ique  gave a c o m b i n e d  V L D L - L D L  f rac t ion ,  
a l t h o u g h  wi th  the  p lasma  only  the  V L D L  frac- 

TABLE 1 

Positional Distributions of Fatty Acids (mol. % of the total) in Triacyl-sn-Glycerols 
of Lipoprotein Fractions from Plasma and Intestinal Lymph 

Intestinal 
Plasma VLDL + LDL a lymph VLDL and LDL b Intestinal lymph HDL a 

Fatty acid TG c sn-1 sn-2 sn-3 TG sn-I sn-2 sn-3 TG sn-1 sn-2 sn-3 

14:0 2.2 1.9 2.6 2.1 1.7 
15br d 3.6 4.1 5.3 1.5 3.7 
15:0 2.7 3.7 3.9 0.6 2.7 
16br 0.9 1.1 1.7 - 1.3 
16:0 24.4 13.9 43.8 15.5 31.2 
16:1 1.0 1.6 1.4 0.1 1.3 
17br 3.4 5.1 3.5 0.7 4.2 
17:0 1.4 1.9 1.4 0.8 1.4 
17:1 0.9 0.4 1.1 1.2 0.7 
18:0 34.4 51.6 8.8 42.7 19.8 
18:1 17.6 9.9 14.4 28.~ 19.9 
18:2 3.3 1.4 7.0 1.6 7.2 
18:3(n-6)  0.6 0.4 0.4 0.9 0.5 
18:3(n-3) 0.7 0.4 1.4 0.4 2.5 
20:3(n-6) 0.5 0.2 0.2 0.9 0.3 
20:4(n-6) 1.1 1.1 1.2 0.9 1.0 
20:5(n-3) 0.8 -- 0.9 1.4 0.3 
22:5(n-3) 0.4 -- 0.7 0.3 0.4 
22:6(n-3) 0.2 -- 0.5 0.2 0.4 

1.0 2.2 1.6 1.3 0.9 2.0 1.0 
2.8 4.2 4.1 2.6 2.2 2.1 3.4 
1.5 4.5 2.2 2.3 1.8 1.6 3.7 
1.0 1.1 1.8 1.0 0.7 0.5 1,7 

19.2 52.7 20.5 31.6 24.5 51.6 18.6 
0.8 1.1 1.9 0.9 1.3 1.1 0.3 
5.7 2.0 5.0 3.4 3.2 2.4 4.5 
2.1 0.8 1.3 1.1 1.7 1.1 0.4 
0.5 0.5 1.0 0.9 0.8 0.6 1.2 

38.1 4.3 16.9 10.6 21.2 7.6 3.0 
19.3 11.3 29.1 25.3 28.2 14.1 33.6 
5.0 9.1 7.6 8.5 5.6 7.5 12.3 
0.5 0.1 0.6 0.2 0.3 0.2 0.2 
1.7 2.2 3.6 3.6 2.3 1.6 7.0 
0.3 0.3 0.2 0.3 0.2 0.2 0.5 
0.3 1.3 1.3 0.8 0.9 0.8 0.7 
0.2 0.3 0.4 1.2 0.8 0.5 2.2 
0.1 0.8 0.3 2.0 0.9 1.3 3.8 
0.1 1.0 0.2 2.6 2.5 3.2 2.0 

apooled sample from 5 sheep. 
bMean of analyses of 5 separate samples. 
CTG = triacylglycerols. 
dbr = branched-chain fatty acid. 
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tion contained any triaeylgtycerol (1). It was 
still necessary to pool material from several 
animals in some instances to obtain sufficient 
hpid for analysis. Unfortunately, some minor 
differences in fatty acid compositions between 
corresponding lipids isolated by the two proce- 
dures were observed, and these must be con- 
sidered when the results are interpreted. 

The positional distributions of the fatty acids 
in the triacyl-sn-glycerols in the VLDL-LDL 
fraction of plasma, and the VLDL-LDL and the 
HDL fractions of intestinal lymph are listed in 
Table 1 ; insufficient triacylglycerol for analysis 
was present in popllteal lymph. In each instance, 
palmitic acid and the other C 14 to C 17 saturated 
components were in greatest abundance in 
position sn-2, while stearic and oleic acids were 
concentrated in the primary positions, the for- 
mer predominantly in position sn-1 and the 
latter predominantly in position sn-3. Although 
there are some minor differences in these com- 
ponents among triacylglycerols from the 3 
sources, it does not appear likely that they 
reflect important metabolic differences. 

There was much less linoleic acid in the tria- 
cylglycerols of plasma than in those of intestinal 
lymph, and this also was found when the frac- 
tions were isolated by differential centrifugation 
(1). However, similar concentrations of linoleic 
acid were found in position sn-2 in each instance. 
In contrast, very little of this component was 
present in the primary positions of the plasma 
triacylglycerols although appreciable amounts 
were found in both positions sn-1 and sn-3 of 
the triacylglycerols of the intestinal lymph lipo- 
proteins. 

The positional distributions of the fatty acids 
in the phosphatidylchohnes of the VLDL-LDL 
and HDL fractions of plasma, intestinal lymph 
and popliteal lymph are listed in Table 2. Al- 
though there were some minor differences in 
overall fatty acid compositions, the relative dis- 
tributions of fatty acids between positions sn-1 
and sn-2 did not differ appreciably between 
samples. In each instance, the saturated fatty 
acids tended to be concentrated in position sn-1 
and the unsaturated in position sn-2. 

A similarity in the positional distribution of 
fatty acids in the triacyl-sn-glycerols of sheep 
lymph and plasma has been noticed before, and 
this was taken as confirmation of their common 
origin (9-11). In particular it was noted that 
palmitic acid was concentrated in position sn-2, 
a feature not found in other triacylglycerols of 
sheep tissues. It was not apparent from the 
earlier analyses, either because samples were 
from different groups of animals or because full 
stereospecific analyses were not carried out, 
that there were major differences in the compo- 

sitions of the primary positions. In particular, 
relatively high proportions of the essential fatty 
acid, linoleic acid, were present in positions sn-1 
and sn-3 of the lymph triacylglycerols but not 
in the plasma triacylglycerols. The most plausible 
explanation would appear to be that substantial 
hydrolysis of the fatty acids from the primary 
positions of the lymph triacyiglycerols occurs 
after they enter the plasma, followed by resyn- 
thesis of triacylglycerols from the intermediate 
2-monoacyl-sn-glycerols and the more saturated 
fatty acid components. The essential fatty acids 
might then be retained for the synthesis of 
membrane components and related functions. 
As a consequence of biohydrogenation in the 
rumen, the essential fatty acids are in relatively 
short supply in the tissues of ruminants, where 
they appear to be directed away from non- 
essential functions (12,13). Lipoprotein lipase 
in the peripheral tissues reacts most rapidly with 
the fatty acids in the primary positions, gen- 
erating 2-monoacyl-sn-glycerols that potentially 
could be used in the manner above (the prop- 
erties of the enzyme have been reviewed) 
(14-15). That 2-monoacylglycerols are not  
found in ruminant  plasma is perhaps not sur- 
prising in view of the very low levels of triacyl- 
glycerols present. Hepatic hpase also could per- 
form this hydrolytic function, and its presence 
in ruminant  liver recently has been confirmed 
(16), in contradiction of an earlier negative 
report (17). The liver would certainly appear 
to be the most likely site for the putative re- 
esterification of the monoacylglycerols to tria- 
cylglycerols. Triacylglycerols of this kind with 
the essential fatty acids located predominantly 
in position sn-2 would not be able to supply 
these components as readily to milk fat or 
adipose tissue, where concentrations of only 
1-2% of linoleic acid in the total fatty acids 
generally are encountered. The phenomenon 
observed here may then be part of the mech- 
anism for conserving essential fatty acids in 
ruminants. 

There appeared to be no difference of meta- 
bolic significance between the structures of the 
triacylglycerols of different lipoprotein fractions 
in the intestinal lymph, or in the structures of 
the phosphatidylcholines in different hpopro- 
rein fractions in plasma, popliteal lymph and 
intestinal lymph. 
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Activation of Polyunsaturated Fatty Acids by Rat Tissues in vitro 
T. SANJEEVA REDDY and NICOLAS G, BAZAN,* LSU Eye Center, Louisiana State 
University Medical Center School of  Medicine, New Orleans, LA 

ABSTRACT 

The conversion of labeled palmitic, linoleic, arachidonic and docosahexaenoic acids to their respec- 
tive acyl CoA's was studied in homogenates and microsomes of rat tissues. The highest activity, both 
in hornogenates and microsomes, was seen in liver and heart. There was moderate activity in retina, 
brain, lung, kidney and testes and the lowest activity was found in spleen. Docosahexaenoic acid was 
activated much less actively in heart tissue than the other fatty acids. In all tissues examined, the 
highest activation was observed with arachidonic acid and the lowest with docosahexaenoic acid. 
Except for liver, those tissues that contained high levels of docosahexaenoic acid also had the highest 
activation capacity for this fatty acid. 
Lipicls 19:987-989, 1984. 

INTRODUCTION 

Although phospholipids of neuronal plasma 
membranes (1-4) and photoreceptor cell 
membranes (5-10) are highly enriched in 
polyunsaturated fatty acids, such as arachidonic 
acid (20:4, n-6) and docosahexaenoic acid 
(22:6, n-3), our understanding o f  the activa- 
tion-acylation reactions of these fatty acids is 
limited. Long-chain acyl-CoA synthetase has 
been described in various mammalian tissues 
using saturated, mono- and dienoic long-chain 
fatty acids as substrates (11-16), but to the best 
of our knowledge there have been no studies on 
the activation of polyenoic fatty acids. In this 
report we describe the first step in the sequen- 
tial enzymatic pathways that are involved in the 
incorporation of arachidonic and docosahexa- 
enoic acids into phospholipids, by the activa- 
tion reactions leading to the formation of thiol 
esters of Coenzyme A, in various rat tissues. 
Studies also were carried out on the activation 
of palmitic and linoleic acids for comparison. 

MATERIALS AND METHODS 

All cis (UJ4C) 4,7,10,13,16,19-docosahexa- 
enoic acid (specific activity of 160 mCi/mmol), 
cis (1J4C) 4,7,10,14-arachidonic acid (58 mci/ 
mmol), cis ( I J4C)  9,12-linoleic acid (56 mci/ 
mmol) and (1J4C)-palmitic acid (59mci /  
mmol) were purchased from New England 
Nuclear, Boston, Massachusetts. Unlabeled 
fatty acids were purchased from Serdary 
Research Laboratories, London, Ontario, Can- 
ada and Sigma Chemical Co., St. Louis, Mis- 
souri. 

Male albino Wistar rats weighing 250-300 g 
were decapitated and the organs to be exam- 

*To whom correspondence should be addressed at 
LSU Eye Center, 136 South Roman St., New Orleans, 
LA 70112. 

ined were removed rapidly, washed in ice-cold 
0.9% saline, and homogenized immediately in 
0.25 M sucrose in 10 mM Tris HC1 buffer (pH 
7.4) using a Potter-Elvejhem homogenizer with 
a motor-driven Teflon pestle. Part of the 
homogenate was stored at - 80  C for further 
analysis, and the remaining quantity was 
centrifuged at 20,000 g for 20 min. The super- 
natant  was centrifuged at 105,000 g for 60 min 
to obtain the microsomal pellet. These steps 
were carried out at 4 C. Microsomal fractions 
were suspended in a small volume of 10 mM 
Tris HC1 buffer, pH 8.0, and stored at - 8 0  C. 

The assay was performed within 3 or 4 days 
after the collection of samples. Standard assay 
conditions described previously for brain 
microsomal longrchain acyl-CoA synthetase 
were adapted for the present studies (17). The 
assay mixture contained 30/amol Tris HC1 (pH 
8.0), 1/amol ATP, 500 nmol CoA, 500 nmol 
DDT, 4/amol MgC12, 20 nmolradiolabeled fatty 
acid and enzyme protein of 200-220/,tg homo- 
genate protein or 60-65/~g microsomal protein 
in a total volume of 0.20 ml. All the labeled 
fatty acids were diluted with unlabeled fatty 
acids so that the radioactivity of each was 
between 20,000-30,000 cpm/nmol. The re- 
action was started by adding the enzyme 
protein to the previously incubated assay 
system (37 C for 2 min) and was allowed to 
continue for 1 rain. The reaction was termi- 
nated by the addition of 2.25 ml of isopropa- 
nol:heptane:2 M sulfuric acid (40/10/1, v/v/v). 
I-Ieptane (1.5 ml) and water (1.0 ml) were 
added and the mixture was vortexed vigorously. 
The upper phase was discarded and the lower 
phase (aqueous phase) was washed twice with 
2 ml heptane containing 5 mg/ml carrier palmitic 
acid to remove the unreacted labeled fatty acid. 
The aqueous phase was transferred to a scintil- 
lation vial and counted in a Beckman LS-7500 
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a f t e r  the  add i t i on  of  10 ml  Ready-Solv  EP 
sc in t i l la t ion  f luid ( B e c k m a n  I n s t r u m e n t s ,  Full- 
e r ton ,  California) .  Blanks  were t r e a t ed  in a 
s imilar  m a n n e r  excep t  bo i led  e n z y m e  p r o t e i n  
was used  ins t ead  of  the  n o r m a l  e n z y m e  p ro te in .  
P ro te in  c o n t e n t  of  the  h o m o g e n a t e  and  micro-  
somes  was e s t ima ted  b y  t he  m e t h o d  of  L o w r y  
(18) .  

RESULTS A N D  DISCUSSION 

The  ac t iv i ty  of  long  chain  acyl  CoA syn the -  
tase f rom h o m o g e n a t e s  and  m i c r o s o m a l  frac- 
t ions  of  r a t  t issues is given (Table  1). A l t h o u g h  
the re  have been  r epo r t s  on  the  ac t iva t ion  
of  pa lmi t ic  and  stearic  acids in ra t  t issues 
(11 ,14) ,  th is  is t he  first  r e p o r t  o n  t he  ac t iva t ion  
of  p o l y u n s a t u r a t e d  f a t t y  acids. The  avai lable 
data  o n  long  chain  acyl  C o e n z y m e  A s y n t h e t a s e  
f rom various t issues such  as liver (13 ,15 ,19 ,20 ) ,  
b ra in  (17 ,21 ,22) ,  r e t ina  (23) ,  aor ta  (24) ,  lung  
(25)  and  pla te le ts  (16 ,22 )  were o b t a i n e d  using 
similar  assay cond i t ions .  There fore ,  t he  p resen t  
s t u d y  ut i l ized similar o p t i m a l  assay c o n d i t i o n s  
for  t he  assay of  long  cha in  acyl  C o e n z y m e  A 
s y n t h e t a s e  and  should  ref lect  the  op t ima l  
act ivi t ies  in  d i f fe ren t  tissues. A m o n g  t he  t issues 
s tud ied ,  the  h ighes t  specif ic  ac t iv i ty  of  long- 
chain  acy l -CoA syn the t a se  in  h o m o g e n a t e s  and  
mic rosomes  was in liver a n d  hea r t  and  m o d e r a t e  
ac t iv i ty  was observed  in re t ina ,  bra in ,  lungs,  
k idneys  and  testes ,  w i th  spleen showing  the  
least  act ivi ty .  There  was a similar p a t t e r n  of  
t issue ac t iv i ty  for  all f a t t y  acids s tud ied ,  excep t  
for  the  very  low ac t iva t ion  of  d o c o s a h e x a e n o i c  
acid in hea r t  tissue. 

The  ac t iv i ty  of  long  cha in  acyl  C o e n z y m e  A 
s y n t h e t a s e  in  h o m o g e n a t e s  and  m i c r o s o m e s  of  
liver, b ra in ,  re t ina ,  lung,  k i d n e y  and  spleen w i th  
var ious f a t t y  acids showed  the  fo l lowing  

p a t t e r n :  a rach idon ic  >/ l inoleic acid > pa lmi t ic  
acid > docosahexaeno i c  acid. This  p a t t e r n  of  
ac t iv i ty  is s igni f icant ly  d i f f e ren t  (p value less 
t h a n  0 .05)  b e t w e e n  d i f fe ren t  f a t t y  acids. 
However ,  hea r t  and  tes tes  h o m o g e n a t e s  and  
mic rosomes  s h o w e d  a sl ightly d i f fe ren t  p a t t e r n :  
a rach idon ic  acid > pa lmi t ic  acid > l inoleic  acid 
> d o c o s a h e x a e n o i c  acid. The  p a t t e r n  of  ac t iv i ty  
w i t h  palmi t ic ,  l inoleic  and  a rach idon ic  acids in  
h o m o g e n a t e s  and  mic rosomes  was similar.  The  
ac t iv i ty  in  h o m o g e n a t e s  s h o w e d  t he  fo l lowing 
p a t t e r n :  liver > hea r t  > k i d n e y  > b ra in  = 
r e t i na  = tes tes  > lung  > spleen.  The  p a t t e r n  for  
m i c r o s o m a l  ac t iv i ty  was: l iver > hea r t  > r e t ina  
> lung  > bra in  = k i d n e y  > tes tes  > spleen.  All 
these  act ivi t ies  are s igni f icant ly  d i f fe ren t  (p 
values less t h a n  0 .05)  b e t w e e n  2 d i f f e ren t  
tissues. The  ac t iva t ion  p a t t e r n  of  docosahexa-  
enoic  acid was sl ightly d i f fe ren t  f rom o t h e r  
f a t t y  acids. Thus ,  in h o m o g e n a t e s  t he  p a t t e r n  
was: liver > k i d n e y  > b ra in  > tes tes  > r e t ina  = 
hea r t  = lung  > sp leen  and  for  mic rosomes :  
liver > k i d n e y  = b ra in  = re t ina  = tes tes  > hea r t  
> spleen.  The  d i f fe rence  in t h e  p a t t e r n  b e t w e e n  
2 t issues was s igni f icant ly  d i f f e ren t  (p values 
less t h a n  0.05) .  

The  specific act ivi t ies  o b t a i n e d  for  t he  t issue 
h o m o g e n a t e s  in t he  p resen t  s tudies  are very  
similar  to  t hose  r e p o r t e d  previous ly  for  palmi-  
t a re  ac t iva t ion  (11 ,14) .  Moreover ,  th i s  is 
t h e  first  t ime  t h a t  t h e  ac t iva t ion  of  long  cha in  
f a t t y  acids in r e t ina  and  spleen have b e e n  
shown .  Higher  act ivi t ies  for  t he  ac t iva t ion  of  
l inoleic acid in liver and  lung m i c r o s o m e s  
(13 ,25)  and  l inoleic  and  a r ach idon ic  acids in  
b ra in  and  liver h o m o g e n a t e s  (26)  as c o m p a r e d  
to  pa lmi t a t e  have b e e n  r epo r t ed .  Slightly lower  
values for  liver and  lung m i c r o s o m a l  arachi-  
d o n a t e  ac t iva t ion  as c o m p a r e d  to pa lmi t a t e  also 
have b e e n  d o c u m e n t e d  (25) ,  wh ich  is in con-  

TABLE 1 

Fatty Acid Activation by Rat Tissues 

Fatty acid 16:0 18:2 20:4 22:6 

H M H M H M H M 

Liver 5 2 •  121+-2 59+-2 132 +-3 78+- 1 136 +2 1 7 -  + 0.2 43+-1 
Heart 14-+0.5 64+-0.5 14+-1 58 +-1 24-+ 0.8 70 -+1 1.3 +- 0.1 5.5+-0.2 
Retina 3.3+-0.2 18-+0.9 5.3-+0.2 22 -+1 7.8+- 1 21 -+0.6 1.5+- 0.2 7.5+-1.5 
Brain 4.3+-0.1 10-+0.1 5 .3+0.1 12 -+0.1 7.7 +- 0.1 16 -+0.6 3.4 +- 0.1 8.1+-0.3 
Lung 1.9+-0.1 16+-0.8 2.8-+0.3 16 -+ 1 5.6-+ 0.3 19 +-0.7 1.0+- 0.2 6.8-+0.3 
Kidney 5.6+-0.1 9.9+-0.2 7.3+-0.2 11 +-0.2 10-+ 0.4 18 -+0.5 4.9+- 0.2 9 .3+0 .5  
Testes 4.7 +-0.3 8.2+-0.2 3.7-+0.1 6.5 -+0.3 7.1 -+ 0.2 16 -+0.3 2.5 -+ 0.2 6.6 -+0.2 
Spleen 1.2+-0.1 3.0-+0.1 1.8-+0.1 3.9 +-0.6 3.3+- 0.1 4.7 -+0.6 0.7+- 0.1 1.8+-0.2 

Values expressed as nmol/min/mg protein and are mean +- S.E. of 4 separate incubations. The details of the 
assay system are given in t e x t .  

H, homogenate, M; microsomes, 16:0, palrnitic acid; 18:2, linoleic acid; 20:4, arachidonic acid; 22:6, docosa- 
hexaenoic acid. 
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t ras t  to  our  results .  However ,  a previous  r e p o r t  
o n  m u c h  lower  values for  d o c o s a h e x a e n o i c  acid 
ac t iva t ion  in liver mic rosomes  as c o m p a r e d  to  
o t h e r  long cha in  f a t t y  acids is in  good  agree- 
m e n t  w i th  ou r  resul t s  (13).  

There  was no  co r r e l a t i on  b e t w e e n  t h e  
d i s t r i bu t i on  of  p o l y u n s a t u r a t e d  f a t t y  acids in  
d i f f e ren t  t issues and  the i r  ra te  of  ac t iva t ion  b y  
long-chain  acyl-CoA syn the ta se .  Thus,  liver 
l ipids are no t  en r i ched  in p o l y u n s a t u r a t e d  f a t t y  
acids,  despi te  t he  h igh  ac t iva t ion  capac i ty  of  
th i s  t issue for  a rach idon ic  and  d o c o s a h e x a e n o i c  
acids. This h igh  ac t iva t ion  capac i ty  m a y  be  
respons ib le ,  in  par t ,  for  the  r e t e n t i o n  of  these  
f a t t y  acids for  f u r t he r  d i s t r i bu t ion  via t he  b l o o d  
s t r eam to  o t h e r  organs. However ,  i t  is in te res t -  
ing t h a t  organs  such  as r e t i na  (5 ,10) ,  b ra in  (1-4)  
and  tes tes  (27)  w i th  h igh  a m o u n t s  of  docosa-  
hexaeno ic  acid ester if ied to  c o m p l e x  l ipids 
showed  t he  h ighes t  ac t iv i ty ,  w i th  the  e x c e p t i o n  
of  liver, for  t he  d o c o s a h e x a e n o i c  acid ac t iva t ion  
reac t ion .  Also,  t he  hear t ,  w h i c h  ut i l izes  pa lmi t ic ,  
l inoleic  and  a rach idon ic  acids more  e f f ic ien t ly  
t h a n  all o t h e r  t issues examined ,  excep t  liver, 
seems to  be  a p o o r  site for  t he  ac t iva t ion  of  
d o c o s a h e x a e n o i c  acid. 

The  very rapid  ac t iva t ion  of a r ach idon ic  acid 
in t he  t issue h o m o g e n a t e s  and  mic rosomes  m a y  
be  a m e c h a n i s m  regula t ing  the  avai labi l i ty  of  
th is  f a t t y  acid in i ts  free f o r m  for  t he  synthes i s  
of  biological ly  i m p o r t a n t  c o m p o u n d s ,  such  as 
the  e icosanoids  and  l euko t r i enes  (17 ,26) .  

In conc lus ion ,  ac t iva t ion  of  p o l y u n s a t u r a t e d  
f a t t y  acids was observed  in all ra t  t issues 
s tudied.  The  p a t t e r n  o f  ac t iva t ion  appears  to  be  
similar to  t ha t  r e p o r t e d  for  s a tu ra t ed  f a t t y  
acids, excep t  for  t he  ac t iva t ion  of  docosahexa-  
eno ic  acid in hea r t  t issue, w h i c h  is very low 
c o m p a r e d  wi th  o t h e r  f a t t y  acids. With  the  
e x c e p t i o n  of  liver, t he  t issues t h a t  were  r ich  in 
d o c o s a h e x a e n o i c  acid had  a h igh  capac i ty  for  
i ts  ac t iva t ion  reac t ion .  Even t h o u g h  the  ac t iv i ty  
of long cha in  acyl  C o e n z y m e  A s y n t h e t a s e  w i th  
d o c o s a h e x a e n o i c  acid is low,  i ts  a f f in i ty  to-  
wards  22 :6  is h igher  ( lower  K m )  c o m p a r e d  to  
o the r  f a t t y  acids such  as a rach idon ic  acid and  
pa lmi t ic  acid in  b ra in  (17,21 ) and  re t ina  (23).  
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The Occurrence of Long Chain (x,co-Diols in the Lipids of Steer 
and Human Meibomian Glands 

N. NICOLAIDES.* ,a  E V E L Y N  C. SANTOS a K O N S T A N T I N E  PAPADAKIS a EDWARD C. 
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Southern California, School of  Medicine, Los Angeles, CA 90033, blnstifute of Geophysics 
and Planetary Physics, University of California at Los Angeles, Los Angeles, CA 90024, and 
CSmRh, Kline and French Laboratories, Philadelphia, PA 19101 

ABSTRACT 

A group of long chain cqto-diols (C29 to C~,) has been identified in the lipids of steer and human 
meibomian gland excreta (meibum). These new Iipids were isolated from the steer meibum unsaponifi- 
ables. Proof of structure was provided by 1) the column chromatographic behavior and TLC of the 
diols and their diacetates; 2) GLC on glass capillary columns; 3) fragmentation patterns in GC-MS; 
4) NMR data, and 5) ozonolysis studies of the unsaturates. Chain types for the steer sample were 51% 
straight monoenes, 8.5% straight saturates, 39% iso and anteiso saturates and 1.5% iso and anteiso 
unsaturates. GC for the human sample gave straight monoenes 83%, straight saturates 8%, and iso 
plus anteiso saturates 9%. Close correspondence of the a,w-diol chain lengths and types with meibum 
to-hydroxy fatty acids suggests a biochemical precursor relationship. 
Lipids 19:990-993, 1984. 

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

Meibum, the excreta of the meibomian 
gland, is a unique collection of lipids, consisting 
primarily of sterol esters (~30%) and wax esters 
( ' 35%) ,  with minor amounts of triacylglycerois 
(~2%), unesterified fatty acids (~5%) and free 
cholesterol ( ' 3%) .  About 25% are unidentified 
lipids (1). 

We wish to report the presence in meibum of 
a new lipid component;  namely, a family of 
a,w-diols of exceedingly long chain lengths 
(C29 to C34). These lipid components are com- 
bined in some manner, to form part of the 
unidentified lipids of meibum. ~,co-Diols of 
shorter chain lengths occur in an esterified form 
in plants as components of the protective lipid 
polymer cutin (2,3). This is the first report of 
their occurrence in animal tissue. 

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

Steer meibomian gland lipids were collected 
(263 mg), saponified and the unsaponifiables 
separated from the fatty acids according to 
procedures already reported (1,4). The tm- 
saponifiables (122 rag) were further separated 
by silicic acid column chromatography (column 
dimensions 20.0 cm x 2.8 cm) into fractions of 
fatty alcohols, sterols and a,oa-diols using 
hexane, followed by increasing concentrations 
of benzene in hexane, then by increasing con- 
centrations of methanol in chloroform. The 
diols were purified further by preparative TLC, 

*To whom correspondence should be addressed. 

then acetylated, hydrogenated and analyzed by 
GC-MS, also by procedures previously reported 
(1,5) and by new capillary GC -MS, also by pro- 
cedures previously reported (1,5) and by new 
capillary GC procedures (6). The latter were 
performed on a Varian 3700 instrument with a 
flame ionization detector. Injection was by 
means of an on-column injector (J & W Scien- 
tific, Inc., Rancho Cordova, California) using a 
fused silica capillary column, 25 m x 0.25 mm, 
with chemically bonded SE-30 phase, film 
thickness 0.4/a (Chromapon Inc., Whittier, 
California). Temperature programming was 

O . 

from 75C  to 320C at 7 /ram, with He the 
carrier gas at a flow rate of 1.8 ml/min. 

The I H-NMR spectra were obtained with 
a JEOL GX 500 instrument operating at 
500 MHz with the sample (I00/ag) dissolved in 
CDCI3 using tetramethylsilane (TMS) as the 
chemical shift reference. 

Reductive ozonolysis was carried out by 
ozonizing 50/ag of the total sample of diols as 
the diacetates (4,7), the reductant being tri- 
phenyl phosphine. 

An aliquot of a pooled sample of human 
meibum, obtained as previously reported (1), 
was subjected to TLC on three 19-channel 
Whatman LKD plates. Nine spots (200/ag each) 
of human meibum were spotted on one side of 
each plate while 8 spots (also 200 pg each) of 
steer meibum were spotted on the other side of 
the same plates, 2 spots being reserved for 
standards. Both the human and the steer sam- 
ples showed 4 faint spots in the same diester 
region when the plate was developed with 

L1PIDS, VOL. 19, NO. 12 (1984) 



COMMUNICATIONS 991 

hexane/benzene (6:4, v/v), then sprayed with 
aniline naphthalene sulfonic acid (ANS) and 
viewed under UV light. Material migrating to 
Rf = .24 was scraped off the plate and ex- 
tracted from the adsorbent with chloroform. 
The saponified products from both samples 
yielded 0t,co-diols by TLC (developed with 
chloroform) which, when scraped off the plate, 
extracted and acetylated, gave the same peaks 
by capillary GC as those derived from the un- 
saponifiables of the total meibum of the steer. 

RESULTS A N D  DISCUSSION 

The following observations support the con- 
clusion that the compounds we isolated from 
steer meibum were indeed a family of ct,w-diols 
of exceedingly long chain lengths: 

The compounds were isolated from the un- 
saponifiable fraction of the lipid, where long 
chain diols and other fatty alcohols are found. 

The chromatographic behavior of the ot,co- 
diols on silicic acid was as expected, i.e., when 
chromatographed on thin layer plates, the 
material showed a polarity greater than that of 
fatty alcohols with only one hydroxyl group, 
but slightly less than that of 1,16-hexadecane 

diol. Exceedingly long chain compounds gener- 
ally show polarities less than those with shorter 
chains. Similarly, the diacetates of the isolated 
material with chain lengths in the range of C32 
showed a polarity slightly less than that of 
1,16-diacetoxy hexadecane. 

The isolated material as the acetylated 
derivative gave, on analysis by GC-MS, a group 
of substances whose fragmentation patterns 
were similar to that of 1,16-diacetoxy hexa- 
decane. The latter spectrum gave a base peak at 
55 amu, a faint molecular ion, at 342 amu, loss 
of one or two molecules of acetic acid at M-60 
or M-1 20 (m/z = 282 or 222 amu respectively), 
and loss of O=CCH3 at M-43 (m/z = 299 amu). 
A typical mass spectrum for the acetylated 
derivative of one of the isolated substances, 
namely the C30:1 alkene diol, is shown in 
Figure 1. Both saturates and monoenes were 
present, the unsaturated molecules showing 
2 amu less than the corresponding saturate for 
M, M-60, M-120, etc. The middle part of the 
mass spectra of all the homologs showed a 
typical hydrocarbon breakdown with no un- 
usual features such as t~-cleavages, suggesting 
that the OH groups were not in the interior of 
the hydrocarbon chain. 
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FIG. h Mass spectrum of C30:1 c~,to-diol taken by GC-MS as indicated in text. 
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GC-MS also established the  presence o f  2 OH 
groups in each homolog  and has restr icted their  
locat ion to ei ther the  a,r or  to the  more  com- 
m o n l y  occurr ing ot~ positions. NMR data can 
different ia te  be tween  these possibilities. 

1 H NMR (CDCI3) of  the  diols f rom the  to ta l  
unsaponif iables gave ~5.34 ppm (unresolved 
mult iple t ,  2H, olefinic),  63.64 ppm (t ,4H, 
HO-C_Hz-CH2-), ~2.0 ppm (unresolved multi-  
plet,  4H, HO-CH2-C_H2-), ~1.5 ppm (H20) ,  
81.26 ppm (aliphatic protons) ,  80.87 ppm (d 
plus unresolved peaks, 3H tota l  -CH-CHa ). 

i 
T h i s  is the  spec t rum of  an a,co-diol since 

there are 4 pro tons  in the  a and/3 posi t ion rela- 
tive to the OH group and the resolved part  of  
the  me thy l  signal is a double t  indicat ing at tach- 
ment  to a meth ine  group (a terminal  me thy l  
group would  display a triplet).  The olefinic 
group must  be at some distance f rom the  chain 
ends because the  2 olefinic p ro tons  are strongly 
coupled  to each other.  Evaluat ion of  peak 

intensit ies and the mul t ip le t  pat tern  of  the 
CH2-O and the me thy l  pro tons  suggest the 
fol lowing dis t r ibut ion of  diols; 51% of un- 
branched 0t,co-diols, 29% of cx,co-diols wi th  a 
me thy l  group direct ly  a t tached to the  otherwise  
unbranched  hydroca rbon  chain and 20% wi th  a 
me thy l  group at the  13 posi t ion relative to the  
OH group. Peak integrals provided an approxi-  
mate  value of  pro tons  suggesting chain lengths 
of  C2s to  Cas. This in te rpre ta t ion  is entif-ely 
consistent  wi th  the  GC data where some of the  
homologs  are unsatura ted  and unbranched  
while others  are mainly  saturated and of  the  iso 
and anteiso s t ructure,  ranging f rom C29 to Cas. 

We also can different iate  ot,co-diols f rom 
a,13-diols o f  unsatura ted  compounds  by ozonol-  
ysis studies if  the  OH groups are no t  a t tached 
to the  unsatura ted  C-atoms. Fo r  example,  re- 
duct ive ozonolysis  of  the  a,co-diol diacetate  will 
yield 2 di f ferent  molecules  of  a ldehyde acetate ,  
whereas an unsa tura ted  a,13-diol diacetate  would  

TABLE 1 

Comparison of Composition of Long Chain c~,to-Diols 
and to-Hydroxy Fatty Acids of Steer Meibum 

Straight chain 

Saturates Monoenes 

Chain a,to-alkane r ~ x , r  to-hydroxy 
length diols a fatty acids D,c diols a fatty acids b,c 

% % % % 

C29 0.9 tr -- -- 
C30 3.9 0.5 11.6 6.2 
C31 1.3 tr 9.2 6.1 
C32 2.3 0.4 24.9 39.1 
C3a 0.1 tr 2.4 7.7 
Ca4 -- tr 3.2 23.6 
C3s -- tr - 0.3 
C3~ -- tr - 1.6 
C3s - - - tr  

8.5% 0,9% S 1.3% 84.6% 

Branched chain 

Saturates Monoenes 

a i C z  9 d 7 . 3  1 . 0  - - 
iCao  5 . 1  0 . 7  0 . 7  - 

a i C a l  20.6 5 . 8  tr  O. 1 
iC32 2.1 1.2 0.7 0.3 

aiC~3 3.4 4 . 8  tr  0.4 
i C ~ 4  0 . 2  t r  0 . 1  0 . 2  

a i C 3 s  - tr  - - 

38.7% 13.5% 1.5% 1.0% 

aAs diacetates. 
bAs t h e  a c e t a t e  derivative of the fatty acid methyl esters. 
CData from ref. 4. 
dAssignments of iso and anteiso structures are by GC retention data only, 
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TABLE 2 

a,w-Diols Occurring in a Diester of Human Meibum a 

Straight 

Saturates Monoenes 
Chain length % % 

C 2 9  - _ 

Cao 6.9 19.6 
C~1 tr 2.8 
Ca2 1.4 53.2 
Caa - .9 
Ca4 - 6.6 

8.3 83.1 

Branched (iso plus anteiso) 

aiC29 1.6 
iC~o 3.7 

alCal 2.1 
iCa2 1.2 

aiCa~ tr 

8.6 

aprepared and run as described in Materials and 
Methods. 

yield an a ldehyde plus an a ldehyde  wi th  2 
ace toxy  groups a,/~ to  each o ther  on the termi- 
nal end. When we ozonized  the  to ta l  ace ty la ted  
sample of  the  isolated alkene diols we found 
peaks corresponding to C7, Ca and C9 a ldehyde  
acetates in the low molecular  weight region, 
and peaks corresponding to C21, C23 and Czs 
a ldehyde acetates in the  high molecular  weight  
region. This strongly indicates that  the  unsatu- 
rates are a ,w-diols ,  and by  analogy and the  
NMR data above,  it is fair to assume that  the  
OH groups on the  saturated diols are also a,6o. 
Fur thermore ,  when  the to ta l  sample of  long 
chain diols was hydrogena ted  and run on capil- 
lary GC, the unsatura ted  species disappeared 
and the  saturated peaks grew correspondingly  
larger. 

The a ldehyde acetates found were in the  
propor t ions  C9 > C7 > C8 in the  low molecular  
weight  region and C23 > C25 ~> C21 in the high 
molecular  weight  region. This is exact ly  what  
one would  expec t  if  the pat tern  of  unsatura t ion  
matches  that  of  the  6o-hydroxy fa t ty  acids, i.e. 
there  are more  compounds  with  double  bonds 
at 6o9 than at 6o7 which, in turn,  exceeds the  
a m o u n t  at 6o8 (4). This s trongly suggests that  
the 2 classes of  lipid componen t s  have a bio- 
chemical  precursor  relat ionship,  i.e,, presum- 
ably the carbonyl  groups of  the w - h y d r o x y  
fa t ty  acids are reduced to form diols just  as 

fa t ty  acids are reduced to fo rm fa t ty  alcohols 
(9,10). 

The data in Table 1 fur ther  suppor t  this con- 
clusion. Here chain types of  the  a ,w-diols  are 
compared  with  those of  the w-hydroxy  fa t ty  
acids. Note  that  bo th  lipid componen t s  have 
the  same fa t ty  chain types,  i.e., straight even 
and odd (saturated and unsatura ted)  and iso 
plus anteiso (saturated and unsaturated) .  There 
are, however,  more  saturates in the a,6o-diols 
than in the co-hydroxy fa t ty  acids. 

Human  meibum also showed material  wi th  
the same chromatographic  behavior  on SiO2 
and by GC as that  o f  the  steer a,6o-diols. Homo-  
logs are listed in Table 2. In as ye t  unpubl ished 
work we have found that  the a,6o-diols and the  
w - h y d r o x y  fa t ty  acids, bo th  lipid componen t s  
with 2 funct ional  groups, are major  compo-  
nents  of  2 classes of  lipid migrat ing by TLC on 
silicic acid in the diester region as well  as the 
triester region (8). They also occur  as polar 
monoesters .  These novel  compounds  possibly 
play a role in the  spreading of  lipid in the pre- 
corneal  tear film. Insight as to how this might  
occur  must  await  the  de te rmina t ion  of  the full  
s tructures of  the  lipids that  conta in  these com- 
ponents.  
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